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a b s t r a c t

The non-phosgene carbonylation of 1,6-hexamethylenediamine (HDA) with alkyl carbamates using
Y(NO3)3·6H2O as a catalyst and the influence of reaction variables on the yields of dialkyl hexam-
ethylenedicarbamate (HDC) were studied. At 453 K and in the presence of 5 wt.% Y(NO3)3·6H2O, nearly
100% HDA conversion and 85% dibutyl hexamethylenedicarbamate (BHDC) isolated yield could be
eywords:
reen chemistry
lkyl carbamate
ialkyl hexamethylenedicarbamate
,6-Hexamethylenediamine
on-phosgene

achieved when butyl carbamate (BC) was employed as a carbonyl source. During reaction, an induction
period was observed, but it almost disappeared by pretreating the catalyst with n-butanol. The FT-IR, X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) characterizations of the catalyst showed
that some transformation occurred when the catalyst was pretreated with n-butanol or employed during
reaction, i.e., part decomposition of Y(NO3)3 to Y2O3, conversion from crystal to amorphous state, changes
occurring in chemical state of the active species, as well as some subtle interactions between the catalyst
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. Introduction

Isocyanates have great commercial importance in the manufac-
ure of polyurethanes [1–4]. They are commercially synthesized by
irect reaction of phosgene with amines. This method poses great
oncerns for both environmental and safety problems. Not only is
hosgene itself an extremely toxic reagent, but also HCl released
s a byproduct causes serious corrosion. Along with the increas-
ng attention of environment problems, to develop environmentally
riendly processes for synthesis of isocyanates is highly desirable.
mong several developed non-phosgene routes [5–9], the most
romising one includes two steps: (1) to synthesize carbamates
y non-phosgene carbonylation of N-containing compounds, and
2) to achieve the desired isocyanates by thermal decomposition of
he corresponding carbamates [10–14]. Since the thermal decom-
osition technique has been well developed in industry, to develop
fficient non-phosgene carbonylation processes of acquiring car-

amates has become the key step for the above non-phosgene
oute. To achieve this target, great endeavors have been made and
everal alternative non-phosgene carbonyl sources for producing
arbamates have been developed, i.e., CO [15], CO2 [16], organic

∗ Corresponding author. Tel.: +86 931 4968116; fax: +86 931 4968116.
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ed changes might be the reason resulting in activation of the catalyst.
© 2008 Published by Elsevier B.V.

arbonates (especially DMC) [17], etc. For these phosgene alterna-
ives, many new problems also exist. For example, the use of CO
ot only can not achieve the industrially practicable results but also

s poisonous and easily explosive when mixing with O2 in oxida-
ive carbonylation to carbamates; Using CO2 directly to synthesize
arbamates is very difficult due to the chemical inertion of CO2;
rom the view of environment, DMC is a green replacer of phos-
ene and can also be used in non-phosgene synthesis of carbamates,
owever, in addition of the separation problem of methanol–DMC
zeotrope, it is also not feasible industrially considering its expen-
ive cost.

Moreover, the utilization of alkyl carbamates (e.g., methyl
arbamate (MC), ethyl carbamate (EC) and BC) as environmen-
ally friendly carbonyl source for non-phosgene carbonylation also
ttracted chemists’ attention [18,19]. Compared with DMC, CO2,
nd CO, it possesses several advantages: (1) more easily available
n large amounts from industry than DMC, (2) relatively higher
ctivity than CO2, (3) more safer than CO, and (4) easier to be
tored as solid than the gas. However, the reports for producing
arbamates, in particular yielding dialkyl hexamethylenedicarba-

ate (HDC, an important precursor of 1,6-diisocyanatohexane),

re still very limited, and meanwhile, rigorous reaction con-
itions such as high temperature (>473 K) or long reaction
ime (>10 h) are always needed in these reports [20,21]. Based
n our continuous efforts to develop non-phosgene processes

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:ydeng@lzb.ac.cn
dx.doi.org/10.1016/j.molcata.2008.08.020
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Scheme 1. (A) Synthesis of BHDC from

22], here the non-phosgene yielding of HDC, in particular the
ynthesis of dibutyl hexamethylenedicarbamate (BHDC) from 1,6-
examethylenediamine (HDA) and BC in n-butanol, were efficiently
atalyzed over Y(NO3)3·6H2O, Pb(OAc)2·3H2O, Ni(OAc)2·4H2O, etc.
Scheme 1A). The effects of varied reaction conditions, i.e., reac-
ion temperature, reaction time, molar ratio of reactants, catalyst
ontent, etc. on the catalytic activity were also investigated in detail.

. Experimental

.1. Chemicals and catalysts

All chemicals used in the experiments were of analytical
rade, and were used without further purification otherwise
pecified. MC, EC and BC with 98–99% purity were synthesized
n our laboratory. Y(NO3)3·6H2O, La(NO3)3·6H2O, Zr(NO3)4·5H2O,
n(OAc)2·2H2O, Ni(OAc)2·4H2O, Pb(OAc)2·3H2O, and Mn(OAc)2·
H2O employed as catalyst were also analytical grade and used as
eceived. Additionally, Y(NO3)3·6H2O was pretreated with HDA, BC
nd n-butanol at 473 K for 1 h, respectively.

.2. Reaction procedure

All reactions were conducted in a 120 mL stainless auto-
lave equipped with magnetic stirring. In each reaction, HDA
7.5 mmol), alkyl carbamates (15–45 mmol), corresponding alco-

ol (37.5–187.5 mmol), and a catalyst (17–52 mg) were charged
uccessively into the autoclave flushed with N2 gas. The reaction
roceeded from 433 to 473 K for 1–6 h. After reaction and the
utoclave cooled to room temperature, the catalyst and insoluble
ompound were separated from the resulted reaction mixture by

3

s
(

able 1
ffects of different catalysts on the synthesis of HDCa.

ntry Catalyst Carbonyl source Conversion (%)b

No Cat. BC 33
Zn(OAc)2·2H2O BC 55
Ni(OAc)2·4H2O BC 60
Mn(OAc)2·4H2O BC 62
Pb(OAc)2·3H2O BC 67
La(NO3)3·6H2O BC 54
Zr(NO3)4·5H2O BC 56
Y(NO3)3·6H2O BC 68

e Y(NO3)3·6H2O BC 64
0 Y(NO3)3·6H2O MC 51
1 Y(NO3)3·6H2O EC 63

a Reaction conditions: HDA, 7.5 mmol; alkyl carbamate, 30 mmol; alcohol, 112.5 mmol;
as nearly 100% in all entries.
b Conversion of alkyl carbamate.
c Isolated yield based on HDA charged.
d TON, mole of alkyl carbamate converted per mole of catalyst.
e Reused for the fourth time.
and BC; (B) and (C) two side reactions.

entrifugation and filtration. About 95% of the catalyst could be
ecovered and was reused for the next time with additional fresh
atalyst in ca. 5% of total amount charged. After alcohol in the fil-
rate was distilled, 100 mL water was added, then, the desired white
olid product could be obtained by precipitation. The isolated yields
f products were expressed based on the amount HDA charged.

.3. Identification

The products were qualitatively and quantitatively analyzed
ith GC–MS (HP 6890/5973), 1H NMR (Bruker AMX FT 400-MHz),

lemental analysis (Elementar Analysensysteme GmbH VarioEL
sing the software Version V 3.00), and HP 6820 GC equipped with a
ID detector using biphenyl as an internal standard. IR analysis was
onducted with a Thermo Nicolet 5700 FT-IR spectrometer. X-ray
iffraction (XRD) was measured on a Siemens D/max-RB powder
-ray diffract meter. Diffraction patterns were recorded with Cu
� radiation (30 mA, 40 kV) over a 2� range of 10◦ to 50◦ and a
osition-sentient detector using a step size of 0.017◦. X-ray pho-
oelectron spectroscopy (XPS) analysis was performed with a VG
SCALAB 210 instrument. Mg K� radiation at a pass energy of 150 eV
t an energy scale calibrated versus C1s peak at 285.00 eV arising
rom adventitious carbon were used.

. Results and discussion
.1. Effects of different catalysts

Firstly, for the purpose of comparison, a blank experiment for
ynthesizing BHDC from HDA and BC in n-butanol was conducted
Table 1, entry 1), and the results showed that only 5% yield of BHDC

Product yield (%)c Byproduct yield (%) TONd

Polyureac Dialkyl carbonate

5 90 1.2 –
27 65 1.9 83
56 39 4.5 102
61 32 5.4 104
80 13 8.5 173
27 66 1.6 159
28 64 2.2 164
85 10 10.1 178
82 12 10.5 167
34 59 3.5 133
81 14 6.1 165

Cat., 44 mg; reaction temperature, 453 K; reaction time, 5 h. The conversion of HDA



3 r Catalysis A: Chemical 296 (2008) 36–41

c
T
o
A
c
v
f
t
c
o
p
p
1
a
t
G
a

t
e
r
w
l
y
T
e
i
i
t
y
e
p
a
e
F
o
o
t

e
f
c
u
g
c
(
a
(
c
c
o
y
M
t
t

3

w
i
w
f
e
t

F
B

r
i
d
t

a
y
d
t
i
a
f
o
p
r
o
a

3
a

The effects of molar ratio of BC/HDA on the catalytic reaction
were shown in Fig. 3. With increasing the molar ratio of BC/HDA
from 2:1 to 4:1, the BHDC yield also increased from 34 to 85%
8 H. Zhang et al. / Journal of Molecula

ould be obtained, although HDA conversion was nearly 100%.
his result suggested that HDA was easy to react in the presence
f BC, although most products were the undesirable byproduct.
mong them, the main byproduct was a sort of amorphous solid
ompound (ca. 90% yield), which was insoluble in the usual sol-
ents (e.g., ethanol, acetone, DMF, etc.) and could be separated
rom the reaction system by filtration. After drying, FT-IR spec-
rum was used to confirm its identity, and a peak at 1616 cm−1

ould be observed, which could be attributed to the carbonyl group
f polyurea compounds [23]. Thus, we deduced that this amor-
hous solid byproduct should be a polyurea compound from the
olycondensation of HDA and BC. Besides polyurea byproduct, ca.
.2% C4H9OC(O)OC4H9 (DBC) from the side reaction (Scheme 1B)
nd trace C4H9NHC(O)OC4H9 (N-BBC) from another side reac-
ion (Scheme 1C) could be observed by gas chromatography and
C–MS analysis in the blank experiment. Surprisingly, no butyl-6-
mionhexane-1-carbamate was detected in the byproducts.

Secondly, the catalytic activities of seven catalysts were inves-
igated, respectively. Under the same conditions as the blank
xperiment, i.e., the reaction was operated at 453 K for 5 h, molar
atio of n-butanol to BC to HDA was 15:4:1, and the catalyst content
as 5 wt.% (based on the weight of HDA), the catalytic results were

isted in Table 1 (entries 2–8). It can be seen that, 27–85% BHDC
ields were obtained with the BC conversions of 54–68% and the
ON of 83–178, indicating that all the nitrate and acetate catalysts
mployed in this work exhibited moderate to high catalytic activ-
ties. Among them, Y(NO3)3·6H2O exhibited the highest activity,
.e., yielding 85% BHDC when 68% BC was consumed, meanwhile,
he TON of 178 was obtained and only 10% polyurea byproduct was
ielded. Pb(OAc)2·3H2O was also capable of catalyzing the reaction
fficiently, but the efficiency seems to be slightly inferior as com-
ared with that of Y(NO3)3·6H2O. That is, a 80% BHDC yield with
67% BC conversion and a 173 TON could be obtained in the pres-
nce of Pb(OAc)2·3H2O, while 13% polyurea byproduct was formed.
or Zn(OAc)2·2H2O, La(NO3)3·6H2O and Zr(NO3)4·5H2O catalysts,
nly 27–28% BHDC yields but 64–66% polyurea byproduct could be
btained, although their TONs were also more than 80, indicating
hat these catalysts were not suitable for this catalytic reaction.

Moreover, the recycling of Y(NO3)3·6H2O catalyst was also
xamined (Table 1, entry 9). When the catalyst was reused for the
ourth time, a 82% BHDC yield could still be achieved with a 64% BC
onversion and a TON of 167, meanwhile only 12% polyurea byprod-
ct was formed, showing that the Y(NO3)3·6H2O catalyst possessed
ood recyclability. In order to investigate the universality of the
atalyst, the syntheses of dimethyl hexamethylenedicarbamate
MHDC) and diethyl hexamethylenedicarbamate (EHDC) using MC
nd EC as substrates were also conducted over Y(NO3)3·6H2O
Table 1, entries 10 and 11). As the results showed, under the same
onditions, high activity of Y(NO3)3·6H2O for synthesis of EHDC
ould also be exhibited with a 81% EHDC yield, a TON of 165, and
nly 14% polyurea byproduct. However, poor results of 34% MHDC
ield but 59% polyurea byproduct could be obtained for synthesis of
HDC with a 51% BC conversion and a TON of 133. This means that

he Y(NO3)3·6H2O catalyst is more suitable for synthesis of BHDC
han MHDC and EHDC.

.2. Effects of reaction temperature and reaction time

The effects of reaction temperature on the synthesis of BHDC
ere shown in Fig. 1. It can be seen that, with the temperature
ncreasing from 433 to 453 K, BHDC yield increased from 7 to 85%,
hile the isolated yield of main byproduct polyurea decreased

rom 86 to 10%, indicating that the formation of polyurea was
asier at low temperature while the high temperature favored
he synthesis of BHDC. This trend was in accordance with that

F
3

ig. 1. Effects of reaction temperature on the synthesis of BHDC: HDA, 7.5 mmol;
C, 30 mmol; C4H9OH, 112.5 mmol; Y(NO3)3·6H2O, 44 mg; reaction time, 5 h.

eported in previous studies [24]. When the temperature further
ncreased from 463 to 473 K, the BHDC yield showed a slight
ecrease (i.e., from 85 to 83%), which might be caused by the part
hermal decomposition of BHDC at higher temperatures.

Fig. 2 showed the effects of reaction time on the yields of BHDC
nd the byproduct polyurea. From the curves, it can be seen that the
ield of BHDC was 7% in the first hour. But then, it increased sud-
enly to 76% while the yield of polyurea decreased sharply from 85
o 17% in a narrow time range from 1 to 2 h. With the reaction time
ncreased unceasingly, the BHDC yield increased smoothly to 85%
t 5 h while polyurea decreased to 10%. When the reaction time was
urther prolonged to 6 h, a slightly decrease in BHDC yield (84%) was
btained. From the above discussion, it can be conjectured that a
re-activation of the catalyst might occur at the initial stage of this
eaction. A similar phenomenon has also been observed in previ-
us literature [25], which was called as an induction period by the
uthor. More discussions about this would be stated in Section 3.4.

.3. Effects of molar ratio of BC/HDA, n-butanol/HDA, and the
mount of Y(NO3)3·6H2O
ig. 2. Effects of reaction time on the synthesis of BHDC: HDA, 7.5 mmol; BC,
0 mmol; C4H9OH, 112.5 mmol; Y(NO3)3·6H2O, 44 mg; reaction temperature, 453 K.
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Fig. 5. Effects of catalyst content on the synthesis of BHDC: HDA, 7.5 mmol; BC,
30 mmol; C4H9OH, 112.5 mmol; reaction temperature, 453 K; reaction time, 5 h.
ig. 3. Effects of molar ratio of BC/HDA on the synthesis of BHDC: HDA, 7.5 mmol;
4H9OH, 112.5 mmol; Y(NO3)3·6H2O, 44 mg; reaction temperature, 453 K; reaction
ime, 5 h.

hile the byproduct polyurea yield decreased from 59 to 10%, indi-
ating that excessive BC would facilitate the production of BHDC.
his might be explained by the fact that part BC was consumed to
ield byproducts (e.g., DBC and N-BBC) during reaction. When the
atio was higher than 4:1, no obvious changes in BHDC yield were
bserved, suggesting that the optimum BC/HDA ratio should be 4:1.

Fig. 4 displayed the effects of the amount of n-butanol on the
eaction. With increasing the mole ratio of n-butanol/HDA from
:1 to 15:1, the BHDC yield increased from 72 to 85%, while byprod-
ct polyurea yield decreased from 21 to 10%. When the amount of
-butanol employed in the reaction was further increased, an obvi-
us decrease in the BHDC yield and the yielding of more byproduct
olyurea could be obtained, i.e., the BHDC yield decreased from 85%
t the n-butanol/HDA ratio of 15:1 to 75% at the n-butanol/HDA ratio
f 25:1, and the polyurea yield increased from 10 to 17% accordingly.
t might be because the reactants would disperse and react effec-
ively in an appropriate amount of n-butanol, however, if reactants
ere further diluted by a large amount of excessive n-butanol, the
eaction rate would be slowed down, thus resulting in the decline
f BHDC yield.

The effects of the amount of Y(NO3)3·6H2O catalyst on the yield
f BHDC was examined at 453 K using a n-butanol/BC/HDA molar

ig. 4. Effects of molar ratio of n-butanol/HDA on the synthesis of BHDC: HDA,
.5 mmol; BC, 30 mmol; Y(NO3)3·6H2O, 44 mg; reaction temperature, 453 K; reac-
ion time, 5 h.

Fig. 6. FT-IR spectra of Y(NO3)3·6H2O samples: (A) fresh, (B) pretreated with n-
butanol, and (C) used.

Fig. 7. XRD patterns of Y(NO3)3·6H2O samples: (A) fresh, (B) pretreated with n-
butanol, and (C) used.
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Fig. 8. XPS spectra of Y3d, N1s and O1s core level

atio of 15:4:1. The results in Fig. 5 showed that, the yields of
HDC were improved with increasing the amount of Y(NO3)3·6H2O,

.e., from 72% yield at the catalyst amount of 2 wt.% (based on
he weight of HDA) to a maximum of 85% yield at the catalyst
mount of 5 wt.%. With further increasing the amount of catalyst,
he yield would not change obviously. Contrary to the BHDC, the
ield of byproduct polyurea decreased with increasing the amount
f Y(NO3)3·6H2O, that is, the yield firstly decreasing from 22%
t 2 wt.% catalyst amount to a minimum of 10% at 5 wt.% cata-
yst amount, and thereafter, the values keeping relatively constant.
herefore, the optimum content of catalyst was chosen as 5 wt.%.

.4. The pre-activation and characterizations of the catalysts

As shown in Fig. 2, a clear induction phenomenon was observed
n this reaction. For further study, the Y(NO3)3·6H2O was firstly pre-
reated with HDA, BC and n-butanol at 473 K for 1 h, respectively.
fter that, the pretreated Y(NO3)3·6H2O was employed in synthe-
is of BHDC at 453 K for 1 h. The results showed that the BHDC
ields were only 8 and 3% when Y(NO3)3·6H2O were pretreated
ith HDA and BC, respectively. However, when the catalyst was
retreated with n-butanol, the BHDC yield rapidly increased to 60%

n 1 h. Comparing with the result of only 3–8% BHDC yield in 1 h
hen Y(NO3)3·6H2O was not pretreated or pretreated with HDA

nd BC, respectively, the pretreatment of catalyst with n-butanol
emarkably improved the catalytic activity of the catalyst, indicat-
ng that n-butanol take part in the transformation of Y(NO3)3·6H2O
nto some catalytically active species.

With the aim of finding out how n-butanol acted actually on
he catalyst during pretreatment, FT-IR, XRD and XPS were used
o investigate the changes of fresh, pretreated with n-butanol and
sed Y(NO3)3·6H2O catalysts. Each sample was dried at 393 K for
h in vacuum before characterizations. As FT-IR spectra showed

Fig. 6), the pretreated catalyst displayed additional absorbance
ands near 2900 cm−1 compared with the fresh sample, which
hould be ascribed to the stretching vibrations of aliphatic C–H.
hese peaks were also observed in FT-IR spectra of the used cata-

yst, proving that some interactions occurred between the catalyst
nd n-butanol.

X-ray diffraction patterns were illustrated in Fig. 7, and the
(NO3)3·6H2O without any pretreatment showed characteristic
iffraction peaks. After pretreatment, these peaks disappeared,

hile an amorphous phase displayed. The XRD pattern of used cata-

yst was also similar to that of the pretreated catalyst, except several
ew diffraction peaks at 20.65◦, 23.66◦ and 29.13◦, corresponding to
he d-spacing of 4.30, 3.76 and 3.07 Å, which assigned to the (2 1 1),
2 2 0) and (2 2 2) facets of Y2O3. This revealed the catalyst altered

r
c
d
4
a

ons of fresh, pretreated and used Y(NO3)3·6H2O.

rom crystal into amorphous matters and some Y2O3 formed during
he reaction.

Fig. 8 gave the XPS spectra of Y3d, O1s and N1s. Comparing
he binding energy (BE) of fresh catalyst with that of pretreated
atalyst, the BE of Y3d5/2 decreased from 158.88 to 158.42 eV, but
he BE of N1s was almost not changed (i.e., 407.31 eV for the fresh
atalyst and 407.29 eV for the pretreated catalyst). For the O1s emis-
ions, the corresponding BE of O in NO3

− changed slightly from
32.20 to 532.08 eV, while the peak of O in crystal H2O of fresh
atalyst (533.36 eV) became unconspicuous after pretreatment. For
he pretreated catalyst and the used catalyst, almost the same BE
alues were observed (i.e., 158.36 eV of Y3d5/2, 407.29 eV of N1s,
nd 532.02 eV of O1s for the used catalyst). The changes of catalyst
tomic ratio in surface layer were also estimated. For fresh catalyst,
he ratio of N/Y and O/Y was 1.0 and 4.1, and after pretreatment, the
atio declined to 0.1 and 2.9, indicating that part NO3

− decompose.
hrough comparing the used catalyst with the pretreated one, only
little changes in the atomic ratio of N/Y and O/Y could be obtained

i.e., N/Y = 0.2 and O/Y = 2.6 for the used catalyst, and the values were
.1 and 2.9 for the pretreated catalyst, respectively), suggesting that
he composition of the catalyst after being pretreated was relatively
teady.

Based on the above characterizations, we deduced that the cat-
lyst should undergo an induction period during the reaction. The
igh activity of pretreated catalyst with n-butanol not only verified
his point, but also proved that n-butanol took part in the pre-
ctivation of the catalyst. During reaction or the pretreatment, some
ransformations for the catalyst, i.e., part decomposition of Y(NO3)3
o Y2O3, conversion from crystal to amorphous state, changing in
hemical state of the active species, as well as some subtle inter-
ctions between the catalyst and n-butanol, occurred and all of
hese changes might be the reason resulting in the activation of
he catalyst.

. Conclusions

In summary, the non-phosgene synthesis of HDC, in particu-
ar the synthesis of BHDC from HDA and BC in n-butanol, were
uccessfully carried out. In the presence of Y(NO3)3·6H2O and in
-butanol at 453 K for 5 h, nearly 100% HDA conversion and a 85%
HDC isolated yield could be achieved with a TON of 178. Under the
ame conditions, the yields of MHDC and EHDC were 34 and 81%,

espectively. The effects of varied catalysts and different reaction
onditions were also investigated in detail, and the optimized con-
itions were as follows: the reaction temperature and time was
53 K and 5 h, the molar ratio of n-butanol/BC/HDA was 15:4:1,
nd the amount of Y(NO3)3·6H2O catalyst was 5 wt.% (based on the
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eight of HDA). During reaction, an induction period was observed,
hich was also verified by the high activity of pretreated cata-

yst. FT-IR, XRD, XPS analysis and comparisons of fresh, pretreated
nd used catalysts revealed that some transformation for the cat-
lyst occurred during reaction or the pretreatment, and n-butanol
ook part in the activation of the catalyst. Further investigations are
nder way.
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