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Abstract

The cleavage of styrene oxide by different reagents like Raney nickel, palladium–carbon and sodium borohydride in the
Ž .presence of b-cyclodextrin and its derivatives like b-CD-epichlorohydrin b-CD-polymer and heptakis-2,6-di-O-methyl-

Ž .b-cyclodextrin DMb-CD showed distribution in formation of ethylbenzene, 1-phenylethanol and 2-phenylethanol.
Formation of deoxygenated products like styrene and ethylbenzene were suppressed by b-CD and its derivatives under
hydrogenation over Raney nickel favouring increase in proportion of 2-phenylethanol. b-CD and its derivatives regulated
increase in formation of 1-phenylethanol under reduction by Pd–C and NaBH . Observed selectivities have been correlated4

to arise directly from the disposition adopted by styrene oxide inside the b-CD cavity, the nature and manner of which has
Ž .been arrived at from the spectroscopic studies UV and NMR of inclusion. q 1999 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Most oxiranes readily undergo hydrogenoly-
sis affording products from cleavage of both

w xC–O as well as C–C bonds 1 . Direction of
ring opening is the major problem connected
with cleavage of epoxides. Based on extensive
studies with various substituted styrene oxides,

w xMitsui et al. 2,3 reported that the ring opening
of epoxides by hydrogen is not determined by
the electronic effects of the substituents, but on
the nature, activity and amount of the catalyst,
along with reaction time and presence of alkali.

) Corresponding author.

b-Cyclodextrin is a well-studied molecular
catalyst and a useful enzyme mimic in the sense
that it regulates reactions of bound substrates

w xthrough inclusion 4,5 . The results from one
such reaction, namely, ring opening of styrene
oxide in the presence of b-CD and its methyl
and polymer derivatives with Raney nickel, pal-
ladium–carbon and NaBH , along with UV and4

NMR spectroscopic investigations on the dispo-
sition of the substrate are described herein.

2. Experimental

b-Cyclodextrin was a gift from American
Maize Product, USA. b-CD-polymer and
DMb-CD were prepared according to the pro-

1381-1169r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
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w xcedures of Shaw and Buslig 6 and Szejtli et al.
w x7 , respectively. Styrene oxide was prepared
from styrene by Prileschajew epoxidation reac-

w xtion, as described by Vogel 8 . Raney nickel
Ž .W-4 was also prepared according to the proce-

w xdure described by Vogel 8 .
Fluorescence spectra were recorded using an

Aminco–Bowman spectrofluorophotometer at
Ž .208C. Solutions of 6- p-toludino -2-naph-

Ž .thalenesulphonic acid TNS and b-CD were
prepared in water and styrene oxide in 3%
ethanol in water. Ultraviolet–visible spectra
were recorded on a Shimadzu UV-240 spectro-
photometer at 208C. 1H NMR spectra for struc-
tural studies were recorded on a Bruker WH¨
270 instrument operating at 270 MHz for 1H
and 67.5 MHz for 13C, fitted with a Spectrospin
magnet and an Aspect 2000 computer, at 20"
18C. Optical activity was measured in ethanol
on a Perkin-Elmer 243 polarimeter. A 1% solu-
tion in ethanol was used to measure the rotation
in the sodium-D line at 208C. Specific rotation
was determined using the expression Sp. Rot.s
100 arcP l where, as rotation, cspercentage
concentration and l s length in decimeters.
Enantiomeric excess was determined from the
difference between the specific rotation values
between the pure sample and that of the reaction
mixture. Styrene oxide used was found to be
optically inactive.

A typical procedure employed for hydrogena-
Ž y4tion is given below. Styrene oxide 8.772=10

. Žmole , b-CD and its derivatives as per Tables 1
.and 2 were taken in 30 ml absolute ethanol in a

Table 1
Deoxygenation in the catalytic hydrogenolysis of styrene oxide
over Raney nickela

Ž . Ž . Ž .Additive mole ratio Ethylbenzene % 2-Phenylethanol %

Ž .b-CD 0 69.0 31.0
Ž .b-CD 0.1 60.9 39.1
Ž .b-CD 0.5 38.2 61.8
Ž .b-CD 1.0 20.9 79.1

Ž .b-CD-poly 1.0 27.0 73.0
Ž .DMb-CD 1.0 13.3 86.6

aUnreacted styrene oxide was zero in all the cases. GC analyses.

Table 2
Product distribution in the Pd–C catalysed hydrogenation of
styrene oxide

Ž . Ž . Ž .Additive mole ratio 1-Phenyl ethanol % 2-Phenylethanol %
aŽ .b-CD 0 10.14 89.86

Ž .b-CD 0.1 15.80 84.20
Ž .b-CD 0.5 22.20 77.80

bŽ .b-CD 1.0 27.70 72.30
Ž .b-CD-poly 1.0 21.70 78.30
Ž .DMb-CD 1.0 33.80 66.20

Unreacted styrene oxide was zero in all the cases.
a Ž .0.74% ee of S y isomer.
b Ž .15% ee of S y isomer.

glass hydrogenation flask, along with about 100
mg of 5% Pd–C. The reaction mixture was
hydrogenated at a pressure of 1.37 atm with
mechanical agitation for 1 h. The catalyst was
then filtered off, and the filtrate acidified and
extracted with ether, dried and concentrated.
Hydrogenation using Raney nickel was carried

w xout under selective conditions 9 .
A typical procedure employed for NaBH4

reduction is given below. A mixture of styrene
Ž y4 .oxide 8.772=10 mole , alkali and cy-

Ž .clodextrin as per Table 3 were taken in 30 ml
Ž .of solvent Table 3 and stirred at room temper-

Ž .ature with NaBH 4 equivalents at 508C for 84

h. The reaction was then quenched with satu-
Ž .rated aqueous ammonium chloride 40 ml , ex-

tracted with dichloromethane, dried over anhy-
drous sodium sulphate and concentrated.

The product distribution of all reaction mix-
tures were analysed by gas chromatography us-
ing a Shimadzu GC-15A instrument, fitted with
a 20% carbowax 20 M, 3-m column with a
30-mlrmin nitrogen flow rate. The analyses
were performed under both a temperature pro-

Ž .gramme between 70 to 1508 P and iso at
Ž .1508C I . The injection and FID detector port

temperatures were 200 and 2508C, respectively.
Ž . Ž .Retention time RT are in min : ethylbenzene

Ž . Ž .s9.5 P , styrenes13.5 P , styrene oxides
Ž . Ž . Ž .5.3 I , 20.3 P , 1-phenylethanols6.9 I and

Ž . Ž .2-phenylethanols26.7 P , 10.4 I . The prod-
ucts were separated by column chromatography
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Table 3
GC analyses of sodium borohydride reduction product of styrene oxide

aŽ . Ž . Ž . Ž .Catalyst mole ratio Unreacted styrene oxide % 1-Phenylethanol % 2-Phenylethanol %
bSolvent S S S E P S S E P1 1 2 1 2

c d eŽ . Ž .b-CD 0 28.5 31.7 44.3 33.9 71.0 80.1 39.8 66.1 29.0 19.9
Ž . Ž .b-CD 0.1 11.7 54.8 62.1 61.4 y y 33.5 38.6 y y
Ž .b-CD 0.5 0 72.6 69.4 y y 27.4 30.6 y y

f iŽ .b-CD 1.0 0 96.7 )99.0 96.5 98.9 3.3 1.0 3.5 1.1
Ž . Ž .b-CD-polymer 1.0 3.8 56.2 58.4 39.1 83.2 81.2 40.0 60.9 16.8 18.8

g hŽ .DMb-CD 1.0 0 81.1 79.1 )99.0 )99.0 18.9 20.9 0 0

aUnreacted styrene oxide was zero in solvents S , E and P.2
b Ž . Ž .S s0.12 M, 30 ml NaOH solution; S s0.17 M, 30 ml Na CO solution; Esethanol 30 ml ; Ps2-propanol 30 ml .1 2 2 3
c Values in brackets are % selectivity.
d Ž .0.99% ee of R q isomer.
e Ž .0.44% ee of R q isomer.
f Ž .22% ee of S y isomer.
g Ž .16% ee of S y isomer.
h Ž .19% ee of S y isomer.
i Unmarked values for 1-phenylethyl alcohol indicate that the product was not checked for optical activity. Styrene oxide used was optically
inactive.

on silica gel with hexane as eluent and were
identified by their 1H NMR spectra.

3. Results and discussion

3.1. Raney nickel hydrogenation

The results of hydrogenolysis of styrene ox-
Ž .ide I over Raney nickel catalyst are sum-

marised in Table 1. The reaction proceeded to
completion in all the cases studied. No unre-
acted styrene oxide could be detected in a reac-
tion which gave ethylbenzene and 2-phenyl-
ethanol as products. While the control reaction
gave 69% of the deoxygenated product and 31%
alcohol, addition of b-CD and its derivatives
showed total reversal in the proportion of both
the products formed. Formation of deoxy-
genated products were suppressed with a corre-
sponding increase in the alcohol formation. An
increase in concentration of b-CD, showed an
increase in the alcohol formation from 39.1%
for 0.1 equivalent of b-CD to a maximum of
79.1% for 1 equivalent of b-CD. Both b-CD-
polymer and DMb-CD showed greater inhibi-
tion than b-CD giving respectively 73.0% and
86.7% alcohol with only a minor proportion of

Žthe deoxygenated product 27.0% and 13.3%,
.respectively .

Hydrogen consumption profiles in the pres-
ence and absence of b-CD are shown in Fig. 1.
While the control reaction showed a sigmoidal
curve, that with b-CD showed an initial linear
behaviour which became asymptotic after 30
min. Both the reactions consumed 1 equivalent
of hydrogen at the end of 60 min.

The product profiles are shown in Fig. 2.
Both control and b-CD mediated reactions

Fig. 1. Rates of hydrogen consumption by styrene oxide; v,
control; `, b-CD.
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Fig. 2. Product distribution at different intervals of reaction time
Ž . Ž .a control, b b-CD; =, styrene; ^, ethylbenzene; `, styrene
oxide; I, 2-phenylethyl alcohol.

showed the formation of ethylbenzene via
styrene. Deoxygenation occurred in the early
stages of the reaction. In the control reaction,
the amount of ethylbenzene and the alcohol
continuously showed an increase, whereas that
of styrene reached a maximum in 10 min, and
then decreased to zero in 30 min. In the b-CD
mediated reaction, about 90% of styrene oxide
disappeared within 20–30 min of reaction.
However, b-CD suppressed the formation of
deoxygenated products in the initial stage of the
reaction itself and the formation of ethylbenzene
could be detected only after 10 min of reaction.

3.2. Palladium–carbon hydrogenation

While the hydrogenation of styrene oxide
w xover Pd–BaSO 10–12 in methanol gave pre-4

dominantly 2-phenylethanol, that of Pd–BaSO4
w xin buffered alkaline methanol 13,14 gave pre-

dominantly 1-phenylethanol. In the case of ei-
w xther nickel in Na CO solution 15,16 at 402 3

atm and above 858C or a mixture of Raney
w xnickel and Pd–C under mild conditions 17,18 ,

2-phenylethanol was obtained in 90% yield.
However, in the present investigation, hydro-
genation of styrene oxide over Pd–C under
certain conditions yielded more 1-phenyl-
ethanol.

Use of Pd–C catalyst in the hydrogenation of
styrene oxide resulted in a mixture of 1-phenyl-
ethanol and 2-phenylethanol and no deoxygena-
tion product, implying clearly that the nature of
the catalyst decides the type of products formed
w x Ž .19,20 Table 2 . The reaction in the absence of
b-CD and its derivatives gave 2-phenylethanol

Ž .in 89.9% yield, along with very little 10.1%
quantity of 1-phenylethanol. However, the addi-
tion of b-CD and its derivatives, showed an
increase in proportion of 1-phenylethanol com-
pared to the one in its absence. Thus an increase
in b-CD concentration resulted in increase in

Žproportion of 1-phenylethanol 27.7% with 1
.equivalent of b-CD , the rest being 2-phenyl-

Ž .ethanol. Equivalent amounts to styrene oxide
of b-CD-polymer and DMb-CD resulted in
21.7% and 33.8% of the secondary alcohol,
respectively.

3.3. Sodium borohydride reduction

Sodium borohydride reduction also gave a
mixture of 1-phenylethanol and 2-phenylethanol
on reduction in aqueous alkaline solutions,

Ž .ethanol and 2-propanol Table 3 . Only the reac-
tion in alkaline NaOH showed some unreacted

Ž .styrene oxide in the control 28.5% , b-CD
Ž .11.7% with 0.1 equivalent of b-CD and b-

Ž .CD-polymer 3.8% mediated reactions. In all
the other three solvent systems, no unreacted
styrene oxide could be detected. Both aqueous
NaOH and Na CO alone did not cleave the2 3

w xepoxide ring as also indicated by Hu et al. 21 .
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In aqueous NaOH the control reaction showed
almost equal amounts of 1-phenylethanol
Ž . Ž .31.7% and 2-phenylethanol 33.9% . In all the
solvent systems studied, the yields of 2-phenyl-
ethanol in the b-CD-polymer mediated reaction
were comparable to those from the control,
those of 1-phenylethanol were better than the
control. b-CD mediated reactions gave excel-

Ž .lent yields of 1-phenylethanol )96.0% in all
the four solvent systems studied. In aqueous
NaOH and Na CO , b-CD mediated reaction2 3

gave very good yields of 1-phenylethanol as
compared to the other reactions mediated by its
derivatives. In alkaline solutions, increase of
b-CD also increased the yields of 1-phenyl-
ethanol. Next to b-CD, DMb-CD mediated re-
actions gave very good yields of 1-phenyl-
ethanol. Among the four solvents employed, the
yields of 1-phenylethanol in ethanol and iso-
propanol were higher in control, b-CD and its
derivatives mediated reactions than that in alka-
line solution. Even in ethanol and isopropanol
yields greater than 96% were observed for b-CD
and DMb-CD mediated reactions. Also, the

Ž .enantiomeric excesses of the S y isomer of
1-phenylethanol obtained from these reactions
were found to be in the range 16–22%.

3.4. Structure of styrene oxide–b-cyclodextrin
inclusion complex

The inclusion complex formation of styrene
oxide with DMb-CD was studied by ultravio-
let–visible spectroscopy. Since styrene oxide
was insoluble in water, its complexation with
DMb-CD, a derivative of b-CD soluble in
chloroform, was studied. Styrene oxide showed

Ž .an absorption band at l 249.8 nm Es200max

in chloroform. Hyperchromicity in the absorp-
tion band at 249.8 nm of styrene oxide was
noticed when DMb-CD was added in increas-
ing amounts. Binding constant value was deter-

w xmined as described elsewhere 22 and a value
y1 Žof 325"8 M was determined Fig. 3, aver-

.age from two experiments . Also, a plot of
w xchange in absorbance against DMb-CD r

w xstyrene oxide showed the formation of a 1:1
Ž .inclusion complex Fig. 3 inset .

A low molar extinction coefficient value
Ž .Es175 prevented complexation studies with
b-CD by UV spectroscopy in water. However,
inclusion complex formation was detected indi-
rectly by fluorescence spectroscopy. A maxi-

Žmum fluorescence emission 423 arbitrary fluo-
.rescence units was observed at about 9 equiva-

Ž .Fig. 3. Determination of binding constant value inset: stoichiometry for DMb-CD–styrene oxide complex by double reciprocal plot
w x w xmethod; styrene oxide s0.0081 M; DMbCD s0.079 M.
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lents of b-CD, on adding b-CD to a solution of
Ž .TNS excitations364 nm, emissions464 nm .

On adding styrene oxide in increasing amounts
to the b-CD-TNS solution, quenching of fluo-
rescence was observed at about 8 equivalents of
styrene oxide indicating probably displacement
of TNS by styrene oxide.

The proposed structure in Fig. 4 was arrived
at from 13C and 1H NMR spectroscopic studies
Ž . 13Table 4 . C NMR spectra of the DMb-CD–
styrene oxide system showed upfield shifts for
all the carbons of styrene oxide, maximum shifts
being observed for C-1X, C-2X, C-6X, C-3X and

X Ž .C-5 0.18–0.25 ppm . The epoxide carbons
Žshowed slightly lesser magnitude 0.15 and 0.22
.ppm for C-1 and C-2, respectively upfield shifts

indicating phenyl ring protons being affected
more by complexation than the epoxide ring.
Also, C-2, C-4 and C-6 carbon of DMb-CD

Žshowed higher magnitude downfield shifts 0.04
. Žto 0.05 ppm . Both the methoxy carbon 6-OCH3
.and 2-OCH showed high upfield shifts of the3

order 0.13 and 0.12 ppm, respectively. 1H NMR
data also confirmed the orientation shown in
Fig. 4. H , H and H protons of the epoxideA B C

Žmoiety showed upfield shifts of magnitude ,
.0.06–0.09 ppm . Reduced splitting in H andA

H arose due to broadening of signals resultingB

from restricted rotation of the –CH–Ph bond.
Also, the phenyl ring protons showed 0.18–0.25
ppm upfield shifts. In D O, b-CD signals could2

not be detected clearly due to very little solubil-

Fig. 4. Disposition of styrene oxide inside b-CD cavity.

ity of the complex. However, the observable
styrene oxide signals showed high upfield shifts
Ž .,0.61–0.68 ppm with very large magnitude
differences between the signals of the neat sam-
ple and those of the mixture.

All these observations clearly indicate, as
mentioned in Section 3.3, that the phenyl ring of
styrene oxide is inserted to almost middle of the
cavity with the

moiety of the guest positioned close to the
Ž .wider rim of the host Fig. 4 . Besides, since the

alkali is employed in the reaction, b-CD in its
alkoxide form, due to the dissociation of the
secondary hydroxyl groups, aids in binding the
styrene oxide.

Deoxygenation of styrene oxide is proposed
to proceed via styrene by trans b-elimination
through the strong adsorption of oxygen atom
and phenyl group of styrene oxide on the nickel

Ž .surface, to form the radical II , which subse-
quently lose the oxygen atom to form styrene

w x Ž .and later ethyl benzene 2 Scheme 1 . As the
reaction proceeded, radical formation probably
decreased due to aging of the catalyst as ob-
served by slower deoxygenation at the later
stages. Due to defined orientation of the phenyl

Žring of styrene oxide inside b-CD cavity Fig.
.4 , and the epoxy ring outside the cavity at the

wider end, deoxygenation might be suppressed
as the epoxy ring was projected away from the
nickel surface and not being made accessible to
it.

The absence of any deoxygenation product,
Ž .indicates that the formation of radicals II is

suppressed due probably to variations in extent
Ž .and nature of carbon–metal bond overlap V .
Ž .Hence, the formation of p-benzyl complex III

Ž .may yield the alkoxide anion IV rather than
Ž .p-phenyl complex V , resulting in 1-phenyl-

ethanol in the control reaction. Inclusion inside
b-CD cavity may not permit epoxide oxygen to
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Table 4
NMR chemical shift values of styrene oxide in free and complexed state

a aŽ . Ž .Signal Free Complex Shift ppm Signal Free Complex Shift ppm
13 ( )C NMR CDCl3

Styrene oxide DMb-CD
C-1 51.81 51.59 y0.22 C-1 102.01 101.99 y0.02
C-2 53.00 52.85 y0.15 C-2 82.76 82.80 q0.04

XC-1 138.56 138.31 y0.25 C-3 71.02 71.03 q0.01
X XC-2 , 6 126.32 126.10 y0.22 C-4 84.25 84.30 q0.05
X XC-3 , 5 129.28 129.08 y0.20 C-5 73.90 73.92 q0.02
XC-4 128.93 128.75 y0.18 C-6 71.57 71.62 q0.05

C-2-OCH 61.00 60.88 y0.123

C-6-OCH 59.68 59.55 y0.133

1 ( )H NMR CDCl3

Styrene oxide DMb-CD
Ph 7.48y 7.28y H-1 4.96 4.97 q0.01

Ž .7.46 7.25 y0.21 3.7 Hz
H 3.10 3.08 y0.06 H-2 3.25 3.27 q0.02A

Ž . Ž . Ž . Ž .4.1, 5.8 Hz 3.65 Hz 2.7, 9.4 Hz 9.4 Hz
H 2.83 2.74 y0.09 H-3 3.90 3.94 q0.04B

Ž . Ž . Ž . Ž .3.3, 5.8 Hz 1.95, 2.83 Hz 8.9 Hz 8.9 Hz
bH 3.92 H-4 3.44 3.45 q0.01C

Ž . Ž . Ž .3.3, 4.1 Hz 9.0 Hz 9.0 Hz
H-5 3.68 3.62 y0.06

Ž .8.4 Hz
H-6 3.60 3.62 q0.02
2-OCH 3.60 3.62 q0.023

6-OCH 3.37 3.40 q0.033

3-OH 5.05 5.10 q0.05

1 ( )H NMR D O2
Ž .Styrene oxide neat b-CD

cPh 7.42y 6.82y 2,3-OH y y
7.30 6.70 0.6 H-1 5.09 y y0.24

Ž .H 3.16 2.48 y0.68 3.6 HzA
Ž .5.4, 2.7 Hz 6-OH y y y

H 2.82 2.18 y0.64 H-2 3.64 y q0.03B
Ž . Ž .5.4, 3.8 Hz 3.6, 9.4 Hz

H 3.88 3.27 y0.61 H-4 3.64 y y0.28C
Ž .2.7, 3.8 Hz H-6 3.90 y y0.23

H-3 3.98 y y
Ž .9.4 Hz

H-5 3.90 y y

a w xqve and yve indicate downfield and upfield shift, respectively, with respect to uncomplexed state. Assignments were based on Ref. 23 .
bCould not be detected due to overlap.
c
b-CD signals could not be detected.

get adsorbed on the metal surface. Orientation
of styrene oxide inside b-CD cavity is such

Ž . Žthat, only p-phenyl complex V dp–pp inter-
.action between metal–carbon bond is formed

Ž .and p-benzyl complex III formation is re-
stricted due to inaccessibility of the buried ben-

zyl moiety to the metal surface. This results in
cleavage of the styrene oxide in such a manner

Ž .that the alkoxide anion IV formation is sup-
Ž .pressed at the expense of V . While the dp–dp

metal–phenyl interaction stabilise the phenyl
Ž .ring inside the cavity, the alkoxide ion V can
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Scheme 1.

be stabilized by hydrogen bonding with the
secondary hydroxy groups of b-CD resulting in
more 1-phenylethanol formation.

The formation of 1-phenylethanol in excess
during NaBH reduction can also be explained4

by the disposition described in Fig. 4. Since the

bond projects outside the cavity near the wider
end, cleavage of this bond is quite easy com-
pared to the

bond, which is buried under the bracelet of
secondary hydroxyl groups. Unlike NaBH re-4

duction of cyclic ketones such as camphor and
menthone, where the attack of the hydride ion
was foreseen as approaching from the bottom of

w xthe narrower end 24 , due to the presence of the
inserted phenyl ring, the attack of the hydride
ion cannot be from the bottom of the cavity. It

can come only from the upper side, resulting in
the secondary alcohol. However, in the control,
the selectivity seem to depend on the nature of
the solvent rather than on the electronic effects
of the substrates. Except in case of oxiranes
with neighbouring functional groups like nitro

w xand hydroxyl groups 25 , the cleavage has been
w xreported to be slow 26,27 . Poor chemoselectiv-

ities have also been reported with other reduc-
ing agents like lithiumaluminium hydride and

w xlithiumtriethyl borohydride 28 . Hence, the pre-
sent method offers the advantages of an easy
procedure, high chemoselectivity, high yield,
water as solvent, and recovery and reusage of
the regulating agent namely b-CD and its
derivatives.
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