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Institut für Synthesechemie, Gerhard-Mercator-Uni6ersität Duisburg, Fachbereich 6, Lotharstraße 1, D-47048 Duisburg, Germany

Received 10 December 1997; received in revised form 6 March 2000; accepted 31 March 2000

Abstract

Azulene is arylated by iodobenzene and by 4-nitro-chlorobenzene under palladium catalysis at the electron-rich 1-position.
© 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

For the synthesis of biaryl compounds palladium
catalyzed processes found widespread application [1,2].
Among these methods the Suzuki [3] and the Stille
coupling reaction [4] are the most popular. For both
reactions a transmetalation of an intermediary aryl
palladium halide (or triflate) with an arylboronic acid
or an aryl stannane, respectively, is the crucial reaction
step. From a preparative point of view the direct palla-
dium catalyzed coupling reaction of an aryl halide with
an aromatic CH-group would be highly desirable. Un-
fortunately such a reaction was restricted to intramolec-
ular cases until recently [2,5,6]. Miura and coworkers
reported that 2-phenylphenol is arylated in the 2%-posi-
tion, revealing a precoordination via an arylpalladium
phenolate [7]. Certain heterocycles such as imidazole
derivatives undergo an efficient palladium catalyzed
arylation in the presence of caesium carbonate as the
base [8]. Nevertheless, for unfunctionalized aromatic
hydrocarbons this type of coupling reaction is still a
challenging problem. Herein we report on the arylation
of azulene (1), an aromatic hydrocarbon that exhibits
an increased reactivity due to its dipolar nature.

2. Results and discussion

Recently we reported on the first palladium-catalyzed
intermolecular arylation of a tetrasubstituted car-
bon�carbon double bond [9a,b]; an excess of aryl halide
was crucial for a successful reaction. Moreover we
succeeded in the multifold arylation of metallocenes
resulting in a new synthesis of pentaarylcyclopentadi-
enes [9c]. These findings prompted us to try the inter-
molecular arylation of several polycyclic aromatic
hydrocarbons such as azulene (1), anthracene, phenan-
threne and pyrene under similar reaction conditions.
However, among these exclusively azulene (1) was ary-
lated to some extent (Schemes 1 and 2): under Jeffery-
conditions [10] (5 mol% Pd(OAc)2, eight equivalents
K2CO3, two equivalents n-Bu4NBr, 10 ml DMF, N2, 3
days, 100°C) with five equivalents of iodobenzene (2a) a
small amount of 1-phenylazulene 3a (5% yield) was
isolated besides biphenyl [11] as the main product. With
a thirtyfold excess of 2a the yield of 3a increased to
13%. Under the same reaction conditions 1-chloro-4-
nitrobenzene (2b) turned out to be the superior arylat-
ing agent, since a fivefold excess of 2b was sufficient to
accomplish a similar result. So far the best result, a 16%
yield of 3b (54% based on recovered starting material),
was achieved at 140°C; because of partial decomposi-
tion at this temperature n-Bu4NBr was omitted in this
case. Also for some other reaction conditions [12] and
catalysts that we tested, such as cyclopalladated com-
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plexes [13], palladium clusters [14], palladium on acti-
vated carbon and in the presence of silver salts, the
maximum turnover number was around 3. Under Jef-
fery-conditions 1-chloro-2,4-dinitrobenzene led to the
formation of polymeric material, whereas with benzyl

bromide a 19% yield of 1-benzylazulene was obtained
[15].

Obviously, the arylation as well as the benzylation
takes place regioselectively at the electron-rich 1-posi-
tion suggesting an electro-philic attack of a Pd(II)-
species as a crucial reaction step [16]. According to
the mechanistic pathway A the key intermediate 4 is
formed via a palladation of azulene 1 with an aryl-
palladium halide. Presumably this step proceeds in
the sense of an electrophilic aromatic substitution.
The alternative pathway B explains the formation of
4 via a ligand exchange reaction between a palladated
azulene 5 and the arylpalladium halide. This rather
speculative pathway requires both Pd(0)- and Pd(II)-
catalysts and could explain the deactivation of the
catalytic system. However, appropriate reaction condi-
tions (Pd-clusters in DMSO in the presence of oxygen
[17]) were unsuccessful. The mechanistic pathways A
and B were tested by performing stochiometric reac-
tions. The result from the reaction of azulene (1) with
a stochiometric amount of phenylpalladium chloride
[18] in acetonitrile at room temperature is in accord
with pathway A: the crude product was identified by
1H-NMR spectroscopy as a mixture of azulene (1),
1-phenylazulene (3a) and biphenyl in the ratio 1:2:7.
An attempt to prepare an azulene–Pd-complex of
type 5 from 1 and a stochiometric amount of palla-
dium acetate resulted in the isolation of a 10% yield
of 1,2%-biazulenyl, which was identified by a X-ray
structure analysis (Fig. 1) [19].

Due to its dipolar nature azulene (1) is one of the
most reactive aromatic hydrocarbons. Therefore the
relatively low yields we have achieved exemplify the
difficulties that are connected with the Pd-catalyzed
intermolecular arylation. Especially for less reactive
substrates such as phenanthrene and pyrene further
studies should concentrate on high pressure tech-
niques and on palladium catalysts that are active at
elevated temperatures.

3. Experimental

3.1. 1-(4-Nitrophenyl)-azulene (3b)

A mixture of 128 mg (1.00 mmol) of azulene (1),
788 mg (5.00 mmol) of 1-chloro-4-nitrobenzene (2b),
1.1 g (8.0 mmol) K2CO3 and 11 mg (50 mmol) of
Pd(OAc)2 in dry DMF (10 ml) was stirred under N2

in a sealed tube for 3 days at 140°C. After dilution
with water (50 ml), the reaction mixture was ex-
tracted thrice with 30 ml of dichloromethane. The
combined organic extracts were washed with water
(20 ml), filtered through a pad of silica and evapo-
rated in vacuo (50°C/100 mbar). The residue was
fractionated by flash chromatography (silica, 50:1

Scheme 1. Reaction conditions a; for the formation of 3a: 1 mmol 1,
5 mol% Pd(OAc)2, eight equivalents K2CO3, two equivalents n-
Bu4NBr, 10 ml DMF, N2, 3 days, 100°C, with five equivalents 2a the
yield of 3a is 5%, with thirty equivalents 2a the yield of 3a is 13%; for
the formation of 3b: 1 mmol 1, five equivalents 2b, eight equivalents
K2CO3, no n-Bu4NBr, 10 ml DMF, N2, 3 days, 140°C, with 5 mol%
Pd(OAc)2 the yield of 3b is 16% (54% based on recovered starting
material), with 15 mol% Pd(OAc)2 added in 3 portions every 24 h the
yield of 3b is 28%.

Scheme 2. Mechanistic pathways for the Pd-catalyzed arylation of
azulene (1).

Fig. 1. Structure of 1,2%-biazulenyl in the crystal.
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hexanes–ethyl acetate). First fraction (Rf=0.39): 90
mg (70%) recovered starting material 1. Second frac-
tion (Rf=0.14): 40 mg (16%) green crystals of 3b
with m.p. 94–96°C. Selected spectroscopic data of 3b:
UV (acetonitrile): lmax (l g o)=232 nm (4.45), 284
(4.53), 335 (3.94, sh), 407 (4.20). 1H-NMR (500 MHz,
CDCl3, TMS): d=7.28 ppm (t, J=10 Hz, 2H, 5-H,
7-H), 7.47 (d, J=4.0 Hz, 1H, 3-H), 7.69 (t, J=10
Hz, 1H, 6H), 7.76 (d, J=9 Hz, 2H, 2%/6%-H), 8.06 (d,
J=4.0 Hz, 1H, 2-H), 8.34 (d, J=9 Hz, 2H, 3%/5%-H),
8.42 (d, J=9.3 Hz, 1H), 8.57 (d, J=10 Hz, 1H).
13C-NMR (125 MHz, CDCl3): d=118.33 ppm (d),
124.12 (d), 124.53 (d), 124.78 (d), 128.47 (s), 129.75
(d), 135.32 (d), 135.87 (s), 137.32 (d), 138.01 (d),
138.95 (d), 142.82 (s), 144.38 (s), 145.86 (s). MS (70
eV); m/z (%): 250 (19), 249 [100, M+], 219 (11), 204
(39), 202 (89), 201 (17), 200 (16), 101 (16), 88 (11).
Calc. for C16H11NO2 (259.27): C, 77.10; H, 4.45; N,
5.62. Found: C, 76.87; H, 4.53; N, 5.67%.

Selected spectroscopic data of 1-phenylazulene (3a)
[20]: blue crystals with m.p. 53–54°C. 1H-NMR (500
MHz, CDCl3, TMS): d=7.14 ppm (t, J=10 Hz, 2H,
5-H, 7-H), 7.34 (t, J=7.4 Hz, 1H, 4%-H), 7.43 (d,
J=3.9 Hz, 1H, 3-H), 7.49 (t, J=7.5 Hz, 2H, 3%/5%-
H), 7.58 (t, J=9.9 Hz, 1H, 6-H), 7.62 (d, J=8.3 Hz,
2H, 2%/6%-H), 8.02 (d, J=3.6 Hz, 1H, 2-H), 8.34 (d,
J=8.8 Hz, 1H, 4-H), 8.55 (d, J=9.7 Hz, 1H, 8-H).
13C-NMR (125 MHz, CDCl3): d=117.48 ppm (d),
123.07 (d), 123.34 (d), 126.31 (d), 128.66 (d), 129.79
(d), 131.35 (s), 135.25 (s), 136.64 (d), 137.18 (d),
137.31 (d), 137.54 (s), 138.23 (d), 141.71 (s).

Selected spectroscopic data of 1-benzylazulene: blue
crystals with m.p. 58–59°C. 1H-NMR (500 MHz,
CDCl3, TMS): d=4.45 ppm (s, 2H), 7.08 (t, J=9.8
Hz, 2H, 5-H, 7-H), 7.14–7.20 (m, 3H), 7.24 (d, J=
7.8 Hz, 2H), 7.33 (d, J=3.6 Hz, 1H, 3-H), 7.53 (t,
J=9.9 Hz, 1H, 6-H), 7.72 (d, J=3.6 Hz, 1H, 2-H),
8.26 (d, J=9.4 Hz, 1H), 8.29 (d, J=9.7 Hz, 1H).
13C-NMR (125 MHz, CDCl3): d=33.69 ppm (t),
116.88 (s), 121.81 (d), 122.42 (d), 125.84 (d), 128.40
(d), 128.59 (d), 129.11 (d), 133.64 (d), 135.93 (s),
136.55 (d), 137.48 (d), 138.05 (d), 140.84 (s), 141.90
(s).

Selected spectroscopic data of 1,2%-biazulenyl: green
crystals with m.p. 140–141°C from pentane (lit. [21]
m.p. 144–145°C). 1H-NMR (500 MHz, CDCl3,
TMS): d=7.21–7.15 ppm (m, 3H), 7.27 (t, J=9.9
Hz, 1H), 7.49–7.45 (m, 2H), 7.63 (t, J=9.9 Hz, 1H),
7.75 (s, 2H), 8.29 (d, J=9.2 Hz, 2H), 8.34–8.33 (m,
2H), 9.06 (d, J=9.8 Hz, 1H). 13C-NMR (125 MHz,
CDCl3): d=116.50 ppm (d), 118.97 (d), 123.81 (d),
124.20 (d), 124.46 (d), 127.19 (s), 134.57 (d), 135.14
(d), 136.26 (d), 136.27 (s), 137.29 (d), 138.51 (d),
138.60 (d), 141.28 (s), 143.55 (s), 146.67 (s).

4. Supplementary material

The crystallographic data (without structure fac-
tors) have been deposited as supplementary publica-
tion no. CCDC-139097 at the Cambridge
Crystallographic Data Centre. Copies of the data may
be obtained free of charge from The Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(Fax: +44-1223-336033; e-mail: deposit@ccdc.cam.
ac.uk or www: http://www.ccdc.cam.ac.uk)
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