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ABSTRACT

A series of catalysts of magnetic iron oxide containing Ni with different nickel content were prepared
with co-precipitation method and tested in the syntheses of N-substituted carbamates from various
amines and alkyl carbamates. Under the optimized reaction conditions, various N-substituted carbamates
were successfully synthesized with 90-98% isolated yield. The catalyst could be recovered based on the
magnetic property of the catalyst and reused for five runs without deactivation. The catalysts were char-
acterized with X-ray photoelectron spectroscopy, X-ray diffraction, temperature-programmed reduction,
temperature-programmed desorption, and Mdssbauer spectroscopy analyses. The results showed that
the catalytic activity may be derived from the delicate synergy between Ni and Fe species resulted in spe-
cific basic sites. Quasi in situ FT-IR and isotopic tracer revealed that the formation of substituted urea was
the key step and the N-substituted carbamate was formed via further alcoholysis of the substituted urea.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Isocyanates are major raw materials for the manufacture of
polyurethane, which have widely been used in producing elasto-
mer, elastic fiber, coatings, and so on [1-3]. Now, isocyanates are
produced on a commercial scale using extremely toxic phosgene
as the carbonyl source [4,5]. Thus, there have been increasing
interests in developing green alternative methods for isocyanate
production. One of the most attractive non-phosgene processes is
the thermal cleavage of N-substituted carbamates to obtain corre-
sponding isocyanates [6-8]. However, the most N-substituted car-
bamates have been synthesized using isocyanates as starting
material [9-11]. Thus, developing environmentally friendly and
economically favorable methods for the syntheses of N-substituted
carbamates is the vital step to realize the non-phosgene manufac-
turing of isocyanates. Meanwhile, N-substituted carbamates also
represent an important class of compounds showing various inter-
esting properties. They have wide utility in various areas including
pharmaceuticals, agrochemicals, protection of amino group in
peptide chemistry, and as linkers in combinational chemistry
[12-14].

Up to now, great efforts have been made to explore
environmentally benign methods for N-substituted carbamates
syntheses. There are several alternative non-phosgene routes for
N-substituted carbamates syntheses with different carbonyl
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sources. Transitional metal complexes—catalyzed carbonylation of
nitroaromatics or amines with carbon monoxide have been exten-
sively studied [15-17]. Also, dimethyl carbonate (DMC) as an
attractive eco-friendly alternative to phosgene has attracted exten-
sive attentions and good results were reported [18-20]. However,
the intrinsic problems such as poisonous carbon monoxide, higher
cost of transitional metal complexes, and higher price of DMC limit
their practical applications. Apart from carbon monoxide and DMC,
CO, is also a potential phosgene substitute, which has the advanta-
ges of being non-toxic, abundant, and economical. Theoretically,
CO, should be the ideal carbonyl source in carbonylation reactions
[21,22]. Unfortunately, the high chemical inertness of CO, limits its
practical use in carbonylation processes. Normally, the activation
of CO, needs unsaturated compounds, small-membered ring com-
pounds, and organometallics or needs to shift the equilibrium to
the product side via removing a co-produced product [23-25]. Un-
til now, urea manufacturing is the only way for the large-scale
chemical fixation of CO, [26,27].

Alkyl carbamates, e.g., methyl carbamate (MC), ethyl carbamate
(EC), and butyl carbamate (BC), which can be produced with urea
alcoholysis, are promising green carbonyl source with lower cost
[28,29]. Also, the co-produced NH; could be recycled for urea pro-
duction. Therefore, the use of CO, as carbonyl source could be real-
ized. In this way, alkyl carbamates could be developed into a green
and economical carbonyl source besides phosgene, carbon monox-
ide, and DMC. Possibly, it might be a new carbonyl source for fu-
ture. Till now, various metal salts, such as ZnCl,, FeCls, Y(NOs)s,
have been reported as catalysts for the catalytic syntheses of
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Scheme 1. N-substituted carbamate synthesis from alkyl carbamate and amine.

N-substituted carbamates from amines and alkyl carbamates [30-
33]. However, the lower efficiency, separation, and recovery prob-
lems of the catalysts are still maintained as the major problems.
Since magnetic particles have emerged as a useful group for
heterogeneous catalysts because of their good stability and easy
separability with external magnetic field [34,35], herein, we report
the preparation of magnetic iron oxide containing Ni as highly
effective and recoverable catalyst for N-substituted carbamates
syntheses with amines and alkyl carbamates, Scheme 1.

2. Experimental

All chemicals used in the experiments were of analytical grade
and were used without further purification otherwise specified.
The methanol, ethanol, and butanol used as solvents were dehy-
drated by 4A molecular sieves and purified with distillation before
use.

2.1. Catalysts preparation

A series of catalysts of iron oxide containing Ni were prepared by
co-precipitation method using Ni(NO5),-6H,0 and Fe(NOs3)3-9H,0 as
starting materials and Na,COs as precipitant. At room temperature,
an aqueous solution containing 20.2 g (50 mmol) Fe(NOs3)3-9H,0,
and 0-2.09 g (0-7.2 mmol) Ni(NOs),-6H,0 was added dropwise into
300 mL of Na,COs3 solution (0.47 mol/L) with vigorous stirring. After
filtration and washing with 80-100 mL of distilled water, the
resulted precipitates were dried at 120 °C for 16 h. Then, precursors
were calcined at 400 °C for 5 h and finally reduced under H; flow at
400 °C for 2 h. In the end, ~4.0 g Ni/Fe304 catalysts with 0-5.1 wt.%
nickel content were obtained. The calcined, reduced, and used five
times catalysts were denoted as Ni/Fe,03;, Ni/Fe;04 and used
Ni/Fe30,, respectively. Pure Fe,03; and NiO were prepared in the
similar manner to Ni/Fe,03, and Fe30,4 and NiO, were prepared via
further reduction of Fe,03 and NiO with H; at 400 °C for 2 h.

2.2. Catalysts characterization

The nickel content in catalysts was determined with ICP-AES
(IRIS Advantage ER/S). The BET surface areas, pore volumes, and
average pore diameters of catalysts were obtained with physisorp-
tion of N, using a Micromeritics ASAP 2010. X-ray photoelectron
spectroscopy (XPS) analysis was carried out using a VG ESCALAB
210 instrument with Mg Ko radiation (1253.6eV), and all the
binding energies were referenced to the adventitious C 1s 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
a 26 range of 15-80°.

Temperature-programmed reduction (TPR) of H, was carried
out on TPR/TPD flow system equipped with an MS detector
(DM300, AMETEK, USA). TPR analysis was conducted with 10%
H,/Ar (50 mLmin~!). In a typical experiment, the solid sample
(150 mg with particle size 160-200 pm) was pretreated at 400 °C
for 1 h under air flow (50 mL min~') and then cooled to room tem-
perature under argon gas flow (50 mL min~!). The profile was re-
corded at a heating rate of 10°C min~! from room temperature
to 700 °C and maintained at this temperature until the MS signal
of H, returned to the baseline.

The Mossbauer spectra were obtained at room temperature
with a Wissel (Wissenschaftliche Elektronik GmbH, Germany)
electromechanical spectrometer working in a constant accelera-
tion mode. A >’Co/Pd (activity =25 m Ci) source and o-Fe standard
were used. The experimentally obtained spectra were fitted to
mathematical processing according to the least squares method.
The parameters of hyperfine interaction such as isomer shift (IS),
quadrupole splitting (QS), hyperfine magnetic field (Hys), and the
relative area of the partial components in the spectra were
determined.

Temperature-programmed desorption (TPD) of CO, and NH;
was conducted to study the acid-base properties of the catalyst.
In a typical experiment, the solid sample (100 mg with particle size
160-200 pm) was pretreated at 400 °C for 1 h under nitrogen flow
(50 mL min~!) and then cooled to room temperature. The sample
was subsequently exposed to CO, (NH3) stream (50 mL min~!) at
room temperature for 1 h and flushed again with nitrogen for 1 h
to remove any physico-adsorbed CO, (NH3). The desorption profile
was recorded at a heating rate of 10 °C min~' from room tempera-
ture to 400 °C and maintained at this temperature until the MS sig-
nal of CO, (NH3) returned to the baseline.

The quasi in situ FT-IR spectroscopic study was performed in a
closed stainless steel cell equipped with KBr windows for reacting
and scanning at proper temperatures, and the spectra were re-
corded on a Nicolet 5700 Fourier transform infrared spectrometer
in the region of 4000-400 cm~! with a resolution of 4cm™'. In a
typical experiment, the sample was prepared by mixing catalyst
(10mg 5.1 wt% Ni/Fes04), 4,4-methylenedianiline (MDA)
(1 mmol), and EC (7 mmol), and then 1 mg samples and 200 mg
KBr were ground finely and pressed into a thin disk and the disk
was put into the closed cell. Two types of experiments were carried
out: (a) without addition of alcohol into the cell and (b) with the
addition of alcohol into the cell, which was injected at 110 °C with
20 pL. Moreover, butanol (due to higher b.p. of butanol which
would be favorable for experimental operation but not affect reac-
tion mechanism) instead of ethanol was used and injected into the
cell during reaction and was not pressed into the KBr disk.

The isotopic labeling studies were performed with ds-labeled
methanol. 0.5 mmol aniline, 0.5 mmol MC, 5 mmol ds-methanol,
and 5 mg 5.1 wt.% Ni/Fe304 were added into a 20 mL pressure tube
(Aldrich-Sigma). Then, it was sealed and reacted at 190 °C for 1 h.
Also, reaction with equal amount of ds-methanol (10 mmol) and
methanol (10 mmol), 0.5 mmol aniline, 0.5 mmol MC, and 5 mg
5.1 wt.% Ni/Fe304 were tested to investigate the isotope effect.

2.3. Catalytic activity measurement

All reactions were carried out in a 90 mL stainless steel auto-
clave with a glass tube inside and with magnetic stirring. Amines
such as 1,6-hexamethylenediamine (HDA), isophorondiamine,
4,4'-methylenedicyclohexanamine, dodecylamine, allylamine,
MDA, 2,4-diaminotoluene and benzylamine, and alkyl carbamates
such as MC, EC, and BC were used as substrates. Typically, 10 mmol
amine, 70 mmol alkyl carbamate, 170 mmol alcohol, and 100 mg
catalyst were added. Under nitrogen atmosphere, the reaction pro-
ceeded at 190 °C and 1.5-2.2 MPa pressures for 5-12 h. After reac-
tion, the autoclave was cooled down to room temperature. The
catalyst was separated and recovered using an external magnetic
field. Pure compounds and corresponding isolated yields were ob-
tained with different procedures. (I) diamines as substrates:
~25mL alcohol (methanol, ethanol, or butanol was used for
reactions using MC, EC, or BC as carbonyl source, respectively)
was added into the reacted mixture to dissolve the product and
unreacted alkyl carbamate, and the unsolvable by-products were
removed by filtration. Then, the alcohol and alkyl carbamate were
removed with a rotary evaporator under vacuum and raw solid
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product was obtained. It was further washed with diethyl ether/
hexane to remove alcohol residue and soluble impurities, and de-
sired pure product was obtained and weighted; (II) monoamines
as substrates: ~25 mL ethanol was added into the reacted mixture
to dissolve the products and unreacted EC, and the unsolvable by-
product was removed by filtration. Then, ethanol was removed un-
der vacuum and ~100 mL of distilled water was added into the
mixture of EC and product to dissolve the unreacted EC. After filtra-
tion, the raw solid product was further washed with diethyl ether/
hexane to remove ethanol residue and soluble impurities and de-
sired product was obtained and weighted.

2.4. Qualitative and quantitative analyses and identification

The qualitative and quantitative analyses of the resulted liquid
mixtures were conducted with GC-MS (Agilent 6890/5973) and GC
(Agilent 6820) equipped with a FID detector using biphenyl as an
internal standard. All the products were also identified with 'H
NMR (Bruker AMX FT 400-MHz) and '>C NMR (Bruker AMX FT
100-MHz).

3. Results and discussion
3.1. Characterization of catalysts

The physical properties of the catalysts are summarized in Ta-
ble 1. The BET surface area of pure NiO, is 1.8 m?/g, which is much
smaller than that of the iron oxide, entries 1 and 2. Clearly, the BET
surface area changed greatly after 5.0 wt.% Ni/Fe,03 catalyst was
reduced with H, at 400 °C, which decreased from 47.6 to 9.6 m?/
g, entries 4 and 5. In comparison with the surface area of fresh
5.1 wt.% Ni/Fe30y4, the BET surface area of the used 5.1 wt.% Ni/
Fe;0, increased to 15.2 m?/g, entry 6. This might be due to the par-
tial re-oxidation of the catalyst during the reaction, which will be
further discussed in the following paragraphs. Moreover, the BET
surface area of the samples with different nickel content showed
that the nickel content has no effect on the BET surface area.

The XPS spectra (Fig. 1a and b) of the fresh and used 5.1 wt.% Ni/
Fe;0,4 showed that the binding energies of Fe 2ps;; and Ni 2ps);
were 710.7, 711.4, 855.3, and 856.7 eV, respectively, suggesting
that the chemical states of Fe and Ni species on the catalyst surface
were mainly Fe** and Ni?* although the catalyst was reduced with
H, at elevated temperatures [36,37], and Ni species may be highly
dispersed on the iron oxide since the binding energies of Ni 2ps»
(855.3 and 856.7 eV) were remarkably higher than that of standard
NiO (B.E. of Ni 2p5j; = 853.8 eV). After the 5.1 wt.% Ni/Fe;04 was
used for five times, the binding energies of Fe 2p;;; and Ni 2ps);
were slightly higher that of the fresh 5.1 wt.% Ni/Fe304, suggesting
some extent of oxidation of the catalyst surface. Two O 1s peaks at
530.4 and 531.4 eV were found over the fresh 5.1 wt.% Ni/Fe304
(Fig. 1c), and three O 1s peaks at 530.4, 531.8, and 533.3 eV were
observed over the used 5.1 wt.% Ni/Fes0,, i.e., a new kind of O

Table 1
Physicochemical properties of the iron oxide containing Ni catalysts.
Entry Catalysts SBET dy? vpb Total basic
(m*/g) (nm) (cm’[g) sites (umol/g)
1 NiO, 1.8 319 0.01 5
2 Fe;04 9.5 256  0.05 32
3 3.2 wt.% Ni/Fe304 9.5 248  0.05 43
4 5.1 wt.% Ni/Fe504 9.6 236 005 52
5 5.0 wt.% Ni/Fe;05 47.6 194 0.25 102
6 Used 5.1 wt.% Ni/Fe;04 15.2 183  0.09 58

2 Average pore size.
b Average pore volume.
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Fig. 1. XPS spectra of: (a) Fe 2p spectra of fresh and used 5.1 wt.% Ni/Fe304, (b) Ni
2p spectra of fresh and used 5.1 wt.% Ni/Fe304 and (c) O 1s spectra of fresh and used
5.1 wt.% Ni/Fe;0,.

species (B.E. = 533.3 eV) was formed, which may be derived from
OH species or chemisorbed water formed during the reactions
[38,39]. Furthermore, the surface atom ratio of Ni/Fe over the fresh
5.1 wt.% Ni/Fe304 was 0.03, which was lower than that of the cor-
responding bulk composition (0.07). For the used 5.1 wt.% Ni/
Fe;04, however, the surface atom ration of Ni/Fe was 0.05, which
was slightly higher than that of the fresh one. These results showed
that the Ni species might be encapsulated with Fe;0,4 in the fresh
catalyst and the Ni species were slightly enriched on the surface
of the used catalyst.

XRD patterns of pure Fe304, 3.2 wt.% Ni/Fe30,, fresh and used
5.1 wt.% Ni/Fes04 are shown in Fig. 2. The results showed that
the characteristic diffraction peaks of Fe304 were observed for all
samples and confirmed the Fe30,4 formation. For 3.2 wt.% and fresh
5.1 wt.% Ni/Fe;04 (Fig. 2b and c), the XRD results indicated that the
Ni species were highly dispersed on the iron oxide as the charac-
teristic diffraction peaks of NiO (20 =43.3°, 37.3°, and 62.9°) and
Ni (20 =44.5°, 51.8°, and 76.4°) cannot be discerned. In addition
to Fe;0, phase, a peak at 44.7° (d=2.028 A) also exists, which
may be ascribed to the Fe? phase or bcc Fe-Ni alloy, and the inten-
sity of such diffraction peak was enhanced and increased with the
increasing nickel content. This is different from the observation
with XPS. Possibly, the Fe® or bcc Fe-Ni alloy on the surface of
the catalyst was oxidized into iron oxide again in air. This result
suggested that the presence of Ni would promote the formation
of crystal Fe® or bcc Fe-Ni alloy. For used 5.1 wt.% Ni/Fe304
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Fig. 2. XRD patterns of: (a) Fe304, (b) 3.2 wt.% Ni/Fe30y, (c) 5.1 wt.% Ni/Fe30,4 and
(d) used 5.1 wt.% Ni/Fe304.
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Fig. 3. TPR-H, profiles of: (a) Ni oxide, (b) Fe;03 and (c) 5.0 wt.% Ni/Fe,05.

(Fig. 2d), the intensity of the Fe or bcc Fe-Ni alloy characteristic
diffraction peak slightly decreased probably due to the re-oxida-
tion of the reduced Fe species during the reaction.

TPR results of Ni oxide, Fe;03, and 5.0 wt.% Ni/Fe,03 are shown
in Fig. 3. For Ni oxide, two reduction peaks at 265 and 351-370 °C
were observed, which could be attributed to the surface and bulk
reduction of Ni oxide, respectively [40]. For Fe,03, a sharp peak
centered at 468 °C and a broad peak at 622 °C along with a shoul-
der at 700 °C were observed. The peak at 468 °C is assigned to the
reduction of Fe,03 to Fes04 [41]. The peak at 622 °C can be ascribed
to a subsequent reduction of Fe304 and ultimately involving the
formation of metallic iron [41]. Three reduction peaks at 362,
441, and 616 °C were found over 5.1 wt.% Ni/Fe,03. In comparison
with TPR profiles of pure NiO (351 °C) and Fe,05 (468 °C), the peak
at 362 °C should be attributed to the reduction of nickel oxide spe-
cies in the catalyst. The shift in the reduction temperature from
351 to 362 °C suggested that there may be a strong interaction be-
tween nickel species and iron oxide support. Furthermore, the shift
in the reduction temperature from 468 to 441 °C also indicated
that some sort of interaction occurred between nickel species
and iron oxide and addition of nickel component favored the
reduction of the iron oxide.
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Fig. 4. Mossbauer spectra of: (a) Fe304 and (b) 5.1 wt.% Ni/Fe304, recorded at room
temperature.

Table 2
Méossbauer parameters of Fe;04 and 5.1 wt.% Ni/Fe304 at room temperature.
Sample Component IS (mm/s) QS (mm/s) Hy(T) Area
(%)
Fe;04 Fe;04 (A) 0.24 -0.09 49.70 50.7
Fes04 (B) 0.73 0.09 47.38 454
Fe?* 0.59 2.37 3.9
5.1 wt.% Ni/Fe304  Fe304 (A) 0.29 0 49.85 21.6
Fe;04 (B) 0.64 0.02 46.65 254
Fe?* 0.4 0.75 8.9
Fe -0.01 0 33.94 44.2

The Mossbauer spectra at room temperature for the Fe304 and
5.1 wt.% Ni/Fe304 are shown in Fig. 4, and the Mdssbauer parame-
ters are listed in Table 2. The raw spectra of Fe;0,4 can be fitted to
two sextets and one paramagnetic doublet, Fig. 4a. The outer sextet
with IS = 0.24 mm/s was assigned to high spin Fe3* on the tetrahe-
dral sites, denoted as Fe;0,4 (A) in Table 2. The inner sextet with
IS = 0.73 mm/s was associated with a mixture of Fe?* and Fe>* on
the octahedral sites, brought about by rapid electron exchange be-
tween both kinds of cations at room temperature, denoted as Fe304
(B) in Table 2 [42]. The doublet peak with IS =0.59 mm/s and
QS =2.37 mm/s can be ascribed to high spin Fe?*, which may be
formed during the hydrogen reduction process [43]. For 5.1 wt.%
Ni/Fe30,4, the raw spectra can be fitted to three sextets and one
paramagnetic doublet. Among the three sextets, two sextets with
IS=0.29 mm/s and IS =0.64 mm/s were attributed to the Fe;04
(A) and Fe304 (B), respectively. Beside those two sextets, another
sextet with IS = —0.01 mmy/s was the characteristic sextet of metal-
lic Fe. However, the value of Hys (Hne=33.94 T) was higher than
that of the pure metallic Fe (Hys=33 T), which indicated that the
coordination environment of the Fe atom was changed and may
be due to the formation of Fe-Ni alloy. According to the date from
reference [44] for bcc Fe-Ni alloys, it was assumed that one Ni
atom increases the Hys by 0.94 T when it substitutes Fe atom in
the first coordination sphere. Thus, it can be conjectured that there
is one Ni atom as the nearest neighbor of the Fe atom. Those results
showed that the bcc Fe-Ni alloy was formed after the nickel spe-
cies were introduced into the iron oxide and the diffraction peak
at 44.7° in the XRD could be assigned to Fe-Ni alloy phase. The
doublet peak with IS = 0.40 mm/s and QS = 0.75 mm/s was related
to the high spin Fe** [43]. Moreover, the presence of Fe-Ni alloy
after the nickel species was introduced, suggesting that addition
of nickel component favored the reduction of the iron oxide, which
is consistent with the results of TPR. Based on the results of
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characterizations, the catalyst system is in fact Ni (partially or fully
reduced to metallic Ni) dispersed on magnetic iron oxide.

The TPD-CO, results of NiO,, Fe304, 3.2 wt.% Ni/Fe30,4, fresh and
used 5.1 wt.% Ni/Fe304, and 5.0 wt.% Ni/Fe,O5 are shown in Fig. 5.
Generally, two peaks of CO, desorption were observed over the
tested samples. The first peak appeared at about 84 °C, which
was derived from the weak strength basic sites. The second broad
peak was observed about 370-385 °C, which was attributed to
medium strength basic sites. In comparison with the fresh
5.1 wt.% Ni/Fe304, TPD-CO, profile of the used catalyst has almost
no difference. From the quantitative results of TPD-CO, (Table 1), it
can be seen that the total basic sites increased from 32 to 52 pmol/
g for pure Fe304 and 5.1 wt.% Ni/Fe30,, respectively, when nickel
component was added and nickel content was increased. Mean-
while, the amounts of medium strength basic sites were much
lower than that of weak strength basic sites and the nickel species
have little effect on the amount of the medium strength basic sites,
which suggested that the peak of CO, desorption at high tempera-
ture should not be related to the catalytic activity, but to the for-
mation of the strongly bound carbonates during the absorption

process [45,46]. Moreover, the reduction treatment of the catalyst
made the catalyst basicities decreased from 102 to 52 pmol/g for
5.0 wt.% Ni/Fe;03 and 5.1 wt.% Ni/Fe30,, respectively, which may
be due to the possible formation of some protons during the reduc-
tion. Though not shown here, similar TPD-NH3 characterization
was also carried out over the Ni/Fe;0,4 catalysts. Almost no NH;
desorption peak on the TPD-NHj; curves could be observed. These
TPD-CO, (or NHs) results showed that these catalysts have weak
or almost no acidities, but possessed weak and medium basicities.
Particularly when nickel species was incorporated into the iron
oxide, the basicity of iron oxide would be remarkably enhanced.

3.2. Catalytic activity testing

First, the reaction of HDA and EC in ethanol as the model reac-
tion for corresponding N-substituted carbamates was conducted
over NiO,, Fe304, and Ni/Fe304 with varied Ni content, Table 3. In
the blank test or in presence of pure NiO, or Fes0,4 (entries 1-3),
the selectivities for diethyl hexamethylenedicarbamate (EHDC)
were 20-72%, although the HDA conversions were all nearly
100%. It means that the role of the catalyst is to enhance the
selectivity of EHDC and not the conversion of amine. The main
by-product was white solid and was defined as polyurea with
FT-IR analysis with a peak at 1616 cm~!, which could be attributed
to carbonyl group of polyurea compounds [47]. Except polyurea
by-product, C;HsOC(0)OC,Hs and C,HsNHC(O)OC,Hs were also
detected with GC-MS. The selectivities for EHDC were greatly
improved when nickel component was introduced into the iron
oxide and increased with the increasing nickel content, entries
4-6. For example, 98% of selectivity and isolated yield could be
achieved over 5.1 wt.% Ni/Fe304. For the 5.0 wt.% Ni/Fe,03, the
selectivity for EHDC was 82% and lower than that of 5.1 wt.%
Ni/Fes04, entry 7. Therefore, the reduction treatments of the
catalyst at 400 °C under H, not only improve the selectivity for
the EHDC but also provide a simple method for the catalyst sepa-
ration using external magnetic field. These results suggested that
the reduction treatment of the catalyst would greatly enhance
the catalyst performance. Moreover, the selectivity for EHDC was
only 62% when the mechanical mixture of iron oxide (94.9 wt.%)
and nickel oxides (5.1 wt.%) was used as catalyst (entry 9), which
was similar as that using iron oxide or nickel oxide as catalyst indi-
vidually. Thus, the synergism between nickel oxide and iron oxide

Table 3
Results of EHDC syntheses over different catalysts.?
L o~ Ni/ F9304 L N__O
A~ NHy + N\ + —_— A — +
H,N 2t H,NTO OH 190 °C 5h O H g 2NH;
Entry Catalyst Conversion (%) Selectivity (%) Yield/%¢ TON¢
EHDC By-products ”
1 None >99 20 80 20 -
2 NiO, >99 52 48 52 4000
3 Fe;04 >99 72 28 72 2250
4 1.1 wt.% Ni/Fe304 >99 78 22 78 -
5 3.2 wt.% Ni/Fe304 >99 92 8 92 2140
6 5.1 wt.% Ni/Fe304 >99 98 2 98 1885
7 5.0 wt.% Ni/Fe,05 >99 82 18 82 804
8 Used 5.1 wt.% Ni/Fe304 >99 96 4 96 1655
9 NiO, + Fe304 (95 wt.%) >99 62 38 62 -
10 MgO >99 58 42 58 -

¢ Reaction conditions: HDA, 10 mmol; EC, 70 mmol; ethanol, 170 mmol; catalyst, 100 mg; reaction temperature, 190 °C; reaction time, 5 h.

b Polyurea derivatives.

¢ Isolated yield based on charged HDA.
4 TON: mol of EHDC/mol of basic site.
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during catalyst preparation is crucial to get active enough catalyst.
Additionally, although the obtained results did not support the
previously reported mechanism of leaching provided the catalyti-
cally relevant species in solution and the operation of the solid
played as a reservoir [48], it could not be ruled out conclusively
at present, and the detailed catalytic mechanism will be investi-
gated next. Since the TPD-CO, results showed that increasing nick-
el content into the Fe;0,4, the total basic sites would be increased, it
can be conjectured that the catalyst with more basic sites was
helpful to increase the EHDC selectivity. Based on this hypothesis,
we adopt the solid base MgO as catalyst (entry 10), which has more
basic sites than that of Ni/Fe;04. However, the selectivity of EHDC
was only 58%, which suggested that the specific kind and amount
of basic sites, but not the all of basic compounds, might be the ma-
jor reason for the high catalytic activity of Ni/Fe304. Moreover, the
reaction and TPD-CO, results of 5.0 wt.% Ni/Fe,03 also suggested
that the catalyst performance was not closely proportional to cat-
alyst basicity. Since the Ni/Fes04 is magnetic, it is worth noting
that such catalyst could be easily separated and recovered using
an external magnetic field and could be recycled for at least five
times with stable activity, entry 8. Additionally, the TOF of our cat-
alyst was only 0.157}, suggesting that the reaction rate was rela-
tively lower, and this was consistent with the small BET surface
area of the catalyst. Although surface area is relatively lower, the
5.1 wt.% Ni/Fe304 catalyst intrinsically possessed higher catalytic
activity for the N-substituted carbamates synthesis. It can be ex-
pected that the reaction rate could be accelerated if the catalyst
surface area is further increased.

Table 4

3.3. Generality of the catalysts

In order to investigate the limitation and scope of the catalysts,
reactions between various amines such as HDA, 4,4’-methylenedi-
cyclohexanamine, isophorondiamine, dodecylamine, allylamine,
MDA, 2,4-diaminotoluene, and benzylamine with MC (or EC and
BC) for corresponding N-substituted carbamates were further
tested over 5.1 wt.% Ni/Fe30y4, Table 4. First, the impact of variation
of alkyl carbamates as carbonyl source on the HDA reaction for cor-
responding N-substituted carbamates was tested, entries 1-3. 96%,
98% and 90% of isolated yields of the corresponding N-substituted
carbamates were obtained, indicating that EC as carbonyl source
was better than those of MC and BC. When the dodecylamine used
as other substrate, entries 4-6, the following reactivity order was
obtained: EC > MC > BC, which was consistent with the HDA used
as substrate. Our experimental results suggested that the yields of
the corresponding N-substituted carbamates have less related with
the reactivities of MC, EC, or BC but much related with the reactiv-
ities of O-methyl from methanol, O-ethyl from ethanol, and
O-butyl from butanol during further alcoholysis of the urea inter-
mediate. The nucleophilicity and steric hindrance of the O-methy]l,
0O-ethyl, and O-butyl are in the following order: O-butyl > O-ethy-
1> O-methyl. Considering a balance of those two effects, O-ethyl
would have relatively higher reactivity during further alcoholysis
of the urea intermediate. Then, various aliphatic amines and EC
as substrates were further investigated, entries 6-9. Although the
conversions of various aliphatic amines were all nearly 100%, the
isolated yields of the corresponding N-substituted carbamates of

Scope and limitation of 5.1 wt.% Ni/Fe30,4 for catalytic syntheses various N-substituted carbamates.*

O . O
N)LO/RZ Ni/Fe;O4 R“NXO/Rz + NH,

R1’N H2 + HZ
H
Entry Substrates Carbonyl sources Conversion (%) Selectivity (%) Yield® (%) TON¢
Product By-products®
1 EC >99 98 2 98 1885
/\/\/\/
H,N NH;
2 MC >99 96 4 96 1846
/\/\/\/
H,N NH,
3 BC >99 90 10 90 1731
/\/\/\/
H,N NH
/\/\/\/\/\/\
4 NH2 MC >99 96 4 96 1846
/\/\/\/\/\/\
5 NH2 BC >99 91 9 91 1750
/\/\/\/\/\/\
6 NH2 EC >99 98 2 98 1885
7 EC >99 92 8 92 1769
HoN NH,
8 EC >99 94 6 94 1808
NH,
HoN
9 /\/NHz EC >99 99 1 98 1885
10 EC 95 5 92 1769
N O,
11 EC 94 6 920 1731
NH,
H>N
12 EC 94 6 93 1788
NH,

¢ Reaction conditions: entries 1-9, amine 10 mmol; alkyl carbamate 70 mmol; alcohol 170 mmol; catalyst, 100 mg; reaction temperature, 190 °C; reaction time, 5 h;

entries 10-12, reaction time 12 h.

b By-products mainly include polyurea derivatives, as well as a few N-ethylated aromatic amine.

¢ Isolated yield based on charged amine.
4 TON: mol of N-substituted carbamate/mol of basic site.
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diamines (92-94%) were slightly lower than those of monoamine
(98%), which could be ascribed to the high steric hindrance of dia-
mines caused by the cyclic structure. Finally, the reaction of vari-
ous aromatic amines and EC was also studied, entries 10-12. The
results showed that the conversion (96-99%) of aromatic amines
and the isolated yields (90-93%) of the corresponding N-substi-
tuted carbamates were lower than that of aliphatic amines, even
though the reaction times prolonged to 12 h. Furthermore, the N-
ethylated aromatic amine was detected when the aromatic amines
used as substrate. The formed N-ethylated aromatic amine should
be related to the reaction between aromatic amine and diethyl car-
bonate formed via EC alcoholysis. All those results suggested that
the reaction of alkyl carbamates with aliphatic amines was easier
than with aromatic amines, which should be attributed to the
nucleophilicity difference in the two types of amines. In one word,
the simple Ni/Fe;0,4 could be a good catalyst for the syntheses of
various N-substituted carbamates.

3.4. Identification of reaction pathway with quasi in situ FT-IR

There may be two possible reaction pathways for the formation
of N-substituted carbamates from alkyl carbamates and amines.
One is direct deamination of alkyl carbamate with amine
(Scheme 2, step A) and another is through the formation of substi-
tute urea intermediate and the N-substituted carbamate was ob-
tained via further alcoholysis of the substituted urea (Scheme 2,
step B) [30,32].

In order to explore the mechanism of the reaction, it was traced
by quasi in situ FT-IR under varied temperatures. Prior to the IR
test, we investigated the reaction of MDA, EC, and alcohol using

O
Ry

" Step AR, T
0, *NH, _eP_.R1\H)LO/R2+ NH;

RiNH,
o, — o 0
Step B R, OH
RN, HN o Re SR8 R1\H*NHZJ—’ Ri-noReNH;
H

Scheme 2. Possible reaction pathway for the synthesis of N-substituted carbamate
from alkyl carbamate and amine.

KBr as catalyst, and the results showed that the KBr has no effect
on this reaction (not shown here). So, the IR experiments were con-
ducted with pressed KBr. Fig. 6a showed the IR spectra evolution of
the reaction mixture of MDA, EC, and catalyst with increasing the
temperature. At 30 °C, the band at 1688 cm™! is assigned to the
carbonyl stretch of EC and blue shift occurred with the increasing
temperature [49]. When the temperature reached to 110 °C, the
carbonyl band of EC split into three peaks at 1717, 1766, and
1777 cm™~'. The peak at 1610 cm™! also split into two peaks at
1580 and 1620 cm~'. The former band is assigned to the N-H
bending, which shifted from 1610 to 1580 cm~! with the increas-
ing temperature. Such phenomena could also be observed in the
IR spectra without the addition of MDA (not shown here). The later
band is assigned to the carbonyl stretch of urea formed from MDA
and EC [50]. These observations suggested that there existed strong
interaction between the substrates and catalyst. Additionally, a
new band appeared at 2170 cm~! was attributed to the formation
of isocyanic acid (O=C=N stretching) through the decomposition
of the EC when the temperature is higher than 150°C [51].
Fig. 6b shows the IR spectra evolution of reaction mixture of
MDA, EC, catalyst, and alcohol. In comparison with Fig. 6a, two

(@) 30:c

1610 cm-

90 °C

Transmittance

Urea intermediate
1632¢m<—s

(b)

1717 cm!

Transmittance

1777 em'’!
1580 cmr'l

Urea intermediate
1632cm-—

2200

2000 1800
Wavenumbers (cm)

1600 1400

2200

T T T T
2000 1800 1600 1400

Wavenumbers (cm™)

Fig. 6. FT-IR spectra evolution of: (a) EC + MDA + 5.1 wt.% Ni/Fe304 and (b) EC + MDA + 5.1 wt.% Ni/Fe304 + butanol.
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Scheme 3. Reaction of aniline, MC, and d4-methanol.

new peaks at 1702 and 1733 cm™! appeared at 190 °C, which were
consistent with the spectra of pure dibutyl-4,4’-methylenedicarba-
mate. Meanwhile, the intensity of the peak at 1620 cm™! was much
lower in comparison with the corresponding peak in Fig. 6a. These
observations indicated that the N-substituted carbamate could not
be formed without alcohol and the formation of substituted urea
may be the key intermediate and the N-substituted carbamate
was obtained via further alcoholysis of the substituted urea. Fur-
thermore, such urea intermediate was separated and analyzed by
NMR and FT-IR. The NMR results showed that the urea intermedi-
ate was what we needed. However, in the FT-IR analysis, the car-
bonyl stretch of urea intermediate was found at 1632 cm™(the
last line in Fig. 6a and b), which was 12 cm™! higher than that of
quasi in situ FT-IR experiment, and this may be ascribed to the
hydrogen bonding interaction between urea intermediate and
butanol or MDA in the reaction mixture.

3.5. Identification of reaction pathway with isotopic tracer

Isotopic tracing is also an ideal method for mechanism investi-
gation. Therefore, the reaction of aniline and MC with d4-methanol
was also studied (Scheme 3). This reaction provided evidence of
the source of the methoxy in the final product. According to the
GC-MS analysis, the major products were PhNHCO,CD3 1 and
PhNDCO,CDs 2 (>97%, 1:2~1:1) and only a little amount of prod-
ucts 3 and 4 were produced. There are two possible ways for the
formation of the compounds 1 and 2. One is alcoholysis of the urea
intermediate with ds,-methanol. Another one is the transesterifica-
tion of the compounds 3 and 4 with ds-methanol. Meanwhile, com-
pounds 5, 6 and 7 were also produced, which formed either by
alcoholysis of the urea intermediate with d4-methanol or by the
transesterification reaction of MC and d4-methanol. Based on the
corresponding peak area, the mol ratio of MC contained —OCD3
to MC contained —OCH3 was as follows:

Peak area7g,79.80):(75.76.77) = 12 : 88

Then, the reaction of MC and ds;-methanol was conducted to
clarify the formation pathway of the compounds 5, 6, and 7
(Scheme 4). Clearly, the compounds 5, 6, and 7 were also formed
in such a reaction and the mol ratio of MC contained —OCDs3 to

? o o]
4 -OD— H.
H,N"0” * D3C-OD 5 Ho LoCDyf 6 ML CDs

I
o]

78 79

D/N O
80
o) (0]
8 Ho L | 9| Dyha
D,N O D/N O
76 77

Scheme 4. Reaction of MC and d4-methanol.

MC contained —OCHj3 was the same as the above-mentioned result.
Based on these results, we can conclude that the compounds 5, 6,
and 7 were formed through the transesterification reaction of MC
and d4-methanol. More importantly, there was only 12% transeste-
rification products (MC contained —OCDs) formed. Therefore, the
compounds 1 and 2 (>97%) were formed mainly through the alco-
holysis of the urea intermediate with d4-methanol (Scheme 2, step
B) and not the transesterification of the compounds 3 and 4 with
d4-methanol.

Isotope competitive reaction was carried out with aniline, MC,
Hs-methanol, and ds-methanol. As it was shown in Scheme 5, 1
and 2 were derived from d4-methanol and 3 and 4 were products
from Hy-methanol. By ion selective mass spectra calibration, their
characteristic m/z* numbers are 154, 155, 151, and 152. Based on
the corresponding peak area, the mol ratio of the compounds 3, 4
and 1, 2 was as follows: peak area(isi1+152):(154+155) = 48:52. Thus,
a kinetic isotope effect was observed for the urea intermediate
alcoholysis. The numbers of KIE were calibrated as follows (num-
ber in the bracket is the standard deviation of the results repeated
three times).

KIE = k[H]/k[D]

= product(3) + product(4)/product(1) + product(2)

=0.923(0.04) : 1

All these results indicated that the formation of substituted
urea and further alcoholysis pathway were more favorable than
the direct deamination pathway. The formation of N-substituted

carbamate II takes place, thus, in two consecutive steps. The first
is the formation of the urea intermediate I with the removal of a

1 NBVO\CDS

d,-methanol

2 @ NgO\CDs

o) H
QNH2+ HzN)ko/ @NWO(NHZ

methanol

3 @Ngo\

+OM'g>

Scheme 5. An illustration of the kinetic studies by isotope competitive reactions.



336 J. Shang et al./Journal of Catalysis 279 (2011) 328-336

Ni/Fe;O o]
= R ez, *O/Rz

— ARy
N""NH; ]t B "N
Hl step H”
——RyOH

Scheme 6. Reaction pathway for synthesis of N-substituted carbamate from alkyl
carbamate and amine.

molecule of alcohol (Scheme 6, step A), followed by the formation
of N-substituted carbamate in the second step with the contempo-
rary elimination of a molecule of ammonia (Scheme 6, step B).
Although the aliphatic amines as substrate for the identification
of reaction pathway were not used due to its highly reactive with
CO, and water in the air, which could be lead to some error for the
results, we believe that the aliphatic amines undergo the same
reaction pathway as the aromatic amines. Additional, the urea
intermediate was further prepared with the reaction of HDA, EC,
and ethanol without catalyst. The results showed that HDA conver-
sion was nearly 100%, urea intermediate selectivity was 80%, and
EHDC selectivity was only 20%. Then, the reactivity of urea inter-
mediate is further studied under the same conditions with
5.1 wt.% Ni/Fe30,4. The results showed the conversion of urea inter-
mediate was 90% and the EHDC yield was 90%. These suggested
that the urea intermediate was formed easily and the catalyst
mainly promoted the further alcoholysis of the urea intermediate.

4. Conclusions

In conclusion, a nickel-promoted magnetic iron oxide catalyst
was developed for the effective syntheses of N-substituted carba-
mates. The catalyst could be easily isolated using external mag-
netic field and recovered for several runs without deactivation. In
general, good to excellent yields were obtained with various
amines and alkyl carbamates. Catalyst characterization results sug-
gested the catalytic activity may be derived from the delicate syn-
ergy between Ni and Fe species resulted in specific basic sites.
Reaction pathway investigations revealed that the N-substituted
carbamates were formed via substitute urea intermediate and
the catalyst mainly promoted the further alcoholysis of the urea
intermediate.
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