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ABSTRACT

A carbopalladation cascade reaction of easily accessible gem-dibromoolefins and alkynes furnishes monobenzo- andmononaphthopentalenes. The
new chromophores accessed by this short route exhibit small HOMO�LUMO gaps and redox amphoteric behavior with tunable redox potentials.

Polycyclic aromatic hydrocarbons (PAHs) are ubiqui-
tous structures in molecular organic electronics.1 The vast
majority of these PAHs are based on fused six-membered
rings, while the opto-electronic properties of polycyclic
unsaturatedhydrocarbonsconsistingof fused five-membered

rings (polyquinenes)2 have remained largely unexplored.3

Pentalene is the simplest polyquinene, and its derivatives
have recently attracted considerable attention due to their
interesting opto-electronic properties. Symmetrically substi-
tuted pentalenes fused to two other benzenoid aromatic
systems can be conveniently accessed by palladium-4 and
nickel-mediated5 homocoupling reactions. These materials
are both good electron donors and electron acceptors (redox
amphoteric behavior) with small HOMO�LUMO gaps,5,6

possessing interesting charge transport properties, and are
suitable for application in organic field-effect transistors
(OFETs).7

We became interested in exploring the opto-electronic
properties of asymmetrically substituted pentalenes fused
to only one benzenoid aromatic system. However, only a
few approaches for the synthesis of such compounds have
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been reported using pyrolysis8a�e ormultistep syntheses.8f�j

Hence, we decided to develop a simple and rapid method
that allows preparation of this kind of molecules starting
from readily available reactants. Carbopalladation cascade
reactions are powerful methods for the construction of
carbocycles,9 usually consisting of an initial oxidative addi-
tion, one or more carbopalladation steps, and a reductive
elimination. In this sense, carbopalladation cascades often
rely on the presence of carbon�halide bonds for the
oxidative addition and multiple carbon�carbon bonds
for the carbopalladation steps. Among the many orga-
nohalide derivatives that can be used to start the cascade,
gem-dibromoolefins10 are especially interesting and have
been used in a variety of palladium-catalyzed cascades to
afford N-fused heterocyclic systems,11 methyleneindenes,12

isocoumarins,13 benzofurans,14 oxazolones,15 methylenei-
soindolin-1-ones,16 indoles,17 and thiophenes,18 among
many other heterocycles. To the best of our knowledge,
gem-dibromoolefins have never been used for the con-
struction of pentalene derivatives.
We began our investigations on the reaction of gem-

dibromoolefin 1a and diphenylacetylene 2a (Table 1).
Initial experiments using catalytic or stochiometric amounts
of palladium did not deliver any reaction product (Table 1,
entries 1 and 2). We noticed that the reaction requires
addition of a reducing agent (1,4-hydroquinone, isopro-
panol, or zinc dust) to proceed; however, only zinc dust
gave reasonable yields (Table 1, entries 3�8). On the
other hand, a control experiment using only zinc dust
proved the necessity of the palladium catalyst for product

formation (Table 1, entry 9).With these results in hand, we
started to explore the optimal conditions. Different reac-
tion parameters such as solvent, temperature, and source
of palladium (Table 1, entries 10�13) were examined;
however, no improvement was observed.

We next investigated the generality of this carbopallada-
tion cascade using various gem-dibromoolefins 1 and
internal alkynes 2 (Table 2). The transformation indeed
provides a variety of pentalene derivatives that are other-
wise inaccessible or tedious to prepare. Another advantage
of this method is the availability of the starting materials,
which are either commercially available or can be prepared
in a few steps following well-established protocols.
The reaction possibly follows a mechanism similar to

that proposed for the homocoupling of haloenynes re-
ported by Levi and Tilley,4 although the requirement of
zinc dust suggests that zinc might trigger an alternative
mechanistic pathway. We propose that the first step in the
catalytic cycle (Scheme 1) involves coordination of palla-
dium to the alkyne moiety of the gem-dibromoolefin (A),
directing the oxidative addition to the desired CBr bond
(B).19 The next step is the intramolecular carbopalladation

Table 1. Investigated Reaction Conditions for the Carbopalla-
dation Cascade Reaction

entry catalysta
temp

[�C] solvent

reducing

agentb
yieldc

[%]

1 [Pd(PPh3)2Cl2] 100 toluene none 0

2 [Pd(PPh3)2Cl2]
d 100 toluene none 0

3 [Pd(PPh3)2Cl2] 25 toluene zinc dust tracese

4 [Pd(PPh3)2Cl2] 100 toluene zinc dust 42

5 [Pd(PPh3)2Cl2] 100 toluene 1,4-hydro-

quinone

14

6 [Pd(dba)2] 100 toluene 1,4-hydro-

quinone

10

7 [Pd(PPh3)2Cl2] 100 toluene isopropanol 8

8 [Pd(dba)2] 100 toluene isopropanol tracese

9 none 100 toluene zinc dust 0

10 [Pd(PPh3)2Cl2] 100 1,4-dioxane zinc dust tracese

11 [Pd(PPh3)2Cl2] 130 DMF zinc dust tracese

12 [Pd(MeCN)2Cl2] 100 toluene zinc dust 25

13 [Pd(dba)2] 100 toluene zinc dust 22

a 0.05 equiv (unless otherwise stated). b 1 equiv. c Isolated yields (unless
otherwise stated). d 1 equiv. eTraces were detected by TLC and 1HNMR
but no product was isolated. dba=dibenzylideneacetone. DMF=N,N-
dimethylformamide.
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at the alkyne, forming a transient fulvene (C), followed by
intermolecular carbopalladation with an alkyne (D). For
termination, we suggest three plausible routes: (a) Oxida-
tive addition of zinc to the CBr bond (E), followed by an
intramolecular Negishi-type sequence; (b) Intramolecular
carbopalladation at the fulvene (F), followed by zinc-
assisted reductive elimination; (c) Two-electron reduction
of the Pd(II) intermediate by zinc, a second oxidative
addition, formation of a palladacycle (G), and reductive
elimination. Further mechanistic investigations are cur-
rently underway.
Monobenzopentalenes20 3a�i were isolated as dark

green solids that are stable both in solution and in the
solid state under ambient conditions. Mononaphthopen-
talenes 3j,k are greenish-brown solids that are stable in the
solid state but decompose slowly when kept in solution at
room temperature. Crystals suitable for X-ray diffraction
were grownof 3a and 3j (Figure 1),21 confirming the planar
structure of the tri- and tetracyclic scaffolds, respectively.
Pentalenes and some of their annelated derivatives are

planar, cyclic hydrocarbonswith 4nπ-electrons and can be
considered antiaromatic. TheX-ray data of 3a and 3j show
bond length alternation in the pentalene cores (see the
Supporting Information (SI)), which is consistent with
antiaromaticity (for NICS values, see the SI).

UV/vis spectra (see the SI) of the synthesized mono-
annelated pentalene derivatives display broad low-energy
absorptions with λmax values around 600 nm for 3a�i and
660 nm for 3j,k, with end absorptions reaching beyond
1000 nm. Time-dependent DFT (TD-DFT) calculations22

at the CAM-B3LYP/6-31G* level of theory revealed that
this absorption is associated with the HOMO�LUMO
transition (see the SI), which is symmetry forbidden (as is
usually the case for 4n π-chromophores) and therefore has
a low extinction coefficient. These results account for
optical HOMO�LUMO gaps of ca. 2.1 and 1.8 eV for
compounds 3a�i and 3j,k, respectively. These values are
smaller than those of dibenzo- and dinaphthopentalenes5

and comparable to those of the recently reported

Table 2. Carbopalladation Cascade Reaction To Access
Monoannelated Pentalenes 3

entry gem-dibromoolefin alkyne product
yielda

[%]

1 1a: phenyl, R1 = H 2a: R2 = H 3a: R1 = H, R2 = H 42
2 1a: phenyl, R1 = H 2b: R2 = Me 3b: R1 = H, R2 = Me 32
3 1a: phenyl, R1 = H 2c: R2 = F 3c: R1 = H, R2 = F 21
4 1b: phenyl, R1 = F 2a: R2 = H 3d: R1 = F, R2 = H 40
5 1b: phenyl, R1 = F 2b: R2 = Me 3e: R1 = F, R2 = Me 27
6 1b: phenyl, R1 = F 2c: R2 = F 3f: R1 = F, R2 = F 17
7 1c: phenyl, R1 = OMe 2a: R2 = H 3g: R1 = OMe, R2 = H 35
8 1c: phenyl, R1 = OMe 2b: R2 = Me 3h: R1 = OMe, R2 = Me 20
9 1c: phenyl, R1 = OMe 2c: R2 = F 3i: R1 = OMe, R2 = F 20
10 1d: naphthyl, R1 = H 2a: R2 = H 3j: R1 = H, R2 = H 23
11 1d: naphthyl, R1 = H 2b: R2 = Me 3k: R1 = H, R2 = Me 20

aYields correspond to isolated, pure products. Reagents and condi-
tions: [Pd(PPh3)2Cl2] (0.05 equiv), zinc dust (1 equiv), alkyne (20 equiv),
toluene, 100 �C, 24 h.

Scheme 1. Proposed Catalytic Cycle with Three Plausible
Termination Steps

Figure 1. X-ray crystal structures of 3a (a) and 3j (b). Arbitrary
numbering, atomic displacement parameters obtained at 100 K
are drawn at 30% probability level (for details, including bond
lengths, see the SI).

(20) Monobenzo- andmononaphthopentalene are trivial names. For
IUPAC names of these compounds, see the Supporting Information.

(21) CCDC 871620 (3a) and 871621 (3j) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ or via www.ccdc.cam.ac.uk/data_request/
cif.

(22) All calculations were carried out using Gaussian 09, Revision
A.02, Frisch, M. J. et al. Gaussian, Inc., Wallington, CT, 2009. For the
full reference, see the Supporting Information.
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6,12-diethynylindeno[1,2-b]fluorenes and indeno[2,1-
a]fluorenes (∼2.1 eV in both cases).23

Cyclic voltammetry (CV) and rotatingdisk voltammetry
(RDV) were measured for derivatives 3a�j. CV results for
some selected compounds are summarized in Table 3 (for
the full data set and RDV results, see the SI).

The values shown in Table 3 reveal that derivatives 3a
and 3j display a strong redox amphoteric behavior similar
to dibenzo[a,e]pentalenes.5 Derivative 3a shows an oxida-
tionpotential ofþ0.61V that can be lowered toþ0.46Vby
incorporation of a single methoxy group in compound 3g.
Analogously, the presence of fluorine and p-fluorophenyl

substituents in compound 3f gives a reduction potential
of �1.45 V (compared to �1.51 V in 3a). Interestingly,
substituents increase or decrease the reduction and oxida-
tion potentials in a concerted manner, allowing the
HOMO�LUMO gap to remain essentially unchanged.
The electrochemical energy gaps around 2.1 eV for deriv-
atives 3a�i are consistent with the optical values (Table 3).
Mononaphthopentalene 3j undergoes oxidation atþ0.44 V
and reduction at �1.44 V, giving a smaller HOMO�
LUMO gap of 1.88 eV, also in agreement with the
optical value (Table 3).
In summary, we developed a simple and rapid synthesis

of monobenzo- and mononaphthopentalenes based on a
carbopalladation cascade reaction between gem-dibromo-
olefins and alkynes. This methodology allows for the
preparation of asymmetrically substituted pentalene deriv-
atives with only one fused aromatic system, starting from
readily available reactants. The pentalenes prepared by
this method display small HOMO�LUMO gaps and
redox amphoteric behavior. Further investigations in our
laboratories include the incorporation of pentalene units in
push�pull chromophores and extension of this methodol-
ogy to the preparation of polyquinenes containing two or
more fused pentalene units.
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Table 3. Overview of the First Reduction and Oxidation
Potentials from Cyclic Voltammetry (CV) and Summary of
Electrochemical and Optical Energy Gaps

entry 3 Eox [V]
a ERed [V]

a ΔEredox [V]
d ΔEopt [V]

e

1 3a þ0.61b �1.51c 2.12 2.22

2 3f þ0.67b �1.45c 2.12 2.07

3 3g þ0.46b �1.57c 2.03 2.04

4 3j þ0.44b �1.44b 1.88 1.84

aElectrochemical data obtained at a scan rate of 0.1 V s�1 in CH2Cl2
þ 0.1 M Bu4NPF6 on a glassy carbon working electrode. All potentials
are given versus the Fcþ/Fc couple used as internal standard. Complete
set of electrochemical data, including second oxidation and reduction
potentials (when detected), and RDV data can be found in the SI.
bRedox potential for reversible electron transfer. c Irreversible peak
potential. dThe electrochemical gap, ΔEredox, is defined as the potential
difference between the first oxidative and first reductive redox poten-
tials. eThe optical gap, ΔEopt, is defined as the energy corresponding to
the lowest-energy absorption (λmax).
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