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Abstract

A relatively efficient catalytic system containing elemental sulfur—ionic liquid was developed for the carbonylation of nitroaromatics and
corresponding aromatic amines with carbon monoxide to give symmetric diarylureas in yields up to 96%. Additionally, unsymmetical urea
N-phenyl-N'-(piperidine) urea was obtained in 70% yield in this catalytic system.
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1. Introduction

Non-phosgene processes for the synthesis of carbamates
and/or ureas have attracted increasing interest in recent years,
particularly in the area of green chemistry because of the envi-
ronmental concerns regarding the use of highly toxic phosgene
[1]. Many strategies for nonphosgene routes including reductive
carbonylation [2] and oxidative carbonylation [3] catalyzed by
expensive transition metals such as Ru, Rh and Pd have been
extensively studied. Furthermore, main-group elements such as
selenium [4,5] or sulfur [6-8] have also been reported to cat-
alyze these reactions. Sulfur is cheap, readily available and less
toxic, but in most cases, the reactions were performed in the
presence of excess or stoichiometric amounts of sulfur [6,8].
Macho et al. have reported the carbonylation of nitrobenzene
using elemental sulfur as catalyst in methanol with 13 MPa CO
in the presence of sodium metavanadate gives methyl-N-phenyl
carbamate (MPC) predominantly [7]. Recently, we have found
that selenium exhibited excellent catalytic performance in polar
and hydrophilic solvents such as DMF and DMSO [9,10]. With
this in mind, we hypothesized that sulfur combined with polar
solvents, i.e., ionic liquids might provide a new platform for the
sulfur catalytic system.
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2. Experimental

The organic solvents were all reagent grade and were used
without further purification. Ionic liquids were synthesized
according to the literature [11]. Sulfur (99.5%) and carbon
monoxide (99.9%), nitroaromatics, anilines and triethylamine
(Et3N) were all used as purchased. Melting points were deter-
mined on a Taike X-4 apparatus (Beijing, China) and are uncor-
rected. 'H and '3C NMR spectra were obtained on a Bruker
DRX 400 spectrometer. Chemical shifts were reported in parts
per million relative to tetramethylsilane (8 units), and dimethyl-
sulfoxide (DMSO)-dg as solvents.

2.1. Procedure for the synthesis of diphenylurea

Elemental sulfur (0.048 mg, 1.5mmol), aniline (0.47g,
5 mmol), nitrobenzene (0.62 g, S mmol), EtzN (0.50 g, 5 mmol),
BMImBF; (BMIm = 1-butyl-3-methylimidazolium) (1.5g)
were successively introduced into a 100ml stainless-steel
autoclave. The reactor was sealed, flushed with 1.0 MPa of
carbon monoxide three times, pressured with 3 MPa carbon
monoxide, and then placed in an oil bath preheated to 150 °C.
After the reaction was finished in 8 h, the apparatus was cooled
to ambient temperature, and the remaining carbon monoxide
was evacuated. Water (15 ml) was poured into the mixture to
precipitate the crude product. Purification by column chro-
matography on silica gel using EtyO-AcOEt (20:1-10:1) as the
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eluent afforded the urea product (1.02 g, 96%). Products were
identified by NMR and/or comparison with authentic samples.

3. Results and discussion

3.1. Solvent, amount of Et3N and sulfur on sulfur-catalyzed
carbonylation

Symmetric diarylureas are synthesized from the sulfur-
catalyzed carbonylation of nitroarenes and corresponding ani-
lines in ionic liquids.

S-cat -
NO, + H 3\
R@_ 2t % 4 2+ 3C0O = o

The carbonylation of nitroarenes and corresponding anilines
was carried out under pressurized carbon monoxide in the pres-
ence of triethylamine (Et3N) as accelerant and a catalytic amount
of sulfur in ionic liquids at 150 °C (Eq. (1)) [12]. To determine
the optimized reaction conditions nitrobenzene and aniline were
treated with carbon monoxide under various reaction conditions
and these results are shown in Table 1. Although the prepara-
tion of diphenylurea (DPU) by the reaction of nitrobenzene and
aniline with carbon monoxide in the presence of the sulfur cat-
alyst can occur even in DMF, toluene, THF and methanol, the
yields obtained were only from 8% to 29% (Table 1, entries 4-7).
Higher yields (75%) were achieved in ionic liquids (Table 1,
entry 1). On the other hand, the type of cations and anions of
the ionic liquids also have a strong impact on the formation of
DPU. With BMIm™ as cation, the effect of anions, e.g., BF4~,
PF¢~, CI~, on the carbonylation was examined (Table 1, entries
2, 3,9). Higher yield of DPU was achieved in BMImBFj,.

Base, Et3N, employed plays a critical role. The reaction
afforded the product in 10% yield in the absence of EtzN
(Table 1, entry 8). However, the yield of DPU was improved
by the addition of 5 mmol Et3N (96%) and then decreased with
any further increase in the amount of Et3N (87% yield) (Table 1,
entries 9, 10). The reaction performed using 0.5 mmol sulfur in

Table 2
The effect of the pressure of carbon monoxide on sulfur-catalyzed carbonylation
Run Pco (MPa) Yield (%)
1 3.0 96
2 2.0 68
3 1.0 51
4 1.0% 59

S, 1.5mmol; nitrobenzene, 5.0 mmol; aniline, 5.0mmol; EtzN, 5mmol;
BMIm([BF4], 1.5g; T=150°C; t=8h.
a Pco =1.0 MPa; PN2 =2.0 MPa.

H—CO—NH—{ @ +2C0;

R (1

[BMIm]BEF;, afforded the product with the yield of 41% (Table 1,
entry 11). Meanwhile, the best result was obtained in the pres-
ence of 1.5 mmol sulfur (Table 1, entry 9).

3.2. Effect of pressure of carbon monoxide on
sulfur-catalyzed carbonylation

As shown in Table 2, DPU was produced in the yield of 51%
in the presence of 1 MPa CO (Table 2, run 3). When was added
2 MPanitrogen to 1 MPa CO (Table 2, run 4), DPU was obtained
with 59% yield, which suggested that pressure of gas slightly
affected the yield of the desired product. While the pressure of
CO was increased from 1.0 to 3.0 MPa, the yield of DPU was
increased from 51% to 96% (Table 2, runs 1-3).

3.3. Carbonylation of substituted nitroarenes and
corresponding amines

The present DPU synthetic methodology can be applied to
substituted nitroarenes and corresponding amines, and symmet-
rical substituted 1,3-diarylureas were also obtained.

As revealed in Table 3, when 4-isopropyl-, 4-methyl-, 3-
methyl-, 2-methyl-, 3-chloro, and 3-bromonitrobenzenes, and

Table 3

Carbonylation of substituted nitroarenes and corresponding anilines
Entry R Yield (%)*
1 H 96
2 4-i-Pr 74
3 4-CH3 92
4 3-CH3 78
5 2-CH3 78
6 3-Cl 93P
7 3-Br 92
8 3-CF3 20
9 3-Cl, 4-CH3 45
10 4-CH;CO 74

Table 1
Carbonylation of nitrobenzene and aniline to 1,3-diphenylurea
Entry Solvent (1.5 g) Et3N (mmol) Sulfur (mmol) Yield (%)*
1 BMImBF, 5 1.5 750
2 BMImCl 5 1.5 57
3 BMImPFg 5 1.5 86
4 DMF 5 15 8b
5 THF 5 15 20°
6 Toluene 5 15 10
7 Methanol 5 1.5 29
8 BMImBF, 0 1.5 10
9 BMImBF4 5 1.5 96
10 BMImBF, 10 1.5 87
11 BMImBF4 5 0.5 41
12 BMImBF, 5 1.0 87
Nitrobenzene, 5.0 mmol; aniline, 5.0 mmol; Pco =3.0 MPa; T=150 °C, isolated
yields.
2 ¢t=8h.

b r=5h.

S, 1.5 mmol; nitroarene, 5.0 mmol; aromatic amine, 5.0 mmol; Et3N, 5.0 mmol;
Bmim[BF4], 1.5 g; Pco=3.0 MPa; T=150°C; t=8h.

2 Tsolated yields.

b ¢=5h.
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Scheme 1. Proposed reaction pathway of sulfur-catalyzed carbonylation of nitrobenzene and aniline.

4-nitroacetophenone and corresponding anilines were allowed
to react with carbon monoxide in ionic liquid [BMIm]BF4
in the presence of a catalytic amount of sulfur, the I,3-
diarylureas were produced in 74-93% yield. However, N, N'-
bis-(3-chloro-4-methylphenyl)urea was obtained with the yield
of 45%. It is unclear why no obvious reaction occurred with 3-
trifluoromethylnitrobenzene under the same reaction conditions
(Table 3, entry 8).

3.4. Carbonylation of piperidine and nitrobenzene

The catalytic system was widened to synthesize the unsym-
metrical urea N-phenyl-N'-(piperidine) urea from nitrobenzene
and piperidine(Eq. (2)).

@N02+SCO+< NH S-Cat, ¢ N—CO—NH@+2002

@

When the ratio of nitrobenzene to piperidine is unity, 35%
unsymmetrical urea was given. As seen in Table 4. the yields
of N-phenyl-N'-(piperidine) urea increased as the amount of
piperidine was increased to 1.5-folds, and then decreased with
any further increase in the amount of piperidine. Additionally,
longer reaction time did not result in a higher yield (Table 4,
runs 2, 4).

3.5. A plausible reaction pathway
Although a detailed study of the reaction mechanism has

not been undertaken, we found that higher yields were obtained
when elemental sulfur was firstly mixed with aniline than when

Table 4

The ratio of nitrobenzene to pipridine

Run Benzene:piperidine Yield (%)
1 1:1 35

2 1:1.5 70

3 1:2 41

4 1:1.5¢ 66

S, 1.5mmol; nitrobenzene, 5.0mmol; EzN, 5mmol; BMIm[BF4], 1.5g;
Pco=3.0MPa; T=150°C; t=6h.
2t=11h.

aniline was lastly introduced. The present reaction can be pro-
posed in Scheme 1. Salts of thiolates 1 from elemental sulfur and
amine react with carbon monoxide to produce carbonyl sulfide
(SCO) [13,14]. Deoxygenation of nitroarene with SCO results
in the reactive intermediate nitrene 4 [15]. Nitrene 4 reacts with
aniline in the presence of sulfur and carbon monoxide to afford
urea 6.

4. Conclusions

In conclusion, we have developed a relative efficient pro-
tocol for the production of symmetrically substituted urea by
elemental sulfur-catalyzed oxidative-reductive carbonylation of
nitroaromatics and corresponding aromatic amines with carbon
monoxide in ionic liquids. Unsymmetical urea N-phenyl-N'-
(piperidine) urea was obtained in 70% yield in this catalytic
system. The methodology reported herein offers a useful alterna-
tive to the existing methodology due to using less toxic catalysis
system.
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