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The review deals with the new rapidly developing field of homogeneous catalysis and coordination chemistry, namely with
reactions involving hydrogen transfer from organic compounds to transition metal complexes accompanied by the dissociation
of a C-H bond and the formation of a metal-hydrogen bond. Particular attention has been devoted to catalytic reactions in
which transition metal compounds serve as catalysts of hydrogen transfer and of the reduction of organic compounds by the
C-H bonds of other organic molecules.
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I. INTRODUCTION

The homogeneous hydrogenation of organic compounds
catalysed by transition metal complexes is one of the most
thoroughly investigated fields of homogeneous coordination
catalysis (see the relevant reviews1 ). The most
important stage in the mechanism of homogeneous hydro-
genation reactions is the activation of the H2 molecule and
the dissociation of the H-H bond. Recently we witnessed
the growth of interest in extremely similar processes —
the activation and dissociation of a C -H bond by transition
metal compounds. Reactions of this kind are being
increasingly used to transfer hydrogen and (or) an organic
residue to different molecules.

This review deals with the part of the problem con-
cerning hydrogen transfer from one organic molecule to
another with the aid of transition metal compounds. These
reactions have not so far been reviewed and are only
mentioned in studies on homogeneous hydrogenation (see,
for example, Ugo13 and Kwiatek14).

Hydrogen transfer reactions are of significant interest
both from the standpoint of the search for new methods of
activating C-H bonds and in the preparative sense, since
they lead to new ways of achieving hydrogenation and
dehydrogenation reactions under mild conditions. It
should also be noted that reactions of this type have
attracted attention from the standpoint of the simulation of
biochemical hydrogen and electron transfer processes (cf.
Zelenin and Khidekel'18).

In the present review we consider only those catalytic
hydrogen transfer reactions which are accompanied by the
dissociation of C-H bonds. We are not concerned with the
large field of reactions accompanied by the oxidation of
C-H bonds, which results in electron transfer to a mole-
cule of oxygen or another oxidant. Thus we are dealing
primarily with processes where one can speak with greater
or lesser certainty of hydrogen transfer from one organic
molecule to another, catalysed by transition metal com-
pounds.

Catalytic hydrogen transfer from organic compounds
has much in common with homogeneous hydrogenation by
molecular hydrogen. Like homogeneous hydrogenation, it
includes two fundamental stages.

1. Dissociation of the C-H bond and hydrogen transfer
to the metal (M):

Η
R_H + Μ -» R+MH or R<̂  + Μ -» MH2 + R .

2. Hydrogen transfer from the metal to an unsaturated
substrate (S):

Μ—Η + S -• S-H + Μ or MH2 f S -> SH2 f Μ .

The second stage is evidently the same as the analogous
stage in homogeneous hydrogenation. Thus the specific
features of hydrogen transfer processes are fundamentally
related to the specific features of the first reaction stage.
In this connection we shall consider separately the first,
most important reaction stage and shall then return to the
problem of the catalysis of hydrogen transfer, which
includes the simultaneous occurrence of both processes.

II. DISSOCIATION OF THE C -H BOND AND HYDROGEN
TRANSFER TO THE TRANSITION METAL

As in the dissociation of the H-H bond, the dissociation
of the C-H bond with the aid of transition metal compounds
can occur in principle via several different mechanisms
(M is the transition metal atom in the complex).

1. With proton transfer:

R" + (Μ—Η)+ .

2. With hydride hydrogen transfer:

R-S-H + Μ ·- R+ + (Μ—ΗΓ .

3. With homolytic dissociation of the C-H bond:

H 2M »- Μ—Η + Μ—R .

4. Via reactions of the oxidative addition type:

H

R _ H + Μ

The nature of the process occurring will of course
depend not only on the transition metal compounds but to
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no less an extent on the nature of the C-H bond in the
reacting organic compounds, the properties of which can
vary within extremely wide limits.

Reactions of Type (1)

These involve the acid dissociation of the C-H bond and
protonation of the transition metal compounds. They are
not of interest for the present problem, since such
hydrogen transfer cannot lead to the reduction of the sub-
strate. However, one should note that the analogous
process—the dissociation of the C-H bond as a result of
electrophilic substitution,

R—!H + M + *- RM + Η"1" , (la)

is the first stage of a number of important catalytic pro-
cesses. The metal-carbon σ bond formed in this reaction
can undergo further transformations and in the first place
can give rise to oxidative dimerisation products19. A
reaction of this type is, for example, the first stage of the
conversion of benzene into biphenyl under the influence of
palladium and platinum compounds20"23:

ArH + Pds+ -» ArPd+-f H+ ,

2ArPd+ -» ArAr -f 2Pd+ .

Possibly the oxidative dimerisation of olefins under the
influence of palladium salts takes place analogously24"27:

2CHt=CR,j -f Pd>+ -* R,C=CHCH=CR, -f 2H+ + Pd» ,

as well as the oxidative coupling of aromatic hydrocarbons
to olefins 2 8 t :

ArH + Ar'CH=CH, + Pd»+ -» Ar'CH=CHAr +• 2H+ + Pd .

We shall examine in somewhat greater detail reactions
of types (2), (3), and (4), which a r e of greatest interest
from the standpoint of hydrogen transfer to unsaturated
substrates.

Reaction (2)

This can be regarded as the transfer of the hydride ion
H" from carbon to the metal (the hydride shifts in organic
chemistry have been reviewed29). Reactions of this type
can occur either as a synchronous transfer of hydrogen and
an electron pair via a transition state of a linear or π -type,

R=H + M + R — Η — Μ Ί ΟΓ T R — - - : H 1 ·

L v J
or as a result of a one-electron transfer followed by the
transfer of hydrogen in the form of a proton (or radical):

R : H + M + - [ R H + . + -M] -» R + + HM

charge at the metal atom and the presence of π-ligands,
which stabilise the metal-hydrogen bond.

The hydride mobility of the C -H bond in the organic
compound which behaves as the donor of the hydride ion is
particularly important for the occurrence of such reac-
tions. The ease of the elimination of the hydride ion is
paralleled by the stability of the carbonium ion formed as
a result—the more stable the carbonium ion under the
given conditions the greater the ease with which the hydride
ion is split off from the initial C-H bond. The stability
of carbonium ions is known to be determined to a consider-
able degree by the nature of the substituents at the carboni-
um carbon atom.

The resulting carbonium ions are stabilised and the
hydride shifts via mechanism (2) are thus facilitated by
electron-donating substituents of the following kinds.

a. Alkyl groups; the ease of elimination of hydride
hydrogen increases in the sequence Me-H < Me2CH-H <
Me3C-H.

b. Substituents containing multiple bonds (in the first
place carbon-carbon bonds) coupled with the carbonium
centre and giving rise thereby to the possibility of the
delocalisation of the positive charge. The accumulation
of such aryl or vinyl substituents at the carbon atom signi-
ficantly facilitates the elimination of the hydride ion from
the latter; an example is provided by triphenylmethane,
which is readily converted into the triphenylmethyl cation:

Ph,CH
-[H-:]

Ph,C+

c. Substituents containing a free pair of p electrons
(-NR2, OR, SR, etc.). Such substituents stabilise the
carbonium centre with formation of much more stable
conjugate cations:

- [ H T ]

RjC
-\vr.\

R2C= R , C = O

Groups bearing not only an electron pair but also a nega
tive charge facilitate the elimination of the hydride ion
even more. In particular this accounts for the high
reducing capacity of alkoxides:

RiC
-lw\

d. The hydride ion elimination reaction is significantly
facilitated when it results in the formation of molecules
with enhanced stability. This factor accounts for the
particularly great ease of elimination of the hydride ion
from cyclopropene and cycloheptatriene (including cases
where the process takes place under the influence of tran-
sition metal compounds), leading to the formation of non-
benzenoid aromatic cyclopropenylium and tropylium cations:

However, regardless of the nature of these "intimate"
mechanisms of the hydride shift, the latter should be
favoured by factors such as a positive (not unduly large)

t However, one cannot rule out the possibility that in
the dimerisation of olefins the first stage is the dissocia-
tion of the C-H bond via mechanisms (2), (3), or (4).
Thus reversible homolytic dissociation of the vinyl C-H
bond has been suggested27 for the oxidative coupling of
acrylonitrile under the influence of ruthenium(IQ) salts:

2LJRu + 2CH,=.CHCN ^T 2L,,RuH (CH=CHCN) -* NCCH=CH—CH=CHCN .

Another example is provided by the dihydropyridine-
nucleotide coenzyme (reduced nicotinamide-adenine dinu-
cleotide NADH), which is an active hydride ion donor (cf.
Zelenin and Khidekel'18):

-ΙΗΓ]

This reaction, which is biochemically important, is
facilitated both by the presence of the free electron pair
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of nitrogen and by the formation of the aromatic pyridini-
um system.

In certain cases the stabilisation of the products of the
hydride shift reaction is accompanied by rapid elimination
of a proton. The elimination of the hydride ion from
dihydroanthracene, which leads to the formation of the
aromatic anthracene system, takes place in this way:

The ease of elimination of the hydride ion from formic
acid and formates can be explained not only by the influ-
ence of the free electron pair of the adjacent oxygen atom
but also by the considerable stability of the resulting car-
bon dioxide molecule:

^ <T -(ΗΠ
H-C *• CO2 + H+ ,

OH

Reaction (3)

We shall now turn to the mechanism of reactions (3),
which involves the homolytic dissociation of the C -H bond.
The energy of the homolytic dissociation of the C -H bond
(R-H^R- + H.) is 103 ± 2 kcal mole"1 (at 298°K) for the
methane molecule and has similar values for other satu-
rated hydrocarbons and for benzene. It differs very little
from the dissociation energy of the H-H bond, which is
104.2 kcal mole"1 (at 298°K)i. Thus comparison of reac-
tion (3) with the analogous homolytic dissociation reaction
of the Hfe molecule,

H2+2M- 2MH

shows that the differences between the free energies of
these two reactions must be determined primarily by the
differences between the stabilities of the metal-carbon
and metal-hydrogen bonds.

Reaction (4)

The same considerations apply also to the occurrence
of the oxidative addition reactions of type (4). As in the
analogous reaction of I t , 3 0 the energy of this reaction can
be deduced from the following qualitative considerations.
If in the course of the dissociation of the C -H bond the
metal is oxidised as a result of oxidative addition via
mechanism (4) and passes from the square d8 configuration
to the octahedral d3 configuration [de configuration (Ed. of
Translation)], the energy of the reaction will be approxi-
mately described by the equation

t In those cases where the radical R· is stabilised by
conjugation, the dissociation energy is appreciably lower:
77 kcal mole"1 for the allyl-H bond and 78 kcal mole"1 for
the benzyl-Η bond. This accounts for the greater ease of
dissociation of these bonds.

where -EM-Η is the energy of the hydrogen-metal bond,
• E M - C t h e e n e r g y o f t h e c a r b o n - m e t a l b o n d , E Q - Ή . t h e

dissociation energy of the C-H bond, and Ρ the promotion
energy of electron transfer in the ligand field to a higher
orbital (for example from the 5dz

2 orbital to the Qpz orbi-
tal). As stated above, -Ec-H changes within fairly narrow
limits and ΔΕ will thus depend primarily on Ρ and EM-C-
P will decrease (and hence ΔΕ will increase) following the
introduction of electron-donating ligands (promoting the
transfer of non-bonding electrons to higher orbitals) and
on passing to metals of the lower Periods. On the other
hand, electron-accepting ligands should hinder the reac-
tion. One should of course note that, for hydrogen trans-
fer catalysts, Ρ must not be very small either, since
otherwise the hydride formed will be unduly stable and will
be unable to give up its hydrogen to the substrate.

It is as yet not completely clear how the EM-C depend
on different factors. However, one should note that
previous ideas concerning the low thermodynamic stability
of the transition metal-carbon bond proved to be incorrect
and that the role of the ligands in the stabilisation of these
bonds is related in the first place to kinetic factors3 1 '3 2.
Electron-donating, strongly nucleophilic ligands should
probably exhibit a powerful stabilising effect31. The
available thermodynamic data are very scanty, but they
do show that the transition metal-aryl bond is much more
stable than the transition metal-alkyl bond. Thus the
energy of the Pt-Ph bond in (Et3P)2PtPh2 is approximately
250 kj mole"1,3 3 while the Pt-Me bond in CpPtMe3 has an

energy of only about 164 kj mole" Similarly the
energies of the Ti-Ph and Ti-Me bonds in Cp2TiPh2 and
Cp2TiMe2 are respectively 350 and 250 kJ mole"1.3 5

Thus, other conditions being equal, the reactions
involving the oxidative addition of the C-H bond to a tran-
sition metal atom should occur much more readily for
aromatic compounds than for aliphatic compounds. Indeed
the experimental data quoted below confirm this conclusion.

Furthermore, in oxidative addition reactions occurring
with the formation of a metal-carbon bond the entropy
component will presumably make a large contribution to
£M-C (in contrast to the M-H bond). For this reason,
such reactions should be favoured by a low coordination
number of the initial complex (which is frequently associ-
ated also with a low oxidation state of the metal) and a
small size of the ligands present and of the organic group
R introduced.

It is noteworthy that reactions of type (3) and (4) give
rise to the possibility not only of hydrogen transfer but
also of the transfer of various organic groups R to sub-
strates S with the aid of transition metal complexes, for
example:

R—Η + Μ -> M< ; M( + S -^ S< + Μ .
X H X H X H

It has been shown recently that the dissociation of C - C
bonds can somet imes take place analogously to the d i s so-
ciation of C - H bonds with formation of products containing
a m e t a l - c a r b o n σ b o n d 3 6 " 3 9 :

R_R + Μ — M<f and R—R + 2M -> 2M—R .
X R

In certain cases these reactions, in which the metal is
inserted into the C-C bond, constitute intermediate stages
in skeletal rearrangements4 0 '4 1. However, examination
of these interesting reactions is outside the scope of the
present review.

The data available at present by no means make it
always possible to decide which of the mechanisms (l)-(4)
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governs the activation of the C-H bond; usually this has
to be inferred solely on the basis of the structure of the
resulting transition metal hydride complexes.

Fairly extensive experimental data on the use of vari-
ous organic hydrogen donors for the synthesis of hydride
complexes have accumulated in the coordination chemistry
of transition metals (see reviews 4 8 ~ 4 4 ) . We shall examine
these experimental results from the standpoint of the ideas
formulated above concerning the dissociation of C -H
bonds. We shall consider first reactions where a
h y d r i d e m e c h a n i s m of t y p e (2) can be postulated.

The formation of ruthenium, osmium, rhodium, and
iridium hydride complexes using alcohols as hydrogen
donors has been most widely investigated. This reaction
is promoted by alkaline agents, i.e. the C-H bond in alco-
hols is activated as a result of the formation of the alkox-
ide ion and in the course of the reaction the alcohols them-
selves are converted into aldehydes and ketones; reactions
of this type probably take place with a hydride ion shift
via mechanism (2).

Thus, when the complex PtCla(PEt3)2 is refluxed in an
ethanol solution of potassium hydroxide, the hydride com-
plex of platinum and acetaldehyde are obtained45'46:

PtC!2 (PEt3)2 + KOH + EtOH -» PtHCl (PEta)2 + Me—C^ + KCI + H2O ,

Ru2CI3 (PEt2Ph), Cl + 2EtOH + 2KOH -> 2RuHCl (CO) (PEt2Ph)3 + 2CH4 + 2KCI + 2H2O .

The rhodium hydride complex HRh(PPh3)4 is formed when
(Ph3P)3RhCl interacts with triphenylphosphine in n-propyl
alcohol in the presence of alkaline agents47. In certain
cases hydride complexes can be obtained from alcohols
also in the absence of alkalis. Thus, when (Ph3P)sIrCl
reacts with ethanol (in the absence of a base), the hydride
complex (Ph3P)3lrH2Cl and acetaldehyde are obtained48.
The question of which hydrogen atom in the alcohol passes
to the metal was elucidated for the formation of iridium
hydride complexes in the presence of deuteriated alco-
hols4 9:

+ CHjCH2OH + H2O -> irHCl, (Ph,P)3

+ CH,CH2OH + D2O -» IrHCla (Ph3P)3

+ CH3CH2OD+D2O -> IrHCl2 (Ph3P)3

.+ CH,CDaOH + H2O -» IrDCl2 (Ph,P),

(1)
(2)

K2IrCl, 4-Ph3P +CHaCH2OD4-D2O - IrHCl2 (Ph3P)3 , (3)

(4)

The mechanism shows that the interaction of the iridium
salt and triphenylphosphine with both aqueous ethanol and
with EtOD in the presence of D2O [reactions (l)-(3)] leads
to the formation of the iridium hydride complex IrHCl2(PPh3)3, j
i.e. neither water nor the hydrogen atom of the alcoholic
hydroxy-group behave as hydrogen donors in this reaction.
On the other hand, the use of an alcohol with deuterium
atoms at the 1-C atom [reaction (4)] leads to the forma-
tion of the deuteriated complex IrDCl2(Ph3P)3. The
experimental data show convincingly that the formation of
hydride complexes from alcohols takes place as a result
of the elimination of a hydrogen atom from the 1 -C carbon
atom of the alcohol, which exhibits the greatest hydride
mobility. The fact that the addition of a base facilitates
the removal of hydrogen from the alcohol as a result of
the enhancement of the effect of ρ, σ conjugation in alkox-
ides becomes understandable from the same point of view.

One should note that alcohols can behave not only as
hydrogen donors but also simultaneously as donors of the
carbonyl group. For example, when triphenylphosphine
is refluxed with (NEU^OsCle in the monomethyl ether of
diethylene glycol, the mixed hydridocarbonyl complex
HOsCl(CO)(Ph3P)3 is obtained^0. When [14CJethylene
glycol was used, it was shown that the glycol in fact
behaves as the carbonylating agent in this reaction.

The formation of iridium, ruthenium, rhodium, and
osmium hydride complexes in the reaction with alcohols
has been described also in a number of other studies5 1"5 8.

When transition metal complexes react with alcohols,
it is not always possible to isolate and identify the hydride
complex, although its formation is indirectly confirmed by
the identification of the alcohol dehydrogenation products.
For example, when allyl alcohol was refluxed with RuCl3.
.3H2O, propene, acrolein, and propionaldehyde were found
in the reaction products, although the hydride complex was
not identified59. The study of the effect of phosphines on
the capacity of rhodium complexes to eliminate hydride
hydrogen from alcohols showed that the more basic the
phosphine the greater the ease of this reaction **.

It is noteworthy that the ligands coordinated to the
metal atom can themselves behave as hydride donors in
the formation of transition metal hydride complexes. In
this case the hydride complex is formed as a result of
hydrogen transfer from the organic component of the
ligand molecule to the metal atom with dissociation of the
C-H bond. Thus in the ruthenium complex
(CioH18)Ru(DMPE), where DMPE = MeBP(CHakPMe2,
hydrogen transfer from the methyl group of the phosphine
ligand leads to the formation of a ruthenium hydride com-
plex61:

!C,0H,8)Ru H—C—P(Me)CH 2 CH 2 PMe,

— - C I OH I 8 + RuH(CH 2 =P(Me)CH 2 CH 2 PMe 2 l (Di .

According to the authors' data, the hydride complex is in
tautomeric equilibrium with a zerovalent ruthenium com-
plex:

RuH N c = P (Me) CH2CHaP (Mea) (DMPE) ̂  Ru (DMPE)a .
[ Η J

The dissociation of the C -H bond of the methyl group is
observed also for the rhodium complex coordinated to the
(o-tolyl)sP ligand62.

Reactions involving the intramolecular transfer of
hydride hydrogen from the /?-position of σ-alkyl ligands,
leading to the formation of hydride complexes, are very
common in the chemistry of organic derivatives of tran-
sition metals (they have been reviewed63):

\

Reactions of this type take place readily when organo-
lithium, organomagnesium, and organoaluminium com-
pounds act on salts and complexes of transition metals.
As an example of reactions involving individual σ-alkyl
derivatives, we may quote the reaction of the platinum
complex PtCl(Et)(PEt3)2, which eliminates ethylene on
heating and forms a hydride complex via the mecha-
nism 6 ? ' 6 5

(Et,P),ClPt
CH,

A
(Et,P), CIPf—Η 4- CH

That β -elimination does in fact take place has been
demonstrated, in particular for the n-butylcopper com-
plex66:

(Bu,P)CuCH,CD1CH,CH, ~» (Bu,P) CuD + CHa=CDCHsCH, .

Coordinated formate ligands can also readily give up
hydrogen with formation of hydride complexes. For
example, the osmium formate complex OsiOOCHMCO^.
.(PPh3)2 is converted on refluxing in benzene into the
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hydride
via the mechanism'

X / t
Os--

• I \

with evolution of carbon dioxide

\i/v Λ• Ι
The migration of hydrogen from carbon to the transition

metal was observed very easily in the ruthenium formate
complex (Ph3P)3Ru(H)OOCH.68"70 This complex elimi-
nates carbon dioxide unusually readily under the influence
of various agents with formation of a hydride complex:

(Ph,P)sRu—O—CH +
I II

Η Ο

PhsP -

CO -» (Ph8P), Ru (CO) Ha + CO.

N, ; ± (Ph,P), Ru (Na) Ha -f CO2 ,

H, ^

These unusual properties of the ruthenium formate com-
plex can be accounted for by the exceptional ease of the
migration of the hydride hydrogen of the formate group
to the metal, accompanied by the formation of an unstable
ruthenium hydride complex with carbon dioxide via the
mechanism

IL = Ph 3 P.

All the examples described above concerned reactions
leading to the formation of a metal-hydrogen bond via
mechanism (2), i.e. with formal transfer of a hydride ion
from the C-H bond. R e a c t i o n s i n v o l v i n g t h e
d i s s o c i a t i o n of t h e C-Hbond via m e c h a -
n i s m s (3) and (4), accompanied by the simultaneous
formation of metal-carbon and metal-hydrogen bonds,
constitute another group.

In contrast to hydride addition reactions, processes
of this type are most typical for the dissociation of aro-
matic C -H bonds and the majority of examples known at
present concern reactions of the type

Ar—Η + Μ -> Μ ^

These reactions, which occur under the influence of
low-valence transition metal derivatives, are frequently
accompanied by the intermediate formation of IT -arene
complexes and their isomerisation to σ-aryl derivatives.
According to the data of Chatt and Davidson71, dichlorodi-
(l,2-bisdimethylphosphinoethane)ruthenium is converted
on treatment with sodionaphthalene in tetrahydrofuran
(THF) into a κ -arene complex of ruthenium which is in
equilibrium with the σ -naphthylruthenium hydride com-
plex:

L2RuCl2 +

(L=Me 2 PCH 2 CH 2 PMe 2 )

The radical-anions of other aromatic hydrocarbons
react similarly. In the case of benzene one can employ
a mixture of benzene and metallic potassium instead of
the radical-anions:

Similar reactions with aromatic radical-anions have
been observed for cyclopentadienyl complexes of tungsten,
tantalum, platinum, and other transition metals 7 2" 7 5,
for example:

(C6H6)a W + ArH (C.H,),

(Ar=C,H6, p-CH,C,H4)

/C.D,

(C^u), M-H + C.D, ς± (C,H6), M-D (M=Nb, Ta)

Titanium, vanadium, and chromium complexes give rise
to reactions of the same type, with dissociation of the
aromatic C-H bond76'77.

It has been shown by X-ray diffraction78 that the prod-
uct of the reaction of naphthalene with the 1,2-bisdimethyl-
phosphinoethane complex of ruthenium is indeed a σ-
naphthyl derivative of ruthenium.

It is noteworthy that hydrogen isotope exchange in
benzene, catalysed by platinum salts, proceeds via an
analogous mechanism with preliminary dissociation of the
C-Hbond 7 9 ' 8 0.

Not only aromatic hydrocarbons of the benzene type
but also cyclopentadienyl ligands can serve as a source of
hydrogen for the formation of the metal-hydrogen bond.
Thus, in the reduction of titanocene derivatives by sodium,
magnesium, sodionaphthalene, and other reducing agents,
extremely ready migration of hydrogen from the ligand to
the metal takes place8 1"8 4:

(C,H,)a TiCI2

[(C6H,)aTi]a

tl
^ (C,H6)2Ti -

[(C6H6) (C6H4) TiH]a

IT
(CsH»)(C5H4)TiH 4

These reactions are also accompanied by the π, σ rear-
rangement of the ligand. Thus the following structural
formulae have been proposed for the hydride form of
titanocene [(C5H5)(C5H4)TiH>:

Finally the formation of hydride-allyl complexes from
olefinic % complexes can be included among reactions of
the type occurring with homolytic dissociation of the C -H
bond via a mechanism close to oxidative addition:

:c—Η
Cm)

(m = degree of oxidation)

Thus ruthenium hydride-allyl complexes HRu(CO)9(Ci2Hi5),
HRu3(CO)e(Ci2Hi7), and HRu3(CO)(C24H33) are formed when
cyclododecatriene reacts with ruthenium carbonyl
Ru3(CO)i2.85 In the formation of n-allyl complexes of
palladium, allyl hydrogen is also split off with intermedi-
ate formation of the Pd-H bond8 6"9 1:

<rv? •

LjRuCl2
L e Ru-

Dienes are formed in the decomposition of allyl com-
plexes at an elevated temperature; a reaction of this
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kind in the presence of oxidising agents (for example
CuCfe) can be achieved catalytically92'93:

ROOCCH,CH=CHCH]iCOOR+2CuCI, P d C 1 ' ->

-» ROOCCH=CHCH=CHCOOR + 2CuCI + 2HC1 .

Another group of reactions occurring with insertion of
the metal in an aromatic C-H bond comprises intramo-
lecular hydrogen transfer from the ortho -position in the
aromatic rings of phenylphosphine and phenyl phosphite
ligands. Thus, on heating a solution of (Ph3P)3lrCl in
benzene, a hydride complex is formed94. The migration
of the hydrogen atom from the phenyl ring was demon-
strated using a fully deuteriated initial complex. On
heating of [P(CeD5)3]3lrCl in benzene, the product is a
complex whose infrared spectrum indicates the presence
of the Ir-D bond and the absence of the Ir-H bond.

Evidently this reaction is a type of oxidative addition
[reaction (4)]:

The interaction of IrCl(l,5-cyclo-octadiene) with tr i-
phenyl phosphite in acetone also leads to the formation of
a hydride complex as a result of the migration of the
ortho -hydrogen from the ligand 9 5 :

OPh

/NDPh

In many instances reactions of this kind are reversible
and lead to the exchange of the ortho -hydrogen atoms of
the benzene rings with the hydride hydrogen linked to the
metal. For example, the exchange of hydrogen for
deuterium in the ortho -positions of the benzene ring of
the triphenylphosphine ligands in the cobalt complex pro-
ceeds via the following mechanism96:

The deuterium exchange reactions take place similarly
with the phosphine complexes of ruthenium 7~". For
example, when the ruthenium complex HfeRu(Ph3P)4 was
allowed to react with Th in benzene and this was followed
by the decomposition of the resulting complex with hydro-
gen peroxide, deuterium was identified in the benzene
ring . On the basis of these results, the authors con-
cluded that in the course of the reaction there is a rapid
reversible interaction of the ruthenium atom with the
ο -C -H bond:

HaRu (Ph,P),

-H,lt

PPh,

(PPh,),

- - • H2Ru (PPh,)4

D D Η

Ru(PPh,)s

x Τ
ι—PPh,

D Η

Ru^(PPhJ,

-PPh,

A similar hydrogen transfer to the ruthenium atom with
formation of a hydride complex occurs also in the case of
the triphenyl phosphite ligand100.

It is noteworthy that the ease of migration of hydrogen
from the ortho -position of the benzene ring is probably
related not only to the nature of the metal but also to the
structure of the complex. X-Ray diffraction analysis of
the triphenylphosphine complex of ruthenium (Ph3P)3RuCla
showed that the hydrogen atom in the ortho -position in
the benzene ring is at a very short distance from the
ruthenium atom1 0 1:

Ph3P

Cl—Ru

This accounts for the ease of migration of the hydrogen
atom to ruthenium in such complexes.

The formation of hydride complexes as a result of
hydrogen transfer from the phenyl group and the coordi-
nated phosphine ligand was also observed for cobalt and
iron complexes. Thus the interaction of
HCo(N2)[P(C6D5)3]3 with bis-(l,2-diphenylphosphinoethane)
results in the formation of a mixture of HCo(DPPE)fe and
DCo(DPPE)2, where DPPE 2isdiphenylphosphinoethane10a ,
while irradiation of Fe(C2H4)(DPPE)2 in benzene solution
leads to the formation of ethylene and the hydride complex
HFe(o-C6H4)(PC6H5)CH2CH2P(C6H5)2(DPPE), the phosphine
ligand behaving as the source of hydrogen in both
instances 1 0 3 ' 1 . A similar reaction has been observed
also for ruthenium complexes with triphenylphosphine105'106.

It is noteworthy that the cleavage of the ο -C -H bonds
of the benzene ring in the ligands proceeds so readily that
in many cases they yield products with a stable transition
metal-carbon bond. Certain transition metal complexes
of azobenzene107'108 and Schiff bases1 0 9 '1 1 0 have this struc-
ture, for example:

In the course of formation of such complexes the metal is
apparently inserted in the ο-C-H bond with subsequent
elimination of hydrogen (as a proton or a hydrogen atom).

The examples examined above concern the insertion of
the metal in an aromatic C-H bond. However, recent
findings show that transition metal compounds are capable
of being inserted also in an aliphatic C-H bond in saturated
hydrocarbons. Shilov, Shteinman, and coworkers1 1 1"1 1 3 and
then also other workers1 1 4 '1 1 5 observed deuterium exchange
involving methane, ethane, and other saturated hydrocar-
bons under the influence of platinum and cobalt. The
results can be accounted for by reversible oxidative addi-
tion with dissociation of an aliphatic C-H bond and the
intermediate formation of hydride-alkyl derivatives:

/
LnPt

Analysis of kinetic data for deuterium exchange with
water in aqueous acetic acid solutions of platinum(n) salts
showed that the activity of the platinum compounds
decreases in the sequence PtX2 > PtX^ > Ptxt" and in the
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following sequence of the ligands X: Cl > Br > I. How-
ever, this reaction can occur also without the formation
of a hydride via the elimination of a proton and the forma-
tion of an alkylplatinum d e r i v a t i v e :

PtCl*" + RH i . PtClsR2" + H+ + Cl- .

Thus fairly numerous organic substrates can behave
as hydrogen donors in reactions with transition metal
complexes leading to hydride complexes. However, the
formation of hydride complexes alone is insufficient for
the reduction of organic substrates. The hydrogen atom
in the hydride complex must be sufficiently labile for the
complex to be capable of participating in hydrogen trans-
fer reactions. Moreover, as in homogeneous hydrogena-
tion, the resulting hydride complex must be able to coor-
dinate and activate the unsaturated substrate.

ΙΠ. CATALYTIC HYDROGEN TRANSFER

The range of catalytic reactions involving hydrogen
transfer from organic compounds to unsaturated substrates
(olefins, aldehydes, ketones, etc.) known at present is
much narrower than that of hydrogen reduction reactions.
However, the number of known reactions of this kind is
rapidly increasing and some of them have already assumed
preparative importance.

1. Reduction by Alcohols, Alkoxides, and Ethers

Alcohols and alkoxides are most widely used as hydro-
gen donors. One of the first studies in this field was
carried out by Italian workers4 7 '1 1 7, who found that unsa-
turated compounds can be reduced in the presence of
rhodium, complexes using benzyl alcohol as the hydrogen
donor. In the presence of rhodium complexes of the type
L3Rh(CO)H, where L = Et3P, Bu3P, PhaMeP, etc., the
reduction of oct-1-ene by benzyl alcohol in the presence
of potassium benzyloxide (with formation of PhCOOK) was
observed. However, this reaction was fairly slow even
at an elevated temperature (130°C), the maximum yield
of the hydrogenation product (octane) amounting to only
35% after 4 h (Table 1).

Table 1. Catalytic activities of the phosphine complexes
of rhodium in hydrogen transfer from benzyl alcohol to
oct-1-ene (0.06 mole of benzyl alcohol, 0.035 mole of oct-
1-ene, 0.006 mole of potassium benzyloxide, and 0.ΟΛΟ3
mole of the catalyst, 130°C, time 4 h).

Catalyst

HRh(CO)(PEt s)8

HRh(CO)(PBu3)a

HRh(CO)(PEt2Ph) s

HRh(CO)(PMePh2),
HRh(CO)(PEt3),

Conversion of ben-
zyloxide into
benzoate, %

50
25
15

2
4

Conversion of oct-
1-ene into octane,%

35
6
3

traces
6

2-vinylbicyclo[2,2,l]heptane, the ruthenium salt proving
to be more active than the rhodium salt.

The authors of this investigation suggest that in the
course of the reduction process an intermediate complex
with an Rh-H bond is formed and is responsible for the
reduction. The study119 where it was shown that rhodium
salts catalyse the dehydrogenation of 2-propanol is inter-
esting in this connection. It is suggested that the dehydro-
genation of the alcohol proceeds via an intermediate
hydride according to the mechanism

MeaCHOH -f [Rhnl - CM 71 Me2CO + [Rhm - H] + HCI ,

[RhulH] + HCI -* [RhmCl] -f H2 .

The alcohol dehydrogenation reaction has also been
described in the presence of cobalt carbonyl as a process
which is the converse of the hydrogenation of aldehydes
in the hydroformylation reaction12 .

There are literature data concerning the transfer of
hydrogen from alcohols to unsaturated compounds under
the influence of transition metal acetylacetonates (for
example, nickel acetylacetonate)124. The reaction pro-
ceeds under fairly severe conditions at a temperature of
200-220°C. Methyl linoleate and methyl octadecadieno-
ate, which have conjugated double bonds, were reduced
under these conditions with the aid of different alcohols
(isopropyl, n-propyl, ethyl, s-butyl, η-butyl, s-pentyl,
and n-tentyl). In the hydrogenation of methyl linoleate
the reaction products contain an appreciable proportion of
trans-octadecenoate. The authors did not observe an
appreciable difference between the rates of hydrogenation-
of cis-octadecenoate and its frans-isomer, but, owing to
steric hindrance, ircws,irans-octadecadienoate is reduced
much more slowly than the cisytrans-isomer.

Other examples of hydrogen transfer from alcohols to
the unsaturated soya-bean oil esters, to linoleic and lino-
lenic acid esters, and to other polyenes have also been
described1 2 5 '1 2 6. The reactions proceed at 100°C and lead
mainly to the formation of mono-olefins. Complexes of
the type CkMiPPh^, where Μ = Pt or Pd, in combination
with SnCk behave as catalysts of these hydrogen transfer
reactions.

The double bonds activated by functional groups can be
selectively reduced by alcohols. Thus a study has been
made of the catalytic hydrogen transfer from 2 -propanol
to a?j3-unsaturated ketones in the presence of iridium com-
pounds1 2 7 '1 2 8. The reduction of the double bond is cata-
lysed by the complex HflrCLiiMeaSOk^MeaSO, which on
refluxing forms the hydride HIrCl2(Me2SO)3.

The C=C double bond in benzylideneacetophenone and in
other similar compounds hag been reduced with the aid of
the same catalytic system:

PhCOCH=CHPh -> PhCOCHjCH,Ph ,

Me,CCOCH=CHPh -* Me,CCOCH,CHjPh ,

The reduction of unsaturated compounds with hydrogen
transfer from alcohols can occur also in the presence of
certain transition metal salts1 1 8. Thus rhodium and
ruthenium chlorides catalyse at 100°C the reduction by
ethanol of hex-3-yne to hex-3-ene, of cyclopentadiene to
cyclopentene, and of 5-vinylbicyclo[2,2,l]hept-2-ene to

The reduction of αβ-unsaturated ketones to saturated
ketones by benzyl alcohol is catalysed effectively by the
ruthenium complex (Ph3P)3RuCl2. For example, when
l-phenylbut-l-en-3-one is heated in benzyl alcohol in the
presence of a catalytic amount of the ruthenium complex
at 200°C, the product is 92% of l-phenylbutan-3-one.
Together with benzyl alcohol, other alcohols were also
employed as hydrogen donors in this reaction:
PhCHaCHaOH, PhCH(OH)CH3, and CH^C^^CHaOH (Table
2). The same investigators showed that the aromatic
aldehydes QT-CIOHTCHO, J3-CIOHTCHO, and others can also
function as hydrogen donors1 3 0 (Table 3).
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Reports have been published recently concerning the
reduction of the double bond in cyclo-olefins with the aid
of dihydric phenols1 3 1 ) 1 3 2§. Thus when cyclo-octa-1,3-
diene and cyclo-octa-l,5-diene react with hydroquinone in
dioxane in the presence of triphenylphosphine complexes
of iron(n), cobalt(H), and nickel(n) at 200°C the cyclo-
octadienes are reduced catalytically to cyclo-octene and
cyclo-octane. According to the authors, these reactions
take place as a result of an intramolecular hydrogen
transfer, since the pressure in the reaction vessel
remained unchanged in the course of the reactions, i.e. the
evolution of molecular hydrogen was not observed. Apart
from cyclo-octene and cyclo-octane, isomerisation prod-
ucts were detected at the end of the reaction: cyclo-octa-
1,4-diene and cyclo-octa-l,3-diene. The efficiency of
various compounds as reducing agents under the conditions
investigated decreases in the sequence pyrogallol > cate-
chol > hydroquinone > n-dodecanethiol > 1-octanol >
cyclohexene > 2-octanol> l-dodecanol> n-dodecylamine.

Table 2. Hydrogen transfer from alcohols to a-jS-unsatu-
rated carbonyl compounds in the presence of
(Sasson and B l u m 1 ) .

Hydrogen donor (weight, g)

PhCHaOH (1,08)
PhCH2CH2OH (1.22)
PhCH(OH)Me (1.22)
Me(CH2),CHuOH (1.30)
PhCHaOH (1.08)

PhCH2OH (1.08)

PhCH2OH (1.08)
PhCH2OH (1.08)
PhCH2OH (1.08)

Hydrogen acceptor (weight, g)

PhCH = CHCOMe (1.46)
PhCH = CHCOMe (1.46)
PhCH = CHCOMe (1.46)
PhCH = CHCOMe (1.46)
PhCH = CHCOPh (2.08)

(iH2CMe2CH2CMe = CHCO
(1 38)

PhCH = CHCOCMe8 (1.88)
PhCH = CMeCHO (1.46)
PhCH = CHCOOEt (1.76)

Reaction
temp.,°C

200
200
200
190
200

200

200
200
200

Yield of saturated
carbonyl compound

after 4 h, %

94
94
93
82
98

41

89
61
53

The reduction of the multiple bond in unsaturated com-
pounds with the aid of dihydroxybenzene derivatives can
occur also in aqueous solutions133, for example in aqueous
alkaline solutions of vanadium(m) in the presence of a
number of di- and trihydroxy-derivatives of benzene and
naphthalene (catechol, pyrogallol, and 2,3-dihydroxy-
naphthalene). Acetylene is reduced to ethylene at room
temperature.

Together with alcohols, cyclic ethers can also be used
as hydrogen donors for the reduction of unsaturated com-
pounds. For example, when tetrahydrofuran is employed
as the solvent in the presence of catalysts of the type
ClaMiPPhaL where Μ = Ni, Pd, or Pt, the olefins are
reduced125'1 >134. It is interesting that the nickel catalyst
is active also in a benzene medium, but it is not clear what
the hydrogen source is in this case.

Japanese workers1 3 5 described the reduction of olefins
with the aid of dioxane in the presence of a rhodium cata-
lyst. When cyclopentene is heated at 180°C in dioxane
solution in the presence of (PhsPjsRhCl, 0.43 mole of
dioxene and 0.42 mole of cyclopentane are formed. After
the reaction the individual complex (PhsP^RhCliC îHeOa),
formed as a result of the displacement of one phosphine
group from the initial complex by dioxane, was isolated.

§ These reactions proceed with the dissociation of O-H
bonds only. However, the similarity of the catalysts and
conditions employed make it useful to examine them in
this section.

By analogy with hydrogenation by molecular hydrogen and
the isomerisation of olefins, the authors suggest the
following reaction mechanism:

RhCl (PPh s) 2 (C4H8O2) ; ± RhClH (C4H7O2) (PPh s) 2 ?. RhCIH8 (PPh,)2 (C4H,O,) ±°!£SS—.

^ RhCIHa (PPh8)2 (olefin I) tt RhClH (alkyl) (PPh,) s +dioxanU

71 RhCI (PPh s) 2 (C4H,O2) + paraffin

There is convincing evidence showing that rhodium
monohydride complexes are formed via the oxidative
addition of dioxane with dissociation of the C -H bond
(kinetic data, isotope effect data, etc.). With the aid of
organic hydrogen donors, primarily alcohols, it is pos-
sible to reduce not only carbon-carbon multiple bonds in
unsaturated compounds but also functional groups such as
the carbonyl and nitr ο-groups.

Table 3. Hydrogen transfer to οιβ-unsaturated quitones
in the presence of ruthenium, rhodium, and iridium com-
plexes™ (donor :acceptor : catalyst = 1: [? ] : 5 x 10~2 for
Nos.1-8 and 1:20:5 x 10"3 for Nos. 9-16).

No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

16

Hydrogen donor

a-CMH7CHO
a-CioH,CHO
a-CioH,CHO
a-Ci0H,CHO
β-ΟιοΗ,ΟΗΟ
p-CH,C,H4CHO
p-CHsC,H4CHO
P-C1C,H4CHO
HCONHMe
HCONHMe
HCOOH
HCOOH
HCOOH
HCOOH
HCOOH

HCOOH

Hydrogen acceptor

PhCH=CHCOPh
PhCH=CHCOPh
PhCH=CHCOPh
PhCH=CHCOC(Mes)
PhCH=CHCOPh
PhCH=CHCOPh
p-MeOC,H4CH=CHCOPh

PhCH=CHCOPh
PhCH=CHCOMe
PhCH=CHCOPh
PhCH=CHCOMe
PhCH=CHCOMe
PhCH=CHCOMe
PhCH=CHCOPh
PhCH=CHCOMe,

Cata-
lyst*

1
2
3
1
1
1
1
1
1
1
1
2
3
3
3

1

Temp.,
°C

285
285
285
285
285
200
200
210
180
180

97
97
97
97
97

97

Reaction
time, h

2,5
2,5
2.5
2,5
2.5

14
14
14

2.5
2.5

24
24
24
24
24

24

Yield of
saturated
ketone, %

60
21
34
60
28
50
68
31
25
30
90
16
94
95
96

90

* 1. L3RuCla. 2. LsRhCl. 3. L2lr(CO)Cl, L = Ph3P.

Thus the reaction of substituted cyclic ketones with
solutions of chloroiridic acid in aqueous isopropyl alcohol
containing different ligands (dimethyl sulphoxide, tr i-
methyl phosphite, or phosphorous acid) leads to the forma-
tion of axial alcohols in high yields For example,
4-t-butylcyclohexanol is formed from 4-t-butylcyclohexa-
none under these conditions. When the reaction was
carried out in the presence of dimethyl sulphoxide, a
number of iridium complexes, which catalyse hydrogen
transfer reactions, were isolated128.

Hydrogen transfer and reduction of carbonyl group are
observed also when isopropyl alcohol is refluxed with
cyclohexanone in the presence of catalytic amounts of the
complexes IrH3(PPh3)3, IrH3(PPh3)2, ReH7(Ph3P^, and
RuHBr(CO)(PEt2Ph)3.

138 It is interesting that, when 4-
substituted cyclohexanones are employed, equatorial alco-
hols are formed as the main reduction products137.

An active ruthenium catalyst of hydrogen transfer from
primary and secondary alcohols to ketones [RuCk(PPh3)3]
was proposed by Freidlin and coworkers138"141. The
addition of bases accelerates this reaction. The reaction
rate depends on the structure of the alkyl substituents in
the alcohol molecule and falls sharply following the intro-
duction of bulky tertiary groups. Alkylphenylmethanols
reduce ketones at a much higher rate than 2-alkanols.
The structure of the ketone has also a significant influence
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on the rate of reaction, which decreases in the sequence
cyclohexanone > acetophenone > cyclopentanone > 2-hexa-
none > cycloheptanone > cyclo-octanone.

It is interesting that the univalent rhodium complex
(PPh3)3RhCl, which is an active catalyst of homogeneous
hydrogenation, is also active in hydrogen transfer from
alcohols1 3 8 '1 3 9. Its activity in this reaction is higher
approximately by a power of ten than the activity of the
ruthenium complex (PPh3)3RhCl2 and depends little on the
structure of the alcohol and ketone.

Catalytic reduction of aldehydes by alcohols was
observed also in the course of the condensation of alcohols
catalysed by rhodium compounds In this reaction the
rhodium catalyst dehydrogenates the primary alcohol to
the aldehyde with simultaneous formation of a carbonyl-
phosphine-hydride complex (in this complex the carbonyl
group of the aldehyde formed serves as a source of CO).
In an alkaline medium two aldehyde molecules condense
with formation of an a?i3-unsaturated aldehyde, which is
reduced by the rhodium hydride complex to a saturated
aldehyde and to a higher alcohol:

L Μ
R (CH,),OH — -

R C H 2 C H = C R - /
\

[ L n M = (PPhs),RhCl, HRh (CO) (PPh,),]

Studies on the catalytic reduction of the carbonyl group
in complex natural products are interesting. Thus steroid
ketones can be reduced by isopropyl alcohol in the pres-
ence of tris(triphenylphosphine)rhodium chloride .
Under these conditions, the reduction of ketones to axial
alcohols is to some extent stereospecific. The rate of
reduction in the presence of the rhodium catalyst did not
increase appreciably following the addition of alkali.

A study has also been made of the reduction by alcohols
of a wide range of steroids in the presence of the
H2lrCl[P(OMe)3]3 catalyst144. This system is fully selec-
tive in the reduction of the 3-oxo-group in the presence of
oxo-groups in other positions. Thus the oxo-groups in the
6-, 7-, 11-, 12-, 17-, 17a-, and 20-positions are hardly
reduced (Table 4).

The reduction of other functional groups, in particular
of the nitro-group, by alcohols in the presence of transi-
tion metal complexes has been described Thus a meth-
anol solution of Fe3(CO)i2 reduces specifically the aromatic
nitro-group to a primary amino-group. The nitro-group
is reduced with relatively high yields also in the presence
of different substituents in the benzene ring (p-Cl, o-Cl,
o-Me, p-OMe, p-OK, />-COOEt, p-COMe, />-HCOMe,
/>-CH=CH-CH=CH2, m-NOs, />-№, and others).

It is noteworthy that the hydrogen transfer from alco-
hols to unsaturated substrates occurs under somewhat
more severe conditions (temperature 80—130eC) than in
homogeneous hydrogenation under the influence of analogous
catalysts (usually at room temperature). This can be
accounted for by the greater difficulty of the dissociation
of the C-H bond compared with the H-H bond.

2. Reduction by Formic Acid and Formates

One of the interesting and extremely effective hydrogen
donors for the reduction of organic compounds is formic
acid and its derivatives. It is well known that formic acid
and its salts are powerful reducing agents. This is
usually attributed to the presence of the "aldehyde-like"
hydrogen at the carbon atom which exhibits an appreciable
hydride mobility (see above). In 1967 Coffey reported
that, in the presence of phosphine complexes of platinum,
ruthenium, and iridium, formic acid undergoes catalytic
decomposition with formation of hydrogen and carbon
dioxide146. He also stated that, following the introduction
into this catalytic system [in the presence of the complex
H3lr(PPh3)3] of butyraldehyde, the latter is reduced to the
corresponding alcohol. Further results obtained in the
reduction of the carbonyl group by formic acid were pub-
lished by the same author in a patent1 4 7.

Table 4. Reduction of 3-oxosteroids in the presence of
the Henbest reagent [IfclrCle, (MeO)3P, and 90% aqueous
2-propanol]*.

Steroid

5o-Series
5a-Androstan-3-one
17p-Hydroxy-5o-androstan-3-one
5a-Androstane-3,17-dione
5o-Andiostane, 3,11,17-trione
5a-Cholestane-3,6-dione
5<*Pregnane-3,20-dione

20a-Hydroxy-5a-pregnan-3-one
20|3-Hydroxy-5a-pregnan-3-one

5<*-Pregnane-3,ll,20-trione

50-Series
50-Androstane-3,17-dione
170-Hydroxy-50-androstan-3-one
50-Pregnane- 3,2-dione

20ot-Hydroxy-5(5-pregnan-3-one
50-Pregnane-3,11,20-trione
50-Pregnane-3,12,20-trione
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10
2

2
5

29

6-7

4

5

9

2
2
1

2
1

4

Yield of other products, %

_

3-oxo-derivative (3%)
_

3-oxo-derivative (3%)
3-oxo-derivative (3%),

17-isoproducts (11%)
3-oxo-derivative (34%)

3-oxo-derivative (75%),
unidentified products (5%)

3-oxo-derivative (3%),
17-isoproducts (24%)

_

-

3-oxo-derivative (2%),
17-isoproducts (25%)

_

17-isoproducts (27%)

17-isoproducts (8%)

* The reaction is carried out in boiling isopropyl alcohol.

It was found recently that formic acid can readily re-
duce carbon-carbon multiple bonds in the presence of
various transition metal complexes as catalysts1 4 8"1 5 1.

The study of a wide range of phosphine complexes in
this reaction showed that the principal relations observed
in hydrogenation by molecular hydrogen are retained also
in the reduction of olefins by formic acid. The influence
of ligands, the valence of the transition metal, the nature
of the substrate, etc. is similar. However, in contrast
to hydrogenation by hydrogen, the reduction of olefins by
formic acid is significantly affected by the solvent. The
reduction hardly occurs in non-polar solvents (benzene,
toluene, etc.) even under severe conditions, but proceeds
extremely readily in dimethylformamide (DMF) and
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dimethylacetamide. It is extremely significant that
molecular hydrogen does not hydrogenate olefins in these
solvents and under these conditions, which is evidence of
intramolecular hydrogen transfer from HCOOH. That the
hydride hydrogen from formic acid is involved in the
reduction of the olefins has been demonstrated by separate
experiments with DCOOH.

Olefins are reduced by formic acid usually at a higher
temperature (60-100 °C) than in the hydrogenation by
molecular hydrogen in the presence of the same complexes.
This is due in all probability to the greater difficulty of the
dissociation of the C-H bond in formic acid. There are
several ways of increasing the catalytic activity of the
systems in which formic acid functions as a source of
hydrogen.

1. By employing a combination of catalysts instead of
individual complexes. Thus combination of the catalysts
(PPh3)2Rh(CO)Cl and (PPh3)2lr(CO)Cl is more active than
each complex separately.

2. By employing a combination of transition metal com -
plexes one of which is incapable of reducing the olefin but
behaves under mild conditions as a catalyst of the decom-
position of formic acid and the other can transfer hydrogen
to the olefin. Such a system can be achieved, for exam-
ple, by combining the complex (Ph3P)3Co(N2)H, which can
catalyse the decomposition of formic acid at room tem-
perature, and any catalyst of homogeneous hydrogenation
which can give rise to hydrogen transfer [for example,
( J h C l j

3. By adding formate salts. In this case the formate
anion presumably serves as an efficient donor of the
hydride ion and formic acid behaves as a proton donor:

H—;COO" + Μ *• (ΜΗΓ + CO, ,

(ΜΗΓ + HCOOH >- MH2 + HCOO ,

M H 2 + R C H = C H 2 * • Μ + R C H J C H J .

Indeed the employment of a mixture of formic acid and
its salt made it possible in a number of cases to increase
appreciably the degree of reduction and to lower the
reaction temperature. For example, a mixture of formic
acid with its salt in the presence of the complex (Ph3P)3RhCl
reduces quantitatively oct-1-ene and oct-4-ene, while the
degree of their reduction by formic acid alone under the
same conditions does not exceed 15%. In many instances
a mixture of formates and formic acid reduces olefins
even at room temperature.

It is interesting that formates themselves are also
capable of reducing olefins and acetylenes in the presence
of transition metals and in some cases the reduction by
alkali metal formates proceeds more readily than by
formic acid. Water behaves as the source of protons in
such systems. The nature of the cation linked to the
formate has hardly any effect on the activity of the
reducing agent.

Comparison of the catalytic activities of various tran-
sition metal complexes in the reduction of olefins by for-
mic acid showed that ruthenium complexes are the most
active and among these the highest activity is shown by
(PhgP)3Ru(H)Cl. This complex catalyses the reduction of
terminal olefins at room temperature in high yields.
This behaviour of the ruthenium complex can be explained
by the exceptional ease of the dissociation of the C -H bond
of the formate group at the ruthenium atom with transfer
of the hydride ion to ruthenium (see above). It is note-
worthy that the ruthenium formate complex
(PPh3)3RuH(OOCH) is itself an effective catalyst of the
decomposition of formic acid and of the reduction of ole-
fins by formic acid at room temperature.

Kinetic studies and studies on model reactions suggest
the following general mechanism of the decomposition of
formic acid and the reduction of olefins [in the presence
of the complex (Ph3P)3Ru(H)Cl]:

L,Ru(H)CI+Ŝ L,Ru(H)CI • S-f L ,

(1) LaRu(H)ClS+HCOOH

Τ
+s I -co,

/ H

L»Ru CO,

Γ Η -1-

L,Ru-OOCH H+ ,

L XC1 J
1-H.

L, Ru CH

CHR

L2Ru

where S is a solvent molecule.
The decomposition of formic acid under the influence

of transition metals can probably proceed not only via the
formation of a formate complex with subsequent hydride
transfer from the C -H bond to the metal in accordance
with the mechanism

Μ + HCOOH -* HCOOM- + H+ -* HM~ + CO2 + H+ -> MH2 + CO2 ,

but also by the insertion of the metal in the carbon-hydro-
gen bond with the initial formation of the hydride of the
metallo car boxy lie acid:

Μ + HCOOH
/

Μ
^ C O O H

MH2 + CO2

Indeed, when formic acid is refluxed with iridium com-
plexes of the type L3lrCl3 (where L = M^PhP or Et2PhP),
the product is a complex, which has the structure
L2lr(CO)H(COOH)Cl according to infrared spectroscopic
data and its chemical properties1 5 2. This reaction is of
interest not only from the standpoint of the understanding
of the mechanism of the decomposition of formic acid but
also from the standpoint of the possible transfer of frag-
ments of the metallocarboxylic acid to olefins via a
mechanism involving a kind of reductive carboxylation153:

Μ + HCOOH -* Μ

\:OOH
i—C—C—COOH

The possibility of such addition of the elements of formic
acid and also of its esters to cyclohexene and other olefins
has been demonstrated in catalysis by rhodium, rutheni-
um, osmium, and platinum complexes68. The complexes
(PPh3)sRhCl, (PPhaJsRhCl, (PPh3)2lr(CO)Cl, and
(PPh3)Rh(CO)aCl proved to be the most active catalysts.
However, the yields of the carboxylic acid are low and do
not exceed 40 mole per mole of the catalyst; the process
is complicated by side reactions involving the decomposi-
tion of formic acid, the reduction of the olefin, etc.

This reaction is an example of an interesting type of
C -H bond dissociation and of the transfer of both hydrogen
and of an organic group to the substrate. Such reactions
can in many instances lead to new ways of obtaining valu-
able substances.

In conclusion of the section devoted to formic acid as a
reducing agent, mention should be made of the fact that in
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the presence of ruthenium and rhodium complexes the acid
is capable of the selective reduction of α/3-unsaturated
ketones to saturated ketones130 (Table 3). It is inter-
esting that, when the complex (PPhsiaRuCk is used as a
catalyst, not only formic acid but also DMF can serve as
a source of hydride hydrogen. The study on the exchange
of hydrogen in the C -H bond in DMF with molecular
deuterium catalysed by rhodium complexes154'155 is
interesting in this connection. The authors propose the
following possible mechanism for the exchange process:

Η

- - - O = C - N ( C H S ) 2

Η D D

~ Rh <--- 0=C—Ν (CH3), η

Η

Rh—Ο—C—;

I I
D D

D

•N (CH3)2

3. Disproportionation Reactions

Catalytic reactions where the same substrate molecule
can behave both as a donor and as an acceptor of hydrogen
are of great interest. This results either in the isomeri-
sation of the initial molecule (with intramolecular hydrogen
migration) or disproportionation (with intermolecular
hydrogen migration).

The isomerisation of allyl alcohol to propionaldehyde
catalysed by cobalt hydrocarbonyl156, i r o n 1 , ruthenium158,
and palladium159 complexes can serve as an example of
such intramolecular hydrogen transfer. When allyl alco-
hol is acted upon by deuteriated cobalt hydrocarbonyl, the
entire deuterium is bound in the methyl group of propion-
aldehyde. which suggests the following mechanism for this
reaction :

CH2=CH—CH2OH + DCo(CO),-

CH,DCH=CHOH CH2DCH2CHO

Numerous olefin isomerisation reactions under the influ-
ence of transition metal compounds also constitute essen-
tially intramolecular hydrogen migrations. They occur
either with activation of the allylic C -H bond of the olefin
(which is most readily dissociated):

H,C=CH-CH2R + LnM

Me
^

ML.
VCHR

Me—CH=CHR + L.M

or they involve the metal-hydrogen hydridic bond already
present via an intermediate σ-alkyl derivative:

CH2

Η Me Me Η
2 1 | |

H,C=CH-CH2R + L n M - H ^ || -» MLn ~ RCH 2 -CH-ML n ϋ CHR
CH

CH2R
XI MeCH=CHR f LnM—H.

I
M ^

The isomerisation reactions have been discussed in grea-
ter detail in numerous reviews, for example that of
Orchin89.

σ-Alkyl derivatives of transition metals, which are in
many instances intermediates in the catalytic migration of
hydrogen in olefins, are also capable of undergoing very
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readily intermolecular hydrogen exchange in the course of
the dissociation of the metal-carbon bond via the mecha-
nism

2M-CHaCH, -> 2M + CH,CH, + CH2=CH2 .

For example, the decomposition of pentacyano(2-butenyl)-
cobaltate(ni) results in the formation of butenes and buta-
dienes1 6 0. The alkylcarbonylrhodium hydride complex
(formed in the decarbonylation of aliphatic aldehydes)
decomposes with formation of alkanes and alkenes1 6 1"1 6 3:

2 RhClH (CO).(PPh)2 (CH2CH2R) — MeCH2R + CH 2 =CHR + H 2 .

The number of examples of this kind could be greatly
extended. It is noteworthy that σ-alkyl groups can behave
also as reductants for an "external" substrate (an unsatu-
rated compound), but this reaction does not have prepara-
tive value. For example, when tolane reacts at room
temperature with σ-methyl derivatives of chromium,
tolane reduction products were identified after hydroly-
sis 1 6 4:

PhC=CPh [ + MeMgCl + CrCI3- 3THFJ -'°
*- PhCH=CHPh+PhCH2CH2Ph + PhC=CHPh + Ph—C—CH2Ph .

Me] CH2

When a deuteriated Grignard reagent was employed it was
shown that the methyl group is in fact the hydrogen
donor165.

The olefin disproportionation reactions in the presence
of complex catalysts discovered recently are interesting.
It was found that cyclohexe-l,4-diene can disproportionate
in a homogeneous medium in the presence of
(Ph3P)2lr(CO)Cl with formation of benzene and cyclohex-
ane 1 6 6. In this case, as in N.D. Zelinskii's classical
irreversible catalysis, one cyclohexadiene molecule
behaves as the donor and the other as the acceptor of
hydrogen:

The complex Phfr-CsMesfceHe also catalyses the dis-
proportionation of cyclohexa-l,3-diene and cyclohexa-1,4-
diene to cyclohexene and benzene167. This involves the
formation of a rhodium complex accompanied by the iso-
merisation of the 1,4-diene to the 1,3-diene with subse-
quent disproportionation:

(C5Me5)RhCI2 +

+ MeCHO +

The formation of the rhodium complex from the 1,3-diene
is accompanied only by disproportionation without iso-
merisation.

The reaction of cyclohexa-l,3-diene with RuCls in etha-
nol results in the formation of a π-benzene complex of
ruthenium168. This reaction probably proceeds via the
catalytic disproportionation of cyclohexadiene.

In the presence of palladium salts cyclohexa-1,3-diene
is converted into benzene and an allyl complex of palla-
dium1 6 9:

+ ί Μ α · -15ΕΤ 2<
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The disproportionation reactions of cyclohexene cata-
lysed by palladium salts170»171 probably belong to the same
type. For example, on heating with Pd(CN)fe at 130°C,
cyclohexene gives rise to a mixture of cyclohexanes and
benzene [yields of 479 and 212% relative to Pd(CNi]170:

When acted upon by PdCb, 1-methylcyclohex-l-ene
forms similarly methylcyclohexane and toluene even at
room temperature170; this entails the simultaneous oxi-
dation of the olefin and the formation of metallic palladium.
However, the authors believe that palladium complexes
and not metallic palladium catalyse this reaction.

An interesting disproportionation reaction was dis-
covered by Riill , who established that, in the presence
of Co2(CO)8 under the conditions of the Reppe synthesis,
cyclododeca-l,5,9-triene is converted into the methyl
ester of cyclododecanecarboxylic acid. In addition it was
found that the corresponding aldehyde is formed in the
course of the reaction. Hydrogen required for this reac-
tion is formed as a result of the conversion of cyclodo-
deca-l,5,9-triene into the symmetrical hydrindacene,
which was detected in the reaction products:

4. Direct Dehydrogenation Reactions

The problem of the possible occurrence of direct
dehydrogenation reactions under the influence of complex
catalysts, i.e. reactions which are the converse of hydro-
genation, for example

has attracted particular attention. Such reactions could
in principle be catalysed by the same complexes as
hydrogenation and the reaction mechanism might include
the activation of the C-H bond:

SH
M

However, under mild conditions all these reactions are
as a rule thermodynamically unfavourable and the equi-
librium is displaced wholly towards the formation of the
hydrogenation products.

The few examples in which processes of this kind are
known involve the formation of products which are thermo-
dynamically the most stable. Thus, as already stated
above, formic acid decomposes extremely readily when
acted upon by various transition metal complexes via the
mechanism

HCOOH -+ CO, -H Ha .

Here the "driving force" of the reaction, which is com-
pletely displaced to the right, is the high thermodynamic
stability of the CQs molecule (Aff298 ~ 264 kcal mole"1).

Direct dehydrogenation with formation of a C=C double
bond was observed in a few instances and only for com-
pounds where the double bond is stabilised by conjugation.
Thus it has been stated173 that cyclohexane is dehydro-
genated to benzene on interaction with IrCl(PPh3)3.

However, the yield of benzene was small and it was not
clear whether hydrogen was evolved or an iridium hydride
complex was formed. (Experiments with a deuteriated
substrate showed that hydrogen is transferred to iridium
from the phosphine ligands and not from the substrate.)
There are also data for the dehydrogenation of cyclohex-
ane by palladium(n) salts174.

Extremely interesting examples of catalytic dehydro-
genation were observed by Blum and Biger for com-
pounds whose dehydrogenation results in the formation of
a double bond between two benzene rings. For example,
on heating with a catalytic amount of (Ph3P)3RhCl,
(AsPh3)3RhCl, (Ph3P)2lr(CO)Cl, or (PPh^sRuCls at 260°C,
bibenzyl gives rise to trans-stilbene:

PhCHj—CHjPh -* PhCH=CHPh + H, .

Other dehydrogenation reactions proceed similarly:

It is interesting that the rates of these reactions are
close to those of dehydrogenation at a heterogeneous palla-
dium catalyst, but the reactions in the presence of the
complexes are more selective. Thus, on heating with
(Ph3P)sRhCl (at 225°C for 15 h), 9,10-dihydroanthracene
gives a quantitative yield of anthracene (without the forma-
tion of tetrahydroanthracenes). Transition metal hydride
complexes are probably formed as intermediates in this
reaction. Indeed the hydride was isolated in the case of
the ruthenium complex.

There has been a brief communication176 concerning the
catalytic dehydrogenation of toluene in the presence of
(PPhs)alrCl:

PhCH,
(PPh,)«IrCl • PhCHaCH2Ph + PhCH=CHPh + PhC=CPh

Presumably the occurrence of this reaction is related
primarily to the great ease of the dissociation of the ben
zyl-hydrogen bond and subsequent dimerisation of the
benzyl radicals:

/CHaPh

PhCH, + LnIr • [PhCHi] -> PhCHaCH2Ph

Finally mention may be made of the reaction in the
course of which cyclo-octa-l,3-diene is dehydrogenated
under the influence of chromium carbonyl with simultane-
ous ring contraction and aromatisation. The chromium
carbonyl complex of o-xylene was isolated in a low yield177:

—-oOo—-
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The present review has dealt with a wide variety of
reactions involving the dissociation of C -H bonds with
subsequent hydrogen transfer to unsaturated compounds.
Transition metal complexes are effective catalysts of
these reactions and make it possible to carry them out
under comparatively mild conditions and fairly selectively.

Alcohols, alkoxides, aldehydes, dihydric phenols,
cyclic ethers, etc. can be used as hydrogen donors.
Formic acid and formates are particularly convenient
reducing agents.

Carbon-carbon double and triple bonds, the carbonyl
group, and the nitro-group have been hydrogenated with
the aid of these reducing agents. In many instances it
proved possible to demonstrate the high selectivity of the
reactions and their stereospecificity. It is noteworthy that
the ease and selectivity of the hydrogen transfer processes
and the availability of the reducing agents and catalysts
used make the reactions very convenient in many instances
on a preparative scale.

REFERENCES

1. J.Halpern, Adv.Catalysis, 11, 300(1959).
2. J.Halpern, Ann.Rev.Phys.Chem., 16, 103 (1965).
3. J.Halpern, Adv.Chem.Ser. 70(1967).
4. W.Weller and G. A. Mills, Catalysis" (Translated

into Russian), Inostr. Lit., Moscow, 1966 [This is
probably a reference to "Catalysis" by G. A. Mills
in Kirk-Othmer Encycl.Chem.Technol., 2nd Ed.,
1964, Vol.4, p. 539 (Ed. of Translation)].

5. M.E.Winfield, Rev.Pure Appl.Chem., 5, 217
(1955).

6. J.P.Collman, Acc.Chem.Res., 1, 136(1968).
7. R.F.Heck, Acc.Chem.Res., 2, 10(1969).
8. R.E.Harmon, S.K.Gupta, and D.H. Brown, Chem.

Rev., 73, 21 (1973).
9. B.R.James, Coord.Chem.Rev., 1, 505(1966).

10. E.Ochia, Coord.Chem.Rev., 3, 49 (1968).
11. J.C.Bond, Chem.Soc.Ann.Rep., 63, 27 (1967).
12. M. E. Vol'pin and I. S. Kolomnikov, Uspekhi Khim.,

38, 561 (1969) [Russ. Chem. Rev., No. 4 (1969)].
13. R.Ugo (editor), "Aspects of Homogeneous Cataly-

sis", Vol.1, 1970; Russian translation, Izd.Mir,
Moscow, 1973, pp.8, 93.

14. J.Kwiatek, "Hydrogenation and Dehydrogenation"
in "Transition Metals in Homogeneous Catalysis"
(Edited by G.N.Schrauzer), New York, 1971, p.271.

15. R.J.Kokes, Catal.Rev., 6, 1 (1972).
16. L.Vaska, Inorg.Chim. Acta, 5, 295 (1971).
17. B.R.James, "Homogeneous Hydrogenation", New

York, 1973.
18. S. N. Zelenin and M. L. Khidekel', Uspekhi Khim.,

39, 209 (1970) [Russ.Chem.Rev., No. 2 (1970)].
19. M. Tsutsui, J.Aryoshi, T.Koy, and Μ. Ν. Levy,

Adv.Chem.Ser., 70, 266 (1968).
20. R. van Helden and G. Verberg, Rec. Trav. chim., 84,

1263 (1965).
21. J.M.Davidson and C.Triggs, Chem.Ind. (London),

457 (1966).
22. J.M.Davidson and C.Triggs, Chem.Ind. (London),

1361 (1967).
23. J.M.Davidson and C.Triggs, J.Chem.Soc. (A), 1324

(1968).
24. R.Huttel, J.Kratzer, and M. Bechter, Chem.Ber.,

94, 766 (1961).
25. H.C.Volger, Rec. Trav. chim., 86, 677 (1967).
26. C. F. Kohel and R. van Helden, Rec. Trav. chim.,

86, 193 (1967).

27. E.Billig, C.B.Strow, and R. L. Pruett, Chem.
Comm., 1307 (1968).

28. Y.Fujiwara, I.Moritani, M. Matsuda, and
S. Teranishi, Tetrahedron Letters. 3863 (1968).

29. Z. N. Parnes and D. N. Kursanov, ' Reaktsii Gidrid-
nogo Peremeshcheniya ν Organicheskoi Khimii"
(Hydride Transfer Reactions in Organic Chemis-
try), Izd.Nauka, Moscow, 1969.

30. P. B.Chock and J.Halpern, J.Amer.Chem.Soc,
88, 3511 (1966).

31. P.S.Braterman and R.J.Cross, J.Chem.Soc,
Dalton Trans., 657 (1972).

32. W.Mowat, A.Shortland, G.Yagupsky, N.J.Hill,
M.Yagupsky, and G. Wilkinson, J.Chem. Soc,
Dalton Trans., 533 (1972).

33. S.J.Ashcroft and C.T.Mortimer, J.Chem.Soc (A),
930 (1967).

34. K.W. Egger, J.Organomet.Chem., 24, 501 (1970).
35. V.I. Tel'noi, I. B.Rabinovich, V.D. Tikhonov,

V. N. Latyaeva, L.I. Vyshinskaya, and G. A.Razu-
vaev, Dokl. Akad. Nauk SSSR, 174, 1374 (1967).

36. C.F.H. Tipper, J. Chem. Soc, 2045 (1955).
37. D.M.Adams, J.Chatt, R.G.Guy, and N. Sheppard,

J.Chem.Soc, 738(1961).
38. M. Lenarda, R.Ros, M.Graziani, and V. Belluco,

J.Organomet.Chem., 46, C29 (1972).
39. I. S. Kolomnikov, P.Svoboda, and Μ. Ε. Vol'pin,

Izv. Akad. Nauk SSSR, Otd. Khim. Nauk, 2818 (1972).
40. P.G.Gassman, T.J.Atkins, and F.J.Williams,

J.Amer.Chem.Soc, 93, 1812 (1971).
41. L.A.Paquette, R.P.Henzel, and S. E.Wilson,

J.Amer.Chem.Soc, 93, 2335(1971).
42. M. Green and D.Jones, Inorg.Chem. and Radiochem.,

7, 115 (1965).
43. E.L.Muetterties (Editor), "Transition Metal

Hydrides", Marcel Dekker, New York, 1971.
44. H.D.Kaesz and R. B.Saillant, Chem. Rev., 72, 231

(1972).
45. J. Chatt and B. L. Shaw, Chem. Ind. (London), 931

(1960).
46. J.Chatt and B.L.Shaw, J.Chem.Soc, 5075 (1962).
47. G.Gregerio, C.Pregaglia, and R.Ugo, Inorg.Chim.

Acta, 3, 89 (1969).
48. M. Bennett and D. Milner, J.Amer. Chem. Soc,

6983 (1969).
49. L.Vaska and D.Diluzio, J.Amer.Chem.Soc, 84,

4989 (1962).
50. L.Vaska, J.Amer. Chem. Soc, 86, 1943 (1964).
51. J.Chatt, R.S.Coffey, and B.L.Shaw, J.Chem.Soc,

7391 (1965).
52. L.Vaska, J.Amer. Chem. Soc, 88, 4100 (1966).
53. A.Deeming and B.Shaw, J.Chem. Soc (A), 1887

(1968).
54. B.Ilmaier and R.S.Nyholm, Naturwiss., 56, 636

(1969).
55. S.Robinson and B.L.Shaw, J.Chem.Soc, 4997

(1965).
56. J.Chatt, B.L.Shaw, andA.Field, J.Chem.Soc,

3466 (1964).
57. H.Clark and R.Mittal, Canad. J.Chem., 48, 119

(1970).
58. L.Vaska, J.Amer. Chem. Soc, 83, 756 (1961).
59. J.Nicholson and B.L.Shaw, ProcChem.Soc, 282

(1963).
60. G.Gregorio, G.Pregaglia, and R.Ugo, Inorg.

Chim. Acta, 3, 89 (1969).
61. J.Chatt and J.M.Davidson, J.Chem.Soc, 843

(1965).



412 Russian Chemical Reviews, 43 (5), 1974

62. M. A. Bennett and P. A. Longstaff, J . Amer. Chem. 95.
Soc, 91, 6266 (1969).

63. G. Parshall and J. Mrorvka, Adv. Organomet.Chem., 96.
7, 157 (1968).

64. S. Bresadola, P.Rigo, and A. Turko, Chem.Comm., 97.
1205 (1968).

65. J.Chatt, R.S.Coffey, A.Gough, and D.T.Thompson, 98.
J. Chem. Soc. (A), 190(1968). 99.

66. G.M.Whitesides, E.R.Stedronski, C.P.Casey,
and J.San Philipo, J. Amer.Chem.Soc, 92, 1426 100.
(1970).

67. K. Laing and W.Roper, J. Chem. Soc. (A), 1889 101.
(1969).

68. M. E. Vol'pin and I. S. Kolomnikov, Pure Appl.Chem., 102.
33, 567 (1973).

69. I.S.Kolomnikov, A.I.Gusev, G.G.Alexandrov, 103.
T. S. Lobeeva, Yu. T. Struchkov, and Μ. Ε. Vol'pin, 104.
J.Organomet.Chem., 59, 349 (1973).

70. S.Komiya and A. Yamamoto, J.Organomet.Chem., 105.
46, C58 (1972). 106.

71. J.Chatt and I.H.Davidson, J.Chem.Soc, 843 107.
(1965).

72. M.L.H.Green and P.Knowles, Chem.Comm., 1677 108.
(1970).

73. E. K. Barefield, G. W. Parshall, and F. N. Tebbe, 109.
J. Amer.Chem.Soc, 92, 5234(1970).

74. F.N.Tebbe and G.W. Parshall, J . Amer. Chem. 110.
Soc, 93, 3793 (1971).

75. K.P.Davis and J.L.Garnett, J.Phys.Chem., 75, 111.
1175 (1971).

76. G. Henrici-Olive and S.Olive, J.Organomet.Chem.,
9, 325 (1967). 112.

77. G. Henrici-Olive and S. Olive, J. Amer.Chem.Soc,
92, 4831 (1970). 113.

78. S.D.Ibekwe, B. H. Kilbourn, U.A.Raeburn, and
D.R.Russell, Chem.Comm., 433 (1969). 114.

79. R.J.Hodges and J.L.Garnett, J.Phys.Chem., 72,
1673 (1968). 115.

80. R.J.Hodges and J.L.Garnett, J.Catal., 13, 83
(1969). 116.

81. M.E. Vol'pin, A.A.Belyi, V.B.Shur, Yu.I.Lya-
khovetskii, R. V. Kudryavtsev, and N. N. Bubnov, H7.
Dokl.Akad.NaukSSSR, 194, 577(1970).

82. M.E. Vol'pin, A.A.Belyi, V.B.Shur, Yu.I. Lya- 118.
khovetsky, R. V. Kudryavtsev, and Ν. Ν. Bubnov,
J.Organomet.Chem., 27, C5 (1970).

83. E.E.van Tamelen, W.Gretney, N. Klaentshi, and 119.
J.S.Miller, Chem.Comm., 481 (1972). 120.

84. H. H. Brintzinger and J. E. Bercaw, J . Amer. Chem.
Soc, 92, 6182 (1970). 121.

85. M.Bruce, M.Cairns, A.Cox, M.Green, M.Smith, 122.
and P. Woodward, J.Chem. Soc (D), 735 (1970).

86. R. Hiittel, J.Kratzer, and M. Bechter, Chem. Ber., 123.
94, 766 (1961).

87. R.Huttel and H.Christ, Chem.Ber., 96, 3101 124.
(1963).

88. M.Donati and F.Conti, Inorg.Nuclear Chem.Letters, 1 2 5 .
2, 343 (1966).

89. M.Orchin, Adv. in Catalysis, 16, 1 (1966). 126.
90. D.Morelli, R.Ugo, F.Conti, and M.Donati, Chem.

Comm., 801 (1967). 127.
91. A.D.Ketley and J.Braatz, Chem.Comm., 169

(1968). 128.
92. M.Donati and F.Conti, Tetrahedron Letters, 4953

(1966). 129.
93. J.Tsuji, Acc.Chem.Res., 2, 148 (1969).
94. M.Bennett and D.Milner, Chem.Comm., 581 130.

(1967).

E. Ainscough and J.Robinson, J.Chem.Soc. (D),
863 (1970).
G. W. Parshall, J.Amer.Chem.Soc, 90, 1669
(1968).
P. S. Hallman, B. R. McGarvey, and G. Wilkinson,
J . Chem. Soc (A), 3143 (1968).
W.H.Knoth, J.Amer.Chem. Soc, 90, 7172 (1968).
J.Kutazuml, A. Yamamoto, and J.Ikeda, J.Amer.
Chem. Soc, 92, 3011 (1970).
G.W.Parshall, W.Knoth, andR.Shunn, J.Amer.
Chem.Soc, 91, 4990(1969).
S. La Placa and J.Ibers, Inorg. Chem., 4, 778
(1965).
A. Sacco and M.Rossi, Inorg.Chim. Acta, 2, 127
(1968).
A.Sacco and M. Aresta, Chem.Comm., 1223 (1968).
G.Hata, H.Kondo, and A.Miyake, J.Amer.Chem.
Soc, 90, 2278 (1968).
W.Keim, J.Organomet.Chem., 19, 161 (1969).
G.W.Parshall, Acc.Chem.Res., 3, 139(1970).
J.P.Kleiman and M.Dubeck, J.Amer.Chem.Soc,
85, 1544 (1963).
A.C.Cope and R.W.Siekman, J.Amer.Chem.Soc,
87, 3272 (1965).
Μ. Μ. Bugga, P.L.Pauson, F.J.Preston, and
R.I.Reed, Chem.Comm., 543 (1965).
P. E. Baikie and O. S. Mills, Chem. Comm., 707
(1966).
N. F.Gol'dshleger, M. B. Tyabin, A.E. Shilov, and
A.A.Shteinman, Zhur. Fiz.Khim., 43, 2174 (1969)
[Russ.J.Phys.Chem., No. 8 (1969)].
M. B. Tyabin, A. E. Shilov, and A. A. Shteinman,
Dokl.Akad.NaukSSSR, 198, 380(1971).
A. E. Shilov and A. A. Shteinman, Kinetika i Kataliz,
14, 149 (1973).
R.J.Hodges, D.E.Webster, and P.B.Wells, Chem.
Comm., 462 (1971).
R.J.Hodges, D.E.Webster, and P. B. Wells, J.
Chem. Soc. (A), 3230(1971).
V. V. Es'kova, A. E. Shilov, and A. A. Shteinman,
Kinetika i Kataliz, 13, 534 (1972).
G.Pregaglia, G.Gregorio, and F.Conti, Ital.P.
783 795 (1966).
I. S. Kolomnikov, I. L.Nakhshunova, F.Prukhnik,
Ν. A. Belikova, and M. E. Vol'pin, Izv. Akad. Nauk
SSSR, Ser.Khim., 1180 (1972).
H.Charman, J.Chem. Soc. (B), 584 (1970).
G.Natta, P.Pino, andR.Ercoli, J.Amer.Chem.
Soc, 74, 4496 (1952).
L.Marko, ProcChem.Soc, 67(1962).
R.W.Goetz and M.Orchin, J.Org.Chem., 27,
3698 (1962).
C.L.Aldridge and H.B. Jonassen, J.Amer.Chem.
Soc, 85, 886 (1963).
S. Nanya, M.Hanai, and K. Fukuzumi, J. Chem. Soc.
Japan, Ind.Chem.Sect., 72, 2005(1969).
H. Tayim and J.Bailar, J.Amer. Chem. Soc, 89,
4330 (1967).
H. Itatani and J. Bailar, J. Amer. Oil Chem. Soc, 44,
147 (1967).
Y. M.Y.Haddad, H. B.Henbest, J . Husbands, and
T. R. B. Mitchell, Proc.Chem. Soc, 361 (1964).
J. Trocha-Grimshaw and Η. Β. Henbest, Chem.
Comm., 544 (1967).
Y. Sasson and I. Blum, Tetrahedron Letters, 2167
(1971).
J.Blum, Y.Sasson, andJ.Jflah, Tetrahedron
Letters, 1015 (1972).



_ Russian Chemical Reviews, 43 (5), 1974 413

131. T.Nishiguchi and K. Fukuzumi, Chem. Comm., 139
(1971).

132. T. Nishiguchi and K. Fukuzumi, Bull. Chem. Soc.
Japan, 45, 1656 (1972).

133. L.A. Nikonova, Ο. Ν. Efimov, A. T.Ovcharenko,
and A.E.Shilov, Kinetika i Kataliz, 13, 249 (1972).

134. J.C.Bailar and H.Itatiani, J.Amer.Chem.Soc,
89, 1592 (1967).

135. T.Nishiguchi, K. Tachi, and K. Fukuzumi, J.Amer.
Chem.Soc, 94, 8916 (1972).

136. R.Coffey, B.P.I 135979.
137. H. B. Henbest and T. R. B. Mitchell, Ann. Meeting

Chem. Soc, Nottingham, Paper 4, 16 (1969).
138. V. Z.Sharf, L.Kh.Freidlin, V.N.Krutii, and

T.V. Lysyak, Izv.Akad.Nauk SSSR, Otd.Khim.
Nauk, 2195 (1972).

139. L.Kh.Freidlin, V. Z.Sharf, V.N.Krutii, and
S. N. Shcherbakova, Zhur.Org.Khim., 8, 979 (1972).

140. V. Z.Sharf, L.Kh.Freidlin, and V. N. Krutii, Izv.
Akad. Nauk SSSR, Ser.Khim., 2264 (1973).

141. L.Kh.Freidlin, V. Z.Sharf, V.N.Krutii, and
T.P.Prokopenko, Kinetika i Kataliz, 14, 600
(1973).

142. G.Gregorio and G.Pregaglia, J.Organomet.Chem.,
37, 385 (1972).

143. J .C.Orr, M.Mersereau, and M.Sanford, Chem.
Comm., 162 (1970).

144. P. A. Brown and D.N. Kirk, J.Chem. Soc. (C), 1653
(1969).

145. J.M. Landesberg, Li.Katz, andC.Olsen, J.Org.
Chem., 37, 931 (1972).

146. R.S.Coffey, Chem.Comm., 923 (1967).
147. R.S.Coffey, B.P.I 227 601 (7. IV. 1971); Chem.

Abs., 75, 196819b (1971).
148. I.S.Kolomnikov, V.P.Kukolev, V.A.Chernyshev,

and Μ. Ε. Vol'pin, Izv. Akad. Nauk SSSR, Ser. Khim.,
693 (1972).

149. Μ. Ε. Vol'pin, V.P.Kukolev, V.A.Chernyshev, and
I.S.Kolomnikov, Tetrahedron Letters, 4431 (1972).

150. V.P.Kukolev, Candidate's Thesis, Institute of
Organic Derivatives of the Elements, USSR
Academy of Sciences, Moscow, 1974.

151. I.S.Kolomnikov, Yu.D.Koreshkov, V.P.Kukolev,
V. A. Mosin, and Μ. Ε. Vol'pin, Izv. Akad. Nauk
SSSR, Ser.Khim., 175(1973).

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

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

154. O. N. Efimov and V. B. Panov, Izv. Akad. Nauk SSSR,
Ser.Khim., 491 (1970).

155. V.A.Avilov, Yu.G. Borod'ko, V. B. Panov,
M. L. Khidekel', and P. S.Chekrii, Kinetika i Kataliz,
3, 698 (1968).

156. R.W.Goetz and M.Orchin, J.Amer.Chem.Soc, 85,
1549 (1963).

157. J.K.Nicholson and B.L.Shaw, Proc.Chem. Soc,
282 (1963).

158. G.F.Emerson and R.Pettit, J.Amer.Chem.Soc,
84, 4591 (1962).

159. A. Marbach and Y. L. Pascul, Compt. rend., (C),
268, 1074 (1969).

160. J.Kwiatek and J.K.Seyler, J.Organomet.Chem., 3,
421 (1965).

161. R.H. Prince and K. A.Raspin, Chem.Comm., 156
(1966).

162. K.Ohno and J.Tsuji, J.Amer.Chem.Soc, 90, 99
(1968).

163. M.C.Baird, C.J.Nyman, and G.Wilkinson, J.Chem.
Soc. (A), 348 (1968).

164. M.Michman and H.Zeiss, J.Organomet.Chem.,
13, P23 (1968).

165. M.Michman and H.Zeiss, J.Organomet.Chem.,
25, 167 (1970).

166. J.Lyons, J.Chem.Soc. (D), 564(1969).
167. K.Moseley and P.M.Maitlis, J.Chem.Soc, 1156

(1969).
168. R. Α. Ζ elonka and M.C.Baird, J.Organomet.Chem.,

35, C43 (1972).
169. S.D.Robinson and B.L.Shaw, J.Chem.Soc, 5002

(1964).
170. R. Huttel, J.Kratzer, and M. Bechter, Chem.Ber.,

94, 766 (1961).
171. Y.Odaira, T.Oishi, T.Yukawa, and S.Tsutsumi,

J.Amer.Chem.Soc, 88, 4105(1966).
172. T.Rull, Bull. Soc Chim. France, 2680(1964).
173. M.A.Bennett and D.L.Milner, Chem.Comm., 581

(1967).
174. J.M.Davidson, R.G.Brown, andC.Tiggs, Pre-

prints Div. Petrol. Chem. Amer. Soc, 14(4), F6
(1969).

175. J.Blum and S.Biger, Tetrahedron Letters, 1825
(1970).

176. D.J.Cardin, M.F.Lappert, and N. F. Travers,
"Proceedings of the 8th International Conference
on Coordination Chemistry, Haifa, 1968", p. 821.

177. G.J.Leigh and E.O.Fisher, J.Organomet.Chem.,
4, 461 (1965).

Institute of Organic Derivatives
of the Elements, USSR Academy
of Sciences, Moscow


