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ABSTRACT: The development of more efficient and sustainable methods for synthesizing
substituted urea compounds and directly utilizing CO, has long been a major focus of synthetic
organic chemistry as these compounds serve critical environmental and industrial roles. Herein, we
report a green approach to forming the urea compounds directly from CO, gas and primary amines,
triggered by oxygen electroreduction in ionic liquids (ILs). These reactions were carried out under
mild conditions, at very low potentials, and achieved high conversion rates. The fact that O, gas was
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utilized as the sole catalyst in this electrochemical loop, without additional reagents, is a significant
milestone for eco-friendly syntheses of C—N compounds and establishes an effective and green CO, scavenging method.

B INTRODUCTION

Currently, about 3.54 billion people globally are fed by
synthetic nitrogen fertilizers, over 70% of which are composed
of urea and its derivatives. Demand is expected to increase
even further as the population continues to grow."> Moreover,
as an important class of carbonyl compounds and valuable
chemical intermediates, urea derivatives are widely used in
pharmaceuticals, textiles, medicine, and other agricultural
chemicals.”™ They are also used as dyes, energy carriers,
antioxidants, corrosion inhibitors, and additives in plastics.(’_9
Presently, the conventional production of urea is accomplished
through the reaction of NH;/RNH, and CO,."""" This
synthesis is generally described in Scheme 1.

Scheme 1. The Conventional Production of Urea through
the Reaction of NH;/RNH, and CO,

(1) 2
IRNH, + CO, ——-= R-NH-CO, NH;*-R — 2> (R-NHg),-CO+H,0

The standard Gibbs free energy changes for reactions (1)
and (2) are —23.8 and +16.7 k], respectively, at 25 °C and 1
bar. As a kinetically slow process, reaction (2) is
thermodynamically infeasible at the ambiance; thus, significant
external energy and catalysts are needed.'” This reaction is
initiated from the carbamate salt form, at which point the
amine group is required to nucleophilically attack the carbonyl
group. Strong bases such as CsOH, Cs,CO; KOH, and
[BMIM]OH are utilized in the chemical process to generate
negatively charged R-NH™ or R-NH* radical. However, their
reactions with CO, limit the production efficiency when using
CO, gas directly. Thus, current methods are energy-intensive
(150—200 °C, 150—250 bar), with production costs being
~2% of annual global energy."” Dangerous reagents such as
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phosgene and isocyanates and multicycle processes are also
required to improve the conversion eﬂiciency.14

Using renewable electrical energy to synthesize urea
derivatives is considered as a promising green alternative for
next-generation industrial production.'”’® The C—N structure
has previously been generated by activating the linear form of
CO, to CO,™ by applying overpotentials of about —1.9 V, but
temperatures of 100—200 °C were still required.'”~** Further,
Xia’s group used —15 kV of the negative corona to ionize NHj;
and CO, gases to form urea at 1 bar and 20 °C, achieving 82%
CO, conversion and 51% urea selectivity.25 In aqueous
solutions, Wang and Li’s group investigated the coupling
CO, and N, electrochemical reduction on metal-based catalyst
surfaces. A faradaic efficiency (FE) of 8.92% was reported on
PdCu and TiO, catalysts.'* Both mechanisms involved
COOH* as a key electrochemical intermediate from CO,.
To avoid the high dissociation energy of N, triple bonds (941
kJ/mol) and the limited solubility of N, in H,O (0.02 v/v, 25§
°C, 1 bar), nitrite solutions were used as feedstock with
efficiencies of about 25—55% on different gas-diffusion metal
electrodes.”®”” However, conventional precious metal-based
alloy catalysts suffer from ambiguous active sites and easy
corrosion.”***” In the electrochemical approach, the co-
reduction reactions achieved on metal-based catalysts could
increase the conversion through a possible coupling pathway of
NH,* and COOH¥* intermediates for urea formation.
Accordingly, the solubility of ammonia and CO, play a key
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role in conversion efficiency.’® Other limiting factors include
the high overpotential of the CO, reduction and the hydrogen
evolution reaction involved in aqueous solutions.

We believe that this synthesis could be improved further by
using green and readily available materials under milder
conditions. Ionic liquids (ILs) are novel green solvents used in
many chemical and electrochemical reactions.”"*” Here,
hydrophobic ILs are used as electrolytes/solvents for urea
formation directly from CO, and amines since they are inert
toward all compounds involved in the reaction and CO, is
highly soluble in the solvents. Our group has completed
extensive work on electrochemical reactions in ILs.”>~*> As
reported, strong nucleophiles, superoxide and peroxide ions,
generated through the electrochemical reduction of oxygen,
could be even more stable in ILs than in traditional aprotic
solvents (i.e, DMSO and acetonitrile) and participate in
several organic reactions in completely green processes.””

In this work, we hypothesize that active oxygen ions (or
reactive oxygen species (ROS)) could activate various amines
and further enable the nucleophilic attack of carbamate salts. It
is well known that at room temperature and even at low
pressure, CO, quickly reacts with amines in the first step of the
chemical synthesis process, reaction (1). The linear structure
of CO, becomes bent to carbamate acid or carbamate anion,
and the exposed nucleophilic site of carbon could effectively
react with R-NH™ or R-NH* nucleophiles. Thus, the recovered
ammonium salts could be directly converted into urea with less
additional energy input, which is a more practical industrial
approach and an efficient ammonia-recovery method. Herein,
the reactions were evaluated under ambient temperature and
pressure in both protic and aprotic ILs, without catalysts, to
provide potential adaptability and universality of this method.
Cyclic voltammetry (CV), theoretical density functional theory
(DFT) calculations, and in situ Fourier transform infrared
(FTIR) spectroscopy were conducted to understand the
reaction mechanisms and possible pathways.

B MATERIALS AND METHODS

Materials. Carbon dioxide (99.99%) and oxygen (99.99%)
were purchased from Airgas, Inc. All amines, deuterated
solvents, and sodium peroxide (95%) were obtained from
Fisher Scientific. ILs were from IoLiTec Ionic Liquids
Technologies GmbH. All chemicals were used as received
without further purification. The nuclear magnetic resonance
(NMR) spectra were recorded using a Bruker Avance 300
spectrometer and were calibrated using residual undeuterated
solvent as an internal reference (CDCl;, 77.16 ppm *C NMR;
C,D40S, 3592 ppm “C, 2.50 ppm 'H NMR). The FTIR
absorption spectra were recorded on a Varian 3100 Excalibur
Series spectrometer in the region of 400—2000 cm ™" using two
NaCl disks also from Fisher Scientific for non-in situ
measurements. The electrochemical tests were performed
with a CHI660E electrochemical analyzer with platinum wire
as the reference and counter electrodes and a gold plate as the
working electrode.

Preparation of C—N Organic Compounds. 700 L of 1-
butyl-1-methylimidazolium bis(trifluoromethylsulfonyl)-imide
([BMIM] [NTf,]) or 1-butyl-1-methylpyrrolidinium bis-
(trifluoromethylsulfonyl)-imide ([BMPyrr] [NTf]) (Figure
S1) was loaded in a Teflon cell then CO, (50 sccm) and O,
(20 sccm) were bubbled in for 30 min. The mixture was
reacted at —1.9 V for another 30 min. Finally, 300 yuL of the
selected amine was added into the cell, and the reaction

continued for another 5 h at —1.9 V. For reactions using
[BMPyrr] [NTf,], —1.7 V was applied. For generation using
Na,0,, 700 uL of [BMPyrr] [NTf,] was added to 300 uL of
CHA, and then CO, was purged through the mixture for ~1
min. Next, ~0.250 g of Na,O, was added, and the mixture was
shaken for ~1 min, and subsequently, CO, was purged for ~1
min more. The final reaction mixtures were vacuum filtered
and washed with acetone.

Cyclic Voltammetry Measurements. CV measurements
were completed using the same electrochemical cell and setup;
however, only 50 uL of CHA was added in this case to avoid
buildup of the solid product, and rather than constant
potential, the potential was swept between 0.5 and —2.0 V.
In addition, step 1, the salt formation step, took place outside
the cell, and a specific mass (0.5 g) was added subsequently.
CVs were scanned at 200 mV/s for 8 cycles.

In Situ Fourier Transform Infrared Spectroscopy. In
situ EC-FTIR measurements were recorded using a Bio-Logic
Thin Layer Spectroelectrochemical Cell with a gold gauze
working electrode, a platinum gauze counter electrode, and a
platinum wire reference electrode, with [BMIM] [NTf,] as the
electrolyte. A constant potential of —1.9 V was applied
continuously to the cell for over 7 h; O, gas was purged for the
same duration. The spectra were recorded every 10 min with
20 scans and a sensitivity of 1.

3C Isotope Nuclear Magnetic Resonance Spectroscopy
Characterizations. A Bruker 200 MHz NMR spectrometer
was used to record "*C isotope products using *C NMR. Both
the *C salt product and *C urea product were prepared using
the same technique as '*C products but substituting '*CO,
with *CO,, supplied from Sigma-Aldrich (99.0%). In this case,
a magnetic stir bar was added to the reaction vessel since the
3CO, gas was a low-pressure gas incapable of bubbling into
the mixture. The reaction was stirred at room temperature for
1S min before collecting the NMR spectrum.

Computations. DFT computations were carried out at the
PW6B9S/def2-TZVP level of theory and utilized the SMD
implicit solvation model (¢ = 10) to mimic the IL
environment. All calculations were carried out using the
Gaussian G16 suite of molecular electronic structure programs.
All structural optimizations were carried out using “tight”
convergence criteria. Thermal corrections used to compute
Gibbs energies for products, reactants, and intermediates were
computed using harmonic vibrational analysis.

B RESULTS AND DISCUSSION

To investigate the reaction between activated O, and the
carbamate salt formed in step 1 (Scheme 1), a three-electrode
system was used to study the electrochemical process between
CO,/cyclohexylamine (CHA) salt and ROS in [BMIM]
[NT£,]. Figure 1 (black curve) shows a typical CV curve of
the two-step redox process of O, in the IL, which was in
agreement with previous reports. Superoxide, generated by
gaining one electron at —1.2 V>34 and peroxide anion,
generated by gaining an additional electron at —1.7 V,**~** are
quasi-reversible redox couples, as shown in Scheme 2. After
adding 0.5 g of CHA/CO, salt into the cell (red curve), the
peak current (i,) decreased. The addition of salt may increase
the viscosity of the solution, and thus, mass transport rates also
decrease. Based on the Cottrell equation (1), the redox
current dropped consequently, as previously reported.*”*’
From the red curve of Figure 1, it is clear that the O,*”
oxidation peak, around —0.3 V, disappeared, but the
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Figure 1. CV curves of pure O, gas in [BMIM] [NTf,] (black curve)

and with 0.5 g of the salt product from CHA and CO, added (red
curve).

Scheme 2. Oxygen Electroreduction Reactions
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superoxide peak remained after salt was added. This suggested
that O,>~ was consumed in the reaction and may activate salt,
while O,°” does not.

Based on the CV results, constant potential experiments
were also performed in [BMIM] [NT£,] and additionally in
aprotic 1-butyl-1-methylpyrrolidinium bis-
(trifluoromethylsulfonyl)-imide ([BMPyrr] [NTf]) (Figure
S1). The applied potential was optimized, based on Figure 1,
between —0.8 and 1.9 V. In [BMPyrr] [NT£,], no urea was
formed at potentials of —1.2 V or lower, while the highest
production rate occurred around —1.6 V (Figure 2). This

100 A —s— [BMIM] [NTf,]

—e— [BMPyrr] [NTf,]

[0
o
L

N B [o2]
o o o
L L L

Urea Production Rate (%)
o
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Applied Potential (V vs Fc*/Fc)

Figure 2. The production rate versus the applied potential in [BMIM]
[NTf,] and [BMPyrr] [NTH,] at a conventional Au electrode for S h.

implied the two-electron oxygen reduction product, peroxide,
rather than superoxide, may trigger reaction (2) (Scheme 1),
converting the salt product into urea. In [BMIM] [NTf,], a
low production rate was found at —1.2 V. This may have been
due to a disproportionation reaction between superoxide and
the active proton in the solvent, producing O, and H,0, as
reported in other studies.”* " The production rates between

—1.4 and —2.0 V increased accordingly with the formation of
peroxide in [BMIM] [NTf,].

Furthermore, we have characterized the compositions of
salts and subsequent electrochemical products by NMR
spectroscopy and FTIR spectroscopy (see Figures S2—S34).
The "*C NMR spectrum of the salt formed from CHA and
CO, in [BMIM] [NTf,] (CDCl,, 25 °C, 200 MHz) is shown
in Figure S4. Based on the chemical environment, the signal
peak at 162 ppm was assigned to the characteristic peak of the
carbamate carbonyl carbon (C=0). The C—N carbon of the
ammonium and the carbamate ions in C¢H;;-NH;":C.H,;-
NH-CO,™ were responsible for the peaks at 34.53 and 33.96
ppm, respectively. After introducing oxygen gas and electro-
chemical potential at —1.9 V for S h, only one peak at 34.39
ppm was observed (Figure S2). This indicated that a product
with a symmetrical structure, (R-NH),CO, was produced.
Negligible double peaks from the salt were present in the NMR
spectra of the final products, which implied that a high yield of
salt—urea conversion was achieved. The FTIR spectrum
(Figure S32) of the final products using the same starting
reagents displayed the characteristic peak of urea at 1628 cm™
and was attributable to the C=0O stretching frequency in the
N—CO-N structure (blue curve). An identical peak was also
observed in an authentic dicyclohexylurea (DCU)-saturated
[BMIM] [NTf,] solution (green curve). This peak was
negligible in the carbamate salt structure (red curve). The
results confirmed the formation of DCU synthesized through
an electrochemical process starting with CO, and O, gases.
Similar results were obtained from cyclopentylamine (CPA). It
should also be emphasized that no detectable byproducts were
observed in the NMR and FTIR measurements in either IL.

Additional control experiments were performed using
sodium peroxide (Na,0,) with CHA and CO, in [BMPyrr]
[NTf,]. The product and salt structures were characterized
using ®C NMR and FTIR (Figures S33—S36). The results
were identical to those obtained using the same amine and IL
with O, and CO, gases and applied potential. The production
rate for this reaction method was determined to be 13.7%. The
low production was most likely due to the extremely low
solubility of Na,O, in the IL,>**® which could hinder the
catalyst effect. Further, the low solubility made extracting pure
urea product from the mixture nearly impossible. For these
reasons, activating the reaction electrochemically may be
considered the superior method since a high conversion yield
was achieved (the peroxide anion was completely soluble in
this case), and product removal was easy.

The same procedure was repeated by replacing CO, gas with
BCO, gas to further confirm the reaction pathway and the
formation of the urea structure. The NMR spectra were
obtained in the [BMIM] [NTf,] system (see Figures S37 and
S38a,b). The "*C urea product was observed at 159.23 ppm,
while the '>C product peak was present at 159.30 ppm.
According to Lambert and Greifenstein, an isotopic shift of
0.05-0.1 ppm for *C — C is typically seen.’”>> Here,
hydrogen-bonding and increasing bond length and angle (118°
for the N—C—N angle in 1,3-dicyclohexylurea) may all
contribute to an increased downfield shift, while the direction
of the shift may also depend on the compound itself and the
solvent used.’””” These NMR results confirmed that the
carbonyl carbon was derived from CO,.

Additionally, a control reaction was performed using the
standard procedure, but excess CO, was eliminated prior to
bubbling O, into the mixture. No urea production was
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Figure 3. Gibbs energy diagram for steps involved in the reaction R-NH;" + R-NH-CO,- > R-NH-CO-NH-R + H,0 (top left). Electronic and
Gibbs energies for each step in the mechanism (top right). Molecular structure diagrams for reaction steps.

observed. This indicated that excess CO, might have another
role in this reaction. It may react with the peroxide anion to
form peroxide carbonate derivatives that would be protonated
by the ammonium ions from the carbamate salts, which would
generate hydroperoxide carbonate. However, no related
product peaks were found in the NMR or FTIR spectra.
Considering that our results agree well with previous work, we
could conclude that the carbonyl carbon is in fact provided by
CO,, rather than an amine.”®

To investigate the mechanism even further, we have
performed DFT calculations of reactions relevant to this
process. Figure 3 gives the proposed mechanism, along with
calculated electronic and Gibbs energies for steps along the
path in the formation of DCU (and water) from CHA and
CO,. Here, the reduction of oxygen gas to peroxide anion on
the cathode, along with re-oxidation steps, resulting in the
restoration of oxygen gas on the anode, is also included. It is
seen that steps involving the reduction of dissolved O, and
those associated with re-oxidation of HO,™ to HO, and O, to
O, represent the largest shifts in energy (either free or
electronic) with the reduction being favorable (AG = —52.70
keal/mol) and oxidation having an energy penalty (AG =
+135.61 kcal/mol for steps 6 and 8 combined). For steps 2—S,
representing reactions directly involved with the conversion of
the C4H,;-NH;":C,H,;-NH-CO,” salt to (C¢H,;-NH),CO,
electronic energy shifts are favorable for each step (the overall
energy change is AE = —66.50 kcal/mol). The overall change
in the Gibbs energy for steps 2—S5 is favorable (AG = —70.63
kcal/mol). However, one of these steps, step 4, is associated
with a relatively small energy penalty of 7.64 kcal/mol. It is
likely that steps 4 and § in this mechanism are concerted steps,
with the hydroxyl group leaving the cyclohexylcarbamic acid,
while the C—N bond, resulting in urea formation, is
established. The Gibbs energy change for the combination of
steps 4 and S is —12.10 kcal/mol, which may vary with the
steric effect of different amines.

To study how generally this method can be applied, the
same procedure was repeated with various amines in [BMIM]
[NTf,] (Figures S5—S24) and [BMPyrr] [NTf,] (Figures
$25—S31). The NMR results, as shown in Figures S2—S19,

42831

indicate that CHA, CPA, and linear amines all form urea
structures in [BMIM] [NTf,]. Branched amines yield little or
no product; aniline also failed to generate the product (Figures
$20—S24). The results were consistent with previous work.””
However, the reasons for the diminished reactivities are not
known but are thought to be related to modified electronic
properties of NH, groups relative to linear amines, CHA, and
CPA. Reduced reactivity might be attributable either to
reduced participation in the urea formation reactions
themselves or to variations in the solubilities of the R-
NH;":R-NH-COO~ salts. Interestingly, both dipropylamine
and dihexylamine reacted to form significant yields of (R,-
N),CO ureas when [BMPyrr] [NTf,] was the solvent. The
percent conversion and turnover frequencies (TOF) were
determined without CO, recycling and are given in Table 1.

Table 1. Percent Conversion and Turnover Frequencies of
Various Amines

% conv.in TOF (s™') % conv.in  TOF (s7')
[BMIM] in [BMIM] [BMPyrr] in [BMPyrr]
amines [NTE,] [NTL,] [NTE,] [NTfj
cyclohexylamine 88 78.411 93 108.44
CHA/sodium N/A N/A 13.7 N/A
peroxide
cyclopentylamine 86 36.21 90 35.98
pentylamine 87 208.91 90 6.26
hexylamine 65 88.00 76 16.28
heptylamine 46 12.86 49 147.48
octylamine 14 10.03 22.5 73.46
dihexylamine 7 86.73 30 21825
dipropylamine S N/A 43 N/A
piperidine 0 N/A 0 N/A

The results were largely consistent with the NMR (and FTIR)
results discussed above. Reaction yields in the two ILs are seen
to vary substantially for different amine reactants. It showed
more than 90% conversion rate for CHA, CPA, and
pentylamine in [BMPyrr] [NTf,] and decreased with
increasing carbon chain length, which may be due to the
steric effect mentioned previously. For amines with more than
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eight carbons, conversion rates dropped to lower than 22.5%.
However, amines demonstrating high urea yields through this
reaction covered the most common ureas available. The
reasons for this are not completely understood. One factor
could be the presence of a protic or aprotic cation in the IL.
The [BMPyrr] cation has a tendency to promote the stability
of the peroxide dianion to a greater extent than the protic
[BMIM] cation.”®" 1t is also possible that the IL cation
directly affects the solubility of the R-NH;":R-NH-COO~ salt,
indirectly affecting reaction yields.

A spectroelectrochemical cell from Bio-Logic was used to
measure the formation of urea in situ as reported in other
systems.”>*> The spectra were recorded every 10 min starting
from pure [BMIM] [NTf,] (Figure 4). After 20 min, 10 uL of

iV 7 [BMiM] INTE2]

0.0+ T T T T T T T
2000 2200 2400 2600 2800 3000 3200 3400

Wavenumbers (cm™)

Figure 4. In situ EC-FTIR measurements. The spectra were recorded
every 10 min. The first labeled spectrum resulted from pure [BMIM]
[NTf,]. CHA and CO, were added at 20 min (third curve). The
fourth spectrum was recorded after 10 min of applying O, gas and
-19 V.

CHA was added with CO, purging for S min. The signals of
the spectrum became lower since the solid salt instantly
formed while being suspended in the IL. Then, O, gas was
purged into the system with a constant potential of —1.9 V
applied for the entirety of the EC experiment. A new peak was
observed at 3386 cm™', which was attributed to the N—H
stretching in 1,3-dicyclohexylurea.”>®* With time, the peak
stopped increasing, which implied quick saturation due to the
low solubility of urea. Moreover, the stability of [BMIM]
[NT£,] as the sole electrolyte and solvent was investigated.
The EC reaction was monitored over 7 h with a continuously
applied potential of —1.9 V. From our results, the IL peaks
remained unchanged throughout the experiments, demonstrat-
ing its excellent stability. The structural stability was also
confirmed by 'H NMR measurements of the [BMIM] [NTf, ]
before and after the reaction (see Figure S39a,b).

In conclusion, we have developed a highly selective, efficient,
safe, and inexpensive method for synthesizing C—N com-
pounds, which can be performed at ambiance within a short
time. Unlike previously reported techniques, no external
catalysts nor reagents other than oxygen gas are needed, and
special modification or preparation of the electrode surface is
not required. The most accessible amines on the market can be
used to generate short carbon chain urea with more than 92%
production. The concept of such a catalyst system could be
expanded to other fields and exploited industrially.
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