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This paper reports an effective route for the syntheses of N-substituted dicarbamates from dialkyl
carbonates and polyurea derivatives, in which polyurea derivatives could be successfully synthesized
from aliphatic diamines and CO, in the absence of any catalyst. Under the optimized reaction conditions,
various N-substituted carbamates were successfully synthesized with 93-98% isolated yields over a
MgO—ZnO catalyst. The catalyst could be reused for several runs without deactivation. The catalysts were
characterized with X-ray photoelectron spectroscopy, X-ray diffraction and temperature-programmed

desorption.

1. Introduction

The reduction, capture, or utilization of CO, discharged from
industrial processes is one of the greatest scientific and techno-
logical challenges of the 21st century. Moreover, CO, is a non-
toxic, abundant and economical C1 feed stock and various
methodologies have been developed for chemical fixation of
CO, to valuable chemicals, including urea, salicylic acid, syn-
thesis gas, carbonates and urea derivatives.”’ Among them, urea
derivatives are widely used as intermediates for biologically
active compounds, pesticides, herbicides, medicines, and
pigments.®'® Meanwhile, they can also be regarded as potential
precursors of carbamates and isocyanates, which are useful raw
materials of polyurethanes.'" In this regard, successful routes to
urea derivatives directly from CO, and amines have been
reported. Although the 1,3-disubstituted ureas and cyclic ureas
are obtained in moderate to excellent yields from
monoamine”'?'* and ethylene diamine,'” respectively, there
were limited reports for the polyurea derivatives syntheses
directly from CO, and diamines.'® Moreover, organic carbonates
are also important intermediates for organic synthesis, in which
they are mainly used as alkylating agents, carbonylating agents,
and as a substitute for phosgene in the syntheses of polycarbo-
nates and polyurethanes.'” "

N-substituted carbamates represent an important class of com-
pounds showing various interesting properties and have wide
utility in various areas, including pharmaceuticals, agrochem-
icals, protection of amino groups in peptide chemistry, and as
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linkers in combinational chemistry.?' 2> Moreover, they have
become the potential raw material for the non-phosgene syn-
theses of isocyanates through thermal decomposition,* 2 such as
1,6-hexamethylene diisocyanate, isophorone diisocyanate, 4.,4'-
dicyclohexylmethane diisocyanate and 4,4'-diphenylmethane di-
isocyanate. The commercial process for carbamates syntheses has
been almost exclusively based on the phosgene technology,””*®
however, this process uses highly toxic phosgene and produces
highly corrosive hydrochloride as a side product. Thus, great
efforts have been made to explore environmentally benign
methods for carbamates production. There are several green
alternative routes for carbamates syntheses, such as reductive
carbonylation of nitro compounds,®*° oxidative carbonylation
of amines,>'*? methoxycarbonylation of amines®*~** and alcoho-
lysis of substituted ureas.*>*® However, the later two reactions
result in a poor atom economy and in each case alcohol or amine
are produced as byproducts, which decrease the efficiency of the
functional groups of the reagents. To improve the atom economy,
those two reactions have been coupled to synthesize the N-sub-
stituted carbamates, i.e., N-substituted carbamates have been syn-
thesized by using urea derivatives and dialkyl carbonates as raw
materials. Till now, several catalysts, including silica gel,
Bu,SnO, NaOCH3, PbCO; and La/SiO,, have been extensively
studied for the N-substituted monocarbamate syntheses.’ !
However, there was no report for N-substituted dicarbamate
syntheses from dialkyl carbonates and polyurea derivatives.
Another promising approach is the direct syntheses of carba-
mates from CO,, amines and alcohols, however, only monocar-
bamates could be synthesized with <66% to >90% of isolated
yields.**** Moreover, the direct N-substituted dicarbamates
syntheses from CO,, diamines and alcohols was not reported.
Herein, we report an effective route for the syntheses of poly-
urea derivatives from diamines and CO, in the absence of any
catalyst, which are then reacted with dialkyl carbonates to syn-
thesize N-substituted dicarbamates over a MgO-ZnO catalyst,
Scheme 1. Since the polyurea derivatives and dialkyl carbonates
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Scheme 1 Syntheses of N-substituted dicarbamates from dialkyl car-
bonates and polyurea derivatives based on diamines and CO,.

could be successfully synthesized from CO,, such a process not
only improves the functional group efficiency of the reagents,
but also fulfills the optimum utilization of CO,.

2. Experimental
2.1 Polyurea derivatives syntheses from diamines and CO,

All reactions were carried out in a 50 mL stainless steel auto-
clave with a magnetic stirrer. As an example, 10 mmol of 1,6-
hexamethylenediamine (HDA) and 3 mL of N-methyl-2-pyrroli-
done (NMP) were charged in the reactor, and the reactor was
saturated with CO, under a pressure of 2—5 MPa at room temp-
erature. The reaction proceeded at 150-200 °C for 8-24 h. After
the reaction, the autoclave was cooled down to room temperature
and carefully depressurized. After water addition and filtration
the resulted solid product was washed with deionized water,
recovered by filtration and then thoroughly dried in vacuum. The
solid product was weighed to determine the isolated yields. The
filtrate was analyzed by GC (Agilent 7890) equipped with a FID
detector to determine the conversion of diamine. The CP/MAS
13C NMR spectra were recorded on a Bruker AVANCE 11 WB
400 spectrometer equipped with a 4 mm standard bore CP/MAS
probehead. Fourier-transform infrared (FT-IR) spectra of solid
samples were recorded at room temperature with a Bruker Vertex
Nicolet 5700 FT-IR spectrometer in the region of
4000-400 cm™" with a resolution of 4 cm™'. X-ray diffraction
(XRD) measurements were carried out on a Siemens D/max-RB
powder X-ray diffractometer. The samples were scanned over the
26 range 10-70°. Differential scanning calorimetry (DSC) exper-
iments were carried out on a Mettler-Toledo DSC822¢ calori-
meter with heating and cooling-rates of 10 °C min~"' from 0 °C
up to 300 °C under N, flow. The first heating run was used to
remove all effects due to the thermal history of the sample and
only second heating runs were used.

2.2 N-substituted carbamates syntheses from polyurea
derivatives and dialkyl carbonates

All reactions were carried out in a 90 mL stainless steel auto-
clave with a glass tube inside and with a magnetic stirrer. Typi-
cally, 5 mmol polyurea, 10-75 mmol dibutyl carbonate (DBC),
and 3—15 wt% catalyst (based on the mass of charged polyurea)
were charged successively into the autoclave. Under a nitrogen
atmosphere, the reaction proceeded at 180-220 °C for 3-24 h.

After reaction, the autoclave was cooled down to room tempera-
ture. The catalyst and the unconverted polyurea were separated
by filtration and then thoroughly dried in vacuum. The resulted
solids were weighed and the mass of catalyst subtracted to deter-
mine the conversion of the polyurea. The qualitative and quanti-
tative analyses of the filtrate were conducted with GC-MS
(Agilent 6890/5973) and GC (Agilent 7890) equipped with a
FID detector. The products were also characterized with 'H, '*C
NMR and mass spectrometry.

2.3 Catalysts preparation and characterization

A series of catalysts of MgO-ZnO composite oxides with differ-
ent compositions were prepared by a co-precipitation method
using Mg(NOs3),:6H,0 and Zn(NOs),'6H,0 as starting materials
and Na,CO; as precipitant. At room temperature, an aqueous
solution containing 0-40 mmol Mg(NO;),'6H,O and
0-40 mmol Zn(NO3),-6H,0 was added dropwise into 100 mL
Na,COj solution (1.89 mol L™") with vigorous stirring. After fil-
tration and washing with 300 mL distilled water, the resulted pre-
cipitates were dried at 100 °C for 12 h. Then precursors were
calcined at 500 °C for 5 h. The obtained MgO—ZnO composite
oxides with different compositions were denoted as MgO,
3MgO-ZnO, MgO-Zn0O, MgO-3Zn0O and ZnO.

The BET surface areas, pore volumes and average pore dia-
meters of the catalysts were obtained with physisorption of N,
using a Micromeritics ASAP 2010.

X-ray photoelectron spectroscopy (XPS) analysis were
measured using a K-Alpha-surface analysis instrument with
Al Ko radiation (1361 eV) and all the binding energies were
referenced to the adventitious C Is at 285 eV.

X-ray diffraction (XRD) measurements were carried out on a
Siemens D/max-RB powder X-ray diffractometer. Diffraction
patterns were recorded with Cu Ko radiation (40 mA, 40 kV)
over the 26 range 15-85°.

Temperature-programmed desorption (TPD) of CO, and NH;
was carried out on a TPD flow system equipped with an MS
detector (DM300, AMETEK, USA) to study the acid—base pro-
perties of the catalysts. In a typical experiment, the solid sample
(100 mg with particle size 160200 pm) was pretreated at
500 °C for 1 h under nitrogen flow (50 mL min™") and then
cooled to room temperature. The sample was subsequently
exposed to CO, (NH;) stream (50 mL min~") at room tempera-
ture for 1 h and flushed again with nitrogen for 1 h to remove
any physico-adsorbed CO, (NHj3). The desorption profile was
recorded at a heating rate of 10 °C min™" from room temperature
to 500 °C.

3. Results and discussions
3.1 Polyurea derivatives syntheses from diamines and CO,

In the preliminary study, HDA was selected as a model substrate
to test this protocol. The CP/MAS '*C NMR spectrum of the
solid product, which was produced from the reaction of HDA
and CO; in the absence of catalyst (entry 1, Table 1), showed a
characterization peak at 159.7 ppm, indicating that the formation
of carbonyl in the urea linkage (Fig. 1).
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Table 1 Optimization of the reaction conditions for the polyurea-HDA
synthesis from CO, and HDA“

o
0 H
HzN\/\/\/\NH2 " Cozm‘{’N\/\/\/\HJ\h‘ + nH,0
Temperature ~ Pressure Yield®
Entry  (°C) (MPa) Time (h) Solvent (%)
1 180 4.5 24 NMP 96
2 150 4.5 24 NMP 58
3 160 4.5 24 NMP 73
4 170 4.5 24 NMP 85
5 200 4.5 24 NMP 89
6 180 4.5 8 NMP 50
7 180 4.5 12 NMP 74
8 180 4.5 16 NMP 84
9 180 4.5 20 NMP 90
10 180 2 24 NMP 20
11 180 3 24 NMP 59
12 180 5 24 NMP 97
13 180 4.5 24 None 3
14 180 4.5 24 CH;CN 78
15 180 4.5 24 DMF 42
16 180 4.5 24 n-Decane 2
17 180 4.5 24 Butanol 62

“Reaction conditions: 10 mmol HDA, 3 mL NMP, 50 mL autoclave.
b Isolated yield based on charged HDA.
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Fig. 1 CP/MAS *C NMR spectrum of the solid product of the reac-
tion of HDA with CO,.

Furthermore, the structure of the solid product was also
characterized by FT-IR spectroscopic analyses (Fig. 2). The
peaks at 1618 and 1577 cm™' are assigned to the amide I
(C=0) and amide II (CO-N-H), respectively, indicating the for-
mation of the urea linkage.'®*>*® Moreover, the stretching
vibration of C=O and N-H were observed at 1618 and
3329 cm™', respectively, suggesting that the solid product was
connected by ordered H bonding, as shown in Fig. 2, which was
formed through the active H atoms of the two urea donor groups
(N-H) in one urea molecule and an acceptor oxygen of the car-
bonyl group (C=O0O) in another urea molecule, but not the
free urea (~1690 cm™') or disordered H bonding
(~1650-1665 cm™").*>* From those two results, it could be
conjectured that the solid product based on HDA and CO, has
the polyurea structure with the urea linkage and connected by
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Fig. 2 (a) The FT-IR spectrum of the solid product of the reaction of
HDA with CO,. (b) Band assignments for the polyurea carbonyl and
N—H stretching modes.*®
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Fig. 3 The network structure of the polyurea-HDA.

the ordered H bonding, as schematically shown in the Fig. 3.
Therefore, the polyurea derivative (denoted as polyurea-HDA)
could be successfully produced from the reaction of HDA and
CO, in the absence of catalyst.
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In order to select the optimum reaction conditions, exper-
iments focused on the effects of the reaction temperature, time,
CO, pressure and solvent. The main results are presented in
Table 1. The polyurea-HDA yield increased rapidly with increas-
ing the reaction temperature and the yield reached a maximum at
180 °C, i.e. 96% (entries 1-4). Whereas, further increase of the
reaction temperature up to 200 °C caused a decrease in the yield,
presumably because that it was a reversible and exothermic reac-
tion, and was shifted to the left with increasing the temperature
(entry 5).*’ By increasing the reaction times, the yield of poly-
urea-HDA increased smoothly and reached a maximum yield
after 24 h (entries 6-9). We also found that the polyurea-HDA
yield was sensitive to the CO, pressure (entries 10—12). The
yield of polyurea-HDA increased with increasing the pressure up
to 5 MPa, but the yield was more sensitive to pressure up to
4.5 MPa, and the effect of pressure on the yield was much
smaller at the higher pressure. The main reason is that at lower
pressure, an increase in pressure enhances the reaction rate
because CO, is a reactant and the solubility of CO, in the reac-
tion phase increased with increasing CO, pressure. When the
pressure is higher than 4.5 MPa, the concentration of CO, in the
reaction phase is high enough, and therefore, the effect of
pressure on the yield is very limited at the higher pressure. More-
over, the solvent played an important role for such reactions
(entries 13—16). There was nearly no product formed without the
addition of any solvent, suggesting that the solvent is necessary
for this reaction to proceed well. The reaction in a polar solvent,
such as NMP, CH;CN and dimethyl formamide (DMF), resulted
in a higher yield of polyurea-HDA than in an apolar solvent,
such as n-decane. Of those, the highest yield of polyurea-HDA
was achieved when NMP was used as the solvent. Other amides
like DMF were tested as well, and important side product for-
mation was observed because DMF is not inert in the reaction
conditions. When another basic solvent like acetonitrile was
used, however, the result was far inferior to those obtained in
NMP. All these results suggested that both the basicity and
polarity of the solvent have great effects on the reaction.
Additionally, in order to investigate the possibility of the one-pot
reaction of diamine, CO, and alcohol to afford the corresponding
N-substituted carbamate, butanol was used as a solvent for the
reaction of HDA and CO,, entry 17. The results showed that the
corresponding carbamate was not detected and the main product
was the polyurea-HDA, which indicated that the one-pot reaction
of diamines, CO, and alcohol to the corresponding dicarbamates
was unfeasible under the present conditions.

In order to investigate the limitations and scope of this proto-
col, the reaction between several different diamines and mono-
amines, such as 1,4 butanediamine (BDA), isophorone diamine
(IPDA), 4,4'-diaminodicyclohexyl methane (HMDA), cyclohexyl-
amine (CA), butylamine (BA) and aniline with CO, for the
corresponding polyurea and urea derivatives were further tested
in the optimized conditions, and the results are given in Table 2.
The solid products obtained from other diamines (entries 1-3)
with CO, were also analyzed with CP/MAS '*C NMR and
FT-IR, and the results are shown in Fig. S1 and S2,f respect-
ively. All the CP/MAS *C NMR spectra showed a specific peak
around 160.0 ppm, indicating the formation of the carbonyl in
the urea linkage (Fig. S17). The results of FT-IR showed that the
solid products obtained from BDA and HMDA with CO, gave

Table 2 Syntheses of polyurea and urea derivatives with different
diamines and amines®

Entry  Amines Product Yield” (%)
) o2 f 0 78
% \/\/\H/q\n
2 93
o
FN NH, Tﬂ NH  Th

S U O e O I (N
OO v

PN 0
5 e /\/\NJ\N/\/\ 34
H H
o .
6 @—NHZ O\ﬁ )J\H @ No reaction
HoN o
7 12! \/\/\/\NH H 94c
2 +N\/\/\/\ﬁ)ﬂ?]

“Reaction conditions: 10 mmol diamine or amine, 3 mL NMP, 4.5 MPa
CO», 180 °C, 24 h, 50 mL autoclave. ” Isolated yield based on charged
amine. © 5 mmol HDA were charged.

similar FT-IR spectra with the polyurea-HDA, but for the solid
product obtained from IPDA and CO,, the stretching vibrations
of C=0 and N-H were observed at 1648 and 3340 cm™
(Fig. S27), respectively, suggesting that the disordered H
bonding may be formed as shown in Fig. 2, which could be
ascribed to the lower regularity of the cyclic structure with a side
chain substituent. All those results suggested that the polyurea
derivatives were successfully formed from the diamines and
CO,. The yields of the corresponding polyurea of aliphatic di-
amines were much higher than that of monoamines (entries 4-5).
This may be due to the fact that the binding of CO, by an amine
requires two equivalents of an amine, where one acts as a base
while the other binds the CO,: (2 R-NH, + CO, — R-NH;" +
R-NH-CO,~ or 2 NH,R-NH, + CO, — 2 "NH;-R-NH-
CO,~ or NH,~R-NH-CO,~ + NH,-R-NH;"), and such an
intermediate process may be more favourable for a diamine than
a monoamine. However, aniline was found to be unreactive, and
only starting material was recovered (entry 6). This could be
ascribed to the weaker basicity of the aromatic amine. Moreover,
in order to investigate the reactivity of diamine and monoamine
with the same amounts of NH, groups, the reaction of CO, with
5 mmol HDA was further tested, which has the same amount of
the NH, groups as 10 mmol monoamine. The result was added
in Table 2 entry 7 and showed that the yield of polyurea-HDA
was 94%, which was also higher than that of monoamine,
suggesting that the higher reactivity of the diamine than the
monoamine was less related to the amounts of the NH, groups.
Furthermore, the structure and the thermal properties of these
polyurea derivatives were characterized with XRD and DSC,
respectively. XRD analyses showed that all the polyurea deriva-
tives have a semi-crystalline structure except for the polyurea-
IPDA, Fig. 4. The disordered H bonding formed in the polyurea-
IPDA, which was confirmed by the FT-IR analysis as mentioned

2902 | Green Chem., 2012, 14, 2899-2906
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Fig. 4 XRD patterns of (a) polyurea-BDA (b) polyurea-HDA (c) poly-
urea-HMDA and (d) polyurea-IPDA.
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Fig. 5 DSC curves of (a) polyurea-BDA (b) polyurea-HDA (c) poly-
urea-HMDA and (d) polyurea-IPDA.

above, may be the major reason for the lower crystallinity in
comparison with other polyurea derivatives. From the DSC
curves of polyurea derivatives (Fig. 5), it can be seen that all the
polyurea derivatives exhibited glass transition behavior during
the heating process, but only the polyurea-HDA displayed a
melting process (melting point: 278 °C). The glass transition
temperature () of the polyurea-IPDA observed at 82 °C was
higher than that of other polyurea derivatives (7, = 73, 74 and
71 °C for polyurea-BDA, polyurea-HDA and polyurea-HMDA,
respectively), which could be due to the lower flexibility and
large hindrance of the cyclic structure with a side chain
substituent.

Additionally, because the polyurea derivatives synthesized in
this work were completely insoluble in conventional solvents,
the measurement of the molecular weight and distributions
become difficult via the traditional methods, such as end-group
analyses, colligative methods, light scattering methods, viscome-
try, gel permeation chromatography or mass spectrometry.

Table 3 The results of BHDC synthesis from DBC and polyurea-HDA
over different catalysts”

| i 2 MgO-ZnO it H
’{N\/W\ﬁj\l?\ + Bu\O/U\O,Bumn Bu\OJ\”/\/\/\/N\n/O\Bu
o
Entry Catalyst Conversion (%) Yield” (%)
1 None 1 Trace
2 NaOCH; 13 12
3 Bu,SnO 75 73
4 MgO 26 25
5 3MgO-ZnO 53 52
6 MgO-ZnO 98 96
7 MgO-3ZnO 14 12
8 ZnO 12 10
9 Used MgO-ZnO 97 95
10 MgCO; and ZnCO; 20 18

“Reaction conditions: 5 mmol polyurea-HDA; 50 mmol DBC; 10 wt%
catalyst (based on the mass of charged polyurea-HDA); 210 °C; 24 h.
? Isolated based on the charged polyurea-HDA.

3.2 N-substituted carbamates syntheses from polyurea
derivatives and dialkyl carbonates

A series of catalysts were screened for the dibutyl hexamethy-
lenedicarbamate (BHDC) synthesis with DBC and polyurea-HDA,
as shown in Table 3. In the blank test (entry 1), only a trace of
BHDC was produced, suggesting that the catalyst was essential
to such a reaction proceeding successfully. Previous studies
showed that the basic catalysts, such as NaOCH3; and Bu,SnO,
have good performance for the reaction of N,N-diphenyl urea
and dialkyl carbonate, but showed poor to moderate catalytic
activity for the production of BHDC and 13-75% polyurea-
HDA conversions were achieved (entries 2—3). When a typical
solid base, MgO, was used as a catalyst, it also showed poor
catalytic activity (entry 4). When a zinc component was intro-
duced into the magnesium oxide, the conversions of polyurea-
HDA were greatly improved and increased first with increasing
of zinc content, reaching its maximum 98% at a Mg/Zn molar
ratio of 1:1, and then sharply decreased (entries 5—8). Further-
more, the catalytic activity of the MgO-ZnO catalyst has almost
no changes after it was used for five runs (entry 9). Additionally,
after the reaction, the catalyst was recovered through filtration,
washing and calcination at 500 °C to remove the adsorbed
organic materials, and it was found that 3 wt% of the catalyst
was lost. The catalytic activity of the mixture of MgCO;3 and
ZnCO5 (6 mg, corresponding to 3 wt% of dissolved Mg”*" and
Zn*" from the originally charged MgO—ZnO catalyst during the
reaction) was further tested (entry 10). The results showed that
the mixture of MgCO; and ZnCO; gave low catalytic activity
and 20% conversion of the polyurea-HDA was obtained,
suggesting that the catalytic activity of the MgO-ZnO catalyst
could be mainly derived from the heterogeneous MgO-ZnO
catalyst, however, the phenomenon of homogeneous catalysis
with Mg”" and Zn*" during the reaction could not be completely
excluded.

By applying the optimized reaction conditions, the generality
of the MgO—ZnO catalyst in N-substituted carbamates syntheses
from different polyurea or urea derivatives and dialkyl carbon-
ates was investigated (Table 4).

This journal is © The Royal Society of Chemistry 2012
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Table 4 Syntheses of N-substituted carbamates with different urea
derivatives and dialkyl carbonates over MgO—ZnO catalyst”

Table 5 Physicochemical properties of the catalysts

Total basic

Dialkyl Conversion  Yield” SBET d, Vo sites
Entry Urea derivatives carbonate (%) (%) Entry Catalysts (m*g™") (mm)* (cm®g™)’ (umol g™h)
o
1 i DMC 97 65 1 MgO 29.1 26.3 0.21 69
t \/\Mu)Li‘n 2 3MgO-ZnO 10.5 256  0.06 23
o 3 MgO-ZnO 6.7 24.9 0.05 17
2 NSNS DEC 98 79 4 MgO-3Zn0 5.7 237 0.04 10
Hon 5 ZnO 5.5 11.7 0.02 8
3 R 9 DBC 08 9% 6 Used MgO-ZnO 6.9 251 0.06 19
N
oo “ Average pore diameter. ” Average pore volume.
ge p ge p
4 DBC 96 95
o
I
H NH Ty
o
5 DBC 95 93
OOy
n
o
6 DBC 99 98
Oy
DBC 98 97

“Reaction conditions: 5 mmol urea derivatives; 50 mmol dialkyl
carbonate; 10 wt% catalyst (bbased on the mass of charged urea
derivatives); 210 °C; 24 h. "Isolated based on the charged urea
derivatives.

Firstly, the impact of variation of the dialkyl carbonates on the
polyurea-HDA reaction to form the corresponding N-substituted
dicarbamates was tested, entries 1-3. When the dimethyl carbon-
ate (DMC) and diethyl carbonate (DEC) were used as substrates,
the conversions of polyurea-HDA were similar to that of DBC,
but the selectivities of the corresponding dicarbamates were
lower than those of DBC, which could be due to the formation
of N-methylated or ethylated byproducts. A previous report*®
showed that the dialkyl carbonates are an attractive alternative as
alkylating reagents for NH-containing compounds, and their
alkylation ability under the same conditions is as follows: DMC
> DEC > DBC. Thus, that there was no N-butylated product
observed over DBC might be due to its lower reactivity for the
alkylation. Then various polyurea or urea derivatives with differ-
ent structures were further investigated (entries 4—7). Excellent
yields of the corresponding N-substituted carbamates were
obtained. The results also showed that the conversions of the
polyurea derivatives based on diamines with a cyclic structure
and the yields of the corresponding N-substituted dicarbamates
were slightly lower than that of diamines with a linear chain
structure and monoamines, which could be ascribed to the high
steric hindrance of the cyclic structure.

3.3 Results of the catalysts characterization

The physical properties of the catalysts are summarized in
Table 5. Clearly, the BET surface area of the MgO—ZnO compo-
site oxides sharply decreased when the zinc component was
introduced into the magnesium oxide, and continuously
decreased with increasing of the zinc content, which might be
due to the fact that the BET surface area of the zinc oxide was
much lower than that of magnesium oxide (entries 1-5).

Intensity (a.u.)

o oooj o (b)

-

o2 @

10 20 30 40 50 60 70 80 920
20

Fig. 6 XRD patterns of (a) MgO (b) 3MgO-ZnO (c) MgO-ZnO (d)
MgO-3ZnO (e) ZnO and (f) used MgO—ZnO.

Meanwhile, the BET surface area of the used MgO-ZnO catalyst
was almost unchanged after it was used five times (entry 6). The
variation of the BET surface area of those MgO—ZnO composite
oxides combined with their catalytic activities for the N-substi-
tuted carbamates syntheses from urea derivatives and dialkyl car-
bonates suggested that the BET surface area has little effect on
the catalytic performance for such a catalytic system.

The XPS analyses of the fresh and used MgO-ZnO catalyst
showed that the surface composition of the used MgO—-ZnO cata-
lyst was similar to that of fresh MgO-ZnO (Fig. S47), suggesting
that the catalyst surface was not changed after it was used five
times.

XRD patterns of the MgO—ZnO composite oxides with differ-
ent zinc content are shown in Fig. 6. For MgO and ZnO, the
characteristic diffraction peaks of MgO and ZnO were observed
and there were no other phases corresponding to the magnesium
and zinc species. Moreover, the characteristic diffraction peaks
of MgO and ZnO were observed for all the MgO-ZnO compo-
site oxides, and the intensities of the ZnO characteristic diffrac-
tion peaks were enhanced and increased with increasing the zinc
content. In addition to the characteristic peaks of MgO and ZnO,
the characteristic peaks of the sodium carbonate also existed,
which may be derived from the retained sodium carbonate
during the catalyst preparation process. For used MgO—ZnO cat-
alyst, its XRD patterns were found to be similar with that of the
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Fig. 7 TPD-CO, profiles of (a) MgO (b) 3MgO-ZnO (c) MgO-ZnO
(d) MgO-3ZnO (e) ZnO and (f) used MgO—ZnO.

fresh MgO-ZnO catalyst, which suggested that the bulk structure
of the MgO—ZnO was not changed after it was used five times.
The TPD-CO, results of MgO, 3MgO-ZnO, MgO-3ZnO,
ZnO, fresh and used MgO—ZnO are shown in Fig. 7. Generally,
a peak of CO, desorption appeared at about 78 °C and was
observed over all the tested samples, this was derived from the
weak strength basic sites. For the MgO sample, another broad
peak centred at 250 °C was observed, which was attributed to
medium strength basic sites. The broad peak of CO, desorption
with medium strength basic sites was much reduced and finally
disappeared when the zinc component was introduced and the
zinc content was increased. In comparison with the fresh MgO—
Zn0O, the TPD-CO, profile of the used catalyst has almost no
difference. From the quantitative results of TPD-CO, (Table 5),
it can be seen that the total basic sites sharply decreased from 69
to 17 pmol g~' for pure MgO and MgO-ZnO, respectively,
suggesting that the zinc component mainly affects the amount of
the medium strength basic sites. Similar TPD-NH; characteriz-
ation was also carried out over the MgO—ZnO composite oxide
catalysts (not shown here), however, almost no NH; desorption
peak on the TPD-NH; curves was observed, which suggested
that these catalysts have weak or almost no acidities, but pos-
sessed weak basicities. According to the quantitative results of
TPD-CO, and catalytic performance results of those catalysts,
the conversions of polyurea-HDA were greatly increased with
decreasing of the total basic sites, especially when the medium
strength basic sites decreased, suggested that the medium basi-
city sites were unfavorable for the conversion of polyurea-HDA.
With further decreasing of the total basic sites, mainly the weak
basic sites, the conversions of the polyurea-HDA were sharply
decreased, which could be ascribed to the much less basic sites.
At this stage, much work is needed before clearly discerning the
catalytic reaction mechanism, however, previous studies®”*’
showed that the reaction between urea derivatives and dialkyl
carbonates promoted with basic catalysts proceeded via a nucleo-
philic substitution mechanism, which indicated that the basic site
of the catalyst acted as nucleophile reagents to activate the carbo-
nyl of the dialkyl carbonates and polyurea derivatives. Based on

this reaction mechanism, the lower activities of the ZnO and
MgO-3ZnO might be due to their lower amount of the basic
sites and weak basicity, which were unfavorable for the nucleo-
philic attack on the carbonyl of the dialkyl carbonates and poly-
urea derivatives. But for MgO with medium basicity, which
facilitated the nucleophilic attack on the carbonyl of the dialkyl
carbonates and polyurea derivatives, such relatively strong inter-
actions may lead to slower catalyst regeneration, resulting in
lower activity of MgO. Therefore, incorporation of a zinc com-
ponent into MgO may not only affect both the basicity strength
and number of basic sites, but also affect the surface carbonata-
tion rate of the mixed oxide, which may result in higher catalytic
activity. Therefore, the specific kinds and amounts of the basic
sites might be the major reason for the high catalytic activity of
MgO—-ZnO.

4. Conclusions

In conclusion, an effective route for the syntheses of N-substi-
tuted carbamates from dialkyl carbonates and polyurea deriva-
tives over MgO-ZnO catalyst was developed. The polyurea
derivatives could be successfully synthesized from aliphatic di-
amines and CO, in the absence of any catalyst. Under the opti-
mized reaction conditions, several important N-substituted
carbamates were successfully synthesized with 93-98% isolated
yields. The MgO—ZnO catalyst could be reused for several runs
without deactivation. The characterization results of the catalysts
suggested that the specific kinds and amounts of the basic sites
might be the major reason for the highly catalytic activity of
MgO—-ZnO.
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