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immobilization of homogeneous catalysts have focused on asymmetric hydrogena- 
tion catalysts [l-7]. For example, rhodium complexes containing chiral ligands have 
been chemically bonded to modified polymers [1,2] and to metal oxide surfaces [3]. 
When the problems of reduced enentioselectivity and rhodium leaching that often 
plague immobilized asymmetric catalysts are overcome, these catalysts provide 
comparable optical yields to their homogeneous counterparts [4-71. For example, 
Stille et al. have shown that the incorporation of chiral phosphinopyrrolidine 
ligands into a crosslinked polymer matrix leads to a highly enantioselective im- 
mobilized catalyst for dehydroaminoacid hydrogenation [6a]. 

Although ion exchange resins have been used for the separation of cationic 
catalyst complexes [8-lo] very few catalytic applications have been reported for 
ion-exchange resin supported catalysts [ll-131. A successful resin-supported cata- 
lyst was prepared from the rhodium complexes of the non-chiral cationic ligand, 
P(Ph),CH,CH,N(CH,)l(amphos). When a rhodium complex of amphos was ex- 
changed onto a macroreticular cation exchange resin the resulting material was 
active for the hydrogenation and hydroformylation of hexene with little loss of 
rhodium [12]. The cationic rhodium complex of the neutral chiral ligand, 2,3-O,N- 
bis(diphenylphosphino)-1-( cY-naphthyloxy)-2-hydroxy-3-isopropylaminopropane, 
has been exchanged onto sulfonated divinyl benzene resins. These gave excellent 
enantioselectivities but show rhodium leaching of up to 0.5% of the total rhodium 
v31. 

An alternative to chemically bonding the catalyst to a solid support has been 
made possible through the synthesis of chiral water soluble ligands. Through the use 
of these ligands heterogeneous catalysts can be devised in which the catalytic 
reaction proceeds between two immisible phases [14,15] e.g., an aqueous catalyst 
containing phase and an organic substrate containing phase. In these unique 
systems the immiscible phases define a heterogeneous system. 

More recently, we have developed a method for the systematic introduction of 
quatemary amino groups to the phenyl rings of various chiral ditertiary phosphines 
[l&17]. Rhodium complexes of the cationic water soluble ligands, [(S,S)-2,4- 
bis[bis(-p-N, N, N-trimethylammoniumphenyl)phosphino]pentane] 4+ and [(S, S)-2,3- 
bis-( p-N, N, N-trimethylammoniumphenyl)phosphino]butane]4+, provide similar en- 
antioselectivities 117,181 in two-phase asymmetric hydrogenation to complexes of 
chiral phosphines which contain bis-(m-sulfonatophenyl) groups [14]. The presence 
of quaternary amino groups on these ligands not only imparts water solubility to the 
rhodium complexes but also provides a potentially new way to immobilize chiral 
ctalysts through exchange onto cation exchange resins. 

We have shown previously that rhodium complexes of 2,4-bis[-bis(-p-N, N-di- 
methylaminophenyl)phosphine] pentane can be selectively protonated at the amine 
nitrogens and not at the metal by non-coordinating acids such as fluoroboric acid 
[19]. The protonated p-dimethylammonium derivatives show similar catalytic activi- 
ties and enantioselectivities to those catalysts prepared with p-trimethylammonium 
derivatives. It is reasonable to expect that other non-coordinating acis, including the 
acidic forms of strong cation exchange resins, would also selectively protonate at the 
amine nitrogens. The treatment of solutions of the rhodium complexes of [(S,S)- 
2,Cbis[-bis(-p-N, N-dimethylaminophenyl)phosphino]butane] (2) [17] with the 
strongly acidic Nafion-NR-50-H rsin [20] resulted in the quantitative removal of 
complex from solution. The catalytic activity of 1 and 2 and the methyl quaternized 
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analog of 1, complex 3, supported on Nafion and other ion exchange resins is 
reported in this paper. 
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Results and Discussion 

Immobilization of 1, 2, and 3 on cation exchange resins. When methanol solu- 
tions of 1 or 2 are stirred in the presence of a sufficient amount of the acid form of 
Nafion-NR-50 the quantitative removal of the rhodium complexes is observed. 
Immobilization of 1 onto Amberlyst-H proceeded in a similar manner. Simple 
acid-base chemistry is considered to be responsible for the removal of the com- 
plexes from solution. This is represented in equation 1 and is similar to the 
protonation previously observed when complexes 1 and 2 are treated with fluoro- 
boric acid [19]. 

(Nafion)-CF,CF,SO,H + NMq-1 + (Nafion)-CF,CF,SO,] -+ [ HNMe,-1 (1) 

The reaction in equation 1 is not reversed by the addition of concentrated HBF,, 
in fact, even in acid solution the reaction proceeds to the right (see below). 
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However, the addition of a base stronger than dimethylaniline, such as triethyl- 
amine, results in the quantitative removal of the exchanged complex from the resins. 
Solution NMR of the extracted complexes demonstrates that the complexes are 
unchanged. 

In the presence of HBF, the protonated forms of 1 and 2 are obtained. When 
these protonated complexes are brought into contact with Nafion-H they are also 
adsorbed onto the resin. The exchange of the protonated complexes, represented in 
equation 2, appears to be qualitatively faster than the adsorption of the nonproto- 
nated complexes. 

(Nafion)-CF,CF,SO,H + + [HNMe,-l] + 

(Nafion)-CF,CF,SO,] -+[HNMe,-l] + H+ (2) 

Typical loadings consumed 50% of the exchange capacity of the Nafion [20] 
under the assumption that five equivalents of exchange capacity are required for the 
adsorption of either 1 or 2. The maximum loading obtainable was 80 to 90% of the 
exchange capacity of Nafion-H. Thus there is always some residual free acid 
present on the rhodium exchanged Nafion-H catalysts. This has important conse- 
quences for the catalytic activity of the materials (see below). 

Exchange of 3, the methyl quaternized form of 1, onto the acid form of Nafion 
was performed in aqueous methanol. Under these conditions only partial exchange 
of 3 could be achieved on Nafion-H; the exchange reaction is depicted in equation 
3. 

(Nafion)-CF,CF,SO,H + + [NMe,-l] = (Nafion)-CF,CF,SO,] -+ [NM~,-I] + H+ 

(3) 

After 24 hours it was estimated from the quantity of rhodium adsorbed that ca. 10% 
of the exchange capacity of the Nafion-H was consumed. It appears that it is the 
rate of exchange that is unfavorable. The resins exchanged with 3 were treated with 
excess triethylamine to consume the excess acid functionality of the Nafion. 
Triethylamine does not displace 3 from Nafion-H since 3 has no acid functionality. 

Formation of the potassium form of Nafion followed by exchange with 3 (or 
protonated 1) leads to almost no adsorption of the complexes from solution over a 
24 hour period. This is in contrast to the behavior observed for the sodium forms of 
the Dowex and Amberlite exchange resins; these quantitatively removed 3 from 
aqueous solution. Although the displacement of five monovalent ions by an ion with 
a net + 5 charge from the resins is favored entropically the exchange is not observed 
to take place on Nafion-K. It is not clear at this time whether this is a kinetic or a 
thermodynamic phenomenon. 

Catalytic asymmetric hydrogenation with resin-supported I, 2, and 3. The results 
for the asymmetric hydrogenation of several dehydroaminoacid derivatives with 1 
and 2 on Nafion-H and Amberlyst-H are shown in Table 1 For comparison the 
results obtained with 1 and 2 in homogeneous methanol solution are also given. It is 
apparent that there is virtually no loss in enantioselectivity between 2 in homoge- 
neous solution and 2 when immobilized on Nafion-H. The rates, however, are much 
slower as indicated by the total reaction time required for complete conversion. This 
is expected in part because the Nafion-H beads used were very large, ca. 1 x 3 mm 
and have a very small surface area [20]. The rates are comparable to that observed 
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Table 1 

Enantioselectivities (reaction times) in the homogeneous and immobilized asymmetric hydrogenation of 
dehydr oaminoacid derivatives with complexes 1 and 2 ’ 

Substrate Complexes 1 2 

in MeOH on Nafion-H on Amberlyst-H in MeOH on Nafion-H 
ee (time) ee (time) ee (time) ee (time) ee (time) 

COOMe 

/=c 
72 (33 min) * 50 (36 h) ’ 5 (3 h) ’ 75 (30 min) 72 (36) ’ 

W-b NHC(O)Me 

COOMe 

& 

57 (5.4 min) ’ 56 (24 h) ’ 53 (1 h) 56 (48 h) = 

C6H5 
NHC(O)Ph 

COOH 

/--( 

54 (5 min) 63 (24 h) c*d 9.4 (3 h) ’ 82 (30 min) 76 (48 h) =J 
87 (5.1 min) b 41(24 h) g 87 (8 h) b 35 (36 h) h 

C6H5 NHC(O)Me 

D Catalyst concentration: 0.025 mm01 in 10 ml solvent; substrate/Rh = 100 : 1; P = 14 atm H,, 20 o C; 
Conversion > 95%. All products are of the R configuration; optical yields were determined by polarime- 
try [10,21]. b 1 bar H,. ‘Solvent: MeOH. ‘Conversion for hydrogenation: 91%; esterification: 43%. 
l Solvent: THF. ‘Conversion for hydrogenation: 95%; esterification: 63%. ’ Solvent: 50% MeOH-50% 
H,O. h Solvent: 20% MeOH-80% H,O. 

with other polymer supported hydrogenation catalysts [22]. With 1 as the catalyst on 
Nafion-H there is a slight drop in enantioselectivity for some substrates when 
compared to the homogeneously catalyzed reaction. This can be readily explained 
by the dependence of enantioselectivity on hydrogen pressure for skewphos deriva- 
tives; the reactions with 1 on Nafion-H were performed at 14 atm while the 
homogeneous reactions with 1 were done at 1 atm. With 1 adsorbed on Amberlyst- 
15-H, which has significantly higher surface area than Nafion-H, the rates im- 
proved significantly, however, ve*q low optical yields were observed (Table 1). 

Importantly, rhodium leaching into the substrate phase could not be detected by 
atomic adsorption spectroscopy for all of the resin-supported catalysts. With the 
instrumentation available this places an upper limit of 0.1 ppm on the rhodium 
concentration in solution. This is a significant improvement over the results ob- 
tained with 1 and 2 as catalysts in two-phase applications [17]. The complexes with 
a net + 5 charge appear to be more strongly bound to the ion exchange resins than 
complexes with a charge of + 1 [13]. As indicated in Table 2 a catalyst can be 
recycled without a significant change in activity and enantioselectivity. The overall 
slight drop in enantioselectivity observed is most likely- due to traces of oxygen. The 
reproducible behavior of the recycled catalysts is consistent with the assumption 
that the catalysts do not leach rhodium and that the catalytic reactions take place on 
the exchange resins. A further proof for the catalytic chemistry occuring on the resin 
comes from a comparison of the results for Amberlyst-H and Nafion-H supported 
1. If these catalysts were to lose rhodium during the catalysis then the results for 
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Table 2 

Asymmetric hydrogenation of (Z)-N-acetylaminocinnamic-acid methyl ester by recycling of Nafion-sup- 
ported 2 a 

Cycles Conversion (46) ee(%) 

1 98 73 
2 98 72 
3 98 73 
4 92 67 
5 96 64 
6 97 63 

0 Reaction time: 36 h, catalyst concentration 0.025 mm01 on 300 mg Nafion-H; substrate/Rh = 100. 
Solvent: 10 ml methanol. 20°C, 14 bar H,. All products are of the R configuration. 

activity and enantioselectivity would be expected to be identical since both catalysts 
would leach the rhodium complex into solution. Finally we note that the filtered 
solutions obtained during the recycling experiments showed no catalytic activity 
when charged with new substrate and pressurized with hydrogen. Thus the chem- 
istry is not occurring in solution. 

In a previous paper we showed that 1 retains its catalytic activity and selectivity 
even in fluoroboric acid solution below a pH of 1 [19]. However, it is still surprising 
that the catalysts remain unchanged on the superacidic exchange resin, Nafion-H, 
which has an estimated Hammett acidity parameter of - 12 [20]. The enantioselec- 
tivity is essentially the same for the catalysts on the Nafion resin as in solution 
which suggests that no protonation occurs at rhodium. Under these strongly acidic 
conditions with methanol as the solvent, the acid substrate, entry 3 in Table 1, 
yielded not only the hydrogenated acid but also its methyl ester derivative. Scheme 
1, shows the potential pathways to these products. The unsaturated acid gave very 
little conversion to ester in methanol (25 o C, 36 h) with rhodium free Nafion-H as 
the catalyst. On the other hand, a sample of pure saturated acid was esterifed with a 
conversion of 93% under the same conditions. Thus the order of reactions is 
hydrogenation followed by esterification. The mixtures obtained after hydrogena- 
tion can be transformed nearly quantitatively to the pure methyl ester by the 
addition of rhodium free Nafion-H. 

COOH COOMe 

A - /-i 
- 

GH, NHC(O)Me ~ 
MeOH/Nafion- H 

. Cc& NHC(O)Me 

I H2 1 HZ 

COOH COOMe 

/4 MeOH/Nafion-H d 

C&5 NHC(O)Me _ . GH, NHC(O)Me 

Scheme 1 
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Table 3 

Enantioselectivities (reaction times) in the immobilized asymmetric hydrogenation of dehydroaminoacid 
derivatives with 3 as the catalyst a 

Substrate 3 

on Dowex-Na On Amberlite-Na on Nafion-H + Et,N 

COOMe 

/---;( 
_ - 49 (36 h) * 

C,Hs NHC(O)Me 

COOH 

/---=( 
C,H, NHC(O)Me 

12 (48 h) * 36 (3 h) ’ 
15 (48 h) ’ 

57 (48 h) * 
42 (24 h) ’ 

ti Catalyst concentration: 0.025 mm01 in 10 ml solvent; substrate/Rh = 100: 1; P = 14 atm H,, 20 o C; 
Conversion > 95% All products are of the R configuration optical yields were determined by polarimetry 
[10,21]. * Solvent: MeOH. ’ Solvent: 50% MeOH-50% HsO. ‘Solvent: 80% MeOH-20% H,O. 

Esterification could, of course, be eliminated by working in a nonalcohol solvent. 
Reaction selectivity is a function of solvent and may be expected to change with 
solvent. Unfortunately Nafion-H is not swollen by THF and Nafion-supported 
catalysts showed no activity with THF as solvent. Also very low rates and enanti- 
oselectivities were observed when water alone was used as solvent for Nafion-sup- 
ported catalysts. 

The problem of a secondary esterification reaction can be overcome by ehminat- 
ing the residual acid functionality of the rhodium containing resins. Titration of the 
remaining acid functionality is not feasible since this removes 1 and 2 from the 
resins (see above). Exchange of the methyl quaternized derivative, 3, onto Nafion-H 
followed by titrating the excess acid capacity with NEt, eliminates the potential for 
secondary acid-catalyzed reactions taking place on the resin. The hydrogenation 
results with this catalyst on the acid substrate are shown in Table 3. Also shown are 
the results obtained when 3 is exchanged onto the sodium form of Dowex and 
Amberlite-IR-116. Like the acid forms of the exchange resins reported in Table 1 
none of these catalysts showed any evidence of rhodium loss. 

The side reaction of esterification was eliminated for all of the catalysts reported 
in Table 3. The enantioselectives obtained with 3 on Nafion-HNEt 3 are similar to 
those of 1 adsorbed on Nafion-H. The catalysts shown in Table 3 show a strong 
solvent dependence on enantioselectivity. The best results were obtained with 3 on 
Nafion-HNEt, in methanol. The swelling of Nafion is maximized in aqueous 
alcohol solvents; the degree of swelling may influence the observed selectivities. In 
principle 3 on Nafion-HNEt, is also suitable for substrates containing basic 
functional groups while 1 on Nafion-H is not. 

Nafion is proposed to have a unique structure that is described as similar to a 
reverse micelle with sulfonate groups clusterd together within a fluorocarbon matrix. 
The unique structure of Nafion may be responsible for allowing the good selectivity 
of the adsorbed catalysts on this resin compared to the other resins used. 
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Conclusions 

Simple acid-base chemistry governs the adsorption of complexes 1 and 2 on 
Nafion-H and Amberlyst-H. The net + 5 charge on the protonated forms of 1 and 
2 and the methyl quaternized derivative 3 results in a very strong binding of the 
cationic complexes to all of the cation exchange resins investigated. Of the resins 
studied, Nafion-H is superior in terms of allowing the immobilized complexes to 
retain their enantioselectivity. For all of the catalysts studied, including those on 
Nafion, a strong dependence of enantioselectivity on solvent was observed. This 
may be due to the swelling properties of the resins in the various solvents chosen. 

Experimental 

The ion exchange resins, Dowex-H-50X2-200, Amberlyst-15-H and Amberlite- 
Na-IR-116, and Nafion-H-NR-50 were obtained from Aldrich, Chemical Dy- 
namics, and DuPont respectively and used as received unless otherwise stated. The 
sodium form of Dowex-H-50X2-200 was prepared by treatment with 0.1 it4 NaOH 
for 24 h at 25°C followed by repeated washing with distilled water until the pH of 
the washings was ca 7. The rhodium complexes, 1 and 2, were prepared as 
previously described ]17,18]. Rhodium analyses were performed by atomic absorp- 
tion spectroscopy on a Perkin Elmer 200A spectrometer with an air-acetylene 
flame. The limit of detection for rhodium was 0.1 ppm. 

The immobilization of 1 or 2 on Nafion was performed in the following manner. 
A2.0 g sample of prewashed and degassed exchange resin was treated with a 
solution of 0.160 mm01 of protonated rhodium complex dissolved in 10 ml methanol. 
The protonation was achieved either prior to use 1191 or in situ by the addition of 60 
~1 of concentrated HBF,. The colorless resin gradually turned orange red while the 
orange red solution became colorless over 6 h. The solution was then decanted and 
the gel was washed with 4 x 20 ml MeOH. After drying under vacuum the catalyst 
was ready to use. The immobilization of 1 onto the macroreticular resin, Amberlyst- 
15-H, was performed in a similar manner with acetone as the solvent. 

Rhodium-norbomadiene complexes of the p-trimethylammonium derivative, 3, 
were supported onto the sodium forms of Dowex and Amberlite in a similar manner 
from aqueous solution to give the same rhodium loading as above. Complex 3 could 
only be partially exchanged onto Nafion-H. In this case only about - 0.06 mm01 
complex could be supported on a 2.0 g sample of Nafion-H from 10 ml 90% MeOH 
solution after 24 h. After the repeated washing of the catalyst with MeOH, 1.0 ml of 
Et,N was allowed to react with the resin for 14 h. The catalyst was then repeatedly 
washed with MeOH and dried under vacuum. 

The hydrogenation of dehydroaminoacids with the rhodium exchanged resins was 
performed as follows. A 300 mg sample of rhodium containing resin (0.025 mm01 
Rh) was transferred into a pressure reactor which was charged with 10 mL of 
methanol and 2.5 mm01 of substrate. The reactor was then pressurized with 
hydrogen and the mixture stirred magnetically under the conditions indicated in 
Table 1. To give a comparable rhodium concentration, 800 mg of the 3-Nafion- 
HEt,N catalyst was used for the hydrogenation reactions. 

After the hydrogenation reactions were complete the colorless solutions were 
removed by syringe and the solvents evaporated under vacuum. The conversions 
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were checked by NMR and the optical yields were determined by polarimetry by 
comparison with the literature values [10,21]. In the cases when the reaction yielded 
mixtures of the acid and the methyl ester form of the product the optical yield was 
determined by first transforming the acid to the methyl ester by the addition of 
rhodium free Nafion-H to methanol solutions of the mixture. The optical purity of 
the ester was then measured by optical rotation (for the optically pure ester, 
[ a]g = - 101.5 o (c 5.00, CHCl,) [lo]. Alternatively, the composition of the mixture 
could be determined by NMR and the expected average rotation could be calculated 
(for the optically pure acid, [a]$’ = -46.0 o (c 5.00, EtOH) [21], and for the 
optically pure methyl ester [a]2 = - 12.7 o (c 5.00, EtOH). The values obtained in 
this manner agreed with those from the pure ester. 

The esterification of saturated and unsaturated amino acids were performed with 
300 mg unmodified Nafion-H-NR50 with 2.5 mm01 substrate for 36 h at 25 o C. 
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