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1. The kinetic, comparable insights into both homogeneous DBU and heterogeneous
CeO, catalysts in non-reductive transformation of CO, to directly synthesize cyclic
organic carbamate and urea derivative are precious guidelines for maximizing the

efficiency of reaction systems.

2. The catalytic performance of DBU and CeO, has been demonstrated from detailed
kinetic study to be drastically impacted by CO, pressures, positing the great
importance for selecting appropriate catalysts in accordance with operating CO,

pressure.

Life cycle assessment and techno-economic analysis will bring remaining issues to
improve the feasibility of each catalytic system under its corresponding optimum
conditions into sharp relief. Such information should be helpful for further

improvement of feasibility of each catalytic system.
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1.

The kinetic, comparable insights into both homogeneous DBU and heterogeneous CeO, catalysts
in non-reductive transformation of CO, to directly synthesize cyclic organic carbamate and urea

derivative are precious guidelines for maximizing the efficiency of reaction systems.

The catalytic performance of DBU and CeO, has been demonstrated from detailed kinetic study to
be drastically impacted by CO, pressures, positing the great importance for selecting appropriate
catalysts in accordance with operating CO, pressure.

Life cycle assessment and techno-economic analysis will bring remaining issues to improve the
feasibility of each catalytic system under its corresponding optimum conditions into sharp relief.
Such information should be helpful for further improvement of feasibility of each catalytic system.
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Heterogeneous CeO, and homogeneous 1,8-diazabicyclo[5.4.0]-7-undecene (DBU) catalysts have
been employed for non-reductive conversion of CO,; however, their activity and catalysis have not yet
been clarified clearly in the identical reactions or conditions. Here, we conducted the kinetic study on
the reactions between CO, and monoethanolamine (MEA) (or ethylenediamine (EDA)) into 2-
oxazolidinone (or 2-imidazolidinone) with the two catalysts under high CO,-pressure conditions. The
conversion of MEA with CeO, proceeded faster than that with DBU under all the conditions tested in
this study owing to the better affinity between CeO, and possible intermediate of CO,-captured MEA.
In contrast, the conversion of EDA over CeO, became slower at higher CO, pressure, while the same
reaction with DBU was accelerated and became faster than that with CeO, upon the increase of CO,
pressure. These contrasting behaviors of CeO,- and DBU-catalyzed reactions against CO, pressure
were rationalized by the different effects of gaseous CO, on the possible intermediate species. In the
case of CeO,, excess CO, capped the reactive amino group of EDA-derived intermediate chemisorbed
on the CeO, surfaces, decreasing the nucleophilicity of this functional group for the cyclization
reaction and lessening the reaction rate. Meanwhile, the DBU-catalyzed reactions under high pressure
CO; enabled to form the zwitterionic pair of CO,-captured DBU and CO,-captured EDA species, and
such strong electrostatic interaction between these species led to the better reaction progress compared

to low CO,-pressure conditions.
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1. IntrOduction DOI: 10.1039/D5GC06699A
Non-reductive conversion of carbon dioxide (CO,) has been recognized as a promising means of
directly producing useful chemicals such as organic carbonates, organic carbamates, and urea
derivatives from CO, with alcohols and/or amines.!~® The non-toxic and non-flammable nature of CO,
makes this means advantageous over conventional approaches to synthesizing such functional
compounds by using hazardous carbonyl sources such as phosgene and carbon monoxide!*'? from a
safety perspective. Yet, there are two well-known obstacles in most of the non-reductive CO,
conversion—severe thermodynamic limitation and low reactivity of CO,. For the former
thermodynamic constraints, direct reactions of CO, with aliphatic/aromatic alcohols into organic
carbonates are highly endergonic and thus suffer from quite low equilibrium yields of target products
(at most a few percent),!*12-14 and such severe equilibrium limitation can be overcome by removing
co-produced water via dehydrating agents'#!>"1> and gas stripping technique.'®!” Meanwhile,
equilibrium limitation is generally not severe within the production of organic urea derivatives from
CO; and aliphatic amines owing to high nucleophilicity of such amines, and high-yielding production

of target compounds is possible without any dehydration technique.” For the latter obstacle of low

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

reactivity of CO,, this gaseous compound needs to be activated with catalysts for rapid syntheses of
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the aforementioned useful chemicals, in contrast to the conventional phosgene method that proceeds
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well without catalysts.

Both heterogeneous and homogeneous catalysts have been reported for accelerating the non-
reductive CO, conversion with other reactants (e.g., alcohols and/or amines) thus far. Among various
heterogeneous catalysts ever reported, CeO,-based materials have been demonstrated to exhibit
excellent catalytic activity because of their acid-base bifunctionality,’!'¥34 and exemplified reactions
are as listed in Table S1. Meanwhile, the organic and strongly basic compound, 1,8-
diazabicyclo[5.4.0]-7-undecene (hereafter, abbreviated as DBU), has been employed as one of the

typical homogeneous catalysts used in the non-reductive CO, conversion to produce cyclic carbamates
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from alkanolamines (Table S1),33-3¢ urea from ammonia,’” and polyureas from aliphitié°didirire§3®°A
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Due to the strongly basic nature arisen from the amidine moiety, DBU chemically captures and
activates CO,, which undergoes intermolecular reactions with ammonia and aliphatic amines. The
DBU-immobilized catalyst was also developed for the two-step synthesis of organic carbamates from
CO,, aliphatic amines, and alkyl halides, the latter of which were added into reaction mixtures after
certain times.** DBU has also served as a catalyst for activating CO, to trigger cycloaddition with
epoxides into cyclic carbonates,***? polymerization with diamine into polyurea,** and carboxylative
coupling with propargyl chlorides and primary aliphatic amines into organic carbamates.** In addition,
the adduct of DBU and CO, was used for synthesizing organic carbamates* and urea derivatives,*
and DBU-derived salts worked as catalysts in cycloaddition of CO, with epoxides.* These previous
reports posit DBU to be the key homogeneous catalyst/mediator for converting CO, into value-added
chemicals.

As alluded to above, both CeO, and DBU have been employed as a heterogeneous and
homogeneous catalyst, respectively, not only in the production of organic carbamates directly from
CO,, amines, and alcohols but also in other reactions including CO, as a reactant. From the practical
perspective, CeO,; is advantageous over DBU because of the ease of separation and reuse as well as
the applicability to continuous-flow reactions. Meanwhile, from the academic viewpoints such as
kinetic and mechanistic study, it remains unclear whether CeO, has further advantages beyond the
general merits as a heterogeneous catalyst. The reason for this remaining issue is a lack of comparable
reaction results acquired in the presence of CeO, and DBU for same substrates under identical
conditions, as seen in Table S1. Therefore, in this study, such comparative study was targeted with
CeO, and DBU to reveal the characteristics of each catalyst. Considering that the presence of three
reactants (i.e., CO,, amine, and alcohol) with either catalyst in the production of organic carbamates
makes the understanding of each reaction difficult, a single molecule possessing two terminal

functional groups—2-aminoethanol (also called monoethanolamine (MEA))—was employed as a
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substrate to simplify the reaction system in this study. The target compound of thisFeaction is“the’*”
cyclic organic carbamate, 2-oxazolidinone (eqn (1)). In addition, the structural analog of MEA,
ethylenediamine (EDA), was also employed as a substrate to examine the catalysis of CeO, and DBU
in the production of cyclic urea derivative, 2-imidazolidinone (eqn (2)). For both reactions of MEA %47
and EDA*84 as well as their related substrates of CO,-captured amines (i.e., alkylcarbamic acids),’*
36 CeO, was reported to exhibit higher catalytic activity compared to other metal oxides and afford
good yields of 2-oxazolidinone and 2-imidazolidinone without dehydrating agents. Meanwhile, the
absence of any catalyst failed to produce 2-oxazolidinone and 2-imidazolidinone from MEA + CO,
(investigated at 423 K, 2 MPa of CO,)!° and EDA + CO, (at 433 K, 0.5 MPa of CO,),* respectively.
In addition, high CO, pressure was demonstrated to decrease rates of substrate conversion because of
capping of terminal functional group (i.e., hydroxy group for MEA and amino group for EDA) with
excess CO,, while the maximum yield of target compounds was enhanced at higher CO, pressures due

to the shift of equilibrium. %4857

Catalyst
Ho ~NH2 +co, ——— O)J\ +H,0

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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NH
Monoethanolamine 2-Oxazolidinone
(MEA) )
Catalyst
NH Ty
H2N/\/ 2 + C02 HN)]\NH + Hzo
= o -/
o5 Ethylenediamine 2-Imidazolidinone
(EDA) (2)

We note that the non-reductive conversion of CO, with another structural analog of MEA,
ethyleneglycol, was not subject to this comparative study since this reaction suffers from severe
reaction equilibrium (e.g., the equilibrium yield of targe product (ethylene carbonate) was only 1.2%
at 423 K),*® and the precise comparison between CeO, and DBU under kinetic-controlled region is
quite difficult. We also note that no dehydrating agent was employed in this study to fairly compare
the activity and catalysis of CeO, and DBU due to the following two reasons. The first reason for no

employment of dehydrating agents is given by previously reported fact that some dehydrating agents
6
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such as 2-cyanopyridine not only trigger equilibrium shift but also promote reactions vithe 'géneration "
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of highly basic sites at the interface between CeO, and chemisorbed 2-cyanopyridine molecule.>%¢°
Such additional effect of dehydrating agent makes the precise elucidation and comparison of catalytic
activity between CeO, and DBU complicated or even impossible. Another reason originated from the
not so severe equilibrium in the two target reactions operated in this study; indeed, over 80% yields of

target products can be obtained even without dehydrating agents (exemplified data are shown later).

2. Experimental
2.1. Reagents

CeO, (HS grade) was purchased from Daiichi Kigenso Kagaku Kogyo and used after its
calcination in air in an electric furnace at 873 K for 3 h, which was previously found as the optimum
pretreatment conditions for the non-reductive conversion of CO, and amines (+ alcohols) to produce
urea derivatives (or organic carbamates).!8193032.54 Acetonitrile, ethylenediamine (EDA), and tert-
butyl alcohol were obtained from FUJIFILM Wako Pure Chemical. 1,8-Diazabicyclo[5.4.0]-7-

undecene (DBU), 2-aminoethanol (MEA), and D,0O were supplied from Tokyo Chemical Industry.

2.2. Catalytic tests for kinetic study

All the catalytic tests in this study were operated in a stainless-steel autoclave (HIRO Company,
inner volume 190 mL). Typically, 10 mmol of substrate, 1-5 mmol of either CeO, or DBU as a catalyst,
500 mmol of acetonitrile as a solvent, and a stirring bar were charged into the autoclave. After sealing,
the autoclave was purged and pressured with Ar to 1 MPa at room temperature. The reactor was heated
to the target temperature with magnetic stirring at 250 rpm. When the inner temperature of the reactor,
which was monitored by a K-type thermocouple, reached the designated one, the autoclave was
pressured with CO, to 2 MPa. This procedure for introducing CO, into the reactor at the target

temperature enabled to suppress the undesired reaction progress during temperature-ramping process
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and acquire kinetic data precisely.®! The time when the pressurization with CO, wa$€ompletedwas*”
defined as 0 h of reaction time. After the reaction operation for specific time, the autoclave was
immersed in a water bath to be quickly cooled to room temperature. The reaction mixture was collected
with distilled water and filtered with a polytetrafluoroethylene (PTFE) syringe filter (0.2 um mesh).
For all the reactions except for those with an MEA substrate, the liquid phase was analyzed with a gas
chromatograph with a flame-ionization detector (GC-FID; Shimadzu, GC-2014) equipped with an
InertCap for Amines capillary column (GL Sciences, ¢0.32 mm X% 30 m). In the case of MEA, the
liquid phase was mixed with D,O and fert-butyl alcohol, the latter of which was used as an internal
standard and analyzed by 'H nuclear magnetic resonance spectroscopy ('H NMR; Bruker, AV400,
superconducting magnet 9.4 T, 'H 400 MHz). The '"H NMR spectra of typical reaction mixtures as
well as authentic samples are shown in Figs. SI-S8. The spent CeO, catalyst was employed for
thermogravimetry and differential thermal analysis (TG-DTA; Thermo Plus EVOII, Rigaku); for the
measurement, ca. 10 mg of the catalyst was heat-treated in an air flow (500 mL min'!) with a ramp
rate of 10 K min! from room temperature to 1173 K. The fresh and spent catalysts were analyzed by

powder X-ray diffraction measurement (XRD; MiniFlex600, Rigaku, Cu Ka radiation at 40 kV and

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

40 mA) and scanning transmission electron microscopy (STEM; HD-2700, Hitachi).
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3. Results and discussion
3.1. Comparison of CeO, and DBU in the conversion of MEA and CO,

The catalytic activity of CeO, and DBU was initially compared in the conversion of MEA and
CO; (eqn (1)) at 403 K under various conditions. It should be noted that all the data in this study were
acquired in the kinetic-controlled region to fairly compare the activity of the two catalysts by taking
the difference of their activity into account; hence, such difference made us employ each appropriate
catalyst amount in order to adjust reaction progress within kinetic-controlled level and compare their

catalytic activity on the basis of reaction rate per catalyst amount. In this reaction, the CeO, catalyst
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was previously demonstrated to exhibit the good reusability in its four-time reuse after' washifgwith "
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methanol, drying at 383 K, and calcination in air at 873 K,!° with the preservation of its structural
property as confirmed by XRD (Fig. S9) and STEM (Fig. S10); within this context, neither
deactivation nor structural change of CeO, catalyst needs to be considered in the kinetic study
discussed below. We also note that the high-yielding production of target product (i.e., 2-
oxazolidinone) was possible by using both CeO, and DBU catalysts (=80%; Fig. S11A and Table S2).
In these reactions for the high-yielding production of 2-oxazolidinone, the reactor was pressurized to
2 MPa with CO, at room temperature (r.t.) and then heated to 403 K. In stark contrast, all the kinetic
data were acquired in this study with the more precise experimental procedure as we employed
previously;S! the reactor was initially heated to the desirable temperatures and then pressurized with
CO, to eliminate the contributions of reaction progress during temperature ramp.

As listed in Table 1 (the second data point from the right in Fig. 1A; detailed information is also
available in Fig. S12 and Table S4), CeO, exhibited 0.80 mmol mmol.,! h-! of the formation rate of
2-oxazolidinone (entry 1), which is the target product in this reaction, in the 380 mM MEA solution at
2 MPa of CO, pressure. This rate was 17-fold higher than that given by DBU (entry 2). Considering
that the formation of 2-oxazolidinone proceeds on the surface of CeO, where 0.97 mmol g! of Ce
atoms is calculated to be present (detailed calculation procedure is described in the Supporting
Information), its formation rate based on the number of Ce atoms at the surface (i.e., turnover
frequency (TOF)) was estimated to be 5.9 mmol mmolc.! h'!, which was 125-fold higher than the case
of DBU. Likewise, even at the other reaction temperatures ranging from 393 K to 423 K (Figs. 1A and
S12 and Table S4), the higher formation rates of 2-oxazolidinone were given by CeO, rather than
DBU. These data clearly demonstrated the higher catalytic activity of CeO, for this reaction compared
to DBU within the whole temperature range in this study. This observed rank of catalytic activity
between the two catalysts was also reflected by the lower apparent activation energy (£,) for CeO, (64

kJ mol-") than that for DBU (91 kJ mol!).
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The reaction orders with respect to the CO, pressure and MEA concentration in°thé pfésencelet "
either CeO, or DBU catalyst were then examined at 403 K by varying these parameters, as shown in
Figs. 1B—1E, S13, and S14 (detailed data are listed in Tables S5 and S6). Under all the conditions
investigated here, the activity of CeO, catalyst was superior to that of DBU. In the case of CeO,, zero-
order dependence was observed for both CO, pressure and MEA concentration (entry 1 in Table 1 and
Fig. 1B and 1D). Considering that amines readily capture CO, chemically as a form of alkylcarbamic
acids,®?-%* CO,-captured MEA (i.e., (2-hydroxyethyl)carbamic acid; hereafter, denoted as MEA-CA)
was assumed to be an intermediate in this reaction; indeed, related works often invoked alkylcarbamic
acids as intermediates in the formation of urea derivatives from amines and CQO,.*8:95-68 Besides, the
catalytic transformation of MEA-CA in an MEA solvent over CeO, was demonstrated recently to
produce a linear urea derivative via 2-oxazolidinone as an intermediate.>® The observed zero-order
dependence with respect to both CO, pressure and MEA concentration thus indicated that the surfaces
of CeO, catalyst were saturated by MEA-CA. In contrast, in the DBU-catalyzed conversion of MEA,
the reaction orders with respect to the CO, pressure and MEA concentration were determined to be 0.3

and 1.1, respectively (entry 2 in Table 1 and Fig. 1C and 1E). These positive reaction orders indicated

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

the weak interaction between DBU and MEA-CA. Due to the presence of excess CO, against MEA,
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the concentration of plausible intermediate MEA-CA was dependent on the amount of MEA, not on
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the CO, pressure. This fact could be connected to the observation of the larger positive reaction order
with respect to MEA concentration compared to CO, pressure. Yet, the slightly positive reaction order
with respect to CO, pressure still pointed to the importance of CO, in a gas phase for the reaction
progress. Altogether, CeO, was superior to DBU as a catalyst in terms of the activity for the production
of 2-oxazolidinone from MEA and CO, under all the reaction conditions ranging from low to high

CO, pressure.

10
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3.2. Comparison of CeO, and DBU in the conversion of EDA and CO, DOI: 10.1039/D5GCO6699A
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The kinetic study on the conversion of EDA and CO, (eqn (2)) was performed with CeO, and
DBU. We note that the yield of targe product (i.e., 2-imidazolidinone) reached as high as 94% in the
presence of DBU catalyst; meanwhile, the reaction with CeO, became quite slow at long reaction time,
and the yield of 2-imidazoildinone was 45% even at 96 h (Fig. S11B and Table S3). This behavior of
CeO, was due to the catalyst deactivation by the surface deposition of organic species, as confirmed
by the observation of weight decrease with exothermic peaks in TG-DTA (Fig. S15). Such catalyst
deactivation was also found previously in the conversion of CO,-absorbed ethylenediamine (i.e., (2-
aminoethyl)carbamic acid, abbreviated as EDA-CA) in an EDA solvent, where insoluble polyurea-
like compounds were accumulated on the catalyst surfaces and led to the deactivation.’? The structural
change of CeO, catalyst was not the reason for such deactivation because of no obvious difference in
its XRD pattern (Fig. S9) and STEM image (Fig. S10). Furthermore, appropriate treatment consisting
of washing with methanol, drying at 383 K, and calcination in air at 873 K was demonstrated in our
former report to regenerate the catalytic activity of CeO,.*® To avoid the underestimation of catalytic
activity of CeO, and enable the fair comparison between DBU and CeO, catalysts, the very initial
stage of reaction time course was carefully examined in this study.

Akin to the aforementioned conversion of MEA and CO,, the activity of these catalysts was
initially elucidated and compared in the 380 mM EDA solution at 403 K at 2 MPa of CO, pressure
(entries 3 and 4 in Table 1, the first data points from the right in Fig. 2A; detailed information is also
available in Fig. S16 and Table S7). In this reaction, the formation rates of the target product 2-
imidazolidinone given by CeO, and DBU were both 0.11 mmol mmol.,!' h-!, indicating the similar
mole-basis activity of these catalysts under the conditions. On the basis of the surface Ce atoms (vide
supra), the formation rate of 2-imidazolidinone over CeO, was calculated to be 0.81 mmol mmolc,!
h'l. At the higher temperatures of 413 K and 423 K, the formation of 2-imidazolidinone over CeO,

was faster than that by DBU (Fig. 2A). The negatively steeper slope for CeO; in this Arrhenius plot

11
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provided the higher E, of 117 kJ mol-! (entry 3 in Table 1) relative to 95 kJ mol-! for"DBUC¢nery %yooA
One of the possible factors for the high £, value for CeO, is its stronger affinity with EDA molecules
that possess two basic amino groups due to its amphoteric nature, compared to basic DBU. This trend
was opposite to that in the reaction between MEA and CO, to produce 2-oxazolidinone with CeO, and
DBU (see Section 3.1) and can be rationalized by the dependence of activity of CeO, on CO, pressure
and reaction mechanism. As seen in Fig. 2B, the negative reaction order with respect to CO, pressure
(i.e., —0.5, entry 3 in Table 1; more detailed data are available in Fig. S17 and Table 8) was observed
in the reaction between EDA and CO,; over CeQ,, indicating the inhibitory effect of CO, in a gas phase.
The double logarithmic plot in Fig. 2 clearly showed that the formation rate of 2-imidazolidinone over
CeO; became lower than that with DBU at high CO, pressure. As proposed previously, the free amino
group in the possible intermediate, CO,-absorbed EDA (i.e., EDA-CA), chemisorbed on the surfaces
of CeO, is possibly capped with gaseous CO, via acid-base reaction in the presence of excess CO,,
resulting in the decrease of nucleophilicity of the amino group that is a prerequisite for the cyclization
to form 2-imidazolidinone (detailed description and scheme are provided later).*3%37 Due to the

requirement of removal of such capping CO,, the reactions with CeO, provided relatively high E,.

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

Indeed, the E, at the low CO, pressure (i.e., 0.2 MPa, which is equivalent to EDA (10 mmol)) was

Open Access Article. Published on 06 March 2026. Downloaded on 3/9/2026 5:51:45 PM.

determined from the Arrhenius plot in Fig. 3 to be 76 kJ mol!' (entry 3 in Table 1; more detailed data

(cc)

are available in Fig. S18 and Table S9), which was by 41 kJ mol-! lower than that at 2 MPa of CO,
pressure. The formation rate of 2-imidazolidinone at 0.2 MPa of CO, pressure was 0.54 mmol mmol,
I'h-!, which got closer to that of 2-oxazolidinone over the same catalyst (entry 1). These E, values
demonstrated the significant inhibitory effect of excess CO, on the CeO,-catalyzed reaction of EDA.
The reaction order with respect to EDA concentration determined from the raw data in Fig. S19 and
Table S10 was —0.2, but which was close to zero-order dependence and suggested the saturation of
CeO, surfaces with the above-mentioned intermediate, EDA-CA.

In stark contrast to the CeO,-catalyzed conversion of EDA and CO,, the reaction order with
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1 and Fig. 2B; more detailed data are available in Fig. S17 and Table 8). The presence of excess CO,
was, therefore, preferable to the reaction progress and should offer the ease of formation of key
intermediate species (detailed discussion is given later). Due to such dependence, as described above,
the use of DBU as a catalyst was favorable over that of CeO, in the conversion of EDA operated under
high pressure CO,. The reaction order with respect to EDA concentration was slightly positive (entry
4 in Table 1; more detailed reaction data are available in Fig. S19 and Table 10), indicating the
relatively strong interaction between DBU and plausible intermediate EDA-CA. Overall, the
appropriate catalyst needs to be chosen for the production of 2-imidazolidinone from EDA and CO,
with consideration for CO, pressure; that is, the desire to operate reactions at low CO, pressure makes
CeO, a more suitable catalyst, while DBU is a preferable catalyst for reactions operated at high CO,

pressure.

3.3. Plausible reaction mechanism of the conversion of MEA/EDA and CQO, in the presence of
CeO,/DBU

On the basis of the aforementioned kinetic results for the conversion of MEA/EDA with CO, in
the presence of either CeO, or DBU as a catalyst (Table 1), the reaction mechanisms for each reaction
have been proposed in this section. In the CeO,-catalyzed reactions, the dependence of CO, pressure
was significantly different between the reaction of MEA (zero-order) and that of EDA (negative order).
The former zero-order dependence with respect to CO, pressure (and also MEA concentration) can be
explained by the saturation of CeO, surfaces with the intermediate species that are readily produced
from CO, and MEA (i.e., MEA-CA). On the CeO, surfaces, such chemisorbed and activated MEA-
CA underwent the intermolecular nucleophilic attack by the terminal hydroxy group toward the
carbonyl carbon to form the cyclic compound, 2-oxazolidinone (Fig. 4A). Due to the neutral nature of

hydroxy group, acidic CO, in a gas phase did not influence the reactivity of this functional group, and

13


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc06699a

Page 15 of 27 Green Chemistry

View Article Online

therefore, the negative impact of CO, was not observed in this reaction. DOI: 10.1039/D5GCAGEIA

Even in the case of the EDA conversion over CeO,, the intermediate species EDA-CA, which is
easily formed via chemical absorption of CO; into EDA,3%31¢ should readily interact with the CeO,
surfaces as reported previously.’'3? Yet, the highly basic terminal amino group in this intermediate
was problematic in the presence of excess CO,. This functional group needs to attack the carbonyl
carbon as illustrated in the left side of Fig. 4B for the cyclization to form 2-imidazolidinone; however,
this amino group should readily react with gaseous CO, via acid-base reaction and lose its
nucleophilicity (the right side of Fig. 4B), and the same rationale was provided in previous
reports. 3037 In other words, the activation of amino groups via the removal of capping CO, is
necessary for the production of 2-imidazolidinone. This discussion can also be rationalized by the
higher E, value at 2 MPa of CO, pressure (i.e., excess CO, conditions) than that at 0.2 MPa (i.e.,
equivalent CO, conditions).

In the reactions catalyzed by DBU, the positive reaction orders with respect to CO, pressure were
observed to a greater or lesser extent, indicating the favorability of high CO,-pressure conditions.

According to previous works, the chemical absorption of CO, by a mixture of DBU and amine readily

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

generated ion pair of protonated DBU cation and carbamate anion.’®73 In the same manner as these

Open Access Article. Published on 06 March 2026. Downloaded on 3/9/2026 5:51:45 PM.

reports, such ion pair was also formed initially in our reactions using DBU as a catalyst (see the first

(cc)

step in Fig. 5). Under the high CO,-pressure conditions, another CO, molecule was assumed to be
captured at the DBU side along with the transfer of proton from protonated DBU to amino group in
another MEA molecule in the MEA conversion (or counter EDA-CA anion in the EDA conversion),
as shown in the second step in Fig. 5. Such capture of additional CO, molecule(s) in the presence of
enough CO, was also reported for various CO,-capturing systems using sole amine or multiple amines,
resulting in the formation of multivalent ionic species.’* 78 This step generated the zwitterionic DBU
species possessing delocalized positive and negative charges at amidine moiety and captured CO,

moiety, respectively. In the conversion of EDA, both DBU- and EDA-derived species were in

14
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zwitterionic state, and two pairs of positive and negative charges led to the strotig 'electrostdtic™™”
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interaction between these species (Fig. 6B). Meanwhile, in the conversion of MEA, due to the presence
of single negative charge in the MEA-derived species, the electrostatic interaction between such
species and DBU-derived zwitterionic species could be weak. The degree of interaction strength
between DBU- and substrate-derived species was indeed reflected by the large difference between the
reaction orders with respect to concentration of each substrate (i.e., 1.1 for MEA versus 0.3 for EDA;
Table 1). The strong basic nature of DBU possibly enabled it to capture additional CO, and be
beneficial for the operation of reactions (namely, EDA conversion) at high CO, pressure. In contrast,
in the case of acid-base bifunctional CeO, whose basicity is weaker than amines, the highly basic
amino moiety of chemisorbed EDA-CA was capped with CO,, resulting in the negative impact of CO,

pressure on the formation rate of 2-imidazolidinone.

4. Conclusions

This work compared the activity and catalysis of heterogeneous CeO, and homogeneous 1,8-
diazabicyclo[5.4.0]-7-undecene (DBU) catalysts, both of which have been employed for various non-
reductive CO, conversion thus far, in the two model reactions using either monoethanolamine (MEA)
or ethylenediamine (EDA) as a substrate under high CO,-pressure conditions. In the former reaction,
the activity of CeO, catalyst was superior to that of DBU regardless of reaction temperature, CO,
pressure, or MEA concentration. Meanwhile, the activity of DBU became higher than that of CeO, at
high CO, pressure in the conversion of EDA because of the inhibitory effect of excess CO, on the
CeO,-catalyzed EDA conversion. In the conversion of MEA over CeO,, the zero-order dependence
for both CO, pressure and MEA concentration was observed, suggesting that the possible intermediate
of CO,-captured MEA (i.e., (2-hydroxyethyl)carbamic acid) interacted well with the CeO, surfaces.
On the other hand, the negative reaction order with respect to CO, pressure was found for the CeO,-

catalyzed conversion of EDA, along with small dependence of EDA concentration. The inhibitory
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effect given by gaseous CO, can be explained by declining the nucleophilicity of amifio'groiip in-the’*”
key intermediate of CO,-captured EDA (i.e., (2-aminoethyl)carbamic acid) via its capping with CO,.
The DBU-catalyzed reactions of both MEA and EDA were positively dependent on CO, pressure and
substrate concentration, while the degree of dependence was related to the interaction strength of
plausible intermediate species. In both reactions, the excess CO; led to the formation of zwitterionic
CO;-captured DBU possessing positive and negative charges at amidine and captured CO, moieties,
respectively. This DBU-derived species could interact better as a zwitterionic pair with the zwitterionic
species derived from EDA and CO,, compared to the single anionic species derived from MEA and
CO,, making the EDA conversion more favorable at higher CO, pressure. The kinetic insights into
these catalytic reactions with the two different catalysts, CeO, and DBU, are precious guidelines for

selecting an appropriate catalyst as well as suitable conditions for each target reaction.
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Fig. 1. Comparison of CeO, and DBU catalysts in the conversion of MEA and CO,. (A) Arrhenius
plot at 2 MPa of CO, pressure. Double logarithmic plot for the formation rate of 2-oxazolidinone
versus partial pressure of CO, with (B) CeO, and (C) DBU at 403 K. Double logarithmic plot for the
formation rate of 2-oxazolidinone versus initial concentration of MEA with (D) CeO; and (E) DBU at
403 K.

Detailed data are shown in Figs. S2-S4 and Tables S4-S6.
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% Fig. 2. Comparison of CeO, and DBU catalysts in the conversion of EDA and CO,. (A) Arrhenius plot
§ at 2 MPa of CO, pressure. (B) Double logarithmic plot for the formation rate of 2-imidazolidinone

versus partial pressure of CO, with either CeO, or DBU at 403 K. (C) Double logarithmic plot for the
formation rate of 2-imidazolidinone versus initial concentration of EDA with either CeO, or DBU at
403 K.

Detailed data are shown in Figs. S6, S7, and S9 as well as Tables S7, S8, and S10.
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Fig. 3. Arrhenius plot for the conversion of EDA and CO, over CeO, catalyst at CO, pressure of 0.2
MPa (i.e., equivalent to EDA). Detailed data are shown in Fig. S8 and Tables S9.
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Fig. 4. Plausible difference between the cyclization of each substrate in the presence of excess CO,
over CeO, catalyst: (A) MEA and (B) EDA.
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Fig. 5. Plausible ion pairs of DBU and each substrate in the presence of excess CO,: (A) MEA and (B)
EDA.

Fig. 6. Possible interaction between zwitterionic CO,-captured DBU and (zwitter)ionic CO,-captured
substrate: (A) MEA and (B) EDA.
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Table 1. Summary of kinetic study on the conversion of MEA/EDA and CO, with CeO, or DBU catalyst.?

Ho Nz +CO, Ca.:agSt O)J\NH HN N2+ co, Ca}:alést HN” NH
MEA o2 \J EDA G \_J
2-Oxazolidinone 2-lmidazolidinone
Formation rate Reaction order® Ee
Entry  Substrate  Product Catalyst (403 K, CO, 2] 1\{[]Pa) P(CO,)  Substrate conc. [kJ mol']
[mmol mmol-!' h'']

1 MEA 2-Oxazolidinone CeO, 0.80 0.0 0.0 64
2 DBU 0047 03 ) S
3 EDA 2-Imidazolidinone  CeO, 0.11 (0.54)4 -0.5 -0.2 117 (76)4

4 DBU 0.11 0.5 0.3 95

aThe Arrhenius plots and double logarithmic plots for elucidation of reaction order are depicted in Figs. 1-3, which are
drawn on the basis of the reaction data summarized in Figs. S2-S4 and S6—S9 as well as Tables S4-S6 and S7-S10. PAt
403 K. *Apparent activation energy at 2 MPa of CO, pressure. 9The values in parentheses were determined at 0.2 MPa of
CO, pressure.
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Data Availability Statement
The data supporting this article have been included as part of the supporting information
(SD).

Supporting information is available. See DOI: https://doi.org/10.1039/XXXXXXXXX.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc06699a

