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ABSTRACT

In the present work, a new 3D potassium coordination polymer (1) was prepared by oxidation of sul-
fonated mesitylene. Its novel sulfono-tricarboxylic ligand, 2-sulfono-benzene-1,3,5-tricarboxylic acid (2),
which acted as a structure-directing building block, was successfully synthesized by ion exchange of the
potassium coordination polymer (1). The 3D coordination polymer and the sulfonate-carboxylate ligand
were characterized by FT-IR and 'H and 3C NMR spectroscopies, and their molecular structures were
determined by single-crystal X-ray diffraction. In addition, thermal stability and adsorption/desorption
behavior of 1 was investigated by TGA-DTA and N, adsorption/desorption techniques, respectively. The
catalytic activities of the ligand, as a novel and simple organocatalyst, and the rarely explored potassium
CPs were studied in the CO, cycloaddition reaction. The results showed 2 is an efficient organocatalyst
in the CO, cycloaddition process. It is suggested that the synergetic effect among Brgnsted acid COOH,
Lewis base I~ and free water molecules facilitate this reaction.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Coordination polymers (CPs) are considered superior crystalline
materials with widespread applications [1-5]. Different physical
and chemical properties of CPs highlight them among other ad-
vanced materials. Exceptional high surface area, sorption capacity,
acid/base Lewis or Brensted sites, and facile tunability are some
of their important characteristics [6-8]. CPs have intriguing ar-
chitectures and topologies, which originate mainly from the na-
ture of ligands and metal-centers coordination abilities. Multifunc-
tional organic ligands are vital structure-directing building blocks
in CPs and MOFs (metal organic frameworks) [9-14]. Bifunctional
sulfonate-carboxylate organic ligands with strong and weak coor-
dination ability of carboxylate and sulfonate functional groups, re-
spectively, have been used in the synthesis of CPs [15-18]. It has
also been known that potassium metal salts are efficient catalysts
for the synthesis of cyclic carbonates (CCs) from CO, [19,20].

In recent years, direct attention has been devoted to CO, con-
version not only for the adverse effect of CO, on global warming
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and climate change [21] but also as a primer source of C1 [22] for
the production of fine chemicals and fuels [23,24]. Besides the sci-
entific and technological improvement, some principle issues re-
main, such as high energy demand for CO, activation [25], diffi-
culties in separation of catalysts from the reaction mixture, and
low catalytic activities of heterogeneous catalysts for these pro-
cesses. Up to now, different methods and systems have been ap-
plied to improve this reaction [26]. A suitable method for synthe-
sizing low energy CCs is the cycloaddition of CO, to diverse, high-
energy epoxides [27]. CCs are considered as an important class of
compounds in chemical industries. Various types of metal-based
homogeneous and heterogeneous catalysts can catalyze this reac-
tion including metal salts [27,28], metal oxides [29-31], oxychlo-
rides [32], porphyrin [33], phthalocyanine [34], and salen com-
plexes [32,35-37], immobilized nanoparticles [38], highly ordered
microporous and mesoporous materials [39,40], and more recently
coordination polymers (CPs) and MOFs [41-45]. An alternative that
has been proved to be more efficient in milder conditions (lower
pressure and temperature) is organocatalysts [46].

In this work, a new 3D potassium coordination polymer with
intriguing structural aspects and a novel bifunctional sulfonate-
carboxylate organic ligand, 2-sulfono-benzene-1,3,5-tricarboxylic
acid (H3BTC-SO5.H30), were successfully synthesized and charac-
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terized. H3BTC-SO3 acted as a structure-directing building block in
the synthesized potassium CP. The catalytic activities of the H3BTC-
S03.H30, as a novel, simple organocatalyst, and the rarely explored
potassium CPs were studied in the CO, cycloaddition reaction.

2. Experimental
2.1. Materials and instrumentation

All chemicals and solvents were commercially available and
used without purification. Infrared spectra were recorded on a
Bomem MB-Series FTIR spectrometer. 'H and 3C NMR data were
collected on a Bruker AVANCE 300 MHz spectrometer utilizing D,0
as solvent and tetramethylsilane as an internal standard. A STOE
diffractometer equipped with Cu K, radiation (A = 0.15418 nm)
was used to record powder X-ray diffraction (XRD) patterns. Ther-
mogravimetric analysis (TGA) was performed using a Bahr STA-503
instrument at a heating rate of 10 °C min~! under airflow. The CHN
elemental analysis was accomplished using a Perkin-Elmer 2400
CHN analyzer.

2.1.1. X-ray crystallography

The X-ray diffraction measurements were made on a STOE
IPDS-II diffractometer with graphite-monochromated Mo-Ko radi-
ation. Single-crystals of 1 and 2 were mounted on glass fiber and
used for data collection. Cell constants and an orientation matrix
for data collection were obtained by the least-square refinement
of 7248, 7588 reflections for 1 and 2, respectively. Both data were
collected at room temperature to a maximum 26 value of 58.32
and 58.34° for 1 and 2, respectively. Diffraction data were collected
in a series of w scans in 1° oscillation and integrated using the
Stoe X-AREA [47] software package. Numerical absorption correc-
tion was applied using X-RED [48] and X-SHAPE [49] software. The
data were corrected for Lorentz and polarizing effects. The struc-
tures were solved by direct methods [50] and subsequent differ-
ence Fourier maps and then refined on F2 by a full-matrix least-
squares procedure using anisotropic displacement parameters [51].
Atomic factors are from the International Tables for X-ray Crystal-
lography [52]. All refinements were performed using the X-STEP32
crystallographic software package [53]. In compound 2, all hydro-
gens attached to oxygens were found in a difference Fourier maps
and refined isotropically. Other hydrogen atoms were positioned
geometrically and refined as riding atoms with C—H = 0.93 A,
Uiso(H) = 1.2Ueq(C). Crystal data and refinement for compounds
1 and 2 are summarized in Table S1, and selected bond length and
angles are given in Table S2 and Table S3 in the ESIf.

2.2. Synthesis of [K(H3BTC-SO3)(H,0),], (1) and
(CgHs509S).H30-2H,0 ((H3BTC-503).H30-2H,0) (2)

For the synthesize of 1, 5 mL of mesitylene was poured into a
round bottom flask, then 4 mL of the oleum was added, and the
mixture was stirred for 5 min. The resulting white precipitate was
filtered and dried at ambient temperature. Subsequently, the sul-
fonated mesitylene (10.42 g, 0.056 mol) was dissolved in 250 mL
of deionized water in a 500 mL round bottom flask. The flask was
placed in the ice bath, and then KMnO, (41.18 g, 0.26 mol) was
added stepwise in 3 h. Then, the reaction mixture was refluxed
for 48 h and then filtered to remove the residual MnO,. After the
addition of HCl to the filtrate, the solution allowed to crystallize
by slow evaporation. The resulting colorless crystals were collected
and characterized by FTIR, 'H-, and 3C NMR spectroscopies and
CHN analysis. The structure of the complex was determined by
single-crystal X-ray diffraction. Anal. Calcd. (Found) for CyHgKO1;S:
C 29.67 (29.09); H 2.49 (2.38). 'H NMR (300 MHz, D,0) § (ppm):
8.08 (s, 2H, 2 (Ar—H)). 13C NMR (75.43 MHz, D,0): § (ppm): 171.5,
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1674 (C = 0), 140.9, 134.0, 132.7, 130.0 (Ar). IR bands (KBr) ©
(cm~1) 523, 630, 651, 700, 758, 845, 907, 1019, 1081, 1188, 1245,
1306, 1414, 1608, 1726, 3032, 3083, 3288, 3510, and 3595.

For the preparation of (H3BTC-SO3).H30-2H,0 (BTC = 1,3,5-
benzenetricarboxylate) (2), 250 mg of 1 was dissolved in 20 mL
of deionized water and pass through a column (20 x 1 ¢cm) con-
taining Dowex-50W-X8, a strongly acidic cation-exchange resin.
The column was eluted by deionized water, and the resulted so-
lution was collected and allowed to crystalize by slow evaporation
of water at room temperature. The titled compound was charac-
terized by FTIR, 'H-, and 3C NMR spectroscopies, and the struc-
ture of 2 was determined by single-crystal X-ray diffraction. Anal.
Calcd. (Found) for CoH1501,S: C 31.40 (31.22); H 3.51 (3.65). 'H
NMR (300 MHz, D,0) § (ppm): 8.10 (s, 2H, 2 (Ar—H)). 3C NMR
(75.43 MHz, D,0): 171.3, 1674 (C = 0), 141.0, 133.8, 132.3, 130.1
(Ar). IR bands (KBr) % (cm~!): 518, 625, 661, 701, 758, 860, 912,
1020, 1076, 1194, 1245, 1322, 1409, 1614, 1731, 3030, 3077, and
3430.

2.3. Cycloaddition reaction of CO, with epoxide and catalyst
regeneration

In a typical procedure, 4 mmol styrene oxide, 5 mol% TBAB
(tetrabutylammonium bromide) and 5 mol% catalyst were loaded
into a vial, which was filled with 1 atm of CO,. The reaction mix-
ture was stirred at 110 °C for 10 h, and after cooling, some chlo-
roform was added to the reaction vessel, and the catalyst was re-
moved by centrifugation. Purification of the crude product was per-
formed by column chromatography using ethyl acetate/n-hexane
(1:3, viv) as an eluent to obtain the pure product. mp 49-51 °C
(lit. 50-51 °C) [54,55]. "H NMR (300 MHz, CDCl3) § (ppm): 4.40 (t,
1H, (-CH,)), 4.84 (t, 1H, (-CH,)), 5.70 (t, 1H, (-CH)), 7.37-7.49 (m,
5H, Ph). After each catalytic cycle, the catalyst was separated by
centrifugation from the reaction mixture, washed with chloroform,
and dried at 80 °C for the next catalytic run.

3. Results and discussion
3.1. Synthesis of the compounds

Bifunctional-substituted isomers of tricarboxylate monosul-
fate aromatic compounds have rarely been explored. Three
different structures of monosulfono-benzene-tricarboxylic acid
have been found in literature, as shown in Scheme 1. Metal
salts of 5-sulfono-benzene-1,3,5-tricarboxylic acid (5-sulfonyl-1,2,4-
benzenetricarboxylic acid or 1,2,4C-5S) are commercially available.
They have been used to synthesize different CPs and MOFs [56,57],
while the structures of the other two have been found in two
patents with no further information [58]. In this study 2-sulfono-
benzene-1,3,5-tricarboxylic acid (1,3,5-2S or H3BTC-S03.H30), were
successfully synthesized in two-step, as shown in Scheme 2. Sul-
fonation of mesitylene has been performed in the first step. It
should be mentioned that the synthesis of sulfonated mesitylene
has previously been reported by other methods [59,60], in the
presence of different catalysts at a higher temperature and longer
time with a lower yield. Sulfonated mesitylene in this work was
prepared in much higher yield using oleum at ambient tempera-
ture only in 5 min. In the next step, the methyl groups were suc-
cessfully oxidized, and after work up a potassium CP and the first
coordination polymer of the H3BTC-SO3 has been formed. The pure
crystalline ligand (H3BTC-SO3).H30-2H,0 (2) was obtained by the
ion-exchange technique.
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Scheme 1. Three different structures of monosulfono-benzene-tricarboxylic acids.
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Scheme 2. The synthetic procedure of [K(H3BTC-SO3)(H,0),]n (1) and (H3BTC-SO3).H30-2H,0 (2).

3.2. Crystal structure of [K(H3BTC-SO3)(H50),],) (1) and
((H3BTC-SO3).H;0-2H,0) (2)

Compound 1 is a potassium coordination polymer that is con-
structed of a neutral [K(H3BTC-SO3)(H,0),] complex. The asym-
metric unit of 1 consists of a Kt ion, a H3BTC-SO; ligand, and
two water molecules (010 and O11), as shown in Fig. 1. The co-
ordination number of potassium ion, K1, is eight and form a dis-
torted square-antiprism by three oxygens of sulfonate groups: O6,
06, and 07, three oxygens of carboxylate groups: 02, 09 and 09,
and two oxygens from water molecules: 010 and O11. The bond
lengths of K1—O range from 2.761(3) to 3.0642(18) A (see Table
S2) and are consistent with reported values in the literature [61].
Two sulfonate oxygens and two oxygens of carboxylate groups are
in bridging position and resulted in a four and six-member cage-
like 2D inorganic layer (Fig. 2). These 2D layers are connected by
the organic pillars, H3BTC-SO3~ ligand, via 02 and 09 atoms of car-
boxylate groups and 07 atom of sulfonate groups to generate a 3D
framework (Fig. 3). Interestingly, one of the carboxylate groups are
left free and have the potential for further reactions.

Compound 2 was crystallized in the triclinic crystal system and
P1 space group with two formula units in the unit cell (Z = 2).
The asymmetric unit of 2 is shown in Fig. 4, which consists of
H3BTC-SO3, H30*, and two water molecules. The two C-0O bonds
lengths in each of the carboxylate groups are not identical, ca.

12 vs. 1.3 A, which is an indication of the protonated oxygen
atoms. All of the hydrogens except the two phenyl ring hydrogens
are participate in extended three-dimensional hydrogen bonding.
For instance, one of the two independent H,O molecules (09)
formed a dimer via both of its hydrogens, as shown in Fig. 5.
A variety of H-bondings were present in 2 and formed a 3D
network.

3.3. FI-IR spectra, PWXRD patterns, and thermogravimetric analyses
Fig. 6 shows the FT-IR spectra of sulfonated mesitylene, com-
pounds 1 and 2. The bands observed at 3510 and 3595 cm~! in the
FT-IR spectrum of compound 1 (Fig. 6b) demonstrated the pres-
ence of coordinated water molecules in the titled compound [62].
The emergence of the new bands at 1245, 1306, and 1726 cm™!
attributed to the stretching vibrations of C-0 and C = O bonds
of the carboxylic acid [62]. The disappearance of the C-H stretch-
ing bands at 2850 and 2930 cm~! in the spectrum of sulfonated
mesitylene (Fig. 6a) indicates methyl groups oxidation to carboxylic
acid functional groups. Apparently, after passing the potassium
coordination polymer through the ion exchange column, coordi-
nated water molecules were eliminated, and 2-sulfono-benzene-
1,3,5-tricarboxylic acid formed. Also, the bands at 661, 1020, 1076,
and 1194 cm~! in the spectrum of compounds 2 (Fig. 7c) associ-
ated with the stretching vibration of C-S, the stretching vibration
of S — O, the in-plane skeletal vibration of the benzene ring with a
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Fig. 2. Representation of 2D inorganic layer of 1 along c axis. The bridging oxygens,
potassium, and sulfur are only shown for more clarity.

sulfonic substituent, and the symmetric stretching vibration mode
of O = S = O, respectively [63-65].

The X-ray powder diffraction of compound 1, and its simulated
pattern, are presented in Fig. 7. Both of the patterns are closely
matched, which implies the purity and crystallinity of the bulk ma-
terial of compound 1. Also, the XRD pattern of compound 2 ap-
proved the crystallinity of the bulk material, see Figure S1.

Fig. 4. The asymmetric unit of 2 (water molecules are not shown for more clarity).
The ellipsoids are drawn with 50% probability. Hydrogen atoms are presented with
ball and stick style.

TGA and DTA curves of compound 1 are shown in Fig. 8.
The 5 wt.% mass loss at about 165 °C in the TGA curve, which

Fig. 3. Representation of 3D framework of 1 along a and b axis. The 2D inorganic layers are presented in purple color, and organic pillars are shown in black color. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Hydrogen bonds formation via H,0, carboxylate, and sulfonate.
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Fig. 6. FT-IR spectra of the sulfonated mesitylene (a), compound 1 (b), and compound 2 (c).
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Fig. 7. Simulated XRD patterns of compound 1 based on the single-crystal structure (down, red), and its experimental pattern (top, blue).

is accompanied by an endothermic peak in the DTA curve,
is associated with the dehydration and release of two coordi-
nated water molecules in the complex. The second endother-
mic step in the temperature range of 250-310 °C in the DTA
curve and almost without mass loss in the TGA curve can be
attributed to the decomposition and collapse of coordination

polymer structure. Finally, the substantial mass loss that oc-
curs from 310-800 °C in the TGA curve along with the sev-
eral exothermic peaks in the DTA curve is due to the combus-
tion of decomposition products, organic residue, and the pos-
sible trace of charcoal, which extend combustion to around of
800 °C.
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Fig. 8. Thermogravimetric analysis of the structure 1.

Table 1

The role of effective factors on the cycloaddition reaction of CO, with styrene oxide in the
presence of [K(H3BTC-SO3)(H,0);], (1) and (H3BTC-SO3).H30-2H,0 (2) under atmospheric

pressure of carbon dioxide.

Entry  Catalyst (% mol)  Cocatalyst (% mol)  Solvent T (°C) t(h) Yield (%)
1 - TBAI (5) neat 110 10 -

2 1(5) TBAI (5) neat 110 10 17
3 2 (5) TBAB (5) neat 110 10 40
4 2 (5) TBAI (5) neat 110 10 50
5 2 (5) TBAI (5) H,0 110 10 10
6 2 (5) TBAI (5) CH5CN 110 10 -

7 2 (5) TBAI (5) CH5CN 110 10 5

8 2 (5) TBAI (5) neat 130 10 52
9 2 (5) TBAI (5) neat 90 10 35
10 2 (5) TBAI (5) neat 110 14 55
11 2 (5) TBAI (5) neat 110 8 40
12 2 (5) TBAI (5) neat 110 6 26
13 2 (5) TBAI (5) neat 110 10 32
14 2 (8) TBAI (5) neat 110 10 53
15 2 (5) TBAI (2) neat 110 10 30
16 2 (5) TBAI (8) neat 110 10 51
17 2 (5) TBAI (5) neat 110 10 81P

2 [solated yield. °CO, pressure = 5 bar.

3.4. Catalytic study

The reaction of styrene oxide and CO, has been selected as a
model reaction for a heterogeneous solvent-free reaction to de-
termine the efficiency of potassium coordination polymer (PCP, 1)
and the linker derived from it (2). At the reaction conditions, no
product was produced in the absence of the catalyst (Table 1, en-
try 1). Tetrabutylammonium bromide (TBAB) and tetrabutylammo-
nium iodide (TBAI) were used at different molar percentages with
respect to the substrate to determine the effect of cocatalyst on the
reaction process of styrene carbonate production from styrene ox-
ide under atmospheric pressure of carbon dioxide. As can be seen,
TBAI has a better performance than TBAB, and with increasing mo-
lar percentage of TBAI, the reaction efficiency is enhanced, and af-
ter reaching the plateau, increasing the amount of cocatalyst has
no effect on the reaction process (Table 1, entries 2-3 and 15-16).
The differences between cocatalysts arise due to the differences
in the donor strength of the Lewis-bases, as mentioned above. As
shown in Table 1, entries 2-3, TBAI is the best base for this re-
action. By making a simple comparison to TBAB, the iodide pro-
vided a much better nucleophilicity resulted in more convenient

ring-opening and -closure steps. Also, various studies have shown
that this reaction does not progress significantly in the presence
of solvents such as water and acetonitrile (Table 1, entries 5-6),
which can dissolve 2 as a catalyst. In fact, by dissolving the 2 in
the solvent, the structure breaks down and loses its desired spatial
position to form the hydrogen bond with the epoxy ring and per-
form the reaction. The reaction in chloroform as a solvent in which
2 is not soluble also did not yield the desired result (Table 1, entry
7), possibly due to the decrease in the number of effective colli-
sions between the reactants as a result of the lowering concentra-
tion. By changing various factors such as temperature, time, and
amount of catalyst, the role of these factors in advancing CO, fix-
ation reaction was investigated (Table 1, entries 8-14). The results
showed that by increasing each of these factors, the production ef-
ficiency of styrene carbonate increased. After reaching the plateau,
further increasing each item did not cause a noticeable change in
the desired product yield.

Based on the catalytic test results, the optimum reaction con-
ditions were selected, and the cycloaddition reaction of CO, with
styrene oxide reached a maximum efficiency of 81% under 5 bar
pressure of carbon dioxide in 10 h at 110 °C in the presence of
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Fig. 9. The plausible mechanism pathway for the cycloaddition reaction of styrene oxide and CO, using 2-sulfono-benzene-1,3,5-tricarboxylic acid (2).

tetrabutylammonium iodide as a cocatalyst. Furthermore, the cata-
lysts TOF values was lower than 2 h — 1.

The catalytic performance of organocatalyst (2) was better than
PCP (1) in the reaction of styrene carbonate synthesis under the
same conditions (Table 1, entries 2 and 4). It is interesting to com-
pare 2 and 1 as a catalyst in the cycloaddition reactions and ex-
plain the possible reason for the yield differences. It has been
found that in the reaction of styrene dioxide and carbon dioxide,
hydrogen bond formation plays a vital role in accelerating the re-
action [66]. According to the presented mechanism in Fig. 9, the
adjacent hydroxyl groups significantly impact the formation of the
desired product by forming a hydrogen bond with epoxy ring oxy-
gen and formation the stable 7-membered ring species [67]. Be-
sides, in 1, because of the spatial congestion around coordinated

water molecules to potassium, the possibility of forming a hydro-
gen bond with the epoxy ring oxygen is reduced compared to 2.
Therefore, the poor performance of 1 compared to 2 (17% vs. 50%)
during the cycloaddition reaction is reasonable.

The reusability of the 2-sulfono-benzene-1,3,5-tricarboxylic acid
(2) as a catalyst in the CO, cycloaddition reaction was also eval-
uated, and it was found to be robust and stable during recovery
cycles (Fig. 10).

Table 2 provides a brief comparison of the optimum -cata-
lyst performance in this study with previously reported catalysts
with a similar mechanism. As can be seen, compared to sim-
ilar catalysts reported in the literature, 2-sulfono-benzene-1,3,5-
tricarboxylic acid (2) has advantages such as fast, convenience, and
reasonable yield in the low pressure of CO,.

Table 2
Comparison of the catalytic performance of 2-sulfono-benzene-1,3,5-tricarboxylic acid (2) with previously reported catalysts in neat condi-
tion.

Entry Catalyst T ( °C) t (h) CO, pressure (bar) Yield (%) Ref.

1 Nal/PPh3; /PhOH 120 14 40 100 [68]

2 Cellulose/KI 110 9 20 98 [69]

3 Potassium complex 150 8 22 50 [70]

4 EDTA 70 18 5 94 [43]

5 [{(CH,)3CO,H}im|Br 120 1 20 95 [71]

6 PDVB-CEIMBr 140 4 20 93.8 [72]

7 {[Zn(H2L)2J(NO3)4}n (CP-1) 100 4 10 99 [73]

8 Cobalt-based CP 80 2 10 59 [74]

9 2 110 10 5 81 This work
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Fig. 10. The reusability of 2 in the preparation of styrene carbonate from styrene
oxide under CO, pressure 5 bar.

4. Conclusion

In this study, two new compounds, potassium coordination
polymer, and the corresponding ligand, were introduced and they
used to investigate their performance as catalysts in the cycload-
dition of CO, to epoxides. The results showed that the ligand of
potassium coordination polymer, carboxylic acid-containing ligand,
as a heterogeneous organocatalyst had a better performance than
potassium coordination polymer under the same reaction condi-
tions. The remarkable performance of ligand in the cycloaddition of
CO,, to epoxides confirmed the synergistic effects of the simultane-
ous presence of Brensted acid COOH, Lewis base I~ and free water
molecules during the reaction. This organocatalyst can be reused
and recovered without significant loss in efficiency over several
consecutive steps.
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