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A readily programmable strategy for site-selective acylation of unprotected
monoglycosides is developed. Excellent site selectivity was achieved by proper
combinations of commercially available N-heterocyclic carbene (NHC) catalysts
and boronic acids for the acylation of C(2)-, C(3)-, and (C6)-OH groups of various
monosaccharides and their analogs. This strategy features extraordinary substrate
scope and excellent functional-group tolerance. It leads to unprecedented op-
portunities for glycobiology research, as demonstrated by its applications in the
straightforward and concise synthesis of sophisticated saccharide derivatives.
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SUMMARY

Chemical synthesis or modification of saccharides remains a major
challenge largely because site-selective reactions on their many
similar hydroxyl groups are difficult. The lack of efficient chemical
synthetic tools has therefore become a main obstacle to under-
standing saccharide-related biological processes and developing
saccharide-based pharmaceuticals. Here, we disclose a programma-
ble multilayered selectivity-amplification strategy enabled by
boronic acids and N-heterocyclic carbene (NHC) catalysts for site-
specific acylation of unprotected monoglycosides. The boronic
acids provide transient shielding on certain hydroxyl groups (while
simultaneously promoting reactions of other hydroxyl units) via dy-
namic covalent bonds to offer the first sets of selectivity controls.
The NHC catalysts provide further layers of control by mediating
selective acylation of the unshielded hydroxyl moieties. Multiple
activating and deactivating forces can be easily modulated to yield
programmable selectivity patterns. Structurally diverse monosac-
charides and their analogs can be precisely reacted with different
acylating reagents, leading to quick construction of sophisticated
saccharide-derived products.

INTRODUCTION

Saccharides are a major class of biomolecules involved in numerous biological activ-
ities. Saccharide derivatives and multi-hydroxyl group (polyol)-containing structures
are also widely found in natural products and synthetic molecules with important
functions'™” (Figure 1A). It has been proved that modulation of saccharides or
saccharide segments can lead to therapeutic agents, such as vaccines and antibi-
otics, with billion-dollar commercial success.® ' For example, bacterial-capsule
polysaccharides attached to proteins have been a main choice for conjugated vac-
cines.!’ Multiple saccharide-derived small molecules, such as Empagliflozin, are
among the best-selling drugs.'? However, despite the enormous applications and
potential, our understanding of saccharide-related biological processes and the
development of saccharide-based pharmaceuticals remain challenging. A major
obstacle lies in the lack of efficient chemical synthetic tools for access to saccharides
and their derivatives. It is difficult to selectively functionalize the many hydroxyl (OH)
groups present in saccharides because the reactivity differences of the various OH
groups are very small.

Numerous approaches from the best chemists of many generations have been de-

signed to achieve site-selective reactions on the different OH groups of saccharides
and polyol molecules. The dominant approach involves elegantly designed
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The bigger picture

Chemical synthesis or
modification of saccharides
remains a difficult challenge in
modern science, posing a major
hurdle to the study of saccharide-
related biological processes and
development of new therapeutics.
The synthetic challenge is largely
due to the difficulty of site-
selective reactions on the many
similar hydroxyl groups of
saccharides. Here, we disclose a
programable multilayered
selectivity amplification strategy
for site-selective acylation of
unprotected monoglycosides and
their derivatives. Through proper
combinations of N-heterocyclic
carbene (NHC) organic catalysts
and boronic acids to introduce
multiple tunable driving forces,
the reactivity difference of the
similar hydroxyl groups can be
amplified or inverted. With our
strategy, it becomes feasible to
identify suitable conditions for
site-selective acylation of essen-
tially most (mono)saccharides and
polyol molecules. Our study will
have both fundamental and prac-
tical impacts in the broad fields
ranging from chemistry to
medicine.
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orthogonal protection-deprotection chemistry through typically long-step opera-
tions, as demonstrated by many pioneers, such as Wong and Danishefsky.'*""?
Although improvements are being made in this protection-deprotection approach,
new strategies with shorter steps that avoid (or minimize) conventional protection-
deprotection operations have attracted intense attention for obvious reasons. For
instance, the Hanessian and Taylor groups have studied organoboron®’?' and metal
reagents (such as organotin)’” to amplify the intrinsic selectivity of cis-1,2-diols
based on the inherent reactivity differences between equatorial and axial OH
groups. Blaszczyk and Tang developed a selective acylation protocol for trans-1,2-
diols in S-glycosides via nicely designed chiral catalysts and an adamantyl directing
group.”* Miller and co-workers designed small-molecule enzyme mimics for chemo-
and/or stereoselective reactions of saccharides and polyols.”***> Kawabata and col-
leagues developed chiral pyridine-based organic catalysts that can selectively
acylate OH groups at the C4-carbon of glucose.?*?” Studer and co-workers found
selective reactions of partially protected monosaccharides with NHC catalysts.”
The use of other organic or metal catalysts and reagents for site-selective reactions
of saccharides with minimized protections has also been reported.””*> Each of
these methods has its own merits and limitations. For example, in these previous ap-
proaches, pre-protection of the Cé- and/or C4-OH groups (of monosaccharides) is
still necessary before selective reaction can be performed on the remaining OH
units. The generality of monosaccharide partners is typically limited to those with
certain structural requirements (such as the presence of cis-diols). Individual access
to different sites (such as to C2-, C3-, and Cé-sites individually) via each of these ap-
proaches is still difficult. Further breakthroughs in this arena of saccharide-selective
reactions remain to emerge. Given the complexity of saccharides and the corre-
sponding reacting partners, it appears that introducing more controlling parameters
that can be modularly tuned could offer attractive solutions.

Here, we disclose a programmable strategy mediated by multiple driving forces for
site-selective acylation of unprotected monoglycosides, their analogs, and their de-
rivatives (Figure 1B). We break down the challenging selectivity problem into a few
smaller issues, each of which can be addressed by different cooperative catalysts
and additives. With p-glucoside (primary alcohol group unprotected) as a model
example, the use of boronic acid additive can selectively shield the two OH groups
at the C4- and Cé-carbons by forming a six-membered boronic ester with labile bo-
ron-oxygen bonds. This dynamic boronic ester formation temporarily protects these
two OH groups from further reactions, providing the first layer of selectivity control.
The introduction of boronic acid additives can also simultaneously accelerate reac-
tions of certain OH groups,”® offering a second layer of selectivity control. In the
same reaction solution, an N-heterocyclic carbene (NHC) organic catalyst is intro-
duced to provide a further layer of site-selectivity control. Multiple parameters
involving stereo-electronic effects and covalent and/or non-covalent interactions
(NCls) brought by the boronic acids and NHC catalysts can be readily modulated.
With our approach, through appropriate combined choices of boronic acids and/
or NHCs, the acyl group can be site-selectively installed on the C(2)-OH, C(3)-OH,
or C(6)-OH of p-glucoside. Our strategy can be easily tuned for site-specific acylation
of various monosaccharides and their analogs by varying the structures of boronic
acids and/or NHC catalysts (as illustrated in the left graph of Figure 1B). Sophisti-
cated molecules (such as natural products) containing saccharide fragments can
also undergo selective acylation reactions with different carboxylic acids and
derivatives, including those with commercial applications as medicines (such as
artesunate and dehydrocholic acid). Applications of our selective acylation
strategy can allow for concise synthesis of saccharide-derived products, such as
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A Medicines and natural products containing (acylated) saccharides and polyols with multiple OH groups of intrinsically similar
reactivities
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Figure 1. New strategy for selective acylation of saccharides and polyols
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important bioactivities.

RESULTS AND DISCUSSION

and disaccharide laminaribiose,®’ with

Summarized in Figure 2 are key results of a model reaction (with p-glucoside [1] as
the monosaccharide) from extensive studies on the effects of boronic acids, NHC
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Figure 2. Typical conditions and a mechanistic pathway for selective C(3)-OH acylation of a-glucoside as a model saccharide

catalysts, and other parameters such as bases and solvents. Further details of condi-
tion optimizations are provided in the supplemental information. The reaction and
its simplified mechanistic pathway are briefly illustrated in Figure 2. A glucoside
(1), acylation substrate (2a, 2b, or 2c), NHC pre-catalyst (N1, 10-20 mol %), boronic
acid (B1, 100 mol %), and base (20-200 mol %) were dissolved in an organic solvent
(e.g., CH3CN or EtOAC). The reaction involves reversible reactions between two OH
groups (C4- and C6-OH groups) of glucoside with boronic acid to form boronic ester
| as an intermediate (detectable via "H NMR of the crude reaction mixture or isolable
depending on the specific substrates; see supplemental information part 2.6).*°*
This dynamic boronic ester formation not only provides a transient protection of
the two OH groups from subsequent acylation reactions but also assists in regulating
the acylation tendency of other OH groups by variating the substituents of boronic
acids. In the same reaction solution, the NHC catalyst reacts with the acylation sub-
strate to form acyl azolium intermediate 1.***> The acylation substrates in our
studies (as precursors of acyl azolium intermediates) can be aldehydes (2a; in the
presence of an oxidant, such as DQ), carboxylic acids (2b; in the presence of a
coupling reagent, such as dicyclohexyl carbodiimide [DCC]), or carboxylic esters
(2¢) (Figure 2; for details, see supplemental information parts 2.3-2.5). The acylation
reaction between intermediates | and Il first forms an acylated boronic ester of the
glucoside as adduct Ill (as observed via "H NMR analysis of the crude reaction
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mixture). In this step (from intermediates | and Il to adduct Ill), regioselectivity be-
tween the C(2)-OH and C(3)-OH moieties is controlled by the structures of both
the NHC catalyst and the boronic acid. The boronic ester moiety of this adduct
(1) then undergoes hydrolysis in the same reaction mixture or upon silica-gel column
chromatography to eventually form the site-selective acylated saccharide product 3.
It is worth noting that the boronic ester formation (thermodynamically favorable un-
der the reaction condition) and hydrolysis are a facile and reversible process for both
intermediates | and Il (for details, see supplemental information parts 2.6 and 3.3). It
is technically necessary to use a stoichiometric amount of the boronic acid to achieve
optimal regioselectivity and avoid over-acylation on more than one OH group. Four
sets of conditions (1A, 1B, 2A, and 3A; Figure 2) were identified to give acceptable
results. We chose condition 1B to study the effects of NHC catalysts and boronic
acids given that four possible mono-acylated saccharide adducts could be observ-
able under this type of condition (CH3CN as solvent; 1 equiv of DQ and boronic
acid).

The loadings of boronic acid (B1) had a clear influence on the reaction yields and
selectivity (Figure 3A). Increasing the loadings of boronic acid significantly increased
the yield of C3-O-acylate while decreasing those of C6-O-acylate and C4-O-acylate.
The yield of C2-O-acylate remained largely unchanged as the boronic acid loadings
were varied. The structures of the boronic acids (as exemplified by selected exam-
ples B1-B7) also dramatically affected the yields and selectivity of the reactions
(Figure 3B). For example, removing the methoxy substituents on the phenyl ring
of B1 (to give boronic acid B3) led to a big drop in yields of C3-O-acylate and the
ratios (selectivity) between C3-O-acylate and C2-O-acylate. The presence of boronic
acid generally increased the overall acylation yields (e.g., 68% overall acylation yield
with the presence of 1 equiv of B1 versus 38% overall yield without B1; Figures 3A
and 3B). These results suggest that the formation of boronic ester intermediate (I;
Figure 2) also simultaneously activates C(3)-OH toward acylation reactions. Such
activation effects can be designed to occur on other OH groups, such as the C(2)-
OH moiety, as observed in other examples of this study. The structures of NHC cat-
alysts also showed profound effects on both reaction yields and selectivity values
(Figure 3C; for details, see supplemental information part 2.7).

Our results (Figures 3A-3C) clearly show that both NHCs and boronic acids have
distinct effects on each of the different OH groups present in saccharides and their
analogs. These effects can be deactivation (temporary shielding) or activation on
different OH groups, providing amplified reactivity differentiations of these moi-
eties. It is therefore feasible to engineer these effects in a combinatorial and pro-
grammable manner (Figures 1B, 5, and 7) to achieve site-selective acylation on
different OH groups of various types of saccharides (and polyols) with diverse acyl-
ation partners. For example, selective C(2)-OH acylation of glucoside (1) could be
achieved by the combined use of chiral NHC pre-catalyst N6 and boronic acid B8 un-
der a slightly modified condition to give C2(OH)-acylated product in 63% yield and
7:1 regioselectivity (Figures 3D and 4). Acylation of C(6)-OH of glucoside (1) selec-
tively was achieved with the NHC pre-catalyst (N4) alone (Figures 3E and 4). In other
examples of this study, selective C(6)-OH acylation was obtained via the combined
use of an NHC pre-catalyst and a boronic acid.

We next evaluated the scope and applications of our strategy. Our condition
screening in this study ended up with the use of five NHC catalysts and eight boronic
acids (with 5 x 8 possible combinations) for optimal outcomes of the different types
of saccharides and acylation partners. Although a definite relation between

1522 Chem 8, 1518-1534, May 12, 2022
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Figure 3. Conditions for site-selective acylation of a model saccharide as mediated by NHC catalysts and boronic acids

structures and reaction outcomes cannot be drawn at this point, a number of guiding
trends were observed, as illustrated in Figure 4. For instance, the combination of N1
and B1 worked well for C(3)-OH acylation of a- and B-glucoside (combination 2 in
Figure 4). This combination (N1 + B1) also worked effectively for similar selectivity
patterns when we used carboxylic acids or esters as the acylation agents (Figure 7).
We eventually identified 12 combinations of NHCs and boronic acids (combinations
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Figure 4. Modular combinations of NHCs and boronic acids

1-12in Figure 4) for various selective reactions on a large set of saccharides and acyl-
ation partners (Figures 5 and 7; for details, see supplemental information parts 2.8
and 2.9).

The substrate tolerances and limitations using aldehydes as the acylation reagents
were studied (Figure 5). With glucoside (1) as a model saccharide, C(3)-OH selec-
tive acylation could be achieved with various aryl aldehydes (3-17) and a,B-unsa-
turated aldehydes (18 and 19). The use of alkyl aldehyde gave little saccharide
acylation adducts. Multiple different types of monosaccharides and their analogs
could undergo selective C(3)-OH acylation as well (20-38). For example, B-gluco-

4 could be

sides and their derivatives, including a natural product (geniposide),
selectively acylated (20-23) with 66%~75% yields and around 10:1 regioselectivity.
Diabetes drugs containing analogs of monosaccharides, dapagliflozin and empa-
gliflozin,”” could be acylated with good yields and excellent regioselectivity
(24 and 25). The C(3)-OH acylation of a- and B-galactosides was achievable
with NHC N1 and boronic acid B9 (combination 5) (26-32). Examples of other
monosaccharides evaluated under current conditions for C(3)-OH acylations
include aminoglycoside (33), a- and B-xylopyranosides (34 and 35), mannoside

(36), rhamnopyranoside (37), and glucal (38).

Site-selective acylations on C(2)-OH moieties were obtained by a combination of
N6 + B8 (combination 11) or N1 + B10 (combination 6) (Figure 5). Examples of sac-
charides that gave satisfactory yields and selectivity values for C(2)-OH acylation un-
der current conditions include glucoside and galactosides (39-46). The C(6)-OH of
various saccharides and analogs (47-60) could be selectively acylated through the
sole use of an NHC catalyst (“combinations” 1, 7, and 10) or in the presence of
both NHCs and boronic acids (combinations 9 and 12). For example, the C(6)-OH
of a- and B-glucosides was selectively acylated by NHC pre-catalyst N4 alone
(47-50). Acylation on the C(6)-OH of B-galactosides (51-55) was realized by N4
and B11 (combination 9).

1524 Chem 8, 1518-1534, May 12, 2022



Chem ¢ CellPress

NHC/Boronic Acid Combinations o C(3)-OH acylation
(Figure 4) S variation of saccharides (with aldehyde 2a as model acylation reagent)

o :<0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ?9!7!'?',“,31!9'1#2, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

NO O
_— +
HO ~—\ H/Z<

selective acylation

C(3)-OH acylation
variation of aldehydes (with glucoside 1 as model saccharide)

OH combination #2
20, 66 /o, 71 21, 74%, 10:1 22, 75%, 10:1
0 X yield%. o
HO o} —% Ci i H
o1 Geniposide -
111 Ho H

o OH cl

HO o O O

2001 HO

= HO &O&/o ©  Rrco, o
i RCO, OH 24 71% Dapagliflozin

‘ CI O\Qo

o

(o]
M
x
@ | o

(@]
O/U\ 7
o
I
o
<
[0}
s
! Lt e
.. [y
a0 ¢
Po sl Lo sl €y | @
IR RRE I RN IR~
83 [
3

23, 72%, 8:1 OH

o
x
o .
| ®
AV @
=2
2
o .
=~ wn
o
N wad | et
o
Py
I
8%
S
271 o

L,

0 0 O 25.77% _ Empagiforin
12,X = CI 65%, 8:1 s / b combination #5 OH ,OH
11, 84%, 20 13 X7 Br, 5%, 8:1 P e OH OH on OH
X 16, 67%, 6:1 o
B , 67%, 6:
0™ 0% 14, X = H, 65%, 5:1 RCO, OMe RCO, \‘/
o 15, X = NOy, 85%, 20:1 OH RCO,
o N o 28, 62%
N o 26, 61% 27, 50% OMe oH OH
(o)X
Ph Ph™ T o
17, 64%, 7:1 18, 67%, 7:1 19, 82%, 20:1 OH_-OH RCO,
O OH

C(2)-OH acylation o

RCO, 29, X=H, 62%

H 30, X= OMe, 53%
combination#6 OH_OH ° « 3LX=NO,, 68%
OH ,OH %

o
: 32, 53%

: x
: 0,CR 3

i X ' HO

! Ho 41, X= OMe, 61%, 1:8 ! Rco, Rco%
; 42, X = NO,, 58% RGO ; 2
; CbzHN 3

combination #3

e 0,CR

40, 72%, 1: OH_OH
39, 63%.1:7 DG 33,70% 34, 72% 35, 66%, 9:1
. J OH OH o)

OPh
OH OH % HO o combination #9 combination #1 combination #8
S
% \( " \( ° o OH OH
(0]
-0 0o o
0,CR HO ‘y/ OMe HO & \
:<:\ X RCO, ' N/ RCO, —

45, X=Cl, 71% RCO, OH

43,72%, 1:6 44,77% Ph 46, X= MeCO,70%, 1:7 36,74%,51 OMe 37,87% 38, 67%, 10:1

C(6)-OH acylation
combination #7 O,CR combination #9
0,CR 2

o o HO o X 3 OH_O,CR OH ,0CR OH ,0,CR

HO HO 3 0 e oL s

OHL, OH | Ho X HO 0 HO \‘/
© 48, X = OMe, 60%,12:1 | OH OH OH
47, 59%, 10:1 49, X = OPh,70%, 10:1 ! - -
o B, , oAU, 51, X= OMe, 63% 53, X = MeO, 68%
50, X = OCqgH17, 62%, 10:1 | 55 X = Oph.75% 54, X = NO,, 69% 5 @k
combination #1 PR
| e combination #10
0,CR e combination #12
0,CR

HO o OH 2 RCO, OCR O,CR

HO 0 -0

HO& BN £ HO" Sg O)
CbzHN
z OMe HO HO =
56, 56%, 5:1 57, 60% 59,97%  OMe 60, 71%, 7:1

Chem 8, 1518-1534, May 12, 2022 1525



¢ CellPress Chem

Figure 5. Scope of selective saccharide acylation using aldehydes as the acylation reagent

Yields are isolated yields of the major product; regioselectivity refers to C3/C2-O-acylate for 3-37 and 39-46, C3/C6-O-acylate for 38, and C6/C3-O-
acylate for 47-60. Yields are isolated yields of two combined monoacylates for 36 and 40. R = p-Cl-Ph. Other possible acylation products were
unobservable or minimal (less than 5%) via thin-layer chromatography and NMR analysis of the crude reaction mixture.

It is worth keeping in mind that for the same set of saccharide and acylation reagent,
the use of different conditions offers dramatically different selectivity outcomes. For
example, for the same aminoglycoside, the use of an NHC catalyst (N1) alone gave
C(6)-OH acylation product 56, whereas a combined use of N1 and boronic acid B3
gave C(3)-OH acylation product 33. Similar comparisons can be made for other ex-
amples, such as products 3, 39, and 47 from a-glucoside (acylation on C3, C2, and
Cé, respectively). As a technical note, changes to both NHC catalysts and boronic
acids are often needed for achieving optimal yields and selectivity values for each
of the different OH groups on the same saccharides.

To understand how the various interactions between the components of the reaction
affect regioselective acylation, we chose five model reactions to study (Figures 6 and
S36) by focusing on the key regio-determining step via density functional theory
(DFT) calculations (see supplemental information part 3.2 for details). We aimed to
discern how boronic acids (by comparing reactions 1 and 2), monosaccharide iden-
tity and chirality (by comparing reactions 3 and 4), and NHC chirality (by comparing
reactions 4 and 5) affect the site-selectivity outcomes. Given that the carbonyl car-
bon of the acyl azolium intermediate under attack by the monosaccharide is prochi-
ral, allowing attack from either the (Re)-face or the (Si)-face by OH group (Figure S37;
see supplemental information part 3.4 for details), we considered the regio-diver-
gent intermediates arising from both possibilities. Within each reaction, indepen-
dent conformational sampling converges to the lowest energy structures such that
the same backbone orientation demonstrates similar interactions (Figure S38).

When boronic acid forms boronic ester by condensing with 4,6-diol of the monosac-
charides, only the C(2)-OH and C(3)-OH groups are amenable to acylation
(Table S5). This happens in reactions 1 and 2. In reaction 1, the NH group of the tet-
razole ring of the boronic acid can form a hydrogen bond with the oxyanion oxygen
atom. This formation of hydrogen bonding strategically places the C(3)-OH group
close to the carbonyl C=0O group for productive C-O bond formation (Figure 6).
For the formation of the O(C2)-C(carbonyl) bond, however, this approach is hin-
dered by the geometric restraints. In reaction 2, replacing the tetrazole in B9 with
a trifluoromethyl group in B10 prevents the possibility of hydrogen bonding from
the boronic acid moiety; instead, the CF3 group interacts with the acyl azolium differ-
ently to favor C(2)-OH over C(3)-OH acylation.

In reactions 3-5, the monosaccharides are not protected by the formation of 4,6-
boronato-monosaccharides because the boronic acids do not have two OH groups.
The acyl azolium intermediates in these reactions each adopt a particular conforma-
tion stabilized by NCls (Figure S38), thus creating a specific site pocket, much akin to
an enzyme's active site, for biased interaction with one particular OH group of the
monosaccharide substrate over all other OH groups. In reaction 3, C(6)-OH acyla-
tion would benefit from favorable interactions including additional CH---O(ano-
meric) and CH- - -7t interactions that are not present in the other three intermediates.
In reaction 4, as compared with reaction 3, a change in the sugar stereochemistry
(mannoside versus galactoside with different chirality at C(2)-OH and C(4)-OH) leads
the most stable intermediates to come from the (Si)-face attack rather than the (Re)-
face attack in reaction 3. Now, the intermediate formed at C(3)-OH is the most stable
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Figure 6. Schematic representation of the NCls involved in the key regioselective step for model reactions considered by DFT calculations
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because it forms two hydrogen bonds and an additional CH---O interaction
compared with the O-acylation at other sites. In reaction 5, both the mannoside
and the NHC have different stereochemistry from the galactoside and NHC used
in reaction 3. The most stable intermediates result from the (Re)-face attacks in reac-
tion 3 and from the (Si)-face attacks in reaction 5. The double inversion of the stereo-
chemistry in both the sugar and the NHC could explain why both reactions 3 and 5
favor the same OH-functionalization (both at C(6)-OH). For example, when we
compare the most stable intermediates in reactions 3 and 5
(INT_gal_N4_B11_O6_Re and INT_man_N5_B11_06_Si, respectively; Figure 6),
the dihydroindene groups of the NHC in both cases have orientations (pointing
“downward”) similar to those of the sugar OH groups form various interactions.
These two structures are almost mirror images, except where the stereochemistry
of the sugar substrate differs. Both structures have the more favorable interactions
than intermediates from other O-site functionalizations within each of reactions 3
and 5. In reactions 4 and 5, both the intermediates resulting from the (Si)-face attack
of the acyl azolium have lower energy than the corresponding intermediates from
the (Re)-face attack. When we compare the intermediates from the (Si)-face attack
in reactions 4 and 5 (INT_man_N4_B11_0O3_Si and INT_man_N5_B11_06_Si,
respectively; Figure 6), we see that only the orientation of the dihydroindene group
of the NHCs differs across these two reactions. This is consistent with our expecta-
tion given that the NHCs used are enantiomers (N4 versus N5). This difference in
the NHC side-group orientation favors different O-functionalization (C(6)-OH in re-
action 5 versus C(3)-OH in reaction 4) as a result of the differing electronic and steric
interactions (see more details of the individual interactions in supplemental informa-
tion part 3.4).

Although this preliminary analysis of molecular interactions of various reaction com-
ponents (NHC, boronic acid, and sugar) was performed on the regio-divergent
intermediates, a similar analysis on the transition states (TSs) using reaction 4 lends
validity to our current analysis, as we see that the same favorable interactions feature
in both the intermediates and their corresponding TSs (compare Figure S40 and re-
action 4 in Figure S38; for details, see supplemental information part 3.5).

An emerging theme from these DFT studies is that the regioselective outcome of
sugar O-functionalization results from a combination of steric interactions (due to
side groups of the NHCs and/or boronic acids used) and electronic interactions be-
tween the sugar OH and/or CH groups and the NHC and/or boronic acid side chains.
The acyl azolium intermediate is stereogenic because the carbonyl carbon can be at-
tacked by the sugar OH group from either the (Re)- or (Si)-face. This provides oppor-
tunities for unique interactions that favor the functionalization of one OH group over
all others given that the OH group attacks the carbonyl carbon of acyl azolium, thus
giving unique regioselective outcomes.

Carboxylic acids and esters have a much bigger presence than aldehyde moities in
natural and synthetic bioactive molecules, such as pharmaceuticals; we therefore
moved to employ acids and esters as the acylation reagents (Figure 7). To our
delight, the same set of NHC-boronic acid combinations offers nearly the same
selectivity preference when carboxylic acids and esters are used. Only minor
changes to conditions such as solvents and bases are required. When carboxylic
acids were used, a coupling agent (DCC) was used to convert the carboxylic acid
to its reactive ester form for subsequent reaction with the NHC catalyst to form
the NHC-bound acyl azolium intermediate (II; Figure 2). A typical reaction condition
using carboxylic acid is illustrated in Figure 2 (optimal condition 2A). With a similar
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Figure 7. Scope of selective saccharide acylation using carboxylic acids and esters as the acylation reagent

Yields are isolated yields of the major product; regioselectivity refers to C3/C2-O-acylate for 3, 62, and 39 (acylations on other OH groups are minimal).
Yields are isolated yields of two combined acylates for 39 and 62. The regioselectivity value is not given when acylation on all other OH groups is trace.
R = p-Cl-Ph for products 3, 39, and 57.

effort, conditions for using carboxylic esters (4-nitrophenol esters of carboxylic
acids) could be readily realized, as exemplified by optimal condition 3A (Figure 2).

The reaction generality is exceptional with aryl or alkyl carboxylic acids and esters
bearing various functional groups. For example, carboxylic-acid-containing com-
mercial pharmaceuticals reacted with monosaccharides in a highly regioselective
manner to give the corresponding drug-saccharide conjugates (62-72, 83-84, and
95-96) with good isolated yields. Our reaction conditions are mild and tolerate
sensitive functional groups, such as the endoperoxide 1,2,4-trioxane ring in artesu-
nate®’ (65 and 83). Carboxylic-acid-containing amino acids, peptides, and their de-
rivatives (73-82) were also excellent acylation partners under our approach. These
results (73-82) suggest that our method could be further developed for the prepa-
ration of conjugates of saccharides and peptides or proteins. Our strategy could
also be used to link two molecules with synergistic medicinal effects for possible
combinatory therapeutics. Here, we show that two sophisticated bioactive mole-
cules (dehydrocholic acid and geniposide) can be linked via saccharide selective
acylation (72). Conjugation of paclitaxel with sugars has shown improved pharma-
ceutical properties (such as solubility and stability) and better target cancer cell
specificity.*®*? These reported studies used the conventional protection-deprotec-
tion approach to link sugars to paclitaxel. Our method allows for concise access to
glycoside-conjugated paclitaxel (95 and 96) in one step by using succinic acid as
the linker. A number of carboxylic esters (3, 85, 39, 57, and 62; Figure 7) were also
examined as acylation reagents. Similarly, there are no apparent limitations with
respect to the core scaffolds and substituents of the carboxylic esters.

Our site-selective acylation of monosaccharides enables the concise synthesis of
complex molecules such as oligosaccharides and functional molecules containing
saccharide fragments and their derivatives (Figure 8; see supplemental information
parts 2.11 and 2.12 for details). For example, starting from C(3)-OH acylated gluco-
side adduct (61) prepared by our strategy, antiseptic disaccharide laminaribiose
could be prepared via a few straightforward operations in 38% overall yield from
commercially available glucoside 1, as illustrated in Figure 8A. It is reasonable to
expect that by varying the reactive site (such as C(3)-OH of 1) and the monosaccha-
ride coupling units (such as 87), our method should allow for rapid access to a diverse
set of useful disaccharides and their analogs,”® including those that are expensive
and difficult to obtain. Our method can also allow for efficient synthesis of saccha-
ride-derived complex molecules (Figure 8B). Here, we demonstrate a formal total

synthesis of puncafolin and macaranganin,’-*

51

natural products of the ellagitannin
family,”" containing a monosaccharide core with important bioactivities. The first
total synthesis of these two natural products was recently reported by Ueda,
Kawabata, and colleagues.? In their approach, sequential selective acylations at
the C(4)- and C(2)-OH groups (of 90) as mediated by Kawabata's elegant pyrrolidi-
nopyridine-based catalysts are key steps in preparing intermediate 94 (Kawabata's
intermediate in Figure 8B) for further conversion to the final natural products. We
used a different reaction sequence enabled by our new strategy for access to
the same intermediate 94. Key steps in our approach are sequential NHC- and
boronic-acid-mediated selective acylations at the C(3)- and C(6)-OH moieties. The
(un-optimized) overall yield from 90 to 94 is 49%, comparable to that of Kawabata's

1530 Chem 8, 1518-1534, May 12, 2022



Chem ¢ CelPress

A Synthesis of disaccharide (Laminaribiose)

NH OAc
OH AcO 0
OH Bno~ >cCly OBn AO O\[&NH
o
HO o CH3COH HO then NaOH/MeOH B"?.o o g7 ON° CcCly
HO
OH combination #2 o :< OH oMme 70% OBn
OMe (Fig. 4) OMe TMSOTF
1 86 -78°C,12h | 81%
67% 61 (316 mg)
C(3)-OH acylation
1.Pd(OH),/C, Hp, MeOH oB
n
2. Ac,0, In(OTf)s OAc
o) HO 3. Ac;0, HS0, AcO o_BnO °
laminaribiose AcO g
(antiseptic) OH 4. NaOMe, MeOH Ohc OBn (e
0,
89 99 A" 88
quantitative
B Formal total synthesis of monosaccharide-derived complex molecules [(R) Punicafolin and (S) Macaranganin]
H
BnO OH
o
OH MOMO HO 0 0.CA
ref. 26 e, o BnO o 0 2CAr
D-glucose HO O,CAr 91 n OH
OH combination #2 MOMO 0
MOMO COH o (Fig. 4) BnO G o1
S|
74% 1% step combination #1
MOMO C(3)-OH acylation (Fig. 4)
MOMO (ArCOzH) 80‘.’/
0
BhnO  OMOM
OH HO
OBn OMOM
O OH MOMO BnO
HO O MOMO OBn
o (ArC0),0
MOMO OMOM o
OMOM 83%
ref. 26 o
OH =—— BnO OMOM HO 0
3 steps o O,CAr
on MomMo BnO OH
HO o 93
OMOM MOMO
(0]

29 step
MOM BnO C(6)-OH acylation
OMOM
94
Kawabata intermediate

(R) Punicafolin and (S) Macaranganm

Figure 8. Concise synthesis of sophisticated functional molecules as enabled by our site-selective acylation strategy

method (35% overall yield from 90 to 94). As a technical note, because many NHC
catalysts and boronic acids are commercially available or easily accessible, further
improvements in reaction efficiency and alternative site selectivity are readily achiev-
able by our strategy. Molecular libraries of these natural products and their analogs
can most likely be prepared in scalable quantities for bioactivity evaluations.

In summary, we have developed a readily programmable strategy for site-selective
acylation of unprotected monoglycosides. The selectivity was achieved by proper
combinations of commercially available NHC organic catalysts and boronic acids.
The synergistic activation and deactivation effects brought by the NHC and boronic
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acid dramatically amplify the reactivity difference of the multiple otherwise similar
OH groups on saccharides. Such synergistic effects can also invert the initial reac-
tivity preference of these OH moieties, offering selectivity patterns that are not avail-
able with previous strategies. Our approach can selectively acylate the C(2)-, C(3)-,
and (C6)-OH groups of various monosaccharides and their analogs. Aldehydes, car-
boxylic acids, and carboxylic esters can all be used as the acylation reagents. We
have also demonstrated that carboxylic-acid- or saccharide-containing pharmaceu-
ticals, peptides, natural products, and other functional molecules can be site-selec-
tively modified by our strategy. Application of our site-selective reaction can allow
for concise and scalable access to such complex molecules as disaccharides and
bioactive natural products. Given the unarguable significance and challenges asso-
ciated with saccharides, we expect our approach to offer both fundamental and
practical impacts in broad fields ranging from chemistry to medicine. Ongoing
studies in our laboratories include site-selective reactions of complicated oligosac-
charides, concise synthesis of sophisticated molecules bearing saccharide frag-
ments, and bioactivity evaluation of saccharide-containing bioactive molecules for
medicinal and agricultural applications.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Yonggui Robin Chi (robinchi@ntu.edu.sg).

Materials availability
All materials generated in this study are available from the lead contact without
restriction.

Data and code availability

Details about methods, experimental procedures, mechanistic and DFT studies,
characterization data, and NMR spectra are available in the supplemental
information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.chempr.
2022.04.019.

ACKNOWLEDGMENTS

We acknowledge funding support from the Singapore National Research Founda-
tion under its NRF Investigatorship (NRF-NRFI2016-06) and Competitive Research
Program (NRF-CRP22-2019-0002); the Singapore Ministry of Education under its
MOE AcRF Tier 1 Award (RG7/20, RG5/19), MOE AcRF Tier 2 Award (MOE2019-
T2-2-117), and MOE AcRF Tier 3 Award (MOE2018-T3-1-003); Nanyang Technolog-
ical University; the National Natural Science Foundation of China (21772029,
21801051, 21807019, 21961006, 22071036, 22061007, and 22101266); the Fron-
tiers Science Center for Asymmetric Synthesis and Medicinal Molecules of the Guiz-
hou Province Department of Education (Qianjiache KY (2020)004); the 10 Talent Plan
(Shicengci) of Guizhou Province ([2016]5649); the Science and Technology Depart-
ment of Guizhou Province ([2018]2802 and [2019]1020); the Guizhou University Pro-
gram of Introducing Talents of Discipline to Universities of China (111 Program,
D20023); and Guizhou University. X.Z. acknowledges support from the Agency for
Science, Technology and Research(A*STAR) Institute of High Performance

1532 Chem 8, 1518-1534, May 12, 2022

Chem


mailto:robinchi@ntu.edu.sg
https://doi.org/10.1016/j.chempr.2022.04.019
https://doi.org/10.1016/j.chempr.2022.04.019

Chem

Computing and thanks the A*STAR Deputy Chief Executive Research Office for a
Career Development Fund (project number C210812008). X.Z. acknowledges the

partial use of supercomputers in the A*STAR Computational Resource Center for

computations performed in this work.

AUTHOR CONTRIBUTIONS
Y.R.C. conceptualized and directed this research; W.-X.L. performed the main meth-

odology development, scope evaluation, and synthetic application; Y.L., S.W., and
Z.J. contributed to earlier studies; H.C., C.C.H., S.W., and H.W. contributed to scope
evaluation and synthetic application; X.Z. performed DFT studies; and all authors

contributed to discussions and manuscript preparation.

DECLARATION OF INTERESTS
A patent application is pending.

Received: November 30, 2021
Revised: March 10, 2022
Accepted: April 11, 2022
Published: May 4, 2022

REFERENCES

1.

Seeberger, P.H., and Werz, D.B. (2007).
Synthesis and medical applications of
oligosaccharides. Nature 446, 1046-1051.
https://doi.org/10.1038/nature05819.

. Bertozzi, C.R., and Kiessling, L.L. (2001).

Chemical glycobiology. Science 291, 2357-
2364. https://doi.org/10.1126/science.
1059820.

. Ernst, B., and Magnani, J.L. (2009). From

carbohydrate leads to glycomimetic drugs.
Nat. Rev. Drug Discov. 8, 661-677. https://doi.
org/10.1038/nrd2852.

. Nicolaou, K.C., Yang, Z., Liu, J.J., Ueno, H.,

Nantermet, P.G., Guy, RK., Claiborne, C.F.,
Renaud, J., Couladouros, E.A., Paulvannan, K.,
and Sorensen, E.J. (1994). Total synthesis of
taxol. Nature 367, 630-634. https://doi.org/10.
1038/367630a0.

. Kanda, Y., Nakamura, H., Umemiya, S.,

Puthukanoori, R.K., Murthy Appala, V.R.,
Gaddamanugu, G.K., Paraselli, B.R., and Baran,
P.S. (2020). Two-phase synthesis of taxol. J. Am.
Chem. Soc. 142, 10526-10533. https://doi.org/
10.1021/jacs.0c03592.

. Mata-Haro, V., Cekic, C., Martin, M., Chilton,

P.M., Casella, C.R., and Mitchell, T.C. (2007).
The vaccine adjuvant monophosphoryl lipid A
as a TRIF-biased agonist of TLR4. Science 316,
1628-1632. https://doi.org/10.1126/science.
1138963.

. Quideau, S., Deffieux, D., Douat-Casassus, C.,

and Pouységu, L. (2011). Plant polyphenols:
Chemical properties, biological activities, and
synthesis. Angew. Chem. Int. Ed. 50, 586-621.
https://doi.org/10.1002/anie.201000044.

. Astronomo, R.D., and Burton, D.R. (2010).

Carbohydrate vaccines: Developing sweet
solutions to sticky situations? Nat. Rev. Drug
Discov. 9, 308-324. https://doi.org/10.1038/
nrd3012.

16.

17.

. Danishefsky, S.J., Shue, Y.-K., Chang, M.N.,

and Wong, C.-H. (2015). Development of
Globo-H cancer vaccine. Acc. Chem. Res. 48,
643-652. https://doi.org/10.1021/ar5004187.

. Kfen, V., and Rezanka, T. (2008). Sweet

antibiotics - The role of glycosidic residues in
antibiotic and antitumor activity and their
randomization. FEMS Microbiol. Rev. 32,
858-889. https://doi.org/10.1111/j.1574-6976.
2008.00124.x.

. Jones, L.H. (2015). Recent advances in the

molecular design of synthetic vaccines. Nat.
Chem. 7, 952-960. https://doi.org/10.1038/
nchem.2396.

. Kang, A., and Jardine, M.J. (2021). SGLT2

inhibitors may offer benefit beyond diabetes.
Nat. Rev. Nephrol. 17, 83-84. https://doi.org/
10.1038/s41581-020-00391-2.

. Cheng, C.-W., Zhou, Y., Pan, W.-H., Dey, S.,

Wu, C.-Y., Hsu, W.-L., and Wong, C.-H. (2018).
Hierarchical and programmable one-pot
synthesis of oligosaccharides. Nat. Commun. 9,
5202. https://doi.org/10.1038/s41467-018-
07618-8.

. Sears, P., and Wong, C.-H. (2001). Toward

automated synthesis of oligosaccharides and
glycoproteins. Science 291, 2344-2350. https://
doi.org/10.1126/science.1058899.

. Kaneko, M., Li, Z., Burk, M., Colis, L., and

Herzon, S.B. (2021). Synthesis and biological
evaluation of (25,2'S-lomaiviticin A. J. Am.
Chem. Soc. 143,1126-1132. https://doi.org/10.
1021/jacs.0c11960.

Rose, J.A., Mahapatra, S., Li, X., Wang, C.,
Chen, L., Swick, S.M., and Herzon, S.B. (2020).
Synthesis of the bis(cyclohexenone) core of
(-)-lomaiviticin A. Chem. Sci. 11, 7462-7467.
https://doi.org/10.1039/d0sc02770g.

Hoang, K.M,, Lees, N.R., and Herzon, S.B.
(2021). General method for the synthesis of a-

19.

20.

21.

22.

23.

24.

¢? CellPress

or B-deoxyaminoglycosides bearing basic
nitrogen. J. Am. Chem. Soc. 143, 2777-2783.
https://doi.org/10.1021/jacs.0c11262.

. Griffith, D.A., and Danishefsky, S.J. (1990).

Sulfonamidoglycosylation of glycals. A route to
oligosaccharides with 2-aminohexose sub-
units. J. Am. Chem. Soc. 112, 5811-5819.
https://doi.org/10.1021/ja00171a021.

Deshpande, P.P., and Danishefsky, S.J. (1997).
Total synthesis of the potential anticancer
vaccine KH-1 adenocarcinoma antigen. Nature
387, 164-166. https://doi.org/10.1038/
387164a0.

Lee, D., Williamson, C.L., Chan, L., and Taylor,
M.S. (2012). Regioselective, borinic acid-
catalyzed monoacylation, sulfonylation and
alkylation of diols and carbohydrates:
Expansion of substrate scope and mechanistic
studies. J. Am. Chem. Soc. 134, 8260-8267.
https://doi.org/10.1021/ja302549c.

Lee, D., and Taylor, M.S. (2011). Borinic acid-
catalyzed regioselective acylation of
carbohydrate derivatives. J. Am. Chem. Soc.
133, 3724-3727. https://doi.org/10.1021/
ja110332r.

David, S., and Hanessian, S. (1985).
Regioselective manipulation of hydroxyl
groups via organotin derivatives. Tetrahedron
41, 643-663. https://doi.org/10.1016/S0040-
4020(01)96443-9.

Blaszczyk, S.A., and Tang, W. (2019). S-
Adamantyl group directed site-selective
acylation and its applications in the
streamlined assembly of oligosaccharides.
Angew. Chem. Int. Ed. 58, 9542-9546. https://
doi.org/10.1002/anie.201903587.

Fiori, KW., Puchlopek, A.LA., and Miller, S.J.

(2009). Enantioselective sulfonylation reactions
mediated by a tetrapeptide catalyst. Nat.

Chem 8, 1518-1534, May 12, 2022 1533



https://doi.org/10.1038/nature05819
https://doi.org/10.1126/science.1059820
https://doi.org/10.1126/science.1059820
https://doi.org/10.1038/nrd2852
https://doi.org/10.1038/nrd2852
https://doi.org/10.1038/367630a0
https://doi.org/10.1038/367630a0
https://doi.org/10.1021/jacs.0c03592
https://doi.org/10.1021/jacs.0c03592
https://doi.org/10.1126/science.1138963
https://doi.org/10.1126/science.1138963
https://doi.org/10.1002/anie.201000044
https://doi.org/10.1038/nrd3012
https://doi.org/10.1038/nrd3012
https://doi.org/10.1021/ar5004187
https://doi.org/10.1111/j.1574-6976.2008.00124.x
https://doi.org/10.1111/j.1574-6976.2008.00124.x
https://doi.org/10.1038/nchem.2396
https://doi.org/10.1038/nchem.2396
https://doi.org/10.1038/s41581-020-00391-2
https://doi.org/10.1038/s41581-020-00391-2
https://doi.org/10.1038/s41467-018-07618-8
https://doi.org/10.1038/s41467-018-07618-8
https://doi.org/10.1126/science.1058899
https://doi.org/10.1126/science.1058899
https://doi.org/10.1021/jacs.0c11960
https://doi.org/10.1021/jacs.0c11960
https://doi.org/10.1039/d0sc02770g
https://doi.org/10.1021/jacs.0c11262
https://doi.org/10.1021/ja00171a021
https://doi.org/10.1038/387164a0
https://doi.org/10.1038/387164a0
https://doi.org/10.1021/ja302549c
https://doi.org/10.1021/ja110332r
https://doi.org/10.1021/ja110332r
https://doi.org/10.1016/S0040-4020(01)96443-9
https://doi.org/10.1016/S0040-4020(01)96443-9
https://doi.org/10.1002/anie.201903587
https://doi.org/10.1002/anie.201903587

¢? CellPress

25.

26.

27.

28.

29.

30.

31.

32.

33

Chem. 1, 630-634. https://doi.org/10.1038/
nchem.410.

Featherston, A.L., Kwon, Y., Pompeo, M.M,,
Engl, O.D., Leahy, D.K,, and Miller, S.J. (2021).
Catalytic asymmetric and stereodivergent
oligonucleotide synthesis. Science 371,
702-707. https://doi.org/10.1126/science.
abf4359.

Shibayama, H., Ueda, Y., Tanaka, T., and
Kawabata, T. (2021). Seven-step
stereodivergent total syntheses of punicafolin
and macaranganin. J. Am. Chem. Soc. 143,
1428-1434. https://doi.org/10.1021/jacs.
0c10714.

Takeuchi, H., Mishiro, K., Ueda, Y., Fujimori, Y.,
Furuta, T., and Kawabata, T. (2015). Total
synthesis of ellagitannins through
regioselective sequential functionalization of
unprotected glucose. Angew. Chem. Int. Ed.
54, 6177-6180. https://doi.org/10.1002/anie.
201500700.

Cramer, D.L,, Bera, S., and Studer, A. (2016).
Exploring cooperative effects in oxidative NHC
catalysis: Regioselective acylation of
carbohydrates. Chem. Eur. J. 22, 7403-7407.
https://doi.org/10.1002/chem.201601398.

Xiao, G., Cintron-Rosado, G.A., Glazier, D.A.,
Xi, B.-m., Liu, C., Liu, P., and Tang, W. (2017).
Catalytic site-selective acylation of
carbohydrates directed by cation-n interaction.
J. Am. Chem. Soc. 139, 4346-4349. https://doi.
0rg/10.1021/jacs.7b01412.

Li,R.-Z.,, Tang, H., Wan, L., Zhang, X., Fu, Z., Liu,
J., Yang, S., Jia, D., and Niu, D. (2017). Site-
divergent delivery of terminal propargyls to
carbohydrates by synergistic catalysis. Chem 3,
834-845. https://doi.org/10.1016/j.chempr.
2017.09.007.

Sun, X., Lee, H., Lee, S., and Tan, K.L. (2013).
Catalyst recognition of cis-1,2-diols enables
site-selective functionalization of complex
molecules. Nat. Chem. 5, 790-795. https://doi.
org/10.1038/NCHEM.1726.

Peng, P., Linseis, M., Winter, R.F., and Schmidt,
R.R. (2016). Regioselective acylation of diols
and triols: The cyanide effect. J. Am. Chem.
Soc. 138, 6002-6009. https://doi.org/10.1021/
jacs.6b02454.

Mensah, E., Camasso, N., Kaplan, W., and
Nagorny, P. (2013). Chiral phosphoric acid
directed regioselective acetalization of

1534 Chem 8, 1518-1534, May 12, 2022

34.

35.

36.

37.

38.

39.

40.

41.

42.

carbohydrate-derived 1,2-diols. Angew. Chem.
Int. Ed. 52, 12932-12936. https://doi.org/10.
1002/anie.201304298.

Blaszczyk, S.A., Homan, T.C., and Tang, W.
(2019). Recent advances in site-selective
functionalization of carbohydrates mediated
by organocatalysts. Carbohydr. Res. 471,
64-77. https://doi.org/10.1016/j.carres.2018.
11.012.

Dimakos, V., and Taylor, M.S. (2018). Site-
selective functionalization of hydroxyl groups
in carbohydrate derivatives. Chem. Rev. 118,
11457-11517. https://doi.org/10.1021/acs.
chemrev.8b00442.

Tang, H., Tian, Y.-B., Cui, H., Li, R.-Z., Zhang, X.,
and Niu, D. (2020). Site-switchable mono-O-
allylation of polyols. Nat. Commun. 11, 5681.
https://doi.org/10.1038/s41467-020-19348-x.

Tanaka, T., Nonaka, G.I., and Nishioka, I. (1985).
Punicafolin, an ellagitannin from the leaves of
Punica granatum. Phytochemistry 24, 2075-
2078. https://doi.org/10.1016/S0031-9422(00)
83125-8.

Lin, J., Nonaka, G.-i., and Nishioka, I. (1990).
Tannins and related compounds. XCIV.
Isolation and characterization of seven new
hydrolyzable tannins from the leaves of
Macaranga tanarius (L.) Muell. et Arg. Chem.
Pharm. Bull. 38, 1218-1223. https://doi.org/10.
1248/cpb.38.1218.

Bé&chli, P., and Percival, E.G.V. (1952). 224. The
synthesis of laminaribiose (3-B-D-glucosyID-
glucose) and proof of its identity with
laminaribiose isolated from laminarin. J. Chem.
Soc. 1243-1246. https://doi.org/10.1039/
JR9520001243.

Dimakos, V., Garrett, G.E., and Taylor, M.S.
(2017). Site-selective, copper mediated
O-arylation of carbohydrate derivatives. J. Am.
Chem. Soc. 139, 15515-15521. https://doi.org/
10.1021/jacs.7b09420.

Tay, J.-H., Dorokhov, V., Wang, S., and
Nagorny, P. (2019). Regioselective single pot
C3-glycosylation of strophanthidol using
methylboronic acid as a transient protecting
group. J. Antibiot. 72, 437-448. https://doi.
org/10.1038/s41429-019-0172-1.

Fenger, T.H., and Madsen, R. (2013).
Regioselective glycosylation of unprotected
phenyl 1-thioglycopyranosides with phenyl-
boronic acid as a transient masking group. Eur.

43.

44,

45.

46.

47.

48.

49.

50.

51

Chem

J. Org. Chem. 5923-5933. https://doi.org/10.
1002/ejoc.201300723.

Kaji, E., Nishino, T., Ishige, K., Ohya, Y., and
Shirai, Y. (2010). Regioselective glycosylation of
fully unprotected methyl hexopyranosides by
means of transient masking of hydroxy groups
with arylboronic acids. Tetrahedron Lett. 57,
1570-1573. https://doi.org/10.1016/j.tetlet.
2010.01.048.

Hopkinson, M.N., Richter, C., Schedler, M., and
Glorius, F. (2014). An overview of
N-heterocyclic carbenes. Nature 510, 485-496.
https://doi.org/10.1038/nature13384.

Chen, X., Wang, H., Jin, Z., and Chi, Y.R. (2020).
N-Heterocyclic carbene organocatalysis:
activation modes and typical reactive
intermediates. Chin. J. Chem. 38, 1167-1202.
https://doi.org/10.1002/cjoc.202000107.

Wu, S.-Y., Wang, G.-F., Liu, Z.-Q., Rao, J.-J., LU,
L., Xu, W., Wu, S.-G., and Zhang, J.-J. (2009).
Effect of geniposide, a hypoglycemic
glucoside, on hepatic regulating enzymes in
diabetic mice induced by a high-fat diet and
streptozotocin. Acta Pharmacol. Sin 30,
202-208. https://doi.org/10.1038/aps.2008.17.

Ro, D.-K., Paradise, E.M., Ouellet, M., Fisher,
KJ., Newman, K.L., Ndungu, J.M., Ho, KA.,
Eachus, R.A., Ham, T.S., Kirby, J., et al. (2006).
Production of the antimalarial drug precursor
artemisinic acid in engineered yeast. Nature
440, 940-943. https://doi.org/10.1038/
nature04640.

Liu, D.-Z., Sinchaikul, S., Reddy, P.V.G., Chang,
M.-Y., and Chen, S.-T. (2007). Synthesis of
2'-paclitaxel methyl 2-glucopyranosyl succi-
nate for specific targeted delivery to cancer
cells. Bioorg. Med. Chem. Lett. 17, 617-620.
https://doi.org/10.1016/j.omcl.2006.11.008.

Calvaresi, E.C., and Hergenrother, P.J. (2013).
Glucose conjugation for the specific targeting
and treatment of cancer. Chem. Sci. 4, 2319-
2333. https://doi.org/10.1039/c3sc22205e.

Nicotra, F., Panza, L., Romad, A., and Russo, G.
(1992). Practical synthesis of disaccharide H.

J. Carbohydr. Chem. 11, 397-399. https://doi.
org/10.1080/07328309208018001.

Quideau, S., and Feldman, K.S. (1996).
Ellagitannin chemistry. Chem. Rev. 96,
475-504. https://doi.org/10.1021/cr940716a.


https://doi.org/10.1038/nchem.410
https://doi.org/10.1038/nchem.410
https://doi.org/10.1126/science.abf4359
https://doi.org/10.1126/science.abf4359
https://doi.org/10.1021/jacs.0c10714
https://doi.org/10.1021/jacs.0c10714
https://doi.org/10.1002/anie.201500700
https://doi.org/10.1002/anie.201500700
https://doi.org/10.1002/chem.201601398
https://doi.org/10.1021/jacs.7b01412
https://doi.org/10.1021/jacs.7b01412
https://doi.org/10.1016/j.chempr.2017.09.007
https://doi.org/10.1016/j.chempr.2017.09.007
https://doi.org/10.1038/NCHEM.1726
https://doi.org/10.1038/NCHEM.1726
https://doi.org/10.1021/jacs.6b02454
https://doi.org/10.1021/jacs.6b02454
https://doi.org/10.1002/anie.201304298
https://doi.org/10.1002/anie.201304298
https://doi.org/10.1016/j.carres.2018.11.012
https://doi.org/10.1016/j.carres.2018.11.012
https://doi.org/10.1021/acs.chemrev.8b00442
https://doi.org/10.1021/acs.chemrev.8b00442
https://doi.org/10.1038/s41467-020-19348-x
https://doi.org/10.1016/S0031-9422(00)83125-8
https://doi.org/10.1016/S0031-9422(00)83125-8
https://doi.org/10.1248/cpb.38.1218
https://doi.org/10.1248/cpb.38.1218
https://doi.org/10.1039/JR9520001243
https://doi.org/10.1039/JR9520001243
https://doi.org/10.1021/jacs.7b09420
https://doi.org/10.1021/jacs.7b09420
https://doi.org/10.1038/s41429-019-0172-1
https://doi.org/10.1038/s41429-019-0172-1
https://doi.org/10.1002/ejoc.201300723
https://doi.org/10.1002/ejoc.201300723
https://doi.org/10.1016/j.tetlet.2010.01.048
https://doi.org/10.1016/j.tetlet.2010.01.048
https://doi.org/10.1038/nature13384
https://doi.org/10.1002/cjoc.202000107
https://doi.org/10.1038/aps.2008.17
https://doi.org/10.1038/nature04640
https://doi.org/10.1038/nature04640
https://doi.org/10.1016/j.bmcl.2006.11.008
https://doi.org/10.1039/c3sc22205e
https://doi.org/10.1080/07328309208018001
https://doi.org/10.1080/07328309208018001
https://doi.org/10.1021/cr940716a

	Programmable selective acylation of saccharides mediated by carbene and boronic acid
	Introduction
	Results and discussion
	Experimental procedures
	Resource availability
	Lead contact
	Materials availability
	Data and code availability


	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


