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Preface

The availability of remarkably efficient search engines has made the access to the relevant literature
and specific facts remarkably quick and efficient, but the information retrieved is not always refereed,
checked or placed in its appropriate context. As Henry Kissinger [1] has remarked: ““The computer has
solved the problem of storing knowledge and making a vast amount of data available. Simultaneously,
it exacts the price of shrinking [one’s] perspective”. In this latest edition of Comprehensive
Organometallic Chemistry we have tried to engage the best minds in the field to sift the literature
in their area of expertise and distill it down to produce a readable summary of the essential material.
We have instructed them to be comprehensive in their coverage and authoritative in their approach
and thereby maintain the standard and reputation of the original Comprehensive Organometallic
Chemistry published in 1982 and the Second Edition published in 1995. Both editions were edited
by Professors Abel, Stone and Wilkinson. This Third Edition of Comprehensive Organometallic
Chemistry (COMC-III) builds on the two previous collections and incorporates a vast amount of
new knowledge published since 1993, and simultaneously interprets the developments by providing
general and significant insights by leading experts in the field.

Those seeking a structured entry into the impressive field of organometallic chemistry will find,
either the desired information itself, or at least a reference to the primary or secondary literature that
covers the point at issue. In the COMC tradition, we hope that this work will be useful not only to
experts, but also to workers in allied fields who need to turn to organometallic chemistry to solve some
pressing problem. With this in mind we have devoted the first volume to fundamental principles in
order to provide a helpful entry into this important field for graduate students and scientists whose
primary expertise lies in other areas. We also hope that readers will dip into this work and develop
numerous research ideas or encounter a myriad of surprising results. Indeed, the applications of
organometallic chemistry continue to expand at a prodigious rate, hence the significant increase in
the number of volumes devoted to applications in COMC-III (to organic synthesis, to functional
materials, as well as environmental and biological applications). Organic chemists have edited the
volumes on organometallic chemistry towards organic synthesis now organized by reaction type so as to
be readily accessible to the organic community. The new volume on applications covers a wide range
of topics from optoelectronics to clusters and nano-particles.

The forthcoming availability of the whole COMC (1982), COMC-II (1995) through to COMC-III
series in a web format will further enhance the utility of the series, providing a truly comprehensive
data source and an unparalleled depth of coverage. With these new features, we hope that the
combined efforts of the volume editors and individual authors have not only expanded the database
of the subject but also provided an expanding perspective for all who use it.

The authors of individual chapters, the editors of the volumes and the editorial staff at Elsevier have
made a tremendous effort to produce such a monumental work on schedule. We should like to thank
them all most sincerely for working so well together as a team and we are sure the readership will
appreciate the mature perspective and insight which they have provided for them.

D. Michael P. Mingos
Robert H. Crabtree

[1] H. Kissinger, Does America Need a Foreign Policy?, Touchstone Press, NY, 2002.
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5.01.1 Introduction

The development of organometallic chemistry of vanadium has lagged behind that of its neighboring group 4 metal
analogs. The major reason for this is the strong paramagnetism of many of these vanadium species, which often makes
single crystal X-ray diffraction an indispensable tool for their unambiguous characterization. Nevertheless, during the
past 15 years, the number of studies of the mid- to high-valent vanadium complexes has dramatically increased,
mainly due to the work of a small number of groups, the development of high yield procedures for known or new
precursors, and the stabilization of new species by the use of suitable ancillary ligands. Although vanadium
compounds are now used as reagents in organic synthesis, materials, polymerization catalysts, and potential drugs,
the applications of organovanadium compounds are still rather limited, again probably due to the difficulty in their
characterization and handling. This chapter focuses on the synthesis, characterization, reactivity, and applications of
organovanadium compounds, and covers the literature since 1993 up to early 2005. For details on organometallic
vanadium chemistry prior to 1993, links are always given to the appropriate sections in the two carlier chapters on
“vanadium” in COMC (1982) and COMC (1995).1’2 T'he contents of this chapter are arranged in sections classified
according to the bonding mode of the hydrocarbon ligand. Attempts have been made to extensively include the
whole literature (except for reactions that generate non-organometallic products), and to highlight the most signifi-
cant contributions. In general, work in the patent literature is not covered unless it has not been reported elsewhere.
In view of the limited space, the reader is referred to comprehensive reviews and more general reviews such as those
recently reported on selected aspects of the role of vanadium complexes in alkene polymerization,>® in organic

synthcsis,7'8 as magnetic materials,” ! or medicinal alpplicaltions,lz’15

as well as those treating the chemistry of
Cp"V(CO)4' and Cp,V.'7 Progress in the related coordination chemistry of vanadium can be found in the chapter on

vanadium in the companion series of Comprehensive Coordination Gﬁemistiy.lz

5.01.2 Carbonyl, Isocyanide, Arduengo-Type Carbene and Related Compounds
5.01.2.1 V(CO)e and Derivatives

5.01.2.1.1 Synthesis, structure, and bonding

Significant improvements in the synthesis of [V(CO)]™ and V(CO)g have been made, which will certainly help to
revive the chemistry and applications of V(CO), and its derivatives. T'he general synthesis of V(CO)g is a two-step
procedure that requires the initial preparation of [V(CO)s]™ by the reductive carbonylation of VCI;(THF);
(Scheme 1) (for a complete description, see COMC (1982) (Volume 3, Chapter 24, Section 24.2.1.1)2 and COMC
(1995) (Volume 5, Chapter 1, Section S.()1.2.4)1). V(CO)4 is obtained via oxidation of [V(CO)¢]™ with an acid
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[Et,NIBr
Li(THF),J[V(CO —_— > Et,NTV(CO
[Li(THF),J[V(CO)g] acetone/EOHH,0 [E4,N][V(CO)¢]
i 100% H3PO,
o e o] 70% on VCI
CO, -60°C 2 s
THF Na, THF H+
VCls ———> VCL(THF)s o7 oo Na[V(CO)] ~ —————>  V(CO)g
85%
4 Na[Cy4H 1]
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72%

Scheme 1

(anhydrous HCI'® or crystalline 100% H3PO419‘20). While the original synthesis of Na[V(CO)4] required high CO
pressure and elevated tempc-*:ratures,21 an improved and safer procedure was developed by performing the atmos-
pheric pressure reductive carbonylation of VCI;(THF); with sodium in THF in the presence of a fairly large amount
of 1,3,5,7-cyclooctatetraene (V/CO'T molar ratio 0.5) (Scheme 1).22

T'o overcome the use of considerable amounts of the expensive cycloolefin catalyst, in particular in large-scale
preparation, a useful alternative to this method has recently been described.?® It involves the initial reduction of
VCI3(THF); by 4equiv. of sodium anthracenide under an atmosphere of argon, followed by addition of carbon
monoxide, affording Na[V(CO)s] in 72% yield (Scheme 1). A homoleptic anthracene vanadate [V(Ci4Hjg),]™ is
postulated as an intermediate. Less successfully, the substitution of anthracene in the previous procedure by
naphthalene for the sodium reductive carbonylation of VCI;(THF); afforded lower yields of Na[V(CO)e] (vield
40-50%, respectively, in THF or DME).23 The strong reducing nature of the [V(CjoHg),l™ intermediate versus
[V(C14H10)]~ would explain the difference. Following the same trend, the stronger reducing agent [V(C¢Hg)2]™ has
been reported to react with carbon monoxide to give only ill-defined CO reduction products and no vanadium
carbonyls.?*

Nevertheless, the anthracene- or naphthalene-aided procedures are suitable for the synthesis of rather small
quantities (1-2g) of Na[V(CO)g]. By employing lithium I-methylnaphthalenide as the reducing agent in the
carbonylation of VCI3(THF); (=60 °C, atmosphere CO pressure), the alkali metal polyarene route to [V(CO)e] ™ is
casily scaled up by a factor of 10 (Scheme 1). For purification reasons, the Li[V(CO)4] formed needs further cation
exchange by metathesis with [NEt;]Br to provide [NEt4][V(CO)g] in 70% yield (based on VC13).25 The same authors
developed an improved procedure for the conversion of [NEt;][V(CO)s] into V(CO), by 100% H3POy,, based on the
use of a specially designed Schlenk apparatus that provides V(CO)s in 86% yield.?®

Furthermore, preliminary investigations show that bis(naphthalene) vanadium(0) (see Sections 5.01.2.4 and
5.01.6.1) is an excellent precursor to other zerovalent vanadium complexes, and, in particular, report is made that
in cyclohexane it quickly combines with CO at normal pressure and 20°C to give high yields of V(CO)s.2¢ Although
no experimental details are given, such direct carbonylation would be highly desirable.

A new route to carbonyl-phosphine complexes is the exchange of dinitrogen ligands in N, complexes
Na[V(N;),(PMe,Ph)s_,] (=1 or 2) (prepared by reduction of VCI3(THF); in THF by Na/Hg under dinitrogen atmos-
phere in the presence of PMe,Ph). Exposing a solution of a mixture of these complexes to normal pressure of CO at40°C
results after ca. 50 min in the substitution of all N, ligands for CO with the formation of #7ans-[V(CO),(PMe,Ph),]™ and
small amounts of [V(CO)(,]*.27 After prolonged exposure to CO (3 days), the main product is ¢Zs-[V(CO)4(PMe,Ph),]™
with minor amounts of [V(CO)s(PMe,Ph)]™ and [V(CO)s] . The diphosphine analog Na[V(N;),(dmpe),;_,] (=1 or 2)
behaves similarly under CO exposure with the formation of ¢zs-[V(CO)4(dmpe)]™ with minor products [V(CO)s(dmpe)] ™
and [V(CO)e] ™. For spectroscopic investigations ('Li NMR) to study close contact ion-pair interactions,?’ the related
complex Li[V(CO),(dmpe),] was prepared by the reduction of VCI;(THF); by excess Li foil in the presence of dmpe
followed by addition of CO (°'V NMR: —1063 ppm, Jyp = 161 Hz. vgo=1731cm™}).

Sodium naphthalenide reduction of (trimpsi)VCI;(THF) (trimpsi = Bu‘Si(CH,PMe;)3) in the presence of CO pro-
vides, after salt metathesis with [E¢4N][CI] and suitable workup, very low yield (5%) of [EtyN][(trimpsi)V(CO)s]
selectively  separated  from  hydrido  derivative  (trimpsi))V(H)(CO);  and  structurally  established
[(trimpsi)V(,u—Cl);,V(trimpsi)][(172—trimpsi)V(CO)4].28 This ligand environment has found particular interest in the
development of stable nitrosyl-vanadium chemistry (see Section 5.01.2.3).

3
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The molecular structure of [Na(THF)s][V(CO)¢] has been determined in the solid state at 298 K (space group
R3).29 Interatomic distances (V-C 1.91(2);%, C-O 1.18(3)A) and angles (V-C-0O 174(2)°) in the anion compare well
with previous determination on related [PPN]* sale.30
near room temperature as free radical, V(CO), has been investigated intensively. Its ground-state structure is subject

Being the only homoleptic transition metal carbonyl that exists

to dynamical Jahn-"Teller distortion and has nearly octahedral geometry at room temperature (sece COMC (1982),
Volume 3, Chapter 24, Section 24.2.1.1). The molecular and spectroscopic properties of V(CO)q have been studied
with different improved techniques.31"36 According to the most recent studies by means of an extensive array of
experimental and theoretical mcthods,35 V(CO), isolated in Ne, Ar, or CO matrix shows a static Jahn-Teller
distortion to D3, symmetric structure. The occurrence of the previously suggested D,y distortion mode is ruled out.

5.01.2.1.2 Carbonyl substitution

Due to the facile tendency to disproportionate in the presence of donor molecules (COMC (1995) Volume 5, Chapter 1,
Section 5.01.2.1.2), the direct substitution of V(CO), proceeding without change in the metal oxidation state has been
limited almost exclusively to the synthesis of mixed CO-phosphine and CO-phosphite vanadium(0) derivatives, as well
as to homoleptic isocyanide and mixed CO-isocyanide complexes which are discussed in Section 5.01.2.4. Carbonyl
exchange in V(CO)g, [V(CO)] ™, and HV(CO)g is well documented (COMC (1982) Volume 3, Chapter 24, Section
24.2.1.2 and COMC (1995) Volume 5, Chapter 1, Section 5.01.2.1.3), and in particular phosphine substitution reactions
occur readily in non-donor solvents with the replacement of a variable number of CO ligands to form complexes of the
type V(CO)4_,L.,, (L= phosphine or phosphite). The crystal structure of the known [Et4N][\7(CO)5(PPh3,)]37 has been
clucidated.>® The anion has a slightly distorted octahedral geometry with an angle P=V—COans of 175.9°. The distance
V-COypans (1.889(4) A) is shorter by about 5 pm than the distance V-CO,, due to the weaker m-accepting capability of
PPh;, inducing stronger M—CO m-backbonding to the COy,,s competing for the same metal & -orbitals.

The complexes Na[V(CO);P ] (P, multidentate phosphine ligands) are prepared by carbonyl substitution in
V(CO)e with 1equiv. of Py, that initially yields [V(P,):][V(CO)¢l,. Refluxing the latter for 12h gives neutral
V(CO);P,, which is subsequently transformed into [V(CO);P,,]~ by one-electron reduction with excess sodium
sand in THF.%

The twiphosphorus macrocycle 1,5,9-triethyl-1,5,9-triphosphanecyclododecane  (12[ane]P3Et;) reacts with
[V(CO)6]™ under photolytic conditions to produce orange fac-[(12[ane]P;Et;)V(CO);]™ in 71% yicld.40 This
vanadium(—1) complex can be oxidized to the yellow vanadium(0) derivative fac-(12[ane]P;Et;)V(CO); by
[CpoFe]™ in 61% yield. The derivative has a low spin #°-configuration (pesr=2.3 ).

Reactions of V(CO), with arenes were reported to involve one-electron oxidation; complexes of the type
[(arene)V(CO)4] T[V(CO)g]l~ were isolated from the brown solids formed.*! Interestingly, with toluene as arene,
treatment of these brown solids with diethyl ether resulted in gas evolution and after workup, the arene complex 1
was obtained in low yield (10%) (Scheme 2).42 This is a rare example of a vanadium compound in which a triple bond
between vanadium atoms is suggested. Each vanadium atom is involved in a V=V linkage (V—V:2.388(2)A), a
nearly planar n°-toluene ligand (V—centroid distance 1.825 A), and semibridging carbonyls [two strong V-CO bonds
(1.896(5) and 1.954(5) A) and two weaker V-CO interactions (2.509(5) and 2.660(5) /0\)]. Photolysis of a 1: 1 mixture of
NaV(CO)g with tri-zerz-butylcyclopropenium tetrafluoroborate gives the deep-blue [(C3Bu3)V(CO),] in 50% yicld.43
An X-ray study reveals an n?-coordinated mode for the cyclopropene with partial scission of one C—C bond in the
carbocycle and concomitant partial insertion of the vanadium into the cyclopropenyl ring.

5.01.2.1.3 Redox reactions

Redox reactions in the presence of isocyanide are presented in the section dedicated to isocyanide complexes
(Section 5.01.2.5). V(CO), is easily reduced by cobaltocene (or decamethylcobaltocene) to [V(CO)e]~.** The
voltammetry of the [V(CO)(,]OF system has been examined for solid [Na(diglyme),][V(CO)s] mechanically attached
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to electrodes that are immersed in aqueous (electrolyte) media, and shows distinct relationship to the voltammetry of
dissolved [V(CO)()]f.45 Electron transfer involving [V(CO)e]™ and neutral V(CO)q has been studied using spectro-
scopic methods as well as DF'T methods.3**8 Ton pair [CoCp,] "[V(CO)s] ™ has been shown to undergo electron
transfer upon photooxidation.

V(CO)¢ is known for its capability to promote the oxidation of M(—1) carbonylmetallates via outer-sphere electron
transfer (see COMC (1995), Volume 5, Chapter 1, Section 5.01.2). Similarly, Cr(CNFc¢)q (Fc=ferrocenyl) is readily
oxidized by V(CO)g in dichloromethane to afford the ion pair [Cr(CNFC)()]*[V(CO)(,]*,w characterized by an X-ray
structure. The bond distances V-C (1.935(3)—1.974(3)/&) and C-O (1.147(4)-1.160(4) A) are very close to other
structurally characterized [V(CO)e] ™ anions.

Irradiation of V(CO) in low temperature matrices containing O, leads to the disappearance of the IR CO
absorption and the formation of a novel superoxovanadium species alongside free CO,.%° Isotopic substitution
experiments with '"®0, indicate that this compound is the dioxide—superoxide [VO,(5-0,)] complex.

Crystalline VI (dmpe), is isolated as a minor product (no yield is reported) in an attempt to prepare o-alkyl
complexes from [V(CO)4(dmpe)]™ and perfluoro-isopropyl iodide in THE.?! Reaction of yellow [V(COg)]~ with
iodine or bromine (X;) in THF at —78 °C leads to a red solution apparently containing [{V(CO)4}(u-X)3;] (X =1, Br)
as the main component (IR evidence) (Scheme 3). On addition of phosphine PEt; or PMe,Ph, red VX(CO)4(PR3); is
formed.>® This intermediate can also be generated by the reaction between [V(CO)4(PR3),]™ and X,. Alternatively,
VBr(CO)4(P,,) (P, multidentate phosphine) and other monobromo derivatives VBr(CO);(P,,) and VBr(CO),(P,,) are
obtained by the reaction of [V(COg4]™ with pyridinium bromide and the corresponding bi-, tri-, and tetradentate
phosphine ligands.’' Addition of alkyne to [VX(CO)4(PR;),]~ provides a general route to green rfrans-
[VX(CO),(PR3),(alkyne)] ™ spcci@s.s2 A molecular structure reveals that the two PR3 and the two CO ligands are
mutually z7ans, a fact that is corroborated by the observation of a single CO stretch in the range 1900-1930cm ™! in
pentane solution.

Electron-rich vanadium carbonyl Na[V(CO),(dmpe),] 2 is able to promote carbon monoxide reductive coupling
when reacted with TMS reagents to provide acetylenic products of the type V(TMS-O-C=C-O-TMS)(dmpe),X
(X =OTY¥, Br).>® Similarly, treatment of 2 with the electrophile 1,2-bis(chlorodimethylsilyl)ethane in THF results in
the formation of the coupled product 3 which has been shown by single crystal X-ray study to contain a cyclic eight-
membered heterocyclic acetylene ligand (Scheme 4) with C—-C and V-C bond distances of 1.308(6) and 1.985(3);&,
respectively, and C-V-C angle of 38.5(2)°.5* Surprising differences of reactivity of 2 with the nature of the alkylating
agents are observed. MeOTT alkylates 2 with the formation of the methyl derivative 4 and neutral 5, whereas the
reactions of 2 with EtO'Tf or Et;OBF, afford a mixture of comparable amounts of the n*-acyl complex 6 and neutral 5
(Scheme 4).Ss As direct electrophilic attack on the carbon atom of a coordinated CO ligand is extremely rarc,56 the
authors instead suggest that ethylation proceeds via initial O-alkylation of the terminal CO ligands followed by
subsequent migration of the Et group to form the acyl species. Selected geometrical parameters determined by X-ray
analysis follow: V-CO 1.869(8) A, V-Cyey1 1.956(7) A, V=0,041 2.213(5) A, VCyeyiOyeyt 83.8(5)°.

5.01.2.1.4 Applications

The applications of V(CO)g and its derivatives are limited due to its toxicity. Owing to its intrinsic volatile nature,
V(CO)g has found growing interest for applications in material science, as precursor of vanadium-carbide or -oxide
films® (link to OMCVD Chapter 12.02) and for the synthesis of thin-film V-based magnets.58 In solution,
VITCNE],-»(CH,Cl;) (x~2, y~0.3) can be prepared via the reaction of V(CO)q (or V(CgHg),) with TCNE. To
form thin films and eliminate the detrimental effect of the solvent, V[TCNE], films are grown from the gas phase
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reaction of V(CO)s™® (or V(C4Hy),)> and TCNE and could be deposited on various supports. Magnetic properties of
such materials (with TCNE and other electron-acceptor ligands) are far beyond the scope of this review; interested
readers are advised to consult original articles cited in comprehensive reviews,” ! and Chapter 12.07.

5.01.2.2 Carbonyl Hydrides, Allyls, Alkyls, or Alkenyls

The photo-elimination of a carbonyl ligand in Na[V(CO),] in the presence of an excess of allyl chloride, followed by
addition of the olefinic phosphine P(C;H7); (C;H;=1-cyclohepta-2,4,6-trienyl), generates the complex
(nS-CsHs)V(CO)4[P(C7H7)3] in which the olefinic phosphine behaves as a conventional two-electron ligan

The synthesis, characterization, and structure of neutral seven-coordinated hydrido complexes of vanadium are

d.o0

well established, and various hydride complexes stabilized by phosphine ligands HV(CO), L., have been prepared by
various methods (COMC (1995) Volume 5, Chapter 1, Section 5.01.2.2). The related deuteride DV(CO)4(ppb) (ppb-
1,2-bis(diphenylphosphino) benzene) is prepared by the treatment of [NEty][V(CO)4(ppb)] with DZ().39 Hydrido
complexes HV(CO),P,, 7 (P, multidentate phosphine) react photochemically with alkenes to form c-alkyl com-
plexes by hydrovanadation of the C=C bond, and give in most cases the anti-Markovnikov isomer as the main (or

sometimes the only) product (see Scheme 5).61 4-Methyl-1-pentene and 2,3-dimethyl-1-butene, when reacted with
HV(CO)4(dppe), yield methyl derivative V(Me)(CO)4(dppe), through a-and (-alkyl migration, respectively, from the
intermediately formed V(4-Me-1-pentyl)(CO)4(dppe) and V(2,3-Me-1-butyl)(CO)4(dppc).39 Selected spectroscopic
data are presented in Table 1. The second way to generate o-alkyl—carbonyl vanadium [V(R)(CO)4(dmpe)] consists in
the alkylation of [V(CO)4(dmpe)]” with RI.®?

Similarly, complexes 7 (#=3 or 4, P, bidentate or tridentate phosphine) react with excess alkyne under UV
irradiation to afford o-alkenyl complexes V(o-alkenyl)(CO),(P.).>! These complexes are present as a single isomer
(Z-isomer, 7 =4) or two isomers (isomers Z and £) with the Z-isomer always dominating (Scheme 5). This stereo-
selectivity suggests a mechanism involving hydride transfer from a hydride—alkyne intermediate. In the absence of a
molecular structure for this series of complexes, the '"H NMR spectra clearly indicate the presence of olefinic
hydrogen on C/3 at ca. 5.9 ppm, thus proving the presence of sp* carbons. Representative data are given in Table 1.
In addition, the chloro complex V(CI)(CO),(pepe), (pepe =Ph,P-(CH;),-PEt;) is synthesized by the treatment of
hydrido precursor V(H)(CO)4(pepe) with [Et,N][CI].>!

R'" R? R'" H
pr— + pr—
Y% H I\ R?
HV(CO),P,, A . [V]=V(CO),P,,
7 +
vl 1\

Scheme 5
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Table 1 Selected spectroscopic data for o-alkyl and o-alkenyl-carbonyl vanadium
complexes of the type R-V(CO)4(dppe)3->"-61

R-V(CO)4(dppe) complex veo (em™h) 5 (e 5 (‘H)
R =3,3-dimethyl-1-butyl 1930, 1840, 1825 —1044 (AM), —1077 (M)
4-methyl-1-pentyl 1925, 1840, 1826 —1065 (AM), —1058 (M)
methyl —1031
2-butenyl 1932, 1850, 1829, 1801 —1061 (%) 5.59
1-hexenyl 1930, 1850, 1833, 1801  —1064 (Z) 5.58

&The isomers anti-Markovnikov (AM), Markovnikov (M), and Z (2) are given within the
parentheses.

5.01.2.3 Carbonyl-Nitrosyl Derivatives

Most nitrosylating agents are potent oxidizers or potential oxygen-atom sources, which, together with the strong
oxophilicity of vanadium metal, may explain the relatively poorly developed chemistry of vanadium-nitrosyl
complexes. Synthesis, structure, and spectroscopic data of binary nitrosyl-carbonyl vanadium compounds by CO
displacement reaction have been described in COMC (1995) (Volume 5, Chapter 1, Section 5.01.2.5). To over-
come the problem of stability of nitrosyl-carbonyl vanadium complexes, and following carlier studies with
tridentate phosphine derivatives,® tripodal phosphines Bu‘Si(CH,PMe,); (trimpsi) have been elegantly employed
as supporting ligand in this chemistry. Treatment of [EtyN][V(CO)q] with [NO][BF4] in dichloromethane at
—35°C generates the thermally unstable V(CO)s(NO) (see COMC (1995) Volume 5, Chapter 1, Section 5.01.2.5),
which upon addition of 1equiv. of trimpsi at —35°C followed by warming to room temperature results in gas
evolution and formation of (nz-trimpsi)V(CO)g,(NO) (IR cvidcncc).28 Further reflux in THF affords
(trimpsi)V(CO),(NO) 8 in moderate yield (59%), fully characterized by IR and NMR spectroscopies (see
Table 2), X-ray, and cyclic voltammetry measurements (£,—0.74V vs. [CpZFC]OH). Indeed, the oxidation of
8 with [Cp,Fe][BF,] at ambient temperature in dichloromethane results in the IR and EPR spectroscopically
characterized [8][BF,4] (Scheme 6).

Treatment of 8 with halogens or halogen sources (Br;, I,, PhICl,, C,Cls, CINO, AgCl) produces (trimpsi)V(NO)X, 9.6
Alkylation of 9 with dialkylmagnesium reagents in THE affords the monoalkyl derivatives (trimpsi)V(INO)(R)X [R = Me,
CH,SiMej;, CH,CMes] (see also Scheme 6).65 A crystal structure of (trimpsi)V(INO)(CH,SiMe3)Cl reveals a linear nitrosyl
ligand and a V-C bond distance of 2,123(7)10\. These studies demonstrate that the (trimpsi)V(NO) fragment is thermally
stable when bound to a variety of co-ligands.

5.01.2.4 Miscellaneous Carbonyl Complexes

The sodium amalgam reduction of the A°-imido—vanadium(v) compound V(=NAr)Cl3(dme) (Ar= 2,6—Pr2i— “oH3) in
the presence of PMes, under 2-3 atm of CO, gives the orange complex V(=NAr)CI(CO),(PMe3),, a rare example of an
imido complex of trivalent vanadium.®® Spectroscopic data and DF'T" calculations support a #z7ans, trans-configuration of
the CO and PMe; ligands.

Table 2 Selected spectroscopic data for (trimpsi)V(NO) complexes?®64

Complex veo (em™ 1y o' (em™) 8 C'P{'HY) or EPR

(-trimpsi)V(CO);(NO) 1990, 1904, 1813°  1600°

(trimpsi)V(CO),(NO) 8 1910, 1920 1543 +5.0 (oct, Jpy 220 Hz, 2P), —10.0 (oct, Jpy 130 Hz, 1P)
[(rimpsi)V(CO),(NO)]"  1977,1895¢ 1596¢ £2.0035, AC'V) 56 G, aC'P)yansno 15 G, aC'P) im0 28 G
(trimpsi)V(NO)CI, 9a 1601 —0.1 (br s, 2P), —24.5 (br s, 1P)

(trimpsi)V(NO)(Me)Cl 1543 —1.3 (brs, 1P), —4.4 (br s, 1P), —23.4 (br s, 1P)

n nujol.

PIn THF.

°In dichloromethane.
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The homoleptic electron-rich tris(iminoacyl) vanadium(ir) compound V(n*-C(Mes)=NBu"); irreversibly coordi-

nates carbon monoxide to form the unusual, monocarbonyl adduct V(WZ—C(I\/ICS)_NBUt)g(CO).67 This complex is a

diamagnetic 16-valence-electron compound, and its infrared spectrum exhibits a CO band at 1867 cm ™.

5.01.2.5 Isocyanide Complexes

[V(CO)4]™ serves as a precursor compound for reactions leading to isocyanide—vanadium complexes which, depend-
ing on the conditions, yield seven-coordinate complexes of vanadium(1), hexacoordinate complexes of vanadium(i, 11,
and 1), or octacoordinate complexes of vanadium(iin). The oxidation of V(-1) to higher-valent vanadium complexes is
carried out with iodine or bromine; the V/isocyanide and V/iodine (or V/bromine) stoichiometry, reaction conditions,
and workup of the reaction conditions critically determine the precise outcome of each reaction and the compounds
generated (Scheme 7). The neutral vanadium(ir) complexes #7ans-VX,(CNR)4 (X =1, Br; R = Bu', Cy, 2,6-Me,-CH3,
CH;Tos) are prepared in THF from [Et;N][V(CO)s] and X, in the presence of isonitrile in a molar ratio of
V:CONR: X, of 1:4:1.5.%% This series of compounds presents a fiegr = 3.89—4.07 up, typical of high spin 7°-systems
with spin-only contribution to the susceptibility. The same reaction carried out in dichloromethane yields the ionic
[VI(CNBut)5]+[I]7.69 The eight-coordinate vanadium(ii) complex [V(I),(CNBu)] "I is obtained in dry THF from
[V(CO)¢] ™, 1, CNBu® used in a ratio V: CNR: I, of 1:6:2, while the coupling product 10 is formed when water is
added to the reaction.®

Similar reactions of [NEty][V(CO)] in the presence of the diphosphine dppe, zer7-butyl isocyanide, and X, in a
molar ratio V:dppe:CNR:X of 1:1:2:1 gave the seven-coordinate carbonyl-isocyanide vanadium(i) complexes
VX(CO),(CNBu"),(dppe) with moderate yields (46% (Br), 56% (I)).68 If the molar ratio V: 1, is 1:1.5, which is in
between the conditions pertinent for the formation of the V(1) complexes (V:I,=1:1) and the vanadium(i)

trans-VX5(CNR), i [VI(CNR)g]*I- i [VIo(CNBu')gl*I-

]

VI,(CNBUY),(PRy), = [V(CO)I” — > [VI,(CNBuUY),(BUNHC=CNHBUWJ*I-

10
lv
viii

[V(CO)4(PRy),]” <Y1 VX(CO),(CNBU');(dppe)

Conditions: i, Xo, RNC, THF [R = Bu', Cy, Xyl, Bz]; ii, Io, RNC, CH,Cl, [R = Bu', Cy; iii, lo, BU'NC, THF; iv, I,, dppe,
Bu'NC, H,0; v, Xy, dppe, BU'NC, THF; vi, PRy, hv; vii, I, BU'NC, PR3 (PR3 = PPhg, dppe), THF; vii, I, Bu'NC
[R =PMe,Ph], THF

Scheme 7
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Table 3 Selected IR spectroscopic data for isocyanide vanadium complexes

Complex ven (em™hy? veo (em™ ) Other? References
VI(CO),(CNBu"),(dppe) 2168, 2098 1889, 1842 68
V(CO),(CNXyl)4 2011, 1986 1897, 1808 70
V(CNXyl)g 1939 70
VBr,(CNBu'), 2174° 69
[VL,(CNBu')4(BuNHC=CNHBu"|I 2208 3204 (NH), 1561 (C==N) 68
[VI,(CNBu®)]I 2173 68
VI,(CNBu®),(PPh;), 2171 68
VBr,(CNBu)(dppe) 2155, 2145 68
[V(CNBuY),(dppe),]~ 2077" 27
[VI(CNBu")s]I 2195, 2175, 2159 69
[CpVTp(CNBu)][BAr,] 2212 2501 (B-H) 71
Cp ' V(CO)3;(CNBu') 2092¢ 1955, 1979, 1837 72
Cp*V(CO)3(CNCy) 2084¢ 1957, 1979, 1839 72
CpMeVCI,(CNBuY), 2208, 2168 73
V[SeSi(SiMes);]5(CNXyl) 2126 76
VI(N(C¢F5)CH,CH,)3N]3(CNBu®) 2180 77
V[(SCH,CH,);N](CNBu") 2173 78
4n KBr or Nujol.

PIn THF.

°In hexane.

For comparison: CNBU' 2136cm ™", CNCy 2136cm™", CNXyl 2115cm™".

complexes (1:2), complexes with vanadium at the oxidation state 411 are formed. While a stoichiometry of the
reagents in a V:phosphine:Bu'NC:X, ratio as 1:2:2.2:1.5 gives the isocyanide—phosphine complexes
VX,(Bu'NQ),(PR3), (X=1 and PR3 =PPhs; or X =Br and (PR;), = dppe). Such hexacoordinate vanadium(ir) com-
plexes are also accessible by the oxidation of the anions [V(CO)4(PMe,Ph),]™ with I,, but with lower yields.68 With
monophosphines, these compounds are supposed to have the all-#7ans arrangement as only a single vy is observed,
whereas with the chelating dppe which prevents this configuration, the IR spectrum shows two vcn bands. Stepwise
substitution of N, in Na[V(N,),(dmpe),_,] (=1, 2) by CNBu" affords [V(CNBut)z(dmpe)z]i27 Relevant IR
stretches for zer7-butyl isocyanide—vanadium complexes are reported in Table 3.

Surprisingly, no disproportionation event occurred in the reaction of V(CO), with excess xylyl isocyanide con-
ducted at room temperature in heptane for 3 days (Scheme 8). This reaction results in the remarkable displacement of
four carbonyls from V(CO)s with the efficient formation of #7ans-[V(CO),(CNXyl)4] 11 as a dark red solid in 80%
yield.70 The vanadium center has an octahedral arrangement, with #7anzs V-CO units. As expected, the V-CO bonds
(av. V=-CO = 2.001(6);%) are shorter than the V-CN distances (av. V-CN = 2.044(2)/0%). Structure 11 has a g of
1.75 pp (22°C), and ESR spectroscopy (frozen toluene) has been recorded: g,, =2.023 (g, =2.038, g|| =1.993) and
AW =47G (AL =31G, A||=80G). Pertinent IR data are reported in Table 3 and compared to other isocyanide
complexes. Attempts to substitute the remaining carbonyls failed, leading to decomposition products, while oxidation
of 11 with 1 equiv. of [Cp,Fe]" in THF afforded the homoleptic isocyanide cationic [12]*. The latter has also been
prepared by another route from V(7°-naphthalene), (see below).

Upon treatment with CNBu", the mixed sandwich cationic complex [CpVTp][BAr,] [Ar = 3,5-(CF3),CsHj3], which is
described in Section 5.01.4.2.1, formed the light blue adduct [CpVTp(CNBu‘)][BAr4].71 Orange monoisonitrile complexes
Cp V(CO)3(CNR) [R=Bu', Cy] are prepared via photoinduced substitution of one carbonyl ligand in Cp*V(CO)4.72

CNXyl (xs) [CpoFe]

V(CO —_— trans-V(CO),(CNXyl —_— V(CNXyl)gl®
©e  — otane, 200 CORLCNI e e M y)i]

11 (CpoFe]* ¢ 12

|

CNXyl (6 equiv. C _

V(r~CioH)z W VIONXyl)y  —————  [V(CNXyi)]

13 prane. 12 12-

Scheme 8
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Table 4 Comparison of infrared and structural parameters in [V(CNXyl)g]*

VICNXyD)eF veen (em™ D' V=C A’ C-NXy/ (A)®  C-N-C ()

Z=1+ 2033 2.07(2) 1.169(6) 173(2)
7Z=0 1939 2.026(7) 1.186(5) 163(4)
Z=1- 1817 1.98(3) 1.20(2) 158(10)
An THF.

bAverage distance or angle.
Adapted from Barybin, M. V.; Young, V. G. Jr.; Ellis, J. E. J. Am. Chem. Soc.
2000, 722, 4678-4691 with permission from The American Chemical Society.

Treatment of VCI3(THF); with NaCp™©, in the presence of zr7-butylisocyanide, produces the bis(isocyanide) complex
CpMVCI,(CNBUY), along with structurally established byproduct [CpM,V(CNBuY),][VCI4(THF),] (see also Section
5.01.4.2.1).7% All these complexes exhibit typical IR stretching bands for isocyanide ligands (see Table 3).

Bis(776-naphthalcnc)Vanadium(O) and its methyl ring-substituted derivative bis(n6-1-Mc-naphthalcnc)Vanadium(O)
react with 6 equiv. of xylyl isocyanide in THF/heptane at 0°C to give high yields of the unprecedented homoleptic
zerovalent V(CNXyl)s 12, as depicted in Scheme 8.7%7* This compound is paramagnetic with a low spin
d°-configuration (per=1.76 up). The bulky nature of the xylyl isocyanide ligand appears to be of critical importance
for the stabilization of this thermally stable complex. Structure 12 can be reduced into unsolvated Cs[12] with Cs/
graphite in THF, and is oxidized by [Cp,Fe][PFq] to afford [12][PF¢]. The members of this family of homoleptic
isocyanides [V(CNXyl)s]* (z=+1, 0, —1) have been structurally characterized, which allows a comparison of
structural and infrared data ('T'able 4) and clearly follow the trend of the m-accepting property of the isocyanide ligand.

Several paramagnetic isocyanide vanadium(i) complexes of general formula LV(CNR) [R=Bu', Cy, Xyl] are
formed upon addition of the corresponding isocyanide ligand to the appropriate trivalent vanadium precursors
V[N(adamantyl)(3,5-Me,CsH3)15,” V[SeSi(SiMes)sls,”® in situ generated V[(N(CoFs)CH,CH,)3N1,”” and displace-
ment of NHj in V[(SCHZCHZ)3N](NH3,).78 All these compounds are high spin {/z—spccies, and present a characteristic
vCN band listed in Table 3.

5.01.2.6 N-heterocyclic (Arduengo-type) Carbene (NHC) Complexes

Despite the ever-growing use of N-heterocyclic carbenes as ligand systems for various transition metals,
examples of N-heterocyclic carbene complexes of vanadium remain extremely rare. Treatment of divalent
VCIL,(TMEDA), with 4 equiv. of 1,3-dimethylimidazol-2-ylidene (L') in THF generates the substitution prod-
uct \/C12L14.79 The reaction of the anionic 3-borane-1-methylimidazol-2-ylidene (L2Li, 3equiv.) with
VCI;(THF); at low temperature results in the formation of a purple solution, from which red paramagnetic
ion pair [LiPy4]+[VL24]7 has been crystallized upon addition of pyridine (V-C 2.119—2.132(6)./0%).80 The
remarkably air stable deep red 1:1 adduct V(=O)Cl3(IMes) is formed in 76% vyield from the reaction of
VOCI; with 1,3-dimesitylimidazol-2-ylidene (IMes) in toluene.®! The molecular structure reveals a V-C bond
distance of 2.137(2)A and displays strong Cl- - -Ceypene interactions (Cl1-C 2.849 and 2.887(2)A) between the
chlorides ¢is to the carbene and the vacant molecular orbitals of the Cg,pene. Treatment of the bis(carbene)pyr-
idine ligand 2,6-bis[1-(2,6-diisopropylphenyl)imidazol-2-ylidene]pyridine with VCI;(T'HF); affords the chelate
complex [bis(carbene)pyridine]VCls in quantitative vields as an orange-brown solid.¥? This compound, when
activated with MAO, presents a very high activity in the room temperature catalytic polymerization of ethylene

1

(activity: 1280 mg mmol ™ 'bar 'h™') and produces high density polyethylene.

5.01.3 o-Bonded Alkyl, Aryl, Alkylidene, and Alkylidyne Complexes
5.01.3.1 Vanadium() and Vanadium(i) Complexes

Examples of vanadium(1) alkyls and alkenyls stabilized by both CO and phosphine ligands have already been
discussed in Section 5.01.2.2 dedicated to the vanadium carbonyls. A few o-alkylvanadium(ir) complexes may also
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be obtained from the reduction of the tris(mesityl) vanadium(ii) precursor VMes3(THF) and are discussed in the
section dedicated to the reactivity of homoleptic o-alkylvanadium(ii) complexes (Section 5.01.3.2.1).8

Treatment of diimine/pyridine vanadium(iin) complex {2,6-bis[ArN=C(Me)],(CsH3N)}VCl; 14 (Ar= 2,6-Pri2-C6H3)
or its pyridine ring or#ho-methylated analog 1S with 4 or 3 equiv. of MeLi, respectively, yields two different compounds
(Scheme 9), which are selectively separated by suitable workup in the presence/absence of TMEDA. In the absence of
TMEDA, the unprecedented monovalent and anionic vanadium dialkyl complex 16 is isolated.®* This *-complex has
a square-pyramidal geometry, and surprisingly, does not have the methyl group originally present on the pyridine ring
ortho-carbon atom. Workup in the presence of TMEDA produces the anionic monovalent dimethyl derivative 17 with a
second methyl group on the mera-position of the pyridine ring, as shown by an X-ray structure elucidation (see T'able 5
which presents selected relevant data for these complexes). Both processes imply two-electron reduction of the metal
center and formation of the corresponding vanadium(i) derivatives (pegr=2.54 and 2.64 up, respectively). As expected,
these complexes, either with or without co-catalyst, are inert toward ethylene polymerization, and may be involved
during the polymerization with diimine/pyridine—vanadium(ii) catalyst with methylaluminoxane (MAO) in a possible
reduction pathway of the V-center with consequent deactivation (see Chapter 11.20).

Neutral dimethylvanadium(i) complex #ans-VMe,(dmpe), has been prepared by the addition of MeLi to
VCly(dmpe),.3 This method appeared unsuitable for the preparation of other alkyl derivatives such as
CH,SiMe;.%¢ Fortunately, treatment of the divalent tetrahydroborate vanadium precursor z7ans-V(n'-BHy),(dmpe),
with Me;SiCH,Li results in the clean replacement of the two borohydride groups and gives the new 15-electron

Table 5 Relevant data for alkylvanadium() and alkylvanadium(i) complexes

Complex Ther (1) V=C distances (Pox) Other distances (A) or angles (°) References
{2,6-bis|[ArN=C(Me)],(CsH;N)}V(CH3) 2.54 V-Ci; 2.118(7), 84
(u-CH;3)Li(Et,0); 16 V—Cxiar 2.093(9)
[{2,6-bis[ArN=C(Me)](2,3-Me,- 2.64 V—Cia 2.075(11), 84
CsH;3N)JV(CH3),][Li(THF),(TMEDA),] 17 2.115(10)
trans-VNMe,(dmpe), 3.7 2.310(5) V=P (A) 2.462(5), 2.448(7) 85,86
¢is-V(CH,SiMe3),(dmpe), 3.8 2.253(3) V=P (A) 2.550(1), 2.552(1), 86
C-V-C 92.3°(1)°
[(LITMEDA),V(u-C=CPh),(I'MEDA)] 18 2.186(0), 2.122(8), C=C (A) 1.220(9), 1.22(1), 87
2.175(6), 2.128(7) 1.210(9), 1.24(1)
V(C=CPh),(TMEDA), 19 2.18(1), 2.18(1) c=C (/:\) 1.21(1), 1.20(1) 87

V(C=CBu"),(TMEDA), 2.179(2) C=C (A) 1.207(3) 87

11
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vanadium(n) alkyl ¢s-V(CH,SiMe;),(dmpe), in 50% vyield, with an unexpected ¢zs-configuration of the alkyl groups
rationalized on steric grounds. This borohydride starting material also appeared suitable for the synthesis of the
known zrans-VMe,(dmpe), and the geometry of the latter was confirmed by an X-ray structure determination.
Relevant distances and angles are listed in Table 5; the differences are attributed to the differing 77ans-influences
of R and phosphine ligands, and steric congestion in the CH,SiMe; complex. The vanadium(i) tetrakis- and
bis(alkynyl) complexes 18 and 1957 are synthesized from the reaction of VCI3(THF); and LiC=CPh in THF in
the presence of TMEDA as shown in Scheme 10. The four phenylacetylides in 18 are bridged at the a-carbon
between the vanadium center and two tetrahedral lithium cations. These complexes present one (for 19) or two (for 18)
Vc—c bands in the expected 2000 cm ™! region. The related V(C=CBu"),(TMEDA), is the only product isolated
from an analogous reaction with LiC=CBu". V-C bond distances in these compounds range between 2.122-2.186 A

(T'able 5). Reduction of vanadium occurs during these reactions, and use of vanadium(ir) precursor VCI,(TMEDA),
gives the same alkynyl complexes in higher yields. The alkynyl ligands in these complexes react with organic
electrophiles at the a-carbon. Treatment of 18 with RX (Me;SiCl or Mel) results in the formation of 19 along with
RC=CPh. Insertions of phenylisocyanate in V(C=CBu"),(TMEDA),, and CO; in 18 and 19, are also reported and
generate after hydrolysis Bu"C=C(O)NHPh and PhC=CCO,H, respectively.

5.01.3.2 Vanadium(m) Complexes
5.01.3.2.1 Homoleptic vanadium(m) alkyl complexes

5.01.83.2.1.() Synthesis and structure

Previously, homoleptic organovanadium(in) [VR4]™ [R= Mes®® or 2,6—MeO—C(,H3,89] and VR; [R= Mes, C(CN)3,90
or (]H(Sil\’le3)291] have been isolated, but structural information is not available for any of them. The reaction of
VCI3(THF); with 8 equiv. of Li(C¢Cls) at —78 °C followed by salt metathesis with [BuyN][Br] allows the isolation of
[BU4N][V(C6C15)4],92'93 a remarkably stable homoleptic alkylvanadium(iir) compound. The solid-state structure of
the anion indicates a slightly distorted tetrahedral geometry, with C-V-C angles ranging between 98.1(2)-117.6(2)°,
and V-C distances ranging from 2.142(5) to 2.158(5)& In contrast, the same arylation using Li(CgFs) in place of
Li(C¢Cls) gave the unprecedented five-coordinate homoleptic vanadium(iin) complex [B114N]2[V(C6F5)5].93
Attempted similar synthesis of the homoleptic analog with the highly electron-withdrawing 2,4,6-tris-(trifluoro-
methyl)phenyl aryl ligand, from the reaction of VCI;(THF); with 3.5 equiv. of LiAr (Ar=2,4,6-(CF3);-CgH>)), failed
with the isolation of the EPR-silent oxo-vanadium(iv) complex [VAr3(u—())][Li(THF)3]94 that contains a linear oxo
bridged to a lithium atom attended by three THF molecules. Using only 3 equiv. of LiAr produces the diarylated
complex VAr,CI(THF), a pseudo-octahedral species due to two weak V- - -F interactions (V- - -F 2.306(2) and 2.378(2) /0%)
and with mutually ¢s-aryl groups (V-C = 2.145(4) and 2.159(4) A).

5.01.3.2.1.(ii) Reactivity of VMesz and derivatives

As previously highlighted in COMC (1995) (Volume 5 Chapter 1, Section 5.01.3.3.2), the reactivity of vanadium(iir)
alkyls is dominated by the reactivity of the thermally stable trismesityl complex VMes;(THF), prepared by reacting
VCI;(THF)3 with 3 equiv. of MesMgBr in THF.”>?8 Its rich reactivity includes: protolysis reactions (with HCI,
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RCO,H, ROH, R;SiOH, etc.), oxidative addition (with M=0, C=0, epoxides, NO, etc), insertion reactions (with
RNC, RNCO, COy, etc.), and dinitrogen fixation.

Reaction of VMes;(THF) with Bu'OH in toluene affords the purple mixed valence V(i)-V(iv) complex
V(OBu"),(p-OBu)(pu-O)V(OBU),(THF)  (ptegr=2.71 wp).”? The same product is obtained using the
alkylvanadium(i) dimeric precursor [V(2,6-(MeO),-CsH3),(THF)],. In these two reactions, oxidation of the metal
occurs, and the oxygen probably comes from metal-promoted deoxygenation of the aryloxide. Various aryloxide-,
mesityl- or mixed aryloxide-mesityl vanadium(i) complexes have been prepared from protolysis reactions of
VMes;(THF) with o7#h0-substituted phenols ArOH (Z—Pri—(]6H4()H, 2-Bu'-C¢H40OH, MesOH) and 2,2’-biphenol
(biphen). According to the stoichiometry, the partially and fully phenolate-substituted vanadium(iin) complexes
VMes,(OAr)(THF), VMes(OAr),(THF),, V(OAr);(THF),, and V,(biphen);(THF), are formed.'®" Treatment of
the latter with MesLi gives [Li(THF),][VMes(biphen),]. Mixed mesityl-phenolate  complexes
[Li(DME),(THF)][VMes,(OAr),] and [Li(DME),][VMes(OMes);] are also obtained by the addition of MesLi to
VMes(OAr),(THF), or VCl;_,(OMes), (THF), complexes (#=2 or 3). Direct addition of LiOMes or
Li,biphen(Et,0)4 to VMes;(THF) leads to [Li(THF),][VMes;(OMes)] and [LLi(DME)][VMes,(biphen)]. Three of
these mesityl complexes have been structurally characterized, the V-C distances range 2.09-2.14A (cf., av. V-C in
VMes;(THF) is 2.108 A)‘l()l Oxidation with p-chloranil C¢Cl4O; of some of these vanadium(iir) complexes in the
series [VMes,_,(OMes), ]~ produces the neutral corresponding mesityl vanadium(iv) [VMes,_,(OMes),] derivatives
(see Section 5.01.3.3.1).100 Similarly, mixed silyloxide-mesityl complexes of vanadium(iin) and vanadium(iv)
have been prepared.102 The protolysis of VMes;('THF) is also found very useful for the metallation of the mono-
methoxycalix[4]arene  [p-Bu‘-calix[4]-(OMe)(OH);] that leads to the trivalent dimer [V{u-p-Bu‘-calix[4]-
(01\46)(0)3}]2.103 Note that these mixed alkoxide- (or aryloxide) alkyl trivalent species are an important class of
compounds due to their potential activity in alkene polymerization.3*1941%8 (See Chapter 11.20)

Room-temperature fluoridation of VMes;(THF) with the fluoride-transfer agent F,P(NEt,); generates ionic
[FP(NEtz)][VI\’IessF].mg This #?-vanadium(inn) complex (e = 2.73 ) has been characterized by means of multi-
nuclear NMR spectroscopy (for the cation only), IR (vyy =583 em™ !, vye =536 and 511 em™Y), and X-ray structure
determination (av. V-C 2.118 A).

The oxidation of VMes;(THF) by the use of either epoxides or oxo-metals is a useful tool for the preparation of
rare higher-valent alkyl complexes. VMes;(TTHF) smoothly deoxygenates styrene oxide to give the diamagnetic
vanadium(v) derivative 20."1%"! This oxo-metal complex readily combines with VMes;(THF) to give the para-
magnetic vanadium(1v) p-oxo dimer 21 (Scheme 11), which is further discussed in Section 5.01.3.3.1.

On the same principle, deoxygenation of the nitrosyl complex Cr(NO)(NPr',); by 2 equiv. of VMes;(THF) gives
rise to the nitride derivative Cr(N)(NPr'»); and 21,1213 while the triamido-tungsten(inn) carbonyl [N3N]W(CO)
([N3NF]37 = [(C6F5NCH2CH2)3N]73) reacts with VMes;(I'HF) in toluene to yield black [N3Np]W(CO)VMes;. The
tetrahedral vanadium center has been oxidized by one electron, and thus the complex is best described as a
vanadoxyalkylidyne complex with almost linear WY'=C-0-V "V, V-C bond distances ca. 2.05A and alkoxide-type
V-0 linkage (1.824(14)A) and W-C of 1.88(2) A.!'*

The insertions of organic functionalities into the V-C bonds of VMes;(I'HF) are used for making novel
vanadium(1i) organometallic derivatives (Scheme 11). zerz-Butyl isosocyanide inserts into all three V-Mes bonds to

A Mes V(CO)g + MesC(O)Mes O=VMes,
No_ ¢ 20
Bu' /3 . cnBu! COT VMesg(THF)
22 o
Cy Mes Cy © Lo
= CyNCNC Cr(NO)(NPr
C=X N \ )\ A VMes,(THF) NOWPrDs  yjesv-0-vMes,
Mes 21
CCy Cy RNCOl CO, [V(0,CMes).],
| y)l(\C/ Mes
Mes— Vv O, L O": :
\< \ /Cy Mes{:' I -V Mes%
[X=0, NBul| / N\( N [L =Py, MeCN] N
R/3 R/3

Scheme 11
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afford exclusively the trivalent tris(nz—iminoacyl) vanadium derivative V(nz—[N,C]— Bu‘'NCMes); 22 071 The
reactivity of 22 toward insertion reactions (CO,, isocyanates, CO, isocyanides, ctc.), hydrogenolysis, hydrolysis, and
oxidation has been extensively studied.®” Other representative examples of insertion reactions involving
VMes;(I'HF) are depicted in Scheme 11.97 Furthermore, VMes;('HF) undergoes reductive elimination when
reacted with carbon monoxide, producing MesC(O)Mes and probably V(CO)s. VMes;(THF) is completely unreac-
tive toward dinitrogen; however, when the THE molecule is removed using an appropriate Lewis acid (AlPh; or
B(C4F3)3),8311® the metal center reacts by either oligomerizing forming [VMes;], (under argon) or binding dinitrogen
(under N;) leading to the formation of the diamagnetic d*~d* complex [Mes3V(1-N;)VMes;] 23 (Scheme 12), which
easily loses N, upon treatment with THF, reforming VMes;(THF). The reaction of VMes;(THF) with N, also
occurs under reducing conditions using either sodium or potassium metals, via intermediate formation of the
vanadium(i1) desolvated anion [VMes;3] ™. In the case of K, [VMes3]™ reacts with N, and in the presence of VMes;
leads to the 7'-° compound {[Mes;V(u-N,)VMes;] [K(digly);] "}, which depending on the conditions, undergoes a
further reduction to #'=#" derivative {[K(digly)s(p-Mes)(Mes)V],(u-N3)} (see Scheme 12). Similarly, the reduction
of VMes;(THF) with Na under a dinitrogen atmosphere gives the #'-#" dianion [Mes;V(1-N,)VMess]*~ 24 with a
cumulenic structure [V=N=N=V], which depending on the workup mode has been isolated as {[Mes;V(u-
NZ)VMCS3]27[Na(digly)z]ZH} or {[Mes3V(u-N,)(u-Na)VMess]  [Na(digly),]*}. The #”-configurations in these com-
plexes are supported by structural evidence (T'able 6). Protonation of these dinitrogen complexes shows that only the
neutral 7*~d* 23 releases exclusively N, on protonation, while the other complexes with more reduced dinitrogen
ligands release N,, N,H4, and NH;. This chemical reactivity compares well with the electrochemical studies
performed under both N, and Ar atmospheres.

Analogous dinitrogen fixation is also achieved in the low temperature reaction of VCI3(THF); with 3 equiv.
of neopentyllithium in diethyl ether under dinitrogen. The resulting diamagnetic vanadium(ii) complex Np;V(u-
N;)VNp; easily loses its N, ligand upon treatment with donors L. (Py, MeCN, RNC), breaking the dimeric
structure and forming the corresponding adduct Np3V(L).' Relevant structural parameters for NpsV(u-N,)VNp;
are listed in Table 6, and compare well with Mes derivatives, the V-Np bond is among the shortest reported for

Table 6 Structural parameters for alkyl-dinitrogen vanadium complexes

Complex V-C (A) V=N (A) N=N @A)  V-N-N(°)  References
{IMes3V(u-N,)VMes;] [K(digly)s]} av. 2.085 av. 1.756 1.222(4) 180.0 83
{[K(digly)s(u-Mes),(Mes)V],(u-N5)} av. 2.124 1.744(6)  1.233(8) 178.3(8) 83
{[Mes;V(u-N,)VMes;][Na(digly),],} av. 2.189 av. 1.767 1.225(7) 180.0 83
{[Mes;V(u-N,)(u-Na)VMes;][Na(digly),]}  av. 2.173 1.757(6)  1.271(8) 174.7(10) 83

Np3;V(u-N;)VNp; 2.026(2) 1.725(2) 1.250(3) 180.0 116
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such V-C bonds. The dinitrogen complex is also converted to rare oxo-alkylvanadium(v) complex V(=O)Np; by
reaction with styrene oxide, and releases NpH and N, upon protonation with HCI. These complexes have been
characterized by NMR and IR spectroscopies (i.e., Np3V(u-N2)VNps: >'V NMR 6§ 1237, (N,) 858 [1(**N,) 839]).
Interestingly, these two Np species decompose in solution at 20 °C giving NpH and species which are moderately
active in the ring-opening metathesis polymerization ROMP of norbornene (1-2 mol Nb/mol V/h).

5.01.3.2.2 Heteroleptic vanadium(i) alkyl complexes

The involvement of trivalent alkyl complexes of vanadium in dinitrogen fixation/activation and even more impor-
tantly in olefin polymerization has driven the quest for the synthesis of o-alkyl complexes. Many different ligands
including cyclopentadienyls (see Section 5.01.4.2.1), and O- or N-donor ligands have stabilized these vanadium
hydrocarbyls. Mixed alkoxyde-alkyl trivalent species have been discussed in the section treating the reactivity of
homoleptic VRj (section 5.01.3.2.1). The dinitrogen species [MzV(Py)]5(u-Nz)M7 (Mz = 0-Me,NCH,Cgl,) reacts
smoothly with 1equiv. of CuCl to release N, and concomitantly forms the trivalent Mz,VCI(Py) as a deep-red
crystalline solid, an octahedral compound with V-C bonds of 2.107(5) and 2.125(5);\ (trans to Cl) significantly longer
than in the vanadium(ir) precursor (V-C zrans to N, 2.2()4(4)10%).118 The related 1,2-N,N-dimethylaminomethylferro-
cenyl (FeN) vanadium(iin) complex VCI(FeN); is prepared from VCI;(THF); and 2 equiv. of Li(FCN).llg’121 This
compound adopts a trigonal-bipyramidal geometry in the solid state, probably to minimize steric constraints and to
accommodate five-membered rings around the metal center with a V-C of 2.087(3) A. Varying the stoichiometry of
the reactants allows the preparation of the parent complex VCI(FcN) and the homoleptic V(FcN);, which have been
investigated by Mossbauer spcctroscopy.122

Although not isolated, R,VCI (R =allyl, crotyl) and V(O)R3 complexes, prepared by the transmetallation of VCl;
and VOCI; with RMgCL ' afford good regioselectivities in the C—C bond forming reactions of carbonyl com-
pounds.124 Alkylvanadium species are also suspected to be involved in the geminal diallylation of propiophenone
with allyl bromide by vanadium halides in the presence of Zn'1%

T'he bis(trimethylsilyl)amido vanadium-nitrogen bond in low- to medium-valent species has been at the origin of the
development of a rich chemical reactivity of this functionality. The reaction of VCI3(T'HF); with 3equiv.
of LiN(SiMej3), does not give the expected homoleptic tris(amido) complex, as observed when using the tris(amine)
VCI3(NMes), as starting material,126 but instead initially affords the green monomeric VIN(SiMe3),],CI(THF) 25 which
further reacts with 1 equiv. of LiN(SiMe3), to form the blue-violet dimer {[(Me3Si),N]V[u-CH,SiMe,N(SiMe3)]}, 26 in
80% vyield (see Scheme 13).127 The X-ray structure analysis confirms the dimeric structure with a four-membered
azasilavanadacyclobutane group, and magnetic susceptibility studies indicate antiferromagnetically coupled vanadium
atoms (pegr= 2.31 pp per dimer). When reacted with excess KH, 25 leads to a similar dinuclear complex 27, composed of
two moieties held together via K—H agostic interactions with two potassium cations.'?®

The chemical reactivity of the metallacyclic dimer 26 has been explored with respect to the coordination of bases,
hydrogenation, and insertion reactions. The dinuclear structure is cleaved by donor