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Abstract: Stereoselectivity in the reduction of substituted cyclohexanones, 4-tert- 

butylcycohexanone, 2-methylcycohexanone, 2-pbenylcyclohexanone, and 2-methoxycarbonyl- 

methyicyclohexanone, was examined with chiral rh~ium-~~ox~iinyi~p~dine catalyst and 

~phenylsil~e. ~~~-3utylcyclohex~ne gave the ~~~din~ t~s(@4~~~-~cohol 

pr~orn~n~~y; the ratio of the tram&is alcohols, 67~33. Other 2-substituted cyclohexanoncs 

showed exclusive enantioselectivities for each diastercomer in terms of the kinetic resolution; 

e.g. from Z-phenylcyclohexanone, 99 8 ee of (lS, 2R)-tmns-2-phenylcyclohexanoi and 96 8 

ee of (lS, 2S)-~s-2-phenylcy~o~x~~ in 92 % yield (the rsanslcis ratio = 51:49). 

Introduction 

Stereoselectivity in the reduction of substituted cyclohexanone derivatives has been well studied with a 

variety of hydride reagents.1 Especially, 4-tert-butylcyclohexanone is adopted as a common substrate, giving 

mainly the ~s(~~u~-~cohoi in kinetically controlled reactions via equatorial attack by relatively hindered 

reducing agents, while hording the ~~e4~F~~~6~-~~h~ via axial attack under ~e~~~ic conditions 

with less-hindered reducing agents. The selectivity by using transition-metal catalysts has been examined to 

show high proportions (>90%) of the cis-alcohol in transfer hydrogenation with homogeneous iridium or 

rh~ium-ph~p~te cataly& and in h~~genation with heterogeneous rhodium-carbon catalystsj. However, 

the Wilkinson catalyst ~~l(P~3)3 in the hyd~silylati~ with ~~enyls~l~e decreased the pillion (30.~57 

%) of the cis-alcohol; the stereoselectivities of product cyclohexanol derivatives were strongly influ&ed by 

alkylsilan~ and the 2-sub&intents of the cyclohexanoue skeletons.4 

We have developed a new chiral rhodium-bis(oxazolinyl)pyridine, IQ-pybox, catalyst for asymmetric 

hydrosilylation of ketones giving extremely high enantiose1ectivities.s We can assume that the real active 

rhodium catalyst has only one pybox l&and (I) as a terdentate ligand. We are, themfore, interested in 

ex~ining the s~re~el~tivi~ in the hy~~ilylative reduction of eycl~x~one derivatives with our efficient 

chiral catalyst. We report here the stereoselectivity for the reduction and discuss the stereochemical 

environment around the active rhodium catalyst or its transition state. 
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Results and discussion 

4-&t-Butylcyclohexanone was subjected to the hydrosilylative reduction with diphenylsilane (1.3 eq) and 

(ippybox)RhCl3 (2) (1.0 md%) in THP assisted with AgBF4(2.0 mol%) to give the corresponding sibyl ether, 

which was then hydrolyzed to give a mixture of the tram- and cis-alcohols, (3a) and (3b), in 92 8; the ratio of 

3a:3b = 67:33 (Scheme 1). Since the catalytic system with the (ip-pybox)Rh catalyst and diphenylsilane 

showed an extremely high enantioselectivity in the hydrosilylative reduction of ketones,sit was expected as if 

the chiral circumstance around the active rhodium center should be highly congested to give the c&alcohol (3b) 

as a major product via an equatorial attack, as usually observed with bulky reducing agents.1 However, an 

axial attack was pr~omin~dy observed to give the tram-alcohol (38). The ratio of the translcis alcohols 

showed a similar outcome of s~~o~l~tivi~ to that with p~p~ne-~ catalysts,4 so that the ~ition state 

with the (ip-pybox)Rh catalyst should be also similar to that with the Wilkinson catalyst or chiral phosphine- 

rhodium catalysts via product-developing step as previously postulated.6 

Scheme 1 
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Then we have examined the reduction of 2-substituted-cyclohexanones (Table 1). 2-Methylcycfohexanone 

was reduced to a mixture of trans- and cis-2-methylcyclohexanols in St3 % yield; the ratio of the tram&s 

alcohols (5a and 5b) = 415Q. Each alcohol showed a high enantiomeric purity in91 % for (lS,2S)-Sa and in 

89 % for (lS,2R)- 5b. This fact apparently indicates that the relsi-face selection by the (ip-pybox)Rh catalyst 

greatly predominates rather than the axial/equatorial attack (tmns/cis selection). 
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Table 1. Hydrosilylative Reduction of 2-Substituted-Cyclohexanones with (ippybox)Rh 
Catalyst and Diphenyisilane.p 

SUbStrate yield ratio of transzcis (a ee)” 

5a 5b 
41 : 59 

(l&W (LWR) 
(91% ee) @%e=) 

0 

Ph - _,,Ph 1 
2 0 

6 7a 7b 
51 : 49 

(lS2R) (lS.2s) 
(W%ee) (%%ee) 

6 9a 9b 
54 : 46 

(KW (1S,W 
(95 % ee) W%ee) 

a Reaction scale; 8.0 mmol of ketones; 1.0 mol% of (ip-pybox)RhCl3. 10.4 mmol of 

PhzSiH2. b The yield and the ratio of the trans/cis alcohols were determined by ‘H NMR 

analysis of the recovered residue. C The values of the enantiomeric excess for 5 and 7 were 

determined by tH NMR of the corresponding MTPA esters. 9 was converted to the 

corresponding lactone 10 before chiraJ GLPC analysis. Absolute configurations were 

established by comparison of the sign of optical rotation with authentic compounds. 
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A similar result was obtained for 2-phenylcyclohexanone (6) giving a 51:49 mixture of the corresponding 

trans- and cis-alcohols (7a and 7b, 92 % yield) with almost complete enantioselectivities. 99 % ee [( lS2S)] 

and % %I ee [( lS,2R)] respectively. The reduction of (2S)-6 gave completely (l&m)-7b via an equatorial 

attack of the active rhodium-hydride species. While (2R)d gave mainly (lS,2S)-7a accompanied with a trace 

amount of (lR,2S)-7b decreasing the enantioselectivity of the cis-alcohol7b. The conformational analysis by 

the molecular mechanics (MM2) shows the appropriate side views for the enantiomers of 2-phenyl- 

cyclohexanone, (2R)-6 and (2S)-6 (Scheme 2). The carbonyl group of (2S)-6 has a free re-face and a slightly 

congested G-face comparing to those of (2R)-6. Therefore, we can assume that the equatorial attack to the re- 

face of (2S)d is the most favorable approach for the chiral rhodium-hydride species. 

Scheme 2 
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The reduction of the y-ketcester 8 showed a similar result to produce the hydroxy compounds 9a and 9b, 

which were converted to the lactones 1Oa and lob by treatment with p-toluenesulfonic acid in refluxing 

benzene to determine their enantiomeric purities by chiral gas-chromatography, respectively (Scheme 3). 
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Thus we have found that stereochemical environment of the active chiral (ippyhox)rhodium-hydride 

species is not so congested like as heterogeneous transition-metal catalysts for reduction of ketones exhibiting an 

equatorial attack We can rather emphasize that the (ippybox)Rh catalyst has a steric tolerance for its axial and 

equatorial attack to the cyclohexanone skeletons in spite of its inherent preference for prochiral faces of ketones. 

Experimental Section 

General. All reactions were carried out under an atmosphere of nitrogen. Tetrahydrofuran was distilled 

under nitrogen from sodium. tH (270 MHz) and t3C (67.8 MHz) NMR spectra were recorded on a JEOL 

JNM-GX 270 spectrometer using tetmmethylsilane as the internal reference. optical purity was determined by 

Shimadz Capillary Gas Chromatogmph 14A with a chiral capillary column (Astec Chualdex G-TA ,20 m). 

Analytical tic was performed on Merck (Art 5715) precoated silica gel plates (0.25 mm). Column 

chromatography was performed with silica gel (Merck, Art 7734). MM2 calculation and modelling were 

carried with Chem3DPlus as an application by Macintosh (Iici) computer. 2-Methylcyciohexanone was 

commercially available. 2Phenylcyclohexanone was synthesized from cyclohexene oxide by phenylation with 

PhMgBr and Cut followed by Jones oxidation. 2Carbomethoxymethylcylcohexanone was prepared by 

slkylation of I-piperidino-1-cyclohexene with methyl bromoacetate.7 

Hydrosilylative reduction of 4-t-Butylcyclohexmone. A suspension of (ippybox)RhCls (42 

mg, 0.08 mmol), ip-pybox (% mg, 0.32 mmol). and AgBF4 (31 mg, 0.16 mmol) in THF (2.0 ml) was stirred 

at rt for 1 h. After addition of 4-t-butylcyclohexanone (1.23 g, 8.0 mmol), diphenylsilane (1.91 g. 10.4 mmol) 

was added at -10 “C. The mixture was stirred for 1 day at 0 “C and then treated with hydrochloric acid (1.0 N) 

at 0 “C. The product yield (92 %) and the ticis ratio (68~32) were determined by tH NMR of the recovered 

residue; for H-COH, 8 3.52 ppm for 3a and 8 4.04 ppm for 3b. 

Asymmetric Hydrosilylation of 2-Substituted Cyclohexanones (4, 6, and 8). The 

procedure was similar to that above described with 4 (0.50 g, 8.0 mmol), 6 (1.39 g, 8.0 mmol), and 8 (1.36 

g, 8.0 mmol); see also ref. 5. The reaction temperatures and times were -10 ‘C for 4 h for 4,0 OC for 4 h for 6, 

and 0 ‘C for 12 h for 8. Determination of the enantiomeric purities; the MTPA esters of 5, 0.80 ppm (d, C&3) 

for (lR,2R)-5a, 0.95 ppm (d, CH3) for (is, 2S)-Sa, 0.81 ppm (d, CH3) for (lR,2S)-5b. 0.92 (d, CH3) for 

(lS, 2R)-Sb; the MTPA esters of 7, 3.10 ppm (GCH3) for (lS,2R)-7a, 3.20 ppm (OCH3) for (lR, 2S)-7a, 

3.30 ppm (OCH3) for (lS,2S)-7b, 3.36 (GCH3) for (lR.2R)-7b. GLPC analysis of 10 was performed at 

130 ‘C with the chiral column above described; the order of elution, (IR,2S)-lOa, (lS,2R)-lOa, (lR,2R)-lob, 

then (lS,2S)-lob. Values of optical rotation for authentic compounds; [a]D = +42.9 (c = 1, MeOH) for 

(lS,2S)-5a, 8 [a]D = +21.8 (neat) for (lS,2R)-5bT [U]D = +55 (c = 0.1. MeOH) for (lS,2R)-7a,to [CZ]D 

= +106 (c = 0.2, MeOH) for (1S,2S)-7b,10 [U]D = -77.6 (c = 4.6, CHC13) for (lS,2R)-lOa,tr [a]D = 

+41.9 (c = 10.3, CHCl3) for (lR,2R)-lob. tt 
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