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ABSTRACT: Benzo- and naphthopentalene derivatives were synthesized, and
the effects of structural variations on their antiaromaticity and optoelectronic
and electrochemical properties were examined experimentally and theoretically
in detail. The results unveiled that with increasing the bond order of the
carbon−carbon bond ([5,6] junction) shared by the pentalene and aromatic
moieties, the 8π antiaromatic character of pentalene is enhanced and the
HOMO−LUMO gap is decreased, which accompanies both the elevation of
the HOMO level and the lowering of the LUMO level. The ethynylene units
between the pentalene skeleton and the phenyl groups proved to extend π-
conjugation sufficiently.

■ INTRODUCTION

Polycyclic conjugated hydrocarbons (PCHs) are ubiquitous
structures in the field of organic and molecular electronics, and
thus, long-term attention has been paid to a variety of aromatic
PCH scaffolds, especially acene-, phene-, and rylene-type
hydrocarbons.1 The tremendous synthetic study on aromatic
PCHs has provided useful, predictive knowledge about
structure−π-conjugative property relationships in these families
over the past decades.
The Hückel antiaromatic compounds with 4nπ electronic

structures usually have a high HOMO level and low LUMO
level, namely, a small HOMO−LUMO gap relative to aromatic
compounds with [4n + 2]π electronic structures.2,3 These
characteristics of antiaromatic compounds are favorable for
release and/or acceptance of electrons and absorption of light
in the visible and/or near-infrared (NIR) regions. Although
antiaromatic compounds are considerably unstable in general,
the annulation of aromatic ring systems effectively increases the
stability and enables them to be handled without special
precautions. Therefore, antiaromatic PCHs have recently
attracted interest as promising materials of an active layer in
optoelectronic devices such as organic field-effect transistors
(OFETs) and organic photovoltaics (OPVs).4,5

Pentalene, which is composed of two fused cyclopentadiene
rings with 8π electrons, is one of the most important
antiaromatic compounds.6,7 Although pentalene itself is
thermally unstable and dimerizes above −196 °C, dibenzo-
[a,e]pentalene is a fairly stable compound.8 In 2009, Kawase’s
group and Tilley’s group independently reported the efficient
synthesis of substituted dibenzo[a,e]pentalene derivatives by
nickel-mediated and palladium-catalyzed dimerization of o-
alkynylhaloarenes, respectively,9−11 and the former group

revealed the unique structural and electronic properties of a
series of dibenzo[a,e]pentalenes. After these impressive works,
investigation on the synthesis and properties of various
bisannulated[a,e]pentalenes, in which the pentalene core is
fused with two benzoid aromatic ring systems, has been a topic
of intense interest;12−20 it was demonstrated that some
compounds showed high charge mobilities.12,18,19b,20

In 1967, Ried and Freitag synthesized benzopentalene
derivative 1 (Chart 1), which was the first member of
monoannulated pentalene derivatives;21 the synthesis of 1 is
shown in Scheme S1 in the Supporting Information.
Examination of the synthesis and properties of monoannulated
pentalenes should be a meaningful task in pentalene chemistry,
because they are considered to possess the antiaromaticity and
properties that greatly reflect the parent pentalene 8π electron
system when compared to bisannulated[a,e]pentalenes. The
generation of parent benzopentalene using flash vacuum
pyrolysis was reported by several research groups;22−27

however, little attention was paid to monoannulated pentalenes.
Very recently, Diederich and co-workers reported facile access
to various benzo- and naphthopentalene derivatives by cascade
carbopalladation reaction of gem-dibromoolefins and alkynes28

and disclosed that monoannulated pentalene derivatives exhibit
high antiaromatic character, small HOMO−LUMO gaps, and
enhanced amphoteric redox behavior compared to bisannulated
analogues. Nevertheless, monoannulated pentalenes are still
less explored than bisannulated[a,e]pentalenes to date, and
there is plenty of room to study the structure−property
relationships of well-defined monoannulated pentalenes.
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The elucidation of the relationships of structure, antiar-
omaticity, and frontier molecular orbital levels, in particular,
HOMO and LUMO levels, in conjugated polycycles embed-
ding an antiaromatic unit is an important subject from the
viewpoint of the deepened understanding of antiaromatic
(aromatic) behavior as well as the design of compounds with
bespoke electronic properties.12,29−32 In this regard, we were
motivated to synthesize higher congeners of 1, namely, benzo-
and naphthopentalene derivatives 2−5 (Chart 1). We
envisioned that the comparison of the structures and
physicochemical properties of 2−5 together with reference
compound 6 would give crucial insights into the factors (i.e.,
the ethynylene units, the aromatic rings annulated to the
pentalene moiety, and their fusion position and orientation)
that govern the antiaromaticity and properties. In 2−6, we
decided to introduce the t-Bu groups in terms of solubility and
crystallinity. In this article, we demonstrate detailed research on
the synthesis, structural features, antiaromaticity, and optoelec-
tronic and electrochemical properties of 2−6 by means of X-ray
crystallographic analyses, quantum chemical calculations,
electronic absorption spectroscopy, and electrochemistry.

■ RESULTS AND DISCUSSION
Synthesis. The synthetic route to benzo- and naphtho-

pentalenes 2−5 is outlined in Scheme 1.33 First, we subjected
ninhydrin derivatives 8−10 to the aldol condensation with 1,3-
bis(3,5-di-tert-butylphenyl)propan-2-one (7) in the presence of
tetrabutylammonium hydroxide (TBAOH) as a base to prepare
the corresponding pentalenequinones 11−14, which are key
intermediates in the synthesis of 2−5. Gratifyingly, the two
isomers 13 and 14 produced by the reaction of 10 and 19 were
readily separated by conventional silica gel column chromatog-

raphy; the structures of 13 and 14 were unambiguously
identified through the use of 2D NMR (NOESY, HMBC)
experiments (Figures S38−S44 in the Supporting Information).
Then nucleophilic addition of the lithium acetylide of
phenylacetylene to 11−14 gave the corresponding diols 15−
18,34 which were finally subjected to SnCl2·2H2O-mediated
reduction to furnish pentalenes 2−5. Compound 6 was
obtained in similar synthetic procedures to 1 as shown in
Scheme S2 in the Supporting Information. Pentalenes 2−6
were fully characterized by various spectroscopic methods.
They gave well-resolved 1H NMR spectra in CDCl3 at room
temperature, indicating negligible biradicaloid behavior. All of
2−6 are reasonably soluble in common organic solvents such as
toluene, CH2Cl2, and acetone and stable in both solution and
the solid state at room temperature under air.

Structural Properties. The structures of 2−5 were verified
by X-ray crystallographic analyses as shown in Figure 1; in the
crystal of 3, there are two crystallographically independent
molecules (abbreviated as 31 and 32) in the unit cell. The
benzo- and naphthopentalene skeletons of 2−5 have a highly
planar geometry with the deviation from their mean planes of
less than 0.116 Å. The dihedral angles between the pentalene
moiety and the phenyl groups via the ethynylene units are
11.6−48.7°, and the ethynylene units are distorted with bond
angles of 166.5−177.8°.
In all of the crystal structures, the C3−C4, C5−C6, and C7−

C8 bond lengths are surely shorter than the C1−C2, C1−C8,
C2−C3, C4−C5, and C6−C7 bond lengths, illustrating double-
and single-bond alternations in the pentalene moieties,
characteristic for antiaromatic compounds; similar bond length
alternation is observed in monoannulated pentalene derivatives
synthesized by Diederich and co-workers.28 It is worth stating
that 2−5 considerably differ in the bond lengths (αX‑ray) of the
C1−C2 bond ([5,6] junction) shared by the pentalene and
aromatic moieties to each other, and thus, the αX‑ray values
decrease in order of 3 (1.427(4), 1.436(4) Å) > 2 (1.412(3) Å)
> 4 (1.399(6) Å) ≈ 5 (1.3947(17) Å). This finding illustrates
that the trend for the bond order of the [5,6] junction appears
to be 3 < 2 < 4 ≈ 5,35,36 which should be attributed to the fact
that the bond order of carbon−carbon bonds of benzene and
naphthalene follows the trend of the 2−3 bond of naphthalene
< the bond of benzene < the 1−2 bond of naphthalene. In 2, 31,
and 32, the C1−C9 and C2−C10 bonds are considerably
shorter than the C1−C2 bond, and thus, these molecules
possess exo-butadiene conjugation with regard to the pentalene
skeleton as depicted in Chart 1. On the other hand, in 4 the
C1−C9, C2−C10, and C1−C2 bond lengths are roughly
similar to each other, and instead, in 5 the C1−C9 and C2−
C10 bonds are slightly longer than the C1−C2 bond. Overall,
detailed examination on the bond lengths in 2−5 strongly
suggests that the contribution of the pentalene 8π electron
system to the electronic properties becomes large in the
following order: 3 < 2 < 4 ≈ 5. Effective π−π interactions are
observable between the neighboring molecules in the crystal
packing of 3−5 (Figure S6), whereas almost no noticeable π−π
interaction is observed in the packing diagram of 2.
To gain further insight into the molecular structures of 2−5

as well as 6, we optimized their ground-state structures by
density functional theory (DFT) calculations using the
Gaussian 09 program package (Figures S13 and S14).36 The
selected geometrical parameters at the PBE0/6-31G(d) level of
theory are given in Tables S3−S12. We noticed that the
optimized structures of 2−5 with the PBE0 and M06 methods

Chart 1. Benzo- and Naphthopentalenes 1−6
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reasonably agreed well with the corresponding X-ray structures
with regard to the bond lengths; these methods reproduced the
experimental data better than the B3LYP and CAM-B3LYP
methods (Tables S3−S12). The PCH frameworks in the
optimized structures of 2−4 are planar, as is true with the
crystallographic results. Unlike the crystal structure of 5, the
naphthopentalene skeleton in the optimized 5 is slightly twisted
(Figure S14d), presumably due to the steric repulsion between
the naphthalene ring and the adjacent 3,5-di-tert-butylphenyl
group. This finding suggests that the crystal packing force
significantly contributes to the planar naphthopentalene
structure of 5 in the solid state; 5 forms the stacked dimer
structure through effective π−π stacking interactions between
the naphthopentalene moieties (Figure S6d). The benzopenta-
lene skeleton in the optimized structure of 6 is planar. The
dihedral angles between the pentalene moiety and the attached
phenyl groups (ca. 50°) in 6 are evidently larger than those in
2−5 (ca. 15°−25°). The calculated C1−C2 bond lengths

(αcalcd) of 2−5 decrease in the order of 3 (1.442 Å) > 2 (1.419
Å) > 4 (1.406 Å) ≈ 5 (1.404 Å), and thus, the trend of αcalcd
values of 2−5 is consistent with that of αX‑ray values (vide
supra). The αcalcd value of 6 (1.427 Å) is similar to that of 2,
suggesting only a marginal effect of the ethynylene units on the
C1−C2 bond lengths.

Antiaromaticity. The nucleus-independent chemical shifts
(NICS) calculations are convincing and widely used to
investigate the tropicity of π-conjugated cyclic systems.37 The
recently established NICS-XY-scan, where the NICS values are
plotted over the entire molecule, allows for the evaluation of
the local/global tropicity of PCHs. We calculated NICS(1.7)πZZ
values of 2−5, whose geometries were derived from their
crystal structures, based on the NICS-XY-scan and σ-only
model38 at the GIAO-B3LYP/6-311+G(d,p) level of theory
using the Aroma package;39 the σ-only model was only applied
to the benzo- and naphthopentalene moieties to reduce the
calculation time.

Scheme 1. Synthesis of Benzo- and Naphthopentalenes 2−5a

aReagents and conditions: (a) 1,3-bis(3,5-di-tert-butylphenyl)propan-2-one (7), TBAOH, 75 °C in EtOH (for 8) or 95 °C in 1-butanol (for 9 and
10); (b) PhCCLi, −78 °C to RT in Et2O (for 11), RT in Et2O/benzene (for 12), or −78 °C to RT in THF (for 13 and 14); (c) SnCl2·2H2O, 45
°C in THF. The yields for 2−5 are based on the corresponding 11−14. The synthetic scheme of 6 is shown in Scheme S2 in the Supporting
Information.
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As shown in Figure 2, the NICS(1.7)πZZ values of the two 5-
membered rings A and B of 2−5 are unexceptionally positive,
indicating semilocal paratropic ring currents at the 8π electron
circuit of the pentalene moiety. The 6-membered rings C next
to the 5-membered rings B display negative NICS(1.7)πZZ
values; however, these values are obviously less negative than
those of benzene and naphthalene (ca. −16).38c This implies
semiglobal paratropic ring currents at the 12π electron circuit of
the 5−5−6-membered ring subunits. The outer 6-membered
rings D of 3−5 show almost the same NICS(1.7)πZZ values as
that of naphthalene, indicating virtually no global paratropic
ring current at the 16π electron perimeter.40,41

Pentalene 2 displays the NICS(1.7)πZZ values for the 5-
membered rings A and B to be +16.2 and +11.9, respectively.
The NICS(1.7)πZZ values for rings A and B of 31 and 32 are less
positive than those of 2 (31 = +10.9 (A), +7.5 (B); 32 = +12.3
(A), + 9.1 (B)), while the values of both 4 and 5 are
considerably positive relative to those of 2 (4 = +22.0 (A),
+18.9 (B); 5 = +22.6 (A), +19.2 (B)). This demonstrates that
the semilocal 8π antiaromatic character of the pentalene moiety
of 2−5 becomes strong in order of 3 < 2 < 4 ≈ 5 (Figure S18).
Thus, the annulation at the 2,3 positions of naphthalene to the

pentalene moiety decreases the antiaromaticity relative to the
benzannulation, while that at the 1,2 positions enhances the
antiaromaticity;42 the effect of the orientation of the
naphthalene ring with respect to the pentalene moiety on the
antiaromaticity seems to be negligible. Figure 3 shows the plot
of the average (abbreviated as NICS(1.7)πZZ

avg.(X‑ray)) of the
NICS(1.7)πZZ values for rings A and B of 2−5 against the αX‑ray
values. The strong dependence of the antiaromaticity for the
pentalene moiety of 2−5 on the bond order of the [5,6]
junction is manifested by the linear correlation between the
NICS(1.7)πZZ

avg.(X‑ray) and αX‑ray values. Therefore, it is
reasonable to assume that the decrease in the bond length of
the [5,6] junction, namely, the increase in the bond order,
augments the 8π electronic character of pentalene and thus
enhances the antiaromaticity.
We also performed NICS calculations for 2−6 through

NICS-XY-scans with the use of their DFT-optimized geo-
metries (Figure S17). The average (abbreviated as
NICS(1.7)πZZ

avg.(calcd)) of the NICS(1.7)πZZ values for rings A
and B of the optimized 2−5 was found to increase in order of 3
(+10.5) < 2 (+14.4) < 5 (+19.1) ≈ 4 (+19.8), and thus, this
t rend i s in good agreement wi th tha t o f the

Figure 1. X-ray crystal structures of (a) 2, (b) 31, (c) 4, and (d) 5 of bird-eye view (top) and side view (bottom). Displacement ellipsoids are shown
at the 50% probability level. Hydrogen atoms and t-Bu groups are omitted for clarity. One of the two independent molecules for 3 is shown.
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NICS(1.7)πZZ
avg.(X‑ray) values; the NICS(1.7)πZZ

avg.(calcd) values
are apparently proportional to the αcalcd values (Figures S18 and
S1 9 ) . Compound 6 s h ow s a lmo s t t h e s ame
NICS(1.7)πZZ

avg.(calcd) value (+15.2) as that of 2, probably
reflecting the fact that the αcalcd values of 2 and 6 are similar to
each other (vide supra).

Optoelectronic Properties. Figure 4 shows the electronic

absorption spectra of 2−6 in CH2Cl2; the photograph of

solutions of 2−6 in CH2Cl2 is shown in Figure S7. All

Figure 2. NICS-XY-scan results (NICS(1.7)πzz) of (a) 2, (b) 31, (c) 4, and (d) 5 at the GIAO-B3LYP/6-311+G(d) based on the X-ray structures.
Uppercase and lowercase characters denote ring and bond, respectively.

Figure 3. Plot of NICS(1.7)πzz
avg.(X‑ray) values as a function of αX‑ray

values of 2, 31, 32, 4, and 5: αX‑ray values are derived from the crystal
structures. NICS(1.7)πzz

avg.(X‑ray) is defined as the average of the
NICS(1.7)πzz values for rings A and B. Two independent molecules for
3 in the unit cell are abbreviated as 31 and 32.

Figure 4. Electronic absorption spectra of 2−6 in CH2Cl2 at RT.
(Inset) Long-wavelength, low-intensity absorptions ascribed to the
symmetry-forbidden HOMO−LUMO transitions.
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compounds feature weak, broad low-energy absorptions with
the longest wavelength absorption maxima (λmax) between 606
and 822 nm in addition to two distinct absorptions in the 250−
350 and 350−550 nm regions.43 The end absorptions extend
into the NIR region (over 1000 nm) without exception. We
performed the single-point calculations of 2−6 at the PBE0/6-
311G(d,p)//PBE0/6-31G(d) level, and the calculated surfaces
of the selected frontier molecular orbitals (i.e., HOMO−1,
HOMO, and LUMO) are depicted in Figure 5. The pentalene
moieties of 2−6 largely contribute to their HOMO−1s,
HOMOs, and LUMOs. Both the HOMOs and the LUMOs
are of pseudo ungerade, while the HOMO−1s are of pseudo
gerade. Hence, the longest absorption bands of 2−6 are
reasonably assigned as the symmetrically forbidden HOMO →
LUMO transitions as seen for 4nπ electron systems; the
transition dipole moments in the HOMO → LUMO
transitions are extremely small (Figure S15). By contrast, the
second longest absorptions are assignable to the symmetrically
allowed HOMO−1 → LUMO transitions. The time-dependent
(TD)-DFT calculations at the PBE0/6-31G(d) level nicely
supported these assignments in light of the oscillator strength
( f) (Figure 5 and Table S1); the f values of the HOMO →
LUMO transitions (0.0048−0.0229) of 2−6 are much lower
than those of the corresponding HOMO−1 → LUMO
transitions (0.1854−0.5131).
Pentalene 2 exhibits the remarkably red-shifted longest λmax

relative to 6 by 116 nm (2: λmax = 722 nm, ε = 510 L mol−1

cm−1. 6: λmax = 606 nm, ε = 270 L mol−1 cm−1), indicating the
effective extension of π conjugation by the ethynylene units in
2. As compared to 2, the λmax value of 3 is blue shifted by 51
nm despite the extension of the PCH framework (3: λmax = 671
nm, ε = 670 L mol−1 cm−1). On the contrary, the λmax values of

4 and 5 are red shifted by 100 and 74 nm, respectively, relative
to that of 2 (4: λmax = 822 nm, ε = 360 L mol−1 cm−1. 5: λmax =
796 nm, ε = 610 L mol−1 cm−1). These findings demonstrate
that the annulation at the 2,3 positions of naphthalene to the
pentalene moiety increases the HOMO−LUMO gap relative to
the benzannulation, whereas that at the 1,2 positions of
naphthalene decreases the energy gap. The TD-DFT-calculated
longest absorption maxima (λmax

calcd) of 2−6 become red
shifted in order of 6 < 3 < 2 < 5 ≈ 4 (Figure 5), and thus, the
quantum chemical calculations reproduced well the exper-
imental spectroscopic results in a qualitative manner.
Figure 6 shows the plot of the optical gaps (ΔEopt), which are

defined as the energies corresponding to the λmax values, against
the NICS(1.7)πZZ

avg.(X‑ray) values in 2−5. Interestingly, the
decrease in the ΔEopt values is clearly correlated with the
increase in the NICS(1.7)πZZ

avg.(X‑ray) values.44 Given the fact
that the NICS(1.7)πZZ

avg.(X‑ray) values in 2−5 increase with
decreasing the αX‑ray values, one could argue that the increase in
the bond order of the [5,6] junction enhances the 8π
antiaromaticity and thus decreases the HOMO−LUMO gap.

Electrochemical Properties. We carried out cyclic
voltammetry (CV) experiments on 2−6 in o-DCB (0.1 mol
L−1 n-Bu4NPF6) to investigate their electrochemical properties.
As shown in Figure 7, compounds 2−6 displayed amphoteric
redox behavior within the available potential window; the
oxidation potentials (Epa) and reduction potentials (Epc) versus
ferrocenium/ferrocene (Fc+/Fc) are summarized in Table 1. All
pentalenes experienced two 1e− oxidation steps and two 1e−

reduction steps. The first oxidation and reduction waves are
reversible or quasi-reversible, indicating that the electrochemi-
cally generated radical−cationic and radical−anionic species are
essentially stable. On the other hand, the second oxidation and

Figure 5. Calculated frontier molecular orbital profiles and energy diagrams of 2−6 at the PBE0/6-311G(d,p)//PBE0/6-31G(d) level and their
lowest and second lowest energy transitions estimated by TD-DFT calculations at the PBE0/6-31G(d)//PBE0/6-31G(d) level.
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reduction waves are irreversible in general; the second
reduction wave of 4 is exceptionally quasi-reversible. This
illustrates that the dicationic and dianionic species are unstable
except for the dianion of 4 under the conditions applied.
Both the first oxidation potential (Epa

1) and the first
reduction potential (Epc

1) of 2 are positively shifted as
compared to those for 6 (Table 1) owing to the electron-
withdrawing ability of an ethynylene unit. The Epc

1 value is
more positively shifted than the Epa

1 value, and thereby the
difference (ΔEredox, i.e. the electrochemical gap) between the
Epa

1 and Epc
1 values of 2 becomes smaller than that of 6 (1.94

(2) and 2.22 V (6)). The Epa
1 value of 3 is positively shifted

relative to that of 2, while the values of 4 and 5 are negatively
shifted. By contrast, the Epc

1 value of 3 negatively shifts
compared to that of 2, while the values of 4 and 5 positively

shift. Consequently, as compared to 2, compound 3 has a large
ΔEredox value, whereas 4 and 5 have small ΔEredox values (2.01
(3), 1.66 (4), and 1.72 V (5)). These results clearly indicate
that when compared with the benzannulation, the annulation at
the 2,3 positions of naphthalene lowers the HOMO level and
elevates the LUMO level to increase the HOMO−LUMO gap,
and contrastingly, the annulation at the 1,2 positions elevates
the HOMO level and lowers the LUMO level to decrease the
energy gap. The plot of the ΔEopt values against the ΔEredox
values in 2−6 shows a linear correlation (Figure S10),
supporting that the same orbitals, namely HOMO and
LUMO, are involved in both the optical and the electro-
chemical gaps.
Figure 8 shows plots of the Epa

1 and Epc
1 values against the

NICS(1.7)πZZ
avg.(X‑ray) values for 2−5. Noticeably, both Epa

1 and

Ep c
1 va lues have a strong corre lat ion with the

NICS(1.7)πZZ
avg.(X‑ray) values.45 Taking the linear correlation

between the NICS(1.7)πZZ
avg.(X‑ray) and the bond lengths

(αX‑ray) of the [5,6] junction into consideration (Figure 3), it
can be concluded that the increase in the bond order of the
[5,6] junction enhances the antiaromaticity and thereby leads

Figure 6. Plot of the ΔEopt values as a function of the
NICS(1.7)πzz

avg.(X‑ray) values for 2−5. NICS value for 3 is the average
of those of 31 and 32.

Figure 7. Cyclic voltammograms of (a) 2, (b) 3, (c) 4, (d), 5, and (e)
6 measured at a scan rate 100 mV s−1 in o-DCB (0.1 mol L−1 n-
Bu4NPF6) at RT.

Table 1. Opticala and Electrochemical Datab for 2−6

λmax
c [nm] Epa

d [V] Epc
e [V] ΔEoptf [eV] ΔEredoxg [V]

2 722 +0.55h −1.39i 1.72 1.94
+1.13j −1.93j

3 671 +0.58i −1.43i 1.85 2.01
+1.09j −1.91j

4 822 +0.41i −1.25i 1.51 1.66
+1.03j −1.85h

5 796 +0.42h −1.30i 1.56 1.72
+1.03j −1.84j

6 606 +0.50i −1.72i 2.05 2.22
+1.07j −2.23j

aIn CH2Cl2.
bIn o-DCB (0.1 mol L−1 n-Bu4NPF6). Scan rate 100 mV

s−1. cThe longest absorption maxima. dOxidation peak potentials.
eReduction peak potentials. fThe optical gap, ΔEopt, is defined as the
energy corresponding to the λmax.

gThe electrochemical gap, ΔEredox, is
defined as the potential difference between Epa and Epc.

hQuasi-
reversible wave. iReversible wave. jIrreversible wave. DPV data are
summarized in Table S2 in the Supporting Information.

Figure 8. Plots of the Epa
1 (circle) and Epc

1 (square) values as a
function of the NICS(1.7)πzz

avg.(X‑ray) values. NICS value for 3 is the
average of those of 31 and 32.
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to both elevation of the HOMO level and lowering of the
LUMO levels and decreases the HOMO−LUMO gaps.

■ CONCLUSION
We synthesized benzo- and naphthopentalenes 2−6 and
investigated their structures, antiaromaticity, and optoelectronic
and electrochemical properties experimentally and theoretically
in detail. We disclosed that with increasing bond order of the
carbon−carbon bond ([5,6] junction) shared by the pentalene
and annulated aromatic moieties, the semilocal 8π antiaroma-
ticity of the pentalene moiety is enhanced, and thereby the
HOMO level elevates, while the LUMO level lowers; this work
underlines the importance of the local structures on the global
molecular properties in antiaromatic PCHs.32 Introduction of
the ethynylene units between the pentalene skeleton and the
phenyl groups was found to bring about effective extension of π
conjugation. The produced compounds showed intriguing vis−
NIR absorptions and multiredox behaviors. We believe that the
knowledge concerning relationships of the structures, anti-
aromaticity, and frontier molecular orbital levels presented
herein will guide the development of new pentalene derivatives
having interesting electronic and electrochemical properties.
Further synthetic study on benzo- and naphthopentalenes is
currently under way in our laboratory.

■ EXPERIMENTAL SECTION
General Procedure for the Synthesis of Pentalenequinone

Derivatives. A mixture of 1,3-bis(3,5-di-tert-butylphenyl)propan-2-
one (7) (1 equiv) and ninhydrin derivative (1 equiv) in EtOH or 1-
butanol was degassed with argon for 30 min. The resulting mixture
was warmed to 75 (EtOH) or 95 °C (1-butanol), and aqueous
tetrabutylammonium hydroxide (40%, 0.3 equiv) was added slowly.
After the mixture was heated for 1 (EtOH) or 2 h (1-butanol), the
resulting mixture was concentrated under reduced pressure and the
residue was dissolved with CH2Cl2. After the organic phase was
separated, the aqueous phase was extracted with CH2Cl2. The
combined organic phase was washed with water, dried over anhydrous
MgSO4, and concentrated under reduced pressure. The residue was
subjected to column chromatography and washed with MeOH to give
the desired pentalenequinone. An analytical sample was obtained by
recycling GPC eluting with CHCl3.
Preparation of 11. 1,3-Bis(3,5-di-tert-butylphenyl)propan-2-one

(7) (1.00 g, 2.30 mmol) was allowed to react with 8 (0.41 g, 2.30
mmol) in EtOH (9.2 mL) in the presence of aqueous
tetrabutylammonium hydroxide (40%, 0.45 mL, 0.69 mmol) according
to the general procedure for the synthesis of pentalenequinone
derivatives. The obtained material was subjected to column
chromatography (silica gel, toluene/hexane = 1:1) and washed with
MeOH to give 11 (0.96 g, 1.72 mmol, 75%) as purple solids. Mp 211−
213 °C. 1H NMR (400 MHz, CDCl3): δ 8.56 (2H, d, J = 1.7 Hz),
8.27−8.25 (1H, m), 8.12−8.10 (1H, m), 7.74−7.71 (2H, m), 7.60
(1H, t, J = 1.7 Hz), 7.58 (2H, d, J = 1.7 Hz), 7.52 (1H, t, J = 1.7 Hz),
1.45 (18H, s), 1.42 (18H, s). 13C NMR (75 MHz, CDCl3): δ 201.0,
185.4, 151.12, 151.05, 149.8, 143.5, 143.0, 138.6, 135.0, 133.1, 132.3,
130.0, 129.7, 126.0, 125.8, 125.0, 124.0, 123.0, 35.33, 35.24, 31.6 (21
signals out of 24 expected). UV−vis (CH2Cl2): λmax (relative intensity)
262 (1.00), 353 (0.75), 555 nm (0.08). MALDI-TOF-MS (Dith,
positive): m/z 557.2 (M+). Anal. Calcd for C40H46O2·0.03CHCl3: C,
85.49; H, 8.25. Found: C, 85.48; H, 8.35.
Preparation of 12. 1,3-Bis(3,5-di-tert-butylphenyl)propan-2-one

(7) (381 mg, 0.88 mmol) was allowed to react with 9 (200 mg,
0.88 mmol) in 1-butanol (5 mL) in the presence of aqueous
tetrabutylammonium hydroxide (40%, 0.17 mL, 0.26 mmol) according
to the general procedure for the synthesis of pentalenequinone
derivatives. The obtained material was subjected to column
chromatography (silica gel, toluene/hexane = 1:1) and washed with
MeOH to give 12 (101 mg, 0.17 mmol, 19%) as green solids. Mp

248−250 °C. 1H NMR (400 MHz, CDCl3): δ 8.84 (1H, s), 8.61 (1H,
s) 8.57 (2H, d, J = 1.6 Hz), 8.10−8.07 (1H, m), 7.88−7.86 (1H, m),
7.71 (2H, d, J = 1.6 Hz), 7.67−7.63 (2H, m), 7.60 (1H, t, J = 1.6 Hz),
7.55 (1H, t, J = 1.6 Hz), 1.47 (18H, s), 1.46 (18H, s). 13C NMR (75
MHz, CDCl3): δ 201.4, 186.3, 151.13, 151.07, 150.5, 143.46, 139.6,
136.8, 135.2, 133.2, 131.6, 130.6, 130.3, 129.8, 129.4, 129.2, 128.7,
126.1, 125.9, 125.7, 124.0, 122.8, 122.1, 35.35, 35.29, 31.74, 31.64 (27
signals out of 28 expected). UV−vis (CH2Cl2): λmax (relative intensity)
307 (0.92), 352 (1.00), 598 nm (0.06). MALDI-TOF-MS (Dith,
positive): m/z 608.1 (M+). Anal. Calcd for C44H48O2·0.03CHCl3: C,
86.35; H, 7.90. Found: C, 86.30; H, 8.06.

Preparation of 13 and 14. 1,3-Bis(3,5-di-tert-butylphenyl)propan-
2-one (7) (379 mg, 0.87 mmol) was allowed to react with 10 (203 mg,
0.89 mmol) in 1-butanol (5 mL) in the presence of aqueous
tetrabutylammonium hydroxide (40%, 0.17 mL, 0.26 mmol) according
to the general procedure for the synthesis of pentalenequinone
derivatives. The obtained material was subjected to column
chromatography (silica gel, toluene/hexane = 1:1) and washed with
MeOH to give 13 (88 mg, 0.13 mmol, 17%) and 14 (20 mg, 33 μmol,
4%) as red solids. 13: Mp 295−296 °C. 1H NMR (400 MHz, CDCl3):
δ 9.64 (1H, d, J = 7.8 Hz), 8.57 (2H, d, J = 1.6 Hz), 8.18 (1H, d, J =
8.4 Hz), 8.11 (1H, d, J = 8.4 Hz), 7.97 (1H, d, J = 7.8 Hz), 7.82 (1H,
dt, J = 7.8 and 0.8 Hz), 7.73 (1H, dt, J = 7.8 and 0.8 Hz), 7.62 (2H, d, J
= 1.6 Hz), 7.59 (1H, t, J = 1.6 Hz), 7.54 (1H, t, J = 1.6 Hz), 1.46 (18H,
s), 1.43 (18H, s). 13C NMR (75 MHz, CDCl3): δ 200.8, 185.7, 151.05,
151.01, 149.1, 143.8, 140.0, 139.3, 136.5, 135.5, 131.9, 130.1, 130.0,
129.9, 129.7, 129.40, 128.8, 126.5, 125.9, 125.5, 124.2, 123.5, 123.1,
121.7, 35.36, 35.27, 31.7 (27 signals out of 28 expected). UV−vis
(CH2Cl2): λmax (relative intensity) 295 (0.34), 255 (0.81), 372 nm
(1.00). MALDI-TOF-MS (DHBA, positive): m/z 608.9 (M+). Anal.
Calcd for C44H48O2: C, 86.80; H, 7.95. Found: C, 86.65; H, 7.95. 14:
Mp 287−289 °C. 1H NMR (400 MHz, CDCl3): δ 8.59 (2H, d, J = 1.8
Hz), 8.17 (1H, d, J = 8.4 Hz), 8.11 (1H, d, J = 8.4 Hz), 7.97 (1H, d, J
= 8.0 Hz), 7.63−7.57 (4H, m), 7.30 (2H, d, J = 1.8 Hz), 7.20 (1H, dt, J
= 7.8 and 1.2 Hz), 1.44 (18H, s), 1.33 (18H, s). 13C NMR (75 MHz,
CDCl3): δ 201.6, 184.9, 151.1, 150.8, 149.0, 144.8, 144.5, 139.0, 137.1,
135.6, 131.8, 131.6, 130.0, 129.6, 129.4, 129.0, 128.1, 126.0, 125.7,
125.3, 123.3, 120.3, 35.4, 35.1, 31.65, 31.59 (26 signals out of 28
expected). UV−vis (CH2Cl2): λmax (relative intensity) 255 (1.00), 322
(0.53), 379 nm (0.92). MALDI-TOF-MS (DHBA, positive): m/z
608.6 (M+). Anal. Calcd for C44H48O2·0.03CHCl3: C, 86.35; H, 7.90.
Found: C, 86.34; H, 8.05. The structures of 13 and 14 were
undoubtedly identified with 2D NMR (HMBC and NOESY)
spectroscopy.

General Procedure for the Synthesis of Pentalene Deriva-
tives. A hexane solution of n-BuLi (1.6 mol L−1, 0.55 mL, 0.88 mmol)
was added dropwise to a solution of ethynylbenzene (0.10 mL, 0.91
mmol) in Et2O or THF (8 mL) at 0 °C under argon atmosphere. The
mixture was stirred at 0 °C for 1 h to afford fresh (2-phenylethynyl)
lithium solution. This solution (4.0−8.3 equiv) was added dropwise to
a solution of pentalenequinone derivative (1 equiv) in Et2O at −78 °C,
benzene at room temperature, or THF at −78 °C. The mixture was
stirred at room temperature for 4 h. After the reaction was quenched
by adding wet Et2O and ice−water at 0 or −78 °C, the organic phase
was separated and the aqueous phase was extracted with CH2Cl2. The
combined organic phase was dried over anhydrous MgSO4 and
concentrated under reduced pressure to give crude diol (diastereomer
mixture), which was used in the next reduction reaction without
purification. A solution of the crude diol in THF was degassed with
argon for 30 min. SnCl2·2H2O (1.6−5.9 equiv) was added, and the
mixture was stirred at 45 °C for 1.5−18 h. After addition of water, the
organic phase was separated and the aqueous phase was extracted with
CH2Cl2. The combined organic phase was dried over anhydrous
MgSO4 and concentrated under reduced pressure. The residue was
purified by column chromatography and washed with MeOH to give
the desired pentalene. An analytical sample was obtained by recycling
GPC eluting with CHCl3.

Preparation of 2. Pentalenequinone 11 (100 mg, 0.179 mmol) in
Et2O (10 mL) was allowed to react with the freshly prepared (2-
phenylethynyl)lithium (0.72 mmol) Et2O solution to give crude diol
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15 (124 mg) according to the general procedure for the synthesis of
pentalene derivatives; the reaction was quenched at 0 °C. The crude
diol 15 was treated with SnCl2·2H2O (65 mg, 0.288 mmol) in THF
(20 mL) at 45 °C for 18 h. The obtained material was subjected to
column chromatography (silica gel, CH2Cl2/hexane = 1:6) and
washed with MeOH to give 2 (28 mg, 38.4 μmol, 21%) as green solids.
Mp 180−181 °C. 1H NMR (400 MHz, CDCl3): δ 7.66 (2H, d, J = 1.7
Hz), 7.59 (2H, d, J = 1.7 Hz), 7.46 (1H, t, J = 1.7 Hz), 7.39 (1H, t, J =
1.7 Hz), 7.34−7.20 (10H, m), 7.05−7.01 (2H, m), 6.84−6.77 (2H,
m), 1.35 (18H, s), 1.28 (18H, s). 13C NMR (150 MHz, CDCl3): δ
153.0, 150.2, 149.9, 148.9, 144.0, 143.2, 138.3, 136.0, 132.9, 132.6,
132.5, 131.6, 129.5, 129.3, 128.7, 128.4, 128.1, 127.25, 127.19, 123.7,
123.44, 123.41, 123.0, 122.9, 122.60, 122.57, 120.4, 104.9, 99.6, 88.0,
85.1, 35.2, 35.0, 31.69, 31.64 (35 signals out of 36 expected). UV−vis−
NIR (CH2Cl2): λmax (ε) 288 (36 800), 336 (35 000), 474 (21 600),
722 nm (510). MALDI-TOF-MS (Dith, positive): m/z 728.6 (M+).
HR-FAB-MS (NBA, positive): m/z calcd for C56H56

+ 728.4382; found
728.4380 (M+).
Preparation of 3. Pentalenequinone 12 (100 mg, 0.164 mmol) in

benzene (10 mL) was allowed to react with the freshly prepared (2-
phenylethynyl)lithium (0.66 mmol) Et2O solution to give crude diol
16 (157 mg) according to the general procedure for the synthesis of
pentalene derivatives; the reaction was quenched at 0 °C. The crude
diol 16 was treated with SnCl2·2H2O (218 mg, 0.965 mmol) in THF
(20 mL) at 45 °C for 18 h. The obtained material was purified by
column chromatography (silica gel, CH2Cl2/hexane = 1:6) and
washed with MeOH to give 3 (44 mg, 38.0 μmol, 34%) as red solids.
Mp 200−201 °C. 1H NMR (600 MHz, CDCl3): δ 7.72 (2H, d, J = 1.8
Hz), 7.68 (2H, d, J = 1.8 Hz), 7.59−7.58 (1H, m), 7.55 (1H, s), 7.49
(1H, t, J = 1.8 Hz), 7.46 (1H, s), 7.41 (1H, t, J = 1.8 Hz), 7.39−7.34
(2H, m), 7.31−7.29 (4H, m), 7.27−7.23 (7H, m), 1.41 (18H, s), 1.29
(18H, s). 13C NMR (150 MHz, CDCl3): δ 155.3, 150.3, 149.9, 147.6,
141.3, 140.4, 136.9, 135.3, 133.6, 133.2, 132.7, 132.6, 132.5, 131.7,
130.7, 129.6, 129.3, 128.6, 128.4, 128.22, 128.15, 127.3, 127.1, 126.3,
123.7, 123.5, 123.0, 122.9, 122.7, 122.57, 122.54, 119.1, 105.1, 100.3,
88.2, 84.9, 35.2, 35.0, 31.8, 31.7. UV−vis−NIR (CH2Cl2): λmax (ε) 278
(39 000), 352 (49 300), 499 (20 000), 530 (17 300), 671 nm (670).
MALDI-TOF-MS (Dith, positive): m/z 778.3 (M+). HR-FAB-MS
(NBA, positive): m/z calcd for C60H58

+ 778.4538; found 778.4534
(M+).
Preparation of 4. Pentalenequinone 13 (30 mg, 49.3 μmol) in

THF (8 mL) was allowed to react with the freshly prepared (2-
phenylethynyl)lithium (0.41 mmol) THF solution to give crude diol
17 (54 mg) according to the general procedure for the synthesis of
pentalene derivatives; the reaction was quenched at −78 °C. The
crude diol 17 was treated with SnCl2·2H2O (57 mg, 0.25 mmol) in
THF (12 mL) at 45 °C for 1.5 h. The obtained material was purified
by column chromatography (silica gel, CH2Cl2/hexane = 1:6) and
washed with MeOH to give 4 (3 mg, 3.9 μmol, 8%) as red solids. Mp
230−232 °C. 1H NMR (400 MHz, CDCl3): δ 8.78 (1H, d, J = 8.7
Hz), 7.62 (2H, d, J = 1.8 Hz), 7.60 (2H, d, J = 1.8 Hz), 7.50 (1H, d, J
= 8.7 Hz), 7.49 (1H, d, J = 1.8 Hz), 7.40 (1H, d, J = 1.8 Hz), 7.31−
7.27 (3H, m), 7.23−7.16 (8H, m), 7.15 (1H, d, J = 8.4 Hz), 6.96 (2H,
dd J = 8.4 and 1.2 Hz), 1.37 (18H, s), 1.27 (18H, s). 13C NMR (150
MHz, CDCl3): δ 156.1, 150.3, 149.9, 147.0, 146.3, 141.2, 139.2, 135.7,
134.4, 132.6, 132.4, 132.2, 131.5, 130.7, 129.7, 129.5, 128.9, 128.3,
128.1, 128.0, 127.8, 127.0, 124.9, 124.0, 123.8, 123.4, 123.0, 123.0,
122.7, 122.5, 119.6, 105.1, 99.1, 88.3, 87.6, 35.2, 35.0, 31.67, 31.60 (39
signals out of 40 expected). UV−vis−NIR (CH2Cl2): λmax (ε) 291
(34 800), 343 (43 100), 431 (16 600), 499 (12 300), 822 nm (360).
MALDI-TOF-MS (Dith, positive): m/z 779.4 [(M + H)+]. HR-FAB-
MS (NBA, positive): m/z calcd for C60H58

+ 778.4538; found 778.4537
(M+).
Preparation of 5. Pentalenequinone 14 (30 mg, 49.3 μmol) in

THF (8 mL) was allowed to react with the freshly prepared (2-
phenylethynyl)lithium (0.41 mmol) THF solution to give crude diol
18 (63 mg) according to the general procedure for the synthesis of
pentalene derivatives; the reaction was quenched at −78 °C. The
crude diol 18 was treated with SnCl2·2H2O (57 mg, 0.25 mmol) in
THF (10 mL) at 45 °C for 1.5 h. The obtained material was purified

by column chromatography (silica gel, CH2Cl2/hexane = 1:6) and
washed with MeOH to give 5 (14 mg, 18.0 μmol, 29%) as dark yellow
solids. Mp 235−237 °C. 1H NMR (400 MHz, CDCl3): δ 7.67 (2H, d,
J = 1.9 Hz), 7.50 (1H, t, J = 1.9 Hz), 7.44 (1H, d, J = 8.4 Hz), 7.39
(1H, t, J = 1.9 Hz), 7.36 (2H, d, J = 1.9 Hz), 7.34−7.28 (4H, m),
7.25−7.15 (6H, m), 7.06−7.02 (3H, m), 6.73−6.67 (2H, m), 1.29
(18H, s), 1.28 (18H, s). 13C NMR (150 MHz, CDCl3): δ 154.6, 150.6,
150.0, 147.5, 146.8, 142.7, 141.7, 135.4, 134.1, 133.9, 132.5, 132.2,
131.5, 130.0, 129.5, 128.7, 128.4, 128.09, 128.03, 127.98, 127.8, 126.7,
126.2, 125.7, 123.7, 123.2, 123.1, 122.6, 122.1, 120.7, 104.6, 99.7, 88.0,
85.2, 35.03, 35.01, 31.6 (37 signals out of 40 expected). UV−vis−NIR
(CH2Cl2): λmax (ε) 280 (36 500), 358 (51 400), 463 (16 100), 796 nm
(610). MALDI-TOF-MS (Dith, positive): m/z 778.4 (M+). HR-FAB-
MS (NBA, positive): m/z calcd for C60H58

+ 778.4538; found 778.4544
(M+).

Preparation of 6. A cyclohexane/Et2O solution of phenyllithium
(1.05 mol L−1, 0.70 mL, 0.74 mmol) was added dropwise to a solution
of 11 (100 mg, 0.18 mmol) in benzene (10 mL) at room temperature
under argon atmosphere. The mixture was stirred at room temperature
for 30 min. After the reaction was quenched by adding wet Et2O (20
mL) and ice−water (20 mL) at 0 °C, the organic phase was separated
and the aqueous phase was extracted with CH2Cl2. The combined
organic phase was dried over anhydrous MgSO4 and concentrated
under reduced pressure to give crude diol 19 (155 mg); the structure
of 20 is shown in Scheme S2 in the Supporting Information. SnCl2·
2H2O (369 mg, 1.63 mmol) was dissolved with a mixture of HCl (3.2
mL) and AcOH (1.6 mL). A solution of the crude 19 (155 mg) in 1,4-
dioxane (3.2 mL) was slowly added dropwise, and the resulting
mixture was stirred at room temperature for 4 h. The precipitate was
collected by filtration and washed with water. After the solid was
dissolved with CH2Cl2 (20 mL), the resulting solution was dried over
anhydrous MgSO4 and concentrated under reduced pressure. The
residue was purified by column chromatography (silica gel, CH2Cl2/
hexane = 1:6) to give 6 (9 mg, 13.2 μmol, 8%) as green solids. Mp
231−233 °C. 1H NMR (400 MHz, CDCl3): δ 7.17−7.13 (3H, m),
7.08−7.01 (6H, m), 6.96 (3H, d, J = 1.6 Hz), 6.78−6.66 (6H, m), 6.63
(2H, d, J = 1.6 Hz), 1.17 (18H, s), 0.95 (18H, s). 13C NMR (75 MHz,
CDCl3): δ 149.62, 149.55, 149.3, 148.6, 147.0, 144.8, 138.8, 137.2,
136.0, 135.5, 133.1, 132.99, 132.86, 130.0, 129.3, 128.8, 128.6, 128.0,
127.4, 126.6, 126.4, 124.0, 123.5, 123.3, 121.8, 120.8, 120.5, 34.9, 34.4,
31.4, 31.2 (31 signals out of 32 expected). UV−vis−NIR (CH2Cl2):
λmax (ε) 292 (27 700), 436 (11 900), 606 nm (270). MALDI-TOF-MS
(Dith, positive): m/z 680.3 (M+). HR-FAB-MS (NBA, positive): m/z
calcd for C52H56

+ 680.4382, found 680.4379 (M+).
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