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Abstract

A nonenzymatic one-step procedure for the chemo- and regiose-
lective acylation of carbohydrates has been developed. With
1 mol % of an organocatalyst, acylation of octyl B-D-glucopyra-
noside took place preferentially on the secondary hydroxy group
at C(4) among four hydroxy groups including the primary hy-
droxy group at C(6) in 99% selectivity and in 98% yield. This
could be alternatively achieved by a conventional protection/de-
protection procedure via five steps and in 46% overall yield.
Thus, development of the present process is expected to contrib-
ute to extremely shorten synthetic steps of carbohydrates.

¢ Introduction

Carbohydrates are involved in a wide range of intercellular
processes including infection, metastasis, differentiation, and
regulation of signaling.! In order to clarify the mechanisms of
these events and to develop new therapeutics, chemical synthesis
of carbohydrates is indispensable. However, synthetic methods
of carbohydrates have been relatively unexplored. Multistep pro-
tection/deprotection procedures are usually required for their
synthesis because of the lack of a direct method for the chemo-
and regioselective manipulation of one of the multiple hydroxy
groups of carbohydrates.> Here we describe an organocatalytic
one-step procedure for the chemo- and regioselective acylation
of carbohydrates. The present method enables direct functional-
ization of one of the multiple hydroxy groups of carbohydrates in
up to >99% regioselectivity. With 1 mol % of an organocata-
lyst,® acylation of octyl B-D-glucopyranoside took place prefer-
entially on the secondary hydroxy group at C(4) among four hy-
droxy groups including the primary hydroxy group at C(6) in
99% selectivity and in 98% yield (Figure 1a). This could be al-
ternatively achieved by a conventional protection/deprotection
procedure via five steps and in 46% overall yield (Figure 1b).
Thus, this catalyst is able to discriminate one out of four hydroxy
groups in different microenvironment, and promote acylation
exclusively on the intrinsically less reactive hydroxy group,
and it enables the performance of conventionally difficult molec-
ular transformation via fine molecular recognition of substrate
structure.

¢ Recent Progress on Selective Acyla-
tion of Carbohydrates

Selective manipulation of one of the multiple hydroxy
groups of carbohydrates has been a fundamental challenge in or-
ganic synthesis. For example, selective acylation of a primary
hydroxy group in the presence of three secondary hydroxy
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Figure 1. (a) A catalytic one-step process and (b) a convention-
al five-step procedure for the introduction an acyl group into
C(4)-OH of octyl B-p-glucopyranoside.
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Scheme 1. Selective enzymatic acylation.

groups of octyl B-D-glucopyranoside has been achieved in ca.
100% chemoselectivity by an enzymatic process, however, con-
comitant diacylation was unavoidable (Scheme 1).4

Since the primary hydroxy group at C(6) of glucose deriv-
atives has the highest intrinsic reactivity, the selective intro-
duction of an acyl group at C(6)-OH of carbohydrates is a rea-
sonable consequence. For example, Kattnig and Albert report-
ed regioselective 6-O-acylation of octyl S-D-glucopyranoside
in 85% selectivity and in 73% yield simply by treatment with
acetyl chloride in the presence of DMAP. Interestingly, they
also found that use of acetic anhydride in place of acetyl
chloride gave the 3-O-acetate in 57% selectivity in 60% yield
(Scheme 2).%

We reported highly selective 3-O-acylation of 6-O-protect-
ed glucose derivatives.® Treatment of octyl 6-O-TBS-B-D-gluco-
pyranoside with isobutyric anhydride in the presence of 10
mol % of DMAP and 2,4,6-collidine in toluene at —20 °C for 7
days gave octyl 3-O-isobutyryl-6-O-TBS-fB-D-glucopyranoside
in a perfect regioselectivity (>99%) and in 89% yield for mono-
acylation (Scheme 3). We assume that observed regioselectivity
is the result of the intrinsically high reactivity of C(3)-OH result-
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Scheme 2. Acylating agent-dependent selective acylation.
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Scheme 3. Selective acylation of a protected glucopyranoside.

ing from intramolecular H-bonding networks of octyl 6-O-TBS-
B-D-glucopyranosides. The success in achieving extremely high
regioselectivity may rely on the proper choice of a substrate and
an acid anhydride. Substrates with high solubility in less polar
solvents should enhance their own intramolecular H-bonding
networks in the solvents. Isobutyric anhydride works effectively
in the discrimination of hydroxy groups in different micro-
environments because of its steric effects as well as its high
keat/Kuncat Tatio.”

Hu and Vesella also reported regioselective benzoylation of
methyl 6-O-TBDPS-B-D-glucopyranoside with Oriyama’s cata-
lyst® and benzoyl chloride in 84% selectivity.” Moitessier and
co-workers have also reported highly selective 3-O-acetylation
of 6-O-protected methyl «-D-glucopyranoside in up to 93% re-
gioselectivity.!0

On the other hand, chemoselective acylation of a secondary
hydroxy group in the presence of a free primary hydroxy group is
much more difficult. Kurahasi, Mizutani, and Yoshida reported a
pioneering example of chemoselective acylation of a secondary
hydroxy group at C(4) of octyl o-D-glucopyranoside in 61%
selectivity with an acetic anhydride-DMAP system, where di-
acylation was minimized by the use of less (0.70 equiv) acetic
anhydride.!'® They also reported regioselective acylation of
octyl B-p-glucopyranoside with functionalized DMAP deriva-
tives, which gave the 3-O-acetate in 49% regioselectivity
(Scheme 4).!1°

Recently, Griswold and Miller reported an excellent ap-
proach to the selective introduction of an acetyl group at a sec-
ondary hydroxy group of octyl B-D-glucopyranoside by using
peptide-based chiral catalysts.!> Moderately selective 4-O-
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Scheme 4. Selective acylation of a secondary hydroxy group by
functionalized DMAP.
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Scheme 5. Selective acylation of a secondary hydroxy group by
a peptide-based catalyst.
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Scheme 6. Tin-mediated highly regioselective benzoylation of
carbohydrates.

acylation has been achieved in a ratio of 22:58:11:9 for 6-0O-,
4-0-, 3-0-, and 2-O-acylate, respectively, without the formation
of diacylates (Scheme 5).

Recently, a one-pot method for regioselective deprotection
of fully TMS-protected glucose derivatives has been devel-
oped.'3 More recently, Onomura and co-workers reported an ex-
cellent catalytic method for regioselective benzoylation of car-
bohydrates (Scheme 6).'4

¢ A Working Hypothesis for Selective
Acylation of a Certain Secondary Hy-
droxy Group in the Presence of a Free
Primary Hydroxy Group

We chose 4-pyrrolidinopyridine (PPY) as a catalytic center
for acylation because PPY is known to be the most powerful cat-
alyst for the acylation of alcohols.'” It has been well established
that the reactive intermediates generated from PPY derivatives
and acid anhydrides are acylpyridinium ions.!® A hypothetical
picture of transition-state molecular assembly between the acyl-
pyridinium ion generated from a functionalized PPY derivative
and a carbohydrate substrate is show in Figure 2, which enables
the selective acylation of a secondary hydroxy group in the pres-
ence of a primary hydroxy group. Since the primary hydroxy
group at C(6) of carbohydrates is the most reactive, it would

substrate recognition

Figure 2. A working hypothesis for selective acylation of a cer-
tain secondary hydroxy group in the presence of a free primary
hydroxy group.
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Figure 3. Design and structure of catalysts.

preferentially form a H-bond with H-bond acceptor(s). If an
amide carbonyl group of the catalyst forms a H-bond with the
primary hydroxy group at C(6), the hydroxy group at C(4) is
in close proximity to the reactive acyl group of the acyl pyridi-
nium ion, so that it would selectively be acylated. If additional
interactions of the hydroxy groups at C(2) and/or C(3) with a
functionality (R!) of the catalyst are operative, the combined ef-
fects of these attractive interactions would fix the substrate con-
formation, which would further facilitate the selective acylation
of the hydroxy group at C(4).

We chose tryptophan as a functional side chain (NHR! in
Figure 2) of the catalyst because its indole substructure is expect-
ed to be suitable for H-bonding as well as for CH-7T interaction
with carbohydrates. It has been also reported that pyrrole units,
similar to indole units, were effectively used as recognition sites
for carbohydrates.!” The notion that tryptophan can be used as a
carbohydrate recognition site is also suggested by the facts that
two tryptophan moieties are highly preserved in the substrate-
recognition site of a family of B-glucosidases.!® Based on these
backgrounds, catalysts 1-4'° and 5 and 6?° with dual functional
side chains consisting of two tryptophan substructures were pre-
pared from trans-4-hydroxy-L-proline and L-pyroglutamic acid,
respectively (Figure 3).21:??

Catalysts 1-4 were designed with an expectation that the in-
dole unit of the C(4)-side chain of catalysts would be located in
proximity to the pyridine nitrogen due to the turn structure
caused by proline. Since the relative orientation of two indole
units was supposed to be concerned with recognition of the sub-
strate, all possible stereoisomers of dipeptides consisting of pro-
line and tryptophan were introduced at C(4) of the pyrrolidine
ring. Molecular modeling of acylpyridinium ion 7>* generated
from 1 and isobutyric anhydride was performed by MacroModel
(V. 9.0)/MCMM conformational search with the AMBER*
force field (Figure 4). The calculated structure indicated that
the indole unit in the C(4)-side chain of 7 was in close proximity
to the reactive acyl group.

C,-symmetric chiral PPYs S and 6 with two identical side
chains consisting of L- and D-tryptophan, respectively, at C(2)
and C(5) of the pyrroridine ring were also prepared. Octyl esters
in 5 and 6 are employed to enhance the solubility of catalysts in
less polar solvents where H-bonding works more effectively.
Molecular modeling of acylpyridinium ion 8?* generated from
5 and isobutyric anhydride was also performed by MacroModel

Chemistry Letters Vol.38, No.7 (2009)

Figure 4. The most stable structure (stereo view) of acylpyridi-
nium ion 7 generated by MocroModel (V. 9.0) with the
AMBER* force field.

Figure 5. The most stable structure (stereo view) of acylpyridi-
nium ion 8 generated by MocroModel (V. 9.0) with the
AMBER* force field.

(V. 9.0)/MCMM conformational search with the AMBER*
force field (Figure 5). The calculated structure indicated that
the indole units in the C(2)— and C(5)-side chains of 8 were also
in close proximity to the reactive acyl group.

¢ Regioselective Acylation of Octyl f8-p-
Glucopyranoside with Functionalized
PPYs

Regioselectivity of acylation of octyl B-D-glucopyranoside
was investigated with functionalized PPY derivatives 1-6. Iso-
butyric anhydride was employed as an acylating agent because
it has been known to show high selectivity in acylative kinetic
resolution of racemic alcohols,?! probably due to the high
keat /kuncat Tatio.” Effects of catalysts on regioselectivity of acyla-
tion of octyl B-D-glucopyranoside were investigated (Table 1).
A solution of octyl B-D-glucopyranoside in toluene was treated
with 1.1 mol equiv of isobutyric anhydride in the presence of
10mol % of a catalyst and 1.5 equiv of collidine at 20°C for
12 h (Table 1). Analysis of the products was unambiguously per-
formed by the comparison with authentic samples of 6-O-, 4-O-,
3-0-, and 2-O-isobutyryl octyl B-pD-glucopyranosides, which
were independently prepared via conventional protection/depro-
tection sequences. With DMAP as a catalyst, four monoacylates,
6-0-, 4-O-, 3-0-, and 2-O-isobutyryl octyl B-D-glucopyrano-
sides, were obtained in a ratio of 36:26:26:12 in a combined
yield of 47% together with 22% of the diacylates and 31%
recovery (Table 1, Entry 1 and Scheme 7). Thus, totally random
acylation took place by DMAP-catalysis.
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Table 1. Effects of catalysts on regioselectivity of acylation of octyl S-D-glucopyranoside

HO catalyst (10 mol%)

i-PrCOO

4 8 (i-PrC0),0 (1.1 equiv) -PrcoQ
ng008H17 idi ; ﬂL/AOOCBHW * Z/TL/LOOCSHW
3 OH collidine (1.5 equiv) )
0.08 M toluene, 20 °C, 12h  onoacylate ’-Prcoodiacylate
Monoacylate Regioselectivity® Diacylate Recovery
Entry Catalyst /% P 10 . 30 . 20 1% 1%
1 DMAP 47 36 26 : 26 : 12 22 31
2 1 66 30 60 : 10 : 0 16 16
3 2 65 46 40 - 11 3 20 12
4 3 67 55 33 : 10 1 19 14
5 4 62 49 39 11 1 24 10
6 5 84 11 86 3 0 12 2
7 6 71 20 73 7 0 17 9

2% Regioselectivity among four monoacylates.

monoacylate (47%)

i-PrCO0
HO

i~ PrCOO
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Scheme 7. Random acylation by DMAP catalysis.

The 6-O-acylate was the major product in the acylation pro-
moted by catalysts 2—4 as well as DMAP (Entries 1 and 3-5). On
the other hand, the secondary hydroxy group at C(4) was pre-
dominantly acylated (60%) even in the presence of a free pri-
mary hydroxy group at C(6) in the acylation with catalyst 1
(Entry 2). These observations indicate that the relative orienta-
tion of two indole units of these catalysts is critically involved
in the selective acylation of octyl B-D-glucopyranosides. Regio-
selectivity of acylation of octyl B-D-glucopyranoside was further
investigated with C,-symmteric catalysts 5 and 6. Selectivity for
4-O-acylation was significantly increased in up to 86% and 73%
when catalyst § and 6 were employed, respectively (Entries 6
and 7).

Table 2 shows solvent effects on the regioselectivity of
acylation of octyl B-D-glucopyranoside with catalyst 5. The
polarity of the solvents roughly correlated with the chemo-
and regioselectivity of acylation. The highest selectivity
(91%) for acylation of the secondary hydroxy group at
C(4) was observed in CHCl; (Entry 1), whereas acylation
of the primary hydroxy group was predominant (63%) in
DMF (Entry 4). The observed solvent effects suggest that
H-bonding rather than CH—7 interaction between a substrate

and a catalyst may be significantly involved in the driving
force for the selective 4-O-acylation. Another interesting phe-
nomenon is that the higher ratio of 4-O-acylation is associat-
ed with the higher yield for monoacylation and the lower the
yield for diacylation (Entries 1-4). This phenomenon sug-
gests that the 4-O-acylation would proceed in an accelerative
manner.

Temperature dependence of regioselectivity of acylation is
shown in Table 3. A decrease in the reaction temperature to
0°C increased the regioselectivity for 4-O-acylation to 98%
(Entry 2). Only 1 mol % of catalyst was effective for controlling
the regioselectivity of acylation at —20°C, and gave the 4-O-
acylate and the 3-O-acylate in a 99:1 ratio in a combined yield
of 98% (Entry 4). The reaction at —50°C with 10mol % of 5
showed perfect chemo- and regioselectivity, and gave the 4-O-
acylate as a sole product in 98% yield (Entry 5). These strong
temperature effects may indicate the contribution of a large neg-
ative AS* term for regioselective acylation, which may suggest
multiple H-bonding at the transition state of acylation. Use of
acid anhydride is critical for the regioselectivity because use
of acid chloride loses the selectivity of acylation even in the
presence of catalyst 5 (Entries 6 vs. 2).
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Table 2. Solvent effects on regioselectivity of acylation of octyl S-D-glucopyranoside

HO 5(10mol%) i prcoo i-PrcO0

o 4 % (i-PrC0),0 (1.1 equiv) , o / o

H — —

HO L7 OCgHy7 wOC8H17 + //'\\LOCBHW
OH

collidine (1.5 equiv)

solvent, 20 °C, 12 h monoacy|ate i-PrCOO diacy|ate

0.1 M
Monoacylate Regioselectivity® Diacylate Recovery
Entr Solvent

Y /% 60 : 40 : 3-0 : 20 /% /%
1 CHCl; 90 4 : 91 5 0 4 3
2b Toluene 84 11 : 86 3 0 12 2
3 THF 51 27 : Sl 1022 0 28 16
4 DMF 46 63 : 12 24 01 26 21

49 Regioselectivity among four monoacylates. *The reaction was carried out with a substrate concentration of 0.08 M.

Table 3. Effects of temperature on regioselectivity of acylation of octyl B-pD-glucopyranoside with catalyst 5 in CHCl;

4HO 6 i (’:5 O()10O rr(1$l‘;/o) . )i-PrCO(,) i-PrcO0
HO 0 i-PrC0),0 (1.1 equiv | o )
HozﬂOCBHW - - E\AOCgHW + ZF\/LOCSHW
3 OH collidine (1.5 equiv) -PrCO0
0.1 M CHCl, monoacylate . diacylate
Entr Temp. Time Monoacylate Regioselectivity® Diacylate Recovery
y /°C /h /% 60 : 40 : 30 : 20 /% /%
1 20 12 90 4 91 : 5 0 4 3
2 0 12 97 0 : 98 : 2 .0 2 0
3 —-20 12 98 0 99 : 1 .0 0 0
4b —20 24 98 0 9 : 1 0 0 0
5 —50 38 98 0 >99 : <1 0 0 0
6° 0 48 47 60 35 : 5 . 0 13 19

2% Regioselectivity among four monoacylates. 1 mol % of catalysts 5 was used. ¢i-PrCOCI was used in place of (i-PrCO),0.
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¢ Scope of Regioselective Acylation of
Various Monosaccharides

The regioselectivity profile of acylation of various monosac-
charides was investigated (Figure 6). Acetylation of octyl B-p-
glucopyranoside gave the 4-O-acetate in 96% regioselectivity
and in 96% yield for monoacylation (Figure 6a), when it was
treated with 10 mol % of catalyst 5 in the presence of 1.1 equiv
of Ac,0 and 1.5 equiv of collidine in CHCl; at —20°C for 24 h.
Acylation of octyl B-D-thioglucopyranoside with isobutyric an-
hydride or acetic anhydride at —60 °C gave the 4-O-isobutyrate
in 97% regioselectivity (92% yield for monoacylation) or the
4-O-acetate in 95% regioselectivity (99% yield for monoacyla-
tion), respectively (Figure 6b). The acylated thioglycosides are
expected to be used directly for glycosylation because thioglyco-
sides can be used as glycosyl donors.?* Acylation of octyl ¢-D-
glucopyranoside with isobutyric anhydride at 20 °C gave the 4-
O-isobutyrate as a major product but with a largely diminished
selectivity (54% regioselectivity) (Figure 6¢). Acylation of octyl
B-D-mannopyranoside with isobutyric anhydride at —50 °C gave
the 4-O-isobutyrate in 85% regioselectivity (Figure 6d). Acyla-
tion took place predominantly at C(4)-OH in glucopyranosides
and a mannopyranoside whose C(4)-OH is equatorially orient-
ed. On the other hand, acylation of octyl B-D-galactopyranoside,
whose C(4)-OH is axially oriented, took place preferentially at
the primary hydroxy group at C(6) (Figure 6e). These observa-

tions suggest that equatorial orientation is crucial for the selec-
tive acylation of C(4)-OH.

¢ Mechanistic Aspects of Regioselec-
tive Acylation

Perfect chemo- and regioselectivity was observed in the
acylation of the secondary hydroxy group at C(4) of octyl B-D-
glucopyranoside in the presence of catalyst 5. The selective
acylation at C(4)-OH, however, might be the result of migration
of the 6-O-acylate into the 4-O-acylate (Figure 7). To examine
this possibility, the 6-O-isobutyrate of octyl B-p-glucopyrano-
side was independently prepared and treated under the reaction
conditions similar to those of Entry 2 in Table 3, except that iso-
butyric anhydride was absent. The 6-O-isobutyrate was recov-
ered in 99% yield and migration into the 4-O-isobutyrate was
not observed at all.>> This indicates that acylation of secondary
alcohol at C(4)-OH took place directly under the influence of
catalyst 5.

What then is the origin of the regioselectivity in the catalyst
5-promoted acylation? The hypothesis of H-bonding between
primary hydroxy group at C(6) of a carbohydrate with a catalyst
(Figure 2) was examined with the 6-O-protected derivative. The
6-OMe derivative of octyl B-pD-glucopyranoside was treated
under reaction conditions similar to those in Entry 3 in Table 3.
The 4-0-, 3-O-, and 2-O-isobutyrates were obtained in a ratio of
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Table 4. Effects of functionality of catalysts on regioselectivity of acylation of octyl B-D-glucopyranoside

HO catalyst (10 mol%) i-PrCOO

48 (HPrCO),0 (1.1 equiv) FPrcop
Hw i-PrC0),0 (1.1 equiv / o o
OCgH OCgH47 + ~
HO~+ 2G4 %" collidine (1.5 equiv) [0ty /\\,LOCSH”
04 M CHCl3, 0°C,12h  monoacylate j-PrCOO diacylate
Monoacylate Regioselectivity® Diacylate Recovery
Ent Catalyst

v Y /% 60 : 40 : 30 : 20 /% /%
1 5 97 0 98 2 0 2 0
2b 9 60 23 58 : 19 0 21 14
3 10 74 7 65 : 28 0 15 4
4 11 69 14 60 : 26 0 20 8
5 12 62 13 66 : 20 1 13 22
6 DMAP 61 33 24 . 43 0 21 14

49 Regioselectivity among four monoacylates. "Run at 20 °C for 12h.

Glc Man
(a) octyl B-D-glucopyranoside

(d) octyl B-D-mannopyranoside

HO
4 o HO
HO OCgHy7 40H o
OH HO OCgH;7
with (i-PrC0),0 : >99% regioselectivity . . . .
50 © % vield with (i-PrC0),0 : 85% regioselectivity
(:50°C, 38 h)  98%yie (-50°C, 120 7)) 61% yield
with Ac,O 1 96% regioselectivity
(-20 °C, 24 h) 96% yield
Glc Gal
(b) octyl 3-D-thioglucopyranoside (e) octyl B-D-galactopyranoside

HO.

o PR
SCgH 4
HO 817 OOC3H17

OH HO

I . L OH
with (i-PrC0),0: 97% regioselectivity . . -

60 °© oL Vi with (i-PrCO),0 : 91% regioselectivity
(-60°C,72h)  92% yield (20°C, 12h) 6% yield

with Ac,0 1 95% regioselectivity
(-60 °C, 41 h) 99% vyield
Glc

(c) octyl ¢-D-glucopyranoside

HO.

4
O
HO 1

OHOCsHﬂ
with (i-PrC0),0 : 54% regioselectivity
(20 °C, 12 h) 75% yield

Figure 6. The hydroxy group to be acylated under the condi-
tions of 10mol % of catalyst 5/(RCO),0/collidine/CHCI; is
shown as OH in red color with green square. The regioselectivity
is shown as percentage among four monoacylates. Yields are
those for monoacylation. The reactions were performed at the
temperature and for the time indicated in the parentheses.

migration ? /.
iPrCO0g
HO 7L ocyh
HO\% 817
OH
Figure 7. Is acyl migration the origin of 4-O-acylation?
(a) 5 (10 mol%) MeO_ .
MeO. i : . 4
o e 60 (i-PrC0),0 (1.1 equiv) "PrCOO%OCBHW
HO OCgHy7 2,4,6-collidine (1.5 equiv) 3
OH CHClg, -20 °C 4-0-:3-0-:2-0
(95% yield for monoacylation) =51 © 67 © 2
(b) DMAP (10 mol%) .
HO - iv) i-P
o o (i-PrC0),0 (1.1 equiv) i rCOO%OCSH17
HG OCgH47 2,4,6-collidine (1.5 equiv) 3
OH CHClg,- 20 °C

6-0:4-0-:3-0-:2-0
(69% yield for monoacylation) =38 : 23 : 38 @ 1
Scheme 8. Nonselective acylations of (a) octyl 6-O-methyl-$-
D-glucopyranoside promoted by catalyst 5 and (b) octyl B-D-glu-
copyranoside promoted by DMAP.

31:67:2 in a combined yield of 95% (Scheme 8a). The observed
ratio was comparable to the ratio observed in nonselective
acylation by DMAP catalysis (Scheme 8b). Thus, H-bonding
between primary hydroxy group at C(6) of the substrate and
the catalyst seems crucial for regioselective acylation promoted
by catalyst 5.

Effects of the functionality of catalysts on the regioselectiv-
ity of acylation were investigated (Table 4). With catalyst 9 and
10 in which the indole substructure of § was replaced by p-phe-
nol and 2-naphthalene, respectively, acylation took place at the
secondary hydroxy group at C(4) predominantly (58-65%),
but with decreased regioselectivity (Entries 2 and 3). This indi-
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Figure 8. A possible transition state model for selective acyla-
tion of octyl B-D-glucopyranoside promoted by 5.

cates that the indole substructure is not indispensable for the se-
lective acylation at C(4)-OH, but amide carbonyl groups both at
C(2) and C(5) of the pyrrolidine ring, common in the catalysts 5,
9, and 10, seems essential for selective acylation at C(4)-OH.
With catalyst 11 in which the indole substructure of 5 was re-
placed by an N-methylindole, acylation at the secondary hy-
droxy group at C(4) was still predominant, but the regioselecitiv-
ity was decreased (60%, Entry 4). The observation may suggest
that indole NH of catalyst § would participate in further increas-
ing the regioselectivity of acylation at C(4)-OH.

A possible transition-state assembly for regioselective
acylation of octyl B-p-glucopyranoside promoted by catalyst 5
is shown in Figure 8. Since the primary hydroxy group at C(6)
is the most reactive in the substrate, it would preferentially form
H-bonding with an amide carbonyl that is likely to be the stron-
gest H-bonding acceptor in the acylpyridinium ion generated
from 5. As the result of the H-bonding interaction, the indole
NH locates in the proximity of C(3)—-OH, resulting in the forma-
tion of an additional H-bonding between them. The cooperative
effects of two hydrogen bonds would fix the conformation of the
substrate at the transition state for acylation, where the C(4)-OH
is in close proximity to the reactive carbonyl group of the acyl
pyridinium ion, resulting in the selective acylation at C(4)-
OH. The C,-symmetric structure of catalyst 5 seems to be impor-
tant. An approach of the carbohydrate substrate is possible from
either the face of the C(2)-side chain of the acylpyridinium ion
or that of C(5)-side chain. The former would lead to the transi-
tion state structure shown in Figure 8, which is expected to be
identical with the latter due to C,-symmetric nature of the cata-
lyst. This notion was supported by the results of the correspond-
ing reaction with non-C,-symmetric catalyst 12 (Table 4, Entry
5). Acylation of octyl B-D-glucopyranoside in the presence of 12
gave the 4-O-acylate as the major product, but in decreased re-
gioselectivity of 66% (Entries 1 vs. 5). A substrate approaching
from the B-face (the face of the C(2)-side chain) of the acylpyr-
idinium ion generated from 12 would undergo selective acyla-
tion at C(4)-OH, while a substrate approaching from the less-
hindered a-face (C(5)—side chain is absent in 12) would undergo
nonselective acylation. As a combined result, the 4-O-acylation
proceeded preferentially, but in diminished regioselectivity in
the acylation with 12.

The transition state model suggests that acylation of C(4)—
OH may proceed in a accelerative manner due to the stabiliza-
tion of the transition state by dual H-bonding. This expectation
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(98% yield for monoacylation)

Scheme 9. Competitive acylation in the presence of catalyst 5.

is consistent with the results shown in Table 2. The notion of
accelerative acylation is also supported by the competitive
acylation between octyl B-D-glucopyranoside and a primary
alcohol (Scheme 9). When a 1:1 mixture of octyl B-p-gluco-
pyranoside and 2-phenylethanol was treated under conditions
similar to those in Entry 3 in Table 3, octyl 4-O-isobutyryl-
B-D-glucopyranoside was obtained in 99% regioselectivity
and in 98% yield. The existence of the primary alcohol did
not affect the selective acylation of the carbohydrate at all, in-
dicating that acylation of the secondary hydroxy group at C(4)
of the carbohydrate proceeds in an accelerative manner in the
presence of 5.

The difference in the regioselectivity of acylation of var-
ious monosaccharides shown in Figure 6 may be understood
by the transition state model shown in Figure 8. A difference
between octyl B-D-glucopyranoside (Figure 6a) and octyl B-D-
mannopyranoside (Figure 6d) is the orientation of the hydroxy
group at C(2). Since the orientation of the hydroxy group at
C(2) does not seem significantly to affect the transition state
assembly shown in Figure 8, selective 4-O-acylation is also
expected for the mannose derivative (85% regioselectivity).
On the other hand, a transition state assembly shown in
Figure 8 is not possible with carbohydrates that have an axial
hydroxy group at C(4). Accordingly, acylation of the galac-
tose derivative proceeded in a totally different manner, and
gave the 6-O-acylate as a major product (Figure 6e), because
of the intrinsically high reactivity of the primary hydroxy
group. In the case of octyl a-D-glucopyranoside (Figure 6c¢),
a transition state assembly shown in Figure 8 may be possible,
however, it is somewhat disfavored by the unfavorable inter-
action between an o-octyloxy substituent at C(1) of the carbo-
hydrate with the acyl group of the acylpyridinium ion. Ac-
cordingly, acylation of C(4)-OH of octyl «-D-glucopyranoside
took place predominantly, but in the diminished regioselectiv-
ity of 54%.

¢ Conclusion

An organocatalytic one-step procedure for highly chemo-
and regioselective acylation of carbohydrates has been devel-
oped. The catalyst-promoted acylation proceeded in an acceler-
ative manner. The present method enables direct functionali-
zation of one of the multiple hydroxy groups of polyol sub-
strates. Thus, development of the present process is expected
to contribute to extremely shorten synthetic routes for carbohy-
drates.
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