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Pentamethylcyclopentadienyl-rhodium and -iridium Complexes. Part
16.* Homogeneous Hydrogenation Catalysts

By Devinder S. Gill, Department of Chemistry, McMaster University, Hamilton, Ontario, Canada
Colin White * and Peter M. Maitlis,* Department of Chemistry, The University, Sheffield S3 7HF

A number of pentamethylcyclopentadienyl-rhodium and -iridium complexes catalyse the hydrogenation of olefins
under ambient conditions. The complexes [{M(CﬁMes)Xz}z] (X=Cl, Br,orl,and M = Rh or Ir; M = Rh and
X = NOy), [{M(Cs5Mes)},HX3] (M = Rh and X = Cl or Br; M = frand X = Ci, Br, or 1) and [{ir(CsMe;) HX},]
(X = Cl or Br) are, in the presence of triethylamine, particularly efficient catalysts in propan-2-o! and, to a lesser
extent. in dichloromethane. In the presence of base the w-chloro-complexes [{M(Cs;Me;)Cl,;},] (M = Rh or Ir)
are more active than the p-hydrido-complexes [{M(CsMe;)}oH.Cly_.] (M =Rh,x=1; M =r,x =1 or 2) and
the tri-u-hydrido-complex [{Ir(CsMe;)},Hs1+Cl~ is inactive. Dienes, acetylenes, and olefins bearing functional
groups are readily reduced by [{M(CsMes)},HCl31 (M = Rh or Ir) at 100 atm and 20 °C: the functional groups
were not reduced. The results of preliminary kinetic studies on these systems suggest that alkene hydrogenations
in the presence of [{M(CsMe;5)Cly},] (M = Rh or Ir) and [{Ir(CsMe;)HCI},] involve monomeric active species
whereas those carried out using [{M(CsMe;)},HCl3] (M = Rh or Ir) proceed via dimeric intermediates.

HoMoGENEOUS hydrogenation of organic compounds
catalysed by transition-metal complexes continues to be
a topic of both commercial and academic interest.2 We
have examined the catalytic activity of a number of
pentamethylcyclopentadienyl-rhodium and -iridium com-
plexes and we now report our results. Many of these

1 Part 15, C. White, S. J. Thompson, and P. M. Maitlis, J.
Ovrganometallic Chem., 1977, 136, 87.

2 For recent reviews on this topic see (¢) G. Dolcetti and N. W.
Hoftman, Inorg. Chim. Acta, 1974, 9, 269; (b) B. R. James,
* Homogeneous Hydrogenation,” Wiley, New York, 1973.

compounds are very efficient hydrogenation catalysts;
they are not reduced to metal under normal conditions
and they are stable to air and are also soluble in a variety
of solvents. Preliminary reports on olefin 3¢* and arene %
hydrogenation have appeared.

In an effort to understand how these complexes function

3 (a) C. White, D. S. Gill, J. W. Kang, H. B. Lee, and P. M.
Maitlis, Chem. Comm., 1971, 734; (b) P. M. Maitlis, C. White,
J. W. Kang, and D. S. Gill, U.S.P. 1974, 3,849,459; (¢) M. J. H.
Russell, C. White, and P. M. Maitlis, J.C.S. Chem. Comm., 19717,
427. '
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as olefin hydrogenation catalysts we have also carried
out kinetic studies using the complexes [{M(C,Me;)Cl,},],*
[{M(CsMe;)},HClyl, and  [{Ir(C;Me;)HCl},]. These
studies have added significance in that although there
are many reports in the literature of dimeric compounds
or bimetallic systems which catalyse the homogeneous
hydrogenation of olefins,2 few mechanistic studies of
such systems have been carried out. Of those studied
in detail, most appear to require conversion into an
active monomeric form, for example [{Cr(C;H,)(CO),},],4
[{RuCly(C¢Hg)},].% [{Rh(PPhy)(dmgh),},],%7 and [{MCl-
(CeHyy)s)o] #® Hydrogenations carried out in the pre-
sence of stearate complexes of the first-row transition-
elements scandium(in) to zinc(ir) were postulated to
proceed via dimeric species; 1% however, serious doubts
have recently been expressed about this work.1%
Active dimeric species have been shown to be involved
in the Rhy(OCOMe),-catalysed hydrogenation of olefins.1*

RESULTS

The relative activities of various pentamethylcyclopenta-
dienyl-rhodium and -iridium complexes were determined
both in propan-2-ol and dichloromethane as solvents.
Cyclohexene was used as the substrate and hydrogenation
was carried out both with and without triethylamine as a
co-catalyst. Hydrogenation proceeded readily at ambient
temperature and atmospheric pressure and the initial rates
of hydrogenation uptake are given in Table 1. For com-
parison the rates of hydrogen absorption were also measured
for [RhCl(PPhy),] under similar conditions, The following
conclusions may be drawn:

(2) The iridium complexes are always more active than
the analogous rhodium ones.

(b) Taking account of the fact that a molecule of
[{Rh(C;Me;)Cl,},] contains two rhodium atoms, this com-
plex in propan-2-ol has an activity per rhodium atom twice
that of [RhC1(PPhy),).

(¢} The catalytic activities of the complexes are affected
by the presence of a base, NEt,, The complexes
[{M(C;Me;) X, ] M = RhorIr; # =2; X =Cl, Br,or;
M = Rh, X = NO,) are clearly activated by base suggest-
ing that heterolytic activation of hydrogen is a pre-
dominant reaction in the catalytic cycle. Since these
complexes are known to react with hydrogen in the
presence of a base to give the hydrido-complexes (2),12 it
might at first be assumed that the initial step in the

[{M(CsMes)Xz )21 + Hp ==
(1

catalytic cycle in the presence of an olefin is still the form-
ation of the monohydrido-complexes (2). This cannot be
so, however, since examination of the data in Table 1
reveals that the halides (1) in the presence of NEt; are

* Unless specified M = Rh or Ir.

4 A, Miyake and H. Kondo, Angew. Chem. Internat. Edn.,
1968, 7, 631, 880.

5 1. Ogata, R. Iwata, and Y. Ikeda, Tetrahedron Letters, 1970,
3011.

8 S. A. Shchepinov, E. N. Sal’'nikova, and M. L. Khidekel,
Bull. Acad. Sci., U.S.S.R., Chem. Sect., 1967, 2057.

7 B. G. Rogachev and M. L. Khidekel, Bull. Acad. Sci.,
U.S.S.R., Chem. Sect., 1969, 127,

t{M(CsMes)], HX3) + HX
(2)

J.C.S. Dalton

usually much more active catalysts than the corresponding
hydrido-complexes, especially in propan-2-ol.

The effect of NEt, on the other catalysts is not so clearly
defined except for the acetate complexes where it retards
hydrogenation.

TaBLE 1
Hydrogenation of cyclohexene (11.8 mmol) using various
rhodium and iridium complexes at 1 atm and 24 °C

Initial H, uptake

Et,N cm?® min~!
Complex @ Ref. mmol PriOH CH,Cl,

[RhCI(PPhy),] 19 Nil 4.3 4.2
[{Rh(C;Me;)Cly},1 ¢ c 7.2 9.8 2.3
[{Rh(C;Me;)Br,},] ® d 7.2 6.5 2.2
[{Rh(C;Meg)I,},) ° c 7.2 0.6 0.2
[{Rh(C;Me;) (NOy) g}nl d Nil 0.7 0.2
7.2 7.6 2.7

[{Rh(C;Me;) (OCOMe),(H,0)}.] ¢ Nil 3.5 3.0
7.2 0.6 0.5

[{Rh(C,Me;)},HCl,] 12 Nil 2.7 0.5
7.2 5.1 2.2

[{Rh(C;Me,)},HBr,] d Nil 3.2 1.9
[{Rh(C;Me;)},H(OCOMe),]- 12 Nil 2.5

H(OCOMe),
[{Rh(C;Me,)},H(OCOMe),}- 12 7.2 Nil Nil
[PF,] b

[{Ir(CsMeg)Cl,},] 8 c 0.36 27.3 8.4
[{Ir(CsMey) Br,}z] 4 d 0.36 14.6 5.6
[{Ir(CsMe;),1,},] ° c 0.36 7.2 7.3
[{Ir(C;Me;) }2HC13] 12 Nil 7.1 1.5
0.36 15.3 8.2

[{Ir(CsMeg)},HBr,] d Nil 7.8 2.8
0.36 9.7 2.2

[{Ir(C4Me;)},HI,] d Nil 7.3 1.4
0.36 8.0 0.7

[{Ir(CsMe;) HCL},] d Nil 12.7 4.2
0.36 13.2 3.2

 [{Ir(C;Me,) HBr1},] d Nil 15.6 0.9

%0.04 mmol in reaction mixture (20 cm?), » assumed to be 2
for [{Rh(C;Me)(NOg)o}n] and [{Rh(CMeg)(OCOMe),(H,0)}4];
0.08 mmol of catalyst used for [RhCI(PPh,),]. ? Inactive in
the absence of NEt;. The following complexes were inactive,
even in the presence of NEt; (7.2 mmol) [Rh(C;Me;)Cl,(PPh,)],
[Rh(CzMe;) (PMe,Ph),CI1X (X = Cl or BPh,) [{Rh(ClsMe,;)}2
(OH)a] BPhy] and [{Ir(C;Me;) }2 31X (X = CI° or PFE¢).

¢ J. W. Kang, K. Moseley, and P. M. Maitlis, J. Amer. Chem.
Soc., 1969, 91, 5970. 4D. S. Gill and P. M. Maitlis, J. Organo-
metallic Chem., 1975, 87, 359.

(@) Other ligands on the metal markedly modify the
reactivities of the complexes. In both propan-2-ol and
dichloromethane, in the presence of a base, the activity of
[{M(C;Me;) X,},] decreases in the order X = Cl > Br > 1.
In these solvents in the absence of base reactivity increases
on replacing a halogeno- by a hydrido-ligand (although

{(X=Cl,Br, or 1)

[{Ir(C;Me;) },H]Cl is inactive) but in the presence of an
excess of base this trend is reversed for the chloro- and
bromo-complexes and the catalytic activity now decreases

8 B. R. James and F. T. T. Ng, Chem. Comm., 1970, 908.

® H. van Gaal, H. G. A. M. Cuppers, and A. van der Ent,
Chem. Comm., 1970, 1694.

1 (g) V. A. Tulupov, Russ. J. Phys. Chem., 1965, 39, 1251;
1967, 41, 456; (b) J. W. Larsen and L. W. Chang, J. Org. Chem.,
1976, 41, 3332.

1 B, C. Y. Hui, W. K. Teo, and G. L. Rempel, Inorg. Chem.,
1973, 12, 757.

12 C. White, A. J. Oliver, and P. M. Maitlis, J.C.S. Dalton,
1973, 1901.
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in the order, [{Ir(C;Me;)X,},] > [{Ir(C;Me;)},HX,] >
H{Ir(CeMe;)HX},] > [{Ir(CsMe;) },H;]Cl (X = Clor Br). This
latter trend is also observed for the iodo-complexes in
dichloromethane but in propan-2-ol the hydrido-complex
[{Ir(C;Me;) },HI;] is slightly more active than the iodo-
complex [{Ir(C;Me;)I,},] (Table 1).

(¢) The phosphine complexes such as [Rh(C,Me;)Cl,-
(PPh;)] and [Rh(C;Me;)(PMe,Ph),CI)X (X = Cl or BPh,)
are inactive, even in the presence of NEt,, We attribute
this inactivity to the fact that these complexes are not
dimers, as are the active catalysts listed in Table 1, and
therefore they cannot readily generate an active site by
bridge cleavage. Other co-ordinatively saturated mono-
meric rhodium(m) complexes have been reported to
catalyse olefin hydrogenation {e.g. [RhCL;L,], L = PPh,,®?
PPh(Me)Pri® and  (biphenyl-4-yl)(1-naphthyl)(phenyl)
phosphine '3} but more forcing conditions than those used
in this study were generally employed.

Addition of two equivalents of triphenylphosphine or
triphenyl phosphite rendered the complexes [{M(C;Me;)},-
XCly] (X =H or Cl) completely inactive even in the
presence of triethylamine; this is presumably due to the
formation of co-ordinatively saturated complexes, e.g.
[M(C;Me;)Cly(PPhy)].  p-Toluidine similarly deactivates
[{Rh(CzMe;)Cl,},] but this complex retains 209, of its
activity in the presence of eight equivalents of dimethyl
sulphide.’® The activity of [{Rh(C;Me;)},HCl,] in propan-
2-ol is unaffected by addition of two equivalents of benzo-
nitrile although more does lead to deactivation (e.g. 8
equivalents reduce the activity by ca. 809%,).

The abilities of the catalysts [{M(C;Me;)},HCl;] to reduce
a wide range of substrates was examined (Table 2). Under
ambient conditions, both reduce mono-olefins whereas
dienes and acetylenes are not reduced but react with these
catalysts; e g.

[{M(CsMe5)}HCL3] + CHy == CH— CH==CH, —> (CsMeg)M

A number of such reactions have previously been re-
ported.!”1® Dienes, acetylenes and olefins with functional

TABLE 2
Rates of reduction of various substrates using
[{M(C;Me;)},HCl;] in propan-2-ol at 1 atm and 24 °C ¢
Rate of Hy,-uptake
cm? min™!
M =1Ir

[
=
=

Substrate M
Hex-1-ene
Cyclohexene
4-Methylcyclohexene
1-Methylcyclohexene
Cyclopentene
4-Methylpent-1-ene
2-Methylpent-1-ene
cis-4-Methylpent-2-ene
trans-4-Methylpent-2-ene
Mesityl oxide
2,4-Dimethylpent-2-en-1-ol
Allyl benzene
Cinnamaldehyde
¢ 20 cm?® reaction mixture contained 0.04 mmol [{M{C;Me;)},-
HCly], 11.8 mmol substrate and, for M = Rh only, NEt, (7.2
mmol). °® Rapid fall off in hydrogen uptake due to isomeriz-
ation to 2-methylpent-2-ene.

COOoOENMNDOI=WR

o = B RO = O w3 O

COWNWR DGO g -

OUMs 00 = 00 DO =T i O D = D
Ps
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groups are hydrogenated relatively easily at 20 °C and
100 atm (Table 3). Functional groups (e.g. C=0O) are not
normally reduced under these conditions although acetone

TaBLE 3
Hydrogenations at 100 atm/20 °C of substituted olefins,

dienes, and acetylenes using [{M(C;Me;)},HCl,] in
propan-2-ol ¢
Time ?
h
Substrate M=Rh M = Ir Products
4-Vinylcyclohexene 0.75 Ethylcyclohexane
Norbornadiene ¢ 1 Norbornane
Cyclo-octa-1,3-diene 3 1 Cyclo-octane
Allylbenzene 3.5 1  Propylbenzene
Hexa-1,5-diene 4 3  Hexane
Mesityl oxide 4 Isobutyl methyl ketone
2-Methylpent-4-en-2-ol 4 2-Methylpentan-2-0l
8-Methylstyrene 7.5 Propylbenzene
Vinyl acetate 10 339, Reduction to
ethyl acetate
Crotonaldehyde 10 309% Reduction to
n-butyraldehyde
Diphenylacetylene 10 Mixture of 709, cis-
and trans-stilbene
+ 309, dibenzyl
Acetone °© 20 3—49, reduction to
propan-2-ol
* Reaction mixture contained [{M(C,;Me;)},HCL;] (0.01
mmol), PriOH (5 cm?® and substrate (7.6 mmol). ¢ Unless

stated otherwise, no unchanged substrate remained after this
period. ¢ Acetone used as solvent in place of PriOH.

is slowly reduced to propan-2-ol. Functional groups in the
olefin do, however, retard the reduction in varying degrees.
As expected terminal olefins are reduced faster than
internal ones but whereas [RhCI(PPh,),] reduces cyclo-
hexene 50 times faster than 1-methylcyclohexene 1* the
catalysts [{M(C;Me;)},HCl;] appear to be less selective in

Me

+ T {MCsMes)CLa a1
ct

that the corresponding factor is approximately 3 for

== Rh and 7 for M = Ir. This may reflect a greater
steric constraint in [RhCl(PPh,),] because of the bulky
triphenylphosphine ligands.

cts-Olefins are reduced faster than traus-olefins by
[{Rh(C;Me;)},HCl;]. No definite inferences can be drawn
for [{Ir(C;Me;) },HCly] since it is a powerful catalyst for the
isomerization of olefins and equilibrium is attained in a
few minutes. With terminal olefins, initial rates are high
but they fall off sharply, usually within 10 minutes, due to
isomerization of terminal olefins to internal olefins which
are then reduced at much slower rates.

13 J. A. Osborn, G. Wilkinson, and J. F. Young, Chem. Comm.,
1965, 17.

¥ W. S. Knowles and M. J. Sabacky, Chem. Comm., 1968,
1445.

15 R. E. Harmon, J. L. Parsons, and S. K. Gupta, Chem. Comm.
1969, 1365.

16 C. White, M. J. Russell, and P. M. Maitlis, unpublished
results.

17 H. B. Lee and P. M. Maitlis, /.C.S. Dalton, 1975, 2316.

18 H. B. Lee, K. Moseley, C. White, and P. M. Maitlis, J.C.S.
Dalton, 1975, 2322.

1% J. A. Osborn, F. H. Jardine, J. F. Young, and G. Wilkinson,
J. Chem. Soc. (4), 1966, 1711.
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Kinetic Studies
Catalyst [{M(C;Me;)Cl,},].—(a) Effect of triethylamine
upon the catalytic activity. These halide complexes catalyse
hydrogenation of olefins only in the presence of base.
Base therefore plays an important role in the generation of

T T

15 25 35

o1

[NEt3)/mMm

Ficure 1 Initial rate of hydrogenation of cyclohexene as a
function of triethylamine concentration in propan-2-ol using
various catalysts: (Q) [{Rh(CsMe;)Cl,},], ([J) [{Ir(CsMe;)Cly),],
(A) [{Rh(CyMey)}HCL), (+) [{Ir(CyMeg)},HCl,] (—— propan-
2-ol, dichloromethane), (@) [{Ir(C;Me;)HCIl},];
[catalyst] = 2mmM, [cyclohexene] = 0.592m, 24 °C

the active catalyst and the effect upon the rate of hydrogen-
ation of cyclohexene of adding various amounts of triethyl-
amine was studied. Triethylamine was chosen as a base
since it did not form stable complexes with these complexes;
other amines (e.g. EtPri,N) and Na,CO, appeared to
promote hydrogenation to a similar degree.

The most striking feature of the results (Figure 1) is that
the rate of hydrogenation increases rapidly up to ca. 0.32
mmol (i.e. 8 equivalents) of triethylamine. Addition of
more amine results in only a small further increase in rate
and, in the case of [{Ir(C;Me;)Cl,},], a large excess of NEt,
leads to a decrease in the rate of hydrogenation.

The main function of the NEt, in the catalytic process is
probably to bind the HCl generated (Scheme) although
we cannot exclude the possibility that it also facilitates
bridge-cleavage or stabilises active intermediates.

The catalyst residues were examined by 'H n.m.r.
spectroscopy after completion of the hydrogenation re-
action. In the case of [{Ir(C;Me;)Cl,},], [{Ir(C;Meg;)HCl},]
began to be formed at low concentrations of triethylamine,
whilst at higher concentrations [{Ir(C;Me;)},H;]* was also
formed especially when the hydrogenations were carried
out in propan-2-ol rather than dichloromethane; no such
di-p-hydrido- or tri-u-hydrido-complexes were detected in
the rhodium system. Since the di-p-hydrido-complex has
a lower catalytic activity than [{Ir(C;Me;)Cl,},] (Table 1)
and the tri-u-hydrido-complex is completely inactive, this
explains why [{Ir(C;Me;)Cl,},] in propan-2-ol is deactivated

J.C.S. Dalton

by addition of large excesses of triethylamine. In contrast,
[{Rh(CzMe;)Cl,},] is not deactivated by an excess of tri-
ethylamine and this correlates with our inability to
obtain the corresponding di-y- and tri-y-hydrido-rhodium
complexes.

(b) Dependence on catalyst concentration. Although plots
of hydrogen uptake against [{M(CyMe;)Cl,},] were non-
linear, on plotting hydrogen uptake against [{M(C;Me,)-
ClL},)t good linear plots were obtained for both M = Rh
and Ir in dichloromethane and propan-2-ol (Figure 2).

(c) Dependence on olefin concentration. In propan-2-ol
the rate of hydrogen uptake did not increase linearly with
increasing cyclohexene concentration but approached an
asymptotic value. However, the plot of the reciprocal of
this rate against the reciprocal of the cyclohexene con-
centration was a straight line for the rhodium and iridium
complexes (Figure 3). Similar plots were obtained when
dichloromethane solvent was used.

(d) Dependence on hydrogen pressure. TFor the [{Ir-
(C;Me;)Cl,},]-catalysed hydrogenation of cyclohexene in
propan-2-ol or dichloromethane, plots of rate of hydrogen
uptake against p(H,) showed marked deviations from
linearity. Good straight lines were, however, obtained
when the rates were plotted against [p(H,)]? (Figure 4).

Catalyst [{M(C;Mey)},HCl,).—(a) Effect "of triethylamine
upon the catalytic activity. The mono-p-hydrido-complexes
even catalyse the reduction of olefins in the absence of a
base; however, like the chloro-complexes [{M(C;Me;)Cl,},]
the catalytic activity is enhanced by the addition of

)/cm3min -1

diH,)

PR
[Catalyst] 2/mm 2

FiGure 2 Plot of initial rate of hydrogenation of cyclohexene
against the square root of catalyst concentration in propan-2-ol
( ) or dichloromethane (— — — —): (O) [{Rh(C;Me;)Cl,}, 7
NEt; = 1:180, () [{Ir(C;Me;)Cly},]: NEt; =1:9, (@)
[{Ir(CsMe;)HCl},] no NEt, present; [cyclohexene] = 0.592m,
24 °C

triethylamine. The effect of triethylamine is very de-
pendent upon both the metal and the solvent. In dichloro-
methane the rate of reduction of cyclohexene with [{Ir-
(CsMe;) },HCl,] increases rapidly with increasing amounts
of triethylamine but reaches a limiting value (Figure 1);
the same catalyst in propan-2-ol is activated by addition
of up to ca. 7 equivalents of triethylamine but the rate of
hydrogenation then falls off with further addition of amine.
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In contrast, the rate of hydrogenation of cyclohexene with
concentration of [{Rh(C;Me;)},HCl;] increases with in-
creasing amine concentration up to a maximum value for

04
= s
mE 0 3
£
- ©
= s
5”]; 02
A
|
0]-/

[Cyclohexenel/m

Ficure 3 Plot of the reciprocal of the initial rate of hydrogen
uptake against the reciprocal of the cyclohexene concentration
in propan-2-ol at 24 °C. [Catalyst] = 2mm; (O) [{Rh(C;Me,)-
Cly},] : NEt; = 1:180, ([0J) [{Ir{C;Me;)Cl,},]: NEt, = 1:9,
(A) [{Rh(CsMe;)},HCI] : NEt; = 1:18, (+) [{Ir(C;Meg)},-
HCly] no NEt, present, (@) [{Lr(C;Me;)HCl};) no NEt, present

ca. 18 equivalents in dichloromethane or 8 equivalents in
propan-2-ol; addition of further amine (up to 180 equiva-
lents) produces no significant change in rate in either
solvent.

The fall off in catalytic activity of [{Ir(C;Me;)},HCl,] in

_ 204
'c
E
E
E
N
=[5
hel
~ 104
o~
~
~
o -~
P
P A8
a o -
/E]/
2000 4000 6000
[p(H,)12/ cmHg?

FicUre 4 Dependence of initial rate of hydrogenation of cyclo-
hexene on the square of the hydrogen pressure in propan-2-ol
(—) or dichloromethane (— — — —) [{Ir(C;Me;)Cl,},] = 2mm,
[cyclohexene] = 0.592M, [NEt;] = 0.018Mm, 24 °C
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propan-2-ol at high amine concentration can again be
attributed to formation of the less-active complex [{Ir-
(CsMe;)HCl},] and the inactive complex [{Ir(CgMeg) },H,]CL.
Examination of the *H n.m.r. spectra of the catalyst residues

TABLE 4

Effect of solvent on the rate of hydrogenation of cyclo-
hexene using [{M(C;Me,) },HCl,y] @

Rate of H, uptake

cm?® min!
Solvent et M=Rh M=1Ir
Benzene 2.28 0.6 1.0
Dichloromethane 9.08 0.1 1.5
t-Butyl alcohol 10.9 1.5 2.3
Propan-2-ol 18.3 2.7 7.1
Propan-1-ol 20.1 1.6 2.3
Acetone 20.7 1.0 3.6
Ethanol 24.3 0.8 1.9
Dimethyl sulphoxide 46.7 Nil Nil

4 20 cm?® reaction mixture contained 0.04 mmol catalyst and
1.2 cm? cyclohexene. *‘ Handbook of Chemistry and Physics,’
Chemical Rubber Company, Cleveland, 1972.

after completion of the hydrogenation reaction showed the
presence of both these species.

(b) Effect of solvent. Propan-2-ol as solvent consistently
gave higher rates of hydrogenation than dichloromethane;

e Y /
£
34
'_‘\
I hand
=k
}
4
&
-
&
-~
2 4
[Catalyst]/mMm
I'icure 5 Initial rate of hydrogenation of cyclohexene as a
function of catalyst concentration in propan-2-ol ( ) or
dichloromethane (— — — —): (A) [{Rh(C;Me;)},HCl;] : NEt,
=1:18; (+) [{Ir(C;Me;)},HCl,] : NEt, = 1: I8 (CH,Cl,), no

NEt, present in PriOH; [cyclohexene] = 0.592Mm, 24 °C

in addition, as illustrated by the amine dependence dis-
cussed above, the behaviour of the catalyst often showed a
solvent dependence. These observations led us to in-
vestigate further the effect of solvent on the activity and
the data (Table 4) indicate that the hydrogenation appears
to be favoured by polar and weakly co-ordinating solvents,
particularly propan-2-ol. Hydrogen uptake was low in
non-polar solvents and nil in dimethyl sulphoxide, a polar
but co-ordinating solvent.

(c) Dependence on catalyst concentration. Plots of rates
of hydrogenation of cyclohexene against [{M(CyMeg) },HCl;]
gave good straight lines for both rhodium and iridium in
dichloromethane and propan-2-ol (Figure §). The first-
order dependence on [{M(C;Me;)},HCl;} suggests that this
complex remains a dimer during the catalytic reaction,
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and this behaviour may be contrasted with the cases
discussed above where the rates of hydrogen uptake varied
linearly with [{M(C;Me;)Cl,},]%.

(d) Dependence on olefin concentvation. The rate of
hydrogenation of cyclohexene in either propan-2-ol or
dichloromethane showed a first-order olefin dependence at
low cyclohexene concentrations, but this became zero order
at higher concentrations. Plots of the reciprocal of the
rate against the reciprocal of the cyclohexene concentration
were linear (Figure 3). A similar olefin dependence was
observed for [{M(C;Me;)Cl,},].

(e) Dependence on hydrogen pressure. In contrast to
[{M(C;Me;)Cly},], [{M(C;Me;)},HCl,] gave linear plots of
rate of hydrogen uptake against hydrogen pressure
(Figure 6).

Catalyst [{Ir(C;Me;)HCl},].—(a) Effect of triethylamine on
the vate. Addition of up to 4 equivalents of triethylamine
increased the rate of hydrogenation of cyclohexene by
ca. 209, this is to be contrasted with the complexes
discussed previously where addition of 4 equivalents of
triethylamine usually doubled the rate of hydrogenation.
Addition of further amine to [{Ir(C;Me;)HCl},] led to a
marked decrease in activity (Figure 1). The 'H n.m.r.
spectra of the catalyst residues after hydrogenation in the
presence of 9 equivalents of triethylamine showed that at
least 859, of the catalyst remained unchanged and even in
propan-2-ol less than 109, had been converted into the
inactive [{Ir(C;Me;)},H,]Cl. The drop in activity with
increasing triethylamine concentration therefore cannot be
entirely attributed to formation of the tri-u-hydrido-species
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F1GURE 6 Plot of initial rate of hydrogenation of cyclohexene vs.
hydrogen pressure in propan-2-ol (——) or dichloromethane
— —— — —): [catalyst] = 2mm; (A) [{Rh(C;Me;)},HCl,]:
NEt, = 1:18;  (+) [Ur(CMey)},HCl]; (@) [{Ir(CMey)-

HCl},]; [cyclohexene] = 0.592mm, 24 °C

and indicates that the triethylamine is also hindering
reaction in a different manner.

(b) Dependence on catalyst concentration, hydrogen pressuve,
and olefin concentration. In both propan-2-ol and dichloro-
methane in the absence of triethylamine, the rate of
reduction of cyclohexene was dependent on [{Ir(C;Me;)-

J.C.S. Dalton

HCl},]* and p(H,) (Figures 2 and 6). In propan-2-ol the
olefin dependence was again first-order at low and zero-
order at high cyclohexene concentrations; in dichloro-
methane, the rate was proportional to [olefin]! throughout
the range examined (Figures 3 and 7).
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FiGUurRe 7 Initial rate of hydrogenation of cyclohexene as a
function of cyclohexene concentration: (——) propan-2-ol,
(— — — —) dichloromethane; [{Ir(C;Me,) HCI},] = 2mm, 24 °C

Rate FEguations.—The kinetic data obtained can be
summarised by the following expressions; (i) for [{M(C;Me;)-
Cl,},] in propan-2-ol and dichloromethane:

—d[H,] _ A[{M(CsMe;)Cl,},) [ p(H,)]*[0lefin]
di 1 - [olefin]

(ii) for [{M(C;Me;)},HCl;] in propan-2-ol and dichloro-
methane:

—d[H,] _ AM(CMe;) },HCLy][p(H,)][olefin]
d# 1 -+ [olefin]
(iii) for [{Ir(C;Meg;)HCIl},] in propan-2-ol:

—d[H,]  A"[{Ir(CsMes) HCL}, ¥ p(H,)][olefin] (3)
dt 1 - [olefin]

(1)

(2)

DISCUSSION

Mechanisms for Catalytic Hydrogenation.—These pre-
liminary studies suggest that the detailed mechanisms of
hydrogenation using these catalysts are exceedingly
complex and our suggestions are summarised in the
Scheme. In order to obtain even a limited understand-
ing we have made the important assumption that two
hydrogenation cycles exist (A and B in the Scheme) and
that when the catalysts used are [{M(C;Me;)Cl,},] or
[{Ir(C;Meg)HCL},] cycle A is predominant and when
[{M(C;Me;)},HCl,] are used the cycle B predominates.
A similar proposal has recently been made for hydrogen-
ations carried out using complexes of the type [Rh-
(diene)L,]*A~ (L = tertiary phosphine, arsine or phos-
phite, n = 2 or 3, A~ = ClO,~, BF,", or PFg") which
are believed to proceed predominantly by one of three
catalytic cycles, the cycle which predominates being
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dependent upon the nature of the diene, L, and the solvent
used.20

The evidence in favour of two distinct cycles A and
B is that the characteristics of each group of catalysts,
in both propan-2-ol and dichloromethane, are quite
different as determined by their rates and their observed
dependence on the reaction variables [equations (1)—(3)].
Against this must be set the observation that after
hydrogenation involving one of the rhodium catalysts
the "H n.m.r. spectra of the residues show the presence
of both [{Rh(C;Me;)ClL}y] and [{Rh(CsMe;)},HCl,];
similarly, after hydrogenation using one of the iridium
catalysts the 'H n.m.r. spectra show the presence of
{Ir(C;Me;)Cly}s], [{Ir(CsMe,)}sHCL,], [{Ir(C Me,)HCl},],
and [{Ir(C;Me;)},H;]Cl. The relative amounts of the
compounds obtained depends on the time of reaction,
the solvent, and the amount of base; for the iridium
catalysts the higher hydrides are present to larger
extents in propan-2-ol and in the presence of base. It
must be borne in mind, however, that the kinetic data
are based on initial rates when presumably one species
predominates.

More detailed analyses of data are presented below.

(i) Using [{M(CzMe;)Cl},] as catalysts, the main
catalytic pathway [cycle (A)] is:
K,
[({M(cp)Cly},] === 2[M(cp)Cly(s)] 4)

(cp = 7#*-CzMe;, s = solvent)

1978 623
p -t
H
o
[{M(CsMes)Cla}al === 2[M(CsMeg)Cly(s)] (CsMeg)Ir—H—1r(CgMes)
3 (4
(3) \\.\}’/ H
n o 2 -
(+Hz:~HCD) ?r (I:[/c[ o} Cl
fs slow [+(3)] K (+olefin)
t{ir(CsMegHCL],] — [M(CsMes)CL(H)s ] & Aiyias. S (C5Me5)M\ M(CsMes) | ==——= (C5Me5)M/H\M(C5Me5)
(I;l Cl  (olefin)
HCL ‘
+HCL cycle B 7
cycle A
[M(CMeshs)z) [M(Csr:)smz(s)] [{M(ceMesICL} ) [(M(CsMes)},CL3R]
alkane ky, k k.g// k
; -8
(+ olefin) alkane \° (EHZ;-HCU
[M(CsMes)Ha(olefin)] [{M(csMes) CL} 2(HIR]
M=Rh or Ir; s = solvent
SCHEME

[M(cp)Cly(s)] 4+ H, === [M(cp)H

[M(cp)H,

(Cl)s] + HCl (5)

[M(cp)H(CDs] + H, (s)] + HCL (6)

[M(cp)Hy(s)] + olefin —f—> [M(cp)H,(olefin)]  (7)

fast

[M(cp)H,(alefin)] —» —» [M(cp)s,] + alkane (8)
fast

IM(cp)sy] + HCl —— [M(cp)H(CDs]  (9)

From (4) and (5),

[M(cp)Cly(s)] = K} [{M(cp)Cly},)*

and [M(cp)H(Cl)s] = K, M(cp)Cly(s)][H,)

[HCI]

Therefore

[M(cp)H(Cl)s) = KléKﬂ{M[(IfII():)I(J:lz}z]*[Hz] (10)

Assuming a steady-state concentration of [M(cp)H,(s)]
IR _ g vt (ep)Hy (s olefin] +
ke_s[M(cp)H,(s)][HCI]

—kyM(cp)H(Cl)s][Hy) = 0 (11)

20 R. R. Schrock and J. A. Osborn, J. Amer. Chem. Soc., 1976,
98, 2134.
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Substituting for [M(cp)H(Cl)s] from (10) leads to

_ kKK {M(cp)Cly}y ) [H, 2
(M(cp)Ha(s)] = (7 rClefin] T . ,[HCUHCT

(12)

Rate of hydrogen uptake = rate of alkane formation
= ky[M(cp)Hy(s) [olefin]

Hence,
—d[H,] _ kegk oK K [{M(cp) Cly}, |4 H, *olefin] (13)
d¢ [HCl](%,[olefin] 4 £_5[HCI])

Equation (13) is in agreement with the observed rate
equation (1) and is also entirely consistent with the
observed dramatic activation by base.

(ii) With [{Ir(C;Me;)HCl},] as the catalyst, cycle A is
again assumed to be the main catalytic pathway.

J.C.S. Dalton

Application of a steady-state approximation for the
[Ir(cp)Hy(s)] species results in the rate law

—d[H,]  —d[olefin] _

de ds
kak,l Ir(cp) H(Cl)s][H,][olefin] (15)
kylolefin] -+ £_g[HCI)
From (14) [Ir(cp)H(Cl)s] = K [{Ir(cp)HCI},]?
Hence
—d[Hy] _ AghyKg [(Ir(cp)HCLy i Hyllolefin) )

a Falolefin] +  ,[HCl]

Equation (16) is in agreement with the observed rate
equation (3) when propan-2-ol is used as the solvent and
is also consistent with the observed activation by base.
Further, it can be seen by comparing the rate equations

[{Ir(cp)HCI},) ; 2[Ir(cp)H(Cl)s] (14) (13) and (16) that the suggested mechanisms successfully
(cp = 1°-C;Me;, s = solvent) account for the observa.tlon that the [{M(.CsMe5)C12}2]
catalytic systems are activated to a much higher degree
ks than [{Ir(C;Me;)HCIl},] by the addition of base. It is,
[Ir(cp) H(CDs] + H, Yn [Ir(cp)Hy(s)] + HCL (6b) however, not clear why the olefin dependence should
« differ in propan-2-ol and dichloromethane.
Ir(cp)H,(s)] 4 olefin me—=== [Tr(cp)H.,(olefin b (iii) When [{M(C;Me;)},HCl,] is used as the catalyst
[Tr(ep)Hy(s)] slow [Tr(ep)Hy( 1) the observed first-order dependence on [{M(C,;Me;)},HCl,]
fast suggests that hydrogenation involves a dimeric species.
(Tr(cp)Hy(olefin)] ——= [Ir(cp)(s).] + alkane (8b) A mechanism involving initial heterolytic activation of
fast hydrogen must be ruled out since this would lead to
{Ir(cp)(s)s] + HCl —— [Ir(cp)H(Cl)s]  (9b) [{M(CzMe;)HCl},] and, not only does [{Ir(C;Me;)HCl},)
Cl ct
Ys | _n - 5
[{M(Cp)}zHC'g + olefin === (cp)M—" M(cp) {cp =7 -CsMeg) (17}
ct (olefin}
Cl Ct
bow 7
(cp) M Mlcp) == [{M(cp)},Cl,R] (18)
cl (olefin}
kg
[{(Mtem),eur] +He == [{Mteprcthp(iR] + Het (19)
k_g '
) kg ‘
[{Mtcpct )R] == [{Mtecpict},] + atkane (20)

[{MEepcr},] + Het fost [{Mcp)]o(H) €t ]

(21)
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appear to dissociate into monomers, but it also has a
lower activity than [{Ir(CMe;)},HCl;] in the presence
of base.

In contrast, strong support for a mechanism involving
initial activation of olefin comes from the observation
that of the complexes investigated, the complexes
[{M(CsMe;)},HCl,] were the most efficient catalysts for
the isomerisation of alkenes; that the rates of alkene
isomerisation are comparable with the rates of hydrogen-
ation is clearly demonstrated in the reduction of 2-
methylpent-1-ene using [{Ir(C;Me;)},HCly] where the
rate of hydrogenation decreases sharply within the first
few minutes due to the conversion of the starting olefin
to 2-methylpent-2-ene (Table 2). It is also pertinent to
note that at no time during our investigation of olefin
isomerisation reactions with [{M(C;Me)},HClg] did we
observe disproportionation into [{M(C;Me;)HCl},] and
[{M(CzMe;)Cly},] which lends support to the proposal that
olefins react directly with the dimeric complexes
[{M(CsMey)},HCL,].

No completely satisfactory detailed mechanism for
cycle B can be given at this time, but we tentatively
suggest that the reactions (17)—(21) take place when
cyclohexene is hydrogenated in the presence of [{M-
(CsMes) 1, HC,].

Assuming a steady state concentration of [{M(cp)Cl},-
H(R)] leads to the rate law

—d[H,] _ d[alkane]

d¢ ds
bk (M(CPICILRIC)IH] (o
Fo + ALo[HCI]
From (17) and (18)
({M(cp)Cl},R(C)] = KK7[{M(cp)},HCly][olefin]  (23)
—d[Hy] _ Aeko KK [{M(cp) },HClg][H, | [olefin] (24)
dt kg + k_g[HCI]

Equation (24) is consistent with the observed activation
by base and is in close agreement with the observed rate
equation (2). It does not, however, predict the observed
change over to zero olefin dependence at high olefin
concentrations. To account for this it is necessary to
assume that K¢ is large so that at high olefin concen-
trations all the [{M(C;Me;)},HCl;] is complexed with
olefin but, unfortunately, we have been unable to obtain
any evidence to support this assumption.
Conclusion—The mechanisms of these reactions are
clearly complex and a more detailed analysis must
await further results. It is, however, clear that these
compounds function as very efficient homogeneous
catalysts towards alkenes. Kinetic studies based on
initial rates suggest that two basic catalytic cycles
operate and that hydrogenations in the presence of
[{M(CsMe;)Cly},] or [{Ir(CsMe,)HCL},] involve active
monomeric species whereas those carried out with
[{M(CsMe;)},HCly] involve active dimeric species.
Finally, it is worth re-emphasising the rather sur-
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prising result that when the catalysts operate under
optimum conditions (¢.e. in the presence of an appro-
priate amount of base) it is the chloro-complexes,
{M(C;Me;)CL},] rather than the p-hydrido-complexes
M(CsMe;)},H,Cly »]. M =Rh, x =1, M=1Ir,x=1
or 2) which are the most active catalysts (Figure 1) and
that the tri-p-hydrido-complex [{Ir(CsMe;)},Hy]" is
quite inactive. We believe that this is due to p-chloro-
bridges being more easily cleaved than p-hydrido-
bridges.

EXPERIMENTAL

The preparations of the complexes are described in the
references listed in Table 1. For hydrogen reactions
reagent-grade solvents were used and these were freshly
distilled under nitrogen; dichloromethane was in addition
deacidified by standing over sodium carbonate. All
olefins were purified before use by passing them through an
alumina column (60 cm X 4 cm) under nitrogen; they were
then dried over calcium hydride and finally distilled under
nitrogen immediately before use. Their purity was con-
firmed by n.m.r. and v.p.c.

Hydrogenation Studies.—All gas uptake measurements
were made using a conventional constant pressure hydrogen-
ation apparatus fitted with a 100 ml Pyrex flask having a
side arm fitted with a tap and sealed with a serum cap.
The side arm was used to introduce olefins into a closed
system. The reaction flask was flattened on one side to
accommodate a Teflon-coated magnetic stirrer which was
driven by an electric motor so that it operated at the gas-
liquid interface.

Measured amounts of the catalyst, solvent and, where
necessary, triethylamine were added to the reaction flask
and the whole apparatus alternately evacuated and filled
with hydrogen several times. The stirrer motor was
started and the solution was saturated with hydrogen for
10 minutes after which time stirring was stopped and a
known amount of olefin was introduced through the side
arm of the flask. The system was allowed to equilibrate
for two minutes during which time the pressure inside the
apparatus was adjusted to atmospheric pressure and the
volume of hydrogen recorded. Stirring was re-commenced
and the timer simultaneously started and, as the reaction
proceeded, the hydrogen uptake was recorded at 1 or 2 min
intervals, after the pressure of the system had been re-
adjusted to atmospheric pressure. The initial rate of
hydrogen uptake was obtained from the tangent to the
plot of hydrogen uptake against time and the tabulated
rates are generally the average of at least two determin-
ations and are reproducible to 4-59%,.

After the hydrogenation reactions the liquid organic
products were distilled off under reduced pressure and
characterised by v.p.c. whilst the organometallic residues
were characterised by 'H n.m.r. spectroscopy.

High-pressuve Hydrogenations.—Dienes, acetylenes, and
olefins containing functional groups were hydrogenated in
a glass-lined thick-walled steel bomb (94 in X 2 in) at a
hydrogen pressure of 1500 p.s.i. Known amounts of the
catalyst, olefin, solvent and, if necessary, triethylamine
together with a small magnetic stirrer were put into the
glass-liner. The liner was placed in the bomb which was
connected to the hydrogen line and flushed with hydrogen
several times before being filled to the required pressure.
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The mixture was stirred through the bomb using a powerful We thank the National Research Council of Canada for
magnetic stirrer. The reaction products, both organic and  support.
organometallic, were worked up as described above. [7/1008 Received, 13th June, 1977)
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