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Sulfide organic polymers as novel and efficient
metal-free heterogeneous Lewis acid catalysts
for esterification reactionsy

M. Melero, (2 U. Diaz@* and F. X. Llabrés i Xamena (= *

Herein, we report on the synthesis of four organosulfide-based covalent organic polymers prepared via
click processes, consisting of either Sy2 (SOP-1 and SOP-3) or thiol-yne (SOP-2 and SOP-4) coupling
reactions. Formation of the SOPs in high yields is confirmed by solid-state *C NMR and FTIR
spectroscopies, while the sulfur contents of SOP-type materials confirm the expected C:S molar ratio
for the formation of stoichiometric products. CO, adsorption isotherms reveal the porosity of SOPs,
with specific surface areas of up to 180 m? g~! and strongly dependent on the ligands used. The
catalytic activity of SOPs is evaluated for carboxylic acid esterification reactions, obtaining high
conversions and efficient recyclability. The proposed reaction mechanism consists of the activation of
carboxylic acid by hypervalent S---O (no — o5*) interactions with sulfur centres of the SOPs, which
increase the electrophilic character of the carboxylic carbon and facilitate the addition of the alcohol.

rsc.li/frontiers-materials

Introduction

Covalent organic polymers (COPs) are a class of supramolecular
compounds formed by self-assembly of organic building units
through covalent bonds." They have recently emerged as new
molecular platforms for designing promising organic materials.
Within this group, different families exist, including (i) covalent
organic frameworks (COFs),*® which are crystalline porous
materials constructed with light elements through strong cova-
lent bonds (e.g., C-C, C-N, and C-0O), as well as structural
heteroatoms such as B (boronate, borosilicate and borazine
compounds); (ii) porous aromatic frameworks (PAFs),” which
are porous solids containing rigid frameworks exhibiting excep-
tionally high surface areas and constructed from carbon-carbon-
linked aromatic building units; (iii) hypercrosslinked polymers
(HCPs),® another class of microporous organic materials pre-
pared by post-cross-linking of polystyrenic networks with high
surface areas.

COPs can incorporate a large variety of constituents with
intrinsic properties, such as stereochemical,”"° electronic," ™
magnetic,">'® redox,’” " optic or catalytic>*! active sites. In
this way, advanced materials have been prepared with many
different applications in gas purification and separation,®
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Thus, SOPs constitute a novel class of metal-free heterogeneous Lewis acid (organo)catalysts.

heterogeneous catalysis, biomedicine®® and other nanotechno-
logical applications. In particular, heteroatom coordinated
compounds®* > containing main group elements, such as B,
Si, Ge, P, S or N, have attracted increasing attention in recent
years. For instance, COF-5 was the first mesoporous boronic
material formed via the condensation reaction between hexa-
hydroxy triphenylene (HHTP) and 1,4-benzene-diboronic acid
(BDBA), exhibiting an eclipsed boron nitride structure.?”

In this sense, the preparation of novel sulfur organic poly-
mers with improved properties is intensely being sought for
further applications. Organosulfide compounds®®>' contain at
least one carbon-sulphur-carbon bond. These compounds have
shown potential application in many fields, such as batteries,
lubricants, pigments, polymers and catalysis.**** The most
common synthetic method for sulfides (or thioethers) is based
on the alkylation of thiols through the Sy2 reaction in the
presence of bases, using thiolates as a nucleophile.***> Alterna-
tively, organosulfides are also prepared by thiol-ene or thiol-yne
coupling reactions, through the addition of a thiol to an alkene
or alkyne.***” This reaction is often catalyzed by thermal
initiators, such as 2,2’-azobis(2-methylpropionitrile) (AIBN), or
by photoinitiators, such as 2,2-dimethoxy-2-phenylacetophenone
(DMPA). Following these procedures, few sulfide organic poly-
mers (SOPs)***° have been prepared. The catalytic properties
of organosulfide polymers have only recently been explored
in reactions in which the polymer was used as a support for
transition metal ions (e.g., Co, Ni or Mo) in hydrogenation and
dehydrogenation processes, such as isobutane to isobutene
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Scheme 1 Schematic illustration of the synthetic procedures and the idealized structures of the obtained SOPs.

conversion.’® In contrast, metal-free SOPs have been largely
unexplored in the area of heterogeneous catalysis.

Herein, we will show that metal-free SOPs have high potential
as heterogeneous catalysts for reactions of industrial interest,
such as esterification of carboxylic acids, which provide interest-
ing products including pesticides, flavorings, fragrances and
biodiesel derivatives.*'™** Esterification is an important reaction
in organic synthesis.**** In this regard, solid acid catalysts based
on zeolites, metal-organic frameworks (MOFs), or sulfonated
covalent organic frameworks (COFs), have attracted much inter-
est in recent years*®>® as more sustainable alternatives to the
use of conventional mineral acids.

In our quest for exploring the potential of SOPs as hetero-
geneous catalysts, four different organosulfide-based compounds,
namely SOP-1, SOP-2, SOP-3, and SOP-4 (see Scheme 1) have been
synthesized in very high yields by coupling aromatic dithiols (1,4-
dimercaptobenzene 1, or bismuthiol 2) with suitable aromatic
tris-substituted aryl compounds (1,3,5-tris(bromomethyl)benzene
3, or 1,3,5-triethynylbenzene 4). Coupling reactions consisted of
click synthesis through Sy2 (SOP-1 and SOP-3) or thiol-yne
reactions (SOP-2 and SOP-4). The solids obtained have been
characterized by Xray diffraction (XRD), thermogravimetric
analysis (TGA), Fourier transform infrared spectroscopy (FTIR),
elemental analysis (EA), solid-state >C NMR, scanning and trans-
mission electron microscopy (FESEM and TEM) and CO, isother-
mal adsorption. Herein, we will show that the as-prepared
compounds constitute a novel family of active and reusable
heterogeneous catalysts for the esterification of carboxylic acids.

Results and discussion
Synthesis and characterization

In this work, SOP-1 and SOP-3 materials were synthesized by
reacting 1,3,5-tris(bromomethyl) benzene with either bismuthiol
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or 1,4-dimercaptobenzene monomers in methanol or acetonitrile
at room temperature. NaOH was used to assist deprotonation of
thiol groups to the corresponding thiolate to trigger Sy2 coupling
polymerization (Scheme 2). The coupling reaction was complete
within 2 hours, and the resulting solids were isolated by filtration
and washed with water and acetone to afford white powders with
92 and 93% yields, respectively for SOP-1 and SOP-3.

For the synthesis of SOP-2 and SOP-4, 1,3,5-triethynyl
benzene was used, which was coupled with the two sulfur-
containing monomers via thiol-yne click polymerization in
toluene at 80 °C. Yellow or brown powders were obtained after
24 h with 91 and 80% yield, respectively for SOP-2 and SOP-4.

Elemental analysis was used to determine the experimental
C:S molar ratio of the four SOPs, as shown in Table 1.
Comparison of the experimental and expected C:S ratios,
together with the disappearance of characteristic -SH, C=C,
=C-H and C-Br FT-IR absorption bands (see below), con-
firmed the full assembly of the organic units in all four
compounds during the polymerization process. Note that the
data for SOP-2 and SOP-4 agree with the formation of vinyl
sulfides and exclude the formation of branched polymers by the
addition of two thiol groups to each ethynyl group in a two-step
process (see Scheme 2), which would result in a much lower
C:S molar ratio (viz. 5.0 and 2.0 for SOP-2 and SOP-4, see the
last column in Table 1).

According to the X-ray diffractograms (not shown), all SOP
compounds were amorphous. This is not surprising, since the
presence of the sulfide bonds breaks the planarity of the
structural units, thus hampering the formation of a regular
stacking network similar to that found in many lamellar COFs.

Fig. 1 compares the FTIR spectra of SOP-2 and its monomers
1 and 4, while the spectra of other SOPs and monomers are
shown in the ESIt (Fig. S1). The characteristic =C-H, C=C
and S-H stretching bands of the monomers are observed at
2562 cm™ ' and at 3282/2109 cm " for 1 and 4, respectively.

Mater. Chem. Front., 2023, 7, 2443-2453 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Scheme 2 S\2 and thiol-yne click polymerization mechanisms used for
the preparation of SOPs.

Table 1 Elemental composition of SOPs 1-4, and comparison of the
experimental and calculated C:S molar ratios. The last column corre-
sponds to the C:S molar ratio expected for a branched polymer (ie.,
addition of two thiols to each ethynyl group)

C S N H C:S C:Scalc. C:S calc.
Catalyst (Wt%) (wt%) (Wt%) (wt%) exp. vinyl sulfide branched
SOP-1 41.0 37.6 10.9 2.6 29 2.7 —
SOP-3 67.4 25.7 — 3.9 7.0 7.0 5.0
SOP-3 63.2 27.6 — 4.4 6.0 6.0 —
SOP-4 43.5 38.2 10.5 2.1 3.3 3.0 2.0

These bands are not observed in the spectrum of SOP-2,
whereas a new absorption band appears at 1686 cm ™' that is
attributed to the 1(C—C) mode of the vinyl sulfide groups of the
resulting polymer. These spectral changes clearly demonstrate
that the thiol groups of 1 react with the triple bonds of 4 during
the thiol-yne polymerization.

The lack of solubility of SOPs 1-4 in common organic
solvents precluded their characterization by liquid-state NMR.
Thus, solid-state CP-MAS *C NMR spectroscopy was instead
used. In all cases, the corresponding spectra of SOPs 1-4 shown
in Fig. 2, Fig. S2 and S3 (ESIt) present signals in the range of
120-140 ppm. These chemical shifts correspond collectively to
all sp” carbon atoms associated with structural aromatic moi-
eties. Note that in the spectra of SOP-2 and SOP-4, the peaks
corresponding to the C=—C-S vinly sulfide groups strongly
overlap with the signals coming from aromatic ring units.
Accordingly, a broad band is observed in the 120-140 ppm
range, resulting in a more complex envelope than in the spectra
of SOP-1 and SOP-3, in which these vinyl sulfide moieties are
absent. Also note that no additional peaks are observed at 45—
50 ppm in the spectra of SOP-2 and SOP-4, where signals
corresponding to the two-step addition of two thiols to each
ethynyl group would be expected. This indicates that the
formation of the branched polymer does not take place to a

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023 Mater. Chem. Front., 2023, 7, 2443-2453 |

View Article Online

Research Article

2562
V(S-H)

YA AN
3282 /2100
V(=C-H) v(C=C)
1686
v(C=C)
35I00 I 30I00 I 25IOO ' 20I00 I 15I00 I 10I00 '

wavenumbers (cm™')

Fig.1 FTIR spectra of (from bottom to top) SOP-2 and its monomers,
1,3,5-triethynylbenzene (4) and 1,4-dimercaptobenzene (1).
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Fig. 2 *C CP/MAS NMR spectra and deconvolution of SOP-type materi-
als. Asterisks correspond to spinning bands.

significant extent, in agreement with the elemental analysis
discussed above. The spectra of SOP-1 and SOP-3 show addi-
tional signals at 38.8 ppm that correspond to the benzylic
carbons. Finally, a minor signal appears at 185.2 ppm in the
spectrum of SOP-1, indicative of a small fraction of free -SH
groups associated with point defects. Note that the presence of
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these uncoordinated thiol groups was not evidenced due to the
relatively small intensity of the v(SH) absorption band in pure
bismuthiol (2472 cm™ ") in the corresponding FTIR spectrum
(see Fig. S1, ESIY).

Thermal stability of the SOPs was evaluated by thermogravi-
metric analysis (TGA) under an air flux, as shown in Fig. 3. In all
cases, degradation of the organic units started in the 260 to
380 °C range, with the polymers derived from bismuthiol (SOP-
1 and SOP-4) exhibiting lower thermal stability than SOP-2 and
SOP-3. This fact would be associated with the intrinsic higher
stability of benzylic units included in the framework compared
with the lower stability characteristic of nitrogen-sulfur aro-
matic heterocycles.

The porosity of the SOPs was analyzed by CO, physical
adsorption at 0° up to 1 bar, as shown in Fig. 4. The corres-
ponding specific surface areas were estimated from the iso-
therms by using the Dubinin-Astakhov equation.”” The
measured CO, capacities (at 1 bar) corresponded to calculated
surface areas of 44, 180, 15 and 80 m?* g ' for SOPs 1-4,
respectively. That is, the two compounds containing vinyl
sulfide moieties are better adsorbents for CO, than the other
two SOPs prepared from 1,3,5-tris(bromomethyl)benzene. This
fact is associated with the probable formation of more ordered
rigid networks (SOP-2 and SOP-4), which would imply the
generation of more regular microporous internal cavities with
higher CO, adsorption capacity. In the case of SOP-type materials
based on non-conjugated flexible linkages (SOP-1 and SOP-3),
sulphide organic polymers with more marked internal disorgani-
zations were probably obtained. It is interesting to point out that
none of the SOPs were able to adsorb any significant amount of N,
at low temperature (77 K) or H,O (at room temperature). Thus,
compounds such as SOP-2 could have great potential for the
selective separation of gas mixtures, including N,/CO, or CO,
capture from humid air,>® which are currently being explored in
our lab.

Finally, Fig. 5 shows the representative scanning electron
microscopy (SEM) images of SOPs 1-4. Uniform discrete sphe-
rical particles with a size of about 500 and 700 nm were formed
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Fig. 3 Thermogravimetric analysis (TGA) of SOPs.
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Fig. 4 CO, uptake isotherms of SOPs at 1 bar and 0 °C.

in all cases, which tended to aggregate in the case of SOP-3. The
surface of the resulting SOP materials was generally not
smooth, but the spherical particles were decorated with smaller
particles.

Catalytic performance of SOPs

To start exploring the potential of SOPs as heterogeneous
catalysts, we have first considered the esterification of levulinic
acid with ethanol over SOPs 1-4 (Scheme 3). The results
obtained are summarized in Table 2. To our delight, all the
SOPs catalyze the esterification reaction, affording levulinate
ester as the sole product in good yields. The best performing
catalysts were SOP-1 and SOP-3; i.e., the two SOPs derived from
1,3,5-tris(bromomethyl) benzene ligands, for which conversion
of levulinic acid above 93% was achieved after 24 h of reaction.
The time-conversion plots obtained for the esterification of
levulinic acid over SOP-1 and SOP-2 are shown in Fig. 6. Turn-
over frequencies (TOF) were calculated at a low conversion of
the carboxylic acid and assuming that the active sites for this
reaction are the sulfide centers connecting the structural units
of the SOPs (see discussion below). The obtained TOFs were
very similar for both materials (0.74 h™' and 0.73 h™" for SOP-1
and SOP-2, respectively) and revealed a very respectable cataly-
tic performance of the SOPs in the esterification reaction.
Encouraged by these results, the scope of the reaction was
further evaluated for the esterification of various carboxylic
acids with ethanol, using SOP-1 as the catalyst. Long chain fatty
acids (namely, lauric and myristic acid) were quantitatively
esterified in less than 24 h. Excellent ester yields were also
attained within 24 h for other alkyl carboxylates (valeric and
4-pentenoic acids), but the reaction was considerably slower for
substrates bearing phenyl rings, such as benzoic and cynnamic
acids. This is probably due to the steric hindrance introduced by the
aromatic ring, which could make it difficult to access the catalytic
site of the SOP. Ethyl ester conversion for fumaric acid was lower
(44%) because, in general, esterification of dicarboxylic acids
occurred in both carboxylic acid groups of these substrates, there-
fore, necessitating more reaction time to reach complete conversion.
Note that, as commented above, all SOPs are highly hydro-
phobic, they do not adsorb any sensible amounts of moisture or

| Mater. Chem. Front., 2023, 7, 2443-2453 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 5 SEM images of SOPs (a) and TEM images of SOPs immersed in 2-propanol (b).
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R” “OH 78°C,24h  R” “OCH,CH,

Scheme 3 Esterification reaction step.

other atmospheric contaminants in the open air (see TGA
curves in Fig. 3), while isothermal H,O adsorption experiments
revealed the lack of adsorbed water even on SOPs activated
under vacuum. This hydrophobicity is likely beneficial for the
esterification reaction, since the water generated as a by-
product during the reactions is rapidly removed from the solid
catalyst and the equilibrium is shifted towards product
formation.

The reusability of SOPs is demonstrated in Fig. 7 for the
esterification of lauric acid over SOP-1, although all the cata-
lysts and substrates studied here showed analogous behavior.
The catalytic activity was preserved almost completely for the

first three catalytic runs, while a slightly lower activity was
observed in the 4th cycle: the conversion at 5 h of reaction
decreased from 30% in the first three runs down to 14% in the
4th cycle. Nevertheless, complete conversion of lauric acid was
still achieved in the 4th run when the reaction time was
extended to 32 h. These results showed that the slight decrease
of the catalytic activity after the 3rd run is most likely due to the
partial blocking of the active sites by adsorbed reactants and
products not completely removed during the washing process
between two consecutive runs, which accumulate on the sur-
face of the catalyst. In fact, after the 1st catalytic cycle, the
recovered catalyst was analyzed by elemental analysis, which
shows a slight increase of % C content (see Table S1, ESIt). For
this, after the 4th catalytic cycle, the catalyst was filtered and
washed with a 10% HCI solution in ethanol (3 x 10 mL), then
dried at 100 °C in a vacuum and used directly in a consecutive
reaction cycle. Due to this final washing step, it was possible to

Table 2 Catalytic results of the esterification reaction, using SOPs 1-4 as heterogeneous catalysts®

Catalyst Substrate Conversion (mol%) TOF (h ™)
SOP-1 o 95 0.74
SOP-2 MOH 78 0.73
SOP-3 o 93 —
SOP-4 40 _

/\/\/\/\/\)Ol\ 9% /\/\/\/\/\/\)CJ)\ 9%

OH ‘OH
lauric acid myristic acid

v\)cj)\ 98% W?\ 98% HOJO%(OH 44%

SOP-1 SOP-1 OH OH )

valeric acid

4-pentencic acid fumaric acid

o
OH x
©)k 20% ©MLOH 20%

benzoic acid cinnamic acid

% Reaction conditions: carboxylic acid (1 mmol), ethanol (0.9 mL, 15 eq.), 6 mol% catalyst based on S, stirring at 78 °C.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023 Mater. Chem. Front., 2023, 7, 2443-2453

| 2447


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2qm01127a

Open Access Article. Published on 03 April 2023. Downloaded on 3/15/2026 10:54:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

100

—— SOP-1
SOP-2
Hot filtration

Conversion (%)

Time (h)

Fig. 6 Time-conversion of levulinic acid to ethyl levulinate over SOP-1
and SOP-2.
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Fig. 7 Reusability of the SOP-1 catalyst for the lauric acid esterification at
5 hours and end time. After 4th cycle, the catalyst was filtered and washed
with a 10% HCl solution in ethanol (3 x 10 mL), then dried at 100 °C in a
vacuum and used directly in a consecutive cycle.

recover the initial reactivity of SOP-type materials associated
with the elimination of adsorbed organic compounds.

Moreover, the leaching test by hot filtration of the reaction
slurry did not show any loss of active sites from the solid
catalyst, being analysed by percolating waters, which did not
contain active sulphur moieties from elemental analysis, con-
firming the heterogeneity of the catalytic system. Therefore,
leaching tests corroborated the stability of SOP-type materials
since the achieved conversion remained constant after the hot
filtration step (Fig. 6). Finally, different characterization results
of the used catalysts, from elemental analysis and NMR spectro-
scopy, were carried out and compared with the as-synthesized
materials, evidencing that no substantial alteration was
detected in the composition and physicochemical nature of
the SOP-type materials after their use during several catalytic
reaction cycles (Fig. S4 and Table S1, ESIt).
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Origin of the catalytic activity of the SOP compounds: reaction
mechanism

The catalytic properties of transition metal sulfides are well
known since more than a century,’® as well as several organo-
sulfur compounds that can be used as ligands or promoters,
including sulfoxides, sulfonamides, N-sulfinyl ureas, thioureas,
sulfoximines, etc.°® In particular, the use of sulfides as (metal-
free) catalysts is also well documented,®® but it usually requires
first the conversion of the sulfide into a sulfur ylide by either
reacting with a carbene or carbenoid, or by alkylation and
deprotonation with a base. After that, the in situ formed sulfur
ylide is contacted with the desired reagents, and the starting
sulfide is recovered at the end of the reaction. Applications for
sulfur ylides as organocatalysts include epoxidations, azirida-
tions and cyclopropanations. However, beyond the ylide route
the existing reports on direct application of sulfides are very
scarce, and they usually participate as additives together with a
Lewis acid catalyst. For instance, in the Morita-Baylis-Hilman
reaction together with TiCl,, or in electrophilic thiolation of
alkynes in the presence of TMSOTf as the Lewis acid co-
catalyst.®” Therefore, to the best of our knowledge, the reactivity
of SOPs observed herein has never been described before.

First, we wanted to know whether the catalytic activity
observed here for the esterification reaction was a fortunate
case of the SOP compounds, or if it can be generalized to other
sulfide compounds. To this end, we carried out the esterifica-
tion of lauric acid in the presence of either dimethyl- or
diphenylsulfide as catalysts under the same reaction conditions
used for the SOPs. Although the yields of ethyl laurate obtained
were low (17% and 20% after 24 h of reaction for Me,S and
Ph,S, respectively), they were still clearly above that obtained in
a blank experiment (9% conversion), so both compounds
showed a definite catalytic activity. Therefore, the catalytic
activity observed for SOPs 1-4 can most likely be extended to
other sulfide compounds as well.

Furthermore, SOP-type materials were compared with other
homogeneous catalysts, such as p-toluene sulfonic acid, evidencing
that higher conversions in a short time were achieved, although
with the disadvantage of not being able to reuse it. Comparison
with other heterogeneous solid catalysts, such as H-BEA zeolite
(39% yield) or UiO-66-(COOH), MOF-type material (90% yield) is
also shown in Table 3. It can be deduced that SOPs exhibited a high
reactivity, selectivity and efficient recyclability for esterification
reactions through a proposed electrophilic mechanism based on
hypervalent S- - -O interactions.

In order to understand the origin of this catalytic activity, we
have considered various possible reaction mechanisms. First, it
is well known that the esterification reaction can be catalyzed
by Brensted acids (such as mineral acids or sulfonic-based
compounds). However, potentiometric acid-base titration
experiments (see Fig. S5, ESIt) ruled out the presence of any
significant amount of acid sites in the SOPs, which could arise
from uncoordinated -SH groups. We then considered a nucleo-
philic mechanism, in which the sulfide groups of SOPs could
activate the carboxylic acid through the addition and elimination
of water with the formation of a thiocarboxylate zwittterion

2448 | Mater. Chem. Front., 2023, 7, 2443-2453 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Table 3 Comparison of the catalyst in esterification reaction of levulinic
acid to ethyl levulinate at 78 °C

Catalyst  Levulinic Time Yield
Catalyst loading  acid:ethanol (h) (%) Ref.
p-Toluene sulfonic 1mol% 1:15 1 94 Thiswork
acid
H-BEA 20 wt% 1:6 5 39 71
Ui0-66-(COOH), 0.39 1:20 22 90 72

mol%
SOP-1 6.0 mol% 1:15 24 95 Thiswork

intermediate. This mechanism would be somewhat related to
that found for other Lewis bases, such as DMAP in the Steglich or
Yamaguchi esterification mechanisms.*® However, this mecha-
nism was soon discarded by ab initio computational calculations
with model clusters, which evidenced that sulfide atoms have no
tendency at all to attack the carboxylate carbon atom.

We thus propose an alternative electrophilic mechanism to
explain the catalytic activity observed in SOPs (and, to a minor
extent, in other sulfide compounds), based on hypervalent
S---0 (no — og*) interactions between the carboxylic acid
and the sulfide centers. In this way, the sulfur atoms of the
SOP would accept electron density from the C—O oxygen atom,
thus acting as Lewis acid centers in the broad sense of the term.
This would increase the electrophilic character of the carbox-
ylate carbon atom, facilitating the ensuing attack by the alcohol
and formation of the ester product. In order to corroborate this
matter, impregnation of butyric acid on two solid supports
(SOP-type material and inert silica) was performed, observed in
the obtained IR experimental tests a significant bathochromic
shift of the characteristic vibration band (C=O0) of butyric acid
for the SOP, confirming the effective interaction between our
catalyst and the carboxylic acids used as reaction reagents. This
fact would corroborate the existence of effective interactions
between carboxylic groups and the sulfide active moieties of the
SOPs, which would act as Lewis acid sites (Fig. S6, ESIT).

Hypervalent interactions are well known to occur in other
main groups elements, such as Si, P, I, Al, C or B, and the
properties of these hypervalent compounds have been success-
fully used in catalysis.®* " In the case of sulfur, hypervalent
S---O interactions are also reported, and they are known to
control the molecular assembly of sulfur compounds in
solution and in the solid state, as well as the structure and
reactivity of isolated molecules. In proteins, nonbonded S---O
hypervalent interactions between methionine and cystine (with
S-S disulfide bridge) are also important factors controlling the
protein folding architecture and reactivity,”® with calculated
interaction energies on the order of 3.2-2.5 kecal mol *.7*

Therefore, based on the formation of hypervalent S---O
interactions between the sulfide groups of the SOPs and the
carboxylate reaction substrate, we propose the reaction mecha-
nism shown in Scheme 4.

According to the above mechanism, SOPs would act as Lewis
acid catalysts (electrophilic mechanism), activating the car-
boxylic group and increasing the electrophilic character (5)
of the carbon atom through S---O hypervalent interactions.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023 Mater. Chem. Front., 2023, 7, 2443-2453 |
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Scheme 4 Proposed hypervalent S-O interaction mechanism.

This would facilitate the addition of the alcohol and formation
of the ester upon elimination of a water molecule and recover-
ing the intact sulfide. Note also that the presence of available
alpha H atoms in both SOP-1 and SOP-3 could further stabilize
the hypervalent interaction through additional C-O---H con-
tacts. These alpha H atoms are not available in SOP-2 and SOP-
4, and this might explain their lower catalytic activity with
respect to SOP-1 and SOP-3 (Table 2). We have currently under-
taken computational studies to lend support to the proposed
mechanism, which is also backed up by results on other Lewis
acid catalyzed reactions with carbonyl compounds (viz., Paal-
Knorr and carbonyl-ene isomerization) that will be presented
elsewhere.

Experimental
Materials and methods

1,3,5-Triethynylbenzene and 1,4-dimercaptobenzene were pur-
chased from ABCR and Alfa Aesar, respectively. Bismuthiol,
1,3,5-tris(bromomethyl)benzene, levulinic acid, valeric acid,
benzoic acid, lauric acid, 4-pentenoic acid, ¢trans-cinnamic acid,
myristic acid and 2-methylvaleric acid were purchased from
Sigma Aldrich. Sodium hydroxide, solvents and PTFE syringe
filters were purchased from Scharlab.

Synthesis of compounds

Synthetic procedure for SOP-1. To a solution of bismuthiol
(0.32 g, 2.1 mmol) in 100 mL methanol, NaOH 0.5 M (8.4 mL,
4.2 mmol) was added under stirring. The reaction mixture
turned yellow during this process. Then, a solution of 1,3,5-
tris(bromomethyl)benzene (0.5 g, 1.4 mmol) in 90 mL methanol
was added. After 2 hours of continuous stirring, the colour of
the solution turned white and the solid product precipitated.
The white solid was filtered out, washed with water and
acetone, and dried under vacuum at 120 °C overnight to obtain
a white powder with 92% yield.

Synthetic procedure for SOP-2. To a solution of 1,4-
dimercaptobenzene (1 g, 7 mmol) in 50 mL toluene, a solution
of 1,3,5-triethynylbenzene (0.7 g, 4.7 mmol) in 50 mL toluene
was added under stirring. The reaction mixture was stirred for
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24 h at 80 °C. The mixture was filtered out, washed with water
and acetone, and dried under vacuum at 120 °C overnight to
obtain a yellow powder with 91% yield.

Synthetic procedure for SOP-3. To a solution of 1,4-
dimercaptobenzene (0.3 g, 2.1 mmol) in 100 mL acetonitrile,
NaOH 0.5 M (8.4 mL, 4.2 mmol) was added under stirring. The
reaction mixture turned yellow during this process. Then, a
solution of 1,3,5-tris(bromomethyl)benzene (0.5 g, 1.4 mmol) in
90 mL acetonitrile was added. After 2 hours of continuous
stirring, the colour of the solution turned white and the solid
product precipitated. The mixture was filtered out, washed with
water and acetone, and dried under vacuum at 120 °C overnight
to obtain a white powder with 93% yield.

Synthetic procedure for SOP-4. To a solution of bismuthiol
(0.3 g, 2 mmol) in 100 mL methanol, a solution of 1,3,5-
triethynylbenzene (0.2 g, 1.3 mmol) in 15 mL toluene was added
under stirring. The reaction mixture was stirred for 24 h at 80 °C.
Methanol was evaporated, then the solution was filtered out,
washed with water and acetone, and dried under vacuum at
120 °C overnight to obtain a yellow powder with 80% yield.

Characterization techniques

CHN content was determined with a Carlo Erba 1106 elemental
analyzer. Thermogravimetric and differential thermal analysis
(TGA-DTA) were performed in an air stream with a Mettler Toledo
TGA/SDTA 851E analyzer. Solid state MAS-NMR spectra were
obtained at room temperature under magic angle spinning (MAS)
in a Brucker AV-400 spectrometer. IR spectra were determined with
a Bruker Tensor 27 FT-IR spectrometer. Catalytic results were
obtained in an Agilent 8860 GC with a carbowax column. The
adsorption isotherms were measured in a Micromeritics ASAP 2010
instrument using approximately 200 mg of the adsorbent placed in
a sample holder that was immersed in a liquid circulation thermo-
static bath for precise temperature control. Before each measure-
ment, the sample was treated overnight at 673 K under vacuum.
CO, adsorption isotherms were then acquired at 273 K.

Catalytic experiments

General procedure for the esterification reactions. In a
typical run for catalytic activity test of SOPs, carboxylic acid
(1.0 mmol), ethanol (0.9 mL, 15 eq.) and SOP (10 mg, 6.0 mol%
S with respect to carboxylic acid) were added to a 2 mL vial. The
reaction mixture was stirred at 78 °C. The reaction products
were analyzed with GC-MS (Varian 3900) with a BP20(WAX)
capillary column (15 m long, i.d. 0.32 mm), with dodecane as
the internal standard and comparing retention times with
those of commercial standards. After each catalytic cycle, the
catalyst was filtered and washed with ethyl acetate (3 x 5 mL)
and acetone (3 x 5 mL), then dried at 100 °C in a vacuum and
used directly in a consecutive cycle.

Conclusion

In this article, we reported, for the first time, the synthesis via
click processes of four hydrophobic organosulfide materials
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named SOP-1-4. SOP-1 and SOP-3 have been synthesized
through Sx2 reactions, while SOP-2 and SOP-4 by thiol-yne
reactions. Characterization data, specifically elemental analysis,
BC NMR and IR confirmed the effective incorporation and
assembly of the organic sulfide units used in the synthesis to
form a fully coordinated structure of the SOP family. SEM and
TEM images showed a morphology based on uniform discrete
spherical particles without crystallinity, although CO, sorption
experiments evidenced an appreciable and accessible specific
surface area. Sulfide-based materials have been shown to exhibit
high reactivity, selectivity and reusability for esterification reac-
tions through a proposed electrophilic mechanism based on
hypervalent S - -O interactions, mimicking similar catalytic routes
observed in proteins. Definitively, this novel family of sulfide
organic polymers opens the door to the generation of new types
of heterogeneous catalysts based on sulfur units acting as effective
electrophilic sites. Other applications, such as adsorption-separa-
tion processes, should also be considered, taking into account the
high hydrophobicity exhibited by SOP-type materials.
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