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Abstract
Background: Carbamate esters represent an important class of organic compounds which find wide application in
chemical industry. Classical procedures for the preparation of carbamates are based on the reaction with a very
risky compound - phosgene or phosgene derivatives.
Results: A phosgene-free flow-system synthesis of eight carbamates in the reaction of various amines with dimethyl
carbonate has been presented. The influence of amine order and structure on their activity in the carbamoylation
process was studied. Fe2O3, Fe2O3/SiO2, Fe2O3/CoO/NiO/SiO2, TZC-3/1 and T-4419 were used as catalysts for the
process.
Conclusions: The iron – chrome catalyst TZC-3/1 was found to be the most active leading to approx. 70% yield of
methyl N-hexylcarbamate with an 80% selectivity in the reaction of n-hexylamine with dimethyl carbonate at 150°C.
Keywords: Carbamate ester, Amine, Flow system, Dimethyl carbonate

Background
In the drive for sustainability and efficiency in chemical processes, an increasing number of environmentally
friendly processes are being developed to reduce the application of hazardous materials and minimize energy
consumption. The phosgene-free synthesis of carbamates
from amines can be regarded as a step in this direction.
The reaction of amines with organic carbonates such
as dimethyl carbonate proceeds as follows:
ðcat:Þ

RNH2 þ R0 OCðOÞOR0 → RNHCðOÞOR0 þ R0 OH
ð1Þ
R’ = alkyl, aryl.
This is an environmentally benign synthetic route to
carbamate esters – compounds having wide range of applications in the chemical industry. They are important
intermediates in the synthesis of pharmaceuticals, agrochemicals and can also be used as protecting groups for
amine functionality [1-3].
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From the environmental point of view, other synthetic
methods for the synthesis of carbamates have many disadvantages [4-7] as shown in Figure 1.
Toxic and corrosive phosgene is required for reactions
1 and 2 (Figure 1). The isocyanate is produced by the reaction of alkylamine with phosgene. A larger than stoichiometric amount of bases such as NaOH is required
to neutralize the HCl produced in reactions 2 and 3
while reactions 4–6 must be performed at high temperatures and pressures.
The carbamoylation reaction [Eq.(1)] has recently attracted considerable attention because it provides a
non-phosgene route to N-alkyl carbamate [8]. Dimethyl
carbonate (DMC) is a safe, clean and green carbamoylating agent with lower negative environmental impact
[9-11]. However, the described reaction requires a suitable catalyst to promote the specific process at acceptable conversion rate and with satisfactory selectivity to
carbamates. Many catalytic systems have been developed for carbamoylation of amines with DMC. These
include enzymes [12], ionic liquids [13,14], organic
bases [15] and metal derivatives [16-22].
In this work, a continuous flow phosgene-free synthesis of eight carbamates in the reaction of various amines
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Reaction 1

Reaction 2
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Reaction 6

RNH2 + H2NCONH2 + R'OH
-2NH3

-2HCl

RNHCOOR'
Reaction 5

-HCl

-H2O

RNH2 + CO + 1/2 O2 + R'OH

Reaction 3

RNH2 + CClOOR'
Reaction 4

RNO +2 CO + R'OH

Figure 1 Synthetic methods of carbamate synthesis.

with dimethyl carbonate has been performed. The influence of the order and structure of the amines on their
reactivity in carbamoylation process was studied and the
activity of five heterogeneous catalysts investigated.

Experimental
Materials

Hexylamine HA, n-butylamine BA, cyclohexylamine CHA,
sec-butylamine secBA, dipropylamine diPrA, dibutylamine
diBA, benzylamine benzA and aniline were obtained from
Merck while DMC was obtained from Aldrich. The reactants were used without any further purification - purity >
99% as determined by gas chromatography.
Catalyst preparation and composition

98% Fe2O3 was obtained by temperature programmed
decomposition of iron (III) nitrate nonahydrate from
Sigma Aldrich. 10 wt% Fe2O3/SiO2 and Fe2O3/CoO/
NiO/SiO2 (10 wt% Fe2O3, 10 wt% CoO and 10 wt%
NiO) catalysts were prepared by incipient wetness impregnation of SiO2 (Evonik – AEROSIL 200) with a solution of the appropriate salt. TZC-3/1 catalyst was
obtained as a commercial product from Grupa Azoty
Tarnów (71.5 wt% Fe2O3, 7.3 wt% Cr2O3, 1.25 wt% CuO,
0.1 wt% Na and 0.015 wt% S). T-4419 (21 wt% Cr2O3,
78.95 wt% CuO) was a commercial product from Süd
Chemie.
All catalysts were dried at 393 K for 12 h and then calcined at 773 K for 4 h before reactions.

glass beads (2 g) were placed on the catalyst bed for reactions without catalyst (Figure 2). A mixture of the selected amine and DMC (molar ratio DMC : amine = 2:1)
was introduced into the reactor at a flow rate of 24 ml/h
and pressure 9.0 MPa. The flow system experiments
were performed with weight hourly space velocity 4 g
amine/1 g catalyst (glass beads) · h.
The first product sample for analysis was taken after
60 min of reaction time (period needed to reach reaction
steady-state). After the initial sample was taken the reaction temperature was raised every 30/40°C to the final
value of 150°C. Samples were taken only after reaction
stability was observed.
Two reactions were performed in a batch reactor for
comparison purposes according to the art in literature
[23]. In the first reaction, a mixture of DMC/amine
(molar ratio 5:1) was placed in the reactor at 15.0 MPa
at room temperature for 24 hours. The second reaction
was performed with DMC/amine molar ratio of 2:1 at a
pressure of 9.0 MPa at 150°C for 24 hours.
Reaction products and analysis

The composition of the reaction products was determined using a Hewlett-Packard GC/MS chromatograph
(HP 5890 II PLUS GC/5989 MS Engine) equipped with
a FID detector and a Carbowax capillary column (30 m ×
0.25 mm i.d., 0.25 μm film thickness). Amine conversion values were determined as a difference in the concentrations of the inlet and outlet streams. Selectivity
was calculated as the ratio of the number of moles of

Specific surface area

The specific surface area using the Brunner Emmett
Teller method (SBET) and pore volume [Barrett-JoynerHalenda (BJH) method] of the catalysts are presented in
Table 1.
Reaction procedure for carbamate synthesis

Reactions were performed in a flow system (continuous
high-pressure flow reactor) with a fixed bed of 2 g of
catalyst at a temperature range of 50°C to 150°C. Inert

Table 1 Specific surface areas of the catalyst systems
Catalyst

Specific surface
area (SBET)
[m2/g]

98% Fe2O3

131

0.20

46

Fe2O3/CoO/NiO/SiO2

8

0.05

725

T-4419

28

0.11

214

TZC-3/1

135

0.20

44

Pore volume
[cm3/g]
(BJH adsorption)

Average
particle
size [nm]
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Figure 2 Reaction set-up 1 – reactor, 2 – thermostat, 3 – pomp, 4 – dispenser, 5 – water condenser, 6 – separator, 7 - reflux condenser,
8 – rotameter.

amine to number of moles of all products formed in
the reaction.
The number of replicates was 3 for all experiments
and the measurement errors did not exceed 5% of measured value.
Carbamate esters were the main products obtained in
the reactions. Due to the fact that dimethyl carbonate
can react either as carbamoylating or methylating agent,
some side products, especially N-methylated amines,
were obtained in the reactions.
Figure 3 illustrates possible reaction routes [24].

Results and discussion

methyl N-hexylcarbamate the reaction of HA with DMC
at various temperatures was performed. The product
yield, HA conversion and selectivity towards carbamate
are presented in Figure 4. An increase in the yield of the
main product was observed as the reaction temperature
was raised subsequently from 50 to 150°C. Though the
highest yield (over 50%) was achieved at 150°C, selectivity towards carbamate decreased slightly from almost
84% at 80°C to 78%. This was most probably caused by
the initiation of side-reactions to the undesired product–
N-methylhexylamine. An increase in HA conversion
from 10.4% to 67.2% was observed with increasing reaction temperature.

Non catalytic reactions
Thermal carbamoylation of HA – the influence of reaction
temperature

The carbamoylation reaction of HA under different reaction
pressures

In order to determine the influence of reaction temperature on the conversion of HA as well as the yield of

The effect of the pressure of the reactant mixture on
the yield of methyl N-hexylcarbamate, the conversion

Figure 3 Dual behavior of DMC. (i) Carbamoylation. (ii) Methylation.
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Figure 4 Effect of reaction temperature on the conversion of HA, yield of methyl N-hexylcarbamate and selectivity towards 1. Reaction
conditions: reactant mixture pressure = 9.0 MPa, molar ratio DMC/HA = 2:1, reactant mixture flow = 24 ml/h. (○) yield of 1, (■) conversion of HA,
(▲) selectivity towards 1. The number of replicates was 3.

of HA and selectivity towards carbamate is presented in
Figure 5.
The advantage of applying higher pressure on the reaction process can be observed. HA conversion increased from 51.4% to 67.2% with an increase in the
pressure from 0.1 MPa to 9.0 MPa. The highest yield of
methyl N-hexylcarbamate was obtained under 9.0 MPa
(from 26.1% to 52.4%) and selectivity towards methyl
N-hexylcarbamate increased from 50.8% to 78% at 5.0 MPa
and 9.0 MPa respectively.
The carbamoylation reactions of aliphatic amines with
DMC under high pressure in the absence of any catalyst
has recently been explored by Margetić and co-workers
[23]. High yields (60-100%) of carbamates were obtained
due to the very high pressure (800 MPa) and long reaction times (16-24 h) applied in the described experiments. For example, reaction of benzylamine and
DMC performed at room temperature for 16 hours
resulted in a total conversion of benzylamine to methyl N-benzylcarbamate.
The reaction of n-hexylamine with DMC under similar
conditions (room temperature, 15.0 MPa, 24 h) was therefore performed, but only 5% of methyl N-hexylcarbamate
was obtained. The same reaction performed at 150°C
under a pressure of 9.0 MPa for 24 hours. A 90% conversion of HA and 77% methyl N-hexylcarbamate yield
was obtained.

The carbamoylation reactions of various amines with DMC

Eight aliphatic amines HA, BA, CHA, secBA, benzA,
diBA, diPA and aniline were studied to investigate the influence of amine order and structure on their reactivity in
the synthesis of carbamates.
The results of the reactions of linear or branched
aliphatic primary amines RNH2 with DMC at reaction

Figure 5 Effect of reactant mixture pressure on the conversion
of HA, yield of 1 and selectivity towards 1. Reaction conditions:
reaction temperature = 150°C, molar ratio DMC/HA = 2:1, reactant
mixture flow = 24 ml/h. (○) yield of 1, (■) conversion of HA, (▲)
selectivity towards 1. The number of replicates was 3.
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temperature of 150°C in the absence of a catalyst are
presented in Table 2. Linear amines HA and BA underwent a higher conversion in the carbamoylation process
than non-linear CHA, 2BA and BenzA.
The highest yield of carbamate was obtained in reaction with HA - over 50% and a high selectivity towards
methyl N-hexylcarbamate – almost 80%. Low selectivities towards expected carbamates and low yields of carbamates in the case of nonlinear or cyclic amines
indicate that the methylation reaction took place.
In the case of secondary aliphatic amines R1R2NH2
only trace amounts of methyl N-dibutylcarbamate and
methyl N-dipropylcarbamate were obtained in reactions
with DMC. Very low selectivity was observed under the
investigated reaction conditions (150°C, 9.0 MPa). These
are much less reactive than primary amines.
Aniline was selected as the simplest model of aromatic
amines. In contrast to aliphatic amines, N-methylation is
the preferred route in reactions between aniline and
DMC (Figure 6). The only product observed in our experiments without catalysts was N-methylaniline (3.5%
at 150°C). Aniline did not react with dimethyl carbonate
towards methyl N-phenylcarbamate without a catalyst.
This is in accordance with the studies and results presented by other research groups [23,25-27]. Margetić
and co-workers found that aromatic amines such as
aniline did not react with dimethyl carbonate at room
temperature (800 MPa) for 24 hours [23]. Yoshida and
co-workers also investigated the methoxycarbonylation
of diamines with methyl phenyl carbonate (MPC) under
a nitrogen atmosphere at 160°C for 5 hours. Aniline did
not react with MPC under such conditions. Methoxycarbonylation did not proceed in the absence of catalyst
even at a reaction temperature of 180°C [25]. Zhang and
co-workers have investigated the reaction of aniline with
DMC catalyzed by acid–base bifunctional ionic liquids
at 160°C for 4 hours and obtained methyl N-phenyl carbamate with a yield of 8% and methyl N-methyl-Nphenyl carbamate with a yield of 72%. The activity of the

Table 2 Carbamoylation of primary aliphatic amines
RNH2 with DMC
Amine

Yield of
carbamate* [%]

Conversion
of amine [%]

Selectivity towards
carbamate [%]

n-Hexyl

52.4

67.2

78.0

n-Butyl

32.6

51.1

63.8

Cyclohexyl

1.3

5.2

25.0

Sec-Butyl

1.4

10.3

13.5

Benzyl

13.6

25.6

53.1

*GC-yield versus amine.
Molar ratio of amine: DMC = 2:1, WHSV = 4 g amine/1 g catalyst · h, reactant
mixture pressure = 9.0 MPa, reaction temperature = 150ºC. The number of
replicates was 3.
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Figure 6 Yields of N-methylaniline and conversion of aniline
after reaction with DMC of different temperatures. Reaction
conditions: reactant mixture pressure = 9.0 MPa, molar ratio DMC/
HA = 2:1, reactant mixture flow = 24 ml/h. (○) yield of N-methylaniline,
(■) conversion of aniline. The number of replicates was 3.

bifunctional catalyst is credited to the ability to activate
aniline and DMC cooperatively with its acidic and basic
sites [26]. Dhakshinamoorthy and co-workers did not
obtain methyl N-phenylcarbamate in the reaction of aniline with DMC (170°C, 8 h) over Al2(BDC)3 [27]. Our
studies confirmed the earlier results.

Catalytic reactions

After investigating the influence of amine order and
structure in reactions without a catalyst, n-hexylamine
HA was chosen as a representative of aliphatic primary
amine for carbamoylation reactions with DMC in the
presence of a series of catalysts. The results are presented in Table 3. Three of tested catalysts were found
to be active in carbamoylation of HA. The highest
amine conversion was found to take place in the presence of the iron – chrome catalyst TZC-3/1. An almost
70% yield of methyl N-hexylcarbamate was achieved,
and a very high selectivity – over 80% as compared to
non-catalytic reaction.
Experiments were performed with a secondary amine diBA using 98% Fe2O3, Fe/CoO/NiO/SiO2 and TZC-3/1
as catalysts. The three catalysts were active in the reaction of diBA with DMC, though very small quantities of
methyl N-dibutylcarbamate were obtained. The observed
low selectivities towards methyl N-dibutylcarbamate indicate a preference to the alkylation route (Table 4).
TZC 3/1 was the only catalyst applied for aniline transformations. Only trace amounts of methyl N-phenylcarbamate
were obtained while the yield of N-methylaniline increased from 3.5% to 10%. A high selectivity towards
formation of N-methylaniline - almost 70%, suggest that
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Table 3 Carbamoylation of n-hexylamine with DMC in the
presence of different catalysts
Catalyst

Selectivity
Yield of
Conversion
Temperature
towards
carbamate* of amine
[°C]
carbamate
[%]
[%]
[%]
50

-

98% Fe2O3

Fe2O3/SiO2

T-4419

Fe2O3/CoO/
NiO/SiO2

TZC-3/1

8.4

10.4
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Table 5 The differences between the catalytic and noncatalytic reactions
Amine Catalyst

80.8
HA

Selectivity
Yield of
Amine
towards
carbamate*[%] conversion [%]
carbamate [%]

without
catalyst

52.4

67.2

78.0

TZC-3/1

68.3

83.1

82.2
82.5

80

28.6

34.1

83.9

120

31.1

37.4

83.2

98%Fe2O3

63.5

77.0

150

52.4

67.2

78.0

-

Trace amounts

11.8

1.1

50

7.9

9.8

81.0

TZC-3/1

Trace amounts

6.6

5.8

diBA

80

31.3

38.3

81.7

98%Fe2O3

Trace amounts

23.2

1.6

120

42.8

49.5

86.5

-

0

0

0

150

63.5

77.0

82.5

TZC-3/1

Trace amounts

50

5.2

10.8

48.0

80

26.1

34.6

75.5

120

32.8

45.5

72.1

150

51.3

72.1

71.2

50

5.5

7.1

77.7

80

17.0

22.8

74.5

120

28.3

39.3

72.1

150

41.0

65.1

63.0

50

5.5

6.9

79.6

80

27.7

34.2

81.1

120

35.9

43.9

81.7

150

59.4

73.2

81.2

50

9.2

11.3

81.1

80

34.8

42.5

81.9

120

51.8

61.4

84.3

150

68.3

83.1

82.2

*GC-yield versus amine.
Molar ratio of amine: DMC = 2:1, WHSV = 4 g amine/1 g catalyst · h, reactant
mixture pressure = 9.0 MPa.
The number of replicates was 3.

this catalyst promoted the methylation reaction process
rather than carbamoylation.

Conclusions
The carbamoylation reaction of various aliphatic amines
and aniline with dimethyl carbonate was investigated
Table 4 Carbamoylation of dibutylamine with DMC in the
presence of different catalysts
Catalyst

Yield of
carbamate*[%]

Conversion
of amine [%]

Selectivity towards
carbamate [%]

-

Trace amounts

11.8

1.1

98% Fe2O3

Trace amounts

23.2

1.6

TZC-3/1

Trace amounts

6.6

5.8

*GC-yield versus amine.
Molar ratio of amine: DMC = 2:1, WHSV = 4 g amine/1 g catalyst · h, reactant
mixture pressure = 9.0 MPa, reaction temperature = 150ºC. The number of
replicates was 3.

Aniline

*GC-yield versus amine.
Molar ratio of amine: DMC = 2:1, WHSV = 4 g amine/1 g catalyst · h, reactant
mixture pressure = 9.0 MPa, reaction temperature = 150°C. The number of
replicates was 3.

and the study of the activity of five catalysts in the described process presented. The carbamoylation of linear
primary aliphatic amines occurred with relatively high
yields while non-linear primary aliphatic amines and
secondary aliphatic amines are less active in reaction
with DMC.
Aniline did not react with dimethyl carbonate in the
reactions performed without a catalyst, whereby alkylation was found to take place.
The iron-chrome catalyst TZC-3/1 from Grupa Azoty
Tarnów was found to be the most active catalyst in carbamoylation of n-hexylamine. In the case of aniline,
TZC-3/1 catalyst promoted the methylation process–
the yield of N-methylaniline increased from 3.5% to
10%.
Two additional reactions of HA with DMC were performed in a batch reactor for comparison with literature
procedures.
An illustration of the differences between non-catalytic
vs catalytic results, the main yield values obtained during
our experiments are presented in Table 5.
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