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a b s t r a c t

Potassium phthalimide was found to be a highly effective and easily accessible organocatalyst for the
cyanosilylation of various carbonyl compounds under extremely mild conditions. The corresponding cya-
nohydrin trimethylsilyl ethers were obtained in high to quantitative yields in solvent-free conditions at
room temperature using 2.5 mol% catalyst loading.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The addition of cyanide to aldehydes and ketones is one of the
oldest known carbon–carbon bond-forming reactions. First re-
ported in 1832 by Winkler, this reaction is the foundation of the
Kiliani–Fisher synthesis of carbohydrates [1–3]. Cyanohydrins are
of synthetic interest as they can be elaborated into several signifi-
cant building blocks such as a-hydroxy acids, a-amino acids, a-hy-
droxy aldehydes or ketones, vicinal diols, b-amino alcohols, etc.
Because of their importance in the pharmaceutical, agrochemical
and other industrial applications, a large body of work has been de-
voted to the development of cyanohydrin synthesis [1–51]. How-
ever, Preparation of cyanohydrins by the addition of highly toxic
HCN to carbonyl group is not a straightforward process and the
procedure should be undertaken with caution [3,21]. The other
problem which affects the yields of the products stems from the
existence of inevitable equilibrium condition between the reac-
tants and the adduct product [2,20]. To overcome these problems,
cyanohydrins from carbonyl compounds are generally prepared in
O-protected form. The cyanosilylation of carbonyl compounds is
particularly suitable since the silyl protecting groups can be re-
moved under very mild reaction conditions. The cyanohydrin tri-
methylsilyl ethers are generally prepared by the addition of
trimethylsilyl cyanide (TMSCN), a safe and easily handled reagent
All rights reserved.

x: +98 21 7749 1204.
in).
compared to HCN and KCN or NaCN [3–6,21,42], to carbonyl com-
pounds in the presence of Lewis acids [4–19], inorganic Lewis
bases [22–25], and double activating [3,26] or bifunctional cata-
lytic systems [27–29]. However, many of these methods suffer
from several disadvantages such as use of heavy and expensive
metal catalysts [3,12–16], high catalyst loading [6,13,14,22,23],
the requirement for an inert atmosphere or anhydrous solvents
[11–17,19,21–25] and prolonged reaction times [15,16].

Nowadays, organocatalysis is being vigorously pursued because
of its attractive features such as high efficiency, the transition met-
als-free conditions, experimental simplicity, inexpensive and envi-
ronmentally benign reagents, potential for large scale reaction and
the ease to recover the organocatalysts. Some organocatalysts have
been introduced for cyanosilylation of carbonyl compounds in the
recent years [1,21,31–51]. Despite improved results, the ideal cat-
alytic system for the practical and broadly applicable synthesis of
cyanohydrins remains elusive. On the other hand, green chemistry
as applied to chemical processes can be considered as a series of
reductions such as energy, auxiliaries, waste, etc. and should al-
ways lead to the simplification of the process in terms of the num-
ber of chemicals and steps involved. Complete removing or
replacement of a safer solvent in a chemical process is likely to of-
ten be the greatest reduction and simplification (in the work-up as
well as the reaction) that can be achieved [52]. To the best of our
knowledge, most of the introduced protocols for cyanosilylation
of carbonyl compounds have been reported by using toxic solvents
such as DMF [21,43–45], CH3CN [1,12,23–25], CHCl3 [40] or CH2Cl2

[11–17,19,26,34–39,51] and the number of methods under sol-
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Scheme 1. Cyanosilylation of carbonyl compounds catalyzed by PPI.

Table 1
Optimization and comparison of the cyanosilylation of 4-chlorobenzaldehyde 6a
catalyzed by various PI alkali-metal salts under solvent-free conditions at room
temperature.a

Cl

H

O

Cl

OSiMe

H
CN

1.2 equiv. TMSCN
Solvent-Free, r.t.

3 -5

6a 7a

3

Entry Catalyst mol% Time (min) Conversionb (%) TONc TOF (h�1)d

1 PPI 3 1.0 100 93 93.0 55.7
2 PPI 3 2.5 30 96 38.4 76.8
3 PPI 3 3.0 25 95 31.7 76.0
4 LPI 4e 2.5 75 97 38.8 31.0
5 SPI 5f 2.5 50 96 38.4 46.1
6 PI 1 2.5 720 0.0 0.0 0.0
7 – – 180 0.0 0.0 0.0

a TMSCN (1.2 mmol) was added to a mixture of 4-chlorobenzaldehyde (6a,
1.0 mmol) and the catalyst (3–5, 2.5 mol%).

b Determined by GC analysis.
c Turnover number: moles of product per mole of catalyst.
d Turnover frequency: moles of product per mole of catalyst per hour.
e Lithium phthalimide.
f Sodium phthalimide.
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Scheme 2. Different salts of the PI nucleophile (3–5) prepared from phthalimide (1)
and corresponding hydroxide (2a–c).
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vent-free conditions remains quiet limited [5,6,18,33,49]. In con-
tinuation of our interest to develop new efficient nucleophilic
organocatalysts for cyanosilylation of carbonyl compounds [33–
35], we herein disclose the application of potassium phthalimide
(PPI) as an efficient organocatalyst for the addition of TMSCN to
carbonyl compounds under mild and solvent-free conditions
affording various cyanohydrin trimethylsilyl ethers (Scheme 1).

2. Experimental

2.1. General

FT IR spectra were recorded as KBr pellets on a Shimadzu FT IR-
8400S spectrometer. 1H NMR (500 MHz) and 13C NMR (125 MHz)
spectra were obtained using a Bruker DRX-500 AVANCE spectrom-
eter. All NMR spectra were determined in CDCl3 or DMSO at ambi-
ent temperature. GC chromatograms were recorded on Shimadzu
2010 and Perkin–Elmer 8420 instruments. Melting points were
determined using an Electrothermal 9100 apparatus and are
uncorrected. All chemicals were purchased from Merck or Aldrich
and used as received except for benzaldehyde which a fresh dis-
tilled sample was used. The catalyst were powdered and dried at
70 �Cfor 1 h under reduced pressure [51,52]. All reactions were
protected from air moisture using a CaCl2 guard tube. Analytical
TLC was carried out using Merck 0.2 mm silica gel 60 F-254 Al-
plates. All compounds well characterized by GC analysis, IR and
NMR spectral data as compared with those obtained from authen-
tic samples or reported in the literature [4,17,23,24,33,34].

2.2. General procedure for cyanosilylation of carbonyl compounds

TMSCN (1.2 mmol, 0.15 mL) was added to a mixture of
1.0 mmol of a carbonyl compound and PPI (0.025 mmol, 4.6 mg).
The obtained solution was stirred at room temperature for 10–
120 min. The reaction was monitored by TLC and GC analysis. After
the aldehyde or ketone was completely consumed, the reaction
mixture was quenched by water (2.5 mL) and the organic materials
were extracted with EtOAc (2 � 2.5 mL). The obtained organic
phase was washed with brine followed by water (5.0 mL) and dried
over MgSO4. The solvent was evaporated on a rotary evaporator to
afford the desired products which in some cases were essentially
pure cyanohydrin TMS ethers. Further purification of the products
was performed by silica gel column chromatography (EtOAc–hex-
ane, 1:10). The isolated yields were in good agreement with those
obtained by GC analysis.

2.3. Selected spectroscopic data

2.3.1. 2-(4-Chlorophenyl)-2-(trimethylsilyloxy) acetonitrile (7a)
Yield 96%; 1H NMR (500 MHz; CDCl3; TMS): dH 0.28 (s, 9H), 5.53

(s, 1H), 7.41–7.42 (d, J = 8.50, 2H), 7.45–7.46 (d, J = 8.50, 2H); 13C
NMR (125 MHz, CDCl3, 25 �C, TMS): dC �0.3, 62.9, 118.8, 127.7,
129.1, 134.8, 135.2.
2.3.2. (2-Nitrophenyl)-2-(trimethylsilyloxy) acetonitrile (7d)
Yield 99%; 1H NMR (500 MHz; CDCl3; TMS): dH 0.31 (s, 9H), 6.25

(s, 1H), 7.61–7.65 (t, J = 8.20, 1H), 7.79–7.82 (t, J = 7.80, 1H), 8.04–
8.06 (d, J = 7.80, 1H), 8.16–8.18 (d, J = 8.20, 1H); 13C NMR
(125 MHz, CDCl3, 25 �C, TMS): dC 2.0, 60.6, 117.5, 125.9, 129.5,
130.9, 131.0, 134.9, 147.0.

2.3.3. (4-Methoxyphenyl)- 2-(trimethylsilyloxy) acetonitrile (7i)
Yield 93%; 1H NMR (500 MHz; CDCl3; TMS): dH 0.08 (s, 9H), 3.77

(s, 3H), 5.40 (s, 1H), 6.88–6.90 (d, J = 8.70, 2H), 7.37–7.39 (d,
J = 8.70, 2H); 13C NMR (125 MHz, CDCl3, 25 �C, TMS): dC 1.9, 55.5,
63.0, 114.5, 119.4, 127.8, 128.4, 160.5.

2.3.4. (4-Nitrophenyl)- 2-(trimethylsilyloxy) propionitrile (7q)
Yield 100%; 1H NMR (500 MHz; CDCl3; TMS): dH 0.27 (s, 9H),

1.91 (s, 3H), 7.76–7.78 (d, J = 8.87, 2H), 8.29–8.31 (t, J = 8.87,2H);
13C NMR (125 MHz, CDCl3, 25 �C, TMS): dC 1.0, 33.4, 70.8, 120.6,
123.9, 125.7, 148.1, 148.9.

3. Results and discussion

Organocatalytic protocols for cyanosilylation of carbonyl com-
pounds have almost shown their catalytic activity by Lewis base
catalysis [53,54]. Exceptions are thiourea derivatives [50] or N-
iodosuccinimide [51]. Although the nitrogen atom, as a suitable Le-
wis basic site, exists in the structure of the most organocatalysts,



Table 2
Potassium phthalimide cyanosilylation of various carbonyl compounds at optimized conditions.a

R R'

O

R

OTMS
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Solvent-Free, r.t.

3 (2.5 mol%)

6 7

Entry Substrate Time
(min)

Product Conversionb

(yieldc) (%)

1

Cl

H

O

6a

30

Cl

OSiMe

H
CN

3

7a

96 (92)

2 H

Br

O

 6b  
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OSiMe

H
CN

Br

3

7b
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3 H

O2N

O
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5
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H
CN

O2N

3

7c

99

4 H

NO2
O
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H

OSiMe3

CN

NO2
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99 (95)

5 H
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O
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H
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6 H
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O
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11 O
O

H

6k
70 O

H

OSiMe3

CN
7k

100 (99)

(continued on next page)
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Table 2 (continued)

Entry Substrate Time
(min)

Product Conversionb

(yieldc) (%)

12 S
O

H

6l
75 S

H

OSiMe3

CN
7l

97

13 H

O

6m

120
H

OSiMe3

CN

7m

70

14
HPh

O

6n
60

OSiMe3

H
CNPh
7n

100 (99)

15
O

H 6o
75

OSiMe3

H
CN
7o

95

16 Me

O

6p

120

OSiMe3

CN
Me

7p

65

17 Me

O

O2N 6q

90

OSiMe3

CN

O2N
Me

7q

100 (99)

18

O

6r
100

Me3SiO CN

7r
90

19
O

6s
120

OSiMe3

CN 7s
95

a TMSCN (1.2 mmol) was added to a mixture of appropriate carbonyl compound (6, 1.0 mmol) and the catalyst (3, 2.5 mol%).
b Determined by GC analysis.
c Isolated yields.
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however other nucleophilic centers such as oxygen, sulfur, phos-
phorus, and carbon constitute the active sites in these catalytic sys-
tems. Examples are tetrabutylammonium dimethylphosphate [21],
alkali-metal salts of amino acids [31,32], imidazolium–carbodi-
thioate zwitterions [36], different derivatives of phosphazanes
[42,43], N-heterocyclic carbenes (NHCs) [44–47] or tetrabutylam-
monium cyanide (TBACN) [48].

Among of different organocatalytic systems, various achiral or
chiral tertiary amines have been used as suitable nitrogen-contain-
ing nucleophilic catalysts to catalyze cyanosilylation of carbonyl
compounds [1,37–39]. However, the most of amine nucleophiles
such as DABCO [37] or quaternarized DBU [38] have obtained mod-
erate yields in cyanosilylation of carbonyl compounds and only
highly basic tetra-substituted guanidines produced excellent yields
[37]. On the other hand, potassium phthalimide (PPI) has been
extensively used as a suitable nucleophile in the Gabriel synthesis
of primary amines [55,56]. However, it has received less attention
as a catalyst in organic synthesis [57,58]. Recently, we have re-
ported our discovery of efficient cyclotrimerization of aryl and al-
kyl isocyanates using imide Lewis basic catalysts such as
potassium phthalimide (PPI) or succinimide (PSI) [58] and sodium
saccharin combined with tetrabutylammonium iodide [59] under
solvent-free conditions. As part of our ongoing efforts to gain more
insight into catalytic activity of phthalimide (PI) anion as a readily
available Lewis basic catalyst [57,58], we now wish to disclose a
facile PI-catalyzed cyanosilylation between TMSCN and carbonyl
compounds.

In the first place, cyanosilylation of model compound 4-chloro-
benzaldehyde 6a was examined using different catalytic amounts
of PPI 3, as a commercially available and inexpensive nucleophilic
catalyst, at room temperature under solvent-free conditions. The
results have been summarized in Table 1. It was found that the best
result in terms of turnover number (TON) and turnover frequency
(TOF) could be achieved by using catalyst 3 (2.5 mol% loading) (Ta-
ble 1, entry 2). On the other hand, It has been reported that inor-
ganic lithium salts such as LiClO4 [6] and LiCl [7] can promote
cyanosilylation of carbonyl compounds as Lewis acidic catalysts
in both stoichiometric or catalytic amounts under solvent-free con-
ditions, respectively. Hence, lithium phthalimide (LPI, 4) and so-
dium phthalimide (SPI, 5) were also examined in cyanosilylation
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of 6a at 2.5 mol% catalyst loading under similar reaction conditions
(entries 4, 5). However, longer reaction time was required for LPI
compared with PPI and SPI. The above results clearly indicate that
the reaction is substantially promoted by the PI anion as a Lewis
basic organocatalyst. Also, no reaction was observed under similar
reaction conditions by using 1 or in the absence of the 3–5 (entries
6, 7). It is noteworthy that 4 and 5 could be easily prepared in
quantitative yields by the reaction of phthalimide (pKa = 8.3, 1)
with an equivalent amount of the corresponding metal hydroxide
in ethanol under reflux conditions (Scheme 2) [55]. The organocat-
alysts 3–5 have good lifetimes and were resistant to moisture and
air. They could be used for months without loss of performance.

Encouraged by this result, a wide range of aromatic, heterocy-
clic and aliphatic carbonyl compounds were subjected to cyanosi-
lylation using a catalytic quantity of 3 (2.5 mol%) under optimized
reaction conditions (TMSCN/aldehyde = 1.2 equiv., solvent-free,
r.t.). Table 2 shows the scope of the reaction wherein high to quan-
titative yields of cyanohydrin trimethylsilyl ethers 7a–s were ob-
tained in all the cases studied. No by-products such as products
of benzoin condensation or desilylation were observed at all. On
the other hand, this protocol is especially suitable for substrates
such as furfural, thiophene-2-carbaldehyde and cinnamaldehyde
which are decomposed or polymerized under acidic conditions
(Table 2, entries 11–13) [6,41]. However, cinnamaldehyde as an,
a,b-unsaturated aldehyde gave moderate yield of the desired prod-
uct of 1,2-addition. This result may be associated with a simulta-
neous interaction of the catalyst with TMSCN (Scheme 3) and
carbon–carbon double bond moiety in this substrate. Also, aro-
matic and aliphatic ketones, such as acetophenone or its 4-nitro
derivative, 2-heptanone and cyclohexanone gave the correspond-
ing cyanohydrins in high to quantitative yields. However, addition
of TMSCN to ketones is slower in comparison with aldehydes due
to more steric hindrance around the carbonyl group of ketones
than of aldehydes (entries 16–19) [5,6].

In general, the reaction conditions are mild and catalyst could
be easily separated by aqueous extraction from the reaction mix-
ture. It is noteworthy that the most of organocatalytic cyanosilyla-
tions, especially tertiary amines, require column chromatography
to separate the catalyst from the reaction mixture [1,38,39]. There-
fore, separation of the catalyst by aqueous extraction prior to the
purification of the product could lead to the simplification of the
process.

The silicon atom expands its coordination sphere with Lewis
basic catalysts to give relatively stable penta- or hexacoordinated
compounds, or ‘‘hypervalent silicates”, due to its vacant 3d-orbital.
The obtained extracoordinated species are powerful intermediates
with abundant reactivities. Hence, remarkable developments have
been made with regard to various organic reactions based on this
unique mechanism [60]. Interestingly, the negative charge of the
PI anion is delocalized onto the adjacent carbonyl oxygen atoms,
consequently it acts as a nucleophile rather than a base (Fig. 1).
Oxygen-containing nucleophiles are among more efficient cata-
lysts due to high bond strength as well as the kinetic lability of
the silicon�oxygen bond [21,33–35]. Therefore, the trim-
ethylsilylcyanation intermediate in our reactions is assumed to in-
volve an initial penta-coordinate silicon intermediate 8 formed by
the interaction of oxygen or nitrogen atoms in the catalyst 3a–c
with TMSCN, analogous to that suggested by Olah and Kobayashi
for oxygen-containing [21] or amine [41] nucleophiles. The inter-
mediate 8 may undergo nucleophilic attack by the carbonyl oxygen
of the aldehyde or ketone 6 to give rise to the six-coordinate inter-
mediate 9. This intermediate may then decompose to product 7
and regenerated catalyst 3–5 via the 5-center intermediate 10
(Scheme 3).

4. Conclusion

In summary, potassium phthalimide (PPI) was found as a highly
effective organocatalysts to promote the cyanosilylation of a wide
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variety of carbonyl compounds under extremely mild conditions.
The important features of our method include wide substrate
scope, mild reaction conditions, simple work-up, and stable, inex-
pensive and readily available catalyst. This protocol not only pre-
sents a new organocatalytic synthesis of cyanohydrin
trimethylsilyl ethers, but also adds a useful entry into the reactions
catalyzed by phthalimide nucleophile. Further efforts will be de-
voted to the application of PI in other reactions using trimethylsilyl
reagents.
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