Open Access Article. Published on 09 April 2025. Downloaded on 11/18/2025 5:20:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

W) Check for updates

carbohydrates+

Cite this: Green Chem., 2025, 27,
4995

Received 27th January 2025,
Accepted 8th April 2025

DOI: 10.1039/d5gc00499¢c

Soumyadip Dey,

rsc.li/greenchem

The acylation of hydroxy groups serves as one of the most employed
protecting group strategies in carbohydrate chemistry. Here, we
present a base-free, supramolecular assisted approach for the
O-acylation of carbohydrates under mild conditions, using 18-crown-
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6 in combination with a catalytic amount of potassium fluoride. This
sustainable and useful method successfully converted various func-
tional groups containing carbohydrate hydroxy groups into O-acyl,
O-benzoyl, and O-propionyl derivatives with up to 99% yields.

1. In this manuscript, we describe an efficient and green method via supramolecular assisted O-acylation of carbohydrate alcohols. This approach removes

the use of hazardous and toxic pyridine and its derivatives, which are harmful to the ecosystem. Moreover, it is efficient and eco-friendly for acylation, includ-
ing aliphatic and phenolic hydroxy groups under neat conditions, without using any complicated setups or inert gasses.
2. This method requires very cheap and easily available chemicals: potassium fluoride (KF) and 18-crown-6. Our cost-effective acylation method achieves a

very low E-factor (0.6) compared to other existing acylation techniques, which makes it more efficient and sustainable for synthesizing acylating substrates.
3. The long reaction time and the requirement of 40 °C for effective acylation are minor drawbacks of this synthetic method. However, we have confidence
that this work provides a significant proof of concept, establishing supramolecular assisted acylation under mild conditions.

Alcohols,” amines,” phenols,® and thiols” are often acylated for
functional group transformations in organic synthesis.”™ In
carbohydrate chemistry, O-acetylation is one of the most com-
monly used techniques for protecting hydroxyl groups.'®™?
Moreover, per-O-acetylated sugars are affordable and practi-
cally valuable intermediates for the synthesis of natural glyco-
sides, glycoconjugates, and other oligosaccharides."
Additionally, acylation is also useful in structural elucidations
of various carbohydrate moieties containing natural products
by converting them into their per-O-acetates.'* Apart from
acetyl protection, benzoyl, pivaloyl, and chloroacetyl are also
used in acyl-protecting groups during carbohydrate transform-
ation. Generally, these common acyl protected sugars are syn-
thesized with acetic anhydride or acetyl chloride, benzoyl
chloride, pivaloyl chloride, and chloroacetyl chloride, respect-
ively, in the presence of a base."® Acetylation of sugar alcohols
has been frequently accomplished with a significant excess of
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acetic anhydride in the presence of pyridine, acting as the base
and solvent, despite its toxicity and disagreeable odour.'® In
addition, different pyridine derivatives, like 4-(1-pyrrolidino)
pyridine and 4-(N,N)-dimethylaminopyridine (DMAP), are
largely used as co-catalysts to accelerate the reaction rate.'”"'®
Base-catalyzed acylation'® is often performed in the presence
of imidazole or its derivatives.'****! However, the preferred
synthetic procedure for stereoselective synthesis of anomeric
B-glycosyl acetates is Wolfrom’s anhydrous sodium acetate
method.?*?* In the literature, acid-catalyzed acylation has been
reported using different Lewis acids such as In(OTf);>*
InCl;,* ZnCl,,*® FeCls,”” Fe,(S04);,>° iodine,>**° Cu(OTf),,*"
Sc(OTf);,** BiOCI-SOCI,,** CoCl,,** BiCl;,*® LiClO,,*° etc.
Perchloric acid,®” sulfuric acid,*® sulfamic acid,'® and HCIO,-
Si0,%° have also been used in combination with acetic anhy-
dride in various acetylations.*® In addition to these classical
methods, various heterogeneous catalysts have been employed
for acetylation, such as zeolites,*" montmorillonite K-10,"* and
Nafion-H.** Although different protocols, such as microwave
irradiation conditions®>?***** jonic liquids,” and carbene-
mediated*®™*® selective acylation® of saccharides, have also
been investigated, these methods often face several challenges,
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including excessive use of acylating reagents, excessive
environmental toxicity, moisture sensitivity, preparation of cat-
alysts, incompatibility with acid-sensitive groups, high costs,
handling the large amount of toxic pyridine and isomerization
of unprotected reducing carbohydrate derivatives into their
furanose and pyranose forms. To overcome these limitations, a
quick, environmentally friendly, and clean reaction protocol
that minimizes the need for traditional workup and purifi-
cation processes is still desired for acetylation of carbo-
hydrates. We sought a mild, efficient, non-toxic, green, and
sustainable catalytic method for acylation. On the other hand,
crown ethers have gained significant importance in the field of
organic synthesis in recent years for numerous applications
such as metal ion separations, phase transfer catalysis, metal-
organic frameworks, and electron transfer reactions.>>
Various types of crown ethers,>® such as 12-crown-4, 15-crown-
5, 18-crown-6, etc., have been developed, and their own central
hole size correlate with the diameters of different cations. The
exceptional chemical property of excellent capacity to encapsu-
late metal ions from their salts with stability and high speci-
ficity makes crown ethers unique and significant in their appli-
cations.>® Furthermore, the strong interaction ability of crown
ethers with metal cations has inspired the development of
catalytic properties within the reaction mixture by activating
the metal salts through enhancing their solubility.”® Several
efforts have been made in the past for the acylation of carbo-
hydrates, but still, there is a high demand for a less hazardous,
cheaper, solvent-free new method for the synthesis of acyl-pro-
tected sugars that can avoid the extreme toxicity of pyridine.
Keeping in mind the exciting properties of crown ethers, we
envisioned exploring the catalytic ability of a metal salt-crown
ether combined system for acylation in sugar molecules
(Scheme 1).

In the preliminary screening, we started with four free
hydroxyl groups containing the substrate 4-methoxyphenyl-f-p-
glucopyranoside (1a) for the acylation reaction. During the
first set of reactions, compound 1a was treated with 0.4 equiv.
(0.1 equiv. per -OH) of potassium fluoride and 4.5 equiv. of
acetic anhydride in acetonitrile, resulting in a trace amount of
spot-on TLC at a temperature of 50 °C (Table 1, entry 1). After

Previous works:

‘Acid catalyzed acylation :

Ac,0 with Sc(OTf); or Cu(OTf),
or CoCl, or ZnCl, or FeCl; or
HCI04-SiO, or BiOCI-SOCl,
Q

o
Aco/\/A%OR

Base mediated acylation :
Py/ Ac,0 or NaOAc/ Ac,0 or
Py/DMAP with Ac,0 or 4-
pyrrolidino pyridine with DMAP

This work:

- KF (20 mol%), 18-crown-6 (20 mol%) A
B 3
HO' \A‘wok (RICO)O/\/AMMOR

(R;C0O),0, neat, 40 °C

Scheme 1 Previous studies and
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Table 1 Optimisation of the acylation reaction?

OH OAc
Q - Q
Hg&o F, Crown ether, Ac,0 AX?&/O

Time, Temperature AcO

Q

1a OCH; 2a OCH;

Temp Time Yield”
Entry Reagent (equiv. per -OH) (°C) Solvent (hours) (%)
1 KF (0.1) 50°C MeCN 12h Trace
2 KF (0.1), 18-C-6 (0.1) 25°C  Neat 12h 43
3 KF (0.2), 18-C-6 (0.2) 25°C  Neat 12 h 68
4 KF (0.2), 18-C-6 (0.2) 25°C  DCM 12h 71
5 KF (0.2), 18-C-6 (0.2) 40°C  Neat 12h 94
6 NaF (0.2) 50°C MeCN 12h 5
7 NaF (0.2), 15-C-5 (0.2) 25°C  Neat 12h 43
8 NaF (0.2), 15-C-5 (0.2) 40°C  Neat 12h 58
9 CsF (0.2) 50°C MeCN 6h 8
10 KF (0.2), 18-C-6 (0.2) 70°C  Neat 6h 92

?Reaction conditions: substrate 1a (0.34 mmol) and acetic anhydride
(1.61 mmol). ? Isolated yield.

that, the use of a combination of 0.1 equiv. potassium fluoride
and crown ether (0.1 equiv. per -OH) made a noticeable
improvement in the formation of the desired product per-
acetylated 4-methoxyphenyl-p-p-glucopyranoside (2a), yielding
43% under neat conditions after 12 hours (Table 1, entry 2).
Next, increasing the loading of both potassium fluoride and
crown ether to 0.8 equiv. (0.2 equiv. per -OH) at 25 °C under
solvent free and DCM conditions after 12 hours resulted in
good yields of our desired per-acylated product 2a, which were
68% and 71%, respectively (Table 1, entries 3 and 4). However,
the yield was enhanced to 94% by increasing the temperature
to 40 °C, while maintaining the same reagent and catalyst
loading under neat conditions (Table 1, entry 5). Subsequently,
we also explored the catalytic amount of other metal fluorides
like sodium fluoride (NaF) and cesium fluoride (CsF), which
resulted in 5% and 8% of desired compound 2a, respectively,
at 40 °C (Table 1, entries 6 and 9). Moreover, reacting com-
pound 1a with a combination of 0.8 equiv. of NaF and
15-crown-5 (0.2 equiv. per -OH) afforded up to 58% of per-
acetylated 4-methoxyphenyl-B-p-glucopyranoside (2a) (Table 1,
entries 7 and 8). In addition, we noticed that at 70 °C within
6 hours all starting materials were consumed and resulted in a
similar isolated yield (Table 1, entry 10). After this extensive
screening, we concluded that using catalytic amounts of pot-
assium fluoride and 18-crown-6 (0.2 equiv. per —-OH) with
acetic anhydride (1.15 equiv. per -OH) at 40 °C under neat con-
ditions is the best condition for the acylation reaction.
Optimizing the standard reaction conditions, we further
explored the substrate scope with various sugar molecules as
well as by employing different acylating anhydrides
(Scheme 2). Initially, we focused on the acylation reaction of
methyl-a-p-galactopyranoside (1b), methyl-a-p-mannopyrano-
side (1c), and methyl-a-p-glucopyranoside (1d) with acetic
anhydride under the optimized reaction conditions and
obtained the corresponding peracetylated products (2b), (2¢),
and (2d) with excellent yields of 90%, 89%, and 87%, respect-

This journal is © The Royal Society of Chemistry 2025
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0 KF (0.2 equiv.), 18-crown-6 (0.2 equiv.) o]
HOV~ ®RCOOT
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1a-1lad - 2a-2ad
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o AcOr AcO!
BnO AcO /@/
o C 2j (86%)
2h(93% 2i (95%) j (86%)
AcO  OAc

OAc

Ac()
Aco AcO Q
\O\ BnO AcO
CL A0
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AcO
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A0 OAc
AcO. 0 \t o "(;
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A
¢ OAc AcHN — OAc

AcHN
2q (91%) from glucosamine 2r (93%)

from N-acetylglucosamine 2r' (97%)

25 (98%)

Reaction with Benzoic Anhydride:

HC, CH;
037 OBz OBz s
HiC 70
X o &W -y
7 b cn BzO OB
3
2t (86%) 2u (92% 9%’ 2w (58%)
Reaction with Propionic Anhydride:
OC(O)Et
N E(O)CO OBn E(O)CO
E{(0) co E«O)CO 1(
El(O BnO Bn0
o Y Q
2x (88%) CH, 2y (93%) CH 22 (96%) CHs
OC(O)E E(0)CO _oC(O)E:  EHOICO __OC(O)Et

=

2ab (98%)

%mom/o%

FIO)co E(0)CO OC(O)Et
2ad (82%)°

E(O)C o&'

2ac (84%)

Scheme 2 Substrate scope of acylation with various anhydrides.
2Reaction conditions: acetonitrile was used as a solvent, Preaction was
performed at 60 °C and 12 equiv. of Bz,O was used, and “reaction was
performed at 60 °C for 20 h.

ively. Next, acylation of 4-methoxyphenyl-p-p-galactopyranoside
(1e) also resulted in an excellent yield of the desired peracety-
lated compound 2e (91%). After that, we aimed for acylation of
different protected sugars such as methyl 3,4-O-isopropyl-
idene-a-p-galactopyranoside (1f) and 3-hydroxy-1,2:5,6-di-O-iso-
propylidene-a-p-glucofuranoside (1g) with acetic anhydride
and observed excellent yields of desired acetylated products 2f
(98%) and 2g (99%), respectively. Similarly, methyl 4,6-O-ben-
zylidene-a-p-galactopyranoside (1h) was successfully converted
to the acylated product (2h) with 93% yield. These results

This journal is © The Royal Society of Chemistry 2025
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suggest that acid-sensitive isopropylidene and benzylidene
rings can tolerate the reaction conditions easily. Then, we
obtained an excellent yield of the compound p-methoxyphenyl
2,3-di-O-benzyl-4,6-O-acetyl-p-p-glucopyranoside ~ (2i, 95%)
under the same reaction conditions. Besides, different thiogly-
cosides, p-methoxyphenyl 1-thio-a-p-mannopyranoside (1j),
p-methoxyphenyl 1-thio-p-p-xylopyranoside (1k) and p-methoxy-
phenyl 3-O-benzyl-1-thio-p-p-xylopyranoside (11) were smoothly
converted to the respective acylated products with good yields
(2j, 86%; 2k, 88%; and 21, 92%). Next, we attempted the acetyl-
ation of free sugar molecules such as galactose (1m) and arabi-
nose (1n), and interestingly, observed impressive yields in both
cases (83% and 86%, respectively). In addition, disaccharides
sucralose (10) and cellobiose (1p) were also smoothly con-
verted to the per-acetylated form with good yields (20, 85%
and 2p, 82%) under the optimal reaction conditions.
Furthermore, we also extended the acylation of the phenolic
hydroxyl group of the essential natural product tocopherol (1q)
and obtained an excellent yield (2q, 91%). Additionally, we
expanded the substrate scope towards amino sugars such as
glucosamine (1u), N-acetylglucosamine (1v) and galactosamine
(1w) and obtained per-acetylated products 2r, 2r' and 2s with
excellent yields (93%, 97% and 98%, respectively, Scheme 2). To
showcase the utility of this green approach, we further investi-
gated acylation with different acylating reagents. Hence, com-
pound 1f was reacted with 0.4 equiv. of benzoic anhydride in
acetonitrile, resulting in the benzoylated product (2t) with a
good yield (86%) under standard reaction conditions. Then, we
executed a reaction of compound 1g with benzoic anhydride,
which resulted in the corresponding benzoyl-protected product
2u with excellent yield (92%). In addition, disaccharide lactose
and aliphatic alcohol l-menthol were easily converted to their
corresponding benzoylated products 2v and 2w with good yields
- 79% and 58%, respectively. We also observed good to excellent
yields of 82% to 98% while extending the acylation scope with
propionic anhydride and different sugar molecules, including
disaccharide lactose (Scheme 2; 2x-2ad).

After exploring the substrate scope, we planned gram-scale
synthesis of per-acylated carbohydrates under the optimized
reaction conditions. For this purpose, compound 1b was easily
converted to per-acetylated product 2b with a good yield (86%
in a 2 g scale). Moreover, we recovered the crown ether from
the reaction mixture following the reported work-up pro-
cedure® (details in the ESI{) and utilized it in the further acy-
lation reaction that provided a similar yield to the desired per-
acylated product (81%). A commonly used indicator for the
quantitative assessment of a synthetic reaction method’s
environmental impact is called the E-factor.”®>” The calculated
E-factor of our supramolecular assisted acylation reaction was
0.6 (Scheme 3B). In addition, we checked the reaction in an
ionic liquid ([Emim][BF4]) and calixarene (Calix[4]arene) and
noticed 26% and 65% yields of compound 2g, respectively
(Scheme 3C). The most probable mechanistic pathway is dis-
played in Scheme 3, where initially, crown ether encapsulates
the potassium ion (K') in the cavity, making free fluoride ions
(F7) more nucleophilic in the reaction mixture. Then, F~,
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A: Gram Scale synthesis
OH oH AcO _OAc
0 KF (0.2 equiv.), 18-crown-6 (0.2 equiv.) fo)
HO (CH3C0),0, neat, 40 °C AcO 5
HO dyre © OMe
b 2g) 2b (86%)"
(81%)"
B: E-factor
H;C H;C
H,C Hic—
3 ? 0AC
O 0% KF (0.2 equiv.), 18-crown-6 (0.2 equiv.) (e} 6
(CH;C0),0, neat, 40 °C
O__C O _CH
1g 07 2g 0X 7
CHj; CH;
M.W mmol mg
Product (2¢) 302.32 1.0 302.32
Ac,O 102.09 1.15 117.40
Waste r------m-mmmmmmmssmssmssssssssssosssssossosooooooonooos
AcOH 60.05 115 69.05
Total 186.45
E-factor 0.6

C: Comparison with ionic liquid and calixarenes

H5C
H;C 30
H,c—° e A
) OH 0O c
o _0. Reagents _0O.
0. Time, Temp" O, _CH,
O_><CH3 OA<C »
1g CH;3 2g 3
Entry : Reagents Time Yields
CH;3CO0),0, neat, 50 °C,
Tonic liquid —> 1 (CH;CO) 24h 26 %

[Emim][BF4] (1equiv.)

(CH;C0),0, MeCN, 50 °C, !
KF (0.2equiv.) and i 24h
Calix[4]arene (0.2 equiv.)

Calixarenes —> 2

D: Proposed mechanism KF

18-crown-6

(K*18-crown-6)

HO_R—O

L

OR

Scheme 3 (A) Gram-scale synthesis: ®fresh catalyst loading and Preused
catalyst. (B) Calculation of the E-factor, (C) comparison with an ionic
liquid and calixarenes and (D) proposed mechanism of supramolecular
assisted acylation.

which abstracts the proton of sugar alcohols to form inter-
mediate (ii), further reacts with the anhydride to yield the
desired acylated product (iii). Next, R;COO™ protonates in the
medium to generate fluoride ions again to continue the cata-
lytic cycle (Scheme 3D).
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Conclusions

In conclusion, we have developed an efficient and practical
method for acylation by using catalytic amounts of potassium
fluoride (KF) and 18-crown-6 under solvent-free conditions,
avoiding toxic pyridine and its derivatives. This supramolecu-
lar assisted approach was successfully applied to a wide range
of carbohydrates and aliphatic alcohols, providing straight-
forward access to their acetyl, benzoyl, and propionyl deriva-
tives. Importantly, functional groups commonly used for pro-
tecting and manipulating carbohydrates remained unaffected
under the reaction conditions. Moreover, these mild reaction
conditions are convenient, non-hazardous, and eco-friendly.
We believe that this greener approach will be useful for the
preparation of several common acylated carbohydrate building
blocks in organic synthesis.
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