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ted ionic liquid, a multifaceted
catalyst for streamlined and efficient synthesis of
carboxylic, amino acid and carbohydrate esters†

Praachi Kakati and Satish Kumar Awasthi *

This work presents a sustainable approach for synthesizing esters from carboxylic acids, amino acids and

carbohydrates using a robust and eco-friendly chitosan-incorporated ionic liquid under solvent-free

conditions. Ionic liquids with carbon chain lengths ranging from 3 to 8 were integrated into the chitosan

molecule, resulting in a heterogeneous catalyst optimized for esterification reactions. Among these, the

6-carbon chain ionic liquid demonstrated superior catalytic activity and substrate tolerance. The

catalyst's effectiveness was confirmed using advanced analytical techniques. The acidity of the ionic

liquid was assessed by observing the interaction between the synthesized IL6 (1,4-bis(5-carboxypentyl)

pyrazine-1,4-diium ([BCPPD][Br])) and p-nitroaniline via UV-Vis studies. Chitosan-IL6, an ionic liquid

supported on chitosan, functions as a heterogeneous catalytic system that can be easily removed from

reaction mixtures through simple filtration. It also exhibits excellent reusability, maintaining high catalytic

activity and structural integrity over 10 catalytic cycles. Moreover, the methodology was successfully

scaled up for the gram-scale synthesis of key compounds such as diisopropyl azodicarboxylate, methyl

nicotinate, methyl cysteinate, and glucose pentaacetate, highlighting its practical viability.
Introduction

Ester linkages are one of nature's most rudimentary and coveted
chemical bonds in lieu of the fact that esters are suggested to
achieve profound application in chemical and pharmaceutical
industries, being the source of natural products, medicines,
chemicals, polymers, avours and fragrances, etc.1 Amino acid
esters are value added intermediates in organic synthesis,
which have been put to various use in areas such as peptide
synthesis,2 medicinal chemistry, chiral sources,3,4 polymer
materials5 and various other elds. Similarly, mono- or oligo-
saccharide esters show intriguing surface activity as well as
potentially effective anticancer and plant growth-inhibiting
activities.6 Having properties of good biodegradability and low
toxicity, they have been widely used in food, detergents,
cosmetics and biomedical industries mainly due to their benign
nature.7 Because of these diverse properties, esters and their
feasible and green synthesis over their conventional methods
are worthy of investigation.

Traditional methodologies of ester synthesis using conden-
sation reactions of carboxylic acids and alcohols require strong
mineral acids (H2SO4, HCl, etc.) (Fig. 1a)8–10 as catalysts. This
makes reaction conditions corrosive and extremely vigorous
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resulting in low yields due to unwanted by-products. Another
drawback of these conventional synthetic routes is their
reversible nature as they hydrolyse the ester product in presence
of moisture or traces of acid. This shiing of the equilibrium
further adds complications to the purication. Rachele et al.11

reported esterication of amino acid using aqueous HCl elim-
inating the use of dry solvent or any gaseous HCl. Several
halogenated compounds such as SOCl2,12,13 triphosgene14 and
trimethylchlorosilane2 were also used for esterication as acid
substitutes. Additionally, enzymatic15–18 reaction is another
common approach that is frequently used for esterication of
acids in an enantioselective manner (Fig. 1b). Carbohydrates
and their derivatives are also esteried using enzymes such as
Candida rugosa lipase,19,20 Yarrowia lipolitica,21 Candida rugosa,22

Chromobacterium viscosum7 lipases and various others, albeit
with lower yields. With the advancement in metal catalysis,
great efforts have beenmade to synthesize esters in recent years.
Itami23 and Baudoin24 reported palladium based catalysts used
for esterication of acids with aryl halides. Zhang25 and co-
workers proposed a metal organic framework (MOF) as a nano-
catalyst to produce biodiesel by esterifying lauric acid. Peiber26

and group demonstrated a photocatalysis approach using
nickel as semi-heterogeneous catalyst, wherein they used
a homogeneous nickel catalyst combined with a heterogeneous
metal-free carbon nitride semiconductor for dual catalysis.
Despite their high yields these metal-based catalysts are still not
practiced for pharmaceutical purposes. Even an inconspicuous
RSC Adv., 2024, 14, 36193–36208 | 36193
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Fig. 1 Previous work and current method.
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amount of it in any step of esterication may cause serious
health hazards (Table S1†).

The use of solid acid catalysts27,28 for the esterication reac-
tion has been the subject of recent reports29 (Fig. 1c). Highly
stable magnetic solid acid catalyst was reported by Liu et al.30

with a total acid site content of 2.57 mmol g−1. It was syn-
thesised using sawdust as the biomass and magnetic porous
carbon nanomaterials as the solid acid catalyst, with the addi-
tion of Iron. Chellappan et al.31 also developed a solid acid
catalyst from cassava peel in their research. For biodiesel
production aided by microwaves, the catalyst demonstrated
good stability and reusability. This is due to its advanced
features, which include a high specic area, thermal stability,
large pore volumes and, most crucially, the ease with which the
catalyst can be recovered and the product puried. In hetero-
geneous catalytic esterication systems, various kinds of mes-
oporous silica,32 such as zeolite, SBA family members and
sulfonic acid-functionalized inorganic frameworks29,33 have
been utilised.

Recent studies have reported chitosan as a promising
material for use as a support for catalytic applications in
heterogeneous molecular catalysis, due to its hydrophilicity,
chemical reactivity, unique three-dimensional structure,
hydroxyl and amino groups, excellent chelating properties and
mechanical properties.34 Chitosan is a biopolymer derived from
chitin by deacetylation.35 Due to the presence of alcohol and
amine functional groups in the chemical structure of chitosan,
36194 | RSC Adv., 2024, 14, 36193–36208
it is possible to modify this polysaccharide through a wide
variety of chemical reactions. And because it can be broken
down bymicroorganisms in both soil and water, chitosan is also
more ecologically benign and efficient. Chitin and chitosan
have attracted signicant attention from the scientic and
industrial communities for a wide variety of uses, including
those in the pharmaceutical, waste water treatment, cosmetics,
drug delivery, heavy metal chelation and heterogeneous cata-
lysts industries.

Organic solvents are volatile liquids that due to their evap-
oration into the atmosphere lead to adverse effects on the
environment and human health. Moreover, their ammability
and low boiling point lead to further adversities. To successfully
address these issues, we sought a greener approach for this
condensation reaction that did not involve the use of any
hazardous solvents and conditions, as well as minimizing the
usage of corrosive reagents.

Ionic liquids have gained overwhelming interest over the
past few decades because of their potential applications as
catalysts, co-catalyst and green solvents36 in several chemical
processes.37 ILs are a class of molecules with unique and
tuneable physical and chemical properties that makes them
ideal green solvents for a variety of organic reactions due to
their ability to control product distribution,38 enhance rates39

and/or reactivity,40 facilitate product recovery,41 immobilise
catalysts.42 They have negligible vapour pressure and due to
their thermal and chemical stability they are preferred as
© 2024 The Author(s). Published by the Royal Society of Chemistry



Scheme 1 Schematic representation of (a) synthesis of 6 atom carbon chain ionic liquid IL6 1,4-bis(5-carboxypentyl)pyrazine-1,4-diium
([BCPPD][Br]) (b) incorporating of IL6 in an insoluble solid support chitosan to form the desired catalyst Chitosan-IL6.

Table 1 Optimization of reaction conditions using benzoic acid A1 and ethanol B1 as the model substratea

Entry Solvent Catalyst Temperature (°C) Time (h) Yieldb (%)

1 Water — 100 6 NR
2 CHCl3 — 100 6 NR
3 CH3CN — 100 6 NR
4 EtOH — 100 6 Trace
5 EtOH Chitosan-IL6 100 3 68
6 — Chitosan-IL6 100 3 67
7 — Chitosan-IL6 50 3 70
8 — Chitosan-IL6 RT 1 90
9 — Chitosan-IL6 100 0.5 86
10 — Chitosan-IL6 50 0.5 96
11 — Chitosan-IL6 RT 0.5 96
12 — Chitosan-IL3–8 RT 0.5 ∼90
13 — IL6 RT 0.5 96
14 — Chitosan RT 0.5 45

a Reaction conditions: benzoic acid A1 (1 mmol), ethanol B1 (1 mmol), catalyst (10 mg), at appropriate temperature and time. b Isolated yield. IL:
ionic liquid, RT: room temperature, CHCl3: chloroform, CH3CN: acetonitrile, EtOH: ethanol, NR: no reaction.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 36193–36208 | 36195
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solvents in most chemical reactions relieving the use of
hazardous and polluting organic solvents.43 Furthermore, due
to their structural diversity, ease of separation and recyclable
nature they are environmentally benign and is classied as
a green catalyst.44 The excessive use of ILs as a catalyst45 or
a solvent, which results in a signicant amount of waste
materials, is one of the main downsides of homogeneous
catalysis utilising ILs apart from high temperature and larger
reaction time. Furthermore, it is quite challenging to dispose of
these waste products, making the entire process unsatisfactory
from an environmental standpoint.46 Different ILs have been
immobilised on solid supports to combine the benets of ILs
and heterogeneous support materials, avoiding the drawbacks
Scheme 2 Substrate scope for Chitosan-IL6 catalyzed selective ester
carboxylic acid (1 mmol), alcohol (1 mmol), Chitosan-IL6 (10 mg) under

36196 | RSC Adv., 2024, 14, 36193–36208
of homogeneous catalysis involving ILs. So, in this paper, we
report solid support ionic liquids (SILs),47 which use insoluble
supports to create heterogeneous acid catalyst systems which
underpin sustainable chemical processes. The solid support
furnishes a specially designed environment around the catalytic
site,48 allowing this heterogenous catalyst49 to outperform its
homogeneous equivalents in terms of size and positional
selectivity.

In this work, we have designed and characterised chitosan
incorporated ionic liquid, Chitosan-IL6 by synthesizing six atom
carbon chain ionic liquid 1,4-bis(5-carboxypentyl)pyrazine-1,4-
diium ([BCPPD][Br]) and incorporating it in chitosan as the
solid support (Scheme 1). This ‘designer catalyst’ was then
ification of carboxylic acids to esters C1–C29.aReaction conditions:
neat conditions at RT for appropriate time.bIsolated yield.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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facilitated for the synthesis of esters (Fig. 1d) with excellent
yield and without showing any signicant forfeit in catalytic
activity up to 10 catalytic cycles (Fig. 5, and S4†).
Results and discussion

To initiate the process, we selected the archetypical substrates
of benzoic acid A1 (1 mmol) and ethanol B1 (1 mmol) in pres-
ence of several organic solvents such as water, chloroform,
acetonitrile and ethanol (entry 1–4, Table 1) and reuxed it at
100 °C for 6 h which resulted in negligible yield. Following that
10 mg (Table S2†) of the catalyst Chitosan-IL6 was added to the
reactionmixture and reuxed at 100 °C for 3 h which resulted in
67% yield (entry 6, Table 1) of ethyl benzoate C1. It was also
observed that the use of solvent (or ethanol) in excess has no
discernible change in the reaction yield (entry 5 and 6, Table 1).
This manifests that the reaction proceeds particularly in the
presence of Chitosan-IL6. Further optimising the reaction
conditions of temperature and time, by decreasing temperature
to 50 °C and RT and time to 3 h, 1 h and 30 min (entry 7–11,
Table 1) optimal yields of 96% were obtained when the reaction
Scheme 3 Substrate scope for Chitosan-IL6 catalyzed selective esterifica
amino acid (1 mmol), alcohol (1 mmol), Chitosan-IL6 (10 mg), acetic acid
yield.

© 2024 The Author(s). Published by the Royal Society of Chemistry
was carried out at RT for 30 min (entry 11, Table 1). Following
that, modied catalysts having different chain lengths of ionic
liquid were used in the reaction that fabricated somewhat
similar yields (entry 12), with the highest yield being obtained
with Chitosan IL6 and hence it was selected as the catalyst for
the reaction. The reason being that the alkyl chain length with 6
carbon chain provides the optimum environment for the reac-
tion to proceed. Moreover, according to Table 1 (entry 11, 13 and
14) optimizing the reaction in presence of IL6, chitosan and
Chitosan-IL6 procured yields indicating that the presence of
chitosan has no effect on the reaction and acts only as
a heterogeneous media. Thus, the optimal reaction conditions
for the esterication of benzoic acid A1 (1 mmol) and ethanol B1
(1 mmol) is under solvent free conditions catalysed by 10 mg of
Chitosan-IL6 for 30 min at room temperature.

The optimized reaction conditions were subsequently
employed for the synthesis of other derivatives of esters
(Schemes 2–4). As illustrated in Scheme 2, the substrate scope
was generated by taking ethanol, methanol or isopropyl alcohol
(B) and substituted benzoic acid having both electron donating
as well withdrawing groups. It was perceived that electron
tion of amino acids to amino acid estersD1–D12.aReaction conditions:
(3 drops) under neat conditions at RT for appropriate time. bIsolated

RSC Adv., 2024, 14, 36193–36208 | 36197



Scheme 4 Substrate scope for Chitosan-IL6 catalysed selective esterification of carbohydrate to carbohydrate esters E1–E7.aReaction condi-
tions: acetic anhydride (4–5 mmol), carbohydrate (1 mmol), Chitosan-IL6 (10 mg) under neat conditions at RT for appropriate time. bIsolated
yield.
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withdrawing groups (C5–C12) have superior yields (96–99%)
than electron donating groups (C2–C4). Furthermore, it was
observed that heterocyclic derivatives (C13–C15) have
36198 | RSC Adv., 2024, 14, 36193–36208
considerable good yields of (89–93%). Moreover, the aliphatic
substrates (C16–C29) yielded their corresponding esters in good
yields (84–92%). It was observed that the presence of ethyl or
© 2024 The Author(s). Published by the Royal Society of Chemistry



Scheme 5 Plausible mechanism for Chitosan-IL6 catalyzed selective esterification of benzoic acids A1 and ethanol B1 to ethyl benzoate C1.
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methyl groups in the alcohol moiety has no discernible effect on
the yield of the corresponding ester product (C21, C27).

Further, the catalytic activity of the ionic liquid catalyst
Chitosan-IL6, was applied in the synthesis of esters of amino
acids (Scheme 3). In case of amino acid esterication, (Fig. S2†)
addition of a few drops of acetic acid as a neutralizing agent
leads to the synthesis of an array of amino acid esters having
substantially good yield (90–99%). It could be deciphered that
amino acids such as tyrosine, tryptophan and aspartic acid (D9–
D11) having electron withdrawing groups have better yields (98–
99%) than their electron donating equivalents (90–96%).

Additionally, the versatility of the designer catalyst was also
explored for the synthesis of carbohydrate esters (Scheme 4).
The reaction condition was improvised in this case by using
acetic anhydride to facilitate the esterication of carbohydrates
in leu of acid. In a solvent less manner a variety of carbohydrate
esters, including hexoses, pentoses and sucrose (E1–E7), were
synthesized with excellent yields (90–98%).

On the basis of the above mechanistic results and intuitive
precedents, a plausible mechanistic pathway for the Chitosan-
© 2024 The Author(s). Published by the Royal Society of Chemistry
IL6 catalyzed esterication reaction is being delineated in
Scheme 5. In order to gain insight into the reaction pathway, we
herein consider the esterication reaction of benzoic acid A1
with ethanol B1 to obtain ethyl benzoate C1. At the onset of the
reaction, the oxygen of carbonyl of benzoic acid abstracts
a proton from carboxylic group of the Chitosan-IL6 catalyst,
which is followed by the attack of ethanolic OH on the carbonyl
C of the benzoic acid. This leads to the formation of the inter-
mediate I, which undergoes the loss of a water molecule and
nal desorption of the benzoate from the catalyst resulting in
the formation of the product and the catalyst being ready to be
used for the next catalytic cycle. Chitosan provides only surface
area for adsorption of the reactants and reagents without
themselves participating in the catalytic process.

In this report synthesis of Chitosan-IL6 was at rst conrmed
by FT-IR spectra (Fig. 2a). The spectrum of chitosan shows a peak
at 1022 cm−1 which appears due to C–O–C stretching frequency
of it. The broad peak around 3328 cm−1 corresponds to –OH and
–NH stretching mode of chitosan framework,46 while the –CH
stretching mode of chitosan appears at 2886 cm−1. It was
RSC Adv., 2024, 14, 36193–36208 | 36199



Fig. 2 (a) FT-IR spectra of IL6, chitosan and Chitosan-IL6. (b)
13C-CPMAS of chitosan and Chitosan-IL6. (c) PXRD of chitosan and Chitosan-IL6. (d)

TGA of chitosan and Chitosan-IL6.

Fig. 3 (a) SEM image of chitosan. (b) Sem image of Chitosan-IL6. (c) EDX spectra of Chitosan-IL6.

36200 | RSC Adv., 2024, 14, 36193–36208 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UV-visible spectra of p-nitroaniline for various concentrations
of ionic liquid ([BCPPD][Br]) in DMSO.

Table 2 Calculation of the Hammett Function H0 for various
concentrations of ([BCPPD][Br])a

Entry [H+] mmol L−1 Amax [I] (%) [IH+] (%) H0

1 0 0.580 100 0
2 1.33 0.557 96 4 2.37
3 2.66 0.542 93.4 6.6 2.14
4 4.00 0.519 89.5 10.5 1.92
5 5.33 0.501 86.4 13.6 1.79
6 6.66 0.481 83 17 1.68
7 8.00 0.453 78.1 21.9 1.54
8 9.33 0.427 73.6 26.4 1.43
9 10.66 0.397 68.4 31.6 1.32

a p-Nitroaniline (pK(I)aq = 0.99), 10 × 10−6 mol L−1.

Fig. 5 Loading of IL (w/w%) on chitosan for the reaction of benzoic
acid and ethanol catalysed by Chitosan-IL6.

Paper RSC Advances
observed that the sharp peak of carbonyl of carboxylic acid at
1727 cm−1 of the ionic liquid remains intact on Chitosan-IL6
which corroborates that ionic liquid is incorporated in chitosan.

The basic chemical structure of Chitosan-IL6 was further
established by using 13C-CPMAS NMR (Fig. 2b); peaks ∼20 ppm
corresponds to the CH2 of chitosan, addition peaks at∼30 ppm in
Chitosan-IL6 corresponds to aliphatic carbons of the IL moiety
incorporated to chitosan. The peaks at∼55.5 ppm and∼60.5 ppm
corresponds to C–N, peaks at 74 ppm corresponds to C–O. The
extra peak at∼100 ppm appearing at the 13C-CPMAS NMR spectra
of Chitosan-IL6 corresponds to pyrazine and peak at 176 ppm
corresponds to carbonyl carbon of ionic liquid in Chitosan-IL6.
This further establishes the presence of IL6 on chitosan.

To further comprehend the crystallinity of the Chitosan-IL6
we performed the PXRD experiment (Fig. 2c). From the
comparative analysis of chitosan and Chitosan-IL6 we observe
broad peaks at 2q = 20° which is in well agreement with the
reported literature value.34,46 This also justies the amorphous
nature of chitosan. Further, two additional peaks at 2q = 10°
and 2q = 15° are observed in Chitosan-IL6 that suggests the
incorporation of ionic liquid into the chitosan molecule.

Further to investigate the thermal stability of the ionic liquid
TGA was conducted (Fig. 2d). The material was stable up to
a considerable temperature aer which around 38% weight loss
occurred at approximately 300 °C which is attributed to loss of
moisture and volatile matter, followed by 60% weight loss at
around 600 °C indicating that the material is stable over a wide
temperature range. While comparing it with the starting
material chitosan, around 10% weight loss was observed at
100 °C followed by approximately 55% weight loss at around
300 °C. From the TGA curves it was deciphered that Chitosan-
IL6 is more stable than chitosan.

The N2 adsorption desorption isotherms of chitosan and
Chitosan-IL6 and their associated pore distribution curves are
displayed in Fig. S5.† Chitosan and Chitosan-IL6 both have BET
surface areas of 5.33 m2 g−1 and 1.97 m2 g−1, respectively. The
BJH cumulative desorption pore volume and pore size of chi-
tosan were 0.005 cm3 g−1 and 112.5 Å respectively while the pore
volume of Chitosan-IL6 is 0.003 cm3 g−1. The pore size obtained
indicated towards the mesoporous nature of the solid acid
catalyst. The comparative analysis of chitosan and Chitosan-IL6
shows a considerable reduction in surface area and pore volume
aer the connement of ionic liquid on chitosan which is
attributed to pore blockage by ionic liquid. However, the solid
acid catalyst possessed sufficient surface on which the active
sites were well dispersed, allowing them easily available to the
reactants.

Furthermore, the morphology of the catalyst was determined
by SEM analysis (Fig. 3a and b). Aer careful analysis of the SEM
image of Chitosan-IL6 we can observe that particles or rough-
ness appears in an otherwise smooth surface of chitosan
molecule,50 which indicates that ionic liquid has been incor-
porated into the chitosan moiety.46 Moreover, the EDX data
(Fig. 3c) of Chitosan-IL6 composite further conrms the exis-
tence of bromine as a structural component of the synthesized
catalyst.
© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 36193–36208 | 36201



Fig. 6 (a) Hot filtration test to determine ionic liquid leaching of Chitosan-IL6. (b) Recyclability test of Chitosan-IL6 catalyzed esterification of
benzoic acid and ethanol to ethyl benzoate C1.
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To order to gain a better understanding of the acidity of this
ionic liquid ([BCPPD][Br]) we have studied the UV-Vis absorp-
tion spectra of p-nitroaniline which acts as an indicator and
molecular probe, I. Hammett acidity functions were utilised to
determine the Brønsted acidity.51 This method evaluates the
protonation extent of uncharged indicator bases, p-nitroaniline
in our case, by measuring the ratio [I]/[IH+]. The Hammett
function (H0) is dened as

H0 = pK(I)aq + log([I]s/[IH
+]s)

where pK(I)aq is the indicator's pKa value in an aqueous solu-
tion, [IH+]s and [I]s are the molar concentrations of the
protonated and unprotonated forms of the indicator
respectively.

The addition of this acidic ionic liquid caused a signicant
shi in the absorption curve of p-nitroaniline in DMSO in the
wavelength area from 350 to 400 nm, as shown in Fig. 4. As the
amount of ionic liquid was increased, means as the con-
certation of acid increases the absorbance of the unprotonated
form of the indicator decreases. By taking as the initial refer-
ence the total unprotonated form of the indicator, we could
determine the [I]/[IH+] ratio from the measured absorbances
aer each acid concentration, and then the Hammett function
is calculated (Table 2). In [BCPPD][Br], the Hammett function is
included between 2.37 and 1.32, corresponding to concentra-
tions ranging from 1.33 to 10.66 mmol L−1.

To determine the optimal loading amount of ionic liquid on
chitosan,46,50 the model reaction between benzoic acid and
ethanol was conducted with varying IL loadings, ranging from
5% to 30% w/w (Fig. 5). It was deciphered that the highest
product yield was achieved at a 30% w/w IL loading. The ionic
liquid loading was calculated to be 0.89 mmol g−1. This was
obtained by calculating the amount of ionic liquid that
remained unreacted aer its reaction with chitosan.

To assess the ionic liquid leaching during the reaction we
performed the Shelton test52 for the esterication reaction of
benzoic acid A1 and ethanol B1 under the optimized reaction
36202 | RSC Adv., 2024, 14, 36193–36208
condition (Fig. 6a). During test the catalyst Chitosan-IL6 was
ltered off from the reaction mixture aer 5 min, and the
reaction was continued for an additional 25 min. The reaction
mixture was analysed thereaer showed no further product
formation, conrming that no ionic liquid had leached into the
reaction mixture.

Lastly, we evaluated the reusability of the catalyst by taking
the model reaction of benzoic acid A1 and ethanol B1 to obtain
ethyl benzoate C1 under the optimized reaction conditions. We
have observed very inconspicuous loss in the catalytic activity of
Chitosan-IL6. It was observed that the catalytic performance of
Chitosan-IL6 shows consistent result up to 10 consecutive cycles
(Fig. 6b). The recovered catalyst was characterised by FT-IR,
XRD and SEM which showed no signicant structural or
morphological change (Fig. S4†).
Conclusions

In conclusion, we have successfully developed a newer and
greener catalyst for the esterication of carboxylic acids and
alcohols to their corresponding esters. Chitosan-IL6 show-
cased optimal efficiency in the esterication reaction out of
the synthesized ionic liquids, which were prepared in an
affordable approach by embedding the ionic liquid ([BCPPD]
[Br]) in chitosan. This practice proves superior to the
conventional methods of esterication as there is no residual
catalyst to shi the equilibrium to the le. The reaction's
feasibility, which is determined by the acidity of the catalyst,
was further tested by UV visible studies of p-nitroaniline and
back titration with HCl giving favourable results. Moreover,
the scope of this protocol was extended to include carboxylic
acid, amino acid and carbohydrates resulting in good to
outstanding yields of their esters in a solvent-free environ-
ment. The efficacious use of chitosan-based ionic liquid in the
synthesis of esters with a wide range of substrates opens up
new avenues for the development of these tailored catalysts
and their numerous applications. Furthermore, due to the
sustainable nature of ionic liquids, they have received copious
© 2024 The Author(s). Published by the Royal Society of Chemistry
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attention, and several green syntheses have opened up which
are currently being investigated in our laboratory and will be
duly reported.

Experimental section
Synthesis of ionic liquid (pyrazine based), 1,4-bis(5-
carboxypentyl)pyrazine-1,4-diium ([BCPPD][Br])

A mixture of pyrazine (1 mmol) and 6-bromohexanoic acid (1
mmol) in acetonitrile (10 mL) was kept for stirring at RT for 6 h
in a round bottomed ask in dark. Aer completion, the reac-
tion mixture was concentrated under vacuum and the product
which was a viscous beige liquid was characterised by 1H NMR.

Beige coloured liquid. 1H NMR (400 MHz, DMSO-D6) d 8.61
(s, 4H), 3.44 (d, J= 11.5 Hz, 4H), 2.16 (t, J= 7.0 Hz, 4H), 1.73 (d, J
= 3.4 Hz, 4H), 1.43–1.48 (m, 4H), 1.31–1.34 (m, 4H).

Synthesis of Chitosan-IL6

A mixture of the synthesised ionic liquid 1,4-bis(5-
carboxypentyl)pyrazine-1,4-diium (1 mmol) and Chitosan (1 g)
was reuxed under acetonitrile medium (20 mL) for 4 h. The
solid that was obtained was ltered and Soxhlet with methanol
for 8 h which was then nally dried at 72 °C. The obtained
catalyst was characterised using FT-IR, 13C-CPMAS, XRD, TGA,
SEM and EDX analysis.

General procedure for esterication of acid

In a round bottomed ask 1 mmol acid derivative, 1 mmol
alcohol and 10 mg of the catalyst was stirred at room temper-
ature for anticipated time (Scheme 2). The progress of the
reaction was monitored by a TLC. Aer completion of the
reaction the catalyst was ltered off from the reaction mixture,
washed with methanol and dried for further use in subsequent
reactions. The solution was then concentrated in vacuum to
obtain the desired ester product.

Ethyl benzoate (C1). White coloured solid (yield 96%). 1H
NMR (400 MHz, CDCl3) d 8.02–8.11 (m, 2H), 7.50–7.56 (m, 1H),
7.38–7.45 (m, 2H), 4.35 (q, J = 7.1 Hz, 2H), 1.36 (t, J = 7.1 Hz,
3H); 13C NMR (101 MHz, CDCl3) d 166.75, 132.91, 130.21,
129.61, 128.38, 61.06, 14.39.

Methyl 4-aminobenzoate (C2). Brown coloured solid (yield
95%). 1H NMR (400 MHz, DMSO-D6) d 8.72 (s, 3H), 7.79 (d, J =
8.5 Hz, 2H), 6.99 (d, J = 8.4 Hz, 2H), 3.75 (s, 3H); 13C NMR (101
MHz, DMSO-D6) d 166.44, 146.15, 145.90, 131.42, 118.43, 52.28;
HRMS (ESI): m/z calcd for C8H9NO2: 151.0617; found 152.0703
[M + H].

Methyl 4-methylbenzoate (C3). Brown coloured solid (yield
94%). 1H NMR (400 MHz, CDCl3) d 7.92 (d, J = 8.1 Hz, 2H), 7.24
(d, J = 5.9 Hz, 2H), 3.89 (s, 3H), 2.40 (s, 3H); 13C NMR (101 MHz,
CDCl3) d 167.31, 143.66, 130.15, 129.68, 129.16, 52.06, 21.75.

Methyl 4-methoxybenzoate (C4). Yellow coloured solid (yield
92%). 1H NMR (400 MHz, DMSO-D6) d 7.87 (d, J = 8.9 Hz, 2H),
7.00 (d, J = 8.9 Hz, 2H), 3.79 (s, 3H), 3.77 (s, 3H); 13C NMR (101
MHz, DMSO-D6) d 166.43, 163.65, 131.75, 122.35, 114.55, 56.02,
52.34; HRMS (ESI): m/z calcd for C9H10O3: 166.0618; found
167.0703 [M + H].
© 2024 The Author(s). Published by the Royal Society of Chemistry
Methyl 4-cyanobenzoate (C5). White coloured crystalline
solid (yield 98%). 1H NMR (400 MHz, CDCl3) d 8.12 (d, J =

8.5 Hz, 2H), 7.73 (d, J = 8.5 Hz, 2H), 3.94 (s, 3H); 13C NMR (101
MHz, CDCl3) d 165.37, 133.89, 132.20, 130.06, 117.92, 116.35,
52.69; HRMS (ESI): m/z calcd for C9H7NO2: 161.0516; found
162.0553 [M + H].

Methyl 4-chlorobenzoate (C6). Yellow coloured liquid (yield
97%). 1H NMR (400 MHz, DMSO-D6) d 7.73 (d, J = 7.4 Hz, 1H),
7.50 (d, J= 3.6 Hz, 2H), 7.36–7.40 (m, 1H), 3.80 (s, 3H); 13C NMR
(101 MHz, DMSO-D6) d 165.98, 133.59, 131.51, 131.23, 127.77,
52.94; HRMS (ESI): m/z calcd for C8H7ClO2: 170.0159; found
171.0195 [M + H].

Methyl 4-formylbenzoate (C7). White coloured solid (yield
97%). 1H NMR (400 MHz, DMSO-D6) d 12.99 (s, 1H), 7.91 (d, J =
6.6 Hz, 2H), 7.46 (d, J = 8.1 Hz, 2H), 3.21 (s, 3H); 13C NMR (101
MHz, DMSO-D6) d 167.58, 143.30, 131.28, 129.74, 127.26,
102.55, 53.17; HRMS (ESI): m/z calcd for C9H8O3: 164.0515;
found 165.0552 [M + H].

Methyl 2-nitrobenzoate (C8). Beige coloured solid (yield
99%). 1H NMR (400 MHz, DMSO-D6) d 8.53 (t, J = 1.8 Hz, 1H),
8.43 (dd, J = 8.2, 1.4 Hz, 1H), 8.29 (d, J = 7.8 Hz, 1H), 7.78 (t, J =
8.0 Hz, 1H), 3.88 (s, 3H); 13C NMR (101 MHz, DMSO-D6)
d 164.99, 148.36, 135.70, 131.61, 131.23, 128.22, 124.04, 53.32;
HRMS (ESI): m/z calcd for C8H7NO4: 181.0415; found 182.0165
[M + H].

Methyl 4-uoro-3-nitrobenzoate (C9). Yellow coloured crys-
talline solid (yield 98%). 1H-NMR (400 MHz, DMSO-D6) d 8.55
(d, J = 6.5 Hz, 1H), 8.31 (d, J = 6.5 Hz, 1H), 7.71–7.76 (m, 1H),
3.91 (s, 3H); 13C NMR (101 MHz, DMSO-D6) d 164.22, 159.13,
156.46, 137.29(d), 127.58(d), 119.98(d), 53.32; HRMS (ESI): m/z
calcd for C8H6NO4F: 199.0312; found 200.0359 [M + H].

Methyl 3-phenylpropiolate (C10).White coloured solid (yield
96%). 1H NMR (400 MHz, DMSO-D6) d 7.67 (d, J = 7.3 Hz, 2H),
7.58 (t, J = 7.5 Hz, 1H), 7.49 (t, J = 7.5 Hz, 2H), 3.79 (s, 3H); 13C
NMR (101 MHz, DMSO-D6) d 153.98, 133.25, 131.78, 129.55,
118.82, 86.34, 80.77, 53.45; HRMS (ESI): m/z calcd for C10H8O2:
160.0551; found 161.0603 [M + H].

Methyl (E)-3-(3-uorophenyl)acrylate (C11). Brown coloured
crystalline solid (yield 97%). 1H NMR (400 MHz, DMSO-D6)
d 7.59–7.63 (m, 2H), 7.51 (d, J = 7.6 Hz, 1H), 7.41 (dd, J =

14.1, 7.9 Hz, 1H), 7.19–7.23 (m, 1H), 6.68 (d, J = 16.1 Hz, 1H),
3.68 (s, 3H); 13C NMR (101 MHz, DMSO-D6) d 166.99, 164.15(d)
143.69, 137.02, 131.31, 125.36, 119.91, 117.78(d), 115.12(d),
52.07; HRMS (ESI): m/z calcd for C10H9FO2: 180.0618; found
181.0665 [M + H].

Methyl (E)-3-(4-uorophenyl)acrylate (C12). Brown coloured
liquid (yield 97%). 1H NMR (400 MHz, DMSO-D6) d 7.74–7.77
(m, 2H), 7.62 (d, J= 16.1 Hz, 1H), 7.21 (t, J= 8.8 Hz, 2H), 6.57 (d,
J = 16.1 Hz, 1H), 3.67 (s, 3H); 13C NMR (101 MHz, DMSO-D6)
d 167.16, 165.06(d), 143.84, 131.28, 131.20, 118.19, 116.54(d),
51.98.

Methyl nicotinate (C13). Brown coloured liquid (yield 89%).
1H NMR (400 MHz, DMSO-D6) d 9.10 (d, J = 54.4 Hz, 1H), 8.70
(d, J = 7.3 Hz, 2H), 7.99 (s, 1H), 3.87 (s, 3H); 13C NMR (101 MHz,
DMSO-D6) d 163.96, 148.42, 145.38, 143.33, 128.41, 127.15,
RSC Adv., 2024, 14, 36193–36208 | 36203
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53.62; HRMS (ESI): m/z calcd for C7H7NO2: 137.0514; found
138.0554 [M + H].

Methyl 6-hydroxynicotinate (C14). White coloured solid
(yield 90%). 1H NMR (400 MHz, DMSO-D6) d 7.99 (d, J = 2.3 Hz,
1H), 7.78 (dd, J = 9.5, 2.5 Hz, 1H), 6.35 (d, J = 9.8 Hz, 1H), 4.08
(s, 1H), 3.17 (s, 3H); 13C NMR (101 MHz, DMSO-D6) d 165.81,
162.90, 140.88, 140.19, 119.76, 109.54, 49.04; HRMS (ESI): m/z
calcd for C7H7NO3: 153.0410; found 154.0504 [M + H].

Ethyl 1H-indole-2-carboxylate (C15). White coloured solid
(yield 93%). 1H NMR (400 MHz, DMSO-D6) d 11.83 (s, 1H), 7.62
(d, J = 8.0 Hz, 1H), 7.42 (d, J = 8.4 Hz, 1H), 7.20–7.24 (m, 1H),
7.11 (d, J = 2.2 Hz, 1H), 7.04 (t, J = 7.0 Hz, 1H), 4.30 (q, J =
7.1 Hz, 2H), 1.30 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz, DMSO-
D6) d 161.85, 137.89, 127.88, 127.25, 125.13, 122.58, 120.68,
113.10, 108.19, 60.94, 14.83; HRMS (ESI): m/z calcd for
C11H11NO2: 189.0821; found 190.0862 [M + H].

Ethyl 3-oxobutanoate (C16). White coloured liquid (yield
85%). 1H NMR (400 MHz, DMSO-D6) d 4.06 (q, J = 7.1 Hz, 2H),
3.54 (s, 2H), 2.14 (s, 3H), 1.15 (t, J = 7.1 Hz, 3H); 13C NMR (101
MHz, DMSO-D6) d 201.93, 167.71, 60.94, 50.04, 30.38, 14.36;
HRMS (ESI): m/z calcd for C6H10O3: 130.0678; found 131.0703
[M + H].

Diethyl 2-bromomalonate (C17). Yellow coloured liquid
(yield 87%). 1H NMR (400MHz, CDCl3) d 4.75 (s, 1H), 4.19 (q, J=
7.1 Hz, 4H), 1.19–1.23 (m, 6H); 13C NMR (101 MHz, CDCl3)
d 164.58, 63.22, 42.49, 13.88; HRMS (ESI): m/z calcd for
C7H11O4Br: 237.9814; found 238.9915 [M + H].

Ethyl 2,3-dibromopropanoate (C18). White coloured liquid
(yield 90%). 1H NMR (400 MHz, CDCl3) d 4.25–4.40 (m, 3H),
3.65–3.91 (m, 2H), 1.28–1.37 (m, 3H); 13C NMR (101 MHz,
CDCl3) d 167.54, 62.64, 41.23, 29.84, 13.99; HRMS (ESI): m/z
calcd for C5H8O2Br2: 257.8942; found 258.8976 [M + H].

Ethyl 2-bromo-2,2-diuoroacetate (C19). White coloured
liquid (yield 92%). 1H NMR (400 MHz, DMSO-D6) d 4.39 (s, 2H),
1.27–1.33 (m, 3H); 13C NMR (101 MHz, DMSO-D6) d 159.64(t),
109.08(t), 65.12, 13.70.

Ethyl 2-methyl-3-oxobutanoate (C20). Yellow coloured liquid
(yield 84%). 1H NMR (400 MHz, CDCl3) d 4.07–4.13 (m, 2H), 3.42
(q, J = 7.1 Hz, 1H), 2.15 (s, 3H), 1.24 (d, J = 7.1 Hz, 3H), 1.18 (t, J
= 7.1 Hz, 3H); 13C NMR (101 MHz, CDCl3) d 203.76, 170.54,
61.32, 53.55, 28.43, 14.03, 12.66.

Ethyl 2-bromoacetate (C21). White coloured liquid (yield
90%). 1H NMR (400 MHz, DMSO-D6) d 3.95–4.12 (m, 4H), 1.18
(s, 3H); 13C NMR (101 MHz, DMSO-D6) d 167.34, 62.12, 27.16,
14.13; HRMS (ESI): m/z calcd for C4H7BrO2: 165.9600; found
166.9702 [M + H].

Ethyl 3-bromopropanoate (C22). Yellow coloured liquid
(yield 89%). 1H NMR (400 MHz, DMSO-D6) d 4.06 (q, J = 7.1 Hz,
2H), 3.59 (t, J = 6.3 Hz, 2H), 2.90 (t, J = 6.3 Hz, 2H), 1.16 (t, J =
7.1 Hz, 3H); 13C-NMR (101 MHz, DMSO-D6) d 170.75, 60.84,
37.69, 28.56, 14.59; HRMS (ESI): m/z calcd for C5H9BrO2:
179.9805; found 218.9423 [M + K].

Ethyl 4-bromobutanoate (C23). Brown coloured liquid (yield
88%). 1H NMR (400 MHz, DMSO-D6) d 4.02 (q, J = 7.1 Hz, 2H),
3.50 (t, J= 6.7 Hz, 2H), 2.40 (t, J= 7.3 Hz, 2H), 1.95–2.04 (m, 2H),
1.14 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz, DMSO-D6) d 172.49,
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60.49, 34.46, 32.49, 28.20, 14.58; HRMS (ESI): m/z calcd for
C6H11O2Br: 193.9906; found 195.0013 [M + H].

Ethyl 5-bromopentanoate (C24). Yellow coloured liquid
(yield 86%). 1H NMR (400 MHz, CDCl3) d 4.05 (q, J= 7.1 Hz, 2H),
3.34 (t, J= 6.6 Hz, 2H), 2.26 (t, J= 7.3 Hz, 2H), 1.79–1.86 (m, 2H),
1.67–1.74 (m, 2H), 1.18 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz,
CDCl3) d 173.18, 60.43, 33.32, 33.16, 32.02, 23.53, 14.28; HRMS
(ESI): m/z calcd for C7H13O2Br: 208.0106; found 209.0177 [M +
H].

Ethyl 6-bromohexanoate (C25). Yellow coloured liquid (yield
86%). 1H NMR (400 MHz, CDCl3) d 4.07 (q, J = 7.1 Hz, 2H), 3.35
(t, J = 6.7 Hz, 2H), 2.26 (t, J = 7.4 Hz, 2H), 1.78–1.85 (m, 2H),
1.56–1.63 (m, 2H), 1.38–1.46 (m, 2H), 1.20 (t, J= 7.1 Hz, 3H); 13C
NMR (101 MHz, CDCl3) d 173.51, 60.34, 34.12, 33.56, 32.44,
27.68, 24.12, 14.29; HRMS (ESI): m/z calcd for C8H15BrO2:
222.0311; found 245.0148 [M + Na].

Ethyl 4-oxopiperidine-1-carboxylate (C26). Yellow coloured
liquid (yield 87%). 1H NMR (400 MHz, CDCl3) d 4.12 (dd, J =
11.0, 7.1 Hz, 2H), 3.70 (d, J= 5.1 Hz, 4H), 2.40 (d, J= 3.7 Hz, 4H),
1.21–1.24 (m, 3H); 13C NMR (101 MHz, CDCl3) d 207.64, 155.41,
61.92, 42.99, 41.06, 14.65; HRMS (ESI): m/z calcd for C8H13NO3:
171.0921; found 172.0974 [M + H].

Methyl 2-bromoacetate (C27). Yellowish coloured liquid
(yield 90%). 1H NMR (400 MHz, CDCl3) d 3.77 (s, 2H), 3.65 (s,
3H); 13C NMR (101 MHz, CDCl3) d 167.84, 53.26, 25.70.

Methyl 6-aminohexanoate (C28). White coloured liquid
(yield 85%). 1H NMR (400MHz, DMSO-D6) d 8.03 (s, 3H), 3.54 (s,
3H), 3.32 (d, J = 12.2 Hz, 2H), 2.70 (s, 2H), 2.26 (t, J = 7.4 Hz,
2H), 1.47–1.53 (m, 2H), 1.24–1.30 (m, 2H); 13C NMR (101 MHz,
DMSO-D6) d 173.76, 51.76, 39.00, 33.55, 27.09, 25.81, 24.41;
HRMS (ESI): m/z calcd for C7H15NO2: 145.1111; found 146.1181
[M + H].

Diisopropyl (E)-diazene-1,2-dicarboxylate (C29). Brown col-
oured crystalline solid (yield 89%). 1H NMR (400 MHz, CDCl3)
d 5.16–5.26 (m, 2H), 1.40 (d, J = 6.3 Hz, 12H); 13C NMR (101
MHz, CDCl3) d 160.04, 74.42, 21.64; HRMS (ESI): m/z calcd for
C8H14N2O4: 202.1001; found 203.1032 [M + H].
General procedure for esterication of amino acid

In a round bottomed ask 1 mmol amino acid derivative,
1 mmol alcohol, 10 mg of the catalyst and 2–3 drops acetic
acid was stirred at room temperature for anticipated time
(Scheme 3). The progress of the reaction was monitored by
a TLC. Aer completion of the reaction the catalyst was
ltered off from the reaction mixture, washed with methanol
and dried for further use in subsequent reactions. Ultimately,
the solution was concentrated in vacuum to obtain the
desired ester product.

Ethyl glycinate (D1). White coloured solid (yield 94%). 1H
NMR (400 MHz, DMSO-D6) d 8.56 (s, 3H), 4.14 (q, J = 7.1 Hz,
2H), 3.70 (s, 2H), 1.18 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz,
DMSO-D6) d 168.07, 62.01, 14.50; HRMS (ESI): m/z calcd for
C4H9NO2: 103.0614; found 104.0671 [M + H].

Methyl alaninate (D2). Beige coloured crystalline solid (yield
95%). 1H NMR (400 MHz, DMSO-D6) d 8.73 (s, 3H), 4.03 (q, J =
7.1 Hz, 1H), 3.73 (s, 3H), 1.43 (d, J = 7.0 Hz, 3H); 13C NMR (101
© 2024 The Author(s). Published by the Royal Society of Chemistry
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MHz, DMSO-D6) d 170.78, 53.18, 48.24, 16.10; HRMS (ESI): m/z
calcd for C4H9NO2: 103.0614; found 104.0706 [M + H].

Methyl serinate (D3). White coloured solid (yield 94%). 1H
NMR (400MHz, DMSO-D6) d 8.61 (s, 3H), 5.65 (s, 1H), 4.10 (t, J=
3.4 Hz, 1H), 3.82 (d, J = 0.0 Hz, 2H), 3.74 (s, 3H); 13C NMR (101
MHz, DMSO-D6) d 168.98, 59.90, 54.79, 53.21; HRMS (ESI): m/z
calcd for C4H9NO3: 119.0612; found 120.0626 [M + H].

Methyl cysteinate (D4). White coloured solid (yield 96%). 1H
NMR (400 MHz, DMSO-D6) d 8.94 (s, 3H), 4.35 (s, 1H), 3.77 (s,
3H), 3.32 (d, J = 13.8 Hz, 2H), 2.99–3.07 (m, 1H); 13C NMR (101
MHz, DMSO-D6) d 168.82, 53.45, 51.55, 24.63.

Methyl valinate (D5). Beige coloured solid (yield 95%). 1H
NMR (400 MHz, DMSO-D6) d 8.70 (s, 3H), 3.81 (d, J = 4.8 Hz,
1H), 3.75 (s, 3H), 2.21 (dt, J = 18.8, 6.8 Hz, 1H), 0.99 (d, J =
6.8 Hz, 3H), 0.94 (d, J = 7.0 Hz, 3H); 13C NMR (101 MHz, DMSO-
D6) d 169.63, 57.74, 52.96, 29.76, 18.95, 18.02; HRMS (ESI): m/z
calcd for C6H13NO2: 131.0917; found 132.1019 [M + H].

Methyl leucinate (D6). Cream coloured solid (yield 95%). 1H
NMR (400MHz, DMSO-D6) d 8.60 (s, 3H), 3.89 (t, J= 7.0 Hz, 1H),
3.69 (s, 3H), 1.66–1.76 (m, 1H), 1.58–1.63 (m, 2H), 0.84 (d, J =
6.5 Hz, 6H); 13C NMR (101 MHz, DMSO-D6) d 170.85, 53.26,
50.97, 24.22, 22.63, 22.52; HRMS (ESI): m/z calcd for C7H15NO2:
145.1120; found 146.1176 [M + H].

Methyl 2-amino-3-methylpentanoate (D7). Yellow coloured
liquid (yield 96%). 1H NMR (400 MHz, DMSO-D6) d 8.56 (s, 3H),
3.84 (d, J = 4.1 Hz, 1H), 3.69 (s, 3H), 1.90 (td, J = 12.6, 7.1 Hz,
1H), 1.18–1.46 (m, 2H), 0.81–0.88 (m, 6H); 13C NMR (101 MHz,
DMSO-D6) d 169.60, 56.48, 53.04, 36.35, 25.86, 14.78, 11.98;
HRMS (ESI): m/z calcd for C7H15NO2: 145.1120; found 146.1176
[M + H].

Methyl prolinate (D8). Brown coloured liquid (yield 90%). 1H
NMR (400 MHz, CDCl3) d 9.41 (s, 1H), 4.41 (d, J = 6.0 Hz, 1H),
3.72 (s, 3H), 3.40–3.61 (m, 2H), 2.32 (d, J= 4.5 Hz, 1H), 1.99–2.08
(m, 3H); 13C NMR (101 MHz, CDCl3) d 169.22, 59.21, 53.34,
45.93, 28.54, 23.52; HRMS (ESI): m/z calcd for C6H11NO2:
129.0816; found 130.0863 [M + H].

Methyl tyrosinate (D9). White coloured solid (yield 99%). 1H
NMR (400 MHz, DMSO-D6) d 9.47 (s, 1H), 8.61 (s, 3H), 6.96 (d, J
= 8.4 Hz, 2H), 6.68 (d, J = 8.4 Hz, 2H), 4.10 (t, J = 6.1 Hz, 1H),
3.62 (s, 3H), 2.92–3.05 (m, 2H); 13C NMR (101 MHz, DMSO-D6)
d 170.00, 157.23, 130.91, 124.83, 115.95, 53.95, 53.06, 35.58;
HRMS (ESI):m/z calcd for C10H13NO3: 195.0922; found 196.0968
[M + H].

Methyl tryptophanate (D10). Brown coloured solid (yield
98%). 1H NMR (400MHz, DMSO-D6) d 11.13 (s, 1H), 8.69 (s, 3H),
7.48 (d, J = 7.8 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.22 (s, 1H),
7.03–7.07 (m, 1H), 6.97 (t, J= 7.4 Hz, 1H), 4.16 (t, J= 5.8 Hz, 1H),
3.59 (s, 3H), 3.23–3.36 (m, 2H); 13C NMR (101 MHz, DMSO-D6)
d 170.27, 136.73, 127.43, 125.53, 121.66, 119.13, 118.52, 112.10,
106.85, 53.19, 53.13, 26.61; HRMS (ESI): m/z calcd for
C12H14N2O2: 218.1126; found 219.1130 [M + H].

Dimethyl aspartate (D11). Yellow coloured solid (yield 98%).
1H NMR (400 MHz, DMSO-D6) d 8.81 (s, 3H), 4.28 (t, J = 5.6 Hz,
1H), 3.68 (s, 3H), 3.60 (s, 3H), 2.99–3.01 (m, 2H); 13C NMR (101
MHz, DMSO-D6) d 170.10, 169.20, 53.51, 52.64, 48.92, 34.51;
HRMS (ESI): m/z calcd for C6H11NO4: 161.0716; found 162.0761
[M + H].
© 2024 The Author(s). Published by the Royal Society of Chemistry
Methyl lysinate (D12). White coloured solid (yield 95%). 1H
NMR (400MHz, DMSO-D6) d 8.71 (s, 3H), 8.18 (s, 3H), 3.91 (t, J=
6.1 Hz, 1H), 3.70 (s, 3H), 2.68 (s, 2H), 1.78 (q, J = 6.7 Hz, 2H),
1.50–1.58 (m, 2H), 1.30–1.46 (m, 2H); 13C NMR (101 MHz,
DMSO-D6) d 170.36, 53.30, 52.10, 38.61, 29.76, 26.67, 21.70;
HRMS (ESI):m/z calcd for C7H16N2O2: 160.1221; found 161.1285
[M + H].
General procedure for esterication of carbohydrate

In a round bottomed ask at 0 °C 4–5 mmol acetic anhydride,
1 mmol carbohydrate, 10 mg of the catalyst was stirred at room
temperature for anticipated time (Scheme 4). The progress of
the reaction was monitored by a TLC. Aer completion of the
reaction the catalyst was ltered off from the reaction mixture,
washed with methanol and dried for further use in subsequent
reactions. Ultimately, the solution was concentrated in vacuum
to obtain the desired ester product.

Glucose pentaacetate or (2R,3R,4S,5R,6R)-6-(acetoxymethyl)
tetrahydro-2H-pyran-2,3,4,5-tetrayl tetraacetate (E1). Brown
coloured solid (yield 98%). 1H NMR (400 MHz, CDCl3) d 5.68
(d, J = 8.4 Hz, 1H), 5.20–5.27 (m, 1H), 5.08–5.13 (m, 2H), 4.26
(dd, J = 12.6, 4.5 Hz, 1H), 4.08 (dd, J = 12.5, 2.1 Hz, 1H), 3.82
(dq, J = 10.0, 2.2 Hz, 1H), 1.99–2.09 (m, 15H); 13C NMR (101
MHz, CDCl3) d 170.82, 170.27, 169.55, 169.42, 169.14, 91.73,
72.83, 72.73, 70.25, 67.74, 61.50, 20.91, 20.80, 20.65; HRMS
(ESI): m/z calcd for C16H22O11: 390.1201; found 413.1060 [M +
Na].

Mannose pentaacetate or (2R,3S,4S,5R,6R)-6-(acetox-
ymethyl)tetrahydro-2H-pyran-2,3,4,5-tetrayl tetraacetate (E2).
Brown coloured solid (yield 96%). 1H NMR (400 MHz, CDCl3)
d 5.85 (d, J = 12.9 Hz, 1H), 5.38 (t, J = 9.4 Hz, 1H), 5.19 (t, J =
9.6 Hz, 1H), 4.36 (dd, J = 12.2, 4.1 Hz, 1H), 4.17 (d, J = 12.5 Hz,
1H), 4.02 (d, J = 7.6 Hz, 1H), 3.78 (d, J = 11.4 Hz, 1H), 2.10–2.20
(m, 15H); 13C NMR (101 MHz, CDCl3) d 176.06, 91.73, 72.83,
72.72, 70.24, 67.74, 66.82, 20.91, 20.79, 20.65.

Gulose pentaacetate or (2R,3R,4R,5S,6R)-6-(acetoxymethyl)
tetrahydro-2H-pyran-2,3,4,5-tetrayl tetraacetate (E3). Yellow
coloured solid (yield 96%). 1H NMR (400 MHz, CDl3) d 6.40 (d, J
= 8.4 Hz, 1H), 5.92–5.99 (m, 1H), 5.79–5.85 (m, 2H), 4.98 (d, J =
8.1 Hz, 1H), 4.80 (d, J = 10.4 Hz, 1H), 4.53 (dq, J = 10.0, 2.2 Hz,
1H), 2.70–2.81 (m, 15H); 13C NMR (101 MHz, CDCl3) d 170.81,
91.73, 72.83, 72.72, 70.24, 67.74, 61.47, 20.65.

Galactose pentaacetate or (2R,3R,4S,5S,6R)-6-(acetox-
ymethyl)tetrahydro-2H-pyran-2,3,4,5-tetrayl tetraacetate (E4).
Yellow coloured solid (yield 95%). 1H NMR (400 MHz, CDCl3)
d 4.11 (q, J = 7.1 Hz, 1H), 3.48 (s, 1H), 2.95 (d, J = 32.2 Hz, 1H),
2.38 (t, J = 7.6 Hz, 1H), 2.03 (s, 1H), 1.23–1.28 (m, 15H), 0.85–
0.88 (m, 2H); 13C NMR (101 MHz, CDCl3) d 171.88, 97.95, 60.49,
58.78, 32.01, 29.78, 29.44, 22.77, 14.20; HRMS (ESI): m/z calcd
for C16H22O11: 390.1201; found 413.1054 [M + Na].

Ribose tetraacetate or (3S,4R,5R)-tetrahydro-2H-pyran-
2,3,4,5-tetrayl tetraacetate (E5). White coloured solid (yield
93%). 1H NMR (400 MHz, CDCl3) d 6.42 (d, J= 2.8 Hz, 1H), 5.92–
5.92 (d, J = 7.6 Hz, 1H), 5.24–5.20 (m, 2H), 3.83–3.79 (m, 2H),
2.42 (s, 3H), 1.99 (d, J = 8 Hz, 9H); 13C NMR (101 MHz, CDCl3)
d 173.49, 95.18, 69.95, 69.81, 68.98, 64.75, 25.28.
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Lyxose tetraacetate or (3R,4R,5S)-tetrahydro-2H-pyran-
2,3,4,5-tetrayl tetraacetate (E6). White coloured solid (yield
92%). 1H NMR (400 MHz, CDCl3) d 5.68 (d, J = 8.4 Hz, 1H), 5.34
(d, J = 5.6 Hz, 2H), 4.96 (q, J = 2.8 Hz, 1H), 3.82 (t, J = 2.4 Hz,
2H), 2.25 (s, 3H), 1.98 (s, 9H); 13C NMR (101 MHz, CDCl3)
d 176.31, 93.38, 72.73, 72.51, 68.85, 61.67, 20.91.

Lactose octaacetate or (2S,3R,4S,5R)-6-(acetoxymethyl)-5-
(((2S,3R,4S,5S,6R)-3,4,5-triacetoxy-6-(acetoxymethyl)tetrahydro-
2H-pyran-2-yl)oxy)tetrahydro-2H-pyran-2,3,4-triyl triacetate
(E7). White coloured solid (yield 90%). 1H NMR (400 MHz,
CDCl3) d 6.78 (d, J = 4.4 Hz, 1H), 6.18 (t, J = 6 Hz, 3H), 5.86 (d, J
= 8.4 Hz, 2H), 5.55 (m, 1H), 5.25 (m, 1H), 4.98 (m, 3H), 4.75 (m,
2H), 4.10 (q, J = 7.2 Hz, 1H), 2.01 (m, 24H); 13C NMR (101 MHz,
CDCl3) d 170.12, 106.04, 96.95, 80.26, 75.09, 74.85, 74.02, 71.32,
70.61, 69.65, 68.85, 62.09, 61.67, 20.91, 20.65; HRMS (ESI): m/z
calcd for C28H38O19: 678.2059; found 679.5127 [M + H].
Data availability

The data supporting this article have been included as part of
the ESI.†
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