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Organic Complexes of Univalent Gold

K.I.Grandberg

Studies on the synthesis and reactivities of gold(l) complexes o-linked to alkyl, aryl, unsaturated, and carbonyl-containing
ligands, 7r-complexes with olefins and acetylenes, anionic, ylid, and carbene complexes, and also gold complexes with a
bridging carbon atom derived from an organic group are examined.
The bibliography includes 167 references.
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I. INTRODUCTION

The chemistry of organic complexes of univalent gold has
developed extremely vigorously in recent years. The first
stable organometallic derivatives of univalent gold of the type
RAuL, where L is a ligand containing phosphorus, arsenic,
nitrogen, or sulphur, were obtained in 1959; in the first
decade research developed mainly on the synthesis of such
compounds by traditional methods—using organolithium,
organosodium, or organomagnesium compounds. However, in
the 1970's there was a qualitative change in the nature of the
studies. New types of organic complexes of univalent gold
were discovered: ir-olefin , Tr-acetylene, carbene, anionic,
and ylid complexes, as well as gold complexes with a bridging
carbon atom. Fundamentally new methods of synthesis of
organogold compounds were developed and hitherto unknown
agents for the introduction of gold were discovered, which
made it possible to obtain a wide range of alkyl and aryl com-
plexes of gold(I) with different substituents, including func-
tional groups, in the organic moiety. Furthermore, there has
been a growth of interest in the study of the mechanisms of
the reactions of organic derivatives of gold, which was
aroused primarily by the more extensive utilisation of noble
metals and their compounds as catalysts as well as their
applications in medicine and radioelectronics.

Several reviews have now been published, most of these
dealing with data on the organic complexes of both univalent
and tervalent gold1"5. Puddephatt's monograph6, containing
extensive information about organic derivatives of gold in
different valence states, was published in 1978. However,
hitherto there has been no single review on organic com-
plexes of univalent gold.

This review is devoted to the chemistry of such complexes.
The data have been arranged systematically in terms of dif-
ferent types of organic complexes of gold(I).

I I . a-COMPLEXES OF THE TYPE RAuL

1. a-Alkyl and a-Aryl Complexes of Cold(l)

Historically the first and largest class of organic complexes
of univalent gold comprises linear a-alkyl and o-aryl com-
plexes of the type RAuL. Phosphines are usually employed

as the stabilising ligand L; 7 very few examples of complexes
with phosphites8, arsines9, and isonitriles10 are known.

fa) Methods of Synthesis

The first phosphine complexes of alkyl- and aryl-gold were
obtained in 1959 from complex gold halides and organolithium
and organomagnesium compounds. For a long time, this was
the only procedure for synthesising compounds of this type7'
1 1 - 1 3 .

PhCH2MgCl + ClAuPPh3 -* PhCHaAuPPh3 .

Lithium derivatives of aromatic iT-complexes (ferrocene and
cymantrene) give rise to high yields of organogold a-com-
plexes on treatment with triphenylphosphine complexes of
gold halides1*"16:

,x

+ ClAuPPh,

X = H, Cl, OMe, Ci:2NMc:, .

o
Organogold complexes with ligands such as diphenylferro-
cenyl- and triphenylferrocenyl-phosphines have been
obtained via organolithium and organomagnesium compounds.
The diphenylferrocenylphosphine complex of gold bromide
reacts with organolithium and organomagnesium compounds
like its triphenylphosphine analogue17:

BrAuPPhjC6H4FeC5H5 —
- ^ ^ >• MeAuPPh,C5H4feC5H5 ;

P- MeC.H.LI ^ p_ MeC.H4AuPPh8C,H,FeC5H t .

The triphenylphosphine complex of gold bromide reacts with
methylmagnesium iodide, but does not react with aryl- and
alkenyl-lithium and organomagnesium compounds17:

BrAuP (CsHJFeC6H6)3 + MeMgl - - MeAuP (CBH4FeCsfVs .

A preparative method of synthesis of organogold complexes
with a wide range of organic groups via organomercury
derivatives was proposed in 1978. le~21 When organomercury
compounds R2Hg are acted upon by a phosphine complex of
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methylgold MeAuPR'3 in the presence of HBF,,, either mono-
nuclear or dinuclear organogold complexes are formed
depending on the groups R and R' and the reaction condi-
tions21 '22:

EtOOC-f V - ) Hg + MeAuPPh, -22D-* EtOOC - / \—AuPPh, (

R2Hg + MeAuPPh3 - - (R ( A U P P I V J ] + BFJ

where R = ferrocenyl, g-naphthyl, a-thienyl, styryl,
cymantrenyl, tolyl, or phenyl.

The dinuclear organogold complexes can be converted into
mononuclear complexes readily by treatment with nucleo-
philes21'22:

(R (AuPPh3)2J+BF7 — - * RAuPPh3 + ClAuPPh3 .

The synthes is of organomonogold complexes from the
dinuclear complexes is of significant p repara t ive importance,
because a wide variety of dinuclear complexes are obtained
in high yields from organomercury derivat ives or by inse r t -
ing gold into ferrocenes (see below).

Perhalogenoaryl derivat ives of gold(I) are formed when
phosphine complexes of univalent gold salts react with
organic der ivat ives of tervalent thallium23'21*:

(C,F6 j TIBr + MeCOOAuPPh3 -• C6F5AuPPh, + (C,F5) TlBr (OCOMe) .

Apart from the methods of synthesis of a-complexes of gold
enumerated above, based on the use of var ious organometallic
der ivat ives or on the gold insertion react ion, single examples
of the preparat ion of complexes of alkyl- and aryl-gold by
other methods have been descr ibed .

Isomeric t r i enes , genera ted from o- and p-e thy l to luenes ,
reac t with t r is( t r iphenylphosphinegold)oxonium te t raf luoro-
borate via the aromatising metallation mechanism25 with forma-
tion of a benzyl derivat ive of gold2 6 :

a^ " 2 -

.H +
•Et Ef

When the triphenylphosphine complex of gold pentafluoro-
benzoate is heated, it is decarboxylated and pentafluoro-
phenylgold is formed27'28:

C 6 F s COOAuPPh 3 —-* C6F5AuPPh3 + CO, .

Other organogold compounds have been obtained from the
ferrocenyl, cymantrenyl, and methyl derivatives of gold30"32.
Thus when ferrocenyl (triphenylphosphine) gold is treated
with the dinitrile of acetylenedicarboxylic acid, the acid is
inserted in the Au—C bond and an organogold derivative of
ferrocenyldicyanoethylene is formed30:

o> + CNC=CCN

<f V-C(CN)=C(CN)AuPPh, .

Feo
When cymantrenylgold is treated with triphenylphosphine or
is exposed to ultraviolet light, one of the CO groups is
substituted by PPh3:31

C ^ A n p

CO CO
CO

M D

CO

Fluorinated alkenes react with phosphine complexes of
methylgold under ultraviolet irradiation with insertion of the
fluoroalkyl group in the Au—C bond28 '29:

CF a =CF, + MeAuPPh, 5 - MeCF2—CF2AuPPh, .
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On treatment with CF3I, the methyl group in the phosphine
complex of methylgold is exchanged for the trifluoromethyl
group32:

MeAuPPhs + CF3I - CF3AuPPh3 + Mel .

Diazomethane reacts with the triphenylphosphine complex of
gold chloride with insertion of methylene in the gold—chlorine
bond and the formation of the chloromethyl derivative of
gold33:

ClAuPPh, + CH.N, ->- CICHjAuPPh, .

Aromatic isonitriles react with ClAuPPh3 in alcohol in the
presence of alkali to form organic a-derivatives of gold31*"36:

ClAuPPh3 + ArNC + ROH - ^ * Ph3PAu-C (ORj=NAr .

The same complexes have been obtained by the exchange
reaction between gold chloride and organosilver compounds37:

PhaPAuCl + Ag — C (OEt)=NCeH4CH3 - • AgCl + Ph3PAu — C ( O E t ^

The phosphine complexes of arylgold have been isolated
after adding phosphine to oligomeric aromatic complexes of
the type (XArAu)n. 38

(b) Properties

The phosphine a-complexes of organometallic derivatives of
univalent gold are solids, which are readily soluble in
benzene, chloroform, methylene chloride, and tetrahydro-
furan. The complexes are monomeric in solutions, are dia-
magnetic, and have a linear structure7 '38 '39. The dipole
moments of the alkyl and aryl derivatives of the phosphine
complexes are lower than those of the corresponding halo-
geno-complexes: MeAuPEt3 (5.5 D), MeAuPPh3 (5.6 D),
C6F5AuPEt3 (6.2 D), and ClAuPEt3 (8.4 D); this indicates a
low polarity of the Au-C bond6'7'"0'1*1.

The majority of the phosphine complexes of the type RAuL
readily decompose on heating in the solid state and particu-
larly in solutions. The ferrocenylphosphine complexes have
the highest thermal stability17. The triphenylphosphine com-
plex of methylgold decomposes on heating to 100 °C with for-
mation of ethane, metallic gold, and triphenylphosphine:

2MeAuPPh3 - , + 2Au + 2PPh3

while heating of ethylgold gives rise to n-butane. It has
been shown that the rate of reaction is independent of the
presence of oxygen and is retarded after the addition of
triphenylphosphine. It has been suggested that the first
stage involves the dissociation of the complex with formation
of the free phosphine and methylgold, which reacts further
with the initial complexkl'h2

:

MeAuPPh3 ̂  MeAu + PPh3 ;

MeAu + MeAuPPh3 -* QH, + 2Au + PPh3 .

The triphenylcomplex of chloromethylgold readily decom-
poses on heating of its benzene solution33. If the decom-
position is carried out in the presence of 3-cyclohexenol,
then the intermediate carbenoid species adds to the double
bond with formation of bicyclo[4,l,0]-2-heptanol:

OH

ClCHjAuPPh, +

Many organic complexes of gold are sensitive to light. The
intermediate formation of methyl radicals has been detected in
the photolysis of MeAuPPh 3 in deuterochloroform, giving rise
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to a set of p r o d u c t s : MeD, C2H6, MeCDCl2> e t c . : " 3

MeAuPPh, 5 - fMeAuPPh,]s -»- [MeAuPPha]
r
 CDC1<->

— C!AuPPh8 + Me + -CDC1,

The react ivi ty of organogold complexes is analogous to that
of organomercury compounds, bu t the organogold der ivat ives
are chemically more active and the range of their reactions is
much wider. The react ions of complexes of alkyl- and a ry l -
gold with a wide var ie ty of r e a g e n t s , grouped in accordance
with several t y p e s , are presented below.

A. Reactions with Dissociation of the Au-C Bond

Reactions with protic acids. Protic acids readily cleave the
Au—C bond in alkyl and aryl complexes of gold. Thus
methyl-,7 phenyl-,"" f err ocenyl- ,* " and cymantrenyl-gold15

react with hydrogen halides, carboxylic acids, and hydro-
cyanic acid. It has been noted that the triethylphosphine
complex of phenylgold is resistant to the action of an aque-
ous ethanol solution of hydrogen chloride7:

AteAuPPh, + HC1 -* ClAuPPh3 ,
Ph AuPPh3 + CH3C0OH -• CH3COOAuPPh3 ,

PPhs + HCN ->- NCAuPPh3 .

The reaction of aromatic complexes of gold with HBF,, is spec-
ific, giving r ise to dinuclear cationic complexes of gold (see
below).

The reactions of phosphine complexes of methylgold with
benzenethiol1*5 and benzeneselenol"6 give rise to methane and
gold mercaptide or selenide. The formation of the methyl
radical has been detected in the reaction mixture by EPR:

MeAuPMej + PhSH -• PhSAuPMes + CH. ,
MeAuPMejPh + PhSeH ->- PhSeAuPMejPh + CH, .

On reaction with trifluorome thy lace tylene and phenylacety-
lene, which behave as protic acids, the corresponding gold
acetylide is formed28'29''*7:

MeAuPMejPh + CF3C«CH — CFsC-CAuPMejPh + CH, .

Even weak protic acids, such as diphenylphosphine and
diphenylarsine, cleave the Au—C bond with liberation of
methane and the formation of insoluble gold-containing
polymers'*6.

Reactions with hydrogen halides and acid anhydrides. The
reactions of ferrocenyl- and phenyl-gold with carboxylic acid
anhydrides of halides entail the dissociation of the Au—C bond,
but products of the electrophilic substitution of the gold atom
are not formed1*8.

Thus, when ferrocenylgold is treated with acetic anhydride
or acetyl chloride, the products are ferrocene, biferrocenyl,
a gold (I) salt, and acetaldehyde1*8. On treatment with
powerful electrophiles, for example, acetylium and nitronium
tetrafluoroborates, ferrocene and biferrocenyl are also
obtained and a dinuclear cationic organogold complex is
formed: [R(AuPPh3)2]+BF; (see below"8).

The reactions of phenylgold with carboxylic acid chlorides
and nitronium tetrafluoroborate do not give rise to electro-
philic substitution products—ketones and nitrobenzene"8. The
results can be readily explained from the standpoint of the
mechanism involving one-electron transfer as the first ele-
mentary step in the above reactions.

The most convincing example of this is provided by the
reaction of ferrocenyl-, phenyl-, or cymantrenyl-gold with
ferrocenium tetrafluoroborate, which manifests strikingly
the properties of a one-electron acceptor. In the first reac-
tion stage the ferrocenium cation accepts an electron and is
converted into ferrocene, while the organogold compound,

having lost an electron, decomposes into a radical and tri-
phenylphosphinegold tetrafluoroborate. This coordination-
unsaturated compound reacts with a molecule of the initial
organogold compound of triphenylphosphine when the latter
is added to the reaction mixture"8:

, Fe+BF^ -* (CsH6l,Fe + [R'J + [Ph3PAu+BF;j
+ jPPh.

R-H + R—R (PhsPJj Au+BFT .

RAuPPh, + (

Reactions with alkyl halides. The experimental data accu-
mulated so far sugges t that many reactions of organic com-
plexes of gold(I) involve oxidative addition with subsequent
reduct ive elimination of the resu l t ing gold(III) complex and
the formation of new univalent gold complexesf. Only the
mechanism of the react ions of phosphine complexes of alkyl-
gold with alkyl halides has been studied in detail3 2 '"9"5".

The interaction of alkylgold complexes with alkyl halides
proceeds via oxidative addit ion, which is character is t ic not
only of organic der ivat ives of univalent gold but also of
complexes of other transi t ion metals5 5 . The final p roduc t s of
the reaction of methyl iodide with the t r iphenylphosphine
complex of methylgold are ethane and the t r iphenylphosphine
complex of gold iodide:

MeAuPPhj + Mel -• Q.H, + IAuPPbs .

It has been establ ished experimentally that the reaction p r o -
ceeds via the following mechanism :

MeAuPPh3 + Mel - Me2AuIPPh3 ,
Me2AuIPPh3 + MeAuPPh3 -*- Me3AuPPh3 + IAuPPh, ,

Me,AuPPh,->-C1H,+MeAuPPh, .

The initial s tage of the reaction involves the oxidative add i -
tion of methyl iodide to the univalent gold atom. The
dimethylgold iodide formed then reac ts rapidly with the com-
plex of the initial methylgold, giving r ise to a complex of
tr imethylgold, which undergoes reduct ive elimination unde r
the reaction conditions with formation of e thane and a gold
iodide complex"9"52.

The mechanism proposed has been confirmed by the reac -
tions of other der ivat ives of alkylgold. Thus the final
p roduc t s of the reaction of t r iphenylphosphine complexes of
ethylgold with methyl iodide are a gold iodide complex and
butane 5 1 :

EtAuPPh, + Mel ->- (Me)(Et)AuIPPhs - (Me) (Et), AuPPhs + IAuPPh3

U MeAuPPh, + C,HM ,

When tr imethyl- and dimethylphenyl-phosphine complexes
of methylgold are u s e d , only the product of the oxidative
addition of methyl iodide, namely Me2AuIL, was isolated from
the reaction mixture 5 3 ' 5" . The complexes of methylgold also
react with CF3I; the na ture of the final reaction p roduc t s
depends , as for methyl iodide, on the na tu re of the l igand 3 2 .
In the case of the tr imethylphosphine complex a tervalent
gold compound was isolated, while transalkylat ion takes place
in the reaction involving the t r iphenylphosphine complex.
The reaction with the methyldiphenylphosphine ligand gives
rise to a mixture of trifluoromethyl der ivat ives of univalent
and tervalent gold3 2 :

—''"'"''''•> CF3AuL + Mel
3 ~ I=PM5L (CFyW AuL + IAUL .

The triphenylarsine complex of pentachlorophenylgold
reacts with Mel to form an oxidative addition product9.

t The data on this question have been described in detail
in Dyadchenko's review (see the next review in this issue).
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Presumably other reactions, and in particular the reactions
of gold(I) complexes with metal halides and salts, proceed
analogously, since in some instances the intermediate oxida-
tive addition products have been isolated.

Reactions with halogens. The reactions with bromine and
chlorine have been studied in detail in relation to the
organogold derivatives of the ferrocene, cymantrene, and
benzene series11*'15'1"*'56'57. Together with the halogeno-
derivatives of aromatic systems, compounds of the type RH
or R—R are formed in this reaction. For the ferrocenyl
compounds of gold, the ratio of bromoferrocene and biferro-
cenyl varies as a function of the rate and order of mixing of
the reactants. When bromine is added rapidly to ferrocenyl-
gold, mainly bromoferrocene is formed, while under the con-
ditions of a slow addition there is an appreciable increase of
the amount of biferrocenyl. The reaction of ferrocenylgold
with bromine and chlorine proceeds specifically also in
another respect; at low temperatures in organic solvents an
unstable product of the addition of the halogen molecule to
the organogold compound is formed initially56'57:

-AuPPh,

Fe + Br.

AuPPlij

re T r v re

O OO
It may be that the intermediate complex of ferrocenylgold with
a halogen molecule has the structure of a ferrocenium salt, in
which the radical-anion is coordinated to the gold atom. This
is confirmed indirectly by the finding that in the case of the
less reactive organomercury derivatives of ferrocene, a com-
plex of this type has been isolated and investigated58.

However, one cannot rule out the possibility that the sub-
stitution of the AuPPh3 group by bromine or chlorine in the
aromatic series involves the oxidative addition of the halogen
to the gold atom with subsequent reductive disproportionation
of the resulting tervalent gold compound. The possibility of
reaction via this mechanism is confirmed by the finding that,
in the reaction of o-vinylphenylgold with bromine at -30 °C,
the product of the addition of the halogen to gold was iso-
lated. At room temperature reductive elimination takes place
with formation of gold bromine and o-bromostyrene59:

CH=CH,

+ Bra

.CH=CH2

vAuPPh3

+ BrAuPPh,

Perhalogenoaryl complexes of gold react either with cleav-
age of the Au—C bond or with its retention and the formation
of aryl halide complexes of tervalent gold, depending on the
nature of the halogen and the initial complex9'10'60"61*. Thus
the arsine complex of pentafluorophenylgold reacts with
chlorine to form only the oxidative addition product; reaction
with bromine involves partial cleavage of the Au-C bond in
addition to the above reaction, while the reaction with iodine
entails the complete cleavage of the Au—C bond9;

C,F5AuAsPh, + I, - C.F.I 4- IAuAsPh3 .

The isonitrile complexes of perhalogenoarylgold62 and the
triphenylarsine complex of pentachlorophenylgold react with
halogens to form only the oxidative addition products9.
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Reactions with metal salts and organometallic compounds.
Organic complexes of gold react with metal salts usually with
cleavage of the Au-C bond, but sometimes they proceed with
retention of this bond and the formation of the products of
the oxidative addition to the gold atom. The reaction of the
phosphine complexes of alkyl- and aryl-gold with mercury
salts has been studied in greatest detail. Under mild condi-
tions, mercury(II) chloride reacts with methyl-, ethyl- ,6 5

phenyl-,1*'* benzyl-, ferrocenyl-, and cymantrenyl-gold2,
giving rise to high yields of the products of the cleavage of
the gold-carbon bond.

This reaction has served as a model for the investigation of
the mechanism of electrophilic substitution at a saturated
carbon atom. It has been shown65 that, for the majority of
alkyl complexes of gold, the reaction proceeds via an SN2
mechanism. Mercury(II) reacts via an Sjyl mechanism in
polar solvents with complexes of alkylgold having powerful
electron-accepting substituents.

Before the publication of the study of Gregory and Ingold65,
data on the mechanism of substitution in organometallic
compounds were obtained mainly in relation to organomercury
compounds. However, later a mechanism of the "oxidative
addition-reductive elimination" type was proposed as an alter-
native1*9:

HgX

RAuPRj + HgX2 ->- R—AuPR^ ->- XAuPRj + RHgX .

X

It is known that adducts corresponding to an intermediate of
this type have been obtained for phosphine complexes of
iridium61. On the basis of the experimental data available at
present, it is impossible to make a choice between these two
mechanisms.

Both platinum halides59 and platinum and palladium halide
complexes67 react with complexes of the type of RAuL in
which a gold atom is substituted for platinum or palladium:

CH2-CH=CH2 Ha ===CH.

U + P1CI, - CHa

AuPPh3

CHa

The complexes of methylgold react with tervalent gold
halides and their complexes to form a univalent gold halide
and an alkyl derivative of tervalent gold50'52'51*'67. The reac-
tion involves the transfer of the methyl group from the Au(I)
atom to the Au(III) atom52'68:

2MeAuPMe2Ph + BrsAuPMesPh-i^BrAuPiVfePh + MezBrAuPMejPh .

In the triphenylphosphine complexes of ethyl- and phenyl-
gold, the Au-C bond is cleaved by TiCl3,60 while perhalo-
genoaryl derivatives of gold(I) react with thallium halides via
the oxidative addition mechanism with formationof perhalo-
genoaryl derivatives of gold(III): 9'60>62~61'>67

C.Cl,AuAsPh.+TlCl, -> cfc-aClsAuCIjAsPhj+TlCl .

When chloromethylgold is treated with KI and NaCN, chlo-
rine substitution products are not formed. The reaction of
chloromethylgold with KI gives a high yield of triphenyl-
phosphinegold iodide, while the reaction with NaCN gives
rise to methyltriphenylphosphonium dicyanoaurate33. The
formation of the latter salt is probably associated with the
fact that, when chloromethylgold reacts with NaCN, the CN~
anions are coordinated to the gold atom with ejection of a
chloride ion and the stabilisation of the intermediate species
as a result of the abstraction of a proton from the solvent
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with subsequent migration of the methyl cation, leading to
the formation of a phosphonium salt:

ClCHaAuPPh3
r i T

- ^ I t - J Ph.PAu—CH2 -Si?.-,

I A, J
[Ph,PCH,]+.[Au(CN)a]-

The triphenylphosphine complex of phenylgold exchanges
the phenyl group for the perfluorophenyl group on treatment
with (C6F5)2TlAr.2"

Other reactions. The reactions of phosphine complexes of
ferrocenyl- and phenyl-gold with tetracyanoethylene (TCE)
at room temperature proceed in different ways. In the reac-
tion of ferrocenylgold one of the CN groups is substituted
by the ferrocenyl residue, while in the reaction of phenylgold
two AuPPh3 groups add to the double bond of TCE:2'29

o
+ (CN)AuPPh3

c / \ N O ™ ™
The phosphine complexes of methylgold react with hexa-
fluoroacetone to form a product of addition of the carbonyl
group, containing two AuPPh3 groups2 7 '2 8 :

MeAuPPH3 Au—O—C(CF3)2—AuPPh3 .

The reaction with hexafluoroacetone hydrate gives rise to
(CF3)2C(OAuPPh3)2.28

B. Reactions with Retention of the Au-C Bond

The reactions of RAuL with retention of the gold-carbon
bond but with a change in the oxidation state of gold take
place when the complexes interact with alkyl halides, halo-
gens, and metal salts (see above). The reactions involving
the substitution of the ligand L by another less strongly
bound ligand without the dissociation of the Au-C bond
have been described for complexes of the type RAuL. In the
arylgold compounds the Ph3P ligand has been replaced by the
more electron-donating triferrocenylphosphine ligand17:

p- CHaC.HiAuPPh, p . CHaCeHiAuP (GHiFeCsH,),

Alkylphosphines are readily displaced from the complex by
triphenylphosphine6 8:

MeAuPMes+PPhj-»MeAuPPh,+PMe, .

On the basis of such exchange reactions, the series based
on the electron-donating properties of the ligands in the
methylgold complexes has been established68:

PPhs>PEt,>PMe3>AsPlu .

It has been shown that the exchange of ligands in methyl-
gold complexes involves an associative mechanism8'69'70:

MeAuL - • MeAu * J± MeAuL' .

The exchange of a monodentate ligand for a bidentate ligand
has been achieved in methylgold complexes68:

MeAuPMes+Me2P—CHa—CH2PMe2- -+ MeP—CHj—CH2—PMe2

""•'•— + +
AuMe AuMe

In the a-linked complexes Ph3PAu—C(OR)=NAr there is a
nitrogen atom capable of complex formation. Complexes of
this type readily give rise to picrates and also behave as

unusual organometallic ligands in relation to another transi-
tion metal71:

Ph.PAu—C (OMe) = NC,H1Me+Rh, (CO) .Cli-.-PhjPAu—C (OMe) = NC.HiMe

Cl-Rh—CO

CO

C. Reactions Involving Insertion in the Au-C Bond

Methylgold complexes react with fluorinated alkenes under
ultraviolet irradiation with insertion of the fluoroalkyl frag-
ment in the Au-C bond27"29. It may be that the reaction
proceeds via the intermediate formation of a TT-complex with
the olefin:

MeAuPPh3 + CF,=CFj S- MeCFj-CF.AuPPhj .

The phosphine complexes of methylgold react with TCE at
low temperatures to form a very unstable 1 : 1 complex29>lf7.
The parameters of the infrared and ultraviolet spectra of
this complex are inconsistent with the usual charge-transfer
complexes of the product involving the insertion of the TCE
fragment in the Au—C bond. On the basis of these spectro-
scopic data and by analogy with the isoelectronic phosphine
complex of platinum72, a metal-containing ring structure was
attributed to the tetracyanoethylene complex of methylgold:

MeAuPMejPh

CN CN
\y

c -n
+ " —c

/ \CN CN

CN CN
\ / Me,. C /

—• II *-Au •*--*•
c \

/ \ PMeaPhCN CN

CN
\

/
CN

CN
. /

' \
CN

Me

PMe2Ph

The reactions with alkynes sometimes lead only to the prod-
uct of the insertion of the alkyne in the carbon—metal bond;
in most instances a mixture of products is formed28. In the
reaction of phosphine complexes of methylgold with hexa-
fluorobut-2-yne under ultraviolet irradiation or on heating,
a product (A), incorporating a cis-bridged C^F6 fragment and
two gold atoms in different oxidation states, is formed ini-
tially27 '"'73 '™. XH NMR, Mossbauer spectroscopic, and X-ray
spectroscopic data, confirming the proposed structure, are
available for this product with L = PMe3:

 lf7>73>75

M e A u ^

LAu
\

AuMejL
\ /
y

(A)

\
CF,

-•MeAuL +

- QH, +

LAu Me

/
CFS

LAu
\

C=
/

CF,

\
CF,

AuL
/

=C
\

CF3

In the presence of an excess of hexafluorobut-2-yne the
intermediate (A) can decompose in a manner which depends
on the nature of the ligand and the solvent: either with
elimination of MeAuL and the formation of the product of the
insertion of the CF3C=CCF3 group in the Au—C bond or with
reductive elimination at the Au(III) centre and formation of
ethane and (AuL)CF3C=CCF3(AuL). In both cases the cis-
derivatives of hexafluorobut-2-ene are formed.

In the reaction of but-2-yne with methylgold, only
Ph3PAuMeC=CMeAuPPh3 was isolated in a low yield28 while the
reaction with MeOOCCECCOOMe involves decomposition to
metallic gold and the formation of two products, one of which
results from the insertion of acetylene in the Au—C bond,
while the other is c!s-LAuMe2(MeOOC)C=C(COOMe)Me.29

Ferrocenylgold reacts with acetylenedicarboxylic acid to form
the product of the insertion of the alkyne in the Au-C bond
(see above).
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Methylgold29 and arylgold59'76'77 react with SO2 at low tem-
peratures, SO2 being inserted in the Au—C bond with forma-
tion of gold sulphinate complexes:

O
II

RAcPPIi3+SO!,-*R—S—AuPPhj ;
O

R = Me, o-CHa—CHQHi .

It has been shown that, in contrast to copper and silver
sulphinate complexes in which the metal atom is linked to the
oxygen atom, the gold sulphinate complexes have the Au-S
bond29'59-76-77.

2. a-Alkenyl Complexes of Gold(l)

The a-alkenyl complexes have been obtained by the reac-
tion of complex gold halides with organosodium79 or organo-
magnesium13'79'80 compounds:

CH! = CHMgBr+ClAuPPh3^CH2=CHAuPPh3 .

The synthesis via organomercury derivatives is more gen-
eral22 '81. Depending on the nature of the alkenyl group and
the ligand, the reaction of organomercury compounds with
the methylgold complex in the presence of HBF,, gives rise to
either mononuclear organogold complexes:

[PhCH = C(COOMe)]2Hg ^ phCH=C(COOMe)AuPPh3

or to the dinuclear complexes, which can be readily converted
into the mononuclear complexes by treatment with various
nucleophiles:

MeAuPPh,;HBF.(PhCH = CH)2Hg- - [PhCH=CH(AuPPh,)2]+BF47

The a-alkenyl complexes are also formed when methylgold
interacts with acetylenic compounds via the insertion of the
unsaturated group in the Au-C bond (see above).

The a-alkenyl complexes of gold are solids stable in air,
which are readily soluble in chloroform, methylene chloride,
and benzene; they are associated in solution in benzene.
The styryl derivatives of gold are coloured yellow.

The cyclopentadienyl derivatives of gold may be expected
to have either the ^ - s t ruc tu re , similar to that of the tri-
phenylphosphine complex of cyclopentadienylcopper82, or the
n1-structure, established for the cyclopentadienyl derivatives
of mercury. Careful analysis of infrared and 1H NMR spectra
of the triethyl- and triphenyl-phosphine complexes of cyclo-
pentadienyl- and methylcyclopentadienyl-gold, obtained at
different temperatures, showed that, like the cyclopenta-
dienyl derivatives of mercury, these compounds constitute an
example of stereochemically non-rigid organometallic com-
pounds with n^coordination of the cyclopentadienyl ligand78'
8<t,85

The reactivity of the alkenyl derivatives of gold has been
studied mainly in relation to vinylgold. The gold-carbon
bond is readily broken by hydrogen halides, halogens,
dithiocyanogen, and mercury salts. The vinyl derivative of
gold is resistant to the reaction of dilute acetic and hydro-
chloric acids:

PhCOOAuPPhs
•fPhCOOH

ClAuPPha
|HC1

NCSAuPPh, ^ CH2=CHAuPPh3

I
HalAuPPh3

CH2=CHHgCl + CIAuPPh3

Hal = CI, Br, I .

|KMnO<: Me.CO

MeC (O) CHjAuPPhs

When an acetone solution of KMnO,, was allowed to react
with vinylgold, a stable product of the oxidation of the vinyl
group was not isolated, gold-substituted acetone being
obtained86.

Reactions involving the cleavage of the gold-carbon bond
have been used to confirm the configuration of the styryl
derivatives of gold. Thus the interaction of trans-styrylgold
with iodine in dimethylformamide (DMF) or with mercury(II)
bromide yielded the trans-isomers of the corresponding
styrene derivatives80:

trans-PhCH=CHAuPPl,,
DMF*"* tram-PhCH=CHl + lAuPPh,

rram-PhCH=CHHgBr+BrAuPPh,

trans-Styryl(triphenylphosphine)gold is unusually readily
converted into the cis-isomer. Whereas for the mercury
derivatives this transition requires a high temperature, ultra-
violet irradiation, or treatment with peroxides, the transfor-
mation of trans-styrylgold into the cis-isomer takes place
when its solutions are allowed to stand at room temperature
or in chromatography on A12O8.

80

In order to determine the configuration of the phosphine
complexes of l-methoxycarbonyl-2-phenylvinylgold, they
were protolysed22 and tran s-cinnamic acid and the corre-
sponding gold chloride complexes were isolated in high yields.

3. a-Alkynyl Complexes of Gold (I)

Gold acetylide C2Au2 was obtained as early as 1900; it is an
explosive powder with a polymeric structure87. Other alkynyl
complexes, for example, gold phenylacetylide, proved to be
more stable. These complexes have been obtained by treating
gold halides with alkali metal acetylides88. Gold phenylacetyl-
ide was isolated after gold ketenide had been treated with
phenylacetylene89.

A series of very stable gold phenylacetylide complexes with
phosphines, arsines, amines, and isonitriles were obtained in
1962. They are formed readily from sodium phenylacetylide
and gold halides in the presence of the corresponding ligand''0:

p h C C H »CH,COON,., 2,Aug^ ( p h C = C A <

Yet another method of synthesis of these compounds involves
the reaction of an alkyne with methylgold complexes28'29'1'7:

MeAuL+RCs.CH-1-RCaaCAuL+CHi ;
R = Ph, CFS .

Gold phenylacetylides, stabilised by n-donor ligands, are
thermally stable solids, which are readily soluble in many
organic solvents; they are usually monomeric in solution
with exception of the amine complexes6'1'0. The amine com-
plexes are associated via hydrogen bonds90. The activity of
the a-alkynyl complexes has not been studied. It is only
known that gold phenylacetylide gives rise to diphenylbuta-
diyne in the presence of CuCl2:91

2PhC«.CAu+CuClj ->-PhC — C—C = CPh+CuCl +2AiiCl .

4. Carbonyl-Containing Derivatives of Gold(l)

a-Gold-substituted ketones, gold-substituted acetaldehyde ,
B-dicarbonyl-gold containing complexes, and gold ketenide
are now known. Gold-substituted carbonyl compounds of
various types have become readily available after the dis-
covery of a new gold-substituting agent—tris(triphenyl-
phosphinegold)oxonium salts92 '93.
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Gold-containing oxonium salts are obtained in high yields
in the reaction of coordination-unsaturated cation Ph3PAu +

with water in an alkaline or acid medium. The Ph3PAu+ ion is
generated in solution when triphenylphosphinegold chloride
reacts with silver tetrafluoroborate5.

The most convenient method of synthesis of tris( triphenyl-
phosphinegold )oxonium salts is the reaction of triphenyl-
phosphinegold halides with silver oxide and sodium tetra-
fluoroborate or potassium permanganate93:

PhjPAuX+AgiO—I

X=C1, Br.

-*->- (Ph3PAu)j0+Mn0; ;

X-Ray diffraction study of tris(triphenylphosphinegold)-
oxonium tetrafluoroborate showed that the (Ph3PAu)3O frag-
ment has a pyramidal structure: the oxygen atom is dis-
placed from the plane formed by the three gold atoms. The
Au—Au distances are 3.03 and 3.215 A, which suggests Au-Au
interaction in the oxonium cation5.

Gold-containing oxonium salts are crystalline substances,
which melt with decomposition and are decomposed by halide
ions. Thus treatment of a solution of a tris(triphenylphosphine-
gold)oxonium salt in chloroform with an aqueous NaCl solution
results in a quantitative yield of triphenylphosphinegold
chloride and sodium hydroxide93:

Gold-containing oxonium salts proved to be excellent gold-
substituting agents—this is the first example of the utilisa-
tion of metal-containing oxonium salts as metallating agents.
Gold-containing oxonium permanganate reacts with acetone
and other ketones containing the methyl group, forming
ketones substituted with gold in the methyl group91f:

R—C(O)—CH3+ (Ph3PAu)3O+MnO4--*R—C(O)— CH2AuPPh3;

R=Me, Et, Ph, CsHsFeC5H4 .

Gold-substituted acetone and acetylacetone have also been
obtained by the reaction of triphenylphosphinegold bromide,
silver oxide, and the corresponding ketone95:

PhsPAuX+AgaO
MeC(O)CHiAuPPh,

(MeCO),CHAuPPh,

The cation Ph3PAu + , the structural unit of many gold com-
pounds, is a soft Lewis acid and does not usually form
bonds with hard oxygen-containing anions. Thus the gold
atom in gold acetylacetonate is linked to a carbon atom,
while the atoms of the majority of transition metals, including
copper and silver, are linked to an oxygen atom in diketo- (

nates96. The gold—carbon bond is also formed in gold-sub-
stituted ketones and in gold-substituted acetaldehydes91*'97.
a-Gold-substituted carbonyl compounds have also been
obtained by the reaction of a gold-containing oxonium salt
with enol ethers5 . When vinyl ethers and esters are treated
with oxonium tetrafluoroborate, gold-substituted acetaldehyde
is formed91"97.

Like copper and silver, gold forms the ketenide Au2C=C=O
when a gold chloride complex is treated with keten at -10 °C
in acetonitrile in the presence of 2,6-dimethylpyridine (L)
and triethylamine89:

ClAuL + 5
\

The complex gold ketenide readily loses the ligand at room
temperature and gives rise to a polymeric gold ketenide,
which is explosive in the solid state and is virtually insoluble

in the majority of organic solvents. In the presence of
aniline, gold ketinide reacts with phenylacetylene to form
acetanilide and gold phenylacetylide.

The reactions of a-gold-substituted carbonyl compounds
have been studied in greater detail in relation to gold-sub-
stituted acetone. Thus triethylenephosphinegold-substituted
acetone reacts with electrophiles similarly to the reaction of
a-mercurated carbonyl compounds, with cleavage of the
metal—carbon bond and the formation of the corresponding
C- and O-derivatives. The reactions involving the carbon
atom proceed with acids, mercury(II) chloride, diazomethane,
and bromine5'33'98. The reactions involving the O atom take
place with carboxylic acid chlorides and chlorotriphenyl-
methane:

MeCOCH2HgBr+BrPPh3

-MeCOCH2AuPPh3 —

MeCOCH2Br + BrPPh3 -<—'—

Me
MeCOCI

- CH2=C—OCOMe + ClAuPPhs

• MeaCO + ClAuPPh3

Me

- CH2 =C—OCPba + ClAuPPhj .

5. The Complexes (RAu)n

There are few example of organic gold complexes of the
type (RAu)n which exist without an outer stabilising ligand L.
In such complexes the group a-linked to the gold atom
usually contains either a multiple bond or a heteroatom,
which play the role of complex-forming agents in relation to
another gold atom, giving rise to oligomerisation or polymer-
isation of the compound. Examples of such compounds are
the a-alkenyl and a-alkynyl derivatives of gold. It has been
suggested that gold t-butylacetylide exists in the form of a
tetramer, for which the following structure has been pro-
posed1:

t-Bu
C

t-Bu— C a C - Au<- 11

Au |
I Au

C t
III -+Au-C=>C— Bu-t
C
I

t-Bu

The study of the infrared spectra of this and other alkynyl
complexes of gold has shown that the TT-coordination of the
gold atom with a triple bond is extremely weak" In
oligomers this bond is readily ruptured even after the addi-
tion of a ligand having very weak electron-donating proper-
ties, for example Et3As. 6

An example of a compound in which intermoleeular coordina-
tion involves the double bond is provided by cyclopentadi-
enylgold, obtained when an olefin complex of gold chloride is
treated with eyclopentadienylsodium or cyclopentadiene in the
presence of triethylamine78:

Cyclopentadienylgold is a yellow powder stable only up to
-30 °C and almost insoluble in organic solvents. It has a
polymeric structure. On treatment with PPh3, its triphenyl-
phosphine complex is readily produced78.

Another group of complexes of the type (RAu)n includes
compounds in which the a-linked ligand contains a nitrogen
atom , which functions as a complex-forming agent.
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The only phenyl derivatives of gold which exists without a
stabilising outer ligand, is 2-dimethylaminomethylphenyl
gold38, obtained from the mixed Au—Li cluster of arylgold:

RiAu2Li2 + MeiSnBr^RSnMej + (RAu) „ + LiBr ;
R=2-Me2NCHaCtH4 .

The same compound is also formed in the reaction of the
lithio-derivative of dimethylaminomethylbenzene with the tri-
phenylarsine complex of gold chloride. Triphenylarsine was
isolated in a quantitative yield and a solid residue, consisting
of an LiCl—RAu mixture, was obtained, but the pure deriva-
tive of arylgold could not be isolated from this mixture. The
formation of the latter was confirmed by the isolation of its
stable triphenylphosphine complex after the addition of PPh3

to the reaction mixture38:

+ ClAuAsPh3

M.i

CHsNMe, CH2NMe2

2-Dimethylaminomethylphenylgold is a colourless substance,
thermally stable up to 117 °C, has a polymeric structure, and
is almost insoluble in organic solvents. The group (contain-
ing a nitrogen atom) a-linked to the gold atom plays the role
of the stabilising ligand for the gold atom in another mole-
cule.

A coordination of the same type can be proposed for
pyridylgold and other nitrogen-containing aromatic hetero-
cycles. Derivatives of pyridyl- and quinolinyl-gold have
been obtained via their lithio-derivatives and triphenyl-
arsine complexes of gold chloride99'100:

+ClAuA5Ph, +AsPh3

These compounds are solid, sparingly soluble polymeric sub-
stances , stable in air at room temperature, which are sensi-
tive to the action of light. The structure of a cyclic trimer
with coordination of the nitrogen atoms to the gold atoms has
been proposed for pyridylgold:

Yet another example of complexes of this type is provided by
the gold-containing derivatives of 1-methylbenzimidazole101:

Me r Me

>C-Au Me,SiCl

AuCl

The reaction of aliphatic isonitriles with gold chloride com-
plexes in the presence of alcohol and alkali results in the for-
mation of alkoxy(alkylamino)methylgold complexes31*"36, which
are trimeric in solution and, like pyridylgold, have a planar
heteroatomic ring:

• C , H U - N ^

MeO^ /C.HU

- A u x ^"AuN

OMe

- N

Similar cyclic trimers have been obtained from carbene com-
plexes of gold102 (see also Section V below).

Cyclic trimers are stable solids, do not react with CO and
PPh3 under normal conditions36, and react with bromine and
iodine via the oxidative addition mechanism, forming cyclic
trimeric complexes of tervalent gold103.

I I I . TT-OLEFIN AND TT-ACETYLENE COMPLEXES OF COLD

The first olefinic n-complexes of gold(I) were described
by Hiittel and Dietyl10" and Chalk105. Complexes of this type
are intermediates in reactions involving an olefin and gold
compounds as catalysts106.

The IT-complexes of gold(I) are formed at low temperatures
as a result of the interaction of the olefin with gold chlo-
ride107 '108:

C = c / -t- AuCl -* / C C \
AuCl

Both acyclic and cyclic olefins undergo the reaction107"109.
The TT-complexes of gold(I) are relatively unstable and readily
split off the olefin ligand. Their stability increases with
increase of the molecular weight of the olefin107. A stable
complex has only been isolated for C12H2I( and olefins with
higher molecular weights107. Stable ir-complexes of cyclic
olefins have been isolated only for cycloheptane and com-
pounds with larger rings109. The complexes with dienes and
trienes are more stable than the corresponding complexes of
mono-olefins107'109'110.

The structure of the complexes cannot be regarded as
reliably established, since there are no X-ray diffraction
data and a conclusion has been reached about the structure
of the complexes on the basis of infrared spectroscopic and
JH NMR data. A structure in which gold is coordinated to
one of the two double bonds has been proposed for the
dicyclopentadienyl IT-complex; in norbornadiene both double
bonds participate in the formation of the ir-complex109:

Cyclo-octatetraene reacts with AuCl at -45 °C to form an
unstable complex of unknown structure, which is almost fully
dissociated in ethereal solution111.

Hexamethyl-substituted Dewar benzene reacts with AuCl to
form a ir-complex with coordination of the gold atom to only
one of the double bonds of the diene112:

/-•AuCl

After the interaction of olefins with tervalent gold salts at low
temperatures, complexes were isolated with an overall formula
corresponding to the composition Au2Cl,,.olefin. 105»10e>111'113

However, the diamagnetism of these compounds as well as
Mossbauer spectroscopic data show that one is dealing not
with bivalent gold compounds but with a mixture of gold(I)
and gold (III) derivatives formed on reduction of half of the
initial gold(III) salt by the excess olefin11"1:

Y-a
-1) £ +2AuQ,-_(L

n = l — 3 .

With cyclo-octatetraene (COT), a complex of the same type,
having the composition COT.AUjCl^, was obtained111.
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Hiittel and Forkl115 were the first to isolate ir-complexes of
gold salts with alkynes. The interaction of substituted
acetylenes with AuCl at low temperatures leads to the forma-
tion of relatively unstable complexes (with the exception of
the toluene complex):

CR CR
II + AuCl - . I AuCl ;

CR CR

R=Me, Et, Ph .

Pyridine readily displaces the unsaturated ligand from these
complexes, giving rise to AuCl.Py (Py = pyridine). If the
same alkynes are acted upon by anhydrous AuCl3 at temper-
atures between -30° and -70 °C, complexes having the com-
position (alkyne)2.Au2Cl,, are formed. They are mixed com-
plexes of univalent and tervalent gold, similar to those
described previously for olefinic Tr-complexes115'116:

Me

c1

+AuCl8
C

Me

"Me

c
_Me

• Au+AuClT

A TT-complex of gold with a cyclic alkyne has been obtained
recently. Cyclo-octyne reacts with AuBr to form a stable
2 : 1 Tt-complex: 117

X / \ 1
•. . • AuBr .

The fact that the complex has the cyclo-octyne and not the
diene structure has been confirmed by its reaction with
cyclone as well as infrared spectroscopic data. The diene
synthesis reaction led to the isolation of the corresponding
adduct117.

IV. ANIONIC COMPLEXES OF COLD

the complex and also to use other complex-forming agen t s
for lithium.

Perhalogenoaryl anionic complexes are entirely stable in air
and in the light both in the solid s ta te and in solution. Pe r -
chloro- and perf luoro-phenyl anionic complexes of two types
are known: homoligand and heterol igand. They a re readily
formed at low tempera tures in e ther from the t e t rahydro th io -
phen complex of gold chloride and perhalogenoaryl-lithium1 2 1"
1 2 3 . When equimolar amounts of the initial r eac tan t s are
employed, heteroligand anionic complexes are formed:

D A U I /
•[CaF5AuCI]-Et4N+

while in the presence of an excess of perhalogenoaryl- l i thium,
homoligand anionic complexes are isolated:

[(CFs)2Au]-Li+ S.-, [(C,F.),Au]-Bii,N+ .

Dialkylaurates react with various electrophiles under milder
conditions than the corresponding neutral complexes118'121*'125.
Their protolysis and their reactions with bromine and alkyl
halides have been described118'121*'125.

The protolysis of lithium ethylmethyl(triphenylphosphine)-
aurate takes place readily at 0 °C on treatment of its ethereal
solution with hydrogen chloride12"1. The reaction resulted in
the isolation of methane, ethane, and the triphenylphosphine
complexes of methyl- and ethyl-gold:

i+ + HCl-*CH1+C!H«+MeAuPPhi+EtAuPPhs+LiC! .

The reaction of dialkylaurates with bromine leads to a mix-
ture of products in which the trialkylgold complex predomin-
ates12":

[Me2AuPPh3]-Li++Br2-*MejAuBrPPhs+LiBr
-*• MejAuPPhs+MeAuPPhi .

[Me.AuPPbil-LH- ,

In the first studies on the synthesis of alkyl derivatives of
gold using alkyl-lithium compounds, it was already postulated
that anionic complexes of the type (R2Au)~ may be formed1*0.
A detailed investigation of anionic gold complexes was begun
with the studies of Tamaki and Kochi118. After the addition
to an ethereal solution of MeAuL of an equivalent amount of
methyl-lithium at a low temperature, the authors118 were the
first to detect by 1H NMR the formation of an anionic complex
of dimethylgold118'119:

MeAuL+MeLi-i-[Me2AuL]-Li+ .

Asymmetric anionic complexes with different alkyl radicals,
for example, [(Me3C)MeAuL]~Li+, are formed also under the
same conditions118.

The attempts to isolate dialkylaurates with phosphine lig-
ands were unsuccessful. However, it was possible to isolate
and characterise a pyridine complex of the lithium salt of
dimethylgold, which is unstable in air118:

When the aprotic polyamine N,N,N',N",N"-pentamethyldi-
ethylenetriamine (PMDT) was used as the chelating agent for
the lithium ion in the reaction of methylgold with methyl-
lithium, a white solid, having the composition Li(PMDT)AuMe2,
was isolated. It is stable in the solid state in the light and at
room temperature for several months, but rapidly decomposes
in protic solvents and under the influence of atmospheric
moisture120. Spectroscopic study of this hitherto unique
stable representative of dialkylanionic complexes showed that
it is made up of a linear dialkyl anion and a chelate cation120.
It has so far been impossible to replace the lithium cation in

Under the influence of halogens and perfluoroaryl deriva-
tives of tervalent thalium, perhalogenoaryl anionic complexes
give rise to oxidative addition products121"123:

AU]- i [(CCl,),AuIJ- .

The reaction of dialkylaurates with alkyl halides also pro-
ceeds via the oxidative addition mechanism118'121*"125. The
study of the stereochemistry of this reaction showed that
mainly the trans-isomer is formed118:

Me CD3

I I
[Me!AuL]-Li++CDjI^CDJ—AuL+Me—AuL .

I I
Me Me

trans-(13%) cis-(\3%)
Perfluorophenylaurate reacts with bis(triphenylphosphine)-

gold perchlorate, the ligand being substituted with formation
of a neutral complex of perfluorophenylgold:123

[(C6Fs),Au]-Bu4N++ (PhsPhAu+C10i-->-2CsFsAiiPPh. + BuiN+C104- .

V. YLID COMPLEXES OF GOLD

The formation of extremely stable ylid complexes is charac-
teristic of all Group IB metals126'127. The ylid complexes of
gold, first obtained in 1973, have been investigated very
vigorously in recent years. The interest in compounds of
this kind is associated primarily with their unusually high
thermal stability for organogold complexes. These complexes
have also found applications in medicine in recent years128.
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Depending on the reactant ratio, the interaction of
ClAuPMe3 with Me3P=CH2 leads to the formation of various
phosphonium salts127"130:

ClAuPMe,+Me,P= CH2 -
• MejPAuCHjP+MejCI <X)

- MejP+CH2—Au—CHjPMe3Cl- . ( J J )

In the presence of a large excess of the ylid, an eight-mem-
bered heterocyclic compound (III) with two gold atoms is
obtained127"129'131:

Me, XH2-Au-CH2 . ,Me

( I l l )

Compounds of types (I) , (II), and (III) have been obtained
for a series of alkylphosphines, for example for triethyl-,
tributyl-, and dimethylcyclopropyl-phosphines128'131'132 and
also for triphenylphosphine ylids130 '133.

Phosphonium salts of types (I) and (II), in which the
hydrogen atom of the methylene group has been substituted
by the Me3Si group, have been described130. As-analogues
of cyclic ylid complexes have been obtained131.

The complex

Et. XH2—Au—CH2. ,Et
>P( >P<

E t / XH,—Au-CH, ' N E t
(IV)

has been studied by X-ray diffraction and its Mossbauer and
ESCA spectra have been investigated13". In complex (IV)
there are two parallel linear -C—Au—C— fragments whose gold
atoms hardly interact.

The ylid complexes of gold are solid substances stable in
air and in the light. The thermal stability of these com-
plexes, some of which actually sublime and distil in vacuo
without decomposition, is unusually high127 '129 '130 '132.

The ylid complexes of type (III) readily undergo oxidative
addition reactions under the influence of halogens and alkyl
halides129'135. Thus, when complex (IV) was treated with
chlorine, a dinuclear cyclic complex (V) was obtained, from
which a gold(III) ylid complex (VI) was formed on further
treatment with chlorine. Treatment of complex (III) with
methyl iodide gives rise to complexes (VII) and (VIII). Com-
plexes (V) and (VII), in which the gold atom is in the
unusual oxidation state of +2 according to Mossbauer and
ESCA spectroscopic data, are of special interest13". Accord-
ing to X-ray diffraction data, the Au-Au distance in complex
(V) is 2.60 A and is the smallest in all the known organic
complexes of gold135:

(IVJ+C1,

ci

>P( I >P( •
E t / XCHj— Au—OV NEt

CI
(V)

(111) + Mel -
Me,

\p/- I
i—Au—CH2

c l ,

e Mi,|

I
(VII)

Cl Cl
\ /

/CH,— Au—CH2X

VCH 2—Au—CH/
Cl Cl
(VI)

MeMe
\ /

(VIII)

Nvie .

Hexamethylcarbodiphosphorane136 reacts with two molecules
of MeAuPMe3 to form a complex in which the tetrahedral car-
bon atom is linked to two gold atoms137:

V I . CARBENE COMPLEXES OF GOLD

In 1971 two groups of investigators obtained almost simulta-
neously carbene complexes of gold138'139.

Two types of carbene complexes containing either one or
two carbene ligands have been described for univalent gold.
Both mono- and di-carbene complexes are formed readily from
isonitrile complexes of gold in the presence of an amine or an
alcohol36'102'1"0"1"5:

p- CHaC6H4NH

n-CH3C6H4NCAuCl + MeOH •

[(ArNC)jAuJ CIO; + Ar'NH,,

•And

Instead of using isonitrile complexes, one can introduce
into the reaction a univalent or tervalent gold salt and the
isonitrile in the presence of an amine or alcohol36'1"0'1"2. In
view of the highly nucleophilic properties of the amines, the
reactions with the latter always proceed under milder condi-
tions than with alcohols1"5:

MeNC+MeNH2+HAuCU
l)H,O;l)PF, MeNH

>C
/

Hydroxy-substituted isonitriles react with gold compounds
to form a cyclic alkoxy(alkylamino)carbene complex1"6:

CH2—NHH

VOH—(CH2)3-NC + NaAuCl4-

r cH 2 - N H -
CH2 C

CH, O

Olefins activated by electron-donating substituents are con-
verted into carbene complexes on reaction with gold salts11*7'1"8:

The carbene complexes of gold are white solids stable in air
but sensitive to light. Some of them exhibit a luminescence
of different colours and durations on irradiation with ultra-
violet light1"0. This property has proved useful for the
determination of the purity of the complexes. Carbene com-
plexes with substituted tetrazoles are used in medicine as
anti-inflammatory preparations1"".

Spectroscopic studies have shown that the rotation about
the C—O and C-N bonds is limited, that the multiplicity of
these bonds is greater than unity, and that the carbene lig-
and has a planar structure1"2 '1"3. In conformity with this
structure, the carbene complexes exist in the form of geo-
metrical isomers. Among the three possible geometrical
isomers a -c , isomer b predominates1"2'11'3'1'15:

PMe3

C +2MeAuPMe3 -
II
PMe3

Me3P.
p/_

\AuMe
+ 2PMe3
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The react ivi ty of the carbene complexes has been little
invest igated. As for the majority of the organic complexes of
gold, they readily undergo react ions involving oxidative
addition of the halogen and ligand exchange reac t ions . The
oxidative addition of iodine or bromine to the dicarbene
complex of gold(I) leads to a dicarbene complex of gold-

•An. >Q0',
. V. Et,q

\ '

r= p- CH3C6H4 .

According to X-ray diffraction data, the tervalent gold
complex is square planar with trans-carbene ligands11<9'150.
The carbene ligand is substituted on treatment with other
fairly powerful electron-donating ligands such as triphenyl-
phosphine, cyanide, or isonitrile1'*0'1'*2'1'15:

pVIe—NH^

|_Me—NH*

Mo—NH,

•An + 2PPh,
Me—NH

CH + (PPh3)2Au+ ;

*Yc-^-Au+
Me_N

CH + Au(CN); .

It is noteworthy that the last reaction has served as a key
to the explanation of the catalytic effect of added HAuCl,, in
reactions involving a-addition of amines to isonitriles, leading
to substituted formamidines. The role of the gold salt
reduces to the formation of the isonitrile complex of gold(I),
which is converted into a earbene complex in which the car-
bene ligand is substituted by the isonitrile ligand, giving
rise to a substituted formamidine and the initial isonitrile
complex of goldd).11*0'1*2

The deprotonation reaction, leading to the formation of
organic a-derivatives of gold, is specific to the carbene
complexes. On treatment with bases, the deprotonation takes
place with formation of cyclic trimers36 '102 (see above). This
reaction is reversible and, on treatment with acid, carbene
complexes are reformed from the trimer36'102'151:

n—NH

R=Me, R'= C6HH

amme

-Ha V
/

KO

Au

VI I . ORCANOCOLD COMPOUNDS WITH A BRIDCING CARBON
ATOM

Like the majority of transition metals, gold forms organo-
metallic compounds with a metal—metal bond. The dinuclear
cationic complexes [R(AuPR3)2]+X~, in which the organo-
metallic fragment (IX) of the molecule is a three-membered
gold-carbon ring with an Au—Au bond and a bridging carbon
atom, have been fairly thoroughly investigated5:

, , A u

V+ ! (IX)

Aryl compounds of gold in which the bridging carbon atom is
linked to different metal atoms, one of which is gold and the
other is zinc, copper, silver, or lithium [compounds (X)] are
also known:

X ; (X)

M = Zn, Li, Cu, Ag .

Compounds of this type are usually dimeric and form metal-
carbon macrorings—for example, triphenylgoldzinc.

1. Homonuclear Cationic Complexes [R (AuPR!,)2]
 +X

Dinuclear cationic complexes of type (IX) have been
obtained for phenyl, ferrocenyl, cymantrenyl, and alkenyl
derivatives of gold and both their structures and chemical
behaviour have been studied in detail2 '5 '152 '153.

(a) Structure

The structures of the dinuclear cationic complexes of gold
have been determined by infrared, ultraviolet, Raman, and
NMR spectroscopy and also by X-ray diffraction.

The most stable ferrocenyl complex has been studied by
X-ray diffraction15"*'155. It was established that the Au-Au
distance in this complex (2.77 A) is shorter than the Au—Au
distance in the metal (2.88 A), while the Au( l ) -C( l ) -Au(2)
angle is much smaller than the tetrahedral value, which indi-
cates the existence of a bond between the two gold atoms (see
Figure). The plane of the three-membered Au(l)C(l)Au(2)
ring is almost perpendicular to the plane of the cyclopenta-
dienyl ring and the C(l) carbon atom occupies a bridging
position between the two gold atoms. The interaction of C(l)
with the two gold atoms must be regarded as a two-electron
three-centre bond. Cluster compounds of copper and silver
with a bridging ferrocenyl group have been described
recently156 '157.

-1 1
A11PR3

The structure of bis(triphenylphosphinegold)ferrocenium
tetrafluoroborate.
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The study of the ultraviolet and infrared spectra of the
tolyl complex158, the study of the p-fluorophenyl complex by
19F NMR,159 and the Raman spectroscopic study of the styryl
complex81 have shown that the aryl and alkenyl cationic com-
plexes have a structure of type (IX), in which the carbon
atom of the organic group occupies a bridging position
between two gold atoms.

(b) Methods of Synthesis

From organogold compounds. When organogold complexes
were treated with HBF,,, dinuclear complexes of type (IX)
were obtained in high yields2 '5:

RAuPR3' + HBF4->- [R (AuPR3 ')i] +BF4- + RH .

The cation R'3PAu+ can be conveniently generated from
R'3PAuCl on treatment with silver tetrafluoroborate.

From organomercury compounds. When organomercury
derivatives R2Hg are treated with phosphine complexes of
methylgold in the presence of HBF,,, mercury is substituted
by gold in a series of aryl, alkenyl, ferrocenyl, cymantrenyl,
and heterocyclic organomercury compounds21'22'160. Depend-
ing on the group R in the initial organomercury derivative,
various types of organogold complexes are formed. Thus
treatment of diaryl- and distyryl-mercury derivatives with
electron-accepting substituents in the group with phosphine
complexes of methylgold and HBF^ led to the isolation of only
the organomonogold complexes21:

R2Hg+MeAuPPh, —'•
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R = X—CeHi, where

RAuPPhs ;

P-. m-COOEt, o-l; PhCH = C(COOMe).

Cationic dinuclear complexes are formed from diferrocenyl-
mercury derivatives having both electron-donating and
electron-accepting substituents, from distyryl-, dicyman-
trenyl-, and dithienyl-mercury, and also from diaryl com-
pounds of mercury having electron-donating substituents
in the aromatic ring21 '22 '160:

R2Hg+MeAuPPh3 ^ i - > [R(AuPPh3)2]+BF4-.

R = X—CsHiFeCsHi, where X = H; Cl; Br, OMe.COOMe; Y—C.H,, where Y = H, Me, NH2.

A characteristic feature of p-halogenoarylmercury derivatives
is that, by altering the reaction conditions, it is possible to
obtain from them both dinuclear gold complexes and organo-
monogold compounds21.

It is noteworthy that organogold complexes having the same
geometrical configuration as the initial organomercury com-
pound have been obtained from the trans-isomers of alkenyl
derivatives of mercury22'81.

Substitution of gold in ferrocene and its derivatives. Fer-
rocene and its derivatives react with tris(triphenylphosphine-
gold)oxonium tetrafluoroborate at room temperature in the
presence of HBF,, to form dinuclear cationic complexes161'162:

Fe + (Ph3PAu)3O+BF; > Fe

O

The preferential formation of homoannular substituted com-
pounds on substitution of gold in chloro-, bromo-, methoxy-,
acetyl- and nitro-ferrocenes is apparently caused by the
additional stabilisation of the cationic centre in the 1,2-isomer
by the coordination of the gold atom to the substituent162.

(c) Reactions

The study of the chemical behaviour of dinuclear organo-
gold compounds has shown that reactions of two types are
characteristic of these compounds—those involving only one
or both AuPR3 groups. The first type involves the striking
ability of the complexes [R(AuPr'3)2]+BF^ to enter into vari-
ous reactions involving the transfer of the R'3PAu3 cation.
The reaction proceeds readily under the influence of nucleo-
philes such as phosphines, amines, and halide ions. Another
organogold compound can also fulfil the role of the nucleo-
phile2'5:

AuPPh3

AuPPh,

FeAuPPti3

Fc = C5H5FeC5H4 .

Fe

AuPPh
l 3

Fe AuPPh3 BF 4 +

A feature of the reactions of alkenyl dinuclear complexes
should be noted. Thus the dinuclear cationic complex
obtained from the triphenylphosphine complex of trans-
styrylgold generates, under the influence of triphenylphos-
phine or ferrocenylgold, an organomonogold compound hav-
ing the same geometrical configuration as that of the initial
trans-styrylgold81.

A series of reactions, illustrated schematically below, have
been carried out for trans, trans-distyrylmercury81:

(mms-styryl)2Hg

T N H ,

[Jtyryl(AuPRj')s]+BF4-

T ,

(rrans-styryl)HgBr -*—^-^ (rrans-styryl) AuPR-j

R' = Ph, Fc

An analogous sterochemical result has also been obtained for
trans, trans-di( 1-methoxycarbonyl-2-phenylvinyl)mercury22.

The reactions of the cationic complexes with organometallic
compounds belong to the second type. Thus the interaction
of the cationic tolyl complex with diferrocenylmercury results
in the formation of ditolylmercury and a dinuclear ferrocenyl-
gold complex in high yields2'19:

Mc-€XI
AuPPIi3

AuPPh,

1

AuPPh.,

L
The mild reaction conditions and the high yields of prod-

ucts make it possible to use the dinuclear cationic complexes
of gold for the synthesis of new organogold complexes with
different organoelemental ligands, including gold-containing
ligands.

2. Heterometallic complexes of arylgold

Heterometallic cluster complexes of arylgold of type (X)
have been described by two groups of Dutch investigators.
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De Graaf and coworkers163'161* obtained aryl complexes con-
taining gold and zinc; Van Koten and coworkers 3 9 ' 1 6 5" 1 6 7

investigated arylgold complexes containing also lithium,
silver, or copper atoms.

Triphenylgoldzinc was isolated after treating diphenylzinc
with an ethereal solution of AuCl3 or AuCl(CO).1 6 3 The
compound is dimeric in benzene; since it has a dipole moment
close to zero, a dimeric structure (XI) was attributed to it.
1H and 13C NMR data also agree with the dimeric structure.
If diphenylzinc and AuCl(CO) react in proportions of 1 : 1,
a compound having the composition Ph2AuZnCl is formed,
for which structure (XII) has been proposed. Here the
phenyl groups at the zinc atom have been substituted by
chlorine atoms:

(XII)

Whereas triphenylgoldzinc is extremely sensitive to atmo-
spheric moisture, its chlorine-containing analogue is much
more stable.

Analogues of compounds (XI) and (XII) have been obtained
for p-ditolylzinc, whereas for other arylzinc derivatives with
electron-donating substituents, only complexes of type (XII)
have been isolated16*. Organozinc and organogold compounds
are known to form the most stable complexes with nitrogen-
and phosphorus-containing ligands respectively. Accordingly,
the reaction of triphenylgoldzinc with bipyridyl and tetra-
methylethylenediamine gives rise to complexes via the zinc
atom, while the interaction with triphenylphosphine and
diphos leads to phosphine complexes of phenylgold161*:

XI-
> 2PhJAuZn-(CtH1N)a

• 2Ph2Zn+2PhAuP№3

The triphenylphosphine complexes of arylgold or gold brom-
ide react with aryl-lithium compounds to form mixed Au—Li
clusters with bridging aryl groups 3 8:

(RLiji+BrAuPPha^RjAujLij ;

, CH2NMe2

Bis[ 2-(dimethylaminomethyl)phenyl]goldlithium is a dimeric
compound thermally stable up to 170 °C; structure (XIII)
has been proposed for it1*'38:

UI2—NMe2 Me,N

This mixed Au—Li cluster has served as the starting material
for the synthesis of a stable phenyl derivative of univalent
gold, existing without an external stabilising ligand—(2-di-
methylaminomethyl)phenylgold 3 e (see above). In addition,
other cluster complexes of gold have been obtained from com-
pound (XIII). Thus the reaction of compound (XIII) with
copper(II) bromide led to the isolation in a high yield of a
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dimeric (in benzene) cluster containing gold and copper atoms
165,166.

RiAu.Li2 + 2CuBr->-RiAu2Cu:+2LiBr .

The reaction of compound (XIII) with (CF3SO3)Cu and
(CF3SO3)Ag yielded new hexanuclear clusters containing gold
and copper and gold and silver respectively1 6 7:

RiAu.Li!+ (CFJSO3)M->-RiMiAuj(CFsSOs):! ;

M = Cu, Ag .

REFERENCES

1. B.Armer and H. Schmidbaur, Angew.Chem., 1970, 82,
120.

2. A.N.Nesmeyanov, E. G . Perevalova, K .I.Grandberg,
and D.A.Lemenovskii, Izv.Akad.Nauk SSSR, Ser.
Khim., 1974, 1124.

3. H.Schmidbaur, Angew.Chem., 1976, 88, 830.
4. R.Uson, A.Laguna, and J.Vicente, Synth.React.Inorg.

Met.-Org.Chem., 1977, 7, 463.
5. E.G .Perevalova, K.I.Grandberg, D.A.Lemenovskii, and

V.P.Dyadchenko, Vestnik Moskov.Univ., Ser. 2, Khim.,
1979, 20, 299.

6. R.J.Puddephatt, "The Chemistry of Gold", Elsevier
Publ., England, 1978.

7. G.Calvin, G.E.Coates, and P.S.Dixon, Chem.Ind.
(London), 1959, 1628.

8- H.Schmidbaur and R.Franke, Chem.Ber., 105, 2985.
9. R.Uson, A.Laguna, and J.Vicente, Organometal.Chem.,

1975, 86, 415.
10. L.G.Vaughan and W.A.Sheppard, J.Amer .Chem . Soc,

1969, 91, 6151.
11. A.Shiotani and H.Schmidbaur, J.Amer.Chem.Soc.,

1970, 92, 7003.
12. B.Wozniak, J.D.Ruddick, and G.Wilkinson, J.Chem.

Soc.A, 1971, 3116.
13. A.N.Nesmeyanov, E.G .Perevalova, V.V.Krivykh,

A.N.Kosina, K.I .Grandberg, and E.I.Smyslova, Izv.
Akad.Nauk SSSR, Ser.Khim., 1972, 653.

14. A.N.Nesmeyanov, E. G . Perevalova, K .I.Grandberg, and
Izv.Akad.Nauk SSSR, Ser.Khim.,

1969, 2030.
15.

A. N . Nesmeyanov,
D. A. Lemenovskii,
1969, 2030.
A.N.Nesmeyanov, K .1 .Grandberg, T.V.Baukova,
A.N.Kosina, and E. G . Perevalova, Izv.Akad.Nauk SSSR,
Ser.Khim., 1969, 2032.
A.N.Nesmeyanov, E.G .Perevalova, D. A.Lemenovskii,
O.B.Afanasova, V.P.Dyadchenko, and K.I.Grandberg,
Izv.Akad.Nauk SSSR, Ser.Khim., 1972, 2594.
A.N.Nesmeyanov, E.G .Perevalova, O.B .Afanasova,
and K.I.Grandberg, Izv.Akad.Nauk SSSR, Ser.Khim.,
1978, 1919.
A.N.Nesmeyanov, E .G .Perevalova, O.B .Afanasova,
and K.I.Grandberg, Izv.Akad.Nauk SSSR, Ser.Khim.,
1974, 484.
A.N.Nesmeyanov, E.G .Perevalova, K.I.Grandberg,
D. A. Lemenovskii, T.V.Baukova, and O.B .Afanasova,
Vestnik Moskov.Univ., Ser.2, Khim., 1973, 14, 387.
A.N.Nesmeyanov, E. G . Perevalova, O.B .Afanasova,
M.N.Elison, and K.I .Grandberg, Izv.Akad.Nauk SSSR,
Ser.Khim., 1975, 477.
A.N.Nesmeyanov, F.G .Perevalova, O.B.Afanasova,
M.V.Tolstaya, and K .I.Grandberg, Izv.Akad.Nauk
SSSR, Ser.Khim., 1978, 1118.
A.N.Nesmeyanov, E.G .Perevalova, Yu. Ya.Snakin , and
K.I.Grandberg, Izv.Akad.Nauk SSSR, Ser.Khim., 1978,
1928.

17.

18.

19.

20.

21.

22.



262 Russian Chemical Reviews, 51 (3), 1982

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.

Dokl.Akad.Nauk

E.I. Smyslova,

S.Numata, H.Kurosawa, and P.Okawara, J.Organo-
metal.Chem., 1975, 120, 259.
R.Uson, P.Poyo, and A.Laguna, J.Organometal.Chem.,
1974, 69, 361.
V.A.Nikanorov, V.I.Rozenberg, R.I.Gorbacheva,
Yu.G.Bunder, and O.A.Reutov,
SSSR, 1975, 224, 2343.
V.I.Rozenberg, R.I.Gorbacheva,
K.I.Grandberg, V.A.Nikanorov, Yu.G .Bundel1, and
O.A.Reutov, Dokl.Akad.Nauk SSSR, 1975, 225, 1082.
C.M.Mitchell and F.G.A.Stone, Chem.Comm., 1970,
1263.
C.M.Mitchell and F.G.A.Stone, J.Chem.Soc., Dalton
Trans., 1972, 102.
A.Johnson and R.J.Puddephatt, J.Chem.Soc, Dalton
Trans., 1977, 1384.
A.N.Nesmeyanov, E.G .Perevalova, V.P.Alekseev,
D.A.Lemenovskii, and K.I.Grandberg, Izv.Akad.Nauk
SSSR, Ser.Khim., 1972, 1869.
A.N.Nesmeyanov, E. G . Perevalova, T.V.Baukova, and
K.I.Grandberg, Izv.Akad.Nauk SSSR, Ser.Khim.,
1973. 2641.
A.Johnson and R.J.Puddephatt, J.Chem.Soc, Dalton
Trans., 1976, 1360.
A.N.Nesmeyanov, E.G .Perevalova, E.I.Smyslova,
V.P.Dyadchenko, and K.I.Grandberg, Izv.Akad.Nauk
SSSR, Ser.Khim., 1977, 2610.
G.Minghetti and F.Bonati, Angew.Chem., 1972, 84,
482.
G.Minghetti and F.Bonati, Gazzetta, 1972, 102(3), 205.
G.Minghetti and F.Bonati, Inorg.Chem., 1974, 13, 1600.
G.Minghetti, F.Bonati, and M.Massobrio, Chem.Comm.,
1973, 260.
G.Van Koten and J.G.Noltes, J.Organometal.Chem.,
1974, 80, C56.
R.W.Baker and P.J.Pauling, J.Chem.Soc, Dalton
Trans., 1972, 2264.

J.Chem.Soc.,
J.Chem.Soc,

A.Tamaki and J.K.Kochi, J.Organometal.Chem., 1973,
61, 441.
P.W.N.M.Van Leeuwen, R.Kaptein, R.Huis, and
C.F.Roobeek, J.Organometal.Chem., 1976, 104, C44.
E. G . Perevalova, T.V.Baukova, E.I.Goryunov, and
K.I.Grandberg, Izv.Akad.Nauk SSSR, Ser.Khim., 1970,
2148.
A.Johnson and R.J.Puddephatt, J.Chem.Soc, Dalton
Trans., 1975, 115.
R.J.Puddephatt and P.J.Thompson, J.Organometal.
Chem., 1976, 117, 395.
A.Johnson, R.J.Puddephatt, and J.L.Quirk, Chem.
Corara., 1972, 938.
E.G .Perevalova, D.A.Lemenovskii, T.V.Baukova,
E.I .Smyslova, K.I.Grandberg, and A.N.Nesmeyanov,
Dokl.Akad.Nauk SSSR, 1972, 206, 883.
A.Shiotani and H.Schmidbaur, J.Organometal.Chem.,
1972, 37, C24.
A.Tamaki and J.K.Kochi, J.Organometal.Chem., 1972,
40, C81.
A.Tamaki and J.K.Kochi, J.Organometal.Chem., 1974,
64, 411.
G.W.Rice and R.S.Tobias, J.Organometal.Chem., 1975,
86, C37.
A.Johnson and R.J.Puddephatt, J.Inorg.Nuclear Chem.
Letters, 1973, 9, 1175.
A.Johnson and R.J.Puddephatt, J.Organometal.Chem.,
1975, 85, 115.
M.P.Brown, R.J.Puddephatt, and C.E.E.Upton,
J.Chem.Soc, Dalton Trans., 1974, 2457.

G . E. Coates and C . Parkin
G.E.Coates and C.Parkin

1962,

1963,

3220.

421.

56. E.G.Perevalova, D.A.Lemenovskii, K.I.Grandberg,
and A.N.Nesmeyanov, Dokl.Akad.Nauk SSSR, 1971,
199. 832.

57. A.N.Nesmeyanov, K.I.Grandberg, D.A.Lemenovskii,
O.B.Afanasova, and E.G.Perevalova, Izv.Akad.Nauk
SSSR, Ser.Khim., 1973, 887.

58. A.N.Nesmeyanov, E.G.Perevalova, D.A.Lemenovskii,
V.P.Alekseev, and K.I.Grandberg, Dokl.Akad.Nauk
SSSR, 1971, 198, 1099.

59. M.Aresta and G.Vasapollo, J.Organometal.Chem.,
1973, 50, C51.

60. R.Uson, A.Laguna, and J.Perdo, Synth.React.Inorg.
Met.-Org.Chem., 1974, 4, 499.

61. R.Uson, A.Laguna, J.Vicente, and J.Garcia,
J.Organometal.Chem., 1976, 104, 401.

62. R.Uson, A.Laguna, J.Vicente, J.Garcia, B .Bergareche,
and P.Brun, Inorg.Chim.Acta, 1978, 28, 237.

63. R.Uson and A.Laguna, Synth.React.Inorg.Met.-Org.
Chem., 1975, 5, 17.

64. R.Uson, A.Laguna, and J.Vicente, Synth.React.Inorg.
Met.-Org.Chem., 1976, 6, 293.

65. B.J.Gregory and C.K.Ingold, J.Chem.Soc.B, 1969,
276.

66. P.S.Nyholm and K.Vrieze, J.Chem.Soc, 1965, 5337.
67. R.J.Puddephatt and P.J.Thompson, J.Chem.Soc,

Dalton Trans., 1975, 1810.
68. H.Schmidbaur and A.Schiotani, Chem.Ber., 1971, 104,

2821.
69. A.Schiotani, H.F.Klein, and H.Schmidbaur, J.Amer.

Chem.Soc, 1971, 93, 1555.
70. H.Schmidbaur, A.Schiotani, and H.F.Klein, Chem.

Ber., 1971, 104, 2831.
71. F.Bonati and G.Minghetti, J.Organometal.Chem., 1973,

60, C43.
72. H.C.Clark and R.J.Puddephatt, Inorg.Chem., 1971,

10, 416.
73. J .A.J.Jarvis, A.Johnson, and R.J.Puddephatt, Chem.

Comm., 1973, 373.
74. A.Johnson and R.J.Puddephatt, J.Chem.Soc, Dalton

Trans., 1978, 980.
75. C.J.Gilmore and P.Woodward, Chem.Comm., 1971,

1233.
76. M.J.Mays and J.Bailey, J.Chem.Soc, Dalton Trans.,

1977, 578.
77. J.Bailey and M.J.Mays, J.Organometal.Chem., 1973,

63, C24.
78. R.Hiittel, U.Raffay, and H.Reinheimer, Angew.Chem.,

1967, 79, 859.
79. V.I.Sokolov, K.I.Grandberg, V.V.Bashilov, P.V.Pet-

trovskii, D.A.Lemenovskii, and O.A.Reutov, Dokl.
Akad.Nauk SSSR, 1974, 214, 393.

80. A.N.Nesmeyanov, E.G .Perevalova, M.V.Ovchinnikov,
and K.I.Grandberg, Izv.Akad.Nauk SSSR, Ser.Khim.,
1975, 2282.

81. A.N.Nesmeyanov, E. G . Perevalova, M.V. Ovchinnikov,
Yu.Ya.Snakin, and K.I.Grandberg, Izv.Akad.Nauk
SSSR, Ser.Khim., 1978, 1925.

82. F.A.Cotton and J.Takats, J.Amer.Chem .Soc, 1970,
92, 2353.

83. N.L.Holy, N.C.Baenziger, R.M.Flynn, and D.C.Swen-
son, J.Amer.Chem.Soc, 1976, 98, 7823.

84. C.H.Campbell and M.L.H.Green, J.Chem.Soc.A , 1971,
3282.

85. G.Ortaggi, J.Organometal.Chem., 1974, 80, 275.
86. K.I.Grandberg, E.I.Smyslova, and A.N.Kosina, Izv.

Akad.Nauk SSSR, Ser.Khim., 1973, 2787.
87. A.Matthews and L.L.Waters, J.Amer.Chem.Soc,

1900, 22, 108.
88. R.Nast and U.Kirner, Z.anorg.Chem., 1964, 330, 311.



Russian Chemical Reviews, 51 (3), 1982 263

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.
100.
101.

102.
103.

104.
105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.
116.
117.
118.

119.

120.

121.

122.

123.

124.

125.

E.T.Blues, D.Bryce-Smith, I.W.Lawston, and
G.D.Way, Chem.Comm., 1974, 513.
P.W.R.Corfield and H.M.M.Shearer, Acta Cryst.,
1967, 23, 156.
A.M.Sladkov and I.R.Gol'ding, Dokl.Akad.Nauk SSSR,
1971, 200, 132.
A.N.Nesmeyanov, K.I.Grandberg, V.P.Dyadchenko,
D.A.Lemenovskii, and E.G .Perevalova, Izv.Akad.Nauk
SSSR, Ser.Khim, 1974, 740.
A.N.Nesmeyanov, E.G .Perevalova, D.A.Lemenovskii,
V.P.Dyadchenko, and K.I.Grandberg, 1974, 1661.
V.P.Dyadchenko, Vestnik Moskov.Univ., Ser.2, Khim.,
1976, 17, 358.
A.N.Nesmeyanov, K.I.Grandberg, V.P.Dyadchenko,
D.A.Lemenovskii, and E.G .Perevalova, Izv.Akad.
Nauk SSSR, Ser.Khim., 1974, 1206.
D.Gibson, B.F.G.Johnson, and J.Lewis, J.Chem.Soc.A,
1970, 367.
A.N.Nesmeyanov, E.G .Perevalova, V.P.Dyadchenko,
and K.I.Grandberg, Izv.Akad.Nauk SSSR, Ser.Khim.,
1974, 2872.
A.N.Nesmeyanov, K.I.Grandberg, E.I.SmysIova, and
E.G.Perevalova, Izv.Akad.Nauk SSSR, Ser.Khim.,
1972, 2375.
L.G.Vaughan, J.Amer.Chem.Soc, 1970, 92, 730.
L.G.Vaughan, J.Organometal.Chem., 1980, 190, C56.
P.Jutzi and H.Heusier, J.Organometal.Chem., 1976,
114, 265.
F.Bonati and G.Minghetti, Gazzetta, 1973, 103, 373.
A.L.Balch and D.I.Doonan, J.Organometal.Chem.,
1977, 131, 137.
R.Hiittel and H.Dietl, Angew.Chem., 1965, 77, 456.
H.J.Chalk, J.Amer.Chem.Soc, 1964, 86, 4733.
S.Carra and R.Ugo, Inorg.Chim.Acta Rev., 1967, 1,
49.
R.Hiittel and H.Reinheimer, Chem.Ber., 1966, 99,
2778.
H.Contelle and R.Hiittel, J.Organometal.Chem., 1978,
153, 359.
R.Hiittel, H.Reinheimer, and H.Dietl, Chem.Ber., 1966,
99, 462.
T.J.Leedham, D.B.Powell, and J.C.V.Scott, Spectro-
chim.Acta, 1973, 29A, 559.
P.Tauchner and R.Hiittel, Chem.Ber., 1974, 107,
3761.
R.Hiittel, P.Tauchner, and H.Forkl, Chem.Ber., 1972,
105, 1.
R.Hiittel, H.Reinheimer , and K.Nowak, Tetrahedron
Letters, 1967, 1019.
R.Hiittel, H.Reinheimer, and K.Nowak, Chem.Ber.,
1968, 101, 3761.
R.Hiittel and H.Forkl, Chem.Ber., 1972, 105, 1664.
R.Hiittel and H.Forkl, Chem.Ber., 1972, 105, 2913.
G.Wittig and S.Fisher, Chem.Ber., 1972, 105, 3542.
A.Tamaki and J.K.Kochi, J.Organometal.Chem., 1973,
51, C39.
G.W.Rice and R.S.Tobias, Inorg.Chem., 1975, 14,
2402.
G.W.Rice and R.S.Tobias, Inorg.Chem., 1976, 15,
489.
R.Uson, A.Laguna, and J.Vicente, Chem.Comm., 1976,
353.
R.Uson, A.Laguna, and J.Vicente, J.Organometal.
Chem., 1977, 131, 471.
R.Uson, A.Laguna, J.Garcia, and M.Laguna, Inorg.
Chim.Acta, 1979, 37, 201.
A.Tamaki and J.K.Kochi, J.Chem.Soc., Dalton Trans.,
1973, 2620.
A.Tamaki and J.K.Kochi, Chem.Comm., 1973, 423.

Synth.Metallorg., Inorg.

J.Organometal.Chem., 1974,

J. Organometal. Chem .,

J. Organometal. Chem.,

1973,

1973,

126. H.Schmidbaur and J.Adlkofer, and W.Buchner,
Angew.Chem., 1973, 85, 448.

127. H.Schmidbaur and R.Franke, Angew.Chem., 1973, 85,
449.

128. H.Schmidbaur, J.R.Mandl, and A.W.Hammer.,
Z.Naturforsch. , 1978, 33b, 1325.

129. H.Schmidbaur and R.Franke, Inorg.Chim.Acta, 1975,
13, 85.

130. H.Schmidbaur and R.Franke, Chem.Ber., 1975, 108,
1321.

131. H.Schmidbaur, J.R.Mandl, W.Richter, V.Bejenke,
A.Frank, and G.Huttner, Chem.Ber., 1977, 110, 2236.

132. H.Schmidbaur and H.P.Scherm, Chem.Ber., 1977, 110,
1576.

133. P.A.Arnup and M.C.Baird, Inorg.Nuclear Chem.
Letters, 1969, 5, 65.

134. H.Schmidbaur, J.R.Mandl, F.E.Wagner, D.F.Van de
Vonder, and G.P.Van der Kelen, Chem.Comm., 1976,
170.

135. H.Schmidbaur, J.R.Mandl, A.Frank, and G.Huttner,
Chem.Ber., 1976, 109, 466.

136. H.Schmidbaur, O.Gasser, and M.S.Hussain, Chem.
Ber., 1977, 110, 3501.

137. H.Schmidbaur and O.Gasser, Angew.Chem., 1976, 88,
542.

138. W.Beck, K.Burger, W.P.Fehlhammer, Chem.Ber.,
1971, 104, 1816.

139. F.Bonati and G.Minghetti,
Chem., 1971, 1, 299.

140. J.E.Parks and A.L.Balch,
71, 453.

141. G.Minghetti and F.Bonati,
54, C62.

142. J.E.Parks and A.L.Balch,
57, C103.

143. F.Bonati and G.Minghetti,
59, 403.

144. R.L.Kieft, W.M.Peterson, G .L.Blandell,
R.A.Henry, and H.B . Jonassen, Inorg.Chem.,
15, 1721.

145. G.Minghetti and L.Baratto, J.Organometal.Chem., 1975,
102, 397.

146. K.Bartel and W.P.Fehlhammer, Angew.Chem., 1974,
86, 588.

147. B.Cetinkaya, P.Dixneuf, and M.F.Lappert, Chem.
Comm., 1973, 206.

148. B.Cetinkaya, P.Dixneuf, and M.F.Lappert, J.Chem.
Soc., Dalton Trans., 1974, 1827.

149. G.Minghetti, F.Bonati, and G .Banditelli, Inorg.Chem.,
1976, 15, 1718.

150. L.Manojlovic-Muir, J.Organometal.Chem., 1974, 73,
C45.

151. G.Minghetti and F.Bonati, Inorg.Chem., 1975, 14, 1974.
152. A.N.Nesmeyanov, E. G . Perevalova, K.I.Grandberg,

and D.A.Lemenovskii, Dokl.Akad.Nauk SSSR, 1972,
202, 93.

153. A.N.Nesmeyanov, E.G .Perevalova, K.I.Grandberg,
D.A.Lemenovskii, T.V.Baukova, and O.B.Afanassova,
J.Organometal.Chem., 1974, 65, 131.

154. V.G.Andrianov, Yu. T. Struchkov, and E.R.Rossin-
skaja, Chem.Comm., 1973, 338.

155. V.G.Andrianov and Yu.T.Struchkov, Koord.Khim.
1980, 6, 695.

156. A.N.Nesmeyanov, Yu. T.Struchkov, N.N.Sedova,
V.G.Andrianov, Yu.V.Volgin, and V.A.Sazonova,
J.Organometal.Chem., 1977, 137, 217.

157. A.N.Nesmeyanov, N.N.Sedova, Yu.T.Struchkova,
V.G.Andrianov, E.N. Stakheva, and V.A.Sazonova,
J.Organometal.Chem., 1978, 153, 115.

J.Organometal.Chem., 1973,

S. Horton,
1976,



264 Russian Chemical Reviews, 51 (3), 1982

158. K.I.Grandberg, T.V.Baukova, E.G.Perevalova, and
A.N.Nesmeyanov, Dokl.Akad.Nauk SSSR, 1972, 206,
1355.

159. A.N.Nesmeyanov, E.G .Perevalova, O.B .Afanasova, and
K.I.Grandberg, Izv.Akad.Nauk SSSR, Ser.Khim.,
1978, 1122.

160. A.N.Nesmeyanov, E.G.Perevalova, O.B.Afanasova, and
K.I.Grandberg, Izv.Akad.Nauk SSSR, Ser.Khim.,
1974, 484.

161. A.N.Nesmeyanov, E.G.Perevalova, V.P.Dyadehenko,
and K.I.Grandberg, Izv.Akad.Nauk SSSR, Ser.Khim.,
1976, 2844.

162. A.N.Nesmeyanov, V.P.Dyadehenko, K.I.Grandberg,
A.N.Red'kin, and E. G . Perevalova, Izv.Akad.Nauk
SSSR, Ser.Khim., 1979, 2050.

163. P.W.J.De Graaf and J.Boersma, J.Organometal.Chem.,
1974, 78, C19.

164. P.W.J.De Graaf, J.Boersma, and G.J.V.Van der Kerk,
J.Organometal.Chem., 1977, 127, 391.

165. G.Van Koten and J.G.Noltes, J.Organometal.Chem.,
1974, 82, C53.

166. J.G.Noltes, J.Organometal.Chem., 1975, 100, 177.
167. G.Van Koten, J.T.B .H. Jasutrzebski, and J.G.Noltes,

Chem.Comm., 1977, 203.

Faculty of Chemistry,
Lomonosov Moscow
State University


