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Compared to other carbocyclic frameworks, pentalene (CgHg)
and derivatives thereof have received relatively sparse attention
despite their intriguing properties as ligands' ~* and electroactive
materials.” '> The difficulty associated with exploring these
compounds is usually attributed to the lack of general, efficient
synthetic routes to the pentalene framework. Formally an 87 anti-
aromatic system, the unsubstituted molecule CgHg is thermally
unstable and dimerizes above —196 °C. Pentalene substituents can
provide greater stability, via steric or electronic effects, as observed
for hexaphenylpentalene,'® 1,3-bis (dimethylamino)pentalene,'* and
1,3,5—tri—tert—butylpentalene.8 Katz and co-workers demonstrated
that pentalene can be stabilized by coordination to metals centers,'”
and bimetallic complexes with bridging pentalene ligands have been
shown to exhibit interesting electronic properties and strong
electronic coupling between metal centers.''"'® Thus, pentalenes
represent promising ligands for the construction of extended
sandwich complexes and other advanced materials. Pentalene is
typically produced via the flash vacuum pyrolysis of cyclooctatet-
raene at 400—675 °C.> Nonpyrolytic routes to pentalene have been
reported, such as the Skattebdl rearrangement of a geminal
dibromocyclopropane-fused cycloheptatriene,” but there are no
general methods for the synthesis of substituted pentalenes.
Dibenzopentalenes exhibit enhanced stability relative to the parent
pentalenes, but their syntheses still necessitate pyrolysis'’ or
multistep procedures that are incompatible with controlled substitu-
tion."® This report describes a relatively simple synthetic route to
a variety of pentalene derivatives, via a Pd-catalyzed reductive
homocoupling of haloenynes.

A general interest in oligo(alkynylphenylene)s'® as precursors
to z-conjugated systems with new electronic properties led to the
attempted synthesis of 2,2'-bis(phenylethynyl)biphenyl (1) using
the protocol of Littke and Fu®° for Pd-catalyzed C—C couplings to
hindered, substituted biphenyls (eq 1). At moderate temperatures
(60—70 °C) 1 was obtained in good yield. However, attempts to
optimize the reaction conditions revealed that, at more elevated
temperatures (130—140 °C), the major product was instead the
dibenzopentalene 2. Furthermore, 1 is stable at the higher temper-
atures and did not transform to 2 under the reaction conditions at
140 °C over 24 h. Thus, 1 is not a precursor to 2.
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To determine whether or not these products result exclusively
from cross-coupling reactions, the crossover experiment of eq 2
was conducted, and the product distribution was determined by
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GC—MS. While significant quantities of the cross product 3 were
observed, homocoupling of the aryl bromide to yield 2 also occurs
under the high temperature conditions. Only trace quantities of the
aryl stannane homocoupled product 4 were observed (no diyne was
observed by GC—MS). Thus, the bromide reactant is more active,
and these results indicated that the pentalene derivatives might be
accessible via single substrates of this type. Such couplings would
seem to require the addition of a reductant to facilitate a reaction
that is catalytic in Pd.
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Recent reports have described the Pd-catalyzed homocoupling
of aryl halides with reducing agents such as zinc,* indium,??
hydrogen gas,?* formate salts,”” hydroquinone,?® alcohols,?” and
amines.”® Screening of various reaction conditions with such
reductants revealed that the highest yields of dibenzopentalene
(>80%) were obtained in the presence of 2 equiv of hydroquinone
and Cs,CO; (entry 1, Table 1). Consistent with reports on
Pd-catalyzed Ullmann couplings,?***%>*7 small amounts (typically
<5%) of the hydrodehalogenated product were obtained as side
products. The optimized reaction conditions are compatible with
trimethylsilyl groups (entry 3), alkynes, and trifluoromethyl sub-
stituents (entry 4 and Figure 1).

Given the interest in thienoacenes and other fused heterocyclic
aromatic structures,?®*® the possibility of constructing thienylpen-
talene derivatives was explored. The precursor 3-bromo-4-phenyl-
ethynylthiophene was prepared according to the literature®' and
subjected to the high temperature coupling conditions (entry 5).
The desired dithienylpentalene was formed, albeit in moderate
yields. To extend the methodology beyond annulated pentalenes,
simple haloenynes were explored as substrates. Such enynes are
readily accessible via a variety of synthetic methods®'*? and prove
to be viable substrates in the pentalene coupling reaction (entry 6;
Figure 1). However, in this demanding coupling, the alkenyl iodide
provided significantly higher yields (60%) relative to the alkenyl
bromide (20%); again, this result is consistent with reports on Pd-
catalyzed Ullmann couplings.>>¢

The high temperature coupling reaction was not affected by
proton sponge (1 equiv), radical trap (1 equiv of TEMPO or
dihydroanthracene), or radical initiator (1 equiv of AIBN). Fur-
thermore, no reaction was observed in the absence of a Pd
precatalyst.

The observed change in chemoselectivity as a function of
temperature suggests a drastic change in the nature of the catalyst
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Table 1. Synthesis of Pentalene Derivatives via the Reductive
Homocoupling of Aryl and Alkenyl Halides Catalyzed by Palladium
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“ Isolated yields. ” CsF was not used.
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Figure 1. ORTEP diagram of 6 (on left) and 8 (on right), with thermal
ellipsoids at 50% probability.

with temperature. Consistent with other observations of Pd-catalyzed
coupling reactions at high temperatures,®*-** these reaction condi-
tions produce significant quantities of Pd nanoparticles (as evident
by in situ TEM analysis; Figure S1). Thus, preliminary results
suggest that the active catalyst in these new coupling reactions is
nanometallic Pd. The mechanism of this coupling may involve an
initial oxidative addition of the haloenyne, followed by an
intermolecular carbopalladation of a second equivalent of the
haloenyne, with a subsequent intramolecular carbopalladation to
assemble one ring of the pentalene system (Scheme S1). An
intramolecular oxidative addition to the aryl halide and reductive
elimination would yield the pentalene, and a two-electron reduction
of a Pd(II) intermediate would make the process catalytic in Pd.

In summary, a novel Pd-catalyzed coupling reaction which
constitutes a versatile new route to pentalene derivatives has been
discovered. This method represents a substantial simplification over
previous syntheses of substituted pentalenes. Ongoing studies are
focused on application of this methodology to the synthesis of
related bicyclic species and to determination of the mechanism of
this process.
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