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Abstract

Based on the diversity of ionic liquids, i.e. tunable structure and physicochemical properties, a series of functional ionic liquids and palladium
complexes were investigated, and a highly effective catalyst system, Pd(ph8a&mPF; ionic liquid (phen = 1,10-phenanthroline; BAclm = 1-
butyl-3-acetic acid-imidazolium), was developed for the reductive carbonylation of nitrobenzene to give the corresponding carbamate with highel
than 90% of conversion and selectivity at T®and 6 MPa carbon monoxide. The high catalytic performance is attributed to the acidic function
of the BAcImPF ionic liquid and the interaction between Pd(phen)&hd the ionic liquid to form the catalytically active palladium complex
Pd(phen)(PFs)..
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction aniline to yield the corresponding carbamate, which offered
a new way for developing a highly efficient and environmen-

In the last 20 years, there have been numerous attempts tally friendly carbonylation proce$$7,18] However, problems

produce carbamates, which could be intermediates for produsuch as the formation of water as byproduct, which may cause

ing isocyanates through non-phosgene metljtd8]. One of  anions hydrolysis, the potential explosion of the COzHfx-

the most convenient approaches has been the catalytically reduare gas and the high price of aniline because it was derived

tive carbonylation of nitro compounds with carbon monoxidefrom hydrogenation of nitrobenzene are difficult to overcome.

in the presence of alcohol using group VIII transition metals orOn the other hand, the use of ionic liquids as promoters in the

their compounds as cataly$®s-4,6] Till today, palladium com-  reductive carbonylation of nitro-containing compounds has been

plexes have been regarded as the most effective catalysts. Larggarcely dealt with, although the diversity and non-volatility of

amounts of liquid acid co-catalysts, such as HCl agB®&4, etc.,  ionic liquids may offer good opportunities to find a proper and

which volatility and toxicity usually cause serious environmentenvironment benign ionic liquid-mediated noble-metal complex

problems, are needed in order to achieve good results. Thereforegtalyst system.

development of an environmentally benign co-catalyst system We wish to report that a catalyst system composed of the

for the reductive carbonylation of nitro-containing compoundsproper palladium complex and ionic liquid could be very effec-

is highly desired. tive for the formation of ethyl phenyl carbamate by reductive
lonic liquids are molten salts and usually composed ofcarbonylation of nitrobenzene in the presence of ethanol asiillus-

organic cations and inorganic anions. They have received mudhated inScheme 1

attention due to their thermal stability, negligible vapor pres-

sure, peculiar ion environment and diverd®y-16]. Recently,

it has been reported that ionic liquids could be effective reac?- Experimental

tion media or co-catalysts for the oxidative carbonylation of )
2.1. Compounds and materials

* Corresponding author. The ionic liquids and palladium complexes Pd(phepn)Cl
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palladium complex 5 Table 1
@Noz + 3CO + EtOH ™ Tonic liquids NHCO,Et +2C0, Results of the carbonylation of nitrobenzene with palladium complex-ionic
liquids

Scheme 1. Reductive carbonylation of nitrobenzene to ethyl phenyl carbamaEntry

over an ionic liquid-Pd complex catalyst. Catalyst lonic liquids  Conversion (%)  Selectivity (%)
1 Pd(OACc) - 37 56
(PFs)2 were synthesized according to previously published 2 PdCh - 50 67
methods[19—-22] with slight modifications. PdG| Pd(OACc), 3 (NHg)2PdCl, - 19 26
(NH4)2PdCly and phenanthroline were of AR grade. The ionic 4  Pd(phen)d - 67 81
liquids indicated irScheme vere used in this work. 2 Egggﬂggggggﬁ ~ 32 g
The characterizations of ionic liquids and palladium com- - Pd(phen)Gl BMIMBF,; 85 92
plexes were conducted with elementary analysis (Elementais Pd(phen)Gl BMImBr 43 52
Vario EL), NMR (Varian Inova 400) and FTIR (Nicolet Nod- 9 Pd(phen)Gl BMImCI 34 32
ule 5700) 10 Pd(phen)Gl BMImPFg 90 95
11 Pd(phen)Gl EMImPFs 91 87
12 Pd(phen)Gl HMImPFs 66 92
2.2. Reaction procedure 13 Pd(phen)Gl DMImPFs 59 81

Allreactions were conducted in a 90 ml autoclave with a glass

tube inside equipped with magnetic stirring. In each reaCtlonShown inTable 1 The catalytic activities of Pdg) Pd(OAC)

0.017 mmol Pd complex catalyst, 10 mg phenanthroline, 30 m :
ionic liquid, 0.5 ml nitrobenzene, 5ml ethanol and 6.0 MPa of%nd (NH,)2PdCl were examined and poor to moderate con-

; . . ; ersions (19-50%) and selectivities (26—67%) were obtained
carbon monoxide (purity 99.99%) were successively introduce : :
! . : . ntries 1-3). The main byproduct was azoxybenzene and trace
without any additional organic solvent. The reaction proceede

at 150°C for 3 h. When the conversion and selectivity were highamounts of aniline, phenyl isocyanate, nitroso benzene and

enouah. pale vellow solid methvl ohenvl carbamate could bazobenzene (<0.5% in total) were also detected in the reac-
gh, pa‘e y y! pheny ?ion mixtures. In order to further improve the catalytic activ-

deposited after addition of 10 mlJ® and it could be obtained ity, Pd(phen)Gl, Pd(phem(BF)z and Pd(phen(PFy), were

by simple filtration. Qualitative analyses were conducted Wlthtested in the reductive carbonylation of nitrobenzene because

a HP 6890/5973 GC-MS. The conversion of nitrobenzene W8 \e introduction of phenanthroline could improve the catalytic

measured with an Agilent 6820 GC equipped with a FID detector . . . : . .
; - activity of palladium complexes in carbonylation reactions. As
using an external standard method, and the selectivities were . . :
. . expected, much higher conversion of nitrobenzene (67-85%)

calculated according to the chromatographic peak areas of the

. : . and good selectivity to ethyl phenyl carbamate (77-91%) were
resulting products given by the GC chemstation. achieved although they were not high enough (Entries 4-6).

3. Results and discussion Pd(phen)Cl was selected as the catalyst to explore the effect
of ionic liquids as co-catalyst on the reductive carbonylation

The ionic liquids based on dialkyl imidazolium with BF  reaction. The results showed that the addition of ionic liquids
and Plg~ anions as co-catalyst were explored. The results weras co-catalysts effectively promoted the conversion of nitroben-

X=PFs  n=1, EMImPFs; n=3, BMImPFs
o n=5, HMImPFg; n=9, DMImPFg
NN X=BF.  n=3, BMImBF,
=/ x X=Br n=4, BMImBr
X=Cl n=4, BMImCI
M=-CH; E=-CH.CHs, B=-(CH2)sCHs,  H=-(CHj)sCHa,
D=-(CHz)sCHa.

X=Br, m=3 n=1, BAcImBr; n=2, BPalmBr;
,HN/\&,HMOQH n=3, BBalmBr; n=7, BOAlmBr
- X=BF,4, m=3 n=3, BBalmBF4
X=PFg, m=0 n=3, MBAImPFg; m=3, n=3, BBAImPFg
Ac=-CH>CO:H, Pa=-(CH3):CO:H, Ba=-(CH5)3CO:zH,
OA=-(CH,)7COH.

X= CF380; [(CH2):SOsHMIm] CFaSO0s
SRS X TSO O [(CHL)sSOHMIMITSO
—/ X X=BF, [(CH2)sSOsHMIM]BF 4
X= Fs [(CH2):SO:HMIm]PFg

Scheme 2. lonic liquids synthesized and used in the experiments.
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zene and the selectivity to ethyl phenyl carbamate (Entries 7-13)vith strong acid strength, were also tested in the carbonyla-
The best results were achieved over the Pd(pheB®IImPFs  tion reaction. However, less good results in comparison with the
ionic liquid catalyst system, in which the conversion reachedtarboxyl-functionalized ionic liquids were obtainethable 2
90% with >95% selectivity to ethyl phenyl carbamate. GoodEntries 9-12).
result was also obtained in the presence of the BMImiBRic In comparison with the results obtained using ordinary dialky!
liquid with 85% conversion and 92% selectivity. Therefore,ionic liquids, carboxyl and sulfonic acid-functionalized ionic
the anions in dialkyl ionic liquids have a strong impact onliquids as co-catalysts, the following conclusions could be
the catalytic activity of the palladium complex and the fol- obtained: (1) the best results were achieved in the presence
lowing sequence was observedgPB BF,~>Br~>CIl~. The of an ionic liquid containing a carboxyl group and BF
presence of large amounts of Band CI” anions caused par- PR~ anions; (2) the selection of the co-catalyst should not
tial deactivation of the palladium complex. The substitutedonly be based on acid strength and (3) imidazolium ions with
alkyl group of the imidazolium side chain also affected thea shorter side chain, i.e. 2—-4 carbon atoms, which are more
catalytic activity to a certain extent. Along with the increas- hydrophilic and possessed appropriate coordination effects on
ing number of carbon atoms of the alkyl group (from 2 tothe metal complex, promoted the conversion of nitrobenzene to
10), the conversion of nitrobenzene decreased from 91 tethyl phenyl carbamate more effectively. Although the catalytic
59%, although the selectivity was only varied slightly (Entriesactivity using acid-functionalized ionic liquid as co-catalysts
10-13). were lower (TOF~ 150 mol/(mol h)) than that the reported most
A series of relatively novel acid functional ionic liquids were active catalyst system for reductive carbonylation of nitroben-
also investigated in the reductive carbonylation of nitrobenzeneene (TOF 6000 mol/(mol h))[4], it offered us a new choice
because acids were usually effective co-catalysts for this reader this process because the volatile and toxic phosphorus acids
tion (seeTable ). In comparison with the results ifable 1  could be avoided.
the incorporation of a carboxyl group in the side chain of the It is worthwhile investigating the role of ionic liquids
imidazolium cation could effectively improve the selectivity in the reductive carbonylation of nitrobenzene. According to
of the carbonylation reaction. The selectivity to ethyl phenylthe mechanisms previously reported, there are two strate-
carbamate reached 98.8, 97.9 and 96% with conversions gfies to achieve satisfactory resulf3,24] The first one
85, 94 and 94.5% when using BAnBF4, BAcImPR and is the selection of non-coordinating anions, i.e.sPFand
MBaImPF; as co-catalysts, respectivelyaple 2 Entries 1-3). BF4~. The other one is the presence of acid co-catalysts.
These results were better than those obtained in the presentherefore, the reason for the high catalytic activity exhib-
of BMImBF4 and BMImPF; ionic liquids. At the same time, ited in the presence of RF and BRz~ containing ionic lig-
substitution of B~ and P~ anions in functional ionic lig- uids should first be attributed to the ion exchange between
uids with Br~, and especially with Cl, also led to the decrease PRs~/BF4;~ and CI, i.e. the formation of Pd(phes(BFa)2
of the conversion and selectivityidble 2 Entries 4 and 5), or Pd(phem(PFs)2. As to the carboxyl-functionalized ionic
which was quite similar to those using ordinary dialkyl ionic lig- liquids, the presence of the carboxyl group could effectively
uids as co-catalysts. Using carboxyl-functionalized ionic liquidspromote the ion exchange of ionic liquids with the palladium
with longer side chains, BEmBr, BPAImBr and BQyImBr, complex, which may possess a more suitable acid strength
as co-catalysts, gave poor results for the reductive carbonyhan the sulfonic acid-functionalized ionic liquids, therefore a
lation of nitrobenzene, both the conversions and selectivitiebetter catalytic performance was achieved. The replacement
decreased with the increasing of the numbers of the carboof PR~ and BR~ anions in the ionic liquids with Br or
atoms (able 2 Entries 6-8). Sulfonic acid group functional- CI~ would strengthen the coordination between halogen ions
ized ionic liquids, the most popular acid functional ionic liquids and palladium complex, thus resulting in a poor catalytic
performance.
Pd-carbenes, which are usually produced from imidazolium-
based compounds and palladium complexes and play an impor-

E?lecetif acid functional ionic liquids on the carbonylation of nitrobenzene tant role in many catalytic processes, are not a catalytic active
species in the reductive carbonylation reaction because a basic
Entry  lonic liquids Conversion (%)  Selectivity (%) component is necessary for the deprotonation of —C(2)H of the
1 BACIMBF, 89 08.8 imidazolium cation[25]. FTIR characterization showed that
2 BAcIMPRs 94 97.9 no changes occurred in comparison with the spectra of the
3 MBcImPFs 94.5 96 BAcImPFs ionic liquid before and after addition of Pd(OAc)
4 BAclmBr 58.2 89.8 and Pd(phen)Gl (Fig. 1). This suggested that the interac-
Z Eﬁﬂmg gg.s Zg tion between the —C(2)H group of the imidazolium and pal-
7 BBAIMBr 48 71 ladium complexes was very weak, confirming that no Pd-
8 BOaImBr 28 63 carbene formed from the imidazolium cation and palladium
9 [(CH2)4SOHMIM]CF3SO;  79.5 47 complexes. The ion exchange between the ionic liquid and
10 [(CHz)4SO;HMIM]TSO 80 89 palladium complex was difficult to detect by FTIR because
E {Egﬂi;gggmmgg ?g gg the anions had negligible effect on the FTIR spectra of the

cations.
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Fig. 1. FTIR spectra of the ionic liquid BAcRKa), Pd(OAc)/BAcPFs (b),
Pd(phen)CGI/BACPF; (c) and pure Pd(phen)g&(d).

4. Conclusion

An effective Pd(phen)Glcomplex-BAcImPF ionic liquid

of nitrobenzene to the corresponding carbamate. The diver-
sity of ionic liquids enabled us to find an optimal co-catalyst
towards a specific reaction. The synergism between the palla-
dium complexes and the ionic liquid, and the multi-function
possessed by the ionic liquids are the reason for the high catalytic
efficiency.
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