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Abstract

We have examined the synthesis of hydroxybutenyl cyclomaltooligosaccharides (cyclodextrins) and the ability of these
cyclodextrin ethers to form guest–host complexes with guest molecules. The hydroxybutenyl cyclodextrin ethers were prepared by
a base-catalyzed reaction of 3,4-epoxy-1-butene with the parent cyclodextrins in an aqueous medium. Reaction byproducts were
removed by nanofiltration before the hydroxybutenyl cyclodextrins were isolated by co-evaporation of water–EtOH. Hydroxy-
butenyl cyclodextrins containing no unsubstituted parent cyclodextrin typically have a degree of substitution of 2–4 and a molar
substitution of 4–7. These hydroxybutenyl cyclodextrins are randomly substituted, amorphous solids. The hydroxybutenyl
cyclodextrin ethers were found to be highly water soluble. Complexes of HBen-�-CD with glibenclamide and ibuprofen were
prepared and isolated. In both cases, the guest content of the complexes was large, and a significant increase in the solubility of
the free drug was observed. Dissolution of the complexes in pH 1.4 water was very rapid, and significant increases in the solubility
of the free drugs were observed. Significantly, after reaching equilibrium concentration, a decrease in the drug concentration over
time was not observed. © 2002 Eastman Chemical Company. Published by Elsevier Science Ltd. All rights reserved.

Keywords: Hydroxybutenyl cyclomaltooligosaccharide; Hydroxybutenyl cyclodextrin; Cyclodextrin ether; Guest–host complex; Glibenclamide;
Ibuprofen

1. Introduction

Cyclomaltooligosaccharides (cyclodextrins, CDs), are
cyclic oligosaccharides comprised of �-1,4-linked glu-
cose monomers. The readily available CDs contain six,
seven, or eight glucose monomers, and they are com-
monly referred to as �-CD, �-CD, and �-CD, respec-
tively. Of these, �-CD is currently the most widely
available and CD of lowest cost. Relative to �-CD,
�-CD has a smaller cavity (5.3 versus 6.6 A� ) and higher
water solubility (14.5 versus 1.9 g/mL at 25 °C). Simi-
larly, �-CD has a larger (8.4 A� ) and more flexible
cavity, and a higher water solubility (23.2 g/mL at
25 °C).1

The utility of CDs arises from their unique cyclic
structure, which, topologically, may be viewed as a
torus in which the exterior is relatively hydrophilic and
the interior is relatively lipophilic.2 Because of this
unique structure, the CD can act as a host and form
inclusion complexes with a variety of guest molecules,
including pharmaceutically active molecules. Not sur-
prisingly, the size of the cavity will influence complex
formation, with the cavity of �-CD being optimal for
complexation of many of the relevant pharmaceutical
molecules. In general, upon complexation with a phar-
maceutical, the CD will increase the solubility of a
sparingly water-soluble drug, thereby increasing its
bioavailability.3 In addition to increased solubilization
of the pharmaceutically active compound, the CD can
also act as a taste-masking agent, can provide stabiliza-
tion for an otherwise unstable pharmaceutical, alleviate
local toxicity effects of the pharmaceutical, and can
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provide for increased absorption of the pharmacologi-
cally active guest.3

All three of the unmodified CDs are known to be
parenterally unsafe.3 Specifically, unmodified �-CD has
been shown to cause renal and liver damage after
parenteral administration.4 Because of the lack of en-
zymes specific to �-CD, it is thought that the cyclodex-
trin molecules remain intact after parenteral
administration and hence accumulate in the renal tis-
sue. Crystallization of the �-CD or its complexes leads
to the observed necrotic damage. Hence, the use of
unmodified CD in a clinical setting is limited to oral or
topical formulations.

In view of its desirable cavity size and availability, it
is most unfortunate that �-CD has low-water solubility
and is parenterally unsafe. In order to both improve the
safety profile and to increase water solubility over that
of �-CD, a number of cyclodextrin derivatives have
been examined. These include neutral,5 anionic,6

cationic,7 and zwitterionic8 cyclodextrin derivatives. In
general, the preferred degree of substitution (DS) is
typically lower than DS 7. It should be noted that at
less than full substitution, there would be a distribution
of substituted cyclodextrin molecules in the reaction
product. At a low DS, some of the CD molecules
potentially will have no substituents. The reported DS
will reflect the average value of this distribution.

In this context, we present the synthesis of the previ-
ously unknown hydroxybutenyl-�-cyclodextrin (HBen-
�-CD) and hydroxybutenyl-�-cyclodextrin (HBen-�-
CD). Our investigations indicate that HBen-�-CD and
HBen-�-CD will form complexes with and increase the
solubility of a variety of pharmaceutically active
molecules.

2. Results and discussion

Preparation of hydroxybutenyl cyclodextrins.—In de-
signing a hydroxybutenyl cyclodextrin that could po-
tentially serve as a drug-delivery vehicle, we felt that it
was important that the DS should be high enough to

insure that there was no unsubstituted cyclodextrin
present in the reaction product. This approach elimi-
nates the need for subsequent purification to remove
unsubstituted cyclodextrin that could raise toxicity con-
cerns. As a first approximation, we felt that a DS
greater than approximately 2.0 or a DS/glucose unit
(DS/Glu) of 0.29 was a realistic target. It is important
to note that ring opening of 3,4-epoxy-1-butene can
generate either a 1° or 2° hydroxy group, which in turn
can react with 3,4-epoxy-1-butene. If chain extension
does occur by subsequent reaction of the butenyl sub-
stitutent with the epoxide, the molar substitution (MS,
the total number of substituents attached to the cy-
clodextrin) will be greater than the DS. In terms of
regioselectivity, we targeted a randomly substituted cy-
clodextrin ether, which we felt we could obtain by using
a relatively high concentration of base as the catalyst.9

Besides eliminating the additional constraint of control
of regioselectivity, a random arrangement of sub-
stituents decreases the possibility of crystallization and
the associated toxicity concerns.

In practice, reaction of �-CD with 8.7 equivalents of
3,4-epoxy-1-butene in the presence of 0.25 equivalents
of KOH at 100 °C for 1.4 h, followed by cooling to
55 °C, at which point the reaction was terminated by
adjustment of the pH to 7.0 (3.6 h total reaction time),
proceeded smoothly providing the expected HBen-�-
CD (Scheme 1). Duplicate experiments under these
conditions (Table 1, entries 1 and 2) gave HBen-�-CD
having a DS of 3.40 and 3.16 (DS/Glu=0.49 and 0.45)
with a molar substitution of 5.55 and 5.72. Analysis of
these samples by MALDI-TOFMS (vide infra) revealed
that these samples contained no unsubstituted �-CD
and that the distribution of substituents was random.
When the reaction time at 100 °C was increased mar-
ginally to 1.5 h, but with a reduction of the total
reaction time to 3.0 h, both the DS and the MS were
observed to decrease slightly to 3.05 and 5.25, respec-
tively (Table 1, entry 3). Interestingly, when both the
number of equivalents of base (0.125) and the reaction
time (0.5 h at 100 °C, 2.0 h total reaction time) were
decreased, the DS was essentially unchanged from the

Scheme 1.



C.M. Buchanan et al. / Carbohydrate Research 337 (2002) 493–507 495

T
ab

le
1

Su
m

m
ar

y
of

re
ac

ti
on

co
nd

it
io

ns
fo

r
th

e
pr

ep
ar

at
io

n
of

hy
dr

ox
yb

ut
en

yl
cy

cl
od

ex
tr

in
s

E
po

xi
de

a
R

ea
ct

io
n

K
O

H
a

Y
ie

ld
(%

)
d

%
D

io
l

pr
io

r
to

P
ar

en
t

C
D

E
nt

ry
%

D
io

l
af

te
r

R
ea

ct
io

n
ti

m
e

b
D

S
f

M
S

f
M

S
g

na
no

fil
tr

at
io

n
e

na
no

fil
tr

at
io

n
e

(h
)

te
m

pe
ra

tu
re

(°
C

)
c

78
4.

90
1

0.
06

�
3.

40
5.

55
5.

96
0.

25
8.

7
3.

6
10

0
(1

.4
h)

2
69

�
4.

69
0.

04
3.

16
5.

72
5.

84
0.

25
8.

7
3.

6
10

0
(1

.4
h)

87
2.

72
0.

10
3.

05
5.

25
10

0
(1

.5
h)

5.
56

3.
0

3
�

0.
25

8.
7

84
8.

30
h

0.
13

3.
15

4.
91

4
6.

24
�

0.
12

5
8.

7
2.

0
10

0
(0

.5
h)

82
N

D
h

,i
0.

58
1.

27
2.

47
10

0
(0

.5
h)

3.
29

5
2.

5
8.

7
0.

06
�

10
0

(0
.5

h)
�

53
N

D
h

,i
0.

70
0.

50
1.

41
1.

06
0.

02
8.

7
2.

5
6

77
11

.9
h

0.
07

2.
69

4.
54

80
(1

.4
h)

5.
59

7
3.

6
8.

7
0.

12
5

�
81

6.
75

0.
06

3.
16

5.
53

8
5.

91
�

0.
25

8.
7

5.
4

80
(4

)
73

2.
20

0.
02

2.
75

5.
12

60
(2

4)
5.

90
9

24
8.

0
0.

25
�

88
8.

42
0.

03
3.

10
10

4.
96

�
5.

46
0.

27
8.

6
3.

0
10

0
(1

.5
h)

61
3.

32
0.

02
3.

20
5.

03
10

0
(1

.5
h)

5.
39

3.
0

11
�

0.
27

8.
6

70
3.

92
0.

01
2.

77
12

4.
42

�
4.

89
0.

16
8.

6
3.

0
10

0
(1

.5
h)

a
M

ol
ar

eq
ui

va
le

nt
s

ba
se

d
on

cy
cl

od
ex

tr
in

.
b

T
ot

al
ti

m
e

he
ld

at
th

e
re

ac
ti

on
te

m
pe

ra
tu

re
pl

us
th

e
ti

m
e

to
co

ol
to

ca
.

55
°C

w
he

re
th

e
pH

of
th

e
re

ac
ti

on
m

ix
tu

re
w

as
ad

ju
st

ed
to

7.
0.

c
M

ax
im

um
re

ac
ti

on
te

m
pe

ra
tu

re
an

d
th

e
ti

m
e

he
ld

at
th

at
te

m
pe

ra
tu

re
.

d
B

as
ed

on
m

ol
es

of
is

ol
at

ed
hy

dr
ox

yb
ut

en
yl

cy
cl

od
ex

tr
in

af
te

r
na

no
fil

tr
at

io
n.

e
P

er
ce

nt
3,

4-
di

hy
dr

ox
y-

1-
bu

te
ne

as
de

te
rm

in
ed

by
ga

s
ch

ro
m

at
og

ra
ph

y.
f
D

S,
de

gr
ee

of
su

bs
ti

tu
ti

on
;

M
S,

m
ol

ar
su

bs
ti

tu
ti

on
.

D
et

er
m

in
ed

by
1
H

N
M

R
sp

ec
tr

os
co

py
.

g
D

et
er

m
in

ed
by

M
A

L
D

I-
T

O
F

M
S

us
in

g
C

H
2
C

l 2
–H

F
IP

as
th

e
so

lv
en

t.
h

T
hi

s
sa

m
pl

e
w

as
no

t
ex

tr
ac

te
d

pr
io

r
to

na
no

fil
tr

at
io

n.
i
N

D
,

no
t

de
te

rm
in

ed
.



C.M. Buchanan et al. / Carbohydrate Research 337 (2002) 493–507496

previous examples, but the MS was observed to drop to
4.91 (Table 1, cf. entry 4 and entries 1–3). When the
number of equivalents of base was decreased further to
0.06 with a slight increase in the total reaction time,
both the DS (1.27) and the MS (2.47) significantly
decreased (Table 1, entry 5). Unlike the prior examples,
unreacted �-CD was observed by MALDI-TOFMS
(1.5%). Decreasing the number of equivalents of base
even further to 0.02 under otherwise similar reaction
conditions further decreased both the DS and the MS
to 0.5 and 1.41, respectively (Table 1, entry 6). Unlike
prior experiments, significant crystallization occurred
when this reaction mixture was cooled to room temper-
ature. These solids were removed by filtration prior to
purification. Analysis by MALDI-TOFMS revealed a
very high concentration of unsubstituted �-CD (13.8%),
and the distribution of molecular weights was skewed
toward lower substituted �-CD in the reaction product.
Collectively, these examples suggest that reaction of
�-CD with 3,4-epoxy-1-butene occurs relatively rapidly
at 100 °C and that decreasing the number of equiva-
lents of base leads to a decrease in both the DS and
MS. However, the more rapid decrease in MS relative
to the DS suggests that chain extension can be dimin-
ished at lower concentrations of base.

As one would expect, temperature was also found to
have an effect on the reaction time and the observed
DS. In the presence of 0.125 equivalents of base, de-
creasing the temperature to 80 °C provided HBen-�-CD
with a DS of 2.69 and an MS of 4.54 (Table 1, cf. entry
7 and entries 1–4). Increasing the reaction time at
80 °C increased the DS and MS to 3.16 and 5.53,
respectively, which is comparable to that obtained at
100 °C at shorter reaction times (Table 1, cf. entry 8
and entries 1, 2). At 60 °C (Table 1, entry 9), approxi-
mately 24 h is required to achieve a DS of 2.75 and an
MS of 5.12. These observations are significant in that a
lower temperature allows one to avoid the use of an
autoclave while still obtaining essentially the same
product.

As one would expect, the observations that tempera-
ture, reaction time, and concentration of base influ-
enced the DS and MS obtained for HBen-�-CD also
held for HBen-�-CD. Reaction of �-CD with 8.6 equiv-
alents of 3,4-epoxy-1-butene in the presence of 0.27
equivalents of KOH at 100 °C for 1.5 h (3 h total
reaction time) provided HBen-�-CD with a DS of 3.10
and an MS of 4.96. A duplicate experiment provided
HBen-�-CD with a DS of 3.20 and an MS of 5.03. It is
interesting to note that although the total DS for
HBen-�-CD is very similar to that obtained for HBen-
�-CD (Table 1, cf. entries 10, 11 to entries 1, 2), the
average DS/Glu for HBen-�-CD (0.51 and 0.53) is
slightly higher than that obtained for HBen-�-CD (0.48
and 0.45). Finally, as was observed in the case of
HBen-�-CD, decreasing the concentration of base from

0.27 equivalents to 0.16 gave a drop in both the DS and
MS for the HBen-�-CD. As before, the MS dropped
more than the DS, indicating less chain extension at
lower concentration of base.

Purification of hydroxybutenyl cyclodextrins.—Reac-
tion of �-CD or �-CD with 3,4-epoxy-1-butene in an
aqueous medium can potentially generate as byprod-
ucts 3,4-dihydroxy-1-butene and butene glycol
oligomers. A desirable form of purification to minimize
or remove these byproducts would be crystallization,
but because of the very high water solubility of hydroxy-
butenyl cyclodextrin (vide infra), we did not find it
practical to isolate hydroxybutenyl cyclodextrin by this
means. Hence, we initially attempted to remove these
byproducts by multiple extractions with low-molecular
weight esters such as ethyl acetate or isopropyl acetate.
Fig. 1 provides a stacked presentation of three HPLC
experiments. The spectra shown in Fig. 1 were collected
at 210 nm. At this wavelength, only the reaction
byproducts are detected. Fig. 1(a) is the spectrum of the
byproducts in the crude reaction product before extrac-
tion, Fig. 1(b) is the spectrum of the byproducts re-
moved by extraction with EtOAc, and Fig. 1(c) is the
spectrum of the byproducts in HBen-�-CD after extrac-
tion with EtOAc. As can be seen, all of the butene
glycol oligomers were removed by extraction, and 2.7
wt% of 3,4-dihydroxy-1-butene was found to remain in
the isolated HBen-�-CD. However, even with multiple
extractions, we found it very difficult to lower the
content of 3,4-dihydroxy-1-butene to less than about 3
wt% (Table 1). Moreover, the 3,4-dihydroxy-1-butene
content in the isolated hydroxybutenyl cyclodextrins
tended to be highly variable (2–9 wt%). Although we
did not develop direct proof, we have attributed the
difficulty and variability in removing 3,4-dihydroxy-1-
butene from the hydroxybutenyl cyclodextrins by ex-
traction to complexation of the 3,4-dihydroxy-1-butene
by the hydroxybutenyl cyclodextrins.

In view of the difficulty in removing 3,4-dihydroxy-1-
butene by extraction, we investigated nanofiltration as a
means of purification. Nanofiltration is a purification
technique that is similar to ultrafiltration except that a
lower molecular weight cut-off (MWCO) membrane is
used (generally less than 1000). Nanofiltration is attrac-
tive in this case in that water, which is the reaction
solvent, can be used to wash the lower molecular-
weight components through a membrane with the per-
meate, while the higher molecular-weight cyclodextrin
derivative cannot pass through the membrane and is
held as the retentate. Additionally, the aqueous solution
can be significantly concentrated by nanofiltration, re-
ducing the volume of water that must be removed at a
later stage. The key to nanofiltration is selection of a
membrane that will retain the desirable component and
allow the lower molecular-weight component to pass
while maintaining a reasonable flux. In this regard, we
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Fig. 1. HPLC analysis of the extraction of a HBen-�-CD reaction mixture with EtOAc. (a) Spectrum of the byproducts in the
reaction product mixture prior to extraction; (b) spectrum of the byproducts extracted from the reaction mixture; and (c) spectrum
of the byproducts in the HBen-�-CD after extraction.

found that cellulose acetate membranes with a 500 or
1000 MWCO were effective with the hydroxybutenyl
cyclodextrins. The 1000 MWCO membrane provided a
higher flux but did allow some of the cyclodextrin to
pass. Hence, the 500 MWCO cellulose acetate mem-
brane was found to offer the best combination of flux
and retention of the hydroxybutenyl cyclodextrins. To
illustrate, an 8.3 wt% aqueous solution of HBen-�-CD,
which contained 11.9 wt% of 3,4-dihydroxy-1-butene,
was concentrated by nanofiltration filtration through a
500 MWCO cellulose acetate membrane. The retentate
was concentrated to approximately 25 wt% HBen-�-
CD, then diluted to the original volume, which consti-
tutes one exchange. Fig. 2 provides the wt%
3,4-dihydroxy-1-butene as a function of exchanges. Af-
ter five exchanges, the concentration of 3,4-dihydroxy-
1-butene was reduced from 11.9 to 0.07 wt%.

To insure ourselves that the butene glycol oligomers
produced under our typical reaction conditions were
sufficiently small to pass through the membrane, we
repeated the reaction shown in Scheme 1 but with
omission of the cyclodextrin. At the completion of the
reaction, water was removed in vacuo. Analysis of the
reaction mixture by GC–MS revealed that the product
was a mixture of 47% 3,4-dihydroxy-1-butene, 44%
butene glycol dimer, and 9% butene glycol trimer. None
of the higher oligomers were observed. The mixture of
3,4-dihydroxy-1-butene and butene glycol oligomers
was then separated by vacuum distillation (1.8 mmHg).
Analysis of the fraction collected at 122–138 °C by
GC–MS and by NMR spectroscopy revealed that this
fraction was comprised of a mixture of all possible
butene glycol dimers (MW 158) and trimers (MW 228).
Analysis of the small amount of material that distilled

at higher temperatures and of the pot residue showed
increasing amounts of butene diol trimers; higher
molecular-weight oligomers could not be detected. Even
if trace amounts of the tetramer or pentamer of butene
glycol were present, their molecular weights are suffi-
ciently small (298 and 368) to allow them to easily pass
through a 500 MWCO membrane. To further confirm
that the butene glycol oligomers can be removed by
nanofiltration through a 500 MWCO membrane, a
sample of HBen-�-CD containing 0.07 wt% 3,4-dihy-
droxy-1-butene was spiked with 10 wt% of the isolated
butene glycol oligomers (Fig. 3). This spiked sample
was then subjected to nanofiltration (five water ex-
changes) using a 500 MWCO cellulose acetate mem-
brane. Both the permeate and the recovered
HBen-�-CD were analyzed by NMR spectroscopy and
mass spectrometry. The recovered HBen-�-CD did not
contain any detectable amounts of the butene glycols,
while the spectrum of the material recovered from the

Fig. 2. Nanofiltration of an HBen-�-CD reaction mixture to
remove 3,4-dihydroxy-1-butene and butene glycols byprod-
ucts.
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Fig. 3. 13C NMR spectra of (a) butene glycol oligomers that
was used to spike a HBen-�-CD sample; (b) HBen-�-CD
spiked with 10 wt% of butene glycol oligomers; and (c)
HBen-�-CD after nanofiltration of the butene glycol spiked
HBen-�-CD.

hydroxybutenyl cyclodextrins as white, amorphous
solid.

Characterization of hydroxybutenyl cyclodextrin.—As
we noted earlier, our intention was to prepare ran-
domly substituted, amorphous hydroxybutenyl cy-
clodextrins containing none of the parent CD. In this
regard, Fig. 4 provides a typical MALDI-TOFMS spec-
trum for HBen-�-CD (Table 1, entry 2). The peaks
appear as doublets because of the presence of both Na
and K ions. No peaks could be detected at a mass of
1157 [M+Na]+ or 1173 [M+K]+, indicating the ab-
sence of unsubstituted �-CD. The bell shaped molecu-
lar-weight distribution indicates that the distribution of
substituents is random. As indicated in Fig. 4, the
number of 3-hydroxy-1-butenyl substituents ranged
from 2 to 10. In contrast, Fig. 5 gives the MALDI-
TOFMS spectrum of a HBen-�-CD having insufficient
DS and MS (Table 1, entry 5). As can be seen, this
sample contained some parent �-CD.

Although other groups have reported DS values for
similar systems based on MALDI-TOFMS,10 one
should note that these masses correspond to MS, not
DS. That is, MALDI-TOFMS cannot distinguish a CD
substituted with two 3-hydroxy-1-butenyl monomers
from a CD substituted with one 3-hydroxy-1-butenyl
dimer. Additionally, we have found that MALDI-
TOFMS often does not provide the same MS obtained
by other techniques. For example, comparison of the
MS determined by 1H NMR (vide infra) and by
MALDI-TOFMS (Table 1) reveals that in nearly every
case, the MS by MALDI-TOFMS is higher than that
obtained by 1H NMR. All of the MALDI-TOFMS
data presented in Table 1 were collected using CH2Cl2–
HFIP as the solvent for the matrix and hydroxybutenyl
cyclodextrins. One sample (entry 7) was selected, and
five spectra were collected on five different days using
two solvent systems, acetonitrile–water or CH2Cl2–
HFIP. With acetonitrile–water as the solvent system,
the average MS was 5.56�0.15, while with CH2Cl2–
HFIP, the average MS was 5.20�0.04. The MS deter-
mined by 1H NMR spectroscopy for this sample was
4.54�0.02. Because of the observed difference in MS
between the two different solvent systems, and uncer-
tainty about complete ionization and response of the
sample in MALDI-TOFMS, we have elected to use
NMR spectroscopy (vide infra) as the tool for quantita-
tive determination of the MS.

At less than full substitution, a non-regiospecific
reaction of a CD with 3,4-epoxy-1-butene leads to the
formation of many isomers. As an example, a HBen-�-
CD with a DS of 3 and an MS of 4 can be comprised
of 20 regioisomers provided that ring opening occurs
only at C-4 of 3,4-epoxy-1-butene. Analysis of a deriva-
tive of this type is further complicated by the loss of
ring symmetry of the parent �-CD, and the formation
of new stereogenic centers in the side-chain sub-

permeate was identical to that of the material used to
spike the sample. Additionally, we examined the
nanofiltration permeates of hydroxybutenyl cyclodex-
trin samples that had not been subjected to extraction.
The spectra of these samples were consistent with that
of 3,4-dihydroxy-1-butene and butene glycol oligomers.
Hence, nanofiltration is an efficient means for direct
purification and concentration of hydroxybutenyl cy-
clodextrin reaction mixtures without any intervening
purification steps.

After removal of the byproducts, we isolated the
hydroxybutenyl cyclodextrins by first concentrating un-
der vacuum to remove a significant amount of the
water. The paste/solid was then taken up in EtOH, and
the remaining water was removed by co-evaporation. In
general, we found it necessary to repeat the co-evapora-
tion two to three times. After drying at room tempera-
ture under vacuum (1 mmHg), we obtained the
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Fig. 4. MALDI-TOFMS spectrum of a HBen-�-CD from which an MS of 5.84 was determined.

stituents. The number of potential isomers increases if
ring opening can occur at either C-3 and C-4 of 3,4-ep-
oxy-1-butene. Obviously, complete assignment of each
resonance of a HBen-�-CD of this type by NMR
spectroscopy would be extremely difficult, if not
impossible.

Despite this complexity, NMR spectroscopy can be
used to obtain some very useful structural information.
Fig. 6 provides the 1H and 13C NMR spectra of a
typical HBen-�-CD having a DS of 2.69 and an MS of
4.54. With the exception of H-1 of the anhydroglucose
ring, and the olefinic protons of the side chain sub-
stituents, all of the 1H NMR resonances appear be-
tween 4.5 and 3.4 ppm (Figs. 6 and 7). Three distinct
resonances, which can be assigned to C-1 of the anhy-
droglucose rings, are centered at 102 ppm in the 13C
NMR spectrum, and these resonances correlate to the
proton resonances centered at 5.08 ppm. Additionally,
several resonances between 118 and 125 ppm were
observed in the 13C NMR spectra, which we have
assigned to the terminal C-1� olefinic carbons of the
side-chain substituents. These carbon resonances corre-
late to the complex set of overlapping resonances be-
tween 5.16 and 5.6 ppm in the 1H NMR spectra.
Likewise, the three resonances centered at 137 ppm in
the 13C NMR spectra can be assigned to the C-2�
olefinic carbons of the side-chain substituents, and these
resonances correlate to the two broad resonances at
5.78 and 5.88 ppm in the 1H NMR spectra.

Assignment of the 1H NMR resonances at 5.78 and
5.88 ppm were made on the basis of the series of
spectra shown in Fig. 8, which were obtained on sam-
ples from the experiment described above for the prepa-
ration of the butene glycol oligomers. These spectra

show the evolution of the H-2 olefin 1H resonances on
progressing from 3,4-dihydroxy-1-butene to a mixture
of butene glycol dimer and trimer. Based on these
model compounds, we have assigned the resonances at
5.88 ppm to H-2� olefinic protons adjacent to a carbon
bearing a hydroxy group and the resonances at 5.78 to
the H-2� olefinic protons adjacent to a carbon bearing
an ether. Hence, the olefinic protons between 5.7 and
6.0 can be used to determine the MS and the DS. The
MS and DS of hydroxybutenyl cyclodextrins can be
determined by integration of the 1H NMR spectra
using Eqs. (1) and (2);

MS= ((H-2�OH+H-2�ether)/(All H−

((H-2�OH+H-2�ether)×6))/7)×number Glc’s (1)

Fig. 5. MALDI-TOFMS spectrum of a HBen-�-CD contain-
ing unsubstituted �-CD.
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Fig. 6. (a) 1H NMR spectrum and (b) 13C NMR spectrum of
a HBen-�-CD having a DS of 2.69 and an MS of 4.54.

As expected, the hydroxybutenyl cyclodextrins were
found to be highly soluble in water and in other
solvents. The solubilities of representative HBen-�-CD
and HBen-�-CD in water, ethanol–water mixtures, and
propylene glycol are given in Table 2. As anticipated,
the CD derivatives exhibited excellent solubility in all
three solvent systems. Only a slight difference in solu-
bility is seen between the two HBen-�-CDs, and only in
one solvent (96% ethanol). In this instance, the HBen-
�-CD with the higher MS of 5.72 exhibited the better
solubility in 96% ethanol. In water and in 15% aqueous
ethanol, HBen-�-CD exhibited slightly higher solubility
than HBen-�-CD. Relative to the parent cyclodextrin,
the hydroxybutenyl cyclodextrins exhibited greatly im-
proved solubility in water.

Guest–host complexes.—We have examined the solu-
bility of a variety of guest molecules in water as a
function of hydroxybutenyl cyclodextrin concentration.
As an illustration, Fig. 10 shows the increase in the
solubilities of glibenclamide and ibuprofen with increas-
ing concentrations of HBen-�-CD (DS=3.16, MS=
5.72). A binding constant, Kc, of 136 M−1 was
calculated from the slope of this solubility isotherm.11

Hydroxybutenyl-�-CD, having a very similar DS and
MS (DS=3.20, MS=5.03), exhibited a higher binding
constant (Kc=240 M−1), indicating that this HBen-�-
CD binds more effectively with glibenclamide. For
comparative purposes, hydroxypropyl-�-CD, with a re-
ported DS of 2.7, had a binding constant of 62 M−1.
With ibuprofen, the HBen-�-CD had a higher binding
constant (Kc=520 M−1) than HBen-�-CD (Kc=20
M−1); the Kc for hydroxypropyl-�-CD was 376 M−1.
As these examples illustrate, the size of the CD cavity
and the type of substituent impacts binding of these
guest molecules.

Encouraged by the increase in solubility of the two
illustrative guest molecules, we prepared solid com-
plexes of the HBen-�-CD (DS=3.16, MS=5.72) with
both glibenclamide and ibuprofen (Table 3). Ibuprofen
formed a 1:1 host–guest complex, while the larger
glibenclamide formed a 1:2 host–guest complex. In
both cases, the guest content in the complexes was high
(14.4 and 12.9 wt%, respectively). In both cases, the
relative increase in solubility of the free drug at pH 1.4
was quite large. For example, the solubility of ibupro-
fen was increased from �0.05 mg/mL to 1.92 mg/mL.

Finally, Fig. 11 provides the dissolution rates of
ibuprofen and glibenclamide at pH 1.4. In both cases,
dissolution was very rapid. With ibuprofen, a very
small burst effect was observed with a concentration of
ca. 2.0 mg/mL being achieved within 2–5 min, and an
equilibrium concentration being achieved in approxi-
mately 20 min. In the case of glibenclamide, the burst
effect was even smaller, with equilibrium concentration
being reached within 10 min. In both cases it is worth
noting that after reaching the equilibrium concentra-

DS= (H-2�OH/(H-2�ether+H-2�OH))×MS (2)

where H-2�OH is the proton resonance at 5.88 ppm,
H-2�ether is the proton resonance at 5.78 ppm, and ‘All
H’ means integration of all of the proton resonances
found between 3 and 6 ppm, excluding the resonance
from HOD. Because the resonances at 5.88 and 5.78
ppm are broad and partially overlap, we used a curve-
fitting routine to determine the integration of these
resonances.

Regarding the 1D 13C NMR spectra of hydroxy-
butenyl cyclodextrins, the severe spectral overlap in the
region between 72 and 86 ppm does not allow any
comment about selectivity between 1 and 2° hydroxyls
of the CD or about selectivity between C-3 and C-4 in
the ring opening of 3,4-epoxy-1-butene. However, be-
cause of the good resolution of the C-2�OH resonances,
and the C-2�ether resonances in a quantitative 13C NMR
experiment, the resonances can be directly integrated.
The DS can then be calculated by:

DS= (C-2�OH/(C-2�ether+C-2�OH))×MS (3)

Regarding the morphology of the hydroxybutenyl
cyclodextrins, Fig. 9 provides a typical DSC spectrum
of HBen-�-CD. This second scan–heating curve shows
only an endotherm at 80 °C that corresponds to the Tg
of the HBen-�-CD. Melting of the HBen-�-CD was not
observed. This would indicate that this HBen-�-CD is
indeed an amorphous solid.
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Fig. 7. HSQC 2D NMR spectrum of a HBen-�-CD having a DS of 2.69 and an MS of 4.54.

tion, a decrease in drug concentration over time was
not observed. This observation indicates that the solu-
bilized drug does not crystallize or precipitate from
solution.

3. Conclusions

Reaction of cyclodextrins with 3,4-epoxy-1-butene in
water provides highly water-soluble hydroxybutenyl cy-
clodextrin ethers. Reaction temperature, concentration
of base, and reaction time are three significant variables
that influence the MS and DS values that are obtained.
Reaction byproducts can be removed, and the concen-
tration of the hydroxybutenyl cyclodextrins in the reac-
tion medium can be increased by nanofiltration. The
hydroxybutenyl cyclodextrins can be isolated by co-
evaporation of EtOH–water. The DS and the MS can
be quickly determined by 1H NMR spectroscopy. Typi-
cally, hydroxybutenyl cyclodextrins, which contain no
unsubstituted parent cyclodextrin, have a DS of 2–4
and an MS of 4–7. These hydroxybutenyl cyclodextrins
are randomly substituted, amorphous solids, which ex-
hibit good solubility in water and in aqueous EtOH. As

demonstrated with glibenclamide and ibuprofen, the
hydroxybutenyl cyclodextrins readily form complexes
with a variety of molecules. Complexation results in a
significant increase in the aqueous solubilities of guest
molecules. The dissolution rates of the complexes in pH
1.4 water were very high, and significant increases in
the solubility of the guest molecules were observed.
Significantly, after reaching equilibrium concentration,
a decrease in the guest concentration over time was not
observed. Additional details regarding complexation of
different guest molecules by hydroxybutenyl cyclodex-
trins and toxicity studies on hydroxybutenyl cyclodex-
trins will be reported in due course.

4. Experimental

General methods.—The parent cyclodextrins were
obtained from Wacker Chemie GmbH and were used
as received. The 3,4-hydroxy-1-butene is a product of
Eastman Chemical Company and is also available from
Aldrich Chemical Co.

High-pressure liquid chromatography was carried
out using a Hewlett–Packard 1100 liquid chro-
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Fig. 8. 1H NMR spectrum of the H-2 protons for selected fractions obtained by fractional distillation of the reaction product of
base-catalyzed reaction of 3,4-epoxy-1-butene in water in the absence of CD.

matograph with an integrated pump, auto sampler, and
diode array detector (UV at 210 nm, 16 nm bandwidth,
8 nm slit). A Shodex Asahipak GS-220 HQ analytical
column (300×7.6 mm, 6 �) with a Shodex Asahipak
GS-2G 7B guard column (50×7.6 mm) was employed.
The sample injection size was 20 �L, and the mobile
phase was 35:65 MeCN–water at a flow rate of 0.6
mL/min.

Gas chromatography was conducted using a
Hewlett–Packard 5890 II gas chromatograph with a
7673 auto sampler. The column was a 30 m×0.32
mm×1 �m DB-5 column and the carrier gas was
helium. The temperature of the injector was 250 °C and
the injection size was 1 �L. Samples were prepared by
adding 100 mg of sample to 1 mL of pyridine contain-

ing dimethyl adipate as an internal standard. The initial
temperature of the oven was held at 40 °C for 2 min
before heating at 20°/min to 260 °C at which point it
was held for 5 min.

NMR spectra were collected at ambient probe tem-
perature using a JEOL model Eclipse+ 600 NMR
spectrometer. The sample (10 mg) was dissolved in 0.5
mL D2O and added to a 5-mm OD NMR tubes.
Chemical shifts for the 1H and 13C NMR spectra were
referenced to added protonated dimethyl sulfoxide at
2.5 and 39.44 ppm, respectively. The gradient-enhanced
HSQC 2D NMR spectrum was collected and processed
with the following parameters: rows, 100 scans; 512
complex points; and 15 ppm spectral width centered at
5 ppm; and columns: 128 complex points zero-filled
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Fig. 9. DSC 2nd scan heating curve for a HBen-�-CD having a DS of 3.16 and an MS of 5.72.

Table 2
Solubility of selected hydroxybutenyl cyclodextrins in different solvents

Solvent HBen-�-CDHBen-�-CD HBen-�-CD HBen-�-CD
DS=3.16 DS=3.10DS=3.16 DS=3.2

MS=5.53 (%) MS=5.72 (%) MS=4.96 (%) MS=5.03 (%)

�50 �60 �60Water �50
�50 �60�50 �6015% EtOH
�50 �5030% EtOH �50�50
�50 �50�50 �5060% EtOH

96% EtOH �50�40 �50 �50
�40 ND ND�40Propylene glycol

Fig. 10. The solubility of ibuprofen and glibenclamide in H2O as a function of HBen-�-CD (DS=3.16, MS=5.72) concentration.
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Table 3
Physical properties for ibuprofen–HBen-�-CD and glibenclamide–HBen-�-CD complexes

Host molecule HBen-�-CD (DS=3.16,HBen-�-CD (DS=3.16,
MS=5.72) MS=5.72)

glibenclamideibuprofenGuest molecule
1:2Molar ratio (guest–host) 1:1
12.914.4Guest content (w/w%)

7.1pH of 20% (w/v) aqueous solution 7.4
pale-yellow, clear pale-yellow, clearCharacteristics of a 20% (w/v) aqueous solution of the

complexes
Solubility of guest molecule in pH 1.4 HCl solution (1.5% w/v) 0.17 mg/mL1.92 mg/mL
Solubility of the free drug in pH 1.4 HCl solution �0.05 mg/mL �0.01 mg/mL

twice; and 200 ppm spectral width centered at 100 ppm.
Spectral deconvolution was accomplished with the soft-
ware routines provided in the JEOL DELTA version 3.1
software package.

Nanofiltration was carried out using a 200-mL Ami-
con ultrafiltration cell that was obtained from Millipore
Corporation. The membrane was a 63.5 mm flat sheet
cellulose acetate membrane (500 or 1000 molecular
weight cut-off). Typically, an 8–10 wt% solution of
hydroxybutenyl cyclodextrin was concentrated at 70 psi
N2 to approximately 25 wt% solids, which was consid-
ered to be one solvent exchange.

The molecular weight and the molecular-weight
range of the hydroxybutenyl cyclodextrins were deter-
mined by matrix-assisted laser desorption ionization-
time of flight-mass spectrometry (MALDI-TOFMS,
PerSeptive Biosystems Voyager Elite DE MALDI/time-
of-flight Instrument). The cyclodextrin was dissolved in
7:3 CH2Cl2–HFIP or 1:1 MeCN–water at a concentra-
tion of 10 mg/mL. An aliquot of 10 �L of the sample
solution was added to 90 �L of the matrix solution
(methyl 4-hydroxy-�-cyanocinnamate) and spotted (2
�L) on a sample plate for sample introduction. The
molar substitution was determined by a weighted aver-
age of the components in the sample.10

The solubility of hydroxybutenyl cyclodextrins in
selected solvents was determined by the addition of a
150-�L portion of the studied solvent into a test tube

that contained 300 mg of hydroxybutenyl cyclodextrin.
The sample was sonicated for 10 min at 25 °C. Addi-
tional 150-�L portions of solvent were added until
complete dissolution of the solid was observed.

The solubility isotherms of hydroxybutenyl cyclodex-
trins and hydroxypropyl-�-CD were determined by
adding excess amounts of guest molecules to 5.0-mL
solutions of the host cyclodextrin at different concen-
trations. The suspensions were stirred for 24 h at 25 °C.
The undissolved residues were removed by filtration
through a 0.22 �M filter. The solutions were diluted
with a 1:1 water–EtOH mixture, and concentrations of
the guest molecules were determined spectrophotomet-
rically using an HP 8542 diode array spectrophotome-
ter. The apparent binding constants were calculated
from the slope of the solubility isotherm.

In vitro dissolution rate of active ingredients from
complexes were studied in acidic medium simulating the
human stomach. Complexes (300 mg) were added to 20
mL pH 1.4 HCl solutions. The suspensions were stirred,
and 1-mL volumes were taken at the prescribed time,
after membrane filtration, were diluted with 50% EtOH
and the dissolved drug concentration was determined
by UV spectrophotometry.

A summary of the reaction conditions for the prepa-
ration of hydroxybutenyl cyclodextrins can be found in
Table 1.

General procedure: O-(hydroxy-1-butenyl)-cyclomal-
toheptaose (1).—Water (400 mL), �-CD (217 mmol),
and KOH (54 mmol) were charged to a glass-lined
autoclave. The mixture was heated to 100 °C with
stirring at which time the �-CD dissolved. 3,4-Epoxy-1-
butene (1.89 mol) was pumped into the reaction vessel
at 6.2 mL/min, and the reaction mixture was held at
100 °C for 1.4 h. The reaction mixture was allowed to
cool to approximately 50 °C and was neutralized with
HCl (3.6 h total reaction time). The reaction mixture
was concentrated to a solid/paste, which was then taken
up in 435 mL of deionized water. The solution was
heated to 70 °C, and 485 mL of EtOAc was added. The
mixture was then stirred vigorously for 30 min. The
layers were separated, and the extraction was repeated
an additional five times before concentrating to a white

Fig. 11. Concentration of the guest molecule after the addi-
tion of the HBen-�-CD host–guest complex to H2O (pH 1.4).
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solid (270.8 g). Analysis by GC revealed that the crude
reaction mixture contained 4.90 wt% 3,4-dihydroxy-1-
butene. A portion (4 g) of the crude product was taken
up in 50 mL of deionized water, and the solution was
concentrated by nanofiltration (75 psi N2) through a
500 MWCO cellulose acetate membrane to 25–30 wt%
solids. The concentrated sample was diluted to the
original volume. Five solvent exchanges were com-
pleted, and the sample was concentrated to approxi-
mately 25 wt% of HBen-�-CD. Most of the remaining
water was removed in vacuo, which gave a solid/paste.
The remaining water was removed by co-evaporation
with EtOH (2× ), which provided 3.51 g of HBen-�-
CD as a white solid. Yield, 78%. 1H NMR indicated a
DS of 3.40 and an MS of 5.55. GC: 0.06 wt% 3,4-dihy-
droxy-1-butene. 1H and 13C NMR: see entry 7.
MALDI-TOFMS: m/z 1297.4, 1367.6, 1437.6, 1507.7,
1577.7, 1647.7, 1717.7, 1787.7 corresponding to DS 2–9
[M+Na]+, MS=5.96. Anal. Calcd for (C6H10O5)7-
(C4H6O)5.55·3H2O: C, 48.85; H, 6.98. Found: C, 49.02;
H, 7.32.

O-(Hydroxy-1-butenyl)-cyclomaltoheptaose (2).—
This HBen-�-CD was prepared according to the general
procedure of 1. White solid, yield, 69%. 1H NMR
indicated a DS of 3.16 and an MS of 5.72. GC: 0.04
wt% 3,4-dihydroxy-1-butene. 1H and 13C NMR: see
entry 7. MALDI-TOFMS: m/z 1297.4, 1367.5, 1437.6,
1507.7, 1577.8, 1647.8, 1717.9, 1787.8, 1858.1 corre-
sponding to DS 2–10 [M+Na]+, MS=5.84. Anal.
Calcd for (C6H10O5)7(C4H6O)5.72·3 H2O: C, 48.99; H,
6.99. Found: C, 48.75; H, 7.24.

O-(Hydroxy-1-butenyl)-cyclomaltoheptaose (3).—
This HBen-�-CD was prepared according to the general
procedure of 1. During the addition of 3,4-epoxy-1-
butene, the internal pressure rose from 0.5 to 3 bar.
Fifteen min after the completion of the addition of
3,4-epoxy-1-butene, the pressure dropped to 0.5 bar.
White solid, yield, 87%. 1H NMR indicated a DS of
3.05 and an MS of 5.25. GC: 0.10 wt% 3,4-dihydroxy-
1-butene. 1H and 13C NMR: see entry 7. MALDI-
TOFMS: m/z 1297.2, 1367.3, 1437.3, 1507.4, 1577.5,
1647.6, 1717.6, 1787.5 corresponding to DS 2–9 [M+
Na]+, MS=5.56. Anal. Calcd for (C6H10O5)7-
(C4H6O)5.25·4 H2O: C, 48.03; H, 7.00. Found: C, 47.87;
H, 7.22.

O-(Hydroxy-1-butenyl)-cyclomaltoheptaose (4).—
This HBen-�-CD was prepared according to the general
procedure of 1. The crude reaction mixture was concen-
trated to a white solid, but the solid was not extracted
prior to nanofiltration. White solid, yield, 84%. 1H
NMR indicated a DS of 3.15 and an MS of 4.91. GC:
0.13 wt% 3,4-dihydroxy-1-butene. 1H and 13C NMR:
see entry 7. MALDI-TOFMS: m/z 1297.4, 1367.4,
1437.5, 1507.6, 1577.7, 1647.7, 1717.8, 1787.5 corre-
sponding to DS 2–9 [M+Na]+, MS=5.81. Anal.

Calcd for (C6H10O5)7(C4H6O)4.91·2 H2O: C, 48.85; H,
6.88. Found: C, 48.63; H, 7.29.

O-(Hydroxy-1-butenyl)-cyclomaltoheptaose (5).—
This HBen-�-CD was prepared according to the general
procedure of 1. After neutralizing with HCl, the sample
was not concentrated or extracted with EtOAc. Rather,
the reaction mixture was simply concentrated using
nanofiltration. After four solvent exchanges, the slightly
hazy solution was filtered to remove insoluble material.
White solid, yield, 82%. 1H NMR indicated a DS of
1.27 and an MS of 2.47. GC: 0.58 wt% 3,4-dihydroxy-
1-butene. 1H and 13C NMR: see entry 7. MALDI-
TOFMS: m/z 1157.6 (1.5%), 1227.5, 1297.6, 1367.6,
1437.7, 1507.7, 1577.8, 1647.8, 1717.8 corresponding to
DS 0–8 [M+Na]+, MS=3.45. Anal. Calcd for
(C6H10O5)7(C4H6O)2.47·6 H2O: C, 43.98; H, 6.89.
Found: C, 44.21; H, 7.39.

O-(Hydroxy-1-butenyl)-cyclomaltoheptaose (6).—
This HBen-�-CD was prepared according to the general
procedure of 1. After neutralizing and cooling to rt,
solids formed in the solution, which were removed by
filtration. The solids were washed with water that was
combined with the liquids from the reaction. The liquid
sample was concentrated by nanofiltration (5× ). White
solid, yield, 53%. 1H NMR indicated a DS of 0.50 and
an MS of 1.41. GC: 0.70 wt% 3,4-dihydroxy-1-butene.
1H and 13C NMR: see entry 7. MALDI-TOFMS: m/z
1157.6 (13.8%), 1227.6, 1297.7, 1367.7, 1437.9 corre-
sponding to DS 0–4 [M+Na]+, MS=1.41. Anal.
Calcd for (C6H10O5)7(C4H6O)1.41·8 H2O: C, 40.97; H,
6.96. Found: C, 41.11; H, 7.23.

O-(Hydroxy-1-butenyl)-cyclomaltoheptaose (7).—
This HBen-�-CD was prepared according to the general
procedure of 1. The crude reaction mixture was concen-
trated to a white solid but the solid was not extracted
prior to nanofiltration. White solid, yield, 77%. 1H
NMR indicated a DS of 2.69 and an MS of 4.54. GC:
0.07 wt% 3,4-dihydroxy-1-butene. 1H NMR (D2O): �

5.88 (H-2� adjacent to a carbon bearing an OH), 5.78
(H-2� adjacent to a carbon bearing an ether, H), 5.55–
5.16 (H-1�), 5.06 (H-1), 4.4–3.4 (H-2, -3, -4, -4�, -5, -6)
ppm. 13C NMR (D2O): � 136.9 (C-2�), 136.6 (C-2�),
134.9 (C-2�), 122.8 (C-1�), 121.9 (C-1�), 121.7 (C-1�),
120.2 (C-1�), 119.5 (C-1�), 117.7 (C-1�), 102.4 (C-1),
101.7 (C-1), 100.3 (C-1), 84.7–71.7 (C-2, -3, -4, -4�, -5),
64.4 and 60.8 (C6) ppm. MALDI-TOFMS: m/z 1297.5,
1367.4, 1437.4, 1507.4, 1577.4, 1647.4, 1717.4, 1787.3
corresponding to DS 2–9 [M+Na]+, MS=5.65. Anal.
Calcd for (C6H10O5)7(C4H6O)4.54·3 H2O: C, 47.92; H,
6.90. Found: C, 47.79; H, 7.15.

O-(Hydroxy-1-butenyl)-cyclomaltoheptaose (8).—
This HBen-�-CD was prepared according to the general
procedure of 1. White solid, yield, 81%. 1H NMR
indicated a DS of 3.16 and an MS of 5.53. GC: 0.06
wt% 3,4-dihydroxy-1-butene. 1H and 13C NMR: see
entry 7. MALDI-TOFMS: m/z 1297.2, 1367.6, 1437.7,
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1507.9, 1578.0, 1648.0, 1718.1, 1788.1 corresponding to
DS 2–9 [M+Na]+, MS=5.91. Anal. Calcd for
(C6H10O5)7(C4H6O)5.53·2 H2O: C, 49.39; H, 6.93.
Found: C, 49.60; H, 7.44.

O-(Hydroxy-1-butenyl)-cyclomaltoheptaose (9).—
This HBen-�-CD was prepared according to the general
procedure of 1 with the exception that the reaction was
conducted in a round bottom flask. White solid, yield,
73%. 1H NMR indicated a DS of 2.75 and an MS of
5.12. GC: 0.02 wt% 3,4-dihydroxy-1-butene. 1H and 13C
NMR: see entry 7. MALDI-TOFMS: m/z 1297.3,
1367.4, 1437.4, 1507.5, 1577.6, 1647.6, 1717.6, 1787.5
corresponding to DS 2–9 [M+Na]+, MS=5.90. Anal.
Calcd for (C6H10O5)7(C4H6O)5.12·2 H2O: C, 49.62; H,
6.85. Found: C, 49.59; H, 7.15.

O-(Hydroxy-1-butenyl)-cyclomaltohexaose (10).—
This HBen-�-CD was prepared according to the general
procedure of 1. White solid, yield, 88%. 1H NMR
indicated a DS of 3.10 and an MS of 4.96. GC: 0.03
wt% 3,4-dihydroxy-1-butene. 1H and 13C NMR: see
entry 7. MALDI-TOFMS: m/z 1135.3, 1205.3, 1275.4,
1345.4, 1415.4, 1485.5, 1555.6, 1625.7 corresponding to
DS 2–9 [M+Na]+, MS=5.46. Anal. Calcd for
(C6H10O5)6(C4H6O)4.96: C, 50.77; H, 6.85. Found: C,
50.59; H, 7.44.

O-(Hydroxy-1-butenyl)-cyclomaltohexaose (11).—
This HBen-�-CD was prepared according to the general
procedure of 1. White solid, yield, 61%. 1H NMR
indicated a DS of 3.20 and an MS of 5.03. GC: 0.02
wt% 3,4-dihydroxy-1-butene. 1H and 13C NMR: see
entry 7. MALDI-TOFMS: m/z 1135.3, 1205.3, 1275.4,
1345.4, 1415.4, 1485.6, 1555.7, 1625.7 corresponding to
DS 2–9 [M+Na]+, MS=5.39. Anal. Calcd for
(C6H10O5)6(C4H6O)5.03·3 H2O: C, 48.85; H, 7.02.
Found: C, 49.03; H, 6.98.

O-(Hydroxy-1-butenyl)-cyclomaltohexaose (12).—
This HBen-�-CD was prepared according to the general
procedure of 1. White solid, yield, 70%. 1H NMR
indicated a DS of 2.77 and an MS of 4.42. GC: 0.01
wt% 3,4-dihydroxy-1-butene. 1H and 13C NMR: see
entry 7. MALDI-TOFMS: m/z 1135.3, 1205.3, 1275.4,
1345.4, 1415.4, 1485.6, 1555.7, 1625.7 corresponding to
DS 2–9 [M+Na]+, MS=5.39. Anal. Calcd for
(C6H10O5)6(C4H6O)4.42·H2O: C, 49.55; H, 6.86. Found:
C, 49.93; H, 7.31.

1-Butene glycol oligomers.—Water (400 mL), 3,4-ep-
oxy-1-butene (135 g, 1.89 mmol), and KOH (54 mmol)
were charged to a glass-lined autoclave. The mixture
was heated to 100 °C and held for 1.5 h. The reaction
mixture was allowed to cool to approximately 50 °C
and was neutralized with HCl (3.0 h total reaction
time). The water was removed in vacuo at 45–75 °C
and 25 mmHg to afford a viscous yellow liquid mixed
with inorganic salts. The salts were removed by filtra-
tion resulting in 197.6 g of a yellow liquid. Analysis of
this mixture by GC–MS revealed that it was comprised

of 3,4-dihydroxy-1-butene (47%), three 1-butene glycol
dimers (44%), and 1-butene glycol trimers (9%). The
liquid was distilled through a short-path column at 1.8
mmHg, and seven fractions were collected. The fraction
collected at 78–80 °C (64.5 g) was analytically pure
3,4-dihydroxy-1-butene (NMR, GC–MS). The fifth
fraction collected at 122–138 °C (20.3 g) did not con-
tain any 3,4-dihydroxy-1-butene and was comprised of
75% 1-butene glycol dimers (MW 158) and 25% trimers
(MW 228). Fractions 2–4 contained decreasing amounts
of 3,4-dihydroxy-1-butene and increasing amounts of
1-butene glycol dimers and trimers. The fractions dis-
tilling at higher temperatures contained increasing
amounts of 1-butene glycol trimers.

1:1 Ibuprofen–HBen-�-CD complex.—HBen-�-CD
(48.6 g, 0.031 mol) was dissolved in 550 mL of water
containing 2.2 g (0.055 mol) of NaOH at rt under
continuous stirring. A pale-yellow, clear solution was
obtained. Solid ibuprofen (6.44 g, 0.031 mol) was added
to the solution in small portions over a period of 30
min. The guest substance dissolved completely. The pH
of the solution (12.2) was adjusted with 85% phospho-
ric acid to pH 7.0. The clear solution was filtered
through a glass filter and freeze-dried. A nearly white
powder was obtained (yield, 57.2 g, 98.5%). In order to
determine the guest content of the complex, 100 mg of
the complex was dissolved in 5mL of water. The clear
solution was diluted with 50% EtOH, and the guest
molecule content of the complex was measured by UV
spectrophotometry.

1:2 Glibenclamide–HBen-�-CD complex.—HBen-�-
CD (47.3 g, 0.030 mol) was dissolved in 550 mL of
water containing 2.2 g (0.055 mol) of NaOH at rt under
continuous stirring. A pale-yellow, clear solution was
obtained. Solid glibenclamide (7.51 g, 0.015 mol) was
added to the solution in small portions over a 20-min
period. The guest molecule dissolved completely in the
reaction mixture. The pH of the solution (12.4) was
adjusted with 3.5 M phosphoric acid to pH 7.3. The
clear solution was filtered through a glass filter and
freeze-dried. A nearly white powder was obtained
(yield: 57.9 g, 100.1%). The guest content of the com-
plex was determined as above for the ibuprofen
complex.
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