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Sustainable CO, fixation represents a facile and
promising approach to constructing various value-
added chemicals. Herein, we contribute a robust Q\ge \—é :
metal-organic cage (MOC), denoted as TCPB-1, com- ’,;\'& ]fg
prising a bulky Lewis acid functionalized linker, which w \71 ’
can in situ form frustrated Lewis pairs (FLPs) upon
the addition of Lewis basic substrates to efficiently R@ B
drive CO, transformation. Significantly, the incorpo- 7N
ration of Lewis acidic boron sites within TCPB-1 pro-
motes the efficient CO, conversion to potentially
medicinal benzimidazole derivatives via an FLP-
mediated pathway, and boosts the stability/durabil-
ity of the FLP catalyst. In addition, the underlying
catalysis mechanism has been established by com-
bined experimental and molecular simulation stud-
ies. This work not only advances FLP/MOC as a hew RO
type of highly efficient catalyst for CO, chemical
fixation, but also opens a new avenue to design
heterogeneous FLP-based catalysts for small mole- Keywords: metal-organic cage, frustrated Lewis
cule activation and beyond. pair, heterogeneous catalysis, CO, conversion, sus-
tainable chemistry

rA

TCPB-1

DOI: 10.31635/ccschem.023.202302856
Citation: CCS Chem. 2023, 5, 1989-1998
Link to VoR: https://doi.org/10.31635/ccschem.023.202302856

1989


mailto:shengqian.ma@unt.edu
https://doi.org/10.31635/ccschem.023.202302856
https://doi.org/10.31635/ccschem.023.202302856

@CCS

RESEARCH ARTICLE

Chemistry

Introduction

CO.,, as a class of C; sources, has been extensively used in
synthetic chemistry to gain various valuable chemicals
owing to its economical, abundant, as well as nontoxic
features.”™ Among these, sustainable CO, chemical fixa-
tion represents a significant research area to tackle glob-
al warming concerns.*' Until now, extensive efforts have
been devoted to developing functional materials for the
production of various chemicals, such as carbonates,
methanol (MeOH), amide, etc., by using CO, as a C;
source.™?2 However, the activation of CO5 is highly chal-
lenging owing to its considerable thermodynamic and
kinetic stability, thus impeding the development of the
carbon cycle in the pharmaceutical and petroleum
industries.

In the past decade, frustrated Lewis pairs (FLPs), com-
prising a pair of Lewis acid/base in which the steric
hindrance of acid or base precludes the formation of the
classical donor-acceptor interaction, has drawn tremen-
dous attention owing to their outstanding activation
ability for small molecules via metal-free mediated catal-
ysis pathway.?® The unique integration in space endows
FLPs with great potential for activating CO, molecules
arising from its amphiphilic property in which the Lewis
acid electrophilically activates oxygen atoms, while the
Lewis base bearing nucleophilicity attacks carbon
atoms.>**""4% The pioneering contribution from the Ste-
phan group described the binding interaction of the FLPs
featuring steric phosphines and boranes compounds,
with CO, yielding zwitterionic products, which opened
the avenue for activating CO, using FLPs as catalysts.*
Whereafter, many studies have proved that FLPs can be
used as an efficient tool to convert CO, to various for-
myl/acetal/methoxy-borane derivatives, MeOH, meth-
ane, etc.®?337-41434547 Moreover, Sun and colleagues®®
described the B(CgFs)3-catalyzed construction of more
complicated high-valued benzimidazole derivatives,
which involves an FLP-mediated catalysis pathway.
These works demonstrate the effectiveness of judicious
integration of steric acid/base pairs, presenting enor-
mous potential in catalytic CO, chemistry. However,
most FLP materials are highly sensitive to moisture,
inevitably resulting in dramatic catalyst deactivation.
Meanwhile, the homogeneous nature of FLPs not only
reduces their catalytic efficiency upon recycling, but also
increases the separation complexity of products from the
catalytic systems to some extent, thus hindering their
broad industrial applicability.

One criterion for designing excellent catalysts is to
combine high catalytic activity and outstanding recycla-
bility, which can be achieved through the construction of
highly efficient heterogeneous catalysts. However, this
remains a challenge for FLPs but is addressable via
constructing customized FLP active sites on solid
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materials.**>” Recently, our group described an FLP-
functional heterogeneous catalyst through the dynamic
installing basic site, 1,4-Diazabicyclo[2.2.2]octane
(DABCO), into a metal-organic framework (MOF), fol-
lowed by introducing the complementary acidic moiety,
B(CsFs)3, which presented efficient catalytic activity for
imine reduction, olefins hydrogenation, and chemoselec-
tive hydrogenation of a,f-unsaturated organic com-
pounds, while possessing excellent recyclability.**" Yan
and colleagues®® demonstrated a second-generation CO,
-responsive nano-system by combining the bulky borane-
and phosphine-containing building blocks, which can bind
CO, to form micellar and act as nanocatalysts for highly
effective CO, conversion. Dyson and co-workers®?
reported a robust MOF constructed from the bulky
borane-functional ligand, providing the metal-free and
FLP-mediated catalysis pathway for CO, conversion.
These studies reveal the potential for anchoring FLPs into
heterogeneous supports and inspire us to incorporate
FLPs into other types of porous materials like metal-
organic cages (MOCs), which have been relatively less
explored for catalysis.

As a new type of discrete porous material, MOCs, con-
structed from the coordination of organic linkers and
inorganic joints, have been of increasing interest for their
recognition, sensing, and separation properties.*®*® Due
to the diversity of organic linkers and inorganic metal
nodes, judicious design and coordination engineering can
endow MOCs with targeted functional characteristics,
such as high stability and effective catalysis activity, thus
providing multiple effects on the molecular processes.®®7*
Recently, Zr-MOCs based on strong Zr-Ocarpoxyiate 0ONdS
have attracted considerable attention owing to their high
thermal and chemical stability.®*¢”-¢°74 Moreover, boron-
functional linkers have been extensively used to construct
versatile solid catalytic materials,”>”’ arising from the
unique electron configuration of boron atoms, 1s22s22p,
that is the existence of the vacant 2p orbital, which can
serve as a Lewis acid, reacting with a Lewis base to form
the FLP for catalysis applications. Along this line, we
envision that combining both attributes from Zr-MOCs
and boron-functional linkers to design boron-functional
Zr-MOCs can not only inherit the advantages of parent
species but also impart superior properties that the indi-
vidual species can hardly realize. Herein, we report a
robust MOC, denoted as TCPB-1, constructed from the
boron (B)-functional linker, (tris((4-carboxylphenyl-
durylDborane, HszL), with bis(cyclopentadienyl)zirconium
dichloride, (Cp,ZrCl,, Cp = n5-CsHs), featuring Lewis acid
sites, which can in situ form FLPs upon the addition of
basic substrates during the catalysis process. Significantly,
TCPB-1 presents efficient catalysis performance for the
transformation of o-phenylenediamines to high-valued
benzimidazole derivatives using CO, as the C; feedstock.
Besides, the catalysis mechanism has been established by
combined experimental and molecular simulation studies.
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Figure 1| The schematic synthetic routine of TCPB-1 and topology analysis. (a) Boron-functional linker, trinuclear
CpzZrsO(OH)3 cluster, the structure of tetrahedral cage. (b) The 3D packing mode of TCPB-I.

Experimental Methods
Materials and instrumentation

All the reagents and solvents were purchased from com-
mercial sources and directly utilized without further
purification. Solid-state infrared (IR) spectra were
recorded using a Nicolet/Nexus-670 Fourier transform
infrared (FT-IR) spectrometer (Thermo Nicolet Corpora-
tion) in the region of 4000-400 cm™ using KBr pellets.
Single-crystal X-ray diffraction (SCXRD) data were col-
lected on an Agilent Technologies SuperNova X-RAY
diffractometer (Agilent) system equipped with a
Cu-sealed tube (A = 1.54178) at 50 kV and 0.80 mA.
Powder X-ray diffraction (PXRD) was carried out with
a Rigaku Smart Lab diffractometer (Rigaku; Bragg-
Brentano geometry, Cu Kal radiation, A = 1.54056 A).
Thermogravimetric analyses (TGA) were performed on
aNETZSCH TG209 system in nitrogen and under 1atm of
pressure at a heating rate of 10 °C min™. Nuclear mag-
netic resonance (NMR) data were collected on a 500 MHz
NMR spectrometer (Varian). Gas adsorption isotherms
for pressures in the range of 0-1.0 bar were obtained by a
volumetric method using a Micromeritics ASAP 2020
plus physisorption analyzer (Micromeritics). Gas adsorp-
tion measurements were performed using ultra-high pu-
rified N,, and CO, gases.

Synthesis of TCPB-1

HsL (87.5 mg, 0.11 mmol) and zirconocene dichloride
(50 mg, 0.17 mmol) were dissolved in N,N’-dimethylace-
tamide (DMAC) (56 mL) and distilled water (750 pL)
mixture and then sonicated for 10 min. The mixture was
heated at 70 °C for 16 h. After cooling to room tempera-
ture, the colorless crystals were harvested and washed
with dimethylformamide (DMF) three times. The crystals
were immersed in DMF for 24 h during which the solvent

DOI: 10.31635/ccschem.023.202302856
Citation: CCS Chem. 2023, 5, 1989-1998
Link to VoR: https://doi.org/10.31635/ccschem.023.202302856

was decanted and freshly replenished every 8 h. After-
wards, the crystals were soaked in acetone for 48 h
during which the solvent was decanted and freshly
replenished every 8 h. The crystals were collected by
filtration and dried at 60 °C for 10 h under a high vacuum.

Computational methods

The reaction mechanism for CO, conversion by using
TCPB-1 as the catalyst was investigated through density
functional theory (DFT) calculations (see details in
Supporting Information Figure S13). The X-ray single-
crystal crystallographic data were used to perform the
parametrizations and simulations.

Results and Discussion
Synthesis and crystal structure description

TCPB-1 was afforded through the solvothermal reaction
of HzL with Cp,ZrCl, in a solvent mixture of DMAC and
H,O at 70 °C for 16 h (Figure 1a). SCXRD analysis revealed
that TCPB-1 crystallizes in the orthorhombic system,
Pban space group, different from the reported ZrT-2.%°
There are one L, one CpzZr;O(OH)3, and one CI™ in the
asymmetric unit. TCPB-1is an isolated cationic coordina-
tion tetrahedron with a V4F4 topology (V = vertex,
F = face), in which CpzZr;O(OH)3z acts as the vertex,
whereas the linker L acts as the face (Figure 1a and
Supporting Information Figure S1 and Table S1). Due to
the introduction of three duryl groups in L, the phenyl
rings around the B center twist each other with the
dihedral angles of 85.43°, 87.15°, and 88.52°, respectively,
thereby resulting in the reduced cage cavity with an
aperture of c.a. 5.0 A (Supporting Information Figure
S2). Notably, TCPB-1 is insoluble in common solvents,
such as DMF, DMAC, water, tetrahydrofuran (THF), Et,0O,
acetonitrile (ACN), and toluene, but has low solubility in
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MeOH. In TCPB-1, each isolated tetrahedron cage is con-
nected by four adjacent cages through Hoy---Cl (2.06 and
217 A), Heyclopentadiene'Cl (2.66, 2,79, 2.99, 3.04, 3.14,
and 3.62 A), and Ozr-cluster*Heyclopentadiene (2.71, 2.72,
3.30, and 3.44 A) hydrogen bonds (Supporting Infor-
mation Figure S1), thus forming a 3D network with a
rhombic channel of approximately 13.6 x 13.6 A2
(Figure 1b and Supporting Information Figure S2). After
the removal of the solvents in the void, the total accessi-
ble volume is estimated to be 63.1% as calculated by
PLATON.”® It is worth noting that the Lewis acidic B
center is sterically protected by the bulky duryl groups,
which can prevent the strong covalent connection be-
tween B and other small donor molecules, like water, as
well as preclude the irreversible deactivation of B centers
thus bestowing TCPB-1 with the potential to perform
FLP-like catalysis.

Phase purity and porosity

The integrity of TCPB-1 was confirmed through electro-
spray ionization time-of-flight mass spectroscopy (ESI-
TOF-MS) studies by solvating the sample in MeOH, which
clearly proves the presence of the intact tetrahedron
cage in solution (Supporting Information Figure S6). The
mass-to-charge ratio value of [M]** observed at 1303.522
agrees well with the theoretical value based on the
chemical composition of TCPB-1. TGA was conducted
to assess the thermal stability of TCPB-1, indicating that
TCPB-1 is stable up to 400 °C (Supporting Information
Figure S4). PXRD patterns were collected to verify the
phase purity of the synthesized sample (Supporting
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Figure 2 | (a) The SEM images of TCPB-1. (b) The elemen-
tal mappings of C, Zr, and B for TCPB-1. (c) The N>
adsorption isotherm of TCPB-1. (d) The CO, adsorption
isotherms at 273 and 298 K.
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Information Figure S5), as evidenced by the agreement
with the calculated PXRD patterns. The scanning elec-
tron microscopy (SEM) images show the uniform
stick-like morphology of TCPB-1 (Figure 2a). Further-
more, the images of element mapping revealed that C,
Zr, and B elements are evenly distributed throughout the
whole framework (Figure 2b). To investigate the water
stability of TCPB-1, the fresh sample was soaked in water
for 48 h. The ESI-TOF-MS analysis confirmed that TCPB-1
retains its framework integrity after treatment with
water, indicating its good water stability (Supporting
Information Figure S7). N, sorption isotherms at 77 K
were measured to evaluate the porosity of TCPB-1, which
exhibits a type | adsorption behavior with a saturated
adsorption amount of 164 cm® g (Figure 2c and
Supporting Information Figure S8). The apparent Bru-
nauer-Emmett-Teller (BET) surface area (Sget) is calcu-
lated to be 489 m? g7, corresponding to a total pore
volume of 0.25 cm?® g7' (Supporting Information Table
S2). The pore size distribution of TCPB-1 calculated by
the DFT is 5.6 and 12.4 A, agrees well with the pore size
observed from the single crystal structure (Supporting
Information Figure S11). Besides, the CO, sorption iso-
therms measurements were performed to reveal the
good CO, adsorption capacity of TCPB-1, which may
be beneficial to CO, catalytic conversion because of
the enrichment effect (Figure 2d). The CO, isosteric
heat (Qg) for TCPB-1 was calculated to evaluate the
host-guest interaction using the Clausius-Clapeyron
equation based on the adsorption isotherms at different
temperatures with an estimated value of 25.1 kJ mol™ at
zero coverage, indicating moderate CO,-framework
interaction (Supporting Information Figures S12 and S13).

Cyclization of benzimidazole derivatives
using CO, as a C1 source

Given that the cyclization reaction of o-phenyl-
enediamine and CO, represents one of the most impor-
tant processes in catalytic CO, conversion chemistry, the
resulting benzimidazole derivatives are important motifs
in natural products and biologically active molecules. We
initially assessed the catalytic potential of TCPB-1 by
testing the cyclization between commercial o-phenyl-
enediamine (1a) and CO, with hydrosilane as the reduc-
tant in a polytetrafluoroethylene (PTFE)-lined autoclave,
manifesting that TCPB-1 can drive the cyclization of 1a
to the corresponding benzimidazole (Table 1 and
Supporting Information Table S3). The effect of solvents
involving aprotic and protonic media was first examined
to screen out the most suitable solvent at 120 °C for 24 h.
When dichloromethane (DCM), toluene, and tetrahydro-
furan (THF) were used as the solvents, the yields of the
cyclization were 14%, 21%, and 33%, respectively. When
MeOH was used, the yield of benzimidazole (2a) in-
creased to 52%. The cyclization proceeded most
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Table 1| Optimization of the Cyclization Reaction®

NH, & Co, TCPB-1, Hydrosilanes» ©:N\>
NH, T. P. Solvent H
1a 2a

Entry Hydrosilane (equiv) Solvent Temp (°C) TCPB-1 (mol %) Yield (%)
1 PhSiH3 (4) DCM 120 5.2 14
2 PhSiHz (4) Toluene 120 5.2 21
3 PhSiHz (4) THF 120 5.2 33
4 PhSiHz (4) MeOH 120 5.2 52
5° Ph,SiH, (4) ACN 120 5.2 35
6 PhSiHz (4) ACN 120 5.2 92
7¢ PhSiHz (4) ACN 120 5.2 63
8¢ PhSiHz (4) ACN 120 2.0 81
9° PhSiHz (4) ACN 80 52 65
10° PhSiHz (1) ACN 120 5.2 27
ne PhSiHz (2) ACN 120 5.2 43
12" PhSiHz (O) ACN 120 52 —

@ The reactions were performed in a PTFE-lined autoclave (20 mL) with 1a (0.2 mmol), hydrosilane (0.8 mmol), and
TCPB-1 (5.2 mol %, based on B centers) in solvent (2.0 mL) under CO, (1.0 MPa) atmosphere.

® Reductant-Ph,SiH,.

¢ CO, pressure-0.5 MPa.

9 Catalyst loading-0.2%.

¢ Reaction temperature-80 °C.
PhSiHz-1 equiv.

9 PhSiHz-2 equiv.

" PhSiH3-0 equiv.

efficiently in acetonitrile (ACN), giving a yield of 92%.
Afterwards, the optimization of CO, pressure was carried
out in the range of 0.5-1.0 MPa, which revealed that
reducing the pressure of CO, from 1.0 to 0.5 MPa resulted
in cyclization yield falling from 92% to 63%. The yield of
2a slightly decreased from 92% to 81% when reducing the
quantity of TCPB-1 from 5.2 to 2.0 mol %. It is worth
noting that only marginal cyclization product was ob-
served in the absence of TCPB-1, underscoring the piv-
otal role of TCPB-1in promoting the cyclization reaction
between o-phenylenediamine and CO,. The amount of
PhSiHz serving as the reducing agent also plays an im-
portant role in the catalysis process and a steady de-
crease in conversion from 92% to 27% along with a
reduction in the amount of PhSiHz from 4 to 1 equiv
was observed. Notably, the cyclization reaction did not
proceed without using PhSiHz, highlighting the impor-
tant role of hydrosilane as the reducing agent. Further
optimization manifested that lowering the reaction tem-
perature or shortening the reaction time resulted in de-
creased conversion of 1a into 2a (Supporting Information
Table S3 and Figure S16). Additionally, the substitution of
PhSiHz by Ph,SiH, as the reducing agent led to drastically
decreased conversion.

To assess the general applicability of TCPB-1 as a
catalyst in the cyclization reaction, the scope of
DOI: 10.31635/ccschem.023.202302856
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substrates related to o-phenylenediamines was studied
under optimized reaction conditions (Table 2). It was
found that TCPB-1 was catalytically active toward a vari-
ety of o-phenylenediamine derivatives bearing electron-
donating and -withdrawing groups (Table 2). Notably,
the electron effect of substituted groups exerts a signifi-
cant impact on the reaction efficiency. Specifically,
the electron-donating group substituted o-phenyl-
enediamine performed smoothly to give the correspond-
ing benzimidazole with a yield of 99%, whereas the
electron-withdrawing groups substituted o-phenyl-
enediamines furnished the corresponding products with
the yield range of 45-77% following the trend of -F > -ClI
> -NO,, correlating with the electron-withdrawing
effects. The 3,4-difluoride and pyridine functionalized
diamines (1f and 1g) can react with CO, in the presence
of TCPB-1 and PhSiHz to produce the imidazole deriva-
tives 2f and 2g with yields of 83% and 79%, respectively.
Additionally, the fused naphthalene-based diamine can
also be involved in the cyclization reaction, affording
1H-naphtho[2,3-d] imidazole 2h with a yield of 76%, while
the naphthalene-1,8-diamine performs poorly to the cor-
responding 1H-perimidine with a yield of 46 %. The cycli-
zation of N-phenyl-substituted diamine proceeded
smoothly to afford the corresponding product 2j with
a yield of 80%. In order to evaluate the durability of
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Table 2 | The Scope of Cyclization of o-Phenylenedia-
mine Derivatives with CO, as a C; Source?®

TCPB-1, 5.2%

NH : . N
R—:> 2::}.1 CO: PhSiH;, 4 equiv = R—:: \>

NH, 120°C,1 MPa, 24 h u

1a-1j 2a-2j
N N A N NN A N
o O O O

2a, 92% 2b, 99% 2c, 77% 2d, 59%

N F N N N
[sslbos e oo
2e, 45% 2f, 83% 29, 79% 2h, 76%
HNTSN N

R

:
Ph

2i, 46% 2j, 80%

@ The reactions were performed ina PTFE-lined autoclave
(20 mL) with 1 (0.2 mmol), PhSiHz (0.8 mmol), and TCPB-
1 (5.2 mol %, based on B centers) in ACN (2.0 mL) under
CO, (1.0 MPa) atmosphere. Isolated vyield.

TCPB-1 as a heterogeneous catalyst, recycling experi-
ments were performed under optimized conditions, in
which TCPB-1 can be easily separated by filtration fol-
lowed by washing with methylene chloride and then
drying in the air for the next cycle. No significant loss in

TCPB-1, 5.2%
NH, PhSiH;, 4 equiv

CO P>
NH, 120 °C, 1 MPa, 24 h

80 | | | |
0- I
1 2 3 4 5

Catalytic cycles

(=23
(=]
I

Yield (%)
b3

N
(=]
1

Figure 3 | The recycling performance of TCPB-I.
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catalysis activity was observed after five cycles, indicat-
ing its excellent reusability/recyclability (Figure 3).

To delineate the reaction mechanism, FT-IR and TGA
experiments were performed for TCPB-1after loading the
substrate 1a, namely 1a@TCPB-1, revealing no obvious
difference between TCPB-1 and Ta@TCPB-1 (Supporting
Information Figures S3 and S4). SCXRD analysis for
1a@TCPB-1 suggested that no obvious electron cloud
was observed near the boron centers. Moreover, the
X-ray photoelectron spectroscopy and solid-state
"B CP/MAS NMR analyses were conducted to demon-
strate no direct interaction between the boron centers
and amino groups, due to the steric hindrance of the
duryl groups and the rigidity of TCPB-1 (Supporting
Information Figures S14 and S15). To exclude the effect
of Zr ions, the BTB-Zr layer constructed from 1,3,5-ben-
zenetrisbenzoate (HzBTB) and Zr nodes was chosen to
implement the cyclization of o-phenylenediamine with
COs, in the presence of PhSiHz, leading to poor conver-
sion of o-phenylenediamine to benzimidazole.”?® It is
worth noting that organoboron compounds have been
reported to selectively interact with Lewis basic fluoride
ions to form [B---F~] pairs, which resulted in the deacti-
vation of boron centers.®? To evaluate the role of boron
centers in the cyclization reaction, the sample of TCPB-1
was soaked in ACN/H,0 solutions containing excess NaF
for 2 h, and then filtered and dried in a vacuum oven
for 12 h. Subsequently, the cyclization of o-phenyl-
enediamine with CO, using the fluoride ion-loaded
TCPB-1 under optimized conditions was conducted,
showing that the yield of benzimidazole was significantly
reduced to 36%, indicative of the vital role of boron
centers for the activation of CO..

In order to gain further insight into the reaction mech-
anism, molecular modeling was performed using the
DFT® through a Gaussian package to manifest an
FLP-mediated catalysis reaction pathway (Figure 4). To

= FLP-
: activated

pathway

PhSiH,
B f/'
B ¢
H x 7 D
s'i:“%‘\’/ .
H e e c PhH,SiOH
s H ©-SiHPh
N «
et
i
3 (j

Figure 4 | Proposed mechanism for the catalytic CO-
conversion by TCPB-I.
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Figure 5 | Calculated energetic profile at B3LYP/Lanl/2dz
for the cyclization reaction of o-phenylenediamine. Acti-
vation energies are given in kcal/mol (between the
parenthesis).

simplify the calculation, the linker stemming from TCPB-1
was used to implement the catalysis. In this study, all
molecular structures were fully optimized, under B3LYP/
Lanl2dz. Van der Waals interactions were simulated by
using the D3(BJ) semi-empirical dispersion correction.
Product and reactant geometries were fully optimized
using gradient methods. To seek any transition state,
guadratic synchronous transit, (QST2 and QST3) with
internal reaction coordinate installed as an option in
Gaussian 16, was used to ensure that the transition states
connect the proposed reactants and products. Calcula-
tions were also carried out in the gas phase and solution
using ACN as solvent. The Self-Consistent Reaction Field
(SCRF) method based on the Solvation Model based on
Density (SMD) method has been used. The binding and
the Gibbs free energies between the boron functiona-
lized linker and the reactant molecules were calculated at
the same level of theory.

As depicted in Figures 4 and 5, DFT calculations were
performed on the reaction between boron centers from
TCPB-1 and o-phenylenediamine/CO, to form N-bound
CO, adduct 1 (step A). The intermediate product 1is the
result of the combination of proton migration from
o-phenylenediamine with the C-O bond activation. The-
oretically, this reaction occurs via a transition state,
TS1, requiring a lower C-O activation estimated to be
15.8 kcal mol™. The structure of TS1showed the different
links of H-bonds, i.e., N-H bonds equal to or less than
2.16 A. The full optimization of TS1 leads to product 1 with
an exothermic reaction profile equal to 10.2 kcal mol™.
Moreover, according to the calculated Mulliken charges
of 1, CO, was polarized as [(O=C=0 « O=C"-O7)], where-
in the Lewis acid electrophilically activates oxygen atoms
while the Lewis base bearing nucleophilicity attacks car-
bon atoms. The second step was the reaction of the
reductant PhSiHz with product 1, giving rise to the
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intermediate product 2, (steps B and C in Figures 4 and
5). This reaction requires a second transition state, TS2,
lying with an activation energy of 13.6 kcal mol™
(Figure 5).°7% The molecular structure, TS2, has a tetra-
hedral structure with short B-O bonds equaling 1.89 A
and the C-B-C angles were almost equal to 120°, which
are imposed by the tetrahedral structure of TS2 in the
cyclization. The reason is the boron configuration,
15225%2p', involving its lone pair vacant 2p orbital, which
can act as a Lewis acid, reacting easily with substrate
even at long distances and representing the trait of
FLP-mediated catalysis. The intermediate product 2
tends to transform into compound 3 due to the ease of
removal for PhH,SiOH,??? accompanied by a Gibbs free
energy release of 35.0 kcal mol™. Finally, the condensa-
tion of compound 3 occurred to afford the desired prod-
uct, benzimidazole (2a), corroborating the experimental
data. Notably, the solvation effect also plays a crucial role
in the catalysis process, because all energy activation
decreased by 5% after the use of ACN solvent. Based on
these calculated results, the cyclization seems thermo-
dynamically favored and gives more evidence of the
intermolecular reaction between CO, and o-phenyl-
enediamine via an FLP-mediated pathway to activate the
C-0 bonds. Additionally, we assume that the boron site
appears to be assisted by the spontaneous formation of
the two intermediates (TS1 and TS2). Overall, our results
supported the mechanism of the reaction depicted in
Figure 4, a plausible mechanism occurs for the formation
of benzimidazoles via a FLP pathway from o-phenyl-
enediamine and CO, in the presence of TCPB-1. It is
ascertained that the solvation also produces a remark-
able change in the partial charge distribution at the
adsorption centers.

Conclusions

In summary, a robust MOC, TCPB-1, featuring an active
boron Lewis acidic center, has been successfully con-
structed for efficient catalytic conversion of CO, to po-
tentially medicinal benzimidazole derivatives through
metal-free FLP catalysis pathway, which was established
via combined experimental and theoretical calculation
studies. This work not only contributes FLP/MOC as a
new type of highly efficient catalyst for CO, chemical
fixation, but also provides a new guideline for the
design of heterogeneous FLP-based catalysts for small
molecule activation and other challenging chemical
transformations.

Supporting Information
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experimental methods, characterization details, crystallo-
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retical calculations.
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