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Abstract—For the first time, palladium complexes with salicylaldehyde thiosemicarbazones were applied as catalyst precursors to
the Suzuki–Miyaura reaction. These air and moisture stable phosphine-free systems efficiently catalyze the cross-coupling of aryl
bromides and chlorides (from electron rich to electron poor) with phenylboronic acid in DMF/H2O at 100 �C for 24 h, using
Na2CO3 as base, without addition of free ligand or any promoting additive, and under aerobic conditions no significant homo-
coupling of phenylboronic acid to unsubstituted biphenyl was observed.
� 2005 Elsevier Ltd. All rights reserved.
Palladium homogeneous catalysis is a versatile tool for
carbon–carbon bond formation in organic synthesis.1

The coupling of aryl halides with organoboronic acids,
a procedure known as the Suzuki–Miyaura reaction, is
one of the most important palladium-catalyzed cross-
coupling reactions of both academic and industrial
interest.1–3 This reaction represents one of the most
widely used processes for the synthesis of biaryls, which
are important intermediates in organic synthesis and
recurring functional groups in natural products.4 Since
phosphorus ligands are often water- and air-sensitive,
catalysis under phosphine-free conditions is a challenge
of high importance, and a number of phosphine-free
ligands for the Suzuki–Miyaura reaction have been repor-
ted,3j–p some of which were successfully applied to this
reaction under aerobic conditions.3o,3p In our attempts
to evaluate phosphine-free systems in palladium cataly-
sis, salicylaldehyde thiosemicarbazones were chosen for
this purpose (see Fig. 1). These multidentate ligands
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with five potential co-ordination sites (three N, one O
and one S) offer certain advantages, since it is known
for transition–metal complexes, that an additional co-
ordination site in the ligand as a stabilizing group during
the course of a metal-mediated reaction can improve the
catalytic efficiency of the complex.5

Recently, for the first time, we used thiosemicarbazones
as catalyst precursors for palladium-catalyzed coupling
reactions.6 Palladium complex 1 [Pd(HSal4NHEt)Cl],
the co-ordination mode of which was determined by
spectroscopic and X-ray analysis, efficiently catalyzes
the Heck reaction of aryl bromides with styrene, and
for some substrates, even in air.6 Within the present
work, we also synthesized the analogous complex 2
[Pd(HSal4NH2)Cl], in which, the terminal amino group
Figure 1.
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of the thiosemicarbazone is unsubstituted. Both com-
plexes were applied to the Suzuki–Miyaura reaction of
aryl bromides and chlorides with phenylboronic acid,
under aerobic conditions. To our knowledge, this paper
represents the first study concerning the evaluation
of thiosemicarbazone ligands in the Suzuki–Miyaura
reaction.

The synthetic sequence for the preparation of complex 2
was in accordance to that previously reported for the
synthesis of 16 (Scheme 1).7 Salicylaldehyde thiosemicar-
bazone (H2Sal4NH2) 4

8 was prepared by treatment of
salicylaldehyde 3 with thiosemicarbazide in ethanol.
The synthesis of complex 2 was achieved by reaction
of ligand 4 with Li2PdCl4, prepared in situ from PdCl2
and LiCl. The microanalytical data were consistent with
the formula C8H8ClN3OPdS, which indicates the struc-
ture [Pd(HSal4NH2)Cl].

The co-ordination mode in complex 2 was determined
by spectroscopic analysis, and it was found to be identi-
cal with that in complex 1. The ligand is bound to pal-
ladium in a tridentate fashion via the azomethine
nitrogen N(1), the sulfur atom and the phenoxy oxygen,
forming one six- and one five-membered chelate ring.
The significant IR bands in 2 are close in energy to those
found in other palladium complexes with tridentate co-
ordination.6 The bands at 1617 and 1602 cm�1 in the IR
spectrum of 4 were assigned to C@N. In complex 2, the
co-ordination of the azomethine nitrogen to palladium
is indicated by the C@N band, which is shifted to lower
frequency by 20 cm�1 compared to that of the free
ligand. Additionally, the band at 454 cm�1 in the FAR-
IR spectrum of 2 was assigned to Pd–N. Co-ordination
Scheme 1.

Scheme 2.
via the thione sulfur is indicated by the shift of the C@S
band (829 cm�1) in the free ligand 4 to lower frequency
in complex 2 (814 cm�1), and also by the presence of a
band assignable to Pd–S at 342 cm�1. The phenolic oxy-
gen, on loss of the OH proton occupies the third
co-ordination site. A band at 383 cm�1 in the FAR-IR
spectrum of 2 was assigned to Pd–O and the strong band
at 312 cm�1 was attributed to Pd–Cl. In the 1H NMR
spectrum of 4, the signal of the phenolic proton at
11.35 ppm was consistent with the presence of a hydro-
gen bonding isomer (OH–N). In the 1H NMR spectrum
of 2, this signal was absent due to deprotonation and
complex formation. In the 13C NMR spectrum of com-
plex 2, deshielding of C–O and C–N(1) was observed,
which should be related to the electrophilicity of palla-
dium. A r-charge donation from the O and N donor
atoms to the palladium centre removes electron density
from the ligand and produces this deshielding, which
attenuates at positions remote from the metal. However
p-back bonding from the palladium to the thione sulfur
atom occurs causing an upfield shift of the C@S
resonance.9

Complexes 1 and 2, as a stock solution in DMF, were
applied to the Suzuki–Miyaura reaction of phenyl-
boronic acid with some representative aryl bromides
and chlorides at 100 �C for 24 h, using Na2CO3 as base,
without addition of free ligand or any promoting addi-
tive (Scheme 2, Table 1).10 All reactions were performed
in air. Addition of a small amount of water (close to one
equivalent with respect to the substrates) to the reaction
mixture enhances the activity of the catalyst (compare
conversions in entries 3 and 4), and for that reason,
catalysis was performed in the presence of water. It is
worth noting that the catalysts seem to be air stable at
100 �C, and no palladium black was observed. It is also
important to mention that homocoupling of phenyl-
boronic acid to give unsubstituted biphenyl was negligible,
as was obvious in GC and GC–MS analysis of the reac-
tion mixtures resulting from the coupling of 4-substi-
tuted aryl halides. The reaction was first performed
using a 1:1000 catalyst:aryl halide molar ratio. As ex-
pected, the catalytic activity depended on the halide,
while electron-withdrawing groups on the aryl ring in-
creased the reaction rate. For the deactivated 4-bromo-
anisole and the non-activated bromobenzene, the
reaction proceeded with conversions ranging from 40%
to 71%. For the activated 1-bromo-4-nitrobenzene and
4-bromobenzonitrile the conversions were usually about
80% or higher. For these substrates, the reaction was
also performed with a 1:100,000 catalyst:aryl halide
molar ratio, leading to TONs of up to 49,000, but with
lower conversions. The use of aryl chlorides as sub-
strates remains the goal in cross-coupling reactions
due to their inexpensive cost and convenient availability,



Table 1. Suzuki–Miyaura cross-coupling of aryl halides with

phenylboronic acid catalyzed by palladium complexes 1 or 2, in air

Entry Catalyst ArX (X; R) ArX/Pd

ratio

Conversiona

(%)

TON

1 1 Br; OMe 1000 40 400

2 2 Br; OMe 1000 53 530

3 1 Br; H 1000 71 710

4b 1 Br; H 1000 51 510

5 2 Br; H 1000 71 710

6 1 Br; CN 1000 78 780

7 2 Br; CN 1000 88 880

8 1 Br; CN 100,000 13 13,000

9 2 Br; CN 100,000 39 39,000

10 1 Br; NO2 1000 79 790

11 2 Br; NO2 1000 83 830

12 1 Br; NO2 100,000 31 31,000

13 2 Br; NO2 100,000 49 49,000

14 1 Cl; H 1000 30 300

15 2 Cl; H 1000 26 260

16 1 Cl; NO2 1000 36 360

17 2 Cl; NO2 1000 37 370

Reaction conditions: ArX (1.0 mmol), PhB(OH)2 (1.5 mmol), Na2CO3

(2.0 mmol), H2O (1.7 mmol), Pd complex in DMF (1 mM or 0.01 mM,

1 mL), 100 �C, 24 h.
a Conversion to coupled product, based on aryl halide (GC, decane as

internal standard).
b H2O was not added.
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but unfortunately, the oxidative addition in these cases
is difficult due to the comparatively high C–Cl bond
strength. In spite of this difficulty, complexes 1 and 2
were applied to the cross-coupling of phenylboronic acid
with chlorobenzene and 1-chloro-4-nitrobenzene, in air,
under the above-mentioned conditions, yielding the cor-
responding biaryls with TONs of up to 370.

In conclusion, we have shown that easily accessible pal-
ladium complexes with salicylaldehyde thiosemicarba-
zone ligands can serve as efficient catalysts for the
Suzuki–Miyaura cross-coupling of aryl bromides and
chlorides with phenylboronic acid under mild reaction
conditions. Although the activity is not as high as some
other palladium systems, these phosphine-free catalysts
offer the advantage of the successful coupling of aryl
halides and the synthesis of biaryls under aerobic
conditions. This first study of the application of
thiosemicarbazones to the Suzuki–Miyaura reaction
provides promising results. The development of chiral
analogous air stable ligands for asymmetric catalysis is
currently in progress.
Acknowledgements

We thank the NMR center of the University of Ioannina
for measurements and the General Secretariat of
Research and Technology of Greece for funding.
References and notes

1. Recent selected monographs: (a) Tsuji, J. Palladium
Reagents and Catalysts; John Wiley & Sons: Chichester,
1995; (b) Diederich, F.; Stang, P. J. Metal-Catalyzed
Cross-Coupling Reactions; Wiley-VCH: Weinheim, 1998;
(c) Reetz, M. T. In Transition Metal Catalysed Reactions;
Davies, S. G., Murahashi, S.-I., Eds.; Blackwell Science:
Oxford, 1999; (d) Miyaura, N. Cross-Coupling Reaction;
Springer: Berlin, 2002.

2. Recent selected reviews: (a) Miyaura, N.; Suzuki, A.
Chem. Rev. 1995, 95, 2457–2483; (b) Stanforth, S. P.
Tetrahedron 1998, 54, 263–303; (c) Suzuki, A. J. Organo-
met. Chem. 1999, 576, 147–168; (d) Suzuki, A. J. Orga-
nomet. Chem. 2002, 653, 83–90; (e) Miyaura, N. Top. Curr.
Chem. 2002, 219, 11–59; (f) Littke, A. F.; Fu, G. C.
Angew. Chem., Int. Ed. 2002, 41, 4176–4211; (g) Zapf, A.;
Beller, M. Top. Catal. 2002, 19, 101–109; (h) Bedford, R.
B.; Cazin, C. S. J.; Holder, D. Coord. Chem. Rev. 2004,
248, 2283–2321.

3. Selected examples of the Suzuki–Miyaura coupling, pub-
lished in 2004: (a) Bedford, R. B.; Cazin, C. S. J.;
Hursthouse, M. B.; Light, M. E.; Scordia, V. J. M. Dalton
Trans. 2004, 3864–3868; (b) Kwong, F. Y.; Lam, W. H.;
Yeung, C. H.; Chan, K. S.; Chan, A. S. C. Chem.
Commun. 2004, 1922–1923; (c) Baillie, C.; Zhang, L.;
Xiao, J. J. Org. Chem. 2004, 69, 7779–7782; (d) DeVasher,
R. B.; Moore, L. R.; Shaughnessy, K. H. J. Org. Chem.
2004, 69, 7919–7927; (e) Scrivanti, A.; Beghetto, V.;
Matteoli, U.; Antonaroli, S.; Marini, A.; Mandoj, F.;
Paolesse, R.; Crociani, B. Tetrahedron Lett. 2004, 45,
5861–5864; (f) Smith, R. C.; Woloszynek, R. A.; Chen,
W.; Ren, T.; Protasiewicz, J. D. Tetrahedron Lett. 2004,
45, 8327–8330; (g) an der Heiden, M.; Plenio, H. Chem.
Eur. J. 2004, 10, 1789–1797; (h) Zapf, A.; Jackstell, R.;
Rataboul, F.; Riermeier, T.; Monsees, A.; Furmann, C.;
Shaikh, N.; Dingerdissen, U.; Beller, M. Chem. Commun.
2004, 38–39; (i) Fairlamb, I. J. S.; Kapdi, A. R.; Lynam, J.
M.; Taylor, R. J. K.; Whitwood, A. C. Tetrahedron 2004,
60, 5711–5718; (j) Fairlamb, I. J. S.; Kapdi, A. R.; Lee, A.
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