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Super-heptazethrene
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Abstract: The challenging synthesis of a laterally extended
heptazethrene molecule, the super-heptazethrene derivative
SHZ-CF3, is reported. This molecule was prepared using
a strategy involving a multiple selective intramolecular Frie-
del–Crafts alkylation followed by oxidative dehydrogenation.
Compound SHZ-CF3 exhibits an open-shell singlet diradical
ground state with a much larger diradical character compared
with the heptazethrene derivatives. An intermediate dibenzo-
terrylene SHZ-2H was also obtained during the synthesis. This
study provides a new synthetic method to access large-size
quinoidal polycyclic hydrocarbons with unique physical
properties.

Conjugated polycyclic hydrocarbons (PHs) with an open-
shell singlet diradical ground state have attracted tremendous
interest in structural chemistry, physical organic chemistry,
and materials science as a result of their unique physical
properties and potential applications in areas such as organic
electronics, photonics, spintronics, and energy storage.[1] It
was found that aromatic graphene-like molecules with zig-zag
edges could display a singlet diradical ground state,[2] which is
closely related to the edge states and magnetic properties of
graphene nanoribbons (GNRs).[3] On the other hand, pro-
aromatic quinoidal PHs tend to be diradical in nature due to
the recovery of the aromaticity of the quinoidal benzenoid
rings, and various relatively stable quinoidal open-shell PHs,
such as bisphenalenyls,[4] zethrenes,[5] indenofluorenes,[6] and
extended p-quinodimethanes,[7] have been successfully
synthesized.

Our group has been working intensively on zethrene
chemistry.[5] Zethrene is a Z-shaped quinoidal PH containing
a fixed 1,3-butadiene moiety in the p-conjugated framework

(Figure 1a). The longer analogues of zethrene with extension
along the y axis are called heptazethrene, octazethrene,
nonazethrene, and so on. Interestingly, from heptazethrene
on, these quinoidal PHs display significant diradical character
(y0 ; calculated at the UCAM-B3LYP/6-31G** level) which
increases with the increase of the molecular length due to the
recovery of aromatic benzene, naphthalene, and anthracene
rings in heptazethrene (y0 = 17.0%), octazethrene (y0 =

36.6%), and nonazethrene (y0 = 50.4%), respectively.[8]

On the other hand, lateral extension of zethrenes along
the x axis will give rise to a new type of quinoidal PHs
containing extended zig-zag edges and a quinodimethane
moiety, which raises the question of their magnetic activity.
For example, the laterally extended heptazethrene molecule,
called “super-heptazethrene” (SHZ) herein, should exhibit
very different properties to those of the heptazethrene
derivatives. By applying ClarÏs sextet rule[2a,b, 5f] to the SHZ,
the molecule in the diradical form can gain a maximum of two
additional aromatic sextets (Figure 1b; shaded in blue), which
is one more compared with that in heptazethrene, and thus is

Figure 1. Resonance structures of zethrenes (a) and super-heptazeth-
rene (b). c) The calculated (UCAM-B3LYP/6-31G**) molecular orbital
profiles of a and b spins and the spin density distribution of the
singlet diradical of SHZ.
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believed to have larger diradical character. Indeed, calcula-
tions predict that the singlet diradical form is lower in energy
than the closed-shell and triplet biradical form, thus defining
a singlet diradical ground state (see Table S2 in the Support-
ing Information). The singly occupied molecular orbitals
(SOMOs) of the a and b spins are largely disjointed from
each other (Figure 1c), and as a result, a large diradical
character y0 = 71 % is calculated. The spins are delocalized
throughout the whole p-conjugated framework, with the
highest spin density localized at the zig-zag edges. However,
the synthesis of this kind of molecule could be very challeng-
ing because of their expected high reactivity and the lack of
suitable synthetic methods to construct such large PH frame-
works. In response to these challenges, herein we report
a strategy involving a multiple selective intramolecular
Friedel–Crafts alkylation followed by oxidative dehydrogen-
ation for the synthesis of a relatively stable SHZ derivative
SHZ-CF3.

The key intermediate compound in the synthetic proce-
dure is tetra-aldehyde 9, which allowed us to construct the
SHZ core through a fourfold Friedel–Crafts alkylation
followed by dehydrogenation (Scheme 1). The direct syn-

thesis of 9 and its precursor 5 by means of a Suzuki coupling
reaction was not successful as a result of large steric hindrance
and unfavorable electronic effects of the formyl and methoxy-
methyl substituents. Thus, the synthesis commenced with
a Suzuki coupling reaction between 1,5-dibromo-2,6-dimethyl
naphthalene (1) and 2-formylphenylboronic acid to give the
dialdehyde 2. Nucleophilic addition of 2 with the (4-tert-butyl-
2,6-bis(methoxymethyl)phenyl)magnesium bromide (3) gen-
erated the diol 4. Compound 4 underwent BF3·Et2O-mediated
Friedel–Crafts alkylation to afford the corresponding cyclized
product and subsequent oxidative dehydrogenation by DDQ
provided the dibenzopyrene derivative 5. The existence of
two methyl groups is necessary to avoid undesirable five-
membered ring formation during the cyclization. It is also
important that at this step, the methoxymethyl groups did not
participate in the cyclization reaction as the cationic inter-
mediates preferred to form at the diphenylmethylene sites.
The methoxymethyl groups in 5 were then converted firstly
into bromomethyl groups in 6 by treatment with concentrated
hydrogen bromide, then into acetyl groups in 7 by reaction
with potassium acetate, then into alcohol groups in 8 by
hydrolysis, and finally into formyl groups in 9 by Swern

Scheme 1. The synthesis of SHZ-CF3. Reagents and conditions: a) 2-formylphenylboronic acid, [Pd2(dba)3] , Sphos, toluene, EtOH, Na2CO3 (aq,
2m), 24 h; b) anhydrous THF, RT, 12 h; c) BF3·OEt2, DDQ; d) HBr in AcOH, DCM, RT, 24 h; e) KOAc, CH3CN, THF, reflux, 2 d; f) LiOH, H2O,
dioxane, reflux, 2 d; g) oxalyl chloride, DMSO, DCM, Et3N; h) (3,5-bis(trifluoromethyl)phenyl)magnesium bromide, THF, RT, 24 h; i) excess
BF3·OEt2 :TFA= 1:1, DCM, 30 min; j) p-chloranil, DCM. dba =dibenzylideneacetone; SPhos= 2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl;
DCM =CH2Cl2 ; DDQ= 2,3-dichloro-5,6-dicyano-1,4-benzoquinone; TFA = trifluoroacetic acid; Ar= 3,5-di(trifluoromethyl)phenyl.
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oxidation. Although a multiple-step synthesis was required,
the overall yield from 5 to 9 was good (44%). X-ray
crystallographic structures of 5, 7, and 9 were obtained and
confirmed the success of all regioselective reactions (see data
in the Supporting Information). It is necessary to stabilize the
final SHZ compound and thus four electron-deficient 3,5-
bis(trifluoromethyl)phenyl group were introduced at the most
reactive sites (the meso positions of the four zigzag edges).[9]

Treatment of 9 with (3,5-bis(trifluoromethyl)phenyl)magne-
sium bromide generated the tetraol 10 and subsequent
Friedel–Crafts alkylation mediated by BF3·Et2O:TFA (1:1)
gave the tetrahydro compound 11. Oxidative dehydrogen-
ation of 11 with 1 equiv of p-chloranil generated primarily the
partially dehydrogenated dibenzo-terrylene compound SHZ-
2H (70 % yield), but using 5 equiv of p-chloranil gave
primarily the target super-heptazethrene derivative SHZ-
CF3 (50 % yield); both can be separated by chromatography
on triethylamine-deactivated silica gel. SHZ-2H is a very
stable compound but the solution of SHZ-CF3 is sensitive to
ambient air and light conditions and has a half-life of 4.34 h
(Figure S3).

A single crystal of SHZ-2H was obtained by slow diffusion
of acetonitrile into a solution of the compound in CH2Cl2. The
structure clearly showed a dibenzo-terrylene framework
(Figure 2),[10] indicating that the dehydrogenation occurred
preferentially at the top and bottom zig-zag edges rather than
the zig-zag edges in the bay region. The two 3,5-bis(trifluor-
omethyl)phenyl groups linking with the sp3 carbon atoms
point to the same side, implying that only one isomer was
crystallized. Attempts to crystallize SHZ-CF3 under strictly
inert conditions failed as a result of decomposition of the
molecule. DFT calculations (UCAM-B3LYP/6-31G(d,p))
predicted that SHZ-CF3 has a nonplanar SHZ core mainly
because of the steric congestion caused by the methyl groups
(Figure 2). Calculations also predicted that SHZ-CF3 has
a singlet diradical ground state with a large diradical character
(y0 = 64.2%; see the Supporting Information for details). On
the other hand, SHZ-2H was calculated to have a closed-shell
ground state.

In accordance with the X-ray crystallographic structure,
SHZ-2H exhibited a p-band in the absorption spectrum
typical of rylene molecules,[11] with a maximum absorption
band at l = 675 nm (Figure 3a). However, SHZ-CF3 dis-
played a very different absorption spectrum, with maximum
at l = 825 nm, together with two weak shoulder bands

appearing at l = 908 nm and 1038 nm. This type of band
structure is similar to other singlet diradicaloids, such as
octazethrene derivatives,[5b] and the long-wavelength
shoulder bands originate from a low-lying singlet excited
state dominated by a doubly excited electronic configuration
(H,H!L,L).[12] Compared with heptazethrene derivative
HZ-TIPS which behaves more like a closed-shell compound
and has a similar absorption band to the closed-shell SHZ-2H
with an absorption maximum at l = 634 nm,[5e] SHZ-CF3
shows a large red-shift of the absorption and a dramatic
change of the band structure, indicative of a larger diradical
character. Cooling the solution in 2-MeTHF to 193 K resulted
in 5 nm redshift of the absorption maximum, implying a slight
shift of the equilibrium to the singlet state (see Figure S4).[2b]

SHZ-2H showed three oxidation waves in the cyclic voltam-
metry measurements at E1/2

ox = 0.31, 0.55, 0.76 V, and two

Figure 2. X-ray crystallographic structure of SHZ-2H (left) and the
optimized structure (UCAM-B3LYP/6-31G(d,p)) of the singlet diradical
of SHZ-CF3 (right). Atom colors: C = gray; H =pink; F =green.

Figure 3. a) UV/Vis/NIR absorption spectra of SHZ-2H, SHZ-CF3,
SHZ-CF3C+, and SHZ-CF32+ in CH2Cl2 (c =1.0 Ö 10¢5 m) at room
temperature. e is the molar extinction coefficient (m¢1 cm¢1). b) Cyclic
voltammograms of SHZ-2H (in CH2Cl2) and SHZ-CF3 (in THF;
c =1 mm) with 0.1m Bu4NPF6 as supporting electrolyte, Ag/AgCl as
the reference electrode, Pt wire as the counter electrode, and a scan
rate at 50 mVs¢1.
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reduction waves at E1/2
red =¢1.24, ¢1.63 V (versus Fc+/Fc),

with an electrochemical energy gap (Eg
EC) of 1.55 eV. SHZ-

CF3 can be oxidized to form a radical cation and dication at
E1/2

ox =¢0.30 and 0.14 V, respectively, and reduced to anionic
species at E1/2

red =¢0.96, ¢1.28, ¢1.51 V, with a much smaller
Eg

EC of 0.66 eV (Figure 3 b; see also Figure S5 and Table S3).
SHZ-CF3 has high-lying HOMO energy level of ¢4.41 eV
which explains its high reactivity. SHZ-CF3 can be easily
oxidized by NOSbF6 in CH2Cl2 into its respective radical
cation (SHZ-CF3C+) and dication (SHZ-CF32+; see Fig-
ure S6). These species show longest-wavelength absorption
band maxima at l = 2015 and 1292 nm, respectively (Fig-
ure 3a). An intense ESR signal was observed for the radical
cation species (see Figure S7) but the dication is ESR silent.

Broadened signals in the NMR spectrum were detected
for SHZ-CF3 in [D8]THF at room temperature and the
resonance signals became sharper when the temperature was
lowered to 193 K (see Figures S19, S20). These results indi-
cated that SHZ-CF3 has a singlet diradical ground state and
that the NMR broadening is due to thermal population of
singlet species to paramagnetic triplet species at higher
temperatures. A broad single-line ESR signal with ge =

2.0020 was detected in both solution and in the solid sample
(Figure 4a). The superconducting quantum interference
device (SQUID) measurements further confirmed the singlet
ground states as the magnetic susceptibility increases with
increasing temperature. The singlet-triplet energy gap DES-T

was roughly estimated to be ¢473.4 K (¢0.94 kcalmol¢1) by
fitting the data using the Bleaney–Bowers equation.[13] Such

as a small energy gap is in accordance with the large diradical
character of SHZ-CF3.

In summary, a new synthetic strategy involving a multiple
selective Friedel–Crafts alkylation followed by oxidative
dehydrogenation was developed for the synthesis of the
synthetically challenging molecule super-heptazethrene. This
method provides a facile way to expand the p-conjugated
framework using simple reactions and leads to the formation
of large-size PHs with unusual properties. The obtained
compound SHZ-CF3 is reasonably stable as a result of
thermodynamic and kinetic stabilization by the four 3,5-
bis(trifluoromethyl)phenyl groups, enabling us to conduct full
characterization of the system. In contrast to its heptazeth-
rene analogues, SHZ-CF3 has a large diradical character,
displays a remarkably different electronic absorption spec-
trum, and has a much smaller energy gap. The molecule also
shows unique magnetic activity. We believe that this synthetic
method can be further applied to the synthesis of various
large-size quinoidal PHs with significant diradical character.
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