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Triisobutylaluminium and Diisobutylaluminium Hydride as Molecular
Scalpels: The Regioselective Stripping of Perbenzylated Sugars and

Cyclodextrins
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Abstract: To explain the remarkable
regioselective de-O-benzylating proper-
ties of diisobutylaluminium hydride
(DIBAL-H) and triisobutylaluminium
(TIBAL) towards polybenzylated
sugars or cyclodextrins, we propose a
plausible mechanistic rationale critical-

sugar complex. For the reaction to
occur, one pair of adjacent oxygen
atoms should first be able to form a

Keywords: carbohydrates cyclo-
dextrins - diisobutylaluminium hy-
dride - regioselective de-O-alkyla-

chelation complex with the first equiva-
lent of aluminium reagent, either a
highly fluxional complex with tetra-
coordinate aluminium species or a pen-
tacoordinate one. The second equiva-
lent then induces the regioselectivity of
the de-O-alkylation by coordinating

ly involving the kinetic formation of a
product-generating 2:1 Al-benzylated

Introduction

The availability of efficient protecting group introduction
and removal strategies is a prerequisite for the harmonious
development of carbohydrate chemistry. The benzyl ether
function is probably the most widely used protecting group,
owing to its stability under a large variety of conditions and
its easy removal by mild catalytic hydrogenolysis. In con-
trast, methyl ethers, for example, are generally regarded as
permanent protecting groups, because of the usually harsh
conditions required for their removal. As a consequence,
numerous benzylation and de-O-benzylation reactions have
been described."! An underdeveloped but attractive route to
partially benzylated carbohydrates is provided by controlled
de-O-benzylation of easily available polybenzylated precur-
sors. This has more particularly been achieved in processes
such as catalytic hydrogenolysis,” catalytic hydrogen-trans-
fer cleavage,® acetolysis/ hypoiodite fragmentation,”
iodine-mediated addition—elimination sequences,”® or use of
Lewis acids such as tin tetrachloride and titanium tetrachlor-
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preferentially to one of the oxygen
atoms of the selected pair.

ide!” or a combination of chromium dichloride and lithium
iodide.”

A few years ago, we serendipitously observed mono-de-
O-benzylation as a side reaction during our exploration of
the scopel of the reductive rearrangement of 6-deoxyhex-5-
enopyranosides with triisobutylaluminium (TIBAL).'”) By
taking advantage of this unplanned finding, we promptly
discovered that use of TIBAL led to highly regioselective
mono-de-O-benzylation of perbenzylated mono- and disac-
charide derivatives.'"? We found out more recently that
diisobutylaluminium hydride (DIBAL-H) promoted a most
remarkable regioselective A,D-type bis-de-O-benzylation on
the primary rim of either a- or f-perbenzylated cyclodex-
trins,™ opening the door to further transformations into
novel cyclodextrin derivatives.'*' Having accumulated
these data, we would now like to discuss these results and to
propose a mechanism for this unprecedented mode of
action of TIBAL and DIBAL-H, acting as so-called “chemi-

cal scalpels”.l']

Results and Discussion

The first step: formation of a fluxional (or a pentacoordi-
nate?) complex: As shown in Table1 (entry1), when
methyl  2,3,4,6-tetra-O-benzyl-o-p-glucopyranoside (1)
was treated with a commercial solution of TIBAL in toluene
for 3h at 50°C, an almost quantitative transformation into
201 was observed. This is in sharp contrast with the robust-
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Table 1. Reactions of a variety of benzylated compounds with TIBAL and DIBAL-H.

1,2-cis (axial-equatorial)

Entry Starting Reagent Time Products Yield system. Entry 7 in Table 1 dem-
material [equiv] (h] [%] onstrates that TIBAL was simi-
ﬂ g&‘& larly able to induce a selective

BnO Bno .
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striking feature was the superi-
ority of DIBAL-H over TIBAL
for the de-O-methylation pro-
OH cess (compare entries 6 and 8,
Table 1). The competing 6-de-
O-benzylation  observed in
entry 6 in Table 1 is discussed,

o126
on 74 (75/15/10)

(271 analysed and turned to our ad-

OBn . vantage later in this discussion
Bn&% 361 (78/22) At this stage, we may thus
2 OH propose that the debenzylation
process is initiated by the fa-
vourable kinetic formation of a
fluxional complex A. For con-
12 venience, though, we will depict

[a] A total of 34 % of starting material was also recovered.

ness of the corresponding ( anomer 3,”” (entry 2, Table 1)
which was recovered unaffected after a prolonged reaction
time. Together with the additional results shown in entries 3,
4 and 5 in Table 1, it may be concluded that efficient mono-
de-O-benzylation with TIBAL requires the presence of a

Abstract in French: Afin d’expliquer la remarquable régiosé-
lectivité des réactions de dé-O-benzylation des sucres ou des
cyclodextrines perbenzylés effectuées par le DIBAL-H ou le
TIBAL, nous proposons un mécanisme plausible mettant en
jeu la formation critique d’'un complexe actif 2:1 Al-sucre
benzylé. Pour que la réaction ait lieu, il est nécessaire qu’une
paire d’atomes d’oxygene soit d’abord capable de former un
chélate avec un premier équivalent de réactif, se présentant
sous la forme soit d’'un complexe hautement fluctuant d’espe-
ces tétracoordinées, soit d’'un complexe organoaluminique
pentacoordiné. Le second équivalent dicte ensuite la régiosé-
lectivité de la dé-O-alkylation en se coordinant préférentielle-
ment d un des deux atomes d’oxygeéne de la paire initialement
choisie.
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A as B (Scheme 1). Whether B
is a real pentacoordinated com-
plex or just a written formalism
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Scheme 1. Formation of a highly fluxional complex A or a pentacoordi-
nate complex B.

is not known. The intermediacy of pentacoordinated trial-
kylaluminium complexes as key intermediates in various or-
ganic reactions is now well documented and has especially
been scrutinised by Maruoka and O0i.”*>? It could also ex-
plain selectivities in other reactions.®**!

TIBAL and DIBAL-H thus regioselectively select, for
geometrical reasons, the two oxygen atoms located at C-1
and C-2. Entries 7 and 8 in Table 1 imply that the regioselec-
tivity of de-O-alkylation at position 2 must be explained in-
dependently of the nature of the groups located on posi-
tions-1 and 2. We therefore now have to understand the
next step in terms of regioselectivity: that is, either a or b
cleavage (Scheme 1).
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A step forward in the analysis: the informative behaviour of
diethyleneglycol dibenzyl ether 13: An unexpected but illu-
minating regioselectivity was observed when diethylenegly-
col dibenzyl ether 13" was treated with DIBAL-H. As
shown in Scheme 2, no de-O-benzylation took place. Sur-
prisingly, mono-O-benzylated ethyleneglycol 14“! was the
only isolated reaction product (82 % yield).

)

BnO (0] OBn 829% BnO OH
13 14

Scheme 2. Compound 13 does not undergo any de-O-benzylation in the
presence of DIBAL-H. Reagents and conditions: i) DIBAL-H (5 equiv),
toluene (0.5m), 3 h, 50°C.

The initial formation of the plausible 1:1 complex C
(Scheme 3) cannot explain the observed regioselectivity of
the reaction, given that DIBAL-H can equally well de-O-al-
kylate or de-O-benzylate (see entries 6 and 8 in Table 1). It
seems reasonable, as a large excess of aluminium reagent is
used, that a second aluminium atom coordinates on another
oxygen atom. With those two aluminium atoms, a series of
complexes in equilibrium is possible; however, the site be-
tween two oxygen atoms once again seems by far the most
probable for coordination, because of its electron density
and steric availability, leading to the plausible product-gen-
erating 2:1 complex D (Scheme 3) with two aluminium
atoms, as shown in Figure 1.

Scheme 3. Proposed mechanism for the formation of alcohol 14.
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Figure 1. Molecular model for D. Hydrogen atoms and isobutyls are
omitted for clarity.

The central oxygen atom in D is depicted as doubly coor-
dinated. It is notable that the complexation of diethyl ether
with two aluminium atoms has already been mentioned.*!!
Here again, whether the complex D is in fact a double pen-
tacoordinated or a highly fluxional system is not known, but
such knowledge is not at all necessary to explain the regio-
chemical outcome of the mono-de-O-benzylation process.
To account for the reactivity of such a species, however, it
might be clearer to use a more conventional formalism with
dative bonds and formal charges. We would therefore depict
the reactive form D as one in which one aluminium between
two oxygen atoms is coordinated by one of them and forms
a zwitterionic interaction with the second, which is itself co-
ordinated to a second aluminium atom. This formal di-coor-
dination of the central oxygen weakens its C—O bonds, and
the isobutyl aluminium reagent can deliver a hydride to
break this bond selectively and produce adduct E, which
gives alcohol 14 after hydrolysis (Scheme 3).

Complex F (Scheme 4) is probably not relevant because it
would lead to a de-O-benzylated product 15 and involve the
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Scheme 4. Complex F, which would afford compound 15, is not formed.

location of one aluminium atom in an electronically less fav-
oured position.

In summary, the remarkable regioselectivity of the de-O-
alkylation of compound 13 could reasonably be explained
by the involvement of a second aluminium atom in the pro-
cess. The two isobutylaluminium molecules would be com-
plexed in the electron-richest sites of the molecule, in this
case the two dioxygenated “tweezers” delineated by the eth-
yleneglycol structure. The symmetry of this species allows
each aluminium atom to play the role of Lewis acid or re-
ducing agent indifferently, the reaction always leading to the
cleavage of the central C—O bond. Therefore, we propose
that the site of cleavage is dictated by the site of complexa-
tion with a second aluminium reagent.

Regioselectivity for simple carbohydrates: Adopting the in-
volvement of two molecules of aluminium reagent in the
process of de-O-alkylation, we can now explain the selectivi-
ty of the reaction in the case of sugar derivatives. As previ-
ously proposed, the first alane sticks to the most accessible
bidentate ligand, or di-oxygenated “tweezers”, forming a
fluxional or pentacoordinate complex H (Scheme 5) requir-
ing the 1,2-cis-diol pattern. A second aluminium atom then
complexes one of the two oxygen atoms of the “tweezers”
to orientate the de-O-alkylation by activating the C—O
bond. According to the model presented in Figure 2, the or-
bitals of the two oxygen atoms implicated in the process are
not equally accessible: the exocyclic anomeric oxygen atom
is axially oriented, and consequently one of its lone pairs is
hindered because it is located under the pyranoside ring,
whereas both lone pairs of the equatorial 2-oxygen atom are
equally available for coordination. Therefore, the second
aluminium atom coordinates much more easily to oxygen 2
than to the anomeric oxygen, thereby forming complex I
and directing the de-O-alkylation reaction towards 2-de-O-
benzylation (Scheme 5). The lower steric demand of
DIBAL-H in relation to TIBAL, allowing some approach
on O-1, can probably account for the drift in the regioselec-
tivity in the reaction with compound 1.

Interestingly, a related reaction has been observed in the
presence of AICl; with disilylated 1,2-cyclohexanediol 16,

OBn
AlR; o AIR;
1 BnO BnO
BnO b BnO
Ph—~ =:z “\\\OM
/Al\
\
H

S Ph/—o O OH by

through which compound 17
I\ was obtained and characterised
X-ray crystallography
(Scheme 6).[*%#1  The latter
structure led us to envisage an
intermediate such as G for this
reaction, comforting us in our
hypothesis of the intermediacy

15

of I for de-O-alkylation.

In summary, a mechanism involving two molecules of iso-
butylaluminium reagent, playing two different roles, allows
the regioselectivity of the de-O-alkylation reactions to be
explained. The first molecule of reagent is coordinated in
the lone-pair-rich site of the carbohydrate, between two 1,2-
cis oxygen atoms (the “tweezers”). The second aluminium
atom coordinates on the more available oxygen atom to ori-
entate the de-O-alkylation by acting as a Lewis acid and
therefore weakening a C—O bond; the dealkylation reaction
is then achieved by hydride transfer. When a set of dioxy-
genated “tweezers” is clearly identified and when the re-
maining orbital of one oxygen atom is clearly more accessi-
ble than the other one, then the reaction is regioselective.
Compound 1 is a typical example.

Towards DIBAL-H-mediated de-O-alkylation at the pri-
mary rim of cyclodextrins: As previously alluded to, we
would like now to come back to entry 6 (Table 1). As point-

I§

S

)

Figure 2. Simplified molecular model for complex H, showing the differ-
ence in availability of the second lone pair of each oxygen of the tweez-
ers. This model omits non-relevant benzyl and isobutyl groups.
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Scheme 5. Proposed mechanism for the TIBAL-mediated de-O-benzylation at position 2 of perbenzylated methyl a-p-glucopyranoside.
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Scheme 6. Proposed intermediate for the known mono-desilylation of 16.

ed out, a competitive de-O-ben-
zylation occurred at position 6
when DIBAL-H was used as a
scalpel. This property of
DIBAL-H culminated in the
case of perbenzylated cyclodex-
trins,"® in which no competitive
de-O-benzylation at O-2 was
observed, in spite of a favoura-
ble 1,2-cis situation (Scheme 7).
We now have to understand the
mechanism of this 6-O-deben-
zylation, together with the rules
dictating the 2-O- versus 6-O-
regioselectivities, as exquisitely
observed in the case of cyclo-
dextrins.

Firstly, we wish to disclose
here an improved procedure for
the de-O-benzylation of per-
benzylated o- and p-cyclodex-
trins 19« and 198.* The ini-
tially reported reaction conditions involved 120 equivalents
of DIBAL-H for the a-CD and admittedly™’ could be con-
sidered as unpractical. We have since optimized the reaction
conditions and now directly use 15 equivalents of the com-
mercial 1.5m DIBAL-H solution in toluene, to obtain 87 %
of the diol 21a. In order to obtain a practical reaction time
(a few hours), the use of an excess of aluminium reagent in
the reaction—and generally in all de-O-benzylations of fully
benzylated sugars—is necessary. This is probably due to nu-
merous non-productive reversible complexations of DIBAL-
H or TIBAL on the various oxygen atoms present in the
molecule, and also to the existence of aluminium reagents in
aggregate forms.

We next performed the experiments presented in Table 2.
Entries 1 to 3 in Table 2 showed that the ring oxygen was re-
quired (entries 1 and 2, Table 2) for the reaction to occur

18a, n=1, R=R'=H
19c, n=1, R=R'=Bn

18p, n=2, R=R'=H
194, n=2, R=R'=Bn

ene, 2 h, 50°C.
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when DIBAL-H was used; TIBAL was not suitable (entry 3,
Table 2). This was further confirmed in entries4 and 5 in
Table 2, in which the possible de-O-benzylation at O-2 has
been “turned off”. We next studied maltose derivatives,
which are related to cyclodextrins in structure. Perbenzylat-
ed methyl a-p-maltoside 271! gave a complex mixture of
products with DIBAL-H (entry 6, Table 2), whereas TIBAL
(entry 7, Table 2) performed a selective 2-O-debenzylation
at the reducing end;!" no similar reaction was observed at
the non-reducing end, probably due to steric hindrance. To
focus on the non-reducing end, we subjected the model cy-
clohexyl derivative 29! to the action of DIBAL-H (entry 8)
and isolated the two compounds 30 and 31, resulting from
de-O-benzylation at the O-2 and O-6 positions, in 81 %
yield, as a 1/1 mixture. Therefore, increasing the bulk of the
substituent at the anomeric position oriented DIBAL-H de-
O-benzylation towards position 6.

In summary, DIBAL-H will promote a 6-de-O-benzyla-
tion on sugars with hindered aglycons (e.g., perbenzylated

CIBn0

\ s

e OF—""D OBn

o o
@[ 7\

'_ ) Bro Y
—— ~ 0Bn

1) or i)
0
T5-87% I" OBn
O\j OBn BrLO
BnQ [D Bn

o |
BnD

— . 21, n=I

21, n=2

Scheme 7. Synthesis of the 6*,6” diol from a- and B-cyclodextrins. Reagents and conditions: i) BnCl, NaH,
DMSO, 18 h, RT; ii) DIBAL-H (120/140 equiv, 0.5m), toluene, 2 h, 50°C; iii) DIBAL-H (15 equiv, 1.5M), tolu-

cyclodextrins 19a/f or cyclohexyl glucoside 29) or with no
aglycon at all (e.g., deoxy glucose 25). TIBAL appears to be
the reagent of choice for clean de-O-benzylation at posi-
tion 2 of methyl a-p-glucopyranoside, but is inefficient for
the deprotection of simple pyranosides at position 6.

The typical entry 4 in Table 2 is again explained through a
2:1 complex. One equivalent of DIBAL-H first forms a
complex K (Scheme 8), implicating both the ring oxygen
atom and the 6-O-benzyl group; this is followed by an acti-
vation of the less hindered 6-O-benzyl by coordination to a
second DIBAL-H molecule acting as a Lewis acid. Delivery
of a hydride on the benzylic carbon from the so-formed
complex L gives intermediate M.

In this case the kinetically selected dioxygenated tweezers
involves the axial ring oxygen lone pair, forming a 1,2-cis-
fused bicyclic complex (Figure 3). It is predictable that such

www.chemeurj.org  Chem. Eur. J. 2004, 10, 29602971
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Table 2. Model compounds for de-O-benzylation at position 6.

of the remarkable bis-de-O-

Entry Starting Reagent Time Products Yield benzylation of perbenzylated
material [equiv] [h] [%] cyclodextrins. We had initially
O/\OBn proposed the involvement of
1 DIBAL-H (5) 96 no reaction - two aluminates on two opposite
2% oxygen atoms of the upper rim
OBn O/\OH of the cyclodextrin™!
2 53150) DIBAL-H (5) 4 51 89 (Scheme 9). We now favour a
mechanism involving two inde-
3 o8n TIBAL (5) 18 o reaction ~ pel_ldent 6-de-0-t?enzylati0ns.
23 This new proposal is supported
OBn OH by further developments in this

4 B"B%% DIBAL-H (10) 5 B’g%% 80 area in our laboratory.
25152 26152 Firstly, we found that the al-
oBn cohol 32" could also be direct-
5 BHB%G% TIBAL (10) 22 89 % of starting material - ly converted into the diol 21

’s nO (Scheme 10).

DIBAL-H (10) 12

OBn
B
B%%S% ’}3?6&' OBn
BnO BnO o)

BnO. 74

O Bg
7 0% TIBAL (10) 72
BnO
BnO

OMe

DIBAL-H (20)

W

complex mixture of products -

pX

OH OBn0
BnO BnO
O + BnO.
”% "% 81 (53/47)
OCy
30

Another, more convincing in-
dication of the independence of
the two de-O-benzylation pro-
cesses emerged when the ben-
zylated 6*,6P-capped a-cyclo-
dextrin 33" was bis-de-O-ben-
zylated to give the 6%,6F-diol 34
as a single isomer (Scheme 11).
OMe This remarkable result, dis-
cussed further in the next para-
graph in terms of selectivity,

Yo seems to rule out our initial
31 proposal of direct communica-
tion between the two opposite

OH!

Ph

Q \‘ /’Bu
OQ/P;I\,BU
BnO RN
BnO
BnO

Figure 3. R = iBu, the approach is difficult; R = H, the approach is
easier.

an axial approach of the bulky TIBAL reagent will be tem-
pered by steric hindrance, which is apparently less important
in the case of DIBAL-H.

Debenzylation of cyclodextrins

Mechanism of the AD-bis-de-O-benzylation of cyclodextrins:
The previous discussion sheds new light on the mechanism

AIR,
25

debenzylation sites.

The DIBAL-H mediated bis-
de-O-benzylation of perbenzylated cyclodextrins may now
be explained by the reasonable mechanism illustrated in
Scheme 12 in the case of a-CD. The same holds for f-CD.
An initial mono-debenzylation of one glucosidic unit occurs
on the primary rim via the intermediate N, according to pre-
vious trends. The high density of benzyl groups on the sec-
ondary rim probably precludes the potentially competing
debenzylation at O-2. Furthermore, in the case of rather
strained CDs, the interglycosidic oxygen lone pairs are no
longer properly oriented for a kinetic alumination; this dis-
favours the efficient formation of O-1,0-2 tweezers, in
agreement with previous observations (see Table 2). Steric
hindrance caused by the generated aluminium alkoxide O
directs the approach of a second aluminium pair to the far-
thest glucosidic tweezers—in the para position, we might
say—to afford intermediate P. This steric effect is probably

26

Scheme 8. Proposed mechanism for the DIBAL-H-mediated de-O-benzylation of the primary position.
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Scheme 9. Originally proposed mechanism for AD-type bis-de-O-benzylation of perbenzylated a-cyclodextrin.

PBa.

¢~ Tab-

O,.' ST -0Bn
ano, | fo8n O BT
A Bno

Scheme 10. 6*,6P-Bis-de-O-alkylation of benzylated o-cyclodextrin. Reagents and conditions: i) DIBAL-H

(120 equiv), toluene, 0.5Mm, 2 h, 50°C.
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Scheme 11. The bis-de-O-benzylation of compound 33 with DIBAL-H gave a single isomer 34. Reagents and

conditions: i) DIBAL-H (30 equiv), toluene, 1M, 2 h, 50°C.

reinforced by the presence of the benzyl ethers, resulting in
a very remarkable selectivity. Indeed the para-de-O-methyl-
ation of mixed CDs was less selective.”™ In a way, this steri-
cally driven deprotection may be compared well to the simi-
larly sterically directed “para-di-protection” of a-cyclodex-
trin with bulky groups, such as “supertrityl”.**l It is notewor-
thy that only 30 equivalents of DIBAL-H (0.5M) are neces-
sary to obtain alcohol 32, whereas 120 are required to de-O-
benzylate 32 further into 21a, giving a token of the steric
demand on the benzylated primary rim.

A step forward: the selectivity in the case of the capped a-cy-
clodextrin 33: Finally, we tried to explain the observed for-
mation of a single regioisomer 34 in the de-O-benzylation of

2966 ——
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the 6*,6P-capped a-cyclodextrin
33. First of all we had to deter-

4 mine the structure of the

PhCH,4 . X
- b A isomer. For this purpose, the
capped a-cyclodextrin 34 was
converted in a straightforward
(OBn);6 manner, as shown in

Scheme 13, into the derivative
36, in which all three pairs of
glucosidic units are now chemi-
OBn cally differentiated.

: \_\/T.-« The a-CD derivative 36 was
Y OBn“~"J. ~OBn then analysed by NMR spectros-
OB End = copy. The pair of peracetylated

BnQ sugars was easily characterised

by the observed deshielding of
the H-6 signals, due to the ace-
tylation of the primary position.
The two O-6 methylated units
differ from the others in the
BnO presence of a NOE signal be-
tween the methyl group and
one of the two H-6 diastereo-
topic protons. All signals of
each pyranoside ring were at-
tributed by COSY, and finally,
E the order of the connections be-
tween the units was determined
by NOE  experimentation
thanks to cross-peaks between
H-1 and H-4 of two successive
units (Scheme 14).5°]

By the previously proposed
mechanism, access to a ring
oxygen of the glucosidic unit is
necessary for the corresponding
6-O-debenzylation to occur. In-
spection of a molecular model
B (Figure 4) shows that the (B,E)
pair of ring oxygens of the AD-
capped a-CD 33 is more hin-
dered, by two benzyl moieties,
than the (A,D) and (C,F) pairs.
De-O-alkylation is next possi-
ble on two pairs of units: the
one bearing the bridge (A,D) and the one on its left (C,F)
(Figure 4, top view). Looking at the lone-pair orbitals of the
two remaining O-6 pairs, represented here by O-6* and
0-6" (Figure 4, front view), it appears that O-6%, as it is
bearing the bridge, indeed has one electron pair available
for complexation, but the other one is oriented towards the
inside of the CD cavity, and thus not kinetically available
for complexation by a second aluminium reagent. Given
that the two lone pairs of O-6 and O-6F are the most acces-
sible, the de-O-alkylation becomes only possible on the cor-
responding 6-positions, giving the observed selectivity. In
sharp contrast with the methylated derivative 20
(Scheme 7), the capping induces a conformation change
around C5—C6, which turns off the critical availability of

2o

www.chemeurj.org  Chem. Eur. J. 2004, 10, 29602971


www.chemeurj.org

Triisobutylaluminium and Diisobutylaluminium Hydride as Molecular Scalpels 2960-2971

OBn
Bno © o Q
BnO BnOo
O OBn BnQ
2A1R3 [e) OBn
19a Bno\ °
BnO O
OBnOBn /
/
%0 3 oAl
@\ 7
BnO Al
N Ao Pn
Ph
O
-9 e OBn
7
/© 0 0
OBn
ooBn BnO BnO
O L-OBn BnQO, o8
n
2AIR; BnO OBn 8n0-) o - PhCH3

(0] OBn OBn BnO 0
BnO r_<
O o) H
BnO Q oAl
\/
Y
P ‘(/%

0OBnp OBn

O Q
OBn
O ggn BMOBnO ¢
O L-OBn BnO
- PhCH3 BnO OBn
—_— BnO| O

OBn OBn BnO O
BnO (/4
H

ATEES
o { %

% OBn
BnO BnO
o) OBn
OBn
BnO 0Bn H,0

210

BnO [¢)

OBn
BnO
O/Al

Scheme 12. Proposed mechanism for A,D-type bis-de-O-benzylation of perbenzylated a-cyclodextrin.
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Scheme 13. Synthesis of derivative 36. Reagents and conditions: i) Mel, NaH, DMF, RT, 3 h; ii) H,, Pd/C 10 %,
Pd black, EtOAc/MeOH (1:1), RT, 48 h, then Ac,O, pyridine, DMAP, RT, 18 h.
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Scheme 14. "H NMR analysis of compound 36.

AcO, OAc

O one electron lone pair. By our

OAc mechanistic hypothesis, the re-
) markable regioselectivity of this
OAc  reaction is thus clearly ex-

° plained.

& OAC
o)
O .
Conclusion
" E&

We have tried in this investiga-

tion to explain the rules underly-
36 ing the regioselective de-O-
alkylation reactions promoted
by the two isobutylaluminium
reagents DIBAL-H and TIBAL.
The proposed mechanism in-
volves two molecules of alumini-
um reagent: the first one is trapped by the kinetically most
accessible oxygen tweezers to provide a pentacoordinate or
a highly fluxional chelate; the second one then directs the
mono-de-O-alkylation by preferentially coordinating to one
of the two oxygen atoms involved in the aluminium com-
plexation. This preference is again dictated by the steric
availability of the remaining lone electron pair of the corre-
sponding oxygen atom. These two events should both take
place for the regioselective mono-de-O-benzylation to
occur. Knowledge of the orientation of the lone pairs on
each oxygen atom in polybenzylated carbohydrate systems
is the key feature for understanding and eventual prediction
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AIR; fits

Top View

Figure 4. Simplified molecular model of the AD-capped benzylated a-CD 33. Benzyloxy groups located
on the secondary rim of the CD as well as the hydrogen atoms are omitted for the sake of clarity. Top
view: Approach of AIR; is easier on two pairs of glucosidic units: (A,D) and (C,F). Each pair is repre-
sented by its O-5 in orange. Front view: Lone pairs in grey are accessible; lone pairs in red are more hin-

dered; O-6" has two available lone pairs; 0-6* has only one.

of the outcome of this remarkable process. Furthermore, it
is possible to tune the selectivity by use either of TIBAL or
of DIBAL-H: the first one, being more hindered, allows
better selectivities, while the second allows access to more
crowded “tweezers” (Scheme 13, Scheme 14, Table 1, and
Table 2).

Experimental section

General: Melting points were determined with a Biichi model 535 m.p.
apparatus and are uncorrected. Optical rotations were measured at 20+
2°C with a Perkin—Elmer Model 241 digital polarimeter, in a 10 cm,
1 mL cell. Chemical Ionisation Mass Spectra (CI-MS ammonia) and Fast
Atom Bombardment Mass Spectra (FAB-MS) were obtained with a
JMS-700 spectrometer. Elemental analyses were performed by the Serv-
ice de Microanalyse de L’Université Pierre et Marie Curie, 4 Place Jus-
sieu, 75005 Paris, France; '"H NMR spectra were recorded with a Bruker
DRX 400 instrument for solutions in CDCl; at ambient temperature. As-
signment were aided by COSY experiments. *C NMR spectra were re-
corded at 100.6 MHz with a Bruker DRX 400 spectrometer for solutions
in CDCl;, with the adoption of 77.00 ppm for the central line of CDCl,.
Assignments were aided by the J-mod technique and HMQC. Reactions
were monitored by thin-layer chromatography (TLC) on precoated
plates of silica gel (60 F,s,, layer thickness 0.2 mm; E. Merck, Darmstadt,
Germany) and detection by charring with sulfuric acid. Flash column
chromatography was performed on silica gel 60 (230-400 mesh, E.
Merck). DIBAL-H and TIBAL were both purchased from Aldrich as 1.5
and 1M solutions, respectively, in toluene. Extra dry DMSO is commer-
cially available from Fluka (ref. 41647).

General procedure for de-O-alkylation: DIBAL-H (1.5 solution in tolu-
ene) or TIBAL (1M solution in toluene) was added dropwise to a solu-
tion of benzylated compound in freshly distilled toluene, under argon at
room temperature, and the mixture was stirred at 50°C until TLC
showed completion of the reaction. After cooling at 0°C, the mixture
was carefully poured onto ice. HCI (1m) and EtOAc were added, and the
mixture was stirred vigorously for 30 min. After extraction with EtOAc,
the combined organic layers were washed with brine, dried over MgSO,,
filtered and concentrated under vacuum. The crude product was then pu-
rified by silica gel flash chromatography.

De-O-benzylation of methyl 2,3,4,6-tetra-O-benzyl-a-D-glucopyranoside
(1): TIBAL (5.4 mL, 5.4 mmol) was added to a solution of 1 (500 mg,
900 pmol) in toluene (5.4 mL) in the general procedure for de-O-alkyla-
tion, and the mixture was stirred for 3 h at 50°C. After purification by
silica gel chromatography (Cy/EtOAc 2:1), methyl 3,4,6-tri-O-benzyl-a-
p-glucopyranoside (2, 409 mg, 98 %) was obtained as a white crystalline
solid.
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Compound 2: M.p. 78°C (diethyl ether/
hexane); [a]d = +95 (CHCL, ¢ = 1.05)
[1it.2%: m.p. 74-76°C; [a]® = +97 (CHCl,,
¢ = 1.0)]; '"H NMR (250 MHz, CDCl,):
6 = 2.14 (brs, 1H; OH), 3.41 (s, 3H;
OCHs;), 3.38-3.82 (m, 6H; 2-H, 3-H, 4-H,
5-H, 2x6-H), 4.80 (d, *J,, = 3.0Hz, 1H;
1-H), 4.49-4.86 (m, 6H; 3xCH,Ph), 7.17—-
7.41 (m, 15H; 15xaromatic-H) ppm; MS
(DCI, NH;): m/z: 482 [M+NH;+H]*.
Methyl 3,4,6-tri-O-benzyl-2-O-methyl-o.-D-
glucopyranoside (11): NaH (60% w/w,
15 mg, 375 umol) and iodomethane (28 puL,
375 umol) were added under argon at rt. to
a stirred solution of methyl 3.4,6-tri-O-
benzyl-a-p-glucopyranoside (2, 140 mg,
302 pmol) in THF (1.5 mL). After 2 h, the
reaction mixture was hydrolysed with
MeOH and concentrated under vacuum.
The residue was dissolved in EtOAc
(30 mL) and washed with water (2x20 mL)
and aq. sat. Na,S,0; (20 mL). The organic layer was dried over MgSO,,
filtered and concentrated under vacuum. After purification by silica gel
chromatography (Cy/EtOAc 3:1), methyl 3,4,6-tri-O-benzyl-2-O-methyl-
o-D-glucopyranoside (11, 139 mg, 96 %) was obtained as a colourless oil.
Compound 11: [a]¥ = +59 (CHCL, ¢ = 2.15); '"H NMR (400 MHz,
CDCL): 6 = 3.42 (dd, *J,5 = 9.5Hz, *J,; = 3.5Hz, 1H; 2-H), 3.47 (s,
3H; OCH,), 3.58 (s, 3H; OCH;), 3.68 (t, *J,5 = *J,5 = 9.5Hz, 1H; 4-H),
3.70-3.73 (m, 1H; 6-H), 3.76-3.81 (m, 2H; 6-H, 5-H), 3.96 (t, *J5, = /5,
= 9.5Hz, 1H; 3-H), 4.52, 487 (AB, J,; = 10.8 Hz, 2H; CH,Ph), 4.54,
4.67 (AB, Jo,g = 12.0 Hz, 2H; CH,Ph), 4.82, 4.96 (AB, J,z = 10.9 Hz,
2H; CH,Ph), 494 (d, *J,, = 3.5Hz, 1H; 1-H), 7.19-7.42 (m, 15H; 15x
aromatic-H) ppm; *C NMR (100 MHz, CDCL): 6 = 54.9, 589 (2x
OCH,), 68.4 (C-6), 70.1 (C-5), 73.4, 75.0, 75.6 (3x OCH,Ph), 71.5 (C-4),
82.0 (C-3), 82.2 (C-2), 97.5 (C-1), 126.9-128.7 (15 x CH-aromatic), 137.9,
1382, 138.8 (3xC-arom. quat.)ppm; MS (DCI, NH;): m/z :496
[M4+NH;+H]"; elemental analysis caled (%) for C,,H3,O4 (478.6): C
72.78, H 7.16; found C 72.71, H 7.04.

De-O-alkylation of methyl 3,4,6-tri-O-benzyl-2-O-methyl-a-D-glucopyra-
noside (11): DIBAL-H (1.3 mL, 1.95 mmol) was added to a solution of
11 (91 mg, 190 pmol) in toluene (2.6 mL), and the mixture was stirred for
2h at 50°C in the general procedure for de-O-alkylation. After purifica-
tion by silica gel chromatography (Cy/EtOAc 7:3), 2 (48 mg, 54 %) and
3,4,6-tri-O-benzyl-2-O-methyl-p-glucitol (12, 26 mg, 29 %) were obtained.
Compound 12: 'H NMR (400 MHz, CDCL): 6 = 2.10 (t, YJop; = Jomur
= 5.8Hz, 1H; OH), 3.15 (d, YJous = 4.8 Hz, 1H; OH), 3.50 (s, 3H;
OCHs;), 3.56-3.63 (m, 2H; 1-H, 2-H), 3.68, 3.72 (AB of ABX, J,3 =
9.8Hz, Jox = 5.0Hz, Jgzx = 3.6 Hz, 2H; 6-H, 6'-H), 3.72-3.79 (m, 1H;
1"-H), 3.81 (dd, *J,5 = 40 Hz, *J,5s = 72 Hz, 1H; 4-H), 3.88 (dd, /5, =
4.0 Hz, *J5, = 5.2 Hz, 1H; 3-H) 4.06 (dddd, *Js, = 7.2 Hz, Ju,x = 5.0 Hz,
Json = 4.8 Hz, Jyx = 3.6 Hz, 1H; 5-H), 4.57, 4.64 (AB, J,5 = 11.4 Hz,
2H; CH,Ph), 4.58, 4.63 (AB, J,g = 11.9 Hz, 2H; CH,Ph), 4.70, 4.74 (AB,
Jag = 11.4 Hz, 2H; CH,Ph), 7.26-7.40 (m, 15H; 15 x aromatic-H) ppm;
BC NMR (100 MHz, CDCly): 6 = 58.5 (OCH,), 61.2 (C-1), 70.9 (C-5),
71.1 (C-6), 73.2, 73.5, 742 (3xOCH,Ph), 77.0 (C-4), 78.8 (C-3), 80.9
(C-2), 127.5-128.5 (15x CH-aromatic), 137.8, 137.9, 138.9 (3xC-arom.
quat.) ppm; MS (DCI, NH;): m/z: 484 [M+NH;+H]*; HRMS (DCI,
CH,): found 467.244; C,H;,0q calcd 467.2434.

Preparation of perbenzylated a-cyclodextrin (19a): a-Cyclodextrin 18a
was dried under vacuum over P,Os until its weight became constant.
NaH (60% w/w, 17.75 g, 443 mmol) was then added to a stirred solution
of dried a-cyclodextrin 180 (12 g, 12.33 mmol) in DMSO (250 mL),
under argon at room temperature. Benzyl chloride (51 mL, 443 mmol)
was then added dropwise over 1 h. After 18 h, the reaction mixture was
then carefully hydrolysed with MeOH (50 mL), diluted with water
(500 mL) and extracted with Et,0 (3x500 mL). The combined organic
layers were washed with brine (500 mL), dried (MgSO,), filtered and
concentrated. After purification by silica gel chromatography (toluene,
then toluene/EtOAc 9:1), perbenzylated a-cyclodextrin 19 @ was obtained
as a white foam (30.4 g, 95%).
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Compound 19a: [a]¥ = + 34 (CHCL, ¢ = 1.0); 'H NMR (400 MHz,
CDCL): 6 = 3.50-3.54 (m, ¥/ = 11.0Hz, */,; = 9.5Hz, *J,, = 3.4 Hz,
12H; 2-H, 6-H), 3.92 (brd, ¥, = 9.5Hz, 6H; 5-H), 4.04 (dd, ¥ =
11.0 Hz, %55 = 2.8 Hz, 6H; 6-H), 4.09 (1, %/, = YJ,5 = 9.5 Hz, 6H; 4-
H), 419 (t, J,, = J,, = 9.5Hz, 6H; 4-H), 4.36, 444 (AB, J,; =
12.1 Hz, 12H; CH,Ph), 4.49, 454 (AB, Jo; = 12.6 Hz, 12H; CH,Ph),
4.92,524 (AB, J,5 = 11.0 Hz, 12H; CH,Ph), 5.13 (d, J,, = 3.4 Hz, 6H;
1-H), 7.17-7.31 (m, 90H; aromatic-H) ppm; *C NMR (100 MHz,
CDCL): 6 = 69.0 (C-6), 71.5 (C-5), 72.7, 75.6, 73.3 (3x OCH,Ph), 78.9
(C-2), 792 (C-4), 80.9 (C-3), 98.6 (C-1), 126.9-128.3 (CH-aromatic),
138.1, 138.3, 139.3 (3 x C-arom. quat.) ppm; MS (FAB): m/z (%): 2617.1
(100) [M+Na]*; elemental analysis caled (%) for C,,H;6503 (2595): C
74.98, H 6.52; found C 74.85, H 6.62.

Preparation of perbenzylated p-cyclodextrin (18f): By the same procedure,
perbenzylated p-cyclodextrin 19 was obtained as a white foam (95%).
Compound 198: [0]? = + 34 (CHCL, ¢ = 1.0); 'H NMR (400 MHz,
CDCL): 6 = 3.52 (dd, *J,5 = 92 Hz,’J,; = 33 Hz, 7H; 2-H), 3.58 (d, *J
= 10.6 Hz, 7H; 6-H), 3.98-4.10 (m, 28 H; 3-H, 4-H, 5-H, 6-H), 4.39, 4.43
(AB, J,g = 12.2 Hz, 14H; CH,Ph), 4.50, 4.54 (AB, J,3 = 12.8 Hz, 14H;
CH,Ph), 4.81, 5.11 (AB, J,g = 11.0 Hz, 14H; CH,Ph), 522 (d, *J,, =
33 Hz, 7H; 1-H), 7,15-7,30 (m, 105H; aromatic-H) ppm; “C NMR
(100 MHz, CDCL): 6 = 69.2 (C-6), 71.4 (C-5), 72.6, 73.2, 754 (3x
OCH,Ph), 78.6 (C-4), 78.7 (C-2), 80.8 (C-3), 98.4 (C-1), 126.9-128.3 (CH-
aromatic), 138.1, 138.3, 139.2 (3xC-arom. quat.) ppm; MS (FAB): m/z
(%): 3050.7 (100) [M+Na]*; elemental analysis calcd (%) for CgH,;030;5
(3027): C 74.98, H 6.52; found C 75.04, H 6.65.

De-O-benzylation of perbenzylated a-cyclodextrin (19«): DIBAL-H
(1.9 mL, 2.9 mmol) was added dropwise to 19a (504 mg, 194 pmol), and
the mixture was stirred at 50°C The reaction was carefully monitored by
TLC (Cy/EtOAc 3:1), and the mixture was hydrolysed after 20 minutes,
as usual. After purification by silica gel chromatography (Cy/EtOAc 3:1),
21a (410 mg, 87 %) was obtained as a white foam.

Compound 21a: [a]¥ = + 33 (CHCl;, ¢ = 1.0); 'H NMR (400 MHz,
CDCly): 6 = 3.35 (brt, *Joye = 5.3 Hz, 2H; OH), 3.44-3.47 (m, 4H; 2x
2-H), 3.61 (dd, */,5 = 9.6 Hz, *J,, = 3.9 Hz, 2H; 2-H), 3.66-3.70 (m, 2H;
6-H), 3.73-4.04 (m, 20H), ; 4.06 (dd, *J;, = 9.6 Hz, *J;, = 8.5 Hz, 2H; 3-
H), 4.14 (brt, *J5, = *J5, = 9.1 Hz, 2H; 3-H), 4.25 (brdd, *J;, = 9.7 Hz,
*J;4 = 7.3 Hz, 2H; 3-H), 436 (d, J = 12.6 Hz, 2H; CHPh), 4.41 (d,
%] = 12.6 Hz, 2H; CHPh), 4.51-4.53 (m, 6H; 3x CHPh), 4.54 (d, ¥ =
12.6 Hz, 2H; CHPh), 4.58 (d, %J = 12.6 Hz, 2H; CHPh), 4.59 (d, %/ =
12.4 Hz, 2H; CHPh), 4.60 (d, %/ = 12.1 Hz, 2H; CHPh), 4.75 (d, *J,, =
3.4 Hz, 2H; 1-H), 4.76 (d, *J,, = 33 Hz, 2H; 1-H), 4.81 (d,”J = 11.0 Hz,
4H; 2x CHPh), 4.83 (d, ”J = 11.8 Hz, 2H; CHPh), 4.93 (d, */ = 11.8 Hz,
2H; CHPh), 4.94 (d, % = 10.4 Hz, 2H; CHPh), 5.23 (d, %J = 10.7 Hz,
2H; CHPh), 549 (d, *J = 10.4 Hz, 2H; CHPh), 5.77 (d, *J;, = 3.9 Hz,
2H; 1-H), 7.11-7.31 (m, 80H; aromatic-H) ppm; “C NMR (100 MHz,
CDCL): 6 = 61.6 (C-6), 69.5, 69.6 (2xC-6), 71.2, 71.6, 72.0 (3xC-5),
721,729, 73.2, 73.25, 73.3, 73.9 (6 x OCH,Ph), 74.1 (C-4), 76.1, 76.4 (2
OCH,Ph), 77.6, 79.0, 79.7 (3xC-2), 80.6, 80.9 (2x C-3), 81.0 (C-4), 81.6
(C-3), 81.7 (C-4), 97.6, 97.7, 98.2 (3xC-1), 126.3-128.3 (CH-aromatic),
137.7, 137.8, 137.9, 138.2, 138.6, 137.7 (6x C-arom. quat.), 139.2 (2xC-
arom. quat.) ppm; MS (FAB): m/z (%): 2437.0 (100) [M+Na]*; elemen-
tal analysis calcd (%) for CigH;5605 (2415): C 73.61, H 6.51; found C
73.46, H 6.62.

De-O-benzylation of perbenzylated p-cyclodextrin (198): DIBAL-H
(2.0 mL, 3 mmol) was added dropwise to 19 (600 mg, 198 umol), and
the system was stirred at 50°C. The reaction was carefully monitored by
TLC (Cy/EtOAc 3:1), and the mixture was hydrolysed after 20 minutes,
as usual. After purification by silica gel chromatography (Cy/EtOAc 3:1),
21 (425 mg, 75 %) was obtained as a white foam.

Compound 21f: [a]¥ = +34 (CHCL, ¢ = 1.0); '"H NMR (400 MHz,
CDCLy): 6 = 2.69 (brs, 1H; OH), 2.78 (brs, 1H; OH), 3.44-3.54 (m, 5H;
5x2-H), 3.60-4.15 (m, 37H; 2x2-H, 7x3-H, 7x4-H, 7x5-H, 14x6-H),
4.44-4.88 (m, 33H; CHPh), 4.89 (d, *J,, = 3.3 Hz, 1H; 1-H), 4.98 (d, *J;,
= 3.7Hz, 1H; 1-H), 5.00 (d, *J;, = 40Hz, 2H; 1-H), 5.02 (d, */,, =
3.4 Hz, 1H; 1-H), 5.04 (d, *J;, = 3.5Hz, 1H; 1-H), 5.06 (d,”J = 123 Hz
1H; CHPh), 5.21-5.25 (m, 3H; 3xCHPh), 530 (d, %/ = 10.7Hz 1H;
CHPh), 5.56 (d, *J,, = 3.8 Hz, 2H; 1-H), 5.67 (d, *J,, = 3.7Hz, 2H; 1-
H), 7.12-7.33 (m, 95H; aromatic-H) ppm; *C NMR (100 MHz, CDCl;):
0 = 61.4 (2xC-6), 68.7, 68.9, 69.1, 69.2, 69.3 (5% C-6), 71.4 (2xC-5), 71.5
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(C-5), 71.6 (2xC-5), 71.7, 71.9 (2xC-5), 723, 72.4, 72.5, 72.6 (4x
OCH,Ph), 72.8 (2xOCH,Ph), 72.9, 73.1, 73.2 (3xOCH,Ph), 73.3 (2x
OCH,Ph), 73.4 (OCH,Ph), 74.2 (CH), 74.3, 74.5, 74.7 (3 x OCH,Ph), 75.0
(CH), 74.5, 75.9, 76.0, 76.1 (4x OCH,Ph), 78.6, 78.7, 78.8, 79.0, 79.4 (5x
C-2), 79.5, 79.6, 79.7, 79.8, 80.1, 80.5, 80.6, 80.7 (8 x CH), 80.75 (2x CH),
80.8 (2xCH), 81.1, 81.3 (2xCH), 97.4, 97.6, 98.0, 98.2, 98.4, 99.1, 99.2
(7xC-1), 126.7-128.3 (CH-aromatic), 137.7, 137.8 (2xC-arom. quat.),
137.9 (2xC-arom. quat.), 138.0 (2xC-arom. quat.), 138.1 (2x C-arom.
quat.), 138.3 (C-arom. quat.), 138.4 (2x C-arom. quat.), 138.5, 138.8 (2x
C-arom. quat.), 138.9 (2x C-arom. quat.), 139.0, 139.2, 139.3, 139.4 (4 x C-
arom. quat.) ppm; MS (FAB): m/z (%): 2870.3 (100) [M+Na]*; elemen-
tal analysis caled (%) for C;;5H 3,035 (2847): C 73.82, H 6.51; found C
73.82, H 6.59.

De-O-benzylation of o-cyclodextrin monoalcohol (32): DIBAL-H
(6.4mL, 9.6 mmol) was added dropwise to a solution of 32 (200 g,
80 umol) in toluene (12.8 mL) by the general procedure for de-O-alkyla-
tion, and the system was stirred at 50°C for 2 h. After purification by
silica gel chromatography (Cy/EtOAc 3:1), 21a (156 mg, 81 %) was ob-
tained as a white foam.

1,5-Anhydro-2,3,4,6-tetra-O-benzyl-p-glucitol (25): A solution of 1-
bromo-2,3,4,6-tetra-O-acetyl-a-p-glucose (1.8 g, 4.38 mmol) in Et,0
(5mL) was slowly added to a stirred suspension of LiAlH, (1.19 g,
45 mmol) in Et,O (27 mL) under argon at 0°C. After 1 h at room temper-
ature, the reaction mixture was hydrolysed carefully with water and then
filtered through a celite pad.’® The aqueous layer was neutralised with
IR120 H*, concentrated under vacuum and dried over P,Os. The crude
residue was dissolved in DMF (20mL), and NaH (60% w/w, 1.4 g,
35 mmol) and benzyl bromide (4.35 mL, 35 mmol) were carefully added.
After 3 h of stirring at room temperature, the reaction mixture was hy-
drolysed with methanol and concentrated under vacuum. The residue
was dissolved in CH,Cl, (100 mL) and washed with aqueous saturated
NH,Cl (2x50 mL) and aqueous saturated NaCl (50 mL). The organic
layer was dried over MgSO,, filtered and concentrated under vacuum.
After purification by silica gel chromatography (Cy/EtOAc 4:1), 1,5-an-
hydro-2,3,4,6-tetra-O-benzyl-p-glucitol 25 (1.473 g, 65 %) was obtained as
a colourless oil.

Compound 25: [0]d = +28 (CHCL, ¢ = 1.1) [lit? [a]d = +27
(CHCl,, ¢ = 0.5)]; '"H NMR (400 MHz, CDCl;): 6 = 3.22-3.30 (m, 1 H;
2-H), 3.42 (ddd, *Js;, = 9.5Hz, %Jsq = 42 Hz, *Js¢ = 2.2 Hz, 1H; 5-H),
3.60 (t, N3 = N5 = 9.5Hz, 1H; 4-H), 3.65-3.70 (m, 3H; 1-H, 3-H, 6-
H), 3.72 (dd, /¢ = 10.5Hz, *Jos = 2.2 Hz, 1H; 6-H), 4.08 (dd, *J,; =
113 Hz, *J;, = 47Hz, 1H; 1-H), 4.53, 487 (AB, J,3 = 10.7 Hz, 2H;
CH,Ph), 4.55, 4.63 (AB, J,3 = 12.1Hz, 2H; CH,Ph), 4.70, 4.76 (AB,
Jas = 11.5 Hz, 2H; CH,Ph), 4.89, 5.01 (AB, /.5 = 11.0 Hz, 2H; CH,Ph),
7.30-7.40 (m, 20H; 20 x aromatic-H) ppm; *C NMR (100 MHz, CDCl;):
0 = 68.1 (C-1), 68.9 (C-6), 73.2, 73.5, 75.1, 75.5 (4x OCH,Ph), 77.7 (C-4),
78.4 (C-2), 79.2 (C-5), 86.3 (C-3), 127.6-128.5 (20 x CH-aromatic), 137.8,
138.0, 138.1, 138.7 (4xC-arom. quat.) ppm; MS (DCI, NH;): m/z: 542
(100) [M+NH,;+H]*.

1,5-Anhydro-2,3,4-tri-O-benzyl-D-glucitol  (26): DIBAL-H (29 mL,
432 mmol) was added to a solution of 1,5-anhydro-2,34,6-tetra-O-
benzyl-p-glucitol (25, 226 mg, 432 umol) in toluene (5.8 mL) by the gen-
eral procedure for de-O-alkylation, and the system was stirred at 50°C
for 5 h. After purification by silica gel chromatography (Cy/EtOAc 2:1),
1,5-anhydro-2,3,4-tri-O-benzyl-p-glucitol (26, 151 mg, 80 %) was obtained
as white crystals.

Compound 26: M.p. 79°C [1it"? m.p. 76-77°C]; [a]¥ = 418 (CHCl;, ¢ =
1.0) [lit"? [a]d = +17.6 (CH,ClL, ¢ = 02)]; 'H NMR (400 MHz,
CDCL): 6 = 1.77 (dd, *Joue = 7.1 Hz, oy = 5.9 Hz, 1H; OH), 3.27
(dd, *J,, = 11.0 Hz, *J,, = 103 Hz, 1H; 1-H), 3.32 (ddd, *J5, = 9.7 Hz,
3Js¢ = 4.6Hz, 3Is¢ = 2.7Hz, 1H; 5-H), 3.52 (t, *J,5s = *J,; = 9.1 Hz,
1H; 4-H), 3.64 (dt, *J,; = 3,5 = 9.0Hz, ), = 52 Hz, 1H; 2-H), 3.65-
3.73 (m, 2H; 3-H, 6-H), 3.86 (ddd, /¢, = 11.8Hz, Jyoy = 5.9 Hz,
*Jgs = 2.7Hz, 1H; 5-H), 4.03 (dd, %J;, = 11.1 Hz, J,, = 49 Hz, 1H;
1-H), 4.68, 4.77 (AB, J,p = 11.4 Hz, 2H; CH,Ph), 4.68, 4.92 (AB, J,5 =
11.4 Hz, 2H; CH,Ph), 4.88, 5.28 (AB, J,z = 11.0 Hz, 2H; CH,Ph), 7.30-
7.40 (m, 15H; 15x aromatic-H) ppm; *C NMR (100 MHz, CDCl;): 6 =
62.3 (C-1), 67.9 (C-6), 73.3, 75.1, 75.5 (3x OCH,Ph), 77.6 (C-4), 78.5 (C-
2), 79.7 (C-5), 86.2 (C-3), 127.6-128.5 (15x CH-aromatic), 138.0, 138.1,
138.6 (3 x C-arom. quat.) ppm; MS (DCI, NH;): m/z: 452 [M+NH;+H]*.
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De-O-benzylation of cyclohexyl 2,3,4,6-tetra-O-benzyl-a-D-glucopyrano-
side (29): DIBAL-H (2.3 mL, 3.45 mmol) was added to a solution of 29
(107 mg, 172 pmol) in toluene (4.6 mL) in the general procedure for de-
O-alkylation, and the system was stirred for 5 h at 50°C. After purifica-
tion by silica gel chromatography (Cy/EtOAc 4:1), cyclohexyl 3.,4,6-tri-O-
benzyl-a-p-glucopyranoside (31, 35 mg, 39 %) and cyclohexyl 2,34-tri-O-
benzyl-a-p-glucopyranoside (30, 39 mg, 42 % ) were obtained.

Compound 30: [a]¥ = +60 (CHCL, ¢ = 1.0) [lit*™ [a]¥ = +60
(CHCl,, ¢ = 0.57)]; '"H NMR (400 MHz, CDCL): 6 = 1.18-1.49 (m, 6H;
c-H, d-H, e-H), 1.71-1.79, 1.90-1.99 (2m, 4H; b-H, f-H), 2.09 (d,
Jone = 9.2 Hz, 1H; OH), 3.61-3.71 (m, 1H; a-H), 3.66 (t, *J,; = *J,5 =
8.7 Hz, 1H; 4-H), 3.70 (dd, /¢, = 10.5 Hz, /o5 = 2.0 Hz, 1H; 6-H), 3.74
(dt, %3 = on = 92Hz, *),; = 3.8 Hz, 1H; 2-H), 3.78 (t, *J3, = /s,
= 8.5Hz, 1H; 3-H), 3.81 (dd, /45 = 10.5Hz, *J;5s = 3.8 Hz, 1H; 6-H),
3.92 (ddd, J5, = 10.0 Hz, *J5c = 3.8 Hz, *J5¢ = 2.0 Hz, 1H; 5-H), 4.52,
497 (AB, J,; = 10.6 Hz, 2H; CH,Ph), 453, 4.68 (AB, J,; = 12.1 Hz,
2H; CH,Ph), 4.98, 5.02 (AB, J,3 = 11.1 Hz, 2H; CH,Ph), 5.07 (d, %/, =
3.8 Hz, 1H; 1-H), 7.30-7.40 (m, 15H; 15 xaromatic-H) ppm; “C NMR
(100 MHz, CDCl;): 6 = 23.9, 24.1, 25.5, 31.7, 33.4 (C-b, C-c, C-d, C-e, C-
f), 68.5 (C-6), 70.5 (C-a), 73.0 (C—H), 73.5, 75.1, 75.3 (3x OCH,Ph), 76.2
(C-H), 78.7 (C-H), 83.8 (C—H), 96.8 (C-1), 127.6-128.5 (15x CH-aro-
matic), 138.0, 138.2, 138.8 (3 x C-arom. quat.) ppm; MS (DCI, NH;): m/z:
550 [M+NH;+H]*.

Compound 31: [a]) = +61 (CHCL, ¢ = 0.9); 'H NMR (400 MHz,
CDCly): 6 = 1.20-1.52 (m, 6H; c-H, d-H, e-H), 1.66 (brt, *Jous = *Jone
= 5.8 Hz, 1H; OH), 1.72-1.81, 1.86-1.97 (2 m, 4H; b-H, f-H), 3.53 (dd,
Iy = 3.7Hz, )5 = 9.5 Hz, 1H; 2-H), 3.57 (t, *J,5 = *J,5s = 9.5H; 1H;
4-H), 3.52-3.63 (m, 1H; a-H), 3.71-3.86 (m, 3H; 5-H, 6-H, 6'-H), 4.07 (t,
s, = N4 = 95Hz, 1H; 3-H), 4.68, 493 (AB, J,z = 10.9Hz, 2H;
CH,Ph), 4.70, 479 (AB, J,z = 11.9Hz, 2H; CH,Ph), 4.87, 5.05 (AB,
Jas = 10.8 Hz, 2H; CH,Ph), 4.94 (d, *J,, = 3.7 Hz, 1H; 1-H), 7.30-7.40
(m, 15H; 15 x aromatic-H) ppm; *C NMR (100 MHz, CDCL,): 6 = 24.1,
24.4,25.6, 314, 33.3 (C-b, C-c, C-d, C-¢, C-f), 62.0 (C-6), 70.6 (C-a), 73.0,
75.1 2x OCH,Ph), 75.5 (C—H), 75.6 (OCH,Ph), 77.6 (C—H), 80.1 (C-H),
81.9 (C—H), 94.6 (C-1), 127.5-128.5 (15 x C-aromatic), 138.1, 138.2, 138.9
(3% C-arom. quat.) ppm; MS (DCI, NH;): m/z: 550 [M+NH;+H]"; ele-
mental analysis calcd (%) for Cy;3H,Og (532.3): C 74.41, H 7.57; found C
74.14, H 7.86.

6*,6"-Butyl-capped a-cyclodextrin (33): PtO, was added to a solution of
6*,6°-butylene-capped a-cyclodextrin® (1g, 405umol) in EtOAc
(30 mL). The reaction mixture was stirred under an H, atmosphere for
3 h, filtered on a Celite® pad and concentrated under vacuum. After puri-
fication by silica gel chromatography (Cy/EtOAc 6:1), 33 (965 mg, 97 %)
was obtained as a white foam.

Compound 33: [a]) = +34 (CHClL, ¢ = 1.0); '"H NMR (400 MHz,
CDClL): 6 = 1.10-1.20 (m, 2H; O—CH,—CH,—), 1.45-1.55 (m, 2H; O—
CH,~CH,-), 3.04-3.10 (m, 2H; O—CH,~CH,-), 3.18-325 (m, 2H; O—
CH,~CH,~), 3.34 (dd, %/ = 10.3 Hz, *Js5s = 7.3 Hz, 2H; 6-H), 3.37-3.43
(m, 4H; 2-H, 4-H), 348 (dd, */,5 = 10.0 Hz, 3J,, = 3.5 Hz, 2H; 2-H),
3.50 (d, %7 = 10.9 Hz, 2H; 6-H), 3.60 (dd, *J,5 = 9.8 Hz, °J,; = 3.7 Hz,
2H; 2-H), 3.71 (d, %/ = 9.8 Hz, 2H; 6-H), 3.78 (d, %/ = 10.0 Hz, 2H; 6-
H), 3.92-4.10 (m, 12H; 3-H, 2x4-H, 2x5-H, 6-H), 4.19 (dd, *J,, =
9.8 Hz, *J;, = 8.6 Hz, 2H; 3-H), 4.23 (dd, *J5, = 10.0 Hz, *J5, = 7.8 Hz,
2H; 5-H), 430 (d, &/ = 125 Hz, 2H; CHPh), 431 (t, Jy, = 3, =
11.0 Hz, 2H; 3-H), 433 (d, % = 11.0 Hz, 2H; CHPh), 4.38 (d, ] =
10.4 Hz, 2H; CHPh), 4.44-4.56 (m, 14H; 6x CHPh, 6-H), 4.73 (d, ¥/ =
12.5 Hz, 2H; CHPh), 4.82 (d, */,, = 32 Hz, 2H; 1-H), 486 (d, */,, =
3.5 Hz, 2H; 1-H), 4.86 (d, &/ = 10.4 Hz, 2H; CHPh), 4.93 (m, 4H; 2x
CHPh), 5.07 (d,”J = 10.8 Hz, 2H; CHPh), 5.33 (d, *J;, = 3.7 Hz, 2H; 1-
H), 534 (d, ¥ = 10.6 Hz, 2H; CHPh), 558 (d, &/ = 10.8 Hz, 2H;
CHPh), 7.08-7.36 (m, 80H; aromatic-H) ppm; “C NMR (100 MHz,
CDCLy): 6 = 269 (O—CH,—CH;~), 68.8, 69.0 (2xC-6), 70.4 (O—CH,~
CH,-), 71.0, 71.5, 71.6 (3xC-5), 71.8 (C-6), 72.3, 72.7, 73.0, 73.1, 73.2,
741, 76.1, 76.5 (8(O—CH,Ph), 77.7, 78.6, 79.8 (3(C-2), 81.0, 80.6, 80.8
(3(C-3), 81.1, 81.4, 822 (3(C-4), 98.3, 100.5, 100.6 (3(C-1), 126.1-128.3
(40(CH-aromatic), 138.0, 138.1, 138.2, 138.4, 138.8, 139.4, 139.5, 139.9
(8(C-arom. quat.) ppm; MS (FAB): m/z: 2491.0 (100) [M+Na]*; elemen-
tal analysis caled (%) for C;5,H ;5,03 (2468.9): C 73.95, H 6.61; found: C
73.86, H 6.70.
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De-O-benzylation of 6A,6D-butyl-capped a-cyclodextrin (33): DIBAL-H
(2mL, 3.5mmol) was added dropwise to a solution of 33 (250 mg,
101 pmol) in toluene (1 mL), and the system was stirred at 50°C for 2 h
by the general procedure for de-O-alkylation. After purification by silica
gel chromatography (Cy/EtOAc 2:1), 34 (200 mg, 86 %) was obtained as
a white foam.

Compound 34: [a]) = + 22 (CHClL, ¢ = 1.0); '"H NMR (400 MHz,
CDCLy): A = 1.36-1.49 (m, 2H; O—CH,—CH,-), 1.55-1.68 (m, 2H; O—
CH,—CH,™), 2.20 (brs, 2H; OH), 3.26-3.34 (m, 2H; O—CH,~CH,"),
3.36-3.45 (m, 4H; 6-H, 4-H), 3.42 (dd, */,; = 9.3 Hz, */,; = 3.2 Hz, 2H;
2-H), 3.42-3.50 (m, 2H; O—CH,~CH,~), 3.53 (dd, *J,; = 92 Hz, °J,, =
3.7Hz, 2H; 2-H), 3.54 (dd, *J,5 = 9.4 Hz, *J,; = 3.6 Hz, 2H; 2-H), 3.59
(d,J = 10.8 Hz, 2H; 6-H), 3.86-3.96 (m, 8H; 6-H, 2x5-H, 4-H), 4.02 (t,
I3 = ;s = 8.8 Hz, 2H; 4-H), 4.07-4.28 (m, 12H; 3-H, 5-H, 6-H), 4.38
(d, % = 12.6 Hz, 2H; CHPh), 4.41-4.54 (m, 12H; 5x CHPh, 6-H), 4.57
(d,”J = 11.9 Hz, 2H; CHPh), 4.65 (d, ’/ = 12.5 Hz, 2H; CHPh), 4.85 (d,
], = 32Hz, 2H; 1-H), 491 (d, %/ = 10.3 Hz, 2H; CHPh), 4.94 (d, %/
= 10.3 Hz, 2H; CHPh), 499 (d, *J,, = 3.7 Hz, 2H; 1-H), 5.00 (d, %/ =
11.4 Hz, 4H; 2x CHPh), 5.18 (d, *J,, = 3.6 Hz, 2H; 1-H), 5.36 (d, %/ =
10.6 Hz, 4H; 2x CHPh), 7.10-7.41 (m, 70H; aromatic-H) ppm; *C NMR
(100 MHz, CDCly): 6 = 26.5 (O—CH,~CH,™), 61.5, 69.1 (2xC-6), 70.6
(O—CH,—CH,~), 71.6, 71.7, 71.8 (3xC-5), 71.9 (O—CH,Ph), 72.0 (C-6),
72.8, 72.9, 73.1, 74.6, 75.7, 76.3 (6 x O—CH,Ph), 78.0, 78.1, 79.5 (3x C-2),
80.4, 80.6 (2xC-3), 80.8, 80.8 (2x C-4), 81.2 (C-3), 81.5 (C-4), 97.5, 99.9,
100.3 (3x C-1), 126.4-128.2 (35 x CH-aromatic), 138.0 (2 x C-arom. quat.),
138.1, 138.6, 139.2, 139.4, 139.6, (5 x C-arom. quat.) ppm; MS (FAB): m/z:
2311.0 (100) [M+Na]*; elemental analysis caled (%) for CjsH;500s
(2288.6): C 72.42, H 6.61; found C 72.61, H 6.52.

6*,6°-Butyl-capped 65,6"-di-O-methyl-a-cyclodextrin (35): NaH (60% wi/w,
45 mg, 428 umol) and Mel (60 pL, 428 umol) were added under argon
at room temperauture to a stirred solution of 34 (490 mg, 214 umol) in
anhydrous DMF (10 mL). After 3 h stirring, the reaction mixture was hy-
drolysed with MeOH and concentrated under vacuum. The residue was
dissolved in DCM (60 mL) and washed with aqueous saturated NH,Cl
(2x30 mL) and aqueous saturated NaCl (30 mL). The organic layer was
dried over MgSO,, filtered and concentrated under vacuum. After purifi-
cation by silica gel chromatography (Cy/EtOAc 3:1), 35 was obtained as
a white foam (488 mg, 98 % ).

Compound 35: [a]¥ = +19 (CHClL;, ¢ = 1.0); 'H NMR (400 MHz,
CDCly): 0 = 1.25-1.33 (m, 2H; O—CH,~CH,~), 1.60-1.70 (m, 2H; O—
CH,—CH,), 3.27-3.33 (m, 2H; O—CH,—CH,~), 3.34 (s, 6H; OMe), 3.37—
341 (m, 2H; O—CH,—CH,~), 3.43-3.48 (m, 6H; 2-H, 4-H, 6-H), 3.51-
3.58 (m, 4H; 2-H, 6-H), 3.61 (dd, *J,5 = 9.5 Hz, *J,, = 3.7 Hz, 2H; 2-H),
3.66 (d, 27 = 9.8 Hz, 2H; 6-H), 3.94-4.05 (m, 8H; 2x4-H, 5-H, 6-H),
3.86 (d, 2] = 10.0 Hz, 2H; 6-H), 4.07 (brd, °Js, = 9.7 Hz, 2H; 5-H), 4.12
(dd, *J;, = 9.6Hz, *J;, = 80Hz, 2H; 3-H), 423 (t, /5, = )5, =
9.8 Hz, 2H; 3-H), 4.28 (dd, *J5, = 10.5 Hz, *Js5 = 7.5 Hz, 2H; 5-H), 4.36
(d, % = 12.6 Hz, 2H; CHPh), 4.38 (t, °J;, = *J5;, = 9.5Hz, 2H; 3-H),
4.42 (d,*J = 13.0Hz, 2H; CHPh), 443 (d, %/ = 13.0 Hz, 2H; CHPh),
4.52 (d, %/ = 12.1 Hz, 4H; 2x CHPh), 4.53-4.57 (m, 2H; 6'-H), 4.57 (d,
%] = 12.5Hz, 4H; 2x CHPh), 4.74 (d, %J = 12.6 Hz, 2H; CHPh), 4.81 (d,
], = 3.4 Hz, 2H; 1-H), 4.85 (d, °J,, = 32 Hz, 2H; 1-H), 491 (d, ¥ =
10.5 Hz, 2H; CHPh), 498 (d, %/ = 12.1 Hz, 2H; CHPh), 5.02 (d, ¥/ =
12.2 Hz, 2H; CHPh), 5.12 (d, %/ = 10.9 Hz, 2H; CHPh), 5.33 (d, ¥/, =
3.7Hz, 2H; 1-H), 539 (d, %/ = 104 Hz, 2H; CHPh), 5.62 (d, ¥ =
10.9 Hz, 2H; CHPh), 7.11-7.48 (m, 70H; aromatic-H) ppm; “C NMR
(100 MHz): 6 = 26.8 (O—CH,—CH,™), 58.8 (OMe), 68.8 (C-6), 70.3 (O—
CH,—CH,—), 70.8 (C-6), 71.0, 71.3, 71.4 (3x C-5), 71.8 (O—CH,Ph), 72.2
(C-6), 72.8,72.9, 73.0, 74.2, 76.0, 76.5 (6 x O—CH,Ph), 77.5, 78.7, 79.8, (3 x
C-2), 80.6 (2xC-3), 81.0 (C-3), 81.2, 81.4, 82.2 (3xC-4), 98.3, 100.6, 100.7
(3xC-1), 126.1-128.3 (35 x CH-aromatic), 137.9, 138.0, 138.3, 138.8, 139.3,
139.5, 139.7 (7xC-arom. quat.) ppm; MS (FAB): m/z: 2339.0 (100)
[M+Na]*; elemental analysis caled (%) for C,0H,5605 (2316.7): C 72.58,
H 6.70; found C 72.41, H 6.90.

Preparation of peracetate 36: Pd/C (10%) and Pd black were added to a
solution of 35 (240 mg, 104 mmol) in an EtOAc/MeOH mixture (1:1,
1 mL). The reaction mixture was stirred under an H, atmosphere for
48 h, filtrated through a Celite pad, concentrated and dried under
vacuum on P,0s. Anhydrous pyridine (1 mL) and DMAP (cat.) were
added slowly, under argon at 0°C, to a stirred suspension of the crude
residue in Ac,0 (2 mL). The reaction mixture was stirred at room tem-
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perature for 18 h. After concentration under vacuum, the residue was pu-
rified by silica gel chromatography (acetone/cy 1.5:1) to give 36 (78 mg,
46 %) as a colourless oil.

Compound 36: [a]) = +95 (CHCL, ¢ = 0.6); 'H NMR (CDCL,
400 MHz): 6 = 1.52-1.65 (m, 2H; O—CH,—CH,~), 1.72-1.82 (m, 2H; O—
CH,—CH,~), 1.96 (s, 6H; CH;CO), 2.08 (s, 6H; CH;CO), 2.09 (s, 6H;
CH,CO), 2.12 (s, 6H; CH;CO), 2.13 (s, 12H; 2x CH;CO), 2.16 (s, 6H;
CH;CO), 3.35-3.41 (m, 2H; O—CH,—CH,~), 3.43 (s, 6H; OMe), 3.52—-
3.56 (m, 4H; 6*-H, 6°-H, O—CH,~CH,~), 3.58 (dd, */,; = 7.5Hz, I,5s =
9.3 Hz, 2H; 4*-H, 4°-H), 3.65 (d, >/ = 10.2 Hz, 2H; 6°-H, 6"-H), 3.73 (d,
%] = 99Hz, 2H; 6'*-H, 6°-H), 3.89 (t, *J,5 = *J,; = 9.1 Hz, 2H; 45-H,
4F.H), 3.94-3.99 (m, 4H; 4°-H, 4"-H, 5°-H, 5"-H), 4.01 (brd, >J = 9.9 Hz,
2H; 6“-H, 6"-H), 4.25 (brd, °Jss = 9.2 Hz, 2H; 5°-H, 5°-H), 4.33 (dd,
3]s = 74 Hz, s, = 9.3 Hz, 2H; 5*-H, 5°-H), 4.52 (d, %/ = 12.0 Hz,
2H; 6°-H, 6"-H), 4.82 (dd, */,; = 3.5Hz, *J,; = 9.7 Hz, 2H; 2*-H, 2°-
H), 4.82-4.89 (m, 4H; 2°-H, 2°-H, 6">-H, 6'*-H), 4.93 (dd, */,, = 3.7 Hz,
3J,; = 102 Hz, 2H; 2%-H, 2F-H), 4.96 (d, °J,, = 3.5Hz, 2H; 1*-H, 1°-
H), 5.04 (d, °J,, = 32 Hz, 2H; 15-H, 15-H), 5.17 (d, *J,, = 3.7Hz, 2H;
1%-H, 1%-H), 5.29 (dd, */;, = 9.7Hz, *J;, = 7.5Hz, 2H; 3*-H, 3°-H),
5.52 (dd,*J;, = 102 Hz, *J;, = 8.8 Hz, 2H; 3°-H, 3"-H), 5.57 (dd, */;, =
103 Hz, %5, = 9.0Hz, 2H; 3%H, 3°%H)ppm; *C NMR (100 MHz,
CDCly): 6 = 20.6, 20.7, 20.8, 20.9 (4x CH;CO), 20.95 (2x CH;CO), 21.0
(CH;CO), 26.5 (O—CH,—CH,—), 63.2 (C-6%), 69.9 (C-3%), 70.0 (C-2%),
70.2 (C-5%), 70.3 (C-6%), 70.8 (C-5%), 70.9 (C-3%), 71.0 (O—CH,—CH,~),
71.2 (C-2°), 71.3 (C-2%), 71.4 (C-5%), 71.6 (C-6"), 72.9 (C-3%), 77.4 (C-4"),
78.1 (C-4), 78.9 (C-4°), 97.5 (C-1%), 97.6 (C-1P), 97.9 (C-1°), 169.1, 169.4,
169.5, 170.3, 170.5, 170.6, 170.9 (7xCH;CO) ppm; MS (FAB): ml/z:
1665.9 (100) [M+Na]*.
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