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Preface 

In 1900-the opening year of a new cenlury-a short paper by a lone authm reponed a simple procedure 
for preparing solutions of organomagnesium compounds of composition RMgX. The CJrignard reagent soon 
became " ... the most important of all organomelallic compounds cncounlcred in lhe chcmical laboratory,,1 
and lhe organomclallic reagent mOSI chemists first encountcr in an introductory organic chemislry course. 

Grignard reagents solutions can be prepared with a wide variely of organic groups and are relatively 
inexpensive. Despite generally being very slable, lhey rcadily undergo many useful reactions with a 
multitude of organic and inorganic substrates. Allhough mueh of the "ast litcralLlrc concerning Grignard 
reagents and related organomagnesium compounds conccrns synthctic applications. other features also 
have interested chemists. Because of the slrong propensity of organomagnesium species to fmm additional 
bonds-to solvent molecules, to other Rs and Xs, and to substrates-and lhe usually rapid exchange of groups 
between magnesiums, establishing their structures has been a challengc. Deciphering the mechanisms of 
their reactions has been even more challenging. Those struggling with organomagncsium structures and 
mechanisms at times envy the seeming simplicity of much lransition metal organomctallic chemistry. 

At mid-century, Kharasch and Reinmuth in a lenglhy monograph (1400 pages) attempted with remarkable 
success to comprehensively survey the knowledge about Grignard reagents accumulated by 1950.2 Even 
al that time lhe authors noted that besides omission of reactions with metallic suostances some additional 
selection was inevitable. There have been more recent attempts to prepare a comprehensive survey,3 but 
the explosive growth of the chemicalliterature has year by year made this a more elusive goal. In 1975, it 
W3S estimated that the application of Grignard reagents had appeared in 40,000 chemical papers,4 a number 
that now is very much larger. 

This volume focuses on a dozen areas of organomagnesium chemistry, selccled because they ha ve 
developed significantly or even completely in the last twenly years, Each is lreated in more depth than 
would be possible in a volume that attempted lo comprehcnsivcly span all of organomagnesium chemistry. 
The authors are knowledgeable about the area reviewed, have contrihutcd to ils development, and are 
particularly able to provide valuablc perspcctives. I was fortunatc that thesc distinguished chemists, from 
eight countries, were willing to devote the time and cflort rcqllired to write these contributions. 

Thc chapters treat reactions. reaction mechanisms. structurcs. and new categories of organomagne­
sium cOlllpounds; somc cover more lhan onc of the,,~ topies. Six chaptcrs focus particularly on reactiom 
oi" organomagnesium compounds. In lhe fírsl chapter. Hol1l1 ami Crossland consider general mech­
anistic fcatures of reaclions of organomagnesium compounds with clllphasis on the most important 
and 1l10st studied reaction-addition lo earbonyl c01l1pounds. 1Ii11 rc\'iews anothcr fundamenlal reac­
tion-nllc1eophilic displace1l1ent at carbon-and considers 1l1cchanistic pathways. Two chapters providc 
accounts of synthetic fcatures and Illcchanisllls oi" two important nCII'er rcactions with alkencs (,tnd alkyncs). 
hoth im'olving catalysis hy lransition Illctals amI produeing neVo organolllagncsiu1l1 compounds: Sato ana 
Urahe describe hydromagnesiation. addition "i" r-.lg ami a hydm¡ccn a[OIll: IImeyda. Heron. and Adanl\ 
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n:view carhomagncsiation. addition 01' Mg ami an organic group. and stere,"ekctivity in these additions. 
CJawley considers stercoehemieal ami Ineehanistic principies involvcd in stereosekctive additions 01' CJri­
gnard reagents and prescnts striking cxamples 01' synthetically uscful additions to aklchydcs. Grignard 
rc¡¡gents havc found a variety 01' industrial applications: 8usch and De Antonis descrihe proccdurcs and 
prohlcms specific to perforIning Grignard reagcnt chcmistry on an industrial scale a 11(1 lJr(lVidc exampks 

01' industrial synthcses. 
Two chapters primarilv coneern Grignard rcagent fOrInation. Garst and 1 'ngdry consider in detail 

Illechanisllls for the fonnation 01' GrignanJ rcagents fmm organic halides: Raston describes use 01' the Mg­
anthraccnc cOlllplex and relatcd compkxes in preparing Grignard reagcnts. including sOllle inaeccssiblc 
using classical techniques. 

Four chapters conccrn structural charactcri/ation and new structural typcs 01' organomagnesium 

cOl11pounds. Bickelhaupt surveys the wealth 01' structural information about organolllagnesium solids that 
is provided by single crystal X-ray diffraction studies. Ertel and Bertagnolli suml11arize information from 
cstahlished Illethods about organolllagnesiulll structures in solulion and then describe the applieation 01' 
EXAFS and LAXS techniques: sinee these newer X-ray Illethods that provide inforlllation about struc­
tures in solution are not widely known. the essential theoretical background also is describeu. Bickelhaupt 

reviews preparations and reactions of di-organolllagnesiulll compounds and the related cyclic organomag­
nesium compounds. In the tinal chapter Smirnov. Tjurina. amj Beletskaya describe intriguing studies that 

suggest the formation 01' RMg"X and RMg"H in which 11 is greater than one. 
At the close 01' its tirst century. the Grignard reagent has aehieved maturity but exhibits no signs of 

seneseencc. These chapters demonstrate that significant developments concerning Grignard reagents and 
related organomagnesium species are abundant: particularly the portions eoncerning mechanisms reveal 

that. in spite of all efforts to date. gaps in our understanding and significant controversies remaín. Further 
reviews of new developments in this century-old hut still ehallenging arca 01' ehemistry surely will be 

needed long past the era 01' the authors 01' this book. 
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Mechanistic Features of the 
Reactions of Organomagnesium 
Compounds 

Torkil Holm and Ingolf Crossland 
Technical University of Denmark 

1.1 INTRODUCTION 

Almost 100 ycars have passcd sinec Victor Gri­

gnard puhlishcd his paper Ilion the preparation 01' 
cthcrcal solutions of cOlllpounds in which carhon is 

honded to magnesium. Sincc thcn Grignard reagents 

have been an obvious choice for organic chenlists 
in Illany prcparations 01' eOlllplex mO!c'l·ulcs. 

Besides heing extremely useful. th", rea~ents 

anu the way they react have representeu a ~hal­
Icnge to chelllists and physicists. 80th the inti­

mate nature 01' the reagents in various solvents anu 
the detailcd Illcchanisll1s 01' thcir rcactions have 

been under SlTutiny by three or four !.'cnerations 
01' researchers and the work is eontil;uin!.'. This 
review will concentrate on alhances Illadd in the 

last two to three decades. Sinee the authors have 

heen engagcd in this typc 01' work throu~hol!t this 
rcriod it is inevitable that the re\'icw \\'ill focus to 

a ccrtain cxtent on their favourite vie"s and topies. 
Traditionally. Grignard rca!.'ents h:l\'e hCc'n 

scen <lS potential anions. capahlc ni nuc!cnphilic 

additions espceially to hetero doublc bonds as 

in earbonyl compounds I:n Howcver. in eontrast 
to usual nucleophiles likc amines or sodium 

alkoxides the rcagents do 1I0t normally rcaet 
with alkyl halides without a catalysL The easy 

prcparation 01' Grignard rcagents actually depends 

on this faeL Thc hi!.'h reacti\itv toward Illanv 
carbonyl eOl1lpOUIIUS e rcsults fro;n the Jr hon~1 
polarization and the' possihilit\, 01' forl1lin!.' the 

C-C hond in coneerl with th¿ forlllation ,~f the 
l1lagnesium-oxygcn bOllu. The cnthalpy 01' this 

reaction is highly negative sillce the estahlished 
bonds. oxygcll to magnl'siulIl and l'arhon to carhnn. 

are Illueh stronger than the hril~el1 honds. \\'hidl 
are the e -Mg hond ami tite :7-CO hond. 

In 19::>9 81icke ami PO\\l'rS 131 suggcstl'd that 
SOIllC earbonyl cOlllpoIlnds Illa" react with (¡ri­

gnard reagcnts hy stepwise. hOlllolytic reactioll 

llleehanislll.s. hut more than ..\0 "ears passed hl'fore 
this thcory was gencrally accepted, The hOlllolytic 

Illeehanism ami the polar l'Ol1l'L'rted Illechanism are 
sho\\'n in Schellle 1, l. 
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The two mechanisms may compele and the 
product(s) from the two processes will often be 
the samc_ The distinctíon between the mechanisms 
is therefore not simple, but often has to be indirect, 
based for example on spectroscopy, kinetics or 
othcr physical chcmical methods. 

As seen in Scheme 1.1 the principal diffcrence 
between the concertcd and thc stepwise reaction 
mechanism for addition of a Grignard reagent to 
a ketone is whether the C~C bond is formed in 
the rate-determining step or in a separate, radical 
recombination step. Which mechanism is more 
effective depends on the properties of both the 
reagent and the substrate. The concerted mech­
anism is favoured if the C~Mg bond is strong 
and the relevant ketyl radical is without effi­
cient stabilization. The stepwise mcchanism takes 
over when the C~Mg bond is weak and the 
ketyl is effectively stabilized. The strength of the 
C~Mg bond varies from rather high values in 
phcnyl- and methylmagncsium halides to a very 
low value in t-butylmagnesium halide [4], see 
Table 1.1. 

The driving force for the reaction of Gri anard 
reagcnts with a carbonyl compound is, as ;revi­
ously mentioned. the formation of the strong bond 
between magncsium and oxygen. As illustrated 
in Schcme 1.1. this bond is formed in both the 
concerted and the stepwise reaction mechanisms. 

The reaclÍon of t-bulylmagnesium chloride with 
bcnzophenone is a typical example of the homoly­
lit: tncchanism suggcstcd: 

Ph,CO + r-BuMgCI -------> Ph,COMgCI + r-Bu 

--~ pmduch ( 1_1 ) 

Grignard Reagents: Ncw Dcvelopments 

Here the C~Mg bond is wcak and the benzo­
phenone ketyl formed is highly slabilized by 
resonance. 

A typical concerted reaction is the one-step 
addition of methylmagnesium bromide to accIone: 

(CH 3hC=O + CH,MgBr ----> (CH1),C-OMgBr 
(I.:n 

The homolytic mechanisll1 is not possiblc here 
because the Me~Mg bond is almost 20 kcal mol- 1 

stronger than the t-Bu-Mg bond and the acetone 
ketyl has little resonanee stabilization. 

Aecording to the rules for orbital symll1etry con­
servation the four-centre mechanisll1 in Scheme I 
would appear 10 be forbidden, but very few 
attempts have been made to describe the orbital 
transformatíons in the reactions of Grignard 
reagents. Much evidence has been presented for 
the operation of cyclic 6-eentre concerted reactinn 
mechanisms (Scheme 1.9), although it has been 
questíoned whether they are in accordance wilh 
orbital symmetry rules [5]. 

This review like earlier reviews [6-14] will deal 
with the ways and means by whieh a distinctíon 
may be made between the concerted, one-step 
and the homolytic, multi-step type of reaction 
mechanism. 

In a stepwise reactÍon, it is sometÍmcs possible 
to observe an interrnediate. The faet that an inter­
mcdiate is not observed is, however, no proof that 
the mechanism is truly concerted. 

The duality, stepwise or conecrted. for the 
reactions of Grignard reagents is analogous lo 
the duality SN I-SN2 for nucleophilic substitu­
tion. Forlllation of an interlllediate earbenium ion 
is possible only when structural features allow 
conjugative stabilization. In this case reaction is 
possible even if the favourable bond formatinn 
between the electrophilic carbon and the nucle­
ophile has not started. In the abscnce of such 
features, the new bond has to be cstablished in 
concert with the breaking of the old. In the lalter 
case the necessity of a very closc approach of the 
attaeking nucleophile to the rcaction centre makes 
steric hindrance the most important factor fnr the 
reaction rate of an SN2 reaction. whilc the possi­
bility of conjugative or hyperconjugati"e stabiliza­
tion of the carbcnium ion ueciucs lhe rcaclion 
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rate of the SN 1 reaction. Similarly the rate of lhe 
concerted addition of a Grignard reagenl is highly 
dependent on sleric bulk and/or an optimal confm­
Illation in both the reagent and substrale. while the 
rate of the stepwise reaetion depends on the pres­
cnce of slructural features which will favollr the 
t"onnation of radicals. 

A reaetion mechanism cannot be proved. Il ean 
be eonsidercd likcly if it is impossible lo disprove 
ils existcnce. A mechanism which appan:ntly has 
been firmly established may at any lime undergo 
revision if new mechanistic tools become avail­
able. The mechanisms are elusive but. apparenlly. 
the more elusive the more interestil1l~. 

It is natural that differences of
e 

opinion will 
arise amongst the ehemists who studv reactinn 
mechanisms. Organomagnesium comp;)lJnds are 
no exception. Disagreements about experimental 
results and their interpretation should. ho,,"cvcr. he 
welcomed since they often serve as a stimulus. lO 

increasc the efforts direeted towards the subjeet. 
Thc present review will, beca use of the com­

plexity of the Grignard reagents, begin with a 
discussion of so me physieal and chemical prop­
erties of the reagents. Seetion 1.3 is concerned 
with the reactions of benzophenone with Grignard 
reagents. This is because benzophenone has. 
for many years, been a favouritc substrale for 
researchcrs in the field and becausc observa­
tions made with benzophenone are valuable fm 
the understanding of other reactions. Section 1.4 
deals with concerted reaetion Illcchanisl11s with 
carbonyl compounds. SeclÍon 1.5 concerns reac­
tions with Ct. ,B-unsaturated carbonyl compounds 
and SeclÍon 1.6 concerns non-carbonylie subslrales 
which react by stepwise radical type l11echanisll1~. 

1.2 PROPERTIES OF GRIGNARD 
REAGENTS 

1.2.1 Thermochemistry 

1.2.1.1 Heat of Formation of Grignard 
Reagcnts 

The enthalpies of formation of lhe elhereal solu­
tions were detennined fm 24 different alkvl\ by 

determining lhe heals of reaction of alkylmagne­
siulll rcagents wilh hydrogen brolllide 14,15): 

RMgBr + HBr ~ RH + MgBr2 (1.3) 

Thc results \Vere chcckcd by Illeasuring the heats 
(Jf rcaclion of the fonnalion reaclion: 

RBr + Mg -~ RMgBr (lA) 

The heats nf forlllation of Grignarcl reagents in 
dielhyl ether are gi"en in Table 1.1. In cOlllpar­
ison with alkyl halides the relative stabilily of 
isoll1eric ¿tlkylmagncsiulll compounds is reversed 
~Ind follows lhe seLjuencc primary > secondarv > 
lerliary. for cxalllplc propyl > isopropy!. 1; t­

butylmagnesiulll bromide the destabilizing effect 
nf lhe extra a-methyl group is s¡¡ghtly overeom­
pcnsated by the stabilizing efteet of the chain 
branching. and - fl. H," decreascs in the order: 
isobutyl > butyl > r-butyl > sec-buty!. 

1.2.1.2 C ~ Mg Bond Dissociation Energics 

The carbon~magnesium bond is rather weak. t­
Butylmagnesium bromidc in diethyl ether under­
goes homolytic lission at lemperatures between 
140" and 200'C according to 

(CH,hC~MgBr ---> (CH,l;C= + MgBr (1.5) 

MgBr + (CH, H~: ~ (CH,hC=CH2 + HMgBr 

(1.6 ) 

Rcaction ( I.S) sho\Ved a posilive entropy of acti­
valion (12 e.u.) and an activation energy of 40 kcal 
mol- 1 _ lt secms lhal lhe rale·dctermining step for 
alkene formation is simple hOlllolytic lission of the 
C~Mg bond and the strength of the C~Mg bond in 
lhis reagent is thercfore 40 kcal mol- I or slightly 

greatcr 141. 
Using DU-Bu-MgBr) as an anchor point. the 

bond strengths in the various alkylmagnesium 
reagents "'ere obtained from the enthalpies of 
reaction (1.31. In lhis reaclion the R~Mg bond 
is broken and lhe R~H bond formed. Bv 
assuming lhat lhe diffcrences between the heat~s 
nf vaporiI.ation of RH anu RMgBr and betwcen 
the hcats uf solution nf RH amI RMgBr vary very 
linlc with R. estimatcd valués for D(R-MgBr) for 
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Table 1.1. Ellthalpics uf formatiun of al~ylrnagnesiu11l 
hromidc~ dissolvcu in dicthyl cthcr ano thcrmochclllical 
hond dissocialion cncrgic~ for lhe C--Mg hond 

R in RMgBr -!'.H," IRMgBrl f)(R-MgBrl 
(~cal lllol ') (kcal nml ') 

Meth)'1 7e!.) 60 
Ethyl 77:' .-1') 

Propyl X6.] 50 
Isuprnpyl 81.:' .+.+ 
Butyl <.JO,.. 51 
s-Butyl XXO .+4 
Isubutyl '13.6 SI 
t-Butyl XX.6 42 
Pentyl 97.:' 50 
3-Pentyl 93.2 45 
Ncopcntyl 102.8 S4 
Hexyl 102.2 50 
Hcptyl IOS.1 50 
Cyclopropy I SO.5 
Cyclohutyl 5.+.9 .+9 
Cyclopclltyl 80.S .+7 
Cyclohexyl 90.'1 .+5 
Cyclohcptyl 90.7 .+6 
Vinyl 63.2' 69 
Allyl 63.5 48 
Benzyl 60.3 47 
Phenylethynyl 16.6 
4-Methylphenyl 58.5 
Phenyl 49.8 69 
4-Chlorophcnyl 60.1 
Triphcnylmethyl 28.8 

*in THF 

ethereal Grignard reagents were obtained as shown 
in Table l.!. 

T/¡c Oxygell-Magllesilllll Bond 

The magnesium alOm in organomagnesillm re­

agents and in magnesillm ha lides has Lewis acid 

character and forms coordinative bonds to donor 

atoms. In a magnesium alkoxide the oxygen 

fonns a polar bond. but also shares its 10lle 

pairs with magnesium by back donation [16]. 

The result is a very strong bond. This is seen. 

for example, from the strikingly high heats of 

rcaction of Grignard reagenls with alcohols. The 

magnesium in a magnesium alkoxide is no longcr 

electrophilic and does not fonn coordinative bonds 

to solvent molecules. In the infrared spcctrum. the 

absorptions 01' free ether are dilTerent from the 
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absorptions of cther coordinated to magnesium. 

Sollltions of tllagnesium halides and Grignard 

reagenh have tllagnesiutll complexed ether. but 

magnesiutll alkoxides do not [171. 

The reactivity 01' dialkylmagnesiutll is in certain 

n:spects incrcascd by the addition 01' potassillm 

alkoxide 11~.llJl. The reason for this tllay also 

be the stl'Ong bonding betwecn magnesium ami 

oxygen. which will increase the anionic character 
of R by the formation of magncsate: 

or to a minor extent cven alkylpotassium: 

RcMg + 2R'OK -------7 (R'OhMg + 2RK (1.8) 

1.2.2 Oxidation Potentials oC Grignard 
Reagents 

Ethcrcal solutions of Grignard reagents have a 

certain electrical condllctivity. Alkyl radicals are 

formcd at the anode and magnesium at the cathode. 

It was found by Evans that electrolytic decom­

position of the reagents at platinum electmdes 

takes place at potentials which vary with the 

alkyl [20]. and Evans gave a list of 'decomposi 

tion potentials·. By the use of suitable procedurcs 

Table 1.2. StandarJ oxidalion potcntials, E"" al a plat­
illUIll anode j(" solutions of alkylmagnesiulll hromide 
in Jielhyl ether relative to SHE (salurated hyurogen 
clcetroJe\. Also shown are the relative deeolllposition 
potenlia"- E,h. by c1celrolytie decomposition 01' the 
reagenls bel"een platinulll eleetrodes in dielhyl ether 

Reagcnl E(l\ E"" 
(volt) (mlt I 

CH,Mgl3r -0.25 ('14 
C,H,~I~Br -0.66 1.2S 
C,H 7Mgl3r 1.-+2 
i-C,H7M~Br -(J.9) 1.07 
C,H,,~lgl3r -0.53 1.32 
i-C,IL,~lgBr -0.63 
\-C,H,,~lgl3r -O.X7 1,2'\ 
(-C,H,,~l~Br -1.07 097 
C¡,Hd\lgBr -O.OS' 2.17 
C¡,H,CII,MgBr -0.73 
CH,=CHCII,Mgl3, -1.16 O.X!> 
c-Cd1,,\I~B, -O.XX 

" l'"II111~llL'd 
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it has been possiblc to d<:termine standard oxida­

tion potentials rclalivc to SHE (saturatcd hydmgen 

electrode) for many types of Grignard reagents 

121.lJl (Table 1.2). 
C-Mg bond dissociation cnergies corrclate 

fairly wcll with the oxidation potentials of the 

Grignard reagents in the sense thal a dillerencc 
in bond dissociation energy of 13 kcal mol- I 

corresponds roughly to a difference in oxidation 

potential of 1.00 V [22]. The fact lhat the slope 

of the plot is near unity indicatcs that, although 

the entropy contribution is unknown, both one­

electron oxidation of the Grignard reagents and 

C-Mg homolysis ol' the reagcnls lcad to a free 

radical and an inorganic magnesillm species. Very 

Iittle bonding is indicaled between the alkyl radical 

and the magneSilltJ1 ion. The one exception is 

allylmagnesium bromidc. which is much more 

easily oxidized than would be expected fmm 

its thermochemical bond dissociation energy. A 

possible explanation would be that one-electron 

oxidation 01' this reagcnt produces an allyl radical 

and a magnesiutJ1 ion which are still in sorne way 

bonded. 

1.2.3 Association Equilibria in 
Grignard Reagents 

1.2.3.1 The Schlenk Equilibrium 

The equation: 

R,Mg + MgBrc -,=' 2RMgBr 

is an oversimplilication for a complcx systetll 01' 
fast exchange rcactions ol' ligands (alRyl, halogcn. 

ethcr molecules) arllund the magnesium atoms in 

a solution 01' a Grignard reagent. The position of 

the equilibrium is also inlluenced by the associ­

ation ami aggregation of the individual Schlcnk 

cOlllponents. 

The reaction 01' MgBrc with R,Mg is oflcn 

exothermic in cther but endothcfmic in THF 

(tetrahydrofuran). and the equilibriulll Illay lie 

far 10 the right in ether but be ncar statislical 

distribution in THF. Values have bcen found for 

K"q hy ther!11ometric titration. 1231 by NMR 12-11 
ami by infrarcu spcctlllscopy 1251. 

A value for K"q may be found using kine­
tic cxperiments. since dialkylmagncsium and 

alkylmagnesiulll halide ha\e \\'iddy dillercnt re­

activitics and the Schlcnk equilibriuJ1l can be 

l1lanipulated by the addition lo a Grignard reagent 
of extra dialkylmagnesiuJ1l or magncsiulll halidc 

126.27,341. 

1.2.3.2 Sel!' Association in Gri~nard Rca~cnts 

Organotlletallic compounds of Li. Be. ami Al form 

electron deficicnt bonds. An alkyl group tllay be 

sharcd by a nUl1lbcr of tllelal aIOI11S. For Li and Al 

lhe compounds are \Vell dl'lined aggregates of high 

stability and the existencc 01' the aggregales has a 

profound intlucncc on the reaclivity 01' alkyllithiu!11 

and alkylalutlliniul1l rcagenls. Grignard reagenls 

in ether solution fortll aggregates, presumably via 

Mg-X-~1g honding. The dcgrcc 01' aggregation 
has been studicd by oSl11ometric tlleasuretllcnts 01' 
vapour pressure over the solutions 17.2X.29,3111. 

The presence of tllonomcric RMgX was denicd 

in 1957 and it was postulated thal exchangc of R 

between magnesium atoms was not possible [311. 

The work 01' Ashby as well as that of Vreug­

denhil and Blomberg showed that solulions of 

Grignard reagcnts are. with the exccption 01' alkyl­

magnesium chlorides. !11ono!11eric at high dilu­

tions 129,301. Alkyl cxchange between the Schlenk 

components is thereforc vcry fast. Aggregates with 

an average content 01' 2--1 tllolcculcs are fortlled 

al higher concclltratioll~ 01' Grignard rcagcnts, 

although alkylmagnesiulll chlorides arc dimeric al 

any cotlccntratiotl, In TI-IF. Cirignard rcagents are 

tllonotllcric 12<.J l. 
In contrast to alkyllilhlulll reagents the associa­

tion of Grignard reagcnts ha, little influcncc O!l the 
reactivity of Ihe reagcnts, ReaClions 01' Grignard 

reagetlts at high dilution are lirq ordcr \\ith respecI 

to both rcagcnt and suhstralc. A plol 01 rate \'ersus 

I RMgXI oftcn tends lo k\cl olT at concenlra­

tions abo\'e 0.1 M. tlleaning Ihal the apparenl reac­

tion ordcr with respect to Ihe Grignard reagC!l1 
is dccreasing and Illély approaeh lero. 1I aggre­

gatcs of Grignard rcagcllts \\"l?rc oi" lo\\' rcac­
tivity. aggrcgation could he lhl' cau"'l' for lhe rate 

Ic\'clling. It has hcen fOllnd. 11OWC\'Cr. that rate 
Icvelling is seen onl\ wilh sul"lraIL" \\'hich are 
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Lewis hase s, while reaetions with substrates of 
low hasieity (henzonitrile 1:'121 or methyl triftu­
oroaeetate 133,34J) show tirst order dependcnce 
on the Grignard reagent cvcn at high coneentra­
tions. The limitalion 01' the reaelivity at higher 
concentrations is Ihen corrclated lo associalion 
hctwcen reagcnt ami sllhstrate and not to asso­
eiation hetwcen reagcnl Illoleeules 1 :13,351 (see 
hclow). 

Sinee alkoxidcs fonned in Ihe reaetion 01' Gri­
gnard reagents form complexes with the Schlenk 
components, the usual way lO measure reaction 
rates has heen lo use very low coneentrations 
01' suhstrate and ohtain pseudo tirsl-order eondi­
lions. 

Grignard reaclions whieh are higher than tirst 
order wilh respect to the reagent have not been 
reponed. Allhough reaetion meehanisms have been 
suggesled in whieh two moleeules 01' RMgX are 
required in the rate delennining stcp [36,37], there 
has been no reliable kinetie supporl for terrnolee­
ular reaetion meehanisms. 

1.2.3.3 Association between RMgX and 
Carbonyl Compounds 

The reactivity of aliphatic ketones and esters 
toward Grignard reagents in diethyl ether varies 
with the concentration of the reagent in a way 
which is best explained [33,381 by the formation 
of al: I complex in a very fast equilibrium: 

R2C=O + RMgX "" IR2C=O, RMgX] (1.9) 

[R2CO,RMgX] 
IR

2
C=O][RMgX] = Ké~ (1.10) 

Ké~ has been determincd by IR and by UV 
spectroseopy and increases with the Lewis acidity 
in lhe series: R2Mg < RMgCI < RMgBr < RMgI 
and wilh the Lewis basicity in the series: 
RCOOR < ArCOAr < ArCOR < RCOR [33]. A 
direel rclation hetween lhe observed reaction 
rates and the position 01' equilibrium (1.9) has 
been demonslrated for suhstrates like aeetone, 
methyl acetate 133], alkylisoeyanates [35], and 2,4-
dimethyl-4' -Illethyllllercaptohenzophenone [39,40] 
reacting with reagenls like blltylmagnesium 
chloride. hromide, and iodide as well as methyl 
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and cyclopentyllllagnesiuJll hrolllides. The rate has 
been found lo incrcasc in prop0l1ion lo Ihc amollnt 
01' coordinated substrate. Thc maximlllll rale is 
reached when coordination is close lo 10OC/,. Thc 
tindings have been takell as a contírrnation 01' 
lhe theory put forward hy Meisellheilller 1411 lhal 
complex formation is the fiN step in the addilion 
reaclion. 

The constant relation belwcen the 1l11llleralor 
and the denolllinator in cqualion (1.10). however. 
makes it impossible lO decide if the reaetion takcs 
place by rearrangement of the complex or by the 
encounler 01' a Illoleculc 01' Grignard reagenl and 
a molecule of uncoordinaled subslrale. In the case 
of acetone or methyl acetate reacting with butyl­
magnesium bromide it was found that an exccss 01' 
the substrates led lo eXlrelllely high reaction rales 
and this may indicale lhal lhe cOlllplex is a 'hlind 
alley' and not the tirst step 01' the addilion 19.341. 
It is possible that two lypes of cOlllplexes exist. 
one of which, for stereochelllical or olher rcasons, 
is inactive but easy to observe in IR or UV spectra. 
The observable complex has been named a sigma 
complex. A pi complex, which is not observed 
by IR spectroscopy, may be reactive and lead lo 
product(s). 

Coordination equilibria such as (1.9) are ohser­
ved by IR spectroscopy in diethyl elher. In strongly 
coordinaling solvcnts like THF the equilihrium 
constant is extremely small because lhe solvenl 
displaces the suhslrate froll1 ll1agnesiull1. In accor­
dance with this the ki nctics for lhe reaclion 01' 
acetone with hutylll1agncsiull1 hromide in this 
solvent is tirsl order in reagent and in suhstrale 
and the rate is nOI Icvclling off with increasing 
reagent coneentralion as scen when elher is lhe 
solvent 133]. 

Sigma complexcs as abo ve are observed wilh 
dialkyl and alkyl-aryl kelones. Diaryl kctoncs 
prohably form sigma cOlllplcxes, but the eqlli­
librium cannot be ohserved hy IR speetroscopy. 
The kineties for the reaction of 2,4-dimethyl-4'­
Illethylmercaptobcnzophenone wilh ll1ethyllllagnc­
sium hromide have heen interpreted as indicating 
rearrangement of a COlllpleX 1401. 11' lhis is correet 
the equilihrium consta ni is lower than for dialkyl 
kelones. 
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When very dilutc solutions 01' hcnzophenollc 
in ether (pseudo tirsl-order concentralions) reael 
wilh solulions of t-hutyl- and isopropyllllaglle­
sium halide of increasing concentrations, a rale­
Icvelling effecl is ohserved at 0.1-0.2 M 1261 
The use of benzophenone in excess leads lo 
extremely high reaction rates. These phenolllella 
are 01' course rellliniscent 01' lhe eOll1plex-lype 
kinetics of acetone 142J. As will be described 
below, t-butyl- and isopropylmagnesium halidcs 
react with benzophenone by an ET-radieal mech­
anism (ET is electron transfer) and acetone hy a 
concened mechanisrn. It therefore seellls strangc 
to have 'complex' etfeels ror bolh. 

A significant difference is scen, however, when 
the solvent is changed from clher 10 THF since Ihe 
reaction of t-Bu and ¡-Pr reagents with benzophe­
non e is aceelerated aboul 20 times (43]. THF does 
not accelerate lhe reaction 01' accIone wilh RMgX 
or the reaction of benzophenone wilh rnelhyl- or 
primary alkylmagnesium halides. The rcaction 01' 
azobenzene with butylmagncsium brornide by an 
ET-radical Illechanism is faster in THF lhan in 
ether [44]. 

1.3 REACTIONS OF 
BENZOPHENONE(S) WITH 
GRIGNARD REAGENTS 

1.3.1 Prediction of a Radical 
Mechanism and Early Evidence 

While methyl, clhyl. phcnyl. and henzylmag­
nesium ha lides produce high yiplds 01' lhe 
1,2-addition producl in Ihe reaction with bcnzophe­
none, it was found in 1929 Ihat propylmagnesiulll 
hrolllide. besides the 1.2-addilion product. afforclcd 
ahout 50% of the redllction produCl bcnzhydrol 
[3]. Allhough il has laler heen found lhal Ihis 
is probably formed in a non-radical process. il 
nevertheless inspired I3lickc and Powcrs in 1929 lo 
suggest a mechanistic schcme, which at Ihe time 
of ils prescntation \Vas speculalive, hut which is 
now considered to be a good explanalion 01' lllosl 
of the experimcntal raCho What they suggesled was 
an induccd homolysis of lhe Grignard reagenl ",ith 
the produclion 01' an al~yl radical and magnesiulll 

hcnzophenone kelyl. Recoll1bination 01' lhe radieals 
wOllld he possible in various ways: 

RMgX + Ph,CO Ph,COMgX + R 

;1 + h I ,2~addilion product 

a + h hcllzhydrol + KH 

h + h R·R + Rij + R~II 

a + a hcnzopinacol 

SCHEME 1.2 

The scheme would allow the formation 01' addi­
lion and reduction products as well as henzo­
pinacol and the hydrocarbons R_II, Rfj, and R-R. 

Al the time of this proposal, bcnzopinacol had 
nol been observcd in Grignard reactions with 
hcn/ophenone and there was lhe problem that 
Ihc ketone might he reduced to benzopinacol 
hy particles of magnesium suspended in the 
rcagent [45]. However, it was found that in Ihe 
rcaclion of cyclohexyllllagnesium chloride with 
benzophenone, benzopinacol was formed even 
when using tiltered Grignard solulions made from 
sublimed magnesium [46]. 

Benzopinacol formed as a hy-product was proof 
Ihal the homolytic Illechanism was responsible at 
least for a pan of the reaction. In 1964 two groups 
fOllnd ESR signals from benzophenone ketyl during 
lhe rcaclion of various types 01' Grignard rcagenls 
including phenyl-, butyl-, and benzylmagnesium 
halides 147,481. This was an indication lhat a 
hOIl1olytic meehanism was in operation, but likc lhe 
linding of 'radical' by-produets like benzopinacol il 
\\'as nol possible to tell if the ESR signals were due 
lo a minor side reaetion. 

The neXI step in the development was the linding 
in 196814'1.501 that in THF using highly purilícd 
neopenlylmagllcsiuIl1 chloride, the rcactioll \\ilh 
helvophcnonc produeed a norlllal 1.2-adducl. hUI 
also a 2Wil yicld 01' benzopinacol and an equivalenl 
alllounl 01' neopentane from the neopenlyl radical. 
The result showcd thal 20'7r 01' a primary Grignard 
rcagenl had acted hy homolysis. hui did nol re,"eal 
if Ihe 8or/, 1,2-adducl. neopelltylhcn/hydrol. \\';" 
l'orlllcd h) radical rccolllhinalion or hy a concL'rlL'l1 



mechanism. The authors. howevcr. mentioncd the 
pn,sibility that an lInknown fraction nf the audition 
product Illight have been fonned by radical recolll­
binatinn. In the mid-sixtics this sllggcstion stirreu 
the attcntinn of chelllists in the tielu hecallse the 
Blicke-Power, theory now had a relevant experi­
mental foundation. 

Neopentyllllagnesillm ehloride is an unusllal 
reagent hecause of its extreme hulk and THF has 
much more solvating pnwcr for organollletallic 
species than diethyl cther. which is the eOlllll1only 
used solvent for Grignard reagents. Both factors 
would prolllote the operation of a homolytic mcch­
anism as the alternative to a concencd reaction. 
which would operate with less hindercd rcagents 
in less solvating solvents. 

Observations were published [SI] in 1968 on 
the eourse of addition of Grignard reagents to 
benzophenone using the solvent hexamethylphos­
phortriamide (HMPTl. whieh has extrcll1cly high 
solvating powers. It was found thal. dcpending 
on the nature of the alkyl, stable ESR signals 
for benzophenone kctyl were mcasured in concen­
trations up to 0.8% of addcd henzophenone. Thc 
ESR signals inereased in the series: Ph < l/-Bu < 
I-Bu < benzyl, and for solvents in the series: 

(11 =;r-MgCI 
+ 

0-
01

0' 

~ I ~ 

~ /; e /; 

~ .. 
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Et,O < (Et,)N < THF < DME « HMPT. By the 
use of fluorenonc and benzylll1agnesium chloridc 
the yicld of stable ketyl signals was 360k I 

The results deseribcd again showed that homo­
Iysis is a realistic mechanistic alternative if pro­
voked hy stcric bulk and/or strong solvation. 

1.3.2 Reactivity Series and Linear Free 
Energy Correlations 

In 1971 a study was made of the kineties 01' thc 
reactions of Grignard reagents with bcnzophenollc 
using diethyl ether as the solvent [52). Included 
was an investigation of the produets formed in 
the reaction. For I-butylmagnesium chloridc it 
was found that SO'70 of the produet was the 1,4-
dihydro-4-I-butylbenzophenone. 44'70 was normal 
1.2-addition produet and 6'70 was bellzopinacol. 
1.6-addition to unstlbstituted henzophenone had 
Ilever been observed before. evidently because the 
pmduet easily oxidizes in air and deeomposes ther­
mally bclow IDO"e. 

For a series of substituted benzophenones the 
produet distributions varied between O and 5S'70 1.2-
addition, 0-39% 1,4-addition, 0-100'* 1.6-addi­
tion and 0-21% benzopinaeol (Table 1.1 in [52]). 

Mcchanistic Fcatllrcs of the Rcactions 01' Organoll1agncsilllll COlllpollnds <) 

Althollgh the pmduct distributioll was thus extre­
mely sensitive to stcric factors. the overall rcae­
tion rate was no\. since a linear Hamll1ctt plot 
W~IS ohtaincd for log rate versus the sum of 
the suhstitucnt constants. An orIllo mcthyl in 
hcnmphcnonc sllp[1ressed the ratio of 1.2-addition 
from .... 'Ir 10 ()(¡'. while a para methyl increascd 
it to S5(ír. With a bulky t-butyl or el in the Iwm 

position a large fraction of 1,4-additioll produet 
was fOllnd. The effeet of an orIllO methyl group 
on the overall rate was the same as the effect of a 
pOI"{[ mcthyl group. Sincc a regular Hammett 1'101. 
Fig. 1.1. could be made for the overall reaction 
rate there had tu be a common rate-dcterll1ining 
step. The initial step was suggested to be ET with 
produetion 01" the kctyl and the I-butyl radical. 
In this case the conclllsioll concerned both the 
'normal' I.~-addition products and the 'abnormal' 
free radical t) pe pmduets. 

p~ 3.0 

1.6 

~ 

• • 
I.~ OL • 

• O.X 

o . .; 

• • 
• 

The easc lúr a radical mechanislll in the reaction 
01' tertiar)' Grignard n:agents V\ ith bellzophenone 
secll1cd c1ear. Seeondary rcagcnts. like the tcrtiary. 
produccd 1.2- ami 1.6-addition products amI again 
a radical ll1echanism \Vas indicatcd. For primar)". 
ammatie. allylic. amI hcn/ylic rL'agcnts. thc mech­
anislll \\'as an opcn qllcstioll since the product 
distriblltion gav'e no clues. That clcetron transfcr 
was possiblc fmm the primar)' ncopentylmagnc­
sium chloride had been shown ]20]. but the stcric 
hindrancc and the m,e of THF might. in this case. 
have given a norlllall)' slo\\' hOlllolylic ll1echanism 
<t chancL'o 

The queslion 01' hOlllolytic or concerted Illcch­
anisllls 1m the reactions of primar)' n.:agellts with 
hCIl/ophcIlone has n()t bccn deliniti\"Cly answcrcd 
eV'en Imlay ~lIld a large nUl1lbcr of Illechanistic tools 
haye been applicd attclllpting to ~et to the bottolll 
nI' tITis prnhlclll. 

y. 
• • 

• 

.()'; .~~--'~~~~~--L.....-......_~ _____ ---.l ____ _ 

-() x (1 

Fig. 1.1. Harnllll'lt \i!:!-Ill~1 \<.Iluc:-. agaill~t log Á"¡,, for ¡he n.',¡dlllll 01 ,-hlll~ Illla:;nL, .... iu!ll clo!"l{k in diclll\ I l'lhl'l alld 
:-.uh\lituled hCIl/OrI1l'1l0!l(''''' al ::!() C. 
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• .lIyl 

l-hutyl 
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Fig. 1.2. OxiJation potentials of Grignard reagents against pseudo first-order ratc constants rm the reaction of 
alkylmagnesium hromides (0.02 M) in diethyl ether with bcnl.Ophenones (0.25 M at 20°C). 

In electron transfer from a Grignard reagent the 
reagent is oxidized and the substrate is reduced. 
A plot of the logarithm of the rates of rcaction 01' 
bcnzophcnone with a series of Grignard reagents 
versus E", 1'or lhe reagent. was linear with certain 
points 1'alling ahoye or below lhe plol. 

This was interprcted as indicating that the rcac­
tions have related mechanisms and that the mech­
anisllls are ET -like. It may be possible. however. 
lhat there is a elose raee between a concerted 
mechanislll and the El' mechanism or that a 
spectrum 01' hybrid mechanisms are in operation 
ranging from clear-cut ET wilh secondary and 
tertiary reagents to hybrid radical-concerted mech­
anisms (see the following section) for primary 
rcagcnts. 

The plot shows that allylmagnesium bromide and 
cycloJ1cntyllllagnesium hromide reaet 1'aster than 

the plot uf Eox/log rate would indicate. and in 
hoth cases concerted si x-centre Illechanisms are 
possihlc alternativcs. The lllechanisllls are shown in 
Scction 1.3. Schcme 1.9. (b) and (a). respectively. 

Characteristic for El' reactions with Grignard 
reagents is that stcric rcquirements are ralher low 
and in principie the relalive reactivities of the 
various typcs 01' Grignard reagents Illight be inde­
pendent 01' stcric factors. In concerted rcactions the 
steric factor is all-important and, as the reactivity 
series is useful 1'01' dislinguishing between Sr-; I 
and S~2 rcactions in nueleophilic suhstilutions. 
it should be useful for distinguishing between 
ET and concerted mechanisllls in the reactions 
01' Grignard reagcnts. The reversal of the rcac­
tivily series whcn going from hcnwphenone to, 
for example. benzonitrile was noted by Swain as 
carly as in 1947 1321. 

Mechanistic Fcatures 01' the Reactions of Organomagnesium Compounds 11 

Acctone is a rather unwilling clcctron acceptm 
and its reactions with most Grignard reagenh must 
he by polar concerted mechanisms. l'hc reactivity 
series for the reactions is: allyl > PhCH, > Ph > 

Et > Me > Bu > i-Pr > t-Bu. For hen/ophenone 
the senes IS: allyl > t-Bu > i-Pr > Et > Pr > 

Bu> Me> Ph. 19.261 
l'he two sequenccs typically represent concel'led 

polar and El' -radical mechanisms. For many suh­
strates the reactivity scries are closely related to 
one or the other. But as will he descrihcd later. 
El' reaclions are not totally without steric require­
menls and concerted reactions are sensitive to holh 
steric and elcclronic factors. lOor most Grignard 
subslrates the rcactivity series found is there­
fore unique. hut wi 11 normally ha ve features in 
common wilh eilher the 'acetone' scries or with the 
'henzophenonc' series. As a rule of thumh it may 
be said lhat if phenylmagnesium bromide. which 
has lhe strongest C - Mg hond. reacts much fasler 
lhan t-hutylmagnesium hromidc with the weakest 
C-Mg bond. lhe mechanism is conccrted. and 
if on the other hand t-butyl is much faster than 
phenyl. the mechanism is ET. 

1.3.3 Radical Pro bes 

Newer developments in the study of the reactions 
01' benzophenone wilh Grignard reagents have hcen 
the use 01' radical prohes. If the alkyl 01' the reagent 
has the ability to unc!ergo isomeril.alion as. for 
exalllple. cyclization or cil·-trans isolllerization. 
while it exists as a free radie!!, it is possih1c lo 
get infonnation about the rate 01' reeomhinalion 
01' alkyl and ketyl in the forrnalion 01' the various 
reaetion products. 5-Hexcnylmagnesium hromidc 
has becn uscd in the stud)' of the rree radical type 
mechanism by its reactiolh with oxygen 153.541. 
and the rate 01' cvclization 01' the 5-hexenvl radical 
was known to h~ 10' Si. -

--
Fig. U. 

Thc prohe is uscful as a 'radical clock' sinee it is 
as mentioned ahove possihlc to measure lhe time 
spent betwecn lhe ET and the radical recomhina­
tion. Cyclization during lhe reaction is a pmor 01' a 
radical mechanism (al least túr the cyeli/ed part). 
huI that no cyclization has taken place is not a 
proof against a radical mechanism. but onl) tells 
that if a free radical was produced. its liretime was 
signilicantly less than ca. lOó s. 

Although the cyclizable 5-hexcnyl prohes hale 
hecn very widely used. other radieals. "hieh in 
lhc free slale rearrange very fas!. ha,e been 
uscd eilher in lhe alkyl of the Grignard reagent 
or as the substratc. cis-l'etramethylheptellone 
(t-BuCH=CHCOt-Bu) ror example will rearrallge 
to the tral/s isomer after beillg con verted to the 
anion radical by accepting an clectron 155.561. 

In 1977 and 1981 Ashhy and Bowers ven 
imaginatively used lhe 5-hexcnyl prohe tu 
shec! light on the Illechanislll of reaclion of 
Grignard reagenls with benzophenone 157.58]. 
By lhe introduction 01' Illelhyl groups u or f! 
lo lhe magnesium-carrying carbono tertiary anc! 
neopentyl-like reagents were prepared. In the reac­
tion of the simple primary 5-hexenyl reagent 
the 1.2-ac!dilion product obtained was uncyclized. 
Reaction of the lertiary reagenl (1.I-dimethyl-5-
hexenylmagnesium bromide) procluced an uney­
clized 1,2-acldition product and a 1.6-addition 
producto in which cyclization had occurrec!. 
Schcmc 1.4: 

In l'HF. howevcr. hoth 1.2- anu 1.6-adducts 
had a cyclized structure. The primar) neopenlyl­
like reagenl (2.2-dimethyl-5-hexcn-l-vlmagnesium 
hromide) in diethyl ether surprisingly prOlluceu a 
cyclized 1.2-addition product 1581. 

In their inlerpretation the authnrs assutlled tlwt 
all 1.2-additioll in this reaction (cycli/ed or stralght 
chain) is produced by radical recotllhination ",ithin 
the solV'cnt cagc. Since lhe lifetimc uf the cage 
is 10-') s and the rate 01' cyclization is 10': it is. 
however, ohvious lhat radical s must escape the 
cage and diffuse fm a pcriod 01' at least 10-(; s. 
In THF the results with Ihe tertian reagent are 
explaincd silllply hy ditTusion 01' all tlle al~yl and 
kctyl radícals out 01' the cage and the re-cneounter 
amI rccomhination nI' the radiGtls al' ter c'c'li/.ation 
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of the 5-hexcnyl chain. The result obtained in 
diethyl cther is more complicated since the 1.2-
addilion product is strai~ht chaiu aud the 1.6-
product is cyclil.ed. The prohlem that a rL'actioll 
produces both a cyclizcd and a straight chain 
product is uot ulliquc_ In the additiou of simflk 
primary 5-hexenylmagncsium bromide to heluil 
the O-alkylaled product is straighl chain and the C­
alkylatcd product is cyclized [59], In lwo ditlerelll 
addition products to phenyliminophenylindole the 
ratio of straighl chain to cyclized product is 1: I 
and 1:3, respectively 160J_ 

Grignard Reagcnts: New DevclopIllenh 

An explanation is needed for the large dillerence 
in lhe ralÍos cyclized/straight ehain in products, 
which aH seem to be formcd hy radical recom­
bination_ 

In an investigation [611 01' the Willig rcarrange­
ment, in which a kelyl and the 5-hexcnyl radical 
wcre gcnerated by deprotonation 01' benzhydryl-
5-hexenyl elher, lhe author distinguishes betwcen 
pairs of radicals which diffuse togelher randomly 
(R-pairs) and radical pairs which are generated in 
a weH defined position which is favourable for 
recombination (S-pairs)_ 

Q Q/i Q, 
eH-O-R + MeLi e a" , (J (~/ "O-R = I O-l., 

R 

i I 
0-. ~/ 

/ I \ 

Q Q ~ 

~ /R 

af~ (1' 0' (y-( -~()LI = I 01., 
R .-0- ~-H 

H R 

1.~·.tdJltlllll l.ú-,¡ddili()[J 1.4-.tddlll\lll 
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From the degrce 01' alkyl cyciization found in the 
produeh, the rates 01' radical recombinalion can oc 
calculaled. In the Witlig rearrangemenl the kelyl 
and Ihe alkyl radicals are produecd as S-pairs_ The 
radicals are born close lO eaeh other, a situation 
\\'hich invites immediatc 1.2-addition wilhin Ihe 
cage lo fonn an opcn chain adducl. A fract ion nI' 
Ihe radicals diffuse and recomoine as cycli/cd 1,4-
or 1,6-adducts_ 

In Ihe analogous Grignard reaclion, radical pairs 
in a favourable position would Iikewise be ohtained 
i l' the ET transition state had a more or less 
detined structure. 11' ET lakes place fmm lhe 
carblln magncsium bond to the carbonyl carbon 
and requires a cerlain minimum distancc hetwcen 
lhe two carbons, lhen so me of the radicab túrmed 
will be S-pairs capable 01' immediatc 1,2-addition. 

It would seem to be a reasonable argument 
lhal a reaclion in which radicals fmm and reCOIll­
hine wilhoul del ay is indistinguishaolc from lhe 
concertcd reaction mechanism. It is, however. 
possible to distinguish belween lhem by measuring 
the relative reactivily 01' various alkylmagnesium 
rcagenls in the two reactions_ Garst suggesled 
the word 'radical-concertcd' 1'01' the mechanism 
in which immediale recombination 01' radicals 
take place [61], The reactivily series 01' alkylmag­
nesium reagents in a radical-concertcd rcaction 
will be different from thc reaclivity series for a 
truly concerted reaclÍon, It seems possiblc lhat thc 
mechanisms of rcaelÍon 01' melhyl- and especially 
"f primary alkylmagncsium rcagenls :lrc radical­
concerted in this sense_ 

ThL' problem of cage products versus e.scape 
produclS in lhe rcactions of benzophenonc and Gri­
gnard reagents was discusscd in a re\'icw h) Walling 
16] 1, who calculalcd the outcomc of rcactious 01' 
hCllzophenone kelyl using plausible estimates I(lr 
lhe rate constants of the various radical--radic;¡J 
recombinations. He concluded that: 

II In an ET reaction yiclds nI' normal addi­
tion products can be ncar quantitativc witllllUt 
in\'oking cage proeesses_ Low kelyl yiclds are 
not evidence that only a small fraction (lf rcac­
lion involves E"L 

~ I Ketyl concentration huilds up rapidl) alld per­
sists al' ter the reaction is eomplele. 

3) High reaction rales i!i\'(: high yiclds 01' kctyls 
and by-produdS. 

4) Undcr most assumed comlitiol1> radicals will 
havc long ellollgh lifclimés to 1I1ldergo rcar­
rang12lllcllh \\..'hich ha\"c rate COIl-"tants 01' ca. 
I () -) nI' grcatcr. 

:;) Small amOU1l1s ni traps lúr R or ).;etyls n1<l\ 
ha ve little etTed on tlw products. 

1.3.4 A Thermochemical Approach 

An analysis 01' lhe Arrhenills activation cncrgy 
fm thc reactioll or r-out)'llllagnesium chloridc with 
henlOphellllllL' showcd near identily 01' lhe hcat 01' 
formatioll of the lransition state with the sum 01' lhe 
heats 01- f()rln~lti()n (JI' magnesium benzophenonc 
kctyl ami r-hul)'1 r;ldical in clher solulion 1221. 
The same \\,;h truc fllr secondary reagents, while 
for priman re;lgcnts ;lIld fm nlethyl the TS was 
4--10 keal mol I more stable than the free radi­
cals. Thc IIllerpretation was that e1ectron transfcr 
is silllultanelll" with magnesium transfeL Analo­
gousl) it has heen sho\\'n lhat clectron transfer and 
lransport 01' sodiul11 helween benzophenone and 
ils sodiul11 ).;('tyl takcs place simultaneously [631. 
An outcr sphere ET prcceding magnesium transfer 
would yield a pair 01' radical ions 01' an impossibly 
high energy sinee lhc stabilizing honding between 
magncsiulll and oxygcn would be missing_ 

SCIIE\IE IJ¡ 

hn ll'r1iar} and -"l'L'ondary rcagenls the radic'-Ih 
arc frL'e lo dllTllse fr()m each (lthcr. prnduL'in)' 1.-1-
and I.h-dddition prOdUL'ls, \\'hik priman radical, 
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and methyl, because they ha ve weak honding lO 
henzopinacol, do not leavc the solvcnt cage and 
produce only 1,2-addition. Here again we havc 
the proh1cm of hcing ahle lo dislinguish hetwccn 
a truly concerted reaction and a radical-conccrted 
mcehanism and as mentioned ahoye lhe only possi­
bility seems to he to study the reactivity series. 
which may resemhle either the 'acetone-series' 01' 

the 'benzophenone-series·. respeeti vely. 
The results ohtained with the tertiary )-hexenyl 

probe (see abo ve) indicate that even with tertiary 
Grignard reagents the alkyl radical has approached 
the earbonyl in the transition state so that iml11c­
diate radical recombination in the cage may take 
place to a certain extent. The bonding, however. 
must be weak. 

1.3.5 Kinetic Isotope Effects 

1.3.5.1 Isotopic Carbon and Hydrogen in 
Benzophenone 

Kinetic isotope effects, which are often a useful 
mechanistic tool, have been measured in several 
types of reactions of Grignard reagents including 
reactions with benzophenone. KIEs have been 
measured for the substitution of l3C and 14C 

RMgX + _a~ 

[ 

Ph 

e-o 
Ph/ 
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in the carhonyl group in henzophenone and for 
dcutcrium suhstitution in lhe a and {J posilions 01' 
Grignard reagents. The cffect of isotopic carbon 
in henzophenonc has hecn sludied by two groups. 
Thc results ohlained are nOl in complcte agrec­
mcnt. 

14C-KIEs wcre mcasurcd for the reactions 01' 
melhyl-, phcnyl-, henzyl-. allyl-. and t-bulylmag­
nesium halide and the values for 12k/14k were 
in the order of 1.055 for phenyl and methyl, 
sl1laller for benzyl and close to unity for allyl 
and t-butyl [64J. To obtain an interpretation, the 
alllhors looked at the Haml1lelt p for the effect of 
polar subslituenls in lhe benzophenone subslrate. 
Methyll1lagnesium bromide and phenylmagnesium 
brol1lide show moderately sized positive values of 
p in their reaetions with benzophenones. The t­
hUlyl reagent has a very large positive p. while 
allyl has a (i close to zero. ET to benzophe­
nones was said to he wilhout a significant KIE 
according to both experiment and theory. Based on 
lhe KIEs and the Hammett p values determined, it 
was concluded that among al! the possible reaction 
sleps shown in Schemc 1.7. electron transfer (a in 
Scheme 1.7) was rate determining for al!ylmagne­
sium bromide, while C-C bond formation (c in 
Scheme 1.7) was rate determining for lhe methyl 

+ Rl 
C<lgc 

,1 ~//I 
~ , 

! .2-addition 

1.()-.lddiOOIl Ph 
'¿- -() -M"X 

Ph/ ~ 
R 

Hydnx:arhon ... 
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and lhe phenyl reagenls. for t-hulyl the rale was 
determincd by an ET pre-cquilihriul1l (a) cOl1lhined 
wilh a rale detcrlllining rcarrangelllcnl 01' I lo 11 (h 
in Schemc 1.7). 

The ahoye deserihcd expcrilllenls and inler­
prelalions wcrc qucslioncd in an invcsligalion in 
which IJC KIEs were dclcrl1lincd hy a diffcrenl 
approach 1651. The values for methyl and t-butyl 
Grignard reagents were found lO he 01' the same 
magniludc. Since ET to henzophenone therefore 
had a signi ficant kinetic isotopc etTecl il was said 
lo be incorrect to assign a rate-delermining ET 
in lhe reaetion of allylmagnesium bromide on the 
basis lhal the KIE was unity. The lack of effeet 
of polar substituenls on the rale 01' a reaction 
which consisls of the transfcr 01' ncgalive charge to 
henzophenone also scemcd slrange. The high posi­
live value of (i which was fOllnd for the reaction 
of t-hutylmagnesium chloride wilh hcnzophenonc 
is and was an indication of arate delermining ET 
slep for this reaction. 

The KIE for introduction of 10 deuterium atoms 
in benzophenone was found to be kH/kiJ = 1.095 
for lhe reaction with t-butylmagnesium chloride, 
but 0.986 and 1.000 for methylmagnesiulll ehlo­
ride and allylmagnesium bromide. The values for 
isopropylmagnesium bromide and ethylmagnesium 
bromide are 1.087 and 1.015. These secondary 
isotope effeets are high when lhere is a high 
devclopment of charge in the TS, coinciding with 
high values of Hammett p. Secondary and lcrtiary 
Grignard reagenls must reael hy c1car-cul ET­
hOlllolytic Illeehanisms. Mueh less scnsilivc to 
polar sUhslituenls in bcnzophenone are (he reac­
tions (JI' melhyl and primary Grignard rcagenls. 
which rcael by more or 1css eoncerted hybrid 
mechanisms. 

Allylmagnesium hromidc has an cXlrclllcly low 
fl in lhe reaetion wilh hcnzophenone. There is prac­
tieally no chargc devclopmenl in the TS and the 
laek 01' a carbonyl carhon isolope dlecl shows a 
balanced formation and hreaking of honds lo this 
carbono This indicales a cyclie eoneertcd mech­
anislll. Schelllc 1.9h. whieh is cven raster lhan 
the rale prcdicled fmm lhe oxidalion pOlenlial 
01' lhis rcagent. The rcaelioll. unlike ET reae­
tiollS, proeceds withoul coloralioll amI wilhout 

pinacol formation and, likc cOllccrtcd rcaclions. 
it is slowed hy lhe prcscnce of ortho mClhyl 
groups in the henzophcnonc. In lhe lalter case the 
ET-homolylic mechanism hecolllcs eOlllpelili\'c as 
sccn from lhe coloralion which deve10ps during lhe 
rcaction 01' mcsilyl phenyl kClonc. 

Thc KIE for IRO suhstitutcd henzophcnone "'a, 
found to he kló/klK = 1.03 for t-hulyllllagncsium 
chloridc and 1.00 for mClhylmagnesium hrolllidc 
1411. Tcnlati\'cly this lIlay mcan thal thc tolal 
bonding to oxygen is weaker in lhe TS for t-butyl 
than in the TS for mClhyl. in which kelyl formal ion 
is not cOlllpleted. 

1.3.5.2 Deuterium Suhstitution in the Grignard 
Reagent 

1.3.5.2.1 Priman'lsoto!'e Ftféct 011 the 
Rcductioll Process 

In their pioneering sludy in 1956 Dunn and \Val'­
kentin [66] showcd lhal only hydrogcn from lhe 
{J-position is transferrcd from isobutylmagncsium 
bromide to henzophenonc in lhe reduction process 
and that kH/ko is 01' the order 01' 2. A more exacl 
value seems to he 2.3 as measured by lhe change in 
the ratio additionlreduclion by introduction 01' a {J­
D in the isobulyl Grignard reagent 1671. Two fi-Ds 
in butylmagnesium or six fi-Ds in isopropylmagne­
sium bromide changed lhe addition/reduction ratio 
hy factors of 1.62 and I."¡X. respcctivcly 19J. Thc 
variation in the KIE indieales varialion in the lran­
sition state. The truly eoncertcd 6-cenlre mecha­
nism, Schemc 1.9a. has heen suggcslcd to he. for 
some reagent/suhslrale cOlllhinations. Illore nr less 
radical-concertcd [67[. Sehellle 1.8. 

SCHEME I.H 

rol' a radical-conel'rtL'd redllction a I(mer KIF 
wOllld he cSjlL'Cled. 
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1.3.5.2.2 Sec()ndan' Isoto/", I})écts mI tite 
AdditiOlI Process 

The e/Tect 01" deutcrium in the ('1 and fi positions 
of the Grignard reagent was mcasured in thc reac­
tion with aliphatic, aromalic. and ('l. fi-unsaturated 
ketones [68.691. AII deuleriulll isotope efICcts wcre 
smal!. For the reaction of Ihe aliphalic ketone, 2-
octanone. inversc KIEs (k ll / kn < 1) were found and 
the effeet was of the ordcr of I 'k per O in the a or 
the fJ position. C2D5MgBr f()r examplc rcacts with 
octanone with kH/k!) = Ü.94X. The same reagent in 
the reaction with benzophcnonc showed kH / kl) very 
near 1.00. For d, mcth~ Imagncsium hromide an 
invcrsc KIE of 3-4'k was found for both octanone 
and benzophenonc. Inversc values 01' kll / kf) may be 
rationalized as duc to less sleric hindrance in the 
deuterio reagent [70J. typical for a concerted mech­
anism. Subslanti<t1norll1al Klb of the urder of 5'k 
were found for the addition reaction of d" isopropyl­
ll1agnesium bromidc to benLOphenone. This result. 
like a similar rather significant normal KIE for 
the reaction of fJ-d, ethylmagnesium hromide with 
benzylideneacetophenone. indicates a homolytic re­
action mechanism [68J. In the hOll1olytic reaction 
the steric factor is of little significance and the effeet 
observed is due to Iess hypereonjugative stahiliza­
tion of a free radical by ¡l-D than hy fJ-H. With 
t-butylmagnesium chloride the KIE is much smaller. 
which was assumed to result from opposing steric 
and electronic effects. 

a. a-Dideuteriopentylmagnesium bromide re­
aeted with benzonitrile and with pilenylaeetylenc 
with kHk!) very close to 1.00 [711. 

For hoth isopropylmagncsiull1 and t-hutylmag­
ncsium hromide the relative yield of 1,6-addition 
product is increased b\ using the perdcuterio 
rcagcnt. The explanalioll llla~ be Ihat the diffusing 
lJ-alkyl radicals rcaet mure slowly hy dispropor­
lionation than do the H -al~yl radicals. 

1.3.6 CIDNP Obscnations 

In the rcaclion of t-hulvlmagncsium chloride 
\\ilh hell/.ophellone. eSC:lped t-hulyl radieals reaet 
by llisproportionatioll fOrtlling isobutallc and iso­
hutcne. CID:sJ1' signals \\ere observed for the 
\'inylic prolons (,f isobulenc 1721. 

Grignard Reagents: New Developmellls 

1.3.7 A New School in the Study (11' the 
Reaction 01' Benzophenone with 
Grignard Reagents 

The lack 01' conscnslIs among chclnisl~ cngagL'd 
in Il1cchanistie work with Cirignard n:agellls and 
benzophenone was not limited to the interpretation 
of kinetic isotope erfects and Haml1lctt parallletcrs. 
In 1986 the rcaction of Grignard reagents with 
bcnzil in THF solution was investig.atcd with the 
use of ESR 1 n l. Stahle complexes wcrc founcl. 
Frolll an interpretation nf the EPR spectra the 
eomplexes were suggesled to contain a dimer of 
the benzil ketyl ion paired with Iwo c¡¡tion radicals 
of the Grignard reagent. A general ,chellle fOl" the 
lllechanislll of the addition rcaction to arolllatic 
ketones was suggested, which dc\'iated fmm carlier 
schemes by denying that ET is the slm\. rale 
dctermining step. The slow ,tep in the addition 
reaction was suggested to he a rcaction bctwecn 
the aboye l1lentioned radical pair and an extra 
molecule of Grignard reagent. Rate constants were 
measured for the disappearancc of the coloured 
complex in the presence of Grignard reag.ents of 
various concenlrations. 

The theory was opposed ayear later in a 
new investigation of the reactions of henzil with 
Grignard reagents 1591. A very large fraction of 
O-alkylated produet was. surprisingly, found to 
he produced togelher with normal e -alkylated 
products. The use of 5-hexenyllllagnesium bromide 
gave a straight ehain O-alkyl product. hut 
a cyclized e -alkyl prnduct. More importantly. 
thennographic rate measurcments yielded reaction 
rates which were six times higher than the 
puhlishcd rates for the disappcarance of lhe 
coloured l·omplex. Instcad of being the rate "f 
the addition reaction. the colorillletric rale.s were 
suggested to be the rale 01" ITduction of escaped 
henzi I ketyl to benzoin by thc exce" Grignard 
reagent. This was likcly sinee ben/oin was found 
alllong the reaction products. The Iheory thal slable 
ion radical pairs can exist. whieh include calion 
radicals of Grignard reagents amI ketyl radicab of 
benzil or of a hen7ophcnonc. had becn prescnted 
earlier 1741. \\hen il was opp",ed for being an 
incorrecl inlnpretation (Ir lhe speclra 17':1 l. am! rOl" 
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heing ulleollvincing, since the lifetime of a catioll 
radical of a Grignard rcagent was suggcsled to bc 
shorter than a millisecond 1591 rather thall beillg 
hoUfs or years as suggested in Ref. Inl. 

The rcaction seheme. which was proposed f(Jr 
the reactions of benzil in the 19X6 invcstigalioll. 
was also proposed with small modilications lúr 
the rcactions of bcnzophenone 1761. I:lluc and pill~ 
colours during lhe reaction in THF of hUlylmaglle­
sium hromide with henzophcnone werc inlcrprcted 
as monomeric and dimeric ketyl. 

Thc rather surprising mechanistic schcmc pn.'­
sented in Refs. 1731 and 1761 was assigned lo 
hcnzophcnonc panly on the hasis of experil1lenh 
made with henzi!. The prescnt authors have had 
difficulty in finding a eorrelation hetween Ihe 
experimental results reported and the cOllclusions 
made. Thc authors secm to he suggeslillg ralher 
than cOllcluding. This is unfortlIllale SilllT tllL' 
suggestions have later been rekrred lO ¡" Llcts. 
More explanations alld morc experimental detaib 
seCIll to be nccded. 

1.4 POLAR CONCERTED 
REACTION MECHANISMS 

1.4.1 Addition to Aliphatic Ketones 

In the previous section it was explained that the 
behaviour of Grignard reagents varies with Iheir 
strueturc as well as with the slructure of the 
suhstrates. As described in Section 1.2.~. CJrignard 
reagents are ordered according to their easc 01 
oxidation at a platinulll anode and havc l'har­
actcristie oxidation potentials. t-Butylmagnesiulll 
bromide is easily oxidil.ed. while Illcllwlnwgne­
siuln bromide am! cspcciall) phen\ Imagncsiulll 
bromide resist oxidation. Carhon~ lic suhslrates 
likewise have reduction potcntials. which :Irc 
related to the possihility of resonance stahili/a­
lion of the ketyl radical fOrIlled by ET. In simple 
aliphatic ketoncs little stabilization is I'0ssible and 
thc reduction potential is very ncgatiye. Ikn/ophe­
nonc. on the other hand. is easily reduced hccausc' 
Ihc henl:ophcnone ketyl is extremel\" \\ell stabi­
li/.ed and is evcn stahle in solution. As descrihed 
in Scclion 1.3.1- \.3.:1. t-bulylmagnesiutll dlioridc 

lranslás an eleclron to benzophenonc in a ver)' 
fasl rcaction. bul Illcthyl and phenylmagnesium 
hromidcs reaCI hundrcds of timcs morc slowly. 

The rcaction of acetone with phcnylmagnesium 
bromide is. howe\·er. \'ery fast 1~61. In Ihi, reaction 
Iherc is ob\iously no nced fur an initial hreaking 
"f Ihe carbLln magnesium bond. In the reaction 
the new bonds are fonned in concert with Ihe 
breaking of Ihe (lId bonds. The concerted reaclion. 
ho\Vever. requirc, a close approach of the 1\\0 
moleeulcs. 

Rcactivity IlleaSUrl'l11ents using 'lIhstrate, with 
\\ idely differing slructures haye givcn many clues 
lo Ihe stercochcmistry of the transilion states 
for conccrtl'd rcactions. Thc magnesium ato m is 
surrounded by coordinatcd solvent molcculc, ami 
is hul~y Thc high rcactivity of phenyl Grignard 
reat!enl toward acetone could he seen as a resull 
()1'[Joth molccule, bcing Ilat and having the abilit~ 
lo align the C--Mg bond very c10se to thc C=O 
hond, in ,pite of Ihe aromatic :7 cloud. in a 
four-centre TS. I:lranching at the ('I-carhon as in 
isopropyl and t-hutylmagncsium halide is a hind­
rance for the approach and t-hutyl Grignard reagent 
reaets 420 times more slowly with acetone than 
docs phenyl Grignard [261. 

Evcn if the rcaction is concerted. a charge is 
dcvelopcd on the a-carhon in the TS. In benzyl­
magnesiulll bromidl' a phenyl group allows dclo­
cali/.ation of this charge and the rcagent is 1400 
times more reactive toward acetone than is t-butyl­
magnesium bmmide. The fastest reagcnt toward 
aCCIone is allylmagnesium hromidc. Thc reason 
is Ihat \\ ilh this rcagcnt the approach of Ihe 
c'arhon aloms. which are to he bonded. are far 
rem()\,cd fmm the bul~y magnesium ato m in a 
Sis-l'entre tl'an,ilion state. Schell1c 1.9(b). The rale 
has no! been measllrcd. but is estimaled to be al 
Ieasl I(JO 000 times raster than the rcaetion or 1-

hu!ylmagnesium bromide and acetone 1431. 

Hg. lA. 
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Although the rate of reaetion is mainly a ques­
tion of sterie requirements, it is not possihle 
to tind a reaetivity series for lhe various Gri­
gnard reagents whieh is valid for many differenl 
suhstrates, simply heeause caeh pair nf reagents 
has its own stcric requirements. As Illentioned. 
it is useful to compare lhe rcaclivities of 1-

butylmagnesium bromide and phenylmagnesiulll 
bromide toward a given suhslrate sinec the tirsl 
mentioned has the weakesl and the last ll1entioncd 
the strongest carbon-ll1agnesium hond all10ng thc 
eommon reagents [4J. At the same time t-butyl is 
extremely bulky and phcnyl is fairly unhindered. 

1.4.2 Addition to Acid Derivatives 

Reactions of Grignard reagents with esters, acid 
anhydrides, acid chloridcs. nitriles, etc. are useful 
in the preparation of kelones and lertiary aleo­
hols. The reaetivity of un unhindered ester is 
50-lOO times lower than that of a ketone. The low 
reactivity reflects the low polarization of the ester 
earbonyl group, The reaetion rate for addition is 
highly dependent on the steric bulk of both the 
ester alkyl and Ihe alkyl of the Grignard reagent. 
The tirst addition to an ester produces a hemiketal 
salt, whieh eliminates magnesium alkoxide and 
forros the ketone, whieh adds the second moleeule 
of Grignard reagent. That the ketone is a tme inter­
mediate is proved by a detailed kinetic study of 
the rates of formation the various products and 
by-produets [77]. 

1.4.3 Concerted Transfer of 
¡¡-Hydrogen. Reduction 

In a 1,2-addition the bond formation of carbon to 
earbon and oxygen to magnesium is eoncertcd with 
the breaking of C-Mg and rr C=O. This rcquires 
a four-centre transition state. If the reagent has 
hydrogen in a ¡'l-position. rcduetion of the carbonyl 
group by hydrogen transfer is an alternative to 
the addition process. In this process, shown in 
Scheme 1.9 (a), a C-H, a rr C-C, and a Mg-O 
bond are formcd in concert with lhe breaking of a 
C-Mg, a C-H, and a rr ('=0 hond in a si x-centre 
transition state In l. 

Grignard Reagenls: New Developments 

Sinee the six-centre lransition stale is steri­
cally Iess dcmanding than a four-cenlre transition 
state, reduction will tend to be important with 
hulky reagents. A syn-periplanar conformation is 
nccessary for the six-centre reduction mechanism. 
For example. reduetion takes place with lhe exo 
hydrogcn in bornylmagnesium chloride and not 
with lhe cndo hydrogen 1791. The reduction of 
bcnzophcnone is 50 times faster with eyclopentyl­
magnesium bromide than with eyclohexylmagne­
sium bromide [80], which can be explained by the 
possibility of having a cis periplanar eonformation, 
whieh is impossible with the cyclohexyl reagcnt. 
Reduction of aehiral ketones with chiral Grignard 
rcagents may induce ehirality in the produets [811. 
The ehirality of the reagent may reside in the alkyl 
or it may be introdueed by using a eoordinating 
chiral solvent. 

The second alternative to the Grignard addi­
tion is enolization, whieh requires a hydrogen a 
to the carbonyl group. The mechanism has a six­
centre cyclic transition state and like the reduction 
process has fewer sterie requirements than does 
addition. [82,83], Scheme 1.9 (e). Branehing at the 
carbons a to earbonyl slows the addition reac­
tion and therefore increases the extent of enoliza­
tion and reduction, Preparative additions to sueh 
ketones requires the use of alkyllithium reagents. 
The enols may be useful for synthetie purposes 
sinee they may add to the carbonyl group in added 
rcaetants or in the substrate itself. 

Six-centre transition states for the reactions 01' a 
carbonyl eompound with a Grignard reagent are 
very efticient if they allow the fonnation of a 
Mg-O hond in enncert with the shifts 01' two 
pairs 01' rr or a electrons. Five examples are 
shown in Scheme 1.9 (a)-(e). Concerted redllclion 
and enolization are mentioned above. The allylic 
addition, Scheme 1.9 (b), is efficient hecausc 01' 
lhe ahsenee ol' steric hindrance. The carhonyl 
earbon 01' an aldehyde may attaek onho to the 
side chain in benzylmagnesium chloride forming 
a reactive dihydrobenzene compound, which may 
add a second molecule of aldchydc. Schemc 1.9 
(e) 184]. The eonjugate addition to Cf. fi-unsaLU­
rated carhonyl compounds, Schcme 1.9 (d), is 
lreated in the following scction. An ohjection lO the 
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Conccrtcd six-ccntrc rC¡lction nh;ch¡¡nl:-'lw .. : 

(a) fc(ludl0n 

(h¡ ~llIylic additlon 

SCHEME 1.9 
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six-centre mechanisms based on orbital symmetry 
eonsiderations has been published [5]. 

1.5 REACTIONS WITH 
a, ¡¡-UNSATURATED 
CARBONYL COMPOUNDS 

Cf. fi-lJnsatllrated ketoncs have interesting prop­
erties as suhstrates for Grignard reagents sinee 
lhey are intermediatc between the aromatic ketoncs 
and the ali phatic ketoncs. They may aecept an 
electron to fonn a resonance stabilized ketyl in 
which the spin i, distributed between the carhony I 
caroon and the fi-carhon. On the other hand, the 
polarity of lhe ('=0 is transll1itted through the 
douhle hond and the cOlllpound will accept a 
Ilueleophilc at the fi-carbon. Conjugate additioll 
prodllcts thcrcforc Illay result from either polar or 
frolll ET Illechanisllls. A truly concerted mecha­
lliSIll 1'01' I A-addilion requires a si x-centre TS and 
this means that C=O and C=C should ha ve a 
cisoid confonllation, Schcmc 1.9 (d), as originally 
suggested oy Lu(¡ and Reveley 185j. 

id) 1.-+-l'olliu~~lll.' ;¡ddilioll 

The necessity of the cisoid conformation was 
questioncd since 2-cyclohexenone, which has a 
transoid conformatioll. was able lO form 1,4-
adducts with various Grignard reagents. Reeently 
it was l'ound, howcver, that ll1ethyl- and phenyl­
magnesium bromide are unable to add 1,4 to 
an Cf. fi-unsaturated slIostrate unb,s the eisoid 
conformation is possihlc 1861. lsopropyl- and {­
oulylmagnesillm chloride do. howevcr. reaet lA. 
bul by a hOll1olytic lllechanisll1. 

Two alkyls in lhe fi-position are prohibitive 
1'01' lhe cOllcerted reaclion and llIesilyl oxide does 
nol add primary Grignard reagents 1,4. This steric 
hindrance is o"crcoll\e oy thc bulky t-outylll1ag­
ncsium chloridc. A 25'1< yield "f the o"ercrowdcd 
-lA,5.5-tctralllethyl-2·hcxanonc is ohlained. which 
ohviously is forllled. Scheme 1.10. oy rccomhina­
lion of magnesiulll Illesityl oxide kClyl amI t-outyl 
radical al'ter an initial homolysis P16j. 

The ill1portancc 01' lhe cisoid contúrmatioll 
(Scheme 1.<.) (dJ) is seen frolll lhe faet lhal 
!!oing froll\ bcn/alacetone to ocnzalpinacolone 
inncases lhc rate "f formalioll 01' I A-adduct frolll 
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blltylmagncsillm chloride by a factor 01' 10. Thc 
reason is that while benzalacctone has a transo id 
con1'ormation benzalpinaeolone is 1'orccd to adopt 
a eisoid eonformation occallse of the interaclion 
bct"ecn the l-bulyl group and the distant vinylic 
hydrogcn. The surprising implication is that the 
introduetion of a tertiary butyl group aceeleratcs a 
sterically demanding reaction [86]. 

With ex. ,B-unsaturated ketones and esters both 
homolytic and polar concerted mechanisms may 
be operating, but combining the study of rate with 
the exact product distributions makes it possible 
to find the contribution from either mechanism in 
almost any reagentlsubstrate combination. 

The use of cuprous salts as a catalyst increases 
the rate of 1,4-addition and is highly useful for 
preparative work [87]. Like the metal catalyscd 
reactions described below in Section 6.1. the cop­
per catalysed reactions are not reactíons between a 
substratc and a Grignard reagent. What takcs place 
is fast alkyl exchange between a copper salt and a 
Grignard reagent followed by a reaction between a 
complcx alkylcopper compound and the substrate. 
The alkylcopper is rcgenerated from the addition 
produet by a fasl Mg/Cu exchange. 

1.6 ET SUBSTRATES OTHER THAN 
BENZOPHENONE 

Allhough the main subjeel of this rcvie" is 
rcaClio~s of Grignard r~agenls with carbonylic 
ellmpounds. live cxamplcs 01' rC,tel i,)l1, will be 
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Illentioned in which the substrate, are clectron 
acceptors. but not earbonylic. Since the lllecha­
nisllls of these reactions ha\"(~ been studied cxtcn­
sivelv the lessons learned are lIscflll in lhe ,tudy 
of G~ignard reactions in general. 

1.6.1 Metal Catalysis 

1.6,1.1 The Kharasch Rcaction 

From the early use of Grignard reagents it was 
known that certain of their reactions [ed to prod­
ucls which had to result from free radicals. Most 
obvious were rcactions with alkyl halides, which 
when smal! amounts of metal salts were added 
could produce dimers of the Grignard alkyl along 
"ith radical disproportionation products alld radi­
cal polylllerinnion products of the alkyl nf the 
halide. The reactiol1 type is calleJ the Kharasch 
rcactiol1 bccallse Kharasch and co,,"orkcrs studicd 
the reaetiol1 in délail 1~8.891. Pure Grignard re­
a'!cnls do nol reaet wilh most aH,yl halides. But 
Gri'!l1,u·d rea,!ents cxchange alkyb \"ery fast \Vith 
lllet~t1lic sall: \\ith the fonnation 01' alkylmetal 

halides or dialkylllletals: 

RMgX + MX2 ~ RMX + ~1gX2 (1.111 

2RMgX + MX, ------> R2M + 2MgX 2 11.12) 

Thc alkyhnclals fllfmcd are unslablc ami dissnciate 

according lO eithcr: 

RMX--·-. R· + ·MX 01: 

R,M -~ R--R + M 

(1.131 

(1.1'+1 
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The monovalcnt nr I.erovalcnt metal speeics are 
highly reducing and may reaCI with alkyl or aryl 
halides: 

,MX + R'X ----> MX 2 + ·R' or (1.15) 

M + R'X ---? R'MX (1 Ih) 

The reactions sho",n represent very fast calalylic 
cycles. which !el a C;rigllard reagent reduce the 
alkyl halide, bcing itsell" oxidil.ed to hydrocarbons 
via (1.14); alternatively. depending on the nature 
of R and R'. the alkyl halide is redueed to free 
radical s, which recolllhinc in various way'. The 
choice nI' melal Illay be the deeiding faelor ror 
the usefulnc" of the reaetion in the preparalion of 
sclected hydrocarbons 1 <JO l. 

1,6,1.2 Reductive Dimerizatinn nf Carhnnyl 
Compnunds 

[n a metal eatalysed reaetion 01" a Grignanl reagcnl 
the reductive speeies is cithcr the free metal in a 
colloid state or a metal salt in a subvalcnt state likc 
Co+ 1• 

The elTect 01' dcuterium in The species. which 
is reduced in the catalytic cycle described above, 
need not be an alkyl halide, but may just as 
wel! be an easily reduced carbonyl compound like 
benzophcnone. Kharasch showed in 1941 [91 J that 
though mcthyllllagnesium bromide nonnally adds 
to bcnzophcnolle produeing mcthylbenzhydrnl in 
high yield, the addition 01' a few per cent 01" I"errie 
chloride Icd to the produetion 01' benzopinacol 
instcad of the addilion product: 

Id'l, 

The catalytic cycle again is the fonnation nI" 
unstable alkylmetals. which decol1lpose aceording 
to (1.13) or (1.14). The metal species. by increasing 
its oxidation state, reduces the sllb>trale but is 
immediately regenerated by rcaction "ilh Grignard 
Illolecule(s). As rncntioned beforc. what we 011-
scr\"e is only indirectly a reaetinn 01" a Grignard 
rcagent, since this only serves as a sllpplier of 
reactive metal species. Kharash suggested 121 thal 
l1lonovalent CoO was the reactivc species loward 
benzophcnone since redlletion die! nOI take place 
using pyrophoric coball. 

Othcr cxamples of catalytic rcduclions using 
rnethy[magnesium bromide and FeCI.1 are lhe l"or­
mation of isomerie diphenylae!ipic csters from 
einnamic esters [921 and telra-phcnylhexandione, 
from bcnzylideneacetophenone 1931. Schemc 1.12. 

1.6.2 Reactions with Oxygen and with 
Peroxides 

The reaction of Grignard reagents wilh oxygen has 
two stcps 153,94,951. Thc first step is formally 
an addition of RMgX to O,. Oxidatilln of 5-
hexenylmagnesium bromide, howc\"cr, yielded the 
cyclized cyclopentylmcthylperoxidc. which proved 
that the initial step is ET to oxygen with the 
formation of the free 5-hexenyl radical. The radical 
diffuses for a sufficiently long time fOl" the cycliza­
tion to takc place bcfore it adds to oxygen. This 
is stcp (lne of a chain process and step (Wo is 
exchange of alkyl between the peroxyalkyl radical 
and a molecule of Grignard rcagent. 

QQ 
e-oll 

+ cOI,Mgllr --_.~ 
1 + CIIJ·II, 

ó'6 
SCHE\1E 1.11 
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SCHEME 1.12 

CH\MgBr 

PcCI, 

CoC'11 

The reaction of alkylmagnesium reagents with 
di-t-butyl peroxide leads to alkyl t-butyl ether, t­
butyl alcohol, and disproportionation products of 
the alkyl [96J. Mechanistic studies showed that 
the initial step is ET. This conclusion was i.a. 
based on a linear correlation of log rate with 
the oxidation potentials of the Grignard rcagents. 
Reactions of peroxides are extremely sensitive to 
metal catalysis, but take place even when high­
purity magnesium is used. 

1.6.3 Reactions with Azobenzene 

A fourth example of a radical-type reaetion of 
Grignard reagents is the reaetion with azobcn­
zene [971. It was found that azobenzene in the 
reaction with methylmagnesium bromide produces 
hydrazobenzcnc and ethanc [98 J. To be ah le to 
reduce azohenzene the reagent has to aet as an 
electron donor in an induced homolysis: 

PhN::::NPh + :2 tvkMgl3r ~ PhN-~Ph + Me-Me 
I I 

,1~ Mg 
Hr BI 

SCHEME 1.13 

In a mcchanistic study [991 the use 01' a variety 
01' Grignard reagents showed that hydrazohenzene 
was normally the main product (8!V¡' or aboye) 
accompanied hy 10- 15';' 1.2-addition product. 

Grignard Reagents: New Dcvelopments 

f~c ~} coO·,·llu 

~ -} COO·,-BlI 

For allyl-, benzyl-, and t-butylmagnesium halide 
1,2-addition amounted to 100. 57. and 50'7r. res­
pectively. Among the by-products were for t-hutyl 
Grignard reagent 10% 1,6-adduet and Y¡' p.p'­
di-t-butylhydrazobenzene. A small amount of a 
tetra-t-butylazobenzene was isolated. It seems that 
Mg transfer to azobenzene from the Grignard 
reagent has produced free alkyl radieals, which 
after diffusion have attacked unreacted azobenzene 
in a number of conseeutive steps. Even a primary 
reagent like n-butylmagnesium bromide produced 
1,6-addition product (2')1-). 

The rates of reaction for the different Grignard 
reagents were largely linearly eorrelated to the 
anodic oxidation potentials of the reagents. 5-
Hexenylmagnesium bromide produced 1.2-addi­
tion produet of which 50'k was cyclized. 

The conclusion from all observations is that 
the Grignard reagents transfer magnesium to azo­
benzene to produce a radical pair in a stcpwisc 
mechanism. The transfer. however. takcs place 
in a transition state whieh is ver)' similar to the 
concerted si x-centre Whitmore-Moshcr cOlllpkx 
and has rather striet steric requirelllents. The 
reaction is radical-concerted. This. for examplc. 
explains that in the reaetion 01' s-butylmagncsiulll 
bromide with azobenzene, I-butene is fonned in 
a 4: 1 ratio relative to 2-hutcne. while this ratio in 
reactions with other clectron aceeptors is belm, 
unity. Since the radical pair is formed with a 
'conformation' which is ideal for transfcr 01' ¡J­
hydrogcn this is the Illain product. huI Ihe radicals 
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may miss this opportunity and either collapse to 
1 ,2-addition produet or ditTuse out of the rage. The 
prescnee 01' a {j-hydrogen facilitates the rcaetion 
since reagcnts which have no ¡J-hydrogcn. like 
mcthyl or bcnzyl, or whieh like t-butyl have too 
l11ueh hulk to he ah le to allain the ideal six-eentre 
conformation. reaet by ET, hut mueh more sl"wl}' 
than indicatcd by their oxidation potentials. 

1.6.4 Reactions with Cinnamic Esters 

Cinnamic acid ethyl ester is a carbonyl compound. 
which likc benzophenone has the ability to accept 
an electron to form a rather stable anion radical. As 
an a. (j-unsaturated ester it may produce 1.2- and 
1,4-addition products in the reaction with alkyl­
magnesium halides. The use of t-butylmagnesiulll 
ehloride, however, was found to produce up to 
SOCk of a 1,3-addition product [100J. 

The mechanism 01' this rcaction was studied 
110 1] and was found to involve the production 01' 
a t-butyl radical and a magnesium ester hemiketal 
radical, which could recombine to form the normal 
1.4-adduct. Diffusion of the radicals out of the eage 
allowed an attack of the free t-butyl radical on 
lhe unreacted starting material. This attack took 
place at the earbon f3 to the benzene ring with 
the formation of a stable benzylic radical. This 
radical exehanges magnesium with the initially 
formed ester hemiketal. The magnesium compound 
fonned undcrgoes an internal Grignard addition 
with the fonnation of a eyclopropanone hemikelal. 
which may be isolatcd after silylation. but \\'hich 

SCIIEME 1.1-1 

/Vu),Lt 
f-BuMgCl + Ph 

hydrolyscs to the I,J-addition product in wcak 
aeill. 

The producI 01' addition to cinnamic eslcr is an 
ohvious 'abnormal' product formed by the reac­
lion of a Grignard reagent. Such products are 
fonned by the rcaetinn 01' free radicals. which since 
they are uncharged 'Iook' fúr radical stabilization 
rathcr than for charge stabilization. The following 
typcs 01' abnonnal products are eonsidered as bcing 
formed by radical recombination even if the dircct 
proof 01' the radical mechanism has not been giv.en 
ror all cases. 

1) Prollucts resulting from dimerization of the 
substratc. 

2l Unstable dihydro compounds formed by addi­
lion to aromatic rings. 

J) Additions to a carhon which is not electron 
dctieicnt. 

4) Addition to oxygen. nitrogen. and sulphur. 

Exalllples 01' I l, 2). and 3) are given above. 
Addition to nitrogen was described for azoben­
zene. Addition to carbonyl oxygen may be seen 
f'or example in the addition of t-butylmagnesium 
chloride \0 benzophenone [6S]. For a-diketones 
and ortho quinones, O-alkylation may be the 
main product as described for benzil [S9J and 
quinones [102,103.1041. S-alkylation has been 
seen in the addition to thiobenzophenone [IOSJ. 
Addition to nitrogen is seen wilh nitroben­
zcne 11061 and with pyridazinium salts [107J. The 
products mentioned are produced via a radical 
Illeehanislll. sOllletil11cs in significant al110unts but 
"t'ten as unil11portant hy-products. 



24 

1.7 SOLVENT EFFECTS 

Although alkylmagnesium rcagents may he pre­
pared in hydrocarbons likc methylcyclohexane or 
benzene 11081, the common solvents used for 
Grignard rcactions are diethyl ether (DEE) and 
tetrahydrofuran. In special cases use is made 01' 
very strongly coordinating solvents likc D~IE, 

HMPT, or crown ethers [18,72,511· 
Several cffecls are seen when the sol\'t:nts are 

inlerchanged. Going from DEE lo TH F the Schlenk 
equilibrium is changed toward a larger content 01' 
dialkylmagnesium, R~Mg, which is Illuch Illore 
reactive than RMgX. Comparisons 01' reacti\'ities 
in the lwo solvents therefore only makc sensc when 
using halide-free dialkylmagncsium [441. Dihutyl­
magnesium is about 100 times less reactivc toward 
acctone, methyl acetate, and s-butyl crotonate in 
THF solution than in ether. but the rcaclÍ\ it> 
loward azohenzcnc is inercased. Toward ben7.0phe­
none secondary and tertiary reagents are much 
more reactive in THF than in DEE, while the rcac­
tions with primary reagents (hutyl- and ethyl) are 
nol accelcrated [43). 

Rcactions which have rale-delennining ET 
have transition states wilh charge developlllenl 
and should be aceelerated in the more polar 
solvent THF. Since the various coordination 
equilibria existing in the reaetion mixtures ·are 
seriously shifted, reactivity ehanges have to he 
carefully analysed. Although the ET reaction 
with azobenzene is accelerated in THF, the ET 
reaction between t-butylmagnesium ehloridc and 
di-t-hutylperoxide is extremely slow in THF 14~ l. 

Reactions which take place with polar mech­
anisms tend to be slow in highly coordinating 
solvents. This would be a natural conscqllcncc i l' 
a coordination vacancy on magnesium is necded 
fOl' engagcment with lhe sllbstratc sinec' \' aeali­
cies would be extremely rare in a sol \' enl 1 i le 
THF or HMPA. 

A Hammett treatment 01' the rcaction 01' cth> 1-
magnesium bromide with benzophenone in ethcr 
1I09J showed a linear plot for thc ratio addi­
tion/redllction with a p = -l. Changing frolll DEE 
to THF led to two linear plots intcrsccting at 
a = -0.15. Thc ehangc in fI must be inlerprcted 
as a change in mechanism for the addition. Thc 
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authors offer very elaborate eombinations 01' mech­
anisms 11091, bul lhe hreak could be explaincd by 
a simple shift from a low p concerted mechanism 
to a high fI ET mechanism. The reaelion merils 

furthcr study. 
Attcmpts ha\'c heen made to corre late the vis­

eositv 01' the solvent wilh the product distrihution 
and ¡he beha\'iour 01' radical probes in lhe reac­

tion of t-butylmagnesium chloride with ben70phe­

nonc [571. 

1.8 CONCLUSION 

The fundamental problcm in the study of Grignard 

reactions is to discover whether lhe mechanism is 
stepwise or eonccrted. All Grignard reagents have 
the potential to rcaet homolytically, but concer­
tccl Illcchanisllls Illay he the most efficient wilh 
substrates with low electron aftinity. Homolytic 

mcchanisrns are recognized hy high reactivity of 
bulky reactants, by abnormal reaction prodllctS, 
and by the possibility of correlation of rate with 
the oxidation potential of the Grignard reagent. 
Concerted reaclions are found between reagents 
with a strong C-Mg bond and substrates with low 

electron affinity. Little steric bulk and favourable 
conformations are required. 

A close raee may exist between the two mech­
anisms and among a series of concerted reaetions, 

exceptions are found in which steric retardation 
has made the homolytic mechanism competitivc. 
Likewise, series 01' reactions with homolytic mcch­
anisms show exceptions, in which an especially 
favollrablc conformation makes a coneerted mech­

anism eornpetitive. 
Between the two types 01' mechanism a grey 

!one exists. in which the mechanisms Illay not 
be clearly dctined. Of thcsc, sorne appear to rcan 

hy radical-concerled Illechanisrns or other types 01' 
hybrid Illcchanisllls. 

Observations 01' radical intcrmcdiates by ESR or 
lIv-vis spectroscopy like the ohscrvatioll of cycliw­
tion (Jf radical pmbcs indicale a hOlllolytic reac­
tion Illechanislll. ¡\ quantitativc kinctic analysis is. 
howeveL requircd to re\"t~al the irnportanec 01' Ihe 

radical mutc. 

Mcchanistie Fcatures of the Reaetions of Organomagncsium Compounds 

Kinetic isotope ellecls are of limited lIsefulness 
hecause they are small and hecausc lhe thcoretical 
prediction of KIEs is not straightt'orward. 

Thc hasic and the Illost valuable infonnation in 
lhe study of reaction mcchanisllls will always come 
fmm kinelic studies. 11 seems as if reactions 01' 
Grignard reagents 1'01" which the mechanism is sti 11 
not ohvious should he investigaled by lraditional 
kinctic methods using, for examplc, the Hammett 
procedure and carefully selceted solvcnts. 
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Nucleophilic Displacements at Carbon 
by Grignard Reagents 

E. Alexander HiII 
Department of Chemistry, University of Wisconsin-Milwaukee, Milwaukee, WI 53201 

2.1 INTRODUCTIONt 

By virtue of thc polarity ofthe carbon-magnesium 
bond, Grignard reagcnts are an important source of 
nucleophilic 'anionic' carbon groups. The nuclc­

ophilic addition 01' GrignanJ reagenls to carbonyl 
and related multiple bonds (including aeyl substi­
tutions) is one of the Illost important C-C bond­
forllling reactions in organic chemistry (eg. 2.1 J. In 
contrast, the cross-coupling rcaction-nucleophilic 
substitution 01' alkyl halidcs 01' other substrates by 
the 'carbanion' 01' the Grignard reagent-is more 
limitcd in scope (eg. 2.2). 

Alllong the side rcactions \\hich limil the utility 01' 
eross-eoupling is hotllo-coupling ofthe alkyl groups 
ofRMgX, R'Y, or both (e.g .. eq. (2.3» I I l. When fi­
hydrogens arc prcsenl in eilher lhe Grignard reagenl 

'The following ahbrcVlalioll' v. Jlt be uscd: Me = mClhyt: 
El = ethyl, Pr = propyl: Bu = bUl~ L PeJl! = pcnty/; Ph = phc­
nyl: Mes = I11csityl (2A.Cl-trillll'lh) I phI..' n) 1): OT ... = tosylak: 
THF = tctrahydrofuran: DME = 1,2~dilllC'lhoxv~1han~' DMF = 
JimethylformamiJe: D\V = Jio\an",'-\\ :11a: DMSO = dimcthvl­
sulfoxide; IIMPA = hcxanlt'(h~ Iph(l"'pllllralllu!c, linkss olh~r­
wi .... c indicatcJ, Ihe formula RM!.!X 1'111;1 (jrii!nard rcallcnl willlk' 
takcn to represent any orille ",p~L'il'''' (Jj tllt.' Schlcnk c~uilihriulll, 

01' the alkyl halide, disproportionation is possible. 
leading to alkane, RH and R'H, and alkene, R (-H) 
and R'(-H). Metal-halogen exchange which. in 
elTcct, interchanges Ihe functions of Ihe Grignard 
reagcnt and the halide can also occur, although it 
is less facile for Grignard reagents than for organo­
lithium compounds. The Illetal-halogen exchange 
is a potential source of homo-coupling, s¡nce both 
alkyl groups may then appear in hoth the Grignard 
rcagent and in the substrate. 

A 
A~ I 

R\lgX + C=O - R-C-OMgX 
B/ I 

B -Al \'H'" \ (21) 

A 
I 

R·-e-OH 
I 
B 

RMgX + j{'Y ~ R-R' + MgXY (2.2) 

Thc 'Wllrtz coupling' side reaction. which gcner­
ally accolllpanies the fonnation ofGrignard rcagcnl 
rrolll alkyl halide and Illagnesilllll. gi\'cs prodllClS 

~----------
Grigllw¡J Rt'{/.l!CII(\, ,\',')! /),'1 (/01'111, l.:' I dllL',1 11\ Ikllll,Hl (¡ 1{ll'hn, Jr ~(H)(I .!,oIm \\'Ik, ,\: Sllll\ LId 
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equivalenl lo lhe homo-coupling 01' lhe Grignard 
reagenl (along wilh dispropOrlionalion of lhe Gri­
gnard reagenl alkyl). In some cases il is lhe result 
of radical inlermediales in lhe formalion of lhe 
Grignard rcagenl. For halidcs which reael rcadily 
wilh Grignard reagents. the Wurlz produet l1lay 
be formed inslcad by eoupling bctween Grignard 
rcagent which has fonllcd and lhe halide whieh has 
nol yet reaeled. 

MeMgl + PhCH,CI 

25 o/e 

+ 

687< 65o/c 

Beeause of the frequel1lly unsatisfactory success 
of earbon-carbon bond formalion involving the 
Grignard reagent as nucleophile in subslilution 
reactions, a major branch of rescarrh endeavor 
has grown up around 'catalyzing' this reaelion by 
the addition of a variety of lransition metal salts 
and complexes. In most cases, such calalysis, in 
fact, involves Ihe intermediacy of organo-lransition 
metal compounds which function as the effective 
nucleophilic reagen!. 

In this chapter, we will revisil C-C bond 
formation by uncalalyzed nucleophilic substitution 
reactions of Grignard reagel1ls. Two recently 
published volumes on Grignard reagent chel1listry 
by Wakefield [2) and by Silverman and Rakila 131 
include chaplers on nucleophilic displacement 
reaetions. The emphasis in these chaptep, 
is principally synthetic, and includes both 
uncalalyzed and catalyzed reactions. A review by 
Beletskaya, Anamkina, and Reutov [4) in 1976 
was concerned with mechanisms of reaction of 
organometallic derivalives with organic halides. 
and a 1990 revie\\ by Polivin, Karakhanov, and 
Postnov 151 discussed 'hcterolytic c lea\'age of 
carbon-element (Y-bonds by Grignard reagents.' 
The dassic compendium on Grignaro reagenl 
chcmistry by Kharasch and Reinmulh [61 inc!udes 
numerous examplcs drawn fmm oloer literature, 
and we will freqllently cite lhis volume for a 
summar) 01' carly ",ork. 

Grignard Reagents: New Developmcnts 

The emphasis in the prcsent chapter wi I! hc 
on the scope and the mechanisms of reactions in 
whieh the 'anionic' alkyl group of Ihe Grignard 
rcagent displaces another group from carbono As a 
formal nucleophilic suhstilution reaction involving 
a reagent which is a strong nuclcophile, the S:,,2 
mcchanism-direcl heterolytic displacemenl by 
the nucleophilc-might be a first choicc. Howcver. 
in many cases, other mcchanisms may bc more 
appropriate. Important allernativcs include an SI' 1 
process assisted by the Lewis-acidic magnesium 
of the Grignard reagen!, with a carbocation 
intermediate, and a single elcelron transfer (SET) 
mechanism, with radical intermcdiates. For future 
reference, these three mechanisms are illustralcd 
in a generalized and oversimplified fmm in 
cquations (2.4-2.6). 

(2.5) 

R-R' + MgXY 

RMgX + R'Y -- [RMgX:, R'Y-o] 

t (2.6) 

R~R' -- [R., R'·, MgXY] 

Before discussing lhe substitution mcchanism, 
more thoroughly, we will survey SOI11C examplcs of 
Grignard cross-coupling reaetions, concenlrating on 
halide displacements wilh simple alkyl and substi­
tllted alkyl groups. After a more dctailed exalll­
ination 01' Ihe mechanistic possibilities. we wil! 
discuss Ihe experimental observalions in relation 
to the mechanisms and look at coupling reaction, 
with other substrates. Because many uncatalyzed 
coupling reactions with simple alkyl groups are not 
very successful synthetically. therc are rclativcil 
few recent examples. Caulion should he exercisl'd 
in drawing mcchanistic conclllsiol]s hasco 01] thl' 
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older literature, since magnesium contaminated wilh 
transition Illetal impurilics might havc introduced a 
catalyzcd component into the reaction, and results 
might have heen influenced by the laek ofinert ,IlIllO­
sphcrc tcchniqucs and modern analytical mcthods. 

2.2 SURVEY OF COUPLING 
REACTIONS OF GRIGNARD 
REAGENTS WITH ORGANIC 
HALlDES 

2.2.1 Reactions with 'Simple' Alkyl 
Halides 

As a point of rcference, we might notc that in typical 
substitulion rcactions of saturated alkyl halioes 
occlIrring hy an SN2 mcchanism, mcthyl halidcs are 

mosl reactive. and rcactivit) t!('C/F(I\('.I' with suhsti­
tution: I > 2 >.i Sinee the rate 01' compeling 
himoleclllar climination i",re([\('\ thmllgh the samc 
scries, thc bcsl yiclds of sllh\litlltion products are 
normally fOllnd ror l1lethli ami I alk)'1 halides, 
while 3 halides give elilllination allnost cxclll­
sivcly. The order of reaeti\ it) of the halides as 
Icaving groups is I > I3r » CI ::;;> ¡: 17 -91. Reli­
ahle l1lodern example, using simple satllrated alkyl 
halidcs are not easy to find. and the compilalion of 
Kharasch and Reinmulh ciles relatively few reac­
tions nI" alkyl halides with simpk alkyl Grignard 
reagents. Somc pertinent rC[1resentati\ es, mostly 
I"mm lhe lalter. arc collccted in Table 2.1. 

Several 01" the examplc\ citeel in Tahle 2.1 note 
the side-prodllcts formed. For the most pan, reae­
tions are relativcly slow in ethy! ether al room 
temperatllre or reflux, althollgh iodides reael faster. 

Table 2.1. Rcactions 01' simple ulkyl halirJc~ \\,¡lh Cirigll<lnJ rcagenl';' 

2 

3 

5 

6 

7' 

ge' 

1.) 

10 

11 

12 

13 

l-l' 

15' 

16 

McI 

ElBr 
PrI 

i-PrI 

Mel 

Halide 

I-BuCI 
C1CH,CH,CMe,CI 
I-BuBr 

McI 

EtBr 
PhOC,H,B, 
I-Bul 
RY 

C7 H"Br 
C7H"Br 

RMgX 

MeMgl 
EtMgBr 
EtMgl 

I-BuMgl 
MeMgCI 
BuMgCI 
I-Bul\1gCI 

PhenMgBr' 
(Mc,C.Jl\1gHI 
PhMgBr 
PhCH,:--1gCI 
Ph,CMgBr 

BuMgBr 
MeCH=CH~tgB, 

Produc[\ 

clhalle (>51 (Ii) 

C,H,+C,Hó (I:IJ 
alkene, (-l6'1< C,H, + 5-l',; Cd-I,,) 
alkane, (66';' C,H ó + 3-l',; Cdl,) 

C,H" (2n';'), C,H, (10.5'.;), 

C,H, (23.5'if). C,H" (X),,; L 

C,H IO 11.S'if). i-C,H" (20'!r) 

Me,C 
Me,C 1-l2-5()'/') 
CICH,CH,CMe,Bu 17()',;) 

Me,CCMe, (6';; 1. Mc,C=CH, (h',;). 

Me :eH (Jl)(/( ). 'dii,ohut: lene..,' 

9-lllcth:-.lphcnanthrclll' 

l1\lc,c,.)Et (-lO',;) 

I'hOCH·CH·Ph I K.\' ; 1: I'hOH 
I'hCII,C\1c, 1.111'.; 1: I'hCH,CII Ph 
I'h,C\1c- 1'I.1·<)W;): R Y=\1c-1 

Ph,CEI 17.1";): R'Y=[IB, 
I1-C" 11" ITHF: ~',;: H\lP,\: -l2', , 
C,H,,cH=CHl\1c (THF: 71 '.;: 

1I~11';\ -l.\';;) 
I'hICH. ¡,ClL I-lO'.,) 

,lholll n:f.161. unlc ... ~ nllK', .... i ... l· ill(.iiL"alt:d. hKeL1101 (~ll'ld .... 01 ('2 ('4 prodllch ha .... L'd \1I1 7()', ~1\'ld pi 

¡;a",c-;,l lRef.llll: Illll'llu\inl! ('11:;('1:;, dRl'L1121 '"I'Ill'1l -'-- (J-plll'Il;lIllllr~1 lR.d.1131 
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More recently, it has been noted that p-CH}OC6 H4 

MgBr Icd to no detectable coupling product with 1-
iodohexadecane after 16 h in refluxing THF (97% of 
iodide recovered) [14]. Grignard reagent la did not 
reaet wilh saturatcd halides without catalysis [151. 
I! is not clcar if the absenee of reaction in these 
cases rellects the use of less forcing conditions or 
purer magnesium than in earlier reports. Aryl and 
benzylic Grignard reagents are more successful in 
substitution (Table 2.1, entries 9 -13). 

Z Me 

Mc1J: 
O 

a. Z= MgBr 
b. Z = Melhallyl 

Surprisingly, 3' halides led to moderate yields of 
substitution (Table 2.1, entries 6-8 and 12). With 
I-bromoadamantane and so me of its homologs. 
whcre elimination would violate Bredt's rule. 
methylmagnesium bromide reacts to give excellent 
yields of cross-coupling product. Other Grignard 
reagents gave lower yields, but even t-BuMgCI 
led to 9% of I-t-butyl-adamantane (along with 
reduction of the halide as the major product) [16]. 
Use of the somewhat polar but non-basic 
methylene chloride as solvent was found to be 
advantageous [11]. 

Another instance in which synthetically success­
fui substitution is reported is in Table 2.1, entry 11. 
(Pentyl and benzyl Grignard reagents led mostly to 
elimination of phenol.) Coordination of magnesium 
to lhe oxygen may enhance reactivity to displace­
ment; related compounds (e.g., 2-chloroethyl ether) 
are reported to react particularly rapidly and se lec­
tively with polystyryllithium 1iving polymers 117J. 
One example (entry J 6) is included to represenl the 
reactions of sulfate and sulfonate esters. These are 
discussed in more detaillater, but we note that their 
displaccment reactions with alkyl Grignard reagents 
occur at leasl as easily as those of the halides. and 
homo-coupling is less significant. 

2.2.2 Reactions with 'Reactive' 
Halides 

In contrast to saturated alkyl halides, some organic 
halides do rcact vcry readily with Grignard reagenls. 

Grignard Reagents: New Developments 

The reactivity 01" allyl bromidc is particularly note­
worthy; numcrous rcports indicate mild reaction 
conditions, short reaction times, and excellent yields 
in cross-coupling. Suhslituted allylic halides also 
react readily. though with cOl11plication by allylic 
isomer formation. Henzylic halidcs are reactive 
toward Grignard reagenls. but homo-coupling 
becomes important or dominan!. So me illustrative 
examples are shown in Tahle 2.2. 

Another group of organic halides which are 
especially reactive tllward displaeement by Gri­
gnard reagents are those with Ihe halogen alpha 
to an oxygcn or a sulfur. Several examples are 
summarized in Table 2.3. 

2.3 SUMMARY OF 
CROSS-COUPLING 
MECHANISMS 

Three meehanisms for the cross-coupling of Gri­
gnard reagents were introdueed in eqs (2.4-2.6). 
Regardless of mechanism, the process is fonnally 
a nucleophilic substitution. with the Ilet result that 
a reagent with an available electron pair, Nu: 
(the Grignard alkyl group), replaces another group 
L:, whieh departs with the electron pair of the 
R-L bond (eq. 2.7). A number of charge types 
are possible, but eleetron aecounting plaees the 
constraint Ihal Nu: and L eaeh have one more 
negative unit offormal charge when free than when 
bonded. 

Nu:+R:L----R:Nu+:L (2.7) 

[n Tablc 2.4. so me properties of leaving groups 
are collected. The order of reactivity 01' the halides 
as leaving groups in reactions with Grignard rc­
agents is 1- > Br- > CI This is the same as 
that found for either St\2 or S!, 1 mechanisl11s. 
and also corresponds 10 the ease in accepting an 
electron from a single-electroll donor. Henee, the 
l(ualitative sequence would be consistent with all 
three mechanisms. However. sulfonates or sulfates, 
while good leaving groups. accepl an eleetron only 
reluctantly. Aeyloxy ami alkoxy groups are much 
less reactive. 
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Table 2.2. Rcaclions 01" allylic "",1 hcnzylíc halidcs wilh Grignard rcagenls" 

Halidc RMgX Producls 

allyl-CI PrMgBr PrCH,CH=CH, (40-50'¡') 

2 allyl-CI I'hMgBr PhCH,CH=CH, (H2'k) 

allyl-Br r-HuMgCI r-BuCH,CH=CH, (HYI< I 

4" allyl-Br p- McOC"H, MgBr p-McOC"H,-CH,CH=CII,. 16,)'/' I 

5 allyl-I PhCH,MgCI PhCH,CH,CH=CH, (65'i! I 

6 CH,CH=CHCH,CI BuMgBr BuCH,CH=CHCH, (60';' 1 
BuCH(CH,ICH=CH, (lO'/¡ I 

7' methallyl-CI la lb (93'*) 
Rd PhCH,CI(Br,l) McMgl PhEI (25,22.10%); (PhCH,I, 

(65.70.76%) 

C,H" (68.74.80'k) 

9 PhCH,CI EIMgCI PhCH,CH,CH, (70'7<) 

10" allyl-Br, PhCH,Br (i-PrOhSiCH,MgCI (i-PrOJ,SiCH,R (70'k) 

11' PhCH,CI PhMgBr PhCH,Ph (56%), (PhCH,I, (6'7<). 

Ph, (4°k). PhH (In) 

dFrom reL161. unkss othcrwi:-.c indicatcd. hRef. [181. l'Ref. 1151. dRcf. 111 (yields ofhomo~couphng produch 

reneer lwo alkyl groups). ' Rel. 1191. 'Rel. 1201. 

A 

'" C-L 
/1 

2.3.1 SN2 Displacement Mechanism 

Thc 'traditional' SN 2 reaelion is a concerlcd proeess, 
as ilIustrated in el(. (2.8). Thc elcctron pair of Nu: 
hinds lo Ihe carbon at whieh displaccment is occur­
ring, simultaneously wilh the deparlurc of L, along 
wilh the eleelron pair of lhe C-L bond. In the tran­
silion state for the reaclion. two lobcs ofan orbital of 
approximately p hybridization lln lhe central carbon 
overlap with orhitals of Nu: and L:. rcspecti"ely. 
A molecular orbital seherne ",ould assign the two 
eleclron pairs noted ahove lo the lwo lowest fllolec­
ular orbitals (A and B) 01' the linear Ihrec-ccllter 
subsystcm. Frolll lhis piclure. the obser,cd inver­
sion oi" configuralion follows. 'VIo,t cOlllfllonl) lhe 

/ 
Nu-C + :L-

1\ 
(2.8) 

nucleophilc and the leaving group (after departure) 
are either neutral molecules or anions (both are 
depicted as anions in eg. (2.8)). In any cvenl, there 
must be charged species as reactants. prodUClS. or 
both, and the transition slate must be polar. 

The SN2 mcchanism of Grignard cross-coupling 
is the analog 01' thc polar mechanism 01' atldition 
to earbonyl groups, in that the partially carhanionic 
carbon of the organomelallic functions directly as 
a nucleophile. As a potential nucleophile for an 
SN 2 reaction. however. a Grignard reagenl has an 
immediale difficulty. The llucleophilc is not simply 
a carbanion. and lhe nucleophilic elcctron pair is 
not a free unsharcd pair. Instead. it is eithcr sharcd 
in a polar cll\alent bond helwecn carhon and 



Grignard Reagcnts: Ncw Devclopmcnts 

Table 2.3. Rcaction nf O'-halocthC'r~ and a-halolhioclhcrs with Grignanl rcagcnls 

y-

T 

HatiJos 

CH ,OCH,CI 

/' /("1 

II 
"o/ ~("I 

CH,OPh 

~O 
PhCH'O~ 
PhCH.O - () 

/ !lr 
Phell, 

AC;¡~H H 
OAcH 

AcO el 

H OAc 

() 

Á 
BnN Nlln 

(Bn=helllY! ) 

;-S 

\ >---CI 
'----s 

RMgX 

BuMgBr 

Ph(CH, ),MgBr 

McMgBr 

PhCH,MgCl 

AnMgBr 

(An = 2-MeOC6H4 ) 

McMgBr 

PhCH,MgCI 

CrMgBr 

Product:-. 

BuCH,OCH, 167'/;) 

j,Ph 

Me Me 

160'í; I 

AC~ H O H 

lJAc H A 
AcO n 

H OAc 

H~ H O An 

OAc H H 
AcO 

AC~~~H 
Ac¿~H 

H OAc H An 

() 

Á 
RoN ;-";13n 

,\rS ()'\k 

\.. __ \ l7-1';) 

\'!IYh 

"RéI 1211. "R,·1. 1221. 'ReI.123). "RofI2.lI. '·ReI.1251. 'Rer.12!'1. 'RéI.1271 hRcf 12s1 
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Table 2.4. Propcrtic~ uf Ica\"ing group" 

Lcaving S o., S~ 1" , N- E, h x" ROE" , 
group k"., l...!l·1 2-Cdl,-X CH ,X 

I 2-) 1.5-7 -1.79 2.36 23.+ 
Br I!.O) 11.0) 214 2.6X 2'13 
CI 0.002 -0.02') OOO'+-IW.1 -~.()9 .\.00 .\'+'J 
TsO ()A-h 2)-)0110 -2.7·Y H7 

;'RI'L]7]. pp jO. S~: Rel [ti], pp :::91- 292: RL"t 12tJl. pp 37-1--.l,75: febli"l' fl'adi\,iUL' .... 

var)' \\ith ..,uM~lr¡¡tL. ",(11\1..'111. dnu Illll'k()phik. hHalf-\ ... ~I\·l· plllclltiab (\o!t:-.. v:-:;, ~¡jturatl'J 
calomel c1eclroue, Dt\ll;): rd. [jO]. ':Ek('tronq;~lli\'illt::'\: fl't. 1311 dBnnd di~~{)ciatiun cncr­

gies (kJ/lllol¡: rt:r 1291. pp 1(11 - 1 h2. <:ML'lhallL'~ulr(ln;¡ll' I HO~CH 1, 3X3: CH~O-Cl-h, 
:135 kJlmol. . 

magnesium, or at the least, is the negati ve chargc 
locus of a very tighl contact ion pair. Regardlcss 
of the thermodynamics of the displaecmcnt, the 
electron paír is at least partialIy shieldcd I¡-om an 
external eleetrophile by the surrounding organic 
group and metal. When the electrophile is, itself, 
the tetrahedral alkyl earbon of an alkyl halide, 
with only modest fractional positive charge, one 
might anticipate a sunslanlial narrier lo rcaetion 
(eg. (2.9)). 

A further difticully for lhe S" 2 Illcehanislll arises 
from the polar nature 01' the substilulion process. 
Grignard reagents are mosl eOl11monly used in 
ethers, whieh are l11ild 'dipolar aprotic' sol\enls. 
As such, they have sunstanlial Lewis basicity 1'01" 
solvation of cationic cenlers (which cnnlrinutes to 
lhe ether solubilily 01 Grignard reagcnts). hUI lhey 
oller liule in the way nI' short-range SOlv,llion lo 
anions. Hence, an anionic lea\'illg grollp dcpart~ 
with liule assistanec frol11 the so"en!. and in 
their initially formed state, the ions 01' lhe magnc­
sium salt arc scparated ny lhc non-polar coupling 
product (eg. 2.9). Jt mighl he noled lhat lhese 
pronlcms are minimized in a polar mcchanisl11 01' 
addilion of the Grignard reagenl lo a carnonyl 
grollp. Initial coordinatipil 01' lile lll'lgne",iulll In a 

+ 
M" 
1"" 
I 
X 

B 
A D " / C-C + :Y-(1.9) 

¡ \"'E 
F 

lone pair 01' lhe carnonyl oxygen may position the 
carbon group 01' the Grignard reagent to attack the 
earnonyl carhon. and the magnesium can remain 
in proxil11ily to lhe oxygen throughout the course 
of lhe addition. 

One nr more additional molecules of Grignard 
reagenl Clluld hclp to stabilize the transition state 
in eq. (2.9) ny eoordinating with thc leaving group. 
with the nllclcophilic Grignard molecule, or with 
nolh. lf the Grignard reagent is monomeric under 
reaction conditions. this would Icad to higher order 
kinelics in Cirignard. but ir the reagent is associ­
aled, lhe ~inelics might remain first order. Ther\:' 
is ohviollsly fllrlher eomplexity to the kinelics if 
lhe Yariolls specics nI' the Schlenk eguilibrium are 
C(lIl-;idcTl'd. 

2.3.2 S~ 1 !\1cchanism 

Inilialh. lile llHlllghl (JI' an SN I mcchanism wilh a 
slmng nuch:ophilc. in the rclatively non-polar elher 
solvenb ust'd for Grignard reactions. may appear 
unlikel>. Howe"er. Ihe magncsiums of the MgX:­
RMgX. or R,Mg specics are Lcwis acidic in nalurc 
(decreasing in Ihe order showl1). Coordinalion "ilh 
the halide ion (or other lea\"ing group) \\ould 
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stahilize the transition state for its departure. If 
the substrate forms a reasonahly stahle carhocation, 
assisted ionization of the suhstrate to an ion pair 
of the earhoeation with the complex Illagnesium 
anion becomes feasihlc (eq. 2.10). 

" e-y + RM~X 
/ 

\0' 
e + + 

I 
The ion pair in eq. (2.10) could revert to rcac­

tants, undergo internal transfer of alkyl or halide 
from the anion to the carhocation, or reaet with an 
external Illolecule of Grignard reagent. Since thc 
medium is not an hospitahle one for ionic species, 
the lifetime of the ion pair should he short and 
stereochemistry might be partially preserved, with 
possible retention of configuration in the internal 
collapse or inversion in Ihe attack by external 
reagent. 

2.3.3. Single Electron Transfer (SET) 
Mechanism 

Many reactions (including nucleophilic suhstitu­
tions) which have traditionally been viewed as 
heterolytic polar reactions can be formulated alter­
natively as hOlllolytie processes initiated by the 
transfer of a single electron from one species to 
another (SET) [32,33]. For an alkyl halide reacting 
with a nucleophile (with all paired electrons) the 
alternative polar and SET processes would be 
forlllulated as in eq. (2.11). The electron transfer 
shown is referred to as 'outer-sphere', implying that 
it occurs as an electron 'jump' between two essen­
tially non-interacting species, An 'inner-sphere' 
electron transfer involves sorne bonding interac­
tion between the reacting partners, ofte; with the 
transfcr of an ato m or group bctween them. The 
importance of elcctron-transfer mechanisms and 
their underlying theory have hecn diseussed else­
where 134.351. EJcctron transfcr reactions nI' Illain 
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group organollletallics ha ve also been reviewcd 
1361. A detailed discussion is beyond the seope 
of this chapter, hut sorne important points will be 
summarized qualitatively. 

1 SET (2.11 ) 

Nu' + R-Y'O -- Nu' + 'R + :Y 

Most commonly, outer-sphere electron transfer 
reactions, either homogeneous or at an electrodc, 
are discussed in terms of the Marcus theory [37]. 
Becallse of its smaller mass, the motion of an 
electron is much more rapid than nuclear motions 
(Franck-Condon Principie). For the electron trans­
fer to occur, the arrangement of aH the atoms 
in the system (including solvation) must be iden­
tical immediately before and immediately after the 
transfer. The energies before and after transfer 
must al so be identical, since there is no nuclear 
motion to provide or accept energy during the 
transfer (i.e., an adiabatic process). This eqllality 
of energies must arise from distortions of both 
reactants and prodllctS to a common geometry, 
which also has the same energy for either elec­
tron 'home'. The transition state for the elec­
tron transfer may be represented as a resonance 
hybrid of the structures before and after the transfer 
(eq. 2.12). 

A: + B - [ A:-, B--A·, B~J+ 

t 
(2.12) 

A· + B-;-

A starting point for diseussion is a degenerate 

'sclf-exehange', i.e., A -; + A ~ A + A -;. There is 
no net change in energy, and in the transition state 
the donor and acceptor partners are identical in 
energy and geometry. The activation energy for 
the eleetron transfer arises from the distortions of 
A and A -;, along with their solvation spheres, in 
order to achieve their common geometry in (hc 
transition state. This energy is referred to as the 
rcorganization energy for the process. 
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In the IHlI1-degenerate clectron transfer 01' eq. 
(2.12) thcrc is a net energy ehange in going from 
reactants to products in their 'relaxed' statcs. This 
cncrgy change corresponds to the differcnce in the 
standard electrode potcntials (Eo) fm the oxida­
tion ami reduction half-reactions (eq. 2.13). Rc\a­
tive to the self-exchange, exothermicity dccreases 
the activation energy and endothermicity increases 
it. Thus, the rate depends both upon the thcrmo­
dynamics of the electron transfer and thc cncr­
gies associated with the struetural and solvation 
changes which must occur to reach the transi­
tion state. The Marcus thcory additionally providcs 
él framework for quantitative evaluation 01' thcsc 
contrihutions to the rateo 

In the reaction 01' the Grignard Illoleculc with an 
alkyl halide, the electron transter step in the SET 
mcchanism takes the forlll of eq. (2.14). The elec­
trochemical cathodic reduction of organic halides 
is a well-studied process [38-40], and heteroge­
neous electron transfer is the probable initial step 
in the formation of Grignard reagents from alkyl 
halides and magnesium [41]. A number 01' homo­
geneous reactions, including the reaction with 
aromatic radical anions [40,42J, also occur by elec­
tron transfer to the alkyl halide. 

RMgX + R'Y ___ RMgX: + R'Y~ (2.14) 

The alkyl halide radical anion is very unstable 
and short-lived, decomposing to an alkyl radical 
and a halide ion. In fac!. the electron transfer very 
likcly occurs dissociatively. forming the radical 
directly with the transfer of the electron (eq. 2.15). 
This is supportcd theorctically 1431, and is consis­
tent with the faet (sec helow) that the case of 
reduetion increases with the stahility of the radical 
forl11ed. Low temperature EPR studies indicate 
only weak polarization interaction betwecn the 
radical and the halide ion 1441. Nevertheless, it 
has heen suggested that even this weak interaction 
l11ight affeet the partition of radical spccies during 
the lifctime 01' a radical pair 1451. In contras!. 

radical ions 01' aryl halides do have a linite lifc­
time 1461. 

(21 'i) 

R'+ Y 

11' electmn transfcr lo the alkyl halidc is lbsocia­
tive, there should he a large reorganization energy 
frol11 stretehing 01' the C-X bond close to its 
breaking poin!. As a rcsult. the eleetron transfcr 
step has a rclati\'cly high activation energy and 
slo\V rateo Bccausc the clcctron transfer is slo\\' ami 
the lleeting lifctimc 01' the radical anion prevents 
its rcoxidation, the step is 'clectrochemically irre­
versible'. In such a casc, the experimental reduc­
tion potential is an inaccurate representation of the 
standard clectrode potcntial fm the alkvl halide. 

Standard potentials (Eo) have bee,; estimated 
from thenl10dynamic propcrtics 134AOA7A81. and 
also frol11 analysis DI' the rates of homogencous 
eleetron transfer reductions 01' alkyl halides on the 
basis of Marcus theory 1491. In Table 2.5, some 
experimental reduction potentials and estimates of 
EO are sUlllmarized. Despite some puzzling incon­
sistencies, the experimental and theoretical poten­
tials show general trends toward incrcasing case of 
reduction fm CI < Br < 1. and 1" < ::t < Y. AlIyl 
and henzyl ha lides are especially easily reduced. 

The other half 01' the electron transfcr is the 
loss 01' an eléctron from the Grignard rcagent. The 

naturc ami stahility 01' thc radical cation RMgXt 

have hecn discussed Iéss than those 01' R'Y-;. It is 
cxpected to decol11pose rapidly-possibly within 
the Iifetillle 01' a gCl11inate radical pair-or to be 

unstable in the sallle scnse as R'Y-; 1511. Other 
organol11ctallic radical ca!Íons are also helic\'ed to 
hc very short-lived 1521.lIowevcr, thcre is c\'idence 
that thc radical/-BuMg' has a longer lifctime 1531. 
lt Illight also he noted that long-Ii\'ed colored 
speeies arc OlbCr\cd hy cléctronie and EPR spcc­
troscopy in reactions 01' Grignard rcagents with aryl 
kctoncs 1541. These are pro po sed to he ion-radical 
pair ()f aggregate cOl11plexes, incorporating the kctyl 

anion (Ar,OF) and the radical cation nI' the 
Grignard rcagcnt. Howl'\'cr. thcse intcrprctatiolls 
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Tahlr 2.5. Rcuuction potcntials 01' so me organic halidcs;J 

HaliJc E7 2 
rO 
'",1 

(,olven!) DMP THP IlMF' DMP" 
----~--~ 

McHr -- 1.7:' tOMF) -1.77 (DW) -1.06 1.3" 
EICI <. -".1 tDMF) -1.15 -IAI 

EIBr I.X9 IOMF) -I.X-I (DW) -0';0 -1 .16 -IAI 

EII -1.-13 (DWI -O.'!" -1 .13 

BuCI -1.0) -1..11 -I.OJ 

BuBr -1.99 (DMF) -0.90 -1.16 --0.lJ7 -O.XX 
Bul -O.X3 
nco-PclltBr -2_13 -I.-IX 
I-Prl3r -2.02 (DMF) -O.X7 -1.1.' 
.1('c-BuBr -O.XI -1.50 
I-BuCI -1_07 -1.33 -0.90 
1-l3uBr -1.95 IOMF) -1.8-1 (DMSO) -O.X2 -1.08 -0.69 -I.~~ 

I-Bul -0_98 -0.77 - 1.3-1 -O),) 
AllylCI -1.89 (OMSO) -1.67 (OMFl -0.65 -0_87 
AllylBr -0.97 (OMSO) -1.05 (DW) -0.-14 -0.70 
Allyll -0.92 (OMF) -0.52 -0.73 
PhCH,CI -1.70 (OW) -0_65 -0_91 -0.52 

-186 (OMF) 
PhCH,Br -1.03. -0.98 (BMF) -0.46 -0.72 -OAO 
PhCH,1 -0.65 -0.86 
PhCl' -2.54 (OMF) 
PhBr' -2.20 (OMF) 

a Al! potentials are h:-oled "s. [he normal hydmgcn clcctrodc (NHE). hPolarographic half-\\ a\ e potcnlial" al Ihe 
dropping mereury eleelrode; refs [381. p 95: 1471: 1501. pp 2()O-2()~. "Thermodynamie e'limale: rcfs 1341. r 119: P71. 
dThermodynamic e .... timate; reL (48J. CKinetic/Marclls Ircalmenl estímalc: rcf:-o 1341. r 121: I-NI. 11:,1) ,· .. tllIe: rcL 1~61. 

have becn qucstioned because of kinetic consider­
ations and the ahsencc of direetly observable EPR 
spectra 01' the radical cation [36,51,55]. 

Decomposilion potentials from electrolysis 01' 
Grignard reagent solutions were obtained as early 
as 1935 hy Evans. Lee. and Lee [56]. This electro­
chemical step is complctely irreversible. A reinves­
tigation hy 1101111 1571 Icd to estimates of E O for a 
series 01' Grignard rcagents. These were derived 
from over\'oltages mcasured at a eonstant elee­
trode current density and adjusted relative to the 
normal hyelrogen electrode. However, there wcre 
differences in clcctrochcmical hehavior amona the 
Grignard reagcllts. and prohlems arising from ¡rre­
vcrsihilily wcre not rigol'Ously addressed. Despitc 

thcir shortcomings. thesc rClllain the only EO values 
a\'ailable ror Grignard rcagcnts. and they are the 
ones quoted in disclIssions 01' Illechanislll 1581. 
Thcy are listec! in TahJc 2.6 along with a few 
reprcscntative valllcs 1'01' other nucleophilcs 1-"91. 
A clcar trend cxists rol' thc alkyl Grignard reagen!>, 
with tcrtiary being lhe strongc~t reducing agenl and 
Illcthyl the weakcsl; phcnyl is still wcakcr. Poten­
tials sOlllewhat more negati\'c hUI parallcl in trcnd 
ha ve been derived frolll electrochclllical studies 
01' organolithiums 1601. Voltamlllctric peak oxida­
tion potenlials ha ve also bcen reportcd 1'01' sllhsti­
tuted arylmagnesium halidcs (-I-OMc. 4-Me, and 
4-CI). huI. hecallse ,,1' irrc\ersibiliIV. no attcmpt 
\\'as made to dcrive EO \'alucs 1611.' 
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Table 2.6. SlanuanJ oxiJalioll potcllliaL ... fOI Gri~llard 

rcagcnl~ ano lhe other Iluclcoplliks" 

Nuclcophilc SolvCllh 

MeMgBr Et,O -o.::'S (-liS") 

EIMgBr Et,() --0.66 

BuMgBr Et,O --os., 1- -1.2' "1 

i-BuMgBr Et,O -0.63 

i-PrMgBr Et,O -0.Y5 

.1-BuMgBr Et,O -O.X7 

cyc/o-PclllMgBr Et,O -O. XX 

I-BuMgBr Et,O -1.07 (-".0' "1 
allylMgBr Et,O -1 161-1..1."1 

PhCH,MgBr Et,O -0.13 1-1.1') 

PhMgBr" Et,O 0.01< -0.1') 
Ph,C- OME -0.96: -- I.O(l' ( -(LXX') 

C,H,- THF/HMPA -0.10 

CH(CO,EtJ, DMF +0.6-1 
PhS- THF +01 
I-BuO- THF +O(J 

SCN THF +1.-1 
1 THF +1.1 

"Summarized in rel'. 1341. pp 34-37 and reL 1591. 'Volt, 
VS. NHE. rOxidation of corresponding RLi in THF/HMPA: 
reL [60J. dSolvent DME. l'ExlrapolaLed fmm a correlation 
hetwecn I:Y values fmm reL 1571 and dccomp{)~ilion polcntials 
from reL 1561. 

lt is c1ear that Grignard reagents arc relativcly 
strong reducing agents among the eommon nuele­
ophiles. and should. thcrefore. he good candidates 
ror SET reaction mechanisms. A SET mecha­

nism for addition 01' Grignard reagents to ketoncs 
has heen under considcration rOl' some tillle 1621. 
A linear corrclation hctween rate constants 1'01' 

addition 01' Grignard rcagenls to henzophcnone 
and oxidation potentials 01' the Grignard reagents 
supports that mechanislll 1571. With the Icss casily 
redueed ketone acetonc 1571 ami ",ith carhon di­
oxide 1631. reactivities 1'ollo,,"cd a rncrscd sc­
quencc. in which thc stcric hulk 01' the Grignard 
reagent may he hindcring a polar addition. It 

should he noted that. if the Grignard rcagent 
eomplexcs with the ketonc. the c1ectron transfer 
is bctter describcd as inner-sphere. 

Thc Grignard reagenl oxidation potcnlials 01' 
Tablc 2.6 havc also pro\'cn lIseflll in intcrpreling 

rr-----f NPI, 

~NA'l'h 
1 

() 

J 

N 

11 

N 

R,=R,=II:R,=CN,R,=H: 

o)c:, 
o 

R, = H. R, =CN: R, = Ph. R,=OEI 

~NF~PI;lN;O 
1 I 

-O o 
6 

rcaetions 01' Grignard rcagents with eompounds 
2 thru 6. Reaction 01' 2 (Eo = -0.67 V)ó-I or 
3 (Eo = -0.74 V)6S with the 5-hexenyl Grignard 
rcagent (Eo ~ -0.52 V) yields addition pro­
ducts with partial eyclization of the 5-hexcnyl to 
cyelopentyllllethyl groups. Although the electron 
transfer should bc endothermie (if Gri­
gnard E O values are reliahle). quantitalive appli­
cation 01' Marcus thcory prcdicted rapid eleclron 
transfer. and the formation of eyclized producls 
from the 5-hexenyl radical rcarrangement 'clock' 
implics radical intcrmediatcs. Reaction 01' the )­
hexenyl Grignard reagent with several quinolinc 
N-oxides -l. with EO hctween -0.97 and -1 N). 
Icd only lo addition prodllcts with thc UIll'\­
clized 5-hcxenyl group 1651. 9-Diazo-10-anthronc 
5 lEO = -0_62 VI reacted with a variety of Gri­
gnanJ reagl'llts 10 givc radical side-products alollg 
with addition products formed by a polar mccha­
nism 1661. The variation in yields was consislenl 
with incrcascd electron transfer reaction with the 
more easily oxidized Grignard reagents. Thc ind,,1c 
hisnilronc 6 lEO = -0.16 V) oxidizcd (irignélrd 
n:agcnts to radicals. which were trappcd h\ a 
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stable nitroxyl radical 1671. AIl Grignard reagenls 
were oxidizcd, including phenyl (Eo = 0.0 Y). and 
Marcus theory prcdicted rapid rales for all. 

Standard elcctrode pOlentials of alkyl halidcs 
and nucleophilcs ha ve hecn llsed lo predict the 
rates of SET alternatives lo S~2 sllbstitlllion mech­
anisms 134.49.59,6R.691. A rcaclion rnuch fasler 
than predictcd on the hasis of Marclls thcory is 
a likcly S:-;2 process, whilc similarily between 
prediction and rateo favors SET. Dcspilc sOll1e 
disagrccll1elll as 10 the proper treatment of a disso­
ciativc electmn Iransfcr 148,70J, this approach has 
pmven llseful in hclping lO classify rcactions as 
probably S:-;2 or SET in mechanism (lnosl suceess­
fully with large. dclocalizcd nucleophiles). 

Thc standard clectrodc potcntials listed in Tah\cs 
2.5 and 2.6 ll1ay he uscd lO assess the energelics 
of eleclron Iransfcr frolll a Grignard reagcnl lo 
an organic halidc. Two addilional factors musl 
also be inc\uded when considering a SET mech­
anism for coupling. The lirst is the reorganiza­
tion energy, which is high for both the Grignard 
reagent and alkyl halide. In examples 2-6, where 
Grignard reagents react with delocalized, electro­
chemically wcll-behaved electron acceptors (with 
small reorganization energies), it was considered 
that endothermic transfer is reasonable from the 
Grignard reagent to an acceptor with EO more 
negative by as much as 0.3 Y. Because the elec­
tron transfer processes of both Grignard reagent 
and halide have large reorganization energies, 
their SET step would have a larger activation 
energy [581 and more favorable electron transfer 
thermodynamics might be necessary for the step 
to be feasible. A second factor is the rate of 
competing mechanisms. With 2-6, the competing 
polar processes are fast, so that a SET mecha­
nism must also be rapid in order to be importan!. 
Since many cross-coupling reactions of Grignard 
reagenls are quite slow, evcn a relatively slow SET 
mechanism mighl, by dcfaull, be the path followcd. 

Two kinds 01' physieal evidence may support 
a SET mcchanism. EPR spcclroscopy may detecl 
and idcntify free radicals, oflen at coneenlrations 
presenl during radical rcactions. The concenlra­
tions and lifelimes nf radical pairs are generally lOO 
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small for observation, so an EPR speclrulll dClllnn­
strates only the existence 01' 'free' radicals. An 
unccrtainty in interprelalion is whether Ihe radi­
cals are actual intermediales in the reaetion. or 
Ihe consequence of a Illinor colllpeling pathway 
or unrelated side-process. 

Chclllically Induced Dynamic Nuclear Polariza­
tion (CIDNP) is a Iransicnt enhancemenl in Ihe 
intensity of NMR signals in a Illolecule which was 
forllled in a reaction involving radical pairs 1711. 
l! is the consequence of a penurbalion 01' nuclear 
spin level populations resul!ing fmm inleractions 
between electron and nuclear spin sI ates in a Iran­
sient radical pair. The enhanccmcnl mal' he posi­
tive, negative, or bOlh (multiplet cl"fcct). It depends 
upon the nature of the precursor radical pair, ils 
mode of formation (geminale forll1alion nf Ihe 
radicals with paired or unpaircd spins. or associ­
ation of 'free' radical s), and whcther Ihc product 
is formcd from the radical pair or from free radi­
cals which have escaped froll1 the pair. Despile ils 
usefulness, there is also uncertainly whelher the 
process which produces the nuclear polarization is 
the same as !hat by which the major products are 
fonned_ EPR and CIDNP observations during reac­
tion between Grignard reagents and alky I halides 
will be discussed below. 

A more complete summary of the possibilities 
in a SET mechanism is provided in Scheme 2.1. 
Dissociative eleetron addilion lO Ihe alkyl halide is 
assumed. The geminate radical pair can combine 
to form cross-coupling products or escape the 
'solvent eage' as 'free' radicals. Either gell1i­
nate pairs or free radical s can dispropnrtionalc in 
eompetition with coupling, forming alkane (RH or 
R'H) and alkene (R(-H) or R'(-H)). The ji-e" 
radicals have a variety of olher fales: eombination 
to form both cross- and homo-collpling [lroducIs. 
abstraction of hydrogen fmm solvcnl (to fnnn RH 
or R'H), diversion by a radical Irap, or exchange 
with alkyl halide or Grignard reagenl. Ir. in faet, 
Ihe radical eation has a significant lifetime. il could 
intluence product formation. Producl-fnnlling sleps 
could Ihen involve reaclion of the radical cal ion 
wilh the radical from the alkyl halide. 11' the radical 
cal ion is less reactive Ihan Ihe 'ullellculllhercd' 
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RMgXt + R'o + Y- ______ !{-R' or R [+Hj.R'[:cIl¡ - Ro. R'o+ MgXY 
+ MgXY 

Ro + R'o + MgXY 

R7 
R'MgX+ Ro 

SCHEME 2,1 

radical, the probability of escape from the solvell! 
eage would be increased. 

Before leaving the diseussion of possible mech­
anisms, it should be pointed out that they may 
not be as distinctly separated in eoncept as it 
may have appeared in their individual descriptions. 
The distinction between SN I and SN2 in solvolysis 
reaetions is blurred by the probability of varying 
degrees of nucleophilic solvent participation in the 
SN ltransition state [72], Within SN2 (eq. 2,8) there 
can be different extents of bond breaking and bond 
making in the transition state; at one extreme, a 
'Ioose' transition state with a nearly brokcn bond to 
L: but little bond making to Nu: could be described 
as 'SN I-like' [72]. Second-order kineties may also 
bc expected if Nu: reaets with an ion pair forl1led 
by rapid, reversible ionization of RL [731. 

The difference between SN2 and SET subslitu­
tion mechanisms al50 lacks sharpness. [t has been 
notcd that a nucleophilic substitution reaction may 
he dcscribed alternatively as the transfer (lf (lile 
c\ectron from the nucleophile to the leaving group. 
ralher Ihan as an electron-pair process: 1741 

Nuf + RooL ----+ NuooR + iL 

A Illcchanistic continuum is possiblc helwL'en 
Ihe extremes of the c1assical SN 2 and Ihe 
SET mechanisms. Reactivity has been frllill"ulh 

discusscd in Ihis conlex!. and it has been 
pro[losed. based nn a nllmber of criteria, thal 
some substitulions require a merged SN2 and SET 
mechanistic description 169,74J. 

A similar linkage exists between SN I and SET. 
The combinalion of the carbocation with the nucle­
ophile could occur by a simple polar coordination 
of the nucleophile's electron pair with the carbo­
cation' s vacant orbital, by a stepwise transfer 01' 
a single clectron followed by radical coupling, or 
by something in between. In the 'assisted' SN I 
mechanism oullined for Grignard cross-coupling. 
the chargcs in the ion pair (eq. 2.10) should facili­
tate bolh the electron transfer from the magnesium 
species and lo the alkyl of the organie halide. 
A result mighl he the formation of 'radical' side 
producIs in a rcaction which is basically ionic in 
nature. 

2.4 MECHANISM OF GRIGNARD 
CROSS-COUPLlNG REACTIONS 

2.401 Saturatcd Alkyl Halides 

2.4. LI Satllratcd amI Aryl Grignard Rcagents 

Reacliull' ,,1' salllraled alkvl halides with saturalcd 
alkyl Grí~,,,"d rea~CJlIs ¡¡re lIsually rclativcly ,Iu\\. 
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and ffCI.juently produce littJc eross-coupling product. 

Thc cJcctrode potcntials Iisted in Tables 2.5 and 2.6 

suggcst that the electron transfer from teltiary or 

sccondary Grignard reagents to most of lhe alkyl 

halidcs rangcs from slightly exothermic to slightly 

cndothennic. To the extent that thesc potcntials may 

bc rclicd upon. ami provided that the rcorgani/.a­

tion cncrgics are not too large. thcy would predict 

that a SET mechanism is fcasible. Electron transfers 

involving primary and methyl Grignard reagents 

are less favorable, as are those to mcthyl halidcs. 

but if competing mechanisms are slow enough. 

the SET process might dominate. Alkyl iodidcs 

should be the most susceptible and ehlorides the 

Jeast to SET. The minimal information available on 

the stereochemislry of the displacement would also 

be consistent with formation of eoupling product 

from radicals 14,6,75]. Produet is largely racemic: 

residual optieal aetivity could result from orien­

tation in radical pairs or a smal! amount of SI' 2 
displaeement. 

There have been several reports of CIDNP 

polarization during reactions between saturated 

alkyl halides and saturated Grignard reagents. The 

clearest polarizations are seen for the olefinie reso­

nances of disproportionation produet; polarization 

of alkanes from disproportionation and eoupling 

has been reported, but it is more likely to be 

obseured by other resonanees. Studies reported 

ha ve included the following pairs of reaetants: 1-

BuBr with I-BuMgCII12J, Bul with BuMgBr 1121, 

Bul with I-BuMgCI. [12], (-BuBr with BuMgBr 

112 J, Etl with Et2Mg [ 10], i-Prl with Et2Mg or 

EtMgBr r 10], and t-BuBr with i-PrMgBr 1761. 

Reaetions were run in THF, and it was neeessary 

to use alkyl iodides or tertiary halides to have a 

rapid enough reaetion to see the CIDNP effect. 

Similar and more exlensive studies have heen 

made of the RLi + R'Y reaction [77]. For lhe 

latter, results support a mechanism analogous 10 

eg. (2.6). A geminate radical pair is formed hy 

transfer of an electron from RLi to R'Y; these 

radicals couple and disproportionate in compe­

tilion with diffusion from the 'cage'. Polarized 

alkyl iodide speetra also result from ahslraction of 

iodine aloms hy free alkyl radicals. Metal-halogcn 
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cxchange did not lead to polarizalion in the alkyl­
lithium. Although sorne aspects of lhe inlerpreta­
tion are not eompJctely straightforward. the CIDNP 

polaril.ulions observed have been satisfactorily 
rationalizcd. 

The CIDNP ohscrvatiolls with Cirignard rcagellts 

do not parallel those fmm the lithillm reagents, ami 

more elosely resemhJc those I"rorn reaclions of the 
Grignard reagent with alkyl halides ('alllly~ed 1'.', 
lIdded imH sal/s 176, 7S]. In particular, lhe 'multi­
plet effeet', in which half of a multiplet is inten­

sified (enhaneed ahsorption) alld the olher half 

beeomes negative in intensity (enhaneed emission), 

appears with phase reversed froll1 lhat expected 

for eq. (2.6). The most straightforward implica­

tion 01" the phase of thc multiplet erfeet is that 
coupling and disproportionation produets result 

mainly from diffusionally formed ralher than gemi­

nall)' fonned radical pairs. In the catalyzed reac­
tions, this appears to he because radicals are 

nOI generated in pairs, but singly by reaction 01' 
reduced transition metal species with the alkyl 
I/l/Iide. They must then diffuse together in order 
10 disproportionate or couple. The oxidized form 

of lhe metal then converts lhe alkyl group of the 

Grignard reagellt to disproportionation or coupling 

produels via a non-radical route. The catalysis 
is very strong, eilher hy added transilion metal 
salts or hy impurities in the magnesium (enhanced 

hy oxidants, including oxygen or halogens) [76]. 

There is also CIDNP evidence for the oceurrence 
01" radical displacements on the alkyl halide (espe­

cially iodides) and on the ll1agnesium, whieh may 
give exchange or scramhle alkyl groups from the 

(\\0 sources (sec Seheme 2.1) 179]. In the reae­
tion of i-Prl with Et2Mg 110], polarization of 

the i-Prl was ohserved. hut lhere was no Etl 

forllled nor polarizcd Etl resonances in the CIDNP 
e"periment. These results suggest that i-Pr· radi­

cals were present during the reaction. but not Et· 
radicals. 

As notcd earlier, the ohscrvation of CIDNP 
indicates thal the polarized product is fonned in 

a process involving radical pairs, hut does not 
relJuirc that all (or even most) 01' it is forllled hy 
lhat route. lt is possihlc that 'uncatalyl.ed coupling' 

"ith simple alkyl groups cloes Iwt exist, and that 
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the rcaction is cnlircly cawlyl.cd hy imj1urities. 

Alternativcly, the uncatalyzcd cllupling may he a 

non-radical proee" (or a rauical llne producing 

wcakcr polarizatioll). in eompetitioll "ith catalYl.cd 

side-reactions. so thal only polari/ation from the 

sidc-reactions is seCIl. It is ,liso po"ihlc that the 

radical catioll 01' lhe C;rignard reagellt is suniciently 

long-livcd that it diffuscs away helore decolll­

posing to a free alkyl radical (Scheme 2.1): then, 

eoupling or disproportionatioll would then havc 

to oecur by diffusive encounters 01' j{. ami R·' 

radicals. 
Another prohJem "ith the SET Illechanism is Ihe 

preponderance 01' tliSl)l"oportionatioll ()\ er coupling 

products. The ratio kd/k, (dispropllrtionation to 

coupling) is quite S1nall for reactioll 01' t\IO primary 

radicals «0.2). but larger fm secondary/secllndary 

anu /-Hul/-Bu enCllunters (~I ami - 'i. respec­

tively) 1 RO,SI a l. Thus. cross- or homo-coupling 

should he the major result in most cases if prod­

ucts are formed hy interaction 01' radicals. whether 

in a geminate radical pair or hom encounter. 

In vie" of the CIDNP results noted ahoye, the 

excess of disproportionalion might he from U'ansi­

tion mctal-cataly¡.ed reaetion or a polar E2 eJim­

ination. Disproportionation from reaction 01' the 

Grignard reagenl radical calion, hcfore its clcavage 

to an alkyl radical. should prohahly produce alkene 

with diflerent polarizatilln. 
With either tertiary alkyl halides or Grignard 

rL"agcllts. coupling yiclds are rdati\'c1y good 
(entries )-X. and 12 in Tahlc 2.1). The tel1iary 

halides react more easily without Céltalysis. anu 

in entr)" 7 the tertiar)' halide is displaced in 

preference to thc primal-y. A teniar) alkyl group 

from either Cirignard rcagent m alkyl halide 

il'd to CIDI'\I'-polari/cd alkellc ullder cOllditions 

\Ihere metal- halogcll cxchangc \\"Is absellt 1121. 

EJcctrmJc j10tentials are Illore fa\orahJc tu eJcetron 

traJl~r('r fuI' cither a teniar) Cirignard t"cagelll 

ur halide. so SET hccolllcs a morc prohable 

path\\"ay. Coupling yields for reactiolls in\'oh'ing 

tL"rtiary Grignard rcagcllh Of ha¡idc~ Illay al~o 

bc rL'<lsonahlc lúr radical-· radical cnClluntcrs. 

i\ddilional C\ idellcc favoring a SET Illl'chanislll is 

tllL' i..,olatinll uf cuupling prodllct \Vith rcarranged 

alkyl grollp in eq. (2.16) 1II1 

r-.t~Br 

I t-AdHn 
<\1<1 i2.1(») 

\ e -

-l 

Sinee the tertiary carbocation is considerahh 

stahilized. the 'assistcd' S\ I pathway (eq. ) Illight 

he considered as a compcting po"ihility. A numbcr 

of other reactions 01" tertiar)" halide, hal'e been 

rcportcd in which uncxpcctedl\ ¡,ood yields nI" 

suhstitution ,u'e obtained. These includc rcactions 

with Zn(SCN)2 1~21. ZnISCiü)CH,), [831. I'\a:\., 

in the prescnce of ZnCI, [S·+!. and metal alkox­

ides 185J. In the latler case. alkalinc earth salts are 

superior to alkali salts. the reaclion givcs hettcr 

yields in non-polar solvcnts. and crown ethers 

lower lhe yield. An intcrmediate carhoeation, in an 

ion pair or aggregatc. seellls likely because of lhe 

Lewis aeidie metal ion and lo" redlleing capahility 

of the nucleophiJc (Tablc 2.6). In the reaetion of 

ArCH=CHCH2Li reagents with teniary halides, a 

similar competition bet\\"een SET and a polar ·S;-.; 1-

likc' proeess has heen proposed in muer to explain 

the regiochcmistry anu other fcatures, despite the 

slrong reducing abilit)" of thL' lithiulll reagent 1861· 
As notcd aho\ e. electmn tr'lnsfcr to the carhocation 

within the aggregatc i.., all additional \'ariant. 
Aryl Grignard rcage!lh "'L'CIl1 Ic . ..,s reactive in 

coupling and l1lay rCLJlIirc highcr tel1lpcraturc,. 

hui yields are often LJuite g\)(lll ITahJe 2.1. clltrics 

9-11). They are llluL'h 1'\lorer clectron donms 

than alkyl Grignard (cagcllts I see Tahle 2.ú l. s\l 
a SET proce" ,hould 11L' a great (kal ,11m eL 11' 

the rcaclion ill\'olveJ ar)"1 rauicals. lower coupltn); 
yields might also he e.\J1ccted. sincc those radi­

cals cscaping lhe solvent 'cagc' \\"\luld probabh 

ahstraet a hydrogcn frolll 'ohl'1lt (ather than sun i­
ving long clluugh tu l'ouplc. í\lthollgh the ..,p~ c­
Mg clcctrolh are !llorc ti~htl~ held. tllL'Y illay hL' 
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slerically more accessihlc for rcaclion as a nucle­
ophilc in an SN2 process. 

2.4.1.2 Hcnzylic and Allylic Grignard 
Rcagcnts 

Benzylic and particularly allylic Grignard reagenls 
are quile reaclive loward saluraled halides and 
frequenlly give good yields. Despile lhe chemieal 
similarily oftcn found helween allyl and benzyl 
groups. lhe oxidalion pOlenlials 01' lhe corresponding 
Grignard reagenls are quile different. Allylmagne­
sium hromidc is lhe slrongesl eleclron donor Iisted 
in Table 2.6, while benzylmagnesium bromide is 
loward the middle 01' the list. 

Letsinger and Traynham found that allylmagne­
sium bromide and benzylmagnesium ehloride reaet 
wilh secondary halides with markedly different 
results [87]. The former coupled with 2-bromooc­
lane in 78% yield and 79-87'lc inversion of config­
uration. (The lalter is uncertain because of uncer­
tain optieal purity of the 2-bromooctane). Benzyl­
magnesium chloride with 2-bromobutane gave a 
low yield of coupling produet, which was nearly 
raeemic. Alkali metal allylie and benzylic deriva­
lÍves also eouple with secondary halides with high 
degrees of inversion, in contrast to alkali metal 
alkyl compounds [75,88J. Those results would sup­
por! an SN 2 mechanism for the delocalizcd carban­
ions, and SET for lhe saturalcd alkyllithiums. 

The racemization and lo\\" yield found with the 
henzyl Grignard reagent sllggcst a SET mecha­
nism. On lhe olher hand. despite its large nega­
live EO, lhe predomin<int inversion 01' contigura­
lion wilh allylmagncsium hromidc is more consis­
lenl with SN2. Althollgh some optical activily 
may he preserved in radical cage reaction prod­
ucls. the high extenl of irl\"ersion would nol he 
cxpected [811. Partial racemization (if il is real) 
mighl indicate eompeling SET or result from 
racemizalion of slartin~ malerial hv hromide ion 
from lhe Grignard re,~gcnl. If ho;h hcnzyl and 
allyl Grignard reagents \\"ere lO rcact by SET, 
it would he surprising lhal lhe larger benzyl 
group should diffuse from lhe radical pair much 
more eftlcienlly and Icad lo less ca~e recom­
hination producl. Sorne suhslilulion re;elions hv 
bcnzylic Grignard rcagcnh appear to he mor~ 
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successful [61. so il is possihle lhal the lwo mech­
anisms are closely balanced. and one or lhe other 
may he favored hy a change in slnrclurc or condi­
lions. Because of delocalizalion, either an allyl or 
a henzyl group in a Grignard reagcnt may he lcss 

cncumbercd hy lhe melal. and bcltcr ahlc to altac~ 
as a nllcleophile lhan an alkyl Grignard reagenl. 

The allyl reagcnt may be more efficienl in lhis 
respect hccause 01' ils ahilily to reacl al ils y­

posilion: 

XMg-C*H 2CH=CH2 + R' - Y -----> XMg~ 

+ C'H2=CH-CH 2-R' + y. 

Two addilional delocalized organornagnesillrn 
compounds mighl be nOlcd. First, cp*MgCI (7) 

eross-eouples in good yicld with eyclopropylmclhyl 

bromide. Rearrangement of the eyclopropyll11clhyl 
group, which would have been expecled for a radical 
inlermediate, was nol observed [89a J. The second 

is magnesium anthracene. the adduel formed frorn 

the inleraclÍon of anthraeene wilh magnesium melal. 
whieh forms an isolable THF eomplex 13. It reaels 

as a nucleophile with primary and secondary alkyl 
halides in THF, forming mixlures of dialkyldihy­

droanthracenes in high yield [89bJ. The coupling 
reactiolls in lhese lwo instances would he consistent 

with SN2 sllhstitulÍons. If lhe reactions were SET 
in rnechanisl11, lhey would require very eflicienl 

trapping 01' lhe alkyl radical hy geminate radical 
pair comhinalion or seavcnging. Benzyl and allylic 
halidcs reacted wilh !llo produce the corresponding 

Grignard reagenl as lhe major product: rnclhyl 
iodide produeed rnelhane. elhJne. and Me2Mg in 

addilion to lhe eross-eouplillg product: ami "ill! 
PhBr and Phi lhe major prodllCt was hcnzene. The 

lalter reacliolls are mosl easil) explained by radical 
fonnatioll via elcclron lransfcr lO lhe organie halidc. 
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2.4.2 Benzylic and AIIylic Halides 

Benzyl and allyl halidcs are hOlh casily reduced 
hy lransfer of an elcctron (Tahlc 2.5). They are 
also reaclive in hoth SN2 reaclions (comparable lo 
methyl and 30 lo over 100 times faSler lhan I ) 
and SN I (helween 2'" and 3' in rale) [7-9[. Tlll:y 
might, thcrefore. he expeclcd lo reacl readily wilh 
Grignard reagcnls hy any 01' lhe lhree Il1L'chanislm 
under consideralion. and, in facl, lhey are generally 
more reactive lhan alkyl halidcs. 

There is evidence that SET mechanisms are 
important in reaclions 01' Grignard reagenls wilh 
allyl and benzyl halides. In one of lhe rare Illech­
anislic sludies 01' Grignard coupling. Gough ami 
Dixon determined hy eOlllpetition lhe relalive rales 

01' reaction of PhMgBr. BuMgCI. sec-BuMgC'1. 
and t-BuMgCI with allyl bromide [90[. The rale 
increased in the order lisled, and lhe lalter lhree 
were reported lo give a linear Hammelt plOl ",ilh 
a p-value of -1.9. 2,2,3,3-Telramelhylhulane was 
also observed as a by-producl in lhe t-BuMgCI 
reaclion and a weak transient EPR signal was 
seen. Results were laken lo favor a radical pair 
mechanislll, on reasoning thal the negative p-value 
illlplies a lower electron densily on lhe alkyl group 
in the transition Slale lhan in the Grignard reagenl. 
However, il is unclear whal Suhsliluenl conslanlS 
were used. In our hands, lhe correlalion VS. Taft's 
a* -values of the hutyl groups had a remarkahly 
large p* -valuc 01' -91 The rclalive ralcs Jre also 
linearJy relalcd lo lhe EO values in Taole 2.6. wilh a 
slope of -2.75. The rate for phenyl is much fasler 
lhan predicled hy either correlation. The inlerpre­
lJlion may also be amhiguous. in lhal the inherent 
mder of polar rcaclivily of the Grignard reagenls. 
apart from lheir steric ctTecls. shOlrld lie in lhe 
SJme sequence. 

Sllpport fOl" a SET mechanisrn also comes frnlll 
C'IDNP oh,ervations in lhe reaclions of r-BllMgX 
wilh allyl and henzyl hmmides [nato 11 i, \laled 
(hut witholll delails) lhal lhe polarizalinn indicale\ 
a mechanism involving geminale radical pairs. as 
expccted in eq. (2.6). A study 01' lhe reaction 
of EtMgBr wilh p-CIC"H.¡CH 2Br IctJ lo similar 
conclusion,. lhough lhe crnphasi, \\ as on exchange 
amI disproportional ion ralher than Lo]]pl i n1,' [l} 1 [. 

Cross-couplillg yields frnm allyl hrornidc arc 
alrnost ,i1ways ¡!ood, and so me henzyl halidc rcac­
li(lns are also quite succcsslúl (e.g., Tahle 2.2. 
enlries 9- 11). Frequcntly. however, yields wilh 
henzylic ami subsliluled allylic halides are poorer 
le.g .. Tahlc 2.2. enlry S: allyl hromiue and benzyl 
chloride co]]plcd with la in yiclds 01' 75'k ami 
2(J'i! [15lJ. Ir a SET Illcchanism Icads rapidly lO 
lhe radical IXlir [R·,R'·[, lhe sarne pair would he 
anlicipaled fmrn alkyl Grignard and henzyl halide 
as frorn benzyl Grignard and alkyl halide. Bolh of 
lhese comhinalions. in fael, usually !cad lo poorer 
cross-coupling yields lhan the allyl analogs. The 
eonlrasl has heell diseussed ahoye (Section 2.4.1 ) 
for allyl and hel1zyl Grignard reagenls. 

Melal- halogcn exchange or alkyl exchanges 01' 
lhe Grignard reagenl or alkyl halidc (Scheme 2.1 ) 
rnay he respol1sihlc for al least sorne 01" lhe horno­
coupling sidc n:acliol1. In our lahoratory we found 
lhal whel1 benzyl hromide reacls wilh cyclopentyl­
rnagl1esiurn hromide. bihcnzyl and henzylmagne­
sium hrornidc arc seen in lhe 1.1C NMR speetrum 
of lhe solution afler reaction [92J. Exchange of lhe 
alkyl halide wilh lhe halidc ion of the Grignard 
reagenl may also oecur more rapidly than coupling. 
since iodide and brornide are quile reaclive nucle­
ophiles. Ir lhe lendency lO SET inereases in lhe 
sequence CI < Br < 1, lhen halidc exchange could 
also increase lhe probahilily of SET reaction (with 
accornpanyillg hOlllo-coupling). It is nol clcar lO 
whal eXlenl these exchanges rnay cOlllribute gener­
ally lo horno-couplillg. 

Allolher complexily with allylie substrates is 
the pOlclllial ror forrnalion 01' allylic isorners. 
Re\"ie",s hy De Wolre and Young [93 J. Figiderc 
cIlld rrallck [l)-l[. and Magid [95[ are relevanl 
lo lhis queslioll. Schellle 2.2 illuslrates the 
cOllsequellccs Df S~ I alld SET in the prololype 
subslituled allylic 'yslelll. crolyl/a-methylallyl. 
The Ile\"\ hOlld forrnalioll. al eilher end 01' lhe 
allylic syslel11. could be suhjecl to a 'lllclllory 
ellecl' tlue lo reslricted reorientalion during lhe 
lirelime of a radical or ion pair. Alternali\"ely. 
cornpelilioll hclween S~2 and S,,2' could lead lo 
isorner mixlures ISchernc 2.3). In early work [96[. 
reaclioll\ 01 crolyl ami U'-melhylallyl chlmides ",ilh 
I'hMgf-lr Icd lO mixlures (<): 11 '_ 75: 25) which 
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were indislinguishahk wilhin experimenlal error. 
More recenlly, p·ClhOCr,H.¡MgBr gave similar 
huI non-idcntical mixtures, wilh composilions 
scnsiti"c lO sol"enl (iél,O vs THF) and douhle 
hond conligur'llion [97[, Olher coupling reaclions 
whieh have heell leporled seem lo rollow a 
similar pattern [6[, BuMgBr, BuLi and BuNa 
all ga\e mostly <) and lO wilh all Ihree 
chlorides, wilh douhlc hond conliguralion largely 
preservcd [9X[. H'l\\e"cr, wilh cis-crolyl chloride 
and [-BuMgCI. 1I ",as lhe major producl. Results 

ha"e heen explained hy "ersions 01' lhe 'assisled 
Se; l' medwnism [<J7,9X[. allhough a case 1'01' 
coneerted lIleehanisms (S:-;2 and SN2') has hcen 
made [<J5[, 

There is él similar possibilily 01' isomerism 
in an allylic gmup eoming rrom lhe Grignard 
reagen!. Suhsliluled allylie Grignard reagenls exisl 
as elJuilihrium miXlUle,s lVilh Ihe Icss-suhsliluled 
allylic iso\ller predominaling [99[, huI usually 
rcael lo ronn lhe 'S1.2' prodUCl' (Scheme 2,3), 
When dicrolvlmagnesiul11 (or crolylmagnesiulll 
hromide) rcacls ",ilh crolyl ehloridc and ils allylic 
isomer, lhe majO\' coupling prodUCl 13 ref1ecls 
lhe prcfcrenec 1'01' fonnalion 01' lhe hond al 
lhe sccondar)' carhon 01' lhe Grignard rcagenl 
and Ihe primar)' earhon 01' Ihe halide [981, The 
regiochemislry could resull from concurrenl S:-;2 
and S:-;2' processes 01' lhe halide and SE2 and 
SE2' processes 01' lhe Grignard reagen!. More 
likcly, lhe allylie fraglllcnl frolll lhe halidc is 
rclcased as a rauieal or ealion en roule lo produc!. 
An assislcd S:-,I mechanism, wilh reslricled 
mobilily 1'01' carhoealion rcoricnlalion, and possibly 
compcling S:-;2 (partiL'ltlarly al lhe primary carhon) 
is prohahlc. It secms less likel)' lhal a SET 
mechanism Icads lo a producl-forming radical 
pair. sinee lhe cOlllposilion 01' lhe mixlure 01' 
hydroearbons 12· l-t dilTcrs from lhal reporlcd rOl' 
eoupling ,,1' free erul\1 radicals [1001, 

Some results fmm our laboralory are also difli­
cull lo ralionali/e in lcrms 01' producI formalion hy 
radical ellupling in lile' reaclion of all)'1 hromidc 
(Schemc 2A) 1921. A mixlure 01' cxo- amI ('1/(10-

2-norhornylmagncsiunl bromide reaeh wilh allyl 
hromide lo fonn lhe dia.slereomeric 2-allylnorhor­
n~lncs in a mixture ~lpproxi11latel) nlirrorillg tlll' 

composilion 01' lhe Gri~nard reagen!. The endo 
isomer 01' lhe Grignard reagen!. oblained hv prcf­
crenlial deslruclion 01' lhe exo isonlcr 11 () 11, fonm 
only clldo-2-allylnorhornane, The resull ",ould 
he consislent wilh 'assisted S,I', in which lhL' 
allyl calion reacls wilh relL'nlion al lhe nnrhornyl­
magnesium hond, m S:-;2, in whieh Ihe nucle­
ophilie elcctron pair 01' lhe Grignard rcagenl relains 
ils conliguralion lhrough lhe rcaclion las il is 
found lo do wilh carhon dioxidc 01' mercuric 
ehloridc 110 11l· The nearly complele relenlion 01' 
conliguralion is inconsistcnl wilh lhc n orhorn y 1 
radical as an inlennedialc. sinee radical eage 
reeomhinations 01' radiL'als do nOl usuall)' occur 
wilh high contiguralional memory 1 XII, and lhe 
norhorn)'1 radical has a I1lm!csl prefcrenee 1'01' real'­
!ion from lhe exo si de 111121, A SET meehanislll is 
possihle onl1' ir lhe radiL';t1 cal ion 01' Ihe (jri~nard 
reagenl is lhe producl·fortning inlerme,!i;lte, and 
reaels with relenlion, 

A linalnole Illighl he made nI' drllcrenlTs which 
have heen reponed in Ihe coupling 01' all)'1 hromide 
wilh phenyl Grignard reagclw, as eOIl\clltionally 
preparcd and rcagenls oblained from cryogenic 
reaclion 01' lhe halohenzcllcs eo-condcnsed wilh 

magnesium vapors 11m 1, The hromo and iodo 
reagenls, formulalcd as PhMg2X, cross-eoupled 
wilh low aClivalion energ)' n and O kcal/mol. 
respeclivdyl, ahoul an order 01' magnitude fasler 
Ihan Ihe c'o\lVenlional n:agenls, Reagents frolll 
chlom- and Iluorohenzene, forl11ulaled as PhMg1 X, 
also reacled rapidly, huI lllos1ly exchanged lo 
producc hromobell/cllc alld (after hydrolysis I 
propcnc. 

2.4,3 a-Halocthcrs ami -Thiocthcl'S 

An U.\ygL'1l or :--ulfur \uh .... tl!lItcd on ~l carhUC<lliollil" 

cellte!" ~rl'~tt!) .... tahili/L'\ lile :-'pCCil" by rl'...,Ol1aIlCl': 

",-. .. 
C-OR 

/ 
"'­C=OR / .. 
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~" 
MgBr 

+ 

SCHEME 2.4 

For this reason. the halogen of a-haloethers or 
-thioethers is very reactive in SN I reactions. and 
such compounds should al so be prime candidates 
for an S~ I mechanism in their reaction with 
Grignard reagents. As noted aboye (Section 2.2.2), 
these reactions do occur very readily and often in 
good yield. and a carbocation is the consensus 
inlerllledialc 11041. In the reactions eollected in 
Tahle 2.3. the prcdominance of retention in entries 
3 and 6 and the prohahle carbocation rearrange­
ment product in entry 5 might be noted. 

An oxygen 01' sulfur also stabilizes an adja­
cent radicaL so a SET Illechanism with a radical 
inlcrlllediate Illight he an altemative. An esti­
mate of lhe radical stahilization may be made hy 
cOlllparison 01' the prilllary C-H hond dissociation 
energics 01' propanc (100 kcal/mol) and dimcthyl 
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/Vil, ----

ether (93 keal/mol) 11051. However, lhe stahiliza­
tion is only ahout half that of the allyl radicaL and 
may he insufticient to account for the size 01' lhe 
activatiIH! cfTeet on the coupling. (The rcaetion in 
entry 2 i~ complelc in less than an hour at -4Yc') 

2.5 OTHER CLASSES OF 
SUBSTRATES 

2.5.1 Arylmethyl Compounds 

Benzylie Grignard reagents and halidcs have 
heen diseussed previollsly (Sections 2.4.1.1 and 
2.4.2). For cither, low yields and homo-coupling 
are frcqucntly (hut not always) encountcrcd, and 
an SET I1lcehanism (or [lossihly unintentionally 
catalyzcd sidc reactions) may he involvcd. 
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Triphenylmelhyllllagncsium hromide (lrilylmag­
nesium bromide) couplcs in high yicld wilh somc 
halides (Mel, 93-9X'k; allyl-Br, 88 ck; PhCII,Br. 
90%; Ph,CHBr, 90Ck) 161. When the halide has fJ­
hydrogens, the yield falls, and with I-BuBr thcrc is 
no coupling, but a 75';' yicld of Ph,CH is isolated. 
Trityl halides also couple in good yield wilh 
MeMgBr and PhCH,MgCI; lower yields, along 

with Ph,CH, are reported for othcr alkyl Grignard 
reagent~ 11061. Thc trityl radical is frcqucntly 
mentioned as an intermcdiate in these reactions 

[6,20, I 07 -1 091. Thc trityl Grignard reagent should 
be a good elcctron donor (Tahlc 2.6) and the trityl 

halides might accept an electron eilher directly or 
afler heterolytic clcavage to a trityl cation. Thc 
relatively high concentration 01' slahle trityl radi­

cals which huilds up in solution should etliciently 
scavenge the othcr radical. lcading to a pre\"\­
lence 01' cross-coupling O\er homo-collpling 1))]. 

In a SET mechanism, the same radical pair would 
he generated from comhinations with cithcr a 

trityl Grignard reagent (Jr trityl halide, and similar 

product mixtures and yields might be cxpectcd. 
Coupling and disproportionalion produets could 

also be formed by polar processes-direct SN2 
andlor E2 reaction of Ph,CMgX with R'Y, and 
direct rcaction of Ph,C+ (from Ph,CY) with 
RMgXY-. 

The reaction of trityl halides with phenyl Gri­
gnard reagents has been of interest as a source nI' 
the sterically erowded tctraphenylmethane. Yiclds 
have heen variously reported between O and 29 c;" 

mostly at the lower eml 161. A major alternative 
produCI appears to be 15, rcsulting fmm atlachmcnt 

of the phenyl lO a para position 01' the tril)'1 
group. This producl has been cited as e\'idence 
for a trityl radical intennediatc, hut it eould arise 

as well fmm the polar col1lhination 01' a lrityl 

cation with the Grignard reagcnt. The trityl radical 
dimcr (16) and trityl peroxidc are also found as 

by-products. A more recent repon 1201 claims a 
yield of 46'!c of Ph.¡c' hut withollt experimcntal 
details or commenls on lhe produet. Intercstingly. 
telraarylmethancs are fonncd in ahollt )0';' yield 

whcn lhe para posilions 01' the tril)'1 group arL' 
hlockcd or an ortho sllhslitllcnt is present 16]. 

P~Ph 

H~Ph 
15 

PhF'.~,(Ph 

H~'Ph 
16 

With vinylmagnesium hromide, trit)'1 chloride 
nave a mixture includiní! cr()~s- and hOlllo­
~llupling, bul the major re,;ction coursc prodllced 
Ph,CH and acetylene [107J. AIl EPR speclrllm 01' 
Ph,C· was ohserved, and products showed CIDNP 
poÍarization. A SET mechanism was proposcd, in 
which the radical calÍon of the Grignard reagent 
fragmcnts to acetylenc and HMgBr+, from \\hich 
hydrogcn is ahstracted. Benzhydryl and 9-lluorcnyl 
halidcs also couple in good yield with Grignard 
reagents lacking fi-hydrogens (PhMgBr 120], 
MeMgBr, Ph,CMgBr"), hut homo-coupling anu 
reduction hecomc more important in othcr cases. 
Wilh vinyllllagnesiulll hrolllide, Ph 2CHCI and 
PhCH,CI gave more hOll1o- than cross-coupling, 
and no acetylene [107]. CIONP po]arizalÍon 01' 
thc homo-cuupling product (Ph,CJ¿CHPh,) was 
ohserved and weak EPR was seen. 

Trityl derivatives with other leaving groups have 
heen exalllined as alternati\"es in coupling with Gri­
gnard reagents. They will be included here, although 
they relate to classes uf compounds covered in the 
following sectiuns. The preformed trityl cation as ilS 
pcrchloralc salt couples in 41 ck yield wilh MeMgl. 
hut with PhMgBr only an intractahle mixture con­
tainino a littlc Ph,CH and no cross-coupling could 
hc isolated 1108]. Trityl acetalc and henzoatc like­
\Vise reacled with McMgX to form coupling product: 
with PhMgBr they gavc mostly trityl peroxide 
and Ph,CH, and lhe ESR spcctrllm 01' the trit)'1 
radic;¡J \Vas seen during thc reaction 11091. Tritvl 
clhcrs are also clcaved hy Grignanl reagcnts lindel' 
relativcl)' Illild conditions 1('1. Wilh alkyl Grignard 
rca~ents, Ph,CH appearcd to be thc Illajor prcldllct: 
I'h~ld3r wi;h PhOCPh, gayc up lO 20'¡; (JI' Ph.¡C 
al 20() C, hut mostly trityl peroxidc at 10\\ lcmper­
ature. The Ph,CH hy-product is variousl) ascrihcd 
lo abstractioll of hydrogen from the cther sol vent 
hv Ph ,C" LO radical disproportionation. to metal 
h;tlogen cxchangc. or lo h) drngcn lrall~rcr from tllL' 

Grign,\rd rcagellt. lt is not clear whethcr dillcrcnces 
,Ull()l1~ Ica\'ing groups Illay he attrihutL'd tu ~lctual 
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ditlcrences in Illechanism. to the eonditions used. or 
to the quality ofthe llla1'nesiulll avai lahle at dillcrent 
times. Assisted ionization to ph,e 1 is likely since 
the Icaving groups are pOOl" clcctroll acccrtop,. 

2.5.2 Polyhalogen Compounds 

Gelllinal di- and polyhalides are reacti \ e toward 
Gri1'nard reilgents. hut the predominant reaction is 
usually not suhstitution. In early work [6[. CHC!, 
and CCI.¡ wcre reponed 10 reaet with execss 
EtM1'Br to producc Illostly CH 4 and C,H 4 : with 
CHBr, and CIII.,. a variet) of parti,tI reduction and 
halo1'en-exchangc produets were forll1ed. PhMgBr 
reacted with CHCl, to produce a goocl yicld 
of the apparent suhstitutilln produCL Ph,CH. hut 
with CHBr, and CHI,. only Ph,CH-CIlPh, was 
forll1cd. CCI 4 gave trityl peroxide. the tritvl dimer. 
and some Ph,COH. The lattcr are rellliniscent 
01' the rcactions 01' the trityl and henzhydryl 
ha lides, and radical intermediales are suggesled. 
A uscful exalllple 01' selectivc partial reduetion is 
in eq. (2.17): radical abstraclion 01' hydro1'en froll1 

the solvent is Likely 1110[. 

(2.17 ) 

2.4 

Geminal 1'1\1) ha!ides are gcnerally less reactive 
in l1ucleophilil' sUhslitlltiol1s than Illonllhalides [7[. 
A SET ll1eehanislll is likely in their reaclion with 
Grignard rcagcllts. sinl'C' they accept an elcctron 

cOl1siderahly \llore readily than Illonohalides. SOllle 
polaro1'raphic half-wave reduclion plltentials (1:'1;,. 

measured in dio.\ane-\\ ater ami adjllsted to the 
NHE) are as follows: cel.¡. -O.'i'''¡ Y: CHCI;. 
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-1.4:1 Y; CH,CI" - 1.99 y: CBr.¡, -O.OS y: 
CHBr,. -(U5 Y, CH,Br" - 1.24 Y 11111. Thcse 
ll1ay be cOlllpared with EI!2 for ll1ono-halides listed 
in Table 2,5, (Note that these polaro1'raphic poten­
lials are not equivalent lo [-;0) 

CIDNP has also heen ohserved in the reaetions of 
t-BuMgCI wilh CIlCI" amI PhCHCI, [1121. In bolh 
cases, the produet was a complex mixlure resullin1' 
from the various ahstraction, eOllpling, and dispro­
portionation reactions of the rauicals produced by 
elcclron transfer from lhe Gri1'nard reagent lo the 
halide. Cross-couplin1' products were formed in 
yields of only 9 and 17'!c, respecti\'ely. The polar­
izations observed implied the formatiol1 aml reae­
lion of a geminate radical pair. as in cq. (2.6l. 

Carbenoid intermediates may also be involvcd. 
A chain extension produet formcd when CHBr1 
was treated with primary alkyl Grignard rea1'ents 
is mOSl easily explained by a mechanislll invoilin1' 
bromocarbene (eq. 2.18) [1131. When cthyl or 
phenyl Grignard reagents reactcd with CHC!.1 or 
CCI4 in the presence 01' cyclohexene, the prod­
ucts included 3.3'-bicyclohexenyl (from couplin1' 
of cyclohexenyl radicals), (dichlorolllethyl)cyclo­
hexane (explained by the addition of CHCI,' radi­
cals to cyclohexene), and the dihalocarbene adduct 
of cyclohexene (114). 

RCH,MgBr + CHBr, RCH,Br 

+ 

CHBre/vlgBr 1m CIIBrl 

RCH,MgBr + I:CHBrl ~ RCH,CH(BrI~lgBI 

; 

RCII~CII, + M)'llr, 

Yicinal dihalides also rcaet readily \\'ilh Gri­
gnard reagents, and again. the usual prllllucts arl' 
not from substilution at the carholl (e'l!. 2.1'») 11 L~ l. 
The relative case 01' acccpling an ekctron makcs 
a SET ll1echanisll1 appear likcly (e.1' .. f: 1 : 

-0.99 Y VS. NHE ror BrCII,CI Ulr) [50.! 1 1[. 

ef
Br 

I + PrMgBr 

'''''''Br 
12.19) 
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i\n unexpectedly efticicnt homo-couplin1' has 
heell reponed to occur when various aryl, vinylie. 
acetylcnic. or alkyl Grignard reagents are trcaled 
with 2.3-diehloropropene (cq. 2.20) 11161. Primary 
Grignard rea1'ents homo-couplcd in about 60'/r 
yicld. hut the yield was reduced for secondar) 
amI terliary \llles at the expense of crms-couplin[!. 
Aliene is fonncd from the 2,3-dichloropropene. 
Under similar conditions allyl chloride aml 2-
ehloro-3-iodopropcnc yield Illostly cross-eouplcd 
producl (75 and 9(YIc, respectively) anu 2.3-dibro­
mopropene is also reponed to givc cross-coupling 
16[. Thc proposed mechanism involved initial elee­
tron trallsfer, with e\'entual generatiol1 01' two radi­
cals from Gri1'nard reagent per diehloride molcculc 
consumed. Product formation was presumcd to 
occur by coupling 01' the radieals. Elcctron transfer 
lO the diehloride is reasonable, in \'iew 01' the 
increased case in reduction 01' other poly-halides. 
Queslions rcmain. however. It is surprising lhat 
Ihe diehloride should be so unique in its behavior. 
and also that aryl radicals would survive hydrogen 
abstraction long enough lo couple in high yield. 

Ph-Ph 
(90'lc) 

PhMgBr 

Ph-El 
(X7O/C) 

2.5.3 a-Haloketones 

(2.20) 

/\ halo1'en u- 10 a carhonyl 1'roup i, often rcacti\ l' 
in S,2 disrlacelllcnts [71. In rael. 2-chlorocyL'io­
hel"allolle. for example, is cOllverted to 2-phcnylC)­
L'iohe,anonc hy rcactioll with PhM1'Br in hcnzelll' 
11171. Refcrences 1:11 and [51 list sueh reaclioll' 
"'ithout furthcr COllllllenl as cxalllplcs 01' the di s­
rlacelllellt 01' halo1'clls. lt might secm surprising 
that Ihe halo1'ell displaccmcllt should he more 
Lleile Ihan additioll to the carhonyl 1'roup. Never­
Ihde". the displacell1enl via a SET :neehanislll 
II/i~/Il he favored hy the case 01' addililln 01' all clcc­
tmn. Cathlldic reduetion of u-haloeyeloalkanl\lll's 

oecurs readily. yieldin1' rcductioll. couplin1' ami 
Favorskii reanangelllc'nt products [IIXI. Peak 1'011-
a1'es in cyclic \'llllamll1elry 01' 2-chlorocyclo-hexa­
none 'lIld 2-hro\llocyclohexanone (.- 1.62 am! 
·-O . .'i6 y) mdy he compared "ith L 1 , \'alues of 
simple IllOllo-h,tlides ill Tahlc 2.'i (notillg agaill 
lhat Ihese are not Ihe samc as /;"'). 1I0\\'e\ el'. 
lhese are \lol simple suhstiluti\lll reaclions. and in 
Illost cases le.1' .. cL!. 2.21) sllhstilulion is the conse­
ljlll'IlCe 01" rcanangcll1cllt uf the lll;.¡gnc~iul1l salt uf 

lhe hal\lhydrin formccl hy Gri1'nard additioll to the 
carbo\lyl 1'roup [119[. 

() 

~l'l 

U'---.M,' 

+ 

~Mé 
U~Mé 

(2.21) 

A\l altcrnati\'e llleChallislll involving an epoxide 
inlcrmcdiatc appears 10 operate in somc cases 
(eq. 2.22) [1201. Whell lhe earbonyl 1'roup reac­
ti\il)' is ellcctivcly decreased by steric hindranee. a 
reducti\c enoli/ation is obser\'ed (cq. 2. 23) 11211. 

() 
'1 

~1c·c·nHll 

\) 

,\k.(,II-CII ~ 

OH 

() 

[ 

Me·C-CH,Bt 
I -

Me 
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Br Ü 

1 11 
Ph,CH -C-CPh McMgI, 

- I 
Ph 

OM<>Br 
I " 

Ph,CH-C=CPh 
- I 

I'h 

+McBr 

o 
11 

Ph,CHCH·C-Ph 
- I 

Ph 

2.5.4 Other Leaving Groups 

(2.23) 

Groups other than halide may also function as 
the leaving group in nucleophilic substitution rcae­
tions [7,8]. Traditionally important leaving groups 
include the anions of strong oxy-acids (sulfonates. 
sulfates, phosphates, p-nitrobenzoates, etc.), neutral 
oxygen species (water, aleohol, or ether from 
protonated aleohols and ethers and trialkyloxonium 
ions, respectively). tertiary amine or dialkyl sulflde 
molecules (from ammonium or sulfonium ions). 
and N2 (from diazonium ions). Leaving group reae­
tivity is roughly related to the stability 01' the 
leaving group as a free entity. 

2.5.4.1 Reaction with Carbocations-No 
Leaving Group 

One extreme in a displacement reaction would 
be where the leaving group has already departed. 
and a preformed stable carbocation reacts with 
the nucleophile. In this event, the cross-eoupling 
reaction might be either direct polar eombination 
of the carbocation with the Grignard reagent 01' 

electron transfer to the carbocation followed by 
radical recombination. 

Reactions of the trityl cation with Grignard 
rcagcnts have been discussed earlier. The hete­
rocyclic analog. tris-(2-thienyl)methyl perchlorate 
[ l ORlo reacted with a selection of Grignard reagents 
to yield coupling products in good combined yield 
(eq. 2.24). The product 17, from coupling with 
the central carbono compriscd over half 01' the 
product with MeMgl, but decreasce! to 15'1r with t­
BuMgCI. ane! with aryl Grignare! reagenb produCI' 
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were entirely from addilion to a ring carbono An 
electron transfcr mcchanism was preferred. but 
direct ionic coupling was considered an alternativc 
or competing process. 

(171 

,~] 
Th S 

+ 

TI1 di/' 
T>--"S S~ R 

H 

(2.24) 

Substituted cyclopropenyl cations couple readily 
with Grignard reagents (eq. 2.25). The ratio of 20 
lo 19 produced from coupling with 18 was larger 
for the more easily oxidizee! Grignard reagents 
(allyl, benzyl. 3'). This was believed to indicate 
a mechanistic shift from polar 10 SET, because the 
radical corresponding to 18 prefers to e!imerize at a 
phenyl-substituted position [122]. The cyclohepta­
trienyl (tropylium) ion also couples with Grignard 
reagents, though in low yields [123]. Oxidation 
potentials reported for the tri!yl, tropylium. and 
triphenyleyclopropellyl cations (-0.13, -0.62. and 
-1.30 V. vS. SCE. respectively) [124] suggest that 
the probability of reduction by SET from Gri­
gnard reagents should decrease in that sequence. 
Coupling with Grignard reagents is also reported 
for 21-24, which are formally carbocations [61. 

"'Ic\ P~h 
--~ X 

Me R 

(lSI (19) 

(2.25) 

(20) 
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21 

22 

2.5.4.2 Oxy-Anions 

Sulfate and SlIlfimate Esters. 

Sulfates and sulfonates are generally reactive in 
nuclcophilic substitution reactions and couple well 
with Grignard reagents [61. Two recent examples 
are shown in eqs (2.26) [1251 ane! (2.27) [126]. The 
halide of the Grignard reagent can compete with its 
'R' group in the substitution (eq. 2.28). decreasing 
the yield of coupling or complicating interpretation 
01' the results. A practical approach to increase lhe 
cross-coupling yield is 10 use two moles of the 
sulfate or sulfonate per mole 01' Grignard reagent. 
Alternativcly, RMgBr or RMgI might be replaced 
by R2Mg (which laeks the halide) or by RMgCI 
(",ilh a less nuclcophilie halide). 

CON Me, 
¡ 

EIMgBr + TsO ~j~ 

cONl\k, 

Et~~ -

(7'vIf) 

(2.26) 

PrMgBr + 1----­
F 

""'\o.. 

OTS 

~~pr 
F 

(-R5'k) 

R-X 

R-OTs + R'MgX 

1 
R'MgX 

R-R' 

(2.271 

(2.2XI 

Because 01' thcir Ieaving group reactivity allll 
high negativc reduction !1otential (Table 2.-+). ,ul­
fates and sulfonates are primc candidalcs for an 
SN2 mechanism (with possiblc Lewis-acid assis­
tance by the magncsium). Thcre is cvidencc that 
the reaction occurs with inversion 01' configura­
tion [127]. Homocoupling and other side-reactions 
can occur. at least partly via reaction 01' the alkyl 
halide (see eq. 2.28) with Grignard reagent. 

Phosrhate Esters. 

Phosphoric acid is a weaker acid than sulfuric. 
ane! so phosphate ion s are generally poorer 
leaving groups. Earlier work ine!icated a lack 
01' rcactivity 01' MC,1PO.¡ or Et;PO.¡ toward 
Grignard reagents 11281. However. according to 
more recent reports, if either the Grignard rcagent 
or the phosflhate is allylic. coupling occurs quite 
successfully (although 25 was reported not to react 
with Bu1\1gCI without catalysis 11291l. As in the 
reactions 01' allylic Grignard reagents wilh halides. 
the group from the Grignard reagent reaCh \\ ilh 
'allylic ill\'Cfsion' (92-99'1f: e.g .. eL!. 2.29) 11:,01. 
A priman' allylic 'R'-group from the phosphatc 
une!ergocs substitution mostly without allylic 
rearrangemcnt and with prcservation 01' the t.!oublc 
bond conliguration (eq. 2.30): thc internal allylic 
isomcrs 01' the phosphatcs wcrc not cxamined 
1130.1311. Thi, rcaction was l1Iore sclccti\ e Ihan 
tho,e ,,1' thl' corresponding lithiulll. pota"iulll. illld 



barilllll r~ag~llh. ()f wilh "n>lllid~. l1lesylal~. or 
di~lhylph()sphale as Ica\'ing groups I DOI. With 
lhiophosphales (e.g .. 26). lh~ regiochcmislry at 
lhe Grignard rcag~nt all) I grou(l \Vas revcrscu 
(<)~C~) 1130!. and couplings wilh copp~r calalysis 
kd lo rcv~rscd r~giosekclivilics (JI' allylic groups 
in holh rcactanls II-,~ l. A d(Juhk cOllpling. 
holh 01' apparent Ss2' r~gi()L·h~lllislry. has been 
useu 10 pr~pare 2.3-disuhsliluled 1.3-butadienes 
(eg. 2.31) I LBI. A \'ariel)' 01' allylic Grignard 
re¡¡genls r~acl \Vilh lhe chiral phmphale 27 to 
produce coupling produCl with ce up to 35 ck 11341. 
Cyclie lransilion states. wilh bidenlalc coordinalion 
of the phosphate lO lhe lllagnesiulll. were suggesled 
to rationali7e lhe observcd sclectivities [130.134 [. 
The high yield 01' cross-coupling is also eonsislenl 
with a polar rncchanism. with the dcparture 
01' lhe lea\'ing group facililaled by Illagnesiulll 
coordination. 

Carboxr/al(' ESlers. 

Addition to the c,ter carbonyl group is generally 
the dominant reaction. but in sorne cases. displace­
ment ofthe'carboxylatc ion is important [6]. Reac­
tions of trityl and benzhydryl esters were noted 
carlier. A highly stabilized carbocation can also be 
formed from 28, which couples with ElMgBr in 
6Yk yield [135]. 

Pr,~OP(S)(OMe), 

26 

27 

Ph 
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:'<1 e ,/ 
7h':/;HI 
/ 

+ Ph 

111 

99 

12.291 

(2.31 ) 
R 

>-< R 

Treatment of methy!. bUly!. and benzyl mesi­
lOate esters (MesC02R) \Vith Grignard reagen!> 
under vigorous conditions leu to displacemcnls by 
the halide 01' lhe Grignard reagrnl, rather lhan 
simple cross-couplillg. bul MesC02-I-Bu gave a 
24'¡'- yield 01' I-Bu-Ph wilh PhMgBr [I:l61. As ill 
the case of sulfales alld sulfonales. displacemclll 
hy the halide may cOll1pliL'ale Illcchanislic inler­
prelation. since coupling ami olher prodllCls ma)' 
be derivcd fmll1 lhe halide. 

Allylic Il1csit()al~s r~acl ll1or~ ~asily wilh 
Grignard rcagcnh to yidd cro~~-c()uplillg produch 
(e.g .. eg. 2.32) [1371. In r~acli(llls 01' 29 ami 
30 with MesMgBr alld Ph~lgBr. rcsp~cti\'~ly. 

coupling was cOll1pelili\'~ ",ilh c;lrbllllyl addilion. 
but I-BuCO,CH,CH=C1j, ga\~ only CarbOll) I 
addilion with PhMgBr 11.1!JI. Subslilul~d allylic 
groups rcacl ll1os1ly al lh~ prill1ary POSilioll 
(eq. 2.32: the cis isoll1~r gav~ '1 c(lIl1j1lcx Illixlllr~. 

",ilh produClS ,u-ising fl<llll pl<lhablc carbocalionic 
cyclit.ation) [1371. erolvl IllL'sil(lalC reaclcd wilh 
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PhMgBr lO give enlirely crolylben/ene: wilh 
ils al!ylic iso!11er (a-Ill~lhylallyl lllesiloalC). 
crolylbenzcne predominaled in a 77:23 Illixture. 
similar to that found for lh~ chloride I<)(í. LlXal. 
(Rcfcr lo Seelion 2.4.2 anu Sdl~nles 2.2 alld 2.3.1 
a-Melhylallyl acelale rcaCl~U \\ ilh '\1csMgBr lo 

gi\'e only lhe l'rolyl prouUCl 113Xbl 

(9'1% 1nlfl,l) 

I 

11.1\1L'i\1 
I • 

i 

-\le 

\k 

12.3~ 1 

(l)()~(. 2-·-1-'/( CI~) 

~~",>c, 
The pivalate ester 31 reacled uncx[1ccledly readily 

with Grignard reagcnls [ 139[. The regio- and slen~­
oselectivily found in lhe pmducl mixlures was 
very similar from cilh~r cis or 11'11111 rcaclanls, huI 
depended upon lhe Grignard r~agcnl used. SOll1C 
hOlllo-coupling producl frolll 3\ was also fonned. 

The formal ion 01' al!ylic r~arrallgelll~nl produClS 
from suhstituleu allylic esll'rs suggests lhe lik~­

lihood 01' an Sr-; 1 mechanisnl. \\ ilh S~2 possibly 
compeling for primar)' allylic ~s!~rs. !lolllo-cOUP­
ling producl in lhe rcaclion 01' 3\ illa) r~sull frolll 

() 

PhU )CH ,CII eH, 

28 29 

() 

~lcclron lransrcr. eilh~r lo lhe csler or lo lhe carbo­
calioll ill all ion pair. Whelher elcclron lransfcr 
!cad s lo C]'oss-c()uplillg or only lo side-producl IS 

unclcar. 

- I Bu 

JI 

IR. 'k,Bu. I 1'[,¡Bu, 1'1)) 12.3J 1 

.. \('1/1'1111'11 FIlias: Acela/s. Orr/¡oeslers, Ele. 

AlkllX y and hvdroxy, by themselves, are extremely 
di i'liL'lIll lo displace, bul prolonation or ~oordina­
lion lo a Lcwis acid converls them inlo much better 
!ca\'lIlg gmu)1s. Whcn attached lo a residue which 
rOn]]S a highly slabilized carbocalion, alkoxy groups 
may bc rcadily displaced by a Grignard reagen!. 
This condition is wel! satisfied for acetals, ketals, 
and orlhocslcrs. where a cation like 32 is stahi­
lizcd hy resonan~e with a lone pair on a remaining 
oxygcn. Aminals lose lhe alkoxy ralher lhan the 
amino gmup. g~neraling 33. A direct nucleophilic 
displacemenl oflhe coordinaled alkoxy group is less 
likcly. 

R~aclions 01' Grignard reagents with lhese 
subslral~s ha\~ bccl1me important melhods 1'01' 
g~n~l'alioll uf ncw C -C honds. Several illuslrali\'c 
~xalllpb are given in eqs (2.34-2.38) [140-·1-1-11. 
and nlllllL'l'<llls ()lh~rs are in rerercnces [2. J. 5. 61. 
111 lInS\'1l11ll~lrical cases there is a prcfercnc~ túr 
dlSplaclng lh~ alkoxy group with les s a-branching 
t in llrL' ;lhsenL'~ 01' olher conlrolling faclors). 
[lhcl""\ ralhn lhall alkoxy. and alkoxy ralher lhan 
dnlllH) 01 lhiualkoxy. 

R-(,()R'¡, 
+ 

R-C(OR'), 

32 

JJ 
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('H ~AOM' ó 11 I 
T,OU 

011 
l',H"~(X('M' 

,,,,,,,,,,] ",,,,,,, (2.34) 

C'H",,~x 

0=0> /'VMgCI H' ((OH 
1 ~~ 1 (236) 

# s "'- S~ 

PhO",- /OPh 

eH 
I 

OEI 

/OPh 

Bu-CH 

"'OEI 

1 BuMgB, 

í\\ilh TMEDA¡ 

(2.37) 

(2.38) 

A number of highly selective acetal and ketal 
cleavages of derivatives 01' carbohydrates and re­
lated compounds have been reported recently [1451. 
One 01' these is illustrated in eq. (2.39) [1461. The 
configuration of the ncw stereogenic center implies 
retention in thc displacement. 
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, '\..e .. "" H {-BuO =X"'" O 

/ ...... Ph 
{-BuO ° 

~M~X 
(2.39) 

'B"O(OH( 

~Á"H {-BuO ° Ph 

(83%: 96% de) 

EI!(Hides (Oriranes). 

Thc strain of the epoxide ring provides addi­
tional driving force which makes displacemcnt 
of the C-O bond feasible. Ethylene oxide was 
found very carly to react with Grignard reagents 
(e.g., eq. 2.40) [6]. Often, after the reactants are 
combined, the temperature is raised by adding 
benzene and distilling until a vigorous rcaction 
oecurs. As in other reactions, the halide and alkyl 
groups of the Grignard reagent compete for the 
substrate, and the halohydrin (formed by rcaction 
with the halide ion) may reaet with thc remaining 
active alkyl groups in the later phase of the 
reaction. 

5-- MgBr + 

""'1"' (2.40) 

~OH 
Although the reaetion wilh elhylcne oxide is 

quite successful, substituted epoxides oftcn lead to 
mixtures. In addition to ring opening by the halide 
iOIl. isomcrization of the epoxide to an iso11leric 
aldehydc or ketonc is catalyzed by the Lcwis­
acidic spccies 01' the Grignard reagent 16.1471. The 
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rcarrangcmcnt usually follows the course predicted 
hy opcning to form the more stable carbocation, 
lúllowed by a shin 01' the hetter-migrating group 
on the other carbon (e.g., eqs 2.41-2,43). Grignard 
rcagcnt thcn adds to the carbonyl group. 

OH 
1 

PhC H,CC\H" 
'1 

R 

M~~2 

/c\1 
H 

O 
11 

PhCH,CC,,1I11 

OH 

I 
o-CHPh 

(PhMgBr) 

O( 

PhCH, H q 
H OH 

(l'hCH,MgCI) 

(2.41 ) 

(2.42) 

(2.43 ) 

For simple mono-alkyl oxiranes, rearrangement 
is only a minor competitor to nucleophilie ring 
opening. Attack oceurs mainly at the less-suhsti­
luted carholl, as expected for an S,2 mechanislll. 
Trimethylcne oxide reaCls similarl)' to ethylcne 
oxide, although somcwhat less rcadily, leading 

to primary alcohols with a thrcc-carholl chain 
cxtension. 

Dcha E/he r.\'. 

Certain other elhers which can clcave to espe, 
cially stable earbocations will react wilh Grignard 
reagents under mild conditions. Trityl ethers have 
been11lCnlioncd prcviously. Several other examples 
are shown in eqs (2.44-2.46). 

~CH,OCH1 
Fe //'-
~ ,!~MgB' 

" (2.44) 

(2.45) 

(63 'ld 

O-I-Ilu 

J(~~ 
¡) 

,~1/ 

(246) 

(,,11, 

Allylic cthers al", ('!cave rclativcly easilv 
(usually rcllu\ in brnlenc). Crol)'1 o-anis)'1 cthcr 
34 reackd wlth Pht\lgBr to producc a mixture 
()f hydrocarhon iso11lers 1151al similar to lha! 
from rcaction 01' crot~ I chloride (see Schcmc 2.21. 
However, contrasting results arL' illustrated in 
eq. (2.47), ",herc bond formalioll at the more 
suhstituted carhon occurs 1152J. It is possible thal 
an 'S~ 1,likc' mcchanislll is favored for allylie 
cOlllpoullds \\ ilh hcttcr Icaving groups. bUl that 
a poorcr IC~I\ ill~ grnup has incrcased tcndcllcy to 
react hy S,2 or S,2'. Ben/.yl ethers sccm to hc 
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le" reaclive lhan lhe alIylic anes 161· 

Ph 
"l.",.",B, ~ 
-(~ I ' 

C7H 1,\ 

¡52'" 1 (2.47) 

Even wilhoul lhe advanlage of a slahle 
carhocalion. olher clhers may he cleaved under 
forcing condiliol1s. Simple alkyl elhers Icae! 
lo mixtures ineluding elimination but little 
suhstitution, and have little synthetic use. 
However, aryl methyl ethers may he usefully 

e!cmethylated to the phenol hy heating with 
Grignare! reagents (e.g .. eg. 2.48) 11531. 

~OH (59%1 

2.5.4.3 Miscellaneous Leaving Groups 

The neutral tertiary amine from a guaternary am­

monium ion is a common leaving group in Hoff­
mann eliminations and nucleaphilic suhstitutions, 

and it may also be displaced by Grignard reagents 
under appropriate circumstances. The carhocation 
corresponding to the displacement in eg. (2.49) 
is highly slabilized [1541. The displacemcnt in 
eg. (2.50) occurs under mild conditions, but alIyl­
trimethylammonium ion, with a less stahle leaving 
group, is unalTected une!er similar conditions 11551. 

3.t 
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, 
~NMc,Ph I'h""",~ Ph ~ 

~ (250) 
+ 

A uscful synthetic procedure involves reaetion 
01' Grignard reagel1ts with I-suhstituled henmtria­
I.olcs. Thc latter suhstrales have a welI devcloped 
synthetic ehcmistry, whieh adds to the vcrsatility 
01' the mcthod [1561 (e.g .. eg. 2.51). lt is note­
worthy that benzotriazolc is the leaving group, 
probahly because of its ahility to hine! to the 
magnesium. rather than the alkoxy as found gener­
ally for aminals. 

(2.51 ) 
+ 

Thioethers are less reactive than ethers, but with 
sufficient activation they may reaet 1 eg. 2.52) 11571. 
Displacement of henzenesullinate in eq. (2.53) is 
raeilitatcd by conjugation 01' an intermcdiate carho­
cation with the ring oxygen. Analogous displace­
ments 01' henzencsulfinate activalL'd by él nitrogcn 
are also rcported 115X l. 

/ 
\h'O Ph 

12.5.' 1 

Even earbon anions may hc displaced by Gri­
gnard reagents. Thc l1lost cOlllmonly L'ncountered 
case is the displacement 01' the cyaniue ion fro1l1 
<r-aminonitriles, where lhc slahility 01' thc nilrogcn­
L'onjugated carhoeation is dominant le.g .. eL!. 2.5.t1 
11591. Other examplcs invol"ing lhe ckavage 01' 
a C -C hond hetween ,lahili/ed carhocation and 
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carhanion fragmenh havl' heen reported (c.g .. 

eg. 255) 11601. 

1'11 

FC~'CH_'CH//(Ol'h 1'1<\1,11,_ 

/ . 
Ph/ COPh 

Fe = krrocel1: I 

Fd'I1:CtI 

(()()f;i ) 

+ 

CI1:ICOI'I11, 

(7·V; 1 

2.6 SOME RELATED TOPIeS 

(2S')) 

In lhis scction, we note several other reaetions 

which are fonnalIy nucleophilic substitulions at 
carbono Because they fall outsie!e 01' the mech­

anistic pattern of the rest 01' this chapter, their 

inclusion has been postponee! 10 this point. 
Nucleophilic suhstitution oeeUfS at aromalie ear­

hons only under special eircumstanees. so one 

would not normalIy expect aryl halides to undergo 
cross-coupling with Grignard reagents. Undcr reac­
tion conditions similar to those whefe CIDNP was 
observed in the reaetion 01' Et,Mg with ¡-Pr!, 

a slower rcaction occurred bctwecn Et, Mg and 
Phi resulting in Il1ctal-halogen exchangc 1101. This 
was 1()lIowcd hy a mueh slower cro.ss-eoupling 
reaction hctwcen the Ph,Mg and Etl produced 

in the exchange. No CIDNP polatüation was 
noted. There arc also older reports of IllW cross­

eoupling yicle!s 1'01' aryl halides 161. For these. 
either a si1l1i1ar melal-halogen cxchange prcecding 
coupling or catalysis hy lransitilln metal impurities 
is likciy. Electron transfer from ArMgX to Ar'y is 
relatively lInlikely on the hasis of clectrode poten­
tials (Tahles 2.5 and 2.6): however. reorganization 

energy shollld he smaller hecallse 01' the stahility 
01' lhe aryl halide radical anion, Sil hiaryls 1l1ight 
he ronncd hy a SET mechanis1l1 lInder forcing 
conditions. 

Halogcns (or other leaving groups) situaled 
ortho- or para- to strongly electron-withdrawing 
substituents on an arol11atic ring may be displaccd 
hy addition of the nucleophilc to the ring, 1'ollowed 
by climination 01' the leaving group (SNAr mech­
anism). Numerous exalllples 01' displacclllents h, 
Grignard reagents, with hindered ester and ketonL'. 
eyano, nitro, and 2-oxazolyl as activating grollps. 
arc provided in refefencc 13J. A more recent illus­
tration is in eq. (2.56) [161 J. The eieclron-poor 
2-position of pyridine (and somc other hcterol'\­
cles) is also subject to addition hy nucleophiles. 
The cxample shown in eg. 2.57 11621 al,o illus­
trates the relative ea se of displaeement 01' hcnzene­
sullinate frolll a slllfone. Thc formation 01' prod­
ucts with only the uncyclized alkyl group helps 
to confirlll the polar, non-radical natllre of Ihe 
rcaction. 

OMCOllt 

~kO+CO'y 
U {-Bu 

Mcnt = (-)-rnt'n!h~l 

/ 

CI~~SO'Ph 
~~'I//'~/~/\:;' 

... 

~ 1 
/O ~ 

CI N ~ 

(2.56) 

Sul1'oxides having at least one electron-poor "1'1 I 
group also undergo a facilc reaction with Cirign'lrll 
reagcnts, II'hieh eorrcsponds to displaL'cmcnl \11 
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~S(O)Ph 
1l p,"udoro'a',ons (2.5X) 

PhMuI 
~ 

ArS(O)- orRS(O)- as theleavinggrollp [163-165]. 

However, these apparent displaeement reactions 
occur instead hy nucleophilie addition to the sulfuro 
forming a hypervalent sulfurane intermediate. Two 
of the three organie ligands eoordinated to the sulfur 
may then he extruded as coupling product in a 
eoncerted reaetion. The groups eliminated are deter­
mined by their inherent reactivity, their position in 
the sulfurane, and the rate of isomerization of the 
sulfurane by pseudorotation (e.g., eg. 2.58 [164]). 
The coupling occurs with retention of configuration 
at Sp2 or Sp3 carbon, anel. without allylic rearrange­

men!. Competing elimination of Grignard reagent 
may scramble groups hetween the sulfoxide and 
the Grignard reagent, as shown in eg. 2.59 [165]. 
The contrast with the reaction of sulfones (eg. 2.57) 
should be noted. 

j CH,M~Br J ro~ CO~ 
"" /: """'" N S(OICH) N MgBr 

y + (CH,),SO 

(2.59) 

~Ph 
Highly halogenated alkenes undergo dispIace­

ment by Grignard reagents. probahly hy an 
addition-elimination meehanism. An example 
is shown in eg. (2.60) [166]. The reaetion in 
eg. (2.61) probably has a similar meehanism 11671. 
An addition-elimination mechanism was also 
proposed for eg. (2.62) although a sulfurane meeh­
anism similar to eg. (2.58) would be an alter­
native [168]. Cross-eoupling oecurs in low yield, 
accompanied by homo-eoupling, in the reac­
tion of ,B-bromostyrene with pentylmagnesium 
bromide [13]. Halogen-metal exehange, addi­
tion-elimination, or SET mechanisms might be 
involved. 

PhMgBr + CF2 = CFCI 

(2.60) 

PhCF = CFCI (ciJ + mlll.\: SOLí; I 

(2.61 ) 
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(2.62) 

Il" /11 
C=C 

/ ~ 
Penl C02Me 

(66%: Z:E = 1}1}:I) 

An clilllination-addition scquence Illay be 
responsible ror the reaetion in cg. (2.63) 116lJi, 
althollgh the presumed intermcdiate rcsulting 1'rom 
climination is not detected, and no producl 
corresponding lo the aIternativc orienlation of 
addition is isolated. It is also possible that the 
mcehanism is the same as that for a-haloketoncs 
(Section 2.5.3), namely addition to lhe carbonyl 
fll110wcd by rearrangemenl with expulsion of the 
Icaving group. 

o 
11 

PhCCHCH,CN 
1 -

S02Ph 

Ph(,H~()(CH2)~Mgll! 

o 

LiCIOl 

Et"O-C(,H{, 

11 
PhCCHCH,CN 

1 " 

(CH,).OCH2Ph 

o 
11 

[PhCCH = CHCN J 

(2.63) 

The SR" 1 radical chain mechanisl11 ror nuclc­
ophilic substitution [170], as illustrated generally 
in eqs (2.64a-c), has been ahsent frol11 our cliscus­
sions. This I11cchanism has heen shown to occur 
in many displaccment reactions of leaving group' 
from both aromatic and aliphatic suhslrates. How­
evcr. in most 01' the aliphatic cases the suhstrales 
have a nitro or nitrophenyl group (or other ellcc­
tive elcclron aeccptor) in the a-position to lhe 
lcaving group. The combinalion of the nllclc­
llphilc wilh the radical from the suhslrate must 
;lIso form a relatively slable raclieal-union in stcl' 
2.6411. which is eapahle 01' propagating thc clwin. 

SOllle alkyl ha lides which are unreactive in SN I 
or SN2, including I-hromoadamantane 1171] and 
7-hromonorcarane 11721. are found la rcaet with 
certain nucleophiles (Ph,P- and Ph,As-) in a 
photoinitiated SK" 1 reaction. 11' the nueleophile 
is a Grignard reagent. the propagation step 64b 
would have to takc lhe fonn shown in (2.64d) or 
(2.Mc). The species RR'MgX· may he involved in 
thc alkyl group exchange which has been found 
to lcad to CIDNP polarization of Grignard reagent 
resonances [79], but there is no indication that it 
can rearrange to eoupling produet. 

RY ~[l{Y' 1 ----> R· + Y· (2.Ma) 
IllIllall(1I1 

R·+Nu- -~ R-Nu' (2.64b) 

R - Nu' + RY ------+ R - Nu + [RY~] 

R· + Y- (2.Mc) 

R'· + RMgX ------+ IRR'MgX'] 

RR" + MgX+ 

R'· + RMgX ------+ IRR'MgX.] 

,¡. 

RR' + MgX· 

(2.64d) 

(2.Me) 

2.7 SUMMARY AND CONCLUSIONS 

We have seen in the roregoing sections that there 
rClllains cOl1sidcrahle uncertainty about the mech­
anislll 01' cross-eoupling of Grignard reagents with 
organie halicles anJ other suhstrates. It cannot 
he said thal there is 'a' Il1cchanism by which 
lhe alkyl group 01' thc Grignard reagent forms a 
new C·-C honcl in displaeing a leaving group. 
lnstead. depending upon the particular Grignard 
reagcnt and suhstrale, at least three different Il1ceh­
anisll1s 01' reaction ll1ay he in aecord wilh exper­
imental evidcnce or chcll1ical expcctations-the 
SN2 Illeehanism 01' direcl nllcleophilic substitu­
tion. an S~ 1 mcchanism with ionizalion to a 
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carbocationic intermediate, and a SET mechanism 
originating with electron trans1'er and involving 
radical intermediates. In sOllle instances, there is 
quite c1ear indication of the IIlcchanislIl which 
prevails, while in others there is insufticicnt basis 
ror a choice. 

The SET lIlechanism is c1early implicated in 
the reactions 01' poly-halidcs, on the basis 01' 
their low reduction potentials, the prominence 01' 
hOlllo-coupling and rcduetion alllong the prod­
lIets, and CIDNP observations which are consis­
tent with product formation via geminally-formed 
radical pairs. At the other extreme, the a-haloethers 
ionize to an especially stable carbocation, and very 
probably react by an SN I mechaniSIIl. The salllc 
lIlay be said 01' the reactions of ethers of the 
acetal, orthoester, and aminal type, and certain 
othcr ethers, esters, quaternary ammonium ions, 
Cle. which can ionize to highly stabilized carboca­
tions. The leaving groups in these reactions accept 
an electron reluctantly and are relatively unreac­
tive toward nucleophilic displacements in general, 
but become much better leaving groups when coor­
dinated to the magnesium. An SN2 mechanism is 
vcry likely in reactions of sulfonates or phosphates 
(particularly methyl or primary), since the leaving 
group is relatively reactive without coordination 
and does not readily accept an electron. Reactions 
of ethylene oxide and those substituted oxiranes 
which react without rearrangement should also be 
SN2, as should be the c1eavages of aryl methyl 
ethers. 

Considerable uncertainty remains for coupling 
reactions ofthe saturated alkylmono-halides, which 
often occur in low yield, accompanied by homo­
eoupling. Based on reduction potentials, SET is 
Illost likely for reactions of the iodides and tertiary 
halide~< the probability of SN2 increases for chl(;­
rides and methyl halides. Although CIDNP polar­
ization points to radical intermediates, ambiguity 
in ilS interpretation raises the possibility that the 
reactions observed are actually catalyzed by tran­
silion metal impurities. Grignard reagent radical 
eation intermediates of significant lifetime mighl 
also intluencc the observalions and the course ofthe 
reaction: thcoretieal or experimental examinalion of 
lheir stability would be lIscful. Whcn lhe Grignard 

Grignanl Rcagcnts: Ncw Dcvclopments 

reagent is aryl. allylic, or bcnzylic. SN2 scems lllore 
likely; lrilyl and olher more highly delocalizcd Gri­
gnard reagcnls may particlIlarly hlVor SN2. 

Allyl and hen/.yl halides should be reactive by 
all threc l11ech'lnisms. Thc observation 01' much 
homo-eoupling in the rcaclion 01' bcnzylic halidcs 
wilh Grignard rcagcnt.s supports an SET mecha­
nisl11. High crl"s-coupling yiclds for allyl bromidc 
are more consislenl \\ ith S1'2, and other diffíeul­
ties wilh an SET mcehanism ha ve been noted 
(Section 2.4.2). Thc mixtures 01' allylic isomers 
usually obtained from unsymmetrical allylic sub­
strales (c.g .. erolyl halides, phosphates, esters, 
ethers, etc.: sce Schellle 2.2) might be accountcd 
for by compcling S,2 and SN2' mechanisms: 
however. product formation via allylic radical or 
carbocation intenncdiates may be more likely. In 
the absencc 01' compelling evidenee, our current 
prefercllce is an assisted S" I ionization to the 
carbocation, pcrhaps accompanied by 'Ieakage' to 
radical products by cleetron transfer in the ion 
pair and/or competition from SN2 substitution at 
the primary position. It sccms likely also that 
evidence for radical intermediates in reactions 01' 
trityl carbocations, ha lides, and other substrates 
may result from cleetron transfer lo Ihe carboca­
tion, rather than to the covalent subslrate itself. 
It remains a possibility that a similar explanation 
might apply to tertiary alkyl halides in at least 
so me cases. 
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Hydromagnesiation of Alkenes 
and Alkynes 

Fumie Sato and Hirokazu Urabe 
Department of Biomolecular Engineering, Tokyo Institute of Technology, JAPAN 

LIST OF ABBREVIATIONS 

El. ethyl; Pr, n·propyl unless othcrwisc speciticd: 

Bu, n·butyl unless othcrwisc spccificd: CnH21ltl. 

n·alkyl unless otherwisc spccilicd; Bn, PhCH,: 

Ph. phcnyl: ep, ,¡5·cyclopcntadienyl; n·, normal: 

¡.. iso: s·. sccondary: t·. tertiary: e·, cyclo: 

,¡"' .. m·hapto: acac. acetylacetonate: AD. asym· 

I1ldric dihydroxylation: h.p .. hoiling poinl; Dihal. 

diisohulylalulllinulll hydridc: GC, gas chromatog· 

raphy: HMPA. hexamethylphosphoric triamide: 

NMR. nuclear magnctic resonance; py, pyridine: 

Red·AI. sodiulll his(2.mclhoxycthoxy)aluminum 

hydride: n. room temperature: TBS. t·BuMe,Si: 

THI-. tctrahydroruran: THI'. telrahydropyranyl: 

TLC, thin layer chrolllatography. 

3.1 INTRODUCTION 

Hydrollletallation signities an addilion reaction 01' 
melal hydrides to carho/l-carhon Illultiplc bonds 

to allord org;lnol1lelall ic compmlnds. In Ihe casc 

where the meta! hydride is easily availahle ami 

lhe additioll reaction proceeds readily, the reaction 

should bccome an efficiCllt ll1ethod for the prepa· 

ralion 01' orgallolllctall ie cOlllpounds, Moreover. 

ir lhc resulting organol11etallic cOlllpound shows 

versalilc reactivities, as amply precedcnted b) 

thc hydroboratillll reactiolls. Ihe hydrometallation 

reaction provides userul Il1Clhodology in orgallic 

synthcsis. Cirignard reagents. which are one 01' 
the l1lost V'ersatilc organol1lctallic COl11pOllllds used 

in a wide variet) nI' synthetic transforll1atillns in 

both acadell1ic and industrial research. are !l1ostly 

prcpared by the action 01' ll1etallic ll1agncsiurn "ith 

orgallic h<rlides. Ilowe\Cr. Ihc reqllisitc organic 

l1alides are lIsllall} prepared hy halogenation 01' 
alkencs allcl alk\ /les. p'hsihly via illtcrrnediate 

alcollOls. Thlls. in mder lo circull1\'cnt the step· 

wise proce". considerahle efrorls ha\'e hec/l malle 

to dc\'elop a direcl method. i.e .. a hydrolllagncsia· 

lion rcaction 01' these lInsatllrated cOl1lpollnds. rol' 

Ihc preparalion 01' Grignard reagents. SchL'me .'.1 
illustrales Ihe notion 01' the hydroll1agnesialion 

prncl's~. in \\ hich lhe rca~l'nt~ may he (i) lllagllL'­

~ium hydl ¡dc\ or (ii) tho\(' gl'IlL'ratcd ;11 sllil frnlll 
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Grignard rcagenls via fl-hydride eliminalion. A 
spccific Iransilion melal calalysl always plays a 
crilical role in making Ihese reaclions a high-yicld 
process. 

W.."lgX 

H MgX 'rMgX 

H 

SCHEME 3.1. Hydromagnesiation of olefins and 
accty lenes. 

Magnesium hydride, MgH2, can be prepared 
more casily by a few methods than halomagne­
sium hydrides, HMgX (X = CI, Br, 1). Hydro­
magnesiation, using this most fundamental magne­
sium hydride, has been investigated. In fact, in 
1958, Podal and Foster reported that MgH2 under­
went addition to ethylene under drastic reaction 
conditions [1]. However, homologous alkenes are 
resistant to the addition reaction. Twenty years 
later, Ashby el al. reponed that the addition of 
MgH2 to such alkenes is accelerated by a catalytie 
amount of early transition metal compounds 
such as TiCI4 , Cp2TiCI2, or ZrX¡ to afford 11-

alkylmagnesium species in good yields and with 
high regioselectivity [2]. Formation of dialkylmag­
nesium, R2Mg, was more intensively investigated 
hy Bogdanovic and coworkers by using active 
MgH2 (eq. 3.1) [3,4]. Although these magnesium 
compounds, strietly speaking, are not Grignard 
reagenls, they can react with a variety of elee­
trophilcs Iikc Grignard reagents so that they will 
be discussed together in the following seetions. 

R~ (3.1) 
O::ltalyst 

When alkynes are subjected to this hydromagne­
sialion in place of alkenes, (ci.\-1.2-disubstituled 
vinyl)magnesium reagcnts can be prepared in a 
highly stereoselcctive manncr 121. 

Grignard Reagcnts: Ncw Devclopmcnts 

In 1962. Cooper and Finkheiner reported lhal 
the addition of a catalytic amount of TiCI4 

to an ether solulion of I-alkenes and alkyl 
Grignard reagents having fl-hydrogen(s) hroughl 
ahout a Grignard cxchange reaclion as shown in 
eq. (3.2) 15,6]. SOIllC lransition metal complcxes 
including CP2 TiCI2. Ti(O-i-Prh. ZrCI4 , and Vel4 

are also effective calalysts. huI their activilics are 
lower than that of TiCI4 . This finding was readily 
extended to another methou of hydromagnesiation 
starting with easily accessible Grignard reagents 
as the hydride sourcl'. Thus, in Scheme 3.2, a 
Grignard reagent RICH,CH,MgX is consumed 
as a 'HMgX' precursor, while, simultaneously, 
an olefin, R2CH=CH2, is hydromagnesiatcd to 
give a new Grignard reagen\. The operational 
simplicity of this latter proccss has made this 
version a practical hydromagncsiation in routine 
organic synthesis. 

R' R' ~MgX+ -~ 

ca'aly,' 1 ¡ 

R' 
~MgX 

··HMgX·· 

'\ 
RI~ 

(3.2) 

"HMgX'· 

SCHEME 3.2. Transfcr of 'HMgX' from a Grignard 
reagcnt to an olefín. 

Although mono-olefins afforded the corre­
sponding magnesium reagcnls in good yields 
by the above method. Cooper and Finkheiner 
noted that the TiCl4 -catalyzed hyuromagnesia­
tion of conjugated dienes resulted in the produc­
tion of complicated products involving a small 
amount of the hydromagnesiated product 161. Sato, 
e! al. showed that the conversion 01" conjugalcd 
dienes is hest achieved wilh CP2 TiCI, rather than 
TiCl4 as the catalysl to afford allylic Grignard 

Hydromagnesiation of Alkcnes ami Alkyncs 

reagents in good yields 171. The reaclion proceeds 
quantitatively wilh buladicnc and wilh hutadi­
enes having a suhstiluent al ils 2-position lO 
afford exclusively lhe allyl Grignard rcagcnh 01 
lhe depicted struelure as shown in eq. n.3). Thc 
reaclion, howevcr, uoes nol lakc place wilh -l­
suhstitutcd 1,3-dienes such as 1.3-pcnladicne. 

R 

~ 
i-BuMgHr 

Cr~Ti(,l~ lal 

R 

XMg~ 
In so far as they had bcen considered as 

substrates in the hydrolllagnesialion rcaclion. 
acctylencs had nol secmcu lo he successful 
candidalcs. In 1974. Cololller and Corriu reporlcJ 
that CP2 TiCh-calalyzed hydrol11agnesialion of 
diphenylacetylene wilh i-PrMgBr atlordcd a 70';' 
yield of tral1s-stilhcne and a 30% yield of a mixture 
of cis-stilhene and l.:?-diphcnylclhanc afler 
hydrolysis, indicating low sclcctivily associalcd 
with this transfonnation IXI. In 197X. Snider. <,1 ,,/. 

reponed that lhe reaclion 01" a silylacclylcnc \Vith 
C 2H,MgBr in the presence of a nickcl catalyst 
furnished the hydromagnesiation producl in 50'k 
yield, but accompanied by 30'7< yield of the 
dimer of the acctylene [91. Wilh the successful 
result of CP2 TiCl2-catalyzed hydromagnesialion of 
eonjugated dienes as descrihed above, Salo and 
his eo-workers reinvestigated CP2 TiCI,-calalyzed 
hydromagnesiation of acetylencs with ccrtain 
Grignard reagenls and found thal the reaction 
proceeds nicely to give stereo-delined alkenyl 
Grignard reagents (eq 3.4). 1101 

R 

1I
1 

R 
Recently. sOllle imporlanl insigill illlo lhe reac­

tion Illeehanislll \Vas provided hy lhe same 
group 1111. For instance. taking inlo account lhe 
hydrolitallil/ioll Illcchanislll and regiosekcli\ity 
shown in eq (3.5). il has hecn concllldcd lhal 
the hydrol11ag/1('sialioll 01" a I-(lrilllethylsilyll-I­
alkyne has the lllechanislll shown in schellle .:l.}. 
Thus. lhe hydrotitanation 01" lhe silylaL·clylc'nc 
with a stoichiolllelric amollnl 01" Cr,Ti-H. gencr­
ated I"rolll CP2 TiCI, and ~ cqui\'. 01" an alkyl 
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(¡rignard rcagent as reduetant [12 ¡, affordcd In a 
rcgioseleclive lllanner lhe alkenyltitanium speeies 
having lhe silyl group a to the titanilllll (eq 3.5 l. 
Analogously, Cp, TiCI2-C(/ta/\"~i'd hydrolllagnesi­
alion 01" the acetylene is hest rationalil.ed by 
inilial hyurotilanation with the litaniulll hydridc 
'JlLLic"\. ~h()wing lhe same rcgiosclcction. anu t1lL'll 

:-'lIí .. :I...:c~~ivc titaniUlnhnagnesiwn lrall~lllctallati()Jl a .... 
shO\\ n in Schellle 3.3. 

1 

R'M"X 

(a" ITdul'tanl) 

_~Me3SiyTiCr' 
+ Cp2Ti-H )1 

R 

(.:l5 ) 

Thc abovc series 01" studies. \\ hich has been 
inlroduced by earlier review anicles 113-221. 
now ensures lhe general applieahilily of the 
hydromagnesiation melhod to a variet)' of 
unsaturalcd compounds having alkene. eonjugated 
dienc. and alkyne functions, which are discussed 
in the following sections. 

3.2 HYDROMAGNESIATlON OF 
ALKENES 

The lllost fundamental inorganic ma'!lleSlum 
h)'dride. MgH2, was reported to add cthylene 
under drastic reaction conditions 111. Howe\"Cr. 
as alkcnes except ethylene are lIsually rcsistant 
lo SU eh an addition reaclion. this melhod 
SCCIl1S not to be general as such. Howe\·er. 
a calalytic amount of Cp2TiCI, dralllaticall) 
proll101ed hydrometallation 01" I-octenc wilh MgH, 
as e,idenced by the fael that qucnching lhc 
rL'sultanl organolllagnesium rcagenl with deuleriull1 
o.\ide 01' 1, gavc deuterated oClane or I-iodooclane 
according to equation (3.6) 12]. The Illagnesiulll 
h) dridc used in this catalyzed reaelion "as 
prcpared hy lhe reaclion 01' Et2Mg a\1(1 LiAIH 4 in 
L'liler 11:11 or hy llletathesis of NaH and MgCI, in 
THF I~-ll. 11 was isolated hy tíltration and again 
suspended in THF to servc lhe reaclill!1 All1tl!1)' 



68 Grignard Reagents: New Devclopll1cnts 

Cp2TiCI2 

(/ 

Cp2Ti-H 

SCHEI\IE 3..3. Prnp(hCU mcdlanism for hydrollla)'llcsül\ion 01' I-(trimethylsilyl)-I-alkyne. 

a few early transition metal compounds including 
TiC" and ZrCI4 • titanocene dichloride was the 
most effective in combination with lhe magnesiulll 
hydride. 

(2 cquiv) 

M¡!H~ (1 cqul\'l 

Cp.:'T1CI~ (5 tllo]Ck I 

rHF. 60 'C 

/"--...../1 
C"H r, 

>95% 
isomcrically 
pun:: 

(3.6) 

~ C6H r) 

93% yicld 

Terminal aliphatic olchns such as I-hexcne 
and I-octenc enter this reaction to atlord 
(prilllary-alkyl)magnesiurn compounds as sho"n 
in eL¡. 0.6). Contrarily as exelllplified by styrenc. 
aromalÍc oJctins show a reversal of regioselection 
to give henzylmagnesiulll compounds (eL¡. 3.7). 
Methyknecyclohexane afforded ¡he ma!!nesium 
intermediate in moderate yield (eq. 3~8). hut 
other di-suhstitutecl olefins shown in Figure .'.1 
under"ent the hydromagnesiation very sluggishly. 
The main product is the hydrogenated one which 
incorporates almost no dcuterium atoms upon 
deuteroh sis ur the reaction mixture. Tri-substituted 

olefins such as I-methylcyclohexene were inen 
under these reaction conditions. 

D 

Ph~ 
n,o 

PhA 
90% 

0.7) 
+ 

Ph/~_D 

IO'lf 

~() 

C~\) 
U.S) 

60':t 

Fig.3.1. 

Hydroll1agnesiation of Alkenes and Alkynes 

Hydroll1agncsiation with inorganie Illagncsium 
hydridc has hccn lIlore intensivcly investigated by 
the use 01' active MgH, prepared by hydrogcnation 
01' Mg with H, in the presencc 01' Mg-anthraccnc 
ami CrCI \ or TiCI4 as the hydrogenation 
e,rtalyst 1.\4.IXI. Ir MgCI, is rurther added to the 
hydrogcnatioll mcdia as a co-catalys!. the rcaction 
pcriod neccssary for the generation 01' active 
MgH, will be shortcned (eg. 3.9). It is intcresting 
to note that the abo ve hydrogcnation catalyst 
also shows catalytic activity in the suhscgucnt 
hydromagnesiation step so that hydrogcn<ltion 01' 
magncsiulll Illetal and the hydrol1lagncsiation 01' 
oklins could be carried out in a consecutive 
l11,rnncr. In such a case. the titaniul1l catalyst 
rs superior to the chrol1liulll onc (Illethod A 
in CL¡. (3.9)). However. the hydromagnesiation 

Mg 

oro
~ 

1 M~ 1 ' erC!' Uf TIC1 .. 

"'" # 
(1\1gCl 2 as cocalal~st) 

THF 

H, 
Mg ) MgH, + 2CH,=CH 2 

Catalyst 

('rel, 
erCI, 

Ml.!-anthract:nc 
-calaly-.' I 

----+) Et2Mg 
céllal~ ... 1 2 

I Catalyst 2 

(catalyst 1) 

ZrCI4 

TiCI 4/MgCI, (catalyst 1) 

n.IO) 

Method Yield 01' 
Et,Mg ('ir) 

A 8:1 
B 97 
A 97 

Other I-alkenes produccd the dCsired R,Mg 
in cxcellent yiclds as shown in entries I ~~6 ur 
Trble 3.1. where the catal)'st gi\'ing the best result 

+ 
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step may he morL' prelerahly earried out in the 
presenee 01' a newly addcd catalyst consisting ()f a 
rireonium halide sueh as I.r('14 or 1"r14 (method B). 

Hydromagnesiation 01' ethyJcne. wilich is shown in 
eg. n.IO), illustrates tilis teelmigue. Ethylcnc may 
rcaet violently so tilat duc care must be taken. The 
catalytic activit)' 01' a few trausitiun metal salts in 
the hydroll1agncsiation step drops in the rollowing 
mder: ZrCI 4 -, TiCI 4 > H ICl4 . I\oteworthy i.s the 
relati\'cl)' lo\\' cfticicncy observed for ('p,TiCI, 
in this hydromagnesiation, which is in contrast 
tu the I¿ret that it was ¡he best eatalyst in 
the arorementi"ncd hydromagnesiation with MgH, 
preparnl fmm Lt,\1g and.LiAIH 4 or by rnctathesis 
01' NaH and J\I¡;CI, as shown in eq. (3.6). Thus. the 
aetivity 01' the ccrtalyst aprarently depends on the 
quality 01' Mgll2-

0.9) 

111\.'1110\1 B 

is shown. Yiclds are of the ll1agnesium compound 
in a reaetion mixture detcrrnined by acidlbase 
titration and/or gas volurnetric analysis. In sorne 
representative cases. those of isolated materials 
are also "i\cn. Thc resulting dialkylmagnesium 
r'cagents. wllielr consist 01' the l-alkylmagnesiul1l 
corlll'"urHI "ith >l)9.7'ir regiochemical purily and 
Illa) be isobted d' neccssary. \Vere utilized for the 
S) nthL'tic transfonnation.s ("id" inji-l¡). Hydromag­
IlL'siati"n ,,1' an u-branched terminal oJelin such as 
th,rt in L·'1. (.'.11) proeceded \\'ithout diflieulty lo 

alT"rLl thL' rnagne.siulll COlllpounds in good 'yield 
ami with"ut loss 01' the cnantiopurity 14.291. The 
internal olclin moiety was not affccted at alL 
11\llrolllagnesiation 01' styrcne generated the corre­
"pulldillg hClllylic magnc~illm compolllld~ \vilh 
;rl'l'ru\irncrtL'lv 9:":) regiuseJccti\ity (detenninL'd by 
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analysis following silylation) (eg. 3.12) 1301. A 
mixcd dialkylmagnesium was obtained in high 
yicld from hydromagnesiation of an eguimolar 
mixture of ethylene and butene (eg. 3.13) 14]. 
The uniformly high yields of the magnesium 
compounds shown in eg. (3.10) and entries 1-601' 
Tahle 3.1 should come from the lack of a serious 

Ph 

Grignard Reagents: New Developments 

side rcaetion such as isomerization 01' the terminal 
douhle hond to an ¡nen. internal onc, whieh is 
not negligihle in the Grignard reagent-hased hydro­
magnesiation discussed later. 

~ 
i'1,,1I 

~_,Mg V".' (3.11) 

Ph~ + I + other highcr-
Ph~ molecular products 

76% 14% 

Ph~ 
MgH, 

(Ph '- ~_Mg TI" + olhers Cr~TiCl~ ca!. (3.12) 
Me 

l~k'S¡CI 
SiMc1 Me,Si Ph Phr 

1:1 11.5% 

I . + ~SiMe, + 
Ph~ Ph . + Ph~SiMe1 

72% 3.7% 

MgH2 + = + Et~ z;a; Et(C4Hq)Mg (3.13) 

94% 

rhe dialkylmagnesiums obtained herein have 
wide applieation as earbon nucleophiles in organic 
synthesis 14]. In aH ofthe following reaetions, only 
a small exeess of R2Mg to an eleetrophile was 
neeessary to aehieve good to excellent yields. 11 
should also he noted that both of the alkyl groups 
in R2Mg were sueeessfully transferred to the 
product. Scheme 3.4 summarizes representative 
rcaetions. Isolation of an intermediate magnesium 
compound was not necessarily reguired. Silylation 
and oxidation of dioctylmagnesium (to give 
trimethyl(oetyl)silane and octanol, respectively) 
determined the isomeric purity of ll- vs. s-octyl 
groups in the organomagnesium compound to bc 

9.6% 

99.7: 0.3, eonfirming lhe very high regioseleetivity 
of the hydromagnesiation step. 

Dialkylmagnesiums hehave like Grignard rea­
gents in alkylation and carhonyl addition, whieh 
are among the most important reaclions in organic 
synthesis. Copper-calalyzed alkylation wilh alkyl 
hromide was mentioned in an asymmetric 
synlhesis of chaulmoograic acid (eg. 3.14) [4,29]. 
Reactions with carhonyl compounds are shown 
in Tahle 3.2. As expected. aldehydes and ketones 
alTordcd seeondary and tertiary alcohol s in good 
yields (entries 1-5) [4]. Ethyl propionale reacted 
\Vith 2 eguiv of the R group 01' R2Mg to give 
tcrtiary alcohol (en tries 6 and 7) 14]. The coupling 
reactiol1 wilh acyl chlorides \Vas carried out 
preferahly in lhe catalytic presence of an iron 
salt lO afford ketones (el1lries 8-13) 14]. Copper­
catalyzcd conjugate addition to a.¡'l-unsaturated 

Hydromagncsiation 01' Alkenes and Alkyncs 

l RÁ).{Mg 
- \ - /11 L 

Mg:II~ + ~ RCII==CH~ ---
~iCI 

99.7: 0.3 

OH 

~OH+ I 
R R/o....... 

91).7 0.3 

SCHEME 3.4. Transformalions ha sed Dn dialkylmagnesiums. 

Table 3.1. Hydromagnesiation of terminal Dlcfins with MgH2 

Mg MgH'+2 x~ 
catalyst 2 

THF 

calalyst I 

Dialkylmagnesium 

Entry X n Catalyst 1 Catalyst 2 Yield(%) Isolatcd yield(%) 

1 H O CrClJ ZrCI4 97 80 
2 H I TiCJ. catalyst 1 98 
3 H 2 TiCI4 /MgC!, catalyst I 86 73 
4 H 6 CrCIJ/MgC!, catalyst 1 69 
5 H 8 (see reL) ZrCI4 ca.90 
6 H 13 CrCI3 ZrCI4 91 
7 MeO 2 TiCI. or CrCI3 ZrCI4 35 
8 EtO 2 TiCI4 or CrCI 3 ZrCI4 39 
9 PrO 2 TiCI. or CrCl3 ZrCI. 60 
lO BuO 2 TiC!. or CrCI3 ZrCI. 34 
1I C,HIIO 2 TiC!. or CrCI3 zrC\.¡ 28 
12 Me2N 1 TiC!. or CrCI3 ZrCl4 43 
13 EhN 1 TiCI. or CrCI3 ZrCI. 47 
14 Pr;N 1 TiCI. or CrCI3 ZrCI. 44 
15 (i-Pr),N 1 TiC!. or CrCl, ZrCI4 11 
16 Bu,N 1 TiCI. or CrCI 3 ZrCl. 35 
17 Mc-EtN 1 TiCI. or CrCI3 ZrCl. 18 
18 McBuN 1 TiCI. or CrCh ZrCl4 50 
19 McPhN 1 TiCI. or crC!; ZrCI4 30 
20 Mc,N 2 TiCI. or CrCl, ZrCI4 52 
21 Et,Ñ 2 TiC!. or CrCl, ZrCl. 31 
22 Pr;N 2 TiCI. or CrCl, ZrCI4 18 
23 McEtN 2 TiCI. or CrCl, ZrCl. 40 
24 McBuN 2 TiC!. or CrCI 3 ZrCl. 37 
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Rcf. 

4,25,26 
4 
4,26 
4,26 
4,25 
4 
27,28 
27 
27 
27 
27 
27,28 
27 
27 
27 
27 
27 
27 
27 
27,2X 
27 
27 
27 
27 
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carhonyl cOlllpounds is also feasihlc (cntrics 
14-2:\) 1311. 

c",,"j"'~(3.14) 
THPO 

The ahovc Illcthod was succcssfully applied 
to the preparation 01' a few kinds of functional­
ized olelins 127]. Thc functionalized dialkylmag­
nesiums obtained hcrein prilllarily attract interest 
in the licld 01' structural chclllistry. Nonethe­
less, these should also he useful carbon nuele­
ophiles in synthetic chemistry. Attcmpted hydro­
magncsiation 01' allyl ethers resulted in the 
elimination of the alkoxide, not giving the 
magnesium compounds (eq. 3.15). However, a 
homo-allyl ether underwent the hydromagnesia­
tion to give the desired product as shown in 
eq. (3.16). The yield displayed refers to that of 
the isolated compound so that the actual yield 
of the organomagnesium compound in a reaction 
mixture may be somewhat underestimated. X-ray 
cryslallography confirmed the monomeric nature 
of bis(4-mcthoxybutyl)magnesium, the structure 
01' which involves intramolecular chelation as 
shown in Figure 3.2. Analogously, olher homo­
allyl ethers, allylamines, and homo-allylamines 
furnished thc corrcsponding di(w-functionalized 
alkyl)magncsiums in fair to good yields, which 
arc summarizcd in entries 7 -24, Table 3.1. These 
his(alkoxyalkyl)- and bis(aminoalkyl)magnesiums 
generally show sharp signals in 1 H and 13C NMR 
spectra takcn at room tcmpcrature. However, al a 
tClllpcrature as low as _SOCC, further splitting or 
coalescence of the peaks was observed dependent 
upon thc individual structure [27J. 

Zr{'L¡l'JI 

THI' 
7()--}¡1) e 

Mg(OR>c 
(3.15) 

+ 
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Fig.3.2. 

Me 
\ 

~,,·t\ 
~()~MJ 

\ 

Me 

MgH2+ 2 McO~ 
~/rCl~c.l¡ 
~~.I .. ~ 

6()-!oiO e 

(MCO~,Mg 
.l5'X-

(3.16) 

Use of aminomagnesium monohydrides such 
as EI2NMgH, as magnesium hydrides has been 
examined, bU! their synthclic advantagc over 
MgH2 is obscure al present (eq. 3.17) r 19,321. 

Et2NMgH + R~ 

~rCJ~ or zrCt eal. 

THF.6O oc --------... (3.17 ) 
R~MgNEI2 

30% 

As described in the introductory scction, another 
importanl method of hydrolllagnesiation is to use 
a Grignard reagent as the source of magnesium 
hydride. In 1962, Cooper and Finkbeiner reported 
thal Grignard reagents having a fl-hydrogcn are 
in equilibriulll with another olctin to gcnerate 
a second Grignard reagent in the presence 01' 
TiCI4 . Through their detailcd study 161 which 
ineluded using several other Iransition metal 
catalysts (TiCI.¡, Ti(O-i-Pr)4. CP2 TiCl" ZrCl.¡. 
and VCI4 ) they showed Ihis reaction to be an 
efficient method of hydromagncsiation 01' olelins 
according lo eq. (3.18). Thus. a mixture ()f an 
olefin and PrMgBr in elher was heatcd al reflux 
in the presence of TiCI4 (this gave the hest 
resul! among lhe five preceding Iransition melal 
compounds) lo afford lhe new Grignard reagenl 
resulting from the added olclin. The use 01' a 
low-molecular- weighl Grignard rcagent such as 
Et-, Pro, i-Pr-, or i-Bul\1gX is rccom11lended as 
Ihe RICH2CH2MgX in elj. (3.18). sinee the nlelín 
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Tahle 3.2. Rcacliol1 01' R,Mg Wilh earhonyl compounds 

( T"hk \ l. ,·Ie. ) ,,,1<1;,;," 
MgH, + I-alkcne ----~ R,M~ + El' ------------> R-EI 

Ralio 
Enlr} R El' R,Mg/EI' I\dditi\'(:( mol i /( ) Prodllcl(R-EI) Yicld«j, )" Rel. 

El PhCHO 0.6 : PhE1CH(OH) X.+ 4 
El EICOEI 0.(, . El,COH 70 .¡ 

3 El PhCOEI 0.(, . PhEl,COH) XI .¡ 

4 C,H 17 EtCOEI 0.6. EI,(C\H 17 )COH 63 .+ 
5 C,H 17 PhCOEI 0.6 . PhEl(C,H 17 hCOH 71 .+ 
6 El EIC02El 1.2 El,COH 86 .+ 

7 C,H'7 E1CO,EI 1.2 : EI,(C,H 17 )COH 68 .¡ 

X C,H'7 MeCOCl 0.5 . Fe(aeae); (7) C,H 17 COMc 57 .j 

l.) C,H'7 EICOCl 0.5 : C,H"COEI 71 .j 

10 C,H 17 EICOCl 0.5. Fe(aeae), (6) C,H"COEI 58 .¡ 

11 C,H 17 PrCOCI 0.5 : Fe(acac), (3) CH"COPr 60 4 
12 C,H 17 PhCOCI 0.5 : CxH 17 COPh 40 .+ 
13 C,H'7 PhCOCI 0.5 : Fe(aeae); (4) CxH"COPh 67 4 
1.+ El O 0.52 : Cul.2LiCI( lO). () R=1'1 92" 31, 

6 
!\1e,SiCI 

0 R 

15 C,H 17 0.52 : Cul.2LiCI( lO), R=C,H 17 89 31 
Mc,SiCI 

16 El O 0.52 : Cul.2LiCI( 1 O). O R=El 95" JI 

A 
Me,SiCl 

A 17 C,H 17 052: 1 Cul.2LiCl( 10). R=C,H 17 76 JI 
Me,SiCI 

18 El 

~ 
0.52 : Cul.2LiCI( 10). 

~ 
R=El J7 31 

Mc,SiCl 
19 C,H 17 OS2' Cul.2LiCI( lO). R=C,H 17 64 31 

Me,SiCI 
lO El 

0 
0.52 : ClIl.2LiCI( 10). 

0 
R=El 20" 31 

Me,SiCI R 

21 CxH17 Ph Ph 0.52 : Cul.2LiCI( 10). Ph 1'11 R=C,H 17 48" 31 
Me,SiCI 

00 El Ph~C02M" 
0.52 . Cul.2LiCIIIO). R R=El 73 31 

Mc,SiCI ~/C().'~k 
23 CX H'7 0.52 : Cul.2LiCIi 10). Ph R=C,H 17 7S 31 

Me,SiCI 

"Ba:-.cJ un El'. 
"Thc product wa~ isolated a~ cnol ~ilyl clhcr. 

formed by the Grignard eljuilibriulll (RIClI=CH,: 
ethylelle. propylene. or isobutcne. respectively) can 
hc expelled from lhe reaction mixture lo shift the 
eljuilibriu11l 10 the right. CP2 TiCl, eould be used 
equall)' well as TiCl.¡ as the litaniulll catal)'st. 
Tile rroposed 11lechanism 01' this rcaclion is in 
Scilclllc 3.5. in which a titaniulll ilydridc. el,Til!. 

plays an illlportanl role in cSlablishing the catalylic 

cyclc 151. 

R'~\!~,.\ 
---~'--,--

,.01 . .11'1 \ 
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TiCl4 

¡~""X 
~r;CI, 

HTiCl, 

SCHEME 3.5. Propased reaelian course far the titanium-calaIY/.cú Grignard exchange reaction. 

Table 3.3 display s a survey of the hydromagne­
siation of various olefins with Grignard reagents. 
Like the aforementioned hydromagnesiation with 
inorganic MgH2, terminal olefins are the only 
acceptable substrates in this reaction, and give 
l-alkyl Grignard reagents in a highly regioselec­
tive manner. Other types of olefins, cyclohexene, 
2-pentene, trans-stilbene, a-methylstyrene, {J­
methylstyrene, and 2-methyl-l-pentene, did not 
undergo the Grignard exchange reaction at all 
even under forcing reaction conditions (PrMgBr, 
TiCL¡) [6]. This feature enables a chemoselec­
ti ve hydromagnesiation between different types of 
olefins, which can be seen in several reactions 
of Table 3.3. The yields of the Grignard reagents 
from terminal olefins faH in a fair to good range. 
One inevitable side reaction obviously lowering 
the yield is the titanium-catalyzed isomerization of 
terminal olefins to unreactive internal ones, which 
is evidenced in the reaction of eg. (3.19) ando 
in an extreme case. may beco me a guantitative 
path [8,33]. 

In general. terminal alkenes having a hydroxy 
group in a proximate position show somewhat 
improved yields as compared to simple I-alkenes. 
This likely arises from the stabilization of the 
intermediate magnesium species by intramolecular 
coordination with the alkoxidc grollp as depicted in 
eg. (3.20), prevcnting thc abo ve unfavollrable side 
rcaction. Egllation (3.20) dClllonstralcs a synthcsis 

01' polyisoprenepolyols by hydromagnesiation of 
an unsaturated alcohol, in which no protection of 
the hydroxy groups was necessary [34]. Unsatu­
rated aleohols find another synthetic utility for the 
one-step preparation of lactones via carboxylation 
of the intermediate as shown in eg. (3.21) [35]. 
Despite the exhaustive substitution to its allylic 
position, hydromagnesiation took place with this 
substrate, affording the desired lactan e in a reason­
ably good yield. 

Me0l)l Me0l)l I I P,MgB" ~ I 
../ Cp,T,C1, ../ 

EI!O 

starting 
material 

14% 

56% 
+ 

MCO~ 

+ V I 

29% 

(3.19) 

Hydrol11ugnesiation of a terminal olefin followcd 
hy the nickcl-catalyzed vinylation with cxcess 
vinyl hromide provides a one-pot method of two­
carbon homologation of the parent olefin as shown 
in eg. (3.22) [37]. 

Aromatic olefins afforded benzyl Grignard 
rcagenls in good yields, consistent with the aforc­
lllentioncd ohservation of egs (3.7) and (3.12). 
Schcmc 3.6 sUlllmarizes a comparison of a fcw 
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Tablc 3.3. Hyúrllmagnesialion 01' I-alkencs wilh Grignard rcagenls 

R~ 
R'MgX 

R~MgX El' 

calalysl 

Enlr}' R R'MgX calalysl El" 

PI' PrMgBr TiC!. HCHO 
2 Bu PrMgBr TiC!. 

erO 

¡-Pr PrMgBr TiC!. PhCHO 
4 ¡-Bu PrMgBr TiCI. MeCHO 
5" R1R'C(OH)CH, ¡-BuMgCI Cp,TiCI, R'R·CO 
(, C"H'1 PrMgBr TiCI. CO, 
7 PhCH, PrMgBr TiC!. CO, 
g 

MCOÚCH'-
PrMgBr TiC!. CO, 

<) (-Ch H 11 PrMgBr TiCI. ca, 
10 

O' 
PrMgBr TiCI" CO, 

11 Ph,C(OH)CH, EIMgBr Cp,TiCl, CO, 
12 HO EIMgBr Cp,TiCI, CO, 

O' 
13 OH EIMgBr Cp,TiCl2 ca, 

Uf 
14 011 EIMgBr Cp,TiC!2 ca, 

C,H" 
~'L. 

15 OH EIMgBr Cp,TiCl, ca, 
~I 

Me 

16 yl ¡-BuMgCI Cp,TiCI, ca, 

HO 

75 

R 
~EI 

El Yiclt1{(;{ ) RcL 

C¡¡,(OH )_. 4'1 (, 

OH 2-1 h 

(ti 
PhCH(OH)- 3'1 6 
McCH(OH)- 37 6 
R'R"C(OH)- 42-71 34 
CO,Me" 40 6 
CO,H 62 6 
CO,H 37 33 

CO,H 51 6 
CO,H 28 (, 

CO,II M 3'1 
() 58 35 

cP (e) 

O 55 35 

cP'" 
() 55 3S 

D (e) 

eH11 
o -16 3'1 

~~ 
\k il".Jl 

() 5-1 36 

0" 
(col1lil1ued o\'e,.l{'l~f ) 
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Table 3.3. (mlllinllc") 

Elllry R 

17 C.H" 
IX El 

IHl~i 

IlJ Ol! 

U' 
20 

a~ 
21 

~; 
"Scc elj. 3.::W in tt'Xt. 

11 After cstcrilication. 

R'MgX 

PrMgBr 
PrMgBr 

EtMgBr 

PrMgBr 

PrMgBr 

, Thl~ -;trUl'turc L'Orre:-,poIlJ", In R ~ El . 

calalyst 

TiCI. 
Cp,TiCI, 

Cp,TiCI, 

TiC!. 

TiC!. 

d Another terminal oldin i"olllcri¡ed lo Ihe inlernal onc. 

~ 
~MgB, 

OH OH 

EI I 

(EtOhCH 
CH,=CHBr. 

Mc,SiCI 

O, 

O, 

OH 
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El 

(EIO),CH· 
CH,=CH-
(PPh,I,NiCI, 

Mc,Si 

OH 

OH 

i-BuMgCI 

(4 equi"j 

Cr~TiCl~ 

THF 

Yielúl'f, ) RcL 

I\) (, 

71 1,7 

'i\) 3) 

40 (, 

45 

[

1 I MgCI ~1 ~ ~ andlor 
OMgCI OMgCI OMgCI 0, Mg 

o 

~OTHP 

comoinations of a Grignard reagent and a tita­

nium compound to cffect the hydromagnesiation of 
styrene: i) i-PrMgBr/Cp2TiC12 [8J; ii) n-PrMgBrl 
Cp2TiCI2 [71: and iii) II·PrMgBrITiCI.¡ [6]. 

H ydromagncsiation 01' othcr styrenes having a 
suostitucnt on aromatic ring procceded as expected 

as .shown in eqs 13.2:1) 161 ami (3.24) 1381. 

49'!r 

(Triocnzylsilyl )ethylene. which has no chance 
to undergo olefín isomerization. is said to 

give a-silylalkyl Grignard reagcnts qllantitativcly. 
although the yiclds of the dcuterated and silylated 

products have not oeen shown (eq 3.25) 181. 
As shown aoove. a few functional grollps in the 

olcfínic sllostrate sllch as ether. hydroxyl (\\'hich 

Hydromagnesiation of Alkencs and Alkynes 

exists as alkoxide in reaction media). nr internal 
olefin did not impedc the rcaction. Thc ncwly 
formed Grignard reagent can oc ootaincd wlth 
high regioselectivity and cOllld oc trapped rq!lo­
selectively with a variety 01' elcctrophiles sllch 
as aldehydcs. kctones. caroon dioxide. orthocstcrs. 
vinyl oromidc. silyl chloridc. and oxygen. which 
broadcns the synthctic utility 01' the hydrtllllagne· 

siation reaction. 

OH 

~ Lll'\l t!ljl 

<'p-,Ile!.:-

MeO 

~ V 

(PhCH2hSi~ 

727< 

1ICI, 
I r ,{l. r:nU\ 

I-PI\l~Hr 

CP: rlCl.:' 

n.21 ) 

(3.22) 

¡.t'rM~B[ 

PrMg.l~1 

('p!T1C1~ 

fHLl1 

c~ 

I/-l)~ 
TICI.: 

77 

+ 

~CO,H 

~¿ --
8% 

(3.24) 

SCHEI\IE 3.6. Hydromagllcsiatioll 01' styrcllc with 
Grignard rcagcnts. 

Thcrc IS anothcr 
hydromagncsiatioll 01' 

( PhCH211SiEt 

quant. 

choice 
alkcncs 

01' catalyst in 
wilh Grignard 

(3.25 ) 
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reagenls. In 1969. Markó reponed thal a 
calaly!ic amounl of a nickel salt also promoles 
an analogous alkenc/Grignard reagenl cxchange 
rcaction (eg. 3.26) [39-411. Thc mechanism of lhe 
reaclion has bccn considered lo be lhal shown in 
Scheme 3.7. in which a Ni-H species. gcneralcd 
by ¡'l-hydride elilllination from an alkyl-nickel 
intermediate, calalyzes lhe ke)' step [141. 

H 
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RI~ R2, p ~_ R I, A 

MgX + '-Y '"NiCi; ~ 
+ 

(:1.26) 

R2 
~MgX 

This exchange reac!ion was readily exlended 
to a hydromagnesialion process. In facl, lhe 
hydromagnesiation of an allyl alcohol and a 
styrene lo give a laclone (eg. 3.27) [141 and an 

\ 
INilMgX 

7 
\ 

[NiIMgX y 
R 

SCHEME 3.7. Proposed rcaction cnurse for nickcl-catalyzed hydromagncsiation with Grignard reagents. 

HO 

~ 
PrMgBI 

XMgO 

~~1gX 

HO 75%d 

~\ 
D 

SO% 

o 
~\y0 

30% 

HO 

~ 
HO 

(3.27 ) 
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a-arylalkanoic acid (eg. 3.28) [38] were examined. 
In the lransformation of eg. (3.28), extensivc 
optimizalion ofthe reaclion conditions including the 
kind of Grignard reagent eventually increased the 
producl yield lo as high as 82%. Isola!ion in only 
0.7'¡( yicld 01' tbe rcgioisolller, a 3-arylpropanoie 
acid. shnwed lhe high regioselectivity. Thus, 
terminal alkencs prcferably afford I-alkyl Grignard 
reagenls, whereas slyrene derivatives yield lhe 
benzyl Grignard reagenls as found in lhe litanium­
medialed prolocol. 

)~~' f - HMgRr 

Niel, 

lHL 15-20 T 

~o-c, 

82% 
(3.28) 

An iron-catalyzed Grignard exchange reaction 
was reponed by Talllura and Kochi in 1971 
as shown in egs (3.29) and (3.30) [15,42,43]. 

FeO, (1 mol%) 

i-PrMgBr + CH2=CH 2 THF. 25 oC, 1 h 

(1.5 eguiv) (1 equiv) 

EtH 
+ 

(0.66 cql1iv) (0.6 eguiv) 

EIMgBr + Ph~ F,Chll mol%) 

(1 cql1iv) (6.9 eguiv) Et,o. 2 oC. 15 h 

D 

Ph~D + PhA. + 
(O.OOS cquiv) (0.11 cguiv) 

+ 

Ph~ 
(0.04 cqu i \ ) 

0.29) 

CH 2=CH 2 

(0.15 eguiv) 

(3.30) 
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However, lhe synlhetic value 01' lhis hyromagne­
sialion proccdurc has 1101 bcen lcsted. Tbey also 
examined othcr melal salls including C08r2, PdCl2, 
MnCI 2, CuCI, CuCI" and AgBr fOl' Ibis purposc, 
bul the lasl five salls showcd littk ol' no aclivity. 

3.3 HYDROMAGNESIATlON OF 
CONJUGATED DIENES 

Many examplcs of the hydromagnesiation oi' 
oletins with Grignard reagents under the intluence 
of a lilanium catalysl lhat appeared in the 
preceding seclion show lhe produCl yields not to be 
very salisraclory. However, lhe use 01' conjugated 
dienes or acelylenes as lhe substrale in place 
of simple alkcnes remarkably increascs the yield 
of lhe organomagncsium compounds as described 
below. This may rcsult from the following reasons. 
Firsl. lhe latter subslrales allord slructurally 
and/or c1eclronically more stablc intennediates 
such as allyl- or alkenyl-melal species ralher 
lhan alkylmetals lO make the transformation 
of eg. (3.2) no longer all equilibrium [7]. The 
second poinl is lhal dienes and alkynes do 
not undergo lhe undesired isomcrization that is 
a serious problem in lhe hydromagnesiation of 
alkenes lo diminish the product yields. Thus, 
lhe pOlenlial of hydromagnesialion as a versatile 
synthetic lransformation should be more distinctly 
demonslraled wilh the following substrates. 

The hydrolllagnesialion reaction with active 
MgH, inlroduced in eq. (3.9) was attempted on 
iso]lrcne in lhe presencc of several early transi­
lion melal compounds including Cp2TiCI2. TiCI.¡, 
Cp,ZrCI2, and ZrCI.¡ as lhe catalysl, bul ¡hese 
reaetions always alTordcd a mixlure 01' regioiso-
111e1's 01' allyllllagnesium inlcrmediates A and B 
(eL] 3 .. ' l. approximalely 80:20-30:70 dcpending 
on conditions and calal)'sl), ",hich. upon silyla­
lion with i\1c,\SiCI. alTorded regioiso1l1ers in addi­
lion lo slereoisoll1l'rs 1301. Eq. (3.31) illuslrates the 
reactioll eatalYlcd by Cp,ZrCI" which showed 
lhe highcsl rcgioselcclivity 01' the hydrolllagnesi­
alioll slep. UnfOrlunatcly. lhe for1l1;lIion nI' rcgioi­
s01l1crie allyllllagnesiu1l1 reagcllls by lhis 111clhod 
\\'ould detraet froIl1 its value for selcct;\'c organic 
S\'llthesis. 
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XMg~ 

Me,Si~ + M"Si~ 
44% 1-1% 

A 81.5% 
(3.31 ) 

SiMc, 
+ 

~MgX 
B 18.5% 

~ 23% 

~SiMC, 
17% 

As mentioncd in the introductory part, attempted 
TiCI.¡-catalyzed olefin hydromagnesiation did not 
work well on conjugated dienes [6]. However. 
switching the catalyst from TiCI4 to CP2 TiCb dras­
tieally increased the efficiency of the hydromag­
nesiation. Thus, under these reaction conditions, 
2-alkyl-I,3-butadienes generally afforded allyl 
Grignard reagents in excellent yields. More 
surprisingly, a single regioisomer of the allyl 
Grignard reagent is exclusively formed as shown 
in eq. (3.32), which was verified by the subsequent 
reactions with electrophiles [7]. 

R P>-MgX R 
I - XM 1 (3.32) 
~ Cp,TiCl, g~ 

The ohserved regioselection of hydromagnesia­
tion is identical with that of the hydrotitallatiol/ uf 
the same suhstrates with a stoichiometrie amount 

of Cp2Ti-H as shown in eq. (3.33) 112,-14]. This 

faet strongly suggests that the rcgiosclection of 

eq. (3.32) originates in the hydrotitanation step 

involved in the catalytie eycle like the one shown 

in Seheme 3.3 or 3.12 (¡'ide il/ji·u). 

R 
J R'\lgX la, ,eduelan!) 

N 
(3.33) 

5Y/( IYk 

(3.34) 

7\j9é ~ingle i~omL'r 

1 
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Table 3.4. Hyúromagnesialiol1 of coujugalcú úicncs with Grignard rcagenls 

R R R R 

~ 
K'~1gX 

XMg~ 
EI-t 

~ Et~ Cp~ TICl 2 
+ 

Et 
IAI (BI 

Entry R RMgX El' El Producls( 'k 1 Rel. 

H PrMgBr H,O H A(53),cis-B( 151. 
trallS-B (13) 

2 Me PrMgBr H,O H A(76),B(21) 7 

3 

~, 
PrMgBr H,O H A(88),B(8) 7 

4 11 PrMgBr Me,CO Me,C(OH)- A(79) 7 

5 Me PrMgBr Mc,CO Me,C(OH)- A(95) 7 

6 Me i-BuMgBr EtCN EtCO A(78) -16 

7 El i-BuMgBr ElCN ElCO A(71) 46 

8 Bu i-BuMgBr EtC N ElCO A(81) 46 

9 Me i-BuMgBr HCO,MgBr CHO A(33) 46 

10 El i-BuMgBr HCO,MgBr CHO A(49) -16 

11 Bu i-BuMgBr HCO,MgBr CHO A(66) -16 

12 Me,Si i-BuMgBr HCO,MgBr CHO A(46-55) 47 

Although the simple hydrolysis of the allyl 
Grignard reagents tends to yield a mixture of 
regio- and stereoisomeric olefins, the reaction with 
carhon electrophiles such as carbonyl compounds 
and nitriles usually affordcd a single regioisomer 
(eq. 3.34) 17]. This selective aspect and the 
versatility of the resultant allylmctal reagents 145] 
enhance the synthetic utility of this proccss. even 
though the substrates are limited to butadiene 
and 2-suhstituted hutadienes. Additional rcsults are 

collected in Tah1c 3.--1. 
Nickel-calalYl.ed hydromagnesiation of conju­

gated diene"s with Grignard rcagcnts secms 1css 
fruitful from the synthetic Imint of view. Attempted 
rcactions 01' hutadiene ami isoprene resulted in 
a formal hydromagnesiation "f lhe corrcsponding 

ca. -IO'i{ 

diene dimer to give a homologous Grignard 
reagent as shown in eq. (3.35) [48]. Analogously. 
when isoprene was used as the diene and 
COe as the quenching reagcnt, the carboxylic 
acid shown in eq. (3.36) was formed 149]. Ir 
i-PrMgCI was replaced by CD,CD,MgBr, the 
deuterated product was obtained, confirming that 
the hydrogen (deuterium) comes fmm lhe Grignard 
reagent, most likely via ,B-elimination. 

Ordinary hydromagnesiation may he elTected 
by the use of a nickel-pyridine complcx 
likc Ni(pY)4CI2. even though it alTords a 
mixture of regioisomcric allylmagnesium rcagents 
as determined by earboxylation. gi\'ing two 
kinds 01' carhoxylic acids (eq 3.37) 1501. An 
alkoxybutadiene underwent the alkylation as well 

(3.35) 
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i-PrMgCl 

(Ph~PhNiCI2 

THF 
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('0, 

44% 
(3.36) 

\ C'D1CD2MgBr 
~-=--------

(Ph3P)::NiCI2 

THF 

('0, ~ 
as hydromagnesiation with i-PrMgCI in the 

presenee 01' (PhjPhNiCb to afford the three 
carbon-elongated carboxylie aeid, albeit in a 

low yield, by guenching with earbon dioxide 

(eg. 3.38) [51 J. In the latter reaetion, the use of 

Ni(pY)4CI2 again affords regioisomerie earboxylic 
acids like the preceding eguation, showing the 

i-PrMgCl 

(PY)4NiCI2 

THF 

XMg~ 
+ 

~MgX 
~ 

(3.37) 

~1I+~ 
OR 

~ 
R = Me or Et 

nll 

4: 1 -1: I 

1-l'r\.lf'CI 

(Ph,p):\ICI, 

THI 

("O. 
--~ ~ 

CO,l{ 

129é 

~,,-t 
(3.38) 

D 

importanee of the ligand on niekel to control the 
regioselecti vity. 

3.4 HYDROMAGNESIATION OF 
ALKYNES 

Hydromagnesiation of alkynes with inorganic 
hydride, MgH2 prepared from Et2Mg and 
LiAIH4 [23] or from NaH and MgCI2, [24J and 
a catalytic amount of CP2 TiCI2 was carried 
out in !he same manner as described in 
eq. (3.6) [2]. An intemal acetylene underwent this 
hydromagnesiation to give a deuterated cis-olefin 
in good yield upon exposure to D20 (eq. 3.39). 
However, in the case of a tenninal acetylene, 
forrnation of magnesium acetylide in situ hindered 
a good conversion of the substrate (eq. 3.40). 
Further study on hydromagnesiation 01' acetylenes 
with MgH2 has not been carried out. 

MgHl 

Cp2TiCI2 
THF.rt 

¡ tI.o,,,, D,O, 

H7C'JEI 

H7C, 

El = H, 100%: D,65% 

(3.39) 

Contrarily, Grignard reagcnt-mediated hydro­
magnesiation of acetylenes in the presence 01' 
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Cp2TiCb is much more promising [IOJ and has 
found extensive and intensive application in cun'ent 
organic synthesis. The most striking advantages of 
this method could be condensed as follows. i) Thc 
hydride precursor, a Grignard reagent-most typi­
cally i-BuMgX-is readily obtained and handlcd 
with ease. ii) Although terminal acelylenes are 
not an acceptable substrate as in the aboye case 
and as evidenced by the following reaclion in 
eq. (3.41) [8], a wide variety ofinternal acctylcncs 
undergo this reaction in good to cxcellent yields. 
iii) The very high regio- and slereoselectivity was 
often observed for unsymmetrical aeelylencs. 

C6H13 
~ H 13C6ill MgX 

111 

CplTiCt, 
THF,rt 

C6H13 j"""""'" (3.40) 

1I
1 + H13C6ill El 

El 

EI=H 60% 40% 
D 40% 50% 

CsHJ7 
C7Hts 

1I
1 

. 
H t7CS¡ 

111 

~ ...!:!:... + 1 CplTiCt, 

CH] 
0.41 ) 

80% 5% 

+ 
C lOH22 

15% 

Dialkylacetylenes afford (1 ,2-cis-disubstituted 
vinyl) Grignard reagents in excellent stereosc­
Icctivity (1 00-95CIc). A symmetrical acelylene 
affords virtually a single vinyl Grignard rcagcn!. 
which was used for the preparation of a dienol 
(eq. 3.42) [52]. As expected. the hydromagnesia­
tion 01' unsymmetrical dialkylacetylencs gavc lwo 
regioisomers in almost equal amounts. bul il 
slill tinds use as a eonvenienl melhod ror cjl­

hydrogenalion of acelylencs via prolonalioll as 

83 

exemplitied in cq. (3.43) [53J. This last example 
also demonstrales lhe chemoselectivity-note that 
the di-subslitutcd oletin survives the reaction 
conditions. More cxamples can be seen in 
Tablc 3.5. 

I-BuMl!.Hr -----
Cp2TiCI 2 

MefMgBr 

Me 

j HCO,P, 

OH 

MC)\Me 

Me Me 

h5'X slriclly E,E 

BU3Sn~ 

HO 

cr 'Tict'l ;-BuMgB, 

Bu,sn~ 

HO 
98% 

(3.42) 

(3.43 ) 

Aromatic acelylenes participated in the reac­
tion wilhout any complication to show as 
high stereoselectivity as do dialkylacetylenes. 
Phenyl(melhyl)acclylene shows a regioselectivity 
of synthelically acceptable level (ca 9:1) [101 
which is furthcr enhanced to an excellent degree 
(96:4) by the substitution of a silyl group 
(eq. 3.44) [10.541. However, diphenylacetylene no 
IOllgcr alTordcd the expeeted cis-product cleanly as 
shown in eq. (3.45) [8J. 

I-Silyl-I-alkynes show as high regioseleetivity 
(>95:5) as the slereoselectivity (>96:4) exempli­
lied in cq. 0.46) [57]. Table 3.6 surveys lhe rcae­
tions of lhese substrates. Apparenlly, the silyl 
group plays an important role in delermining 
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Ph 
Ph MgRr Ph 

11
1 

I-BlIMgBr 

~ J + JL 
R R MgBr 

the regioselcctivity as in many other hydrometal­

lation reaetions whieh show the same tendency for 

this particular substratc (581. In conjunction with 

the synthetic utility of the alkenylsilane moiety 

for furthcr transformations (581, the resultant sily­

lalkenyl Grignard reagents have been utilized in a 

varicty 01' transformations sueh as hydrolysis, stan­

nylation, alkylation. and earhonyl addition. Methyl­

ation with Mel and allylation with allyl halide 

proceed as such from the magnesium intcrme­

di ate, but the alkylation with higher primary-alkyl 

(3.44) 

R = Me >99%Z 88: 12 85% 
MeJSi >94%Z 96: 4 95% 

Table 3.5. Hydromagncsiation 01' dialkylacetylencs and aromatie acctylcnes ",ith Grignard reagents 

RMgX R' R' !T R' R' R' R' 
RJ == R2 "=l )==! "=< Cp,TiCI, 

MgX. H El Et 
(A) (1\) 

Entry R' R' RMgX El' El Yield('7c) Rcf. 

Me Me i-BuMgBr HCO,Pr OH A (65) 52 

MCrl 
[strictly E.E] 

Me 
2 Me Pr i-BuMgBr H,O H A(92-100) /O 

[/00% Z] 
3 Me Pr i-BuMgBr 1, A+ B[42:58] 10 

(90) 
4 Et Et i-BuMgBr H,O H A (92-100) 10,55 

[>99'7cZ] 
5 Et El i-BuMgBr PhCHO PhCH(OH)- A (90) 10 
6 CJH, CJH, various R2Mg H+ H A(-) 55 

and RMgX [95-99';( Z] 
7 C6 HU (CH,)gOH i-Bu,Mg W H A (lOO) 55 

Uf Pr:.~Mg: [>98'kl 
8 C,H" OH i-BuMgBr W H A (98) 53 

~' 
Bu,sn) 

<) Ph Me i-BuMgBr H,O H A (92-100) 10.56 
[>997<ZI 

10 Ph Me i-BuMgBr 0,0 O A+B (85) 10 
[88: 12] 10 

11 Ph Me ;-BuMgBr Mel Me A+B(80) ID 
[90:10] 

12 Ph Me,Si i-BuMgBr H,O H A (95) lO 
[>94'ifZ] 

13 Ph Me,Si i-BuMgBr 0,0 O A+B(-) 10 
[ 96:4] 

14 Ph Me,Si i-PrMgCI PhCH,CHO PhCH,CH(OHI A (771 54 
[>95';'EI 

Hydromagnesiation of Alkenes and Alkynes 

iodides needs the assistancc of a copper catalyst as 
illustrated in cq. (3.47) 159]. 

Ph 

1I
1 

Ph 

1-f>1\1!!BI 

e[l.' riel.' 

Ph 

~~"- Il 

Bu 

I·Bll~1~B! 

CpcTtCl 2 

70'/r 

+ 

Ph 

Ph) + Phl 
Ph Ph 

'---------y--I 

30% 

Me)Si)( snMe)+ Me)Si l 
Bu Bu SnMc) 

>97.5: 2.5 
96%E 

(3.45) 

(3.46) 

Gratifyingly, propargyl alcohol s represent an 
exccptional type of dialkylacetylene that shows a 

Bu 

Bu! 
C'ul ca! 

R5 

very high level of hoth regio- and slereoselcctivity. 
One example is shown in eq. (3.48) 1711 and more 
will be found in Tablc 3.7. The alcohol moiety 
was converted lo the corrcsponding magncsiulll 
alkoxide ill situ so that an extra equi\'alent 01' 
Grignard rcagcnt is ncccssary in addition to 
thal ror the hydromagncsialion stcp. The rcgio­
and slereoseleetivilies did not dccrcase even in 
Ihe case of hydromagnesiation 01' polyoxygcnatcd 
substratcs (eq. 3.49) (72]. The acetylenic hond 
in a conjugatcd cnynol bchaves like an isolatcd 
propargyl alcohol in the hydromagnesialion and 
subsequent carhoxylation to give the expectcd 
product as shown in eg. (3.50) [73]. 

Remarkably. silylpropargyl alcohol s dcmonst­
rate the first example lo violatc the rule of 
formal ci.\'-addition 01' a magnesium hydride 
species across the carbon-carbon multiplc hond 
in the series 01" hydromagnesialion reactions. 
Thus, it should he noted that Ihe products 
shown in Tablc 3.8 always have the (mlls 

configuration with respect to the vinylic hydrogen 
and electrophile (El), which has nol been seen 
in preceding Tables 3.5-3.7. The origin of this 
strange behaviour 01' the substrate was disclosed 
by analysis 01' the isomeric composition 01' 
the produced allyl alcohols versus the reaelion 
period 176J. Thc composition determined by 
the periodical hydrolysis of an aliguot 01' the 
reaetion mixture is shown in eq. (3.51). Thus. 
consistent with the ru le 01' ('i.l· addition. the 

MC)Sij 

Bu 

MC1Si y BU 

)1 987<L 

Bu 
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Table 3.6. Hydromagnesiation of (trimethylsilyl)alkynes with Grignard reagenls 

Me,Si == R ~ 
Cp,TiCI, 

Enlry R R'MgX 

2 

3 

4 

5 

6 

7 

8 

9 
10 

11 
12 
13 

14 
15 
16 
17 

Me i-BuMgBr 

Me 

Me 

El 

Bu 

Bu 

Bu 

Bu 

Bu 
Bu 

Bu 
Bu 
Bu 

Bu 
CsH¡¡ 
C;H,¡ 
CsH" 

i-BuMgBr 

i-BuMgBr 

i-BuMgBr 

i-BuMgBr 

i-BuMgBr 

i-BuMgBr 

i-BuMgBr 

i-BuMgBr 
i-BuMgBr 

i-BuMgBr 
i-BuMgBr 
i-BuMgBr 

i-BuMgBr 
i-BuMgBr 
i-BuMgBr 
i-BuMgBr 

Mc,Si R 

F 
XMg 

CO> 
O 

+ Me3Sil 

O e >-Me 
O 

+ Me3Sil 

O 
~OTr 

D,O 

Me,SnCI 

Mel 

allyl-I 
Bul/Cul 

HCHO 
MeCHO 

el 
OCHO 

+CuBr.Me2S 
MeCHBrCHO 
HCHO 
CsH¡¡CHO 

'1-0 
°0CHO 

THF-HMPA 

(A) 

El 

OH 

TrO~'l., 

D 

Me 

aByl 
Bu 

CH,(OH)­
MeCH(OH)-

Qh '0";::( 
15:1 OH 

-CHMeCHO 
Ch,(OH)­
CsH¡¡CH(OH)-

(11) 

YiclJ('X) ReL 

A (-) 60 

A(-) 60 

A (>53) 

A(-) 

A (76) 
[> 98'!fZ] 
A+B(-) 
[95:5] 
A+B (51) 
[97.5:2.5] 
[A: 96%E] 
A (91) 
[97%Z] 
A (89) 
A (87) 
[98%Z] 
A (78-87) 
A ('.)7) 
A (66) 

A (C{I. 50) 
A (81) 
A(-) 
A (>85) 

36 

60 

10.61 

lO 

57 

59.62 

59 
59 

63.64 
65 
66 

47 
6+ 
67.68 
69 

Hydromagnesiation of Alkenes and Alkynes 

Table 3.6. (colllilllled) 

Entry R R'MgX El' 

18 i-BuMgBr 

19 i-BuMgBr 3-bulenyl-1I 
Cul 

20 
21 
22 

HO 

Bu 

j 

CoH¡.1 
CJOH,¡ 
-(CH')60H 

i-BuMgBr 
i-BuMgBr 

HT 
HCHO 
Bul/Cul 

BUyMgCI 

C1MgO~1 

BUyl 

HO~I 

64-89% 98%E 

OH 1\ 
O O 

-;::Y 

OBn 

OAc 1\ 

~~ 
OBn 

(3.48) 

(3.49) 

El 

'1-0 00f 
>98:2 011 

3-bulenyl 

YieIJ(%) 

A (>85) 

lA (86) 

A(-) 
A (78) 
A (84) 

Ref. 

69 

59 

61 
63,70 
59 

87 

1 co, (3.50) 

~OH 
73% 

hydromagnesiation of 3-(trimethylsilyl)-2-propyn-
1-01 illlrinsically proceeds in a cis fashion, 
as evideneed by the faet that, in the early 
stage of the reaetion, cis-rieh allyl alcohol 
was recovered upon hydrolysis. However, the 
resulting (cis-disubstituted vinyl) Grignard reagent 
rapidly isomerized to the (more stable) (trans­
disubstituted vinyl) Grignard reagent during the 
interval that is required for the eompletion of 
the hydromagnesiation step, eventually resulting 
in the formation of almost 100% pure trans-allyl 
alcohol upon aqueous workup. The driving force 
of this isomerization apparently comes from il' 
release of the steric strain in the magnesium salt 
of cis-allyl alcohol and, in tum, the formation of 
thermodynamically favourable, ehelation structure 
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Table 3.7. Hydromagnc,iation 01' propargyl alcohols with Grignard rcagents 

Entry 

2 
3 
4 
5 
6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 
18 
19 
20 
21 
22 

Me 
Bu 

R' 

Ph 
Me 
Me 
C,H Il 

I-Bu 

i-Bu 

Bu or Ph 

Bu 

Bu or Ph 

Bu 

Me 
Pr 
i-Pr 
Bu 
Bu 
I-Bu 

R' 
R' ~Rl RMgX 

OH Cp,TiCt, 

R'R'COH 

CH,OH 
CH,OH 
CH,OH 
CH(Et)OH 
CMc,OH 

OH 0, 
CH,OH 

OH 

H"c0, 
Ollo 

OH 

H"Csy' 
OBo 

OH 

~OTHP 
CH(CF1)OH 

CH,OH 

CH(CF,)OH 

CH,OH 

CH,OH 

CH,OH 
CMe(Pr)OH 
c-C6 H"CHOH 
McCHOH 
c-C,H"CHOH 
c-C"H"CHOH 

RY.'OMgX 
XMg 

RMgX El' 

i-BuMgCl 
i-BuMgCl 
i-BuMgCl 
i-BuMgCl 
i-BuMgCl 
i-BuMgCl 

i-BuMgCI 

i-BuMgCl 

i-BuMgCI 

í-BuMgBr 

i-BuMgBr 

i-BuMgCl 

i-BuMgCI 

i-BuMgCI 

i-BuMgCI 

i-BuMgCI 

i-BuMgCI 
i-BuMgCI 
i-BuMgCl 
i-BuMgCl 
i-BuMgCI 
i-BuMgCI 

0,0 
D,O 
0,0 
0,0 
0,0 
H+ 

H+ 

H+ 

1, 

1, 

Mc1SiCI 

+HMPA 
Me1SiCI 

+HMPA 
l3u1SnCl 
BU1SnCl 
Bu1SnCI 
BlhSnCl 
l3u,SnCI 
B1I 1SnCI 

El' RY.'0H 
El 

El Yicld({!r) 

o 
O 
O 
O 
O 
H 

H 

H 

H 

H 

H 

H 

I 

Me,Si 

Bu1Sn 
Bu,Sn 
Bu1Sn 
Bu1Sn 
Bu 1Sn 
BU1Sn 

60 
[>9Y7rZl 
>70 

>70 

68 
[>99'¡'Zl 

64-86 
1>98'H_1 

50 
79 
69 
32 
75 
40 

ReL 

71 
71 
71.74 
71 
71 
7:; 

76 

72 

77 

77 

7X 
71.7<) 

7X 
SO 

so 

XI-S.' 
XI.X" 
H2,83 
H2.X3,8S 
XI-SS 
H2.83 

Hydromagnesiation of Alkenes and Alkynes 89 

Tahle 3.7. (co/lli/ll/a/) 

Entry R' R'R'COH RMgX El' El Yicld('¡' ) ReL 

23 
14 
25 

Ph 
Bu 
BlI or Ph 

c-C6 H"CHOH 
CH,OH 
CH(CFdOH 

BuMgCI Bu1SnCl 
l3uMgCI McI 

-BuMgCl McI 

Bu,Sn 
Me 
Me 

RI.84 
71 
78 

26 

17 

Ph CH,OH 

CH,OH 

i-BlIMgCl McI 

i-BlIMgCI Mel 

Me 

Me 

86 

71 

CH,OH i-BuMgCI McI Me 98 71 

29 
30 

C,H" CH,OH 
CH,OH 

i-BuMgCI C,HIlCHO C,HIlCH(OH)- 59-62 87 
88 i-BuMgCl CO, CO,H 65 

31 

32 

CH,OH 

CH,OH 

i-BlIMgCI HCHO 

i-BlIMgCI CO, 

CH,OH 

CO,H 

88 

73 

i-BuMgBr CO, CO,H >61 89 

in thal of the trans-allyl alcohol. Ta ensure lhe 
reproducihility af the high tralls-selectivity (as 
wcll as a complele canversian), the reaction period 
of the hydromagnesiatian should be sufficiently 
long, preferahly with analysis of the progress oC 
rcaction hy an appropriate analytical method such 
as TLC. Gc. or NMR spectroscopy, 

In addition to the high stercoselectivity (>95'ff) 
discusscd ahove, the regioselectivity is again cxclu­
sively dclined as shown in Table 3,8, Thc resultant 
Grignard reagents were successfully trapped with a 
varicty 01' c\cctrophiles. Therc has been no definite 
information on the exact structure af the inter­
Illediatc his-magnesiated compounds. However. a 
possible Illetallacycle structure has been invoked 
in a metallo-ene reaction to account for the highly 
stereoselcctivc construction oC consecutivc sten:­
ogenic centres (eg. 3.52) [90J. Optically active 

propargyl alcohol s afCorded chiral magnesium in­
tennediates, which, upon reaction with an elec­
trophile, affordcd optically active products without 
loss of the initial enantiopurity [84,91,92J. For 
examp\e, a preparation 01' optically active furfuryl 
alcohol (96'ff ce) was achievcd from an acetylenic 
diol (9YIc ce) via the hydrornagnesiation method 
as shown in eq. 0.53) [9IJ. 

Other silylpropargyl alcohol s such as (phenyldi­
mcthylsilyl)propargyl alcohols could he used 
egually well in this hydromagnesiation reaction, 
cven though steric hindrance 01' the silyl group is 
more enhanced than that oC the trimethylsilyl group 
as shown in eq. n.54) [84J. The recent develop­
rnent in organic synthesis with tin reagents [99J 
would call for more opportunity oC hydromag­
nesiation 01' (trialkylstannyl )acetylenes in future 
as a tool fm the preparation 01' stereo- delincd 
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Table 3.8. Hydromagnesiation of (trimethylsilyl)propargyl alcohol s with Grignard rcagents 

R 
MeJsiyyR MC~SiyyR 

Mc]Si ( 
R'MgX EI~ 

OH Cp:TiCI2 MgX OMgX El OH 
Entry R R'MgX EI+ El Yicld«k) Ref. 

1 H i-BuMgCl H,O H 100 76 
2 Me i-BuMgCI H+ H 93 
3 Pr i-BuMgCl H+ H 93 
4 i-Pr i-BuMgBr H+ H 90 65 
5 ,-Bu i-BuMgBr H+ H 85 65 
6 C,H" i-BuMgBr H+ H 96 90,94 
7 c-C6 H¡¡ i-BuMgCl H+ H 93 
8 H i-BuMgBr PhSSO,Ph Phs 5X 95 
9 H i-BuMgCl Bu,SnCI Bu)Sn 83 
10 Me i-BuMgCI Bu)SnCI Bu)Sn 73 83,85 
11 Pr i-BuMgCI BU3SnCI Bu]Sn 58 83,85 
12 i-Pr i-BuMgCI BU3SnCI BU3Sn 72 81,83,84 
13 c-C6 H¡¡ i-BuMgCI BuJSnCl Bu)Sn 67 81,83-85 
14 MeOCH, i-BuMgCI Bu)SnCl Bu)Sn 79 83 
15 H i-BuMgCl Mel Me 88 76 
16 H i-BuMgCl Bul/Cul Bu 89 76 

[E> 95'7r] 
17 H i-BuMgBr CSH17CHO CSH 17CH(OH)- 84 96 
18 H i-BuMgBr C6 H 13COMe C6H 13 CMe(OH)- 83 96 
19 H i-BuMgBr Pr,CO Pr2C(OH)- 80 96 
20 H i-BuMgBr 

(rO 
HO 88 96 

0' 
21 H i-BuMgBr 

0° 
HO 85 96 

O' 
22 H i-BuMgBr MeCN (EtC(=NH)_a) 28 97 
23 H i-BuMgBr EtCN (EtC(=NH)-") 82 98 
24 H i-BuMgBr i-PrCN (i-PrCN(=NH)_a) 85 98 
25 H i-BuMgBr PhCN (PhC(=NH)_a) 88 98 
26 Pr i-BuMgBr MeCN (MeC(=NH)-") 38 98 
27 Pr i-BuMgBr EtCN (EtC(=NH)_a) 86 98 
28 C6 H 13 CH(OH)- i-BuMgBr EtCN (EtC(=NH)-") 67 91 
29 C6 H 13CH(OH)- i-BuMgBr PhCN (PhC(=NH)-") 73 91 
30 C"H 13CH(OTBS)- i-BuMgBr PhCN (PhC(=NH)_a) 70 91 
31 Me i-BuMgBr CO, (CO,Hh) 74 92 
32 C,H¡¡ i-BuMgBr CO, (CO,Hh) 92 92 
33 C-C"H¡¡- i-BuMgBr CO, (CO,Hh) 86 92 
34 PhCH,OCHr i-BuMgBr ca, (CO,Hh) 84 92 
35 C"H 13 CH(OH)- i-BuMgBr CO, (Co,Hh) 85 91 

lIThe producls isolalcd were the corrcsponding furans. For examplc, sce eq. 3.53 in lext. 

"The products isolated werc lhe corresponding lactones. 

Hydromagnesiation of Alkcnes and Alkyncs 

Me3Si--==-~\ + i-BuMgCI + Cp"TiCI 2 
t(mio) 

(1 cquiv) 
OH 

C,H I1 e 
OH 

(2.4 cquiv) (O.OS equiv) 

Mc,Si 

C1Mg>==> W 
+ 

OMgCI 

Me,Si~OH 
Me,Si 

+ 
. "--
~OH 

t(min) Total yield (%) Composition 

\O 25 60 : 40 

20 30 50 : 50 

30 40 30 70 

60 50 20 80 

300 98 5 95 

460 ca.loo O : ca.loo 

MC3Si 

i-BuMgBr 

'MO-C5H II 

,)~MgB, 

~ 
2) ZnBr2 

'O 

M . D . 
OCI 0

M 
SiMe, 

¿? C,H 11 --~
D SiMe, 

¿? C,H 11 

OM 

(M = MgX or ZnX) 

( OH 

95:5 
74% 

i-HuMgBr 

Cp2TiCI~ 

Et20.rdlux. 

()MgBr QMgBr 

96% ce 

91 

(3.51 ) 

(3.52) 

(3.53) 
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CIMgO MgCl UVs;rhM', I-Hu~1gCI 

Cp~TiCl~ 

79'k 111" ,SnCI 13.54) 

OH SnBu] 

~SiPhM" 
vinylstannanes. In fact. a few reccnt publications 
dealing with the hydrornagnesiation of substrates 
of this kind appeared and ha ve disclosed that 
the rcaction proceeds without difficulty, rnain­
taining virtually the sarne regio- and stereoselec­
tivities as found in the silyl counterparts as shown 
in eq. (3.55) [82.83J. Table 3.9 shows additional 
exarnples related to eqs (3.54) and (3.55). 

i-BuMgCI 

Cp1TiCl2 

(3.55) 

73%ee 

In summary, rnost types of internal acetylcnes 
experience the cis addition of 'H-MgX' to 
their triple bond to give (cis-I.2-disubstitutcd 
vinyl) Grignard reagents. while silyl and slannyl 
propargyl aleohols quite exceptionally give rise to 
the trans addition of the sarne elernent across the 
acetylene bond to fumish (rran.~-I ,2-disubstituted 
vinyl) Grignard reagents. Figure 3.3 illustrates this 
summary. 

Other transition metal-rnediated hydromagnesi­
ations involve a nickel-catalyzed reaction [9.100J. 
However, except for the reaction of eq. (3.56) [9], 
further synthetic application ofthis nickel-catalyzed 
Grignard exchange reaction has not been exami ned 
in more detail. 

In conclusion, of the aforernentioned transition 
metal-catalyzed hydrornagnesiations. the most 

Table 3.9. Hydromagnesiation of silyl(othcr than trimethylsily) and stannylpropargyl alcohol s with 
a Grignard rcagent 

R R 
R I 

>=VI >=V' ~R2 i-BuMgCl El· 
R = XMg R' El R' 

OH Cp,T,CI, 
OMgX OH 

Entry R RIR'COH EI+ El Yicld('¡' ) ReL 

Mc,PhSi c-C6H"CHOH W H 88 X.l 
2 Me,PhSi MeCHOH Bu 1SnCI Bu,Sn SI 8.l.8-l 
3 Mc,PhSi c-C6 HII CHOH Bu,SnCI Bu,Sn 73-79 S1.8-l 
-l Mc,PhSi McCHOH Mel Me 61 S3 
S BlhSn c-C6 H"CHOH H+ H 63 82.83 
(, BlI;Sn McCHOH Bu,SnCI Bu,Sn 53 S.I 
7 BlI,Sn C-CnH" CHOH Bu,SnCI Bu,Sn 75 S I.S-l 

Hydrornagnesiation of Alkenes and Alkyncs 

SiMcl Ph Ph 

11 11 11 

R R SíMc, 

Slt\kl 

=' ,,' 
IlS1~X 

93 

11 

.llldlll\\11 

R OH R 

Fig.3.3. 

l~tMgBr 

Ni{aCil(I:c­

Dlb,¡! 

El' 

IT 

El 

H 

Me ,Si C"H 11 )=J . 
El 

YiclJ ('Ir I /IF (3.56) 

50 055 H20 

D20 

MeCHO 

D 

MeCH(OH)-

65 

SS 

955 

95:5 

standard methodology which has the broadest 
applications in routine organic synthesis is perhaps 
a titanium-catalyzed hydrornagnesiation of olelíns 
and acetylenes with low-molecular Grignard 
reagents. Somc synthetic applications 01' this 
method will be illustrated in the next seclion. 

3.5 APPLICATION OF 
HYDROMAGNESIATION IN 
SELECTIVE SYNTHESIS OF 
NATURAL PRODUCTS 

Thc most useful feature of hydromagncsiation " 
highlighted in the stcrcoselectivc conslruction 01 

di- or tri-suhstituted olelíns starting with acclylcnic 
substrates and an appropriatc electrophile. Thc 
generation of a (cis-1.2-disubstituted vinyl) 
Grignard reagent and its diastercoselccti\'c addition 
to an aldehydc wcre ingeniously accollullodated to 
a concisc synthesis 01' boronolidc, a mcdicinall)' 

aclive principie 01' a certain plant (Scheme 3.8) 
166]. Hydromagncsiation 01' I -(trimethylsilyl)-I­
hexync was carried out as usual to give the stereo­
dcfined Grignard reagent. which was subsequently 
converted to a copper reagent with CuBr·Me2S. 
Addilion of this vinyl-copper reagent to acrolein 
dimcr resulted in lhc stercoselectivc formation of 
s\'II-adduct in al): I ralio. Selective removal of 
the silyl group yicldcd the lrall.\-allyl alcohol. The 
Imlls contiguration 01' the double bond was crucial 
al the tinal slagc to prepare the array of desired 
polyol centcrs "i" ci.\-hydroxylation with OS04, 
which cOl1lplelcd a synthesis of boronolide. 

lIydromagncsi,\Iion rollowed by carbon-chain 
exlcnsiull abo scnes as a stereoselective prepara­
tion 01' the Irisubslitulcd double bonds frequently 
round in lerpencs. The reaction often works in a 
complementar)' manller to the existing methods, 
which is illustrated in Ihe preparation of (E,Z)­

and (E,E)-farncsols (Schemc 3.9) 171.1011. When 
the propargyl alcohol was trcated with i-BuMgCI 
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Me,Si ---=='-Bu 
i-BuMgBr 

Cp2T1Cl2 

BrMg~ 
I Bu 

SiMeJ 

CUBr.MC~ 
OH 

([

CHO "CU"~. Bu 

+ I Mi,;; 
~ O SiMe, 

OAe OAe 

~BU (YYBU yo OAc 

o 
boronolide 

SCHEME 3.8. Synthesis of boronolide. 

11 

i-BuMgCl 

Cp1TiCIz ~ ~~ MgCl 
OMgCl OH 

(E,Z)-famesol 

~";,'" M ,=-tc 
~ ( OH 

OH 

SCHEME 3.9. Synthesis of famesoL 

and Cp2TiCI2 in a standard manner, (he (cis-I,2-
disubstituted vinyl) Grignard reagent was formed 
with high regio- and stereoselectivities. lts methyl­
ation directly afforded (E,Z)-famesol. In contrast, 
the same propargyl alcohol was subjected to 
hydroalumination with LiAIH4 followed by iodi­
nolysis, giving the Z-iodo allyl alcohol, which 

(E.E)-farnesol 

was subsequently methylated with dimethylcoppcr 
lithium to forrn isomeric (E,E)-farnesol. 

In order to introduce substituents to a macro­
cyclic framcwork in a stereoselective fashion, 
a [2,31 Wittig rcarrangement of the corresponding 
macrocyclic allyl propargyl ether is an attractive 
strategy. Butyllilhium in hexane-THF promoted 
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° 

1I i-BUMgB~ 
Cp,TiCI, CO" 

2) -
CH,N, 

~AI,I' 
CO,Me 

Diball 

OH 

deso~yasperdiol 

SCHEME 3.10. Synthcsis of desoxyasperdioL 

the stereoselective ring contraction of the 17-
membered ether in Scheme 3,10 [89] to afford the 
14-mcmbered cyclic propargyl alcohol that has 
the correct relative stereochemistry with respect 
to isopropenyl and hydroxy groups as well as the 
configurations of the two tri-substituted olefinic 
bond s found in desoxyasperdiol. a member of the 
cembrane diterpenes. Thus, the remaining task is 
a transformation of the propargyl alcohol moiety 
in the rearranged product into the E-bis-allyl 
alcohol moicty in the ditcrpene. Hydromagnesia­
tion of the acetylcnic par! followed by trapping 
with a one-carbon elcctrophile should be ideal 

OH 

(3ZHsomer of de:-,oxyasperdiol 

for this purposc and, in fact, worked successfully 
to complete the final step in the total synthesis 
of desoxyasperdiol. Hcrein. the hydroalumination/ 
iodinolysis scqucnce as shown in Scheme 3.9 
again provided a complementary path to prepare 
the 3Z-0lefinic isomer of desoxyasperdiol. 

In the synthesis of zoapatanol, hydromagnc­
siation was taken as a viable path to obtain 
the key intermediate (Scheme 3.11) [881. Thus. 
the propargyl alcohol was hydrornagnesiated in 
a standard way and lhe resulting alkenylrnage­
sium intennediate was qucnched with COe to 
gi\'c lhe slcrco-detincd carhoxylic acid in 65'!í-



dlU~lgCll 
Cr~ 1 iCI~ 

co,/ 
,/ 659r 

CO,H 

MgCl 

OH 

1) Esterification ~ 
2) D;hal 89% 

SCHEME 3.1 I. Synthcsis of zoapatanol. 

OH 

OMgCl 

yield. Methyl eslerification. efficiently performed 
with Mcl and tetramethylguanidine, and then 
Dihal reduction. afforded lhe desired diol in 44% 
overall yield from lhe starting propargyl alcohol. 
In place of the carhoxylation. direct coupling 
with formaldehyde gave lhe diol in a slightly 
hctter yield. A lhird method taking advantage of 
carbomagnesiation to I A-hutynediol. requires ando 
in fac!. proceeds in a (rans mode of addition. to 
prnvide the desired diol in one step and in 559!­
yield. 

O 
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~~M"'" fO""" 

BrMgO 

011 

OH 

III 

o 

/()apaU.l1lo1 

1 h,O. ¡dlu, 

OMgBr 

MgRr 

OMg[l¡ 

OH 

In addilion to Ihe ahove manipulation of 
acetylenes. oletins are useful precursors rOl' lhe 
generation of terminal Grignard reagcnls as 
shown in eg. (3.57). The hydromagncsiation of a 
terminal olefin fol\owed by carhoxylation enahlcd 
an asymmelric synthesis of serricornin. a scx 
pheromone of lhe cigarette heetle (Lasiodem/{/ 
serricone F). from a readily available. optically 
active oletinic starting material [36J. 

Other adaplations 01' ¡he hydromagnesiation rcac­
lion in the preparation 01" key colllpounds dircctcd 
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towards synthcsis 01' natural products can he found 
in the litcrature [29.33.34.37.'i3.S9.72,73.77,R6[. 

••.... ~ 
. serricornin 

(3.57) 

3.6 ON THE MECHANISM OF 
CP2 TiC1z-CATALYZED 
HYDROMAGNESIATION OF 
ALKYNES WITH GRIGNARD 
REAGENTS 

97 

Thc accepted mcchanism 01' the aforcmcntioned 
hydromagnesiation of acetylenes in the prcsence 01" 
CP2 TiCI2 can be drawn as in Schemc 3.12, which 
reselllh\es that for hydromagnesiation 01' olctins in 
the prcscnce of TiCI4 (see Scheme 3.5 where the 
catalytically active species is CI, TiH [5]) . 

Somc discrcte observations relevant to the mech­
anistic hypothesis have been reported. lt has heen 
shown lhat an eguilibrium is attained between a 
starting acetylene and the alkenyl Grignard reagenl 
produced hy lhe hydromagnesiation, provided that 
lhe acclylene is a silylaled one (eg. 3.58) [I02J. 
Thus. the addition of a different acetylenc to the 
silylalkcnyl Grignard reagent. preformcd from the 

Cp,TíCl, 

¡-prMgCl-i r- ¡-Pro + MgCl, 

Cp,TíCI 

1 ,-hMgC-1 

.. )- .. ~ '-----===--R 

SCHEME 3.12. ProposL'd m('ch~ln¡"'Jl1 01' h)drol1la~nt..,..,jati()1l 01' al"~ !ll''- with Grignard rcagcnts catalY/L'd hy ('p:..Ti('l> 
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i-BuMgBr 

C~TICl2 

Et~O 

Period (h) 

SiMCj 

+ I~ 
Composition 
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SiMej Me3Si 

1I
1 

. + 
1) ~gBr. 

(3.58) 

CsH l1 

o 
7.5 

94.5 

ca. 100 
82 
48 

100 ca.O O 
87 

75 

corresponding silylacetylene and i-BuMgBr under 
Cp2TiCI2 catalysis, formed a new alkenyl Grignard 
reagent and the initial acetylene in the course of a 
prolonged reaction periodo 

A separate study showed thal the particular elec­
trophile that was used affected the regioselectivity 
found in the product, possibly due to equilibra­
tion between the two regioisomers of the alkenyl 
Grignard reagent via their parent acetylene during 
the reaction (eq. 3.59) [102]. However, the rela­
tively low regioselectivity of deuteration (77:23) 
in this reaction is somewhat puzzling. 

A recent study by Gao and Sato showed 
evidenees for the half-cycles [AJ and [B] in 
Scheme 3.12 to reinforee the probability of the 
proposed reaetion meehanism in Se heme [11[. 
Generation of CP2 Ti-H by the reaction of CP2 TiCI2 
and 2 equiv of i-PrMgCl has been established r 12J. 
Hydrotitanation of 6-dodeeyne by this titanium 
hydride generated ill siru from CP2 TiCI2 and 
i-PrMgCl affords the alkenyltitanium speeies. 
the presence of which was eonfirmed by 
deuterolysis to give Z-6-deuterio-6-dodeeene in a 
quantitativc yicld (eq. 3.60). Thal lhe metal in the 
alkenyltitanium species was titaniulll (Illagnesiulll 

18 
52 

13 
25 

was an altematíve though unlikely possibility) was 
ehecked through a reaction with benzaldehyde, 
which afforded hydrobenzoin in 42% yield as a 
sole detectable product (eq. 3.60). Hydrobenzoin is 
a unique product in the reactíon of alkenyltitanium 
compounds with benzaldehyde [103], which is in 
stark contrast to the reactíon of alkenylmagnesium 
reagents that affords the normal adduct, (E)-
1 -phenyl-2-pentyl-2-octen- 1-01 (compare reactions 
in eq. (3.61». Thus, the path proposed in 
Scheme 3.12 (the half-cycle [A]) to generate the 
alkenyltitanium species has been confirmed. . 

The next stage is the examination of the 
half-cycle [B] involving a titaniumlmagnesium 
exchange step (Se heme 3.12). Treatment of the 
alkenyltitanium species, generated as aboye, wilh 
I equiv of i-PrMgCI folJowed by the addition of 
benzaldehyde afforded the normal allyl alcohol in 
78% yield, showing the formation this time of the 
alkenylmagnesiwll species rather than the titaniulII 
compound (path a in Se heme 3.13). This means 
that the titaniumlmagnesium exehange reaclion, 
in faet, has occurred. Interception of another 
product, Cp2TiPr-i, which spontaneously collapses 
to Cp2Ti-H as described aboye wilh 4-octyne. 
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SiMe3 

11-
I-BuMgBr 

Cp;r,CI, 

0Y"" CHO 

. )----! .. ", 
O'" V 

+ 

El TOlal yicld (%) 

D 100 

Me3Si 80 

HO 

O' 33-44 

0y'",.. CH(OH)-
)----! .. " , 65 

O""V 
Br 82 

Composition 

77 23 

72 28 

R1-RR 12-19 

94: 6 

98 : 2 

Ph~ 

99 

(3.59) 

HIIC, CsH l1 

>=< 
H D 
quant. 

OH 

Ph, ~ l' 'Ph 

OH 

42% 
(3.60) 
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funher confirms this process. Thus, when cquiv 

of 4-octyne was added to the reaction mixture, Ihe 

hydrotitanation 01' this acetylene proceeded wilh 

ep, Ti-H generated ill sil/l, and, eventually, four 

alkenylmctal specics were formed by successive 

rapid cl]uilibratiol1s (patb b 01' Scheme 3.13). 
1'he alkcnylmagncsium spccies were verified via 

rcaction with bcnlaldehyde lo give Ihe normal 

addition producIs in a ratio of 45:55 in 72% 
combincd yield. By aflording almost quantitative 

recovery of deuteraled olefins, deuterolysis showed 

the presencc of only alkenylmetal species which 

thcrcfore include titanium as well as magnesium 

cOl1lpounds. 1'hese observations are in agreement 

with the half-cyclc [B] in Scheme 3.12, and hence 

the complete cycle proposcd in Schcmc 3.12 has 
heen confirmed. 

HIll'., C"H 11 

H I-PrMgCI 

H TiCp, 

II equiv) 

el'. 

OH 

Ph~Ph 
OH 

l'hCH() 

T;,· [ICI:~ ') 

H"C', eH" H11 C, C,H 11 

H (+ 
H MgCI Hr=s-Ph 

('p, Ti-H) 1'10('110 
~ 

~~------~y-------) 
HO 

(0.78 equiv) 

palh b (1 equiv) ¡pr = I'r 

H11
C,>==<C5H 11 Pr Pr Hile, C',H" 

+ >=< H + 

(3.61 ) 

Pr Pr 

>=< H MgCI H TiC'p, H TiC'p, H MgC'l 

\ ) 
y 

D'y) (reactin!2 with 
allmetallic ..... pCCIC ..... ) 

I'hCHO 
(allunhn!:" '!II~ I akllhnl \>,1th magne .. iulll 

H"e C,Il" 

Hr=s-Ph + 

(0.93 equiv) (0.46 equl\) 110 HO 

(().72 l'quiv) 

SCHEi\IE 3,13. C011li1'111alion of lhe half-cyclc lB]. 

Hydromagnesiation of Alkenes and Alkynes 

1'0 clarify how lhe high regiosclcctivity 
is attained in the hydromagnesiatioll of sily­
lacelylenes, lhe regiosclcctivity of Ihe primary 
hydrotital/{/tiol/ was examined by deuterol­
ysis [111. The regiosclectivities challge with 
temperature as shown in el]. (3.62). Therc was 
aClually no change of composition obscrved al 
room lemperaturc and at lhe reflux tcmperature of 
clher. Thus under equilibrium conditions. Ihe ratio 
must ha ve a value around 83: 17 -85: 15. 

Mc,Si C"H)1 
I-BuML'Hr \.--J-

Me,Si = CoHI) (' ,Ti;'I, ¡---\ 
r. '. Cp,Ti H 

+ 
Me,Si CóH 1, 'H ' 

H TiCp, 

Temp. (oC) Pc1'iod (h) Com!1nsition 
(3.62) 

O 60 40 

rt X3 17 

EI20, retlux 2 85 15 

However, UpOIl addilion of i-BuMgBr lO 
this 83: 17 mixlure of regioisomeric alkenylti­
lanium species followed by quenching with 
hexanal, the regiosclectivity observed in lhe 
allyl alcohol was dramatically increased to 

CP2TiCI2 

I 
II-BuM).!Br 

t 

11 

Cr,TiBu·¡ 

a 

101 

95:5 (el]. 3.(3). This discrepancy is mosl likcly 
explained by Scheme 3.14: lransmetallalion (jf (1-

silylalkenyltitanium species is much faster thall 
that of fl-silylalkenyltitanium spccies, leading to 
formalion principally of onc alkenylmagncsium 
rcagent. whose rcaclion with hcxallal is respollsihk 
fOl" the high rcgiosclectivity. 

83 17 

rt.)()~in 
i-Ru\1gBr 

(1 cljui\) 

0.63 ) 

(> 95 : 5) 

>95: 5 regioseleclive 

SCHEME J,14. On lhe rcgio,elccti\'il\ nI' lhe hydrnlllagnesiali(lll (11' I-Ilrimelhylsilyll-I-alkvlle. 
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H 
H MgX 

1\ 
H+ 

1\ 
H MgX H H 

>=0 +0\ ~ +C\ 
H MgX H H 

+~ W +< H MgX H H 

SCHEME 3.15. Hydromagncsiatiol1 of various unsaturatcd bonds. 

As can be seen in the aboye experimental data. 

the nature 01' the hydromagnesíatíon is not neces­
sarily simple and straightforward. because there 
are many equílibriums bctween the intermediate 
speeies. However, keeping such aspects in mind 
may be helpful in understanding the nature of 
the hydromagnesiation reaction, especially with 

respect to the issue of selectivities. 

3.7 CONCLUDING REMARKS 

The hydromagnesiation technique to prepare Gri­
gnard reagents from olefins and acetylenes not only 
complements the conventional mcthods, but al so 
opens up new aspects of chemo-, regio-, and stere­
oselective formation of Grignard reagents, which 
is strongly required in modern organic synthesis 
where selectivity, which is not necessarily attain­
able by routine methods, is particularly empha­
sized. 

Hydromagnesiation is not limited to carbon­
carbon multiple bonds as discussed aboye, bUI also 
occurs with carbon-heleroatom unsaturated bonds 
as shown in Scheme 3.15. The hydromagnesiation 
of a carbon-oxygen double bond 'can be 
seen in reduction of ketones 10 secondary 
alcohol s 1104]. esters to primary alcohol s [105]. 
and carboxylic acids to aldehydes (106] with i­
BuMgBr in the presence of a catalytic amount 

of Cp2TiCI2. Thc efficient, direct cllnversion (JI' 
carboxylic acids to the corresponding aldchydcs 

is noteworthy. Cp2TiCl2-catalyzcd redllctíon of 
imines lo amines with BlIMgCI represents the 

hydromagnesiation of carhon-nítrogen douhlc 

bonds [107]. 
As far as Ihe role of the transition melal 

catalysts in Ihe hydromagnesiatíon is concerned, 

olher hydrometallation reaclÍons such as hydroa­
lumination [108] and the recently reported hydro­

zincalÍon [109] are catalyzed by the same dass 
of titanium complexes, so all of these reactions 

can be grouped together. In fact, these reac­
tions show quite similar applícabilitics to particular 

lInsaturated compounds and simílar regíoselcctivi-, 
ties wilh unsymmetrical substrates (eqs. 3.64 and 

3.65). 

R~ 

R 

~or 

~AIXn 
R 

(3.64) 

or 

Me1Si)rznx 

R 
(3.65) 
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4.1 INTRODUCTION 

Alkyl- and arylmagnesiulll halidcs represent a 
useful and important class 01' reagents to synthetic 
organic chemists. Perhaps the most significant 
re,lson for such prominence is duc to the ability 
01' Grignard reagents to react readily, and often 
stereoselectively, with a wide range of carbanyl 
functional groups. In contr'lSt. addition uf alkyl 
metals to alkenes is not expected to accur readily 
undcr Illost circulllstanccs. Nonetheless, addition 
01' Grignard reagcnts 10 alkcnes is a process that 
bears significant promisc in chemical synthesis. 
This is occause such a proccss w(luld afford a e-e 
bond, and the de\'clopmcnt ,,1' catalytic e-e bond 
fOfllling reaetions that procced under mild condi­
tions in a regio-o diastereo- and enantioselcctivc 
fashion (>95 Ck) rClllains a critical and challenging 
task in chcmical synthcsis 111. 

A nUIllhcr 01' rescarchers in the sixties and 
seventies reported that in the presence 01' 
appmpriate Lewis basic functional groups. a 

select number 01' Grignard reagcnts do add to 
alkene unit,; the scope and efficicncy of these 
reactions rClllained sOlllcwhat limited, howcver. 
More recently. several investigations have focused 
on the developlllcnt of relatcd mctal-catalyzed 
processcs, where Grignard reagents rcact with 
various olcfinic systeIlls. In addition. during the 
past six ycars, there have been more reports that 
indicate that uncatalyzed alkylations can occur on 
a wider rangc of slIbstratcs, under mild conditions 
and with appreciahlc stereochemical control. 

This article prescnts a rel'iew 01' efforts that 
have been dirccted on the selccti\'C addition of 
Grignard rcagcnts to alkcne-containing substratcs, 
Reactions that ill\ ohe conjugate additioll rC'lC­
tions (processes inl'oll'ing unsaturated carbonyls) 
are not incllldcd 121. As will be described bclo\\'. 
these transformatiolls provide cfficicnt and sclcc­
tive mutes to the synthcsis 01' a wide \'ariet)' 01' 
chiral non-racelllic or¡!anic Illoleculcs that can be 
used in the fahrication 01' a numhcr 01' hi[!hly fllllC­
tionali¡,ed 1ll0IcCll!cS. 
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4.2 HETEROATOM-DIRECTED 
ADDITION 01" GRIGNARD 
REAGENTS TO ALKENES 

In 1')(,). Fisch ami lIu,k rcporteo that. in their 
attcmpt to prcparc allyldiphcnyl carhinol hy the 
reaction 01' ben/ophenone with allylmagnesium 
hrornioe. the)' also i,,,lateo IO-20'k 01' 3. 
which is the product uf the addition 01' the 
Grignaro reagent to the desired product 2 131. 
Thcse researchers proposed the intermediacy 
01' I (Schcmc 4.1 L implying the intramolecular 
delivery 01' the alkylmetal by the resident 
hydroxyl unit 141. Suh,equent studies involvcd 
the stcreoselective aooition of allylmagnesium 
halides to cyclic unsaturatcd alcohol s (4 -+ 5): the 
ohseryed stereochemical outcome clearly implies 
the involvelllent 01' the alcohol function as a 
directing unit 151. 

Felkin and co-workers reported in 1966 that 
certain allylic alcohols react with allylmagnesiulll 
bromide 10 aflord the corresponding addition 
products in high yicld. The example shown in 
Scheme 4.2 (6 -+ 7) i, illustratiye [6]. Felkin's 
subsequent mechanistic work included kinetic 
studies, suggesting that the presence of MgBr2, in 

o 

Ph~Ph ~Mglk 
~ 
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addilion to the alkylmagnesium halide. is required 
for cflicicnt alkylation In The mechanistic 
proposal put forth hy these workers is dcpicted 
in Schcmc 4.2. Reactions with other allylic 
Illagnesiulll halides. such as ben/yl Grignard 
rcagcnts. were reported to he signilicalltly more 
sluggfsh: incorporation 01" allylic suhstitucllts 
within the suhstrate structure was indieated to 
result in notable diminution in reactioll efliciency. 

In addition to thc work 01' Eisch and Felkin. 
another set 01' key studies was reported by Richcy 
ano co-workers. who demonstrated that phenolic 
hydroxylunits and internal amine groups can dircet 
the addition 01' Grignarcl reagents to alkenes IXI. 
As dcpictccl in Schcmc 4.3 (8 -> 9 L rcactions 
with allylic amines. similar 10 those mcntioncd 
ahoye, are regioselectiye hut relativcly incflicient 
and limitcd to allylrnagncsium halidcs as ;dkylatin¡.! 
agents 191. As is also depieted in Sehemc 4.3. 
with phcnolic suhstratcs (10 ..... II and 12). reac­
tion rcgioselectivity is diminished. Thcsc resulh 
indicate that the rclatiycly remote and non-Lewis 
hasie hetcroatom is still capahle 01' promotillg 
e -e bond formation, as remoyal or protection 01' 
the carbinol unit resulted in significantl)' slower 
transformations. 

Il()~ 

I'hXPh 

O_Mrj 
PhI",:!, ,. 
Ph'·\....J ---

(JII 

SCUEME ·U 
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.. 
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-~~~-------. 
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4.3 Zr-CATALYZED 
DJASTEREOSELECTIVE 
CARBOMAGNESATION 01" 
ALLYLIC AND HOMOALLYLIC 
ALCOHOLS AND ETHERS 

4.3.1 Zr-Catalyzed Diastereoselective 
Ethylmagnesation of Allylic 
Alcohols and Ethers 

In 1')') l. inspired hy pionccring studics uf 

D/hcmiln 1101. we investigated tlJe possihilit\ 

II 

1'1\ , 

.J·F,; n"c/d 

58' ; 12 

uf uS"lg a Lirconocene eatal )'st to c1Tl'ct 
thl' diastercuselectivc ethylmagncsation nI' chiral 

allylic alcoho" and ethers 1111. Thus. as illustrated 
In Tahle 4.1. 111 the prcsencc 01' 5 mol r¡, 

Cp,hel, IEt,O. 22 el allylic alcohol s rcadily 

undergo reaction to allord the corresponoing diols 
diastcreosclcetively. Although excellcnt selcctivity 
is attaincd \Vith the majority 01' allylic alcohol 
suhstratcs (sllch as in rcactions 01' 13 and 151. 
thc data dericted in Tahle 4.1 i lIustratc that 
\Vith hulkicr suhstituents. selectivity and rcal·tio" 
efticil'llc)' sulll'r, (17 -4 18 in Tahle 4.11. 
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Table 4.1. Zr-Catalyzcd Diastcrcosclcctivc Ethylmagncsation of Allylic Alcohols." 

Emry Suhstratc Produl't 

O!l O!l OH 

Sclectivity 
Syn:anti 

95:5 

Yicld(%) 

70 

lI-nnn~l~ I/-[l""\l/~j 
B El 

I~ 

QL QylH 95:5 72 

15 El 
Ir. 

3 OH OH OH 75:25 47 

~ m: 
17 tX 

"ReaclÍon conJition: 4 cquiv. EtMgCL S Illol(; Cr~ZrCI2, 12 h; 02 at O°c. AII yields are 
for material ... obtaincd ¡lrter ... jliea gel chromato~raphy. 

AlIylic ethers al so undergo catalytic elhylmag­
nesation with excellent selectivity and in good 
yicld (Table 4.2). However, there are several not­
able differences between the reactions of allylic 
ethers and aleohols: (l) Zr-catalyzed reactions of 
allylic ethers afford the anti diastereomers predom­
inantly (vs. the syn isomers observed for aleo­
hols). (2) As the size of the a-alkyl substituent 
increases, reaction selectivity is also increased, 
which is al so in contrast to the reactions of 
allylic alcohols. Needless to say, the complemen­
tary levels of selectivity observed in reactions 
of allylic alcohols and ethers represents a useful 
attribute for applications in organic synthcsis. 
Finally, it is also worth noting that with sterically 
bulky oxygen substitucnts. reaction efficiency can 
suffer signiticantly: all)'lic sil)'1 cthers (TBS (ler/­

butyldimcthylsilyl)) afTord <5ck products under 
identical conditions. 

Another notable dilTcrenee between the Zr­
catalyzed ethylmagnesations of allylic ethers and 
aleohols is the inllucnec 01' solvent Lewis basicity 
on reaction seleetivity. Thus, as illw;trated in 
Table 4.3, whereas rcactions with allylic ethers 
are entirel)' inscnsitive to variations in solvent 
structure, those 01' allylil' alcohols are strongly 

inlluenced. These observations led us to conclude 
that in the case of allylic aleohols (allylic alkox­
ides after rapid deprotonation by the Grignard 
reagenl) lhere is chelalion between lhe Lewis basic 
heteroalom and a melal center (Zr or Mg); this 
association, which gives rise 10 transition state 
organizalion and high diastereocontrol, is altered 
in lhe presence of Lewis basic THF, thus causing 
a diminution in selectivity. There is less che la­
tion interruption with lhe 2,5-dimethylfuran (2.5-
DMF) as solvent, because of the less accessible 
heteroatom. When the least basic solvent, EtcO, is 
used. reaction selectivity is at its maximum. Such 
associations may be absent wilh the less Lcwis 
basic ethcrs, thus accounling both for lhe oppo­
site sense of slereocontrol and the insensitivity to 
sol,cnl polarity. 

Extensivc mechanistic studies led us to propose 
-the Illeehanistic paradigm shown in Se heme 4.4 
1121. SOllle of lhe notable features 01' the 
proposed pathway include the involvemenl of two 
/irconocene unils (i --* ii --* iii), internal chela­
tion between the resident melal alkoxide and the 
bound zirconocene (ü), and heteroatom-directccl 
clcavage 01' the intermediate zirconaeyclopentanc 
ril' ---+ vi via v). These mechanistic hypothcscs can 
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Table 4.2. Zr-Catalyzcd Diastcrcosc!cctivc Ethylmagncsation 01' Allylic Ethcrs." 

Entry Substratc 

OMe 

fl-nOnYI~ 
t9 

~ 
21 

OMe 

~ 
23 

MEMO 

~ 
25 

Product 

OMc OH 

1I-1l0IlYI~ 
El 

211 

OJ:JH 
El 

22 

OMc 011 en 
24 

~lE~10 OH n 
26 

Sclcctivity 
Syn:anti 

X9: 11 

X.1:17 

Vid"(';' ) 

XO 

<JO 

'JO 

.jO 

URcaction condition: 3 equiv. EtMgCI, 5 mol q.) Cp,!ZrCb, 12 h; O~ at ()"e. Al! yiclds are ror 
material s obtained after silica gel chromatography. MEM (2-mcthoxycthoxYlllclhyl). 

Table 4.3. Influence of Solvent on Diastcrcosc\cclivity 01' Zr-Catalyzcd Etltylmagncsation 01' Allylic 
Alcohols and Ethers.a 

Sclcctivity 
Entry Substrate Product Solvcnt Syn:anti Yicld(c,,¡ ) 

OH OH OH Et,O 95:5 70 

n-nOnYI~ "'"0IYI~ 2.5-DMTHF X5: 15 50 
THF 67:33 X5 

13 El 
t4 

OMe 0~1e OH I:t,O 11 :X'! XO 

1I-Il(lllYI~ fI-nOnYI~ THF 1I :XY 70 

19 El 
20 

"Sl'~ Tah1c~ -+.1 ana 4.2 for reaction condition ... 

111 

also aceount for varialions in bolh the levels and 
trcnds 01' sclcctivity observed in reactions of allylic 
alcohols and elhers. 

The catalytie and diastereoselectivc ethylmag­
ncsation reaction "'as later used in our laborato­
ries lo asscmblc lhe fragment of lhe antifungal 

agent Sch 3H516 (Sehcme 4.5) 1121. Thus. chiral 
non-racemic Grignard rcagcnt 28. obtaincd from 
ethylmagncsation 01' 27, "'as treatcd with 5 mol 'Ir 

CuBr.Mc,S and six e4uivalcnls 01' tosylaziridine to 
allord 29 in .:jO';' isolated yicld and <)5:5 ratio 01' 
diastcreomers. 
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.. 

II-I.rcl': 
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~1l' 
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11- ZrCPc' ElMgCI 

El 
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CIMeO zrCp, 
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CIMg 
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4.3.2 Zr-Catalyzed Diastereoselective 
Ethylmagnesation of Homoallylic 
Alcohols and Ethers 

The Zr-catalyzcd carhomagnesations 01' cyclic 
and acyclic homoallylic suhstrates were in ves­
ligated as well. As shown in Tahle 4.4, anlÍ­
hOllloallylic alcohol 30 is an excellent substratc 
for elhyllllagnesalion. In THF or EI20. good 
yields and high Ievds 01' diaslereosclcclÍon are 

GJ 
CI~I"()' . ~1~CI 

IH"1\I~~i. 8. 
11' 0í"CP

' 

El 

CIMeO 

,,·¡¡onyl ~~'\ 8 
H~írCP2 

ir El 

111 

tlhlaíned. The le" Le\\'is basic 34 Ictllllpared lo 
31l) allon" 35 in 6()'1< yield ami 'i2:R diastcrco­
selcclion: in lhe prcsence 01' a cOlllpeling ligaling 
s,,"enl (THF). lillle rcaction occurs. In conlrasl 
lO clhyllllagnesation 01' 32, where the anti-isolllcr 
IS produced wilh 85: 15 scleclivity (55(1< l. carho­
Illagnesation 01' dcrivcd cthcr, 36, is non-sclcctivlJI 
anu allords 37 in Yi'l< yield. Wilh 36 as suhstrate. 
:'. ]()'.; ,,1' lhe producl is ohlained when lhe Lewis 

hasil' THI' is used. 
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Ol! , 
II,~ Ol! 

\k 

\k 
" 2" 
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Tahle .:1.4. Z,·Calaly/cu Dia.stcrctlsckclilC LlhyI1lla~JlCs"lioll ,,1' HOllloallylic Alcohol, ami LlhL·"'." 

Enlry 

2 

S"hslralC 

fvk 

fI-nonyl~ 

Ol! 

3U 

Me 

"'¡¡OllYlyV 

Ol! 

32 

OML\1 

.q 

\.k 

"'''''1\ 1.,1,,;:, 
OMI.~l 

.\6 

Major prodUCI 

Me OH 

l/-Ilon)l~ 

Ol! El 

.\1 

"'"""l l,PH 
Ol! E, 

.\.\ 

Me OH 

1I-I](Hl)IJ~ 

,\ll.~IO El 

.\5 

\Ie- Ol! 

11 I\!lll~ I ',- /t~1 
1 ' 

\11.\10 El 

.\7 

Soll,'Clll 

((Ir cat) 

EI,O (5) 
THF (5) 

Et,O (5) 

THf (51 

EI,O 1.51 
THF (51 

Et,O 151 
THF (51 

R.atio' 
lyicld)" 

><)5:5 (751 
>1)5:5 (75) 

XS:IS (551 
X5:15 (551 

YC:X «()tll 
·(,101 

."():)o (,~)) 
·(,ltI, 

"( '(IIHlillll!1': TlllL'l' l'qul\ EtM~Cl.:'\ m(ll I I Cp.:> ~5 . I ~ h: B(OML').L H:,:O.> ¡'I .... ob1l'd ) ¡cid, llr purihed produd ... 
aftl'! ..,lIil'.l ~1'1 chrll11lalograph)_ \ola..,.., h;!lalll'l' q(Jlí in all Ct ... c .... 'Dia"ll.'Tl'()!Tll.'Til' rallP, dL'll'rIl11lll'd h) (iIJ" 
;\II,lh",,, (JI tlllO (kri\l'd !detolle. 
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In contrast to allylic cthcrs, Iwmoallylic cthcrs 
undergo ethylmagnesation with the same sense 01" 
stereoselcction as the parent metal alkoxide, indi­
cating that hetcroatom~mctal chclation is perhaps 
more facile fmm the hOllloallylie position than 
fmm the allylic site (see helow for further discus­
sion). Since the carhon~carhon hond is forllled 
anti to the methyl group. irrespective 01' the fi­
oxygen stereochelllistry. it can he concluded that 
the a stereogenic center is primarily responsible for 
stereochemical differentiation. Consistent with this 
hypothesis, ethylmagnesation 01' 39 oecurs without 
diastereoselection (80'if yicld). 

II-nonYI1~ 

OH 

39 

The enhancement in reactivity and selectivity 
induced by an internal Lewis base is such that 
n-PrMgCI and n-BuMgCI, normally significantly 
les s reactive than EtMgCI, can be used in 
the metal-catalyzed process with the more 
reactive bicyclic homoallylic alcohols and ethers 
shown in Table 4.5. Whereas reactions of exo-
5-norbornen-2-01 with n-PrMgCI and n-BuMgCI 
yield :::: 15% of the two exo alkyl isomers 
non-selectively, endo-5-norbornen-2-ol (4 equiv 
of n-alkyIMgCI, 10 mol ck CP2ZrCl2, 25T) 
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affords 413 or 43a in >99% regioselectivity and 
>85% yield (Tablc 4.5). With n-BuMgCI two 
secondary carllon stereogenic centers are formed 
with excellcnt stereocontrol (43, > 95 o/e ). When 
the hydroxyl group is protected as its MEM 
elher, (2~methoxyethoxymethyl), or wilh THF as 
solvenl [13 ¡, chelation is altered and inferior yields 
and selectivities are obtained. Similar results are 
obtained with EtMgCI as the alkylating agent. 
The data in Table 4.5 are similar to those for 
reactions 01' acyclic homoallylic alcohols and 
ethers (cf. Table 4.4). These findings further 
support the contention that internal chelation 
is central to reaction cfticiency and selcctivity 
in transition metal-catalyzed carbomagnesation. 
Mechanistic paradigms discussed above have been 
used to account for lhe data in Table 4.5 as well. 

4.4 ZIRCONOCENE-CATALYZED 
ENANTIOSELECTIVE 
ALKYLATION REACTIONS 

4.4.1 Catalytic Enantioselective 
Alkylation of Alkenes with 
Alkylmagnesium Halides 

As illustrated in Table 4.6, in the presence 
of 2.5~ 10 mol % non-raeemic (EBTHI)ZrCI2 
(45) (or (EBTHI)Zr-binol (46)) and EtMgCI 
as the alkylating agent, five-, six-, and seven­
membered unsaturated heterocycles undergo facile 

Table 4.5. Diaslereoseleclive Zr-CatalYlcd Carbomagnesalion 01' Bicyclic Homoallylic Alcohols and Elhers 

rb k Me rAlle 
(/ - M~ 

/; __ 6 Me 

H 
RO RO RO H 

40 41 42 

SunSlrate R Sol\CnI Yicld('1r { 41:42' 

40a H 

40h MEM 

EI:O 8S 
THf R3 

>99:1 
97:3 

EI,O 
THF 

40 96:4 
40 75:25 

rb~C~ (J Me ~L' 

¡, -- H Me 

RO. RO RO H 

40 

Sunstratc R 

40a H 

1_ 40h MEM 

43 44 

Solvent Yicld('ií)" 

EI,O 86 
THF RO 

Et:O 
THF 

30 
27 

43:44' 

>99:1 
98:2 

96:4 
67:33 

/1-\ cquiv. n-alkylMgCI. lO mol r¡; Cr~Zr(,I~. -lO h: lO r.l; Hel ¡¡(y-e "b(:lated yidd ... nI" puritieu produCh. Ma~:-. halanc(' > 1)5 
(/; in all GI"C:-'. (Ratio:-. tklL'rminL'd h) (¡Le ,1I1~II)'~i~ (of ac("tal("~ In case 01 41a). 
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Table 4,6, (EBTHI)Zr-Catalyzed Enanliosclcc­
tivc Elhylmagncsalion of Unsalurated Helero­
cydes." 

Entry Sunstrale 

O o 

2 O 
N 
t 
/t-nonyl 

O o 

Producl 

CH , 
H 1 

:J" 
eH 

H 1 3 

:J" 
I 

n-nonyl 

H 111.1 

Cj' HO 

ce Yield 
('X) ('Ir) 

>97 65 

>95 75 

95 n 

75 
H 1 3 8 CH 

o W 
OH 

lIReaction condition: 10 mol % (R)-45. 5.0 cquiv. 
EIMgCI, THF. 22°C for 6·12 hours. Enlry 1 wilh 
2.5 mol% (R)-45 

0.4 mol% (S)-(EBTHI)Zr-hinol 

SCHEME 4.6 

EtMgCl: -70 lurno\'crs 

OH 

I 1 mol(!r Cr~TiCI~. 

n-PrMgC!: 

J lIlol':{ (rPhl)2NiCl~ 

~Br:n';¡ 
., 5 molo,{, TPAP: 

NMO.llpt>5'¡¡' 

Q 

Me 
~"",. 

OH 

() 

asynunetric ethylmagnesation (EBTHI: ethylene­
bistelrahydroindenyl) 1141. Thc rate ofthe catalytic 
alkylation 01' lhe producl lerminal alkenes is 
sllfficicntly slnwcr, so thal unsaturated alcohol s 
and amines can be isolated in high yield (the 
second alkylalion is not generally diastereosclec­
tive). Zr-calalyzed asymmetric alkene alkylation 
thus alTords non-racemic reaction produets that 
bear an alkene ami a carbinol unir. functional 
groups that are readily amenable to a wide range 
01' suhscquent derivatization procedures. 

Wc have utilized the stcreoselectivc ethylmag­
nesation shown in entry I 01' Tablc 4.6 as a key 
step in the lirst enantioselcctive tOlal synthesis 01' 
the antifungal agent Seh 38516 [12aJ. As illus­
lrated in Scheme 4.6, further functionalization 01' 
lhe Zr-calalyzed cthylmagnesation producl through 
three sllhsequcnt catalytic procedures (Ti-catalyzed 
hydromagnesation, Ni-catalyzcd cross-coupling 
ami Ru-catalyzed oxidation) delivers the requi­
site carboxylic acid synthon in >99% ee. This 
synthesis route underlines the utility of the Zr­
calalyzed carbomagnesation protocol: the reaction 
product carries an alkene and an alcohol function 
and can thus be readily functionalized to a variety 
of othcr non-racemic intermediates. 

OH 

6 

Me o "'''Mc ro 
HO""" 

o 
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The catalytic cycle that we have rrorosed to 
account for the enantiosclective cthylmagnesation is 
illuslraled in Scheme 4.7. Asymmclric caroolllagne­
salion is initiated by lhe chiral zirconocene-elhylene 
comrlex (R)-47, fonned uron reaclioll 01' dichlo­
ride (R)-45 with ElMgCI IEq (a): the dichloridc 
salt or the binol comrlex Illay oc used wilh equal 
efticiencyl [15). Courling of the al~elle suoslrale 

(R)-45 

An important aspect in the caroomagnesation 
of six-membered and larger hClerocycles is lhe 
exclusive intermediacy of metallacyc lorcntanes 
where a C-Zr bond is formed O' lo the helero­
cycle C-X bond. Whelher the regioselectivity 
in the zirconacycle formation is kinelically non­
se1ective and rapidly reversiole. where it is only 
one regioisomer that is aclive in lhe catalylic cycle, 
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wilh (R)-47Ieads to the formalion of the melallacy­
cJopcnlane inlermediale i. In lhe prorosed catalylic 
cyclc, n:action ofi wilh EtMgCI a/lords zirconalc ii. 
which undergocs Zr-Mg ligand cxchangc lo yield 
iii. Suoseqllcnt fl-hydride ahstraction, aecompanied 
oy intralllolecular Illagnesium-alkoxidc elimination. 
Icads to the release oflhe carhomagnesalion rrodllct 
and regeneralion 01'47 [161. 

(a) 

(R)-47 

or whelhcr fllfmalion of Ihe metallacyck is kinct­
ically selective (stabilization of e1eclron densily 
upon fonnalion of a C-Zr bond by the adjacenl 
C-X) [17). has not been rigorously determined. 
However, as will be discussed below. the regio­
seleclivity wilh which the intermediate zirconacy­
clopentane is formed is crilical in the (EBTHI)Zr­
calalyzed kinelic resolution of heterocyclic alkenes. 

C"!f\\~ .... ,CI 

~--

Zr~ 

~ CI 

2l'i.jUI\ 

1:[~I~Cl 

H l' y lfJ
·H. 

).,. 

11. = EBTHI 1 
X=O,I'\I/I)I/-I]olnl L ________ -=-------.l 

snl E!\IE 4.7 

/ 

II 

II 
CI\l~\ , r-o

\ 

(' \ . 

\ 1,,1 

ii 

E! 

I 

;;¡ 
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Il is rlausihlc lhal lhe (EBTHI)Zr syslem indu­
ces high Ievels 01' enantiosclcClivily w, a result 01' 
minilllization 01' unfavoraoJc slcric and torsional 
illleraclions in lhe cOlllrlex thal is forllled oelwcen 
47 and lhe heterocycJe suostratcs (Schellle 4.7). 
The alternative modc (JI' addilion. illuslrateu in 
Figure 4.1. would leal! to cOSlly slcric rerulsions 
belween lhe alkcne subslitucnls and lhe cyclo­
hcxyl group 01' thc chiral ligand. Thus, reactions 
01' simrle lcrminal alkencs under identical condi­
tions result in lillle llf no enantioselectivily. This is 
rresumably bccausc in the aosence of lhe alkcnyl 
,ubstiluent (01' the carhon thal honds with Zr in i) 

the aforcmcntioncd slcric inleraclions are amelio­
raled and lhe alkenc suhstrale reacts indiscrimi­
nalely through lhe two modes 01' substrate-catalysl 
binding represenled in Figure 4.1. 

These alkylatio]1 processes become rarticularly 
allraclivc \\'hen useu in conjunction with Ihe po\\'­
erful catalytic ring-closing metathesis rrotocols. 
The rCljuisile slarting malerials can be readily 
rrerared in high yield and catalytically [18). The 
examrlcs shown in Scheme 4.8 demonstrate Ihat 
synlhesis of lhe helerocyclic alkene and subsequent 
alkylation can bc carried out in a single vessel 
lo aft(lrd unsaturaled a1cohols and amides in good 
yield and >99'k el' (jlldged by GLC analysis) [191. 

Calalylic alkylations where higher alkyls 01' 
magnesium are used (Table 4.7) rroceed less 

el fl)('~' 

Cl .... ~u 
P('~ < 

Fig. 4.1. Suhslrale-calalysl (471 IIllcracliotlS favor a 
spcl:llic Illodc of alkcnc ill~crtion into Ihe l.ircolloccnc­
alkcllc cOlllPIC'>.. 

efliciently (35-40';' isolalcd yield) out with 
similarly high levels nI' enantinselcction (>l)()'.; 

ce). A !1l1lllber of issues in connectio!1 to the dala 
illustrated in Tablc 4.7 meril comlllent. (1) With 
2.5-dihydrol'uran as suhstralc. at 22C a mixture 01' 
branchcd (48 01' 50) anu Il-alkyl produc·ts (49 nI' 511 
is obtaincd. Whe!1 the rcaclion mixlure is hcated 
lO 70T. lhe branched adducts 48 a]1d 50 becolllc 
the major product isomers. In contrast. wilh lhe 
six-membercd helerocycle, reaclions at 22°C are 
selective (entries 3 and 6, Tablc 4.2). (2) Wilh 11-

BuMgCI as the alkylating agen!, high levels of 
diastereoselection are ohserved as well (enlry 6). 

The aforementioncd ooscrvalions carry signif­
ican! mechanislic imrlications. As illustralcd in 
eq. (h )-(d). in lhe chemislry 01' zirconocene-alkene 

PI! 
CII, 

Ph I 11 

n\I~(·1. 

l_~ 

scm::\u: .t.S 

1()llIol'; IRI f!-<.H I I!II/ln., 

7?r; I¡dd 

PC~ , 
el I 

Cl .... ~u~''',= 

CH~Cl: ... i."i e 
6W" \"11'1'/ 

Ph 

1'11 

I 
/ 

INI 11-1{ IIlI¡/¡ 1'111,,1 

l(jm,¡J', 
Lt.\lg< '1 

lHI 70 e 
77( f \ Icld 
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complexes Ihal are oeriveo fmm lhe longer chain 
alkylmagnesiul11 haliocs scver;]1 aooilional se lec­
livily issues prcsenl Ihemsclvcs: (1) The ocriveo 
lransilion melal~alkene complex can cxisl in Iwo 
oiaslereol11eric forms, exemplilíeo in eg. (h)~(c) 
wilh (R)-52 {Imi ano S\"I1: rcaclion Ihrollgh lhesc 

slereoisomcric eomplcxes can !cao lO lhe fnnnalion 
nf differenl prooucl oiaslercomers (compare eg. (h) 
ano (e), nr eg. (e) ano (o)). The oala in Table 4.7 

indieale lhal lhe mode of aodilion shown in eg. (b) 
is preferreo. (2) As illuslraleo in eg. (e) and (o), 

$H 
2 eqUlv ~-y 

Mmor 
~ 

(R)-45 
n-BuMgCI .. 

~~EI 
(R)-52 anti 

cf~ \ H 

--~y 
_A1.I~o_r_~ 

, 
~-

(R)-52 anti 

Delailcd sluoies fmm these lahoratories shcd 

light on lhe Illcchanislic intricacics nI" aSylll­
melric catalytic carholllagncsations, allowing ror 

an unoerstanding or the ahovc trenels in regio­

and slereoselecti\·it\ I1 ('l. Illlpol1antly, our mcch­
anistic stuoies indicalc Ihat there is no prel"­
erence for Ihe fOrJnation of cither the l/Il/i 

or the .\"1"/1 (EBTIlIlZr-alkcnc isomers (e.g .. 

52 all/i vs 52 .\rl/): il is only that one 
metalloccnc~alkcnc oia<,tcrcolllcr (SI'Il) is more 
reactive. Our Illedwnistic ,tudies also indicate 

lhe earhol11agnesalion process can afforo cilher lhe 
I/-alkyl or lhe hranehed proouct. Alkene subslrale 
inscrtion from lhe more substiluled fronl of lhe 
zirconocenc~alkene syslem affords lhe branehed 

isomer leg. (e)1. whereas reaclion from Ihe less 
sllbsliluled end of Ihe (EBTHIlZr-alkene syslem 
Icaos lo Ihe fonnalion of lhe slraighl chain prnoucl 
leg. (0)1. Thc resulls shown in Table 4.7 indicale 
Ihal, oepenoing on lhe reaelion eondilions, proo­

ucls oeri ved from formation of lhe Iwo isol11cric 
JI1elallaeyclopenlane formation can be compclilive. 

(~B >~'t El 

a 

r!C$ 
~ El 

........­-

... ~ 
._~ 

... ~ 

.. ~ 

(b) 

50 

Me 

~EI (e) 

Ha/ 

53 

H 

~ .. ,~El (d) 

Ha 

51 

that I.irconacyclopentanc intermcoiates (i in 
Schcmc 4.7) do nol spontaneously climinatc [(l 

the dcriveo zirconocene- alkoxide: Zr-Mg ligand 

exchange is likely a prc-rcquisite I"or the alkoxi<.k 
clilllination ano formalion of the terminal alkenc. 

4.4.2 Zr-Catalyzed Kinetic Resolution 
of Unsaturated Heterocycles 

The high levels 01" enanlioselectivity obtaineu 
in lhe asymmetric catalytic carbomagnesatio!l 
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rcactions (Tahles 4.6 and 4.7) imply an organized 
(EBTHI)Zr-alkene complcx inleraclion wilh Ihe 
heterocyclic alkcnc suhslrales. Il Iherefore follows 
that if chiral unsaturaled pyrans or furans are 
employed. the resident center of asymmelry 
may inducc diffcrenlial rales of reaclioll, such 
thal al' ter ~SO'lc conversion one cnantiomcr of 
the chiral alkene can he recoven:d in hioh 
cnantiomcric purity. As an cxample. 11l0IccU hll' 
models indicate thal wilh a 2-suhstilulcd pyran. 
as shown in Figure 4.2. the mode of addition 
laheled as 1 should he significanlly favored over 

" or III. where unfavorahle sleric inlcraclions 
hetween the (EBTHI)Zr-complex and Ihe oletinic 
suhstrate should Icad to signiticanl calalysl­
suhstratc complcx deslahilizati;n. 

As the data in Table 4.8 indiGlIe. in lhe 
presence nf catalytic amounls nf non-raccmic 
(EBTHI)ZrCI,. a variety of unsaluralcd pyrans 
can be resolved cffectively 10 dclivcr lhese 
synthetically useful heterocycles in excellenl 
enantiomeric purity [201. A numbcr of importanl 
issues in connection with the catalytic kinetic 
resolution of pyrans are nOleworthy: (1) Reactions 
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NI = H. R~ = alJ...\/ 

11 RI=Il{J...yl.R~=1I 

II1 R=tlU\! 

Fig. 4.2. Prel'ercntial association or one poTan enan­
liomcter wilh (RHEBTHllZr-ethylcnt' complex. 

performed at elevated temperatures (70' e) atlord 
rccovered starting malerials with significanllv 
higher le veis of enantiomeric purity, ~ compare~1 
to processes carricd out al 2TC. For example. 
lhe 2-substitutcd pvran shown in entrv I 01' 
Tahle 4.8. when suhjected to the same r~aeti()n 
conditions but at room tcmperawre, is rccovered 
after 60o/r conversion in 88'fr ee (vs 96'!c 
ce at 70°C). (2) Consistent with the models 
illustrated in Figure 4.2. 6-suhstituted pyrans 

Table 4.8. (EBTHI)Zr-Catalyzcu Kinctie Rcsollllion nI' Unsaturatcu Pyrans." 

Entry Suhstrate 

~ 1;1< 
~O~Me 

2 

~klJl '" DI{ 

() e ) 

a R = M~CI 

h R = TBS 

h R = TBS 

Conversion 
('Ir) 

60 

60 

56 

ÓO 

5X 

6J 

61 

Unreacteu suhs. 
mol(/( cal. config .. cc( ()( ) 

10 R.% 

10 S.-11 

10 R. ',l)l) 

10 R. .·99 

20 1<. l)<) 

lO R . • <)l) 

lO R. <)-1 
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(Tahle 4.X. entry 2) are nol resolved cffcclively 
(C6 suhsliluenl should not strongly inleract wilh 
Ihe catalysl structure; see Figure 4.2); howcver. 
wilh a C2 sUhsliluenl also presenl. resolulion 
proceeds with excellenl efticiency (enlry,). 
U) Pyrans thal hear a CS group are rcsolved 
wilh high sdectivily as well (enlry 4). In Ihis 
class of suhslrales, one enanliomer reaels more 
slowly. presumahly hecause its associalion with 
Ihe zirconocene-alkene complex Icads lo slerically 
unfavorahle interaclions bclwecn the C5 alkyl unit 
and the coordinated elhylenc ligand. 

The Zr-calalyzed resolution Icehnology ma) 
he applied lo medium ring heterocyclcs as well 
(Tahlc 4.9); in certain instances (c.g., Table 4.9, 
cnlrics I - 2) Ihe recovered starti ng material can 
be ohtained wilh outstanding cnantiomeric purity. 
COlllparison 01' Ihe data shown in entrics I and ,) of 
Tahlc 4.9 indicales lhat the prescncc of an aromatie 
subslilucnt can have an adversc influence on the 
OUlcomc of the catalytic resolution. That the cight­
Illelllhered ring suhstrate in Table 4.9 (entry 4) is 
resolved Illore efficiently may imply that the origin 
01' the adverse influence is more due 10 confor­
mational preferences of lhe heterocycle than lhe 
attendant eleclronic factors (O' phcnoxy group is a 
hettcr Icaving group than an alkoxy unit). 

Availahilily uf oxepins lhat carry a side chain 
eonlaining a Lewis hasic oxygen alom (entry 2, 
Tahlc 4.9) has further importa nI illlplicalions in 
enantioselcclive synlhesis: The deriv'ed alcohol. 
hcn/yl ether or MEM-clhcrs. where residenl Lcwis 
hasic heleroatoms are le" stcrieally hindercd. 
lIndergo diaslereoselecliv'e uncatalY/cd alkylalion 
rcaclions readily when lrealed lo a variely of Gri­
gnard reagents [211. The cxalllples shown helow 
(Schemc 4,9) servc 10 delllonstrale the excellenl 
synlhetic pOlential of these stl.'leoselccliv'e alkyla­
lion tcchnologies. 

Thus, resolulion uf Ihe TBS-proleclcd oxepin 
54, convcrsion lo the deri\'(~d alcohol and diaslere­

osclectivc alkylation wilh Il BlIMgBr affords (S)-

56 with ><)6'1< ce in 9)'!( yicld. As shown in 
Schemc 4.9. alkylation uf IS)-S7 wilh an alkyne­
hearing Grignard agcnl (---'-. IS)-SSl. ,tllows for 
a suhseqllclIl Pauson-Khand cyeli/alion rcaclion 
lo providc the cOITcsponding hicycIc 59 in the 
oplically pure fonn (NMO: N-mcthyllllorpholinc 
N-oxidc). In conneclion with Ihe facility 01' thesc 
alkenc alkylations, it is important to note that the 
asymmctric Zr-calalyzed alky lations with longer 
chain alkyllllagnesium halides (scc Tahle 4.7) 
are more sluggish than those involving EtMgCI. 
Furthcrlnorc. whcn catalytic alkylalion does occur. 

Table 4.9. Zirconneene-Catalyted Kinclic Resolution 01' 2-SlIh,slituled Meuiulll-Ríng 
Hctcrocydcs." 

Entry Suhslralc 

W () Me 

C~(rms 0"""--- ' 

cC) ~ / ()~\k 

ce) ~k 
'----./ 

,1 R.cact illll el lnJlti, \n ... 

rC~Kti\lll' i ... -...(..;)f¡( 

Cllll\'Crsilm 
('¡¡) 

5X 

(L~ 

hO 

63 

UnreOJcteu , .... uhs. 
Time contig., ('C( (j; ) 

JO mín R. ><)<) 

lOO ni in /(1)(, 

X Ii 1<. hll 

11 Ii 1<. 7<) 
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2. n -Bu,lNF 

>fJ9'X a (38'k} 
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(S)-55 

22 oc. THF. 24 h 
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11°11 
~OH 11 
~Me 

IS)-56 
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78% "ie/d, >Y6'!< .... B~O ~-\ -

SCHEME 4.9 

Ihc corresponding branched products are obtaincd; 
that is, with n-PrMgCI and n-BuMgCI. iso-Pr 
and sec-Bu addition products are formed, respcc­
tively [16]. The uncatalyzed alkylation reaction 
described here thus complements the enantioselec­
tive Zr-catalyzed protocol. 

Zirconocene-catalyzed kinetic resolution of 
dihydrofurans is also possible, as illustrated In 
Schemc 4.10 [22]. Unlike their six-membered ring 
cOllnterparts. both of the heterocycle enanliomers 
reael rcadily, but through distinctly different reac­
lion palhways, to afford-in high diastereomeric 
ami enanliomeric purity -constitutional isomers 
Ihat are readily separable. A plausible rcason for 
Ihe dilTcrence in the reactivity pattern of pyrans 
ami furans is thal. in the latter group of compounds. 
holh olciinic carbons are adjacent to a e-o hond: 
C-Zr hond formation can take place al either end 
of lhe C-C n-system. The furan substrate and 
the (EBTHI)Zr-alkcnc complex (R)-47 inleracl so 
Ihal lInfavorable steric inleraclions are avoided. 
kading lo lhe fonnation of readily scparable non-

59 LOH 

racemic products in lhe manner illustrated in 
Scheme 4,10. 

Subsequenl 10 our studies, Whilby and co-work­
ers reported thal lhe enanlioseleclive alkylalions 

• of lhe type illustrated in Scheme 4.10 can also be 
carried oul wilh lhe non-bridged chiral zirconocene 
62 [23]. Enanlioseleclivilies are, however, notably 
lower when alkylalions are carricd oul in the pres­
ence of 62. As an exampk. the new chiral metal­
locene affords 60 and 61 (Schcmc 4.1 Ol in 82 ck and 
78 ck ce. respeclivel)'. 

62 
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In 111,,1' 
11<1..1:-
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! Il C\ : .,-J ... ¡ 

Ph () 

4.4.3 Zr-Catalyzed Kinetic Resolution 
uf Cyclic Allylic Ethers 

As depiclcd in eq. (cl-(gl. kinélic rcsolulion 01' 
a variely 01' cyclic allylic elhers is cllecled hy 
asymmetric Zr-calalyzed carbolllagnesation, Illlpor­
lantly. in addilion lO six-Illelllhcrcd ethers. seven­
and eighl-membered ring systcllls can be readily 
resolved by lhe Zr-calalyzed prolocol. It is worthy 
of note lhal lhe pow~rful Ti-calalyzed asymmelric 
epoxidalion procedure 01' Sharpless [24 J is oncn 
used in lhe preparation 01' oplically pure acyclic 
allylic a1cohols through lhe calalytic kinelic reso­
lulion 01' easily accessible racemic mixtures [25]. 
When lhe calalylic epoxidation is applied lo cyclic 
allylic subslrales, reaction rales are retarded and 
lower le veis 01' enantioseleclivity are observed. 
Ru-calalyzed aSyllllllelric hydrogenation has been 
elllployed hy Noyori to ellccl rcsolution 01' ti ve­
and six-Illcmbercd allylic carhinols [26J: in lhis 
instance. as with lhe TI-calalyzed proccdure. the 
pn:sencc 01' 'In unproleL'led hydroxyl fUlletion is 
reqllired. 
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Modes of addilion shown in Figure 4.3 arc 
similar 10 those shown in Figure 4.2 and are 
consistenl wilh exlanl mechanislic work 1191: they 
accuratcly predict lhe idenlity 01' lhe slower 
reacling enanliomer. It musl he noted. howC\'er. 
lhat variations in the observed /n'e/s 01' seleclivil)' 
as a funclion (Jf lhe slerie and eleclronic nalllre 
of subslitucnls and lhe ring size canlJol he 
predicted hased on lhesc modcls ;¡]one: more' 
subllc faclors arc c1early al work. In spile' 01 

such Illechanislic queslions. the mctal-calal\'/ed 
resolulion prolocol providcs an altraclive oplion 
in asymmetric synlhesis. This is hecause, althollgh 
maximul11 possible yield is ~4()ck. il rcqllirc, 
easily accessihlc raccmic starting malerials and 
conversion Ic\'els ean he manipulaled so lhal 
truly purc sam[lles of suhslrate enantiomcr, are 
ohtaincd. 
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Fil(, 4.3. Variou, moJes nI' aJdilion 01' cyclic allylic clhers lo a (EBTHI)Zr-alkcnc complex. 

Thc synlhctic vccsatility and significance 01' 
the Zr-catalyzed kinetic resolution 01' cyclic 
allylic ethcrs is rcadily dcmonstratcd in the 
example provided in Schellle 4.11. Optically 
purc slarting allylic ether. obtained by the 
abo\'c Illcntioncd catalytic kinetic rcsolution. 
undergocs a facile Ru-catalyzed rearrangelllent 
to afford chrolllene in >99°;' el' 1271, Unlike 
unsaturated pyrans discussed aboye. chiral 2-
substituted chromenes are not readily resolved 
by the Zr-catalyzed protocoL However. optically 
pure styrenyl ethers, such as that shown in 
Scheme 4,11. are readily obtained by the Zr­
catalyzed kinetic resolution, allowing for the 
efficient and enantioselective preparation of these 
important chromene heterocycles by a sequential 
catalytic protocoL 

To examine and challenge the utility 01' the 
two-SlCp calalytic resolution-chromene synthesis 
proccss in synthesis 1281. we undertook a conver­
gent and enantioselective total synthesis of the 
potent anlihypertensive agent (S.R.R.R )-nebivolol 
(63) 1291. As illustratcd in Scheme 4,12, the two 

SCIIE:\IE ·tI 1 

(RHEHTHllZr-hinol 
(IOmolQ) 

._--~-- _ ..... 
EI\l~CI 

{¡()r;;,1II1\ 

key fragments (R.R)-66 and (R.S )-68. which were 
slIbsequently joined to a1lord the target Illoleculc, 
were prepared in Ihe optically pure forrn by the 
catalytic resolution technology discussed above. 
Importantly. efficient and selective Illcthods were 
cstablished for the lllodi1ication of the chromenc 
alkenyl side chain. These slUdies allowed us to 
enhance the utility of the initia! methodological 
investigations: they demonstrate tha!. although Ihe 
carbocycIic system may be used as the framework 
for the Zr- and the Mo-catalyzed reactions, Ihe 
resulting 2-substituted chromene can be function­
alized in a variety of manners to afford a multitude 
of chiral non-racemic heterocycles 130J. Another 
interesting feature of this total synthesis is that. 
whereas the preparation of (R,S )-66 requires the use 
01' the (R)-Zr(EBTHI) cala!yst. synthesis of (R.S)-

68 is carried out by catalytic kinetic resolution 
with (S)-Zr(EBTHI) complex. Thus, the recently 
developed procedure of Buchwald [31 J is uscd to 
resolve rac-(EBTHl)Zr lo ohtain (R)-Zr(EBTHl)­
binol and (S)-Zr(EBTHI)-biphcn to accolllplish this 
total synthesis in an efticicnl manner. 
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4.4.4 Related Catalytic 
Enantioselective Alkylation (lf 
Alkenes with Alkylaluminums 

I 1< .. \ 1-6H 

Thc lirconocenc-catalyzcd cnantin,declive carho­
Illagncsation accomplishcs lhc 'Iduiliun uf 'In alkyl­
Illagncsillm halide to <In alkcnc, \dlere lhe resulling 

I!( \1-66 

prodllct i, suilélblc rol' a varicty 01' additional rllnc­
tionali¡alion reaclions (scc Scheme 4,5), Excellcnt 
cnanli",clcClivilY is ohtaincd in rcactions with El-. 
I/-Pr- '1m! I/-BlIMgCL anu the catalytic rcsollllion 
proce"es '1110'" ror prcparation of a varict)' 01' 
IHlI1-raCelllic hctcrocycle,. Noncthclc", lhc dC\'cl­
OplllCllt 01' rCaCllUll processcs whcrc a largcr varicty 
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01' olefinic suhstratcs and alkylmetals «'.g., Me-, 
vinyl-, phenylmagncsium halides, cte.) can he 
added to unfunctionalized alkcnes efticicntly and 
enantioselectively, stands as a challcnging goal in 
cnantiosclective reaction designo 

As illustrated hrlow leq. (h)-(i)I, recent reporh 
hy Negishi and co-workers, where Er~er's non­
hridgcd chiral zirconoccne 69 1321 is uscd as cata­
Iyst. constitute an important and impressive stcp 

towards this end 1331. An imprcssivc rangc 01' 
alkylaluminum reagents can be added with high 
efficiency and exccllent cnantioselcctivity (>9Wk 
ee). A remarkable aspect 01' this work is that. 
through a change in reaction medium (1,1,1-
trichloroethane is used as solvenl), catalytic alky­

lations proceed through carhometallation 01' the 
alkene (direct addition 01' cationic alkylzirconilllll 
to the alkene, followed hy Zr-Alligand exchange) 
rather than involving the formation 01' a metal­
lacyclopentane; under conditions that zirconacy­
c10pentanes serve as intermediates, selectivities 
are nOlably lower. Another notable aspect of the 

Negishi work is that the use of Erkers' systcm 
appears to be imperative: with the aforementioncd 
(EBTHI)Zr as catalyst, alkylations are not as cfli­
cient or stereoselective. 

Grignard Reagents: New Developmcnts 

In 1997, Whithy reported that treatment of 2,5-
dihydroruran with Et,AI in the presence of 5 mol 
(Ir 62 !cads to the enantioselective formation 01' 
70, rathcr than the product ohtained from catalytic 
carholllagnesations (71) 1341. This outcome can 
be rationalized based on Dzhemilev', pioncering 
report that with EhAl, in contrast to EtMgCI (see 
Schemc 4.7), the intennediatc aluminacyclopcn­
tane (i) is converted to the corrcsponding alullli­

naoxacyclopenatane (ii). To ensure the predomi­
nant fonnation of 70, however, catalytic alkyla­
tions must he earried out in the abscncc of any 
soh'en!. 

4.5 Ni-CATALYZED 
STEREOSELECTIVE 
ALKYLATION OF ALKENES 
WITH GRIGNARD REAGENTS 

In the Zr-catalyzed enantioselective alkylation re­
actions discussed abo ve, we discussed transfor­

matinns that involve the addition of alkylmag­
nesium halides and alkylaluminum ~agents to 
olefins. With the exception of sludies carried out 
by Negishi and eo-workers, all other processes 
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involve the reaction 01' a e-e n system that is 
adjaccnt to a C -O bond. Also with the excep­
tion 01' the Negishi study (eq. (h) and (il), where 
direct alkene carbometallation occurs, all enan­
tioseleetive alkylations involve the intennediacy 
of a metallacyclopentane (ef. Scheme 4.7). In this 
scgment of our discussion, we will examine Ihe 

Ni-eatalyzed addition of hard nucleophiles (e~g., 

alkylmagnesium halides) to alkenes that hear a 
neighhoring e-o unit. These reactions transpire 
by neither of the above two mechanistic mani­
folds (metallacyclopentane intermediacy or direct 
carbometallation). Rather, these processes take 
place via a Ni-n-allyl complex. 

Allylic ethers and alcohols have long been 
Known to react with Grignard reagents in the pres­
ence of an appropriatc Ni-hased complex contain­

ing phos[lhinc ligands 1351. Thesc reaetions are 
rclated to the well-studicd Pd-catalyzed allylic 
sllbstitution reactions that utilize soft nuclcophilcs 
1361, and a nUlllbcr 01' important Illcchanislic 
studies on the stcrcochemical outcomc of this class 

01' transformations havc been carried out 1371. 
In general. the catalytic cycle for the transition­

metal catalyzcd allylic substitution reactions 
in\'ol\'cs initial attack 01' the metal al the doub!c 
bond 1'olltlwed by oxidative insertion into lhe 

o 
() 

ii 

~()H 

H 

10, 

~()I! 70 

antipcriplanar C-O bond to afTord the ;r-all1'1 

system. At this point, depending on whethcr 
soft or hard nuclcophiles are used, howcver. the 

alkylation rcaction procecds through distinctl) 
different pathways. As shown in Scheme 14, with 

50ft nuclcophilcs, where Pd is often thc metal 
center of choice, reactions proceed by the backsidc 
addition of the nucleophiIe to Ihe n-allyl systelll. 
to afford the new e-e bond with nel retention 01' 
stcreochemistry. However. with hard nucleophi!cs, 
where Ni can serve as an effective transition metal 
template, the reaction usually involves the initial 
addition 01' the alk1'lmetal to the transition metal 
center, followed by a redllctive elimination to 
lead to the generation 01' the e-e bond. Such 
reactions, as a rcsulL takc place ",ith net in\'ersion 

of stereochcmistry. 
From a catalylic cnanliosclecti\'c reactio!1 dc~igll 

point 01' ,iew, the latler class 01' reactions prescnl a 
morc atlractin~ stratcgy 1'01' the transfer 01' chiralit\ 
from chiral ligands on the metal to the c-(' 
bond forming even!. Indeed, a number 01' rcscarch 
tcams have de\ elnped ingenious ligands that (}\'cr­
come the gcolllctric distances that exist in lile' 
anti addilion nI' son nuckophile, to Illctal-:r-all: I 
'yqCIllS-- a factor that is C\[lcctcd to dimillJsh 
thc aSyllllllclric illduL'li'"l that Illay bc C;IUSL't! h\ 
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the metars chiral ligands 138J. With the reac­
tion 01' hard nuclcophiles, sinee the alkyl group 
adds from the same enyironmenl inhahited hy 
lhe metal's chiral ligands, lhe influenee of such 
ligands in transfering their ehiralily should he more 
pronouneed. 

4.5.1 Diastereoselective Ni-Catalyzed 
Addition of Grignard Reagents 
to Allylic Ethers 

4.5.1.1 Directed Ni-Catalyzed Addition of 
Grignard Reagents to Allylic Ethers 

In 1995, we began a systematic investigation of 
directed Ni-eatalyzed addition of Grignard reagents 
to allylic cthers 1391. As illuslrated in Table 4.10. 
whcn allylic ether 72 is treated with 5 mol 'lr 
(PPhd2NiCI2 and :; equiv PhMgBr for :1 hours 
(THF. 22C). products 73 and 74 are ohtained in 
only I ()';; total yield and in egual amounts (3: I 
Imlls:cis). In contrast. whcn phosphine-eontaining 
allylic ethcr 75 is uscd (entry 2. Table 4.10). 76 
is formed regiosclecti\'ely (76:77= 8 : 1) within 
3 hours. Whereas cther 72 provides 73 and 74 
in loclr yield. allylic substitution products fmm 
75 (76 and 77) are obtained in 70-75% isolated 
yield. Whcn the tethcr length is increased by one 
mcthylenc unit (cntl"\' 3: 78 as suhstrate). c-e 
hond formation is more sluggish (24 hours for 78 

YS 3 hours with 75). but sOllle\\"hat uncxpccledly. 
rcgiosclcctivity is cnhanced lO >99: l. 

The intluencc 01' Ihe residenl Lewis hasic phos­
phinc is espeeially c,idenl in rcactions wherc 
MeMgBr is used as the alkylating agen\. As 
depicted in Table 4.11, with substrate 72, <2c/c 

produet is detected after 18 hours. In conlrast. 
when 75 is subjected to 5 equiv McMgBr and 
5 mol 'k (PPh,hNiCI2 (THF. 2TC), 80 is ohlained 
in 74'7r isolated yield. Moreover. C-C bond forma­
lion oceurs with complete control of regiochem­
iSlry and the product alkcnc is cxclusively cís 
(compare to entry 2 of Tahlc 4.10 for relaled reac­
lion 01' PhMgBr). 

Thc dala in Tables 4.10 and 4.1 I demonstrate 
Ihal Ihe prescnce 01' a Lewis basic group within 
Ihe substrate structure plays a critical rolc in 
detcrlllining holh the reactivily and sclectivily 01' 
the catalylic suhstitution rcactions. A tdling sign 
(jI' the purported P-Ni association is that local 
chiralily plays a crucial role in Ihe oulcollle 01' 
this dass 01' reactions. Results 01' our studies 
on the Ni-calalyzed reactions 01' allylic elhers 
81, 82 and 85 are sUllll11arilCd in Tahle 4.12. 
Silyl clher 81 is recovercd unchangcd a!"ter treal­
mcnl with .5 lllol c/c (PPhd2NiCI, and !ive equiv 
PhMgBr (12 h). In contrast. phosphine-containing 
allylic cthcr 82 rcacts sllloothly to a!lord 83 in 
X5'/c isolaled yield anJ with cxccllcnt conlrol 
01' re¡cio-. diastcrco-. ami oletin stl'rcochcmislry 
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Tablc 4.10. RegiosekL'live Ni-Cal;d)led AII,.lic Suh,liluli"" nI' Anchc Ethers ",ith PhMgBr" 

Enlry Suhslrale 
------------~~-

72 

75 

PPI¡, 

~ ~:cef -
L:e ~ ~ 

78 

Prodlll'l Re gio~C' lec ./, c:t' 

I'h 73:7~= 1:1 

j 

76:77 = X: 1 5: I 

I'Ph, 

77 

C;:'~:~ ~~I'I'Ii, 1'1\ -
I 

# 

Me 
79 

><)<):1 1:1 
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Yidd(';; )', 

Time 

10. 

.' " 

70 
.3 h 

70 
24 h 

(lConditi()n~: 5 mol c¡; (PhJP)::NiCI::-, 5 l'ljui\' ar)1 MgBr. THF. 12 e ¡'Kcgio~l'lecti\'it) dctcrllllncu hy CiLe or IH NMR analy~I',. 
in l'()lllran~on wilh aUlhentic I1wtcnab. ' AII-.l'lll' i~olllcr r;uio:-, uclcrlllillcu Ihrough analy:-.i:-, nI' :mo MH/ I H NMR spcctra. ,1h,olalL'd 

yiLld afIer rurilicatiol1 through :-.ilic<I gel chf()nwtograph~ 

Table 4.11. i\i-Calalyl.cd Allylic Suh,lillllion (Jt Ac\clic EI"ers "ill1 l\1eMgl3r" 

Suhslratc ProdUl'l 

O\k 

c:
~J 
~ "!I-hUI~1 

l'vfe 

---- i\0 REACTIOi\ 

72 

. ()<): 1 

75 so 

O' 

Yicld(';; )" 
Time 

IX h 

74. 
IX h 
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(entry 2). Similarly, catalytic reaction ()f lI2 with 
MeMgBr procceds with complete control of selcc­
tivity. Whcn allylic cther isumer lI5 is treated to 
Ni-catalyzed reaetion conditions with PhMgBr. an 
cqual mixture of regio- ami diastereoisomers is 
obtained in XY,¡ yield after chromatography. As 
the data in Tahle 4.12 show. in spite of the low 
levcls of selectivil)" "bser"ed wilh liS, lhis reaclion 
oceurs al a ralc superior lo lhose of lI2. suggesling 
thal laek of phosphine-Ni assoeialion may nOl be 
responsible for lhe diminished levels of regio- and 
stereoehemical eonlrol. 

Il is plausible lhal dircclcd Ni-calalyzcd alkyla­
tion reaclions describcd hercin procced lhrough a 

Grignard Reagents: Ncw Devc!opmellls 

mctal-rr-allyl eomplex, sueh as I or 111 (Schcllle 
4.15). The stereochemical principies on which lhis 
proposal is based, are: (i) anti inserlion of lhe lran­
silion melal inlo lhe allylie C-O bond; (ii) syn 
rcduclive climination of lhe resulling rr-allyl-Ni­

alkyl complex 1401. 
The slcreochcmical prcfcrences suggcsled above 

are suppOrlcd by Ni-ealalyzcd allylie sub,lilulion 
reaelions 01' cyc!ic elhers 88 and 90 (Schemc 4.16l. 
Whereas reaclion of 88 affords 89 in 70'/' yield 
in one hour wilh > 95% diaslerco- and regio­
sclcelivity (5 mol % (PPh,),NiC1,. 22"c' THF), 
suhjeclion of 90 10 the same condilions resulls in 
the complele recovery 01' lhe starling malerial. 

Table 4,12. Ni-Calaly/cd Rcaclions nI" FunClionali/L'd Allylic Elhers wilh Ph- and McMgBr. Erfcn 01" Local Chiralil)" 
on ScleCLivity" 

Enlry Suhstratc 

0"' ~Me TBSO) 

81 

2 

d"' Ph~P 

82 

~;:"Me 
~Me " .. ~) 

Ph:P 

82 

4 O\k 

'(\k 

Grignard 
rcagcnt 

PhMgBr 

PhMgBr 

MeMgBr 

ProduCl Regioselect./I e: t( 

------------ NO REACTION -----

Ph Me >99:1 >49:1 10: 1 

~Ph' 
8.1 

>99:1 >49:1 >-N:I 

1:1 1.1 

1'11 PPh, 
87 

Yicldi';f)'1 

time 

12 h 

85 
6 h 

75 
12 h 

X5 
.1 h 
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NO REACTION 

Inlermedialcs 11 and IV in Scheme 4.15 are 
proposed. sinee posilioning of the inlernal phos­
phíne in lhe apical síte 01' the square pyramidal 
complex, whcre lhe PPh, is (ram lO an alkyl 
group. is in accord wilh lhe previously suggcslcd 
mcchanislie paradigms 141]. It is lenable lhal lhe 
observcd lrcnds in regioseleclivily, as suggested 
by molecular models, are due lo unfavorable sleric 
interaclions in eomplcx 111 bClween phenyl groups 
nf lhc lelhcrcd diphenylphosphine and lhe bound 
PPh, group; sllch interactions exisl lo a 1csscr 
exlcnl in 1. 

..... -

\,PI1, 

) 

.. 

PI)11 ( 

4,5,1.2 Ni-catalyzed Addition nf Grignard 
Reagents to Bicyclic Allylic Ethers 

More recently, Laulens and Ma have reponed 
stereoselecli"c Ni-calalyzcd addilion of Grignard 
reagents to oxabicyelic sllbslrales [421. Thus, as 
depicled in Seheme 4.17, lrcalment 01' 91 with 

MeMgBr in lhe presence 01' 2 mol 'k Ni(codh al 
(COD: cyc!oocladiene) n' C for nearly a day leads 
10 lhe fonnalion nf 92 as a single stercoisomer in 
70'!r yield ahcr chromalography. Thcse workers 
illuslrale lhat lhe choice nI" Ni precatalyst and 
solvenl is crilical lO lhe OU1COlllC 01' lhese C-C 
bond I"orming reaclions. As an cxample, as is also 
illustralcd in Scheme 4.17, whcn 91 is subjeeled lo 
McMgBr bUl in ElcO and in lhe prescnce of HMPA 
and ~ mol 'r (dpppINiCI, (dppp: diphcnylphos­

phinopropanel. a mixlure 01" 93 and 94 is formed; 
in conlrasl. \\"hell THF is ulili/ed as solvenl. 
93 is formed exclusively in 64'¡; isolatcd yield. 
Thcse reaelions. which likel)" also involve lhe 
illlermcdiac: of Ni rr-allyl complexes, represenl 
a pOlclllially usel"ul calalylic proeedurc, sinee lhe 
resulling producls are highly I"unclíonalizcd unsal­
uralcd carbol'Yc1cs lhal are I"onned wilh cxcellent 
slcrcoconlrol. FUlurc dc\"clo)'mcnh lhal allow lhe 
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fonnation of the alkylation producls in the opti­
cally pure forl11, should significantly enhancc the 
utility of this method. 

4.5.2 Asyrnrnetric Ni-Catalyzed 
Addition oC Grignard Reagents 
to Allylic Ethers 

As illustrated in Scheme 4.18, Consiglio and co­
workers have shown that in the prescnce of an 
appropriate chiral Ni catalyst, the addition 01' 
EtMgBr to cyclic allylic phenyl ethers occurs 
with high enantioselection and excellent yield 
(>84%) [43]. Thus, in the presence 01'211101 'k Ni 
dibromide or dichloride complexes of (+ )-(R,R)­

eyelopentane-I,2-diylbis(diphenylphosphine) (99). 
rcaction of cyclopentenyl ether 95 with EtMgBr 
rcsults in the formation of 3-ethylcyclopentcne (S)-

96 in 92'K yield and with 83% ee. Higher lcvcls 
01' enantiocontrol are observed when (R)-ó.ó·­

di methylbi pheny 1-2.2' -di Y I )bisdipheny l phosphi ne 
(hiphemp. 100) is used as the chiralligand: (5)-96 
is obtained in 93 ck ee and 90o/c yield. Variation 01' 
catalyst structures demonstrated thm the enantios­
elcetivity is dependent on steric rather lhan elee­
tronie factors; in contrasL the nature of the leaving 
group. solvent. or halide 01' the Grignard reagent 
proved not to alTect the outcomes 01' catalytie 
alkylations. 

OH n 

c;c::::: 
Ol! 

9.1 

ill !:,_,O, fHl1'A: -1: I 
1/1 lHF' >9S'!; 93 

(JlI 

+~OMe 
~()Me 

Me 

Catalvtic allvlic substitutions with eyelohcx­
enyl suhstrate 97 proceed following similar ovcrall 
trends but with generally lower levels 01' enantio­
selection (Seheme 4.18). Consiglio has suggested 
that this difference in enantiofacial selectivity 
may be attributed to the more rigid allyl moiety 
in the five-membered ring starting material 95. 
The present catalytic cnanlioselective C-C bond 
fonning reaction is only appreciably enantiose­
lective when EtMgBr is used (e.g .. 12o/c ee with 
MeMgBr and 71 o/e ee with n-PrMgBr). Nonethe­
less this study represents a critical first step towards 
the devclopment 01' this class of catalytic asym­
mctrie rcaetions and dnes allow ready access to 
variolls optically cnriched cyclic hydroearbons. 

More recently, RajanBabu has reported that 
in the prcscncc of appropriate chiral Ni-hased 
catalvsts. enantioselcctivc addition of Grignard 
reag~nts to aeyclic allylie ethcrs may he effected 
(Scheme 4.19) 1441. Within this context. a system­
atic studv of the effcet 01' reaetion solvent, leaving 
grollps. ~hiral ligands and nllcleophilcs was under­
takcn. As shown in Sehemc 4.19. trcalment oi' 
allvlic cther 101 with EtMgBr in the prescnce 01' 
5 /;101 'k 01' (S,S )-chirapho~-Ni complex (formed 
upon trcatment of Ni(eod)c with (S.S)-chiraphos 
102) rcsults in the formation 01' (R)-103 in 79ck ee 
and 7lN yicld. 

/\ signilieant ('nrollary to the RajanBaou stud" 
is that the Ni-catalyzcd allylic slIbstitlltion may he 
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used in the catalytic kinctic resolution 01' relatcd 
chiral allylic ethers. That is. under the same reae­
tion conditions as descrihed aboye. the allylic ether 
suhstrate is rccovered in 79'X ce (26'X yield); 
ful1hermore. the alkylation producI is isulated in 
74'1< ce ami 64';1 j iclJ. Thesc dala in relation to 
Ni-catalyzcd kinetic resolulilln uf acyclic allylic 
ethers are particularly nOlewOrlhy in light of Ihe 
fact that Consiglio had originally reponed that 
in the catalylie alkyJalion 01' raceIllic I-phenoxy­
cycloalkenes. there is littlc or no rate difference 
hclween the transfonnations 01' the IWO suhstrate 
enantiumers 1451. Since a "'i-;r-allyl intcrmediate 
is likcly to he forIlled in Ihese reactions. sueh 
kinetic resolution data suggesl Ihal. at least in 
ccnain systems. Ihe ionizalion slep can he enan­
tioselcctive and could be exploited 1'01' control of 
stereosclcclivit y. 

4.5.3 Asyrnrnetric Ni-Catalyzed 
Addition of Grignard Reagents 
to Allylic Acetals 

Researeh in our lahoratories has heen directed 
towards the development 01' Ni-catalyzed and 
enantioselective addition of Grignard reagents 
to allylic acetals. In the presenee of appro­
priate Ni complexes (e.g., (dppe)NiCh), (dppe: 
diphenylphosphinocthane) these reactíons proceed 

SOl EME 4.20 

IU5 n=t 

106 n=2 

:'i /Hui 1;; {PPh~hNiCJ:! 

:'i Illul r;,. (.\'.S)-l'hirapIHl~ 

Fr.\lgCI. "1 HI . 22"(' 

H 10' 
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with excellent rcgiosclcclivity. As illllslratcd in 
Schemc 4.20, we recently estahlishcd thal when 
cyclopentenyl acetal 105 is treatcd with EtMgC'1 
in the prcsence 01' (S,SJ-chiraphosNiC'lc, (S)-107 

is ohtained in 53<;1 el' amI 8Sc¡, yield 1461. Whcn 
the chiral catalysl is prepared in SiIU, hy prelllising 
01' (PPh1hNiClc and (S.S )-chiraphos, enantiosc­
lectivity drops to I5'X, as thcrc is ~ 25'k hack­
ground rcaction in the presence of (PPh1!cNiClc' 
When cyclohexenyl acelal 106 is treated wilil 
(S,S )-ehiraphosNiCI2. 108 is ohtaincd in only II (X 
ce and 80% yield. Rel11arkahly, when the in silu 
l11ethod is utilized. (SH08 is fonlled in 85'X 
ee (90% yield). Control experil11cnts clcarly indi­
cate that it is the cxccs, PPh1 presell! in Ihc iJl 
si/u method which is respon,ihle for the dralllalic 
improvement in enantiosclcction. Thal there is no 
diminution 01' selectivity wilh the in sil U Illclhod 
is consistenl with Ihe fact that six-Illcmhered ring 
acetals are inert towards alkylmagnesilllll halides 
in the presence of (PPh1hNiCI 2 . Thc nolable 
enhancement in selectivity is intriguing and unex­
peeted, however. 

A better understanding of the ahove rnechanistic 
dilemma will require future detailed Illechanistic 
studies. Nonetheless, as shown in Scheme 4.21. 
a variety of Grignard reagents can be used in 
these Ni-catalyzed enantioselective alkylations to 
afford a range of non-raccmic material, in exccl­
lent yield. 

(S)-W7 n=1 530;'- CL' 

(Sl-JOH n=2 1I Si CL' 

(,\')-107 11:::::1 15 f'j( CL' 

(SJ-IOX II::;:~ K5 f'j( t'c 
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4.6 SUMMARY AND OUTLOOK 

The chemistry describcd in this article del11on­
strates that chiral metallocene and Ni-phosphine 
complexes can he used to effect an important 
reaction that is largely unprccedented in da'­
sical organic ehemistry: addition of alkyllllag­
nesium halides to unactivated alkenes. Although 
EBTHI metallocenes ha ve proven to be effectivc 
at promoting the abo ve enantioselective transfor­
mations, the equipment required to prepare such 
catalysts (glovebox and high-pressure hydrogena­
tion apparatus), as well as costs associatcd with 
the required metallocene resolution (non-racemie 
hinaphthol = $45/1 g) suggest that more altrae­
tive catalyst alternatives mal' be desired. Prol11ising 
advances toward more facile syntheses (Jf inex­
pensive and chiral (EBTHI)MX2 equivalents may 
eventually provide more practical altcrnativcs 10 

this powerful class of transition metal catalys!. As 
discussed aboye. reeent advances in the use of non­
bridged metallocenes, where a resolution step is 
ohviated, mal' also provide attractive and el'fccti\e 
solutions to this problem. 

The chcmistry reviewed in this anicle dCIllOIl­
strates a variety ol' formerly-inaccessihlc protocoh 
which are now availahle that atlord e -C' hOllch 
in an cnantiosclectivc manner. However. \vc are 
a long \Val' away frorn having reachcd a poi nI 
whcre sufticiently diversc protocols are avaiJable 
that will allow us to catalytically and enanliosc­
Icctively alkylatc a considerahle range nf alkene 
suhstrate, with almust any alkylllletal s)'slelll. '!(, 

reach this goal, !llelals other than Zr. Ni, Mg and 
Al mal' have to he hrought into the rold. There 
is thus link dOllht that fllture exciting discovcries 
in the arca of dcsign and devclopmcnt 01' uscful 
aSylll!llelric catalylic e -C' hond fonning transfor­
Illations are in Ihe Illaking. 

ACKNOWLEDGEMENTS 

The National Institutes of Health (GM-47480) and 
the National Science Foundation (CHE-9257580 
and CHE-9(32278) provide gencrous support ol' 
¡lur programs. Additional suppon from Pfízcr. 
.Iohnson & .Iohnson. Eli Lilly, Zeneca, Glaxo. 
Monsanto. Sloan and Dreyfus Foundations and the 
Spanish Ministry of Education are acknowledged. 
Wc are Illost grateful to our co-workcrs and 
colleagues Zhongmin Xu. James P. Morken. 
Ahmad F. Houri. Mary T. Didiuk, Michael S. Vi­
sser. Joseph P. A. Harrity, Charles W. Johannes. 
Daniel C. La. Enrique-Bengoa Gomcz. Gabriel A. 
Wcatherhead. Courtney Luchaco. Nina R. Horan, 
Derek A. Cogan and John D. Gleason for thcir 
important co;trihutions to various aspects of the 
projects described herein. 

REFERENCES 

l. For general ovcrview of rccenl advanccs in this arca. 
ser: ""Catl1l\'lic Asrllll1ll'tric Srmhesis, Ojima, 1. Ed.: 
VCH puhiisher,,' New York' Weinheim. Camhridge 
1'1'13. 

2. FuI' a recent rc\ icw 011 a~yl11mctric conjugate addi­
lioll. see: (a) Rossiler, B.E .. Swinglc. N.M. C"(,/I/. 
Re)', 1'1'12. ~2. 771-S0b. For calalylic asymmclrie 
conjugalc additioll (JI' 'son' nuclcophilcs. sec: Sawa­
Illura. M .. Hama,hima. H., Shinolo. H .. 110. Y. Tel· 
/'(I/Iedroll Lell. 19'15 . .ir,. 647<J-64X2. (h) S3sai. H .. 
Arai. T. Shihasaki. M.J. Am. Chcm. Soc. 19'14. 
I U,. 1571- 1'í72. le) C(Jnll. R.S.E .. Lovcll. A.V .. 
Kara¡l\. S .. Wcin-'Iud,. L.M. J. (}¡x. Chell!. 1'186. 
5/. -i71()--..+711. h)r reactioll\ involving 'hard' 
IllIcteorhik-,. sce: IJ) ZhOlI. Q-L .. Pfalt/. A. 7(-¡)'(/­
Ir,''¡'"'' f.O!. fl)t¡j. 34. 7725- 7T2X. (e) Kan"i. 1v1.. 
Tnlllio!.:a. K. l(>¡nr/¡l'dron I.('ff. 1995. 36. 4275 
-I27X. (1'1 de VIIL',. A.H.M .. Mcclsllla. A .. ('cringa. 
1),1. .. ,.I/len,. 0,(,/11 .. 1",. I:·c/. I:l1gl. 1'1'1(,.35.2'7-1-
237ú. (gl ¡:l'nll~;L n.L. Pilll.' .... chi. ~'1.. A11101J. 1..:\ .. 



136 

Imoos. R .• de Vries. A.H.M. Al/gel\'. Chol/ .. 11/1. 
Ed. El/gl. 1997. 36. 2620-2(,2.1. (h) Sol",,,on. M .. 
Jamison. W.e.L.. McCormiek. M .. Li"tla. D .. Che· 
rry. O.A .. Milis. J.E .. Shah. R.O .. Rodgers. J.D .. 
Maryanoff. e.A .. 1. Am. O",m. SOl' 19MM. 111i. 
.1702-3704. (i) Swiss. K.A .. Liolla. D.e.. Marya· 
noff. C.A. 1. Am. Chcm. Soco I 99(). 112. '1.1')3 -'1.N4. 
(j) Swiss. K.A .. Hinklcv. W .. Marvan"II. C.A .. I.i,,· 
úa. O.e. Srlllhesis 1992. 127- 1.1 í 

3. Eiseh. J.J.: Husk. G.R. 1. AIII. Chcm. sO<'. 1965.87. 
41'14-419S. 

4. Hoveyda. A.H .• Evans. D.A .. Fu. u.e. CI/('I//. Rc\' 
1993. 93. 1307-1370. 

S. (a) Eisch. J.J .. J.H.J. Merklcy. ()¡X(JI/olllcl. ChclII. 
1969. 20. 27-31. (o) Eiseh. J.J .. Mcrkley. J.H. 1. 
Am. C"ellJ. SOl'. 1979. JOI. 114X-IISS. (e) Eiseh. 
J.J.1. Olgllllomel. Chem. 1980.200. 101-117 and 
references eited therein. 

6. Cherest, M .. Felkin. H .. Frajerman. e. Lion. e. 
Roussi, G.. Swierezewski. G. Í<'lruhcdron I.cll. 
1966. 87S-879. 

7. Felkin. H .. Kaescherc. e 7druhnlrol/ l.clI. 19711. 
4S87 -4590. ~ 

8. (a) Riehey, H.G .• Oomalski. M.S .. J. Org. CI/CIII. 
1981,46,3780-3783. (b) Von Rein. FW .. Riehev. 
H.G. Telrahedronl.et!. 1971.3777-3780. (e) Rich· 
cy. H.G., Von Rein. F.W. 1. O/X(JJ/oJ/1e!(JI. Ch,'m. 
1%9,32-35. 

9. Richey, H.G., Erickson. W.F .. Heyn. A.S. Tl'lrahc· 
dron Let!. 1971,24,2183-2186. 

!O. (a) Ozhemilev, U.M .. Vostrikova, 0.5., SullanO\. 
R.M. Izv. Akad. Na/lk SSSR. Ser. Khim. 1983. 32, 
218-220. (b) Ozhemilev, U.M .• Vostrikuva, 0.5.. 
Sultanov, R.M., Kukovinets. A.G .. Khalilov. A.M. 
IZI'. Akad. Nauk SSSR. Ser. Khim. 1983. 32, 2053-
2060. (e) Ol.hcmilcv, U.M., Vostrikova. O.S. 1. Org· 
'IIIOJ/lel. Chem. 1985, 285, 43-51. and reJ'crcnees 
eited therein. (d) Ozhemilev, U.M., loragimov. A.G .. 
Zolotarev. A.P., Mulukhov. R.R .. Tol~liko\', G.A .. 
I~\'. Akad. Nallk SSSR. Ser. K/¡im. 1989, 38. ~07-
208. (e) Ozhemilev, U.M., Su llano\'. R.M., Gailllal· 
di nov. R.G .. Tolstiko\', G.A., /:1'. AAad NUJIÁ SSSR. 
Ser. Khim. 1991, 40, I3X8-1393. 

11. (a) Hovcyda, A.H., Xu, Z. 1. Am. C/¡cm. SOl' 1991. 
1!3. S079-S0S0. (b) A.F. HOllri. !\I.T. DiJillL 
Z. Xu, N.R. Horan, A.H. Ho\'cyda 1. AIIJ. ChclIJ. 
SOl'. 1993, 115,6614-6624. 

12. (a) Houri, A.F., Xu, Z .. Cogan, O.A .. HO\el'da. 
A.H. 1. Am. Chem. SOl'. 1995, 1/7. ~94.1-~044. 
(o) Xll, Z., Johanncs, ew .. Houri. A.F .. La. O.S .. 
Cogan, O.A .. Hofilena, G.E.. Hoveyda, A.H., 1. Am. 
C/¡cm. SOl'. 1997, 1/9, 10302-1031 Ó. Sec also: 
Sehmal~. H·G. Angel\'. C/u'm .. 11/1. I:d. El/gl. 1995. 
3-1, IS33 - 1836. 

13. Por rcprcscntalive cxal11f1lcs whcrc THF alter'\ "L'lcc~ 
¡¡\'jIY. prcsumahly through ih dl'lctcJ"lnl!' inllu­
l'flCL' on internal chc!Jtioll, ~L'L': (al (i!1\\lI\'ill~ Li) 

Grignard Rcagents: New Dcvelopmcnts 

O\'crmall, l..E .. McCrcady, R.J. 7l'rralu'dnJII 1.<'11. 
I '1M2. 23, 2355-2358. (o) (involving Mg) Kcck. 
(;.1'., BoJen. E.I'. Telmhedrol/ Lell. 1984.25,265-
2hX. 

14. Mnrkcn. J.I'., Didiuk, M.T., HovcyJa, A.H. 1. AIIJ . 
C!/{'IIJ. Sile. 19'13. 115, 69'17 -699S. See also: Seh· 
mal~. Jj·G. Nac/¡r. C/¡ellJ. Ji'ch. L.<lh. 1994. 42. 
7~4- 721.). 

IS. HO\'eyda, A.H .. Morken, J.P., 1. Org. Ch"IIJ. 19'13. 
58, 4~37 -4244. 

16. DiJillk, M,T .. Johannes, ew .. Morken, J.P .. Hove· 
yda, A.H. 1. AIIJ. Chem. SOl'. 1995, 117,7097 - 71 04. 

17. (a) Guram, A.S.. Jordan, R.F. Organometaflic.\ 
19'1(). 9. 2190-2192. (b) ihid. 1991, 10, 3470-
3471.). 

18. (a) Fu. G.e, Grubbs, R.H. 1. Am. C/¡em. SOl'. 1992. 
114.7324-7325. (o) Fu, G.e, Grubbs, R.H. 1. Am. 
C/¡em. Soe. 1993, Jl5, 3800-3801. (e) Grubbs. 
R.H., Millcr. S.J., Fu, G.e., Acc. Chem. Re.I·. 1995. 
28, 446-452 and rerercnccs eitcd thcrein. (d) Seh· 
mal/. H·G. AlJgel1'. Chem. 1995, 107, 1981 -1984; 
Angel\'. Chelll.. /111. Ed. Ellgl. 1995,34, 1833-1836 
and rcJ'crences eited therein. (e) Schrock. R.R., 
Mllrd~ck, J.S., Bazan, G.e., Robbins, J., OiMarc, M .. 
M. O'Regan 1. Am. ChcIII. SOl'. 1990, 112. 3875-
3886. (n Bazan, G.C .. Schrock, R.R., Cho, H.·N., 
Gibson. V.e. Macmmolecules 1991, 24, 4495-
4502. 

19. Vi"cr. M.S., Heron, N.M., Oidiuk, M.T., Sagal, 
J.F., Hovcyda. A.H., 1. Am. Chem. Soc, 1996, 118, 
4291-4298. 

20. Morkcn, J.P., Oidiuk, M.T., Visser, M.S .. Hoveyda, 
A.H. 1. Am. Chem. SOL'. 1994, 116,3123-3124. 

21. Heron. N.M., Adams, J.A., Hoveyda. A.H., 1. Am. 
Chcm. SOl'. 1997, 119,6205-6206. 

22. Visscr. M.S., Hovcyda, A.H., Tefruhedroll 1995,51. 
438.1-4394. 

23. Bell, L.. Whithy, R.J., Joncs. R.V.H., Standen. 
M.eH. 'li-lrahedroll LeU. 1996,37,7139-7142. 

~4. (a) Martin, V.S., Woodard, S.S., Kalsuki, T., Ya· 
mada. Y., Ikeda, M., Sharplcss, K.B. 1. Am. ChclII. 
SOl'. 19MI. 103, 6237-6240. (b) Gao, Y., Han· 
.'on, R.M .. Klunder, J.M .. Ko, S.Y., Masalllllnc, H .. 
Sharplcss. K.B. 1. Am. Chem. Soco 1987, 109.5765-
S7XO. 

25. For a fC\ ic\\ uf kinclic resolution, see: (a) Kagan. 
H.B .. Fiaud. J.e. 7"". Slereochem. 198M, 18. 24'1-
.1.10. Ibl hnn. M.G., Sharplcss. K.B. In A.mlllllclric 
.";Yllt/¡nI\". Morri~()n, 1.0 .. Ed.: Acadcmic Prc~~: 
Ne" York. 1985; 247-308. 

2(1. Kilalllllra. M .. Kasahara, l., Manabc, K., Noyori. R .. 
Takaya, H. J. ()¡g. Chem. 1988,53, 708-710. For 
Pd·ealaly¡ed enantiosclcclÍ"c synthesis of eyclie 
allylic e.slcrs, .see: Trusl. B.M., Organ. M.G. 1. '\111. 
eh,,"1. S",· 1994. I/r,. I03~O-I0321. 

n Harrily. 1.1'./\ .. Visscr, M.S., Glcason, J.O .. HO\c· 
)da. ,\.H. 1. /1111. Ch('JlI. Soco 1997.1 N. 1488-148'.1. 

Stcrcosclcctil'c Addition 01' Grignard Reagcnts lo Alkcncs 137 

~x. For the Mn-Cal;¡IY/co l-.inl'tic I"c .... olutioll 01' 2.2-
di .... uh ... titulcd Chro~lll·Ill''''. -"Cl': Vandcr Vcldc. S.L. 
Jaeooscn, F.N. J Ore. C/I<'II/. 1995, (JO. 5380 - 5.1X 1 

29. (J. VUIl. I.ollllllcn. I)c Bruvll. M.o Schrovell. M. 1. 
I'I/(/I'm. Iid,~. 1 '19t1. -15 . . í)s - .160 and rekrences 
cited thLTl'in. 

.lO . .Iollanncs. C.W. Vi,'er. \'I.S. \\'ealherhead. C;.A .. 
Ho\'eyda. ;\.11 .. 1. :\11/. ('1"'/11. "oe. 1998. 120. 
K340-·X.147 

31. CllÍn.B. Bucln\alel. S.1.. J. Org. Ch"II/. 1996. (¡J. 

5650-5651 
.12. Erker, G .. Aulhach, M .. Knickmeier. M., Wingoer· 

muhlc, D .. Kruger. C. Nolle, M., Werller, S. 1. Am. 
Cliem. S'IC'. 199.1. 1/5. 4Wn-4ónl. 

.1.l. (a) Kondako\·. D.Y .. Ne~ishi. E. 1. Am. (,hem. SOl'. 
1995, 117. 10771- 10772. (01 Kondako\, D.Y .. 
Negishi. F. 1. AIII. C/I<'III. SO ... 1996, 118. IS77-
1578. See also: Kondako\', D.Y., Wang, S., Negi· 
shi. E. '[('lmhcdrol1 /.dl. 199<1,37,3803-3806. 

J4. Oawson, (J., Durrarll. CA .. Kirk, G.G., Whitoy. 
R.J .. Jones. R.V.H. Slanden. M.e.H. 7élrahedmll 
1",'11. 1'197.38. ::'.11,o-2.1.1X 

35. (a) Takahashi. K .. Miyakc, A .. Hata. G. BIIII. U/CII/. 

Soc 11m 1972. 45. ~.10-·2.16. (b) Chui!, e., Fclk· 
in. H., Frajcrman, e .. R()u~\i. G .. Swicrcl.cwski. G. 
Cl1clII. ('01111111111.1968. 1604-160S. (e) Felkin. H .. 
Swicruéwski. Ci.'ll-rJ'(/hcdroll 1975,31,2735-2748. 
(d) Chuit. C. Fclkin. H., Frajerrnan. e, Roussi, G., 
Swieruc\\'ski. G. 1. OrgaI101I1"I. ChclII. 1977, 127. 
371-31\4. (e) Buckwallcr. BL. Burfin, I.R .. Felk· 
in, H .. Joly·Goudel. M .. Naernura, K., Salomon. 
M.F., Wcnkel1, E., WO\kulieh, P.M. 1. A 111. Cl1clII. 
SOl'. 1978, lOO. 644S-645(). 

36. For an cxcellcnt recen! n., .. icw. ser: Trost. B.M .. 
Van Vrankcn. D.!.. Ch"III. Rn. 1996, 96, 395-42~. 

.17. Con,iglio. G .. Wayrnouth. R.M. C//('I/I. Rc\'. 19M9. 
8'J, 257 - 276 

.11\. ['or exalllplc. see: la) Ha)a,hi. T .. Yamamolo. A .. 
11<>. Y .. Nishioka. E Mima. H .. Yanagi, K. 1. A 111. 

('/"'111. SOl' 19M9. l/l. C,.101-6311. (o) Sawa· 

Illura, M .. Nagala. 11 .. Sa¡"'aIllO!O, 1I . 110. Y. J. :1111. 

0"'111. So ... 1992. 1 U. ~5X(¡-~5'I::'. 
.1'1. Didiuk, M.T .. MorkL'n, .1.1'., Ho,,')da. ,\.11 .. J. .\111. 

C/"·III. Soco 1995. 1/7, 727.1·7274. Ihlllidiu'. 
M.T., Morl--.clI. J.P .. Ilo\'l'yd¡¡. /\.11. '/i'lraltl'dull/ 

199H. 5.J. 1 1 17 - 1 1 3IJ. 
-l-O. TaL" u Illi , K .. Nakallwra. A.o KOllliy;¡, S .. Y:II11:JIIlUlo. 

A .. Yam<llllolo. '( J. AII/. ('llt'lII. SOl ItJX .... j(j(¡. 

XIXI-XI88. 
-+1. (a) Tahllllli. K .. Nakallwra. A.o KOllllya. S .. Y:I!l1:t-

1110\0, A. Yamalllo!o. T 1. AII/. C//(,I1I. S(J1 19X·t 
/06. XI81-XIX8. See aL"" (b) 11,1\ ,,,hi. T Koni· 
shi, M., Kun",da. M. 1. (h~(/II(lII/('(. C//('111. 198U. 
IS6. el·C4. 1<'1 Felkin, H .. .Iolv·(;uudkL'1. M .. Da· 
\ies. S.Ci. ldrulJ('(/ml1 1.1'11. 19M\. 2l, 1157- 1 1 (JO 

(o) Com,igJio. G., Morandilli. Fo. Pi((o!oo () J 
C"CIII. S(/C .. C"OIl. ('011111/11/1. 19MJ. 112- 114. 
(e) Hav",hi. T.. Konishi. 1\1 .. Yokola. K·I.. KUI1I'" 
da. M""'o 1. Or.~(IfI(JlI/C!o ChOllo 19X5o ~85. 35 l

)- 3730 
(n COllsiglio. G .. Picco!o. Oo. ROIlCl'lIio 1.. "J"c1r(/­
lU'dr(l11 19H6, -1-2. 2043~2()5Jo (g) For an L'\(('!­

Icnl rC\'il'\\o ~cc: CO!l~igli(l. (io. \\';)ylllUlIlh. R.:\1.. 
Clu'lII. Rer 1989. 8V. 257 -nh. 

4> Lautens. M. Ma. S. 1. (}¡g. (,hclIJ. 1996. (/1. 7~41>-

7247. 
43. (a) Consiglio. G,. lndolc~t'. A, Orga!/O/l/l'!l¡//Ú' 

1991. lO, 3425-.1427. (o) Indo!esé. Al' .. Consigo 
lio. G. O,glJllUllltf(Jllics I 99'¡, 13. 2~3() .. 22.14. 

44. Nomura. N .. R"jaIlB"ou. T.V .. '/,'lmh",lwlI 1.<'11. 

1997,38.171.1-1716. 
45. (a) Consiglio. G .. Piceolo, O .. RonL·clli. l. .. Moran· 

dini. F. '/('Iral",dmll 1986. 42. 204". Ih) Consig· 
lio, G.. Morandini. F.. Piel'Olo. O. lidr'. Chilll. 
Acta 19S0, 63.'iX7-'iXlJ. (e) Consiglio. (; .. Mm"n· 
dini, F .. Piccolo, O, J. Chl'lIIo .'.)tIC, C/¡('fII, COlI/l/l/ll1o 

19M3. 112·-114. 
41>. GOllle/·Bengo". E .. Heron, N.M .. Ilidiuk. 1\1.'1' .. 

Luehacu. CA .. 1I00cyda. A.H. J. ,\111. ClII'II/. SOC. 

199!!. Il(), 7h4 l)- 7(150. 



5 

Stereoselective Additions of Chiral 
Grignard Reagents to Aldehydes: 
Stereochemical and Mechanistic 
Principies, with Examples Using 
a-Amino Grignard Reagents 

Robert E. Gawley 
Department of Chemistry, University of Miami, USA 

5.1 INTRODUCTION TO 
STEREOSELECTIVITY IN 
GRIGNARD ADDITIONS1 

In general, the steric cOllrse of addition 01' a nuc!co­
phile to a carbonyl can fall into (lne nI' several 
categorics 2 From the stcreochcmical standpninL 
the most simplc is lhe addilion 01' an achiral 
nucleophile to a carhonyl whose faces are hOl11o­
topic, in which case the prodllct is achira!. The 
addition of phenylmagnesilll11 bromide to acctone 
(Scherne 5.1 a) falls into this category. If the two 

J AnOlher rcvicw on ~1t:rl'o~c1ccti\C <tdJitiom of chiral ((­
aminoorgallolllclallln. ""hidl ¡neludes a litaalurc n:\ ¡eVo. (JI 
a-amin()on!<'lIlolilhiulll addltHlll", alonc \vith Illcchani:-.tic r:lllo­
nale.' <Jnd ~ynthctiL applicaliol1". \\'ill :Ippc¡¡r scparalcl) 11 ¡ 

2 Fm dclailcd glo .... s;Jric .... 01' \1l'rcodlL'lIlical tcrlllinolog~. ~l'l' 
pp. Is-40 nf reL 121 ano 1'1'1191 121001 reLI:11 

carbonyl faces are enantiotopic. addition to lhe Ri' 
or Si faces affords transition stales that ar~ chiral 
and enantiomeric. The addition 01' phcnyl'na>!l1c­
sillm bromide to acetaldehyde (Scheme 511;) is 
an exarnple of this type 01' reaction. In an achir,t1 
solvenl, the two transition stalcs \\ill he i\oener­
gctic (i.e. 6.6.C' = O), and thc t\\O enantiol11crs ,,1" 
the product will be formed in equal amOLl1lts'" In 
order for the product ratio lo be # l. the cncrgics ,,1' 
aclivalion must be differcnt. To render lhe lransi­
lion states diastereorneric (6.6.C' # O). thcre must 
he an additional element of chirality. Thi, addi­
lional clernenl could be in either of the rCrct'lIlts 

~ In S()I~ll' 1..'<1:-.(''''. thac Ill.JY be onl} onc prodtKI.", hll" l\;lIllpk. 

111(' "ddit¡OIl 01" IllctbyllilllllUll lo acetalJdl)tk .. dlord ... tl ll' ".!IlK 
plOdtK[ h) adJition ((l cithcr (helcrot{lpll') C¡rh(Hl) I !;I,'l', T!w 
tran~itioll :-.Iatcs ¡¡fe ncvcrlhck ... ~ c-nanliotncrlc dllL' lo Ilfklill~ 
h()[ld kn~lh, bct\\/t.'cn Ihe cart)(ll1)1 C¡¡rh(lll ,md tlll' t\\,\ *.-111\': 
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SCHEME S.l. (a) Addition 01' phenylmagncsium hromidc to cilher uf lhe homolopie faces 01' aeclone allorlb 
Identlcal tranSlllOn states. (b) Addilion uf phcnylmagnesiulll hromide lo lhe cnantiotopic faces 01' acetaldchyde affords 
enantlomenc tranSHlOn statcs. 

(organomelallic or carbonyll. the solvent. or a cala­
lysl. as illuslraled by the following examplcs. 

In the early 1950s, several groups began to 
analyze the factors affecting the stereoselective 
addition 01' a nucleophile to faces 01' carbonvl 
compounds that are diastercotopic by yirtue ;,1' 
a proximate stereocenter. Principal among these 
were the e/Torts 01' Curtin [41. Cram 151 anú Prelog 
161. Thcse types 01' additions mav be gencrali7cd 
as shown in Scheme 5.2. 11' the 'adúitTon is irre­
versible U.e .. lInder kinctic control). the differcnce 
in free energy 01' activation. 6 6G:. determines the 
product ratio. 01' ten. the factors that inlluence the 
Re/Si face-selectiYity are complcx. For cxample. in 
the case 01' Cram' s rule 151. it has taken 40 vean, 
to derive a mechanistically sound rationa1e f(;r the 
stcric course 01' the addition.-l 

-II-o¡-;¡ hl"((\n Id ti1\..' l'\\l]U[IOIl ni ('r;1111'" ruk (rlllll I(»)~ lo 
I ()ln. "e'l' PP i 2 J 130 \)1' r~r. 121. . 

Another way to render the carbonyl faces dia­
stereotopic is by complcxation 01' a chiral Lewis 
acid to the carbonyl oxygcn. This is the approach 
taken in, for exarnple. the asyrnrnctric diethyl7inc 
rcaction. as shown in Schcl11c 5.3 171. For reviews 
of such processes. sce reL [8-11]. Chapter 5 in 
reL [131 and pp 137-141 of rcL 121. 

Yet anothcr way to render the transiti"n states 
diastereomeric is to employ a chiral nuc1cophile 
(Schel11e 5.4). One such class is organolithiulll anJ 
organol11agnesiul11 (Grignard) rcagenls in which 
the carbon bearing the ';letal is sp t hyhridized ami 
stereogenic. Although l11any secondary mgano­
lithiul11 and Grignard reagents are chiral (c.g .. H'e­

BuLi). l11uch of the progress in stcreoselecti\e 
reactions 01' chiral organometallics has occllrred 
in species containing a heteroatom in the posi­
tion alpha to the metaL The hcteroatom may he 
a tirsl~row elCIllCIll ~lIl'h as nitrogcll or oxygcIl. or 

Illain group c1cml'nts SUdl as phosphorus. sulrllr. 
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SCHEr\IE 5.2. Addition 01' phcnylll1agllc~ium hWlllidc lo ;1 dllral ;Jlddl)dl' aflords dia~lcrl'o!lll'[ic Irall~ilion ~tatl':-'. 

sclenilllll. m tellurium.' In this revic\\'. 1 will rocus 
on nitrogcn as the heteroatolll. 

5.2 TRANSITION STATES AND 
MECHANISTIC RATIONALES 

It is 01' inlerest 10 analyJ:e the possiblc transition 
qate assemblies 01' additions 01' ehiral Grignard 
rcagcnls having a stcrcogcnic mClal-bcaring car­
bono \\'ith the ailll 01' rationalizing the stcric course 
01' the addition. In considering the mechanistic 

~ hn nUIllL'rou~ rn iL'\\" (11 hL'krn:¡[\lIl1·..,tahdilL'd l'.uh:lnl\llh. 

"l'l' \\lIUllll'" 1 dnd 3 uf rl'¡" 1141. 

details 01' sllch additions. one must ask the folio\\'­
iJl~ qLH.~ ... ti()Il-';: 

l. Is lhe Grignard conliguraliollally stah1c at the 
Illetal,bearing carbon" Ir so. ",hat is the abso­
lulL' c()!lliguration'! 

, Uoes thc additioll OCCllr hy a polar path",ay or 
a SIngle e1cctron transkr ¡SET) r~dox reactioll. 
f"lI"wed hy a radical coupling" 

.'. 11' polar. does the ~dditioll to a carbonyl occur 
",ith retcntioll or inversion at lhe carbanionic 
carbon'! 

-t Is there a prcferred topieity for the additio,¡" 
U.C. I)ocs the R orgallollletallic add to the He 

face or Si f;lcc 01' the aldell\ (k'" I 
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SCHEME 5.3, Addition of diethylzine lo hcn/aldc­
hyde, catalyzcd by ehiral Lewis acids [7J, 

These considerations are ilIuslrated in Scheme 5.5 
for a-aminoorganometallics in generaL Depending 
on the method of metalation, the configuration 01' the 
a-ammoorganometallic (boxed) may not be known, 
and Its configurational stability may not bc immc­
dlalcly obvious, Ncvcrtheless, in reacting with an 
electrophlie. there are two major pathways thal can 
he followed: a polar addition and a radical mech­
anism involving oxidation of the carbanion by Ihe 
electrophile (SET). Scheme 5,5 illustrates an ;Idc­
hydc as an electrophile because analysis of Ihe 
ratio of the four possible diastereomeric products 
may provlde an opportunity to determine thc mech­
anistic pathway(s) heing followed, For example, 
II Ihe organollletallic is configurationally stable. a 
polar pathway procceding with retenlion 01' confiQ­
uration at the carbanionic carbon woulu gl"c' a 

Grignanf Rcagcnts: Ncw Dcvelopments 
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SCHEME 5.4, Addition 01' a ehiral Grignard reagent to 
henzaldehyde affords dlastercomcric transition states, 

mixture of the R,R and R,S addition products, If 
the configuralion of the organometallic is known, 
then one can deduce the steric course al the carban­
ionic carbon, Conversely. a conligurationally labile 
carb¡tnlOn that adds with a given topicity, might give 
a predomll1ance 01 the R,R/S,S pair over the R,S/S.R 
paJI' (nr vice vcrsa), hUl the stcric course (inversion 
I'S, retention) may not be uiscernible. 

For a rauical palhway, two assumptions can be 
made: (1) pyramidal inversion (and translational 
motion in the solvent cage) of a free radical is 
raster than coupling 10 the aldehyde ketyl, and 
(2) rauical coupling will show poor selectivity in 
adulng to heterotopie carbonyl faces ó Under these 
conuitions, an SET palh would give an equimolar 
mixture of all four producls. 

f> Sh."r~·o:-.c1-=~·ti\'c radical couplln~~ arl' L'um:ntl) heing devcl-
llpcd. h)f" 1\'\"1('\\/:--. ~cc rt.,r. ¡ 15-171. ~ 
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SCIIEl\lE 5.5. Mcchanistic po\:-,ih¡litic~ rol' the polar addition of a chiral u-amiJl()organolllt'lallic lo an aldch:dc. 

Two tinal points should be maue clea!'. First, 
thc analysis oUllineu abo"e is only complete if the 
organometallic is not raccmic: otherwisc, using the 
,Icric cnurse 01' the reaction to elucidalc Illecha­
ni .. 1ll is limiteu. Sccond, Ihis analysis assulllcs a 
Illonolllcric spccies; Schlenk equilibria anu other 
aggregalion phcnolllcna ll1ay cOlllplicalc mallers, 

5.3 TOPICITY AND 
TERMINOLOGY 

Beforc proeeeding furthcr. il is neeessary lO define 
the terlllinology Ihat will be useu lO descrihe 
rclative conliguralion anu lopicily in Ille,e reae­
tions. In 19~2. Prelog ami HellllcllL'n prop",ed lhe 
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Fi,g. 5.1 .. ~a) .Si..~l'h;¡l"h-PrL'log uctinition 01' rclati\c topicit\'. illl1~lratcd h" .. -., 
th,H tOplClly 1.\ IIldcpcndcllt 01" cllolatc "('ol11ctr\,)' fh¡ A .: 1" . ) .1dultlOIl ni .In LlloLltc lo all alddl\lk (note 
01' rl'l<tt¡\l~ lopiL'it v ror ¡i-alllino .. :dcoh~J:.., h'l~cd ¡m rcl"I~i..C,OI,l( \\I'.t) to .\'lC\\' the Scchach"- PrL'l{)~ t'OIKL'fll: (e) '"kl¡nitlOll 

_ . •. • l\l: UlIl Iguratloll. 

Stcrcosclcctivc Additions of Chiral Grignard Reagents 

dcscriptors I and 1/ (for likl' and l/lllikd to dcscrihc 
rc!ative conliguration Ilgl. and this tcrl11il1ology 
\\'111 he uscd here. Thus, R.R amI S.S pairs 01' 
stcrcoccntcrs have the I rclative conliuuration ano 
R.S and S,R pairs arc 11. Following this prece,knt. 
Seehach ano Prelog proposed that the steric coursc 
01' reactions hetwecn t\\'o trigonal atol11s could he 
c1assitied topologically as Ik (/ike) ¡(jr rcactions 
in which the Re.Re or Si,Si hctcrotopic faces are 
joincd. and as ul (ulllike) for rcactions in which 
Re.Si or Si,Re faces were joineo. as iJlustrated 
in Figure 5.la [191. These protocols are hased on 
the CIP sequence rules 118.201 and are unam­
higuous in aJl respects when trigonal atol1ls alT 
involved. bccause even in the transition state the 
rcaeting atoms are stiJl only tetravalen!. Howcver. 
the same rules are not directly applieablc to the 
reaction of a chiral, stercogenic nucleophilc sueh 
as a Grignard. since the earhanionic carhon i, tetra­
heclral in the ground statc and pentavalent in the 
transition statc and (with rcferencc to Schetlle 5.5) 
the rcaction may occur with cither retention or 
invcrsion of configuration (sec also Figure 5.2 and 
the accompanying discussion. belo\\'). Nc"erthe­
\ess. examination of the products of the reaction 
01' two trigonal aloms (Figure 5.1 b) illustrates how 
the topicity may be delined hased on the relativc 
conliguration of the products 7 Thus. for an aldol 
addition, the three ligands 01' eaeh 01' the former 
trigonal atoms form the bases 01' t\Vo tctrahedra. 
\\'ith the fourth vertex hcing the nucleophilic or 
electrophilic carhon of the othcr reactant. It can 
he easily scen that this fourth vertex is sittinu on 
eithcr a Re or Si face of a triangle and that these 
descriptors match the rclative t~,pieitv aceording 
to the Seehach-Prclog delinitions. E,'tendinu thi~ 
coneept to the ¡¡-ami no alcohol product 01' ~addi-
tion 01' 'In a-aminoorganometallie to 'In aldehwle 
is straightforward. as shown in ¡.:jgure 5. le. . 

The illustrations in Figure 5.2 Jel1lonstrate ",11\ 
il would he impossihle to trv t(l dcline rclati\'~ 
topicity for these reactions ha;ed on Ihe reactants. 
The reaction at Ihe mctal-hearing carhon is an SI.:2 
process. which may occur with eithcr rctention or 
inversion of conliguration 121al. In reaL'liotlS 01' 

1"111'-,1', nol unllkl' lhe rationak for ¡hl' /'II'I/{I((II "~,krll (lt 

d"",l~nillg ,Llali\'c l'onliguratioll j ~ 1 ! 
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tClllioll and ill\C-r ..... illll al 111\: lllClal-hcaring carbono 

chiral organolithiums with carhonyl compounds. 
hoth pathways are known 12Ia.22,23]. Thlls. the 
steric course 01' a rcaction sllch as this must he 
spccilicd with respect to hoth topicity {{/l{1 reten­
tionlinvcrsion at the mctal-bearing carbono Note 
that the two structures in figure 5.2 have the samc 
topicity as delinco in figure 5.1e. 

5.4 ADDITlONS OF 
CONFIGURATlONALLY 
STABLE GRIGNARDS TO 
ALDEHYDES 

AII 01' the cxamples which follow are metallated 
nitrogen hcterocycles. in which the nitrogen is part 
01' eilher an amide or amidine group. These species 
have heen called 'dipo!c stabilized·124]. bccallsc 01' 
the partial positive charge on the amide or amidine 
nitrogen. In a saturated heterocyclc. such Gri· 
gnard spccies are probahly conligurationally stahle 
for stercoe\cctronic reasons 125-28]. although no 
dclinitivc experimenh have heen done. Tahle 5.1 
lists two exampJcs ni additions 01' dipole-stahiJized 
(,rignaros to henlaldchydc. Examplc 5.1 is a test 01' 
Grignard selectivily reported by Scebach in 198..\ 
12')1. although the fo['[namidine auxilia!)' was devel­
oped by the ML'\ers group to facilitatc lithiations 
1:101. The sccond C\ampJc is from our own work 
1311. ano illu,tralcs the power 01' stereochemistrv to 
prohc meehani,tic dclail in this licld. Recall ft:om 
Scheme 5.5 thal a mixture 01' four diastereomers 
would he expceled il SET is an important rneeh­
anistic path\\ay. In thi, case. only three are fonned. 
indicating L'Pllllll'ling Illcchanisll1s. 

Originally 1.111. \\e suu!.!estcd lhat thi.s mixturL' 
\Vas duL' lo C()lllpl'llll~ pul~~r and radical palh\\ ay:-., 
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Table 5.1. Diastcrcosclcclivity in lhe additillll nf cOllligurationally .... taole, (hiral a-amino Grignard reagents lo 
hcnzaldchydc 

ElIlr)' 

2 

OrgalH)lllctallic 

911 
BrMg - - - NI-Hu 

yyo 
r:Mg---N--{ 

presumed ~ 
C()flfiguration 

THF 
-7X 

cthcr 
-lOO ~ RT 

bul further analysis leads me to believe that lhe 
competing mechanisms are both polar. Ir SET 
occurred, coupling of the a-amino radical with lhe 
aldehyde ketyl ought to be stereorandom and four 
diastereomers should be formed in approximately 
egual amounts; indeed. this was found in the 
addition of the corresponding lithium reagenl 
lO benzaldehyde [31]. The differing amounls 01' 
each diastereomer in the Grignard addition. and 
in particular the near absencex 01' the R.S 
diastereomer suggests that radicals are rrobably 
not involved. 

5.5 CONFIGURATIONAL LABILITY 
OF BENZYLIC GRIGNARDS 

When the metallated carbon is allylie or hen¿ylic. 
the barrier to inversion is lowered rclalive 10 ;atu­
rated systems. This was demonstrated by carbon-13 
NMR experiments thal wc reported in 1996 1321. 
The system studied was a tetrahydroisoquinolylox­
azoline. metallated in the I-position. The oxazoline 

¡.; .sYif. uno:rtainly tille 1\1 illaCCUral'll'~ nI' polarillletrv 1m thl' 
oily addition product. -

Producls 

,,/ IOpicil)' /1, lopicily 

11. racl'lllic /. raCCllllC 

66 

a!ter ~Iu.\iljary fcmoval: 

C1NH :c 
Ph OH 

R 

11. zX()I,; ce 

?:l)O. IOcr 

50 

34 

~ NH 

S 

Ph ' OH 
S 

l. 50C;( el' 
75: 25 er 

50 

Rcfcrcllcc 

12'11 

1311 

ring had a slereoeenler, so lhe two C-I epimers 
were diastereomers. Carbon 1 was enriched in 
carbon-13, and the C-I region of the spectrum 
is shown in Figure 5.3. This complex spectrum 
for a single carbon conforms with earlier nnd­
ings that pyramidal inversion and Schlenk equilibria 
complicate the NMR spectra 01' organomagnesium 
species 133-381. Neverthelcss, two regions can 
be disccrned: a low-neld. tempcraturc-independent 
region. and a higher neld region. near 47 pplll. 
wherc a dynalllic phenomenon is observed, with two 
peaks coalescing at _65 0

• 

In 1965. Whitcsidcs and Roberts showed that the 
1 H NMR spcetra (in ether) 01' dialkyll11agnesium 
specics changc lilllc bclow +30

0 

and that Grignard 
specics do not change helow lempcralures 01' - 70 
1351. Further. lhc position 01' lhe Schlcnk cljuilib­
riul11 (R,Mg + MgBr2 +==t 2RMgBr) is alTeclcd 
by hoth the conccnlration 01' magncsiul11 halidc. 
solvenl. and temperaturc. Relevant to our work 
is lhe facl that in THF at low tel11peratures, the 
cljuilibrium is shiftcd towards lhe dialkylmag­
ncsiul11 side (relative to its position in ether). 
and lhal the Schlenk cquilihriuIIl is slow 13'11. 
Conlrol experil11enls on our syslel11 showed Iha!. as 
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Fig. 5.3. Low-Icmpcralurc parlial C-I J NMR spcclrum 01' the equilihraling Grignard diaslcrcomcrs shown al 101'. Onl) 

the signab duc to C-I are shown. Sec text for cxplanalion and asslgnmcllb. 

the IIlagncsiulll bromide concentration was varicd 
belwccn 0.2 M and o.) M (equilibration al O"), the 
ropulalion 01' the uptield (ICmrcrature dependent) 
rcgion incrcased at the expense 01' the downneld 
region. Wc interprct this as a shift 01' the Sehlenk 

equilibrium toward the Grignard. RMgBr. 
Thus. the uptield. lempcrature-dependcnt region 

\Aas assigncd to the Grignard 1110nomcrs. and the 
l\\'o peaks near -+7 ppm \Verc assignce! to lhe two 
diaslereomers epimeric al C-1. lnlcrestingly, inte­
gration of these two peaks in the -80' spectrum 
corresponds exactly lo the isomer ratio found in 
lhe addilion lO benzaldehydc (¡'¡de ¡lIti(/). 

Whitesides e( al. found lhal lhe (Arrhenius) bar­

riel' lo inversion of prilnary Grignard rcagcnts was 
11 ± 2 kcal/mole (A = exr9.) ± l.) s-I) 1341. In 
107 l. Fraenkcl concludcd lhal lhe mechanisl11 nI' 
ill\crsion involvcd a dimeric srecies and Ihal al~yl 

bridging is assnciatcd with lhe transilion sta le for 
invcrsion 1401. Early allcmrts at observalion 01' 
inversion 01' sccondary organomagncsiuIl1 reagents 
(4-6 memhered saturaled rings) showed that lhe 
barricr 10 invcrsion was lJuite high 135.41.-+21. 
although Maercker sho\\'cd lhat 3-cyclohcxenvl 
Grignard undergoe .... SOllH.~what more rapid in\'cr­
sion. with a IO\ler harrier in THF Ihan in ether 1371. 
The high harrier is generalh atlrihutcd to dírticull\ 
in hridging uf the ~atllrated ~ccondary Grignard-... 
while lhe lo\\'er hanier inlhc cyclohexcnyl svs[cm is 
probably due lo a\Síslance hy lhe douhle hond I.NI. 

The coalescencc dala frolll Figure 5.3 currc­
spond lO free energics 01' aClivation (6G) in Ihc' 
9.K-10~ 1 keallmole range al -6)'C. wilh 6(;" = 

(U kcal/mole 1m Ihc 1\10 C-I cpimcrs 141,421. 
This loVl harricr ,ugge,h lhal chelation. dil'0le­
,tahili/atilln. alld hell/ylic activatioll combine lo 
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lower lhe inversion harricr. allhough furlher exper­
imcnls on simpler syslcms will bc neccssary lo 
eslahlish lhis conc\usively. 

The low barrier prevenls us rrom delermining 
lhe slcric course 01' lhe reaclions 01' lhesc specics 
wilh cleclruphilcs. bul our working hypOlhcsis is 
lhal addilion lO a earhonyl lakcs place wilh reten­
lion 01' eOl1tiguralioIl al lhe mClal-hearing carbono 
Evcn lhough lhcre is a low barrier lo inversion. 
hcnLylic Grignard rcagenls have been dcvclopcd 
lhal are highly slcrcoseleclive in thcir additions lo 
hCleropic carbonyl faces. as outlined below. ancl 
useful synthelic melhodologies have ensued. 

5.6 ADDlTIONS OF BENZYLlC 
GRIGNARDS TO ALDEHYDES 

In I t¡8-t Sccoach diseovercd lhal transmetalalion 
of a lilhialed lelrahydroisoquinoline pivalamide to 
a Grignard reagenl inereases the simple diastere­

oselcctivity (111 relative topicity) lO IOO'k. as 
shown in Tablc 5_2 [29.43 J- As discussed in a later 
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seelion. the ZLirich group uscd this high selcctivity 
in eflicicnt synlhcscs of several (raecmic) hydroxy­
ben/yl isoquinolinc alkaloids. a stralegy lhat pa"cd 
the way for a subscLJucnt chiral auxiliary-hased 
approach developed in Miami. 

Two approaches have heen ta1-en to capitali/c 
on lhe diaslen:oselcclivity ohserve" in the addi­
lion 01' isoquino!ine GI-ignar"s to aldehydes round 
hy the Seebach group (Table 5.2). The Sechach 
group used the chiron approaeh (ehiral tetrahy­
druisoquinoline pivaIamidc). ami Kelly Rein and 
Pingshcng Zhang in my group de"elopcd oxa/o­
line ehiral auxiliaries (Tab\e 'U). It is important 
lO note that in ncither case <lid the corrL'sponding 
lilhium reagents afford useful diastercosclcction. 

As shown in entrics I and 2 of Tahlc 5.3. Sec­
oach found that a relativcly simple Grignard 
rcagent was IOO'k diaslercosclcetive in ii' addi­
tion to benzaldchyde (entr)' 11. hut a more 
eomplcx system showcd relatively nwdeq selcc­
tivit)" (entry :2). The lalter cxample "'as used in a 
synthcsis of (+ )-corluminc (\'ide illj/-o l. ami slands 
oul as arare cxccption to the usually exclusive ,,1 

Table 5.2, Simple diaslercoseleclivily in the addition of conliguralionally lahile. raecmie. ehiml a-aminoorganomclal­
lies lo henzaldchyde 

Enlr)' Organomctall le Condilions 

THF 
-78 --+ RT 

THF 
- 78 --+ RT 

ti! lopicily 

100 

lOO 

Products 

Ik lopieil)' Rcfcrcllcc 

12Y.-UI 

I(J( I 

o 
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Table 5.3. Diastcrcosckctivity in lile auditiulI \)r umligurationally I;Jhi\c. nnnraccmic, chiTal a-aminoorganolllctallic'-
10 aldchyJes. 01' lhe futir pos:--lhk dia ... h:rl'ollll'r~. onl> tho:-.c founu are iIIustralcd 

Enlry 

3 

OrgalHHllclallic 
ami Aldehyde 

PhCHO 

CHO 

G\'.:::: CO,E! 

~, 
O 

0-.1 

I'hCHO 
R - r..h: 

PhCHO 
R = E! 

R 

R 

Conuition:-. 

THF 
-XII 

TIIF 
- xo 

THF 
-7~ 

Tllt­
-7X 

/11 !of1irit.\ 

111 ¡opll..'i¡~ 

/11 ttlpiL'lt) 

6' 

Pnluuct" 

MéO:(:?CO'1t 
I / :\COR 

MeO /"> / 

~
-

I // O 

() 

\.....0 O 

tJ.. lopll.:ity 

1// !opicit) 

511 

I//l0PK;1) 
,~ 

RckrClll'l..' 

1~21 

kOllrilllll'd (!\'c//ctll) 
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Table 5.3. (COlllíll""") 

Entry 

5 

6 

7 

8 

9 

Organomctallic 
and Aldchydc 

+ 
PhCHO 

R:::; ;-Pr 

+ 
PhCHO 

R = ;-Pr 

+ 
PhCHO 

R:::: i-Pr 

PhCHO 

R = ¡-PI 

i'hCIlO 
j{ = Ph 

R 

Conóition~ 

THF 
-7X 

THF 
-70 

THF 
-45' 

THF 
-7R-

uf topiCll)' 

66-71 

lit lopicity 
5'; 

uf topicity 
42 

ur topicit) 
5X 

JI! ¡(lpicily 
71 

Grignard Reagents: New Developments 

ProduclS 

) 
OIlN \ 

R 

ultopícity 

34-29 

uf topicity 
45 

ul topicity 
58 

uf topicity 
42 

uf topicity 
29 

Rcfcrcncc 

132.4(,1 

1321 

1321 

[32] 
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Tabl~ 5.3. (mlllilllll'd) 

Entry 

lO 

II 

12 

Organolllclallic 
and Aldchydc 

+ 
t'hCIj(l 
j{ = [ln 

~OMe 
IlrMg---N-(Me 

~i-Pr 

+ 

PhellO 

+ 
PhCIlO 

~()-XMg---N~ 
+ 

l'hCHO 

Condition~ 

THF 
-7X 

THF 
-7X 

ProdUCh 

topieity cxhihitcd hy magnesiotetrahydroisoquillo­

lines in additioll reactions 145]_ 
In 1989. Kelly Rcin hegan an investigation into 

the use oC an oxazoline chiral auxiliary to efkct 

diastcreoselectivc additions of Grignard reagents 
hased on the Seehach discovery_ The initial erfor! 

1461 used an oxazoline auxiliary derived from 
valine (Tahlc 5_3. entry 5), one that we had used 
prl'\iollsly in studies of asymmetric alkylations of 

uf toplcity 

70 

1/1 tupH.:il) 

'o 

151 

Rcfcrcncc 

132] 

132] 

132] 

132] 

lilhiated tctrahyumisoquinolines 147.48J. Although 
lhe selce:ti\-il)' pro\ided by lhis auxiliary was 

modesl. it \Vas used in lhe asynllnctric synlhesis of 

scv-cral hydroxyhcllzyl isoquinolinc alkaloids (¡'ide 

illti-a). partly Illolivaled by a Ileed !O cstablish 

lhe ahsolute contiguration 01' the addition prod­
ucts_ Later, afler \Ve bccallle con\'inced that lhe 

approach \Vas wOrlhwhilc. Pingsheng Zhang under­
took a ¡non: systcmatic in\'csligatioll of lhe cff~ct 
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(a) 

Á S O 11 

/-<--. N~J.~~··""Me 
____ o 1'· .. X 

BI 1 ~S H Me 

s = sohent ITHF) 

(e) 

/"N_S-< /---<; I N M .. ...------
B,------ 1" ~ S Me 

Me 

s~ 
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(f¡¡ 

H 
11 

Fig. 5.4. Probable conforrnation of the magnesiated tetrahydroisoquinolyl oxazolinc. ha sed on analogy to the X·ray 
ceyslal structure 01' a magnesiated tetrahyrdoisoquinoline pivalamide [431. The aldchydc prohahly coordinates to one 
01' the ligand siles cis lO lhe isoquinolyl carbon prior to reaction. (a) Conformation 01' isopropyl in 5·unsubstituted 
auxiliary; (b) Sleric crowding produccd by rolalion 01' isopropyl in thc 5.5·dimcthyl derivativc; (e) Similar crowding 
in a camphor-derived auxiliary (enantiomer 01' lhat drawn in Tablc 5.3. entries 12 and 13). 

of auxiliary structure and reaction temperature on 
selectivity [32,49], as summarized in enlries 3-13 
of Table 5.3.9 

With oxazolines substituted only in lhe 4-posi­
tion. the selectivity peaked at about 70'íf wilh 
eithcr R = ¡-Pr, Ph, or Bn (cf entries 3-5. 9. and 
10) 1321. Note thal in alllhese examples. lhe alde­
hydc appears to approach lhe Grignard from the 
side Opposile R (i.e., tJ-face as illuslraled. assuming 
chelation 01' lhe magnesium by lhe oxazoline 
nilrogen ).This is in conlrast to lhe chiralil)' sense 
of lhe reaction of lhe lilhium analog wilh alkyl 
halides. where approach of the eleclrophile is from 
lhe (t-faee [481. Although this came as a surprise. 

<) For (he analYsi~ of /1/1 selcctivilV, NMR is the mcthod nI' 
choice. ~ince lh~ two diastcrcomcrs ;re casily distinguishcd ti)' 

11lL' l'oupling patlcrn of lhe Iwo Illcthinc proton~: lhe coupling 
cUlblan\ ror lhe crythro i~(lmer i:-. typically 3-5H/. \.\'herea~ Ihe 
threo pail i ... typically 7-9 H/ [-+-l.SO-531. Tu a",~i~1l tlnsoluk 
c(ll1llt'urall(lTl. (hiral .... (alionar~ rha"'l' HPLC l' IlIl' Illclhod 01 
choicl' 15·l! 

we lhoughl we lI1ight be ablc lo inerease the 
propensily toward tJ-approach by lI1aking lhe (t­

face more crowded. The firsl approach was lo 
melhylale lhc oxaLOline al lhe 5-posilion. which 
forces lhe isopropyl group lo rotalc inlo a confor­
mation lhat places a methyl group closer lo lhe 
ligands on lhe magnesiull1 (Figure S.4a, b)HI The 
modifiealion achic\'ed lhe dcsired effeel, boosling 
lhe diaslereoscleetivity to XO'íf (enlry 11). The 
seeond approach lIsed a difTerenl auxiliary, lhis 
lime one deri"ed from camphor quinone. In this 
instance (Figure ".·k). wc were also hoping to 
fínd a struclUrc that \\'ould facilitale separalion 
01' lhe lwo diastercomcric addition products. The 

ro Chelati(ln ()f <In octahedral Illa~ne~iUIll (wilh Ihe hrornlJle 
(ran~ lo Ihe chclatrng ,,10m) ¡J,\ ~h(}~·1l in thi~ figure i:-. hased on 
'-1nalogy lo Ihe X-ra~ lT~ '>la I '>Iructurc nf a pi\"alami(k CJrignard 
(rahk 5.2. enlr~ 1) (lhlaincd hy ttll' Seehach group [--1-31. Thc 
r~lli()llalc ,t1 ... o ;¡ ... :-.lJllle ... Ih,11 Ihe allkhydc replace:-. {lne uf Ihe 
TIIF· ligaJld~ (ci ... lo Ilw l·;rrhall!OIl1C carho!l atol11 nll Ihe magne-
.... il/Ill) priur lo addilltll1. 
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camphor allxiliary pmved lIsdlll in thal rcgard 
(enlries 14. 15), sinee il afforded X()lj, diaslcreo­
selectivily, and one rccrystallization 01' the erude 
prodllct mixture yielded a single diaslereomer 14<)1. 

Arter doing lhe NMR expcrimcnls dcscrihed 
ahove, Pingsheng Zhang notieed a eoalescence 
al -65 1321. Prompted by lhis ohservalion. he 
varicd the temperature of lhe addition. with some 
unusual results. As outlincd in Tahle 5.:1, enlries 
S-X. the scleclivily fell from ahout 7()l;' to 55'íf 
het",een -78" and - 70c~; at -60' the chirality 

sense was re"crsed, lhen reversed again at -45". 
With lhe call1phor auxiliary, raising lhe lelllpera­
tuné frolll -78' to -6Y inercased lhe seleclivity 
from 6Yk 10 80'íf (entries 10-11) 1321! This bizarre 
hehavior underseores lhe point made previously 
(Scheme 5.5) ahoul seekíng mechanislic insighl 
when the carhanion is nol configuralionally stahlc. 

() 

( 
o 

(±) a-OH: ophiocarplllc HO 

(±) ~-OH: cpiophiocarpine 

~ ij 

OMc 

OMe 
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Neverthcless, lhe camphor auxiliar)' providcd a 
single diaslereomer in thc synthetieally useful yield 
of 50'h (isolaled, unalytically pure, single diaslere­
omcr). ",hieh comparcs favorabl)' 10 lhe isolated 
vidd oC 58o/r 01' lhe single diaslereomer ohtained 
;¡sing the chiron approaeh (entry 1). As descrihed in 
a suhsequent section, lhe auxiliary approach proved 
useful for several synthelic applieations as well. 

5.7 APPLICATIONS TO ALKALOID 
SYNTHESIS 

Seehach's 1984 discovcry oC lOO';' diaslereosclcc­
tivily in the addition of tetrahydroisoquinoline Gri­
gnards (Table 5.2) lo henzaldehyde Iccl to efficienl 
syntheses of several /'{Ic-hydroxyhcnzylisoquino­
line alkaloids. all via 11 hydroxyhenzylisoquinolines 
(Schcme 5.6). This slralcgy is similar to thal used 

O~ 
<O~~CO!llU 

< # NMc 

o~ 
{) 

<o I # N-COI·Hu = = 
!\k() 

O 
\lcO 

( 
O 

(:::) n-OH· u~hln .... uninc 

i±) [i-OH o!i\erollll 

~ 

A,AoH 

n 
l 

Nl\k 

OH 

SCI-IEl\lE 50ft. Thc Scchach group· ... rctro:...ynthc .... i:-. plan for lhe ... ynthc,¡ .... ur i",oljuinollllL' al"aloid:-- h: dia .... \t.·rcu'c!cct i\ e 
additioll nt tctrahyJro¡"ot..¡uinolinc Grignard rC;¡gellh 10 aroll1alic aldch:ucs ¡..t-.f.5Y]. 
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(at aoout the same time) oy the Meyers group in 
the synthesis of a numhcr of isoquinolinc al ka­
loids, where the key slep was alkylation of a 
lctrahydroisoquinoline formamidine wilh an alkyl 
halide (1 new stcreoeenler) (rcvicws: 155,56)). lt is 
worth mentioning lhat lwo of lhe )1ril11ary tenets of 
retrosynlhetic analysis 157,5XI are to make a oond 
disconneetion that resulls in thc grealcst simpli­
lication, such as oelwecn tWD stereocenlers, and 
to cleave a bond that divides a target into two 
halves 01' approximately cqual eOIll)1lexity. In this 
instance (ScheIllc 5,6), the addition of the Illctal­
lated tetrahydroisoquinoline to the aldehyde aeeOIll­
)1lishes this nicely. 

SeheIllc 5.7 details the execution of this )1lan as 
it was applied to the synthesis 01' {J-hydrastine, 
ophiocarpine, and epiophiocarpine [44J. Lithia­
tion of the Illcthylenedioxytelrahydroisoquinoline 
pivalaIllide I and transIllclalation with IllagnesiuIll 
bromidc gave the Grignard 2, which added to a 
f unctionalized benzaldehydc with 100'1< stereose­
lectivity, giving a hydroxybenzyl derivative that 
lactonized spontaneously to 3 in 63% overall 
yield, This key intermediate was then con verted 
into the alkaloids as shown, Saponifieation of the 
lactone was accompanied by amide hydrolysis; 
the resulting amino acid cyclized spontaneously to 
laetam 4, which could be reduced to the protober­
berine (±)-epiophiocarpine in 819t yield. Alter­
natively, hydrazinolysis of the crude lactam and 
acid-catalyzed hydrolysis of the hydrazide gave 
the depivaloylated amino lactone 5, which was 
methylated in 839t yield to give (±)-{J-hydrastine. 
In these two alkaloids, the relative configuration 
of the two stereocenters is u (erythro). To obtain 
the / (threo) relative configuration, piv'alamide 6, 
obtaincd by reduction of lactone 3, could be treated 
with trifluoroacetic acid/tritluoroacetic anhydride, 
which cffccts N to O aeyl migration with i~version 
of contiguration at the carbinol carbon [44,59J. 
Hydrolysis (86'7c yield) and ring closure (51 °k) 

lhen gavc (±)-ophiocar)1ine 144J. 
Thc obvious extension to the strategy outlined 

in Scheme 5.6 and Scheme 5,7 was to apply il 
to lhe synthesis of enanliopui'c alkaloids. The 
Seehach group tried the approach oullined in 
Schelllc 5.R, which hegan wilh S-uopa as lhe 
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chiral educt 145 J. Methylalion of lhe phenolic 
hydroxyls and Pictet-Spcngler cyclization gave 
the tetrahydroisoquinoline pivalamidc 8. Dilithi­
alion and transmetalalion with one equivalenl of 
magnesium brolllide atlorded a Grignard species 
that added lo a funclionalizcd aldehyde similar lo 
that used previously (Schcme 5.7). As has already 
been indieated (Table 5.3, enlry 2), lhis reaetion 
failed to reproduce the high diaslereoselectivily 
found in simpler examplcs. In facl, this is was a 
rare example ol' the failure 01' lhis melhod to afford 
exclusivcly u (erylhro) addition produCh. The 11//-
9 mixture was reductively decarboxylated to givc 
ul/-IO, which could be scparaled chromalograph­
ieally. Removal of lhe pivaloyl group frolll 11-10 
and methylation then gave (+ )-corlumine. 

Since only two of lhe four possible addition 
products (9) wcre formcd, one may surlllise lhat 
SET was not responsihle ror lhe low scleclivity. 
The minor isomcr was the / (threo) addition 
producL The reasons for lhe loss 01' sclectivity are 
not known, but undoubtedly involve vcry suotlc 
differences in Grignard structure, possibly caused 
by the lithium carboxylate and the two methoxy 
substituents, although neither of these components 
on their own caused a loss of selectivily (er 

Table 5.2, entry 2 and Table 5.3, entry 1), 
In our group, we decided to use a chiral aux­

iliary in a scheme such as this, with the hope 01' 
avoiding sorne of the problems encountered by the 
Seebach group, Note that the loss 01' selectivity 
encountercd in the corlllmine synthesis oecllrred 
when the tetrahydroisoquinoline carried methoxyl 
groups in thc 6 and 7 positions. Therefore, an 
issue lhat had to be addressed was the selec­
tivity 01' addilion of oxygcnated isoquinolines. As 
shown in Schemc 5.9, Pingsheng Zhang found that 
the bromomagnesiurn derivatives 01' tetrahydroiso­
quinolines Ila and Ilb wcre selcctive in lheir addi­
tions, affording only the two u (erylhro) diastere­
omers of 12, In contras!. the dilllethoxy analog 
tIc was not erythro selectivc. W/¡en lI1i1gne.\illln 

bmll1ide W(lS l/sed in rhe rrllnsmer"/lIlion, /wr/¡ 

ervrhm ([Iulr/¡reo pmill/eH "'ere prodl/ced ,!'ir/¡ r/,e 

dill1erho\TColl1l'ol/nd 132A91, Transmetalation with 
magnesiulll chloridc rcstored lhe erythro selcctivity. 
and was cqually CffeCliyc with tia and 11 has \\'cll. 
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Slereoselcctive Additions of Chiral Grignard Re,rgents 

The n:ason lúr these suhllc dilTercnces is not 
known. hui may involve an inleraclion hetwccn 
lhe halogen ami lhe 7-lllcthoxy substituent that 
cau~es a slighl changc in gcolllclry of lhe Illagnc­
sium complexo Ihal in lurn alleels Ihe relalivc 
energies oi" compcling transilion stales 132.491. 
Seebaeh had detennined Ihe X-ray crystal slruc­
lurc of an unsubslilulcd lelrahydroisoquinoline 
pivalamide Grignard 1431. In il, the bromide is 
trans to the chelaling pivalamide oxygen. as indi­
caled in Figure 5.5a. Assuming that the oxazoline 
takes the place (Jf the pivalamide as indicatcd in 
Figure 5.5b. a methy1enedioxy substituent would 
nol alTect the slructure ,ignilicantly (Figure 5.5e). 
However. the most slable conformation of lhe lwo 
methoxy groups has the mcthyls oriented away 

fmm eaeh olher. and-in this conforll1alion-lhe 
l11ethyl group oi" Ihe 7-J1lelhoxy subslituenl lI1ighl 
encoulller lhe bromine. as shown in Figure 5.5d. 
Such an interaclion could disrupt the geoll1etry 
01' the reagenl in lhe ground stale and cause a 
change of mechanism. or could destabilize lhe 
lransition stale leading 10 lhe erylhro products. 
It may be thal lhe sma[ler van der Waals radius 

(u) 

lX~\("" 
!l, -- \1g--0 

/1"·'"", s s 

le! 

(b) 

(di 
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01' chlorine (IXI 1'111 for 1'.\. 195 pm for hronlÍne 
160f) simply relieves Ihe crowding sufficienlly lO 
allow lhe stereosc1eclivc Iransilion slale lo prevail. 
It is worth J1lenlioning lhal Ihe ahsolule conligura­
lions of bolh Ihe erythro and lhreo diaslereomers 
of hyuroxyben~ylisoquinolincs can he delennilled 
hy HPLC ni" naphlhanlÍdc 13 nn a Pirklc (,,11I1ll1\' 

afler removal of Ihe oxazolinc hum 12 and deriva­
lizalion wilh naphlhoyl chloriue 154]. 

For synlhesis largels. we ehose Ihe phlhalide 
isoquinolinc [¡telOnes bicllculline ami corlullline 

1611. and lhe hell1iacclah egenine 1621 and 
eor,Ytensinc 163.1141. shown in Schemc 5.10. Thcse 
largels werC chosen for sevcral reasons. Firs!. Ihe 
rclalive anu absolule conliguralion of hicuculline 
(and its lhrco diaslcreolller adlulllidinc), as well as 
their diol reduclion prouucls are tirmly cslahlishcd 
1651. so that a synlhcsis of either (or hOlh) 
would place lllc contiguralional assignlllenls for 
Ba-e on a lirm f()oling. Second. synlhesis of 
egeninc anu eorytcnsine would conlin]] lheir 

struclures. (There appeareu lO be S01l1C confusion 
regarding the dilTerence in slruclurc ol' egenine 
162J and corylcnsine [631. As a resull of an 

s ~ TlII' 

Fi~. 5.5. (a) X-ra~ qnll'turl' !-+."'I: (h-d) Prcsulllcd ..... lructurl' 01' (irignard 1ll0Iln1l1LT:-'. ha ..... cJ (111 alli.llot:; In lhe (¡~,,,t;lI 

>lrllclurc 1.12A')I. 
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SCHE1\'lE S.IO. Synlhetic targets and rctrosynthctic analy~i~ for phthaliJc ¡,oljuinolinl'" llsing lhe cUIllphuf-O\a/{)linc 
chiral auxiliar) 132.46,671. 

error in Iramcrihing the X-ray crystal struetufe 

rrom ORTEP to a two-dimensional drawing 1641. 
it was originally concluded that the difference 
octween the l\Vo \Vas the contiguration al the 
hell1iacetal earhon 1631. Sincc hoth alkaloids had 
been isolated by chroll1atography on siliea gel. this 
slruck us as unlikely.) Third. shortly hefore we 
hegan Ihis work. Iwo new alkaloids were repOrled 

[661, decumhensine and epi-a-decumhensill1e 
(Figure 5.6). and we \\ere inlerested in conlinning 
their slruclures as \\cll. Fourth, the synlhesis 
01' corlullline cnuld he compared directly lo lhe 
Seehach clTorl (Schel1le 5J;) 1451. Finally, it was 
presumed Ihal synthesis 01' these targels would 
suf/ice lo demonslrale fcasihilily 01' Ihis stralegy 
toward Ihe olher alkaloid classes oullined in 

Stereoseleclivc Additions 01' Chiral Grign.ml Reagenls 

o 
(=c~ < j\'\l<.' 
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011 f: (JI! 

/ 1/ 
() o T 
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Jt."CUlllh~ll~irlL' epl-U-Jl'C1I1llhcn"'llll' 

Fig. 5.6. Reporled \tructurc~ (Of dCCLlIllhcll~inc and epi­
u-dccLllllbeminc 1661. 

Schcme 5.6, sinec phthalides can he con verted 
to such olher elasses hy Kno\Vn roules (see 
Schcme 5.7, and refs. 144.55.561. and references 
ciled Iherein). 

Note Ihal lhe approach outlincd in Schcme 5.10 
uses piperonal as lhe aldehyde componenl and 
requires functillnalil.ation al Ihe 6'-posilion 01' 
14-16 a¡'ter the key addilion slep and auxiliary 
removal. Kelly Rein tried a more direcl approach 
initially, as shown in Scheme 5.11. bul reduclion 
01' the aldehydc W,tS the major pathway 1681. No 
addition product was found, hui lhe isoquinolylox­
azoline could he recovercd in 30'7r yield. Grignard 
reagents may reduce carhonyls by either fi-hydride 
elimination or elcclron lransfcr. Sincc there are 
no fi-hydrogens in lhis Grignard, SET is lhe 
only possihle alternati\'e 1'01' Ihe prllduction 01' the 
ohser\'ed laclone. 

She lhen developcd a succcssful approach using 
lhe valine-derived oxazolinc auxiliary (S-4-iso­
propyloxazoline: Table 5.3. enlries 5-8) 146.671. 
Laler. Pingsheng Zhang oplimi7cd lhe process wilh 
a heller auxiliary as indicaleu hy Ihe examples in 
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Tahle 5.3 132,491. and used Ihe auxiliary deri\'cd 
from camphor quinone to synlhcsize lhe kcy hy­
droxybenzylisoquinoline inlermediales 19,20, and 
23 shown in Scheme 5.12 1321. The ahsolute 
conliguralion 01' the new slereocenters of Ihe addi­
lion products from lhese Iwo auxiliaries (deri\ l'd 
Imm S-valine and I-R-camphorquinonc oximc¡ 
arc Opposile. In the schemes and accolllpan)'ing 
discussion beiow. the camphor-dcrived auxiliary 
is illustrated (Scheme 5.12), hui lhe resl 01' lhe 
synlhesis 01' all lhe alkaloids cxcept corlumine \las 
aClually executed on the cnanliolller 01' thal ura\ln. 
hecause il was done with the producl 01' addilion 
using the valine-derived auxiliar)'. The referenccs 
in Ihe diseussion refer to the relevanl papers rOl' 
eaeh slep. 

The melhylenedioxyisoquinolyloxazolinc 17 ami 
Ihe dimelhoxyisoquinolyloxazolinc 21 were de pro­
lonated wilh bUlyllilhium, transmetallaled \\ ill! 
magncsiulll halide, and added 10 pipcronal \\ ith 
~8(),if diastcreoselcClivity, as shown in Schclllc 
5 .12a and c. The major isomers, 18 and 22, respec­
lively. wcrc isolaled by flash chromalography in 
Ihe yields indiealed. Hydride reduclion clcavcd Ihe 
auxiliary and afforded the enanliomerically pure 
crythm amino alcohols 14 and 15 [321. Methyla­
lion was achieved by cyclization with phosgene and 
reduclion 132,46,671. To oblain Ihe lhreo compollnd 
16, erythro amino alcohol 15 was inverlcd by acyla­
tion and rearrangemenl, affording enantiopure 16 
afler reduclive cleavagc 01' the pivaloatc grollp 
(Schcll1e 5.12h). and methylation to 20 was accolll­
plished as hefore 1671. 

The two N-methyl (bis)-mclhylenedioxy com­
pounds (19 and 20 Scheme S.lla. h) corresponded 
lO lhe proposed slructures 1'01' dcculllhcnsine ami 
cpi-a-deeumbcll,ine (Figure 5.6 166]). al1(l \\'c had 
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SCHEME 5.12. Synthcsis 01" kcy intcrmcdiatcs 1"01' phthalidc iso4uinoline alkaloid synthcsis 132'-+6,671. 

hoped to continn the original structural assigJt­

ments and establish the contiguration 01' our C()Jlt­

pounds. but thcir NMR spectra did not Jltatch, 
Rozwadowska had noticed the same thing, and 

suggestcd that epi-U'-dceumbensine might in faet 
be corytensinc [69.70[, We thought that if epi­

U'-decumbensine and corytensine wcre the same. 
then decumbcnsine and cgenine were also prob­

ably identica!. So. we dccided to make them both 
to settlc the matter. But. it was around this time 
that we notieed the mistake about the strueturc (jI' 
(orytensine [6~.64 [. along with some misassigncd 
signals in the spectra of both egcninc and l'ory­
tensine (slJlnm<tril.ed and corrcctcd in rel. [46.6711. 

and thcrefore coneluded that we would have to 

choose different targets for comparison to establish 
contigurations, For this. we decided on biclIcllllinc 

diol and adlumidinc diol [65[. made by redllctioJt 
01' cgcnine and corytensine, 

Seheme 5,13 shows Kclly Rein's dirccted mcta­
lation strategy for functionalization of the 6' -posi­

tion. In al! three cases, metalation and acylatioJt 
failed to go to completion, In eaeh case. the prodllct 

of aeylation was accompanied by signitieant am­
ounts of recovcred starting material. Thus the yields 
are low, but look better if based on unreeovcred 
starting material. Neverthclcss. the NMR spcctra ,,1' 
the produets largely Jltatched litcrature data (,,¡de 

Stcrcoselcctivc Additions 01' Chiral Grignard Rcagents 

(ti) 

1/1) 

(e) 

O 

< O 

~ 

# 
O 

~O 

O 

< O 

MeO 

MeO 

o 
~o 

~ 

OH 

6' 

I~ 

OH 

6' 

20 

OH 

1 ~i'llIl.i 

<O I ~ tic 
~ 1)1\11· III eo, "~~ 

1111'" .' 

1 :lBul.1 
2. ()MI· 
-n¡¡:-

.' 

1. ."\Bul.l 
2 ('O ~ 

O 

< O 

O 

I # () j;r~ 
() 7 

~() X 

q!cnillc: X = H, OH, ~ {/( (7-tt,: I 

hll:uculllllC' X = O. "¡"¡Y; ih"¡/:í ) 

~ l 
# N\1c 

NdBH.1 

~ 
!:IOH 

O 

# 
7' 

~O 011 

l'orytcnsine, ) 1 % (fl 1 <;; ) 

MeO 

MeO 

';¡BII: 

LIOII 

"C'x ( I "" ti ~ 

f), '" 
() T LO 011 

hILtlL"ldllllL' ([¡ol. 7Yii 

(j¡olllq!l'nincl 

"X:S <O I # :-;M" 

9~ I # 011 

() 

~() 011 

adlulllIJme dio\. 7";1/( 

1111· ~ 17(1(- (.\W;;) mL'rall 

-4:1 O 

O 

~o () 

161 

SCHE\IE 5.13. Dircctcd mctalation ami acylation 01" hydro\yhcll/yli:...nquino!lIlc'-. for lhe ~ylltlH.~ .... i .... 01' cgcninc. 
hicul'ullinc, cor)tcnsinc. and corluminc 132.46,67]. Yidd:... in parclllhc .... ¡..; are ha'\cd on Llnrccn\Trcd .... taning material. 
RcduClioll 01' cgcninc and corytcnsinc yicldcd hiclIcullinc diol and adlu!llidillc dio!. whm.c rotatioll and :"'11I.::clral dala 
Illatl'hnl literature values 1651, 

¡111m) [671, Rcduetion 01' cgenine and coryten­

sine affordcd bicucullinc diol and adlumidine diol 
167 [. and comparison of rotation and spcctral data 
ll1atchcd literature values [65 [, These correlations 

conlirmed that the chirality scnse 01' the addition 
was as indicatcd. and as indepcndcntly e.stablishcd 
hy chcmical correlation (reouctivc dcoxygenation) 

and chiral station;¡ry phase HPLC [5-1[, Pingsheng 

Zhang later trico a numbcr 01' approaches to imprO\e 

on this last step, including use nI' bctter directing 
gmups on the bCIl~~ lic oxygen. but nothing scemed 
10 help, Although the goal of improving this mctal­
ation \\·a:... Ih)t achic\"cd, Pingshcllg did disco\"cr a 
\ ariant 01' thc Snied.~lIs rcarrangcillent [71 [, 



The identity 01' egcninc with decumocnsinc. am! 
ul" corytcnsinc with epi-a-decumbensine dcservcs 
sume comment. In their reporto Zhang el al. ree­
orded the proton NMR speetrum 01' both alb­
lui,k out the carbon spectrum 01' only deculn­
hClhine. ",hich showed !9 carhons (egenine has 
20) /66/. Our synthetie egcnine showed 20 lines 
at I (JO MHz. out only !9 at 20 MHz: signals at 
123.<)<) and 124.11 mcrged at lower ficld [46.67/. 
The carhon spectrum recorded oy Zhang el "l. 
"'as ohtained at 22.63 MHz. Insuffieient epi-u­
decumbensine was available for a carbon spec­
trum. In the proton NMR. the hydrogens at e-7' 
01' egenine and corylensine come at 6.34 and 6.25. 
respectively, and were mistaken for aromatic peaJ.;s 
hy both Shamma [621 and Zhang el al. [66/. With 
our synlhetic samples. we used a combination 01' 
eOSy. HETeOR. off-resonance, and NOE tech­
niques to establish the correet assignmcnts /461. 
Under El conditions, neither egenine nor corytell­
sine sho",ed a molecular ion in the mass spectrulll 
162.63.72], although both do under Del conditions 
[671. The mass spectra of decumbensine and epi-a­
decumbensine were obtained under el eonditions 
166], but apparently no molecular ion was observed. 
So between the absence of a molecular ion in the 
MS, the low-field methine hydrogen in the proton 
NMR, and the merger of two signals in the carbon 
NMR. Zhang el al. were honestly misled. 

The total synthesis of corlumine by the chiron 
route beginning with S-dopa (Scheme 5.8) and 
the auxiliary mute (Schcme 5.12c and 5. 13c) can 
now he compared directly. Beginning with lhe 
tetrahydroisoquinoline species thal is lIletallated 
and added to the aldehyde, the chiron route pro­
cecds in 7C¡, overall yield. while Ihe auxiliary mute 
is 17'íf (30% hased on unreacted starting material 
in the last step). The cOlllparison neglects the stcps 
necessary for the conversion of S-dopa into the 
dilllethoxytetrahydroisoquinoline pivalamidc allll 
for thc s)'nthesis and attachment ofthe chiral auxil­
iary, hut the steps that are compared cover comt)a­
rabie transfonnations. 

5.8 SUMMARY 
The addition 01' stcrcogenic IIlctal-ocaring Carb(lIh 
10 prochiral carbonyb is a cOlllplcx process that 

Grignard Reagcnts: Ncw Developmcnts 

may procccd by polar 01' radical pathways. Dcter­
mining thc steric coursc 01' thc reaction is only 
possiolc with configurationally stable carbanions. 
but mechanistic understanding is not nccessarily 
a prereljuisitc to dcvelopment 01' uscful mcthods. 
i\n auxiliary-hascd protocol for thc synthcsis 01' 
hydr\l.\yhcnzylisoquinolines is thc most cfficient 
mcthod currently availaole for thc synthesis 01' 
cnantiopure a-hydroxyhcnzylisoquinolines such as 
the phthalideisoquinolincs hicuculline. corlumine, 
cgeninc. and corytensine. and also of the other 
alkaloid c1asscs availablc from thcll1, such as apor­
phines and protoberherincs. 
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Grignard Reagents -Industrial 
Applications and Strategy 

Frank R. Busch and David M. De Antonis 
Central Research, Pfizer Inc., Connecticut, USA 

6.1 INTRODUCTION 

Grignard chemistry is one of Ihe mosl uscful 
synthetic tools available to the organic chemisl to 
assist in the assembly of complex structurcs useful 
in the preparation of pharmaceulicals, food addi­
tives, and other industrial chemicals. Ycl Grignard 
chemistry can' be difficult on an industrial sCédc. 
Grignard reagents and the solvcnls used are Ilam­
mable and in so me cases may be pyrophoric whcn 
exposed to air, thus a number 01' cngineering issues 
musl be considered. With suilablc prcparalion. this 
powerful bond-forming reaction can be ulilized 
in large-scale operations. This chapler su 111 ll1a­
rizes so me of the safe handling and cngincering 
issues with the use of these reagenls, and considers 
cljuipl11ent set-up, exclusion of moislUre, solvenl>. 
exothermic reactions, and inductiofl 01' Ihe reac­
lion, all 01' which make industrial-scalc Grignanls 
challenging. 

This chapter is inlended to provide an introduc­
lory vicw of industrial applieations 01' Grignard 
reagenls. lt is nol dcsigncd lo he a cOll1plete guide 
to conducling large-scalc rcaclions, hui instead 

is aimed at Ihe induslrial chemist who wants to 
consider the issues relating lo Grignard chemistry. 
Neither does il allempt lo review the vast variety 
of reactions of Grignard reagents, which have heen 
reviewed eXlensively elsewhere [1,2,3.4). 

Considcration 01' process equipment configura­
tion. equipmenl preparation, process hazards, and 
reaction safely are inlroduced tirsl. Operational 
issues relaled 10 induslrial scale production, inclu­
ding heat nI' Grignard rcagent formation, and 
control 01' the exolhcrm are discusscd ncxt. Inili­
alion 01' Ihe Grignard reagenl formation along 
wilh a summary 01' magnesiul11 forms are Ihen 
revicwed fnllo\\'ed by a sUllll11ary of l11elhods 
lo iniliale Ihe preparation 01' Grignard reagents. 
Several exampics oi' industrially use fui Grignard 
reaclions are sUlllnlal'ized. Finally, waste disposal 
considcrations and a sUllllllary of the industrial 
applications conclude Ihis chapter. 

Grignard reagcnls are known to exist as an equi­
lihrium mixture 01' the organolllagnesium halide 
(RMgX¡ and the dinrganomagnesiul11 (R 2Mg) fonns 
and 01' ten exisl as dimcrs or higher oligimcrs lall 
nI' which are further cOlllplcxed ",ilh solvent). For 
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simplicity, throughout this chapter the Grignard 
reagent is wri!ten as RMgX. 

6.2 SAFETY AND ENGINEERING 
CONSIDERATIONS SPECIFIC 
TO INDUSTRIAL 
APPLICATIONS 

6.2.1 Typical Equipment 
Configuration 

Industrial Grignard rcagents arc typicalIy manu· 
facturcd using the batch Illethod 01' production. 
Common features of a batch Grignard plant ha\c 
been previously reported 15,6,7,81. A simplificd 
equipment /low diagram dcpicting a typical batch 
plant configuration is shown in Figure 6.1. A contin· 
uous systcm for production 01' Grignard reagcnh 
was first patented by HotTman LaRoche in 1965 
[9] and subsequcntly other continuous systcms 
ha ve been proposcd 1101; however, the continuous 
system is typicalIy not used on an industrial scalc. 

THF~-----,---------------, 

RX 

T·I 

l.cgl'lld: 

R:::: ¡{cado!" 

T:::: h.'l'd Tan\.. 
('R:::: C(HldCIl\l'l 

Grignard Reagcnts: Ncw Developmcnts 

The material of construction for the Grignard 
reactors and !"ccd vessels R·I, R·2, T·!. and T·2 is 
typicalIy stainlcss stcel, carbon steel or glass-lined 
carbon stee!. (For convcnience the charge tanks 
and the rcactors are numbered in Figure 6.1.50 that 
T-I rcfers to Tank I and R·I refers to Reactor l.) 

The use of carhon steel must be considered care­
f"ulIy, howcver, due to Ihe pOlential introduclion of 
iron which can be a problem in so me reactions. 
The malerial of construelion for R-3 and T-3, lhe 
quench equipment, can be glass-Iined sleel or an 
acid resislant metal alIoy such as HastelIoy C. 

FolIowing preparation of lhe equipmenl. and 
eSlablishing an inert almosphere (lypicalIy nilrogen 
or argon) lo exclude oxygen and atmospheric mois­
lure. lhe firsl step in the manufacturing process 
involves lhe preparation of lhe organic halide 
subslralc/solvcnl mixlure in feed tank T-I, lhe 
organic substrale/solvent mixture in feed tank 
T·2. the acid/water quench mixture in feed tank 
T·3, and finally lhe magnesium/solvent mixture 
in reaClor R·1. It is critical that all Grignard 
processing equiprnent be thoroughly d~ied to less 

AciJ 

W<.Itcr 

"'-____ ..1 To furth¡;r 
proccssing 

Fi~. 6.1. "I)p\l'al Batch Clri~n;lItl Plan! Equipllll'Jll Fltm i)ia~ratl1. 
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lhan 0.02 w/\\"/' water 1I I1 prior to commencing 
processing (ser Scclion 6.3.1). 

After all of the ingredicnts have bcen charged, 
lhe magnesium/solvenl mixture in R-I is heated 
lO lhe desircd rcaction temperaturc and an initial 
charge (5-10';' ni" lhe lotal organic halide mixture) 
is made frorn T·I lO R·I. Afler lhe initial charge, 
lhe mixture in R·I is held until initiation of rcac­
lion to the Grignard reagent is observed. This is 
the most critical par! of the Grignard proces5, for 
it is ahsolulely necessary that initiation occur prior 
lo feeding addilional substrate (see Section 6.3.4). 
Failurc to do so could lead to a high concentra· 
lion of unreaclcd organic halide in R-I, which 
could resull in a runaway reaction. Thercfore, 
the equipmenl must contain the necessary instru­
Illenlation (1) to accurately measure the amount 
of organic halidc dclivered. and (2) to assist in 
lhe dclection oi" initiation. After reaclÍon initia· 
lion is ohsen"Cl1. the remai nder of the organic 
halidc/solvcnl mixture is added to R-I at a con­
trolled flow rate while maintaining R-I at the 
desired temperature. The temperature is controllcd 
hy applying cooling 10 the R-I jacket and/or by 
controlling lhe /low rate of the organic halide/sol­
vent mixture. 

The Grignard reagent is then reacted with the 
organic substrate to form the product. Typically, 
the Grignard reagent is transferred from R-I to R-
2 where addition of the organic substrate/solvent 
solution from T·2 begins. Reverse addition, i.e .. 
first charging lhe organic substrate to R·2 1"ollowed 
hy the addition of Grignard reagent from R-I, may 
he dcsired depending upon the chemistry of the 
particular Grignard reaetion. 

Following reaclion of the Grignard reagent with 
the organic subslrate. the prodllct is formed as 
a complex with magnesium. For example. in the 
case oi" lhe addilion of a Grignard reagent to a 
ketone. a complex of the product alcohol with the 
residual magnesillnl salts is formed. A quench 01" 
the product-magnesium alkoxide complex using 
aqueous acid is required to Iiberate the desired 
rroduct. The product complex is transfcrred from 
R-2 lO R·.' and the acid/water mixture is thcn 
lranskrrecl from T-J lO R-J 10 quench the producl­
cOlllpil'.\. In conlra,t lO a lahoratory proccdurc in 

which water llIay he adckd lo Ihe reaction, lhe 
prcferred mcthod on a lurger scuil' is to tran,IcT 
the condensation rroduct I"rom R-2 lO R·j. This 
transfer offers signilicanl enhancements lO produc· 
tivity by mainlaining the reaclion tan k as a dry tan~ 
and the qucnch tanK as a wet lanK. On industrial 
scale lhe time and elTorl to ensure lhal a reactor 
is dry prior to processing (drying. boil-out. and 
maintaining un iflcrt atmosphere I more than ofTsels 
the expense associated with lhe use 01' an addi· 
tional tank. Waler alonc is suflicient to quench the 
complex; however, the resulting magnesium salls 
produce a gelatinous mixture whieh is difficult lo 
stir. Introdllction of an acid converls lhe gelatinous 
basic salls to waler soluhle magnesiullI salts. 

6.2.2 Choice oí' Solvent 

Sol"cflts which are utilized in thc preparation and 
use of Grignard rcagents require t\\"o main ehar· 
acteristics: firsl. lhe solvent musl nol be a prolon 
donor nor reaclive with lhe magnesium metal prior 
to the formation 01" the Grignard reagent. and 
second, the solvent must be stable in the presencc 
of a strong and nuclcophilic base after the reagent 
has been preparcd. 

The most common solvents used in the prepa· 
ration 01" Grignard rcagents are ethers, typieally 
diethyl ether or tetrahydrofuran (THF). Ethereal 
solvents offcr the advantage of stabilizing the 
Grignard reagent. The stabilizalÍofl nf pheriylmag. 
nesium bromide b) t\VD diethyl ether moleculcs 
was proven by lhe cryslallization of the complcx 
[121. Due to lhe lo\\" flash poinl of diethyl ether. 
THF is frequcntl) lhe sol\"cnt of" choice on an 
industrial scalc. 

6.2.3 Process Hazards Analysis 

Prior to starHrp oi" a production campaign, a pro· 
cess hazards analysis IPHAI should be conduelcd. 
A common and gcnerally accepled PHA techniCjuc 
is the HAZOP (Hazard and OperahilitYI melhod. 
although altemale tcchniques can be eCjually ellec· 
live 113.14,151. Thc purpose DI" lhe "HA is lo 
evaluale lhc mCIIllIfactllring pn1ú'ss lO idcnlify and 
address p"tential sakll i"lICs priur tu slarHrp. 
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Equipmcnt must oe analyzcd in conjunctioll with 
thc proec<,s to study the potential for deviation 
from normal conditions. The prooaoility and consc­
quenee of the deviation arc considcred together 
to determine the appropriate safcgllards to have 
in place prior to prodllction. SOI11e safety issucs 
that require attcntion prior to production are given 
oclow. 

• The reactor vent sizes must oc large enougo to 
effectively relieve prcssllrc in an upset condition 
(sce Section 6.2.4). 

• The delivery 01' the organic halide to the 
Grignard reactor must oe accurately measured 
and controlled to prevent an overcharge (see 
Section 6.2.5). 

• Reactor cooling capacity must be sufficient to 
control the heat 01' reaction (see Section 6.2.5). 

• Accurate detection of reaction initiation is neces­
sary to prevent a ollild-up of unreacted organic 
halide in the Grignanj rcactor (see Section 6.3.4). 

• Use of safety interlocks is necessary to 
prevent andJor mitigate an upset scenario (see 
Section 6.2.5). 

• Safe handling of magnesium is important to 
avoid hazardous conditions (see Section 6.2.7). 

Note that this list is not meant to be exhaustive 
but instead serves to highlight some common areas 
of concern when handling Grignard reagents 111 a 
production environment. 

6.2.4 Vent SizingIDlERS Calculations 

Prior to running a Grignard reaction on an indus­
trial scalc. it is necessary to cnsurc that the vent 
arca is large enough to effectively relieve prcssure 
in an upset conditiou. Inadequate pressure relief 
coulo lead to sevcre explosions, extensive equip­
ment dalllage. ano personal injury. The following 
upsct conditions. and the suosequent tempera­
ture/pressurc rise should oc considered. 

l. Overcharge or uneontrolled addition of the 
organic halide, the worst-ease scenario hcing 
IOO'1r of the orgauie halioe chargeo prior to 
inititiation. 

Grignaro Reagcnts: New Devcl0plllcnts 

2. Ingress of eooling fluids to the Grignard reactor. 
3. Loss of cooliug. 
4. Uncontrollcd addition of the organic suostrate 

to the Grignard reagent. 

To e1Teetively evaluate the sccnarios IIlcntioncd 
aboye. it is reeommendco that laooratory calorimc­
try experiments be conducted to ohtain data 
specitie to a given proeess. COll1ll1ercial bench 
scale cquipmcnt is availab\e to perform such 
experilllcnls 116,171. Typically. the exothcrll1 asso­
ciatcd with the formation of the Grignard reagent 
(~80 kcal/mol Mg) is signilicantly larger than the 
cxotherm associated with either the subsequent 
reaction with the organic substrate or the reaction 
of the Grignard rcagent with water. Due to the faet 
that there is an induction perioo prior to rcaetion of 
the organic halidc with magesiulll. upsct sccnario I 
is usually chosen as the worst casco Vcnhizing 
ealculations are pcrformed to mitigatc and control 
the associated hazards [18]. 

The D1ERS (AICHE Design Institutc of 
Emergency Relief Systems) method is typically 
used to estimate the required vent area to 
adequately relieve pressure for a given scenario. 
Several papers ha ve been published detailing 
calculation methods [19-25]. One published cal­
culation method is described in the box oelow. 
The equations are given to highlight the variaoles 
which must be considered for proper vent size 
designo The sizing of industrial equipment is 
conductcd by engincers who specialize in reactor 
designo If existing equipment is going to he used 
to run Grignard chemistry. then an engincering 
allal)'sis should oe conducted to ensurc that 
adequate venting is available in the event of an 
upset conditioll. 

6.2.5 Grignard Reagent 
Formation-Process Controls 
and Interlocks 

6.2.5.1 Control of Exotherm 

Fnllo",ing an inductioll periodo the fonnation nf a 
Grignard rcagent is typically fast amI exothcnnic. 
Afler the reactioll is initiated. the organic halidc 
is usuall) consumed quickly. allowing the reactioll 
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For a tempered2ó system, assuming homogeneous, two phase venting, ven! area based on the DIERS 
method as developed by Leung'7 can be expressed as: 

where, 

and, 

A = _______ m"q 

FG [[VT dP] 1/2 + (Cp tiT)I/2]' 
m"dT 

dP (CTp)ll2 G = 0.9 dT 

in which the variahles are 

A = vent area neces,ary fOl" a desircd overprcssurc (m') 

ti T = temperature at the maximum overpressure condition less the 

temperature at the relief pressure (K) 

l1lo = mass of the reactor ingredients (kg) 

Cp = specific heat of reactor ingredients (Jlkg K) 

V = volume of the reactor (m') 

T = temperature of vessel contents at relief set pressure (K) 

dP 
dT = rate of change of vapor pressure with temperature at relief set 

pressure (N/m' K) 

F = dimensionless turoulent flow friction factor which accounts for 

friction losses in the vent piping 

G = vent flow capacity per unit arca at relief se! pressure (kg/m2s) 

q = heat evolution rate per unit mass (W /kg) 

( dT) = self hcat rate ( C/s) at the relief set pressure 
dt , 

( dd
T

) = self heat rate ("C/s) at the Illaximum temperature 
t tll 

corresponding to the lllaXillllllll overpressurization 
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cxotherm to be conLrolled by conLrnlling Lhe rate 
01' addition. CalculaLions should be madc LO ellsure 
that the cooling capadLy 01' the reactor and the 
condenser are pmperly sil.ed to permit control 01' 
the reaction exotherm. 

6.2.5.2 Safet)' Interlocks 

Process safety interlocb can be used to prevent 
and/or mitigate an upset condiLion. Safcty inter­
locks consist 01' outputs from prncess control 
systems. such as progranunablc logic controllcrs or 
distributed control s)'stems. \\ hich trigger an action 
designed to compensate for an upsct condition and 
thus avoid an accident even in the e\'ent 01' human 
or computer error. An eX<lmple 01' a safety inter­
lock would be the introduction 01' full cooling if the 
temperature 01' a reaction excceded asare level. 

Safety interlocks are used in Grignard reagcnt 
preparation to prevent a build-up 01' unreacted 
organic halide. Redundant instrul11entation. such 
as a f10w meter in lhe feed pipe fmm T-I to 
R-I (refer lo Figure 6.1) and weigh cells on T­
I andlor R-I. should be in place to aceurately 
measure lhe amount 01' organic halidc delivercd to 
lhe Grignard reactor. The instrumentation should 
be inlerlocked to lhe R-I inlet valve 10 stop the 
f10w once the predetermined initíal amount 01' 
organic halide has been added. A second approach 
to avoid an overcharge of the organic halide during 
the pre-induction period (refer to the equipmenl 
f10w diagram in Figure 6.2) is to cmploy an addi­
tíonal feed tank. T -4. Inslead 01' charging the halide 
direclly from the organic halide fced lank T-I 
to the Grignard reagent reactor R-I. an intenne­
diatc holding tank is cmployed such that lhe pre­
determined safe initial chargc i., ..... ..:, :" .. 
to T-4. the quantity 01' the charge veritied in T-4. 
and then the eonLellls 01' T-4 are transfcrred to 
R-I. This equipment configuration eliminates the 
chance 01' operator. software. or instrumcntation 
em)r resulting in an o\'Creharge 01' organic halide. 
which could happen if T-I is connecLed directly to 
R-I. A third. adminisLrative. approach is to require 
a supervisor to obsene the pruduction operation 
and to initial the batch record to signi!'y that the 
appropriatc charge \Va\ malle. To mitigatc too rapid 
addition (JI' the organic halidc. a /low meLer wiLil a 
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THF ------.---~ 
RX 

Mg 

Lcgcnd: 

R::: RC'KIOI 

T = Fccd Tank 
eH. :::: Conden~er 
FE ::: Flow Element 
Fe :::: Flow Controller 
FV :::: Flow Valv!;! 

Fig. 6.2. Use of Intermediate Holding Tank to Deli\'C1' 
Organic Halide to the Grignard Reactor. 

high f10w interlock set to automatically c10se the 
R-I inlet val ve can be cmployed to minimize the 
risk of feeding the halide 100 fast once the reaction 

has started. 
A higher than expected temperature would be 

a sign thal the cooling capacity is not adcquatel) 
controlling the exotherm associaled with the for­
mation of the Grignard reagent. The use 01' a high-
f'-"1l1n,--,,-'lf!1" ' fCSUIt 

in the closure of the R-I inlet and/or T-I outlct 
valve is an example or a safet) interlock that 
should be implemented to guard against insuf­
ticient reactor cooling. Similar high-temperaturc 
interlocks should be used on R-2 during the rcac­
tion or the Grignard reagent and on R-3 during the 
queneh 01' the Grignard complex. For reactions run 
under reflux conditions. a high rcflux tempcraturc 
could signal an overload 01' eondensing capacity 
and eould also be inlerlocked to slo\\' or stop Lhe 
flow 01' substrate. 

Grignard Reagents-Industrial Applications and Stratcgy 171 

6.2.6 Reactivity of Grignard 
Reagents-Water, 
Heating/Cooling Fluids 

The introtluction 01' water or heating/cooling fluid 
in the proccssing equipmcnt raiscs additional 
issues fOl' plant-scalc operations. In the laboratorv. 
the i ntroduction 01' water to a Grignard reage;1t 
results in a 'quench' of the reagent. The quench 
ruins the reaetion and generates the hydmcarbon 
analng of the respective Grignard reagent. Such 
reacLions are typically exothermic [281. 

RMgX + H20 -+ RH + Mg(OH)X 

+ hcat evolved (20-40 kcal/mol) 

The heat generated fmm an adiabatíc quench 01' 
a largc-scalc reaction may be sufticient to boil 
the solvenL (in comhination with the generation 
01' hydrogen gas [29]) and over-pressurize the 
equipment. Therefore. water should be avoided as 
the cooling medium in the jackets of production 
equipment. Where it is not practical to eliminate 
water as the cooling medium. equipment integrity 
testing mUSl be performed to ensure that water 
intiltralion will not occur. In additíon. all water 
lines to the cquipment should be blanked off (a 
blank is a physieal barrier inserted into the line 
to prevenl f1ow) or preferably. the line physically 
disconnected. AII equipment should be pressure 
tested LO ensure no leaks exist prior to starting any 
processing. Sorne other common heating/cooling 
fluids are shown in Table 6.1. 

6.2.7 Safe Handling ()f Magncsium 

The arcas in Lhe vicinit" of solid magnesium 
handling need to be kept c\can. dr)' and free 01' 
maLerials which would reaet with magncsium ir a 
small pnrtion wcre to spill \\ hen being charged to 
lhe reactor. Magnesiulll rcach \\'11h water anu aeios 
to form hydrogen gas. In addition. magncsium can 
be easily ignited frolll an open flame. Burning 
magnesiulll chips need to be cxtinguished using 
special Met-L-X [32[ Jire extinguishers. Water 
should ncvcr be used on burning Illagnesium chips. 

6.3 REACTION INITlATION 

There are many factors Lhat are important to the 
sllccessflll initiation of the Grignard reagent forma­
tion. The control 01' tile esoLherm typical 01' this 
chemistry is dependent lIpon Lhe reacLion initiating 
smoothly. I-'ollowing lhe iniLial charue 01' organic 
halide. the reaction must start prior ¡() the C(~ntin­
uation 01' addition. One 01' the most important 
factors. lhe dryness or the system. is discussed in 
Section 6.3.1. Other factors. howe"er. should also 
be considcred. 

The selection of the organic group and the 
particular halogen in the organic halide are eritical 
factors in the preparation 01' the reagent. Thc indus­
trial chemist. of cOllrsc. ordinarily i~ prcsented with 
a particular R-group to be lIsed in the Grignard 
reagent: the selection is rrequently deeidcd long 
oefore any consideration is glven to conducting 

Tahlt> 6.1. Commnn Hcating/Cooling Flllid~ and ({eaL,ti, ity with Grignard RcagL'nh 

He<lling/Cooling f7luid 

Do\\.thenn A K 

Do\\ thcrlll J-

Syllherlll' 

Eth~ kndPn1Pylenc 
C;IYl'ol 

Milltr,d Oil 

Rcactivity ",ith 
Grignaro 
Rcagcnt\ 

no 

no 

no 

slight 

COllllllL'llh 

HeaL 01' reaeLioll = 20-·111 h'a1/1IH11 

n.YA diphclIY loxide [30[ 26,'í', ,hphclI\ I 

Alkylalcd aromatics [31[ 

Dimethylpol) ~iloxanc 

Reactive \\ilh glYCld: additionalh. lhe .... l' ((\(l!ltl~ 
fluid, typica!ly contain )0"; \\'al~'r 

Liquid 11: drncarhtlll" frolll 11I..:trokLllll. 
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Ihe reaclion on an induslrial sea le. The selcction of 
the R group has heen covered hy Silvnman from 
the viewpoint of the structure activity rclationship. 
There is frequently a choice of halogen, although 
fm reasons of cost, availahility, anu reaction efli­
ciency. the halide is usually limited lO chlorine or 

hromine for industrial processes. 
Additionally, many other factors need lo be 

considered in the preparation 01' Grignard reagents 
on an industrial scale. Four key factors are sumllla­
rized bclow. First, equipment drying is discussed in 
Section 6.3.1. Seeond, the magnesium fonn affects 
the surfacc area and case of reaction initiation ami 
is discussed in Section 6.3.2. Third. initiation 01' 
the Grignard reagent formation can he inlluenced 
hy addition of initiators lo the reaction: lhis topic is 
discussed in Section 6.3.3. Fourth, the importanee 
01' deteeting the initiation of the rcaction. along 
with mclhods lO delect the initiation, are summa­
ri¡ed in Section 6.3.4. 

6.3.1 Equipment Drying 

Water appears to be the largest impediment to 
the initiation of reactions on a produclion scale. 
Impropcr cquipmenl drying can resul! in a reactor 
eonlaining a mixlure of sol ve nI, magnesium, and 
unreaeled organie halide wilh whieh il is difficull 
01' impossible lo iniliale the reaction [331. 

On a laboralory seale, ensuring tha! l he Grignard 
reaclion is conducled in dry glassware does nOl 
presenl a signifieanl challcnge. For example. in the 
lahoratory, a llask may be dried under a stream 
01' dry nilrogcn gas by healing lhe apparalus "ith 
a Bunsen bumer [3e]. However, on commcrcial 
scale equipment. drying is mueh more diflicult 
because the equipmenl is larger and the piping is 
more complex. In addilion, il is illlportanl lo kecp 
in mind lhallhe surfaces 01' cquipmen\. even if lhe\' 
appear lo he complelely dry, are onen covered \\ ilh 
a film 01' water. 

The lasl slep in an industrial equipmcnl cleaning 
procedure lypieally involves a large volume waler 
flush of the equipment. The objeelive of the drying 
process is then lo displace any waler residues frolll 
the cleaning operalion that is lefl hehind on Ihe 
equipl1lent surfaces. including lank ami pipe \\ ,tlb. 
littings. and valve componenls. The equipmenl 
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drying process involves a solvent rinse Ihrough all 
associated piping. reactors, and feed tanks that will 
he involved in the process. For vc\Sels equipped 
wilh a condenser, il is very importanl to dry Ihe 
overhead equirmenl and piping as wel!. This can 
be accomplished hy heating lhe solvent lo ils 
hoiling point and refluxing for a period of time. 
This operation elkctivcly rinses oul the vapor 
column, condcnser. and reflux piping and earries 
waler hack lo lhe reactor where it can he removed 
from lhe vesse!. The solvent is then cooled lo 
amhient lemperalure and transferred lo lhe next 
vessel in the equipment train. This sequence is 
rcpealcd untillhe level of waler in lhe solvenl, alkr 
passing lhrough lhe equipmenl, is less than Ihe 
required amounl. To dry equipmcnt down lo less 
lhan 0.02 w/wo/c water, mulliple solvenl rinses are 
usually necessary. Once il is detcrmined lo he dry. 
the equipment is onen baked or blown dry with an 
inert gas for an exlra Icvcl 01' proleclion. Finally, 
a slight positive prcssure 01' lhe inerl gas can 
he maintained on processing equipment to further 
ensure that the equipment, once dry, remains dry. 

Prior 10 performing lhe ahoye dryi ng opera­
tions, it is necessary that lhe ingoing solvent 
meels the final waler specifieation. Dry THF can 
he purchased (water eontent <0.01 'k); however, 
without speeial preeaulions, lhe solvenl oflen pieks 
up moislure 10 a level of 0.1 ck, an unacceptahle 
level in most Grignard reaclions. To reduce lhe 
level hack to 0.0 I ck, recycling the solvenl lhrough 
molecular sieves is effective. The he al generated 
hy the adsorhlion of water inlO lhe sieves is signif­
ican\. however. ami should he considered whcn 
performing this operation. 

6.3.2 DifTerent Forms oC Magnesium: 
Advantages and Disadvantages 

Magncsiulll can lake a \'ariety 01' clifferent phys­
ical fmms: turnings. powder. chips and finely 
divided melal (such as ·Rieke-magnesium'). Each 
01' these fonns olTers advanlages and disadvan­
lages. as sUllllllarizcd in Tahlc 6.2. This section 
also considcrs the issues ",ith Illcchanical activa­
lion 01' lhe Illagnesium Illeta!. "hile lhe nexl scction 
discusscs the use uf chemical initiators. 

Grignard Reagenls~lndustrial Applicillions and Slralegy In 

Magll('~illlll Forlll 

Turning:-. 

Chip\ (¡"mm ...,uhlilllaliotl) Higllcr pllrily 

~'1orc reactive 

The lllos1 cUlllmonly used lypc uf lllagnesiul11 
on an industrial scale is magnesium turnings. 
These are readily availahle and ca s)' to use. On 
a lahoralory scale. activatilln uf lhe' turnings Illay 
bc accol11plished hy the dry "ir Illelhod [341. 
This melhod is nOl usuall) practical in produc­
tion equipl11enl due lo the low slir volume 01' 
lhe l11agnesiulll charge: howe\'er. lhe higher shear 
force s present in a cOlllmercial process reactor are 
helpful in Illcchanically ahrading lhe surface of 
lhe magncsiulll lurnings. Thus, a slir period for 
lhe magnesiul11 turnings in lhe sulvent prior lo lhe 
addition 01' lhe reagent pcrlllits cxposure 01' frcsh 
magnesiulll metal on lhe surfacc of lhe lumings. 
Magnesiulll powder has higher surface arca hUI 
is 1110re dirticult lo handle on an induslrial scale. 
Magnesiul11 chips, which are ohlained fmlll subli­
Illalion, are Illore expensive and less availahle than 
magnesiuln lurnillg\. 

One 01' the Illore inleresting Illelhods lo activate 
magnesiuIll i~ lhe pn.~paratiull of Ric~c-Illaglle~iUTn 
1351. This il1\lll\'es precipilalilln nI' highly aclive 
magncsiulll rrolll a lllagnc:-.iulll halidc solutioll 
by reactilln with plltassium Illela!. The reslllling 
magnesium prccipilale is highly aclivated ancl 
has enllnllOUS surfacc arca. holh faclors leading 
to enhanced rcaclivity. In addilion lo requiring 
an eXlra step fm the preparation of lhe magnc­
sium. handling nI' pnlassiulll melal poses suní­
cient hazards lo make Ihis procedure less allrac­
ti\e on a CUll1ll1Crl'ial ,cale. ¡\ possihle fllnher 
disadvanlage 01 this Illclhod IS IlIat pOlassium ion 

[)i .... ad\/~lnt¡¡gc\ 

Conecrn ahotlt ahrasiYcnc~!'. to glas .... warc allLl 
glass-lincu rcaction vc\~cls, 

Fincly dividcd po\\'(kr ~1\'C~ fa\ICf o\ldatiulI 01 
lile surracc UpOIl CXp(hUrC lo air. can hl' 
Jlyrophoric. 

Lowcr \urfacc arca rc:-.ult, in Ic\\ rcael]\ il} Ihan 
powucrcu Uf turnings. 

-Rclluircs extra ,tep In prcparalion. 
-Residual mag:ncsiulll halidc rn.~,cnt in rcactlOIl. 
Residuul pOlUssium muy be preselll. 
-Difllcull prcparalion on a largl' \calc. 

remains in the prodUCl mixlure. A recenl varialion 
01' lhe Rieke procedure involvcs prcparalion 01' lhe 
powdered Illagnesiulll hy reduclion wilh lilhiulll 
melal calalyzecl wilh a small all10unl nI' naphtha­
lene as an clectron carricr 1361. 

Ullrasound has also hcen used lo activale lhe 
reaction wilh magnesium [371. The induclion time 
was reported lo be very short under ultrasonic 
irradialion. Luche and Dallliano suggest lhat the 
aClivfllion results frolll cavilation, allhough surface 
effeets due lo abras ion of lhe magnesiulll particles 
cannol be rulcd out. 

6.3.3 Initiators-Advantages and 
Disadvantages 

A useful slralegy 1'01' reaclion illiliatioll is the 
addilion 01' an agenl to bolh elry Ihe reaclion 
\11ediulll and to acti\ ale lhc magnesiull1 melal 
through inleraction wilh lhe \11clal surlace. There 
are Illan)' melhods 01' inilialion 01 Ihe Grignard 
rcagcnt formation: these haH; !1l'Ctl ~lIll1lllari/cd 

previously I-,XI "ilh emphasis 011 applicalioll lo 
lahorator\' work. In this seclion 111L' discussion 
focuses on lhe induslrial applicalion llf sl'\eral 
comll1on initialors. 

(..3.3.1 Yitride® 

Vilridc h is a rcducing agcllt tllat L'an hl' lI\l'¡J tD 

initiatc fonnation ni" Cirignard rl'¡I~l·!lh. Vllrilk' 1" 
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sodiulll his( 2-methoxyethoxy)alulllinulll hydride, 
65 ~ 70'1< in tolucne. Tl1is ll1ethod is primarily 
cffcctive due to the removal of water from 
the systelll. hut also involvcs surface elTects on 
the rnagnesium metal. Vitridc reacts with all 
compounds containing activc hydrogen and can he 
used for rcmoving trace Icvcls of moisture 1391. 
Thc two step rcaction of Vitride' with water is 
shown helow. 

NaAIH2(OCH2CH20CH')2 + H20 ...... 

NaAIO(OCH2CH 20CH))2 + 2H2 

NaAIO(OCH2CH20CH, 12 + H20 ...... 

NaAI02 + 2CH10CH2CH20H 

Vitridc~' also activates the magncsium. 

NaAIH2(OCH 2CH20CH')2 + Mg ...... 

active Mg + H2 

Vitride' is less toxic than some of the other 
activating agents. It offers the advantage of hoth 
drying the reaction medium and initiating the reac­
tion. Unfortunately, it docs leave a residue of 
aluminum salts in the reaction which must he 
removed as part of the rcaction work-up. The 
second by-product, 2-methoxyethanoL reacts with 
the Grignard reagent and resuJts in a slight yicld 
loss. It should be noted that 2-methoxyethanol ís 
c1assified as a teratogen. 

6,3.3.2 SmaIl portion of Grignard Reagent 

An excellent method for drying the system is 
the addition of a small portion of the reagent 
heing prepared, either a lab sample, or more 
commonly. a small portion of Grignard reagent 
retained frolll the previous batch. This method of 
initiation has the advantage of heing indigcnous 
to the proccss. thercfore new chcmical impurities 
are not a concern. A disadvantage of retaining a 
portion of the previous hatch is the potential for 
one out-of-specification hatch to alTect multiplc 
lots from a production campaign. 

6.3.3.3 Chemical Initia!ofs 

Surface Initiators: Another ,tr'ltC!!}' ror thc 
activatinn 01' Inagncsiulll ¡ .... lo ('teh lile ~urfal'e 
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of the magnesium metal. Such activators added 
for this purpose include elemental iodine, mer­
cury metal, transition metal salts, methyl iodide 
and 1,2-dibromethane. The primary rnodc of 
action is chernical modilication of the magnc­
sium surface. Thc use (Jf other metal salts, such 
as zinc chloride, to activate the magnesiulll havc 
lhe disadvantage of leaving transition metal ions 
which may participate in side reactions. 

Iodine: Additian of iodine generates pits on 
the surl"ace of the magnesium metal. Addi­
tionally. the initial formation of magncsium(l) 
iodide serves as a start for the attack on the 
alkyl halide, which then continues as a chain 
reaction. Instead 01' adding iodine, preformcd 
Gilman catalyst (prepared hy heating with 
iodine) can be used. 
Mercury: Addition 01' a small arnount 01' 
elemental mercury may also form an amalgam, 
which affects the surl"ace 01" the metal. ami at 
the least cleans the oxide or water film off of 
the magnesium surface. Use of mercury is not 
recommended for either laboratory or industrial 
scale reactions due to both the toxicity of this 
metal and the difficulty created for lhe disposal 
of the resulting waste streams. 

Organic Halides: Addilion of methyl iodide or 
L2-dibromoethane is useful in initiation of the 
Grignard reagent formation [3b,40 l. In each 
case a small portion of the organic halide is 
added so that the magnesium starts to react 
with the more reactive alkyl halide, providing 
reactive sites on the magnesium metal surfacc 
where a less reactive organic halide may reaet. 
Additionally. the initial formation 01" a small 
amount of Grignard reagent may serve 10 

completely dry the reaction medium. giving 
improved reactivity. Thc ohvious disadvantagc 
with the use of methyl iodide is the gener­
ation of a small amount of methyl Grignard 
which may give a competing reaction whcn thc 
Grignard reagent is used. This can be a partic­
ular prohlem in the pharmaceutical industry 
where the purity of the reaction products is 
critical. This prohlern is overcome with the 
use of 1.2-dihrol11oethane. The initial reagent 
climillalC\ tD gi\·c lllagIlc~illln hromidc anu 

Grignard Reagents~ Industrial Applications ami Strategy 175 

ethylcne, which is lost from the reactlllll as a 
gas. An additional disadvantage with rnethvl 
iodide or I ,2-dibromoethane i~ that hoth a;'e 
suspected carcinogens and must hc handlcd 
with grcat careo 

6.3.4 Detecting Initiation of Rcaction 

As previously stated, accurate detection of reactiun 
initiation is of critical importanc\.' to elbure asare, 
well controlled reaction. As with any exothermic 
rcaction, an increase in tempcrature, or an increase 
in cooling rcquired 10 maintain a constant tempcr­
ature, is a reliable indicator of reaction initia­
tion. Redundant, calibrated tcmpcrature probcs are 
recommended lo ensure accuratc tcmperature rcad­
ings. However, ror Grignard reactions run under 
reftux conditions, the temperaturc remains rela­
tivcly constant and therefore cannot hc l"cd to 
determine initiation. In the lahorator\'. initiation 
of a reaction run at rctlux is onen c~n¡irmed lw 
observance of increased foaming and/or vigorou's 
bubbles emanating from the magncsium chips in 
addition to a darkening in color associated wilh 
the dissolution of magnesium. These visual ohser­
vations are often difficult to ascertain in largc 
industrial equipment. An increase in reftux ra~e 
will occur upon initiation 01" reaction: therefore, 
measurement of the reftux rate can provide a guan­
tilative method of confirming reaction inititiation. 
However, the lag time bctween an increasc in hoil 
rate and a subseguent increase in reflux return 
rate mus! be considered. Recently. real-time online 
analylical analysis such as FTIR has heen shuwn to 
provide valuahle information regarding the disap­
pearance of the organic halidc and the ¡llrmation 
of the Grignard reagent 1411. 

6.4 EXAMPLES OF INDUSTRIAL 
GRIGNARD CHEMISTRY 

Although many examples 01' Grignard chemistry 
appear in the literature, processes run on a com­
mcrcial scale are rreguently not reported. Several 
processes arc discusscd helo\\' as examplcs uf 
chemistry indicated by the patcnt literature to hc 
run O!l an i ndll~lrial ~calc. 

6.4.1 Tamoxifen 

Tallloxifell citrate í~ a nOIl-~teroidal cstrogcn antag­
unist 1-I2111scd in the treatment of advanced breast 
cancer. C;rignard chcmistry plays an important role 
in the S) nthesis 142.431. Kcy starting matcrials in the 
production uf lallloxifcn (5) are hromohcnl.ene and 
1-14-12-dimethylaminoethoxyphenyll-2- phenyl-I­
blltanone (2). Following prcparation of the Grignanl 
reagent of bromohenzene, 1, the condensation reac­
tion shown in Schemc 6. I is key to this synthcsis, 
allo\\'ing the t\VD largc portians of the tallloxifen 
nlOleculc to he joincd togethcr. Furthcr trcatmcnl 
",ith acid results in the dchydration of thc carhinol 
(3) to thc Illixcd isomers of tallloxifcn (4l. The 
elimination produces the desired Z-olcfin as the 
Illajor product. This chelllistry provides the tetra­
suhstitulL'd olelin in a convergent manner. Furthcr 
prucessin" 01' thL' E/Z mixture 1431 (4) gi\cs pure 
tallloxifcn (5). 

6.4.2 Droloxifene 

Droloxifcne 1441. a hydroxy-derivativc 01' tamox­
ifcn, is cUlTently under development hy Ptizer amI 
Klingc Phannu for the treatment of osteoporosis. 
The kcy starti ng materials in the production 01' 
droloxifcne are the THP-ether of 3-hromophcnol 
(6) and I -14-12-dimethylaminoethoxy)phcnyll-2-
phenyl-I-butanone (2). As with tamoxifcn, Gri­
gnard chemistry plays an important role in the 
synthesis. This example illustrates thc use of a 
TH P protcctinf' gmup during a Grignard condensa­
tion, Sel1emc 6.2 145]. THP ethers are particularly 
elTectiV'c in I,rotecting grours for Grignard rcac­
tlons hecallsc Ihe group is \'cry hase stahlc. hut 
is clca\'ed h\ acid treatmen!' which is typically 
includcd ;IS P,¡rt 01' the rcaction work-lIp. 

As sho\\'n in Ihe tamoxifen cxample, following 
condcnsation, tlle' intennediatc tertiar)' alcohol S is 
acidilied leading to clilllination and rCl1loval 01' the 
THP-protectint' gruup. The e1il1lination givcs the 
olctin as a mixture 01' the E and Z isol1lcrs 19 am! 
10 respectil'cl) l. with the desired E-isomer (9) a' 
the predonllnant product. Further pruccssing nI' thL' 
I://. mixlure con\crts 7. isol1lcr (101 to thL' dcsircd 
prodllcts 9. 
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SCHEME 6.l. Preparation of a tClra·suhstitutcd olctin-tamoxifcn. 

6.4.3 Veltol® and Veltol Plus® 

Although quite different fmm the examplcs ahove. 
the use 01' Grignard chcmistry in the synthcsi.s ni 
flavor enhancers is similar to that in the pharlna­
ceutical industry as the food industr)' must also 
meet high standards 01' purity and 10\\ n:sidues 
01' synthetic hy-products. Veltol" and Veltol Plus" 
are lhe Cultor lrademark names 1m maltol 'lIld 
ethyl maltol. respectivel)'. Unlikc ethyl Ilwltol. 
mallol is a naturally oceurring suhstance found in 
lhe hark 01' young lareh lrees, pine needles. ami 
chicory [46J, Sinee it is not economically practical 
10 extract large quantitics 01' mallol fmm naturally 
occurring sllhstanccs, hoth suhstances are synthet­
ically manulacturcd. (lne 01 the reported industrial 
synthcscs utilizcs Grignard chelnistry. 

I'llrfuryl aldehyde (12) is reactcd \\ ith the (iri­
gnard reagent of an al"vl chloride (I\. R = :--1e 

or El) 10 yield the corresponding a\cohol (13), 

which is a kcy inlcnnediale 147J in the produc­
lion (JI' mallol/elhyl maltol (14) 148], shown in 
Scheme 6,.'. 

6.4.4 Use of a Grignard Reagent as a 
Base (Formation of Magnesium 
Enolates) 

One examplc 01 lhe use nI' Grignard reagcnb 
as a hase lO produce magnesium enolates is lhe 
synlhesis of lhe animal health quinolonc antihiolic. 
danofloxacin (20), Advocin' 1491. The synthesis 
of fi·"etoeslcrs from acylation of magnesium malo­
!lales gcncralcd Imm hydrogen mcthylmalonate hy 
lrc'atlnc'nl ",ith 1l1agnc.sium elhoxidc or isopropyl­
magncsiu1l1 hromide \\as inilially dcscrihed hy 
Ircland and Marshall 1501. Se"eral relinc1l1cnts 
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SCIIE\IE 6.3. I'rcparal;OI1 nI' mallollclhyl mallo!. 

llave heen Inade lO Ircland's method over lile years: 
each has shO\\'n that magncsium plays an impor­
lant role in Ihe stahilization of the l1lalonatc-anion 
while giving selectivity for C-acylation 1511. Thc 
literalure suggests that good methods to prepare 
ll1agnesiul1l l1lalonate anions are by addition to the 
ll1alonic ester 01' ll1agnesiull1 chloride (along with 
an added base). ll1agnesium ethoxide. or a Gri­
gnard reagent. Experience has shown that use of 

the Grignard is prcferred [49]. 
The use 01' mcthylmagnesiull1 chloride offcrs 

several advantages over other methods to 
prepare (l-keloeslers. The ll1agnesiull1 l1lalonatc 
is hoth more soluble and more stable ¡han the 
eorresponding di-lithium malonate prepared fmm 
hydrogen elhyl malonate and two equivalenls of 11-

hutyllithium 1521. Generation of two equivalents 
01' lhe dilithio monoethyl ll1alonate dianion 
requires fOl1r eql1ivalents of n-butyllithium: thw. 
lhe magncsiulll malonate offers considerahle 
advantage for lhc preparation of ¡B-ketoestcrs. 

The magnesiulll enolate is prepared [rom 2.1 
equivalenls 01' pOlassium ethyl ll1alOnale (16) hy 
lreatment with ~ 2.0 equivalents of alkyl Grignard 
(usually mcthyl or ethyl since these are commcr­
cially availahlc), The resulting dianion. shown in 
Schcmc 6.4 as 17. has strong nucleophilicity at the 
carhon. 

Following preparalion (JI' an aclivalcd ~Icid lacid 
halidc 01' acyl-imida/(lk). the t\\O rcagenh arlO 
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nll 
R-MgCI .. 

tI 

----,.. 

(1 

I~ 

cOlllhined. Whcn lhe "cid cllloride is uscd. l\\'O 
cquivalcnts 01' 17 are rcquircd due lo une cquiv­
aknl 01' lhe lllalonale anion hein¡,' consumed as a 
hase. The resulting {l-ketoesler (19a & b) exisls 
as a pair 01' kelol-enol isomcrs. These are in a pH 
dependent equilibriulll. To complete lhe synlhesis, 
several steps are required to elahorate lhe ~­
ketoester to danofloxacin, 20, 

6.4.5 Naproxen 

The final two exalllples dernonstrate the usefulncss 
ofGrignard chelllistry in the synlhesis 01' analgesics. 
Naproxen« (23) is a product discovcred and 
lIlarketed hy Syntex 15~ l. Thc cOlllpound is a non­
slemidal anli-inflal11111atDry (NSAI). JusI prior to the 
expiralion DI' the palenl in I <)<)~. Syntex reported 
annual sales 01' Naproxen' 01' S 1.05 hillion. The 
s)'nlhesis is sho\\'n in Schemc 6.5. Several synthelic 
mUles wcre investigaled prior lo lhe devclopmenl 
01' Ihe conllllercial mule. Following Ihe general ion 
DI' the Grignard rcagcnl. lhe lllagnesium anion is 
alkylated. giving lhe dcsired slruclul-c with lhe 
enlire carhon skelelon in place 1541. Alkylalion 
",ilh the lllagnesiulll sall 01' 2-hrolllopmpionic acid 
instead 01' lhe elhyl estero uscd in an earlier 
synlhcsis. saves lhe step 10 hydrolY/e thc ester. 
Rcsolulioll is conduclcd wilh N-alkyl glucallline 
which is prepared illilially rrom D-glucose hut then 
is rcc()\cred and recyclcd \\ ilhin lhe proccss, 
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6.4.6 Propoxyphene 

Eli Lilly inlrodllced a major mcdical ad\'anCl' in 
the trcatmcnl uf pain in the lale 1950' s wilh Ihe 
introduction 01' Darvon" (propoxyphene. 26) 1:;51, 
This dcmonstrales the application of the Grignard 
reaction to pnl\'ide a terliary substituled alcohol. 

A. (11 ignard rcw.:l1nn 

,,/ 
N 

'"'t 0 ° l/-

I-.I,í) 

1)'1"1 11 <'111' 

]'\11.1111'-

-=' 11< I 

22 

H,CO 

23 

Following rcsolulion 01' ¡J-dimethylamino-u­
melhyl·propiophcnollc "ilh dibcllIoyl-( + )-tartaric 
aeid, the chiral kelonc is added lo a sOlulioll 01' 
benzylmagnesium ehloride in díelhyl elhcr 1 :;61. 
sce Scheme 6.6, Liberalion 01' lhe alcohol prouuel, 
25, provides lhe producl wilh the carbon baekbonc 
and stereochemistry in placc. Thc lertiary alcohol 

25 
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is Illen con verted to the propionatc ester, and Ihe 
aclive drllg is isolatcd as Ihe hydrochloridc sal\. 

6.4.7 Additional Examples 

Thcrc arc many olher cxamplcs 01' Ihe induslrial 
applicalion or Grignard chcmislry, This scction is 
nol mcanl 10 be exhaustive. huI is an overview 
01' Ihe many applicalions thal have bccn deviscd 
1'01' Grignard reagents. The synthesis 01' ¡J-carolcnc 
was described in the early I 95()'s; this ulilizcd 
Grignard chemistry [571, A highly convergenl 
mUle was developed. based lIpon Ihe symmelry 
01' ¡J-carolene, in which two equivalcnls 01' Ihe 
acelylenic Grignard reagenl arc condensed wilh a 
dikelonc, 4-octen-2,7-dione, 10 provide lhe enlirc 
carbon backbone of ¡'l-carolene, 

Sneral examples of lhc use 01' Grignard 
reagenls 1'01' lhe synlhesis 01' perfumes are givcn 
by Walker 158], Walker notes lhal one 01' the 
carly palenls on lhe induslrial appliealion 01' 
Grignard reagents was 10 Viclor Grignard, for 
lhe development of a process 10 prepare primary 
phenyl cthyl alcohol. Grignard's preparalion from 
phenylmagnesium bromide and clhylene oxide 
ga"c a purer product than previous mClhods. 

Grignard reagents are also used in the synthesis 
01' organo-silane compounds: treatmenl 01' silicon 
lelraehloride or an alkylsilyl chloride with a 
Grignard rcagent introduces lhe alkyl group 01' 
lhe Grignard onto lhe silieon, A rcview 01' 
lhe prcparalion uf alkylsilyl ehlorides (useful in 
proleeling groups), alkylsilanes (uscful as rcducing 
agenls), and silieones (used as lubrieanls and rOl' 
J¡e:aling/cooling fluids) is hcyond lhe seope 01' lhis 
chapler. Thc rcader is referred lo an overvie\\' 
given hy Waugh 1591, 

Allhough Grignard reagenls arc frcquenlly reac­
leel \\ ilh kcloncs to provide alcohols or elaboraled 
lo olller pmducts, lhere: is a varialion ",here lhe 
Grignard reagenls are used lo prepare kelones as 
Ihe product of the reaelion, The Grignard reagenl is 
rcaeled ",ilh eadmium chloride lo give lhe organo­
cadmiulll rcagenl, whieh is in lurn reaeled wilh an 
acid chlorie!c or anhyuridc lo produce lhe desired 
kelone, Forexamplc, lhe synlhcsis 01' melhyI4-kelo-
7 -methyloclanoalc is kn()\\'Il. slartíng ¡'rom isoamyl 

hromide, ['ollowing l' orinal ion 01' lhe Grignard re­
agen!, lrealmcnl \\'itJ¡ cadmiulll chloride forms di· 
isoamyl caullli1Im, which in lurn is lrealcd wilh 
¡J-earbomclhoxypropionyl ehloridc, This gives Ihe 
desircd prodUCl in high yidd 1601, The organo· 
cadlllilllll adds lo Ihc acid ehloridc bUI nol lo lhe 
esler 01' lhe prodllel kelone, Thc organocadmillm 
reugcnls are reporlee! lo he superior ror lhe prcpa· 
ralion 01' kclolles 1611, ulIe lO lhis inereased selce­
livily. However. the use (JI' eadmium reagents has 
largely gone OUl 01' favor due lhe loxicily 01' lhis 
elcmcnl and the: diflieully 01' disposal of wasle 
produceu hy lh is chcmi slry, 

6.5 WASTE DISPOSAL 

AlIloxie malerials shollld be disposed 01' in accord· 
ance wilh alllocal, slale. and nalional environmcntal 
(EPA) gllidelincs, Lahoralory wasle should be han­
dkd and disposed 01' in accordanee with 'Prudenl 
Pracliees in lhe Laboralot-y'; National Acadcmic 
Prcss; Washington. DC, 1995 [62]. Waste gener­
ated frolll industrial processing is highly regulaled; 
it is beyond lhe seope 01' lhis chapler 10 summa­
rize lhe erforts needed 10 comply with the Illany 
differenl local regulations, However, one strategy 
is lo minimizc lhe voluIl1c and number of wasle 
Slrcams produeed. For example, when processing on 
a large seale, and while the equipment is prepared lo 
handle Ihe otT·gasscs from lhc proeess, il is helpful 
lo rinse dml1ls wilh Ihe appropriate solvent and lo 
ljuench any cxcess rcagenl prcsenl inlO the reae· 
lion molher liquol's priOl' to sending lhose mOlher 
liljllors rol' wasle disposaL Following separation 01' 
aqucous and organie wasle layers, il is oftcn prac­
tical lo rcc()\'er lhe OI'ganic solvent by di<;tillalion 
(fre:ljucnlly lhrollgh a packcd eolumn), although 
eonsideralion musl he givcn lo Ihe removal of 
waler and lhe rcinlroduclion 01' inhibilors inlo elher 
solvenls, For cxamplc. THF should be stabili/ed 
(bulylaled hydroxy loluene is often used) lo pt'C\'Cnl 
lhe forlllalion 01' pcroxides UpOI1 slorage, 

6.6 SUMMARY 

The wide range 01' uses and lhe induslrial appli· 
cation uf C,rignard chcmi'-ltry i~ a trihule to Ihe 
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gcnius of lhe discovery made hy Viclor Grignard a 
cenlury ago. The cxamples and discussion sununa­
rizcd in lhis chapler show lhal lhe inilial discovcry 
has undergonc years of retinemenl to pro vide a 
po\Vcrful synthetic 1001 for today' s chemist. Each 
use of lhe chemislry lo solvc a synthelic prohlelll or 
to ill1provc upon an older synlhclic route is not just 
an cxall1plc, hUI frcquenlly a retincment, oflhe tech­
niques and ll1elhodology. Thc cxall1ples provided 
ahove are juSI a few of lhe reaclions conducted on 
a production scale lhal utilize lhis chemislry. 

The increased availahility of tetrahydrofuran 
iTHF) as a solvent in the 1960's greatly increascd 
the production-scale uscfulness of Grignard chem­
istry by avoiding the handling of large quantitics 
01' diethyl ether. Although many industrial appli­
eations of Grignard chemistry are not puhlished. 
those discussed in this chapter illustrate the mcful­
ness of this chemisLry to the pharmaceutical. food. 
and chemical manufacturing industries. 

Notice: The publisher and authors do not on the 
hasis of this anicle warrant Lhe use of this chem­
istry for any specific application. The handling 01' 
maLerials in a chemistry lab or production plant 
should only be conducted by trained individuals in 
aceordance with safety and environmental regula­
tions. The user accepts complete responsibility for 
conducting experiments and plant operations in a 
safe and environmentally acceptable manner. 
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7.1 INTRODUCTION 

7.1.1 Grignard Reaction 

In the cornrnon rncthod of preparing a Grignard 
reagcnt, a magncsium mctal surface Mgz (Z 
denotes the surface) is allowed to reaet with an 
organyl halide RX in a suitahlc aprotie solvcnt SH 
[1-31. Our subjects are the meehanisnb of this 
Grignard reaction. 

Sil 
RX + Mgz -----+ RMgX + hy-products 

typical Sil 

DEE (diethyl cthen 

THF (tclrahydrofuran) 

typical hy-produets 

coupling/disproportionation: RR. RH + R( -H) 

(alkene) 

solvenl allack: RH + S residlles 

(RS. SS. etc) 

Despitc nearly a hundred ycars of work [4,5], 
this ficld rcmains rich in spceulation and short on 
discriminating fact, a disturhing status for what 

may he the most-oftcn-used non-trivial reac!ion 
[1-3}. This chaptcr [oc uses on the most significant 
results. 

7.1.2 BasicFactS[I-31 

Mil; is used as turnings. chips. powder. or special 
preparations (c.g .. Rieke Mg). Solvcnts other than 

DEE and THF. espeeially other elhers and aprotic 
solvcnls k.g .. lertiary amines), are sometimcs 
lIsed. Lindsell has summarized the influences 01' 
various factors [6J. 

Ry-products are often dominaled hy RR. RH. and 
R( - H) (alkene l. whieh may he formcd in yields as 
high as ~5()(1r. By-producls of solvcnt altaek. such 

as SS and RS. are significant in unusual cases. 
Suilahlc substrates incJude alkyl. hcnz)'1. all)'1. 

cycloalky!. ,'iny!. and aryl iodidcs. brolllidcs. allll 
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chlorides (rarcly, under special condilions, tluo­

rides). The halogen rcaclivily mder is RI > RBr > 
RCI > RE However, because reactions 01' indides 

and bromides occur al or near lhe di ITusion-cnnlrol 
limil, lhey rcael al similar rales. 

'RMgX' represenls a mixture nI' RMgX, R2Mg, 

MgX2 (Schlcnk equilibrium) and lhcir aggregates 
and related ions. Thesc equilibria arc nOl eonsid­
ered here. 

Mgz is very reacti\'c (slandard reduClion poten­
tials: Li, -3.045 V; K. -2.924 V; Na, -2.711 V; 

Mg, -2.375 V). lt reacls rapidly with components 

of the air to develop a surfaec layer commonly 
called 'oxide', implying MgO, bul now known 
(Section 7.3.3) to be largely Mg(OH)2. A suffi­

ciently well-developed MgO or Mg(OH)2 adlayer 

passivates Mgz toward further rcaction with gas­
cous O2 or the atmosphcre. 

A typical Grignard reaetion begins with an 
induction period during which initiation processcs 
occur. Little appears to happen, and few products 

are formed, but evcntually the induclion period 

ends and the main reaction begins. 
If the hydroxide layer is passivating toward the 

Grignard reaction, then it is responsible, at least 

partly, for the induction period. Sorne additives 

lengthen the induction period (inhibitors) while 
others shorten it (activators). 

Typically, the main reaction, giving Grignard 
reagent and by-products, is rapid and exothermic. 

Cooling may be required to maintain control. 
Solvent choice can be significan!. Initiation can 

be promoted by a more polar ether. Thus, reactions 
of so me halides (e.g" vinyl or ar)'1 chlorides) 
initiate in THF (dielectric constant 7.4) hui not in 
DEE (dielectric constant 4.2). 

'Reluctant' halides may fail to I'eact-initialion 
does not occur (e.g .. aryl chlorides in DEE). 

In other instances, reactions occur bUl hy­
products dominate (c.g.. adamant)'1 hromidc, 

Section 7.2,17). Both cases can be addresscd 

hy activation, one or more special mcasures 
taken to promote reactivilY, increase the yicld 01' 
RMgX, or hoth. 

Methods 01' activatínn includc trcating Mg,é 
wilh an aeid (e.g., aqucolh HNO,I, slirring il 
dry in an inen allllosphere. preparing it in a 

Grignard Reagents: New Developmenls 

special fonn (e.g .. Rieke Mg), and pre-lrealing il 
in sitll with 12, CH , I, CH,CH2Br, BrCH2CH 2Br. 

Vitride INaAIH2(OCH2CH20CH,hl, RMgX solu­
tion from a previous reaction, an alcohol, etc. Thc 
same suhslances lhat are used in pre-treatmenls are 
sOlllelimes simply included instead in the reaetion 

mixture along wilh RX. The inc1usion 01' reactive 
alkyl ha lides (CH,!, CH, CH2Br, BrCH2CH2Br) 
with a reluctan! RX is called 'enlrainmenl.' In lhe 

unusual case 01' adamantyl hromide, l10t stirring is 
a method of activation (Section 7.2.17). 

7.1.3 Overview 

There ha ve been several recent brid revicws 
17-9]. In longer works, lhe pre-1954 history nI' 

mechanistic studies of the Grignard rcaclion is 
summarized by Kharasch and Reinmuth in lhcir 
comprehensive treatise 11] and recent work is 

covered hy Hamdouchi and Walborsk y ( 1996) 110 1 
and van Klink (1998) [11]. On sorne important 
points, we differ with interpretations offered hy 

each of these authors. 
Mechanisms of Grignard reactions can be divi­

ded into two pans, organic and inorganic. The 

organic mechanism traces R from RX to RMgX 
and by-products containing residues of R and S. 

Organic Mechanism 

RX ---+ ~ ----> RMgX + organic by-producls 

The inorganie mechanism traces Mg from Mgz 
to RMgX and deals with surface films, inhibition, 

initiation, and activation. The organic mechanislll 
has received far more study than the inorgallic. 

Inorganic Mechanism 

Mg¡: ---> ---+ --> RMgX + MgX2 + olher 

Mg species (if uny) 

plus iniliation, activation, and other mattcrs 

cnnccrning the inorganic chemistry of the Mg 

surface 

PU/!l\\'(/Y R. For al least part 01' lhe orgallic 
l1lC'chanislll 01' many Grignard reactiol1s. ovcr­

whelllling e"idenec supports illlennediale radicals 

Mechanisllls 01' Grignard Reagent Formation 

Pathwa~' R 

RR or RH + R(-H) 

RX ~~ R' RMgX 

RII + S' 

R· ('Cjrignard radical s' ) and pathway R (Scelion 
7.2.:\). 

lIereinaftcr r. l'. and s denote radical reduclion. 
cnupling/disproporlionalion, and solvelll allacJ... 
rcspeetively. 

Sec(}/u/arl' I<'CICtions gi\'il/g bY-l'rodllC/s. 
Although reaclions of RMgX with RX to give RR 
nr RH + R( - H) are known, special conditions are 

relJuircd. In lypieal cases, secondary reaetions are 
nOl sourecs DI' hy-prodllctS 11,10.121. 

Adwi/'jI/irlll uf R·. In pathway R, R· remains 
adsorbed at Mg¡ llntil il undergoes r lA (adsorp­

tion) modcll nr it doesn't ID (diffusion) model[ 
(Seetion 7.1.4). Compelling evidence supports the 
D moclel and disproves the A model (Sections 
7.2.8- 7.2.9) 

U{etil1le (Ir R·. For a typical alkyl halide, the D­
model charactcristie liretime of R· in DEE or THF 
is ~1O-7 s (Section 7.2.8). Since the rate constanl 

ks (rOl' 5) rol' a primary alkyl radical in DEE is 
~ I O' S-I 1 L'\j, s is predicted lo be insignifiean\. as 

is found. 
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SS orSH + S(-II) 

RS or RH + 5(-11) or SH + RI· H 1 

(.,) S MgX or other n:duclion pro<!uCl 

COIlCC11Tra/úJ/l or R·. For a lypieal alkyl halide, 
lhe D-model conecntration of R· near the surfaee 
is 10- 4 -10-' M (Scctions 7.2.7- 7.2.8). Iflhe rate 
constanl kc (ror e) werc:l x lO') M 1 si, a lypical 

ncar-diITusion-conlrol value, lhe speci lie rale for e 
(Á:cIR·]) would be (3 x 10')-(.'\ x lO") s-l. high 

enollgh rOl' e lO be signiliean\. as is found. 

C/¡"ill Rcuction. Under lhe usual reaction cnndi­
lions, '1 chain mechanislll is nol \ iahk I Sel'lion 
7.2.19). Trapping inlcrmedialc radil'als has lillk, 

ir any, cllecl on the rale 114-161. 
Mg( /) Intermedia/es. Althnugh lhey are often 

proposecl 11.10,11], therc is no eompclling evi­
denec ror discrete Mg(l) intermediales sueh 
as ·MgX and RMg' (Scction 7.3.X). An inter­
esting possibility is that Mg enlers the solution 
as hypovalent cluslers MgnlH~ (m < 2n) such as 

Mgi~ , Ieading ro species such as ZMgMgZ (Z = R 
or X), 

Initia! Step. Initial elcctron lransfcr has not been 

distingllishcd from initial halogcn-alom transfer 
(Section 7.'2.21). 

Mg¡ ~ _ _ _ _ Mgz+ Electron lranskr. [RX ~ [ may he an 

RX ~ 1 RX~] ___ R' + X- illlenncdialc or a tran,ilion slruclUrc. 

Illtermcdi{{//' HX;~. RX ,- may or may nOl he 

an intermediale. In reductions 01' alkyl halides al 
inert ckclrOlles, lhcrc is consistent and persua­
sive (hUllHll cOlllpelling) evidence for dissociative 
c1celron transfer (Seelíon 7 ~2.21 ). In similar redu,­

lions nI' ar,,1 halidL's. an intenncdiate RX' ís \\ell 

eslahlisllL'd [17.1 ~ l. 

RX __ Ic'_1 • R. -+- X (dissociali\L' Ckcll'lln lransfcn 

RX -":-'-. RX'- -----> R· + X (e1cclron 'lllaL'h­

mcnl rollo\\ ed 11\ dis'llL'ialiolll 

Ll/('/)/ ni I'{{¡fll\'({r R. R Ina\ he lhe l',elusiV'e 

p'lIh\\a\ 1',,1' (irif!llard reaclilllh ni 1\ pil'al alky 1 
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halidcs. Thcrc may be another pathway, X, espe­
cially 1'01' cyclopropyl, vinyl, ary!. and possibly 

allyl/bcn/yl halides. Pathway X may dominate 
sOllletil11cs. Only scattercd rcsults are relevan! to 

the cxtcnts to which pathways R and X comretc for 
"arious organyl ha lides (Sections 7.2.8- 7.2.12). 

PoI/Mm' X. The naturc 01' X is uncertain (Sec­

tions 7.2.9-7.2.11). Possibility Xa implies thc 
absencc (lf by-prodllcts. In Xb any by-produets 

Pathway X (some possibilities) 

(a) RX 
Mg¡ 

~ RMgX (one ster) 

Grignard Reagcnts: New Dcvelopments 

would have to arise from RX" . Xc is a portion of 
a version 01' R in which therc is a sub-population 
of very short-Iived radicals R·. Xc might be, for 
example, a geminate reaction (Section 7.2.5) at 
an active sitc, that is, a reaction 01' R· at Ihe 
active si te where it was formcd (Section 7.3.11). 
Xd is a solution rcaction involving a 'di­
Grignard rcagent' RMgMgX or related species 
(Section 7.3.X). 11' Ihe mechanislll involves radical 

(b) RX 
Mgz 
~ RX'" ~ RMgX (two sters - no R·) 

(e) RX 
Mgz 
~ R' ~ RMgX (timescale ~ lO' ti) s or less) X 

¡ 
R' ~ RMgX (timcscale ~ 10 7 s) 

(d) RX + XMgMgZ - RMgX + ZMgZ (Z = R or X) 

RX + ZMgMgZ ----- [~Mg2X R· J -- RMgX + MgZo (geminale reaction with 
\... - parlial relention) 

Z2Mg2 X + R· (escape and racemizalion) 

intermediates, Ihen a geminate reactiun of a pair 
such as [Z2Mg2X R·] could give partial retention. 
Alternatively, R· would not be an intermediate 
in Xd. 

Sll'p r. Metallic corros ion theory suggests elcc­
tron transfer 1'rom Mgz (Figure 7.1, Section 7.3.7). 

Mgi -+- R· ------+ Mgt
l -+- [R-] 

\leX. 
~ RMgX -+- X- (q = charge) 

This could be concerted or stepwise. In sOllle 
cases. there is cvidence 01' a carbanion or 
carhanionoid interlllediate (Section 7.2.20). Step 
r is often written instead as the following 
radical eOlllhination [1.10, Ilj. Electron transfer 
frolll Mgz 

R· -+- ·MgX -------> RMgX 

has the advantage of including the Grignard rcae­
tion in a consistent trcatment with othcr Illetallie 
corrosions. 

E/eclrochemica/ Cormsiol/. In a c1assieal J1lodel 
01' Illetallie corrosion, reductanls are reduced hy 
electron transfer from the Illetal at eathodic siles 
while the metal undergocs oxidative dissolution at 
anodic sites (Figure 7.1). 

Comoining this with the D model prO\ides a 
simple dcscription 01' hoth the organie and inor­
ganic Illeehanisllls 1'or pathway R. 

In the Grignard reaetion. thc mcdilllll is poorly 
eonducting. The requirelllent 01' e1'fective condue­
tion to prevent the huild-llP 01' excessive chargc 
imoalance illlplies that the cathudil' and anodic 
sites cannot he very far aparto 

Cormsiol/ hr Rl'ilCliol/S (Ir M g¡ \I'ilh .'i/Jl'cies il/ 

SO/l/Iilm. It is often proposed that transient speeies 
in solution renHl\T Mg atollls as Mg(l) srccies. As 

Mcchanisms of Grignard Reagent Forlllation 

(1)(' lIlel,l] d"'''\IIIlII\!lll 

Fig. 7.1. Ekctruchelllil'al corrusion h\p"th,,,is. At 
anoúic sitcs. alollls are lost fmm Mg a .... f\1g.:"· Al 
cathodíc sitcs. dectrons are losl frolll Mg. lons are 
highly aggregated in cthcr solvenlS. Thcir rcprcscntatioll 
here as individuals is schematie. not lileral. The lo" 
conductivity of the mediul11 requires thal anodic and 
cathooic sitcs he c10sc to onc anotheL po<.;sihl) on the 
atomic scalc. 

notcd earlier, there is no compelling evidence of 
Mg(1) intermcdiates (Section 7.3.8). 

Mg/. 
RX ---------> R· + ·MgX 

Mg/ 

R· ---------> R M g' 

Ad\'enli1io/ls 'Oxide' Larer. Thc Iayer that forms 
on Mg when it is exposed to the atJ1lospherc 
under ambient conditions is principally Mg(OHh 
(Scction 7.3.3), with slllall hut significant alllounls 
01' oiearoonate, HCO, -. in the outcrlllost layers. 
Mg(OHh can be eonvertcd to MgO hy haking. 

/ndlleliol/ periodo The existence 01' the induetion 
period shows that there is initial passivation. inhi­
hition, aoscnce of activation. or sotIle eomhination 
of these. 

/I/iliilliol/. lnitiation Illay consist 01' lhe penetra­
tion by RX to Mg¡. the rellloval of Mg(OH)c, the 
eonsumption 01' inhihitors. the 1'ormation 01' activa­
tors, ctc. (Section 7.3.4). 

AClil'(jliol1 ([/Id /I/hi/Jilio/l. Aetivation rnay 
(1) remove the passiv'ating Mg(OH)c layer. 
(2) promotc its penetration. (3) catalyze the 
rcaction 01' RX at Mg¡. (4) increase the clfeetivc 
!'vIg! sllr1'aec arca. ()l inerease the llulllher 01' Mg¡ 
active sitcs. (6) rC!llO\ e illhibitms. (7) prolllotC 
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initiation or inhibit termination 01' chain reilctiollS. 
or (8) illvolve some comhination 01' these and 
possihly othcr effects. Inhihition Illay be the 
oppositc (Scctioll 7.35). 

7.1.4 D and A Models 

The D and A models are alternativc nOIl-ehain 
versions 01' palhway R diffcring in whether R· 
difluscs in solution (D Illodel) or remains adsorhed 
at Mgz (A Illodcl) (Figure 7.2). The Walhors~y 
mechanism (Figure 7.3) [7,10]. which was gener­
ally accepted for aboul 20 years (begilllling in the 
mid-1960s) ineludcd Ihe D model at first (' ... the 
loose radical pair may become solvent seraratcd 
to give aplanar R group which could return to the 
surface of the magnesium or rcaet with solvent. .. ') 
[19] but was later ehanged to an exclusive A 
Illodel [20]. 

For the following reasons, the distinctioll he­
twecn D and A models is of major illlportance. 
Illdependenl of (he Grignard reaction, there is a 
large hody of dala on reactions of radicals in solu­
tion. Solution dala on radical rcactivities can be 
used with (he D model to make useful quantita­
tivc predictions. There is no sueh oody 01' data 
for radieals that are adsorbed at a magncsium­
solution interface. The possibility of uscful quan­
titative predictions from the A model appears to 
he remote. Indeed. the A model docs not provide 

M~ ~I RX 

~ 
\1~ _1 R· 

~, 

\1~ il R~I~X 
'---------y----

A mmlel 

dlltll'j,111 

;1 

Fig. 7,2. A and D moJels foe palhway R. (' 'lIld , are 
nol :-.110Vv11. In Lhe D moJel e and s oCClIr al all di,,¡allcl''' 
from the '-urfacc. Differcnl A moJel:-. il1\oh.(' difkrl'llt 
uHnhinatiotls uf sllrfaCl~ and :-,olution :-.tep" ro!" (' :llld .... 
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Mg 
Mg 

""/' /5 

~l RM"X _ e 

Grignard Reagcnts: Ncw Dcvcloprnents 

coupling. Jisproportionatioll. etc. 

;/ 

I[ ·R J ~ R.~ 
-MgX (in '\olutioll) 

Kit + s· 

Fig, 7.3. Thc Walhorsky Illcehanislll [7.101. Thc hracketed inlcrmedialC at Iel'l is a 'light radical allioll-radical cal ion 
r;Il~:. proposed Illlllally as an IIllenllcdialc [191 hut later supposed to be a transition stale 121.221. in which case slep 
3 \al".shes. lhe hrackeled Intermedlatc al nghl IS un adsorbed 'Ioose radical pair.' III Walhorskv's laler lieures. the 
Mg 01. a p,~ir i~_rcprc~ente? in a W<l.y tl~at sllggc~ls that it may rcmain crnheddcd in the slIrfacc. Stcp~ 1--+ (~cl!r wilh 
:CtClll1~lIl. ~ICp .) ~)ccllr~ \.\'Ilb ~·accllll/atl()n. Al! stL'p:-. occur al lhe magncsium surfacc rv1g¡ l'xcept ~oh cnt atlack. \\ hich 
I~ lile lI11·\'ltahlc. late of a rad!cJI that ka\c .... Mg;: ano cnters the so!ution. Dcsorptioll (~ll'p X) <Jnd "uh:-,c411cnt ~OhClll 
altack are dcsenhcd by Walborskv but not ineluded in his ligures. 

many definite predictions. qualitative or lluanti­
tative. Since prediction is a duty 01' a scientific 
theory, the D model is far more promising, (J priori, 
than the A model. 

Of course, such is not el'idet/ce. Nature might 
have dealt a cruel hand and followed the A model. 
Fortunately, this is not the case (Scction 7.2). 

Regarding evidence, it is important to realize 
that cvidence against the D model is flot neces­
sarily cvidencefor the A model. Much ofwhat can 
be cited as evidence against the D model could bc a 
consequcnce of pathway X and thcrel()re rannot be 
construed as evidence against the D model. which 
descrihes pathway R. 

7.1.5 Occam's Razor 

For GI'ignard reauiolls. a multitude 01' hypotheses 
(often contlieting¡ have hern pl·cscnted. This is 
desirahle-hypothescs are targets ror testing·--hut 
stlch ('omplcxity has gencl'ated conrusion 110.111. 
Occam's Razor can he a guide lo an eflicient ami 
cffcclive rescarch pathway. Thc simplest \iahle 
hypolhesis is chosen as Ihe current workin~ 11\­
puthcsis. which is thcn l1lodilied (lr r".iectcd~ uníy 
<.1'\ fl'quircd hy !le\\' c\'idcllcc. 

Data are commonly overintcrpreted by ineorpo­
rating unnecessary details into a hypothesis. This 
happens in at least two ways: (a) compatible alter­
native hypotheses are included where onc would he 
sufficient to explain the data; (b) other unsupportcd 
details are included. 

Confusion can arise from compatihle alterna­
tives if the data are seen as support for all of them. 
For example, the Walborsky I1lcchanisl1l provides 
three possible cxplanations 01' partial rctcntion 01' 
contiguration, (1) pathway X. (2) adsorption 01' R·. 
and (3) geminate reaction 01' pairs IR· ·MgXI (nol 
proposed by Walborsky, hut an ob\'ious possi­
hility). It is a logical error to cite ohsen'ed retenlion 
of contiguration in a Grignard reaelion as evidence 
against the D and 1'or the A Illodcl. Inslead. il is 
evidence of l. 2, 01' 3. whcrc I and 3 are C!!II1I'ill­

ihle with the D model. 
Walborsky's writings are illustrative. In I %-l. 

Walborsky and Young staled. 'The observation 
that the cyclopropyl Grignard real!enl docs rctain 
so me 01' its lopticall acti\'ity wot~ld indicatl' thal 
the radical intermediatc is not entirely free ... the 
radical may he held on the surl'aee 01' the llIal!ne­
sium' (thc' tigure illuslr;¡tl's ·M!!-X wilh d;¡:hcs 
to R·) [191. CIc;¡rly. the) ViC",'(1 the tight radic;rI 
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pair as an adsorbcd R· and the loose radical 
pair as a specics "in which R· is surticiently 
scparatcd to permit rotation thereby resulting in 
raccmization." Nine years later the tight radical 
rair is "a radical anion in c!ose association with 
a univalent magnesium cation" (the ligure illus­

trates R-X- with dashcs to ·Mg') ami "the 
processes pictured ... are assumed to takc place on 
the surface of the rnagncsiurn" 1201. Thus, the 
loose radical pair became an adsnrbed species in 
which racemization occurs-the idea that rctention 
is a result of radical adsorption was abandoned. 
In 1990, it was rcsurrected: the produet fmm 
the loose radical pair became 'Iargeiy racemic' 
17]. In 1993 the tight radical pair eeased to be 
an intcrmediate and beca me a transition sta te for 
an elementary reaction. in effect a two-eleetron 
transfer 1221. 

These variations involve unsupported hypothet­
ieal details. Occam's Razor requires that such 
details be omitted where possible. but somctimes 
they are necessary for the construction 01' a predic­
tively competent model. In that case, Occam's 
Razor spccifies that the simplest such model should 
be takcn as the working hypothesis. Walborsky's 
postulate of a 'loose radical pair' violates this 
principie. Its properties are not described. Is it 
supposed to be like an ordinary radical pair in 
solution, with a similar lifetime and with possi­
bilities of geminate rcaction or escape') Or is 
it something clse~ Why is il includcd at alP 
Similar considerations apply to thc 'tight radical 
pair.' 

The fundamental aspects 01' the Walborsky 
mcchanism are an A-modcl pathway R ami a 
competing pathway X. The rest is tlnsupporled and 
supcrfluous. 

In applying Occam's Razor, it seems appropriate 
to take inlO account weak evidence favoring a more 
complex option. Palhway Xc may be thc simplest 
viable Illcchanism that explains partial relention 
of configuration, since it is in the framcwork of 
pathway R. Howevcr, thcre are hints that lhe 
cxtent 01' isomerization eorrclatcs inversely with 
conjugation in RX (Seetions 7.~.X- 7.2.12). Taking 
thi~ in lo accounl. une mighl choosc anoLhcr \'cr~i()1l 

01' X as lhc working hypothesis, 

7.2 ORGANIC PART OF THE 
MECHANISM 

7.2.1 Experimental Techniques 
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These teehnillues are used in our laboratorics. 
Grignard reactions are cOl1\'eniently performed on 
onc- lO Ilve-mnl01 scales using clIstoln-nladc glass­
warc. Beeausc RMgX is pronc to oxidation ami 
protonalion, dry. oxygen-free conditions must he 
establishcd and maintained. Glassware is dricd in 
an oven al 120-140c C and the pieces greased and 
asscmhled while hot. Silicone greasc is suitablc. 
The air in the assl'lllhled apparatus is replaced by a 
dry. oxygen-free incrt gas (e.g., argon or nitrogen) 
by several pUl11ping and filling cycles, using a two­
way stopcock. Traces 01' oxygen and water arc 
removed fl'Olll thc inert gas by passing it through 
a 3011200 Illnl L'l\lumn 01' activc copper (such as 
BTS catalyst R 3-11) and a 30/400-mm column 
oi' drying malcrial (such as Drierite and granulated 
P4 0 I0 ). For a general refcrcnce see Shriver and 
Drezdzon 1231, 

Dry, oxygen-frec ether solvents can be obtained 
by distilling them from their blue-colored bcn­
zophcnone ketyl solutions immediately before 
starting an cxpcriment. A stainless-steel cannula 
or a TLL-typc syringe is a convenient tool for 
transferring lhe solvent from one flask to another 
through silicon-rubber-capped stopcock adapters. 

Organic halides are dricd ovcr molecular sieves 
(4A), distillcd under inert-gas atlllospheres, and 
protectcd frol11 light and air bcfore using them in 
experilllents. For the transfer of the dry, oxygen­
free organic halides. argon- or nitrogen-purgcd 
TLL-typc syringcs are used. 

Fm rCflroducihlc rcsults. magllesium turnings 
must he cither air-dricd (r.t.) or oven-baked 
(120-140 Cl. Stirring rates should be held COIl­

stant. sinee the) can. in principie. afreel product 
distributions. 

;Vlagllc~iulll bromide etheratc. a good rcactioll 

Illedium. can he preparcd in silU 1'rom llIagnesium 
turnings and 1,2-dihromocthanc. but such soll!­
tion~ conlain slllall magne:-.iulll panick~ and SUJlle 
ulldi,ssol ved ,v1)21 OH), and :\lg( Ileo; 1, 11'1'0111 lile 
In~lgnl'\illm \urracc). By liltering lindel" argoll 01" 
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nitrogcn through a porosity-4 sintered-glass frit. a 
clcar solution of anhydrous MgBr2 in cthcr (ca 
2.6 M) can oc ootained. On diluting thi, solu­
tion with clher. a second Iiquid phase is fonncd 
in which lhe magnesium oromide concentration is 
only aoout 0.18 M. Saturated solulions 01' MgCI 2 
in tClrahydrofuran (ca 0.5 M) can oc ootained simi­
larly from Mg turnings and 1,2-dichloroethane. For 
details see Gmelins Handouch 1241. 

The yield of RMgX in a one- to tive-mlllol-seale 
experimenl is dClcrlllined by direcl lilration 01' the 
reaction mixture with neal sec-bulyl a\cohol from a 
microourelle (2/0.01 mL) under argon or nitrogen 
in lhe presence 01' ca. 0.1 mg 2.2'-oiquinoline or 
I,IO-phenanthroline as an indicator according to 
the melhod of Walson and Easthalll 125]. The titra­
tion is not affected by metallic magnesium. basic 
magnesium compounds. or magnesium halides. 

In a small-seale experilllent using an cthercal 
solvent, lhe reaction of an organic halide with 
magnesium is carried out in a lhcrlllostatled reac­
tion vesseI fitted with a reflux condenser (OCC) and 
a silicon-rubber-capped stopcock, using a Teflon­
coated magnetic stirring bar. By connecting the 
reaction vesseI through the 10p of the condenser 

Ar 
vacuum 

H~ 

-79 e 

Fig. 7.4. Apparalu ..... rol' ..... ttllllc:" 01' Grignard rl'<ll"ti(lfh. 
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with a mercury-lilled, thermostatted gas burette 
and an n-undeeanc-lilled U-shaped auxilia!)' mano­
meter. thc gas volumc change al constant baro­
mctric pressure during the reaetion and during lhe 
accompanying titralioll with sec-oulyl alcohol can 
oc followed (Figure 7.4). To ensure aceuracy. the 
reaction vcssel and thc connecting parts are purged 
and tilled with the gas that will be evolved (e. g., 
cyclopropane. Illethane, ethane, propane) instead 
(JI' argon or nitrogen. Thus. the solution remains 
salUralcd in the gas and the cOlllposition of lhe gas 
phase remains constant throughout the measure­
ments. 

Arter qucnching a sample 01' the product mixture 
with a minimum amount of orine, or after distilling 
off all the volatile components into a cold (-79"C) 
receiver, the composition of the reaction mixture 
is analyzed oy gas chrolllalography on a fused 
silica capillary colullln, using n-octane (usually) 
as an internal standard. Samples to be analyzed 
are conveniently stored in small vials c10sed with 
a Mini-inert valvc made 01' Teflon. 

The procedures aboye are adequale for slUdies 
of competitive producl formation but not for those 
of the ovcrall reaction kinelics. In the lalter case, 

Ar 
vacuull1 
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the rate is scnsitive to the thickncss 01' the hydrody­
nall1ic layer. inside whieh dilTusion eontmb Illass 
transpor! and ou¡;,idc: which stirring is clTcctive. 
This thickness i, alTecled oy stirring. Moreover. 
in order to provide a well-delined situalion. sOll1e 
appmpriate geometry 01' the Mg¡ must he choscn. 
Commonly. a partially-imlllersed disk i, rotated at 
a constant, controlled rateo The hydrodynamics is 
wcll-dclined and well-known. The thickness 01' the 
hydrodynamic layer can be controlled oy varying 
the speed of rotation 126-281. 

Whitesides has poinled out that the polarities 
01' ethers containing polar solutes such as RMgX 
and MgX 2 are much higher lhan those 01' pure 
ethers ando consequently, lhat these solutes can be 
expected to a!leet Grignard reactions 129-31 J. In 
particular, lhese solutes and the clTecti ve polarity 
01' the medium can. oolh in principie ami in spccitic 
cases noted later (Seetions 7.2.X- 7.2.11. 7.2.1 S, 
7.2.17.72.20,7.2.23.1.3.1,7.3.4-7.3.10), alTeet 
both the rate (JI' disappearance 01' RX and the 
product distribution. 11' lhe initial reaction mixture 
consists only of solvent and RX. thc polarity wiIl 
rise rapidly as the reaction proceeds, due to the 
formation of RMgX and MgX,. Initial excesses 
of one or ooth 01' these solutes can maintain a 
nearly conslant polarity of the medium as reac­
tion proc~eds. 

7,2,2 Rate Law 

For a heterogeneous rcaction. Ilux and rate are 
distin~uished. Gross rate refers lO the total amount 
and I;as units mol s·l. Specitic rate (or simply 
'rate') is the usual volulllc-oased chell1ical rateo 
l'u,tomarv units mol L·- 1 Si. Flux is area-oased. 
11101 cm·;, l. 

Larlv measurements 01' Kilpatrick indicatcd that 
the rate 01' loss 01' RX in the Grignard reaction, 
arter the induction periodo is proportional to the 
arca ,/ 01' Mgz and the concentration 1 RX 1 of 
RX 11.32.:n J. This has becn "crilied in earcful 
studies under hydrodynamically controlled eondi­
tions. using a rotating assemoly 01' Mg cylinders 
12')-.,1101' a rotating Mg disc 12ó-~~ l. Thc glohal 
loh,enablcl Ilux constant 'e include, a pos;,iole 
inlluenl'e 01' dilTusion (Equation, 7.1-7.3. where 
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l' is the flux of reaction ami U i, the volullle 01' the 
reaction mixture). lndeed. il appe"rs that l110st 

tlux=I'=J.:(,IRXI (l11olcl11', 1) 

<7.1 I 

gross rate = KV/ IRXI (nllll si) <7.2) 

rate (specilíc) = (K(;,/jUI IRXI (11101 L 1, ' I 
(7.,",) 

organyl bromidc, and all iodiJes reaet at nearly 
diffusion-conlrollcd rates 126-281. Thc ll1eaning 
01' diffusion control is discus,ed in the Appendix. 

Under hydrodynamically controllcd conditions. 
the yields 01' RR and RMgX are sensiti\'e functiolls 
01' [RX]o [28,34J. Highcr [RX]" give largcr rat~s (JI' 
formation and therefore steady-state conccntrations 
of R·. favoring c relativc to r oecausc e i, second 
order in R· while r is tirst. 

When ordinary Mg chips or turnings are used 
with normal slin'ing method,. product distrioution., 
may be independent uf a ,uflicicntly high IRXI" 
(lypically >0.1 Mi. suggesting that lhe reactions 
are zeroth order in RX 116.341. A zeroth-order 
rate law has been conlÍrmcd by Whitesides and co­
workers for the reaction 01' cyclopentyl orolllide in 
DEE al 20°C 1151. Possible explanations includc: 
(a) lhat lhe growth of the area ,/ during the reaction 
compensates for the deplction of IRXJ: (o) that 
changes in the mcdium adjacent to Mgz (c.g .. 
changes in IRMgX 1 or 1 MgX 21 or the thickness 
of a viscous layer) cOll1pensatc for the depletion 
of [RXI: and (e) that SOIlle event not depending 
on IRXI (e.g .. desorption nI' a producl such a, 
RMgX or MgX, I governs the rate 01' RX trans­
port to active sites on Mg¡. Whatever the rc:ason. 
it appears that zcroth-onkr kinetics 01' typical 
reactiuns is an artifacl. a cnnsequence 01' nol 
providing a hydrodynamil'all:y delined intcrfal'c élt 

Mgz 115.3-U51. 

7.2.3 Radical lntermediates­
Pathway R 

Radical intermediates al1LI path"a) R arl' 
suggestcd oy studics 01' typical alkyl. c)clopropvl. 
\·inyl. and aryl halide,. Thc intCJ'l1lediac) uf R· \\.", 
su~pcctcd in thc 19~(b. hClllg \ll"ongl) \l1g~L' ... tL'd 



194 

by the naturc 01' the hy-products, which are consis­
tent with e ami s and which c10sely resemblc the 
products formcd in oxidations 01' RMgX. Pathway 
R was gcncrally acceptcd by the 1950s [1[. The 
1960s ami subscquent ycars brought a stream 01' 
dclinitivc evidcncc. including OCCUfTcnccs of char­
actcristic radical isolllcrizations [19,36-45[ obser­
vations 01' CIDNP [12.46-51[. further dclincalion 
01' producls 01' coupling/disproportionation and 
solvenl allack [16,26,28.48,50,52], and successful 
trapping of radicals by TMPO and DCPH 
[ 14-16[. 

Reactiom of l-iodo-l-methyl-2.2-diphenyl-
cyclopropane and 5-hexenyl bromide are among 
those exhibiting characteristic radical isomeriza­

tions. I-Iodo-l-methyl-2,2-diphenylcycIopropanc 
gives ncarly raccmic RMgI, which does not itseIf 
racclllizc (Eqllalion 7.4) [20[. Similarly, along with 
RMgBr. S-hexcnyl bromide gives the cyclizcd 
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produCI QMgBr. which is nol a product of RMgBr 
cydization (Equalion 7.5) [38,53-51\[. 

Although trapping by DCPH is incflicicnl [16[. 

the efficiency oflrapping by TMPO·. which is Illuch 
more reactive. can approach 9S'lr (Equalion 7.6) 
[14.15[. Not only does this support alkyl radical 
inlenncdiates. but also it indicates thal pathway R 
accounts for a very large fraclion of the rcaclinn. 

probably 1 OO'lr. 
CIDNP in RMgX further dClllonslratcs lhat il 

is formed from an R· inlcnnediate (Figure 7.5) 
[12.46-51[. ClDNP results from nuclear-spin se­
Icction in reactions 01' radical pairs [59,60[. 

Sinee RMgX does nol rcael with RX under 
most ordinary condilions [1.10.12[. the formalion 
of RR, aecompanicd b), RH and R(-H), poil1ls 
lo e and palhway R. So does the agrccmcnl 
01' Ihe yield ratios 2( R[ - H [I/RR wilh olher 
radical reacliol1s whcre e oceurs. For examplc. for 

Phj6<MgI 

Ph CH, 

98% raeemie 

r-\. __ /MgBr 
~ (QMgBr) 3-10% 

(RNgBn 

(7.4) 

0.5) 

C\- BI + )~ + ~OH 
/ N 

-;-;-;c;-~~1"c-" o;---c~~ [R' ] 
DFE.LIBr 

T\lP{)O 
--... TMPOR 

up lo -95';'; (7.(\) 
~~ I BrClI 2CII:HI 

O' 

RBr TMPO' 
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Fig. 7.S. CIDNP in CH, prolons 01' CH,CH,MgI rmm 
lhe reaction of elhyl iodide wilh Mg in di-I/-hulyl elher 
[46]. Top: normal speclrum. Botlolll: CIDNP spcclrum 
(E/A mulliplcl cffee!). This is lhe cxpeclcd speclrum ror 
CIDNP in RMgI 1(lrmcd in slep r rmm radica" R· lhal 
have cscaped frnm pairs [R· R·] rormed whcn indcpcn­
delllly diffusing radicals meel [47[. Thcrc were no indi­
calions of ncl eflixls. which would ha ve heen cxpcclCd ir 
dilTu~ing radical pairs IR· ·Mgl! wcrc signillcant gener­
alors of CIDNP [47[. Rcprinled fmm BodewilZ el al. 
[46[. Copyrighl 1'172. Pagc No. ~S3. wilh permi"io!l 
frolll Elsevicr Sciencc. 

the Grignard reaction 01' c)'clohcplyl bromide in 
DEE Ihis ralio is O.Rl). agrceing closel)' wilh a 
lilerature value of 0.l)5 for cycloheptyl radicals 
[15[. Similarly.lhc ralio is 0.13 rm thc reaclion 
01' n-hexyl bromidc in DEE. a typical value 
rol' a primary alkyl radical [52[. Similarl)' guod 
agreclllenl is found rol' lhe rcacliun ur ¡-buI) 1 
bromide [35 [. 

Allhough s is negligihk in Grignard reaclions 
01' lypical alkyl halidcs [52[. il is signilicant 
in some olher cases. NOlahle alllong these al"e 
rcaclions of cyclopropy I hromidL' (in DEE ami 
THF¡ [52[. pllen)'1 hromide (in DEE¡ [hUl.'[. 1-
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elhoxy"7-norbornyl hrolllide (in THF) [M[, ami 
adamantyl hromidc (in DEE, THF. and di-n-bulyl 
ether) [65 [. Solvenl allaek is a dcfinilivc indi­
c:llion 01" radical inlcrrnediales. especially WhCll 
lhe s"l"ent dimer SS is deleclcd [52.64[. It is 
h:rrd lo imagille h"w SS c(luld arise in any \\:r\ 
(lthel lhall Ihe cOllpling 01' radic:rls S· genn:rled 
hy s. 

!>--MgBr + [> 

RBr 
0.18 M 

RMgBr 

51o/c 

RH 

41 ';'; 

+ 

XO~ + yo~ !>---<J 
O~ ¿ 
SS 

18'10 

RS 

5% 

RR 

3'7c 

*Adjustcd for a small syslelllalic error. 

The value in ¡he original publicalion is 15'7t:. 

These and similar faets firlllly establish palhwa) 
R as an importanl parl 01' meehanisms of Grignard 
rcactions. For Iypical alkyl halides. especiall). R 
l11ay be Ihe only palhway (Scclion 7.2.8 l. 

7.2.4 Models, Rates, and Rate 
Constants 

11" R· is I"ormcd and reduccd al Mgz . therc relllailh 
thL' qllestion. '/)ocs R· rcmain adsorbcd al "lg¡ [."\ 
(adSOrplioll) Illodel[ or not [D (diffusioll) modél["'· 
DisL'll"ioll (jf this issue requires an underslalldill)2 
lhe heha\'iors 01" surfaee-molecule pairs ZB. sllch 
as [:-'1g¡ R· [. Ihe intennediate in the D IlHldd 
'VIueh 01" what follo\\'s is based on lhe \\·mk JlI" 
Ilrian L. S",irt [66[. 

SlIperlicially. ZB appear to be simil:lr lo IlH,k­
clIk l110lcclIk p:ril"s AB (c.g .. radic.!1 p:lirs [R· 
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C~\) ~ 
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Fig. 7.6. Transfllrmation 01' an AB into a ZB as Ihe radil" (Jf spherical A incrcases so that R -+ ::>0 (open ano\\'s). 
For sphcrical I1loleculc~. the flgllr~ also dctinc\ thc contac¡ r<ldlll~ R. rhe actual radiu\ r, anu the scparation .\ rol' ZB 
and AB. r = R + s. 

R· D, Ihe bchaviors of which are well known. 
Each consists of a molecule B diffusing near its 
partner. Further, a ZB is the limit approached by 
an AB as Ihe radius of A increases so that R ..... 
00 (Figure 7.6). These similarities encourage the 
assumption of similar ZB and AB behaviors. but 
aClually there are crilically important differcnees. 
As examples, we describe behaviors of model pairs· 
of bolh types. Ignoring or misunderslanding the 
behavioral differences can Icad to fundamental 
logical errors in interprelations 01' data [101. 

We compare and contrast ZB and AB 
dynamics through treatments based on lhose 01' 
Smoluchowski -Collins- Kimball (SCK) [67 .ÓX 1 

and Noycs [ó9- 721. Except where othcrwisc 
noted, we treat ideal cases. Molecules A and B are 
modcled as hard, spin-free. isotroJlically-rcaeti ve 
spheres: surfaces Z are hard. uniform planes: 
media are structureless. unifonn. and isotropic: 
surfaccs and mcdia extend to infinity in all possihlc 
directions: and Fiek' s Laws govern diffusion. 

Fick's First Law is the fundamental diffusion 
equation [721. 

J = -{)lilIBI/dl) (Fick's First Law in 

onc dilllension) 0.7) 

Hcre f) is the relative diffusion coefficient. the 
sum 01' the diffusion coefficients of the diffusing 
particles: x is Ihe coordinate in the dircction of 
diffusion: and J is lhe net flux of B 

(for A and B) 

D = DB (for Z and B) 

(7.8) 

(7.9) 

aeross aplane (at so me particular value 01' x). 

The negative sign reftects the fact that a positive 
gradicnt corrcsponds to diffusion in the Ilcgativc 
dircction. The diffusion of A and B relative to 
onc another is identical with the diffusioll ni' B 
;t!one. with A held fixed, provided that the relative 
diffusion eoefficient D is assigned lO B. 

The 11 ux of an elementary heterogcneous 
reactinn nI' B at a reaeti ve surfaee Z is deseri heo 
hy equation (7.10). where K is the actiYdtion­
conlrol Ilux constant (heterogeneous rate conslan!) 
and lB 111 is the concentratinn 01' B in solution at 
Z tr = Oj. 

Ilux 01' reaction = K[Blo (mol cm~-2 s ~ I j 
(7.10) 

13) Fiek's First Law. the flux uf rcaction is also 
nil(jHI/ilx)o. Equating the IWO Ilux expI'c"ions 
gives equalion (7.11) and shows 1m", the rcaclivil) 

Mechanisllls of Grignard Rcagcnt Formation 

parallleter Ii arises nalllrally. 

i!(/ B I/i/\)o = Iil Blo (8 = ¡(ID) 0.11 ) 

Equation 0.1 1) expresscs thc 'radiation houndary 
conoition' that is aJlJllied in solving SCK 
dilTusion-rcaction equations. The gross rate and 
sJlecific ratc are givcn by eqllalions (7.12) and 
(7.13), where '/ is the contact arca (arca 01' the 
locus 01' the centcr 01' B when B is in contact with 
Z) and U is the volume of the solution. 

gross rate of reaction = KIBlor/' 

(mol S-I) (7.12) 

spceilic rate 01' rC;lction = K[BJor/IU 

(mol L- I S-I )(7.13) 

For an aclivation-controlled billloleclllar reac­
tion belwcell A and B. r'/ is 4JlR 2N A • where 4JlR2 

is the contact arca of a single molecule A and N A 

is the nUlllber 01' molccules A. This translates into 
equation (7.14) for the specifie rale, 

specific rate 01' reaction = K( 4JlR2 )Lo[AII B 1 

(7.14) 

where Lo is the Avogadro number and kA is 
thc con vcntional aeti vation-conlrol rate constant. 
allowing the identification of kA (equation 7.15). 

(7.15) 

For molar conccntrations. K in cm s-l. and R in A. 
equation (7.16) relates kA to K and R. 

(7.ló) 

ICor a dilTusion-controlled bimolecular rcaction 
hetween A ami R. Ihe rate constant kl) is relateo 
to R ami /) leqllation 7.17) 1721. 

kn = 4JlRDLo (7.17) 

I'or molar concentrations. R in A, and O in 
em2 s l. equalion O.IR) relates klJ to R and D. 

kn = 17.57 x IOI')R/) (L mol I s-I) (7.18) 

The glohal rate constant k(i is ohserved 
in most eXJlerilllenls In-77I. I'or the ideal 
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case of spherical. isotroJlically reactive. spin­
frce molceulcs, k(o is re!;¡led lO kA ;Ino kn hy 
equation (7.Il). See the Appendix. Equ;ltion A 7.4. 
for a eorrcsponding general eXj1ression 174-771. 

k(o = "Akn/lk" + le l)) (ideal ca'e: not general) 
0.19) 

To facilitate illuslration. \\"e selcet a standard 
model ZB and a standard model AB. Both are 
chosen to be initially in contact (.1 = O). For the 
standard ZB. we ehoosc parameter values that fit 
data for the Grignard reactions 01' primary alkyl 
bromides in DEE at ~4() C (Sectilln 7.2.Xl. 

D = :l.O x 10 ' em' S-I 

, = :lO cm s ~ I 

R = :'X- (FiguI'c 7.6) 

¡, = 0.010 A 

For the standard AB. wc choosc paramcter 
values that might characlerize a pair 01' slllall alkyl 
radicals [R· Rol. Such a Jlair is full)' characterized 
by vaJues of D. K, and R. which lead 10 values of 
kA, k[J. and kG. 

D=ó.()x IO~'CIll'S-1 

K = XOO cm s ~~ I 

R=5t\ 

,) = 0.13 Á.. I 

1,-\ = l.) X 10 111 I.nlOl I s I 

kll = 2.3 X 10 111 1. mol I 

k(o = 9. I x lO" 1. mol I s I 

Thc standard value 01' /) i, t) pieal rl)r ,mall 
J1lolecules in ;\ lIuid liquid mediulIl. I For evelo­
Jlcntyl hromide in DEL at 37 C. a \alue 01' 9.X x 
10- 5 Clll2 S I has been rCI'Or!cd 12¡;1.) 

Consideralions 01' inert ZB and AB are also 
instructi\'c, ~o ~tandard parametcr \'alll(,~ are cho­
sen for these as wcll. In caeh case. the~ are 
the salllc as th,,,e rOl' the elliTesponding standard 
reactivc pair L'\eepl thal , = () Cor the inert pair. 
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7.2.5 Kinetics of ZB and AB 

Many of the relevanl mathcmatical results are 
",ell known and are nol derived here. The prescnl 
focu, is on physical mcaning. To cnhancc this 
f"cus. we prcscnt IÍgurcs illuslraling quantilativc 
dillcrences hel",cen lhe standard AB and ZB. 
SOllle malhcmatical details and equations thal 
gcneralc these ligures are in the Appcndix. 

Thc thermal displacemcnt mOlions of a molceule 
in solulion can be factorcd into oscillations about 
mean positions and net displacements. Thc nel 
displacements constitule diffusion, whieh can be 
defincd mathematically as the ¡imit 01' a random 
walk as the slep size approaches zero. 

diffusion trajectory a pathway 01' intinite length 

that is followed by inen 
molccules that diffuse in lhe 
same way as real (possibly 
reaclive) moleeules. 

When a diffusing molecule reaets, it stops 
following its trajectory. However, the trajectory 
itself continucs, describing the way the moleeule 
would have diffllsed if it had not reacted. 

contact trajectory a diffusion trajectory that 
bri ngs the parlners into 
contact eventually. 

non-contact trajectory a diffüsion trajectory that 

ZB 

AH 

never brings the partners 

into contac!. 
asurface-molcculcpair­
aplanar surface Z ami 
a molecule H that are in 
contact or on a eonlacl 
trajectory. 
a molecule-molcelllc 
pair-molecules A and B 
that are in contact nr (Jn a 
conlact trajcctory. 

Figure 7.7 i1ll1s1ralcs a par! 01' a diffusion trajec­
lory lh;11 rClurn, Z and B. hut nOl A and B. lo 
conlael. 11 is nOl clcar "hetller ur not this is a 
conlacl lrajcclmy 1'01' A and B. As ",ill be ,ccn 
shorlly. a 1. and B are al",ays in conlact or nn a 
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o 

Z 

Fig. 7,7, Len: Pan 01 a eOlllael lra¡Celory 01 a Z and a 
B. EH~n trajcclOry rclLlrn~ tliclll lO contac! an infinite 
llull1hcr ~()f times. Right: The samc parti~li trajectory for 
<In A alld B ...... howing ¡hal Ihey do not return lO contact 
al lhe ~alllC time arte!' \cparatioll a~ Ihe Z and B. 

con!ael lrajectory, so they always conslitute a ZH, 
bul lhis is not true 01' all A and H. 

geminate pair AH, an A B whose partners 
\\'ere horn simultaneollsly 
fmm lhe same precursor 
molccllle e [7S¡. 

Jlon-geminatc pair AB" an AB arising at the first 
contaet hetwcen a non-

partners 
pair reaction 

geminate rcaction 
non-geminate reaction 

gel11inate A and B. 
mcmbers 01' a ZB or AB. 
reaction hctween part­
ners. 
geminate pair reaction. 
non-geminate pair reac­
tion. 

Polvá's Recurrence Theorcm dietatcs one 01' the 
m(Jsl important differences belwcen ZB and AB. 
It sta les that every random-walk trajectory in one 
01' 1\10'0 dimensions passes lhrough every point in 
spacc but thal this is not lrue in lhree dimensions 
[7lJ.XO¡. The Recurrenec Thcorcm is the subject 01' 
;1 famous (among mathemalicians) joke. 

A mathcmatician cllcollrltcr ..... ti drun"- staggcring 
randornly in Ihe slrcct.<-. anu 1l1O:.tlling "1 wanna go 
h{lllh .. ~." The mathcm31ician lhink.s rol' a lllol11cnl. 

Ihcll ollers the followill~ hcl"ful aUl'icc: 'You're 
doing IInc. JU . ..,I kccr going like yOll are, hUI Iry 
lo stay oul o" thrcc diIllCll .... ioll~.· 

Fnr an AB. diffusion in each of lhree dimensions 
ha.' consequcnces. but ror a ZB lhe only ditfusion 
01' COI1S\.'quence i, in lhe dimension (.1) perpendic­
ular lO lhe plane 01' lhc surrace. Bccausc effeclive 
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ZB dilTusioll is one-dimensiooal. lhe Rccurrcnee 
Theorcm guarantecs lhal every Z and B conslitulc 
a ZB, since they always have a conlaCl trajeclory. 
As a eonsequenec 01' lhe tbree-dimensional nalurc 
01' elTeclil'c AH ditTusion, lhe salllc lheorcnl guar­
anlees lhat sOllle AH will gain 1H1Il-conl;¡cl lrajce­
{ories. 

to escape 

escape 
escaped molecule 

f 

\'. to gain a nOIl-colltact trajl'c­
tmy. 
11. the ael of escaping. 
A or B after escape. 
prohability nI' a COlllael lrajec­
lory when A and B have scpa­
ration s; f is rclalcd lo R ami 
r (equation 7.20; Bcrg gives a 
simple derivalion, pp. 3~-3lJ) 
[SI ¡ 

~ = R! r = N/ (/i + .\ ) 
0.20) 

prohahilily 01' a conlacl trajee­
tory when Z and B hay'c sepa­
ration s. 

~z = I (Recurrencc Theorem) 
(7.21 ) 

The timescale 01' escapc is significan!. Jf the 
escape-limitcd lifetime 01' an AB were comparable 
10 or 10llger than the lil'etime 01' a ZB, then somc 
aspcets 01' the behaviors ol' AB and ZH might be 
similar. Ir lhe escape-limiled lifetiJl1e of an AB 
I\'ere Jl1uch shorter than lhe lifetimc 01' a ZB. then 

199 

AB and ZB behaviors would nccessarily be ver) 
different. 

A pair survives if il is in conlact 01' has a contacl 
lrajectory. Pairs are destroyed by both pair rcaclion 
and escape. 

SU) pair survival probabilit). a function of timc l. 

For the standard AB, the cscape-limited lifelimc 
is quilc short. In Figure 7.8. the survival proba­
bilities SU) of the standard inert ZB and AB are 
plotted as a function 01' time. The AB half-life is 
2.5 x 10-- 11 s and the escape probability is ncarly 
90'* by 10-9 s. Oncc A and B bceome separated 
by a few multiples of R, the escape probahility 
(probability that escape has occurred) is high, bul 
escape is not possiblc 1'01' a ZB. no malter how far 
Z and B are separated. 

0.22) escape prohability (AH) = I - ~ 

escape prohahility (ZB) = I - ~z = I 1=0 

0.23) 
An ¡nert ZB lasls forever. Reactive AB and ZB 

have shorter lifetimes than thcir incrt counterparts. 
Somc propertics of reactive AB such as gemi­

nate radical pairs are eommonly probed with traps. 
In principie, two lypes 01' trapping can oceur. 

pair trapping a Iloll-pair reaetion of a member 
nI' a sUr\'i\'ing pair. 

escape trapping a rcaclion 01' an escaped mole­
culc. 

ZH 
I.III-~==-----_..:..:..:'--------~ 

11.9 

II.X 
0.7 

().6 

s([) 0.5 

(J..J 

(U 
(J.:: 

0.1 

Dlffu:-'ltlJ1 

L'(juatloll" 

l]la} no! 

,¡ppl~ Jt 

\ .... ',) "l1mi 
tilllL' 

AB 

CurvL''' rO! r .... ·~lc¡i\l· 

7.B (<.IlI h ..... IO\\ ¡h,,¡ 

ro!" :.In illL'rt (In ..... 

('une" ro!" re;ll"ti\L' 

AB f¿dl helo\\" !hn"L' 

rol' "1 111 i!.1! ¡1lL'n tlllL''' 

0.0L-_~--------~---_......:==--' 
10 I j J O I~ lO 11) 10" 10 " 

Fig. 7.S. Sun i\';JI pr(lhahilily ,\;(1) a ... a fUIll'liOIl ni lfllle 1 rOl ¡¡ \Iambrd inert AH and zn (Eqtl:I[Hlll "'.\ ~2, :\ppLlld!\ I 
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Yr ¡,cminalC rcaction products 

AMB ~ [A· ·B[ [~pair trapping products (negligiblc) 1 
I~ 'COI' 

A' + B' (escaped radicals) __________ escape trapping products 

Usually only escape trapping is ohser"cd-·or­
dinary radical traps are suflíciently reacti\e fur eflí­
cient escape trapping hut not for pair trapring [78 [. 
When the escape trarping effíciency approaches 
100'k. the overa!l trapping crticiency I - a is inde­
pendent of the concentration of trap. províded that 
it is high enough to trap nC¡j"¡y all 01' the escaped 
radicals (figure 7.9). 

A kinetic analysis gives the hasis 01' such trap­
ping experiments. Let a trap for B he present at 
I M and let kT be its second-order rate constant for 
reaction with B. Pair trapping must occur within 
~ I 0-10 s: otherwise. AB \ViII have disappeared 
through either pair reaction or escape. In order 
for pair trapping to be significant. kT has to have 
a value near 1010 L mol- I S-l. The reactivities of 
most ordinary radical traps fa!l short of this hy 
orders of magnitude. Conseguently. pair trapping is 
rareo Escaped radical s, on the other hand. can ha ve 
far longer lifetimes, a!lowing them to be trapped 
efficiently. 

Geminate reaction is often ca!led 'cage' reac­
tion, even though it may include events in which 

';[7= 
Ol~---------------------------------------~ 

Itrapl-

Fig. 7.9. Schematic diagram illustrating typicallrapping 
when radical pairs are gcncrated gcminately. At sl/lli· 
cicntly high trap concentrations, the O\crall trappillg 
efticicncy 1 - a is invariant with trap conccntration; (/ 
is the probability of geminate reaction. 

the radical s diffusively separate, rcturn to contact, 
and rcac!. In so me usages, a 'cage' rcaction is that 
of radical s that have remained in adjacent positions 
in solution (essentially in contact), surrounded hy 
a 'cage' solvent molecules, until they rcac!. In 
Noyes' nomenclature, this is a primary gerninate 
reaction; other geminate reactions are secondary 
[78]. Where geminate radical pairs are formed in 
non-adjacent positions in solution (perhaps with a 
sma!l molecule M, e.g., CO2 or N2• hetwcen). ¡jll 

~clllinate reaction products 
Y' 

AMB~ [A··B] 

~ .A: + B' (escaped radicals) -"""-- escape trapping produCh 

geminate pair reaction is secondar)'. Primary gemi­
natc reaction can occur only when the mClllbcrs 01' 
the pair are created in adjacent position, in solu­
tion. 

In the litcrature. pair reaction and escape are 
representcd freguently as first-order proecsses with 
constant rate coefficients (c.g .. kl' for pair reaction. 
k" for escape). This is an approximation. 11' diffu­
sion is important. then kl' ¡jnu k" actuallv \'arv with 
tilllé. Unless their time-depende·ncies ar~ tre,:ted. it 
is better to use prohabilities ¡¡ anu I - ¡¡ in,tead of 

rate cocfficients. Of course, il is immatcrial ir. as 
is frequcntly the case, the only use to which kl' ami 
icE arc put is to express (erroneously) ¡¡ and I - 17: 
a = kp/(kp + kEl, I - a = kE/(kp + klJ. 

Figure 7.10 i!lustrates the differences het\\ecn 
conventional first-order and SCK ditTusion-reac­
tion decay curves, normalized to the same half-lifc 
TI '2. The SCK curve applies to either an AB nr a 
ZB. with the partncrs in contact at time zero. for 
an AB. both pair reaction anu escape contributr 10 

uecay. hut only pair reaction contrihutes for a ZB. 

Mcchanisms of Grignard Reagent Formation 
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Fig. 7.10. SCK Icquation 7A.22, Arpcllui.\) and WIl· 

\'cntional /lrq-urder uccay curves ror the ~alllC hall" life. 

If its disappearancc were exponential, an AB 
would almost ccrtainly disappear before 10 half­
lives. For the standard AB. TI!2 "" 10- 11 s, so lO 
half-lin~s is ~ lO-lO S. In contrast, a ZB still has 
a sllrvival prohability of a few pcrccnt after 1000 
half-Iives. For the standard ZB. TI!2 "" 10-x s, so 
1000 half-lives is ~ 10-5 S. An SCK pair also 
disappears more rapidly at the beginning (relativc 
to TI/2) than one governed by conventional tirst­
order kinetics. 

The long disappearance tail for an AB plays an 
important role in the development of CIDNP. In 
addition. it can be important in allowing observa­
tions 01' 'second-order" CIDNP, i.c., CIDNP duc to 
spin evolution in daughtcr radical pairs that result 
when one (oc hoth) of the original memhers reacts 
(e.g .. hy decarhoxylation) [50]. The reaction(s) 
leading 10 daughter pairs can be relativcly slow anu 
still icau to uetectable. signature CIDNP becausc 
sOllle pairs survivc so long. Second-order CIDNP 
woulu be seen rnuch Iess freguently if radical pairs 
disappearcu exponentially. Because CIDNP is so 
sensitive, unl)' a few percent 01' the original radical 
pairs have to give daughter pairs to generate a 
signaturc signa!. The long decay tail also illlplies 
that there can be SOIllC pair trapping with ordinary 
radical traps-in Illost cases, however, the fraction 
01' the pairs trapped is too slllall to be noticed. 

In the ahsence 01' pair trapping. a ZB disappears 
by pair reaction only. Therc heing no escape. 
there can he no escape trapping. Thc convcntional 
AB trapping Illcth"d that uetermines the extent ,,1 
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escape ami gelllinate rcaction is not applicahle to 
a ZB. for whieh all trap"illg is pair trapping. Since 
a ZB can have a \er) long liretime. trapping can 
OCCllr over a Illuch longer pair liretillle than for 
an AB. 

Figure 7.11 gives thc ,uni\al prohahility SU) 

for the standard AB and ZB, along with an indica­
tion of the timcscales ()f ordinary radical tra"ping. 
There can be no signifícant AB trapping but signif­
icant ZB trapping is quite possihlc. 

Solvent attac~ by a radical is a trapping rcaction. 
If a standard AB diffuscs to a radiu, r of 5R, that 
is. s = 4R = 20 A. then the prohahility that escape 
has occurrcd is 0.80 (eguations 7.20 and 7.22). In 
the absencc of more reactive traps than the solvent 
(ror typical alkyl radicals. k, = lO' S-I). escape 
trappíng by s will compete with escape trapping 
hy c. 

For a standard ZB that rcaches the samc separa­
tion. s = 20 Á. the escape prohahility is zcro anu 
the prohability <h (Eguation <7A.25). Appendix) 
of returning lo the surLlce hdore reacting with the 
solvent, as given hy equation (7.24). is 0.9988. 

<Pz = e -'In, as = (V/ks )1/2 (7.24) 

For <Pz to be as small as 0.50. s would have to be 
12 (X16 Á. Here rJs is the s-limiteu characteristic 
diffusion distance. 

In summary. the following are important differ­
ences hetween surface -Illolecule pairs ZB and 
molccule-molecule pairs AB. Perhaps the most 
important lesson herc is that the ahsencc 01' solvent 
attack in a Grignard rcaction is Ilot cvidcncc that 

1.0 

\) l) 

o.x 
0.7 

(l.() 

Sil) ()) 

O.~ 

11.\ 

(),~ 

0.1 

11.11 
lO " 

\\ 

\ 
\ \"lcl.'lcIZB 

111ll1"l..<¡JL'~ nI 

nrdin.lr\ radica! 
trapping __ 

10- 1.:' lO 1I1 jO":-' lO (, 
1(, 

Fig. 7.11. Suni\al pfohahilitic\ "')(/) I(JI thL' .... tandard 
AIl ,,"d lB I Eq""tiull 7A.22. ,\ppclllli\l. 
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intermediatc radicals R· do not separate from the 

surface Mgz· 

Propcrty AB 7,H Commcnt 

escape yes no 

lifetime ~IO-II s up to o..: standard AB 

trapping escape onl)' pair only ordinary traps 

solvent yes no alkyl radicals 

attack 

7.2.6 Infinite-Dilution D Model 182X31 

At intinite dilution, there are no radical-radical 
reactions. For the case in which the only reactions 
of R· are r and a competing (pseudo- )Iírst-order 
trapping reaction q (which could be s) givin!.' 

product Q and governed by ratc constant k~. th~ 
O-model solution for the yield A of RMgX has a 
simple form, equation (7.25), 

RX MgZ~ 
Y,Q 

R. q (infinite-dilution case) 

~RMgX 

A = SaQ/O + SaO) (infinile dilution) 0.25) 

where aQ = (O/kQ)I/c. the q-limited characteristic 

diffusion distance. Since the onl)' fates of R· are r 
and q, the yield (Q) is 1 - A and the ratio of viclds 
(Q)/(RMgX) also has a simple formo ' 

(Q) 

(RMgX) 

(I-A) !}!kO~~ , 
(7.26) 

These equations can he further simplilied h) 
dcfiníng r- and q-Iillliled characterislic lifetimes TI{ 

and TQ of R·. Let TO be l/k.o. the average lifelime 
of R· as limited hy q. Let 'i{ = TO when (QI = 
(RMgX). Also, deline Ihe r-Iímited characteristic 
dilTusion dislancc (Ji{: (JI{ = (/)rH l' o Thcn (frolll 

equation 7.26) 
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(JI{ = l/o (7.2X) 

A= 1/11 + (k()TRI' cl (7.30) 

ami (Q)/(RMgX) = (kOTld'2 = (T,dTc))'i! 

(7.31 ) 

Thus. lhe inlinile-dilulion D model predicls Ihal 

Ihe ralio (Q)/(RMgX) will be proporlional lo k
l ¡, 

provided thal TI{ is constanl, a condition thatOis 
met when f) and 8 (or K) are conslanl. This 

prediction provided the first tesl of the D model 

(Seclion 7.2.8). 
The intinite-dilution O model allows us lO 

auuress some fundamental questions by comparing 
ami conlrasting lhe standard ZB and AB. The 
reader shuuld recall that the standard ZB has lhe 
D-model propcrlies of the IMgz R'I intermediate 
in a Grignard reaction of a primar)' alkyl bromidc 
in OEE and that the slandard AB has properties 
similar to those of a typícal pair o[ small alkyl 
radica" (e.g .. mcthyl). Thus. the calculations [or 
lhe standard ZB are really Ihose for the Grignard­

reaction ínlermediale lMgz R·j. 
( 1 ) How far [rom Mgz do intermediate 

radicals R· get during Ihe Grignard rcaction') 

Equation (7.32) provides the answer. Here X is 
the excursion probabílity. Ihe prohahílity that the 
I Mgz R·I. or any olher ZB initially in contact, will 
reach a separation s. at leas!. and then sulTer pair 
reaction. For an AB, lhe corresponding relationship 

is cquation (7.33). 

A = 1/(1 +8.1') = 1/(1 +s/rrR) (7 .. 321 

X = ~JI +~,os)-IJI + (RO)-II-I 

[~, = R/(R + s)(equation 7.20)10.331 

"herc f, is the probahility that escape has nOl 
occurred when r = R + s and 11 + (OR)-II-I is the 
pair reactio!] probahilily a (non-gemínate pair) or 
{/ (gell1inalc paír). which have the same value in 
lhi, case 1 spin-free. isolropically reacti\"e, spher­
ical mokcllles (equalion 7 A.S. Appendix) l. Eqlla­
lion 17.:'-"1 is general. reducing 10 equalio!l 17.321 
fnraZB(~,=I.{/=I). 
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I'~.i~. 7.12. Inf.inilc-dlllltioll D-moJel cxcursiol1 proha­
~)¡]Hy X a~ a f lI~ll'Lion 01' lhe .... cparation s rol' the stanuard 
ZB anel AB. FllI compari"on wilh che slandaro AB lo 
1Ilu'lrale che role uf c,cape. a ZB like lhe slandard ZB 
~XC~pl 111 tha! il ha\ an acti\atioll-control flux conslan~ 
" w1th tlle .... alllc \·~dlll' a .... lhe .... talldard AB, is included. 

Figul'c 7.12 sho\\s how X varies wilh s for 

the slandard ZB and AB. Thc dilTcrenccs are 

dramalic- the vallles of X (1000 A) are 9.1 o/e and 

0.12'7c for the ZB and AB, respectively; X (100 A) 
are 50'7< and 1.2'7<; X (10 A)are9l cle and9.2'lc. Of 

the AB that sutler pair reaction (40'íf of the total), 

only 50cle rcach a separalion of 3 A. hut 979r: of 
lhe ZB do so. 

Two factors account for these diffcrences, (a) lhe 

standard AB is more reactive (K = 800 cm S-I) 
lhan the standard ZB (, = 30 cm S-I) and (h) Ihe 

AB sullers escape huI thc ZB does no!. Figure 7 1") 
alq) indudes calculations ror a ZB that has the',~ 
value or lhe slandard AB but is otherwise Iike the 

slandard LB. A comparison with lhe standard AH 

illustrales the inllllcnce of escape. 

(2) Whal i, lhe average lifetime of a Grignard 

radical R·') For 1) pical alkvl bromides in DEE 
lhis ís Ihc same as the av~rage lifetime of th~ 
slandard ZB. 

11 ís templing to assume lhat TI{ is the avera"e 
Iilctime of a ZB (as limited by r). hut this is inCt;­

recl- in i"acl lhe average lifctime is inliníle (sce 

Herg's cqualion .'.11. p .. +3. wilh /J ~ éJ01811l' It 
IS inlinitc i"or an AH 'h \\"ell. 

This ralher non-inluili\ e random-walk property 
aHses as lollm\s. I'm;¡ sm;¡llnlll11ber of lr;¡jeetories. 

S hecomes extremely lar)'e. ;¡ppro;¡chin!.' inlinilV. 
Although s will retllrll lo lem e\"cnt~",ll\. ll;e 
maximum time required has nu limit ;¡nd is. in tl1<l1 
sense, inlinile. An inlinile lifclime ,!long a ,ingle­
trajcclory is cnough to make IhL' a\ cr~l~'-l' likti;llC 
inlinite. e 

The half-Iife (median lifeticnel T: ' (as linlltcd 
by r) is useflll aS a eh;¡raelerlSlic li-relime. 11 i, 
slll1ply related to TI{ (Eqllalion 7.3 .. ). 

'112 = o 59148/m' = O:'1l)I .. XT" 

For lhe stanuard ZB. TI ' = 2.0 x 1(1 , '. TI{ = 
3.3 x 10-' s. and (JI< = IO() A. 

7.2.7 General D Model IX"I 

General O models indude r. (". S. ;¡ml ll. Several 
cases are dislinguished herc. In lhl' R ca,c. lhe 
mOSl complex, inteHnedi;¡le r;¡dicab R· Isomcri/e 
lo Q'. hoth R· and Q. ;¡ttack Ihc solv enl (fornlin!.' 
S· and RH or QH). cOllplin)'/disproportionatio~ 
occurs among all radical inlermediales (I"orminn 
RR. RQ, QQ, RS, QS. and SS). and al! radic,~ 
mtermediates are redllced lo corresponding Gri­
gnard reagcnls (RMgX. QMgX. and SMgX). 

In lhe most general trealmcnl. the ;alues 01" 
the. rate constanls governíng similar reactions 01" 
dlfterent inlermediates would be ditlcrenl. but here 
weadopt lhe simplitication lhat lhey are the same. 
as Illustrated below. This is an cxcellent approxi­
mallOn when R· and Q. are \"Cr~ similar aml S· is 
neghglble. In lhi, approximalilln. the .sollltions for 

the simpler P and T ea'c' arl' ste])s in the solution 
tor the R case. 

In the P case. grollps ]{ and Q arc not distin­
guished. They are lum]1ed into P. Thi, i, also Ihe 
case of a halide PX 11 hosc radical p. does not 
sulTer q. 

. In. the Tease, groul" R. Q. and S arc IUIll]1ed 
mIo r. ThlS IS also Ihe case of '1 halide TX \\ho.se 
radical T· sullers neithcr s nor q. 

The T case has a relal;\ely simple slead\-slale 
solulion [X41. eqllations (7.3:'1-7.0,71. \\"her~ F is 
dllncnsionless. equalion 17.371 delines k(. l' is lhe 
Illlx oi" formation of R· al "lg/. and the ,icld (JI 
eaeh product is the rraCIlllll (Ir R groups al'~'()1I!11cd 
I or by lhal product. l'nlc" (JI lil'n\ i se spCl·llil·'1. lhi, 
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RX 

RMgX 

RS 

",IR),' QS 
I 5(IV.1 
S' R ~"I (case) 

,~t~/lr e SS 

SMgX 

PH + S· PS 

X ele l/( 

PX ~ p. le~·J. PP S. lel:"I. SS 

~g/. ~I~z 

PMgX SMgX 

(P case) 

TX (T case) 

is Ihe yield hasis Ihroughou!. 

(RMgX)' 

11-IRMgXjJi 
=F 

4Dkc l' 

(RR) = I ~ IRMgX) 

~(dIR'l/dlkl = 2kc IR·¡' 

0.35) 

0.36) 

0.37) 

Figure 7.13 shows Ihe ealculaled varialion in 
I RMgX) wilh F. For Ihe parametcr values Ihal 
lil rcaelions 01' a primary alkyl hromidc RSr 
in DU' al ~·W 'c. F = 22.5. corrc.sponding lo 
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Fig. 7.13. Yield IRMgX) as a funcI;on ,,1' Ihe dimen­
sionlcss pammeler F I equalion 7_.'5). 

an RMgX yield 01' 84'.;. This is 1'01' expcri­
ments with [RBrL g ~ 1.5 M 148]. Sincc highcr 
concenlrations are unlikely, the accessible yield 
region is prediclcd la be 84-100%, with higher 
yields resulting for more dilute reaction mixtures, 
provided that l' is propoI1ional !O [RSr]. Lower 
yields could result, in principie. under condilions 
where the value of K (or 5) is smaller. 

The steady-slate conccntration profile for R· 
is shown in Figure 7.14. where R is a scaled 
concenlration [R'I and X is a scaled dislance .\ 

from Mgz [84]. 

(7.3g) 

17.3'! ) 

The right and upper axcs sho\\' unscaled valucs 
for reaclinns of primar)' alkyl hromides in DEE al 
~4(}C (slandard ZB \\'ilh l' = 2 x 10--' 1ll0!c1ll-2 

s-I, 2kc = 3 x 10" M- I S l. and ks = 4,4 x 

10' S--I). (The experimental value 01' ks is ncar 
10' S-l. The exael value is 01' no consequence here 

si nee s is nol sig.nifican!. 1 
There are IWO sll-ikin~ kalures. (1) The stcady­

slale values 01' 1 R'I ar~ g.realcr Ihan 10 -l '-.1 'al 
dislanccs ujl 1(1 ,1 (lO() A fmlll 1\'11,'". ane! esen al 
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Fig. 7.14. Sleady-state concentralion prolile 01' R· in Ihe Tease IEqualions 1) ami lO of Garsl. Swifl. and Smilhl IX-+I. 
Parametcrs Ihal lil dala l'or <irig.nard feael;ons of primal'\ alh I hromides ill DIT al ~.¡() e ISJllead lo Ihe unsealt-d 
valucs al Ihe top and right. 

10000 A they remain significan!. (2) The steady­

slale value of [R']o (concenlra!Íon 01' R· al Mgz) 
is nearly 10-' M. 'Intuition' based on radieal-pair 

hehavior might not have suggeslcd eithcr such a 

long tail of significanl radical concentralions 01' 

such high concenlrations near Mgz . 

Where does mosl nI' lhe e occur" This may 
hcsl be answered hy giving some poinls on a 

rcaclion profilc: 1% oecurs wilhin J.5 A 01' M¡:v. 
IOC!r wilhin 37 A, 50'if wilhin 26'! A. '!WIr wilhin 
1196 A. and ,!,!clr wilhin 3773 Á. 

The P and R cases are more eomplex. Sincc 
solvenl allack is ncgligihle in reaelions 01' primal')' 
alkyl bromide in DEE al ~4(rc. lhe P case reduces 

lO lhe Tease. leaving only lhe R case lo be 
considcred funher here. 

Allhough lherc are six experimenlal paramelers 

in Ihe R case. lhe producl dislrihulioll is complelel) 
detennined by only lhree dimensionless (lIles. V. 

L'..and e' ~ l. 

v = _ 4kc I'_ 

_'/..~!' /)1 e 

f) ( ,:; 

L'. = -/..; , 

17.-WI 

17.-+ 1I 

e' ~ 1 = kl/ks (7,42) 

Thc solulions for lhe concenlration profilcs are 
complcx (see the Appendix). We illuslralc lhelll 
\\ ilh lhe parameler values used above for lhe T 
case plus k, = -+,4 x 10' s-I, lhe I'alue for Ihe 
cyclization (JI' Ihe 5-hexenyl radical. Thus. lhe 
calculalions presenled here for the R GIS" are D­
modcl predielions ror lhe Grignard reaclion of 5-
hexenyl hromide in DEE al ~40T. 

Figure 7.15 shows stcady-s!ale cOllcenlralioll 
profilcs for Ihe R case (W· = R·, Q'. or S·). 
Sol\'enl allack and IS·I are insignifieant. IS'III is 
~2.-+ x 10 7 M and [S'I reaches il' maximulll 
\aluc ol·~ 1.3 x 10-(' M al a dislance 01' ~41-,0 A. 
1 R'I II is high. ~-5,4 x IO--l M. hui 1 R'I deercases 
rapidl~ \\'ilh dislance from lhe surfacc. IQ'III is 
mueh Imscr. ~I.X x 10-' M. and IQ·I iniliall\' 
IIlL'rcases \\ilh dislalll'C from lhe surfacc. reaching. 
a maximum \'aluc of ~6.6 x 10-' M al a dislancc 
01' ~(,6() A. The fraclioll IQ·I/IP·I ilP'1 = IR·I + 
1 Q·I) increases slcadily wilh dislanee from lhe 
surface. reachillg 0.5 when [R·] and [Q'I are holh 
~6.() x 10 -, M al ~1200 A from Ihe surfaec. 

Ts\o slriking predictiolls emerge. (1) The fr;le­
lion 1(; of i.'tllllerizcd alkyl groups Q in Pl\l~X 

IR:slgX + QiI1gXI is calculaled lo he nlllch (mln 
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Fig. 7.15. Coneentration proliks for tile R case. in \\illcil R· isolllcri/es to Q. and ooth R· and Q. attaek the solvent 
(Equations 1). A33. and A-+4 01' Ciarsl. S" itl. anel Slllitlll IX·'¡¡' W is R 01' Q. Tile paralllcters are those tha\ lit data 1'01 
Grignard reaetions 01' primary alkyl orolllides in IJEE at '--+0 e tse", teXlI. 

Ihan Ihal (ID) in Ihe dimer PP (RR + RQ + QQ): 

10 = 3.3'k; I{) = 22%. The reason is Ihal Grignard 
reagenl is formed only al Mgz bUI PP is formcd 
everywhere. Since [Q. ]/IP'I is mini mal al Mgz, 
relatively les s Q is incorporaled into PMgX Ihan 

into PP. (2) The calculatcd value 1.1 of Ihe yicld 
ratio H, equalion (7.43), is ncarer 1 Ihan 2. For 

a homogeneous solution, H = :2 is cxpeeted. The 

steady-state rates of formaliol1 of RR, RQ, and 

QQ are ke IR.Je, 2ke [R·I IQ·j. amI kc IQ·I'. 
respectivcly. leading to Equation 7.-+-+ for hOlllo­
gencous solution (or hOl11ogeneolls surfaee reac­
tions. 

(RQ) 
H=--~~ 

I(RR)(QQ)II, 

H = 2kcfR'IlQ'1 = 2 
(kclR'j'kcIQ'j' )1;' 

(hOl1logl'lll'OU\ ) 

(7A41 

Thc fael Ihat dimers are forllll'd at all distanecs 
frol11 Mgz is again responsihlc ror Ihe ullusllal 

rcsul!. For the PP forllled al any parliclllar distanec. 
H = :2 is calculaled. hUI H = 1.1 reslIlls ",Ilen tlle 
yiclds are SU\llllled mer ,di di,lanc·es. 

7.2.8 Typical Alkyl Halides 

Since l11eehanisl11s 01' other reaetions vary among 
classes of organyl halides (alkyl, allyl. benzyl. 
cyclopropyl, vinyl, aryL etc.), Ihis can be expccted 

of Grignard reactions as well. Aceordingly, we 
consider the c1asses individually. 

'Typical' alkyl halides are l11onochloro, bromo, 

or iodo derivalives 01' simple al kanes nr cyclo­
alkanes. Allylic and benzylic halides, a-haloke­
Iones, ctc., are excluded. as are cycloalkyl halidcs 

wilh cyeloalkyl ring sizes less Ihan íi"c. Cyclo­
propyl halides, in particular, are trealed scparatcly. 

There are no dala on Grignard reactions Ihal 
suggesl Illechanistic differences among typieal 
alkyl chlorides, bromide, and iodides or among 
Iypical primary. secondary, and tertiary halides. 

AII react al similar rales, wilh chlorides heing 
sOfllewhat slowcr than bromides and iodides, amI 
all gi"e similar distrihutions of producls 01' r 
and c. 

An cxplicil search for solvcnt-attack products in 
the Grignard rcaclion 01' l1-hexyl hromide (RBr) 
in DEE revealcd no deleclahle SS or RS 1521. 
Thc yield 01' RH in excess of R( -H) was no 
greatL'r lijan OS/,. [llaeing the upper limit on 

Mccilanisms nI' Grignard Reagent Formation 

Ihe eXlcnl 01' s al O.5 ck and confirming Illany 
otiler rcports suggcsling Ihat solvcnl atlack is 

ncgligibk in Grignard rcactions of typical alkyl 
Iwlides. 

The divcrsion hy TMPO· 01' up lO 95 c/, of Ihe 
rcaelion 01' cyclohe[ltyl hromide suggesls thal R 
is Ihe dominan!. prohahly exclusive, palhway for 

Grignard reaclions of typical alkyl ha lides 1151. 
The dnminancc (JI' pathway R is also supported 

hy Ihe agreemcnt bctween observed yields and 

quantitati\c D-Illodcl prcdiclions [83J. 
In the tirst lest 01' the D model, the infinite­

dilution 1'01'111 was applied to Grignard reactions 
01' primary al !.:)' 1 hrolllides 1-3 in DEE al ~40C 

1 ~:21. The intl'rlllCdialc radicals isomerize, rate 
conslanl k\. fonning both RMgBr and QMgBr. 

RBr....:~ 
DU 

RBr ~~ 
tH:1 

R· 

[>---"Br 

Br 

2 3 

Q.~QMgBr 
15 

RMgBr 

- Q. 

.:;:;0·v./"~ 0-' 
2 t=D @ 

L_ 

3 1>--. .~ 
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The dala eonfonn to Ihl' prcdiclion 01' equa­
lion 7.26 (Q = QMgBr. kv = kl I Ihat a log -Iog 
plol 01' Ihe yield IQMgBr)/( Rtv1gBrJ againsl /.:, 
will h,1\e a slope 1/2 (Figure 7.161. Thl' tit is 
satisfaclorv·. and thc deri\'cd valuc' 01' TI< is J.:'" x 

lO-x s (co'lTes[londing lo ¡) = (l.O 1 () t\ 1). i\ hclter 

lit for I is ohlaincd, with Ihe "lIlll' ,,¡[Uc' nI' TI{. 

wilen a general D model is uscd 1 ~n l. 
When thcrc is lillle q or when its CXlent far 

exeeeds thal 01' r. IQ)/(RMgBrJ e¡¡nnot be deter­
mincd aecllralcly and plots like Ihat 01' Figure 7.16 

arc uSl'lcss. Howe"er, plots of A. cquation 17.25). 
are \ignitlcant. 

Figure 7.17 shows úala I'Jr ninl' reactions 01' 
typieal al!':yl halidcs and five rcaetions 01' vinyl. 
aryl. and l'yelopropyl halides. The [loints fm typical 
alkyl halidcs fall closc lO curves for cquation (7.25) 
with TI{ 1Il';lr 10. 7 s. hut Ihose 1'01' vill"l. ar,,1. amI 

eyeloprop> 1 Iwliúcs fall dislinet[v· 01'1' t[¡ese cunes. 
Fm the t) pil'al alkyl halidl's. Ihe r,lIlgc' 01' values 
01' k(l, spallning a factor 01' 1010. is illl[lrl'ssi\'c. So 
is Ihe varil'ly 01' reacliolls q: illcludcd arc .solvenl 

1()~t~BII 

(R.~l,!;BII 

Fig. 7.16. f,-'\¡ 01 tllL' in!¡llitL'~dilulion D nlOlkl rO[ 
Gri!!Jlard Il',II .. Jillll" 01' primar\' ;11"\ I hr()Jllidl'~ 111 DEE al 
---ltl e I.adl hrollliele Rllr' pnl\'ides a r:ldic'al R· lilat 
¡"Ollll'J I/C" (rale' cOIl"lanl /':'1) lo Q-. \\ 111ch are rl'ducl'd 
to RMellr ,lIld ()MeBr. The slope 01 the line is 1/2. as 
r('quirl~l 11: l'qllali(~n 17.26). Poi[)( I i\ ,,110\\11 he!\..' a' 
plol!C'd ()ri¿ill~dly (Á:¡ = 1.:-; x 1()~ .., i J. !\ J"L'liflL'd L''''!­
Ill~Jtl' Il!' tlll.' \~¡jllL' 01" ", ror Ihe .5-hl'\L'Jl: I radil';tJ ¡, 
4.4 . 10' " I RL'printct! \\"¡Ih PLTllli""!{)fl I"nlJl1 (;;11-'1. 

IkulLh. ;tlld \\hik'..,idc,.., jX2)" ('op}n~l¡( IlJ;-\(l AIIIL'lil";11l 

CIlL'111i,--",¡J "'iílL"ict:-
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Fig. 7.17. Yicld A of RMuX as a f 1" f k Th .11 . , o,. . . ..!:' une Ion o "Q. e plotlcu curves are dClcrmincd by cquatioll (7.~5). Dala t~)r 
" 1lI1l, l(a(lI<ms 01 Iyplcal alkyl halide' (. I'd 1 )' . • \invl '1 . 1 "'1 . s so 1 ova s conlorm lo IhlS cqualioll for IR Ilear lO s. hUI Ihc "al,'1 I'()r 

.. "'y . alll LI l opropyl hahdes (open oval s) d I TI'· I . u V'/Ilitcsidc\ IX)]. ~ . . () no. lIS r ot IS rcurawll and <Iugmclllcd rr()!ll RooL Hill. anu 

altack ano in\'crsion al a chiral center as well as 
se\'eral other radical rcarrangements. 

In judging the quality of tit for typical alkyl 
hahoes. several points should be considereo. 
(1) The data are from a number of workers usinr: 
a variety of reaction conditions and methoo; 
Variations in initial concentrations, identities and 
co~centrations of solvent may all affect A. (2) The 
eftects of c 011 product distributions are ignored. 
(3) A variation of a factor of 10 in T (curves 
plolted in Figure 7.17) corresponds to : smaller 
variation. a factor 01' 10 1/ 2• ~3. in the corre­
spol1oing value 01' f( or D. 

Reaclion . q can he radical trapping. For Gri­
gnard reactlons of typical alkyl bromides. trap­

Jllng hy TMPO· and DCPH have been re[lorlcd 
II:+-Iól. Thc curves in Figure 7.18 are identical 
wnh those llf Figure 7.17. and the data are plotted 
111 the same m~lI1ncr. A being the yield quotient 
(RMgBr¡/lt R\1gBr) + (tra[lping product)1 and k 
belng lhe pseuelo-lirst-oroer rate constant for trap~ 
[llng. 1 he dala rOl' DCPH and TMPO· are consis­
tent with one another and with the data 01' 
Figures 7.1 ó and 7.17: all imply TR "" 10- 7 S. 

. A potential problem with intermolecular trap­
plng shuuld be nOled: Ihe trap concentration can be 
oeplcted near Mg/. cither hy the trapping proceS\' 
01' by dm'cl reaclion 01' the Ira[l with Mgz . Icading 

to less effcctive trapping than would he ohserved 

i1' the lrap were distrihuted homogeneously. This 

muy be responsihle for the trcnd with [TMPO· J 
scen in. Figure 7.18. Intramolecular trapping. i.e .. 
radIcal Isomenzation. is not subjecl to this effeet. 

For reactions in DEE using Mg turnings and 

ordlnary stlrnng. several workers have noted lhat 

[lroeluct oistributions are insensitivc to the inilial 

concentration of RBr when it is higher than ~O.2 M. 

On the other hano. when a rotating oisk of Mg 

(3 .. 5 rpm) partially reacts with II-hexvl bromid~ 
(RBr) in DEE at O C. the yields 01' I~MgBr and 

prooucts 01' e var) systcmatically with the average 

concentration 1 RBrL,,~ during the rcacti;n 

(Figure 7.19) 13" .. l51. Thccurvcs in Figure 7.19are 

calculated from cl.fuations 0.35) ami 0.3ó) using 

l' = I'.,,~ = "Rll, 1 RBrl."g (following the estahlished 
rate law for hydrooynamically-controlleo conoi­
tions). l.'nder these assumptions. equation (7 .. 15) 

bccomes cquations (7.-+5 )and (7 ... 61. To ohtain the 

ploltcd curves. e was varied to achic\'c a hest 
lit: e =".3M. 

(RMgX)' e 
-----~--- - (7.45) 
11-(R\1gXII' IRXI 

Jf)'~ 1 3", ; 

c= (7.-+6) 
.Jke"lw, "/)keKRB, 
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Fig. 7.18. Grignard-radieal Irapping h) DCPH alld TMPO·. A = (RMgBr)/[(RMgBrl + (lrapping prodUCI)I. kois lhe 
pscudo-lirsl-order rale conslarll rol' radical lrapping. Opcn circles: Irap = DCPH. CI",ed syrnhols: lrap = T~1I'O·. 
Thc curves arc idenlical \\ilh Ihose of I'igure 7.17. 1: lI-oel)'1 bromidclDCPHnHFI22c C 1161. 2: 5-hC\ell\1 
hrol11idclDCPHrrllFI22 e 1161. Closed "Iuar,,: cycloheplyl brollliderrMPO·/DEE/J-alllyl alcohol I 'i.tI 1\11/1.i lír 
(0.05 M)/20"C 1151. Closed circles: cycloJlclllyl hromidcrrMPO·/DEE/r-bulyl alcohol (~().S M1/34~C 1141. 

If D = 3 X 10-5 cmes-I. kc = 3 x 10" M- I S-l. 

anel KRBr = 1.14 x 10-2 cm S-I (as detcrmined eli­

reetly for the reaction 01' cyclopentyl hromide 

unoer the same conditions) 12ól. then this value 

of e corrcsponds to 8 = O.OOóO Á - I and TR = 
9.2 x lO-K s. similar to the values dctermined 
frorn raoical isomerization ano trapping data and 
the intinite-dilution D mooel (Figures 7.16- 7.18). 

Thus. a hyelrodynamically-controlled rcaction be­
haves as expected. Thc lit to the cun e is 110t strong 
evidence supporting the D mooel hccause othe'r 
calculatiol1s show that the data are nol surticicntly 
precise to discriminatc hCI\\eell the curves calcu­
lateo from equation O'-+S) and those 1'", a homo­
geneous surface moJel. HIl\\'cveL tile agrccment 01' 
the fitted parameter with the \alue 01' TI< dctennined 
frolll raoical isomerization dala is significan!. 

1\ similar variation in yields resulls from chang­
ing tile rate 01' reaetioll varying the speeo 01' mta­
lion or a reaeting oisk 01' Mg. A faster rotation 
rcsults in a thinncr diflusional bOllndary layer al1d 
a faster reaction. For Ihe reaction 01' cyclopentyl 
hmlllide in DEE at 2S e the yidd 01' RMgBr 
varies frolll ~s6(¡; ror slo" rolatiol1 lO ~36(¡; at 

7000 r[lm. with prmlucts ,,1' e varying in tile oppo­
site \\ay 12XI 

IrnJ------~----,_----~-----r----~ 

KIl~ RO\1gBr ------. 
---2I1V-~ RR+RH+RI-HI 

II ___________ -'-____ ~ ____ ....L... ____ ..J 

o.u \l:; 1.0 1.5 

Fig. 7.19. Yiclds ()f Gri¡!nard rcagcllI (uppcr) ami h) dr,,~ 
l'arh()n~ (Io\"-'cr) frolll parti~t1 rcacti()I}\ uf llla)2llc~iu!ll 

(disk rolaling al 345 rj11ll1 \\ilh n-hC\vl bromilfc'in DEL 
al () e a~ rllnction~ 01' Lhe a\'cra~c c"nnccntratioll nI Il~ 
he.\.) I hromidc uuring lhe rcaCli(;n I J-l.J5!. The 10\\ L'~l 
COllcclllralion i .... 0.017 M. Tlle cunc\ are calculatcd 
fmm cqualion 17.451 le = 4.3 MI and (7.3hl. 

Biekelhallpt amI co-workers have [lrm'ilkd 
cxt~n~ive data scb rol' Grignard rcadioll\ 01 
5-hexenyl hromidc in DEE at ~ .. o C. L'arried 

oul in NMR tulles at high concelllralions. 

IRBrl1l "" 2.1 M 1481. Thcy delermined Ihe \iclds 
ni Rl\1gHr. QMgBr. RR. RQ. ami QQ (Q = 



210 

cyclopcntylmethyl. which arises through the 
cyclization 01' the intcrmcdiatc 5-hexenyl radical 
R·). The good prccision 01' their rcsults. over 
a numher 01' replications. delllollsirates that 
Grignard reactions are rcproducihk. evcn whcn 
the conditions are not easily controlled. These are 
invaluahlc data for testing lhe D I1wdcl. 

In lhe general D model. R case, rrodllct distrihll­
tions depend on \'alues 01' six experimental param­
cters, 1'.1) (m K). D, k,. kc , and ks. For calclllations, 
these values were chosen as follows, The value 01' 
l' is estimaled from data 01' Rogers el al. 129] 

l' = 2 x 10 -, mol cm- : S-I 

¡¡ = 0.010 Á- I 

k, =-1.4 x lO' s·, 

2kc = ~ x JO'! M 1 S·I 

ks = 4.4 x 10.1 S-I 

and Bodewitz el al. [48]. That 01' 8 is cxtracted 
from the plot of Figure 7.16. A typieal value for a 
smal! molecule in a fluid solvent is chosen for D. 
The value of kl has becn carefully detcrmincd 186J. 
The selected kevalue is typical 01' radical-radical 
reactions of reactive species in fluid solvcnts 187). 
The value of ks has been determined (for a relatcd 
primary alkyl radical. octyl) as ~ Ixl O' S·I 113). 

¡OO 

DEE 

PI' 

PMcHr 
KMeflr' 

RRII'I' 

Rl)/PP 
II! 

l)Qipl' 

¡II 

cakulJ.ll'J 

lOO 
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Sincc the cxact value of ks makes 110 difference 
in the calculations (solvent attack is negligihlcl, a 
convenient value 01' k,/ 100 was ehosen fm calcu­
lations. 'af these values, the most ul1certain is 1', 

which was estimated for differcnt conditions from 
those used in Bickclhaupt's cxperiments. 

When solvent attack is negligihle, a, here. the 
value of ks does not affeet the product distrihu­
tion, leaving fivc experimental paramcters that do. 

These combine into two dimcnsionless paramc­
ters. VI and 1';.,. that determine the entire product 
distribution. For the paramctcr valucs listed ahove, 
V, = 25.0 and 1';., = 8.26. 

4kc l' 
V, = --v;--

3k¡-DI 1! 

DII,ó 
1';.,= -¡-,,-

k, ,-

(7,47) 

(7.4R) 

The parameter values above prcdict the product 
distribution for the Grignard reaction 01' 5-hexc­

nyl bromide in DEE with startling accuracy 
(Figure 7.20 left) 183]. The unusual values of IG, 
ID, and H (Section 7.2.7) are noteworthy, as is the 
faet that the yields (PMgBr) and (PP) are correctly 
predicted. 

Experimental!y, 2.8'* (h) of the Grignard rea­
gent PMgBr is QMgBr while 22o/c (ID) 01' the P 
groups in PP are Q. Clearly, P groups are not 

100 PMgBr .~ 
THF 1" 

1 
~ 10 -1 

.c i 

pp 

1 
1" 

H 1 
10 '011 

cakulJIL'd 

FiJ:, 7.20. Oh,eC\cd ¡'¡XI vs calculatcd IH-' I ,ieiLb and yield-ha,ed rara mete" for Grignanl rcar,i,,,,, 01 S-hexenvl 
hromide linillally ~,2,1 MI in DEE Ilehl and THF trigh') a' ~40C. R = 5-he,env/. Q = cvclopc'n'vlllll'th,,/. P = 'R 
oc Q. 1(, = Q in P\lgllr. 1" = (irQ in PI' H = IRQl/IiRR)(QQiI". . . 

Mechanisms of Grignard Reagent Formation 

takcn randomly into PMgBr and PP from the same 
pool 01' radicals p. (R·, Q.). Otherwise 1(; and 

1" would have the same valuc. Thc experimental 
rcsult is quantitatively predicted hy the D model. 
in which only radicals at Mgz form PMgBr whilc 
radicals everywhere form PP, as described previ­
ously (Section 7.2.7l. 

The observed value 01' H is 1.3, hut 2.0 is the 

value that would be expected if the pseudo-stcady­
state populations of R· and Q. werc spread homo­
geneously in space or over a surface. The D-model 

ealculation gives H = 1.1. Values 01' H nearer 1.0 
than 2.0 result from gradients in the pseudo-steady­

state concentration proliles 01' R· and Q' during the 
Grignard reaction (Section 7.2.7). 

These ealculations are for a constant flux l' 

01' reaction. If l' is proportional to [RX], as it 

is under hydrodynamically-controlled conditions. 
thcn l' steadily deereases as a reaction proceeds. 

The yields of e products, in particular. are sensi­
tive to v. A more exact calculation would take 

into account the variation in l' as the reaction 

proceeds. However, a eomputational test 01' this 
effeet showed that the produet distribution obtained 

with decaying values of v is closely approximated 

by a calculation with a constant, effeetive value of 
l' 183]. There is also evidence that l' does not vary 

during reactions using Mg turnings and ordinary 
stirring (Section 7.2.2), further justifying constant­
l' calculations. 

For the more polar and viscous solvent THF, 
the values of VI and 1';., were adjustcd and an 
cxcellcnt lit to the experimental data was obtained 

(Figure 7.20, right) 183]. For the less polar and 
(ven more viscous solvents OBE (di-n-hutyl ethcr) 
and DPE (di-n-pentyl ether). the quality of lhe 

adjusted-paramcter lits decreases but is still impres­
,ive (Figure 7.21) 183). 

For THF, whose viscosity 1) (0.389 ePl is 
t",ice that of OEE (0.194 cPl, the fittcd values 

01' V, and 6, are 15.0 and 12.7. respecti\ely. 
Since D and kc are expected to be affected 
hy TI. and since l' and ¡( may be, it is not 

surprising that the parameter values that give 
the hest tit for THF differ fmm those for DEE. 
C'olTceting D and kc using Stokcs' Law gives 
1'/1,1( = (V,/V,O)(llO/I])~ 1/2 . ..:/,0 = (1¡"/lJ)1 'L:'.I/ 

-::J 
'-' ;.. 

~ lO 
-g 

PMgBr 

ID 

. 
pp 

o // 

~~~~--~~~~ 
10 100 

calculated 
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FiJ:. 7.21. OhseneJ v, raJculatcd yiclds and yicJd­
dcri\'cu raramctcr" for Grignard rcactions 01' S-hexcnyl 
hromide (initially ~2, I MI in DBE (solid cireJesl and 
DPE (open circbl al -~-1t),C [83]. 

1';.,0 l. and ójí,tJ = (,/,ol/(llo/ll), where superscript 

zeroes denote values fm DEE and unsuperscripted 

values are for THF. For THF, I'/V" = 0.85, a plau­
sible value. (The theoretical dependence of v on 

1] is eomplex - for a rotaling disk, l' should be 
proportional to Ji </1>, which would lead to v/vo = 
0.56.) 

Table 7.1 contains derived rate parameters for 

the preceding analyses 01' data for the Grignard 

reaction 01' 5-hexenyl hromide in several solvents 
[83). Two shortcomings should be noted. First, the 

viscosities used in the calculations are for the pure 

solvents. They arc not necessarily identical with 

or proportional to the viscosities 01' the product 
mixtures in which the major parts of the reactions 

take place. Second. for DBE and OPE, the rela­
tivel)' pom lit introduces considerable uncertainty 

into VI values, Those 01' 1';., are better determined 

hy the data. 
Thc derived values 01' Ijl'O are similar for THF 

and OEL hut distinctly smaller for OBE and 

OPE. The clwracteristic radical lifetimes tR appear 
lO he much longer in OBE and OPE than in 

THF and DEE. Both K- and ó-values decrease 

",hile TR -values increase along the series THF < 
J)EE < DBE < DPE. This is also the sequence 01' 
dccrcasing sotvent polarity, suggesting that cffecb 
(JI' polarit, may dOlllinate those 01' viscosity. 
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Table 7.1. Fillcd ami Derived Rate Pa"ullctcrs tú,. Grigna,.d Reaetions "f S-Hexenyl Bromidc in 
Ethers at ~4(r e" 

SH 1', 6, Ii/eP \'/1,11 IO't"/s "/CIll s - , IO'o/A 
, 

THF 15.0 12.7 O.3XlJ IIXi 1.4 3.' 2.2 
DEE 25.0 X.26 (J.llJ-+ 1.0 .U .lO 1.0 
DBE 2.1.'> 2.00 0511h 0.1-+ :'>7 -+.5 IU') 
DPE 0.%2 1.21 O.SII (jOS IhO lun 
I/'Bes! lit" \'alll(,~ of \'1 allJ LlI. Otiler paralllctL'r:-. art' lkri\l'd hy appl!in!; Stll!...C .... Law IX.11 

Table 7.2. eycJization in Reaeli"ns "f 5-Hexenyl Halides in DEE and THF at .,7 e 

x SH (MgBr,(" (RMgX,I'f (QMgX)/<;' l(j/l/( ,j ReL 

el THF o lJ.) 3.S 3') /, 
Br DEE o 7S 3.X -+.h e 

O.IS 73 5.5 7.0 
2.7 7S -+.7 5.7 e 

DEE O 67 1.6 2.3 b 
THF O 'lO :'>.0 5.3 b 
DEE Sh :::.5 :::.'1 d 
THF X() 2.) 2.lJ d 
DEE O 27 1.1 .'.lJ b 

(j/G = QMgX)jURMgX) + (QMgXll For dilu[l' IcaL'¡ion<"'.!c¡wouIJ he :-,olllc\\hat highcr Ihan ¡hes!.' 
values (approaching JOStj, which are- flll InitiJ! clHll'cnlralion\ 01' RX in ,he rang!.' O.-+-.:!.! M. A 
relatively large number of cyclized raJiL'als cOLlplc/ul\proportionah.'. Al ~lIftl,,-'ielltly 10\\ Ctlllí.'cntra­
tions. they would form Grignard rtagcnt in~tcad 
¡, Ashby and Oswald 116 J. 
'Ungváry [88J. 
dBodewitz, Blombcrg. afió BickcHwupt I-+SI 

For Grignard reactions of 5-hexenyl halides in 

THF and DEE, IG is not very sensitive to solven!. 
halogen, or IMgBr2Jo (Table 7.2). This contrasts 
with the behavior of analogous aromatic halides in 
the same media (Section 7.2.11). 

To isolate lhe effects of polarity. Bickelhallpt 
invesligated the reaction in a series of nlÍ.xtllres 
of THF and benzene (PhH) 1481. Thesc lllixlUres 
have nearly constant viscosilies (varying fmm 
0.389 10 0.480 cP), bUl lhcir polarities decrcase 

with increasing benzene conten!. It is found thal 
as the benzene content increases. several \ iclJs 
follow the trends expectcd i f K decreases with 
polarity: (PMgBr) decreases (from 96 to 6YI; 1. 

(PP) incrcascs (from 4 to 18Ck). and 1(, inereascs 
(from 3 to 26'1c). Strikingly. /)) rcmaills constan!. 
within experimcntal error. at ~34'1(. 

Figure 7.22 shows how the titted 6, "aries 
with the mole fraetioll X PhI! of PhH under Ihc 
assumption Ihat \/, varies only \\ith \ i,cosi!\. 

using an averaged value of V,. 8.00, corresponding 

to the viscosily of pure THF 1831. Straight-line 

scglllcnts connect fiHed (61) or calculated (others) 

values: plotted circles and squares represent exper­

imental values. 

D-Illodel calculations reproduce the ohscrvcd 

Ircnds and notable fcaturcs of the data. as well 

as the anticipatcd \'ariation of 6,. 6, decreascs 

with Xl'hl!. corrcsponding to an increasc in TR from 

~ .. ' x 10 x to 7.9 x 10-- s as X"h)) increases from 

() to (U~7. (PMgBr) dcneases with XPhl!. (PP) 

incrcascs. alld le; illcreases in both the observed 

dala and thc calculatiolls. Tlle caleulatiolls also 

reproduce thc ohserv·cd. but perhaps counter-intui­

livc. inscnsitivily of /" to Xl'hll. 

As Lawrence and Whit.:siJcs ohser\"cd 114(. 

Grignard radical s derived fmm typical al~yl Ilalidcs 

llave properties that a"e strikingly similar to thosc 

(\C radieals difTusing in s"llIliou. They: (a) are 
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Fig. 7.22. hned values oC 6, (101') and oosef\ed teirde, and squares) and calculaled yield parametcrs (lines) for 
Grignard rc-actions ur 5-hcxcnyl orumidc in mixtures of THF and hCll/cnc. Xl'hH i~ thl.? mole fraction nCllICnC ¡X3]. 
An a\cragcd \'aluc uf VI. corrcclcd for small viscosity variations, was uscd in lhe l'alculatioll:-'. 

trapped illtermolecularly. sometimcs with high efli­
eiency: (b) ulldergo eharactcrislic isomcrizations: 
ami (e) generate CID'IP (Section 7.2.3). In addi­
tiou. product distrihutions Crom isomerizing Gri­

gnard "adicals can he accounted for quantita­
tivd)' h} ~lssUlllillg that lhey difTusc in solution 
(1) model) and thal lheir isomcrizatioll. coupling. 
and difTusion are al! governed hy parameters 
with valllcs appropriate for solulion IR2.R3.R5j. 
In Grignard reaetions of 5-hexenyl bromide. the 
ohscrved incnrporatiol1 of much largcr Cractions oC 
cyelopentylmethyl groups (Q) into al k) I dimers PP 
lhau into (irignard rcagcnts PMgBr makcs it elear 

that the radicals forming Pi\lgBr and PP are nol 
drawn randornly fmm the ,ame pool (4XI. Thc () 
model accoullts I'or al! of these ohservatiolls qllan­
titatively. An A model does not definitely prcdiel 
any of thern and would rcquirc special lid l/IIe 
postulatcs 10 accolllmodalc thclll. 

7.2.9 CycIopropyl Halides 

Having 60 C ~ C·· e hond angles ami a rcla­
tively low-Iying LUMO IRLJj. cyclopropane is 
not a typical alkane. nm are cyclopmpyl halides 
and radicals Iypical ~"kyl ilalides and radieals. 



214 

Some propcrties of lhe cyclopropyl group resemble 
lhose 01' lhe vinyl group. Like lhe vinyl group. 
cyclopropyl is capahle 01' delocalizing inleraclions 
(pseudoconjugalion) wilh rr cenlers LO which il is 
honded 189.901. 

Cyclopropyl is a hcnl (T radical 191-93]. nOI 
aplanar rr radical likc a lypical alkyl radical. 
and il is ahoul 101 limes as reaclive as a typical 
alkyl radical in atorn-transfer reactions [94]. This 
suggests that the solvent-attack rate constant ks 
will he 01' the ordcr lO" S-I in DEE. lndeed. a 

rncasurcrnenl for the 2-phcnyleyclopropyl radical 
gave ks = 1.6 x 10" S-I 1951. 

The partial s character 01" lhe singly-oceupied 
orbital also enhances the electron affinity of the 
cyclopropyl radical 196]. lf ]( were to relleet the 
electron affinity of R,. a larger value would be 
anticipated for cyclopropyl than for a typical alkyl 
radical. This does not appear to be the case [52.97]. 

Figures 7.23 and 7.24 give product yields for 
Grignard reactions of cyclopropyl bromide (CpBr) 
in DEE [98]. In these experiments, yields of 
RMgBr were deterrnined by titration, eheeked in 
several cases by protonation and determination 
(volurnetrie) of the cyclopropane evolved. Other 
yields were determined by GC, using authentic 
samples and GC-MS to assign GC peaks. 

As noted in Section 7.2.1, Ihe polarities of 
ethers eontaining polar solutes sueh as RMgX 
and MgX2 are rnueh higher Ihan those of pure 
ethers [30]. Sueh solutes can be expected 10 affeet 
Grignard reactions. Figures 7.23 and 7.24 show 
that (CpMgBr) inereases at the expense of (CpCp), 
(CpH), (SS) and (CpS) as concentrations of polar 
solutes increase. This suggests that polar solutes 
cnhance K. shift the rnechanism toward pathway 
X. or both. 

Grignard himself suspected that in the earliest 
stage of the reaction the products are those of e 
(including MgX2). with RMgX being formed only 
after the formation of a critical arnount of MgX 2 
[1.99]. The present data conform to that scenario. 
with s augmcnting e as the initially dominant 
reaetion. 

Products SS and CpS rcpresent solvent attaek 
unamhiguously. In dilutc solulions thal do lIot 
contain MgBr2 initiaJly. s is extcnsivc, ::::20</'. In 
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Fig. 7.23. Yiclds of produets of rcaetions of magncsiuIll 
with cyclopropyl bromidc (CpBrJ in oielhyl elher ¡SH) 
at 3TC as a function of the initial eonecntration of 
eycloprapyl bromidc (ICpBr)o). Rcprintcd fmm Garst 
el al. (98). Copyright 1994. Page No. 37(J. with pcnnis­
sion from Elsevier Science, 

concentrated solutions. or those containing MgBr2 
initially, it is ~2-IOo/c. In every case, the extent 
of s is much higher than in a similar reaction of a 
typical alkyl hrornide «0.5e¡,) 152]. 

Interpretations are c01l1plicated hy missing data. 
No disproportionation/coupling ratios are known 
for 2 Cp', Cp' + S'. and 2 S'. Further. high reac­
tivities and ignorance of lheir fates prevent the 
direct or indirect determination of pmsihle dispro­
portionation produets cyclopropene 1 Cp( - H») and 
ethyl vinyl elher [S( -H»). Perhaps surprisingly. for 
several experíments the balance of Cp groups is 
dose to lOOo/c. suggesting that cyclopropene. ir 
formed, is accounted for in some formo (Is cyclo­
propcnc reduced hy Mg/MgBr2 In 1.2-di(hrolllo­
magncsio)eyclopropane') 1100.10 11. The addition 
01' ethyl vinyl ether to a rcaction lllixture rcsults in 
the rOrlllation of a gUlllllly dqlOsit on lhe stirring 
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Fig. 7.24. Yiclds nf products of rcaetions of magnc­
sium with cycJoprapyl bromidc (CpBrJ in diethyl cther 
(SH) at 3rC as a funetinn uf the initial concentra­
tions of magncsium bramidc (/MgBr,)o) and cyelo­
propyl hromidc ([CpBr]o). Symhols: as 1(" Figure 7.23. 
Thc curves reprcsent the yiel(h ",hen [MgBr,)o = (J 
and are taken from Figure 7.23 'IMgBr,)o = (J. 18 M, 
'[MgBr,)o = 2.6 M. Reprinteo fwm Garst el al. [98). 
Copyright 1994. Page No. 370. \\ ith pcrmission from 
Elsc"icr Sciencc, 

blade. prohahly a polyrner. In one experiment, 
cthyl vinyl ethcr was detected as a product in ~ YIr 
yield 188). 

When no polar solutes are present initially. their 
concentratÍons huild up <juickl\. At the high inirial 
coneentrations of RX used in synthetic prepara­
rions. most of the reaction OCCUI'S in the presence 
of polar solutes, They are further enhanced hy 
lhe use of BrCH2CH,Br (a S(lurcc of MgBr2) as 
a promotel·. Accordingly. the data in Figures 7.'23 
and 7.24 that are most rcpresentativc of synthetic 
practicc are for reactions in lllcdi,l tha! eonlain 
RMgX. MgX2. or holh. 

Typical yiclds under lhese condilions are 
(CpMgBr) = 65";. (CpHJ O~ ~()<;. (CpCp) = Y/'. 
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(SS) = 4'k, and (CpS) = 2%. When there is no 
radical isornerization, the D-model product distri­
hution is determined by two composite pararne­
terso V and t;. (e<juations (7.40) and (7.4I)J. The 
ob",rved product distrihution is approximated hy a 
l)-lllodel calculation (Figure 7.25) with V = 2.5X 

ami t;. = 2.7 1, corresponding to 8 = 0.0070 Á -l. 
ks = 2.0 X 106 S-l. and all other paramcters the 
same as those used in D-rnodel calculations for 5-
hexenyl hromide [102]. Taking disproportionation 
into aceount will bring rhe observed and calculated 
values of (CpH). (CpCp), (SS), and (CpS) even 
closcr. Thus. with plausible parameter values, the 
D molle I can describe this product distribution. 

It is noteworthy that !he value of 8 ís very close 
10 lhat for 5-hexenyl and hexyl radicals, despite the 
!llore f,lvorable energeties of reduction of eyclo­
propy!. This suggests that sorne other factor domi­
nates in dctermining the value of 8. This could he 
a propcrt y nI' the medium or interface. 

In Walhorsky's version of the A model, s is the 
inevitable fate of the few radicals that desorh and 
enter solution. The CpBr data indicate that more 
than a few desorb. Indeed, the agreement with 

[00 
CpMgBr 

CpH. 
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~ • .CpCp 
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• CpS 

10 100 

ca1culated 

Fig. 7.25. O"served v's calculated yields for Grignard 
rcactiolls ni" eycJopropyl bromide in DEE containint' 
polar solutes at 37 C. The calculations use V = 2.5~ 
ano L'> = 2.71 [1(2). Calculated values of (CpCp). ¡SS). 
and ¡CpS I incluoc radical disproportionation produch 
ano are COIl"l'quently too largc. The calculatcd valul' 
nI" (CpHI is i"or s,,!vent attack only (docs not inclu<k 
disproponionatioll) ano is cOllsequcntly too "mal!. 
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O-model calculalions suggesls lhal non e 01' lhe 
inlcrmcdiatc cyclopropyl radicals remain ad,orbed. 

Desorption and solvenl auack are cvcn clcarer 
for reactions 01' Mg turnings wilh 2,23,3-1etra­
mclhylcyclopropyl bromide in DEr:, which are 
inleresting for other reasons as well 191>1. This 
bulky subslrale does nol reacl when slirrcd for an 
hour in DEE alonc. However, in 2.6-M MgBr21 
DEE a smooth reaction begins ill1lllediatcly. 11 is 
distinctly slower lhan reaclions 01' typical alkyl 
bromides or of cyclopropyl bromide ilself. 

CH,=t>-CHJ Mg CH,=t>-

CH

3 
. Br --"'----.... :"1gBr 

CH, i~3;~t¡1~~~;~r CH, ~ 
CH] CH, 

0.16-0.18 M 

+ 

CH, CH, 

CH3~CH, + 

CH3~ 1-CH3 ~:::=f 
CH] CH, CH, 

2% 68% 

+ 

CH,CH,O CHCH, 
. - I . (SS) 

CH 3CH20 CHCH] 

Yields (SS) and (RH) are astonishing, .... (Ir ami 
68clc, respectively. These data are not compli­
caled by disproportionalion rcaclions of R·, which 
are blocked by the absencc nf ~-hydrogen atoms. 
Part of the excess of (RH) mer (SS) i, probably 
due to disproportionalion reaction, of R· wilh S· 
and part to disproportionalion reaclions 01' 2 S" 
which give undetectable product!-> S( --H) and SH. 
The observed yields are apprO\imated by O-model 
calculations (Figure 7.26) ",ith l' = 0.075 (~O.()J 
01' the value for CpBrJ anu "" = (J ... I J (~().15 01' 
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Fig, 7.26. Observcd \'s calculatcd yiclds for Grignard 
rcadi"ns ,,1' telramcthylcyclopropyl bromidc (initiall) 
~0.t7 M) in OEE containing 2.6 M MgBr, at :'7 e 
[LJH[. The calculatiolls use V = 0.075 and L'> = 0.413. 

CpEr), consislenl with decreases in \', kc, and S that 
could retlect sleric effects not operative for CpBr. 

Systems with cxlensive solvent attack permit 
dctínitive tests of the question. 'Do radical s R· 

leave Mgz and then return and suffer reduction 
lo RMgXT Ihis is the defining question for the O 
and A models ('yes' and 'no: respectively). 

More than one A model can be recognized. 
Possible mechanisms can be distinguished hy the 
roles 01' adsorption and diffusion for each step, r, 
c. and s. In an 'A' (adsorption) slep, the radicals 

remain adsorbed Mgz until they reac!. Otherwise, 
the step i, 'D' (diffusion), a reaction 01' radicals 
that diffuse in solution. Specifying the nature nI' 
the steps in Ihe order res. three 01' the pos,iblc 
Illechanism;, arc AAD (Walborsky), ADD, ano 
DDD (D mode!) 197J. 

Perdeuterating the solvent will reduce thc valuc 
01' ks by a faclor of ~3-10 (primary kinelic 
isolopc etTeCI). allowing the AAD, ADD, and ODD 
mcchanisms lo be distinguished IY7J. The AAD 
mechanislll prcdicIs that there will be no elTect nI' 

deuteration on the product distribution, the ADD 
Illeehanism predicts that deutcration will increase 
e at the expense of s, and the DDD mechanislll 
prcdicIs Ihal il will increase r and e at the cxpen,e 
01' s. IIcre are Ihc lindings 01' such cxpcrilllcnh 
",ilh Cpllr I Tablc 7.3). 
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Mg 

M" c 

~lg 

Tahle 7.3. S"lvcnt Isotope Effccts on Products 01' Reacti,,"s ot Cydo· 
pmpyl Bromidc [97[ 

M~ 
CpBr --~ CpMgBr + CpCp + SS + CpS 

SHID¡ 

DEI: 
DEE-d,o 

DEI: 
OEE-d,o 

THF 
THF-,h 

nIF 
THF-d, 

RR 

t 
RX 

'·R· // 
~ 

R· 

IIAO M S;~'~)} 

[MgX,[o 

O 
O 

2.h M M~Br, 
2.6 M MgBr, 

O 
O 

0.50 M MgCI, 
0.50 M MgCl, 

,1 ~R'~RH+S' , 
RMgX 

R· 

'~ 

Walborsky Mechanism 
AAO 

RX 
/ 

/ RR 

~ ~ 
...... R· -~--.. RH 

RMgX 

ADD 

RX 
/ 

,// 

RI'~ lyrRR 

'1 ...... R· --"'--. RH , ' 

1) Mouel 
l)I)O 

+ S· 

+ S· 

f!r 

S~ J 
54 t4 1.2 

71 2 5 2 
X4 4 0.04 O':' 

5X 16 10 
70 0.3 3 

6X .) 6 
XO 0.07 (, 

In DEE/MgBr2, TIIF. and THF/MgCl,. soh'ent 
deuteralinn gives a 12-13(/( inerease in (CpMgBr). 

11' s is a solution reaction, this dispnl\'c, Ihe A 
models (AAD and ADD) dcfinitively. 

The D model (DDD) is supported further by 

agreemenl between the observed and predicted 
effects of dcuteration on yields. The experimental 
yield of CpMgBr (71 %) in DEE/MgBrc is matched 

with 8 = 0.010 Á -t, ks = 4.4 X 106 s-I, and the 

usual values of \', D, and ke- The observed yield 
(84 Ck) in DEE-dIO/MgBr2 is then malehed by 
decreasing ks by a factor 01' 6. that is, assuming that 

klt/ko = 6, a plausible valuc. (A direct measure­
ment of klt/kll for this case has not been made. 
Near matches 01' calculalcd with experimental 
data are obtained with other rlausible values of 

kH/kD ) 11021. 
In cvery case thc dala conlradict predictions 01' 

the AAO mechanislll. Howcver, in DEE (CpMgBrJ 
i, linle affectcd by dcuteration, while (CpCp) 
increases substantially at the expense of (SS). Ihe 

kind 01' result expected for the ADD Illechanism. 
Pcrhaps that mcehanislll operates here, huI il seCIll, 
unlikely that the lllechanisl11 in DEE \\ould be 

fundamentally ditTcrcnt from that in DEE/MgBr2. 
THF, and THF/MgCI 2. Onc pnssibility iv that the 
build-up of polar solutes creates a vivcous and 
polar layer adjarent ID Mgz and that radicals. once 
they escape this layer. ha"e difticulty rccnlcring 
!l. /\lternatively. e and s dominale the carlv par! 
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01' the rcaction, attenuating by dilution the 000 
cflcet of thc latcr par! [97[. 

Optieally active l-halo-l-methyl-2,2-diphcnyl­
cyclopropanes in THF and OEE react with magne­
sium (powder was used in most experiments. 
though a few with turnings gave similar results) 
to give Grignard reagents with partial rctention of 
contiguration (measured afler carbonation, whieh 
occurs with retention) (Table 7.4). Control exper­
iments exclude halogen-metal interchange as a 
souree of optical activity in RMgX [20]. 

The ohscrvation of nearly complete raccmiza­
tion ror RI militates against an adsorption expla­
nation 01' retention. Since the rate constants for the 
inversion and rotation of the cyclopropyl radical 
are cstimated as ~ I 0 11 s-I [92,93], these data 
suggest a retention pathway X in addition to 
a radical pathway R. Although the O model, 
with a sufficiently small value of fR, could al so 
account for the observed partial retention, thc 
required value of 'R is not consistent with other 
data. The smallest value of (Q)/(RMgX) abo ve 
is 3 (75% racemization, 25% retention). From 
equation (7.31) with kQ = 10 11 S-I, we find TR = 
9 x 10- 11 S"" lO-JO s. Similarly, for the largest 
value of (Q)/(RMgX), 49 (98% raeemization, 291: 
retention), we find TR = 5 x lO-JO s. These values 
are les s than those that describe data for typical 

Table 7.4. Reteotioo of Configuratioo io Grigoard Rcac­
lioos 01' I-Halo-l-methyl-2,2-dipheoylcycJopropancs. 
[20] 

Ph CH, Ph CH, 

H H 
Ph X Ph MgBr 

leo 
Ph CH, 

h 
Ph COOH 

X SH Trc retcntion/Cit·cc 

Br DEE 35 14-~1 

Br THF 25-2R 13 
CI THF 65 25-26 
Elr THF ó5 15-IY 
1 THF 65 

Grignard Reagcnls: New Devclopments 

alkyl halidcs (Scction 7.2.8) by 2-~ orders 01' 
magnitude. 

Ph eH, 
\L:::::J __ ... ~_~ 
1\ p.¡(h\\~I~ \. !d'·llllll1l 

Ph CH, 

~ 
Ph Br I'h MgBr 

~1~ 

( 

Ph \L:::::J.C 
H 3 Ph \L::::::..... ) ¡-o _[()II,,-l r-\ 

Ph Ph CH, 

pathway R. racemizalion 

/ 
Ph CH, 

~ Ph - MgBr 

The values of 8 and TR for D-model 
descriptions of reactions of cyclopropyl bromide 
are indistinguishable from those for typical alkyl 
halides.ForTR = 10-7 sandkQ = JOII s-I,~l% 

retention of configuration is calculated. Thus, 
the ideal O model does not account for the 
observed degrees of retention of configuration 
in Grignard reactions of l-halo-l-methyl-2,2-
diphenylcyclopropanes. Agrccmcnt would require 
8-values higher by factors of 10-30. 

More complete product analyscs. using gravi­
metric methods and NMR spectroscopy, gave the 
results below [20]. In evaluating these results, it 
should he noted that gravimetrie methods are prone 
10 losses and thal NMR integration is not always 
very accurate. Mass balances in these cxperimcnts 
are often poor. Produets RS and SS. whieh could 
havc provided checks on the inferred alllount of 
solvent attack, wcre not determined. nor were 
possihle cffects of MgBr, invesligated or taken 
i nlO account. 

Most 01' the by-products are Ihmc cxpected for 
r. c. and s. The low yields of RMgBr ami rcla­
tively high yields 01' RR. RIl. and R( --H) in 

Mechanisllls of Grignard Reagcnl FOflnation 

Ph eH, 

~ 
Ph Br 

(+) or (±) 

Ph 

\1>.' 
----'--.-

1>1:1: 
l:, e 

P=CH2 + 

Ph 

+ 

Ph 

~CH, + 
Ph 

Ph Oh 

~ 
\1~ 

IH! 

Ph Br 
(+) 

Ph CH, 

M 
Ph COOH 

26-3"((/' 

20r¡( rctcntion 

+ 

Ph Clh 

M 
Ph H 

23'lr 

49r relelllio!l 

Ph CH, 

~ Ph 

PI; ~ 
eH; Ph 

+ 
Ph 

Ph ) 

COOH H 

191: 

Ph eH, 

M 
Ph COOH 

70-797< 

16-19% rctcntion 

+ 
I'h eH, 

M 
Ph H 

S-6'li 

4-691: relcntion 

Df]' "re ,In~in~. I'or a vallle oC " that ((luid 
account l()r tlll' uh~cnL'd degrec 01' retCJ11101l in 
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RMgBr (300 cm S-l, 10 times ils value Cor a 

typical alkyl halide, 30 cm S-I). a very high yield 
of RMgBr (98%) and a very low yicld 01' e prod­
ucts (0.169<·) are calculated using Ihc [) J1l()(kl 
1102], disagreeing suhstantially with the ohscr\'l:d 
yiclds. The ohserved by-produCI yiclds are consis­
lent instead with K-. D- and TR-valucs similar lo 
those for typical alkyl halides and cycloprop) I 
hromide. 

For Grignard reactions of I-hrolllo-I-melhyl-
2,2-diphenylcyclopropanes in DEE-d lO ami THF­
d x, the reported yields 01' RD are very Im\. 
indicating that there is linle solvent attad. Ne­
glecting the possiblc efrects 01' a kinetic isolOpe 
effect on ks, Walborsky took this to imply that 
solvent attack is negligible in the prolon-containing 
solvents as well [20]. 

Data for THf-' show otherwise 1201. SolvcllI 
deuteration increases Ihe yield of RMgBr by 15';(. 
decreases its enantiomeric excess. decreases the 
yield of RH(D). and increases its enantiomeric 
excess. These effects rctlect a deutcrium isotope 
effeet that diverts R· from s to r. The increasc 
in (RMgBr) indicates that ~Isck 01' RBr gives R· 
that are di verted in this manner. The discrepancy 
between this value and the lower (RH), 5-6'1r. 
found in THF is probably duc to quantitative 
uncertainties in the analyses. 

Walborsky and Aronoff offer the same interpre­
tation without noting that it invokes the D model 
[20]. If s is a solution reaction. as they believed. 
then these data require that at least ~ I SCk 01' RBr 
give radicals R· that Icave Mgz and suffer suhse­
quent reduction to RMgBr. Thc actual fraction 
could be. and probahly is, ll1uch larger. 

As in the CpBr case (ahove in Section 7.~.91. 
dcuterating DEE has a different result. lt has no 
measurable effeet on (RMgBr) or (RH). consisteIl¡ 
with the proposition that there is no effect on ¡he 
product distribution at all 1201. Tl1is is probahl) 
an illusion. 11' no products other Ihan RMgBr and 
RH had been determined ror reactions of CpBr. 
Ihe rcsults would have heen similar and Ihe etTccls 
of solvent deuteration on yields (RR) and (SS) 
would have heen misseu. ['or I-hrolllo-I-melhyl-
2,2-diphcnylcyclopropanc. Ihcre \\ as IlO analysis 
COI' RR llf SS [201. Thus, it is li~ely thal thc 
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Ph eH1 

M 
Ph Br 

(+) 

Ph CH 1 

M 
Ph Er 

(+) 

Me 
--'----­
DI+ di" 
~~cC 

M!.: U), 
~~ 

THF-d~ 

65'C 

bchayior of l-bromo-I-l1léthyl-2.2-diphéIlYlcyclo­

propalle in DEE and DEE-d lO is Iike that of CpBr 
[971. which is not consistcnt with the AAD mech­
anism of Walborsky. 

We are left with inconsistencies. A models are 
not consistent with the data. but if pathway R is the 

exclusive pathway, then the O model, alone, also 
fails, since it does not account simultaneously for 
the observed degrees of retention of configuration 
and high yields of by-products. 

A reconciliation requires another pathway, 
X. either a pathway without an intermediatc 
radical R· or with a subset of intermediate 
radicals with lifetimes TR that are l1luch shorter 
than those of anothcr subset. One possibility 
involving two sets of radicals R· (shortcr- and 
longcr-lived) is that the initial intermediate pairs 

could have a ll1uch higher reactivity than older 
pairs. 11' active sites on Mgz were localized 
on the atol1lic scale (Sectioll 7.3.11). anel if 
both formation and reduction 01' R· C(luld 

Grignard Reagents: New Devcl0pll1cnts 

Ph eH 1 

A + 
Ph eOOH 

25% 

18% rctentioll 

Ph CH, 

A + 
Ph eOOH 

88-93% 

13% retentioll 

20% total 

5% retcntioll 

1.4% RD 

19%RH 

Ph CH 1 

A 
Ph H(D) 

1.0-1.4% total 

8-10% retention 

0.3-0.4% RO 

0.7-1.0% RH 

occur at the sal1le site or adjacent nnes. then 

gCll1inate reaction and escape (three-dimensional 

phenomena, Section 7.2.5) could occur on \('1') 

short time scales (Figure 7.27). the former with 

partial retention, the lalter leading to radical 

intermediates R· of longer lifetime [103-1081. 

However, data suggest that extents of non­

isomerization (retention being one exall1ple) 

corre late with the conjugation in RX (Sections 

2.8-2.11). It is not clear why this should he fm 

geminate reactions at active sites. This suggests 

that the cxplanation Iies elsewhere. 

Initially, Walborsky invoked a rClelllion pathway 

X through an intermediate 'tight radical rair' 

described as [R·---MgXI 1191. a 'Ioose radical 

pairo being IR· ·MgXI. Latcr the 'tight radical rair' 

bccame a 'radical anion in close associatioll with a 

univalent magnesium cation' [19] or a 'tighl anion 

radical-cation radical pair' [71[ RX'" - - -Mg' l. Then 

c1ectrochemical measurernellts led him to cClIl,ider 

Fig. 7.27. RClcntin!l a\ a con~L'qllL'llcc nI' gClllill~!tc rcactloll (Scctio!1 7.2.)) al an aeti\'(' ~¡Il' (Scction 7.3.11). 

Mcchanisrns of Grignard Reagent Forrnation 

this to he a lransition state instead of an illler­
mediate. al least in somc cases. including lhat nI' 
l-bromo-l-methyl-2.2-diphenylcyclopropane [221. 
We do nol consider this electrochemieal cvidenee 
to be compelling and believe that an intenne­

"iale anion-radieal RX' hest líts all nf the data 
(Scetion 7.2.21 l. 

Thc rresencc 01' aromatic groups in the I-halo­
l-methyl-2,2-diphcnylcyclopropanes suggests the 
possibilily that they could stabilize an intennediate 

(or transítinn state) RX"'. Walborsky addrcssed this 
issue hy examining Grignard reactions 01' an opti­
cally active cyclopropyl broll1ide lacking aromatic 
rings [211. There is partial retention of conlígura­
tion. but distinctly less than in the case of I-bromo­
l-mcthyl-2,2-diphenylcyclopropane, consistent 

with the proposition that RX'" is stabilized by the 
]lhenyl grollps 01' l-hromo-I-methyl-2.2-diphenyl­
cyclopropanc. the los s 01' which (in I-bromo-I­
Il1cthylspiro[2.5]oclane) decreases that ;tahiliza­
tion and Ieads to Icss retention. lt also demonstrates 
that arornatic rings are not necessary for partial 
retention, suggesting that the cyclopropyl group 

itself ll1ight stabilize RX"'. 

~.CÜOH 
CH1 

SH = DEE: 25'if (I(JCI< rctcntion) 
SH = THF: 58'7r (13 cl< retention) 

A more complete produel analysis was obtained 
ror a reaction 01' raccmie bromide in DEE contain­
ine ,-butvl alcohol-O-d [211. The products indi­
ca~c signilícant s. perhaps 12-23'fr [(0.5 - 1) x 
(47'1< -24'k)J. In a reaclion in OEE-d iO (using 
mechanically-activated Mg turnings. BrCH2CH2Br 
as a promolcr. and rcflllxing for I hr), the raccmic 
hrolllidc gave I Y,( RD. illlplying 6.5-13'1< s. 
Thes" unccrtailltics refleet the faet that RH(])) l'<1I1 
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hc both a dircet ami 1I1dircet product ,,1' s. arising 
by disproportionatioll 01' R· with S'. 

A..llr 

t==:=:J\C'II, 

(±)-Rl:lr 

Rld,l' 

\12' 
--------..-

1)1.]. 
! HlI( JI) 

1<1 

R~1gBr + RH 

'" RD 

47'1< 
+ 

[RHi)1 + SS + RR 

as missing R 
24'1'< 

There is much mme sohent attack than was 
claimcd fm l-brolllo-l-methyl-2.2-diphcnylcyclo­
propane [20[. InstcacL the cxtcnt of s agrees 
with that for eyclorropyl hromic1e itself [52.98]. 
Togcthcr with the linding that there is less 
thaCn 0.5'1r s in a rcaction 01' Il-hcxyl bromide 
in OEE [521. these fínding disproyc a set 01' 
hypotheses suggested by Walborsky [1091: (a) the 
only radicab that attack the solvent are those 
that desorb; (b) their inevitable fate is solvent 
attack: and (e) fewer cyclopropyl radicals Ihan 
Iypical alkyl radical s desmb. These hypotheses 
predict more solvent attack in rcactions of typical 
alkyl than cyclopropyl halides. opposite from 
observations [521. 

In so me rcductions 01' l·halo-I-methyl-2.2-di­
phcnylcyclorropanes. thcre appears to he a racem­
ization palhway throllgh an intermediate other 
than R· [96.1101. Although Walhorsky recognized 
Ihis. he did not prop(lse intcgrated mechanisms 
01' rcdllctions 01' these suhstratcs. These matters 
are discussed further in Seetions 7.2.15 and (espe­
ciallv) 7.2.21. 

In' Slllllmarv. the data 1'01' eyclopropyl halidcs are 
consistent wilh a major. O-model rathway R. For 
rcactiolls 01' cyclopropyl hrolllidc in DEE/MgBr,. 
THF. and THF/MgCI, [971. and 01' I-bromo-I-
1l1ethyl-2.2-dirhenyleyclorropanc in THF [201. all 
versions 01' the A Illodcl are disproved by lindings 
that dCllterating the solyent increases (RMgBr) 
by 12-15rl<. Deuterating the solvent has Iittle 
cllect on (RMgBr) frolll reactions nI' cycloproryl 
bromide and C l-hromo-I-lllcthyl-2.2-dipheIlYlcy­
clnpropallc in DEl-: 120.971. hut ror the former 
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reaetian. at least. it increases e at Ihe expense 01' s 

[97]. suggesting the ADD model and eliminatinn 
the AAD model (Walbarsky mechanism). Obse; 

valions of partial relention 01' contiguralion can be 

aecounled for by a pathway R wilh two groups ,,1' 
diffusing inlermcdiate radicals with \cry differenl 
lil'etimes (~IO-IO and ~ 10- 7 s) (e.g., the freckles 

model with geminate reaclion (Section 7.3.11)1 or 

hy a minor retention pathway X along which 

R· is not an intcrmcdiate. One possihility for 

X is a pathway through an inlermcdiate RX­

[10.19.20.221 thal is slahilized hv dclocalizalion 
over rr or pseudo-rr syslems (cyclopropyl rings 
have pseudo-rr systems) [¡j9.90J. 

H 

~Br 

H 

~Br 

THI 

M, 
rm,,~k, --­THF 

~5T 

12'k 

observed large fraction of retention 01' contioura­
tion in RMgBr. Similar results have been rep~rted 
for reactions of other vinyl halides [1 O.IIJ. 

The products are consistent with mechanisms 
similar to those lhat are viable for reaclions ,,1' 
cyclopropyl halides (Section 7.2.9). If the D model 
describes the non-geminate part ni pathway R. 
then lhe values of Ii and " must be similar to 
those for typical alkyl and cyclorropyl radicals 
(Sections 7.2.8- 7.2.9). 

7.2.11 Aryl Halides 

Stereochemistry is nol an a\aibhk tool túr ar)'1 
halides. whosc Grignard rcaL·tiollS h.,,'e ren~i\'ed 

Grignard Reagents: New Developmenb 

7.2.1 () Vinyl Halides 

THF is commonly used for Grignard reactions 01' 
vinyl halides beeause initiation often fails in DEE. 
Reaetions 01' optieally active 4-methylcyclohexyli­
dellehnllllomethane (RBr) oecur with partial relen­
lion 01' contiguration and prm'ide evidencc 01' 
radical courling (formation of RR. ~IYk) and 
sol\enl attad (formation of RH. ~9'íf) IIIIJ. A 
conlrol experiment showed that racemization diJ 
not occur in the unreacted bromide. 

The course nf this reaction is similar to those 
01' Gri¡:narJ re~lcti()ns (jI' cyclopropyl halidcs. with 
the large amounts of e and s again precluding a 
value 01' K ([) model) tha! eould account for Ihe 

H 
/ 

'-"é .. ~COOH 

H 
/ 

~D 
797< 

+ 
H 

/ 

+~H 

9';¡ 

linle recent mcchanistic attention. Studies nI' sub­
stituent etTeets on rates of Grignard reactions 
01' ar)'1 bromides in DEE reveal aeeeleralion 
hy electron-withdrawing substituents but do 
nOI permit a distinction bctween eleetron- and 
atnnHransfer initial steps [311. From phenyl 
bromidc in DEE. hy-products biphenyl. benzene. 
amI I-phenyl-I-ethoxyethane are formcd [61.63J. 
suggesling cuupling and attcsting to solvent atlack 
hy intermediate phenyl radicals.' 

These rcsults might leave a reader with the 
imprc"ion that pathway R dominates. Recent 
studies suggest otherwisc [112]. 

Ar)1 and cyclnpropyl halides RX are similar 
In s"me ",ays. They lose X to fOl'ln (J radicals 

Mcchanisms of Grignard Reagent Formatinn 

ORr7 Q-MgBr 

o-s + Q-H+ 
+ 

0-0 
with similar elcctroncgativilies and reactivities 
toward ,ol"cnts IY·+I. I f Grignard rcactions 01' 
phcnyl halides wcrc similar to those 01' cyclopropyl 
ha lides. lhen similar D-model ealculations would 
he expccted lo predict product distributions from 
phenyl halidcs. 

Furthcr. 5-hexenyl and 2-(3-butenyl)phenyl radi­
cals cyclize analogollsly. the rate constant for the 
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eyclization orthe latter heing 10' that ofthe former 
186.113,114]. If the mcchanisms of Grignard reac­
tions of 2-n-butenyllphenyl halides were similar 
to lhose of 5-hexenyl halides. then similar D-model 
calculations would be expected to predict product 
distributions from 2-(3-hutcn) I)phenyl halides. 

In faet, such calculations fail for phcnyl and 2-
(3-butenyl)phenyl halidcs [1111. Cyclopropyl and 
5-hexenyl ha lides are not good models 1'01' the corrc­
sponding aryl halides. Grignard reactions of lhe aryl 
ha lides give far fewer by-products Ihan prediclcd 
from their aliphatic models in D-model calculations 
(equation 2.6.7) using IR = ." x I O s s. a value that 
describes reactions in DEE and TI-IF of cyelopropyl 
and 5-hexenyl bromides (Sections 7.2.8- 7.2.9). 

For phenyl halides. this D model predicts 57'lr 
solvent attaek. For reactions 01' phenyl chloride. 
bromide, and iodide in THF at 37 (' and Ihe 
reaction of phenyl iodide in THF at 6T c:. no 
traces of SS or RS are found. despitc lhe ahility 
to detect SS in yields as lo\\' as 0.0371 by Gc. 
Reactions in THF give nearly quantitativc RMgX 
(95 -106'7<-). The D-model predietion is far from 
correct [112]. 

Similarly. for reactions ol' 2-(3-butenyl)phenyl 
bromide and iodidc. D-model equation (7.31) pre­
dicts 780/0 cyclized Grignard reagent and 2271 
uncyclized. Much less cyclization is observed. 

5-hexenyl halide 

k¡ == -1. X lO'; ,,-1 . 

2-(3-hutenyllrhenyl halide 
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Indecd. for reactions of RBr in THf. cyclic product 
is hard to dctect. Control experimcnts del110nstratc 
that the Grignard reagents. once fonned. do not 
interconvert. No SS or RS could he deteclcd in 
any solvenl Ilhe ralc constant ror Ihe cyclization 
of Ihe 2-(3-hutcnyl)phenyl radical is scvcn times 
that for solvent attack hy the phenyl radical I and 
only traces to small alllollnts of dimers RR. RQ. 

and QQ are formcd 1 I 12J. 
Even qualitativcly, the results for reactions in 

THF. especially, are striking. In this system, the 
rate constant ror the cyclization of R· is a thousand 

times that for 5-hexenyl halides. where 3 -1 0% 
cyclization occurs. Oespite this. from 2-(3-bu­
tenyl)phenyl bromide and iodide in THF, >98'7c 

yields of RMgX are obtained, with S 1.5o/c QMgX 
[112]. This seems inconsistent with a dominant 
pathway R of any kind. 

Using equation (7.3 1) to calculate tI{ from the 
experimental data 1'01' the 2-(3-hutenyl)phenyl ha­
lides gives values corresponding to a few hond 

vihrations or less. The corresponding diffusion 
distanees are > I Á -pseudo-oscillatory motions 
would dominate diffusion. Equation (7.49), with 
simple lirst-order rate laws describing the compe­
tition, might be appropriate. Using this equation, 

the values of tR calculated from the data are up to 
4 X 10- 11 s, still very short lifetimes indeed. 

(QMgX)j(RMgX) = kVTR (7.49) 

Although it may be conceivahle that TR could 
he this short, it seems unlikely, especially in view 
of the evidence from reactions of typical alkyl and 
cyclopropyl halides that the structure 01' R· seems 
to have liule effeet on tR, which may be detcr­
mined hy propcrties of the medium or the surface. 
It is more likely that pathway X operatcs r 112]. 

Indeed. X appears to dominate. Suppose that 
T" were 3 x JO-x s (value for 5-hexenyl bromide 
in OEE) for the pathway R (O-model) contri­

hlltion in rcactions 01' aryl halides and that the 
only product of pathway X were RMgX. Then 
the implied extcnt of pathway X for the reac­
tions of 2-D-butenyl)phenyl halides wOllld he 

>97'h 1I 1::>1. 
Elcctrochemical reductions of ar,,1 halide" occur 

throllgh anion-radical intermcdiatcs RX~. \1 hich 
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frag1l1ent to give radicals R· that are then further 

reduced, either at the clcctrodc or hy RX~. in 

competition with coupling and solvent attacK 
117,181. Perhaps this is the suhstantive differcncc 
betwcen Grignard reaction, of typical alkyl ami 

aryl halidcs. In the former case. there is no inler­

mcdiate RX ~, in the laller thcre is. 

Conceivahly, R· could he redllccd hy RX'. In 

clectrolyses, such redllctions are hclieved to be 

signilicant only when RX~ has a relativcly long 
lifetime 1 17,18J. For phcnyl bromide, lhe lit'etimc 
is very shart, estimated as ~ I 0- 11 S (extrapolated 

from data of Savéant) 1 171, making the rcdllction 

of R· by RX'; unlikely. lndeed. kinetic allalyscs 

01' approximate models indicate that steady-state 

concentrations [RX~1 will not he high enough to 

allow the reaction 01' RX~ with R· to compete 

with the fragmentalion 01' RX'·, the cOllpling 01" R·. 

or the reduction of R· hy Mg" (with TR = JO- 7 
S 

or less) 1102]. Unless there is something special 

that stabilizes RX~ (e.g., the low polarity 01' the 

medium, assoeiation with counterions, etc.), this 

hypothesis can be diseardcd. 

Ahsent so me other reaction of RX", fraglllenta­

tion would he its only fate in a Grignard reaction. 
lf so, the resulting Illechanism would be kinetically 

equivalent to pathway R. If RX~ invariahly frag­
Illents to R· and X-. and is thus not a branching 

spccics, its transient intermcdiaey (or lack thercoJl 
will have no inftuencc on the kinetics of c01l1peti­

tive product forlllation. Based on its successes with 
typical alkyl and cyclopropyl halides. the O model 
would he expeeted to apply. 

Since it does noL other possihle reactions oC 

RX~ must he cOllsidered. In so me reuuctive cIca\"­

agcs 01' some substitutcd cyclopropyl halidcs. an 

electron transfer to RX~ appears to he requircd. 
leading to a dianionic fra~mentation transition state 
(eomp~sition RX'-, with associatcd counterions) 

1 I HU 151. Pathway X could he such a dianionic 
pathway. However. no precedent Cor this pathwa) 
ror an aryl halide is apparent. According to the 

literature, aryl intermediates RX~ either Cragment 

or lose an electron. rcgcncrating RX 1 17. I gl. 
This prompts t\\·o que"ions. (1) Could a dian-

10111e clea\"age pathwav hay e cscaped detcction 
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lonic aggrcgation ¡ ... inhlhitl'd hy a 
Illnn.' pol<Jr IllcdiUI1l ano ;t !'Illlallcl 11 

IOll!e ¡tggrcg .. !tion i .... pronlOtl'd hy a 

k ... ~ polar IllL'LhUIIl and a ¡arger 11. 

l.l'''''' pular Illl'tl!,t<'ll1d lar~t'r \¡¡¡lIC .... 01 
11 P[OlllotC hllliL ~1~~I-l·gal\(\[l. whl<.:11 
1\1\\l'l"'" Ihl.' l'nl'rt'.: uf 111i ... Ir~ln<.;itioll 

The trall~iti()n ... Iate ror ;lIli¡lIl­
Iddlcal fragnll'Jllali()n i~ le,," 
a Ilccll'J , GUL' lo il .. smallcr 
nt.'gali\L' charge. 
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Fig. 7,28, Possihlc rcdllclion pathways enr aryl halides. Tire dianionic pathwa) X illllslratcd here collld also appl\ lO 

cyclopropyl and vinyl halides. 

pathway X" 
\lg~RMgX 

M" ~ 
RX --"- IRX"I 1'-1 

l' 1 ----...--.... 

pathway R R· ------ etc. 

in the electroehemical experiments 1 17, I gp lt 
appears that the answer could be 'yes.' A dian­

ionic pathway might not have been considered or 
might not have been distinguished from other path­
ways. (2) Could a dianionic pathway be absent 
in the electrochemical reductions but prescnt in 
the Grignard reaction? 'Yes' is again a possible 
answer. In Grignard reactions. a dianionic transi­

tion state for fragmentation would he stahilized. 
perhaps greatly, ~by its association with Mg2 + 

(Figure 7.28). lonic aggregation is favored by the 
relatively low polarity oC thc medium and high 
charge densities oC Mg'+ and RX' lonic aggre­
gation can have powerful effects in less polar 
media 1 I 161. The dianion pathway might not play 
a role in reductions in the more polar media and 
with the different countercations used in electro­
chemical studies. These matters reqllirc further 

study. 

7.2.12 Benzylic and Allylic Halides 

Benzylic and alIylic halides ha\"c rcccivcd Jiule 
111echanistic aUention. prohably hecallse lheir Gri­
gnard reactions are L'omplicated by sccondary reac­
tions. The rcaction 01' RMgX "itb RX is faster 

for bcnzylic and allylic halides than for others 1 I l. 
It is customary to use dilute solutions and large 
amounts nI' specialIy activated Mg to minimize 

sCL'ondary rcactions. 

RMgX + RX ----+ RR + MgX2 

Success has littJe meehanistic signitieance because 

these measurcs wiII minimize e as welL Although 
experimental detenninations of the separate contri­

butions of e and secondary eoupling are fcasihle. 

they have not hecn pursued. 
The reaction 01' Mg powder with (+)-(R)-l­

eh loro- I -phenylethane in OEE in the presence of 
I-BuOO gives ggc,¡, (+)-(S)-I-deuterio-I-phenyl­

ethane with net illl'ersioll (6.2% optical purity) 

[1 171. Although Ilct retention appears to be the 
more C01111ll0n case, net inversion is also obsen'cJ 

in RH t<lrInatioll, presumably hy protonation of 
RMgX. in the Grignard rcaction of I -chloro- 1-

lllethyl-2.2-diphenylcyclopropane in THF 1201. 
It is not clear whether or not the intennediatc 

GrignarJ rcagents are formcd with retention in these 
reactions. They could he. provided that the stcreo­
chC111istry uf prolonation were inversion. Concei\"­
ahl)'. the stcrcocilclllistry 01' protonatioll111ight var) 
with organic structure. halogen, and medium though 

('flccts 01' aggregalion and solvation. 
The authms 01' the work with (+)-(R)- I -chloro, 

I -phcnyJcthanc consider thcir tindings to bc e\'i­
dence that 'this reaction proceeds nn the 111agnc­
sium sllrf~ICl' within a soJ\'cnt cagL'. Ir ir \\'L'rl' 
n<lt so. \I'e \",uld cxpeL't only a small anlollnt 
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of deutcrium in 1 the product RH 1 hccausc nI thc 
disproportionation of thc I-phcnylethyl radical ami 
its reaction with solvcnt.' Since the prcmise is 
false (Seetions 7.2.6-7.2.9), the conc!usion is not 
jllstified. 

They also eonelude that 'raccmi.zation 01' hcn7yl­
magncsillm halide takcs place. through fast strllc­
turc invcrsion, just al' ter its formation.' No reason 
for diseounting the possihility that RMgCI was 
mostl)' raecmie as fonncd is givcn 11171-none 
is evident. 

Reasonahle eonc!usions are that RMgCI may he 
formed (~85'7<) in 6.2% optieal purity, perhap, 
with net retenlion, and that e (10- 15'fr) competes 
with RMgCI formation. The ideal D model call 
describe the hulk of the reaetion hut perhaps not 
the reported small optical purity 01' RMgCI. 11' the 
reported optieal activity is not an artifacl. then it 
might indicate a pathway X. 

7.2.13 Area of the Magnesium Surface 

If the rate of a Grignard reaction is proportional 
to the area e" of Mgz, then increasing r/ will 
increase the rates of formation and reduetion of 
R·. Naively, this might be expeeted to affeet the 
product distribution. 

Actually, D-model product distributions are 
independent of o. If the rate of consumption of 
RX and formation of R· is proportional to r", 
then doubling r" doubles the gross and specifie 
rates (Section 7.2.2) but does not affeet the flux 
of reaction. In the D model, the flux (not the rate) 
determines the steady-state concentration profiles 
in solution that in turn determine the producl distri­
bution (Sections 7.2.6-7.2.7). 

The situation is similar for an A rnodcl in \\hich 
r and e oceur at Mgz. Increasing ,/ will again not 
affeet the flux of rcaetion. Consequelltly, it will nOI 
affect the steady-state surfacc densitics (mol CIll- 2 ) 

al' intermediatcs. Sinee these determine lhe prodllcl 
distribution, a change in /,' has no effect on that 
distribution. 

Far reactions 01' S-hexenyl bromide in THF al 
n'c with sonieation, for example. these prcclic­
tions have heen confirllleu. Thc molar ratio Mg/RBr 
was varied frolll lO: I to 1: L wlth IRBrln conslan!. 
\,ithollt allccling lhe prodllct distnbutioll 1I (11, 
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There are cases where r" can affeet product 
distrihutions. If a secondary reaetion of RMgX 
with RX oeeurs at a rale thal is eompetilive with 
lhat 01' the overalI reaction, then removing RX frolll 
solution rapidly, using a high r", will Illinilllizc lhe 
sccondary rcaetion. This is the rationale for using a 
high ,/ 01' reactive Mgz in rcaetions 01' henzylic or 
allylic halides 11181, where RMgX + RX is fasler 
than usual. Seeondary reactions of this type might 
also be important in reaetions 01' iodides UIHJcr 
so me conditions (solvent, temperaturc). For this 
reason, Kharasch and Reinmuth advise: 'Thc use 01' 
iodides, eilher as Grignard rcagent co-reaetants or 

as starting materials for the preparation of Grignaru 
reagents, in general, is lo be avoided' 111. 

A seeond case involves Mg that is so finel\ 
divided that the sizes of individual pieces ar~ 
cOlllparable to those 01' molecules. In this case. lhe 
D-Illodel approximation that Mgz is 'infinite' Iso 
large that edge effeets are insignifieant) fails-R· 
Illay escape from the Mgn cluster at which il 
is formed. The rate of its subsequent reaction 
with another Mgn would be enhaneed by higher 
concentrations of Mgn , so that surfaee-area effects 
would be expected (Section 7.2. 18). 

7.2.14 Concentration of Halide 

In hydrodynamiealIy-eontrolled reactions, the flux 
of reaetion is proportional to [RX] [26-281. 
Consequently, the yields of e produets increase, 
at the expense of RMgX, wilh inereasing [RX I 
(Figure 7. I 9) [34,351 and with increasing speed (JI' 
a rotating disk of Mg [28]. 

In reaetions in DEE with Mg turnings and ordi­
nary stirring, the effeet of [RX1 on the produel 
distribution is small to non-existent over a range 
down to ~0.2 M, at least (Seetion 7,2.13), imply­
ing that the flux and rate of reaction remain 
constant as [RX] varies. Explicit zeroth-order in 
RX has heen found for the reaction of eyclopcntyl 
bromide in diethyl ether containing LiBr liS] and 
for reactions of adamantyl brolllide, where a thick 
deposit (Iargely biadamantyl) forrns on the Mu 
early in the reaction (Section 7.2.17) 1651. ~ 

An incrcase in the effeetive arca r/ of M!!; 
during the reaction could compensate for the e/lect 
ofthe sirnultaneousdecrease in IRXIIISI. Thiscan 
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explain the rate ohservations hut nol the insensi­
tivity nI' product distributions to IRX¡ that is some­
limcs ohserved. The latter requircs instead a flux of 
rcaction lhat is indcpendent of IRXI, and the flux 
is indcpendenl 01' ,/ ISection 7.2.13). In the case 01' 
adalll<inlyl hromide 1651, lhe variation with time in 
the thicKncss ,)1' lhe hiadamantyl layer could ha ve 
an effcct on the rate and flux that cOlllpcnsales 1'01' 
the variation in 1 RBrl. 11 is not elear how sueh an 
explanation eould he adapted to cases whcre there 
is no deposit (presulllably) at Mgz. In any evcnt, 
where there is no evidenee of a surface deposit, the 
apparent inscllsili\ity 01' rates and fluxes appears to 
be an artifacl 01' lhe lack of hydrodynamie control, 
since it disappears when hydrodynalllic control is 
prescnt (Figure 7.19) [26-30,34,351. 

Where secondary reaetions 01' RX with RMgX 
are importan!. dilution 01' RX should enhance 
RMgX yields. 01' eoursc, lhis is not partieularly 
usdul synthctically, wherc high concentrations 
are dcsired. Thercfore it is better to addrcss the 
prohlelll 01 secondary rcactions by using large 
alllounts 01' reacti ve Mg and attendant high surfaee 
areas ,/ (Section 7.2.13). 

7.2.15 Halogen 

Optical purities 01' RCOOH (from the carbona­
lion of RMgX) forrned in Grignard reaetions of 

227 

optieally acti vc l-halo-I-l11clhyl-2.2-diphenyfcy­
clopropancs in THF at 6S C \ar)' in thc ordcr RCI 
(25 Ck) > RBr( 17'7<) > RIi 2'!r ). the salllC order as 
RMgX yields 1 RCI (X5'/; ), RBr 17)'/() RI 138'1<) 1 
amj oppositc the urder 01' RH ) icld, 1 RI (1 'J'!r ), 
RBr (6'7<), RCI 1 I 'Ir )1 1201. Ther,' is a straight­
forward explanalion in lcrrns ul crfccts uf bond 
strengths on the pathway to R·. HO\\C"CL aspects 
01' this explanation are puzLling ami ulher possihlc 
sourecs of halogen cffects musl be considercd. 

( 1) Effeets of bond strengths and lhe case 01' bond 
brcaking. In general, rates of carnon - halogen bond­
hrcaking steps vary in thc inverse \lrder 01' bond 
strengths, C-I > C-Sr > C-CI :> C--F. This is 
order 01' the cxlcnt 01' racernization l' s retenlion 
of configuralion) in Grignard reactions 01' optically 
active I -halo-l-rncthyl-2,2-diphenylcyclopropanes. 
and it is consistent with a retenlion pathway X 
in whicil the e - X bond uoc, nol hrea~ to 1'01'111 
R·, plausihly a path\\'ay lhrough RX; 11' palhway 
X were more itllportant ror slronger C - X honds 
(C-CI > C··Br > C-l),cxtentsurrelentionwould 
var)' in the ordcr RCI > RBr > Rl. as observcd 
[10,201. The small sizc 01' the ohservcd effect. espe­
ciaJly hetwecn CI and Br, is surprising, indicating 
thal this explanation should he vie\\'ed \\'ith eaution. 

In other reductions of the same suhstrates, 
the oppositc order of "ariation 01' relention with 
halogen is observed 196, I HUI:; l. In reduetions 

Ph~CH3r 
I --. RMgX \\ith relcntion 

1 

I·\I~·I o( cOllfiguration 
p;¡¡hv.;¡~>../ 

X ~ Ph CHl /\Ig Ph 

~~. .)~ 
Ph X ~\Ig 

p;lth\\;j~R~ 

Ph I±I 



01" oplically active l-halo-l-methyl-2,2-diphenyl­

cyclopropanes hy alkali naphlhalenes (M+ Naph~) 
in homogelll.'ous solutions, rctcntion of configu­
ralion is an irregular funclion 01' solvent, metal 
ion, conccnlralion, and halogen - K+: Br> 1» 
el: Na": Br;c; 1» CI: Li+, 1> Br» CI [96,110[. 
Ailhough il has hccn argued that the mcchanisms 
of lhese reaclions are different fmm those of Gri­
gnard reactions, an integrated mechanism covcring 
all of these reactions would be more satisfying. 
In principie, complcx competitions involving bond 
breaking could lead lO any order of variation 01' 
cxtenls of relcnlion wilh halogen. This subjeel is 
discussed funher in Seclion 7,2,21. 

(2) Effecls of MgXc, RMgX, or both. (a) X- at 

Mgz could affect reaetivity there, It affeets, for 
examplc, lhe manner of corrosive pitting [119[, 
(h) Solutes conlaining X- could enhance the pola­

rily of lhe medium and affect reaelion stcps [9R]. 
(e) There could be spccific roles of aggregates 
containing X- in sorne reaction steps, In all of 
lhese cases. lhc cffccts could vary with X, 

NaNaph -­DME 

NaNaph co' 1.&",,1 

Na+ 

mixing. Inilially, reaclion occurs at lhe inler­

face hcl\\ccn lhe solulions of NaNaph (hlack 
circles) ami RX (open cireles) as they come inlo 
conlaCl (uppcr len). This depletes the mixing 
zonc in holh reaClanh (lower left). Inilially, R· is 

formed in lhe neighhorhood of a relalively high 
concenlralion 01" NaNaph, wilh which il n.'acts 
al a dilTusion-conlrolled rale (upper cenler ami 
righl). Thcrcf"ore il has a relalively shorl li!"c­

time r. Laler, afler concenlralion gradients h'l\ e 
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(3) Effccls of dilTusion. These originale with 

high rcaclivilics 01" RX and ineflicienl mixing 

during lhe pcriod of reaclion. 

EfTecls or diffusion are ohservcd rOl" reaclions 

of" sodillm naphlhalene (NaNaph) wilh 5-hexenyl 

halides [120,1211, which give inlennediate 5-hex­

enyl radicals lhal cyclize in compclition wilh 

lhcir funher reduclion [122- 124[. Using ordinary 

mixing mClhods, reaclions 01" 5-hexenyl chloridc 

and bromide (RX) wilh ~O.()5-M NaNaph (sodium 

naphlhalene) in DME (1 ,2-dimelhoxyelhane) at 

room lemperalure givc dillcrcnl yield ralios (1-

hexene)/(methylcyclopenlane) [RCI (8). RBr (4)J 

[120J, When lhe same rcaclions are carried oul 

hy evaporaling RX and condensing il on lhe 

surface of a stirred, ~(l.I-M solution 01" NaNaph. 

( I-hexenc )/(melhylcyclopenlane) = ~ 16 for both 

RCI and RBr (as well as Rf and RI) [121[. 

Figure 7.29 is a schelllatic diagralll illustraling 

the diffusion-reaction phenomenon lhal gives rise 

to the halogen effecl thal is ohser\'cd with ordinary 

[)\1I o-
ca --- ele. 

been sel up in lhe mi.\lng lone. R· is I"ormed 
in lhe neighhorhood of" a lower concentralion 

of NaNaph. Thcrcl"me il> lifclime t is longer, 
allowing il more lime lO cycli/.e to Q. [120]. 
Mosl of lhe reaclion occurs in lhe deplelt.'d mixing 
lone (lower mw). This elrccl does nol opcralc fm 

a slow rcactioll. whcrc mixillg is faster than rc­

aClion. 
Since lhe ordcr 01 reacli, il)' ul" RX is RI > 

R!ir . Rel > RF. lhe lif"clillles T 01 R· amI lhe 
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Fig. 7.29. Dcrlction of rCaClan! con(cntri.ltion~ in Ihe mixing zone. lcading to a longcr lifelime T 01' Ihe intcnnl'dial-L' 
radical R· and eonscLjUCnlly a highcr !,rohahilily nI" il, cycli/alion lo Q. hefore heing reduccd. Uppcr ro,,: inilial 
cvcnls. Lowcr row: latcr c\'cnb. 

yield ralio (QH)/(RH) are expecled lo var)' in 
lhe same order, as is ohserved. Wht.'n diffusion 
effeets are removed (el'aporalion experimcnts), lhe 
halogen effect disappcars, also as ohserved [121[. 

Bunnetl has detailcd lhe phenolllcnon rol' rcac­
lions of RX wilh (Li.Na,K)/Nlh [125.12(1[. Rvs 
[127] has discussed relaled matlers and Andrieux 
and Saveánl have givcn a quanlilalive lrealmclll 
[128,129]. 

In principie, such effecls eould operale in 
Grignard reactions if the reducing species (e.g., 
sol valed eleetron) were slreaming oul of lhe 
melal. This seems very unlikely, especially for 
DEE, Similar phenomena mighl also operale if 
the sizes of Mg particies were eXlremely small 
(Section 7,2.18). 

7.2.16 Solvent 

In general. mme polar clhers prolllOlt.' inilialion. 
Thus THF (diclectric conslanl 7.4) may o.ucceed 
where DEE (4.3) docs no!. especiall)' f"or vinyl and 
aryl halides [6, UO[. See Seclion 7.~.-+ rOl" possiblc 
explanations. 

Grignard reaclions oflen rail lo inilialc in dio­
xane (DXN). This could he due lo ilS ver)' low 
dieleclric conslanl (2.2). hUI lhere is anolhcr possi­
hilily. MgX, is insoluhle in DXN - il is commonl) 
used to prepare R,Mg by pouring a solution 01" 
RMgX inlo DXN. prccipilaling MgX,. If the pres­
ence of MgX! were reLjllired f"or initialion, lhen 
DXN would not suppon lhal proccss. 

Tht.' dielcclric conslanls (jf 1,2-dimclhoxyelhanc 
(DME. glyme) ami THF are nearl)' lhe SCillle 
(7.2. 7.-+1. Nonclheless. soluhililv prohlcllls limil 

lhe usefulness of DME for Grignard reaclions. 
Although there is Iiltle in lhe literature at lhis timé, 
commercial advenisemenls indicate lhal deriva­
lives oí" diglyme (CH,OCHcCH20CH,CH,OCH \) 
can be useful solvents for Grignard reactions. The 
solvents permit reaclions al higher lempcralures 
lhan DEE and THF, which can somclimt.'s he 
advantageous. 

7.2.17 Adamantyl Bromide 

Reactions 01" Mgz with adamantyl halides are 
among lhe mos! unusual lo be considered in lhe 
reeent literature, I-Bromoadamantane (adamanl)'1 
bromidc, AdBr) has received the most atlen­
!ion [65J, 

Rieke magnesium reaCls wilh O.25-M AdBr in 
a stirred DEE solution to give 60'k AdH and 30'/, 
AdAd but no AdMgBr. A prot.'cdurc withoul slir­
ring, using ordinary magnesium chips or lurnings. 
gives up lo 60clc AdMgBr [651. Thc disappear­
ance 01' AdBr is zerolh-order aflcr lhe early pan ot' 
lhe reaclion. during which a precipitalc consisling 
largely of AdAd form, on Mgz . 

According to one explanation [65[, stirring L'aus­
es lhe dcsorplion of lransienl inlermediales (\\'al· 

borsky's [AdBr~ ·Mg+]. [Ad· ·MgBr[, or bOlh I 

hefore lhey have a ehance to fonn AdMgBr al 
Mg¡. Among several scrious prohlel11s wilh lhis 
is lhe faet that slirring is unlikely lo affccl lhL' 
layer of solvenl adjacenl to Mgz (m an)" olher 

solid surface 1. '" it cannol ,weep a,,"ay ads"rbc'd 
lransienl inlenl1t.'diale,. Whcn Mg¡ is shieltkd h, 
an AdAd deposi!. stirring surely has no cfkc'l "1 
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AdBr 

~MgBr 
AdMgBr 

O'í' wilh 'Iirring 
60'1< wilhnul slirring 

Ihe solid-liquid interface. Thus. Ihis explanation 
of the cffect of slirring. which has been cited as 
evidence supporting the A mode!. is not viable. 

By adjusting V and 6. O-model calculations 
can reproduce the data 1661. For the unstirred 
reaction of AdHr in OEE. reasonaolc agrccmcnl is 
oOlaincd with V = 5.06 and 6 = 2.55 (compare 
V = 2.50 x IO'¡ and 6 = 82.6 for 5-hexenyl bro­
mide). The relatively smal! values for AdBr could 
ret1ect the high viscosily of lhe AdAd dcposit. 

For the stirred reaction. the obscrved yields 
require !'!. :s 0.0 I in O-model calculations 1661. 
That stirring decreases !'!. suggesls thal it decreases 
5 and K and eliminates some condition required for 
r. For example, MgBr2 might be required at Mgz. 
Stirring mighl leach it out as the AdAd deposit is 
formed. In the absence of stirring. this refining of 
the AdAd layer wou Id not occur and the fOflnation 
01' AdMgBr could be possible. 

Another possihility is that stirring reduces the 
Ihickncss nf the AdAd layer to lhe point that 
radicals invariaoly escape fmm it into the bulk 
Sollllion. They do not return to Mg1 dlle to the 
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barrier presented by the high viseosity of AclAcI 
(Section 7.3.10). 

In any event, Grignarcl reactions of AdX nlTer 
no support for lhe A mode!. They appear to Oc 
consistent with the O mocle!. 

7.2.18 Slurries of Small Magnesium 
Clusters 

Reactions of small Mg clusters with RX in 
THF have been reported recently by Négrel ancl 
co-workers 1131,1321. This method has synthetic 
promise and its reslllts ha\'e a oearing on 
mechanism as wel!. 

Slurrics of finely clivicled Mg are prepared in 
THF at -110°C by vaporizing Mg in a rotary metal 
atom reactor. The resulting pyrophoric Mg clusters 
are 'clean. alkali halicle free, ami extremel)' reac­
tive' [1311. In their Grignard rcactions. therc is 
immecliate initiation. Reactions tcnd to be complete 
in short times (in the case of isopentyl bromicle in 
THF at 20

c
C, a 'minimum time' for the addition 

of RBr to the Mg slurry plus < I mini and they 
give lOOo/c yields of RH Ifmm isopentyl bromicle 
or endo-5-(2' -haloethyl)-2-norborneneJ. after quen­
ching with lOo/e aqueous HCI, in reactions al 

temperatures from -80 to 20'C 1131 J. In no case 
have products of e (e.g .. RR) becn found. 

ReactÍons ofisopentyl bromide in THF at -80c C 
are eompletely inhibited by bcnzonitrile, m-cli­
nitrobenzene, CCI.¡. or CuCI, at molar amounts 
1 O-'¡ _10- 2 that of RBr. Sincc -'the important num­

ber of active sites excludcs the possibility that 
small quantities of inhibitors might inhibit all the 
sites' 1131], the authors propose that the aclclitives 
inhibit a chain reactiol1. the steps uf which occur al 
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Mgz . The reversibility of the reactive capture nI' R· 
oy MgO providcs for the possibility that R· could 
migrate 011 Mgz or be transferred from cluster to 
cluster 11321. 

RX 

R· 

~ 
w 

RMgX~RH 

Q. 

~ 
H+ 

QMgX~QH 

endo-5-(2'-Haloethyl)-2-norbornenes react in 
THF at room temperature with pronouncecl effects 
of halogen and the molar ratio Mg/RX on the 
cxtent of cyclization 1132J. A solution of I mOlol 
RX in SO mL THF was acldecl dropwise over 
30 min to a slirred slurry of 4 mmol Mg in 10 mL 
THF. The order of the extent of formation of QH 
is RI > RBr > RCI (Table 7.5). 

To invcstigate the effeet of the molar ratio 
Mg/RX. the required quantity ()f Mg" slurry 111 

lO mL THF was slowly addecl to a solution of 

Table 7.5. Yiclds from Rcaclions 01' Slllall 
Mg Clusters with mdo-5-(2'-Halocthyl)-2-
Norhornencs in THF al Room Tcmpcrature 
[ 1321 

X (RH) (QH) (QH)/(RHI 

el X5,4 14.6 0.17 
Hr 63.7 36.3 0.57 
1 43.4 511.1 13 
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I mmol RX in 50 mL Tl-lf at room tempera­
ture (Table 7.6). Higher proportions of Mg give 
less QH. 

This is an unllsual protoeol for investigating the 
cllect of the ratio Mg/RX. The slow addition 01 
slurries 01' variolls Mgn coneentrations would dilule 
theJ11 all in similar ways if reaetion were not fasl 
eomparecl with mixing, eliminating the possibility 
of an ellect. The ooserved effects are a clear 
inclication that the reactions are faster than Olixing. 

For reactions of bulk magnesium, the eviclenee 
eliminates the possibility of a chain mechanislll 
(Section 7.2.1<)). It is not clear why that should 
change rol' reaelions 01' small clusters of Mg 
atoms. Thc eviclcnce for a surface ehain mecha­
nism should be exalllinecl critically. 

(a) The 1111mber 01' active sites, or even active 
particles. might oc ll1uch smaller than assumecl. as 
van Klink notes 111.1311. 

(O) van Klink also points out that what Négrel 
ancl co-workers repor! is inhibition of initiation. 
rather than inhibition of reactions in progress 
111,1311. Thus. they tacitly assume that there is 
no initiation proccss (no incluction periods are 
observed) nr that the chemistry of initiation ancl 
the main reaction are identica!. 

(e) Extremely reactive materials are notorious 
for adventitious reactions, especially in solution. 
This cOllld greatly increase the effective amounts 
of inhibitors over those assumecl. For this reason, a 
dctermination 01' the inhibition threshold for water 
might be cspecially interesting. Sinee il is nol 
likely to interfere with a raclical chain reaetion, a 
fincling 01' a very small inhibition threshold would 
invaliclate this argull1ent for a chain mechanism. 

(d) Perhaps (lne inhibitor molecule coulcl cleac­
tivate a large arca nI' Mgz. Indeed, the change 

Tablc 7.6. Etlcct\ of Molar Ratio Mg/RX on Reactit"l' 
01' S"",II \11' Cluste,., with elldo-5-(2' -Halocthyll-c­
norhornencs in THf at Room Temperaturc. [132[ 

X MgIRX (RH) (QH) (QH)/(RHI 

Br OX .+2 58 1..+ 
Br .j 6.1.7 36.3 O.'i7 
BI lO XO.l 19.9 0 . .25 
1 t1.X -l.X 45.2 eO 
1 .j -l.1.lJ 56.1 U 
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hrought ahout by the reaction 01' a small cluster 
Mgn with one inhihitor molecule could. in prin­
cipie. deaetivate lhe entire cluster. This possihle 
effcet is also noted hy van Klink 1111. 

(e) The D model eould apply-van Klink noted 
that intercepting a ehain carrier in solution would 
have as much of an etrcet as at the surface. 

(t) Indeed. plausihle explanations of the effects 
01' halogen and Mg/RX in tenns 01' the proposed 
surface chain mechanism are not ohvious. Accord­
ing to this mechanism. the lifetime of R·. and 
therefore the extent to which it cyclizes. will 
be halogen-independent. contrary to observation. 
Also. if the intermediates remain at the surface. lhe 
same mechanism predicls that the product distri­
bution will be independent of the area of Mgz 
(Section 7.2.13). The observed effects suggest that 
intermediates diffuse in solution. 

To explore the implications of the O model. 
we require the physical sizes of the clusters Mgn . 

According to one reporto /J = 5 to 30. corre­
sponding to spheres of radius 3.0-5.5 Á if the 
density is that of bulk Mg [132]. When aggre­
gates are stabilized by PVP [poly(N-vinyl-2-pyr­
rolidone)] and examined by electron microscopy. 
the average radius is 16 Á, ranging from 8 to 25 Á 
[133]. Aggregate size could be influenced by PVP 
and the smallest clusters could be under the detec­
tion limil. 

In any event, these are molecular sizes. The 
usual O-model approximation that Mgz is "inti­
nite' (Iarge enough to make edge effects insigniti­
can!) fails. 

When Mgn reacts with RX by pathway R, the 
result is a reactive geminate pair IXMgn R·I. This 
pair may suffer geminate reaction (prohahility a) 

or escape (1 - a). 

Treating Mgn as il" it were a molccule in solu­
tion, we estimate these probahilities. Let O, the 
relative diffusion coefficient of Mgn and R·. he 
5 x 10 II Á' S -l. Let K for Mgn be 3 x 1 ay Á Si. 

the value derived fmm experimental data for 
reactions of hulk Mgz with 5-hexenyl bromide 
(Section 7.2J;). For spherieal rcactant rnolecules. 
the prohability a of geminatl' reaction is rclated lo 
thcse parameters hy Equation 7.A.8 (Appendix). 
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11" thc contad radius R nf Mgn with R· is 10 Á. 
thcn a = 0.006: ir R = 20 Á then (¡ = 0.11: and 
if R = 30 Á then a = n.1 R. This suggests that lhe 
great majority 01' geminatc pairs [XMg" R·I will 
escape geminate rcaction. The lendency tn escape 
could he even larger ir XMg n (which might he hcst 
regarded as X - Mg,; ) has a lower reactivity lo",ard 
R· than Mg". 

~RR 
RX 

RMgX 

Thc result is an ordinary solution competition 
bClwccn bimolecular reactinns. Frorn the parameter 
values given aboye. with R = 20 Á, the following 
values rcsult for rate constants kv (diffusion con­
trol) and kA (activation control) for the reaction 01' 
Mg" with R·. The large value of kv is a conse­
quence of the relatively large values R and O. The 
actual (global) rate constant kR is related to kA as 
follows (equation 7 A.3, Appendix; kR = kG ). 

kA = 9 x 10Y M- 1 
S-I (from equation 7.15) 

kll = 8 X 101() M- I S-I (from equation 7.17) 

kR = (1 - a)kA 

Since a is smalL kR has nearly the same value 
as kA. 

Since kc (3 x IOY M -1 S -1) and kR are nearly 
equa!. the yield ratio (RR)/(RMgX) will be nearly 
Ihe same as the concentration ratio [R·I/[Mgn l. 
\\here 1 R'I is a steady-state value. From the data 
gi'en. IMg,,1 is ~IO' M. For e to be compet­
itive with RMgX I"órmation. [R'I would hay e to 
he comparable with lMgn l. which is unrealistic. 
Ir Ihc rale 01" addition of RX to the mixture is 
taken as the homogeneous rate 01" formation of 
R·. and the system treated with ordinary steady­
qate kinetics. then Ihe calculated yield (RR) is 
negligihle. cxplaining the ohserved absencc of RR 
11,1.1,21 
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This crudc calculation ignores possihle rcaetion­
mixing phenolllcllu. 11' small MI,' clusters are extre­
mely reactive toward RX, they nla) he importan!. 

Andrieux ami Savéant havc gi,cn a quantitative 
trcatmenl for such phcnolllena t'ur a reaclioll or an 
or~anic halidc with a rcducing ;lgL'llt E lo 1'01"111 

a ~'adical R· that is furlher reduced. pl'I'haps in 
cOlllpctilion wilh anothcr reactioll 112X.1291. 

cOlllpetiti,e 
produel 

~ reductioll 
rroduct 

A steadv-state is established-a thin reaction 
LOne is c;nhedded ill a thieKer diffusioll zone 
(Figure 7.30: see figure 7.29). \l\er which reae­
tanT cOllcelllrations \'ary I"rom hulk ,alues at the 
outer edges to low ones in the reaclion zone. 

With no stirring. or moderate stirrillg. the thick­
ness f 01" the diflusion zone is believed of the 

dillu~ioll 

I.on~ 

rL~H.:li()I] 
I'OIlL' 

di ... tancc 

Fig. 7.30. Schclllatic rl'rrc~cn(atioll uf «()lll'cJ1lralio!l 

profih.',- al Ihe Jlli\iJl~ interface hd\\L'L'1l ~()ILltion~. uf 
conlainin!.!. 'ulUle" E anu RX tha! are \ cry rcactl\'C 
lo\\'ard 071(' annlher ¡12X.1 ~YI. E Illay he a reducing 
~E!CIlI ~Llch <J:-- ~1Il alh.ali naphlhalenc. a lIletal :--uflplying 
,(~)h ated cll'l'tn.ll1\. 01' ;j ~ohatcd-c!ectroll ~ollltion. 
Rcaclloll \K'L'lIP .. \\ ¡thin a rcaclioll I.onc tha! i, crnhcddco 
in a dilTu .... íon /illll'. 

RX~R" 

1II i 
()Il 

order of 10 - '_1 0- 2 cm whell [) is 01' the ordn 
10-5 cm' S-I 11281. lf (= If)T, )12. whcre T, is 
the characteristic time 1'01" tra,crsing the ditlusioll 
zone, then ti = JO-I -10 S. 11" the lirelimes 01' E 
and RX would he mueh le" thall this in the thor­
oughly mixed solution. tlll"1l mixing could IlOt he 
achievcd before reaelion. 

The charaCleristic liktime of RX is (/'1:11:1) I 

and that of E is (kEiRX 1 )-1. 11' hoth cOllcenlrations 
are ~ 10-3 M, then the homogencous-reaction­
limited lifetimes eh are IO'/k~:- which is at least 
one order of magnitude Iess than ti (Th ::: 10- 2 s) 
when kE ::: lO' M- 1 s-l. Thus. the minimum valUé 
of the rate constant fOl' a reaclion that can exhibit 
reaction-mixing cffects is well hclow the diffusioll­
control limil. Rcactions 01' rvIg" with RX might 
well fall into the range for these effects. 

If so, then hulk coneelltratiolls 01' reactanls hclr 
determine the steady-state Cllncelltralioll protiles "f 
reactants and intennediales ill the reaction !Olle. 
These in turn determine the producl distrihutiolls. 
Bulk concentrations are invariant with order ()I" 
mixing, explaining how effects ()f the molar ratio 
Mg/RX could be observed. e\'cn with the slow 
addition of Mg slurries to RX solulions. 

To apply the treatmenl to the present casc. we 
assume: (a) that slurries nI" moleclllar-sizcd Mg 
c1usters act (kinctically) like solutions: (b) that the 
following mechanisl1l (with R· escaping from its 
original Mg n partner) applies: and (e) that Mgn 

is deactivated (telllporaril y) whcn it reaets with 
RX. This is Schcllle II 01" Andriell.\ ami Savéant 
1129]. shown at right lIsing their sYlllhols. The 
yield of RMgX is gOl'CIned h, Iheir cOl1lpetition 
paral1leter (J. 

¡7.'i()¡ 

where CE " the bulk c'oncentration 01' Mg". 
It is ass1l1l1ed herc that : is constant o'"Cr the 

"'1 E A _____ 

e 

k = ~I 
KI' = KI{ 

A = RX 
B = R" 
e = ()". ()'vlgX. QH 
J) = R\lgX. RII 
E::: \I~II 
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experimenh reported hy Négrel and eo-workers. 
Thus. equalion (7.51) applics, whcre superseripl 
zeroes denole an arbilrarily ehosen referenee rcac­
lion. selecled herc as Ihal 01' RBr with Mg/RX = 4. 
Andricux and S;I\'(;anl givc graphs that relate the 
yiclds (C) [«(JII)I and ([)) /(RH)j to a [128,129[. 

'! = (~l) 1/' (C~)C/1 
0" k:1 CE 

(7.51 ) 

Applying equalion (7.51) lO the dala ofTable 7.5. 
for whieh C¡VCE = 1, gives the relative values 
01' kE given in Table 7.7. Sensibly. the ealculated 
values of k[ dccreasc in Ihe order RI > RBr > RC!. 
one or Iwo orders 01' magnitude at a time. 

Applying equalion (7.51) now to the data 01' 

Table 7.6. using Ihc previously obtained relalive 
values 01' kE (Table 7.7), gives predicted values 
01' a and (RH). as a funelion of relative valués 
01' CE. Ihal is. Mg/RX. Calculated and observed 
yields (RH) are eomparcd in Figure 7.31. 

Given the assumplions, these calculalions should 
not be taken too seriously. However, the derived 
relative values 01' k[ 1'01' RCI, RBr, and Rl are 
plausible and there is excellent [(RBr)] to fair 
[(RI)] agreement 01' predicted yields (RH) with 
variations in Mg/RX. demonstrating that the D 
model may be able to aceount for the observations. 

This interpretation suffers from at least two 
specific concerns. First. if kl , D, and CE are given 
measured or plausible values (kl = 107 M- I S-l. 
D = 5 x 10-5 em2 s-I, CE = 10-) M) and the 
upper limit 01' kl{ is taken 10 be 1010 M- I S-I, then 
[or the reaction of RBr a valuc of kE sufliciently 
large 10 justify the Ireall11en! is obtained only if t S 
~ /0-4 el11. Iess than eSlímated by Andrieux and 
Sa\'éanl [128.129[. 11' f were 10-4 cm. kE would 
he 5 x 104 l\r! s 1 rol' RBr, 3 x 102 for RC/. 

Tahle 7.7. Rébli\é Y"llIés (Jf" Derived from Yicld 
Dala (Table 7.31 1 !.le 1 1,'1 ReaClions 01' Small Cluslers 
Mg" H mmol Mg in 10 mI. THF) wilh elldo-5-(2'-Halo· 
clhyl )-2-llorhor!lellc.'" in THF al Room Tempcraturc 

X IRlll <TI,," ~IJk:' 

el X5 . .j ()O.j() OIX O.()OI1ll 
Br 6.1.7 O.2~ 1.0 LO 
1 .j 1<) 0.6.1 2.lJ 2:1 
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¡y RII M~/Rflr ~ 10 • 

:l2 ()I) 
M~IRIl, ~ 4 

-;; 
;;:: Mg/Rlc 4 

4() 
Mg/RBr ~ O.X ~ 

~ :s 20 

Me/RI ~ O.S o • 
() 

11 20 411 ÓO XII IIXI 

Fig. 7.31. Obser\'ed 11321 \'s calclllalcd yiclds lRH¡ 
frolll rcaclions 01' small clustcr~ j\.'1gn wilh l'Ill/o-5-(2'­
haloc(hvl)-2-n()rhorncnc~ in THF al 1'00111 tcmpcralurc. 
as a rur{clion 01' Ihe conccnlralioll 01' the Mg :-.Iurry takcll 
rol' lhe rcactio!l. Thc point..., marf-.cu '*' are littcd. 

and I x 10" for Rl. Since Andricux and Savéanl 
consider that rather largc uneertainties affeet Ihe ([ 
priori estimalion 01' t and D, and sinee the values 
of CE are also somewhal uneertain in this case. 
lhis may be acceptable [128[. 

The second concern is the assumption that 
Mgn is deactivated when it reaets with RX. This 
assumption aligns the D model for Mgn with 
the reaction scheme treated hy Andrieux and 
Savéanl [128,129]. in which the rcducing agent E 
is eonsumed as il reaclS. Olherwise. [Mgn [ would 
build up eOlllinuously in the reaelion zone and nOI 
reaeh a sleady stale. 

The deaelivalion assumplion may not he neees­
sary. The mixing-c1i1Tusion-reaclion phenomenon 
for Grignard reaclions 01' Mg n (as El may nol be 
exaclly the same as lhat trealed by Andrieux and 
Savéant. Gradienls sil11ilar lo those 01' Figure 7.30 
eould devclop even when E is /lol eonsumed by 
lhe reaelion. As E diffuses into Ihe RX Solulion. a 
dilTusion zone develops over whieh ils coneentra­
lion dccreases in Ihe RX c1ircclion. even wilhout 
reactioll. Rcinfofcing this gradient is a rcvcrsc 
dilTusion of Ihe solvent fmm lhe RX solulion inlo 
lhe E solulion. The dilTusion /.(lne and gradienl 
will he ever changing posilion. huI if lhe reaclion 
01' RX wilh E is rasler lhan dilTusion. lhen RX \ViII 
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rcaet wilh E in Ihe zone 01' Ihe gradicnt. with le" 
penetralion of more reactive RX loward lhe regioll 

ofhigher [E[ and eonsequently a lowcr 10ca11E[ al 

lhe time R· is formed. This could mimic lhe case 
lrealed hy Andrieux and Savéanl [ 11X.129[. 

7.2.19 Chain Mechanisms 

Several ehain mechanisms ha ve heen proposed 

[131,132,134.135[. For Grignard reaclions under 

ordinary conditions. they are rulecl oul on several 
grounds. 

(1) The rate law is simple. Under hydrodynalll­

ically eontrolled eonditions. the rales 01' Grignard 

reaetions are proportional to IRXJ and lhe area 01' 

Mgz (Seetion 7.'2.2). Chain reactions often exhibit 

more eomplex kinetics. While Ihis docs nOI exclude 

all ehain mcehanisms, it does excludc SOIllC anel il 

is consistent with a non-ehain meehanism. 

(2) Reaclions in whieh significanl fraclions 01' 
Ihc intermediale radicals are trapped by DCPH 

or TMPO· oceur without any large changes in 

reaction rates (Section 7.2.8, Figure 7.3. Section 

7.2.23). Chain reactions would be markedly inhi­

biting by trapping. This evidenee is compelling. 

(3) Under ordinary conclitions. Grignard reac­

lions of alkyl bromicles ancl iodides give significanl 

yields (up to ~5OC/c) ofproducts ofe (Seelion 7.2.8). 

which would be termination steps 01' a chain mecha­

nism. For chains of appreeiable lenglhs. only minor 

fractions 01' lhe procluets are fonned in tcnninalion 

steps. This is also compclling evidenee. 

(4) The D model, a non-chain mechanism. 

accounls quantitalively for producl cJi-;¡rihulions 01' 
reaetions of typical alkyl halides (Sccliun 7.2.8). 

A chain meehan¡sm fOl' Grignard reactions in­

volving slurries 01' small magnesium cluslers has 

nOI been ruled out. but there are plausihle alter­

native interprelalions 01' lhe e\'idence (Scclion 
7.1.lg). 

7.2.20 Carbanion Intermediates 

Bickelhaupl and co-workers rerOrl evidcnce poin­
ling to an inlerlllcdiale wilh propertics ur a carhan­

ion R - in rcaclions ur aryl hnlmides [1.16.1.171. 

Although RMgX and R2Mg are Ihemselves earhan­
ionuid speeies. the inlcrrnediate must he some­
lhing clse. 

By-produels R(-H)Mg2Br2 and RH are formed 
in equal alllounts in lhe Grignard reaction of Ihe 
J'ollowing crown clhcr aryl hromidc RBr [136[. 
Analogous results. with a lower yield 01' Grignard 
rcagcnt (16'1r J, are obtained for the hOl11olog 01' 
RBr with an additional -CH2CH20- group in 
Ihe ringo The by-products appear to he formed in 
a reaetion ()f RMgBr with something present as 
reaelion pmceeds. On this basis, Ihe higher yield 01' 
RMgBr Ihan Ihat from its homolog is explained b) 
lhe lower solubilily of RMgBr-Iess is availablc 
for by-product formation in solution during the 
rcactioll. 

RIl, RMgllr 

~00é 

+ 

The lin~i1 reaelion mixlure is slablc. as is a 
mixlure 01' RMgBr and phenyllllagnesium bromielc 
(PhMgBrI. WiJen a len-folel cxeess of PhBr rcaClS 
\\ ith Mg in lhe presencc of RH. RH is reco\'Cred 
quanlil;niyely. Howcver, when a similar reaclion 
O(l'urs in Ihe presenee uf RMgBr, followeel b\ 
quenching \Vilh D20 and aqueous work-up. IHl 
RMgBr suni\cs and a dculeraled deri\'ati\'e uJ' 
R( -H)Mg,Br2 is rormed. Thcse facls suggesl lhe 
following IIlcchanism. where Ph- is an inlL'rmc­
diale in <l redcliu!l uJ' PhBr. In Ihe re<lelion uJ' RBr. 
R repl;lces Ph' 
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I'hMgBr 

11 ~( ) 

~ + PhH 

Migrations of SnMe, in Grignard reactions 
of 2-bromo(trimethylstannyll1lethyl)hcnzcnc can 
also be interpreted as reactions 01' a carbanion 
intermediate in Grignard reagel1l formation from 
an aryl bromide [11,137 j. Here the Grignard 
reagents RMgBr were dctermined as derisatiscs 
RGeMe, obtained by treating prodllcl lllixlul'CS 
with MC.1GeCI. 

159t 29'k 

" orkllP 

san Klink investigated this and analogous 
systcms furthcr in an eflort to rule out rigorously 
the possibility that radical, instead of carhanion, 
inlcnnediates are responsible [111. Toward this 
end. to generate genuine aryl radical interrnediates, 
he allowed 2-bromo(trimethylstannylmethyl)ben­
/ene lO react with Sml2 in a mixture of 
THI-" and HMPA. The deuteration data indicate 

2R% 2lJ'k 

OCsnMC1 

Er 

SIllIJSIll 
~ 

rHI", H\tP,\ 
l-HlJOJ) 

V"sllrvle1--"-~ OCsnMC1 

I 
. ~ H --Ipartially O when CD,OH is 

~ present in rcaction mixture 
s", ~ <¡""h"C!>',,~ instcad oi" (-BuOD) 

XsnMe1 ___ oc: _SI!..., 

~ Sn",1c\ 

78 rlc deuleralCcl 

Mcchanisl1ls 01 Cjri[!nard Reagent Formation 

Ihat bcnzyllrillleth)'lstannane stcms frolll thc 
2-(trimethyls(¡¡nn)'1 )phenyl radical and is consis­
tent with the anionic origin indicatcd for 
2-(trimc:thylstannyl )tolllene. although a rearrangc­
Illellt of the radical followed hy reduction oi" the 
rcarrangcd raJical (diat!ollal arrows) would givc 
the samc resulto 

In some cxperilllcllts IlO rcarrangcmcnt was 
found. Thus. th<: radical rearrangement is too 
slow to cOlllpde \Vilh solvent attaek. The yield 
01' rcarranged product varied among experiments. 
rcllecting (it is helieved) the amount of Sm advcn­
titiousl)' inclucled in the Sml, preparation. This 
variation is furthcr cs'idcnce that it is the carbanion, 
not the radical. that rearranges, since it appears 
(surprisingly. perhaps) that Sml, alone does not 
reduce aryl radicals (as it cines alkyl radicals) 
1138,1391 

Ben/yltrilllethylstannane is inert toward Sm12. 
hut it may react to cxchangc the trimethylstannyl 
group with Ph" when PhBr is included in the 
reaction mixture and a significant amount of Sm 
is present. A similar cxchange occurs when PhBr 
reaets with Mg in the presen<:e of benzyltrimethyl­
stannane. which is inert toward PhMgBr. Thus. the 
behaviors of henzyltrimethylstannane in reaelions 
of PhBr with two diflcrent reclucing agents, Mg 
and SmI2/SIll. are similar 1111. 

Recent rcsults indicate that R· is not a signifi­
cant intermediatc in a Grignard reaetion of phenyl 
hromide or 2-Ll-butenyllphenyl hromide in THF 
(Section 7.2. I II 11121 This is additional support 
1'01" the hypothcsis that the ekavages and rearrange­
mcnts descrihcd ahOlc. which occur in Grignard 
rcactions 01' arvl bromidcs in THF. are not reac­
tions of R·. 

Thus far. IHl e\ illencc has heen presented for 
carhanio!1 illllTlllcdialc, in Grignard reaclions of 
alk)'1 halides. It is nol kllll\\ n whether or not 
Grignard rcacliolls (Jf :11,\ I halidcs have the samc 
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eflects as those nf ar)'1 h:llidcs in providing carha­
nion intennediatcs for reaction with R MgBr. 

The apparent lirelimes ami sclcctivities of the 
intermediate carbanions requil'e commcnt. It ¡¡la! 

be surprising that an R Iwt intimalel)' :ISSllCi, 
atcd with Mg(lI) can lise long enol![!h to ulllkrgo 
himolccular reactions seIcL·tivcly. Its association 
with Mg(ll) in the solution Illight he expected lO be 
\'ery fast and to lead to componcnts of the Schlcnk 
equilibriulll (RMgX. R2Mg! that don't undergo 01' 

pro mote the observed rearrangements. 
[f the earbanion hypothesis is cOITecl. there mllst 

he an effective barrier tu the association of R - with 
Mg(ll). Conceivably. this eould arise from the tight 
binding of ligands. including solsenl. in the inner 
sphere 01' Mg(ll) in RMgBr. islgBr,. and R,Mg. 
The binding energies of DEE in complexes ZMgZ' 
(DEEl! (Z,Z' = el. Br. El. Phi han' been caku­
lated a, ~ 10-14 keall110l 1 1111. Those rOl" THF 
may be greater. Perhaps slleh tight hinding could 
sufficiently sloS\' the Ss I-like convcrsion of R to 
stable components of the Schlenk c4uilibriulll. 

In any event, the carhanion hypothesis is consis­
tent with the view that the reaction of R· at Mg is 
an electron transfer. similar to a reduction at an 
inert electrode. and the evidenee supporting R as 
an intermediate also supports the electron-transfcr 
mcchanislll. [n tum. this knds SOIllC support. 
however slight. to Ihe hypothesis that the inilial 
step i, a!.so an clcctron transfcr. analogous "ith a 
reduction or RX at an incrt CkL·lrodc. 

It may he Ihat R" onls somClilllcs an int<:rmc­
diate with a sufticil'nt liklimc to dctcct throu[!h 
competiti\ e prodllct fonlldlioll. "'pccially when 
high cOIlL'cntrati{Jlh of r\'11!\~ (\1\~ pr(,~c!lt. ih ¡ire­
time could he too short to deleCI ill this manller. 
Indeed. the fonnalion of 1<\1,,\ lindel' sudl l'Ollcll­
tio!l\ could hl' ~1 nHlL'l'rtcd nr ncarl~ l'onCCrll'd 

reaetion alllOn)! \lg/. R·. and .\I[!X:, 

,·1111111:11](111, 

l·\, h.!II~l" <11 

[l·.II!.III~L'IllL'llI 

jSlg el) /" \1~> (),r---¡ 
\.~J !., .r--...., 

plUdUCh R- ___ I~~ __ - ___ .,. R \1~-' () ! ~ 

III 
\..~"~ 
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lt is conccivahle that the nucleophilic interme­
diate could he something other than R -, perhaps 
RMgMgBr or RMgMgR (Section 7.3.X). The dis­
persal 01" positivc charge over two Mg atoms 
instead 01" one could cause the.se to be more 
reactive as carhanionoid spccies than RMgBr and 
RMgR. Nucleophilic reactions 01" such dimagne­
sium Grignard reagents would compete with their 
reactions as reducing agents [or RBr. 

7.2.21 Anion-Radical Intermediates in 
Reductions of Organic Halides 

An electron-transfer reduction of RX can be disso­
ciative (no intcrmediate anion-radical RX"'") or 
non-dissociative (intermediate RX"'"). Where the 
non-dissociative pathway is well documented (e.g .. 
aryl halidcs). only two reactions of the inter­

mediate RX"'" are generaIly posited. dissociation 
and electron-transfer oxidation [17,181. However, 

product evidence suggests that R-X"'" may undergo 
other reactions, inc1uding reduction. 

There is strong evidence of interrnediates RX"'" 
in electrochemical and chernical reductions 01' aryl 
and vinyl halides [17,18]. For Grignard reac­
tions of these substrates, there are indications 

I:TPE~ RX~] 

di!'>:-'Ol.:iallOn 
tx"forl' 

Grignard Reagents: Ncw Devclopments 

-':-- R- + X­

~ !{X+A~ 

that anion-radical intcrmcdiates may he reduceu 

directly (Section 7.2.11). Analogous stc¡" have not 

heen rcvealed in electrochemical studies. 

For a reduction of a typical alkyl halide. it 

rell1ains unclcar whether or not RX"'" can be an 

intermediate. SOIl1C theorctical calculations suggest 

noto but reliability is uncertain and results vary 

with assull1cd conditions and methods. Thus, in 

calculations for electron attachlllent to CH,CI in 

solution, no intermediate CH,el"'" is found for free 

ions hut one is found for ion rairs 1140.1-+11. 

Suggcstive evidence of RX~ is found in product 

distrihutions for reactions of 5-hcxenyl chloride. 

hromide, and iodide with disodium tetraphenyl­
ethylene (Na+)¿ :TPE:2- in 2-rncthyltetrahydro­

furan [142J. The initial step is electron transfer to 

give a geminate radical pair, [R· :TPE"'"1 or [RX"'" 

:TPE"'" l. In the former pair, X- has departed and 

may not influence subsequcnt product-determining 

[ 

!{-TPE:- (alkylation) 

R· 1 

:TPE" + R' -{
"".a~1" [: TPE~ 

:TPE~ + RX~ /1:TI'¡o:2-

J ~ J: (IcduetiOn) 

c~(:apc 

:TPE + R: ( redu ctio n) ~"I---_:~T_P_E :c.'. 

steps. Howevcr. a halogen cffeet on the parti­

tioning hetween rcduction and alkylation products 

is ohser\-ed (R!. 66(1< rcduction: RBr. 52 ck: RC!. 

3-+'ié). One possihic explanation invokes RX ~ as 

an intermediate. 11" it has a longer lifetime for I 

than CI. giving the pair [RI~ :TPE"'" 1 more time 

to e"'ape than the pair 1 RCI' :TPE~ l. then more 

reduction is cxpected I"or RI than Rel. as ohserved. 

lt is also possihle that RX~ could he redueed 

directly. either in a geminate reaction "'ith :TI'E~~ 
or in a nongeminate reaction with :TI'E: 2 This 

eviuence 01' RX"'" is not cOll1pelling hecause there 
is a possihility that the mere prc.sence 01" X- in the 

vicinity 01' the product-determining rcaClants c<luld 
influcnce partitioning enough to produce the sIllal1 
cllecls that are s('en 11-+21. 

Mechanisms of Grignaru Reagent Formation 

ESR speetroscopic studies demonstrate that RX ~ 
can exist, even for typical alkyl halides. LInder 

sOll1e circumstances. RX' has becn detected at 
low tempcratures in special cases (c.g .. CF,I ~ ) 
1143-1451. Low-tell1pcraturc ESR also detects 
spccies that Illay he 'complcxes' 01' typical alkyl 
radicals with halide ions. e.g .. ·CH, . ··1 [1-+-+.1-+51. 
Criteria for distinguishing these 'complcxes' f[()I1l 

anion-radicals are not clear. An anion-radical AS-' 
can he descrihed by a three-elcctron A-B a hond. 
a 2a,I and tenncd a '(T" specics [144.1451. but delo­
calized MOs Illay he more appropriate in some 
cases, at leasl. 'Col11plexes' are thought to have 
longer. wcaker bonds than a' species 11-+-+.145 [. out 
quantum-mechanical descriptions of these species 
could be similar. Indeed. lcngths and strcngths of 
their C-X bonds may lie along a continuul11 nf vari­
ation. Thcrefore \Ve considcr hoth 'coI1lplcxes' ami 

a* species to he anion-radica" RX ~. 
For elcctrodc reductions. thc magnitude of the 

observed transfer coefticicnt (syrnmctry factor) CI 

(iJbC! /abCo) may distinguish dissociative (O' < 

0.5) from non-dissoeiative (O' > 0.5) electron trans­
fers [17,18,1461. Under this criterion, a large body 
ol' data has been analyzed consistently. However. 
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no treatment such as this. based on cnergies. can 
be rigorously definitive (Figure 7.32). In particular. 
the CI criterion. could nol distinguish a reaction 
giving a weakly-honded anion-radical ·R··· X 
('complex') from une giving dissociated R· and X 

Rcductions of optically actiw I-halo-I-mcthyl-
2.2-diphenylcyclopropanes ¡¡rc especiall)' inter­
esting (Tables 7.8- 7.10). Undcr various condi­
tions, lhe extcnt 01' retelllion 01' conliguration in 
reduction products ranges from () to 63'/( . 

A cOlllprehensive interpretation of these data is 
hampered by uncontrolled variahles. missing data. 
and smal! magnitudes of some 01" the elTech. Tilus. 
known temperaturcs range from - 7P. e (- 30' e 

Fig. 7.32. No anal)!sis oascd on encrgics can úiqinguish 
helwccn rcactions with and Wilhoul inlcrrnediales (Ieft 
and righl. respeclively). 

Table 7.8. Retcnlion ofeonfiguration in Rcduclions of I-Halo-I-mcthyl-2.2-diphcnylcycloproancs '1120 e 
196.1471 

Pil nI, Pil eH, 

'A ~ SH :!Il ( 'A 
Pil X Ph H 

Rctcntion/lJi. 

X SH Li Na 

el THF 0.2 dl.1 110O] OX dl.1 11001 
Br THF J2 1') 12'1] 49 .j2 11001 
1 THF ::'7 .j3 11001 .jX .j2 11001 
Br THF 'o .'- .j'l 
Br m1l: 17 31 
Br H~IPA .\ 

el THF 
Br THF 
I THF 

~ 22 e (El),\; Br 
Reduction al ¡¡ g!d.,,~y carholl ekclrodc. 47 

Br CH,C¡S; 
Brackl'lCd 1l11lllhl'r" are dilulion raClqr~ (hum O.Y \1) 

M ~ Lí. Na. K 

hOlllng~nLLlu~ 

sO]utiOlh 

3 
5.l 
.JI 

.\ 
53 
-+1 

K 

<\1.1 11001 
-12 12-;1 
.j2 II(HII 
'i.l 
43 

die) cloh('\~ 1-1:-\­
cro\\ 11-6 iJliLkd 

o 
7 

IX 
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Table 7.9. Halogcll Etfl'ch 011 Retl'lltioll 01' Contiguration in Rcouctions 01' 
I-Halo-1-Illl'thyl-2.2-diphcllykyclopropancs" 

Red Soh'cllt tiC 

lOo' 
~, DEE 2-t--2ú 

(' (1' _a NH, -,111 
('hroIl/C" ) 

Mg(r' THF (1:) 

LíO' THF -3 
KNaph l THF 20 
NaNaph l THF 211 
LiNarh' THF 20 
KNarhl THFI 20 

cro\!" 11' 

Ca(Narh)" THF -20 
-7X 

F 

o 
O 

CI 

63 
2(} 

26 
lO 

-' 
0,8 
02 
O 

O 
() 

Br 

45 
11 

17 

53 
-IY 
32 
7 

-11 
-IX 
57 
IX 

"Tahulatcd \,¡Iuc .... are opti __ 'a! puriliL' . .., j(;) IJl rcduction producL 
h\\'!aloof ... ky and Aronojf II-lS.I-.t9] 
, Walbor~ky and Harndouchi ¡ 1 )()¡ 

¡J\\!alhor~"'y and Aronoft j2()1 
¡"Walhor",J...v anJ Po\\cr:-, 111)1 
I Boche e/'o/, 196,1101, 
gDicyclohcxy! ! K-CfO\\ n-(1 

Table 7.10. Retcntion 01' Configura­
tion in Reductions of I-Bro,,;o-I­
mcthyl-2.2-diphenylcyc1opropanc hy 
Metals in Alcohols 

Metal Solvent 

Mg(}" CH,OD 
Lio" i-PrOH 
Lio" t-BuOH 
Nao!> CH,OD 
Nad' i-PrOH 
Nad ' t-BuOH 
K()/I" i-PrOH 
Ku'> r-BuOH 

IIWalb(lr",k~ and Rachon I ](NI 
IIWalhor...,J...~ /'1 lit. ! 151 l. 

ret)(h 

23 
39 
47 
47 
-17 

-16 

-1-1 

-1-1 

R.C<lCtlO[l 1l'lllpcrtltU["L' .... <In: l1()t rL'porll"d 111 

L'llhcr (Ir thL'''C \~ orJ...". 

for rcaetions gi\'in,-, retention) to +65T, hal,,!.'en­
cffcct data are not -availahle fm Mg(l/DEE anc! are 

incomplctc 1'01' Li(lTIIF. and for Li"/DEE the 'P'1Il 
01' the ratio retcntionlraccmi/,ation i, on" a factor 
01' 4 over CI-Br·!. Thcrcforc we ¡'OCl" 'prim'lrily 
on the largc,t cllech. I]lOst consistent t,'cn,k and 
lllo,t rcliahle principies, 

Homogeneous-solution alkali naphthalcncs 

(MNaph) reductions 01' l·halo-l·methyl-2.2-diphc­

nylcyclopropanes in aprotic solvents occur with 

retention of con!iguration up to 577c (Tahle 7,6) 

[96.110,152], I·Bromo· and I-chloro-I-mcthyl-

2.2-hiphenylenecyclopropanes he ha ve similarly 

[96,110]. 

In principie. there is a possihility that the 

product carhanion R- (01' carhanionoid spccics) 

could raccmize to extents that vary with condi~ 

tions (solvent, mctal. proton source, tcmpcraturc), 

However, for Iithium, magnesiul11. and calcium 

compounds. analogous reactions occur with com­

plete retcntion undcr the conditions that have been 

im'cstigated r 10.96.1501, Foll(l\\ing Bochc and 

Walborsky. wc assumc that racemization doe, not 

occur once R- or RM (M = Mg, Ca, Li. Na. K I 
i, fonncd, 

In these reactions. reductivc trapping is too slo", 

to compcte with in\'ersion 01' R· 1110.1521, This 

rules out a simple tllcchanism through R·, 

Without offcring supporting citations. Hallldou­

chi and Walhorsky allege tilat CaN claims other­

"ise 110.211, Tbis allegatiolt is falsc, 

Mcchani,rns 01' Grignard Reagcnt Forrnation 

I'h CII, 

H 
PI1 X 

X =CI. Br.1 

\1· :-.I,'pl1-'­

<";11.20 (" 

Ph C1h 

~ 
Ph 

M = Li. Na. K 
SH = THF, DME. HMPA 

,~~,q'h' 

::':I()')"I~ 

The data providc otilcr cvidenee against COl11pC­

ting radical racemization and reductiyc trapping, 

11' trapping hy MNaph were compcting "ith thc 

racclllization of any specics. ineluoing R·. thcn 
the optical purit)' 01' lhe product would dccrcasc 

with oecrcasing IMNaph], For (Br.I)/(Na.KlrrHF, 

tbis prediction fails-optical purities are inde­

pendent 01' [MNapill [96.1101, Also. retention in 
Ki'\aph/(CI.Br.l )rrHF rcactions are independcnt 01' 
tile orda 01' addition 01' reactant solutions 196,1101, 

Further. if rctenlion were a conscqucncc 

01' rcductivc trapping nf partially raeemized 
radicals R·. then sirnilar reductions nf nther 

suhstituteo cyclopropyl halides. containing fewer 

aromatic rings. would also he expected to be 

stereospecific. but they are not 196.110.152J, 

In cases of fcwer aromatic rings. including 
cis- and lrall,\·I-bromo- and I-ehloro-I-methyl-

2-phenylcyclopropanes. product oistrihutions are 
indcpendcnt of halogen ano eountcreation as 

\\'e11 as rcaetant stercochemistry [96.110.1521, 

In MNaph rcductions 01' suhstituted cyclopropyl 

halidcs, stereospcci!icity is sometimcs accompa­

nied by halogcn and counterion e!Teets. while non­

,ten:ospeciticity is noL 
The faets militate against another possihle cxpla­

natinn of retcntioll, gcminatc reactions nf MNaph 

"ggregatc,. which could be significant at the high 

I'b 

~('II, 
Ph (±I 

1'11 CH, 

~. 
PI1 l'vl' 

Ph CH, 

~ 
H X 
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Ph eH, 
~' 

1'11 (±) H 

Ph el!; 

~ 
Pb H 

H eH, 

~ X=Br.CI 

Ph X 

enncentratiolls u,ed W,9 M), Con,ider dimers 
(1\INaph» 1'01' exalllplc, A one-elcetron elcetron 

transfer fmm "ne Naph'- 01' a dimer \\ould Ica\c 
a geminatc pair IR· MNaphl, Sinc'e otiler gemi­
nate reaetions 01' initially chiral radical pairs occur 

\Vilh partial retcntion 01' configuration [103-1 OS l. 
so could lhe cnllapse 01' [R· MNaphl, 

Under this cxplanation. retcntion in reactions 
",ith alkali naphthalencs would hc cxpeeted for all 

cyclopropyl halides. hut it is found only for those 

"ith geminate aryl groups, Evidently relention is 

a consequence 01' conjugation, 
By cxcluding reductive trapping nI' R· as the 

sourcc 01' retcntion in reactions 01' RX ",ith MNaph. 

these rcsults show that RX'" is an intermediate and 
that it suffcrs fate, other than fragmentation and 

oxidation, There secms to he no other reasonahle 

alternativc, 
Scheme 7,1 comhines elclllcnts from Walhor­

sky·, mechanislll 01' Grignard rcagent formation 

tpatll\\ay, 1-2. I-S-7. and 6-7) 1101 and Boche', 
llleL'ilanislll (olllltting ,ome po"ihlc intertnedi­

ate,) for reacti"ns nI' this ,uhstrate ",ith M'\aph 

1!l1 
\1" --- RH (partial retcntiol1l 
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Ph X 

~ 
1,'1 

Ph CH, 

~--~----'h 
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M ( r~Cl"tllj/l''''') 
l'UllIplctly 

Ph CHl 

\ 
'[ Ph t~L\) ~1' 
M 

Ph eH, 

\ 
"\ 

,,,, '[ Ph ,\IX 

~1- ~M 
Ph eH; 

Ph H 

~ 
Ph CH, 

(
rartlY ) 
r;'¡CClllic 

( raCl'ml'-e~. ) 
;¡( !c¡¡",! panl)' 

SCHEME 7.1. [e-J = Naph", metal'. electrode. s"l\alcu electron. (lr RX·. 

(pathways 1-2-5 and 1-3-4-5) [96,110.152). It is 
generalized with respect to reducing agent ano 
augmented by noting that electron spin factors 
eould be involved in steps 3 and 4. We atternpt 
to understand the data in terrns of this mechanism. 

A key point in Boche's analysis is that the 

odd electron in RX~ can oceupy an orbital that 
belongs largely to diphenyIcyclopropane. nOl to 
c-x, whose antibonding orbital a'(C-X) may 
be the target of electron transfer in the absence of 
geminate aryl groups [96,110.1521. Walborsky ano 
Powers explain reductions 01' I-tluoro-I-methyl-
2.2-diphenylcyclopropane, which are unusual in 
giving large amounts of products 01 ring opening. 
similarly [115). The ring-opened prouucls are 

believed to proceeo from RX7. Paralld reac­
tions 01' related hydrocarbons have been ucscrihed 
196.105,153.1541. 

The product of step 3 of Scheme 7.1 musl he 
regarded as an excited state *R - of R" .. R can. 
in principie. be an electronic singlel 01' lriple!. 
In either case. it is a kind uf diradicaL h;"ing 
a substanlially localized e1cctron al C-I \\'ill1 ,t 
partner (of eilher spin) in the anlllwli,' ri,,!,s, 

It is striking how often the extent 01 reten­
tion of cuntiguration (Tables 7.6-7.8) is ~50%. 
that is, in the rangc 35-65'k. The variation from 
35% or 65% to 50'7c: retention is a factor of lA 
or less in the relative rate constants for reten­
tion and raccmization. corresponding to a variation 
in L\L\G+ of less than 0.21 kcal mol- I at room 
tcmperature, a vcry small quantity. Retention is 
~50ck for a widc variety of reactions and condi­
tions. including reductions by alkali naphthalenes 
in THF and DME. at a glassy carbon electrode in 
CH)CN. by Lio in DEE. and by Lio, NaO, and KO in 
alcohols. lt is as if ~50(;¡ retention were a limiting 
value go\'erned by factors that are not very sensi­
live to varialions in reducing agent, solvent. metal, 
homogeneity/heterogcncity, or even temperaturc. 

Mml of the compeling pathways for racemiza­
tion and rclcntion in Scheme 7.1 would nOl be 
expected to produce sueh a limil. The pathway that 
could best accounl for il may be the singlel version 
01' 1-3-4, Here partial raccmizalion would occur in 
step 4, where X- has oeen lost from the reaetan!. 
The rales 01' racemization and passage from the 
initial excilcd state 'R lo the ground state could 

Mechanisms (lf Grignard Reagent Formation 

he (nearly ¡ insensitivc 10 speclalOl' ions M+ and 
X-. solvent. temperature. elc. 

For slep 3. the singlel version would apply 
if there were an inlcrmcdiale RX> (step 3a) in 
which a delocalized aryl-group orbital containcd 
ooth added cleclrons. RX 2- wnulo be a singlet 
and would dissociate to lhe singlet excilcd state 
"W (step 3b). 

Other options for the ~50o/r-retention limit 
pathway have drawbacks. (a) For a triplet or mixed 
singlct-triplcl version of pathway 1-3-4, it is not 
be clear why spin factors and intersystem crossing 
would operate in the same way for reduetions by 
metals or e lectrodes as homogeneous reductions 

by Naph·. yet the presumed limit is found for 
these types 01' reactions. (b) Diffusion control of 
competing sleps 2 and :\ could describe reductions 
by MNaph and sol\'aled eJeclrons but, again, it is 
not clcar how this would apply to reductions by 
metals and clcclrodes. Ir this competition were nol 
diffusion eontrolled. then a significant step 2 would 
introduce halogen effecls on the limi!. 

Steps 6 and 8 are not part 01' the proposed Iimit 
pathway. For MNaph reductions that approach the 
Iimit, there is additional evidence that they are not 
significan!. 

For MNaph!THF reductions with U(Li+, Na+, 
K+) and Br/(Na+. K+), halogen, metal-ion, and 

concentration etlecls are small 10 non-existen!. 
Ir the competition of step 3 with step 8 were 
significant. there would be a concentration effec!. 
Therefore slep g does not contribute 10 racerniza­
tion, leaving J and 6 as possible racemizatiun­
dClermining sleps in the limil. 

If stcp I wc:re practically reversible, then step 
6 would also he climinatcd by lhe absence of a 
conccnlralion elTcc!. In addition, if step 6 (rever­
sible or not) "'cre a significanl factor in deter­
mining the cxtcnl of relenlioll. halogen effects 
would be expecled. oUl in fact these are non­
existenl to \ery slllall in the cases near the proposed 
retention Iimit. 

Thus. ",e are len with lhe singlet pathway 1-3-
..¡ (or 1-3a-,1b-4) for the limil of ~50% relenlÍon. 
This applics to Naph '-/I/Li' HHf, Naph~/(Br.l)/ 
(Na'. K~¡HHF. e (glassy Cj/Br/Et~N+/CH)CN. 
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LiO/(CI, Br, I)/DEE, and (U'. Na)). K))¡/Br/ROH(i)) 
(Tablcs 7.6-7.8). 

For the remaining Naph'- reactions. Cl/(Li'. 
Na+ .K+)HHF and Br/Li+HHF, not only is lhere 
less than 35'k retention but also lhe data exhibil 
conecntration. halogen. and metal-ion ellecls. 
implying the incursion of al lea sI one racemization 
palhway that is excluded in cases 01' the' ~50(1r­
retention limi!. Concentration effeets suggest slep 

g. Retention is favored for higher [Naph~ j. 
as cxpecled rOl' a competition between step 
:\ (rctention. first-order in Naph"') and step ~ 

(racerniz,ttion. zeroth-order in Naph'- J. 
The only other possibilily in Scheme 7.1 for 

a concenlration effect on the extent of retention 
is in lhe competition between steps 6 and 1-3. 
provided lhat the reverse of step I is significan!. 11 
the concenlration 01' naphthalene is low, it ma)' bl' 
unlikely that the reverse of step I ('ould compelL' 

with other reactions of RX'-. exccpt as a kineti­
cally insignificant geminale rcaclion [77 j. If step 
I were otherwise practically irreversible. lhen the 
competition between steps 6 and 1-3 would not 
be concentration-depcndent. 

It is peripherally relevant that in reductiollS ur 
hcxyl tluoride by NaNaph there is clear evidence 
againsl a practieally reversible electron transfer 
to hexyl fluoride [155]. Thus, the reactions are 
cleanly tirst order in NaNaph and a large excess of 
naphthalene has no effeet on the rateo The possible 
influence 01' excess naphthalene on reactions of 1-
halo-I-mcthyl-2.2-diphenylcyclopropanes has not 
been reported 196,llOj. 

Since step 6 is excluded for so me of the reae­
tions of l-halo-I-methyl-2.2-diphenylcyclopro­
panes with MNaph and is n(1t necessary to aCCOllnl 
for data Cor olhers. we ol1lÍl it. Reactions of MNaph 
can he describcd oy compcling path",ays 1-3--+ 
(single!. ~50(k relention) and 1-8-7 (o'7c: reten­
tion). 

Sol\'cnl and metal ion effects in these reac­
tions call be analyzed in tcrms of established 
general pl'inciples 1156-1641. For organoalkali 
compounds in ethers (and other aprolic solvenh I 
1 I 161. (1 ¡ ' ... solvent effects are expectcd 10 bl' 
more preLlictablc than cation effecls and (2) 'morc' 
poLn soh'ents ,,·ill. Javor. rclatively. the a"iun o! 



244 

smaller cation aninity" (principie 01' in\"l'rsion 01' 
soh'ent etTects). where the cation aninitV' increases 
as the c1Tcctivc si/e 01' the anion deLTcascs or 
its negati,e charge increases, The anions being 
compared are eqllilibrated and can he spceies or 
transition \lates (cquilibratcd with rcactants and 
other entitics. including transition S{¡¡!c's. cquili­
hratcd with those reactants), Effccts 01' llletal ion 
solvation dominate in les, polar. aprotic solvents. 
wherc ionil' aggregation is importanl. In more 
polar. protic solvents. where metal cations are 
mere speetators. elTects 01' anion solvation domi­
nate, Thc direetions 01' soh'ent effeets are oppo­
site (inV'erted) for organoalkali reactions in these 
classes of sol\'ents 1I 161. 

More polar sohents (HMPA > DME > THF; 
dicyelohcxyl-I S-crown-6 > THF) lió fa\'O!" racem­

ization (Tahk 7,ó). Therefore the anionic transition 
,tate for retention has a largcr cation Clftinity than 
that for raecmization. This lits the previolls consid­
erations. The transition state for step 8 (racem­
ization) bears a charge -1 while that for step 3 
(~50'k· retention) bears a eharge -2, gi\'ing the 
latter the larger eation affinity. 

For MNaphrrHF, there are irregularities in the 
metal-ion trends. with retention favored in the 
order K+ > Na T > Li+ for RCI but Li+ > Na+ > 

K+ for RI at high [NaNaph]. Sueh inversions are 
eommon in organoalkali ehemistry 1116). They 
reflect the eompetition between gas-phase eoulom­
bic interactions and metal-ion solvation, lhe effects 
of which ha\"\~ opposite trends (eolllombies favors 
the anion of highcr cation affinity: metal-ion sol va­
tion. lower). If the transition state for retention has 
a higher cation aflinity than that for racemization. 
as solvent etlech indicate. then the data illlply that 
metal-ion so!v'ation dominales gas-phase coulom­
hics ror el/( Li .. 0:a ~ . K I )rrHF but nOl for IIi Li+. 
Na'. K ~ )rrHF. This c(luld be a consequence 01' the 

relative importance uf pathwa) I-R-7 for Rel amI 
RI. eoulomhics might uominate when the anionic 
transition state 01' higher cation aftinity is impor­
lant (R 1) and metal-ion solvation otherwisc (RCI). 
Even so. the ohserved elTects may be too small to 
Icnd eonlidence to such a uetailed interpretatioll. 

lhe largest hellogen elfcets in MNaph reactions 
are l1\'tVl el'n el ami Sr. ",ith retention fav()red in 

Grignard Reagents: New Dcvelo[l!llents 

the order Br» el (Tahle 7.6) for all metal ions. 
For Li+ (but not Na' or K" L the oruer is I > Sr» 
el. This implics, in tenns uf our analysis, that step 
3 is favored (relativc to stcp 8) in this ordel~. There 
is evidence of the same mder of halol!en ellecl 
in reactions 01' Li" with 1-lluoro- ami I ~chl(m,-I ~ 
lllethyl-2,2-diphenylcyclopropancs in THF: F gives 
only YIr retention while el gi,cs 10'1r (Table 7.71 
This could also rcllect the competition hetween 
steps :1 and 8. 

In Grignard reagent fonnation frum I-halo­
l-melhyl-2,2-diphcnylcyclopropanes. n:tention i, 

favored in the opposite order, el > Br » I 110.20 l. 
This can be accommodated hy invoking pathway 
6-7 as well as 1-3-4 and 1-8-7. with the halogen 
effect favoring I (relative to 6) in the order el > 
Br > 1. This is not inconsistcnt with step :1 being 
favored (relative to 8) in the order I > Sr> el. 

From Mg"rrHF/ó5C to U J/DEE/124-26 ej. 
the order of the halogen cllect on retention relllains 
the same, but the sensitivity to halogen decreascs. 
as if the order were heing tipped from el > Sr> I 
toward I > Br > el. This e!leet is also indicated 
by the data for LiorrHF/( -3 e). where the order 
is F > el. Unfortunately, data for Mg"/(el.l)fDEE 
and Lio/(Br,l)rrHF are not available. 

Nonctheless, in going from MgOrrHFf65'e to 
U JfDEE/(24-26"e) to UJrrHFf( -3 c eJ, the dircc­
tions of grcater redueing power of Mil. higher 
polarity, and smaller number 01' availahle elcc­
trons per metal atolll. as well as lo\\"er ternpcraturc. 
the data sllggest a trenu in the ordcr of retcntion 
from F> CI > Br > I to I > Br > el > F. Sincc 
all 01' these faetors may conelate "ith increasint! 
rcducing power. it eould he a controlling I"ctm 
We leave 'redueing powcr' \'''glle in tlle scnsc Ih"t 
it coulcl refer to either therm()(jyn"mie or kinetic 
faetors. By definition. incrcascd rcdllcing pm,cr 
favors steps I and 3 over their eompclitors. 

Variations in the temperatures (JI' thcse experi­
lllcnts eould invalidate anv conclll,ions hased on 
cOlllparisons. HowewL it should be notcd that 
ea"(hronze)fNH)f-30C t!ivcs retcntion in lhe 
order el > Br. indicating that temperaturc alone 
is not detennining. since Ihe reverse ordl'r wOlllJ 
he"'e heen expected. from the uat" for metal reac­
tions in ethers. if it VIere. 

Mechanisms of Grignard Rcagent Formation 

Thlls. data for reductions 01' I-halo-I-methyl-
2.2-diphenylcyclopropanes appear to confonn 
rationally to a meehanislll with compcting initi,,1 
stcps I and 6 and competing ,teps 3 and S 
suhscquent lo I (Scheme 7.1). More redllcing 
power favor, I rclative to 6 amI :1 relative to ~. 

When the halogen effeet is determined hy the ,\­
~ competition, retention varies in the order I > 

Br > el > F, ancl whcn it is determincd by the 1-6 
competition, it varies oppositely. 

The case 01' LiofDEEf(24-26'e) is espeeially 

interesting because retcntion is harely sensitive to 
the naturc 01' the halogcn. This suggests that the 
reactions are at the ~5ork-rctention IimiL with 
pathway 1-3-4 dominating. The small variations 
with halogen that are observed, however. are in 
the opposite direction from that assigned hcre 
to the 3-8 eompetition. In one possible explana­
tion, the el reaction is at the 1-:1-4 limit (6:1</, 
retention observed) while lhe Br amI I reactions 
involve successively more. but always minor, reac­

tion through 6-7. 
Alternatively, pathway 6-7 could always be 

insigniflcant If so, the order 01' the halogen effeet 
on the 3-8 competition would have to he sensitive 

to eonditions. 
It is plausible that it eould be. In a reaetion in 

which e-x is cleaved, the nalUre 01' the halogen 
prohably plays an important role in determining 
the cation affinity of the transition state. which 
in IUrn intluences hoth gas-phase COlllOlllbic and 
metal-ion solvation energies 1116). It is likely that 
there can be a strong assoeiation bctwecn the 
dcveloping ion X- and the metal ion M~ or M'+' 

Thus. there could be a complex set 01' interactions 
among the transition state (both developing X­
and residual parts). metal ion. and solvent that 
eould Icad to one order of halogen cffect un the ~­
~ competition under so me conditions ami another 
under others. This may be the simplest theorl' that 
can accommodate all 01' the data. 

Is it rational that reactions (' - (glassv e )fBr/Et~ 
N+fCH,eN and (Lio, NaO. K")fBrfROH·(D) be at or 

near the 1-3-4 limi!"' Does this not \iolate the rule 
that more polar solvents shift the reaction away 
Imm the 1-~,-4 limi!') Po"ihl) no!. The principie 
of in\'ersion of solvent effech. Vlhi,'h rali(lnali/es 
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that rule. applics lO organollletallic compounds 
In aprotic solvcnts of low polarity, where 
ionic aggregatinIl and strong spccitic solvation 
01' metal iOl1s arc hoth importanL Neithcr lhe 
tetracthylallll1llJniull1/acetonitrile nm the M/ROH 
eOll1binatiol1 falls into Ihis category. In these cases. 
the direct solvalion 01' the anion mal' dominate. 
Alcohols. in particular, solvale al1ions through 
hydrogen honding. Then the 'normal,' rather than 
the 'inverted: direction 01' solvent effeets would 
apply: more polar solvcnts would favor the anion 
of higher, rather than lower, cation affinity. As 
we h~ve seen ahoye, l' O!" the 3-8 eompetition the 
transition state of higher cation affinity is that 01' 
step 3. eH)eN and ROH may he polar enough to 
drive the competilion almost entirely to step 3. 

Is it rational lhat raeemie produets result 
from the reaction of Ca(Naphlc with 1-
brol11o-l-mcthyl-2.2-diphenyicyclopropane in THF 
at -78 e 1I 'iOr' Perhaps. The change fmm 
partial rctention (in reaetions 01' alkali-metal 
naphthalenes) to racernization could be due to 
temperature (- 78' e instead 01' 20'e) or the change 
in metal ion. Ca2~. might deerease the reducing 

power 01' the associated Naph ~, allowing step 6 or 

8 to dominate ISeheme 7.1). 
The rcaction of Mg" in CH,OD appears to he 

elose to. hut not at, the 1-3-4 limiL This could be 
a consequencc 01' a lower reducing power 01' Mg" 
(eol11pared to Li amI other alkali metals), allowing 
some reaetion through step 8 (or 6); to a greatcr 
tendcnc\" toward ionic aggrcgation for the diva­
lent cati·on Mg" (Ihan M"), whieh rnight incrcase 

the inllucnee 01' metal-ion solvation on stcreochem­
istr)": or to a speeilic interaction between Mg'~ ami 
the dcparting Br . making it a better leaving group 
in step ~ (or 11). Thc !ir,1 ancl third of these factors 
might abo opcrate in ordinary Grignard rcactions 
()f I-halo-I-mcth) 1-2,2-diphenylcyclopropancs in 
THF and DEL \\"hich are elose to the ~5()',·;­

retention limit for RCI and RBr and 110t as closc 

1m RI. 
The a critcrion does l10t detect an RBr; inter­

mediatc in the reduction 01' I-brolllo-I-Illcthvl-
2.2-diphcnylcyclopropanc in aeetunilrilc 10.1-\1 
letrabutylanlllJolliul1l tctralluorohorate) at a glas,,­
carbon elcctrodc (a = (U) 1221. Walhurskv and 
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Hamdouchi accepl the implication 01' lhe a crile­
rion and propose thal 'a vcry fast second elec­
tron transfer Icading to thc configurationally stable 
carbanion occurs at (he surface.' accounting for lhe 
observed 47% retention found in a similar reduc­
tion 11471. In this interpretation, thc inlcrmcdiatc 
R· is reduced so rapidly that 47'k rctcntion rcsults. 
At the same time, thesc workers adhere to thc 
previous proposal thal retention 01' configuration in 
the Grignard reaction 01' the sarne substrate results 
from a pathway through a tight radical anion­

radical cation pair rRBr~ 'Mg+ J. They conclude 
that that the tight radical anion-radical eation pair 
must be a transition state, not an inlermediatc. 

because the a criterion rules out RBr~ as an inter­
mediate. 

Even though they propose different mcchanisms 
for electrode and MgO reductions, Ihey transfer a 

conclusion (no RBr~ intermediateJ from one case 
(electrode) to the other (MgO), a logical step thal 
cannot be justified if the mechanisms are different. 
If the mechanism of the electrode reduction were 
similar to what they propose for the Grignard reac­
tion, then 47% of the electrode reduction would 
be through a reaction that leads neither to R· nor 

RBr~, the cases treated by Savéant 117,18], but 
instead to R - and X-, a case that has not been 
considered. It is not c1ear what value 01' a should 
be expected for the Iatter case, 

lt seems likely that similar phenomena (partial 
retention) in similar reactions (electrochemical 
and MNaph reductions of 1 -bromo-l-methyl-2,2-
diphenylcyclopropane) have similar explanations. 

If so, then RBr~ is an intermediate in both, as 
discussed earlier, and the a criterion fails. 

In their electrochemical studies, Wehb el (/1. 
noted 'that the stereochemistry can be influenced 
by almost every pararneter involved in the reaction. 
i.e., solvent, electrolyte, electrode, leaving group 
(Br, L HgX), extent of reaction, and Suhslituents 
at the reaction site' r 147]. Thus, reductions 
of l-bromo-l-methyl-2,2-diphenylcyclopropane in 
DMEltetra-l1-butylammonium perchlorate give 
high yields 01' racernic RH, while similar reaetion, 
in acctonitrile and N, N-dimethylformamide givc 
~25ck retention. The presence or absencc of iodidc 
ion also affeets the optical purity of RII. 

Grignard Reagents: New Developmenls 

The direetion of solvent effects here is expected 
lo be 'normal,' rather than 'inverted.' since these 
systems do not contain metal ions. Following the 
conclusion reached carlier, that the retention tran­
sition state has a higher cation aftinity than that 
for racemization. it is predicted that more polar 
solvents will give more rctention. This predic­
tion is realized in the data of Webb el al. ciled 

above 11471. 
Several conclusions can be drawn. 
(a) There is no compelling evidence against 

RX~ as an intennediate in reductions of any 

organic halide. The tendency to form RX~ incrca­
ses from typical alkyl halidcs to vinyl and aryl 
halides and others containing unsaturated grollps. 
It is well documented for vinyl and aryl halides. 

11' RX~ is an intermediate for a typical alkyl 
halide, it probably has such a short lifetime (as 
Iill1ited by dissociation) that its only signitic,ml 
processes are dissociation and escape (from a 
gell1inate radical pair). 

(b) Strong chemical evidence implicates RX~ 

as an intermediate in sorne redllctions of l-halo-I­
methyl-2,2-diphenylcyclopropanes, It may always 
be an intermediate, There are indications that the 

reducing electron can enter an orbital that is delo­
calized primarily over the aroma tic parts of the 
moIecule. 

(e) For reductions of l-halo-l-methyl-2,2-di­
phenylcyclopropanes, it is also clear that dissocia­

tion and oxidation are not the only fates of RX~. 

For aryl halides, no other reactions of RX~ have 
been detected, even though electrode reductions 
have been probed intensely, 

(d) Because it is found in homogcneous reduc­
tions of l-halo-l-methyl-2.2-diphenylcyclopro­
panes, retention 01' configuration (per se) cannot 
be regarded as evidence 01' surface adsorption 01' 
an intermediate radical 17,10]. 

(e) The mechanisms 01' reductions 01' I-halo-

1-ll1ethyl-2,2-diphenylcyclopropanes are complex 
and are not understood with contidence. It is 
dangerous to use Grignard reactions 01' these hal­
ides as models for others or to generalize conclu­
sions drawn from their reaclions, Until their redue­
tions are hc!ter undcrstood. thcsc halides will 

Meehanisllls uf Grignard Reagent Formation 

I'h X Ph X 

A .M~/ __ ~A 

Ph eH, Ph CH, 

SCHEI\1E 7,2 

rcmain unsuitable as probes 01' the mechanism of 
Grignard reaclions 01' other types of halides, 

(f) Even so, the known data on extents 01' 
retcnlion of contiguration in reductions 01' 1-
halo-l-mcthyl-2,2-diphenylcyclopropancs can be 
rationalizcd by a minimal mechanism consisting 01' 
pathways 1-3-4 and 1-8-7 of Scheme 7.1. Pathway 
1-6-7 may also be significant. 

(g) On this basis, a minimal mechanism 01' Gri­
gnard reactions 01' l-halo-l-methyl-2,2-diphenyl­
cyclopropanes can be postulated (Scheme 7.2). 

Here step 6 (dashed alTow) may not be neces­
sary. This resembles the mechanism of Walborsky, 
differing from it mainly in introducing an inlerme­
diate *R- (product 01' step 3) that partially race­
miles and allowing R· to diffuse in solution instead 
01' remaining ¡¡dsorbed at Mgz. 

7.2.22 Retention of Configuration, 
Adsorption of R·, and the D 
ModeI 

Rclcnlion 01' configuration could result from: 

la) el palhway X without an intermediate R· (e.g., 
Xa or Xh, Section 7.1.3); 

lb) a sufficiently short lifetime of R·, as in a 
geminale reaction al an active site (pathway 
Xc. Scctions 7,1.3 and 7.3.11); 

le) a rclention rcaclion 01' RX with a product (rulcd 
oul in SOl11e cases by control cxperiments; 
Sertion 7.2.9): 

247 

\1~1 

Ph 

H 
Ph eH, 

(d) a retention reaclion of RX with an inlcrmediate. 
such as ZMgMgZ (Z = R or X) Ipathway Xd. 
Sections 7.1.3 and 7.3.8); 

(e) a \'iscous 01' 'frozen' environlllcllI adjaccnt to 
Mgz. which eould slow the rotational relax­
ation 01' R· (Seclion 7.3.10); or 

(f) adsorption 01' R· slowing its rotalional relax­

ation. 

None of these has been ruled out rigorously in 
evcry case. However, a pathway Xa or Xb ma) 
best satisfy Occam' s Razor. 

Alternative (f) is arnong the least Iikely. This 
conclusion merits detailed consideration. 

In Ihe A model, R· remains adsorbed until 
it suffers r. In a D rnodel, lrallsielll adsorption 
is possiblc, although it has not been included 
thus far in calculations. Provided that the onl) 
processes 01' transiently adsorbed R· are r and 
desorptioll. product distributions will be indepen­
denl oC whelller or not there is adsorption. 

Ideal D-model calculations fail to account simul­
tancously 1'01' thc extenls of retention and by­
flroducl forlllation ISection 7.2.9). The equi\alence 
uf equations (7.251 and (7.53) sho\\s thal thi, 
clefcet in f)-Illodel calculations can be repaired 
hy assigning the initial encounter 01' R· ancl Mg/ 
a higher reaction probability than later ones. a, 
in the frecklcs rnodel with gerninate reactioll 
(ScclÍon 7.3. I I J. 

Even so, there are strong argulllenls agailbl 
a role' for surface adsorption of R· i!! retell· 
tion "f c'ontiguralion. (1) Retcntion appear, l. 
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correlate with conjugation in the substrate. Adsorp­
tion providcs no cxplanation. (2) In the Grignard 
reaction of l-iodo-I-lllethyl-2.2-diphenylcyclopro­
pane in THfO (Scction 7.2.9) there is almost com­
pkte racclllization (2';; retention). An analoguus 
rcaction of l-tluoro-l-methyl-2.2-diphenylcyclo­
propanc with Li also gives almost complete race­
Illization (:le;¡ retention. Tahlc 7.7). Evcn though 
the opportunity is presllmcd to exist for the adsorp­
tion of R· to inhibit racemization in these cases. 
it doesn·t. Why shollld it in others? (3) Retention 
is observed in homogeneous reductions. where 

there is no solid surface for R· adsmption 
(Section 7.2.21). 

7.2.23 Arguments Against the D 
Model 

A number of arguments have been raised against 
the D modcl 17.10]. None is both valid and 
compelling. 

(1) The ratio cJs in Grignard reactions does not 
match expectations based on studies in which the 
same radical s are 'in solution: Therefore Grignard 
radicals do not enter the solution. 

For typical alkyl bromides and iodides, e domi­
nates over s. Kharasch and Reinmuth assumed that 
intermediate alkyl radicals R· in solution would 
not live long enough to undergo much e because 
they would be consumed by s [1]. Acemdingly. 
they suggested that they remain adsorbed at Mgz . 
where they are sufticicntly mobile for e. 

RR 
I % 

\ourcc ------- R· i.. Sil % RS 

~ RH+S. 2"( 
,y 
" 'ss 
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This argument is vitiatcd by ih Llhe !1remise. 
which is based on data for reaction, in which 
radical s are gcneratcu in hOJn()gcncou~ ~Ollllioll~. 

where s is very important. The ratio e/s is pro por­
tiona! to IR·I. The argument of Khar;N:h ami 
Reinmuth does not take into account that I R·I fOI 

diffusing Grignard radical s ncar !\1g¡ eall be largcl 

than for radical s <'enerated honlO~ene()l"lv hv a 
factor that can ap;;'oach 10" 174.lÚ J. .. 

Figure 7.:U shows the relevant reaction ""heme 
and the results of some steady-state calculations. 
For the homogcneous-solution values shown. lhe 
rate ratio e/s is about l. If "-s were largeL dlle to a 
highcr temperature or a more reactive radical. thcn 
e/s \Vould be proportionally ,mallel'-fm "s ~ IOh 
S-I, appropriate for eyclopropyl 01' phcIl\'1. e/s :" 
3 X 101 [R·]. smaller than values for typical alkyl 
radicals by a factor of 10'-'. f'lIrther. an r-v'alue 
10" M s-·I (Figure 7.33) cOlTl',ponds to a 1-1\1 

first-order source with a half-life 01' ~ 12 min. Ir r 
were smaller. e/s wOllld also be smaller bccause the 
steady-state IR·I would be smaller. Con,e4uently. 
for mOSl homogeneous reactions of interes!. 1.1 is 
an approximate upper limit 01' e/s. 

In contrast. in Grignard reactions 1 R·I can 
approach 10-1 M near Mgz. making e/s 
ten s to thousands of times larger than in 
homogeneous-solution reactions (hgllre 7.3:l). D­
Model calculations predict correetly that (' will 
be significant. and s noto in Grignard reactioll', 01' 
typical alkyl halides 174.84 J. 

(2) The extents 01' fiN-order rcactions 01' R·. 
sueh a, solvent attack ami isollleri/ation,. are Illllch 

Ir r o lO '~¡, 1 

2f..c ::::3xIO'/\1 '" 
~,,= j()l" I 

lIJen c/~ = 3;0 J(J" IR.] 

anel I R·I ~ 1 7 y 10 . ~ t 

h{lIl]()~C!lL'()lI'" 

3,7" lO 1.1 hOIlHlrCIlCOU\ 

I ())< lO 1(J 1 (;rigll:rJ rca~ti()1l 
IO""jO .,00 ~(\ariOlI',dJ,t,HlÚ'\ 
LO x lO ~OOO j fWJ11 MglI 

Fig. 7.33. Kinetic, .... nf radicalcoupling/disproportiooJlion r and \oln'tlt attad, S ror radie .. JI .... gellcralL'd IlílllH)~L'llcou;-.l: 
in ~oluti()n. Thc l'omrutatioll\ arc for thc indicatcd ratc-raralllclL'l" \;¡!tlC'\: r i\ Ihe mtc uf hOJl1ogl'lll'nu'-. !úrl1l~!lin!l D! 
R· amI e anJ s are :iicld .... Thc tahlc includcs \aluc~ nI' IR.-I (l() ~-I() , \11 llear Mg¡ in a (irigllard rl'al'tlilll PI" a 
1: pical alkyl halidc, ,Kl'ording lo lhe D moJel. 

Mechanisms of Grignard Reagént Formation 

less in Grignard reaction, than I'or radicals In 
solution.· Thercfore Grignard radicals don't ent"r 
the solution 17.101. 

5-Hexcnyl is one examplc 01' many. When 
gencrated in an ether, the extent of cycli/ation 
is near IOO'¡( 11221. In Grignard rcactions DI 
5-hexenyl halides, the extent of cyclization is 
~3-IO';; 13X.53-58J. Thus. 5-h"xenyl Grignard 
radicals behavc difTerently from those generated 
hOlllogeneously in solution. 

This argument is also based on the falsc 
premise that Grignard radical s that leave Mgz 
would beha"e like those genemtcd hOl11ogeneously 
in solution. 11' the lifetime of a 5-hexenyl 
radical generated homogeneously in solution were 
limiled by its rcaction with solvcnt DEE (ks = 

103 S-I) 113J, it would be 10-3 S. Since the 
cyclization rate constant "-1 is 4 x I ()5 S -1 (at 
~40°C) 1861. almost all radical> would cyclize 
before attacking the solvent. as is observcd 11221. 
The r-lil11ited, D-modcl lifelimes of Grignard 
radicals are 10- 7 s (Section 7.2.8). so little 5-
hexcnyl eyclization is expected and little occurs. 
For the same reason, s is insignificant. 

A successful argument of type or 2 
must be quantitative-qualitative arguments can 
be treacherous. For example. the inefticiency 
01' trapping of intermediate 5-hexenyl radicals 
by DCPH (efticiency :<=250/r) has becn cited 
as evidence for the A model in the belief 
that DCPH would trap radicals in solution 
with ~IO()e;¡ efticiency 17.101. Actually. the data 
are 4uantitativcly eonsi,tent with the D model 
(Figure 7.IX). Similarly. it has been suggested that 
the product distribution from the Grignard reactinn 
nf (2-phenylcyclobutyl )mcthyl hromidc. studied by 
Hill el al. 1-+41. might support the A rnodel 111 J. 
Hill tind, 25-45'lr ring-opening in the Grignard 
reagent fonned in DEE aIll.160-RO';; in THF. From 
these values and Figure 7.16. the implicd values 
01' "-1 (rate constant for ring opening in R·) are in 
the range 107 _10' S-l. This agrees with the value 
8 x 107 S-I deterl11ined by Hill el al. at 80°C by an 
independent method. Thus. Hill's reslllts agrec at 
least semi-quantitativcly ",ith D-model predictions, 
In fac!. Hill el al. found other evidence of ditlusing 
radicah in th"ir work 1-+-11. 
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For every case 01' a typieal alkyl radical that has 

been treated 4uantitatively. the D model accounts 
wcll for the observcd product distribution. We are 
not aware of any case where the obscrved differ­

ences in behavior between Grignard radicals ami 
those gcnerated homDgeneously cannot be under­

,tood in terms 01' the D mude!. 
Even when a quantitative argument 01' type 2 

is given. a D-model railure can merely indicate 
that pathway R does not described the whole 

reaction-the D model eould still apply to the 

part through pathway R. Thcre is confusion 

in the literature over this and the Walborsky 
mechanism. '[The A] model supposes that the 

intermediate radical interaets with the surface of 

magnesium to explain why the radieals generated 
from optically active alkyl halides partially retain 
their configuration' 1131]. Although Walborsky's 

proposa!s have varied. in recent versions of his 

mechanism he does not invoke adsorption of R· to 
explain the majority of retention 17.10,20]. Instead, 

he supposes that adsorbed radicals racemize 
and invokes a pathway X to explain most 

retention. 
For cyclopropyl, vinyl, aryl, and other unsatu­

rated systems. ideal D-modcl calculations fail in 
one of two ways (Sections 7.2.9- 7.2.11). (a) If it 

is assumed that TR = 10-7 s (experimental value 
for typical alkyl halides). then much more isomer­

ization is calculatcd than observed. (b) If TR is 
adjusted to fit the data, then unrealistically sl11all 

values sOl11etil11es result. One possiblc explanation 
is that a pathway X competes with a D-modcl 
pathway R. 

Legitimate argumenh against the D rnodel 

must address the nature of pathway R. not the 
4ucstion whether or not it accounts for the cntire 
Illechanisrn. This principie has not always been 

folluwed 17.10.20J. 
Thus, according lo olle repon [165 J. reactions 

of exo- and elldo-norbornyl bromides at -70 e 
givc diffcrcnt distributions of Grignard reagcnts. 
contradicting the D mode!. which predicts the sallle 
distribution. Even if these tindings \Vere correct. 
they would !10int to a pathway X and not invalidate 
the J) ll10del fm the R pan uf the reaction. 



250 

In fac!. lhere are scrious qlleslions aholll lhe 
tindings. For similar reaclions al roOJl1 lemper­
alurc. experimenlal error can reasonahly inclllde 
lhe ohser"cd producl differences for exo amI cndo 
rcaClanls 11651. For lhe same reaclion al (rc. Rool 
found lhe same prodllCl ralio in reaelions of cro­

and endo-RBr, diffcrenl from lhe ralios reported 
hy Walhorsky II>SI. 

The Wa!horsky lIleehanism jlrovides lhree 
possible eXjllanations of partial relenlion, adsorp­
lion of R·, palhway X, and ultrafasl IR· ·MgXI 
collapse. Dcciding among lhem, or partilioning 
lheir efreClS, is a legilimale problem bul nol (lne 
considered by Walborsky, who has opted recenlly 
for a retenlion pathway X [7.10,20]. 

(3) ' ... strongest support for the A-model COJl1es 
from using a perdeuterated ether sol vent or a 
radical trap deuterated dicyclohexylphosphine. In 
all cases, only a small percentage of the radi­
cals leave the surface of magnesium to yicld the 
deuterioalkane' [IJ 11. 

Reaction of cyclopropyl bromides are especially 
significant here, sinee cyclopropyl radical s are 
much more reactive in H-atom transfer reactions 
than typieal alkyl radicals, so that extensi"c trap­
ping by DCPH(D) would be expected but is not 
found [166]. Even so, this evidence is weak for a 
number of reasons. 

First, the extent of solvent attack in eyclopropyl 
bromide reactions is quantitatively consistent with 
Ihe D model (Figure 7.25) [52,97J. 

Second. the notion that Ihere should be sol"ent 
attack if R· Icaves Mgz is fallacious (argumcnl 2). 
It could be true that 'only a small percentage of 
the radical s '. yidu the deuterioalkanc' and false 
that 'only a srnall percentage of the radicals !cave 
the surfacc' 11311. 

Third. in interpreting thcir dala. Walborsky and 
co-workcrs assume that solvent atlack is the exclu­
sive ami inevitahlc fate of radical s that !eave 
Mgz 11661. This is inhcrenl in Ihe Walborsky 
mechanislll. in which s does nol compete with 
r. c. or any other reaction. implying that the 
yield of R D in a deuterated solvenl will repre­
scnt the c.\tent nI' s"lvent attack in the corre­
spondin" undeulL'l"ated soh'ent 17,10,201. Inuecd. 
the Walhor'hY ml'l'h'lni"ll prediels that deutcratinié 
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the solvent will have no effcct at all Iln lhe prodllct 
dislribulion. 

This is contradicted hy experimental data 11)71. 
including the íindings of Walhorsky anu AronolT 
for Ihe reaction 01' l-hrolllo-l-methyl-~.2-uiphenyl­
cyclopropane in THF 1201. The apparent suppor! 
providcd by data for the reaction of thc same 
brornide in DEE [201 would prohahly have disap­
peared if RR and produets containing S had been 
determined. 

In facl, deuteraling Ihe solvcnt reduces lhe cxtent 
of solvenl attack in every case that has becn 

examined and increases the yield of RMiéX in most 
cases [97]. Thus, the yield of RD in a deuterated 
solvent is nol a measure of solvent attaek in the 
undeulerated solvcnl. 

In general, Walborsky's interpretations 01' trap­
ping and solvent attack are based on the 'black­
and-white' prcmise that they are cxclusively ami 
incvilably reactions 01' radicals that Icave the 
surface and are not compclilive with any olher 
reactions. This view is refuled by the experimental 
data. AClually, Irapping and solvcnt attack are 
competilive wilh r and c. 

Fourth, for reasonable values 01' kll/k ll for sol­
venl atlack (~6), D-model calculations correctly 
predict the magniludes of solvent isotope effects 
on product dislributions (Seclion 7.29) [971. 

Fifth, Ihe experimental method used by Walbor­
sky and co-workers for delennining CpD (and 
CpH) is suspcct 1166J. The reponed )"iclds vary 
by as much as a factor of Iwo. For the following 
reasons, Ihey are prohably significantly low. 

CpD and CpH were determincd b\ PI-T I H 
NMR after gas-phase transfer amI trarping. Such 
procedures are nolorious for lo"es. Further. s­
s delays between pulses. the Illelhod used. are 
prohably inadequate-small. rigid hnlrocaroon 
molecules tend lo have unusually I(lng spin-Iattice 
relaxation times. No experiments \alidating the 
melhod \Vere reported 11661. \Ve lincl increases 
of a factor of two in the arcas of cyclopropane 
peaks. relative to other componenls 01 reaction 
mixtures. when the pulse cicla)" is IIlLTeased froll1 
Sto 60 s 11>81. 

These concerns apply to all 01 Ihl' lklL'l"lllina­
tions 01 CpH and CpD reported h\ \\dlhorsh~ 

Mechanisms of Grignard Reagent Forrnation 

11661. not only those for Cpl) fmm n:aetions in 
DE!:-d 111. Specilically. they apply a!so to epI! 
110m rcactions 01' CpBr in DEL anel THF ami 
lo ('pD from similar reactions in the ]lrescncc 

,,1 DePD. 
Si\th. sOlnc 01 the data 1'01" f)CPD trapping 

are internally inconsistent. (a) \Valhors~y anrl 
Zimmermann repor! Ihe formation 01 22(;; epI! 
and 4(/' CpD in rcactions 01 CpBr in DEL 
eontaining DCPD 11661. Their intcrpretation is that 
only 4<;; 01' the reaclion is through Cp' that ka"e 
M~/. If this were true Ihen DCPD would nol 
ha~'e interfercd wilh CpMgBr formation. Yet they 
lind only 6(k CpMgBr (compare IR-31(¡{ in the 

ahsence of DCPD). Something is wrong wilh the 
analyscs, the assumed chcmistry, or both. (b) The 
reaction of I-bromo-] -methylspiroI2,5Ioctanc in 
DE!: in the presencc 01' DCPD is reported lo give 
I-nlethylspiro [2,5Joctane IVith 6 l ¡í incorporation 
,,1 dellierium. while the similar reaction in DEE­
d 111 givcs this product with 18(!r incorporation 
01' deuterium [211. This implics that DEE-d lll 

is a beller radical Irap Ihan DCPD, which 
is not consistent with olher experience. These 
discrepancies are a clear indication of problems 

",ith these expcrimenls. 
Pan 01' the problem may lie in the chemistry 01' 

lrapping hy DCPH(D). We lind that cyclopropyl­
cyclohexylphosphine is a major product when Mg 
rcacts with CpBr in DEE containing DCPH 1881· 
Ilowe\"er it may arise. it is not a product 01' a 
,imple trapping process. Until illl"onsistctlcie, and 
IIncertailltics are resolved. interprclaliolls (JI DCPH 
lrapping uala for Grignard reactiolh 01' c)'clol'nlp\'1 

halides IllUst he postpollcd. 

[>-Br 
Mo:/D1} ---­De!'l! 

SC\Cllth. i"or typical alkyl halidcs. radic;¡j 11"11'­
l'ln" data i"or hoth DCPH ami T\1PO· cOIlI'o~1ll 
lo lhc D nllldcl with lhe valuc 01' TI{ Ilcar I iI 
I¡'¡~ure 7.IXI. Thc complicalions lh'll ma\ ill\al­
h\;¡;l' DCI'HID)-trappillié rc,ull' 101' c\L'I,'prol" I 
hnllllidl'\ 111<1\ llul tlL'Cur \\ ¡th I~ pie!! <.dh:~ 1 ll;dh.k" 
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(4) 'IWhilesidl's anrlul-workersl merely plottcd 
the yielrl 01 product i"rolll the reactinn of cyclo­

heptylhromidc 1 SIC 1 \\ ith Illagnesium in the pres­
cllce Di" TMPO· anrl r-am)"1 alcohol as a functioll 
01' timc. ob'el"\cd thc i"Ol"lll'llioll (lf 1)5(1< TMPOc­

C7 H I '. stated tllat thc'c rl'sults wcre illcompatible 
with a surfacc-hllllnd radical amI conclllded th,tt 
1)5';; oi" the cyclohcpty I radicals were free, thereb) 

ignoring processes thal compete with trapping b) 

the TEMPO 1 sic 1 radical. .. MglI reduces TMPO· lo 
the allion ... midation 01' Grignard reagenls in the 

presellcc of such agellh is also well documented. 
COllscquently. OIlC is len with the questÍnn 01 

what spccies Ilas aCluall\ reactcd with TMPO· 
allrl these experimcnts do not answer Ihe questioll 

01' what percelltage oi" radicals Icave the surface 
during Grignard leagl'lll lúrmation' (Hamclouchi 

ami \Valhors~y. PI' 2()~ .2(4) IIOJ. 
This could he nlislcading. In fact, Whilesides 

and co-workel's COllsilkrcd the complicating pro­
cesses in great detail 11:;1. They did many control 

experimc¡;ts, and de\"llteu considerable effort 11) 

developing reaction conditions under which unde­
sired reaclions Ieadillg 10 TMPOR were avoided. 

Walborsky gi\'Cs IlO c'xplanation of how he thinks 
these measures might ha\"e failed. Both Ihe internal 

cOllsistency of the data and its consislcncy with thc 
D model ami DCPH trapping results (Figure 7.1 g I 

support Whitcsil!cS' interpretation 01' thc data. 
(5) Phololy,i, of an a/O compound RNNR. 

ill so]utioll ill a slurn Di" Mg containing givc, 
e\'idellcc 01' the i"orlllalion of radicals R· bul 
does Ilot yield R\'lgX. cvell when MgBrc i, 

prcscnt 11671. This sIUl\\S lhat radicals formed in 
,olutlon whil'l, do Iltll di Iruse to Ihe Mg surfacl' 

sulTer r lhcrl'. 
Such CXPClillll'nh \\ould have been signiticalll 

ii" POsill\C rc,ult, !t,I,1 hcell ohlained. However. 
11L'!.!ati\l? I"L':..ulh ~Irl' Illcaningless. Therc i\ nI, 

a,~urancc th'll l!tl' condiliolls for RMgX formatioll. 

.... Ollll' po~ .... ihl: unkllo\\ 11. are Ill~t. 

()ne reco~IlI/Cd cOllditioll is commoll to the [) 
ami /\ lllod~ls: R· IllU,1 he at Mgz in order to o, 

1l'lIUCl'd lo l<\l~X \\"c c'ln cqimate the prohahilil\ 

lh'll '1 radll'al re'll'llL's \1"1 in experimellts lih' 

tll\)"L' I"q1l)rtl'd. 
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In four 01' Jive experimenls rep0rled, Mg puwder 
uf unknown parlicle size was used 11671. In lhe 
folluwing calculalions, we assume spherical pani­
eles 01' 25 ~Ill radius R, corresponding lO a bardy 
visible parlicle and consislent with cOllllnercial Mg 
powder examined in our laboralory. 

Fm a radical 01' negligiblc radius al an inilial 
separalion s frolll lhe surface 01' a spherical 
particle. the probability <p lhat lhe radical will 
reach lhal surfaee, instead of reacting wilh the 
solvenl. is given by equalion (7.52) (Appendix. 
Equatioll A.7.25) 

0.52) 

Fm s=IOsÁ, ks=IO'S-I, and D=3x 
105 cm' S-l, <p = 0.0022 = 0.22'7r. Thus. mleasl 
99.n';¡ 01' the radicals thal are formed lO' Á or 
more from the surfaee of lhe magnesium parlicle. 
will never reaeh il. The slurries eonsisled 01' 
1.25 mol Mg for I L solution. The 10lal volume of 
solulÍon within lO' Á of all of the Mg particles is 
30.5 cm" about 3% of the total volume of solutioll. 
Thus, al least 97% of the radieals are generaled at a 
distancc of 105 Á or more. and >99.78'* of lhese 
never reach the surface of a magnesium parlicle. 
ConlÍnuing this calculation for larger shells leads 
to lhe estimate that only 0.8% 01' the free radicals 
generated ever reach the magnesium surface [1021. 
In addilion, the data indicate that ahout half 
of the radical s undergo geminate reactions and 
are nOI available for Grignard reagenl fonnalion. 
Therefore lhe maximum yield of Grignard reagenl 
lhal could be formed in these experimenh is 
eslilllaled as ~0.4%. il is not surprising lhat none 
was detecled. 

üne experilllent (only) uscd Ricke magnesiulll. 
assullled to have an average radius R of 5 x 
IO- h cm (0.05 /lm) 1167]. Calculations for lhis 
case indicate that a significant. though not 
necessarily large, fraclion 01' the radicals could 
reach a magnesiulll surface 1102). Rieke Mg was 
used without addilives, specifíeally. without added 
MgHr,. Added MgHr, could be nccessary for 
RMgHr IÚflnalion in lhis experiments. 01' lhere 
could he some olher unl1lct rCljuirelllenl. 

Grignard Reagcnls: New Developmcnts 

Thc queslion 'Can radicals diffusc to lhe surface 
01' magncsiulll and be convencd lo Grignard 
rcagenls'" is answered Jirmly and artinnativcly in 
lhe lileralure. Triphenylmethylmagncsium hromidc 
or iodicle in DEE can he preparcd in high yield 
hy a reaction 01' triphenylmelh)'1 wilh magnesium 
in lhe prescnce 01' MgHr, or Mgl, (Kharaseh 
ami Reinmulh, pp 86~87 ) 111. Detinilive evidence 
is also provided hy solvenl isotope e ffec u, 
on RMgX yiclds (Seclion 7.2.9) 197). Additional 
highly persuasive cvidencc is provided by the 
exeellent Jits of experimenlal data lo O-model 
compulalions (Section 7.2.8) PB l. 

(6) carly in the reaclions 01' alkyl 
halidcs wilh IllagnesiuIll. reaclive sites are quile 
smal! and diffusion 01' reactants and prodUCIS is 
sphcrieaL rather lhan linear. As lhe sites grow 
largeL convcclion and linear dilTusion contri hu te 
signiJicanlly and mass lranspon is very complex. 
so il is remarkahle thal a model assuming 
linear dillusion can so accurately predict produel 
ralios·11(8). 

These comments have heen inlerpreted as a 
basis for questioning lhe D model (Hamdouchi 
and Walborsky, p 109) [lO). Actual!y. there is 
nothing 'remarkable' about the abilily of equations 
of 'linear diffusion' to predicl produet ralios 
in Grignard reactions. Even lhough lhe reactive 
surface is surely nol a uniform plane. this model 
would he expecled 10 givc accurale predietions 
of product distrihulions. provided lhe mechanism 
were correet. for lhe following reasons. 

In polycrystalline Mg. hemispherical corrosion 
pils form. gro\\'. overlap. and coalcsce. al! carly 
in lhe coursc of a typical reaction [119.168). 
Allhough the charactcrislic dillusion dislance al{ 01' 
R· in a l)'pical Grignard reaclion is only ~ 100 Á, 
D-l11odel calculalions show lhat the region 01' 
significanl e exlends a fe\\' lhou,and Á aw;y frol11 
lhe l11agncsium surface. with a large l11ajorily of 
lhe produets hcing formcd within ~5000 Á 01' 
the surface. This suggests lhal aplanar surface 
approxil11ation for a reactive pil can he expecled 
to be adeljUale ,,,hen lhe dialllelcr is ~5000() Á 01' 
greater. ami perhaps for smaller pils. Tile fraclion 
or lhe produC1S lúnned in ITactions 01' such pilS oi' 
le" lhan :;0000 A diamelcr is probablv \ cry smal!. 

Mechanisllls (JI' Grignard Reagent Formalion 

Indeed. lhe .\'11[([1/('.1/ pils ohserved by Koon ('/ al. 
were 30000o·A dialllcler. and their ohservaliolls 
were elearly ill lhe initialion phase of reaclioll. The 
issue disappears when the lllagnesiulll is allowed 
to rcaet wilh 1.2-dibrollloelhanc, cffcclillg sOl11e 
chcmical polishing. hcfore lhe rcactioll is carried 

out, or as an inilialing C()-fcaclanL 
Thc 5-hexenyl-hrol11ide experilllenls 01' Hickel· 

haupl and co-workers 148). which are lit hv D 
model caleulatiolls (Figures 7.20 and 7.21). pn) 
involve vcry high inilial concentraliolls 01' Rl3r 
(>2 M) <lnd lhe inclusioll of 1.2-dihrolllocthane. 
The fraclion oi' produC1S forlllcd in pilS slllalkr 
than 50000 Á is prohahly vanishingly smal!. 

(7) Olher argumenls againsl lhe O model 
have been hased on cxperimcnls in alcohol 
solvenls 110.109.151). The relevant obscrvalions 
fur lhe rcaclion 01' Mg wilh (+ )·I-bromo· l· 

methyl-2,2-diphcnylcyclopropane in eH,O!) are 
retenlion nI' conliguration (23';' oplical purily) allll 
absence of producls RH and RR 01' s and c. 

respeetively. 
Even if thc reactions are precise analogs 01' 

Grignard reaetions in ethers, lhe data do not speak 
lO the issuc for reasons given above. They may nol 
be precise analogs-il is reponed that the presence 
of an alcohol in a rcaction in an ether can perlurb 
the produet distrihulion 1441. Even so, rcactions 01' 
Me wilh a simple alkyl halide in methanol give 
ho~h RH and RR. just as ohserved for a lypical 

Grignard reaction 134). It is possihle lhat the ver> 
high polarily 01' CH,00 promoles palhway X for 
cyclopropyl halides hut lhat X is not available for 

a lypical alkyl halide. 

7.2.24 Arguments Against the A 
ModcI 

Thc A model for pathway R is unnecessarily 

complex. has weak predictive power, and is nOl 
consistenl with experimental facts. The O model 
for pathway R is simpler. has quanlitative predico 
ti\'e power. agrccs qllanlitalivcly with a largc hoJ,. 
01' data. ami i, nol illcollsislcnl wilh any CXI1L'rI' 

mental facts. 

7.3 INORGANIC PART OF THE 
MECHANISM 

7.3.1 Optical and Scanning-Electron 
Microscopy 

Hil!, Vander Sandc. and Whilcsidl's c\;lI11inl·d 
Mgz after ils reactions wilh RX. usillg optical 
and scanning-eleclron microscopy 1119). Sillgle 
crystals, purity 99.999 + ck, with scleclccl p!;lnc, 
exposed, were used in mOSI expcriments. 'The 
surface of a pure metal is a mosaic 01' alomic 
and macro ledges and grain houndaric'. Illitially. 
magnesium metal is also covered by a li 1m 
composed of magnesium oxide allLl maf'nesillm 
hydroxide. To remove the oxide lilm ancl lo 
decreasc the densily of defects gcneraled in 
producing the surface, we polished the surfacc by 
using 6<;(, aqueous nilric acid at (re. This lrealmcnt 
produced a surface having a lo\\' 'pilling faclor' 
(the ratio of lhe deepesl melal penclralioll lo lhc 
average metal penetralion).· 

We now know lhat lhe advenlilious lilm is 
largely Mg(OHh and that polishing Mg \\ilh 
aqucous HNO, leaves a reconstituled Mg(OH), 
surface (Section 7.3.3). Such polishing smoolhcs 
the surface and probably reduces lhe densilics of 
defecls at both the Mg~Mg(OHh interface and lhe 

Mg(OHh external surfacc. 
A typical reaclion follows a three-slage course. 

(1) Corrosion pits form at a numher of points. 
(2) They grow and eventually overlap. (~) Furlher 
reaction polishes lhe surface 1I 19). 

When single-crystal spheres of Mg \\ere allowcd 
[O react wilh 0.05 M elhyl bromide in THF at 
O'C, clearly defined cryslal planes ano geomelric 
shapes did not develop. This sho\\'" lhal there i, 
no strong prcference for reaelion al <lny particular 

crystal plane [119). 
In reactions al defined crystal planes. Rel (morc 

than RBr) gives pits with planar sides. The hasal 
plane (000 1), cspecially, gives hexagonal pilS \\ ilh 
planar sides. The difference in pitting seleclivily is 
maintained even when RCI and RHr reaCl al the 
same rateo but il vanishes when \1gHr, is added 
to the RCI solulion. Thus. be 111)' I chloride/MgBr, 
reacls pit in the same manner a, hL'1l/), 1 hro· 
mide/MgCI, rcactions. Wilh ]10!\l'I\,tallille \1g. 



Ih~l-e are no indicalions oj rcaclivily diffcrcnccs 
when pilS span grain houndarics 11191. 

Thc pilting studies admit Iwo conclusions. (1) 
Thc:re is a small prcfcrcnce ror loss 01' Mg along 
crystal planes. This sho",s Ihal R· docs nol hond 
pcnnanenlly wherever il happens lo collidc with 
i\lgz . (2) The halide ion in sollltion influences the 
course of the loss oj Mg. This is consistent wilh 
Ihe conventional metallic corrosion mcchanism in 
which metal cations are losl to solution m anodic 
siles (Seclions 7.1..' and 7.3.7. Figures 7.1 and 
7.39) [119[. 

AClivation by 12. 131'2. or lelracthyl orthosilicate 
alTects the rate 01' iniliation without alTecting lhe 
initial pil density. indicating that these activators 
do not inlroduce new siles rOl' initialion. Thcse 
and olher experimenh suggcsl Ihm initialion occurs 
al surface defecls 11191. lt is nol clear whcther 
these are dcfecIs in Ihe tvlg( OHJc surface or in the 
underlying Mg surface. Defects in Ihe Mg(OHh 
lilm could allow the penetration of the solution 
to Mgz. 

In related studies with mechanically polished 
polycrystalline Mg strips. Teerlinck and Bowyer 
made in situ photomicrographic observations in 
110w systems in which cthyl bromide was allowed 
to react in THF, apparently at ambient temper­
mures [1691. In some experiments, they used a 
che mi cal indicator for RMgBr that requires the 
presence of O2 . They also observed pit formation 
without the indicator. 

Grignard Reagcnts: New Dcvc\opl11ents 

After 4-8 min 01' n:action. pits grow huI no 
new ones formo Pil distrihutions callnol he distin­
guished from random. suggesting Ihal Ihcre is 
neither inhihition nm alltocatalysis 01' pit forllla­
tion near one thal has already formcd 116lJ[. Thes ... 
ohservations are consistenl with Ihose 01' Whitc­

~idcs and suggcst cryslal dislocations Of mil'rocry~­

talline illlpuritics as sites 01' initiation. Surpl'isínglv. 
howcvcr. scralching the Mg surfacc with a stain­

less steel scalpel does not increase pit densily. 
even thollgh pits do fonll prcfercnlially in the 
scralches [1691 

Chcmically polishing with ,1l11lCOL" 111\0, 
incrcases the initiation time ami decrcascs the 

reactive site dcnsily [1691. As nolcd abmc. 
this procedllrc leaves an Mg(OH), sllrface. not 
exposed Mg. 

1, is an especially gooc1 activmor. \\'hcn a "rip 
is spot treatcd with 2'/r 1, in THf. il is <Ictivated 

in arcas as l1luch as 2 mm from the SpOI. rclkcling 

the diffusion ofsol11e activating spccies [169[. This 

mighl be 1" as suggestec1 by Tecrlinck and Bowycr, 

but it also l11ight be MgI" which is well known ror 
its activating in11uence (Sections 7.3.5-7.3.6). 

7.3.2 Atomic-Force Microscopy 
(AFM) [170J 

Preliminary AFM studies show corros ion along 
crystal planes (Figure 7.34) 11711. In these ~-scale 

Fig. 7.3·'" p-Scalc AFtv1 illlag(' ..... fOllr l11intll(,~ apar!. of pan 01' a "ingJc~cr) .... t;¡J Mg/ (OOOl) undl'rgoing rcaL'tio[l \\ ilh 
I/-hl'\yl hmmiJc in THF ;11 room iL'lllpCratllrc 11711. 
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images, taken ill .,itu as Ihe rcactioll 01' Il-hexyl 
hromide in THF was procecding al a l11echan­
ically and chcmically (aqueolls HNO)) polished 
basal plane (0001) of a single crystal 01' Mg. the 
amorphous 'hills' at the right side and lIppcr Idl 
corner of the Ieft image could he Mg(Ol-lh Ihal 
had not heen completdy removed by the Grignar" 
reaction. Four minutes laler. anothcr imagc (righl) 
shows distinct changes in the l11iddlc region. whcrc 
corrosion is occurring. hut Iittle change in the 
'hills.' This could be a picture of the houndary 
oí' a reactive síte. showing exposec1 Mg (center¡ 
and remaining Mg(OH)2 (righl and uppcr leftl. No 
independent facts contirming this possih1c interpre­
tation have been obtaíned. 

7.3.3 Surface Spectroscopy 11721 

XPS studies of polycrystallinc Mg reveal -OH. 
but no 0 2-, on a surfacc that has heell chel11ically 
polished with 6% aqueous HNo., (Figure 7.35) 
Baking at 450"C generates 0 2 - at Ihe expense 01' 
-OH, and subsequent exposure to air reverses this 
change (complete reversal takes ~4 days). Similar 
results are obtainec1 for mechanically polished Mg 
and Mg 'out of the bottle.· 

Mg turnings give XPS peaks for HCO, - but not 
CO,'- (Figure 7.36). 
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-HNO,-Etch 

3()()OO 

~ 20()O() 
u 

IOOO(J 

- HNO,-ElchA5() '-C 

-HNO,-lcldd50C 
Air-cxpn"l'l! .. --'" 

OXllk () .' 

()'---~~-~~-~ 

525526527 52X 529 ."HO ):;1532 )_q 5:\4 ~,) :',"() 
Bindtnf! Encq.:y kV I 

Fig. 7.35. Oxygcn- Js XPS spcclrum 01' pnlycry,lalll[lC 
Mg foil aftcr SUhsCL¡llCnl lrcallllcnh: (1) 30-~ C\.pO:-'UIL' 

lo 6(., aqucous HNO" (2) h;¡king al .)() C: ami l' I 2,)· 
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Fig. 7 .. V.. Carhon-ls XPS speclra for NaHCO,. 
Na::CO~. and polycrystalline Mg turning~. as rcccived 
and allcr haking al')50"C. 'AdvcnlÍlious e may he due 
lo h\ drocarholls. Frum Ahrcu el al. [172]. Reprodllccd 
h) ,;Crllll\sinll. Copyright 199X ACJdemic Prcs~. Ine. 

Quantitalivc measurements indicatc that the 
anions 01' the near-surface layers are no more than 
~5';¡ HCo.,-. 

7.3.4 Initiation 

Thc induction period is especially annoying when 
it is erratÍc. prolonged, or apparently inlinite. Plau­
sible hypotheses abound [1.2J, but there is no 
comprehensivc. documented understanding of the 
faclors that create the induction period or consti­
tute initialion. The hypotheses in the following Iist 
are not all distinct. 

(1) Initialion consists 01' the removal 01 
MgIOH),. which is passivating. thereby exposing 

Vlg for reaction. 
\.'\) Mg(OH)2 passivates by acting as a physical 

harrier preventing RX/SH from reaching Mgz . 
1 B) MgI OH)2 passivates through electronic 

cllcc'" reslllling from its interactions with Mgz. 
¡e) Rellloval 01' Mg(OHh is by con·osi\<.' under­

cutting. It is not very soluble in ethers. so it flakes 
off. possihly with some Mg metal attachcd. as 
corrosilln undercuts the Mg~Mg(OH)2 interl~lcc. 

1])) Rel11()\'al of Mg(OH)2 is hy dissolution. ]¡ i, 

prollluled hy pular sollltcs such as MgX" RMgX 
ane! soluhle alkoxidcs. Dissolution Illa\ he \ en 
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slow at /irs!. but a, the rcaction procceds it accd­
erales. 

(11) Initiation consists 01' the pcnctration III thc 
passivating Mg(OHl! layer, thcreby dclivering RX 
to Mg¡ for rcaction. It is pendrated at weak poinh, 
i.c., channels or other impcrfections. 

(A) Pcnetration is enhanced by thc inLTca,ed 
polarity ofthe interfaeialli4uid due to polar solute, 
such as MgX2, RMgX, and soluble alkoxides. 
More polar li4Uids wet the Mg(OH¡' layer bcttcr. 

(B) Once penetration has occurred, Mg(OH)2 i, 
removed by corrosive undercutting (Figure 737) 
or dissolution (lA or lB above). 

(111) Initiation consists of autocatalytic active 
site generation. An cxposed arca 01' Mg eould 
constitute an active site, as assumed in 1. but 
an aclive ,ile could also be a more specialized 
interfacial struclure. 

(IV) lnitiation is an aUlocatalytic increase in the 
exposed Mg surface area. Removing Mg(OH)~ 
increases lhe exposed surface area, but so could 
corrosion of a cIean SpOl on Mgz lo forlll a more 
convoluled surface. 

(V) lnitialion is lhe aUlocatalytic forlllation 01 
MgX2, RMgX, or both There is evidence in SOlllC 
cases lhal lhe earliest stages of reactions rnay givc 
higher yields of MgX2 than later stages. MgX2 and 
RMgX could be catalylic in several ways. 

penetral ion of 

solution of RX 

~H), 
11111111111111111111111 

11111111111111111111111 

RX 
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t A) Their generation eonverts a less polar li4Uid 
at Ihe inlerface with Mgz into a more polar one. 

ti) The rale 01' Ihe reaclion 01' RX with Mgz 
increasL's in a more polar liquid environment. 
(a) A Illore )lolar liquid environment increascs 

the reduclion potential 01' Mgz by prolllo­
ting the dissolution 01' Mg2' . 

tb) A Illorc polar 1i4uid stabilizes the transi­
lion state for the reaction of RX with Mgz. 

(2) A more polar interfacial liquid depassivates 
Mgz by dissolving Mg(OHb. 

(3) A more polar interfaeial li4Uid promotes Ihe 
pcnelration 01' Mg(OHh and its removal by 
corrosive undercutting. 

(B) There is a speci/ic effect 01' MgX2 or RMgX 

as a eatalyst. 

( 1) The reaclion is initiated by ·MgX, whieh IS 
fnrJned from MgO and MgX2. 

(2) The rcaetion 01' a complex. e.g., RXMgX 2, IS 
faster than that 01' RX. 

(VI) Initiation is the removal of impurities that 
consume RMgX as it is formed. 

(VII) lnitiation is the removal of impurities lhat 
inhibit the radical chain reaclion in which RMgX 

is formed. 

RX 

~1~gtOH)' 
"" " ..... ~. "". 
• ""111111111111. 11 

Mgz L1js~olulion of Mg(OH)~ 
in more polar medium 

J' ""0"', .......... ,,~ ....... ". ~ .... "" 
~ j ~OHI, ,e ~\lg(()H), 
:::::::::~lgJ~ / Mg/ 

\ 
Mgz ill contac! wilh sufficicntly 
¡miar mcdiulll fOf good reactio!l 
- main reaction proceed~ 

Mgz~ 
corro .... ivc undcrculling anJ lla\"'in~ llfl 

Fig. 7.]7. PCllctration 1'ol1o\\'('d h~ Ji .... "olutiull In ullliL'rculling and n¡¡kill~ (ll i\'l.t!(OII)., la)cr. TIH.'''-l' cvcnh could he 
autocatalytic. inLTcasing lile 1llllnhcr 01' rl'~lCll\L' "11l' .... tllL'lr crrccti\'l' ;Ul'a..,. '-tuL! lhe rl'acti\'lly (d" RX al a ... ¡te. 

rv1cchanisIlls uf Grignard Reagcnt Fonnation 

Reacliolls wilh ordinary lllagnesiulll ('Grignanl' 
grade) Illay sometillles initiate better than those 01' 
purer fOrJm 111. Traces 01' Irallsition-Tlletal impu­
rities such as iron Illay be respnnsible. At 1(1" 
levcls. such impurities appcar not to alTect Ihe 
prm!uet distrioution ad\CI'sely. hUI at higher levels 
seeondary reaetions can reduce yields 01' RMgX 
11.16,173,1741. Surface illlpurilies could be ,ites 
01' iniliation. 

Tuulmels and eo-workers have investigated 
4uantitatively Ihe eXlension nI' the induction period 
by protic additivcs (watcr, alcohols) 1175,1761. 
They take as the end 01' the induction period the 
disappearancc 01' the color 01' a trace 01' added 12. 

for reaetions in DEE, the induetion period is 
eXlended by the samc perind 01' time 1'or the same 
inlinitesimally small molar amount 01' any protie 
additive. These additives ;\I'e supposed to reaet 
with RMgX as it is fOrJl1cd. adding to the burden 
01' other inhibitors. with similar aetions, that are 
prcsent adventitiously. It is supposcd that the rate 
01' the Grignard reaetinn is constant, or nearly so, 
during the induclion pcriod. RMgX is supposed 
to aet to remove the 'oxide' 1 aetually Mg(OHh 1 
layer, and as long as RMgX is being destroyed as 
il is formed, no such action takes place, leaving the 
active area 01' Mgz constant, and relalively smal!. 
during the induction perind 1175,176]. 

Allhough these hypotheses are plausible, the 
data are also consistent with others. Whalever lhe 
meehanislll nI' iniliation, RMgX will be formed at 
the salllc rate al the cnd 01' the induction period, 
prmided that very small alllounts 01' additives do 
not intcrfere with or alter the normal iniliation 
proccsses . 

IllIercsting results are ohtained with larger 
amounts nI' added protie cOlllpounds. 1175,176]. 
SOllle additives. e.g., water and lower alcohols. 
inLTease the induction period non-linearly, with 
inLTca,ed amounts having larger ellects, per unit. 
This effeet is 'obviously eauscd by the formation 
of insoluble products' 1 Mg(OH)Rr. Mg(OR)Br] 01' 
Ihe reactions 01' thc additivcs with RMgX. The 
insoluble produets 'dcposit nn the surface of the 
metal' and 'can stop up holes in the oxide lilm.· 

Some additives. e.g., l/-hul)'1 alcohol, havc tlle 
o!'posite e1Tcet. lncreased ;\lllOUnls cfket smaller 

increases in the induclion periodo '1'111, nla\ indiealc 
that the soluble alkoxidc produel\ Mg(OR)Br/­
Mg(OR)2 ·can. to SOIllC cxtCIlt. di .... "iolvc ll1a~IlC­

sium oxide Ircally hydroxidc 1 alld thu, prunHllL' 
the initiation' (Section 7.3.5) 11751. 

7.3.5 Activation 

Thc initial rate of a (jrignard reaClinn is expeeled 

to be increased by increasing thc arca 01' \11';. 
cleaning it, and introducing reaeti\ e siles. These 
considerations lInderJic the use 01' Mg in eleall. 
linely divided forll1s. Rieke ll1agne,iulll tplll­
scale particles) is forll1ed by redueing \1g)\, 
in a hOll1ogeneous solution Iln.17XI. AlnllliL' 
c1usters Mgn (Á-scale partieles) are fOrIlled 
by evaporating Mg and conden,ing it in ;t 
suitahle solvcnt r I :'3, 1791. The efticac) nI' tillel\ 
divided Mg in proll1oting stllhhort] reaclioll' 
and lill1iting secondary reaetions 01' R\1gX wilh 
allylic (Jr benzylic RX supporh Ihe underlying 
hypotheses 1131.132,177.1781. 

Mechanical activation 01' Mg by stirring pieL'es 
dry under an inert alll10sphcre is probably related. 
Optical and electron l1licroscopy shows Ihat slir­
ring 'causes fragl1lentation and then fllrthcr elca­
vage lo forl1l l11icrocrystalline l1lagnesilll11 partieles 
which adhere ID the sur1'ace. Thesc processes 
enhance lhe surface arca of oxide-frec l11agnesillll1 
when lhe dry-stir procedure is perforllled under 
an inert atl11osphere' IllRI. Whcther or not this 
interpretation is eorrect in detail. Mg aetivated in 
this way is especially uscful for lillliling ,econdary 
reaetions in preparalions 01' allylie or benzylic 
Grignard reagcnts 11 1 X l. 

Sonication prol1lotes initiatioll but dnes nol 
always intluenee yields 116, 180~ 183 l. lt probahl) 
involvcs cavitation at the melal surfaCt:. which 
could have cfkcls on surface-clcan,ing. loc;t! 
temperature ami pressure. and diffthion. 

Rieke l1lagnesium eontains MgX, 11781. lts role 
in promoting Rieke-Illagncsiulll Grignard rcaelions 
is not clear. but it could be catalytic. 

Among the earlieSl methods nI' activalitlll arL' 
the additioll of 12 and the preparation nI' Mg/\1gl, 
((jilman's catalyst) 11.17XI. It wa, IJropo'ed Ihat 1, 
reaeled ",ith I\1g lo eteh it 111. Ihereh) cleanin)' ils 
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surfacc. Thc fact that using a preformeu solution 
of MgI, in DEE has essentially the same effect as 
auding 1, to the reaction mixture casts doubt on 
the 'doetrine of ctching' {I, 184). Thc efticacy of 
Gilll1an's catalyst may lie in the presencc of MgI,. 
In DEE MgBr, can have a similar cllcet {981. as 
does MgCI,in THF 188). 

The effects of initially addcd MgBr, to DEE can 
be dramatic 1981. Figure 7.38 shows that 0.18 M 
MgBr, in DEE eliminales the induction pcriod 
for lhe Grignard reaction of cyclopropyl bromide. 
Othcr salts, such as FeCI, [169]. can also promote 
initiation (Section 7.3.4). 

Where no reaction occurs in the abscnce of 
MgX" its presence sometimes allows a useful 
reaction. Thus. neither pentamethylphenyl bromide 
nm 2.2,3,3-tctramethylcyclopropyl bromide initiate 
III DEE. but in 2.6 M MgBr2IDEE they 
rcaet sllloothly [98]. In the early twcnlieth 
century. the former substrate was a test case 
for activation methods, particularly entrainment 
(Section 7.3.6) [1]. 

The 'doctrine of etching' is further invalidated 
by experiments with 2,2,3,3-tetramethylcyclopro­
pyl bromide [98]. (1) Reaction begins immediately 
when a 2.6-M solution of MgBr2 is prepared in 

si/u (from 1,2-dibromoethane and exccss Mg) and 
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CH, 
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CH, 

49-80o/c 

RBr is then added. 'Etched' Mg and MgBr, are 

both prcsent initially. (2) Thc reaction fails to 

initiate when MgBr, is prepared in si/u, the MgBr2 
solution replaced with pure DEE, and RBr added. 

'Etehed Mg'is present initially, but MgBr, is no!. 
(3) The reaetion begins inunediately when MgBr, 

lime/mili 

Fig. 7.JX- ErrcCl (JI' MgBr,:> O!l tht' progrcs:-., Illcasurcd hy \ olumc of e)'elopro(xlI1L' L'\ oh ed. 01' lhe rcactioll (11' lllagllc~iulll 
turn¡Il~"" \\ ¡Ih e)'clnpropyl hromidc in DEE. lindel" <1Il .Ilmo ... plh.'rc ni (\(Iopropallc .11 ~7 COpen squ.lrc'- I MgBr, JII = () 
CI",cd d""110IHk [Mgllr, 1" = ()I X \1. [CpBr[" = 0.1 X M. Rcprllllcd r,ol1l (¡aN ('f al. [\IX [. C"I" rigllt I t)t)::¡. Pagl' 
~o. JhX. \'1 ¡Ih pCfllli ... ,,¡oll fmm EI,,('\ Icr Scil'llcl'. 
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is preparcd in sif/l. lhe 'etched' Mg replaced by M¡: 
'out nf the bottlc: and RBr added. 'Etchcd' Mg is 
not prcsent initially, but MgBr, is. (4) InitiCltion 
rails when Mg 'oUI of the bottlc' is used witll 
pure DEE. Neither 'ctchcd Mg' nor MgBr, is 
prescnt. Thus, thc presenee or absence of I\1gHr, 
is critieal~it is both neccssary and sunicienl for 
initiation ~but it is immateriClI whether nr not the 
Mg has been ·etehed.· 

Whcn a Grignard reClction initiCltes. it Illay be 
obscrvcd that reaction lirst oceurs at one pi cee 
01' many in the reaction mixture. This may be 
especially true when one Mg turning is Cl'ushed 
in .\·ifll, thus providing al1 ellecl similar to dI') 
stirring but alTecting only one piecc. Rcaclion at 
other picces rollows shortly. The explanation could 
lic in the sprcad 01' polar solutes (MgX,. RMgX) 
gcnerated at the initially reactive piccc. 

We have observcd that tlle initiatiol1 pcriod 
can be prolonged whcl1 only a kw I\1g turn­
ings are takcn rOl' reaction IX81. With a slllall 
number. getting one that is prone to initiate is 
less likely than with a larger number. Also, in 
stirred mixtures, abrasion of Mg pieces against onc 
another could generatc reactive sites. 

Blues and Bryce-Smith lind that highcr alcohols 
react wilh Mg raster than RX, rorll1ing soluble 
alkoxides Mg(OR)" which promotc reactionl1851. 
They report that Grignard reagents form readily. 
even in a solvent sueh as toluenc or excess RX 
itselr. pruvided thal an alcohol such as isoprupyl 
or an alkoxide such as alull1il1ulll isopropoxide is 
present. Thesc soluble al~llxides may have effects 
similar lO MgX, in promoting the dissolution or 
penetration 01' the Mg(OH), layer 01' enhancing the 
rate of reaelion 01' RX al I\lg;. 

GrignanJ rcagcnh rurl11L'd 111 thi~ way ma} 
undergo typical rcacliol1'. hut "ll11C haye rcmark­
able properties. For nample. methyllllagncsiulll 
iodiue prepared in \ylenc in Ihe presencc 01 
MgIAI(OiPr).¡I, will di",,"c in ethanol to gi\c 'a 
colourless solution. staille al 20 fm an hour or 
more' 11851. 

7.3.6 Entrainment 

Grignard anu uthcr~ fUlIlld th<.!t (irit!nanl rL'agcnt .... 

of reluelant halidcs. 111("¡" ar~ 1. c"uld he preparl'd 

hy includin)2 in the reaetion mixture a reaclivl' 
auxiliary halide, usually CH ,CH,Br but sometilllcs 
another. such as CH,I 11.1 R61. Pcarson amI eo­
workers il11J1roved this 'cntrainl11cnt" Illcthod 1" 
using BrCH,CH,Br as the auxiliary halide. thu' 
ayoiding the formation of an unwantcu Grignard 
reagent along with thc targel 11871. 

Mg ctching and surface cleaning are possihk 
cXJ1lanations. However. thc cfticacy of I\lgBr, in 
promoting reaction in one 01' the classic test casc's. 
2,~.4.5,6-pentamethylphcnyl brolllidc in DEE I Sce­
tion 7.3.5), suggests that cntrainment is mere" 
a Illcthod of introducing polar solule' I \lg:\'. 
RMgX) [98]. 

Trapping of intermediate radicals R· (deriyeu 
from the reluctant halidc RX) by Ihe Grignard 
reagent R'MgX (derived from the auxiliar\ halide 
R'X) can sometimcs contrihute to enhancing \ield, 
01' RMgX II¡{S]. This is documcnted 1'''1' the ca,,' 
01' CpBr I cyclopropyl bromide) as RX and 1/­

hexyl broll1ide as R'X. The rclatiye clec·tf<lncga­
ti"itics 01' the radicals indicate that thc e\change 
reaction is thermodynamically fayored "here R· 
is cyclopropyl. vinyl, or aryl (a J[ radical) anu 
R'· is alkyl la a radical). Indeed, most Grignard­
entrainl11enl reactions in the literature are rOl' 
reactions of aryl halides using auxiliar~ alkyl 
halides. 

R· + R'MgX ------> RMgX + R'· 

Eyen so. it now appears thal the majnr rae¡<l1 in 
Grignard (}f Pearson cntrainlllcnt is the f(lrlll;¡tilln 
of I\lgBr,. Where pathway X is significalll. 11 l11a\ 
he promotcd by MgBr, 19XI. 

7.3,7 Metallic Corrosion 

ThL' Grignard reaction 1l1ay he a cla;,;~il..'~tI lllL't,dliL' 

l'urro\ion reaction. like lhe ru~ting o( l!PJ] in 
aeralc'd water 1189J. 11' so. thcn the I'l,'al ,·l'lI 
11\ pothesis applies~Mg, ~ enters thl' ,"luli<ln 
at anodic sites and eleetrons lea\ e ¡he l11l't,". 
hl'lllg transferred lO reduL'tants. al cathndlL' "ik'" 

Ihgure 7.1. r. IX9). 
Thl .... i .... L'()n"i~tent \Vith Oh~CT\cd crleL'I'- tI! ¡'(dd! 

'-\llulL' .... ~uL'h as rv1gX 2 (Scl·tilHl .... 7.~.t). - ~ .. .;;:. ,I!hl 
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7.3.6) A less polar solution layer adjacenl I() M~/ 
offers less sol\'ation ror ions 1'.1g, .. X ami R . 
and their aggregates. When 1'.1gX, lor an()lher polar 
~ollltc} i~ prc~cllt. Mg..':' -+- entl'r~ llll en\'irolllllcnt 

wherc it is beller sol valed. so ih lo" rrom lhe 
metal is more la\'llred lhl'l"modynamie,dl). 

The lormalion 01 R eould be synehronous. 
or nearlv so. wilh ils associalion \\ith "MgX 
(or MgX,) lo form RMgX (or RMgX, . whieh 
becomes RMgX hy losing X J. Bickclhaupl and 
co-\\orkérs ha\'e presenled e\'idence lhat in special 
cases. al kas!. R - may be a dislincl itllermediale 
ISeclion 7.2.20¡ 1136.1:'71. 

The cOlllpkle cireuil in loeal-cell corrmion 
invol\'es ion cnnduclion in solulion bél\\een Ihe 
anodic and calhodic siles (Figure 7.3')¡, When llie 
solvenl is \ery polar. e.g .. waler. ionic conduclion 
is cxcellelll and lhe anodic ¡¡nd cathodic siles can 
be macroscopically separaled. The conduclivilies 
of Solulions or R1'.1gX and MgX, in DEI:-:. howC\er. 
are very lo\\'. It is doublful lhal the reljuiremenl 
for a complete eleclrical circuil will allo\\' anodic 
and calhodic siles la be separated by much more 
than Á-scale distances. if any, in DEI:-:. In principie. 
anodic and cathodic sites. if they exis!. might 
be detected by scanning electrochelllical del"ices 
or STM. 

Other hypotheses invoke corrosion in Grignard 
reaetions by direct chemical action 11.101. No 
evidence that distinguishes local-cell corn"ion 
from direct chemical action is kno\\'n lo uso 
However. there is only weak c\'idcnce 01' Ihe 
discrcte ;-,lg(l) interlllediates thal are reljuircd 
by tbe hypothcsis 01' dircet chemical action 
(Seclion 7._'.HI. In addition, pitting is a character­
istic 01' IOl·,tI-ccll corrosion. "hicb may also he 
casin lo inlcgrate witb the D model Ihan direct 

""""""",,,,,,,,,.,,,,,,, 
Mg • 

~l!H)dlL' calh(ldlC 

..,ilL' ... !le 

Fig. 7 .. ~t). \"l"( ion conductioll in lhe l(h:~¡j-l'L'11 lll\\(kl (JI 
cnno"iull in Il1l' (~ngllard n:actioll. 1. = H. III A 
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cbcl11ical action. Therel'ore loeal-cell COITosiull is 
a suitahle working hypnthesis. 

RX + Mgz ----+ R· + ·MgX + (Mgz - ;-'11' I 

R· + M1'¿ RM1" -t (M1'z - 1\lg1 

7.3.8 Mg(I) Intermediates 

The ljucstion of distillct M 1'(1 ) inlcrmediat<:s is 
vexing. They are commolll l hypOlhcsized 11.101 
but the evidenec is slight. 

Reaction steps such as the followillg are easilv 
written. SOl11e havc trealed 'MgX ami RMg' 
as species in solutioll 1511. \\'hile others have 
regarded thelll as surfacc or mclal-elllbedded 
species [10,651. 

RX + M1' ----> R· + ·I\I1'X 

R· + ·1'.1gX ----> R1'.1gX 

RX 
R· + Mg -----7 R1'.1g' ~ RMgX + R· 

MgO found at some distance from Mgz , embed­
ded in the precipitated layer of biadalllantyl forlllcd 
in the Grignard reactiotl 01' adamantyl brolllide, has 
been interpreted as the result ol' disproportionation 
of ·MgBr at (he surfacc. gi\'ing MgBr, and Mgo. 
which is trapped. protccted. alld transponed as the 
precipitate forllls 1651. Ho",e\'cr. il could also he 
Ihe resull of mechanical abrasion 01' stirrcd Mg or 
the corrosive undcrcutting ami Ilaking 011 01' the 
passivated surface, with pieces 01 MgIOI aclherill1' 
lo Mg(OH)c. 

Therc is substanlial nidencc thal R· dil1llses 
in solution (Seetions 7.~.8·7.~.'JJ. COllsider th<: 
following mcchanislll in \\ hich ·1'.11'X also diffuses 
in solution. Herc the products are form<:d in 
radical-radical reaetions. Couplin~/disproportio­

nalion e of R· is diffusion controllcd ()r nearly so. 
In order l'or e not to dOlllinat<: the products. the 
cmss-eoupling r 01' R· \\' ilh ·MgX would ha\'(: to he 
competilive with c. that is. also (nearly) dil'fusion 
controllcd. Il' all ol' lhl'se radical-radil'al reactiuns 
\\'cre dil'fllsiu!1 controlkd. then Ihe vield 01' RM1'X 

M<:chanisllls 01' Grignard Reagent hm11ation 

would h<: 50(íf. less than what is often fnund. 
¡\ lo\\'er reactivity of ·MgX in disproportioualion 
d would allow il lo build up to highcr stcady­
Slale concentralions. promoting cross-eollpling and 
dilllinishing (' as wcll as d. Ho\\e\'er. a sleady-state 
allal) sis shows thal the rate ratio e/r would lhell be 
independenl of the rate ol' the inilial step. whieh is 
not \\'hat is obsen'ed in rotaling-disk experilllellts. 
ruling out Ibis l11echanism. 

~1!:" 

RX -----+ R· + ·MgX 

R· + ·MgX ~ RMgX 

d M () M X 2-MgX ~. g + g ~ 

The absenee 01' CIDNP resulting frolll pairs 
1 R· ·MgX 1 speaks against ·MgX as an intermc­
diate in solution [5 11. The observcd CIDNP rellects 
l11ultiplet effects from [R· R'I pairs only.IR· ·MgXI 
\\'ould have a non-zero value of ~g and would give 
rise to net effccts. whieh are not scen. Howcver, it 
is conecivable that [R· ·MgXI pairs do not gencrate 
CIDNP; ~g eould be so large that CIDNP is alten­
uated. or . MgX could rClllain at the surface where a 
mctallic shielding effect prevents CIDNP. etc. 

11' ·MgX rcmains adsorbcd or elllhedded in Mgz, 
then it (ould be present there as an aclive si te for 
the reaction of RX or R·. This Illodifícation al' the 
mcchanism above would be a vcrsion of the D 
model in which Mgz is 'freckled' with active siles 
(Scclion 7.3.11). 

11' RX wcre reduced by clectron transfer from 
;-,lg/ in a Grignard reaction. lhen a n,ú\<: prcsump­
tion w(luld he thal the metal \\'ould be left with 
an clectron deliciency (positi\'c charge). corre­
sponding lO thc prcsence 01' a fe", ~ Mg(l) alllong 
man)' MgIOl. howcver much melallie delocaliza­
tinn there might be. Adually. the exce';s charge on 
M1' Illight be negative. rather Ihan positive. corre­
spo!l(ling to the prcscnec (Jf a fe", - M1'I -1) alllong 
man)' Mg{OJ (Seclion 7.3.9). 

Klcinherg and co-workers lind a cluster 01' 
phenolllcna poiming lO MgII) in ekclrolyses al 
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1'.1g eketmdcs II\jOI. (1) Recluetants are rcduced 
at the anodc as \\ <:11 as Ihe cathod<:. For cxamplc. 
in lhe electrolysis uf water \Vith Mg electrodcs. 
H, is c\'ol\'ed at the anode. 121 The wcighl lost 
rmm lhe anode is !llore than i, ealeulalcd fro!ll 
lhe cunenl passed ()n Ihe 'lssumplion Ihat MgIIII. 
onl)'. is lost. The 'mcan \'alenee' 01' Ihe Mg lost 
from the anode is generall)' in lhe range 1.3-1.7. 
1-') Reduction al thc anode conlinu<:s for a pcriod 
01' time al' ter the current is slopped. (4) There are 
reductions (JI' speeies lhat are physically separatcd 
frolll thc anocle hy a tíltering barrier 01' glass w(Jo!. 
1)) A hlaek powder wilb r<:ducing propertics !!la\ 
form al Ihe anode. 

Item 4 suggesls a soluble 1'01'111 ol' Mg(lJ. but 
lhe others are accounted for by thc hYPolhesis that 
Mg is losl fmm Ihe anode as cilher soluble or 
insoluhle 1'.1g(l) as \\'ell as MgIII). The evidence 
mal not be compellin1'. 'fhe weighl loss could 
include that 01' lhe original passivating layer 01' 
Mg(OH),. Further. as the anode is cleaned b: 
electrolysis. il e(luld corrodc in ongoing reactions 
with water (m other adventitious reductanls) that 
occur even at a positive Mg electrode. Corrosive 
undercutting of the passivating layer could !cad 
10 the loss 01' sOllle Mg(OJ stuck to the Ilakes of 
Mg(OHb (hlack [lowder with reducing properties). 
which eould be responsihlc for lhe reductions seen 
at and in the vicinity of lhe anode. Allernativcly. 
those reductions could oecur at aclive siles Ieft b: 
clectrolysis. Reduclion would evcntually cease as 
impurit)' reaetions Icd to passivating produels. Il' 
a lillle llaked-olT Mg/Mg(OH), got pasl the glass 
\\'oo! lilter. il cOllld effect the very small amounts 
nI' rcduction obscncd in solution near the anode. 

The inl"ol\elllcnl 01' sOll1e uncxplained surface 
['roce" in cleclml:,ses 01' aqueous salt solution' 
at Mg ckelmdc' is indicalcd by Ihe ohsen·alion. 
al rcl¡¡li\l'I\ high currcnl dcnsitics. 01' '" peculiar 
cydic phcllo!11en()ll: lhe alt<:rnale appcarance ami 
dissolution. \\ ith ¡cas el"olution. of a superfici," 
black depnsit 011 the anode' II'JII. Microseopic 
exam¡llaliol1. aftcr \\Llshing and drying, of an il1\ol­
uhlc hlack product thal l'orllls on the anode sho\\ed 
il to c"llsist 01' whilC Mg(OH), and an unidenlilied 
hlad suhslance Ihal 'did not appcar lo he melalhc 
1ll<.l~~Jll'\llIll1 (!lO j'unher cxplallatioll ~i\'(,Ill. 
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Mixtures of Mg(O) and MgI,. often used in a 
slurry with DEE and henzcne. can hring ahout 
reductions that Mg(O) alone will not 11901. GOIll­
hcrg ami Bachlllann proposed that ·Mgl. forllled in 
lhese mixlures is the actual reducing agcnt or the 
inilialor to the reduction process 11841. 

However. the enhancelllcnt of the rcducinQ 
powers of Mg(O) hy MgI, can be exrlained anothe'r 
way. MgI, eould provid.: a polar cnvironmcnt that 
grcatly stahilizes Mg, + as it is lost from M,,(O) 
MgBr, anel MgCI, sO~letillles have similar dfcC1S 
on the reducing powcr of Mg(O). 

As far as is known. the Grignard reaction 
arpears to be a typical reduction hy Mg. Like 
others, it is enhanced by the presencc of Mgl,. 
!\1gBr,. or MgCI,. 

Mg n
lll 

t • where 111 < 211, is worth consideri ng <h 

a possihle soluhle fonn of hypovalent Mg. F"r 

(Z = R or X) 

Grignard Reagents: New Developments 

example, Mg might leave Mgz as Mg,'+ instead of 
Mg'+ Association with Z- (Z = R or X) would 
give ZMgMgZ. Calculations indicate that the 
formalio!1 of a "dilllagnc~iuI1l-Grignard reagcnt' 
RMgMgX. under sOll1e circumstanecs, could he 
energctically 111 ore favorable than that of an 
ordinary Grignard reagent RMgX 111.1921. Once 
forllled. ZMgMgZ could deposit MgO or Mg,O 01' 

reduce RX nI' R· in reactions like the following. It 
is also eonccivablc that RMgMgX 01' RMgMgR 
could have more nucleophilie rcaetivity than 
RMgX or RMgR and could he the 'earbanion' 
spceies for \\'hich Bickelhaupt and co-workers 
have given evidence from Grignard reaetions of 
ar)'1 halidcs in THF (Section 7.2.20) 1136, 137J. 

Roles for Mg(!) intennediates in Grignard reac­
tions and other ree!uclions hy Mg(O) ha\'e not bcen 
rulcd out hut Illl cOlllpelling case in their favor 
heen presented eilher. They are omitted from our 
"'OIling hypotheses as unneccssary complications. 

ZMgMgZ ---------+ MgZ, + Mg" ---------+ MgZ, + Mg'+ + 21c- j(rcduces RX or R·) 

2 ZMgMgZ ---------+ 2 MgZ, + Mg," ---------+ '2 MgZ, + '2 Mg" + 41c-1 

ZMgMgZ + RX ---------+ Z,Mg,X + R· 

ZMgMgZ + R· ---------+ Z,Mg,R 

Z3Mg, + RX ---------+ R· + ZMgX + MgZ, 

Z3Mg, + R· ---------+ RMgZ + MgZ, 

7.3.9 Mgz-Solution Interface 

Any description 01' the Mgz-solulion interrace is 
neccssarily speculative. A metal has a nalural 
lendenc)' to lose ions (illustratcd as Mg'-) lO solu­

lion. so that it deve¡ups a potential. [on ",11 alion 
dri\'(~s this process. and more polar mcdia 

gCllcrate larger reduclioll potenl¡al..,. Thi" l'<lll 

explain lhe dkcts 01' salls sllch as f\'lg:\, <>11 lhe 
rcducing po\\cr uf Mg J'or solllte\ in cthL'r:-.. \\'hidl 

are generally nO! I'er)' polal' (Seetions 7.2.9 and 
7.3.5-7 .. 1.8). 

It also raises the que,tion 01' the chargc on Mg¡ 

during a Grignard reaction. If eleclron loss were 
lo precede thal 01' Mg' -. thcn Mgz woule! hc 

POsilil'ely charged during the reaction. However. 
ir the rcduction 01' RX is hy clcctron transfer. then 

it could he critical lhat the chargc on Mgz . and the 
rclated potential. he sui'liciently negativc. 

Thcrc i~ anothcr argulll('nl for a ncgative charge 
nn !\1gz . [f ¡osses of Mg> and electrons rrom 
Mg;: are not lery lightl)' couplcd, thcn each is 
a candidale rol' tlll' rale-lktcrmining step. as is 
llll' dillusioll 01' R:\ lo the surrace. The ohser"ed 
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dilTusion control 1'01' reactions of alkvl iodides and 
Illost hromidcs implics that the loss (;1' Mg'+ is not 
ratc-deteflnining and thcrc!'orc lhat this step equi­
lihrate~ al a ratc raster than rcaclion. Tnaintaining 
a negative charge on Mg¡ 19Sj. 

A olle-clectron transrcr rrom lhe melal could 
he accompanied by a silllultaneous association uf 
the product X- wilh Mg" already present at the 

interface. 

Mg
Il1

n--(Mg2+)p + RX -------+ Mg,llln-.Jl­

(Mg'-t)¡,X- + R. 

Thc I-eaction eould be a,sisted hy a coulombie 
allraclÍon hetween the developing X - and Mg'+. 
perhaps lowering the Mgz potential required for 
the reduction of RX. A similar assoeiation of a 
de\'eloping R - \\'ith an Mg'" at thc interface could 
assist th~ reduction oi' R·. 

Thus. the interfacc ma) con,ist 01' a nega­
t¡vely charged Mgz associalcd lirst with Mg2+ and 
thcn with X- (Figure 7.40). As reaction procece!s, 
the loss of Mg'+ from the metal compcnsate 
for the loss of cleetrons to RX and R·. Illain­
taining this state. Products RMgX and MgX, Illight 
temporarily join the polar aggregates at the inter­
face. but they woule! diffuse into solution as reae­
tion proceeded. 

7.3.10 Two Liquid Phases 

Grignard rcaetions of hrolllides in DEE some­
times give two liquid phases 134.88J. Presumably, 
these correspond to the phase diagram for MgBr, 
in DEE, for which one liquid rhase is satu­
rated at ~O.2 M. after which lhe dissolution of 

more MgBr2 lealb to the separati(ln 01' a sccond 
phase that is ~2.6 M ('MgBr2 clheratc') 1241. In 
Grignard reactions in DEE. phase scparation i, 
almosl incvitahle when rclalively large amounl, 
of 1,2-dibrol1loethane are used to promolc rea,'­

tion 134.8RI. 
This rhenolllenon could he rL'lated lo the 

IÍnding lhat the inlermcdiale c)'clopropyl radicals 
that attack tbe ,oh ent in pure DEE are not 
con verted to RMgX when solvent attad: is hlockcd 
(Section 7.2.9, Table 7.3: the hehavior is different 

in DEE/MgBr" THF. ami THF/MgCI,) 1971 It is 
possible that the initial par! of the reaelion in purc 
DEE leads to enough MgBr, near the ,urface lo 
[orm a layer, possibly thin. 01' etheratc. sandwiched 

between Mgz and the less polar and viscous hulk 

solution. 
Within the etherate layer. radicals w(luld dilfuse 

normall)'. undergoing lheir usual reactions. Ilo\\'­
ever. if the ethcrate layer had the righl thiekness. 
most of the solvent attack eould be by radica" 
lhat escapee! fmm it into the hulk solution. When 

one oí' these radieals diffused back to the interface 
betwcen liquid phascs. bOlh the viscosity and the 
polarity of the etherate IVoule! aet to inhibit its re­
entering the etherate. If solvent attack were slowed 

by solvent deuteration. radieals would be di verted 
to e, mostly, rather than r. beeause they would not 
diffuse to Mgz (Figure 7.41). 

When the entire Illcdiulll is etherate. this effecl 
cannot orerate. sinee therc is no liquid phase 
separation. This can explain why rae!icals diverted 
from soh'ent attack in DEE/MgBr, are convertec! 
to RMgX-thcrc i, no harrier 10 their dilTusion 

back to l\lgz. 

x X 
",,,,,,1 RX \l~cT _ ;;-;;-;-;;-;¡ R· X-Me 2+ _ 
1111111111111111111111111 11111111,,111111111111111 

\lg 111-¡1 11 + 1)-

Ll) (01 (el 

Fig. 7.40. Schclllatic fepresl'ntatioll of conjccturcd interface during a Grig:nanJ rcaction. Sohcnt lllolL'cuk, amI ion 
"nhalion are nut shov.n. (a) Initially. tlw Illdal hcars a ncl ncga[ivc chargc 11-, RX i\ in a plhition [o he rl'dulTd 
(11) Rc-ductiOll h;l.., OCCUITt't1. lca\'ill~ lhe lllLlal with a chargc (n - 1)-, ano lhe produc[ X is a\\ociatL'd \\ ¡Ih :\lg' 
h_') ~1!..;. h~h hecll I()sl lo lhe \olUlioll a\ ~1g~', leaving Ihe metal \\'ith ~I char~c (11 + 1 )-, A ..,Uh"cLjLlcnt rL'dllL'liilll ill 
R· rL,,,'-torc,, tllL' orit:inal Illctallil' chargc, !\'o particular synchrolly ()f ~1"~llcJ¡ron~ (,1 "tql\ ¡" illlpliL'd 
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ethl'!;11l' huI\.. 
... oIUlj(lIl 

Fig. 7.41. Sehemalic illu,¡ralinn nI' a possihlc dICel 01' 
a more polar anJ ViSCOll~ ethcralc h.\ycr adjacent lo 
f'v1g;. Thc highcr \ i~c()sity 01' lhe elhcrale lu)'cr ano lhe 
reduced s"lubilil) ,,1' R· lherein. a conse~uenee 01' higher 
polarily. ael lo hlock lhe re~enlry nI' radical s lhat escape 
inlo lhe hulk s"lulion. 

Except for preliminar)' calculations that indi~ 

cate that they can operate as describcd here (102]. 
these propnsed elfeets are not yet supportcd hy 
additional information. However, there are other 
possible links to known faets. (1) Perhaps two­
phase effects could explain why the ti ts of D-model 
calculations are bctler for solvents DEE and THF 
than for solvents DBE and DPE (Section 7.2.8). 
(2) A high viscosity of medium adjacent to Mgz, 
sufficient to slow the rotation of R·, could result in 
partial retention of configuration (Section 7.2.9), 
provided that the value of S were not decreased 
as welL 

7.3.11 Freckled Magnesium 

Thc D model calculations presented here are for an 
infinite. unifonnly reactive. planar Mg7 ISection 
7.2.4) This is not realistic. The sueeess of the 
calculations is probahl)' due to etlects of scale and 
a\'craging [XJj. 

Grignard Reagents: New Devclopments 

Scale is determined hy the char~lcteristic difTu­
sion distance aH 01' R· ami the thickne" of the 
layer of the medium in which mosl 01' the products 
are formed. Por typical alh:yl halicJcs in DEE. 0R is 
~ 100 A and almost all pmducts are I'llrlncd wilhin 
a few thousand A of Mgz (Section, 7.2.6- 7.:Ui). 
These are small distances comparcd with the si7es 
01' Mg turnings. nr e\'en powders. Cllnseqllently 
edge-elTeet errors resulting from the intinile-plane 
assumption are negligihle. An exceplion might 
occur with Rieh:e magnesium-its particle size 
(perhaps ~ I 000 A) may he comparahle with the 
distances at which sil!nilícant amounts of e and s 
occur. Clusters Mgn ~'ith diamctcrs near 30 A are 
definitely too small for the intínite-plane approxi­
malion (Section 7.2.181. 

By similar reasoning. if the surface has [late hes 
01' uniform reaelivitv that are at bl't a few lhou­
sand A aeross, thel; the possihilily lhat thcse are 
intcrspersed among unrcactive patches will be 01' 
no conseqllence. Effects at pateh edges will be 
negligíblc. 

Averaging occurs when there are small (A 
scale), discrete reactive sites Cfreekles'). Freekles 
might consist, for example. 01' exposed comer 
atoms on clean portions (JI' Mgz undergoing corro­
sion along crystal planes. 

Consider a formulation 01' the intínite-dilution D 
model [831 hased on Noyes' melhod 01' encoun­
ters (69,70]. An encounter hcgins with the first 
contact 01' R· with Mg/ (sinee the end of the 
previous eneounter, ir an)') and ends when R· 
suhsequently reaehes an arhitraril)' chosen sepa­
ration A from Mgz or sulTers r. whichcver comes 
tirst (Figure 7.42). Let a he lhe prohahi lit y of r 
during an encounter. 

If q is a first-order solution reaelion that 
competes with r. lhen lhe probahility A that R· 

[lossihlc 
active sile 
("frecklc" ) 
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RX 

R· 
--....,.., 
,..-
R'~' 

R· ~1lL'()LlllIl·r I l"lld, 

Mg ,~ 

11 ,-
Fig. 7.42. An 'cncountcr' hcgins al :.J lir~t conlacl of 
R· with Mg/ and cnds when R· suhsequently rcaches 
scparalion !. from Mgz or when r llCCUrs hefore A ¡s 
reached. 

will suffer r (ever) is given by eyuation (7.53), 
provided that A is suffieiently small (al) is dcfincd 
in Scction 7.2.6). Equations (7.25) and 0.53) are 

(753) 

equivalent - o is the limit 01' (a/i.) as i. approaches 
zero. This givcs ¡j physieal mcanin¡,: for small 
values. a'" o),. Thus. ir 8 = 0.010 Á I and i, = 

5 Á. then a '" 0.05. meaning that lhe probahility 
lhat an R· at Mgz will sufTer r hdorL' reaching a 
separation 01' 5 A is S'/c 1821. 

For an Mgz 01' unifonn reaelivil). a has the 
same value for caeh encountcr. For a frcckled M¡,z. 
a varies among cncounter~. dcpcnding on wherc 
R· is. relativc to freckles. at the hcginning 01' the 
cneountcr. 

Diffusion can rapidly randomize the distribution 
01' prohahilities that cneountering radicals alTive at 
Mgz at various distances from freckks. especiall)' 
il they are dense. at Icast several per (J~ (100 A 
fOl" a lypical al"yl halide in DE!') <>n \1~¡ Once 

2M 

randomi¡¡tli"n "ccurs. lhe calculated produet distri­
huti"n 1 using an ctfcclive value 01' a (or 811 is the 
same whellter Mg/ is unifonn or frcekled. Only the 
intcrprctatio!l 01' <t dillcrs-··for a uniforJnly reac­
tive Mgz lhc ohser\cd value is the same lO!" all 
cncolllllcrs~-for a freckkd Mgz it is an average. 
The assumption ,,1' a uniformly reactive Mg/ is a 
convenicnce f()J" D-l11odel calculations. not a neccs~ 
sity. Agrcement between calculated and cxperi~ 

mental yiclds does not imply that Mgz l11ust he 
unifonnly reactive in actuality. 

As notecl in Section 7.'2.9, if reductions of RX 
and R· can oeCUI' al the same active site. or 
adjaccnt unes. lhen the frecklcs model can account 
for partial retention of configuralion by including 
gelllinate reaclion (wilh partial retention) ami 
escape. In this case. averaging would apply to only 
part 01' the rcaction. Escape (in three dimcnsions) 
from the initial reaelive site would Icave a surfaec­
radical pair 1 Mg/ R·] in whieh R· diffuses near 
the freckled Mg¡ without encountering the original 

• • 
• (1'1 

el). R· ------- RM~X 

~ll 

,~t ./ • • 
-- R· --• / i " .... • + Id) 

• 
• 

Fig. 7.4J. ·Fn.:'c~lc..,· mude! ami rctention 01' contigur:t­
¡ion. The hea\\ doh are actl\C silCS (freckle:-.) nI" \en 
Ilit:':h n:acti\'it\ '¡()\\ard R·, (a) R· has neen formcd al a;¡ 
ac~i\'C ..,¡te. (h) Oll .1 \LT~ \hort tillle scalc. "'--'lO 111 .... 

gcminalc rl';¡clIO]) nlTlIr~ al Lhe original site. Parti~!I 

rctl'ntioll nf cOllli~Lllatiol1 rc,ult .... (e) On {he sume ,hon 
time ,cale. IllL'rl' "¡" three-dimcn .... ional escape frolll Ihc 
original sile. (d) R· h no\-\ nol at a reactive silC. It 
di1Tu,l''' in l¡lL' t Jin..'l:lion. normal lo Mgz . a .... \\ ell a~ 
lile \. alld :- dirCl'ti¡l1l" illll"tralcd. ralluomizing ih prnh­
ahíl;l\ uf il flllllrl' ,In i\"~tl al \1!.!/ al a frcckk. Onh il 

fral·ti~)Jl uf jI" "ub"l'qul'nl cnc()lI~ltcr" \ ... ·¡Ih lhe ,urLtl<' ¡" 
al all ~ICt I \ (' "!!l' 
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active site again (Figure 7.43). [<,capcd radicals 
could randomizc. avcraging a as ahoyc. 

The freckles model with retention 01" contig­
uration (Figures 7.27 and 7.41) corresponds to 
pathway Xc (Section 7.1.5). Although adsorplion 
of R· is not invoked here. a radical cannot ditfusc 
very far hefore suffering geminate reaction llr 

escape. The characlcrislic diffusion dislance (}Xc is 
(DTxc)J/!. whcre Txc is lhe Xc-limited character­
istic lifetime. Whcn Txc = ~IO~J" s. (}Xc = 5.5 Á. 
axc is smaller for those radicals with even shorter 
lifetimes. Thus, the freckles D model takes on 
some of the characleristics of an A model, in lhal 
the radicals that suffer geminatc reaction rell1ain 
very close to Mgz. 

The freckles model for partial retention does 
not clearly accoullt for the apparent correlation 
of non-isomerization with conjugatioll (Scetions 
7.2.9-7.2.11). This suggests the alternative of a 
palhway X along which R· is not an interme­
diate (Sections 7.1.3, 7.2.11). Whereas lhe frecklcs 

model invokes successive steps, with hranching. a 
non-R· pathway X is a paraIJel reaction competillg 
with pathway R. 

7.4 CONCLUSIONS 

Radicals R· are intermediates in Grignard real'­
tions of typieal alkyl halides RX. bul these are 
not radical chain reactions. Jnstead. lhey 1"0110\,· 
pathway R predominately if not exclusivel). In 
reactions of typical alkyl and eyclopropyl halidcs. 

R· in does not remain adsorbed al Mgz hut instcad 
diffuses in solution (D model). 

For halides olher lhan lypieal alkyl. it is likel y 
that there are pathways X along which R· is nol an 
intermediate and there is al least partial rctelllion 
of configuratioll. In a pathway X. RMgX is prob­
ably fonned through a dianionic transitioll state ul" 
composition RX2~ thal is I"ormed I"rom an intenne­
diate RX;. 

The a criterion for anion-radical intennedi­
ates RX"O (a < 0.5) may he lN'flll. bUl il is not 
rigorous. Thcrc are indications thal it may fail fe)! 
rcduclions ul" l-halo-I-lllcthyl-2.2-diphenylcyclu­
propanes. 

Grignard Reagents: New Devclopmcnts 

Rcductions of l-halo-I-methyl-2,2-diphcnylcy­
clopropanes. including Grignard reaclions, I"ollow 
complex pathways that are difficull to understand 
in delai!. For this reason. these halides are nol good 
Illudcls ror others in Grignard reactions. 

For Grignard reactions of al least so me aryl 
halidcs. including halohenzenes. pathway R ap­
pears to be minor. Apparently, a dianionic pathway 
X dominates. Even lhough dianionic pathways 
have not been detected in eleclrochemical redllc­
tions of aryl and other halides, lhere is clear 
evidence for them in certain chcmical redllctions. 
including those of l-halo-I-melhyl-2,2-diphcnyl­
cyclopropanes. Reactions of vinyl halides appear 
lO resemble those of cyclopropyl and aryl halides. 

MgBr2 sometimes has a pronounced effect un 
lhe initiation of a Grignard reaction. In addition. 
it sometimes affeets product distrihutions. partieu­
larly for cyclopropyl and aryl halides. Differences 
in effects of MgX2, X, and THF (vs DEE) on 
Grignard reactions of typical alkyl halides and 
others, notably eyclopropyl and ar)'1 halides, may 
retlect differences in mechanisms. with typical 
alkyl halides following pathway R (insensitive to 
these factors) and others following R and X (parti­
tioning sensitive lO these factors). 

The adventitious layer of salts on Mgz does 
not contain significan! 02~ unless it is baked. The 
anions are almost entirely ~ OH with so me HCO) ~ 

in the outer layers. Aqueous ni trie acid treat­
ments leave reconstituled Mg(OH)2 layers, perhaps 
wilh fewer defects, but it does not leavc exposed 
metallic surfaces. 

Retaining well-supported hypotheses. discarding 
those that are contradicted by experi mental data. 
and applying Oceam's Ramr to the resto we 
set aside Mg(l) intermediates (pending further 
L'vidence). Jn competition with pathway R. we 
illvoke a pathway X lhat is unimportant for typieal 
alkyl halides but significanl for cyclopropyl and 
vinyl halides and nearly exclusive for simple aryl 
halides. We choose palhway Xb (Seetion 7.1.3) 
as X. Evcn though it is unprccedented for reduc­
lions of organyl (including aryl) halides, it ma) 
he lhe simplest possibility that is clearl)' consiste nI 
"ilh an influence of conjugation on the partitionint' 
belwcell pathways R and X. 

Mcehanisms nf Grignard Reagent Formation 

For lhe inorganic parl of the mechanism of lhe 
main reaclion. we posit the electrochemical, local­
cell hYPOlhcsis of metallic corrosion (Figures 7.1 
and 7.39). This makes Grignard rcactions mecha­
nistically consistent wilh other metallic cOITosions. 

We posit lhat the Mg(OH)c layer presents a 
han·ier to penetration of RX lo the surface. This 
and a rcguirclllcnt of a polar mediulll at thc 
interfacc can explain the failure of reactions to 
hegin immediatcly. MgX¡ may pro mote reaction 
hy helping lhe reaction mixture penctrate the 
Mg(OHl2 layer and by providing a polar solution at 
Mgz. We posit corrosi\e undercutting and tlaking 
off as lhe major mechanism of Mgz cleaning 
during a Grignard reaction, though we recognize 
thal dissolution could be important (Figure 7.37). 

lt may he unlikely that all of the choices made 
here. especially those among poorly supported 
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hypothescs. "ill sun·ivc furthcr teSIs. I\:onethclcss. 
sume of these choices are now well established. 
and laken togcther "ith others. lhey prm·ide an 
integraled vie\\ of Grignard reactions ami a satis­
I"actory set 01" '\"llrking hypotheses. 
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APPENDIX 

Bere wc revicl\" some relevant aspecls of SCK 
and Noyes theorics of diffusion-reaction [71 ,72J. 
Considcr a bimolccular association in solulion 
(Eqllation 7 A.I). 

A+B ( ) C (7A.I) 

Figure 7 A.I shows lhe fundamental steps of the 
forward and baekward reaclions 174-77J 

A, B unpaired molecules. 
AB". ABg non-geminalc and gCl1linate pairs, res­

pecti\·ely. 

.\+1\ 

Fig. 7..\.1. SIC¡" ill the rcaetioll nI" cquation 71\.1 in 
.... olulinll. Thc onc-\\ay aITo\\"s arise hccall~c p{.tir~ ABn 
ami AH,. me lahclcd hy origino no! ,tatc. Thc principie 
(jf miLT()\Copic rcvcr\ihility applic"'--Ihc statcs nI' ABg 
are amOI]g [Ilose 01' ABn [74- 771. 

(l.O probabilities 01 reaction. instead of es­
cape. of non-gel1linate and gCl1linate 
pairs. respectil"cly. 
second-ordcr rate constant for non­
geminate pair forl1lation. It is also lhe 
diffusion-control rate constan! for e 
forl1lation from A and B. When a "" l. 
d[Cl/dl = kIlIAIIBJ. 
tirst-order rate constant for geminale 
pair fonnation. It is also the activation­
control rate constant for A and B 
fOrJnation from C. When li "" O or 
wllcn the system is al egllilibrium. 

dlAl/dl = dlBl/dl = kA[CI 
dcti,·alion-control. sccond-order rate 
l·onstant for C !(lrmation. dlCl/dl = 
i..vlAIIBI when the system is at 
cgllilibrillm. 
"Iohal rate conslant for C forma­
tion-second-order rate con>lant fOI" 
tlle lormalion of C in non-gel1linale 
reactions (only) of A with B. In il10st 
experilllcnts. kc is the obscncd ratl· 
con,tant. Tlle diffllsion-and aeti '·ation­
control limits 01" kG are i.Jl and i. \. 
rc'pccti'·ely. 
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"" glohal rate constant for A and B forllla­
tion-lirst-order rate conslant for the 

fOrlnat ion 01' A anu B 1'rolll C. 

A fe", algehraic steps Jead to general cxpres­

...,io!1~ rl'lalillt! ratc cOJlQanls and pair rcactiClI1 

prohabilities [74- 77[ Note lhat le!) is lhe lilllit 

approached b, k,; as kA -->:x; with k() hcld 

constan!. ",hile k.\ is the lilllit approached by "G 
as kl) ---> "- ",ilh k\ hcld constan!. 

kc=(I-¡¡lk, 

k,,/k]l = 11/( I - (/) 

OA.2) 

O A.3) 

OA.5) 

In the general case. ii :>: 11. This can have impor­

tant con,equcnces. e.g .. pseudo diflusion eontrul. 

In the ideal case 01' spin-free. isotropically reac­

tive. spherical !l1oleeules, ii = 11. Equation 0.19) 
is often assumed. crroneously, to be general. 

kG = (1 - 11 )kA (ideal case) (7A.6) 

(ideal caseI7.19) 

kA/leO = a/O - a) (ideal case) (7A7) 

Equations (7 A.7), (7.15), and (7.17) providc an 

easy identitication 01' the pair reaction probability 

(/ in terms 01' R and 8 (K/ D). Dividing (7.151 
by (7.17) anu setting the resulting expression fm 

k,/k il equal to the right side 01' (7A.7) gives the 

resull. 

<I=l7=R8/t1+R8)=RK/W+RK) t7A.SI 

Diffusion control results when a = 1, so that 

k,; = kll . A c10se approach to diffusion control 
does 1/01 require reaction at every contact between 

A ami B. whil'h is 01' ten taken to be the diffusioll' 

conlrol lilllil. AII it requires is a ncarly IO{)'lc prob­

ability of reaction instcad 01' escape. Noycs defined 

an ·~ncoUlllcr· a~ an c\'cnt beginning with an initial 
conlaCl bel",el'n A and H and continuing as long as 

tbe) occup\' adjaccnl p",ilions in solution. during 

wbich lime lherc illaV hc Illultiplc contacts allLl 

rebounds. Whcn ail cncounlcr cnds (by scparalioll). 

lite prnhahilill 1'" 01' a suhsequcnl encounlcr is nol 

Grignard Rcagellls: New Dcvcl0plllcnt> 

zcro (ror spberical molccuks. 1'" = Rlr, .. "here r, 
is lhe centcr-to-ccnler dislancc bClwecn Illokcules 

al the end 01' an eneountcr). 
'Encollnlcr-controlkd,' i11lplyillg re"ction al 

nearly cvery encuunlcr, is somelimes uscd in lbe 

sClIse uf ·ditTlIsion-controlled.' hui aclualh lbe 

rale of encounlers (using Noyes' elclinition) is 

nol the limiling faclm in the cas ... Df ditlusion 

control. Inslcad. lhe limiting rat... is lhat of 

'engagclllcnts [193 [. An cngagemelll begills wilb 

lbc tirst conlacl hetween a particular A and R 
and ends when lhey reacl ur escape 10 pcrmanenl 

separalion. 11 can incllldc several cncountcrs. 

The rale conslant ÁIl governs cngagcmenls. Thc 

probability " is that (JI' rcaclion during an 

cngagcment. 
Fnr lbe slandard AH (Seelion 7.~.4). ,,= 

0.1 J Á -1 and (1 = OA. so tbe reaclion uf A and 

B is slighll), slower tban the JilTusion-cllntrol 
limil rk,,=2.Jx IO"IMls 1: kc;='J.I x lO'! 

M- I si) and is 40(/, (value 01' a) diffllsioll-conl­

rollcd. From cquation (7 A.8), 1'01' R = 5 A. 50(/, 

diffusion control occurs whcn 8 = 0.20 Á '. 90</' 
when 8 = 1.8 Á-I, and 997< when 8 = 19.8 A- l. 

This view 01' diffusion conlrol makes 110 sense 

when applied to a surface-molecule rcaclion. 11' the 

diffusion-control rate were lhe engage11lenl rale, 

then ,,// reactions between Z and H would he 

diffusion controlled because ZB engagcmcnls end 

only in reaclion (there is no escape; Seclion 7.2.5). 

For lhcse rcactions, diffusion conlrol is lieel 

inslead lo hydrodynamic control and lhe dil't'usion 

layer lhal lies between lhe surface and lhe \\'ell­

qirred main body 01' solulion (Figure 71\.2l. A 
reaclion \1 ill be inllucnccd hy JilTusion i1- lhere 

is a lo\\' probahilily (1 - lIz) (Fqualion 7A.911hal 

a B lhal has arril'ed al Z will Ica\c lhe dltTusion 

la\'er. 

"/ prnhahilily lhal a B at Z !.\ = (JI lIill re:,cl 

lhere instcad 01' ditTusing lo the hulk solulion 

!.\ =.\"l. 

(/¡ = 8,1,,/( 1+ 8sn ) I7A.91 

In an e.\amplc (B = cY"lopelllyl bromide in 

DH·,) )CiIL'n hy Whilcsidcs. an Mg disc lotal[[)~ al 

2:;() I'j"ll )CilL's \[) = 4 x lO' A. This rl'acllon \1 ill 

Mechanisms 01' Grignanl Rea¡!ent Fonnalion 

t 
hul!- - -¡:-- ___ o 

/' 
IBI 

(J/----.-----.-(J 
F.i~: ?A.2. Approximatc COllcentration proli!\.' fur a 
dlllusIOTl-co!1trolled rC~lct¡()n nI' B al a ~UlfiJl'C Z. The 
~cparati<')f~ (or di.-.tancc) fmm Z i ... s (Of .\) and '\¡J 

IS lhe thlc"nc\\ (JI' ¡he dilfu .... ioll I~l\ ér. OUhidc tlll' 
dilfu\iol1 layer. \tirring is ctTccti\'c il~ lllaint~!inill!2 tlll' 

conccntratioll al lhe hulk valuc. The appnl'(illlatioll~ hCTl' 
is in lhe suhstitution 01' two straight-linc \C!2111cnh fOI 

a curve \\ ¡lh ~l continuous stope. Fur lhe '--ph\ \lc<.Ilh 
u~~~al.istic ca .... c nI' rcactiofl al cver) l'()ntaci (PUl~' 
dllluslon control). IBJIJ woulJ he Il~ro. FUI rl'~d l'.¡'l', 

it is nOIl-/cro. hul i f ii i~ rnuch k~~ than lB 1 '- lhl'l; 
the, rc,!ction i:-. Ilcarly diffu~ion inl1ucTll'cd, For purl' 
acltvatlon control. lB 1" = lB k. 

be 9{)'Yr diffusion conlrolled (az = 0.9) when b is 

about 2 x 10 -) k 1 and 50Ck diffusion controlled 

when 8 is 2.5 X 10-(' A -l. These values are 5-6 

orders 01' magnitude lower than the values 01' 8 lhat 

are necessary lo produce these le\'els of ditlusion 

conlrol 1'01' an A - B reaclion with R = 5 Á. The\' 

may be plausible eslimates nI' 8 for reaclions ,;1' 
Mg/ wilh RBr, since these appear lo lie al lhe 

margin 01' diffusion anu aclivalion conlrol. 

For [Mg/ R·[ () is Illuch larger. ~IO 'A l. 

Clcarl)', tbis reaclion is ditTusion colllrollcd. that 

is, thal an R· formeu al Mg/ has onl\ an Insi~nil'­

icanl chance of lealing lhe dilTusi:m Iavcr
c 

and 

entcring the bulk solulion. Tbis juslilies th~ pure" 

reaclion-dilTusion lreallllelll lhal \lT ~ilc t SeL'linn, 
7.2.5- 72.71 C 

Noycs detined a funclion hU) lhal is related 

lO ¿¡ anJ lhe SCK lime-depenuenl rale constanl 

k(r) [691. His original dcfinilion dilTcrs slighlh bul 

signiticantl\ tÚlm lbal u.sed here. 

hUlul probahilily of reaclion helllcen panners uf 

a ~l'lllillall: p~lir AB" .. crcalL'd at time /l'rtl, 

het\\l'L'1l tillll':-' I ami I -f dI. 

269 

j
.').. 

iI = hit'ldl' (7A.IO) 
.0 

¡\ discrepancy hClwcen SCK ami Noyes tbeo­
ril's led NaC]\'i el 111. lO rcforlllulale bolh [1 ')4[. 
This was nol nece"ary. Thc discrcpancy rl'sulls 

frulll a I'iulalion 01' lhe Principie 01' 1\1il'J'oscopic 
Rc\'crsibilily in Noyes' original lreatmenl [()9[. 

Thc prescnl dcfinition 01' (¡(I) avoius lhal \ iolalion. 

Equalions 7A.2-7A.7 and 71\.10 are indcpen­

denl of on any particular assumptions ahout molec­

ular transporto To give fmm lo /¡(I) and v'alues lO (/ 

and l7, underlying theorics nI' molecular lranspon 

:Ind reaclivity musl be assumed. Further considcr­

alions here are hased on lhe ideal case ano SCK 

tkory, which is rooted in Fick's Laws 01' DilTusion 
(cqualions 7.7 and 7A.II). 

iI[Bl/iJI = D(iJ'IBl/ihC
) (Fick's Second LI\I 

in one dimellsion I (7 A. I I I 

I-'ick's Second Law follows fwm lhe Firsl and 

gi\'es the contribution of diffusion lo the I'aria­

lion in lB] (at a particular value of x) with lime 

l. 11' chemical reaclions occur in solution, lhen 

appropriate terms (usually mass-aclioll rate lerms) 

must be added to the diffusion lcrm lo gil'e lhe 

complete equation for il[ B 1/<11. For diffusion in lwo 
or three dimensions, one-dimensional Fick's La",s 

are gencralized lo include thc other dimensions 

(dilTusion in each orthogonal direction is indepen­
denl 01' lhal in the olhcrs). 

Fick's Laws may nol apply al lery ,hor! times 

ami uiffusion distances. Certainl\'. al limes much 

le" tban 10.- 1
' s, where a l)pi~al charactcrislic 

Fickian diffusion dislance (DI) l', is 01' lhe ordcr 

01 I A m less. lbe exlcnls 01' oscillalorv moliolls 

cqual or exceeu lhose of net displaccll1:nls. Also. 

sincL' molecular cluslers lenJ lo pcrsisl on lhis 

lilllcscaJe anu since molions within and 1" clus­
ll'r, nI' real molecules mal' be sllbjecl lO' '~ear' 
l'rkch. thcre may he non-ranJolll L(;ntrihutio7h tu 
rl'ldlil'C displacemenh on \'ery shorl limescaks. 

These cflects are neglecled hcre. Mosl 01' lbe 

phcnolllcna in which wc are intercsted occlIr '") 
¡unger tiJl1e~calcs, 

In thc SCK treatlllclll nI' A -+ B -- + c. ~In 

l'llllilihriulll dislrihulion 01' t\ alld B in s"luli"l) i, 
cTl':11Cd al lime zcro [72[. lhc ralL' C<ln-'l;lIll 41 r l. 
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detincd as rate/lAIIBJ, decrcélscs witl¡ lime. Its 
initial (cquilihrium) value k(O) is kA and ib 'Ioug­
time' value k(~) is Á(;. According lo SCK thcory. 
kit) is giveu oy e<juations (7A.12-7A.[~) 171.721 

'+;r/{' DLoli 
k(lI) = --------- xii -t Re 

1 -+ Ro 
. l' exp(u)erlcIII - ¡¡ 

(
1 +Rd)C 

l/ = l/Ir) = --R- Dr 

(7AI2) 

(7A.13) 

The connectiou hetwceu k(r) and (¡U) is 
169.70.751 

kU) = k.\ [1 -L {¡(¡')dr'] OA.14) 

A comparison (lf equations (7 A.14) and (7 A.I O) 

suggests that the timc depcndence of ~(r) is duc 
to the rapid reaetion of geminate pairs. though 
they are not identificd as such in the se K .~ udden 
creation' approach. That this is correet is clear 
from an equivalent approach. In a reversible 
system at equilibrium, let e be made inert at time 
zero. Geminate pairs are now identifiable. and it is 
their disappearance that is tracked in the integral of 
equations (7A.IO) and (7A.14). If C is sufficiently 
dilute, this and the SCK treatments are identical. 

From equation (7 A.14), 

1 dk(t) 
h(r)= ---~ 

kA dr 
I7A.15) 

Applying cquatiuu (7A.15) to the SCK k(l) (equa­
tions 7A.12-7A.13) gives the SCK forl11 101' h(n 
(equalÍou 7A.161. (This can abo be dcri\cd in 
other ways 1661.) 

IABorZBI (7A.10) 

Although equation (7 A.16) was derivcd for an 
AB. hU) remains \vell detined in the ZB limil 
(R --> :x). This coutrasts with kit) which oecomes 
inlinite in the ZB limil. Thll". equation 7 A .16 
ap[llics to hoth AH and ZB. For a ZB 'J)Cciti· 
cally. R is nol el fa,·tor lit disappears iu [he limit 

Grignard Reagenls: Ncw Develo[lmcnts 

as R -+ ()() and equation (7 A. 17) is the relevant 
version of cquation (7 A.16). 

D I /28 
hU) = -- [1 - 7r1!~8(Dt)I. ~ cX[l(8'[)r) 

(m)I!2 

(ZB) (7A.17) 

From the definition of h(l), it follo\Vs that the 
probaoility R(t), that an AB pair rcaction has 
oceurred by time r, is given hy eqllation (7 A.18). 
The survival probability is often detined as 1 -
R(t), which is correct for the survival of the s[lecies 
A and B. whether or not they remain [laired. 
However, 1 - R(t) is not the correct expression for 
the survival probaoility S(/) uf a pair AB because 
pairs disappear by escape as well as reactio!l. The 
total probability that a pair has disap[lcared oy time 
r, by either pair reaction or escape. is R(t) + EU). 
where E(r) is the [lrobaoility nI' escape oy time l. 

so S(t) is given by equation 7 A.19. 

1" 
r r R8 . 11' 1 /{(t) = hU )dt = --[1 - cxp(lI)ertc(1I 'o) 

u 1 +R8 

= all - exp(lI)erfc(u l!clJ 

S(t) = l - [R(t) + E(t)J 

(7A.18) 

(7A.19) 

The relationship between E(t) and R(t) can oe 
understood as follows. For every contact between 
A and B. there are three possible outeomes, reac­
tion, escape, and temporary sC[laration. each of 
which has a certain prooability. In the ideal case. 
these [lrooaoilities are constant (time-inuepenuent). 
In the end (infinite time). the only OlltCOIllCS are 
reaction and escape-all cases uf tcm[lorary sepa­
ration will have been seHlcd in one way or the 
other (reaction or escape). The 1I1timate ratio nf 
escape to reaetion is (1 - a)/a. out since [he proh­
abilities uf the outcomes of all contacts are the 
same. (1 - al/a must be the ratio nf the proba­
oility of escape to that of reaction for cllch eontact 
and time 1. 

E(t)/R(t) = (1 - a )/11 

srt) = 1 - [R(n + (1 - II)Rlt)!"1 

= 1 - R(n/" 17.A..21) 

Slu) = CXp(lI) erkll/ I 
- 1 17A.221 

Meehanisms of Grignard Reagent Pormation 

Equation 7 A.22 generates the SCK decay plot' 
preseuted in Figures 7.8,7.10, and 7.11. That 01 

Figure 7.10 does not depend on [larticular choices 
of [larameters. Timc is reprcsentcd as multiplcs 
(lf Ihe pair half-life TI/c. which are the same as 

Illultiples of 1/1/2 1 value 0111 for which S(u) = 1/21 
hom cquations nA.22) and nA. 1.1) 

/llj, = 0.5914H (7 A.23) 

TI/2 =0.59148R2/D(! +R8)2 17A.2'+) 

The SCK probability U(.\". kV' K. n. R) uf ulti­
mate reaction between lhe membcrs 0'- a pair nf 

iJeal spherical molecules has been ootained h~ 

i\aqvi el al. ror a general case in which the initial 
separation is .1" and the moleeule B is scavcnged in 
a competing lirst-order reaction govcrned hy rate 

coustant kV' 

UII. kV, K, D, R) = ¡'i[1 + rl(R -1 + oC 1 )1· I 

exp( -s / O"Q J (7 A.25) 

where 8=K/D.¡'i=[I+(s/R)J- 1 and 0(i 

= (D/k(iJI!2 [7IJ. This equation remains valid in 

the limits, separate or joint, for .\" = O. kQ = O. 8 --> 

x. and R -+ 00, and il reduces in various limits 10 

exprcssions for probabilities 01' interesl. Thus. l' O!" 

k() = O and 15 -+ oo. U = ¡'i (equation (7.20»). For 
/{ --~ 00 in addition. U = ¡'iz = l (equation 17.21) 1 
hll" ~ -,. oc. U = <p (equation 7.52). Por ,j -~ ~ 

aud R -+ oo. U = <Pz (equation (7.24)). For.1 = () 
'II1J /{ -+ ()(). U = A (equation (7.2'1 ). For 1 = () 
"ud /;(J = O. U = a = z¡ (equation (7 A.8)). 
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S.I INTRODUCTION 

TIJe magncsium-anlhraccnc complcx [MgI anlhra­
ccne)(THFhl [THF = letrahydrofuran[ i\ a \ersa­
lile rcagent which can react in a \ariety nI' ways 
[1--4[. The complex was originally prepared hy 
R;IIll'dclI in 1965 [51 from clclllcnul Illagne,iulll 
;1I1d anlhracenc in THF It \\ as nul unlil L'arly 
lasl dceade that full \ynthctic details ami appli­
calions ()f lhe comrlex and \arialion' lherc"f 
\\ere cxplored. mainly hy Bogd,lIw\ ic ti ,,/. [4[ 
ami Ra\lon el al. [2.6]. This \\'as Iriggercd bulh 
by lhe potential of magnesium-anlhraccnc in Ihe 
calalytic formation of MgH, Ullllcr Illild cundi­
lions [4.7] and in forming Grignard reagenls 01' 
hcnzylic halidcs [2,6]. 

This chapter focuscs on lhe applicatiun uf Mg­
(alllhracene)(THF)3 and relaled lllagll\"iUm-anlh­
raccllc complexcs in forming Grignard rcagcllh. 
lklailing lhe fnrmalion of the cnmplcxe, in gL'neral 
~llld tllcir propcrtics. the typc~ uf Clri¡;nard rL':I~L'Jll .... 

\\ Ilich l'.11l he prcparcd. C1l1ll11L'till~ rl':ldi\lll<..... tllL' 

mechanislll of formatit)!l 01' lhe Grignard rcagents. 
hybrid \UPpOrlCO Ill<'gnesiulll-anlhracenc compk­
xes and tht.'ir lltilil) in forming Grignard reagents, 
and rulure pro,pecl,_ ThL'SC amhivalenl eomplcxe, 
can act as diorgatlomagncsium spccics (clectro­
philic altad on lhe ;lIllhraccne with helerolylie 
cleavage of Ihe t-Ig e bonos) or as sources nI' 
magncsiulll (homol) tic ckayagc of Mg:~C bond~). 
For lhe lalier lhere is a cle"r distinclion belwcen 
(i) lhe Clllllfllcxcs aelinf' as soluble sources 01' zero 
\'alcnt magnesilllll PI" tI"- :--inglc c1cctron dOllors. and 
(ii) lhe cOl11plcxes fmming highly acliS'aled magne­
sillm "j" equilibralli)1l \\"lh aIllhracene and metal 
\\ hich lhen reaL'ls wi I h lhe organic suhstrate. For (ii) 
lhe anlhracene GIIl he lkscrihed as a rhase transrer 
catalyst for gcncr~lli[1g Illctallic magncsium. as long 
as il i, not eon\lImeo in \ide reactions, Conjugateo 
olelins also rcaet \\ilh elemental magnesium in 
coordinaling ,,]IS'cuts such "S THF. Their synthcses 
and applil'alinn ... in org;lIlic :--ynlhc'\i:-- arc hC)OIHI 
lhe scoflc 01" Ihis el"'I'lel '''1t1 "r,' detailcd else\\hcre 
[I-U[, 



S.2 FORMATION AND 
PROPERTIES OF MAGNESlUM 
ANTHRACENE 

~1!,(allthral't'lle)(THF), is all (}[";lIlgc. P'I('phOI'ic' 
cOlnpoulld. cOIl\'élliently prepared in hi¡ch yicld 
dircctly rrulll magncsiulll powdcr \\'ill1 all1hl"¡¡('cUL' 

ill TIlF. Schellle 8.1. Activatioll 01' thc mL·t" I i, 
dl'ccti\é with 1.2-dihrolllocthallc 191 or hronw­
éthallé 110.111. Typieally a two-fold ésce" ,,1 
the :lI1thl'acenc is used to ensure all the lllagIlL'­
siulll is consumed and this takes 48 hour,; tll 
complete. Colleetion 01' the solid gives " greell 
mother Iiquor containing the anthracellc radica I 
allion species and it can be used for the synthesis 
01' a IlC\\' hatch of Mg(anthracenc)(THFI, over 
the same timeseale on addition of one equiva­
lent 01' anlhracene and one equivalent 01' Illagnc­
sium. and so on. Mg(anthracenc)(THFh has also 
hecn prepared electrochemically using 'sacrifieial 
magncsium 112], by the reaction of sodiuI11 anthr,,· 
cene alld magnesium bromide in THF [131 and 
hy trealing Mg(butadiene )(THF)n with anthraeene 
in THF 114]. Addition of magnesium chloride 
to a slurry of Mg(anthracene)(THFh in THF 

Grignard Rl'a~l'llts: Nl'\\' Dc\.'clopnlcnts 

a!lonh a ~ollltioll rieh ill tlll' radical aniol1 ~pccic~ 

fmm which a discretc COlJll'lex has heen isobted. 

1:\lg,(p-CI1I(THF)"I' 1<'"11,,,1' 1151. SChClllc' X.I 
The rate oi' 1clrlllatillll "l' \ I~I anlhracL'nel1 TlI!') 1 

al 60'C ¡ .... propnrtioll;¡\ lo llll' ;llllhrill'L'IlC COIlL'l.'Il­

tralion anJ magnl·...,illlll ...,urLIl'L' arl'¡L whc:rca .... al 

2) e it is pru(1Urli\)llal !ll IbL' 11l~1~!ll'"illIll slIl"facc 

area 1101. Kinetic studics sh,,,, lhe complex. 
anlhraccnc:. magnesiulll ami TIIF are in a tcmpcr­
"tme dependen!. re\'L'rsihk equilihl'iulll with the 
complcx heing fa\oured at 1m, temperature, 
Decrcasing the conccntratioll 01' the unthracenc 
shifts the equilibriulll in fa\'our 01' the metal 
and sonication of ~lIch mixtures i~ a convenient 
method for preparing highly activatcd Illagnesium 
116-18J.lndeed the resultin¡c magnesium isequiv­
alent in reactivity to that formed hy conden­
sation 01' magnesiul1l in an ¡!len solvent. and 
also to Rickc's magllc\iurll (Illagnc~ium halide 
reduetion hy a group 1 metal) 1I () l. This comes 
from a comparative stud)' 01' intra-Illolecular 
magnesium-ene reactions. equution (8.1) 118]. 
Heating [Mg(anthracene)(THF» 1 to 200°C under 
high vacuum to remove anthraccnc and THF yields 
highly activated magnesium. as does heatíng MgH~ 

T"llIene ~~ THF 

ITHFI, 

1-'llul'nC!('rarhito.:: ---------.,..-

TIH 

SeIlE\lE N.I 
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tu gn:atcr Ihan 250 (' il/ \'({('lfO OI" )!r~'d1L'¡ t!J;ln 

31)0 e undL'!' non"al prL''''llc 11.1.2111, 

1) n j ,1 11 

1 \ 1 ~' 

111\ 

el 

Mg(anthraecné)(T1IFi; i, sparilli!ly soluhle in 
THF. ca. 3 gil at 23 e 110.111. 11 deCllll1pOSeS III 

non-donor solvents such as toluene. henzene ami 
hC\i1nc lO anthracenc and ('klll('nt~d ll1agIlL" .. iulll. <I~ 

minors or highly activated. linel)' divided metal. 
In toluene and Ocn/enc this decolllposition occurs 
vio a ycllow intermeJiale which analy,es as the 
bis-THF adduct, Scheme X.l IY,21.221. Magnc­
sium butadiene (as a his-TIIF adduet) silllilarly 
decomposes in toluene 1211. On the basis 01' solid 
state NMR spectroscopy the his-THF adduct 01' 
lnagnesium-anthracene has grcatcr c()valcncy in 
the Mg-C(9.IO) interactiO!.ls than does Mg(anthra­
cene)(THF), 1221. The presencc 01' graphite in 
toluene or diethyl cther accelerates the decomposi­
tion 01' Mglanthraeenc)(THFi.1 to its constituents. 
afrording tinely divided lllagnesiLlI11 (partiele' si/Ce 

ca, (, ~1l11) which is dispcrscd un the' ~raphik IldKc's. 
Thcrc is no cvidcllcc for Ihe rorlllaÜoll nI' lhe 

lllagncsiulll/graphitc intcrca\atitlll cumpound. Thi ..... 
lúnu uf magncsilllll i~ lloll-pyr()phl)ric )'L'¡ hi~hly 

activakd. del11onstrated. túr e'xallqllL-. h) "''1,idl) 
alrllnling M~lanthraL'L'lleilTIIF)l '''1 lhe addilion 
,,1' anthraeenc and TIIF "hieh is cOllll'lclL' ill 
1) minutes. in contra0..;1 10 -iR h()l1r~ u ..... ing (()lllIllCI­

ciaHy available lllagnesiLlIl1 151. Solution 11e 'lMR 
studies on Mg(anthraccne)(TIII:¡, are consistent 
\Vith magnesium bridging lhe (,(1) an" C( lO) 
earbon centres 1101. 

Magnesium also reacts wilh a variet)' uf sllh,,¡i­
tuted anthracencs in THF, cljllation (8.2) I'J.IS. 
22- 251. usually involving teIllpcrature dependelll 
equilibria [4,9J. Anthraeenc derivativcs cLll1taining 
internally coordinating ether and amino gmurs 
have similarly been prepared and characterized 
spectroscopieally. and some complex fonnation 
rates established [271. 9.10-Diphenylanthraccnc 
behaves diffcrenlly. reacting with magncsium 
in THF at 20c C affording deep hlue solu­
lions of the radical anion complexo MgI9.10-
diphenylanlhracene 12 which cryslallizes as the 
hexakis-THF adduct, presumably containing 
Mg(THF)62" [41. Heating to 60'C gives the 
dianion complex and free anthracene. Phcnazinc 
is isoelectronic with anthraccne and undcrgoes 
reduction to the radical anion by Illagnesiul11 in 
THF, or to lhe dianion in the prescncc of mugnc­
sium broIllidc 128J. and to lhe radical anion by the 
hcavier group 2 elements, Ca. Sr and Ba 1291, 

(8.2) 

RC = Me. R 1.3·5 = H. n = 3 

R U = Me. RcA.5 = H. n = 3 

R1 = Me. Rl-.1.5 = H. n = 3 

R~= Et. R l.'-'= 11. n=3 

R~,5 = Me. R1-'= 11. n =3 

R~ = Ph. R 1-_1.5 = H. n = 3 

R~.5 = Ph. RI-.1 = H. n = 3 

R~5 = SiMq. R 1.' = H. n = 2 

R' = Sitvk,. R I.).5 = H. n = 2 

j{'1 = SiMccC1I2Ph. R I .1.5 = H. n = 2 
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I i\lgl.lIl1ll1 ,ICl'!le )(T' II;J(TMLDA)I 

I 1'\1[)/L\ 

t "¡!ll-. '1 \jI-!) \ 

1'\11)11 \ 
1.\ 1.'-'1 :lIltlll,ll"l'lll' )11''\II)LT,.\) i 

1'\1Il] 1\ 
¡!ll 

1111 

1.\ 1¿ 1,1111111 ,lel'II,: I i 1-I-Sp.Htl'llll' ¡ I 

j\Ig.(;mlllJ.Jl· ... lll' 11 [ 111 1 

L -.:: 1.-l-Jlll\;1I1L', Il- .\ 1I 
L ' 1.~-dllndIH\\.I,l'lh,lnl' I ) \P:lIk'lill' =-

::::: EI(!\k()CIl~CII~)::\. n=-I 

1_=-I:;,~k¡CII.(,ILI)-, 11 = I 

'1.\1/:1).\ "\. '\' kit ,1I1Il'lh~ klll\ kll\.."dt,II11IIlL" 

P1\lI)!:I/\ == .\...\... \..'.'\ .\... -11l·J',1,1I11L¡h.\IJJl't¡l~kJlLIJi"i!lllllL· 

SCHE:\IE M.2 

Mg(anthracene )(THF13 and maiCllL',iulll--,"11S1i­
tuted anthracenerrHF donor cllmple"e" ulldergo 
rapid donor ligand di"ptacclllcJlt rt.'.:tclioJl'" \\ Jlh 
a \'aricty of N- and O-dollor ,ohelll'. alld 
Ihese are summarized in Scheltle ~.2 IlJ.211, 
They react in a similar way to the parent 
compound, Mg(anthracene)(THF).1. 1'or examp1e. 
affording 9.IO-dihydroanthracene on protolysis 
121J. Mg(anthracene)(TMEDA)(THF) can also he 
prepared directly from magnesium. anthracene. 
THF and TMEDA at room temperature. bul 
the reaetion is much slower than the forma­
tion of Mg(anthracene)(THFlJ. laking ca. 7 days. 
ef. 48 hours. Scheme 8.1. Also. in contrast 
to the formation of Mg(anthracene)(THf), is 
that stoichiometric quantities of magnesium ami 
anthracene. and also TMEDA suftice. showing 
that the TMEDA adduct has greater stabili!) 
with respcct to its constituents (Mg. anthracene. 
donor ligands) than Mg(anthracenc)(THFJ,. Thi, 
is consistent with the indctinite stability üf the 
TMEDA adduct in diethyl ether. tolucne anu 
benzene. in contrast to Mg(anthraccne)(THF); 
decomposing to its constituents in the same 
solvents. Mg(anthracene)(PMDETAJ can be simi­
larly prepared fmm its constituents. albeit in the 
presence of THE Evidently fm these reactious the 
prcsence 01' THF is rC'Iuired lo efred tlle e!cclron 
Irans1'er proecsses. Although. 1- Hparteinc faih 

lo rl'~II...'¡ \\ ¡lh lllagJll'siulll and <lnl!JracClle in THF 
11 slo\Vl) forms Mg(anthraeeue){( - )-sparteine) 
111 1"llJelle, Tile more hul~y hideutate tertiary 
<lmilll'. (- J~~p<!rtl'iJlc. Icad~ lO a four COOf(Ji~ 

nate speeies rather thau a tive coordinate species 
,,,iu)! TMEDA. and the (- )-sparteine adduct is 
01' interest as a potential source 01' 'oplically 
active' magnesium 19J. 1'he higher stability of the 
tertiary amine adducts 01' magncsium-anthracene 
is noteworthy in studying reactions 01' magnesium 
anthracene in solvents other than THF. 

Treatment of the bis-THF adduct of magne­
sium-9-trimethylsilylanthracene with TMEDA 
gi\'es Mg(9-trimcthylsilylanthraccne)(TME-DA) 
(1'HF). and thus an expansion ol' the metal coor­
diuation from l'our to tive. The bis-THF adduct 
01' magncsiulll 9.IO-bis(trimethylsilyl)anthraccne 
undcrgoes exchange of the two donor groups 
hy TMEDA. in this case retainiug the four­
fold coordination. and this exchange is reversible. 
derellding Oll the concentration of the competing 
donor ligauds 19J. It appears that the steric 
hindraucc associated with only one Irimethylsilyl 
group on Ihe anthracene results in a complex 
which is al Ihe threshold bctwcen 1'our and t¡ve 
c()ordination. 

Melathetical eXeh'"1¡!C of the anthracene at­
lached to ma¡!UCSillJll in l\l¡!(anthraccneHTHFh 

usdul \\'a) (JI' 

:\flplil'<lliOIl"i 01' rv1a~Ill'~iLlIll Alllhraccnc in Forming Grignanl Rcagents 2XI 

prl'panng Illagncsiulll .... ilyl :-'LJh~liIUlcd anthraccnc 

el IIlll,k\es. equation 1 X . .\). ami preparing supported 
llla~I1C' .... illlll :1Il1hr<ll'l'lll' n)llll)k\L'~ [lJ,2),26.101. 

1'111-' 1\.'lillL'~ (l) Ihl' ahllity nI' ,¡licon lo \tahi­
lile ehar¡!e hy polariJ;i!illl1 1.\11 dnd Ihal sil\'· 
I:tll'd :ullhr<llTlll' .... arl' !ll()rl' L':I"ily rl'dul'cd lhall 

anlllral'Clll'. Otllcl (,\l'll:\ll~L' rL'acti()ll~ /l:\\'l' [k'l'll 

rCI'orlcJ 1'>1, 

Relatcd chcmi,try i, Ihe rcaclion 01' 1\lgl'"l1l11'" 
cene)(TIlFlJ wilh eyc100elatelracne (=('0'1') 
affording IMg(COT)(TIII:)" l. allh()UiCh IhL' ""11,' 
cumple:\. IS 1ll0rl' l"Ol1\'L'lliL'nl!~ plL'pJi"l'd h~ 
\onicatioIl uf lhe rL".Il'lioJl /lli\turl' uf rll;!~nl'"ill¡¡L 
COT ami a eatalytic allllHll11 uf anlhra,'L'IIL' T11e' 
implied i ntermediale i, ~ 19l '"l1hraeL'llc 1I 1'111' " 
whidl undergoc'i /lll'tatlll,tica! l'.\l"h;ln~L' \\'itIJ ("() lO. 

1 ;\lglalllhraeclle )(TlI Fr,1 

/111 

y--:.~ dlltlll;k~'IW 

"¡ .,:) 
R ~ CH,l'h. R' ~ 11 

R ~ Me. R' ~ SiMe, 

R ~ Me. R' ~ H 

Schcl11c ~U 191. ~lgl'\Illhraecne)(THF); reacts 
\\ ¡lh Iluoranlhcllc tu ~i\ e lhe radical anion 

(olllpkx IMgITHF)r,I~) Illu()r"nlilenel~~. the same 
l'o1llpPLJIld heing rorlllct! frorn tluoranlhcJlL' and 
111a~né,iulll in TIlF 121, Addllion 01' TMEDA to 
Ihe't1uoranthene (omple\ giles an unslablc rink 
solid wlúeh deposils efclllental magncsiulll o\'er 

several hours. 

SCIIE\1E S.3 

The ti\'e coordinate structure of Mg(anthracene) 
(TIIFh. Fi~ure 8. t. has been aulhenticated [32J 
along ;vith that of a rclated complcx bearing methyl 
groups in the I J positiolls on the anlhracene, 
RI1 = Me. R"'u = H. 11 = 3 114J equation (8.2). 
and 1\\'0 struclures of four eoordinatc complexes 
\\ he!'e 111l' anthracene is suhstituted at the C(9.1O) 
1",,¡ti,1l15. ,,45 = Sil\1c,. R 1 '= H. 11 = 2. 19.231 

cqualion (8,2), and tile f"ur Cl)orLlinale T~lI:!),\ 

analogue 191, AII struL'lures sho\\' thal Ihe ¡llela! 

centres are attached lo Ihe reduced arene lilrough Ihe' 
C(9.IO) po,il!ons anLl Ihal the anlhracene i, f"ldL'd 
along Ihe CI<J.IIJ) leclor by 27-·+) the l11elal 

cenlre bcing in a slraincJ Illdallaeyk ring ~y."ll'!ll. 

The Mg-C distances. ('lI. 2.22 Á for l11agncsiulll­
trimethylsilyl substituted anthracene complcxcs. or 
ca. 2.30 Á for Ihe othcrs. together \Vith the folding 

and associated lo" of aml11atic character. and NMR 
spectroscopy dala are consistent with the presence 

of polarized covalent Mg-C bonds involving sl'~ 
carbon centres. Thc stcric cffect ofthe trimethylsilyl 

groups results in a lowcr coordination nUl11ber. and 

slightly grcaler eo\'alency. 

8.3 REACTIONS: GENERAL 
CONSIDERATIONS 

Mglanthracel1c)(TIIFlJ and rc!ated cOlllplcxcs are 
highly reactive. and this relates 10 the weaknes> 
of the Mg-C bonds. and undergo a divcrsc range 
of reactions. The nature of the reactions \\'ith 

organic halides is variable with the complexes 
actillg either as sourees of metal. as single c1ectroll 
reductanls or as nuclcophiles. These are deal! with in 
the foIlowing scctiolls. For other organic suostratc, 
they rcacl Illa¡nly as Ilucleophiles and the rcaeliolh 
are ~lJIl1lllanlcd in Sdll'IllC X.4 (cquations X'-+· X,C1J. 



Fi¡:. 1.1. \Iolccular projcel;on 01' Mg(anthraccnc)(THP), 1321. 

Protol)'sis results in Ihe Itlrlllation 01' the corres­
ponding 9.10-dihydroanthracenes [4,10,15,21,24, 
33]. Mg( anthraeenc)(THF}J and the 9-methylanth­
raeene suhstituted analogue undergo insertion 01' 
a single ethylenc at 8YC and 60 bar ethylene, 
Schellle 8.4 [34]. For the sllbstituted cOlllplex the 
insertion is into the Mg -Cien bond. Further inser­
tion does not neeur duc to Ihe rcmoyal of the 
ring strain in the original metallacyclc. In THF 
abo\L' (,0 C Mg(anlhraeenc)(TIIFh reslllls in rin~ 
opcninp: 01' Tl-IJ: alld i11"l'rliol1 (JI' hutencox)' unit~ 

¡nlo Mg-C bonds [10]. A similar rcaclion ocellr, (Jn 
trcating Mg(anlhraeene)(THF), \\'ith ethyl aeelale 
or acetone. yielding a ketone or a tenian' alcohol 
respectively. the substitulion being at 'Ihe CilJl 
position [4]. In contrast, rcaetion of Ihe l11a". 
nesium-9, 10-dimcthylanthracene eOl11plcx ani)rds 
respectively the hicyc1ie tertiary alcohol and a 
Ci 1) suhstilllted 1.2-dihydroanthracenc. Sellcl11e~.-1 
1241. Stcric hindrance direets attaek 01' lile elce· 
lrophilie acclolle Ihrollgh the Ci 1) position r'llh,'1 
Ihan C(9) positioll uf anthracclll'. SO!llL' hell/) liL' 
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elhers undergo C·-O c1eayage with Mg(anl/¡racene) 
(THFh allording benzylie 'Grignard' reagenls allll 
this is further disclIssed in Section 8.4 dealing wilh 
the rcactions ofbenzylie halidcs [35]. Rclated to thi, 
is the ring opcning 01' cpoxides by Ihe radical anion 
eomplex Mg(naphtha1eneh [36], 

Mg(anthracene)(THFh is a versatile reagent 
ror preparing other organollletallic compollnds: it 
rcacts with titanocene and zirconocenc diehlo­
rides to give metallocene derivaliyes 01' anthracene 
whieh are bound through the cenlral ring lo 
the divalent metal centres [37]. Compollnus 
\\ith silieon hridgin~ the 09, lO) posilion, oi' 
atlthraccnc ha\"I..~ sil1lilarly hcen pr('p~lr('d rroJll 

Me 

dialkylmelal ehlnrides [5,38[, and reaetion 01' 
Mg(anlhraeene)(THF).1 with trimcthylsilyl ehlo­
ride giyes mainly 9, IO-bis(trimethylsilyl)-9,1O­
dihydroanthraecnc. In these cases the Mg(anthra­
ecnc)(THFh aets as a nuc1eophiIe (hetcrolytic 
cleavagc 01' Mg-C bonds) [4J. In contras!. 
the reaclion with tri-II-butylehlorostannanc results 
in homolysis 01' the Mg-C bonds affording 
hexa-II-bulyldistannane and anthracene [4]. Here 
Mg( anthraeenc )(THFlJ aets as a redueing agent 
1'/iI clcctron transfcr. Similarly a polymer 
supported di-stannane arises from the rcaction 
01' !\1¡!(anlhraccncliTHF),l wilh a polymer bound 
linllV) halilk lesin lel5]. !\1ixed alllminilll11 and 
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ll1<1gllc~iLlm l'O!llpkXl'\ arL' rurlllL'd illl !ll';I(jll~ 

Mg(allthracl'lleltTII/:I, \\'1111 triIl1ctlll'la/1I11lIllillIl1 
diaH,y/a/lIl11illilll11 hydli"e "',,/ dicII;,/altlll1illiLIl1; 
c¡hoxidc. Similar n.?<ll'ti\llh ot rlla~lle",iLJrn-()" IO-hi:-. 
(trilllcthy/si/)/)alltl1raeelle gil': allllllinilll11 Illl't;¡l/­
acyks ",ilh the 111c!"/ hridglllg the ('IY,/O) I'''SI­
tiolls 01' the alltbracelle II:iAO-421, FiIl;tllI. 
cOlllplcx Mglallthracl'lIcIITln:).: eall aet a p,,\\'e-r­
fuI rcducing agl'llt ttl\\"aHl" Irall~ilion hllli(k\, 
Ilotah/y TiC/, an" CrCh. \il'IJin~ 1}(11l10~l'IlC'"LS 

calaly~(s for Ihe h~dr(lgcn~~11ol1 nf lll(lgllL'~illIll lo 
lllagncsiulll hy"ridc [4). amI in formillQ lo", ,,;tlCllt 
grollr 5 rhosphinc cOlllplcxcs (431, Th; reaetion 01' 
TaCI,(Jlllpc 1, ",ith Mg(;¡nthr~leene)( THFI: l!i \'l's 
hOlh TaCI,(t1mpc)2 anel T;¡II/'-;mlhraceneJl,";,pel, 
Cl (dlllre = l ,2-bisldimcth) Iphl"phinoklh:nll') 
[43). 

8.4 FORI\1ATION 01" GRIGNARD 
REAGENTS 

Tile rrocIlIcl rmm Ihe rcal'lÍons of l\la~IlCSiUIll 

anthracene comrkxes ",ith organic halide; Jcpend 
on the nature of the organic halide, the choice of 
solvent and temperaturc. Benzy lie halides allord 
Grignard reagents in high yield, alld altylie halides 
afford Grignard reagents in modest yields. With 
a few exceptions, other halides result in products 
from the reduced anthracene in the eomplexes 
acting as single eleetron donors. as discussed laler 
or as nucIeophiles, Seheme 8.5 [4,33.44.45), ' 

f\1&( ¿llllhraCCIlC)(" .11'), 

H R 

~Y¡~I 
~ 

H R 

SCHEME 8.5 

+ 1.2- and 1..t-I'\)IllLT~ 

Bcnzylie and allylic type Grignard reagents can 
he diflieult 10 pn:pare or inaecc"ihIe usin~ Illa"ne­
Silllll powJer ami lurnings '" in the ~el"s~eal 

Grignard Rcagents: Ncw Dcve!"pl11cnts 

Illclhnd uf Grignard {"cagL.'nt fonnatillll. Tlli .... ¡" in 

par! tlue to the slahility 01' the hell'/vlie \1, al/v li, 

cc'nlrcd radical (R· or RX; l. all(1wing dep"';lllc 
!'rulll rhe metal sllrraLl~ anJ (hus gre;ltl'r pr(lh,l­

hililv nI' forllling \\'ur!z-eollplcd prodllCts "ndl," 
[he hit!her rcactivity 01' lhe orgallic haliLk' [()\\'~lrd~ 

lile prcforrncd Crrignard rcagl'111. Thl'~c ~i(k fl'al"­

t!On~ can he restrictcd lO ~()IllC cxtcn! 11\ U ..... ill(' 

highly activatcd ll1agllc~illlll (Scl,ti()!l X.2). ·~b!..!:!1(,~ 
:-.ium-"lIlthraccnc COlllple.\I..'.\ are s(lluhle .... OUI"C:\ 01' 

ll1agncsium und furthcr rL'slrict \Vurtl C(lupling. 
Exalllples of SO!l1e unusual hcnz} lie G,ignard 

reagcllts readily preparcd llsing m~lglll':,illJl1-all­

thraecne eOlllplexes are shown in Fi~ul'c X,2, Tile\ 
are either aeeessible using the el;;s"cal IIlcthod 
but under special eonditiolls (choice 01' haliue. 
solvent anu temperature, activated mal!ncsiullll. 
or are inaeeessible using the classical Il~ethod. in 
!l1ost cases even when using highly aeti\ atl'd fllrms 
uf magncsium. A typical cxpcrimcnt in prl'paring 
a Grignard reagent using magllcsilll11-anthri.I(CIlC 
eomplexes involves the slow addition of a THF 
solution of the organie halide to a stoichiometric 
amount of the complex as a slurry in THF usually 
at O"C or ca. 20'C and with a target cOlleentration 
01' the Grignard (or poly-Grignard) reagent cIose to 
O, l M. Immediately after additíon of the Jirst fe\\ 
drops of the halide solution, the mixtures turn fwm 
orangelyellow to deep green whieh persists unti! 
all the magnesium complex is consumed and the 
addition of organic halide is complete, whcreupl1n 
Ihe solution heeomes colourlcss or pale redlbl'l1wn, 
with a few exceptíons sueh as the Grignard rca"cnt 
()f triphenylmethyl chloride or hr(~11ide. Thcse 
Grignard reagents are highly eoloureu and it is 
dirtícult to judge the end point of the rcaetio)h, 
Discharge of the green eolour is a rcliable guiue to 
eompletion of the Grignard reagent forfllation anu 
is an attraction of using the method. Moreover. it 
is a guide as to whether Wurtz coupling prcvaih 
sinee such coupling requires more than Ihe stoi­
chiometrie amount of the halide to consume all 
the magnesium-anthraeene complex. 

The aforementioned green solulillllS contain 
paralllagnctic species, which are most I ikelv 
radical anions of the various anlhraccncs. Absenc~' 
,,1' hypertine eoupling in the EPR speelr:! (JI' 
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Fig. K2. Unll\ual hcnzylic Grignard rcagcnh preparcu in high yicld 011 trcating magnc\iulll ~alllhraccne complcxc\ 

\\ ilh or~anic "a/iJes in THF [35.441· 

Ihese solutions may he due to rapid electron 
transfer hetween radical anions and 'preforrneu 
anthraeene·. The presence of radical s implies Ihat 
eleclron-transkr reactions prevail (Seetion 8.4.3). 
Thc choice of magnesium-anthraeenc eomplex 
has little effeet on the overaIl yield 01' the largct 

Grignard rcagent. 
Formation 01' the Grignard reagcnts is usuaIly 

complete in one hour, an exception being the 
formation 01' the Grignard reagent of 9-ehloro­
methylanlhracene whieh takes 36 hours ror >927< 
yicld 1441. Choice of larget concentrations 01' 
ca. (l. I M is a eompromise between practiealit)' 
ami a suflicientl] high dilution to disfaV'our Wurtl 
coupling. Thl' ... ame concentration i:-. lhCd for thl' 

"yllth('~i\ of \0111(' h(,ll,-ylic di-Clrign¡lrd rcagents 
usin)! the classieal Illcthml. albeil unucr rather 
critical conuitions 1461. The choice 01' lempera­
ture ror thc rcaction i\ hascd on minimizing Wurtz 
coupling hy operating al low tcmperature. yel not 
lo\\' cnough to \lOp Ihe rcactioll of Ihe rnagnc­
sium-alltlm1Cene with lile halidc which can oceur 

hclow ca. -2(Y C. 
\Vhere the nwg.nc\iulll'-anlhraccnc complcxe~ 

are stahlc in nun-coordinating solV'ents. they are 
effective in forming Grignard rcagellts 01' henzylic 
haliJes in such solvenls. The eo-ligands on the 
melal 01' these complcxcs Illost likely stay attachcd 
lo the metal centre in Ihc gCIlCri.IICd Grignard 
rl'~lgcnt. l\'lg(alllhracl'nl'l(( -- )-:-'ll~lrll'i!H.'1 c\changl'\ 



dlllli\r li~alld~ in TIIF 111 using tolll~ne as thl' 
",hel1l. il reach "ilh 1::L)-<1-IllClllllhel1/yl chloride 
lo ~lve the Grignard n .... agent with P:';- el' ha sed 
'''llhe dcri\t-,d l'arhoxylic acid. (equalion ~A) 144[. 
Tlll' a:-.: 1ll111I..'tric inductioll occurs citllL'r durin!.! the 
rllrlluliun u1' lile C,rignard rcag.l'llt PI" th('r('~¡nl'r 
\'/tI l'LJlI¡I¡hr~ltiul1 nj" thc t\,'O dia",[cTl'()i ..... ollll'r:-. oj" 
~1~11- )·spallclllc[ICIII Mc)I'I1), 

I 1\ \ ~ '1 ,UII h r ,te ,'!lc' 1 [1 -) 'p,u h' 111,' I 

1'\\lJClK' 

-.!rllhran'm' 

(8A) 
;>'lagnesiulll-I.3-hutadiene complexes cxclu­

\ively undcrgo substitution rcactions \Vith organic 
l1alides, allhough they can aet as a sourcc nI' metal 
wilh other suhstratcs, e,g, 12• yielding Mgl 2 and thc 
hutadiene [47,4RI. Reaetion 01" Mg(COT)(THI'12, 
with hcnzyl chloride in THF yields the Wllrtz­
cOllpled produc!. 

A sccondary rcaction has bcen idcntified in the 
reaction of magnesium-trimethylsilyl substiluted 
anthracene complexes with bcnzylic ha lides, which 
is the addition of preformed Grignard reagent 
wilh the generated anthraeenc. equation (8.5) [44], 
However. this is slow enough not lo be a serious 
problcm. The addition is favoured bv the eleclron­
withdrawing silyl substituents; other;"ise more for­
eing conditions are requil'ed [49), 

/)MC1)cSi MgCI~ 
R = r I I ! 
~/ /,) 

JI 

S.-u i\lono-(;rignanl 
Reagents-Special Features 

h.lrlllatioll 01' the (jri~Il;\rd rL'agl'1l1 nI' l)-dl111ru­
Illcthylanlhraccl1l'. ¡:¡~~llJ\.· K:2(;\). \" :1I\!lictl in lhe 
time requirl'd 101' il:-.l()nll~t\\()Il: 3() htlu-r" l~l[' ~.{)~(,; 
yicld llsill~ ~lgl'[[lll1r"cl'nl'IITIII'h [4-11. Sdllll' ()_ 
mcthylanthracl...'llL' h I'llrl1lL'd ;¡..., <l ["c,,¡lIt 01" 11_ 
ahstraclioll frolll the ~()lvl'IlL a l'UlllmUIl rcactiull 
type I"r alkali-mélal-arclle L'lllllplcxes [:iO[. Use 
uf CXL'L'\:-' magncsiulll-anthri.lCCllL' cump!cx ha~ 
no elreel lln Ihe rale 01 fonllatilln uf the 
Grignard reagent or on thc yie1d, wilh '111 the 
magncsiulll-anthraCL'Ill:: L'ulllpkx heing c(lI1\'erted 

lO a llletal(anll1racene)' species [-1-11, No Grignard 
reagent is f()l"lllCd lúr the br0!110-COlllpound, 
Incorporalion of trilllélhylsilyl groups on the 
anthracenc attacheu to mi.lgnc:-.iull1 slo\\.'s the 
rcactioll ('''en furtlll'L ,\:-. c.\pcL'lcd by polarizing 
silyl groups stabilizing eharge "ith the [1olari7ation 
and disfavouring clcclroll lranskr 14-11, Thl' sa!11e 
Grignard is lhe illlplied intennediatc in the ill 
silll trapping rcaetion 01" 9-chlorolllethvlanlhraeene 
by CISiMe" where Ihe eonditions ol:lhe reaetion 
are critical since further rcaelion hetwecn the 
9-[trimethylsilyl)lllethyl]anthracene generated and 
magncsiu!11 is possible [51], 

Secondary benzylie Grignard reagenls are I()r­
med in modest yields [44], I-(ehloro- or brOl11O­
phcnyl)propane for exalllple give 80''+ and 70r;¡. 
yield respectively of the Grignard reagent, the 
eOlllpeting reactions being addition to anlhraeene. 
Sehelllc R,5, 1 R'k and Yk respectivel)'. and 
Wurtz-coupling, 2Yk for the hromidc. 

The synlhcsis 01" Grignard reagents 01" henzylic 
halidcs hearing clectroll relcasing oxygen-centrcd 
groups on the aromatic rings. e,g, Figure 8,2(e,l), 
using magnc\ium-anthraccnes is a .significant 
dc"elopmenl in Grignard chcmistry [3:i5~.53]. 
This. eouplcd with the abilit)' of oxazolines to 
activate o-methoxy groups lowards nllcleophilie 
substitution by Grignard rcagcnts [5-1]. 1cads to 
a uew synlhetie route lo preparing naturallv 
occurriug anthraquinonc.s in high yi;ld 15251 í. 
The kcy rcaetions iuv'o" cd are the forlllation 
01' tl1L' G!-ignard rcagent ¿¡Ild it...... rL'action ",ilh 
O-llll'thux~ ¡IISdihidridu-o.\;\¡uk ..... L'tl rnutc to thL' 
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OH () 011 
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synthcsis 01' chrysophano1. ror cxample, as shown 
in Schellle 8,6, 

AlIyl halides are at the thrcshold bctwccn 
forming Grign.mJ rcagents and anthracenc addilion 
produets, 50- 7 O'/, and .1()-5(l'k respeclively, 
Schemc 8.5 144[. Thc addilion is a primar) 
process, as opposcd to a secondary reactilln 
01' the prdonncd Grignard reagcnt with lhe 
anthraecuc. cqll'llion I X.5), For Ihese halides therc 
is no ad\anta~c nf the magncsíul11-anthracenc 
Illcthod (j\'cr tha( ill\o"'ing highly aelivaled 
metal wilh a catalylic arnollnt 01" anthracenc Ol 

Mg(anthraccne)CfHI'), as a prornoter (ca, 2 lllol ,;; 
01' Mg(anlhraccne)(THF), relative lo magueSilll11 
metal) [4,18,33[, Thc gcneration of allyl Grignards 
llsing magnesium--anthraccnc is possihlc iu THr. 
tolucnc and dlClhyl elhe!". eY'en at -78 e 
[4,33,55]. 1)J"(lp'lr~yl chloridc [HC""CCII,CI[ fai" 
to reacb \\"jlh al'li\atcd lllagnc~iull1 111 TIII:. 
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hut reaels wilh Mg(anlhraccne)(THF), affordin!,' 
allenylmagncsium chloridc [CH 2=C=CHl\lgCI] 
[4.33], At -78'C an intensc bluc colour nf the 
solutioll pcr,ists until the addilion of anollwr 
drop 01" Ihe h,llide which suggcsts thm al 
this tCll1peralllre lhe radical anion cumple, 01 
lllagnc,ium is formed. AI1cnylll1agnesillm ehloridc 
is 'liso form"d using a eatalytic al110unl uf 
Mg(anthracene)(THFh, and the rcaetion tahe' 
plal'c \'1'<1 the reaction of the halide with lhc 
magnesiul11-anlhmcenc eomplcx ralher than "ilh 
the mctal i"el!'. 

Tris(lrimcthylsilyl)methyl chloride is the onlv 
non-benZ)'lic or all)'lic halide to afford a signilicanl 
all1011nt of the Grignard reagen!. Herc addilinn 1,1 

Ihe anlhraccnc i" sterically unfa\'ourable [-14[, lhe 
Grt~nard reagcnt is not accessihlc u-;ing acti\ ateL! 
1ll:J,!!ncSillll1, I-hs(lrimethylsilyl)ll1cthyl chlnridc. il1 
l'(l\llra<..;L rcadi!~' gi'ú~~ ¡he Grignard rL'~I~l'1l1 I\ .... ill~' 



hulk 1l1L't~11. and ll .... ill~ 1ll<.l1!lll' .... illlll-antilraccnc 
rc~lIlt~ in addilioll. SClll'lllC X .. '), ~I~ wcll a~ the 
lúnnalion 01' ill-ddined I'rndLll'h, 

8.4.2 Di- amI Tri-Grignanl Rcagcnts 

Poi) -Cirignard r\,':j~C!H .... ;jI"L' ~1L'L·L, .... ~ihk in l1igh 
yielJ 011 treatillg hCll/) IIL' Il:t!idc,,,,, \\'Ith magnc­
siLlm-anlhracene COll1plC\l'S [4,+"1'1[. Examplcs 
are sho"'ll in Figure S.] <!¡¡d :IlL' hest prcparcd frolll 
Ihe chlorioe ano al room lemperalLlre, Ihe reaclion 
01' 1,~-his(ci1lornlmelhylbcn/cne C\CepleO, In this 
ca~c the reaction is optimi/cd al --1 (re, re~1I1ti!lg 
ill >0(V/( 01' the targcl di-Cirignard rL'.¡genL Al o 'C 
Ihis dmps lo R7'í(, ami lo XII'; al roomlelllperature, 
The compeling reaction is partial Wurtz-coupling 

followed by Ihe rormatioll 01 Ihe di-Grignard 
reagent 01' the coupled ,'ompoLlnd, equalion (8,6), 

(e x 
I x 

'0.. 

lhe di-Grignard rcagcnt in Figure 8.2(h) is acces­

sihle using elemenlal magncsium but rcquiring the 

use of lHF as the solvcnt and targel concentrations 

of ca. 0.1 M conccntrations. Allcmpts to prepare 

the corresponding di-hromidc however, result in 

intra-moleeular cyc\izalion, Schcme R.7 [46]. The 

same di-bromide wilh Mg(anthracene)(lHFh gives 

60-65o/c ofthe di-Grignard reagcn!. I,S-Bis(chloro­

mcthyl)naphlha\cnc gives lillle or no di-Grignard 

reagcnt even using highly aClivalcd magnesium 

[57], hui using Mg(anthraccne)(THFh in TH" 
lhe di-Grignanl Figure g.~(~l. i~ formeu in high 
vicld [441. 

+ 

GrignarJ Rcagellh: 0!e\\ ¡)c\'cl()Pllll'llh 

Al room tcmpcralUfl' tllL' di-hnl!l1i\.h.' gi\ l''''' nnl: 
17'¡f 01' Ihe largel di-C¡rignard, allll (,()(,; (lr Ihl' 

analogolls cOllplcd di-Cirigllard. ¡¡lid ()(,; uf thl' Ill'\t 
highesl coupleo prodLlcl. Thc 1.'\11.'111 (lr COUl'lllE~ 
is 110t signiticanlly rcduceJ ()!l l\n, l'rillg tlh.: 

tcmperatllrc. 111 lhe cla\sic<ll rcactioll (he hrollll(k 
results in r(lnnalion 01' p(llymcril' IC'.,ll s )" H(¡I 
Reactioll 01' I A-hislchlorolllclhyl ¡hCn/Cllc \\"illl 
Mg(anlhraccllc)(lHFh al 2(fC gi\ cs a 

mixture 01' tlle largct di-Grigll<lrd rcagL'1l1 alld the 
Ji-Grigl1<lrd rcagcnt uf the couplcJ compound. 
whcreas al -IO'e lile Si1mC' di-Grignard 1'1 

fOTJl1CU in >t.HY¡( yicld. Therc i" !lO illhen .. 'Il! 

prohlcm in forming lile t .J-i~ol1ll'riL· di-Clrignard 
rcagent, as is thc ca~c rOl' tile '-I.\íally a~ylll­

mctric biphcnyls analogues, FigUle X.2(h,il ['),:'ill[, 
and the tri-Grignard 01' 1,~,5-lri'lchloro- (]J" 

bromo)mcthylbcnzene, Figurc X.2(jJ. 

"----.MgX 
MgX 

MgX 
(R.6) 

MgX 

0- and {'-Chloromcthyl( methoxymcthyl)bcn­

zencs rapidly afford thc 'di-Grignaro' reagenh in 

>95'7c yicId, arising fmm inserlion of magncsiulll 

into both the O-CH, and C\ -C honds [351. Thc 

lIl-isomer gives only the mono-Grignard reagent 

derived from inserlion into the C\-C hond, and 

attempts to form the analogous mono-Grignard 

reagent for the (J- and {'-isolllcrs give mixtures of 

the di-Grignaro reagent and unchanged methoxyl 

chloro compound. Using elemental magnesiulll 

the 0- ano !,-isol11ers give polymeric (C,H,)". 
arising fro!l1 polymcri7ation of 4ujl1odimcthallc~. 
",hcrcas the I/l-isolllcr \\ hich is ul1ah\c lo lúrlll " 

¡\pplicatioll~ 01' f\1agncsiulll Allthr'lL'l'lll' ill l·ormiJl~ (¡rigll;¡rd RL'a~l·llt .... 
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L¡llinodimcthanc givcs lhe mono-Grignard rcagL'Ilt. 
The corresponding dimcthoxy compounds all real'l 

slo",ly with Mg(anthracenc)(THFh to givc some 

di-Grignard reagent (0- and p-) nr somc Jll0I10-

Grignard reagent 1351. ronnation 01' the 'oi-C,ri­
gnards' of ()- and I'-chloromethyl(mcthoxymcthyl) 

bcnzenes is vio insertion into the e--C\ hono as 

the pri mary proccss (invol ving e!cclron transfc¡ 

processes) ano this aetivatcs the mcthoxy grour 

al the ()- or p-methylene group, It is possible 

that lhe quinodimethanes are formed for the ()­

and I'-isomers but are rapidly reduccd hy eleetron 

transfer from the magnesium anthracene eomplex 

or a radical anion of anthracene. In general thc 

inserlion of Mg into o-c honds usually requires 

rather foreing conditions, e.g. Rieke's magnesium 

rcaets slo",ly ",ilh dibenzyl ether [19,581. 

8.4.3 Mechanism 

Magnesium-anthraeene complexes undergo cIcc­

tron transfer reactions in fonning Grignard re­

agcnts 01' henzylic halides [4,24,44,45], clectrun 

transfcr reactions heing the acccpted mcchani"ll 

of formation 01' Grignard reagents using hulk 

magnesiulll [591, and also a meehanislll of reac­

lion of organomagncsium reagents with organic 

halides. lhis is based on: (i) the deteetion of 

radicab, mosl Iikely of anlhraeene, during forma­

tion of the Grignard reagenls; (ii) reaction 01' 9-

ehloromelhylanthracenc with two eljuivalenls 01 

Mg(antlll'"cene )(THF).1 yiclds solulions conlainini' 

thL' (;ri!2Ilard j'l>a~cnt, Fi~Lll'c H.2(a). anu the radical 
aniol\ (:1' al\thr.ll:cnc. I ii'i) [~lg,CI1(THr)ó [+[anth­

ral'cne r' i~ ah\) efketi\'c in gcncrating Grignard 
rl'''"l'nl, ni hen/vlic h"lides, and Ihus both magne­
.... lll;n dl1ll1r,lccllc-Clllllpkxc .... <.InJ lhe raJical aniOll"i 
uf antln<ll'Clle ,,::\11 contrihulc to Grignard reagcnt 

fOflll<'ltioll. Thc ca~l~ spccic .... 1~1g2+. (anthraccnc)·. 

RX'I can collarse to RMgX, whcreas rcac­

tions in\Olving ¡anlhraccnc)' would yicld initially 

RX'- and/or R·, Thcse can then cncounter 

anolher raoical anion of anthracene to form 
RMgX. Se heme 8.8 depicts Ihe likely sequence 

01' eleclron Iransfer reactions atTording Grignard 
reagents, und also addition products, starting with 

Mg( anthraeene)(THF),. 
Radical anion anthracene spccies prescnt during 

Grignard rcagcnl formation ma)' arise from the 
rcaction uf Mg(anthracene)(lHFh with preformed 

anthraccne ano MgX" Scheme 8.1; a shift in the 

Schknk equilib¡-ium, 2RMgX ~ MgX, + MgR" 
is a Ii"dy souree of MgX,. lhe ability of magne­

sium anLhracenc complcxes to aet as a single elec­
tron donO!" relates to the case with which the 

anthracenc dianion moiety can be trunsformed to 

raoical anion speeies such as IMgITHF)óf+[anth­

racene[": and [Mg,Ch(lHF)61+[anlhracene]'- [4, 
15,33[_ 

Bcnl:~lic bromides tend to give more Wurtz­
coupling compared to the corresponding chlo­
¡'ides_ which is consistent with Sr" being a hener 

lea\ in~ ~rollr Ihan CI-, allnrding R· fmlll RX ". 
SdlL'me X.S. h j~ also COlhi~tCllt ",ilh bond clll'rgy 
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diITert:nces; C-CI is greater than e - Br .lIld Ihu, 
loss of Br- is more favoured h'lih hllll'licillv and 
Ihcnnodynamically, • 

Magnesium-anthracene compleses are fonned 
hy cquilihration involving metal and anthraccne in 
THE In their reactions in THF il is unlikcly that 
small particles of magnesium are Ihe active specics 
in forming Grignard reageots since such particles 
would yield Grignard reagents wilh ar)'1 and alkyl 
halides and this is not the case. As a leSI exalllple, 
the di-Grignard of 1 ,8-his(chlorolllclhyl Inaphtha· 
lene, Figure 8.2(g), is forllled in 10<1 yield wilh 
highly activated magnesium forlllcd hy cXlensive 
sonicatioo of magncsium in Tflf "ith a calalylie 
amount of anthracene, Wurtz c(lllplill~ being the 
favoured rcaction. In contrast Ihe di-Grignard 
is formed in >95'7c yield using magn~siulll 
anthracenc complexcs 144J. Thus a stolchiolllctric 
amount of a magnesiulll anthraecnc is hinhh 
clTective in formi~g Ihe Grignard reagenl. '" hl;1 
not so using a eatalytic amollnt of anlhracene. 
In many cases the lalter may sufticc hut il is 
important to realize the distinction hctwern the 
two approaehes. Magnesium fluoranthenc radical 
anion spceies reaet with henzvl chloride !living 
the Wurtz-coupled produel i-l-lJ. and n;agne' 
\iulll-llaphthalenc radical iJllion S[1l'Cil'\ L'!~<l\'l' 
C[1o\idcs l'f"o clcctroll trall\kr prpi.'l'\\L'" I 5{) l. 

\11" 
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Where addilion to anlhraeenc prevails, Scheme 
~,5. 1\\'0 reaelioll palh\Vays are plausible, llamel)' 
coneerted nuclcophilie substilulion and fonnalion 

01' the diradieal eagc 1 Mg'+ . (anthracene)", RX" J. 
Scheme 8.8. In the ahsenec 01' aoy deteclable 
radical intcnnediates, this cage must collapsc 

instcad nI' relcasing RX'O aml/or R·, This is 
eonccivablc considering the low stahility of 
sueh radieals rclatiw lo those bascd on allylic. 
benzylie, and tris(trimelhylsi!yl)methyl moieties. 
Moreover. the ahsenee 01' Grignard reagent or 

coupled produets ru les out formation 01' RX'O 
and/or R·. Reaetioll.\ 01' magncsium-anthracene 
eOlllplexes ",ith al";1 halides in THF in the 
presenee nI' FeCI, fai! to give ally Grignard 
reagenl or Wurtz-eouplcd product. In this 
eonlexl it is note\\'orthy that transition metal 
halides can favour elcclron transfer processes over 
nuclcophi!ie suhstitution 160,61 J. 

8.5 REACTIONS OF OTHER 
ORGANIC HALIDES 

Bcn/ylic, and allylic Grignard reagents, are formcd 
u\ing organic chloridl's and hrOlllides. although 
the organie ehloride, are more reliahle. Reactions 
ill\'ol\'jng othe!" Iy¡,l'\ (JI' organic halidcs cithcr" 

I\pplicatioll\ 01" rvlagnc\iwll AnlhraCl'lIl' in Forllling CirignarJ Reagcllt\ ~<JI 

(j) gi\'l' l'\clu:-.i\'l'iy lhe \Vun/ cOllpkd produl't. 
l·.~. hCll/yl jodidc: (il) radiO rl';Il'L l' t!. ciJlurohcll­

lL'IlC ;ltlU I,~ -ti i Illl( lruhl'll/l'tll': PI" ( i 111 ~i \ L' prl'dulll­

ill;"lIly addilillll produl·lisl. Se'h,'llll' S .. ', 'lhe laller 
()l'l'llr~ fuI' hrPIll\lhl'Il/Clll' (al\ 11l~ "tlb prll[() 11 

~lh:'dr;,¡lti()1l frlllll TIII-'L \ ill~ I hl\llllllk. :lllll \'~lri()lI"" 

;t!>,vl h;t!ldl'S ['3..l-+.)).112[ \\'illl 1" ;Iu"r)' ;"Id 
sCl'ondarv ;t!kyl halides in TI 11· Ihl' m"l"r prod­
"els are Ihe dialkvl SUhslilulcd di-h\dm;lIlIhraccnes 
IlJ,IO- and 1,-I-iS(lnlL'rsl a"d "illl 1<'II-h"lyllwlides 
Ihl' major prodUl'ts are Ih,' mOllll-"lk)'1 s"hsti­
l"lcd dihydro;lllthracenes ¡'J- "nd 2-ISllluers 01' the 
sllhslilllted anlhl·;lcenesl. Schenll' X,) [-+.2-1,.'3,55J. 
In toILJ(,I1~. hOWl'\ el'. tlll' !ll¡¡.i~lr pr()dlll'[ rol' primary 

ami ,econdary al"yLs Is Ihl' (;,i"ndrd reagenl. Ihe 
yidd incrcasÍllg \\'ilh lLmpL'r;ltlll'l', l'.g. Il-hutyl 
chloridc al () e gi\'es -+-+'1< 01 Ihe C;ri),'nard, Y2 c;, 
alllhraeelle, ami 17';; sllhstilllled anlhraeenes, c(: 
respectively 62, 57 alld 2S r" ;11 room lel1lperalure, 
79, X2 and IOC;' al )11 - XI) e [.11 [ :\ competing 
reaction no\\' is the dCl'()!1lpo:-.iliol1 (JI' ¡ht: magne­
~illm-anthraccJlL' comple.\ lO <ll1tIU:lCl'IlC and acti­

vated magnesium, which Ihcn I\'ads \Vith the 
organic halidc. 

The reaction 01' Mg(anthracene)(THF), with Me! 
is cxceptional; during the reaelion melhaoe and 
ethane are fonned, and Mgl,(THFI" precipitates 
from solution which contaills ,ome dil1lethyll1lag­
nesiurn [331. Protolysis gi\'cs mainly 9,10- and 
1,4-dihydroanthracenes, The reaclioll foIlows the 
c1eclron transfer pathway. with Ihe primary process 

heing generation ofMel". whieh is analogolls to the 
reaetion 01' alkyl halidcs with smlium naphthalene 
163[, This arises from Ihe lower redudion poten­
lial 01' alkyl iodides compared lo ehlorides ami 
hrol1lidt:s reslllling in dimerilatioll 01' Illclhyl radical 
forming the elhane 133J. Allolhcr llllllsual result is 
Ihe exlended reaetion lime for lerl-hul)'1 brornide 
wilh Mg(anthracene)ITIlF)" which on protolysis 
01' Ihe reaction mixture gi\'cs IO-lcrl-butyl-9,10-
dihydro-9,'!-bisi 4-hydroxyhutyl )-alllhraccnc whieh 
is a product arising from c1eavage ofTHF 133]. 

Where addilion to anthraeene prevails, the 
solulions he come reo or dark bro",n rather than 
grecn (Section 8.-1.3) Ihroughoul the reaetion whieh 
suggesh lhat thc mcchalli~1ll hert.' cinc. .... Ilot involve 
L'ketrnn transfcr a\ lhe rrim;lry [ll\lCl':-'S. rathe!' 

il is Ilucleophilic ~lIh .... tillltiuJl. Tlli .... ¡" Olll' nf llll' 
COllllllon rcactioll palll\.v<.t):-, fol' urgtulil' Ilalidc .... \\ ltll 

organolllagllL'siulll rC<.ll.!l'llh ill ~l'lll'I;¡L llll' ()tlll'l 

hcing ckclroll lran~rer. Tlll' addillllll J .... Ilu! \'id 

<lllaCK 01' prCrorllll'd (iri tl 11<'1 rd rL'¡I~l' IH \lll a!llhr;I~·l·IlL'. 

l'qualion IS.) 1. Re,letioll \Ir u-Br<",,11 ,Clldli. \\ il[¡ 
l\.:lg(alllhr<llTlll')1 TIIF) ~ .':2 i\ l'\ a l'( lJlll'k\ 1111 \tllll' 

cOlltaining lhe 1ll()1H1-C'rigll;¡rd rl'~l~l'll1 lkn\l'd 

fro!ll oxidati\'c additioll uf l1laglll' .... llllll lo 11lL' 
hCIl/ylic-hrolllillL' hond alld l',!. 25(!( nI tlll' ;¡ddi\l\l!l 
produel uf lile ,uyl brtllllllk tlf Ihis (;ri~";lnl 

rcagenl. equali()ll (H.71 1':)4J, Anolher repllr!l'l;llllled 
lhe rcactioll gi\·e ..... lhe di-Grignard rcagent 01' (1-

BrC"H.¡CH,Br 16-1[. Brollj(l-, ¡brrlllloelhyll- ami 
(bromopropyllpolysl)rClle are repulwd 1\1 ~i\e 

the corresponding GrrgnarJ H.'<'lgcnh \\'l1el1 trl';ltl'd 

with Mg(anthraccnclITIlFh 1-17[. hUllhi, II;¡S b,·,'n 
disputed 14-1 [. 

6,,, 1111 
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(8.71 
Reactions 01' bromo- and iouo-bcnzene wilh t-.Ig­

(anlhracene)(THF), in TIIF givc benzcnc, arising 
from abstraelion 01' a hydrogen atom from Ihe 
solvent. The resulting 2-tctrahydrofuran radical 
combines with Ihe radical anion of anlhracene 
to give, aner prololysis. a suhslilulCd di-hydro­
anthraeene, Schellle 8.9 133,)5[. Chlmoht:nlenc 
reaets sluggishly wilh Mg(anlhracene)lTHFh, and 
at 6(fC in toluene or rclluxing dielhyl elher gi"es 
the Grignard reagent in 85-90(k )'icld. and as 
for such conditiolls "ith primary and seeondar) 
alkyl halides Icading to formation 01' Grignard 
reagents, the active spceies is tinely di\ ided 
magnesium 133J. 

a,a-Dichlorocydopropanes with Mgianthrac'enc) 
(THF).1 in THf at low tcmperaturc gi\'e mainly 
the addition/hydrogen Cltom abstraction produL'lS, 
Scheme 8.10 1-151. In toluene a highly selee­
live reduelion lo Ihe ehlorocyclopropane oeeurs 
"ja cll'clrOIl trall .... rcr/hydrogl'1l i\I{Hl1 ah~tr:tl'ti(lJl. 
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Scheme 8.9. Overal!. the reaction products, which 
also includc carbene spccies. depend on the sub­
strate and on the reaction conditions. 7.7-Dichloro­
norcarane gi,cs mainly the addition products, 
analogous to those in Seheme 8.10. whercas the 
dibromo-cllmpound giws products derived from 
elcctron transfer/hydrogen radical atom abstraetion 
[ ... ~[ 

11' 

a. a-Dichlorocyclobutal1ol1es are rcdueed in 
modest to good yields by Mg(anthraccne)(THF¡, 
in THF to the corresponding a-chloroeyclohut­
anoncs. cquation (8.8) [45[. Similarly 2-halo­
ketoncs are (on,ertcd to halo-free compouncls. 
alheit at 101" telllreraturc. equation (8.9) [ .. 5 [. 80th 
rcactions proceed ,.;" clcctron transi'cr/sohent 
hydrogL'n atom ahqractio!l pathway:.., 
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8.6 SUPPORTED l\1AGNESIUI\l 
ANTHRACENE COl\lPLEXES 

8.6.1 Synthesis 

BOlh silica and polyll1cr sllpportcd ll1agncsiulll 
anthracene eOll1plexcs have been developed and 
shown lo dcliver magncsiulll lo bcnzylie halidcs 
affording the eorresponding Grignard reagents. 
This overcoll1es lhe practical inconvenience of 
having Grignard reagent sollltions loacled with 
anthraeene when using Mg(anthraccnc )(THF), and 
rclalecl cOll1pounds as thc s<Juree 01' magncsiull1 
[25,26,30J. Preparation 01' the polyll1cr supported 
malerial is suml11ari~cd in Schcllle 8.11. Thc 
starting material is micropoJ'Ous chloroll1ethylated 
polyslyrene icrosslinked hy I s; divinylhcnzene) 
at a low loading. 1.20- U .. 111 IllO I g-I el. and 
high loading, 4.11 -4.15 mmol g I el. This is a 
benzylie halide and is rcadily con,crtcd to thc 
eorresponding Grignard reagent on treating with 
Mg(anthracene)(THFh in TilF. >95'1< and > 75'lr. 
respectively for the l"el loadings [26,65 [. Thc 
reactions are charaeterizcd hy the appearancc 
of deep green solutions cOl1taining parall1agnetic 
speeies, as observed during the reaclions of molec­
ular bcnzylic halidcs. and are consistent wilh clcc­
lron transfer proccsses. The presencc of residual 
radicals in the rcaclioll:" in\ utving ~toichiolllctric 

'-)uantitics of lhe t\Vo fl'<.Ictanh :..uggc-..t:-. tllal 

inU\"I\L'd L'n)~~-lillking of the pnlymcr:-. OC(ur:-­
dlln tlg (,riglldrd rcagcnt formation through intr,!­
m"l'I'OllloiL'cular Wurlz coupling. The extent 01' 
\\'urtl couplillg is 111inimal ror lhe Inwcr [nadi1lg 
\\ hereas for the highcr loading the allloullt 01' 
Mglanthraccnc)(THFh eonsumed is signiticantl) 
Iess than caleu lated, as expected with a highcr 
prohability 01' intra-maeromolecular encountcr 01' 
a prcfonncd Grignard centre with a chloromcthyl 
group. Thc ahi! ¡ ty lo prepare supportcd Grigllard 
rcagcnh ~tcm\ frnm magncsium-anthraccnc hcing 
a THF soluble source of the ll1agnesiulll which is 
Illohili¡cd in the polymer. 

Lithiol1lethylated poJyslyrene can be prcpared 
frnm the sallle chloromethylaled polystyrenc on 
trcating it Wilh LiSn(l1-butyl)J and then MeLi III 
cllcct c1eavage of lhe aryleH 2-Sn bonds [66[. 
This can then be con verted 10 lhe eorresronclin~ 
supported potassium complex \';a metal-metal 
cxehange invol,ing potassium tert-pentanoxide 
[66[. 111 principie the Iithiomethylated polymcr 
(lllers .scope for forming Grignard reagcnls hy 
trcating it ",ith magnesium halides. This approach 
has hecn .succcssfully employed for the formation 
of thc Grignard reagenl of lithiopolystyrcnc 
(frlllll brolllopolystyrene) [67]. The polymer 
supported GI-ignard reagents in Scheme 8.11 yiélcl 
anlhraeel1c fUl1ctionalized polymers on treatment 
"ith t)_1 chlllrodill1cthylsi!yl)anthracenc. Sdlelllc 
S.II. Thcse re'lct with MgianthracenellTHF¡, 
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yielding deep green paramagnetic material contain­
ing both dianion, and radical anions of the 
substituted anthracenes, The metathetical exchange 
of magnesium relates to the ability 01' silicon 
to stabilize chargc by polarization 133), and that 
silylatcd anthracenes are more reauil)' rcuueed 
than anthraccne. Thc 1'01 ymer supportcd Grignard 
reagents in Schemc 8.1 I have been useu to 
prepare polymer supported silylanthracencs, ancJ 
their corresponding radical anion complexes 01' 
lithiulll and sodium, This involves the use of 
solutions of /lletal radical anion naplllhalencs 10 

effeet the cation and electron translá 1681. 
The presence 01' radical centres in the polymcr 

most likcly arises fro/ll two anthracellc units being 

0.5 I Mg(TltF)" 1" 

in elose proximity to a single magnesiulll cation, 
such as [Mg(THF)6J"+, This may occur either as 
a result 01' space Iimitations within the polylller 
Illatrix, 01' cleetrostatic eonstraints in building up 
IWO negative charges per anthracene within a 
conlined volu/lle, vi~ cOllllllunication ellects bet­
wcen anthracene units, Silica supportcd magne­
siulll anthraccne, Schelllc 8.12, which is similarly 
prcpared and based on a 9-dimethylsilyl slIbslituted 
anthracene givcs exclusively anthracene dianion 
siles 130). Here the functional groups are exposed 
directly to the solvent and any space limirations for 
uptake of magnesium would be mini mal as would 
charge limitations associatcd with anlhracenc 
groups spread out on a surl:lce, 
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The relati\"t~ ratios of the radical anion and 
dianiofl cenlres in polymer supporled Illagne­
sillm-anthracenc is 1: 1. This is based on the 
lIptake 01' magnesill/ll when reacted with Mg(anth­
racene)(THFl1 and rhe reaelivity of the polymer 
tllwards hcnzvlic halidcs (qllantity of material 
convencd to tl;e Grignard reagent), further sllppor­
tcd l1y rhe paramagnclic charaeter 01' the material. 
Thc model compound 9-(hcnzyldimelhylsilyl)anth­
racene whcn treared \\ ith magncsium or Mg(anth­
racenellTHF), givcs exclusively the compound 
haseu on the dianion. [\1g[9-(benzyldimethylsilyl) 

anrhraccnc I(THF)2. 
The polymer supponed magnesium-anthracene 

..... ffers fmm relatively low loading of the active 
sites and lhis lead to rhe dcvelopment 01' the 
silica slIpportcd analogucs. Se heme 8.12 (30). This 
,¡pproach uscs hydroxyl cJcpletcd si!ica surfaces 

derivcd from lrcaling chloropropylsilyl (or chloro­
propylsilyl/trill1clhylsilyl) functionalizcd siliea with 

H.lAINMe l rhen successivciy Li+(hiphcnyl)~, ')­

(chlorodimethylsilylJanthraeene and Mg(anthra­
cene)(THFh. In lhe ahscnce of the fhAINMe, 
treatmenL a sc\er,¡I-fold excess of Li+(biphenyl); 
is requirecJ to genel',,1c lhe 'l¡pported lithilltll reagenL 
and similarl\' él scwral-fold cxecss of Mg(<lnlhra­
cene )(THF); in rec¡uired to forlll the SllpporteJ 

magncsiUIll-dnthr.<ICl ... 'IK' complex" 

8.6.2 Grignard Reagents 

The polytllcr slll'r,ortcd magncsilllll-anlhraccnc 
cOInplexcs abo glH: Grignard reagent'-. from a 
\Vide ran~e oI' hClllylic halide,-, including Grignard 
rcagents in Figure So 2. ~i~ well a\ Grignard ¡"ellgell!." 



01 ,III)'lic halides, includlll¡'. McCII=CHCII:~ 
\l~CI. ""d l'hCII=CIICH cMgCI 125,2hl 'I\-plell 
1~lrgl't L'OIll'L'lllratioIlS of lIJe (J I-j !.!nard rC;J!.!.cllh arl' 

1), I ~1 "mi viclds are hi~h, dlX! 1'01" the 'bL'n/lliL' 

h,"ide, thL';' are cOlllra~'ahle to thOSL' ubwi;lCd 

1I\1"g ,\lgla"thracene)(TIIF), alld related cUlllplc~ 
\l'~. In a t) piell expcrimcllt ¡he of!..!4Illic halidl' i" 
"dded slo"ly as a THF sullltiull to ,;THF slurrv ul 

the PUIYllllT This reslllts in dissipation ur the ,ieep 

grl'('1l l'olour anu forllldliol1 u1' tlll' C()[Tl''-lPOIHJill,g 

i.llllhraccJlc-frec Grie;nard reat'.clll in ('(l. l)()(/; \ ¡L'ld 

L1nlike reactions in;'olving ~1g(anthracene)ITIIF¡; 
Ihere is no visible evidencc for the fO!'lllaliun ul 

rddical ~p('cics during GrignanJ rcagcllt forll1¿tl!oll. 

allhullgh this does not prccllldc a radical palh"'ay. 

/\llerllalil'ely, passing a THF solution 01 the halidL' 

Ihrollgh a colllllln packed with lhe polymLT, reslllh 

in ellltion 01' a solution of pure Grignard reagenl. 

The dianion and radical anion sites in lhe 

poli mer are both effeclivc in reuucino lhe oroa"i,' 

halide. This is in accordancc with the ahili~' 'ul 

lhc radical anion complcx rMg(f.l~CI)(TIIF)"I+ '[an~ 
lhracene]" to eovert benzylic halides to Grignan.l 

reagents in high yield [44]. In addition, the dianion 

sites are likely to form radical anion sites in 

undergoing single electro n transfer reactions with 
organic haliues. 

Thc abilit)' of supported magncsiulIl-anthracenc 

to form Grignard reagents of allylic halidcs in high 

yicld is noteworthy. Reaction 01' Mg(anthracenc) 

(THFl1 with allylic halidcs yields 50-707< 01' the 

targct Grignard rcagent. the COIllpcting reactiol1s 
being addition to anthracenc, Scheme 8.8. For the 

polymer versions, Se heme 8,11, howcver, therc is 

minimal addition which relates to the polymer 

matrix delivering sequential electrons to the haliue 

as opposed to intimate contact 01' a dianion sile 

rcquired to forrn the addition product. Sehemc 8.8. 

Glher important aspects of the use of the pol)'mers 

m'er magnesium-anthracene complexes include: 

(i) reduceu reaction times; e.g. Grignard reagcnt 

in Figure 8.2(a) requires in excess of 36 hours 

llsing Mg(anthracenc)(THF)J [441, compareu to 

12 hours for the polymcrs. and (ii) redllction 

in WUrlL-coupled products, e.g. 1.2~bis(chloro~ 
Illelhyl ¡ben/ene gives 10'?( cou[lled ui~Grignard re~ 

dgL'nl using ivlg(allthracene)(THFh, equalion (H.61. 

(;rignanl RLa~clll~: Ncw Dc\'clopmcnh 

l'omparci.! {p .- ~(/í cOllplcd di~( ;ri¿.!nard dlld 9YIr of 

Il1l' dj-C;ri~Il~lld Ihil1~ till' jlulylllcr, Figure X.2( n, 
Silil\l :-,upP{lrtL'd ll];!t~lll'>'¡lIll1 <lIltllr¡¡cC'IlC' .... als11 gi\l' 

(irignard rc;¡gl'Jlh 01' hl'll/ y I¡L' halidl'~ in TIIF in 
L'\L'ellcnl yield 1,!l1 

H.6.3 Polylllel' and Silil:a I{ecycling 

i lk' upt;:¡K.L' ll( 1!1;1~!lL':-,ILlIII hy lile .\PCllt poi) lIle!' 

in forming till" Cirign;¡rd rl'agl'llts dilllinishcs by 
(,-X(/( fm sllcccssiw cyck" hUI lhe yielu 01' 
dcriq~J Grignard rl'<lt!L'nt h~lscd un the amount 01' 
tv1glanlhraceIlL'IITIII:¡, Cl'llsllmed in fonning the 

Grignard reagcnt is 1I11changl'd. This 'poisoning' 
(JI' Ihc aélil'e siles VI ithill Ihe polylllcr matrix 

is lhrollgh ¡"!'InaliOIl 01' l),IO~dihydroanthracene 
moieties, e,tablishcd flOlll '''Si CP MAS NMR 

spectl'llSL'oPy, and a cOlllpa,-is()n with a polymer 

suppOrlcd dihydroalllhraL·enc. The dihydr()an~ 

thraccnc ~itcs may ario..;c frolll proton abstrac­
tion by the dianion and/or radical anion centres 

rrom the solvcllt during washings lo remove 

anthracenc and exccss Mg(anthracene)(THFh. 

Reaction with Irace alllollnts of water in the solvent 

would give similar results. The cleavage of the 

anthraccnc functional grollps from the support, 

and additioll of prerormed Grignard across the 

C(9)IC( 10) positions of the Sllpporlcd anthracene, 

equation (8.5), have been excluded as possible 

causes 01' the dilllinished lIptake 01' magnesium 
rmm Mg(anthraeene)(THFh. 

Siliea supported Illagnesium-anthracene can 

be reauily recyclcd with less than lo/c reuuc­

tion in the uptake of magncsiulll [30J. When 

considered with Ihc highcr loauing, this material 

clearly has advantages 0ICi" the rolymer supported 

magncsium-anthracenc. and ovcr the use of 
magnesillm-anthracene complcxes III general 
14,25J. 

8.7 FUTURE PROSPECTS 

Grignard reagenls 01' benzylic, 'IIlU allylic halides, 

are accessihlc in high ) ¡cid llsing magncsium­
anthraccnc C{)mpkxL'~. <llld poi: mer alld \ilica 

J\pplicaliolh nI" M;¡gl1L' .... iulll Anlllracl'IlL' in hlllllillt! Grit!llard Reí.lgcnh 

sllppnrtcd <ln .. lIngllc\. Illall~ (ir thClll hL'lllg il1"H."­

l'L'\\ihk lI\lllg c!a ... :-.ictl tcL·hI1Iljllt· .... 111\ llh i11~ hll!k 

metal. ur l'\'l'1l lI"ing !Ji~hly ;1t"l1\ .. llt'd 1111..'1,11. Thi ... 
C<l11 he rcgan.kd <I~ ;¡ 1l1i:--.:-.ill~ link 111 PIL'I)~ll"ill~ 

(;]"i~l1an.l ]"c<lt!CIlI\. ;¡tld Iherl' Il()\\ L',i ... l\ lL'l'hll()lu~~ 

rOl" prL'p~lrin~ all d~I"""'L'\ ll!" (jI i~Il~lrd rt';l~l'll1...,. 

ll\in~ Ihese COIl1P!c'L''''' PI "'1I11j1(lrtt'd Illd!l'll:d .... 

Ilwgne:-.iulll po\n!cr. I\lrnill" .... ni' ¡Il!' \ :1t"l¡1U'" !()IIll'" 

uf ~\l·{i\'atcd Ill<.l~'" 

InHl1u .... il1g i\Ig(i.lIlthraL·cIlL'JI IIJ\:); ~l,", a pIU!llolL'ri 

cata!} sI depcnding 011 Ihe 11atLlIe uf lile urgalliL' 

Ilalidc. ThL' silica ~upportcd magl1L'\iulll -anthra­

l'L'lle L'an he rcadil)' fl'cyelcd ~lI1d call hL' u\ed ill 
;¡ colu!lll1. This ollcr:-. Ill'\\ dirt'Lliplls ill lhe dppli­

calinn 01" Grignard rcagclll\. allí..! al~o 1111..' <JppliL'a­

¡iun uf lhe matcrials <1'" PO!L'Il! I"L'dl!ci Ilg rl'a~L'tlh 

v.:itllOUI lhe J"e'-,ulting ~oluti()ll ... hL'illg: !o(\dcd \\'¡lh 
anlhracené, lhe presence 01' VI hieh ,"111 h,' llhlec~ 

ti(1I1~lhle in lllally appliGltioll .... 
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Structures of Organomagnesium 
Compounds as Revealed by X-ray 
Diffraction Studies 

F, Bickelhaupt 
Vrije Universiteit, Amsterdam, The Netherlands 

9.1 INTRODUCTION 

Organomagnesium compounds have been known 
sincc the previous century. However, they were 
curiosilies rather than use fui and important re­
a~l'nts until nearly lOO years ago when Victor 
¿ri>lnard made the seminal discovery lhal lhey 
could be obtained in a simple and efficient ",ay 
by Ihe reaction of an organic halide with magnl'­
sium in an ethereal solvent [1). Immediatcly. the 
synthctic rotential of these reagenls was recog~ 
nized which Icd to an ever increasing numbcr 
01' investigations on their preparation and appli­
cation [2,31. 

In contrast, the elucidation of the structure 01' 
organomagnesium reagents in solution or in the 
sol id slale lagged behind considerably; lhis was 
tlue lo several rcasons. In the first place, the 
high reaclivity and air sensitivity of organomag~ 
ncsium compounds makes the preparalion 01' purc 
cOlllpounds a difficult task, Secondly. organolllag­
ncsiulll compounds are kinetically unslablc in lhe 

sense that in solution, they often raridly exchange 
substituents and coordinated Lewis bases, so that 
in particular lhe organolllagncsium halides or Gri­
gnard reagenls RMgX mal' nol rossess one simple 
well-dcfined structure. but often occur as mixtures 
of disproportionalion products RcMg/MgBr2 (the 
so~callcd Schlenk equilihrium), as aggregates 
(dimers, oligomers). and Sil on 12,3). Finally, reli~ 
ablc spcclro~coric methods and modern techniques 
for slructure delcrminalion heeame available rather 
late and were applied in lhis arca only from the 
heginning of the 1960s, Sinee lhen, our knowledge 
on the structurc 01' organomagncsium compounds 
has been rapidly increasing. in particular due to 
lhe application of single crystal X~ray diffraction 
studies, and lhe structural amI honding aspeets of 
lhese compounds are now fairly well categorized 
and understood:, nevcrthelcss. novel slructures keep 
hcing reported regularly. 

Thc literature search of X-ray cryslal diffraclion 
elata was conduclcd hy Illeans of lhe Camhridge 
Slruclural Dalahasc (1<)(J7) allll Bcilstcin Crosstire 
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(mid 1995). Only very le'" dilTraclion dala aré 
availablc in lhe gas [lhase (Jr in ,ululi'lI1; lhey 
were inCOr[loraled wherc appJ"Oprialc. SU/llC of 
lhe dala have been rcviewcd pre"iou,l)' 14-61. 
Fur lhis rea,un, lhe empiléis" \Viii oc on recenl 
devclo[lmcnts, bUl musl re¡lrC,cntali,'c n!Llér dala 

llave bccn included. The mal erial i, prc,enlcd 
in lhe ordc'r of incT"e;],iIE' cnordi!1'lti()fl 111\11111('1" ..... 

d! JJl..tgIIL~lulll .1\.),;, _ ,\ \; 1-J .... '-,!\JlJ.'l 'J._-'j,:)). 

s[lecial classcs sueh él' dilunctional. polyhaplo 
and heleronuclear cllmpound, are lrealed in 
Sections 9.6-9.9. 

9.2 MAGNESIUM WITH 
COORDINATION NUMBER 2 

In line wilh its pllsition in lhe Periodie Table, 

magnesium is divalent and should therefore, in the 

most simple case, form stabJe compounds wilh two 
groups attached to il. In fael, lhis dicoordinale stale 

is very rare in (organo)magncsium ehemislry ror 

the simple reason that in the resulting compounds, 

magnesium has only four clectrons in its valenec 

shell, whieh seriously violates the octet rule, 

Normally, organomagnesium eompounds esca[le 
from sueh bonding situations by addition of Lewis 

bases or by aggregation via three-ecnter/two­

eleelron bond s or agostie interaetions. 

There are three eondilions whieh alone or in 
eombination lead to stabilization of the rare dieoor­

dinate stale of magnesium: 1) sterie hindrance due 

to large substituents which prevent aggregation; 

2) higher eleetron supply by SlIbslituents which are 
formally monovalent but de laCIO donate more than 
two eleetrons; 3) isolalian of the molecllles in the 

gas phase. 

Only three com[lounds, 1.1-1.3, hclong to this 
category (Schemc 9.1, Table 9.1). Dineopentyl­

magnesium (1.1) owes its dicoordinate stale to both 
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condilion 1 and J: it is monomeric hecause nI' slerie 
hindranee due lo the bulky ncopenlyl groups. hUl 

aho hceause its slruclure was dcteTinincd in the 

gils I'¡/{/.\'~ by eleetron dilTraelion 171. That sterie 
hlllk alone is not sunicient in this easc follows 

¡['(I/ll llre ohservation llral e"en in Ihe gas [lhase, 

I.l is in cquilihriuJl1 witlr il> dimer 181: in solution, 

(JI 1.2 ¡ ¡\Jj allJ 1.3 ¡ 11 J \\L'rc li~lclllllnL'í.J 111 LIle 

cryslalline stale. Obviously, lhe extreme bulki­

ness 01' their sub,¡itucnts. lris(trimethylsilyl)mcthyl 

and supermesityl (= 2,4, 6-tri-(lcrl-butyl)phenyl), 

res[lectivcly, prevents any kind of assoeiation cven 

in the solid state; it is remarkahle lhat 1.3 is 

obtained from THF solution withoul coordinated 

solvent moleeules' 

Mc¡Si SiMt'¡ 

Me3.~i+-Mg+SiMl'¡ 
Me",)'1 SiMt'3 

1.1 1.2 

A'('h 
(,Bu \==( Mg)--l (,BII 

(-BII (-BII 

1.3 

SCHEME 9,1 

While in both 1.1 and 1.2, the bonding al 
magncsium is strictly linear (C~Mg~C: 180'),1.3 
shows a slighl deviation from linearity (C~Mg~C: 

158.4') which has been aseribed to weak interac­
lions between Ihe metal and C~H groups of the 

ortho I~rl-butyl groups [IIJ. It should be poinled 
out that linearity around divalent magnesium may 

Table 9,1. DicoorJinale magnesium: hontl Icnglhs (A; 2 decimals) and hond angles C; no 
decimals) of organt)magnesium compound:-. R:;Mg 

Cpd. Mg-C C-Mg-C Remarks Ref. 

1.1 Nr:;Mg 2.13 ISO gas phasc (7) 
1.2 [(Mc,Si),C),Mg 2.12 ISO [10) 

I.J (2A,n-I-Bu)e"H,),Mg 2.12 158 [111 
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he Iill' cOllse'lllcnce 01' S¡i-hybridizalioll al the 

l'l'ntr<tl alolll. hUI Ihe :-.alllC gcoJllctry is L'XpcctcJ 
ir c1celrll>1atic or ,teric reflllbion hclwcen the lwo 

largc carhaniotloid liganJs is opcrati\'c. In all cases, 
lile 1ll~1!!lIl'silllll-Clrholl hond is ralher short. in Ihe 
urde!' 01' ~. 12 A. wherca ..... i 1\ lhe cOll1mollly cncoun­
Il'red lelracooruin;rle slall', lhe Mg~C(.\l'l) bond 
1,~~1,d!' ;,- '1 1" _ ') t 7 \ (,.,. <":,,_,,.I:l'tl n J' 

1 1 JUllt::1i UlgdJlOma~JIL'.''¡llJJl LlIillpOllllLl~ t:Ul¡l,1I11-

illg ccrtain mOI1ovalcnt organic substitucnts ~uch 

'" eyclopcnlauienyl may i'orrnally be cOllsidcred 

lo be dieoordinatc '" they occur in discrete lInits 
,ueh as Cp,Mg, their dclocali/.ed <lnions are in 

faet honded in a polyhaplo fashion. Thcrcfore, in 
addilion lo bring slerieally hindercd (eondilion 1), 

lhese eompollnds also fultill conditioll 2. They are 

lrealed in Seclion 9.7. 

9.3 MAGNESIUM WITH 
COORDINATION NUMBER 3 

Like dicoordination. ll'icoordination is rarely 

cncouIllered for magncsiul11 for similar reasons: 

the magnesium atom has only a sextel; bulky 

substituenls are rcquired to prevent associalion. 

Indeed, only five representatives of Ihis e1ass have 

been reported: 2,1-2,5. 
Compound 2,) [121 may he considcred to be a 

borderline case. Note thal the Mg~C bond in the 

2,1 

2A 

S(,IIE~lE 9,2 

trieoordill;rte 2, I (2.11 /1) i, slighlly shorter lh;rn 

in thc dicoordillalC 1.2 (2.12 A): lhis illustrales 
the importanec 01' 'itcric elleeh a, 2.1 carr'ies l\\'o 
slighlly smaller ,"hslilllenh (his(lrimclhybilyl) 
melhyl VeN!S lri'(lrimclhybilyl)methyl in 1.2). 
Furthcnnore. lhese slnaller 'L,hslilllenls allo\\' a 
elosc a[lprllaeh oi' lhe metal lo une 01' the lllelhvl 
'. :.1~ ," ,-" . ,1,1, \ '1~' l' "'::~". ~ '~.! ~:·'.1t:¡ 

in an agosLic: laslllon I i\lg ... C: 2~535' A)~ The 

tricool'uinate cure i, cI[)se lo planar (2: C-l\lg~C 

351.2°) 
The magncsiale anions 2,2 (1131, collnlerion 

[NpMg(2.2.I'Cf)pland)I+) and 2.3 ([141, COllnlc­

rion ILi(TIIF)o¡,1 EIOJII . .J 1') are praclically planar 
(2: C~Mg~C: 360' and 358. rcspcetivcly). 

Surprisingly, lhe tlHl~e Mg~C bonds in 2,3 
have slighlly diffen:nt lengths: thcir average 
value (2.20 A) is slighlly shorter than thal in 
2.2 (2.22 A), which l11ay rcllect the diffcrcnce 

in hybridization 01' their carbon atoms (s!" 

versus s ,r'¡. Thesc valucs are sliglrtly larger than 

those of tetracoordinate magncSilll11 compound, 
(2.13 -2.17 A, slightly dcpending on the hybridiza­

tion of carbon: sec Tahle 9.3); apparently, bond 

shortening due to lower eoordination is overeom­

pensated by steric hindranee and negative eharge. 
A special case is 2.4 r 151 whieh is dimerie with 

two bis(trimelhylsilyl)amide groups in the bridging 
position, yet has a tricoordinate l11agnesium atom. 

G 

2.2: R ~ Np ~ CH:+Bu 

2.3: R = b = 2A.6-lli'l\llp¡,()pylplJ('l1) I 

F\ 
Ad-Nt-S-:\d 

M8~ 
El/' E{ 

2.5 Ad = I-<ldamalllyl 
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Tahk 9.2. Tril'()()fdinalr.: JllJglll'~iulll: huno Icngth~ (Á; .::! decimal ... ) and hond anglc:-. ( : no dccimab) nf \lr~aIlO1llag-
1lL':-.iUIll l'orllpoulld" 

Cl'd. 

2.1 

2.2 

2.3 

204 

2.5 

NI',~lg 

1"Mg 

(Is = isil\'1 = L~. 4. 6-i-Pr,Có H, h) 

1.\-Bu\lgN(SiMe',), ¡, 

EI,l"vlglm 

Mg-C 

2.10 

~.12 

2.54 

2.22 

2.15 

2.21 

2.0~ 

n.a 

L C-Mg-C 

J:'il 

n.a 

M~-N 2.12 A 

N-Mg-N 03 

dís(lrdcrcd 

Re!". 

1121 

11 J/ 

11.j1 

liS 1 

11(,1 

(1m = 11. J-di-( l-adamantyl)imidazol-2-ylidelle) 

Undoubtcdly, bOlh thc bulkincss 01' the amido 
group and the high tlOIlLl!' capacity 01' the amido 
nitrogen coopcrate in slabilizing the low coor­
dination 01' magnesiull1. Jt is also unusual that 
such a bulky group occupies a bridging position. 
Furtherll1ore, the sec-butyl group is unique in being 
terminal at a tricoortlinate magnesium and for that 
reason, the Mg-C bond is exceptionally short 
(2.08 A), especially if one considers Ihal an spJ 
carbon alom is involved; normally a Mg-C(sp') 
bond is al least 2.15 A (e! 3.5: 2.15 A or 3.11: 
2.18 A, Table 9.3), the c10sest value being 2.10 A 
for Ihe Mg-CH3 bond 01' 39 (Scheme 9.14) in 
which magnesium is similarly amido-bridged, but 
tetracoordinate. No reliable data were obtained for 
2.5 duc 10 disortler. but a monomeric structure 
(Scheme 9.2) could be cSlablished [16J. 

9.4 SIMPLE ORGANOMAGNESIUM 
WITH COORDINATION 
NUMBER 4 

9.4.1 Mononuclear Compounds 

The majority of organomagnesium structures is 
monomcric with magncsiurn in a distorted tetra­
hedral environll1cnt of four ligands as shown in 

structure 3 (Schellle 9.3). Presumanly. lhe ""lié 
struc1ure is also prevailing in not too concenlral,'tI 
solutions 01' strongly basic solvents 12,~ l. T\\ o 01' 
the ligands, R and X, are organic gwups ano/m 
monovalent substituents such as alkoxy, dialkyl­
ami no or halogen, bonded to rnagnesium by u 
(strongly polar') covalent bond, whereas the other 
two ligands, L, are Lewis bases such as ethers 
and tertiary amines with a dative bond to magne­
sium; L2 mal' represenl a bidentate ligand such 
as TMEDA. 

J 

SCHEI\IE 9.3 

R :::: organic group 

X ~ R. OR'o NR',. Hal 
L ::::: Lewis ba~e 

(including hjeknlalC ligamh L LJ 

Roughly speaking, al! structures of type 3 
display similar distorted letrahedra with, as general 
features. un R-Mg-X angle which is' lurger 
Ihan tetrahcdral while L-Mg-L is smaller. 
The finer details vary, as one rnight CXpcCI. 
depending on the properties 01' Ihe sunstiluenl: 
!11ort: clcctronegativc groups cnhancc Ihe jJ­

characler 01' the magnesiurn orhital (Bcnt's rule) 
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'n.hle 9.3. Tctracoordinate llla1!IlL'..,JIJIlJ: a\\:ragL' h()nd IL'llgtll\ (A: .2 dL'cimals) ~Jnd hond anglo ( : !lO u.:cimabl 01 
1ll01l01l1CTic orgalHunagllL' ..... iulll Cl)!Il!1()UIlJ.\ Ri\'lgXI. n 

Cpd R x 
3.1 

3.2 

33 

3..1 

3.5 

3.6 

3.7 

3.8 

3.9 

3.10 

3.11 

3.12 

3.13 

3.13 

3.14 

3.15 

3.16 

3.17 

3.18 

3.19 

3.20 

3.21 

3.22 

Me 

M,' 

Me 

TMEIl\ 

ITHII: 

(NR, = {-Bu. II-Bu-d,hydrolri.(/illcl 

El 

El 

El 

El 

El 

El 

El 

Br 

Br 

[lr 

Br 

NR: 

TMEDA 

(1'1,01' 

(-)-"partcilll' 

(- )-C1-i .... o\partcinc 

{+ )-h-B/-"'partl'!lh: 

(THF), 

(NR: = 1.3. h. X-IClr.l-{-!lu-carbamh 1 ( 

R R (dio\:tllCJ:. 

(R = (I·carhomnyl-CH: I 

s-Bu 

I-Bu 

R 

s-Bu 

el 
R 

H\IFllA 

(- H,p~l1Jcrlll' 

TMEDA 

(R = 2. 4-dimelilyl-2,4-pentadicnyl) 

PilMeCH PhMcCH 

Plhe 

Ph 

p-Tol 

Ph 

Ph 

Ph 

Mes 

Br 

Ph 

p-Tol 

Ph 

Br 

Br 

Mes 

(Mes = 2,4,6-Me,e"H,) 

Is Is 

viril viph 

(vipil = 2-vinylphenyl) 

(El,O): 

(Et:O): 

(THF), 

(THF¡, 

TMEDA 

(THF), 

(El,O), 

(THF): 

(THF): 

3.23 eb eb (dioxane): 

(eb = 2-Mc-o-carboranyll 

which leads 10 smaller bond anglcs and bond 

lengthening, whilc bulky subslituents cnlarge bond 

lengths and angles. For bidentate Iigands. their 
geomctric or conformational restrictions may Icad 

to deviating reslllh. 

2.11' 

2.2~ 

2.14 

2.lú 

2. J X 

2.ll) 

2.1, 

2.20 

2.25 

::'.13 

2.13 

2.17 

n.a. 

n.a. 

2.1 X 

2.IX 

2.14 

2.1(, 

2.17 

2.1 () 

2.4X 

2.51 

251 

2.()() 

2.1 X 

2.1 X 

2.20 

2..16 

2.13 

2.13 

2.17 

n.a. 

2M 

2.17 

2.18 

2.14 

2.16 

2.2--t 

2.24 

:'.O~ 

2.15 

2.1 K 

2.16 

2.117 

2.U.j 

2.25 

2.17 

220 

2.0fi 

2.03 

2.03 

2.04 

2.20 

n.a. 

2.03 

2.07 

2.11 

2.04 

204 

12~ 

125 

11.' 

112 

I11 

125 

124 

134 

115 

11.1 

122 

116 

122 

124 

119 

n.a. 

n.a. 

119 

123 

n.a. 

124 

10, 

l)) 

V' ,'l.' 

J(II 

S-1 

X.j 

lOO 

115 

102 

94 

97 

83 

n.a. 

n.a. 

88 

87 

91 

100 

1171 

11 ~I 

IIY/ 

IlOI 

121 I 

1221 

1231 

1241 

125/ 

1261 

1271 

12XI 

12Y/ 

130] 

[31 I 
[321 

132/ 

133] 
134] 

[35J 

114J 

114J 

[36] 

137] 

Thus, under cornrarable conditions. Mg-C(sI'3) 
bond, (3.1, 3.2, 3.5, 3.10: 2.15-2.17 A) are 
slighlly longer than Mg-C(s{J2) bonds (3.15, 3.16, 
3.22: 2.13 - 2.14 Á). Larger suhstitllcnts inerease 
the Mg-C bond lenglh (3.15, 3.16 < 3.20 < 3.21: 
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2.13 ~ 2.1 X A): lhe intluencé on lhe hond angles 
is smaller ami less slraighlfor,,,"·d. Arninc hases L 
tcnd to c10llgatc lhe Mg-C' bond in t'ompari:-,oll 

wilh elhns k.g. 3.17 e 2.17 A) versus 3.15 
(2.13 A)). in particular' il Ihe amine is hul,v 
(3.2 (2.19 A) wrsus 3.1 (2.17 Á)): lhis enel'l i's 

particularly largc fOI" cenalll hldclltalc lllllilll':-' frolll 

lhe spartcine group w!len: it goc:-. along \\'ilil a 
rcduelion of lhe R-1'.1g-X "ngle (er 3.('-3.!!. 

3.12); holh dlangcs indiclll' 11ll'I"Ca:-.cd jJ-charactcr 
in lhe R-~lg "nd Ihe 1'.1g·- X l](lnd. The c1ong"led 

honds of berllylie lype org"nic ligands (3.13: 

2.20 A. 3.14: 2.25 Á 'WSll' 3.5: 2.15 Al mal' 
he undcr:-'lOod a:-. a rc~ult uf ]ooscning 01' lhe 
inlcraclion hélween lhe mClal and lhe sl"hili/cd 

carbanion. 

Conccrning lhe hono di~t~!Ill'c'" bct\H?Cll magnc­
sillm ami lhe coordinaled Le\\ is bases. lhe Mg-O 

honds are usualll' shorter Ihall lhe 1'.1g-N hon(k 
Besides lhe largcr raJiu\ of nitnlgcll. lhe :-.tnmgcr 
steric hindr"nce around lile (lricoordinale) nilrngen 

eompared lo Ihe (dicoordinak¡ oxygen will he 

responsihlc. Howcvcr. il shulIld hc poinled OUl 

again that not all 01' thesc lrcnds are flllll' consistent 

or easy to rationalize because a varicly 01' factors 

may be involved. 

The bond angles R-Mg-X are normally in 

the range of 115-130'. Qualilatively. Ihis lllay he 

described as a consequcnee 01' coordination 01' lhe 
Lcwis hase s lo the initially linear R-Mg-X (cr 

1) whieh Icads to a ecrtain degrec 01' bending. In 

3, lhe ideal lelrahedral geumelry is Ilever fully 
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aeeomplished; lhere is a clear 'mcmor)' clll'l'l' 

which. howcver. is Icss pronoullced 111<In in Ihe 
organozinc analogucs which dl'viatl' k~~ frolll 

linearily on coordination. The angles L- M)2 - L 
vary fmm 80 lo lOO' and show a more nralil' 

heha\'iour: they strollgly depcnd 011 lhe "ill~ alld 011 

reslriclions im¡Josed hy Ihe Le",i, basc. in parlil'­

ular when L2 is a hidentate ligand. 

9.4.2 Dimcric Compuunds 

111 coneenlratcd solulion and/or \Vl'akly h:rsic 

~o(\'cnts, organomagncsium C{)IlIP()lIlld~ ha\ e a 

ccrlain lcndency towards ;ls",ci,,1 ion [2.3[. ¡\ 

considerable number 01' such dillleric. oli¡:omcric 

and a few polymcrie compounds h:l\'l' "eell charac· 

lerized by X·ral' cryslal structures. 1t is rernarbhlc 

lhal in masl of these structures. tlle lelraconrdill:L­

lion 01' magnesium is retaincd. The simple dimeric 

representatives are describcd in lhis Sectioll 

(Tablc 9.4, Schemc 9.4). Quile a few dimeric 

structures are also encountered in compounds 

with intramoleclIlar or polycoordination whieh are 

separately treated in Sections 9.6-9.8. Oligomeric 

structures are freqllently found in combination 01' 
magnesium with other metals; they are deserihed 

in Section 6.9. Polymers will he presenled in 

Section 4.3. 

The six known simple dimerie cUlllpoullds RL 

(/I·X2)MgLR (4.1-4.6) all have lhe general slrue· 

lllre shown in Scheme 9.4 wilh lelral'oordinale 

Tablc 9.4. Tctrac()()f(jinatc maunc:-.ium: a\'crai!C' hond Icnglhs (Á: 2 dccimals) and hond anglcs e: !lO dccillla!\) nI 
dimcric organomagllC\iUIll cnn~rolllld ... RLMgl/!-X bMgRIJ 

Cpd. R L X M,,-R Mg-L Mg-X R-Mg-L X-Mg-X Rd. 

4.1 El ¡-Pr,O Br 20Y 2.02 2.58 121 93 I:1XI 

4.2 El NEI, Br 2.1 X 2.15 2.56 116 n.a. 13~1 

4.3 El 1m El 2.13 2.28 2.26. 2.34 110 n.J, 1161 

(1m = 1.3-dilllcsit) limidaLol-2-ylidcnc) 

4.4 {I··I',1 THr [l·'[(ll 2.13 2.02 2.24. 2.31 107 7X 1321 

4.5 An II·Bu,O Br ~.13 C.OC 2.57 113 89 HOI 
(An = t)-anlhrac\-'nyl) 

4.6 f·Bu THF :S:H-f-Bu 2.1() e.OX c.IO 110 'lO 1-111 
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llla~nl'\iul1l and clcctroll dclicicnt thrcc-ccntrdtwo­
l'lcctrun bond;., hctweell lllagnesiulll and 1\\'0 
ligands X. i'\ol surprisingly, halogens ano alllioes 

are gooo hridging groups, but in 4.3 ano 4.4. an 

organic rcsiduc is in lhe bridging position. 
One 01' lhe driving forces ror such dimerizalions 

(and rurther oligolllcriwtions, vide ¡"jiu) i, lhe 
()\"(.'r:tll reduction 01' slrain arollnd the cenlral Illelal 

alorn. Thi, is illllslraled 1'01' 4.1 [38] wllere lhe 

bridgillg bonds are slightll' lunger lhan lhose in 
comparable monolllerie speeies (cr 1'.1g-Br: 2.5R 

1\ in 4.1 and 2.4R A in 3.5); furthermore. the 

hul,iness in lhe vicinity 01' the metal is reduced 

when ElMgl3r(i·Pr20h is transformed. hy removal 

of lwo molecules of diisopropyl ether. to Et(i· 

Pr20¡Mg(/1·Br2)Mg(i·Pr20)Et (= 4.1). Dimer 4.2. 

the tricthylamine analoglle of 4.1, shows similar 

featurcs. but a longer Mg-C bond, presumahly due 

to the bulky triethylamine ligando 
The siluation is somewhat different in 4.3 whcre 

two ethyl groups are involved in unsymmetrical 

hriogillg (2.26. 2.34 Al; the longer Mg-C bond 
is involved in an additional agostic interaction: 

Mg-·Il 2.16 Á. As is often the case. lhe terminal 

1'.1g-El hond is rather short (2.13 A). The Mg-C 

bond lo the lerminal 1,3·dimcsitylimidazol·2-yli­

dene suhstituent (1m') is quite large (2.28 Al i f one 
considers that its earhon atom is sp2·hybridil.cd. 

P("sibll' steric factors are responsiblc; note that 
in the case 01' 2.5 with the even larger 1.3· 

diadamantylimidazol-2·ylidene group (1m). associ· 

alion as in 4.3 is completely prevented. 
While. in general, the structure of 4.4 parallels 

that 01' the other rcpresentatives of 4, several pecu· 

Iiarilies should he pointed out. In the first place. 

the cryslals investigated showed 4.4 to be presellt 
togelher with its monomer 3.16 in a ¡:2 ratio. 

Secondll'. lhe lwo hridging groups X = I,-Tol are 
Ilul arrangcd in a sYlllllletrical fashiol1 as lhey sho\\ 

a si>orlcr (2.2'+ 1\) and a lunt'cr h011l1 (2 .. ' 1 Á). In 

addilion. the hr'idging I'-Tul )!r<lIIPS are slighlly 

twi\ICd lrOIll a rcrpclldintl~lr !1U .... ilioll relativc to 
lhe Mg,C2 plane (76' instcad Di" 9\1 1. and lhe short 

hond is kss bent away t'rolll lile :11'1'1 planc lhan lhe 

¡unger une \uihedra! dngk~..: ~~ ~!lHJ -l-ú , respec­
lively). Ihe lalter indic:ltor hcill)2 in line wili> more 

s·character in the shorler hond. Iluli> e/lecls hring 

(lile orthc two urtho-carhon alOllh (lj' cach ring into 
cI()~c cOlltact wirh magnC"iiUIll (2,CJX ¡\) suggcsting 
!-.omc tl~ (nr agostic?) illtcral'tion. Thc terminal 
bonds lO 1)' Tol and THr 12.13 ami 2.02 A. respec· 

li,e1y) :rre normal Uf 3.1(,). 
lile struclUre 01' lhe Grign:lrd re:rgl'nl 4.5 [40[ 

largel) correspollds lo Ihose ui" 4.1-4.4. In lhis 

case. il is olh'iously the hui,,' ()-:lnlhr:rcen)'1 group 

\\ hieh prevcnts addiliun 01' a "'cond solS'enl mole· 

cule and lhus lcads lo dilllerizalillll. Compound 

4.6 ['+I[ is panicular ill hal'ing :r hridging .unido 

grollp~ it~ ~tructural fcaturl'\ J'llllp\\, th~ general 

pallern. The r'alher long 1'.1)2 --C' hond 12.1') A) Illay 

be due to the bul,y ¡<'n·bul,1 grllllJl ami to the 

amido bridge. 

A specific case is 5 (Schellle 9.4) whieh 

contains a solvent·free tetracoordinale Illagne· 

sium bonded to the bulky tris(trilllelhylsilyl)methyl 

group (Mg-C: 2.16 Al ",hile its tClracoordina· 

lion is completcd by three Il·bridging bromides 

(Mg-Br: 2.56-2.58 A); they in lllrn are Il·bollded 

lo an 'inorganic' magncsiulll which is hexaeoordi· 

naled hy the three hrolllides anc1 lhree THF mole· 

cules [42[. 

9.4.3 Polymeric Compounds 

Sol"cnl·rree organomagncsium eompounds are 

usually ohtained as amor'phous or lllicrocrystalline 

polymeric materials. For this reason. X·ray diffrae· 

lion slUdies depcnd eithcr on the applieation 

01' powdcr diffraetion tcehniqlles [43.44] or on 

srecial andlor fortuitous Illelhods 01' cryslalliza­

lion [32.45]. The struetures 6.1-(,.4 lhus deter· 

mined all follow essentially lhe same patlern: a 

Jlolymeric chain forlllcd rmm Ilnrtually perpendic· 

ular four·membered rings Mg, R2 connecled via 

\piro lllagncsiulll atnlll' a<..; "ho\\ 11 in SCh(,l1ll~ 0.5. 



SCIIE~IE 9.5 

6.1: R = .\10..' 

(,.2: R =. El 
(,.3: R:::- pI¡ 

GrignanJ Reagent" New Dcvclopments 

TahIe 9.5. TelracoonJinate m'H!.llcsilllll: hond Icn:.!!!l:-- í A) aIld hOJld an!.!lL':-- e ) 01' ."-oh en! free 
organomugncsillnl compouml\ -- ~ --

Cpd. Mg-C C-Mg-C 
inl. 

6.1 (Me,Mg), 2.24 lOS 

6.2 (Et,Mg), 2.26 108 

6.3 (Ph,Mg)" 2.26 102 

The data for 6.1-6.3 are collected in Table 9.5. 
They are completely analogous: the magnesium 
atoms form a straight line; the four-membered 
MgcRc rings ha ve typical bridging Mg-C bond 
lengths 01' 2.24-2.26 A and internal angles 
C-Mg-Cof 102-108' andMg-C-Mgof72-78'. 

Compound 6.4 [45] consists of one neopentyl­
magnesium bromide unit and one dineopentylmag­
ncsium unit (NpMgBr·Np2Mg) which are arranged 
to form repeating units of three four-membcred 
rings. ¡.c. one Mg2Br2 ring and three Mg,Np, rings 
(Schcme 9.5). It is les s symmetrical: the magne­
sium atoms lie on two parallel straight lines which 
are 1.10 A apart, and the six ¡ndependent Mg bonds 
vary from 2.20-2.42 A, whereas Ihe two Mg-Br 
bonds are nearly identical (2.808 and 2.818 A). 
which is rather long compared lo olher dimerie 
Clllllpounds (ef bridging Mg-Br: 2.58 A in 4.1). 

C-~lg-C Mg-C-1\lg Ref. 
L'Xt. illl. 

n.a. 7.~ 143J 

n.a. n 144l 

113 n 132] 

The dioxane complcx NpMgBr·dioxane (7 [46], 
Scheme 9.5) also consists of parallel linear chains. 
Howcver, Ihey are of a completcly differenl type 
as the arrangement around magnesium strongly 
resembles thal in compounos 3, the differencc 
being that in 7, the two ether functions are comb­
ined in one oioxane molecuk. The geomctric 
parameters of 7 are rather normal for type 3 struc­
tures with slightly shortcr Mg-C (2.13 Al and 
longer Mg-O bonds (2.13 A). 

9.5 SIMPLE ORGANOMAGNESIUM 
WITH COORDINATION 
NUMBER S AND 6 

Whilc in inorganic magnesiutll compounds. the 
eoonJination numher (, is the most prevalent 151, 

1 

\ 

I 
I 
I 
I 

I 
I 

\ 
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higher coordination numbers such as 5 and (1 

are rare in organomag.ncsiulll chcl1lislry J\ lile 
relatively large organic substituents ami I.e",is 
bases Iikc cthers ano tcrtiary amines l'~ILhl' loo 

much stcric cro",ding around lhe central !lleta 1 
atom. Four (rd'ltivcly) simple pent'lc()()rdinatul 
(8-11. Sehelllc 9.6) and three hexacllordinatcd 

represenlativ·es (12,1-12.3) have heen reported 
(Schemc 9.7). Other cases of penta- or hexa­
coonlinated magnesium in\'ol\'c coordinlltion to 
intramo1ecular or polyocntate Lewis bases ami \Viii 
be trcatco in Scetion 9.8. 

9.5.1 Organomagnesilllll Compollnds 
with Coordination Number 5 

Compound 81471 with the cOlllpositilln :'v1eM"llr' 
(THF)J is the simplest of the pentaeoordinatc 

serics. Presunwbly. the small methyl group and the 
stron~ Lewis hase THF create cllnditions permit­
ting 'pentacllordination. The long Mg-C hond 
(2.41 A) might be aserihed to the apical position in 

a trigonal bipyramid; however, the apical Mg-l3r 

bond (2.43 A) is not exceptional. 

SCHEME 9.6 

Me 
I 

THF-Mg .... ,T1IF 

I 'THF 
Br 

8 

10 

In agreement with Ihe carbcnoiJ charactcr of 
the Grignard reagent 9 [481. the Mg-C bond 
(2.19 A) is also longer than normal Mg-C(.I/I'¡ 
bonds (Table 9.3: about 2.13 AJ, although pan 01 
the e1ongation Illay be due to the pentacoordin'l­
tion; the' C(S/I' )-Br bond (2.01 AJ i, Illn~éf tlJan 
normal (1.90 A) too. as are twoofthc tllrL'C :Vl~-() 
bonos to the THF liganos (2.04, 2.11. 2.1.1 A). TIlL' 

Mg-Br bond (2.52 A) is about normal. 
Increasing complexity is observed ro, ]() 'Ind 

11. Similar lo Ihe tetracoordinalcd Jimcr.s 4, thc 
two allyl Grignard units of 10 1491 are cotlnectcd 
by two unsymmetrically li-hridging chloridcs 
(Mg-CI: 2.40, 2.69 A). The all> I pllllp is 1;1-

bo;ded 10 magncsium by a long IT-hond (r--.Ig -C: 

2.18 A). Pcnlacoordination is cOlllpleted hy <lIlC 
chclating TMEDA at each Illagncsilltll and ma> 
be responsible for lhe slight Mg-(' bonJ clotl­
gation, together with an 'allyl cffect' similar to 
the benzylic cffcct ohserveJ in 3,13 anJ 3.14 
Compound 11 [501 is a tetramcr 1 EtMgCI-.\1gCI!1, 
with two lerminal pentacoordinatcd Grignard units 
EtMgCI auached via three hridging chloriJes 
to a core of two hexacoordinate 'inorganie' 

9 

THF 

I Mg ..... Br 

I "TIIF 
THF 

THF's /THF 

THF CI-Mg-C1 El 
\ / / 's ,/ 
Mg-CI CI-Mg 

/ '.., " / I '.., 
El C1-Mg-C1 THF 

/\. 
THF THF 

11 
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ma!.!IlCSiUIllS; in this n:!.!~lrd, il rcsclllhles 5. Thc 
bm;ds are sli!lhtlv on thc"lon~ side (Mg-C: 2.10 A, 
MgO: 2.0.J-'2.lj 1\. Mg-cI: 2."0-2~7<) A). 

9.5.2 Organomagncsiulll Compounds 
with Coordimllio!1 NlImhcr 6 

The three simple compounlb ",ith hexacoordinate 
magnesium are all 01' the typ" (I~C=C),MgL4: 
apparently, the small size of the dicoordinatc 
acctylenic s/J-carhon atOl11 is cs~cntial in achicving 
this high and rare coordination nurnber. The crystal 
structure 01' 12.1 has nnl heen fully resolved, 
but t\\'o types 01' crystals h'I\T been distinguished 
to whieh the lrtll/s-structlllc 12.la and the cis­
structurc 12.lh (Scheme 0.7) have been tenta­

tively assigned 151 J. Thc structures 01' 12.2 152J 
and 12.3 153 J confinn the trans arrangement of 
the t\\'o acetylcnic substitllel1ts and reveal normal 
octahedral angles C-Mg-C of 175-180° and 
C-Mg-O(or N) 01' 'l(f; ol1ly lhe N-Mg-N angles 
01' the TMEDA units of ] 2.2 (80· instead of 
00°) show a strongcr deviation. The bonds are 
longer than usual, in particular the Mg-C(sp) 
bond (2.18-2.20 A), which musl be due to hexa­
coordination. 

Ph 
1 
e 
111 

e 
THF*TIIF 
THF\\" -'1 THF 

e 
111 

e 
1 

Ph 

12.ta 
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THF 
THF*THF 
TIIF"" ""c 

e ~~c-.... 
111 I'h 
e 
1 

Ph 

12.lh 

R 
I 
e 
111 

e 
THF*THF 
THF"" ""TIlF 

e 
11I 
e 
1 

R 

12.2: R = Ph 
12.3: R = ¡-Bu 

Grignard Reagcnts: Ncw J)evelopments 

9.6 D1FUNCTIONAL 
ORGANOMAGNESIUM 
COMPOUNDS 

hom a structural point 01' view, the tI'L'atlllL'llt 
of Jifunctiollal orgallolllaglle~ium compounu ..... ;1\ ;[ 
scparatc cla:-.s is SOIllCVv ha! arhitrary a~ ¡ll~\!ly ()f 
them reveal structural motif, airead)' elle<lUlltel'cd 
in Section 9.4. On the othn hand, lhe)' arc not onl)' 
di~tingllishcd frolll other orgalloll1agnl'~illllls hy 
lhe speeial property of having two organollletallic 
functions attached to the same earbon skeleton, but 
also hy specitic features such as llletallaheterocv­
eles or uniqlle clusters. 

9.6.1 Simple Difunctional 
Organomagnesium Compollnds 

The most simple difunctional organomagnesiulll 
compounds are those carrying two metals 
bonded to the same earbon ato m such as the 
methylene di-Grignard reagent CH,(MgBrh 1541. 
A crystal structure of its bis(trimethylsilyl) 
derivative 13 (Scheme 9.8) is remarkablc for 
several reasons [55]. In the tirst place, I3 
is a monomer with normal tetracoordination 
around magnesium, whereas other\\'ise, sterically 
overloaded organomagnesium compounds tend 
to relieve their crowded situation by expulsion 
01' Lewis base and aggregalion as discussed 
in Section 9.4.2. Sccondly, in spite of extreme 
congestion around lhe central earbon atom. 
all its bonds (Mg-C: 2.10, 2.14 A: Si-C: 
1.81, 1.85 A) are slightly shorter than expeeted: 
this has been ascribed to the aecutllulation 
01' negative charge at this earbon from its 
four electropositive substituents, which results 
in increased electrostatic attraction 01' the 
four metal(oid)s surrounding it (presumabl)' lJl 

Table 9.(,. HcxacoorJinate magnesium: hond lenglhs (Á) and hond angles e) 01' 
organomagnc-.iulll compounds (RC=C)2MgL4 

CpJ. R L Mg-C C-Mg-C Rcf 

12,1 Ph THF fl.a. n.a. 15/1 
12.2 Ph TMEDA 2.IH.2.20 IXO 15cl 
)2.3 ¡-Bu TMEDA 2.18 IXO 15" I 
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combination with Ilcgativc hypercolljugation). 
The angles at carhon are close to tetrahedral 
(Mg-C-Mg: 112, Si-C-Mg: 113). ami tllL' 
other bond angles are quite normal. 

13 

TliF 
l 

~Mg-TIIF 
THF-Mg~ 

I 
THF 

SCHEME 9.8 

¡",la. R =- 11 
l.l. 1 1,. R=J\k 

IJ.3 

14A 

When the two organomagnesium functions are 
four or more carbon atoms apart. the resulting 

diort!anolllagllc~illllls hehavc as ir thcy ha ve lwo 
moré 01' less independent fllnctionalities /541. This 
is also true with regard to their strllctures as illus­
trated by the magnesacycles 14 (Seheme 9.8, Tahle 
().7). Even tll!lllgh they are monomerie (14.1 l. 

dilllcric (14.2. 14.3) or lrimeric (14.4). the coor­
dinati()1l gcolllclry ar()ulld magncsiulll is LSSCIl­
tially lhat 01' simple colllpollnds 01' type 3: slightl)' 
dcviating are the short Mg-C bonds nI' 14.1 
(2.11 ÁI and 14,2 (2.11. 2.12 A) and lhe rather 
largc C-Mg-C angle (142") 01' 14.3. The ring 

size is apparelllly dictated by strain due the large 
C-Mg-C angle which cannot be incorporated into 
a ti "e- or six-lllemhercd ringo It depends on the 
nllmbcr 01' cad10n atoms between the magnesiums: 

6 carbons in 14.1 allow a strain-free 1110nocyclic 
structllre, while in 14,2, 14.3 and 14.4 with 4, 5. 
and 4 carbons, rcspectively, oligomeric structures 

are required. 
An intermediate range 01' distanccs between 

the two magnesiullls is represented by 15.1- ]5.3, 
wbere 2. 2 and 3 carbon aloms, rcspectivcly, 
scparate the I\VO magnesium functions; they 

have a complelely different type of structure 
(Scheme 9.9). Clearly, Ihe angle strain in a 

monomeric structure with a three- or four­
membered ring would be excessive. Instead, a 

tetrameric cluster is found in all three cases; the 
molecular structure 01' ]5.3 is shown as an example 
in Figure 9.1. Association measurements in THF 
sho\\' thal this tetrameric stale is also persistent in 

solution 160J. 
The structure 01' ]5 may be described as consist­

ing nI' a (slighlly distorted) tetrahedron of magne­
sium atoms, each of which carries one THF ligand. 
On top of each facc of the tetrahedron, a diva­
lent carbanionoid organic fragment is a-bonded 

to Dile lllagnesiul11 and Ji'-bridging between the 

Table 9.7. Difunctional organomagnc~iul1l cOlllrouIlLI~< average bond lengths (Á; 2 decimals) 
and bond angles (': no decimals) 

Cpd. Mg-C Mg-O C-Mg-C O-Mg-O Ref. 

14.1 n.a .. 2.11 n.a. n.a. n.a. [56J 
14.2 2.11. 2.12 2.07. 2.0X 12H 90 [571 
14.3 2.13.2.15 2.0<).2.11 . 1-12 91 158) 
14.4 2.15.2.16.2.17 2.07. 2.11(,. 2.IIX 127. UD <)-1 1591 
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SCHEME 9.9 

IS.I 

Q7~ 
THF.M~\-;lg'THI 

~lg , 
TIIF 

15 

Fig. 9.1. ORTEP drawing of the molecular struclure ,,1' 
tetramenc 1,8-naphthalincdiylmagnesiurn (15.31. 

other two. Thus, each magnesium exhibits the 

commonly encountered tetracoordination. and the 

honding parameters are not unusual either 
(Mg~C((J): 2.14-2.18 A; Mg~C(/J): 226-2.29 Á: 

Grignard Rcagents: New Dcvelopments 

15.2 t5.3 

S..¡ 

Mg-O: 2.03-2.06 A); of course, the angles within 
the core are smaller than normal (C~Mg~C: 

101-120'; Mg-C-Mg: 76-90"). As schemati­

cally indicated in Scheme 9.9, Ihe planes of Ihe 

organic groups, which are arranged perpendic­
ular to the tetrahedral Mg) faces, may ha ve two 

relativc orientations; one, leading to (approxi­

mate) C2\ symmetry, is realized in 15.1, the other 

one 01' (approximate) S4 symmelry in 15.2 and 

15.3. It has been pointed out Ihat two factors 
are largcly rcsponsible for Ihis type of cluster 

formation 1601 firstly. the juxtaposition of two 
bulky tetracoordinate magnesiums al the organic 

group in close \'icinity would create considerahle 
steric hindrance; this is reduced hy removal of one 

Lewis base per magnesium and aggregate forma­
tion (e): the discussion in Section 9.4.2). Secondly, 

the specitic organization as telrahedral tetramers 

is facilitated by the short distance helween the 
two carbanionoid ccnters in one organic ligand: 

it allows a perfect tit of this ligand on top of a 
tctrahedral face and thus a [Mg 2+R2-J4 cluster, 

in analogy to the tetrahedral [Li + R -].¡ arrange­

ment which is wcll-known in organolithium ehem­
istry 161.621. 
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9.6.2 Oq~anomagnesium Compounds 
Del"i"ed "mili Dienes or Diynes 

Thc three \trucluJ'c\ dc\crihed hl'["l.' rorlll a hetero~ 
gcncous grollp (Selll'nlC (J. 10): t\\'o (formal) IA­

adducts 01' lllagllt.'silll1l tu a I .. \-dicnc (16) and 
lile Ll"\\'i~ acid/ha\c type illll'r~lcl¡()n ur Illaglll'silltll 

"itll t\\'ll al~ync functillns (171. 

I\!\ 
Ph~\//Ph 

~lc 

'l'1II/1-'TIII' 
TIII· 

\te.SI-c/)-SI~k\ 
Mg 

'CI\ /l'p 
Ti 

/ ... 
e e 

('4". i "" 

~k,," NMc, 
LJ -

16.2 

./' - ~ " /c, 
,\klS¡ '''1~ - SiMt'J 

,-,." ~ 

el lHI-

17 
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Superticially. hoth 16.1 [631 and 16.2 [64] contain 
allylic type Mg~C honds in tive-memhered 

rings. Compound 16.1 has a pentacoordi­

nate. distorted trigonal hipyrarnidal magnesium 
(Mg-C,,: 2.32 A, Mg~Ccq: 2.26 A; Mg~O: 
2.06. 2.12. 2.18 Á), hut additional weak inter­
aetion with the 'irllle"- carhons of the 2-hulen-

1,4-ylenc ligand is indicated by a rather short 

distancC (M~···C'; 2.52, 2.56 A) which leads to 
folding of the fi,e-rnernhcred ring (Mg is 1.72 A 

ahove lhe C.l planc) and ~lI¡2gc~h hcpt<lcoordi­

Ilatioll 01" l11agllc~ill!ll. In cOlltril.'!. 16.2 h;¡:-. ;1 

rather normal tetracoordinatc Illaglll':-.iulll, hUI tlll' 
(llher fcalurcs ;u'e silllilar (Mg -C: 2.1 'J. 2.20,\: 

M!..!:, . ·C: 2.JX. 2.40. formal hc\al'uorJinalipn: 

Mg--N: 2.17,2.19 Á: Mg I.'ih i\ "h""l' Ihe e, 
planc). 

In 17, a f"rlllal ClMg(TIIFI' c"lion is c(lurdl­
nated in a l\\cclcr-likc fashion hy the t\\'o an'tylcrllc 

honds (M~--C: 2.27. 2.28. 2.2~. 2.46 A) (JI' a 1 el" ,Ii 

(CCSiMc~l21 anion and thus hcxacLlordinate lú)l. 
An analogous. but more complicated t\Veezer CLlor­

dination was ohserved fOl' the tetramerie eompouncl 

[Et(PhC",C)lt-.lg,·TMEDA12·Cr,II". [661· 

9.6.3 Anthracenemagnesium 
Derivatives 

Altogethcr, there are tive crystal structures kno\\ 11 

of the magncsium adduets 18 to the 9.1 O-position 
of anthracene and its derivatives. The struClllrc 

of 18.3 has been obtained frorn t\Vo independcnl 

investigations, one in Ihe pure crystal [681, the 

other in a 1:1 ratio with 18.4 [69J; both struc­

tures of 18.3 are essentially identical. as arc thc 
magnesium-dihydroanthracene partial strueturcs 01' 
all four compounds. 

The structurcs can be subdivided into two groups: 

18.1 and 18.2 with pentacoOl'dinate magnesium 
and 18.3 and 18.4 with tetracoordinatc magnesiulll. 

Imposed hy the dihydroanthraccnc ligand are the 
unusually acute (' ~Mg~C angles of 71 - 78° which 

may hclp to ereate sllfticient spacc for pentaeoor­

dination: prcsumahly, the two large trimethylsilyl 
groups in 18.3 and 18.4 overcompensate this effect. 

Expectedly. the hcnzylic type Mg~(' honds arl' 

Tahle 9.8. Anthracencmagncsium compounds: average hond lcngths (Á: 2 dcci­
mals) ami hOJl(J angles C': no decimal s) 

Cpd. Mg-C Mg-L C-Mg-C folding~(1 Ref. 

IS.1 2.25-2.33 2.03-2.09 71. 72 29 [31J 
IH.2 2.31. 2 . .12 n.a. 73 41 [671 
IS.3 2.23 2.00-2.02 78 45 [681 
ISA ~.22 223. 2.26 1X 41 [(,9J 

iTukliJl~ an~k 01 Ihe dlllhracene :-.k.ektoll al(ln~ ('y-e 1 (J. 
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IS.I 1{ I -= I{~ =- H 

IS.:! RI=-I!.f{~ =\k 

IX.J' R 1= SJ:\k 1• f{:! == ¡¡ 

ISA: K I =- SIMc"1. 1{2 == H 
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relativdy long (cf. 3.13. 3.14) and tend lo be longer 
in the pentacoordinated compounds (2.25 -2.33 A in 
1S.1 and 1S.2 versus 2.22, 2.23 A in 18.3 and 18.4). 

9.7 ORGANOMAGNESIUM 
COMPOUNDS WITH 
POLYHAPTO CARBON 
LIGANDS 

9.7.1 Cyclopentadienyl Derivatives and 
Related Compounds 

As mcntioned at the end of Section 9.2, in 
compounds such as magnesocene (19.1), one 

19 

~ 
@ 
~ 

"'M!(' 

é67 
19.10 
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somclimcs COf}ccnlratcs (JIl lhe lllctal-ccntroid 
inleral'lioll alld CUI1'-1I.X¡l1Clllly trcats thl' l')'elopcn­
tadicnyl group as a sil11!Jil' ligand and considcrs 

these cOI11[lounds to he dicoordinate: however. 
in vic,," of lhe ,,)-coonlination uf Illagncsium 
to the C[l ringo it is more ap[lro[lriate to e1as­
sil' Y cyclo[lentadienyl derivati"es 19 as dccahapto 
(Scheme 9.12. Table 9.'!1. Ho"ever. in sOllle cases 
such as 19.8 and 19.13 or the indenyl (20,21) and 
9-lluorcnyl (22) deri\'ati\es. '1 ' _ or 'I'-coordination 
nf lhe ti\'c-mcmhcrcd ring occurs. mainly fol' stcric 
rcasons. 

Norlllally. the Mg-C distanccs are 2.30-2.43 A 
and the Mg-centroid distances (Mg-D) are in 
the range uf 2.00-2.20 A: again. sterie hindrance 
andlar strongly coonJinating ligands at magncsium 
l11ay lead 10 larger values. In sYllll11ctrical 
compounds such as 19.1. 19.2 and 19.3, the two 
tive-membered rings Illay llccur in an cdipsed or a 
staggered conformation. Although the data in the 
gas phase are not sufliciently accuratc to cxc1ude a 
staggered conl'orlllation, both 19.1 (= 19.1a) and 
19.2 are probably in the ec1ipscd conforlllation, 
while in the crystal, 19.1 is staggered (= 19.1b). 
In 19.3, the rings are nearly ec1ipsed which brings 
two bulky trimcthylsilyl groups in opposition; this 
causes slight bending 01' the otherwise linear anglc 

1'J.5 

19.11 

, 
! , Structurcs nf Organolllagncsiulll COIl1!,ounds as Rcvealcd by X-ray DifTraction Studics 

Tahle 9.9. (Suh:-.tilllted) l") Inpl'l\tildil'lly[l1la~nl':-.illlll COlllp(lllll,L" CJl'J\.'l~X·I'II: average hond lengtlls (Á: ¿ (k'cillw]...,) 

~lIld hond ~lIlglc." (': IHl dCTil1lal.,,¡ 

Ibptiril) 
Cpd. ep' X L" ni ('1' ~t~-( '(('PI Mg-l)' Mcthod Rcmarks R,'I 

19.1a ep Cp '/ 
, 

2.3--1 2.01 ED eclipsl'd? 1701 

19.1h ep ep '/ C.1O I.')X X-ray staggcrl'd 1711 

19.2 C,~1c, C;t\k, '/ 
, 

21·1 2.01 ED eclip:-.cd'! 1721 

19.3 Cp"" C'p 
,. 

'1 B.a. 2.113 X-ray D-Mg-D = 172 17.11 

19.4 Cp 
,. 

!Jr HIEDA '1 !l.a. 2.16 X-ray Mg-Br 2.5¿ 

Mg-N 2.23. 2.27 17.11 

19.5 Cp C'1 Et,O '1 
, 

2.3 t) l1.a. X-ray dimer 1741 

19.6 C,Me, CI EI,O I} 
, 

2.41 l1.a. X-ray dimer 1741 

19.7 Cp !Jr TEEDA ,,:; 1.55 2.21 X-ray Mg-Br 2.6 1751 

(TEEDA = EI,NCH,CH,NEI,1 Mg-N 2.17. 2.35 

19.8 Cp Me TMEDA '}' 2 4S (av.1 X-ray Mg-Mc 2.13 16él 

Mg-N 2.26. 2.29 

19.9 Cp Np '} 
, 

2.33 n.a. ED Mg-Np 2.12 17(11 

19.10 Cp OEt ~' l1.a. 2.10 X-ray tetramcr 1771 

19.11 Cp"" Br .. NMe,jTHF ~' 2.2(,-248 n.3. X-ray 1801 

19.12 CpCp'''' 11 - Br /l-Br ~5 2.36-2.43 n.a. X-ray dimer [80] 

19.13 Cp THF jl-BuNMc, ry' 2.46 o.a. X-ray [41] 

Cp ry'. '}' 2.37. 2.67 

110 = centroid of tlve-mcmhered ringo her'l = 1,2,4 - (SiMcJ hC:¡H2. (Cp"l = CSMC4CH2CH2NMez. 

at magnesium (172 0

). In 19.8. stcric hindrance 
allows not more than 1)1 -coordination of the 
Cp ligand, whilc in 19.13, the coordination 01' 
two ligands to Cp,Mg (THF and the bulky 1-

BuNMe,) leads to '1' -coordination for onc Cp 
ring only (Mg-C 2.46 A). while the other adopts 
an orientation intermcdiate betwecn 1)1 (Mg-C 
2.37 Al and 1)2 (Mg-C 2.67 A). Compounds 
19.5 (Scheme 9.12),19.6 and 19.12 have dimeric 
structures similar to those of type 4 (Scheme 9.4); 
19.11 shows intramolecular coordination as 
discussed in more detail in Section 9.8.1. 

In the compounds with benzoannelated cyclo­
pentadiene derivates, there is a clear tendency 
towards lower hapticity duc to overcrowding. 
Thus. bisindenylmagncsium (lnd2Mg. 20; [79]) 

has a complicated po1ymeric structure (not shown) 
with two differcnt magnesium environments and 
terminal and bridging Ind groups; Mg I is '15 -

bonded to one Ind (2.31-2.54 A) and 1)1 to two 
others (2.26. 2.32 Á), while Mg2 is 1)5-bonded to 
one Ind (2.26-2.60 A) and 1)2 to the other t\Vo 
(2.33-2.46 A). 

Similar to the situation in 19,8, the hapticity to 
the organic residue is reduced when polydentate 
amine ligands are involved. This tendency increases 
in the series Me(1)3-lnd)Mg·TMEDA (21). Me(l)l­
tluorenyl)Mg·TMEDA (22) and 23 which forms an 
ion triplet: [PMDTA·Mg(J12-Me)Mg·PMDTAl'~ 
(PMDTA = Me2NCH2CH2N(Me)CH2CH2NM,1 
with two pentacoordinate magnesiums and two sep­
arate fluorcnidc anions [66) (structures not shownl. 
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9.7.2 Carhoranc Dcrivativc~ 

Thrcc n:l'cnll~ reported c;lrhor~¡n~ S!rtlClurL'\ 

fall inlo Ihis calegory: clo.\o-I-,'-lg(TI\IED¡\ 1-:'.3-
(SiMed,-2.3-C,Il,H,1 (241IHOI. 1011111111>-1.1'­

MgI2,3-(Sil\1c,I,-2J-C,B,IL,II-' 12511XII alle! 
(THF),l\lg((Si\k;),C,B,lIxl (2('1 IKII. ThL' 11all­
~andwich 2-1 has lile magncsium c{10rdill<1[('-cl IP 

Ihe li"c-lllclllhercd C2B, ring 01' lile carhoranc 
in an ,¡'-fa,hion (Mg-cenlroid: 2.12. 2.1 .. A: 
Mg-C: 2.60-2.65 Á). The full-SéInC.lwich 25 h,,, 
an analogou, arrangement (Mg-centroid: 2.U2 Á: 
Mg-C: 2.4S, :'.46 Á). In 26. magncsiulll i, 
coordinalecl 10 one of the opcn faces 01 the 
carborane, in particular to Iwo carhum (Mg-C: 
2.32, 2.33 Á 1 ano t\Vo borons; lhe t\V" bond, lO 
THF (Mg-O: 2.03 Á) are n orilla 1. 

9.8 ORGANOMAGNESIUl\I 
COMPOUNDS WITH 
INTRAMOLECULAR AND/OR 
POLYCOORDlNATION 

For practical reasons, this chapter is oivided 
into sections describing compounds with relatively 
simple intramolecular coordination involving few 
intramolecular Lewis bases (9.8.1) and those in 
which polydentate ligands, mostly polyethers, are 
involved with (9.8.2) or without intramolecular 
coordination (9.8.3). 

9.8.1 Intramolecular Coordination 

Intramolecular coordination can occur whcn in lhe 
basic structurc RXMgLn «f 3, Schemc 9.3), then: 
is a covalent connection between R and/or X and 
L, where L may he a rnono- or polydenlate ligand. 
Sevcral struetural motifs are encountered in this 
group, starting I¡-om simple monomers of lypc 3 
via dimeric structures of type 4 to more compli­
catcd arrangements. Compounds with a covalent 
connection hetween R and L are presenleu in 
Schcme 9.13, those with a connection hetwecn X 
and L in Scheme 9.14. 

The most simple form of intramokcular coordi­
nation ill\olvcs alkoxy or alkylamino si de arm~ ,1\ 

Grignard Rcagents: New Developments 

;dready encounlcred in 19.11 and 19.12 (Schelllc 
9.12. Tahlc 9.9) and 27 [X21 (Schellle 9.131. For 
27 (Mg-C: 2.14 A. Mg-O: 2,07 11: C-l\1g-C: 
I.JO , O-Mg-O: 9A' 1, the structural parameters 
arL' essentially lhe "1Il1C as 1'01' lype 3 cOlllpoullll, 
in general, and slight deviatiolls l',Ul be undcrslood 

frolll restrielions illl]loscd by Ihe chelating ligand: 
lhe same is lrue ror olher structures to he descrihcd, 
ancl lherefore only e,sential data \\'ill hc prcsentcd. 
lhus, 28 is a dimer 01' typc 4 (Mg-'¡'C; 2.1J A. 
Mg-/l'C: 2.29 Á, C-Mg-C: 106'. Mg-C-Mg 
74c

, ,,'C-Mg-/1 2c: liS') p\.1J. Wilh lhe same 
chclaling ligand, 29 has a tetra nuclear slructure 

involving ehloride hridging (Mg-C: 2.15 Á) [X"I. 
Mononuclear structures prevail as illustrated by 

27,30 (Mg-C: 2.23 ÁI 1851.31 IMg-C: 2.22 Al 
186], 32 (Mg-C: 2.24 Ál [871. 34 (l\1g-C: 
2.22 A) 189] and37 (2.16 A) [911; lhis is prohably 
due to the faet that space-saving aggregalion is 
not necessary because intramolecular coordination 
reduces crowding around the central metal whcn 
non-bonding interactions between two separate 
ligands are replaced by bonds. Dinuclear structures 
are present in 28,33 (Mg-C: 2.16 A) [88] and 35 
(Mg-C: 2,16 Al [9IJ, 

Some remarkable aspects \ViII be pointed out. 
In 30, 31 and 36 [90], the chelate ring is four­
Illernbered which normally leads to considerable 
ring strain. Furthermore, while the normal te lra­
coordinate state is predominating, there are excep­
tions. Compound 29 shows pentacoordination 01' its 
'organometallic' magnesium; in 371911. magllC­
sium is pentacoordinatc, too, as there is suffi­
cient space to eoordinate an additional 'externa!' 
THF. Compounds 32, 34 and 35 are hexacoor­
dinate. While one may be tempted lO ascribe 
lhe rather long Mg-C bond (2.22 A) in 34 lO 
hcxacoordination, that of the complctely analo­
gous 35 is Illuch shorter (2.16 A); possibly, the 
smaller, harder and more strongly coordinating 
oxygens of 35 pull the metal into cIoser vicinity. 
Other factors responsible for bond lengthening 
may be benzylic typc carbon atoms or non-ideal 
positioning of lhe Lewis hase due to conforma­
lional restrictions: l'.g. lhe P-Mg-I' 'Ingles in 34 
(I .. 'J 1 and lhe O-Mg-O élngle, in 35 11 .. 6") 

Structure, (JI' Organol11agnesiul11 Compounds as Revealed hy X-ray DilTraclion Sludies 
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strongly dcviatc from thc ideal oetaheural value' 
of ISO'. 

Intrarnolccular coordin'ltiol1 arising frolll attach­
Illcnt of the Lewis base L to the hri,hno atom X 
is Illunu in 38, 39 and 40 (SChC'll~ 0~4). Thc 
seelllingly simple di(o-anisyl)magllcsi'"ll (38) 1011 
has a surprisingly comptex structurc: it consists 
of dimers with both penta- and tetracoordinatc 
magncsium (Mg I and Mg2, respcclivcly). Mg I has 
a certain degree of cationie eharaetcr bccausc it 
shares one of its aryl 'aniuns' with Mg2 which 
in tum obtains partial ale charactcrislics. Thc 11 '_ 

bridging anisyl group is abo involved in fDur­

Illcmbered ring chelation to Mg l. Thc honding 
parametcrs are about normal. 

In both 39 and 40, lhe hridí.ún~ X in a 
dimer of type 4 is an amido nitrog~n. -Compollnd 

39193] has two independent Illolecules in the unit 
cell with practically identical structurcs (Mg-C: 

2.10 Á, Mg-N(amido): 2.10 Á, Mg-N(a~ino): 
2.20 Á; four-membered ring: MgN-Mg: 8S', 
NMg-N: 92°). The structure of 40 194J (Mg-C: 

2.14 Á, Mg-N(amido): 2.14 Á, Mg-N(amino): 
2.20 Á; four-membered ring: Mg-N-Mg: 88°, 
N-Mg-N: 92") is very similar, too. 

41.1 

41.3 

sClm~a: 9.15 

Grignard Reagcnls: New Developmcnls 
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9.8.2 Intramolecular Polycoordination 

Starting from the basie strueture of phenylmag­
nesillm bromide (3.19), magnesium undergoes an 

inereasing degrce of inlramoleeular coordination in 
the series 41.1-41.4 (Schcme 9.15) by extension 

41.2 

41.4 

, 
Structllrcs of Organtllllagnc,illll1 COll1pollnds as Rcvealcd hy X-ray Diffraction Stuúics :117 

01' an nrrJIO-attachcd (uligulgIYl'ul I..'lhL'r ~idc arm 
1951. Wililc tile parL'nt 3.19 is IL'lraL·()ordinalc. lile 
:-.pal'c-savillg dlcct of inlr;\I1111kcuLtr cllordinatioll 
allows pentaeoordinatioll ill lile dilller 41. L anú 
ile'xacoordillatioll ill -t1.2, 41.J '"Id -tIA which is 
cOlllpleted by attacilll1e'nl 01' a deL'reasing nlllllher 
(Jf TlIF ll10lecules whcrc reqllirL'd: t\\(l, olle ami 

nOIle'. respcctively: as a reslll!. 41.4 is a Ciri­
QllarJ rcai.!cnt with th~ llormally highc:-.t COOI"­

Jillatioll n~lI11her of 6. hut ",ithoLll an)' external 
ether licanú. Thc Mg-C hond ICllgths are normal 

(2.11. 2.16. 2.15. 2.15 A. rcspeetively) as are the 
Mg-Br bonds (Tablc 9.10); the Mg-O bonds are 
rather long due to the high coordination 1111mher 
and to eonforll1atiollal cllcels as sho\Vn for 41.4 
where the Me-O bonú deercases from 01 1004 
(2.):1. 2.20. 2.10. 2.15 A. rcspeetivcly l. presum­
ably hecallse the 'remOle' oxygens have more 
freedom to oeclIpy ideal positions. 

Thc organomagnesiLlms 42--t-t \\'ith intemaIly 
eoordinating croWI1 cthers posses structural para m­
eters (Table 9.10, Sehcmc 9.16) which generaIly 
are similar to those of thc contigurationaIly les s 
restrieted 41. Certain trends or dcviations are 
not fully understood; to sorne extent, packing 
effeets in the crystal may he involved, and if 
so. it is possihle that the structures in solu­
tion exhibit more normal values. For example, 
both 42.1 and 43.1 are Grignard reagents, bul 
rheir Mg-C bonds differ remarkably (2.10 and 
2.18 Á, respcctively). while 011 the other hand, 

the corrcsponding diaryllllagllcsiulll l'{llllP()Ullt\, 

42.2 and 4-'.2. rc'pcetivcly. ha "e the same huml 
length towards Ihe erown ether ar)'1 grour \Vith a 
normal valuc (2.13 Á; c¡: 3.15, 3.16). Furthcrmore. 
whcrcas 42.1 and 42.2 havc the same R--Mg··:\ 
angle (12~ l. thal of the analogolls pair 43.1 (111 I 

and 43.2 (1."\9 ) is dilTercnt; simila"¡y. amll,,"sihl, 
rclatcd to lhc prcviolls ohscrvation. in 43.1. il is 
O' whieh is lIncoordinated while in 43.2. it is O". 

The coordination nUlllber is pscudo-4 in Ihe t\Vo 
cfllwnl41 specics 42 (O' and O' are onl) \\cakl) 

coordinating al 2.33 and 2.49 Á. rcspccti"cly I and 
6 in 43 ami 44. 

9.8.3 Intermolecular Polycoordinatiol1 

As is the case for inlramolceular coordinaled 
compounds descrihed in Seetion 9.1\.2. pol)coor­
dinatioll 01' organomagnesiulll eompounds with 
externa! polycthers or polyamines often kads to 
interesting structures. In particular. cro\Vn ether 
derivativcs may give rise to rotaxanc fonnation 
by threading through the cavity of the polyether 
ring, or to ionie spccies by efficient solvation of the 
cationie part, thereby ereating a variety of magne­
siate species as a 'by-product'. 

A special case involving polyamino ligands is 
that of the negatively charged tridentate tris(pyra­
zolyl)hydroborato ligand which forms the '1'-com­
plexes 45.1-45.3 with alkylmagnesium cations 
[101]; magnesium assumes the common (distortcd) 

Tahle 9.10. Intramolccularly pol,ycoordinatc magncsium: average bond Icngths (Á; 2 uccimals) and honu anglcs ( 
no dccimals) in RMgX·Ln 

Cpd. R X L" Mg-R Mg-X Mg-O R-Mg-X ReL 

41.1 o-CóH ... Br CH,OMe 2.11 2.51 2.10,2.04 % [951 

41.2 o-CóH, Br CH,OCH2CH,OMe 2.16 2.57 2.15-2.19 111 [951 

'¡1.3 o-CóH, Br CH,(OCH,CH,J,OMc 2.15 2.59 2.15-2.22 II!. [95J 

41.4 o-C6 H4 Br CH,(OCH,CH,lJOMc 2.15 2.57 2.15-2.33 107 1951 

42.1 1,3-xylylcnc Br (OCH,CH,hO 2.10 2.52 2.12-2.49 128 [96[ 

42.2 l,3-xylylcnc Ph (OCH,CH,hO 2.13 2.15 2.18-2.62 128 1971 

43.1 1.3-xylylcnc Br (OCH,CH,).O 2.18 2.60 2.13-2.33 111 [tml 

43.2 1 J-xylylenc p-r-BuCr,H. (OCH,CH, ).0 2.13 2.15 2.t5-2.7t 139 [991 

·U 1,J·phcnylcJ1c Br IOCH,CH,I.O 2.19 ::?66 2.08-2.,,2 107 [IIJOI 
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tetrahedral conliguration (Schcme 9.171. Whcrcas 
45.1 and 45.2 have a symmetrical oricntation 01' 
the R-Mg bond rclative to the ligand, the oricn­
tation in 45.3 is distorted due to steric hindrancc 
between R and the methyl groups; similar ¡nter­
action with the I-butyl groups leads to distor­
tion of the isopropyl group in 45.2. Another open 
polyamino ligand is PMDTA; besides 23, two 
other pentacoordinate complexes are known: 46.1 
and 46.2 [20]. The structural data are as expected 
(Table 9,11), 

Three rotaxane complcxes ha ve been obtained 
by the interaction 01' diorganylmagnesium with 
crown ethers: 47 1102]),48.1 11031 and 48.2 (104] 
(Scheme 9.18), 

Compound 47 has a rather symmetrical structure 
with the linear Et-Mg-Et unit (Mg-C: 2,10 A) 

Grignard Rcagents: New Dnelopmcn" 

..aS.I: R = MI.', R':::: {-Bu 
45.2: R:::: i-Pr. R' = 1-Bu 
45.3: R ~ CH,SiMc (, R' ~ ~k 
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'¡6.1 R=\k 
-1(1.1 R.::::; E[ 

orientcd perpendicular to the average planc 01' six 
oxygens which are weakly bOlldcd to magnesilll11 
due to the lInuslIally bigh eoordinatilln numbcr 
of 8 (Mg-O: 2,77-2,79 Á). Tbc cOlllplcxes 
48.1 and 48.2 are isostructural, Magnesium is 
distorted hexacoordinate with sligbtly elongatcd 
bond s (Mg-C: 2.19 A; Mg-OI--l: UO-2.5Y. 
o; is not coordinating). The two aryl groups are 
bent away from the coordinating oxygens towards 
the crown ether benzene ring (C-Mg-C: 164', 
16?', respectively)_ Interestingly, tbe 30-crown-8 
ligand with its larger cavity does not bind diaryl­
magnesiums in a rotaxane Iike fashion, Rather. 
in 49 [103], two bis(p-t-butylphenyl)magnesiums 
are externally coordinated in a pcntahapto [ashion; 
the same binding mode is also fOllnd for the 
open glyme ethers in 50.1 and 50.2 [103J. Thc 
coordination geomctrics of 49 anu 50 are similar 
and normal; e.g. the Mg-C oonds are 2.19. 
2.15-2.16 and 2.14-2.17 A. respectively. and the 

Table 9.11. Polycoordinatc magnosium with amino Iigands (Scheme 9.17): a\ eraee hono 
Icngths (A: 2 decimals) and bond angles C; no decimals) -

Cpd. R Mg-C Mg-N R-Mg-(NIC) RcL 

45.1 Me 2.12 2.13-2.14 (N):125 IIOIJ 

45.2 ¡-Pr 2.18 2.16-2.17 (N): 124- 125 IIOIJ 

45.3 CH,SiMe, 2.10 2.16-2.17 (N):118-134 IIOIJ 

46.1 Me 2.17.2.19 2.33-2.41 (C):114 120] 

46.2 Et ~.17.2.22 2.36-2.37 (C):116 IlOI 

Strllctllrcs 01' Organomagncsilllll COlllpounds '15 Revcakd 11\ X-r'l\ Iliffraetioll Stlldics 319 

... ?tl '\1 1'11 

.. r..o!. \ 

SO.1: Ar = p+BnCóH4 • R:::: Me 
50.2: Ar= p-t-BuC6H", R = CH1(,H20CH~CH20"1c Me 

SCHEME 9.18 

three coordinating oxygens are approxilllately in 
onc plane magnesium. Jt should be pointed out 
that in 50.2. two more oxygens are available 
for coordination compared to 50.1. but appar­
cnlly. there is insufficient space around Illagnc­
siulll andlor the additional oxygens cannot rcach 
a strain-free location. In the tetranllclcar 51 11051. 
rclated motifs can be recognized at the two tcrmi­
nally bound diphenylmagnesiulll units (Mg-C: 
2.15, 2.16 A); lhe two central phenylmagnesiulll 
units (Mg-C: 2.13 A) are connected by two 
J..L2-bridging phenoxide oxygens (Mg-O: 2.00. 
2.04 A) and are pentacoordinate (Scherne <).19). 

Another interesting [eature of polydcntatc 
Iigands is their tendency to fully clcave the 
polar magnesium carbon bond with fonnation of 
solvated cations and magnesate counterions. In this 
regard. there is a remarkab1c differcncc helween 
15-('ro",n-5 and 18-cro",n-!1: while lhe latler 

SCHE~lE ~.I~ 

forms the rotaxane .t7 wilh diethylmagnesiull1. 
the former apparently gives a tighter fit to 
lllagncsiu1ll allowinf! hctcrolytic cleavagc 01' 
dimethylll1af!nesilllll lo ~i\c 52 [106] whicb 
consists 01 a [Mdvl~.15-cro\Vn-51+ cation (Mg-C: 
2.14 Al ando \\eakJy associated to it via one of the 
methyl grollps (Mg-C: 3.28 A). a polymeric chain 
of [Mg,Mc; -1, lInits (Mg-C (¡~-Me to Mg+ and 
Me(tcrminal»: 2.17 A; in the chain: 2.25-2.40 Á) 
(Scheme 9.20). 

52 53 

SCHE\1E 9.20 
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Anolher Iigand cffeClin¡; hClenJlylie di"oeia­
lion is 2,2,I-crypland. Wilh dielhyll1lagncsilllll. 
il fonns 53 1131 eonsisling uf an llllSyllllllL'l­
rieally hexacoordinalc Etl\lg I cal ion. \\'hieh is 
slabilized by bonding lo ~ oxygens and 2 nilro­
gens, and Ihe dinuckar anion IEI(,r-lg~l' (\\hieh 
cOlTesponds lO Ihe neulral eOJllpOllllds 01" IlPc' 
4); Ihey show normal IXlralllélers (Mg-C(¡¡II: 
2.21. 2.24 A; Mg-C(I(~): 2.~6 ÁI. The analogous 
cal ion 1 NpMg(2,2,I-crypland) JI is lhe eounlerion 
01" lhe previously Jllenlioned Irieoordinale anion 
[MgNp,r- (2,2, Schcmc 9.2) '131. In conlras!. 
lhe ring c1eavage prodUCl 54, ohtaincd from the 
ncopentyl analoguc uf 53 by heating, is a relalivcly 
normal dimer, huI wilh pelllaeoordinalc magne­
sium (Mg-C: 2.18 A) and bridging alkoxidc 
oxygens (Mg-O(¡l'): 1.98 A) [107J. 

Two examplcs are kno\\'n where a polyazaeyc1o­
alkane ligand stabilizes cationic organomagncsium 
species (Schcmc 9.21). The structure 01' 55 11081 
is quite complicated involving six magnesiull1s in 
two dinuclear [Mg2Me,'(9N3),J+ calions (9N3 = 

1,4, 7-trimethyl-l,4, 7-triazacyclononane) and Ihe 

[

Me" n /~k 1+ N Me N 

(;() 
N N 

/ \ 1"-
Me '---1 ~le 

56 
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dil1l1c1car 1 MC6Mg,I'- anion (which IS analogous 
lo IEI¡,Mg,J'- in 53). [n 5611091. the largcr aza­
ligal1d slabilizes lhc lI1ononuc!ear calion IMcMg. 
(14N4ll+(14N4 = 1.4,8,1 l-tctr"lI1cthyl-I,4,8,1 1-
lelraaz<lcyclotelradccanc 1 wilh ICdMc,l- as thc 
l'()lllltcranil)ll. 

Fil1ally, it should be lI1enliol1cd Ihal polyco­
ordinaliol1 nOI ol1ly Icads to il1lcrcsting strllc­
Imes as discussed in Ihis Scclion. bul also lo 
ul1w;ual and strongly enhanced rC<lclivily; several 
rc"iews describe the intercsting chemislry asso­
cialed with such special high coorJination states 
154,105,110.111]. 

9.9 HETEROMETALLIC 
ORGANOMAGNESIUM 
COMPLEXES 

9.9.1 Heterometallic Organomagnesium 
Complexes with Alkali Metals 

Formally, complex 2,3 ([Li(THF)o.6(EtO)o41+ 
1 Mgls,r) belongs lo this class; il has been 
treated in Section 9.2. Two other simple ale 
Iype complexes are 57 [112] belween a Grignard 
reagenl and lithium bromide with the structural 
morif of 4, and 58 belween diphenylmagnesium 
and two phenylsodiums [53] (Seheme 9.22). Their 
struetural parameters are nol unusual (e.g. 57 
Mg-qterminal): 2.19 A; 58 Mg-C(¡l): 2.29 A). 
Like 57 and 58, 59 (Mg-C: 2.23-2.29 A) [113J 
and 60 (Mg-C[Jl-Li]: 2.18 - 2.19 A); Mg-C 
II.L-Mg]: 2.29-2.32 A) 1I14J may be regarded 
as ate complexes with increasing fragments 
derived from Ihe polymeric chain of (MgR2 )n 
(6); again, they show Ihe expected bond Iengths. 
Compound 61 [115] resembles 59 in being a 
tctrabenzylmagnesate complex, bul Ihe attachment 
of the two lithium cations is different: one is 
bridging like in 59, Ihe other one is separate 
and solvated by Iwo TMEDA; the MgC bonds 
(2.22-2.32 Al, Ihough benzylic, are ~only are 
slighlly longer than those in 59. 

While in 57-61, magnesium is in the normal 
letracoordinale state, Ihe sterically less demanding 
alkynyl substituents in 62-63 allow higher coor­
dinalion nllmbers, as was already pointed out for 
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57 

63.1: LIL,2 = TMEDA 
63.2: L,L, = PMDTA 

12. In 6211151. magnesium is in the center of 
a distorted trigonal bipyramid with two equato­
rial (2.18 Al bonds and one axial (2.31 A) bond 
to the alkynyl groups; Iithium is coordinated to 
one nitrogen and three times lo the rr-clouds. The 
struetures of 63 [53 J show a differenl arrange­
mcnt ol' the ligands, but the connectivilies and 
structural parametcrs are essentially analogous; in 
63.2, one terminal amino group of PMDTA is not 
coorJinated. 

61 

9.9.2 Heterometallic Organomagnesium 
Complexes with Aluminum 

Sorne of the compounds in this category have 
ralher simple ¡l-bridged structures similar to those 
of 58-61. Thus, 64 (Mg-C: 2.19-2.22 A) has 
two AIMe2 units altached to an ate-like MgMc.¡ 
core [116 J (Se heme 9.24). Compounds 651117J and 
66 [119] ha\e a Mg,R2 four-membcred ring eore to 
which two four-mcmbcred spiro rings are attached. 
In the case 01' 65. these external rings consist 01' 
a NSiN unil (with an aluminum containing four­
membercd ring SiN Al N annelated to it; Mg-C: 
2.20 A); in 66, it is formed by a NA IN unit (Mg-C: 
2.16-2.30 A). The rclaled compounds 67 (lR,N 
MgMehIMgNR,(R,NAIMc,)h; R = SiMe1J11201 
and 68 ([Mc,AI'wN(i - Pr,)hMgMe].¡) 11 18 1 
have a more complicated slructure (nol shown), 
the novel fcature of which is the nearly linear 
bridging oftwo magnesiums by a methyl group (67: 
Mg-C-Mg: 2.16, 2.4~ A, 179°; 68: Mg-C-Mg: 
2.15,2.49 A. 168°). 

Like 18, lile two reprcsenlalives 01' 69 are 
formally derivcd from lhe 9,lO-dianiofl 01' 
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66.1: R~Mc.R·~Et 
66.2: R ~ ¡-Pro R' ~ C"CC"H5 
66.3: R ~ ¡-Pro R' ~ C"CC"H4-p-CI13 
66.4: R ~ ¡-Pro R' ~ C=C-p-t-Bu 
66.5: R ~ ¡-Pro R' ~ C=CSiMc1 
66.6: R ~ Et, R' ~ C"CC6H, 

9.IO-dihydroanlhracene, bul in 69, the two metals 
are diflcrcnl-magnesium and aluminum-, and 
lhey are conncclcd by a 112-bridging anion which is 
a hydride in the case 01' 69.1 [121] and an ethoxide 
for 69.2 [1221 (Scheme 9.24). For 69.1, relevant 
paramelcrs are Mg-C: 2.20, Mg-H: 1.96, AI-C : 
1.98, AI-H: 1.62 Á; C-Mg-H; 101°; the magne­
sium is in a lrigonal bipyramid with H and one 
THF in apical positions (O-Mg-H; 160°). The 
structurc 01' 69.2 has nOl been fully resolved, but 
suf/ieiently so to allow determination of gros s 
[eatures. 

9.9.3 Heterometallic 
Organomagnesium Complexes 
with Transition Metals 

Schcme 9.25 sho\\ s the eight known compounds 
in which (parh 00 organomagnesium compounds 
are connccled lO transition metal fragments; they 
rl!\'cal a grt.:'at \'aricty nI' structure". C:m1pound 7() 

Grignard Rcagent": Ncw De\'dopll1Cllh 

TI 11-

TIII_ \~x 
.. )I~ \ 
IHI· AlU, 

69.I:X~H 

69.2: R ~ OEt 

may be "ie\Ved either as an internallv bridgcd 
diorganylmagnesium Mg(CH(SiMeJ )(Z;'CP2 B;) h 
or as an adduct of MgBr, to two carbene 
complexes CP2Zr = CHSiMe; (123]. Thc lalter 
interpretation is supported by the short Zr-CH2 
bonds (2.15. 2.16 Al although the two Mg-C 
bond, (2.19 A; C-Mg-C: 13Yl are onl)' slightly 
longer than 2.15 A (Table 9.3); however, the 
accumulation 01' three metal( oid)s al one carbol1 
ma)' cause constriction 01' the Mg-C bond as 
in 13. 

Compound 71 (124] is a tetramer composcd 01' 
two Grignard reagents CyMgBr (cyclohexvl) and 
lwo 'inorganic' Grignard reagents Cp2 HM(;MgBr; 
al! magnesiums are tetracoordinate (Mg- Mo: 
2.24, 2.85 Á: other data on Ihe gcomelry 
around Mg have nol becn given) (1241. In both 
72 and 73. magnesium is pcntacoordinated to 
a Group 8 metal fragmento This includes a 
bond to the metal and a wcakly li-bridging 
Illcthyl grour hetwccn magnesium and nickel 
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70 

72 

74 

76 
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in 72 (Mg-C(Il): 2.29 A, Mg-C(terminal): 
2.15 Á, Ni-C: 2.03 A) (125], while in 73, the 
bridging group is phenyl (Mg-C: 2.57 A, Co-C: 
1.98 Al [126]. In 74, magnesium is tetrahedral and 
bridging between two dinitrogen units coordinatce! 
by tris(trimelhylphosphino) coball; the Mg-C 
bond has not becn reported [1271. A seldottl 
encountercd case of hcptacoordination tllay he 

71 

"'N\/ C';::::':\-4U
, 

/ "_.: .~'Ph 
Ph-_-Mg~ 

77 

I Ph 

OEt 

75 

disecrned in the copper cluster complex 75. 
although the interaction wilh three of the coppers 
is "eak (Mg-Cu: 2.75 A); the three bridging 
phcn)'ls have normal distances (Mg-C: 2.35 
A) (128]. 

Finally. 01' the two actinide complcxes 76 11291 
and 77 1130], 76 has the simple structural l110tif 
nf -l and a normal geometry arounu magncsiulll 
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(details IlOI reponed). wherel¡S 77 cOllsisls 01' a 

complicatcJ cluster uf lwo lIr;'¡lliUJll~ alld olle 

pcnlacoordinak magtlC\iLIIll wilh a (slightly cJOIl­

galcdl bond lo lile ylidie ell, grollp 01' Iw() phos­

phoranclllClhytcnes (Mg-C: 2.2.1 A). 

9.10 CONCLUSIONS 

There is no doubl Ihat the prcferred coordinalion 

number of divalent magncsium is 6. lIS illustraled 

by Ihe numerous examptcs fmm inorganic 

chcmistry 15]. The IMg(H20),,1 2t cation is a good 

illustration. but it also reveals the conditions whieh 

llave to be fulltilled to attain this optimal siluation: 

a high charge on magnesium anu a ~ll1alI sizc of 

the Iigands. Bolh eonditions arc scldom mct in 

organomagncsium eompounds sueh as RMgHal.L" 

or R2Mg'L,,: while the chargc at magncsillm is 

high, it is ccnainly less than +2. and both the 

organie groups R and the coordinated ligands 

L (ethers, tcniar)' amines) are rather bulky~ For 

the majority of organomagnesillm compounds. a 

compromisc is found involving tetracoordinated 

magnesium which may be realized in a variety 

78 

79 
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of Illononlcric, dimcric 01' p()lyl11l'ric ~tructllrl'<'; 

sueh as RMgHal·L2 (3), L'RMg (/I-IIaI12 ~lgR·I. 

(4) or 1(ll-RhMg(/I-R)2Mgl" (6). respectivcly. 
anu olhcrs. In these cases. a formal oclel arollnd 

magncsiulll is achicved. ",hefe ncccssarv via 

clcetron dcflcient thrce-ccnterll\\'o-clectron honds. 

Howcver, other coordinalion states mal' hc en­

eountered depending on the intcrplay belwel'n 

elcctrol1 dcmand and stcric hindranec. Thus. the 

rarc and highly electron deficicnt coorJinatiol1 

numbers 2 (in 1) and 3 (in 2) are enforccd bl' 

the extreme steric hindrance duc to vcr\' hulk~ 
organic groups. while 'space sa"ing' liga';ds SUCí, 
as chelating or polycoordil1ating ethers ¡¡nd amines 

allow the higher coordination numbers 5 and 6 lo 
be attained. 

There are many indications to sUp[1ort thc sta te­

ment that in most cases, the struelures encountered 

in the crystal are a!so those oeeurrinQ in solu­

tion [2,3], and for this rcason. the X-;ay cr)stal 

structures are indispensible for understanding lhe 

solution chemistry of GrignarJ reagents as ¡¡Ius­

trated by tbe following example. Bascd on the 

crystal structures of 35 and 37 (Scheme 9.13). 

the strongly divergent thermodynamic parameters 

Me Me 

< c)t3 ) 
M! r1c + MgBr,.ITHF), 

35 

< Ef3 ) 
Me2 Me:? + MgBrz.(THF).t 

80 
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"f the Sehlenk equilibria 78 """ 35 and 79 """ 8U 
in\,()!I'ing two scemingly highly analogous G,-i­
gnanl rcagcnts could bc rationalizcd nn the hasis of 

Ihe eo()ruination numbers shown in Seheme 9.26. 
,n p"nicular by the different number 01" coordinatcJ 
TIII- molceulcs 19/1. 

In a similar fashion. the intcraction of organo­
magncsium reagenls with substrates will dcpcnd 
un the coordination state which, in turn, Jete,-­

mines the relative ease with whieh the approach 
01' thc substrate towards the coordination sphere oi" 
lhe reagent and/or single electron transfer rcaclions 

takes placc. 

REFERENCES 

1. V. Grignard, C. R. A cad. Sci. P"ris, 1900, /JO. 
1322. 

1 \V.E. Lindsell in Comprehellsive Or~({llol1lcr(/lIic 

CII(,lIIisl/"\', G. Wilkinson, F.G.A. Slonc, E.W. Ahcl 
cUs .. Pergamon, Oxford, 1982, Vol. 1, p. 155~252. 

~. \\'.E. Lindscll in Comprehensive O/:¡;ol1ometal/ic 
Cllemislrv 11, E.W. Abel, F.G.A. Stone. G. Wilkin· 
son cds.:PcrgamonlElsevier, Oxford, 1995. Vol. l. 
p. 57~127. 

4. P.R. Markies, O.S. Akkennan, F. Bickelhaupt, 
W.J.J. Smccts, A.L Spek,Adv. Organolllel. Chem. 
1991. 32, 147 ~226. 

5. (a) CE. Holloway, M. Mclnik, Coord. Chem. Re!". 
1994, 135/136, 287~301. (b) CE. Holloway. 
M. Melnik, l. Organomer. Chem. 1994,465, 1 ~63. 

Ó. H.L. Uhm in Handbook of Grignard Rellgellls. 
G.S. Silverman, P.E. Rakita cds., Mareel Dckker. 
New York, 1996, p. 117 ~ 144. 

7. E.C Ashby, L Fernholt, A. Haaland. R. Seip. 
R.C Smith, ACIO Chem. Scand. 1980. A 3<1. 
213~217. 

X. 0.5. Akkerman, G. Schat, E.A.I.M. Evers, F. Biek­
e1haupt, Red Tra.'. Chim. Pays-Bas. 1983. J02. 
I09~113. 

9. R.A. Anderson. G. Wilkinson, l. Chcm. Soco Da/­
ron 7hms. 1977, 809~811. 

10. la) S.S. AI-Juaid, C. Eaborn, P.B. Hitehellck. 
CA. McGeary, J.O. Smith, l. Chem. Soc., Chem. 
C(}Inmun. 1989. 273~274. (b) S.S. AI-luaid. 
C Eahom, P.B. Hitchcock, K. Kundu, CA. Me­
Geary, J.O.Smith, l. Orgllnomel. Chem. 1994. 
-ISO, 199~203: 

11. RJ. Wehmsehulte, P.P. Power, Or¡;anomelallics. 
1995, 14, 3264~3267. 

le. P.B. Hitchcock. l.A.K. Howard, M.F. Lappcr1. 
\V.P. Leung. S.A. Mason. l. Chem. Soc.. Chelll. 
Comllllll/. 1990. R47~849. 

13. E.P. Squillcr. R.R. Whi!llc. H.G. Richcy. Jr. . .1. 
I1J/1. CII,./I/. C/¡"III. 1985. IIJ7. 432~435. 

14. K.M. \\'ag.gollcr, P.P. I'n\\l'I", (":~(//lOlIll'f(/lIi('.\, 
l'1n. 11 . . 12()9~3214. 

15. I..M. Ellgclhardl. !l.S . .tull:. I'.C Junk. CI.. Rasl­
un. B.W. Skcltoll. A.H. \\'lIilc. ,1/1.1/ . .1. CII('/I/. 
198(,. 3<). l 3.17 ~ 1.1-15. 

16. AJ. Aruucngo 111. II.\·.R. Di"s. F. Davidson. 
R.L Harhm:, J. (}r.,,-:wlflllIl", ('11('111. 19tJJ . .Jó2. 
13~ IX 

17. T. Grcisn, J. KupL D. ThoCIlIlC;", E. \V('i:-.~. J. Org­
(1Il0Illfl. C/¡CIII. 19XU. Jt)J, 1 -ú. 

IX. J. Toncy. G.O. S'ueky. J. ()rg(///(l//wl. ChclII. 1970. 
22. 241~249. 

19. D.R. Annstrong. K.\V. Hcnucrsoll. M. MacGregor. 
RE Mulvcy. M.J. Ross. \\' elcgg. P.A. O·Neil. 
J. Orglll/ol1lcf. CI1('III. 19tJ5. -186. 70-83. 

20. H. Vichrock. E. Wciss. J. ()/g(///(I/I/('/. CII"III. 1994. 
~(¡.¡. 121 ~ 12ó. 

21. (a) L.J. Guggcnhcrgcr. R.E. Runulc. J. Am. Chem. 
Soco 1964. 1\6, 5344-5.14.~. lh) L.J. Guggcnberger. 
RE RunJle. 1. A 111. CIIl'/I/. Soc. 1968. 90, 5375~ 
5.178. 

')') H. Kagcyama. K. 1\1i\...i. N. Tanaka. N. Kasai. 
Y. Okamoto. H. Yuki. 111//1. ("11('111. SO('. fpl/. 1983. 
56. 1319~1321. 

23. H. Kageyama. K. Miki. Y. Kai. N. Kasai, Y. Oka­
moto. H. Yuki. Acta CrnlalloIU·. Seu. B 1982.38. 
2264~2266. 

24. H. Kageyama. K. Miki. Y. Kai, N. Kasai, Y. Oka­
moto, H. Yuki, Bull. Chml. Soc. 11>11. 1984, 57, 
1189~ 1196. 

25. N. Kuhn, M. Schulten. R. Bocse. D. Blaser. l. 
Or801/0mel. Chelll. 1991. 421, 1 ~8. 

26. W. Glcgg, D.A. Brown. SJ. Bryan, K. WaJe. 1. 
O,.~anolllel. ChclII. 1987. 325. 39~46. 

27. N.D.R. Barnctt, W. Glcgg. R.E. Mulvey. P.A. 0'­
Neil. D. Reed. 1. Org(/l/olII<'l. Chem. 1996. 510, 
297~300. 

2S. H. Kageyama. K. Miki. Y. Kai. N. Kasai, Y. Oka· 
molo. H. Yuki. Bull. Chml. Soco fpn. 1983. 56. 
2411. 

29. H. Yasuda, M. Yamauehi. A. Nakamura. T. Sei, 
Y. Kai. N. Yasuoka, N. Kasai. Bull. Chem. Soc 
1/111. 1980, 53, I089~ 1100. 

30. U. Nagcl, H.G. Neuden. Chel/l. Ber./Recueil, 1997, 
130. 535~542. 

31 L.M. EngelharJt, S. Harvey, CL. Ra~ton. A.H. 
White. 1. O';~llI/Omcl. C/¡em. 1988, 341, 39~51. 

32. P.R. Markies, G. Scha!. O.S. Akkemlan, F. Biek­
clhaupt, W.JJ. Smecls. P. van der Sluis, A.L. Spek. 
1. Or¡.:"nolllel. Chem. 1990, 393. 315~331. 

33. O. Thoennes. E. Weiss. Chem. Ber. 1978. 111. 
3381 ~3384. 

34. F.A. SehrÜJer. Chem. Ber. 1969. 102. 2035~2043. 
35. G. Stucky, R.E. RunJle. J. ;\111. Ch('lII. Soco 1964. 

86. 4825~4830. 



326 

31>. 11. Eriksson. M. Ortcndahl. M. Hakansslln. ()r~(/. 
I/o/l/('{ollics 1996. 15. 4X2J-4X} l. 

37. \V. Ckgg, D.A. BroWll, SJ. Bryan. K. WaJc. J. 
(}¡gillWI/Il·{. C/¡('/I/. 1987.325. }l)-46. 

.Ix. A.L Spek. P. Vnorhcrgcn. G. Sellat. e. BlilInherg. 
F. Bickclhaupt . ./. ()¡XilllIJ/l/CI. C/,,'I//. 1974. 77. 
147 -1) l. 

.'-l}. J. Tone)'. G.D. Stlll'ky. J. C/lem. SOCo ("//{'III, 

('O!lllllll!l. 11)67. Ilóg-1 ] ()(). 
-tO, 11. Bock, K. ZiCIlll'L C. NátheL .1. (}¡XU1/()!l/C{. 

C!1l'I1/. 1996.5//. 29-}5. 
-11. ~1.M. Ollllstead. WJ. Grigshy. D.R. Cllamll. 

T. Hascale. P.P. Powcr. II/arg. Cllilll. ÁC{O 19%. 
251.273-284. 

42. S.S. AI-Juaid. e. Eaborn. P.B. Hitchcod .. 
/\.1. Jaggar. J.D. Srnith, J. OlgwlOfl/l'f. ChOll. 
1994.469. 129- 133. 

·n. E. Wei". 1. Orga/lo/l/el. C/1l'1II. 1964.2.31-1-321 
-1-1. E. Weiss. J. Or¡:wwmc{. C/¡elll. 1965.4. 101-108. 
4). P.R. Markies. G. Sehat. O.S. Akkerlllan. F. llick-

c1hauPI. W,J,J. Slllcets. A.l.M. Duiscnberg. AL 
Spek.1. Orgw1OIIle{. Chem. 1989, 375, 11-20. 

-16. M. Parvez, AD. Pajerski, H.O. Richey, Ác{o ('rnl. 
C, 1988,44,1212-1215. 

--17. M. Vallino,./.. Organolllel. Chcm. 1969,20, 1-10. 
-18. G. Boche, K. Harllls, M. Marsch. A. Müller. J. 

CllclII. Soc .• Cllem. C01l1111UII. 1994, 1393-1394. 
49. M. Marseh. K. Harms, W. Massa, O. Boche. 

Angew. Chem. 1987,99, 706- 707; Angel\'. Chem. 
1111. Ed. EngL 1987, 26, 696. 

50. J. Toney and GD. Stucky, J. Organome{. Chelll. 
1971,28,5-20. 

51. M. Perueaud, J. Dueom, M. Vallino. e R. Acad. 
Sci. Parü C 1967. 264, 571-574. 

52. B. Schubert, U. Behrens, E. Weiss. C/"'III. Ber. 
1981, 1/4,2640-2643. 

53. M. Geissler, J. Kopf, E. Weiss, Chem. Ber. 1989. 
122. 1395-1402. 

54. F. Biekelhaupt. J. Or!ianOmel. Chelll. 1994. 475. 
1 -14. and referenees cited. 

55. M. Hogenbirk, O. Sehat, O.S. Akkcrman. F. Bick­
elhaupt, W,JJ. Smeets. AL. Spek, 1. AIII. Cllelll. 
Soco 1992, 114, 7302- 7303. 

56. ll. Bogdanovie, N. Janke, e. Krüger. K. SchlichlC. 
J. Treher. Anliew. Chem. 1987, 99, 1046-1047; 
Al/gel\'. Chem. InI. Ed. En¡:l. 1987,26, 1025. 

57. M. Vallino, Thesis, Université de Paris VI. 1972. 
5H. AL Spek. G. Sehat, H.e. Holtkamp. e. Blombcrg. 

F. Biekelhaupt, J. Orgallomel. Chem. 1977. 131. 
331-340. 

59. M.F. Lappert, T.R. Martin, e.L Raston, B.W. Skc­
hon. A.H. White, 1. Chem. Soc. Dallon Tram. 
1982. 1959-1964. 

60. M.A.G.M. Tinga. G. Schal. 0.5. Akkerman. F. 
Bickelhaupl. E. Hom. H. Kooijman. WJ,J. Smcets. 

Orignard Rcagents: New Developments 

AL Spek. J. ÁII/. ('111'11/. Soc 1993, 115, 2HOX-
2X 17. 

61 \\'.N. SClIn. P.\'.R. Sdll~yLT. /1dl'. O'X(IIIOfl/e!. 
e/1l·1II. 19H5. 2eJ . .15:'-451 . 

6~. C. SchaJl..', P.\',R. SclllL·yef. AdJ'. (),:t:(1J101ll('f. 

C!/('III. 19S7.2(,. 169-27'1. 
(" Y. Kai. N. Ka,,,,lii.,a. K. Miki. N. Kasai. K. 

l\1a .... hilll'-1. I~. Y'-¡~lJ(Ja. !\. NaJ...,IIIl11ra, ('/¡CII1. I.e{fer." 
19S2. 1277- I-'SII. 

(,4. M.G. Garuiner. e.L. Rast"". 1 .G.N. eloke. P.B. 
Hilc!lC()CK. ()'~~(/I/(}II/('f(/IIi('.\. 1995, ¡.J, 1339-
1353, 

65. S.1. Troyano\. V. Varga. K. Mach. O'XU/lOllle­
(allics. 1993. 12.2820-2824. 

66. H. Viehrock, D. Abcln. E. Weiss. Z Nallllfor.l·ch. 
1994. 491>. H9 - 99. 

67. B. 13ogdano\ ic. N. Janh.c. C. Krügcr, R. Mynott. 
K. Schlichtc. U. Wcstcppe. ÁI/gel!'. Chelll. 1985, 
97. 972-974; Angl'lI·. Chc/II. II/{. Ed. EllgL 1987, 
2-1.960. 

6X. H. Lehmkuhl. A. Shakonr. K. Mchler. e. Krügcr. 
K. Angcrrnunu. Y. Tsay. ChclIl. Ber. 1985, 118. 
-1239-4247. 

69. T. Alonso. S. Har\'e)'. P.e. Junk, e.L. Raston. 
B.W. Skcllon. A.H. Whitc. ()¡gallolllelallics, 1987. 
ó.2110-2116. 

70. A. Haaland. J. Lusztyk. J. Brunvoll, K.B. Staro­
wieyski. 1. Or¡:ul/olllet. Chem. 1975, 85, 279-
285. 

71. W. Bünder, E. Weiss, 1. Orgal/omel. Chem. 1975, 
92, 1-6. 

72. R.A. Andersen. R. Blom. J.M. Boneclla, e.J. 
Bums, H.V. Voldcn. Acta Chcm. Stand. 1987, A 
41.24-35. 

73. c.P. Morley, P. Jutzi. e. Krüger, 1.M. Wallis. 
Or¡;unollletu!lics. 1987.6, 1084-1090. 

74. e Dohmcier. D. Loos, e. RobL H. Schnoekel, D. 
Fcnske, J. OrgallO/llel. Chefl/. 1993.448,5-8. 

75. e. Johnson. 1. Toney. GD. Stucky. 1. O/ganome/. 
(,helll. 1972,40. CII-CI3. 

76. R.A. Anderscn. R. Blom. A. Haaland. BER. 
Schilling. H.V. Voluen. Acta Chem. Scalld. 1985, 
A 39. 5113-569. 

77. H. LehmkuhL K. Mchlcr. R. Benn. A. Rufinska. 
C. Krügcr. Chc/II. Bn 1986. 119, 1054-1069. 

78. P. Jutzi. J. Klcimeier. T. Redeker, H.-G. Stammler, 
B. Neumann. J. O/gol/omel. Chem. 1995, 498, 
R5-89. 

79. JL Atwood. K.o. Srnith. J. Am. Chelll, SOL 1974, 
9ó. 994-99X. 

80. N.S. Hosmanc. D. Zhu. J.E. McDonald, H. Zhang. 
1.A. Maguire, T.G. Gray. S.e. Helfert, 1. Am. 
Che",. Soc, 1995. 117. 12362 - 12363. 

81. N.S. Hosmane. H. Zhang. Y. Wang. K. Lu. CJ. 
Thomas. M.B. Ethova, s.e Hclfcrt. J.A. Maguire. 

Structurcs 01' Organomagncsilllll Compollnds as Rc\'calcd hy X-r"y Diffraction Stlldics 

X.l. 

X-I. 

X5. 

8h. 

X7. 

Xl). 

90. 

91. 

92. 

93. 

94. 

T,CI, (irav, 1:. BaUlll~!IlI1. \\' K;¡illL (JrgUII¡/II/I" 

lalllt"s, 1~9(1. /5, ~.f2)--2-f27. 
K. /\!H.:'l'rlllund, B. B()!!.t!aIlO\'iL'. (,. KilJlr1L'{\l'h. e 
Krlig~;. R. \1yllott. t\i Sch\\ ;¡.:I...mli. y I\;l). I 
NlI{lIlj;,nch. 19X6 . ..JI/¡. 4))--t()(1. 
B. Bo!!.dallo\';c n. Knppchcll. e KIl;~'l'1. R 
MVllolt. Z. /\,'ofll/"torsch. IYX6 . ..J I h. ú! 7 - ()~:-; 
Ll'- Ca.,ellalll. F.·O~:-.ob. (hl;(/!IO!l/('!tI!I/( l. Jt)t) .. t 
l.,. ~ IO'i-·IIO:; 
C. Eahorn. P.B. Hitchcocl-.. '\. K()\\ak\\'\h~1. Z. Lu. 
J.D. SllIitl1. \V.A. Stanuy"-. J. ()¡ga!/oll!t'f. C/II'III. 

19%.521.11.1-120. 
M.J. Hl'nt.Jcr~oll. R.L Papa'-,crgio, C.L lLt'-,{OIl, 
A.H. Whitc. M.F. Lappert. 1. O/CIII. SOl .. ('/11'111. 

eOI/III///lI. 191\6.672-67-1. 
D. Scehacl1 . .l. lIa'I'el1. P. Scilcr-.. '-~1. (ó[,(\ll1ek . .1. 
OrQlII/olIu'1. CllclI/. 19H5. 285. 1 ·-13. 
A.'t\llilkr.1\'1. Kriegcr. B. Ncumüllcr. K. Lkhnickc. 
1. MagulL/. II//org. allg. CIII'I/1. 11)97. (,23. IOXI­
IOH7. 
A. Pape. M. LUl!, G. Müllcr. AI/gn\'. C/II·/II. 199.t. 
/06. 2375-2377: Ál/g('1\, CllclII. II//. DI. L'/1g/. 
1994.33 . .:>2X 1-22S4. 
M. Wcslcrhauscn. MJI. Digc'-,cr. H. N'ith. T 
Scifert. A. Pfiul1er. 1. Á/II. CI/cl/I. S/lC. 1998. 12IJ. 
6722-6725 
P.R, Markics. R.M. Altink. A. Villena. OS Akker­
man, F. Biekelhaupt, WJJ. Smcels, AL Spek. J. 
O/ganolllel. Chelll. 1991. 4IJ2, 289-312. 
P,R. Markies. G. Sehat, A. Vi llena. O.S. Akker­
mano F. Bickclhaupt. W.U. Smeets, AL Spek. J. 
Organ/llllel. C/U'III. 1991. 411. 291-302. 
V.R. Magnuson. G.D. Stllcky. l/lO/X. C/¡C/II. 1969. 
11, 1427 -~1433. 
K.H. Henderson. RE Mulvey. W. Clegg. P.A. 
O'Ncil. 1. O/gal//lllle{. Cllc/I/. 1992. 439. 237-
250. 

95. P.R. Markies, O. Sehat. S. Grifiioen, A. Villcna. 
0.5. Akkermal1. F. BickelhaupL WJ.1. Sllleets. 
A.L Spck. (}¡gll/1/1I/Il·{olliCl. 1991.10. 1531-
15-16. 

%. P.R. Markics. OS Akkcrlllan. F. Bickclhaupt. 
WJ--'. Slllcets. AL Spck .. .1. ,1111. CllclII. S/lC, 1988. 
1/0. 42X4-4292 

97. P.R. Markics. T. Nomoto. OS Akkerman. F. 
BickelhaupL W,JJ. Smcets, AL Spck. AlIg('H·. 
CilCII/. 1988. /OO. 1143-11-14: A/1gel\'. Ch(,/II. 1111. 
Ed. Engl. 1988.27, 108-1-1086. 

98. P.R. Markies, A. Vi llena. 0.5. Akkermal1. F. llick­
elhaupL WJJ. Sllleets. AL Spck. 1. Orgll/1/1/1/"{. 
Clle/l/. 1993.463.7-21. 

99. (a) P.R. Markics. T. Nomoto, O. SehaL O.S. 
Akkerman. F. BickelhaupL WJJ. Smeets. AL 
Spck. Orgol//I/l/e{ollic.,. 1991. lO. 3X26-
3H37. Ih) P.R. Markies. T. NOIllO{(l. G. SchaL 

O.S. Akkermall. F. Bickell1allpt. \\'J..I. SIlIl·Ct,. 
A.L. Spck. (h:~(/n()II/()flIllic.\". 1992. jI. 1-1.2;-; 

1110. l.)). K"stas. ('-l.M. Gn,tcr. O.S. IIkkCi'Il""L'·. 11,­
ckclhaupt. 11. Kooijlllal1. WJJ. Smcch. A.L. Sp"', 
(}¡goll/l/l/e{allin. 1996. 15. 4-150-.--I-I:iX. 

I()I R. Han. G. Par"-in. ()'~~(/I/()II/('r(/lIii"\. JtNl. /0. 

ItIIO-11I20. 
1()2. AJ. Pajcr~k1. C~.L. Bcrg'-,trL's~L·r. t\1. Pano. 

ILU. IÚclley. J. ,\111. C/"·/I/. SOl'. I'>SS. 110. -IX-I-I­
--IX-I5. 

103. P.R. Markie.s. T. t\ornoto. OS ,\kkm""n. 1'. Il, 
ckclhaupl. W.U. SJ1leets. AL Sl'ek..1. A/I/. ('1//'111. 

SoC, 1988.1 f() . .jH4:i-4X-I6. 
10-1. P.R. Markics. 0.5. Akkcrman. F. BiekclhllLlJlL 

WJ.1. Smcels. A.L- Spck. Orgallo/l/e{ollics. 199-1. 
13.2616-26:'7. 

105. (a) G.J .M. Gruter, n/ni.,. Vrijc Uni, er,itei!. ,\n,'· 
tcrdam, 1994. (b) F. BickclhauJlL Acta ChclIl. 
Scal/d. 1992, 46. 409-417. 

106. AJ. Pajerski. M. Parvel. H.G. Richcy . .Ir .. .1. ,\/1/ 
Cllelll. Chell!. 1988, 110,2660-2(,62. 

107. E.P. Squiller. R.R. Whittlc, H.G. Richey. JI' .. ()I.g­

ol/l!lIIctal/ics. 1985.4. 1154-11 :;7. 
lOS. H. Viebrock, U. Behrens. E. Weis,. Al/geH'. ClIl'/I/ 

1994, 106, 1364-1365; ÁI/ge". Chol/. 11/1. Fd. 
EI/gl. 1994.33,1257-1259. 

109. H. Tang, M. Parvez. H.G. Richey. JI' .. (}¡gol/o/l/c­
tal/k's, 1996, 15, 5281-5283. 

110. E. Weiss. Allgel<'. Chem. 1993, 105. 1565-1587. 
111. G.J.M. Oruter, G.P.M. van Klink, O.S. Akkcrman. 

F. Bickelhaupt, Chell!. Re>·s. 1995. 95. 2405-
2456. 

112. N.H. Buttrus, e. Eaoom, M.NA E-Kheli. P.B. 
Hitcheock, J.D. Smilh, K. Tavakkoli. 1. ChclII. 
Soc .. DulliJ/l Tral/s. 1988, 381 - 391. 

113. T. Greiser, J. Kopf. D. Thocnnes. E. Weiss. Chel/1. 
Ber. 1981. 1/4,209-213. 

11-1. D. Thoenncs. E. Weiss. ChclIl. Ber. 1978. 111. 
3726-3731. 

liS. B. Sehubert. E. Weiss. Chell/. Ber. 19X-I. 117. 
366-375. 

116. J.L. Atwood. GD. Slueky . .1. A 111. CII(,/I/. Chelll. 
1969,91,2538-2543. 

117. M. Veith, A. Spaniol. J. Pi:ihlrnalln. F. Gross. 
V. Huch. Chem. Ber. 1993. 126.2625-2635. 

118. T.Y. Her. e.e. Chang. L-K. Liu. II/(//;~. Chel/1. 
1992,31,2291-2294. 

119. e.e. Chang, B. Srinivas, M.L. WlI. W.H. Chiang. 
M.Y. Ching, e.S. Hsiung, Orgal/ollle{al/ics. 1995. 
14.5150-5159. 

120. T.Y. Her. e.e. Chango O.H. Lec. S.M. Pcng. 
Y. Wang. IIl0rf!. Chem. 1994, 33. 99- 104. 

121. H. Lehmkuhl. K. Mehler. R. Benn. A. Rulinska. 
G. Schroth, e. Krüger. Chelll. Bn. 19M. 117. 
389-403. 



1::'2. H. !.ehlll""h!, K. Mehler, ,\. Sha,,,,,,- C. Krüger, 
Y.H. hay, R. Bel1l1. A. Rulin"a, G. Schrolh, 
('/¡CII/. /la. 1 <)X5, I /X. -I2-1~---I25X. 

I :n. 1\1. Hogenhirk, Ihni.L Vriic l Tnivcr:-.itcit. AIll\tcr~ 
<lall1. 1~~.1. . 

12-1. (a) ~1.H.L. Gre'en, ('.A. M",eL 1. "a",er, F. Pelit. 
R.A. Fnrdcr, K. Pr(lul. .1. CI/(,II/ .. )"0('. Chell'. 
COflllllffll. 197-', X3lJ, (h) K. PlOlll. R.A. FonJer. 
Acta Cr\,s" 1975, 3 J. S5~. 

125. \\'. KJ:-.cllubc. K.R. Pt)r~chkL·. K. AngcrnlUnJ, C. 
Krüger, G. Wilke, ('/¡I'II/. /in 19XX, /2/. 1921-
1929. 

Grignard Reagenls: New Dcvcloplllcnls 

126. K. Jonas, G. Koepc, C. Krügcr. /1ngnl', C/¡CII/. 

1986, 98, 9111-~()2: Al/g{,\L C//I'II/. /1/1. !:'d. I:·"-el. 
1986,25.92.1. 

127. H.F. Klcin, H. Kiil1ig, S. Kopperl. K. EllridL 
J. Ricuc. ()¡:eillwl/li'{allies. 19X7, n. 13-11-
1345. 

128. S.L Khan, P.G. Euwarus, H.S.Ii. Yuan, R. Bau. J 
A 11/. C/¡CII/. Sor'. 191\5. 107, J()X::'-16X-I. 

129. T.M. Gilhen. R.R. Rayan, AY. Sallelhergcr, 
Or¡;aI/OIl/c{alliCl, 1989,8,857-859. 

130. R.E. Crame'- M.A. Bruek, J.W. Gilje. O/Xlllll1/l/e­
(allies, 1988. 7. 1-1(,5-1469. 10 

X-ray Absorption Spectroscopy 
and Large Angle X-ray Scattering 
of Grignard Compounds 

T,S. Ertel and H. Bertagnolli 
Universitiit Stuttgart, Stuttgart, Germany 

10.1 INTRODUCTION 

When an X-ray beam falls on atoms two processes 
may occur. The beam may be scatlered or the beam 
may be absorbed with an ejeelion of eleetrons frol11 
an alom. In the case ofa erystalline material the seat­
tering ofX-rays is used to determine Ihe strueture 01' 
the solid phase and thc ehemisl applies this melhod 
to the proof of the strueture 01' new eompounds very 
often, But even when a regular crystalline arrange­
ment does not exist, as in liquids or amorphous 
sQlids, scatlering palterns are produced. Like in lhe 
crystalline so lid phase the scatlering 01' X-rays on 
disordered systems can be used to delermine the 
probability of distribution of atoms in the environ­
ment of any referenee atom, or in othcr words the 
frequeney with whieh interatomie distanees oeeur. 

The second proeess, namely the absorption of X­
rays, can also be used to obtain information about 
the local order around a certain element since the 
fine structure of the X-ray ahsorption eocftieicnl on 

the high-encrgy site is rclatcd to the arrangement 
of the atoms in lhe immediate neighbourhood of 
the absorher atom. As the ehemist is usually not 
familiar Wilh the mcthods of X-ray scattering on 
non-crystalline systems and X-ray absorption spcc­
lroseopy, the fundamentals, i.e, the theoretieal and 
experimenlal background as well as the data anal­
ysis, are outlined. A eomparison of EXAFS and 
LAXS shows the strengths and weaknesses of both 
melhods w ilh respeet to eaeh other. 

In order to give Ihe reader an extensive overview 
01' the current state of researeh eoneerning the 
slructure 01' Grignard eompounds in solution, some 
methods of physieal chemistry are described. In 
contrast 10 EXAFS and LAXS, these methods do 
not provide direet struetural information, Le. for 
exall1plc intra- and interatomie distanees, In this 
conlexl il is interesting to remember the different 
rclations hctwecn physical data and strueture. From 
the dcterrnination of energy levcls with spec­
troscopic Icchniques, for example IR and NMR 
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spectroscory. one <.kdllces the ,lrllctllrL' ,,1 the 
IInKno\\'n compound. Whcn pcrl'(lrmill~ E:\;\I'S 
ano LAXS invcsligalions. IH1\\·cvL'r. Ihe ,llllclural 
paramclers are dClcrmincd dirL'cll). /\ delaikd 
deseriplioll 01' thc EXAFS anel LAXS sludiL" (Ir 
Cirignard l'ompounds togcther with .1 "UIl11l1~lr) \11 
lhe ohtained resulls is finalty foulld in IhL' I"sl 1\1 () 

Illain scctions. 

10.2 EXAFS 

10.2.1 Theoretical Background 

A monochromalic X-ray hcam of energ\ L " 
attcnualed hy lhe passage through ~I ma\cl ial 01' 
lhickness d according to cquation I (J.I [1[. 

(10.1 ) 

¡orE) and ¡(E) are the intensily (11' Ihe incicknl 
and transmitted beams. rcspectivcly ¡dI:') i, lhe 
linear ahsorrtion coefficient and decreascs \lillt 
increasing E of the incident X-cays until a 
threshold energy is reached at whíeh the energy 
is sufficient to remove an electron from an inner 
shel!. At this threshold, J1.(E) increases ahruptly. 
Beyond this point, J1.(E) resumes its slcad)' 
decrease. This picture of the absorptions coefticicnt 
is only valid for isolated atoms. When olher aloms 
are in the neighhorhood of the ahsorbing atom. 
11 (E) shows smalt oscillations up to about 1000 e V 
abo ve the absorption edge (Figure 10.1 J. 

This fine strueture has been known for a long 
time-H. FricKe [2] and G. Henz [3[ disC(m~red 
it in 1920-but the effect could nol he explaineu 
satisfaetorily hy theory at the time. R. ue L. Kronig 
[4,5] already had the correet fundamental iuea-' in 
the 1930s, but the interpretation remaincd conflls­
ing until the 1970s when O.E. Sal'ers. E.A. Slern 
and F.W. Lytle [6,7] formulated a theory lhal has 
remained generally accepted until today. This 
theory will be briefly outlined !Jetow. 

The probahility for absorption 01' an X-ra)' 
photon by an electron of an inner shell is uependenl 
on the initial and final states 01' the excitcd eleclron. 
The initial slate is that of the core elcctron. ",hile 
the final -'lale is more difficlllt lO describe. The 
ahsorptioll of X-ray radiatioll gellcrat('~ an clCl'trnll 
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Fig. 10.1. Sarnp1c graph nI" lhe ~lh:-orrtion cocflicicnt 
Id/~') illu\lrating Ihe tille structurL' antllhe com.::~ponuing 
conqructi\'c alld dC\lrUCli\'c intcrfcrcncc 01' the original 
and hacb.cattcred \\:.1\cs. 

in the potentials 01' the neighboring atoms. In order 
lo solve lhe Schriidinger eqllation. the following 
piClurc is used. The gcneraled photoeleetron is 
considcrcu a-' a sphcrical wave originating from the 
ahsorhing alom. This wave is then backscattered by 
the neighhoring ¡¡toms. The final state is therefore 
the superposition of the original and backscattered 
waves (Figure 10.1) The resulting constructive or 
destructive interfercnce Icads to lhe oscillations in 
lhe absorption coefficient. 

This qualilalil'e description indicates that the 
oscillations in lhe absorption eoeffícient /1(E) are 

dependent on the distance ")' lhe number of neigh­
horing atoms N l' and the type of baekscattering 
atom j. The baekscattering ability of atom j is 
eharaclerized by lhe baekscattering amplitude F 1 , 

and lhe etTecl 01' atom j on the phase of the 
hacKseattcred wave is determined by the phase 
shift tp". In addition, the finite lifetime of the 
photoelectron },/, mu,t be taken into account as 
well as the fact that the baekscattering atoms are 
distributed around a mean dislance due to thermal 
vibrations and slatie disorder. A good approxima­
lion for lhis distribution is a Gaussian funclÍon with 
a mean-square deviation 01' a;. In analogy to X-ray 

and neutron dillraction, the quantity a; is caHed 

lhe Dcbye- Waller factor. 
Aceoruing to lhe abovc considerations, precise 

measuremenls 01' the encrgy dependenee 01' the 
X-ray ahsorplion coefticient maKe it rossihle 

X-ray Ahsorplion Speelroscopy amI Large Angle X-ray Scatlering 01' Gri~""ru COlllpllllmb 

lu determine {he 10c<l1 L'll\"irnnlllcnt around the 
elcmenl which absmb, lhe :\-ra)'-'. Melhods which 

are haseu OIl lhis l'rinL'ipk are c1"ssilicd as X­
r"y ahsorrlion speclrOscOp\ (XAFS) or X-ray 
ah...;orptioll li!le ~lrLJl'lttrC ~1)L'(tr()~l'()py. The Cllcrgy 

rallge closc to lhe ah"nrptioll l'd~l' i:-. callcd 
X¡\NES (X-ral' ahsorpl""l near ed~e slrllclllre). 
\\'hi'" the range abollt \()-IOOO eV from lite 
ed~e is called EXAFS (exlended X-ra)' absorplilln 
fin~ ,Iructure). XANES yic1ds infonnalion about 

lhe spatial arrangement uf h"cKscattcrcrs. The 
L'orrcsponding theory has nOI yel been completely 

de\'c1oped anu. thereforc. moslly llnll' qualitative 
l'<lIuparisons are employed. In conlrasl, lhe lheory 
for EXAFS has evolved lo slIch an eXlent that 
reliable conc1usions ahmll local slruclures are 
p(bsiblc. Sinee the posiliolls 01' the K- and L­
edges are dependent on lhe e!emenl in question. 
Ihe approl1riate choice 01' incidenl X-ray energies 
makes il possiblc lO excile one specilic elcment 
anu, hence, to probe ils cnl'ironment. This mcthod 
is thercfore clemenl specilil'. independent 01' the 

physical slate of the samp!c. anu can be employed 
cven for low concentrations 01' absorbing atoms. 

In order to determinc the relationship between 
the quantities characterizing the local environment 
around the absorbing atom and lhe X-ray absorp­
lion eoefficient /1 (E). it is necessary 10 correet and 
normalize the modulation of II(E) for the back­
ground absorptions Ilo(E) tequation 10.2) [8]. 

. /1(E) - 110IE) 
x(fo) = ~~I--;;--) 

110 L 

(10.2) 

The nexl step is to converl lhe function X(E) in 
thc funetion X(k), where k is the magnitude 01' 
the photoeleclron wave veCIOr. k can be calculated 
according to equation (1 (U) from the energy of 
lhe incident X-ray pholon and lhe position of the 

ahsorplion edge E". 

(10.3) 

The mas s 01' lhe eleetron is uenoled hy 111,.: /¡ stand s 
for Planck's constant. Equation (lOA) relates the 
resulling EXAFS fllnclion Xl") lO the qllantities 
that characterizc the cn\'ironmcnt uf lhe ahsorhing 

atom [6.7[. 

-21', 

x "i,¡I" 1 sill(2kr, + 41,/1" 11 (10.-11 

Thc EXArS fUllctil)ll ill k space conlaills all neces­
sarv Informatiol1: ho\\'l'\'cr. il i~ no! ca~y lo illtL'r­

prc't. Fouricr trallsforltlatloll 01' X(,,) yiel;l, a radial 

distribulion funclion F(r). which has ma>.ima al 
R, = r, - (j¡ ami lhL'rcfore illuicatc, lhe dislrihll­

lion 01' lhe hackscalle,ers (Equalion 10.51. 

( lO.)) 

Generally, Dnly lhe magnilude 01' F<r) is plotted, 
called eilher the modulo functiDn 01' the Fouricr 
transfonned EXAFS funclion or simrly lhe slruc­
ture funclion [F<r)[. In lhe course nI' lhe data 
interpretation il must be laKen inlo account lhal 
all maxima are shiftcd to lower distances-typical 
shifts are hetween 0.2 and 0.3 A. As the fllnctions 

are only lransformed in the interval kmin - k"u". 
non-real peaks can appear in the transfonned func­
tions. These peaks can be strongly dampened by 
the use of a window function ,,·(k). which defines 
the inlerval to he transformed as well as the 
weighting of all points. A typical example for ,r(k J 
is aster function. While this type 01' function has 
the highesl resollltion. it is nOl always rossible lo 
avoid lruncatíon cffeCls. The use of a Gaussian step 
funetion lets lhe sides 01' lhe window slope genlly 
downwaru at lhe cdge and lruneation effects are 

rarely observcd. 
The multiplieation 01' the EXAFS function hy 

k n (/1 = I - 3 J is performed to compensate the 
decrease of X(k) \Vilh inereasing k. This decrease is 
caused bv the functional form of the backscattering 
amplitud~ F ¡(k) and the factor exp( -2a;"'). 
B.K. Teo and P.A. Lee [91 proposed 11 = I 1'01 

backscatterers wilh alomic number Z > 57, 11 = 2 
for elemcnts Wilh 36 < Z < 57. and 11 = 3 for 
Z < 36. Weighting with k' requires very high data 
quality. as for high " values the signal-to-lIoise 
ralio is especiallv unL,,·urahle. This weighlill~ 



ScllL"IllC has Ihe advantagc, ho\vcvcr, thal the 

LXAI·S ,,,cillations are eqllally weighted over the 
cl1tirc /... rL'gion. MOfcovcr. Ihe use 01' dillcrcnl 
"'l'iShlill~ ~chL'1llcS makcs it po~sihk to distingui",h 

I1l';IYY CklllL'llh 1'1'0111 light ol1e~. 

111.2.2 i\leaslIremcnt FlIndamcntals 

EXAFS mC'ISllrements rcquire an X-ray ,ource 
which pwvides a eontinllom spcctrllm. The most 
suitahle source is synchrotron radiation. hut tlle 
hrl'lllsstrahlung of conventional X-ray ~nurcl'S 

c,m hc employed as wel! [10.11]. In this case. 
the intensity is approximalcly Iowcr by a factor 
(Jf 10"- Thi, can partly be compensated for by 
tlle usc (Jf foeusing X-ray optics and rotating 
,modes. The experimental effort and financial 
outlay are enonnous, howcver, and the qualit)' 
of the nhtained spectra is much lower than those 
ohtained "ith synchrolron radiation. This situalion 
might change once il is possibIe lo belter focus 
X-rays; preliminary experimenls in lhis area have 
bcen performcd [12]. 

Which clements are suitable for an EXAFS 
sludy is dClermined by lhe speetral region of the 
X-ray source. If a typicaI range 4-26 keV for 
synehrotron radiation is assumed, K-edge measure­
ments can be used for elements from Z = 20 (Ca) 
to 47 (Ag), while the LIII edge can be used theoreti­
cally for elements from Z = 51 (Sb) to 92 (U). Oue 
to the overlap with L" spectra, elements 51 (Sb) 
to 59 (Pr) are only partially suitable for measure­
ments using the LIII edge. Starting with Nd there 
is an energy range of 514 eV between the LIII and 
LII absorption edgcs and an EXAFS funetion with 
a k range of 10 Á -1 can be obtained. This Icaves 
ti gap between Ag and Nd, which contains impor­
tan! elements such as Sn, Sb, and 1. These elemcnts 
might becomc accessible for K-edge measurements 
if it were possible to extend the speetral range 
of synchrotron radiation to 50 keV. For element, 
lighter than calcium it is necessary to employ soft 
X-rays and high-vacuum tcchniques. This strongly 
limits the sludy of liquid samples. 

As can be deduced from equation (10.1) thc 
quantit)" to be measured by X-ray absnrption 

Grignard Rcagents: New DevclnpIl1ents 

spectroscopy is the X-ray absnrption coeflicient 
Idl:). The most COll11l1on technique involves 
the direct 1l1easure1l1ent (Jf 1' (1:"). In order 
lO ohtain Illonochromatic X-ra)'". a conlilluous 
spcctrulll is cmploycd. J\ccording 10 Bragg's la", 
(equation 10.(,) 1131, 

( 10.61 

(/, = wan?lcngth; ti = intcrplanar spaL·¡ng 01 the 

crystal: 21~ = scattcring anglc, Jl = ordcr nI' 
diffraetion (11 = l. 2. ~ .... » a unuhle crystal 
monoehromator. with the second crystal slightly 
detuned with res[lect to the tirst (lne, sclects 
a bcam of wavclength X, while simultaneously 
suppressing beams "ith wavelengths X¡2, ;.;3, 
etc. The absorpti(Jn coeflicienl is found according 
lO equation (10.1) by mcasuring the intcnsity of 
the X-mys be (ore and afler the samplc. The 
encrgy of the incident radiation is adjll'teu by 
a stepwise change 01' the incident angle of 
the monochromator. The experimental setup is 
schematically shown in Figure 10.2a. The s:tIl1ple 
to be measurcd, :t referenee eompound. which 
in many cases is used for calibration purposes, 
and the ionization chambers for the intensity 
measurements arc arranged in a line. The sample 
is located hetween the first and second ionization 
chambers, and the reference compound is located 
between the sccond and third chambers. Typical 
measurement times are 20-60 minutes when 
synchrotron radiation is used. Rapid rolation of 
the monochromator can reduce these times 10 

a few seconds 114]; however, the experimental 
effort is incrcased dramatically. The acronym 
for this measuring tcchnique is QEXAFS (Q = 
quick). The continllous X-ray spectrum can also 
be used dircctly. It is dispersed spatially by 
Bragg rcftection on a crystal ando after passage 
through the sample. can be measured with an 
array detector [ 1 S, 161. This measurcment principie 
is depicted in Figure 10.2e and is called OEXAFS 
(O = dispersive). 

Sinee the absorption of X-rays generates an 
electron vacancy, it is possible to use all subsc­
quent decay processes to determine the absorp­
tion cocflicient (Figure 10.3). An eleclmn from 
an outer shell can till the ,·acaney. aceompanied 
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Fig. 10.2. ExperimC'ntal ~t.'l-lIp for trall:-'llli:-,~i()ll: (a) tlllon:-~ccncc: (h) cllcrgy-di .. persivc; (e) EXAFS mcasurcfllcnh 
(SY = synchrotron radiatioll. 1,:2 . .3 = hcalll path.-... M = Illonochmmator. lo, 11 • 1::.' ioniLation chamber\. D = detector 
(diode array). S = scatlering sarnplc. P = sarnpk. R = referenee sarnplc, B = slit. F = filter. SP = mirrar). 

/1'11 

Fig. 10.3. Subscqucnt decay proccsscs aftcr crcalion 01' 
a holc in the electron shcll h) ansorptioll nI' X-rays 
hv (PH = photoeleclron. AU = Auger eleclron. SE = 
sccondary electron. FL = fluorcsccTlcC radiation). 

by the emission of flllorcsecncc radiation (FL¡ 
or Auger electrons (AU). Thesc two emissions 
are competing processes. The fllloresccncc yicld 
increases with increasing atolllic llull1hcr '-IIH.I thi~ 

process has the advantage that the background 
radiation can be removed by using suitable tilters. 
which incrcascs the sensitivity of the method. A 
typical setup for fluorcscence measurements is 
shown in Figure 10.2b. In general, the emitted 
fluorescence is mcasurcd at a right angle to the 
incident beam; the sample is therefore rotalcd 

by 45 
The detection of Auger eleetrons yields the same 

structural infonnation as a transmission EXAFS 
cxperimellt or the fluorescence method deseribed 
aboye. Auger measurements are advantageous in 
situations in which the fluorescence mcthod fails 
due to low quantum yields-in the case of K­
cdge measurements for elements with Z < 30, and 
Z < HO for L-edge experiments. Oue to the small 
mean free wavelength of the cmitted electrons (ca. 
100 Aj, the Auger method is especially suited ror 
the stud)' of surfaccs (SEXAFS, S = surfacc). It 
is "Iso p,,,sihlc. in principie. to directly detect 
the photoe!cctrons generatcd. This is diflicult. 
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however. hel'au~e their spatial distrihutioll chall!. .. 'l's 
with the ener¡!\ 01' the ineident X~ray hcam. '[l,is 
effect can be ctll'cLi\'dv circllmn.~IllL'd h" detl'Clinll 
all elcctrons produced hy cascading pnlC·c,,"'S. Thi~ 
includes the Auger ,",,1 phot()clcetmJls as \\l'lI '" 
sccondary elcctr()ll~ crcatcJ h\ illcl~l~til' "'l'~lt1L'rill~ 

01' photodl'ctrolh and flllUrl'~l:l'!lCC radiatioll. L 

10.2.3 Data Analysis 

While the me''''lremeJlt 01' tile X~ray al",)rl'~ 

tion coeflieicnt appears to be simple in principie, 
this is delinitely not the case 1'01' the data al,al~ 

ysis-sho\\JI schematieall\' in Figure 10.4. bten~ 
si\'e discussions 01' the analysis can he found in 
re1'ercnces 18,171. 

The most critical aspccts should he outlincd 
here. As can be dcducee! from equatioJl (10.2), tire 
modulation 01' the X~ray ahsorption coelúcicnt is 
normalized lo the background absorption I'o( L l. 

There is no exaet theoretieal expression fm 1'0(1:' 1. 
which must therdore be dctennine¡J empirically. 
A number of procedures for this purpose arc 

;1) 
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discussed in the literature, ror instance the 
approximation by a polynominal or a spline 
lunction 18]. Even though there are criteria for 
tilc choice of background, the detcrmination 01 
I,"(E) i.s a critical aspcct. Thc EXAFS oscillatiol" 
can he dalllpcncd too much if IJolE) matches the 
C\pcrimcntal data too closely. The exact position 
(JI I:'o-not to be eon1'used with its absolute 
I aluc-is also not known because f:.'1J depcnds on 
the chemical environment 01' thc absorbinu atom. 
El) is nceessary (equation 10.3) for the con"version 
01' the energy E to the Illagnitude 01' the \\'av-e 
lector k. 

Afler a successful eonversion 01' the ra\\' data 
in the final XCk) function, the last step 01' data 
analysis consists of the deterlllination 01' lhe struc~ 
tural parameters rj, N j and ajo To do this, onc 
tries by variation of these parallleters according 
to equation (lOA), 10 describe lhe experimcntal 
XlI;) function optimally with a mini mal basis 
seL i.c. prcferably few baekscatterers. Frcquently, 
tile cxperimental EXAFS function is, howev-er, 
first dismantled by mcans of the Fourier filtering 

h) 

1.5 
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13600 t3ROO 

E!eYI 

di 

rlA! 

Fig. lO.4. a) ~h .... tlrption .... pcctrulll 11(E) artcr ('d~c corrcctioll amI rcmoval 01' prc-cdgc ahsorption. h) Ahsorption 
spcctrum ~l(f.) (~(\J.id line) anu hackground {ll)(/:') (dottL'U lil1c). e) /...-1 wcightcd EXAFS function. J) Modulo fUllclion 
Mod(r) ot the Founcr IrallsJ'l1fmed k ~X( k) fUllcti()1l for Illl'tllylma~llc .... iulll hromidc in dicthyl ('Ihe!". 
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k'l'lllliquc, where sclected [leaks in the structure 
runcti'"l I FI ni are hacktransformed fmm r~into 

~~spal·c. Thcse Fourier filtered functions are tllen 
scp"r"t,,!\, lillcd. For the final detennination 01' the 
strlll'lur:rl par"metcrs, the complete set is tilled 
1(1 tlle e\llc'riln,'ntal X(k) runetion in a last stcp 
;!~:till. :,\" il hL'COlllC:-' oh\'ious frolll cquation (lOA) 

it must (JI ,Ilurse be presllpposcd, that thc bacl-,sc"t~ 
tering amplitude F i ane! phase CP,j as \\'ell as the 
lifetillle uf the pilotoelectron )'j reflccl the realities 
ur the e\amined systell1 preciscly. Thcrdore, the 
qualit) 01' these 1'llnclions is also one 01' the most 
critical aspech in the dala determinalion. 

The thl'orl'ti,al calculation of backscattcring 
amplitudes an¡J phases was a problcm for a long 
time allll \Vas one 01' the main reasons wh)' 
EXAFS spectroscopy did not find wide application 
Thc first exrcnsivc calculation of backscattcring 
amplitudes and phases slem from B.K. Teo and 
P.A. Lee I'JI and \Vas bascd on an electron~atom 
s,attering theory from P,A. Lee and G. Beni 11 ~ l. 
In this thl'm)', the sphcrical wavc originating fmm 
thc absorhing alom was approximated by aplanar 
wave. This approximation is valid as long as the 
ef1'ectivc atom sizc is small compared to the inter~ 
alomie distance. In the meantime, a number 01' 
power1'ul program package s are available for the 
calculalions, which use spherical waves [19]. A 
commonly used program is EXCURV90 and its 
Iater versions, which was developed by the Science 
and Engincering Research Council (SERCj, Dares~ 
bury Laboratory, Warringlon, UK, This program 
uses a formalism by SJ. GUfman el al. 120] lo 

calclllalc the thcorelical backscatlering amplitudes 
and phases, as well as the quantity A j whieh char~ 
acteri/es lhe lifetime of the photoelectron. This 
formalism is bascd upon an eleetron scattering 
lheory by P.A. Lee and J,B, Pendry [21], Morc~ 
oveL this program is al so eapable of illcluding 
mulliple scattering effecls [22]. [n 1986, JJ. Rehr 
el l/l. began the development of lhe program FEFF, 
which to date allows the mosl accurate lhcorct~ 
ical ealculations 01' mean free wavclengths Al and 
amplitude and phase functions for any givcn pair 
of absorbi ng and backscattering atoms [23,24]. 

Al lhis point it musl be noted that lhe backscat~ 
lering amplitudes of neighbouring elemcnts in the 

periodie rabie are unl)' sligiltly Jillcrcnt. This 
makc" an uIlamhi~ll()US dj~tilll'tioll nI' IH.::i~hbotJriJl~ 
dcmcllh ncarly illlpo:-."ihlc. In ~L'IlL'ral. IH)\\l'\'l'r. 
¡!len: i:-. :-.ufficicl1t additilmal illr[)n\l~lli()n ahout tlll' 
sample lo CIl<lhk ilknli!il'atiull lJf ¡IlL' L'kIllL'llh 

ill\'ohed. pro\'ilkd lhe ¡1lL'í)rl'til';t1l'~lklll~ltL'd h,ld, 

"catlL'ring parallll'lcr:-. dí) CU¡Tl.'dl~ Ill(llklllll' adll:ll 

back:-.cattering heha\ iour. Ver) dillcrL'll1 L·[¡I.'11 11 l·;¡I 
cll\'ironment:-. can !cad tll dl'\·iatiolh. [n "LId) l'a:-'l'''. 

it is n('c('s~ary to clllpluy mude! l'UlllpllUIHI", I t 
is always prcferabk to Use hal'kscallcring 'ImJlli~ 

tudes an¡J phases that were obtained fmm mude! 
cOll1pound,. 111 thcse cases, !lile measurcs the 
EXAFS spectJ'Um 01' a comp!lund \\itil a preCiSl'l) 
kllown structure. The cllordinatiull nUlllher ¡\', 
am! the distancc tu the 'lhsorbing ato m f¡ aré 
known, ami the Debyc- Wallcr factor l'<11l be ésti~ 
mated from X~ray data. vibrational frequcncies, 
and different tCl11perature measllrcmenls. The back~ 
seattering amplitudes ami ph'lscs can then hc dcter~ 
l11ined froll1 the e~perimental spectrulll. IlllIIeleL 
not all compounds with known structures are suit~ 
able as model compounds, evcn if they are chcm­
ieally similar to the system under study. To he 
suitable, the sy,tem must posses a \\'ell~defined 

coordination sphcre, that is, the contribution 01' 
each lermmust be clearly separable froll1 all others 
(equation lOA). Model eompounds 01' this kind are 
very di1'ficult to f1ml and in manO' cases, the use of 
ealculated backscattering paramelers is required. 

10.3 LAXS 

10.3.1 Theoretical Background 

A parallel beam of l11onoehromatic radiatioll hits 
a disor¡Jered syslCIll, ror example a liquid or a 
glass. The incident wave 01' the wave length ;., 
is characterited b) the \\aVCveClor k ll 125,26]. !ts 
magnituue is: 

2;r 
Ikol = 

X 
(10.7) 

The scaltered wave is eharacterizeu by the 
wavcvector k), As the scattering 01' X-ra)'s is 
elastie within the resolution 01' the comll1only uscd 
detectOl's, the relation holds: 

( IO.X) 
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hut the direetion of lhe X-rilys is changed. That 
means a change 01' lhe wavcvcctor o,. the incident 
heam. which can he calculatcd I'rom the scatteri ng 
anglc 20: 

Thc magnitudc 01' this changc is: 

4Jl 
k = Ikol2 sin" = T sinl~ ( 10.9) 

Thc intensity 01' X-rays that are scattered h) a 
disordcrcd system, consisting of N molecuks. IS 

givcn hy: 

l/N N m "'. ) 

I(k) = ¡:¡ \~ ~ 8 ~ f¡(k)fj(k)e'''''-''') 

( 10.10) 
The intensity is normalized lo one mnlceulc or 
for a mixture to one stoichiomctrie unit. The 
summation p and q runs over all Il10lecules and 
the summalion i and j over all atoms of Ihe 
Il10lecule or sloichiometric unil, The quantity fi(k) 

characterizes the scattering power of the atom i of 
the molecule p which is located at r pi, 

If one assumes a spherical eleclronic dislribution 
around lhe nucleus, lhe atomic scattering factor 
fi(k) 01' the alom i is a funelion only 01' the 
atom type and the change of the wavevector k. 
Al k = O the value of lhe scattering factor is equal 
to the total number of electrons of lhe atom. As k 
increases, however, the scattering factor dccrcases. 
Equation (10.10) can be split into lwo terms: the 
sclf-scattering or atomic scattering and the distinct 
parto 

l"'lj(k) = ¿f}(k) (10.11) 
i=1 

l/N N m '" 

' di , (k) = ¡:¡\ ¿¿¿¿ 
(1=1 q=1 i=1 }=I 

x fi(k)f¡(k)()k¡"" ",,1) 
pi # qi (10.12) 

Grignard Reagents: New Devclopments 

1.2 

IJ.4 

0.0,7-[ ~""7-"'-~.L.L'"'-;-~--::-~--;,;;,~--;,;;,--.J 
O tO 12 

,lA) 

Fi~. 10.5. Atom pair cOITclatioll runction, as it can he 
d~tcrll1incd hy X-fa)' ~catl("riJlg. Thc hatchcd area givcs 
Ihe coordinatioIllllllllhcr Wilh rcs(lcct to a rcference atom 
\\ithin a shcll 01' raJill~ I"IIId1 (cquation 10.22). 

where in equation (10.121 pi = qj 11leans that the 
seattered intensity by tile atom itself is excluded. 
Sinee the sum11lation 0\ er al! aloms of the 
system cannot be pcrformed explicitly, the atom 
pair correlation functions g'j(r) are introduced 
(Figure 10.5). g,¡(r) is the fundamental function 
in the description of the strueture of disordered 
systems. It gives the probability of finding an atom 
j al dislance r from an atom 01' type ¡, This func­
tion can be used to determine the mosl probable 
distances of an atom i to neighbouring atoms j and 
the coordination nU11lber N l' which is calculated 
according to: 

N¡ = P j"""" g,j(r)47Tr'dr 
Jo (10.13) 

whcre p is the number density 01' the moleeules 
nr stoichiomctrie units. Equation (10.12) can be 
simplitied with this delinition 01' gij(r) lo: 

I",,(k) = p ¿ ¿ f,(k)fj(k) 

i=l J=I 

Sinee no preferred oricntation between k and r 
exists, the exponential expression can be averaged 
over '111 orientations nI' k "ilh respect to r. Then 
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cquation ( 1 (j. l-l) reduces to: 

1.1,,(/') = fI¿I:f,I!.I! ,(l.) 
1-[ /=-=1 

Equalions (10.11) and (10.15) are inlroduced into 
"'i""lion 110.10): 

111.) = 1,,1{(k) + P ¿¿f¡U)!,lk) 
1=1 j=l 

j.,- sin(kr) , 
x g, (r)----47Tr-<lr 

. ti ) kr 
( IO.IÓ) 

As gijlr) approaehes the value 1 ror large distances 
1', the integral 01' cquation (10.16) divcrges. This 
probkm can be overcol11e by introducing the iden­
tity Ig,,(r) - 11 + 1 and integration hy pans: 

I(k) = /,,11 (k) + p ¿ ¿ 1,lk)I,lk) 
;=1 j=1 

1x sin(kr) HI '" 

x -' -. . -4m·'dr + p ¿ ¿ f¡(k)fj(k) 
ti k, ,~I )~I 

[,

OC sin(kr), 
x Igij(r) - 1]--4m'-dr 

,ti kr 
( 10.17) 

The tirst lerm 01' lhe righl-hand side of 
cquation (10.17) contributes to lhe scattered inten· 
sity only at very small angles and can be neglectcd 
in a large 'Ingle X-ray scattering experiment, 
bccause the small angle range is experimcntally not 
acccssiblc. Then equation (10.17) is reduced lo: 

l(k)-I"'I (k) = I,¡,,(k) = p ¿ ¿ f,(k)f,(k) 
i=l )=1 

j .", sin(kr), 
x Ig,,(r) - 11---4:u'-dr 
o· kr 

( IO.IS) 
The quantity 01' interest is not the scattered inten­
sity, but the atom pair correlation functions, which 
providc information about the structure of liquids. 
These functions can be ohtaincd from the distinct 
part bv Fourier transformalion. Bul tirst it is 

convenicnt lo eliminale the k dependence nI Ihe 
atomic form factor fi(k) by di\'iding the di,IIIICI 
par! hy an averagcd fDrlll factol 

¿1,(A) 

!(k) = ~-;,,--­
¿¡t, 
, I 

(1 () 1 () I 

where Z, is lhe cleetron number 01' lhe atom i. It 
follows from equation (10.18) in a good appro\i­
mation: 

D(r) =' p ¿¿Z,Z¡lg,¡(r) - 1)4:rr' 
i=1 J=l 

21' [,'" kl,,¡,(k) . 
= - -_--dk 

Jl . () p(k) 
110.cO) 

Oflen, the integrand in equation (10.20) is called 
the rcduced intensity function: 

(10.21 ) 

and the tOlal ato m pair correlation function is 
introduced which is dcfined as: 

¿¿Z¡Z¡g¡¡(r) 

G(r) ~ _¡_~_I -'.i_~_I __ ~_ 

(~Zir 

(10.22) 

As it can be seen from this equation, the SUIll 

01' all atom pair correlation functions, weighted 
with electron numbers of lhe corresponding atomic 
pair, can be detennined by measuring the scattered 
intensily 01' X-rays. In case 01' molecular liquids. 
this sum, however, indudes intra- and intermoIec· 
ular contributions. The scattered intensity nI' all 
isolatcd molecule or a stoichiometric unit can be 



calculatL'd aCl'lHdillg lO: 

(10.::'1) 

\\"hCrL' /'f I ¡\ Ihl.' illtralll()lt'(uLlr dj\!ancl' helv.,'l'l'1l 

lhe alolllS i alld./ alld lile Ilchvc-W;rllcr 1'"c'lor "" 
takc .... inlo aCl.'Ollnl lhe intralllolccu!:¡r \'ihratioll:-'. 

01" coursc. equalioll (10.::'.') can abo hc applicd 

to larger aggregJtc:-. like dilller\. bUI in thi:-. ca~e 

Ihe calculaled illlensily mu\I he normali7.cd lo 

onc molccule or sloichiomclric uniL Ofte:n. the 

shon-range: order of liquids is delennined in the 

following way. A mode! of Ihc local order is 

assumed and ih scalle:red inlcnsilv is calculaled 
and compared \\ilh Ihe experiment;r1ly determined 

intensily. When Ihe agrcemenl belween Ihcory and 

experimenl is good, man)' aulhors conclude that 
Ihe supposed moJel gives a correct descriplion 

of Ihe local order, but Ihey lail lo bear in mind 
Ihal a complelcJy dillerent mOlle! of the local 

order can reproduce the expcrimenlal dala in a 

similar good way. One possibilily of avoiding 
lhis misinlerprelalÍon is 10 reduce lhe number 

of paramelers lo a minimum and lo include aH 
available infomlalion aboul lhe syslem lO be 

sludied. 

10.3.2 Measurement Fundamentals 
and Techniques 

There are lwo experimental arrangemenls in order 
lo delermine lhe scattering intensitics of a Iiquid 
[25,26]. In lhe tirsl case lhe X-ray source is 

tixed and the delector, measuring the scattering 

intensity as a function 01' the scaltering angle 2z~, 
i, moved. In the second case, the X-ray source and 

the detector are moved symmetrically in opposite 

directions around the horizonlal axis lhrough the 
sample by the angle O. The adyanlage of this type 

of diffractometer, called a o-o diffractometer. is 
that the container with the liquid can be left in the 
sallle horizontal position during the llleasurements. 

Oflen, it is mentioned in lhe Iiterature as a further 
adyantage that Ihe free surface of the liquid can be 

used without anv cover. But when the liquid has a 
high vapour pre"ure or reacts with the atl1losphere 
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as uo Grignard so!utiol1s. {his lllL'lhod ClInllut he 
applied. 

X-ra)' tllbes ('mil a contillllou:-, :--pcclrulll and <l 

characleristic hne spcctrulll. In ordcr to sllpprl...':--'\ 

tlle hrelllsstrahlung, Illet;¡) l'oils tllal lilter 1I1L' 

primary beam are applied. Uf course, cryst;¡1 

lllo[lochromators are also uscd. hut Ihe)! reduce 
the intcnsity signilicantly and whcn tlle cr"lal 
is plaeed as analyzcr in the scattered ¡;cam 

illll1lediatciy before the detector. lhe pmblclll 

arises that the incoherently scatlered radiation. 

whose wayelength shift incrcases ",ith increasing 

scattering angle. is not renected completel)' by 

the crystal and Iherefore Ihe theorelieal calculatc;1 

ineohcrent seattering cannot be used in Ihe data 

eyaluation. 

[n order to evaluate the scattel'ill~ intensil\ 

of a liquid, two independent Illeasur~mcnls ar~ 
required, namciy the scatterine of the container 

filled with liquid and the scatt~ri ng of lile Cmpl\ 

container. Usually the Iiquids are kept in (Juartl 
or glass capillarics. However, in lhis case olle has 

to bear in mind that the difference between the 

scattering of the empty container and the conlainer 

filIed with liquid is rather small and thereforc large 

counting times are required in arder to reduce 

experimental errors. When the absorption of X­

rays by the sample is high, cylindrical containers 

cannot be used. Therefore, so me groups use !lat 

containers, where lhe liquid is co"ered by a thin 

foil. for example of capto n or beryllium, which can 
be caated with a polymer in ordn to protect the 

metal against chemical corrosion. But when this 

arrangement is used, the X-ray scattering intensi­

ties must be measurcd in rellcction mOlle instead 

of the transmission mode, and in order to focus the 

scattered radiation, a Bragg-Brenlano foeu"ing 

techniquc must be applied. which means that th~ 
sample is rotated about the angle 17 when tlle 

detector is moved to the scattering angle 2d. 

10.3.3 Data Analysis 

After the corrections 01' the individual measure­

ments for absorption and polarization the conected 

intcnsity of the empty container is suhtracted frolll 
the corrcctcd intcnsity of the container. tilled with 
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Iiquid [251. This suhtraction may he Ihc crucial 

step in Ihe (bla analysis. because ahsolute C\l'cr­

il\lental errors were added. Up to this stel' lhe 

dala arL' givcll in arhilrary units likc COllnh rli.:-r 

'-l'l't)lld. 

An "bsolule scale is establishcd by nllrmali/a­

lion ni' the experimental data to tlll' SUIll "f allllll. 

illeoherclll ami multiple scattering at Iarge sc'al­

lcring angles or by the usc 01' the Illeth"d 01' 

J. Krogh-Moe [ni and N. Norman [2~[. The alom 

and incoherent scallering is calculaled fmm \'alues 

tabulated for the elemcnts [29J. 

The ealculation 01' the mulliple scattering is 

easy when one assumes that the liquid scallers 

isotropically, but must be perfoflned by computer 

simulation when one assumes an angle dependent 

scattering of the liquid. In the cases where Ihe 

absorplion of the X-rays by the sample is low, 

tile multiple scattering can be neglceted. Afler 

normalization of the experimental data to an abso­

lute seale. the atom incoherent and multiple scat­

tering is subtracted. The result is a distinct term 

(equation 10.18) which can be Fourier transformed 

according to equalÍon (10.20). 

10.4 COMPARISON OF EXAFS AND 
LAXS TECHNIQUES 

The hest way to see the differences between the 

EXAFS speclroscopy and the X-ray scattcring is 

to compare the expression for the EXAFS func­

tion and the dislinet parto But lirst we ha\'e 

to introduce lhe ato m pair correlation function 

into cquation (lOA). Equation (lOA) is a good 

approximalÍon for liquids with a high degrce 01' 
local Ol'der. If the degree of disorder is I&ge. 

X(k J musl be represented by the more general 

equation: 

X(k) = P L Fj 1X, Zij(r) 
j o 

~2r 

e A¡ 
x -y,::;-sin[2kr+<PI,(k lldr ¡10.2-11 

alld Ihi:-. l'\prl.'\\j(){l Illu:-.I he cOlllparcd with the 

c,\prcs\ioJl COI' Ihl.' di-.;tinL'l term: 

As il can bc' deduccJ frolll these expressions, the 

must striking Jillerence bel ",een Ihe Illethods is 

Ihat the EXAfS spectroscopy probes the local 

en\'ironment a/Uund a specitic element, whercas 

the X-ray scattering gives Ihc sum of all alOm pair 

correlation i'unctiolls. weightcd with the product of 
Ihe electron numhers (lf the eorresponding alom 

pairs. Thal means explicilly that for a syslem 

cOllsisting uf 111 dilTerell1 clclllents, the 111/2(11/ + 1) 

ato m pair correl,ztion fUllction contributes lO the 
X-ray scattering. but unly m atom pair conela­

lion functions conlrihute In the EXAFS funclÍon. 
Owing to the reductiun of the nUlllber 01' ato m pair 

correlation functions. the EXAFS spcctroscopy can 
he applicd to more complex syslems than the X­

ray scattering. AJditionall)', EXAFS spectroscopy 

is the only method applicable to samples with low 

concentration. 
But there are furlher differences between lhe 

methods, which can be seen by comparison of the 

integrands in equations (10.24) and (10.25). The 
atom pair correlation function in equation (10.24) 

is multiplied by exp( -21'/ A j)' which takes into 
accaunl the effect of the linite lifetime of the photo­
electron and the hule gcnerated by the absorp­
tion of the X-rays. Owillg 10 the mean free path 

term exp( - 2,./ f. j J, the pair conelation functions 
are asymmetrical ami damped wilh increasing 

distance. This ellecl can c1early be seen in the 

Fourier transform 01' the EXAFS function. 
Slowly-varying tails of lhe pair correlation func­

tion contribute to EXAFS data only at low k 
valucs. Sharp peaks in lhe pair correlation func­
tion, however. give rise to dominant features in 

the EXAFS signal which persist to high k values. 
As the data are Fourier transformed on[y in a 

linite range and the low k data of the EXAFS 
signal must be omitted in the Fourier transform, 
lhe broad tail in Ihe alom pair correlation function 

is "ften lost in lhe anal)'sis uf Ihe EXAfS data. A 
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fllrther aspcet that m"'t hc eOlhidcrcd is thal lari'c 
disorder in a syqem can kaJ to a dra~tic rcouclioll 
01' the EXAFS amplitlldl' and hellL'c to a 1<l\\L'rilli' 
01' the eoordinatioll nllmhcr. and that X~ray SL'at~ 

tcring is s(,ll~iti\'c In l!le ah\olutc di:-.pL.ll'l'llll'nt 01 
atol1ls froll1 thl'ir equilihriull1 po"itilHl. \\ hefe"", II1L' 
EXAFS speetroseop\' is sClhiti\'l' onl) to thc rcla~ 
t¡ve distancc oct\\'ccn atnl1l~. 

Both methods prll\'idc pair eorrelation fllllC~ 

tions, hlll with dillcrcnt l'mph"sis, X~ray dilfraL'~ 
lion is scnsiti"e lO the S1nooth hehaviour Ilf thL' 
pair corrclation fllnction: EXAFS speclroseopy is 
more sensitiv'e to sharp rcatllres nI' lhe pair corrc~ 
lation fllnclilln, Ilcllce, the comhination nI' hotll 
methods can gi"e more complete and eertain infor~ 
mation, providcd that lhe syslcms are not loo 
eomplex, 

10.5 PHYSICAL CHEMISTRY OF 
GRIGNARD COMPOUNDS 

10.5.1 Introduction 

In the year 1900 Victor Grignard (1871- 1935) 
showed that magnesium reaets with alkyl halides 
in water~free ether at room temperature to fonn 
ether soluble compounds 130J, The application 01' 
these reagents for the synlhesis of carboxylie acids, 
alcohol s and hydrocarbons formed the basis 01' 
his thesis at the university of Lyon in the year 
1901. For the eontinuing studies concerning lhe 
synthetie utility of these reagents, he received 
the Nobel prize for chemistry in the year 1912, 
At the presenl slage, the scope 01' applications 
is enormously large and the extraordinary versa~ 
tility of the magnesium organie compounds is hard 
to assess, They are prohably the most popular 
organometallic substrates as they are easy to obtain 
and can be used in a wide \'ariety of synlheses, 
Besides the discovery 01' new preparative methods 
and the expansion of the synthetie applieations 01' 
this elass of compounds. Ihe description of their 
structure in Solulion has always been an object 01' 
intensive research, 

Therefore, the tirst 30 years after their disco\'ery 
are characterized by eonlroversial discussions 
131-40J, particlllarly heeause onl)' a rcstricted ,el 
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01' illstrumL'lIts nI' physicalehemislry was available 
at that lime. A, Hayer and V, Villini'cr 1311 
pLlhlished in 1l)()2, and V, GrignanJ 1321 in 1<)03, 
ll1l' following structurc formulas. 

(,,11, [\1" -R 
(,;11, >()< X Ce 

Bayer Grignard 

These \\ ere diseardcd ver)' snon, howevcr, and 
are IHm' (111)' of hislorie interes!. Finall)', lhe 
investigations 01' W, Schlenk and W, Schlenk led 
a crucial step fLlrther. They delennined thal lhe 
halogcn 01' ccrtain Grignard compounds can he 
complctcly removed as MgX! by precipilalion 
with dimane I.jOJ, Due to this information ami 
lIew "s,oeiation data [39], they postulatcd the 
cquilihriLlln: 

Tltis so~called 'Schlcnk~equilibrium' is still used to 
describe lhese compounds in solution, More exact 
insigltb were only possible with the emergence 01' 
more eftieicnt methods of physieal chemistry in 
the sixlies, So, only very few papers have heen 
published on this topic between 1930 and 1960 
after the fundamental publication of W, Schlenk 
and W, Schlenk, Afterwards, a marked inerease is 
found 141-46], Interestingly, measured in terms 
of the general increase of ehemical publications 
in the ninetics, the number of papers eoncerned 
with structllres of Grignard compounds has again 
diminished, At the present stage it seems to he 
e lear thal solutions of Grignard compounds can 
cllntain a variety of chemical speeies which are 
rclated to each other by labile equilibria and their 
positions depend in a sensitive manner on at least 
five factors: lhe sterie and elcctronic propcrties 
01' the alkyl and aryl residue; the nature of the 
halol!en ato m (size, electron donor properties, ' , ,): 
the ~ature of the solvent (Et,O, THF, ",); the 
coneentration and the te mperature , 

The appearanee of ecrtain spceies can also 
resull fmm low levels of H,O or 0, impurities, 
Witholll eonsideration 01' solvation, a schematie 
drawing 01' the equilihria in solution as it is shown 
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.,1_',- - ~I\-

1)1ll 

\, ~ '. .\ 
1<~lg' + RstgX, \1~ 

1" 
I{/ " .\ 

Fi~. lU.6. SchL'lllalic drdwing 01' lhe ClIuilihria in ~olllti{ln hetWl'l'll lile po:-. .... ibly c\i,tin,!; :-'PCCiL'''' nI" Cirigll~lI"tl 

cnlllpound, \\illJollt con:--ideratio!1 01' lhe :-,ohatioll (lo = loniLation. A:-.:-..:: A" .... ociatin!1. Di = Di,\nci~lliol1. DI) = 
()i...,proponioll~llion. DIl1 = Dilllcrizalion). 

in Figure 10,6 can be derived, The 'monomer' 

hulvated) RMgX can disproportionalc according 

to Sehlcnk cqllilihrilllll 140J to MgR, and MgX, nr 
dilllcri/c to RM~X,[\lgR, The lllonOlllcr as well as 
tlle dimer can dissociatc, and lhe alternative dimer 

R,MgX,Mg call he forlllcd hy recomhination, 

Onl)' lhe halogcn atoms X normally play a 
,igniticant role in hridging 01' the species in 

Grignard solutions (although in the absence of X, 

organic groups do somctimes bridge), 
Hinls coneerning the speeies and the related 

equilihria can he ohlained through a variety of 

methods, for example molecular weight studies, 
radioisotope exchangc wilh use 01' !RMg, conduc­

tivity measuremenls, IR and NMR spectroscopy 

as well as theoretical calculations, In some cases 
the cquilibrium posilion can he changed by partial 

crystallization or the addition of complexing re~ 

agents like dioxane and NEto, An overview of the 
applied methods and their results is given in the 
following scctions. 

10.5.2 Crystallography 

Although crystal structure analyses cannot provide 
direct information about Grignard compounds 

in solution, they do provide ideas of which 
species possihly exist in solutions, In particular 

the EXAFS and LAXS investigations presented 
in Section 10,6 can only bc verified with erystal 
slrlleturcs, Chapter 9 by F, Bickelhaupl presents 

a more comrrchcn~i\'(~ ui~clls\i{ln uf X-r<l~ 

crystallography 01' orgaIlomagncsiulll cOll1p()und~. 
With this goal in Illind, some speeiliL' studies 
are noV\' describcd, Both eth)l~ 1,-\71 as \\ell '" 
phenylmagnesillm hromide I-IXI C1ystalli/e from 
diethyl ethcr solutions as monolller dictherates, 
The structurcs of bOlh compollnds are quilc 
similar. Magnesiulll is localed in the centre 
of an irregular tetrahedron and is surroundcd 
by bromine, one ethyl or phenyl group ami 
two solvenl molecules, The Mg-Ik Mg-C 
Mg-O distanccs as well as the Br-Mg-C 
Br-Mg-O, O-Mg-C bond angles of both 
compounds are givcn in Table 10. 1. Remarkable 
is the long Mg-Br distance indicating a ",eak 
chemical interaction between the magnesium 
and the bromine atom, The relatively short 
Mg-O distancc, ho",ever, indiGnes a strong 
bonding 01' lhe solvcnt molecules, Bolh compollnds 
ha ve no tendency lO associate, The shortest 
intcrmolccular Mg- Br, Mg- Mg and Br- Br 
distances in elhvlma~nesium bromide dielhcratc 
are 5,81. 6,76, 5.39 k respecliV'c1y, As expeeted 
lhe bulky Ph, CMgBr molecule cryslallizes ffllm 
diethyl clhcr as a monomer dietherate [491, 

In 1974 AL Spck el al, published the crystal 
structure of IElMgBr(i~Pr,O)J, 150J, The study is 
very revealing with respect to the aboye describcd 
structure of EIMgBr(Et,O)" Nonnally one \\'ould 
expect a monomer dietherate as wel!. To our hesl 
knowledge this is the only papel' ahout alkyl or 
arylmagne~iulll hrol1lides WhCfC lhe cxi~lence 01' a 
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'Hlhlc 10.1. Sclcl'tcJ cry~tal structurc data 01' Grignard cOlllpOUIIJ .... 

(\II11píIlJIIlI Di:-.tJIKCS IÁ]" Bond Allgk ... 1 1" Litcr,lllllL' 
---------

EIMgBr(EI,OJ, 2.4812.1512.lJ4 12'i11031112 H71 
PhMgBnEIJJJ, 2.4~ 12.2012.()~ -IHUlllO 1-1'1 
Ph ,CMgllrl !ó1,O 1, 2.4712.25120" 116 II()~III-I 1-1 1)1 
1 EIMgBrl i-Pr.O JI· 2.5812.0912.01 1171102\ 121 1·:'111 
~léMgBrITIIFJ, 2.5" 12.4112.13 1261-1-- 1 :'21 
IEIMg,c1 ,11'111'); l· 2.4112.1\112.1-1' l'i-ll 

2.511-12.08 
IEIMgBrl NEt3 JI, 2.5712.1812.15 117110'illlr, 1551 
Etl\1gRr-spanl'inc<¡ 2.5012.2712.1 Ó 1131-1- [56 1 
r-BuMgCI-( - lsparlcine 2.3312.1912.17 11-11-1- 156[ 
11¡'-AllyIMgCI(TMEDA)J, 2.4012.1812.25 12.'i1-1- 1571 

2.691-1-
[C,H,MgCI(EI,OJI, 2.4312,4012.05' ISXI 
IC,Me,MgCI(EI,O)], 2,44 12,411 2.0H' [581 
IC,H,MgCI(THFl" 2.4212.3812.02' 1231951121 ' 1591 

(IDi .... tances in the aruer Mg~X. Mg-C(Alkyl,Aryll anu Mg-O{So!\'cnt) nr ¡\1!!-~, rl',"'pl'cti\cJ}. In 
lhe ca~c of minor differences in the distances, only the average value i .... gi\cn,~ 
liBona .3nglc." in the order X-Mg-C. X-Mg-O or X-Mg-N and 0-· Mg-C or !\-\1~-C. 
r.c"pcctl\e1y. In Ihe C<.l!-.l' oí' gn.'<.ll dilTcrcnces in Ihe bond anglcs. no value:. are \.!.i\ CIl. 

(Di<;lance" for Ihe ¡¡\'c-fold (fir~t row) and six-fold (second row) coordinatcd ll~a~llc:-illrn. 
d Average \'alue:- for (- )-spartcinc, (+ )-6-benzylsparteine and (- )-Q'-isosp:lnl.·ine.~ 
I'Mg.-C is the a\'erage value of Ihe rr'i-bounded cyelopcnladienyl ligand. 
I CI-Mg-C and O-Mg-C ¡" rcferred to the centre of Ihe r,5-bounded cyclopentadienyl ligand. 

Table 10.2. Bond angles of ¡he halogen bridged dimeric units of associated Grignard 
compounds based on crystal structure data 

Compound Mg-X-Mgn X-Mg-X['] Literature 

[EtMgBr(i - Pr,Ol], 87 93 [50] 
[EtMg,C1.1(THF),h 90-99" 83-89 154] 

96 84 
IEtMgBr(NEt3)], 90 90 [551 
[~' - AllyIMgCI(TMEDAl]' 95 84 [57] 
IC,H,MgCl(Et,O)), 90 90 158] 
[C,Mc,MgCI(Et,OJ], 92 89 [58J 
[C,H,MgCl(THF)], 90 90 [59J 

(/Bond angle~ ror Ihe live fóld (first row) and six fold (sccond row) coonJIn¡tlcd Illa!!nl"~iurn In 
case 01' the tivc fold coordinatcd rnagnesium. the range af appcaring !1ond angle", j:- gi\t:n. 

dimer complex could be proven. The bond angles 
ofthe bridgíng Mg-Br-Mg and Br-Mg-Br units 
are shown in Table 10.2. 

PhMgBr(THFb possesses a slruclure analogous lO 
PhMgBr(El02h 153J. According 10 these results 
it seems thal the organic resídue rather than Ihe 
solvenl may have the decídíng intluence on the 
formatíon of higher coordínatíon. [t shoulu be 
noled. however, that lhc paper l53] ís not ver}' 
reliable. A de[ennination of the positions oi' [he 

carbon ring atoms failed and therc are only lhe cell 
paramc[ers and the space group P 21/e besidc some 
queslíonable coordínates 01' the ¿¡[O/m Br. \18. 

With lcss bulky ethers like THF. hígher coordi­
natÍon numbers can appear as for MeMgBr(THFh, 
where the magncsium is pcntacoordinated and 
located ín lhe centre of a trígonal bípyramid t [52]. 

¡ ~Olllmcnt The cry .... tal :-Iruclurc nI" un:.olvatcd dimclhylmag­
nC<.;IUIll i" completcly diffcrl·(lt and con<;is[<.. 01' ulkyl bridged 
polymer chaill!-. !-.imilar lo tho .... c nf dilllclhylherylhum (511. 
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Fig. 10.7. Molecular "'ueluré 01 IEIMg,C1;(THFJ,[, illu,tr"ting ,,,léeled hond di,tances .nd angles 155[. 

O(THF) and Ct(PH) gíven. lf one consídcrs the 

etherates only of Grignard compounds lhe slrue­
ture of [EtMg2Cl)(THF), b is quíte remarkabie 
(Figure lO.7) 154J. Thcrc are trígonal bípyramidal 
pentacoordínalcd as wcll as oclahedral hexacoor· 
dínated magnesium uníts in the complexo Four 
chlorine atoms are conneclcd to lwo magnesiulll 
aloms and the olher chlorines ael as lrícoordínalcd 

bridges. 
Some crystal slruclures 01' Grignard reagents. 

where the ether is replaeeo by an amino COlllpouno. 
coulo be delermíncd. ror cxample. IEtMgBr 
(NEt))h forms a dimer cOlllplex wílh bromíné 
bridgings analogously to IElMgBr(iPr20)]2 1551. 
The reactíon 01' EtMgBr and l-BuMgCI ",ilh 
the chelating amino eompounds (- )·sparteine. 
(+ )-6-benzylsparleíne. (- )-a-ísosparteíne leads to 
monomer complexes where lhe magnesium atom 
ís tetrahedrally coordínated [56]. [~I.AllyIMgCI 
(TMEDA)h (TMEDA = N.N.N'.N'-tetramethyl­
ethylendíamineJ on thc othcr hand is a dimer 1571· 
The uncommon faet of this compound is that two 
strongly dílTerenl Mg-CI distances of 2.40 and 

2.69 Ji. are found. 

[n reeenl times also cylopentadienyl Grignard 
compounds were characterízed crystallographícally. 
Both rC,H,MgCI(Et20)12 and ICsMesMgCI 
(Et,OJI2 158J as well as ICsHsMgCI(THF)b 159J 
can be inlerpreled as tetrahedral dímers. Wílh a 
N.N-dimcthylaminoethyl substítuled cyclopentadi­
enyl system a monomer complex (MC2NCH2CH2) 
CsH.¡MgBr(THF) wíth íntramolecular coordí­
nated nitrogen is formed [60]. Intramolccular 
cooruination can al so be used lo generate 
Grignard cOlllpounds in highcr coordínalíon slales 
(penta- ano hcxacoordínated) 161]. The cryslal 
slruelurcs of some inlereslíng compounds were 

detennined in that papeL 

10.5.3 Molecular Weight Studies 

Fortncr measurements (ebullioscopy) of the 
molecular weíght of Grígnard reagenls in solutíon 
poín[ out tha[ a description of the compounds 
thal cxist in solutíon with the formula RMgX 
ís ínsuflicienl. Thc ínvestigatíons rather índícated 
that the complcxcs are strongly associated 137.39]. 
The quantitati"e statcmcnts of these carl\' ",orb. 
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however, are nOl reliahlc hccausc lhe inlluenee 
of illlpurilies like H20 nr 0, """ nol laken 
inlo accounl. Subsequenl nw!ccular \\'ei~hl sludies 
(ebullioscopy, vapour prcssllrc OSlllolllelry) lhal 
usco a variely of apparalus generall)' conlinneo 
lhe eadier resulls 162- 661. 

Results oblaineo frolll quile reliablc Illeasure­
menls (ebullioscopy, ,'apour pressure osm()mClry) 
are given in 167,681 and can be sumlllarized as 
follows. Al low concenlralions, up lO 0.05 M, 
organomagncsiulll bromióes and iooides in óielhyl 
elher and THf are monomeric. In óielhyl clher 
the degree of association increascs \vilh increasing 
concenlralion and many clucs hinl al lhe exis­
lenee of dimers or oligol11ers. However, in THI' 
monomer species are presenl even al higher eon­
cenlralions, Alkyll11agncsiul11 chlorides in óielhyl 
elher are dimeric up lo concenlralions of only 
0.04 M bul in THF are rnonollleric. The degree of 
association of lhe in\'e~tigatecJ Drganomagncsiull1 

halogenides varies from I lO 4, AII lhese sludies, 
however, give no direcl infonnalion aboul lhe 
degree of solvalion of Ihe Grignard compounds and 
furthermore eannot provide a dislinclion belween 
Ihe possible slruclures of Ihe monomer and dimer 
speeies in Solulion [55]. 

10.5.4 Tracer Studies 

Based upon Ihe molecular weighl sludies il was 
obvious Ihal solulions of Grignard compounds 
conlain dimer species. In order lO delermine 
whelher lhe equilibrium 

plays an importanl role for lhe description 01' 
lhe species exisling in solutiun or musl ralher be 
formulated as follows, 

radioisolope exehangc experimenls wilh labeled 
28MgBr2 and dialkylmagnesium compounds in 
dielhyl elher and THF were perfonned. Thc tirsl 
measuremenls showed thm no exchange of 2H Mg 
lakcs place and lhe dimer musl be formulaled as 
R!Mg· MgX, 1691. Experimcnls perf(lrIlled laler 
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1701, howevcr, could nol reproduce lhose rcsulls: 
slalislical exchange was found, indicaling lhal lhe 
processes in solulion are dcscrihed by lhe cla\Sical 
Schlenk equilibrium. 

10.5.5 Conductivity Measurements 

Therc are many invcstigations conccrning lhe clcc­
trolytic nature of Grignard rcagent:-. in SO!utiOIl. 

Thc facl lhal Grignard cOll1pounds in diclhyl clher 
are conductive was conlinned by many lcall1s 135, 
36, 38J. Since lhe mcasurcd conduclivily is lo\\' 
lhe concenlralion of Ihe ionie spccies eannOl be 
very high [71- 73 J. particularly because a high ion 
mobilily in a Illedium of such low viscosil)' is 
expccled. Based upon lhis facl, Ihc all10unl uf iOllie 
species is so slllall as lo hardly meril consideralion 
in Ihe description of Grignard compounds. 

10.5.6 Infrared Spectroscopy 

In former IR spectroscopic invesligalions absorp­
lion bands al 780 and 900 em- I were assigned 
lo Ihe Mg-Br slreching frequeney [72J. Laler 
Ihe assignmenl was shown 10 be incorrect. In 
fael Ihese absorptions are caused by coordinaled 
dielhyl elher. The band al 900 cm- I is assigned 
lo Ihe asymmelrical C-O-C slreehing frequency 
174, 75]. In pure dielhyl elher Ihe C-O-C 
slreehing frequeney is 932 cm-l. When dielhyl 
elher is coordinaled lo Et2Mg and MgBr2 lhe valuc 
decreases lo 926 cm- I and 900 cm- I , respec­
lively. EIMgBr in dielhyl elher shows ahsorplion 
bands al 920 and 900 cm-l. These bands were 
inlerpreled as evidence for Ihe exislence of dimers 
of the Iype R2MgXzMg wilh coordinaled dielhyl 
elher. 

The IR speelrum of phenylmagnesium iodide in 
dielhyl elher is complelely differenl from lhal of 
diphenylmagnesium and il is assumed lhal hesides a 
smal! amounl of Ph2Mg12Mg, mainly PhMgl exisls 
in solulion [76], The other recorded IR speclra 
01' alkylmagnesium halogenides and dialkylmagne­
sium cOlllpounds could in general nol be inlerpreled 
and give no information on which any slruClllral 
proposals mighl be based [77 - 79J. From lhe ill\'es­
ligalions of THF solulions Ihe conclllsion can he 
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dra\\'n lhal alkylmagnesium bromidcs and chlorides 
can he described hy an cquilihrium helwcen RMgX 
and R,Mg/MgX 2 176J. 

MeMgBr(EI20h 1801, allyll11agnesiull1 brol11ide 
amI chloridc were examincd in Ihe solid slale 
17X,791. RAMAN speelroseopical inV'estigalions 01' 
Grignard compounus in solutioll are unkno\\'ll. 
UnforlUnalely, vibralion frequcncies still cannol he 
assigneo salisfaclorily by comparison wilh Ihe few 
ah inirio quanlUm chemislry calculalions thal have 
been repurled 181-84J. 

10.5.7 NMR Spectroscopy 

Nonnally lhe NMR speelra of Grignard compounds 
allow no differcnliation between RMgX and R2Mg 
in solulion because lhe alkyl and aryl groups 
exchange so faSl lhal only average absorplions 
are seen. I'or C"F,MgX (X = CI, Br, 1) and 
(C"F, )2Mg however, differenliation is possible al 
room lemperalure [85,86]. For Ihe normal alkyl 
and ary I compou nds, low temperatures are neces­
sary. The exehange of MezMg in THF can sufti­
cienOy be slowed down al -70°C [87], In Ihe 
presence of hexamelhylphosphoramide (HMPA) as 
a complexing reagenl a differentiation belween 
Me2Mg . HMPA and MeMgX ' HMPA is possible 
al 25"C [88]. 

There is only one syslematic 25Mg NMR inves­
ligation [89]. In Ihis sludy EIMgBr in THF was 
rneasured. Surprisingly, at 37'C Ihree differenl 
signals could be delecled, The tirsl Iwo very well 
pronounced signals could he assigned unambigu­
ously lo lhe spccics ElMgBr and MgBr2. The Ihird 
signal resulting from EI2Mg is parlially superim­
posed by the EIMgBr signal. 

Melhyl, elhyl and n-propylmagnesium halo­
genides in dielhyl elher were investigaled by 1 H 
NMR speclroscopy, Since Ihe speelra of lhese 
compounds are very similar lo the speclra of Ihe 
corresponding dialkylmagnesium eompounds, il is 
concluded lhal Ihe species R2MgX2Mg is domi­
nanlly present. THF solutions were invesligaled 
wilh Ihe same resull [85,86,90]. 

In arylmagnesium reagents, Iwo signals of R2Mg 
and RMgX al -60°C were delecled [85,86,90J. 
Addilionally, lhe ralio [RMgX]/[R2MgJ was 

calclllalcu fmm lhe speelra for lhe diffcrenl 
cornpounds ano eXlrapolalcd lO 2S"C. Il was 
fOllnd lhal lhe eqllilibrilllll belween RMgX and 
R2Mg/MgX2 is slrongly depcndenl un lhe aryl 
grollp ami lhe solvcnl llseo. The slronger lhe 
coordination 01' lhe s()h'~nt to Illagncsium. the 

lar~er the iJlllollnl of R-,T\1t! and f\1eX-,. 
According lU Uc N-MR spccln;sc:'pic sludies: 

concenlraled clheral s"lulions 01' Grignard reagcnls 
can be described besl in lhe form 01' R2Mg + 
MgXz 191]. The \3C chemical shin of lhe 
aliphalic compounds is direclly correlaled lO Ihal 
01' Ihe corresponding hydrocarbuns. In connee­
lion wilh lhe delerlninalÍon nI' lhe coupling 
conslanls IJ(I!C_UC) and 2J(I!C- I H) in allylmelal 

complexes allylmagncsilllll brolllide was invesli­
galeó [92-94J, In a currenl Sllldy aboul lhe slruc­
lure and dynamics 01' allylll1agncsium Grignards it 
was shown Ihal lhe compollnds are nol deloeal­
ized bul inslead are '/' bondeó 1951. An exlensive 
slud)' of a broad range 01' organomagnesilllll ehlo­
rides and brolllides is fOllnu in I96J. The resulls 
of Ihese invesligalions, howcvcr, allow no conclu­
sions concerning lhe possible slruelures exisling in 
solulion. 

AIso 19F NMR was used for Ihe elueida­

lion of Ihe slruclures of a broad range of 
ftuoroaryl Grignard compollnds, Seemingly, an 
unambiguous differenliation belween RMgX and 
MgX2 speeies was possible [97J, Besides Ihe ratio 
[RMgX]/[R2Mg], exchange rales of lhe organie 
residues werc aIso delermined. 

10.5.8 Theoretical Studies 

Mosl 01' Ihe ab inilio sludies of Grignard 
compounds are ceflainly quile inleresting from 
lhe lheorelical poinl of view. Wilh respeel 10 
lhe description of their struclures in solution 
lhese studies, however, are of lillle value [8 I -84, 
98-101]. An exceplion is Ihe 1994 published 
invesligalion 01' Axlen er al. in which ab illirio 
molecular orbilal ealculalions were performed on 
Ihe Grignard eompound CH!MgCI 1102]. To our 
knowledge il is also Ihe only sludy in whieh Ihe 
associalion as well as solvalion of lhe compound 
is considered. 
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In Figure 1O.8a the optimized geometries of 
the difTerent possible structures (transition states 
included, Figure 1O.8b) of unsolvated CH,MgCI 
are ,hown. As can be seen from the energy diagram 
(Figure 10,'», the dimers are mueh more ,tahle 

than the corresponding Illonomers and as expected 
MeMgCI,MgMe is the most stable compound 
amongst the dimers. Ir one takes a look at the 
gcometry oí' the halogcll hridging. it is remark­
able thal the hond angle 01' approximatcly 90° 
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Fig. 10.9. Ellcrgic\ (kcal/mol¡ 01' the \'ar¡Oli .... rcaclioll channcls for CHJMgCI. Unbrackctcu valuc\ ;.tri.? al lhe 
MP-lSDTQ/6-3IG'//Hf/h-JIV le\c!. anJ hrad,cred \allles are a1lhc MP2/6-3IG'//MP2¡h-3ICi' le\cl 
1102]. 

retleets precisely the reality found in crystallinc 
eompounds. The struetures 01' the solvated speeies 
are shown in Figure 10.8e. Herc it can be noted 
that the caJculated Mg-O distances describe the 
strong interaetion 01' the solvent with magnesium 
atom very well. Up to now semiempirical and 
density functional theoretieal ca1culations were not 
able to do this, 

The process of dimerization in the presence 
of the solvent dimethyl ether, where two strong 
Mg-O bonds have to be broken, shows a 
thennoneutral encrgy balance. IncJuding thermal 
and entropic cOnlributions, t:.C;- is slill found 
to be slightly negative ror the formation 01' 
IMeMgCI(Me,O)i2- which concurs with the 
general experimental observation that dimers 
predominate in cther solutions of alkylmagnesium 
ehloridcs. However, the relatively small negativc 
value of t:.C;' suggests that the position of the 
equilibrium eould easily be shiftcd to favour the 
presenee 01' monomers by altering the halide and/or 
the alkyl group as weJl as the specific solvent. 

Finally \Ve want to point out an UY speetro­
scopie study 11031. RMgX ",ith R = Ph, PhCH" 
PhCMc" Ph,CIL Ph l e. PhCH = CHCH, and X = 

CI, Br in diethyl ether were investigated. The LJV 
spectra show that the compounds possess a noticc­
able ionie character and Ihal a negativc partial 
charge is dislributed over Ihe organic residue R. 

10.6 EXAFS AND LAXS OF 
GRIGNARD COMPOUNDS 

10.6.1 Introduction 

Despite numerous investigations 01' Grignard 
compounds, almost no information exi,ts about 
intra- and interatomie distances of these rcagcnts 
in solution. This is not neeessarily remarkahlc, 
since the methods of physical chemistry discusseu 
in the previous section are of course not able to 
provide such information. But X-ra)' absorption 
spectroscopy (EXAFS) and large angle X-ra) 
scattcring (LAXS) can. 

In 1987 L Persson el al. publishcd the results 
01' their EXAFS and LAXS investigations nI' 
magnesium bromide and iodide in diethyl ethcr 
and THF [104]. It was Ihe purpose to get 
infonnation about the possible structures of 
these two eompounds in solution. :-'1gX, spec'les 
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play an important miL' in Ihe Sehlenk e!.jui­
lihrium 01' Grignard eOlllJ)()UJl(Js. A LAXS 

study 01' organomagncsilllll i()dides 11051 and a 

cOlllhined EXAFS/LAXS slud) (JI' organolllagne­

sium bromides II0fll folltlwcd. hllally. twu EXAFS 
~pl'clr()~copic ill\'C~lig<.lliolls by H. Berlagnolli ano 

T.S.Ertcl appcared in IL)().' ami 19951107.IOXI. 

Unfor!unately, lhese are Ihe unly plIhlications about 

lhe topil' "Grignard cOl11pounLl~ in solulion' lIsing 
these methods. The reason pfllbably is that both 

lcchni!.jues are relativcly eOl11pllcated. EXAFS addi­

tionally has the disadvanlagc that synehrotron radi­
al ion is neeessary to run the e.\pcrimen!. 

10,6.2 EXAFS Studies 

Allhough it scems al 1Irsl glance Ihal the 

whole speetrum 01' possible organomagnesium 

halogenides can be exall1incd by means of the 

EXAFS technique, this is nOI the case. A listing 

01' the absorption edgcs 01' lhe diffcrent atoms 

(Mg K-edge 1305 eV; el K-coge 2822 eV; Br-K 

edge J3474 eV; I K-edge 33169 eV; [ LIIl edge 

4557 eV) shows that, in principIe, on[y bromine 

is suitab[e. lodine cannot be used as an absorber, 

because the K-edge lies energctical!y too high and 

measurements at the LIII edge are not meaningfu[ 

due to the overlap with the L" spectrum. Mg and 

el K-edges stil! remain. Due 10 low energy only 

measurements with soft X-ray under high-vacuum 

condilions are possib[e. As one can imagine, the 

handling of reactive liquid Grignard compounds 

in high vacuum is experimentally quite difficu[t, 
but i,. in principie, possible. 
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[n the following, the threc EXAFS spl'Clro· 

scopical invcstigatioll~ \.vill he dcscrihcd. It i~ 

possihlc to pmeeed chrollologically. hccausc 11lL' 

structural picture has hecumc more complete ",itl1 

each publication. [1' Illcaningflll. the re>ults ale 

described in referenec to Ihe dillercnt physical 

chcmical studies as well '" to the LAXS inves­
tigations. It furtherlllorc appcared important lo liS 

that the experimental dala and the resultin~ inler­

pretation are not introduced withoUl any c();nmcnl. 

A critical evaluation should enable tI;c reaclcr lo 
better assess the resulls. 

l. Persson el al. have sludied the alkyllllagne· 

sium bromidcs McMgBr. EIMgBr and PhMgBr in 

diethyl ethcr at the Br K-edgc in the coneenlra­

tion range from O. l lo 1.0 M (Tahle lO.3). The 

X-ray absorption spcctra were collecled al Stan­

ford Synchrotron Radiation Laboratory, SSRL. and 

al Daresbury Synchrolron Radiation Source. SRS 

under dedicated eonditions (3~3.3 GeV. 40 IllA. 

wiggler 1Ield at 16.5~ 18 kG). AII the solutions as 

well as the model compllunds (Br2, eBr.¡, KBrO" 

MgBr2 , NaBr) were measured several times in 

transmission mode with nitrogen-filled ion cham­

bers. In arder to optimize the sensitivity al' the 

detection at SRS the first and the last lwo ion 

chambers were filled with 19.6 kPa Ar + 81.7 kPa 

He and 15.5 kPa Xe + 85.8 kPa He, respectively. 

The spectra shown in the pub[ication represent an 

average of 2~3 scans. Energy calibration was done 
with a KBr film. 

Data analysis was performed with the computer 

program XFPAKG, which was developed by 

R.A. Scott and co-workcrs at Stanford University. 

Tabl. HU. Complete lisling of all EXAFS spcctroseopieally invcstigated 
Grignard compounds 

Compound Solvent Molarity Tcmperature Litcraturc 

MeMgBr EI,O 0.6 RT [I06[ 
EtMgBr EI,O 0.1,1.0 RT 
PhMgBr Et,O 0.5,1.0 RT 
MeMgBr Et,O 3.1 RT 1I07J 
EtMgBr Et,O 3.0 RT 
PhMgBr Et,O 3.0 RT 
ViMgBr THF 1.6 RT 
McMgBr 1/-BU2Ü 1.5 -8YC.RT IIOgI 
EtMgBr !)·Bu,O 1.5 -8YC.RT 
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Starting from avcraged spcctra. lhe critical 
hackground corrcction was done hy ~lIhlr~lí..'liIlS a 

cubic spline, followcd hy nonnali/.alion accordillg 

to equation ( 10.2). The spline PO[[lIS vvere 
ehosen cmpirieally 10 millimize Ihe residual 

low-freqlleney hackgrolllld without rcdueing the 

observed amplitude nf the EXAFS. Fourier 
transforms of the data ",ere calculated hy 
numerical integration with le' weighled EXAFS 
funetions with a le vvindow ,,1' either ~.O~ 12.7 

or 3.0~14.5 k· l , broadcned hy a Gallssian 01' 
width O.J Á-l. 

The final curve-fitting proeedllre was clone with 

amplitude and pha,c fUllctions exlracled from 

the above mcntioncd model compollnos. Fouricr 

filtering was used to isolate the shcl! of interest 

in lhe model. A six-parameter fllnelion \Vas then 

1Itted to the extraeted data. This parameterized 

function was used as a refercnce when fitting the 

EXAFS al' Grignard eompollnds. When fitting lhe 

spectra the number and distanee of the baekscat­

terer were adjusled as variable parametcrs. Unfor­

tunately, MgBr2' lhe obviollS model for the Mg 

backscattering could not be used. Due lo its 

very high tendency to absorb water, the col!ected 

data were not reproducible. Since al! magne­

sium bromide compounds are very hygroscopic, no 

suitable magnesium-containing model compound 
cou[d be found, and solid NaBr was used instead. 

The Fourier transforms of all Grignard 

compounds show one major peak Ihat corresponds 

lo the expeeted Br- Mg distanee. Fourier fillering 

was used to isolate this peak. The subsc!.jucnt 

curve-fitting Icads 10 the results given in 
Table 10.4. A wider filter was also applied lo 

see if there was any contriblltion from other 

backscatterers and if such a seeond shell could 

hé lilled. This was, however, !lot the case. rol' 
phl'!1ylll1a~lll .. ..,ill1ll bromiJe lhe tits gavc an average 
Br· ~I ~ tlislallce nI' 2.55 A, which is in ver) 

close ,,~rCell)elll \\'ill1 the result 01' 2.56 Á oblained 
frolll tlll' I.¡\XS IIlcasurelllent. So il SCClllS thal 

lhe paraIllLtl'r .... L'\tral'tcd frol11 NaBr gi"c rcliablc 
rCsu!h, Whl'll lI\l'd ror litting rvlg hackscattcring. 

Anal\'sing lile EXAFS fUllctions 01' the difkrcnl 

solulions. one can say that lhe expcrilncntal 
spectra arl' nI' good quality. The Fourier tran,form 

01' the 1.0 \1 PhMgBr ,olution (Figure 10.10) 

shows thdt lhe hackground corrcction was nol 

R(Á¡ 

Fig. 10.10, rouricr transform of k' weighlcd EXAFS 
data (lf 1.0 1\1 phenylmagncsium bromide in diethyl 
elher. k rango .l.O~ 14.5 Á - l. The horizonlal bar indicalcs 
thc width of the window uscd when back-transfoffiling 
lhe dala. R is rclaled to the true distance R' by the phase 
shin (J aeeorJing to R' = R + a 1106]. 

Table 10.4. EXAFS curve-fitting: rcsulh of organomagncsium bromides in 
dicthyl ethcr [I06J 

Compound Molarity Br-M~ di~tancc IAI k = 3.0 - 14.5 k) 
k = .l~) ~ 12.7 Al 

McMgBr 0.6 2.53 2.56 
EtMgBr D.I 2.54 2.58 

1.0 2.54 
PhMgBr 0.5 2.55 2.56 

l.O 2.54 2.54 
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performed oplimally, which can he ,cen from lhe 
IwO rclalively high arlilicial maxima al O.') and 
1.2 Á. Allhough the delcnnincd Br-Mg dislancc 
nI' PhMgBr 01' lhe EXAFS and LAXS cxperimcnl 
agrce very well, lhe method of e\alUalion \Vilh 
NaBr as lhe model syslem relllain, t¡ucslionahlc. 
especially as il was nol possihle lO delennine 
the c()ordinalinn 1l11t1lhcr ror fIle ~1~1 h;lck,c'llIf'rl'f' 

crilieaL lhe fael lhal lhe Dchye- W,likr faclllr of 
lhe model was not varied, is. Fmm a ehemical 
eonsideration il is elear thal a Dchyc- \Valler 

faClor for cryslalline NaBr cannot he transferred 

without any change to Grignard cllmpounus wilh 
their dynamic equilihria and stalic di ,order. This. 
however, has been done by lhe authors. 

A further discrepaney results from the fael lhal 
in the LAXS data of PhMgBr a Br-Br dislance 
of 3.62 Á was found, which was nol deteclable in 
the EXAFS measurements. Here the general ques­
tion, of course, arises, whether a O.S or 1.0 molar 

solution (EXAFS) is comparable wilh a 2.0 molar 
one (LAXS). What one can presuppose in any 
case (see Section 10.5) is Ihal, in the investi­
gated concentration range, associated species with 
halogen bridging are present, explaining the detec­

tion of a Br-Br distance with LAXS. For the 
absence of such an absorber backscatterer pair, 
1. Persson el al. give the following explanation. 

The LAXS technique is more sensitive to 
long and more diffuse distances than the EXAFS 
technique. The information about the distance l' 

from another ato m enters the theoretical intcnsily 
function of LAXS as a factor (sin krJ/kr and in 
the EXAFS equation as (sin 2kr) exp( - 2r/i.J/ 1'2 

(equations 10.5 and 10.4). An X-ray scattcring 
experiment covers the k region 0-16 Á -1, while 
EXAFS covers the region 6 ::: 2k ::: 30 A -l. Thus, 

there is better resolution when detecting the 
ncarest-neighbour environment in the EXAFS 
techniquc but it suffers from Ihe lack of low k data. 

i.e. infonnation about long-range order is lost. The 
signal from shells beyond the tirst falls off more 
quickly in EXAFS than in LAXS. 

In principie, these considerations are righl and 
eertainly playa role in the present case.-In our 
opinion. however. they cannot adequalcly explain 
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lhe abscnce 01' the Br- Br distance in the data. 
Therc are several EXAFS spectroscopic publi­
calions 01' Illetal organic comrlexes in solution, 
"here il "'as possib1c to detecl backscatterer at 
C\'l'll grcalef disti.lnces without any problcm. An 
explanation for lhe faet lhat no seconu coordination 
shl'll \Vas found. coulu he the fast exchange rate 01' 
lhe ;d~\'I- nr <.Irv! rt'"idllt' nI' til'~ ,\(1h'!'nl mnJ!'Cl1\e-.; 

lutcd tu lhe magnc;-.iull1 alom. J ligh cxchang-.; 
.. ales in solulion often result indirectly in high 

Dehye- \Valler faetors, making it impossible to 
uelect lhe corresponding backscatterers, despite 

fal'ourable dislances ror EXAFS spcctroscopy. A 
way lO avoid this problem is by the use of more 
conccnlrated solutions. In this case the existing 

species can occur in such concentralions that 
lhe corresponding backscatterers, despite the high 
Debyc- \Valler factors, are EXAFS spectroscopi­
cally detectable. 

11' one takcs a closer look at Figure 10.10 it 
seems that there are some small contributions of 

backscatterers in the distance range between 3.0 
and 4.0 Á. Of course, one cannot conclude Ihe 
relevance of such contributions from Ihe struclure 
function. They are, however, clearly higher than 

the noise level, which can be estimated from Ihe 
average value of the peak height between 4.0 
and 5.0 Á. 

Let us comc now to the structural interprela­
tion of the data. As one can see by comparison 
with the distance values of Table 10.3, the EXAFS 
spectroscopically determined Mg- Br distance lies 
in the expected range. Although the values of 
crystal structurc analyses and EXAFS measurc­
ments cannot be compared directly, it is notice­
able, lhat the Mg-Br distances for EtMgBr and 
PhMgBr are 0.06 and 0.11 Á greater in solution 
than in the crystal. Further coordination shelIs were 
nol found. This makes any statement about the 
slructure impossible. Therefore, the interpretation 

of L Persson el al. is only based upon LAXS 
measurements, whieh wilI be described extensively 
in the next section. Including the LAXS results of 
organomagnesiulll iodides [105] it can be antici­
pated that RMgX solutions in dielhyl ether wilh 
R = Me, El. Ph ano X = Br, I in the investigated 
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l'uncenlraliol' range frolll (J. I lo 2.7 M can appar­
enlly be fully desnibed hy lhe following equalion: 

2R!\1gX(El,OJ.¡ ,~ RIEI,()Jd\lgX,!\1g(EI,OJd{ 

t 21':1,0 

Tllc 1l10110Il1C]" .. 111<.\ lllll1cr l'()lllpk.\L'~ should llave 
<In ()l'tahedral ~L'olllctr~· alld l\lgX~ due;.. 1101 :-'CL'1ll 

,\ .... une L'<.ln dclllil'l tI' ,!lJ tia:: L'.\pLIIl;'Uldlb gi\'c:¡ 

;jbun~. statcll1cnh conccrning tlle structure 01' 
Grignard compounds in solulillll are only possible 
ir. nOl only one. but also highcr coordination shells 
can he dcteclcd. This 1"" sllcccedeu in lhe inves· 
ligalion 01' H. Bcnagnlllli ami T. S. Enel. They 
pcrformcd EXAFS measuremcnts on methyl-, 
elh)'l- and phenylmagnesillm hromides in diethyl 
elher and vinylmagncsiulll hromidc (ViMgBr) in 
THF with concenlralions 01' 3.12, 3.04, 2.96 
ami 1.56 M. In eonlrasl [() the sludy Illcntioned 
aho\'e, lhey investigaled mure highly concentrated 
solutions, lhereby increasing the rrobabilily of 
detecting a seconu or el'cn higher shell. 

The EXAFS expcrimenl was carried out 
al the Br K-edge at the beam line ROMO 
Il at the Hamburger S ynchrotronstrahlungslabor 
(HASYLAB) at DESY, Hamburg, at 20°C, with 
a Si (311) crystal monoehromator under ambient 
conditions (5.4 GeV, oeam current 50 mAl. Data 
were collected in transmission mode with ion 
chambers. The tirst ion chamber, monitoring lo, 
wilh a length of 15 cm was continuously fiushed 
with a mixlure 01' 7'!c argon and 93'ic nitrogcn. 
The second and third ion chambers, recording 
I I and 12, respectively, ",ith a length of 30 cm 
were fiushed with lOO'!, argon. Energy calibration 
was monitored wilh a 30 11m thick anhydrous 
MgBr2 sample as referencc. All measurements 
wcre performcd under an inert gas atmosphere. A 
sample cell suitable for mcasuring air and moisture 
sensitive compounds was used. 

Data analysis was performed with a program 
package, specially designed for the cvaluation of 
liquid or amorphous systcrns [109]. The back· 
ground removal was done by use 01' a modi­
tied srnoothing spline algorilhrn. and subsequent 
nonnalization with the delermincd spline. The k 
ranges of the k) ",eighled EXAFS functions of 

MeMgBr, ElMgBr. I'h!\1~Hr ami ViM~llr \\l'rC 
2.6-10.), 2.6-IOJI. 2.5 -11.-1 and 2.5-1()(J;\ '. 
respectively. Tlle ~()rre~pllnuing Fouricr 1¡IlL'rill~ 

rangcs inc\uding: lhe !ir~t ~lIlll second coordill¡\­

lion shell ",ere l.h --.'.J. 1.)-J.-1. 1.6-.'.-1. allll 
1.5-3.-1 Á. In orJn lo dCIl'nllinc lhc coordinaliol' 
1l11ll1her N more ~\Cl.'lIr'-ltl'l:.. lhL' Xu.:) fLllll'lioll\ \\ l'rl' 

,L'I'nn\'l1lnt"11 '\'i!l' '111' 1l1,~"'" hn\!11:t!(lr n',-\dl!II"ll 

lhe cffect j...¡ \'lTy \Illc:ll ,uid in r~rinl'ip!c !I¡)! ll\lli_\ 

relevant. 
The curve-tilling rroccdure \Vas done \\ ilh 

ditlcrenl thellrelical (~1cKale. FEFF, EXCU RVl)() I 
as ",ell as lllodcl amplilude and phase funeliol,.,. 

The Fourier lransforms of all GrignanJ cOlllpound, 
sho\\ a ",ell pronouneeu tiN coordinalion shel!. 
11 was foun¡\ lhal in agreel11enl with the rcsult, ,,1' 
1. Persson el a/. this peak eontains lhe eonlrihulion 
of a single magncsium hackscatterer. Furlhenllorl'. 
the Fourier tram,form.., silo\\' a small ~Cl'UIllI 

l11aximum. The queslion 01' whethcr this pea~ is 
an artifact, i.e. a side lobe 01' lhe tirst coordinalion 

shell or a real conlribution of olher backscatterers. 
was checked intensively by different rnethods. 
The result was that il is a real peak. Only in 

the case of ViMgBr in THF did only a single 
oxygen backscatterer conlribute to this seeond 
coordination shelL For aH Ihe other cOl11pounds. 
the descriplion with a single oxygen backscallerer 
was insufficient and an oxygen-brol11ine pair 
yield~d the besl results. \Vith lheoretical alllplilude 

and phasc funclions by McKale as weH as those 
calculated by lhe program FEFF lhe improvelllcnl 
reached with a third backscatterer was nol 

significant. The rcsults obtained with EXCURVlJO 
provide addilional evidence that the seeonu 
Illaxilllum of lhe Fourier transform is a real peak 

and also here an oxygen-bromine pair yielded 
the hesl tít. EXCURV90. however, provides lhe 
possibility of calculating the signitícance 01' further 
shells when iterations are carried out after a¡\di ng 
a new sheH (Joyner statistie tesl [110]). Conlrar)' 
lO lhe resull abo ve (Mc Kale, FEFFJ there is a 99';( 

probability for the existence of a further oxygen 
backscatterer COnlributing to lhe second maxilllulll. 

AH tits nI' the experimental data Wilh thcmel­
ical amplilude and rhase functions yield \ alul', 
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Tuble 10.5. Summary nI' lile ¡¡h~orhLT had, .... callcfcr distall .... c:-. 
r I Á I ror Ihe Gri,gnard cornpnullu .... ohlaillL'd \'.'ilh alllpli­
lude and pllase fUlll'lion" calculalcd h) Md\.ak, FEFF ;lml 
EXCURV91l1107J 

B~ckscatlcn:1 McKak FEFF EXClIRVl)()" 
----------------~----

MClhylmagllcsiulll hromiJc in dicthyll'lhL'r 
Mg 2.4X 2AX 2 . .1" l.4i 
Br 3.49 3.49 .1 . .19 .1 . .19 
O 3.66 3.66 .1.67 3/16 
O .n9 

Ethylmagncsiulll hrolllide in dicth) I cther 

Mg 24g 
Br 347 
O 3.69 
O 

l.4X 
.1A7 
3.69 

2 . .15 
346 
3.(,.1 

2.'15 
3AX 
3.68 
3.-12 

Phenylmagncsiulll bromiJL: in Jicthyl cthcr 

Mg 2...16 
Br 3.47 
O 3.68 
O 

2...16 
3.47 
3.70 

2A.J 
3.-13 
3.63 

2...14 
3.H 
.H4 
. n7 

Vinylmagncsiulll bromidc in tctrahydrofuran 

Mg 
O 

2.52 
3.38 

2.53 
3.38 

2.50 
3.35 

aResults of the three and four shcll fits. rcspectively. 

01' the coordination numbers, which are unexpect­
edly low, even for the first coordination shel!. The 
authors suggest, that this is caused by the short­
comings of the theoretical amplitude and phase 
functions that were used. Like L Persson el al. 
therelore, they used model amplitude and phase 
functions 01' NaBr for the determination of the 
numbcr of magnesium atoms in the first shell of 
brominc. The eoordination numbers of MeMgBr. 
EtMgBr, PhMgBr and ViMgBr are 1.60, 1.62. 
1.33 and 0.97, respectively. The distances changed 
to 2.56, 2.56. 2.55 and 2.61 Á. A summary of 
the distances obtained with the different theo­
retical amplitude and phase functions (McKalc. 
FEFF. EXCURV90l is found in Table lO.5. Other 
structural parameters-for example coordination 
numbers N or Debye-Waller factors a-are not 
given. because their values are not considcred in 
the interpretation of the data. 

Based upon the determined distances and the 
coordination numbers obtained with the model 
amplitude and phase functions. a relativcly 

complex structural model for the Grignard 
compounds was developed by the authors. We 
will now describe Ihese considerations and in 
the end comment on the results critieally. As 
can be understood from Figure 10.11. the faet 
that the Mg coordination numbers are higlier 
than 1 is an indicalion of an association of the 
compounds MeMgBr. EtMgBr and PhMgBr in 
diethyl cther. The existence of a Br-Br pairo as it is 
deduced from the simulation of the seeond shell. 
confirms the association. too. A Br- Br distance 
01' about Ihe deduccd value could also be the 
result of an equilibriulll between MgBr2' MgR2 
and RMgBr. But, the coordination number for Br 
with respect to Mg. however. would strietly be 1 
in Ihis case. According lO the Br- Mg coordination 
number the percentage of dimers in the ethereal 
solutions is 60'7c. 62% and 33'10. respectively. 
The Br-Mg coordination number of 0.97 for 
the solution of vinyJmagnesium bromide in THF 
confirms the existcnce of monomcrs. And, no 
Sr-Br absorber-backscattcrer pair was found by 
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:"i.\I,'-O.() 

:\\1~ > I 11 ¡ ¡ 
N:-.1¡.' = ),0 

: :_¡¡\IJ2~J 
'\'Ic'- 1.(1 

:\\I~ = 1.0 
N:'l~ » O 

Fi~. IO.JI. SChCm:11iL' drawing uf Ihe cquilihri~l in ~1)111li(lll \\ ¡th rc;-.pccl tu the thcorctically ohscrved Mg cnordin~l!i(l!l 
Ilumher. 

analyzing the EXAFS data. SUl11l11arizing these 
resulls, the Grignard cOl11pounds in dicthyl elher 
are mixtures of monomcrs and dimcrs. In THF, 
howcver, only monomers arc lórlllcd . 

The structure of Ihe 1110nomcric spccies is 
deduced from the obtaincd Br-Mg and Br-O 
dislances. With the distanccs obtained from 
the three shell fits for Ihe backscalterers Mg, 
Br, O and Br-Mg-O bond angles 01' 120.0', 
109.48' and 90.0', the Mg-O distances were 
calculated for a trigonal planar, tetrahedral and 
octahedral coordination gcometry. The average 
Mg-O distance in crystalline Grignard compounds 
is 2.1 ± 0.1 Á (Table 10.1 l. Assuming that there is 
no considerable change of this distance in solution. 

the calculated Mg-O distances Illust be ahout 
2.1 ± 0.3 Á. For the cOlllpounds methyl-. cthyl­
and phenylmagnesium bromide in dicthyl ether 
valucs of Mg-O distances in the mentioncd range 
wcre rcproduced for a Br-Mg-O bond angle 
of 109,48" A bond angle of 900 is the only 
reasonable one for vinylmagnesium bromide in 
THF (Table 10.6). The conclusion was that the 
monollleric species in dielhyl ether and ViMgBr 
in THF are most likely to have tetrahedral or 
octahedral structure, respeetively. 

From the experimentally determined values of 
Br-Mg and Br-Br distances, a Br-Mg-Br bond 
angle of 90 ± 10 was dedueed (Table 10.6 l. Sincc 
the compounds in diethyl ether are most likely 

Table 10.6. Thc dcrived Br-Mg-Br honu anglcs anu Mg-O uistanccs, dcduccd from the obtained Br-Mg. 
Br-Br and Br-O distanccs 1I07J 

Mg-O lAl Mg-O [Al Mg-O IAl 
Compound (Br-Mg-Br['J 120.00 109.48' 90.0 

MeMgBr Thrcc shcll fits 90 1.76 2.03 2.73 
Four shell lit" 91 1.77 2.03 2.73 

1.43 1.67 2.35 
EtMgBr Thrcc shell lits R9 1.75 2.02 2.71 

Four shell lit YO 1.78 2.05 2.75 
1.44 L70 2.38 

PhMgBr Thrcc shcll lits 89 1.76 2.03 2.72 
Faur shcll lit 90 L74 2.01 2.70 

1.41 1.66 2.33 
ViMgBr Two shcll lits UI 1.55 2.2-l 

llAs the consequenc~ nfthc (wo ditlcTenl dl'[cctcJ Br-O di,t~Hlct':-- tTabk 10.5) the Mg-O distanccs for a trigonal pl.'.llWL 

tetrahcdral and o<.:tahedral coonlination gCPl1lctry \\':l'fl' calculalcd. In Ihe St'Colld ro\\' the valuc'> for the shortcr Br-() 
dislance are given. 
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lo hay\! a tl'tLtllcdral 1ll01l()!llcf petlllll'try. lhe 

1ll0110lllCr suh-ulli¡, l'ould forlll d¡,¡()r!cd Il'lrahc­

dral dilll('r~. lll)\\ l'\ el", lhe illltj¡or~ ~l!rpri\illt!ly 

éxclude ",ch a IIlllCkl and ",y 11"'1 a Illore pndl­
ahk struclllre IIl<Hkl 11 ith a Ilr-!\I e-Ilr hOlld 
angle 01' <)() el- I is prm i,led h} Ihe fOrlmlioll 01' 
octahL'dral dit1llT~. ¡\;-'''lII1Ün¡; ...,udl al1 oL't;:lllcdr;¡1 

dilllcr. an addiliollal alld shorter !ir-O dist,1I1ce 
Ihan the one they found "ilh tlle three shL'1I lils 
should have heen lieleL'tec!. Imked, 11 hen Ihe) 
perforllled ilcrations lI'ilh EXClIRV<)(). a fllrther 
and dclinitely shurter Br-O dislance "ilh a <)l)(,; 
probability 1'01' its existence \las deterlllined. \Vilh 
the results for lhe Br- ~Ig ami lhe ,hml B,-O 
distances. lhe calculation of Mg-O dislanl'eS for 
Br-Mg-O bond angles of I ~O. 109..+8 ,rnd <)().() 
was repeated. Onl)' a hond angle 01' 'JO.O' pl()vides 
a reasonable !\lg-0 distante (luble 10.6). The 
calculated Mg-O dislanee gives a slrong indica­
tion for the proposed oClahedral dimers. hUI does 
not exclude the existence oC octahedral lIlonnmcrs. 
Based upon the rclatively high average deduced 
Mg-O distance for the oClahedral geollletry 01' 
2.35 Á. the authors conclude that an octahedral 
monomer is not formed in solution. The distance 
has to be assigned only to the dimer. As an expla­
nation for the high value, they argue that this is a 
consequence of the steric demands in the complcx, 

Summarizing the results, the Grignard COI11-

pounds methyl-, ethyl- and phcnylmagnesium 
bromidc can be described by an equilibrium nf 
tetrahedral monol11ers and octahedral dimers. Thc 
percentage nf dimer species is 60ck, 62'lf and 
33%. For methyl- and ethylmagnesium bromide 
the equilibrium is on the side of the dimer 
and for phcnyll1lagnesillm bromidc on the side 
of lhe monomer species for steric rcasnns. The 
structure of vinylmagnesium bromide in THF can 
be described best as an oetahedral 1Il0nOmeL 

Some critical eomments coneerning the interpre­
tation of the data should now be made. First what 
can he said abollt the degrees of dimerization') 
It is known that the determination of coordina­
tion numhers by means of EXAFS spectroscopy 
is generally ver) difticult and can ha ve an error 
01' about 30(1<. It follows that lhe tendency deter­
mined for the degree of dimerization certainly " 
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righ!. \Vhen lhe ahsolllte values are eonsidered 
one has to bear in Illind the possihlc experimental 
error. Although lhe authOl's emphasizc this explic­
illy, il should be remcmbered that on the hasis 
01' the EXAFS data no statements can he made 
~lhuul the possible appcarallcc of l1ighcr a~socia(('~ 
'-,uch as oligomcrs nI' ahollt lile posilioll 01' lhe 

orgallic rcsiduc. Thercforc. a dislinctio!l hetwccll 

dimers ofthe types R2MgRr2Mg ami RMgRr,t\lgR 
(with supporting Illolecules nI' solvationl is IH)t 
possihlc. 

As noled before, the authors exclllde the exis­
lenee 01' distorted tetrahedral di mer" Based lIplln 
the rour shell fits, they conduele that the dnmi­
nant structures are oetahedral dimers, Although the 
Joyner statistic test gives a 99(;; probability rol' the 
existence of a further Br-O distanee, it remains 
unclear why a proof failed with the amplitude und 
phase funclÍons of MeKale und FEFF. Further­
more, it is noteworthy that the deduced Mg-O 
distallce in the telrahedral monomer on average is 
2,03 Á compared with 2.35 Á for lhe octah;dral 
dimer. An explanation on the basis of the higher 
steric demands in the octahedral dimer seems plau­
sible. It is surprising, however, that such high 
solvent distances are not observed in crystal struc­
ture data. If one assumes that the Joyner statistie 
test has faiIed in lhe present case anothcr inter­
pretation of the data is required. An octahedral 
geometry can no longer be assumed, although all 
other conclusions remain corree!. 

In view of the problem addressed aboye, a recent 
EXAFS study of Grignard compounds in solution 
gives very intereslÍng information. MeMgBr und 
EtMgBr in n-Bu20 (1.5 M) were investigated at 
room temperature and -85'C at the magnesium 
and bromine K-edges. It is remarkable that the. 
expcrimentally very difficult, lIleasuremenb at the 
Mg K-edge were performed here for the tirst time. 
Measurcment at both absorption edges has. more­
over, the big advantage that complementar)' slruc­
ture information can be received. 

The bromine K EXAFS speclra were recorded 
in transmission geometry at beamline ROMO II at 
the HASYLAB in Hamburg with a Si(311) doublc 
crystal monochromator. Data were collected ",ith 
ion chambers, The first ion chamher. monitoring 
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1". witl! " len~lh uf 15 cm was Ilushed ",itl! 
nitru\2t'!l. ThL' \l'COlld ion challlher. Illonitoring. 1 ¡, 

IIIII! '" Icnclh u!" .,0 cm "'as Ilushed with argon. A 
.... alllpk n'll \uilahk rOl" Jl1ea~uring ai!" and Illoisturc 

:-.('Il~ili\'l.' ctlmpolllld .... \Vas uscd. To cool lhe (eJl 
do\\ II 10 ---:\5 (', cokl nitrogcll Yupour \.Va, lI:-'L'd 
"nd tl!L' tempnallllc uf lhe sample \l'as eonlrolled 
"ilh a IIlL'rlllOl'Ouplc. AhsorplÍon speetra \\'ere 
mc,,,ulwl in lile photon cnergy range fmm I ~350 
to 142'iO c\" Data \\'ere reeorded e'luidistant in 

k spac'c, "illr ti!.: = 1/15 Á·
I

. Salllpling timc at 
e"eh d"ta puint w"s increased from l S at the begin­
nin~ to (, S at the end of a speetrum and four to 
ten L spcclr:¡ \Vere sUlllmed up for eaeh Gri~nard 
cOlllpollnd and tClllperature. 

\lagnesiulll K Iluoreseence EXAFS spcctra 
\\'cre ;'ccorded with the HE-PGM-2 plane grating 
monochromator "ith a resolutÍon of 5-10 eV 
"1 lhe eleclron storagc ring BESSY in Berlin, 
The cxperimenls ",ere performed at the BESSY 
llulll'cscencc chambcr that is especially designed 
for lluorcscencc EXAFS experiments with soft X­
rays, The intensity of the incoming synchrotron 
radiation was rnonitored by the total electron yield 
of a gold grid of 80% transmission. To study the 
tluoresccnee radiation, emitted by the sample, a 
high purity germanium detector with a resolution 
of approximately 100 eV at the magnesium K 
edge and a rnulti-channel analyser wcre used. 
Thc sample was mounted on the cold finger of a 
rotatable 5ample manipulator which can be cooled 
with liquid nitrogen. Fluorescence spectra wcrc 
rncasured in lhe photon energy range from 1260 
10 1560 eV and data were recorded equidistant in 
energy with b.E = 2 eV, Because photon Ilux al 
the magncsiurn K edge is relatively low at BESSY. 
a large nUlllber nf spectra was accumulated for 
each Grignard compound and temperature. so 
that lhe salllpling time at each data point was 
approxilllately 6 minutes. As all window materials 
strongly absorb soft X-rays, the vacuum of the 
BESSY tluorcscence chamber is directly connectcd 
to the vaeuum of lhe electron storage ring, without 
uny windows. Therefore, lhe liquid sample had 
to be stored in a UHV tight cell, appropriate for 
tempcralUre dependent fluorescence measuremenls 
in the 50ft X-ray region, A schematie drawing 

01' tlrc cell is slrollll in ¡:¡~lIrL' 111.12, Thc main 
CO/llpOlll'1l1 i\ lile .:; plll (hiel.. heryllilllll \\ ¡mio\\'. 

which i\ cO;l!L'd witll ~I dlL'll1iL'¡¡j-rl'\i\lalll pnlylllcr 

film 01' I lIm llrid,ne". TCIllI'erallllcs 01' the 
¡iquid "~II11I'1k hclo\\ rOUlll k IllPL'f,-1!llrl' can he 
<ldjLJ~lcd hy coplill~ lhe LT11 \\ 111t ti l'()ld lill~L'r ami 

simultanL'Ousl) heatin~ the cdl \1 ilh Ihe IrL'atc'r. 
hn lhe hrominc lra!l~llIi,,\iull 1l1Ca\UfClllCllt:-. 

Id/: I \\'as ealclIlated in Ilre IISll:tI Illanller, In 
lhe l'ase (JI' tlll' 1ll~l\ . .:nC~lllll1 tluorl'\cl'Ill'C IllC~hllrl'­

Illents. Ihe linear ;,hsorptilln codlicicnt is calcu­
lated with the relationll(EI = II (le')/I"tEI, where 
I J stands for the dcleetcd inlensil\' of Iluores­
cellCC radiatioll and '11 ror Ihe Ilurlllalizcd currcllL 
whieh is proportional lo the prim"ry radiation 
intensity, Self absorplion is negkctcd. hecausc tile 
alllount is too smal!. Figul'cs IO.13a and 10.13b 
show the bromine and magncsiulll X-nly absorp­
tion spcClra 01' the 1.5 1.,1 solutions of l\1eMgBr and 
Etl\1gBr inll-Bu~O "t RT ancl -X'i C. rcspceli\·ely. 

1" ~ 

Fig, 10,12, Cell for lel11peralUre dependent Iluorescence 
EXAFS l11easuremenls 01' liquids "ilh soft X-rays. The 
eell cOllsists 01' holder (1), windüw Ilange (2). doublc­
sided flangc O) containing: lhe I¡quid samplc, hlind 
tlange (4). thermocouplc (5), eartridge heater (6), copper 
gaskels (81. serew bolts (9) ami polymer co",cd beryl­
lium window (10). During lhe cxpcrilllcnt. the cel! is 
mountcd on lhe culd finger (7) of a s<lmpk manipu­
blor [IOXI. 
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Fig. IU.l3. Norlllali/.cd X-ray ah~orr)liun spcctra al lhe hrominc (a) ano magnc~illlll K-coge (\1) of 1.5 M snlutions 01' 
lhe Grignard cOlllpound~ in 1l-[3u,:oO. Thc spcclra corrc"llund 10 McMgBr al RT. McMg13r at -X5 e, EtMgBr al RT 
ami EIMgBr al -X5"C (rrom IOp lo hollom) IIOXI. 

Thc data analysis was pcrformcd according to 
rcference [109). To determine the slllooth part of 
the background subtracted spectrum, a modifico 
smoothing spline algorithm was used. The EXAFS 
X(k) functions were multiplicd with k3 and Fouricr 
filtcred in the ranges 1.40-3.50 Á for the brominc 
EXAFS spectra and 1.00-3.40 Á for the magne­
sium EXAFS spectra. 

Curve-litting in k space was performed with 
the program EXCURV90 and with theoretical 
amplitude and phase functions calculated with the 
program FEFF. The experimental k3 X(k) functions, 
their Fourier transforms and fits lo the experi­
mental data are shown in Figures 10.14 and 10.15. 
According lo Figures 10.14 and 10.15, the Fouricr 
transforms of the k3 X(k) functions of bromine 
and magnesium show a main peak al small 
distances and additional smaller structures at larger 
distances. In tbe case of the magnesium central 
atom, least-square refinements of the main peak 
with carbon atoms of bonded alkyl groups. oxygen 
atoms of coordinated solvent molecules and with 
a combination of carbon and oxygen atoms. werc 
pcrformed. With both programs EXCURV90 and 
FEFF, a single coordination sheIl of oxygen atoms 
at a distance of approximately 2.02 Á resulted 
in a significantly better lit than a single coor­
dination shell of carbon atoms al a distance of 
approximately 2.\0 Á. Fits with both oxygen and 
carbon backscatterers were only successful with 
EXCURV90. With this program, two coordina­
tion shclls 01' oxygen and carbon atoms at a 
distance of approximately 2.00 and 2.15 to 2.36 Á. 

réspccti"cly, gave a significantly better lit than a 
single coordinatioll shell of oxygcn atoms. The 
structures at larger distanccs can be described by 
t\\'o coordination shells 01' hromine and magnesium 
atoms. In the case ()f the bromine central atom, the 
main peak and the structures at larger distances 
can he described with three coordination shells of 
magnesium, bromine and oxygcn or carbon atoms. 
As carbon atoms were diftlcult to detect by magne­
sium K-edge measurements, lhe authors stated Ihal 
the light backscatterer detected by bromine K-edge 
measurements was most probably oxygen. 

As before, in the former EXAFS investiga­
tion, only the interatomic distances were used to 
analyze the possible geometrics of the monomers 
and the dimers of MeMgBr and EtMgBr in 
Il-Bu,O. The obtained values are summarized 'in 
Table 10.7 and fulfill the following consislency 
criteria. First, the analysis of lhe magnesium and 
the bromine EXAFS functions resulted in the same 
value for the Mg-Br distance, to a very good 
approximation. Secondly, the distances increase 
with temperature, as is expected owing to the 
anharmonicity of the atomie interaction potentials. 
With the experimentally determined distances, the 
O-Mg-Br, Br-Mg-Br and Mg-Br-Mg angles 
of the Grignard compounds can be calculated. 
These angles are 109°, 8T and SY, respectively. 

From the ca1culated O-Mg-Br angle it 
follows that the geometry of monomers is 
tetrahedral. As the Br-Mg-Br and Mg-Br-Mg 
angles are approximately 90', association to 
dimers distorts the tctrahedral geometry of the 
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Fig. 10.14. Experimental holid curve) and ealculated (dashed curve) EXAFS funclions ahm'C the magnesiuIn K­
cdgc of J.5 M so!utions nI' Grignard COlllrollll(l~ in ll-Bu:,O and the corresponding Fourier tramJorms. The figures 
correspond lo McMgBr al RT (a). MeMgBr al -SS e (h). EIMgBr at RT (e) and EtMgBr at -gyC (di [lOS]. 

monomers and the obvious hypothesis has to be 
considcrcd that the magnesium atoms of the dimcrs 
may becomc octahedrally coordinatcd. With thc 
experimentally determined Mg-O and I\1g- Br 
distanccs, the Br-O distance of hypnthctical 

octahedral dimers can be calculated as being 
approximately 3.4 Á. According to the following 
considerations. oxygen atoms of hypothetical 
octahedral dimers should be detectable by brominc 
EXAFS spectroscopy. Based upon the detcction 
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Fig. 10.15. Experimenlal (solid cune) and ealculalcd (dashcd curvc) EXAFS funclions ahove lhe hrollline K-cd~c "f 
1.5 M solution:-. nf GrignanJ compound\ in n-Bu::,O ano the corresponding Fourier transforms. Thc figure . ..., corrc~pond 
lo McMgBr al RT (al. MeMgBr al -~5" e Ih), EtMgBr al RT (e) and EtMgBr at -85T (d) IIOSJ. 

of magnesiulll and bromine baek>cattcrers, there 
will be a considerable alllount of dilller speeies 
existing in solution. Additionally. in the case of 
the existence of an oetahedral dime ... depending 
on the position of the carbon atOIllS of the 
bonded alkyl groups. four to ti ve oxygen atoms 
would be plaeed at a distanee of 3.4 Á from 

the bromine atoms and should be detectable by 
hromine EXAFS spectroscopy. As oxygen atoms 
at a distance of 3.4 Á from the brominc atoms 
were not detected, neither at RT nor at -8Yc' 
octahedral geometry is very unlikely for the dimers 
of MeMgBr and EtMgBr in I/-Bu,O. The derived 
distances and angles suggest telrahedral monomcrs 
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'nlhle 10.7. SUllllllary 01" the ahsorher h:lI.:~"'L·'II1l'll·1 dl."UIlCl·\ J IAI rol' lile Cjli~Il:lId C()lll!lOUlllb 

McMg8r ano EtMgBr ill Jl-13u::,O ohtailll'J \\ ¡lh :!!llplilUdL' ~!!ld pha'\l' fLlIlLli(lll,\ L~ilCllLttl'd hv FlJ''''' 
antl EXCURV<JO 1I OH I . 

Bal'kscattcrcr I\lcMgllr, RT ~k'lgBr. 

Ahsorber Ilr 

Mg ]-19 
Br 3,-H1 
o 371 

¡\h~orbcr Mg 

o 2.00 
e 2.15 
I3r 2-17 
1\1g 3 .. l.J 

antl dislorled tetrahcdral slructures rOl' dimers as 
gi \'en in Figure 10.16. 

Allhough thc results of lhis invcstigation 
'lIpply a vcry consistent piclure of the Grignard 
cOlllpounds and sorne qucslions previollsly nol 
claritied could IInarnbigllously be answered. one 
point stil! remains open. In none of the descrihe" 
stlldies could a carhon baekscatterer be identitied 
convineingly. Thal this failed for the bromine 
absorption edge is understandable. First of al! 
one knows from crystal structure analyscs thal 
the solvent rnolecllles are more strongly hounded 
lo the magnesium ato m than are the organic 
rcsidues. Furthermore it is known from NMR 

Fig. 10.16. Proposed geolllelrY of dimers of MeMgBr 
and EIMgBr in II-Bu,O al RT and -85'C. Onl\ 
t\\'O of the four possible oxygcn coordination SilC'~ 
are actually oceupied by oxygcn atoms of II-Bu,O 
solvcnt molcculcs. For carhon atolllS of coordinat-cJ 
alkyl groups. angles cannol be calculatcd from 
the EXAFS spcctroscopically dClermined strllctural 
paralllclcrs IIOXJ. 
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dala that lhe alkyl 01' al') I grollps cxchange 
eXlremely fast. Only al lemperatures helow 
aboul -60'C is the cxchange slow enough 
lo pcrmil dislinguishing hel\\'ecn lhe clifferenl 
spccies using NMR spcClroscopy. Frorn the 
magnesium absorption cdgc. ho\\'c"cr. onc would 
have cxpected thal a carbon hackscatterer could 
he detectcd at least al -85 c C. This succeeded 
indeed with EXCURV9() hui not with the 
amplitude and phase funclions of FEFF. A possihle 
explanation could be thal the theoretical functions 
of the oxygen and carbon baekscatterers only 
differ negligibly. Bolh hackseatterers are in a 
distance rangc that impedes a separalion 01' hoth 
eontrihutions. Sinee the direct environrnenl at lhe 
magnesium ato m is dominated by Ihe solvent 
moleculcs. it is possihlc hy filling with solely an 
oxygen backscatterer that the conlribution 01' the 
carbon backscattcrcr can he is included as well. 
An unamhiguolls complele explanation for this 
phcnomena remains to he estahlishcd. 

10.6.3 LAXS Studies 

We fOllnd only two stlldies 01' Grignard compounds 
in solulion in which the largc angle X-ray scat­
tering technique was applicd [105,1061. In the 
tirst paper mcthyl-, elhyl- and phenylmagncsium 
iodides. dissolvcd in dielhyl cther. were invcstiga­
lcd with the eomposilion. expressed in lcrms ~of 
sloichiomctric unils. CH,Mgl . 6.7lJEI'O. CH,Mgl· 
~AIE1~(). C,H;Mgl· 1())~Fl,O. C)l;\1gl. 2:'1 
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Et,O. C"H,Mgl . 1O .. HEt,O. C"H,Mgl . 5.67Et,0. 
which corrcsponds lo a l'onccntration rall!!l' 

0.9-2.7 M. The soluti()'b we,'e kcpl in a cylindric~1. 
thin-walled glass vesscl. which \Vas halr-filled. A 
large 19-19 diffraClomctcr W<I~ lI~ed lo Illeasurc lhe 
~callcred intensitics and {he lllo!l{)Chromalor \\'as 
positioned oefore the scintillalion c()unler. There­

fúre. the incoherent scattering is nol complelcly 
recorded at large scaltering angles. The scattered 
intensities were collccted in Ihe ranee 4 < O < 55'. 

which corresponds lO 1.2.1 S " :S. 14.48 A=-' 1'01' 
Mo-Ka radiation (J. = 0.7107 A J. "ith a step sizc 01' 
about 0.1

0

• The counting time for cach samplc point 
was never less than 20 Illinu les. That means a dura­

tion of one wcek for onc scan. This is a typical time. 

when liquids are studied with X-rays. and requires 
very stable experimental conditions. The data were 
evaluated, as deseribed in Section 10.3.3. 

In Figure 10.17 the distincl part. weighted with 
k and normalizcd to the averaged fürm factor. 

is given together with theoretical calculations. In 
Figure 10.18 the Fouricr transfonns of thc func­

tions, given in Figure 10.17. arc dcpicted. These 
funetions are the sum of all pair corrclations func­

tions, weighted by the produet of the electron 

number of the eorresponding atom pairs. In order 

Grignard Reagents: New Developrncnls 

to sce how the individual ato m pair eorrelalion 
rllnelions eontriollte lo this sumo the total '110m pair 
corrclalioll fllnction G(r) 

( IO.eh) 

is calculated ror Ihe solution CH,M~I . 6.79 Et~() 

explicitly with the abbreviation Et for 6.79 El,O 
and Me for CH,: 

Clr) = O.ll006gMeMe (r) + 0.001 6gskslg (r) 

+ O.0073gMeI (r) 

0.0400gMeEt (r) + O.OOllgMgslg(r) 

+ 0.0099gMg ,(r) 

O.0530g MgE, (r) + O.0220g 11 (1') 

+ 0.2344g'Et(r) 

O.6307gEtE,(r) 

The problem that arises when solutions are 

studied by X-rays, can be seen very clearly from 

)¡-McMgl 

)¡-EtMgl 

)¡-PhMgl 

12 

Fig. 10.17. Re~uced intensitie, k1"'d(k) ror the 1.0 M organomagne,ium iodides in diethyl elher [105). Experimental 
and func,lIons calculmed I~on~ lhe IlIlal ,lruelural models are marked wilh 0 and O. respectively. The models wilh 
octahcdrally ano tctrahedrdll) (OOrdHlatcd magncSllllTI are shO\\'1l lo Ihe left ano right. rcspccli\'cly. 
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Fig. 10.18. Oillerell,ial elcelrollie radial dislribulion 
runction D(r) for tile 1.0 M organomagncsium iodidcs 
in diethyl "Iher [IIIS [. Experimenlal and funetions 
l'alcu¡al~d rrulll lile linal :-.tnlL'llIral modcls are markcd 
with 0 ami O. respeelivel)'. Thc models wilh 
oCLahcLlrally and tctrahedrally coordinatcd magncsium 
are shoWIl Lo Lhe kft ano righe rcspcctivcly. 

this formula. Although the concentration of the 

Grignard compound i: rather large and iodine is a 
strong scanerer, the eontrioution of the pair corre­

lation function of interest, namely gM,I(r). g,,(r) 

and g'kl(r) totally is less than eight percent. Of 
course. one is tempted to measure the solvent 
without the solute and to extraet the contribution of 
the Grignard eompound from the difTerence 01' the 

ll1easurcments of the solution and the pure solven!. 
But one has to ocar in mind that the solute may 
change the strueture 01' the solvent, and in view 01' 
Ihe rather small numher of solvent molecules-the 
ratio is 7: I-it is very likely that the structure of 
the solvation shell is difTerent from the microscopic 

structurc 01' the pure solvent. Therefore. this proce­
dure cannot he applied. 

In view 01' the small weight 01' the pair corre la­
tion functions 01' interest and taking into aecount 

the experimental errors it seems to be impos­
siblc to extraet information about the strueture of 
the Grignard eompounds from the experimcntally 
deteflnined funetion. Neverthcless, the authors 01' 
the two papers [105. 106 J deduced the struc­
tures 01' lhe Grignard compound in solution. The 

way in whieh Ihe) do it is demollslr"ted rol' 
the systcm eH ,Mgl . (,.7<) 1;1,0. The \\eighled 

sum uf atol11 pair ('orrdaliol1 fLlIlUioll:-- L'xl!ihih a 

pronounccd peak al 2.X A. Thi~ peak is a"~I~I1L'd 

to a Mg-I distance. Thell the pe"k "re" is tkter­

mined. With the "SSUllIl'lioll thal sokl, ~le-1 

pairs contrihllte lo the peak "t 2.S i\. tht: mll,;""r 

01' ioJinc atOIl1S, coordinalct! al lhe mag!lc .... iulll 
atom. is caleulated as 1..16. As this numher is 

larger than l. it i, eoncluded Ihal monOlllers and 

dimers cxis!. This condusion is correct. as far as 

the assumption is valid that there are no other 

atom pairs which cOlltrioute lo the peak ill Ihe 
range in \vhich the coordinatioll numbcr \\ a\ dctl'r~ 

mined. 
At this point. the queslion ahout lhe strLlctLlre 

01' the dimers aI·iscs. The aLlthms testetl a lelrahe­

dral and oetahedral gcometry and calculated the 
corresponding 1-1 alld 1-(' distanees frolll the 

experimentally detennillcd '\1g--1 distallce and a 

Mg-C distancc. whieh is takell from other data. 
preferably from crystal structure data. As Ihe coor­

dination number is known from the peak arca alld 

the values of the Debye- Waller factors 01' these 

distances were set, the eontribution 01' the dislances 

1-1 and I-C (methyl) to the distinct pan ean be 

ealculated according to equation (lO.lO). 

But at this stage, the qucstion about the structure 

01' the monomer remains unanswercd. The authors 

admit that it is impossiblc from thc present dala 

to distinguish hetween tetrahedral and oetahedral 

geometry and assume in the lirst step 01' the data 

interpretation that both monomcric and dimerie 
Grignard species. where magnesium is octahe­

drally or tetrahedrally coordillated, cxis!. With 

these assumptions three pmameters are surticient 

to calculate the contrioutions 01' the Mg-I. 1-1 

and I-C distances to the distinct pan 01' the seat­

tered intensity. The three parameters are the 1-1 

distance. its Debye- Waller factor and the o)or­

dination numoer. Their values were determined 

by curve-fitting to the experimental data. AII the 

other parameters. as for example the geol11etry 01' 
the dicthyl ethcr moleeule. \Vere taken fmm other 

studies. 
The result, of the least-sLJuarcs rclinements 

are shown in Figures I (l. I 7 and I (J. I X. The 



362 

IlHldcl, \\'ilh llrlahcurall)' coordinal~d magnesiulll 
are sho"," lo Ihe lel'!. allu thc cllrrcsponuing 
Illodel, ",ilh lelrahedr,illy coordi nal~d Illagncsiulll 
<.1ft." ~IH)\\'1l tu ¡he right. ¡\" can he ~c('n fro!ll lhe 
L'olllpari:-.un ul hutll l11udcls, ir i~ hard lo favour 

unc llludL'!. :-\n l'rthek'\:-" lhe aUl!Jor:-. Clll1Cluuc thal 
a Illode! in\ ol\"illg hoth IlHlIlOllleri L' unu dillll'ric 

\'! 

dllhllCd, gl\"L" lile 0\..:'.,[ III tU t~l ... exp~rimenlal 

Jata and determines lhe dcgrcc 01' dimerization 
liom the nllmher of 1-1 dislances. For phenylmag­
n~sium iodidc. howc\cr. no dislinction belween 
lelrahedrally and oetahcdrally conrdinated magnc­
,ium could h~ mad~, becallse a silllilarly good tít 
"'as ohtaincd ror bolh models. Thc authors are 
con\'illced that dimers cxist in diethyl ether solu­
tilllh. ,ince the)' suecceded in litting the number 01' 
1-1 distane~s for t\Vo differcnt concentrations with 
only oue dimcri,ation constant. which. howevcr, 
is ralher small. Hut th~y admil also that the 
rclin~m~nt 01' the data was very difticult and 
they are unablc to exclllde the dimcric struclure 
R2MgX,Mg. 

In the second paper Ihe same authors studied 
phenylmagnesium bromide in diethyl ether wilh 
the composition CúH,MgBr· 4.80 E120. Also here 
the total atom pair correlation function is calcu­
lated cxplicitly in order to see lhe individual weight 

4 

o/PhMgBr -4 

4 
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01' Ihe ato m pair corrclation rllnction nI' interc,1 

G(r) = O.0020gl'hl'h (r) + 0.0 120gl'h\l, I r) 

+ O.03-l0gl'hll¡lr) 

0.01 97g"h"¡ (r) + IU)020g,,: ",Ir) 

+ IU)IO()~"'!I¡Ir) 

! J,(»)\'StJg .\l~l~t (r¡ + O.U !5lJg B¡ HI Ir) 

+ O.ló~5gll¡-EI(r) 
OA835g

'
•
tEt 

(r) 

",ith the ahbre\'i:ltion Ph 1'01' the phen)'1 group 
ami Et for -l.~O Et,O. As can be seen rmm 
lhis eqllation, the contrihlltiol1 nI' the Mg-Br and 
Br-Br pair correlatioll fllnclion is I and 2 perecn!. 
respectively. 

The measllrements were performed in thc 
samc manncr as thosc \vith Ihe organomagncsiull1 
iodides. The redllced intcllsily and the total 
alom pair eorrelation flllletions are shown in 
Figures 10.19. The interpretation 01' the total alom 
pair correlation function followed the outline 
given in the previous section. The peak at 
2.55 Á was assigned to a Mg-Br distance and 
the shoulder al 3.6 Á to a Br-Br dislance. 
From the arca of this shoulder-the limits 01' 
the integralioll are nol given - the number 01' 

f----------'--~ 

..t PhMgBr -4 ..t PhMgBr 
~~~~~~~~~ 

12 
rlAI 

Fig. U1.I9. Recuced inten,itie, U",'/Ik) anc dilferential electronic radial di,trihutilln function [Jlr) ror 2.0 M phenyl· 
magnc .... ium hromiJc in dicth)1 clhcr 1106]. Experimental and functiolls cakulatcJ frolll the final ~tructural moJe\:-' 
are marl--cd \~jth ® ano O. n:~pcclh·cly. Thc tl10dcls with nctahcdrally and tctrahcdrall) coorJinatcd magncsium are 
.... 110\\11 in t!1l' uppcr and h)\\,cr pan. rc"pcL"tivc!y. 
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Br-Br distanccs was determined '" 0.25. \\hidl 
corresponds to the presence of 'iO percenl nI' Ihe 
dimeric spccies. Least-sqllarcs rclinements nI' IhL' 
I\1g--Br and Br-Br tlistanees lIere pcrform~d \\ilh 
an oetahcdral and tetraheural coordinalion arotlntl 
Ihl' ll1agll~si1l1ll atOIl1. Thc ulhL'r di:-.t~IIl(l.':-' \\ L'rL' 

c,Jleulal~d frtlm the relilled distances nr ta,en rrtllll 

Fi~ure 19. AccortJing to th~ llpinion 01' the aUlhor,. 
an' octahedral model lits the experimental data 
signifieantly better than a tctrahcdral modd and 
it is concluded that phenylmagncsium bromide, 
dissolved in diethyl cther. fonns hoth dimeric 
and monomeric compkx~s "ith magncsillm 
octahedrally coordinated in bllth cas~s. In yj~\V uf 
the low weight which the atom pair corrclation 
funetions gMgB/r) and gHeB¡ Ir) conlribute lo th~ 

total atom pair correlation, ho\\ever, the qucstion 
arises whether the interpretatit)n nI' the data i, 

unambigous. 
Both slUdies show very clearl) the prohlems 

when solulions are studied wilh X-rays. Thc main 
problem is thal an X-ray experiment providcs 
lhe sum of all alom pair correlation fllnctions. 
weighled wilh the mole fraction and lhe elec­
tron number of the corresponding alom pairs. 11' 
lhe concentration of lhe solute is not very high, 
the contribution of the atom pairs, from which 
lhe local slruclure can bc deduced. to the total 
atom pair correlation function is too small for an 
unambiguous assignmenl of eertain peaks to defi­
nite alom pairs and for a reliable determination 01' 
the coordination nllmber. Ncverlhcless, the X-ray 
stuuies of liquids or solution, have their merils. 
when lhey are combined with other experimental 
methods and are compared with lheoretical ealcll­

lations. 

10.7 CONCLUDING REMARK: 
CURRENT STRUCTURAL 
PICTURE 

Which conclusion can be drawn from the results 
01' lhe EXAFS and LAXS investigations" First. 
one can say lhal real structural information. i.c. 
intra- and intermolecular distance, in solution. can 
be determincd by these Illcthmls. On the basis oi' 

tlll' dala il "as even possible to dedllce detailed 
strurlural Itlodcls. The experimcntal tlata and the 
rl'..,ulling illll'rprctation werc a~scssl'd critically. 
Tlli:-. :-'l'l'tnl'd imporwnt tu liS in ordcr lo gel. within 
¡Ili.., Clla!)kl". a gl'l1l'r~tI intcrprctatioIl ()j al! ill\'t.~:-.li­

g~LtIOIl"'. 

Tlic dl'll'rlllincd dcgrccs 01' dillll'ri¡;l1ioll a .... \\dl 
IhL' Br- Br anel Mg-Mg distallccs are an 

lInambigutllI' proor that MeMgX, LI.\lgX ami 
I'IlMgX (X=Br. 1) in the solvents Et20 tlr I/-Bu,O 
an: associatcd to a ccrlain degree. The dcgree 01' 
dim~ril.ation decreases from MeMgX and EtMgX 
to Phl\lgX. Gi"cn lhe error Iimils. a t1iIT~r~ntialilln 
h~tllcen the degr~es of dimerization 111' r-.kMgX 
antl EI!'v1gX probably is nol perlllissihlc. As 
exp~etctl Ih~ tcnd~ncy to ronn dimer species is 
low~r for lhe organomagncsium iodides than 1'01' 
the hromitles. YiMgBr is not assoeiated in THF 
'" i, L'(lIllinlletl by molecular weight studies. 
Comparing tlle absolute values, the deterll1ined 
dcgrcc~ nI' dimcrization show some di\crepancies. 
This is nol rcmarkable, sinee lhe dcrived values 
are based on coordination numbers, and neither 
the EXAFS or lhe LAXS methods are optimally 
suited ror aceurate determinalÍon of coordination 
numhers. 

The systems in Et20 or Bu,O can be best 
dcscribecl as an equilibrium belwecn RMgX 
and R2MgX,Mg or RMgX 2MgR with coor­
dinatcd solvent molecules. Unfortunately. on 
the basis 01' the data, differentiation hetween 
those dimers is not possibIe. The other postll­
lated species 12RMg+ + 2X~; MgR, + MgX,: 
RMg+ + RMgX~) seem to play a minor role 
in the description of the invesligated cOll1pounds 
IFigur~ 10.6). Statemenls about the geoll1ctry 
of the monomers and dimers are contradic­
tor)'. 1. Persson el al. propose onl)' octrahedral 
models for hoth speeies. In lhe publication 
11071 howcver. an cquilibrium betwcen tetrahedral 
monOll1ers and octahcdral dimers is ptl\tulatcd. The 
ncwest EXAFS speclroseopical invcstigation. on 
the other hand, can lInambiguously cxelude octa­
h~dral monomers and dimers. 

After dctailed consideralion, in Our opinion an 
e4uilibriull1 betwcen tetrahedral monoll1cr, ano 
distorted télrahedral dimers exists 111 solution. 
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From the detl'rmination in the oldér in\'esti~a­

tions of halogl'1l hridging wilh Br-Mg-,Br ane! 
Mg-Br-l\1~ bond angks 01 apprO\imatL'ly '10. 

the authors "'ere kd mistakenly to conclude thé 

cxistence (JI' octahedral dimers. Surprisingll'. the 

aulhors ha\'(' nol studicd crystal \tnll'turc an¡lIy:-.c:-, 
sunicientl)'. \Vith respéct to this prublel11. Althuugh 

crystal \Lructurc:-. are nut IlccC':-.:-.arily l'olllparahk 

to structurcs in solution. they d" présent a striking 

picture (Table 10.2 l. In dimers. a tetrahedral geom­

etry is clearly preferred and the bond angles nI 
lhe halogcn hridging in all ca~l~S are approxi­
matel)' 9(f. 

Sincc \y\lcmatic ill"cstigatiom. 01' Grignard 
eOl11pounds in THF \Vith EXAFS ami l.AXS 

still are lacking. generalization 01' the rcsults 101' 

ViMgBr is certainly not allowahlc. It p"sscsscs an 

octahedral coonJination geol11ctry in COlltrast to the 

other s)'stcms. This result continm the long héld 

assul11ption that the solvcnt has a strong inllucnce 

not onl)' on the degrce 01' association hut 'lIso on 

the type 01' structure that is formed. 
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Di- and Polyfunctional 
Organomagnesium Compounds 

F, Bickelhaupt 
Vrije Universiteit, Amsterdam, The Netherlands 

11.1 INTRODUCTION 

Di-Grignard reagents HaIMg-Z-MgHal (1) are of 
special intcrest for several reasons. Like the normal 
monofunctional Grignard reagenls RMgHaL lhe)' 
may serve in organic synthesis for lhe fonnalion 
01' carbon-carbon bonds by reaclion (JI' a nuclc­
ophilic carbon ato m with an electrophile-wilh 
lhe obvious difference that thi~ process will occur 
twice and thus Iead, depending on the e1cctrophile, 
to a bifunctional or a cyclic product. c.g. lo 2 
or 3, rcspcctively (Schemc 11.1), In this n:gard, 
lhey complement the carbon-carboIl bond forma­
tion via SN2 reactions 01' the dihalides 4 Iéading 
to 5 or 6, where the reacting carbons are elec­
trophilic. It is of inlerest to point out that lhe Illost 
simple way to prepare 1 is the 'dircct reaction' 01' 
4 wilh magnesium wbich may thus be regardcd as 
an Umpolung of the carbon atoms involved. 

! 12CO~ 

~ \/g 1 

~ 
2 [10:-':;1 

SCHEME 11.1 

r COOH 
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"--COOH 

~/R 
Z e 
~/""'OH 
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~'C()(JE¡ 
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Of even greatcr practical interest has proven 
lo be the application 01' I as syntbons ror the 
prcparation 01' other difunctional organomctallic 
compounds, both acyclic (7) or cyclic (8) (Schemc 
11.21. Becausc Illagnesium is more clectropmilivc 

lhan all other metal s exccpt tbe alkali and higher 
alkaline earth metals, this approach is hound lO he 



..... un.:e.\~ful and ha~ unen been uscd. in panicular 
rol' lhe pn:paralinll ur a gll'.lt llulllher of oth('r­
wi.\l' nOL (JI' IH){ l'~hily. al'l'C~~lhlL' Irllllsitioll lllC'tal 
clllltainill,!; rillg~. 

('1.\11< .. 

(\1;11<1 ~ 

/ 

~\ld1.ll~ 
l' l'l~ 
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A complelely differenl rcaSlJn for heing iOler, 
l'\tcd in dirullctional orgallomagll('~illms is tha! 
lhey afien .sho\\' unusual slructures and honding 
siluatians. As an examplc. lhe Schlenk cquilib­
rium. \\'cll-kno\\'n rol' lhe monofunctional Grignard 
reagcnts (Schemc 11.3, eg. (a)) may in lhe case 01' 
1 lead lO a cyclic diorganylmagnesium reagent 9 
(Scheme 11.3. cg. (h». 

1 RMgHal R,Mg MgHal, fa) 

(MgHal 
~ 

Z Z Me MgHal~ ¡h) 

~MgH,,1 ~ 

SCIIE~IE 11.3 

Finally. dcpending on thc nalure 01' lhe organic 
residue. lhe prcparalion of difunctional 01' cyclic 
organomagncsiurn cornpounds nlay pose a consid­
erable synlhetic challengc; this is parlicularly true 
ror the 'short' di-Grignard reageOls in \\'hich only 
lhree or less carbon aloms separate the two fune­
lionalilies. Allhough lhese synthetic aspects will 
he lrcaled in detail in the appropriate seclions. it 
may be uscful lo prescnt a short survcy of the three 
major stralegies which are available. 

Grignard Reagcnts: New Dcvelopmenls 

As already mcnlioncd in the eonlexl 01' Schcllle 
l. the mOSl simple roule-wherc applicablc-is 
thc classical 'dirccl synthesis' 01' 1 from lhe corre. 
sponding organic dihalide 4 (Schcme 4. rathwav 
(a)). Like for nonnal monofunclional Grignar:1 
rcagenls. lhe tradilionaI ma!.!ncsium tllrllinl'~ are 
applied. but in special cases. Lmore activaled l'onm 
01' lhe lIletal maO' he nccessary. An alternalive 
approach. which is more tedious bul gives pllre 
cyclic compounds ') in high yield. is the lrealmenl 
of the eorresponding I11crclIry compound 10 Wilh 
magncsiulll (Schcllle 4. pathway (b)); 10. in turn, 
may be prepared frolll 4 cither c1irectly with sodium 
amalgal11 (palhway (b')) 01' via 1 bv reaction wilh 
a mercuric dihalide (pathway (a)/('b")). lhe latter 
detour permitting the oyerall conversion 01' 4 via 
1 and 10 to pure 9 because the slable illterlllediale 
10 is casO' to purify. 

10 
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< R 
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A less general mcthod is the rcaction of unsatu­
rated compounds such as certain alkencs. dienes or 
aromatics with aetivated magnesium; this is iBus­
trated for the conversion 01' a substituted butadiene 
11 to the magnesacyclopcntcne I2 (Schellle IIA. 
pathway (c)j. 

Di- and Polyfllnctional Organomagncsillm (,olllJlounds 

In view of this diversity 01' interesling aspecls. 
it is not surprising that the chemislry 01' di· and 
polyfuTlctional organolllagnesiulll comro_und~ ha"i 
receiyed considerable allcnlion. Only a te", years 
aCler thc discovery of lhc Grignard rcaclion in 1900 
1I J. thc conversion 01' I.'l-dihromononane 121 and 
01' I,S-dibromopcntane 13AI to the corresJlondlng 
di-Grignard reagents Was achievcd (Schcllle 1 lA. 
pathway (a): Hal = Br. Z = (CH,h and (C1I'h .. 
respectively), and the synthesis and appllcltlon 01 
such reagents kept growing C'\'cr sincc. A l1umhcr 

ofreviews has appeared describing the older 15-7J 
and more recent [8-13J de\elopmCnls in this licld. 
and for that reason, the cmphasis \ViII hc on 
recent achievcments and on lhe prcsenl state 01' 
our insight and knowledge. 

In this chapter, the rather large class 01' di func· 
tional organomagnesium compounds is arranged 
i 11 the order of increasing length of the carbon 
chain connecting the tWD organomclallic fune­
tions. which may consist of 1,2,3, or 4 and more 
carbon atom, (Sections 11.2 lO 11.5). The few 
known polyfunctional reagents wil! be trealed in 
Section 11.6. 

11.2 1,I-DI-ORGANOMAGNESIUM 
REAGENTS 

11.2.1 Synthesis and Structure 

The most simple di·Grignard reagent is methylenc­
dimagnesium dibromide (13a). lt was first prepared 
as early as 1926 by Em~chwillcr by dircct synlhesis 
from dibromomethane and magnesiulll 1141, but 
the yield was low and the product quite impure. 
Better results were obtaincd with I c/c magnesium 
amalgam, either in benzene/dicthy 1 cther in a ratio 
1 : 1 [15,16] or, preferenlially. in diisopropyl 
ether 117] (Scheme 11.5). The latter minimizcs the 
formation of the, oftt;n rather obnoxious. rcduction 
product methylmagnesium bromide which more­
ayer is soluble in diisopropyl ether and there­
rore easily removed by decantation; the insoluble 
13a is thus obtained in yields of up to 80%. 
and for syOlhetic applications. it may be dissolved 
in the benzene/ether mixture. Finally. il should 
be mentioned that 13a was also formed in 40'/c 
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vield ill tile I'cadioll 01' diill<!olllcthanc with lithillm 
~.-1'-di-(r('/'f.hlllyllhiphcnyl in TIlF in the prcscnce 
01' Illagncsilllll hrolllidc at -100 ¡IXI (c¡: 'lIso 

Seclillll 1 1 .. ' 1. 

1..:. IJI 
'- / 

( 
/ '-

R' III 

SCIIEME 11.5 

--'-

1.1 .. : R = R' = H 

1.1b: R = SiM<" R' = H 

13e: R:::::: R' = SiMc,~ 

13c 

(CH:,'Mgln + CH.l 

t4 

Unfortllnately. lhis approach does not work for 
substituted 1, l-dibromides with the notable excep­
tion 01' the trimcthylsilyl substituent: the mono­
and disubstitutcd dcrivatives 13b [19] and 13e 
J20], respectively. were prepared in comparable 
yields. 1 n the case of 13e, it is not necessary to 
use the tedious amalgam procedure as the reaction 
proceeds in lhe normal way with magnesium in 
dicthvl ether (Schcme I 1.5); pure crystaBine 13e 
can be isolatcd in :lYIr yield on coneentrating ami 
cooling lhe rcaction mixlure [20J. 

Little is known about the structure of 1.1-
di-Grignard rea!!enls. lt is remarkable that 13a 
dissol~cs in the hcnzene/ether mixture but is nearly 
insoluhle in pure dicthyl ether. Extraction of tbe 
product ohtained in benzene/diethyl ether with 
purc diethyl cther removes magnesium bromide 
to give residucs which have the approximate 
composition of CH,(MgBr2IMgBr2. while THF 
removes more MgBr, Icading to the composition 
CH,Mg/MgBr, (13a') [16b]; in view of their low 
SOll;bilily. Llhc;C ",hite powders must have poly­
meric slruclures as i.s probably also the case for the 
",hile. insoluhle Illclhvlencmagnesium (14) which 



370 

\Vas ohtained hy Ziegler el al. by pyrnlysis 01" 
dilllethylmagncsiulll 1211 (Schclllc 11.)1, 

The only I.I-di-Grignard reagelll ",I,ich 11;'\ 
heen characlerized by an X-rCly cryslClI ,Iruc­
tLlre deterlllinalion is I3c 1221. Alllatingly. il 
has the straightforward compositioll o!" 1ll01l0lllcrlC 

(Me3Si),C(MgBr·THF,I, involving tctrClcoordi· 
nate mar:llt>,ilJm <lnd ",!lP\\'<'" t\\'o H'!ll:U"k:lhl t ' ff"l!II­

res ",hich help lO exrlain the low reactivily 01" tlle 
eompound (see Seetion 11.2.2): Ihe IlLlcJeorllilic' 
central carbon ato m is complele/y shielded h) 
the four bulky groups surrounding it <lnd hardly 
'visible' from outside; however. in spite 01' the 
steric congestiono all four bonds lO Ihi\ earboll 
atom are relatively short. which "'as ascriheu tu 
bond strengthening due tu the accumulatioll (JI" 
negative charge at carhon and to negati\e hyper­
conjugation [221 (see Chapter 9.6.1). 

11.2.2 Applications 

The relatively low reaetivity of l3 comparcd to 
normal Grignard reagents is a eharaeteristic anu 
general feature. As indieated aboye, this is proh­
ably eaused by both sterie and eleetronic factors. 
and the reaetivity deereases with inereasing substi­
tution by silieon. This laek of reactivity sometimes 
limits the achievement of eertain synthetic goals: 
the only eleetrophile which al",ays reacts instanta­
neously is water (or 0 20)' 

The most important application in organie syn­
thesis is a Wittig-type olefination of carbonyl 
eompounds as illustrated for the preparation 01' 
15 and 16 in Seheme 11.6. With 13\¡, carbonyl 
compounds with a-hydrogens are mainly enolizeu 
instead of forming 15\¡. The diminished nucle­
ophilicity is still more pronounced for Be: while' 
it does reaet with bcnzaldehyde to give 709< of 16. 

SCHEME II.X 

/MgBr 

CH, ,-
MgBr 

13. 

Me:; 
Gc 

< > ' 
Ge 
Me, 

20 
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the reaction wit/¡ henzophenone is eXlremely slug­
¡!ish ando aner 23 days. yicids only 7'!c 01' 17, the 
rest heing unreacted De as shown by deuterolysis 
to I"umish IS 1231. A fcw other examples 01" oleti­
Jl~I(iol1~ 01' sternieb and ~L1gar dcrivatives llave also 
been rcponed 1I ).2-1.251. 

, /' 

(" 
/ , 

11 ~I~I!I 

Da: 1{ ~ H 

Dh: R =::;!\'k ,Si 

I~ 

13c ~ 
1) 1'11 ,c=() I ~.~ d,l'v\l 
.2 I J) ~() -
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R" /Mg:l3r 
/C" T CISn\.k, 

R' MgBr 

Da R=W,- H 

IJh. 1< = SI!\lc 1. f{' "- H 

Be R-"- R' -=51\1..:; 
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)( 

Me:; 

r Gc 

Mc,Gc I 
l GCMC2 

Ge---.-/ 
M\.:'2 

21 22 

1, 

'C=CR'R' 
/ 

H 

ISa 

15h (no a~H) 

16 (70 'Ir) 

Me3Si '" 
/C=CPh, 

.~1c.lSi 
17 (7 lié) 

+ 
f\,lc JSi" 

/ CD
2 

rv1e.Si 
18 

lIJa R=R'=H 

19h: R = Si~k;. R' -:= H 

lIJe. R = R':;:: Slr-.1o:, 

\. 
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j CH_,\M.t'!~IJc 

II.~-

.---------
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2J 

24 

More nUlllerous are the arrlication, in OI'gano­

meta"ic synthesis. This is cspccially true fm 13a; 
ror 13\¡. and cyen !llore so 1'01' De. the reactivit)' 

is often insuflicient to yield the dcsired rroducts 

such as 19116.17,20] (Schemc 117). 
Particularly succcss1'lll was the synthesis of a 

nUlllber 01' I"our-Illelllhered Illetallacycles starting 

rrom 13a. With Me,GeCI,. the 1.3-digermac)'clo-

2] 
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RC~R 

THF 

1) - .,olvent 

~) -t- tolUl.:ne 

{ 
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hutane 20 was obtained. together with its trimeric 
(21) and tetramcric (22) hOlllologs 116h.cl (Schellle 
11.8); yiclds are Iligher "hen the reagents contain 
less MgBr2 such as 13,.' (\'id!' sil/mil, 

Reaetion of Cp2TiCl2 with one or tvvo molar 
equivalenls 01" l3a gives lile uscflll rc:agenh 2.1 01' 
24. respectively (Sehe'lle 11.')). 

C(l!l1floilnd 11 I~()! i..; ;\1) ;1I1;¡1()~'lll' uf Ihe \Ve!! 

known Tebl1e reagent JII (Sellenl!.' II.IU) 121 I ,,,'u 
shows analogous transforlllatioll~ \vith alkencs ami 
alkynes lo furnish titanaeyclohutancs 25 and titana­
eyclobutcnes 26, respectively: \Vith trimethylphos­
phine and THF. MgBrCI is extruded to givc the 
titanocene-carhene complex 27 anu ils uimer 2S. 
respeetively; Oll evaroratioll 01" the solvenl hen­
zene/ether from 23 and auc/ition 01' the apolar 
toluene, 29 dissolves anu, according lO its composi­
tion and speetral properties. has a slructure strongly 
analogous to that of 30. Finally, with benzophc­
none, 23 undergoes a Wittig-t)'pe earhonyl oldi­
nation reaction yielding 1.I-uiphenyJclhcne. 

CP2Ti (>--R 25 

26 

Cp,Ti=CH, 27 

I 
PMe, 

A 
Cp,Ti V TIC", 28 

29 
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Compoulld 24 is fonnally a 1,3-oi-Grigllaro 
reagent (,ce Sel'tion 11.4.2) ano has proven uscful 
for the prep"r"tion of a numhcr of 1.3-dimetalla­
cyclohut"nes 3\ ofGroups 4 "nd 14117a} (Schcmc 
11.11 l. Re"ctioll of 24 with silicon tetraehloride 
ga\'~ lile ~piro nHllpound 32 128). 

2 x 2-1 
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R~Znflr 

R' 

I 
~Mgllr 

R~[, 
R,~I 

E 34 
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__ E_"_ 

Jla: MLn::::SIt\k2 
31b: MLn = Ger-.k2 

Jlc: 1\1Ln :::: Snt\k2 

3td: ML" =TiCp, 

31": ML" = Z,{'p, 

31a: MLn :::;: HfCp." 

32 

R~lgBr 
R'~~ 

33 ZnBr 

lE 

R~IQBr 
R'~~-

E 

Finally, although formally heyond the scope of 
this review, it should he pointed out that Knochel 
el al. 129} have dcveloped the chemistry of the 
related mixed I.I-dimetallic compounds 33 which 
are obtaillcd hy addition of allylzinc reagents to 
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alkcnylmagncsium halide, and "re of sYllIhetie 
interest becausc the prcscnec of two dillerent 
Illctals al lhe samc carhol1 atlllll allo\\'~ :-.tl'p-wisl' 
suhstitution hy two different eketroJlhile, \ ieldin¡! 
34 as shown in Seheme 1 1,12. 

1 L3 1,2-DI-ORGANOMAGNESlUM 
REAGENTS 

11.3.1 Synthesis and Structure 

Amongst lhe di-Grignard rcagenh. lhe vicinal DI' 
1,2-disubstitutcd ones are the must diflieult to 
prepare, and only a limited numoer of compounds 
is known. As Grignard himself found oul 130} only 
one year after thc discovery of his famous 'direct 
synthesis' [1], the reason is that al'ter lhe lírst 
halogen has rcacted, fl-climinalion of magncsiurn 
dihalide occurs quile rapidly hefore lhe second 
halogen gets a chancc to rcaet; lhis i, illuslraled 
for 1.2-dibromoclhane in Schemc 11.13: presulll­
ably. 35 is formed as an intermediate. but 36 
is not ohtained and ethene is the only proouct 
ohserved. 

fl-Elilllination can be retarded if ring strain is 
introduced in the elimination product. This factor 
is responsible for a limited success which has 
been ohtained hy 'direct synthesis' in two cases 
(Schcme 11.13). Firstly, both the cis- and lhe trans­
isorner of 37 have been con verted to cis-40 in 150/0 
yield; apparently, the high ring strain in cyc1o­
propene (39) sufticiently counteracts its formation, 
slowing it down sufficiently to give lhe alterna­
tive reaction of interlllediate 38 with a second 
Illagnesium a chance [311. Secondly, in aromatic 
compounds. fl-elilllination is somewhat retardcd 
bccause the product of, elirninalion is a highly 
energetic aryne. Thus. 1,2-dihrornobcnzene reaets 
with magnesium in THF (via 41) to give 20-40% 
of the di-Grignard reagent 43 (besides the rnain 
product benzyne (42» [lO!; howcver, this approach 
is not of practical importance because the corre­
sponding diorganylmagnesium 44 can be ootained 
by another route in good yield and purity (see 
Scheme 11.15). 

The parent 1.2-di-Grignard reagent 36 has bcen 
obtained in IOCk yield from the reaction 01' 

Di- and Polyfunctional OrganomagnesiLlIll COl1lpOLllll1s 

:>.1!2 
.. \ Hr{,lI~l·II.',\I~B!) ~ 

J." ", BrMg(,II,CII,,~lgBr 

.'6 

A \I~ 

Br BI 
A 

BI\l~ Br 

37 38 

~ Br )Sl~Rr~ (O~ 
cx~ / \ 42 ) 

~ I ~ 
\lgBr - CXMgBr 

41 I 

\1)..' 
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diiodolllethane and lithium 4.4' -di-(terl-hutyl)oi­
phenyl in the presence of magnesium bromide 
in THF at 100' 118]; again, this approach is not 
attractive from a prepara ti ve point of vicw as 36 
is formed in a mixture containing al so the mono-o 
tri- and tetramethylene analogues 13a, 45 and 46, 

SCHEME ILl4 

{

BrMgCH'MgBr B"} 
BrMgtCH,I,MgBr 36 

BrMg(CH,¡'MgBr 45 

llrMgtCH,I,MgBr 46 

CISnM.:, 

~ 
MgBr 

respectively, as indicated by their conversion to the 
corresponding tin compounds (Scheme 11.14). 

As mentioned aboye, 44 (Scheme 11.15) was 
prepared in 68% isolated yield from its mercury 
analogue 47 hy stirring with magnesium in THF 
(e! route (b) in Schernc 11.4) [32]. It has bccn 

{ 

Mc,SnCH,SnMe3 40 %} 
Me3sn(CH'I,snMC," 10 % 

MeJ Sn(CH2bSnMeJ 15 % 

Me.lSn(CH2bSnMe1 1 o/c 
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successfully applied in organometallic synthesis 
(see Scetion 11.3.2). but it is also of interest 
beeause of its tetrameric strueture ([C6H4 Mg]4) 
both in solution and in the crystal (see also 
Chapter 9.604); such tetrahedral arrangements are 
rare in organomagnesium chemistry, but they are 
quite normal for the structures of organolithium 
compounds (RLik This structural analogy is prob­
ably due to analogous electrostatic and spatial 
interactions in compounds of type R2-M2+ on the 
one hand, and R-Li+ on the other [32]. 

By a different approach, Le. sublimation of 
magnesium vapour into a frozen solution of di­
phenylacetylene in THF at 196°C followed by 
slow warming to room temperature, (eL route 
(e), Scheme 1104). 48 was obtained as a mixture 
of the cis- and lralls-isomcrs (Schcme 11.15). By 
decantation from the reaction mixture and cooling. 
bright yellow crystals of cis-48 were isolated 
and shown by X-ray crystallography to have a 
tetrameric structure analogous to that of 44; only 
the orientation of the four 'ortho-phenylene dian­
ions' on top of the four Mg, triangles relative to 
each other differ in such a way that 44 has approx­
imate C l \ symmetry while that 01' cis-48 is 54 [32]. 

Finally, it should he pointed out that 49. the 
douhle magnesium hromide salt of acetylene. IS 

also a 1.2-di-Grignard reagent. even though it 

Grignard Reagents: New Oevelopmcnh 

ci,s-48 

is not often ranked as such. lt can be prepared 
fmm acetylene and RMgBr (Se heme 11.16); ih 
structure is unknown [5,7,12]. 

HC=CH + 2 EtMgBr - BrMgCECMgBr + 2 EtH 

49 

SCHEME 11.16 

11.3.2 Applications 

Because of the difficult aeeessibility of the 1,2-
organomagnesium eompounds, only few applica­
tions are known other than trivial derivatization 
reactions, e.g. with 0 20 or CISnMe,. The excep­
tion is 44, which has proven attractive as starting 
material for 9, 10-dihydroanthraeenes of Groups 13 
(50-52) and 14 (53) (Seheme 11.17) 1331 and for 
9.1 O-dimetallatriptyeenes of Groups 14 and 15 (54) 
(Scheme 11.18) [33a,34,35]. 

The reaction of 44 with methyl dihalides of 
Group 13 are straightforward, but the products 50 
appear in sorne cases to eonsist oE more than one 
(oligomeric?) species and have only been char­
acterized by their speetroseopic properties 133a]. 
whereas 51 133a] and 52 [33b] have been identitied 
hv X-ral' crystal structures. 
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/ ' \k Me 

53 (M '" SI, Ge) 

The reaetion of 44 with trihalides 01' Group 14 
(CI,MR: M = Si, Ge, Sn) or 15 (M = P, As. 
Sh) mal' be performed in a one step [34a] or 
in a two-step procedure [33a.34b,c,35] as shown 
in Scheme 11.18. Probably in both modes of 
addition. and favourcd by the c10se vicillity of 
the four Illagnesiums in the tetrameric cluster of 
44, the reaction proceeds nrst by substitution 01' 
all three chlorines of one molar equivalent of 
CI,MR to furnish an intermediate tri-Grignard 
reagent 55 (which will be briefiy discussed in 
Section 11.6): next. 54 is formed by reaction 01' 
55 with the second equivalent 01' the trihalide. 
The two-stcp process is attractive because it allows 

375 

the introduclion 01· a dillercnt IlIl·I,'¡ M' and/O!" a 
dillcrent substillll·nt J{ in the see(lnd 'tel'. In the 
prcscnt conlC'xt. 11 \\ oukl gu I(lU ¡-ar tp dl ... cu-,;s all 
jJ<..;pccts of this inlcn.:'-.;ting reaL'lit)IL Tlll' ) ¡cid ... vary 

hct\\'~t'1l ()í¡( and X5(,r, c.k(k'IHling on tllL' L'omhina­

tion uf J'\{ and R: apparclltly rur :-.lcri .. : J"l'a:-.oIl-';, tllL' 

yidd 01' 54 tclld .... In h\..' highcr \\ hl'll :\1 is largL' 
IGe. Sn) and R is slllall (H. "le'). but in all cases 
55 is fonl1ed evcn ir 54 is not 

COlllpound 49 ISchellle 11 161 h"s heen used 
to prepare siliclln-hridgcd al·ct} lenes 56 ISclIemc 
11.19) 1361. alllongst which are tlIe si\-lIIcmhered 
ring derivativcs 5tía In = ..J. R = "le nr Et: :i2-55(ir 
)'icld) 136bl: In thi, casC. unl)" \L']\ littlc of the 
dimcric specil's wa:.. (lbtaincd (~ I (I( 1. 

1104 1,3-DI-ORGANOMAGNESIUM 
REAGENTS 

11.4.1 Synthesis and Structurc 

In the ·direet reaction· with magnc,ium. aliphatic 
1,3-dihalides such as 57 have a high tendency 
to eliminate magnesium dihalide at the interllle­
diate stage of 58 [30] (Schemc 11.20). which is 
analogous to the hehaviour of 1,2-dihalides (see 
Scheme 11.13). In fact, the rcaetion of 57 (or 
analogous 1,3-dihromoalkancs) with l11agnesium 
(or zinc) is one of the best mcthods to prepare 
three-melllbered rings such as cyclopropanc (59a) 
and its 2.2-dilllethyl derivative 59b. etc. However. 
when the reaction is performed under special 
conditions, with triply sublil11cd l11agnesium and 
by very slow addition of the organic dihalide, 
prcferahly in a sealed high-vaccuul11 systelll, the 
l.3-di-Grignard reagents 60a (307<. isolated yield 
137]) and 60b (lS'7c [38]) can be ohtained in 
moderate yiclds, which nevertheless are useful as 
the starting materials are cheap and the purifi­
cation is easy. While tíOb contains no detri­
mental (organol11etallic) il11purities and can be 
used directly as formcd, 60a is purified by addi­
tion of THF which precipitates the (polymeric "j 
l.3-tril11ethylenemagnesiul11 (61); for preparative 
applications. magnesium hromidc in diethyl ether 
is added to reconstitute 60a and to di"olvc it. 
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An earlier synthesis of 60a by a muIti-step route 
starting from aliene gave an impure product in low 
yield [39]. 

BrMg-C~C-MgBr + CI(SiR,l,CI -- ( =) 
(SiR,,! 

49 56 
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Other 1,3-di-Grignard reagents are rare. In the 
aliphatic series, 63a, b are the only other repre­
sentatives (Seheme 11.21). The expectation that 
the yields of 63 in the 'dircet reaction' from 62 
would be substantially higher because of higher 
strain in the bicyclic elimination products 64 was 
not fulfilled; the yiclds were 7% (63a) and < 45% 
(63b) [40]. 
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The situation is completely different for 1,3-
dimagncsium compounds containing both an aryl­
and a benzyl-type of attachment such as 65 [40] 
and 66 [421 (Scheme 11.22). Apparently, in this 
case, thc 1.3-climillation at the stagc of the intcr­
mediate mono-Grignard reagent (leading in this 
case to a highly strained cycloproparene) is too 
unfavourable. and therefore the yields are high (65: 
90ck; 66: SSC",) when propcr rcaction conditions 
are obeycd. 

Similarly. 1.3-elimination is no problem in 
the 'direct reaction' of fully aromatic dihalides 
which usually give di-Grignard rcagents in good 
yields. Thus, 67 (43) and 68 (90% yield) (32) 
were obtained from the corresponding dibromides 
(Scheme 11.23). The diiodo analogue of 68 can 
also be prepared from 1.8-diiodonaphthalene in 
2-mcthyl-THF; these di-Grignard reagents ha ve a 
high tendcncy to cleave off magnesium dihalide 

Di- anu Polyfunctional Organomagnesiulll Compounds 
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62 

SCHEME 11.21 

57 

6Ja:n=]( 7%) 

63b, n ~ 2 «45 % ) 

with formation 01' the tctramerie diorganyllllagne­
sium 69. 

Little is known about the structures of 1,3-
dimagnesium compounds. The only X-ray crystal 
structurc is that of 69. It consists of a tetrameric 
cluster of S4 symmetry analogous to that of cis-48 
(Schel1lc 11.1 S), and the tetrameric arrangement 
persists in THF solution. too [32) (see Chapter 
9.6.1). Compounds 61 and 65 apparently have an 
oligomeric or polymeric structure as their solu­
bility in THF is low [41). The structure of66 shows 
an interesting phenol1lenon [42) (Schemc 11.22). 
According to UV and NMR spectroscopic data, 
it exists in an equilibrium between two forms 
66a and 66b; the former is yellow anu thus 
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R 

59 

61 

possibly (nearly) ionic, whereas the lalter is colour­
less. Probably, the degree of association is 3 
for 66a and 2 for 66b, but unfortunately, thesc 
values could not be determined with high accu­
racy because in THF, 66 slowly decomposes to 
give 2-methylnaphthaline. 

11.4.2 Applications 

1,3-Diorganomagnesium compounds have, apart 
from simple derivatization reactions with ketones 
or carbon dioxide, not often been used in organic 
synthesis. An exccption is 60a which (in the erude 
reaction mixture) on slow exposure to gaseous 
carbon dioxide (3 h at room temperature) gave 
33% of cyclobutanone (70); this constitutes the 
most efficient preparation of this compound [441 
(Scheme 11.24). 

Again, more important are the applications in 
the synthesis of (mostly) four-mel1lbered ring com­
pounds containing a main group or transition 
metal in the ring [8-13,45). Examples using 60 
are presented in Scheme 11.25. Several aspects 
deserve further commen!. In the tirst place, it 
appears that germanium is particularly inelined to 
form four-membered rings. Secondly, while the 
yields for tin are lower (in the case of 73a. the 
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MgBr 
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68 
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69 

major part of the products are the corresponding 
dimer, trimer and tetramer (formed in a combined 
yield of 70%), this approach nevertheless is valu­
able because so far, it is the only one which has 
fumished stannacyclobutanes, Anolher example is 
lhe reaction of 60b with silicon or germanium 
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R MgBr 

(,Oa: R = If 

()Hb: R = Me 

Me~\lgR' 

Me ~lgl:3r 

60b 

1 i 2 SkShU, 

Me 

~ \1e!1 

Me~Sh}Me 
Me~ Me 

Sb 
Me 

76 

tetrachloride which gave the spiro compounds 74 
(15%) and 75 (48%), respectively [48]. For anti­
mony, the tendency to form a four-membered ring 
is even smaller; thus, 60b with MeSbCI2 gave 76 
which was characterized as 77 by an X-ray struc­
lure [49]. 

MezMgBr ~ 

Me MgBr 

60b 

SCHEl\IE 11.26 
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7Jh M = Sil. f.{' = ,\1,--' (·H; ';( 1 

74: :"1 = Si \ 1:; r;;,) 

75: \1 = (;e (..J.~ (,() 

el Me 
, ; 

[I'J[ 

[~(,[ 

[ ~7[ 

[~7[ 

Mc{Sh)}\k lT 
OW 

Me f Me 
Sh , ~ 

el l Me 
77 

Similarly, a number of metallacyclobutanes (78-
85) of transition metals were obtained from 60b 
(Scheme 11.26). In this context, lhe synthesls 
of 31 and 32 from lhe formal 2-titana-I,3-dl­
Grignard reagent 24 (Scheme 11.I1) should also 
be mentioned. 

MeyA 

/VMLL' 
Me 

78: M~Ti: L ~ L' ~ Cp 

79: M ~ Ze; L~L'~Cp 

80: M ~Hf: L~L'~Cp 

81: M~Y: L ~ L' ~ Cp 

82: M ~Mo: L ~ L' ~ Cp 

83: M~W: L ~ L' ~ Cp 

84: M ~ Re: L ~ Cp'. L' ~ O 

85: ~1 ~ PI: L~ L'~ PR, 

[38al 

[38aJ 

[38al 

[50] 

[51] 

151] 

[52] 

[53[ 
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H9. \1 :~ TI: I =1 -:: C']1 (liJ 9;-) 141al 
'lO. \1 = Rlo. 1. c_ ('1". 1: ~ () (60~;( ) 1521 
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From 65. lhe 1.2-dih"dro-l-mclallaeyclobulanes 
86-91 were oblaincd ",ilh lhe exception of SS; 
in lhis case only a dimcric speeies was fonned 
(Seheme 11.27). 

Finally, 69 servcd as Slal'ling malerial for 
a number of four-mcmbcred 1.8-naphthalenediyl 
metallacyeles of Group 14 elements: 92. 93 
(with some of the corresponcling dirneric eighl­
membered ring product); inslead of 94, the dimer 
was obtained exclusively) 156J. Thc analogous 
transition metal derivalives 95-99 were obtained 
in a similar fashion [57] (Scheme 11.28). 

69 
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LL'MCI, ~ 
UU 

92: M = Si: L = L' = Me 
93: M=Ge; 

194: ~I = Sn 
95:M=Ti, 
96: M = Zr: 
97:M=Pt: 
9ft: M = RIl. 
99 ~I = Ir: 

L:: L' = Me 
L= L'= Me: O 9{'1 
L = L' = Cp 
L = L' =Cp' 
L = L' =: PEt, 
L = Cp'. L' = PPhJ 
L = Cp'. L' = PPh, 

11.5 1,4- AND LARGER 
a, w-DI-ORGANOMAGNESIUM 
REAGENTS 

As already indicated in the previous seclions. orga­
nie dihalides in general. and organic dibromidcs 

.- PI: U.' ,-('01> (:> 1 9c) 1551 

in particular. rcact srnoothly with rnelallie magne­
,ium in lhe 'dircet synlhesis' whcn there are four 
llr more carbon aloms between the two halide 
funclions (Sehcme 11.4, pathway (a)); oeeasion­
ally. olher pathways of Scheme 11.4 have proven 
useful, 100. It is lherefore not surprising that from 
Ihe early days ofGrignard chernislry [2-4]. a greal 
nUll1her and variety of such divalent organomag­
nesilllll spccies have been prepared ancl appliccl 
in synthesis. In general, il is safe to say thal in 
the absence of obvious struetural incornpatibilities, 
lhese di-Grignard reagents can be prepared in lhe 
same fashion as their mono-Grignard analogues. 

For that reason. and as this area is too vast for 
a comprehensive treatment in the present contexto 
lhe interested reader is referred to previous reviews 
covering lhe field [5-13). In order to illuslrale 
the pOlential of these interesting compounds, a. 
few representative examples and facls will be 
discussed here. 

11.5.1 Synthesis and Structure 

The lllOst simple di-Grignard reagenls arc lhe 
oligomelhylene derivatives l' (Scheme 4: 1, Z = 

(CH 2 ),)· They are obtained by 'direet synlhesis' 
from lhe corresponding dihalides 4' [2-13] (ef. 
Schcme 11.4, pathway (a)). Their cyclic dior­
ganylrnagnesium analogues 9' may be obtained 
cilher from l' by precipitation of magnesium 
dibromide wilh 1,4-dioxane or, highly pure, from 
4' via the mercury analogues 10' (Scheme 11.4. 
pathway (b)). lt may somelimes be advantageous 
lO perform lhe transformation of l' to 10' via the 
Ci. w-oligomelhylcncbis(mercuric halides) 100 as 
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lhe lalter are INlally cryslalline and more slable. 
ami lhcrcfnrl' eaS\' lo purify: subscljllelllly. 100 is 
ulIl"crled lo W' hy rcduclion l'.g. ",ilh lin diehlo­
ride in alblilll' solulioll 15~-601 (Schcmc 11.:2')); 
allernali\cly. W" Illav he con"cl'lccl 10 pure l' hy 
tn:atl11enl \\"ltl1 1l1~lglll':-.illlll metal. 

(11:11 

¡CII.'.)11 

~II:II 
4' 

",,1"+", 
1 

111' 
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SnCI~!N,tOH 

9' 

(Mgllal 

(CH.·.)o 

~MgHal 
l' 

(HgHal 

(CH,I, 

~HgHal 
100 

An arbilrary selcclion of olher di-Grignard re­
agents 101-105 is given in Scheme 11.30. While 
101-104 ([611-[64], respectively) were oblained 
lllore or less by the classical direct approach, 
105 165a,bl ancl other bcnzylic Grignard reagenls 
165c-e] require lhe use of the magnesium-anthra­
cene adducl (vide in(ro) which, in a way, may be 
eonsidered as a 'soluble' and activaled form of 
magncsium, in order 10 oblain satisfactory results. 

Different and more specific preparations are 
shown in Sehemc 11.31. Compounds 106 [66] and 
107 [67a] illuslralc lhc formation of a di-Grignard 
species by lransmelallalion from alkali metalor­
ganic analogues; 107 has also been obtained by 
direcl orlho-melallation wilh Mg(TMPh (bis(2,2. 
6,6-1elramelhylpipericlino)magnesium), as has 108 
[67bl. 

A l'on .... id~rahle lllllllhcr 01' eyclic diorganyllllag­
nesiulll l'olllpollnd ... ha\·c hcell prl'p~lrl'd hy additi(lll 
of normal or al'tiV<lled Ill<lgnc\itllll lo COIl.illg~l1lod 

unsaturatcu ~y~lelll\ ~Lldl a\ 1.3-diL'tll'\. CyL'lOl)L'­

lalelraene, nr anlhral·enc. Thus. the additi(1I1 (JI' 
Rickc lllí.Ig:IH.~~illlll {obtaincd hy redllctioll (JI" 1ll~lg­

ncsium clichloridc with pOla"iulll or ",ith lithiulll 
naphlhalenicle) lo acyclic or cyclic 1.3-dienes givc, 
rise 10 tivc-membered magnesaeyclc, 01' Iypc 12 
(Schcme 11.4. pathway (e)): this is illu,lraled 1'01' 

109-112 in Schell1e 11.32. hUI many olher suhsli­
IUled dienes have heen used in this ami similar 
transforrnations 16)\ - 70 l. 

Cyclooetalclracne. lOO. gi\cs an adducl I I3 wilh 
\'ariOll~ fonns of acti\"ated magnc\iul1l: prcsulll­
ahly. I I3 is a (conlac!) ion pair. hut in ils reae­
tions, il beha"cs likc a 1,4-acldllet analogous lo 12 
[71,721 (Scheme 11.33) 

Similarly. a number 01' ll1elhods have hecn clevc­
lopcd lo prepare lhe rnagncsium aclduets 114 01' 
anlhraccne and many of its 9.1 O-suhstituled deriva­
lives 112, 13.72a,73,74J (Scheme 1 1.33). Dcpending 
on lhe suhstiluenls, 114 may be in eqllilibrillll1 
wilh ils componenls. The unsubsubsliluled parenl 
adducl slowly decomposes to magnesiulll ancl 
anthracene al room lemperalure and fasler on 
heating; lhe magnesium lhus oblained or 114 itself 
are often used as a source of 'aclive Illagnesilllll' 
(,I lhe synlhesis of 1(5). Finally, lhe prcpara­
lion of 115 by cyclomagnesialion calalyzcd by 
zirconocene should be mentioned [75J. 

Thc struclures of the compounds describecl in 
lhis section have also rcceivcd considerable atten­
lion. Most crystal Slructures perlain 10 the halogen­
free. melallocyclic derivalives; lhey are described 
in Chapler 9. In general, due to the large C-Mg-C 
angle 01' about 120- 1400

, lhe magnesacycles are al 

leasl dimeric as excll1plified by 116a [76.77J and 
116b [771. while 117 is a lrimer [781 (Scheme 34). 

On the other hand, cyclic compounds wilh 
allylic or benzylic lype bonds such as lhose shown 
in Schcmes 11.32 and 11.33 tencllo be monomeric. 
al leasl in the solid stale. This is illustraled hy lIS 
179J, 119 [80). and 120 [81-84J (Scheme 11.35). 

In solution. Ihe situation rnay be differenl. Thus. 
while 116a remains purely dimeric in THF [85]. 
116b shows a Illonomer/dilller eljuilibriulll which 
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102 X = eHR 

WJ::\ = 1',\11..' 

q'" JQ/'''' 
(0 CJ 

( \ld1r Br 
~ ¡CH,l" (C'IH" e 

~ Br ~ - - rvlgBI 0'Q oc 
I # (,Bu I J "Bu 

104 

CI CI CIMg MgCI 

d-b Mg.anthracene d-b 
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is strongly shifted towards the dimer (f>H = -8 
kcal mole- I , f>S = -15 cal mole- I K- I ) [60aJ 
(Schell1e 11.36). An interplay of ring and torsional 
strain ll1akes thc other representatives of 9' dimeric, 
whilc 121 and 122 reveal an increasing trend to 
bccoll1e a 1l10noll1er; finally, intramolecular coor­
dination rell10ves steric interactions and allows 
123-125 to be purely monomeric [86]. 

11.5.2 Applications 

The nUll1ber of investigations conceming the appli­
cations of large di-Grignard reagents is even larger 
than that dealing with their synthesis and structure. 
As brielly indicated in the Introduction (Section 

lOS 

I I.l), in principie, the same type of reactions as of 
monovalent Grignard rcagents is feasible [5-13], 
and this potcntial has been exploited early on 
[2-4J both for the synthesis of organic derivatives 
[87]. but in particular for the preparation of cyclic 
organometallic compounds. Thus, the first mctalla­
cycles of mercury [58J. silicon [88], tin [89], phos­
phorus, arsenic, antimony. and bismuth [90] werc 
prepared from di-Grignard reagents corresponding 
to type 9' in the second decade of this century. 
At present, this method has become routine, and 
again, a few representative examples must suftice 
to illustrate Ihe broad range of possibilities. 

The reaction of e.g. BrMg(CH2)4MgBr with 
simple electrophilcs such as ketones or ca, has 
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109: R = R' = H 

110: R = H. R' = Me 

111: R = Ph, R' = H 

CCMg 

112 

long been known to give the corresponding difunc­
tional products [87], but the reaction may take 
a complicated course as is Ihe case for diiso­
propyl ketone where the expected diol 126 was 
obtained in 12% yield only [91] (Scheme 11.37). 
Of greater practical valuc is the reaction with 
eSlers or carboxylic acid anhydrides which leads 

i\1!1Br 

<j,~-- ~I~BI 
!()() 

1Jl7 

C:OI'Et, 

IIIH 

o ~ 
R «:o ~ ~ /' /' 

~ 

;----/ 
~ 

~CH:l1l (CP2ZrC'121 

~ 
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~'e 

O ~lg2+ 

113 

dfC ~ I ~ 1../ 

114 

~Mgx 
(eH,)" 

MgX 

115 

in u,ually good yields to cyclic diols 127 or 
lactonc 128, respectively; both the di-Grignard 
rcagent and the substrate may carry a variety ol' 
subslÍtuents [921. Olher examples are the prepa­
ratioJl 01' thc labelled ketone 129 [931 ando very 
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116a 
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117 

recently, the synthesis of the diketoncs 130 from 
the corresponding benzimidazolium salts 131 [941. 
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The diene adducts 109-112 (Scheme 11.32) 
and their analogues have found several interesting 
applieations, Their two carbon-magnesium bonds 
reaet in a step-wise fashion with mono- or diva­
lent eleetrophiles; depending on the eleetrophiles, 
different regioseleetivities, i.e, 1,2- or 1,4-addition 
produets, were observed [70], lllustrative examples 
are 131-133 and the spiroannulation produets 134 
and 135 (Seheme 11.38). 

Two examples involving transition metal catal­
ysis in the preparation of bicyclic systems are 136 
[95] and 137 [96] (Scheme 11.39). 
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Brt\1g.\ ('H ~ )2(CH-f-Bu)( CH2)~M~L3r 
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Ample use has al so been made 01' di-Grignard 
reagents in organometallie synthesis. In addition to 
some older examples already cited [87-90], the 
following examples are selccted to highlight the 
great diversity 01' applications, ranging from the 
simple, but useful 138 [78] and 140 [97] (Scheme 
IIAO) as acyclic eompounds to 139 [98] (Schemc 
IIAO) and 141 [62,99,100], 142 [lOlI, and 143 
[10 1] as metallacyclic systems (Scheme 11.41 l. 

Finally, 144 is an exotic example involving a 
completely different ilPplieation of a eyelie dior­
ganylmagnesium eompound; it was derived from 
the di-Grignard reagent 104 (Seheme 11.30l by 
removal of magnesium dibromide with dioxane 
and used for the formation of the unique metalla­
cyclic catenane 145 (whieh is in equilibrium with 
its side-on coordinated analogue) [64] (Seheme 
IIA2). 
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11'1 

Ilfll 12 (,1 
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R~~K 
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11.6 TRI- AND 
POLYORGANOMAGNESIUM 
REAGENTS 

Organic molecules containing more than one car­
hon-magnesium bond seem to be scaree, although 
sOl11etimes the)" may occur as intermediates which 
are cither not recognized or Ilot characterized, An 
example discusscd in the context of Section 11.3,2 
is 55 (Schemc 11.18) which is a useful interme­
diate in the synthesis 01' 9,1 O-dimetallatrypticencs. 
The structure of 553 is not known, but magnesium 
dichloride can he preeipitated to give a solution 
with the composition of 146 133a]; however. this 
structure rcmains speculative (Scheme 11.43), 

A tri-Grignard reagent may have heen involved 
in the conversion 01' 147 to 148 (e!: Schemc 11.31). 
but a step-wise fllnctiollalizatioll is likely 11021 
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(Schcmc 11.44). Two tri-Grignard reagenls ha ve 
becll reported involving magncsiurn bondcd lo 
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131 

HII('11,'¡Br _. __ ._-
Ph 

C&o 
135 

saturaled carbon, i.e. 149 [103[, and 151 [65c]; 
149 has been used 10 prepare the l-silaadarnantane ' 
150, 

Whilc Ihe direct reacrion (JI' 1,3,5-tribromoben­
zene with magncsium does not give satisfac­
lory resulls [35], it can bc con verted to the 
aromatic tri-Grignard rcagent 152 by treating it 
with lithium (di-tert-butyllbiphenyl (LiDBB) to 
fon11 the trilithio reagent 153 and reacting the latter 
with magnesium dibromide [104] (Scheme 11.45). 

Wcll dcfined higher metallated organomagne­
sium eompounds are nO! known with two remark­
able exceptions: the dimcric pentamagnesiated fU­

thenocene 154 and the dccamagnesiated rutheno­
cene 155, both obtaincd fmm the corresponding 
mercury compounds by trcatmcnt with methylmag­
ncsium chloride [105] (Schcme 11.46). 
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11.7 CONCLUSION 

Even though Ihe present review had to concentrate 
011 a selection from the vast litcralllre 011 the 

I \;¡I~d~ 
) 

t51llLII ~ el. Br¡ 

topic of di- alld polymetallated organomagncsillIll 
compounds with un emphasis on newer devcl­
opments, it may have bccome obvious that their 
chemistry is rich and rewarding, In principie, the 
saIlle potential is present as in the chemistry of 
monofunctional Grignard reagenls and challenging 
applications are Ceasible; however, occasionally 
Iwo types 01" problems may arise. 

Firstly, several of the higher metallaled com­
pounds are i nhcrently less slable Ihan Iheir mono­
valent counterparts, presumably becausc Ihe accu­
mulation of negative charge from Ihe highly polar 
carhon-magncsium bond imparls inslabiliry lo Ihe 
moleclIle, so thar the compound has ro be handlcd 
at low telllperature ancl/or con verted as fasr as 
possihle. Secondly, even if Ihe srabiliry is suffi­
cient. deraillllents often occur during rhe prepa­
ration, and it lIlay be tricky ro find rhe proper 
pathways and condirions. However, rhe increasing 
number of such cornpounds resrifies to rhe skill 
and pcrsc\'crance of chernists and does makc us 
optimistíc for the flltllrc. 
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12.1 INTRODUCTION 

The Grignard reagent, RMgX, is one of the most 
used synthetic reagents. We know, of course, that 
a solution of the Grignard reagent that we writc as 
RMgX really contains an equilibrium mixture of 
RMgX, R2Mg, and MgX2, further complicated by 
association together of these species and by coor­
dination to the magnesium aloms of solvents (such 
as cthers) that have oxygen or nitrogen atoms. In 
spite of these slructural complications. a Grignard 
reagent solution has a Mg lo R ratio of l. In 
recent, ycars, however, there has been evidence for 
spccies in which lhe Mg lo R ratio is much greater 
lhan l. These indude species, generally relalively 
unstable and difficult to characterize, that appar­
ently have composition~ R(Mgl"X and R(Mg)"H 
where n is greater than l. These polymagnesium 
spccies are lhe subject of this chapter, which will 
describe 1he synthetic procedures lhat have led to 
thcm. the evidence currently available for their 
composilions. and sorne information about their 
chcmical reactivities. 

'~---------- .. _--------

12.2 CLUSTER GRIGNARD 
REAGENTS 

12.2.1 Metal Vapour Cryosynthesis 

The study of several organometallic reactions in­
volving co-condensation of a metal vapour and 
an organic ligand began in the 1960's and 1970's. 
When metal vapours are co-deposited at 77 K with 
an excess of an organic compound, unexpected 
reactions often take place. With this method, it 
has been feasible to synthcsize organometallic 
compounds (such as dibcnzenechromium) which 
me difficult or (such as lanthanide derivatives 
of unsaturated hydrocarbons) evcn impossible to 
prepare by other mcthods lI.2]. 

The cryochemical techniquc has been used to 
prepare organomagnesium compounds. Skell and 
Girard were the first to report l3] an investigation 
of the low-temperaturc co-condensation of magne­
sium and an organic halide. Magnesium vapour 
co-condensates were obtained with propyl chlo­
ride and propyl brol11idc at 77 K. The products 
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01' these rcaclions lIsing Illetal vapour ~yl1lhl'\i~ 

(MVS) gave propane on hyJrolysis. just as does 

hydroly~is 01' a solutioll 01' a Grignard rl'a~l'!lt 

pn:parcd in a cOJl\'cnliol1al \\.'a)' rrol11 maglll',iu!ll 
and the same alkyl halides in sollltion. Tlle authors 

concludcd that lhe Grignard Tcagcnt is forlllcd 
in MVS as in solution. MVS "Ife!"s the impor­

tant auvanlage 01' furnishing a Grignard rcagl'llt 

unsolvated by a eoordinating solvent. Yields ,,1' 
organomagnesiulll compounds in such i\'IVS rcaL'­
tions. however. never have oeen lOO';' oased on 

magnesium. out instead are ver)' mucll less [ 1.3 [. 
Investigators have attcmpted to explain this by the 

low rcaetivity 01' the alkyl halide. 
Further invcstigation. however. has Ied to stun­

ning results. Organic halides that do not react \\ ith 

magncsium in solution do react in the cryos)n­
thesis procedure. Reactions ha ve been carried out 

for magnesium witll chlorobenzene [ .. 1. tluoroben­

zene [SJ. and carbon tctrachloride [6[. 

What is the mcchanism 01' these unusual reac­

tions') Co-condensates formed at 77 K have been 

examined by ESR spectroscopy at that temper­

ature [4,71. The formation from alkyl and aryl 

halides of the corresponding free radicals was 

detected by observing their spectra. Dimeriza­
tion products, R-R, that would form by coupling 

of these radicals al so were observed. Particularly 

when R is aryl, the ESR spectra also show singlet 

signals with g-factors c10se to 2 which may be 

due to Mgt RX" ion-radical pairs. In fact, in the 

reactions of PhF, only a singlet 01' an ion radical 

pair was observed. The authors proposed that 
ion-radical pairs are responsible for the formation 

of organomagnesium cOlllpounds. An intcresting 
feature in the reaction scheme suggested by the 

authors [7] is magnesium cluster incorporation into 

ion-radical pairs, RX" Mgt where n > l. It was 
assumed that the fate of such species is dccolllpo­

sitian to the Grignard reagent and magnesiulll. 
Under MVS conditions with which even PhF 

reacts with magnesium, Grignard reagent yields are 

low. The reaction scheme [7 J includes the possible 
role of c1usters in MVS reactions, but does not 

explain the low Grignard reagent yields. 

The next. very important observations were due 

to Klabunde and co-workers [R.9J. who sho\\ed 
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that Illagnesiulll clusters l'an be important in MVS 

rcal'lions \\'ith e-x bonds. 

12.2.2 Thc Rolc 01' Clustcrs in the 
IAlw-Tcmpcraturc Cryosynthesis 
of Organomagncsilllll 
Compounds 

In ,-,ur"cying man)' rcactiolls 01' magnesium with 
alkyl ami aryl Ilalidcs. it waS' noted that high 

matrix C(lIlCClllrali{)!ls 01' magncsium sometimes 
arc nccessary 1'01' RMgX fonnation to occur under 

cryochelllical conditions. This ooservation Icd to 

the study ,,1' Mg. Mg2, Mg.1. Ca. Ca2, Ca" (small 
clusters) with alkyl halides under matrix isolation 

conditions [X.9[. The rcsults wcrc intriguing. When 

Illagncsiulll or calcium vapours were co-deposited 

\\'ith alkyl halidcs and argon at 12 K, only dimers 

and c1usters ,,1' the metals werc consumed. Single 

atoms did not react. It waS rroposed that RMg2X, 

RMg, X. RCa2X. and RCanX were fonned initially, 

and only upon hcating in the prcsenee 01' excess 

organic halide were RMgX and RCaX formed. 

Support for this assumption was provided by theo­

retieal caIculations by Jasien and Dykstra [10]. 

This result is not unexpected, since it is known 

that magnesium atoms do not react with organie 

chlorides in the gas phase at either low or higb 

temperatures [ 11 J. The higher reactivity of clusters 

than (JI' atoms may be connected with lower ioniza­

tion potcntials or \Vith partieipation 01' bonding by 

more than one magncsium. 

Similar results \Vere obtained by Ault [12], who 

also obtained IR spectra of co-eondensatcs 01' 

magncsium with mcthyl bromide and iodide in an 

argon matrix. Large changcs of stretching modes 

(JI' C-H bonds and bending modes of the mcthyl 

group wcre detected. No absorptions were identi­

lied. however. whieh could be attributed to C-Mg 

bonds. 
It should be noted that the temperature required 

for the rcaction of magnesium and an organic 

halide is aoout 100-150 K [1.3 J. Conscquently, it 

was impossible to observe Grignard reagent forma­

tion wllen the eo-condcnsation was earried out 

at 12 K. But it \Vas essential that aggrcgation [8J 
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ur Jl1a~n('~ium inlo clll~tl'r~ prl'ccded lhe Grignard 
rl'agelll rnrlll<ltioll al hi~hl'r tl'lllpcraturc. 

The po"ihilitl' 01' thc stahilil.ation 01' urgano­
p()lylllagn('~ilJlll dl'n\"ati\"c~ ha\ hccl1 disCllsscd 
on lhe oasis 01' the results 01' quantulll chelllical 

call'ulation, 01' :-.tructurcs. l'lll'rgil':", and vihratillIl 

spcetr" ()f RMg"X spceil's [10.1 ~.I"[. It \\'as 
showll tilat intrnduction oi' a .... econd magncsium 
atom into an RMgX rnolceule always is 

energetically favourahle. The stahilil.ation encrgy, 
ho\\'evcr. is not great - from .. to 8 kcal/mol, 

dcpending on tlle choice 01' ealculation method 

hut praetically indepcndent 01' the rarticular R 
and X. The introduction 01' eaeh additional 

magnc:..iulll alOm i:-. less advuntagcous. In faet, 
beginning ",ith n 01' approximatcll' 4, the 

adJition 01' more magnesiull1 atoms becomcs 

endothermic. According to these ealculations, 

therefore. cluster Grign,¡rd reagents may be stable 

at low tcmperatures but their stability should 

decreasc rapidly with incrcasing cluster nuclearitl'. 

This eonclusion about I"w cluster stability for 
high values of n, however, cannot be considered 

well established. First, the calculations referred 

to do not take into aeeount the formation of 

bridged cluster struetures. The stabilization energy 

of the bridge dimer 1, for example, is eaIculated 
to be 62 kcal/mol [15]. This value is consider­

ably higher than the formation energy 01' a e1as­

sieal Grignard reagent from magnesium atoms 
and methyl ehloride or methyl bromide (from 

28 to 54 kcal/mol depending on the choice of 

caIculation method) [16]. Therefore, the possi­

bility 01' forming different species in the organic 
halide - magnesium systems and their stabilities 

are determined mainly by the stability of bridge 

honds. To reach a realistic conelusion, it is neces­
sar) to calculatc the stabilities of bridged dimers 

01' cluster structures and to compare the results 

with those obtained for cIassical systems. A seeond 
reason for uncertainty about the conclusion is the 
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(/ /Iriori assumption in the calculations 01' lincar 

structurcs for the Illetal nuclei in clustcrs havin).' 

n ::: .1. For the hydmgen analogs. HMg,,11. it \Viii 
he shown bclow that hl'ginlling wilh 11 = 4. a !llore 

cOl1lpact (c.g" rhomhic nr tctraheural) arrange­
mellt 01' Mg" is )llore stable than a linear onl'. 
Thereforc. taking into '.ll'count hoth briuge a~s()ci­
ation and non-linear struetures, staoility mal' \\'ell 

inerease witl1 incrcasing nuclcarity. Consequently. 
the results 01' the eaIculations are not neccssaril) 

inconsistent \Vith the proposal that cluster Grignard 
reagents are formed and have so me stability. 

Thc hypothesis that cluster structures are fonncd 
provides an exrlanation 01' the eomparativcly 10\\ 

hydrocarbon yields (usualll' 50-75'lc ) oftcn ooser­

ved on hydrolysis 01' eo-condensates from organie 
halides and magnesiull1 [1.3 [. It should be notcd 

that the yields do not corre late with organic 

halide reactivity. The nature 01' the organic halide 
seems to be unimportant. AII organic Ilalitks 

rcaet with magnesium under eryosynthcsis condi­

tions, and the yields of organometallic deriva­

tives from alkyl bromides and fluorobenzene are 
similar, not more than 75%. The low yields cannot 

be explained only by side reaetions, but can be 
understood if we assume the formation of cluster 

Grignard reagents. Hydrolysis of a dimagnesium 

compound, for example. must proceed as shown in 

equation (12. I l, so the yield of hydrocarbon (based 
on Mg) cannot exeecd SOC¡c, 

12.2.3 Cluster Grignard 
Reagents-Characterization 

What has been learned relating to the cluster 
Grignard reagent concept') 

In all experiments. magnesium vapour has been 
eo-deposited with an excess 01' an organic halide 

RX (R = alkyl, allyl. or aryl; X = F, CI, Br, Uf 1) 
at 77 K. Aryl halides that are normally unreacti\'c 

in c1assical Grignard reagent preparations reaet 

under these conditions. Several cluster Grignard 

reagents RMgnX. n = 2-4. have becn isolated 
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as col"urless microcrystallinc solids. Quantitati ve 
analysis 01' hydrolysis (dculerolysis) J1roduets and 
combuslion elemcntal analyses have leo to c111J1ir­
ical formulas ror these novcl organopolymagnc­
si1lm halidcs. Controlkd thermal dceom[lositions 
have sh"wn rclativc \lahililil's lo he PhMg.F > 

PhMg)CI > (alky!)Mg"X. The Illlckarity 01' the 
RMf'-~X sfle('i~~ denl'nd'\ nJl IlF' p¿lrtiC'lIlar RX 
Corrclations with R~X bond strcngths suggcst 
that Mg4 , Mg). and Mg, reael wilh slronger bonds 
(such as C~F and C~CI) whereas Mg ato111s 
do not. Thus the formation 01' cluster Grignard 
reagents seems to deJ1cncl on the high reaclivity 
01' Mg clusters. 

In the eXJ1eriments, lllagnesium vapour was co­
conoensed Wilh organie halides onto a surface 
coolcd to ahout 77 K. RX/Mg ratios were in 
the range 100-1000. The matrices formed at 
77 K were dark brown bUl became colourless 
liquids whcn warmed to ambicnt tcmperature after 
lhe deposition had ended. These solutions were 
filtered to exclude the possibility of the pres­
ence of aggregated Mg. The excess RX was then 
evaporated, leaving colourless microcrystals of 
RMgnX compounds. Elemental analyses indicate 
the compositions to be RMgnX in which n = I 
for R = allyl, n = 2 for R = alkyl, and, depending 
on the halide, n = 2-4 for R = aryl. Thus n = 2 
for bromobenzene and iodobenzene, and n = 4 for 
fluorobenzene. 

The nucJearity of these organomagnesium 
cluster compounds has al so been determined 
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by quantitati"c analysis of hydrolysis producls 
(Tablc 12.1) 117,IXI. 

RMgnX + (2n ~ 1 )H,() ------> RH + MgIOH)X 

+ (n ~ I )Mg(OH), + (n ~ 1 ¡H, 112.2) 

Equalion (12.2) indieates t\Vo ways lO determine 
the formula of RMg"X: (1 ¡ Mg/RII Illust equal 
n anu \-'J i I,/kf! musl equal n~ l. lile nuckar­
ities of \nagnesium delennined fm the produets 
of cryosynthcsis from various aryl halides are 
presentcd in Tablc 12.1 along with comparison 
data for products oblained from sorne alkyl ehlo­
rides. The data in Tablc 12.1 indicate that the 
nuclearities obtained by elemental analyses and 
in two ways 1'rom the eompositions 01' hydrolysis 
products are rather similar. 

Practically the only alternative to cluster forma­
tion to explain lhe rcsults is that eryosymhesis 
might result in a magnesium colloid solu!ion. 
In faet, stable colloid magncsium solu!ions can 
readily be obtained using cryosynthesis techniqucs. 
Co-condensation of magnesium with tertiary ami­
nes results in the formation of colloids in which the 
size of the metallic particles is 10 I - 102 nm [19 J. 
Several pieces of evidence, however, indicate that 
the systems derived from magnesium and organic 
halides are true solutions. First, when the exccss 
organic halide is evaporated, colourless or light 
yellow microerystals result. These dissolve com­
pletely in the organie halide. Further, the solutions 
do not possess the turbidity spectrum duc to lighl 
scattering that is characteristic of eolloid systems. 

Table 12,1, The nuclearily n of RMgnX oblained in lhree ways fOl preparalions from diflerenl 
organic hal ides 

RX n = [MgII[RH) n = ([H2 J/[RH]) + I 
PhF 3.4-4.0 3.0-3.8 
PhCI 3.0-3.5 2.8-3.2 
PhBr 2.0-2.2 1.6-2.0 
Phi 2.0-2.1 1.6-2.0 
Il-C,H 17CJ 1.5-2.5 1.5-2.2 
C,H,CJ' 1.0-1.1 O 
PhBr' 1.0 O 

'*The Grignard reagcnt \\"<1"" rrcparcd in solulion by the c1assical method. 
T Average nI' differcnt c'\.pcrimcnh. 

n from 
elemental 
analysis -

3.9 
3.2 

l.O 
2.0 

Encrgy of 
C~X bond, 

Keallmol 

117 
94.2 
71.3 
63.6 
80.4 
59.X 
71.3 

Unusual Organomagnesium Compounds 

Thc solutions are stahle lo shakillg. ccntrifugatioll. 

and addition of incrt organic sulvellt<-., \\'hCITa'\ 

magllcsiull1 colloid solutions are KI10\\'11 lo dCl'olll~ 

pose on addition of alkanes. Finall]'. cOl11par­
ison nf the bcnzcnc and hydrogcn yields ohlained 
on hydrolysis as wdl as lhe empirical fOnlllll¡¡s 
"f the s"lids indicale that all "l· the magnesillm 
j" in nr~f:lnnr1V'I:Jlli(' ('()Jl1no\lnd, r lnfortllllatl'lv. 

attcl11ptcd X-ray difrraClion analyses "f the male­
rials havc so far failcd, primarily hecause good 
single cryslals ha ve not been obtained. This may 
be bccause the products of co-conclensation are 
mixtures of RMgnX compounds having different 
nuclearitics. 

The data in Tablc 12.1 shove a rough Irend of 
cluster nuclearity with C~X bond strength 01' the 
organic halide. Magnesiutn aggrcgation is thc main 
process competing with formation 01' organomctallic 
compounds. Magnesium vapour is mainly mono­
meric Mg; magnesium aggregates forl11 after cnn­
densation in amounts depending on time and tcmp­
erature. Reactions with active halides, such as allyl 
ehloride, proeeed so quickly upon condensation 
that measurable amounts of aggregates are not 
formed. Reaction of iodobenzene or bromobenzene 
requires at least magnesium dimers. Compounds 
with stronger C~ X bonds (chlorobenzene and espc­
cially fluorobenzene) seem to reaet mainly with 
magnesium trimers or tetramers. In effect, clusters 
are selected by the reactivity ofthe halide-the size 
of the reacting cluster is related to the bond strength 
of the organie halide. 

Phenylpolymagnesium ehlorides and fluorides 
can be isolated as solids and kept in vacuum 
for many days. Degradation in the presence of 
excess PhCl (equation 12.3) beeomes more notice­
able with increasing temperature. 

PhMg3C1 + 2PhCl ---> 3PhMgCI (12.3 ) 

Effective reaction rate constants for decomposi­
tion are given in Table 12.2. The temperaturc 
dependence corresponds to an aetivation energy 
of 16.7 kcal/mol, which must be an average 
for the various RMgnX species present in the 
solution. This value is c10se to lhe dissoca­
tion energy (23.4 kcal/mol) [20] calculaled for a 
Mg~Mg bond in a singly ionized magnesium 
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Tahll' 12.2. Rate UU1.stant..; rol' dccumposition 01' 
PhMg.ICI lo PhMgCI ~1I lIiffefcllt t~Jllpcratllrcs 

T. K .''iO 36X 3XX 

111' k. s I (u(, 10.0 17.5 

dillll'r. Thi~ dilllc!" Illigllt be a good moLle! rol' 

(RMg,X). Therdore. il io, reasonable to assume 

lhal RMg"X dccomposition ineludes a stage 01' 
homolylic magncsium-lllagnesium bond eleavage. 

Alkyl polYlllagnesium halides are much less 
slable than their aryl counterparts. Solutions of 
alKylpolymagncsium halides decompose slowly at 
room lelllperalure with the fonnation of Illagnc­
si1lm metal powder. The decomposition, consider­
ably accelerated hy heating, is very rapid at 370 K. 

The difTerences in the behaviour of aryl and 
al'1'1 polymagncsiul11 derivatives are one of the 
enigmas in the ehemistry of polymagnesiul11 COI11-

pouncls. For lhe simplest structure with a linear 
arrangement 01' atoms. R~Mg~Mg~X, it is diffi­
cult to define reasons for the considerably greater 
stability when R is aryl rather than alkyl. One 
possible explanation is that the stabilizing role of 
aromatic nuelei is due to intermoIecular rather than 
intramolecular interactions. In organopolymagne­
sium halides. for examplc, complex formation is 
possible between an aromatic ring and a coordina­
tive\y unsaturated Illagnesium atom in a different 
molecule. (In Section 12.3.2.4 we will consider 
effects of aromatie rings on the stabilities and 
yields 01' hydride products in cryochemical reac­
lions of Illagnesium with l-aIkenes.) 

Thus it appears that cluster Grignard reagents 
dcrived from halobenzenes possess appreciable 
kinetic stability due to considerable energy barriers 
to their decomposition. 

12.2.4 Cluster Grignard 
Reagents-Reactions with 
Organic Halides 

Experimental studies of polymagnesium deriva­
lives have becn rcstricted by difficulties in 
ohtaining them in significant alllounts. Besides 
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Tahlc 12.3. Prod\1~Il'oll1p(l:-,itlt)ll." for rcaclioJ}., in THF uf allyl halidcs wilh PhMglIX anu with 
cOIl\'t.:ntional pllcn)'1 Grignard rcagcllh (PhM~X l. 1 PhMglIX lo = O.OX M. IC,H .. X'lo = O.() M. 
T = 293 K, rcacti(1I1 linlL' = I h 

Rcagcllls Produl't l>OlllpO~ill()ll. (,Ir 

PhMgI 
PhMgSr 

Ph~lg,,1 

PhMgnBr 

PhMg"CI 
PhMg"CI 
PhMg,CI 
PhMg"F 
PhMgnF 

)\' 

111 
llr 

Ilr 
I:lr 
Br 
[JI' 

Br 
Sr 
CI 

I'h(," 1, 

1.11 1) - 17 
1.11 16-1'1 

2.1 6S- 711 

2.1 74-76 
3.0 2X-30 
J.~ 30-33 
J.) 10-12 
~.I 7-0 
).x 3-5 

hydrolysis and lhermal decomposition. only lheir 
reaction wilh anolher organie halidc has hern 
invcstigaled. Reaelion \Vilh an organie halide 
lo give a coupling produet (cqualion 12.4) is a 
classical and importanl reaction 01' an ordinary 
Grignard rcagenl. 

RMgX + R'X' --------> RR' + MgXX' (12.4 ) 

These reactions are speeded by the presence 01' 
certain transition metal compounds, which acl as 
calalysls. 

Clusler Grignard reagenls reaet Wilh allyl 
halides lo give lhe producl mixtures summarized 
in Table 12.3. Phenylpolymagnesium halides reael 
with allyl bromide differenlly depending on lheir 
nuclearily. The cross-coupling reaction producl. 
allylbenzene, is formed from reaclions of phenyldi­
magnesium iodides and hromides (PhMg,X) as 
well from reaclions of classical Grignard rcagenl, 
(PhMgX). However. phcnylpolYlllagnesium fluo­
rides wilh n = 3-4 do nol signiticantly undcrgo 
the cross-coupling reaetion. Exchange 01' phcnyl 
and allyl groups (halogcn-mctal exchange). 
however, an exchange which is nol important in 
reactions of classical Grignard reagenls. is signiti­
cant wilh the phenylpolymagnesium fluorides and 
chlorides. 

Phenylpolymagnc,ium halides show grealer 
reactivity than do cla"ical Grignard reagenls. In 
lhe reaction wilh allvl hromide. conversion ni" 

--------------------
I'hX' I'h, PhH IC,H;), 

-- 2 11 () O 
IJ O O 

O 
111-12 4-6 S-lO (,-S 

() 2-5 12-15 6-S 
.)fl-.'S 1-2 4-6 6-X 
<;7-60 1-2 5-7 S-lO 
6S-70 <1 10-12 12-15 
74-76 <1 12-15 10-12 
.1.1-3fl <1 3-5 s-x 

PhMg13r is less than 209<- in all hou!". LJnder 
lhe same eOlldilions, conversion 01' PhMg2 Br i, 
90- I OO'k. Alkyl halides are considerahly les> 
reactive lhan allyl bromide, reaeting hardly al 
all with classical Grignard reagents. Oetyl chlo­
ride reacts readily with PhMg2Br however. wilh 
conversion of 90% in an hour. Rates of organo­
magnesium cluster reactions with allyl bromide 
and alkyl chlorides are similar; the particular halide 
in R'Y apparenlly has little influence. 

Kinetie dala for the reaction of PhMg2Br and 
PhMg, I are described by the second-order equalion 
diPhR'l/dt = k[PhMg2X][R'BrJ; k is 9.6 x 10-4 L 
M- I s-I for PhMg2Br and 9.1 x 10-4 L M- I 

S--I for PhMg2 1. The cross-coupling reaclion 01' 

Grignard reagenls with organic halides is descrihed 
hy a similar kinetic equalÍon. Kinetie and activa­
lion paramelcrs of reaetions of organie halides Wilh 
phenylpolymagnesium halides and wilh phenyl 
Grignard reagenls are presenled in Table 12.4. The 
rate constanls of cross-coupling reaclions of allyl 
hromide with PhMgBr and PhMgl are U x 10-4 

and 1.1 x 10-4 L M- I S-I, respectively, nearly 
an order of magnitude less than rales of reac­
lions of lhe corresponding PhMg2X species. Il is 
inleresling lO nOl~ thal lhe pseudo tirsl-order rale 
conslanls for lhe reactions of PhMg2Br wilh allyl 
hromide and oClyl chloride are very similar. 6.7 x 
10-· and 6.9 x 10-4 S-I, respeclively. The general 
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T ... hlt' 12.4. Ratc constants ror rcactions 01' PhMg"X ,,¡Ih WX' al 2(':-; K. hlJfX'1 ¡" ;1 P:-'L'UL!O 

lirq-ordn rate eom.tan! dctcrlllincd in lhe prc .... cllcc uf a largc c,cc"~ 01 R X' IIRXI" = 117 \11 

lO' h. 111' '\(1 i \ ~!t ¡(In 

l\.1ain L ~1 1 'IRXI. l'lln~:. 

I'h~lg"X R'X' Sohcnt proJUL't l\.l';d/llln1 

I'hMgl C,H,Ur THF 
I'hMgllr C,Hdlr THF 
PhMgCI C,Hdlr THF 
I'h\lg,1 C,H,Ur THF 
I'h\lg,llr C.1 H,Br THF 
I'hMg,Br C,H 17CI C"H ,• 
PhMg,Ur C,H 17 C1 CH,CI, 
PhMg,Br C,H 17 C1 PhBr 
I'hMg,CI C, H,Br THF 
PhMg.F C,H,Br THF 
PhMg.F CJH,CI THF 

'nlhlc 12.5. Ratc constants fUf cxchangc 01" organic 
groups bctv .. ccll PhMg2Br ano octyl chloride al differcnt 
lcmpcralurcs 

T. K 250 257 263 280 293 

10· k, ,-1 6.24 6.50 6.67 6.89 6.95 

cxpericnce lhal rcactions of Grignard reagents with 
allyl bromide are faster than with octyl chloridc 
does nOl seelll to exlcnd to reaclions of lheir poly­
magnesium analogs, suggesting different mecha­
nisms for lhe reactions of ordinary and cluster 
Grignard reagents. 

Exchange of organie groups between PhMgnX 
and nrganie halides al so is pseudo f¡rsl-order in 
PhMg"X. The pseudo first-order rate conslanl for 
exchange helween PhMg3CI and allyl brolllide is 
4.5 x 10-4 S-l. The rale of reaelÍon of PhMg2Br 
Wilh OClyl chloride changes little wilh tempera­
ture (Table 12.5), the activation energy bcing only 
0.5 kcal/Illol. 

12.3 CLUSTER MAGNESIUM 
HYDRIDES 

12.3.1 Theory 

The insertion of Illagnesium clusters into C~F 
honds raises the question whcther Illagncsium 

Phl( 
PhR' 
PhI{' 
PhI{' 
I'hR' 
PhX' 
PhX' 
I'hX' 
I'hX' 
I'hX' 
PhX' 

11.77 

.3 IIYc 
1I.7-II,Y 

'1.1 6A (1) 

1).6 6.7 2. l ) 

5.3 

2.1 
6.'1 0' 
6.0 

0.0 

2.5 

cluslers could reacl \\'ilh olher slrollg hOllds, e ~H 
for example. The ohservalion 01' ilhenion inlo 
C- H bonds ohviously would he 01' grcal inleres!. 
ParticuIJrly for nnn-lransilion melals. only a limi­
lcd number of exalllples are known 01' inlerac­
lions of metals wÍlh C~H bonds. The synlhesis 
of hydride Grignard reagenl analogs (RMgnH) is 
much more difticull lhan of Grignard reagents. 
We would expecl lhe same for the eorrcsponding 
magnesium hydride cluslers. Besides lhe low sta­
hility of magnesiulll cluSlers, lhe Mg~H hond 
is weak. Magnesiurn hydride, for example, has 
never been obtaincd by lhe direcl interaclion of 
lhe elcmenls (equation 12.5) in lhe gaseous state; 
the equilibrium favours Mg and H, in lhe available 
temperature range. 

(12.5) 

Magnesiulll hydride can he ohlained only in the 
solid state and wilh Illuch difficulty: photochem­
ieal activation is needed for its forrnalion [21]. 
Solid magnesium hydride is slahilized by hydrogen 
bridges. Recently rnethods have been developed 
for preparation of XMgH cOlllpounds in the forlll 
of complexes in solution [22,23]. The preparations 
rely on lhe tendeney 01' magncsium to increase 
its coordination nUlllber. The speeies lhal are 
formed either are bridged. 2 or 3. (Jr eomplexed 
wilh lhe solvent (5). 4. Thc ellcrgy gaill rcsulling 



402 

11 S 
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.\ ~1~ ~1~-X X-Me-II 
1" 

11 S 

4 

j rOlll hridging is grcater (han JO keallllloL a valul' 
c",-cl'cding lhe endothermicitv of lhe rL'~lction in 
cqualioll (12.5). 111 analogy lo the rcacllOIl' willl 
hydrogen. direct insertion nI' magl1e~ium into ('-1-1 

hond, (cquatioll 12.6) is also endothennic rur R = 
alkvl. aryl. or I-alkcnyl. 

Mg+ RH ~ RMgH ( 12.6) 

I-Iydridc derivatives can be prepared only due to 
fonnalioll ()f bridge structures or to association 
\Vith Illoleculcs of the medium, THF, for example. 

Al> illilio calculations carried out by the authors 
on lhe rvlP2(full)/G-31 G* level indicate thal 
dU'ler hydride (RMg"H) formation and cluster 
Grignard (RMg"X) formation are energctically 
more advantageous than formation of the 
corresponding monomagnesium (n = 1) species. 
The calculated energies of processes resulting in 
linear cluster hydride derivatives are given below: 

HMgH + Mg ----+ HMgMgH 

+ 3.7 kcal/mol 

HMgMgH + Mg ----+ HMgMgMgH 

+ 3.0 kcal/mol 

HMgMgMgH + Mg ----+ HMgMgMgMgH 

+ 2.95 kcal/mol 

At lirst glance, the lendeney noted by Dykstra 1101 
for RMg"X-deereasing stability with inereasing 
clusler nuclearity-seems to be reproduced for 

I-IMgnH derivatives (good models for RMg"1-I 
derivatives, whieh should exhibit lhe same trends). 
lOor both the hydride and halide deriva ti ves, how­
ever. lhis deerease in stability with inereasing 
Iluclearity is an artifact of the calculation. Thc 
stabilily 01' linear struetmes indeed decreases with 
illcrea,ing nuclearity. But linear structurcs appear 
lo be most slable only for n:S 3. The situa­
lion ehanges for n = 4, for which a rhombic 

Grignard Rcagcnls: Ncw Dcvc!oJllllellls 

:-.lructurc (5) i .... lhe 1ll0~t :-.I~lhlc. C(llllp~lrL'd 10 

I L\'lgi\lgivlgt i <tIlLÍ ¡Vlg. UIC :-.tahl!lI<llHlll l'IlClg: IS 

ahoul X kcal/mol. Thc cncrgic\ 01' structurc~ klving 

dislorteu Mg~ telrahedral nucki also are le" lhan 
01" linear structures. Thc cncrgy of inscrtion uf i\1g 
inlo HMgJ111¡)1 to fmm I-It\'lg~rrélrlH (where lin 
indicates a linear anu letr a telrahedral slruc'lure) is 

-I-\.~ keal/mol. Thc mosl .slahlc isolllcr 01' [\11',1-1, 
is a trigonal hipyramid (trihip). Its stabilizatinn 

compared \Vith Mg~H2(lrr" + Mg is 21.1 kcal/lllo!. 
The energies of Mg insertion into lllelhyl dcri"a­
rives are as f()lIo\\'~: 

CH,Mg2H + Mg ----+CI-I,Mg)(llrr¡H 

+ 3.0 keal/lllol 

+ 143 keal/mol 

CH)Mg~(lc'lc)H + Mg ----+CH)Mg;rrnhlp)1-I 

+ 22.0 kcal/mol 

Thus the theory prediets inereasing stability with 
increasing nuclearily beginning with a threshold 
value of 4 for n. 

In general. the conclusions made for clusters 
containing only magne.sium and hydrogen are true 
also for RMgnl-l. where R is methyl, another alkyl 

group. or phen)'!. The stabilization energy for 
n = 2 ranges from 3.6 kcal/mol for R = methyl 
to 4.8 kcal/mol for R = phenyl, and the stability 
of linear molecules also deereases with increasing 
nuclearity. Howcver, ror n = 4 this erreel is 

compensated for by the energy gained in forming 
a compaet structurc. 

It should be noted that the alternative reaclion 
in equalion (12.7) cannot compete. 

2RI-I + Mg(Mg,,) ----+ RMgR(RMgnR) + 1-1 2 
(12.7 ) 

Unusual Organomagncsiulll C{)Jllp{)und" 

The endothermil'ily (JI' lhis reaelioll is ca!clllaled to 
be IO-I'i keal/lllol grealer Ihall ea1clllaled ror lhe 
insertion 01" i\1~ 01" ~1!..!n into C~-H bond". 

In summary~ lhe r;)llo\,,:ing rrcdictioll~ can he 
made ahoul orgallolllagllc~il1ll1 clu .... tcr ll~ dridl..' 
formation: 

Forlllatioll is po\\ibk in principie; 1ll01Hlll11l'\c<l1 
o",'"ni" h"dricles I RM~II) haye heell ohlailll'll. 
and thc 'lahililies nI' clll,ter dcrivali,e, 

(R7\1g"l-I) ,hOllld be greatcr. 

2. The possihility 01' c1usler hydride formalioll 

depends 011 lhe nuclearit)'. COlllJlOllllds wilh 
Mg~ corc:-. arL' rathcr ullstablc. Compound"i 

wilh lllally lllagnesiulll Illldei are lllllikely to 

be formed in signilicallt amollnb because nI' 
the low probahility 01' formal ion in lhe lo\\'­

lemperature condensales 01' Mg" whcre Il is 
large. Consequenlly, we most expcct to fintl 
c1usters with n = 4-6. 

3. Some additional ,tahililing factor is necessary 
for the formalion 01' llleasllrahle quanlities 01' 
hydride c1usters. It cOllld be the fonnation nI' 
complcxes with molecules in the matrix formed 

on condensation at low temperalure. Alkanes 
cannot coordinate lo magnesium, and there­
fore should not aid hydride cluster formation. 
The presence of molecules such as alkenes or 
aromatics that can form Jf-complexes with mag­
nesium, however, could exert a favourable inllu­
ence on the cluster hydride yield. In solutions. 
there are possibilities for stabilization by associ­
ation of magnesium with solvent molecules. 

4. Cluster organomagnesium hyc!rides should have 
high liabilities and reactivities. Consequently. 
these compounds can be expccled to have 
unusual reaclions. 

In the following section. we will examine how 
experimental data for co-condcnsations of magne­
sium with several typcs of hydroearbolls correlate 
wilh lhese theoretieal prediclions. 

12.3.2 Magnesium-Hydrocarbon 
Cryosyntheses 

The first magnesium co-condensation Wilh an alk­
aoc \Vas carried out hy Klahunde and coworkers 

12-\1. As would be expccted, no indiealiun uf 
Ihe formation of organolllagnesium prOdUl'h \I,:a~ 

dCleeled. Chemical rcactions were ohscrved. hu\\'­
ever. wilh hydrocarbons activated hy conjugalilln 
",ilh a Jf syslcm or by some other interaclioll. 
Rcactioll 01' magnesium wilh lhe aUivaled 
Ilydrocarholls procccds through lhe stagc:-. u..,ual 
1'01' cryosynlhcsis. Dark (usuall)' uark brown) eu-
l'UlldCjJ:-..dC~ d¡e rU¡illL\.: <1: -;-; l~ ~'il: !),,',,-'\)': 

colourlcss on healing. rcsulls pointing to runllalion 
01' organomagnesium c!erivativc,. Al even higher 
lemperatures, partial or complete decolllpu,ilion i, 
observed. As descrihed in the follo",ing scetions, 
however, marked differences in beha, iour are 
observed for different Iypes 01' hydrocarholb. 

12.3.2.1 AlkyIbenzenes 

Co-condensation of magnesiulll vapour ",ith 101-
uene at 77 K leads lo formation of a dark brown 
film which becomes light brown afler healing 
to 110 K. Analysis of the reaction mixture after 
heating to room temperature shows the forma­
tion of methane, benzene, and isomers 01' xylene. 
thcir combined yield being a few percent per 
magnesiulll. Deulerolysis of Ihe co-condensates by 
condensing 0 20 on their films al 77 K followed by 
fast heating lo room lemperature results in forma­
tion of small amounts of toluene deuterated in 
the methyl group but nol in the aromatic ringo 
The yields of the deuterolysis produets (PhCH2D 
and PhCHD2) depend on the deuterolysis temper­
ature. Al 77 K their combined yield is about 2.5'7< 
per Mg anc! al 100 Kit is the same or lower. If the 
samplcs are heated to 130 K (which is higher than 
the lemperature of colour disappearance) before 
deuterolysis, however, Ihe yield of deuterotllluencs 
dcereases to 1%. No deulerotoluenes are formed 
when deuterolysis is at 180 K. Heating 10 room 
temperaturc gives gray samples with properties 
characteristic of ultra-fine magnesium partieles: on 
treatment with D 20, no deuterotoluenes are found 
hut H2 emission is observed. 

The deuterolysis data are in accord with the 
following scquence of conversions: 

l. Formation during co-condensatiol1 of magnc­
sium atom or cluster complexes with loluene 
and 01' small amounts 01' hydride COlllpOUllds. 
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') h,Jrmatioll on hcating 01" organumagllC'siulll 
cOlllpounds nf unknown (p""ihly sandwich) 
struclurcs lha! givc !lO dC-U1CrO{1lIucllc 011 

dcuterolysis. 

). Dl~COlllpositiol1 01' lhe lllajlll" pan (JI' thL' or­

ganomagl1c~illlll dcrivatiyl's un Ill'ating and 
mclting the ~aIllrleS. Al thi-. ~l~lgl', l"egl'llcr­
ation of the initial hydrnc"rhon takes place. 
Secondary reactions forlll Sln,,1I quantities of 
methane and alkylbenzenes. \leasurablc quan­
tities of deuterotoluenc are ohtained only if thc 
lInstable hydrides are treated ",ith 0,0 at low 
temperatures. 

lhe proposed hydridc formatiol1 is conlinned by 
the reslllts of interaction with carbon tetrachloride. 
Reaction with CCI.¡ (equation 12.8) is a gener­
all) accepted test for metal-hydrogen (M-H) 
bonds [25 j. 

RMH + CCI.¡ -----> RMCI + CHCI, ( 12.8) 

Data on the yields of chloroform following CCI.¡ 
treatment and also the yields of deutcrotoluenes 
after deuterolysis are presenled in Table 12.6 for 
different initial ratios of the reactants (toluene and 
magnesium) and temperatures at which the sample 
is hydrolyzed. The correlation of the deulero­
loluene and chloroform yields, lcads us lo conclude 
Ihal bolh producIs are formed from Ihe same inilial 
subslance which has an Mg-H bond. 

In general, co-condensation reactions of magne­
sium wilh elhyl-, propyl-, bulyl-, and tert-butyl­
benzenes proceed in Ihe same way. The yields 

Grignard Reagenls: Ncw Devclopmenls 

01' hydrides al 80-110 K are ahoul 2.0-2.5'/' 
and dccrcase quickly on raising lhe lcmpera­
ture. Benzene. various alkylbcnzenes, polyalkyl­
bcnzencs, and C I-C,¡ alkanes are delecled after 
heating lhe salllplcs. hul with comhined yidds of 
only 1-2.5'/'. The ll1axill1l1m yicld 01' CIICI, in tile 
reactions with CCI.¡ is 3.1 c¡, per Mg fm salllples 
maintained al 77 K or healed lo 110 K. 

The data suggesl lhe forlllation of cOlllpounds. 
slablc al 77-130 K, having Mg-Il bonds. 
Incrcasing lhe lempcrature Icads to ~lhcir con ver­
sion lo other cOll1pounds lhat decolllpose lo 
C I-C4 al kanes and polyalkylbenzenes. The yiclds 
and slabilities 01" Ihe hydride magnesiulll addllcts 
formed from alkylbenzenes are low, ho,,"e\'er. 
and the data lhercfore are not parlicularly satis­
I"ying evidence for magnesillm insertion inlo C-II 
bonds. Fortunately, more dehnilive data ha\'e been 
oblained lIsing more aclive hydrocarbons. 

12.3.2.2 CycIopentadiene 

The general patlern of conversion is the samc 
as wilh alkylbenzenes, co-condensales becoming 
colourless at aboul 90 K. Important information 
about the nature of lhe products has been 
obtained by means of infrared spectroscopy. 
At 90-100 K, a broad band, nol belonging lo 
cyclopentadiene or cyclopenladiene dimers [261. 
appears al 1300 cm-l. On healing lo 148 K. 
the co-condensates hccome colourless and the 
inlensity of Ihis infrared absorplion increases; on 
further healing lo 180 K, lhe absorplion gradual!y 

Table 12.6. The yields pcr Mg of dculerium containing praducts from 
deutcralysis and CHCI J from CCl4 lreatment al diffcrcnllemperalures of 
Mg-toluenc m-condensales preparcd wilh different rcaclant ratios 

T. K PhCH;/Mg [PhCH,D + PhCD,HJ/Mg CHCI,/Mg 

80 56 0.018 0.021 
80 112 0.023 0.028 
80 150 0.025 0.031 
81 145' 0.0 O 
lOO 55 0.019 0.024 
lOO 158 0.025 0.030 
150 56 0.001 0.003 
298 52 O O 
298 168 O 0.00ü3 

..- Reagcnts :m:- n01 co-nmden<,ed: ahcrnating layers 01' Mg and PhCH.~ are 
dcp0:-.itcd. 
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disappcars. This infrared absmption is in the rq,i')[l 
cilaraeleristic of Mg-H-Mg bridge bomb 1271· 

Hydride forlllation is also continned hy 
reactions wilh CCI.¡ similar to lhose descrihcd 
fm magnesilllll-alkylhcnlene prodllCIS. Data for 
CHel) fonnation are presenled in Table 12.7. The 
yicld of CHCI, per Mg is considerably greatel 
lhan observed for alkylbervencs. The temperature 
range in which Ihe 1300 em- I absorption is seen 
coincides wilh thal in which signitieant amollnts 
of CHCI] are fonned. It is signilicant that the 
infrared absorption disappcars, independent of 
the tempcralure, after condensation of CCI" on 
lhe samples. Simullaneously. lhe C-H slrclching 
ahsorplions of CHCI] in lhe 3050 cm- I regiol1 
appear. Allhough lhe magnesium-cyciopcntadiel1e 
adducts are dccomposed by healing to room 
tempcralure, il is clcar lhat lhey are more 
slable lhan the magnesium-alkylbenzene addllcls. 
A further increase in stabilily and in yields DI' 
organomagncsium derivalives is obscrvcd when 
the hydrocarbon is phenylacclylene. 

12,3,2.3 Phenylacetylene 

The =C-H bond ofphenylacetylene differs signif­
icanlly from lhose in Ihe hydrocarbons described 
aboye: ils energy of homolytic cIeavage and acidily 
are bolh higher. In spile of lhese differences, the 
behaviour of magncsium-phenylacelylcne syslems 

Table 12.7. Thc yields of CHClJ per Mg in reactions of 
CCI. al diffcrcnt lempcratures wilh Mg-eyclopcnladicne 
(CPD) eo-eondensalcs prcparcd with diffcrCnl reaclanl 
ratios 

T, K CPD/Mg CHCldMg 

80 23 0.20 
80 56 0.25 
80 115 O.2B 
150 58 0.35 
150 86 0.46 
150 115 0.53 
150 110* (UlOl 
180 IlO O.ÓS 
180 115* 0.001 
298 85 0.10 

*Rcagcnls are not co-condcnSl'd: altcrnating layer~ of Mg and 
cyclopcnladicnc are dcpo:-.itcd. 
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al lo\\' tcmpCTi.llUrl' ¡ .... ~illlilar lo lho~c dcscrihcu 
1m thc alkylhctllCtlC ami cyclopetlladiene syslems. 
Tile maitl ditleretlce is that higher hydride bond 
)ields are cslilll;llcd on the basis 01' lhe CHel, 
) iclds in reaetiotls \\itil CCI": the yields 01' ClICl, 
(Table 12.!-;) !e"eh X()-')()',; per Mg arter CCI" 
L'olldcll~alillll on lllagllc~illll1-plIellylacclylt:nc jill1l~ 
at 10\\ temperatll!e. Tile yiclds 01' a uelllcrillm­
containing produel (PhC=CDJ. however, are 
lo"'er. 2.0-2.<)'/, per Mg at HO-2·W K. Similar 
discrepancies bel",een yields of dellleraled prod­
ucls and CHCI) are fOllnd in reactions with 
other hydroearhons and \Vil! be explained in 
Section 12.3.2.5. That lhere is no decrease in 
CHCI., yielu at 2-\0 K indicates lhal lhe adducts 
oblained frolll phenylacetylenc are considerably 
more slablc than lhose fmm lhe hydrocarbons 
discllssed previollsl). Even at room temperature, 
the rcactions 01' co-condensales wilh CCI.¡ give 
CHCI; yields 01' IO-20'/' per magncsium. Thus 
lhe fonnation DI' cOlllpounds \Vhieh secm lo ha ve 
hydride nalure is also charaelerislic of phenyl­
aeetylcne. 

Dala from infrared speclroseopy also support lhe 
conclusion thal hydride compounds are formed in 
lhe co-condcnsales. For phcnylacelylcne at 80 K. 
as for cyclopcnladiene, a slrong absorption, absenl 
in the spcclrum of the reaclant hydrocarbon, is 
observcd (al 1380 em- I ). Its inlensily increases 
upon healing lhe sample 10 200 K, jusl as for 
cyclopenladiene. Al 240 K. a ncw absorplion 

Table 12.8. Thc yiclds of CHCI) per Mg in reaclions nf 
CCI. al dilTcrcnllempcralurcs with Mg-phcnylaeelylcnc 
co-c()ndenS~llC\ prcpared with different rcactant ralios 

T. K PhC=CH/Mg CHCI, /Mg 

SO 54 0.8 
80 50* O 
80 108 0.9 
80 156 0.9 
2(~) 156 0.9 
200 150* 0.001 
240 153 0.9 
240 112 0.9 
298 159 0.2 
298 53 0.1 

~Rcilgenr", are !lO! co-conden:-.cd: alternatlng layer..; of Mg ami 
pIJell) lacel) lene are dcpositcd. 
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appears at 1230 cm- I and the intensity 01' the 
UXO cm- I ahsorption decreases. Note lhat e,'en 
at 240 K the co-condensates rcaet with Cel 4 to 
give almost quantitative yiclds of CIlCI.' pn 
Mg. Thcreforc the changcs in infrareu spcctra 
rcasonahly rellect the convcrsion 01 olle IwdridL' 
product to a comparahle amount ni another tl;at has 
somewhat different Mg-H bonds. It should he 
noted that in the magnesium-phcnylacetylene 
system. another typc of rcaction is possihlc: dis­
placement of the relatively acidie =CH hvdronen 
with the fonnation of a magnesium a~ctyl~le. 
(PhC=C),Mg. however. is not expected to have 
strong absOl'ptions in the 1200-1400 em- I rc­
gion [28]. 

UnfOl'tunately, a more detailed investigation 01' 
this system failed because of polymeri~ation 01 
phenylacety1ene in the solid state at 210-220 K in 
the presencc of organomagnesium adducts. U pon 
heating to room temperature, a sample heeomes 
a red-brown polymer which contains solid 
magnesium. In reactions in which cryochcmieally 
produced organomagnesium derivatives are used as 
catalysts for further reactions of the hydrocarbon 
(additional acetylene is added on top of 
the firsl: PhC=CH!Mg 50-1000, 240-298 K), 
about 300-400 moles of phenylacetylene are 
polymerized per mole of magnesium. Such 
behaviour is not unique to phenylacetylene; 
as described below, ordinary alkenes undergo 
eatalytic conversions in their co-condensates with 
magnesium. 

12,3.2.4 1-Alkenes 

I-Alkenes react with magnesium in co-condensates 
to form a wide range of products. Reaction at lo\\' 
temperatures seem generally to be characteristic 
of a variety of alkenes, but studies with I-hexcne 
will be described sinee these have bcen the most 
detailed. 

In general, the appearance and behaviour 01' 
co-condcnsates formed from magnesium and 1-
hexene are similar to those fOl'med from the other 
types 01' hydrocarhons described in the preceding 
sectlons. The principal difference is that the 1-
hexene eo-eondensates never become cOl1lplete!) 
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colourlcss. As in other hydrocarbon systems, char­
acteristic absorptions appcar in in1'rared spectra (at 
1260 amI 1310 CIlI' 1) ;Illd disappear al tempera­
tures aboyc abolll 150 K. Dellterolysis 01' the co­
condcnsates at XO- lOO K lea,b to monodeuterated 
hCXCllCS. As in ali cases already discussed, condell­
sation 01' eel 4 Oll tlie cold (77 K) samples leads 
to the disaplKarallce 01' the characteristic infrared 
ahsorptions and 10 IOrlnation of CHCI, in yields 
depending on the ratio 01' the I-hexene and magnc­
siu1l1 reaetants and thc temperaturc to which' the 
co-condensate has heen exposed (Table 12.9). The 
CHC!..' yields. probahly a good indieator of Mg-H 
quantities, are lo\Ver than for the eyc10pentadiene 
and phenylacetylcne svstems. 

The behaviour ,,r" triple co-eondensates of 
benzene, I-hexene. and rnagnesiull1 is difIerent, 
ho\\'ever. Neither in1'rared spectra nor deuterolysis 
of co-condensates of benzene and magnesiu1l1 
indicate any sign 01' reaction. Addition of benzene 
to the I-hcxcne-magncsium system, however, 
considerably ehanges its properties. A number 
of new infrared ahsorptions. absent in Ihe 
system without benzene, are deteeted in the 
1200-1400 cm- I region. At lhe same time thc 
yield of CHCI] in reactions at 300 K of the co­
condensate with CCI-l increases to 90% per Mg. 
The effeet of benzene very possibly is to stabilize 
the rnagnesiurn c1usters. fOl' example by forming ][ 
complexes. 

For both I-hexenc - Mg and l-hexene- benzene­
Mg systems, the infrarcd absorptions atlributed to 
Mg-H bond s disappear artcr samples formed at 

Table 12.9, Thc yiclds DI' CHC1, per Mg in 
rcacllnns ()f CCI" al diffcrenl temperatures 
wllh Mg-I-hexcne co-(ondcnsatcs prcpared 
wilh difTcrent rcuelant ratius 

T, K C,H,,1Mg CHCI,/Mg 

80 lO 0.1 
80 50 0.16 
80 lOO 0.15 
80 lOO' O 
298 20 0.01 
298 50 0.03 
198 lOO 0.05 

* ~eagel1h are no! l'IH:ot1den"cu: altcrnating layen; 
of M!! and l-hnenL' are dcp(l,¡lcd. 
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77 K are heated to room tCIlIlx'raturc. Cel4 trcal­
I11cn! 01" salllplcs heakd lo room Icmpcraturc doc:-, 
not 1cad lo lormation 01' CI1CI, or 01' <lny other 
products. Evidcntly lile al'ti,'c organol1wgncsiull1 
compOlllllJs. formeu al 10\\' tC'lllpcraturc during or 
illllllcdiatcly aher (olldcll~ati()ll. d('l'OlllrO~c during 
hcating. Thc COlllpo<..;itiun ()f (Ile rC'-lction mixture 
arter cryosyllthesis dilfcrs grcatly fmlll the reac­
tants. Principally 2-hexene anu 3-hexcne ronncd 
by doublc bond migration. bul a!.so sneral otller 
hydrocarbons. are present. Abo present are poly­
meric products, insoluhle in organic solvcnls and 
resemhling soot. Tlle comhincd 2-hexene and 3-
liexene yield is about seven times that 01' the 
magnesium contcnt il1 lhe :-.amples. Isomeriza­
tion, thereforc. is a calalytic proeess. The catalysts 
must be unstahle organomagnc:--iull1 compounds. 
Isomerization is not obser\'ed ir the alkene is 
condenscd onto a precondensed magnesium film 
nor in samples that are prepare" I~y deposition 
01' altcrnating layen~ 01' magllcsiulll and alkenc. 
TherefOl'e we can rejeet an alternative hypoth­
esis that isomerization is duc to highly dispersed 
magnesiurn. 

Surprisingly, formation of so me hexane was 
observed; lhe yields (in reactions without hydrol­
ysis) were 1-150/c per magnesiul1l. Thus there 
is autohydrogenation of hexene giving hexane 
and condensation products. Autohydrogenation 
was not observed on highly dispcrsed magne­
sium and henee must be the consequence of 
metastable organomagnesium derivatives. Partici­
pution of labile organomagnesium derivatives with 
Mg-H bonds is quite possible. 

Thc infrared spectra, formation 01' CHCI3 in 
reactions with CCI-l. and formation of deuterated 
products on deuterolysis Icad us to assume the 
presence of Mg-H bonds in magnesium-hexene 
adducts. However. low stabilitv re'sults in decom­
position of these species on- hcating lo room 
temperature. 

Fortunate1y. magnesiulll interaction with a poly­
cyc1ic hydrocarbon givcs more stable adducls. 

12,3.2,5 Anthraccnc 

Anthracene is particularly intercsting hecause, in 
contrast to the hydrocarhons describcd aboye. it 
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rcacls \Vith Illagncsium in so!ution. forlllinu anthra­
cenylmagnesiulll (6) 129.301. Magnesi1l1l1' co-con­
dcnsation with anthracenc at low telllpcratllrc also 
leads to the formation 01' stable addllcts. hut the\' 
are not similar lo 6. ~ 

Reagent co-deposition at 77 K "ives dark lilms 
that bccome colollrlcss on heating lO lOO K 1311. A 
peculiarity 01' the reactions with anthracene is the 
appearanee 01' an intense grecn colour at tempera­
tures immcdiately hclow lhat at which the sal1lplc 
complete1y loses eolour. This may point to the 
formation of ion-radical adduct pairs. Indeed. in 
the ESR spectrum there is an intense sin~1et with 
a g-factor of abollt 2.0 that appears at the ~empera­
ture of grecn colour formation and disappears with 
deeolourization. This absorption probably is dlle to 

the ion-radical pair Mg;; RH-. 
Simultaneously with deeolourization, a broad 

absorption at 1260 crn- I appears in infrared 
spectra; as for similar absorptions observed 
in reaetions of other hydrocarbons. this can 
be attributed to Mg-H bonds. At the same 
time, C-Mg stretching modes appear in the 
500-560 cm- I region. AH 01' these absorptions 
disappear on treating the eo-condensates with H,O 
(020) or CCI-l. -

Deuterolysis 01' the magnesium-anthracenc 
adduct at 100-130 K gives 9-deuteroanthracene 
and 9,1 O-dideuteroanthracene. Oeuterolysis at 
room temperature 1eads lo the fonnation 01' these 
compounds and 9, 10-dideuterdihydroanthracene. 
The for1l1alion 01' two types of deuterolysis 
product can be related to two types 01' interaction 
taking place in the rnagnesium-anthracene system. 
The precursor of the dideuterodihydroanthraccnc 
is probably 6. FOl'mation of deutcrosubstituted 
anthracene must result from magnesium insertion 
into C-H bonds. 

Reaclions of the magnesium-anthracene adducts 
at room tempcrature with CCI4 givc sOlllcwhat 
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higher yiéllh (Tahle 12.10) of CHCI .. than did 
reaelions 01" Ihe hydmearhons descrihed in previous 
seetiolh. II should he noted again Ihal while en­
condelb,nion Ieads lo Mg-H bond I"onnation, 
thcrc i~ !lU ~i~Il¡¡lcallt prudul'l fOfmation ir alter~ 
natillg l;¡yL'r~ nI' lIJe n.:'<lctant .... are conucnscu. 

The slabilil)' 01" the crymYlllhcsis produeh per­
nl;l1"I~ G1rrying out elemental analyscs to octcr-

uf even small amounls 01" unreacted magncsium 
eould distort Ihe rcsults, sreeial efforts wcrc made 
lO aehicve complete magnesium conversion. In 
a series 01" experiments, a 20-fold cxcess of the 
organic eomponent was shown lO be necessary 
for complele (onversion of the magnesium. In 
Ihe expcrimclIls aimed al determining empirical 
formulas. a 500-fold excess was used to guarantee 
Ihe ahsenee of even micro amounts of magnesium. 
Unreacted anthracene was removed by continuous 
pumping unlil there was a conSlant vacuum aboye 
thc film. The elemental analyses gave formulas 
C ,4 H IO Mgn; the value of n lies in the range 2-8, 
a particular value depending on the cryosynthesis 
conditions (reagent ratio, rate of eo-condensation, 
apparatus geometry, etc.). Sinee the deuterolysis 
resuIts show that magnesium is bonded only to 
the 9 and 10 carbons of anthraeene, the formulas 
that are obtained can be eonsidered evidenee for 
the adducts being clusters. At low temperatures. 
magnesium exists mainly in hydride eompounds, 
RMgnH or HMgnRMgnH. At ambient tempera­
ture, there are other forms, namely cluster analogs 
01' 6 or perhaps a sandwich adduct, forms which 
possibly may intcrconvert. 

Table 12.\{). Thc yields ofCHCI, per Mg in reae­
tions of CCI, at differcnt lemperatures with Mg­
amhracene eo-condensates prepared with different 
rcactant ratios 

T. K Anthraccne/Mg CHCI,fMg 

100 S 0.3 
100 SO 0.4 
2n 10 0.2 
298 50 0.4 
298 50* 0.002 

*RcagelllS are nol cll-condcn:-.C'd: altC'rn<lting layen; 01' 
Mg and anthraccnc are Jcp0:.itl'd. 

Grignard Rcagcnls: New Developlllenls 

As is Ihe case for phenylacelylene-Illagnesilllll 
adducts, Ihe yields 01' magnesillm-anlhracelle 
addllcls eslimaled from hydrolysis dala are mllch 
lower Ihall eslimaled from reaetions wilh eel" 
(Tahle 12.111. To invesligale Ihis discrepaney. Ihe 
rcaction 01' lllagnc~iLlIll-alllhraccnc udduCh with 
Cel, \Vas sllldicd in sollllion at 29R K. The eHel, 
yield. whieh at lo\\' lemperalllrc ha" heen 40';' 01" 
lit\... dllidi.¡¡¡l l¡í liiucl,L:>al¡ll. lÍl\...J,-d.'l\...u \\1l11 tl!JJ\.' 

and reached 35 IllOIe, per mole 01' magnesilllll. 
At roOIll temperatllre eatalytie hydrogenolysis of 
CCl. is taking place. Besides chloroform, chloro­
substiluted amhracencs are formcd. So anthracene. 
which is in largc exccss, scrves as a hydrogen 

source for hydrogenolysis 01' CCl.. In PhCD, 
solution in the absence 01" exeess anthraeenc. 
CDCh is formed. 

The cluster magnesium-anlhraccnc adduct is 
extraordinarily actil'e. Reactions are ohscrved UpOIl 
attempts to dissoll'e it even in such compara­
tively inert solvents as THF. CH2CI2, toluene, 
or benzene. In these solvents. autohydrogenolysis 
takes plaees with the formation of dihydroan­
thracene and eondensation products. The use as 
the solvent of CH2CI2 leads to polymers eontaining 
ehlorine and use of THF leads to produets of ring 
eleavage of the THF. 

Many of the reactions mentioned are eatalytic. 
the total yields of produets exeeeding IOOC¡, 
per magnesium. Dihydroanthraeene formation 
proceeds with catalytic yields (Table 12.12) in the 
presence of excess anthraeene. lt is apparent that 
the hydrogen source for hydrogenation can be 
not only anthracene but also the sol vent. When 
the solvent is PhCD,. dcuterodihydroanthracene 
has been detectcd; also obtained are PhCD2H and 

Table 12,11. The maximulll yields per Mg of deuteriulll 
containing products fmm dcutcrolysis and CHel.; from 
CCI4 trcatrncnt of co-c()lldcn~atcs ohtaincd from Mg and 
various hydrocarbons 

RH-Mg 

PhCH,-Mg 
Phenylaeelylene - Mg 
Anthraecnc-~Ig 

RD yicld. 
'Ir pcr Mg 

".5 
~.5 

2.9 

CHCI, yicld. 
'i( per Mi!-

3.1 
90 
40 

Unusual Organomagncsiulll C{llllpOunds 

Tahlc 11.12. The yiclds ,,1' Y.IO-dih,d,.oalllhran'lIc· 
pcr Mg in n:actiolls al -'00 K o! :-.()l11ti(·lIl~ Irl hl'l1/l'lll' 

(Ir tlllucnc 01" Mg-anlhraccllc U)-C(l1ldcll .... atc .... preparl'll 
with dilTl'rcllt r('actanl ratio, 

Yicld ,,1 
dihyuroanll1r'KL'lll'. 

RllfMg Solvcnt 1ll,,1!1ll,,1 ~lg 

2.1 B~nz~llc X.2 

3.5 TolucllC" 3.1 
5.8 Tolu~nc -l.ó 
12 Tolucllc 5.3 

PhCDH 2 in amounts ver)' Illuch grealer than the 
amount 01' magncsiulll. 

Throughout the studies 01' Mg- RX systems, 
one can infer the insertion 01' magnesium into 
C-H bonds with cluster I"ormalioll. The predic­
tions from theory in Scelion 12.3.1 have heen 
confirmed experimenlally hy sludies 01' rcactions 
of magnesium with C-H honds 01' diffcrent polar­
ities and strengths. For hydride adduct forma­
tion, additional stabilizing factors are necessary. 
In proceeding from alkanes to alkylbenzenes. the 
tendency of the metal to interaet with C-H bonds 
beeomes eviden!. The products with alkylben­
zenes, however, are stable only at low temper­
ature. With the eondensed aromatic anthraeene 
and the possibility of increased stabilizing inter­
aetions, a magnesium-hydrocarbon adduct stahle 
at ambient temperature \Vas observed. Its reac­
tivity and lability lead to lInusual properties, as 
was predicted in Section 12.3.1 for such cluster 
organomagnesium hydride species. 

12.3.3 Catalytic Properties of 
Magnesium - Hydrocarbon 
Adducts 

We have found unusual catalytic properties nI' 

the anthraeene-magnesiulll adduct in various reac­
tions that involve C-H and C-C bonds-isolller­
ization of alkenes, autohydrogenolysis, and D-H 
exehange. Control experiments showed that these 
reactions cannot be ohserved in the presenee 01' 
dispersed magnesium. elassical Grignard reagcnls. 

409 

or llIagllesillm ha lides. At 120-29X K in Ihe pres­
l'IlLl' n( magncsiulll-hyJrocarhon adJucls as cata­

IV·'h. 11ll' c"lalylic reaetions proceed with variolls 
dcgrces of ellccti\cncss. For exalllp1e. 2-alkenes 
allll ,,-allL'nes are al\Vays deteclcd in the produeh 
o!llIagne,illlll-l-:tlkene eryosynlhesis alkr heating 
IhL' c(l-condCllsales to 298 K. The comhincd yicilb 
uf 2-,tlkcnc and 3-alkene are 7-1:; moles per 
Jl¡U1C l)] .\lg. j ¡le bI..Hlh:nl.al,uJ! Jlh'I',,)" ldh.C;-' P¡'.Il'L 

dllring healing from 77 to 298 K. Even at 298 K. 
hll\vevcr. 1-3 moles of 2-alkene and 3·alkene are 
fonned per mole of Mg. It may he that much of 
Ihe calalylieally active species is dcstroyed by a 
Illelting proeess, hut even at room temperaltlre 
so me '1l1anlity 01' catalyst remains or has been 
Iransfonned into a more stable but less calalyticall) 
active forIll. 

Another route for isomerization 01" I-alkenes b) 
magncsilllll-hydrocarbon adducts is initiated hy 
addilion ()f I-alkenes to the Mg-anlhracene addllcl 
al low 01' room temperature. Thc combincd yield 
01" 2-oclene, 3-octene, and 4-octene formed from 1-
oetene rangcs from 2.1 to 4.5 moles per mole of Mg. 

AlItohydrogenolysis ofunsaturated hydrocarbons 
is another eatalytic proeess taking place on magnes­
ium cluster adduets. Cryosyntheses in the I-alkene­
magnesium systems lead not only to isomerization 
01' Ihe I-alkcne but also to its reduetion to the 
corresponding alkane. The yield of alkane is 
25-35'7< per Mg. Alkane forms only at low 
temperalures; its yield does not increase at room 
temperalure. A higher yield of alkane, 50-85CJ, 
per Mg, can he obtained in the presence of the 
magnesium-anthraeene adduet. The most effectivc 
reduction is ohserved in the magnesium-anthraeene 
system-the yield of dihydroanthracene can reaeh 
3 moles per mole of Mg. Experiments to detecl 
the hydrogcn souree in these reductions lead lO 

observation of catalytie H-D exehange. Indeed, in 
PhCD,. the magnesium-anthraeene adduct gives 
not only dihydroanthraeene and monodeutero- and 
didelltero-dihydroanthraeenes, but al so PhCD2H. 
PhCH2D. and even PhCH). After 24 hOllrs, the 
eomhined yields of the last three products are 
20-180 moles per mole of Mg. 

The catalytic properties in the various reactiolh 
appear lo he dlle to reversible magnesium clusler 
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inscrtion into C-H and ('--el hon,k Cluster 

()rganomagncsiuIll hydrilk dcrivalive .... lllllSI Pl)­
"c" uniquc propcrtics. Wc hope thal deeper and 
broader invcstigations "f these adducI, wdl !cad lo 

Ill'\\' c<tlaly~ls and Illud~s uf cataly:-.i .... 

12.4 CONCLUSION 

vapour and organie ha lides or suitahlc hydrocar­

bons can synthcsize ne\\" material, with intcr­

esting propertics. Thc "va dable e"idcnce indicates 

these materials to havc compositions RMgnCl 

and RMgnH. 1\"lmt nf the cvidcnce so far has 

becn indirect, e.g., infcrcncc 1'rol1l products of 

hydrolysis or frol11 rcactions with CCI., although 

there are so me elemental analyscs 1'01" the halidcs 

and somc infrared spectral data ror the hydridcs. 

Further characterization of these material s is a high 

priority. Obtaining suitablc crystals thal \\"ould 

pennit X-ray crystal structure determinatiOlh would 

be highly dcsirable. For the present. ho\\"cvcr, 

it is evident that intercsting new materials have 

been formed. In particular, the magnesiul1l hydridc 

materials possess interesting catalytic properties. 

Clearly this area deserves further study. 

Note added at proof. In a recent study, magne­

sium atoms generated by laser ablation were reacted 

with methyl halides (X = F, C Br, and 1) diluted 

with argon followed by trapping at 10 K in an argon 

matrix [32]. Analysis by infrared spectroscopy 

showed the prescnce in each case of monomcric 

CH1MgX and sorne secondary reaction products. 

The rcactions afe thought to be of excitcd (' Pl 

magnesium atoms. Thc absence of polymagnesiulll 

species is in accord with the discussion of the 

role of magnesiulll aggregatcs in the formalÍon of 

such species. That monomeric CH,MgX species are 

present is an indication of the difficulty of aggrega­

tion processes under matrix isolation conditions. 
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conductivity mcasurcmcnts 34-1-
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295-6 
process control s and interlocks 168 - 71 

fOffilatioll mechanisms 185 - 275. 289-90 
future prospects 296-7 
halogen in 227 - 9 
industrial applications and stratcgy 165-83 
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properties 3 - 7 
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"cetvlenes 66, 82-4 
tiíanium-catalyzed 93 

I-nlkenes 75-6 
alkcnes 67-79 
alkynes 82-93.97 

Cp, TiCJ,-catalyzed 97 -1 02 
wnjugated dienes 79-82 
dialkylacetl'lenes 84 
diphenylacetl'lene 67 
ethylene 69 
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Magncsium surfacc arca 226 
Maltol/ethyl maltol In 
Marcus theory 34-5 
McMgBr 129-30. U2 
Mereury addition 17-1 
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126-31 
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{kL'arll'''' ra/(ll ¡(JO·· 1. 247 
Olelin .... , hydrolllagnc .... iatiofl 71, 74 
Ophioearpinc 15~ 
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396-7 
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Radiation houndary condition 197 
Radical coupling/disproportionation 248 
Radical meehanism and early e\'idencc 7-8 
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Rcductivc dimerization ol' carhonyl compound~ 
Rickc-magnc~iurn 289 

Grignanl reactions 257 

Sak handling nI' magncsiulll 171 
Sai'ety intcrloeks 170 
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