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Abstract

Following our recent study of the bromine oxidation, at neutral pH, of a-cyclodextrin, b-cyclodextrin, O-methyl-
ated b-cyclodextrins and sucrose, which yield ketone and carboxylic acid-containing materials in the oxidation
products (M.E. Deary, D.M. Davies, Carbohydr. Res., 309 (1998) 17), we have extended the work to hydroxypropyl-
a-cyclodextrin and hydroxypropyl-b-cyclodextrin. 13C NMR analysis confirms the presence of ketone groups (d 207)
in the oxidation products of both of these compounds. The continued ability of the products of these oxidations to
complex p-nitrophenol demonstrates that ring integrity is maintained. The ketone-containing products are capable of
catalysing the peroxomonosulfate (PMS) oxidation of a range of substrates including aryl alkyl sulfoxides, pyridine,
4-bromopyridine, aniline, 4-aminobenzoate, 4-bromoaniline and several amino acids, most probably by the forma-
tion of a more reactive cyclodextrin–dioxirane intermediate. A small degree of enantioselectivity is observed in the
oxidation of (R)-(+ )- and (S)-(− )-methyl p-tolyl sulfoxide by PMS in the presence of the keto derivative of
hydroxypropyl-a-cyclodextrin, though not for the b analogue. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There has been a considerable amount of
research into the use of cyclodextrins as a
basis for artificial enzymes [2]. Cyclodextrins
possess a hydrophobic cavity, capable of an-
choring hydrophobic parts of molecules, and
two hydroxyl rims that can either react with
included molecules directly, as in the case of

ester cleavage at high pH [3–5] or which can
be functionalised, for example by the addition
of an imidazole group that can participate in
acyl transfer reactions at conditions nearer to
those found in living systems [6,7]. Other nu-
cleophiles, including a-nucleophiles such as
hydroxylamine and hydrogen peroxide, have
also been attached to the primary and sec-
ondary hydroxyl rims of cyclodextrin, allow-
ing preassociation to occur between
nucleophile and substrates [8].

We have recently produced evidence for the
formation of a dioxirane group attached to
cyclodextrin. The precursor to the cyclodex-

� For Part 1, see Ref. [1].
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trin–dioxirane is a keto-derivatised cyclodex-
trin, formed from bromine oxidation of sec-
ondary hydroxyls at neutral pH [1]; sucrose is
similarly transformed [1]. The keto derivatives
are capable of catalysing the peroxomonosul-
fate (PMS) oxidation of a range of substrates
in an analogous way to other ketones such as
cyclohexanone, which is known to generate a
dioxirane upon reaction with PMS [9]. How-
ever, in contrast to cyclohexanone there is no
regeneration of the keto-cyclodextrin from the
cyclodextrin dioxirane. This aspect encour-
aged us to extend the study to hydroxypropyl
cyclodextrins, with the objective of finding
more stable keto-cyclodextrins. Hydrox-
ypropyl-a-cyclodextrin and hydroxypropyl-b-
cyclodextrin have average degrees of
substitution of 0.6, and 1.0 CH2–
CH(CH3)OH groups per glucose residue, re-
spectively. The substitutions are random and
can occur at both the primary and secondary
hydroxyls, as well as on the secondary hy-
droxyl groups of the hydroxypropyls, in which
case side chains containing (CH2–
CH(CH3)O)nH where n\1 are possible.
Bromine oxidation can, therefore, occur not
only at the secondary hydroxyl rim of the
cyclodextrin, but also at the secondary alco-
hols of the hydroxypropyl groups, in which
case flexible ketone groups (acetonyls) would
be formed. Acetonyls might reasonably be
expected to be less susceptible to oxidation (to
a carboxylic acid) than b-hydroxyketones,
which are the products of bromine oxidation
of the native cyclodextrins. We report here on
the preparation of keto-derivatives of hydroxy-
propyl cyclodextrins and their effect on PMS
oxidation of a range of substrates including
aryl alkyl sulfoxides, pyridine, 4-bromopy-
ridine, aniline, 4-aminobenzoate, 4-bromoani-
line and several amino acids.

2. Results and discussion

Bromine reacts with hydroxypropyl-a-cy-
clodextrin over a period of ca. 30 min at pH
7.6 (results not shown). The subsequent for-
mation of the characteristic absorbance band
of the keto-containing product at 285 nm
takes approximately 24 h, and in this respect

differs little from the previously reported re-
sults for the native cyclodextrins [1]. The reac-
tion of bromine under identical conditions
with hydroxypropyl-b-cyclodextrin is some-
what slower (results not shown), and this also
mirrors the results for the native cyclodex-
trins, where b-cyclodextrin consumed bromine
at a slower rate than a-cyclodextrin. The
bromine oxidation products of both hydrox-
ypropyl cyclodextrins can complex p-nitrophen-
ol, indicating that ring integrity is largely
maintained during bromine oxidation (results
not shown).

The 13C NMR spectrum of a ca. 180 mM
solution of the bromine oxidation product of
hydroxypropyl-a-cyclodextrin in water at ca.
pH 6 (Fig. 1) shows a weak ketone carbonyl
carbon resonance at 207.4 ppm. This is in
agreement with the ketone carbonyl carbon
resonances observed at 207.8 and 206.5 ppm
for bromine-oxidised a-cyclodextrin and with
literature d values for ketone carbonyl car-
bons that result from the bromine oxidation
of a range of carbohydrates at neutral pH
[8,10]. The resonances for the corresponding
ketone hydrates, which are normally expected
between 92 and 98 ppm [1] are likely to have
been obscured by the resonance of the cy-
clodextrin anomeric carbon, which appears as
a double resonance and which is shifted up-
field compared to the native cyclodextrins. It

Fig. 1. Fully decoupled 13C NMR spectrum of the bromine
oxidation product of hydroxypropyl-a-cyclodextrin in H2O at
67.8 MHz.
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Scheme 1.
Scheme 2. Kornblum–De La Mare-type mechanism.

results. The levelling off in absorbance at
higher KHP-b-CD concentrations is due to
the complete consumption of PMS. It is likely
that PMS reacts with the keto group to form
a dioxirane that subsequently oxidises the p-
nitrophenol in an analogous way to the keto-
derivatives of the native cyclodextrins and
other carbohydrates [8].

Data showing the effect of cyclohexanone,
KHP-a-CD and KHP-b-CD on the transfor-
mation of aryl methyl sulfoxides to the corre-
sponding sulfones is given in Table 1. The
accelerative effect is given as the ratio of the
initial rate in the presence of ketone compared
to that without. Whilst only modest rate en-
hancements are observed for aryl methyl sul-
foxide oxidation, the 3-fold increase seen in
the presence of KHP-a-CD, entry 4, for (S)-
(− )-methyl p-tolyl sulfoxide, is superior to the
effect observed for the same reaction in the
presence of cyclohexanone, entry 2, which has
been widely used in the literature for dioxirane
generation [13]. The observation of reduced
catalytic effects of both KHP-a-CD and
KHP-b-CD on the PMS oxidation of 4-bro-

is also possible that the keto–keto-hydrate
equilibrium for these compounds strongly fav-
ours the keto form, in which case no keto-hy-
drate resonance would be expected [10–12].
For hydroxypropyl-b-cyclodextrin, a weak sig-
nal is observed at 207.0 ppm (results not
shown). Significantly, no carboxylic acid car-
bonyl resonances were detected under the con-
ditions used to obtain the keto derivatives of
these compounds (initial bromine excess of
1.5), indicating that unlike the native cy-
clodextrins, hydroxypropyl cyclodextrins do
not readily oxidise to form carboxylic acid-
containing products under these conditions.
When the bromine excess over hydroxypropyl-
b-cyclodextrin was increased to 6.8, however,
a carboxylic acid carbonyl carbon resonance
was detected at 167.7 ppm (not shown).

The position of the ketone group is uncer-
tain, since it is possible for bromine oxidation
to occur at hydroxyls on either the secondary
hydroxyl rim of the cyclodextrin, or on the
secondary hydroxyls of the hydroxypropyl
substituents. Nevertheless, the presence in Fig.
1 of downfield-shifted methyl carbonyl reson-
ances for the hydroxypropyl group, which oc-
curs at ca. 15 ppm in hydroxypropyl-a-cy-
clodextrin, is consistent with there being some
oxidation of hydroxypropyl hydroxyls.

The bromine oxidation results are consistent
with the formation of keto-derivatised hydrox-
ypropyl cyclodextrins via a similar mechanism
to that proposed for other cyclodextrins and
sucrose [8]. Under the proposed mechanism
there is direct attack of a secondary hydroxyl
on HOBr, with Br− then leaving to yield a
hydroperoxy cyclodextrin (Scheme 1) that sub-
sequently decomposes via a Kornblum–De La
Mare-type reaction to give a ketone (Scheme
2).

The accelerative effect of the keto-deriva-
tised hydroxypropyl-b-cyclodextrin (KHP-b-
CD) on p-nitrophenol oxidation by PMS is
shown in Fig. 2; KHP-a-CD, gives similar

Fig. 2. Absorbance changes at 400 nm for the reaction of
1.0×10−4 mol dm−3 p-nitrophenol and 1.84×10−3 mol
dm−3 PMS in pH 7.6 phosphate buffer, ionic strength 0.2
mol dm−3, 25 °C, solid line and in the presence of: 0.93×
10−3 mol dm−3 KHP-b-CD, dashed line; 3.72×10−3 mol
dm−3 KHP-b-CD, dotted line; and 7.44×10−3 mol dm−3

KHP-b-CD, dash–dotted line.
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Table 1
Effect of cyclohexanone and ketone-containing products of the bromine oxidation of hydroxypropyl-a-cyclodextrin (KHP-a-CD) and hydroxypropyl-b-cyclodextrin
(KHP-b-CD), on initial rate for the oxidation of aryl methyl sulfoxides by PMS

Ketone or ketone-containing Substrate (S) [S]oEntry No. Buffer Acceleration[PMS] [Ketone] Initial rate
(10−3 mol dm−3)products of bromine oxidation (10−3 mol dm−3)(phosphate) (10−7 mol dm−3 s−1)(10−3 mol dm−3) of initial rate

1 cyclohexanone (S)-(−)-methyl 0.109 pH 7.8, 2.8990.085.13 0.00
I=0.52 Mp-tolyl sulfoxide

2.00 4.3090.13 1.49
2 (S)-(−)-methyl 0.109 pH 7.6, 2.2090.064.38 0.00

I=0.2Mp-tolyl sulfoxide
8.00 7.0090.19 3.12

4-bromophenyl3 0.100 pH 7.8, 5.13 0.00 3.7690.10
methyl sulfoxide I=0.52 M

2.00 4.6790.13 1.24
KHP-a-CD (S)-(−)-methyl4 0.109 pH 7.6, 4.38 0.00 2.2090.06

p-tolyl sulfoxide I=0.2M
3.23 6.4090.17 2.91
6.46 7.1490.23 3.24

(S)-(−)-methyl pH 7.6,0.1095 4.44 0.00 1.9390.04
I=0.2Mp-tolyl sulfoxide

4.84 5.8690.33 3.03
(R)-(+)-methyl6 0.114 pH 7.6, 4.44 0.00 1.9290.06
p-tolyl sulfoxide I=0.2M

4.84 4.5190.04 2.34
4-bromophenyl7 0.100 pH 7.6, 4.44 0.00 1.8790.03
methyl sulfoxide I=0.2M

2.42 2.9090.06 1.55
4.84 3.1490.10 1.68

KHP-b-CD (S)-(−)-methyl pH 7.6,0.1098 4.38 0.00 2.0590.04
I=0.2Mp-tolyl sulfoxide

7.43 5.2190.09 2.54
(R)-(+)-methyl pH 7.6,0.1149 4.38 0.00 2.0490.04

I=0.2Mp-tolyl sulfoxide
7.43 5.0890.07 2.47

4-bromophenyl pH 7.6,0.10010 4.38 0.00 2.2590.06
I=0.2Mmethyl sulfoxide

3.72 3.5790.10 1.59
7.43 4.3790.10 1.94
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Fig. 3. Effect of KHP-a-CD on the monoperoxosulfate oxida-
tion of (R)-(+ )- and (S)-(− )-enantiomers of methyl p-tolyl
sulfoxide, dashed and dotted lines, respectively. The solid line
shows the reaction with no ketone present and the dash–dot-
ted line shows the effect of cyclohexanone on the oxidation of
(S)-(− )-methyl p-tolyl sulfoxide. The reactions were carried
out at 25 °C in pH 7.6 phosphate buffer, I=0.2 mol dm−3;
reactant concentrations given in Table 1.

ism involving the cyclodextrin dioxirane and
the (S)-(− )- enantiomer of methyl p-tolyl sul-
foxide, in which the sulfoxide is oxidised
whilst present in the cyclodextrin cavity.

The presence of KHP-a-CD and KHP-b-
CD also gives rise to significant rate accelera-
tions for the PMS oxidation of pyridine and
4-brompyridine to the corresponding N-ox-
ides, as shown in Table 2 and the correspond-
ing plots of absorbance changes in Figs. 4 and
5. Up to 12-fold rate accelerations were ob-
served for pyridine in the presence of KHP-a-
CD, entry 3, which on a mole basis is superior
to the effect observed with cyclohexanone.
KHP-b-CD gives similar accelerations of ini-
tial rate to those observed for cyclohexanone.
The levelling out observed in Fig. 5 for the
KHP-a-CD catalysed oxidation of 4-bro-
mopyridine is due to the complete consump-
tion of PMS during the reaction. This does
not occur for the corresponding reaction with
pyridine, since the oxidation is complete be-
fore the peroxide is consumed. Both acetone
and cyclohexanone, through the generation of
the corresponding dioxiranes, have been
shown to catalyse the PMS oxidation of
pyridine to its N-oxide [19]. Table 3 compares
the relative accelerations produced by cyclo-
hexanone and KHP-a-CD for the oxidations

mophenyl methyl sulfoxide compared to either
(R)-(+ ) or (S)-(− )-methyl p-tolyl sulfoxide
suggests that, as with the keto derivatives of
the native cyclodextrins, the cyclodextrin dioxir-
ane reacts principally with unbound substrates.
An increased catalytic effect might have
been expected for the stronger binding 4-bro-
mophenyl methyl sulfoxide [14] if the converse
were true.

A more significant observation, however, is
that of a small degree of enantioselectivity in
the oxidation of methyl p-tolyl sulfoxide in
the presence of KHP-a-CD. There is an ap-
proximately 30% increase in initial rate for the
(S)-(− ) form compared to the (R)-(+ ) form
of the sulfoxide (entries 5 and 6 in Table 1). Fig.
3 shows the absorbance changes observed dur-
ing this reaction. This effect was not observed
for KHP-b-CD (entries 8 and 9 in Table 1),
nor for keto-a-cyclodextrin. Modest enan-
tioselective effects have been reported in stud-
ies using cyclodextrins as a resolving agents
for enantiomeric mixtures of aryl alkyl sulfox-
ides [15–17]. Enantioselectivity has also ob-
served for the oxidation of aryl alkyl sulfides
by peroxides in the presence of cyclodextrins
[18]. In the present case, the observed enan-
tioselectivity may arise through either prefer-
ential non-productive binding of the (R)-(+ )
enantiomer, or via a preassociation mechan-

Fig. 4. Absorbance changes at 254 nm for the reaction
between 5×10−3 mol dm−3 PMS and 0.125×10−3 mol
dm−3 pyridine, dash–dot–dotted line; and in the presence of:
5.29×10−3 mol dm−3 KHP-a-CD, solid line; 1.76×10−3

mol dm−3 KHP-a-CD, dashed line; 2×10−3 mol dm−3

cyclohexanone, dotted line; and 1.86×10−3 mol dm−3

KHP-b-CD, dash–dotted line. Reactions were carried out at
25 °C in pH 7.8 phosphate buffer, ionic strength 0.5 mol
dm−3.
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of pyridine and 4-bromopyridine; the ratio of
initial rate acceleration (Py:Br–py) increases
markedly on going from cyclohexanone,
where no complexation with substrate is possi-
ble, to KHP-a-CD, where it is likely. From
work that we and others have done, it is
reasonable to assume that the presence of a
4-bromo group will give a stronger complex
with the cyclodextrin, and that the bromo
group is likely to be oriented at the narrow
end of the cavity [14]. As with the sulfoxide
work reported above, therefore, these results
demonstrate non-productive binding and sug-
gest that substrates are oxidised principally in
the bulk solution in these systems.

Fig. 6 shows the accelerative effect of KHP-
a-CD, KHP-b-CD, cyclohexanone and the
keto-derivative of sucrose on the oxidation of
aniline to nitrobenzene by PMS. Similar
trends have been obtained for 4-aminoben-
zoate and 4-bromoaniline (not shown). The
plots show two obvious phases, with the initial
phase being relatively unaffected by the addi-
tion of ketones (inset) or by pH over the range
6–8 (not shown). In the second phase of the
reaction, with the exception of sucrose, there
are significant rate enhancements in the pres-
ence of the ketones, especially so with KHP-a-
CD. The oxidation of aromatic amines to the
corresponding nitro compounds by both
peracids and dioxiranes has been thoroughly
characterised in the literature [9,20].

Both KHP-a-CD and KHP-b-CD can also
accelerate the oxidation of amino acids, with
the best example being for L-glutamic acid,
shown in Fig. 7. Cyclohexanone and KHP-b-
CD marginally accelerate the reaction,
whereas there are large effects for KHP-a-CD,
the keto-sucrose derivative (not shown) and,
interestingly, the ketone derived from
dimethyl-b-cyclodextrin, which only shows
minimal accelerative effects on the rate of aryl
alkyl sulfoxide oxidation [8]. The fact that the
keto sucrose performs almost as well as KHP-
a-CD shows that the effect is unlikely to be
due to a preassociation of amino acid and
dioxirane moiety in the cyclodextrin cavity.
No enantioselectivity is observed, with the
reaction of the D and L isomers being acceler-
ated equally. For L-aspartic acid, which has
one CH2 less than glutamic acid and which
also exists in the zwitterionic form under theseT
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Fig. 5. Absorbance changes at 264 nm for the reaction
between 5×10−3 mol dm−3 PMS and 0.125×10−3 mol
dm−3 4-bromopyridine in pH 7.8 phosphate buffer, ionic
strength 0.5 mol dm−3, 25 °C, solid line; and in the presence
of: 5.29×10−3 mol dm−3 KHP-a-CD, dashed line; 1.76×
10−3 mol dm−3 KHP-a-CD, dotted line; and 2×10−3 mol
dm−3 cyclohexanone, dash–dotted line.

Fig. 6. Absorbance changes at 268 nm for the reaction of
0.25×10−3 mol dm−3 aniline with 4.6×10−3 mol dm−3

PMS in pH 7.8 phosphate buffer, ionic strength 0.5 mol
dm−3, 25 °C, solid line; and in the presence of 1.5×10−3

mol dm−3 of cyclohexanone, dash–dotted line, and 1.5×
10−3 mol dm−3 of the keto-derivative of sucrose, dash–dot–
dotted line; 1.5×10−3 mol dm−3 KHP-a-CD, dashed line;
and 1.5×10−3 mol dm−3 KHP-b-CD, dotted line. The inset
shows the same data over the first 150 s.

reaction conditions, there was no reaction
with PMS, either in the presence or absence
of the keto derivatives. It is possible that in
the case of glutamic acid there is involve-
ment of the terminal carboxylate group in
an intramolecular catalytic mechanism,
whereas with L-aspartic acid the shorter
chain length may preclude this. Of the other
amino acids studied with this system, no re-
action was observed for glycine, whereas
modest accelerations were observed for all
keto-derivatives in the oxidation of L-tryp-
tophan (results not shown). It is likely that
these oxidations proceed via oxidative decar-
boxylation to yield aldehydes or carboxylic
acids, as has been reported in literature stud-
ies of amino acid oxidation using the PMS/
acetone system [21].

3. Experimental

Preparation of keto-deri6ati6es of hydroxy-
propyl cyclodextrins.—Bromine oxidations of
hydroxypropyl-a- and hydroxypropyl-b-cy-
clodextrin (Aldrich), the subsequent bromide
removal via ion exchange and the 13C NMR
analysis of the products were carried out as
described previously [8]. A bromine excess of
1.5 over the hydroxypropyl cyclodextrins was
used in the preparation of the keto-hydroxy-
propyl cyclodextrins that were used to acceler-
ate PMS oxidations of various substrates. A
bromine excess of 6.8 over hydroxypropyl-b-
cyclodextrin was used for one preparation,
though this compound was not used in the
studies involving PMS. At all bromine ratios
only one elution peak was observed on pass-

Table 3
Comparison of the relative accelerations of initial rate for the PMS oxidation of pyridine (Py) and 4-bromopyridine (4-Br-py) in
the presence of cyclohexanone and the bromine oxidation product of hydroxypropyl-a-cyclodextrin (KHP-a-CD)a

Ratio ofKetone or ketone-containing products of bromine [Ketone] Acceleration of initial rate for
oxidation 4-substituted pyridines acceleration(10−3 mol dm−3)

Py: 4-Br–py4-Br–pyPy

4.674.84Cyclohexanone (entries 1 and 2 in Table 2) 1.042
1.76 1.893.436.49KHP-a-CD (entries 3 and 4 in Table 2)

a Conditions given under the appropriate entries in Table 2.
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ing the reaction mixture through an ion-ex-
change resin to remove bromide. All reagents
were of analytical grade and were obtained
from Aldrich.

Kinetics.—Spectral data and kinetic runs
were obtained using a Pharmacia Biotech Ul-
traspec 2000 Spectrophotometer with ther-
mostatted multiple cell holder. The reactions
were carried out in phosphate buffer at either
pH 7.6 or pH 7.8 and at ionic strengths of
either 0.2 or 0.5 mol dm−3. The high ionic
strength reflected the large amount of acidity
produced as a result of the reactions, particu-
larly in the presence of the cyclodextrin-ke-
tones, where very often all of the peroxide was
consumed during the course of the reaction.
Peroxide concentrations were routinely moni-
tored at the end of runs by the addition of 0.5
ml each of 10 g/L potassium iodide and 0.5 N
sulfuric acid solutions. The spectrum over the
range 200–500 nm was then measured and the
peroxide concentration calculated from the
absorbance at an appropriate wavelength,
having previously conducted a calibration.
The aryl alkyl sulfoxide oxidations and subse-
quent data treatment to give the initial rates
were carried out as described recently [8]. Sim-
ilar methodologies were applied to the PMS
oxidation of pyridine, 4-bromo pyridine, ani-
line, 4-bromoaniline, and 4-aminobenzoate, L-

aspartic acid L-glutamic acid, glycine and
L-tryptophan, though no kinetic analysis was
attempted for the PMS oxidations of either
the substituted anilines or the amino acids.
UV–vis analysis of the product spectra, both
in the presence and absence of ketones, confi-
rmed that pyridine and 4-bromo pyridine were
oxidised to the corresponding N-oxides [22]
and that the substituted anilines were oxidised
to the corresponding nitro compounds (com-
parison made with solutions of the nitro com-
pounds). In the latter case, the formation and
loss of the nitroso band at 700–750 nm was
also observed. Experimental details are given
in the Tables and associated Figures.
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