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Abstract: A tetramesityl derivative of hitherto unknown
tetracyclopenta[def,jkl,pqr,vwx]tetraphenylene (TCPTP),
which is a potential tetraradicaloid hydrocarbon, was synthe-
sized. Theoretical calculations based on spin-flip time-depen-
dent density functional theory predict that the closed-shell D2h

form of TCPTP is more stable than the open-shell D4h form
with its slightly tetraradical character. The tetramesityl deriv-
ative (Mes)4-TCPTP exhibits remarkable antiaromaticity as
a result of the peripheral 20-p-electron circuit, which causes an
absorption maximum at a long wavelength and a small
HOMO–LUMO gap. In solution, (Mes)4-TCPTP most likely
adopts rapidly equilibrating D2h structures that interconvert via
the D4h transition state. X-ray crystallographic analysis showed
(Mes)4-TCPTP as an approximate D2h structure.

We report the synthesis, structure, and fundamental phys-
ical properties of compound 1 b, a tetramesityl derivative of
hitherto unknown tetracyclopenta[def,jkl,pqr,vwx]tetraphe-
nylene (TCPTP, 1a). Particularly noteworthy aspects of
compound 1a include:

1) Closed-shell D2h and open-shell D4h structures exist, and
their mutual interconversion (Scheme 1) is similar to that
observed for cyclobutadiene (CBD). For CBD, the
valence tautomerization that interconverts the two rec-

tangular D2h isomers via the square D4h transition state of
diradical character has been the topic of controversy for
more than thirty years, even after numerous experimental
and theoretical investigations have been done.[1, 2]

2) 1a contains 28 p electrons distributed over an inner 8-p-
electron system and an outer 20-p-electron system, both of
which can be antiaromatic in their highest symmetry
forms. The inner 8-p-electron system is fixed in a planar
geometry and has relevance to planar cyclooctatetraenes
(COTs), which also attracted substantial interest from
synthetic and theoretical chemists.[3] For example, a few
derivatives were synthesized in which a COT core was
forced to adopt a planar geometry.[3] Moreover, the D8h

transition state of the bond shifting between D4h COTs

Scheme 1. Valence tautomerization of 1a and 1b with closed-shell D2h

isomers (bottom) with a small diradical character via a D4h isomer
(top) with open-shell diradical and tetraradical characters.
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was experimentally shown to violate the Hund�s rule in
a strictest sense.[4]

3) 1a is a cyclic congener of indeno[2,1-c]fluorene (2a),[5] one
of the indenofluorene isomers, which have attracted keen
interest because of their semiconducting character, result-
ing from small band gaps, and their nonlinear optical
properties, arising from their singlet diradical charac-
ters.[6,7] It should be emphasized that 1 a represents
a potential singlet tetraradicaloid compound with a hydro-
carbon framework (Scheme 1, the top right canonical
structure). A stable tetraradical consisting of two dibor-
adiphosphinocyclobutane rings linked by a meta-phenyl-
ene has been reported previously.[8] Although large
polycyclic aromatic hydrocarbons, such as an acene with
20 rings (icosacene: n = 20) and periacenes with more than
8 zigzag-edge rings (perioctacene, n = 8), are expected to
have tetraradical ground states, such materials have not
yet been prepared.[9]

4) Compound 1a can be regarded as a member of the
corannulene family, according to the corannulene concept
proposed by Hellwinkel,[10] and as a smaller analogue of
[8]circulene, whose derivatives, including its tetrabenzo
homologues, have been prepared recently.[11] Although
Hellwinkel and Reiff reported the generation of a dicat-
ionic species of 1a (with 26 p electrons) from its tetrahy-
dro derivative 3a in a mass spectrometry sample cham-
ber,[12] isolation and characterization of 1a or its deriva-
tives have not been reported.

Herein we report the theoretical investigation of the
relationship between the open-shell singlet character and the
structures of these compounds. The optimized geometries of
these antiaromatic molecules, which are composed of five-
and six-membered rings, often depend significantly on the
calculation methods, as shown for s-indacene.[13] We thus
applied the unrestricted natural orbital complete active space
method,[14] UNO-CAS(4,4)/6-311G(d,p), and the spin-flip
time-dependent density functional theory (SF-TD-
BHHLYP/6-311G(d,p)) methods, which reproduced the
experimental structures of such molecules very well.[15]

These two methods provided similar structures for the present
systems (Figure S12 and S13), so that the geometries opti-
mized with SF-TD-BHHLYP/6-311G(d,p) were employed for
later discussion. We first investigated the diradical characters,

which are determined by the occupation numbers y0 and y1 of
the lowest and second lowest unoccupied natural orbital
(LUNO and LUNO + 1, respectively). These were obtained
by the long-range-corrected LC-UBLYP/6-311 + G(d,p)
method,[16] which is known to semiquantitatively reproduce
the open-shell characters obtained by highly-electron-corre-
lated methods.[17] The y0 and y1 values ranged from 0 to 1 (y0�
y1), thus indicating the diradical and tetraradical characters,
that is, (y0, y1) = (1, 0) indicates a purely diradical character,
while (y0, y1) = (1, 1) indicates a purely tetraradical character.

Table 1 lists the calculated y0 and y1 values for three model
systems, that is, model A (with the structure of 1a optimized
under the constraint of D2h symmetry) and model B (with the

structure of 1a optimized under the constraint of D4h

symmetry). We also examined model C with the structure of
the TCPTP part of 1b experimentally obtained by X-ray
crystallographic analysis (described below). Table 2 shows the
bond lengths of the peripheral bonds a–j, internal bonds k–n,
and spoke bonds o–r of models A–C (Figure 1). The structure
of the D2h symmetric model A is similar to that of the
experimental model C (Table 2, and Figure S12 in the
Supporting Information) and shows a relatively small dirad-
ical character (y0 = 0.095 for model A and 0.258 for model C).
On the other hand, the D4h symmetric model B, which had
a higher energy (34.7 kJ mol�1 at the SF-TD-BHHLYP/6-
311G(d,p) level of approximation) than model A, featured
a significant y0 value (1.000) together with a small y1 value

Table 1: Occupation numbers y0 and y1 of the lowest and second lowest
unoccupied natural orbitals (LUNO and LUNO + 1, respectively)
obtained by LC-UBLYP/6-311 + G(d,p) for models A–C of 1a.

Occupation number Model A Model B Model C

y0 0.095 1.000 0.258
y1 0.032 0.166 0.085

Table 2: Calculated (models A and B) and experimental (model C) bond
lengths for the TCPTP core.

Bond[a] Model A[b] Model B[b] Model C[c]

a 1.447 1.397 1.460(6)
b 1.350 1.397 1.371(6)
c 1.437 1.403 1.433(6)
d 1.339 1.366 1.349(6)
e 1.437 1.403 1.440(5)
f 1.350 1.397 1.373(5)
g 1.447 1.397 1.452(6)
h 1.378 1.403 1.391(6)
i 1.390 1.366 1.390(6)
j 1.378 1.403 1.380(6)
k 1.476 1.477 1.479(5)
l 1.344 1.359 1.359(5)

m 1.476 1.477 1.487(5)
n 1.373 1.359 1.379(6)
o 1.469 1.442 1.481(5)
p 1.469 1.442 1.476(6)
q 1.420 1.442 1.433(5)
r 1.420 1.442 1.435(5)

[a] Bond positions are shown in Figure 1. [b] Calculated at the SF-TD-
BHHLYP/6-311G(d,p) level. [c] Data obtained from X-ray analysis of 1b.
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(0.166). The relationship between
the open-shell characters and the
structures can be explained with the
resonance structures for closed-shell
(D2h symmetric), diradical (C2v sym-
metric), and tetraradical (D4h sym-
metric) forms (Scheme 1). Indeed,
the bond-length alternation (BLA)
for the outer-ring region (bonds a–j
in Figure 1) is reduced in model B
compared with models A and C
(Figure S12). This alteration coin-
cides with that observed in the

diradical and tetraradical resonance structures (Scheme 1).
These results indicate that the D2h structure exhibits a slightly
diradical nature, while the D4h structure exhibits a significantly
diradical nature together with a slightly tetraradical nature. In
order to investigate the spatial contribution of unpaired
electrons to the diradical characters, we calculated the odd-
electron-density distributions for models B and C
(Figure 2),[17] which are divided into contributions from y0

and y1. The odd-electron densities of y0 have much larger
amplitudes than those of y1. Moreover, their distributions are
largest on the carbon atoms in the five-membered rings for
both y0 and y1, which can be explained with the diradical and
tetraradical resonance structures (Scheme 1).

We started the synthesis of 1b from the known tetracar-
boxylic acid 4a[18] (Scheme 2). A Friedel–Crafts reaction of
acid chloride 4 b with mesitylene gave tetraketone 5. After
treatment of 5 with LiAlH4, the crude product was subjected
without purification to an intramolecular alkylation by treat-
ment with trifluoromethanesulfonic acid. However, the
product of the alkylation was not the expected tetrahydro
derivative 3 b, but dihydro-TCPTP 8. We assumed that the
reduction of 5 was not complete because of the low solubility
of the alkoxide intermediates, which precipitated out from the
reaction mixture, giving triol 6 instead of tetraol 7.[19]

Dehydrogenation of 8 with DDQ gave product 1b as a dark
brown solid that was stable in air for at least a few months.

The 1H NMR spectrum of 1b measured in [D8]toluene at
30 8C exhibits a singlet at 2.85 ppm for the core “aromatic”
proton (Figure S3), which is remarkably upfield shifted
compared to the corresponding proton of hemicircular
hydrocarbon 2b[5] and dihydro derivative 8 (6.13 and
5.84 ppm in CDCl3, respectively). The nucleus-independent
chemical shift (NICS(1)) values (LC-UBLYP/6-311 + G(d,p))
calculated for the observed TCPTP core (model C) and D2h

symmetric 1a (model A) indicate that the six-membered rings
are either weakly aromatic or antiaromatic (Figure 3), thus
suggesting that the “aromatic” proton would exhibit an
averaged chemical shift in a nonaromatic region. The
remarkable upfield shift is therefore ascribed to the para-
magnetic shielding effect of the outer 20-p-electron system.
At higher temperatures (50 8C), the signals start to broaden,
thus indicating the population of the thermally excited triplet
state (Figure S4). Theoretically estimated vertical singlet–
triplet energy gaps (81 and 69 kJmol�1 for models A and C,
respectively) at the SF-TD-PBE0/6-311G(d,p) level of
theory,[20] are however relatively large. The appearance of
a single signal for the core proton indicates that 1b adopts the

Figure 1. Bond number-
ing for models A–C of
1a.

Figure 2. Odd-electron-density distributions of y0 and y1 of models B
(a) and C (b) calculated at the LC-UBLYP/6-311 +G(d,p) level [contour
value of 0.0025 a.u.; 1 a.u. = 27.21 eV].

Figure 3. NICS(1) values of 1a in models A, B (in round brackets),
and C [in square brackets] calculated at the LC-UBLYP/6-311+ G(d,p)
level.

Scheme 2. Synthesis of 1b.
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D4h structure or exists in a rapid equilibrium between the D2h

structures. However, no peak separation was observed when
the solution was cooled to �80 8C (Figure S5). Similarly, the
13C NMR spectrum showed the four signals that were
expected for the TCPTP core carbon atoms of D4h symmetric
1b at 30 8C (Figure S6). Cooling to �60 8C barely showed line
broadening indicating that the rates of conversion between
the D2h structures became slow on the NMR time scale
(Scheme 1). Based on the calculated chemical shifts for the
peripheral protons of 1a (4.86 and 5.38 ppm) by the LC-
UBLYP method for the D2h structure, the energy barrier for
the D2hÐD2h valence tautomerization is estimated to be
smaller than around 10 kJ mol�1, which is substantially
smaller than the theoretically estimated value (34.7 kJmol�1).

Crystals suitable for X-ray structure analysis were
obtained by recrystallization from chloroform.[21] As shown
in Figure 4, the TCPTP core of 1b adopts a planar geometry

with deviations from the mean square plane of less than
0.0034 �. The mesityl groups are oriented nearly perpendic-
ular to the TCPTP plane with dihedral angles of 72.3–88.38.
The most important feature of the structure of 1b is that it
adopts an approximate D2h structure, which is evident from
the presence of a crystallographic center of inversion. The
observed bond lengths at the TCPTP core (model C) are
listed in Table 2 together with those of theoretically optimized
D2h model A and D4h model B. The relatively short bonds b
(1.371 �), d (1.349 �), f (1.373 �), and l (1.359 �), and
relatively long bonds a (1.460 �), c (1.433 �), e (1.440 �), and
g (1.452 �) indicate the presence of a p-quinodimethane
substructure. On the other hand, the bonds h, i, j, and n in the
other six-membered ring are more homogeneous (1.379–
1.391 �), thus suggesting its benzenoid structure. The inner
COT ring adopts an approximate D2h structure with remark-
able bond-length alternation: bonds l (1.359 �) and
n (1.379 �), which are part of the six-membered rings, are
shorter than bonds k (1.479 �) and m (1.487 �), which are
part of the five-membered rings. The data in Table 2 show
again that the present SF-TD-DFT calculations at the
BHHLYP/6-311G(d,p) level of theory reasonably reproduce
the structure of 1b.

Figure 5 shows UV-Vis-NIR spectra of 1b and its dihydro
derivative 8. Compound 1b exhibits an intense absorption
maximum at 475 nm (e = 10 100m�1 cm�1) together with
a broad band centered at 909 nm (e = 1210m�1 cm�1) with

a low oscillator strength. The lowest energy absorption band
is shifted to much longer wavelengths compared to indeno-
[2,1-c]fluorene derivative 2b (lmax = 603 nm)[5] and dihydro
derivative 8 (lmax = 740 nm) because of the extended con-
jugation. Time-dependent density functional theory calcula-
tions[22] (TD-UB3LYP/6-311 + G(d,p) level: Tables S1 and
S2) indicate the lowest energy band for model A at 1079 nm
(f = 0.0053). The small HOMO–LUMO gap of 1b was also
characterized by cyclic voltammetry and exhibited two
reversible oxidation and reduction waves (E1

ox =+ 0.08,
E2

ox =+ 0.47, E1
red =�1.39, and E2

red =�1.68 V vs. Fc/Fc+,
see Figure S11 in Supporting Information).

In conclusion, we succeeded in the synthesis of a tetrame-
sityl derivative (1b) of hitherto unknown tetracyclopenta-
[def,jkl,pqr,vwx]tetraphenylene (1 a). Regarding its molecular
structure, that is, an open-shell D4h or a closed-shell D2h

structure, results of an NMR study suggested the existence
of 1b as rapidly equilibrating D2h structures through valence
tautomerization in solution. In crystals containing a chloro-
form solvate molecule, it adopts an approximate D2h struc-
ture. Studies are under way to force 1b and other derivatives
of 1a to adopt the D4h structure by establishing electronic and/
or steric perturbations arising from external factors, including
substituents.[23]
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Figure 4. a) Top-view and b) side-view ORTEP drawings of 1b at the
50% probability level. Disordered solvent molecules are omitted for
clarity.

Figure 5. a) UV-Vis-NIR spectra of 1b (black) and dihydro derivative 8
(gray) in CH2Cl2. b) NIR region with expanded longitudinal axis.
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