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The homoleptic hydroxy-pyridine functionalized Co(n)—NHC
complex (2) demonstrates extraordinary catalytic activity towards
the CO, cycloaddition under mild conditions. Using this catalyst
and TBAB, the highest TON (666 667) and TOF (52713 h™) were
achieved compared to previously reported cobalt catalysts.

The industrial revolution and the ensuing excessive usage of
fossil fuels have resulted in immoderate amounts of carbon
dioxide (CO,), a key ingredient in greenhouse gases and
believed to be liable for climate change. Since the start of the
industrial age, the amount of CO, in the Earth’s atmosphere
has increased by 50%, reaching almost 427 ppm by June
2024."% Although carbon capture and storage (CCS) is one of
the finest methods, like adsorption-based sequestration or
mitigation of CO,, converting carbon dioxide (CCUS) to value-
added products is more beneficial. CO, is a cheap, sustainable,
non-toxic, and abundant C1 source."” A variety of (in)organic
compounds employing CO, as a starting material have been
prepared in recent decades, including the synthesis of urea,
esters, methane, methanol, salicylic acid, cyclic organic car-
bonates (COCs), polycarbonates (PCs) and inorganic carbon-
ates.” In particular, COC is a valuable heterocyclic precursor
that has been extensively utilized as a polar aprotic solvent,
battery electrolyte, and monomer for producing PC and as an
intermediate for producing fine chemicals.*”® Thus, synthesiz-
ing COC by adding CO, to epoxides is a 100% atom-economi-
cal process for CO, fixation. However, CO, conversion is
difficult under mild conditions because of its thermodynamic
stability and kinetic inertness. A catalyst that can reduce this
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reasonably large amount of free energy is commonly employed
to overcome these obstacles. Multiple catalysts, based on
either heterogeneous systems, including metal oxides, organo-
catalysts, ion-exchange resins, and metal-organic frameworks
(MOFs), or homogeneous metal complexes, like ionic liquids,
multiple salen, salophen, and porphyrin ligands, have been
successfully created during the past few decades to catalyse the
cycloaddition reaction.”™' Among them, cobalt complexes
were more effective for cyclic carbonate synthesis. Verpoort
and co-workers reported dinuclear cobalt or Co(u)-ONO
pincer complexes as catalysts with TOF values of 3333 h™" and
4166 h™", respectively (Chart 1).*

Octahedral tris-chelate complexes of transition metal ions
have been known for over a century, and their geometrical
structures, namely facial (fac) and meridional (mer) and their
optical forms, are widely explored. Among them, the d® metal
complexes are substitutionally inert under normal ambient
conditions; hence, their utility as catalysts is seldom explored
and reported in the literature."® In contrast to the simple
bidentate donor moieties, multifunctional NHC ligands con-
taining hard/intermediate donor groups are beneficial for
developing robust catalysts due to the chelate effect. Moreover,
the additional donor moiety will exhibit hemilability or bifunc-
tional properties that may be useful in generating a vacant
coordination site during catalysis. Keeping this in view, the
electronic/steric influence leading to the robustness of NHC-
metal complexes and their utility in homogeneous catalysis
has continued to be one of the pertinent topics in metal-NHC
chemistry over the past three decades.”>™'® Various research
groups have demonstrated the implications of hemilabile
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Chart 1 Representative cobalt catalysts for COC preparation.
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ligands in numerous organic transformations. We have
recently investigated the square planar bis-chelate complexes
of nickel(u) and copper(u) using hydroxypyridine functiona-
lized imidazol-2-ylidenes and evaluated them as catalysts for
the Kumada-Tamao-Corriu (KTC) cross-coupling and aerobic
oxidation of alcohol reactions. Intrigued by the diversity in the
chelation of the hydroxypyridine functionalized imidazole-2-
ylidene (IMepyO) ligand coordination to metal ions, like
binding through normal/abnormal carbene using pyridinoxy
N-/O-centres to the metal ion, this study was extended to the
synthesis of octahedral metal complexes using cobalt ions.
Moreover, the hemilability of these ligands and the metallo-
base character of M(u)-NHC [M = Ni, Cu] complexes were
exemplified during the earlier reported catalytic studies, which
prompted us to utilize the Co(u)-NHC complex for the cyclo-
addition reaction with environmentally noxious CO, gas and
epoxides.'® Although various Co(m) complexes are widely
employed for COC preparation, the Co(u)-NHC complexes are
rarely employed as catalysts.'” Herein, we report the synthesis,
structural characterization, and catalytic activity with the
highest TOF (52 713 h™") of the unique mer-Co(kCN-IMepyO);
complex. Also, to the best of our knowledge, this was the
highest TOF ever obtained employing binary catalysts of cobalt
complexes with TBAB with epichlorohydrin (ECH) as a
substrate.

The reactions of CoBr, with hydroxypyridine functionalized
imidazolium salt 1 in air afforded the tris-chelate complex [Co
(kCN-IMepyO);] (2) as a yellow crystalline material in moderate
yield (Scheme 1).'® The air stability of 2 prompted complete
characterization by spectroscopic, spectrometric, elemental,
and single-crystal X-ray diffraction analyses (Fig. S1-S3 and
Tables S1-S3}). The appearance of sharp signals in the NMR
spectrum indicates that the Co(u) precursor is oxidized to Co
(mm) under the reaction conditions. The disappearance of the
C2-H imidazolium proton and the appearance of other proton
peaks, such as N-Me, imidazol-2-ylidene, and pyridyl protons,
in the shielded and deshielded regions, respectively, are
indicative of the formation of the Co-IMepyO complex.
Notably, the peak for Im-4H appears at 5.66 ppm (DMSO-d)/
6.06 ppm (CD3;OD), suggesting the formation of CAN wherein
the zwitterionic ‘O’ interacts with Im-4H. Furthermore, the
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Scheme 1 Synthesis of 2.
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elemental analysis and ESI-MS(+) indicate the formation of a
tris-chelate complex with the formula [Co(kCN-IMepyO);]
(582.1407). Single-crystal X-ray diffraction studies were used to
ascertain the zwitterionic tris-chelate complex of 2 and the
coordination behavior of IMepyO to the metal centre.

2-5.5 H,O crystallizes in a monoclinic P2,/n space group
with the central Co(m) ion bound by three NHC carbene
carbons (abbreviated as Cypc) and three N-atoms of the pyri-
donate in a mer-configuration (Fig. 1). Out of the three Co(i)-
Cnuc bond distances, the meridional bonds are almost similar
(Co1-C1 av. 1.931(5) A), being trans to each other, but appreci-
ably longer than the remaining one (Co1-C10 1.886(5) A),
which is ¢trans to the N-atom of one of the pyridonate moieties.
The latter Co-Cyuc value is quite shorter than the reported
values. Although these values are comparable to the known
Co-Cnpuc bonds, this is one of the first meridional tris-chelate
cobalt complexes to be reported in the literature.'**? Besides,
the Co-N bond distances of pyridonate fall within the range of
1.953 (4)-1.987(4) A, which is closer to the reported value
(1.962 (4) A)." In all the three bidentate ligands, the imid-
azole-2-ylidene ring is almost coplanar with the pyridonate
ring with very small dihedral angles (3.46°, 3.48°, and 6.75°)
between the two rings in the ligand. Furthermore, the hetero-
bidentate ligands possess an average bite angle of around 82°,
and the five-membered metallacycle formed by each ligand is
planar with the metal atom within the plane of the
metallacycle.

The stability of complex 2 in both solution and the solid
state has prompted us to exploit it as a catalyst for the cyclo-
addition of CO, to epoxides under solvent-free conditions
using ECH as a model substrate, with and without the cocata-
lyst tetrabutylammonium bromide (TBAB) and by varying the
reaction conditions, such as temperature, CO, pressure, molar
ratio of the substrate to catalyst, and the reaction time. In
addition, the catalytic potential of the precursors utilized for
the synthesis of 2, like anhyd. CoBr, and free ligand 1, was
also investigated. Although the cyclic carbonate formation was

Fig. 1 Crystal structure of 2. Hydrogen atoms and 5.5 lattice water
molecules have been removed for clarity. Selected bond lengths (A°) and
angles (°): Co1-C1 1.931(5); Co1-C10 1.886(5); Col1-C19 1.940(5); Col-
N3 1.953(4); Col-N6 1.959(4); Col-N9 1.987(4); C1-Co1-C19 175.5(2);
C1-Co1-C10 86.7(2), N3—-Co1-N6 175.99(16), N9—Co1-C10 175.10(19).

This journal is © The Royal Society of Chemistry 2024
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observed using 2 and TBAB under neat conditions at room
temperature (RT) and 1 atm. pressure, the conversion took a
longer reaction time (Table 1, entries 1-4). Also, no conversion
of ECH was observed at RT in the presence of CoBr, as a cata-
lyst (Table 1, entry 5). Meanwhile, low to moderate conversion
was observed at high temperatures when CoBr, or 1 was used
as a catalyst in the presence of TBAB (Table 1, entries 7 and 8).
These results suggest that the catalyst design and temperature
significantly diminish the activation energy barrier for the
cycloaddition of CO, to epoxide. Subsequently, the catalyst
and cocatalyst concentration in the cycloaddition reaction was
probed, keeping 100 °C temperature, 1 atm. pressure, and 3 h
of time constant (Table 1, entries 9-15). The conversion to
cyclic carbonate was highest for 0.043 mol% of the catalyst
(Table 1, entry 11), whereas the conversion decreased upon
lowering the loading of either the catalyst or co-catalyst
(Table 1, entries 12-15). This indicates that both catalyst and
cocatalyst together play an important role as a binary catalyst
in the formation of cyclic carbonate. Curiously, the cyclo-
addition reaction proceeds without TBAB as well, by maintain-
ing the other experimental parameters intact; however, the
quantitative conversion was obtained only when the tempera-
ture was increased from 100 to 120 °C. Besides, the increase of
CO, gas pressure in the reaction did not have an impact;
instead, quantitative conversion of cyclic carbonate was
achieved when the temperature was 120 °C (Table 1, entries
16-19), which once again authenticates that temperature plays

Table 1 Results of the cycloaddition reaction of ECH? and CO,
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a crucial role in this reaction. In summary, the conditions
used in entry 11 became the best-optimized conditions for
cyclic carbonate preparation using the starting materials CO,
and epoxide. Therefore, the substrate scope of this reaction
was investigated using various terminal epoxides like aliphatic,
aromatic, and ether substitutions in the side arm, as well as
internal epoxides and bis-epoxide moieties, with varying times
for conversion.

Terminal epoxides with varying substitutions were exam-
ined for cycloaddition reactions. For all the terminal mono-
epoxides, except for styrene epoxide, the conversion of the pro-
ducts was exceptional, yielding the corresponding cyclic car-
bonates quantitatively. Similarly, the more challenging cyclo-
hexane oxide 3f, ie., an internal epoxide, can be converted
(91%) to the corresponding cis''®>° cyclic carbonate 4f in 24 h
by taking twice the ratio of 2 (0.86 mol%) and TBAB (2 mol%).

In addition, the quantitative formation of bis-cyclic carbon-
ate, starting from neopentyl glycol diglycidyl ether (NPGDGE),
was observed under similar experimental conditions. Overall,
in all cases, superior conversion of epoxides with >99%
product selectivity using catalyst 2 (0.043 mol%) and TBAB
(0.2 mol%) at 100 °C and 1 atm. pressure was achieved (Fig. 2).
Moreover, the scalability of the reaction and the reusability of
the catalysts for their sustainability and potential utility in the
industry were studied using a large amount of ECH (Table 1,
entries 20-25). The highest TON (Table 1, entry 24) and TOF
(Table 1, entry 21) were achieved by varying the catalyst to co-

Entry Catalysts (mol%) Temp. (°C) pCO, (atm) Time (h) Conv.”? (%) TON® TOF? (h™)
1 2 (0.43) RT 1 12 15 35 3

2 2 (0.086) RT i 12 21 244 20

3 2 (0.043) RT 1 12 25 581 48

4 2 (0.0086) RT 1 12 10 1163 97

5 CoBr, (0.043) RT 1 3 0 0 0

6 — 100 1 3 31 — —

7 CoBr, (0.043) 100 1 3 21 488 163

8 1 (0.043) 100 1 3 43 1000 333

9 2 (0.43) 100 1 3 86 200 67

10 2 (0.086) 100 1 3 87 1012 337
11 2 (0.043) 100 1 3 >99 2325 775
12 2 (0.0086) 100 1 3 88 10232 3411
13 2 (0.0043) 100 1 3 75 17 442 5814
14 2 (0.043) 100 1 3 52 1209 403
15 2 (0.043) 100 1 3 31 721 240
16 2 (0.043) 120 1 3 >99 2325 775
17 2 (0.043) 100 10 3 25 581 194
18 2 (0.043) 120 4 3 >99 2325 775
19 2 (0.043) 100 1 3 28 651 217
20 2 (0.00086) 100 1 3 71 82558 27519
2l 2 (0.00043) 100 1 3 68 158139 52713
22 2 (0.00043) 100 1 8 >99 232558 29070
23 2 (0.00015) 100 1 12 68 453 333 37778
24 2 (0.00015) 100 1 24 >99 666 667 27778
25 2 (0.00015) 100 1 24 42 280 000 11 666

“Reaction conditions: ECH (10 mmol for entries {1-11}; 40 mmol for entries {12-19}; 400 mmol for entries 20-25). ” Conversions based on the 'H
NMR spectrum.  TON: moles of the substrate converted to the product/moles of the catalyst used.  TOF: TON/total reaction time (h). In all reac-
tions TBAB with 0.2 mol% was used except for entry 14, 0.02 mol%; entry 15, 0.002 mol%; and entry 25, 0.00015 mol%, whereas for the reactions

in entries 16-19, no TBAB was used.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Cycloaddition of epoxides with CO, using 2. 2 (0.043 mol%),
TBAB (0.2 mol%), #2 (0.86 mol%), TBAB (2 mol%); Sisolated yield.

catalyst ratio as compared to the 1:1 ratio (Table 1, entry 25).
Although a large conversion to COC was observed due to the
facile ring opening of ECH, due to the presence of electron-
withdrawing Cl, the exigency of the binary catalyst perform-
ance compared to other cobalt catalysts or other Earth-abun-
dant metal catalysts under 1 atm. pressure of CO, (Tables S4
and S51) is worthwhile to note. Furthermore, a reusability test
was performed under the same optimized conditions (Table 1,
entry 11), demonstrating that the catalyst can be reused
without separating the catalyst at least five times and without
any significant loss of catalytic activity (Fig. S28 and S29%).
Thermally robust metal complexes are preferred for prepar-
ing cyclic carbonate at the industrial scale. It is well known
that the d®-low spin compounds are substitutionally inert at
temperatures lower than 100 °C.>*?° This is often observed in
the CO, cycloaddition reaction with epoxide at RT, where the
cycloaddition is slow and only a lower conversion of 3a to 4a is
observed. Meanwhile, catalysis is very facile at an elevated
temperature of 100 °C, and the yields of cyclic carbonates
(4a-4d, 4g, and 4h) are almost quantitative in a shorter time.
In addition, the reaction goes smoothly without the need for a
cocatalyst. Therefore, the reaction must have proceeded by
coordinating epoxide instead of one of the existing pyridine
Co-N bonds. A closer look at the hemilability of the chelate
ligand in 2, using variable temperature NMR measurements,
and the nature of epoxide binding reveal that the ECH binds
to the Lewis acidic Co®" weakly, as observed in the combined
ECH and 2 NMR spectra wherein ECH hydrogens (~0.07 ppm)
show minor shielding in comparison with the parent ECH
hydrogen atoms. However, there was no change in the corres-
ponding pyridine or imidazole backbone hydrogen units
(Fig. S21 and S22%). In addition, ESI-MS shows a 1:1 ratio of
catalyst and ECH complex formation (Fig. S23%). Based on this
information, a plausible mechanism for the conversion of epi-
chlorohydrin to the corresponding cyclic carbonate was pro-
posed in the presence of catalyst 2 (Scheme 2 and Scheme S1})
with and without the cocatalyst TBAB."*>" The first activation
occurs by coordinating epoxide oxygen with the metal center
and not by CO, insertion (Table 1, entries 16-19). The second
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Scheme 2 Proposed mechanism of cycloaddition by ECH with CO,
using 2 and NBu4Br. The NBu,* unit in the catalytic steps | to IV is not
shown here.

step proceeds through (a) dissociation of pyridine due to the
trans effect of the carbene carbon and (b) the epoxide ring
opening, which may be supported by CO, binding at the exo
position of the pyridonate oxygen ion either by the added
nucleophile (Br™) or by an internal nucleophile, the free nitro-
gen lone pair of dissociated Co-Npy bonds of pyridine
(Fig. S24-S27%). Subsequently, the insertion of CO, occurs
between metal-alkoxide bonds, leading to metal-bound acyclic
organocarbonate formation. Finally, cyclization occurs
through the backbiting of oxygen to obtain the expected cyclic
carbonate with the regenerated epoxide-bound catalyst.

Conclusions

In conclusion, a robust meridional hydroxypyridine functiona-
lized Co(um)-NHC complex 2 was synthesized. Together with
the cocatalyst, 2 exhibits high catalytic activity in the CO,
cycloaddition process with epoxide. The cycloaddition is selec-
tive for aliphatic, aromatic, terminal, and internal epoxides.
Furthermore, exceptional TON and TOF were obtained exem-
plifying that this binary catalyst is ideal for sustainable large-
scale cyclic carbonate preparation.

Data availability

The experimental details, structural characterization of 2
including X-ray diffraction studies (CCDC 23687761), NMR,
and a comparison table of COCs are provided in the ESL.}
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