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The Interaction of Carbon Dioxide with Transition Metal Complexes

I.S.Kolomnikov and M.Kh.Grigoryan

The reactions of transition metal compounds involving the formation of CO- complexes, reactions with insertion of CO2 in
transition metal-hydrogen and transition metal-carbon bonds, and homogeneous catalytic processes in which carbon dioxide
behaves as a reactant or a modifying ligand are considered. A special section is devoted to reversible reactions accompanied
by elimination of carbon dioxide under the influence of transition metal compounds.
The bibliography includes 306 references.
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I. INTRODUCTION

During the last five years there has been a considerable
growth of interest in the reactions of carbon dioxide with
transition metal compounds, primarily owing to the con-
siderable advances made recently in the field of metal
complex catalysis and in the first place in the activation of
inert molecules (hydrogen, nitrogen, etc.) which leads to
the expectation that catalytic processes involving carbon
dioxide will also be carried out successfully. On the
other hand, the CO2 molecule may participate in catalytic
processes also as a ligand capable of modifying the activ-
ity, selectivity, and specificity of catalysts. Evidently
these two problems are most closely related to the synthe-
sis and investigation of the transition metal complexes of
carbon dioxide.

One may also note that the study of reactions involving
systems based on transition metals is of considerable
interest in view of the role that carbon dioxide plays in
nature. Thus one may expect interesting results also
when processes of this kind are simulated.

It has been believed for a long time that carbon dioxide
reacts with transition metal compounds only in a "trivial"
manner with formation of carbonates. However, recently
many reactions have been discovered in which CO2
behaves as a ligand or reacts to form new metal-C, C-H,
or C-C bonds. This review is devoted to these new
aspects of the carbon dioxide reactions.

II. PRINCIPAL PHYSICAL PROPERTIES AND STRUC-
TURE OF CARBON DIOXIDE

The carbon dioxide molecule is a linear triatomic
molecule in which the carbon atom forms two equivalent
bonds with oxygen atoms (of the o and it types). According
to spectroscopic data, the C=O bond length in the CO2
molecule is 1.1615 A,1 which agrees with data obtained by
electron diffraction2.

There are fairly considerable discrepancies between
calculated estimates of the heteropolarities of carbon
dioxide: 75%3'4, 10%5'6, and virtually zero7. There are

experimental literature data showing that the molecule has
a permanent dipole moment (0.06 x 10"18 e.s.u.)8, but,
according to a later investigation9, fx = 0.

In the ground *2+g state (!>«% symmetry group) sixteen
electrons of the carbonyl molecule are distributed among
the orbitals in the following manner: (lcrg)2(lau)

2(2crg)2.
.(2au)

2(l7ru)
4(l7Tg)4

> where the least strongly bound 7rg elec-
trons are those of the lone electron pairs of the oxygen
atom. Fig. 1 presents the energy level diagram for the
CO2 molecule; the energies of the atomic levels were
taken from Siegbahn10 and the experimental data (or, if
these were lacking, calculated data) were taken from the
review of Rabalais et al. u (Table 1). The data in Table 1
demonstrate a fairly good agreement between theory and
experiment.

Table 1. Comparison of experimental and calculated
lowest ionisation potentials (eV) of CO2, CS2, COS, allene,
and keten.

Molecule

o=c=o

O=C=S

S=C=S

rî C == C=Co 2

H2C=C=O

Experimental data
(Refs.l,12-17)

13 78
17.32
18.08
19 40

11.20
15.08
16.04
17.96

10.09
12.69
14.47
16.19

10.19

9.60

MWH method
(Ref.ll)

14.05
14.93
17.68
18.06

12.55
13.67
15.90
16.50

11.33
12.61
14.44
15.32

11.60

11 49

Extended Hiickel
method (Ref.18)

17.20
17.51
18.14
19.56

13.14
14.67
17.76
18.40

12.24
13.48
14.18
15.72

_

CNDO
method

. (Ref.19)

14.55
14.55
16.83
21.01

12.26
13.81
15.36
19.32

11.33
12.59
13.28
18.23

—

-

Hartree-Fock
method
(Ref.19)

14 .Si
19.45
2 :i'6
2 i , 7 7

-

-

—

—

Comparison of the energy level diagrams for the CO2
molecule and the isoelectronic CS2 and COS molecules
(Fig. 2) shows that the highest occupied orbitals of the CO2
molecule (iTo- and TTU) l i e appreciably below the corre-
sponding CSl and COS orbitals 15.
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Figure 1. Molecular orbital diagram for the CO2 molecule.
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Figure 2. Electronic energy level diagram for CO2 and CS2 molecules according to photo-
electron spectroscopic data.

Accordingly the ionisation potential of carbon dioxide
(13.7 eV) is much higher than those of C52 (10-1 eV) and
COS (11.2 eV). Thus the CO2 molecule is a weaker elec-
tron donor than CS2 or COS.

On the other hand, carbon dioxide has a low-lying 2^u
antibonding orbital, the position of which determines the
electron affinity of the molecule [2.9 eV (Johnson and
Albrecht20) or according to other (calculated) data ~ 3.8 eV

(Buchel'nikova21)]. These results appear to be rather too
high. According to Berdnikov's calculated data22, the
electron affinity of CO2 is ~ 0.5 eV, which agrees fairly
well with experimental data23'24.

The CO2 species has been discussed25"31 as a 15-elec-
tron species retaining its linearity in both the ground and
excited states. The removal of one electron from the ltfg
orbital lengthens the C-0 bond from 1.1615 A ^Sg) to
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1.177 A (2JTg) or 1.229 A (%u)
 30 (Table 2). However, there

are data showing that the anomalies in the infrared spec-
trum of CO2 may be due to the bending of the excited mole-
cule, the angle (168° ± 3°) corresponding to the distance
r(CO) - 1.1830 ± 0.0004 A.32 The formation of the COf"
ion has been observed by Newton and Sciamanna33.

Table 2.

Molecule

coj
CO+

COa

Electronic
state

%

Energy, eV

18.08

13.78

0

Bond length,
A

1.229

1.177

1.163

yjCsymm.)

1131

1280

1361

>2

560

632

673

V3(asymm.)

1895

2305

2379

The COJ radical-ion, i.e. a species with a 17-electron
configuration, has been obtained34, in contrast to the
extremely unstable CO2 state, in a free form in a matrix
on irradiation of sodium formate with high-energy y-rays.
Calculation of the valence angle by Coulson's method
vielded 134°. According to the results of other workers35'
&G, the angle is 127 ±8°. It is of interest that the O-C-0
angle in sodium formate is 121.7° according to X-ray dif-
fraction data37.

It is noteworthy that Mulliken4'38 and Walsh39 predicted
theoretically the possibility of the bending of the molecule
on transition from the 16-electron linear configuration to
the 17-electron configuration (i.e. from the £>°°h symmetry
group to the C2V symmetry group) (see also the review of
Rabalais et al. u ) . _

According to ESR data, the free electron in CO2' is
localised at the carbon atom20'36. When the carbon atom
is replaced by the 13C isotope, the infrared band corre-
sponding to the asymmetric vibrations of the carboxy-
group shifts from 1671 cm"1 to 1626 cm"136 (see also other
data20'40.

The formation of the CO2 radical-ion has been postu-
lated in a number of chemical and physicochemical studies:
in the decomposition of oxalates in the presence of transi-
tion metals41"43'44'45, in the electrochemical reduction of
the CO2 molecule44' , in electron transfer from a metallic
surface on irradiation46, in the reduction of carbon dioxide
by amides47 and alkali metal and alkaline earth metal
amalgams48"51, and in other reactions52"56.

The most important physical properties of carbon
dioxide are presented below:

M.p. (5 atm)
B.p. (sublimation at 1 atm)
Density (at 0° and 1 atm)
Critical temperature
Critical pressure
Pressure corresponding to transition
to liquid state (20°C)

Heat of fusion (at 56.6°C)
Standard free energy of formation
Standard entropy of formation
Standard heat of formation
Temperature dependence of molar

heat capacity (in the range
0-1400°C)

-56.7°C
-78.515°C
1.9768 g litre"1

+ 31.3°C
75.2 atm
58.46 atm

2.24 kcal mole"1

Af° = 94.260 kcal mohf1

AS°= 51.011 calmokf 'K'1

AH°2g&= -94.08 kcal mole"1

Cp = 0.00326? + 0.00000079?2 +
8.84

m. TRANSITION METAL COMPLEXES OF CARBON
DIOXIDE

General consideration of the electron-donating and
electron-accepting properties of carbon dioxide shows that
there are several possibilities for the formation of com-
plexes by CO2 with transition metals. Complexes of the
donor-acceptor type may be formed as a result of the
transfer of the lone electron pair of the oxygen atom (ltfg
electrons) to the corresponding orbital of the metal atom
(type I). In this case the transition metal plays the roie
of a Lewis acid. Interaction of this type is hindered by
the comparatively high positive charge on the metal atom,
the presence of low-lying vacant orbitals in the metal, and
the presence of a free coordination site in the complex.

Another possibility may obtain as a result of the dative
interaction involving the transfer of two electrons from the
metal atom to the antibonding 2vru orbital of carbon dioxide.
In this case the CO2 molecule is exhibiting electrophilic
properties and a state of type Ha obtains. The transfer
of two electrons from the metal atom to the antibonding
orbitals of CO2 may lead in the limiting case to the forma-
tion of a type lib carbenoid complex. Clearly a low posi-
tive charge on the metal atom and the presence of electron-
donating ligand in the complex will favour the formation of
complexes of this type.

Finally the lrru orbital of the CO2 molecule may interact
with the corresponding vacant orbital of the metal with
simultaneous transfer of the metal a electrons to the
vacant orbital of the CO2 molecule which leads to the for-
mation of a w-complex of type Ilia (or to the formation of a
three-membered ring of type nib in the limiting case).
Since the CO2 molecule has two double bonds, an interesting
possibility may arise when two metallic centres form a
complex of type nib with a single carbon dioxide molecule:

0 _ o o 0

-:o=c--o c c

t I I , ,
M M"

(lla) ("b)

(i)

O=G=O 0 -C 0 C -O

1 \ / \ /
(Ilia) (Mb) (Hie)

It is remarkable that, when acetaldehyde acts on the
ruthenium complex (Ph3P)3RuCl2, a corresponding com-
pound is formed in which the acyl group is coordinated to
the metal atom by a n -type bond according to the authors58.
When phosphine complexes of transition metals are acted
upon by perfluoroacetone, adducts are also formed in which
the carbonyl group is coordinated to the metal via both
carbon and oxygen atoms, for example59:

(Ph3P)4 Pt + CF3CCF3 -> (Ph3P)2Pt<(
•C—CF3

CF3

The above structures naturally do not exhaust the
entire wide variety of the possible types of complexes,
particularly polynuclear complexes (complexes of this kind
involve a combination of different types of complex forma-
tion reactions).

Since carbon dioxide is a less effective electron donor
and a more effective electron acceptor than the isoelec-
tronic CS2 molecule, presumably complexes of type I are
less typical for CO2 and structures of type n and m are
more typical (see the relevant reviews 60-64 A fairly
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large number of CS2 complexes are known65'66, but the
number of complexes with carbon dioxide which have been
described is small.

The formation of complexes with carbon dioxide was
observed for the first time for rhodium compounds87.
Rhodium complexes of OO2 are at present the most
thoroughly investigated and we shall therefore begin our
consideration of the available complexes by discussing the
rhodium compounds. When carbon dioxide was allowed to
interact with the complex L3RI1CI (where L = PhjP), a
fairly stable adduct was obtained whose composition is
L5Rh2Cl2.OO2 according to its chemical properties, the
results of elemental analysis67 and its infrared spectrum
has an absorption band in the region of 1630 cm"1. Chemi-
cal reactions also confirm the presence of coordinated
carbon dioxide in the complex:

CO,

CO,

2LsRhCI + CO2

I - L
I

—L3RhCl • CO2 • L2RhCl
I CO

2L2Rh (CO) CI + CO2 + L

C H J
CHSCOOCH3

L I A 1 H « _» CH3OH

Carbon dioxide is evolved when the complex is acidified
and pyrolysed. The formation of labelled carbon dioxide
was demonstrated mass-spectrometrically in the thermal
decomposition of the adduct formed in a C18O2 atmos-
p h e r e . Carbon dioxide is readily displaced from the
complex by carbon monoxide.

It is interesting to note that the rhodium complex of
carbon dioxide L5Rh2(CO)2(CO2).C6H6, obtained by an
indirect procedure68 (by oxidising the carbonyl group
attached to the metal with oxygen), also has an asymmet-
ric dinuclear structure according to molecular weight
measurements. An interesting property of this complex
is its ability to exchange the oxygen in a coordinated CO2
molecule for dissolved molecular oxygen.

When the complex [(Ph3P)2Rh(CO)]2 reacted with gaseous
carbon dioxide at atmospheric pressure at room tempera-
ture in benzene, an asymmetric complex (Ph3P)3Rh2(CO)2.
.(CO2)2.C6H6 was again obtained69'70:

2[(Ph3P)Rh(CO)2] 2 P h ' P - 2[(Ph3P)2Rh(CO)]

(PhsP)sRh2 (CO), (CO2)2 • C,H6

This complex is fairly stable and hardly loses carbon
dioxide on exposure to air for several days. Carbon
dioxide is evolved completely on pyrolysis and on treat-
ment with acids or carbon monoxide. In the latter case
the product is the complex [(Ph3P)Rh(CO)2]2, i.e. the reac-
tion is reversible also at atmospheric pressure:

2[(Ph3P)Rh(CO)2] —
+2Ph,P, 2CO,(-2CO)

2CO(-2CO,; 2Ph,P)
(Ph3P)3Rh2 (CO)a (CO2)a

When the carbon dioxide is acted upon by oxygen, the
familiar complex (Ph3P)3Rh2(CO)2.CO2 is formed68.

The infrared spectrum of the rhodium complex (Ph3P)3.
.Rh2(CO)2(CO2)2 contains, apart from the triphenylphos-
phine bands, two intense absorption bands in the region of
1600 cm"1 |V(OCO)(asymm).] and 1355 cm"1 [>(OCO)
(symm.)] as well as a moderately intense band at 825 cm"1

[6(OCO)]. When CO2 in this complex is partly replaced by
CO2, the bands are split (Fig. 3). It is striking that the

difference A= f(OCO)(assym.) - ^(OCO)(symm.) amounts
to 245 cm"1 for this complex, while A= 130 cm"1 for the
complex L3Rh2(CO)2.CO2 [>(OCO)(asymm.) = 1498 cm"1,
^(OCO)(symm.) - 1368, and 5(OCO) = 813 cm"1]. This
shows that in the rhodium complex with two CO2 molecules
there is an incomplete charge transfer from the metal
atom to carbon dioxide, unlike the complex LsRh2(CO)2.CO2

(cf. these data with those quoted by Peri71). The carbon
dioxide in the L2Rh2(CO)2(CO2)2 molecule is therefore
retained less strongly, which is confirmed by chemical
reactions. When olefins or oxygen are allowed to react
with the complex L3Rh2(CO)2(CO2)2, one carbon dioxide
molecule is readily displaced with formation of the com-
plex L3Rh2(CO)2.CO2.

800 /ZOO fOOO ZOOO cm"

Figure 3. Infrared spectrum of the rhodium-carbon
dioxide complex (Ph3P)3Rh2(CO)2(CO2)2 (the spectrum of the
complex with 13CO2 is indicated by dashed lines).

The complex L3Rh2(CO)2(CO2)2.C6H6 is in all probability
dinuclear, the two rhodium atoms being linked via two
bent carbon dioxide molecules:

L-Rh<
sO-( ?R<co

/O—C

CO

The appearance of three absorption bands in the spec-
trum of the coordinated carbon dioxide molecule instead
of the two bands (2350 and 667 cm"1) bands characteristic
of the linear molecule (see Table 3) is associated with the
bending of the CO2 molecule on coordination.

Table 3. Vibration frequencies of the CO2 molecule (cm"

Molecule

12CO2

13CO2

14CO2

State

gaseous
solid (-190°C)
aqueous solution

gaseous
solid (-190°C)
gaseous

V,

1343
—
—
_
—

—

667
660
—

(649)
637
632

V,

2349
2344
2342

2284
2280
2226

References

72
73, 74
75,76

75,76
73,74

75,76

There are at present no X-ray diffraction data for
carbon dioxide complexes of transition metals, but it is
well known that the formation of complexes by carbon
disulphide or allenes, which have linear molecules in the
ground state, leads to the formation of compounds in which
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these molecules are bent. Thus it has been established
by X-ray diffraction that the carbon disulphide molecule
in the complexes (Ph3P)2Pt.CS2

 77'78 and (Ph2P)2Pd.CS2
 79

is bent (Fig. 4).

Figure 4. The structure of the platinum-carbon disul-
phide complex.

On the other hand, there are literature data showing
that complexes of two types may be obtained with allene:

Thus in platinum, iron, and rhodium complexes80"82

tetramethylallene is joined to the metal atom by a 77-type
linkage, while in the platinum complex Pt(C3H4)(PPhs)2
allene has a bent configuration83.

Apart from the absorption bands of physically adsorbed
CO2. the infrared spectra of chemisorbed carbon diox-
ide71'84"99 contain other bands which the authors believe71'
84~93 correspond to COi vibrations, the bands associated
with the antisymmetric vibrations of the carboxy-group
being located in the range 1570-1630 cm"1, depending on
the nature of the adsorbent, and those due to the symmet-
rical vibrations lying in the range 1320-1380 cm"1.

The complexes L3Rh2(CO)2(CO2).C6H6 (2.83 HB) and
L3Rh2(CO)2(CO2)2.C6H6 (3.87 (JR) proved to be paramagne-
tic100 and their magnetic moments at room temperature
(calculated per rhodium atom) are close to the spin-only
value for two and three unpaired electrons respectively.
It was shown in the same study that the anomalous para-
magnetism of these complexes cannot be interpreted
vigorously in terms of a model of the antiferromagnetic
pair exchange in magnetically dilute dinuclear molecules.

The dimeric complex (L3RhH)2.CO2, which Komiza and
Yamomoto101 obtained by passing carbon dioxide for a long
time through a solution of the rhodium hydride (
in toluene, as well as the complex L5Rh2Cl2.CO2

 67 proved
to be diamagnetic. The intense absorption band at 1460
cm"1 in the infrared spectrum of the resulting complex
was attributed by the authors to the antisymmetric
stretching vibrations of the OCO group, while the 1300
cm"1 band in the Raman spectrum was attributed to the
symmetrical stretching vibrations of the same group.
Carbon dioxide is evolved quantitatively from the complex
on pyrolysis (at temperatures up to 200° C) and on acidi-
fication with sulphuric acid. On treatment with methyl
iodide, carbon dioxide and methane are evolved.

The preparation of the complex (Ph3P)3Co.CO2 in the
form of a yellow compound inactive in air on treatment of
(Ph3P)3Co.N2 with carbon dioxide has been described102.
When it is subjected to thermal decomposition or treated
with sulphuric acid, the complex evolves CO2. Its infra-
red spectrum has an absorption band in the region of 1890
cm"1. The attempt103 to obtain the analogous complex by
treating the ethylene complex of cobalt (Ph2P)3Co.(C2H4)
with carbon dioxide at atmospheric or elevated pressure
was unsuccessful.

The synthesis of the dinuclear nickel complex of carbon
dioxide {[(C6Hu)3P]3Ni}2.CO2 by treating the corresponding
nitrogenyl nickel complex with carbon dioxide has also
been described104. The authors suggest that the metal
atoms in this compound are coordinated via double bonds
to the CO2 molecule, which retains a linear structure:

L2Ni
T

o=c=o
NiL,

An attempt has been made to obtain a platinum complex
of carbon dioxide105"107. However, it was found that,
when the complexes (Ph3P)4Pt and (Ph3P)3Pt react with
CO2 at an ordinary temperature and pressures up to 40
atm in the presence of traces of oxygen, carbonate com-
plexes are formed (for further details, see below), while
carefully purified carbon dioxide does not form stable
products with platinum under these conditions, but the
complex (Ph3P)2Pt.CO3 is formed readily108'109. When the
complex (Ph3P)3Pt was treated with carefully purified
carbon dioxide under pressure (40 atm) and a temperature
in excess of 100°C, it was possible to obtain61 a small
yield of the compound (Ph3P)2Pt.CO2, the infrared spec-
trum of which contains three intense absorption bands at
1640, 1370, and 1320 cm"1. When the complex is pyro-
lysed, carbon dioxide is evolved.

Table 4. The energies of the 4/7/2 electrons of platinum
(L - PhaP).

Compound

L2PtCO3
L2PtOCO3
L2Pt(OOCH)2
L2Pt(OOCCH3)2
L2Pt(OOCEt)2
L2PtO2-(CH3)2CO
L2Pt-O2
L2PtCO2

E,eV

73.4
73.4
73.4
73.7
73.3
73.3
73.3
73.2

Compound

L2PtPhNCS
L2Pt(COPh)2
L2PtCS2
L2Pt(COOMe)2
L2PtC2H4
L2Pt(PhC = CPh)
L4Pt
Pt

£\eV

73.1
73.1
73.0
73.0
73.4
72.1
71.7
71.3

A study of a series of platinum complexes with different
types of ligand coordination (coordination to oxygen and
carbon and coordination of the tf-ligand type) by X-ray
electron spectroscopy showed that the ability of the ligand
to withdraw electrons from the metal atom decreases in
the sequence (Table 4)61:

O2 > COa > CSa ~ PhNCS > COR > C2H4 > RC = CR

The increase of the energy of the 4/7/2 electrons in the
platinum complex of carbon dioxide relative to L2PtCS2
can be accounted for by the greater electronegativity of
oxygen compared with sulphur.
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Complexes of carbon dioxide and Group I metals (copper
and silver) have also been obtained recently. When the
complex (Ph3P)2CuCH3.CO2 is acted upon by carbon dioxide,
the product is (PhsP^CuOOCCHs.CO^ n o This complex is
diamagnetic and evolves carbon dioxide on pyrolysis
(above 200°C) and when treated with concentrated sulphuric
acid. After the loss of carbon dioxide, the frequencies
corresponding to the vibrations of the carboxylate group
remain in the infrared spectrum, while the bands at 2620
(weak), 1600 (very strong), 1302 (very strong), 821
(moderately strong), and 648 (very weak) cm"1 disappear.
On this basis, the authors u o attribute the latter bands to
the vibrations of coordinated carbon dioxide.

An interesting adduct was obtained when carbon dioxide
was passed through a solution of copper complexes of
ephedrine and its derivatives The authors investigated
the ultraviolet spectra (A = 250-260 nm) of these chelates
in methanol solution and the visible spectra in benzene
(Table 5). The study of the ultraviolet spectra showed
that 1 :1 adducts with carbon dioxide are formed in these
solutions.

Table 5. Absorption spectra of copper(II) chelates in the
visible region in benzene at 20° C.

Ligand in Cu chelate

(-)-Ephedrine
i//-Ephedrine
A'-Ethylnorephedrine
jV-n-Butylnorephedrine

X max ' " m

514
500
518
525

e*, litre
mole*l cm"l

155
121
98
60***

Xmax' M m

700
700
690
660

e**, litre
mole'l cm'l

74
82
48
41***

*[Cu2+] = 0.005 M.
**In the presence of CO2.

*** Approximate value, because the chelate cannot be
prepared in a crystalline form.

The thermodynamic functions for the complex-formation
reaction between carbon dioxide and the complex Cu(ephe-
drine)2 were determined112 by gas-liquid chromatography
(GLC): AG308 = -2.29 ± 0.07 kcal mole"1, Affaw-sas =
4.2 ± 0.3 kcal mole"1; AS308 = -6.4 ± 1.2 kcal mole"1 K"1.

It is of interest that silver compounds also readily
form stable complexes with carbon dioxide under mild
conditions. Thus, when carbon dioxide is passed through
a saturated solution of PhAg-AgNO3 in ethanol at 0°C, a
precipitate having the composition CrHsOaAga is depos-
ited n ; its thermal decomposition results in the evolution
of carbon dioxide. The infrared spectrum of this com-
pound contains intense absorption bands in the region of
1496, 1326, and 828 cm"1 and moderately intense bands
at 325, 290, and 280 cm"1. The authors113 concluded that
a polymeric silver compound containing carbon dioxide is
formed in this instance: (C6H5AgCO2Ag)n- An analogous
complex was synthesised also from the corresponding
para-substituted phenyl derivatives of silver.

Thus it is evident that a fairly large group of transition
metals is capable of forming complexes with carbon diox-
ide. There is no doubt that the study of the complex for-
mation reactions between carbon dioxide and transition
metals constitutes an important branch of the chemistry
of carbon dioxide and that the number of studies in this

important field will increase in the immediate future and
the problem of the structure of these compounds will be
elucidated.

The problem of the isolation of fairly stable complexes
with carbon dioxide was discussed above. However, in
many cases the immediate formation of unstable CO2
complexes in the course of various reactions has been
postulated. There are literature data indicating the
possibility of the formation of OO2 complexes by the rup-
ture of C-H bonds in transition metal formate complexes.
On refluxing in benzene or on pyrolysis, the platinum
formate complex (Ph3P)2Pt(OOCH)2 decomposes into carbon
monoxide and hydrogen u 3 . On the other hand, when the
solution contains the complex (Ph3P)4Pt, in which a C-H
bond can be readily ruptured, the platinum formate com-
plex decomposes with evolution of carbon dioxide114, which
has been attributed to the intermediate formation of a
complex with CO2, readily losing carbon dioxide via the
mechanism

P̂tOOCH + Pt -• PtOOCPt—H — CO2 + ftpt-PtHJ

The intermediate formation of an unstable complex with
carbon dioxide as a result of the intramolecular dissocia-
tion of the C-H bond in the formate group in all probabil-
ity occurs in the reactions of ruthenium formate com-
plexes61 '115:

(Ph3P)3Ru (H) OOCH i2 (Ph3P)3Ru (CO2) H3 .

The formation of the ruthenium complex of carbon
dioxide in one of the stages has been postulated for the
reduction of unsaturated hydrocarbons with formic acid in
the presence of the complex (Ph3P)3Ru(H)Cl 116 and also
for the decomposition of HCOOH in the presence of iridium
complexes m .

A complex with carbon dioxide is probably formed on
thermal decomposition of osmium formate :

When the cobalt formate complex [Coni(NH3)5OOCH]2+is
oxidised with manganese salts u , the intermediate radical
is fairly stable and reacts with another manganese species
via the mechanism

fMnO,]-; H+
[Co (NH3)6OCO -P+ + HMnO4

[ C o m (NH3)6OH2]3+ + CO2

(NH3)6OOCH]2

According to the results of other workers120"123, the
decomposition of oxalate in the presence of manganese
salts also proceeds via the intermediate formation of a
manganese complex of carbon dioxide:

o oo o o o

c-
0
\

—c
o

/
M n < " "

C

0
\

•c
o

n ( I I I )

C
- 1

0
\

c
II

0+
y

Mn<">

-> Mn2+ + CO2 + co;

co7+ci- ~> co2 + ci-
(See also other investigations124"127.)

In all probability analogous unstable complexes with
carbon dioxide are formed in the decomposition of oxalic
acid catalysed by copper128'129, silver13 , mercury131 , and
uranium 132 salts.

The intermediate formation of a cobalt complex of car-
bon dioxide was postulated133 in a study of the mechanism
of the oxidation of the [CoI(CN)2(PEt3)2(CO)]~ complex with
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hexacyanoferrate(n) ions Fe(CN)l". Kinetic data confirm
the occurrence of the equilibrium

[Co(I) (CN)2 (PEts)a (CO)]" + 2Fe (CN)»" + H2O -

[ / y/o \ y-
(NC)»Fe<n)CNCo(nl) (CN)2 (PEt3)2 \ C( + Fe (CN)!~ + H + +

V NOH/J
+ (NC)5Fe(II>CNCo(III) (CN)2 (PEt3h (CO2)»-

in solution. The authors133 suggest that this mechanism
operates also in the oxidation of carbon monoxide with
oxygen catalysed by aquocobalamines134"138.

IV. TRANSITION METAL CARBONATE COMPLEXES

It is noteworthy that the widespread occurrence of the
formation of transition metal carbonate complexes and
their ability to evolve CO2 on acidification of pyrolysis
greatly hinder the identification of transition metal com-
plexes of carbon dioxide or altogether prevent the forma-
tion of such complexes. As stated above, platinum and
palladium complexes of the type (PhsP^M (M = Pt or Pd)
readily form carbonate complexes The possibility
of the formation of a platinum carbonate complex on treat-
ment of complexes of the type (Ph3P)4Pt with carbon diox-
ide in the presence of traces of oxygen greatly depends on
the nature of the coordinated ligand. Thus the carbonate
complex is formed comparatively readily in the presence
of the triphenylphosphine ligand, in the presence of the
(p-tolyl)3P ligand the yield of the corresponding complex
is low, and in the presence of the (/>-chlorophenyl)3P
ligand the complex is not formed at all. Carbonate com-
plexes are formed when the complex (Ph3P)2Pt02 reacts
with carbon dioxide:

r

C=0 Pt
1 /

A platinum carbonate complex can be readily obtained
when the complex cis- (Ph3P)2PtCl2 is treated with Ag2CO3, *

05

or when carbon monoxide is oxidised with oxygen coordi-
nated to platinum 107. Wilkinson and coworkers 107 made
the following frequency assignments (cm"1) in the infrared
spectra of the compounds obtained:

Compound

L2PtCOs
L2PtOCO3

K(CO) i>(C-O)(asymm.) v(C-O)(symm.)i>,IT(symm.) K ( O - O ) w(M-O) P ( M - P )

980
978

Like the ionic compound CaCO3, where all the C-0
bonds are equivalent, the platinum complex (Ph3P)2PtCO3
has the structure140 of a distorted square, also with equal
C-0 bond lengths.

The structure of the platinum peroxocarbonate com-
plex141 is probably analogous to that of the adduct (Ph3P)2.
.PtO2.acetone. The oxygen in this complex is extremely
reactive and readily oxidises triphenylphosphine with
formation of a carbonate complex:

(Ph3P)2PtOCO3 (Ph3P)2PtCO3 + Ph3PO

1685 (s)
1678 (s)

1185
1243

815
836 780

363
305

409
429

There are also data demonstrating the ready formation
of carbonate complexes when cobalt1 3 and ruthenium62

complexes react with carbon dioxide in the presence of
traces of oxygen. In his attempt to obtain a molybdenum
complex of carbon dioxide, Chatt synthesised a carbonate
complex142. Carbonate complexes are readily formed
also when an attempt is made to obtain a transition metal
complex of carbon dioxide by an indirect method involving
the oxidation of the carbon monoxide coordinated to the
metal with molecular oxygen. An osmium carbonate com-
plex has been obtained14 by oxidising carbon monoxide
with molecular oxygen:

(Ph3P)2OsCl (CO) NO — ^ - * (Ph3P)2OsCl (CO,) NO .

In discussing the mechanism of the formation of CO2
when carbon monoxide and rhodium are oxidised with
molecular oxygen, the authors144 assume the formation of
the unstable octahedral carbonate complex [RhIII(CO3)(CO).
.Cla]2", which readily gives off CO2 in an acid medium.

The oxygen in a transition metal carbonate complex can
be fairly reactive. Thus, when carbon monoxide was
passed through a solution of the platinum carbonate com-
plex (PhgP^PtCOs, it was almost quantitatively oxidised145

to CO2, i.e. the reaction proceeded in accordance with the
equation

(Ph3P)2PtCO3+:CO -* (Ph3P)2Pt + 2CO2

Platinum carbonate complexes are used nowadays as
catalysts for the synthesis of dimethylformamide from
CO2, H2, and R2NH and in the dimerisation of buta-1,3-
diene to cyclo-octa-l,3,7-triene (see Sections V and VII
respectively).

Ruthenium and rhodium bicarbonate complexes have
been obtained recently146'147 when the corresponding
hydroxo-complexes were treated with carbon dioxide:

One may note that in general carbonates can behave as a
monodentate [as in compounds (IV)] or bidentate [as in
compounds (V)] ligand139:

(IV)
5

(V)

Nakamoto and coworkers139 made a careful study of the
infrared spectra of cobalt carbonate complexes and found
that the C-0 stretching vibrations in the monodentate
carbonates give rise to absorption in the ranges 1360-
1380 and 1450-1500 cm"1, while the corresponding vibra-
tions in the bidentate carbonates give rise to bands in the
ranges 1260-1290 and 1590-1640 cm"1, i.e. on the basis
of infrared spectra it is virtually impossible to distinguish
a transition metal complex of CO2 from the carbonate com-
plex. The structures of the carbonate and bicarbonate
complexes have been discussed extensively71'84"92 in con-
nection with the study of the infrared spectra of chemi-
sorbed carbon dioxide on metal oxides.

(Ph3P)2Rh (CO) OH + COa

(Ph3P)4Ru0H -f CO2

(PhsP^Rh (CO) OCO2H
(Ph3P)4RuOCO2H

These complexes are of some interest from the standpoint
of the simulation of the action of a zinc-containing enzyme
(carbonic anhydrase), which catalyses the reaction between
carbon dioxide and water:

c + sO-Zn- SC—OZn—
II \
o

This type of analogy was drawn148 in a study of the reaction
of hydroxo-complexes of zinc with carbon dioxide.
According to Riepe and Wang149'150, in nature this process
takes place in a hydrophobic cavity. There are data151

showing that copper complexes also fulfill this function in
nature.
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V. INSERTION OF CARBON DIOXIDE IN A TRANSITION
METAL-HYDROGEN BOND

Depending on the polarity of the transition metal-hydro-
gen bond, carbon dioxide can be inserted in the latter
either with formation of formate complexes (normal inser-
tion) or of metal-carboxylic acids (anomalous insertion):

0=C0+=0°~ + Me

O=C6+=Ofi- + M 6

> M—OOCH

M-COOH

The first reaction can serve as the basis of the catalytic
reduction of 002 by molecular hydrogen with formation of
formic acid derivatives, methanol, and other products.
On the other hand, the reaction involving the formation of
a metal-carboxylic acid can be of interest both for the
synthesis of complexes of a new type and for the study of
their properties, on the one hand, and for catalytic reac-
tions involving the transfer of the carboxy-group to ole-
fins and acetylenes, on the other.

It is noteworthy that, when OO2 is inserted in a transi-
tion metal-hydrogen bond with formation of both a formate
complex and a metal-carboxylic acid, the complex
hydride may form a complex with a OO2 molecule in the
first stage, this being followed by insertion in the M-H
bond. Thus, in a study of the kinetics of the analogous
insertion of carbon disulphide in the transition metal-
hydrogen bond in the complex (Et3P)2Pt(H)Cl, the authors 152

showed that the complex (Et3P)2Pt(H)Cl.CS2 is formed in
the first stage.

The insertion of carbon dioxide in a transition metal-
hydrogen bond was observed for the first time153 in rela-
tion to the cobalt complex (Ph3P)3Co(N2)H. When CO2 is
passed through a solution of the complex, it is inserted in
the Co-H bond with formation of the cobalt formate com-
plex (PhaPkCoOOCH as well as the complex [(PhaP^.
.Co(CO)]2 resulting from the decarbonylation of the formate
complex. The presence of the formate group was con-
firmed by the formation of methyl formate when the com-
plex was treated with methyl iodide. The authors 153

noted the presence in the infrared spectrum of two broad
absorption bands (at 1585 and 1370 cm"1) corresponding to
the asymmetrical and symmetrical vibrations of the COO"
groups.

A study of the reaction of carbon dioxide with the com-
plexes (Ph3P)3CoH3 and (Ph3P)3Co(N2)H established154'155

the formation of a formate complex having infrared absorp-
tion bands at 1620 and 1300 cm"1. In the presence of a
deficiency of phosphine in solution, a mixture of a formate
complex of unknown composition (Ph3P)xCo(OOCH) and the
decarbonylation product (Ph3P)3Co(CO)H is formed. When
the formate complex is acted upon by concentrated H^O-i,
one mole of carbon monoxide and half a mole of H2 are
evolved per mole of the complex, while thermal decompo-
sition results in the evolution mainly of carbon dioxide,
hydrogen, and a small amount of carbon monoxide.

Special mention must be made of the reaction of sul-
phuric acid with transition metal formate complexes,
which is a kind of test distinguishing metal formate com-
plexes from carbon dioxide complexes (their infrared
spectra are extremely similar) When formate com-
plexes react with concentrated sulphuric acid, carbon
monoxide is evolved, while carbon dioxide complexes
evolve CO2 under these conditions. When a cobalt for-
mate complex is treated with dry HC1, formic acid is
formed. The formation of a cobalt formate complex was
confirmed in the above studies 154'155 also by synthesis on
treating the corresponding hydride complex with formic
acid.

When carbon dioxide was allowed to interact with the
iron complexes (Et2PhP)2FeH4 and (Et2PhP)2Fe(N2)H2, the
iron formate complex L2Fe(OOCH)2 was obtained156. On
treatment with ethyl bromide, the latter gives rise to the
formate ester and on treatment with concentrated H2SO4
it decomposes, evolving CO:

L2Fe(OOCH), + 4C2H6Br -> FeBr2-f 2HCOOC2H6 + 2LC2H6Br •

L2Fe (OOCH)2 + H2SO4 -^ FeSO4 + 2H2O + 2CO + 2L .

When carbon dioxide interacts with titanocene, a
titanium formate complex is formed157, in agreement with

158
data
cene.

indicating the existence of the Ti-H bond in titano-

- (H)

I (H)

Figure 5. The structure of the ruthenium formate com-
plex (Ph3P)3Ru(H)OOCH.

A ruthenium formate complex is formed159'160 when
carbon monoxide interacts with the complexes (PhsP)4.
.RuH2, (Ph3P)3Ru(N2)H2, and (PhaP^RuEU. A compound
having the composition (Ph3P)3Ru(OOCH)H was obtained,
its infrared spectrum containing, together with the
absorption band due to the triphenylphosphine ligand and
the band corresponding to the vibrations of the Ru-H bond
(at 2010 cm"1), also the following distinct bands: at
1565 (s.), 1420 (m.), 1370 (m.), 1355 (m.), 1340 (m.),
800 (s.), and 690 (v.s.) cm"1. These bands are very
close to those in the spectrum of the rhodium complex of
CO2

 67 and, on the other hand, virtually coincide with the
frequencies of the ruthenium formate complex161. A
detailed study of the infrared spectrum of the complex
obtained by Kolomnikov and coworkers 159'160 showed that in
the solid state it is a ruthenium formate complex. Thus,
when carbon dioxide acts upon the deuterated complex
(Ph3P)3RuD4, the product is the complex (Ph3P)3Ru(OOCD)D,
in the spectrum of which there are no 2910 (m.) and 2820
(m.) bands corresponding to the v(C-R) vibrations and a
band appears at 2150 cm"1 [the f(C-D) band]. There is a
corresponding disappearance of the ^(Ru-H) = 2010 cm"1

band and its replacement by the ̂ (Ru-D) = 1450 cm"1

band. The 1370 and 1355 cm"1 bands, which might be
assigned to the deformation vibrations of the C-H bonds,
are also missing from the infrared spectrum of the deu-
terated product. The residual bands are due to the vibra-
tions of the OCO group.
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X-Ray diffraction data159'162 also confirm that in the
crystalline state the compound obtained is a ruthenium
formate complex in which hydride hydrogen is in the trans-
position relative to the formate group (Fig. 5), i.e. the
complex has a structure analogous to that of the known
complex (Ph3P)3Ru(H)OAc.163 However, when the formate
complex was treated with methanol containing BF3 and also
with methyl iodide, the corresponding alkyl formates were
not detected. It was found that the reactions of this com-
plex101'115'159'160, accompanied by the elimination of OO2
under mild conditions, are unusual for the transition metal
formate complexes described previously (see the mecha-
nism below).

Carbon dioxide may be displaced from the ethylene com-
plex or transferred to platinum when the complex inter-
acts with (Ph3P)2Pt02, forming the known carbonate
(Ph3P)2PtCO3.

61 It is specially noteworthy that the reac-
tions of the ruthenium formate complex with triphenyl-
phosphine, molecular nitrogen, and hydrogen are rever-
sible (at atmospheric pressure and room temperature).

(Ph3P)3Ru (OOCH)H

it
<Ph,P)3Ru (CO,) H2

RX

cs,

(Ph3P)4RuH2 + CO2

(Ph3P)3Ru(N2)H2

(Ph3P)3RuH4 + CO2

(Ph3P)3Ru (CO) H2 -1- CO2

(Pb3P)3Ru (H) X + CO2 (where X=C1, Br)

u (S2CH)2 + CO2

When the ruthenium formate complex reacts with car-
bon disulphide, the product is, as already mentioned, a
dithioformate complex, which has the cis-structure
according to X-ray diffraction data164. It has been
shown159 that on heating the formate complex (PfojP^.
.Ru(OOCH)H is converted into the carbonylruthenium
hydride complex (Ph3P)3Ru(CO)H2, i.e. the formate frag-
ment is decarbonylated. An analogous reaction involving
the formation of a carbonyl derivative from a formate
complex had been observed previously155 for cobalt com-
pounds. It has been shown quite recently165 that under
mild conditions OO2 can serve as a source of CO for the
synthesis of transition metal carbonyl complexes in the
presence of reducing agents. Thus the complex (Ph3P)3.
.RhCl interacts with CO2 in the presence of the hydride
(EtOkSiH to form the complex (Ph3P)2Rh(CO)Cl (in a
quantitative yield)165. A carbonyl complex is formed in
the presence of other silanes or aluminium hydrides.
When the ruthenium complex (PhsP^RuC^ is introduced
into the reaction, the product is the carbonyl complex
(Ph3P)3Ru(CO)Cl2. Presumably the silane aids to the
transition metal complex in the first stage via an oxidative
addition mechanism with formation of a transition metal-
hydrogen bond and then CO2 is inserted in this bond,
forming a formate group, the decarbonylation of which
leads to the formation of transition metal carbonyl com-
plexes .

The formation of a formate fragment after the insertion
of CO2 in a cobalt-hydrogen bond in the complex was
pointed out by Haynes et al.166 On treatment with carbon
dioxide, certain osmium, platinum, and iridium hydride
complexes give rise to fairly unstable formate complexes
which cannot be isolated in a pure state; however, their

formation can be confirmed by treating the reaction prod-
uct with methyl iodide and by isolating the formate
ester167.

The insertion of CO2 in a transition metal-hydrogen
bond can be used for the catalytic reduction of carbon
dioxide. However, the process CO2 + H2 ^ HCOOH is
thermodynamically unfavourable under mild conditions.
In order to displace the above equilibrium to the right, it
is necessary to bind the formate fragment formed as a
result of the reaction (for example, into a formamide or
a formate ester) by adding the corresponding amine or
alcohol to the reaction mixture.

Thus it has been observed166 that a whole series of
transition metal complexes catalyse the formation of
dimethyIformamide in the reduction of carbon dioxide by
molecular hydrogen in the presence of dimethylamine
(Table 6). Other secondary amines, such as dipropyl-
amine, pyrrolidine, and piperidine, also form rapidly the
corresponding formamides. It proved impossible to
extend the application of this reaction as far as the forma-
tion of NiV-dimethylthiof ormamide by using carbon disul-
phide or carbon sulphide oxide in the presence of homo-
geneous hydrogenation catalysts.

Table 6. The reduction of OO2 to dim ethy If orm amide by
molecular hydrogen in the presence of dimethylamine166.

Catalyst

(diphos)2CoH
(diphos)2CoH
(Ph3P)3RhCl
(Ph3P)3RhCl
(Ph3P)2Rh(CO)Cl
(Ph3P)2Ir(CO)Cl
(Ph3P)2Ir(CO)Cl
(Ph3P)2PdCO3
(Ph3P)2PtCO3
(Ph3P)3Pt
(Ph3P)3RuCl2
(Ph3P)3CuCl

Catalyst concn.,
M

1.08
0.05
0.3
0.02
0.38
0.35
0.2
0.79
0,70
0.56
0.39
0-63

Me2NH
concn., M

138
131
122
138
144
133
138
159
155
155
132
133

Temp, t,
°C

100
125
100
125
100
100
125
100
125
125
125
100

Yield, moles per
mole of catalyst

5
1000

43
170

1
28

1200
120
104

19
8
8

Formate esters have been obtained under similar con-
ditions 167'168 using CH3OH-BF3 or C2H5OH-BF3 mixtures
as esterifying agents. Iridium and ruthenium complexes
proved to be the most active catalysts. Although the
formation of formaldehyde and methyl alcohol from carbon
dioxide and hydrogen is thermodynamicaily favourable,
these products were not detected in the reactions investi-
gated168. Ruthenium complexes may catalyse the forma-
tion of formate esters also in the absence of BF3. In a
series of ruthenium complexes, the ruthenium (in) com-
pound (Ph3P)3RuCl3 proved to be the most active65.

Formamides and formate esters are partly formed by
the following mechanism in the reduction of carbon dioxide
by molecular hydrogen in the presence of complex cata-
lysts167'168:

O R.NH
II

L^MH + CO, - L^MOCH—
ROH

O
II

L^MOH + HCNR2

O
II

L,MOH + HCOR

L^MOH + H2 -> L
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The insertion of CO2 in a transition metal-hydrogen
bond and the reduction of carbon dioxide by molecular
hydrogen in the presence of transition metal complexes are
closely related to the reverse reaction—the decomposition
of formic acid with evolution of carbon dioxide; this
reaction is catalysed by various transition metal com-
plexes117'169"185. It apparently proceeds via a stage
involving the rupture of the C-H bond in the transition
metal formate complex with transfer of hydrogen to the
metal and the subsequent formation of a hydride complex
with CO2 as an intermediate. Thus it has been shown117

that formic acid decomposes in the presence of an iridium
catalyst via the following mechanism:

HCOOH
Cl2(Ph3P)3Ir—Cl =< > Cl2(Ph3P)3Ir—OOCH + HCI

-CO2 +Ph3P

Cl3(Ph3P)2IrOCO Cl2(Ph3P)2Ir I - C = 0 + Ph3P

The suggested intermediate formation of a hydride complex
when transition metal complexes (homogeneous hydrogena-
tion catalysts) are acted upon by formic acid has been used
for the catalytic transfer of hydrogen from formic acid to
various organic substrates184"193 (for further details, see
Kolomnikov et al.194) via the mechanism

M + HCOOH-

M +

- _ H2 • M—CO2

xc=c/

H , - M « - II -+ coa

In the presence of catalytic amounts of (Ph3P)3Ru(H)Cl
in dimethylformamide formic acid reduces alk-1-enes
rapidly and selectively to alkanes but does not reduce di-
and tri-substituted alkenes (Table 7). It is noteworthy
that under these conditions molecular hydrogen does not
reduce olefins in the presence of the complex (PhjP^.
.Ru(H)Cl, i.e. the reduction of olefins by formic acid pro-
ceeds via intramolecular hydrogen transfer192.

Table 7. The reduction of olefins by formic acid in the
presence of (Ph3P)3Ru(H)Cl in dimethylformamide (25°C,
3 h, HOOOH-.olefin = 1:1).

Compound

Oct-1-ene
Oct-4-ene
Hept-1-ene
Hex-1-ene
Methylcyclohexane
o-Methylstyrene

Reduction product

n-Octane
n-Octane
n-Heptane
n-Hexane
Methylcyclohexane
Cumene

Yield, %

o
o

o
o

o
o

o 
o 

o

Many other complexes of rhodium [L3RhX, Li2Rh(CO)X,
L3Rh(CO)H, etc., where L = PhaP and X = Cl, Br, or I],
iridium [L2Ir(CO)X, L3Ir(CO)H, L3IrH2Cl, etc.], ruthenium
[L3RuCl2, L4RuH2, L3Ru(H)OAc, and L3Ru(OO)(H)X],
platinum, and palladium, are also effective catalysts of
the reduction of unsaturated compounds186"191.

The hydrogenation193 with formic acid of octatriene,
formed in the course of the dimerisation of buta-l,3-diene
by phosphine complexes of platinum and palladium of the
type LaMCl2, has been observed:

Consequently the formation of formic acid from CO2
and molecular hydrogen as well as the decomposition of
formic acid catalysed by transition metal complexes pro-
ceed via the formation of formate complexes. Together
with the synthesis of such compounds by subjecting transi-
tion metal hydride complexes to the action of 002 (see
above), the formation of formates on reaction between
formic acid and ruthenium and osmium118'195"197, plati-
num114, rhodium198, and iridium199 has been described.
An unusual formate complex has been obtained for
niobium200'201. According to X-ray diffraction data, the
complex {[Tr-CpNbOOCH^H)^©}!! contains oxohydroxo-
groups apart from bridging bidentate formate groups.
According to the authors , these groups are formed as a
result of the decarbonylation of formic acid.

It may be supposed that transition metal complexes can
interact with formic acid not only to form formate com-
plexes but also with the initial rupture of the C-H bond
and the formation of metal-carboxylic acids. Such cleav-
age of the C-H bond has been observed202 in the reaction
of formic acid with complexes of the type L3IrCls (where
L = Me2PhP, Et2PhP, or PhaP), a complex with the I r -
OOOH fragment being formed [v(CQ) = 1660, 1635, and
1610 cm"1 depending on the nature of the phosphine]. The
properties of the complex proved similar to those of the
iridium-carboxylic acid obtained previously by an indirect
method203 |>(CO) = 1663 and i>(OH) = 3313 on"1].

(Me2PhP)2Ir(CO)Cl + CICOOMe

A metal-carboxylic acid was obtained recently also
from a platinum complex *14

(Ph2PCH2CH2PPh2) Pt

i
2 0 4 :

CO; 25°
(Ph2PCH2CH2PPh2) • Pt(^

\COOH
R=CH3 and C6HB

These compounds are stable in air in the solid state as
well as in solution in methylene chloride or chloroform.

A metal-carboxylic acid is apparently formed also in
the "anomalous" insertion of the CO2 molecule in a Co-H
bond when carbon dioxide interacts with the complex
[Ph3P]3Co(N2)H in benzene solution. Methyl acetate is
formed on treatment of the benzene solution with methyl
iodide and then with a methanol solution of BF3, as for
iridium-carboxylic acids103:

[Co]H + CO2 -» LjCoCOOH » MeCOOH
MeOHBF, MeCOOMe

The formation of metal-carboxylic acids as intermediates
has been suggested205'206 in the oxidation of CO in the
presence of mercury and silver salts.

The formation of cobalt-carboxylic acids134"138,
rhodium-carboxylic acids207"210, and palladium-carboxylic
acids211'212 has been described. The formation of plati-
num-carboxylic acids has been suggested in the interaction
of cationic carbonylphosphineplatinum complexes with
water and in the hydrolysis of platinum-carboxylate
esters213'214. The intermediate formation of a metal-
carboxylic acid on treatment of an organonickel compound
with carbon dioxide has been suggested in a recent
study215 undertaken to synthesise an organometallic ana-
logue of a Grignard reagent:

Cp\ Cpv
)NiBr + Mg -* Xl> I C P \

NiMgBr - . >Ni—COOMgBi

\ . A+/\/\/\/

H+ r c P\ 1
- 2 — • )NiCO+

Cp2Ni(CO)2
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A study of the reaction of carbon dioxide with NaCo.
.(Salen)2 (where Salen is NN' -bis-sailcylethylenediamine)
showed216 that the formation of the sodium salt of cobalt -
carboxylic acid is reversible. The absorption bands of
the coordinated carbon dioxide in this compound are in the
region of 1680, 1278, and 1213 cm"1.

Presumably the formation of metal-carboxylie acids
is an intermediate stage in the catalytic transfer of the
COOH group from formic acid to unsaturated compounds
via transition metal complexes:

HCOOH + [M]

H COOH

This reaction, involving the addition of formic acid to
unsaturated compounds, leads to the formation of higher
carboxylic acids 61'217 (Table 8).

It is of interest that a platinum complex of the type
/ \

Evi-(diphos)Pt /\/ has been obtained recently1

COOH
dently this compound simulates to some extent the inter-
mediate in the addition of the carboxylate group to an
unsaturated compound.

Table 8. The addition of formic acid to cyclohexene in
the presence of metal complexes (100° C, 8 h, HOOOH : ole-
fin = 1 :1).

Catalyst

(PhsPHRhCl
(PhsPH)3RhCl
(Ph3P)2Ir(CO)Cl
RuCl3
H2PtCl6

Solvent

DMF
Ethanol

Conversion, %

7.0
7.3
8.7
2.1
7.0

Yield of cyclohexanecarboxylic acid,
moles per mole of catalyst

39.0
42.0
32.0
3.0

18.0

VI. INSERTION OF CARBON DIOXIDE IN A TRANSITION
METAL-CARBON BOND

The insertion of CO2 in an M-C bond is well known and
has been used successfully in the chemistry of non-transi-
tion metals62. However, reports of the insertion of
gaseous CO2 in a transition metal-carbon bond have
appeared only very recently. Furthermore, such reac-
tions are of great interest because they lead to the possi-
bility of introducing CO2 into catalytic and synthetic pro-
cesses.

As in the reaction where CO2 is inserted in a transition
metal-hydrogen bond (see the previous Section), when it
is inserted in a transition metal-carbon bond, two path-
ways may obtain—the "normal" pathway with formation of
carboxylate complexes and the "anomalous" pathway with
formation of metal-carboxylate esters:

O = C f l + = O 8 - + M8+— R a" -> M<^ ^>C—R ;

r\

O=C*+=O8"+M6-—R*4- —

The normal insertion of CO2 in transition metal-carbon a
bonds has been described for titanium, zirconium, zinc,
cobalt, rhodium, and copper compounds. Thus it has

been shown 218 that carbon dioxide is inserted in a titanium
(zirconium)-carbon bond with formation of the corre-
sponding acids after acidification. Organometallic com-
pounds absorb up to two moles of CO2 per mole of the
complex and the reaction involving zirconium compounds
proceeds at a rate higher by two orders of magnitude than
for titanium compounds owing to the greater polarity of
the zirconium-carbon bond. The authors218 did not iso-
late the organometallic derivative from the reaction mix-
ture but after hydrolysis yielded phenylacetic acid and
triphenylcarbinol in equimolar amounts. The formation
of phenylacetic acid is consistent with the mechanism of
the "normal" insertion of CO2 in a transition metal-carbon
a bond:

(PhCHs),Ti + COS —Tiff >C-CH2Ph PhCH2COOH

The insertion of CO2 in a methyl-titanium o bond has
been observed157 also in the reaction of dimethyltitanocene

with CO2 to form the —TiOOCCH3 fragment. The infra-
red spectrum of the reaction products is identical with that
of the known titanocene diacetate219"221. The presence
of the acetate group has also been confirmed by the fact
that, when the reaction product is esterified with metha-
nol, methyl acetate is formed.

A fairly unexpected result was obtained in a study of the
insertion of CO2 in a titanium-carbon a bond in diphenyl-
titanocene. At 80° C (this constitutes the condition for the
thermal decomposition of diphenyltitanocene) and atmos-
pheric pressure the reaction leads to the formation of a
stable compound containing a five-membered ring incor-
porating a titanium atom, two o-carbon atoms of the ben-
zene ring, and a CO2 molecule157'222'223:

/ \
(C5H6)2 Ti C + C,H6(C,H6)a + CO*

The compound obtained is diamagnetic. Its infrared
spectrum contains a series of distinct bands together with
the absorption bands of the phenyl and cyclopentadienyl
groups: at 1660 (v.s.), 1620 (s.), 1280 (v.s.), 1130 (s.),
and 880 (s.) cm"1. A very intense band at 1660 cm"1

apparently corresponds to the (̂OCO) vibration. The
frequency of this vibration is intermediate between the
corresponding values for the ionised and unionised car-
boxy-groups. It is also of interest that in the region of
the infrared spectrum characterising substitution of the
benzene ring there are two bands: at 690 (m.) and 735 (s.)
cm"1; the region is as a rule uncharacteristic of 1,2-di-
substitution.

It is noteworthy that an analogous infrared spectrum
has been observed for a cyclic platinum complex obtained
by the reaction of azocarboxylic acid followed by the
elimination of nitrogen on heating [̂ (OCO) = 1646 and
1620 cm"1; KOCO) = 1305 and 1298 cm'1]224 '226:

(PPhs)2

\ / \ p t '

(VI)

On the other hand, the infrared spectrum of a cyclic
organotitanium compound differs from that of Cp2Ti(OOCPh)2
(Cp = C5H5) |>(OCO)(asymm.) - 1610 cm"1; u(OCO)
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(symm.) = 1410 cm"1]226 or the paramagnetic complex
Cp2Ti(OOCPh)227.

Behaviour unusual for o-substitution has been observed
in the Raman spectrum of compound (VI). Whereas the
Raman spectrum of dicyclopentadienyldiphenyltitanium,
recorded for comparison, has the usual monosubstitution
lines at 620, 994 (v.s.), and 1006 (w.) cm"1, the spectrum
of compound (VI) has no 620 cm"1 line, but there are two
new lines: at 1011 (s.) and 1027 (w.) cm"1. Similar
spectroscopic behaviour has been observed for certain
o-substituted benzenes, but the above intensity ratios are
unusual for o-substitution.

X-Ray diffraction data222'223 have shown that the Ti-C
cr bond in this compound is appreciably shorter (2.20 A)
than in dicyclopentadienyldiphenyltitanium (2.27 A) (Fig. 6).
This finding is fully consistent both with the thermal sta-
bility of the bond (the substance does not decompose on
heating to 190° C, in contrast to Cp2TiPh2) and with the
chemical stability of the compound, in contrast to the
titanium benzoate complexes with the usual coordination,
which were mentioned above.

All the data obtained are consistent with the hypothe-
sis228 that the decomposition of diphenyltitanocene pro-
ceeds via the intermediate formation of a titanium-de-
hydrobenzene complex:

Cp2TiPh2 *• Cp2TU

2CO2«»j, _../ V^Cp2T

°-c%
It is of interest that, when diphenyltitanocene interacts
with tolane under the thermal decomposition conditions, a
cyclic compound is also formed229:

Cp2TiPh2 + PhC = CPh

Ph

\ / \ T i / \ P h

/ \
Cp Cp

Figure 6. The structure of the complex Cp2TiOOCC6H4.
Figure 7. The structure of the rhodium benzoate complex
(k

Other chemical reactions also agree with the proposed
structure of the cyclic compound. Thus, on treatment
with methanol containing BF3 (at 100°C), methyl benzoate
is formed, while treatment of the compound with methyl-
iodide leads to the formation of a mixture of ethyl esters
of benzoic and o-toluic acids. When the organotitanium
complex is heated for a long time with hydrochloric acid,
the products are benzoic acid and titanocene dichloride.
It is noteworthy that the reaction of CO2 with diphenylti-
tanocene takes place partly with insertion of a second
carbon dioxide molecule in a titanium-carbon a bond and
the formation of a phthalate complex.

Ketones and isocyanates (analogues of CO2) are simi-
larly inserted in a carbon-titanium bond230. For exam-
ple, when benzophenone reacts with diphenyltitanocene, a
cyclic compound is formed:

Phv ^Ph
+ Cp2TiPh2 Cp2Ti

Its hydrolysis leads to the formation of triphenylmethanol.
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Carbon dioxide is readily inserted in a copper-carbon
cr bond in the complex (Ph3P)2CuCH3 with formation of the
carboxylate complex (Ph3P)2Cu(OOCCH3)CO2 (see also
Section IV) in tetrahydrofuran (THF) at -40° C and atmos-
pheric pressure u 0 . The NMR spectrum of the product
(in pyridine) has a signal corresponding to the methyl of
the acetate group (T = 7.37 p.p.m.) but no signal due to the
methyl group of the initial complex (T = 10.3 p.p.m.)-
When the complex is treated with hydrochloric acid, acetic
acid is produced:

CH3COOG1 (PPhs)2 CH3COOH + CuCl + PPh3 • HC1

On the other hand, treatment with alkyl iodides results in
the formation of the corresponding esters110:

CH.I

CH3COOCU (PPh3)a

CH3COOCH3

The same complex may be obtained when a methyl com-
plex of mercury is treated with acetic acid:

(Ph3P)2CuCH3 + CH3COOH -* CH3COOCu (PPhs)2 + CH4 .

The similarity of the infrared spectrum of the copper
carboxylate complex with the spectrum of sodium acetate
is evidence, according to the authors u o , for the ionic
nature of the bond in the complex. The following assign-
ment of the bands in the spectrum of the copper carboxyl-
ate complex (Ph3P)2Cu(OOCCH3)CO2 has been made (in
terms of wavenumbers, cm"1): i^(C-H) (asymm.) = 2980
(w.); v(C-H)(symm.) = 2920 (w.); M(OCO) (asymm.) =
1640 (s.); KOCO) (symm.) = 1393 (s.); f(CH3)(rocking) =
1020 (w.); i>(C-C) = 925 (w.); f(OCO) (symm.def.) =
622 (w.); bands corresponding to coordinated carbon
dioxide: 2620 (w.); 1600 (v.s.); 1302 (v.s.); 821 (m.);
648 (w.).

When the unstable complex [(PPhs^CofCOjCaHs], formed
when acrolein interacts with the complex (Ph3P)3Co(N2)H,
was treated with CO2, the product103'231 was the carboxyl-
ate complex (PPh3)2Co(OOCC2H5)2, which readily loses
triphenylphosphine when an attempt is made to recrystal-
lise it and is converted into cobalt propionate Co(OOCC2H5)2.
.3H2O.

Carbon dioxide is readily inserted also in a rhodium-
carbon a bond in low-valence rhodium complexes of the
type (Ph3P)3RhR, where R = CH3 or C6H5, which results
in the formation of carboxylate complexes of the type
(Ph3P)3RhOOCPh.232'233 When these complexes aretreated
with inorganic acids, the products are acids, whereas on
treatment with BF3-containing methanol the methyl esters
of the corresponding acids are formed. Similar com-
plexes may be obtained also when the complexes (PhsP)3.
.RhOR or (PhsP)3RhOH are treated with stoichiometric
amounts of acid in the presence of an excess of triphenyl-
phosphine. The infrared spectrum of the benzoate com-
plex contains bands characteristic of transition metal
carboxylate complexes: i>(OCO) (asymm.) = 1608 (s.) and
1570 (s.) cm"1 as well as KOCO) (symm.) = 1360 (v.s.)
cm" . According to X-ray diffraction data

231,233 the
rhodium atom in the benzoate complex (Fig. 7) is coordi-
nated to three P l^P ligands and the benzoate ligand via a
monodentate linkage, which is very rare ly encountered in
transit ion meta l carboxylate complexes. The coordina-
tion of rhodium is close to the square planar form slightly
distorted owing to s t e r i c interactions between the bulky
triphenylphosphine ligands.

On the other hand, many compounds containing stable
transit ion meta l -ca rbon o bonds do not interact with CO2.
Thus benzyl chromium PhCH2Cr i s stable in a 0 0 2 a tmos-
phere 2 3 4 : the a t tempts 6 2 to insert carbon dioxide in a
cobalt-carbon a bond in compounds of the typeRCo(CN)5~,
where R = PhCH2, Me, e tc . , were unsuccessful. How-
ever , the introduction of certain ligands into the reaction
mixture favours such insertion in many instances. Thus
it has been found148 that organic nitrogen-containing bases
catalyse the insertion of 0 0 2 in a z inc-carbon bond. The
increase of the reactivity of diethylzinc in the complexes
withNMM/'- tetramethylenediamine, bipyridyl, and N-
methylimidazole has been explained148 by the increased
nucleophilicity of the e thyl-zinc bond:

Et—Zn—Et • L + COa -. EtCOOZn Et • L .

where L is an organic nitrogen-containing base.
It has been shown235 that in the case of methylcobal-

oxime, in which the cobalt-carbon bond is exceptionally
stable, the presence of thiols, which promote the po lar i -
sation of the transit ion meta l -ca rbon bond, makes possible
the insertion of 0 0 2 in a cobalt-carbon bond with forma-
tion of the carboxylate fragment:

cocoon

H—S-

Thus the interaction of CO2 with complexes containing
a transition metal-carbon crbond is evidently one of the
pathways to the formation of transition metal carboxylate
complexes. The space available in the present review
precludes a detailed consideration of the properties of
these compounds and we shall therefore confine ourselves
merely to literature references to the employment of
carboxylates in catalysis236"248 and the preparation of the
carboxylate complexes of copper249'250, vanadium251"254,
tungsten, molybdenum255'256, rhenium257, iron256'258,
cobalt259, and uranium260, as well as a wide variety of
platinum group metal complexes261"290.

As stated at the beginning of this section, CO2 can be
apparently inserted in a transition metal-carbon bond not
only with formation of carboxylate complexes but also
"anomalously" with formation of metal-carboxylie acid
esters, i.e. compounds containing the M-COOR fragment.
Presumably factors such as a low positive charge on the
metal combined with the electron-donating nature of the
ligands promote this type of anomalous insertion of carbon
dioxide.

Indeed the interaction of cobalt complexes containing
the ethyl-cobalt a bond with CO2 leads to the formation of
the ethyl ester of the metal-carboxy lie acid as well as the
cobalt carboxylate complex (see above)103'231. The pro-
perties of the complex (Ph3P)Co(CO3)nCOOEt (n = 0.5-
1.0) obtained under these conditions are analogous to the
properties of the familiar transition metal complexes
containing the M-COOR group.

On treatment with hydrochloric acid, carbon dioxide is
evolved with formation of the complex L2CoCl2 and ethyl
formate. When the complex is treated with methyl iodide,
ethyl acetate is formed in high yield, while esterification
of the compound withMeOH-BF3, for example, gives rise
to a mixture of methyl and ethyl formates and acetates231.
Analogous results were obtained when the known platinum,
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cobalt, iridium, and rhodium complexes containing the
M-COOR fragment are treated with an esterifying agent
of the type ROH-BF3 (R = CH3 or C2H5). On the other
hand, the interaction of carboxylate complexes of the type
MOOCR with the R'OH-BF;i mixture leads to the formation
ofRCOOR' esters only, while complexes containing the
M-COOR group yield a mixture of HCOOR and R'COOR. 65

The cobalt complex containing the Co~COOEt group,
obtained in solution when the complex (Ph3P)3Co(N2)H is
treated with methyl chlorocarbonate, is readily decar-
bonylated with formation of a cobalt complex containing the
CO and OEt ligands. This is the reverse of the reaction
involving the formation of complexes containing the
M-OOOR fragment when metal carbonyls are treated with
alcohols:

M—CO + OR- j2 M<
/OR

"CO
MCOOR

A fairly large number of transition metal complexes
which are esters of metal-carboxylic acids are already
known (see, for example, Angelici's review291).

Reactions involving the rupture of a carbon-hydrogen
bond in formic derivatives can be of interest for the addi-
tion of formamides or formate esters to unsaturated com-
pounds :

HCOOR + >C=C< HC—C—COOR
I !

Table 9. The addition of ethyl formate in the presence of
transition metal complexes (8 h, HCOOEt : olefin = 1:1).

Catalyst

(Ph3P)3RhCl

(Ph2PH)3RhCl
(Ph3P)2Rh(CO)Cl
(Ph3P)2Ir(CO)Cl
(Ph3P)Rh(CO)2C!

iPh3P)3Os(CO)(H)Cl
(Ph3P)2Rh(CO)Cl
(Ph3P)2Rh(CO)C!
(Ph3P)2Rh(CO)Cl
(Ph3P)2Rh(CO)Cl

Temp.,
°C

140

180
180
180
180
180
180
180
180
180
180

Initial olefin

Cyclohexene

ditto
»
»

H2C = CH2

CH3CH = <"H'>
(CH3)2C = CH2

Hex-1-ene

Reaction product

Ethyl cyclohexane-
carboxylate

Ditto
»
»
»

»
CH,CH2COOEt
CH-,CH2CHoCOOEt
(CH3)2CHCH2COOEt
Ethyl oenanthate

Yield, moles
per mole of

catalyst

5.3

6.0
0.8
1-2
3.3
0.2
O.G
0
3.0
0
7.0

Such a reaction has been achieved61 in the presence of
various transition metal complexes (Table 9). The yield
of the reaction product depends on the nature of the olefin,
temperature, reaction time, and the olefin :formate ester
ratio. In certain cases the dimerisation of olefins was
observed as a side reaction. Rhodium compounds proved
to be the most active, while platinum complexes were
found to be inactive, probably mainly due to the high sta-
bility of the platinum-carbon bond. Presumably the
addition of formate esters to olefins proceeds via a stage
involving the rupture of a C-H bond in the esters and the
formation of esters of metal-carboxylic acids as inter-
mediates:

M + HCOOR

I I
.COOR ?=c,

M / ' !—L.
/COOR

l I
c — c -
I I

M +HC—C—COOR

It is noteworthy that the reaction of cyclohexene with
the complex (Ph3P)Rh(CO)2Cl2COOEt led to the formation of
ethyl cyclohexene carboxylate.

In the synthesis of vinyl ethers from acetylene, alco-
hols, and carbon monoxide in the presence of palladium
salts292'293 the Pd-COOR fragment is formed in solution
when the Pd-OR bond is acted upon by CD with subsequent
transfer of the COOR group to acetylene.

It is evident from the foregoing how large is the set of
reactions associated with the problem of the insertion of
carbon dioxide in a transition metal-carbon bond known
at the present time. For example, the insertion of CS2,

65'
66,294,295 Q r ^ 296 i n a m e t a l - C a r b o n bond, which i s
extremely common in the chemistry of organic derivatives
of transition metals, may be included among reactions of
this type.

VH. CATALYTIC PROCESSES WITH PARTICIPATION OF
CARBON DIOXIDE

The catalytic reactions with participation of CO2 can be
divided into two main groups. The first group includes
processes in which CO2 is the starting material for the
synthesis of various organic compounds, while the second
group includes reactions in which CO2 behaves as a ligand
which modifies the catalyst. Processes involving the
synthesis of formic acid derivatives (esters and amides)
when CO2 is reduced by molecular hydrogen to formate
esters and formamides, which were discussed in Section
IV, may be assigned to the first group of reactions.

Particular consideration should be given to reactions
involving the reduction of CO2 by molecular hydrogen in
the presence of the graphite-PdCl2-sodium heterogeneous
catalyst297. Together with Ci-Gi hydrocarbons, dimethyl
ether is formed in high yield under mild conditions. The
yield of the ether increases greatly in the presence of
methanol or formamaldehyde and also when the catalyst
is subjected to preliminary treatment with carbon monox-
ide. The formation of dimethyl ether has also been
observed in the hydrogenolysis of methyl formate, which
may be formed, according to the authors297, as an inter-
mediate in the reduction of CO2.

A number of workers298"302 showed that certain organo-
metallic compounds may catalyse the formation of poly-
carbonates from OO2 and high-molecular-weight epoxides
via the mechanism

/ R \ / R \
n I HC—CH I— + n CO2 EtgZn/wateĵ  _ [ C H 2 _ C H _ 0 _ C _ 0 I _

\ \ / / \ II /

Optically active polymers have been obtained by this pro-
cedure .

It has been shown recently303 that the carboxylation of
epoxides is catalysed by zerovalent nickel complexes.
The author303 points out the possible existence in the
system of compounds of the following type:

L.N
/C

L
n

N i < I
NK

I

°

,CH2

\c/

Despite the fact that the study of the modifying effect
of CO2 on organometallic catalysts based on a transition
metal is only just beginning, it is already seen that this
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field is fairly promising from the standpoint of the syn-
thesis of selective and specific catalysts. In this con-
nection one should note that the use of OO2 as the cocata-
lyst for the modification of the catalytic system is fairly
common in the chemistry of organometallic compounds
based on transition metals62.

The influence of CO2 on the catalytic properties of
nickel, platinum, and palladium catalysts in the dimerisa-
tion of butadiene has been reported304. Whereas in the
absence of a catalyst butadiene dimerises slowly to 4-
vinyl-1-cyclohexene and CO2 has no effect on this process,
in the presence of the phosphine complex of platinum
(Ph3P)4Pt in an atmosphere of argon the yield of 4-vinyl-
1-cyclohexene increases to 90-97%; a small amount of
octa-l,3,7-triene is formed as a side product. When
argon is replaced by CO2, only £rows-octa-l,3,7-triene is
formed in the reaction. Similar results were obtained in
the presence of the complexes (PhbP^Pd, (Ph3P)4Ni, and

304p , ,
[(PhO)3P]4Ni. The authors304 do not discuss the mecha-
nism of the action of carbon dioxide but suggest that
unstable CO2 complexes are formed during the reaction.
The attempts to isolate such complexes were unsuccess-
ful.

It may also be that the catalysts are involved in this
reaction as carbonate complexes (see Section IV). At any
rate, according to the results of the same workers305,
octa-l,3,7-triene is formed from butadiene in the presence
of a platinum carbonate complex.

It has been observed306 that CO2 has a significant
influence on the formation of octadienols from butadiene
and water in the presence of palladium catalysts. The
interaction of butadiene and water in the presence of the
Pd(acac)2-triphenylphosphine system (acac = acetylace-
tonate) in argon leads to the formation of octatriene as the
main reaction product. However, in the presence of
carbon dioxide octadienols are the main reaction products
and the yield of octatriene is insignificant. It is note-
worthy that small amounts of carbon dioxide are sufficient
for the formation of octadienols:

% + H2O (+CO3) —

HO
+ • \ /—

- \ /=

, -(- octadienyl ethers.

OH

It is seen from the present review that the chemistry
of carbon dioxide in systems involving transition metals
is being as it were reborn. The data for the formation of
complexes of carbon dioxide with transition metal com-
pounds and the studies on the insertion of carbon dioxide
in metal-hydrogen and metal-carbon bonds, considered in
this review, demonstrate the extensive scope of the appli-
cations of these reactions in various chemical processes.
Particular mention should be made of the reactions in
which carbon dioxide is involved in catalytic processes,
on the one hand, as the starting material for the synthesis
of various organic compounds and, on the other, as a
ligand modifying known catalysts.

REFERENCES

1. G. Herzberg, "Molecular Spectra and Molecular
Structures", Vol. 2, "Infrared and Raman Spectra of
Polyatomic Molecules" (Translated into Russian),
Izd.Mir, Moscow, 1969.

2. I.L.Karle and J.Karle, J. Chem.Phys., 17, 1057
(1949).

3. R.S.Mulliken, J. Chem. Phys., 3, 720(1935).
4. R.S.Mulliken, Rev.Mod. Phys., 14, 204 (1942).
5. J.F.Malligan, J. Chem. Phys., 19, 1347 (1951).
6. L.H.Long and A.D.Walsh, Trans. Faraday Soc,

43, 1342 (1947).
7. W.Moffit, Proc.Roy.Soc, A, 196, 524 (1949).
8. C.T.Zahn, Phys.Rev., 27, 455 (1926).
9. H.H.Uhlig, I.S.Kirkwood, and F.I.Keyes, J. Chem.

Phys., 1, 155 (1933).
10. K.Siegbahn, Nova A eta Regie Soc. Sci. Uppsala, ser.

IV, 20, 1 (1967).
11. J.W.Rabalais, J.M.McDonald, V.Sherr, and

S.P.McGlynn, Chem.Rev., 71, 73 (1971).
12. J.M.McDonald, J.W.Rabalais, and S. P.McGlynn,

J. Chem.Phys., 52, 1332 (1970).
13. C.R.Brundle and D.W.Turner, Int. J.M ass Spectrorr

Ion. Phys., 2, 195 (1969).
14. D.W.Turner and D.P.May, J. Chem.Phys., 46,

1156 (1967).
15. M.I.Al-Joboury, D.P.May, and D.W.Turner, J.

Chem.Soc, 6350 (1965).
16. R.E.Honig, J. Chem. Phys., 16, 105 (1948).
17. J.Collin, Bull. Classe Sci. Acad. roy.Belg., 45, 734

(1959).
18. J.M.Sichel andM.A. Whitehead, Theor. Chem. Acta,

11, 239 (1968).
19. H. F.Hennecke and R.S.Drago, J.Amer. Chem.Soc.,

90, 5112 (1968).
20. P.M.Johnson and A. C.Albrecht, J. Chem.Phys.,

44, 1845 (1966).
21. N.S.Buchel'nikova, Uspekhi Fiz.Nauk, 65, 351

(1958).
22. V.M.Berdnikov, Zhur. Fiz.Khim., 49, 2988 (1975)

[Russ.J.Phys. Chem., No. 11 (1975)].
23. F.M. Field and J. L. Franklin, "Electron Impact

Phenomena and the Properties of Gaseous Ions",
Acad. Press, New York, 1957.

24. K.Watanabe, J. Chem. Phys., 26, 542(1957).
25. S.Mrozowski, Phys.Rev., 60 (1941).
26. S.Mrozowski, Rev.Modern Phys., 14, 216 (1942).
27. S.Mrozowski, Phys.Rev., 62, 270(1942).
28. S.Mrozowski, Phys.Rev., 72, 691 (1947).
29. R.S.Mulliken, Phys.Rev., 40, 60 (1932).
30. J.H.Callomon, Proc.Roy.Soc, A, 244, 220

(1958).
31. T. E.Sharp and H.M.Rosenstock, J. Chem. Phys.,

41, 3453 (1964).
32. V.A.Koryazhkin, Dokl. Akad.Nauk SSSR, 167, 1035

(1966).
33. A.S.Newton and A. F.Sciamanna, J. Chem.Phys.,

40, 718 (1964).
34. D.W.Ovenall and D.H.Whiffen, Mol.Phys., 4, 135

(1961).
35. J.R.Morton, Chem.Rev., 64, 453 (1964).
36. K.O.Harmian and I. C.Hisatsune, J. Chem.Phys.,

44, 1913 (1966).
37. W. H.Zachariasen, J.Amer. Chem.Soc, 62, 1011 -

(1940).
38. R.S.Mulliken, Canad. J. Chem., 36, 10(1936).
39. A.D.Walsh, J. Chem.Soc, 2266 (1953).
40. I. C. Hisatsune, T.Adi, E.C. Beahm, and

R.J.Kemp, J.Phys. Chem., 74, 3225 (1970).
41. J.A.Brivati, N.Keen, M. C.R.Symons, and

P.A.Trevalian, P roc Chem.Soc, 66 (1961).
42. P.C.Mathur and O.P.Bansal, J.Indian Chem.Soc.,

42, 863 (1968).
43. A. J.Kalb and T.L.Allen, J.Amer. Chem.Soc, 86,

5107 (1964).



Russian Chemical Reviews, 47 (4), 1978 349

44. A. Bewick and G. P.Greener, Tetrahedron Letters,
53, 4623 (1969).

45. S.Meshitsuka, M.Ichikawa, and K. Tarn am, Chem.
Comm., 158 (1974).

46. J.H.Lunsford and J. P. Jayne, J.Phys. Chem., 69,
2182 (1965).

47. L.Paoloni, Gazzetta, 93, 1605 (1963).
48. F. A. Henlein and H.Sontheimer, Z. an or g. Chem.,

267, 181 (1952).
49. R.M.Miller, H.V.Knorr, H.J.Fichel, C.M.Mayer,

and H. A.Tanner, J.Org. Chem., 27, 2646 (1962).
50. V. A.Tushnalobova, V.A.Smirnov, andV.D.Sem-

chenko, Zhur.Prikl.Khim., 41, 275 (1968).
51. V.A.Smirnov, V.D. Semchenko, D. P.Semchenko,

and L.I.Andropov, Zhur.Prikl.Khim., 40, 2345
(1967).

52. C.H.Bamford and V.J.Robinson, Polymer, 7, 573
(1966).

53. N.Getoff, G.Scholes, and J.Weiss, Tetrahedron
Letters, 18, 17 (1960).

54. J.T.Allan, N.Getoff, H.D.Lehmann, K.E.Nixon,
G.Scholes, andM.Simic, J.Inorg.Nuclear Chem.,
19, 204 (1961).

55. N.Getoff, Nature, 211, 408 (1966).
56. M. Z. Hoffman and M.Simic, Inorg. Chem., 12,

2471 (1973).
57. G.Just, Z.Phys.Chem., 37, 342(1901).
58. R.R.Hitch, S.K.Gondal, and C.T.Sears, Chem.

Comm., 15, 777 (1971).
59. B.Clarke, M.Green, R.B.Osborn, and

F.G.A.Stone, J. Chem.Soc. (A), 167(1968).
60. M.E.Vol'pin, Pure Appl. Chem., 30, 607 (1972).
61. M. E. Vol'pin and I. S. Kolomnikov, Pure Appl.

Chem., 33, 567 (1973).
62. M.E.Vol'pin and I.S.Kolomnikov, Organometallic

Reactions, 5, 313 (1975).
63. I.S.Kolomnikov, T.S.Belopotapova, and

M.E.Vol'pin, "Proceedings oftheHIrd Conference
on Coordination Chemistry, Bratislava, Czecho-
slovakia, December, 1971".

64. I.S.Kolomnikov, T.S.Lobeeva, and M. E. Vol'pin,
"n Vsesoyuznaya Konferentsiya po Kataliticheskim
Reaktsiyam v Zhidkoi Faze, Tezisy" (The Ilnd
All-Union Conference on Catalytic Liquid-Phase
Reactions. Abstracts), Alma-Ata, 1970.

65. T.S.Belopotapova, Candidate's Thesis, Institute of
Organoelemental Compounds, USSR Academy of
Sciences, Moscow, 1973.

66. I.S.Butler and A.E. Fens'ter, J.Organometal.
Chem., 66, 161 (1974).

67. M.E.Vol'pin, I.S.Kolomnikov, and T.S.Belopota-
pova, Izv.Akad.NaukSSSR, Otd.Khim.Nauk, 2084
(1969).

68. Y.Iwashita and A.Hayata, J.Amer. Chem.Soc,
91, 2525 (1969).

69. I.S.Kolomnikov, T.S.Belopotapova, T.V.Lysyak,
and M.E.Vol'pin, J.Organometal. Chem., 67, C25
(1974).

70. I.S.Kolomnikov, T.S.Belopotapova, and
M. E. Vol'pin, "Proceedings of the XVth Interna-
tional Conference on Coordination Chemistry",
Moscow, 1973, Vol.2, p. 589.

71. J .B.Peri , J.Phys. Chem., 70, 3168(1966).
72. J.H.Taylor, W.S.Benedict, and J.Strong, J.Chem.

Phys., 20, 1884 (1952).
73. W.E.Osberg and D. F.Hornig, J. Chem. Phys., 20,

1345 (1952).

74. M.E. Jacox and D.E.Milligan, Spectrochim. Acta,
17, 1196 (1961).

75. L.H.Jones and M.McLaren, J. Chem. Phys., 28,
995 (1958).

76. A.H.Nielsen and R.T. Lagemann, J. Chem. Phys.,
22, 36 (1954).

77. M.Baird, G.Hartwell, R.Mason, A.I.Rae, and
G.Wilkinson, Chem. Comm., 92 (1967).

78. R.Mason and A.I.Rae, J. Chem.Soc, A, 1767
(1970).

79. T.Kashivagi, N.Yasouka, T.Ueki, N.Kasai,
M.Kakudo, S.Takehashi, and N.Hagihara, Bull.
Chem.Soc. Japan, 41, 296 (1968).

80. R.Ben-Shoshan and R.Petit, J.Amer. Chem.Soc,
89, 2231 (1967).

81. T.G.Hewitt and J.J.De Boer, J. Chem.Soc. (A),
817 (1971).

82. P.Racanelli, G.Pantiti, A.Immizzi, and G. Allegra,
J. Chem.Soc, D, 361 (1969).

83. S.Otsuka, A.Nakamura, andK.Tani, J.Organo-
metal. Chem., 14, 30(1968).

84. D.J.Jates, J.Phys. Chem., 65, 746(1961).
85. S.Matsushita and T.Nakata, J. Chem. Phys., 32,

982 (1960).
86. S.Matsushita and T.Nakata, J. Chem. Phys., 36,

665 (1962).
87. H.Taylor and C.H.Amberg, Canad. J. Chem., 39,

535 (1961).
88. R. P. Eishens and W. A. Pliskin, Adv. Catalysis,

9, 662 (1957).
89. M. Courtois and S. J.Teichner, J. Catalysis, 1, 121

(1962).
90. O.V.Krylov, Z.A.Markova, I.I.Tret'yakov, and

E.A.Fokina, Kinetika i Kataliz, 6, 107 (1965).
91. J.V.Evans and T.L. Whateley, Trans. Faraday Soc,

63, 2769 (1967).
92. W.I.Stuart and T.L. Whateley, Trans. Faraday Soc,

61, 2763 (1965).
93. N.D.Parkyns, J. Chem.Soc. (A), 410(1969).
94. L.H. Little and C.H.Amberg, Canad. J. Chem., 40,

1997 (1962).
95. J. W. Ward and H.W.Habgood, J. Phys. Chem., 70,

1178 (1966).
96. L.Angell, J. Chem. Phys., 41, 2420 (1969).
97. L.BertshandH.V.Habgood, J. Phys. Chem., 67,

1621 (1963).
98. Y.Kosirovski and M. Folman, Trans. Faraday Soc,

62, 1431 (1966).
99. A.Zecchina, C.Morterra, G.Ghiotti, and E.Borello,

J.Phys. Chem., 73, 1293 (1969).
100. V.T.Kalinnikov, G.M.Larin, V.M.Novotortsev,

T.S.Belopotapova, T.V.Lysyak, and I.S.Kolomni-
kov, Dokl.Akad.NaukSSSR, 217, 1347 (1975).

101. S.Komija and A. Yamomoto, J.Organometal. Chem.,
46, C58 (1973).

102. A.Simon, G.Speier, and L.Marko, "Proceedings
of the Xinth International Conference on Coordina-
tion Chemistry, Cracow-Zakopane, Poland, 1970",
Vol.1, p. 154.

103. I.S.Kolomnikov, G.Stempowska, S.Tyrlik, and
M.E.Vol'pin, Zhur.Obshch. Khim., 42, 1652(1974).

104. P.W.Jolly, K.Jonas, C.Kruger, andY.H.Tsay,
J.Organometal. Chem., 33, 109(1971).

105. C. J.Nyman, C.E.Wymore, and G.Wilkinson,
Chem. Comm., 407 (1967).

106. C. J.Nyman, C.E.Wymore, and G.Wilkinson,
J.Chem. Soc (A), 561 (1968).



350 Russian Chemical Reviews, 47 (4), 1978

107. P. J. Hay ward, D.M.Blake, G.Wilkinson, and 142.
C.J.Nyman, J.Amer. Chem.Soc., 92, 5873 (1970). 143.

108. M. C.Baird and G.Wilkinson, J. Chem.Soc. (A), 865
(1967). 144.

109. R.Mason and A.I.M.Rae, J. Chem.Soc. (A), 1767
(1970). 145.

110. A.Miyashita and A. Yamamoto, J.Organometal.
Chem., 49, 157 (1973). 146.

111. J.Vlckova and J.Barton, Chem.Comm., 306(1973).
112. M.M.Savel'ev, I.S.Kolomnikov, M.E.Vol'pin, and 147.

S.V.Vitt, Izv.Akad.NaukSSSR, Otd.Khim.Nauk, 148.
486 (1975).

113. C.D.M.Beverwik and C.J.M.Van der Kerk, J. 149.
Organometal.Chem., 49, C59 (1973).

114. I.S.Kolomnikov, V.P.Kukolev, V.A.Mosin, and 150.
M.E.Vol'pin, Izv.Akad.NaukSSSR, Otd.Khim.
Nauk, 946 (1973). 151.

115. M.E.Vol'pin, I.S.Lobeeva, and I.S.Kolomnikov,
Izv.Akad.NaukSSSR, Otd.Khim.Nauk, 211 (1972). 152.

116. I.S.Kolomnikov, V.P.Kukolev, and M.E.Vol'pin,
Uspekhi Khim., 44, 903 (1975) [Russ. Chem. Rev., 153.
No. 5 (1975)].

117. E.N.Yurtshenko, "Symposium on Hydroformylation 154.
and Related Reactions, May 31, Veszprem,
Hungary, 1972", p.84. 155.

118. K.Laing and W.Roper, J. Chem.Soc. (A), 1889
(1969). 156.

119. J .P . Candlin and J.Halpern, J.Amer. Chem.Soc,
85, 2518 (1963). 157.

120. H.Taube, J. Amer. Chem. Soc, 69, 1418(1947).
121. H.Taube, J. Amer. Chem.Soc, 70, 1216, 3928 158.

(1948).
122. H.F.Launer, J.Amer. Chem.Soc, 54, 2597(1932). 159.
123. F.R.Duke, J. Amer. Chem.Soc, 69, 2885 (1947).
124. R.M.Moyes, Trans.N. Y. Acad.Sci., 13, 314 (1951).
125. E.Abel, Monatsh. Chem., 83, 695 (1952). 160.
126. J.W.Ladbury and C. F. Cullis, Chem.Rev., 58,

403 (1958).
127. S.J.Adler and R.M.Noyes, J.Amer. Chem.Soc, 161.

77, 2036 (1955).
128. T.L.Allen, J.Amer. Chem.Soc, 73, 3589 (1951). 162.
129. E.Ben-Zvi and T.L.Allen, J.Amer. Chem.Soc.,

83, 4352 (1961). 163.
130. A. J.Kalb and T.L.Allen, J. Amer. Chem.Soc, 86,

5107 (1964). 164.
131. E.A.Hausman and T.W.Davis, J.Amer. Chem.Soc,

76, 5341 (1954). 165.
132. D.H.Volman and J.R. Seed, J. Amer. Chem. Soc,

86, 5095 (1964). 166.
133. J.E.Bercaw, Lai-YoongGoh, and J.Halpern,

J.Amer. Chem.Soc, 94, 6534 (1972). 167.
134. J. H. Bayston and M. E. Winfield, J. Catalysis,

9, 217 (1967).
135. L.P. Lee and G.N.Schrauzer, J.Amer. Chem.Soc, 168.

90, 5274 (1968).
136. G.N.Schrauzer and L.P. Lee, Arch. Biochem.

Biophys., 138, 16 (1970). 169.
137. W. Friedrich, Z.Naturforsch., 25b, 1431 (1970).
138. G. Costa, G.Mestroni, G.Pellizer, G.Tauzkher, 170.

and T. Likari, Inorg. Nuclear Chem. Letters, 5,
515 (1969). 171.

139. K.Nakamoto, "infrared Spectra of Inorganic Mole-
cules" (Translated into Russian), Izd.Mir, Moscow, 172.
1966.

140. F. Cariati, R.Mason, C.B.Robertson, and R.Ugo, 173.
Chem.Comm., 408 (1967). 174.

141. R.Ugo, F.Conti, andS.Cenini, Chem.Comm., 1498
(1968). 175.

J.Chatt, Chem.Comm., 1033(1974).
K.R.Laing and W.R.Roper, Chem.Comm., 1568
(1968).
A.Stanko, G.Petrov, and C.K.Thomas, Chem.
Comm., 1100 (1969).
D.M.Blake and R.Mersecchi, Chem.Comm., 1045
(1971).
B.R. Flynn and L.Vaska, J.Amer. Chem.Soc, 95,
5081 (1973).
B.R. Flynn and L.Vaska, Chem.Comm., 703(1974).
S.Inoue and Y. Yokoo, J.Organometal. Chem., 39,
11 (1972).
M.E.Riepe and J.H.Wang, J.Amer. Chem.Soc, 89,
4229 (1967).
M.E.Riepe and J.H.Wang, J.Biol. Chem., 243,
2779 (1968).
J.Peisach (Editor), "Biochemistry of Copper",
Acad.Press, New York, 1966.
A.Palazzi, L.Busetto, andM.Graziani, J.
Organometal.Chem., 30, 273 (1971).
A.Misono, G.Ushida, M.Hidai, andT.Kuse, Chem.
Comm., 981 (1968).
Lyong Sun Pu, A. Yamamoto, andS.Ikeda, J.
Amer. Chem.Soc, 90, 3896(1968).
A. Yamamoto, S.Kitazume, Lyong Sun Pu, and
S.Ikeda, J.Amer. Chem.Soc, 93, 371 (1971).
V.D.Bianco, S.Doronzo, and M.Rossi, J.Organo-
metal. Chem., 35, 337 (1972).
I.S.Kolomnikov and T.S.Lebeeva, Zhur.Obshch.
Khim., 42, 2232 (1974).
H.H.Brintzinger and T.E.Bercaw, J.Amer. Chem.
Soc, 92, 6182 (1970).
I.S.Kolomnikov, A.I.Gusev, G. C. Aleksandrov,
T.S.Lobeeva, Yu.T.Struchkov, and M.E.Vol'pin,
J.Organometal. Chem., 59, 349(1973).
I.S.Kolomnikov, T.S.Belopotapova, and
M.E.Vol'pin, Zhur.Obshch.Khim., 45, 1993
(1975).
G.R. Crooks, B.F.Johnston, J.Lewis, and
T.G.Williams, J. Chem.Soc. (A), 2761 (1969).
A.I.Gusev, G.G. Aleksandrov, and Yu.T.Struchkov,
Zhur.Strukt.Khim., 14, 39 (1973).
A. C.Scapski and F.A.Stephens, Chem. Comm.,
1008 (1969).
A.E.Kalinin, A.I.Gusev, and Yu.T.Struchkov,
Zhur.Strukt.Khim., 14, 859 (1973).
P.Svoboda, T.S.Belopotapova, and J.Hetflejs, J.
Organometal.Chem., 65, C37 (1974).
P.Haynes, L.H.Slaugh, and J. F.Kohnie, Tetra-
hedron Letters, 5365 (1970).
I.S.Kolomnikov, T.S.Belopotapova, and
M.E.Vol'pin, Izv.Akad.NaukSSSR, Otd.Khim.
Nauk, 2650 (1970).
I.S.Kolomnikov, T.S.Belopotapova, and
M.E.Vol'pin, Izv.Akad.NaukSSSR, Otd.Khim.
Nauk, 2329 (1972).
C.E.H.Bawn and A. White, J. Chem.Soc, 339
(1951).
A.R.Topham and A. G. White, J. Chem.Soc, 105
(1952).
H.N.Halvorson and J.Halpern, J.Amer. Chem.Soc,
78, 5562 (1956).
J.Halpern and S.M.Taylor, Discuss Faraday Soc,
29, 174 (1960).
J. Chatt and B. L.Shaw, J. Chem.Soc, 5075 (1962).
J.Halpern and A. L.W.Kemp, J.Amer. Chem.Soc,
88, 5147 (1966).
A.Aguilo, J Catalysis, 1.3, 283 (1969).



Russian Chemical Reviews, 47 (4), 1978 351

176. L.Marangoni, A.Andreetta, G.F.Ferrari , and
G.F. Pregaglia, Chimica e Industria, 862(1970).

177. US P. 3409409 (1969); Chem.Abs., 70, P67840n
(1970).

178. D.Forster and G.R. Beck, Chem. Comm., 1072
(1971).

179. Y. Hohokabe and N. Yamazaki, Bull. Chem. Soc.
Japan, 44, 2145 (1971).

180. M.Thompson and J. C.Sullivan, Inorg. Chem., 11,
1707 (1972).

181. E.N. Yurchenko, Kinetika iKataliz, 14,515
(1973).

182. R.J. Cross, Inorg. Chim. Acta, 3, 75 (1969).
183. M.A.Beg and F.Achmad, J.Indian Chem.Soc, 946

(1967).
184. R.S.Coffey, Chem.Comm., 923(1967).
185. R.S.Coffey, B.P.I 222 216 (1971); Chem.Abs.,

75, P5255 (1971).
186. I.S.Kolomnikov, V.P.Kukolev, V.O. Chernyshev,

and M.E. Vol'pin, Tetrahedron Letters, 46, 4435
(1971).

187. I.S.Kolomnikov, V.P.Kukolev, V.O. Chernyshev,
and M.E. Vol'pin, Izv. Akad.Nauk SSSR, Otd.Khim.
Nauk, 693 (1972).

188. I.S.Kolomnikov, V.P.Kukolev, V.A.Mosin,
Yu.D.Koreshkov. and M. E. Vol'pin. Izv.Akad.
Nauk SSSR, Otd.Khim.Nauk, 175 (1973).

189. V.P.Kukolev, Candidate's Thesis, Institute of
Organoelemental Compounds, USSR Academy of
Sciences, Moscow, 1974.

190. J.Blum, Y.Sasson, andS.Iflah, Tetrahedron
Letters, 11, 1015 (1972).

191. I.S.Kolomnikov, V.P.Kukolev, Yu.D.Koreshkov,
V.A.Mosin, and M.E. Vol'pin, Izv. Akad.Nauk
SSSR, Otd.Khim.Nauk, 2371 (1972).

192. F.Marx, J.Org. Chem., 36, 12, 1725 (1971).
193. P.Roffia, G. F. Pregaglia, andR.Ugo, J.Organo-

metal. Chem., 55, 405 (1973).
194. I.S.Kolomnikov, V.P.Kukolev, and M.E. Vol'pin,

Uspekhi Khim., 5, 903 (1975) [Russ. Chem. Rev.,
No. 5 (1975)].

195. G.R. Crooks, B. F.G.Johnson, J.Lewis,
I.G.Williams, and G.Gamlen, J. Chem.Soc. (A),
2761 (1969).

196. K.R.Laing and W.R. Roper, J. Chem. Soc. (A),
2149 (1970).

197. B. F.G.Johnson, R.D.Johnson, J.Lewis, and
I.G.Williams, J. Chem.Soc. (A), 689(1971).

198. T.Stephenson and G.Wilkinson, J.Inorg.Nuclear
Chem., 28, 945 (1966).

199. S.A.Smith, D.M.Blake, andM.Kubota, Inorg.
Chem., 11, 660 (1972).

200. V.T.Kalinnikov, A.A.Pasynskii, G.M.Larin,
V.M.Novotorisev, Yu.T.Struchkov, A.I.Gusev,
and N.I. Kirillova, J.Organometal. Chem., 74,
91 (1974).

201. N.I. Kirillova, A.I.Gusev, A. A. Pasynskii, and
Yu.T.Struchkov, Zhur.Strukt.Khim., 14, 1075
(1973).

202. I.S.Kolomnikov, V.P.Kukolev, Yu.D.Koreshkov,
V.A.Mosin, and M. E. Vol'pin, Izv. Akad. Nauk
SSSR, Otd.Khim. Nauk., 2371 (1972).

203. A. J.Deeming and B.L.Shaw, J. Chem.Soc. (A),
443 (1969).

204. T.G. Appleton and M. A.Bennet, J.Organometal.
Chem., 55, C89 (1973).

205. J.Halpern and A. C. Harkness, J. Amer. Chem.
Soc, 83, 1258 (1961).

206. J.Halpern and S.Nakamura, J.Amer. Chem.Soc,
83, 4102 (1961).

207. B.R.James and G.L.Rempel, Chem.Comm., 158
(1967).

208. B.R.James and G. L.Rempel, J. Chem.Soc. (A),
78 (1969).

209. J.Powell and B.L.Shaw, J. Chem.Soc. (A), 583
(1968).

210. G.Gregorio, G. Pregaglia, andR.Ugo, Inorg.
Chim.Acta, 3, 89 (1969).

211. K.I.Matveev, L.N.Rachkovskaya, andN.K.Ere-
mina, Izv. Sibir.Otd. Akad.Nauk SSSR, Ser. Khim.,
81 (1968).

212. A.B.Fasman, V. A.Golodov, and D. V. Sokolskii,
Dokl. Akad. Nauk SSSR, 155, 434 (1964).

213. H.C.Clark, K.R.Dixon, and W.J.Jacobs, J.Amer.
Chem.Soc, 91, 1346 (1969).

214. D.M.Barlex and R.D. W.Kemmitt, J. Chem.Soc.
(D), 1436 (1972).

215. H. Felkin and R. J.Knowles, J.Organometal. Chem.,
37, C14 (1972).

216. C. Floriani and G. Fachinetti, Chem. Comm., 615
(1974).

217. I.S.Kolomnikov, M.B.Erman, V.P.Kukolev, and
M.E.Vol'pin, Kinetika iKataliz, 13, 252 (1972).

218. U. Zucchini, E.Albizzati, and U.Giannini, J.Organo-
metal. Chem., 26, 357(1971).

219. A.N.Nesmeyanov, O.V.Nogina, A.M.Berlin,
A.S.Girstsovich, andG.V.Shatalov, Izv.Akad.
Nauk SSSR, Otd.Khim.Nauk, 2146 (1961).

220. G. A.Razuvaev, V.I. Latyaeva, and L. I. Vyshinskaya,
Dokl. Akad.Nauk SSSR, 138, 1126(1961).

221. G.G.Dvoryantseva, Yu.N.Sheinker, A.N.Nesmeya-
nov, O.V.Nogina, N. A. Lazareva, andV.A.Dubo-
vitskaya, Dokl. Akad.Nauk SSSR, 161, 603 (1965).

222. I.S.Kolomnikov, T.S.Lobeeva, V.V.Gorbachev-
skaya, G.G.Aleksandrov, Yu.T.Struchkov, and
M.E.Vol'pin, Chem.Comm., 972(1971).

223. G.G. Aleksandrov and Yu.T.Struchkov, Zhur.
Strukt.Khim., 12, 667 (1971).

224. CD. Cook and G.S. Jauhal, J.Amer. Chem.Soc,
90, 1465 (1968).

225. T.L.Gilchrist, F.J.Graveling, and C.Rees,
Chem. Comm., 821 (1968).

226. I. I.Vyshinskii, T.I. Ermolaeva, V.N. Latyaeva,
A. N.Lineva, and N. E. Lukhton, Dokl. Akad. Nauk
SSSR, 198, 1081 (1971).

227. A. F.Reid and P. C.Wailes, Austral. J. Chem., 18,
9 (1965).

228. J.Dvorak, R.J.O'Brien, and W.Santo, Chem.
Comm., 411 (1970).

229. U.Masai, H.Sonogashira, and N.Nagihara, Bull.
Chem.Soc.Japan, 41, 750(1968).

230. I.S.Kolomnikov, T.S.Lobeeva, L.Pulova, and
M.E. Vol'pin, Izv. Akad.Nauk SSSR, Otd.Khim.
Nauk, 1379 (1973).

231. I.S.Kolomnikov, G.Stempowska, S.Tyrlik, and
M.E. Vol'pin, Zhur. Obshch. Khim., 42, 1652 (1972).

232. I.S.Kolomnikov, A.I.Gusev, T.S.Belopotapova,
M. C.Grigorijan, T.V.Lysyak, Yu.T.Struchkov,
and M.E. Vol'pin, J.Organometal. Chem., 69, C10
(1974).

233. A.I.Gusev and Yu.T.Struchkov, Zhur.Strukt.Khim.
15, 282 (1974).

234. F. A. L.Anet and E.Leblanc, J. Amer. Chem.Soc,
79, 2649 (1957).

235. G.N..Schrauzer and J.W.Sibert, J.Amer.Chem.
Soc, 92, 3510 (1970).



Chem.Abs., 72, 2995

Chem.Abs., 72, 3126

352

236. D.Rose, J.D.Gilbert, R.P.Richardson, and
G.Wilkinson, J. Chem.Soc. (A), 2610(1969).

237. P.Legzdins, R.W.Mitchell, G.L.Rempel,
J.D.Ruddick, and G.Wilkinson, J. Chem.Soc. (A),
3322 (1970).

238. R.W.Mitchell, J.D.Ruddick, and G.Wilkinson,
J. Chem.Soc. (A), 3224(1971).

239. M.J.Lawrenson and G.Foster, BRD P. 1806 293
(1968); Chem.Abs., 74, 70109(1969).

240. J.J.Byerley, G.L.Rempel, N.Takebe, and
B.R.James, Chem. Comm., 1482(1971).

241. French P. 1549 414 (1968);
(1970).

242. French P. 1588 222 (1969);
(1970).

243. French P. 1573 158 (1969); Chem.Abs., 72, 100035
(1970).

244. N. A. Clinton and J.K.Kochi, J.Organometal. Chem.,
42, 229 (1972).

245. M.Calvin, J.Amer. Chem.Soc, 61, 2230(1939).
246. R.W.Mitchell, A.Spencer, and G.Wilkinson, J.

Chem.Soc, Dalton Trans. 846 (1973).
247. A. Cairncross, J.R.Rolands, R.M.Henderson, and

W. A.Sheppard, J.Amer. Chem.Soc, 92, 3187
(1970).

248. M.B.Dines, Inorg. Chem., 11, 2949 (1972).
249. B.Hammond, F.H.Jardin, and A.G.Vohra, J.

Inorg.Nuclear Chem., 33, 117 (1971).
250. T.Tsuda, K.Ueda, and T.Saegusa, Chem. Comm.,

380 (1974).
251. G.G. Aleksandrov and Yu.T.Struchkov, Zhur.Strukt.

Khim., 11, 479 (1970).
252. G.M.Larin, V.T.Kalinnikov, G.G.Aleksandrov,

Yu.T.Struchkov, A.A.Pasynski, and N.E.Kolobova,
J.Organometal. Chem., 27, 53(1971).

253. N.I.Kirillova, A.I.Gusev, A.A.Pasynskii, and
Yu.T.Struchkov, Zhur.Strukt.Khim., 13, 880
(1972).

254. G.R.Clark, J.M. Waters, and K.R. Whittle, J.
Chem.Soc, Dalton Trans., 2556 (1975).

255. M.L.H.Green, L. C.Mitchard, and W.E.Silverthorn,
J. Chem.Soc, Dalton Trans., 1403 (1973).

256. A.Davison, W.McFarlane, L.Pratt, and
G.Wilkinson, J. Chem.Soc, 3653 (1962).

257. E.Linder and R.Grimmer, J.Organometal. Chem.,
31, 249 (1971).

258. W.E.Williams and F.I.Labor, J. Chem.Soc,
DaltonTrans., 1329(1973).

259. C.Panattoni and R.Graziani, Inorg. Chem., 8, 320
(1969).

260. S.Komija and A. Yamamoto, Chem. Comm., 523
(1947).

261. S. Alessandrini, I. Collamati, and C.Ercolani, J.
Chem.Soc, DaltonTrans., 2409 (1974).

262. J.Powell, J.Amer. Chem.Soc, 91, 4311
(1969).

263. D. F.Steele and T. A.Stephenson, J. Chem.Soc,
DaltonTrans., 2161 (1972).

264. J.Powell and T.Jack, Inorg. Chem., 11, 1039
(1972).

265. C.B.Anderson and B.J.Burreson, J.Organometal.
Chem., 7, 181 (1967).

266. S.J.Betts, A.Harris, R.N.Haszeldine, and
R.V.Parish, J. Chem.Soc, A, 3699 (1971).

267. R.N.Haszeldine, R.J.Lunt, and R.V.Parish,
J. Chem.Soc, A, 3696 (1971).

268. H.Singer and G.Wilkinson, J. Chem.Soc, A, 2516
(1968).

Russian Chemical Reviews, 47 (4), 1978

269. D.M.Roundhill, P. P.Tripathy, and B.W.Renoe,
Inorg. Chem., 10, 727 (1971).

270. K.Thomas, J.T.Dimler, B.W.Renoe, C.J.Nyman,
and D.M.Roundhill, Inorg. Chem., 11, 1795 (1972).

271. J .P . Collman and W.R.Roper, J. Amer. Chem.Soc,
87, 4008 (1965).

272. D.N.Lawson and G.Wilkinson, J. Chem.Soc, 1900
(1968).

273. D.M.Barlex, R.D. W.Kemmitt, and G.W. Littlescott,
Chem. Comm., 613 (1969).

274. B.E.Mann, B.L.Shaw, and N.I.Tucker, J. Chem.
Soc.(A), 2667 (1971).

275. N.N.S.Hill, B. F.G.Johnson, and J.Lewis, J.
Chem.Soc. (A), 2341 (1971).

276. L. Yu.Ukhin and Yu. A.Shvetsov, Izv. Akad.Nauk
SSSR, Otd. Khim. Nauk, 1653 (1972).

277. G.Runschias and G.Wilkinson, J. Chem.Soc. (A),
465 (1966).

278. F. A. Cotton and B.M. Foxman, Inorg. Chem., 7,
1784 (1968).

279. R.Mathur, Chem. Comm., 11 (1974).
280. R.B.Wood and W. C.E.Higginson, Proc Chem.Soc,

109 (1964).
281. A. Fraser, J.Amer. Chem.Soc, 85, 747 (1963).
282. G.Sontos, B.Heil, and L.Marko, J.Organometal.

Chem., 372, 183 (1972).
283. T.A.Stephenson, S.M.Morehouse, A.R.Powell,

J.P.Heffer, and G.Wilkinson, J. Chem.Soc, 3632
(1965).

284. T. A. Stephenson and G. Wilkinson, J.Inorg.Nuclear
Chem., 29, 2122 (1967).

285. M.Angoletta and A.Araneo, Gazzetta, 93, 1343
(1963).

286. D. Commerenc, I.Douek, and G.Wilkinson, J.
Chem.Soc (A), 1771 (1970).

287. S.D.Robinson and M. F.Uttley, J. Chem.Soc. (D),
1912 (1973).

288. A.Davison, W.McFarlane, L.Pratt, and G.Wilkin-
son, J. Chem.Soc, 3653 (1962).

289. D.F.Christian, G.R. Clare, W.R.Roper,
J.M. Waters, and K.R. Whittle, Chem. Comm., 458
(1972).

290. A. Spencer and G.Wilkinson, J. Chem.Soc (D), 1570
(1972).

291. R. J.Angelici, Ace Chem.Res., 5, 335(1972).
292. O.L.Kaliya? M.G.Mekhryakova, O.N.Temkin, and

R.M. Flid, V Mezhdunarodnaya Konferentsiya po
Metalloorganicheskoi Khimii, Tezisy" (The Vth
International Conference on Organometallic Chemis-
try. Abstracts), Moscow, 1971, Vol.2, p. 63.

293. O.L.Kaliya, M.G.Mekhryakova, O.N.Temkin, and
R.M. Flid, Dokl. Akad.Nauk SSSR, 196, 1321
(1971).

294. M. F.Lappert and B.Prokai, Adv.Organometal.
Chem., 5, 225 (1967).

295. P. F. Heck, Adv. Chem. Ser., 49, 181 (1965).
296. W.Kitching and C. W. Fong, Organometal. Chem.

Rev., A5, 281 (1970).
297. S.Naito, O.Ogawa, M.Ishikawa, andK.Tamaru,

Chem. Comm., 1266(1972).
298. S.Inoue, H.Koinuma, and T.Tsuruta, Polym.

Letters, 7, 287 (1969).
299. S.Inoue, H.Koinuma, and T.Tsuruta, Makromolek.

Chem., 130, 210 (1969).
300. S.Inoue, H.Koinuma, and T.Tsuruta, Polymer. J.,

2, 220 (1971).
301. S.Inoue, H.Koinuma, Y.Yokoo, and T.Tsuruta,

Makromolek. Chem., 143, 97 (1971).



Russian Chemical Reviews, 47 (4), 1978 353

302. S.Inoue and Y. Yokoo, J.Organometal. Chem., 39, 306. K.E.Atkins, W.E.Walker, and R.M.Manyik, Chem.
11 (1972). Comm., 330 (1971).

303. R.J.Pasquall, Chem. Comm., 157(1973).
304. J.Kohnle, L.Slaugh, and K. L.Nakamaye, J.Amer.

Chem.Soc, 91, 5904 (1969). Order of Lenin Institute of
305. J. F.Kohnle and L.H.Slaugh, US P. 3 444 258 (1969); Organoelemental Compounds,

Chem. Abs., 71 P12505 x (1969). USSR Academy of Sciences


