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The conversion of CO, to high value-added chemicals in water using environment-friendly and cost-
effective catalysts is a very significant topic. In this work, a green method for the conversion of CO,
catalyzed by alcohol amines has been developed. Alcohol amines showed considerable activating ability
to CO, in the cyclization with 2-aminobenzonitrile to quinazoline-2,4(1H,3H)-dione in water. Notably,
when diethanolamine (DEA) was used as the catalyst, 94% yield of quinazoline-2,4-(1H,3H)-dione could
be achieved. A plausible mechanism has been proposed based on the *H NMR, FT-IR analysis and DFT
calculation. The excellent catalytic performance is attributed to the combined effect of both the
secondary amine and hydroxyl groups on alcohol amines with the assistance of water in the formation
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DOI: 10.1039/d0ra06435d of carbamate. Water plays a bi-functional role of solvent and co-catalyst in this catalytic process.
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Introduction

Carbon dioxide (CO,) chemistry, including CO, capture and
conversion, is regarded as one of the most attractive research
hotspots in chemical and environmental sciences.”” The utili-
zation of CO, as an economical C1 building block for producing
chemicals and materials meets the requirement of environment
protection and sustainable development.** Numerous
processes and corresponding catalysts have been developed in
the utilization of CO, for the production of chemical feedstock
carbonates and methanol, such as medical intermediate oxa-
zolidinone and quinazolinone.> Despite these significant
advances, the design and development of new catalysts for the
conversion of CO, is still challenging due to its high thermo-
dynamic stability.

Quinazoline-2,4(1H,3H)-dione and its derivatives are impor-
tant intermediates as key building blocks in the synthesis of
remedial drugs for heart disease and hypertension.®” They are
usually prepared with toxic and environment-unfriendly
reagents, such as phosgene,® potassium cyanate’ and
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Catalysts can be easily recovered and reused five times without significant loss of activity.

isocyanate.'® Recently, it has been reported that quinazoline-
2,4(1H,3H)-dione could be prepared via the coupling of CO, and
2-aminobenzonitriles. This avoids the use of noxious reagents
and improves the atom economy."*"** Diverse catalysts, such as
organic bases,'* ' inorganic bases," ionic liquids,**?* NHC,*
amidato lanthanide complexes*® and heterogeneous cata-
lysts,”=** have been developed to promote this reaction. Among
various catalysts, organic bases have attracted much attention
due to their high efficiency, simplicity and commercial avail-
ability. Mizuno et al. demonstrated that nitrogen-containing
organic bases were effective in catalyzing this reaction, espe-
cially those organic alkalis with steric hindrance, such as 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) and 1,5,7-triazabicyclo
[4.4.0]dec-1-ene (TBD)."* Quinazoline-2,4(1H,3H)-diones could
also be prepared using N-methyltetrahydropyrimidine (MTHP)
or its polymer as a catalyst at the atmospheric pressure. When
poly(amidine) was used as a catalyst, it could be easily recycled
and reused for several times owing to its heterogeneity.
However, it should be pointed out that all these results were
obtained in organic solvents.** It is of great academic and
economic importance if a process proceeds in an organic-
solvent-free system. Based on this consideration, He et al
used guanidines as catalysts for the chemical fixation of carbon
dioxide with 2-aminobenzonitrile under solvent-free condi-
tions. The catalyst worked well for a variety of 2-amino-
benzonitriles.' Han et al. reported the reaction of CO, with 2-
aminobenzonitrile by the coupling of carbonic acid and
substrate in water using choline hydroxide as the catalyst. This
process was carried out at 160 °C and 14 MPa.** All these
achievements in the CO, utilization are quite enlightening.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Reaction of CO, and 2-aminobenzonitrile to produce
quinazoline-2,4(1H,3H)-dione.

However, organic solvents, expensive catalysts and severe
conditions are still required. Developing reasonable and effec-
tive catalysts for the chemical fixation of CO, through the

carbonylation and cyclization to prepare quinazoline-
2,4(1H,3H)-diones is still a desirable work, which is a great
challenge.

Ethanolamines, which are commercially-available,

environment-friendly and cost-effective, are widely used as effec-
tive acid gas absorbents in the effluent treatment system of
modern industrial processes.**** The abundant hydroxyl groups
of ethanolamines decrease the vapor pressure and amine groups
help in absorbing CO, and SO, rapidly.***” In this manuscript, the
CO,-philic and cost-effective ethanolamines were used as catalysts
for the reaction of CO, and 2-aminobenzonitrile to prepare qui-
nazoline-2,4(1H,3H)-dione with water as the solvent (Scheme 1).
Among the selected ethanolamines, DEA showed excellent cata-
lytic ability and good recyclability under mild conditions. Water,
as the optimum solvent, played an important role in the catalytic
process. A plausible mechanism was proposed based on reaction
results and DFT calculations.

Experimental
Materials and instrumentation

CO, with the purity of 99.99% was supplied by Shanghai Pujiang
special gas company. Diethanolamine, 1,1,3,3-tetramethylguani-
dine and 1,4-diazabicyclo[2.2.2]octane were purchased from TCI.
Various derivatives of 2-aminobenzonitrile were purchased from
Alfa Aesar. Other organic bases and solvents were purchased from
Sinopharm Chemical Reagent Co., Ltd. All reagents were directly
used without further purification.

The structures of the products were identified by NMR and
were consistent with those reported in the literature. "H NMR
and "C NMR studies were carried out with a Bruker DRX500
spectrometer at 500 MHz in DMSO-ds with TMS as an internal
standard. The characterization data of the products (2a-2e) are
listed in the ESI.T IR spectra were recorded on a Nicolet NEXUS
670 infrared spectrometer.

Typical procedure for the synthesis of quinazoline-2,4(1H,3H)-
diones

In a typical experiment, diethanolamine (3 mmol), 2-amino-
benzonitrile (5 mmol) and water (3 mL) were placed in a 25 mL
stainless-steel autoclave equipped with a magnetic stirrer. CO,
was then charged into the autoclave to remove the pre-existing
air. The autoclave was placed on a heating equipment and
heated to a specified temperature. Then, CO, was adjusted to
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the desired pressure, and the reaction continued with stirring
for 6-18 h. After completion of the reaction, the autoclave was
placed in ice water for 30 min, and then the residual CO, was
released. By adding 10 mL water, the light-yellow product was
precipitated and the catalyst was dissolved. The product was
washed with water (3 x 25 mL) and tert-butyl methyl ether (3 x
15 mL) to remove impurities. Finally, the mass of the dried
product was determined by an electronic balance.

To investigate the reusability of the catalyst, DEA was sepa-
rated from the product by filtration, and then recovered by
evaporating the water and drying at 60 °C under vacuum. After
one cycle, the amount of the substrate and water was as much as
the first reaction.

Results and discussion
Various organic bases as catalysts

Various organic bases were used to catalyze the reaction of CO,
and 2-aminobenzonitrile under mild conditions, and the results
are listed in Table 1. When diethylamine (DA) and triethanol-
amine (TEA) were used, similar yields of 26% were obtained for
quinazoline-2,4(1H,3H)-dione (2a) (Table 1, entries 1-2). The
yield of 2a improved to 39% and 70% respectively, when 1,1,3,3-
tetramethylguanidine and (TMG) 1,8-diazabicyclo[5.4.0]Jundec-
7-ene (DBU) were used (Table 1, entries 3-4). This is in accor-
dance with previous reports where the catalytic performance
was positively related with the alkalinity of catalysts and the
strongest base usually gave the most active catalytic perfor-
mance.” Excellent yields of 2a were observed on catalysts 1,4-
diazabicyclo[2.2.2]octane (DABCO) and DEA. The high activity

Table 1 Reaction of 2-aminobenzonitrile with CO, catalyzed by

various organic bases®
CN
co, + @[ base NH
NH, H,O N/&O
H

1a 2a

(o}

OH

N H

HO™ ™ S~
TEA

H DA

o, N@ (I
DABCO DBU ™G
Entry Catalyst Yield” (%)
1 DA 26
2 TEA 26
3 TMG 39
4 DBU 70
5 DABCO 93
6 DEA 88

¢ Reaction conditions: 2-aminobenzonitrile 5 mmol, catalyst amounts:
1 mmol, solvent: water 3 mL, CO, 1 MPa, 12 h, 100 °C. ® Isolated yield.
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Table 2 Screening of optimum conditions for the reaction of 2-
aminobenzonitrile and CO,*

1a 2a
P t
Entry Catalyst amounts (mmol) T (°C) (MPa) (h) Yield® (%)
1 1 100 1 12 88
2 2 100 1 12 90
3 3 100 1 12 94
4 4 100 1 12 95
5 3 80 1 12 40
6 3 120 1 12 89
7 3 140 1 12 90
8 3 100 0.2 12 45
9 3 100 0.5 12 86
10 3 100 1.5 12 92
11 3 100 2 12 94
12 3 100 1 6 58
13 3 100 1 9 89
14 3 100 1 15 94
15 3 100 1 18 95

% Reaction conditions: 2-aminobenzonitrile 5 mmol, catalyst: DEA,
solvent: water 3 mL. ? Isolated yield.

of strong base DABCO could be easily ascribed to its tridimen-
sional rigid structure, which made it easier to desorb from
intermediates.>® Herein, DEA as a catalyst should be high-
lighted. Although the simple linear DEA with secondary amine
and hydroxyl groups possessed weaker alkalinity compared to
some of the bases mentioned above, it exhibited equivalent
performance as the DABCO (Table 1, entries 5-6). It should be
pointed out that although both DA possessing only the
secondary amine group, and TEA possessing solo hydroxyl
groups, exhibited the same linear structure, they provided
much lower yields than DEA (Table 1, entries 1-2). This indi-
cated that -NH and -OH might have a cooperative effect on the
incorporation of reactants, leading to a great improvement in
the catalytic performance.

Screening of optimum conditions

The influence of the DEA amount, temperature, CO, pressure
and reaction time on the yield of the product was investigated,
and the results are summarized in Table 2. The isolated yield of
2a increased from 88% to 94% with the amount of catalyst
increasing from 1 mmol to 3 mmol (entries 1-3). Further
increase in the catalyst amount made a negligible change on the
product yield (entry 4). When the reaction temperature was
raised from 80 °C to 100 °C, the yield of quinazoline-2,4(1H,3H)-
dione increased significantly from 40% to 94% (entries 3, 5).
Further increase in the reaction temperature led to a slight
decrease in the yield (entries 6 and 7). High temperatures could
speed up the reaction of CO, with 2-aminobenzonitrile.
However, simultaneously, the CO, solubility and DEA reactivity
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decreased and water at temperatures higher than its boiling
point was mostly vaporized, leading to decrease in the product
yield at high temperatures. The CO, pressure had a positive
influence on the yield. When the CO, pressure increased from
0.2 MPa to 1 MPa, the yield of quinazoline-2,4(1H,3H)-dione
grew dramatically from 45% to 94% (entries 1, 8 and 9). The
increase in the yield slowed down with further increase in the
CO, pressure (entries 10-11). Under the optimized temperature
and CO, pressure, the influence of the reaction time on the
product yield was investigated. The isolated yield of the product
increased gradually with the reaction time from 6 h to 12 h. No
notable yield fluctuation with further extension of the reaction
time was detected (entries 12-15). In all, the optimal condition
was 3 mmol catalysts (for 5 mmol 2-aminobenzonitrile), 100 °C,
1 MPa and 12 h, which is milder and more efficient than that of
the previously reported base catalysts.”

Effect of solvents

The solvent effect was also investigated under optimized
conditions (Table 3). 2a was obtained with a 94% yield using
3 mL water as the solvent under 1 MPa CO,, pressure at 100 °C
(entry 1). The reaction in organic solvents of acetonitrile,
toluene and N,N-dimethylformamide afforded quinazoline-
2,4(1H,3H)-dione in 27%, 57% and 45% yield, respectively
(entries 2-4), suggesting that neither polar nor non-polar
organic solvents can perform at par with water. When ethanol
was used as the solvent, the lowest yield of 10% was obtained,
which might have resulted from the low solubility of CO, in
ethanol (entry 5). The cyclization efficiency was also highly
dependent on the amount of solvent. It gave an isolated 2a yield
of 26% under a solvent-free condition (entry 6). When 1 mL and
3 mL of water was used, high yields of 92% and 94% were
observed. Further, on increasing the amount of water to 5 mL
and 7 mL, the isolated yield decreased to 88% and 62%,
respectively. This might have resulted from the dilution of the
catalyst and reactants (entries 8-9). All the above results
demonstrate that this process depends strongly on the presence
of water and it proceeds efficiently with a relatively small
quantity of water. This might be ascribed to the fact that water
participated in the cyclization of CO, and 2-aminobenzonitrile.
Furthermore, water was a good solvent for CO, and 2-

Table 3 The influence of solvents®

Entry Solvent Solvent amount (mL) Yield? (%)
1 H,0 3 94
2 CH,CN 3 27
3 PhCH, 3 57
4 DMF 3 45
5 CH,CH,0H 3 10
6 Solvent free 0 26
7 H,0 1 92
8 H,0 5 88
9 H,0 7 62

“ Reaction conditions: 2-aminobenzonitrile 5 mmol, catalyst amounts:
3 mmol, CO, 1 MPa, 12 h, 100 °C. ? Isolated yield.

This journal is © The Royal Society of Chemistry 2020
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Table 4 Synthesis of various quinazoline-2,4(1H,3H)-diones®

Entry Substrate Product Yield” (%)

F\©:CN o
NH
1 NH W@fL 94
2 ”/go

o

E
m\@\)LNH
93
Ao
H
Br CN [0}
Br-
3 \C[NH \E:\HJ\NH 88
’ NAO
Cl

H
o

" 62°
Dﬁ:&

H
5 NH /CELNH 70
: W So
H
H

o. CN
° N

93
o

o
-
6 ~, =
o > N o
H

“ Reaction conditions: substrate 5 mmol, catalyst: DEA 3 mmol, solvent:
water 3 mL, CO, 1 MPa, 12 h, 100 °C. ? Isolated yield. ¢ Reaction time:
24 h.

aminobenzonitrile but not for quinazoline-2,4(1H,3H)-dione,
which was beneficial for the purification of the product. It is
worth mentioning that DEA as a catalyst for the CO,-partici-
pated cyclization avoided the need of organic solvents and the
reaction conditions were mild. This process is greener, more
efficient and environment-friendly than that reported previ-
ously (Table S1 in ESIt).

Reaction of CO, with different substrates

To demonstrate the generality of DEA as a catalyst in the
synthesis of quinazoline-2,4(1H,3H)-diones, various 2-amino-
benzonitrile substrates with electron-withdrawing or electron-
donating substituents were studied using DEA as the catalyst
under optimized reaction conditions (Table 4). All reactions
proceeded smoothly with different substrates, producing the
corresponding quinazoline-2,4(1H,3H)-diones in excellent iso-
lated yields. The yields of products when 2-amino-5-
fluorobenzonitrile, 2-amino-5-chlorobenzonitrile and 2-amino-
5-bromobenzonitrile were used as substrates were 94%, 93%
and 88%, respectively (entries 1-3). The results showed that the
halogen substituents of 2-aminobenzonitriles had little effect
on the reaction. 4-Methyl-2-aminobenzonitrile provided a 70%
yield of 7-methyl-quinazoline-2,4(1H,3H)-dione, which was
probably due to the steric effect (entry 5). Owing to both the
electron-withdrawing effect and the steric effect, the yield of 7-
chloro-quinazoline-2,4(1H,3H)-dione from 2-amino-4-
chlorobenzonitrile was only 62% even after prolonging the
reaction time to 24 h (entry 4). The presence of electron-
donating groups has a slight positive influence on the

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Recycling of DEA in the reaction of 2-aminobenzonitrile and
CO..

reaction of the substrate with CO,, yield of the product from 2-
amino-4,5-dimethoxybenzonitrile was 93% (entry 6).

Catalyst recyclability

It should be highlighted that the DEA catalyst could be easily
recovered from the mixture after the reaction by filtration,
washing with water and concentration because DEA is easily
soluble in water, while quinazoline-2,4(1H,3H)-diones are
insoluble. The recovered DEA was further used to test the
reusability of catalysts. As shown in Fig. 1, similar high yield
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Fig. 2 The free energy AG profiles and crucial transition states and
intermediates of different pathways for the activation of CO, and 2-
aminobenzonitrile.
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products were obtained in five reaction cycles under optimized
reaction conditions, which demonstrated excellent reusability
of the catalyst. The simple post-process and reuse without any
pollution made it a green process suitable for mass production.

A plausible reaction mechanism

Density functional theory (DFT) is an effective and powerful tool
to investigate the possible mechanism of typical reactions.’®*’
In this study, the interaction between reactants and catalysts
was investigated via the DFT method. The reaction coordinate
calculations of CO, and 2-aminobenzonitrile catalyzed by DEA
in H,0 were carried out using the M06-2X functional combined
with the 6-31+G* basis set in the Gaussian 09 package, as shown
in Fig. 2. The three curves denoted different pathways from the
substrate to the carbamic acid intermediate as mentioned in
the proposed mechanism. The blue curve describes that the
activated 2-aminobenzonitrile combines with CO, to form
a four-member ring transition state, and the calculated energy
of TS was 41.9 kcal mol'. Six-member ring transition states
were obtained by adding a molecule of H,O or DEA in the other
two pathways. Lower corresponding energy barriers of 19.9 and
18.3 kecal mol ™! could be observed. Furthermore, for the inter-
mediates produced, the hydrous one stays at a lower energy
level than that containing the dual states of DEA. The calculated
result indicated that H,O not only served as a solvent but also as
the catalytic species reducing activation energy, and the
hydroxyl groups on DEA is indispensable for the substrate
activation and intermediate formation in the plausible reaction
mechanism.

The interactions in the mixed system were further examined
using "H NMR and FT-IR techniques. Fig. 3 shows the "H NMR
spectrum of pure 2-aminobenzonitrile and the mixture of 2-
aminobenzonitrile and DEA. The signal at 6.04 ppm, which is
attributed to the hydrogen atom in the amine group of 2-ami-
nobenzonitrile, shifted to 5.92 ppm in the mixture, suggesting
that N-H bonds of 2-aminobenzonitrile could be activated by
forming hydrogen bonds with hydramine in the presence of
DEA for the following CO, fixation. This is similar to that re-
ported by Zhao et al. where an alkalogenic anion activates 2-

H
HO N ~on

PN _NH,

U\\zl

CN

>
<
©

9 8 7 6 5 4
Chemical Shift (ppm)

Fig. 3 'H NMR spectrum of 2-aminobenzonitrile, with and without
DEA (DMSO-dg, 298 K).
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Scheme 2 Plausible mechanism for the DEA-catalyzed cyclization of
2-aminobenzonitrile and CO, in water.

aminobenzonitrile as well as CO, in the initial activation
stage.”® Additionally, the FT-IR analysis was carried out for the
mixture before and after the addition of CO, (Fig. S1 in ESIY).
After continuous stirring in the CO, atmosphere, new bands at
1265, 1336 and 1568 cm ™' could be observed, assigned to the
stretching vibration of the C=O bond of CO,. Meanwhile,
signal peaks that appeared at 1639 cm ™" and 3230 cm ™' could
be attributed to the C-N bond and N-H bond, respectively. This
confirmed the formation of carbamate from the substrate
(Scheme 2).

Conclusions

In summary, the cost-effective commercial DEA was used as the
catalyst under mild conditions to promote the chemical
combination of CO, and 2-aminobenzonitrile. The amine and
hydroxyl groups on DEA, which activated the 2-amino-
benzonitrile and CO, simultaneously, are crucial for the acti-
vation of reactants. Water was used as the solvent and co-
catalyst. During the formation of transition state, water partic-
ipated in the formation of a novel the six-member ring and
promoted the reaction through a suitable pathway with a lower
energy barrier. It should be noted that all reagents used in this
process are commercial and environment-friendly. The catalyst
can be easily recovered and reused for at least five cycles. This
protocol is green and cost-effective, and possesses considerable
potential applications in CO, utilization and green synthesis
chemistry.
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