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R5SiCl, NaCN OSiR;

X

R R?  DMSO or DMSO/Hexane g1\ R?
5-10 min at60°C or CN
30 min at r.t. 60-99% yield

R = Alkyl, Alkenyl, Aryl; R2 = Alkyl
RsSi= TMS, TES, TBDMS, TIPS

High-yielding cyanosilylation of ketones with NaCN and
various chlorotrialkylsilanes in DMSO proceeds smoothly
without catalysis to give silyl-protected ketone cyanohydrins.
The unique role of DMSO consists in rendering naked
cyanide anions that reversibly add to the=G bond at the
rate-determining step followed by fast trapping of the
transient tertiary sodium cyanoalcoholates with chlorotri-
alkylsilanes or in situ generated cyanotrialkylsilanes. Pre-

Note

dynamic instability of the ketone derivativég.o circumvent
this, cyanohydrins from ketones are generally prepared in
O-protected forn®. The cyanosilylation of ketones is particularly
suitable since the silyl protecting groups can be removed under
very mild reaction conditions. A fast, efficient, general, and cost-
effective cyanosilylation of ketones is therefore required in order
to develop the kinetic resolution of racemic cyanohydrins into
a viable strategy?# Careful examination of the existing
literature procedures revealed that nearly all existing methods
for both racemig2>and enantioselecti¥&® cyanosilylation of
ketones employ expensive and potentially hazardousSNBN,

with Lewis acid or base catalysts being requifeglntheses of
ketone cyanohydrins containing silyl-protecting groups higher
than trimethylsilyl are only scarcely described. Therefore, we
aimed at developing a general and robust cyanosilylation method
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cyanosilylation systems applying expensiveBi€N and

demonstrates unprecedented efficiency in the synthesis o

sterically congested trialkylsilyl-protected cyanohydrins.

Introduction

For our study of enzyme-catalyzed enantioselective cyano-

hydrin syntheseswe required a wide range of racemic ketone

cyanohydrins, both as reference material and as starting materia

for enzymatic kinetic resolutions. The direct synthesis from
ketones and HCN proved difficult owing to inherent thermo-
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SCHEME 1. Synthesis of Trialkylsilyl-Protected TABLE 1. Isolated Yields (%) for the Preparation of TMS
Cyanohydrins in DMSO Derivatives 2
R3SiCl, NaCN in DMSO OSiR Isolated Yield
j\ 3Si aCNin ) 3 Entry  Substrate Product (Method)*
RI”R2 method A, Bor C R1TR?
CN 1 Acetophenone, "KIMS 24 83 (A), 99 (B), 93
1 60-99% vield 1a PN (©)

2 (R3S = TMS) .

4 (R;Si = TBDMS) butan-2-one, 1b

5 (RySi = TIPS) Cyclohexyl- s

. . 3 henyl ketone, 2 96 (A
which would encompass a wide range of ketones and com- ll)c Y O/ECN ¢ @A)
mercially available trialkylsilyl protecting groups. s
Since chlorotrialkylsilanes are the most common and inex- 4 I;I(;’nan’3’°ne’ n-CGH'SiCN 2d  >99 (A)

pensive trialkylsilyl protecting agents, we decided to use the t
respective chlorosilanes in combination with stable and inex- Rac-2- oTMS
pensive NaCN. However, the latter salt has negligible solubility 5 methylcyclo- Oicn 2¢  97(A)[79:21]"
in most aprotic solvents. For this reason, we turned our attention hexanone, 1e
to DMSO which features the highest polarity among common 95 (A)
dipolar aprotic solvenéscombined with enhanced solvating s (D-Menthone', \Oé’ms o [812:121
ability toward hard metal cations. Conversely, anions in such 1f r >99 (C)
media are poorly solvated and hence highly reactive. For this [38:59:0:3]54

reason, inorganic salts with sodium or potassium cations soluble

; “ » i : E)-4-
in DMSO are often referred to as “naked” anidrfer their ( OTMS
7 Phenylbut-3-en-
enhanced nucleophilicity. We first noticed that NaCN is 2_;2 1; @ Ph/\/&N o T®.TO
appreciably soluble in DMSO especially at 80 (=2 mmol/ omis
mL). Under these conditions, a cyanosilylation of the model g  (E)-Pent-3-en- sk 2h 84(B),94(C)

substrate, acetophenona using TBDMSCI required only 5 2-one, 1h e

min to attain conversions greater than 90% into the desired

T_BDM_S-p_rotectec_i cyanohydrifa.t Much_to our satisfaction, 9 1-Indanone, 1i 2i 84/ (B), 68 (C)

high-yielding facile syntheses of a wide range of ketone

cyanohydrins bearing various trialkysilyl protecting groups were ~99" (B)

possible (Scheme 1, Tables 1 and 2) under these conditions 10 RAC 1 O:oms . o

(method A, Experimental Section). (R)-Carvone, 1j D A S B S
NaCN also acted as a b&3¢éeading to partiab-C epimer- 9T(C) [81:19]

ization of the ketondf (entry 6, Table 1) or conversion of the a Experimental procedure as given in the Experimental Sectibiis-

ketoneli to the corresponding silyl enol ether (entry 9, Table tribution of diastereoisomers [%:%]Contains at least 3% of another

1). The formation of the latter side product could be minimized gésgeg‘r’ig?oen’ ;nggfﬂ]”gr toafgggsf?éir‘é g;g;i':z as tr:g appearon

using a two-phase hexan®MSO SySte,m (method B_’ Experi- partial epimerization of the sfarting ketohkat 60°C. fContFa)lins 8% Tl\%lS-

mental Section). Under these conditions, the yield 2af enol. 9 Contains4% TMS-enol." Contains14% of 1—4 addition product.

improved significantly (entry 1, Table 1). However, with this ' Contains 5% of +4 addition product.

protocol 1,4 addition of the cyanide ion to carvohp was

observed (entry 10, Table ¥)When the reaction was performed TABLE 2. Isolated Yields (%) for the Preparation of Trilakylsilyl

Derivatives 3—-52

(7) In one notable exception, a combination of KCN and TMSCIin DMF  Structure R=TES R=TBDMS R=TIPS
has been used: (a) Rasmussen, J. K.; Heilmann, SSythesisl978

219-221. However, application of DMF in industrial chemistry is undesir- R 83 (A), 85 (A),

able due to its toxicity. Improvements of this method were later reported: ~ Ph™\~CN 3a 92 (B) da 82 (B) 5a 82(A)
(b) Duboudin, F.; Cazeau, P.; Moulines, F.; Laporte,Synthesis1982

212-214. (c) Yoneda, R.; Santo, K.; Harusawa, S.; Kuriharesynthesis

1986 1054-1055. (d) Sukata, KBull. Chem. Soc. Jpri987, 60, 3820~ O{R 3 >99 (A) 4 82 (A) 5 94 (A)
3822. In all cases, relatively long reaction times were required for unreactive CN ¢ [88:12] ¢ [71.,29]1, ¢ [81:19]"

carbonyl compounds.
(8) Dielectric constants; = 47.2 (DMSO); 38.8 (DMA); 38.2 (DMF);
36.6 (MeCN); 32.6 (NMP). See: Lide, D. R. I@RC Handbook of /\/if
Ph™ X\ CN

Chemistry and Physic81st ed.; CRC Press LLC: Boca Raton, 2600 g 94(0) 4g¢  60(C) 5¢  72(CY

2001;6—149.
(9) (a) Carey, F. A.; Sundberg, R.Advanced Organic Chemistry. Part a Experimental procedure as given in the Experimental Sectibiis-
A: Structure and Mechanismsdth ed.; Springer Scien¢dusiness tribution of diasterecisomers [%:%] Reaction performed on 1 mmol scale

Media: New York, 2006; pp 246241. The nucleophilicity of small and and purified by semipreparative HPLC.
soft cyanide anions is particularly augmented in DMSO; see: (b) Landini,

D.; Maia, A.; Montanari, FJ. Am. Chem. Sod978 100, 2796-2801. (c) e ;-
Parker, A. JChem. Re. 1969 69, 1—32. at room temperature and greater dilution (method C, Experi

(10) Compoundia could be isolated in 86% yield afté h at . t.using mental section), the addition of the cyanide anion to conjugated
1.2 eq Iof TkBDMSCN il? CHCI, and a catalytic am%unt of Znhccording enones proceeded in favor of the 1,2-cyanosilylation product
to: Golinski, M.; Brock, C. P.; Watt D. Sl. Org. Chem1993 58, 159— ; imi ; - it i iz ati
164. The synthesis of this compound in 99% yield could be achieved in 1 with limited undeswable_ 1’4 addltlon_ thy or pplymerlzatlono
h at OC in THF upon the catalysis with a nonionic strong base (7 mée).  (1able 1). The TMS derivativeBwere isolated in at least 98%

(11) Samson, M.; Vandewalle, Msynth. Commuri97§ 8, 231-239. purity (GC) by nonaqueous extraction of the products from
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SCHEME 2. Ketone Cyanohydrins by Deprotection of the
TMS Derivatives 2
OH
R1/FR2
CN

SCHEME 3. Equilibrium between the Parent Carbonyl
Compound and the Tetrahedral Cyanoalcoholate in the
Presence of NaCN in DMSOdg

; /T;Na*
P
Ph” “Me Ph™ e

i NaCN, 60°C, in DMSO-dg

OTMS

1$R2
R N

DMSO with hexane followed by filtration through a short pad
of silica gel. The trialkylsilyl derivatives3—5 were further
purified by column chromatography or distillation to obtain this ) .
grade of purity. between ketones and the tertiary cyanoalcoholates anions
The parent ketone cyanohydrins are smoothly liberated from rémains essentially unaltered. It lies to such an extent on the

the TMS derivative€ using aqueous HF in MeOH (Scheme side of the starting material (Scheme 3) that the intermediate
2). cannot be detected by standard NMR techniques. However,

DMSO proved to be crucial for activating our Lewis acid/ although thermodynamically only minute quantities of alcoholate

base free cyanosilylation system. The reaction was extremelyare formed, the I_(in.etics of the uncatalyzed equilibrium are sgch
slow when performed in another dipolar aprotic solvent, DFIF. that they do qot limit the synthe5|s. of the protected cyanohydrms.
To account for the unique role of DMSO and shed light on the In conclusion, the cyanosilylation protocol described herein

reaction mechanism, we carried out a comparative kinetic study €nables the most general synthesis of racemic silyl protected
on the conversion of acetophenoda into the TBDMS cyanohydrins k_nown to date, appllcable to a wide range _of
derivative4a. ketones and trialkylsilyl protecting groups. The method is

When TBDMSCN was used as a sole cyanide source (no simple, robust, cost-effective, and safe since it requires neither
NaCN added) no reaction could be observed, even in combina-catalys's nor expensive and potentially hazardous silyl cyanides.
tion with TBDMSCI. This result demonstrates the crucial . )
importance of free cyanide in inducing the observed cyanosi- Experimental Section
lylation in DMSO:2 TBDMSClI is found to react with NaCN General Method A. To a solution of sodium cyanide (20 mmol)
to form TBDMSCN, the reaction rate being comparable with in dry DMSO (10 mL) at 60°C under inert atmosphere was added
that of the cyanosilylation of the ketorda. Parallel formation the carbonyl compound (10 mmol). The mixture was stirred for 5
of TBDMSCN effectively reduces the concentration of free min at this temperature, and the trialkylsilyl chloride (12 mmol)
cyanide anions in the reaction medium. For this reason, a was added dropwise at 8C. The reaction mixture was then stirred
significant decrease in the reaction rate was observed whenat 60°C under inert atmosphere for 5 min (TMS, TES, and TBDMS
NaCN was used in equimolar amount with reference to derivatives) or 10 min (TIPS derivatives). The DMSO phase was

TBDMSCI (1.2:1.2 ratio) when compared to the original ratio €Xracted with hexane (3 15 mL), and the combined hexane
of TBDMSCI to NaCN of 1.2:2. The pivotal role of the free phases were cooled in an ice bath to separate residual DMSO. After

_ . . evaporation of the solvent the residue was filtered through a short
CN™ was further substantiated by the fact that the reaction rate pad of silica using hexane as eluent. The solvent was then removed

increased when TBDMSCN was used as the trapping agent fornqger reduced pressure to give the TMS derivatives in good purity
the putative cyanoalcoholate (TBDMSCN to NaCN ratio of 1.2: (>0989). Other derivatives were further purified by column

2). Indeed, upon silylation with TBDMSCN, the concentration

48% aq. HF (2eq)
—_—
MeOH, r.t.

of free cyanide is maintained throughout the course of the
reaction.

chromatography or distillation.
General Method B. To a solution of sodium cyanide (20 mmol)
in dry DMSO (10 mL) at 60C under inert atmosphere was added

ThUS, to account for the above Observationsl we Suggest adry hexane (10 mL) An initial amount of trlalkyISIIyI chloride (3

two-step reaction pathway including addition of highly nucleo-
philic CN~ in DMSO across the €0 bond of the ketone at a
rate-determining step followed by silylation of the intermediate
tertiary sodium cyanoalcoholate with chlorotrialkylsilane or in
situ formed cyanotrialkylsilane.

Despite the above kinetic evidence, we were unable to detect

mmol) was added to the stirred mixture at 60 under inert
atmosphere followed immediately by dropwise addition of a solution
of the carbonyl compound (10 mmol) and trialkylsilyl chloride (12
mmol) in hexane (5 mL). The reaction was allowed to proceed for
5 min at this temperature. The reaction mixture was then treated
as described in general method A.

General Method C. A solution of sodium cyanide (30 mmol)

the putative tetrahedral intermediate, the cyanoalcoholate anion,n dry DMSO (15 mL) under inert atmosphere was heated gently

in the mixture of acetophenone and NaCN by NMR in DMSO-
ds at 60 °C (Scheme 3, see also Figure 1 in Supporting
Information).

This result confirms that despite significantly enhanced
nucleophilicity of naked cyanide in DMSO, the equilibrium

(12) The reaction did not gain appreciable acceleration when DMSO was
used as an additive in DMF/DMSO 9:1 mixture.

(13) It rules out an alternative mechanism that would involve nucleophilic
catalysis by DMSO. The activation of a silyl group or a cyanoformate by
coordination with the DMS©oxygen was indeed suggested for the
silylation of alcohols, and the cyanocarboxylation of aldehydes in DMSO
respectively, see: (a) Watahiki, T.; Matsuzaki, M.; Oriyama3ieen Chem.
2003 5, 82—84. (b) Watahiki, T.; Ohba, S.; Oriyama, Drg. Lett.2003
5, 2679-2681. (c) lwanami, K.; Hinakubo, Y.; Oriyama, Tetrahedron
Lett. 2005 46, 5881-5883. However,O-nucleophilic tertiary amine
N-oxides are well-known to catalyze addition of TMSCN to both aldehydes
and ketone$?
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with a heat gun to ensure saturation and the mixture was allowed
to cool to rt. The respective trialkylsilyl chloride (20 mmol) was
added to the thick mixture at rt, and stirring was continued for 1
min (TMS and TES derivatives) or 15 min (TBDMS and TIPS
derivatives). The carbonyl compound (10 mmol) was then added
slowly at rt under inert atmosphere and the mixture was stirred for
30 min under these conditions. The reaction mixture was then
treated as described in general method A.

General Method for the Deprotection of TMS Derivatives 2.
To a solution of TMS-protected cyanohydrin in methanol (1 mmol/
mL) was added commercial 48% aqueous solution of HF (2 equiv)
and the reaction was stirred at ambient temperature. Toward the
end of the reaction (NMR monitoring), the mixture was diluted
with water and extracted with G&l,. The combined organic layers
were dried over MgS@ and the solvent was removed under
reduced pressure to give the corresponding cyanohydrin. TMS-
acetophenone cyanohydrita was deprotected according to this
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procedure within 2 h, and acetophenone cyanohydrin was obtained(ICES), Singapore Sciences (ICES), Singapore, and by the

in 99% yield and excellent purity (NMR) without further purifica- ~ Academy of Sciences of the Czech Republic (grant Z40550506).

tion. Supporting Information Available: Experimental details for

all protected cyanohydrins prepared according to methods A, B,
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