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Bifunctional organocatalysts bearing diamine and carboxylic acid
groups were used for the preparation of cyclic carbonates by cyclo-
addition reactions of CO, and epoxides. Hydrogen-bonding inter-
actions originating from carboxylic acids are of enormous importance
due to their contribution in enabling the opening of the epoxide ring.
In addition, the diamine can activate the CO, via carbamate formation
and accelerate its transformation to cyclic carbonates. As a result of
this synergy, this metal-free system shows excellent catalytic activities
with high yields (92—99%) and selectivities (99%), and thus, provides a
promising halogen-free and green pathway for the synthesis of cyclic
carbonates from CO, and epoxides.

Since pre-industrial times, the carbon dioxide (CO,) concen-
tration in the atmosphere has been steadily increasing due to
the combustion of fossil fuels for energy production. With his-
torically slow energy transitions, the use of fossil fuels for
energy production seems to continue, and so increased atten-
tion is directed towards the development of new ideas that can
help reduce CO, emissions." In this context, the conversion of
CO, is a very interesting direction to explore. Considering that
CO, is not only a component of greenhouse gases, but also a
useful carbon source in organic synthesis due to its abun-
dance, nontoxicity and recyclability, it offers a promising strat-
egy to address global warming and create a renewable carbon
economy.> ® However, for many reactions, utilization of CO, is
challenging and requires the development and implemen-
tation of advanced catalytic materials.
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With regard to the use of CO, in chemical synthesis, there
are numerous reactions leading to a wide range of useful com-
pounds under study.”® Among them, organic carbonates are
industrially valuable materials that are often employed as elec-
trolytes in lithium ion batteries and as solvents due to their
low toxicity, high boiling points, and biodegradability.’
Moreover, they are utilized as starting materials for the syn-
thesis of polycarbonates'®'! and polyurethanes,'* where the
production of polycarbonates amounts to two million tonnes
annually, a number that increases every year. Currently, some
carbonates are synthesized with phosgene, a highly toxic
material that is banned in many countries and is further con-
trolled by an international treaty concerning chemical
weapons. Also, the process leads to hazardous chlorinated
waste. As such, significant benefits would come from green
reaction pathways. In this regard, the synthesis of cyclic car-
bonates by cycloaddition of CO, and epoxides has great poten-
tial for green and clean big scale productions, if environmen-
tally friendly catalytic materials are available. Due to the
industrial relevance of cyclic carbonates, a large number of
catalysts and reaction conditions were tested for their prepa-
ration from CO, and various epoxides. The systems reported
include both homogeneous and heterogeneous -catalysts
with or without transition metals, e.g organometallic
compounds,®™® metal-salen complexes,'®"” metal-organic
frameworks, zeolitic imidazolate frameworks,>** ionic
liquids®®**” and organocatalysts.>*?° As the opening of
epoxide rings is the critical step in the cycloaddition of CO,,
these catalytic systems often contain halogen atoms (mostly I"
or Br7, rarely Cl7) that are conducive to ring-openings by
nucleophilic attacks. In particular, metal-based multifunc-
tional catalytic systems with halides show relatively high cata-
Iytic activity even under mild conditions. Ema et al. reported
porphyrin-based catalysts which are modified with different
alkylammonium bromide groups on the sides of the ligand
and centered with Mg(i) metals.**> The synergy between
Lewis acidic Mg centers and bromides results in a high cata-
Iytic activity for the synthesis of cyclic carbonates from epox-
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ides and CO,. The studies of North et al. show a similar
cooperation with an Al(m)/Br~ system for the same reaction by
using Al-salen complexes in the presence of alkylammonium
bromide salts.’*'®> Moreover, a series of porous ionic polymers
and poly(ionic liquid)s were reported by Wang et al. for the
conversion of CO, into cyclic carbonates.>®?* These hetero-
geneous materials contain halogens as counter ions and show
high catalytic activities under mild reaction conditions such
as atmospheric CO, pressure and low reaction temperatures.
However, due to the toxic and non-green nature of halogens,
an undesired and problematic situation is created in terms of
developing green solutions to use and convert CO,. Hence,
recent efforts have been directed towards finding metal and
halogen-free catalytic systems, such as the case with hydro-
gen-bond catalysis. Hydrogen-bond catalysts are a special
class of organocatalysts that bear functional groups such as
hydroxyl or carboxylic acid in their structures, and owing to
certain acidity of hydrogen atoms in these groups, they have
the ability to catalyse different reactions, including the cyclo-
addition reaction of CO, to epoxides.***® While halogens in
conventional catalysts could open the epoxide rings via attack-
ing the carbon atoms neighbouring the oxygen atom, hydro-
gen-bond catalysts could activate the epoxides with hydrogen-
bonding interactions.

Herein, we report the use of carboxylic acid and diamine-
based bifunctional organocatalysts for cycloaddition reactions
of CO, to epoxides. While carboxylic acid groups have the
ability to push hydrogen-bonding interactions with the
epoxide and arrange the ring-opening, diamines can accelerate
the cycloaddition reaction due to the activation of CO, via car-
bamate formation.’”*® As ring-opening is the rate-determining
step in this reaction,®*° changes in the structure and acidity
of the hydrogens in carboxylic acids have a direct influence on
the reaction process. Due to the synergy between a Brgnsted
acid and a Lewis base in the compounds used, the reaction
proceeds effectively without using any halogens and additives.
Therefore, this method provides a promising halogen-free and
green pathway for the synthesis of cyclic carbonates from CO,
and epoxides.

Bifunctional organocatalysts used in this work were pre-
pared using a modified procedure from our previous
works,"** which is an easy catalyst-free methodology for con-
structing aromatic C-N bonds and building blocks in high
yields. The catalytic compounds 1-7 were obtained as pure
solids confirmed by 'H and C NMR analyses and could be
directly used for catalytic reactions (discussed in the ESIT).

For the cycloaddition reaction of CO, to epoxides, 1,2-epoxy-
butane was selected as a model substrate to check the applica-
bility of catalytic materials and to find out ideal reaction
conditions such as reaction time, temperature, CO, pressure,
catalyst loading and solvent (Table 1 and Fig. 1). As shown in
Table 1, the cycloaddition reaction of CO, to 1,2-epoxybutane
carried out in the absence of any solvent shows no noteworthy
conversion (entry 4), even if potassium iodate was used as an
additive at different temperatures (entries 1-3). Since the cata-
lyst 1 with diamine and carboxylic acid groups is highly polar,
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Table 1 Cycloaddition of CO, into 1,2-epoxybutane under various
conditions?

o]

Catalyst
&/ + CO; il OJ\O

Solvent, T
P (CO,), time
Entry Solvent Catalyst T (°C) Yield (%)
1° — 1 30 <1
obe — 1 100 <1
3P — 1 100 1
4 — 1 140 4
5 DMSO 1 140 47
6 DMA 1 140 82
7 DMF 1 140 83
8 DMF — 30 0
9° DMF — 100 <1
10 DMF — 100 <1
11 DMF — 120 13
12 DMF — 140 34
139 DMF — 120 15
14%¢ DMF 1 120 96

“Reaction conditions (unless otherwise mentioned): 1,2-Epoxybutane
(10 mmol), catalyst (5 mol%), solvent (2 mL), CO, (2 MPa), reaction
time (24 h). ?KI (5 mol%) used as an additive. ° Reaction time (10 h).
4C0, (3 MPa). ®Catalyst (7 mol%). DMSO, dimethyl sulfoxide; DMA,
dimethylacetamide; and DMF, dimethylformamide. The yields were
determined by GC using dodecane as an internal standard.
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Fig. 1 Activity of the bifunctional diamine catalyst 1 in the cycloaddition
reaction of CO, and 1,2-epoxybutane (10 mmol) into 1,2-butylene car-
bonate (cf. equation in Table 1) using DMF (2 mL) as the solvent: (a)
effect of temperature by using 2 MPa CO,, 24 h reaction time and
5 mol% of 1; (b) effect of CO, pressure by using 150 °C as the reaction
temperature, 24 h reaction time and 5 mol% of 1; (c) effect of catalyst
loading by using 150 °C as the reaction temperature, 2 MPa CO, and
24 h reaction time; (d) effect of reaction time by using 150 °C as the
reaction temperature, 2 MPa CO, and 5 mol¥% of 1.
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it requires polar solvents or milieus in order to get dissolved
and to be catalytically active (even in polar solvents such as
alcohols or acetonitrile, the solubility of catalytic materials
(1-7) is extremely low). Indeed, by using highly polar solvents
such as dimethyl sulfoxide (DMSO), dimethylacetamide (DMA)
or dimethylformamide (DMF), the reaction takes place and a
remarkable increase in the yield of cyclic carbonate is observed
(entries 5-7). By replacing DMSO with less viscous DMA, the
yield of the product increases from 47 to 82%, while between
two amides DMA and DMF with a yield of 83%, no significant
change in the yield was observed, indicating no direct influ-
ence of the aldehyde hydrogen in DMF on the reaction
process. The catalytic activity of DMF was also studied through
catalyst-free reactions at various temperatures and CO,
pressure (entries 8-13), and DMF showed no significant
activity at temperatures up to 100 °C with yields below 1%,
while at higher temperatures (120 and 140 °C) it was able to
convert CO, and 1,2-epoxybutane to the corresponding cyclic
carbonate to some extent (with yields of 13 and 34%, respect-
ively). This is in agreement with previous works, which
reported on the ability of amides for the activation of CO,, e.g.
via nucleophilic activation by DMF.***> In the absence of a
catalyst, an increase of CO, pressure from 2 to 3 MPa did not
lead to a noteworthy rise in the yield (entries 11 and 13). In
contrast, by reactions with catalyst 1, increasing the catalyst
loading to 7 mol% and the CO, pressure to 3 MPa led to a
higher product yield (96%) at milder reaction temperatures
(¢f entries 7 and 14).

Fig. 1 shows the effect of changes in reaction parameters on
product formation. The yield increases with increasing temp-
erature and reaches the maximum at 150 °C (Fig. 1a).
Similarly, the yield increases with increasing CO, pressure and
has its maximum value at 2 MPa (Fig. 1b). Interestingly, at a
pressure of 0.5 MPa, no 1,2-butylene carbonate (BC) was
detected; however, quite high yields over 98% for 1,2-butane-
diol were obtained. By increasing the CO, pressure to 3 MPa,
any further change in the yield was noted. By increasing the
catalyst loading from 3 to 4 mol%, a very steep increase in the
yield was observed and from 4 to 7 mol% the changes in the
product yield were rather moderate (Fig. 1c). Finally, the yield
also increased with longer reaction times and in particular, it
increased steeply up to 20 h and reached the maximum after
24 h (Fig. 1d). As a result, the appropriate reaction conditions
for the given reaction were found to be 150 °C reaction temp-
erature, 2 MPa CO, pressure, 5 mol% catalyst loading and 24 h
reaction time.

As carboxylic acid and amine functions are keys for the
catalytic activity of 1, we envisioned that its performance can
be affected through manipulations in the electronic properties
of both functional groups. To investigate this systematically,
diamine/carboxylic acid based catalytic compounds with alter-
ing alkyl chains between the amines (C2 to C4) and differently
positioned carboxylic acid groups (para and meta) were pre-
pared and applied to the same reaction (¢f Scheme 1 and
Table 2). So with an increasing number of CH, groups in the
alkyl chain between the amines, the yield of the product drops
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Scheme 1 Bifunctional diamine catalysts with altering chain lengths
between the amines and carboxylic acid groups at para (1-3, 7) or meta
positions (4—6).

Table 2 Overview of the catalytic activity of a series of bifunctional
diamine-carboxylic acid catalysts 1-6 (cf. Scheme 1)?

(0]

o Catalyst )]\

L\/ + CO; Q" o
Solvent, T
P (CO,), time
Entry Solvent Catalyst Yield (%) Sel. (%)
1 DMF 1 86 99
2 DMF 2 78 99
3 DMF 3 70 98
4 DMF 4 93 99
5 DMF 5 83 99
6 DMF 6 71 99

“Reaction conditions: 1,2-Epoxybutane (10 mmol), catalyst (7 mol%),
DMF (2 mL), temperature (120 °C), CO, (2 MPa), reaction time (24 h).
The yields and selectivities were determined by GC using dodecane as
an internal standard.

slowly (Table 2, entries 1-3 and 4-6). This is reasonable
because the longer the alkyl chain between the amines, the
more inductive it is towards carboxylic acids and thus reduces
their acidity. Less acidic carboxylic acid groups promote
weaker hydrogen-bonding interactions and cause an inferior
activation of the epoxide which ultimately leads to lower yields
of cyclic carbonates. By switching from para to meta carboxylic
acid substituted analogues, the yields increase slightly
(Table 2, entries 1 and 4; 2 and 5; and 3 and 6). The lower
activity of para-substituted catalysts is due to the electron
donation of amines to para-COOH groups via the resonance
effect leading to a decrease in their acidity, which is not the
case with meta-substituted COOH groups (see Fig. S87).
Structural modifications of the catalysts influence both the
acidity of carboxylic acids and the basicity of amines. However,
since ring-opening is the rate-determining step in the cyclo-
addition of CO, to epoxides,*>*® the changes in the acidity of
the COOH groups are crucial. According to this study, catalysts
1 and 4 with two-membered alkyl chains between the amines
show the highest catalytic activities after a 24 h reaction time
with 86 and 93% yields, respectively.

Green Chem., 2021, 23, 1147-1153 | 1149
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The performance of diamine/carboxylic acid-based catalyst
1 was tested for a series of different terminal epoxides using
optimized reaction conditions (Table 3). The catalyst showed
excellent activity for the cycloaddition reaction of CO, to the
majority of epoxides with very high yields (92-99%). Only by
the reaction with cyclohexene oxide, due to its less reactivity a
relatively lower yield of 30% was observed. Cyclohexene oxide
is an internal epoxide with high steric hindrance around the
epoxide ring and hence it is considered as a very challenging
substrate for reaction with CO,.*¢™*®

In order to gather intimate knowledge of the reaction
mechanism, potential interactions between the diamine/car-
boxylic acid-based catalyst (1) and substrates were monitored
by 'H, >C NMR and FT-IR experiments (Fig. 2 and Fig. S97).
As shown in the 'H NMR spectra of 1 in Fig. 2a, chemical
shifts for acidic hydrogens from carboxylic acid groups and

Table 3 Synthesis of cyclic carbonates from epoxides and CO, using
bifunctional diamine catalyst 1¢

0}
0 Catalyst
A + COp ———» O)LO
R Solvent, T \—<
P (CO,), time R
Entry Substrate Product Yield (%)
1 o 99

2 2\/\/ x 99
]

4 Q 0 >T 98
5 2\/0 )Ok 92
\© O\_i,o

0
6 QO ) J\o 30

“Reaction conditions: Epoxide (10 mmol), catalyst 1 (5 mol%), DMF
(2 mL), temperature (150 °C), CO, (2 MPa), reaction time (24 h). The
yields and selectivities (99% for all six products in entries 1-6) were
determined by GC using dodecane as an internal standard.
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Fig.2 'H and C NMR investigations on the possible interactions
between bifunctional organocatalyst 1 and substrates of the cyclo-
addition reaction (cf. equation in Table 1): (a) changes in the *H NMR
spectrum of the catalyst 1 after mixing with 1,2-epoxybutane as the
epoxide at various temperatures between 25 and 100 °C using DMF-d,
as the solvent and an epoxide/catalyst ratio of 20:1; (b) changes in the
13C NMR spectrum of the catalyst 1 after adsorbing CO, at 60 °C under
1 MPa pressure (NMR analyses were performed using DMSO-dg as the
solvent at 25 °C).

less acidic ones from amines move upfield with increasing
temperatures.

After the addition of 1,2-epoxybutane to the solution of
catalyst 1 in DMF-d, at 25 °C, the 'H peak for the COOH
proton at 12.25 ppm weakened and widened strongly. At temp-
eratures over 50 °C of the catalyst 1/epoxide mixture, the
COOH peak disappeared completely, while '"H peaks from
amines (6.05-6.52 ppm) remained unchanged at all tempera-
tures. The disappearance of the COOH peak in the "H NMR
spectra results from interactions of the acidic hydrogen and
this shows clearly that diamine/carboxylic acid catalyst 1
undergoes strong hydrogen-bonding interactions with the
epoxide already at room temperature. In contrast, the amine
groups in 1 show no visible interactions with the epoxide
according to unvarying 'H peaks. Potential interactions
between the catalyst 1 and CO, were examined via '*C NMR,
where after absorbing CO, in the catalyst solution in DMSO-d,
a new peak at 112.5 ppm appeared (Fig. 2b), indicating the
activation of CO, by a diamine/carboxylic acid based catalyst.
Furthermore, in FT-IR analyses of catalyst 1, a new absorption

This journal is © The Royal Society of Chemistry 2021
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peak at 1810 cm™" was observed after interaction with CO,,
which potentially belongs to the C=O0 vibration of the carba-
mate salt formed between 1 and CO, (Fig. S91). These obser-
vations are consistent with the previous reports related to CO,
activation by amines embedded or grafted in materials such as
metal-organic  frameworks and  ionic  liquids.**™?
Furthermore, additional catalytic tests were conducted to
understand the origin of CO, in the cyclic carbonates formed
and to reveal the effect of the functional groups of the catalysts
as well as the synergy between them (Table S1}). By using cata-
lyst 1 with pre-adsorbed CO, (cf. ESIt for details), the reaction
was carried out under an argon atmosphere and a product
yield of 18% was obtained. The same reaction using catalyst 1
without pre-adsorbed CO, under an argon atmosphere showed
no yield, which makes sense due to the lack of CO, in the reac-
tion system. In contrast, the third reaction with catalyst 1
without pre-adsorbed CO, under a CO, atmosphere resulted in
86% yield (entries 1-3, Table S1f). These experiments show
that the conversion takes place with pre-adsorbed CO, (readily
activated CO, by diamines) giving a low yield (18%) due to the
limited amount of CO,. On the other hand, in the reaction
without pre-adsorbed CO, we observe a much higher yield
(86%), because the reaction takes place under a CO, atmo-
sphere with enough CO, availability. Therefore, CO, in the
product might have originated from both pre-adsorbed CO,
and CO, gas in the reactor via gradually being taken and acti-
vated by the catalyst. To control the effect of functional groups
in the catalyst, besides the original catalyst with COOH and
amino groups (1), we used two other materials as catalysts, in
which either COOH groups are replaced with COOEt (7) or
amino groups with ethers (8). The reactions catalyzed by these
three compounds under the same conditions resulted in 86,
23 and 61% yields, respectively. In addition, the reaction with
a mixed catalyst of 7 and 8 (50 : 50) gave 74% yield (entries 3-6,
Table S17). Since COOH groups are responsible for the acti-
vation of epoxides (rate-determining step), the catalyst with
COOEt groups (7) shows the lowest activity (23%). The catalyst
with ether groups (8) shows a 25% lower yield compared to our
original catalyst (1), indicating the importance of amines for
the catalytic activity of these materials. In addition, a mixed
catalyst of 7 and 8 (50 : 50) was found to be more active with a
yield of 74%, unlike when they are used alone, because it pro-
vides both COOH and amino groups for catalysis. If both func-
tional groups are available in the same compound as in 1
(higher concentration of both functional groups), the yield
increases to its maximum under given conditions (86%) and
hence demonstrates that the cycloaddition reaction of CO,
into epoxides is promoted by the synergy between COOH and
amino groups.

In the light of the insights gained from NMR, FT-IR and
DFT studies (Fig. S107), we proposed a bimolecular reaction
mechanism for the cycloaddition of CO, into epoxides using
diamine/carboxylic =~ acid  bifunctional  organocatalysts
(Scheme 2). According to this, both DMF as the solvent and
the diamine embedded in the structure of the catalyst activate
CO, via the formation of a DMF/CO, adduct and carbamate,

This journal is © The Royal Society of Chemistry 2021
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Scheme 2 Proposed mechanism for the cycloaddition of CO, into
epoxides with bifunctional diamine catalysts.

respectively, while carboxylic acid groups activate the epoxide
by hydrogen-bonding interactions and lead to polarization of
epoxide-O-C bonds. Subsequently, activated CO, bound with
the amine in the form of carbamate (and/or in the DMF/CO,
adduct) attacks the less-hindered carbon atom of the epoxide
and causes the opening of the ring. Comparing a monomole-
cular and bimolecular ring-opening step, DFT calculations
show a clearly lower energy and shorter distance between acti-
vated CO, and epoxide in a bimolecular complex intermediate
(=23.6 vs. —8.01 kcal mol™" and 2.93 vs. 5.34 A, Fig. S101)
which hence seems to be the most likely scenario. Finally, the
cyclic carbonate is formed by an intramolecular ring-closing
step and it is separated from the catalyst.

Conclusions

In summary, for the preparation of cyclic carbonates from CO,
and epoxides, we have applied simple organocatalysts bearing
diamine and carboxylic acid functional groups. These organo-
catalysts are easily prepared with high yields and no need for
any catalytic process or purification. Using these compounds
as catalysts for cycloaddition reactions of CO, to terminal epox-
ides, high yields (92-99%) and selectivities (99%) were
achieved without the use of any metals, halides or other addi-
tives. The high catalytic activity of simple diamine/carboxylic
acid based organocatalysts is due to the synergy between
COOH and diamine groups with the abilities of hydrogen-
bonding interactions and CO, activation via carbamate for-
mation, respectively. The proposed reaction mechanism of this
transformation is supported by 'H, "*C NMR, FT-IR and DFT
studies, in which the ring-opening of epoxide by hydrogen-

Green Chem., 2021, 23, 147-1153 | 1151
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bonding interactions plays a key role. This method provides a
green alternative to the preparation of cyclic carbonates includ-
ing CO,-based ones that often involve metals, halides, phos-
gene and its equivalents. As simple modifications in the struc-
ture of the catalysts lead to improvements in the catalytic
activity, it is envisioned that the development of related
materials in future works can be effectively used for similar
reactions.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the National Key Research and
Development Program of China (2018YFB0605801), the
National Natural Science Foundation of China (21871277), and
the Chinese Academy of Sciences (QYZDY-SSW-SLHO013). S. B.
thanks gratefully the Chinese Academy of Sciences for finan-
cial support in the context of CAS President’s International
Fellowship Initiative (PIFI).

Notes and references

1 S. Chu, Science, 2009, 325, 1599.
2 A. Decortes, A. M. Castilla and A. W. Kleij, Angew. Chem.,
Int. Ed., 2010, 49, 9822-9837.
3 M. He, Y. Sun and B. Han, Angew. Chem., Int. Ed., 2013, 52,
9620-9633.
4 Q.-W. Song, Z.-H. Zhou and L.-N. He, Green Chem., 2017,
19, 3707-3728.
5 N. von der Assen, J. Jung and A. Bardow, Energy Environ.
Sci., 2013, 6, 2721-2734.
6 M. Bui, C. S. Adjiman, A. Bardow, E. J. Anthony, A. Boston,
S. Brown, P. S. Fennell, S. Fuss, A. Galindo, L. A. Hackett,
J. P. Hallett, H. J. Herzog, G. Jackson, J. Kemper, S. Krevor,
G. C. Maitland, M. Matuszewski, I. S. Metcalfe, C. Petit,
G. Puxty, J. Reimer, D. M. Reiner, E. S. Rubin, S. A. Scott,
N. Shah, B. Smit, J. P. M. Trusler, P. Webley, J. Wilcox and
N. Mac Dowell, Energy Environ. Sci., 2018, 11, 1062-1176.
7 Q. Liu, L. Wu, R. Jackstell and M. Beller, Nat. Commun.,
2015, 6, 5933.
8 T. Sakakura, J.-C. Choi and H. Yasuda, Chem. Rev., 2007,
107, 2365-2387.
9 A.-A. G. Shaikh and S. Sivaram, Chem. Rev., 1996, 96, 951—
976.
10 M. A. Pacheco and C. L. Marshall, Energy Fuels, 1997, 11,
2-29.
11 S. Fukuoka, M. Kawamura, K. Komiya, M. Tojo, H. Hachiya,
K. Hasegawa, M. Aminaka, H. Okamoto, I. Fukawa and
S. Konno, Green Chem., 2003, 5, 497-507.
12 C. Wang, Z. Wu, L. Tang and ]. Qu, Prog. Org. Coat., 2019,
127, 359-365.

M52 | Green Chem., 2021, 23, 1147-1153

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

View Article Online

Green Chemistry

D. ]J. Darensbourg, R. M. Mackiewicz, A. L. Phelps and
D. R. Billodeaux, Acc. Chem. Res., 2005, 37, 836-844.

M. North and R. Pasquale, Angew. Chem., Int. Ed., 2009, 48,
2946-2948.

W. Clegg, R. W. Harrington, M. North and R. Pasquale,
Chem. Eur. J., 2010, 16, 6828-6843.

V. D’Elia, H. Dong, A. ]J. Rossini, C. M. Widdifield,
S. V. C. Vummaleti, Y. Minenkov, A. Poater, E. Abou-
Hamad, J. D. A. Pelletier, L. Cavallo, L. Emsley and
J--M. Basset, J. Am. Chem. Soc., 2015, 137, 7728-7739.

C. J. Whiteoak, N. Kielland, V. Laserna, E. C. Escudero-
Adan, E. Martin and A. W. Kleij, J. Am. Chem. Soc., 2013,
135, 1228-1231.

M. H. Beyzavi, R. C. Klet, S. Tussupbayev, ]. Borycz,
N. A. Vermeulen, C. J. Cramer, J. F. Stoddart, J. T. Hupp
and O. K. Farha, J. Am. Chem. Soc., 2014, 136, 15861-
15864.

P.-Z. Li, X.-J. Wang, J. Liu, J. S. Lim, R. Zou and Y. Zhao,
J. Am. Chem. Soc., 2016, 138, 2142-2145.

B. Aguila, Q. Sun, X. Wang, E. O’'Rourke, A. M. Al-Enizi,
A. Nafady and S. Ma, Angew. Chem., Int. Ed., 2018, 57,
10107-10111.

G.-G. Chang, X.-C. Ma, Y.-X. Zhang, L.-Y. Wang, G. Tian,
J.-W. Liu, J. Wu, Z.-Y. Hu, X.-Y. Yang and B. Chen, Adv.
Mater., 2019, 31, 1904969.

D. Ma, Y. Zhang, S. Jiao, J. Li, K. Liu and Z. Shi, Chem.
Commun., 2019, 55, 14347-14350.

W. Xu, H. Chen, K. Jie, Z. Yang, T. Li and S. Dai, Angew.
Chem., Int. Ed., 2019, 58, 5018-5022.

R. R. Kuruppathparambil, R. Babu, H. M. Jeong,
G.-Y. Hwang, G. S. Jeong, M.-I. Kim, D.-W. Kim and
D.-W. Park, Green Chem., 2016, 18, 6349-6356.

J. Hu, J. Ma, H. Liu, Q. Qian, C. Xie and B. Han, Green
Chem., 2018, 20, 2990-2994.

K. Jasiak, A. Siewniak, K. Kopczynska, A. Chrobok and
S. Baj, J. Chem. Technol. Biotechnol., 2016, 91, 2827-2833.
W. Li, W. Cheng, X. Yang, Q. Su, L. Dong, P. Zhang, Y. Yi,
B. Li and S. Zhang, Chin. J. Chem., 2018, 36, 293-298.

W. Cho, M. S. Shin, S. Hwang, H. Kim, M. Kim, J. G. Kim
and Y. Kim, J. Ind. Eng. Chem., 2016, 44, 210-215.

K. R. Roshan, B. M. Kim, A. C. Kathalikkattil, J. Tharun,
Y. S. Won and D. W. Park, Chem. Commun., 2014, 50,
13664-13667.

F. D. Bobbink, D. Vasilyev, M. Hulla, S. Chamam,
F. Menoud, G. Laurenczy, S. Katsyuba and P. J. Dyson, ACS
Catal., 2018, 8, 2589-2594.

T. Ema, Y. Miyazaki, ]J. Shimonishi, C. Maeda and
J.-Y. Hasegawa, J. Am. Chem. Soc., 2014, 136, 15270-15279.
C. Maeda, T. Taniguchi, K. Ogawa and T. Ema, Angew.
Chem., Int. Ed., 2015, 54, 134-138.

X. Wang, Y. Zhou, Z. Guo, G. Chen, J. Li, Y. Shi, Y. Liu and
J. Wang, Chem. Sci., 2015, 6, 6916-6924.

J. Li, D. Jia, Z. Guo, Y. Liu, Y. Lyu, Y. Zhou and J. Wang,
Green Chem., 2017, 19, 2675-2686.

C. Qi, J. Ye, W. Zeng and H. Jiang, Adv. Synth. Catal., 2010,
352, 1925-1933.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0gc03846f

Published on 15 January 2021. Downloaded by RUTGERS STATE UNIVERSITY on 5/15/2021 1:59:52 PM.

Green Chemistry

36

37

38

39

40

41

42

43

44

Y. Zhou, W. Zhang, L. Ma, Y. Zhou and ]J. Wang, ACS
Sustainable Chem. Eng., 2019, 7, 9387-9398.

Z.-Z. Yang, Y.-N. Zhao, L.-N. He, J. Gao and Z.-S. Yin, Green
Chem., 2012, 14, 519-527.

Z.-Z. Yang, L.-N. He, C.-X. Miao and S. Chanfreau, Adv.
Synth. Catal., 2010, 352, 2233-2240.

M. Liu, K. Gao, L. Liang, J. Sun, L. Sheng and M. Arai,
Catal. Sci. Technol., 2016, 6, 6406-6416.

M. A. Ziaee, Y. Tang, H. Zhong, D. Tian and R. Wang, ACS
Sustainable Chem. Eng., 2019, 7, 2380-2387.

S. Bulut and W. L. Queen, J. Org. Chem., 2018, 83, 3806—
3818.

I. Kochetygov, S. Bulut, M. Asgari and W. L. Queen, Dalton
Trans., 2018, 47, 10527-10535.

J. A. Kozak, J. Wu, X. Su, F. Simeon, T. A. Hatton and
T. F. Jamison, J. Am. Chem. Soc., 2013, 135, 18497-18501.

S. Zhong, L. Liang, M. Liu, B. Liu and ]. Sun, J. CO2 Util.,
2015, 9, 58-65.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Communication

45 Z. Guo, X. Cai, J. Xie, X. Wang, Y. Zhou and J. Wang, ACS
Appl. Mater. Interfaces, 2016, 8, 12812-12821.

46 A. C. Kathalikkattil, R. Babu, R. K. Roshan, H. Lee, H. Kim,
J. Tharun, E. Suresh and D.-W. Park, /. Mater. Chem. A,
2015, 3, 22636-22647.

47 J. A. Castro-Osma, K. J. Lamb and M. North, ACS Catal.,
2016, 6, 5012-5025.

48 Y. Chen, R. Luo, Q. Xu, J. Jiang, X. Zhou and H. Ji, ACS
Sustainable Chem. Eng., 2018, 6, 1074-1082.

49 B. E. Gurkan, J. C. de la Fuente, E. M. Mindrup, L. E. Ficke,
B. F. Goodrich, E. A. Price, W. F. Schneider and
J. F. Brennecke, J. Am. Chem. Soc., 2010, 132, 2116-2117.

50 J. Lan, M. Liu, X. Lu, X. Zhang and J. Sun, ACS Sustainable
Chem. Eng., 2018, 6, 8727-8735.

51 M. Liu, L. Liang, X. Li, X. Gao and J. Sun, Green Chem.,
2016, 18, 2851-2863.

52 F. Liu, Y. Gu, H. Xin, P. Zhao, J. Gao and M. Liu, ACS
Sustainable Chem. Eng., 2019, 7, 16674-16681.

Green Chem., 2021, 23, 147-1153 | 1153


https://doi.org/10.1039/d0gc03846f

	Button 1: 


