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Summary

The rate of hydrogenation of cyclohexzene catalyzed by RhCl(PPh,); was
studied in the presence of BCl;, B(CH,),, Eu(fod), (fod = 6,6,7,7,8,8-hepta-
fluoro-2,2-dimethyl-3,5-octadione anion), AlCl;, AlBr; and Al(i-C4H,);. Only
AlBr; effected a large increase in rate, which is attributed to the formation of
the more active catalyst RhBr(PPh,); by a simple metathesis. A very significant
rate enhancement was found for the hydrogenation of ethylene by RhCI(PPh;);
when Al(i-C4Hs); was added to the system. Tt is postulated that RhH(PPh;),
formation is responsible for this rate increase. The rate of 1-hexene hydrogena-
tion catalyzed by RuCl.(PPh3); is increased by the presence of aluminum
alkyls, and the origin of this rate increase is elucidated. In the course of this
work the compound RuCl(CH,){PPh,); was isolated and characterized. This
compound is closely related to alkyl complexes which have been postulated as
intermediates in olefin hydrogenation catalysis by RuCIH(PPh,),.

Introduction

Ligand dissociation is an important step in the mechanisms which have
been presented for many homogenous catalyzed olefin hydrogenations [1-4].
For example the currently accepted mechanism of catalysis by RhCl(PPh;);
involves phosphine dissociation as the first step, egn. 1, in the catalytic cycles
[3.4]

RhCI(PPh;); = RhCI(PPh;), + PPh; (1)

This dissociation produces a coordinatively unsaturated and therefore highly
reactive species, RhCl(PPh;)., which readily enters into other reactions of

the catalytic cycle. The present work was motivated by the idea that an added
Lewis acid might complex ligands such as PPhj in reaction 1 and therefore
promote the formation of coordinatively unsaturated species. There is to our
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knowledge only one report on the Lewis acid promotion of metal catalyzed
homogenous hydrogenation of olefins, in which the apparent role of the Lewis
acid is ligand abstraction [5].

However the above postulated effect of a Lewis acid on the delicately
balanced homogenous hydrogenation reactions is only one of a large number of
possibilities. For example Lewis acids are known to add to coordinated ligands
[6, 71 add to central metals [7, 8], and to undergo metathetical reactions [9, 10].

Results and discussion

RRCI(PPh ),

The rate data which are summarized in Table 1 demonstrate that the in-
fluence of various Lewis acids is highly specific. Under the conditions which we
employed boron trichloride inhibited olefin hydrogenation, aluminum trichlo-
ride, trimethylboron and Eu(fod); had little effect, and two Lewis acids,
aluminum tribromide and triisobutylaluminum, increased the rate.

Boron trichloride slows hydrogenation at a 1/1 RhCl(PPh;),;/BCl; ratio,
and totally blocks catalysis at a 1/2 ratio. This result correlates with the known
tendency of RhCI(PPh;); to form a 1/2 adduct with BCl; [7], which apparently
is devoid of catalytic activity. Both a Lewis acid of comparable strength, AlCls,
and two weaker acids, B(CHj3); and Eu(fod);, have little influence on the rate,
sc the blocking of catalysis is not related in a simple fashion to the Lewis
acidity. The increase in rate which was observed with AlBr, probably arises
from a metathesis reaction to produce RhBr(PPh,); which is known to be a better
catalyst than its chloride analog [11.

TABLE 1

RATES OF HYDROGENATION BY RhCI(PPh3); AND LEWIS ACIDS ¢

Co-catalyst ? Initial rates (mol/min)
Olefin: cyclo-CgH 1o

None 66 * 1 X 10
BCl3(1/1) 14 X 1076°
BCl3(1/2) o

B(CH3)3 (1/1) 667X 1076
B(CH 3)3 (1/2) 61:1X 106
Eu(fod); (1/1) ¢ 52X 10°®
AlBrj (1/1) 134 X 107
AlCl3 (1/1) 54 X 10™6
Al(i-Bu)3 (3/1) 54:6X 1076
Al(rBu)3 (3/1) 82 X 10°6¢
Olefin: Catig’

None ca.3 X 1076
Al(i-Bu)3 (3/1) ca. 26 X 1076

“ RhCI(PPh3)3: 1.0 X 1075 mol; initial CgHjg: 4.9 X 1073 mol and 4 ml CgHg at 25 * 0.1° and 760 Torr
Hoa. b Ratio of RhCI(PPh3)3 to Lewis acid is given 1n parenthesis. © Rate obtained after an 8.0 min
induction penod. d Fod = 6.6.7,7.8,8-heptafluoro-2,2-dimethyl-3,5-octadione anion. € Catalyst and
Al(i-Bu); premixed 1 h before olefin addition. ! Solvent: 4 ml CeHg: RhCI(PPh3}3: 1.0 X 10”5 mol:
initial C2li4 pressure: 300 mm; initial hydrogen pressure: 300 mm; temperature: ca. 25°.
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The most interesting results were obtained with Al(i-Bu); for which pre-
mixing of the aluminum alkyl and the rhodium complex was necessary to
produce a modest rate enhancement for hydrogenation of cyclohexene. With
ethylene a large rate enhancement was observed. The initial reaction between
triisobutylaluminum and the rhodium complex which occurs during the pre-
mixing period probably involves alkylation (eqn. 2) followed by §-elimination
{eqn. 3) to yield RhH(PPh;); in a manner similar to that reported by Keim
[10].

3 RhCI(PPh;); + Al(i-CaHs); + 3Rh(i-CsHs)(PPh;); + AICH; (2)
Rh(i-C;Hs)(PPh;); -~ RhH(PPh;); + C.Hs (3)

From the rate data it appears that RhH(PPh;); displays inore comparable
rates in the hydrogenation of ethylene vs. eyclohexene than does RhCI(PPh;),; .
The low rate of reaction of the latter catalyst with ethylene is attributed to the
formation of a stable complex RhCl(C,H,)(PPh;). which does not react with
H, at an appreciable rate {1, 11]. With other olefins the stability of the olefin
complex is much less and as a result the metal complex can readily reenter the
catalytic cycle via olefin dissociation. However, in the presence of Al(i-Bu); the
generation of RhH(PPh,); appears to create alternative pathways for the reaction
of the ethylene complex. There are at least two reasonable possibilities: (1), the
olefin complex RhH(C.H,)(PPh,); is less stable and readily loses C,H, thus
avoiding the trapping of the catalyst or (2), the presence of a metal hydride
bond opens a new reaction pathway, involving C,H, insertion via eqn. 4 or
closely related alternatives, followed by hydrogenation of the alkyl complex,

RhH(PPhj), + CsHa = Rh(C;Hs)(PPh;), (4)
Rh(C.H;)(PPh;): + H: - RhH:(C;H;)(PPh;). (5)
RhH,(C;H;)}(PPh;), - RhH(PPh;). + C.H, (6)

eqn. 5, and hydride transfer with alkane elimination, eqn. 6.

RuCl.P(Ph,),

The hydrogenation rate data given in Table 2 demonstrates that BCl;, in a
1/1 mole ratio to the ruthenium complex, stops all catalytic activity, however
a modest rate enhancement is observed upon addition of aluminum alkyls to
the catalytic system. It is possible to explain this rate increase by a small
perturbation of the proposed mechanism for olefin hydrogenation in the
absence of acids, Fig. 1. According to this mechanism RuCl,L; is only a precur-
sor to the ruthenium containing species in the main catalytic cycle [12]. The
transformation of RuCl;L; to RuClIHL. via reaction a and b (Fig. 1) is thus a
key feature of the mechanism. It is well known for example, that addition of
base promotes the formation of RuHL, by scavenging the HCI in equilibrium b.

To determine whether the aluminum alkyl was influericing reactions in
the catalytic cycle (reactions c-e of Fig. 1) or those out of the cycle (a and b),
we studied the influence of aluminum alkyls upon the rate of hydrogenation
by one of the complexes in the main catalytic loop. As can be seen from Table 3



44

TABLE 2

RATES OF HYDROGENATION BY RuCl2(PPh3)3 PLUS LEWIS ACIDS ¢

Co-catalyst b Induction penod Initial rate
(min) (mol/min)
Olefin- l-hexene
None 1.0 28 X 107
BCl3 (1/1) 0
Al(i-Bu) 3 (3/1) <1.0 53 X 1076
None 2X 1076
AI(CH3(1/1) <1.0 32X 1076°€
AKCH)3 (1/1) <1.0 50X 1064
Al(CH3)3 (1/1) <1.0 56 X 10769
Olefin: 1-hexene plus 2 hexene €
None 19 1% 10°®
Al(1-Bu)a (1/1) 5 11 X 1076
Al(i-Bu)3 (3/1) 5.1 11 X 1076
Al(CH 3)3 (3/1) 7.0 5X 1076
AI(CH3)3(3/1) 8.0 9% 10°6f

¢ RuCla(PPh3)3: 1.0 X 1075 mol; tutial CgHj2: 3.9 X 1073 mol and 4 ml CgHg at 25 ¢ 0.1° and 760 Torr
Ha. b The mole ratio of RuCl:(PPh )3 to Lew:s acid is given 1n parenthesis. © Alumnum alkyl added to
previous reaction mixture. ¢ Consecutive to the previous reaction with olefin replenished. € 1-Hexene,
40%; cis- and frans-2-hexene, 60%. ' Olefin added immediately after AI(CH3); no premixing.

RuCLL,

I

RuCLL,
y

H, K,
HCI hCt

Alkane Olefin
RuCHHL, '

L\ L
[{}]
(e) 1 )

RuCIHL,
S

He

ReCl(albrb)i., RuCl1H(olefin)L,

d4)

Fig 1. Proposed mechanism for the catalytic hydrogenation of olefins by RuCl;(PPh3j);.
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TABLE 3

RATES OF HYDROGENATION OF 1-HEXENE BY RuCIH(PPn3)3 PLUS LEWIS ACIDS @

Induction period Initial rates
Co-catalyst 0 (min) (mol/min)
None <1.0 230 X 1076
Al(1-Bu)3 (1/1) <1.0 230 X 10°6°¢
None <1.0 350 X 1076
Al(CH3)3(1/1) <1.0 340 X 10°6°¢

a RuCIH(PPh3)3: 1.0 X 1075 mol; initial C¢H2: 3.9 X 1073 mol and 4 ml CgHg at 25 = 0.1° and 760
Torr Ha. ¥ Ratio of RuClH(PPh3)2 to Lewis acid given in parenthesis. € Performed as a successive
experiment in which the olefin was replenished when AIR 3 was added.

the aluminum alkyls had a negligible influence upon the catalytic activity of
RuClH(PPhj;).. Furthermore we found from independent spectrophotometric
and NMR experiments that RuCiH(PPh,); is produced from RuCl,(PPh;); and
AlR,; in the presence of H.. Therefore it seems highly unlikely that the main
features of the mechanism (reactions ¢ through e in Fig. 1) are altered by the
presence of aluminum alkyls, but instead the function of the aluminum alkyl is
to afford more rapid generation of RuClH(PPh,); or RuClH(PPh,);.

There are at least three reaction sequences which are promising candidates
for the rate enhancement by aluminum alkyls.

(1). Rapid Cl—alky! interchange followed by §-alimination analogous to
reactions 2 and 3 could yield RuCIHL.,.

(2). Chlorine alkyl interchange (egn. 7) followed by hydrogen uptake and
alkane elimination (eqn. 8) could be faster than reactions a and b of Fig. 1, and
thus promote the formation of RuClHL;; i.e., reactions 7 and 8:

RuCl,(PPh;); + AlR; = RuCIR(PPh;); + AICIR, (7)
RuClR(PPh;); + H, = RuClIH(PPh,); + RH (8)

(3). The aluminum alkyl might scavenge HCl and thereby promote the
formation RuClH(PPhj;); via reactions 9 and 10:

RuCl,(PPh;). + H;, » RuCIH(PPh;); + HCl (9)
HCl + AIR; - AICIR, + RH (10)

The first and second of the above possibilities were rendered possible by
the detection of RuCIR(PPh;); species in mixtures of RuCl,(PPh;); and AIR,.
For R = methyl this compound was isolated and characterized as described in
the experimental section. For R = isobutyl the compound appeared to be
isolable but of insufficient stability for elemental analysis by an outside labora-
tory. To determine which of the three possiblities is the most likely, the reactions,
RuCl,(PPh;); + Al(CH,)s, RuCl.(PPh;), + H;, and RuCl,(PPh;); + Al(CH,); + H,,
were followed spectrophotometrically. At 25° and with concentrations close to
those used in the catalytic studies the first two reactions did not proceed to an
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appreciable extent ia the course of an hour but the third was ca. 50% complete,
RhCIH(PPh;); being the product. It therefore appears that the primary influence
of aluminum alkyls is to scavenge HCI via reaction 9 and thus increase the
equilibrium concentrations of RuCIH(PPh,); and RuCiH(PPh,), in the catalytic
reaction mixture.

In summary, Lewis acids were found to exert a variety of influences on
some metal complex catalyzed, olefin hydrogenation reactions. Apparently
none of the cases we studied involved rate enhancement via Lewis acid promoted
ligand dissociation. However, it is likely that the systems reported by Hughes
{51 do involve ligand removal by the Lewis acid and further search for similar
systems is warranted.

Experimental

All reactions and syntheses were carried out by inert atmospheric and
vacuurm line techniques using oxygen-free solvents [13]. The catalysts RhCl(PPh,);
and RuCl,(PPh,); were obtained from Strem Chemical Co. and aiso synthesized
by published methods [1, 14]. RuCIH(PPh,); was synthesized from RuCl,{(PPh,);
with H, and N(C;H;); [15].

RuCl(CH;)(PPh3); was prepared by the reaction of 2.0 g of RuCl,(PPh;);
with 0.3 ml Al(CH,); in 150 ml of dry, air-free benzene. The reaction mixture
was stirred for two hours after which the yellow solid which formed was filtered,
washed with n-hexane, and dried in vacuum. A CH; group analysis was perform-
ed by reaction of the product with HCl and collection of the evolved gas with
a Toepler pump. (Found: Ru, 10.50; Cl, 3.77%; CH;, 1.99. RuCssH;3P,Cl caled.:
Ru, 10.77; Cl, 3:78%; CH,, 1.61.)

BCl;, B(CH,;);, AICl; and AlBr; were purified by trap-to-trap distillation
or sublimation. The Eu(fod); (Pierce Chemical) was dried over P,O;. The
aluminum alkyls (Texas Alkyls) were used as received.

With the exception, noted below, rate data were collected on a previously
described isobaric hydrogenation apparatus [16, 17]. Considerable variation in
rate was observed for runs in which RuCl,(PPh;); was used without added
Lewis acids. These erratic rates may arise from variable traces of base either in
the complex or on the glass surface. Ethylene hydrogenation was followed by
pressure change in a simple manometer system. Owing to the lack of vigorous
stirring of the solution and lack of provision for gas circulation the actual rates
are probably greater than those observed for the ethylene hydrogenation.

Acknowledgement

This research was supported by the NSF through grants GP-28878, and
MPS74-20004. We thank Professor A.S. Hussey for the use of his hvdrogenation
apparatus and for many informative discussions.

References

1 J.A. Osborn, F.H. Jardine, J.F. Young and G. Wilkinson, J. Chem. Soc. A, (1966) 1711.
2 P.S. Hallman B.R. MeGarvey and G. Wilkinson, J. Chem. Soc. A, (1968) 3143.



QNN

10
11
12
13

14
15
16
17

47

C.A. Tolman, J. Amer. Chem. Soc., 96 (1974) 2762.

J. Halpern and C.S. Wong, J. Chem. Soc., Chem. Gommun., (1973) 629.

W. Hughes, U.S. Pat. 3,697, 615 (1972).

J.S. Rristoff and D.F. Shriver, lnorg. Chem., 13 (1974%) 499.

D.D. Lehman and D.F. Shriver, Inorg. Chem., 13 (1974) 2203.

D.F. Shriver, Acc. Chem. Res,, 3 (1970) 231.

M.A. Bush, P.M. Druce and M.F. Lappert, J. Chem. Soc., Dalton Trans., (1972) 500.
W. Keim, J. Organometal. Chem., 8 (1967) P25.

J.P. Candlin and A.R. Oldham, Discuss. Farrady Soc., 46 (1968) 60.

B.R. James, Homogeneous Hydrogenation, Wiley, New York, New York, 1973.

D.F. Shriver, The Manipulation of Air-Sensitive Compounds, McGraw-Hill, New York, New York,
1969.

T.A. Stephenson and G. Wilkinson, J. Inorg. Nucl. Chem., 28 (1966) 945.

P.S. Hallman, B.R. McGarvey and G. Wilkinson, J. Chem. Soc. A, (1968) 3143.

A.S. Hussey, G.W. Keulks, G.P. Nowack and R.B. Baker, J. Org. Chem., 33 (1968) 610.
A.S. Hussey and Y. Takeuchi, J. Amer. Chem. Soc., 91 (1969) 672.



