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Recently, there has been a renewed interest!"! in developing
novel methodologies®™ to regioselectively obtain multisub-
stituted cyclodextrin (CD) hosts. These structurally well-
defined molecules are key intermediates in the design of
artificial enzymes, gene delivery vehicles,”! sensors,® and
novel supramolecular assemblies.”’

In all CD molecules, there exist three types of hydroxy
groups attached to the C6, C2, and C3 positions of the D-
glucopyranosyl unit. It is relatively straightforward to chemo-
selectively differentiate one hydroxy group from another,"
but it is much more challenging to regioselectively differ-
entiate between hydroxy groups of the same type because of
their identical chemical reactivity. To obtain multifunctional-
ized CDs, three innovative strategies were commonly used:
1) the first relies on the use of bulky protecting groups such as
trityl**1% and its variants®*® to protect the primary rim;
2) the second involves the use of tethered bifunctional
sulfonating,™! tritylating,**% or other alkylating reagents®®!
which selectively react with two hydroxy groups of the CD
according to the length and geometry of the tether; 3) the
third was introduced by the Sinay and co-workers, and takes
advantage of the reductive O dealkylation by diisobutylalu-
minum hydride (DIBAL-H)® using O-perbenzylated CDs as
substrates; either one or two benzyl (Bn) groups are removed
from the primary face in moderate to high yields. They also
found that the same conditions can be applied to remove
methyl groups from permethylated CDs, predominantly at
the secondary rim.?) The most remarkable feature of the
method reported by Sinay and co-workers is the high
regioselectivity. For example, in the cases of o/f§ CDs, only
benzyl group(s) attached to O6 positions of the A and D units
(see Scheme 1 for labeling of a CD) are affected. We later
found that this methodology could also be used to synthesize
triply and quadruply O-debenzylated products in gram
quantities."*! A downside of the methodology is that a
large excess (> 30 equiv) of DIBAL-H is required. Herein we
report a hitherto new method that allows access to multi-
substituted CDs from readily available per-6-O-silylated CD
derivatives by DIBAL-H-promoted regioselective O desily-
lation.

Recently, Kuranaga et al. reported!'” that primary silyl
ethers such as fert-butyldimethylsilyl (TBS), triethylsilyl
(TES), and tert-butyldiphenylsilyl (TBDPS) could be chemo-
selectively removed by DIBAL-H (5 equiv) in the presence of
secondary TES ethers at low temperatures (—20-—40°C) to
afford primary alcohols in good to excellent yields. Encour-
aged by this report, we wondered if this methodology could be
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applied to CD chemistry, specifically if substrates 1-3
(Figure 1), which are all per-6-O-tert-butyldimethylsilylated,
could be used to react with DIBAL-H to produce partially O-
desilylated intermediates. Contrary to the reported work,
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Figure 1. Structures of the 6-O-persilylated substartes 1-3.

here the challenge is that in each substrate all TBS groups are
derived from a primary hydroxy group and have identical
chemical environments. However, we thought if we were able
to partially remove the TBS groups, we could provide the first
examples to demonstrate the utility of DIBAL-H in regiose-
lective O desilylations in CD chemistry. Large quantities of
compounds 1-3 were conveniently prepared from native a, f3,
and vy CDs in two steps using literature procedures.!"’!

Thus we first subjected the persilylated a-CD derivative 1
to react with DIBAL-H (3.5 equiv, 0.1 molL™") in anhydrous
toluene at —40°C (Scheme 1). However, it was found that
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Scheme 1. DIBAL-H-mediated O desilylations. a) DIBAL-H in toluene.
See the Supporting Information for detailed reaction conditions and
yields.

reaction proceeded very slowly, as most starting materials
remained unchanged even after 16 hours. When we slowly
raised the temperature to 0°C, we observed an accelerated
reaction rate. The starting material was gradually consumed
along with the formation of two new products—both of them
being more polar. After stirring for 3 hours, the less polar
product (4) became the major product and was isolated by
column chromatography on silica gel in 71 % yield as was
based on the consumed material. The more polar product §
was also isolated in 16% yield (Table1, entry1). Some
starting material (1) remained and was never completely
consumed even after 48 hours. However, if we increased the
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Table 1: Reaction conditions and yields of the DIBAL-H mediated
stepwise O desilylations

Yield [96]"
4 5 6 7 8

Entry Substrate Conditions®

1 1 3.5 equiv, 0.1m, 0°C, 3 h 71 16 - - -
2 1 7 equiv, 0.3m, 0°C, 4 h 0 68 - - -
3 2 3 equiv, 0.15m, 0°C,3h - - 62 22 -
4 2 6 equiv, 0.3m, 0°C, 4 h - = 12 71 -
5 3 3 equiv, 0.1m, 0°C, 4 h - - - - 58d
6 3 6 equiv, 0.1M, 0°C, 4 h - - - - 1eH

[a] For all reactions, DIBAL-H in toluene (1.0 M) was used. [b] Yield of
isolated product. [c] The reaction also afforded a mixture of unseparable
O-di-desilylated compounds (26 % for entry 5 and 53 % for entry 6).

amount of DIBAL-H to 7 equivalents (0.3 molL™"), we
observed complete consumption of the starting material
after 4 hours (Table 1, entry 2). In this case, the more polar
product 5 was formed as the major product and was isolated in
68 % yield, and the less polar product 4 was isolated in 10 %
yield. Thin-layer chromatography (TLC) also showed that
some even more polar products were formed, but they were
minor and therefore not characterized.

High resolution mass spectrometry (HRMS) confirmed
that the less polar product 4 corresponded to a compound that
lost only one TBS group (m/z:1728.0709, M+NH,"). Thus the
structure of 4 was assigned as indicated in Scheme 1, and the
structure was supported by NMR experiments wherein no
symmetry was observed in both the 'H and *C NMR spectra
(see the Supporting Information). The HRMS of the more
polar product 5 corresponded to a compound that lost two
TBS groups (m/z: 1619.8438, M+Na™). Theoretically, there
are three possible regioisomers (6*,6%; 6*,6°; and 6*,6°) that
could arise form the loss of two TBS groups. Surprisingly,
from the 'H and “"C NMR spectra, we found that only one
regioisomer was present and identified as the symmetric
6*,6P-di-O-desilylated compound 5, as evidenced by the
presence of C,symmetry. For example, in the 'H NMR
spectra, three pairs of anomeric protons were observed at
0=>5.10,5.07, and 5.03 ppm, and this symmetry is additionally
supported by the observation of three pairs of H2 protons at
0 =3.14, 3.09, and 3.08 ppm (Figure 2 A).

Thus, it appeared that the DIBAL-H-mediated O desily-
lations follow a similar deprotection pattern as the related
O debenzylations. Therefore, we continued our investigations
using the persilylated compounds 2 and 3 (Scheme 1) as
substrates to confirm the observations.

As indicated by the TLC analysis, treatment of either the
B-CD derivative 2 or y-CD derivative 3 with 3.0 equivalents of
DIBAL-H (Table 1, entries 3 and 5) also generated two new
products, both of which are more polar than the respective
starting material. In both cases, the less polar compounds 6
and 8 were formed as major products, and were isolated in
62% (from 2) and 58% (from 3) yield, respectively. Both
compounds were characterized as the mono O-desilylated
compound by HRMS as well as 'H and *C NMR spectros-
copy. Their structures were assigned as shown for 6 and 8. The
more polar product 7 from the reaction of compound 2 was
isolated in 22 %, whereas the more polar product arising from
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Figure 2. The 'H NMR spectra of the di-6-O-desilylated A) products 5
and B) 7, as well as C) a mixture of the diols obtained from the
reaction of substrate 3 with DIBAL-H.

3 was obtained in 26 % yield. Consistent with the O desily-
laion of 1, the degree of O desilylation seems to correlate well
with the amount of DIBAL-H used. For example, when
increasing the amount of DIBAL-H to 6.0 equivalents for
reaction with 2 (Table 1, entry 4), the more polar compound 7
became the major product after 4 hours at 0°C, and was
isolated in 71 % yield.

HRMS confirmed that the more polar compound from
each reaction correlated to a di-6-O-desilylated derivative.
However, from the analysis of recorded 'H and “C NMR
spectra, it was found that the more polar product from the
reaction of 3 comprised a mixture of two compounds (Fig-
ure 2C), whereas the more polar product 7 from the
desilylation of 2 consisted of only one single isomer (Fig-
ure 2B). For example, in the '"H NMR spectra of compound 7,
seven anomeric protons were observed; two of them are well
separated from the rest (6 =5.21 and 5.19 ppm), while the
remaining five anomeric protons were observed in two
regions within the range of  =5.17-4.14 ppm (3 x H1) and
0=15.13-5.10 (2 x H1). We tried to assign the structures of the
di-O-desilylated compounds by a series of 2D experiments
(GCOSY and GHSQC); however, because of extensive
overlaps of the NMR signals, our attempts were unsuccessful.
Since the di-O-desilylation of compound 1 followed a path
similar to the corresponding di-O-debenzylation, we tenta-
tively assigned the structure of the di-O-desilylated com-
pound from 2 to be the 6*,6°-di-O-desilylated 3-CD isomer 7.
The di-O-desilylated products from 3 could be the 6*,6°/6"-
di-O-desilylated y-CD isomers according to the literature ;"
however, attempts to separate the two regioisomers using
different chromatographic conditions were unsuccessful.

To unambiguously prove the structure of 7, it was
acetylated to provide the diacetate 9 (Scheme2A). We
hoped that the deshielding effect of the acetyl groups would
reduce the overlapping of the NMR signals, thus allowing us
to determine the substitution patterns of 7 by 2D NMR
experiments. However, this did not yield success. We then
decided to convert 7 into 13 through a multistep trans-
formation and then compare 13 with an identical compound
that could be obtained from the known 6%,6P-capped
disulfonate 14 (Scheme 2B). First, compound 7 was treated
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Scheme 2. A) Chemical transformation of 7 into 13. B) Chemical trans-
formation of 14 into 13. a) Ac,O, pyridine; b) CH;SO,CI, Et;N, CH,Cl,;
c) NaN;, DMF; d) nBu,NF, THF; e) Mel, NaH, DMF. See the Support-
ing Information for detailed reaction conditions and yields.

with MsCl to provide the dimesylate 10 (75% ), which was
then substituted with azide (11, 93 % ). The five TBS groups
were then removed by the treatment with tetra-n-butylam-
monium fluoride in THF to provide the pentaol 12 (93%),
which was methylated to afford the desired 13 (85%). In
parallel, the previously known compound 14 was treated with
an excess amount of sodium azide to afford the 6*,6°-diazide
15. After a conventional permethylation, we obtained a
compound that had identical "H NMR spectra to that of 13 as
obtained from 7 (Figure 3). Thus the structure of compound 7
was confirmed.

Considering that the TBS group is considerably larger
than the benzyl group, we can predict that for the per-6-O-
silylated substrates, there must exist greater steric hindrance
at the primary rim compared to that of the perbenzylated
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Figure 3. Comparison of the '"H NMR spectra of compound 13,
obtained from 7 and from 14.
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analogues. The fact that DIBAL-H is able to react with both
classes of substrates and performs deprotections with similar
regioselectivities is remarkable. Furthermore, we also note
that even though our substrates had methyl groups at the
secondary rim, the previously observed O demethylation did
not occur. This observation illustrates that the DIBAL-H-
mediated O desilylation is highly chemoselective. To further
demonstrate the versatility of the method, we decided to use
two additional substrates, namely 16 and 17,1 which are
analogues of compound 1 and 2 having removable benzyl
groups at the secondary rim (Scheme 3). Selective O desily-
lations on these substrates would effectively create CD
derivatives with three orthogonal functional groups (Bn,
OH, TBS) that can be manipulated independently. These
compounds are valuable intermediates for the design of
artificial enzymes and complex supramolecular systems that
are difficult to obtain through other methods.

OTBS

TBSO TBSO
OTBS OTES G
OTBS
OEn
16: n—1 18_ n—‘l, R=TBS
17: n=2 19: =1, R=H
20: n=2, R=TBS
21: n=2, R=H

Scheme 3. O Desilylations using per-2,3-O-benzylated substrates 16
and 17. a) DIBAL-H in toluene. See the Supporting Information for
detailed reaction conditions and yields.

To our delight, these two substrates behaved in an
analogous manner as the other methylated analogues. For
example, when 16 and 17 were subjected to 3-3.5 equivalents
of DIBAL-H, the corresponding O-monodesilylated products
18 and 20 were obtained in 70 % and 71 % yields, respectively.
When more DIBAL-H (6.0-7.0 equiv) was used, the corre-
sponding di-O-desilylated products 19 and 21 were obtained
in even better yields (82% for 21 and 87 % for 23). The
structure of compound 19 was confirmed by the presence of
C, symmetry in both the 'H and “CNMR spectra. To
unambiguously prove the substitution patterns of the 3-CD
analogue 21, we converted 21 into a per-O-benzylated 6*,6°-
diazido analogue in a similar manner as 7, and confirmed its
structure by comparing its 'H NMR spectra with an identical
compound obtained from the known perbenzylated $-CD
6*,6°-diol®! (see the Supporting Information).

In conclusion, the work presented here demonstrates that
DIBAL-H is an excellent reagent that can be used to promote
regioselective O desilylations of primary silyl ethers on CD
derivatives. This method will allow the preparation of
orthogonally protected, multisubstituted CD derivatives in
an efficient manner. Compared to the previously known
O debenzylations, the O desilylation requires easily accessi-
ble starting materials, but a much smaller amount of the
reagent, and the reaction can be carried out under mild
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reaction conditions. Based on results obtained from this work,
we note that the degree of O desilylation is responsive to the
amount of reagent used. When combined with the high
chemoselectivity of the method, we think that the DIBAL-H
mediated O desilylations will be likely to find ample appli-
cations in CD chemistry.
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