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bstract

Chiral binuclear Co(salen) complexes bearing Lewis acid of group 13 metal chlorides show very high catalytic activity and enantioselectivity

or the ring opening of epoxides using HN3 as azide source. It provides a facile and practical synthetic route to a wide range of chiral nonracemic
,2-azido alcohols and related compounds in one-pot synthesis with excellent selectivity (92.0–99.6% e.e.) under mild conditions. The presence
f Lewis acid of group 13 shows a strong synergistic effect.

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

1,2-Azido alcohols are compounds of interest in organic syn-
hesis as either precursors of vicinal amino alcohols or in the
hemistry of carbohydrates and nucleosides [1,2]. A common
ethod for the synthesis of enantiomerically enriched 1,2-azido

lcohol is ring opening of the corresponding epoxide with the
ombined use of TMSN3 or sodium azide in the presence of
hiral catalyst zirconium alkoxides linked with chiral trialka-
olamines [3].

Actually, Jacobsen’s chiral (salen) metal complexes of Zn,
i, Fe, Cu, and Co were found to be inactive and the chi-

al (salen) chromium(III) complex catalyze a limited extent
or the enantioselective ring opening of mesoaziridines with
MSN3 [4]. Co(Salen) complex [5] was proved unreactive for

he kinetic resolution of 2,2-disubstituted epoxides with TMSN3
6]. Our recent research found that binuclear chiral Co(salen),
earing Lewis acids of group 13 elements, very efficient for the
ydrolytic kinetic resolution (HKR) of terminal epoxides [7]. We

ecame interested to broaden the application range of binuclear
atalyst (1a–2c, Scheme 1) for direct synthesis of optically active
,2-azido alcohols and 1,2-amino alcohols. We report herein

∗ Corresponding author. Tel.: +82 32 860 7472; fax: +82 32 872 0959.
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alcohols; 1,2-Amino alcohols

apid enantioselective epoxide ring opening with HN3 catalyzed
y binuclear chiral Co(salen) complexes bearing Lewis acids of
roup 13 metal chlorides (Scheme 1).

. Experimental

.1. General

All 1H NMR, 13C NMR data were recorded using a 400 MHz
T-NMR spectrophotometer (VARIAN UNITY NOVA 400) at

he ambient temperature. Optical rotation measurements were
onducted using a JASCO DIP 370 digital polarimeter. Gas chro-
atographic analyses were performed on Hewlett-Packard 5890
eries II instruments equipped with FID detectors using chi-
al columns (CHIRALDEX G-TA and A-TA, 20 m × 0.25 mm
.d. Astec) and HP 3396 integrators with HP Chem Station
oftware for data analysis. Chiral HPLC analyses were per-
ormed on a YOUNGLIN instrument using a Chiralcel® OD
olumn (24 cm × 0.46 cm i.d.; Chiral Technologies, Inc.) and
egis (S,S)Whelk-O1 at 254 nm. UV spectra were recorded
n UV–vis spectrophotometer (Optizen 2120 UV) interfaced

ith PC using Optizen view 3.1 software for data analysis.
ibrational circular dichroism (VCD) and IR were measured

n ChiralirTM (ABB Bomem Inc.) using Bomem GRAMS-32
oftware. Solvents were used after distillation tert-butyl methyl

mailto:kimgj@inha.ac.kr
dx.doi.org/10.1016/j.molcata.2006.06.002
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Scheme 1. Schematic diagram of chiral Co(salen

ther (TBME) was used without purification as obtained from
ldrich.
Other solvents were used after distillation. All reagents were

urchased from Aldrich, Fluka and TCI. Catalysts were synthe-
ized by the earlier reported method [7]. A similar method [7c]
as been adopted for kinetic measurements.

.2. General procedure for the asymmetric ring opening of
erminal epoxides

An oven dried 25 mL flask equipped with a magnetic stirring
ar cooled to 0 ◦C in an ice bath is charged with 0.5% equiv.
f catalyst followed by 1.0 equiv. of epoxides. Then 0.5 equiv.
f HN3 in TBME (2.0 mol/L) was added dropwise slowly via a
yringe pump. The reaction was mildly exothermic and the reac-
ion mixture was stirred continuously until GC or HPLC analysis
howed the occurrence of optically pure azido alcohol. Then the
rude reaction mixture was flushed through a plug of silica.
olvent and unreacted highly volatile epoxides were removed
y rotary evaporation and the residue was isolated by vacuum
istillation or purified by flash chromatography to give the azido-
lcohols in the enantioenriched form. The enantiomeric excess

(e.e.%) of the products was determined by chiral GC or HPLC.
he products were identified by 1H and 13C NMR.

.2.1. Characterization of azidoalcohols (Table 3)

.2.1.1. (S)-1-Azido-propan-2-ol (entry 1). 1H NMR (CDCl3,
00 MHz): δ = 1.18 (d, 3H, HOCHCH3), 2.42 (s(br), 1H,
HOH), 3.19 (dd, 1H, CH2N3), 3.32 (dd, 1H, CH2N3),
.91–3.95 ppm (m, 1H, CHOH); 13C NMR (CDCl3): δ = 19.9
CH3), 57.8 (CH2), 66.5 ppm (CHOH). Elemental anal. calcd
or C3H7N3O: C, 35.64; H, 6.98. Found: C, 35.67; H, 6.99.

.2.1.2. (S)-1-Azido-butan-2-ol (entry 2). 1H NMR (CDCl3,
00 MHz): δ = 0.86 (t, 3H, CH3), 1.51 (m, 2H, CH2CH3), 2.30
s(br), 1H, CHOH), 3.25 (dd, 1H, CH N ), 3.36 (dd, 1H,
2 3
H2N3), 3.68 ppm (m, 1H, CHOH); 13C NMR (CDCl3): δ = 9.7

CH3), 27.2 (CH2CH3), 56.6 (CH2N3), 72.1 ppm (CHOH). Ele-
ental anal. calcd for C4H9N3O: C, 41.73; H, 7.88. Found: C,

5.70; H, 7.90.

δ

(
c
5

omers and dimmers linked through Lewis acids.

.2.1.3. (R)-1-Azido-3-chloro-propan-2-ol (entry 3). 1H NMR
CDCl3, 400 MHz): δ = 2.15 (s(br), 1H, OH), 3.42 (d, 2H,
H2N3), 3.58 (d, 2H, CH2Cl), 3.97 ppm (m, 1H, CHOH);

3C NMR (CDCl3): δ = 45.5 (CH2N3), 52.9 (CH2Cl), 69.8 ppm
CHOH). Elemental anal. calcd for C3H6ClN3O: C, 26.58; H,
.46. Found: C, 26.60; H, 4.45.

.2.1.4. (R)-1-Azido-3-methoxy-propan-2-ol (entry 4). 1H
MR (CDCl3, 400 MHz): δ = 2.12 (s(br), 1H, OH), 3.21 (d,
H, CH2N3), 3.28 (S, 3H, OCH3), 3.40 (d, 2H, CH2OCH3),
.84 (m, 1H, CHOH); 13C NMR (CDCl3): δ = 53.1 (CH2N3),
8.8 (OCH3), 69.1 (CHOH), 73.6 (CH2OCH3). Elemental
nal. calcd for C4H9N3O2: C, 36.64; H, 6.92. Found: C, 36.65;
, 6.90.

.2.1.5. (R)-1-Azido-3-isopropoxy-propan-2-ol (entry 5). 1H
MR (CDCl3, 400 MHz): δ = 1.14 (d, 6H, 2CH3), 2.15 (s, 1H,
H), 3.19 (d, 2H, CH2N3), 3.34 (q, 1H, CH(CH3)2), 3.42 (d,
H, CH2O), 3.60 (m, 1H, CHOH); 13C NMR (CDCl3): δ = 21.9
2CH3), 53.4 (CH2N3), 66.7 (CH(CH3)2), 69.3 (CHOH), 72.3
CH2OCH(CH3)2). Elemental anal. calcd for C6H13N3O2: C,
5.27; H, 8.23. Found: C, 45.23; H, 8.21.

.2.1.6. (S)-2-Azido-2-phenyl-ethanol (entry 6). 1H NMR
CDCl3, 400 MHz): δ = 2.52 (s(br), 1H, CH2OH), 3.73 (d,
H, CH2OH), 4.65 (t, 1H, CHN3), 7.31–7.42 (m, 5H, Ar-H);
3C NMR (CDCl3): δ = 53.4 (CHN3), 69.1 (CH2OH), 125.4
CH), 127.07 (2CH), 128.6 (2CH), 136.2 (C). Elemental anal.
alcd for C8H9N3O: C, 58.88; H, 5.56. Found: C, 58.86;
, 5.61.

.2.1.7. (R)-1-Azido-3-phenoxy-propan-2-ol (entry 7). 1H
MR (CDCl3, 400 MHz): δ = 2.10 (s(br), 1H, CHOH), 3.50

dd, 1H, CH2OAr), 3.66 (dd, 1H, CH2OAr), 4.02 (d, 2H,
H2N3), 4.18–4.20 (m, 1H, CHOH), 6.85 (m, 2H, Ar-H),
.04 (t, 1H, Ar-H), 7.32 (m, 2H, Ar-H); 13C NMR (CDCl3):

= 53.24 (CH2N3), 69.04 (CHOH), 77.00 (CH2O), 114.3

2CH), 121.0 (CH), 129.3 (2CH), 158.0 (C). Elemental anal.
alcd for C9H11N3O2: C, 55.95; H, 5.74. Found: C, 58.91; H,
.76.
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Table 1
Screening and effect of catalyst loading amount on the ARO of terminal epoxides

Entry R Catalyst Catalysta

amount, x
Time (h) Yieldb (%) e.e.c (%)

1 CH2Cl 1a 0.5 11 41.0 90.8
2 CH2Cl 1b 0.5 10 42.4 92.0
3 CH2Cl 1c 0.5 10 44.7 91.3
4 CH2Cl 2a 0.5 3 49.5 99.5
5 CH2Cl 2b 0.5 6 49.1 99.2
6 CH2Cl 2c 0.5 8 49.0 99.2
7 CH3 2a 0.2 3 35.3 99.2
8 CH3 2a 0.5 3 49.6 99.6
9 CH3 2a 1.0 2 49.7 99.7

10 CH3 2a 5.0 2 49.5 95.2

a The catalyst loading based on per [Co] unit relative to racemic epoxide.
b Yield of isolated azido alcohol product based on racemic epoxides (theoret-

i
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(
H
(
(
(
c
H

Table 2
Effect of substrate:HN3 mole ratio on the product enantioselectivity

Entry P.O:HN3

mole ratio
Recovered
epoxidea e.e. (%)

Productb

e.e. (%)

1 1:0.3 41.8 99.8
2 1:0.5 99.9 99.6
3 1:0.7 99.9 79.7
4 1:1.0 99.9 77.2

3

s
r
e
(
e

o
(
o
O
i
activity, reaching completion within 3 h (Table 3, entry 1). The

T
A

E

T

M

cal maximum = 50%).
c Determined by chiral GC analysis of the corresponding azido alcohol.

.2.1.8. (R)-3-Azido-1-(1-naphthyloxy)-propan-2-ol (entry 8).
H NMR (CDCl3, 400 MHz): δ = 2.14 (s(br), 1H, CHOH), 3.43
dd, 1H, CH2OAr), 3.52 (dd, 1H, CH2OAr), 4.12 (m, 2H,
H2N3), 4.34–4.40 (m, 1H, CHOH), 6.78 (dd, 1H, Ar-H), 7.4

t, 1H, Ar-H), 7.42–7.49 (m, 3H, Ar-H), 7.83 (dd, 1H, Ar-
), 8.22 ppm (dd, 1H, Ar-H); 13C NMR (CDCl3): δ = 53.5

CH2N3), 69.0 (CHOH), 77.3 (CH2O), 104.9 (CH), 120.8
CH), 121.44 (CH), 125.2 (CH), 125.3 (C), 125.6 (CH), 126.4

CH), 127.5 (CH), 134.3 (C), 153.7 ppm (C). Elemental anal.
alcd for C13H13N3O2: C, 64.19; H, 5.39. Found: C, 64.21;
, 5.40.

u
2
H

able 3
symmetric ring opening of epoxides with HN3 catalyzed by 2a

ntry R1 R2

erminal epoxides
1 CH3 H
2 CH2CH3 H
3 CH2Cl H
4 CH2OCH3 H
5 CH2OCH(CH3)2 H
6c C6H5 H
7c CH2OC6H5 H
8c CH2O(1-naphthyl) H

eso-epoxides
9 CH3 CH3

10 –(CH2)3– –(CH2)3–
11 –(CH2)4– –(CH2)3–

a Yield of isolated product based on racemic epoxides.
b Determined by chiral GC or HPLC analysis of the corresponding azido alcohol.
c 1.0 mol% of 2a was used.
a The catalyst loading based on per [Co] unit relative to racemic epoxide.
b Determined by chiral GC.

. Results and discussion

A series of chiral Co(salen) complexes (Scheme 1) were
creened in order to identify the most enantioselective and
eactive catalyst for the asymmetric ring opening (ARO) of
pichlorohydrin (ECH) with HN3 [8]. The dimeric catalysts
2a–2c) exhibited not only enhanced reactivity, but also higher
nantioselectivity relative to monomeric catalysts (1a–1b).

Furthermore, catalyst 2a was identified as the most effective
ne among those evaluated, and it was selected for further study
Table 1). It is evident from Table 1 (entry 8) that 0.5 mol%
f catalyst loading amount can induce the reaction efficiently.
rganic solvent profoundly affected the reaction rate. Interest-

ngly, the use of TBME as a solvent dramatically increased the
se of other solvents such as CH2Cl2, CHCl3, THF led to 18%,
1% and 33% yield, respectively, under the same conditions. The
N3 can be generated from NaN3 and H2SO4 [8] or by com-

Time (h) Yielda (%) e.e.b (%)

3 49.6 99.6
4 49.3 99.0
3 49.5 99.5
4 49.6 99.2
4 49.5 99.0
8 49.6 92.0
6 49.2 98.1
6 49.6 93.0

24 23.4 5.7
24 35.0 60.8
24 31.0 54.1
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Table 4
Kinetic data for the asymmetric ring opening of racemic ECH with HN3 cat-
alyzed by 1a–2c

Catalyst No. of (salen)
Co unit

kintra
a

(×10−2 min−1)
kinter

a

(M−1 min−1)

1a 1 32.6 11.2
2a 2 66.0 22.5
1b 1 30.3 10.1
2b 2 61.7 20.3
1
2

1
2

H
t
c

r

S.-W. Chen et al. / Journal of Molecular

ining equimolar amounts of TMSN3 and 2-propanol in TBME
6].

The reduction of azido alcohols in the presence of 10% Pd/C
nd three atmospheric pressure of hydrogen gas (Table 1) under-
ent quantitatively to yield optically pure corresponding amino

lcohols at ambient temperature within 24 h.
In a typical example of propylene oxide ring opening, the

ffect of the HN3 concentration has been observed and the
esults are summarized in Table 2. The asymmetric ring open-
ng (ARO) of diverse epoxides with HN3 were conducted under
he optimized reaction conditions and the results are outlined
n Table 3. Alkyl-substituted epoxides underwent ring opening
ith very high levels of enantioselectivity (entries 1–5), while

ryl-substituted substrates (entries 6–8) were slightly less effec-
ive. These might be due to the conflicting steric and electronic
actors that affect the regio- and enantioselectivity in the ring
pening of terminal epoxides.

In all the cases studied, conversion of various epoxides to
he corresponding azido alcohols (entries 1–8) was performed
n one-pot. The products were obtained in excellent yields with
ery high optical purity. The kinetic resolution of racemic epox-
des catalyzed by 2a was extended to ARO of meso-epoxides.

atalyst 2a was found to catalyze the ARO of 2,3-epoxybutane

entry 9); however, the product showed low enantioselectivity.
imilarly, the reaction of cyclopentene and cyclohexene oxides
ith HN3 afforded the products in 60.8% e.e., 35.0% yield (entry

i
(
e
p

Scheme 2. Possible working model for the ARO of terminal epox
c 1 25.4 8.7
c 2 52.2 17.4

a Calculated from using Eq. (1).

0) and 54.1% e.e., 31.0% yield (entry 11), respectively, within
4 h.

Kinetic data of the reaction of epichlorohydrin (ECH) with
N3 catalyzed by 1a–1c and 2a–2c could be implemented to the

wo-term rate equation involving both intra- and inter-molecular
omponents (Eq. (1)) [7,9]:

ate ∝ kintra[catalyst] + kinter[catalyst]2 (1)

The result is consistent with participation of both inter- and

ntra-molecular pathway in the ARO of epoxide with HN3
Table 4). In contrast to the HKR of ECH with catalyst 2a [7],
ven the monomer type Co–Al 1a shows the intra-molecular
athway in the present study. It seems that Co–Al 1a acts as

ides with HN3 catalyzed by Co–Al heterometallic complex.
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Scheme 3. Practical utility of the present study.

eterometallic complexes exhibiting two different Lewis acid
enters. Both Co and Al show the strong synergistic effect in the
ctivation of epoxide and HN3. However, dinuclear complex 2a
hows two-fold as active as corresponding monomeric analogue
a.

The central metal atom Co appears to activate and control the
rientation of epoxide as well as nucleophile HN3 by enabling
n enantioselective ring opening of epoxides with nucleophiles.
t has already been known that hydrazoic acid HN3 exists in
wo resonance structures consisting of three unequivalent nitro-
en atoms [10]. The nitrogen atom bearing a partially negative
harge can be linked to the Al atom selectively through non-
onded interactions.

The proposed model for intra-molecular ARO of epoxides
ith HN3 catalyzed by Co–Al complexes 1a and 2a is given

n Scheme 2 which may be similar to the enantioselective ring
pening of epoxides as reported by Shibasaki and coworkers
11]. The intermolecular reaction may follow the earlier reported
athway [9].

The results of the present study are feasible in the syn-
hesis of enantiopure (S)-propanolol (Scheme 3A); a widely
sed anti-hypertensive agent (�-blocker) [12], and (R)-9-
2-(phosphonomethoxy)propyl]adenine (PMPA), a compound
emonstrated to display prophylactic activity against SIV infec-
ion [13]. Compound B (Scheme 3) was obtained from azido
lcohol by sequential ring closing, azide reduction and acety-
ation [14]. It is a very useful substrate for the synthesis of
iological targets such as oxazolidinone U-100592; a highly
romising antibacterial agent [15].

. Conclusion

In summary, the inactive chiral Co(salen) complex for the
symmetric ring opening of epoxide with HN3 is activated in
he presence of Lewis acids of group 13 metal chlorides by
orming monomeric and dimeric metal complexes. The pres-

nce of Al, Ga and In chlorides show strong a synergistic effect
nd the order of Lewis acidity falls AlCl3 > GaCl3 > InCl3, in
he present study. Potentially, these complexes may be useful
or other valuable asymmetric catalytic reactions.
lysis A: Chemical 259 (2006) 116–120
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