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ABSTRACT

Reaction of 2,2 ′-dihalobiphenyl with butyllithium followed by the addition of chromium(III) chloride and alkynes afforded the corresponding
phenanthrene derivatives via formal [4 + 2] cycloaddition. A variety of alkynes could be used for this reaction, such as alkyl, aryl, silyl, and
alkoxycarbonyl alkynes. Repetitive process of the reaction gave more extended polycyclic compounds such as benzo[ g]chrysene and
azacyclopentaphenalene derivatives.

Construction of polycyclic aromatic ring skeletons has
attracted considerable attention in recent years due to their
increasing importance in organic material science.1 Among
several synthetic methods for polycyclic aromatics,2,3 inter-
molecular [4+ 2] cycloadditions between functionalized
biaryls and alkynes seem the simplest and straightforward
for the formation of phenanthrene derivatives. Although
several examples of such strategy with a series of late
transition metals are known,4 there are still some limitations
for availability of substituents of alkynes. In this paper we

would like to report chromium-mediated phenanthrene
formation from 2,2′-dihalobiphenyl and various alkynes and
its application to synthesis of polycyclic aromatic com-
pounds.

In the late of 1950s, Zeiss and co-workers reported that
triphenylchromium(III) could catalyze the cyclization of
2-butyne or diphenylacetylene to afford the corresponding
hexasubstituted benzene along with 1,2,3,4-tetrasubstituted
naphthalene.5 Later, Ehmann and co-workers investigated that
the reaction of 2-biphenylylmagnesium halide with chro-
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mium(III) chloride followed by 2-butyne produced 9,10-
dimethyl-phenanthrene via dibenzochromacyclopentadiene as
an intermediate.6 Although these results have suggested the
usefulness of organochromium complex for construction of
polycyclic aromatic compounds with alkynes, their investiga-
tions were concentrated on the mechanism of these reactions,
and efficiency and applicability of the reactions had not been
examined sufficiently.7

Until now our group has reported zirconium-mediated
synthesis of highly substituted polycyclic aromatic com-
pounds.8 Furthermore, we found that the combination of these
zirconium-mediated reactions with chromium(III) chloride
have shown unique reactivity toward a series of unsaturated
compounds.9 During the course of our investigation in such
direction, we found efficient synthesis of polycyclic com-
pounds from halobiaryls and alkynes mediated by chromium
as described below.

A typical experimental procedure is as follows (Scheme
1). To a THF solution of 2,2′-dibromobiphenyl1 was added

n-butyllithium at-78 °C, and the mixture was stirred for 1
h. After addition of 1 equiv of chromium(III) chloride, the
mixture was warmed to room temperature. After stirring for
1 h, 2 equiv of an alkyne was added, and the mixture was
heated to 50°C for 6-12 h to afford the corresponding
phenanthrene derivatives2 in good to excellent yields.10

As summarized in Table 1, the chromium-mediated
reaction was applicable for a wider variety of alkynes
compared with the precedent methods,4 and the desired
phenanthrenes were obtained in good to excellent yields.
Arylalkynes can be used for this benzannulation as well as
aliphatic alkynes (entries 2 and 3). With terminal alkynes,
the desired phenanthrenes were formed without significant
loss of efficiency (entries 4 and 5). When conjugated diynes
were subjected to the reaction, the corresponding alky-

nylphenanthrenes were formed, and no biphenanthryl deriva-
tives, the doubly annulated products, were obtained (entries
6 and 7). As functionalized alkynes, silylated alkynes and
alkynes with one or two ester groups can be used for this
reaction to produce the corresponding phenanthrene deriva-
tives 2h-j in good yields. For the reactions using alkynes
with ethoxy- or methoxycarbonyl groups (entries 9 and 10),
addition of TMEDA was effective to increase the product
yields by ca. 10%.

The chromium-mediated reaction can be applied for the
other dilithium compounds. As shown in Scheme 2, it is well-
known that a reaction of diphenylacetylene with 2 equiv of
butyllithium affords dilithiated stilbene derivative in high
yield.11 When the dilithiated stilbene derivative was treated
with chromium(III) chloride followed by the addition of

(5) (a) Zeiss, H. H.; Herwig, W.J. Am. Chem. Soc.1958,80, 2913. (b)
Zeiss, H. H.; Tsutsui, M.J. Am. Chem. Soc.1959,81, 6090. (c) Herwig,
W.; Metlesics, W.; Zeiss, H. H.J. Am. Chem. Soc.1959,81, 6203.

(6) (a) Whitesides, G. M.; Ehmann, W. J.J. Am. Chem. Soc.1968,90,
804. (b) Whitesides, G. M.; Ehmann, W. J.J. Am. Chem. Soc.1970,92,
5625.

(7) Recent example of chromium-mediated cyclization: Nishikawa, T.;
Kakiya, H.; Shinokubo, H.; Oshima, K.J. Am. Chem. Soc.2001, 123, 4629.

(8) (a) Takahashi, T.; Li, Y.; Stepnicka, P.; Kitamura, M.; Liu, Y.;
Nakajima, K.; Kotora, M.J. Am. Chem. Soc.2002,124, 576. (b) Takahashi,
T.; Kitamura, M.; Shen, B.; Nakajima, K.J. Am. Chem. Soc.2000,122,
12876. (c) Takahashi, T.; Hara, R.; Nishihara, Y.; Kotora, M.J. Am. Chem.
Soc.1996,118, 5154.

(9) Takahashi, T.; Liu, Y.; Iesato, A.; Chaki, S.; Nakajima, K.; Kanno,
K. J. Am. Chem. Soc.2005,127, 11928.

(10) Although the reaction mechanism is still unclear yet, it seems to
proceedVia formation of dibenzochromacyclopentadiene as key intermediate
followed by cycloaddition with alkynes.

Scheme 1

Table 1. Synthesis of Phenanthrenes Using CrCl3

a GC yields. Isolated yields are shown in parentheses.b The reaction was
carried out in the presence of 2 equiv of TMEDA.
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diphenylacetylene, 1-butyl-2,3,4-triphenylnaphthalene3 was
obtained in 87% isolated yield.

2,2′-Dilithiobiphenyl derivatives were prepared from not
only 2,2′-dihalogenated biphenyls but 2-monohalogenated
ones. When 2 equiv ofn-butyllithium was added to 2-bro-
mobiphenyl4a, the same dilithiated biphenyl was generated
as that from dibromobiphenyl. After treatment with chro-
mium(III) chloride and 3-hexyne, 9,10-diethylphenanthrene
2a was obtained in a comparable yield. Similarly, 2-iodo-
4′-methylbiphenyl4b was converted into the corresponding
phenanthrene5a in the same way in 58% yield (Scheme 3).

The use of monohalogenated biaryl enabled us to produce
more extended polycyclic aromatic compounds. As shown
in Scheme 3, 1-(2-lithiophenyl)-2-lithionaphthalene was
generated by the addition of 2 equiv ofn-butyllithium into
the THF solution of 1-(2-iodophenyl)naphthalene6. After
the reaction with chromium(III) chloride and an alkyne, the
corresponding benzo[c]phenanthrenes7 were formed.

Furthermore, stepwise benzannulation is also possible by
appropriate selection of the substituents on the starting
alkynes as shown in Scheme 4. The reaction with 2,2′-
dibromobiphenyl1 and 1-phenyl-2-trimethylsilylacetylene

afforded 9-phenyl-10-trimethylsilylphenanthrene2h, which
could be converted into 9-iodo-10-phenylphenanthrene8 by
the treatment with iodine monochloride in high yield.12 When
the iodophenanthrene8 was subjected again to the chromium-
mediated reaction with 3-hexyne, the corresponding benzo-
[g]chrysene9 was obtained.

1-Phenylpyrrole10 was dilithiated by the addition of 2
equiv of n-butyllithium in hexane in the presence of
TMEDA.13 This dilithiated 1-phenylpyrrole was converted
to the pyrroloquinoline derivative11 by the same way as
above in good yield (Scheme 5). Moreover, the bay region

of the pyrroloquinoline11 could also be dilithiated and
transformed into the corresponding 9b-azacyclopenta[cd]-
phenalenes12 (Scheme 5 and Table 2). It is worth noting

that the chromium-mediated reaction enables us to construct
these polycyclic systems in short steps.
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Scheme 2

Scheme 3

Scheme 4

Scheme 5

Table 2. Synthesis of Azacyclopentaphenalene12

entry R time/h product yield/%

1 Et 12 12a 39
2 Ph 3 12b 55
3 p-tol 12 12c 49
4 2-thienyl 24 12d 38
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Azacyclopentaphenalene12b was characterized by X-ray
crystallographical analysis (Figure 1), which shows12bhas

highly planar structure in the solid state. All of the atoms
that constitute the fused polycyclic skeleton are located on
the same plane.

In summary, the chromium-mediated benzannulation reac-
tion allows us to construct a variety of polycyclic aromatic
compounds starting from halogenated biaryls and a series
of alkynes. A wide availability of alkynes is the most
remarkable advantage of this benzannulation reaction com-
pared to the palladium-catalyzed ones. Also, the present
reaction provides a convenient method to build up the
complex polycyclic skeletons compared with the known
methods. Further investigation especially for the synthesis
of heterocyclic compounds is now in progress.

Supporting Information Available: Experimental details
and spectroscopic characterization of new compounds and
X-ray crystallographical data of12b in CIF format. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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Figure 1. Molecular structure of 9b-azacyclopentaphenalene12b.
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