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IV.1 Background for Part IV

STEFAN BRASE and ARMIN DE MEIJERE

A. INTRODUCTION

Around 1970, Mizoroki et al.l! and Heck and Nolley™ independently designed and executed
the first Pd-catalyzed coupling reactions of aryl and alkenyl halides with alkenes.®"! In sub-
sequent investigations Dieck and Heck demonstrated the usefulness and rather broad scope
of this new catalytic transformation. The real drive to utilize this powerful C—C bond-form-
ing process, however, began only in the second half of the 1980s, and by now an impressive
number of publications have established the so-called Heck reaction as an indispensable
method in organic synthesis. Alkynylations of aryl and alkenyl halides, frequently also con-
sidered as Heck reactions, are described in Sect. III.2.8. Although Dieck and Heck were
among the first investigators of this reaction, the drastically improved conditions applying
copper salts as cocatalysts were developed by other groups (cf. Sect. I11.2.8.1). Applications
of the Heck reaction range from the preparation of a large variety of hydrocarbons, novel
polymers, and dyes to advanced strategies for enantioselective syntheses of natural products.
The simultaneous developments of mechanistically related variants, namely, the Sono-
gashira, Suzuki, Stille, and Negishi coupling reactions (Sects. IIL.2.8, I11.2.2, III.2.3, and
IIL.2.1 in this volume, respectively) of alkenyl- and arylmetal derivatives with alkenes and
the metal-catalyzed formation and cycloisomerization of enynes have profited from the
improvement of and mechanistic insights into carbometallation reactions in general. The
converse, of course, applies as well. Using only a catalytic amount of a palladium(0) com-
plex, cross-couplings like the Heck reaction involving carbometallation steps can bring about
structural changes with unprecedented increases in structural complexity, particularly when
conducted as intramolecular reaction cascades. Although the potential of this Pd-catalyzed
process has not yet been fully explored, it is appropriate to say, even at this stage, that
carbometallation reactions are true “power tools” in contemporary organic synthesis.

B. MECHANISM

Even the early concepts concerning the mechanism of the Heck reaction served as
reasonable working hypotheses (for details see Sect. IV.2.1.1). The actual C—C bond-
forming reaction is a carbopalladation of C,C double bond, and it can be used to bind
alkenyl, aryl, allyl (the intramolecular carbometallation of an allylic substrate is called a
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1124 IV Pd-CATALYZED REACTIONS INVOLVING CARBOPALLADATION

palladaene reaction®'!), benzyl, methyl, alkoxycarbonylmethyl, alkynyl,'?' certain
alkyl,!**! and silyl fragments to a variety of alkenes. In terms of the involved mechanisms,
all of these cross-couplings may be considered as Heck reactions. The leaving groups on the
coupling partners can be halides, sulfonates, nitrogen (diazonium salts as substrates), and a
variety of other groups, which are less commonly employed. For a discussion and summary,
see Sect. D.

A coordinatively unsaturated 14-electron palladium(0) complex, usually containing
two tertiary phosphanes as weakly electron-donating ligands, has been proved to be the
catalytically active species. It is commonly generated in situ from either from a palla-
dium(0) complex or by reduction of relatively inexpensive palladium(II) acetate or chlo-
ride.'181 Tn the first step of the catalytic cycle (© in Scheme 1), a haloalkene, a
haloarene, or a similar substrate is oxidatively added to the coordinatively unsaturated
palladium(0) species to generate a o-alkenyl- or o-arylpalladium(II) complex.!'”™2! This
then coordinates an alkene molecule, and when the latter and the alkenyl (aryl) residue on
the palladium are in a cis orientation, the o-alkenyl- or o-arylpalladium complex can
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undergo syn insertion into the C,C double bond of the in-plane coordinated alkene, to
yield a o-(B-alkenyl)- or o-(B-aryl)alkylpalladium halide complex. The product-yielding
B-hydride elimination step (©in Scheme 1) can occur only after an internal rotation (step
®) around the former double bond, as it requires a B-hydrogen atom to be oriented syn-
planar with respect to the halopalladium residue. The subsequent syn elimination of a
hydridopalladium halide —examples of anti elimination are also known!?*'—to yield an
alkene, is reversible, and therefore the thermodynamically more stable 1,2-disubstituted
(E)-alkene is generally obtained when the coupling is performed with a terminal alkene.
Reductive elimination of HX from the hydridopalladium halide, aided by the added base,
regenerates the active catalyst and thereby (step @) completes the catalytic cycle.

This mechanism has not been proved in every detail, and especially the rate-determin-
ing step has not been identified unequivocally in all cases. For many substrates the
oxidative addition can rightly be assumed to be rate-determining; however especially in
the coupling of tetrasubstituted alkenes, the oxidative addition most probably is not rate
determining (Sect. IV.2.1.1).

C. SYSTEMATIC CLASSIFICATION OF CARBOPALLADATIONS

The carbometallation of 77-compounds can proceed by various modes.

C.i. Carbopalladation with C—Pd Single Bonds

C.i.a. Four-Centered Processes. The carbopalladation of a C,C multiple bond with a
carbon-palladium single bonds is the key step in the catalytic cycle of the standard
Heck reaction, the intermolecular version of which has been used extensively since its
discovery for the functionalization and derivatization of aryl and alkenyl halides,'® as
well as alkenyl triflates or the more reactive nonaflates,'>*) which are readily available
from the corresponding ketones (Scheme 2) (Sect. IV.2.1.2).
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R = carbon group, X = halogen.
Scheme 2

Multifold Pd-catalyzed cross-coupling reactions on oligohaloalkenes and -arenes can
most elegantly and easily lead to highly substituted carbo- and heterocyclic systems. Up
to a sixfold Heck coupling, with the formation of mixtures of isomers, however, has been
reported®! (n = 6, X = Br, Scheme 3) (Sect. IV.2.1.2).
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The intramolecular Heck reaction provides a general access to carbocyclic (Sect. IV.2.2.1)
and heterocyclic (Sect. IV.2.2.2) systems. All ring sizes from three- to nine-membered and
even larger rings are achievable. However, certain restrictions apply in those cases in which
rings smaller than six-membered are formed; that is, these rings are accessible only by n-exo
processes (Scheme 4).

O\
x

X

Scheme 4

Asymmetric synthesis has become the most relevant access to enantiomerically pure
compounds, and transition-metal-induced reactions are increasingly important in the ar-
ray of methods for the enantioselective construction of new asymmetric centers. Catalytic
processes, in which chiral information is transferred from a small fraction of a chiral aux-
iliary in the catalyst to a large fraction of the prochiral substrate, are rapidly developing
into extremely valuable methods. Among the established methods, however, are only a
few for the catalytic enantioselective formation of carbon—carbon bonds. An ordinary
Heck reaction, that is, the coupling of an aryl or alkenyl derivative with an alkene, does
not form a new center of chirality. With cyclic alkenes, however, the stereoselective syn-
B-hydride elimination after the syn-addition of the organylpalladium species can only
occur in such a way that a nonconjugated diene is formed.!?>! With chiral ligands on the
palladium catalyst, the new stereogenic center can be generated in an enantioselective

way.”®! (Scheme 5).
R R
RPdX —HPdX
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Scheme 5

While neopentyl-type and related o-alkylpalladium complexes are stable toward dehy-
dropalladation, all ordinary alkylpalladium complexes formed by carbopalladation of
alkenes do undergo $-hydride elimination more or less rapidly. However, under certain
structural preconditions and also, to a certain extent, controlled by the external
conditions, rearrangements, further carbopalladations (Sect. IV.3), transmetallations, car-
bonylations, or nucleophilic substitutions (e.g., by hydride) can occur prior to -dehy-
dropalladation.

Cascade reactions arising from sequential carbopalladations are especially valuable for
the construction of various carbo- and heterooligocyclic systems with three, four, or even
more annelated rings. The Heck reaction has successfully been employed in various
inter—inter-, intra—inter-, as well as all —intramolecular reaction cascades (Sect. IV.3). In
the carbopalladation step of the Heck reaction (Scheme 6) a new metal —carbon bond is
formed, which, in principle, can undergo any of the typical reactions of a c-M—C bond,
when the B-hydride elimination is not too fast. When the B-hydride elimination is totally
suppressed, the palladium species can undergo a number of reactions with the formation
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of new C—C bonds. With an appropriate choice of substrates, these transformations can
occur as a sequence of events in a single synthetic operation.

The same range of termination can be found within the coupling of alkynes and 1,1-
disubstituted alkenes.

C.i.b. Six-Centered Processes. Allylpalladium compounds, which are readily acces-
sible, for example, by allylic substitution on allyl esters or by carbopalladation of 1,2-
dienes or 1,3-dienes with or without subsequent rearrangement (Scheme 7, Eq. 1), may
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add to m-bond systems with the formation of new C—C bonds in a so-called metalla-ene
reaction via a six-centered transition structure (Scheme 7, Eqgs. 2,3) (Sect. IV.4). The thus
formed o-alkyl- or o-alkenylpalladium species can subsequently undergo any of the
typical reactions.

D. CATALYST SYSTEM AND OTHER BASIC CONDITIONS
FOR CARBOMETALLATION REACTIONS

The most frequently used catalyst systems for Heck-type coupling reactions consist of
commercially available palladium compounds in the presence of various ligands. The first
choice is often the air-stable and relatively inexpensive palladium acetate; however,
several of the other published variants can be preferable for certain applications. It is
commonly assumed that the palladium(II) species is reduced in situ by the solvent, the
alkene,?”! the amine,?® or the added ligand (frequently a phosphane, which is oxidized to
a phosphane oxide).?M 2% In some cases, highly dispersed elemental palladium on
charcoal can be applied. This can be an advantageous catalyst system, since it can be used
for the hydrogenation of the formed double bond in the same operation.*3 In the
cases of alkenyl or aryl bromides, phosphanes are necessary to avoid precipitation of
palladium black, whereas iodides have been reported to be less reactive in the presence of
phosphanes. Triflates have been found to be more reactive in the presence of chloride
ions, as the chloride ligand is more easily removed from palladium than the triflate ion.
Yet successful coupling reactions of alkenyl triflates have also been performed in the ab-
sence of chloride ions. 2334

It has been shown that palladacycles,?>F! prepared from palladium(Il) acetate and
the tris(o-tolyl)- or trimesitylphosphane, are excellent catalysts for the Heck coupling of
triflates and halides including activated aryl chlorides. In this case, oxidation states +1I
and +1V of palladium have been invoked in the catalytic cycle.l*™

In some cases, reasonably stable palladium(0) complexes derived from dibenzylidene-
acetone [such as Pd(dba),, Pd,(dba);, or Pd,(dba);CHCI;] can be utilized advanta-
geously, especially when the substrate is sensitive toward oxidation.

Initially, only dipolar aprotic solvents such as tertiary amines, acetonitrile (MeCN), di-
methylformamide (DMF), N-methylpyrrolidinone (NMP), and dimethylsulfoxide (DMSO),
were common. However, as originally observed by Heck,*"! the presence of water can
accelerate certain coupling reactions,'*' 45 and consequently the development has gone to
water-soluble triarylphosphane ligands (e.g., triphenylphosphane m-trisulfonate sodium salt
(TPPTS)! 48]y with which many alkene arylations superbly succeed in aqueous solvent
mixtures. 4750

Recent developments have shown that supercritical carbon dioxide can favorably
be applied as a solvent in the presence of palladium on charcoal®®!! or palladium trifluo-
roacetate.®?

D.i. Effects of Bases, Ligands, and Additives

A major achievement was the discovery that Heck reactions are greatly accelerated in the
presence of quaternary ammonium salts and solid bases [“Jeffery” conditions: Pd(OAc),,
K,CO; (or Na,CO; or NaHCO;), n-Bu,NX (X = Br, Cl), DMF (or NMP, DMSO)].53154
Under these conditions iodoarenes and iodoalkenes can be coupled to alkenes at room



IV.1 BACKGROUND FOR PART IV 1129

temperature. The assistance of tetraalkylammonium salts in the regeneration of the
catalytically active palladium(0) species apparently plays the major role.

D.ii. Leaving Groups

The Heck reaction can be used to couple alkenyl, aryl, allyl (the intramolecular Heck
reaction on allylic substrates is called a palladaene reaction),!'O-156L57 benzyl, methyl,
alkoxycarbonylmethyl, alkynyl,'?! certain alkyl,!'*8 and silyl® fragments to a variety
of alkenes. The nature of the leaving group greatly affects the reaction rate: aryl iodides
react faster than bromides,*”! and aryl chlorides are notoriously unreactive unless special
catalysts or ligands and elevated temperatures are used to enhance the reaction rate. This
has been taken to indicate that the oxidative addition of the haloarene (haloalkene) to pal-
ladium(0) is the rate-determining step.!®'181 [t has been shown that the Heck reaction can
be performed with aryldiazonium salts,[2M®-74 N_nitroso-N-arylacetamides,” and hy-
pervalent iodo compounds’¢78] at room temperature.

The coupling of low-cost chloroarenes using specially designed palladium catalysts,
allowing high turnover rates, has been reported by Herrmann and Beller et al.”
Alkenyl perfluorosulfonates have gained importance as substitutes for haloalkenes—at
least in laboratory scale preparations—as they are easily obtained from the correspon-
ding carbonyl compounds.?’) Many successful reactions with alkenyl trifluoromethane-
sulfonates (alkenyl triflates) took advantage of this leaving group. The previously
observed inhibition of the overall coupling reaction following facile oxidative addition
of the alkenyl triflate to palladium(0) can be prevented by adding lithium chloride to the
reaction mixture. Aryl iodides, however, are more reactive than the corresponding
triflates 19112111801

The coupling reaction can be accelerated by applying high pressure.®'"#7 The influ-
ence of high pressure on the Heck reactions of selected alkenyl and aryl halides, that
is, l-iodocyclohex-1-ene, iodobenzene, and bromobenzene with methyl acrylate, has
been investigated and the activation parameters of these reactions determined.’®®! Two
different catalyst cocktails were used in this study, the classical system [Pd(OAc),, NEt;,
PPh;] and the palladacycle 1a as prepared from Pd(OAc), and P(o-Tol); by Herrmann,
Beller, and co-workers.[*>361 The temperature-dependent and the pressure-dependent rate
coefficients both follow the order Ph-I/Pd(OAc), > 1-iodocyclohexene/Pd(OAc), > Ph-
I/1a > Ph-Br/1a and the activation enthalpies as well as the activation entropies exhibit
the trend 1-iodocyclohexene/Pd(OAc), < Ph-1/Pd(OAc), < Ph-I/1a <Ph-Br/la. The
absolute values of the activation volumes, which were ascertained from the pressure-de-
pendent rate coefficients, increase as follows: 1-iodocyclohexene/Pd(OAc), < Ph-
I/Pd(OAc), = Ph-I/1a < Ph-Br/la. Under high pressure, the lifetime of the active
palladium catalyst and thereby the turnover numbers are greatly increased.8!1-183]
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The Heck reaction can also be performed under microwave irradiation and thus be drasti-
cally accelerated (typically 3—4 min reaction time at room temperature, compared to a few
hours at elevated temperatures). In this case, DMF has proved to be an excellent solvent.[3”)

It has been shown that chloroarenes can be activated for oxidative addition onto palla-
dium(0) catalysts through the formation of the corresponding tricarbonylchromium
complexes,'®*-%2] as the (CO),Cr group exerts a strong electron-withdrawing effect on the
arene moiety, by using (bulky) bidentate phosphanes (e.g., dippb or even dppe).!*3-%6]

The Heck reaction is compatible with a variety of substituents; only strong oxidizing
agents such as quinones or TCNE are not tolerated.

D.iii. Stereochemical Requirements in Intramolecular Cyclizations

For the design of natural products syntheses, a predictability of the regioselectivity is re-
quired. However, all ring sizes from three- to nine-membered are attainable, either by
exo-trig for three- to nine-membered or endo-trig cyclizations for six- to nine-membered
rings. Applications toward the construction of larger rings (sizes 13-24) have been
demonstrated using solid support in combinatorial syntheses (Sect. X.3) and by employ-
ing slow addition of the substrate and/or high dilution techniques.®”

REFERENCES

[11 T. Mizoroki, K. Mori, and A. Ozaki, Bull. Chem. Soc. Jpn., 1971, 44, 581.

[2] R.F Heck and J. P. Nolley, Jr., J. Org. Chem., 1972, 37, 2320.

[31 R.F Heck, Acc. Chem. Res., 1979, 12, 146-151.

[4] A.de Meijere and F. E. Meyer, Angew. Chem. Int. Ed. Engl., 1994, 33, 2379-2411.

[5] E.IL Negishi, C. Coperet, S. M. Ma, S.Y. Liou, and F. Liu, Chem. Rev., 1996, 96, 365-393.
[6] A.de Meijere and S. Brise, J. Organomet. Chem., 1999, 576, 88—140.

[7] S. Brise and A. de Meijere, in Metal-Catalyzed Cross-Coupling Reactions, F. Diederich and
P. J. Stang, Eds., Wiley-VCH, Weinheim, 1998, 99-166.

[81 H.A. Dieck and R. F. Heck, J. Organomet. Chem., 1975, 93, 259.

[91 W. Oppolzer, H. Bienayme, and A. Genevois-Borella, J. Am. Chem. Soc., 1991, 113, 9660.
[10] W. Oppolzer and R. J. DeVita, J. Org. Chem., 1991, 56, 6256.
[11] E. Negishi, S. Iyer, and C. J. Rousset, Tetrahedron Lett., 1989, 30, 291.
[12] T. Jeffery, Synthesis, 1987, 70.
[13] S. Brise, B. Waegell, and A. de Meijere, Synthesis, 1998, 148.
[14] C.Amatore, E. Carré, A. Jutand, M. A. M'Barki, and G. Meyer, Organometallics, 1995, 14, 5605.
[15] C. Amatore, E. Carré, A. Jutand, and M. A. M'Barki, Organometallics, 1995, 14, 1818.
[16] C.Amatore, A. Jutand, F. Khalil, M. A. M'Barki, and L. Mottier, Organometallics, 1995, 14,3168.
[17] J.M. Brown, J. J. Perez-Torrente, N. W. Alcock, and H. J. Clase, Organometallics, 1995, 14, 207.
[18] M. T. Reetz and M. Maase, Adv. Mater., 1999, 11, 773.
[19] C. Amatore and F. Pfliiger, Organometallics, 1990, 9, 2276.
[20] A. Jutand and A. Mosleh, Organometallics, 1995, 14, 1810.

[21] P. Cianfriglia, V. Narducci, C. L. Sterzo, E. Viola, G. Bocelli, and T. A. Kodenkandath,
Organometallics, 1996, 15, 5220.

[22] G. K. Friestad and B. B. Branchaud, Tetrahedron Lett., 1995, 36, 7047.



(23]
[24]

[25]
(26]
[27]
(28]

[29]
(30]
(31]
(32]
(33]

(34]
(35]

(36]

(37]
(38]
[39]
(40]
[41]

[42]
(43]
[44]
[45]

[46]
[47]
(48]
(49]
[50]

[51]
[52]
(53]
[54]
[55]
[56]

[57]
(58]

IV.1 BACKGROUND FOR PART IV 1131

S. Brise, Synlett, 1999, 1654.

P. Prinz, A. Lansky, T. Haumann, R. Boese, M. Noltemeyer, B. Knieriem, and A. de Meijere,
Angew. Chem. Int. Ed. Engl., 1997, 36, 1289.

R. C. Larock, W. H. Gong, and B. E. Baker, Tetrahedron, 1989, 30, 2603.
M. Shibasaki, C. D. J. Boden, and A. Kojima, Tetrahedron, 1997, 53, 7371-7395.
B. M. Trost and D. J. Murphy, Organometallics, 1985, 4, 1143.

R. McCrindle, G. Ferguson, G. J. Arsenault, and A. J. McAlees, J. Chem. Soc. Chem.
Commun., 1983, 571.

C. Amatore, A. Jutand, and M. A. M'Barki, Organometallics, 1992, 11, 3009.

F. Ozawa, A. Kubo, and T. Hayashi, Chem. Lett., 1992, 2177.

A. Hallberg, L. Westfelt, and C.-M. Andersson, Synth. Commun., 1985, 15, 1131.
S. Brise and M. Schroen, Angew. Chem. Int. Ed. Engl., 1999, 38, 1071.

A. de Meijere, H. Niiske, M. Es-Sayed, T. Labahn, M. Schroen, and S. Brése, Angew. Chem.
Int. Ed. Engl., 1999, 38, 3669.

T. L. Draper and T. R. Bailey, Synlett, 1995, 157.

W. A. Herrmann, C. Brossmer, K. Ofele, C.-P. Reisinger, T. Priermeier, M. Beller, and
H. Fischer, Angew. Chem. Int. Ed. Engl., 1995, 34, 1844.

W. A. Herrmann, C. Brossmer, C. P. Reisinger, T. H. Riermeier, K. Ofele, and M. Beller,
Chem. Eur. J., 1997, 3, 1357.

A. Spencer, J. Organomet. Chem., 1983, 258, 101.

T. Mitsudo, W. Fischetti, and R. F. Heck, J. Org. Chem., 1984, 49, 1640.
A. Speicher, T. Schulz, and T. Eicher, J. Prakt. Chem., 1999, 341, 605.
R. F. Heck, J. Am. Chem. Soc., 1968, 90, 5518.

N. A. Bumagin, N. P. Andryukhova, and 1. P. Beletskaya, Izv. Akad. Nauk SSSR Ser. Khim.,
1988, 1449.

N. A. Bumagin, P. G. More, and L. P. Beletskaya, J. Organomet. Chem., 1989, 371, 397.
T. Jeffery, Tetrahedron Lett., 1994, 35, 3051.
N. A. Bumagin, N. P. Andryukhova, and I. P. Beletskaya, Metallorg. Khim., 1989, 2, 893.

D. B. Grotjahn and X. Zhang, in Aqueous Organometallic Chemistry and Catalysis, 1. T.
Horvath and F. Jod, Eds., NATO ASI Series C, Kluwer Academic Publ., Dordrecht, 1995,
Vol. 5, 123-125.

S. Lemaire-Audoire, M. Savignac, C. Dupuis, and J.-P. Genet, Tetrahedron Lett., 1996, 37, 2003.
A. 1. Casalnuovo and J. C. Calabrese, J. Am. Chem. Soc., 1990, 112, 4324.

B. M. Bhanage, F. G. Zhao, M. Shirai, and M. Arai, Tetrahedron Lett., 1998, 39, 9509.

J. P. Genet, E. Blart, and M. Savignac, Synlett, 1992, 715.

A. R. Mirza, M. S. Anson, K. Hellgardt, M. P. Leese, D. F. Thompson, L. Tonks, and J. M. J.
Williams, Org. Process Res. Dev., 1998, 2, 325.

S. Cacchi, G. Fabrizi, F. Gasparrini, and C. Villani, Synlezt, 1999, 345.

N. Shezad, A. A. Clifford, and C. M. Rayner, Tetrahedron Lett., 2001, 42, 323.
T. Jeftery, Tetrahedron Lett., 1985, 26, 2667.

T. Jeftery, J. Chem. Soc. Chem. Commun., 1984, 1287.

T. Jeftery, Tetrahedron, 1996, 52, 10113.

W. Oppolzer, in Comprehensive Organic Synthesis, B. M. Trost and 1. Fleming, Eds., Vol. 5,
Pergamon Press, Oxford, 1991, 29-61.

W. Oppolzer, H. Bienayme, and A. Genevois-Borella, J. Am. Chem. Soc., 1991, 113, 9660.
K. Hori, M. Ando, N. Takaishi, and Y. Inamoto, Tetrahedron Lett., 1987, 28, 5883.



1132

[59]
[60]

[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]

[72]
(73]

[74]

[75]
[76]
(771
(78]
[79]

(80]
(81]
[82]
[83]
[84]
[85]

[86]
[87]
(88]
[89]
[90]
[91]
[92]
(93]
[94]
[95]
[96]
(971

IV Pd-CATALYZED REACTIONS INVOLVING CARBOPALLADATION

H. Yamashita, T. Kobayashi, T. Hayashi, and M. Tanaka, Chem. Lett., 1991, 761.

N. Yoshioka, P. M. Lahti, T. Kaneko, Y. Kuzumaki, E. Tsuchida, and H. Nishide, J. Org.
Chem., 1994, 59, 4272.

J. F. Fauvarque and A. Jutand, Bull. Soc. Chim. Fr., 1976, 765.

J. F. Fauvarque and A. Jutand, J. Organomet. Chem., 1977, 132, C17.

J. F. Fauvarque and A. Jutand, J. Organomet. Chem., 1979, 177, 273.

J. F. Fauvarque and A. Jutand, J. Organomet. Chem., 1981, 209, 109.

M. Kumada, Pure Appl. Chem., 1980, 52, 669—-679.

J. K. Stille, Angew. Chem. Int. Ed. Engl., 1986, 25, 508-523.

P. Fitton and E. A. Rick, J. Organomet. Chem., 1971, 28, 287.

D. R. Coulson, J. Chem. Soc. Chem. Commun., 1968, 1530.

K. Kikukawa, K. Nagira, K. Wada, and T. Matsuda, Tetrahedron, 1981, 37, 31.
K. Kikukawa and T. Matsuda, Chem. Lett., 1977, 159.

K. Kikukawa, K. Nagira, N. Terao, F. Wada, and T. Matsuda, Bull. Chem. Soc. Jpn., 1979,
52, 2609.

W. Yong, P. Yi, Z. Zhuangyu, and H. Hongwen, Synthesis, 1991, 967.

K. Kikukawa, K. Ikenaga, K. Kono, K. Toritani, F. Wada, and T. Matsuda, J. Organomet.
Chem., 1984, 270, 2717.

A. de Meijere, H. Niiske, M. Es-Sayed, T. Labahn, M. Schroen, and S. Brise, Angew. Chem.
Int. Ed. Engl., 1999, 38, 3669.

K. Kikukawa, M. Naritomi, G.-X. He, F. Wada, and T. Matsuda, J. Org. Chem., 1985, 50, 299.
R. M. Moriarty, W. R. Epa, and A. K. Awasthi, J. Am. Chem. Soc., 1991, 113, 6315.

Y. Kurihara, M. Sodeoka, and M. Shibasaki, Chem. Pharm. Bull., 1994, 42, 2357.

T. Kitamura, I. Mihara, H. Taniguchi, and P. J. Stang, J. Chem. Soc. Chem. Commun., 1990, 614.

W. A. Herrmann, M. Elison, J. Fischer, C. Kocher, and G. R. J. Artus, Angew. Chem. Int. Ed.
Engl., 1995, 34, 2371.

T. R. Kelly, W. Xu, Z. Ma, Q. Li, and V. Bhushan, J. Am. Chem. Soc., 1993, 115, 5843.
S. Hillers, S. Sartori, and O. Reiser, J. Am. Chem. Soc., 1996, 118, 2087.

S. Hillers and O. Reiser, Tetrahedron Lett., 1993, 34, 5265.

S. Hillers and O. Reiser, Chem. Commun., 1996, 2197.

K. Voigt, U. Schick, F. E. Meyer, and A. de Meijere, Synlett, 1994, 189.

Y. Yamamoto in Organic Synthesis at High Pressures, K. Matsumoto and R. M. Acheson,
Eds., Wiley-Interscience, New York, 1991 167-178.

B. M. Trost, J. R. Parquette, and A. L. Marquart, J. Am. Chem. Soc., 1995, 117, 3284.
T. Sugihara, M. Takebayashi, and C. Kaneko, Tetrahedron Lett., 1995, 36, 5547.

T. Perkovic, S. Redlich, M. Buback, and A. de Meijere, 2002, to be published.

M. Larhed and A. Hallberg, J. Org. Chem., 1996, 61, 9582.

W. J. Scott, J. Chem. Soc. Chem. Commun., 1987, 1755.

B. Crousse, L. H. Xu, G. Bernardinelli, and E. P. Kiindig, Synlett, 1998, 658.

S. Brise, Tetrahedron Lett., 1999, 40, 6757.

Y. Ben-David, M. Portnoy, M. Gozin, and D. Milstein, Organometallics, 1992, 11, 1995.
J. B. Davison, N. M. Simon, and S. A. Sojka, J. Mol. Catal., 1984, 22, 349.

A. Spencer, J. Organomet. Chem., 1984, 270, 115.

M. Portnoy, Y. Ben-David, and D. Milstein, Organometallics, 1993, 12, 4734.

M. Hiroshige, J. R. Hauske, and P. Zhou, J. Am. Chem. Soc., 1995, 117, 11590.





