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Co(ll) MOF as an efficient heterogeneous catalyst for conversion of CO:2 and
mono/disubstituted epoxide to value added cyclic carbonate product at mild reaction conditions
has been reported.

Highlights

e Dual ligand 3D MOF {[Co(BDC)(L)]-2H20.xG}n (CoMOF-2) was synthesized via a
simple room temperature stirring method.

e Bulk Phase purity of COMOF-2 was assessed by various physicochemical method,
including Powder X- ray diffraction (PXRD).

e CoMOF-2 act as an efficient binary heterogeneous catalyst for CO2 sequestration with
mono/disubstituted epoxides at moderate reaction condition to value added organic
carbonate with excellent yield and recyclability.

e COzadsorption by CoMOF-2, Lewis acidic metal and the basic —\NH on N-donor linker
enable the interactions and activation of epoxide with CO2 molecules towards excellent
performance in the chemical fixation of COx.

Abstract: Dual ligand 3D MOF {[Co(BDC)(L)]-2H20.xG}n (COMOF-2; G = guest) was
synthesized via simple room temperature stirring method. Bulk Phase purity of CoMOF-2
was assessed by various physicochemical methods including X- ray diffraction (XRD). CO2
adsorption isotherms indicate that activated CoMOF-2 is efficient in CO2 uptake, which has
been utilized for the CO2-Epoxide cycloaddition. The catalytic ability of COMOF-2 as a
binary catalyst revealed excellent results for variety of monosubstituted epoxide under
solvent- free conditions (1 bar/40 °C/12 h). Interestingly CoMOF-2/KI also showed great
potential as a heterogeneous catalyst for disubstituted epoxide (10 bar/120 °C/24 h) with high
yields/selectivity. The catalytic efficiency of the present investigation for scantly explored
disubstituted epoxide is better/on par with the earlier reports and the recyclability of the
catalyst is an added advantage. Probable mechanism for the catalytic reaction is deduced and
verified the representative energy profile for cycloaddition of CO2-Cyclohexane oxide (CHO)
by DFT calculation.

Keywords: Metal-Organic Frameworks / CO2 Capture & Conversion / Heterogeneous
Catalysis / Disubstituted Epoxides / Cyclic Carbonate / DFT calculation.



Introduction

Great progress in catalysis has been made in recent years in CO2 mitigation via sustainable
conversion of COz2 into value added chemicals. Very recently, CO2 capture and utilization
have attracted tremendous research interest owing to green and sustainable concerns.*-6]
Important chemical reactions and transformation such as oxidation of alcohols, amines,
sulfides and utilization of COz2 in cycloaddition reactions etc. have been achieved by newly
developed material as catalytic system, particularly coordination complexes to realize these
organics transformation.”21 However, coordination complexes generally act as a
homogenous catalyst and lacks limitations as an efficient catalyst due to separation and
reusability issues, harsh reaction conditions product yield.**** Thus, it is mandatory to
develop efficient catalytic materials with green and selective transformation of organic
chemicals. Carbon dioxide (CO2) emitted from industries and burning of fossil fuel is not
only considered as a greenhouse gas which has adverse effect on environment and global
climate change, but has gained significant attention as a source of C1 building block for the
synthesis of value-added chemicals.[*® Research efforts in this direction are in progress for
the development of new materials for selective carbon dioxide capture and its subsequent
utilization towards fine chemical synthesis. Therefore, it is a challenge for researchers and
significant attention has been paid for the development competent catalytic systems for
efficient CO2 capture and its utilization at ambient condition.l*8! In this context, sustainable
CO2 sequestration to produce cyclic carbonates with good high yield and selectivity has been
considered as an atom economic process by cycloaddition reaction with epoxide.[*1-12:16-29]
However, kinetic inertness and the thermodynamic stability of CO2 are major concern for its
conversion at ambient conditions and to achieve this task development of ideal heterogeneous
catalyst with good chemical stability and recyclability is anticipated. Interestingly, cyclic
carbonates are value added chemical intermediates and find extensive applications in the
production of pharmaceuticals, fine chemicals and as an electrolyte in Li-ion battery.[20-2"]

Metal—organic frameworks (MOFs) constructed from functionally decorated organic linkers
coupled with metal ions/clusters generating aesthetic multidimensional network are
promising materials owing to their tunable structure-property features aimed at various
applications including catalysis.[?23" For accomplishing CO2 emission mitigation targets, one
of the requisite protocols for CO2 capture and utilization is development of chemically stable
porous materials as a heterogeneous catalyst with high CO2 uptake in cycloaddition with
variety of epoxides to industrially important molecules.[8-421 MOFs are the suitable candidate
for this purpose and the most significant feature is their porosity, and both metal center as
well as functionally decorated tailor-made organic linkers that can either access or activate
the substrate and contribute towards the catalytic activity. Creating unsaturated open metal
sites and integrating functional groups in ligands were adopted to increase CO2 capture which
in turn can favor performance of MOFs towards the synthesis of fine chemicals by
sustainable approach in cycloaddition reaction.**41 Although , some of the celebrated MOFs
for example MMPF-9, HKUST-1, MMFC-2, so on and some of our reports exhibited
efficient catalytic activity under mild reaction condition in CO2-epoxide cycloaddition.[45-7]



MOF based cycloaddition of CO2 with disubstituted epoxide is not prevalent may be because
of the harsh conditions to expedite. Hence, design and development of novel MOF as a
heterogeneous catalyst with good chemical stability, with good CO2 adsorption and
conversion are the requirement to realize efficient catalysis under mild conditions including
mono/disubstituted epoxides to value added cyclic carbonate, which has significance in
energy conservation and environmental protection.

In this contribution, synthesis of Co (I1) based mixed-ligand 3D MOF
{[Co(BDC)(L)]-2H20.xG}n (CoMOF-2; G = guest) involving Benzene-1,4-dicarboxylic
acid (H2BDC) and N-donor Schiff base ligand L (4-pyridyl carboxaldehyde
isonicotinoylhydrazone) by adaptable routes (room temperature stirring and diffusion
method), and enlightened its utility as a heterogeneous catalyst for CO2 sequestration as a
heterogeneous catalyst. Crystals suitable for Single crystal x-ray diffraction (SXRD) analysis
and bulk synthesis of the catalytic material has been realized by diffusion and room
temperature (RT) stirring method respectively from the ligand precursors with Co(ll) salt in
appropriate stoichiometry. Structural analysis of CoMOF-2 revealed 3D network and phase
pure bulk material established by d analytical methods have been further utilized for the
catalytic experiment. Remarkably, COMOF-2 has been identified as good heterogeneous
catalysts for the cycloaddition of both mono and disubstituted epoxides with CO2 to the
respective cyclic carbonates yielding high conversion and selectivity. CoMOF-2 showed
excellent CO2 conversion under ambient conditions with monosubstituted epoxide (solvent
free, Pcoz =1 bar, 40 °C, 12 h), nevertheless catalytic reaction of disubstituted epoxides with
good yield and selectively was achieved with harsh conditions as expected (solvent free, Pco2
=10 bar, 120 °C, 24 h), but much superior than the scantly explored previous reports. The
recycling performance of CoMOF-2 revealed the catalyst was stable with only marginal loss
of catalytic activity.

Results and Discussion
Crystal Structure and Characterization of COMOF-2

SXRD analysis exposed CoMOF-2 crystallized in the monoclinic space group C2/c, and
the 3D framework is composed of dimeric Co(ll)-carboxylate clusters generating a two
dimensional [M2(BDC)z]n 2D sql sheets (Figure 1a) pillared by the N-donor ligand L. Three
different BDC ligands are involved in coordination with each Co(ll) metal center of the
dimeric cluster and the symmetrically disposed BDC ligands are making pz-n'ninint
chelated bridging mode of coordination generating 2D {C02(BDC)2}n sheets with
Co(I1)---Co(ll) distance 4.11A within the dimeric unit. Axial coordination by the terminal
nitrogen from L across the 2D {Co2(BDC)2}n sheets with offset orientation along bc-plane
generates an interpenetrated 3D framework (Figure 1b). As depicted in figure 1c, the located
water molecules in CoMOF-2 are encapsulated in the cavity down b-axis and are involved in
strong O-H---O hydrogen bonding in bridging the interpenetrated 3D framework.
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Figure 1. (a) Co(ll)-carboxylate clusters generating [M2(BDC)2]n 2D sql sheets, (b) 2D
{Co2(BDC)2}n sheets doubly pillared via axial coordination by L; (c) 3D interpenetrated
framework with encapsulated water molecules in CoMOF-2 viewed down b-axis.

MOFs with porosity and functionally decorated ligands, particularly amine/ acyl functional
groups are known for their ability for the CO capture.[®-84 Efficient CO2 capture and
manifestation of active sites in MOFs can favor catalytic conversion of CO:z in cycloaddition
of epoxide to value added chemicals. We reported harvesting crystals/bulk synthesis of
CoMOF-2 via different routes by diffusion method/room temperature stirring with good
phase purity elsewhere.® The details pertaining to MOF synthesis and characterization are
provided in the ESI (using powder X-ray diffraction (PXRD), FTIR and TGA). A brief
account of product characterization and CoMOF-2 crystal structure, purity, chemical/thermal
stability of the pristine recovered catalyst after 6 cycles were characterized by different
analytical methods. The simulated SXRD data of COMOF-2 is in full agreement with the
experimental PXRD pattern of the MOFs synthesized via RT stirring as well as the recovered
catalyst after 6 cycles establishing the phase purity/chemical stability of the catalyst (Figure
S1).
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Figure 2. Comparisons of N2 adsorption isotherm at 77 K and CO2 adsorption isotherm
measured at 273 K and 298 K for CoOMOF-2'.

Good agreement of the FTIR data of pristine and recovered catalyst also support the
structural integrity (Figure S2). TGA analysis of CoMOF-2 disclosed good thermal stability
up to ~330°C (Figure S3). FE-SEM images of the recovered catalyst after 6 cycles retained
almost the same textural features of pristine catalyst (Figure S4). Gas sorption analysis of
activated COMOF-2 exposed no significant N2 uptake with BET surface area only 6.8 m2g™.
Pore size distribution measured at lower P/Po values revealed pore size in the range 6.89 A
and the average pore diameter was 24 A (Figure S5). Adsorption analysis of CO2 revealed
promising results 51 cm®/g (2.26 mmol/g) and 45 cm?®g (2.04 mmol/g) respectively at 273K
and 298K at 1 atm pressure (Figure 2). Interaction of the amide functional group of the
pillared L in the framework favor the capture of polar COz, which is reinforced with
calculated Isosteric heat (Qst) for CO2 adsorption using Clausius—Clapeyron equation (35.0 kJ
mol?) from their experimental results (Figure S6). Adsorption of the polar CO2 molecule
inside the pore is established by GCMC calculation in our earlier report by interaction of
carbonyl-group of L (with a mean characteristic O(COz2)-Ocarbonyi distances in the range of
2.8-3.5A ) which also favors the catalytic performance by CoOMOF-2 in CO: utilization.
(Figure S7)

Catalytic Cycloaddition of CO, with mono/disubstituted Epoxides

CoMOF-2 with Lewis acidic Co(ll) center with weakly chelated carboxylate arm, presence
of amide decorated Lewis basic site on L and CO2 adsorption capacity encouraged us to
investigate the catalytic activity for cycloaddition of both mono and disubstituted epoxides
with COz. The optimization of reaction conditions revealed the requirement of TBAB /KI as
a co-catalyst along with MOF catalyst for the high yield synthesis of cyclic carbonates.
Styrene oxide (SO) and cyclohexane oxide (CHO) has been engaged as representative model
substrates for mono/ disubstituted epoxide respectively for optimization of reaction
conditions. The extracted catalytic products were identified by using GC and further analyzed
by *H and *C NMR spectroscopy (Figure S10-S29). In catalytic reaction for
monosubstituted epoxide, styrene oxide (SO) as a model substrate with 8.7 mmol, MOF/co-



catalyst concentration (1.8 / 2.5 mol%) and 1 bar of CO2 pressure has been kept fixed. Details
of solvent free cycloaddition of CO2 with SO tested for optimization conditions are given in
Table 1.

Table 1. Cycloaddition of Styrene oxide (SO) and CO: for Styrene carbonate (SC)
formation.*
Entry Catalyst/Co-catalyst Temp. (°C) Time (h) SO Con. (%)*

1 None RT 12 01
2 TBAB RT 12 08
3 CoMOF-2 RT 12 09
4 CoMOF-2/TBAB RT 12 51
5 CoMOF-2/TBAI RT 12 34
6 CoMOF-2/KI RT 12 48
7 CoMOF-2/TBAB 40 8 93
8 CoMOF-2/TBAB 40 12 99
9 None 40 12 03
10 TBAB 40 12 22

*Reaction conditions: SO = 8.7 mmol, 600 rpm. Catalyst mol%: CoMOF-2 = 1.8 mol%;
tetrabutyl ammonium bromide (TBAB)/TBAI/KI = 2.5 mol%; Pcoz = 1.0 bar. #Selectivity =
99%

Accordingly, CoMOF-2 exhibits highly efficient catalytic activity with SO conversion 93%
in styrene carbonate formation, under a CO2 pressure of 1 bar after 8 h at 40 °C in presence
of TBAB as co-catalyst (Table 1, entry 6). But in order to achieve 99 % SO conversion the
reaction time has to increase to 12 h at 40 °C and reserved as optimized condition for further
catalytic studies, retaining all other set condition (Table 1, entry 7). As shown in Table 1,
barely any reaction occurs in absence of catalyst, co-catalyst or its combination at RT and 1
bar Pcoz (Table 1, entry 1-3). Catalytic experiments were also performed upon increasing the
temperature to 40 °C in presence of TBAB or COMOF-2 alone (borne only 22 and 16% SO
conversion) retaining the same conditions in establishing better comparison for further
experiments (Table 1, entry 9-11). For selection of best co-catalyst, experiments were
performed using TBAB, TBAI and KI as co-catalysts. Considering the best activity, TBAB
has chosen as the co-catalyst for the coupling of CO2 with monosubstituted epoxides (Table-
1, entry 4-6). Keeping COz pressure 1 bar, SC formation using CoMOF-2/TBAB has been
probed systematically by variation of variation of time, catalytic loading and temperature. As
shown in figure 3a, temperature dependent catalytic activity revealed 71% SO conversion
upon steady increase up to 35 °C and almost 99% conversion was achieved at 40 °C.
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Figure 3. Effect of temperature (°C) (a), reaction time (b), and catalyst loading (c) on styrene
carbonate formation. (Reaction conditions: SO = 8.7 mmol, Catalyst mol%: CoMOF-
2/TBAB = 1.8/2.5 mol% (except c), Pcoz = 1.0 bar, 40 °C (except a), 12 h except (b), 600

rpm)

Time-dependent studies in the range of 0 to 14 h exposed that SO conversion up to 80%
reached within 8 h but longer duration up to 12 h has taken to achieve 99% SO conversion
(Figure 3b). Studies of catalytic loading ranging 0-2.0 mol% exposed a gradual increment of
the SO conversion reached saturation to 99% at 1.8 mol% of CoMOF-2 (Figure 3c). Itis
noted that all catalytic experiments were performed thrice to ensure the reproducibility and
the following final optimized reaction condition (SO 8.7 mmol, COMOF-2/TBAB = 1.8/2.5
mol%; at 40 °C, Pco2 1 bar and 12 h reaction time) has been employed for further catalytic
studies of different substrates.

Table 2. Substrate screening using CoMOF-2 catalyst in the cycloaddition of
monosubstituted epoxide with CO2.*

Yield \ TOF
Entry  Substrate Product (%) TON (hY)
1 o & 99 33 275
2 a Ao s 98 32 2.66

(é\o %o
3 § i~ 81 27 2.25
o o

4 \/\/\/L\O \/\/\/E;)):O 89 29 241
5 i /@"\A foaaa 71 23 1.91
6 (o (o 14 04 0.33

*Reaction conditions: Epoxide = 8.7 mmol, Catalyst mol%: CoMOF-2/TBAB = 1.8/2.5
mol%; Pcoz = 1.0 bar, 12 h, and 40 °C, 600 rpm; *TON = moles of product/moles of active
metal sites.

Based on optimization of CoMOF-2 catalyst, succeeding aliphatic and aromatic substrates
(styrene oxide, epichlorohydrin, 1,2-epoxy-3-phenoxypropane, 1,2-epoxyoctane and 2,4-
dibromophenyl glycidyl ether) has been chosen as monosubstituted epoxides in CO2 coupling
reactions. The binary catalyst could convert all substrates efficiently to the corresponding
cyclic carbonates under the set optimized mild reaction condition as shown in Table 2.
Overall, the product yield for the aliphatic epoxides were good showing a decreasing trend
with increase in chain length in the product formation (Table 2, entry 2 and 4). For aromatic
epoxide, the product yield was in the range 71-99% and bulky Br substitution on the aromatic
ring lowered the yield considerably may be due to the slow diffusion of retarding the
substrate towards the catalytic sites by steric factor (Table 2, entry 1,3 and 5).



Excellent catalytic performance by CoMOF-2/TBAB under mild reaction condition
towards monosubstituted epoxides exhilarated us to explore more challenging CO2 coupling
reactions with disubstituted epoxides. Catalytic cycloaddition of disubstituted epoxide with
CO:z2 is challenge and often overlooked in substrate scope due to the reaction demands
development of energy efficient catalytic system. Extreme reaction conditions to support the
product yield such as elevated temperature/CO2 pressure and reaction time also limited the
room for this scantly explored catalytic reaction. However, we have decided to explore
benchmark disubstituted epoxide cyclohexene oxide (CHO) as model substrate for CO2-
Epoxide cycloaddition in presence of CoOMOF-2 as the catalyst.

Table 3. Substrate screening using CoMOF-2 catalyst in the cycloaddition of
monosubstituted epoxide with CO2.*
Entry Catalyst/Co-catalyst Temp. (°C) Time (h) CHO Con. (%0)*

1 None RT 24 01
2 CoMOF-2 RT 24 07
3 Kl RT 24 06
4 CoMOF-2/TBAB RT 24 23
5 CoMOF-2/TBAI RT 24 19
6 CoMOF-2/KI RT 24 42
7 CoMOF-2/KI 40 24 52
8 CoMOF-2/KI 80 24 78
9 CoMOF-2/KI 120 24 99
10 CoMOF-2/KI 120 12 86
11 None 120 24 06
12 CoMOF-2 120 24 14
13 Kl 120 24 12

*Reaction conditions: CHO = 20 mmol, 600 rpm. Catalyst mol%: CoMOF-2 = 5 mol%;
tetrabutyl ammonium bromide (TBAB)/TBAI/KI =5 mol%; Pco2 = 10.0 bar. #Selectivity =
99%.

Concentration of CHO substrate = 20 mmol; CoMOF-2 = 5mol%; TBAB/TBAI/KI =
5mol% has been set and optimization experiments were performed for cyclohexene carbonate
(CHC) formation as depicted in table 3 and the details of catalytic experiment is provided in
ESI. As expected, no noticeable CHO conversion was detected at RT in blank reaction, only
catalyst or co-catalyst with substrate even at 10 bar CO2 pressure and 24 h reaction time
(Table 3, entry 1-3). Interestingly, the binary catalyst under the identified reaction parameters
revealed encouraging results with maximum of 42% of CHO conversion expending CoMOF-
2/KI (Table 3, entry 4-6). Considering the best performance of CoMOF-2/KI, influence of
temperature on catalytic activity for cycloaddition has been investigated retaining all the
other parameters intact. Thus, upon increasing the temperature to 40, 80 and 120 °C retaining
10 bar Pcoz and 24 h reaction time, CHO conversion was 52, 78 and 99% respectively (Table
3, entry 7-9). CHO conversion was reduced to 86% when the reaction time is restricted to 12
h at 120 °C and 10 bar Pcoz (Table 3, entry 10). Hence, optimized time and temperature for
the reaction has been fixed 24 h and 120 °C in line with maximum yield. For better



comparison blank reaction, reaction with only respective catalyst and cocatalyst KI was also
performed under the optimized reaction condition which showed only marginal CHO
conversion (Table 3, entry 11-13).

To ascertain the best possible combination for optimal catalytic reaction conditions,
systematic reactions for model CHO-CO: cycloaddition upon incremental variation of CO2
pressure, temperature, reaction time and catalyst amounts has been investigated. Effect of
pressure variation in product yield in the range 2-10 bar shown steady conversion of CHO up
to 2 bar followed by an abrupt increase and 99% CHO conversion was attained at 10 bar
pressure (Figure 4a). High solubility of CO2 concentration in the liquid phase under the
applied high pressure may be the reason for enhanced CHO conversion. As depicted in figure
4b, the efficiency of substrate conversion steadily improved upon increase in temperature and
at 120 °C a maximum of 99% CHO conversion is achieved. Effect of reaction time on
catalytic activity in the range of 0 to 24 h exposed increment in conversion with reaction time
and 99% conversion is accomplished within 24 h (Figure 4c). Incremental addition of the
catalyst loading experiment revealed, 99% CHO conversion is achieved at 5 mol% of
CoMOF-2 as shown in figure 4d. To attain maximum product yield, optimized reaction
parameters such as a reaction temperature of 120 °C and CO2 pressure 10 bar, 24 h reaction
time with 5 mol% catalyst loading was required based on the systematic experiments
conducted and retained parameters for further substrate screening catalytic experiments.
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Figure 4. Effect of pressure (a), temperature (b), reaction time (c), and catalyst loading (d) on
cyclohexene carbonate formation. (Reaction conditions: CHO = 20 mmol, Catalyst mol%:
CoMOF-2/KI = 5/5 mol% (except d), Pcoz = 10 bar (except a), 24 h (except ¢), 120 °C
(except d), 600 rpm)

Disubstituted epoxides are considered difficult substrates consuming high energy input
(prolonged reaction time, higher temperature/pressure) to accomplish reasonable product
yield in catalytic cycloaddition reaction and scantly reported in literature. COMOF-2/KI (5
mol% ) as a binary catalyst for cycloaddition reaction has been performed with various
disubstituted epoxides (cyclohexene oxide, 1,2-epoxy-2-methylpropane, 2,3-epoxybutane,

10



cyclopentene oxide, stilbene oxide and cyclooctene oxide) and CO2 with the set optimized
reaction conditions (10 bar, 120 °C in 24 h and 20 mmol of respective substrates). As
summarized in table 4, all disubstituted epoxide except cyclooctene oxide sustain promising
cyclic carbonate formation under the comparatively mild optimized catalytic condition.
Simple disubstituted epoxides with three, five and six membered cyclic rings the product
yield was in the range 89 to 99% (Table 4, entry1-4). Further, cyclic carbonate yield for
phenyl substituted three membered epoxide was 79% and marginal yield of 9% was obtained
in the case eight membered epoxide (Table 4, entry5-6).

Table 4. Substrate Screening by catalyst COMOF-2 in the cycloaddition of disubstituted
epoxide with CO2.*

Yield TOF

Entry  Substrate Product TON?*
(%) (h)
1 (o (o 99 12 05
2 A = 96 11 0.45
3 : Y
AN §2 92 11 0.45
4 o Lo 86 10 0.41
0 X

5 ﬁ 79 09 0.37
6 (o (e 09 01 0.04

*Reaction conditions: Epoxide = 20 mmol, Catalyst mol%: CoMOF-2/KI = 5/5 mol%;
Pcoz2 = 10 bar, 24 h, and 120 °C, 600 rpm; *TON = moles of product/moles of active metal
sites.

The poor catalytic efficiency and product yield, in particular for cyclooctene oxide (9%)
may be probably lower reactivity of the substrate due to the bulkiness and slow diffusion in
approaching the catalytically active sites. Reports on catalytic CO2-disubstituted epoxide
cycloaddition reactions are mainly focused on metal complex based homogeneous catalysts
including metal-Schiff base complexes and organo-catalysts.[-%51 These homogenous
catalysts give good yield and selectivity at harsh reaction conditions and the major concern is
catalyst separation and recyclability which in turn has implication in sustainability and energy
conservation. Present investigation clearly demonstrates a comprehensive study on efficacy
of the MOF based heterogeneous catalyst for the conversion of disubstituted epoxides by CO2
sequestration under comparatively moderate reaction condition to value added product. For
better understanding and comparison, cycloaddition of CO2 with styrene oxide and
cyclohexene oxide with variety of catalytic material has been provided in the supporting data
which also includes our recent report in this area (Table S1-S2). CoOMOF-2 exhibit excellent
product yield and selectivity not only for monosubstituted epoxide at mild conditions but also

11



for scarcely explored different disubstituted epoxide as an efficient heterogeneous catalytic
material at moderate reaction parameters.

Recyclability, Proposed Catalytic Mechanism and Computational Studies

To check the facile separation and recyclability of MOF, the catalytic products of mono and
disubstituted epoxides were isolated by extraction and the catalyst was separated by
centrifuge and filtration. The recovered catalyst was further purified by washing with
water/methanol/acetone, dried and reused up to six repeated cycles without significant loss in
catalytic activity (Figure 5a). PXRD/FTIR/FE-SEM data of the recycled material revealed
identical pattern of the pristine compound retaining the characteristic peaks confirming the
intact chemical stability and structural integrity of recycled catalyst (Figure 5b, S2 & S4). To
establish the transformation rate of substrates in the cycloaddition hot filtration test was
performed by removing the catalyst at half the reaction time, displaying no enrichment in the
product yield validating the active sites are existing in the catalyst (Figure S30).
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Figure 5. (a) Recyclability of CoOMOF-2 up to 6 catalytic cycles for styrene oxide and
cyclohexene oxide conversion, (b) PXRD data of CoMOF-2 recovered after 6 catalytic
recycle for cycloaddition reaction of mono/disubstituted epoxide compared with PXRD data
of as synthesized.

Plausible mechanism for CoMOF-2/KI catalyzed CO2-cycloaddition is proposed based on
literaturel#247.6479.85.96-1001 anq the crystal structure of the catalyst exposing Lewis acidic metal
site (by opening up weakly coordinated by the chelated carboxylate) and amide decorated
Lewis basic site of L favoring the synergistic activation of the epoxide ring (Figure 6a)
Presence of vacant or labile sites on the coordinated metal ions as Lewis acid and the
functionalized organic ligand with Lewis basic sites in MOF can activate the epoxide moiety
to enhance the catalytic activity. SXRD analysis and gas adsorption studies on CoMOF-2
revealed low porosity and recommends the catalysis reaction probably taking place on the
surface of the MOF. Presence high density Co(ll) clusters with chelated labile carboxylate
oxygen and the amide group on L can activate the epoxide ring in the cycloaddition as Lewis
acidic/ basic sites. As depicted in figure 6b & S8-S9, energy profile and mechanistic pathway
for CO2-cycloaddition relates concurrent involvement of the Lewis Co(ll) site/acyl hydrazone
from L interacting with the epoxide oxygen facilitate ring opening. During the catalytic
reaction, the activation of the epoxide ring opening is occurred by the coordination of the
epoxide ring oxygen with the Co(ll) Lewis site and with the pillared L on the catalyst
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surface. Simultaneously, iodide/bromide ion proceeds with nucleophilic attack on the less-
hindered epoxide carbon atom. Meantime, formation of an alkyl carbonate anion takes place
by interaction of CO2 and negatively charged oxygen of opened epoxy ring followed by ring
closure with regeneration of catalyst along with the desired catalytic product.

R1
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0 R2 R1
X (o]
N HNN 0 ¢ } |
_ = -~ 4 4
b N Cod) A HNN 00 R1
X =1orBr N_ 7 N-Ch-N 0
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wi H Attack of CO, —
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©
& .
% (-7.59)
FC

Figure 6. Proposed mechanism (a) and Energy profile diagram of the states calculated using
DFT calculation (b) in the CoMOF-2 catalyzed cycloaddition of epoxide and CO2 to form
cyclic carbonate.

The proposed mechanistic pathway is corroborated well with the DFT calculations and the
experimental details for the computational studies are in the ESI. As shown in figure 6b &
S8, the interaction of the CHO oxygen with the Cobalt (I1) is initial step for the catalytic path
way in the formation of intermediate (Int-1) and the energy of IS (initial structure) is close to
the total energy of the cluster model of CoMOF-2 (catalyst), nucleophile (I"), CO2, and CHO
(isolated reactants). Upon the introduction of I ion which was at a far off distance (>5.0 A)
from the alpha carbon (BCepoxide)) 0f CHO in the vicinity (Int-1), marks slight decrease in
relative energy to -0.19 kcal/mol with Co(ll)---O and I"---alpha carbon distances 3.85 A and
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2.22 A respectively. Subsequent ring opening and nucleophilic attack of I on p-carbon
(BCepoxide)) of CHO leads to an alkoxide species (IC), followed by the formation of first
transition state with relative energy of 19.5 kcal/mol. During this process strong Co-O(cs)
interaction and BCepoxide)-1 bond formation ensued (respective inter atomic distances 2.9 A
and 2.2 A) with the relative energy 39.3 kcal/mol for CHO ring opening (TS-1), which can be
considered as the rate determining step for CO: fixation and energy difference between TS-1
and IC is 19.9 kcal/mol. The iodide ion substituted alkoxide species (TS-1) endures an
intermediate state (Int-2) with a relative energy 20.01 kcal/mol followed by CO2 approach at
a distance 2.73A. Oxygen anion of CHO interacts with CO2 formed second transition state
(TS-2) in which COz2 binding takes place between the alkoxide group and Co with a relative
energy 48.9 kcal/mol and in this new bond formation Co-Ocoz) and O(co2)-BCepoxide)
distances are 2.58 A and 1.5 A, respectively. The ring-closing was succeeded via new
intermediate Int-3 formation with relative energy value of 13.7 kcal/mol in which the
polarized carbon from CO: attacks the oxygen of CHO to form CHC (cyclohexene carbonate)
through new bond Oepoxide)-C(co2). Upon CHC materialization O(co2)- BCepoxide) 1S decreases
from 1.5 A to 1.4 A whereas bon distances increases 2.9 A from 2.6 A and 3.58 A from 2.4 A
for Co-O(co2) and C-1 bond respectively. Finally, CHC detachment along with regeneration of
the catalyst is traced with an energy -7.6 kcal/mol.

Conclusion

In summary, versatile synthetic approaches such as RT stirring for the phase pure synthesis
of mixed ligand chemically stable 3D MOF (CoMOF-2) has been established and
characterized by different analytical methods including SXRD analysis. COMOF-2/TBAB or
Kl act as an efficient binary heterogeneous catalyst for CO2 sequestration with
mono/disubstituted epoxides at moderate reaction condition to value added organic carbonate
with excellent yield and recyclability. CO2 adsorption by CoOMOF-2, Lewis acidic metal and
the basic —NH sites in L enable both the interactions and activation of epoxide and CO2
molecules towards excellent performance in the chemical fixation of CO2. Exposed with
catalytic sites involving high density of the Lewis acidic metal /basic amide across the
organic ligand in CoMOF-2, enhances the catalytic performance by activating the epoxide
ring and increasing the affinity for CO2.The findings also provide insight for bulk phase pure
synthesis of robust MOFs tailoring the chemical functionality towards improved catalytic
performance by tuning the reaction parameters.
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