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bstract

A new recyclable polymeric V(V) salen complex 1 derived from poly[(R,R)-N,N′-bis-{3-(1,1-dimethylethyl)-5-methylene salicylidene} cyclo-
1
exane 1,2-diamine] with vanadyl sulphate was synthesized and characterized by microanalysis, H NMR, optical rotation, IR, and UV–vis

pectroscopy. The complex 1 was used as catalyst for asymmetric O-acetyl cyanation of various aldehydes with KCN as an inexpensive and
on-volatile cyanide source and acetic anhydride at −20 ◦C. High chiral induction (ee, 96%) for O-acetylcyanohydrin was obtained in the case of
-methylbenzaldehyde with added advantage of catalyst recyclability.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Asymmetric cyanohydrin synthesis is attracting significant
nterest in recent years largely due to their potential applica-
ions in pharmaceuticals, agrochemicals and other fields. Con-
equently, many efficient and successful synthetic methods have
een developed, however, the chiral catalytic method is one
f the most attractive strategy where asymmetric addition of
cyanide to the carbonyl group of aldehydes and ketones was

ffected with the help of a catalyst among enzymes [1], syn-
hetic peptides [2], organocatalysts [3] or transition metal com-
lexes [4]. Most of these hydrocyanation reactions utilize highly
olatile, toxic and expensive hydrogen cyanide or trimethylsilyl
yanide (TMSCN) as a source of cyanide to achieve cyanohy-
rins or O-trimethylsilyl cyanohydrins, respectively at a very
ow temperature. Although less expensive cyanide sources, such
s ethyl cyano formate, and benzoyl cyanide, have been used
o achieve O-protected cyanohydrins [5–11], exploring an inex-

ensive and non-volatile source of cyanide under milder reaction
onditions is still interesting.

∗ Corresponding author. Fax: +91 278 2566970.
E-mail address: khan2593@yahoo.co.in (N.-u.H. Khan).
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Vanadium(V)

In recent years, Belokon et al. have reported some very effi-
ient catalysts based on Ti(IV) and V(V) O complexes for
symmetric O-acetylcyanation of aldehydes using potassium
yanide as a cyanide source to give desired cyanohydrin with
e up to 92% at −42 ◦C [12]. As chiral catalysts are expensive
heir recycling is necessary for their commercial exploitation.
ecently, many efforts have been made to develop recyclable
etal complexes using organic or inorganic supports [13] and

onic liquids [14] but these methods demand major modification
n the structure of the catalysts.

We have an ongoing interest in the design and development of
ecyclable dimeric/polymeric salen complexes [15] as catalysts
or various asymmetric organic transformations, herein, we are
xtending the application of recyclable polymeric salen ligand
15c] for asymmetric O-acetyl cyanation of various aromatic
ldehydes. The polymeric salen ligand was used to synthesize
ts vanadium(V) complex 1 that was applied as catalyst with
otassium cyanide as an inexpensive and non-volatile source of
yanide to various aldehydes in the presence of acetic anhydride
t −20 ◦C. Quantitative yield (99%) of O-acetylcyanohydrins
ith high chiral induction (ee, up to 96%) was achieved in the
ase of 2-methylbenzaldehyde. Besides, we have observed that
he V(V) salen complex is an efficient recyclable catalyst in
erm of reactivity and enantioselectivity with added advantages
f recyclability.

mailto:khan2593@yahoo.co.in
dx.doi.org/10.1016/j.molcata.2006.09.009
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. Experimental

.1. Materials and methods

Vanadyl sulphate hydrate (Loba Chemie, India), benzalde-
yde, 4-methoxybenzaldehyde, 3-methoxybenzaldehyde, 2-me-
hoxybenzaldehyde, 4-chlorobenzaldehyde, 4-bromobenzal-
ehyde, 4-fluorobenzaldehyde, valeraldehyde (Aldrich),
-methylbenzaldehyde, 4-methylbenzaldehyde, KCN were
urchased from Merck Chemicals and were used as received.
ll the solvents were dried by standard procedures [16], distilled

nd stored under nitrogen. The synthesis and characterization
f poly[(R,R)-N,N′-bis-{3-(1,1-dimethylethyl)-5-methylene
alicylidene} cyclohexane-1,2-diamine] 1′ and its precursors
as carried out as described in Ref. [15c].

.2. Instrumentation

Microanalysis of the complex was done on CHNS analyzer,
erkin-Elmer model 2400. NMR spectra were obtained with
Bruker F113V spectrometer (200 MHz and 50 MHz for 1H

nd 13C, respectively) and are referenced internally with TMS.
TIR spectra were recorded on Perkin-Elmer Spectrum GX
pectrophotometer in KBr window. High-resolution mass spec-
ra were obtained with a LC–MS (Q-TOF) LC (Waters), MS
Micromass) instruments. For the product purification, flash
hromatography was performed using silica gel 60–200 mesh
urchased from s.d. Fine-Chemicals Limited, Mumbai (India).
he conversions of O-acetylcyanohydrin were determined by
apillary GC column SPB-5 (60 m) using Shimadzu 2010
ith respect to internal standard (n-tridecane). Enantiomeric

xcess (ee) were determined by HPLC (Shimadzu SCL-10AVP)
sing Daicel Chiralpak OD and AD chiral columns with 2-
ropanol/hexane as eluent. HPLC traces were compared to
acemic samples. Optical rotations were measured with a
igipol 781 Automatic Polarimeter, Rudolph Instrument. An

nductively coupled plasma spectrometer (Perkin-Elmer, USA;
odal ICP Optima 3300 RL) was used for V estimation.

.2.1. Synthesis of polymeric vanadium(V) complex 1
The ligand 1′ (0.799 g, 1.79 mmol) was dissolved in mixed

olvent ethanol:CH2Cl2 (3:2, 15 ml) to which an aqueous solu-
ion of vanadyl sulphate hydrate (0.453 g, 1.79 mmol in 2 ml
ater) was added dropwise under an inert atmosphere at RT.
he resulting solution was refluxed for 4 h and then cooled to

oom temperature with an extended stirring for 12 h while open-
ng the side arm of the reaction flask. Solvent was completely
vaporated and the residue was dissolved in CH2Cl2 (10 ml),
ashed with water (3 ml × 5 ml) and finally with brine. The
rganic layer was dried over anhydrous Na2SO4, filtered and
vaporated to give polymeric V(V) complex. Yield, 0.680 g,
3.9%; mp: 204–210 ◦C; IR: (KBr) ν̄ = 3473, 2957, 2867, 1612,
536, 1466, 1387, 1345, 1315, 1216, 1177, 1030, 987, 887,

21, 789, 748, 714, 662, 567 cm−1; [α]30

D = −204.61 (c = 0.05,
H2Cl2); λmax(ε): 236 (45,090), 404 (11,680), 630 (2620); 1H
MR (200 MHz, CDCl3): δ 0.85 (t, J = 7.2, 3H), 1.30 (s, 18H),
.51–1.88 (m, 8H), 3.31 (q, J = 7.2, 2H), 3.39 (s, 2H), 4.26 (m,

1

(
5
1

alysis A: Chemical 264 (2007) 140–145 141

H), 6.89–7.24 (m, 4H), 8.26 (bs, 2H) ppm; 13C NMR (50 MHz,
DCl3): δ 13.4, 23.4, 26.2, 28.9, 30.0, 40.8, 63.6, 121.3, 128.2,
32.0, 135.6, 160.6, 168.3; anal. calcd for C31H43N2O8SV: C,
6.88; H, 6.57; N, 4.28. Found: C, 56.92; H, 6.58; N, 4.30.

.2.2. Procedure for vanadium(V) polymeric
alen-catalyzed asymmetric O-acetylcyanation of aldehydes

V(V)-polymeric salen catalyst 1 (0.050 g, 0.099 mmol) (with
espect to single salen unit) was dissolved in dry CH2Cl2 (3 ml)
nd the solution was cooled to −20 ◦C. Dry CH2Cl2 (2 ml),
-BuOH (0.2 ml, 2 mmol), H2O (20 �l, 1.1 mmol), appropriate
ldehyde 2a–i (1.98 mmol) and Ac2O (0.748 ml, 7.92 mmol)
ere then added to the solution in that order. The addition of
CN (0.515 g, 7.92 mmol) was done slowly during 2 h followed
y the addition of dry CH2Cl2 (3 ml). After the reaction was
ompleted (as detected by TLC), the reaction mass was washed
ith water (3 ml × 5 ml) followed by brine, the organic layer
as separated, and dried over anhydrous Na2SO4. The solu-

ion was filtered, evaporated and compound was purified by
ash column chromatography on silica gel (eluted with hex-
ne/ethylacetate = 95:5). The enantiomeric excess of the product
-acetylcyanohydrins was determined by HPLC using Chiral-
ak OD and AD column.

.2.3. Recycling of the catalyst
The polymeric V(V) salen complex 1, has inherent property

o get precipitated in hexane. Therefore, after the completion of
eaction (detected by TLC), hexane (5 ml) was added into the
eaction solution, stirred for 15 min and then filtered, the filtrate
as analyzed by GC and the catalyst was precipitated, washed
ith distilled water thoroughly, followed by hexane (15 ml),
ried in vaccuo and reused for the subsequent runs.

.2.4. Spectroscopic data for product 3a–h

.2.4.1. (S)2-O-Acetyl-2-phenyl acetonitrile (3a). 1H NMR
200 MHz, CDCl3): δ 2.11 (s, 3H), 6.38 (s, 1H), 7.40–7.52
m, 5H); 13C NMR (50 MHz, CDCl3): δ 20.8, 63.3, 116.7,
28.3, 129.7, 130.8, 132.3, 169.4; [α]30

D = −30.5 (c = 1,
H2Cl2); TOF–MS (ESI+): m/z 160.2 (M + H)+; HPLC analy-

is: Chiralpak OD column, hexane/isopropanol = 99:1, flow rate
.8 ml/min, Rt1 = 18.60 min (minor), Rt2 = 20.50 min (major).

.2.4.2. (S)-2-O-Acetyl-2-(4-methoxyphenyl) acetonitrile (3b).
H NMR (200 MHz, CDCl3): δ 2.14 (s, 3H), 3.83 (s, 3H), 6.35
s, 1H), 6.92–6.97 (d, J = 8.75, 2H), 7.42–7.47 (d, J = 8.90, 2H);
3C NMR (50 MHz, CDCl3): δ 21.14, 56.09, 63.26, 115.07,
15.26, 130.30, 132.64, 161.85, 169.66; [α]30

D = −24.15 (c = 1,
H2Cl2); TOF–MS (ESI+): m/z 207.18 (M + H)+; HPLC analy-

is: Chiralpak OD column, hexane/isopropanol = 99:1, flow rate
.8 ml/min: Rt1 = 27.95 min (minor), Rt2 = 31.63 min (major).

.2.4.3. (S)-2-O-Acetyl-2-(3-methoxyphenyl) acetonitrile (3c).

H NMR (200 MHz, CDCl3): δ 2.16 (s, 3H), 3.83 (s, 3H), 6.37
s, 1H), 6.96–7.39 (m, 4H); 13C NMR (50 MHz, CDCl3): 21.00,
6.02, 63.33, 113.91, 116.61, 120.54, 130.95, 133.72, 160.77,
69.45; [α]30

D = −23.12 (c = 1, CH2Cl2); TOF–MS (ESI+): m/z
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07.38 (M + H)+; HPLC analysis: Chiralpak OD column, hex-
ne/isopropanol = 99:1, flow rate 0.8 ml/min: Rt1 = 27.00 min
minor), Rt2 = 34.47 min (major).

.2.4.4. (S)-2-O-Acetyl-2-(2-methoxyphenyl) acetonitrile (3d).
H NMR (200 MHz, CDCl3): δ 2.13 (s, 3H), 3.85 (s, 3H), 6.68 (s,
H), 6.91–7.57 (m, 4H); 13C NMR (50 MHz, CDCl3): δ 20.82,
6.23, 68.58, 111.68, 116.75, 121.15, 129.15, 132.29, 157.25,
69.34; [α]30

D = −25.61 (c = 1, CH2Cl2); TOF–MS (ESI+): m/z
07.14 (M + H)+; HPLC analysis: Chiralpak OD column, hex-
ne/isopropanol = 99:1, flow rate 0.8 ml/min, Rt1 = 19.86 min
major), Rt2 = 22.80 min (minor).

.2.4.5. (S)-2-O-Acetyl-2-(4-cholophenyl) acetonitrile (3e).
H NMR (200 MHz, CDCl3): δ 2.15 (s, 3H), 6.25 (s,
H), 7.37–7.42 (d, J = 8.70, 2H), 7.44–7.49 (d, J = 8.56,
H); 13C NMR (50 MHz, CDCl3): δ 20.78, 62.62, 116.70,
29.69, 129.89, 130.86, 132.87, 169.23; [α]30

D = −12.20 (c = 1,
H2Cl2); TOF–MS (ESI+): m/z 211.20 (M + H)+; HPLC analy-

is: Chiralpak OD column, hexane/isopropanol = 99:1, flow rate
.8 ml/min, Rt1 = 26.93 min (minor), Rt2 = 30.13 min (major).

.2.4.6. (S)-2-O-Acetyl-2-(4-bromophenyl) acetonitrile (3f).
H NMR (200 MHz, CDCl3): δ 2.16 (s, 3H), 6.36 (s,
H), 7.32–7.41 (d, J = 8.52, 2H), 7.56–7.60 (d, J = 8.38,
H); 13C NMR (50 MHz, CDCl3): δ 20.98, 62.84, 116.31,
25.45, 129.42, 130.99, 133.12, 169.29; [α]30

D = −13.36 (c = 1,
H2Cl2); TOF–MS (ESI+): m/z 153.10 (M + H)+; HPLC analy-

is: Chiralpak OD column, hexane/isopropanol = 99:1, flow rate
.8 ml/min, Rt1 = 32.99 min (minor), Rt2 = 37.70 min (major).

.2.4.7. (S)-2-O-Acetyl-2-(4-flourophenyl) acetonitrile (3g).

H NMR (200 MHz, CDCl3): δ 2.16 (s, 3H), 6.39 (s, 1H),
.09–7.18 (m, 2H), 7.49–7.55 (m, 2H); 13C NMR (50 MHz,
DCl3): δ 21.01, 68.79, 116.72, 117.22, 129.43, 130.62, 160.89,
69.45; [α]30

D = −21.28 (c = 1, CH2Cl2); TOF–MS (ESI+): m/z

4
m
c
s

Scheme 1. Synthesis o
alysis A: Chemical 264 (2007) 140–145

95.19 (M + H); HPLC analysis: Chiralpak AD column, hex-
ne/isopropanol = 99:1, flow rate 0.8 ml/min, Rt1 = 20.93 min
minor), Rt2 = 22.68 min (major).

.2.4.8. (S)-2-O-Acetyl-2-(2-methylphenyl) acetonitrile (3h).
H NMR (200 MHz, CDCl3): δ 2.17 (s, 3H), 2.43 (s, 3H), 6.51 (s,
H), 7.23–7.58 (m, 4H); 13C NMR (50 MHz, CDCl3): δ 21.02,
9.56, 61.68, 113.19, 127.47, 129.23, 130.82, 131.16, 131.99,
38.22, 169.03; [α]30

D = −26.22 (c = 1, CH2Cl2); TOF–MS
ESI+): m/z 191.03 (M + H)+; HPLC analysis: Chiralpak
D column, hexane/isopropanol = 99:1, flow rate 0.8 ml/min,
t1 = 16.49 min (major), Rt2 = 20.07 min (minor).

. Results and discussion

Polymeric V(V) salen complex 1 was synthesized
y condensation of mono tartrate salt of 1R,2R-(−)-
iaminocyclohexane with 5,5′-methylene-bis(3-tert-butyl sali-
ylaldehyde) in equimolar ratio in methanol to get polymeric
alen ligand, which was eventually reacted with vanadyl sul-
hate hydrate as depicted in Scheme 1. 1H NMR and IR showed
he absence of aldehyde group in the ligand 1′. The num-
er of repetitive units and average molecular weight of the
olymeric ligand as measured by vapour pressure osmome-
ry was ∼5400 (n = 12). Vanadium content in complex 1 was
ound to be 9.36 ppm (c = 0.0191 mmol complex in 100 ml

2O) by ICP analysis. The complex 1 was used as an active
atalyst for the asymmetric addition of potassium cyanide
n the presence of acetic anhydride at −20 ◦C to various
ldehydes viz., benzaldehyde (2a), 4-methoxybenzaldehyde
2b), 3-methoxybenzaldehyde (2c), 2-methoxybenzaldehyde
2d), 4-chlorobenzaldehyde (2e), 4-bromobenzaldehyde (2f),

-fluorobenzaldehyde (2g), 2-methylbenzaldehyde (2h), 4-
ethylbenzaldehyde (2i) and data are given in Table 1. Initially

atalytic reaction was performed with benzaldehyde as a model
ubstrate using KCN as a source of cyanide that gave exclu-

f the complex 1.
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Table 1
Enantioselective synthesis of the O-acetylcyanohydrin from various aldehydes, potassium cyanide and acetic anhydride catalyzed by polymeric V(V) complex

Entry Substrate Time (h) Conversion (%)a ee (%)b TOF (h−1)c Confign.

1 2a 9 95 91 2.11 S
2 2b 9 90 82 2.00 S
3 2c 9 91 89 2.02 S
4 2d 9 91 88 2.02 S
5 2e 9 98 90 2.17 S
6 2f 9 99 89 2.20 S
7 2g 9 98 92 2.17 S
8 2h 9 99 96 2.20 S
9 2i 9 96 93 2.13 S

All reactions carried out at −20 ◦C.
ral are
comp
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in isolation but interact.

The choice of solvent has a significant effect on the reac-
tivity and enantioselectivity of O-acetylcyanohydrin formation
using chiral metal salen complexes [4d]. Therefore, we studied
a The conversion of O-acetylcyanohydrin was determined based on GC integ
b The ee was determined by using Chiralpak HPLC OD and AD column and
c TOF = [product]/[catalyst] × time (h−1) TOF is based on monomeric salen u

ively the product 3a as confirmed by 1H and 13C NMR with
o trace of enolizable cyanohydrin (data given in Section 2). It
s evident from the table that the present catalytic protocol is
uite general for a range of substrates used in the present study.
owever, the substituents on benzaldehyde derivative had some

nfluence on the reactivity and enantioselectivity. Excellent con-
ersions to O-acetylcyanohydrin (95–99%) (Table 1, entries 1,
–9) were obtained for most of the aldehydes in 9 h as shown by
he turn over frequency (TOF) values. However, methoxy sub-
tituted aldehydes (Table 1, entries 2–4) have shown relatively
esser conversions to O-acetylcyanohydrin (90%). The lower
onversions for 4-methoxy benzaldehyde has also been reported
ith dimeric/non-recyclable ploymeric V(V) salen complexes

4d,15b]. On carrying out the cyanation reaction with aliphatic
ldehyde such as valeraldehyde in the presence of KCN and
cetic anhydride at −20 ◦C, 90% conversion with 90% ee of
-acetylcyanohydrin was achieved in 9 h.
In order to compare the reactivity of monomeric V(V) com-

lex and polymeric V(V) salen complex 1, we have conducted
he kinetic reaction for cyanation of benzaldehyde as represen-
ative substrate using KCN as source of cyanide at −20 ◦C. At
he beginning of cyanation reaction, the kinetic runs found to be

ast (Fig. 1). The initial rate constant kobs were determined by
irectly estimating the amount of O-acetylcyanohydrin formed
p to completion of the reaction which gave the kobs value
06.9 × 10−3 M/h for complex 1 while for monomeric V(V)

F
a
[

a.
ared with literature [12b].

omplex this value was found to be 55.5 × 10−3 M/h suggesting
hat in polymeric V(V) the active catalytic sites do not operate
ig. 1. Time dependent plot of the formation of O-acetylcyanohydrin
t −20 ◦C, [catalyst 1] = 7.6 × 10−3 M, [benzaldehyde] = 198.1 × 10−3 M,
KCN] = 789.4 × 10−3 M.
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Table 2
Data for the effect of solvents on conversion and ee of O-acetylcyanohydrin
using benzaldehyde as representative substrate with catalysts 1 using KCN as
cyanide source

Entry Solvent Conversion (%)a ee (%)b

10 Dichloromethane 95 91
11 1,2-Dichloroethane 80 75
12 Toluene 55 72
13 Tetrahydrofuran 60 65

a The conversion of O-acetylcyanohydrin was determined based on GC inte-
g
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Table 4
Data for enantioselective synthesis of the O-acetylcyanohydrin with benzalde-
hyde, KCN and acetic anhydride catalyzed by recovered polymeric chiral V(V)
complex

Run 1 2 3 4 5

Time (h) 9 9 9 9 9
Conversion (%)a 95 90 88 86 84
ee (%)b 91 91 91 91 91

All reaction carried out at −20 ◦C.
a The conversion of O-acetylcyanohydrin was determined based on GC inte-

gral area.

l
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4
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ral area.
b The ee was determined by Chiralpak HPLC OD column and compared with

iterature [12b].

he effect of various solvents in asymmetric addition of KCN
nd acetic anhydride to benzaldehyde as representative substrate
sing the complex 1 and results are shown in Table 2. Good con-
ersion (80%) and ee (75%) (Table 2, entry 11) was achieved
hen 1,2-dichloroethane was used as solvent while in the case
f toluene and THF the conversion (55–60%) and enantioselec-
ivity (ee, 65–72) (Table 2, entries 12, 13) were lower. Of all the
olvents used dichloromethane was found to be the solvent of
hoice (entry 10) and it showed better results than the previously
eported other chiral polymeric salen complex with V(V) [4d].

The literature shows that catalyst loading and temperature
ariation have pronounced effect on the reactivity and enan-
ioselectivity in asymmetric cyanation reactions [4d]. Hence,
he complex 1 was used for examining the influence of cat-
lyst loading and temperature variation on the formation of
-acetylcyanohydrin using benzaldehyde as a representative

ubstrate and KCN as cyanide source. The data given in Table 3
hows excellent conversion (95%) and ee (91%) at −20 ◦C
ith 5 mol% (with respect to single salen unit) of the complex
(Table 3, entry 14). On reducing the catalyst loading from
mol% to 2 mol% there is decrease in conversion 90% (Table 3,
ntry 15) with retention in ee 90%. On further decreasing the
atalyst loading (1 mol%) there was drastic decrease in conver-

ion and ee (entry 16). Furthermore, on increasing the reaction
emperature of the catalytic run the yield and enantioselectiv-
ty of the product is adversely effected (entries 17–19). These
bservations are in agreement with earlier report [4d].

able 3
ata for the effect of catalyst loading and reaction temperature on the conversion

nd ee of O-acetylcyanohydrin using benzaldehyde as representative substrate
ith catalyst 1 using KCN as cyanide source

ntry Catalyst loading
(mol%)

Temperature (◦C) Conversion (%)a ee (%)b

4 5 −20 95 91
5 2 −20 90 90
6 1 −20 50 51
7 5 0 93 69
8 5 RT 90 65
9 5 −10 90 75

a The conversion of O-acetylcyanohydrin was determined based on GC inte-
ral area.
b The ee was determined by Chiralpak HPLC OD column and compared with

iterature [12b].

A

C
G
t

R

b The ee was determined by Chiralpak HPLC OD column and compared with
iterature [12b].

The recovered catalyst 1 was reused by adding fresh sub-
trates and reactants in the similar manner as in the case with
resh catalyst. After each use the catalyst was precipitated by
he addition of hexane to the reaction mixture, the precipitated
atalyst was dried in vacuum and was used without further
urification. The data of four-time use of the same catalyst is
iven in Table 4. The activity of the recycled catalysts gradually
ecreased upon successive use possibly due to some physical
oss of the catalyst as loss of enantioselectivity was not observed
n reuse experiments. The recyclability of this catalytic system
as clear edge over previously reported polymeric V(V) salen
omplexes [4d].

. Conclusion

In conclusion we have developed new recyclable polymeric
anadium(V) salen complex as efficient catalyst for the asym-
etric addition of potassium cyanide to various aldehydes in

he presence of acetic anhydride at −20 ◦C. The system turned
ut to be an efficient recyclable system in term of reactivity and
nantioselectivity. The catalyst was recovered after first use and
ecycled four times with retention of enantioselectivity.
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