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ABSTRACT: This work reports the functionalization of azide—alkyne click-based microporous organic polymer (CMOP). The
generation of triazolium salts and successive deprotonation induced mesoionic carbene species in hollow CMOP (H-CMOP). Rh(I)
species could be coordinated to the mesoionic carbene species to form H-CMOP-Rh, showing excellent heterogeneous catalytic

performance in the stereoselective polymerization of arylacetylenes.

he azide—alkyne Huisgen [3 + 2] cycloaddition is a

versatile reaction for organic synthesis. Because the
reaction was referred to as an example of click chemistry by
Sharpless in 2001, its application fields have expanded to the
engineering of functional materials.””*

Recently, microporous organic polymer (MOP) has been
prepared by various coupling reactions of organic building
blocks.>™"* The azide—alkyne click reaction has also been
applied to the synthesis of MOP."*"*° Huang et al. showed
that Cu,O can be used as a catalyst for the azide—alkyne click
reaction.”’ Our research group has shown that hollow MOP
could be synthesized through Cu,O-based template syn-
thesis."”?° The resultant MOPs are rich in 1,2,3-triazoles. A
delicate postsynthetic modification (PSM) approach can be
further applied to generate more advanced chemical species in
the click-based MOP (CMOP).

1,2,3-Triazole compounds can be converted to triazolium
species through a reaction with electrophiles.””*® The
triazolium rings are used as precursors to generate mesoionic
carbenes through the abstraction of protons.””** Recently, the
mesoionic carbenes have been utilized in the synthesis of
metal—carbene complexes.”*~*” For example, a reaction of the
mesoionic carbene derived from 3-methyl-1,4-diphenyl-1,2,3-
triazolium iodide with [Rh(COD)CI],, (COD: 1,5-cyclo-
octadiene) generates the Model-Rh complex (Figure S1).

In 2011, we reported the synthesis of MOP bearing
imidazolium salts through a predesigned building block
approach.”® Imidazolium moieties could be utilized for the
generation of N-heterocyclic carbene—metal species in
polymeric materials.””~>* However, in spite of the usefulness
of azide—alkyne click reactions, as far as we are aware, the
generation of mesoionic carbene—metal species in CMOP has
not been reported. In this work, we report the generation of
mesoionic abnormal carbenes in hollow CMOP (H-CMOP),
successive incorporation of Rh species, and its heterogeneous
catalytic performance in the stereoselective synthesis of

poly(arylacetylene)s.
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Figure 1 shows a synthetic scheme of H-CMOP bearing
mesoionic carbene—Rh species (H-CMOP-Rh). First, Cu,O
nanocubes were prepared by a literature method.** Then,
CMOP was formed on the surface of templating Cu,O
nanocubes. The acid etching of Cu,O@CMOP resulted in H-
CMOP. The reaction with methyl iodide generated H-CMOP
with triazoliums (H-CMOP-Me). Finally, abstraction of proton
from triazoliums and successive reaction with [Rh(COD)Cl],
resulted in H-CMOP-Rh.

Scanning and transmission electron microscopy (SEM and
TEM) showed the hollow morphologies of H-CMOP with a
diameter and a shell thickness of 110 and 20 nm, respectively
(Figures 2a and 2d). The H-CMOP-Me and H-CMOP-Rh
maintained the original hollow morphologies (Figures 2b,c and
2e,f).

The porosity and surface area of H-CMOPs were
characterized by N, sorption studies (Figure 3a,b and Table
S1). While the surface area of H-CMOP was measured to be
422 mz/g, that of H-CMOP-Me was reduced to 167 mz/g due
to the incorporation of additional chemical component. After
the coordination of Rh, the surface area of H-CMOP-Rh
significantly increased to 310 m?/ g, which is attributable to the
enhanced rigidity of network structure (Figure 3c). All
CMOPs in this work were amorphous (Figure S2). It has
been reported®* that metal coordination to the relatively
flexible network structure of MOPs enhanced the porosity. In
addition, the further networking by Rh catalysis during PSM
cannot be ruled out.”’~*" The pore size distribution analysis
indicated the microporosity of H-CMOP, H-CMOP-Me, and
H-CMOP-Rh with pore volumes of 0.58, 0.28, and 0.55 cm3/g,
respectively (Figure 3b). Interestingly, the significant macro/
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Figure 2. SEM and TEM images of (a, d) H-CMOP, (b, e) H-
CMOP-Me, and (¢, f) H-CMOP-Rh.

mesoporosity was also observed over all H-CMOPs, which is
attributable to the inner hollow cube space (Figure 3a and
Figure S3).

The chemical structures of H-CMOPs were characterized by
solid-state '*C nuclear magnetic resonance (NMR) spectros-
copy (Figure 3d). While the "*C peak of benzylic carbon in H-
CMOP appeared at 64 ppm, aromatic *C peaks were observed
at 110—140 and 147 ppm. The alkyne *C NMR peaks were
not observed at 70—90 ppm, indicating that the azide—alkyne
reaction was successfully conducted. In comparison, the
methyl *C peak of H-CMOP-Me was clearly observed at 41
ppm. In addition, the N-phenyl *C peak of 1,2,3-triazoles
shifted from 135 ppm (H-CMOP) to 144 ppm (H-CMOP-
Me) due to the formation of cationic triazoliums. The *C

4101

Chemical Shift/ ppm

Figure 3. (a) N, sorption isotherm curves at 77K, (b) pore size
distribution diagrams, (c) the porosity enhancement of H-CMOP-Rh
through Rh coordination, and (d) *C NMR spectra of H-CMOP, H-
CMOP-Me, H-CMOP-Rh, and Model-Rh.

peaks of COD in the H-CMOP-Rh were clearly observed at
29, 72, and 93 ppm, matching with those of Model-Rh (Figure
3d and Figure S4). In the infrared absorption (IR) spectra of
H-CMOP, H-CMOP-Me, and H-CMOP-Rh, aromatic C=C
vibration peaks were observed at 1483, 1522, and 1608 cm™,
in addition to aromatic C—H peaks at 832 and 989—1034
cm™. The H-CMOP-Rh showed additional aliphatic C—H
vibration peaks of the COD at 2822, 2879, and 2921 cm™!
(Figure SS).

The mesoionic carbene Rh species in the H-CMOP-Rh were
further characterized by X-ray photoelectron spectroscopy
(XPS) (Figures S4 and S6). The major N 1s orbital peak of the
triazole rings of H-CMOP appeared at 399.7 eV with a minor
peak at 401.3 eV. In comparison, the major N 1s orbital peak
of the triazolium rings of H-CMOP-Me was observed at 401.4
eV with an additional peak at 399.9 eV. In the case of H-
CMOP-Rh, the major N 1s orbital peak was shifted to 401.7
eV, matching with that (401.7 eV) of Model-Rh. The 3d
orbital peaks of Rh in H-CMOP-Rh were observed at 312.6
and 307.9 eV, matching with those of the Model-Rh at 312.4
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and 307.7 eV. While the 3d orbital peaks of iodides in H-
CMOP-Me were observed at 631.8 and 620.5 eV, those of the
iodo ligands in H-CMOP-Rh shifted to 630.4 and 618.5 eV. In
comparison, the 3d orbital peaks of iodo ligands in the Model-
Rh were observed at 630.1 and 618.8 eV. Energy-dispersive X-
ray spectroscopy-based elemental mapping confirmed the
homogeneous distribution of Rh species in H-CMOP-Rh
(Figure S6).

The amounts of triazoles, triazoliums, and mesoionic
carbenes in H-CMOP, H-CMOP-Me, and H-CMOP-Rh
were analyzed to be 3.76 mmol/g (15.8 wt % N), 3.16
mmol/g (13.3 wt % N), and 2.2 mmol/g (9.3 wt % N),
respectively. The Cu residues in H-CMOP were measured to
be 0.28 wt % by inductively coupled plasma (ICP) analysis.
The content of Rh in H-CMOP-Rh was measured to be 8.63
wt % (0.849 mmol/g), corresponding to the 38% PSM of
triazoliums. Thermogravimetric analysis showed that the H-
CMOP-Rh is stable up to 228 °C (Figure S7).

Considering the mesoionic carbene—Rh species and
chemical stability of H-CMOP-Rh, we studied its heteroge-
neous catalytic activities in the polymerization of arylacetylenes
(Table 1). Recently, poly(phenylacetylene) (PPA) has
attracted the significant attention of scientists.”’~** While the
PPA has been prepared by various metal catalysts, Rh
complexes have shown high synthetic efficiencies.**”*
However, Rh-based heterogeneous catalytic systems are

. 47-51
relatively rare.

Table 1. Synthesis of Poly(Arylacetylene)s by H-CMOP-
Rha

Cat.
H-CMOP-Rh
Ar, Ar, Ar,
A—= —_— —/ " \—/" \—/"
RT. Ar Ar Ar
cat. yieldb (89)
entry Ar (mol %) (%) M, PDI
1 Ph 12 99 (99) 32100  2.59
2 Ph 0.60 96 (98) 40900 247
3 Ph 0.30 76 (98) 41300 251
4 Ph 0.12 64 (99) 42800 276
S Ph 0.060 24 (99) 39300 2.84
67 Ph 0.60 92 (99) 42200  2.70
7°  Ph 0.60 96 (96) 48400  2.53
8 Ph 0.60 94 (96) 50500  2.34
9¢  Ph 0.60 91 (99) 54100  2.33
10  4-BrPh 0.60 89 (=) _h .
11 4-BrPh:Ph (1:1) 0.60 70" (96) 35200  3.04
12 4-MeOPh 0.60 3 (96) 5700 2.01
13 4-MeOPh:Ph (5:1) 0.60 217 (99) 6000 1.92
14 4-MeOPh:Ph (1:1) 0.60 85 (96) 21100 224
15" Ph 0.60 37 (86) 21000 237

“Reaction conditions: arylacetylene (2.28 mmol), H-CMOP-Rh (16
mg for 0.60 mol % Rh), rt, THF, 18 h. bIsolated yield. “Contents of
cis-transoid polymers.”” “The catalyst recovered from entry 2 was
used. “The catalyst recovered from entry 6 was used. SThe catalyst
recovered from entry 7 was used. #The catalyst recovered from entry 8
was used. "Insoluble polymers were obtained. “The 1:1.18 ratio of 4-
bromophenyl and phenyl in copolymer. “The 1:0.21 ratio of 4-
methoxyphenyl and phenyl in copolymer. FThe 1:1.39 ratio of 4-
methoxyphenyl and phenyl in copolymer. ‘Nonhollow CMOP-Rh (34
mg for 0.60 mol % Rh) was used.

4102

First, we scanned the amount of catalyst. As the amount of
H-CMOP-Rh decreased from 1.2 mol % Rh to 0.60, 0.30, 0.12,
and 0.060 mol % Rh, the isolated yields of PPAs decreased
from 99% to 96, 76, 64, and 24% with the changes of molecular
weights (M,,) from 32100 to 40900, 41300, 42800, and 39300,
respectively (entries 1—S in Table 1). The stereoselectivities of
cis-transoid PPA were analyzed to be 98—99%.°> We selected
the 0.60 mol % H-CMOP-Rh as an optimal catalyst amount. In
a control test, 0.60 mol % Model-Rh showed a 10% isolated
yield of PPA. The enhanced polymerization of phenylacetylene
in nanospaces’”** and the extrusion _polymerization by
mesoporous catalysts have been reported.>

The H-CMOP-Rh (0.60 mol % Rh) could be recycled.
When the recovered H-CMOP-Rh was used, the PPAs were
obtained with the isolated yields of 92, 96, 94, and 91% and the
M, values of 42200, 48400, 50500, and 54100 at the 2nd, 3rd,
4th, and Sth runs, respectively (entries 6—9 in Table 1). After
the removal of H-CMOP-Rh through filtration, the Rh was not
detected in the reaction mixture and the reaction did not
proceed, indicating the heterogeneous nature of the catalytic
reactions (Figure S8). SEM, TEM, XPS, IR, and *C NMR
studies of the H-CMOP-Rh recovered after the fifth reaction
showed that the original hollow morphologies and mesoionic
carbene Rh species were retained (Figure S9).

Next, we studied the polymerization of arylacetylenes
bearing substituents. When we used (4-bromophenyl)-
acetylene, insoluble polymer was obtained (entry 10 in Table
1, Figure S10). When we used a 1:1 mixture of (4-
bromophenyl)acetylene and phenylacetylene, soluble polymer
(M, of 35200) was obtained with an isolated yield of 70%
(entry 11 in Table 1, Figure S11). In comparison, when we
used the (4-methoxyphenyl)acetylene, polymer was obtained
with a yield of 3% (M, of 5700) (entry 12 in Table 1). We
suggest that the different activities of H-CMOP-Rh toward (4-
bromophenyl)acetylene and (4-methoxyphenyl)acetylene re-
sult from an initiation step of polymerization. Recently,
Morokuma et al. reported mechanistic studies of the Rh-
catalyzed polymerization of phenylacetylene.”® Among three
mechanistic candidates—Rh(I) insertion, Rh(III) insertion,
and Rh—carbene metathesis mechanisms—the Rh(I) insertion
was suggested as the most favorable pathway. In this regard,
the catalytic mechanism of H-CMOP-Rh is suggested in Figure
S12. To initiate the polymerization, the anionic arylethynyl
ligand should be incorporated into Rh through the
deprotonation of arylacetylene. We speculate that the initiation
of polymerization by (4-methoxyphenyl)acetylene would be
relatively slow due to its relatively less acidic feature of the
terminal proton.

When we used the 5:1 and 1:1 mixtures of (4-methoxy-
phenyl)acetylene and phenylacetylene as monomer systems,
the isolated yields of polymer increased to 21% (M, of 6000)
and 85% (M, of 21100), respectively (entries 13 and 14 in
Table 1, Figure S11).

While the features of PPA have been extensively
investigated, the copolymers bearing substituted arylacetylenes
have been relatively less explored.”” " In this regard, the
optical properties of PPA, copolymer of (4-bromophenyl)-
acetylene and phenylacetylene (PBrPAPA), and copolymer of
(4-methoxyphenyl)acetylene and phenylacetylene (PMeOPA-
PA) were studied (Figure S11). While the PPA and the
PMeOPAPA showed two absorption bands at 328 and 388
nm, the absorptions of the PBrPAPA at 320—400 nm were
significantly reduced. Interestingly, the emissions of PBrPAPA
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and PMeOPAPA at 494 and 510 nm, respectively, were
significantly enhanced by 8.8 and 6.6 times compared with that
of PPA at 511 nm. The polymer chains of PPA are known to
form a helical structure.”’***"7>? We speculate that the
existence of substituents in phenyl rings hinders the 7—x
stacking-induced emission quenching between polymer chains,
resulting in the enhanced emission.

Finally, when we conducted control studies for the
nontemplate synthesis of CMOP, conventional nonhollow
spherical materials (denoted as CMOP-Rh) were obtained
with diameters of 0.2—0.7 ym, a Rh content of 4.13 wt %, and
a surface area of 147 m?/g (Figure S13). In polymerization
studies, the CMOP-Rh (0.60 mol % Rh) produced PPA (M,;:
21000) with an isolated yield of 37% and a cis-transoid content
of 86% (entry 1S in Table 1), indicating that the hollow
structure and the thin shell of H-CMOP and H-CMOP-Rh are
beneficial in the postsynthetic functionalization and catalytic
performance due to the reduced diffusion pathways of reagents
into materials.”’

In conclusion, this work shows that CMOP can be
chemically valorized to mesoionic carbene donor materials.
The Rh coordination to the mesoionic carbene moieties in the
CMOP resulted in a heterogeneous catalyst sytem, showing
excellent catalytic activities in the stereoselective synthesis of
PPA and copolymers. In addition, the H-CMOP-Rh could be
reused in five successive reactions. We believe that the H-
CMOP-Rh can be applied to various catalytic reactions,” >’
and the chemistry of this work is generally applicable to various
MOPs containing triazole rings.
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