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Abst rac t :  A chiral titanium reagent derived from optically active sulfoximine (R)-3 and 
Ti(O-i-Pr)4 promotes the asymmetric addition of trimethylsilylcyanide to aldehydes 
affording cyanohydrins in high yields with good enantioselectivities (up to 91% ee). 

We recently reported on the use of optically active sulfoximines in the catalyzed enantioselective 

reduction of ketones 1 and the asymmetric diethylzinc addition to aldehydes 2 and chalcones. 3 We now 

describe a chiral sulfoximine/titanium reagent for enantioselective cyanohydrin formation. 4 

Optically active sulfoximine (R)-3 was obtained as a colorless solid by enantioselective sulfur 

oxidation of (2-methoxyphenyl)methylsulfide (1)using Kagan's method, 5 followed by sequential 

stereospecific imination of the resulting sulfoxide (R)-2 with O-mesitylenesulfonylhydroxylamine (MSH), 6 

and demethylation with BBr3. Both enantiomers of 3 are available by this reaction sequence. 

OCH 3 NH OH 
OCHa Kagan's ~ 1. MSH S 

CH3S asymmetric~ H3C" ~- H3C" 
oxidation 2. BBr 3 

1 (R)-2 (R)-3 

Treatment of (R)-3 with 1 equiv of Ti(O-i-Pr)4 in dichloromethane gave a yellow solution containing a 

catalytically active species for the asymmetric addition of trimethylsilylcyanide to benzaldehyde.7, 8 

However, catalyst reactivity and enantioselectivity were low. Thus, use of 20 tool% of catalyst afforded (S)- 

mandelonitrile after 20h at -45°C in only 28% yield with 44% ee. Stirring for a longer period of time gave a 

higher product yield, but the enantiomeric excess was significantly lower (60h at -45°C: 79% yield, 23% ee). 

This decrease in enantioselectivity was interpreted as indication for the formation of several active species 

dufillg the reaction, each of which mediated the Me3SiCN addition at different rates and with different 

enantiomeric excesses. 9 In accord with this assumption, a remarkable increase in selectivity was observed 

when larger quantities of chiral titanium reagent were used. Thus, in the presence of stoichiometric amounts 

of Ti(O-i-Pr)4 and 1.1 equiv of sulfoximine (R)-3, trimethylsilylcyanation of benzaldehyde at -50°C, followed 
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by acidic cleavage of the trimethylsilyl group (5% aqueous solution of HF) gave (S)-mandelonitrile in 72% 

yield with 91% ee (Table). After the reaction (R)-3 was easily recovered (70-90%). 

1. (R)-3, 
..(O Ti(O-i-Pr)4 H. D H 

R + Me3Si-CN 2. HF, H20 ~' R~CN-- ~ 

Attempts to increase the asymmetric induction by varying the concentration (0.2 - 1 M) or lowering the 

reaction temperature to -65°C did not result in significant changes of ee. The reaction time had no influence 

on the optical yield. 

Trimethylsilylcyanation of several aldehydes was investigated using the conditions which had been 

optimized for the Me3SiCN addition to benzaldehyde) 0 As summarized in the Table, a variety of aldehydes 

including substituted aromatic, aliphatic, and (x,l)-unsaturated aldehydes were silylcyanated with good 

enantioconlxol. In the aromatic series, steric hinderance at the ortho position lowered the asymmetric 

induction (entry 1 versus entries 3 and 4). Aliphatic aldehydes, such as n-hexanal (entry 5), and (x-branched 

cyclohexane carboxaldehyde (entry 6) were silylcyanated equally well (89% ee). Further substitution at the 
~t position (pivaldehyde) lowered the enantiomeric excess (81% ee). The cyanohydrin of (E)-cinnamaldehyde 

was obtained with 79% ee. In all cases, sulfoximine (R)-3 afforded cyanohydrins with (S)-configuration, as 

determined by comparison of the optical rotation values with those reported in the literature. The 

enantiomeric excesses were determined by 19F NMR, GC, or HPLC analysis of the corresponding o~- 

methoxy-0t-(trifluoromethyl)phenylacetic esters (MTPA esters).ll 

Table. Enantiomeric excesses resulting from asymmetric trimethylsilyl- 
cyanation of aldehydes using (R)-3/Ti(O-i-Pr) 4 and TMSCN 

Entry Aldehyde % Yield a % Ee b Confign c 

1 benzaldehyde 72 (96) 91 (S) 
2 4-methoxybenzaldehyde 60 87 (S) 
3 2-methoxybenzaldehyde 72 (92) 74 (S) 
4 1-naphthaldehyde 92 (97) 76 (S) 
5 n-hexanal 64 89 (S) 
6 cyclohexane carboxaldehyde 70 (97) 89 (S) 
7 pivaldehyde 70 81 (S) 
8 (E)-cinnamaldehyde 63 79 (S) 

a Isolated as cyanohydrins by column chromatography; conversion in 
1 b parentheses (determ. by H NMR). Ee determ, by GC analysis of the 

corresponding MTPA esters (Durabond DB-5, 0.3 mmx 30 m) except 
entries 2-4 and 8 [HPLC analysis of the MTPA esters (Nucleosil 100-5)]. 
e Absolute configurations determined by comparison of optical rotations 
with literature values. 

Commonly, enzymes 4b or cyclodipeptides 12 are the catalysts of choice for enantioselective 

hydroeyanation of aldehydes with hydrogen cyanide. Reports on the use of organometallic reagents for this 
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transformation are still rare. 13,14 We therefore tested the effectiveness of our sulfoximine/titanium-system in 

the HCN addition to benzaldehyde. Smooth cyanohydrin formation ocurred even at -50°C, and after 16h the 

product was isolated in 89% yield with an 82:18 S/R enantiomer ratio. 

The result of the enantioselective HCN addition is also relevant to the aldehyde/Me3SiCN system. 

When equimolar amounts of sulfoximine (R)-3 and Ti(O-i-Pr)4 were mixed in CDCI3 at ambient temperature 

IH and 13C NMR spectroscopy revealed the formation of new species. 15 Presumably, two titanium alkoxides 

have been exchanged generating a chiral titanium-containing compound of type 4. Two equivalents of 

isopropanol are liberated by this reaction. If the alcohol is involved in the reaction pathway, it can either 

interact with 4 forming a dynamic associate, or it can react with Me3SiCN to generate HCN. The latter should 

therefore also be considered as a cyanide source, and good enantiocontrol in hydrocyanation with HCN is 

desirable. In the subsequent reaction pathway, (R)-4 serves as a chiral Lewis acid and coordination of the 

aldehyde at the less hindered 13 face of 4 is followed by re side cyanation in 5 and loss of alkoxide to give 
6.16,17 

H3C" I H3Q ] O~'~;=NH 0~ ~;=N, ,,.O-/-Pr 

(R)-3 (R)-4 

R 

N, O, H . -  H3Cfi °',2. ^ + Me3SiCN HCN N ~ / I  m U o r  ~- ",~,T 

~ ' ~ - -  O OI ~ _ Me3SiO.i_Pr or HO_i_p r N , ( ~ . . , . ~ , .  O XO. ~ 

(R)-S ~ 6 

In this sequence, predominant formation of the (S)-cyanohydrin is a result of two subsequent 

stereocontroUed events: 1. selective complexation of the aldehyde to the 13 face of the titanium reagent and 2. 

enantioselective cyanide addition to the activated aldehyde carbonyl. 

Under the current reaction conditions, the species which controls the stereochemical outcome is 

regenerated inefficiently and catalyst turnover is blocked. Further research is therefore focussing on the 

development of modified procedures which lead to improved enantioselectivities and to effective catalytic 

systems for asymmetric cyanohydrin formation. 

Acknowledgement: We are grateful to the DFG for financial support of this work (SFB 260, Graduierten- 

kolleg), and we thank the Fonds der Chemischen Industrie for a predoctoral K6kule-fellowship for P.M. 

Stimulating discussions with Prof. Dr. K. Dehnicke, Priv.-Doz. Dr. B. Neumiiller, and Dr. K. Ditrich (BASF) 

are acknowledged. 



1628 

References and Notes: 
1. (a) Bolm, C.; Felder, M. Tetrahedron Left. 1993, 34, 6041. (b) Bolm, C.; Seger, A.; Felder, M. 

Tetrahedron Lett. 1993, 34, 8079. 
2. Bolm, C.; Miiller, J.; Schlingloff, G.; Zehnder, M.; Neuburger, M. J. Chem. Soc. Chem. Commun. 1993, 

182. 
3. Bolm, C.; Felder, M.; Mtiller, J. Synlett 1992, 439. 
4. Recent reviews describing the synthesis and use of cyanohydrins: (a) North, M. Synlett 1993, 807. (b) 

Effenberger, F. Angew. Chem. 1994, 106, 1609; Angew. Chem. Int. Ed. Engl. 1994, 33, 1609. 
5. (a) Pitchen, P; Dufiach, E; Deshmukh, M. N.; Kagan, H. B. J. Am. Chem. Soc. 1984, 106, 8188. (b) 

Zhao, S. -H.; Samuel, O.; Kagan, H. B. Tetrahedron 1987, 43, 5135. (c) Kagan, H. B.; Dufiach, E.; 
Nemecek, C.; Pitchen, P.; Samuel, O.; Zhao, S.-H. PureAppl. Chem. 1985, 57, 1911. Reviews: (d) 
Kagan, H. B.; Rebiere, F. Synlen 1990, 643. (e) Kagan, H. B. In Catalytic Asymmetric Synthesis; Ojima, 
I., Ed.; VCH: New York, 1993; pp 203. 

6. (a) Tamura, Y.; Minamikawa, J.; Sumoto, K.; Fujii, S.; Ikeda, M. J. Org. Chem. 1973, 38, 1239. (b) 
Johnson, C. R.; Kirchhoff, R. A.; Corkins, H. G. J. Org. Chem. 1974, 39, 2458. 

7. For Ti-catalyzed additions of Me3SiCN to aldehydes see: (a) Reetz, M. T.; Kyung, S. -H.; Bolm, C. 
Chem. Ind. 1986, 824. (b) Hayashi, M.; Matsuda, T.; Oguni, N. J. Chem. Soc. Perkin Trans 1 1992, 
3135. (c) Hayashi, M.; Miyamoto, Y.; Inoue, T.; Oguni, N. J. Chem. Soc. Chem. Commun. 1991, 1752. 
(d) Hayashi, M.; Miyamoto, Y.; Inoue, T.; Oguni, N. J. Org. Chem. 1993, 58, 1515. (e) Hayashi, M.; 
Inoue, T.; Miyamato, Y.; Oguni, N. Tetrahedron 1994, 50, 4385. 

8. Use of other metals in catalyzed additions of Me3SiCN to aldehydes: (a) AI: Ohno, H.; Nitta, H.; Tanaka, 
K.; Mori, A.; Inoue, S. J. Org. Chem. 1992, 57, 6778. (b) Mg: Corey, E. J.; Wang, Z. Tetrahedron 
Lett. 1993, 34, 4001. (c) B: Reetz, M. T.; Kunisch, F.; Heitmann, P. Tetrahedron Lett. 1986, 39, 4721. 

9. For asymmetric Me3SiCN additions mediated by stoichiometric amounts of Ti reagents: (a) Narasaka, 
K.; Yamada, T.; Minamikawa, H. Chem. Lett. 1987, 2073. (b) Minamikawa, H.; Hayakawa, S.; Yamada, 
T.; Iwasawa, N.; Narasaka, K. Bull. Chem. Soc. Jpn. 1988, 61, 4379. (c) Callant, D., Stanssens, D., de 
Vries, J. G. Tetrahedron: Asymmetry 1993, 185. 

10. Typical Procedure. To a stirred solution of (R)-3 (235 mg, 1.375 mmol) in dichloromethane (3 ml) was 
added titanium tetraisopropoxide (0.365 ml, 1.250 mmol). After stirring the resulting yellow solution at 
ambient temperature for lh, the mixture was cooled to -50°C. The aldehyde (1.250 mmol) was added 
dropwise followed by trimethylsilylcyanide (0.315 ml, 250 mg, 2.520 mmol). Stirring was continued at 
this temperature for 20-24h. The reaction mixture was then quenched with an aqueous solution of HF 
(5%, 2 ml) and stirred vigorously for 30 min at ambient temperature. After neutralization with NaHCO3 
the mixture was extracted dichloromethane (5 x 5 ml). The combined organic extracts were dried over 
MgSO4, filtered, and then concentrated under reduced pressure. The residue was column chromato- 
graphed (silica gel; eluent: hexane - tert-butylmethyl ether), affording (S)-cyanohydrins. The enantio- 
meric excesses of the products were determined by 19F NMR, GC, or HPLC analysis of the corres- 
ponding MTPA esters (Table). Sulfoximine (R)-3 was recovered in 70-90% yield by elution of the 
chromatography column with tert-butylmethyl ether. 

I 1. Attempts to determine the optical purity via O-acetylmandelic esters, which were obtained by standard 
derivatization techniques (DCC, O-acetylmandelic acid), were unsuccessful due to partial racemization. 

12. For the use of cyclodipeptides see: (a) Oku, J.; Inoue, S. J. Chem. Soc. Chem. Commun. 1981, 229. (b) 
Tanaka, K.; Mori, A.; Inoue, S. J. Org. Chem. 1990, 55, 181. (c) Mori, A.; Ikeda, Y.; Kinoshita, K.; 
Inoue, S. Chem. Lett. 1989, 2119. (d) Danda, H.; Chino, K.; Wake, S. Chem. Lett. 1991, 731. (e) Danda, 
H.; Nishikawa, H.; Otaka, K. J. Org. Chem. 1991, 56, 6740. (f) Matthews, B. R.; Jackson, W. R.; 
Jayatilake, G. S.; Wilshire, C.; Jacobs, H. A. Aust. J. Chem. 1988, 41, 1697. (g) Kim, H. J.; Jackson, W. 
R. Tetrahedron: Asymmetry 1994, 5, 1541. 

13. Use of metal reagents in asymmetric HCN addition to aldehydes: (a) Mori, A; Nitta, H.; Kudo, M.; 
Inoue, S. Tetrahedron Lett. 1991, 32, 4333. (b) Nitta, H.; Yu, D.; Kudo, M.; Mori, A.; Inoue, S.J. Am. 
Chem. Soc. 1992, 114, 7969. (c) Abe, H.; Nitta, H.; Mori, A.; Inoue, S. Chem. Lett. 1992, 2443. 

14. Corey and Wang discuss the involvement of a 'chiral cyanide donor' derived from a bisoxazoline and 
HCN in a Mg-catalyzed trimethylsilylcyanation. 8b Use of HCN as the only cyanide source gave low 
enantioselectivities. 

15. Under these conditions broad signals were observed. Sharper resonances resulted from 2:1 mixtures 
of (R)-3 and Ti(O-i-Pr)4. This composition, however, was catalytically inactive. 

16. The anti arrangement of the aldehyde R group and the Lewis acid is favored in other complexes: (a) 
Reetz, M. T.; HUllmann, M.; Massa, W.; Berger, S.; Rademacher, P. J. Am. Chem. Soc. 1986, 108, 2405. 
(b) Gung, B. W. Tetrahedron Lett. 1991, 32.2867. (c) Review: Shambayati, S.; Crowe, W. E.; 
Schreiber, S. L. Angew. Chem. 1990, 102,273; Angew. Chem. Int. Ed. Engl. 1990, 29, 256. 

17. Aggegated Ti species could also be involved in enantioselectivity determining steps. See: Berrisford, 
B. J.; Bolm, C.; Sharpless, K. B. Angew. Chem. in print. 

(Received in Germany 2 December 1994; accepted 12 January 1995) 


