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Hypervalent iodine compounds have gained significant attention for their applications in highly efficient
and environmentally benign chemical transformations. Many homogeneous variants of hypervalent
iodine compounds have been investigated; however, the development of the heterogeneous variants is
still limited despite their potential applications as recyclable catalysts. In this study, we report a synthesis
of novel hypercrosslinked polymers bearing iodine functional groups. These polymers were synthesized
using an efficient iodination method, allowing iodine incorporation up to 1.96 mmol g~ Various
iodinated hypercrosslinked polymers, featuring electron-rich and electron-poor substituents, were
synthesized with good yields and high iodine incorporation. The utility of these iodinated polymers as a
heterogeneous catalyst was demonstrated in an alcohol oxidation, giving the corresponding ketone in
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high yields. This polymeric catalyst could be easily recovered through simple filtration and reused
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Introduction

Development of green and efficient syntheses is an important
challenge in chemistry. Catalysis offers a solution for more
efficient and more environmentally friendly syntheses because
catalysts can be used in a sub-stoichiometric amount; thereby,
reducing the synthesis cost and waste. Heterogeneous catalysis
for organic synthesis has recently gained a lot of attention
because heterogeneous catalysts can be recovered and reused
with a convenient and inexpensive operation such as simple
filtration. Development of new heterogeneous catalysts is
therefore important. One commonly used approach to
develop heterogeneous catalysts is to functionalize the surface
of a material to install reactive functionality necessary for
catalysis."

Hypercrosslinked polymers (HCPs) are an important class of
porous materials with extensive crosslinking in the polymer
chains.>® The structural framework of HCPs generally
has a highly porous structure and high surface area, making
them suitable for various applications such as catalysis,”
gas storage,®® separation,”'® adsorption,'* solid supports,**
and sensors.”® One important advantage of HCPs is their high
porosity and high surface area, which allows high functional
group incorporation on their surface. HCPs with various
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without any deterioration in the yields of the product.

functional groups, such as sulfonic acid,'* carboxylic acid,’
amide,"® hydroxyl group,’” and amine'® have been developed.
In addition to neutral HCPs, ionic HCPs have been constructed
for various applications.'®' However, iodine-functionalized
HCPs have not been reported possibly because alkyl or aryl
iodide functional groups could interfere with common poly-
merization methods to synthesize HCPs such as Friedel-Crafts
reactions or cross-coupling reactions.

Iodine-functionalized aromatic compounds are an impor-
tant structural motif in organic chemistry. One important
application is its use as a precursor for hypervalent iodine
chemistry. Due to their high efficiency, low toxicity, and easy
handling, hypervalent iodines have been used for a wide range
of chemical transformations, such as oxidation,**>* oxidative
addition,> oxidative cleavage,”?*>° oxidative rearrangement,*’
and oxidative cyclization reactions.>**’

Previously, the development of homogeneous catalytic
hypervalent iodines has been reported to make the reactions
more environmentally friendly and cost-effective. An approach
to develop a catalytic variant for hypervalent iodines is to use
iodoarenes as a pre-catalyst and a stoichiometric amount of
various oxidants to generate an iodine(r)/iodine(m) catalytic
cycle. This approach has been used for various reactions such
as C-H activation,*>*" oxidative decarboxylation,*® Hoffmann
rearrangement,*” and oxidative cyclization.*®

Although homogeneous hypervalent iodine chemistry has
been developed, the development of a heterogeneous variant
has still been limited. Only a few types of materials, such
as silica** and polystyrene**™" have been used as a framework
for heterogeneous hypervalent iodine chemistry. A direct

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Hypercrosslinked polymer (HCP), (b) a simplified structure

of HCPs, (c) previously reported direct iodination of polystyrene and
(d) this work.

iodination of polystyrene offered simple access to iodinated
polystyrene, which has been shown to be an effective hetero-
geneous pre-catalyst for hypervalent iodine chemistry in many
chemical reactions. This iodination method (using the I,/1,05
iodination system and CCl; as a solvent under refluxing
condition) required harsh reaction conditions with a toxic
solvent.”> We envisioned that the development of new iodi-
nated polymers for heterogeneous hypervalent iodine chemistry
may be accomplished with milder and greener reaction condi-
tions (Fig. 1). Iodinated hypercrosslinked polymers are chosen
because their polymeric framework is expected to have high
surface area, high porosity, and high thermal and chemical
stability. The framework can be conveniently modified with
various functional groups (such as electron-rich or electron-
poor substituents), which may allow access to hypervalent iodine
with different oxidation potentials. Herein, we report a synthesis
of novel iodinated hypercrosslinked polymers using mild iodina-
tion conditions and use the resulting iodinated polymers as a
recyclable heterogeneous catalyst for alcohol oxidation.

Results and discussion

A non-functionalized hypercrosslinked polymer (HCP-H) using
a benzene monomer with a methylene linkage was chosen to be
the model substrate for the iodination. The polymer was
synthesized from the Friedel-Crafts reaction between benzene
and dimethoxymethane using the reported procedure in the
literature.”® A brown solid of HCP-H was obtained in a good
yield (quantitative).

To investigate the iodination conditions, three different
iodination methods were tested with HCP-H to generate

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Screening of the iodination conditions

ke
Lot

condition _ {T:/\\Jﬁ
>§/\//\I

Todine content

Entry Condition Yield (%) (mmol g %)

1  L/KIO3/H,SO,/AcOH/H,0, 80 °C, 10 h 46 0.63
2% KI/H,0,/H,SO4, MeOH, 60 °C, 24 h 53 0.47
3¢ I/NalO,/H,SO,, 1t, 1 h 58 0.97

% Reaction conditions: HCP (5 mmol), I, (130 mmol, 26 equiv.), KIO;
220 mmol, 4 equiv.) in a mixed solvent (AcOH : H,O : H,S0,/50:4: 1, 550 mL).

Reaction conditions: HCP (5 mmol), KI (5 mmol, 1 equiv.), H,SO, (7.5 mmol,
1.5 equiv.), 30% H,0, (10 mmol, 2 equiv.) in MeOH (25 mL). © Reaction
conditions: HCP (5 mmol), I, (4.3 mmol, 0.86 equiv.), NalO, (1.4 mmol,
0.28 equiv.) in 98% H,SO, (15 mL).

HCP-I (Table 1). The iodine content in the iodinated hypercros-
slinked polymer was determined by a method based on a
modified combustion®® and an indirect atomic absorption
spectroscopy measurement.

A combination of I,/KIO;/H,SO, gave the desired iodinated
product in 46% yield with the iodine content of 0.63 mmol g *
(entry 1). A system of KI/H,0,/H,SO, gave the iodinated polymer in
53% yield with the iodine content of 0.47 mmol g~ * (entry 2). An I/
NalO,/H,S0, oxidative condition gave the iodinated polymer in the
highest yield (58%) and the highest iodine content (0.97 mmol g™ %)
(entry 3). It should be noted that the iodination using I,/NalO,/
H,SO, did not require heating, and the reaction time was signifi-
cantly shorter. This condition was chosen for further optimization.

The equivalent of the iodinating agents was subsequently
studied (Table 2). Increasing the amount of the reagent led to a
higher iodine content in the polymer; however, increasing the
amount beyond 2 equivalents did not significantly change the
iodine content. The iodination condition with 2 equivalents of
the iodinating agent gave the product in 65% yield and the
iodine content of 1.96 mmol g~ . This condition was chosen as
the optimal condition for further investigation.

With the optimal iodination conditions in hand, HCPs
with different substituents were investigated to explore the

Table 2 Screening of the equivalents of iodinating agent

I, (x equiv.),
AN NalO,4 (y equiv.) X
M HySOy, 1t, 1 h m
xS 250 1 S

Entry I, (equiv.) NalO, (equiv.) Yield* (%) Iodine content (mmol g~ ")

1 0.43 0.14 58 0.97
2 0.54 0.17 44 1.33
3 0.64 0.21 64 1.53
4 0.75 0.24 67 1.57
5 0.86 0.28 65 1.96
6 1.29 0.42 71 2.07

“The yields were calculated from the stoichiometry based on the
molecular weight of the expected structure of the product with an
assumption that each aromatic ring was iodinated one time (see ESI).
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possibility of using the method for a wider range of materials
(Table 3). Alkyl substituents (methyl, ethyl, or isopropyl) did not
affect the yields of the iodinated polymers, but the iodine
content decreased to 0.90, 1.14, and 1.18 mmol g~ ', respectively
(entries 2-4). When the substituent was changed to an electron
donating methoxy group, the iodine content was 1.05 mmol g~
(entry 5). These results suggested that substrates with various
substituents were well tolerated in this iodination method. The
lower iodine content of the substituted polymers may result
from the increasing steric demand of the substituents and/or
the lower number of iodinating sites on the aromatic rings in
the polymers. HCP with an electron withdrawing nitro group
gave the iodinated product in 50% yield and the iodine content
of 1.11 mmol g~* (entry 6).>*

The chemical properties of the iodinated hypercrosslinked
polymers were studied using IR spectroscopy (Fig. 2). The IR
spectrum of HCP-I (2a) exhibited a new absorption at 624 cm ™",
corresponding to the C-I stretching. This result suggested that
the iodination condition successfully installed iodine func-
tional groups onto the surface of the hypercrosslinked poly-
mers. In addition, a comparison between the IR spectra of HCP-
H (1a) and HCP-I (2a) showed no significant change in the
peaks of the polymer framework: C-H stretching of the methy-
lene bridge (2920 cm™"), overlapping of the peaks from C—C
stretching of the aromatic ring and O-H bending of water
(1676 cm ™), and the C-O stretching of ether or alcohol possibly
from the unreacted site of the crosslinker on the polymer
(1297 em ™). For HCPs with different substituents (2b-2f), C-I
stretching is also observed (see ESIT).

HCP-I (2a) was chosen for further characterization and
utilization because it had the highest iodine content. The
morphology of the HCPs was further studied using scanning
electron microscopy (SEM). The SEM images showed that
the morphology of HCP-H (Fig. 3(a)-(c)) and that of HCP-I
(Fig. 3(d)-(f)) were similar. This result suggested that the
polymer backbones of HCP-H and HCP-1 were similar, which
agreed well with the data from IR spectroscopy. In addition,
SEM-EDX elemental mapping was performed to confirm the
presence of iodine atoms on the surface of the iodinated
polymers (Fig. 4(f)). The elemental mapping data indicated that

Table 3 Substrate scope of the iodination?

R 1, (0.86 equiv.), R
W\W NalO,4 (0.28 equiv.) ﬁM
{T ot HySOy, 1t, 1h {T ,)_]_
<A et RS

Entry R Yield (%) Todine content (mmol g~ )

1 H (2a) 65 1.96

2 Me (2b) 70 0.90

3 Et (2¢) 67 1.14

4 'pr (2d) 70 1.18

5 OMe (2e¢) 58 1.05

6 NO, (2f) 50 1.11

“ Reaction conditions: HCP (5 mmol), I, (4.3 mmol, 0.86 equiv.), NalO,
(1.4 mmol, 0.28 equiv.) in 98% H,SO, (15 mL).

5186 | Mater. Adv, 2023, 4, 5184-5190

View Article Online

Paper

HCP-H
(1a)

HCP-I
(2a)

C-| Stretching
C(sp®)-H Stretching C-O Stretching

C=C Stretching
- (overlap with O-H bending)
O-H Stretching

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm™)
Fig. 2 IR spectra of HCP-H 1a and HCP-I 2a.

carbon, oxygen, and iodine atoms were found on the surface of
the polymer and that iodine atoms were distributed over the
surface of the polymer.

To study the chemical composition on the surface of HCP-I
(2a), XPS spectra were measured (Fig. 4). The spectrum showed
two major peaks located at binding energies of 619.8 and 631.4 €V,
which were characteristic peaks of the I-3d spin-orbit doublet
(I-3ds, and I-3dg),, respectively) in an organic molecule.>
These peaks suggested the presence of a C(aromatic)-I bond
on the HCP surface.®® The detection of C 1s peaks at 283.8,
284.8, 286.0, 287.3, and 289.3 eV described the chemical states
of carbon atoms on the surface, which were corresponding to
C=C, C-C, C-0, C=0, and O-C=0 bonds, respectively.’”
The remaining oxygen atoms from the crosslinking reagent
were confirmed by the presence of O 1s signals at 531.2 and
532.8 eV, which were corresponding to the organic O—C and
0O-C bonds, respectively.”® The presence of the carbonyl group
might arise from the polymerization of HCP.®°

The thermal stability of the HCP-I was investigated using
TGA analysis (see ESIt). The TGA data showed 2 main ranges of
weight loss. The range lower than 100 °C could be associated
with the release of physically adsorbed water on the surface of
the resin. The moisture adsorbed on the polymer was deter-
mined to be around 19%. The mass loss in the range of
300-500 °C was possibly due to the decomposition of the iodine
functional group on the surface of the polymers and the
breakdown of the polymeric backbone. The TGA result sug-
gested that the novel iodinated polymer was thermally stable up
to 300 °C.

To study the porosity property of HCP-I, N, adsorption-
desorption analysis at 77 K was performed. The data showed a
type-IV isotherm with a significant hysteresis loop, similar to
that of HCP-H, indicating that the iodination process did not
significantly change or destroy the core structure of the poly-
mers. The pattern of the isotherms revealed the presence of
micropores and mesopores in the material.*" The adsorption
isotherm (Fig. 5(a)) showed a steep nitrogen gas uptake at low

© 2023 The Author(s). Published by the Royal Society of Chemistry
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relative pressure (P/P, < 0.1), indicating the abundance of
micropores. The adsorption isotherm also displayed a large
rise in adsorption at higher relative pressure, which resulted
from the presence of mesopores in the polymer. The HCP-I
exhibited a high Brunauer-Emmett-Teller (BET) surface area of
about 606 m”> g~ ' with a total pore volume of approximately
0.20 cm® g, slightly lower than the surface area of HCP-H
of 858 m* g~ ! with a total pore volume of approximately
0.60 cm® g~ '. The lower surface area could be due to the
installation of heavy iodine atoms. The pore size distribution,
using nonlocal density functional theory (NLDFT) for the
pillared clay model, showed the distribution of the pore width
from 1.7 to 21 nm, with the most abundant pore width around
1.67 nm (Fig. 5(b)), suggesting the presence of both micropores
and mesopores in the material. Therefore, HCP-I was classified
as a hierarchically structured porous material, which normally
has a high surface area, excellent accessibility to active sites,
and enhanced mass transport and diffusion.

To illustrate the utility of the iodinated HCPs, HCP-I (2a) was
used as a heterogeneous catalyst for an oxidation reaction of
diphenylmethanol (Table 4). In the presence of the catalyst, the
alcohol was effectively converted to the corresponding ketone
in 80% yield (entry 3). In the absence of the catalyst, no reaction
occurred (entry 1). When HCP-H (1a) was used as a catalyst, no
product was obtained (entry 2). These results suggested that
the iodine functional group was essential for the oxidation. The
iodinated material could act as a precursor for the hetero-
geneous hypervalent iodine catalyst. A comparison between

Table 4 Oxidation of diphenylmethanol®

OH (0]

catalyst (20 mol%),

Oxone® (2 equiv.)
MeCN, 70 °C, 18 h

3 4
Entry Catalyst Conversion (%) Yield (%)
1 None 2 0
2 HCP-H (1a) 3 0
3 HCP (2a) 100 80
4 pS-1? 11 7

“ Reaction conditions: diphenylmethanol (0.25 mmol), catalyst
&0 .05 mmol, 20 mol%), Oxone™ (0.5 mmol, 2 equiv.) in MeCN (0.5 mL).
Iodinated polystyrene.
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Fig. 6 Recycling experiments of HCP-| 2a.

HCP-I and commercially available iodinated polystyrene (PS-I,
entry 4) showed that under these reaction conditions, HCP-I
had significantly better catalytic activity than PS-I.

In addition, the reusability of the HCP-I catalyst in an
oxidation of diphenylmethanol was investigated. After the
HCP-I catalyst was used in the first run of the reaction, the
catalyst was recovered by simple filtration, and the recovered
catalyst was used in subsequent runs. The result showed that
the catalyst can catalyze subsequent runs of the recycling
experiment effectively with no erosion in the yields of the
product (Fig. 6). This result showed high robustness and high
efficiency of the iodinated hypercrosslinked polymers.

Conclusions

In summary, we have reported a synthesis of a novel material
with iodine functional groups by functionalization of the sur-
face of hypercrosslinked polymers. The method used mild
reaction conditions without destroying the hypercrosslinkage
in the polymers. Hypercrosslinked polymers with various sub-
stituents were iodinated under this method to give the iodi-
nated polymers in high yields and high iodine incorporation.
HCP-I was used as a heterogeneous catalyst for the oxidation of
alcohols to give the corresponding ketone in high yields. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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catalyst can be recovered by simple filtration and reused with
no deterioration in the yield of the product. Further application
of the iodinated hypercrosslinked polymers is under investiga-
tion and will be reported in due course.
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