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Electrochemical oxidation of pentaaryl2 containing two
furan moieties occurs sequentially to give diketone8 after
two-electron transfer. Further oxidation with another two-
electron transfer gives the corresponding tetraketone9.
Radical cation intermediate is detected by absorption spec-
troscopy. The radical intermediates of different regiochem-
istry have been shown to exhibit different oxidation potentials
as revealed by the differential pulse voltammetry.

Alternating benzene-furan oligomers have recently been
shown to display a range of interesting optoelectronic proper-
ties.1-4 To illustrate, cyclophenes1 exhibit extraordinary second-
order nonlinear optical properties due to interaction between
two twistedπ systems involving the donor furan moiety and
the double bond acceptor.2 Pentaaryl2 is known to be an
efficient hole transporting material in an electroluminescent
device.3 Preliminary cyclic voltammetric examinations on2 and
related compounds suggest that the molecules undergo reversible

redox processes.3a,4 The oxidation potentials and the number
of electron transfers in these alternating benzene-furan oligomers
depend on the conjugation lengths.4 The corresponding radical
cation generated upon the first oxidation process might be
relatively stable to facilitate the electron-transfer process in an
electroluminescent sandwich device. The chemistry of radical
cations derived from heteroaromatic oligoaryl is well-docu-
mented.5-7 The presence of substituents at C2 and C5 positions
seems to be essential to stabilize these radical cations, and hence,
electrochemical promoted polymerization can be avoided.8 In
this paper, we report the details of the electrochemical oxidation
of 2 and related furan-containing oligoaryls including the
characterization of the corresponding radical cations.

We have previously shown that2 exhibited a first reversible
oxidation at 582 mV9 and a second oxidation around 866 mV,
as revealed by the cyclic voltammogram.3a During the course
of this voltammetric investigation, a blue material was generated
on the electrode surface and gradually diffused into the solution.
The color persisted for at least several minutes in solution at
ambient temperature. In situ spectro-electrochemical experiments
were carried out. The potential was set at 582 mV to oxidize2,
and a blue solution was obtained. In comparison with the
absorption spectrum2, the new peaks at 570 and 630 nm were
ascribed as the absorptions of the radical cation intermediate5
(Figure 1). A similar blue solution was obtained when a CH2-
Cl2 solution of2 was treated with a few drops of concentrated
sulfuric acid, and the absorption spectrum of this mixture is
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also shown in Figure 1. These strong acidic or related electro-
philic conditions are known for the generation of aromatic
radical cations.7,10 Indeed, 2,5-diphenylfuran radical cation3
generated from4 in concentrated sulfuric acid has been
genuinely characterized by electron spin resonance (ESR).7a

Radical cation5 generated either from electrolysis or from strong
acid treatment of2 exhibited a single peak without hyperfine
splitting in the ESR spectra.11,12On the other hand, the radical
cation 7 generated from the reaction of6 with concentrated
sulfuric acid gave the expected ESR spectrum with hyperfine
splittings.12 These results suggested that the radical cations
would be easily accessible by one-electron oxidation of alternat-

ing benzene-furan oligoaryls and, hence, echoed our previous
work using these compounds as efficient hole transporting
materials.3

When the oxidation potential of the in situ spectro-
electrochemical experiments was set at 950 mV, a colorless
solution was observed. It seems likely that stepwise oxidations
of 2 may be well-resolved so that different products may be
selectively formed by controlling different oxidation potentials.
In order to scrutinize the actual mode of the electrochemical
oxidation of2, differential pulse voltammetry was employed.
As shown in Figure 2, there were three stages of oxidation
between 200 and 950 mV in the oxidation of2 and two
additional weak oxidation peaks at 1005 and 1196 mV.
Potentiostatic bulk electrolyses were carried out at different
oxidation stages. When the applied potential was at 700 mV,
diketone8 was obtained in 90% yield.13 The structure of8 was
unambiguously proved by X-ray crystallography. On the other
hand, when a 1100 mV potential was applied, tetraketone9 was
isolated in 92% yield.

As can be seen from Figure 2, the first two-electron oxidations
(with potentials at 523 and 785 mV) might be responsible for
the formation of8. The potentials at 1005 and 1196 mV could
contribute to the oxidation of8 to afford 9. Since the furan
moiety in10 is unsymmetrical, the radical might reside on two
different carbon atoms (10a and 10b, where X could be any
nucleophile in the medium). Owing to the presence of the
carbonyl substituent in10, it seems likely that the oxidation
potential for10amight be lower than that for10b because the
cation thus generated from10b would have conjugative interac-
tion with the electron-withdrawing carbonyl group. It is
noteworthy that the two-electron oxidation of8 gave a similar
profile in the differential pulse voltammetry in the higher
potential region (0.7-1.4 V), and the results are compared in
Figure 2.

(11) Presumably,5 may contain more than one radical center (e.g.,5a
and5b), and the hyperfine signals may have added up to a smooth curve
due to significant overlappings.

(12) See Supporting Information.
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FIGURE 1. Absorption spectra of2 and its derived radical cations5.
Dashed line: the absorption spectrum of2. Solid line: radical cation
5 generated by applying a potential of 582 mV to a solution containing
10-4 M of 2 and 0.1 M Bu4NPF6. Dotted line: radical cation5 generated
by treatment of2 in CH2Cl2 with a few drops of concentrated H2SO4.

FIGURE 2. Differential pulse voltammograms 10-3 M of 2 (solid line)
or 8 (dotted line) in CH2Cl2 solutions containing 0.1 M Bu4NPF6. Scan
rate) 5 mV s-1.
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The oxidations of teraryls11 and 12 were also examined.
Diketones13 and 14 were obtained in 91 and 92% yield,
respectively. In addition, both11 and12 exhibited differential
pulse voltammetry profiles similar to that of8 (Figure 3). Again,
unsymmetrical furan moiety in these substrates would generate
radicals located at C2 or C5 in the furan ring, exhibiting different
oxidation potentials. When a symmetrical substrate6 was
employed, two oxidation waves appeared at 745 and 1210 mV.
Unlike the cases described above, only one kind of radical cation
7 would be produced in the first oxidation. Consequently, there
would be only one oxidation potential in the second electron-
transfer process.

Electrochemical oxidation of furan rings has been extensively
used for the preparation of a range of 2,5-dimethoxy-2,5-
dihydrofurans and related compounds.14,15In the present study,
we have demonstrated the clean electrochemical oxidation of
the furan moiety in oligoaryls leading to the corresponding ene-
diones in excellent yield. In particular, when the oligoaryl
contained more than one furan moiety, sequential oxidations
took place to give ene-dione and then bis-ene-dione. The radical
species of different regiochemistry have been shown to exhibit
different oxidation potentials as revealed by the differential pulse
voltammetry. The radical cations generated from these oligoaryls
were fairly stable and were characterized by absorption spectra
as well as by ESR. These results are consistent with our earlier
reports that furan-containing oligoaryls, in particular2, are useful
hole transporting materials for optoelectronic applications.

Experimental Section

General. Furan-containing oligoaryls2, 6, 11, and 12 were
prepared according to literature procedures.3a,4

General Procedures of Potentiostatic Bulk Electrolyses.The
bulk electrolysis was carried out using a tube-shaped Pt-web (52
mesh, diameter 1.5 cm and height 1.5 cm) working electrode, a Pt
foil counter electrode, and a Ag/Ag+ (10 mM AgNO3) reference
electrode. Substrate was dissolved in THF solution (50 mL)
containing Bu4NPF6 (0.1 M) as the supporting electrolyte. The
electrolytic solution was stirred continuously throughout the
electrolysis process. A constant applying potential (vs Fc/Fc+) was
employed, and the electrochemical oxidation was stopped when a
steady-state current response was reached near zero. The charge
consumption was calculated by integrating the current-time curve.

The electrolyte was evaporated in vacuo, and the crude product
was obtained after workup.

Electrochemical Oxidation of Pentaaryl 2.According to the
general procedure, a THF solution (50 mL) containing 0.1 M Bu4-
NPF6 and 2 (137 mg, 0.27 mmol) was electrolyzed at 700 mV,
and the charge consuming 49.7 Coulombs was calculated. The
electrolyte was evaporated in vacuo, and the residue was triturated
with ether. The ethereal solution was evaporated in vacuo, and the
residue was chromatographed on silica gel (CH2Cl2/hexane 2:1) to
afford 8 (127 mg, 90%) as a yellowish powder: mp 209-210 °C
(ether/pentane);1H NMR (400 MHz, CDCl3) δ 6.80 (s, 1 H), 7.28-
7.50 (m, 16 H), 7.56-7.63 (m, 4 H), 7.66 (d,J ) 8.4 Hz, 2 H),
7.74 (d,J ) 8.4 Hz, 2 H), 7.89 (d,J ) 7.6 Hz, 2 H), 7.99 (d,J )
7.2 Hz, 2 H);13C NMR (100 MHz, CDCl3) δ 110.3, 121.0, 124.1,
125.6, 127.25, 127.33, 127.8, 128.0, 128.7, 128.80, 128.86, 128.9,
129.0, 129.3, 130.1, 130.8, 133.4, 133.9, 134.4, 134.8, 135.5, 137.4,
146.6, 153.5, 156.3, 188.2, 196.7; IR (KBr)ν 1663, 1660, 1655
cm-1; HRMS (FAB) calcd for C38H27O3 (M + 1) 531.1960; found
531.1965.

In a similar manner, a THF solution (50 mL) containing 0.1 M
Bu4NPF6 and 2 (135 mg, 0.27 mmol) was electrolyzed at 1100
mV, and the charge consuming 113.9 Coulombs was calculated.
After workup and chromatographic separation (silica gel, hexane/
ethyl acetate 3:1),9 (132 mg, 92%) was isolated as a white
powder: mp 235-236 °C; 1H NMR (400 MHz, CDCl3) δ 7.36-
7.47 (m, 10 H), 7.54-7.58 (m, embodied a doublet at 7.55,J )
7.2 Hz, 6 H), 7.61 (s, 2 H), 7.95 (d,J ) 7.2 Hz, 4 H), 7.80 (s, 4
H); 13C NMR (100 MHz, CDCl3) δ 121.2, 127.3, 128.7, 128.8,
129.1, 129.4, 131.0, 133.6, 134.3, 137.1, 139.2, 156.2, 188.1, 196.8;
IR (KBr) ν 1670, 1655 cm-1; HRMS (FAB) calcd for C38H27O4

(M + 1) 547.1909; found 547.1917;
Electrochemical Oxidation of 11. According to the general

procedure, a THF solution (50 mL) containing 0.1 M Bu4NPF6 and
11 (150 mg, 0.42 mmol) was electrolyzed at 1100 mV, and the
charge consuming 102.1 Coulombs was calculated. After workup
and chromatographic separation on silica gel (CH2Cl2/hexane 2:1),
13 was obtained (143 mg, 91%) as a white powder: mp 114-115
°C; 1H NMR (400 MHz, CDCl3) δ 3.92 (s, 3 H), 7.41-7.50 (m, 5
H), 7.57-7.61 (m, 3 H), 7.67 (s, 1 H), 7.99 (d,J ) 7.8 Hz, 2 H),
8.03 (d,J ) 8.4 Hz, 2 H), 8.09 (d,J ) 8.4 Hz, 2 H);13C NMR
(100 MHz, CDCl3) δ 52.5, 121.1, 127.1, 128.3, 128.5, 128.6, 129.2,
129.9, 130.8, 133.4, 133.7, 134.2, 136.9, 139.1, 155.8, 166.0, 187.9,
196.6; IR (KBr) ν1722, 1674, 1651, cm-1; HRMS (FAB) calcd
for C24H19O4 (M + 1) 371.1283; found 371.1292.

Electrochemical Oxidation of 12. According to the general
procedure, a THF solution (50 mL) containing 0.1 M Bu4NPF6 and
12 (152 mg, 0.51 mmol) was electrolyzed at 950 mV, and the charge
consuming 94.1 Coulombs was calculated. After workup and
chromatographic separation on silica gel (CH2Cl2/hexane 1:1),14
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FIGURE 3. Differential pulse voltammograms 10-3 M of 11 (dotted
line), 12 (solid line), or6 (dashed line) in CH2Cl2 solutions containing
0.1 M Bu4NPF6. Scan rate) 5 mV s-1.
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was obtained (144 mg, 90%) as a white powder: mp 126-127°C
(lit.16 128-129 °C).

In situ Spectro-electrochemical Absorption Spectra.A 1 mm
quartz cell equipped with a Pt-web working electrode (52 mesh),
a Pt wire counter electrode, and a Ag wire reference electrode was
employed to acquire the absorption spectra of the intermediate from
electrolysis. A solution containing2 (10-4 M) and Bu4NPF6 (0.1
M) in CH2Cl2 (3 mL) was electrolyzed at different applying
potentials, and the absorption spectra were recorded.

Differential Pulse Voltammetry. The electrochemical cell
equipped with a Pt disc working electrode (diameter 2 mm), a Pt
coil counter electrode, and a Ag/Ag+ (0.01 M AgNO3) reference
was used under argon atmosphere for measuring differential pulse
voltammetry of a CH2Cl2 solution (5 mL) containing Bu4NPF6 (0.1
M) and the substrate.

ESR Measurements.ESR spectra were recorded on a Bruker
E580 or a Bruker EMX X-band digital ESR spectrometer, both of
which are equipped with a TE102 cavity. Spectra processing and
simulation were performed with Bruker WIN-ESR and SimFonia

Software. Electrochemical or chemical oxidation methods were used
to in situ generate radicals for ESR measurements. For the
electrochemical one, the experiments were carried out in an
electrochemical ESR cell with a PC-controlled potentiostat CHI611C
(CH Instruments, Inc.) using a Ag/Ag+ reference electrode and Pt
wires as the working and counter electrode. For in situ chemical
oxidation, a few drops of concentrated sulfuric acid were added
into a CH2Cl2 solution of the sample in the resonator of the ESR
spectrometer. The spectra are shown in Figures S1 and S2 in the
Supporting Information.
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