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Abstract: Acid-catalyzed carboxymethylation of alcohols is an emerging organic transformation
that has grabbed the attention of the scientific community in recent years. In the present study, sul-
fonated mesoporous polymer (MP-SOsH) is presented as a highly active solid acid catalyst to con-
vert a wide range of alcohols into alkyl methyl carbonates. The remarkable catalytic activity of MP-
SOsH is comparable to that of reported homogeneous acid catalysts. A good correlation was estab-
lished between the catalytic activity and textural properties of the material. An exceptional catalytic
activity of MP-SOsH was observed for DMC mediated carboxymethylation of bio-derived alcohols
which is unmatchable to conventional resins and zeolites. This superior activity of MP-SOsH is as-
cribed to its intrinsic mesoporosity, high acid strength and uniform coverage of the surface area by
active sites. The catalyst is recyclable, resistant towards leaching and can be used in successive runs
without losing the original activity. To the best of our knowledge, MP-SOsH is the first solid acid
catalyst to exemplify highest activity for the synthesis of different alkyl methyl carbonates using
DMC. The protocol developed herein opens up new avenues to transform wide range of bio-alco-
hols into useful organic carbonates in the future.
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Introduction

The global demand for energy production is increasing at an alarming rate and it is
imperative to switch over to the bio-based energy resources. Biomass is the promising and
renewable alternative for the conventional energy resources to develop sustainable pro-
cesses'. Among many biomass valorization routes, bio-ethanol is the potential candidate
and can be used as the renewable building block for the production of higher alcohols by
means of guerbet process2. These alcohols undergo carbonates interchange/carboxymeth-
ylation reaction with dimethyl carbonate (DMC) to produce alkyl carbonates/carbonate
esters. The DMC is the most studied reagent for the carboxymethylation of various alco-
hols ascribed to its green credentials such as sustainable synthesis, non-toxic, biodegrada-
ble and noncorrosive 35. The green features of dimethyl carbonate (DMC) make it more
valuable chemical from both academic and industrial standpoints®'°. Lately, many mate-
rials have been reported for the green synthesis of DMC using greenhouse gas like CO:
with methanol''2!. Owing to its beneficial properties, DMC has got a number of applica-
tions as green solvent in pharmaceutical synthesis and bio-catalysis. On top of it, DMC is
a safe substitute for the highly toxic traditional chemicals such as dimethyl sulfide, methyl
halides and phosgene in the alkylation and carboxymethylation reactions?>26

Chem. Proc. 2021, 3, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/chemproc



Chem. Proc. 2021, 3, x FOR PEER REVIEW 2 of4

DMC undergoes carboxymethylation/carbonate interchange reaction (CIR) with var-
ious alcohols to yield alkyl methyl carbonates or dialkyl carbonates without generating
inorganic salts as the byproduct (Scheme 1). These organic carbonates have got numerous
applications such as nonprotic solvents, lubricating oils, fuel additives and key interme-
diates to synthesize polycarbonates, plasticizers, monomers for organic glasses, atomoxe-
tine, roccellaric acid, herbicides, fungicides, pesticides and nephrosteranic acid?42732, The
reduced environmental footprints and replacement of various hazardous chemicals by
organic carbonates make them one of the strong contenders to meet guidelines of green
chemistry. In addition, the organic carbonates are spotlighted as the possible alternatives
for VOCs (volatile organic compounds)*®. Currently, most of the available reports for the
carboxymethylation of various alcohols with DMC are base catalyzed. The applicability
of base catalysts is limited and cannot be employed for the acidic substrates due to Lewis
acidic nature of the substrates that leads to the lower catalytic activity?.

Numerous catalytic materials are reported for the DMC mediated carboxymethyla-
tion of various alcohols. Stanley et al. reported KoCOs, CsF/a-AlQOs, trioctylme-
thylphosphonium methyl carbonate ([Psss1][CHsOCOQ]), NaX Zeolite, and NaY zeolite:
Wherein, K2COsand ([Psss:][CHsOCOO]) showed good activity to upgrade alcohols of
lignin building block34. Abbas-Alli ef al. investigated the tin and titanium based materials
such as n-Bu2SnO, n-[Bu2Sn(OPh)]2, Ti(OBu)s, etc. The conversions were lower but the au-
thors were successful for selective synthesis of diphenyl and diaryl carbonates®. Taban-
elli ef al. evaluated the catalytic activity of NaOMe, trioctylmethylphosphonium methyl-
carbonate (Psssi-MC) and MgO catalysts for the synthesis of aliphatic alkyl methyl car-
bonates and catechol carbonate®. Khusnutdinov et al. transformed various aliphatic and
aromatic alcohols into alkyl methyl ethers and alkyl methyl carbonates over Co2(CO)s and
W(CO)s catalysts®. Fiorani et al. developed the straightforward protocol for the efficient
synthesis of dibenzyl carbonate over CsF/a-Al:Os and ([Psss1][H3COCQOz]) catalysts. The
CsF/a-AlOs demonstrated the good catalytic activity with 70% yield of dibenzyl car-
bonate¥. Ramesh et al. investigated the catalytic activity of spray dried-NaAlO: catalyst
for the carboxymethylation of different aromatic alcohols?*. Wherein, the material sur-
passed the catalytic activity of various conventional materials like Na-X, Na-Y, MgO, hy-
drotalcite and NaOH etc for the synthesis of cinnamyl methyl carbonate. Carloni and co-
workers reported the MCM-41-TBD hybrid organic-inorganic material for the synthesis
of carbamates and unsymmetrical carbonates'#3. Kenar et al. investigated the catalytic ac-
tivity of dibutyl tin oxide (Bu25n0) catalyst for carbonate interchange reaction of various
linear and branched alcohols with diethyl carbonate. Herein, the reactions were carried
out in the range of 110°C to 140°C to achieve 70% to 80% yield of dialkyl carbonate esters
with minimal amount of catalyst''?. Hatano et al. developed acid-base combined homo-
geneous catalysts for the efficient transesterification of 1-ethynyl-1-cyclohexanol with
DMC. Here, lanthanum(Ill) nitrate alkoxide catalyst with different additives such as
[PMe(octyl)s](OCO2Me) and P(octyl)s has performed well to achieve >98% yield of the al-
kyl methyl carbonate®. Cattelan et al. explored the catalytic activity of Mg-Al hydrotalcites
for the valorization of OH-bearing bio-derived chemicals with non toxic DMC and DEC
(Diethyl carbonate). The biomolecules such as glycerol formal, solketal, glycerol carbonate,
furfuryl alcohol and tetrahydrofurfuryl alcohol have been successfully transformed with
good yield of desired carbonate in continuous flow system®. In addition, the other base
catalysts such as CsCOs*, nanocrystalline-MgO, MgLa mixed oxides!®?,  K2COs%24,
KW2000, basic ALQOs, acidic AlOs?»%, KF/a-AlLOs KF/TiO2, CsF?, 1,8-diazobicy-
clo[5.4.0]Jundec-7-ene (DBU)* etc have also been reported for DMC mediated
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carboxymethylation of various alcohols.
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Scheme 1. Reaction scheme for DMC mediated carboxymethylation.

The thorough literature survey suggests that the most DMC mediated carboxymeth-
ylation of alcohols are base catalyzed and very limited literature on acid catalysts. The
series of homogeneous base catalysts reported are associated with the conventional prob-
lems of homogeneous catalysis. The heterogeneous base catalysts are in forefront to cir-
cumvent the limitations of the homogenous catalysts for carboxymethylation of alcohols*.
The heterogeneous base catalysts demonstrated the good catalytic activities for carbox-
ymethylation of alcohols with DMC but at the expense of harsh reaction conditions. In
addition, the base catalysts cannot be used to transform acidic substrates into correspond-
ing carbonates. The acid mediated carboxymethylation is highly desirable to extend the
applicability of the catalysts to acidic substrates. Bernini et al. investigated the activity of
H2504 to transform alcoholic chain of phenols into carbonates*. Saimeng Jin et al. studied
the catalytic activity of Brensted and Lewis acidic catalysts for DMC mediated carbox-
ymethylation??¢. Chevella et.al. investigated the catalytic activity of nano-crystalline ZSM-
5 zeolite for the carboxymethylation of various alcohols with DMC #. To the best of our
knowledge, these are the only four reports on acid catalyzed carboxymethylation of alco-
hols. Despite of the significant research efforts, to our surprise only one heterogeneous
acid catalyst (Nano-ZSM-5) was reported recently for this reaction. However, the reported
yields of carbonates are achieved at the expense of harsh reaction conditions such as high
catalyst concentration (>110wt%), mole ratio (Alcohol:DMC= >23), reaction temperature
(110°C), reaction time (24h and more in some cases) and sealed tube operation. On the
other hand, we have developed simple and efficient approach for the carboxymethylation
of various alcohols with DMC over MP-SOsH which is greener in contrast to the first solid
acid reported for this reaction. The mesoporous polymers are the new class of materials
having organic backbone and mesoporous architecture. The polymers can be used as the
support for ionic liquids or as the catalysts in many organic transformations#-¥. In this
study, sulfonated mesoporous polymer (MP-SOsH) is presented as the best fitting candi-
date to transform various alcohols into corresponding alkyl methyl carbonate esters. The
systematic study of different reaction parameters suggests that MP-SOsH is a potential
catalyst to demonstrate more than 93% conversion of alcohols with >95% selectivity to
alkyl methyl carbonates together with high recycling efficiency. To the best of our
knowledge, MP-SOsH is a first solid acid catalyst to demonstrate high yield of alkyl me-
thyl carbonates in DMC mediated carboxymethylation of various alcohols under mild re-
action conditions.

Experimental
Chemicals

The chemicals and materials used in the DMC mediated carboxymethylation of alco-
hols were obtained from the commercial suppliers and used without further purification.
Dimethyl carbonate (Loba Chemie, 99.0%), n-butanol (Merck, 99.0%), tert-butanol (Merck,
99.0%), Iso-butanol (Merck, 99.0%), ethanol (Changshu Hongsheng Fine Chemicals,
99.9%), n-propanol (Merck, 99.0%), cyclohexanol (SDFCL, 95%), H2504 (Merck, 95-98%),
dichloromethane (DCM) (Merck, 99.5%), methanol (Merck, 99.0%), 1-hexanol (Avra chem-
icals, 98.0%), 1-octanol (Avra chemicals), benzyl alcohol (Merck, 99.0%), divinylbenzene
(DVB) (TCI chemicals), azobisisobutyronitrile (AIBN) (Paras polymers and chemicals, In-
dia) and silver sulfate (Loba chemie, 99.0%).
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Materials

The NHa-beta zeolite (SAR-25) was procured from Nankai, China and Amberlyst-15
was purchased from Alfa Aesar. The NH4* form of zeolites received were converted to
protonic form by calcination at 550°C for 5h with the heating rate of 5°C/minute.

Synthesis of Functionalized Mesoporous Polymer (MP-SOsH)

The mesoporous polymer (MP-SOsH) was prepared by following the procedure re-
ported in the literature®5. The mixture containing 4g DVB (divinylbenzene), 40ml tetra-
hydrofuran, 4g water, and 0.1g AIBN (azobisisobutyronitrile) was taken in a round bot-
tom flask. The flask was closed with glass stopper and stirred it at 30°C for 3h using stir
bar. The homogeneous mixture obtained was hydrothermally treated at 100°C for 48h in
a teflon lined autoclave with stainless steel jacket. After cooling down to room tempera-
ture, the polymer was crushed and solvent was allowed to evaporate slowly for two days.
The final powdered material was outgassed at 100°C for 3h and labeled it as MP (meso-
porous polymer).

The mesoporous polymer (MP) was used as the support for the anchoring of -SOsH
groups. As a typical run, 1.5g of MP was taken in a round bottom (RB) flask containing
30ml DCM, 70ml of conc. H2SO4 and 20mg of Ag2SOs catalyst. The mixture was stirred at
80°C for the desired time period (4h, 8h, 12h, and 24h). The sulfonated mesoporous poly-
mer (MP-SOsH) obtained was filtered and washed with excess of water and methanol.
The washed material was dried at 100°C for 8h in a hot air oven and designated as MP-
SOsH-X (X=4h, 8h, 12h, 24h).

For comparison, the conventional materials such as Ambelyst-15, HBEA, and sul-
fated zirconia are screened for the carboxymethylation of alcohols with DMC.

Characterization

The FTIR analysis of all the polymeric materials has been performed using alpha T-
Bruker spectrophotometer in transmittance mode (450cm to 4000cm). The IR analysis
by KBr pellet method was used to confirm the presence of Brensted acidic sulfonic sites
in the material. The surface area and kind of porosity of the samples were determined by
nitrogen adsorption-desorption measurement using BELSORP-mini-II instrument at liq-
uid nitrogen temperature (-196°C). The acidity of the polymer catalysts was determined
by acid-base titration using standard 0.01N NaOH solution. As a typical procedure, the
100mg of catalyst (MP-SOsH-X) was allowed to ion-exchange with 10ml of 2N NaCl solu-
tion for 8h. The liberated HCl was titrated against the known concentration of NaOH so-
lution using phenolphthalein indicator. Similarly, the acidity of Amberlyst-15 was calcu-
lated. The composition of the polymeric catalyst was studied by elemental analysis
(CHNS). The acidity values obtained by elemental analysis and titration are in good agree-
ment with each other. Thermogravimetric analysis (TGA) has been carried out in air flow
from 30°C to 800°C at the ramp rate of 10°C/min to understand the thermal stability of the
material. The morphology of polymer samples and elemental mapping has been per-
formed using Hitachi SU 3500 N SEM-EDX instrument. TEM and TEM-EDS analysis has
been performed to get information about porosity and mode of distribution of the active
sites over the material. The structure and functionality of the material is confirmed using
13C NMR analysis. The surface elemental composition of MP-SOsH has been characterized
by XPS analysis. X-ray diffraction (XRD) patterns of the MP-SOsH samples were recorded
on X-ray diffractometer (Bruker D-2 Phaser) with Cu k-alpha source having radiation
wavelength of 0.1546nm through a 20 range from 5° to 90°.

Catalytic reaction

Catalytic experiments were performed in a 25ml single neck round bottom flask fit-
ted with reflux condenser and equipped with magnetic stirrer. The reflux condenser tem-
perature was maintained at 8°C using water circulating cryostat to prevent the
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evaporation of reactants. The required amount of alcohol (6.0 mmol) and dimethyl car-
bonate (75.0 mmol) were taken in round bottom flask. The alcohol and DMC are mixed
properly by stirring it at room temperature for 10 minutes followed by the addition of
preactivated polymer catalyst (5 mole% w.r.t alcohol). Then the reaction mixture was
heated to 90°C and maintained at the same temperature for the time period of 24hrs with
constant stirring. After completion of each catalytic reaction, the oil bath was allowed to
cool down to room temperature. The samples were withdrawn and quantification of the
products have been performed using gas chromatograph (Agilent 7820A) connected with
HP-5 capillary column (0.25mm I.D. 30m) equipped with flame ionization detector. The
conversion and selectivities were calculated by using formula.

% Conversion of Alcohol = Weight of alcohol taken - Weight of alcohol unreacted x 100

Weight of alcohol taken

% Selectivity = Weight of desired product x 100

Weight of alcohol converted

Results and discussion
Catalysts Characterization

The surface morphology and sulfur mapping of sulfonated mesoporous polymer
(MP-SOsH) has been observed on SU3500 SEM-EDX instrument. The SEM and SEM-EDX
micrographs of MP-SOsH are shown in Figure S1. The scanning electron microscopy anal-
ysis of MP-SOsH reveals that the particles have irregular morphology with disordered
shapes and polymer particles sizes are in the range of 2um to 40um. The elemental map-
ping of sulfur displays the uniform distribution of ‘S” atoms on the polymeric network.
The uniform coverage of the surface area by active sites plays a vital role in achieve good
catalytic activity.

The specific surface area, pore size distribution, pore volumes of all the polymeric
materials were determined using BELSORP-mini-II instrument at liquid nitrogen temper-
ature (-196°C). Prior to the N2 physisorption measurement, the polymeric materials were
outgassed under vacuum for 2h at 393K. All the polymeric materials exhibits type IV iso-
therms with hysteresis loop which is the symptomatic feature of mesoporous materials.
Herein, the pronounced hysteresis loop is observed due to the capillary condensation of
nitrogen in the mesopores of the polymeric materials (Figure 52)52%. The unfunctionalised
polymer (MP) demonstrated very high surface area, pore size and pore volumes. How-
ever, the accretion of the -SOsH groups lead to decrease in the specific surface area, pore
volume and pore sizes in the MP-SOsH polymer. The reduction in the porosity of meso-
porous polymers is attributed to the anchoring of high molecular weight -SO:H sites over
the network of MP. In addition, the accumulation of -SOsH groups on to the polymeric
network imparts hydrophilicity in the material which is evident from the contact angle
measurement images are shown in Figure S3. BJH plot demonstrated the wide pore size
distribution in the mesoporous range and all physico-chemical properties are depicted in
the Table 1.

Table 1. Physico-chemical properties of MP and MP-SOsH.

sample SBET Vi? dav (NM) S content® Acidity®
(m?g™?) (ccg?) . (mmol/g) (mmol/g)
MP 653 1.28 20.2 - -
MP-SOsH-4 422 0.79 8.1 1.55 1.7

MP-SOzH -8 417 0.75 7.9 1.73 1.9
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MP-SO3H -12 409 0.73 7.6 1.83 2.0
MP-SOzH -24 399 0.71 7.6 2.10 2.3
2= from BJH method; >= Taken from reference 50; = Measured by acid-base titration; dav= Average
pore diameter from BET.

The FTIR spectra of MP-S5OsH were recorded on alpha-T Bruker spectrophotometer
having Si-C source. The FTIR analysis has been carried out in a transmittance mode in the
range 450cm to 4000cm (Figure 1). FTIR analysis enables us to confirm the successful
anchoring of -SOsH groups on to the porous network of the polymer. The absorption
bands marked at 1016cm™ and 1173cm™ are assigned to the symmetric and asymmetric
stretching vibrations of O=5=O bonds present in the -SOsH group anchored on the MP-
network. The peak observed at 1043cm has been assigned to C-S stretching frequency
which confirms the presence of -SOsH groups in the polymer network. The peaks assigned
at 2959cm ! and 2927cm ! indicates the saturated and unsaturated C-H stretching vibra-
tions of polymeric backbone respectively. The characteristic bands at 625cm ! and 3433cm-
1 are assigned to bending and stretching frequencies of O-H group present in the -SOsH.
The characteristic stretching and bending vibrations mentioned above indicates the suc-
cessful anchoring of -SOsH on to MP-network.

1-

0.8

0.6 4

% Transmittance

0.4+

0-H

0.2 T T T 1 T T T
4,000 3,500 3,000 2,500 2,000 1,500 1,000 500
Wavenumber (cm™)

Figure 1. FTIR spectra of sulfonated mesoporous polymer (MP-SOzH-8)

The thermal stability of the polymeric materials has been evaluated by thermo grav-
imetric analysis (TGA). The polymeric material (MP-SO3H-8) showed three weight losses
at different regions of the TGA curve (Figure 2).
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[==]
=
1

‘Weight loss (%)

0 T T T T T T | L L
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 2. Thermo-gravimetric analysis plot of MP and MP-SOsH-8.
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A weight loss of about 15% was observed below 110°C for MP-SO:H-8 catalyst as a
result of desorption of water molecules adsorbed on the surface of polymers. The accre-
tion of -SOsH groups on the polymer network imparts hydrophilicity in the polymer. The
successive weight loss from 210°C to 380°C is associated with the decomposition of -SOsH
groups present in the polymeric network. Herein, this weight loss indicates that the active
sites are stable compared to the conventional resins and can be employed in a reactions
involving harsh conditions. The final weight loss in the region 400°C to 580°C is ascribed
to the rupture of polymeric bonds.

The transmission electron microscopy (TEM) analysis was performed for MP-SOsH-
8 to confirm the porosity of the material. The TEM micrographs were recorded at different
magnifications to visualize the mesoporosity in the MP-SOsH. The recorded TEM micro-
graphs confirm the presence of mesoporosity in the range of 3nm to 16nm. The pore di-
mensions obtained from TEM analysis are in good agreement with the data obtained from
the N2 sorption studies.

TEM-EDS analysis has been performed at 1um magnification to understand the
mode of distribution of active sites over the polymer network. The EDS analysis of ‘S’
atom showed the homogeneous coverage of the surface area by active sites (Figure 3). The
TEM-EDS and SEM-EDS elemental mapping studies proven that the active sites are uni-
formly distributed over the high surface area of the material which plays a vital role in the
alkyl methyl carbonates synthesis. The X-ray analysis has been performed for MP-50sH-
8 and it does not show any characteristic peaks but a broad peak around 20° indicates that
the material is amorphous (Figure 54).

Figure 3. TEM-EDS and Transmission electron micrographs of MP-S5OsH-8.

The 3C NMR spectrum of MP-SOsH-8 was recorded to confirm the structure and
functionality of the material (Figure 4). The strong signal marked at 41ppm is due to the
aliphatic carbon chain of poly divinylbenzene network. Signal at 143ppm is associated
with the C-S bond present in the polymer. This chemical shift clearly indicates the suc-
cessful sulfonation of aromatic ring. The small signal marked at 138ppm is due to the re-
sidual vinyl groups present in the material which in turn indicates the high cross link
density of the material. On top of it, the chemical shift at 41ppm is very strong indicating
high cross link density of material.
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Figure 4. 3C MAS NMR spectrum of MP-SOsH-8.

The MP-SOsH has been characterized by XPS analysis to know the surface elemental
composition of the material (Figure 5). The XPS spectra of the material exhibits the char-
acteristic signals of C, O, and S elements present in the MP-SOsH. The signals associated
with the S element are observed at 169.48 and 233 eV which are of 52p and S2s electrons
respectively (Figure 5a). These signals are assigned to S-O and S=O bonds present in sul-
fonic group of the polymer catalyst. The binding energy peaks around 285.12 eV and
284.84 eV are associated with the C-C and C-S bonds of the material (Figure 5c). These
characteristic binding energies confirms the functionalized sulfonic groups. The XPS anal-
ysis and FTIR data are in good agreement with each other and confirms the functionali-
zation of polymer with sulfonic groups. The surface composition of the polymer catalyst
MP-SOsH-8 Has been given in the Table S1.
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Figure 5. XPS spectrum of MP-SOsH-8.

The acidity present in MP-SOsH-X and Amberlyst-15 is measured by acid-base titra-
tion. The acidity values of sulfated zirconia, and HBEA are taken from the literature (Table
52) %. The CHNS elemental analysis of the polymeric catalysts has been performed to
quantify sulfur content in the catalyst and compare it with the acidity values obtained
from titrations. The amount of sulfur present in the polymer catalyst is varied from
1.5mmol/g to 2.1mmol/g by varying the sulfonation time from 4h to 24h. The acidity of
the materials obtained from CHNS elemental analysis and acid-base titrations are in good
agreement with each other (Table 1).

Catalytic Performance
Catalyst screening

The synthesized catalysts were screened for DMC mediated carboxymethylation of
butanol such as MP-SOsH, Amberlyst-15, SO+2/ZrOz, HBEA and H250s to produce butyl
methyl carbonate (Table 2). Among the screened acid catalysts, the MP-SOsH catalysts
demonstrated the highest yield of alkyl methyl carbonate. With increase in acidity of the
material from 1.7mmol/g (MP-SOsH-4) to 1.9mmol/g (MP-SOsH-8) we could observe
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slight increase in the alcohol conversion. However, the further increase in the acidity of
the material showed the decrease in conversion of butanol. This is attributed to decrease
in the surface area of MP-SOsH polymer at high -SOsH content which results in decrease
of accessible active sites leading to lower catalytic activity.

Table 2. Catalyst screening.

Catalyst Butanol % Selectivity

Conversion (%) (BMQC)
MP-SO3H-4 87.6 94.8
MP-SO3zH-8 91.8 94.7
MP-SO3zH-12 86.1 94.9
MP-SO3zH-24 84.0 94.8
Amberlyst-15 57.7 95.0
S042/Zr0O, (2N) 4.3 100.0
HBEA (25) 22.1 100.0
H.SO4 89.7 96.2

Reaction Conditions: Catalyst concentration- 5mol% (w.r.t Butanol), mole ratio- 1:10
(butanol:DMC), reflux condition, reaction time- 24h, conversions were calculated with re-
spect to the limiting reagent (Butanol), BMC (butyl methyl carbonate).

The catalytic activity of MP-SOsH-8 is compared with the conventional heterogene-
ous catalysts mentioned herein. Amberlyst-15 demonstrated the good alcohol conversion
(58%) and selectivity towards the butyl methyl carbonate. However, the catalytic activity
of Amberlyst-15 is still lower compared to the MP-SOsH-8 (92% alcohol conversion). In
addition, HBEA and sulfated zirconia suffers from the lower conversion of the alcohols.
The lower activity of these materials could be attributed to the lower surface area, lower
acidity and micro porosity of these materials (Table S3). The homogeneous reaction was
performed under similar reaction conditions using H2504 (5mol%) and compared with the
MP-S0sH-8. The reactions were repeated to check the standard deviation in the results
and are tabulated in the table S4.

The activity of MP-SOsH-8 is comparable with the homogeneous acid catalysts re-
ported and can be used for efficient conversion of various alcohols. These observations
suggest that the material with uniform coverage of surface area by active sites, intrinsic
mesoporosity and optimum acidity with good strength will be of choice to achieve high
selectivity and conversions. The MP-SOsH-8 having optimum sulfonic groups surpassed
all the materials screened and the reaction parameters were further optimized for the same
catalyst.

Effect of catalyst concentration

The effect of catalyst concentration on the alcohol conversion and selectivity was
studied systematically. The catalyst concentration was varied from 1mol% to 7mol% with
respect to limiting reagent (butanol). It is observed that the percentage conversion of bu-
tanol increased from 35% to 92% with increase in catalyst concentration from 1mol% to
5mol%. The observed increase in the alcohol conversion is attributed to the addition of
extra active sites which are responsible for converting more alcohol molecules. Further
increase in the catalyst concentration to 6mol% and 7mol% showed only a marginal in-
crease in the alcohol conversion (Figure 6). Therefore the optimum catalyst loading of
5mol% is essential to achieve more conversion and good selectivity to butyl methyl car-
bonate (BMC).
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Figure 6. Effect of catalyst loading.

Reaction Conditions: Catalyst- MP-SOsH-8, mole ratio- 1:10 (butanol:DMC), reaction
time- 24h, conversions were calculated with respect to the limiting reagent (butanol), re-
flux condition, BMC (butyl methyl carbonate).

Effect of mole ratio

The stoichiometry between the reactants used in any chemical transformation plays
a vital role to get desired conversion and selectivities. The effect of mole ratio between
butanol and DMC has been investigated for DMC mediated carboxymethylation of buta-
nol using 5mol% of MP-SOsH-8 catalyst by keeping other reaction parameters constant.
The mole ratio between butanol and DMC was varied from 1:5 to 1:15. The conversion of
butanol increased from 62% to >99% by increase in mole ratio from 1:5 to 1:12.5 but the
selectivity remains same in all the cases (Figure 7). Further increase in mole ratio to 1:15
leads to decrease in conversion which is ascribed to the dilution of butanol by DMC.
Thereby the adsorption of butanol will be prevented and leads to less conversion of alco-
hol*8. The effect of mole ratio study confirms that the ratio 1:12.5 between butanol and
DMC is found to be the best and used for the optimization of other reaction parameters.
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Figure 7. Effect of mole ratio between the reactants.

Reaction Conditions: Catalyst- MP-SOsH-8, catalyst concentration- 5mol% (w.r.t Bu-
tanol), reaction time- 24h, conversions were calculated with respect to the limiting reagent

(butanol), reflux condition, BMC (butyl methyl carbonate).

Effect of reaction time

The effect of reaction time is studied for the DMC mediated carboxymethylation of
butanol to identify the optimum reaction time to achieve the maximum conversion and
selectivity. The amount of catalyst (MP-SOsH-8, 5mol %), mole ratio (1:12.5) and reaction
temperature (90°C) are kept unchanged to study the effect of time. The five independent
reactions were performed to examine the effect of reaction time for carboxymethylation
of butanol with DMC. The increase in reaction time from 8h to 24h exemplified the in-
crease in butanol conversion from 70% to >99%. These results show that the material is
really efficient to convert more than 70% of butanol within 8h. The prolongation of reac-
tion time to 30h is not beneficial to achieve more selectivity. The study showed that 24h is
the optimum time to achieve more selectivity at maximum conversion of alcohol (Figure

8).
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Figure 8. Effect of reaction time.

Reaction Conditions: Catalyst- MP-SOsH-8, catalyst concentration- 5mol% (w.r.t Bu-
tanol), mole ratio- 1:12.5 (butanol:DMC), conversions were calculated with respect to the
limiting reagent (butanol), reflux condition, BMC (butyl methyl carbonate), DBC (dibutyl
carbonate).

Plausible reaction mechanism for carboxymethylation of alcohols

The acid catalyzed carboxymethylation of alcohols with DMC proceeds via the trans-
esterification mechanism62. The lone pair of electrons present on the carbonyl group of
DMC picks up the proton from the solid acid. Then the carbon atom of DMC undergoes
nucleophilic attack from the alcohol. The hemiketal intermediate is formed by the elimi-
nation of proton. This hemiketal intermediate eliminates methanol and leads to the for-
mation of alkyl methyl carbonate product (Figure S5).

Leaching and catalyst reusability study

The hot filtration experiment was performed to check the stability of the active sites
towards leaching in the reaction medium. After 8h of reaction time, the catalyst was sep-
arated by hot filtration and filtrate was allowed to react at the similar reaction temperature.
The samples were withdrawn at different reaction times (8h, 16h, 20h and 24h) and quan-
tified by gas chromatograph. There is no increase in butanol conversion after catalyst re-
moval which indicates that there is no leaching of active sites during the course of reaction
(Figure 9).
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Figure 9. Leaching studies.

Reaction Conditions: Catalyst- MP-SOsH-8, catalyst concentration- 5mol% (w.r.t Bu-
tanol), mole ratio- 1:12.5 (butanol:DMC), reaction time- 8h, conversions were calculated
with respect to the limiting reagent (butanol), reflux condition.

The catalyst recycle experiments were performed under identical reaction conditions.
After each run, the catalyst was washed with excess of methanol and dried in hot air oven
for 2h at 100°C. The dried catalytic material was employed for the next catalytic run under
similar reaction conditions. The catalyst reusability experiments were performed up to
three recycles and MP-SOsH-8 demonstrated the similar catalytic activity as the fresh cat-
alyst in all the experiments (Figure 10). The study shows that the material is resistant to-
wards leaching and recyclable which can be used repeatedly without losing its catalytic
activity.
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Figure 10. Recyclability studies.
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Reaction Conditions: Catalyst- MP-SO3H-8, catalyst concentration- 5mol% (w.r.t Bu-
tanol), mole ratio- 1:10 (butanol:DMC), reaction time- 24h, conversions were calculated
with respect to the limiting reagent (butanol), reflux condition, BMC (butyl methyl car-
bonate).

Substrate scope study

The general applicability of MP-SOsH-8 was studied for various alcohols involving
primary, secondary, tertiary and aromatic alcohols. The MP-SOsH-8 affords >95% conver-
sion of primary alcohols to corresponding alkyl methyl carbonates with very high selec-
tivity at 24h reaction time. The conversion of secondary alcohols is moderate (35-45%) at
24h and no conversion of the tertiary alcohols was observed. The phenomenon could be
attributed to the formation of stable intermediate from the secondary and tertiary alcohols
or could be due to steric hindrance. The benzylic alcohol demonstrated the good yield of
alkyl methyl carbonate under similar reaction conditions (Table 3). The study shows that
the material can be successfully employed to transform various primary, secondary and
benzylic alcohols into corresponding carbonate esters. The methodology developed
herein is simple and more efficient for the carboxymethylation of alcohols with DMC over
MP-SOsH as compared to the first solid acid catalyst reported for this reaction Table S5.

Table 3. Substrate scope study.

Substrate

(R-OH) Alcohol conversion (%) % Selectivity to R-O-CO2CHs
Ethanol 95.3 96.6
Propanol 94.8 100.0
Iso-propanol 333 100.0
Butanol 100.0 95.5
Isobutanol 92.3 95.0
1-hexanol 100.0 98.0
Cyclohexanol 43.8 100
1-octanol 100.0 96.4

tert-butanol NC -

Benzyl alcohol 59.6 73.8

Reaction Conditions: Catalyst- MP-SOsH-8, catalyst concentration- 5mol% (w.r.t al-
cohol), mole ratio- 1:12.5 (alcohol:DMC), reaction time- 24h, conversions were calculated
with respect to the limiting reagent (alcohol), reflux condition, NC- no conversion

Large scale synthesis alkyl methyl carbonates

The carboxymethylation of alcohol was also performed in large scale to test the effi-
ciency of MP-503H-8 for the synthesis of alkyl methyl carbonates. The batch size used for
large scale synthesis is 18 times bigger than the actual batch size used for the experiments
reported in this work. The larger scale synthesis of alkyl methyl carbonates using MP-
SOsH-8 demonstrated the similar yield as the small batch which ensures that the catalyst
is efficient to retain its higher catalytic activity even in large scale synthesis. The results of
the large scale synthesis are given in table 56

Characterization of spent catalyst

The catalysts screened for the DMC mediated carboxymethylation of alcohols was
taken out and washed thoroughly with methanol. Then the washed material was dried in
hot air oven for the time period of 2h at 100°C and subjected for the analysis of nitrogen
sorption, FTIR, SEM, TEM analysis and acid-base titrations. The BET analysis of spent
catalyst (MP-SOsH-8) showed the similar specific surface area and pore dimensions and
retained the original characteristic hysteresis loop (Table S7 and Figure 56). The FTIR anal-
ysis of the spent material was performed and no additional peaks were observed in the IR
spectra (Figure S7). Acid-base titration was performed for the spent catalyst and the
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material showed similar acidity as the fresh catalyst (Table S7). The transmission electron
microscopy analysis of spent catalyst (MP-SOsH-8) demonstrated the porosity which is
similar to fresh catalyst (Figure S8). In addition, the scanning electron microscopy analysis
of spent material showed the similar morphology and particle sizes (Figure S9). The spent
catalyst analysis by nitrogen sorption, FTIR, SEM, TEM analysis and acid-base titrations
confirmed that the material is stable under reaction conditions and can be used in succes-
sive runs without losing its activity.

Conclusions

The mesoporous polymers were synthesized solvothermally and functionalised it
with -SOsH groups by post synthetic approaches. The sulfonation time was varied to have
different amount of acidity in the functionalised mesoporous polymers. The physico-
chemical properties and catalytic activity results are well correlated. The screening study
demonstrated that the MP-SOsH-8 is the best material to achieve more yield of desired
product and reaction parameters are optimised for the same catalyst. The intrinsic meso-
porosity, high surface area, optimised acidity and uniform surface coverage of active sites
makes MP-SOsH-8 as the potential candidate for the DMC mediate carboxymethylation
of alcohols. MP-50O3H-8 demonstrated more than 95% conversion of primary alcohols to
yield alkyl methyl carbonate esters selectively. The moderate conversions were observed
for secondary alcohols with less amount of catalytic material and no conversions were
observed for tert-alcohols. The good yield of benzyl methyl carbonates were achieved un-
der similar reaction conditions. These results suggest that the material is really efficient
and capable of transforming wide range of alcohols. The catalyst recyclability study and
hot filtration experiments showed MP-SO3H-8 is an efficient, recyclable and stable mate-
rial. To the best of our knowledge, MP-SOsH-8 is the first solid acid catalyst reported to
demonstrate high yield of alkyl methyl carbonates under mild reaction conditions. The
approach employed herein is the greenest among the reported acid mediated carbox-
ymethylation of alcohols till date.
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