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Abstract:. While the reduction of most ct,13-unsaturated ketones with BH3:SMe 2 in the presence of (R)-B-methyl- 
4,5,5-triphenyl-1,3,2-oxazaborolidine [(R )-2 ] affords allylic alcohols of the S configuration, that of a,~unsaturated 
ketones branched at both the ct and ct' positions gives alcohols of the R configuration. Theoretical calculations on 
complexes of representative enones with BH.~ (6-31G*) or with BIt.~:(R)-2 (AMI) may account for the apparent 
changes in the steric requirements on either side of the CO group. 

Enantiomerically pure allylic alcohols are valuable synthetic intermediates, as many useful stereoselective 
transformations 1 can be performed by taking advantage of the 1,3-allylic strain of such systems. Most syntheses 
of chiral allylic alcohols are based on the resolution ofracemic alcohols by Sharpless' epoxidation 2 or enzyme- 
mediated processes; 3 examples of efficient enantioselective reductions of ct,13-unsaturated ketones are relatively 
scarce. 4 Since enantioselective oxazaborolidine-catalysedreduetion of prochiral ketones with borane or 
catecholborane (CB) has emerged in recent years as an excellent route to alcohols of high enantiomerical purity. 5 
It seemed logical to investigate whether the oxazaborolidine-catalysed reduction of ~,,13-unsaturated ketones 
could afford allylic alcohols with high enantioselectivity. In this connection, among many oxazaborolidines 
described, bnly Corey's (S)-proline-derived, (S)-I,  or stereochemically related oxazaborolidines, have been 
successfully applied to the reduction of a few enones to the expected R allylic alcohols, 6 e.g.: 

;Ph O OH 0 OH 

(S)-I ~ P h  I CB ~ I 
(s)-1 

(s)-I Bu 

Very recently, we have described the synthesis of (S)- and (R)-B-methyl-4,5,5-triphenyl-1,3,2-oxazaboro- 
lidine, (S)-2 and (R)-2, two new catalysts arising from inexpensive (S)- and (R)-phenylglycine, respectively, 
which we have utilised in the reduction of prochiral ketones. 7 Owing to our interest in some chiral allylic 
alcohols as building blocks for total syntheses, 8 we have launched a previous systematic study of the behaviour 
of different types of  ct,13-unsaturated ketones with borane in the presence of either (S)-2 or (R)-2. We wish to 
report here the performance of(R)-2 in this connection. 
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Typically, reductions were carried out by slow addition (-1 h) of a solution of the ketone (I M in THF) 
over an ice-cooled 0.5-1 M THF solution of BH3:SMe2 and (R)-2 (0.1-1.0 equiv.) 9 under Ar, to afford 
alcohols 3 b - 1 2 b  in >90% yields, l° As shown in Table 1, good selectivities are noted for the reactions 
involving linear enones (3 a-5 a); 11 also, allylic alcohols of the expected S configuration are obtained in 83-93% 
e.e. from n-alkyl a-methyl-I-alkenyl ketones (7 a-10 a), even when only 0. I equiv, of  (R)-2 are used. 
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Table 1. Reduction of Ketones 3a-12a with BHa:SMe 2 and (R)-2 

ketone alcohol e.e. a ketone 

O OH 
= / 85% 

(80%) 
3b 

o OH 
- 85% 
• / SiMe3 (70%) 

4a "SiMe3 4b 

0 OH 

5 ~  -= 88% Ph (82%) 

Ph 5b 

o OH "2-- 

(75%) 
6a 6b 

0 OH 
= 91% 

P h ~ ] ~  P h ~ " ~  (91%) 

7a 7b 

O 
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O 
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alcohol e.e. a 

OH 
. ~  93% 

Ph (87%) 

8b 

___oH 
88% 

Ph (83%) 

9b 

OH 
87% 

(83%) 
10b 

OH 
74% 
(50%) 

l lb  
OH 

88% 
(63%) 

12b 

aE.e. values are given for reactions performed with 1 equiv, of (R)-2. Within parentheses, e.e. values using 0.1 equiv, of (R)-2. 

Unexpectedly, the reduction of 0c,(x'-disubstituted ketones catalysed by (R)-2 led to compounds with the R 
configuration (alcohols 11b and 12b), just the configuration opposite to that of the remaining examples 
(alcohols 3b-10b) .  A chemical correlation was carried out in order to confirm the absolute configuration of 
alcohols 6b  and 11b. Diol 13 and the acetoxy-ketone 14, derived from 6b and l l b  respectively, were 
compared with the corresponding compounds arising from commercially available (S)-2-hydroxy-3- 
methylbutyric acid, as shown in the next scheme: 

OAc OAc 

1 ) 03, THF .= THF ~ ~ Et20 O O 
) ",,v,~,,,~OH ~ COOH = 

611 2) LiAIH 4 2) Ac20, 
I 13 pyr, DMAP 14 

[Ct]D= -7.2 [tZ]D=+5.2 
(c=I, CH2CI2) (c=I,CH2CI2) 

These intriguing results are difficult to explain in the light of the widely accepted mechanism 5,6 for oxaza- 
borolidine-mediated reductions, which postulates as a key intermediate an exo complex between BH3 :(S)-I and 
RLCORs, in which the bulkier RL group is an~ to the B-Bu moiety and from which an intramolecular hydride 
transfer takes place (si  face attack to give the R alcohol). In the 3-1 0 cases (Table 1), the stereochemical results 
can be similarly accounted for by assuming that the unsaturated chain behaves as a group larger than the 
saturated chain (even if branched!). However, if  the established mechanistic model is still valid, when the 
branches are found at both the cz and tx' positions as in cases 1 1-1 2, the unsaturated chain seems to behave as a 
group smaller than the saturated chain. 

In an attempt to explain the enantioselectivity reversal shown in Table 1 we started a theoretical study on 
the subject. 12 First of all, we calculated the more relevant B H3 complexes of model enones 1 5-1 8 in order to 
establish their relative stabilities. 

1) Ac20, pyr, 
DMAP 

l lb  
2) O3, THF 
3) Me2S 74% e.e 
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O lS: R=H, R'=H o"BH3 H3BNo 
'. R ' ~ R  16: R=H, R'=Me R ' , ~ R  R ' x ~ R  

17: R=Me, R'---H 
18: R=Me, R'=Me syn anti 

Ab initio 6-31G* calculations ~ 3 revealed a few syn and ant/conformations of quite similar energy for most 
borane complexes. However, while the lower energy conformers of syn complexes of  1 5-1 6 were predicted to 
be almost c0-planar (either s-c/s or s-trans), there was two low-energy conformers (rel. energy 0.0 and 0.3 
kcal/mol with regard to the lowest energy anti complex) of 18 showing CIC2C30 torsion angles of 54 ° and 64 °, 
respectively! In the case of 17 co-planar and non-planar syn conformers of nearly identical energy were located 
but they lay ca. 3.5 kcai/mol above the lowest energy ant/conformer. Thus, although some differences were 
noted, these :BH3 complexes appeared to be too simplified to jnstify all the experimental data, so that we decided 
to calculate the real oxazaborolidine-BH3 complexes of enones 1 5-18. In this case, AM1 calculations 13 showed 
that each en0ne gave complexes possessing several conformations close in energy for almost every approach 
shown below: 

Ph Ph Ph Ph 

R '  - - : ' i   o,O- ph 
- - % 0 ,  o o 

""~R' BH3 ~::~R BH3 R " ~  R~H3 R ~ ]  "~ R' ~s3 

exo- syn exo-anti endo-syn endo-anti 

In general, the endo complexes have been found to be less stable than the corresponding exo ones by ca. 
1.6-5.8 kcaUmol. Moreover, the more stable conformers of the exo-ant/complexes of  enones 15-17 are 0.7, 
0.2, and 1.2 kcal/mol lower in energy than the corresponding exo-syn ones. Apparently (e.g., see 1 7 in the 
Figure below) steric interactions between the enone and the oxazaborolidine moiety do not 'permit' a co-planar 
C=C-C=O arrangement of  the exo-syn complexes and, therefore, destabilise them in front of  the 'co-planar' 
exo-anti addUets. Only in the case of  the ~,o~'-disubstituted enone, 18, both exo-syn and exo-anti complexes 
were found to be non-planar; in this case, 18 (exo-syn), which leads to the product with reverse enantio- 
selectivity, was 0.4 kcal/mol lower in energy than 18 (exo-ana'). 

1 7 (exo-syn) 1 7 (exo-antl} 18 (exo-syn) 1 8 (exo-anti) 

AHf ~-- -30.3 kcal/raol AHf"= -31.5 keal/mol AHf °= -34.4 kcal/mol AHf °= -34.0 keal/mol 

These results are in qualitative agreement with the experimental data despite the fact that the calculated 
differences in energy are probably too small to account for the high enantioselectivities. We believe that 
calculations ~f  the complexation barriers would afford a more reliable picture of  the differences among the 
alternative pathways (in fact, preliminary AM1 results point out that in our systems the earbonyl complexation 
step, rather ~an  the intramolecular hydride transfer, is the rate-limiting step). Work is in progress in this 
connection. 



2686 J. BACH et al. 

A c k n o w l e d g e m e n t s  

The  H u m a n  Capi ta l  and  Mobi l i ty  P rog ram (EU contract  E R B C H R X - C T 9 3 - 0 1 4 1 ) ,  the  "Comis i6n  

Interministerial de Cienc ia  y Tecnologfa" (CICYT,  Project  SAF93-0201)  and  the CIRri" (General i ta t  de 

Cata lunya ,  fe l lowship  to J.B.) are grateful ly  acknowledged .  

References  a n d  Notes  
I. For a review, see: Hoveyda, A.H.; Evans, D.A.; Fu, G.C. Chem. Rev. 1993, 93, 1307. 
2. Gao, Y.; Hanson, R.M.; Klunder, J.M.; Ko, S.Y.; Masamune, H.; Sharpless, K.B.J. Am. Chem. Soc. 1987, 109, 5765. 
3. Wong, C.-H.; Whitesides, G.M. Enzymes in Synthetic Organic Chemistry; Pergamon: Oxford, 1994. 
4. For leading reviews on enantioselective reduction of ketones, see: (a) Brown, H.C.; Park, W.S.; Cho, B.T.; Ramachandran, P.V. 

J. Org. Chem. 198% 52, 5406; (b) Singh, V.K. Synthesis 1992, 605; (c) Brown, H.C.; Ramachandran, P.V. Acc. Chem. 
Res. 1992, 25, 16. 

5. Forrecent reviews, see: Wallbaum, S.; Martens, J. Tetrahedron:Asymmetry 1992, 3, 1475; Deloux, L.; Srebnik, M. Chem. 
Rev. 1993, 93, 763. See also ref. 4b. 

6. Corey, E.J.; Bakshi, R.K.; Shibata, S.; Chen, C.-P.; Singh, V.K.J. Am. Chem. Soc. 198% 109, 7925; Corey, E.J.; Gavai, 
A.V. Tetrahedron Lett. 1988, 29, 3201; Corey, E.J.; Da Silva Jardine, P.; Mohri, T. TetrahedronLett. 1988, 29, 6409; 
Corey, E.J.; Cben, C.P.; Reichard, G.A. TetrahedronLett. 1989, 30, 5547; Corey, E.J.; Link, J.O. TetrahedronLett. 1989, 
30, 6275; Corey, E.J.; Bakshi, R.K. Tetrahedron Lett. 1990, 31, 611. Also see: Hong, C.Y.; Kado, N.; Overman, L.E.J. Am. 
Chem. Soc. 1993, 115, 11028; Mulzer, J.; Dupr6, S.; Buschmann, J.; Lugar, P. Angew. Chem..Int. Ed. Engl. 1993, 32, 
1452. 

7. Berenguer, R.; Garcia, J.; Gonzhlez, M.; Vilarrasa, J. Tetrahedron:Asymmetry 1993, 4, 13. Berenguer, R.; Garcia, J.; Vilarrasa, 
J., Tetrahedron:Asymmetry 1994, 5, 165. 

8. Bach, J.; Berenguer, R.; Garcia, J.; Vilarrasa, J., TetrahedronLett. 1995, 36, 3425. 
9. Compound 2 also catalyses reductions with catecholborane but with much lower enantioselectivity. When 0.1 equiv, of 2 is 

used in the reduction of 7a, hydroboration of the olefin is detected by TLC. In addition, for such []-unsubstituted ketones, the 
time of addition is also critical and the optimum is around 15-20 min. For instance, faster addition gives 7b of lower optical 
purity (over 1-2 min, 87% e.e.) and slower addition rates do not improve the e.e. values but yields go down with concomitant 
olefine hydroboration (over 1 h, 91% e.e., 85% yield). 

10. Standard workup: Reaction is quenched by addition of methanol and the mixture is concentrated under vacuum. The crude is then 
separated by chromatography on silica gel to obtain the allylic alcohol. Further elution gives the chiral triphenylaminoethanol 
derived from 2, which can be reutili$e,d. Alternatively, the reaction mixture can be partitioned between 0.2 M HCl and CH2C12. 
The organic layer, free from the auxiliary aminoalcohol, is then washed with brine and dried to yield the allylic alcohol almost 
pure. Care must be taken during the workup as in some cases partial racemisation of allylic alcohols has been noted during 
treatment with acid. Enantioselectivities wexe determined by IH and 19F NMR of Mosher's esters or, in the case of 3b, by GLC. 
Absolute configuration was established by the method of Kakisawa et al. (Ohtani, I.; Kusumi, T.; Kashman, Y.; Kakisawa, H. 
J. Am. Chem. Soc. 19 91, 113, 4092) and conf'trmed by comparison with allylic alcohols derived from the Sharpless resolution 

of the racemic mixtures. 
11. It is worth noting that ketone 4a  was readily reduced to alcohol 4b (98% yield, 85% e.e.), a key intermediate in Knochel's 

synthesis of the antitumor antibiotic (-)-methylenolactocin (Vaupel, A.; Knochel P. Tetrahedron Left. 1995, 6, 231). 
12. For previous calculations on different oxazaborolidine complexes, see: Nevalainen, V. Tetrahedron:Asyrametry, 1991, 2, 63; 

1994, 5, 903, and ref. therein; Jones, D.K.; Liotta, D.C.; Shinkai, 14 Mathre, D.J.J. Org. Chem. 1993, 5& 799; Linney, 
L.P.; Self, C.R.; Williamson, I .H.J.  Chem. Soc., Chem. Commun. 1994, 1651; Tetrahedron:Asymmetry 1994, 5, 813; 
Quallich, G.J.; Blake, J.F.; Woodall, T.M.J. Am. Chem. Soc. 1994, lI6, 8516. Forreviews on carbonyl group-Lewis acid 
complexation, see: Shambayati, S.; Schreiber, S.L. In Compreh. Org. Synth., Vol. 1; Trost, B.M.; Fleming, I.; Schreiber, 
S.L., Eds.; Pergamon Press: Oxford, 1991, p. 283; Shambayati, S.; Crowe, W.E.; Schreiber, S.L. Angew. Chem. Int. Ed 
EngL 1990, 29, 256. For more recent works, see: Rank, A.; Hunt, I.R.; Keay, B.A.J. Org. Chem. 1994, 59, 6808. Wiberg, 
K.B.; Marquez, M.; Castejon, H. J. Org. Chem. 1994, 59, 6817; Denmark, S.E.; Almstead, N.G.J. Am. Chem. Soc. 1993, 
115, 3133; Gung, B.W.; Wolf, M.A.J. Org. Chem. 1992, 57, 1370; znd ref. therein; Goodman, J.M. Tetrahedron Left. 1992, 
33, 7219; Corey, E.J.; Loh, T.-P.; Sarshar, S.; Azimioara, M. TetrahedronLett. 1992, 33, 6945. 

13. All calculations have been performed on a SGI Power Indigo2 RS000 machine using the MSI Cerius2 modelling environment. 
All ab initio calculations were carried out using GAUSSIAN-94 (rev. B.3) series of programs while MOPAC6 package was used 
for the semiempirical AMI calculations. GAUSSIAN-94: Gaussian, Inc., Pittsburg PA, 1995. MOPAC 6.0: Stewart, J.J.P. 
QCPE 1990 ,  455. AMI: Dewar, M.J.S.; Zoebisch, E.G.; Healy, E.F.; Stewart, J.J.P.J. Am. Chem. Soc. 1985, 107, 3902; 
Dewar, M.J.S.; Jie, C.; Zoebisch, E.G. Organometallics 1988, 7, 513. 

(Received in UK 19 September 1995) 


