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Abstract: Palladium on metal oxides and on activat-
ed carbon with particular properties (high palladium
dispersion, low degree of reduction, water content)
are shown to be highly active (tunrover number,
TON =20,000; turnover frequency, TOF=16,600),
selective and robust catalysts for Suzuki cross-cou-
plings of aryl bromides and activated aryl chlorides.
Catalysts and reaction protocol offer combined ad-
vantages of high catalytic efficiency under ambient
conditions (air and moisture), easy separation and
reuse and quantitative recovery of palladium. The
palladium concentration in solution during the reac-

tion correlates clearly with the progress of the reac-
tion and indicates that dissolved molecular palladium
is in fact the catalytically active species. Dissolved
palladium is redeposited onto the support at the end
of the reaction. Additional minimization of the palla-
dium content in solution (down to 0.1 ppm) could be
achieved by simple procedures which meet the re-
quirements of pharmaceutical industry.

Keywords: heterogeneous catalysis; leaching; palla-
dium; Suzuki-Miyaura reaction

Introduction

Palladium-catalyzed C—C bond formation reactions
are a versatile tool in organic synthesis. Among these
the Suzuki coupling reaction (Scheme 1) is of particu-
lar importance. It involves the reaction of aryl halides
with arylboronic acids to yield unsymmetrical biaryls
with high selectivity. The reaction is unique, requiring
mild reaction conditions and showing a high degree of
tolerance for a variety of functional groups.!

For this reaction, a multitude of highly efficient cat-
alytic systems based on soluble and immobilized pal-
ladium (pre)catalysts have been developed but com-
plications for commercial operations exist due to high
metal costs and stringent requirements for the remov-

R = H, CH3, OCHj, CN, COCHj, OH
X = Br, Cl

Scheme 1. Suzuki couplings of aryl halides and phenylboron-
ic acid.
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al of residual metal from product and waste materials.
Palladium-catalyzed reactions are often used by phar-
maceutical industries in the synthesis of medicinal
compounds and must meet government requirements
of <5ppm residual metal in the product.”) These
costs and purification pressures have spurred signifi-
cant research in two distinct areas: (i) development of
highly active homogeneous catalysts that are active at
ppm metal concentrations and (ii) immobilization of
palladium so that it can be recovered and reused."!

In the past few years, a number of attempts and
strategies have been used to get a commercially
viable, highly active, recoverable, and reusable palla-
dium catalyst for Suzuki reactions.! A substantial
number of reports claiming “true” heterogeneous cat-
alysis by supported palladium (i.e., on the noble
metal surface) in Suzuki reactions have been pub-
lished.’! Other authors found that Suzuki reactions
are catalyzed by palladium dissolved in solution
(leaching).! On the other hand, the mechanism of an-
other heterogeneously catalyzed carbon-carbon cou-
pling reaction, the Heck reaction, is clearly better un-
derstood nowadays due to a remarkable number of
detailed mechanistic investigations and literature re-
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ports.?” A variety of different experimental ap-

proaches demonstrates rather clearly that — for Heck
reactions — supported palladium catalysts serve as a
reservoir for active palladium species leached into so-
lution.® In other words, palladium is dissolved from
the solid catalyst surface under the reaction condi-
tions forming the active molecular palladium species.
Palladium is partially or completely re-deposited onto
the support at the end of the reaction when the aryl
halide is consumed. The palladium dissolution-rede-
position processes as well as catalytic activity are
strongly influenced by the reaction conditions.”) A
better understanding of analogous phenomena in het-
erogeneously catalyzed Suzuki reactions is of particu-
lar relevance for the aforementioned separation of
catalyst and palladium from reaction mixture and
products, for possible reuse of the catalysts as well as
for optimization of catalyst performance and reaction
protocol. In the last few years, there has been an in-
creasing interest to access the true catalytic species in
Suzuki reactions catalyzed by supported -catalysts.
Commonly used tests for this purpose are based on
hot filtration, comparing final yields after recycling
and the use of solid poisons.*®! These techniques pro-
vide interesting information about the nature of palla-
dium species under specific conditions but can also
lead to wrong conclusions. Therefore, in the Suzuki
investigations presented here, we focus on a straight-
forward and direct method already successfully ap-
plied for Heck reactions, which is based on the deter-
mination of palladium leaching during the reaction.

The enormous knowledge about (heterogeneously
catalyzed) Heck reactions can also help with the opti-
mization of supported palladium catalysts and reac-
tion conditions for Suzuki couplings. The best catalyst
performances for Heck reactions were achieved for
palladium supported on carbon and on metal oxides,
when palladium was highly dispersed on the support
surface as palladium(II) (oxide or hydroxide) and
when the catalysts contained rather high water con-
tents.”! The influence of the support has been found
to be of minor or no importance for catalytic perfor-
mance.'” Corresponding reports do not exist for
Suzuki couplings until now. Moreover, palladium on
carbon has been most extensively researched for
Suzuki reactions so far.''l Very few investigations on
metal oxide-supported catalysts and no comparative
studies concerning determination of palladium leach-
ing have been reported as yet for Suzuki reactions.
For palladium supported on alumina-based oxides,
Gniewek et al. proposed a truly heterogeneous mech-
anism, whereby palladium nanoparticle surfaces rep-
resent the active species. This conclusion is based on
the lack of change in the sizes of palladium particles
on the surface after completion of the reaction.!'”!

In the present paper, we report that carefully se-
lected procedures for catalyst preparation (analogous
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to Heck catalysis)®® and optimized reaction condi-
tions strongly influence palladium leaching during
(and deposition at the end of) Suzuki reactions. Skil-
led preparation of the catalyst and careful adjustment
of the reaction conditions allowed the development of
highly active and robust heterogeneous catalysts (Pd/
metal oxide, Pd/C), converting aryl bromides and (ac-
tivated) aryl chlorides in Suzuki reactions in high
yields (100%) and short reaction times. Conclusions
drawn should support synthetic and industrial organic
chemists in choosing simple, optimized solid catalysts
and reaction conditions for this type of reaction. In
addition, highly efficient quantitative separation of
palladium from the reaction mixture will be ad-
dressed.

Results and Discussions
Pd/C vs. Pd/IMO, Precatalysts in Suzuki Reactions

As proposed in the introduction, we first applied a
preparation procedure for supported palladium cata-
lysts that had been originally optimized for Heck re-
actions. In order to achieve high dispersion of palla-
dium(II) species, the catalyst has been prepared by
controlled precipitation of palladium(II) hydroxide.!"!
Drying and reduction at elevated temperatures must
be avoided. An optimized reaction procedure of an
earlier report on Suzuki couplings was applied for the
following catalytic experiments.'¥ The chosen, com-
mercially available Pd/activated carbon (Pd/C) cata-
lyst shows high activity and selectivity in the Suzuki
reaction of phenylboronic acid with various aryl bro-
mides in NMP/water (NMP = 1-methyl-2-pyrrolidone)
mixture as solvent (Table 1). All aryl bromides, acti-
vated or deactivated, investigated under the reaction
conditions presented here can be quantitatively cou-
pled with phenylboronic acid within two hours using
extremely low palladium equivalents (0.005-0.01

Table 1. Heterogeneous Suzuki coupling of aryl bromides
with phenylboronic acid.®

Entry R in Catalyst Yield® TON TOF
Scheme 1 [mol%] [%] [h™]

1 CN 0.01 100 10,000 6666

2 H 0.005 100 20,000 10000

3 OH 0.01 100 10,000 5000

4 OCH, 0.005 100 20,000 10,000

2] Reaction conditions: aryl bromide (10 mmol), phenylbor-
onic acid (11 mmol), NMP (10mL), H,O (4mlL),
Na,CO; (12 mmol), 5% Pd/C (E 105 CA/W), T=120°C,
1.5-2 h.

) GC yield of cross-coupled product taking diethylene
glycol dibutyl ether as internal standard.
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Table 2. Conversion and yield of thermally pretreated cata-
lysts in Suzuki coupling of 4-bromoanisole and phenylboron-
ic acid.l”

Entry Pretreatment condi- ¢  Yield® TON TOF
tions [h] [%] [h™

1 pretreated under H, 2 67 335 168
at 300°C

2 pretreated under H, 4 68 340 85
at 300°C

3 pretreated under N, 2 33 165 83
at 500°C

4 pretreated under N, 4 34 170 43
at 500°C

(4] Reaction conditions: 4-bromoanisole (10 mmol), phenyl-
boronic acid (11 mmol), NMP (10 mL), H,O (4 mL), T=
120°C, sodium carbonate, 0.2 mol% Pd (E 105 CA/W
5% Pd/C), thermally pretreated at 300°C or 500°C).

I GC yield.

mol%). This catalyst belongs to the very best hetero-
geneous catalysts for Suzuki couplings showing turn-
over numbers (TON) of up to 20,000. A selectivity of
100% for the Suzuki cross-coupled product is found
nearly without exception (Table 1; note: aryl chlorides
show no conversion under these conditions).

In contrast, thermally treated catalysts show only
small catalytic activity in the Suzuki reaction of 4-bro-
moanisole and phenylboronic acid (Table2). TON
and TOF (TOF =turnover frequency) decreased by at
least two orders of magnitude compared to the values
of the non-reduced catalyst (compare with Table 1).
These catalysts contain mainly or exclusively palladi-
um in its reduced state Pd(0) clearly indicating that
catalysts with higher oxidation states (i.e., Pd*") are
better precursors for high activity under these reac-
tion conditions.

Palladium supported on Al,O;, TiO, or CeO, were
prepared according to the same procedure in order to
evaluate the influence of the support with identical or
similar nature of surface palladium. Pd/zeolite (NaY)
catalyst preparation is also reported in the litera-
ture.l"”! All catalysts are active and show high conver-
sions of 4-bromoanisole under the aforementioned
conditions (NMP/water, 120°C, 2h). In particular,
palladium on alumina and titania show the same high
activity as Pd/C. After 2 h, nearly complete conver-
sion is reached and the selectivity is 100%. Pd/CeO,
and palladium incorporated into NaY require some-
what longer reaction times to reach high yields.

In all cases, the selectivity is 100% (Table 3). Thus,
there is only a limited influence of the support as
compared to the preparation procedure and the re-
sulting properties of Pd catalysts (oxidation state, dis-
persion, water content). It can be concluded that it is
the nature of the supported palladium (and carefully
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Table 3. Heterogenous Suzuki coupling of 4-bromoanisole
and phenylboronic acid by different Pd/MO; catalysts.”!

Entry Catalyst t[h] Yield®[%] TON TOF [h7}]
1 Pd/ALO, 2 96 19,200 9600
2 Pd/TIO, 2 97 19,400 9700
3 Pd/CeO, 4 82 16,400 4100
4 Pd/NaY 4 82 16,400 4100

[l Reaction conditions: NMP (10 mL), water (4 mL), T=
120°C, sodium carbonate, 0.005 mol% Pd.
bl GC yield.

Table 4. Heterogeneous Suzuki coupling of 4'-chloroaceto-
phenone with phenylboronic acid.

Entry Catalyst Additive Yield (4-acetylbiphenyl)®™ [%]
1 Pd/Al,O; none 30

2 Pd/Al,O; TBAB 88

3 Pd/C TBAB 100

[l 4-Chloroacetophenone (10 mmol), phenylboronic acid
(11 mmol), sodium hydroxide (12 mmol), TBAB (where
mentioned: 3 mmol), NMP (10 mL), water (3 mL),
0.1 mol% [Pd], T=120°C.

bl GC yield.

selected reaction protocols) and not the nature of the
support that are decisive for efficient Suzuki cou-
plings.

It is well known that the Suzuki coupling of aryl
chlorides is clearly more demanding. Applying the
same optimized catalyst, it would be necessary to
change the reaction parameters. Most important fac-
tors are the addition of tetra-n-butylammonium bro-
mide (TBAB) and changing the base from Na,CO; to
NaOH. These small changes result in remarkably high
conversion of 4'-chloroacetophenone (Table 4) with
Pd/C as well as with Pd/Al,0; (4'-chloroacetophenone
has been chosen as aryl chloride substrate because it
can more easily be activated as compared to aryl
chlorides with electron-donating substituents and thus
is better comparable to bromoanisole).

Conversion as a function of reaction time is illus-
trated in Figure 1 for the reaction of 4’-chloroaceto-
phenone with phenylboronic acid and shows this dra-
matic influence clearly. The strong increase of activity
in the presence of TBAB may be due to stabilization
of dissolved palladium species (against agglomera-
tion) in the reaction mixture. Corresponding explana-
tions of these effects are given in the literature.!"!

Palladium Leaching during the Reaction

Some of the (probably) wrong conclusions in the liter-
ature claiming a “truly” heterogeneous character of
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Figure 1. The effect of TBAB as an additive for the Suzuki
coupling of 4'-chloroacetophenone with phenylboronic acid.
Reaction conditions: 4'-chloroacetophenone (1 equiv.), phe-
nylboronic acid (1.2 equiv.), NaOH (1.5 equiv.), 0.1% Pd/
Al,0O;, NMP/water, 120°C.

Suzuki reactions are due to the fact that measurable
amounts of palladium are often observed in solution
only during the reaction. Because of re-deposition,
the palladium concentration in the solution is very
small or undetectable at the end of the reaction. In
addition, extremely low amounts of palladium in the
ppm or sub-ppm range are highly active but possibly
not detectable by the analytical tools chosen for
mechanistic studies. Controlled re-deposition of dis-
solved palladium would ideally lead to supported pal-
ladium as highly dispersed in the successive runs as in
the first run. Under such conditions, palladium parti-
cles before and after catalysis are expected to be very
similar and not proof for a heterogeneous mechanism
as concluded in the literature.'”” The nature and role
of the various palladium species in C—C coupling re-
actions with heterogeneous catalysts and the value
and limitations of corresponding test experiments
have been conclusively discussed and illustrated in re-
views on heterogeneous Heck catalysis./’%!

In order to address the homogeneous or heteroge-
nous nature of the reaction, the palladium concentra-
tion in solution was determined as a function of reac-
tion time and temperature. Since no influence of the
support on activity and selectivity was found, we se-
lected self-prepared Pd/Al,O; for the coupling of 4-
bromoanisole with phenylboronic acid as a model re-
action. The experiment was carried out in a 500-mL
flask under the optimized reaction conditions (NMP/
water, Na,COj;, 120°C), and the progress of the reac-
tion (conversion, yield) was monitored by simultane-
ous determination of the concentration of palladium
in solution. The samples were taken in short intervals
with careful observation of any rise in temperature. A
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Figure 2. Time-dependent correlation of palladium leaching

with the progress of the reaction. Reaction conditions: 1

equiv. 4-bromoanisole (116 mmol), 1.1 equiv. Na,CO;

(128 mmol), 1.1 equiv. PhB(OH), (128 mmol), NMP:water

250:100 mL, 0.1 mol% Pd/Al,O;,maximum temperature of
oil bath: 120°C.

part of the reaction mixture was hot filtered directly
into a small round-botton flask to determine palladi-
um content of the solution (flame AAS), while the re-
maining part was extracted with dichloromethane to
get the conversion of 4-bromoanisole (GC). The re-
sults (Figure 2) show a direct correlation between the
reaction progress and the amount of dissolved palladi-
um species in solution. A sharp increase in the con-
version of 4-bromoanisole is related to the maximum
palladium amount leached into the solution. It is in-
teresting to note that this happens at temperatures
lower than 100°C. This is in contrast to analogous ex-
periments carried out for Heck reactions, where — for
the same substrates — palladium leaching and conver-
sion started only at temperatures of or above 140°C.
Obviously, the mechanism of palladium leaching is
different in both reactions. However, what is valid for
Suzuki as well as for Heck reactions is the general
mechanism that palladium is dissolved from the sup-
port into solution at the beginning and during the re-
action and re-deposited after the reactants have been
consumed. What also becomes clear from comparable
experiments (not shown) is the strong influence of the
reaction parameters (type of reaction, substrate, tem-
perature, additive, solvent and base) on the leaching.

Recycling of Pd/AlL,O;

Recycling of the catalyst can be of considerable im-
portance for practical applications. Again the Pd/
Al,Os-catalyzed Suzuki reaction of 4-bromoanisole
was investigated in more detail regarding catalyst re-
cycling (Table5). In particular, application of

asc.wiley-vch.de 2933


http://asc.wiley-vch.de

FULL PAPERS

Klaus Kohler et al.

Table 5. Recycling of Pd/Al,O; in the Suzuki coupling of 4-
bromoanisole and phenylboronic acid.

Cycle Conversion [% ] Yield [%]
Fresh Catalyst 99 99
1* recycle 76 76
2™ recycle 71 71
3" recycle 66 66
4™ recycle 69 69

(2} Reaction conditions: NMP (10 mL), H,O (4mL), T=
120°C, 4 h, sodium carbonate, 0.2 mol% [Pd], 0.1 mmol
of L,.

0.1 mmol of I, as an agent for partial re-oxidation of
reduced palladium as reported by De Vries et al. led
to very satisfying results.!"”

A slight gradual decrease in activity was observed
during five successful runs and the fifth run corre-
sponded to 69% conversion with 100% selectivity to
cross-couplled product (Table 5). Probable reasons for
the loss of activity are only partial re-oxidation of
Pd(0) to Pd(II) by I, and somewhat lower palladium
dispersion after re-deposition.

Minimizing Palladium Content in Solution at the End
of the Reaction — Palladium Re-Deposition and
Separation

Since the use of supported palladium catalysts is also
motivated by the ease of catalyst separation, palladi-
um leaching can be an important limitation. The fol-
lowing experiments demonstrate, however, that the
catalytic systems reported here allow efficient re-dep-
osition of palladium onto the support. Trace analysis
(ICP-OES) of the reaction mixture after two hours
(the usual reaction time) shows only 0.5 ppm palladi-
um (based on the mass of palladium in solution
versus the total mass of the reaction mixture) in the
solution. The palladium contents in the product are
expected to be even smaller. In order to reduce the
palladium content further, a series of experiments
have been performed. The Suzuki coupling of 4-bro-
moanisole and phenylboronic acid after the typical re-
action time (2h) was followed by additional treat-
ments considered to be favorable for re-deposition of
the noble metal onto the support. This included heat-
ing of the reaction mixture to higher temperatures
and/or the addition of reducing agents (sodium for-
mate).!"™!

After additional treatment for 2h at 120°C, the
palladium content in solution was reduced from
0.5 ppm to 0.44 ppm. After additional treatment of
the reaction mixture at 140°C for 2 h palladium con-
tent is reduced to 0.32 ppm. The palladium content in
solution was further remarkably diminished by the ad-
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Figure 3. The influence of prolonged reaction time and/or
addition of sodium formate as reducing agent on palladium
content in solution in the Suzuki coupling of 4-bromoanisole
and phenylboronic acid. Reaction conditions: 10 mL of
NMP, 3 mL of water, sodium carbonate, 120°C, 2 h, 0.02
mol% Pd/C.

dition of sodium formate. The lowest Pd residue in so-
lution (0.12 ppm) was obtained by adding 6 mmol of
sodium formate and heating for 2h at 140°C
(Figure 3). In principle all results (palladium contents
<1 ppm) meet the expectations of the pharmaceutical
industry.

Conclusions

Skilled preparation led to supported palladium cata-
lysts (Pd/C, Pd/MOx, Pd/zeolite) combining extremely
high activity, short reaction times and 100% selectivi-
ty in Suzuki reactions of aryl bromides and activated
aryl chlorides with the advantages of easy and com-
plete Pd separation and recovery. The reaction system
is easy to handle and stable against moisture and air.
Neither inert atmosphere nor ligands are necessary.
The choice of base and solvent is crucial for the effi-
ciency of the reaction. The influence of the support
(activated carbon, metal oxides, zeolite) on the activi-
ty and selectivity in the Suzuki reactions studied can
be neglected, whereas the preparation procedure and
the resulting properties of Pd catalysts (oxidation
state, dispersion, water content) are significant.

The Pd concentration in solution during the reac-
tion correlates clearly with the progress of the reac-
tion (conversion) and indicates that dissolved molecu-
lar palladium represents the catalytically active spe-
cies. Dissolved Pd is deposited onto the support at the
end of the reaction.

The Pd concentration in solution at the end of the
reaction can be minimized to 0.12 ppm by easily ap-
plicable procedures (heating, addition of reducing
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agents after the reaction has finished). The catalysts
can be recycled and efficiently reused several times
by the addition of an oxidizing agent (iodine).

Experimental Section

The catalytic reactions were carried out in pressure tubes in
air or under argon. All reactants and solvents were obtained
from Aldrich, Fluka or Merck (grade p.a.) and were used as
received without further purification or drying. The qualita-
tive and quantitative analysis of the reactants and products
was performed by gas-liquid chromatography (GLC) or GC-
MS. Products were identified by comparison with authentic
samples. Conversion and selectivity are represented by prod-
uct distribution (=relative area of GLC signals) and GLC
yields (=relative area of GLC signals referenced to an inter-
nal standard calibrated to the corresponding pure com-
pound, A, <+5%).

The gas-liquid chromatograph is an HP 6890 series
equipped with an FID detector and an HP-1 column (cross-
linked methylsiloxane, 30 mx0.25 mm x0.25 pm film thick-
ness). GC-MS analyses were performed on an HP 5890 in-
strument with an HP 5970 mass detector and an HP-1
column.

The palladium content in solution was determined by
ICP-OES on a Perkin—Elmer Optima 3300 DV spectrograph
and ICP-MS by a VG Elemental Plasmaquad 2+ spectro-
graph.

Catalyst Preparation

The catalysts were obtained by wet impregnation.l'”! All cat-
alysts were prepared using H,PdCl, at a constant Pd loading
of 5 wt%. The support material (specific surface area by
BET: ALO;: 195m*g™"; TiO,: 49 m’g™!; CeO,: 58 m’g™")
was first suspended in distilled water. Then an aqueous solu-
tion of the Pd compound was added. After impregnation
and heating to 80°C the suspension was adjusted to pH 10
by adding sodium hydroxide. After further agitation the
slurry was filtered and washed with distilled water. The cata-
lysts were used after drying at room temperature for 24 h.
Pd/C is commercially available and was used as delivered
(Evonik-Degussa AG).

Procedures for Catalytic Tests

Bromoarene (5 mmol; usually 4-bromoanisole, 0.935 g), phe-
nylboronic acid (5.5 mmol; 0.670 g), base (6 mmol; usually
sodium carbonate 0.636 g), diethylene glycol-n-dibutyl ether
(0.250 g, as an internal standard for GC analysis) and 0.005-
0.2 mol% of Pd as a heterogeneous catalyst were introduced
into a pressure tube. NMP and water were added, the mix-
ture was optionally purged with argon and placed in a pre-
heated oil bath. The reaction was performed with vigorous
stirring at the specified temperature for 1-2 h.

For the GLC analyses a sample (1 mL) taken from the re-
action mixture before filtration was quenched with water
(2mL) in a test tube. This mixture was extracted with di-
chloromethane (2 mL), the organic layer was filtered and
dried over MgSO,. The resulting dry organic layer was ana-
lyzed by GLC or GC-MS.

Adpv. Synth. Catal. 2008, 350, 2930-2936

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Determination of Palladium Content in Solution

For the determination of the Pd content in solution, 5 mL of
the reaction mixture were filtered hot (0.45 um syringe
filter, polypropylene membrane) into a 10-mL round-
bottom flask. After careful evaporation of the liquids, using
direct heating on an aluminum block, the sample was treat-
ed with sulfuric acid and nitric acid, diluted, filtered and an-
alyzed by atomic spectroscopy (inductively coupled plasma-
optical emission spectroscopy, ICP-OES, or inductively cou-
pled plasma-mass spectroscopy, ICP-MS). For better accura-
cy, multiple analyses were carried out for each sample.

Kinetic Experiment

4-Bromoanisole (116 mmol), Na,CO; (128 mmol, 1.1 equiv.),
PhB(OH), (128 mmol, 1.1 equiv.), and 0.1 mol% of the Pd
catalyst (1% Pd/AlL,O;) were weighed into a 500-mL flask.
NMP (250 mL) and of water (100 mL) were added and the
flask was placed in a preheated oil bath at 80°C. The reac-
tion mixture (7 mL) was withdrawn at intervals with careful
observation of reaction time and temperature. The sample
solution (5 mL) was directly syringe filtered into a 10-mL
round-bottom flask for palladium analysis and 2 mL were
extracted with dichloromethane to get yields from GLC.
The temperature of the oil bath was gradually increased to
120°C and the sample taking continued for about 3 h.

Recycling Procedure

Reactions were performed as mentioned above. After cool-
ing, the mixture was washed three times with 10 mL of
CH,Cl, and centrifuged (6000 rpm, Biofuge primo R, Her-
aeus) for 10 min. Starting with the second cycle 0.1 mmol I,
was added.
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