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The catalytic activity of PdCly(cod) (1) in the methoxycarbonylation of iodobenzene (at 40-70°C, 1-5 atm of
CO, in methanol solution) increased remarkably when tetra-n-butylammonium salts ["BusN]X (X = Br, CI, I,
BF,, PFs) were added to the system. XRD analyses confirmed that under methoxycarbonylation reaction
conditions palladium was reduced to a Pd colloid of nanometer size, 2.0-5.6 nm, which was responsible for the
catalytic activity. In the absence of ammonium salts fast deactivation of the colloid was observed, even when
PVP (polyvinylpyrrolidone) was added as a stabilizer. Catalytic tests performed with isolated Pd colloid
demonstrated its high catalytic activity in methoxycarbonylation when used together with ["BuyN]X salts.

A mechanism of palladium reduction to Pd nanoparticles is proposed.

Introduction

Organic reactions catalyzed by palladium compounds are
known as a universal tool in organic synthesis, especially when
carbon-—carbon bond formation or the introduction of a func-
tional group into the substrate molecules is the main purpose
of the synthesis.' ™ Such reactions include palladium-catalyzed
carbonylation of aryl halides, which makes it possible to synthe-
size carboxylic acids, esters or amides, depending on the reac-
tion conditions, in a one-step process. The kind of product
depends on the nature of the nucleophile reactant used, that is
water, alcohol or secondary amine, respectively (Scheme 1).>
Palladium compounds, usually palladium complexes with
phosphane ligands,"*® are the most effective carbonylation cat-
alyst precursors. Such complexes are often formed in situ from
a palladium precursor and the selected phosphane ligand. Phos-
phanes play the role of stabilizers of in situ formed Pd(0) com-
plexes, generally considered the catalytically active forms.>”-
In contrast, catalytic systems based on palladium precursors
without phosphorus ligands, so called ““ligand-free systems”,
are very attractive and have recently generated great interest
not only because of the lower cost of the process but also
because of the minimization of wastes and environmental
problems.” However, a major disadvantage of such catalytic
systems is their low stability due to the formation of catalyti-
cally inactive “palladium black”. It is worth noting that the
carbonylation reaction medium is favorable for the reduction
of Pd(i1) to Pd(0) (““ palladium black ”’) because of the presence
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[Pd] Nu
+CO + HNu 7?»
base base.HX

where X = Cl, Br, I; Nu=0H", OR,NR;; base: e.g. EtzN

Scheme 1
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of potential reducing agents like carbon monoxide and bases
(particularly amines). We have recently found that the palla-
dium(m1) complex PdCL[P(OPh);], is reduced to Pd(0) by
Et;N in the presence of water and forms Pd[P(OPh);],, even
in the absence of carbon monoxide.'® Our earlier studies on
the carbonylation of iodobenzene with PdCl,(cod) as the cata-
lyst precursor have shown its high activity (93% of the carbo-
nylation product) in the absence of phosphane ligands when
the reaction was performed in the presence of the ammonium
salt ["BuyN]CL!"! Palladium(ir) reduction to ““palladium black
was easily detected after just a few minutes of reaction; how-
ever, the system remained catalytically active. This suggested
that the carbonylation reaction is in fact catalyzed by a palla-
dium colloid stabilized by the ammonium salt. In this paper we
present studies performed to prove the catalytic role of in situ
formed Pd colloid.

Reetz and Westermann have shown that under Heck reac-
tion conditions palladium nanoparticles are formed from
PdCl,(C¢HsCN), on reduction with acetate ions.!? They also
demonstrated the high catalytic activity of those nanoparticles.
Recently, palladium colloids have been frequently used as cata-
lysts of Heck!>!? and Suzuki'* reactions, as well as for the
hydrogenation of hydrocarbons'® and the hydroxycarbonyla-
tion of olefins,'® but not the carbonylation of aryl halides.

In this paper the results of iodobenzene carbonylation with
PdCl,(cod) as the catalyst precursor are presented. The aim of
the studies was to confirm the formation and catalytic function
of palladium nanoparticles formed in situ from a palladium
precursor in the carbonylation reaction medium. The mechan-
ism of Pd colloid formation was also investigated.

Results and discussion

Identification of palladium nanoparticles produced in the
reaction of PdCl,(cod) with Et;N and CO in methanol

PdCl,(cod) (1) reacts with methanol in the presence of Et;N to
form di-p-chlorobis(2-methoxycyclooct-5-ene)dipalladium(ir)
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(2) as a result of nucleophilic attack of the -OCH; group on
the olefinic carbon atom of cyclooctadiene, as shown in eqn.

(1):

OCHs OCH3
Ch , -
Pd + Et3N + CHzOH —— _~Cl~
-
Cl \%% ‘/Pd\CVPd\‘
1
2
(1)

Complex 2 was previously obtained in the reaction of
PdCly(cod) with methanol in the presence of Na,(CO5),'” but
its reactivity was not extensively studied. The product of reac-
tion (1) was isolated with 65% yield and characterized with 'H
and '*C NMR. Particularly characteristic are two signals of
the non-equivalent vinyl protons at 5.46 and 5.90 ppm in 'H
NMR and two signals of the carbon atoms forming a double
bond at 101.9 and 106.4 ppm in the *C NMR spectrum.
Besides, signals of six non-equivalent enyl-ligand carbons
and a signal at 56.6 ppm originating from the methoxy
(OCHj;) group were observed. The last signal was assigned
by comparison with '*C NMR spectra of complexes with
OCH; and OCD; groups bonded to carbon C-2 of the enyl
ligand. Both spectra were identical except for the signal at
56.6 ppm, which was shifted to 45.9 ppm after deuteration.

The reaction of 1 with Et;N in methanol under CO (1 atm)
does not stop at the stage of complex 2 but proceeds further
and after a few minutes one may observe precipitation of
“palladium black” as given in eqn. (2):

PdCly(cod) + 2 EtsN + 2 CHyOH —<9 »
1
OCH; 2)
— > PdO + 2Et;NHCI +
C(O)OCH;

3

This “palladium black” was isolated in two different ways:
by evaporation of the reaction solution to dryness or by centri-
fugation. Both obtained materials were XRD analyzed to
investigate the crystal structure of the palladium. A typical
XRD pattern is shown in Fig. 1. The peaks at 20 ~40.1 and
46.6 deg correspond to the (111) and (200) reflections, respec-
tively, for the fcc structure of Pd with space group Fm3m
(JCPDS card no. 5-681). The nanometer size of the Pd crystal-
lites was evidenced by the broad X-ray reflections and the
nanoparticle size was determined from the X-ray (111) line
broadening using the Debye-Scherrer equation. The remaining
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Fig. 1 The XRD pattern of the product obtained according to
eqn. (2).
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diffraction lines observed in the XRD pattern were attributed
to Et;N. HCI. Based on the analytical data presented in Table
1 it can be concluded that Pd(i) is reduced to colloidal nano-
particles of size from 2 to 5.6 nm. No effect of the reaction con-
ditions (temperature change from 40 to 70 °C and time change
from 0.5 to 3 h) on the size of Pd nanoparticles was observed.
Also the presence of the ammonium salt ["BuyN]CI had no sig-
nificant influence on the reaction course and the average Pd
nanoparticle size was 4.6 nm, the same as in the absence of
the ammonium salt.

However, the above-described Pd reduction course changed
completely when iodobenzene was introduced into the system,
in which case Pd colloid was not identified in the reaction pro-
ducts although carbonylation of iodobenzene occurred (Table
2) via eqn. (3):

I co C(0)OCH;
PACly(cod) + EtsN + CHsOH +© . @ + \%
1
(3)

This may suggest that the in situ formed, catalytically active
Pd colloid immediately reacted with iodobenzene according to
an oxidative addition reaction scheme, giving a Pd(i1) species
containing an I-Pd"-Ph fragment, not identified by the XRD
method. Alternatively, it may be assumed that Pd nanoparti-
cles formed in the presence of Phl are smaller than 1.5 nm in
diameter and are not detected by XRD.

Reduction of 1 in methanol solution in the presence of Et;N
and CO [eqn. (2)] was found to be a convenient method of pal-
ladium colloid preparation. When the reaction was carried out
in methanol in the presence of PVP (PVP = polyvinylpyrroli-
done), a black solution of Pd colloid stabilized by the polymer
(PVP) was obtained, whereas ““black palladium” was precipi-
tated in the absence of PVP. Replacement of methanol with
benzene in the reduction of 1 in the presence of PVP also led
to a similar black Pd colloid solution instead of ‘‘palladium
black”, which was precipitated when PVP was not added.
XRD analysis of both Pd colloids (obtained in methanol
and in benzene) showed similar sizes of Pd nanoparticles, ca.
2.5 nm (Table 1).

UV-vis measurements were used to check the completeness
of palladium(ir) reduction to Pd colloid. When palladium(ir)
reduction was performed without the addition of PVP, the
solution obtained after separation of the palladium precipitate
was analyzed. No bands characteristic for PdCl,(cod) were
found in the UV-vis spectra at 268 (sh), 302, 332 (sh) nm.
These bands were also absent from the spectrum of the black

Table 1 PdCly(cod) (1) reduction conditions and XRD analysis of
obtained Pd colloids.

Run No 7/°C Time/h Xin ['BuyN]X Phl Particle size/nm
14 40 1 Cl - 4.6
2¢ 70 0.5 - - 5.6
3¢ 40 0.5 - - 3.8
4" 40 3 - - 30
she 40 3 - - 25
6" 40 3 - - 26
74¢ 40 2 Cl + Not found
8/ 40 2 Cl +  Not found
9 40 2 Br + Not found
104 40 2 I + Not found

@ [Pd] = 1.3 x 10~*mol,[NEt;] = 1.3 x 10"?mol,[CH;OH] = 0.28mol,
["BuyNJX = 6 x 107> mol, [PhI] = 1.3 x 102mol.? [Pd] = 1.75x 107*
mol, [NEt;] = 7.2 x 10~*mol, [CH;0H] = 2.5 x 10 >mol. © Reduction
performed in CH;OH in the presence of PVP. ¢ Reduction performed
in CgHg in the presence of PVP. ¢ Todobenzene was added after 10 min.

7 Todobenzene was added at the beginning of the reaction.

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004
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Table 2 Results of iodobenzene carbonylation with PdCly(cod) (1) in
CH;3O0OH under 1 atm of CO“

Yield of
Run No X in ['BuuyN]JX Time/h 7/°C ester/mol % TON’
11 - 2 40 14 31
12 - 3 40 21 47
13 1 3 40 22 50
14 1 4 70 43 97
15 Br 3 70 44 99
16 Br 4 70 64 144
17¢ Br 4 70 25 56
18¢ Br 4 70 36 81
19¢ Br 5 70 72 110

@ [Pd] = 2 x 107> mol, [NEts] = 1 x 1072 mol, [CH;0H] = 3.7 x 1072
mol, [PhI]=45%x10"% mol, ['BuNX=49x10"> mol.
» TON = (mol of ester)/(mol of Pd). ¢ ['BugNJX = 2.2 x 10~ mol.
4 "BuyNIX = 8.9 x 1073 mol. ¢ [Pd] = 2.9 x 10> mol.

solution obtained when reduction was performed in the
presence of PVP.

IR spectra measured during the reduction process presented
a (CO) band at 1742 cm ™! attributed to ester 3. However, it
can not be excluded that ©(CO) originated from an intermedi-
ate Pd complex formed according to Scheme 2. The terminal
v(CO) bands were not observed.

Our attempts to identify the eventual product of oxidative
addition of iodobenzene to Pd colloids using 'H and '*C
NMR in CDCl; were unsuccessful, although a similar experi-
ment was described by Reetz and Westermann'? We only obs-
erved signals due to PVP and unchanged iodobenzene when
mixtures of Pd colloid and iodobenzene ([PhI]:[Pd] = 1-5)
were analyzed.

Mechanism of palladium(i) reduction in PdCl,(cod)

With a view to determining the palladium(i) reduction
mechanism, we studied both the Pd colloid and the organic
products of the reaction. GC-MS analysis of the methanol
solution after reduction of 1 with Et;N and CO gave evidence
for 2-methoxy-5-cyclooctene carboxylic acid methyl ester (3).
The formation of such a product had been observed earlier
in the reaction of PdCl, with cyclooctadiene in the presence
of CO in methanol.'®

When the reduction of 1 was conducted in ethanol solution,
2-ethoxy-5-cyclooctene carboxylic acid ethoxy ester was
obtained. Since both of the above-mentioned compounds were
the only organic products found by GC-MS, we propose the
mechanism shown in Scheme 2 for Pd(i1) —Pd(0) reduction
in the system under consideration. The essential steps of this
mechanism are CO insertion into the Pd—C (cyclooctadiene)
bond and nucleophilic attack of the OR! group on the carbo-
nyl carbon atom. As a result the corresponding ester is formed
whereas the hydrido complex with the H-Pd-X fragment
undergoes reductive elimination to Pd(0). Hydrochloride mole-
cules are bonded by NEt;, forming Et;N-HCI, as was proved
by IR spectra and XRD analysis. As the suggested mechanism
is slightly different from that proposed for Pd(i) reduction
with carbon monoxide in water solution,'” we carried out addi-

CO or OR
Cl <* Ch 2 or
— - —— H—Pd—CI +
o F’d\ o Pd j COR

H-OR1 EtsN
3

Pdo + Et3N.HCI

Scheme 2
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tional studies of the reduction of enyl complexes (2) with
OCHj; or OCDj; groups attached to the C-2 carbon [eqn. (4)]:

OR OR
LN OR
%Pd:ghpd% * RIOH U0 p0) 4
| C(OJOR

2

1+ EtsN.HCI

R, R1=CH3, CD3 3
)

In all cases Pd(0) was precipitated and in the remaining solu-
tions substituted esters were identified by GC-MS. The respec-
tive MS data are collected in Table 3.

From the presented results one may conclude that the OR
group of the enyl ligand is not replaced by OR'; therefore,
in reactions in which R;AR] (R, R!' = CH; or CD3) only
one compound with the molecular ion M* at m/z = 201 con-
taining three deuterium atoms was obtained. During fragmen-
tation of 3, the first to be eliminated are the OR groups,
followed by the ester groups as m/z = 59 [C(O)OCH3;] or m/
z = 62 [C(O)OCD;], respectively. Identification of both ester
groups strongly suggests CO insertion into the Pd-C bond
rather than into the C-O bond.

Catalytic activity of Pd colloid

The results of iodobenzene carbonylation reactions carried out
under rather mild conditions (comparable to those applied for
palladium(m) reduction) are presented in Table 2. Complex 1
itself, used as a catalyst, produced ca. 20% of ester after 3 h
and then the reaction stopped, probably because of agglomera-
tion of the Pd’ nanoparticles. The reaction yield can be
improved by addition of tetra-n-butyl ammonium salt and,
at the same time, better results were obtained with ["BuyN]Br
than with ["BuyN]L. It is worth noting that the best result
was obtained at almost equivalent concentrations of
["BugN]Br] and [PhI] (run 19). Lower (run 17) and higher
(run 18) concentrations of ammonium salt are not advisable.

Much higher yields of benzoic acid methyl ester were
obtained at 5 atm of CO and 70°C (Table 4). Three different
catalyst precursors were used under these conditions: com-
plexes 1 and 2 and Pd colloid stabilized on PVP [the one
obtained in the reaction according to eqn. (2)]. Complex 1
by itself produced only 17% of ester. When all components
were mixed for 1 h in a CO atmosphere at 70°C before the
introduction of iodobenzene, the yield was even lower and only
3% of ester was obtained. This may be explained as an effect of
agglomeration of Pd nanoparticles and formation of bigger,
catalytically inactive crystallites. Agglomeration of nanoparti-
cles is, however, retarded very effectively by ammonium salts,
as was proved by the high yields of ester (98% and 91%)

Table 3 MS data of 2-alkoxy-5-cyclooctene carboxylic acid esters (3)
obtained according to Scheme 2

O )
C(O)OR!

3

R R! MS m/z

CH; CH; 198 (M*), 166 (M™ — OCHy3),
107 [M* — OCH; — C(O)OCH3]

CH; CD; 201 (M™), 169 (M — OCHy3),
107 [M* — OCH; — C(0)OCD;]

CD; CH; 201 (M*), 166 (M — OCD3),
107 [M* — OCH; — C(O)OCH3]

C,Hs C,Hs 226 (M™), 180 (M — OC,Hs),

107 [M" — OC,Hs — C(0)OC,Hs]

New. J. Chem., 2004, 28, 859-863
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Table 4 Results of iodobenzene carbonylation with 1, 2 and Pd
colloid on PVP*

Catalyst

1 2 Pd colloid®
Xin ["BuyNI]X % Yield TON % Yield TON % Yield TON
- 17 31 9 17 4 16
- 3 5 8 15 -
Br¢ 93 171 93 171 -
Br 98 180 91 167 73 292
1 87 160 89 163 39 156
Cl 83 152 95 174 72 288
BF,4 95 174 88 162 70 280
PFq 77 141 74 136 60 240

@ [Pd] = 4.9 x 107> mol, [NEts] = 2.2 x 1072 mol, [CH;0H] = 2.5 x
1072 mol, [PhI] = 9 x 107> mol ["BuyN]JX = 9 x 1073 mol; 2 h, 5 atm
CO, 70°C. * [Pd] = 2.25 x 107> mol. ¢ Reaction mixture was stirred 1
h at 70°C and under 5 atm CO before Phl introduction.

obtained for the catalytic system with addition of ["BuyN]Br
(Table 4). In the first reaction (98% yield of ester) all reaction
components were simultaneously introduced into the auto-
clave, whereas in the second reaction (ester yield 91%) iodo-
benzene was introduced into the autoclave after prior
heating of all other components for 1 h. Complex 2 used as
a catalyst precursor demonstrated behavior similar to complex
1. The addition of ["BuyN]Br increased the reaction yield from
9% to 93% or 91%. The heating of all reactants for 1 h before
iodobenzene introduction had very little influence on reaction
yield, which was 93%. Both systems (based on precursors 1 and
2) presented high catalytic activity in the carbonylation reac-
tion with all the ammonium salts used (Table 4). It may be
concluded that the ["BuyN]" cation plays the most important
role in stabilizing in situ formed Pd colloids, whereas the effect
of the anion is insignificant.

The positive effect of ammonium salts was also evident in
reactions catalyzed by Pd colloid stabilized on PVP. The pre-
sence of PVP is not sufficient to stabilize a catalytically active
form of Pd colloid, as evidenced by the very low yield of ester
(ca. 4%). However, the addition of ammonium salt increased
the yield of ester to 73% for ["BugN]Br and 39% for ["BuyN]L.
The data collected in Table 4 allow us to assume that Pd col-
loid stabilized on PVP is slightly less active than that obtained
in situ from precursors 1 or 2. This may be explained as an
effect of a decrease in the colloid active surface as a result of
Pd nanoparticle interaction with a large excess of the polymer
PVP ([PVP][Pd] > 10). A similar effect of PVP was also
observed in the Suzuki reaction.'

Experimental
General

PdCly(cod) was obtained according to the literature method."
Methanol, Et;N and diethyl ether were purified using standard
procedures.?® Todobenzene and mesitylene were used without
purification. Ammonium salts, ["BuyN]X (X = Br, Cl, I,
BF,, PF¢, were purchased from Merck and PVP was
purchased from Aldrich.

All syntheses were performed under an N, atmosphere using
Schlenk techniques.

The following instruments were used: BRUKER 300 MHz,
GC-MS Hewlett Packard 8452A, DRON 3 powder diffracto-
meter with CuKoa radiation, Hewlett Packard 8452 Diode
Array.
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Synthesis of di-p-chlorobis(2-methoxycyclooct-5-enyl)-
dipalladium(11) (2)

Et3N (0.1 g, 7.2 x 10~* mol) was added to a suspension of 0.1 g
(3.5 % -107* mol) 1 in 2 ml of methanol and stirring continued
for 1 h. The color of the precipitate changed from yellow to
white, whereas the solution became colorless. The white preci-
pitate was filtered off and vacuum dried. Yield: 65%. Anal.
caled for CoH,sCIOPd (%): C 38.46, H 5.38; found: C 38.42,
H 5.60. '"H NMR (CDCls, 6): 1.40 m (1H), 1.94 m (2H),
2.18 m (3H), 2.59 m (2H), 3.22 s (3H, OCH3), 3.55 m (2H),
5.46 m (IH, CH=CH), 5.88 m (lH, CH=CH). '*C NMR
(CDCl3, 9): 26.5 (CH»), 28.1 (CH,), 30.8 (CH,), 34.5 (CH,),
52.2 (C2), 56.6 (OCH;) 81.4 (Cl), 101.9 (CH=), 106.4
(CH=). In the same way, using CD3;OD instead of CH3;OH,
the analogous complex 2/, with an attached OCDj; group,
was obtained. '"H NMR (CDCl;, 6): 1.38 m (1H), 1.93 m
(2H), 2.18 m (3H), 2.60 m (2H), 3.58 m (2H), 5.46 m (1H,
CH=), 587 m (IH, CH=). *C NMR (CDCls, d): 26.5
(CH,), 28.1 (CH,), 30.8 (CH,), 34.5 (CH,), 46.0 (OCD3),
51.9 (C2), 81.3 (C1), 101.8 (CH=), 106.3 (CH=)

Synthesis of Pd colloid/PVP

First 1 (0.078 g, 2.8 x 10~* mol) and then 1 ml (7.2 x 10~ mol)
of Et;N were added to 0.26 g PVP dissolved in 3 ml of benzene
in a Schlenk tube. The color of the solution changed from yel-
low to orange and subsequently became turbid. When the
Schlenk tube was filled up with CO, the solution immediately
turned black. After mixing and heating at 40 °C for 3 h the sol-
vent (benzene) was evaporated and the obtained Pd colloid
was XRD analyzed and subsequently used as a catalyst in test
reactions. XRD and IR analyses showed that the colloid
contained Et;N-HCI and the Pd content was ca. 8%.

Another Pd colloid was obtained in the same way using
methanol instead of benzene.

Reduction of Pd(11) in the presence of Et;N and CO

Reduction of complex 1. To a suspension of 0.05 g
(1.75% 107* mol) of 1 in 1 ml of methanol or ethanol in a
Schlenk tube was added 0.1 ml (7.2 x 10~* mol) of Et;N in a
CO atmosphere (1 atm) and stirring was continued for 0.5-3
h. A black precipitate was filtered off, vacuum dried and
XRD analyzed. 2-Alkoxy-5-cyclooctene carboxylic acid esters
were found in the filtrate by GC-MS. Some experiments were
done at higher Et;N concentrations—the reaction conditions
are given in Table 1.

Reduction of complex 2. To a suspension of 0.024 g
(9.1 x 107> mol) of 2 in 0.5 ml of CD;OD in a Schlenk tube
was added 0.05 ml (3.6 x 10~* mol) of Et;N and stirring was
continued in a CO atmosphere (1 atm) for 3 h. A black preci-
pitate of Pd colloid was separated and vacuum dried and the
filtrate was GC-MS analyzed.

Carbonylation reaction procedure

The carbonylation reactions were carried out in 50 cm?® glass
thermostatted vessel (reactions under 1 atm of CO) or in a
130 cm® steel autoclave. Proper volumes of liquid reagents
were introduced under an N, atmosphere. The palladium cat-
alyst was weighted in a small teflon vessel and placed in the
autoclave. After closing the appropriate CO pressure and tem-
perature were fixed. After the reaction, the autoclave was
cooled down, the CO excess was removed, the reaction
products extracted with diethyl ether (3 x 3 cm®) and analyzed
using the GC-MS method with mesitylene as internal
standard.

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004
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