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A porous organic polymer (POP) with imidazolium functionality
(IM-POP) has been synthesized through radical polymerization.
N-Heterocyclic carbene (NHC) has been generated from an
imidazolium moiety via base treatment followed by coordination
of nickel salt, giving access to a single-site Ni-NHC catalyst inside
the polymeric network. The NiCl,@NHC-POP was found to het-
erogeneously catalyze the direct selective C2-H arylation of
(benzo)thiophenes using various aryl electrophiles with a turn-
over number (TON) up to 75, reaching cumulative TON of ca. 400
after recycling for six consecutive runs.

Molecular catalysis is a key aspect of organic transformations,
and heterogenization of molecular catalytic processes has
gained significant interest due to its potential for increasing
sustainability through the recycling of the solid catalyst, thus
increasing the turnover number, and having easy separation
from the solubilized product. Heterogenization can be
considered efficient only in the absence of leaching of the
active species in the solution and with high accessibility of
active sites within solid supports.

Organic and coordination polymers, such as metal-or-
ganic frameworks (MOFs) using molecular ligands as mono-
mers, can be employed as solid porous macroligands for mo-
lecular complexes.” The macroligand strategy allows
combining well-defined single-site molecular catalytic mecha-
nisms with site-isolation at the solid surface, avoiding detri-
mental sintering, bimolecular deactivation processes or unde-
sired binding.**
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Compared to MOFs made with metal-carboxylate bonds,
porous organic polymers (POPs) built around C-C linkages
offer advantageous robustness, against hydrolysis for in-
stance, and have been demonstrated to provide a more
electron-rich environment when used as macroligands for
heterogenized molecular catalysts.>” Furthermore, POPs ben-
efit from high synthetic versatility thanks to a wide library of
monomers with polymerizable groups, including bipyridine
(bpy), phenanthroline and phosphine derivatives available for
metal coordination.®’

Thanks to a better electron-donating effect and a stronger
binding ability to late transition metals, N-heterocyclic carb-
enes (NHC) represent an appealing alternative to bpy and
phosphine ligands in molecular catalysts.'** NHC-
functionalized MOFs and POPs, prepared from imidazolium-
based linkers or monomers, were already reported as platform
materials for luminescence, sensing, and for NHC- and transi-
tion metal-catalysed organic transformations."? In particular,
Pd(NHC) complexes embedded within POPs,'*'® often pre-
pared by Al-mediated Scholl or Friedel-Craft reactions® be-
tween N,N-(dibenzyl)benzimidazolium chloride and benzene
followed by reaction with Pd(u) salts, were already reported to
catalyse Suzuki-Miyaura cross-coupling reactions."” ™’

Among C-C coupling reactions, C-H arylation reactions,
whether oxidative or non-oxidative, are considered highly sus-
tainable routes for the synthesis of (hetero)biaryl compounds
with broad applications in pharmaceuticals®*~>* and optoelec-
tronic materials.>* > Homogeneous Ni(NHC) complexes are
known for C(sp®)-H activation including borylation, alkyl-
ation, alkenylation and for arylation of heteroarenes like in-
doles and azoles.>”>°

Considering the high potential of NHC-based porous
macroligands, we investigated their implementation in the
challenging C-H arylation reaction catalysed by earth abun-
dant nickel complex as an appealing alternative to palladium
for C-C coupling reactions.?*> Molecular Ni catalysts have
been already heterogenized within bpy and phenanthroline
(phen) based POP macroligands for C-H arylation
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reactions.>*** However, Pd residues in bpy-based POPs, origi-
nating from the Sonogashira cross-coupling synthetic meth-
odology, have to be proved to be inactive in the targeted
reaction.*

Alternatively, phen-based POPs made by radical polymeri-
zation circumvented the use of transition metal catalysed syn-
thesis but was performed in dimethylformamide.*® Further-
more in both cases, the use of a reducing agent, typically
sodium borohydride, was necessary to reactivate the hetero-
geneous Ni-based catalyst for reuse.

Here we report the facile synthesis of a POP based on
imidazolium vinyl monomer as a precursor of the NHC-
functionalized macroligand. After metalation with the Ni(u)
precursor, the material efficiently catalyzed the C-H arylation
of benzothiophenes without an external activator.

The POP functionalized with pendant imidazolium units
(IM-POP) was synthesised via radical polymerization of a 4:1
divinylbenzene and 1-methyl-3-(4-vinylbenzyl)-1H-imidazol-3-
ium chloride mixture using azobis(cyclohexanecarbonitrile)
(ACHN) as initiator under solvothermal conditions in tetrahy-
drofuran (THF) and water mixture (Scheme 1). The obtained
IM-POP monolith has been washed thoroughly by Soxhlet ex-
traction with THF and, after drying at 80 °C under vacuum,
characterized by solid-state **C NMR spectroscopy, nitrogen
and toluene vapor physisorption measurements, FT-IR spec-
troscopy, thermogravimetry (TGA) and elemental analysis
(Fig. S3-S7 and S10 and Table S17).

In the FT-IR spectrum, the absence of a signal at 1683
em ', corresponding to vinylic C=C stretching vibration, evi-
denced the successful polymerization.'*'”'®3> Vibrations at
1600-1700 ¢cm™" were attributed to C=N stretching in
imidazolium units.***°

The apparent surface area of the IM-POP was estimated
from a nitrogen physisorption isotherm at 77 K to be 510
m?> ¢!, similar to already reported analogous POPs.'” The
IM-POP has a total pore volume of 0.54 cm® g™'. The N,
physisorption isotherm is characterised by a type H4 hystere-
sis loop (Fig. S47), indicative of the presence of micropores.
The closure of the loop at around 0.42p/p, is characteristic
for cavitation, ie. larger mesopores are partially accessible
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through smaller pores (<5-6 nm).** The fact that the hystere-
sis between adsorption and desorption branch does not close
below 0.42p/p, is indicative for swelling of the network.

A toluene vapor physisorption isotherm was recorded to
investigate the solvent accessibility. From the toluene vapor
isotherm, a pore volume of 1.04 cm® g”* was determined. The
pore volumes obtained from physisorption measurements
highlight the good solvent accessibility of all pores. As for the
N, physisorption isotherm, cavitation occurs also in the tolu-
ene physisorption isotherm, albeit at a different partial pres-
sure (at around 0.2p/p,, Fig. S61). The adsorption profiles
showed a H3 hysteresis loop in type IV isotherms which are
usually observed for flexible materials having most likely a
wide pore size distribution (Fig. S4 and S67).*°

TGA performed under air showed that IM-POP was stable
up to 300 °C (Fig. S57).

The solid state *C NMR spectrum (Fig. S31) shows broad
peaks of aromatic carbon atoms at 125, 135 and 145 ppm as
well as a broad, overlapping signal at approx. 40 ppm which
is assigned to carbon atoms from bridging methylene and
methine groups. Additional signals at 28 and 13 ppm are at-
tributed to ethylene groups of ethyl-vinyl-benzene, and at 112
ppm to residual dangling vinyl groups. Based on elemental
analysis (Table S1}), the chemical composition of IM-POP
was confirmed with a loading of 1 mmol of imidazolium per
gram of porous polymer.

Prior to metal coordination, the imidazolium moieties of
IM-POP have been converted into N-heterocyclic carbenes by
base treatment using potassium hexamethyldisilazide
(KHMDS). The solid suspension was subsequently exposed to
nickel dichloride dimethoxyethane (DME) to afford the
NiCl,@NHC-POP catalyst (Scheme 1).

Elemental analyses revealed a nickel loading of 2.8 wt%
and a nitrogen content of 2.5 wt% which correspond to a Ni:
NHC ratio of 1:2 (Tables S1 and S2f). Furthermore, X-ray
photoelectron spectrometry (XPS) analysis showed peaks cor-
responding to Ni 2p;/, at 856.2 eV and 2p;, at 874.1 eV, along
with their shakeup satellite peaks at 862 and 880 eV, respec-
tively (Fig. S107). In the case of Ni binding energies, the oxi-
dation state cannot be assigned unambiguously.*"** It has

1) KHMDS (0.7 mmol)

2) NiCl,(DME) (0.26 mmol)

NiCl,@NHC-POP

Scheme 1 Synthesis of the IM-POP porous macroligand (shown as a single repeating unit) and subsequent nickelation towards NiCl,@NHC-POP

catalyst (L = DME or solvent).
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been shown that the binding energy strongly depends on the
oxidation state, the nature of the ligand atom or the coordi-
nation number.?”*"*> Considering the similarity in electron
donating between NHC carbenes and phosphines,** and the
binding energies typically observed in NiCl,(PR;), complexes
(853.6-857.0 eV),***® we tentatively assign the signals ob-
served here to a Ni +II oxidation state, having 2 chloride and
one or two NHC ligands.

For molecular complexes, the reaction of NHC and Ni(u)
species gave rise to mono-coordinated Ni(u)(NHC) even in the
presence of excess NHC, in which the reduction towards bis-
coordinated Ni(0)(NHC), occurs when using strong reducing
agents (such as NaH or BuLi) but not using strong bases
(such as NaOtBu).** Thus, taking into account the site isola-
tion inside the POP network and the reactivity reported
above, heterogenized complexes are postulated here to be
more likely mono-coordinated Ni(u)(NHC) as shown in
Scheme 1, even if bis(NHC) complexes cannot be unambigu-
ously ruled out.

While no change appeared in the solid state ">C-NMR of
NiCl,@NHC-POP compared to its parent polymer (Fig. S37),
FT-IR spectra showed the weakening of the peak at 1159
em™', attributed to quaternary imidazolium, while a new
band at 1233 cm ™" appeared upon nickelation (Fig. $71), sim-
ilar to previously reported analogous POP-supported Pd(NHC)
catalysts.'*

The UV-vis spectrum of NiClL,@NHC-POP, compared to
that of pristine IM-POP, showed a new broad band at 350 nm
which was assigned to ligand-to-metal charge transfer.*> Ad-
ditionally, bands at 400 and 670 nm were attributed to the
splitting of d orbitals in the Ni complex (Fig. $111).*® These
transitions revealed a more likely tetrahedral geometry for
the POP-embedded Ni-NHC complex,?” in line with the ge-
ometry previously reported for a Ni() mono-NHC complex.**

Upon nickelation, the NiCl,@NHC-POP showed a reduced
porosity compared to the parent IM-POP, as found by nitro-
gen physisorption (Fig. S4t), with an apparent surface area of
390 m> ¢!, in the range of previously reported metalated
NHC-based POP catalysts."* Toluene vapor physisorption
measurement showed that NiCl,@NHC-POP has similar sol-
vent uptake compared to pristine POP but with a less pro-
nounced hysteresis during desorption (Fig. S61).

Based on previously reported Ni-catalysed C-H arylation of
benzothiophenes,**”***® the NiCL,@NHC-POP was evaluated
as a catalyst for the same reaction varying the base, solvent
and temperature. As for other reported POP-based catalysts
in Ni-catalysed benzothiophene C-H arylation, the unique
combination of toluene as the solvent and lithium hexa-
methyldisilazide (LIHMDS) as the base allowed the reaction
between benzothiophene and iodobenzene to proceed with a
yield up to 69% for the 2-phenyl-benzothiophene as the sole
product at 120 °C after 18 hours. For comparison, previously
reported bipyridine-based analogue Ni@BpyMP-1 (ref. 33)
and phenanthroline-based analogue POP-Phen@Ni-2 (ref. 34)
allowed reaching similar yields with however slightly lower
turnover numbers of 50 and 44, respectively, compared to the

This journal is © The Royal Society of Chemistry 2023
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Ni@POP catalyst

LiIHMDS
toluene, 120°C, 18h

Yield TON reference
NiCL@NHC-POP 69% 75 this work
Ni@BpyMP-1 50% 50 [31]
POP-Phen@Ni-2 87% 44 [32]

Scheme 2 Comparison of POP-based Ni-catalysts for the direct and
fully selective C2-phenylation of benzothiophene.

TON of 75 obtained with NiCl,@NHC-POP under the same
conditions (Scheme 2).

In contrast to the Ni(bpy) analogous system,*® under the
same conditions, the in situ combination of NiCl,-glyme and
1-methyl-3-(4-vinylbenzyl)-1H-imidazolium chloride, as a mo-
lecular analogue to the IM-POP porous macroligand, in a
nickel : imidazolium molar ratio of 1:1 or 1:2, did not lead
to arylated products formation despite favourable basic con-
ditions (LiHMDS) allowing the deprotonation of the
imidazolium ligand to form the corresponding NHC ligand.

Similarly, a catalyst prepared by physisorption of
NiCl,-glyme within the polydivinylbenzene polymer (DVB-
POP), that is unequipped of imidazolium and NHC sites, did
not allow the reaction to proceed, evidencing that
physisorbed Ni species, not coordinated to NHC ligand, could
not act as a catalyst here (see the ESIf for details).

The yield of the reaction drastically dropped to 10% in the
case of bromobenzene, in line with reactivity reported for
other Ni catalysts,*"*® when no product formation was found
using chlorobenzene, phenyl p-toluenesulfonate or anisole as
the coupling partner (Table S4+).

A hot filtration test performed after four hours of reaction
showed no evolution of the 2-phenyl-benzothiophene produc-
tion from the supernatant solution, evidencing the absence
of leached active species from the NiCl,@NHC-POP under
catalytic conditions (Fig. S147).

The stability of the POP-based catalyst was further con-
firmed with retained textural properties according to FT-IR
(Fig. S167) and solid-state NMR spectroscopy (Fig. S171) as
well as electron microscopy (Fig. S18 and S197). Furthermore,
the XPS spectrum after catalysis is very similar to the XPS
spectrum of fresh NiCl,@NHC-POP, with binding energies of
873.7 eV (2py,») and 855.9 eV (2ps),, Fig. S207). Importantly,
no reduced Ni species could be detected with characteristic
binding energies around 870 eV (2p;,,) and 854 eV (2ps),”’
highlighting the high stability of the heterogenized nickel
species.

The NiClL,@NHC-POP heterogeneous catalyst was sub-
jected to consecutive reuses after simple filtration and wash-
ing with methanol. With a first decrease in TON from 75 to
67 after two runs, the activity remained stable with a TON of
ca. 60 for at least five runs, leading to a cumulative TON of
393 (Fig. 1).

ICP analysis revealed a slight leaching of Ni from the solid
catalyst during the two first catalytic runs; no further loss be-
ing observed for the four subsequent runs, with retention of

Catal. Sci. Technol., 2023, 13, 5825-5830 | 5827


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cy01263h

Open Access Article. Published on 26 September 2023. Downloaded on 12/5/2025 1:29:10 PM.

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

(cc)

Communication

4004 I TON per cycle
350 - I Cumulative TON

300
250 A
z
O 200 A
-
150 4
100 A

50

1st 2nd 3rd 4th 5th 6th
Cycles

Fig. 1 Graphical representation of the TON value per catalytic run (black)
and the evolution of the cumulative TON (grey) using the NiCl,@NHC-
POP catalyst. Conditions: 10 mg of NiClL,@NHC-POP (4.8 umol Ni),
benzothiophene (0.5 mmol), iodobenzene (0.6 mmol), LIHMDS (1.1 mmol),
toluene (4 ml), under argon, 120 °C, 500 rpm, 12 hours.

84% of the initial nickel amount after six consecutive reuses
(Table S87), in line with a previous report on nickel catalyst
heterogenization within POPs.*> More importantly, the
NiCl,@NHC-POP did not require any additive to maintain its
activity upon in contrast to bipyridine®® and
phenanthroline based-systems.** Thus, thanks to a stronger
electron-donating effect and a stronger binding affinity to
late transition metals,'*"? the NHC ligand was postulated to
provide a more stable environment to the active Ni species
than N-donor bipyridine and phenanthroline, also in line
with the higher TON reported (Scheme 2).

The applicability of the NiCl,@NHC-POP heterogeneous
catalyst was studied on various (benzo)thiophenes deriva-
tives, as well as on aryl iodide derivatives (Scheme 3).

The C2-H arylation of benzothiophene catalysed by the
NiCl,@NHC-POP in the presence of LIHMDS proceeded with
moderate to good yields and, in general, with higher yield
than the previously reported POP-heterogenized bpy system
using the same 1 mol% Ni loading® (e.g. 2-phenyl-benzo-
thiophene 50% vs. 69%; 2-(4-methoxy)phenyl-benzothiophene
11% vs. 41%; 2-(naphthalen-1-yl)benzothiophene 8% vs. 56%;
see Scheme 3).

Phenyl iodo electrophiles with methyl group at the ortho,
meta or para-position showed no restriction in the reaction
with yields from 53 to 60%.

The benzothiophene arylation also proceeded with steri-
cally demanding para-(tert-butyl)-phenyl and naphthyl electro-
philes, giving rise to 45 and 56% yield, respectively, as well as
with electron-withdrawing para-(trifluoromethyl)-phenyl cou-
pling partner with 60% yield. In contrast, iodopyridine gave a
low yield (<10%), likely due to the possible pyridyl
N-coordination to nickel consequently leading to poisoned
catalytic sites.

Under the same catalysis conditions, thiophene reacted
with 1.2 equivalents of iodobenzene to give together 2-phenyl-
thiophene (30% yield) and 2,5-diphenyl-thiophene (21%
yield); when using 2.4 equivalents of iodobenzene, it gave rise
to only 2,5-diphenylthiophene with 69% yield.

reuse,
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R! NiCl,@NHC-POP R! R2
XX 0.9-0.95mol% Ni X Ny
S - oaomm . (I~
XS LiHMDS (0.55 mmol) XS
toluene (2 ml)
0.25 mmol 0.3 mmol o
120°C, 18h 100% C-2 selective

Products (yield):

69% (50%) 28% 41% (11%)

60% (56%)

45% (54%)

T~

56% (28%) 53% (40%)

14% (8%) 34%

<10% 60% 56% (8%)
‘E\@—Q
MeO
6% 54% (16%) 37%
0 =0 O
S
53% (40%) 65% (50% 69% (55%)

Scheme 3 Direct C2-H arylation of benzothiophenes and thiophenes
heterogeneously catalyzed by the NiCl,@NHC-POP (* 2.4 equiv. of
iodobenzene are used). For comparison, activities of the previously
reported Ni@BpyMP-1 catalyst are shown in gray.>*

Also, 3-methylbenzothiophene was not converted (only 6%
yield); the methyl on position 3 of benzothiophene likely hin-
dered the reaction as already observed for the homogeneous
Ni(bpy) system.*®

Finally, with overall similar reactivity in unique combina-
tion with LiHMDS, the benzothiophene C2-H arylation
catalysed by the NiCl,@NHC-POP can be postulated to pro-
ceed following the same catalytic pathway reported for the
Ni(bpy) system, with the deprotonation of benzothiophene to
form the corresponding lithiated species as the primary step,
followed by transmetallation with (aryl)Ni species in a Ni(1)/
Ni(m) redox catalytic cycle.***®

Conclusions

A radical polymerization strategy allowed designing novel
NHC-based macroligands for heterogenized molecular cataly-
sis. Starting from an easily accessible imidazolium monomer,
the NiCl,@NHC-POP heterogeneous catalyst allowed the C2-
H arylation of benzothiophene to proceed with 100% regiose-
lectivity and with yields up to 69% in the presence of
LiHMDS as a base. Over simple reuse without any additive, a
cumulative TON of 393 was obtained for the production of
2-phenyl-benzothiophene. The catalytic system was applicable
to a range of iodoaryl electrophiles as well as to (benzo)thio-
phene derivatives.

This journal is © The Royal Society of Chemistry 2023
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The use of NHC ligand within a POP matrix allowed tack-
ling issues raised by bpy and phen analogous systems by in-
creasing the stability of the heterogenized Ni active species.
Furthermore, the Ni(NHC) site isolation within the polymer
seemed to allow reactivity not reachable by an analogous ho-
mogenous system under the same conditions.

With higher intrinsic activity, also maintained during re-
use without any additive, the NHC-POP macroligand appears
as an optimized platform, compared to bpy and phen ana-
logues, for heterogenized molecular catalysis, and paves the
way for further development of heterogenized molecular ca-
talysis for fine chemicals and energy.
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