Open Access Article. Published on 28 October 2024. Downloaded on 10/31/2025 4:36:14 PM.

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

(cc)

RSC
Sustainability

W) Check for updates ‘

Cite this: RSC Sustainability, 2024, 2,
3959

Received 7th September 2024
Accepted 13th October 2024

DOI: 10.1039/d4su00556b

rsc.li/rscsus

Sustainability spotlight

ROYAL SOCIETY

o
PPN OF CHEMISTRY

Efficient single-component nickel catalysts with
tetradentate aminopyridine ligands for
cycloaddition reactions of CO, and epoxides under
mild conditions+

Congcong Zhang,}? Minghui Shi,i* Ning Yu,® Bowen Zhang,*?® Feng Han (2 *2
and Chengxia Miao (2 *?
A series of single-component nickel catalysts (L1-NiBry/L2-NiBr,/L3-NiBr,) with tetradentate

aminopyridine ligands are presented, which exhibit excellent capabilities and selectivity for the synthesis
of cyclic carbonates from epoxides and carbon dioxide. A green crystal of L1-NiBr, was obtained in
CHsCN, and the ligand adopted a cis-o conformation in the complex. The conversion of styrene oxide
could reach 98%, providing 100% selectivity at 90 °C, 1 MPa CO, pressure and 5 mol% of L1-NiBr, under
solvent-free conditions, while the yield and selectivity values were still as high as 92% and 99%,
respectively, under 1 atm CO, and 0.5 mol% of the catalyst at the same temperature. The catalysts also
exerted efficient catalytic coupling reactions of terminal epoxides (90-98% yields of cyclic carbonates),
except those bearing a long aliphatic chain under mild conditions. The catalyst exhibited excellent
recyclability and stability, which were further proved through ICP to test the catalyst leaching, TGA and
IR spectra. Moreover, the catalytic cycloaddition reaction mechanism was investigated using density
functional theory (DFT) calculations.

The rapid increase in CO, emission has had an adverse impact on the environment; therefore, developing sustainable chemical processes to transform CO, into
value-added chemicals is crucial. This study focuses on the production of efficient single-component nickel catalysts with tetradentate aminopyridine ligands

and their application for transforming CO, into cyclic carbonates. The investigation demonstrated that the developed nickel catalysts presented excellent
bifunctional catalytic performance, stability and substrate scope under mild conditions, even in low catalyst amounts and atmospheric pressure of CO, in the

absence of solvent, which is industrially attractive for future applications. Our technologies align with the United Nations Sustainable Development Goals,

particularly Goals 9, 12 and 13.

1. Introduction

As a potent greenhouse gas, carbon dioxide (CO,) emissions
have increased worldwide on a massive scale due to the gener-
ation of energy by the combustion of fossil fuels, adversely
impacting the environment.* Thus, reducing the level of atmo-
spheric CO, is of utmost importance in the coming decade. In
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contrast, CO, is a very significant C1 feedstock in organic
synthesis due to its non-flammable, non-toxic, sustainable and
inexpensive characteristics.> Therefore, the transformation of
CO, into industrially attractive chemicals by chemical strategies
has attracted increasing attention.> Among them, the produc-
tion of cyclic carbonates from epoxides and CO,, as an atom-
economical reaction, is regarded a considerate method.*
Moreover, cyclic carbonates have a vibrant area of application in
academic and industrial arenas, such as polar aprotic solvents,
electrolytes in lithium-ion batteries, and intermediates of
biodegradable polymers.®

A crucial challenge in the reaction between epoxides and CO,
is the development of suitable catalysts due to the high ther-
modynamic stability of CO,.® To date, numerous catalytic
systems, which usually contain both a Lewis acidic center to
activate the C-O bond of the epoxide and a Lewis basic site that
can be used as a nucleophilic reagent to open the epoxide ring,
have been successfully synthesized, including organo-catalysts,”
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metal complexes catalysts,® organic frameworks® and others, to
catalyze the cycloaddition reaction." Among these active cata-
lytic systems, metal-containing catalysts have attracted
increasing attention due to their higher intrinsic Lewis acidity,
lower catalyst loadings and lower reaction temperatures.'
However, most of them are binary catalytic systems, and Lewis
bases are usually added as co-catalysts, such as DMAP (4-
dimethylaminopyridine) or onium salts.®***> Consequently,
considerable efforts to develop efficient one-component
bifunctional metal catalyst systems have been proposed to
promote cyclic carbonate synthesis without co-catalysts.

As a part of the metal complex, ligands play a pivotal role in
developing bifunctional metal catalysts with high catalytic
reactivity, and tetradentate nitrogen ligands have been proven
efficient for various oxidation reactions, as well as the conver-
sion of CO,.” In view of this, a series of tetradentate
aminopyridine-containing metal catalysts have been designed
for the transformation of CO,."* For example, various kinds of
bifunctional zine coordination compounds with tetradentate
aminopyridine (N4) ligands have been proven efficient catalysts
for the coupling reaction between CO, and epoxides with
a broad substrate scope under solvent-free conditions by Sun
et al.*** Despite of this, the development of novel N4 bifunc-
tional catalysts under milder conditions is still needed.

In order to achieve the goal, a more active metal center is of
utmost importance to obtain high catalytic activity.'” Nickel (Ni)
is inexpensive and earth-abundant, and nickel complexes
usually exhibit distinct properties in small molecule activation
chemistry and redox chemistry, such as functionalization of
alkene and CO,." Moreover, nickel complexes have been rarely
reported for direct coupling of CO, with epoxides."”

Encouraged by this, metal complexes composed of nickel
and N4 were synthesized, and their catalytic activity for the
coupling of epoxides and CO, to produce cyclic carbonates in
the absence of co-catalysts have been evaluated (Scheme 1) and
found to be efficient bifunctional catalysts without a co-catalyst.

o) CO,, L-NiX,

80 °C

Scheme 1 The cycloaddition reaction of CO, and epoxides catalyzed
by the Ni complex.

3
R? N|Br2 / R
— \ / N|\
\ /N N _\ N ’Br/ \Br\
L1:R®=H L1-NiBry: R®=H
L2: R® = phenyl L2-NiBr,: R® = phenyl
L3: R® = 1-naphthyl L3-NiBr,: R® = 1-naphthyl

Scheme 2 Synthesis of nickel complexes.
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Moreover, a plausible mechanism for the coupling reaction was
investigated by density functional theory (DFT).

2. Experimental
2.1 General information

Solvents and chemicals obtained from various companies, such
as Aladdin and Macklin, were used without further purification
unless stated otherwise. Analytical thin-layer chromatography
(TLC) was carried out using 0.25 mm commercial silica gel
plates. The purification of product was carried out by flash
chromatography using silica gel (200-300 mesh). NMR spectra
were performed at 298 K on a Bruker 400. Chemical shift values
for '"H and C are reported as 6 values (ppm) relative to the
deuterated solvent and coupling constants (J) in Hz. Single-
crystal X-ray diffraction measurements were carried out on
a Bruker Smart APEX II CCD diffractometer at 100 (2) K using Cu
Ko radiation (A = 1.54184 A). High-resolution mass spectros-
copy experiments were carried out with a Bruker Daltonics
microTOF-QII mass spectrometer. The gas chromatography
(GC) was recorded by a Shimadzu GC-2010, SE-54 column using
diphenyl as the internal standard. Infrared spectra were recor-
ded with a Thermo Scientific Nicolet IS50-IR spectrometer at
room temperature.

2.2 Synthesis and characterization of nickel complexes

The ligands L1-L3 were prepared using previously reported
methods.™®

2.2.1 Synthesis of nickel complexes. An acetonitrile solu-
tion of ligand (1.1 mmol) was added dropwise to a stirred
solution of NiBr, (1.0 mmol) or other metal salts in 5 mL
anhydrous acetonitrile. The mixture was stirred at 50 °C for 24 h
and then cooled to room temperature (Scheme 2). The anhy-
drous acetonitrile was removed by rotary evaporation, and the
solid was washed three times with 15 mL anhydrous ether to
obtain the nickel complexes.

2.2.1.1 L1-NiBr,. Green solid (92%, yield), m. p. 112-114 °C,
HRMS (ESI-MS) m/z: caled for C,oH,sBrN,Ni [M-Br]": 461.0851,
found: 461.0845.

2.2.1.2 L2-NiBr,. Green solid (90%, yield), m. p. 120-122 °C,
HRMS (ESI-MS) m/z: caled for Cs,H;6BrN,Ni [M-Br]": 613.1477,
found: 613.1473.

2.2.1.3 L3-NiBr,. Green solid (90%, yield), m. p. 130-132 °C,
HRMS (ESI-MS) m/z: caled for C,oH4oBrN,Ni [M-Br]": 713.1790,
found: 713.1786.

NiXp

SR

L1-NiCly: X = CI
L1-Nily: X = |
L1-Ni(OAc),: X = OAc
L1-Ni(OTH),: X = OTf

d”b

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2.1.4 L1-NiCl,. Green solid (93%, yield), m. p. 110-112 °C,
HRMS (ESI-MS) m/z: caled for C,oH,sCIN,Ni [M-CI]": 417.1356,
found: 417.1350.

2.2.1.5 L1-Nil,. Green solid (92%, yield), m. p. 110-112 °C,
HRMS (ESI-MS) m/z: caled for C,oH,gIN,Ni [M-I]": 509.0712,
found: 509.0707.

2.2.1.6 L1-Ni(OTf),. Blue solid (90%, yield), m. p. 60-62 °C,
HRMS (ESI-MS) m/z: caled for C,;H,gF;0;SN,Ni [M-OTf]":
531.1188, found: 531.1182.

2.2.1.7 L1-Ni(OAc),. Blue solid (91%, yield), m. p. 60-62 °C,
HRMS (ESI-MS) m/z: caled for C,,Hz0,N,Ni [M-OAc]™:
441.1800, found: 441.1795.

2.3 General procedure for the synthesis of cyclic carbonates

Epoxides (1 mmol) and a specified amount of nickel complexes
are added to a 25 mL high-pressure vessel along with magnetic
particles in the presence of CH;CN (2 mL) or solvent-free. The
internal gas is then replaced with CO, three times. The reaction
mixture is stirred at the desired temperature for the required
time, and the remaining CO, is slowly released after cooling the
high-pressure vessel to room temperature. The conversion rate
of epoxides and the yield of cyclic carbonates are determined by
analyzing the crude product with gas chromatography when
biphenyl is used as the internal standard. The calculation
formula of conversion, yield, selectivity, and TON are given in
the ESL.t

3. Results and discussion

The L1-NiBr, powder was dissolved in CH;CN solution and
recrystallized at room temperature for a few days, and then
a green crystal was obtained. Its structure was characterized by
X-ray diffraction analysis, and the Oak Ridge thermal ellipsoid
plot (ORTEP) diagram described in Fig. 1 shows that the ligand
coordinated with nickel bromide using four N atoms in a cis-
o topology. The data collection and structure refinement are

Fig. 1 ORTEP diagram of the nickel complex L1-NiBr, (CCDC:

2307070). The hydrogen atoms are omitted for clarity in the metal
complex.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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shown in Table S1,T and selected bond lengths and bond angles
are summarized in Table S2.7

3.1 Optimization of the reaction conditions

Originally, L1-NiBr, was used to investigate the bifunctional
catalytic performance for the coupling reaction of CO, and
styrene oxide (1a) in the presence of 2 mL CH;CN under the
conditions of 2.5 MPa CO, and 80 °C for 8 h. It could be seen
that the conversion of 1a and the yield of styrene carbonate (2a)
were 95% and 94% with the selectivity of 99% when 5 mol% of
L1-NiBr, was added alone and no co-catalyst was used, which
indicated that L1-NiBr, was an efficient bifunctional catalyst
(Table 1, entry 1). Under the same conditions, the effects of
common solvents such as CH3;CN, DCE (dichloroethane),
toluene, CH;0H, DMC (dimethyl carbonate), DMF (N,N-dime-
thylformamide), THF (tetrahydrofuran) and solvent-free for the
catalytic performance were investigated (Tables S31 and 1, entry
2). The result showed that the catalytic system performed the
highest conversion and yield with 100% selectivity in the
absence of solvent (Table 1, entry 2). Consequently, the catalytic
performance of the cycloaddition between CO, and 1a could be

Table 1 Optimization of the reaction conditions for the catalytic
cycloaddition reaction between 1a and CO*

(0]
Q Cat )k
SN+ cO,—» QO
Ph e
1a Ph 2a

Entry Cat. t(h) P(MPa) Conv.” (%) Yield’ (%) Sel.” (%)
1° L1-NiBr, 8 2.5 95 94 99
2 L1-NiBr, 8 2.5 98 98 100
3 L1-NiBr, 4 2.5 99 98 99
4 L1-NiBr, 2 2.5 99 98 99
5 L1-NiBr, 1 2.5 98 98 100
6 L1-NiBr, 0.5 2.5 86 78 91
7 L1-NiBr, 1 1.5 98 98 100
8 L1-NiBr, 1 1.0 98 98 100
9 L1-NiBr, 1 0.5 92 88 9%
10 L1-NiBr, 1 0.1 59 57 97
11 L1-NiBr, 1 1.0 51 50 99
12°  L1-NiBr, 1 1.0 9% 94 98
13/ L1-NiBr, 1 1.0 98 97 99
14 L1-NiCl, 1 1.0 85 79 93
15 L1-Nil, 1 1.0 98 9% 98
16 L1-Ni(OAc), 1 1.0 31 — —
17 L1-Ni(OTf), 1 1.0 30 — —
18 L2-NiBr, 1 1.0 95 95 100
19 L3-NiBr, 1 1.0 97 9 99
20 L1 1 1.0 8 — -
21 NiBr, 1 1.0 22 — —

¢ Reaction conditions: 1 mmol styrene oxide (1a), catalyzed by 5 mol%
of catalyst at 80 °C with solventfree. ” Determined by gas
chromatography using biphenyl as the internal standard. ¢ In CH;CN
(2 mL). 1 mol% of L1-NiBr,. ° 3 mol% of L1-NiBr,./ 7 mol% of L1-
NiBr,.
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optimized without any co-catalyst under solvent-free conditions
in the next test.

When the reaction temperature decreased from 80 °C to 60 °
C, the conversion of 1a and the yield of 2a reduced to 59% and
56%, respectively (Table S4,t entries 1-3). At the same time, the
selectivity of the coupling reaction decreased from 100% and
95%, respectively. Increasing the reaction temperature from
80 °C to 90 °C, the conversion and the yield would not decrease,
presenting the stability of this catalytic system at higher
temperatures (Table S4,T entries 3 and 4). The impact of reac-
tion time on the catalytic performance was next studied with
5 mol% of L1-NiBr, as the catalyst at 80 °C under 2.5 MPa CO,
pressure (Table 1, entries 3-6). Gradually decreasing the reac-
tion time from 8 to 1 h, all of the reactions gave complete
conversion from 1a to 2a. The conversion and selectivity would
be turned to 86% and 91%, respectively, when the reaction time
is reduced to 0.5 h. Therefore, 1 h is a more appropriate reaction
time for the coupling reaction.

To further investigate more economical reaction conditions,
the effect of CO, pressure was examined, and good activity
could be observed (98% conversion of 1a and 98% yield of 2a)
under 1 MPa CO, (Table 1, entries 7 and 8). However, the
conversions of 1a were 59% and 92%, accompanied by 57% and
88% yields of 2a, when the CO, pressures were 0.1 and 0.5 MPa,
respectively (Table 1, entries 9 and 10). Despite the lower
conversions of 1a to 2a, both presented a satisfactory selectivity
(97% at a CO, pressure of 0.1 MPa and 96% at a CO, pressure of
0.5 MPa) (Table 1, entries 9 and 10). As described in Table 1
(entries 8 and 11-13), the amounts of catalyst were investigated
under the conditions of 1 MPa CO, and 80 °C for 1 h with L1-
NiBr; as the catalyst. It could be found that 5 mol% of L1-NiBr,
was enough to catalyze the coupling reactions of CO, with
epoxides (Table 1, entry 8).

Then, the activities of several nickel complexes were
assessed. Compared to L1-NiBr,, L1-NiCl, was a little sluggish,
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and 2a was isolated in 79% yield, owing to a lower nucleophi-
licity of C1™ (Table 1, entry 14). Although the nucleophilicity of
I" is stronger than Br~, L1-NiBr, showed similar transformation
and yield, which may be attributed to the steric hindrance effect
of I (Table 1, entry 15)." However, 2a was not tested, providing
31% or 30% conversion of 1a by employing L1-Ni(OAc), or L1-
Ni(OTf), as the catalyst, due to the bulky steric hindrance and
weak nucleophilicity of OAc™ and OTf (Table 1, entries 16 and
17).%° Besides, 5 mol% of L2-NiBr, or L3-NiBr, was added into
this coupling reaction system to evaluate the effect of the ligand
on the catalytic performance under the conditions of 1 MPa CO,
and 80 °C for 1 h, which also presented satisfactory catalytic
ability due to their analogous scaffold (Table 1, entries 18 and
19). The activity of L-NiBr, would not be affected by the steric
hindrance and electronic property of the ligands. That is to say,
anion, as a nucleophilic reagent to open the epoxide ring,
played an important role in the reaction. Considering L1 as
a much cheaper ligand than the others, L1-NiBr, was the opti-
mized catalyst for the cycloaddition reaction between epoxides
and CO,. When ligand L1 (5 mol%) or NiBr, (5 mol%) was
added separately for the cyclization reaction, the conversion of
1la was just 8% or 22% with no 2a tested in the same conditions
(Table 1, entries 20 and 21). The results indicated that there
were synergistic catalytic effects between L1 and NiBr,. After all,
one of the optimized conditions is 1 MPa CO, pressure and 80 °©
C for 1 h catalyzed by 5 mol% L1-NiBr, under solvent-free.

In order to investigate milder and more commercial reaction
conditions, the pressure of CO, and the amount of catalyst have
been explored. Based on the above-investigated conditions
(Table 1, entry 8), the conversion of 1a was 95%, and the
selectivity was about 100% after stirring at 80 °C for 8 h under 1
atm CO, (Table 2, entry 1). Consequently, 92% conversion and
92% yield were still obtained when the amount of catalyst
decreased to 1 mol% (Table 2, entry 2). With the extension of
reaction time, there was no obvious assistance to improve the

Table 2 Investigation of milder conditions for the coupling reaction between 1a and CO, under 1 atm CO*
O
Q Cat. )J\
LN+ CO, Q ©
Ph TP
1a Ph 2a
Amount of catalyst

Entry (mol%) t (h) Conv.” (%) Yield” (%) Sel.? (%) TON
1 5 8 95 95 100 19
2 1 8 92 92 100 92
3 1 12 96 94 98 94
4 0.5 8 65 64 99 128
5 0.5 14 92 91 99 182
6 0.2 12 46 46 100 230
7 0.2 24 76 74 98 370
8¢ 0.5 14 88 85 97 170

“ Reaction conditions: 1a (1 mmol), 80 °C, 1 atm CO,, solvent-free. > Gas chromatography is used to determine the conversion rate and yield of cyclic
carbonates, with biphenyl as the internal standard. © 10 mmol styrene oxide (1a).
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yield of 2a (Table 2, entry 3). In contrast, the conversion of 1a/
yield of 2a could be increased from 65%/64% to 92%/91%
accompanied by prolonging the reaction time from 8 h to 14 h
when the amount of catalyst was 0.5 mol% (Table 2, entries 4
and 5). However, the conversion of 1a and the yield of 2a were
still less than 80%, even at 80 °C for 24 h at 1 atm CO, pressure,
when the amount of catalyst reduced to 0.2 mol% (Table 2,
entries 6 and 7). In conclusion, the investigated milder reaction
conditions were 1 atm CO, and 80 °C for 14 h with 0.5 mol% L1-
NiBr; as the catalyst under solvent-free conditions. It was worth
noting that the catalytic system also exhibited great catalytic
activity, providing 88% conversion and 85% yield by extending
the amount of styrene oxide (1a) to 10 mmol (1.20 g) under the
optimized conditions (Table 2, entry 8).

The stability of catalyst L1-NiBr, was investigated by recy-
cling experiments using 1a (1 mmol) as the model substrate
under 1 atm CO, pressure at 80 °C for 14 h with no solvent
added. After the first 14 h period, the yield of 2a was determined
by gas spectroscopy, and the reaction mixture was then washed
with anhydrous diethyl ether (5.0 mL) to remove 2a and 1a and
dried. Subsequently, the system was directly added to another
1 mmol 1a to complete the next circulation. As listed in Fig. 2,
this procedure could be repeated five times with almost no loss
of its catalytic activity (the yields of 2a were 92%, 92%, 90%,
91%, and 91%, respectively). The ICP test recorded a 0.76%
catalyst leaching in every recycling. The recycling experiments
further proved that the catalytic system of L1-NiBr, is stable and
efficient for the coupling of CO, and epoxides under mild
conditions. It is worth noting that the stability of L1-NiBr, could
also be verified by the TGA (thermogravimetric analysis) and IR
spectra, which exhibited almost no changes between before and
after the cyclic experiment (Fig. S1 and S27).

3.2 Extend the epoxide substrates

In addition, to investigate the potential and general applica-
bility of the bifunctional catalyst L1-NiBr,, the coupling reac-
tions between CO, and a variety of epoxides were investigated

100

80

Yield (%)

40 -

0 1 . I . 1 . I . 1
1 2 3 4

3]

Cycle Number

Fig.2 Recyclability of catalyst L1-NiBr, for the coupling of CO, and 1a
(1 mmol).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Substrate scope for cyclic carbonate synthesis

0
PN

o) CO,, L1-NiBr,
=Y Q0
R R 80°C —{
R' R?
1a-1h 2a-2h
Entry Epoxide Product Yield®” (%)  Yield®® (%)
o 0
o4
1 o 98 91
la )
a
0 0
o
2 A /Q:i " 95 92
o}
3 Ch 4, C|\/2:( 97 90
o 2c
o A 0
A0 A oA
4 1d _~_o_L_o 91 95
2d
[o} (0]
\/\/o\%l o
5 le \/\/o\/K//{O 92 95
2e
o O
o+ OJ<O
6 @ 1 oA o 95
2f
0 o
\w OJ<

42(95%) 35

7 1g \/MO

2g
QO
o, (L=
O:m o ap 10 6

“ Isolated yield. b Reaction conditions: 1 mmol epoxide, 1 MPa CO,, 80 °©
C, 1 h, 5 mol% (relative to the epoxide) L1-NiBr,, solvent-free. ¢ Reaction
conditions: 1 mmol epoxide, 1 atm CO,, 80 °C, 14 h, 0.5 mol% (relative
to the epoxide) L1-NiBr,, solvent-free. 46 h.

=]

under the above two optimal reaction conditions. It should be
noted that L1-NiBr, exhibited a good catalytic performance with
more than 90% of yield for the transformation of substituted
epoxides 1a-1f bearing various aliphatic and aromatic groups,
such as phenyl, methyl, chloromethyl, alkenyl and ether groups
under both optimal conditions (Table 3, entries 1-6). However,
when the substituted group was a long aliphatic chain, the
yields of 2g decreased to 42% and 35% under the two optimal
conditions due to its weak dissolvability for the catalyst (Table 3,
entry 7). Fortunately, under the same conditions, increasing the
reaction time from 1 h to 6 h, the yield of 2g would be increased
from 42% to 95%. However, the internal epoxide 1h gave the
lowest yield under different reaction conditions due to its steric
hindrance (Table 3, entry 8).
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Fig. 3 Energy profile for the binding of the L1-NiBr, catalyst with the ethylene oxide substrate, followed by the nucleophilic ring opening
process. The relative Gibbs free energies and the relative electronic energies (in parentheses) in kcal mol™ are labelled.

3.3 Unravelling the reaction mechanism with DFT

calculations

The catalytic mechanism of the coupling reaction of epoxide
and CO, was explored with DFT calculations. Initiation of the
catalytic cycle involves a ligand substitution process in which
one Br~ leaves the Ni coordination sphere in exchange for an
epoxide. Then, the Br~ rebinds to form IM3 before a nucleo-
philic attack occurs on the epoxide ring, yielding IM4 (Fig. 3). A

15.0 A1

10.0 4

5.0 4

G (kcal/mol)

0.0

-5.0 4

-10.0

4.9 kcal mol™" Gibbs free energy barrier was estimated for this

ring-opening process. Next, the addition of CO, occurs, in

which the C atom of CO, weakly binds the O atom originally
from the epoxide and currently coordinating to Ni, giving IM5
(Fig. 4). The insertion of CO, into the Ni-coordinated bromoe-
thanolate is computed to have a 4.4 kcal mol™" Gibbs free
energy barrier. The final step is the ring closure of the bro-
moethyl carbonate ligand in IM6, which is calculated to be the

rate-determining step with a Gibbs free energy barrier of
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Fig. 4 Energy profile for the conversion from the CoN4BrOCH,CH,Br intermediate (IM4) to the final product, ethylene carbonate (EC). The
original L1-NiBr; catalyst was selected to be the zero-energy scale to stay consistent with Fig. 3. The relative Gibbs free energies and the relative
electronic energies (in parentheses) in kcal mol™ are labelled.
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Scheme 3 A proposed mechanism for the cycloaddition reaction
catalyzed by L1-NiBr,.

18.7 kcal mol " (Fig. 4). Releasing the ethyl carbonate molecule
closes the catalytic cycle with a net AH of —21.5 kcal mol™*. A
summary of the proposed reaction mechanism, as per previous
reports, is shown in Scheme 3.**

4. Conclusion

In summary, novel bifunctional single-component nickel cata-
lysts with tetradentate aminopyridine ligands have been devel-
oped for cycloaddition reactions of CO, and epoxides. The
results indicated that L1-NiBr,, a promising candidate for
commercial applications, showed excellent catalytic activity and
substrate compatibility under co-catalyst-free and solvent-free
conditions. As compared to the disubstituted one, most of the
cyclic carbonates achieved high yields (>90%) and selectivity
even at 80 °C under 1 atm CO, and 0.5 mol% of the catalyst,
except the long aliphatic chain substituted one, suggesting that
the large epoxide substrates restricted diffusion into the
confined spaces of the catalyst. Besides, the developed catalyst
has good recyclability and stability, which were further proved
through ICP to test the catalyst leaching, TGA and IR spectra.
Furthermore, mechanistic investigations followed by DFT sug-
gested that Ni acted as a Lewis acid and its anion Br~ acted as
a nucleophile to facilitate the ring opening.
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