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Activation of TMSCN by N-Heterocyclic an NHC—acyl intermediate was suggested by Waymouth and
Carbenes for Facile Cyanosilylation of Carbonyl Hedric.k.Ge In a (ecently reported NHC-catalyzed am.ide bond
Com d formatior? reaction, it was proposed that NHC functions as a
pounds
carbon-centered Brgnsted base.
Recently, we have reported our discovery of an efficient
NHC-catalyzed trifluoromethyl transfer reaction from TMSCF
to carbonyl compoundsTo our best knowledge, this reaction
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Cyanohydrins represent one of the most valuable synthons
that can be elaborated into a variety of useful synthetic building

=\ blocks, such as-hydroxy acids,a-hydroxy aldehydes, 1,2-
o %/N\/N OTMS diols, anda-amino alcohold? Because of their importance in
'1' 0.5 mol% organic synthesis and life science research, a large body of work
@H CN has been devoted to the development of cyanohydrin synthesis.
TMSCN,THF, rt, 10 min The most commonly used method to prepare cyanohydrins
99% conversion 3a involves the cyanosilylation of carbonyl compounds using
2a 91% isolated yield TMSCN. Transfer of a cyano group from TMSCN to carbonyl

compounds can be catalyzed by a plethora of reaffents
including Lewis acids, Lewis bases, metal alkoxides, bifunc-
tional catalysts, iodine, and inorganic salts. Among these
methods, thenetal-free, organic-molecule-catalyzed processes
TMSCN tc_) aldehydes and ketones proceeds at room teM-5re particularly attractive because of the mildness of the reaction
perature in .the presence Of, only 0-60.5 mol . % of conditions and the potential for the development of an asym-
N-heterocyclic carbenel], leading to a range of trimethyl-  etric version of this transformation. However, there are only
silylated cyanohydrins in very good to excellent yields. These 4 jimited number of such examples existing in the literatéfé.
conditions are extremely mild and simple and tolerate various gqr example, it has been reported that Lewis bases such as
functional groups. triethylamine, tributylphosphine, triphenylarsine, trisaminophos-
phines, and triphenylantimony catalyze cyanosilylation of car-

N-Heterocyclic carbenes were found to be highly effective
organocatalysts in activating TMSCN for facile cyanosi-
lylation of carbonyl compounds. Cyano transfer from

N-I—!eterocyclic carbenes (NHCs) have attracted gonsideraple (4) (a) Enders, D.; Kallfass, Usngew. Chem., Int. EQ002,41, 1743.
attention in recent years. They have been extensively studied(b) Kerr, M. S.; de Alaniz, J. R.; Rovis, T.. Am. Chem. S0@002,124,
and employed as ligands in a variety of transition-metal- 10298. (c) Enders, D.; Breuer, K.; Runsink, J.; Teles, JHely. Chim.

. . . Acta1996,79, 1899. (d) Enders, D.; Breuer, K.; Teles, J.H¢€lv. Chim.
catalyzed processéOwing to their strongr-donating proper- Acta1996,79, 1217. (e) Teles, J. H.; Melder, J.-P.; Ebel, K.; Schneider,

ties, N-heterocyclic carbenes can also act as organocatélysts.r.: Gehrer, E.: Harder, W.: Brode, S.: Enders, D.: Breuer, K.: Raabe, G.
N-Heterocyclic carbenes have been used to catalyze organicHelv. Chim. Actal996, 79, 61. (f) Myers, M. C.; Bharadwaj, A. R,;

; il ; [ Milgram, B. C.; Scheidt, K. AJ. Am. Chem. So@005,127, 14675. (g)
transformations sqcrr}Jsas nucleophilic substlftu%benzom a_n_d Reynold, N. T.. de Alaniz, J. R.: Rovis, T. Am. Chem. S08004, 126,
Stetter-type reactiorfshomoenolate formationstransesterifi- 9518. (h) Chow, K. Y. K.; Bode, J. WI. Am. Chem. So2004,126, 8216.

cation reaction§, and trimerization of isocyanatéslt was (5) (@) Sohn, S. S.; Rosen, E. L.; Bode, J. WAm. Chem. So2004,

believed that the key step in the NHC-catalyzed nucleophilic éggél‘(‘g)@hg’g i“fséiiﬁéigt-i E'%Urzv 'fr;%eévoéh$mgb'5m‘ E®004,43,
substitutions or benzoin- or Stetter-type reactions involves the (6) (a) Grasa, G. A.; Guveli, T.; Singh, R.. Nolan, S.JPOrg. Chem

attack of the carbene at the carbonyl group of the aldehydes t02003,68, 2812. (b) Singh, R.; Kissling, R. M.; Letellier, M.-A_; Nolan, S.
form the “Breslow intermediate” which functions like an acyl P.J. Org. Chem2004,69, 209. (c) Grasa, G. A; Kissling, R. M.; Nolan,

; ; oS ; S. P.Org. Lett.2002,4, 3583. (d) Nyce, G. W.; Lamboy, J. A.; Connor, E.
anion equivalent (Umpolung). For transesterification reactions, F.: Waymouth, R. M.. Hedrick, J. lOrg. Lett. 2002,4, 3587. (&) Nyce, G.

W.; Glauser, T.; Connor, E. F.; Mock, A.; Waymouth, R. M.; Hedrick, J.
(1) (@) Herrmann, W. A; Ofele, K.; von Preysing, D.; Schneider, S. K. L. J. Am. Chem. SoQ003, 125, 3046. (f) Connor, E. F.; Nyce, G. W.;

J. Organomet. Chem2003, 687, 229. (b) Yong, B. S.; Nolan, S. P. Myers, M.; Mock, A.; Hedrick, J. LJ. Am. Chem. S0€002,124, 914. (g)

Chemtract2003,16, 205. (c) Navarro, O.; Kelly, R. A, lIl; Nolan, S. P. Kano, T.; Sasaki, K.; Maruoka, KOrg. Lett.2005,7, 1347.

J. Am. Chem. So®003,125, 16194. (d) Littke, A. F.; Fu, G. GAngew. (7) Duong, H. A.; Cross, M. J.; Louie, Org. Lett 2004,6, 4679.
Chem., Int. EJ2002,41, 4176. (e) Herrmann, W. AAngew. Chem., Int. (8) Movassaghi, M.; Schmidt, M. AOrg. Lett.2005,7, 2453.
Ed. 2002,41, 1290. (9) Song, J. J.; Tan, Z.; Reeves, J. T.; Gallou, F.; Yee, N.; Senanayake,
(2) (a) Nair, V.; Bindu, S.; Sreekumar, YAngew. Chem., Int. E@004, C. H. Org. Lett.2005,7, 2193.
43, 5130. (b) Dalko, P. I.; Moisan, lLAngew. Chem., Int. ER004,43, (10) (a) Groger, HChem. Re. 2003 103 2795. (b) Kobayashi, S.;
5138. Ishitani, H.Chem. Re21999,99, 1069. (c) Utimoto, K.; Wakabayashi, Y.;
(3) () Suzuki, Y.; Toyota, T.; Imada, F.; Sato, M.; Miyashita,Ghem. Horiie, T.; Inoue, M.; Shiahiyama, Y.; Obayashi, M.; Nozaki, Fetrahe-
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bonyl compounds with TMSCR4fii Guanidine was also
successfully employed as a catalyst for this reactf8fiMore
recently, certain amini-oxides have been shown to be effective

catalysts for the cyanide addition to both aldeydes and ketones

using TMSCN as the cyanide sourgé-c<9n these reactions,
nucleophilic activation of TMSCN by amin&l-oxides was
proposed as a key step in the catalytic cyéfeDuring our
search for a new type of organocatalyst for this transformation,
we decided to investigate the possibility of using nucleophilic
N-heterocyclic carbenes to catalyze cyanosilylation of carbonyl
compounds with TMSCN.

On the basis of our experience with NHC-catalyzed triflu-
oromethyl addition reactions with TMSG,Fwe postulated that
the carbon-silicon bond in TMSCN could be activated by
NHCs for cyano transfer in an analogous fashion. Indeed, when
a THF solution of benzaldehyde and TMSCN was treated with
0.5 mol % of 1,3-di-tert-butylimidazol-2-ylidend (I'Bu, Table
1) at room temperature, the cyanide addition occurred almost
instantaneously to give trimethylsilylated cyanohydsawith
99% conversion in 10 min (entry 1). 1,3-Di-(1-adamantyl)-
imidazol-2-ylidene (IAd) was found to exhibit similar catalytic
activity. Both fBu and IAd carbenes have good thermal
stability!* and can be easily handled in the laboratories. NHC-

TABLE 1. Cyanosilylation of Benzaldehyde and Acetophenone

s el

TMSCN, solvent, rt

TMSO_ CN
R

R =H (2a) or Me (2b) R =H (3a) or Me (3b)

% conversion

entry R  solvent catalystloading time (% isolated yield)
H THF 0.5 mol % 10 min 99 (91)
2 H THF 0.01 mol % 4h 97 (83)
3 Me  DMF 0.5 mol % 1h 95 (80)
4 Me DMF 0.1 mol % 16 h 95 (74)

smoothly in a number of other solvents such as methylene
chloride, MTBE, and acetonitrile. The catalyst loading was
studied on a~100 mmol scale, and we were delighted to find
that only a minute amount of NHC(0.01 mol %) was required

to catalyze the cyanation of benzaldehyde at room temperature
in THF (97% conversion within 4 h, entry 2).

An NHC-catalyzed reaction between acetophenone and
TMSCN is very sluggish in THF. Switching the reaction solvent
to DMF greatly accelerated the rate of the reaction, giving 95%
conversion within 1 h at room temperature in the presence of

catalyzed cyanide addition to benzaldehyde also proceededp.5 mol % of the catalyst (entry 3). When 0.1 mol % of NHC

(11) Representative examples: (a) Moloney, M. G.; YaqoobSivhlett
2004, 1631. (b) Bian, Z.-X.; Zhao, H.-Y.; Li, B.-@Rolyhedron2003,22,
1523. (c) Gassman, P. G.; Talley, JTétrahedron Lett1978,19, 3773.
(d) Evans, D. A;; Carroll, G. L.; Truesdale, L. K. Org. Chem1974,39,
914. (e) Bandili, M.; Cozzi, P. G.; Melchiiorre, P.; Achille, U.-R.
Tetrahedron Lett2001,42, 3041. (f) Bandili, M.; Cozzi, P. G.; Garelli,
A.; Melchiorre, P.; Umani-Ronchi, AEur. J. Org. Chem2002, 3243. (9)
Lidy, W.; Sundermeyer, WChem. Ber1973,106, 587. (h) Whitesell, J.
K.; Apodaca, RTetrahedron Lett1996 37, 2525. (i) Jenner, G.etrahedron
Lett. 1999,40, 491. (j) Matrubara, S.; Takai, T.; Utimoto, IChem. Lett.
1991, 1447. (k) Curini, M.; Epifanio, F.; Macrotullio, M. C.; Rosati, O.;
Rossi, M.Synlett1999, 315. (I) Yang, Y.; Wang, CSynlett1997, 1379.
(m) Saravanan, P.; Anand, R. V.; Singh, V. Ketrahedron Lett1998,39,
3823. (n) Noyori, R.; Murata, S.; Suzuki, Metrahedron1981,38, 3899.
(o) Fuijii, A.; Sakaguchi, S.; Ishii, YJ. Org. Chem 2000, 65, 6209. (p)
Karimi, B.; MaMani, L. Org. Lett.2004,6, 4813. (q) Kaur, H.; Kaur, G.;
Trehan, SSynth. Commuril996,26, 1925. (r) Wilkinson, H. S.; Grover,
P. T.; Vandenbossche, C. P.; Bakale, R. P.; Bhongle, N. N.; Wald, S. A.;
Senanayake, C. HOrg. Lett.2001,3, 553. (s) Yadav, J. S.; Reddy, B. V.
S.; Reddy, M. S.; Prasad, A. Retrahedron Lett2002,43, 9703. (t) He,
B.; Li, Y.; Feng, X.; Zhang, GSynlett2004, 1776. (u) Liu, X.; Qin, B.;
Zhou, X.; He, B.; Feng, XJ. Am. Chem. So@005 127, 12224. (v) Kurono,
N.; Yamaguchi, M.; Suzuki, K.; Ohkuma, T. Org. Chem2005 70, 6530.
(w) Chen, F.; Feng, X.; Qin, B.; Zhang, G.; Jiang, @tg. Lett.2003,5,
949. For recent reviews, see: (x) Chen, F.-X.; FengSyhlett2005, 892.
(y) Kanai, M.; Kato, N.; Ichikawa, E.; Shibasaki, Mbynlett2005, 1491.

(12) Organocatalysis using TMSCN as a cyanide source: (a) Li, Y.; He,
B.; Feng, X.; Zhang, GSynlett2004, 1598. (b) Kim, S. S.; Kim, D. W.;
Rajagopal, GSynthesi®004, 213. (c) Kim, S. S.; Rajagopal, G.; Kim, D.
W.; Song, D. HSynth. Commur2004 34, 2973. (d) Kruchok, I. S.; Gerus,
I. I.; Kukhar, V. P.Tetrahedror2000,56, 6533. (e) Zhou, H.; Chen, F.-X.;
Qin, B.; Feng, X.Synlett2004, 1077. (f) Kobayashi, S.; Tsuchiya, Y.;
Mukaiyama, T.Chem. Lett1991, 537. (g) Wen, Y.; Huang, X.; Huang, J.;
Xiong, Y.; Qin, B.; Feng, X.Synlett2005, 2445. (h) Ishikawa, T.; Isobe,
T. Chem—Eur. J. 2002 8, 552. (i) Fetterly, B. M.; Verkade, J. G.
Tetrahedron Lett2005,46, 8061. (j) Baeza, A.; Najera, C.; Retamosd&, M
de G.; Sansano, J. Mbynthesi2005, 2787. (k) Kitani, Y.; Kumamoto, T.;
Isobe, T.; Fukuda, K.; Ishikawa, Rdy. Synth. Catal2005,347, 1653.

(13) Organocatalysis using methyl cyanoformate as the cyanide source:
(a) Poirier, D.; Berthiaume, D.; Boivin, R. FSynlett1999, 1423. (b)
Berthiaume, D.; Poirier, DTetrahedron2000, 56, 5995. (c) Tian, S.-K.;
Deng, L.J. Am. Chem. So001,123, 6195. (d) Tian, S.-K.; Hong, R.;
Deng, L.J. Am. Chem. So003,125, 9900. (e) lwanami, K.; Hinakubo,
Y.; Oriyama, T.Tetrahedron Lett2005 5881. Organocatalysis using HCN
or in situ generated HCN as the cyanide source: (f) Dand&uH. Chem.
Soc. Jpn1991,64, 3743. (g) Hogg, D. J. P.; North, Metrahedronl1993,
49, 1079. (h) Callant, D.; Coussens, B.; v. d. Meten, T.; de Vries, J. G.; de
Vries, N. K. Tetrahedron: Asymmetryl992, 3, 401. (i) Fuerst, E. D;
Jacobsen, N. El. Am. Chem. So@005,127, 8964.
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1 was used in the cyanation of acetophenone in DMF, the same
conversion (95%) was achieved after 16 h at room temperature
(entry 4). It should be noted that in the absence of NHNO
reaction occurs between benzaldehyde and TMSCN in THF or
between acetophenone and TMSCN in DMF after 17 h at room
temperature. The low catalyst loading that is needed for this
reaction underscores the extraordinary catalytic activity of NHCs
in activating silicon-based reagents such as TMSCN. In contrast,
for the previously reported organocatalysts, 5 mol % of phenolic
amineN-oxide (6 h at room temperatut&jor 30 mol % NMO

(8 h at room temperatuf@pwas employed to promote complete
conversion of acetophenone to the corresponding trimethylsi-
lylated cyanohydrir8b.

The scope of this method was examined by using a number
of representative carbonyl compounds (Table 2). For these
preparative experiments, 0.5 mol % catalyst loading was used.
Benzaldehyde as well as enolizable aliphatic aldehydes (entries
1-3) underwent NHC-catalyzed cyanosilylation in excellent
yields. Cyanide addition to the sterically hindered pivalaldehyde
occurred rapidly at room temperature (entry 4).

Cyanosilylation reactions of ketones were carried out at room
temperature by using DMF as the solvamtKeto ester2f was
subjected to the NHC-catalyzed cyanation reaction to afford
product 3f in 79% vyield (entry 5). Acetophenone aru
nitroacetophenone (entries 6—7) were smoothly converted into
the corresponding tertiary trimethylsilylated cyanohydrins under
NHC catalysis. Cyanation of cyclic and acyclic aliphatic ketones
(entries 8-9) was found to proceed efficiently. It is of particular

(14) (a) Arduengo, A. J., lll; Harlow, R. L.; Kline, MJ. Am. Chem.
So0c.1991,113, 361. (b) Arduengo, A. J., lll; Bock, H.; Chen, H.; Denk,
M.; Dixon, D. A.; Green, J. C.; Herrmann, W. A_; Jones, N. L.; Wagner,
M.; West, R.J. Am. Chem. S0d 994,116, 6641. (c) Both'Bu and IAd
carbenes are commercially available from Strem Chemicals in Newburyport,
MA.

(15) Sasai, H.; Arai, S.; Shibasaki, M. Org. Chem1994,59, 2661.

(16) Sukata, KJ. Org. Chem1989,54, 2015.

(17) Qjima, |.; Inaba, SJpn. Kokai Tokkyo Kohd978, JP 53034729
19780331.

(18) Masumoto, S.; Suzuki, M.; Kanai, M.; Shibasaki, Metrahedron
2004,60, 10497.



TABLE 2. NHC-Catalyzed Cyanosilylation of Carbonyl

Compounds
entry substrate solvent (time) product iys;g{sted
o} oTMS o
N 0
1 Ph)J\H 2a THF (10 min)? Ph)\CN 3a02
o OTMS
95%
2 /\)J\H 2 THF {10 min)® /\)\CN 3¢ ?
o} OTMS
93%
3 Ph/\)J\H THF (10 min)® Ph/\/]\CN 0
2d 3d'|5
TMSO
CHO CN 87%
4 7< 2e THF (10 min)e 361
0 TMSO  CN
5 Ph)jj(oa 79%
Ph o
o o DMF (0.5 h)® COOEL .
O TMSO CN
80%
6 Ph)J\CHs DMF (1 hy> Ph”  CHy gy, ’
2b
0 TMSO CN
- CHy . Chs 81%
DMF (2 by
OZN zg 02N 3912b
0 T™MSO on "
0
8 F,h/\)J\CH3 DMF (2 hy® phA)<CH3 e
2h
o OTMS
79%
9 DMF (2.5 h)® CN :
2i 3i
o) ™SO
81%
10 ©)H< DMF (0.5 h)® ’
2j 3
o] TMSO_ CN
n 83%
DMF (2 hye
2 3k12b
o TMSO_ CN
m TO -
O O DMF (2 by ’
2] 3108
0 ™SO oN
N
13 ph)J\/B" DMF (2.5 hj® Ph Br 86%
2m 3m1ﬂ

aMethod A: To a THF solution of aldehyde and TMSCN (1.0 equiv) at
room temperature was added carbeh®(5%), and the reaction was stirred
at room temperature for the time indicated abd\lethod B: To a DMF

TMSCN A
=\ R/N®N\R
e e
/\I 4
CN
TMSO N
(e}
R K (@)
R/N N\R R “R2
:?I_—
O._R!
NG Rz O

FIGURE 1. Proposed reaction pathway.

conditions (0.5 mol % NHCL, room temperature, 2 h). As a
comparison, amin&l-oxide-catalyzed cyanosilylation of-te-
tralone (2k) required a long reaction time-15 h at room
temperature) as well as significantly higher catalyst loadfAg.
Finally, we have shown that cyanide addition to 2-bromo-
acetophenone was also successful (entry 13).

We propose that the NHC-catalyzed cyanosilylation reaction
follows a nucleophilic catalysis pathway, as illustrated in Figure
1.12¢19NHC interacts with TMSCN to form a reactive pentava-
lent silicon complex4 which transfers a cyano group to the
carbonyl compound. Subsequently, the intermedidtagments
to furnish the desired product while regenerating the carbene
catalyst.

In conclusion, we have described a highly efficient cyanosi-
lylation reaction of carbonyl compounds by using N-heterocyclic
carbenel as an organocatalyst. Ketones and aldehydes undergo
facile cyanosilylation at room temperature in the presence of
only 0.01—0.5 mol % of NHC1, leading to a range of
trimethylsilylated cyanohydrins in very good to excellent yields.
Compared to the previously reported organocatalysts for cy-
anosilylation reactions with TMSCRAE, N-heterocyclic carbene
has exhibited higher catalytic activity as evidenced by the shorter
reaction time and much lower catalyst loading. These conditions
are metal-free, extremely mild, and simple and tolerate various
functional groups. Importantly this methodology further exem-
plifies the remarkable ability of NHCs to activate silicon-based
reagents such as TMSCN and TMSCEfforts to further extend
NHC catalysis to other fundamental organic transformations are
ongoing.

Experimental Section

General Procedures.All reactions were performed in oven-
dried glassware under nitrogen with magnetic stirring. All com-
mercial reagents were used as received. Flash chromatography was
performed using 230—400 mesh silica gel.

Cyanosilylation of Benzaldehyde A dry flask with a stir bar
was purged with Mand charged with anhydrous THF (6 mL),
benzaldehyde (1.0 mL, 10.0 mmol, 1.0 equiv), and finally TMSCN

solution of ketone and TMSCN (1.1 equiv) at room temperature was added (1.3 mL, 10.0 mmol, 1.0 equiv). 1,3-Dért-butylimidazol-2-ylidene

carbene (1, 0.5 mol %), and the reaction was stirred at room temperature(9 mg, 0.05 mmol, 0.005 equiv) was added at room temperature.
for the time indicated above.

interest to note that cyanosilylation of sterically hindered ketone
2j (entry 10) and relatively unreactive ketorgdsand2l (entries
11-12) was readily achieved under our standard reaction

After 10 min, HPLC analysis shows the complete consumption of
benzaldehyde. The reaction mixture was concentrated and loaded
directly onto a silica gel column (eluting with 90:10 hexanes/
MTBE) to give 3a (1.87 g, 91%) as a colorless ail.

Cyanosilylation of Acetophenone A dry flask with a stir bar
was purged with M and charged with anhydrous DMF (5 mL),
acetophenone (0.59 mL, 5.0 mmol, 1.0 equiv), and finally TMSCN

(19) Prakash, G. K. S.; Mandal, M.; Panja, C.; Mathew, T.; Olah, G. A. (0.73 mL, 5.5 mmol, 1.1 equiv). 1,3-Dért-butylimidazol-2-ylidene
J. Fluorine Chem2003,123, 61.

(4.5 mg, 0.025 mmol, 0.005 equiv) was added at room temperature.
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After 1 h, HPLC analysis shows the complete consumption of  Supporting Information Available: H NMR and3C NMR
acetophenone. The reaction mixture was diluted with MTBE (40 data as well as copies 8H NMR spectra for isolated products

mL) and washed with water (20 mL) and brine (20 mL). The 3a—m. This material is available free of charge via the Internet at
organic layer was dried over Mgg@oncentrated, and loaded onto http://pubs.acs.org.

a silica gel column (eluting with 90:10 hexanes/EtOAc) to ke
(0.88 g, 80%) as a colorless oil. JO052206U
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