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Abstract: The results of the homogeneous asymmetric hydrogenation of several dehydroamino 
acids by rhodium-diene complexes of the chiral ligands; 2,3-0-isopropylidene-2,3-dihydroxy-1,4- 
bis(-bis(-p-N,N-dimethylaminophenyl)phosphino)butane, 2a; 2,4-bis(-bis(-p-N,N- 
dimethylaminophenyl)phosphino)pentane, 3a; and 2,3-bis(-bis(-p-N,N- 
dimethylaminophenyl)phosphino) butane, 4a; and their N-protonated and N-Me quatemized 
analogues are reported. The ligands comprise a versatile set which can be used both in organic and 
aqueous solvents. A detailed investigation of solvent and substituent effects is provided. The 
presence of p-NMe2 groups enhances the rate of reaction in all cases. For the DIOP derivative, 2a, 
the presence of the dimethyla~no group causes a reversal in the observed dominant product 
antipode. This is at~bu~ p~o~nant~y to a change in preferred ligand ~nfo~tion rather than 
to a kinetic difference between the two ~~t~~~~ of a single ligand coronation. 

The recently prepared tetrakis-(p-quatemary amino)phenyl derivatives of DIOP, BDPP 

(Skewphos) and Chiraphos (Scheme 1) represent the first examples of chiral water soluble 

ligands with more than one cationic functional gr0up.t The presence of four ionic groups 

in the quatemized versions of these ligands provides unlimited water solubility to their 

rhodium complexes in a fashion similar to the sulfonated derivatives of &ii chelating 

phosphines2 Complexes of the cationic ligands show negligible solubility in moderately 

polar organic solvents such as ethyl acetate, dichloromethane, benzene, etc., and thus can 

serve as catalysts for the enantioselective two-phase hydrogenation of prochiral organic 

substrates. Water sohtbihzation by the quatemization method is more favorable than direct 

sulfonaticm for sensitive ligands, such as DIOP, which caunot bo subjected to 

Water sotuble complexes with ionic ligands C~SI provide significantly different 

enantioselectivities compared to the non-functionalized derivatives in methanol or other 

organic solvents.23 Substitution at the aryl rings of the ligands alone is sufficient to alter 

the enantioselectivity in non-aqueous solvents. 4-* The effect of water on euantioselectivity 

has been investigated recently and it was proposed that enantioselectivity is a function of 

solvent solvophobicity.9 In many cases, however, it is difftcult to separate substituent 

effects from solvent effects. 
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Scheme 1 
Legend for the symbols of substrates and ligands. 
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With the results presented hem a complete comparison of the non-substituted 

ligands, the p-dimethyhunino (2-4a), and the p-dimethylammonium derivatives (2-4~) in 

methanol can be made. Furthermote the results in water for the p-trimethylammonium (2- 

4b), p-~~~yl~n~urn (2-4~) and m-sulfonate derivatives can be compared. The 

solubility of the protonated complexes, 2-4c, in both methanol and in water provides a 

link in the ~n~esdgadon of substimen~ effects between the bo~~n~us (MeOH) and two- 

phase applications. Also it is now possible to relate ligand conformational lability in DXOP 

derivatives to the enantioselectivities obtained with these ligands. We have previously 

communicated catalytic results for ~Rh(~)~BD]BF4 and [Rh(3b)(~D)]~F4)5.3 

Results 

The results of the homogeneous asymmetric hydrogenation of several 

dehydroamino acids by rhodium-diene complexes of ligands 24a as catalysts in methanol 

are summarized in Table 1. The litemture values obtained with non-functionahzed 

~10~,5.lo.lt BDPP,*~*~~ and Chiraphost4 in similar rhodium(T) complexes are included 

for comparison. 

Results for enautioselective hydrogenation with the protonated ligands, 2-k in 

MeOH are presented in Table 2. When the values in Table 2 are cornpaced to the entries for 

2-4a in Table 1 it can be seen that pmtonation at the amine nitrogens has little effect on the 

enantioselectivity of these catalyst systems. 

The hydrogenation results with the quaternized ligands, 2-4b and 2-4c, under 

two-phase conditions are summarized in Table 3. The optical yields for the ester 

derivatives (lb, Id) were obtained in a two-phase system (wa~r/e~ylace~te~n~ne = 

2/1/l) while the acid substrates (la, lc) were hydrogenated as slurries in water. 

The effect of solvent and pressure on the activity with 3c as the iigand is 

summarized in Table 4. It can be seen that both an increase in pressure and a gradual 

change from methanol to water causes a significant drop in enantioseb%ivity. However, 
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by increasing the water content in the solvent composition the system becomes more 

resistant to increased pressure. Thus at 14 bar ofH2 pressure the enantioselectivity is 

significantly higher in water than in MeOH. Importantly, au increase of the water 

concentration lowers me hydrogenation rates by two orders of magnitude. 

The effect of pressure on asymmetric hy~~nation is summarized in Table 5. Not 

only is the enantioselectivity obtained with the Chiraphos derivative, 4b, unafkcted by 

switching from methanol to water as the solvent (Tables 1 and 3) its &rivatives are also 

resistant to changes in pressure in both solvents (Table 5). A change in dominant product 

configuration is observed with the DIOP derivative, 2.a; with substrate Id the enantiomeric 

Table 2. Homogeneous Asymmetric Hydrogenation of Substrates la, b, d with “in 

situ” Protonated Complexes. 

a. Rhodium concentration 0.025 mmol (in the form of fRh(diene)(2_4a)lBF4) in 10 

mI MeOH containing 0.1 ml of 48% aqueous HBF4. Subs~are~=l~. 2Y’C, I 

bar Hz. 

b Reference 23. 

C 14 bar Hz. 
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Table 4. Influence of pressure and solvent change on the asymmetric 

hydrogenation of la with 3c ligand.a 

1 barH2 14 bar H2 

MeOH (%) Hz0 (%) e.e (%) t.0.f. (l/s) e.e. (%) t.0.f. (l/s) 

100 0 91(R) 0.2 58(R) 0.25 

50 50 73(R) 0.1 64(R) 0.1 

20 80 7OWb 0.001 70(R) 0.005 

0 100 71(R) 0.003 

a 0.025 mm01 [Rh(NBD)(3c)]s+ in 10 ml solvent, substrate/Rh=lOO/l. 

Temperature: ambient; conversion: 100%. 

b conversion: 10%. 

Table 5. Influence of the pressure on the asymmetric hydrogenation of la-d with various 

1igands.a 

1 barH2 14 barH2 

e.e t.0.f. e.e t.0.f 

87(R) 0.006 82(R) 0.05 

93(R) 0.0009 88(R) 0.009 

75(R) 0.003 75(R) 0.03 

__ 67(R) 0.005 

__ 9(S) 0.003 

76(R) 0.51 38(R) -0.5 

56(R) 0.44 -- 

7(S) 0.75 1.5(R) -1 

_- I 

__ I 

a 0.025 mm01 Rh (in NBD or COD complexes of the ligands)/lO ml solvent. 

Substrate/ Rh=lOO/l, Conversion: 100%; ambient temperature; MeOH. 

b Atmospheric pressure: 10% Hz, 90% N2 

C Solvent: water/ethylacetate/benzene = l/0.5/0.5. 

dconversion: 72%. 

eConversion: 80%. 

fConversion: 50%. 

2.5(R) -2 1 
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excess of the product changes from 14.5 S at 0.1 bar to 2.5 R at 91 bar Hz. Catalysts 

with the amine functionshred ligands are conveniently recycled_ 

The aqueous catalyst solutions with ligands 2-4b.c can be readily recycled323 A 

set of recycling data with 4a and 4b is shown in Table 6. Generally, the recyciing in two- 

phase applications can be accomplished with very little rhodium loss; larger quantities of 

rhodium are entrained in the crystalline product when the reaction is done as a slurry. 

Table 6. Catalyst Recycling a 

[Rh(NBD)(4a)]+ 

[Rh(NBD)(4b>]5+ 1 c 1 

2 

,Rh(NBD)(4b)]s+ / 1 b 1 ; 

Reaction Time 

4 hrs. 

2hrs 

2 hrs 

3 hr 

6hr. 

6 hr. 

2 hr. 

2 hr. 

2 hr. 

93 

95 

90 

75 

77 

77 

a 20°C. 14 bar Hz, Substrate/Rb=lOO/l; 0.025 mm01 Rh in 10 ml of solvent. 

b 1 barH2 

C Water/etbylacetate/benzene=1/0.5/0.5 containing 0.1 ml of concentrated HBF4. 

d Water/ethylacetate/benzene=l/O.5#.5 

Rh-Loss 

2.3% 

2.7% 

2.5% 

3.7% 

4.4% 

4.0% 

< 0.1% 

< 0.1% 

< 0.1% 
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. * 5. The optical yields provided by 3a and 

BDPP, and 4a and Chiraphos are similar; this is consistent with little change ir. ligand 

stereochemistry upon introduction of ~~~~yi~no groups to the phenyl rings. In 

contrast, for the %membered chelating ring ligand, DIOP, a dramatic effect on optical yield 

is observed upon intmduction of p-dimethylamino groups to the phenyl rings (Table 1). 

The presence of p-dimethylamino groups in 2a, compared to DIOP, causes a reversal in the 

collation of the prevailing product en~ti~~. The nature and position of aryl 

substituents in DIOP analogues has previously been reported to have a significant intluence 

on the enantioselectivity.4-6.8 Furthermore the tetra-o-methoxy analogtie, like the p- 

dimethylamino derivative here, gives the opposite product antipodes. Since the 7- 

membered chelate ring of DIOP is flexible, 15 Brown and coworkers proposed that DIOP 

and tetra-o-methoxy-DIOP adopt different chelate conformations; the opposite 

conformations then lead to opposite product antipodes.6 

Specifically, it was proposed that DIOP and its aryl substituted alkyl derivatives 

favor a chair confo~don while the o~~rne~xy derivative prefers a twisted boat 

conformation. The twisted boat conformation could be stabilized by coordination of the 

ortho-metboxy groups of the axial phenyl groups to rhodium similar to what is observed in 

DIPAMP complexes.t6 This possibility was supported by the fact that, like the parent 

ligand and the alkyl substim~ derivatives,5 the f-)di para-methoxy derivative also gave R- 

dominance in the product composition8 while the (-)tetrn ortho-metboxy derivative gave 

products of S-conQuration. 6 Both chair and twisted boat conformations provide an 

alternating axial-equatorial arrangement of the aryl groups. But, as shown in Scheme 2, 

the axial aryls in the twist-boat conformation move to equatorial sites when the chelate ring 

changes to the chair conformation. In principle these two conformers should lead to an 

opposite preference in the coordination of the two enantiotopic faces of the olefin. 
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A more complete analysis of the mechanism of asymmeaic hydrogenation shows 

that the ultimate success of asymmetric hydrogenation is determined by kinetic effects. 

Thus, the prevailing product enantiomer is derived from the diastereomeric substlate 

complex in which the substrate coordination is considered unCavorable, when this species 

reacts faster than the favored diastexomer. In principle then, both product antipodes are 

accessible through both ligand conformations. Many asymmetric hydrogenation systems 

with various ligands show kinetic control as judged by the effect of the reaction 

ternperature~oJ3J8-~ and hydrogen pressu140~0 on enantioselectivity. In the case of 

rhodium DIOP complexes asymmetric hydmformylation can proceed via four different 

intermediates as described in Scheme 2. Furthemwre the chair conformation of (-)DIOP 

will give products of R configuration if the reaction rate is faster through the minor 

diastemomeric intermediate. 

For the diene complex, (2a)Rh(NBD)+, NMR studies are also most consistent with 

a preference for the chair conformation. I9 However the solvent and substrate complexes 

are probably fluxional, making both twisted boat and chair conformations available. The 

diene in the precursor complex is thought to make the chelate conformations more rigid.~g 

The comparative pressure dependences for 2a and DIOP gives some insight to the 

mechanism_ An increase in pressure, Table 5, causes a change in product configuration 

from S to R with 2a as the ligand. A pressure increase will increase the rate through the 

major diastereomer in solution.1731 Since an increase in pressure is unlikely to change the 

preference in ligand conformation the observed pressure dependence is consistent with 

increased product foxmation through the major diastereomer of a given ligand 

conformation. Alternatively if the product is already formed through the major 

dkw-eomer at atmospheric pressure then a pressure increase will not lead to a change in 

the dominant product antipode. Importantly a similar effect is observed with DIOP itself 

but the dominant product antipode changes in the opposite sense. For example.in the 
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hydrogenation of N-benzoylaminocinnamic acid with [((-)DIOP>Rh(COD)]+.the 

enarttioselectivity changes from ca 58 % R at 1 bar to ca 6 % S at 50 bar Hz.20 It can be 

concluded from these results that the most active fotms of the respective rhodium 

complexes of ta and DIOP have the opposite ligand conformation; most likely chair for 

DIOP and twisted boat for 2a. It is likely that hydrogenation proceeds to some extent via 

all four reaction paths shown in Scheme 2 in all cases. 

The rate of hydrogenation is faster with the p-dimethylamino derivatives than with 

the parent ligands. In general the higher activity of the p-climethylamino derivatives is 

expected from the experience that mom basic ligands give more active catalysts.4.22 This is 

also consistent with the trend (Table 1) that the hydrogenation activity increases with 

increasing the alkyl chain length in the chelates. 21.22 It has been suggested recently that 

the presence of the strong electron donating groups, NMe2, can change the relative rate of 

hydrogenation through the two diastet-eomeric intermediates of a single ligand 

conformation.4 Observation of the opposite product antipode with Za as the ligand 

compared with DIOP was attributed to this rate difference. This explanation is inconsistent 

with the pressure dependence of the enantioselectivities discussed above and with the fact 

that not only does 2a but also the quatemized derivatives, 2b and 2c give the opposite 

product antipode as DIOP. Quaternization significantly reduces the electron donating 

ability of the p-dimethylamino group. 

The presence of strong electron donating groups in 3a and 4a, which are 

considered to be conformationally stable, l9 does not lead to the opposite product antipode 

compared to the similar complexes without the dimethylamino groups. For these reasons 

the unique behavior of 2a-c and o-methoxy-DIOP derivatives is most likely conformational 

rather than electronic. 
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The p-dimethylamino derivatives were originally prepared as intermediates in the 

synthesis of the water soluble quatemary amino derivatives. However, the use of p- 

dimethylamino derivatives in place of the non-substituted derivatives has advantages under 

conventional homogeneous conditions. Thus, the presence of p-dimethyl amino groups in 

the rhodium complexes significantly eases the separation and purification of the product 

from the catalyst (Experimental Section). *3S4 Furthermore, the higher activity could allow 

the use of higher substrate/rhodium ratios or allows the use of lower hydrogen partial 

pressures, which results in higher enantioselectivities. The ability to work at less than 1 

bar of hydrogen partial pressure with complexes of 2-3a gives a good method for 

improving enantioselectivity (Table 5). 

The hydrogenation rates obtained with 2-44~ in methanol am somewhat slower 

than with 2-4a, but still faster than the values reported for the non-substituted 

ligands.5*1@14 

The values in Table 2 were obtained in the presence of a 4 fold excess of HBF4 

(0.1 ml aqueous HBF4). At this concentration of H3F4 it is estimated that the protonation 

of the ammo groups not complete.23 In fact, the enantioselectivities of these catalysts arc 

not influenced by added HBF4 in the range of 0- 10 fold excess. When the protonation of 

the complexes of 2-4a is not complete, that is when one, two or three amino groups are 

protonated new chiral centers at the phosphorous atoms are formed. This leads to the 

formation of new optical isomers of the ligands and, in the case of diprotonated ligands, a 

new geometrical isomer as well. The presence of these new isomers does not influence the 

enantioselectivity. Thus the key stereochemistry at rhodium is generated by the chelate 

ring. ibis is consistent with the results reported for the sulfonated chiral ligands that 

contain less than four sulfonate 2.9 groups and also with the results obtained with the 

partially metttylquatemized complexes (vide-infra). 
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Two-P-nations. As it was shown previously, the two-phase 

hydrogenation of dehydrocinnamic acid derivatives is a homogeneous process in the 

aqueous phase.3 This is consistent with the earlier findings on other two-phase 

systems25z and with the experimental fact that no hydrogenation is observed when water 

insoluble substrates are used. Additionally, the optical yields achieved in two-phase 

applications are close to the values obtained in the absence of organic solvents (slurry 

hydrogenation). 

The values with the p-dimethylammo nium and the p-trimethylammonium 

derivatives of the same ligands (that is 2b and 2c, 3b and 3c, 4b and 4c) are similar, as 

expected. Rhodium complexes of 4b and 4c (Chiraphos derivatives) retained their high 

enantioselectivity under two-phase conditions, but complexes with 2b, 2c and 3b, 3c give 

lower enantioselectivity in aqueous phase than those with the non-quatemized (2a and 3a) 

derivatives in MeOH (Tabfe 1). However, the hydrogenation rates with the Chiraphos 

derivatives are very slow (Table 5) and the enantioselectivity is not affected by increasiug 

pressure. 

The complexes with the p-dimethylammo nium and p-trimethylammonium 

derivatives of DIOP and BDPP ( 2b,c, and 3b,c) also give slow hydrogenation rates in 

water (Table 3) and their enantioselectivity is not influenced by increasing H2 pressures in 

water (entries 4 and 5 in Table 5). For example, the hydrogenation rates in water at 14 bar 

pressure of H2 are about 60 times slower for 3c than in methanol at atmospheric pressure 

(Table 4). The reaction pnzssum only affects the catalyst enantioselecdvity when the rates 

are already fast at atmospheric pressure (see Table 5). 
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Given the similarity between 2-4a and 2-4c in MeOH, as well as 2.4b and 2-4~ 

in water, the dtop in enantioselectivity is atttibuted to solvent effects rather than to 

structural changes caused by quaternization. This is supported by the facts that a solvent 

change from MeOH to water causes a drop in enantioselectivity for ligand 3c (Table 4) and 

that the values for the p-quaternary amino derivatives of BDPP and Chimphos ate also 

similar to those reported for the m-sutfonated derivatives.* Thus it is likely that the 

difference in enantioselectivity obtained in MeOH and in two-phase in water conditions is 

due to the reaction kinetics in the two solvents as previously indicated.9 

The hydrogenation results with incompletely quatemized ligands (ie. 3b, 4b 

containing 30% of tri-metbylquaternized derivatives) are almost identical with those 

obtained with the pure tetra-quatemized derivatives. Again this is consistent with the 

postulate that enantioselection is based on the ligand chdate ring conf~a~on and the 

resdting distribution of phenyl rings. 

Conclusions 

Use of the p-dirnethylamine derivatives of the chiral ligands, DIOF, BDPP, and 

Chiraphos, simplifies reaction workup due to the chemical properties of the amine group. 

When protonated or methyl quatemized the rhodium complexes of these ligands are 

extremely water soluble which makes them convenient to recycle effectively when used in 

two-phase applications. 

The presence of p-amino and ammonium suhstituents on the phenyl rings of 

Chiraphos and BDPP does not change the enantioselectivity compared to the parent 

ligands. Thus the strucmte is unchanged upon substitution. The drop in enantioseiectivity 

for 3b,c derivatives compared to the values witb 3a or BDPP in MeGH is attributed to a 

solvent effect. 
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The presence of amino and ammonium substituents on the phenyl rings of DIOP, 

ligands Za,b,c, changes the sense of the product antipode compared to DIOP. The nature 

and position of aryl-substituents iq DIOP derivatives has an influence on the chelate 

conformation and thus the observed enantioselectivity. 

Experimental Section 

Complexes with 2-4a,2-4b and 2-4~ were prepared as previously described.1 

Solvents for hydrogenation were purged with a stream of oxygen-free argon for at least 10 

min before use. The substrates were prepared by the standard literature methods.27-2g The 

conversions were checked by ‘H NMR and the optical yields were determined by 

polarimetry on a Perkin-Elmer 241 polarimeter by comparison with the literature values for 

the optically pure compounds.5~14,30 Rhodi urn analyses were performed by atomic 

absorption spectroscopy on a Perkin-Elmer spectrometer with an air-acetylene flame. The 

produce solutions were digested in 5% HCI solution and compared with standard rhodium 

solutions. The limit of the detection for rhodium was 0.1 ppm. 

vn exueriments. Hydrogenations were performed either in glass 

reactors connected to gas burettes at atmospheric pressures or in 30 ml stainless steel 

autoclaves at pressures higher than atmospheric under the reaction conditions given in 

Tables l-6. Reaction products from the hydrogenations in methanol were worked up 

following the manner: Methanol was removed under vacuum and replaced with IO ml 5% 

HCI solution. When the catalyst was to be recycled (Table 6) aqueous 0.5% HBF4 

solution was used in place of HCI. The products were then extracted with Et20. The 

etheric extracts were washed with water and dried over MgS04. Removal of the solvent 

resulted in practically rhodium-free (rhodium contamination under the detection limit) 

products. When the hydrogenation was performed in two-phase conditions the organic 

etbylacetate/banzene=l/l solutions were simply separated from the aqueous catalyst 

solutions. The separated organic solutions were then washed with a few ml of water and 

dried over MgS04. The evaporation of the solvents gave also practically rhodium-free 
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products in case of the ~~ylquat~~d complexes. When the hydrogenations were 

performed in aqueous HBF4 solutions the rhodium contamination values were significantly 

higher (Table 6). probably due to the better solubility of the protonated complexes in the 

organic phases (dissociation equilibria23). Products from the slurry application could be 

simply filtered off from the aqueous catalyst solutions, but as the racemates have better 

solubility than the pure enantiomers this could lead to a resolution process.3 Therefore, the 

aqueous phase should be extracted with Et20 (3 x 50 ml) to avoid the errors in the 

determination of optical yields. 

In all cases when the reactions were done as a slurry in water rhodium was present 

in the hydrogenated product which crystallized from solution. Repeated washing of the 

product with cold water was necessary to remove the rhodium. The percentage rhodium 

loss reported in Table 6 represents the rhodium contained in the product after filtration 

without washing with water. 
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