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ABSTRACT: This work suggests an engineering methodology for catalytic 2D materials
to achieve more efficient catalytic systems. Zinc gallate (ZnG), a Lewis acidic material
with a thin 2D morphology, can easily form aggregates through layer—layer packing.
Inner parts of ZnG aggregates would have difficulty in interacting with substrates. By
coating hollow microporous organic polymer (H-MOP) supports with ZnG, the catalytic
performance of ZnG can be enhanced due to facilitated contact of substrates with Zn
species in shells. H-MOP@ZnG-2 with an optimal ZnG coating showed a much
enhanced catalytic performance for the reductive carbon dioxide fixation with amines to
formamides compared with ZnG. Various amines can be utilized in the reductive carbon

dioxide fixation to formamides. In addition, H-MOP@ZnG-2 showed recyclability,

maintaining its catalytic performance for five successive reactions.
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B INTRODUCTION

As climate change poses a growing threat to humanity, the
need to decrease greenhouse gas emissions becomes ever more
critical.”” Carbon dioxide emission is an unavoidable
consequence of the use of petroleum as an energy source.
Thus, the significance of capturing and utilizing carbon dioxide
cannot be overstated. An efficient fixation of carbon dioxide
into chemicals is an effective method for reducing carbon
dioxide in the atmosphere.” Moreover, to achieve more
efficient conversions, the development of efficient catalysts is
necessary.4_6

Recently, the reductive carbon dioxide fixation to
formamides has attracted significant attention from scientists
due to its mild reaction conditions.”” ' The reaction of carbon
dioxide with amines in the presence of silanes can induce the
formation of formamides. Efficient Lewis acid catalysts enable
this conversion to take place even at room temperature.“_30

Recently, zinc-based Lewis acid catalysts have been studied
for various carbon dioxide conversions to valuable chemicals
due to the abundance, relatively lower toxicity, and colorless
nature of a zinc element.”' ~** For example, zinc phenoxides
have been reported to catalyze a carbon dioxide conversion
with epoxides to polycarbonates.””*> However, due to their
homogeneous catalytic feature, they have limitations in their
utilization in industrial processes. In this regard, over the past
decade, heterogeneous Zn-based Lewis acid catalysts have
been developed.*™** As a representative example, insoluble
zinc glutarate (ZnGA) has been developed through a reaction
of zinc precursors with glutaric acids.””*" Furthermore, it has
been applied as an industrial catalyst for the synthesis of
polycarbonates via a carbon dioxide conversion with
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epoxides.””*® While ZnGA has shown promising selectivity
in the insertion of carbon dioxide into polymer chains of
polycarbonates, its low catalytic activity (<0.5 kg polycar-
bonate/cat g) remains a critical drawback.

There have been numerous efforts to find better ligands to
replace the glutaric acid of ZnGA.*' However, resultant Zn-
based materials could not surpass the catalytic activity of
ZnGA. Recently, our research group has discovered that zinc
gallate (ZnG) having a thin morphology surpasses the catalytic
activity of ZnGA, while maintaining the selectivity in the
insertion of carbon dioxide.*” However, ZnG has two
important drawbacks. First, although surfaces of 2D ZnG
plates are highly active for carbon dioxide conversion, they can
be easily packed to form aggregates (Figure 1), resulting in
decreased catalytic activity. Second, the recovery and recycling
of ZnG are technically difficult due to its thin feature.

It can be speculated that thin ZnG can be loaded onto solid
supports not only to induce efficient utilization of surfaces but
also to facilitate easy separation from reaction mixtures.
Especially, if hollow nanosupports are employed, the engineer-
ing of hollow-structured heterogeneous catalysts can be
achieved. It is noteworthy that recently hollow nanocatalysts
have been reviewed as advanced heterogeneous catalytic
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Figure 1. Formation of thin zinc gallate (ZnG) and TEM image
showing conventional aggregates of ZnG.

systems, thanks to the facilitated mass transfer of substrates
and the efficient utilization of catalytic sites.”

Recently, microporous organic polymers (MOPs) have
emerged as new platforms for functional materials.** MOPs
are prepared through networking of organic building blocks.**
Our research group has reported the engineering of hollow
MOPs (H-MOPs) using silica nanospheres as templates.”
Because shells of H-MOPs have a microporosity, precursors of
secondary functional materials can be easily loaded on MOP
networks. In this regard, H-MOPs can be utilized as platforms
for engineering hollow nanomaterials. Particularly, ZnG can be
engineered on H-MOPs to form hollow H-MOP@ZnG
materials, realizing efficient heterogeneous catalytic systems.
In this work, we report the engineering of H-MOP@ZnG
using H-MOPs as platforms and their enhanced catalytic
performance in the reductive fixation of carbon dioxide to
formamides at room temperature.

B EXPERIMENTAL SECTION

General Information. Morphologies and chemical distributions
of the materials were investigated by transmission electron
microscopy (TEM) using a JEM2100F microscope. Surface areas
and porosity of materials were characterized through analysis of N,
and CO, adsorption—desorption isotherm curves obtained using a
Micromeritics ASAP2020 instrument. Pore size distributions of
materials were obtained through the analysis of N, adsorption—
desorption isotherm curves based on the nonlocal density functional
theory (NLDFT) method. Powder X-ray diffraction (PXRD) patterns
were obtained using a Rigaku MAX-2200 instrument. Zinc contents of
materials were characterized by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) using an OPTIMA 8300 analyzer.
Infrared absorption (IR) spectroscopy was conducted using a Bruker
VERTEX70 spectrometer. X-ray photoelectron spectroscopy (XPS)
was conducted using a Thermo VG spectrometer. Solid-state '*C
nuclear magnetic resonance spectroscopy was conducted in cross-
polarization (CP)/total sideband suppression (TOSS) mode using a
500 MHz Bruker ADVANCE II NMR spectrometer. Solution-state
'H and "*C NMR spectra were obtained by using a Bruker Ascend
500 spectrometer at the Chiral Material Core Facility Center of
Sungkyunkwan University. Thermogravimetric analysis (TGA) was
conducted using a TG/DTA7300 instrument.

Synthesis of H-MOP@ZnGs and ZnG. For the preparation of H-
MOP, silica nanospheres Jwere prepared by the Stober method
reported in the literature.* In this work, the following procedures
were applied to the preparation of silica templates. Ethanol (200 mL),
water (8 mL), and ammonia solution (28—30%, S mL) were added to

a 250 mL round-bottomed flask. After the mixture was stirred at room
temperature for 1 h, tetraethyl orthosilicate (14 mL) was added. After
the mixture was stirred for 18 h at room temperature, a mixture of
hexane (400 mL) and methylene chloride (50 mL) was added. Silica
spheres were separated by centrifugation, washed with a mixture of
methanol (20 mL) and acetone (20 mL) three times, and dried under
a vacuum.

Silica nanospheres (0.50 g), (PPh;),PdCl, (14 mg, 20 gmol), Cul
(3.8 mg, 20 pmol), triethylamine (40 mL), and distilled toluene (10
mL) were added to a flame-dried 100 mL Schlenk flask under argon.
After the reaction mixture was sonicated for 1 h at room temperature,
tetra(4-ethynylphenyl)methane (83 mg, 0.20 mmol) and 1,4
diiodobenzene (0.13 g, 0.40 mmol) dissolved in toluene (10 mL)
were added. After being stirred at 90 °C for 24 h, the reaction mixture
was cooled to room temperature. SiO,@MOP was separated by
centrifugation, washed with a mixture of acetone (20 mL), methylene
chloride (10 mL), and methanol (10 mL) five times, and dried under
vacuum. SiO,@MOP was added to a mixture of an aqueous HF
solution (48%, 7.5 mL), water (7.5 mL), and methanol (25 mL) in a
50 mL Falcon tube. Caution: HF solution is extremely toxic and should
be handled with specific gloves in a hood. After stirring for 6 h at room
temperature, solids (H-MOPs) were separated by centrifugation,
washed with a mixture of water (10 mL) and methanol (30 mL) five
times, and dried under vacuum.

For preparation of H-MOP@ZnG-2, H-MOP (25 mg) was
dispersed in distilled methanol (6.5 mL) in a flame-dried 50 mL
Schlenk flask under argon. After the sample was sonicated for 1 h at
room temperature, zinc acetate dihydrate (76 mg, 0.35 mmol) and
gallic acid monohydrate (65 mg, 0.35 mmol) dissolved in distilled
methanol (10 mL) were added. After being stirred at S0 °C for 48 h,
the reaction mixture was cooled to room temperature. Solids (H-
MOP@ZnG-2) were separated by centrifugation, washed with
distilled methanol (40 mL) five times, and dried under a vacuum.
For preparation of H-MOP@ZnG-1, the same synthetic procedures as
H-MOP@ZnG-2 were applied, except that zinc acetate dihydrate (25
mg, 0.12 mmol) and gallic acid monohydrate (22 mg, 0.12 mmol)
dissolved in distilled methanol (10 mL) were used. For the
preparation of H-MOP@ZnG-3, the same synthetic procedures as
H-MOP@ZnG-2 were applied except using zinc acetate dihydrate
(0.13 g, 0.58 mmol) and gallic acid monohydrate (0.11 g, 0.58 mmol)
dissolved in distilled methanol (10 mL). The control material ZnG
was prepared by the same synthetic procedures as H-MOP@ZnG-2
without using H-MOP.

Procedures of Catalytic Studies. For the reductive carbon
dioxide conversion to formamides, H-MOP@ZnG-2 (4.4 mg, 1.0 mol
% Zn to amines), amine (1.0 mmol), phenylsilane (PhSiH;, 0.25 mL,
2.0 mmol), tetrabutylammonium bromide (TBAB, 3.2 mg, 1.0 mol %
to amines), and distilled acetonitrile (3 mL) were added to an
autoclave. Based on these representative conditions, various reaction
conditions, such as the amount of reagents, were applied. After the
autoclave was closed, carbon dioxide flew through the valves. After the
autoclave was charged with carbon dioxide (10 bar), the reaction
mixture was stirred for 12 h at room temperature. After carbon
dioxide was released, the reaction mixture was transferred to a flask by
using chloroform. After the H-MOP@ZnG catalysts were recovered
from a reaction mixture through centrifugation, volatile solvents were
evaporated. The residues in the flask were analyzed by 'H and "C
NMR studies (Figure S1). Products were isolated by flash column
chromatography. For recyclability tests, after catalytic reaction, H-
MOP@ZnG-2 was recovered through centrifugation, washed with
ethyl acetate and acetone, dried under a vacuum, and used for the
next run. Formamide products (P1 to P6) were known compounds,
and their NMR spectra matched those in the literature.'®*%*/*%

Characterization Data of Amides. P1°® with a rotamer ratio of
95:5 and an isolated yield of 97%. 'H NMR (500 MHz, CDCl;) & =
8.48 (s, 0.95H), 8.37 (s, 0.05H), 7.42 (t, ] = 7.9 Hz, 2H), 7.28 (t, ] =
7.4 Hz, 1H), 7.18 (d, ] = 7.4 Hz, 2H), 3.36 (s, 0.15H), 3.33 (s,
2.85H) ppm. *C NMR (125 MHz, CDCly) § = 162.4, 1422, 129.6,
126.4, 122.4, 32.1 ppm. HRMS (EI): m/z caled for CgH,(NO [M +
H]* 136.0762; found: 136.0758. P2*® with a rotamer ratio of 50:50
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and an isolated yield of 96%. '"H NMR (500 MHz, CDCl;) & = 8.69
(d, J = 11.4 Hz, 0.5H), 8.39 (d, ] = 1.1 Hz, 0.5H), 7.54 (m, 1H), 7.35
(m, 2H), 7.15 (m, 2H) ppm. *C NMR (125 MHz, CDCl;) § =
162.7, 159.1, 136.9, 136.7, 129.8, 129.1, 125.3, 124.9, 120.0, 118.9
ppm. HRMS (EI): m/z caled for C;HNO [M + H]* 122.0606;
found: 122.0602. P3'%>® with a rotamer ratio of 86:14 and an isolated
yield of 95%. '"H NMR (500 MHz, CDCl,) & = 8.28 (s, 0.86H), 8.22
(d, J = 11.9 Hz, 0.14H), 7.33 (m, SH), 5.77 (br, 1H), 4.51 (d,] = 5.9
Hz, 1.71H), 444 (d, ] = 6.5 Hz, 0.29H) ppm. 3C NMR (125 MHz,
CDClL,) § = 164.7, 161.1, 137.6, 137.5, 129.0, 128.8, 128.0, 127.8,
127.7, 127.0, 45.7, 42.2 ppm. HRMS (EI): m/z caled for C,;H,;,NO
[M + H]* 178.1232; found: 178.1231. P4*"*® with a rotamer ratio of
77:23 and an isolated yield of 94%. "H NMR (500 MHz, CDCl,) § =
8.14 (s, 0.23H), 8.10 (s, 0.77H), 5.53 (br s, 0.23H), 5.39 (br s,
0.77H), 3.88 (m, 0.77H), 3.32 (m, 0.23H), 1.92 (m, 2H), 1.70 (m,
3H), 1.27 (m, SH) ppm. *C NMR (125 MHz, CDCL,) § = 163.6,
160.3, 51.0, 47.1, 34.7, 33.1, 25.4, 25.0, 24.7 ppm. HRMS (EI): m/z
caled for C.H,,NO [M + H]* 128.1075; found: 128.1070. P5,*® an
isolated yield of 93%. '"H NMR (500 MHz, CDCl;) 6 = 8.06 (s, 1H),
3.70 (t, ] = 4.8 Hz, 2H), 3.67 (t, ] = 4.8 Hz, 2H), 3.58 (t, ] = 4.8 Hz,
2H), 3.40 (t, ] = 4.8 Hz, 2H) ppm. '*C NMR (125 MHz, CDCL,) § =
160.9, 67.2, 66.5, 45.8, 40.6 ppm. HRMS (EI): m/z calcd for
CH,(NO, [M + H]* 116.0712; found: 116.0705. P6,"” an isolated
yield of 94%. '"H NMR (500 MHz, CDCl;) § = 8.03 (s, 1H), 3.58 (m,
2H), 3.40 (m, 2H), 2.40 (m, 4H), 2.32 (s, 3H) ppm. *C NMR (125
MHz, CDCl;) § = 160.8, 55.4, 54.2, 46.1, 45.6, 39.9 ppm. HRMS
(EI): m/z caled for C;(H,NO [M + H]" 162.0919; found: 162.0912.

B RESULTS AND DISCUSSION

Figure 2 reveals synthetic schemes of H-MOP and H-MOP@
ZnGs (refer to the Experimental Section for detailed synthetic
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Figure 2. Synthetic schemes of H-MOP and H-MOP@ZnGs.

procedures). First, using silica spheres as templates, H-MOPs
were prepared through the Sonogashira coupling of tetra(4-
ethynylphenyl)methane with 2 equiv of 1,4-diiodobenzene,
followed by silica etching.”” In the presence of H-MOPs, ZnG
was formed through a reaction of zinc acetate dihydrate with 1
equiv of gallic acid to generate H-MOP@ZnGs. With a fixed
amount of H-MOP (25 mg), amounts of zinc acetate dihydrate
and gallic acid gradually increased from 0.12 mmol to 0.35 and
0.58 mmol, and the corresponding materials were denoted as
H-MOP@ZnG-1, H-MOP@ZnG-2, and H-MOP-ZnG-3,
respectively.

Morphologies of materials were investigated by TEM
analysis (Figure 3 and Figure S2). H-MOP platforms showed
a hollow structure with an average diameter of 200 nm and an

o)

Figure 3. TEM images of (a, d, g) H-MOP@ZnG-1, (b, ¢, h) H-
MOP@ZnG-2, and (¢, f, i) H-MOP@ZnG-3. (j) EDS-based
elemental mapping images of H-MOP@ZnG-2.

average shell thickness of 16 nm (Figure S2). As ZnG was
introduced to H-MOP, the shell thicknesses of H-MOP@
ZnGs gradually increased from 19 nm (H-MOP@ZnG-1) to
24 nm (H-MOP@ZnG-2) and 30 nm (H-MOP@ZnG-3)
(Figures 3a—i and 4a).

Corresponding diameters of H-MOP@ZnG-1, H-MOP@
ZnG-2, and H-MOP@ZnG-3 were measured to be 208, 222,
and 230 nm, respectively, indicating that ZnG was successfully
incorporated into shells of H-MOP@ZnGs with increased
amounts of ZnG. In the case of H-MOP@ZnG-3, independent
ZnG plates were additionally observed, indicating that ZnGs
exceeded the optimal amount for uniform loading on H-MOP
platforms. While the shells of H-MOPs had smooth surfaces
(Figure S2), those of H-MOP@ZnGs were bumpy (Figure
3d—i). As amounts of ZnG increased, shell surfaces of H-
MOP@ZnGs became bumpier, indicating that ZnG was
incorporated into the shells of materials. In comparison, ZnG
materials obtained without using H-MOP platforms showed
irregular aggregates with a broad size distribution in the range
of 100—500 nm (Figure 1).

Through ICP-AES studies on materials, contents of Zn in H-
MOP@ZnG-1, H-MOP@ZnG-2, H-MOP@ZnG-3, and ZnG
were analyzed to be 6.9, 14.9, 20.2, and 34.0 wt %, respectively
(Figure 4b).

To analyze surface areas and porosity of materials, N,
adsorption—desorption isotherm curves were obtained at 77
K. Analysis of the isotherm curves of H-MOP based on the
Brunauer—Emmett—Teller (BET) theory revealed a high
surface area of 683 m?/g and microporosity (pore sizes <2
nm) with a micropore volume of 0.15 cm*/g (Figure 4c,d and
Table S1). As the amount of ZnG increased, surface areas of
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Figure 4. (a) Shell thickness distribution diagrams. (b) Zn contents
analyzed by ICP-AES. (c, e) N, adsorption—desorption isotherm
curves obtained at 77 K. (d, inset of e) Pore size distribution diagrams
obtained by the NLDFT method. (f) PXRD patterns of H-MOP, H-
MOP@ZnGs, and ZnG.

H-MOP@ZnG gradually decreased from 537 m’/g (H-
MOP@ZnG-1) to 423 m%/g (H-MOP@ZnG-2) and 302
m’/g (H-MOP@ZnG-3) (Figure 4c). Accordingly, the
micropore volumes of H-MOP@ZnGs gradually decreased
from 0.12 cm’/g (H-MOP@ZnG-1) to 0.091 cm?/g (H-
MOP@ZnG-2) and 0.054 cm®/g (H-MOP@ZnG-3) (Figure
4d). In comparison, ZnG powder showed a relatively low
surface area of 6 m?/g without microporosity (Figure 4e and
inset). These observations rationalize the decreased surface
areas of H-MOP@ZnGs, compared with that of H-MOP, and
the successful loading of ZnG on the H-MOP platforms.

Powder XRD studies revealed that the ZnG is a crystalline
material with main diffraction peaks at 26 values of 9.8°, 20.0°,
27.6°, 32.7°, 34.7°, and 40.2°, corresponding to (100), (102/
200), (221/130/212), (232/230), (004/302), and (330/204/
400) crystalline planes of the ZnG reported in the literature
(Figure 4f)."> In comparison, H-MOP was amorphous,
matching with conventional features of MOPs reported in
the literature.** Thus, as the amounts of ZnG in H-MOP@
ZnGs increased, diffraction peaks of ZnG gradually increased
in their intensities and became sharper.

Chemical components of H-MOP@ZnGs were further
characterized by IR, XPS, and solid-state *C NMR studies
(Figure 5).
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Figure S. (a) IR absorption spectra, (b) XPS Zn 2p,/, and 2p;,,
orbital spectra, and (c) solid-state CP/TOSS '*C NMR spectra of H-
MOP, H-MOP@ZnGs, and ZnG.

The IR spectrum of H-MOP showed main peaks at 1507
and 823 cm™', corresponding to aromatic C=C and C—H
vibrations, respectively, matching with those of MOP materials
reported in the literature (Figure 5a).** In comparison, the IR
spectra of H-MOP@ZnGs showed main peaks at 1540, 1403,
and 1026 cm™!, corresponding to the C=O vibration of
carboxylate groups and aromatic C=C and C—O vibrations of
gallates, respectively, matching well with those of ZnG (Figure
Sa). In the XPS spectra of H-MOP@ZnGs and ZnG, Zn 2p,,
and 2p;,, orbital peaks were clearly observed at 1045.7 and
1022.4 eV, respectively, indicating that the Zn species in the
materials have an oxidation state of +2 (Figure 5b).** The
solid-state >*C NMR spectrum of H-MOP showed aromatic
carbon peaks at 146.8, 137.6, 131.3, and 122.7 ppm, in
addition to alkyne peaks at 87—95 ppm and a sp® carbon peak
at 64.7 ppm (Figure 5c).*’ In comparison, the solid-state *C
NMR spectrum of ZnG showed a carbonyl carbon peak of
carboxylate groups at 174.9 ppm and aromatic carbon peaks at
147.3 (aromatic carbons adjacent to oxygens), 123.5, and
119.2 ppm.”> As the amounts of ZnG in H-MOP@ZnGs
increased, intensities of the corresponding *C peaks of ZnG
gradually increased.

According to water contact angle (WCA) measurements,
while ZnG was completely hydrophilic, H-MOP showed
hydrophobicity with a WCA of 139° due to its organic nature.
As expected, H-MOP@ZnG-2 with a WCA of 49° was
hydrophilic (Figure S3).

Considering the uniformity of the ZnG coating toward H-
MOP, we determined H-MOP@ZnG-2 as an optimal material.
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Considering the active surface of ZnG for carbon dioxide
conversion, we studied the performance of H-MOP@ZnG-2 as
a heterogeneous catalyst for the reductive carbon dioxide
fixation to formamides. Moreover, a morphology effect of H-
MOP@ZnG-2 was studied and compared with ZnG. Table 1
and Figures 6—8 summarize the results.

Table 1. Reductive Carbon Dioxide Fixation to Formamides
Catalyzed by H-MOP@ZnG-2“

| C0, |
©/NH PhSiH,;, TBAB ©/N\CHO
Cat. 1.0 mol% Zn
H-MOP@ZnG-2
or ZnG, RT
PhSiH TBAB CO, time  conv’  yield
entry (mmoﬁ (mol %) (bar) (h) (%) (%)
14 2.0 1.0 10 1 12 0.8
29 2.0 1.0 10 3 19 1.6
3¢ 2.0 1.0 10 6 11 10
49 2.0 1.0 10 9 45 44
59 2.0 1.0 10 12 46 46
6 2.0 1.0 10 1 13 11
7 2.0 1.0 10 3 41 39
8 2.0 1.0 10 6 77 74
9 2.0 1.0 10 9 93 91
10 2.0 1.0 10 12 99 97¢
vy 2.0 1.0 10 12 3.6 3.1
12 2.0 0 10 12 0 0
13 1.0 1.0 10 12 41 40
14 0 1.0 10 12 0 0
15 2.0 1.0 s 12 35 32
16 2.0 1.0 1 12 0 0
178 2.0 1.0 10 12 98 98
18" 2.0 1.0 10 12 99 98
19 2.0 1.0 10 12 99 97
200 2.0 1.0 10 12 99 97

“Reaction conditions: N-methyl-N-phenylamine (1.0 mmol), PhSiH,
(0—2.0 mmol), tetrabutylammonium bromide (TBAB, 0—1.0 mol %
to N-methyl-N-phenylamine), CO, (1—-10 bar), H-MOP@ZnG-2
(1.0 mol % Zn to N-methyl-N-phenylamine), acetonitrile (3 mL), and
25 °C. *Conversion yields of N -methyl-N-phenylamine. “Yields of N-
methyl-N-phenylformamide. “ZnG (1.0 mol % Zn to N-methyl-N-
}Jhenylamine) was used as a catalyst. “An isolated yield was also 97%.
No catalysts were used. #The catalyst recovered from entry 10 was
used. "The catalyst recovered from entry 17 was used. “The catalyst
recovered from entry 18 was used.’The catalyst recovered from entry
19 was used.

At first, we used N-methyl-N-phenylamine and 10 bar of
carbon dioxide with 2 equiv of phenylsilane and a cocatalyst of
1.0 mol % tetrabutylammonium bromide (TBAB). Under this
reaction condition, the ZnG with 1.0 mol % Zn showed
gradual formation of N-methyl-N-phenylformamide with yields
of 0.8, 1.6, 10, 44, and 46% after 1, 3, 6, 9, and 12 h at room
temperature, respectively (entries 1—5 in Table 1 and Figure
6a). It is also noteworthy that ZnG required an induction time
to show catalytic activity, indicating that aggregates of ZnG
plates need to reorganize to show catalytic activity. In
comparison, under the same reaction conditions, H-MOP@
ZnG-2 with 1.0 mol % Zn showed fast and efficient formation
of N-methyl-N-phenylformamide with yields of 11, 39, 74, 91,
and 97% after 1, 3, 6, 9, and 12 h at room temperature,
respectively (entries 6—10 in Table 1 and Figure 6a). These
observations imply that engineering of ZnG on H-MOP

a
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Figure 6. (a) Control tests of H-MOP@ZnG-2 (1.0 mol % Zn), ZnG
(1.0 mol % Zn), and no catalyst systems for the reductive carbon
dioxide fixation to N-methyl-N-phenylformamide (reaction condi-
tions: 1.0 mmol of N-methyl-N-phenylamine, 2.0 mmol of PhSiHj;,
1.0 mol % TBAB, 10 bar of CO,, 3 mL of acetonitrile, 25 °C). (b)
IMustration of the morphology effect of H-MOP@ZnG-2 and ZnG.
(c) Mechanism of carbon dioxide fixation to formamide with
phenylsilane and amines catalyzed by H-MOP@ZnG-2.
NH,

" @(“\CHO o @

99% (12 h) 0% (12 h)
96% (Isolated Yield)

OO O

38% (12h) 98% (12 h)

71% (24 h) A
99% (36 h) 94% (Isolated Yield)

95% (Isolated Yield)

.CHO CHO
gy Or Y

(6] N _N
98% (12 h) 72% (12 h)
93% (Isolated Yield) 99% (24 h)

(
94% (Isolated Yield)

Figure 7. Amine substrate-dependent reductive carbon dioxide
fixation to various formamides (reaction conditions: 1.0 mol % Zn
in HMOP@ZnG-2, 1.0 mmol of amines, 2.0 mmol of PhSiH,;, 1.0
mol % TBAB, 10 bar of CO,, 3 mL of acetonitrile, 25 °C). Isolated
yields were obtained by column chromatography.

platforms could enhance its catalytic activity due to facilitated
contact of substrates with Zn species (Figure 6b)."’ It is also
noteworthy that H-MOP@Zn-2 showed the enhanced CO,
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Figure 8. (a) Recyclability tests of H-MOP@ZnG-2 for the reductive
carbon dioxide fixation to N-methyl-N-phenylformamide (reaction
conditions: 1.0 mmol of N-methyl-N-phenylamine, 2.0 mmol of
PhSiH;, 1.0 mol % TBAB, 1.0 mol % Zn in H-MOP@ZnG-2, 10 bar
of CO,, 3 mL of acetonitrile, 12 h, 25 °C). (b) TEM images, (c) IR
absorption spectra, and (d) XPS Zn 2p,, and 2p;, orbital spectra of
H-MOP@ZnG-2 before and after five successive reactions.

uptake (1.19 and 0.74 mmol/g at 273 and 298 K, respectively)
and heat of adsorption (Q,;) of 18—25 kJ/mol, compared with
those of ZnG (0.22 and 0.17 mmol/g at 273 and 298 K,
respectively, and Q,; of 4.5—9.3 kJ/mol) (Figure S4).

Without H-MOP@ZnG-2, only a 3.1% yield of N-methyl-N-
phenylformamide was obtained (entry 11 in Table 1),
indicating that the reductive carbon dioxide fixation to N-
methyl-N-phenylformamide was catalyzed by H-MOP@ZnG-
2. When no TBABs were used, reductive carbon dioxide
fixation did not occur (entry 12 in Table 1). When amounts of
phenylsilane gradually decreased from 2 equiv to 1 and 0 equiv,
yields of N-methyl-N-phenylformamide decreased from 97% to
40 and 0%, respectively (entries 10, 13, and 14 in Table 1).
When the pressures of carbon dioxide decreased from 10 bar
to 5 and 1 bar, the yields of N-methyl-N-phenylformamide
gradually decreased from 97% to 32 and 0%, respectively
(entries 10, 15, and 16 in Table 1). Thus, we determined 1
equiv of amine, 2 equiv of phenylsilane, 1.0 mol % TBAB, 1.0
mol % Zn of H-MOP@ZnG-2, 10 bar of CO,, and room
temperature as optimal reaction conditions.

Control tests showed that phenylsilane, TBAB, and H-
MOP@ZnG are all essential for the successful reductive
carbon dioxide fixation to formamides (entries 10—12 and 14
in Table 1). Based on these results, we suggest a reaction
mechanism, as displayed in Figure 6c.

First, bromide of TBAB induced the formation of
pentavalent silicate salt through a reaction with phenyl-
silane."*"*° Zinc species in H-MOP@ZnG-2 further activated
the pentavalent silicate salt to induce the nucleophilic attack of
hydride to carbon dioxide, forming phenylsilyl formate and

generating bromide. Second, Zn species in H-MOP@ZnG-2
activated the carbonyl group of phenylsilyl formate to induce
nucleophilic attack of the amine. Finally, through a proton
shift, formamide and phenylsilanol were formed.

Next, various amines were tested as substrates for the
reductive carbon dioxide fixation catalyzed by H-MOP@ZnG-
2 to formamides (Figure 7). When aniline was used under
optimized reaction conditions instead of N-methyl-N-phenyl-
amine, the reaction was successful, showing a 99% yield of N-
phenylformamide after 12 h. In comparison, when 4-iodoani-
line was used as a substrate, no conversion to formamide was
observed even after 12 h, indicating that proper nucleophilicity
of amines was critical for successful carbon dioxide fixation to
formamides. When benzylamine was used, N-benzylformamide
was slowly formed with yields of 38, 71, and 99% after 12, 24,
and 36 h, respectively. It is known that benzylamine has a
lower nucleophilicity than aniline. Thus, benzylamine required
a longer reaction time for carbon dioxide fixation to N-
benzylformamide compared with that of aniline.

Cyclohexylamine and morpholine were good substrates,
showing 98 and 98% yields of N-cyclohexylforamide and
morpholine-4-carbaldehyde after 12 h, respectively. In the case
of 4-methylpiperazine, 4-methylpiperazine-1-carbaldehyde was
formed with yields of 72 and 99% after 12 and 24 h,
respectively. These results indicate that relatively electron rich
aromatic and aliphatic amines are beneficial for the reductive
carbon dioxide fixation to formamides due to their proper
nucleophilicity.

According to TGA, H-MOP@ZnG-2 was thermally stable
up to 254 °C (Figure SS). Considering the mild reaction
conditions (room temperature) and thermal stability of H-
MOP@ZnG-2, a recyclability test of the catalyst was
conducted for the reductive carbon dioxide fixation to N-
methyl-N-phenylformamides (Figure 8). During five successive
runs, yields of N-methyl-N-phenylformamide were retained in
the range 97—98% (Figure 8a and entries 10 and 17—20 in
Table 1). When H-MOP@ZnG-2 was removed through
filtration, the reaction stopped (Figure S6). ICP-AES analysis
of the reaction mixture revealed only 0.46% leaching of Zn,
indicating the heterogeneous nature of the catalytic system.
TEM analysis of H-MOP@ZnG-2 retrieved after five
successive runs showed complete retention of the original
hollow structure, indicating its mechanical stability, due to the
cross-linked polymeric nature of hollow platforms (Figure 8b).
The H-MOP@ZnG-2 retrieved after reactions maintained a
high surface area of 407 m*/g (Figure S7). IR and solid-state
13C NMR studies on the recovered H-MOP@ZnG-2 showed
retention of the main vibration peaks at 1540, 1403, and 1026
cm™ and a carbonyl carbon peak of carboxylate groups at
174.9 ppm, indicating that the original chemical structure of
ZnG in H-MOP@ZnG-2 was maintained (Figures 8c and S7).
In addition, XPS analysis of the retrieved H-MOP@ZnG-2
showed the maintenance of the original Zn(II) state during the
reactions (Figure 8d).

For the past decade, various Lewis acid catalysts have been
developed for the reductive carbon dioxide fixation to
formamides."' 7”**7* For example, homogeneous catalysts
bearing Zn, Cu, and Fe have been reported with TONs of 30—
198 and TOFs of 1—33 h™" for the reductive carbon dioxide
fixation with N-methyl-N-phenylamine to N-methyl-N-phenyl-
formamide at temperatures of 25—60 °C (refer to Table S2 for
recent homogeneous catalytic systems)."' ™"
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Recently, new heterogeneous catalysts have been developed
with TONs of 9—70 and TOFs of 1—3 h™' for the reductive
carbon dioxide fixation with N-methyl-N-phenylamine or
aniline to N-methyl-N-phenylformamide or N-phenyl-
formamide at temperatures of 25—130 °C (refer to Table S3
for the performance survey of recent heterogeneous catalytic
systems).'* ™ Especially, Zn-based heterogeneous catalysts
have shown TONs of 14—40 and TOFs 1-2 h™! for the
reductive carbon dioxide fixation with N-methyl-N-phenyl-
amine to N-methyl-N-phenylformamide at temperatures of
60—120 °C (refer to Table S4 for recent Zn-based
heterogeneous catalytic systems).”* > Thus, further explora-
tion of more efficient heterogeneous catalytic systems is
required. In this regard, the H-MOP@ZnG-2 showing a TON
of 97 and a TOF of 8 h™' at room temperature is quite
promising. The excellent catalytic performance of H-MOP@
ZnG-2 is attributable to its hollow structure-induced facile
mass transfer of substrates due to the reduced diffusion
pat)hxay and the enhanced utilization of active Zn sites (Figure
6b).

B CONCLUSIONS

A new eflicient heterogeneous catalyst was developed through
ZnG loading on hollow MOP platforms for the reductive
conversion of carbon dioxide with amines to formamides. After
the amount optimization of ZnG, the H-MOP@ZnG-2 with a
homogeneous loading of ZnG was engineered. Compared with
ZnG, H-MOP@ZnG-2 showed a much enhanced catalytic
performance for the reductive carbon dioxide fixation with
amines to formamides at room temperature. Moreover, the
catalytic performance of H-MOP@ZnG-2 was superior to
those of Zn-based recent heterogeneous catalysts in the
literature. The excellent catalytic performance of H-MOP@
ZnG-2 was attributed to the hollow structure-induced
facilitated contact of substrates with Lewis acidic Zn species
and the efficient utilization of catalytic ZnG materials by
generating more particles. We believe that H-MOP@ZnG-2
can be further applied for various carbon dioxide conversions
to valuable chemicals.
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