
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ai
us

 2
02

4.
 D

ow
nl

oa
de

d 
on

 3
1/

07
/2

02
5 

19
:3

2:
02

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Sustainable meth
aMaterials Chemistry Research Center (MCR

of Excellence for Innovation in Chemistry, F

Khon Kaen, 40002, Thailand. E-mail: andre
bDepartment of Biochemistry, Faculty of Med

40002, Thailand
cSchool of Chemistry, University of Lincoln,

UK
dGreen Chemistry Centre of Excellence, Dep

Heslington, York, YO10 5DD, UK
eDepartment of Chemistry, Faculty of Sci

Sarakham, 44150, Thailand

† Electronic supplementary informa
https://doi.org/10.1039/d4ra02122c

Cite this: RSC Adv., 2024, 14, 16921

Received 20th March 2024
Accepted 7th May 2024

DOI: 10.1039/d4ra02122c

rsc.li/rsc-advances

© 2024 The Author(s). Published by
ods for the carboxymethylation
and methylation of ursolic acid with dimethyl
carbonate under mild and acidic conditions†
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Ursolic acid is a triterpene plant extract that exhibits significant potential as an anti-cancer, anti-tumour, and

anti-inflammatory agent. Its direct use in the pharmaceutical industry is hampered by poor uptake of ursolic

acid in the human body coupled with rapid metabolism causing a decrease in bioactivity. Modification of

ursolic acid can overcome such issues, however, use of toxic reagents, unsustainable synthetic routes

and poor reaction metrics have limited its potential. Herein, we demonstrate the first reported

carboxymethylation and/or methylation of ursolic acid with dimethyl carbonate (DMC) as a green solvent

and sustainable reagent under acidic conditions. The reaction of DMC with ursolic acid, in the presence

of PTSA, ZnCl2, or H2SO4–SiO2 yielded the carboxymethylation product 3b-[[methoxy]carbonyl]oxyurs-

12-en-28-oic acid, the methylation product 3b-methoxyurs-12-en-28-oic acid and the dehydration

product urs-2,12-dien-28-oic acid. PTSA demonstrated high conversion and selectivity towards the

previously unreported carboxymethylation of ursolic acid, while the application of formic acid in the

system led to formylation of ursolic acid (3b-formylurs-12-en-28-oic acid) in quantitative yields via

esterification, with DMC acting solely as a solvent. Meanwhile, the methylation product of ursolic acid,

3b-methoxyurs-12-en-28-oic acid, was successfully synthesised with FeCl3, demonstrating exceptional

conversion and selectivity, >99% and 99%, respectively. Confirmed with the use of qualitative and

quantitative green metrics, this result represents a significant improvement in conversion, selectivity,

safety, and sustainability over previously reported methods of ursolic acid modification. It was

demonstrated that these methods could be applied to other triterpenoids, including corosolic acid. The

study also explored the potential pharmaceutical applications of ursolic acid, corosolic acid, and their

derivatives, particularly in anti-inflammatory, anti-cancer, and anti-tumour treatments, using molecular

ADMET and docking methods. The methods developed in this work have led to the synthesis of novel

molecules, thus creating opportunities for the future investigation of biological activity and the

modification of a wide range of triterpenoids applying acidic DMC systems to deliver novel active

pharmaceutical intermediates.
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Introduction

Ursolic acid (1) is a natural product, which can be extracted
from a wide variety of herbs, plants and fruits, in addition to
agricultural waste streams such as apple peel.1 Ursolic acid and
its derivatives have demonstrated several important health
benets and potentially signicant pharmacological effects for
humans including known anticancer,2 and antitumor proper-
ties.3 A signicant volume of research has indicated preventa-
tive outcomes and therapeutic effects in relation to cancer,
obesity/diabetes, cardiovascular disease, brain disease, liver
disease, and muscle wasting (sarcopenia) through prescribing
ursolic acid or its derivatives. However, the limited solubility of
ursolic acid leads to both poor bioavailability, and its rapid
RSC Adv., 2024, 14, 16921–16934 | 16921
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metabolism, thus reducing its suitability for the pharmaceutical
industry.

Recent studies have focused on modifying the structure of
ursolic acid to improve its bioavailability and potential as an
active pharmaceutical ingredient (Scheme 1). Tu et al. synthe-
sized several ursolic acid derivatizes by reaction of the C-3
hydroxyl or C-28 carboxylic acid groups.4 It was found that
anticancer bioactivity is more effective against the growth of
NTUB1 cell when esters are formed on either the hydroxy or
carboxylic acid of ursolic acid.4 In fact, the formation of iso-
propyl ester at C-28 or the succinyl at C-3-OH were amongst the
most effective. However, this study utilized benzene as a solvent
in the esterication method, which is classied as toxic, carci-
nogenic and mutagenic.5

The C-3 modication of ursolic acid has been widely ach-
ieved using an anhydride reacted at C-3-OH with DMAP.6

Moreover, acetylation has been used as protecting group at C-3
or use of halogen substitution post esterication at C-28 has
enabled the introduction of imidazole functionality leading to
enhanced bio-activity of ursolic acid derivatives.7 Application of
DMAP is widely used in the synthesis of ursolic acid derivatives.
In 2016, Sahni and co-worker reported isolating ursolic acid
from an acetone extract of a hybrid eucalyptus.8 A total of 6
compounds were synthesised with esters and amide function-
ality at C-3 and C-28 positions to attenuate the neuro-protective
potential of ursolic acid. Ursolic acid was treated with acetic
anhydride, butyryl chloride, or propyl chloride at the C-3 posi-
tion in the presence of DMAP and THF. 3-O-Acetylursolic acid, 3-
O-propyrate ursolic acid and 3-O-butyrate ursolic acid were ob-
tained in 85%, 61%, and 49% yield, respectively. From the
results, it was found that the yield decreased when the carbon
number of the substituent groups increased, most likely due to
Scheme 1 Reaction of ursolic acid and DMC under acidic conditions.

16922 | RSC Adv., 2024, 14, 16921–16934
the steric hindrance of the alkyl group.8 DMAP is classied as
toxic to the environment and human organs.9,10 In addition,
solvents such as THF, dichloromethane, and benzene have been
used in the synthesis of ursolic acid derivatives, once again
several of these solvents used have been classied as toxic to the
environment or hazardous.11 Other modication by Nascimento
et al. demonstrated the synthesis of ursolic acid derivatives at C-
3 via esterication with formic acid and 70% perchloric acid.
The resulting ursolic acid derivative (3b-formloxyurs-12-en-28-
oic acid) was shown to have anti-bacterial properties, demon-
strating high activity against Escherichia coli. However, as shown
by the low yield of the desired product (28%), their methodology
did not improve the efficiency of the synthesis of ursolic acid
derivatives.12

Methylation reactions at the C-3 hydroxyl have been inves-
tigated. Methylation using iodomethane in THF in the presence
of NaH occurred in around 59% yield.13 The methylated deriv-
ative displayed inhibition of nitric oxide production activity on
lipopolysaccharide-induced RAW247 cells. Additionally, it
demonstrated lower toxicity than ursolic acid. However, iodo-
methane is categorised as a suspected carcinogen and exposure
to it is extremely dangerous.14–16 Traditional reagents used for
methylation reactions and some carboxymethyl include iodo-
methane, dimethyl sulfate, tetramethylammonium chloride,
and diazomethane are toxic, hazardous, or unsustainable.14,17–19

The use of toxic reagents to modify the ursolic acid and produce
derivatives negates any positive effect of producing bioactive
molecules for use as pharmaceuticals. Efficient synthesis needs
to be improved to enhance the number of useful ursolic acid
derivatives. As such, substitution of such reagents and solvents,
with more sustainable reaction chemistry should be a priority
for investigation.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Carboxymethylation and methylation with dimethyl
carbonate (DMC), is one such strategy for addressing the
replacement of unfavourable methodologies. DMC has been
utilized as a sustainable reagent and green solvent for methyl-
ation and carboxymethylation reactions, due to its low toxicity,20

and the ability to be produced from bio-based feedstocks,
methanol and carbon dioxide.21 Typically carboxymethylation
and methylation reactions of DMC with alcohols are carried out
in the presence of a base.22 However, as ursolic acid has
a carboxylic acid group on the C-28 carbon of the triterpenoid
structure, this can react with typical bases used in the DMC
process, thus leading to acid base neutralisation/deactivation
and/or unwanted by-products. Recent research has demon-
strated the potential for Brønsted and Lewis acid-catalysed
carboxymethylation and methylation reactions of alcohols
with DMC.23 Catalysts such as p-toluenesulfonic acid (PTSA),
H2SO4, AlCl3 and FeCl3 promoted quantitative conversions and
good selectivity of primary aliphatic alcohols toward for car-
boxymethylation products. For secondary alcohols it was found
that the carboxymethylation products were obtained when
using PTSA and AlCl3, and dehydration products obtained by
FeCl3 and H2SO4. FeCl3 was also demonstrated to be effective
for the methylation of cyclohexanol.23 To date the methylation
reaction of the C-3 hydroxyl group on ursolic acid with DMC has
yet to be investigated. Carboxymethylation of alcohols with
DMC has also been achieved with solid acids (sulfonated mes-
oporous polymer (MP-SO3H)), with high conversion and selec-
tivity of various alcohol such as ethanol, iso-propanol and 1-
hexanol.24 Such developments offer an opportunity to create
selective routes for the modication of ursolic acid at the C-3
hydroxyl with DMC.

Herein, for the rst time ursolic acid was modied by the
carboxymethylation and/or methylation reactions with the acid-
catalysed dimethyl carbonate (DMC) chemistry. The effect of
Brønsted, Lewis and heterogenous acids on the carbox-
ymethylation and/or methylation reactions was also studied.
Furthermore, the carboxymethylation reactions of ursolic acid
were optimized under mild and sustainable conditions. It is
important to note that an additional two terpene compound
substrates were studied under optimal conditions to highlight
the potential for the use of such modications to be used on
a wider class of compounds. These modication methods have
the potential to create sustainable compounds with active
pharmacological properties and various applications, opening
new avenues in the eld.

Experimental
Materials and reagents

Ursolic acid (95% puried), DMC (dimethyl carbonate), and
PTSA (para-toluene sulfonic acid) were purchased from Sigma-
Aldrich. HCOOH (formic acid) and AlCl3 (aluminium chloride)
were purchased from Loba Chemie. H2SO4 (sulfuric acid) was
purchased from RCI Labscan. FeCl3 (ferric(III)chloride) was
purchased from Ajax Finechem. ZnCl2 (zinc(II)chloride) was
purchased from Kemaus. Cyclohexanol was purchased from
CARLO ERBA Reagents. HCl (hydrochloric acid) was purchased
© 2024 The Author(s). Published by the Royal Society of Chemistry
from QReC New Zealand. Zeolite was purchased from Alfa
Aesar. SiO2–OSO3H (silica sulfate) and SiO2–HClO4 (silica
perchlorate) was self-synthesized follow previously reported.25,26

Silica gel 60 (230–400 mesh size) was purchased from Merck.

Acid screening of cyclohexanol modication by DMC

1 equivalent (11.70 mL) of cyclohexanol and 5 equivalents of acid
were added to 1.5 mL of dimethyl carbonate in a 25 mL Teon
lined stainless steel autoclave. The reaction was heated to
150 °C for 6 hours. The solution was diluted, and products were
characterized by using 1H-NMR and GC-MS.

Ursolic acid modication by DMC

50 mg (1 eq.) of ursolic acid and 5 equivalents of the acid were
added to 1.5 mL of dimethyl carbonate (∼160 eq.) in a one-
necked 10 mL round-bottom glass ask containing
amagnetic stirrer bar andmolecular sieve. The reaction was run
at 90 °C for 24 hours. On the high temperature (150 °C) heating
method, the reaction was run in 25 mL Teon auto-cleave
stainless steel at 150 °C for 6 hours. The resulting solution
was extracted with 50% water/ethyl acetate to remove the acid.
Na2SO4 was added to the organic layer to remove water, then
Na2SO4 was removed by ltration and the solvent was removed
by evaporation in vacuo to obtain the mix of products. The
ursolic acid ester products were isolated by column chroma-
tography with the gradient 1% to 60% ratio of ethyl acetate/
hexane as a mobile phase ratio. The products were character-
ized by using 1H-NMR, 13C-NMR and MS.

In silico ADMET properties evaluation

The compounds underwent screening for drug-likeness
according to Lipinski's rule using SwissADME.27 Subsequently,
compounds that met the criteria for drug-likeness were
assessed for their Absorption, Distribution, Metabolism,
Excretion, and Toxicity (ADMET) properties. Pharmacokinetic
properties were evaluated using the pKCSM online tools
(https://biosig.unimelb.edu.au/pkcsm/prediction).28

In silico molecular docking

Before conducting docking calculations on the selected
compound, preliminary validation was carried out to ensure
that ligands bound correctly within the protein binding site
pocket. The 3D cocrystal structure of the EGFR kinase domain
complexed with AFN941 (PDB: 6ITW)29 was aligned with
a ligand-free protein structure (PDB: 2GS2) to generate the apo
form of EGFR kinase with AFN941.30 Subsequently, AFN941 was
redocked into the active site of EGFR kinase domain, with
coordinates X = 49.759486 Å, Y = 1.645234 Å, and Z =

−21.709539 Å. Similarly, chimaeric Bcl2-xL (PDB: 2W3L) (X =

39.805667 Å, Y = 26.935452 Å, and Z = −12.414476 Å), kappaB
kinase beta (PDB: 3RZF) (X = 90.978742 Å, Y = −23.192645 Å,
and Z = 54.212806 Å), and murine COX-2 S530T mutant (PDB:
5FDQ) (X = 33.671488 Å, Y = 28.029791 Å, and Z = 71.919628 Å)
were redocked into their respective active sites, with specic
coordinates provided. Docking and screening of compounds
RSC Adv., 2024, 14, 16921–16934 | 16923
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against these targets were performed using Autodock Vina,31

with a grid spacing of 1 Å and a box size of 20 × 20× 20 Å, while
default values were applied for other parameters.

The three-dimensional (3D) structures of the apo form of the
EGFR kinase domain (PDB: 2GS2),29 chimaeric Bcl2-xL (PDB:
2W3L),32 kappaB kinase beta (I4122) (PDB: 3RZF),32 and murine
COX-2 S530T mutant (PDB: 5FDQ)32 were obtained from the
Protein Data Bank (https://www.rcsb.org). Hydrogen atoms and
Kollmann united atom partial atomic charges were added using
ADT Tools.33 Ligand 3D structures were constructed based on
molecular docking studies, and their protonation states were
assigned using MarvinSketch soware at pH 7.4. Both protein
and ligand structures were converted into “PDBQT” format
using ADT Tools. Docking calculations for the compounds
were carried out using the same protocols as the validation
process. The docked conformation with the lowest binding
energy for each ligand was then selected, and their protein–
ligand interactions were analysed using BIOVIA Discovery
Studio 2020.34
Results and discussion
Acid screening for DMC reactions with cyclohexanol

In this work, carboxymethylation and/or methylation reactions
occurred on C-3-OH of ursolic acid. Therefore, cyclohexanol was
selected as a model compound for reagent screening of various
acid-reagents for the carboxymethylation and/or methylation
reactions, due to the ease of analysis by GC. The most effective
acid catalysts demonstrating high conversions for each category
of acid (Lewis acids, Brønsted acid and heterogeneous solid
acids), were selected for investigation of the carboxymethylation
and/or methylation reactions with ursolic acid (Table 1).
Table 1 Conversion and selectivity of carboxymethylation and/or meth
reagentsa

Reagent
Conversion
(%)

G

M
pr

Brønsted acid system
Formic acid 69 0
PTSA 95.3 11
H2SO4 99.7 2
HCl 53.1 0

Lewis acid system
ZnCl2 87.9 0
FeCl3 100 58
AlCl3$6H2O 55.3 0

Heterogenous acid system
H2SO4–SiO2 93.0 5
HClO4–SiO2 45.1 0
Zeolite b (25 : 1 SiO2 :
Al2O3)

38.3 0

a Conditions: cyclohexanol (1 eq.), acid (5 eq.), DMC (160 eq.), 150 °C for

16924 | RSC Adv., 2024, 14, 16921–16934
In Brønsted acid, PTSA and H2SO4 show high conversions of
95% and >99% respectively, while lower conversions were
observed using formic acid and HCl, 69% and 53%, respec-
tively. PTSA and HCl presented high selectivity towards the
carboxymethylation product, however, use of formic acid
resulted in high selectivity to the formylation product, while
H2SO4 promoted dehydration to the respective alkene (full
results are presented in the ESI, Tables S2 and S3†). This result
is consistent with previous results where H2SO4 promotes the
dehydration of secondary alcohols in DMC at 90 °C, while the
use of PTSA with secondary alcohols and DMC promotes car-
boxymethylation.23 Formic acid has been demonstrated to act as
both reagent and reactant in the high selectivity formylation of
cyclohexanol with DMC as the solvent. Such results are
comparable to other methods for formylation of alcohol with
formic acid under solvent-free conditions catalysed by free I2 or
I2 from Fe(NO3)3$9H2O/NaI.35 Where, formylation of cyclo-
hexanol demonstrated a 90% isolated yield within 1 hour at
room temperature, which is somewhat higher than 69%
conversion of cyclohexanol with formic acid in the presence of
DMC reported in this current work.

High conversion was obtained using H2SO4–SiO2, while lower
conversions were observed with HClO4–SiO2 and zeolite b.
However, both acid supported on silicas demonstrated high
selectivity towards the carboxymethylation product. The possible
mechanism was consistent with a Brønsted acid process. Similar
results were reported by Kempanna et al., which show high
conversion and selectivity of alcohol to carboxymethylation
product using a sulfonated mesoporous polymer.24

While the Lewis acids, ZnCl2 and FeCl3 promoted high
conversion, only moderate conversions were observed when
using AlCl3. Interestingly, high selectivity towards methylation
ylation reactions with cyclohexanol and DMC in the presence of acid

C-MS selectivity (%)

ethylation
oduct

Carboxymethylation
product Other

.0 10.1 89.9

.9 85.2 2.9

.8 1.0 96.2

.0 78.3 21.7

.0 87.2 12.8

.3 1.1 40.6

.0 36.1 63.9

.3 85.9 8.8

.00 89.3 10.7

.00 51.6 48.4

6 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was observed with FeCl3. These results are consistent with
previously reported methods for the methylation of cyclo-
hexanol using stoichiometric FeCl3 with DMC at 90 °C for 24
hours.23

Based on the screening results, PTSA, ZnCl2 and H2SO4–SiO2

demonstrated the greatest promise for promoting the carbox-
ymethylation reaction. Moreover, FeCl3 also demonstrated
promise for promoting the methylation reaction, while for-
mylation occurred by using formic acid. Thus, these acids were
selected for further investigation with ursolic acid and DMC for
carboxymethylation, methylation and/or formylation reactions.
Carboxymethylation of ursolic acid by Brønsted acids

PTSA was selected as a Brønsted acid for the carbox-
ymethylation and/or methylation reaction of ursolic acid with
DMC (Table 2). PTSA loading was investigated using stoichio-
metric 1, 5 and 10 equivalents under different heating regimes
(90 °C and 150 °C). 5 equivalents of PTSA showed highest
conversion of around 80%, signicantly lower than the
conversion of cyclohexanol due to the sterically hindered ursolic
acid secondary alcohol. Lower conversions of ursolic acid were
observed with stoichiometric and 10 equivalents of PTSA. This
indicated 5 equivalents of PTSA was the optimum amount of
acid to use with ursolic acid due to high complexation of acid
and DMC. This is consistent with the mechanism previously
reported by Jin et al.23 and it is shown in ESI (Fig. S8†). A
possible esterication reaction on C-28 carboxylic acid group
(Scheme 1) and dehydration of C-3 hydroxyl group enhances %
conversion but decreases selectivity towards the desired C-3
carboxymethylation product.

The alkene product resulting from dehydration of the
alcohol at the C-3 ursolic acid was obtained as a major product
in 5 eq. and 10 eq. at 150 °C. The similar results have been
observed in the cyclohexanol work reported by Kanakikodi
et al.24 The proposed mechanism of ursolic acid dehydration is
presented in ESI (Fig. S9†).

The high temperature (150 °C) heating conditions resulted in
higher conversions than reuxing at 90 °C, due to the harsher
conditions of the reaction. However, higher selectivity is generally
observed at 90 °C, due to reduced side reactions under the more
stable conditions. In fact, it has been reported that the quanti-
tative decarboxymethylation of the carboxymethylation products
can take place under higher temperature conditions.36 On other
hand, high amount of PTSA led to a by-product in the form of
Table 2 Yield and conversion of ursolic acid ester synthesized from urs

Reagent
Temperature
(°C)

Conversion
(%)

Iso
of

PTSA (1 eq.) 90 38.6 11
150 51.2 36

PTSA (5 eq.) 90 74 45
150 79.8 32

PTSA (10 eq.) 90 25.4 2
150 51.6 15

© 2024 The Author(s). Published by the Royal Society of Chemistry
a tosylate generated at the C-3 of ursolic acid, leading to reduced
selectivity at under reux heating conditions. This was most
evident with 10 equivalents of PTSA at 90 °C, indicating that the
side reaction can take place at low temperatures and ambient
pressure. Similar results were found in the high temperature (150
°C) system but with lower conversions and selectivity to the car-
boxymethylation product. Therefore, 5.0 equivalents PTSA with
reux heating conditions (90 °C) were selected as appropriate
conditions to use in the carboxymethylation of ursolic acid with
DMC. Importantly, this is the rst time the synthesis of 3b-
[[methoxy]carbonyl]oxyurs-12-en-28-oic acid has been reported in
the literature. Ursolic acid and other triterpenes can now be
carboxymethylated using DMC chemistry, such structures
warrant further investigation, this will be fully investigated in
a follow on paper, including assessing bioactivity esterication
reactions of ursolic acid at C-3 reported in the literature widely
use DMAP, this has been classied as a toxic substance.37

Therefore, this work demonstrated a promising and potentially
greener method for C-3 ursolic acid modication with DMC.
Additionally, other dialkyl carbonates could be used in place of
DMC to produce a library of novel compounds.

Other Brønsted acids investigated include the application of
formic acid (Table 3), this was used to study the carbox-
ymethylation and/or methylation of ursolic acid with DMC.
However, 3b-formylurs-12-en-28-oic acid was the major product
produced via esterication. It was found that DMC only
participated as a solvent in the reaction and was not protonated
by the formic acid. In fact, the nucleophile of ursolic acid
reacted to carbonyl group of formic acid to yield the 3b-
formylurs-12-en-28-oic acid. To conrm this hypothesis the
reaction between only ursolic acid and excess formic acid was
studied, the results demonstrated 100% conversion of ursolic
acid and 100% selectivity to 3b-formylurs-12-en-28-oic acid
without DMC. Similar outcomes were seen in the ursolic acid
study published by Tkachev et al.38 3b-formylurs-12-en-28-oic
acid was previously synthesised from using ursolic acid with
formic acid by stirring at 60 °C for 6 hours. The product was
taken up in benzene and run through a silica gel column to give
formyl ursolic acid at 90% yield. However, benzene is classied
as a toxic reagent and as such the work presented in this current
study demonstrates great promise as a sustainable greener
method for modication of ursolic acid, in quantitative yield
and requiring no complex work up.

Previous studies have demonstrated a 28% yield 3b-
formylurs-12-en-28-oic acid by using HCO2H, perchloric acid at
olic acid, PTSA, and DMC in various conditions

lated yield
3 (%)

Selectivity (%)

2 3 5 Other

.0 0 29.7 29.2 41.1

.1 0 69.7 23.4 6.9

.5 0 59.8 33.3 6.9

.8 0 40.9 55.1 4.0

.1 0 8.2 56.3 35.5

.3 0 29.3 58.0 12.7
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Table 3 Yield and conversion of ursolic acid ester synthesized from ursolic acid, formic acid, and DMC in various conditions

Reagent/reactant
Temperature
(°C)

Conversion
(%)

Isolated yield
of 4 (%)

Selectivity (%)

4 Other

Formic acid (5 eq.) 90 82.2 69.1 85.5 14.5
150 58.4 78.4 99.3 0.7

Formic acid (5 eq.) (without DMC) 90 100 100 100 0
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60 °C for 4 hours.12 In the current study, a solvent free reaction
carried out at 90 °C for 24 hours using ursolic acid (500 mg, 1.1
mmol) and HCO2H (5 eq.) gave 100% conversion and selectivity
without the need for a catalyst or reagent. However, when DMC
was used as the solvent under both reux and high temperature
(150 °C) heating conditions, the conversions were observed to
be lower. High temperatures (150 °C) resulted in selectivity of
99% towards the 3b-formylurs-12-en-28-oic acid, but moderate
conversion was observed because of decomposition of formic
acid. Here water produced during esterication caused formic
acid to hydrolyse, producing carbon dioxide and additional
water. In contrast, this did not occur under reux conditions,
which corresponded to both high conversions and good
selectivity.

Carboxymethylation and/or methylation of ursolic acid by
Lewis acids

With ZnCl2, the results show a good conversion of ursolic acid
and selectivity towards the carboxymethylation product. When
using 5.0 or 10.0 equivalents of ZnCl2 under 90 °C heating
Scheme 2 Possible mechanism of carboxymethylation of ursolic acid w

16926 | RSC Adv., 2024, 14, 16921–16934
conditions, it was found that no reaction took place. For the
nucleophilic attack of the hydroxy group of ursolic acid on
DMC, which was crucial in terms of selectivity toward the car-
boxymethylation product or methylation products, it is essen-
tial to form an intermediate between ZnCl2 and DMC shown in
Scheme 2.

50% conversion of ursolic acid was achieved under high
temperature conditions (150 °C), with a 21.9% selectivity for
carboxymethylation (Table 4). When the amount of ZnCl2 was
increased to 10 equivalents, conversion increased to 80.8% with
32.6% selectivity (Table 4). As shown in Scheme 2, a high
loading of ZnCl2 resulted in an intermediate that coupled with
DMC and ursolic acid.

With FeCl3, results show >99% conversion of ursolic acid but
with low selectivity to the carboxymethylation product (Table 5).
In fact, this simple method demonstrated that the FeCl3 was
highly selectivity toward the methylation product, 3b-
methoxyurs-12-en-28-oic acid (99% selective at 150 °C for 6
hours). This was a highly important and promising result for
the modication of ursolic acid. Kwon et al.,13 demonstrated
ith DMC by ZnCl2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Yield and conversion of ursolic acid ester synthesized from ursolic acid, ZnCl2, and DMC in various conditions

Reagent
Temperature
(°C)

Conversion
(%)

Isolated yield
of 3 (%)

Selectivity (%)

3 5 Other

ZnCl2 (5 eq.) 90 0 0 0 0 0
150 50.0 11.9 23.6 70.1 6.3

ZnCl2 (10 eq.) 90 0 0 0 0 0
150 80.8 25.2 35.1 45.3 19.6

Table 5 Yield and selectivity of ursolic acid methyl ether synthesized
from ursolic acid with DMC by FeCl3 at 150 °C for 6 hours

Reagent
Conversion
(%)

Isolated yield
of 2 (%)

Selectivity (%)

2 3

FeCl3 (0.5 eq.) 52.6 46.6 87.7 12.3
FeCl3 (1 eq.) >99 >99 >99 <1
FeCl3 (5 eq.) >99 >99 >99 <1
FeCl3 (10 eq.) >99 >99 >99 <1
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a 59% yield of 3b-methoxyurs-12-en-28-oic acid by using CH3I,
NaH and THF. As discussed CH3I as a methylating agent comes
with issues and it has recently been classied as a toxic
reagent,39 while solvents such as THF are also problematic due
to their potential for peroxide formation.40 Thus, this work had
been shown to be an excellent greenmethod for themethylation
of ursolic acid with the highest yield.

The mechanism of methylation reaction is presented in
Scheme 3. The interaction between FeCl3 and DMC leads to
coordinated of the carbonyl group and –OCH3 group. Due to the
higher reduction potentials of FeCl3 (the reduction potentials of
Fe3+ and Zn2+ are −0.037 and −0.761, respectively),41 methyla-
tion is the desired reaction pathway with this Lewis acid. Here
the 5-ligand coordinated iron intermediate42 makes the methyl
group more positive, which leads to a highly efficient methyla-
tion reaction. This is consistent with previous reports that used
Lewis acids with DMC to form stabilised intermediates that
promote methylation pathways.23,43
Carboxymethylation of ursolic acid by heterogeneous solid
acids

The reaction of ursolic acid in the presence of H2SO4–SiO2

showed high conversion but poor selectivity toward
Scheme 3 Possible mechanism of methylation of ursolic acid with DMC

© 2024 The Author(s). Published by the Royal Society of Chemistry
carboxymethylation product (Table 6). This is due to H2SO4

bound to the silica surface leading to dehydration reaction,
consistent with the reaction between cyclohexanol and free
H2SO4. Dehydration to the alkene was the major product
potentially due to the carboxylic acid of ursolic acid interacting
with the polar surface of H2SO4–SiO2 thus bringing the C-3
alcohol into greater and longer contact with the sulphuric
acid group leading to dehydration.44 5 eq. of H2SO4–SiO2 at 150 °
C demonstrated higher yields and selectivity toward carbox-
ymethylation reaction compared to other conditions, poten-
tially due to the increased temperature and pressure leading to
greater interaction of DMC with the heterogenous acid over
ursolic acid. However, increasing the amount of acid at 150 °C,
led to lower yields and selectivity toward carboxymethylation
reaction, but high selectivity towards the dehydration product,
consistent with previous work on the dehydration of alcohol
with H2SO4.23 Moreover, lower selectivity occurred under high
temperature conditions (150 °C), limited methylation product
was observed at high temperature. Similar results have been
reported in methylation studies performed by Selva and
Tundo.45 This is consistent with the possible mechanism re-
ported by Kempanna's work (Fig. S11†).24

A qualitative and quantitative comparison of green
metrics46–48 between our current reactions (B: HCO2H, for-
mylation, and C: FeCl3, methylation) and literature methods (B0:
HCO2H, formylation,30 and C0: NaH, MeI, methylation13)
(Table 7 and ESI†) clearly highlights the advantages of our
methods over those previously reported. The high temperature
used in process B (methylation) is a minor limitation, as are the
excess equivalents of acid used in all the processes. Attempts
were made to reduce the amounts of acid required in carbox-
ymethylation and methylation reactions using DMC, however
this led to a drop in conversions and selectivity. Importantly,
previous methods for methylation and formylation of ursolic
by FeCl3.

RSC Adv., 2024, 14, 16921–16934 | 16927

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02122c


Table 6 Yield and conversion of ursolic acid ester synthesized from ursolic acid, H2SO4–SiO2, and DMC in various conditions

Reagent
Temperature
(°C)

Conversion
(%)

Isolated yield
of 3 (%)

Selectivity (%)

3 5 Other

H2SO4–SiO2 (5 eq.) 90 87.5 17.4 19.9 74.5 5.6
150 78.3 23.2 29.7 40.5 29.8

H2SO4–SiO2 (10 eq.) 90 78.4 18.6 23.6 54.1 22.3
150 69.8 9.1 13.1 77.5 9.4
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acid required extensive workup and chromatographic
processes, utilizing substantial amounts of sometimes
hazardous solvents (benzene, tetrahydrofuran, or n-hexane),
leading to high process mass intensity (PMI), E-factor, solvent
intensity (SI), and water intensity (WI). In contrast, the more
sustainable procedures outlined in this work (using FeCl3 and
formic acid) achieve high conversion and yield, entail minimal
solvent workup, eliminate the need for chromatography, and
employ green solvents/reagents (DMC or formic acid). This
results in signicantly improved PMI, E-factor, SI, and WI
compared to earlier studies. The carboxymethylation process of
ursolic acid using PTSA in this study was not included in the
comparison of green metric calculations due to its novelty and
lack of comparable literature reports. Its green metrics are
detailed in Table 7. The primary drawback of this method is the
low yield of the product, necessitating chromatography for
purication. The use of large volumes of solvents such as n-
hexane in chromatography results in high values of PMI, E
factor, and SI, highlighting a limitation of the method, in
Table 7 Green metrics for the current and previous modification of urs

a A: PTSA (carboxymethylation, this work); B: HCO2H (formylation, this wo
work);30 C0: NaH, MeI (methylation, previous work);13 n.a.: not available; co

16928 | RSC Adv., 2024, 14, 16921–16934
addition to hexane's toxicity. Therefore, future efforts should
focus on enhancing product yield and eliminating the need for
chromatographic separation. Nevertheless, the overall methods
developed in this work would be preferable the modication of
terpenes/terpenoids by organic chemists and the green
credentials of such procedures may make their exploitation
plausible in industrial applications.

To explore the broader applicability of the processes, the
substrate scope was broadened to include two terpenes with
hydroxyl groups, including corosolic acid and menthol, repre-
senting triterpene and terpene categories, respectively. These
compounds can undergo modication through carbox-
ymethylation and methylation reactions using DMC under
optimal conditions as determined in the ursolic acid study.
Corosolic acid and menthol were subjected to reactions with
DMC under three different optimal acid conditions (PTSA, FeCl3,
and formic acid) to establish a connection between the results
obtained from ursolic acid and other terpene classes. The reac-
tions of menthol with PTSA and formic acid showed high
olic acida

rk); C: FeCl3 (methylation, this work); B0: HCO2H (formylation, previous
lour code: green (preferred); yellow (acceptable), and red (undesirable).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conversion rates, high yields, and selectivity towards carbox-
ymethylation and formylation products, respectively (Table S4,
ESI†). However, when FeCl3 was used, moderate yields and
selectivity towards methylation products were observed, as
shown in Table S4 (ESI†). These outcomes align with the results
of the cyclohexanol and ursolic acid reactions, particularly under
PTSA and formic acid conditions. Regarding corosolic acid, the
results under PTSA and FeCl3 acid conditions demonstrated
good conversion but low selectivity towards carboxymethylation
and methylation, due to the production of multiple desired
products, as the carboxymethylation and methylation reactions
can occur at both the C-2 or C-3 positions, as detailed in the ESI.†
As such, tuning the selectivity of this method in terpenes with
multiple hydroxyl groups would be an exciting challenge. This
study does mark the rst carboxymethylation of corosolic acid,
showcasing a green and sustainable modication approach for
this compound. For methylation of corosolic acid, previous
studies have reported methoxylation at C-2 through the hydro-
lysis of guajanoic acid under basic conditions. Formylation of
corosolic acid was achieved using formic acid, similar to the
ursolic acid study, resulting in high conversion and selectivity
without the need for DMC. The study involving corosolic acid
and menthol demonstrates the efficient and sustainable modi-
cation of other terpenes with hydroxyl groups through carbox-
ymethylation, methylation, and formylation reactions.

In drug discovery, in silico approaches play a crucial role by
offering cost-effective means to identify potential drug candi-
dates and minimize the need for animal testing.49,50 To assess
the drug-likeness of compounds like ursolic acid, corosolic
acid, and their derivatives, SwissADME,27 a free online tool that
applies Lipinski's rule of ve was utilised (Table S9†).51,52
Lipinski's rule and ADMET prediction

As demonstrated in Table S9 (ESI†), while some ursolic acid and
corosolic acid derivatives exceeded the conventional 500 Da
limit for optimal oral bioavailability,52 they remained within the
modern threshold of <700 Da.53 Overall, most properties aligned
with the extended Lipinski's rule of ve, with only minor devi-
ations such as slightly elevated log P values (>7.5).54 Notably, the
main concern at this stage revolves around the relatively high
lipophilicity of these compounds, a characteristic inherited
from their parent systems. When more than one rules outlined
by Lipinski are violated, it indicates potential issues with
absorption, permeability, and subsequently, bioavailability.55,56

Although the majority of compounds in our study adhere to
Lipinski's rules, indicating a high likelihood of penetrating cell
membranes and achieving favourable theoretical oral bioavail-
ability, there are exceptions. Carboxymethylation derivatives of
ursolic acid (compound 3) and corosolic acid (compounds 9–11,
Fig. S12, ESI†) violated Lipinski's rules due to their high
molecular weight and log P. However, it's important to note
their low water solubility, permeability, and subsequently,
bioavailability, which may limit their clinical application as oral
drugs. Additionally, ursolic acid is classied as a class IV drug in
the Biopharmaceutics Classication System (BCS), indicating
low oral bioavailability and poor permeability.57
© 2024 The Author(s). Published by the Royal Society of Chemistry
It is crucial to emphasize the signicance of evaluating
ADMET properties in the drug discovery process. This assess-
ment helps identify compounds with unfavourable ADME
characteristics early on, reducing the likelihood of compounds
failing in clinical trials.58–60 Predicted ADMET properties of
ursolic acid, corosolic acid, and their derivatives are presented
in Tables S10–S12.†

The oral absorption of drugs relies on their ability to traverse
the gastrointestinal tract (GIT) walls.61 Hence, we assessed the
absorption proles of all compounds based on Caco-2 perme-
ability and human intestinal absorption. In our predictive model,
a compound is deemed to have high Caco-2 permeability when
Papp > 0.90, and good intestinal absorbance when the value
exceeds 30%.28 Our results indicated that ursolic acid (1), coro-
solic acid (6, Fig. S12†), their dehydration products (compounds
5, 7 and 8), and dimethylated corosolic acid (compound 14,
Fig. S12†) exhibited high Caco-2 permeability, with all
compounds showing substantial predicted intestinal absorption
(>80%) (Table S10†). Caco-2 cells, derived from human epithelial
colorectal adenocarcinoma, serve as an effective model for
mimicking gastrointestinal epithelium, making them a validated
system for oral absorption studies.62–64 Human intestinal
absorption, reecting a compound's bioavailability and absorp-
tion, is assessed from cumulative excretion in bile, urine, and
feces.65 Thus, our data suggest that these compounds may effec-
tively traverse the GIT membrane, supporting Lipinski's RO5
analysis. Additionally, skin permeability was predicted, with all
compounds meeting the criterion of skin permeability (logKp <
−2.5),28 suggesting topical administration as a viable alternative
for absorption. However, based on the predicted values (logKp

about −2.7), it can be concluded that they exhibited only slightly
low to moderate skin permeability. While these predictions align
with those found in existing literature,66–69 it's important to
emphasize that these triterpenes still encounter absorption and
permeation challenges. Drug absorption can be affected by efflux
proteins in cell membranes, such as Pgp, an ATP-binding cassette
transporter that pumps drugs out of intestinal cells.70–73 Our
predictions revealed that all compounds, except for corosolic
acid, are non-substrates for Pgp I and non-inhibitors of Pgp I.
While they do not interact with Pgp I to block drug efflux, some
derivatives such as the carboxymethylation derivatives of ursolic
acid (compound 3) and corosolic acid (compounds 8–11, Fig. S12,
ESI†), the methylation derivative of corosolic acid (compound 12,
Fig. S12†), and the formylation derivatives of corosolic acid
(compounds 15 and 16, Fig. S12†) may inhibit and block Pgp II,
potentially inhibiting multidrug resistance (Table S10†). While
triterpenes like ursolic acid and its derivatives encounter chal-
lenges with oral absorption, Ren et al. explored pulmonary
administration as a promising alternative. Their investigation
revealed that the bioavailability of ursolic acid signicantly
increased following pulmonary administration compared to
intragastric administration.74

The distribution of all compounds was evaluated based on
their blood–brain barrier (BBB) permeability and central nervous
system (CNS) penetration (Table S11†). The BBB serves as
a crucial physiological barrier composed of endothelial cells that
regulate the passage of compounds from the blood to the CNS,
RSC Adv., 2024, 14, 16921–16934 | 16929
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providing protective properties.61 According to the pkCSM
model, compounds with a log BB > 0.3 can readily cross the BBB,
while those with log BB < −1 face difficulty in reaching the
brain.28 Most compounds displayed intermediate BBB perme-
ability values (−1 < log BB < 0.3), but some showed high
permeability (e.g., formylation derivative of corosolic acid,
compound 15), indicating potential distribution into the brain,
with compound 15 being particularly adept at crossing the BBB.
The liposolubility of a compound may aid in traversing this
barrier and potentially exerting effects at the CNS level. Addi-
tionally, CNS permeability, measured as the permeability-surface
area product (log PS), can be determined through in situ brain
perfusions with direct compound injection into the carotid
artery. A log PS > −2 indicates CNS penetration, while a log PS <
−3 suggests inability to penetrate the CNS. As indicated in Table
S11,† all compounds are capable of CNS penetration except for
methylation and dehydration derivatives of ursolic acid
(compounds 2 and 5) showed moderate to high results.

The evaluation of liver rst-pass metabolism characteristics
depends on the interaction with various microsomal enzymes,
notably cytochrome P450 (CYP450).61 These enzymes, primarily
located in the liver, are responsible for much of the initial drug
metabolism, with CYP3A4 playing a pivotal role in approximately
50% of xenobiotic metabolism in humans.75,76 ADMET predic-
tions revealed that all compounds are non-substrates for the
CYP2D6 isoform and non-inhibitors of CYP2C9, CYP2C19,
CYP2D6, and CYP3A4 isoforms. However, they are substrates for
the CYP3A4 isoform (Table S11†). These ndings suggest that the
compounds may not undergo metabolism by the selected CYP
isoforms, remaining chemically inert as they are unable to acti-
vate the enzymes as substrates except for CYP3A4 isoform.
Additionally, they may not interfere with the function of CYP
isoforms or disrupt the metabolism of other drugs, as they were
not identied as inhibitors. Reports indicate that ursolic acid is
primarily metabolized by CYP3A in rat liver microsomes. In
human liver microsomes and recombinant human CYP450
enzymes, its metabolism is mainly mediated by CYP3A4 and
CYP2C9.74 Therefore, it is important to note that biotransforma-
tion bymetabolic enzymes in the liver remains one of the primary
reasons for the low oral bioavailability of drugs. However, based
on the in vivo ndings of Ren et al.,74 it was observed that the
metabolism of ursolic acid in lung microsomes was signicantly
lower compared to that in liver microsomes. This reduced
metabolism suggests that pulmonary administration could be
a promising approach for the application of ursolic acid.

Excretion, an essential pharmacokinetic parameter, eluci-
dates the process of eliminating intact drug molecules or their
metabolites from the body, thus inuencing the duration of
drug presence and volume of distribution.59,75,77 This process
was assessed through total clearance and categorizing
compounds as renal organic cation transporter 2 (OCT2)
substrates (Table S12†). Total clearance lacks a dened range;
higher values indicate faster excretion.28 Moreover, all
compounds are not OCT2 substrates. OCT2, a renal uptake
transporter, governs the renal clearance of drugs.78 The
compound's ability to bind to this protein is indicative of its
clearance rate, crucial for determining the dosing regimen to
16930 | RSC Adv., 2024, 14, 16921–16934
achieve plasma steady state.79 According to the ndings, all
compounds do not interact or bind with this transporter, sug-
gesting they may not be excreted via this pathway.

Drug toxicity is a signicant concern in drug discovery and
development.80 To assess potential toxicity, compounds were
evaluated using pkCSM (Table S12†). Genetic toxicity, indi-
cating mutagenicity, was evaluated through the AMES muta-
genic test. A positive AMES test result suggests mutagenicity.28,81

All compounds showed negative results, suggesting they are
likely non-mutagenic and non-carcinogenic. Cardiotoxicity was
assessed by examining whether the compounds acted as hERG I
and II inhibitors. hERG channels are crucial in cardiac
repolarization,82–84 and their inhibition can cause QT interval
prolongation and severe arrhythmias, leading to drug
failure.28,85 None of the compounds inhibited hERG I or II,
indicating their cardioprotective nature. Hepatotoxicity is
another critical concern, oen leading to medication with-
drawal post-market.86 In silico analysis indicated that most
compounds did not disrupt normal liver function, except for
some, including ursolic acid (Table S12†). Additionally, none of
the compounds exhibited skin sensitization, a potential adverse
effect for dermally applied drugs.28 The toxic prediction prole
indicates that these compounds are likely safe for oral admin-
istration, but these ndings need validation through in vivo
studies. While computational analysis offers a quick and cost-
effective means of assessing ADMET properties, further exper-
imental testing is necessary to verify these predictions.
Biological activity review and molecular docking of ursolic
acid, corosolic acid and their derivatives

This brief review provides an overview of in vitro and in vivo
studies investigating the bioactivity of ursolic acid, corosolic
acid, and their derivatives, focusing on their anti-inammatory,
anti-tumour, and anti-cancer effects. Chronic inammation,
linked to various diseases, is controlled by molecular mediators
like proinammatory cytokines and enzymes. Ursolic acid and
oleanolic acid, derived from Plantago major, demonstrated
signicant inhibition of COX-2, with ursolic acid showing
superior activity.87 Synthesized derivatives of ursolic acid con-
sisting of oxadiazole, triazolone, and piperazine moieties dis-
played enhanced anti-inammatory properties.88 In addition,
one derivative, 3b-methoxyurs-12-en-28-oic acid, exhibiting
three times more potent inhibition of NO production than
ursolic acid alone.13 Corosolic acid was found to inhibit NLRP3
inammasome activation, suggesting its potential as an anti-
inammatory agent.89–92 In cancer treatment, both ursolic
acid,93–99 and corosolic acid,93,100–108 have shown promise in
inhibiting cancer cell proliferation and inducing apoptosis.
Ursolic acid and corosolic acid have demonstrated anticancer
effects across various cancer types through multiple mecha-
nisms, highlighting their potential as therapeutic agents.

Ursolic and corosolic acid have demonstrated remarkable
anti-inammatory, anti-tumour, and anti-cancer activities
alongside low cytotoxicity. To understand these properties
better, molecular docking studies were conducted with specic
proteins associated with these activities. Ursolic acid, corosolic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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acid, and their derivatives were docked with COX-2 enzyme
(PDB: 5FDQ) to rationalize the observed anti-inammatory
activity, and with EGFR kinase domain (PDB: 2GS2),
chimaeric Bcl2-xL (breast cancer MCF-7, PDB: 2W3L), and
kappaB kinase beta (PDB: 3RZF) to rationalize the observed
anti-cancer and anti-tumour activity. These selected targets
were based on various literature.88,109–111 Using Autodock Vina,
all compounds were docked into the crystal structure of these
proteins, validating the protocol by redocking the reference
ligand. The results, detailed in Tables S13–S16,† revealed
comparable binding energies between the derivatives and their
parent compounds.

Notably, the formylated ursolic acid derivative (3b-formylurs-
12-en-28-oic acid, compound 4) exhibited the lowest binding
Fig. 1 2D view of the binding conformations and hydrogen bond interact
site of 5FDQ, (B) compound 6 (corosolic acid) at the active site of 2W3L,
(Fig. S12†)) at the (C) 2GS2 and (D) 3RZF active sites.

© 2024 The Author(s). Published by the Royal Society of Chemistry
affinity (−7.3 kcal mol−1), slightly better than ursolic acid
(−7.3 kcal mol−1), with the 5FDQ receptor pocket. Conversely,
compound 6 (corosolic acid) demonstrated better binding affinity
(−7 kcal mol−1) than its derivatives (−6.4 to −6.9 kcal mol−1).
Within the 2W3L receptor pocket, corosolic acid displayed the
lowest binding affinity at −7.3 kcal mol−1, slightly better than its
derivatives (−6.5 to −7.2 kcal mol−1). All ursolic acid derivatives,
except for the carboxymethylation product (3b-[[methoxy]
carbonyl]oxyurs-12-en-28-oic acid, compound 3), showed better
results than their parent compound. Compound 10 interacted
with the 2GS2 and 3RZF receptor pockets with binding affinities
of −8 and −7.6 kcal mol−1, respectively, the lowest among the
tested compounds. The dehydration product of ursolic acid
(compound 5) showed the same binding affinity as ursolic acid at
ions of: (A) compound 4 (3b-formylurs-12-en-28-oic acid) at the active
and compound 10 (carboxymethylation) product of corosolic acid, (ESI

RSC Adv., 2024, 14, 16921–16934 | 16931
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−7.6 kcal mol−1, while others exhibited slightly lower affinities
(−7 to −7.4 kcal mol−1) with the 2GS2 receptor pockets. Other
corosolic acid derivatives displayed slightly lower binding affini-
ties than corosolic acid (−7.9 kcal mol−1), ranging from −6.5 to
−7.8 kcal mol−1 with the 2GS2 receptor pocket. The dehydration
product of ursolic acid (compound 5) showed slightly better
binding affinity than ursolic acid at−7.1 kcal mol−1 compared to
−6.9 kcal mol−1, while others exhibited slightly lower affinities
(−6 to −6.8 kcal mol−1) with the 3RZF receptor pocket. For
corosolic acid, the dehydration product (compound 7) showed
the same binding affinity as ursolic acid at−7.1 kcal mol−1, while
others exhibited slightly lower affinities (−6.3 to−6.9 kcal mol−1)
with the 2GS2 receptor pocket. These docking results, depicted in
Fig. 1, highlighted the signicance of hydrophobic interactions
and hydrogen bonds in the COX-2 enzyme (PDB: 5FDQ) relating
to anti-inammatory activity, EGFR kinase domain (PDB: 2GS2),
chimaeric Bcl2-xL (breast cancer MCF-7, PDB: 2W3L), and kap-
paB kinase beta (PDB: 3RZF) linked to anti-cancer and anti-
tumour activities of compounds with the lowest binding affinity
against each target.

ADMET has highlighted the limitations of the triterpenoid
derivatives, specically the potential limited oral uptake and
rapid metabolism of these compounds in the human body.
Molecular docking studies with specic proteins associated
with anti-inammatory, anti-tumour, and anti-cancer activities,
alongside low cytotoxicity have demonstrated great promise
with enhanced activity of several derivatives. This study
demonstrates the signicant potential of using carbonate
chemistry (DMC) to modify triterpenoids. The sustainable
methods developed in this work could be used for the carbox-
ymethylation or methylation modication of a wide range of
natural products containing a hydroxyl groups and could extend
beyond triterpenoids. These methods could also be utilised
with various dialkyl carbonate reagents (i.e. diethyl carbonate or
diphenyl carbonate to name but a few) to develop a library of
carbonates from triterpenoids, with the focus to overcome the
limitations of uptake, rapid metabolism and provide further
enhancement of biological activity.

Conclusions

This research reports the rst sustainable carboxymethylation
and/or methylation of ursolic acid via an acidic mediated
process using DMC as reactant and solvent. The acids p-toluene
sulfonic acid (PTSA), formic acid, ZnCl2, FeCl3 and H2SO4–SiO2

all exhibited promise as reagents in the carboxymethylation
and/or methylation of cyclohexanol with DMC. These acids were
successfully applied to the modication of ursolic acid. In the
carboxymethylation reaction of ursolic acid, 5.0 equivalents
loading of PTSA demonstrated the greatest performance at 90 °
C, with 74% conversions and 59.8% selectivity toward the car-
boxymethylation product, 3b-[[methoxy]carbonyl]oxyurs-12-en-
28-oic acid. Importantly, this work demonstrated the rst
synthesis of this ursolic acid carboxymethylation product. This
compound will be assessed along with other alkyl carbonate
products and other triterpenoids in bioassay screening in
a follow-on paper. It was noted that lower conversions were
16932 | RSC Adv., 2024, 14, 16921–16934
observed when increasing the amount of acid. ZnCl2, FeCl3 and
H2SO4–SiO2 yielded both carboxymethylation and methylation
products. 3b-Formylurs-12-en-28-oic acid was produced via the
esterication of ursolic acid and formic acid in quantitative
yield promising a new highly efficient formylation method. The
use of FeCl3 led to >99% conversion of ursolic acid and 99%
selective to the methylation product, 3b-methoxyurs-12-en-28-
oic acid. The coordination of FeCl3 with carbonyl group and –

OCH3 group of DMC made the 5-ligand coordinated iron
intermediate, which led to a highly efficient methylation reac-
tion. Different interactions of DMC and Lewis acids leads to
different reaction, in which FeCl3 gives highly efficient meth-
ylation while ZnCl2 favours carboxymethylation. These highly
promising result offer a selective and potentially sustainable
route to this modication of ursolic acid. Signicantly, menthol
and corosolic acid were used to demonstrate the applicability of
the methods using the three optimised acidic conditions, and
the results obtained demonstrated a good correlation with
those observed for ursolic acid. Moreover, this work shows the
green and sustainable methods developed in this work could
lead to new biologically active compounds with properties such
as anti-inammatory, anti-tumour, and anti-cancer activities.
This work represents a sustainable route for the modication of
triterpenoids such as ursolic acid and corosolic acid.
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M. Zagozda, A. M. Maj, Z. Ochal, K. Dubiel and
M. Wieczorek, RSC Adv., 2022, 12, 33605–33611.

47 R. A. Sheldon, ACS Sustain. Chem. Eng., 2018, 6, 32–48.
48 D. Prat, A. Wells, J. Hayler, H. Sneddon, C. R. McElroy,

S. Abou-Shehada and P. J. Dunn, Green Chem., 2015, 18,
288–296.

49 S. Brogi, T. C. Ramalho, K. Kuca, J. L. Medina-Franco and
M. Valko, Front. Chem., 2020, 8, 1–5.

50 A. S. Rifaioglu, H. Atas, M. J. Martin, R. Cetin-Atalay,
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