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ABSTRACT: The synthesis of urea fertilizer is currently the largest CO2 conversion process by volume in the industry. In this
process, ammonium carbamate is an intermediate en route to urea formation. We determined that the tetraammineaquacopper(II)
sulfate complex, [Cu(NH3)4(OH2)]SO4, catalyzed the formation of urea from ammonium carbamate in an aqueous solution. A urea
yield of up to 18 ± 6% was obtained at 120 °C after 15 h and in a high-pressure metal reactor. No significant urea formed without
the catalyst. The urea product was characterized by Fourier transform infrared (FT-IR), powder X-ray diffraction (PXRD), and
quantitative 1H{13C} NMR analyses. The [Cu(NH3)4(OH2)]SO4 catalyst was then recovered at the end of the reaction in a 29%
recovery yield, as verified by FT-IR, PXRD, and quantitative UV−vis spectroscopy. A precipitation method using CO2 was
developed to recover and reuse 66 ± 3% of Cu(II). The catalysis mechanism was investigated by the density functional theory at the
B3LYP/6-31G** level with an SMD continuum solvent model. We determined that the [Cu(NH3)4]

2+ complex is likely an effective
catalyst structure. The study of the catalysis mechanism suggests that the coordinated carbamate with [Cu(NH3)4]

2+ is likely the
starting point of the catalyzed reaction, and carbamic acid can be involved as a transient intermediate that facilitates the removal of
an OH group. Our work has paved the way for the rational design of catalysts for urea synthesis from the greenhouse gas CO2.

■ INTRODUCTION

The production of urea, a major fertilizer1 and a cosmetic
ingredient,2 is perhaps the largest industrial process that
converts CO2 (a greenhouse gas) into a commodity
chemical.3−5 According to the International Fertilization
Association, the annual production of urea was 157 million
tons in 2010.6 Anthropogenic CO2 in the atmosphere is linked
to ocean acidification and global warming.4 Therefore, urea
production from CO2 is beneficial for the reduction of carbon
emissions4 and the sustainable production of carbon-based
chemicals.
Urea is made in the industry using CO2 and ammonia

supercritical fluid without a catalyst (i.e., via the Bazarov
process).1,7 The critical point of CO2 is at 73.8 bar and 30.9
°C,8 and the critical point of NH3 is at 113 bar and 132 °C.9

Hence, the Bazarov process requires a high temperature and
pressure,1 e.g., up to 250 bar and 227 °C.5 Meanwhile, this

process involves two steps. First, CO2 combines with ammonia
to form ammonium carbamate in a fast and exothermic
reaction (ΔH0 = −36 kcal/mol).1,5 Second, ammonium
carbamate is converted into urea in a slow and endothermic
reaction (ΔH0 = 7.6 kcal/mol).1,5 Governed by these
thermodynamic constraints, the industrial synthesis of urea
cannot fully consume the reactants (CO2 and ammonia),
which are thus recycled using a “stripping process” to increase
the yield. Frej́acques, Inoue, and others studied the chemical
equilibria of urea synthesis from 1948 to 1998.1,6,10−16 In 1972,
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Inoue et al. reported15 that the equilibrium constants went
through a maximum of 2.593 at the supercritical conditions of
178 bar and 196.5 °C for urea synthesis starting from CO2 and
NH3. Urea was analyzed by drying and weighing, and NH3 and
CO2 were analyzed via titration with H2SO4 and Ba(NO3)2,
respectively.
Regarding the reaction mechanism of the uncatalyzed

Bazarov process, theoretical studies7 were conducted by Tsipis
et al., showing that an addition−elimination−addition
mechanism is favored over an addition−addition−elimination
mechanism or a concerted mechanism. The authors also
studied the effects of water and ammonia, respectively, on urea
formation via density functional theory (DFT) calculations.
The calculations were performed in the gas phase and without
a continuum solvent model, and no metal catalyst was studied.
Designing active catalysts for urea formation is the key to the

industrial synthesis of urea under mild conditions and with
high yields. Though a few catalysts3,5,17−19 have been reported
for urea synthesis in the laboratory, no catalyst has been
employed in the industry.1 Thus, it is necessary to develop
novel, robust, and active catalysts that are promising for
industrial applications. Notably, in 2011, Barzagli et al.
reported5 that urea can be synthesized in two steps (Schemes
1 and 2) using a CuO solid catalyst. Manaka et al. reported19 in
2020 that an organobase, 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU), catalyzed the urea synthesis from ammonium
carbamate in a dimethyl sulfoxide solvent. However, both
reactions require 72 h, and a 20% catalyst loading was used to

achieve a 35% yield for the DBU-catalyzed reaction. These two
methods were developed based on the Bazarov process, which
uses CO2 as the source of carbon (Schemes 1 and 2).1

Alternatively, C−H activation20−22 reactions can be used to
synthesize urea derivatives from organic compounds, instead of
CO2. In 2017, Krishnakumar et al. reported23 the synthesis of
urea derivatives via the formyl C−H activation of N,N′-
dimethylformamide, as catalyzed by a ruthenium pincer
complex. In 2018, Lane et al. reported24 an oxidative C−N
coupling reaction25 to synthesize urea derivatives from
methanol, catalyzed by an iron pincer complex.
In the report by Barzagli et al., CO2 was initially captured by

ammonia in an organic solvent at 0 °C for 8 h (Scheme 1). A
CO2-capturing efficiency of up to 93% was achieved, and
ammonium carbamate formed in a 90% yield based on CO2.
In the second step for converting ammonium carbamate to

urea, a copper(II) oxide solid catalyst was used. The solid-state
reaction was conducted using 8 g of ammonium carbamate and
1% of CuO without any solvent. Over 3 days under 120 °C
and with the pressure close to 14 bar, the reaction gave urea at
a 54% yield (Scheme 2). Since ammonium carbamate solid is
under a heterogeneous equilibrium1,5 with CO2 and ammonia
gases, a high-pressure stainless steel reactor was used to
perform the reaction in a closed system. The product urea was
characterized by 13C NMR spectroscopy, and its yield was
calculated based on the weight of the crude product without
any purification. In 2016, the same group described the

Scheme 1. CO2 Capture by Ammonia at 0 °C and in an Organic Solvent

Scheme 2. CuO-Catalyzed Urea Formation without Any Solvent over 3 Days

Scheme 3. Urea Formation Catalyzed by Complex 1, Tetraammineaquacopper(II) Sulfate, Using Water as the Solvent in 0.5
mL (eq 1) or 28.9 μL (eq 2)a

a5-Coordinate solid-state structure of Complex 1 is shown and the reversed reaction of urea formation is shown in eq 3.
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detailed characterizations of a variety of byproducts, such as
ammonium bicarbonate, using 13C NMR spectroscopy.3

Inspired by the effectiveness of CuO as a catalyst for urea
formation, we speculated that CuO could be unstable and
transform into water-soluble copper(II)−ammonia complexes
due to their high formation constants: up to 2.08 × 1013 for
[Cu(NH3)4]

2+.26−29 Hence, we focused on the stable and well-
defined tetraammineaquacopper(II) sulfate complex, [Cu-
(OH2)(NH3)4]SO4 (Complex 1), as the catalyst for urea
synthesis. In the mechanistic study by DFT calculations, we
studied the conversion of ammonium carbamate into urea in
water using Complex 1 as the catalyst.
In the following sections, we will first demonstrate an

effective water-soluble catalyst, Complex 1, for urea formation
from ammonium carbamate. The results are compared to
control experiments without a catalyst and to reactions
catalyzed by CuO. Then, we will use ab initio quantum
chemistry calculations to reveal the mechanism of urea
formation from ammonium carbamate, catalyzed by Complex
1. At the B3LYP/6-31G** + SMD-water level of theory, the
calculations suggested that the thermodynamically stable
[Cu(NH3)4]

2+ was likely the resting state of the catalyst,
which is consistent with the established coordination chemistry
of the copper(II)−ammonia system.26,27,29−34

■ RESULTS AND DISCUSSION

U r e a F o r m a t i o n C a t a l y z e d b y t h e
Tetraammineaquacopper(II) Sulfate Complex. We tested
the tetraammineaquacopper(II) sulfate complex (i.e., Complex
1) as the catalyst for urea formation in water. Details of the
synthesis and purification of Complex 1 are described in the
Experimental Procedure section. Using water as the solvent in
0.5 mL and Complex 1 as the catalyst with a 1% loading, urea
formed at a 5% yield after 15 h and at 120 °C (eq 1 in Scheme
3 and entry 1 in Table 1). The key results in Table 1 are

highlighted in bold. Five catalyst turnovers were obtained. The
turnovers were calculated by dividing the yield of urea by the
catalyst loading. The pressure of the reaction was 50 psi at 120
°C. In a control experiment without Complex 1, no urea
formed under otherwise identical conditions (entry 1 in Table
2). Without water (entry 2 in Table 1), no urea formed under

otherwise identical conditions to the entry 1 reaction in Table
1. Additional control experiments without Complex 1 and
under various reaction conditions are described in Table 2.
Despite the low turnover number and the yield of the catalytic
urea synthesis shown in eq 1 in Scheme 3, the results indicate
that the reaction can be catalyzed by a well-defined and water-
soluble metal complex. Remarkably, a significant amount of
urea was formed in 0.5 mL of water. Water is a side product in
reversible urea formation and could shift the equilibrium to the
reactant side. To determine whether the yield in urea synthesis
was limited by its reversed reaction, catalytic urea hydrolysis
was studied (eq 3 in Scheme 3). Urea in 25.6 mmol, the same
amount as that of ammonium carbamate in eq 1, reacted with
water in 0.960 mL or 53.3 mmol in the presence of Complex 1
under otherwise identical conditions to those described in eq 1
in Scheme 3. Water in 53.3 mmol was used because, in the

Table 1. Urea Formation Catalyzed by Tetraammineaquacopper(II) Sulfatea

entry catalyst loading (%) temperature (°C) water time (h) turnovers urea yield (%)

1a 1 120 0.5 mL 15 5 5
2a 1 120 none 15 0 <1
3 1 120 5 mL 15 0 <1
4b 1 120 28.9 ± 3.2 μL 15 18 18 ± 6
5c 1 120 115 μL 15 1.5 1.5
6 1 90 0.5 mL 15 0 <1
7d 1 120 0.5 mL 15 5 5
8 0.2 120 0.5 mL 15 40 8
9 0.2 120 0.5 mL 30 20 4
10 5 150 none 1 2.6 13
11 1 150 none 1 5 5
12e 1 150 none 1 8 8
13 1 150 0.1 mL 1 5 5
14 1 150 0.5 mL 15 6 6
15 0.2 150 none 5 60 12
16 0.2 150 none 17 75 15
17 0.2 150 none 24 75 15

aReaction conditions: the catalyst loading is based on the 26 mmol or 2.0 g of ammonium carbamate; the reaction was conducted in a 22 mL
Hastelloy high-pressure metal reactor, under air, using Complex 1, tetraammineaquacopper(II) sulfate, as the catalyst, and with 2.0 g of ammonium
carbamate as the starting material, unless specified otherwise; the yield of urea was measured using quantitative 1H{13C} NMR spectroscopy with
benzene as an internal standard; the turnovers were calculated by dividing the yield of urea by the catalyst loading (arepeated twice; brepeated
thrice). bThree drops of water from a 1 mL plastic syringe and a gauge 22 needle gave 28.9 ± 3.2 μL, with an average over seven measurements.
cThe reaction was conducted on a large scale using 8.0 g or 104 mmol of ammonium carbamate to fill up the 22 mL metal reactor; dCuSO4·5H2O
was the catalyst; ewith CO2 at 300 psi, measured at 150 °C. The key results are highlighted in bold.

Table 2. Control Experiments for Urea Formation in the
Absence of a Cu(II) Catalysta

entry temperature (°C) water time (h) urea yield (%)

1 120 0.5 mL 15 <1
2* 150 none 1 <1
3 150 0.1 mL 1 <1
4 120 28.9 ± 3.2 μL 15 3

aReaction conditions: in the absence of a copper catalyst, under air, in
a 22 mL Hastelloy high-pressure metal reactor, and with 2.0 g or 26
mmol of ammonium carbamate starting material; analyzed by 1H-
{13C} NMR spectroscopy; *repeated twice.
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forward reaction (eq 1 in Scheme 3), 0.5 mL of water solvent
corresponds to 27.8 mmol, and 25.6 mmol of ammonium
carbamate would produce an equimolar amount of water if the
forward reaction had gone to completion, giving a combined
53.4 mmol of water. At the end of the reaction, only 10% urea
was recovered, which suggests that the equilibrium yield of
urea synthesis cannot exceed 10% at 120 °C starting with 0.5
mL of water, as in eq 1. Even at an elevated temperature of 160
°C, Piotrowski et al. reported that the equilibrium yield of urea
was limited to 41.2% with a molar ratio of 2.5:1:1 for NH3/
H2O/CO2.

11 An equilibrium yield measured at below 160 °C
was rarely reported.1,11

No copper(II) biuret (λmax = 540 nm)35 was detected by a
UV−vis analysis at the end of the reaction. Only a 620 nm
absorption that is consistent with a copper ammonia complex
was detected.26,38 For an NMR analysis, the water side product
was removed under vacuum. Proton 1H{13C} NMR analysis
(13C-decoupled proton NMR analysis) in DMSO-d6 (deu-
terated dimethyl sulfoxide) was used to identify urea at 5.49
ppm. An internal standard, benzene, was added at the end of
the reaction to quantify the urea. Details of the NMR and
UV−vis analyses are described in the Experimental Procedure
section. Due to the complexity of the powder X-ray diffraction
(PXRD) spectrum of the crude product, the urea sample could
not be characterized via PXRD analysis without purification.
To perform the PXRD analysis, we purified and isolated the

urea by extraction: dissolving the crude product in methanol,
followed by centrifugation and solvent removal (see the
Experimental Procedure section for details). Urea was isolated
in 90 ± 10% purity via quantitative 1H{13C} NMR analysis.
The purified urea was confirmed by Fourier transform infrared
(FT-IR) and PXRD spectroscopy. No significant biuret was
detected by the PXRD analysis.36 In this purification method,
Complex 1 is insoluble in methanol and was separated from
the methanol liquid phase. The unreacted starting material,
ammonium carbamate, is soluble in methanol. However, it
decomposes rapidly to CO2 and ammonia when the methanol
solvent is removed under vacuum and at 45 °C, as illustrated
by the reversible reaction shown in Scheme 1 (see the
Experimental Procedure section for details). The PXRD
analysis could not reliably detect the potential side product,
ammonium bicarbonate, which was previously observed using
13C{1H} NMR spectroscopy.3,5,37 The most intense reflection
of ammonium bicarbonate overlaps with an intense reflection
of Complex 1. The attempt to detect ammonium bicarbonate
using PXRD analysis is detailed in the Powder X-ray Analyses
of Urea and Biuret section.
Complex 1 was recovered at the end of the reaction (entry 1

in Table 1) and was characterized by FT-IR and PXRD.
Complex 1 is insoluble in methanol and was separated, via
centrifugation, from ammonium carbamate and urea, which are
soluble in methanol. Complex 1 was separated from an
impurity, a white solid, by suspending the blue, fine particles of
Complex 1 in methanol. Complex 1 was recovered in a 29%
yield, which was measured by quantitative UV−vis analysis
with λmax = 605 nm.26,38 The catalyst can be recovered in 70%
by thoroughly removing water before dissolving the reaction
mixture in methanol, which is described in the Experimental
Procedure section. The insoluble white solid cannot be
identified by powder X-ray diffraction: no crystalline reflections
can be detected. It is present in small quantities (2−19 mg)
and did not reproducibly form. Details of the catalyst recovery
are described in the Experimental Procedure section. The FT-

IR analysis revealed that the N−H stretching39 (3309, 3238,
and 3168 cm−1), bending39 (1635 and 1278 cm−1), and
rocking39 (730 cm−1) modes and the S−O stretching mode40

(1060 cm−1) of the recovered sample matched those of
Complex 1. The PXRD reflections of the recovered sample
also matched those of Complex 1, with the most intense
reflections found at 14.4, 16.7, 22.0, 25.4, 29.1, 30.4, and 42.8°
2θ.
For a practical method to recover Cu(II) without using

methanol, a CO2 precipitation method was developed based
on the following eq 1 for the formation of basic copper
carbonate (Cu2CO3(OH)2) in water.41 We envisioned that
Cu2CO3(OH)2, a cyan precipitate, could be formed by CO2
instead of Na2CO3 based on eq 2, where an NH3 ligand may
dissociate and serve as a base to neutralize H2CO3 (CO2 +
H2O). Both equations are balanced. The byproduct
(NH4)2SO4, in an equimolar amount to copper, is a common
nitrogen fertilizer that can be used in a mixture with urea.42

known reaction: 2Cu(NO ) 2Na CO H O

Cu CO (OH) CO 4NaNO
3 2 2 3 2

2 3 2 2 3

+ +

→ + + (1)

proposed reaction: 2 Cu(NH ) SO CO 3H O

Cu CO (OH) 4NH 2(NH ) SO
3 4 4 2 2

2 3 2 3 4 2 4F

[ ] + +

+ + (2)

In a preliminary study, cyan precipitates indeed formed by
bubbling CO2 to an aqueous solution of Complex 1 in the
absence of ammonium carbamate. We then applied the
method to recover Cu(II) from the catalytic urea formation
described in entry 1 of Table 1. At the end of the reaction,
ammonium carbamate and residual NH3 were removed under
vacuum at 50 °C. Upon bubbling the aqueous solution of the
reaction mixture using CO2, cyan precipitates formed. Without
thoroughly removing NH3, no precipitates formed, which is
likely due to the high stability of [Cu(NH3)4]

2+ in the presence
of NH3.

26,27,38 The PXRD analysis suggests that this
precipitate is amorphous. The FT-IR spectrum of this
recovered material was virtually identical to that of the
precipitates obtained from the preliminary study. The
amorphous cyan precipitates have strong absorption for O−
H (3286 cm−1, broad) and carbonate CO bonds (1058,
1382, and 1460 cm−1, broad). These stretches resemble those
of crystalline Cu2CO3(OH)2: 3374 cm−1 for O−H and 1045,
1330, and 1409 cm−1 for CO. The FT-IR spectra are
available in Figure S5 of the Supporting Information. The cyan
precipitates were filtered, dried, and recycled for catalytic urea
synthesis, and water was removed from the filtered solution to
obtain urea. Cu(II) was consistently recovered in a 66 ± 3%
yield (triplicate) using this procedure. The lost Cu(II) was due
to incomplete precipitation and the small, milligram scale of
the experiment.
The recovered Cu2CO3(OH)2 instantly dissolved in a 1 M

ammonium carbamate solution (4 mM Cu). The UV−vis
spectrum of this solution (λmax = 630 nm) was similar to that
of Complex 1 in a 1 M ammonium carbamate solution (4 mM
Cu). Under the reaction conditions described in entry 1 of
Table 1, the recovered Cu2CO3(OH)2 catalyzed urea
formation in a 2% yield, which was less than that with
Complex 1 under otherwise identical reaction conditions (4%
yield). Details of the catalyst recycling experiment are
described in the Copper(II) Recovery by Precipitation with
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CO2 and Catalytic Urea Formation by the Recovered Basic
Copper Carbonate section.
Various reaction conditions were tested (Table 1).

Compared to the conditions used in entry 1, increasing the
volume of water from 0.5 mL (entry 1 in Table 1) to 5 mL
(entry 3) led to no urea formation. Water is a side product of
urea formation and can shift the equilibrium completely to the
reactant side. Nevertheless, when the amount of water is
lowered to 28.9 ± 3.2 μL (eq 2 in Scheme 3 and entry 4), a
much higher urea yield of 18 ± 6% was obtained. Water serves
as a solvent for Complex 1. We attempted to increase the
reaction yield by minimizing the amount of CO2 and NH3
gases in the headspace of the reactor because the amount of
ammonium carbamate could be lowered by the decomposition
of ammonium carbamate to CO2 and NH3 (Scheme 1). In the
reaction described in entry 5 in Table 1, the headspace of the
reactor was minimized by filling the reactor with the reaction
mixture. As a result, the scale of the reaction is increased 4-fold,
but otherwise under the same temperature, reaction time, and
catalyst loading as shown in entry 4 in Table 1. However, the
yield decreased to 1.5% compared to the 18 ± 6% yield of
entry 4.
No urea formed when lowering the temperature from 120 to

90 °C, presumably due to the low reaction rate (entry 6). The
copper(II) sulfate pentahydrate complex is as active as
Complex 1 (entry 7 vs entry 1), possibly due to the in situ
formation of [Cu(NH3)4]

2+ from copper(II) cations and
ammonia.28 The ammonia ligands likely originate from the
decomposition of the ammonium carbamate (Scheme 1)
present in the solution. Despite the similar effect in catalysis,
the simple copper(II) sulfate salt is an unstable precatalyst that
was avoided for this rigorous study on the mechanism of
catalysis.
We lowered the catalyst loading from 1% (entry 1) to 0.2%

(entry 8) to evaluate the maximum catalyst turnover, with the
substrate in a 500-fold excess relative to the catalyst. A catalyst
turnover of 40 and a urea yield in 8% were obtained after 15 h
at 120 °C (entry 8). Under otherwise identical conditions,
doubling the reaction time to 30 h lowered the yield to 4%
(entry 9). The decrease in the urea yield over time is possibly
due to the formation of byproducts, such as ammonium
bicarbonate and cyanuric acid.1,3,15

In the absence of water, increasing the temperature from 120
to 150 °C reduced the reaction time from 15 to 1 h, and a 13%
urea yield was obtained using a catalyst loading of 5% (entry
10). With only a 1% catalyst loading and at 150 °C, the yield
dropped to 5% (entry 11). In the presence of CO2 at 300 psi
(measured at 150 °C), the yield of urea was increased only
slightly from 5 to 8% (entry 12). Compared to entry 11,
adding water (entries 13 and 14) did not improve the yield.
We lowered the catalyst loading to 0.2% to evaluate the
maximum catalyst turnover at 150 °C in the absence of water.
Up to 75 turnovers and a 15% urea yield were obtained in 17 h
(entries 15−17).
Control experiments in the absence of Complex 1 showed

that no significant (<1%) urea formed (entry 2 in Table 2)
under otherwise identical conditions to entry 10 in Table 1.
On its own, water did not catalyze urea formation at 150 °C
(entry 3 in Table 2). With 28.9 ± 3.2 μL of water but without
Complex 1, a much lower yield of urea was obtained (3% yield
in entry 4 in Table 2) than the reaction with Complex 1 (18 ±
6% yield in entry 4 in Table 1). Water is a side product in urea
formation. Despite a previous report7 that indicated the

catalytic effect of water in urea formation, no significant urea
formed under our conditions using water without Complex 1.

Comparison to Urea Formation Catalyzed by CuO.
The slow urea formation, catalyzed by CuO and performed in
the solid state, took 3 days (Scheme 2), and the rate could be
limited by diffusion. We reproduced the results for the CuO-
catalyzed urea formation from ammonium carbamate.5 CuO
catalyzed the formation of urea from ammonium carbamate at
120 °C and over 3 days (Scheme 2 and entry 1 in Table 3).

However, we obtained a yield of 22% by 1H{13C} NMR
analysis, instead of the 54% yield previously measured using
the weight of the crude product. Without CuO, only a 6% yield
was obtained after 3 days under otherwise identical conditions.
We analyzed and quantified the urea using 1H{13C} NMR
spectroscopy, in DMSO-d6, and in the presence of benzene as
an internal standard. The details are described in the
Experimental Procedure section.
Reaction times of 3 and 15 h, instead of 3 days, were

selected to study the initial stage of the CuO-catalyzed
reaction. No significant (<1%) urea formed after 3 h (entry 2
in Table 3), and urea at a 3% yield was obtained after 15 h
(entry 3 in Table 3). The low yields obtained after a short
reaction time confirmed that the formation of urea from
ammonium carbamate is slow at 120 °C. Therefore, a long
reaction time of 3 days is necessary when using CuO as a
catalyst.
CuO could not be recovered at the end of the 15 h reaction

described in entry 2 in Table 3. The product mixture was
purified by drying under vacuum and methanol extraction (see
the Experimental Procedure section for details regarding the
purification by methanol extraction). The solid, which is
insoluble in methanol, was analyzed by PXRD. No CuO
reflections were detected (<2 mg CuO of the 20 mg CuO
catalyst), which was consistent with the decomposition of the
CuO catalyst over 15 h. A PDF card of 04-007-0518 was used
for the phase indexing of CuO (tenorite).
In the control experiment, we verified that a purchased

sample of CuO in 20 mg (1% catalyst loading or 0.26 mmol)
was readily detected via PXRD analysis. To mimic the setup
and purification of the catalytic reaction, we performed another
control experiment. CuO in 20 mg was mixed thoroughly with
ammonium carbamate in 2.0 g. The ammonium carbamate was
then removed via methanol extraction (see the Experimental
Procedure section for details on methanol extraction). CuO, a
dark solid that was insoluble in methanol, was dried under
vacuum for 1 h and analyzed via PXRD spectroscopy. The
CuO phase was identified using a scan rate of 2° 2θ per minute
and a range of 15−80° 2θ. The 14.5 mg recovered sample
containing the CuO was then mixed thoroughly with an
internal standard (Co3O4 powder in 10.5 mg) for quantitation

Table 3. Urea Formation from Ammonium Carbamate
Catalyzed by CuOa

entry catalyst time urea yield (%)

1 CuO 3 days 22
2 CuO 15 h 3
3 CuO 3 h <1

aReaction conditions: 1% CuO catalyst, under air, in a 22 mL
Hastelloy high-pressure metal reactor, at 120 °C, without water, and
with 2.0 g or 26 mmol of ammonium carbamate starting material;
analyzed by quantitative 1H{13C} NMR spectroscopy.
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(spinel Co3O4, PDF card: 01-078-5632). A quantitative PXRD
phase analysis was conducted using the Rietveld method43−46

on the entire 25.0 mg of the combined sample.43 No
refinement on the preferred orientation was necessary. A
CuO-to-Co3O4 mole ratio of 0.759:0.241, corresponding to
0.518:0.482 by weight, was measured. The mole number of the
CuO was calculated using the mole number of Co3O4, and the
recovery yield of CuO in this control experiment was 55% by
mole. Details of this PXRD analysis are described in the
Supporting Information.
In comparison, the reaction using Complex 1 as the catalyst

(entry 4 in Table 1) gave a comparable yield of urea formation
in much less time than using CuO (entry 1 in Table 3): 15 h vs
3 days. Additionally, 29% of Complex 1 was recovered at the
end of the reaction, in contrast to CuO. The possibility that
CuO decomposed and released Cu(II) ions in situ cannot be
excluded.
Catalysis Mechanisms via Quantum Chemistry Cal-

culations. Structure of Ammonium Carbamate. In the
current study, ammonium carbamate is the reactant. The
geometry optimization of ammonium carbamate gave a
complex of carbamic acid and NH3 as the global minimum
(B in Figure S10 in the Supporting Information) at the
B3LYP/6-31G** + SMD-water level of theory. Another
structure is ammonium carbamate (C in Figure S10), which
is 4.2 kcal/mol higher in Gibbs energy than the hydrogen-
bonding carbamic acid + NH3. The calculations with the
compound method CBS-QB3 + SMD-water reduce their
energy difference to 1.1 kcal/mol. For the Cu(II)(NH3)4-
coordinated complexes, the carbamic acid + NH3 structure (D
in Figure S10) is 1.4 kcal/mol lower than the ammonium
carbamate structure (E in Figure S10). Although the carbamic
acid structure is lower in energy in both cases, the small Gibbs
energy differences render the structural preference incon-
clusive. The situation that the ionic compounds of NH4

+

turned out to be complexes between neutral compounds and
NH3 in theoretical studies has been reported.7,47 The
Cu(II)(NH3)4-ammonium carbamate and its conjugate acid,
Cu(II)(NH3)4-carbamic acid + NH3, can equilibrate due to the
small difference in energy. For geometric parameters, the
COOH...NH3 distances (1.6116 Å for B and 1.5124 Å for D)
in the carbamic acid + NH3 complexes and the COO...HNH3

+

distances (1.4989 Å for C and 1.5021 Å for E) in the
ammonium carbamate ones are much shorter than the
corresponding atomic distances in normal hydrogen bonds:
the N...H distances are 1.80 and 2.16 Å in NH3...H2O and
NH3...NH3 complexes (F in Figure S10), respectively, at the
same level of theory. In the solid state, the COO...HNH3

+

distances of ammonium carbamate obtained from the X-ray
crystal structure range from 1.77 to 2.19 Å,48 which are
consistent with normal hydrogen bonds. The calculated
COO...HNH3

+ distance (1.4989 Å) of ammonium carbamate
in the solution state is at least 0.27 Å shorter than those found
in the solid state. In addition, the net charges on the shared H
are close to 1 (the ATP charges are 0.8−1.0 on the central H),
indicating that the hydrogen bond in ammonium carbamate
has obvious ionic characteristics with or without being
coordinated with Cu(II). Overall, the in silico solution
structures suggest that the structural distinction between
ammonium carbamate and carbamic acid + NH3 is less clear-
cut in the solution state than in the solid state, which is
possibly due to the strong hydrogen bond interaction (broadly
defined as an n-to-σ* bonding interaction49) in the solution

state. Therefore, both carbamate and carbamic acid were
investigated for the Cu(II)-catalyzed urea synthesis.
Ammonium carbamate is a stable structure in the solid state

and has been characterized by X-ray crystallography,48 and
carbamic acid is believed to be a transient intermediate in the
dissociation of ammonium carbamate.50−52 A Cu(II) complex
coordinated by organic amine and organic carbamate ligands
has been synthesized and characterized by X-ray crystallog-
raphy.53 The spectroscopic evidence for the existence of
unsubstituted carbamic acid is rare,54 but a dibenzyl-
substituted carbamic acid has been made at 10 °C and
characterized by IR spectroscopy (vas(COO) = 1640 cm−1)
and X-ray crystallography.50 Low-temperature IR studies54

suggest that the hydrogen-bond-stabilized zwitterion form of
carbamic acid, NH3

+−CO2
− (vas(COO) = 1595 cm−1), is

formed from CO2, NH3, and H2O. Organic carbamic acid and
its zwitterion form can interconvert.52 Carbamic acid is
extremely difficult to detect50,55 because it is unstable against
deprotonation by NH3 and decarboxylation. However, the
conjugate acid of carbamic acid, mono-O-protonated carbamic
acid, has been made by Olah et al. using superacid at −78 °C
and characterized by 1H, 13C, and 15N NMR spectroscopy.56

Most of our experiments were performed at 120 °C.
Although elevated temperatures generally disfavor the
formation of carbamic acid, the hydrogen-bonded v(N−H)
signal of NCOO−...HNRH2

+ (R = ethylene group in
tetraethylenepentamine, TEPA) is found to persist at 120 °C
in an IR study on an immobilized TEPA sorbent with CO2 and
water.57 By the calculations at the level of the B3LYP/6-31G**
+ SMD-water level of theory, we found that carbamate anion
has a lower complexation energy (by 4−10 kcal/mol) than
carbamic acid to [Cu(II)(NH3)4]

2+, indicating that carbamate
anion is a better ligand than carbamic acid to [Cu(II)-
(NH3)4]

2+. However, in the presence of an associated NH3,
Cu(II)(NH3)4-carbamic acid + NH3 can have lower or at least
comparable Gibbs free energy to Cu(II)(NH3)4-ammonium
carbamate. In addition, as shown by a simple test of the C−
O(Cu) bond breakage (see Figures S11 and S12 in Section 2.3
of the SI), we find that the proton transfer (Mulliken charges
and spin density on the shifting H are, respectively, 0.3−0.4e
and <0.001) to the carboxylate oxygen was necessary to lower
the transition-state energy for converting ammonium carba-
mate to urea. Thus, the coordinated carbamic acid
intermediate needs to be considered in the catalytic
mechanism study.
In our theoretical studies, we first study catalytic pathways

involving the transient intermediate of carbamic acid. Then, we
study the catalysis mechanisms using the complexed
ammonium carbamate as the starting point of the catalyzed
reaction. Finally, we briefly investigate the pathway with a
coordinated carbamate anion in the absence of NH4

+.
Identifying the Effective Catalyst Structure of Complex 1.

We compared the stability of a series of copper(II)−ammonia
complexes with various coordination numbers and ligands at
the B3LYP/6-31G** + SMD-water and M02x/6-311++G-
(3df,2pd) − SMD-water levels of theory. The 4-coordinate
[Cu(NH3)4]

2+ is the most stable. The relative Gibbs free
energies and structures are shown in Table S1 and Figure S1 in
the Supporting Information.
We studied the aqueous coordination chemistry33 of six-

coordinate complexes, which include [Cu(NH3)6]
2+, [Cu-

(NH3)4(H2O)2]
2+, [Cu(NH3)4(OH2)SO4], and [Cu-

(NH3)4SO4]-ammonium carbamate (Figure S1 in the
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Supporting Information). Each complex has three coordination
spheres: (1) the inner sphere, which consists of the
[Cu(NH3)4]

2+ moiety with metal-to-ligand distances at ∼2.0
Å, (2) the middle sphere, which consists of ligands at a
distance of ∼2.3 Å from the metal, and the outer sphere, which
consists of ligands at a distance greater than 3.0 Å from the
metal. The inner sphere, with four tightly bound NH3 ligands,
has a roughly square-planar geometry, while the inner and
middle spheres together adopt a square-pyramidal geometry.
The presence of a middle sphere is due to the Jahn−Teller
distortion in d9 Cu(II). Finally, all three spheres fit into a
loosely octahedral geometry. The molecule in the outer sphere
can easily move away from its octahedral site to form hydrogen
bonds with other ligands. For example, one H2O in
[Cu(NH3)4(H2O)2]

2+ is 3.46 Å from Cu(II), but the overall
geometry is still octahedral (Figure S1). However, the
geometry of [Cu(NH3)6]

2+ confirms another situation; the
sixth NH3 molecule moves away from the octahedral site and
forms hydrogen bonds with one NH3 molecule in the inner
sphere. This unsymmetrical structure is 7.9 kcal/mol lower in
total energy than the highly symmetrical octahedral structure at
the B3LYP/6-31G** + SMD-water level (Table S1 and Figure
S1). Our results are consistent with the study of water in the
primary versus secondary coordination sphere in the copper-
(II)−ammonia system.33,58 Pavelka et al. found that the 4-
coordinate {[Cu(NH3)4]·2H2O}

2+ complex, where two water
molecules are hydrogen-bonded to NH3 rather than coordi-
nated to Cu(II), was more stable than the 6-coordinate
[Cu(NH3)4(OH2)2]

2+ by 7.8 kcal/mol at the B3LYP/6-311+
+G(2df,2pd) level.58 A decomposition analysis suggested that
the stability of {[Cu(NH3)4]·2H2O}

2+ was due to the higher
covalency in the Cu−N bonds of {[Cu(NH3)4]·2H2O}

2+ than
that in [Cu(NH3)4(OH2)2]

2+. Overall, our calculations for
[Cu(NH3)4(H2O)2]

2+ indicate that four NH3 molecules are in
the inner sphere, one H2O molecule is in the middle sphere,
and the other H2O is in the outer sphere (Figure S1).
Our calculated solution structure of [Cu(NH3)4(H2O)2]

2+

agrees well with the solid-state X-ray structure of Complex 1
([Cu(NH3)4(OH2)]SO4). In the solid state, the single-crystal
X-ray structure of Complex 1 has a 5-coordinate, square-
pyramidal geometry,59 with the aqua ligand attached to the
axial position via an elongated bond.59 The water molecule
bridges two Cu(II) at unequal distances to form a Cu−OH2−
Cu chain in the lattice. The X-ray structure was assigned as 5-
coordinate and square-pyramidal due to the very long Cu...O
distance (3.475 Å) for one of the two water molecules
neighboring Cu(II). Remarkably, the calculated Cu−O bond
lengths of [Cu(NH3)4(OH2)2]

2+ at 2.35 and 3.46 Å are
>99.5% identical to those found in the single-crystal X-ray
structure of Complex 1 at 2.339 and 3.475 Å, respectively.59

Following this convention, the calculated solution structure of
[Cu(NH3)4(OH2)2]

2+ should also be described as 5-
coordinate and square-pyramidal. One of the two water
molecules should thus be considered as a solvate rather than a
ligand.
The fact that three coordination spheres exist in Cu(II)

complexes also sheds light on the ambiguous solution structure
of Cu(II) complexes in the literature. The precise aqueous
solution structure regarding the number of aqua ligands in
copper(II)−ammonia complexes remains inconclusive.27 The
formulas [Cu(NH3)4]

2+ and [Cu(NH3)4(OH2)2]
2+ are used

interchangeably in the literature.26−28,34,60,61 A coordination
number of 6 for [Cu(NH3)4(OH2)2]

2+ was assigned by

Bjerrum et al. in the 1950s based on the presumed tetragonal
bipyramidal structure.26,27 In the 1970s, Hathaway et al. argued
against the existence of a 4-coordinate square-planar
tetraamminecopper(II) complex due to the lack of conclusive
evidence in solid-state studies. Since there are three
coordination spheres, copper(II)−ammonia complexes could
be detected as having the characteristics of different
coordination numbers, depending on the conditions and
detection methods.
Based on its stability in water, the 4-coordinate [Cu-

(NH3)4]
2+ complex is likely an effective catalyst structure for

the urea formation in Scheme 3. The data in Table S1 show
that [Cu(NH3)4]

2+ is more stable than [Cu(NH3)4(OH2)2]
2+

by 10.3−14.8 kcal/mol. The Gibbs free energies for copper-
(II)−ammonia complexes relative to Cu(II) ions have large
negative values (column I in Table S1 of the Supporting
Information). However, the relative Gibbs free energies
become positive if the reference is [Cu(NH3)4]

2+ (column II
in Table S1). Based on the experimental speciation diagram of
the copper(II)−ammonia system,27,28,38,60 [Cu(NH3)4]

2+ is
the major species (60−90%) at an ammonia concentration of
0.01−1 M at room temperature. At an ammonia concentration
of 0.5−10 M, [Cu(NH3)4]

2+ and [Cu(NH3)5]
2+ coexist.27

[Cu(NH3)4]
2+ can exist as the major species at a temperature

range from 30 to 150 °C at a neutral or basic pH.38 In contrast,
the formation of [Cu(NH3)3]

2+ or [Cu(NH3)5]
2+ is less

favorable than that of [Cu(NH3)4]
2+. As summarized in the

equations below, the [Cu(NH3)4]
2+ complex has the highest

overall formation constant,26−29,31 β4 = K1K2K3K4 = 0.992−
2.08 × 1013. The successive formation constant of [Cu-
(NH3)4]

2+ is favorable, K4 = 120, and the formation of
[Cu(NH3)5]

2+ is unfavorable, K5 = 0.3. The [Cu(NH3)6]
2+

complex could only be made in liquid ammonia (K6 =
0.003)29,30 and is unlikely to form under our conditions.
Although we could not rule out the possibility that the minor
species [Cu(NH3)3]

2+ or [Cu(NH3)5]
2+ are involved in

catalysis, they are in rapid equilibrium with [Cu(NH3)4]
2+.

Cu(II) has a d9 electron configuration and is kinetically
labile.62

Cu NH NH Cu NH K( ) ( ) 120
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Our experimental results also support the presence of
[Cu(NH3)4]

2+. When Complex 1 was dissolved in water or
in a 1 M aqueous ammonia solution, the UV−vis absorption at
λmax = 605 nm was consistent with the literature values26,38 of
[Cu(NH3)4]

2+ at λmax = 590−598 nm. The 7−15 nm red shift
is due to the overlap27,38 with minor species that are at
equilibrium with [Cu(NH3)4]

2+; the minor species is [Cu-
(NH3)3]

2+ (λmax = 621−655 nm) when measured in water or
[Cu(NH3)5]

2+ (λmax = 640 nm) when measured in 1 M
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Figure 1. Two pathways are identified for the mechanism in Scheme 4, going from the copper(II)−carbamic acid intermediate 1 to the
copper(II)−urea intermediate 5. Top (blue): the pathway goes through adduct intermediate 2 and the corresponding TS1−2 and TS2−5. Bottom
(black): the pathway goes through adduct intermediate 3 and the corresponding TS1−3 and TS3−5. There is a hydrogen bond between the OH
group and an NH3 ligand in TS3−5. All of the intermediates have a 2+ charge. The numbers in the brackets are relative Gibbs free energies in kcal/
mol. Bond lengths are in Å, and the red numbers are imaginary frequencies in cm−1.

Figure 2. Alternative pathway is identified for the mechanism in Scheme 4. Intermediate 1 transforms into the adduct intermediate 4, in which
[Cu(NH3)3]

2+ coordinates with the leaving OH group. Then, Cu(II) facilitates the removal of the OH group to form H2O via TS4−6. The numbers
in the parentheses are relative Gibbs free energies in kcal/mol. The bond lengths are in Å, and red numbers are imaginary frequencies in cm−1. The
overall barrier is 31.5 kcal/mol. This pathway is the most favorable for the urea formation catalyzed by Complex 1.
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NH3.
26,38 The molar absorptivity of 53.6 L mol−1 cm−1 is also

consistent with [Cu(NH3)4]
2+ at 49.8−55 L mol−1 cm−1.38

The results from the UV−vis analysis are consistent with the
speciation diagram of the copper(II)−ammonia sys-
tem,27,28,38,60 where the major copper(II) species (60−90%)
in water is [Cu(NH3)4]

2+ at an ammonia concentration of
0.01−1 M.27 Details of the UV−vis analysis are described in
the Experimental Procedure section.
Catalytic Pathways Involving a Carbamic Acid Inter-

mediate. Mechanisms That Involve Adduct Intermediates.
The stability of the 4-coordinate [Cu(NH3)4]

2+ complex
suggested that 4-coordinate Cu(II) intermediates, with the
general formula of [Cu(NH3)3L]

2+ (L = a neutral ligand),
could also be stable. Therefore, we focused on 4-coordinate
Cu(II) intermediates when investigating the mechanisms
(Figures 1 and 2). The transition states with the 5-coordinate
Cu(II) were difficult to locate. We located two transition states
with the 5-coordinate Cu(II) (Figure S3), in which the
carbamic acid ligand was weakly associated with Cu(II) in the
middle and outer coordination spheres. In contrast, the
transition states with the 4-coordinate Cu(II) were readily
located. The carbamic acid ligand in the 4-coordinate Cu(II)
intermediates was consistently located in the inner coordina-
tion sphere of Cu(II), occupying one site of the square-planar
structure. This structure allows Cu(II) to exert a maximum
influence on the carbamic acid ligand.
The proposed reaction pathway is shown in Scheme 4. The

reaction starts with a complex between the carbamic acid and
[Cu(NH3)4]

2+, as shown in intermediate 1 in Figure 1.
Intermediate 1 is 10.2 kcal/mol uphill from [Cu(NH3)4]

2+ and
carbamic acid, separately (Table S1 in the Supporting
Information). An NH3 ligand then performs a nucleophilic
attack on the carbonyl group of the carbamic acid, giving rise
to an adduct intermediate. Meanwhile, the sp2 carbon of
carbamic acid becomes sp3. The incoming NH3 in the adduct
intermediate is activated to lose a proton. Then, the proton is
transferred from the incoming NH3 to the OH group. As a
result, water is eliminated, and urea is formed. A free NH3
molecule from the reaction mixture regenerates the [Cu-
(NH3)4]

2+ catalyst from [Cu(NH3)3(H2O)]
2+ and completes

the catalytic cycle. The source of NH3 is ammonium
carbamate, as discussed in the Structure of Ammonium
Carbamate section.
Indeed, we located the adduct intermediates 2 and 3 at the

B3LYP/6-31G** + SMD-water level of the theory (Figure 1).
These intermediates have long C...NH3 distances at 1.598 and
1.5778 Å, respectively, and the carbon adopts a tetrahedral
geometry (Figure 1). Intermediates 2 and 3 can easily reverse
to 1 through transition states TS1−2 and TS1−3. The NH3 is
stretched much further away from carbon in the transition
states, where the C...NH3 distances are 1.9953 Å for 2 and

1.9771 Å for 3. The backward activation barrier is small (2.3
kcal/mol) for 2 and negative for 3 (−2.5 kcal/mol). The
negative barrier is due to the unfavorable zero-point vibrational
energy (ZPVE) and unfavorable entropy for 3. Thus, 2 and 3
are shallow minima on the potential energy surface. Then, 2
and 3 internally transfer protons and remove the OH groups
through TS2−5 and TS3−5 to form a copper(II)−urea complex
5. The activation barriers, in Gibbs free energies, are 25.5 and
22.6 kcal/mol for 2 and 3, respectively. The two pathways are
very similar, except that the OH group in 2 is trans- to Cu(II),
while that of 3 is cis- to Cu(II). The cis- configuration in 3
allows its OH group to form a hydrogen bond with an NH3
ligand in TS3−5. Finally, the catalyst [Cu(NH3)4]

2+ is
regenerated in the presence of NH3 to complete the catalytic
cycle. This step is omitted in Figure 1. The formation of
intermediate 2 reduces a potentially high barrier (47.4 kcal/
mol at 298.15 K, 48.0 kcal/mol at 393.15 K) into two smaller
barriers (24.2 and 25.5 kcal/mol at 298.15 K; 24.9 and 25.4
kcal/mol at 393.15 K). Intermediate 3 might not play a
significant role due to the negative barrier to convert back to 1.
The relative values at 120 °C (393.15 K) are estimated using
the equation ΔG0 = ΔH0 − TΔS0. The Gibbs energy
differences between the two temperatures are generally less
than 1 kcal/mol (Table S2).
In the alternative reaction pathway shown in Figure 2, the

carbamic acid intermediate 1 transforms into the adduct
intermediate 4, which is a linkage isomer of 2 and 3. For 4,
Cu(II) coordinates with the OH group of carbamic acid,
whereas for 2 and 3, Cu(II) coordinates with the carbonyl
group. Intermediate 4 is 7.6 kcal/mol higher in Gibbs free
energy than 2 because the Cu(II)...OH π-donor interaction in
4 is less favorable than the Cu(II)...OC π-acceptor
interaction in 2. However, the activation barrier following 4,
TS4−6, is merely 2.0 kcal/mol, whereas the activation barrier
following 2, TS2−5, is much higher, at 25.5 kcal/mol. This
inverse relationship between the ground-state energy of an
intermediate and its activation barrier is a well-documented
phenomenon in transition-metal catalysis.63,64 Namely, a high-
energy intermediate can lead to a lower activation barrier than
a stable intermediate can. In TS4−6, the coordination of
[Cu(NH3)3]

2+ to the OH group apparently makes the OH a
better leaving group. The elimination of an OH group or
breaking a C−O bond is a great challenge in organic
synthesis.65 Leaving-group activation is an effective strategy
for breaking C−O bonds, as seen in the recent reports of the
organocatalytic Mitsunobu reaction66 and the mercury(II)-
catalyzed C−O bond breakage.67 In the final step of the
reaction, the catalyst [Cu(NH3)4]

2+ is regenerated in the
presence of NH3 to complete the catalytic cycle. This step is
omitted in Figure 2. This pathway has a rate-limiting step with
an activation barrier of 30.3 kcal/mol at 298.15 K (30.9 kcal/

Scheme 4. Proposed Reaction Pathwaya

aComplex between [Cu(NH3)4]
2+ and carbamic acid gives rise to an adduct intermediate to activate NH3 and then the adduct intermediate

internally transfers a proton and eliminates H2O, producing urea. The free NH3 from ammonium carbamate (in equilibrium with carbamic acid and
NH3) regenerates the [Cu(NH3)4]

2+ catalyst.
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mol at 393.15 K; Table S2). Again, the formation of
intermediate 4 is important to reduce activation energies.
Other Possible Pathways. Three possible pathways were

investigated in an early computational study7 for urea
formation in the gas phase and in the absence of a metal
catalyst. The study was conducted at the B3LYP/6-31G**
level of theory and without a continuum solvent model. These
pathways are shown below. The respective activation barriers
for the two steps in mechanism (a) are 51.5 and 38.7 kcal/mol,
and 60.4 and 27.9 kcal/mol in mechanism (b). In mechanism
(c), the activation barrier is 56.0 kcal/mol (these values are the
Gibbs free energy).

(a) Elimination−addition mechanism

(b) Addition−elimination mechanism

(c) Concerted mechanism

Since the elimination−addition mechanism (a) is the most
kinetically favorable, we explored the effect of a [Cu(NH3)4]

2+

catalyst using this mechanism. The pathway involves two steps:
(1) the elimination of water to form isocyanic acid and (2) the
addition of ammonia to isocyanic acid to form urea.
Specifically, we examined how using a continuum solvent
model could change the activation barriers and whether
[Cu(NH3)4]

2+ could catalyze the urea formation via
mechanism (a).
The reported7 intermediates and transition states for

mechanism (a) were reoptimized at the B3LYP/6-31G** +
SMD-water level. The solvent effect increases the activation
barrier in the first step from 51.5 to 53.5 kcal/mol and reduces
that in the second step from 38.7 to 26.2 kcal/mol. We then
tested the two-step mechanism (a) in the presence of the
[Cu(NH3)4]

2+ catalyst at the B3LYP/6-31G** + SMD-water
level. In this pathway, a carbamic acid replaces an NH3 ligand
in [Cu(NH3)4]

2+ to give [Cu(NH3)3(L)]
2+ (L = carbamic

acid) and NH3. The Cu(II) can either coordinate with the
NH2 group (N-coordination) or the carbonyl oxygen (O-
coordination) of carbamic acid. Both cases were investigated.
The [Cu(NH3)3(L)]

2+ intermediate then undergoes step 1 to
form a copper(II)-bound isocyanic acid intermediate upon the
loss of H2O, followed by step 2 to form a copper(II)-bound
urea upon the nucleophilic addition of NH3 to the copper(II)-
bound isocyanic acid (Figure S2 in the Supporting
Information). Four-coordinate Cu(II) intermediates were
studied throughout. The two barriers for steps 1 and 2 of
mechanism (a) are 62.5 and 37.6 kcal/mol for the N-
coordination or 56.3 and 32.7 kcal/mol (O-coordination),
respectively. The details are described in Figure S2 in the
Supporting Information. The presence of Cu(II)(NH3)4
increases the barrier of step 1 in mechanism (a). Thus, it is

unlikely for Cu(II)(NH3)4 to catalyze urea formation through
mechanism (a).
In line with the work by Tsipis et al.,7 we also performed

extensive studies on mechanism (a) in the presence of
Cu(II)(NH3)4 at the B3LYP/6-31G** level of theory, i.e.,
first isocyanic acid was produced (step 1) and then urea was
produced through the elimination of H2O. Many detailed steps
were considered in the reaction mechanisms. Since the overall
number of molecules was not the same for all of the considered
steps in these studies, the relative energies were compared for
the same elementary steps to gain useful information. The
results are summarized in the Supporting Information. The
solvent effects are not included in the calculations in the
Supporting Information. It was clear that H2O could
significantly reduce the reaction barriers in the investigated
H-transfer/H-extraction elementary reactions. In the formation
of isocyanic acid (Figure S6), the involvement of H2O reduced
the reaction barriers from 52.2 to 29.1 kcal/mol. In addition, in
the formation of urea (N-coordination; Figure S8), the
involvement of H2O reduced the reaction barriers from 26.6
to 15.5 kcal/mol. Finally, in another formation of urea reaction
(O-coordination; Figure S9), the involvement of H2O reduced
the barrier from 18.7 to 4.5 kcal/mol. However, the formation
of isocyanic acid reaction (Figure S6) still had a substantial
overall barrier (37.0 kcal/mol).
We were also interested in the role of NH3 as a cocatalyst

because NH3 would be around when ammonium carbamate
converted to carbamic acid and NH3. In the formation of
isocyanic acid (Figure S7 in the Supporting Information), a
series of intermediates and transition states were located. It
seemed that a large barrier was separated into several smaller
barriers, so the reaction activation barriers were significantly
reduced. When we investigated the structural details of the
intermediates and transition states, we noticed that there were
large structural variations with small energy differences, so that
solvent effects should be considered for reliable conclusions. In
the formation of urea (N-coordination; Figure S8), the
involvement of NH3 showed a TS with NH4

+ moiety and
the barrier (27.9 kcal/mol) was virtually the same as the
noninvolvement of NH3 (26.6 kcal/mol). In another formation
of urea reaction (O-coordinate; Figure S9), no transition states
could be located. To draw a reliable conclusion, we included
solvent effects with a continuous PCM model (SMD-water) to
reinvestigate the role of NH3 in the formation of isocyanic acid
(Figure S3 in the Supporting Information). The transition state
was found to have one NH4

+ unit (the Mulliken charge for the
NH4 unit was +0.925, and the APT charge was +1.06), while
the net charge on N(H) was −0.729 (Mulliken) or −1.135
(APT). The activation barrier was 19.3 kcal/mol, but detailed
intrinsic reaction coordinate (IRC) analyses indicated that
both forward and reverse reaction paths lead to the same initial
complex structure.

Discussions on the Role of Cu(II). Cu(II) is a borderline
Lewis acid.68 Therefore, it coordinates favorably with the
oxygen atoms of carbamic acid. Cu(II) can coordinate with
carbonyl oxygen, rendering it more susceptible to nucleophilic
attack by NH3 (Scheme 4 and Figures 1 and 2). Upon a
nucleophilic attack, an adduct intermediate bearing a
tetrahedral carbon is formed (Scheme 4). Alternatively, Cu(II)
can coordinate with the OH group on the tetrahedral carbon
and facilitate the elimination of H2O (Figure 2). The activation
of the OH leaving group of a tetrahedral carbon intermediate
could be the key to catalyze urea formation. Without the
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formation of an adduct intermediate with a tetrahedral carbon,
the activation barriers for urea formation are high, as discussed
in the Other Possible Pathways section. The proposed
mechanism in the Mechanisms That Involve Adduct
Intermediates section can be considered as a combination of
mechanisms (b) and (c), which are discussed in the Other
Possible Pathways section.
Cu(II) is also a late-transition metal with a partially filled

3d94s0 electron configuration. Therefore, its high effective
nuclear charge and significant crystal-field stabilization
energy61,62 enable the formation of stable 4-coordinate,
square-planar complexes. Although 4-coordinate, square-planar
structures are mostly found in d8 metals, such as Ni(II),
Pd(II), Ir(I), and Pt(II),61,62 our calculations suggested that
the 4-coordinate [Cu(NH3)4]

2+ is more stable in water than
the 6-coordinate [Cu(NH3)4(H2O)2]

2+ is. This preference for
a coordination number of 4 can be understood using the three
coordination spheres discussed in the Structure of Ammonium
Carbamate section.
Cu(II) has a strong tendency to form the 4-coordinate

[Cu(NH3)4]
2+ complex, so that the reaction mixtures are in

favor of [Cu(NH3)4]
2+, CO2, and 2NH3. Intermediate 1 is 8.1

kcal/mol higher (14.6 kcal/mol at 393.15 K; Table S2) in
Gibbs energy than [Cu(NH3)4]

2+, CO2, and NH3, i.e., the
equilibrium constant K toward 1 is only 1.15 × 10−6 at 298.15
K (7.65 × 10−9 at 393.15 K, using K = e−ΔG/RT); however, the
carbamic acid and the corresponding Cu(II) adduct inter-
mediates (e.g., 2 and 4) are necessary to synthesize urea. The
relatively high barriers (>25 kcal/mol) could be consistent
with a slow and endothermic reaction in experiments. For the
rational design of transitional metal catalysts for urea synthesis,

our study suggests that active catalysts can be screened
computationally for low barriers in the proton transfer and C−
O bond breakage steps that are described in Figures 1 and 2. In
addition, the catalyst should be stable in the presence of NH3
or it could be converted to a metal−ammonia complex in situ,
such as the case for [Cu(OH2)5]SO4 vs Complex 1 that is
described in entry 7 in Table 1.

Catalytic Pathways Involving Complexed Ammonium
Carbamate and Complexed Carbamate in the Absence of
NH4

+. Figure 3 shows the catalytic mechanism using the
complex of ammonium carbamate and Cu(II)(NH3)4 as the
starting point. In step 1, the 5-coordinate Cu(II)−complex 7
rearranges to the 4-coordinate Cu(II)−complex 8 by moving
away one coordinate NH3 ligand so that the ammonium
carbamate ligand moves from the middle coordination sphere
to the inner coordination sphere (the Cu...O distance shortens
from 2.213 to 1.962 Å). In complex 8, the reacting NH3 ligand
forms a hydrogen bond with one of the remaining NH3
molecules on Cu(II) (the N...H distance is 1.941 Å) and
positions toward the central carbon of ammonium carbamate
(the N...C distance is 3.279 Å). The total Gibbs energy slightly
increases in the rearrangement (1.1 kcal/mol). In step 2, the
reacting NH3 molecule in complex 8 attacks the central C with
its lone pair to form adduct intermediate 9 through transition-
state TS8−9 (the reaction barrier is 26.1 kcal/mol). The adduct
complex 9 is significantly different from TS8−9 in the N...C
distances (1.595 vs 1.924 Å), but it is slightly higher than
TS8−9 in the total Gibbs energy due to the contributions from
entropy and zero-point vibrational energy (ZPVE). In step 3,
an internal H-transfer converts complex 9 to complex 10
through TS9−10. It is interesting that any complexes similar to

Figure 3. Pathway with ammonium carbamate is identified based on a similar mechanism shown in Scheme 4. The 5-coordinate Cu(II)−complex 7
rearranges to 4-coordinate Cu(II)−complex 8, which then forms adduct intermediate 9 through TS8−9. An internal H-transfer forms another
adduct intermediate 10 through TS9−10. Finally, the NH4

+ facilitates the removal of H2O to produce the formation of urea. The numbers in the
parentheses are relative Gibbs free energies in kcal/mol. The bond lengths are in Å, and red numbers are imaginary frequencies in cm−1.
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10 are not located in pathways involving carbamic acid
(Figures 1 and 2). Finally, the removal of a H2O molecule
through TS10−11 produces urea with a small activation energy
(0.9 kcal/mol). Here, the activation barriers of the elementary
steps are relatively higher than those of the corresponding
steps with carbamic acid: 26.1 kcal/mol (TS8−9) vs 24.2/19.1
kcal/mol (TS1−2/TS1−3) and 26.6 kcal/mol (TS9−10) vs 25.5/
22.6 kcal/mol (TS2−5/TS3−5). Intermediate 7 is 2.9 kcal/mol
higher in Gibbs energy than Cu(II)(NH3)4 + CO2 + 2NH3 at
the B3LYP/6-31G** + SMD-water level of theory (Table S2).
It is interesting that the COO...H...NH3 unit of ammonium

carbamate is more like COO−H...NH3 only in TS8−9 and
complex 9, possibly because complex 9 and TS8−9 have
zwitterion characteristics. From 8 to 9, the reacting NH3
molecule loses electrons (ATP charges from +0.026 to +
0.169) and the H in the hydrogen bond (in red color in Figure
3) gains electrons (ATP charges from +0.750 to +0.743). The
presence of NH4

+ enables the formation of intermediate 9 that
has carbamic acid characteristics, so that the overall reaction
barrier of 53.0 kcal/mol uphill from intermediate 7 reduces to
two medium barriers (24.9 and 26.9 kcal/mol at 393.15 K;
Table S2).
Since Cu(II) possibly forms a complex with a carbamate

anion,53,55,69 the reaction pathway involving [Cu(NH3)4]
2+

and a coordinated carbamate anion, in the absence of the
NH4

+ ion from ammonium carbamate, was searched at the
B3LYP/6-31G** + SMD-water level of theory. Figure S13 is
focused on the intermediates and transition states involved in
the key step of the C−O bond breakage. The 5-coordinate
Cu(II)−complex 12′ rearranges to a more stable (by 2.95
kcal/mol) 4-coordinate complex 12, in which the reacting NH3
molecule forms hydrogen bonds with a carbamate anion
(2.3103 Å) and an NH3 ligand of Cu(II) (1.930 Å). A shallow
adduct intermediate similar to 9 in Figure 3 could not be
located; instead, a transition state with a substantially higher
activation energy (52.2 kcal/mol) gives rise to 13 from 12. The
activation barrier increases to 56.2 kcal/mol (Table S2) at
393.15 K. Complex 13 can then give rise to NH3 and H2O
with NH4

+ in a similar manner to the transformation of 10 to
11 in Figure 3.

■ CONCLUSIONS
A well-defined and water-soluble Cu(II) complex,
tetraammineaquacopper(II) sulfate, catalyzes urea formation
from ammonium carbamate, which can be made from CO2 and
NH3. The reaction does not require supercritical conditions.
The reaction can be conducted in an aqueous solution, and the
amount of water in the reaction mixture drastically affects the
yield. An 18 ± 6% yield of urea was obtained in the presence of
28.9 ± 3.2 μL of water at 120 °C over 15 h. Up to 75 catalyst
turnovers were obtained at 150 °C. Such yield and turnover
were comparable to or better than the known catalytic urea
synthesis carried out at or below 120 °C over 72 h.5,19 The
product urea was characterized using FT-IR, PXRD, and
quantitative 1H{13C} NMR analyses. The catalyst was
recovered at the end of the reaction in up to 70% recovery
yield, verified by FT-IR, PXRD, and quantitative UV−vis
analyses.
In computational studies, carbamic acid (as a transient

intermediate) forms a complex with [Cu(NH3)4]
2+. The

complex then undergoes a nucleophilic attack on the carbonyl
of carbamic acid via an NH3 ligand. As a result, the adduct
intermediates 2, 3, and 4 are formed with a tetrahedral carbon

moiety coordinated to Cu(II). These adduct intermediates
have shallow minima on the potential energy surfaces. The
proton transfer and the removal of the OH group lead to urea
formation. To complete the catalytic cycle, a free NH3 from
the reaction mixture regenerates the catalyst [Cu(NH3)4]

2+

from either the [Cu(urea)(NH3)3]
2+ or [Cu(H2O)(NH3)3]

2+

complex. Importantly, the formation of the adduct inter-
mediates 2 and 4 is the key to low reaction barriers. The
coordination of Cu(II) to the OH group of adduct
intermediate 4 facilitates the removal of OH, giving a low
reaction barrier of 2.0 kcal/mol from intermediate 4 (Figure
2). The Cu(II)-coordination with the carbonyl oxygen
stabilizes adduct intermediates 2 and 4 so that one potentially
high barrier is split into two low activation barriers to urea
formation.
By DFT calculations, carbamate anion has lower complex-

ation energy (by 5.85 kcal/mol) than carbamic acid to
[Cu(II)(NH3)4]

2+, indicating that [Cu(II)(NH3)4]
2+-carba-

mate anion should be the starting point of the catalyzed
reaction. However, no intermediate similar to 9 could be
located with a carbamate anion (Figure S13), while
intermediate 9 starting from [Cu(NH3)4]

2+-ammonium
carbamate shows carbamic acid characteristics. Thus, carbamic
acid can be involved as a transient intermediate in the catalytic
conversion of carbamic ammonium to urea, even though the
free carbamic acid is not stable at an ambient or elevated
temperature.

■ EXPERIMENTAL PROCEDURE
General. Reagent-grade copper(II) sulfate pentahydrate, ammo-

nium carbamate (99%), absolute ethanol (200 proof), aqueous
ammonia solution (32 wt %), benzene, and DMSO-d6 (deuterated
dimethyl sulfoxide, >99%) were purchased from Sigma-Aldrich or
VWR International. Tetraammineaquacopper(II) sulfate was pur-
chased from Strem Chemicals and Sigma-Aldrich. The complex was
also synthesized from copper sulfate pentahydrate using a method in
the literature.70 High-purity urea (>99%) was purchased from Duda
Energy. CuO and Co3O4 powders were purchased from Sigma-
Aldrich. Silicone heating oil, with a maximum operating temperature
of 200 °C, was purchased from Fisher Scientific. Distilled water was
used. Water in the catalytic reactions was delivered using either 0.5
mL or three drops of water with a 1 mL Norm-Ject disposable plastic
syringe and a BD PrecisionGlide needle: gauge 22 and 1 in. An
average mass of three drops of water, over seven measurements, was
28.9 ± 3.2 mg, which corresponds to 28.9 ± 3.2 μL.

Fourier Transform Infrared Spectroscopy (FT-IR). FT-IR
analyses were performed using a Mattson Galaxy Series 3000
instrument. Samples for FT-IR were prepared by grinding in a
mortar and pestle. The resulting powder mixture was analyzed via
attenuated total reflectance (ATR) detector. The FT-IR spectra were
collected from 600 to 4000 cm−1 and with a 1 cm−1 resolution.

FT-IR Spectroscopy of Complex 1. The FT-IR stretches of
Complex 1 in the literature39 are N−H antisymmetric stretch: 3327
and 3253 cm−1; N−H symmetric stretch: 3169 cm−1; N−H bending
modes: 1669, 1639, 1300, and 1283 cm−1; and N−H rocking mode:
735 cm−1.

Powder X-ray Diffraction (PXRD). A PXRD analysis was
performed on a Rigaku Miniflex 600 instrument, equipped with a
graphite crystal monochromator, a NaI scintillation counter detector,
and a Cu Kα X-ray source. The goniometer has a minimum step
width of 0.005 and an accuracy of 0.02. Data collection was performed
under 40 kV and 15 mA (600 W). Qualitative and quantitative data
analyses were conducted using a PDXL II software suite. The ICDD
PDF4-mineral 2018−2019 database was used for phase indexing. A
quantitative phase analysis of CuO was performed using a known
amount of Co3O4 as an internal standard and the whole-pattern-
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profile-fitting (WPPF) and quantitative analysis features of a Rigaku
PDXL II. Details of the instrument and the quantitative phase analysis
are included in the Supporting Information.
The samples were ground using a mortar and pestle before analysis.

Unless specified otherwise, 20−40 mg of powder was evenly spread
across a 2 cm × 2 cm glass sample holder with a 0.2 or 0.5 mm indent,
purchased from Rigaku. The sample was then pressed to a thin layer
using a glass slide to form a flat surface. The data were collected from
15 to 80° 2θ with a scan rate of 2° 2θ per minute to analyze Complex
1. In the analysis of urea, the data were collected from 15 to 50° 2θ
with a scan rate of 2° 2θ per minute for efficient analysis.
UV−Vis Spectroscopy of Complex 1. Complex 1 was dissolved

in a 1 M aqueous ammonia solution. The resulting solution has
Complex 1 at 4 mM. The UV−vis spectrum of the solution was
obtained using a Cary 50 Bio spectrophotometer under wavelengths
ranging from 300 to 800 nm at 23 °C. A band at λmax = 605 nm was
observed, assigned to the spin-allowed, d-to-d transition of the square-
planar, d9 [Cu(NH3)4]

2+ complex. When using distilled water as the
solvent without any NH3, a minimum amount of water is used to
avoid decomposition to Cu(OH)2, a solid precipitate that is at
equilibrium with Complex 1.28

High-Pressure Reactors. Urea synthesis from ammonium
carbamate was conducted in 22 mL high-pressure metal reactors,
purchased from Parr Instrument Company. They are made of a
corrosion-resistant Hastelloy C-276 alloy. The maximum pressure is
1700 psi at 300 °C. All of the experiments were conducted under
much milder conditions than the maximum: pressure of up to 300 psi
and temperature up to 150 °C. The pressure was 50 psi at 120 °C for
the reaction described in entry 1 in Table 1. Metal reactors made of
T316 stainless steel were avoided because they often led to visible
corrosion of the reactor via ammonium carbamate, leaching orange
species that can catalyze the urea formation from ammonium
carbamate.
Heating was then performed in either a drying oven or a heated

silicone oil bath. The temperature was controlled and monitored
using a thermometer or a thermal couple. The reaction pressure was
monitored using a pressure gage integrated into a gage block assembly
made by Parr Instrument Company.
CuO-Catalyzed Urea Formation. CuO in a 1% catalyst loading

(0.26 mmol, 20 mg) and ammonium carbamate in 2.0 g (26 mmol)
were added to a high-pressure metal reactor under air. An oven was
preheated to 120 °C. The oven door was briefly opened, the high-
pressure reactor was placed in the oven, and the oven door was
quickly shut. The heating lasted for 3 days. Then, the oven was turned
off and the door was opened to allow for cooling by air. The cooling
took 30 min for the reactor to reach an ambient temperature (25−50
°C). The solid mixture containing the urea product was then dried
under vacuum, with a liquid N2 trap at 22 °C for 30 min to 1 h to
remove the water side product.
The solid sample was then ground to a fine powder, which was

stirred using a spatula to obtain a uniform sample. A 40 mg sample of
the entire solid mixture was analyzed via 1H{13C} NMR spectroscopy
(see the Quantitative Analysis of Urea Using Solution-Phase
1H{13C} NMR Spectroscopy section for details). Urea was detected
at a 22% yield (5.6 mmol) based on the ammonium carbamate (26
mmol) starting material. The urea product after purification, via
extraction with methanol, was confirmed by FT-IR and PXRD
analyses (see the next section for details).
Purification by Extraction with Methanol. To analyze the urea

product by FT-IR and PXRD spectroscopy, we purified urea using
solid extraction via methanol. After the removal of water under
vacuum for the reaction in the previous paragraph, the urea in the
crude product mixture was extracted using 15 mL of methanol in a 50
mL centrifuge tube, followed by centrifugation at 3000 rpm for 3 min
to separate the liquid from the solid. Vortexing was performed to
ensure a thorough liquid−solid mixing. The solution of urea in
methanol was then decanted into a 100 mL round-bottom flask,
leaving the insoluble solid in the centrifuge tube. The methanol
extraction was performed once more, and the solution was combined
with the previous portion. The methanol was then removed under

vacuum using a Rotavap at 45 °C for 30 min. The unreacted starting
material, ammonium carbamate, was also present in the methanol
solution, but it rapidly decomposed to CO2 and NH3, which were
removed under vacuum. The dry powder was then analyzed by FT-IR
and PXRD spectroscopy.

Catalytic Urea Synthesis Using Complex 1 in 0.5 mL of
Water at 120 °C (Entry 1 in Table 1). Complex 1 in a 1% catalyst
loading (64 mg, 0.26 mmol), ammonium carbamate in 2.0 g (26
mmol), and water in 0.5 mL were added to a high-pressure metal
reactor under air. The details of the syringe and needle are described
in the General section.

An oven was preheated to 120 °C. The oven door was briefly
opened, a high-pressure reactor was placed in the oven, and the oven
door was shut quickly. The temperature in the oven dropped to 110
°C after placing the reactor. The heating lasted for 15 h, after which
the oven was turned off and the door was opened to allow cooling by
air. The cooling took 30 min for the reactor to reach an ambient
temperature (25 °C). Urea at a 5% yield, based on ammonium
carbamate, was obtained by 1H{13C} NMR analysis using benzene as
an internal standard and in DMSO-d6 (see the Quantitative Analysis
of Urea Using Solution-Phase 1H{13C} NMR Spectroscopy section
for details). The urea content was 90 ± 10% after purification by
methanol extraction (see the Purification by Extraction with Methanol
section for details). The purity was determined by comparing the total
weight of the sample to the amount of urea measured using a
quantitative 1H{13C} NMR analysis.

Powder X-ray Analyses of Urea and Biuret. The purified urea
product was characterized by powder X-ray diffraction. Phase indexing
was performed using the ICDD (The International Centre for
Diffraction Data) PDF card of urea: 01-083-1436. The most intense
reflections of urea appear at 22.19, 36.83, and 31.24° 2θ. All
reflections matched those of urea. No significant biuret was
detected.36

An attempt on the PXRD analysis of the potential side product,
ammonium bicarbonate, was conducted for the reactions shown in
entries 1 and 4 in Table 1. The analysis was performed after drying
the crude product in vacuum for 30 min to 1 h and purification by
extraction using methanol (see the Purification by Extraction with
Methanol section for details). The PDF card of ammonium
bicarbonate (teschemacherite), 00-044-1483, was used for phase
indexing. The most intense reflections of ammonium bicarbonate
appear at 16.75° 2θ. We could not determine whether ammonium
bicarbonate is present because this reflection at 16.75° 2θ overlaps
with the reflection of Complex 1 at 16.77° 2θ. A PXRD spectrum of
Complex 1 is included in Figure S4 in the Supporting Information
along with a list of reflections.

Catalyst Recovery and Spectroscopic Analyses. At the end of
the reaction described in entry 1 in Table 1, the water was removed
under vacuum and the solid was ground to a fine powder. Urea and
ammonium carbamate in the crude product were removed via
extraction using methanol (2 × 15 mL). A 50 mL centrifuge tube was
used for the extraction. Vortexing was performed to ensure a thorough
liquid−solid mixing. Centrifugation was performed at 3000 rpm for 3
min, and the supernatant was decanted.

The solid mixture, which is insoluble in methanol, consists of
Complex 1 and a white, solid impurity. The solid mixture was
resuspended in 15 mL of methanol in a 50 mL centrifuge tube. The
impurity has a large particle size and quickly precipitates at the
bottom of the tube. The purple solids, Complex 1, are fine particles
and are temporarily suspended in methanol. This solution suspension
of Complex 1 was decanted into a round-bottom flask, leaving behind
the impurity at the bottom of the centrifuge tube. Upon solvent
removal using a Rotavap, Complex 1 was recovered and confirmed via
FT-IR and PXRD spectroscopy.

Copper(II) Recovery by Precipitation with CO2. At the end of
the reaction described in entry 1 in Table 1, the product mixture was
dissolved in 5 mL of water and transferred to a round-bottom flask.
Water and ammonium carbamate were removed under vacuum with a
liquid N2 trap at 50 °C for 30 min. To thoroughly remove free NH3
that can coordinate to copper(II), water in 5 mL was used to dissolve
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the product mixture again, followed by evaporation with liquid N2
trap at 50 °C for another 30 min. Water in 5−10 mL was added to
dissolve the solid, and CO2 was vigorously bubbled into the solution
for 3 min to precipitate copper(II) in the form of the basic copper
carbonate (Cu2CO3(OH)2). The cyan solid was filtered out and dried
on a suction funnel at 23 °C for 30 min.
Catalytic Urea Formation by the Recovered Basic Copper

Carbonate. The recovered basic copper carbonate (0.128 mmol or
28 mg of Cu2CO3(OH)2) was used as a catalyst in 1% loading, based
on copper(II), for urea synthesis in 0.5 mL of water at 120 °C over 15
h. Urea formed in a 2% yield, which was measured using quantitative
1H{13C} NMR spectroscopy with benzene (15 mg) as the internal
standard. This reaction was carried out in an open glass vial (1.18 ×
0.87 in, made by MaxMau) that was placed in a C-276 Hastelloy
reactor to prevent corrosion from the metal reactor. Only the urea
formed inside the glass vial was analyzed for the yield. Under
otherwise identical conditions, Complex 1 gave urea in a 4% yield.
UV−Vis Quantitation of the Recovered Complex 1. To

quantify the recovered complex, the reaction, described in entry 1 in
Table 1 was performed again. At the end of the reaction, water, urea,
and ammonium carbamate were removed by drying in vacuum,
methanol extraction (2 × 15 mL), and centrifugation, as described in
the previous paragraph. The solid that is insoluble in methanol was
dissolved in a 1 M aqueous ammonia solution to form a 10 mL
solution using a volumetric flask. The absorption at λmax = 605 nm
was used to quantify Complex 1. A calibration plot was made using
10 mL solutions, which contained Complex 1 in 0.008, 0.016, 0.024
M, and a blank sample, which contained only a 1 M aqueous
ammonia solution. The molar absorptivity was 53.6 L mol−1 cm−1,
and the path length was 1 cm. The concentration of the recovered
Complex 1 was 0.0073 M, corresponding to a 29% recovery yield.
The recovery yield of Complex 1 can be increased to 70% by the

following procedure. At the end of the reaction described in entry 1 in
Table 1, the product mixture was transferred to a round-bottom flask
with the help of 5 mL of methanol. Water in this solution was
thoroughly removed under vacuum at 50 °C with a liquid N2 trap for
1 h. The resulting solid underwent methanol extraction (2 × 15 mL)
and centrifugation to remove urea from Complex 1, as described in
the Catalyst Recovery and Spectroscopic Analyses section. No
insoluble white solid was observed in this extraction procedure.
After the extraction, the remaining solid was dried under vacuum,
dissolved in a 1 M aqueous ammonia solution, and analyzed by UV−
vis spectroscopy.
Catalytic Urea Synthesis Using Complex 1, with 28.9 μL of

Water, and at 120 °C (Entry 4 in Table 1). Complex 1 in a 1%
catalyst loading (64 mg, 0.26 mmol), ammonium carbamate in 2.0 g
(26 mmol), and water in 28.9 ± 3.2 μL were added to a high-pressure
metal reactor under air. The water was added via a syringe. The
details of the syringe and needle are described in the General section.
An oven was preheated to 120 °C. The oven door was briefly

opened, a high-pressure reactor was placed in the oven, and the oven
door was shut quickly. The temperature in the oven dropped to 110
°C after placing the reactor. The heating lasted for 15 h, the oven was
turned off, and the door was opened to allow cooling by air. The
cooling took 30 min for the reactor to reach an ambient temperature
(25 °C). Urea was detected at an 18 ± 6% yield, based on ammonium
carbamate, using a 1H{13C} NMR analysis in DMSO-d6, where
benzene was an internal standard. The quantitative NMR analysis is
described in the Quantitative Analysis 1H{13C} NMR Spectroscopy
section.
UV−Vis Analysis of Copper(II) Biuret. At the end of the

reaction described in entry 1 of Table 1, the product mixture was
dissolved in water (5 mL). A 1 mL portion of this solution was diluted
to 2 mL and analyzed by UV−vis spectroscopy. No absorption for
copper biuret at 540 nm was detected.35

Quantitative Analysis of Urea Using Solution-Phase 1H{13C}
NMR Spectroscopy. A Varian 400 MHz or an Anasazi 60 MHz
NMR spectrometer was used for the quantitative 1H{13C} analysis of
urea. The data processing was performed using ACD Spectrus
Processor software. At the end of the reaction described in the

previous paragraph and in entry 4 in Table 1, the solid mixture
containing the urea product was dried under vacuum for 30 min to 1
h to remove the water. The sample was then ground to a fine powder
and stirred using a spatula to obtain a uniform sample. The solid after
drying and grinding has a total mass of 1440 mg. A 42.6 mg portion of
the total sample was dissolved in 0.75 mL DMSO-d6 and analyzed by
1H{13C} NMR spectroscopy.

Benzene, an internal standard in 8.9 mg, was then added to the
DMSO-d6 solution. The solution was analyzed using 1H{13C} NMR
spectroscopy with the six equivalent proton signals of benzene,
referenced at 7.33 ppm. The broad chemical shift at 5.49 ppm was
assigned to the four N−H equivalent hydrogen atoms of urea. The
urea was detected at a 24% yield (6.2 mmol) based on the starting
ammonium carbamate material (26 mmol). No significant amount
(>1%) of any other organic product was detected. The experiment
was conducted thrice to obtain an average yield of 18 ± 6%. The
characterization and quantitation methods were validated by testing a
purchased sample of urea in 40 mg.

Catalytic Urea Synthesis Using Complex 1 without Water at
150 °C (Entry 16 in Table 1). Complex 1 in the 0.2% catalyst
loading (12 mg, 0.051 mmol) and ammonium carbamate in 2.0 g (26
mmol) were added to a high-pressure metal reactor under air. An
oven was preheated to 150 °C. The oven door was briefly opened, a
high-pressure reactor was placed in the oven, and the oven door was
shut quickly. The temperature in the oven dropped to 125−130 °C
after placing the reactor, and it took 1 h for the temperature to
increase to 150 °C. The heating lasted for 17 h, the oven was turned
off, and the door was opened to allow cooling by air. The cooling took
30 min to 1 h for the reactor to reach an ambient temperature (25−50
°C). The solid mixture containing the urea product was then dried in
vacuum for 30 min to 1 h to remove water, a side product.

The solid sample was then ground to a fine powder, which was
stirred using a spatula to obtain a uniform sample. After drying and
grinding, the solid has a total mass of 1147 mg, of which 40 mg of the
sample was analyzed via 1H{13C} NMR spectroscopy (see the
Quantitative Analysis of Urea Using Solution-Phase 1H{13C} NMR
Spectroscopy section for details). Urea was detected at a 15% yield
(3.84 mmol) based on the ammonium carbamate starting material
(26 mmol), corresponding to 75 catalyst turnovers. The experiment
was reproducible. The turnovers were calculated by dividing the yield
of the urea by the catalyst loading.

Synthesis of Tetraammineaquacopper(II) Sulfate (Complex
1). Complex 1 was synthesized using a literature method,70 where
copper(II) sulfate pentahydrate and excess aqueous ammonia were
combined, followed by precipitation by alcohol at 0 °C. The product
was purified by washing with ethanol and pentane. The synthesis is
highly reproducible. A purchased sample from Strem Chemicals was
also used for catalysis. A PXRD spectrum of this complex, along with
a list of reflections, is included on page 10 of the Supporting
Information.

Calculation Methods. All structures are optimized at the B3LYP/
6-31G** level of theory71,72 with an SMD-water continuum solvent
model,73 and the frequencies are calculated at the same level to
confirm that the structures are either minima (no imaginary
frequencies) or transition states (only one imaginary frequency).
The intrinsic reaction coordinate (IRC) method was employed to
follow the forward and reverse reaction paths for every transition
state, so that the corresponding reactants and products are
identified.74 All calculations are done with the Gaussian program
package. In section 3.2, the Gibbs free energies are additionally
estimated with single-point calculations at the M062x/6-311+
+G(3df,2pd) + SMD-water level of theory,75 which is denoted as
M062x/6-311++G(3df,2pd)//B3LYP/6-31G** + SMD-water. The
sign “//” means “using the optimized structures of”. The DFT
calculations with both B3LYP and M062x are done with the
unrestricted formula, UB3LYP or UM062X. The Mulliken spin
density on Cu(II) is ∼0.74 in all species, and the spin densities are
predominantly localized on Cu(II). The SMD solvent method was
specifically developed to predict free energies of solvation by using
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different values for the radii and nonelectrostatic terms from the
default SCRF model.73
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