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Rate Accelerating Polymeric Cofactors in the 
Homogeneous Hydrogenation of Alkenes 

D. E. Bergbreiter and M. S. Bursten 
Department of Chemistry 
Texas A&M University 
College Station, TX 77843 

ABSTRACT 

The novel use of polymeric reagents as selective phosphine 
absorbers in a homogeneous catalysis is presented. Silver(1) 
p-toluene sulfonate (A) is shown to absorb tertiary phosphines 
from organic solution and to restore PPh3-inhibited homogeneous 
hydrogenation of alkenes by RhC1L3 (L=PPh3) to a non-inhibited 
rate. 
by addition of a second alkene and removal of ethylene under re- 
duced pressure leads to an increased rate of hydrogenation for 
several alkenes. 

Treatment of RhClL3 with ethylene in presence of A followed 

INTRODUCTION 

Dissociation of a nonvolatile ligand has become accepted as 

essential to alkene hydrogenations catalyzed by homogeneous tran- 

sition metal compounds containing triphenylphosphine.[l] This 

1 + L  L=PPh3 'mmn-1 

dissociation was first postulated by Wilkinson and coworkers in 

1966 to explain the low solution molecular weights obtained for 
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370 BERGBREITER AND BURSTEN 

RhClL  (L=PPh ) ,  an active alkene hydrogenation catalyst.[Z] 

Though subsequent studies indicated dissociation is less exten- 

sive than was originally claimed [3], the postulate that the ac- 

tive catalyst is a coordinatively unsaturated species formed by 

dissociation of a PPh ligand i s  generally regarded as correct. 

[4,51 

3 3 

3 

Although dissociation of PPh is not the rate-determining 3 
step for hydrogenations catalyzed by RhC1L3 [ 6 ] ,  if equation 1 
could be shifted to the right, faster rates of alkene hydrogena- 

tion might be achieved. This rightward shift could be accom- 

plished by removal of PPh3 from solution, thus generating more of 

the active form of the catalyst. 

In the past several years attempts at selective removal of 

PPh from a homogeneous solution have been made. Reverse osmosis 

has been effective but requires pressures up to 100 atmospheres. 

[7] Complexation of PPh3 with soluble Lewis acids has also been 

attempted [8]; although side reactions were observed, no rate en- 
hancement attributable to a shift of equation 1 was observed. 
Thus, although some attempts have been made, a rate enhancement 

in homogeneous hydrogenation by a rightward shift of equation 1 
has not been demonstrated previously. 

3 

Herein we report the use of functionalized polymers to absorb 

free PPh from homogeneous solutions. Although the use of suppor- 
ted homogeneous catalysts has become chemically fashionable in 

the last decade, polymer functionalization to selectively absorb 

a non-volatile ligand is a novel application of polymers to homo- 

geneous catalysis. 

significant rate enhancement in a system which dissociates a lig- 

and to form the catalytically active species. A supported Lewis 

acid should interact with free Lewis base, thus shifting equili- 

brium 1 in the desirable rightward direction. Side reactions, 

observed by Shriver [ 8 ]  when he used soluble Lewis acids to shift 

this equilibrium, should be eliminated. 

3 

Such a polymer might be expected to effect a 

A polymeric cofactor for ligand absorption in homogeneous 

catalysis must meet several criteria. It must not be catalyti- 
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HOMOGENEOUS HYDROGENATION OF ALKENES 3 7 1  

cally active itself nor absorb the homogeneous catalyst. It 

should be an efficient absorber of non-volatile ligand--in this 

case, PPh3. 

available precursors, and be air-stable. 

Preferably, it should also be prepared from readily 

EXPERIMENTAL 

All solutions were handled under nitrogen, argon, hydrogen, 
or ethylene, using standard Schlenk techniques.[lO] 

used without further purification. Toluene, diethyl ether, tetra- 

hydrofuran, and pentane were freshly distilled under nitrogen from 

sodium benzophenoneketal. Ethanol and methanol were purged with a 

strong flow of nitrogen for one hour. 1-Hexene, 1-octene, cyclo- 

hexene, styrene, and norbornadiene were passed through neutral 

alumina to remove stabilizers and peroxides, carefully degassed, 

and then purged with nitrogen for 1/2 hour. 

Gases were 

RhC1L3 (L=PPh3), [RhC1(CsHl4)],, and PEtPh2 were obtained 

from Strem Chemicals and used as received. PPh was obtained from 

Fluka. 

identified by nmr, ir and melting point. Macroreticular ion ex- 

change resin, polystyrene sulfonic acid, (Amberlyst 15), was pur- 

chased from Chemalog and extracted for 48 hours i n  a Soxhlet ex- 

tractor with dimethylformamide before use in order to remove ka- 

olins and surfactants present. Conventional flow techniques were 

used for exchange of metal ions.[l2] After exchange, the polymer 

was dried under vacuum for 24 h. Silver substitution was 1.0 mmol 

Ag / g  polymer (analyzed as AgC1) .  Proton nmr spectra were taken 

on a Varian T-60 nmr; 31P spectra on a Varian XL 200 MHz nmr spectro- 

meter. Infrared spectra were run on a Perkin-Elmer 297irspectrometer. 

Melting points were determined in a Thomas/Hoover melting point 

apparatus and were uncorrected. 

3 
RhC1(PEtPh2)3 [ll] was prepared by literature methods and 

+ 
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372 BERGBREITER AND BURSTEN 

Adsorbtion of Phosphines by Polymeric Reagents 

A solution of PPh3, 0.04 in THF or acetone, was prepared. 
20 mL of this solution was injected into a flask containing 2 g 

(1.0 mmol metal ion/g polymer) of metal ion exchanged polystyrene 
sulfonate beads and covered with a serum cap. 

of this solution were withdrawn after 1 and 12 hours and analvzed 
0.05 mL aliquots 

for PPh concentration by 'H and 31P nmr; p-xylene and OPPh 3 3 
used as internal standards for 'H and 31P nmr respectively. 

were 

So- 

dium polystyrene sulfonate and polystyrene sulfonic acid were 

both used in control experiments, and showed no detectable PPh 

absorption at these concentrations. A similar experiment was run 
using a THF solution 0.04 in styrene to determine whether the 

alkene were being absorbed by either silver(1) polystyrene sulfo- 

nate (4) or polystyrene sulfonic acid. In neither case was any 

change i n  styrene concentration observed. 

3 

Hydrogenations 

Hydrogenations were run at 25.0 5 0.loC in a 100 mL three- 
necked flask equipped with a solid addition tube and a gas inlet 

tube covered with a serum cap. A 1 3/8" egg-shaped magnetic stir- 
bar provided vigorous mixing. The flask was connected to a hydro- 

genation apparatus consisting of a two-way stopcock to vacuum and 

a three-way stopcock to the H2 source and to a 50 mI, buret. 
leveling bulb was connected to the bottom of the buret with rub- 

ber tubing and filled with dibutyl pthalate. Constant atmos- 

pheric pressure was maintained throughout the reaction by adjus- 

ting this leveling bulb as the reaction proceeded. 

In order to ascertain the effects of A, typical hydrogena- 

A 

tions were run in the three following ways: 1) polymer beads were 
added at the start of (or during) a hydrogenation; 2) polymer beads 

were present as the catalyst dissolved under H2, and were stirred 

with the solution of the transition metal catalyst under H2 before 

the addition of alkene; or 3)  procedure 2 was followed, but under 

C H atmosphere, which was removed before hydrogenation commenced. 2 4  
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HOMOGENEOUS HYDROGENATION OF ALKENES 373 

A typical hydrogenation using procedure 1 was as follows: 
The catalyst (10-60 mmol) was placed in the 100 mL 3-necked flask 
and the polymer beads (0.2-0.4 g) were put in the solid addition 
tube. The apparatus was carefully assembled, evacuated and 
flushed with H2 three times, and then held under vacuum for 10 min. 
The apparatus was flushed with H2 and evacuated three more times, 
then filled with H and 10 mL of solvent (toluene, unless other- 
wise noted) was added. 
reduced pressure and filled with H three times and then stirred 
vigorously under H2 until the catalyst was fully dissolved. 
this point, stirring was stopped and alkene (2-20 mmol) was injec- 
ted. When polymeric beads were to be added at the beginning of a 

hydrogenation, they were added at this point by turning the solid 
addition tube. Hydrogenation was initiated by resumption of stir- 
ring. Alternatively, polymeric beads were added after hydrogena- 
tion had been initiated. 

2 
The solution was carefully degassed at 

2 
At 

Hydrogenations according to procedure 2 were run in essenti- 
ally the same manner, except that the catalyst and polymeric beads 
were both placed in the hydrogenation vessel as the reaction was 
set up. The solid addition tube was not used; a glass stopper was 
inserted in its place. All other procedures were identical to 
those used in procedure 1. 

The hydrogenations according to procedure 3 were run after 
utilizing an ethylene pretreatment. As in procedure 2, catalyst 
and polymer beads were placed in the hydrogenation vessel. 
third neck was fitted with a gas inlet valve connected to the C H 
source. The hydrogenation apparatus was evacuated and filled 
with C H three times. Toluene (10 mL) was then added, and care- 
fully degassed and flushed with C2H4 three times. 

was allowed to stir under C2H4 for 900 s at which time the alkene 

to be hydrogenated (2-20 mmol) was injected. After an additional 
100 s the apparatus was carefully evacuated and H2 was introduced. 
The apparatus was carefully evacuated and vigorously stirred for 
15 s ;  the apparatus was then carefully evacuated and flushed with 

H2. 

The 

2 4  

2 4  
The solution 

2 After two more cycles consisting solely of flushing with H 
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3 74 BERGBREITER AND BURSTEN 

and careful evacuation, the apparatus was filled with H2 and hy- 
drogenation begun by initiation of stirring. 

When C H was the alkene to be hydrogenated, the apparatus 2 4  
was carefully evacuated then filled with H2 three times, after 

the catalyst had been stirred with polymer beads under C2H4 atmos- 

phere for 1000 s ,  i.e., the solution was not stirred under reduced 

pressure. 

Hydrogenation rates were calculated by plotting the consump- 

tion of H2 vs. time and fitting a straight line to the region 
where the rate was nearly constant; this region encompassed at 

least the first 50-500 s after introduction of alkene. Rates are 

reported both as mmol H2/s and mol H2/[catalyst],M.min. 

In order to determine whether any catalytic activity resided 

upon the polymer beads, some hydrogenation experiments were stop- 

ped before alkene had been consumed. 

lowed to settle and the supernatant was transferred via syringe to 

another H2-filled hydrogenation apparatus and hydrogenation resumed. 

The polymeric beads were stirred two times with toluene (15 mL) 

which was then syringed off. Fresh toluene (10 mL) and alkene (2-  

20 mmol) were injected and hydrogenation was initiated. NO cata- 
lytic activity was observed to reside on these beads. 

The polymer beads were al- 

RESULTS AND DISCUSSION 

Initial attempts t o  meet the criteria for an effective ligand 

absorbing polymer were focused on using polyethylene functionalized 

with transition metal organometallics.[l3] Some PPh was indeed 

absorbed by PeCp(C0) -polyethylene, but low functionalization 
(lo-* mmol Fe/g polymer) and low thermal and air stability caused 

abandonment of this functionalized polymer.[l4] Alternatively, 

macroreticular ion exchange resin, polystyrene sulfonic acid (Am- 

berlyst 15)  was exchanged with various metal cations. These me- 

tal-ion containing polymers were checked for triphenylphosphine 

absorbtion by observing the change in PPh3 concentration in THF 

3 

2 
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HOMOGENEOUS HYDROGENATION OF ALKENES 375 

or acetone solution by 'H nmr. 

summarized in Table I. Silver(1) polystyrene sulfonate (A) was 
clearly the most efficient phosphine absorber, and this polymer 

was used in subsequent studies. 

was observed by 31P nmr. 

phine concentrations similar to those expected in a catalytic reac- 

tion to be observed. At 4 x M, the amount of PPh remaining 

in solution was 44% of the original amount after 12 min and 17% 

after 46 min; at 106 min the amount of PPh was still 11% of the 
original amount and a small signal due to OPPh had appeared. This 

is not surprising as this reaction was run in air. A s  the amount 

of PPh remaining in solution is decreasing much less than expo- 

nentially, this suggests an equilibrium may ultimately be attained 

(equation 2 ) .  The low concentration of PPh remaining accounts for 3 
the nonobservance of a signal in the '€I nmr. The interval observed 

Results of these experiments are 

3 To further elucidate the behavior of A, absorption of PPh 
Use of this technique permits low phos- 

3 

3 

3 

3 

2 PPh3 + A G ~ A - P P ~ ~  

for the disappearance of most of the PPh is consistent with the 

length of the induction period in PPh -inhibited hydrogenations 

(vida infra). 

3 

3 

Once the absorption of PPh by A had been verified, attempts 
to use A as a rate accelerating cofactor in homogeneous catalysis 
were initiated. RhClL was chosen as it is among the most-studied 

homogeneous hydrogenation catalysts.[l,5] 

3 

3 

TABLE 1. Absorbtion of PPh3 by Metal-ion 
Substituted Polystyrene sulfonate 

metal ion %PPh3 absorbed from 0.04 
THF solution (12 h) 

0 
10 
10 
50 
100 (1 h) 

+3 
c0+2 
co+2 
Ni+2 
cu+ 
Ag 
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376 BERGBREITER AND BURSTEN 

Initial results on hydrogenation of 1-octene, cyclohexene, and 
styrene proved somewhat disappointing in that the rate of hydrogen- 
ation, when A was added at the initiation of a hydrogenation (Pro- 
cedure 1) was essentially unaffected. However, the efficiency of 
the polymeric reagent as a PPh3 absorber in the presence of RhC1L3 
was easily demonstrated by rapid formation of [RhC1L2I2 when a solu- 
tion of RhClL Dimer 
formation was observed both by 31P nmr and by the formation of many 

small pale red crystals in the previously homogeneous solution. A 

control solution of RhClL in absence of Ashowed no indication of 
dimer formation over a 3 h interval. The dimer is much less soluble 

than the monomer [ 2 ] ,  and exhibits only 1/10 the catalytic activity 
of the monomer.[l5] 
served when RhClL 
sequently used as a hydrogenation catalyst. 

was placed in contact with A under nitrogen. 3 

3 

This greatly reduced activity was indeed ob- 
was dissolved under N2 in presence of A and sub- 3 

The lack of dimer formation in a catalytically active solution 
is largely attributable to the affinity of RhC1L2 for H2,[16] 

deed, a solution prepared by dissolving RhC1L3 under H2, in pres- 
ence of A (procedure 2)  displayed no loss in catalytic activity. 
H RhClL is believed to dissociate to a much smaller degree than 
RhC1L3, and has a concomitantly smaller tendency to dimerize.[l,l51 

In- 

2 3 

Evidence of the effectiveness of A in absorbing PPh3 from a 
catalytically active solution is illustrated in Figure 1. 
was added during a hydrogenation which was inhibited by excess 
PPh3 
excess ligand. 
tive solution but does not activate H2RhC1L 

When A 

the rate increased to that observed in the absence of any 
Thus 11 absorbs free PPh from a catalytically ac- 3 

during a catalysis.[l6] 3 
The difference between this ligand-absorbing polymer and its 

Silver(I)E-toluene sulfonate (2) monomeric analog is apparent. 
is light sensitive, decomposing over two days; samples of the poly- 

meric analog (4) show no sign of decomposition or loss of activity 
after six months. When gwas added to a catalytically active sol- 
ution of RhC1L3, H2, and styrene, the reaction quickly stopped and 

a black insoluble precipitate formed. This may be a silver-rhodium 
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FIGURE 1. Hydrogenation of styrene (0.11 g) catalyzed by 2.3 x 

any excess PPh3 ( O ) ,  in the presence of A ( O ) ,  and in the pres- 
ence of excess PPh3 (1.6 x (a)). The effect of rate ac- 
celeration in the latter experiments reflects addition of A at 
5900 s (arrow in Figure). 

RhClL3 in toluene at 25'C in the absence of both A and 

complex of the type reported by Vrieze.[l7] When excess PPh was 

present, the addition of gave the same result as addition of A. 
As [!I 2 [PPh ] in this case, apparently reacts with PPh rather 

than with RhClL 

3 

3 3 
3' 

Competition for the dissociated PPh3 ligand appeared to be 

the reason for lack of any enhanced hydrogenation rate in presence 

of 4. Therefore, displacement of a PPh3 ligand prior to catalysis 

might lead to enhanced hydrogenation activity. 

which is only a poor hydrogenation catalyst for ethylene [ M I ,  re- 
Fortunately, RhC1L3 
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BERGBREITER AND BIJRSTEN 378 

versibly forms a n-complex with ethylene; this is stable in solu- 

tion only under ethylene atmosphere.[l9] (equation 3) RhC1L3 was 

3 RhC1L3 + C2H4~(C2H4)RhC1L2 + L K 2 0.4 [19 ]  
eq 

dissolved under ethylene atmosphere in presence of A; after 900 s 

alkene was added and after 1000 s ethylene was carefully removed. 

This solution hydrogenated various alkenes from 1.3 to 1 2  times 

faster than a solution which underwent ethylene pretreatment in 

absence of A, or a RhClL solution which contained no po1ymeri.c 

reagent and did not undergo ethylene pretreatment, i.e., an unmod- 

ified hydrogenation. (These results are displayed in Table 2.) 

Apparently, ethylene displaces PPh3 in RhC1L3, allowing PPh3 to be 

absorbed by A while preventing dimerization of RhC1L2. 
of alkene and removal of ethylene allow formation of a RhC1L2- 

(alkene) complex; once hydrogenation commenced, equilibrium 1 has 
effectively been shiftedtothe right and hydrogenation occurs at 
a faster rate. The rate enhancement observed is greatest for 

those alkenes which form strong complexes with RhClL and are 

slowly hydrogenated, consistent with formation of a higher concen- 

tration of RhC1L2(alkene) in solution than would be found in ab- 

sence of ethylene pretreatment in presence of A. 

3 

Addition 

3 

3 TABLE 2. Hydrogenation of Alkenes by RhClL 
after Ethylene Pretreatment 

rate in presence 
alkene [alkene] ,i of 

1-hexene 0.35 23.9 
cyclohexene 0.29 18.1 
norbornene 1.03 36.6 
norbornadiene 1.09 4.23 

styrene 0.21 60. 
ethylene -- 4.4 

rate in absence rate 
of Aa enhance- 

ment 
12.2 1.96 
13.4 1.35 
21.3 1.72 
0.35 12.1 
0.74 5.8 
60 1.0 

arate expressed as mmol hydrogen consumed/ [RhClL Ismin. 3 
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HOMOGENEOUS HYDROGENATION OF ALKENES 379 

A comparison to work reported by Wilkinson in 1968 [ll] is 

instructive. The catalyst RhClL (n=2,3) was formed in situ by n 
combination of varying ratios of PPh3 and [Rh(cod)C1I2 with alkene 

under H2. 

trations comparable to those used in this work; a rate enhancement 

of 1.4 for hydrogenation of 1-hexene was observed for n=2 as oppo- 
sed to n=3. This compares with the twofold rate enhancement seen 

in this work following ethylene activation in presence of A, as 
opposed to an unmodified hydrogenation using RhC1L3. 

tency of these results suggests that the concentration of RhC1L2 

is indeed increased when ethylene pretreatment is employed in 

presence of A. 

These reactions were run at rhodium and alkene concen- 

The consis- 

In order to test the effectiveness of ethylene pretreatment 

for complexes of the general formula RhC1L3, hydrogenations using 

RhCl(PEtPh ) were also investigated. All results with this com- 

pound were virtually -identical to those found for RhC1(PPh3)3, ex- 

cept that ethylene pretreatment deactivated the catalyst. No eth- 

ylene complex with RhC1(PEtPh2)3 is known, so this is not entirely 

unexpected. 

2 3  

The effectiveness of a polymeric phosphine absorber as a rate- 

accelerating cofactor in homogeneous catalysis has been demonstra- 

ted. Application of this reagent to other phosphine-containing 

homogeneous transition metal catalysts is currently under investi- 

gat ion. 
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