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Abstract

A Pd colloid prepared by reduction of the [Rd¢allyl),Cl], precursor with Vcp (vanadocene) in presence of polyvinylpyrrolidone (PVP)
as a protecting polymer was found to be an active and stable catalyst of methoxycarbonylation of iodobenzene carried out in an ionic
liquid (IL) medium of [bmim]X and/or [bumepy]X (bmim = 1-methyl-3-butyl imidazolium cation, bumepy = 1-butyl-4-methyl pyridinium
cation, X=Cl, BR, PF) or in the presence of ammonium salts of,fjgX type (R="Bu, Et, Me; X=ClI, Br, I). The yield of benzoic
acid methyl ester produced in methoxycarbonylation of iodobenzene in ionic liquids depends on their structure: those with the pyridinium
cation are much more effective than those with the imidazolium one. At the optimal concentration of methanol, the yield of methoxy-
carbonylation reaction catalyzed by Pd colloid decreases in the ortleuNI]Br>["BusN]l >["BuyN]Cl> [bumepy]PFk > [Et4N]Br>
[bumepy]Cl > [bumepy]BE> [Et;N]CI > [bmim]PFs > [bmim]BF; > [bmim]CI.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction that characterizes their high catalytic ability is a high surface-
to-volume ratio. A high value of that factor is an indicator
Metal colloids have recently received increasing inter- of potentially better access of substrates to the catalytically
est from many research groups which have applied metalactive centers compared with heterogeneous catalysts. Cat-
nanoparticles in catalytic reactiorjd—10]. It has been alytic systems based on metal colloids are relatively sim-
demonstrated that colloids of such transition metals as pal-ple and do not require the use of complicated modifying
ladium, rhodium and ruthenium exhibit attractive catalytic ligands. However, metal colloids may undergo aggregation
properties and may successfully compete as catalysts withduring the reaction leading to loss of catalytic activity. The
traditional organometallic specigs-10]. size distribution of palladium nanoparticles after recycling in
Metal colloids have till now been effectively used first the Suzuki reaction has been studied recefit]y Careful
of all in catalytic hydrogenation of olefins and aromatics selection of the reaction medium, for example, the addi-
[6,11-14] but there are also examples of their application tion of ammonium salts, may prevent aggregation probably
in carbon—carbon coupling in the He¢R,4] and Suzuki via electrostatic interactions and stabilize the size of metal
[1,3,8] reactions. The essential parameter of metal colloids colloid nanoparticles sufficient for catalysis. We have re-
cently found that in carbonylation with Pd{tod) as the
catalyst precursor Pd colloids are formed in situ and their
* Corresponding author. catalytic activity increases when ammonium salts are added
E-mail addressania@wchuwr.chem.uni.wroc.pl (A.M. Trzeciak). [15].
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In this paper we present studies on methoxycarbonylation g2 pmimjar,

reaction of iodobenzene catalyzed by Pd colloid in the ion
liquid media Scheme L

lonic liquids, characterized by very low vapor pressure,
have recently been frequently used as solvents for catalytic 12
reactions replacing less environmentally friendly organic sol-
vents[16—20] A palladium catalyst with phosphane ligands 13 [bumepy]BFR,
was applied in carbonylation in imidazolium ionic liquids 14° [bumepy]BF

[16]. However, interactions of metal colloids with ionic lig-

uids are not understood well, and according to our best knowl-
edge this paper presents the first examples of the design of a
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Table 1
Effect of ionic liquids (IL) on the yield of methoxycarbonylation reaction of
iodobenzene

Entry IL p(CO) (atm)  Time (h)  Yield of ester (%)
1 - 10 4 26
2 [mokt]BF, 5 3 0
3p [mokt]BF4 5 3 1
42 [bmim]CI 5 3 8
50 [bmim]Cl 5 3 0
- 5 3 18
Ic 70 [bmim]BF,4 5 3 8
8 [bmim]PFs 5 3 35
9o [bmim]PFs 5 3 0
17 [bumepy]ClI 5 3 66
[bumepy]BR 5 3 60
[bumepy]BR 5 3 34
5 4 36
10 3 36
15° [bumepy]BR 10 4 36
167 [bumepy]Pk 5 3 83

rlieeaction conditions: [MeOH]:[Phl]=2.8, [MeOH]:[IL]=2.7, [IL]=9.11
x 103 mol, 1.0cn? (8.93x 10~3mol) Phl; 3.0cm (2.15x 102 mol)

active and stable catalytic system for carbonylation reaction NEts: 0.64 cn? (4.6 x 10-3 mol) mesitylene; 90C.

composed of palladium colloid and an ionic liquid.

2. Results and discussion

a2%10°3M (1.17x 10~> mol) [Pd].
b1.2x103M (1.17x 103mol) [Pd], V=10cn?, 2.5¢cn? (2.35x
102 mol) toluene.

tained (entry 8), a little more than with methanol only. In the

The Pd colloid that was used in this work as a cata- ¢as€ Of [moki]B& (mokt=1-methyl-3-octyloimidazoliumy,

lyst for methoxycarbonylation of iodobenzene was prepare

by reduction of the [Pd{3-allyl)>Cl]> complex with Vcp

4 methoxycarbonylation was not observed at all (entry 2). Con-
sidering the effect of anions, best results were obtained with

(vanadocene) in presence of polyvinylpyrrolidone (PVP) as the Pfs~ anion (Table J.

a protecting polymer and characterized with transmission

electron microscope (TEM) and wide angle X-rays sca
tering (WAXS) methodq13]. This colloid catalyzes hy-
drogenation of nitrobenzene to anilif&3]. Preliminary

Positive effect of pyridinium salts was confirmed in
t. methoxycarbonylation reactions carried out in the presence
of toluene as a cosolvent. Under similar reaction conditions
(see note underable J) but at a twice lower concentration

studies of its catalytic activity in methoxycarbonylation of ©f the catalyst, the reaction yield dropped to ca. 36%. Again

iodobenzene demonstrated rather limited activity with

a

26% yield of the product, benzoic acid methyl ester. Fur- Table 2

ther studies were conducted in ionic liquids (IL) contain
ing imidazolium (bmim = 1-methyl-3-butyl imidazolium) or
pyridinium (bumepy = 1-butyl-4-methyl pyridinium) cations
with anions such as C| BF4,~ and Pk~. lonic lig-

uids were used in amounts (in moles) comparable to the g
amount of iodobenzene, and in all reactions the system g 2500

Effect of methanol and [IL] concentrations on the yield of methoxycarbony-
lation reaction of iodobenzene in [bumepylBsolution
Entry [MeOH]:[Pd] [MeOH]:[IL] [PhI]:[IL] Yield of ester (%)

17 1000 13 1 50
18 1900 27 1 60
3100 41 1 60

&3] 1.3 65

was biphasic with the colloid dissolved in the ionic liquids 21 3500 49 1.3 78
(bottom layer). 22 4500 66 1.3 82
It was also demonstrated that the ionic liquid itself (e.g. 23 2600 49 1.8 63
[bumepy]BR,) did not show any catalytic activit 24 4400 8 18 3
24 : any catalytic activity. 25 5700 12 18 50

The introduction of an ionic liquid with the [bumepy] 26 2600 el 25 a4
cation caused an increase in the yield of the product com-27 2800 ') 3.5 43
pared to the yield of the reaction carried out in methanol only 28" 2100 27 1 31
2% 2100 27 1 21

(Table 1 entry 1).

The maximum yield of 83% was obtained after 3 h of reac- Reaction conditions: 1.17 10-°mol [Pd]; 1.25-1.91M [Pd]; 1.0ch

tion conducted in [bumepy]RFSlightly lower yields of ester,
60-66%, were obtained for ionic liquids with the [bumepy

(8.93x103mol) Phl; 3.0crd (2.15x102mol) NEg&; 0.64cn?

] (4.6 x 103 mol) mesitylene; 90C; 5atm CO; 3h.

2 Experiment started after 1h stirring of Pd colloid with NEand

cation and B~ or CI™ anions (entries 10, 11). On the other  [hymepy]BR.
hand, ionic liquids with the bmim cation were found to be  ? Experiment started after 1h stirring of Pd colloid with MeOH and

inhibitors and only with [bmim]P§ 35% of ester was ob-

[bumepy]BF,.
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Table 3

Effect of methanol and Pd colloid concentrations of methoxycarbonylation of iodobenzene at the presence of toluene and [bumepy]BF
Entry [Pd]x 10°M [MeOH]:[Pd] [MeOH]:[bumepy]BR Yield of ester (%) Toluene (cf)
30 1.19 1000 1.3 26 3.10
31 1.19 2100 2.7 36 2.55
32 1.20 2600 3.4 43 2.25
33 0.49 5100 2.7 10 2.55
34 0.63 4000 2.7 22 2.55
35 1.21 2000 2.7 36 2.55
36 1.56 1600 2.7 41 2.55
37 2.19 1100 2.7 52 2.55
38 2.24 1100 2.7 57 2.55
3¢ 1.23 1000 1.3 38 1.10
407 1.19 2100 2.7 55 0.56

Reaction conditions: 1.1¥ 10~° mol [Pd]; 1.0 cnd (8.94x 10-3mol) Phl; 3.0 crd (2.15x 10-2 mol) NEt; 0.64 cn? (4.6 x 10~3 mol) mesitylene; 1.80 cfn
(9.11x 10~ mol) [bumepy]BR; V=10cn?, 90°C; 10 atm CO, 4 h.
3 v=8cn?, 5atm CO, 3h.

ionic liquids with the bmim cation showed a rather inhibiting 10 cn?) showed that a positive effect of methanol addition
effect on the reaction course (entries 3, 5, 7). was observed up to the [MeOH]:[bumepyBFatio of ca.

A very small effect of pressure on the yield of ester was 3. The presence of toluene in the system generally caused
noted and similar results were obtained at 5 and 10 atm. ThiSa decrease in the reaction y|e|d Compared with Systems in
may suggest that solubility of carbon monoxide in the reac- which only methanol was used. The effect of Pd colloid con-
tion medium is not a yield-determining factor. Also prolon-  centration on the yield of methoxycarbonylation is shown in
gation of the reaction time over 3 h did not impact on the Table 3 As could be expected, the yield of ester increased
yield of ester. This observation could suggest deactivation of with an increase in Pd colloid concentration from 10% at [Pd]
the catalyst; however, further experiments showed that the4.9x 10-4 M to 57% at [Pd] 2.24< 10~* M (entries 33-38).
catalyst Separated from the post-reaction mixture was still To sum up the above-discussed results, one may conclude
active. From the data collectedTable 2 one may conclude  that at optimum reaction conditions, the reaction practically
that [bumepy]Bl& concentration is the yield-determining  stopped when it reached 55-60% yield of ester and in spite
factor. In a test experiment, nearly the same amounts of of unreacted iodobenzene in reaction mixture did not pro-
Pd colloid and different amounts of [bumepylBKfrom ceed further. It appears, however, that a modification of the
9.1x 103 to 2.6x 10-3mol) were used. As a consequence reaction procedure by constantly adding back the consumed
of methanol concentration variations, the [MeOHJ:[IL] ra- amount of methanol led to some increase in substrate con-
tio also changed from 1.3 to 11.2. The best results, up to version and a higher yield of the product. So, when methanol
82% of ester, were obtained at 5@.0~3 to 6.9x 10~ mol was introduced to the reactor at the rate of 1x2B) 2 mol/h,
of [oumepy]BR (Table 2 entry 22). Further increase of IL  the yield of ester could reach even 84% in spite of a decrease
amounts caused a drop in the yield of the product. The smallin the Pd concentratiorTéble 4. This experiment showed
effect of methanol concentration was noted in reactions per- that the yield of carbonylation can be increased if methanol is
formed at [PhI]:[IL] ratio equal to 1.3 and 1.8, where the added gradually in small portions instead of one big portion
yield of ester increased with the methanol amount increaseat the beginning of the reaction. This experiment addition-
(entries 22-25). ally proved that Pd colloid does not undergo deactivation.

To clarify possible effects of colloid solubility, mixtures of  The observed retardation of reaction over time is most prob-

Pd colloid with NEg and [bumepy]Bk as well as Pd colloid  ably caused by unfavorable phase composition making the
with MeOH and [bumepy]BF were stirred for 1h before  catalyst-reagent contacts difficult.

addition of other reaction componeni&able 2 entries 28,
29). However, such pretreatment only caused a_reaction yieldTable 4
decrease. The best re;ults were always obtained when aIlfhe yield of ester in methoxycarbonylation reaction of iodobenzene carried
reactants were added simultaneously to the autoclave. out with addition of 0.5 ¢ (1.25x 10-2 mol) of methanol/h

The effect of methanol and palladium concentration was
clearly demonstrated in a series of reaction experiments con

Entry Time (h) Yield of ester (%)

ducted at constant volum& €8 or 10cn?) (Table 3. To ; 2%
ensure the most comparable reaction conditions (first of all 47 » 3 71
a constant concentration of the catalyst), depending on the41.3 4 84

amounts of methanol used, sufficient amounts of toluene reaction conditions: 1.17 10-5 mol [Pd]; 1.0 cnf (8.93x 10-3 mol) Ph;
(from 0.09 to 3.1cr®) were added to bring the total vol-  3.0cn? (2.15x 10-2mol) NEt; 9.11x 10-3 mol [bumepyBR]; 0.64 cn?
ume toV=8 or 10 cni. Both series of reactions (in 8 and  (4.6x 10~ mol) mesitylenep(CO) 5atm, 90C.
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Table 5

Methoxycarbonylation of iodobenzene with repeated use of catalyst

Entry [Pd]x 10°M [MeOH]:[Pd] [MeOH]:[IL] p(CO) (atm) Time (h) Yield of ester (%)
42, 1 cycle 1.91 900 1.3 5 3 50
42,2 cycle 1.91 900 1.3 5 3 49
43, 1 cycle 1.70 1000 1.3 5 4 50
43, 2 cycle 1.70 1000 1.3 5 3 38
43, 3 cycle 1.70 1000 1.3 5 4 34
44, 1 cycle 1.70 1000 1.3 10 4 50
44, 2 cycle 1.59 2100 2.7 10 4 83
44, 3 cycle 1.59 2100 2.7 10 4 83
44, 4 cycle 1.59 2100 2.7 10 4 73
45, 1 cycle 1.74 1900 2.7 5 3 60
45, 2 cycle 1.74 1900 2.7 5 3 50
45, 3 cycle 1.74 1900 2.7 5 3 55
45, 4 cycle 1.74 1900 2.7 5 3 47
45, 5 cycle 1.74 1900 2.7 5 3 41
46?1 cycle 1.77 1900 2.7 5 3 66
467, 2 cycle 1.77 1900 2.7 5 3 43
46°, 3 cycle 1.77 1900 2.7 5 3 28

Reaction conditions: 1.0c¢h (8.94x 10-3mol) Phl; 3.0cmi (2.15x 102mol) NEg; [bumepy]BR, [bumepy]Pk (9.11x 10~3mol); 0.64cnd
(4.6x 10~3 mol) mesitylene; 90C.
@ Reactions in [bumepy]RF

What is an important attribute of any catalytic system, Table 6
besides high productivity and selectivity is stability of the Methoxycarbonylation of iodobenzene carried out in ammonium salts
catalyst and its recycling. Application of ionic liquids as re- medium

action media makes it possible to separate the catalyst fromEntry Salt Yield of ester (%)
the reaction products relatively easily by simple extraction 47 [BwN]Br 98
with diethyl ether. It was analytically proved (using the ICP 47&. 1 cycle [BuN]Br 72
. . - 47&, 2 cycle [BuN]Br 35
method) that the diethyl ether extract did not contain measur- 474 3 cycle (BuN]Br 14
able amounts of palladiuriiable Spresents results of several 45 [BwN]I 95
experiments involving the recycling of Pd colloid dissolved 49 [BwNICI 88
in [bumepy]BR or [bumepy]Pk. 50 [EuN]Br 68
It was found that the Pd colloid was active in the sec- 31 [EuNICI 38
[MeyNICl 0

ond cycle, although conversion of iodobenzene in the first
cycle did not reach 100%, which suggested some deactiva-Reaction conditions: 1-13105 mol [Pd]; 1.0cn (8.94x 1‘*2 mol)
tion of the catalyst. The best results in experiments with re- ZE@ é:g:f’ 3 ((i‘gxl%ro; mrgT;)mgﬂs?tasﬁe;Sf[()aT\lr?X] (gllfi ig3 :‘qg'l)
peated use of the catalyst were obtained in reactions in whichyr ,njx):pd] = 779; [MeOH]:[salt]=2.7; 90°C, p(CO) 5atm, reaction
in the first cycle the [MeOH]:[bumepyB#f ratio was 1.4 time 3h.
and in the second cycle the amount of methanol was dou- ? Reaction time 2h.
bled to [MeOH]:[bumepyBk] =2.8 (Table 5 entry 44). The
effect was similar to that observed in the experiment with presented ifTable 6show an extremely strong effect of am-
repeated addition of methanol to the reaction mixture. In monium salts on the reaction yield. The best results, yield of
experiments in which five cycles of the reaction were con- 88—98%, were obtained for catalytic systems witB{IN]4X
ducted at [MeOH]:[bumepyBff=2.8, a decrease in reac- (X=ClI, Br,1). The use of [EAN]Cl s less effective (the yield
tion yield was observed from 60% in the first cycle to 41% of ester is 38—68%). No methoxycarbonylation reaction was
in the fifth cycle Table 5. In addition, the catalyst sepa- observed in the system with [MR]CI. With recycled cata-
rated after each reaction was not deactivated when stored irlyst (Table g entries 47a) used consecutive decrease of cat-
air. alytic activity was observed, more significant than in a case
When the ionic liquid [bumepy]Rfwas used, the yield of  of ionic liquids.
ester was initially higher (66%) but in the third cycle dropped
to as low as 28% (entry 46). This may be explained by an
effect of low stability of P~ ions, which may undergo de- 3. Conclusions
composition21,22]
The methoxycarbonylation reactions were also performed  Pd colloid stabilized with PVP demonstrated very attrac-
with the addition of ammonium salts instead of ionic liquids tive properties as a catalyst of methoxycarbonylation but only
in amounts similar to the amount of iodobenzene. The resultsat carefully selected reaction conditions. Two reaction pa-
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Bu Bu Bu Bu A similar reaction proceeding with-&H bond breaking is
not possible inthe case of the pyridinium cation. Formation of
Scheme 2. stable carbenes on the surface of Pd colloid may be competi-

tive for coordination of aryl halide, the substrate of carbony-
rameters are particularly important. First, the structure of the lation, and therefore may inhibit the reactiddcheme %
ionic liquid or ammonium salt used and, secondly, the con-  In fact, all ionic liquids with imidazolium cations (except
centration of methanol. [bmim]PFs) were found to be inhibitors of carbonylation re-
In terms of the yield of the methoxycarbonylation action.
product, the effectiveness of the ionic liquids used de-
creased inthe following ordef BusN]Br (98%) > [*BuaN]I
(95%)>["BusN]ClI (88%) > [bumepy]PE (83%) > [EuN]Br 4. Experimental
(68%) > [bumepy]Cl (67%) > [bumepy]BF(60%) > [Et4N]
Cl (38%) > [bmim]PFk (35%) > [bmim]BF; (18%) > [bmim] Palladium colloid was obtained according[13].
Cl (8%). Such an order can be related to the ability of salts ~ Methanol, EtN and diethyl ether were purified using stan-
to stabilize the initial or in situ formed forms of Pd colloid dard proceduref27]. lodobenzene and mesitylene (POCh,
during the catalytic process. Interactions between the metalGliwice, Poland) were used without purification. lonic lig-
colloid and the ionic liquid are usually assumed to be electro- uids were purchased from Fluka and used as obtained.
static ones, depending on the formation of a double layer of
ions surrounding the metal colloid crystallite, which prevents 4.1. Catalytic reactions
metal atom aggregation to bigger, inactive fori@sifeme 2
Methoxycarbonylation reaction starts with the activation The reactions were carried out in a 130%rther-
of the iodobenzene molecule via oxidative addition, lead- mostated steel autoclave with magnetic stirring. Reagents:
ing to the formation of Ph—Pd—I fragments on the Pd colloid 1.0cn? (8.93x 10-3mol) Phl, 3.0cm (2.15x 10-2mol)
surface. XPS studies confirmed the formation of oxidized NEts, 0.64 cn¥ (4.6 x 10~2 mol) mesitylene as internal stan-
forms of palladium when Pd colloid was refluxed with an ex- dard, methanol and an ionic liquid or ammonium salt
cess of PhB[23]. Further interaction with an ammonium salt  (9.11x 10-2 mol) were introduced to the autoclave in ap N
(["BusN]Br) produced the PdB?~ anion[23]. Similar in- atmosphere. Next, theNatmosphere was replaced by CO.
teractions can be proposed for systems containing Pd colloidThe reaction was carried out at 90 for 3 or 4 h. After-
and an ionic liquid. wards, the autoclave was cooled down and organic products
Itis worth noting that ionic liquids of the [bumepy]X type were separated by extraction with diethyl ether (3 times with
(X =PFs, Cl, BF4) were found to be much better than the 3cn?) and GC-MS analyzed (Hewlett Packard 8452A).
[bmim]X type (X=PFs, Cl, BF4). This may be explained in
terms of different reactivity of both cations, [bumepy] and
[bmim], towards the Pd colloid. There are well-known liter- Acknowledgement
ature examples of palladium carbene complexes formed in
reaction with imidazolium saltf24-26] In these carbene The financial support by the State Committee for Scien-
tific Research KBN (Poland) with the Grant 3TO9A 11526 is
gratefully acknowledged.
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