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ABSTRACT

DDQ in the presence of an acid is known to oxidize a variety of aromatic donors to the corresponding cation radicals. Herein, we now
demonstrate that the DDQ/H+ system can be effectively utilized for the oxidative C-C bond formations or biaryl synthesis. The efficient
preparation of a variety of polyaromatic hydrocarbons including graphitic hexa-peri-hexabenzocoronenes, ease of isolation of the clean products,
and ready regeneration of DDQ from easily recovered reduced DDQ-H2 advances the use of DDQ/H+ for Scholl reactions.

The Scholl reaction1 is one of the oldest C-C bond forming
reactions and has been extensively utilized for intramolecular
oxidative cyclodehydrogenation of various polybenzenoid
hydrocarbons, e.g., eq 1.

The reaction in eq 1 essentially represents an oxidative
C-C bond formation (or biaryl synthesis) that has been
especially efficacious for the oxidative cyclodehydrogenation
of a variety of (substituted) hexaarylbenzenes and o-
terphenyls to produce the corresponding planar polyaromatic
hydrocarbons (PAH’s), i.e., hexa-peri-hexabenzocoronenes
(HBC’s) and triphenylenes, respectively.2 The Scholl reaction

can be accomplished by using a variety of oxidants such as
FeCl3,

3 CuCl2 or Cu(OTf)2 and AlCl3,
4 Tl(O2CCF3)3 in

CF3CO2H or BF3-OEt2,
5 Pb(OAc)4/BF3-Et2O in MeCN,5,6

triethyloxonium hexchloroantimonate (Et3O+ SbCl6-),7

SbCl5,
8 MoCl5,

9 etc. Moreover, the Scholl reaction can also
be effected by electrochemical oxidation.10 The involvement
of cation radical intermediates (formed by 1-e- oxidation)
in oxidative C-C bond formations or biaryl syntheses has
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Mater. Chem. 2000, 10, 879–886.

(5) McKillop, A.; Turrell, A. G.; Young, D. W.; Taylor, E. C. J. Am.
Chem. Soc. 1980, 102, 6504–6512.

(6) Aylward, J. B. J. Chem. Soc. B 1967, 1268–1270.
(7) Rathore, R.; Kumar, A. S.; Lindeman, S. V.; Kochi, J. K. J. Org.

Chem. 1998, 63, 5847–5856.
(8) (a) Yang, J.-S.; Swager, T. M. J. Am. Chem. Soc. 1998, 120, 5321–

5322. (b) Yamaguchi, S.; Swager, T. M. J. Am. Chem. Soc. 2001, 123,
12087–12088. (c) Rose, A.; Tovar, J. D.; Yamaguchi, S.; Nesterov, E. E.;
Zhu, Z.; Swager, T. M. Philos. Trans. R. Soc. London, Ser. A 2007, 365,
1589–1606, and references cited therein.

ORGANIC
LETTERS

2009
Vol. 11, No. 15

3474-3477

10.1021/ol901331p CCC: $40.75  2009 American Chemical Society
Published on Web 07/13/2009

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

A
ST

R
IC

H
T

 o
n 

A
ug

us
t 1

5,
 2

00
9

Pu
bl

is
he

d 
on

 J
ul

y 
13

, 2
00

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ol
90

13
31

p



been carefully probed by Parker and co-workers.11

We12 and others13 have recently shown that dichlorodi-
cyano-p-benzoquinone (DDQ, Ered ) +0.60 V vs. SCE),
in the presence of an acid, readily oxidizes a variety of
aromatic donors (D), such as naphthalene, anthracene,
hexaalkylbenzenes, 1,4-dialkoxybenzenes, biphenyl, etc.,
with oxidation potentials as high as ∼1.7 V vs. SCE, to
the corresponding cation radicals according to the stoi-
chiometry shown in eq 2.

It is important to emphasize that in the absence of an added
acid, DDQ forms vividly colored electron donor-acceptor
(EDA) complexes with various aromatic donors,14 and the
highly endothermic electron transfer reaction in eq 2 is only
possible in the presence of an acid.12,13 The electron-transfer
stoichiometry in eq 2 was further verified by a quantitative
isolation of a stable hydroquinone ether cation radical
according to eq 3.12a,15

Herein, we will show that the DDQ/acid system (which
readily oxidizes aromatic donors to the corresponding cation
radicals) can be employed for Scholl reactions (or biaryl
synthesis) as demonstrated by the preparation of a number
of substituted triphenylenes and hexa-peri-hexabenzocoro-
nenes under mild conditions. The usage of DDQ, instead of
commonly utilized ferric chloride (FeCl3), as an oxidant in
Scholl reactions is advanced owing to the following reasons:
(i) Generally a large excess of FeCl3 is needed for the
completion of Scholl reactions and in many cases the
resulting products are contaminated with chlorinated com-

pounds.16,17 A need for a large excess of FeCl3 can be
avoided by usage of only 1 equiv of DDQ per C-C bond
formation for the completion of Scholl reactions. (ii) The
isolation of cyclized products and the recovery of the reduced
DDQ-H2, which can be readily recycled into DDQ by
oxidation with nitric acid, are easy.18

A variety of Scholl precursors (Figure 1) employed in this
study were synthesized by using standard synthetic proce-

dures, and the experimental details and the spectral data for
1a-n are compiled in the Supporting Information.

Thus, when a 0.01 to 0.1 M solution of o-terphenyl 1a in
a mixture of dichloromethane and methanesulfonic acid
(10%, v/v) was treated with 1 equiv of DDQ under an argon
atmosphere at ∼0 °C, the solution immediately turned dark
green.19 Upon stirring for 5 min at 0 °C, the reaction mixture
took on a brown coloration. The reaction was then quenched
by an addition of a saturated aqueous solution of sodium
bicarbonate (20 mL). The dichloromethane layer was sepa-
rated and washed with aqueous sodium bicarbonate (2 × 10
mL) and dried over anhydrous MgSO4, then the solvent was
evaporated to afford the corresponding triphenylene 2a in
quantitative yield (i.e., eq 4).

It is important to note that the reduced hydroquinone
(DDQ-H2) in eq 4 readily dissolves into the aqueous sodium
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Figure 1. Structure and numbering scheme for various Scholl
precursors used in this study.
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bicarbonate layer and can be recovered quantitatively by
acidification (using aqueous hydrochloric acid, 10%) fol-
lowed by extraction with diethyl ether. The identity of the
recovered DDQ-H2 was confirmed by comparison of the 13C
NMR spectrum and melting point with an authentic sample.20

Furthermore, DDQ can be regenerated from DDQ-H2 by a
simple oxidation by using either concentrated nitric acid or
N2O4.

18

As summarized in Scheme 1, the oxidative cyclodehy-
drogenation of o-terphenyl 1a can be accomplished, using

DDQ as an oxidant, in quantitative yield, irrespective of the
use of either a protic acid (such as methanesulfonic acid,
trifluoroacetic acid, or tetrafluoroboric acid) or a Lewis acid
(such as AlCl3 or BF3-OEt2). It is further emphasized that
DDQ or a protic acid or a Lewis acid alone is not sufficient
to carry out the transformation in Scheme 1 (eq 4).21

With use of the protocol developed in eq 4, a variety of
Scholl precursors (Figure 1) were subjected to the reaction
with DDQ in the presence of readily available and cheap
methanesulfonic acid, under the standard conditions de-
scribed in eq 4, to afford the corresponding cyclodehydro-
genated products in excellent yields (see Table 1). It is
noteworthy that the Scholl reaction with the DDQ/acid
oxidation system was equally effective with substrates
undergoing both intramolecular and intermolecular aryl-aryl
C-C bond formations (see entries 1f and 1j in Table 1).
Interestingly, King and co-workers22 have recently reported
that substrates 1c and 1e afforded no or poor yield of cyclized
products using either phenyliodine(III) bis(trifluoroacetate)/ BF3 or MoCl5 as oxidants; however, usage of the DDQ/H+

system produces respectable yields of the cyclized products23

from 1c and 1e (see Table 1).
The versatility of the DDQ/acid system for the oxidative

cyclodehydrogenation is further demonstrated by the
preparation of soluble hexa-peri-hexabenzocoronenes
(HBC’s) from hexakis(4-isoalkylphenyl)benzenes 1l-n,24

where 6 new C-C bonds are formed in one step, in
excellent yields and high purity. Thus, a reaction of a 0.01
M solution of hexaarylbenzene 1l in a mixture of
dichloromethane and methanesulfonic acid (10%, v/v) was
treated with 6 equiv of DDQ under an argon atmosphere
at ∼0 °C. The resulting dark-colored mixture was stirred

(19) The instantaneous appearance of green coloration in the reaction
in eq 4 is due to the formation of the cation radical of tetramethoxytriph-
enylene 2a. For example, when a solution of 2a in a 9:1 mixture of
CH2Cl2-CH3SO3H was exposed to 1/2 equiv of DDQ, the solution
immediately took on the characteristic green coloration and the UV-vis
spectral analysis and a spectral comparison with an authentic spectrum of
the 2a+• [generated with CRET+•,15 as a robust 1-electron oxidant] confirmed
the formation of the 2a+• (λmax ) 410, 613, 684, and 762 nm) in eq 4.

(20) Hageman, L.; McNelis, E. J. Org. Chem. 1975, 40, 3300–3301.
(21) The Scholl precursors in Figure 1including hexaphenylbenzene

derivatives do not undergo any cyclization reaction when exposed to various
protic and Lewis acids (Scheme 1) without DDQ for extended periods (up
to ∼24 h) and the starting precursors can be recovered quantitatively by
treatment with aqueous sodium bicarbonate. Similarly, various Scholl
precursors did not show any reaction when exposed to DDQ alone in
dichloromethane at 22 °C for 24 h.

Scheme 1. Formation of Tetramethoxytriphenylene 2a, Using a
Combination of DDQ and Various Protic Acids and Lewis

Acids in CH2Cl2 at 22 °C

Table 1. Scholl Reaction and Products Obtained under the
Standard Set of Conditions, Using DDQ/MeSO3H in CH2Cl2

a Percent conversions were determined by 1H NMR and the yields refer
to isolated products. b ∼30-40% of an unidentified compound was also
formed. c NMR of the crude reaction mixture showed that it contained a
2:1 ratio of 2d and 1d. d 1.5 equiv of DDQ was used.23
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for 2 h and a standard aqueous workup afforded pure HBC
2l in a quantitative yield, i.e., eq 5. Similarly, 2m and 2n
were also obtained in excellent yield.

We have reported earlier25 that hexa-tert-butyl HBC
(2o) can be obtained in a one-pot procedure from
hexaphenylbenzene (HPB) in good yield; however, the
resulting HBC 2o required careful column chromatography
and crystallization to obtain the analytically pure sample
(Scheme 2). Herein, we show a two-step procedure in

which the HPB was first tert-butylated with tert-butyl
chloride and a catalytic amount of FeCl3 in dichlo-
romethane to afford 1a,25,26 which was then subjected to a
reaction with 6 equiv of DDQ under standard conditions (see
eq 5) to afford a clean sample of HBC 2o, as judged by 1H
NMR spectroscopy.27

Single crystals of HBC 2o, suitable for X-ray crystal-
lography, were readily obtained by a simple crystallization
of the crude 2o from a mixture of tetrahydrofuran and
ethanol, and its structure was confirmed by X-ray crystal-
lography (see Figure 2).

In summary, we have demonstrated that the DDQ/H+

oxidation system, which is known to oxidize a variety of
aromatic donors with oxidation potential as high as ∼1.7
V to the corresponding cation radicals, can be effectively
employed for the preparation of a variety of polyaromatic

hydrocarbons including graphitic hexa-peri-hexabenzo-
coronenes. The procedure described herein with DDQ/
H+ instead of most commonly utilized oxidants such as
FeCl3, MoCl5, or SbCl5 for Scholl reactions obviates
problems such as chlorination of the polyaromatic products
and the use of a large excess of oxidants. We are presently
examining the mechanistic dichotomy,28 i.e., the arenium
ion versus cation radical pathways for the Scholl reaction
involving diamagnetic carbocations and paramagnetic
cation radicals as different types of reactive intermediates
using various oxidants including DDQ; and the details of
these finding will be presented in due course.
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dron Lett. 2008, 49, 4869–4872.

(25) Rathore, R.; Burns, C. L. J. Org. Chem. 2003, 68, 4071–4074.
(26) Hexakis(4-tert-butylphenyl)benzene (1a) can also be prepared by

Co2(CO)8-catalyzed trimerization of the bis-4,4(di-tert-butylphenyl)acety-
lene.27

(27) Compare: Herwig, P. T.; Enkelmann, V.; Schmelz, O.; Muellen,
K. Chem.sEur. J. 2000, 6, 1834–1839.
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Scheme 2. A One-Step versus Two-Step Synthesis of HBC 2o,
Using Readily-Available Hexaphenylbenzene as a Precursor

Figure 2. The crystal structure of HBC 2o showing the herringbone
packing of centrosymmetric dimers of 2o via π,π-stacking (inter-
planar distance ) 3.35 Å) and C-H···π interactions. The thermal
ellipsoids are shown in 50% probability and the hydrogens are
omitted for the sake of clarity.
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