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ABSTRACT: The [4 þ 2] benzannulation reaction of
internal or terminal alkynes with 2-biaryl, 2-heteroarylphe-
nyl, or 2-alkenylphenyl Grignard reagents in the presence of
Fe(acac)3, 4,40-di-tert-butyl-2,20-bipyridyl, and 1,2-dichloro-
2-methylpropane takes place at room temperature in 1 h to
give 9-substituted or 9,10-disubstituted phenanthrenes and
congeners in moderate to excellent yields. The reaction
tolerates sensitive functional groups such as bromide and
olefin. When applied to a 1,3-diyne, the annulation reaction
takes place on both acetylenic moieties to give a bisphenan-
threne derivative.

Phenanthrene is an important organic structure in materials
science,1 and it is also a partial structure of superconducting

picene2 and carbon nanotubes.3 Among the numerous synthetic
routes to the phenanthrene class of aromatics,4�6 the [4 þ 2]
benzannulation reaction between an alkyne and a biaryl com-
pound has not attracted much attention,7,8 despite its ability to
create quickly a large variety of phenanthrene compounds. We
report herein an iron-catalyzed coupling between an internal or
terminal alkyne and a biaryl or alkenylaryl Grignard reagent that
forms 9-substituted and 9,10-disubstituted phenanthrenes and
congeners in moderate to excellent yields (Scheme 1). The
reaction features attractive synthetic attributes such as the use of
an inexpensive and environmentally benign iron catalyst,9,10 mild
reaction conditions, and tolerance of a wide variety of functional
groups, including aryl bromide, which are unavailable for similar
reactions known in the literature.7,8 The method permits the use
of 2-furyl- and 2-thienylphenyl Grignard reagents, thereby pro-
viding a new synthetic route to naphtho[1,2-b]furan and
naphtho[1,2-b]thiophene. Among various mechanistic possibi-
lities, such as carbometalation11 followed by C�H bond acti-
vation12 or the intermediacy of a biphenyl ferracycle (Scheme 1),
evidence favors the latter.

The 1 g scale synthesis of 9,10-diphenylphenanthrene is
illustrative (Scheme 1): a mixure of diphenylacetylene (0.98 g,
5.5 mmol) and 2-biphenylmagnesium bromide in Et2O (20 mL,
0.6 M, 12 mmol) was added dropwise to a solution of Fe(acac)3
(0.19 g, 0.55 mmol), 4,40-di-tert-butyl-2,20-bipyridine (dtbpy,
0.15 g, 0.55 mmol), and 1,2-dichloro-2-methylpropane (1.3 mL,
11 mmol) in tetrahydrofuran (THF) (25 mL) at ambient
temperature. The reaction mixture was stirred for 1 h to afford
9,10-diphenylphenanthrene in 96% isolated yield, together with a
trace amount (<2%) of the 2-vinyl-1,10-biphenyl derivative. This

side product suggests the feasibility of the carbometalation
pathway but does not exclude the ferracycle pathway.

The reaction was smoothly catalyzed by a variety of iron salts,
such as FeCl3, Fe(acac)2, FeCl2, and Fe(OAc)2 having purities
ranging from 98 up to 99.995%. When FeF3 3H2O was used as
the catalyst, a higher temperature (60 �C) and longer reaction
time (12 h) were needed to afford the product in 69% yield. Salts
of other metals, such as Pd(OAc)2 and CuI, did not catalyze this
reaction at all or were much less effective [Co(acac)2 and Ni-
(acac)2; see the Supporting Information for details]. The reac-
tion required dtbpy (10 mol %) as a ligand and 1,2-dichloroiso-
butane (2 equiv) as an oxidant,12a,b the absence of which
completely shut down the desired reaction and led to partial
polymerization of the alkyne.

The reaction stopped at 47% conversion of diphenylacetylene
when only 1 equiv of the 2-biphenyl Grignard reagent was used,
hence indicating the necessary use of 2 equiv, one for the C�C
bond formation and another to accept a hydrogen atom in theC�H
bond activation step. The corresponding diarylzinc reagent could
also be utilized at the expense of decreased yield (51%).

The scope of the reaction is summarized in Table 1. A variety
of alkynes possessing aromatic, alkenyl, alkyl, or trimethylsilyl
substituents took part in the annulation reaction in moderate to
excellent yield. Diarylacetylenes possessing an electron-with-
drawing group (entries 2 and 3) or an electron-donating group
(entries 4 and 5) reacted in good to excellent yield. It is notable
that chloro and bromo substituents survived the present reaction
conditions (entries 2 and 3). We did not find any dehalogenated
product or any product arising from a cross-coupling reaction
involving the halide group. The reaction therefore shares the
same selectivity profile that we found previously.12b

Scheme 1. Iron-Catalyzed [4 þ 2] Benzannulation
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The observed sensitivity of an enyne toward polymerization
(data not shown) was attenuated by slow addition of the enyne,
and we thus obtained (E)-9-phenyl-10-styrylphenanthrene in
good yield with retention of the olefin geometry (entry 6).
Similarly, trifluoromethylphenylacetylene (entry 7) gave the
desired product in good yield when the alkyne was added slowly.
1-Phenylpropyne (entry 8), 4-octyne (entry 9), and bis-
(trimethylsilyl)acetylene (entry 10) also reacted in good yield.
The silyl groups in the product in entry 10 could serve as a
platform for further functionalization. Phenylacetylene could
also be utilized under slow-addition conditions (entry 11) to
obtain a 9-monosubstituted phenanthrene.

When two nonequivalent ortho hydrogen atoms were avail-
able on the aryl Grignard reagent (entries 12 and 13), the
reaction took place at the less hindered position.12a�c The

reaction of 1-phenylpropyne with a methyl-substituted biaryl
Grignard reagent (entry 13) gave the two expected regiomers
without selectivity (55:45). This lack of regioselectivity contra-
dicts what we would expect from the carbometalation path-
way11,7d (Scheme 1, bottom left) but is consistent with the
ferracycle path (bottom right). As described in the Supporting
Information, D2O quenching of a reaction between a biaryl
Grignard reagent and a stoichiometric amount of Fe(acac)3 and
dtbpy gave back a biaryl showing partial ortho deuteration on
both benzene rings, which also provides support for a ferracycle
or related intermediate.

2-(2-Thienyl)- and 2-(2-furyl)phenyl Grignard reagents
(entries 14 and 15) also took part in the reaction to produce a
relatively unexplored type of heteroaromatic system. The reac-
tion using a 2-(cyclohexen-1-yl)phenyl Grignard reagent (entry
16) also proceeded smoothly to give a naphthalene derivative in
high yield.

The reaction between 1,4-diphenylbutadiyne and 2-biphenyl-
magnesium bromide resulted in twofold annulation to give a
bisphenanthrene compound (eq 1), further demonstrating the
power of this [4 þ 2] annulation reaction. This class of
congested, twisted aromatic compounds is of considerable
interest in the design of organoelectronic devices.13 We note in
passing that 9,10-diarylphenanthrenes are known14 to give
dibenzo[g,p]chrysene derivatives under oxidative thermal con-
ditions, which adds to the utility of the present annulation
reaction for the synthesis of functional materials.

In summary, we have developed a new [4þ 2] benzannulation
method that allows the coupling of a variety of alkynes with diaryl
and related Grignard reagents. Because of the high activity of the
iron-based catalytic system, this reaction takes place under mild
conditions and enables the construction of sterically congested
systems. The oxidative coupling conditions allow the reaction to
take place with remarkable chemoselectivity, such as the toler-
ance of bromide, chloride, trimethylsilyl, trifluoromethyl, and
olefinic groups. Some evidence suggests the involvement of a
ferracycle intermediate, an intriguing mechanistic possibility
under investigation in our laboratory.
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Table 1. Iron-Catalyzed Annulation of Aryl Grignard Re-
agents with Alkynesa

aReaction conditions: a solution of Fe(acac)3 (10 mol %) and di-tert-
butyl-2,20-bipyridyl (10 mol %) in THF (1.0 mL) was added to a
solution of alkyne (0.5 mmol) and 1,2-dichloroisobutane (2.0 equiv) in
THF (1.0 mL), after which the Grignard reagent (2.2 equiv) was added
dropwise. The reaction mixture was stirred at rt for 1 h. See the
Supporting Information for details. b Isolated yield. cThe reaction was
run on a 1 g scale. dA mixture of alkyne and Grignard reagent in ether
was added slowly over 10min. eA solution of the alkyne and a solution of
the Grignard reagent in diethyl ether were added separately over 10 min.
fThe reaction was performed at 60 �C.

http://pubs.acs.org/action/showImage?doi=10.1021/ja201931e&iName=master.img-001.png&w=236&h=48
http://pubs.acs.org/action/showImage?doi=10.1021/ja201931e&iName=master.img-002.png&w=237&h=365


6559 dx.doi.org/10.1021/ja201931e |J. Am. Chem. Soc. 2011, 133, 6557–6559

Journal of the American Chemical Society COMMUNICATION

Agency, JST) and the Global COE Program for Chemistry Innova-
tion. A.M. thanks the Japan Society for the Promotion of Science for
the Research Fellowship for Young Scientists (21 38684).

’REFERENCES

(1) (a) Grimsdale, C. G.; M€ullen, K. Angew. Chem., Int. Ed. 2005,
44, 5592–5629. (b) Feng, X.; Pisula, W.; M€ullen, K. Pure Appl. Chem.
2009, 81, 2203–2224.
(2) Mitsuhashi, R.; Suzuki, Y.; Yamanari, Y.; Mitamura, H.; Kambe,

T.; Ikeda, N.; Okamoto, H.; Fujiwara, A.; Yamaji, M.; Kawasaki, N.;
Maniwa, Y.; Kubozono, Y. Nature 2010, 464, 76–79.
(3) Matsuo, Y.; Sato, Y.; Hashiguchi, M.; Matsuo, K.; Nakamura, E.

Adv. Funct. Mater. 2009, 19, 2224–2229.
(4) Floyd, A. J.; Dyke, S. F.; Ward, S. E. Chem. Rev. 1976, 76

509–562.
(5) D€otz, K. H. Angew. Chem., Int. Ed. Engl. 1984, 23, 587–608.
(6) de Mendoza, P.; Echavarren, A. M. Pure Appl. Chem. 2010,

82, 801–820.
(7) (a) Wu, G.; Rheingold, A. L.; Geib, S. J.; Heck, R. F. Organome-

tallics 1987, 6, 1941–1946. (b) Larock, R. C.; Doty, M. J.; Tian, Q.;
Zenner, J. M. J. Org. Chem. 1997, 62, 7536–7537. (c) Shi, Z.; Ding, S.;
Cui, Y.; Jiao, N. Angew. Chem., Int. Ed. 2009, 48, 7895–7898. (d) Wang,
C.; Rakshit, S.; Glorius, F. J. Am. Chem. Soc. 2010, 132, 14006–14008.
(8) Kanno, K.; Yuanhong, L.; Iesato, A.; Nakajima, K.; Takahashi, T.

Org. Lett. 2005, 7, 5453–5456.
(9) (a) Iron Catalysis in Organic Chemistry; Plietker, B., Ed.; Wiley-

VCH: Weinheim, Germany, 2008. (b) Bolm, C.; Legros, J.; Le Paih, J.;
Zani, L. Chem. Rev. 2004, 104, 6217–6254. (c) Enthaler, S.; Junge, K.;
Beller, M. Angew. Chem., Int. Ed. 2008, 47, 3317–3321. (d) Sherry, B. D.;
F€urstner, A. Acc. Chem. Res. 2008, 41, 1500–1511. (e) Czaplik, W. M.;
Mayer, M.; Cvengros, J.; Jacobi von Wangelin, A. ChemSusChem 2009,
2, 396–417. (f) Nakamura, E.; Yoshikai, N. J. Org. Chem. 2010,
75, 6061–6067. (g) Sun, C.-L.; Li, B.-J.; Shi, Z.-J. Chem. Rev. 2011,
111, 1293–1314.
(10) Nakamura, E.; Sato, K. Nat. Mater. 2011, 10, 158–161.
(11) (a) Shirakawa, E.; Yamagami, T.; Kimura, T.; Yamaguchi, S.;

Hayashi, T. J. Am. Chem. Soc. 2005, 127, 17164–17165. (b) Yamagami,
T.; Shintani, R.; Shirakawa, E.; Hayashi, T. Org. Lett. 2007,
9, 1045–1048.
(12) (a) Norinder, J.; Matsumoto, A.; Yoshikai, N.; Nakamura, E.

J. Am. Chem. Soc. 2008, 130, 5858–5859. (b) Yoshikai, N.; Matsumoto,
A.; Norinder, J.; Nakamura, E. Angew. Chem., Int. Ed. 2009,
48, 2925–2928. (c) Yoshikai, N.; Matsumoto, A.; Norinder, J.; Naka-
mura, E. Synlett 2010, 313–316. (d) Yoshikai, N.; Mieczkowski, A.;
Matsumoto, A.; Ilies, L.; Nakamura, E. J. Am. Chem. Soc. 2010,
132, 5568–5569.
(13) Zhang, X.; Jiang, X.; Luo, J.; Chi, C.; Chen, H.; Wu, J. Chem.—

Eur. J. 2010, 16, 464–468.
(14) Mitchell, R. H.; Mazuch, L.; Shell, B.; West, P. R. Can. J. Chem.

1978, 56, 1246–1252.


