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I. INTRODUCTION

The study of the hydrogenation of aromatic and hetero-
cyclic compounds constitutes an important (from both prac-
tical and theoretical standpoint) and at the same time a
complex problem. There are numerous literature data on the
hydrogenation of the above compounds (see, for example,
Smith, ! Bel'skii and Shostakovskii, 2 Kreile et al., ® and
Mashkina*), but these concern mainly only heterogeneous-
catalytic reactions, requiring as a rule the use of fairly
severe conditions, which entails in its turn a decrease in
the selectivity of the processes.

A much smaller number of studies have been devoted to
the hydrogenation of aromatic and heterocyclic compounds
in the presence of metal complex catalysts apparently owing
to the difficulty of selecting metal complexes capable of
activating aromatic and heterocyclic compounds and at the
same time remaining resistant to the poisoning activity of the
latter. Nevertheless the synthesis and employment of metal
complexes as hydrogenation catalysts (homogeneous and
particularly heterogenised catalysts which possess simulta-
neously the advantages of homogeneous and traditional
heterogeneous catalysts) is extremely promising, since it
permits the process to be carried out under mild conditions,
which significantly increases the yield of products and the
reaction selectivity.

The advantages and disadvantages of metallic and metal
complex catalysts combined with the theoretical development
of a general approach to the investigation of the characteris-
tic features of catalytic reactions of organic compounds in
the presence of these systems in the course of various
processes (deuterium—hydrogen exchange, hydrogenation,
oxidation, etc.) have been considered in a number of
publications (see, for example, Refs.5—17).

Hydrogenation is one of the first reactions carried out
using metal complex catalysts. A number of reviews have
been devoted to this question (for example, those of James,®
Coffy, ® and McQuillin, 2° in which mainly the hydrogenation
of compounds containing bonds of the olefinic type is dis-
cussed. This review deals with the available literature
data for the hydrogenation of aromatic and heterocyclic
compounds in the presence of metal complex catalysts—both
homogeneous and heterogenised. Instances of the hydrogen-
ation of unsaturated substituents are excluded from consider-
ation if such hydrogenation does not entail the hydrogenation
of the aromatic or heterocyclic ring.
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Il. CATALYSTS FOR THE HYDROGENATION OF AROMATIC
HYDROCARBONS

1. Catalysts Active under Hydroformylation Conditions

Dicobalt octacarbonyl was the first metal complex catalyst
used for the hydrogenation of aromatic and heterocyclic
compounds.?! However, its use requires the reaction to be
carried out in the presence of an excess carbon monoxide
pressure and hydrocarbonylation can therefore occur to a
greater or lesser extent together with the hydrogenation
reaction.

Benzene and its alkyl-derivatives are hardly hydrogenated
under hydroformylation conditions. ??*?* For example, only a
slight degree of conversion of benzene into hydroxymethyl-
cyclohexane has been noted?? to occur at 200 °C and an
initial pressure of the CO : H, =1: 1 mixture of 300 atm. "

Hydrogenation under hydroformylation conditions has been
studied in greatest detail for condensed polycyclic aromatic
hydrocarbons ?!+2%72% (Table 1). Overall, the hydrogenation
of polycyclic aromatic hydrocarbons proceeds more readily
than the hydrogenation of benzene and the rings condensed
with two or several other aromatic rings are mainly hydro-
genated. Thus anthracene is readily converted into 9,10-
dihydroanthracene (Table 1).

The low activity of dicobalt octacarbonyl in the hydrogena-
tion of naphthalene and phenanthrene should also be noted.
In addition, the naphthalene and phenanthrene system formed
in the hydrogenation of polynuclear aromatic compounds are
as a rule fairly resistant to further reduction?® (Table 1).

The absence of stereoselectivity in the hydrogenation
reactions under hydroformylation conditions has been demon-
strated for 9,10-dimethylanthracene;?* cis- and trans-9,10-
dihydro-9,10-dimethylanthracenes are formed in approx-
imately equal amounts. The addition of tributyl phosphite
does not increase the selectivity but lowers the activity of
the catalyst and cis—trans isomerisation is not observed.

The deuteriation of polycyclic aromatic compounds in the
presence of the D, : CO = 1:1 mixture at approximately

+ Here and henceforth the initial pressure at room tem-
perature before heating the reaction mixture is quoted.
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200 °C, which is catalysed by Co,(CO)g, has been investi-
gated.?’ Anthracene and anthraquinone are converted into
9,9,10,10-tetradeuterio-9,10-dihydroanthracene, pyrene
undergoes reduction and H—C exchange in the 4- and
5-positions, while phenanthrene does not react.

Table 1. Hydrogenation of condensed polycyclic aromatic
hydrocarbons under hydroformylation conditions*.

Substrate

Hydrogenation products (yield, %)

Phenanthrene**

Naphthalene
2-Methylnaphthalene
1,1-Binaphthyl
Acenaphthene
Fluorene
Anthracene
Naphthacene
Chrysene
Fluoranthrene
Triphenylene
Pyrene
Perylene
Coronene

9,10-Dihydrophenanthrene (7); 1,2,3,4-tetra-
hydrophenanthrene (1)

Tetralin (16)

Methyltetralins (43)

Is not hydrogenated

2a,3,4,5-Tetrahydroacenaphthene (45)

Is not hydrogenated

9,10-Dihydroanthracene (99)

5,12-Dihydronaphthacene (70}

5,6-Dihydrochrysene (24)

1,2,3,10c-Tetrahydrofluoranthrene (54)

Is not hydrogenated

4,5-Dihydropyrene (69)

1,2,3,10,11,12-Hexahydraperylene (72)

Is not hydrogenated

*Catalyst—dicobalt octacarbonyl, 1-5 mole %, 150—200 °C,
200 atm pressure of H, : CO = 1: 1 mixture (2: 1 in the case

of phenanthrene).
*#According to the results of Wender et al.;?

! in the

remaining cases the data of Freedman et al.?® were used.

In order to establish the mechanism of the hydrogenation
reaction, a study has also been made of the reduction of
anthracene and 9,10-dimethylanthracene by the stoichiometric
amount of HCo(CO),.2* It has been shown that anthracene
is hydrogenated to 9,10-dihydroanthracene to the extent of
25% at 25 °C, while 9,10-dimethylanthracene is 99% hydro-
genated with formation of 35% of the cis-isomer and 65% of
the trans-isomer of 9,10-dihydro-9,10-dimethylanthracene.
The following reaction mechanism, which explains the forma-
tion of the cis- and trans-products, has been put forward:

Hy
HCo(CO)4
—_—
Hy

HyC H
=z
— [
AN
HiC H

GH, H

_— ‘
—HCo(C0), I

CH,

At the same time, it is believed?® that organometallic inter-
mediates are not formed in the hydroformylation of polycyclic

aromatic compounds.

This conclusion is based on the analysis

of data for the deuteriation of anthracene and pyrene under

deuterioformylation conditions?’ as well as the following facts:

(1) the absence of hydroxymethylation products from the
reaction mixture after the hydrogenation of polycyclic aro-
matic compounds under hydroformylation conditions and
(2) the easier hydrogenation of 2-methylnaphthalene or
acenaphthene compared with naphthalene?® and of 9,10-
dimethylanthracene compared with anthracene?* despite the

steric hindrance.

A radical reaction mechanism has therefore

17 2HCo(CO)y
—_—
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been put forward: 28

Cog(CO)y + Hy 3= 2HCo(CO) 5 |

R H Pl
OOO + HCo(CO)y == + °ColcO), ; !
R R'
(n

H ,,R H ’,R
H \\B' H/ R'

2°CotC0) — Co,COg H

+ 2°ColC0)q 3

R R'=H.CHy ! .

2. Catalysts of the Ziegler Type

A number of studies on the hydrogenation of aromatic
hydrocarbons in the presence of Ziegler catalysts have been
described in the literature. *™*! It is noteworthy that data?®®
concerning the catalytic activity of a number of transition
metal salts in the course of the hydrogenation of aromatic
compounds have been refuted in another study.3® The addi-
tion of aluminium alkyls or aluminium hydrides to the reaction
mixture containing transition metal ions increases sharply the
activity of the catalyst. Overall, catalysts of the Ziegler type
make it possible to carry out the hydrogenation under much
milder conditions than in the presence of Co,(CO);. Thus
the addition of aluminium alkyls or aluminium hydrides to
cobalt and nickel carboxylates makes it possible to obtain
catalysts for the hydrogenation of benzene which are active
at temperatures of approximately 50 °C and pressures of
approximately 30 atm. %!

The hydrogenation of benzene under mild conditions
(30 °C, 2 atm) has been studied using the triethylaluminium—
cobalt acetylacetonate system. 2 On the basis of EPR studies,
it has been suggested that the zerovalent cobalt complex
decomposes with formation of clusters which directly propa-
gate the hydrogenation reaction.

The reduction of iron, cobalt, and nickel acetylacetonates
with sodium and lithium tetrahydroborates and lithium tetra-
hydroaluminate makes it possible to obtain benzene hydro-
genation catalysts which are active at 30 °C and 1 atm. 3
Catalysts for the hydrogenation of benzene, toluene, and
xylene have been obtained by the reduction of cobalt, nickel,
and copper complexes of salicylaldehyde with LiAlH, using
metal : aluminium ratios ranging from 1:1 to 1:7.%

The addition of triethylaluminium to transition metal
2-ethylhexanoates or naphthenates yields active catalysts for
the hydrogenation of aromatic compounds.3%%* The catalysts
are prepared in solvents which show no tendency towards
complex formation, such as heptane, benzene, etc.; this is
accompanied by the evolution of a gas containing 95% of
ethane. The maximum catalytic activity in the case of nickel
is attained for the Al : Si = 3:1—4:1 ratios. The activity
in the hydrogenation of benzene diminishes in the sequence
Ni 2 Co > Fe > Cr > Cu. In mixtures containing 0.3—0.5
mole % of nickel 2-ethylhexanoate for an initial hydrogen
pressure of approximately 70 atm and temperatures in the
range 150—200 °C, fairly rapid and quantitative reduction of
benzene to cyclohexane, of phenol to cyclohexanol, and of
dimethyl phthalate to dimethyl hexahydrophthalate takes
place. The hydrogenation of pyridine to piperidine, of
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dimethy!l terephthalate to dimethyl hexahydroterephthalate,
and of naphthalene to tetralin and decalin proceeds less
actively. 3°

The stereoselectivity of the hydrogenation reaction in the
presence of a system containing nickel has been pointed
out. ?” o-Xylene has been hydrogenated to 66% of cis-1,2-
dimethylcyclohexane and 34% of trans-1,2-dimethylcyclo-
hexane. It has been possible to hydrogenate polystyrene
to a product with a 15% content of cyclohexane rings by
weight at 150 °C and an H, pressure of 100 atm. Physico-
chemical investigation has demonstrated that the nickel in
the catalyst is reduced to the zerovalent diamagnetic state. 3’

Table 2. Hydrogenation of aromatic hydrocarbons in the
presence of the cobalt 2-ethylhexanoate/AlEt; catalyst. 38
Substrate ' as Al:Co [ 7,h o, 0 Products (composition, %)
|
Benzene ‘ 1.2 2 30 63 Cyclohexane (100)
o-Xylene 0.2 2 15 Oy 1,2-Dimethylcyclohexane {cis-70, trans-26)
m-Xylene 0.2 2 22 40 1,3-Dimethylcyclohexane (¢is-63, trans-37)
p-Xylene o1 2 24 55 1,4-Dimethylcyclohexane (¢is-63, trans-37)
Biphenyl .05 2 20 100 Bicyclohexyl (81); phenylcyclohexane (19)
Naphthalene | (.05 2 18 100 Decalin (cis-43, trans-11), tetralin (37)
Tetralin 0.1 2 } 66 100 Decalin (cis-66, trans-34)
*Substrate: catalyst molar ratio.

**Degree of conversion.

The analogous system based on cobalt 2-ethylhexanoate
has been investigated*® (Table 2). The hydrogenation was
carried out at 20—30 °C at a hydrogen pressure of 65 atm.
In addition a study has been made of the hydrogenation of
a number of polar compounds at an initial hydrogen pressure
of 50—60 atm. Phenol is 25% hydrogenated at 45 °C in the
course of 20 h to give a mixture of 98% of cyclohexanol and

% of cyclohexanone. Diethyl phthalate has been 95%
hydrogenated at 20 °C during 16 h and the products were
found to contain 83% of diethyl cis-hexahydrophthalate and
17% of the trans-isomer. The same workers 3® showed in a
study of competitive hydrogenation that olefins and naph-
thalene prevent the hydrogenation of benzene.

The hydrogenation of benzene and its alkyl derivatives
in the presence of acetylacetonate, cyclopentadienyl, and
dimethylglyoximate complexes reduced with trialkyl-
aluminium has been studied.3%"*° The relative activities of
different complexes in the benzene hydrogenation reaction*’
vary in the following sequence:

Ni(CsH70,); > Co (CsH;0p)p 3 Cu (CsHzN,0,), > Fe (CsH70,)3 > Fe (CsHs), >
> M1 (CsH;0,), > VO (C;H;0,), > Ni(CsH;N;0,), > (CsHs), TiCl, > Cr (CH;0,)5 .

Here C H; = cyclopentadienyl, CsH,0, = acetylacetonate,
and CgH,N,0, = dimethyl glyoximate. The apparent activa-
tion energy for the hydrogenation of benzene in the presence
of iron and nickel acetylacetonates does not vary with the

Al : metal ratio; consequently the number of active complexes
and not the "energy relations" of the process vary. The
experimental activation energy for the hydrogenation of
benzene in the presence of acetylacetonate complexes dimin-
ishes in the sequence“* Cu > Ni > Fe > Cr > Mo when the

Al : metal ratio is 8 : 1 for Cr, Fe, and Ni and 6 : 1 for Cu
and Mo. In the hydrogenation of benzene, toluene, o-xylene,
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and mesitylene in the presence of nickel and iron acetyl-
acetonates the activation energy diminishes with increase of
the number of alkyl substituents, while in the presence of
chromium and molybdenum acetylacetonates it increases.*!
At 150 °C in the presence of nickel acetylacetonate the
hydrogenation reaction is of first order with respect to
hydrogen, while the order with respect to benzene varies
from a fraction less than unity to zero; in the presence of
chromium acetylacetonate the reaction order with respect
to hydrogen is less than unity. "' On the basis of their
results, the authors?® proposed the following mechanism for
the benzene hydrogenation reaction assuming that the metal
hydride is the active catalytic species:

H Ha
R @ T
N =t/ “H
hy | M
H

H H

H
= (i)
\} J H

Ly ottt oo +[Mu} .

M
H
(1)

It has been suggested that the rate-limiting stage is the
activation of the hydrogen molecule involving the formation
of the hydride (II).

3. Metal Complexes Containing Unsaturated and Aromatic
Hydrocarbons as Ligands

A large number of studies have been devoted to the
hydrogenation of aromatic hydrocarbons in the presence of
complexes containing unsaturated hydrocarbons as ligands.

The catalytic activity of pentamethyleyclopentadienyl com-
plexes has been investigated in the hydrogenation of olefins
and aromatic hydrocarbons.*?”*® Di-u-chlorobis[chloro(penta-
methyleyclopentadienyl)rhodium} [Rh(n"’—CSMes)Clz]z is an
active catalyst of the hydrogenation of aromatic hydro-
carbons; its iridium analogue is much less active. A hetero-
lytic mechanism has been proposed for the activation of
hydrogen, since the catalyst is active in the presence of 15
moles of NEt; per mole of the catalyst. The base is required
to bind the HCI evolved in the activation of H, and to promote
the formation of rhodium hydride.** The intermediate forma-
tion of partial reduction products has not been observed in the
hydrogenation of benzene.

Table 3 presents the results of the hydrogenation of a
number of aromatic compounds in the presence of [Rh(n®-
CsMe;)Cl;], at 50 °C and a hydrogen pressure of 50 atm.

A fairly high stereoselectivity has been noted in the hydro-
genation of xylenes. The ratio of the cis- and trans-isomers
in the hydrogenation products is 6.2 : 1.0 for o-xylene,

3.8 : 1.0 for m-xylene, and 2.0: 1.0 for p-xylene. An
increase in the number of alkyl substituents hinders the
hydrogenation of the aromatic ring. In terms of the relative
rates of hydrogenation alkylbenzenes can be arranged in the
following sequence:“S benzene (1.00) > toluene (0.94) >
o-xylene (0.70) > ethylbenzene (0.58) > mesitylene (0.35) >
s-butylbenzene (0.25) > durene (0).

Extensive studies have been carried out on the hydrogena-
tion of various aromatic compounds in the presence of
n*-C;H;Co[P(OCH;);]; and related catalysts.“*"5® The pos-
sibility of the hydrogenation of benzene under mild conditions
has been demonstrated: 25 °C, pH2 = 1atm, n%C,HsCo.
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.[P(OCH,;);], catalyst.“” The complex is stable in approx-
imately 20 benzene hydrogenation cycles and then decomposes
into inactive species. Even at low partial hydrogen pres—
sures and in the initial stages of the reaction, partially
hydrogenated benzenes were not detected. During 24 h from
the start of the reaction, a visible decomposition of the
complex, accompanied by the breakdown of homogeneity, is
not observed. On decomposition of the complex, phosphite
and HCo[P(OCH;);], are detected in solution. It has been
suggested“® that the m-allyl ligand is climinated when the
complex decomposes:

L (O Lyl
Gt LGOI LIP{OCH sy - Ty by
(488!

Table 3. Hydrogenation of aromatic compounds in the
presence of the di-up-chlorobis[chloro(pentamethyleyclo-
pentadienyl)rhodium] catalyst. “*

[

Substrate ! Reaction products (yicld. %)
Styrene Ethylbenzene (97); ethylcyclohexane (3)
Phenylacetylene * Styrene (7)
Anisole » Methoxycyclohexene (19): methylcyclohexane (6)
Phenol Cyclohexanone (1): cyclohexene (0.5)
Methyl benzoate Methyl cyclohexaroate (75); toluene (8)
Acetophenone ' Cyclohexyl methyl ketone (100)
Benzophenone Dicyclohexyl ketone (50); cyclohexyl phenyl

ketone (15); dicyclohexylmethanol (10)

NN'-Dimethylaniline NN -Dimethylcyclohexylamine (73)

Nitrobenzene Aniline (96); cyclohexane (4)

Fluorobenzene Fluorocyclohexane (14); cyclohexane (38)
Bromobenzene Cyclohexane (10)

lodobenzene Cyclohexane (2); benzene (3)

Anthracene Tetrahydroanthracene (70): octahydroanthracene (22),

perhydroanthracene (3)

In the presence of an arene, the cis-elimination of the
ligand is suppressed and the reaction proceeds in accordance
with the mechanism

T 2 42-CaHaColl, [P(OCHg)sls 4 P (OCH,),
= :3:CyH,CoHyP(OCH,)s -+ POCHg)s Tm = 1j1-CoH: Cobl P0G
vy

Benzene is hydrogenated in the intermediate complex (IV)
in accordance with the mechanism: ¢

Mt H —
SR e L
" —GgHs P—
;pl\nz ;-plku = /\%:
>P 7—C,H;
=7 \Co/
V)
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The above scheme accounts for the absence of the products
of the partial reduction of the aromatic benzene ring from
the reaction mixture and for the high cis-stereoselectivity
of the hydrogenation of substituted benzene derivatives. It
has been noted*® that the rate of hydrogenation of benzene
is much higher than that of cyclohexene.

Table 4. Hydrogenation of aromatic compounds in the
presence of n*-C;H;Co[P(OCH;),];.* “°

Substrate a v 7. h Reaction products (yield, %)

Benzene sHow 24 | Cyclohexane (16)
Benzene Lo 24 | Cyclohexane (16.4)
Benzene 100 10 | Cyclohexane (5)

son 1
BINE 1

cis-CgHgDg (5)
cis-CgHgDg (8)
Methylcyclohexane (5)

Benzene + Dy
Perdeuteriobenzene

Toluene slon 10

o-Xylene 100 10 | cis-1,2-Dimethylcyclohexane (3)
o-Xylene 1o 48 | cis-1,2-Dimethylcyciohexane (15)
m-Xylene 1oy 10 | cis-1.3-Dimethylcyclohexane (3)
m-Xylene 3 | cis-1,3-Dimethylcyclohexane (7)
p-Xylene 100 10 | cis-1,4-Dimethylcyclohexane (3)
p-Xylene 00 49 | cis-1,4-Dimethylcyclohexane (7)
Mesitylene it 15 | cis,cis-1,3,5-Trimethylcyclohexane (1)

cis,cis-1,2,3-Trimethylcyclohexane (2)

1,2,3-Trimethyibenzene &
cis,cis,cis-1,2,4,5-Tetramethylcyclohexane (9)

1,2,4,5-Tetramethylbenzene

[N S U S
<
£
»

Naphthalene cis-Decalin (99); tetralin (1)

Anthracene 14 49 | cis,syn,cis-Perhydroanthracene (76); mixture
of products (14)

Furan 12100 15 | Tetrahydrofuran (14)

Benzofuran 124000 96 | Perhydrobenzofuran (19); CgHgO (12);
CgH120 (1.5)

Anisole Ioten {1 Cyclohexyl methyl ether (5)

NN'-Dimethylaniline {1041t 48 | NN'-Dimethylcyclohexylamine (3)

Ethy! benzoate 1o 24 Ethyl cyclohexanecarboxylate (2); ethyl

[ cyclohex-1-enecarboxylate (13)
NN'-Dimethylbenzamide Pl 68 | NN'-Dimethylcyclohexanecarboxamine (54);
; benzyl alcohol (4)

Acetophenonc vl 24 | Cyclohexyl methyl ketone (1)

Cyclohex-2-en-1-one 1:47 Cyclohexanone (3)

Styrene 1041 24 | Vinyleyclohexane (5); ethylbenzene (6);
ethylcyclohexane (4)

1-Phenylpropyne 1:23 43 | Propenylcyciohexane (2); propylbenzene (3);
allylbenzene (1); cis-propenylbenzene (1);
trans-propenylbenzene (1)

Propylbenzene 1:34 25 | Propylcyclohexane (15)

Allylbenzene 1:36 30 | Allylcyclohexane (2); propylcyclohexane (3);
propylcyclohexene (5); propylbenzene (4)

Cyclo-octa-1,5-diene 1:32 37 | Cyclo-octene (50); cyclo-octane (26)

*Reaction conditions:
catalyst.
**Catalyst : substrate molar ratio.

20 °C, 1 atm H,, 0.112 mmol of

The results of the study of hydrogenation in the presence
of n®-C,H;Co[P(OCH;);1; have been surveyed*® (Table 4).
In the presence of this system, polycyclic hydrocarbons are
hydrogenated less effectively than benzene. Electron-accept-
ing substituents deactivate the aromatic ring: fluorobenzene
and nitrobenzene were not hydrogenated, since the reaction
requires a high m-donor capacity of the aromatic ring.
Nucleophilic substituents are in their turn bound preferen-
tially to the metal atom, preventing the hydrogenation of
the aromatic ring, as happens, for example, in the case of
phenylacetonitrile, triphenylphosphine, and benzonitrile.
The oxidation-reduction interaction of the catalyst with
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chlorobenzene prevents the hydrogenation of the latter.
Protonation of the catalyst leads to the unstable complex
n-CsHCoH[P(OCH;);]}, which decomposes with evolution of
propene. For this reason, it has not been possible to hydro-
genate phenol and benzoic acid.

The influence of steric hindrance following the introduction
of alkyl substituents into the benzene ring and the conse-
quent resistance of 1,2,3,4-tetramethylbenzene and hexa-
methylbenzene to hydrogenation have been noted. **

When the competitive hydrogenation of a mixture of benzene
and hex-1-ene is carried out, “® the ratio of the hydrogenated
aromatic hydrocarbon and hexane is 7 : 10 and appreciable
amounts of cyclohexene are formed. Thus alkenes are bound
to the catalyst less strongly than aromatic hydrocarbons and
the alkene which has failed to react can competitively displace
the products of the partial reduction of aromatic hydro-
carbons.

The hydrogenation of styrene leads to the formation of
approximately equal amounts of vinylcyclohexane, ethyl-
benzene, and ethylcyclohexene for a low degree of conver-
sion. This composition of the reaction products can be
accounted for by the competitive displacement of the partly
hydrogenated products. On the other hand, there is a pos-
sibility (by virture of steric factors) of the following type of
interaction with the catalyst:

Hyu==CH

is formed and, after combining with a further two hydrogen

atoms, the latter can give rise to vinyleyclohexane and
cyclohexenylethane.

Experiments on the deuteriation of benzene using per-
deuteriobenzene "’ demonstrated the absence of H—D exchange
involving the aromatic ring; thus the hydrogen addition
stage is irreversible. The absence of deuterium from the
propene evolved after the decomposition of the complex
indicates the irreversibility of the decomposition of the latter.
Deuteriation of benzene and hydrogenation of C;D, lead to
the formation of cis-stereoisomers. The deuteriation of the
side chain in alkylbenzenes has also been observed. *?**®

A mechanism has been proposed for the cis-deuteriation
reaction: **

DCo[POR),], 4_.“ “ =
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+ DCo[P(OCH,),], «

Co

It has been shown that the l4-electron complex, capable of
interacting with arenes as n*-ligands, is catalytically active.

The hydrogenation and deuteriation of aromatic alkyl
derivatives in the presence of n*-C;H.Co[P(OCH;);], has
also been studied. % The occurrence of cis-deuteriation and
of the H—D exchange involving the n-alkyl substituents has
been noted; the t-butyl substituent is not deuteriated.
Alkyl- and alkenyl-cyclohexenes are formed in the presence
of hexene.

The deuteriation of the side chain in substituted benzenes
proceeds via the formation of the intermediate complex
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according to Bleeke and Muetterties. > The same workers®?
explained the complex composition of the allylbenzene hydro-
genation products by competing reactions involving the
isomerisation of the intermediates and their displacement by
the starting material in accordance with the following mech-

anism:
I
/C\q
H
N

//

|
X w °\

It has been shown * that n®-CzH,;Co[P(OCH,),], also
catalyses the hydrogenation of benzene and a rapid stage
involving the elimination of n3-cyclo-octenyl ligand is
observed. The hydrogenation mechanism proposed by
Hirsecorn et al."*® has been revised on the basis of the
study of the intermediates in the hydrogenation of toluene
in the presence of this complex.

According to Bleeke and Muetterties, °2 the catalytically
active species is formed via the mechanism

&

@V

substitution by the
mitial compound:

—> hydrogenation
of side chain.

1?-CyH;Co[ P(OCHy)3]; = n*-CaHyCo [P (OR)s); + P(OR)s ;

VD H HCo[P(OR)s], + C;H, 5
R

P(OR) B .

(Vi -» HCo {P (OR)s}s == H,yCo[P(OR)sls ;
(v (IX)
i —2%% o pes (POR), -

X)

In the absence of the arene, the inactive complexes (IX)
and (X) are obtained, while in its presence hydrogenation
takes place via the mechanism

HCo[P(OR)s), (4-CiHg) = v7-C;H:Co[P(OR)s)e ”"
<2 13-CyH;CoHy[P(OR)s), == HCo[P(OR),], (n3-C,H,) etc.

The main disadvantages of the n3-C;Hs;Co[P(OCH;);]; cata-
lyst are its low stability and low activity.
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Attempts have been made®® to increase the stability and
activity of the complexes by varying the ligand environment.
The relative rates of hydrogenation of benzene in the pres-
ence of a series of phosphine and phosphite complexes are
as follows:

78-CeH,Co[P(OCH)g )y (1), 13-CaHiCo{P(OC,H:)sls (2),
1-CyH-Co {P(OCH,)3l,P (OCsH:-i50)3(4),
» 3-CoHiCol P(CHy)als (5),  11-CsHsCo[P(OCsH ;-is0)s)s (30),
1-Cl LCo(COYs (0),  ONCO[P(OCsH:).1s (0)

The increase of the activity of the complex was accompanied
by a decrease of its stability. The complexes investigated
contain the allyl ligand, which reacts readily (nX = nx-2)
as well as phosphine or phosphite ligands, which ensure a
high electron density at the metal atom promoting the activa-
tion of H,, and dissociate with a low activation energy.

However, the suggested intermediate C;H;CoH,L; decom-
poses readily to an inactive hydride. Therefore a more stable
catalyst would be one containing an n¥-ligand or a redox-
ligand, which has either undergone ready conversion into the
n¥~2-form or has been involved in electron transfer between
the metal and the ligand; these transformations must not be
accompanied by the elimination of the H ligand. The ON
ligand, for example, is of this type but the complex contain-
ing it proved to be inactive in hydrogenation. **

It has been possible to synthesise the stable complex **
n%-C¢(CH,4)¢Ru-n"-C¢(CH;),, which is capable of catalysing
the hydrogenation of benzene at 90 °C and a pressure of
2—3 atm. The hexamethylbenzene ligand proved to be resis-
tant to both hydrogenation and competitive displacement by
the substrate and the reaction products. The stereoselec-
tivity of the complex was found to be lower than that of
n®-C;HCo[P(OCH;);];. The ratio of the cis- and trans-
isomers is 9:1 and 9 : 2 respectively after the hydrogenation
of o- and p-xylenes. In the hydrogenation of benzene and
xylenes considerable amounts of cyclo-olefins were detected.
For benzene, o-xylene, and p-xylene, the amounts are 5,

40, and 55% respectively. In the presence of n®-C,(CH,),Ru-
n"—CG(CH3)6, intense H—D exchange takes place. The hydro-
genation of C;Dy and the deuteriation of C;H¢ involve the
formation of cyclohexanes containing between zero and 12
deuterium atoms, C¢H¢D¢ predominating. The catalyst ligands
are also deuteriated. The deuteriation of the alkyl substitu-
ent predominates in toluene. **

The stability of the complex is determined by the resistance
of the ligands to reduction by hydrogen. The transition of
the arene to the n“-state in bis(hexamethylbenzene)rutheni-
um(0) requires a low activation energy (16 kcal mole™).5® In
complexes where the activation energy for this process is
higher, the hydrogenation of benzene is difficult, as happens
for example, in the case of CH;CzH:TiAl,Cl,. 55

n®-Toluenebis(pentafluorophenyl)nickel(I1) proved to be a
catalyst capable of hydrogenating benzene and toluene at

100 atm at 25 °C: ¢
@\
(CgFg)yNi
7 Ny

It is fairly unstable and decomposes with formation of nickel
and C,F:H.

The reduction of the complex RuCl,(C Meg)(PPh;) with
sodium tetrahydroborate, lithium tetrahydroaluminate, or an
isopropyl alcohol solution of sodium carbonate leads to the
formation of RuHCI(C Me;)(PPh,), which is capable of hydro-
genating benzene even at room temperature.
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Treatment of the complex [RuCl,(n°®-CgMe¢)], with a solu-
tion of sodium carbonate in isopropyl alcohol makes it possible
to obtain the complex [(n®-CMe¢)Ru(u-H,)(u-Cl)Ru(n®-
C¢Mey)ICl. Benzene is hydrogenated to cyclohexane in the
presence of this catalyst, the turnover number of the reac-
tion amounting to 4.1 min™!. At 50 °C and a pressure of 50
atm in the course of 36 h, the catalyst effects the quantita-
tive hydrogenation of styrene to ethyleyclohexane, of anisole
to methoxycyclohexane, of methyl benzoate to methyl cyclo-
hexanoate, and of acetophenone and benzophenone to the
corresponding cyclohexyl ketones. The hydrogenation of
phenol to cyclohexanol, of nitrobenzene to aniline, of
dimethylaniline to cyclohexylamine, and of phenylacetylene
to ethylbenzene and styrene proceeded less vigorously. °®
Halogenobenzenes were converted into cyclohexane. The
halogeno-substituent was retained in the cyclohexane ring
only in the case of fluorobenzene. °®

The complex n3-C,H;RhL,, where L = P(OC;H,~is0);, is an
extremely short-lived catalyst of the hydrogenation of aroma-
tic hydrocarbons. 5° The complexes where L = P(OEt); and
P(OMe), are inactive. The above complexes interact with
hydrogen in accordance with the mechanism

6H; 4 3:2-C4H:RhL, — 3CgH, -+ (HRhL,), 3
3 %-Cat;RhL] — 3C,H + HyRhL' + (HRhL,), .

The clusters formed under these conditions are capable of
catalysing the hydrogenation of benzene and alkylbenzenes
to the corresponding cyclohexanes. The hydrogenation of
p-xylene proceeds with the intermediate formation of cis-1,4-
dimethylcyclohexane, while o-xylene is hydrogenated more
slowly, the cis~ and trans-isomers being formed in equi-
molar amounts. In the hydrogenation of benzene derivatives
containing unsaturated substituents of the olefinic type, both
the aromatic ring and the substituent are reduced. It is of
interest to note that the above compounds prevent the
hydrogenation of benzene when they are introduced jointly
into the reaction mixture.®® Deuteriation in the presence of
these complexes involves vigorous deuterium—hydrogen
exchange. According to Sivak and Muetterties, °° the
bridged hydrides

N\ N\ |/
7P P‘\_ 7P\ I A
PN / Bh Rhap
= h\H/Rh\ o \H VRN
AW\ N N
/ AN >1)/ \Pé
/ N

function as the catalytic species.

The p-tolyl complexes (p-tol),Cu,Rh, and (p-tol),Au,Rh,
are active in the hydrogenation of benzene and naphthalene
at 1 atm at 20 °C. %

(RhCl.cyclo-octadiene),, reduced with an equimolar amount
of n-butyl+lithium, catalyses the hydrogenation of benzene to
cyclohexane and of naphthalene to cis- and trans-decalins
under normal conditions; styrene and phenylacetylene are
reduced to ethylcyclohexane, while stilbene is reduced to
1,2-dicyclohexylethane. %2

A complex of analogous activity has been obtained by the
reaction ©3

RhCI(H,C=CH,), + n-BuAuLiEt,0 - Au?/Rh?.

Hydrogenation catalysts which incorporate unsaturated
hydrocarbon ligands in the coordination sphere during the
reaction or after appropriate treatment have been described
in a number of investigations. #47°®
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The coupled hydrogenation of arenes together with alkenes
or dienes has been achieved in the presence of the system
AlR; + Co(CsH;0,), + P(C,Hy);, where CsH,0, = acetyl-
acetonate. ®* The hydrogenation of benzene is ten times
faster than that of cyclohexene, which is formed in apreciable
amounts together with cyclohexane in the benzene hydro-
genation reaction. After the complete conversion of alkenes
or dienes into saturated hydrocarbons, the hydrogenation of
arenes ceases. The activity of the catalyst increases as the
temperature is reduced from 30° to 5 °C. H;Co[P(C,Hy);],
also catalyses the joint hydrogenation of arenes and alkenes,
but its activity is lower. o¢-Alkylcobalt, containing one or
two phosphite ligands and an arene, has been suggested as
the catalytically active species,

The complexes (A1)(MR)Co(ML), (where Ar = aromatic
hydrocarbons, R = alkyl, M = Li, MgBr, or AlR,, and
L = chelating ligands with carbonyl or imino-groups),
Co(PR3;)(RCH=CH,),(AlEt,;) (where R = alkyl or aryl), and
Co(1,5,9-trans, trans, cis-C,,H4)(AlEt,) are also capable of
effecting the coupled hydrogenation of arenes and alkenes
under mild conditions, benzene being hydrogenated to cyclo-
hexene with a selectivity of 25—30%. °°

Chlorotris(triphenylphosphine)rhodium (Wilkinson's com-
plex) is incapable of catalysing the hydrogenation of aromatic
compounds because of the presence of ligands with a tendency
towards a dative interaction. However, the hydrogenation of
benzene has been observed in the presence of Wilkinson's
complex subjected to preliminary oxidation in a benzene
solution. Cyclohexane is apparently formed as a result of
the reduction of the aryl ligand in the intermediate oxidised
complex. ®®

.
4

S
N,
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4. Metal Complexes with Ligands of the Aminoacid Type

The possibility of hydroxylating polycyclic aromatic com-
pounds in the presence of rhodium complexes with strong
m-donor systems such as naphthacene and N-phenylanthra-
nilic acid has been demonstrated.®’ The rhodium complex of
naphthacene makes it possible to hydrogenate the latter at
80 °C and a hydrogen pressure of 50 atm in dimethylform-
amide solution with formation of 1,2,3,4-tetrahydronaph-
thacene and a small amount of sym-octahydronaphthacene.
Anthracene is hydrogenated to 1,2,3,4-tetrahydroanthracene
under the same conditions in the presence of the rhodium
complex of N-phenylanthranilic acid; the yields are fairly
high also at room temperature and atmospheric pressure. °

The rhodium complexes of N-phenylanthranilic acid, other
aminoacids, and aromatic carboxylic acids are active in the
hydrogenation of naphthalene, phenol, and other aromatic
hydrocarbons as well as their derivatives.’®” 7?2 Experiments
were performed at 20 °C and atmospheric pressure using a
dimethylformamide solution of the catalyst. The initial rates
of hydrogenation in the rhodium—N -phenylanthranilic acid
system ’? decrease in the sequence anthracene > fluorene >
fluoranthrene > naphthalene > pyrene > chrysene > benzene.
Naphthalene is hydrogenated successfully to tetralin and
decalin, benzene is hydrogenated to cyclohexane, and
anthracene is hydrogenated to 1,2,3, 4-tetrahydroanthracene.
The structure of the complex was investigated by a wide
variety of physicochemical methods. ’**’* A mechanism for
the hydrogenation of anthracene has been proposed on the
basis of investigations of the H-D exchange reaction of
anthracene: ’?

Rh
,/ \\ //, \ H
\\ ’/ \\ /

at¥e

A ece!
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In conclusion of the Sections devoted to the metal complex
catalysts for the hydrogenation of aromatic hydrocarbons,
it is necessary to consider catalytic systems of a kind which
strictly speaking do not form part of any of the types
examined.

The chlorobishexa-1,5-dienerhodium complex has been
used for the hydrogenation of arenes under conditions of
catalysis with phase transfer.’® The hydrogenation of a
number of phenyl and benzyl ketones, benzene, phenol,
and naphthalene has been investigated under mild
conditions. The selectivity of the reaction was not always
sufficiently high.

A system containing a hydrogen activator and a catalyst
for the transfer of the activated hydrogen to the substrate
has been proposed.’®’” The use of Adams platinum as the
hydrogen activator and titanium chloride complexes with
various ethers as hydrogen transferring agents made it
possible to hydrogenate benzene at room temperature and
atmospheric pressure. Apart from cyclohexane, appreciable
amounts of cyclohexene and cyclohexadiene are formed in the
mixture and their relative amounts are not influenced by the
duration of the hydrogenation process. Catalytically active
species [HTiL,-nCl}_, Pt arises in the reduction of the com-
plex cation TiL,-nCl}_; by molecular hydrogen in the pres-
ence of PtO,. The insertion of benzene in the Ti—H bond
and the subsequent hydrogenation of the complex formed led
to the formation of the reaction products.’®

5. Polymer-containing Catalysts

The attempts to eliminate certain disadvantages of the
homogeneous metal complex catalysts which limit their
industrial application led to the creation of complexes con-
taining organic and mineral polymers and macroligands.
Whereas the mineral polymers are mainly used as hetero-
genising supports bound chemically to the metal complex,
two applications are possible for organic polymers: either
for the heterogenisation of the complex or for the synthesis
of metal complexes with monodentate and polydentate macro-
ligands whose solubility can often be varied reversibly
depending on the stage of the process. A description of the
properties of the metal-polymer complexes and the applica-
tions of catalysts can be found in other reviews.’®’® The
hydrogenation of aromatic hydrocarbons in the presence of
these systems has been vigorously studied recently.

Systems which are tentatively similar to Ziegler catalysts
and are capable of hydrogenating C¢—C;, aromatic hydro-
carbons have been obtained by impregnating a suitable
inorganic carrier having surface hydroxy-groups with a
transition metal salt and subsequent treatment with trialkyl-
aluminium or a similar compound. ®°78 A mechanism has been '
proposed ®2 for the formation of intermediate active species
of the type

i

M
—o-m{
NH

where M = Fe, Ni, Co, or Cu and M' is a Group I-III metal
atom. Although the authors do not quote experimental data
confirming rigorously the formation of such species, their
hypothesis agrees with data obtained in a study’® devoted
to analogous catalysts.

In the interaction of polystyrene with (ns-cyclo—octa—1,3,5—
triene)(n"-cyclo-octa-1, 5-diene)ruthenium(0) the ligands are
substituted by the benzene rings of polystyrene. ®%®* The
resulting complex is an active catalyst of the hydrogenation of
aromatic compounds (Table 5). Ru,-1,3-diphenylpropane,
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obtained by a similar procedure from diphenylpropane,
exhibits an analogous activity.® The increase of the number
of benzene rings to more than two per metal atom lowers the
activity of the catalyst.

Table 5. Hydrogenation of aromatic compounds in the

presence of the Ru(0)—polystyrene catalyst. ®°

Substrate a* \ PHp atm l £, °C L 7, h Product**
Benzene 135 59 20 6 Cyclohexane
Benzene*** 135 50 20 6 Cyclohexane
Toluene 90 50 20 6 Methylcyciohexane
Hexamethylbenzene 37 70 140 10 Hexamethylbenzene
Naphthalene 37 70 140 10 Naphthalene
Phenol 135 50 80 7 Cyclohexanol
Nitrobenzene 185 I 50 80 10 Cyclohexylamine

*Substrate : catalyst molar ratio.
**The content of the product or the substrate which failed
to react is close to 100%.
***Re-use of the catalyst.

Table 6. Hydrogenation of aromatic compounds in the
presence of the rhodium—anthranilic acid—polystyrene
catalyst ®).
Substrate (content, K*, mmol| 7,h | PH2 |4 o Product (yield, %)
mmol) atm
Benzene (230) 3 18 3.4 20 [ Cyclohexane (99)
Benzene (230) 0.35 18 | 68 20 | Cyclohexane (12)
Benzene (230) 0.35 5 | 68 100 | Cyclohexane (25)
Benzene (230) 0.35 3 | 68 180 | Cyclohexane (10)
Benzene (115) 0.044%* 6 |41 70 { Cyclohexane (9)
Toluene (90) 0.2 18 3.4 20 | Methylcyclohexane (15)
p-Xylene (160) 0.2 14 | 68 100 Hoek
Ethyl benzoate (90) 0.2 20 | 68 100 *rEkk
Naphthalene (70) + benzene (110)] 0.2 3 |68 70 | 1,2,3,4-Tetrahydronaphthalene
(100); cyclohexane (80)

*Amount of catalyst.
Catalyst stored in air for 1.5 years.
***Hydrogenation takes place to the extent of 10%.

Traces of hydrogenation.

A number of studies have been devoted to catalysts based
on complexes of anthranilic and N-phenylanthranilic acid
using polymeric macroligands. The rhodium and ruthenium
complexes of N-phenylanthranilic acid, bound to phosphinated
polystyrene or an inorganic carrier, catalyse the hydrogena-
tion of benzene, anthracene, and 6-ethylchrysene.®® The
catalyst is obtained by the interaction of the finished complex
with the carrier.

Another approach to the synthesis of the deposited complex
is possible, namely by treating chloromethylated polystyrene
with anthranilic or N-phenylanthranilic acid and then with a
metal salt, this being followed by the reduction of the inter-
mediate complex. ®*7®° The catalyst prepared using N-phenyl-
anthranilic acid did not show catalytic activity; an active
catalyst was obtained from anthranilic acid. The rhodium
and ruthenium catalysts effect the hydrogenation of benzene
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at room temperature and a hydrogen pressure of approx-
imately 2 atm. Under more severe conditions (100 °C, 20 atm
H,) the palladium catalyst permits the hydrogenation of
benzene and p-xylene.

The rhodium complex of anthranilic acid bound to chlor-
methylated polystyrene has been studied in detail °° (Table 6).
According to the results of elemental analysis, the molar
ratio of the anthranilate anions and rhodium in the catalyst
is 3:1. The metal atoms are mainly distributed on the sur-
face of the carrier. Only 3% of the chloromethylated groups
of the initial polymer react with anthranilic acid. Analysis
by X-ray electron spectroscopy (AXES) shows that the
oxidation state of rhodium in the complex is +1. It is of
interest that the nickel analogues are inactive in the hydro-
genation of aromatic compounds. !

Table 7. Hydrogenation of aromatic compounds in the
presence of rhodium complexes of carboxyl-containing
polymers. 92,938,126
Substrate Polymer* [ n*¥, h'1 Reaction products (yield, %)
Benzene STMC 30 51 Cyclohexane (100)
Benzene PAA 30 85 Cyclohexane (100)
Toluene PAA 204 19 Methylcyclohexane (100)
Nitrobenzene STMC 30 1 Aniline (58)
Nitrobenzene PAA 30 23 Aniline (77)
Phenol STMC 20 34 Cyclohexanol (100)

*Here and henceforth PAA = polyacrylic acid and STMC =
styrene—maleic acid copolymer.
**Turnover number of reaction.

Effective catalysts for the hydrogenation of the aromatic
ring of benzene and its derivatives %2°°%:126 (Table 7) have
been obtained from rhodium complexes of carboxyl-containing
polymers—such as polyacrylic acid and the styrene—maleic
acid copolymer. The catalyst is prepared by adding rhodium
tetrahydroborate to a solution containing the polymer and a
rhodium salt. Under mild conditions (atmospheric pressure,
30 °C), it has been possible to hydrogenate benzene quanti-
tatively to cyclohexane with a selectivity of 100%. The cata-
lysts are extremely active in the hydrogenation of phenol to
cyclohexanol and cyclohexanone. Apart from the reactions
listed in Table 7, these catalysts are active in the hydrogena-
tion of benzaldehyde, benzyl alcohol, and t-butylbenzene.

Treatment with hydrogen of the complex Rh,Cl,(C,H,),
deposited on chlormethylated and phosphinated cross-linked
polystyrene ** or of Rh,Cl,(CO), deposited on the same
polymer, °° on SiO,, or on polyphenylsiloxane, with both
supports modified by phosphine groups, °° leads to the forma-
tion of finely dispersed metallic rhodium which is active in
the hydrogenation of benzene. Wilkinson's complex on mod-
ified SiO, and polyphenylsiloxane is not reduced and does not
effect the hydrogenation of benzene. °®

The formation of rhodium clusters has been detected in
benzene solution following the interaction of Rhy(CO),¢ with
a film of cross-linked phosphinated polystyrene. At 80 °C
and 1 atm the resulting catalyst reduces benzene with a low
degree of conversion.’’ Aggregation of the clusters leads to
an increase of the activity of the catalyst. The relation
between the degree of aggregation of the hexa-atomic rhodium
clusters and the catalytic activity has been studied.®® The
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catalyst was prepared by impregnating silica gel with an
Rh¢(CO),4 solution and drying. Benzene was hydrogenated in
a flow system. It has been shown °® that particles with diam-
eters less than 1.4 nm, consisting of six rhodium atoms, are
catalytically inactive. The most active particles are 1.4-2.0
nm in size and contain 2—-3 hexa-atomic clusters.

Catalysts having the general formula

[ '—CH,,-CH,-N—) quJ
|
( R n m

/

R=H; ¥, CH;CH,CH,, (CHy)sSiSCH,CH,,

-7
CH3CO, CgH;CO; n =2, 4,8, 16, m = 4—200;
X =Cl Br; ¢=2,4 M=Pt(lV), Pd(Il), Ni (I}, Co(Il), Fe(Ill) .

(the metal : nitrogen ratio varies from 1:2 to 1:16) are cap-
able of effecting the quantitative hydrogenation of benzene to
cyclohexane at 50 °C and a 100 atm pressure. °°

The hydrogenation of p-nitrophenol at room temperature
and atmospheric pressure with formation of 4-aminocyclo-
hexanol has been described.°® A catalyst prepared on the
basis of rhodium, ruthenium, or iridium and polyvinylpyr-
rolidinone was used for this purpose.

Numerous studies have been devoted to the hydrogenation
of aromatic compounds in the presence of metal complexes
of polyamides. The first investigations in this field refer to
the hydrogenation of benzene in the presence of a platinum—
polyamide catalyst prepared on the basis of polymers obtained
from caprolactam, hexamethylenediamine, and the B-lactam
of B-aminosebacic acid.® A high yield of cyclohexene has
been noted in some instances. The occurrence of two-point
adsorption of benzene on the active centres has been sug-
gested.

Dini et al. % also noted the selectivity of platinum—poly-
amide catalysts in the hydrogenation of benzene to cyclo-
hexene. The reaction was carried out in a pulse apparatus
at 140—-190 °C. The authors explained the low degree of
adsorption of hydrogen on the catalyst by the fact that the
catalytically active species are compounds of platinum in
which the degree of oxidation is non-zero.

The metal—nylon complexes catalysing the hydrogenation of
benzene have been investigated.°*™*%® Detailed study of the
platinum—nylon complex °* has shown that the optimum com-
position of the catalyst is attained when there are eight pep-
tide groups per platinum atom. The authors suggest that it
is unlikely that stable eight-membered chelate complexes are
formed under the reaction conditions!®* and the complex
apparently contains one peptide group. It has been shown
that, when halogen substituents are introduced into the
benzene ring, the rate of hydrogenation diminishes, which
has been attributed to a decrease of the ionisation potential
and the formation of an unduly stable substrate—catalyst
complex. '°2 Apart from the change in the ionisation poten-
tial of the substrate, steric hindrance plays a significant
role in the hydrogenation of alkylbenzenes.

The hydrogenating activities of various metals in the nylon
complexes have been examined. %1% It has been shown that
the capacity for the formation of complexes with nylon varies
in the sequence Pt > Pd > Rh > Ir, while the activities of the
nylon complexes in the hydrogenation of benzene vary in the
sequence Ir > Pt > Rh > Pd. The optimum ratio of the number
of polyamide units to that of the metal atoms is four for
rhodium and palladium, in contrast to platinum, the activity
of the palladium complex proving very low in the hydrogena-
tion of benzene. However, one should note that sufficiently
rigorous evidence has not been presented!’? 7% for the
existence of complexes in the course of the reaction; one
cannot rule out the possibility that the metallic phase is
active, 107,108
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The hydrogenation of benzene on atomically dispersed
platinum on nylon has been investigated°”'1°® and the influ-
ence of the specific surface on the activity has been demon-
strated. '®7 The unusually high selectivity of the platinum—
nylon catalyst with respect to cyclohexene has been explained
by the weak adsorption of benzene on the catalyst.®® It has
been suggested that benzene forms a m-bond with only one
metal atom. In this case hydrogen does not add as a result
of a surface reaction (as in the metal) but involves the bonds
conjugated with those participating in the formation of the
m-complex. The double bond which has not been hydrogen-
ated remains unavailable for the addition of hydrogen.

111. HYDROGENATION OF HETEROCYCLIC COMPQOUNDS

Many fewer studies have been made of the hydrogenation of
heterocyclic compounds on metal complex catalysts. The
reason for this is apparently the risk that the formation of
stable complexes of heterocycles with the metal ion might
deactivate the complex. Since hydrogenation under severe
hydroformylation conditions makes it possible to avoid the
poisoning effect of even sulphur-containing heterocycles,
this reaction has been studied to the greatest extent. Thus
the hydrogenation of furan derivatives has been described.?!
At 180 °C and pressures of the H, + CO (2: 1) mixture of
about 200 atm in the presence of Co,(CO), furan is converted
in the course of 4 h into 2-tetrahydrofurfuryl alcohol to the
extent of 35%, while 2,5~dimethylfuran is converted into 2,5-
dimethyltetrahydrofurfuryl alcohol to the extent of 23%.

The hydroformylation of 5,6~dihydro-4H-pyrans is accom-
panied by the saturation of the pyran ring.''® The product
consisted of 78% of 2-hydroxymethyltetrahydropyran, 8% of
3-hydroxymethyltetrahydropyran, and 3% of tetrahydropyran.
In addition, reactions of other dihydropyrans have been
investigated at a pressure of the mixture of equimolar
amounts of carbon monoxide and hydrogen of 300 atm and a
temperature of 190 °C in the presence of dicobalt octa-
carbonyl.!?

Table 8. Hydrogenation of thiophen and its derivatives
under hydroformylation conditions*. 1!
Substrate ar* 7,h Reaction product (yield, %)
Thiophen 14.7 5 Thiophan (50)
Thiophen 5.9 4 Thiophan (66)
2-Methylthiophen 22.7 5} 2-Methylthiophan (77)
2-Ethylthiophen 9.1 3 Z—Eth_ylthlophax_-n (82)
2,5-Dimethylthiophen 18.3 5 2,5-Dimethylthiophan
2-Thenyl alcohol 15.0 4 2-Methylthiophen (24); 2-methyl-
thiophan (57)
2-Acetylthiophen 15.6 9 2-Ethylthiophen (52); 2-ethyl-
thiophan (26)

*Temperature 180 °C, pressure of H, : CO = 2 : 1 mixture
22 atm, catalyst—dicobalt octacarbonyl.

**Substrate : catalyst molar ratio calculated per metal atom.

The reduction of thiophen derivatives under hydroformyla-
tion conditions has been described!!! (Table 8). Sometimes
cobalt is introduced in the form of the carbonate instead of
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the octacarbonyl, but in all cases the active species is cobalt
hydrocarbonyl. It is especially interesting that substituted
thiophens are reduced more readily than thiophen itself. It
has been shown that the hydrogenation is irreversible, this
being indicated by the stability of thiophan under the reac-
tion conditions. !

The hydrogenation of nitrogen-containing heterocycles has
been investigated in the presence of various metal carbonyls
and carbonyl phosphite complexes. 22:26: 1127115 pypidine is
converted into a mixture of N-formyl- and methyl-pyridines
at 200 °C under a pressure of an equimolar mixture of carbon
monoxide and hydrogen of 410 atm.''?2 At a lower pressure
(213 atm), dihydro-derivatives of 2-methyl- and 2-phenyl-
indoles have been obtained!!®. In both cases cobalt was
introduced into the reaction mixture in the form of the metal
or salts.

It has been shown 2%26:11%:115 that the carbonyl and car-
bonyl phosphine complexes promote the preferential hydro-
genation of the heteroring in bicyclic and polyecyeclic nitro-
gen-containing heterocycles.

Catalysts of the Ziegler type, which are also frequently
used under severe conditions, have been used mainly for
the hydrogenation of pyridine heterocycles. Thus the hydro-
genation of pyridine to piperidine has been described. 3234
Quinoline *® is hydrogenated in the presence of cobalt
acetylacetonate activated with AlR,; (where R = alkyl or
alkoxy-group) with formation of 78% of 1,2,3,4-tetrahydro-
quinoline, 9% of 5,6,7,8-tetrahydroquinoline, and 2% of deca-
hydroquinoline (cobalt : aluminium = 10, H, pressure 68 atm,
90—100 °C). Only 17% of 1,2,3,4-tetrahydroquinoline is
formed under the same conditions in the presence of diethyl
sulphide.

The catalyst based on cobalt 2-ethylhexanoate makes it
possible to hydrogenate furan to tetrahydrofuran to the
extent of 95% at 20 °C and an H, pressure of 50—60 atm in the
course of 4 h. 3

Table 4 shows that the catalyst n*-C,H;Co[P(OCH};),], is
capable of hydrogenating oxygen-containing heterocycles
under mild conditions.*? The following reactions have been
carried out using this catalyst:"®

VAYA 7N\
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Overall, the hydrogenation is slow and the yields of reaction
products are low.

It has been stated’*’*'7 that the rhodium complexes of
anthranilic and N-phenylanthranilic acids, L-tyrosine,
aspartic acid, and o-piperidinoacetophenone oxime catalyse
the hydrogenation of pyridine, quinoline, pyrrole, furan,
dibenzofuran, and thiophen.

Chlorotris(triphenylphosphine)rhodium, which is known to
be inactive in the hydrogenation of benzene, has been used
for the stereoselective deuteriation of the double bond in
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substituted 2,5-dihydrofurans.?!® 2,5-Dimethoxy-2,5-di-
hydrofurans are deuteriated in the cis-positions, the cis-
isomer giving rise to a mixture of products:

n 5]

! —_ + D Do
[EIRT T TN Hycof :u: ;u(:n_S n,m: :u: :04:!-:,

D D

wiliai el
CHy07” 07 NOCH; CHa0 OCH,

Treatment of the complex RhCl;Py; (where Py = pyridine)
with sodium tetrahydroborate in dimethylformamide leads to
the formation of Py,DMF.RhCI,BH,.'®'2° The complex is
capable of catalysing the reduction of pyridine to piperidine
and of quinoline to 1,2,3,4-tetrahydroquinoline; the reac-
tion proceeds under mild conditions at low rates. Isoquino-
line and indole are not reduced. It is believed that the
hydrogenation begins with hydrogen transfer:?°

__/
H
| — H/_ \

N
—Rh «N = —Rh—N .
N4 RN

This is followed by the addition of hydrogen to the hydro-
pyridine complex.

The hydrogenation of quinoline using metallophthalocyanine
catalysts at temperatures in the range 300—400 °C and pres-
sures up to 200 atm takes place selectively with formation of
1,2,3,4-tetrahydroquinoline. 2! The hydrogenation of thio-
phen and sulpholene in the presence of mononuclear and
polynuclear palladium complexes containing ligands of differ-
ent types linked to silica gel has been investigated. 2?72
Sulpholene is readily reduced to sulpholan, while thiophen is
reduced with much more difficulty to thiophan (1 atm H,,

20 °C, in isopropyl alcohol). The activation of H, has been
suggested as the rate-limiting stage for the mononuclear
complexes. Enhancement of the electron-donating properties
of the ligand lowers the instability constant of the complex
and the equilibrium concentration of the hydride formed in
accordance with the equation

==8i—L—Pd'! 4 H, = [=Si—L—Pd''—H]~ 4- H*,

The rate of hydrogenation of sulpholene is reduced as a
consequence.

With increase of the number of palladium atoms in the
cluster complex from 2 to 6, its activity in the hydrogenation
of sulpholene also rises, but the activity in the hydrogenation
of thiophen changes only slightly. The low activity of the
catalysts in the hydrogenation of thiophen can be explained
by the difficulty of activating the substrate and the poisoning
of the catalyst by the reaction product, the complex being
decomposed in certain instances in accordance with the
mechanism

i L—Pd—L’ +:S” — Si—L—Pd—:5" o 57
Si—L—Pd-L +.S\—->Sl L—Pd .S\aSI L4 Pd .S\

In the hydrogenation reaction in dimethylformamide, which
is capable of entering into a complex formation reaction in
competition with the metal, the catalysts are more stable.
Enhancement of the electron-donating properties of the
ligands in the mononuclear complexes promotes an increase
of the stability of the complexes in the hydrogenation of
thiophen, since the ability of the metal ion to coordinate to
the sulphur heteroatom is then reduced.???'2* The following
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compounds have been used as catalysts:

=Si-(CH)s— {__ >~

NH
/ '2
C - Pd(OH),;
(xos (OH),
/9N
=5  Pd; =Si—(CHysNHCS,PdCl,;
=i —(CH;)sNHCS,Pd(OAC)Na;

ESi—(CHz)a—\/:>\——Pd(OH),; =Si—(CH,),PPh,Pd(DBA),
—

N\_‘/\
(o]

where DBA = ()~ CH=CH—-(‘1,-CH;

N
S

/CHy—CH,~PPh,
=si - Pd,(OAc), (n = 2,3, 4, 5,6)
NCH,—CHCH,—PPh,
{

CHj;

The catalysts prepared from carboxyl-containing polymers
and platinum-group metal salts, which exhibited an activity
in the hydrogenation of benzene, proved to be extremely
active and selective in the hydrogenation of oxygen-contain-
ing compounds ®2:2%1257128 (Table 9).

Table 9. Hydrogenation of heterocyclic compounds in the
presence of catalysts prepared from carboxyl-containing

polymers . 92,93,125-128

Substrate Catalyst* £, °C | n*¥, wl Reaction product (yield, %)
Furan Rh-STMC 30 52 Tetrahydrofuran (100}
2-Methylfuran Rh-STMC 30 113 2-Methyltetrahydrofuran (100)
Benzofuran Pd-STMC 30 53 2,3-Dihydrobenzofuran (100)
1,4-Benzodioxan Rh-PAA 30 7 Hexahydro-1,4-benzodioxan (32)
6-Nitro-1,3-benzo- Rh-PAA 20 4 5-Amino-1,3-benzodioxan (75)

dioxan

Furfural Rh-PAA 20 44 Tetrahydroturfuryl alcohol (96)

*For the significance of the abbreviations, see Table 7.
**The turnover number of the reaction.

Mention should also be made of the hydrogenation of
pyridine, quinoline, and furan derivatives under the
conditions of catalysis with phase transfer in the presence
of rhodium complexes.’S Fairly high yields of the hydro-
genation products were then achieved.

---000---

The above analysis of data for the hydrogenation of aro-
matic compounds in the presence of metal complex catalysts
shows that, despite the large amount of experimental data
available, the possibilities for the selection of effective cata-
lysts for the hydrogenation of aromatic hydrocarbons are
small. The point is that the rational employment of metal
complex catalysts requires the use of comparatively mild
conditions, whereupon their ability to propagate processes
at high rates is most fully realised, the process being at
the same time highly selective and involving a small expendi-
ture of energy. However, the use of active catalysts for
the hydrogenation of the above compounds, such as the
hydroformylation Ziegler catalysts and some of the complexes
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with unsaturated hydrocarbon ligands, requires fairly severe

reaction conditions. On the other hand. complexes active 13. E.A.Karakhanov, A.G.Dedov, and A.S.Loktev, Khim.

under mild conditions are frequently relatively unstable. Geterotsikl. Soed., 1981, 1332.

In the case of heterocyclic compounds the choice of metal 14. E.A.Karakhanov and A.G.Dedov, Khim.Geterotsikl.

complex hydrogenation catalysts is still more limited appa- Soed., 1982, 1011.

rently owing to the low stability of the majority of the metal 15. E.A.Karakhanov, A.G.Dedov, A.S.Loktev, L.V.Popov,

complexes investigated and acted upon by heterocycles. P.A.Sharbatyan, and 1.V.Arkhangel'skii, Khim.Getero-

The successful solution of this problem involves the selection tsikl.Soed., 1983, 754.

of a suitable ligand environment for the metal ion, which 16. E.L.Muetterties, Science, 1977, 196, 839.

would stabilise it in the catalytically active state and would 17. A.K.Smith and J.M.Basset, J.Mol.Catalysis, 1972, 2,

thus counteract the poisoning effect of the heterocycle; such 229.

stabilising activity of certain ligands can be demonstrated in 18. B.James, "Homogeneous Hydrogenation" (Translated

the deuterium—hydrogen exchange involving thiophen and into Russian), Izd.Mir, Moscow, 1976, 570 pp.

its derivatives.!® 19. R.S.Coffy, "Latest Advances in the Homogeneous

Overall, among the catalysts considered in this review, the Hydrogenation of Carbon—Carbon Multiple Bonds" in
most stable and effective under mild conditions and suffi- "Aspects of Homogeneous Catalysis" (Edited by R.Ugo)

ciently universal is the rhodium complex of N-phenylanthra- (Translated into Russian), Izd.Mir, Moscow, 1973, p. 7.

nilic acid. Effective and "technological" catalysts on a 20. F.J.McQuillin, "Homogeneous Hydrogenation in

polymer carrier have been based on it and it has been Organic Chemistry" (Translated into Russian), Izd.

established reliably that the metal in such catalysts is in Khimiya, Moscow, 1980.

fact present in the form of a complex. 21. I.Wender, R.Lewine, and M.Orchin, J.Amer.Chem.

Catalysts based on carboxyl-containing polymers have Soc., 1950, 72, 4375.

also exhibited a high activity in the hydrogenation of aromatic  22. J.W.Rathke and H.M.Feder, J.Amer.Chem.Soc.,

and heterocyclic compounds under mild conditions. 1978, 100, 3623.

The instances quoted above of the successful application of 23. S.Freedman, S.Metlin, A.Svedi, and I.Wender, J.0Org.

polymer-containing complexes in the hydrogenation of aroma- Chem., 1959, 24, 1287.

tic and heteroaromatic compounds show that the most promis- 24. P.D.Taylor and M.Orchin, J.Org.Chem., 1972, 37,

ing procedure is the creation of effective metal complex 3913.

catalysts on the basis of polymer-containing complexes, 25. R.H.Fish, A.D.Thormodsen, and G.A.Cremer,

particularly with organic polymers and copolymers, which J.Amer.Chem.Soc., 1982, 104, 5234.

not only make it possible to heterogenise the catalyst when 26. R.Sweany, S.G.Butler, and J.Halpern, J.Organometal.

this is necessary but also can ensure its high stability by Chem., 1981, 213, 487.

functioning as polydentate macroligands. 27. T.A.Weil, J.Org.Chem., 1974, 39, 48.
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