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The hydrogenations of methyl 2-oxocyclopentanecarboxylate (I), ethyl 2-oxocyclohexanecarboxylate (3), and 
2-methylcyclohexanone (5 )  on unmodified Raney -Ni catalyst lead predominately to the formation of the cis- 
hydroxy diastereoisomers of 2, 4, and 6, respectively (Scheme 2). In the asymmetric hydrogenations on catalysts 
modified with chiral tartaric acid ((R,R)-C4H606/Raney -Ni and (R,R)-C4H6O6/NaBr/Runey-Ni), the predomi- 
nance of the cis-isomer increases significantly. The hydrogenations of 8-keto esters 1 and 3 proceed with an 
enantioselectivity of 10-15% on the modified catalysts, while the similar hydrogenation of 5 yields optically 
inactive 6. The (IS,2R)-enantiomers of the cis-isomers of 2 and 4 are formed in larger quantity, whereas the 
( I  R,2R)-enantiomers of the corresponding trans-isomers predominate (Scheme I ) .  The enantioselective forma- 
tion of trans-t and trans-4 can be interpreted mainly in terms of the asymmetric hydrogenation of cyclic P-keto 
esters through the keto form, while that of the corresponding cis-hydroxy esters proceeds through the enol form. 

1. Introduction. - The asymmetric hydrogenation of p-ketocarboxylates by different 
methods has been studied widely. Different microbiological and biochemical methods [2] 
have made the highest diastereoselectivity and enantioselectivity attainable. As for chem- 
ical methods, homogeneous catalytic asymmetric hydrogenation [3] and hydrosilylation 
[4] have resulted in high enantioselectivity. Concerning heterogeneous catalytic reactions, 
mainly modified Raney-Ni catalysts [5] have been used with great success. The asymmet- 
ric hydrogenation of cyclic p-ketocarboxylates has so far been studied exclusively by 
biological methods [6] 171. 

In spite of the fact that the asymmetric hydrogenation of p-keto esters on modified 
Raney-Ni catalysts has been investigated by numerous authors [5], it is still not clear, 
whether the substrate is hydrogenated in its keto or in its enol form. The reduction of 
cyclicp-keto esters promised to be a convenient way to establish this. As shown in Scheme 
I ,  the cis-hydroxy ester can be derived from both the keto and the enol form, whereas the 
trans-isomer is formed mainly from the keto form. 

Accordingly, we have made a study of the asymmetric hydrogenations of the racemic 
methyl 2-oxocyclopentanecarboxylate (1) and ethyl 2-oxocyclohexanecarboxylate (3) on 
tartaric acid modified and tartaric acid/NaBr modified Raney -Ni catalysts. The 
diastereoselectivity and enantioselectivity of the reactions were also investigated. The 
hydrogenations were carried out on unmodified catalysts, too. For comparison, the 
hydrogenations of 2-methylcyclohexanone (5) and ethyl acetylacetate (7) were also per- 
formed. 

') Part 4, see [I]. 
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Scheme 1. Stereochemical Relationship between Substrate and Products in the Hydrogenation of 1 and 3 

(1R,2R)-2 R = Me, n = 1, trans 
(1R,2R)-4 R = Et, n = 2, trans 

(R)-1 R = Me, n = 1 
(R)-3 R = E t ,  n = 2 

(1R,2S)-2 R = Me, n = 1,  cis 
(1R,2S)-4 R = E t ,  n = 2, cis 

( C H d n  2;;R 

(1S,2S)-2 R = Me, n = 1, trans 
(1S,2S)-4 R = Et, n = 2, trans 

(S)-1 R = Me, n = 1 
( S ) - 3  R = Et, n = 2 

2. Results and Discussion. - The results of the hydrogenation of 1, 3, 5, and 7 on 
various modified or unmodified Ni catalysts are summarized in the Table. On Raney-Ni, 
(Entries 1, 4,  and 6 )  under atmospheric H, pressure, larger amounts of cis-2, cis-4, and 
cis-6 are formed than of the corresponding trans-isomers (Scheme 2). Our earlier 
investigations gave similar results when the cyclic /I-keto esters 1 and 3 were reduced at 
60" under an initial H, pressure of 120 atm (cis/trans-2 87:14 and &/trans-4 85:15) [S]. 
The Table also shows that greater quantities of cis-2, cis-4, and cis-6 are formed on 
modified catalysts (Entries 2 , 3 , 5 ,  and 7) than on unmodified ones (Entries I, 4,  and 6 ) .  In 
our opinion, the further increase of the cisltrans ratio in hydrogenations over the modi- 
fied catalysts can be attributed to the fact that the modification favors enolization of the 
substrate. In a tautomeric equilibrium system, the enol concentration continues to in- 
crease, and H, addition results mainly in formation of the cis-isomer (see Scheme 1 ) .  This 
hypothesis is supported by our experience that for 5 (Entry 7), where the possibility of 
enolization is smaller, the cisltrans ratio is 64:36, i.e. the amount of cis-isomer increases 
to only a small degree on the modified catalyst. 
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Table. Hydrogenation of P-Keto Esters 1,3,7, and 5 over Modified Raney-Ni Catalysts 

637 

Entry Catalyst Sub- Products Rate 
strate [mmol H2/ 

(g catalyst x min)] Yield Diastereo- Optical purity 
[ %] isomer ratio [YO] 

cisltrans cis trans 

1 
2 
3 
4 
5 
6 
7 
8 - 
“1 

Raney-Ni 1 38’)(2) 56:44 - - - 

(R,R)-C4H606/Raney-Ni 1 80(2) 97:3 11.2 (1S,2R) 15.0 (1R,2R) 2.38.10-3 
(R,R)-C4Hh06/NaBr/Raney -Ni 1 80(2) 97:3 14.0 (1S,2R) 10.0(1R,2R) 2.01 

(R,R)-C4H606/NaBr/Raney -Ni 3 70(4) 92:8 lO.O(1S,2R) 9.0 (1R,2R) 1.38.10-3 
Rnney-Ni 3 52 (4) 58:42 - - 7.57. 

(R,R)-C4H606/NaBr/Raney -Ni 5 93(6) 64:36 - - 1.45.10-3 
(R,R)-C4H606/NaBr/Raney -Ni 7 99 (8) 44.0 (R) 9.32.10-3 

Raney -Ni 5 86(6) 59:41 - - - 

The low yield of 2 can be attributed to hydrogenolysis of COOR. The 8-keto acid thus formed is insoluble in EtOH and 
precipitates onto the catalyst surface leading to decreased catalyst activity. The ratio of diastereoisomers was determined after 
converting the product of hydrogenation to methyl esters with diazomethane. 

Scheme 2 

R T M e  a,Et 0 I1 
Me-C-CH,-CO~Et 

1 3 5 7 

OH 

Me-L%H,--CO,Et 
I 

H 

C0,Me 

OH 

2 4 6 8 

The earlier indirect conformation analysis [9a] of the cis - and trans -isomer of 2 and 4, 
(cis : COOR equatorial, OH axial; trans : COOR and OH both equatorial), is confirmed 
by their 400-MHz ‘H-NMR spectra (see [9b, c]). 

As the Table shows, the hydrogenation of both 1 and 3 (Entries 2, 3, and 5 )  takes 
place with 10-15 % enantioselectivity on the modified catalysts, the (IS,2R)-enantiomer 
of cis-2 and cis-4 being preferred to the (1R,2S)-enantiomer, while for trans-2 and 
trans-4, formation of the (1 R,2R)-enantiomer is preferred under the given conditions. 
For both the cis- and trans-diastereoisomers, the new asymmetric centre at C(2) has 
decisively (R)-configuration. It should be noted that, under similar conditions, the 
(R)-enantiomer is likewise formed preferentially from the comparable P-keto ester 7 
(Entry 8). Hydrogenation on (R,R)-C,H,O,/NaBr/Raney-Ni catalyst for substrate 5 
(Entry 7) results in formation of an optically inactive hydroxy derivative 6. 

The data in the Table also show that in the case of cyclic P-keto esters, the enantio- 
selectivity is not significantly influenced by addition of NaBr to the (R,R)-C,H,O,/ 
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Raney -Ni catalyst. This is in contrast with the literature data concerning the hydrogena- 
tion of methyl acetylacetate [lo]. 

As Scheme I shows, the cis-product can originate from either the keto or the enol 
tautomeric form, but the trans-product is derived mainly from the keto form. It is 
unambiguously proved by the formation of trans -hydroxy esters that the asymmetric 
hydrogenation of cyclic P-keto esters also proceeds through the keto form. Although it is 
not proved by literature evidence, our results strongly suggest that the enantioselective 
hydrogenation of B-keto esters can also take place from the keto tautomers. Conse- 
quently, the reductions of (R)-1 and (R)-3 occur with higher rate than the reductions of 
(S)-1 and ( 9 - 3  on Raney-Ni modified with (R,R)-C,H,O,. The cis-isomers (1S,2R)-2 
and (1S,2R)-4 can originate either from the enol form or from (lS)-l  or (1S)-3. The 
enantiomeric ratio of the trans-products ((1R,2R) > (1S,2S)), however, indicates that 
the enantiomers (1S,2R)-2 and (1S,2R)-4 more probably originate from the enol form. 
Nevertheless, on the basis of the experimental results, it remains an open question as to 
whether the enantiodifferentiating step can be assigned to the keto or the enol form. 

Development of the (1s)-configuration from the enol form can be interpreted as 
follows. The cis-addition of H, and the interaction between the reacting agent and 
tartaric acid lead to the (2R)-configuration. As a result, the (1 S)-configuration is pro- 
duced on the other asymmetry centre. 

3. Conclusions. - In the hydrogenations of the cyclic P-keto esters 1 and 3, modifica- 
tion of the catalyst results in a significant increase in diastereoselectivity. 

The enantioselective hydrogenations of these cyclic P-keto esters take place through 
both keto and enol forms. In the transformation of the enol form, formation of the 
(1 S,2R)-products is preferred, whereas the keto form yields primarily the (1R,2R)-prod- 
ucts. The reason for the preferred formation of the (lS,2R)-products is the syn-addition 
of H,, while the predominant formation of the (1 R,2R)-products is explained by fact that 
(1R)-1 and (1 R)-3 are transformed more rapidly than (1 S)-1 and (1 S)-3. 

We presume that the lower enantioselectivity obtained in the asymmetric hydrogena- 
tion of cyclic 8-keto esters as compared to acyclic ones can be attributed to the fixed 
position of the functional groups of these P-keto esters as a consequence of the cyclic 
structure. In contrast, in methyl and ethyl acetylacetate, free rotation occurs around the 
a-bonds of the C-atoms attached to the two functional groups. We further assume that, 
for a cyclic P-keto esters, the formation of H-bonds between the tartaric acid adsorbed on 
the surface and the substrate is more ideal than for cyclic P-keto esters with rigid 
conformations. 

The ester group in the P-position to the carbonyl group has a definite role in the 
formation of a H-bond between the adsorbed tartaric acid and the substrate, and hence in 
the enantioselectivity. This is suggested by the fact that the hydrogenation of 2-methyl- 
cyclohexanone (5) on a modified catalyst results in the formation of an optically inactive 
hydroxy derivative 6. 

Experimental Part 

General. Distillation: 'Fischer-Spultrohr-System' apparatus. Prep. GLC: Curlo-Erhu-Mod-P instrument; 
stainless steel column (4m x I cm 0.d.) packed with PEG-20M at 160"; detector temp. 200". Anal. GLC: Chrom-4 
(Czechoslovak; flame ionization detector) gas chromatograph; glass column (2.4 or 3.6 m x 5 mm 0.d.) packed 
with PEG-20M, at 160 or 180'. "ID: Carl Zeiss Polumuf polarimeter. 'H-NMR spectra: Vuriun-XL-400 spectrom- 
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eter ; 10 mg of substrate in 0.6 ml of CDCl~+tris[3-(trifluoromethylhydroxymethylene)-(+)-camphorato]europium- 
(111); d in ppm rel. to Me,Si as internal reference, J in Hz. 

Catalysts. Raney-Ni was prepared from NiAl alloy (Fluka; Ni/Al 1: 1) as described earlier [lo]. The prepara- 
tion of the modified catalysts (R,R)-tartaric acid/Raney-Ni and (R,R)-tartaric acid/NaBr (Raney-Ni) used for 
the asymmetric hydrogenations is described in [ l l ]  [12]. The hydrogenation of ethyl acetylacetate was used to 
characterize the catalysts prepared. 

Hydrogenations. In a hydrogenation vessel, the substrate 1,3, 5, or 7 (64.43 mmol) in 8 ml of abs. MeOH was 
hydrogenated over 504 mg of catalyst under 1 bar of H, at 50" until no more H, was consumed (volumetric 
monitoring). After removal of the catalyst, the product 2, 4, 6, or 8 was distilled off under reduced pressure and 
then separated by prep. GLC for further purification. The enantiomeric compositions of the pure diastereoisomers 
were determined by 'H-NMR in the presence of optically active shift reagent. 

The distilled hydrogenation products consisted essentially of two isomers: cis-2, cis-4, or cis-6 and trans-2, 
trans-4, or trans-6, accompanied by an unidentified impurity. The ratio cisltrans-isomer was determined from the 
anal. GLC peak areas. Anal GLC: tR of 2, 8.3 (cis) and 13.2 min (trans; 160", 2.4-m column); t R  of 4 4 . 0  (cis) and 
5.3 min (trans; 180O2.4-m column); tR of6, 38.0 (cis) and 40.0 min (trans; 160", 3.6-m column). 

cis-2: [ a ] d  = -3.46 ( I  dm, neat; Entry 3 ) .  'H-NMR: 2.702 (H-C(1)); 4.44 (HGC(2)); 3.028 (OH); 3.731 
(CH,O); J(1,2)=4.2,J(1,5)=8.5and lO,J(2,OH)=3, J(2,3)=3.5and3.5. 

trans-2: 'H-NMR: 2.673 (H-C(1)); 4.38 (H-C(2)); 2.31 (OH); 3.713 (CH,O); J(1,2) = 6.4, J(1,S) % 8.7 and 
8.7, J(2,3) = 6.5 and 6.5. 

cis-4: [a]g = -4.30 (0.5 dm, neat). 'H-NMR: 2.476 (H-C(1)); 4.140 (H-C(2)); 3.220 (OH); 4.170 (CH,CH,); 
1.275 (CH,CH,); dv,,, (H-C(2)) = 13, J(1,6a) = 11.2, J(1,2) and J(1,6e) = 3 and 2.55, resp. 

trans-4: [ L Y ] ~  = -5.10 (lmm, neat; Entry5). 2.25 (H-C(1)); 3.77 (H-C(2)); 2.07 (OH); 4.17 (CH,CH,); 1.270 
(CH,CH,); J(1,2) = 10.01, J(1,6a) = 10.17, J(1,6e) = 4.78, J(2,3a) = 12.98, J(2,3e) = 3.83. 

We acknowledge the support for this research by the Hungarian Academy of'Sciences (grant 320/1986). We 
thank Dr. Gy. Dombi for the NMR spectra. 
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