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ABSTRACT: Cyclodehydrogenation is a versatile reaction that has enabled the
syntheses of numerous polycyclic aromatic hydrocarbons (PAHs). We now
describe a unique Scholl reaction of 6,7,13,14-tetraarylbenzo[k]tetraphene,
which “unexpectedly” forms ﬁve-membered rings accompanying highly selective
1,2-shift of aryl groups. The geometric and optoelectronic nature of the resulting
bistetracene analogue with ﬁve-membered rings is comprehensively investigated
by single-crystal X-ray, NMR, UV−vis absorption, and cyclic voltammetry
analyses. Furthermore, a possible mechanism is proposed to account for the
selective ﬁve-membered-ring formation with the rearrangement of the aryl
groups, which can be rationalized by density functional theory (DFT)
calculations. The theoretical results suggest that the formation of the bistetracene
analogue with ﬁve-membered rings is kinetically controlled while an “expected”
product with six-membered rings is thermodynamically more favored. These
experimental and theoretical results provide further insights into the still controversial mechanism of the Scholl reaction as well as
open up an unprecedented entry to extend the variety of PAHs by programing otherwise unpredictable rearrangements during
the Scholl reaction.

■

INTRODUCTION

A deeper understanding and better control of the Scholl
reaction are therefore mandatory to further develop the
chemistry of PAHs and nanographenes.
Great eﬀorts have been dedicated to synthesize oligoacene
systems, which possess attractive properties, including low
optical gap, high charge-carrier mobility, singlet ﬁssion, as well
as open-shell features in the ground state.30−34 Moreover, we
have recently reported the synthesis and characterization of
tetrabenzo[a,f,j,o]perylene, i.e., bistetracene (Scheme 1), which
demonstrated intriguing properties, especially a small optical
energy gap of ca. 1.56 eV and an open-shell ground-state
biradical character.35 However, the bistetracene turned out to
be highly unstable under ambient conditions, undergoing
oxidation to the corresponding diketone, tetrabenzo[a,f,j,o]perylene-9,19-dione. Such instability is a common problem also
for higher acenes, which hinders further investigations and
applications of the acene-based compounds. To circumvent this
stability issue, one avenue explores acene-like compounds

The Scholl reaction, an oxidative cyclodehydrogenation, has
been extensively used for the synthesis of polycyclic aromatic
hydrocarbons (PAHs)1−4 since the pioneering work by Scholl
in 1910.5,6 Especially after the facile, mild, and high-yield
synthesis of hexa-peri-hexabenzocoronene (HBC) from hexaphenylbenzene,7−9 a number of larger PAHs have been
prepared via this protocol, including a hexagonal disk with 222
sp2 carbons as the largest example to date.10,11 More recently,
the high potential of the Scholl reaction was further
demonstrated through the syntheses of long graphene nanoribbons extending over 600 nm12 as well as PAHs with
seven-13,14 and eight-membered rings,15,16 such as warped
nanographene involving ﬁve seven-membered rings and
tetrabenzo[8]circulene, respectively. However, the Scholl
reaction sometimes “fails” due to migration of alkyl and aryl
groups as well as skeletal rearrangements,17−23 yielding
unexpected and often undesired and/or undeﬁned PAH
structures. Furthermore, the Scholl reaction sometimes prefers
formation of a ﬁve-membered ring rather than a six-membered
ring, while the reason for such selectivity remains unclear.24−29
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reaction. Moreover, when the 5 and 12 positions of 1a were
blocked with iodo substituents (1b), hindering the 1,2-shift of
the aryl groups, the Scholl reaction induced rearrangement of
another aryl group to provide (12bR,12c2R)-8,17-diiodo-12b(4-tert-butylphenyl)benzo[5,6]indeno[1,2,3,4-vwxa]¯uoreno[9,1,2,3-cdef ]tetraphenylen-12c2(12bH)-ol (4) with an eightmembered ring. These experimental and theoretical results
provide a new mechanistic insight into the Scholl reaction and
give access to unprecedented PAHs by controlling otherwise
“unexpected” rearrangements.
The 6,7,13,14-tetraarylbenzo[k]tetraphene precursors 1a and
1b were synthesized as depicted in Scheme 3. First, selective
Suzuki coupling of 1,4-dibromo-2,5-diiodobenzene (6) and [4(tert-butyl)phenyl]boronic acid gave 2′,5′-dibromo-4,4″-di-tertbutyl-1,1′:4′,1″-terphenyl (7) in 72% yield. [2-(4-tertButylphenylethynyl)phenyl]boronic acid (10) was obtained
through Sonogashira coupling of 1-bromo-2-iodobenzene (8)
and 4-tert-butylphenylacetylene, followed by borylation. Then
4″-(tert-butyl)-5′-(4-tert-butylphenyl)-2-(4-tert-butylphenylethynyl)-4′-[2-(4-tert-butylphenylethynyl)phenyl]-1,1′:2′,1″-terphenyl (11) was prepared by 2-fold Suzuki coupling of 7 with
10 in 50% yield. ICl-induced cyclization was subsequently
performed to provide 6,7,13,14-tetrakis(4-tert-butylphenyl)5,12-diiodobenzo[k]tetraphene (1b). Next, the iodo substituents were removed by using n-BuLi to aﬀord 6,7,13,14tetrakis(4-tert-butylphenyl)benzo[k]tetraphene (1a). Precursors 1a and 1b were comprehensively characterized by
MALDI-TOF MS and NMR spectroscopy. Furthermore, the
molecular structure of 1b was proven by the single-crystal X-ray
analysis (Figure S2). The Scholl reaction of precursor 1a was
carried out with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) and triﬂuoromethanesulfonic acid (TfOH) in dry
dichloromethane (DCM) at 0 °C, which aﬀorded 2 as the
major product, in 65% yield. Remarkably, two ﬁve-membered
rings were formed upon the cyclodehydrogenation of 1a. This
process implied the highly selective 1,2-shift of the tertbutylphenyl groups to the neighboring positions, although the
formation of the usual six-membered rings (such as compound
5) appears to require much less strain.
Reddish-brown prism-shaped crystals of 2 suitable for single
crystal X-ray analysis could be grown from solutions in hexane/
dichloromethane, elucidating the molecular structure as
displayed in Figure 1. Notably, compound 2 has a nonplanar
skeleton because of the internal steric repulsions, showing
slightly twisted cores
with a mean torsional angle of 23.8° (Figures 1c). More
interestingly, the structural distortion makes 2 chiral, and the
two enantiomers form a dimer packing by intermolecular π−π
interactions with an interlayer distance as short as 3.79 Å
(Figure 1b). The C−C bonds at the ﬁve-membered rings of 2
(Figure 2a) are obviously longer (1.48−1.49 Å) than other
bonds (1.36−1.47 Å), which suggests their single bond nature.
The Nucleus independent chemical shift (NICS) calculation at
the GIAO-B3LYP/6-31G (d,p) level38,39 was carried out for
compound 2 to investigate the aromaticity of each ring,
revealing NICS values of −17.34, −8.44, −20.06, and −20.39
for the benzene rings, and 8.65 for the ﬁve-membered ring
(Figure 2b). These results seem to indicate that the ﬁvemembered rings of 2 are antiaromatic while its benzene rings
are all aromatic.
Although the detailed mechanism of the Scholl reaction
remains elusive, routes involving either radical cations (electron
transfer) or arenium cations (proton transfer) have been put

Scheme 1. Oxidation of Bistetracene to a Diketone under
Ambient Conditions

containing ﬁve membered rings rather than the traditional
acenes solely consisting of six-membered rings.36,37
During our attempts to synthesize tetrabenzo[a,cd,j,lm]perylene (5) through the Scholl reaction of 6,7,13,14tetraarylbenzo[k]tetraphene (1a) (Scheme 2), we “unexpectScheme 2. Cyclodehydrogenation of 6,7,13,14Tetraarylbenzo[k]tetraphenes 1

edly” discovered the formation of bistetracene analogue, 5,14diaryldibenzo[a,m]rubicene (2), with two ﬁve-membered rings,
which showed high stability and could be characterized by
crystal structure analysis. Here, we report the experimental and
theoretical studies on the Scholl reaction of the 6,7,13,14tetraarylbenzo[k]tetraphene structures, which do not undergo
the usual six-membered-ring formation.

■

RESULTS AND DISCUSSION
Matrix-assisted laser desorption/ionization time-of-ﬂight
(MALDI-TOF) mass spectrometry (MS), NMR, and singlecrystal X-ray analyses undoubtedly demonstrate the formation
of an unprecedented bistetracene analogue 2 as the major
product, rather than its isomer 5. To our astonishment, the aryl
groups at the 6 and 13 positions of 1a did not hinder the ﬁvemembered ring formation, but were selectively rearranged to
the neighboring positions. This course of the reaction could be
understood by calculating the thermodynamic stabilization
energies of the intermediate structures. We could also isolate
and unambiguously characterize (R)-9b,14-diaryldibenzo[a,m]rubicen-5(9bH)-one (3) as a byproduct, which could provide a
further understanding for the reaction mechanism of the Scholl
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Scheme 3. Synthesis of PAHs 2, 3, and 4a

Reagents and conditions: (a) Pd(PPh3)4, K2CO3, dioxane/H2O, 90 °C, 24 h, 72%; (b) PdCl2(PPh3)2, CuI, Et3N, THF, rt, 92%; (c) n-BuLi, THF,
B(OiPr)3, − 78 °C to rt; (d) Pd(PPh3)4, K2CO3, dioxane/H2O, 95 °C, 24 h, 50%; (e) ICl (1 M in DCM), − 78 °C, 3 h, 85%; (f) n-BuLi, THF,
MeOH, 1 h, 53%; (g) DDQ/CF3SO3H, DCM, 0 °C, 1 h, 2: 65%, 3: 5%, 4: 33%.
a

Figure 1. Crystal structure of 2. (a) Top and side views of the
enantiomer pair. (b) Crystal packing of dimer from side view. (c)
Torsional angle of 2.
Figure 2. (a) Bond lengths of 2 from single crystal analysis. (b) NICS
values from calculation at the GIAO-B3LYP/6-31G (d,p) level.

forward.29,40−43 In order to examine the plausibility of the
proposed reaction mechanism as well as to better understand
the formation of compound 2 with ﬁve-membered rings instead
of the “expected” product 5, theoretical studies were carried
out. All structures have been optimized at the DFT level of
theory with the B3LYP functional44 and 6-31+G(d,p) Pople
basis set,45 using the Gaussian 09 program package.46 Since the
presence of the solvent turns out to have a high impact on the
energetics, single point calculations have been carried out in
DCM (dicholoromethane; more details in the SI) on the basis
of the gas-phase optimized geometries. The zero energy
reference point is taken as the precursor 1a + DDQ (TfOH)
for the radical cation (arenium cation) mechanism, in order to
directly compare both rearrangement and electron transfer
(protonation) steps. At ﬁrst, it is worth pointing out that the

direct comparison of the energies of compounds 2 and 5 leads
to a diﬀerence of 0.61 eV in favor of 5 with six-membered rings.
Hence, we anticipate that the preferred formation of compound
2 is kinetically controlled.
To ascertain the relative likelihood of the two proposed
scenarios in the Scholl reaction, namely the arenium cation
versus radical cation mechanism, we ﬁrst focus on the 1,2-shift
of the aryl group, which occurs prior to the C−C bond
formation. The rearrangement of the aryl groups can follow
either the radical cation or the arenium cation protocols29,47
(Scheme 4). In particular, we compare the protonation of
precursor 1a to arenium cation 15 with the formation of radical
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Scheme 4. Comparison between Radical Cation and Arenium Cation Mechanisms for the 1,2-Shift of the Aryl Groups

Scheme 5. Possible Pathways to Formation of a Five-Membered Ring from 14

experimental results thus strongly suggest that it instead
involves an electron-transfer mechanism in this speciﬁc case.
The selective 1,2-shift of the aryl groups during the Scholl
reaction was then investigated by comparing the relative
stability of intermediate radical cation 12 and its isomer 14.
The DFT calculations indicate that 12 (energy of 0.13 eV) is
less stable than 14 (−0.17 eV) by 0.30 eV, a diﬀerence
associated with steric hindrance. This result thus indicates that
the 1,2-shift of the aryl group from position 6 to 5, induced by
an electron transfer process, is exergonic. We note that, in the
(unlikely) case where 15 (energy of 1.09 eV) would form along
the arenium mechanism, its conversion to 17 (+0.17 eV) would
also lead to a strong energy stabilization (of ∼0.9 eV).
Once radical cation 14 is formed, a ring closure reaction can
in principle take place to yield a radical cation 20 with a sixmembered ring (see Scheme 5). According to the DFT results,
this scenario is not realistic, as the conversion from 14 to 20 is
highly endergonic (ΔE = 1.52 eV, from −0.17 eV for 14 to
+1.35 eV for 20). The direct C−C bond formation in 14 to
form radical cation 18 is also unrealistic, because this structure
is unstable and evolves back to the reactant 14 according to the
DFT calculations. We rather invoke two other possible

cation 12, as depicted in Scheme 4. Radical cation 12 and
arenium cation 15 can both potentially undergo 1,2-shift of the
4-tert-butylphenyl group to aﬀord radical cation 14 and arenium
cation 17, respectively, via radical cations 13 and 13′ and
arenium cation 16 as intermediate states with a threemembered ring (Scheme 4). The protonation energy of
structure 15 (1.09 eV) is close to the value computed by
Johnson et al.29 in the case of phenylnaphtalene, as anticipated
from the expected similar acidity of the two aromatic
hydrocarbons. Very interestingly, a much smaller energy
penalty (of 0.13 eV) is associated with the formation of
structure 12 resulting from a radical cation mechanism. In view
of such a large diﬀerence in stability between the two
intermediate compounds, we can assume that the radical cation
mechanism prevails over the arenium route as far as the aryl
migration step is concerned. This is supported by the following
control experiment: we treated 1a with TfOH in the absence of
DDQ and did not observe the selective 1,2-shift, but rather the
formation of an inseparable mixture of products that could not
be characterized. Although the rearrangement of aryl groups is
normally proposed to proceed through arenium cation
intermediates in the literature,29 these theoretical and
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mechanisms displayed in Scheme 5. The ﬁrst consists in a
second oxidation reaction, giving rise to dication 19 prior to the
ring closure. From 19, lying at +0.74 eV above the reactants,
three possible scenarios can be envisioned, namely formation of
either ﬁve- or six-membered ring, leading to dication 21 or 22,
respectively, or reduction and protonation to yield arenium
cation 17 followed by a C−C bond formation to give arenium
cation 23 with a ﬁve-membered ring. On the basis of energetics,
we expect that 22 (+1.36 eV) and 21 (+1.66 eV) do not form,
as this endergonic step requires large energy penalties (energy
diﬀerence with respect to 19) of 0.62 and 0.92 eV, respectively.
In contrast, the reduction and protonation of 19 and
subsequent cyclization to produce arenium cation 23, lying at
+0.41 eV, is downhill, with an energy diﬀerence of 0.33 eV. The
second mechanism involves the ring closure following the
arenium cation mechanism. In fact, instead of obtaining
dication 19 from radical cation 14, it is possible to form
arenium cation 17, followed by the C−C bond formation to
yield arenium cation 23, through the arenium mechanism path
(Scheme 5). From intermediate 23, the elimination of one
proton leads to structure 24, lying at −0.34 eV. Subsequent
oxidation and deprotonation provide the aromatic semiproduct
25 (−1.96 eV), and repetition of the same sequence ﬁnally
yields product 2.
Although the understanding of the complete reaction path of
the Scholl reaction is still elusive, these calculations shed light
onto two key aspects of this speciﬁc case. On the one hand, our
calculations and control experiment suggest that the ﬁrst
reaction step (the aryl migration) likely takes place via a radical
cation mechanism. On the other hand, based on energetics, it
appears likely that the arenium ion mechanisms play an
important role in the ring closure reaction to form 2. Further
computational analyses are needed to understand the possible
formation of a six-membered ring from the arenium
mechanism, as well as to investigate the kinetic aspects of the
reaction.
Notably, (R)-9b,14-bis(4-tert-butylphenyl)dibenzo[a,m]rubicen-5(9bH)-one (3) could also be isolated as a byproduct
in 5% yield, upon the Scholl reaction of precursor 1a (Scheme
2). Characterization by MALDI-TOF MS, 1H and 13C NMR,
and single-crystal X-ray analyses unambiguously revealed the
structure of 3 as shown in Figure 3a. Red crystals of 3 suitable
for crystallographic analysis could be grown from solutions in

hexane/dichloromethane. Similar to 2, compound 3 also
revealed a chiral structure due to the distorted carbon
framework. The X-ray diﬀraction data disclose the detailed
bond parameters of 3 (Figure 3b). The C−C bonds within the
ﬁve-membered rings are obviously longer (1.46 Å) than other
bonds, and the central six-membered rings have short (blue)
and long (red) bonds, which are identiﬁed as double and single
bonds, respectively.
In order to block the 1,2-shift of aryl groups to the positions
5 and 12 in chrysene moiety of compound 1a, we examined the
cyclodehydrogenation of 1b substituted with iodo groups. The
Scholl reaction was, ﬁrst, performed using FeCl3 as Lewis acid/
oxidant in dichloromethane. However, a mixture was obtained
that could not be clearly identiﬁed through NMR and MALDITOF MS analyses. Therefore, a cyclodehydrogenation with
DDQ and CF 3 SO 3 H was attempted. Surprisingly, an
unexpected compound 4 with an eight membered ring was
obtained in 33% yield (Scheme 2). The chemical structure of 4
was conﬁrmed by NMR, MALDI-TOF (Figure S1) and single
crystal structure analysis (Figure 4). The formation of 4

Figure 4. (a) Crystal structure of compound 4 (top and side views).
(b) Bond lengths of 4.

indicated that the blocking of the C5 and C12 could not force
the formation of the six-membered rings, but rather induced the
formation of ﬁve-membered rings with the very aryl groups that
could not undergo the rearrangement. Moreover, rearrangement of another aryl group was suggested, forming an eightmembered ring. A possible mechanism for the formation of
compound 4 through radical cation intermediates is shown in
Supporting Information.
The UV−vis absorption spectra of precursor 1a and the
cyclodehydrogenation products 2, 3 and 4 in DCM solutions
are compared in Figure 5a. The main absorption bands of 2, 3
and 4 are signiﬁcantly red-shifted compared to that of precursor
1a, suggesting the extended conjugation. Compound 2 shows
an absorption maximum at 508 nm, while compound 3 exhibits
a broad absorption band in the range of 465−618 nm, as a
result of the ketone formation. Similar to 3, compound 4 also
presents a broad absorption band in 470−600 nm. The optical
energy gaps of 2, 3 and 4 are determined from the onsets of
their UV−vis absorption spectra, which are 2.26, 1.96, and 1.94
eV, respectively. Compounds 1a and 2 show ﬂuorescence in
DCM solution with maxima at 460 and 544 nm respectively
(Figure 5b), while compounds 3 and 4 exhibit poor
ﬂuorescence. The electrochemical properties of 2, 3 and 4
were investigated by means of cyclic voltammetry (CV) in
DCM solutions (Figure S3). According to the CV analysis,

Figure 3. (a) Crystal structure of 3 (top and side views). (b) Bond
lengths of 3.
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Table 1. Optical and Electrochemical Properties of the 2, 3 and 4
1a
2
3
4

λmaxa [nm]

λemb [nm]

λedge [nm]

Eg,optc [eV]

EHOMO,CVd [eV]

ELUMO,CVe [eV]

EHOMO,calf [eV]

ELUMO,calf [eV]

Eg,cal [eV]

391
508
550
535

460
544
−
−

430
549
634
640

2.89
2.26
1.96
1.94

−
−5.77
−5.69
−5.92

−
−3.54
−3.79
−3.98

−5.02
−5.06
−5.16
−5.72

−1.57
−2.11
−2.76
−1.64

3.45
2.95
2.40
3.94

λmax: absorption maximum at longest wavelength. bλem: emission wavelength. cOptical energy gaps were estimated from the wavelength of the
onsets of their UV−vis absorption spectra. dHOMO values were derived from the ﬁrst measured oxidation potential. eLUMO levels were calculated
from the optical band gap Eg(opt) and the respective HOMO levels. fCalculations were performed at the B3LYP/6-31G (d,p) level.
a

Figure 6. Shape of HOMOs and LUMOs of bistetracene and
bistetracene analogue 2. The calculations were performed with DFT
B3LYP 6-31G (d,p) based on geometries derived from crystal
structure data of 2.
Figure 5. (a) UV−vis absorption spectra of 1a, 2, 3 and 4. (b)
Fluorescence spectra of 1a and 2 (for all spectra: 10−5 M in DCM).

■

CONCLUSION
In summary, we have synthesized a stable bistetracene analogue
with ﬁve-membered rings through the Scholl reaction of
6,7,13,14-tetraarylbenzo[k]tetraphene, which induced selective
ﬁve-membered-ring formation after 1,2-shift of the aryl groups.
A novel polycycle with ﬁve- and eight-membered ring was also
obtained when the C5 and C12 positions were blocked with
iodo groups. These compounds were investigated by UV−vis
absorption spectroscopy, cyclic voltammetry, and single-crystal
structure analysis, as well as by the DFT calculations. We found
that the bistetracene analogue with ﬁve-membered rings is
more stable compared to the conventional bistetracene
consisting only of six-membered rings. Furthermore, a possible
reaction mechanism for the formation of the bistetracene
analogue was proposed, which could be clearly rationalized by
theoretical studies. These results might pave the way toward the
development of stable peri-tetracene- and peri-pentacene-like
molecules, possibly incorporating ﬁve-, seven-, and/or eightmembered rings, by taming the otherwise uncontrollable side
reactions during the Scholl reaction.

compound 2 exhibits one reversible oxidation and one
reversible reduction process, whereas there are one reversible
oxidation and two reversible reductions for 3. In contrast, there
is only one reversible reduction for 4. The HOMO energy
levels estimated from the onsets of the reversible oxidation
peaks are −5.77 and −5.69 eV for 2 and 3, respectively. Thus,
the LUMO energy levels of these compounds are calculated
based on their HOMO levels and optical gaps, as listed in Table
1. The results are fully consistent with the DFT calculations
(see SI).
DFT calculations were further conducted to compare the
electronic properties of the bistetracene analogue with ﬁvemembered rings and the conventional bistetracene (Scheme 1),
consisting solely of six-membered rings. The shape of the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are displayed in Figure
6. The HOMO of the conventional bistetracene is much higher
than that of bistetracene analogue 2. Accordingly, 2 has a larger
energy gap and is stable enough to allow its synthesis and easy
handling, whereas the six-membered bistetracene possesses a
prominent biradical character in the ground state and easily
undergoes oxidation under ambient conditions.35
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(1) Wu, J.; Pisula, W.; Müllen, K. Chem. Rev. 2007, 107, 718−747.
(2) Grzybowski, M.; Skonieczny, K.; Butenschön, H.; Gryko, D. T.
Angew. Chem., Int. Ed. 2013, 52, 9900−9930.
(3) Narita, A.; Wang, X.-Y.; Feng, X.; Müllen, K. Chem. Soc. Rev.
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(9) Jäckel, F.; Watson, M. D.; Müllen, K.; Rabe, J. P. Phys. Rev. Lett.
2004, 92, 188303.
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(17) Müller, M.; Mauermann-Düll, H.; Wagner, M.; Enkelmann, V.;
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