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INTRODUCTION

The reaction of alkene arylation by aryl halides,
which was discovered in 1971–1972 by Heck and Nol-
ley [1] and Mizoroki et al. [2], is currently one of the
most intensively studied catalytic processes (see
reviews [3–9]):

 

ArX +    + HX, (I)

 

where X = I or Br.
The nature of catalysis in this reaction has been

actively discussed in the literature [5–13]. Since 1996
[14], data have been obtained to provide support for
homogeneous catalysis in this reaction [13, 15–23].
However, there is also an opposite point of view, which
assumes the occurrence of the Heck reaction as a heter-
ogeneous catalytic reaction on palladium metal (colloi-
dal and/or supported). This hypothesis is based on the
positive results of a number of standard catalytic reac-
tion tests for heterogeneity (Widegren and Finke [24]
gave a survey of these tests).

However, the traditional interpretation of standard
tests is quite ambiguous because of the specific trans-
formations of palladium outside the main catalytic
cycle of the reaction. The results of long-term studies
published in 2006 [8, 9, 25] suggest that heterogeneous
and colloidal palladium is a catalytically inactive cata-
lyst species in the Heck reaction, and the agglomeration
and dissolution of palladium in the course of the cata-
lytic reaction should be considered as catalyst deactiva-
tion and regeneration processes, respectively (an analo-
gous point of view has also been published [13, 14, 26–
30]). The mechanistic schemes proposed [8, 9, 25]

Ph
[Pd]
base

Ph

Ar

 

(Scheme 1 is analogous to that presented in our review
[9]) contain the same catalyst species in the course of
the Heck reaction (the molecular complexes of Pd(0)
and Pd(II) in solution and the colloidal and heteroge-
neous forms of palladium metal). All of the authors
believed that these catalyst species continuously con-
verted into one another to provide a classical example
of kinetically coupled (including cyclic) reaction paths.

A number of tests [7, 24] are based on the principle
of catalyst poisoning. In this case, the search for an
appropriate reagent capable of selectively suppressing
the activity of a homogeneous, heterogeneous, or col-
loidal catalyst has been mainly discussed [10]. How-
ever, in our opinion, the search for a selectively acting
reagent is less important than the problems of interpret-
ing the results of this testing. A positive result of this
test for reactions in which homogeneous, colloidal, and
heterogeneous catalyst species are continuously con-
verted into each other can only provide support for the
occurrence of interconversion processes involving var-
ious catalyst species; however, it cannot answer the
question concerning the contributions of these species
to the conversion of a substrate.

The absence of catalytic activity from a filtrate
obtained after terminating the reaction and separating
the solid catalyst phase (the catalytic activity of the fil-
tered-off solid phase was also occasionally tested [31])
is another argument frequently used by the advocates of
the hypothesis of heterogeneous catalysis in the Heck
reaction. It was found that only a portion of palladium
loaded in a reactor rather than the entire palladium,
which can almost completely return to the support sur-
face at the end of the reaction, passed into solution [14,
15, 18, 20, 22, 23]. Therefore, the results of a test with
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the filtration of the reaction mixture depend on the rates
of dissolution and subsequent return of palladium to the
surface (or agglomeration), as well as on the possible
sensitivity of these processes to various operations
(cooling, heating, filtration, and filtration time) and on
the degree of conversion at which the catalytic reaction
was terminated.

Thus, the positive results of the standard tests of the
Heck reaction for heterogeneity, which were inter-
preted previously as evidence for heterogeneous catal-
ysis in the Heck reaction, are really consistent with the
mechanism shown in Scheme 1 [9]. The same conclu-
sion has also been drawn based on other reaction
schemes of catalyst conversion [7, 8, 25]. Note that the
problems of testing the Heck reaction have been criti-
cally analyzed in most detail by Phan et al. [7] and
Richardson and Jones [10].

Here, we report the results of tests for homogeneity–
heterogeneity modified with consideration for the spe-
cific features of the Heck reaction. These tests use the
filtration of a reaction mixture (split test), the addition
of mercury metal (Hg(0) test), and the results of a com-
parative study of reaction selectivity with the use of
homogeneous and heterogeneous catalyst precursors.

EXPERIMENTAL

The reactions were performed in 

 

N

 

,

 

N

 

-dimethylfor-
mamide (DMF) solutions in a thermostated reaction
vessel with a magnetic stirrer under aerobic conditions.
Samples, taken at regular intervals, were analyzed on
an HP 4890 gas–liquid chromatograph with a flame
ionization detector and an HP 5 capillary column
(Hewlett-Packard) 15 m in length (naphthalene was an
internal standard) under conditions of programmed
heating from 100 to 250

 

°

 

C. The rates of reactions were
determined by the graphical differentiation of steady-
state portions of kinetic straight lines. The solvents and

reagents were purified in accordance with standard pro-
cedures.

 

Test with the filtration of the reaction mixture.

 

The phenylation reaction of styrene with iodobenzene
was performed at 80

 

°

 

C in a reactor shown in Fig. 1. In
the first reactor, iodobenzene (10 mmol), styrene
(10 mmol), tributylamine (13 mmol), and naphthalene
(2 mmol) were dissolved in 10 ml of DMF and 4% Pd/C
(0.16 mmol of palladium; fraction of 0.20–0.25 mm)
was added. After 17-min reaction, the setup was turned
upside-down and the reaction solution was filtered
through glass filter No. 2 (pore size of 40–50 

 

µ

 

m) using
a low vacuum in the bottom reactor and an excess pres-
sure of argon in the top reactor. After the filtration, the
reaction was continued in the second reactor.

 

Hg(0) test.

 

 Styrene (5 mmol), iodobenzene or bro-
mobenzene (30 mmol), HCOONa (0.98 mmol),
NaOAc (5.6 mmol), naphthalene (2 mmol), and 

 

PdCl

 

2

 

(0.05 mmol) or a corresponding amount of 4% Pd/C
were mixed in 5 ml of DMF. The reaction was per-
formed at 

 

140°ë; 300

 

 equiv of mercury on a palladium
basis was added immediately before the onset of the
reaction.

 

Study of the selectivity of competing reactions.

 

 To
perform competitive arylation, two aryl iodides
(10 mmol of each), styrene (10 mmol), HCOONa
(1.8 mmol), NaOAc (11.2 mmol), naphthalene
(2 mmol), and PdCl

 

2

 

 (0.16 mmol) or a corresponding
amount of 4% Pd/C were mixed in 10 ml of DMF. The
reaction was performed at 140

 

°

 

C.

RESULTS AND DISCUSSION

The procedure proposed is based on the measure-
ment of the time dependence of a reaction response
(conversion, product yield, or selectivity) to various
methods of the removal of a particular catalyst species
from the reaction sphere (for example, filtration or the
addition of poisoning compounds). Moreover, a classi-
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cal test that allows one to judge the constant nature of
catalytically active complexes (or active sites on the
surface) was not applied previously to the Heck reac-
tion. The case in point is a comparative study of the
selectivity of competing reactions with several sub-
strates in the presence of homogeneous and heteroge-
neous catalyst precursors.

 

Modified Test with the Filtration of a Reaction Mixture

 

In the filtration of a reaction mixture, it is techni-
cally difficult to perform the continuous measurement
of catalytic activity without terminating the reaction,
and special equipment should be used for this purpose
[11]. However, rapid filtration with the retention of the
other reaction conditions would minimize the possible
effect of a relationship between the rates of dissolution,
agglomeration, and/or deposition of palladium onto the
support surface on the result of the test. For this testing,
the reaction of styrene with iodobenzene was per-
formed under mild conditions (80

 

°

 

C). In this case, the
rate of arylation was not very high in the presence of
Pd/C as a heterogeneous catalyst precursor, and this
rate cannot be related to palladium traces in solution.
The filtration time was considerably shortened (~1 min)
because of the use of excess pressure (argon) in the first
reactor and a low vacuum in the second reactor (Fig. 1).
In this case, the total reaction time in a control experi-
ment without filtration was longer than 2 h. This testing
procedure is fundamentally different from well-known
published analogs, when the reaction was simply termi-
nated after an uncertain time or the palladium content
of the liquid phase was determined after completion of
the reaction [18, 29, 32–35].

As follows from Fig. 2, the catalytic activity
remained almost unchanged for 15 min after filtration.
Thereafter, the rate of reaction decreased and palladium
black appeared in the solution. Thus, even with the
retention of the reaction temperature and the concentra-

tions of reaction mixture components, if the filtration
time were longer than 15 min, this test would lead to an
erroneous conclusion on the absence of an active cata-
lyst from the solution. The delayed determination of
palladium in the liquid phase would also give incorrect
results.

In the control experiment (without filtration), the
steady-state catalytic activity (Fig. 2, dashed line) was
retained until the almost complete consumption of the
substrate. Consequently, the shape of kinetic curves
with a clearly pronounced self-acceleration period at
the beginning of the reaction and an extended portion
of stable catalytic activity without filtration or a dra-
matic decrease in the activity 15 min after filtration
can be explained by the dissolution of palladium from
the catalyst surface (Scheme 1, 

 

B

 

) and its steady-state
distribution between liquid and solid phases. This
explanation, which was proposed previously by
Shmidt et al. [14, 36], is fully consistent with Scheme
1 with the use of palladium metal as a catalyst precur-
sor. The violation of a steady-state distribution of pal-
ladium as a result of the removal of the solid phase
(Fig. 2) leads to an additional transfer of a portion of
Pd in the solution  solid phase direction and to a
decrease in the reaction rate. The formation of palla-
dium black in the course of the Heck reaction can be
an autocatalytic process [9, 37]; this fact is responsible
for the relative kinetic stability of dissolved palladium
for 15 min.

Thus, the results of the above test allowed us to
exclude a heterogeneous palladium species from those
responsible for catalysis. However, it is clear that this
test does not allow us to distinguish between the cases
of catalysis by homogeneous and colloidal palladium
species. A modified mercury test can give the answer to
this question.

 

Thermostat
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Fig. 1.

 

 System for rapid separation of the solid phase of a
heterogeneous catalyst in the course of a catalytic process.
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Fig. 2.

 

 Changes in the concentration of styrene in the course
of the reaction with iodobenzene in the presence of Pd/C as
a catalyst precursor: (

 

1

 

) ordinary experiment and (

 

2

 

) exper-
iment with the filtration of the reaction mixture 17 min after
the onset of reaction.
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Modified Hg(0) Test

 

An analysis of the coupled reaction mechanism of
the Heck reaction (Scheme 1) allowed us to reach the
formal conclusion that the dissolution of palladium
metal under the action of an aryl halide with the forma-
tion of an intermediate (

 

ArPdL

 

2

 

X

 

) in the main catalytic
cycle resulted in the transformation of the sequence of
steps 

 

A

 

, 

 

B

 

, and 

 

C

 

 into an additional catalytic cycle of
the Heck reaction (henceforth, the second catalytic
cycle). The ratio between the rates of agglomeration
and dissolution (Scheme 1, 

 

A

 

 and 

 

B

 

), which form a part
of the second cycle, can have a determining effect on
the amount of palladium in the main catalytic cycle.
With consideration for this fact, it is of importance to
determine the relative contributions of the two compet-
ing catalytic cycles to the overall substrate conversion.

In principle, the Hg(0) test is suitable for this pur-
pose. If mercury is able to irreversibly block colloidal
palladium and/or supported palladium metal formed in
the course of catalysis, the second catalytic cycle ceases
to operate. Nevertheless, in accordance with Scheme 1,
the reaction will occur for a time after the introduction
of a poison because of the retention of palladium in the
main catalytic cycle. As a first approximation, the cata-
lyst turnover number reached in the reaction before the
complete suppression of catalytic activity in the pres-
ence of mercury additives can be related to the maxi-
mally possible turnover number of the catalyst in the
main catalytic cycle before the removal of the catalyst
from the cycle because of agglomeration. In this case,
the ratio between the contributions of the two catalytic
cycles to substrate conversion can be evaluated. As in
the case of filtration, the fundamental difference
between this and traditional reaction testing is that the
duration and stability of catalyst operation rather than
the fact of retaining or suppressing catalytic activity
after the introduction of a catalyst poison becomes of
crucial importance. It is desirable that the tested reac-
tions should occur at comparable rates. Then, it is

believed that the ratio between the rates of reaction and
catalyst deactivation remained approximately constant.
In this case, it is assumed that mercury has no effect on
other reaction intermediates; unfortunately, this effect
cannot be completely excluded [24].

In all of the experiments (see the table), the sub-
strate/palladium ratio was 100 : 1; that is, the maxi-
mally possible catalyst turnover number was 100. In
control experiments with iodobenzene and bromoben-
zene (without the addition of Hg(0)), the use of 

 

PdCl

 

2

 

and Pd/C as catalyst precursors allowed us to reach the
complete conversion of the substrate (table, experi-
ments 1, 3, 5, 7). In this case, the rates of reactions with
both of the aryl halides were comparable. In the pres-
ence of 300 equiv of Hg(0), the catalyst turnover num-
bers significantly decreased in the case of 

 

PdCl

 

2

 

 (exper-
iments 6, 8) or were equal to zero with the use of Pd/C
(experiments 2, 4). This is consistent with published
data [38–42], which were interpreted to demonstrate
the occurrence of the reaction on the surface of dis-
solved nanosized palladium or supported palladium.
However, as noted above, this behavior of catalytic sys-
tems is consistent with Scheme 1, which is based on the
concepts of a homogeneous character of the main cata-
lytic cycle.

With the use of Pd/C as a catalyst precursor in the
reaction, in fact, palladium dissolution as a part of the
second catalytic cycle plays the role of formation of a
catalyst that participates in the main catalytic cycle. If
the second catalytic cycle does not operate in the pres-
ence of Hg(0), the complete absence of conversion
from reactions with Pd/C upon the addition of mercury
is expected (table, experiments 2, 4). At the same time,
with the use of homogeneous precursors, palladium
dissolution plays the role of catalyst regeneration rather
than formation with respect to the main catalytic cycle.
Thus, palladium can participate in the main (homoge-
neous) catalytic reaction cycle. This is supported by an
increase in the catalyst turnover number with the use of

 

 
Effect of the addition of mercury on the Heck reaction

Entry ArX Catalyst Additive Turnover number,
(mol product)/(g-atom Pd)

Contribution
from the main

catalytic cycle*, %

Contribution
of the second

catalytic cycle*, %

1 PhB Pd/C – 100 –** –**
2 PhB Pd/C Hg 0 0 0
3 PhI Pd/C – 100 –** –**
4 PhI Pd/C Hg 0 0 0
5 PhB PdCl

 

2

 

– 100 97.8 2.2
6 PhB PdCl

 

2

 

Hg 45 100 0
7 PhI PdCl

 

2

 

– 100 83.3 16.7
8 PhI PdCl

 

2

 

Hg 5 100 0

 

  *The contribution of the second catalytic cycle was taken equal to 100% in the experiments with the addition of Hg(0). In control exper-
iments, the contributions of individual cycles were calculated based on this assumption (see comments in the text).

**The contributions of catalytic cycles cannot be determined because substrate conversion was entirely absent in the Pd/C + Hg(0) system.
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PdCl

 

2

 

 (experiments 6, 8) in the presence of mercury, as
compared with analogous experiments with Pd/C
(experiments 2, 4). If the catalyst turnover number due
to the main catalytic cycle in a reaction with bromoben-
zene in the presence of mercury is 5 (experiment 8), in
terms of approximations made, each turnover in the
second cycle can potentially induce five turnovers of
the main catalytic cycle (a ratio of 1 : 5) in the absence
of Hg(0) (experiment 7). Thus, in the control experi-
ment (experiment 7), one molecule (or 16.7%) of each
six product molecules formed appears because of the
operation of the second catalytic cycle, whereas five
molecules (or 83.3%) result from the main catalytic
cycle. In a reaction with iodobenzene in the presence of
mercury (experiment 6), 45 catalyst turnovers were
observed (a ratio of 1 : 45), which corresponds to 2.2%
of the second and 97.8% of the main catalytic cycles of
the reaction. Note that, although the turnover number
and, consequently, the yield of the product (5% on a
styrene basis) considerably decreased on the addition
of mercury in an experiment with bromobenzene
(experiment 8), the fraction of the product formed in
the main catalytic cycle in the control experiment
(experiment 7) was found to be sufficiently high
(~83%). However, the above results are also clearly
indicative of a strong effect of palladium aggregation–
dissolution processes on catalytic activity even in the
case of iodobenzene, which is more reactive. For iodo-
benzene, it is usually believed that aggregation has a
negligible effect on the kinetics of the process. The use
of iodobenzene will facilitate successful competition of
the main catalytic cycle with the agglomeration of pal-
ladium. This is also consistent with our estimations of
the contribution of the main catalytic cycle, which was
higher than 97% in a reaction with iodobenzene (exper-
iment 5). However, in this case, a considerable decrease
in the yields of products was observed (from 100 to
45%) on the suppression of the second catalytic cycle
by mercury (experiments 5, 6).

 

Comparative Selectivity Study

 

A study of the selectivity of a catalytic process can-
not answer the question concerning the nature of cata-
lytically active compounds. However, it allows us to
determine whether the nature of compounds responsi-
ble for catalysis remains unchanged with the use of var-
ious catalyst precursors in the reaction. In particular,
this approach can be used in a comparative study of
homogeneous and heterogeneous catalyst precursors. It
is very unlikely that the reaction selectivity is the same
when the reaction occurs on the surface of palladium
metal or under the action of molecular complexes in
solution. Djakovitch et al. [21] studied the selectivity of
several homogeneous and heterogeneous catalysts,
which were used in reactions with the same substrate.
The result of this test can be even more significant with
the use of a few substrates rather than a single substrate
under competitive reaction conditions. In the case of

the Heck reaction, this can be a set of aryl halides with
different substituents at the 

 

para

 

 position of the ben-
zene ring; this allows one to apply a Hammett equation
formalism to the results of this study. Studies of this
kind with the use of the Hammett equation have been
performed for the Heck reaction only to compare vari-
ous homogeneous catalyst precursors [43, 44].

Figure 3 shows the Hammett plot for the competing
reactions of styrene with various aryl iodide pair com-
binations in the presence of homogeneous 

 

PdCl

 

2

 

 and
heterogeneous Pd/C. The experimental results are ade-
quately described by a linear equation. This means that
the selectivity of the competing Heck reaction
remained unchanged on going from a homogeneous
catalyst to a heterogeneous one. Moreover, selectivity
changes were the same on varying substituents in aryl
iodide for both catalyst types. On this basis, we can
unambiguously conclude that the nature of catalytically
active compounds that participate in catalytic cycle
steps responsible for reaction selectivity was the same.

Taking into account the above test results, previ-
ously obtained data on palladium dissolution from the
surface of heterogeneous and colloidal catalysis in the
course of the Heck reaction, and the correlation of cat-
alytic activity with the concentration of palladium in
solution [7–9, 11–20], we can state that homogeneous
catalysis in the Heck reaction is much more probable
than heterogeneous catalysis.

ACKNOWLEDGMENTS

This work was supported by the Russian Foundation
for Basic Research (project no. 05-03-32222a).

REFERENCES

 

1. Heck, R.F. and Nolley, J.P., 

 

J. Org. Chem.

 

, 1972, vol. 37,
no. 14, p. 2320.

 

0.65

0.45

0.25

0.05

–0.15

–0.35

–0.55

–0.75
1.00.80.60.40.20–0.2–0.4–0.6–0.8

(

 

σ

 

S2

 

 – 

 

σ

 

S1

 

)

log

 

L

 

IA/IBA

IA/IB

IB/IB

IBA/IB

INB/IB

 

1
2

 

y = 

 

0.8177

 

x

 

 – 0.0092

 

R

 

2

 

 = 0.9751

 

Fig. 3.

 

 Hammett plot for the reaction of styrene with various
pair combinations of 

 

C

 

6

 

H

 

5

 

I

 

 (IB), 

 

4-(HOOC)-C

 

6

 

H

 

4

 

–I
(IBA), 

 

4-(CH

 

3

 

O)-C

 

6

 

H

 

4

 

-I (IA), and 

 

4-(O

 

2

 

N)-C

 

6

 

H

 

4

 

-I (INB)
in the presence of (

 

1

 

) homogeneous PdCl

 

2

 

 and (

 

2

 

) heteroge-
neous Pd/C.



 

400

 

KINETICS AND CATALYSIS

 

      

 

Vol. 49

 

      

 

No. 3

 

      

 

2008

 

SCHMIDT et al.

2. Mizoroki, T., Mori, K., and Ozaki, A.,

 

 Bull. Chem. Soc.
Jpn.

 

, 1971, vol. 44, no. 2, p. 581.

3. De Meijere, A. and Meyer, F.E.,

 

 Angew. Chem., 

 

1994,
vol. 106, no. 23, p. 2473.

4. Beletskaya, I.P. and Cheprakov, A.V.,

 

 Chem. Rev., 

 

2000,
vol. 100, no. 8, p. 3009.

5. Farina, V.,

 

 Adv. Synth. Catal.

 

, 2004, vol. 346, nos. 13–15,
p. 1553.

6. Alonso, F., Beletskaya, I.P., and Yus, M.,

 

 Tetrahedron,

 

2005, vol. 61, no. 50, p. 11771.

7. Phan, N.T.S., van der Sluys, M., and Jones, C.W.,

 

 Adv.
Synth. Catal.

 

, 2006, vol. 348, no. 6, p. 609.

8. Köhler, K., Pröckl, S.S., and Kleist, W.,

 

 Curr. Org.
Chem.

 

, 2006, vol. 10, no. 13, p. 1585.

9. Schmidt, A.F., Al Halaiqa, A., and Smirnov, V.V.,

 

 Syn-
lett., 

 

2006, no. 18, p. 2861.

10. Richardson, J.M. and Jones, C.W., Adv. Synth. Catal.,
2006, vol. 348, nos. 10–11, p. 1207.

11. Thathagar, M.B., Elshof, J.E., and Rothenberg, G.,
Angew. Chem., Int. Ed. Engl., 2006, vol. 45, no. 18,
p. 2886.

12. Broadwater, S.J. and McQuade, D.T., J. Org. Chem.,
2006, vol. 71, no. 5, p. 2131.

13. Ji, Y., Jain, S., and Davis, R.J., J. Phys. Chem. B, 2005,
vol. 109, no. 36, p. 17232.

14. Shmidt, A.F. and Mametova, L.V., Kinet. Katal., 1996,
vol. 37, no. 3, p. 431 [Kinet. Catal. (Engl. Transl.),
vol. 37, no. 3, p. 406].

15. Biffis, A., Zecca, M., and Basato, M., J. Mol. Catal. A:
Chem., 2001, vol. 173, nos. 1–2, p. 249.

16. Zhao, F., Bhanage, B.M., Shirai, M., and Arai, M.,
Chem. Eur. J., 2000, vol. 6, no. 5, p. 843.

17. Zhao, F., Shirai, M., Ikushima, Y., and Arai, M., J. Mol.
Catal. A: Chem., 2002, vol. 180, nos. 1–2, p. 211.

18. Köhler, K., Heidenreich, R.G., Krauter, J.G.E., and
Pietsch, J., Chem. Eur. J., 2002, vol. 8, no. 3, p. 622.

19. Wagner, M., Köhler, K., Djakovitch, L., Weinkauf, S.,
Hagen, V., and Muhler, M., Top. Catal., 2000, vol. 13,
no. 3, p. 319.

20. Heidenreich, R.G., Krauter, J.G.E., Pietsch, J., and
Köhler, K., J. Mol. Catal. A: Chem., 2002, vol. 182–183,
no. 1, p. 499.

21. Djakovitch, L., Wagner, M., Hartung, C.G., Beller, M.,
and Koehler, K., J. Mol. Catal. A: Chem., 2004, vol. 219,
no. 1, p. 121.

22. Pröckl, S.S., Kleist, W., Gruber, M., and Köhler, K.,
Angew. Chem., Int. Ed. Engl., 2004, vol. 43, no. 14,
p. 1881.

23. Pröckl, S.S., Kleist, W., and Köhler, K., Tetrahedron,
2005, vol. 61, no. 41, p. 9855.

24. Widegren, J.A. and Finke, R.G., J. Mol. Catal. A: Chem.,
2003, vol. 198, nos. 1–2, p. 317.

25. De Vries, J.G., Dalton Trans., 2006, p. 421.

26. Cassol, C., Umpierre, A.P., Machado, G., Wolke, S.I.,
and Dupont, J., J. Am. Chem. Soc., 2005, vol. 127,
no. 10, p. 3298.

27. Conlon, D.A., Pipik, B., Ferdinand, S., LeBlond, C.R.,
Sowa, J.R., Izzo, B., Collins, P., Ho Guo-Jie, Williams, J.M.,
Shi Yao-Jun, and Sun, Y., Adv. Synth. Catal., 2003, vol. 345,
no. 8, p. 931.

28. Andrews, S.P., Stepan, A.F., Tanaka, H., Ley, S.V., and
Smith, M.D., Adv. Synth. Catal., 2005, vol. 347, no. 5,
p. 647.

29. Mukhopadhyay, S., Rothenberg, G., Gitis, D., Baidossi, M.,
Ponde, D.E., and Sasson, Y., J. Chem. Soc., Perkin Trans. 2,
2000, p. 1809.

30. Gniewek, A., Trzeciak, A.M., Ziolkowski, J.J., Kepinski, L.,
Wrzyszcz, J., and Tylus, W., J. Catal., 2005, vol. 229,
no. 2, p. 332.

31. Datta, A., Ebert, K., and Plenio, H., Organometallics,
2003, vol. 22, no. 23, p. 4685.

32. Corma, A., Garc?a, H., Leyva, A., and Primo, A., Appl.
Catal., A, 2003, vol. 247, no. 1, p. 41.

33. Dams, M., Drijkoningen, L., Pauwels, B., Van Tendeloo, G.,
de Vos, D.E., and Jacobs, P.A., J. Catal., 2002, vol. 209,
no. 1, p. 225.

34. Horniakova, J., Raja, T., Kubota, Y., and Sugi, Y., J. Mol.
Catal. A: Chem., 2004, vol. 217, nos. 1–2, p. 73.

35. Mandal, S., Roy, D., Chaudhari, R.V., and Sastry, M.,
Chem. Mater., 2004, vol. 16, no. 19, p. 3714.

36. Shmidt, A.F., Smirnov, V.V., Starikova, O.V., and
Elaev, A.V., Kinet. Katal., 2001, vol. 42, no. 2, p. 223
[Kinet. Catal. (Engl. Transl.), vol. 42, no. 2, p. 199].

37. Schmidt, A.F., Al-Halaiqa, A., and Smirnov, V.V., J. Mol.
Catal. A: Chem., 2006, vol. 250, nos. 1–2, p. 131.

38. Mehnert, C.P., Weaver, D.W., and Ying, J.Y., J. Am.
Chem. Soc., 1998, vol. 120, no. 147, p. 12289.

39. Nilsson, P. and Wendt, O.F., J. Organomet. Chem., 2005,
vol. 690, no. 18, p. 4197.

40. Bergbreiter, D.E., Osburn, P.L., and Frels, J.D., Adv.
Synth. Catal., 2005, vol. 347, no. 1, p. 172.

41. Eberhard, M.R., Org. Lett., 2004, vol. 6, no. 13, p. 2125.

42. Consorti, C.S., Zanini, M.L., Leal, S., Ebeling, G., and
Dupont, J., Org. Lett., 2003, vol. 5, no. 7, p. 983.

43. Bohm, V.P.W. and Herrmann, W.A., Chem. Eur. J., 2001,
vol. 7, no. 19, p. 4191.

44. Blackmond, D.G., Schultz, T., Mathew, J.S., Loew, C.,
Rosner, T., and Pfaltz, A., Synlett., 2006, no. 18, p. 3135.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


