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Carbene complexes in catalysis
I I Moiseev
Institute of Petrochemical Synthesis, USSR Academy of Sciences, Moscow

ABSTRACT. The methods for forming carbene complexes in
catalysis are analysed in the case of the catalytic conversions of
hydrocarbons, acids, carbonyl compounds, carbon monoxide, and
methanol.
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I. Introduction

When the role of coordination compounds that contain carbene
ligands is considered, most attention is usually given in catalysis1"10

to the interaction between the carbene complex and substrate.
Questions relating to the formation of such complexes have been
examined to a considerably lesser extent. The present review is
devoted mainly to examining those reactions, including model
reactions, that result in the formation of carbene molecules and their
complexes during the catalytic conversions of the main classes of
organic compounds that are most frequently used in industrial and
laboratory synthesis.

II. Alkynes

The idea that carbene molecules participate in the intermediate
stages of catalytic processes was first suggested by Neff.11 According
to this hypothesis, addition reactions to acetylene such as those
of hydrogen halides include the isomerisation of acetylene to the
so-called "isoacetylene", which is free vinylidene, and reaction of the
latter with hydrogen halides:

HCsCH

Hx

Η

V
Η.

:C=C :

HC^CH + HX * H2C=CHX

Neff did not elucidate the role of the catalyst, usually Hg 2 + salts,
in these reactions. This hypothesis was later contradicted by other
ideas, according to which the reaction of acetylene with hydrogen

halides takes place via an intermediate π-complex of Hg24^ with an
acetylene molecule.12'13 as well as a complex of a nucleophile with
acetylene,14 the so-called "reverse π-complex", in which bonding
between the attacking reagent and the unsaturated ligand only
occurs as a result of dative interaction.

However, it should be noted that when the central atom is a good
electron donor, acetylene π-complexes and acetylides can be
converted to vinylidene derivatives:15"17

Cp (CO)a Mn
C
Η

Η
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Cp (CO), Re +- HI - ^ - » Cp (CO)2 R e = C = C H 2 .
C
Η

Thus as a result of the stabilisation of the vinylidene ligand in the
internal coordination sphere of the transition metal complex, the
reaction, which in the case of free acetylene and vinylidene requires
the expenditure of about 167 kJ mol"1 of energy,18 becomes possible.
Quantum-chemical analysis of the interaction between the Cu1 + ion
and acetylene and vinylidene indicates that there is stronger bonding
of the latter with the central atom.19 The relative stability of these
types of complexes must depend to a considerable extent on the
nature of the central atom. It cannot be ruled out that in time
addition reactions to alkynes that take place with the involvement of
carbene complexes as key intermediates will be discovered.

Reactions of alkynes in the presence of polynuclear systems
are complicated by the possible formation of complexes with
1,2-vinylidene in addition to a symmetrical π-complex and a complex
with a 1,1-vinylidene ligand.20 Thus, for Pd2( μ^)2θ2, where Q is
bis(diphenylphosphino)methane, derivatives containing vinylidene
ligands of both types as the bridging groups are obtained:21

Cl— Ρ-I Pd—Cl + H — C = C — Η

PdL. + C1X=CH 2 + dppm

w h e r e = <ippm ==
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A number of cyclisation processes of alkynes which take place via
intermediate complexes with bridging carbene ligands are known.21

Scheme 1
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It is believed that the polymerisation of alkynes by carbene
complexes of transition metals takes place via the cycloaddition of
the alkyne to a carbene complex to form a metallocyclobutene
followed by conversion of the latter to a complex with a new
carbene ligand:22

L_M=C< •R-C=C—R-

L.,M=c/

R R
\ /

C=C
I I

LM-C / II
L M

LnM = WC12 [P (CH 3) 3] 2 .

Reaction of alkynes with ditungsten (3 +) alkoxides that contain a
W=W bond gives carbyne complexes23

W2(OBu-t)6 + RC = 2RC = W(OBu-t)3.

The W==C bond is apparently so strong that the energy released on
forming it compensates that expended on cleavage of the C = C bond
(~830 kJ mol"1) and the reaction takes place in benzene at 25 °C.
It is assumed that in this reaction the alkyne first adds on to the
W s W multiple bond to form the dimetallocyclobutadiene (I). The
latter isomerises to complex (II), and both the electrons of the
π-bonds of the initial ligand and the electrons of the π-bonds of the
initial complex take part in formation of bonds between the metal
atoms and the organic ligand. Isomerisation of this complex to the
symmetrical dimetallocyclobutadiene (III) and dissociation of the
latter result in formation of the observed and carbyne complex.

cscn + M=M

ο =
Μ—.Μ

(I)

(II)
R

(III)

The isolated carbyne complexes catalyse the disproportionation of
alkynes.

III. Alkenes

In the reaction of ditungsten hexa-alkoxides with alkynes the
oxidation state of the metal atom increases as a result of oxidative
addition. Oxidation of the metal is probably one of the driving
forces for cleavage of the alkyne and formation of a carbyne
complex. In the analogous reaction with an alkene the oxidation
state of the metal would change to a lesser extent, which is evidently
the explanation for the reaction of alkenes with ditungsten hexa-
alkoxide not giving carbene analogues of the carbyne complexes.

When W2(OPr-iso)e is reacted with ethylene, complex (IV)
containing a 5-membered metallocycle is formed:24

W2(OPr-iso

PrO
\

pr0--V
OPr

CH 2 — CH,
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Α ΓΗ

\ / 2-W---OPr +· Η,V
O

(IV)

The driving force of this process is also oxidation of the metal atoms
of the initial tungsten compound with the alkene. This process is
believed to involve the intermediate formation of complexes with
vinyl (V) and vinylidene (VI) ligands:

C,H4 Η V .

(V)

CH2

II

(VI)

Cleavage of the C = C bond with formation of carbene complexes
occurs comparatively rarely under mild conditions. Thus, it was
possible to obtain a number of Pd(II), Pt(II), Au(I), Rh(I), Cr(0),
and Re(0) complexes from electron-rich unsaturated compounds that
can partially decompose to free carbenes even at 20 °C:25~27
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In the reaction of a Rh(I) complex with 1,1-diphenylallene (o-xylene,
4 h), which probably undergoes cleavage within the coordination
sphere of the central atom to diphenylcarbene and vinylidene
ligands, a polymeric complex of rhodium with diphenylcarbene was
obtained. The same complex was synthesised by treating the initial
rhodium complex with diphenyldiazomethane. Treatment of the
carbene complex generated with PPh3 gave tetraphenylethylene:28

[Rh (CO)2C1J,

C
II /CO.

Rh< >P
,CK

ii
c

Ph / X -Ph

The cleavage of lower alkenes to give carbene complexes of
transition metals appears to be a fairly general phenomenon only
under relatively severe conditions. Thus, comparison of the
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behaviour of CH2N2/H2 and CO/H2 mixtures, reaction of which
with metals very probably leads to the formation of carbene
intermediates, with the behaviour of a CH2 = CHCH3/H2 mixture
showed that in all cases the distribution of products conforms to the
same rule. This observation led to the conclusion that on Ru, Fe,
Rh, and Os deposited on silica gel, alkenes dissociate at 1 atm and
250-300 °C to form carbene ligands, and the resulting complexes
catalyse the homologisation of olefins:29

- * CH2 CHCH3

(M) (M)

CH3-C=CH2 -» CH3=C-CH,-CH3+CH3-C=C-CH3+H2C=C-CH3.
I I II I

Η Η Η Η CH3

Another possible general method for the formation of carbene
complexes from olefins assumes the internal isomerisation of a
π-coordinated olefin to a carbene ligand. Quantum-chemical
analysis showed that this type of isomerisation was energetically
unfavourable for Pd(II) complexes but was practicable for Mo(IV)
complexes:30

,CH3C /K

M * - | | -> M=C , IClsMo(n-C-H4)]--*[Cl5Mo=CHCH3]-.
C

The theory concerning the mutual interconversion of alkyl- or
dialkyl-carbene ?± alkene has been repeatedly discussed in the
literature. Before the publication of the first X-ray diffraction
studies devoted to an analysis of Zeise salt,31 it was proposed32 that
this first known alkene π-complex was in fact a complex with
methylcarbene. It transpired subsequently, however, that this view
was incorrect and that even the isomerisation of alkenes in solutions
of palladium and platinum salts takes place by routes that do not
involve intermediate carbene complexes.33 Nevertheless, it was not
ruled out that in Mo(0) and W(0) carbonyl complexes the conversion
of an alkene or alkadiene to a carbene ligand is possible. This is
suggested by the results obtained from a study of the reaction
between diphenylcarbenepentacarbonyltungsten and conjugated
dienes.34 Metathesis of lower olefins by contact with photoreduced
molybdenum silicate catalysts that contain Mo(IV) ions is assumed
to take place by a chain mechanism involving carbene intermediates
that are generated by isomerisation of a π-coordinated alkene by
means of an intramolecular 1,2-shift of an Η atom.35

Chemical confirmation that such mechanisms occur was first
obtained during a study of the reaction between norbornene and a
tungsten(II) complex3 6"3 8

(VII)

(IX)] clearly indicates that there is isomerisation of coordinated
norbornene to the corresponding carbene ligand, which on reacting
with coordinated CO is converted to ketene (X), giving the dimer
(ΧΙ):3 6"3 8

(XII)

c

(x) X°
c=o

(XI)

Ketone (VII) and ketocarboxylate ester (VII) are formed by the
reaction of (XI) with water or alcohol, while the formation of (IX)
results from the addition of alcohol to ketene (X). 2-Norbornylidene-
phenylmethane was detected in the products resulting from
interaction of the reaction mixture with benzaldehyde, which
suggests that carbene complex (XII) is present in the mixture.

It is not ruled out that the 1,2-shift of an Η atom, as detected by
Bensze and Kraut-Vass,38 which results in isomerisation of the
π-coordinated alkene to the corresponding coordinated carbene is
quite a general route for forming carbene intermediates. Another
route which is apparently specific to norbornadiene occurred during
a study of the behaviour of iridium complexes with this diene.39

It was found that when polymeric tris(norbornadiene)iridium
chloride was reacted with triisopropylphosphine in benzene at 50 °C,
the square-planar vinylidene complex (XIII) was readily formed.
At lower temperatures there is the formation of the polycyclic
product (XIV), which is a precursor of the final vinylidene complex:

PR3 *• Cl—Irf ^ -^*- a—Ir=C=C,

R = Pr-iso
(XIV) (XIII)

It is likely that in the first stage of this reaction during displacement
of norbornadiene ligands by trialkylphosphine, the former undergo
oxidative addition to the central atom, culminating in the formation
of intermediate complex (XIV), which contains a substituted
iridocyclopentane ring. This process is probably assisted by an
increase in electron density on the iridium atom as a result of the
initial addition of the strong donor ligand—triisopropylphosphine.
Thermal elimination of cyclopentadiene from (XIV) should result in
the formation of an intermediate with an iridocyclopentene residue.
However, this intermediate probably isomerises to the more stable
vinylidene complex (XIII) even as it is being formed.

In the epoxidation of propylene in D2O containing cytochrome
R- 450, regiospecific and stereospecific substitution of the Η atom
situated trans to the CH3 group occurs with replacement by a
D atom:40

CH,·

Under these conditions H/D exchange takes place between propylene
and the solvent. It has been suggested that the reaction of the
alkene with the active centre of cytochrome [Fe4 + = O] takes place

The composition of the observed products derived from alcoholysis
and hydrolysis of the reaction mixture [compounds (VII), (VIII), and
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via the intermediate (XV) containing a four-membered metallocycle.
Deprotonation of (XV) gives the carbene complex (XVI):

(xvi)

The process of protonation and deprotonation permits isotope
exchange. The simultaneous cleavage of the Fe — Ο and Fe — C
bonds in a complex of the type (XV), accompanied by elimination of
epoxide, results in the formation of an alkene oxidation product.

Isotope exchange between ethylene and deuterobenzene in the
presence of bis(cyclopentadienyl)vanadium occurs by a mechanism
that involves the conversion of a cyclopentadienyl complex to a
complex containing a cyclopentadienylidene ligand and hydride:41

Cp2V-L τι jj
\
jj |

./Yv
Cp

C JH 4, C,D,·

The reversible insertion and elimination of ligand L on the V —Η
bond accounts for the observed deuterium exchange.

According to Thies et al.42 cyclisation of the allene derivatives
(XVII) to (XVIII) when treated with mercuric sulphate in acetic acid

(XVII)

AcOD O3
(XVU1)

HgX

(XX)

involves attack by the mercury cation on the allene group. Then,
after migration of the double bonds, the organomercury derivative
(XIX) with delocalisation of the positive charge is formed. This
non-classical cation is stabilised on being converted to carbene
complex (XX), in which the C carbene atom has a positive charge.
Elimination of the HgX+ cation accompanied by a 1,2-shift of the
Η atom lead to the formation of the observed product (XVIII).42

IV. Alkanes and their derivatives. Activation of
C-H, C-C, and C-Cl bonds

The cleavage of C —C bonds in reactions of alkanes with metal
complexes under mild conditions is a rare phenomenon. However, if
the compound contains strained rings, cleavage of these bonds is

considerably facilitated. Examples are known of the isomerisation
of derivatives of cyclopropane, bicyclobutanes, and related
hydrocarbons by treatment with silver, platinum, palladium,
rhodium compounds, etc. It is thought that these reactions can take
place via carbene intermediates. For example, 2,2,4,4 -tetramethyl-
bicyclo[1.1.0]butane (XXI) when treated with dimeric rhodium
carbonyl chloride isomerises to 1,1,4,4-tetramethylbutadiene.

It appears that at the first stage oxidative addition of the initial
hydrocarbon (XXI) to the Rh(I) atom takes place with cleavage
of the weakest C—C bond (that common to both rings) and a
compound containing two Rh —C σ-bonds is formed. As a result of
the cleavage of one of the Rh —C bonds and one of the neighbouring
C —C bonds, this complex is converted to a carbene—olefin complex
(XXII, which isomerises to the final product.43

H/D exchange reactions of alkanes that are catalysed by metals or
their coordinate compounds44'45 are often represented by schemes
involving oxidative addition of the alkane to a metal atom [reaction
(1)] or replacement of ligand L by an alkyl within the coordination
sphere of the complex [reaction (2)] followed by elimination of an
α-hydrogen atom to form a carbene derivative:

M + RCH3

Μ CH,R

ι -Μ-

H—CH.R
+

~ M — M ~

Η
/
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CH..R
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I I " •

-ΛΙ. . .Μ —

Η

Ι Α

Η
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Oxidative addition of the alkane to a metal or polynuclear
compound with cleavage of the metal —metal bond is probably much
more energetically favourable than reaction (1) [reaction (3)].

In the alkylation of PtC^ with methylmercury derivatives in the
presence of deuteroacetic acid, the same series of deuteromethanes
was detected 4 6 as in experiments on exchange between CH4 and
CH3COOD in solutions containing Pt(II) chloride complexes:46

C H 4 + AcOD-

P t C l 2 + C H 3 H g X -

This phenomenon can be regarded as confirmation of the
intermediate formation of methylplatinum complexes in H/D
exchange between CH4 and CH3COOD. The simultaneous
occurrence of not only monodeuterated products but also multiple
exchange products in the reaction mixture indicates that there is an
equilibrium between methyl and carbene

Η

PtCl2 + CH3HgX -• — Pt—CH, iL —Pt=CH..

I I
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It appears that interconversions of alkyl and carbene hydride
complexes occur quite widely in the chemistry of organic derivatives
of transition metals. Thus, the simultaneous formation of all the
deutero derivatives of methane with di- and tri-deuteromethanes
predominating when the system TiCL» + AlClMe2 is reacted with
deuterium suggests45 the following equilibrium is taking place:

Η

CHjD2

' (CH2=C=O).,

Formaldehyde and ketene dimer were found amongst the products
of the reaction between carbon monoxide and the TiCU + Α1ΟΜβ2
mixture. The formation of ketene conforms well with the proposal
that titanium carbene complexes are present during the
experiments.47

Not only methyl but also other alkyl derivatives display a
tendency towards α-elimination of an Η atom and formation of a
complex containing both a carbene group and a coordinated
hydride.1"6·48 Analysis of PMR spectra of solutions of
HOs3(CO)i0C2H5 showed that above -20 °C this complex, which
contains an ethyl group, is converted to a methylcarbene complex:49

where - OsCCO),

The process of α-elimination is assisted since in the initial complex
one of the α-hydrogen atoms of the coordinated ethyl group
converges with an Os atom as if ready for transposition to a
bridging hydride ion.

The process in which a coordinated alkyl group is converted to a
carbene ligand as a result of the elimination of a hydride ion is
widely used in preparative work. Carbocations and other electro-
philes are used as the H~ acceptor. Similar processes probably
occur in catalysis, such as during oxidative dehydrogenation of
hydrocarbons where a suitable oxidising agent can accept H~.
These types of processes may be responsible for the formation of
new carbon —carbon bonds. A particular indication of this is given
by the model reaction of a dimethylruthenium complex with
triphenylcarbocation (hydride ion acceptor), as a result of which
coordinated ethylene is formed from two methyl groups:50

= T | 5

L

C H 3 - R u - C H 3

Cp

Cp—Ru—Η

CHa=CH..

= T|5 cyclopentadienyl.

It appears that the complex formed after elimination of the hydride
ion, containing both a coordinated methyl group and a carbene
ligand, isomerises to a complex with an ethyl group as a result of
insertion of coordinated carbene into the ruthenium—methyl bond.
Elimination of a β-hydrogen atom from the ethyl group gives the
observed final product:

-Ru—CH 3 -ΤΗ=~

CH 3

- R u = C H 2

CH 3

• —Ru— ' O- —Ru—Η '

C2H5 CH3=CH3

Figure 1. Hypothetical structural scheme of the very large cluster
Pd561Phen6o(OAc)i8o: 1, Pd atoms on the edges of the icosahedron
that are available for coordination with phenanthroline molecules;
2, Pd atoms that are available for coordination with substrate;
3, coordinated phenanthroline molecules.51'52

Palladium clusters with the hypothetical formula Pd56iPhenmOnX/
(m = 60, η = 0, X = OAc, / = 180; m = 80, η =60, X = PF6,
/ = 60) 5 1 ' 5 2 catalyse the oxidative acetoxylation of alkenes and
arylalkanes. Analysis of molecular models (Fig. 1) shows that out of
252 palladium atoms of the external layer of the compact metal core
of these compounds only 30-40 are sterically accessible to substrate
molecules. The results of determining the number of active sites in
the cluster by an inhibition method53 are consistent with this
conclusion. It follows also from molecular models that the active
sites of such clusters contain three palladium atoms. This makes it
possible to simplify the discussion of the mechanism of the
interaction between substrate and cluster by considering only three
out of all the palladium atoms. In the acetoxylation of toluene
appreciable quantities of benzylidene diacetate are formed together
with benzyl acetate.54 Since benzyl acetate is not oxidised to
benzylidene diacetate under the experimental conditions, this
indicates that when the route responsible for the formation of
benzylidene diacetate occurs, a toluene molecule does not leave the
surface of the cluster until two hydrogen atoms have separated from
it. This condition is met by a scheme involving the oxidative
addition of toluene to a group of three palladium atoms [stage (a)]
and also elimination of an Η atom from a coordinated phenylmethyl
group to give a coordinated phenylcarbene [stage (b)].

PhCH 3 -

Ph
I

CH 2

-Pd—Pd . . .
Ox

(*)

Η Ph
\ /

C

. . Pd . . .

PhCH2OAc PhCH (OAc)j



Russian Chemical Reviews 58 (7) 1989 687

The reaction products, as in the acetoxylation of alkenes, are formed
by transfer of electrons from the coordinated organic ligands and
Η atoms to the oxidising agent (Ox).

Processes related to α-elimination apparently occur during the
conversion of haloalkanes using transition metal compounds. Thus,
tetrachloroethylene is amongst the products from the reaction
between CCU and pentacarbonylphenylmethoxycarbenotungsten, in
addition to CO, HC1, CH2C12, and CHC13. The occurrence of
tetrachloroethylene may be due to the formation of a trichloro-
methyltungsten derivative and its conversion by α-elimination of a
chlorine atom from the CCI3 group to a dichlorocarbene complex.55

The latter is the source of tetrachloroethylene:

OMe

Ph
LnW—CCI3

C!

• L \V=CCK • C 2 C 1 4 .

In the reactions of CCI4 with hydrogen on palladium catalysts
obtained by reduction of palladium(II) compounds in the presence of
alcohols, CHCI3, CH3CI, and CH4 are all formed at the same time.56

The simultaneous formation of these products indicates that a
substrate molecule can, without leaving the surface of the catalysts,
replace more than one Cl atom with H. In the same way as for the
oxidative acetoxylation of toluene, these phenomena can be
accounted for by a scheme that involves the oxidative addition of
CCI4 to two atoms of the "triplet" of Pd atoms with alternating
stages for replacement of Cl atoms on palladium by Η atoms and
α-elimination of Cl atoms to form a carbene ligand. Addition of
Η atoms to the latter results in regeneration of a coordinated
halomethyl group. According to this scheme, the observed reaction
products are formed by reductive elimination of a methyl or
halomethyl radical and Η or Cl atoms. The yield of reaction
products is determined by the ratio of rates for reductive elimination
and α-elimination:

Scheme 2

c m c
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- H C 1

-Pd—Pd ·· Pd

η σ

r.\ c Η
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Η C Η

I II I
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Η Η

Η C Η
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* H2 | - HC1

Η Η

ΓΐΊ
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-Pd

Η Cl Η

- P d •Pd

ς, Η

ΐ • ϊ
- P d - P d - P d

α Η
C Η Cl C Η

^Jd-p'd-Pd^

the CH2 group in the chloromethyl residue to the cyclopentadienyl
ring of complex (XXIII):57

The formation of carbene complexes from compounds containing
C —Η and C—Hal bonds plays an important part in redox processes
which take place in living organisms.58 Thus, it is thought that
during oxidative metabolism of 1,3-benzodioxole, a powerful
insecticide synergist, a complex is formed in which the iron atom of
cytochrome Ρ - 450 is bonded to a carbene ligand that is generated
after the removal of two Η atoms from the methylene group of
1,3-benzodioxole:58

An analogue of complex (XXIV) was obtained from tetraphenyl-
porphyrin (TPP) and 2,2-dichloro-l,3-benzodioxole:

It is thought that carbene complexes also occur during the reductive
metabolism of a number of inhalation anaesthetics by cytochrome
Ρ-450. When the insecticide 2,2-bis(/7-chlorophenyl)-l,l,2-trichloro-
ethane (DDT) is reacted with the cytochrome Ρ - 450 analogue,
iron(II) tetraphenylporphyrinate, a very stable arylvinylidene
complex is obtained:58

—CCKAr), —

DDT

Ar=/?-Cl-C6H4 .
Results which suggest that σ-alkyl and carbene complexes of iron

undergo interconversion during the oxidation or reduction of a number
of substrates with cytochrome Ρ-450 have been obtained.59"61

CH,C1

Elimination of the Cl ion from the chloromethyl group bonded
to the chromium atom and formation of an intermediate chromium
carbene complex are responsible for the silver- catalysed migration of

V. Alcohols

In recent years the reactions of methanol on high-temperature
zeolite catalysts of the type ZSM-5 have stimulated considerable
interest.62 At 300-500 °C a mixture of hydrocarbons—alkanes,
alkenes, arenes, etc.—is formed from methanol. In practical terms
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those reactions of the greatest interest are selective conversions of
methanol, such as:

C H 2 = C H 2 + 2H2O,
, CH3CH = CH., + 3HoO,

CH2 — CH2 + 3H..O,

2CH3OH
3CH;,0H
3CH.OH

CH.,

CH/JH -f- H+ - T H S 5 ^ CH+ .

It is not difficult to see that the formation of the organic products
can occur via schemes that involve the elimination of water units
from methanol and the reaction of the resulting carbene. However,
with acid catalysis, protonation of the alcohol and reactions of the
alkoxonium ion are mainly to be expected, giving dimethyl ether, the
trimethyloxonium ion, etc. In schemes that depict the results of
acid - catalysed reactions of methanol, there is a frequent occurrence
of the methyl cation, which, however, should only be regarded as a
residue from correspondingly more complex structures 6 3 or part of a
transition state. In actual fact the carbocation CH3

+, which is a
complex between a proton and methylene,63 or its solvated forms
such as methoxonium ion (CH3O+H2), trimethyloxonium ion
(CH3)3O

+, and similar species could act as methylene donors, but
the bond between the proton and CH2 is quite strongM (proton
affinity of methylene is ~8.65 eV). Consequently, in order to
generate carbene from CH3

+ a fairly strong base would be needed, at
any rate one stronger than water, whose proton affinity is estimated
to be 7.3-8.2 eV. In fact, when trimethyloxonium hexafluoro-
antimonate or tetrafluoroborate undergo thermolysis (350 °C),
hydrocarbons are not formed.65'66 This result can be readily
understood when the low proton-accepting capacity of these anions
is taken into account. It should be noted that the formation of
carbenes by the elimination of protons from carbocations using
stronger bases is well-known. Thus, the cation (MeS)2CH+ reacts
with tertiary amines to give tetraethylmercaptoethylene, which is the
expected product from the dimerisation of dimethylmercapto-
carbene:67

( M e S h C H * C H ^ - X ^ C ^ ( M e S f c C : • ( M e S ) 2 C = C ( S M e ) 3 .

During the reactions of methanol on zeolites, it appears that
deprotonated Brensted sites can act as a base that adds on a proton
from trimethyloxonium, which is the most probable form of
existence for CH3

+ in the dehydration of CH3OH or (CH3)2O.
Consequently, the products that occur products that occur during
dehydration of methanol could be formed by generation of carbene-
type intermediates [CH2, CHJ-O + (CH 3 ) 2 ] and their subsequent
reactions. This conclusion is consistent with the formation under
identical conditions on an HZSM-5 catalyst of the same series of
products from both methanol and the known carbene source—
diazomethane.65

At the same time there is evidence that the synthesis of
hydrocarbons from methanol is a more complex process. Thus,
when dimethyl ether was dehydrated on an HZSM-5 catalyst at
240 °C in the presence of a free-radical trap, the characteristic EPR
spectrum of a stable iV-oxyl radical was observed.68 This could
result from the participation of free radicals in the process, for
example,

CH3OCHS
• -CH.,OCH

CH,OCH,|-> CH3CH2OCH3 + CH3O·

U CH3OCH.jCH.OCH3 + Η'

—-* Ph(R)CYHN(t-Bu)O.

or from a more complex scheme involving trimethyloxonium, an
ylide complex of carbene with dimethyl ether (CHi"—O+Me2), and
carbene-type surface complexes,

CH"

\/N/
Al Al (Si)

/ \ / \

and others. However, the behaviour of dimethyl ether during
thermolysis of the free radical source benzoyl peroxide is evidence
against the participation of free radicals in the dehydration of
methanol. Neither methyl ethyl ether (a possible source of ethylene
in the acid-catalysed dehydration of MeOH) nor hydrocarbons were
detected amongst the reaction products. 1,2-Dimethoxyethane that
is formed also does not give hydrocarbons.69

These findings are consistent with the results of Hunter et al.,70

who investigated the effect of radical traps such as NO on the
dehydration of dimethyl ether on HZSM-5. It transpired that
addition of 1-3% NO had no effect on either the activity of the
catalyst or the yield of even such a product as methane. In addition,
oxygen probably deactivates the catalyst by oxidising the ylide
~CH2—O+(CH3)2 to formaldehyde, which when added reduces the
activity of the catalyst, as shown in separate experiments.

It is thought that in the reaction between trimethyloxonium and
HZSM-5, CH3

+ is transferred to the Ο atom of the aluminosilicate
with subsequent deprotonation to form an ylide which is alkylated
by a second trimethyloxonium ion.71 The ethyl group formed in this
process is the source of ethylene:

i ^

CH 3

I
0

CH*CH3

I

CH~

I

• CH»=CH,

Bu-t

The kinetic data suggest, however, that the actual process is more
complex. Thus, as the bulk rates (500-5000 cm3 min"1 g"1 at a
pressure of 1-100 mm Hg, 400 °C) increase, the yield of ethylene
from the dehydration of methanol decreases and propylene is mainly
formed,69 which is at variance with schemes in which its formation is
attributed to attack by carbene on ethylene. The problem
concerning the detailed mechanism of this reaction is quite complex
and it would appear that the structure of the zeolites and the
interaction of their surface with the carbon-containing intermediates
that are formed must be taken into account. Quantum-chemical
analysis indicates that coordinated methoxyl groups display
considerable readiness to eliminate carbene because of the presence
of an intramolecular hydrogen bond between one of the Η atoms of
a CH3 group and the neighbouring basic oxygen atom of an AIO4
residue bonded to this methyl group.63 Reaction between a carbene-
donor intermediate of this type and a free or coordinated methanol
molecule can result in formation of the observed products. It cannot
be ruled out that the decisive role in the formation of hydrocarbons
is played by sections of the surface that are adjacent to each other
and on which such intermediates are stabilised as well as by species
such as CH, CH2, CH3, etc.

There was a recent synthesis73 of a palladium—molybdenum
cluster (XXV) (Fig. 2), in alcohol solutions of which slow
dehydration of aliphatic and arylaliphatic alcohols occurs.74

Dimethyl ether is absent from the reaction products from the
dehydration of methanol, while in the dehydration of ethanol neither
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diethyl ether nor ethylene is formed. This suggests that the
elimination of water is not catalysed by either protons or Lewis
acids. In the dehydration of benzyl alcohol, approximately equal
quantities of fr-iwj-stilbene and water are formed. These findings
may be interpreted by assuming that an Η atom and hydroxyl
radical are eliminated from the same carbon atom of the alcohol
molecule to form a carbene ligand that is stabilised through
coordination. It should be noted that homonuclear palladium
clusters such as Pd4(CO)4(OAc)4 and mononuclear molybdenum
carbonyl complexes do not catalyse this reaction. It is probable that
the Pd—Mo bond which occurs in complex (XXV) is absolutely
essential for catalysis. It is possible that the alcohol, when
introduced on to this bond in the Pd4Mo4 group, alkylates the Pd
atom and oxidises the Mo atom, to which a hydroxyl group is
added. After transfer of a proton from the coordinated alkyl to the
coordinated hydroxyl on the reaction site, an H2O molecule bonded
to the Mo atom and a carbene ligand coordinated with the Pd atom
are formed.

R'RCH-OH
+

~Pd—Mo~

R

R'—C—Η OH
I I

R' R Η Η

\ / \ /
C Ο -(R'RQn

~Pd—Mo~

~Pd . . . Mo

PhCH,OH
:Pd4Mo«»

80° C

Pd Mo

• PhCH=CHPh -f 2H2O.

Elimination of these ligands and restoration of the palladium —
molybdenum bond complete the catalytic cycle.

C(23)

Figure 2. Structure of the anion of the palladium—molybdenum
cluster with the composition Na2{Pd4[CpMo(CO)3]4}.2THF.70

reaction) on both solid catalysts and in solution.75 It is thought that
both coordinated (adsorbed) carbonyl groups and carbide carbon,
i. e. C atoms actually coordinated, participate in reduction processes.
Thus, for the most general case the reduction of CO is based on the
reaction:

Μ (CO)n + M1 _ M l Q ' (CO^MC.

It may be assumed that MJO subsequently reacts with CO or H2,
resulting in regeneration of the catalyst. Depending on the nature of
the catalyst, it appears that routes involving hydrogen and M(C0)n

or (CO)n_iMC or both compounds together take place. It is
thought, however, that intermediate carbene species are formed in all
these reactions. Thus, carbene complexes play a key role in the
initiation of this process, which has the kinetic characteristics of a
chain process (primary reactions of coordinated carbonyl, conversions
of the carbide atom to carbyne and carbene groups), in chain
growth, in reactions of metal acyl derivatives, and others.73 For
example, reduction of carbide complexes by heterogeneous catalysis
is depicted by a scheme that involves the formation of intermediate
carbyne and carbene compounds (without specifying the nature of
the groups bonded to the C atom)

Η JI
V

Η Η
W

Carbene complexes constitute a source of alkenes and alkanes.
It would appear that alkynes could be formed from carbyne
complexes, but the synthesis of acetylene in the gas phase according
to the reaction

2CO + 3H2 = HGsCH + 2H2O

is fairly improbable thermodynamically (Δ(7298 = +26.5 kJ mol"1)
and is not feasible under mild conditions. There has only been one
report76 about the synthesis of acetylene from CO and H 2 at 1 atm
and 100 °C in the presence of graphite intercalation compounds with
FeCl3 (composition QFeC^) activated with potassium naphthalide.
The nature of the processes taking place in this system is unclear.
It should be noted, however, that the synthesis of acetylene from
CO to H 2 will probably occur if it is interlinked with any exoergic
process. Thus, for example, in the model reaction in which LiMe
serves as the reducing agent instead of H2 while one of the oxygen
atoms of a carbonyl group is removed using oxalyl bromide, the
carbyne group PhC = is included in the composition of the final
alkynePhC = CMe:77

C
ills*

—\V=CPh
• I

Br—W

L Br

>d

VI. Carbon monoxide

The theory concerning the formation of intermediate carbene
complexes has been widely applied in discussions of the mechanism
of the hydrogenation of carbon monoxide (Fischer-Tropsch

In this case not only is phenylacetylene formed but an exoergic
process also takes place—the partial hydrolysis of oxalyl bromide.
It is of considerable importance that this synthesis takes place via an
intermediate carbene-carbyne complex (XXVI).
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Another route for converting carbide complexes assumes the
formation of intermediate ketenides—analogues of transition metal
vinylidene derivatives—by a scheme78 such as

Μ = (CO) 3 Fe

Hydroxycarbene groups play a key role during the reduction
of coordinated CO groups. Migration of a coordinated Η atom to
coordinated CO

M-C=0-

H

•M—C=O

is somewhat unfavourable thermodynamically and difficult
kinetically.79 For this process AG°98 > 0 and Ea > 167 kJ mol"1.
Analysis79 of the experimental data indicated that in all cases
isomerisation of the carbonyl hydride complex to a formyl derivative
only takes place when there is a proton or aprotic acid A in the
system which is capable of forming an adduct with the carbonyl
hydride complex (XXVII):

M—C=O — -»M—C=O-
(XXVII)

Η
I

•M=C—O—A.

Apart from a proton, cations of alkali and alkaline earth metals
as well as complexes of virtually all transition metals can act as
electrophile A. It appears that because of the increase in effective
positive charge on the carbon atom of the carbonyl group in adduct
(XXVII), transfer of the coordinated hydride from the metal to
carbon is facilitated. The final product is hydroxycarbene complex
in which the Η atom has been replaced by electrophile A. It is
probable that the higher the stability of such a hydroxycarbene
complex, the stronger is the influence of thermodynamic factors that
assist this transfer of the Η atom. Addition of two hydrogen atoms
to this hydroxycarbene complex results in the formation of a
complex with a hydroxymethyl ligand MCH2OH, which on reaction
with synthesis gas can give methanol, oxygenated products with a
longer chain, and other products.

It should be noted that in the formyl derivative of molybdenum
C5Me5(CO)2(PPh)3MoCHO, the vibration frequently vCo of the
formyl group is only 1602 cm"1, which suggests that a structure with

the Mo = C bond predominates. In fact, this and related
X H

complexes are readily protonated or methylated to form cationic
hydroxycarbene complexes with the composition

R = H or Me,

^ (CO)2 (PPh3) Mo=C (H) ORT X".

+ CF 3 COO~ or PF^(Ref.8O).

However, there are examples which suggest that conversion of the
CHO group to CH3 can occur by a more complex route81 than that
discussed above:

2 -j<in-C'

(XXVI11)

Ί7Γ

L

— Μ

L

* Κ-
η—CH,—;Mn—

/ I
L

(XXIX)

—MnLjCO).

In fact, reduction of the manganese formyl complex (XXVIII)
incorporates a redox disproportionation involving a water molecule
[stage (a)], elimination of CO2 from the complex with a bridging
ester group [stage (b)] and finally the formation of a binuclear
complex (XXIX) with a bridging carbene. Reduction of this
methylene derivative with a third molecule of formyl complex
(XXVIII) gives a methyl derivative and a dimeric derivative with a
Μη —Μη bond.

In the schemes reviewed in the literature, the reactions of carbonyl
complexes with reagents which are present in the system other than
H2 and hydride complexes are not usually taken into account. It is
possible that the inclusion of oxygenated compounds as potential
reagents would considerably extend our ideas about possible routes
for reducing CO. Thus, it was shown82 that carbonyl complexes of
Fe, Ru, Mn, and Re can react with ethylene oxide to form
dioxocarbene complexes that are potential sources of cyclic
formaldehyde acetal:

M—C=O + CH2—CHj -> M=C

O-CH2?

CH2^ O - C H ,

M=CpFe(CO)+, CpRu(CO)i, CpMn(CO) (NO)-, Re(CO)4Cl, Ru3 (CO)U, Re2(CO),.

In a similar manner the condensation of a π-coordinated alkene or
diene with a coordinated carbonyl leads to carbene complexes83

which can be hydrogenated to obtain oxygenated compounds in a
Fischer-Tropsch synthesis:

L.M-*—// + (COLM'CO Λ
L.M * yU (CO).

C
0/

Reactions of this type are to be expected for Group IV elements,
which can apparently form fairly strong bonds with the oxygen
atom of the coordinated carbonyl group. Probably this "double"
coordination of CO assists the cycloaddition of carbon monoxide
and the coordinated alkene or alkadiene as depicted in the scheme
shown here.
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VII. Carbonyl compounds and carboxylic acids

Information about reactions in which a carbonyl compound acts
as a donor of a carbene ligand is extremely limited. This is not
surprising if we consider the strength of the C = Ο bond and the
need to use a very powerful reducing agent to bond to the Ο atom
being removed from this group. Amongst reactions of this type, in
which the formation of intermediate carbene complexes may be
presumed, should be included the reduction of benzophenone to
tetraphenylethylene:84

Red = Zn, LiAlH4, Li, K.

The titanium complex present in the system evidently has different
functions compared to the reducing agents used. It cannot be
excluded that the Ti atom first coordinates ketone molecules and
then—after the removal of Ο atoms on treatment with the reducing
agent—forms a complex with diphenylcarbene, which undergoes
conversions to give tetraphenylethylene:

Ph,C=O
Red. TiXrt

• Ph 3 C=CPh 2 .

T h e thermolysis of anions of trihalo-substituted carboxylic acids is
one of the oldest m e t h o d s for generating carbenes . 8 5 However, the
effect of transit ion metals o n this process and on the reactions of
dihalocarbenes formed in the system has hardly been studied at all.
One of the few k n o w n reactions is the synthesis of chloropicr in 8 5 by
thermolysis of tr ichloroacetate in the presence of silver nitrate:

ci3cq • CI3C—NOa.

It cannot be excluded that the dichlorocarbene formed in the
system is stabilised by coordinating with the silver ion, and then
acting as a fairly strong electrophile it attacks the nitrate ion
according to the scheme

O\ A *• C — ΟΝΟ *• C13C-NO, .

0 ^

From the examples given in this review it follows that in principle
the generation of carbene complexes is to be expected from elements
of virtually all Groups of the Period Table in their reactions with the
most important examples of organic substrates. It is probable that
structural factors which enhance the strength of the metal—ligand
bond must assist the formation of intermediate carbene complexes.
Identification of these factors constitutes a problem of theoretical
chemistry and undoubtedly plays an important part in determining
the mechanism of many catalytic processes and predicting the
activity of catalyst complexes. It would not be an exaggeration to
say that carbenes and coordinated compounds that contain them as
ligands should be regarded as just as important and as widely
occurring intermediates as carbocations and C- centred free radicals
were traditionally considered to be. The genetic bond which exists
between these intermediate species and their complexes is responsible
for the interconversions of these intermediates.
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