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Abstract—CuCl/bpy-promoted halogen atom transfer radical cyclization of 2-allylaryl trichloroacetates in refluxing benzene gave
benzannulated chloroarenes and benzannulated symmetrical biaryls along with reductive dehalogenation products. The unusual
decarboxylative benzannulation and biaryl formation might be explained by a further intramolecular radical addition on the benz-
ene ring of the eight-membered lactone intermediate, initially formed through 8-endo-trig halogen atom transfer radical cyclization,
followed by decarboxylation, radical dimerization and dehydrochlorination reactions.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The transition metal catalyzed intramolecular addition
of a carbon–halogen bond across a carbon–carbon mul-
tiple bond through a redox process, known as halogen
atom transfer radical cyclization (HATRC), has
emerged as a useful alternative to the tributyltin hy-
dride-mediated reductive radical cyclization reaction.1

The reaction is applicable to substrates having a carbon
(sp3)-halogen bond, weak or activated by adjacent halo-
gen atom(s) or other radical stabilizing groups which
efficiently add to a nucleophilic carbon–carbon multiple
bond. Notwithstanding these limitations, the reaction
has many advantages over tin hydride mediated cycliza-
tions. It is catalytic involving a transition metal (most
popularly Cu(I)-tertiary base chelate), generates no toxic
byproducts and can be performed at relatively high sub-
strate concentrations without much problem of reduc-
tive dehalogenation and telomerization. The transition
metal is inexpensive, purification of the product is much
easier and the product retains the valuable halogen func-
tionality for further elaboration. A new dimension has
been added to the reaction where Grubbs’ catalyst cata-
lyzes HATRC along with a preceding alkene metathesis
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step in a single pot reaction,2 thus further enhancing its
synthetic potential. The reaction, particularly that of
gem-trichloro and gem-dichloro compounds, has found
applications in the synthesis of several five-membered
lactones, lactams and lactols, some of which could be
elaborated further leading to the synthesis of natural,3

bioactive and other valuable products.4

The efficacy of the reaction has also been demonstrated
for the synthesis of medium- and large-sized monocyclic
lactones and lactams.1a,5 However, until recently (vide
infra) the transition metal catalyzed HATRC has not
been applied to the synthesis of medium-sized benzene
ring fused lactones or lactams, though cyclization in
such a situation is expected to be more favourable due
to less conformational flexibility imparted by the ben-
zene ring. In fact, 2-allylaryl monohaloacetates are
known to undergo bis(tributyltin)-catalyzed6 and orga-
nophosphorus-promoted7 facile 8-endo-trig radical
cyclization to give eight-membered benzolactones. These
benzolactones, that is, 3,4,5,6-tetrahydro-[2H]-benzo[b]-
oxocin-2-ones, are rare in the literature.6–9 Recently,
during an investigation on HATRC for the synthesis
of medium-sized lactones, Quayle et al.10 reported an
efficient benzannulation of several 2-allylaryl trichloro-
acetates to chloroarenes in high yields on microwave
irradiation in DCE in the presence of catalytic
amounts of CuCl (5 mol %) and a specially synthesized
ligand, 1,3-bis(2-pyridylmethyl)imidazolium chloride
(5 mol %).
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They proposed a mechanism involving initial formation
of the expected eight-membered benzo[b]lactone inter-
mediates which reacted further under the reaction condi-
tions by 4-exo-trig radical cyclization onto the benzene
ring followed by decarboxylation and dehydrohalogen-
ation to give the final products (vide infra).
Figure 1. ORTEP diagram of 3a.
2. Results and discussion

Our interest in the Cu(I)/bpy-catalyzed HATRC of gem-
trichloro compounds and related reactions4i,11 had also
led us to explore Cu(I)/bpy-catalyzed HATRC of 2-allyl-
aryl trichloroacetates with a view to prepare more func-
tionalized eight-membered benzo[b]lactones of the type
mentioned above. Herein, we wish to report our observa-
tions under a different set of reaction conditions, which
are similar but potentially complementary to those
reported by Quayle et al.10 When the readily available
2-allylaryl trichloroacetates 1 (Scheme 1) were treated
with CuCl/bpy (1:1 molar ratio, 1 equiv) in refluxing
benzene under a nitrogen atmosphere, we also could
not isolate the expected 8-endo (or 7-exo) radical cycliza-
tion products. Rather, small amounts of chloroarenes 2,
observed as the sole products by Quayle et al.,10 and,
most significantly, biaryls 3 were isolated along with
varying amounts of the reductive dechlorination prod-
ucts 4. The relevant details are given in Table 1. The
yields of the reduction products 4 were found to be rather
high for a transition metal-catalyzed HATRC, particu-
larly in benzene as the reaction medium.12
Scheme 1. Reactions of 2-allylaryl trichloroacetates 1 with CuCl/bpy.

Table 1. Reactions of 2-allylaryl trichloroacetates 1 with CuCl/bpya

Entry Ester 1 Time (h)

2

1 1a 1 20
2 1b 1 20
3 1c 6 12
4 1d 2 30
5 1e 2 —
6 2f 1 10
7 1g + 1h 5 15

a The reactions were performed under a nitrogen atmosphere in a Schlenk
(3–3.5 mmol, 1 equiv) in refluxing benzene (15 mL).

b Deacylated product of 1d.
The structures of the products were supported by IR, 1H
and 13C NMR, DEPT, and mass spectrometry/elemen-
tal analysis/comparison of the melting points with
reported values. The structures of biaryls 3a, 3c and 3e
were also established by single crystal X-ray diffraction
spectroscopy. The ORTEP diagram of 3a as a
representative example is shown in Figure 1.13

The reaction required about one equivalent of CuCl/bpy
for completion. With dichloroethane (DCE) as the reac-
tion medium, the reduction products 4 predominated.
Thus, the reaction of 1a in refluxing DCE for 1 h gave
1-chlorophenanthrene, 2a (15%), and the reduction
product, 4a (50%); 1,1 0-biphenanthrenyl, 3a, was not
obtained. An acetyl group at the ortho, meta or para
position to the ester group makes the substrate
susceptible to hydrolysis. Reaction of these compounds
did not lead to the formation of compounds 2 or 3 in
our hands as against Quayle’s observations but resulted
Product

yield (%) 3 yield (%) 4 yield (%)

40 30
— —
32 50
— 25b

46 30
30 —

(2g + 2h) 23 (3g + 3h) 50 (4g + 4h)

tube with 1 (1 g, 3–3.5 mmol), CuCl (3–3.5 mmol, 1 equiv) and bpy



Scheme 2. Proposed mechanism for the formation of chloroarenes 2 and biaryls 3.
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in the formation of the reduction products 4 and/or
hydrolysis products to give the original phenols. The
reduction products 4 in these cases were also susceptible
to hydrolysis.

A mechanism (Scheme 2, path a) similar to that pro-
posed by Quayle et al.10 is also favoured by us for the
formation of the products on the basis of the following
observations: (i) When the reaction of the 1-naphthyl
ester 1b was performed by warming the reaction mixture
at 50 �C for a shorter time (15 min), chlorophenanthrene
2b (15%) and a moisture- senstive product (50%) were
isolated. The latter appeared to be the 8-endo-trig cycli-
zation product 5, by its 1H NMR and IR spectral anal-
ysis.14 This product is analogous to the one isolated and
shown by Quayle et al. to be converted to the corre-
sponding benzannulated chloroarene under the reaction
conditions employed. (ii) The reaction of 1-prenyl-2-
naphthyl trichloroacetate, 1-propyl-2-naphthyl trichlo-
roacetate and 1- and 2-naphthyl trichloroacetates
having 3,3-disubstituted allyl groups or no allyl group
did not proceed to completion with one equivalent of
CuCl/bpy and did not give any decarboxylation/cycliza-
tion products after completion of the reaction using two
equivalents of CuCl/bpy. These results indicate that
decarboxylation probably requires the presence of an
unhindered olefinic bond. Thus, the mechanism involv-
ing initial decarboxylation (Scheme 2, path b) via a rad-
ical ipso attack15 seems unlikely. Furthermore, the ipso
radical attack through a 4-exo-trig cyclization1a,16 and
subsequently a 6-endo-trig radical cyclization17 reaction
required by this mechanism en route to the final prod-
ucts are rare occurrences that require special structural
features.

According to this mechanism, the formation of biaryls 3
and the reduction products 4 both require one equiva-
lent of the copper complex, while the formation of chlo-
roarenes 2 requires catalytic amounts. Since the latter is
a minor product in all the cases, nearly one equivalent of
the copper complex is consumed in the reaction. Plausi-
bly, under the present heterogeneous reaction condi-
tions, the transfer of chlorine atom from the sparingly
soluble CuCl2/bpy to the radical intermediate 6 is a
slower process than that under the homogeneous condi-
tions used by Quayle et al., thus allowing the dimeriza-
tion of the radical intermediate 6 to compete effectively
with the chlorine atom transfer.

In conclusion, the reaction described herein might stim-
ulate further research to develop into a useful method
for biaryl synthesis. This would add a new dimension
to the Ullmann type biaryl coupling for a one-pot benz-
annulation–biaryl synthesis from simple, easily available
starting materials. Biaryl sub-units occur as building
blocks in several bioactive natural products, pharmaceu-
ticals and agrochemicals and find potential applications
in the areas of organometallic catalysis, materials
science and supramolecular chemistry.18
3. Experimental

3.1. Typical experimental procedure

Reaction of 1-allyl-2-naphthyl trichloroacetate 1a with
CuCl/bpfy: A two-neck round-bottomed flask contain-
ing a magnetic bar and connected to a Schlenk line
through a condenser was charged with CuCl
(306.0 mg, 3 mmol), 2,2 0-bipyridyl (473 mg, 3 mmol)
and benzene (8 mL). The heterogeneous mixture was
heated at 50 �C with stirring for 30 minutes under a
nitrogen atmosphere to ensure the formation of the
brown copper–bpy complex. Ester 1a (1 g, 3 mmol) in
benzene (7 mL) was then injected into the flask and
the reaction mixture was heated at reflux with stirring
under a slow and continuous flow of nitrogen. The ini-
tial brown colour of the reaction mixture faded as the
reaction progressed. After completion of the reaction
as indicated by TLC monitoring (1 h), the greenish reac-
tion mixture was cooled and filtered through a Celite
pad. The insoluble green solid on the Celite pad was
washed thoroughly with benzene and the light brown fil-
trate was evaporated under reduced pressure. The resid-
ual mass was subjected to column chromatography
using silica gel as the solid support and n-hexane and
its mixture with chloroform as the solvent for elution.
1-Chlorophenanthrene 2a (127 mg, 20%) was eluted first
followed by 1,1 0-biphenanthrenyl 3a (212 mg, 40%) with
n-hexane as white solids. The reduced ester 4a (265 mg,
30%) was obtained afterward as a colourless thick liquid
by elution with n-hexane–chloroform mixture (95:5 v/v).
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