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Introduction

NHC/B(OH)s-mediated C3-selective acylation of
unprotected monosaccharides: mechanistic
insights and toward simpler/greener solutionst

Jiamiao Jin,*® Jiangtao Guo,>< Feng Xu,”“ Ya Lv,? Guanjie Wang,” Jia Song,?
Wen-Xin Lv, 2@ Tingting Li 2 *® and Yonggui Robin Chi (2 *2®

Selective acylation of saccharides is an important basic transformation in saccharide chemistry. Synthetic
strategies and protocols for saccharides can reach broad users when reagents are simple (inexpensive and
readily available), green, and easy to handle. Herein, we disclose that the simplest boric acid, B(OH)z, can
work as an effective promoter for C3—-OH selective acylation of unprotected monosaccharides under the
catalysis of a readily available N-heterocyclic carbene catalyst. Solvents such as THF from untreated com-
mercial sources can be directly used. Mechanistically, the boric acid plays multiple roles in benefiting
reaction yields and regioselectivities, including solubilizing the saccharide substrates by forming borate
esters with the saccharides, shielding the C6-OH unit of the saccharides from acylation, and enhancing
the selectivity between C3-OH and C2-OH reactions. We also found that the solvent has a profounder
effect on the reaction yield and selectivity than the base. Selectively acylated saccharide products can be
easily obtained with good-to-excellent yields and gram scales. Our study will encourage the further
development of new synthetic strategies for saccharides that can reach beyond laboratory scales and to
scientists not necessarily with expertise in organic synthesis. Compared to previous methods using aryl
and alkyl boronic acids as modulating reagents, the use of boric acid provides a greener solution econ-
omically and environmentally.

require pre-protection of specific hydroxyl groups of the sac-
charides.” In recent years, direct transformation (including

Monosaccharides are fundamental structural units in complex
polysaccharides and  saccharide-containing  molecules
(Fig. 1A)." They also function as basic building blocks for
assembling various functional molecules, including medi-
cines” and natural products.® A crucial category of reactions
involved in transforming saccharide building blocks into
useful molecules is acylation, which converts hydroxyl groups
into corresponding carboxylic esters.* These acylation pro-
cesses can serve as protection strategies in saccharide trans-
forming chemistry’®“® or as critical steps in linking sacchar-
ides with other structures for various purposes, such as prepar-
ing prodrugs.® Traditional methods for acylation typically
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acylation) of unprotected saccharides via site-selective strat-
egies has received increasing attention, as reported by
Hanessian, Taylor, Blaszczyk, Tang, Miller, Kawabata, and
Studer.® Drawing on our longstanding interests in developing
catalysis for selective reactions,” we recently reported a site-
selective acylation of unprotected saccharides mediated by
N-heterocyclic carbene (NHC) organic catalysts'® and aryl
boronic acids (Fig. 1B)."* To achieve optimal site-selectivities
and reaction yields, we employed NHC catalysts and relatively
complex aryl boronic acids (such as the one illustrated in
Fig. 1B) in our previous report."’ However, relatively complex
aryl boronic acids and their large molecular weights present
certain barriers for broad (and large-scale) application of our
method for operational and economic reasons. In addition,
the reactions in our previous report were mostly carried out
under an inert atmosphere with argon.

To develop simpler and greener methods that can be used
beyond laboratory scales and by players who are not necess-
arily organic chemists, here we decided to move from aryl
boronic acids to boric acid, B(OH);, the simplest member of
this boronic acid family (Fig. 1B). Boric acid is produced in
quantities of several hundred thousand metric tons per year
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Fig. 1 Selective acylation of unprotected monosaccharides: toward a practical and greener solution.

(with a cost of less than a dollar per kilogram). It is also more
environmentally benign compared to most other boronic
acids, with its well documented physical and chemical pro-
perties. From a practical standpoint, boric acid is the best
choice when compared to any of the aryl or alkyl boronic
acids. Unlike in our previous report,"* where the reaction was
carried out under N,, in our present new protocol with boric
acid, the reaction is performed without exclusion of air.
Solvents from commercial sources without further dehydration
can be used directly in our present protocol. Regarding
mechanistic aspects, we found that boric acid plays two major
roles in our selective acylation reactions (Fig. 1B). One role is
to shield the hydroxyl groups on C4 and Cé6-carbon atoms
from acylation and the other is to enhance the solubility of the
saccharides, thereby significantly improving the reaction yield.
The NHC catalyst used in this transformation is also readily
available and relatively simple. Our present work will encou-
rage further explorations of simple reagents for important
complex transformations.

5998 | Green Chem., 2024, 26, 5997-6004

Results and discussion

The reaction between unprotected glucoside 1a (0.1 mmol)
and p-chlorobenzyl aldehyde 2a (0.15 mmol) was chosen as
the model to form corresponding C3, C2, and Cé-acylation pro-
ducts (3a, 4a, and 5a, respectively) (Fig. 2). Conditions includ-
ing 10 mol% NHC pre-catalyst, 10 mol% of base, 1.5 equiv. of
B(OH);, 1.5 equiv. of DQ and 2 mL of solvent were used to
study the effect of different solvents and bases. Key results
from extensive studies of various solvents and bases are sum-
marized in Fig. 2.

Solvents with various polarities and abilities to dissolve the
saccharide substrate were evaluated. As important technical
information, among twenty-two solvents included in Fig. 24,
the glucoside 1a alone or in combination with B(OH); showed
nearly no observable solubility in twelve solvents (including
toluene, diethyl ether, and dichloroethane). In these “poor”
solvents, the acylation reaction did not proceed well, and C3-
acylation products were observed in very low yields (e.g., from

This journal is © The Royal Society of Chemistry 2024
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A. Effect of solvents and bases on C3-acylation of model monosaccharide
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B. Effect of solvents and bases on regio-selectivities (for reactions with appreciable yields)
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Fig. 2 A detailed study on the effect of different solvents and bases on the yield (C3-acylation) and selectivity (C3:C2 acylation) of a model reaction
(see ESI for experimental details).

nearly no product to around 20% or lower). In six of these sol-  bility. When boric acid was added, the glucoside (and boric
vents (EtOAc, CH;CN, acetone, dimethyl glycol, dioxane, and acid) was completely dissolved except with EtOAc as the
THF), the glucoside 1a alone showed low but observable solu- solvent. The last few solvents (DMF, DMAc, NMP and DMSO)

This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 5997-6004 | 5999
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could dissolve 1a well. In the latter two scenarios (e.g., when
1a was dissolved alone or in the presence of boric acid), acyla-
tion proceeded smoothly with the C3-acylation product (3a)
formed in moderate-to-good yields in most cases (with
different bases). Notably, in the presence of boric acid, main
acylation products were from C3-OH acylation (e.g., 3a) and
C2-OH acylation (4a). The C6-OH acylation product (5a) was
nearly undetectable (less than 1% or around 1-2% as esti-
mated via HPLC analysis in most cases).

Many inorganic and organic bases common in the labora-
tory were evaluated. However, the bases did not exhibit effects
as dramatic as those of the solvents. In most of the solvents
that could dissolve the saccharide substrate well, all of these
bases appeared to be effective. In particular, the bases did not
show a clear difference with respect to the C3-acylation yield
when DMF, DMAC, NMP, or DMSO was used as the solvent.
However, with acetonitrile or acetone as the solvent, the effect
of different bases on the C3-acylation yield did appear to be
significant. Common solvents that lead to optimal yields of
C3-OH acylation under these conditions include THF, DMF,
DMAc, and NMP (Fig. 2A).

The effects of different solvents and bases on the reaction
regio-selectivity (C3-OH:C2-OH acylation) are included in
Fig. 2B. We chose reactions where 3a and 4a were formed in
appreciable yields to estimate regio-selectivity values. Although
the solvents and bases showed effects, the observed ratios of
3a and 4a were more affected by the solvents than the bases.
Remarkably, we were very fortunate to find that when THF was
used as the solvent, all of the bases (used directly from com-
mercial sources) gave very consistent performances with ratios
of 3a and 4a between 7 and 8.

Several further experiments to study the effect of different
bases for reactions in THF were then performed (see ESI
Table S3t). The bases K3;PO, and Li,CO; were found to
perform slightly better than the bases shown in Fig. 2B.
Specifically, the use of K;PO, in THF led to 3a in 75% yield
with a ratio of C3-OH to C2-OH acylation of 8.2. The use of
Li,CO; led to 3a in 77% yield with a ratio of the two acylation
products (3a: 4a) of 8.1.

We also studied the reaction progress using the combi-
nation of Li,CO;/THF (Fig. 3). Considering experimental errors
in measuring the relatively low yields of the C2-acylation
product, the ratios of 3a:4a did not change significantly
during the reaction. As a technical note, the ratios measured
during the first two hours were not accurate due to the very
low yield of 4a. The reaction nears completion at around
8 hours with the formation of 3a in close to 80% yield. The
yield of 4a was less than 10%, and the formation of Cé6-acyla-
tion adduct 5a was minimal during the reaction (less than 1%
yield). Although the presence of water was believed to affect
the reaction yield and selectivity value based on our earlier
studies,"’ under our present protocol we found that rigorous
drying of the solvents is not necessary. The use of AR grade
THF from a commercial source without any treatment could
give nearly the same reaction outcome. Technically, although
many solvents (such as CH;CN and DMF) that show good solu-

6000 | Green Chem., 2024, 26, 5997-6004
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bilities for saccharide substrates can be potentially optimized
to offer acceptable results, THF stands out as a practical choice
as it (without special treatment) worked well under a broad
range of conditions (such as with the use of different bases).
For example, although CH3;CN could also become a good
choice under certain conditions, careful control of the con-
ditions is necessary, and the reaction outcomes can vary sig-
nificantly (Fig. 2). In particular, the presence of air and choice
of base could have significant effects on the reaction outcome.
The use of CH;CN from different sources (presumably with
different water contents) could also affect the reaction yield.

The exact origins of regioselectivity are a complex issue. For
reactions affording appreciable yields (Fig. 2B), in the same
solvent, the effect of different bases on the regioselectivity is
relatively small. For example, with THF as the solvent, the
regioselectivity ranges from 7:1 to 9:1 when using different
bases.

The effects of different solvents on the reaction yield and
regioselectivity value are quite significant. For reactions with
appreciable yields (Fig. 2B), highly polar solvents (e.g., DMSO
and DMF) that can dissolve the saccharide substrate well
(without the assistance of boric acid) often lead to lower regio-
selectivity. This is presumably due to the “background” acyla-
tion reactions of saccharides unmodified with boric acid (that
yield lower regioselectivity values). In contrast, with less polar
solvents (e.g., THF and EtOAc) that do not dissolve saccharides
well (without the assistance of boric acid), the reaction gives
high regioselectivity. This is because in such less polar sol-
vents, the reaction of “free saccharides” with boric acid is
essential to bring the saccharide substrate (as corresponding
boronic esters) into the solution for subsequent NHC-catalyzed
acylation reactions (with higher regio-selectivity). Therefore,
although solvents may play multiple roles (such as forming
non-covalent interactions with the substrates and catalysts, as
in most organic reactions), the major roles of the solvents in
our present system are associated with the solubility of the sac-
charide substrates (with and without the presence of boric
acid).

A plausible reaction pathway is illustrated in Scheme 1.
Reaction of the saccharide substrate (1a) with boric acid forms
corresponding shielded boric ester C4,6-OH groups (inter-
mediate I), as evidenced by '"H NMR studies (Scheme 1, see
ESIt for details). This observation is similar to our earlier
studies using aryl boronic acids in related NHC-mediated reac-
tions of saccharides."*

With a practical protocol and detailed understanding of the
reaction process, we moved to evaluate the generality of this
NHC/B(OH);-mediated C3-OH acylation protocol by looking
into various aldehydes as acylation partners and several
common monosaccharides (Fig. 3B). Electron-withdrawing
substituents and halogen atoms could be installed on the
o-position of the phenyl group of 2a, with target products
afforded in excellent yields (3b to 3e). When bromine was
introduced at the o-position of aldehyde and electron-donating
groups were present at the p-position, the corresponding C3-
acylation products were obtained in moderate yields (3f and

This journal is © The Royal Society of Chemistry 2024
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A. Progress and selectivity for reaction with Li,CO; in THF at RT
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B. Examples of aldehydes and saccharides examined under this protocol?
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Fig. 3 Reaction progress and substrate examples of the catalytic C3-selective saccharide acylation reaction. Reaction conditions: # 1 (0.1 mmol), 2
(0.15 mmol), 10 mol% NHC pre-catalyst, 10 mol% Li,COs, 1.5 equiv. of B(OH)s, 1.5 equiv. of DQ and 2 mL of THF. ?1 (0.1 mmol), 2 (0.15 mmol),
10 mol% NHC pre-catalyst, 10 mol% KzPO,, 1.5 equiv. of B(OH)3, 1.5 equiv. of DQ and 2 mL of THF.

3g). However, the presence of a methyl group at the ortho and
para position of the aldehyde was beneficial to enhancing the
yield of desired products (3h). Electron-withdrawing groups
existing at the 3-position of the benzene ring resulted in
decreased product yields (3i to 3k), while electron-donating
groups at this position could give 31 in a 72% yield. Aromatic
aldehyde substrates bearing various p-substituents on the aryl
group worked well in this acylation reaction (3m to 3t). The
phenyl group of 2a could be switched to a 2-naphthalene
group, with the desired product afforded in a 66% yield. The

This journal is © The Royal Society of Chemistry 2024

C3-OH acylation could be achieved with an «,f-unsaturated
aldehyde (3u and 3v). Good results could also be obtained
with aldehydes of other aromatic heterocycles (3w to 3z).
Moreover, various kinds of monosaccharides and their analogs
have the potential for selective C3—-OH acylation (3aa to 3ah).
As a technical note, alkyl aldehyde substrates do not work well
as the acylation partners under oxidative NHC catalysis. This
limitation is associated with the capability of NHC catalysis
itself and side reactions of alkyl aldehydes under basic con-
ditions used here.

Green Chem., 2024, 26, 5997-6004 | 6001
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Fig. 4 Loading of NHC catalyst and reuse of boric acid.

We also performed preliminary studies regarding NHC cata-
lyst loading and possible recycling/reuse of the catalyst and
boric acid. For instance, the use of 0.5 mol% NHC catalyst is
sufficient to provide acylation product 3a in 68% yield (Fig. 4).
The boric acid can be recycled (via simple extraction, see ESI})
as a crude mixture and re-used several times with reasonable
performance (Fig. 4). Purification of product 3a via SiO,
chromatography is easily achievable due to the significant
polarity difference of 3a and the other component left in the
reaction mixture.

Conclusions

In summary, we have developed a simple and greener protocol
for C3-OH selective acylation of unprotected monosacchar-
ides. Our method employs a readily available NHC catalyst and
the smallest (and most inexpensive and most understood)
boric acid to achieve desired reactions with good-to-excellent
yields and regio-selectivities. The utilization of boric acid is
particularly effective, especially for the C3-acylation of mono-
saccharides, as it offers transient shielding comparable to that
of more intricate (aryl) boronic acids. Our protocol, with
simple reagents and easy operation, will reach beyond organic

6002 | Green Chem., 2024, 26, 5997-6004

chemists for the preparation of acylated monosaccharides and
related building blocks for various applications. On the
mechanistic side, we conclude that the solvent has a profound
effects on the reaction yield and selectivity. Different bases can
also affect the reactions, but on a much smaller scale than
what used to be believed. We expect the present study to open
new windows in developing practical and green solutions for
selective reactions of saccharides and to establish a compre-
hensive understanding of mechanisms for reactions involving
saccharides and other complex molecules.
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