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ABSTRACT: Understanding and controlling the electronic
structure of molecules is crucial when designing and optimizing
new organic semiconductor materials. We report the regioselective
synthesis of eight π-expanded diarenoindacene analogues based on
the indeno[1,2-b]fluorene framework along with the computa-
tional investigation of an array of diareno-fused antiaromatic
compounds possessing s-indacene, pentalene, or cyclobutadiene
cores. Analysis of the experimental and computationally derived
optoelectronic properties uncovered a linear correlation between
the bond order of the fused arene bond and the paratropicity
strength of the antiaromatic unit. The Ered

1 for the pentalene and
indacene core molecules correlates well with their calculated
NICSπZZ values. The findings of this study can be used to predict
the properties of, and thus rationally design, new diareno-fused
antiaromatic molecules for use as organic semiconductors.

■ INTRODUCTION
Aromaticity has long held the interest of theoretical chemists
and synthetic chemists alike.1−5 Even before Hückel codified
the (4n+2) π-electron rule for monocyclic systems in 1931,5

significant work investigating aromatic properties had been
performed in the late 19th and early 20th centuries via
examination of benzene, thiophene and other simple aromatic
compounds.4,6−9 Although predicted by Hückel,5 it was not
until 1967 that Breslow and co-workers proposed the concept
of antiaromaticity as the inverse of aromaticity, where cyclic
conjugation of (4n) π-electrons leads to a destabilization
compared to a suitable reference.10,11 Several groups have
pushed the study of antiaromaticity forward,12−18 and cohesive
descriptions of the properties of aromatic and antiaromatic
molecules have been advanced by Breslow,11 Wiberg,9 and
Krygowski.1 Despite a significant amount of theoretical study
and increasing interest in their application as organic
semiconductors,15,19−22 examples of synthetic control over
the antiaromatic properties of a molecular framework remain
quite rare.
Research into polycyclic conjugated hydrocarbons (PCHs)

has expanded rapidly over the last two decades, with the
emergence of the organic electronics industry and a desire to
produce new functional materials that are not based on
inorganic solids.23−29 The rigid, highly conjugated structures
and optoelectronic properties of PCHs (e.g., acenes) made
them an early target of interest as organic semiconductors;29−33

however, the properties that make acenes desirable also impart
an inherent instability: many longer acenes are known to
photooxidize and/or dimerize readily under ambient conditions

unless sufficiently stabilized.32,34,35 With these problems in
mind, there has been a push to develop acene alternatives that
can replicate the promising electronic properties without the
instability of these molecules.36−40

One method of developing materials with the potential to
produce devices with high charge carrier mobility is to reduce
the aromaticity of a compound while retaining comparable
conjugation length. This can be accomplished by replacing
some of the six-membered rings with five-membered
heterocyclic rings (e.g., anthradithiophenes (1),41−43 dibenzo-
thienothiophenes (2),44,45 Figure 1). Alternatively, introduction
of five-membered, fully conjugated carbocyclic rings (e.g.,
dibenzopentalenes (3),46−48 indeno[1,2-b]fluorenes ([1,2-b]IF
4))49−51 affords diareno-fused antiaromatic compounds. Both
classes of five-membered ring molecules are of special interest
as evidence suggests that reduced aromaticity or, in particular,
pronounced antiaromaticity have the potential to increase
molecular conductivity.19,21,52,53 Recent work on the diareno-
fused pentalenes has expanded these molecules beyond simple
dibenzopentalenes (e.g., 3) to dinaphthopentalene (e.g., 5, 6)
and dianthracenopentalene derivatives.46,47,54,55 The extension
of the outer ring introduces different structural isomers and the
possibility of isomer dependent properties; in fact, the
dinaphthopentalene isomers 5 and 6 prepared by Kawase’s
group showed significant differences in both optical and
electronic properties.47 Such differences were also predicted
computationally for the 1,4-diazapentalenes56 and observed in
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monoarenopentalenes by Nakamura.57 Although the inclusion
of antiaromatic rings within large polycyclic systems shows
potential for the development of new functional organic
electronic materials, there has yet to be detailed examination of
how the conflicting ring currents interact, and thus influence,
semiconductor properties in diareno-fused antiaromatics.26

We report herein the synthesis and characterization of a
series of symmetric dinaphthoindacene regioisomers (7−9,
Figure 2), along with the computational investigation of ring
currents in diareno-fused indacenes, pentalenes and cyclo-
butadienes. To examine the influence of R group conjugation,
we prepared both (triisopropylsilyl)ethynyl (a) and mesityl (b)
derivatives. Significant differences in the properties of the three

dinaphthoindacene isomers concur with the nucleus independ-
ent chemical shift (NICS)-XY scan analysis that depicts more
intense paratropic currents in the indacene core of the anti-(7)
and syn-(8) dinaphthoindacene (DNI) isomers compared to
the linear-DNI isomer (9). Structural comparisons reveal a
trend between the bond order of the arene-indacene fused
bond and the maximum NICSπZZ value in the center ring, with
a fusion bond order closer to two correlating to more positive
NICSπZZ values. Calculations performed on diarenopentalenes
and diarenocyclobutadienes illustrate similar trends, suggesting
this correlation may be general to all diareno-fused antiaromatic
systems. To confirm this predictive power, we then prepared
the analogous 9,10-diphenanthroindacenes (DPI, 10a,b) and
determined their optical and electronic properties. Finally,
comparison of the Ered

1 potentials to the NICSπZZ values for the
indacene and pentalene systems showed that the calculated
NICSπZZ numbers can be directly related to experimental
results, with increasing paratropicity of the antiaromatic core
correlating with less negative reduction potentials.24,27,32−37

■ RESULTS AND DISCUSSION
Synthesis. The initial goal of this project was to examine

the effect of expanding the outer conjugation of indeno[1,2-

b]fluorene derivatives. To explore this quickly, we chose to
exchange the outer benzene rings for naphthalenes, affording
isomeric structures 7−9. For these and all other diarenoinda-
cene systems, we adopted the naming scheme utilized for the
previously published indacenodibenzothiophenes.58,59 Com-
pound 7, with the double bond in the first benzo fusion and
the adjacent R group on opposite sides of the molecule, is
referred to as anti-DNI, whereas compound 8 is referred to as
syn-DNI because the R substituent and the double bond in the
first benzo fusion are on the same side of the molecule.
Compound 9, with the indacene fused to the 2,3-bond of the
naphthalene, is referred to as linear-DNI.
All three TIPS-ethynyl-substituted DNIs 7a−9a (and DPI

10a), along with mesityl DNIs 8b−9b, were prepared via the
standard protocol for most indenofluorene derivatives, namely
nucleophile addition to a diketone precursor followed by
reductive dearomatization of the intermediate diol. The
diketones were synthesized in turn using either an “inside-

Figure 1. Literature examples of five-membered ring PCHs such as
anti-anthradithiophene (1), dibenzothienothiophene (2), dibenzopen-
talene (3), indeno[1,2-b]fluorene (4), linear-dinaphthopentalene (5),
and anti-dinaphthopentalene (6).

Figure 2. Target molecules anti-dinaphthoindacene (7), syn-
dinaphthoindacene (8), linear-dinaphthoindacene (9), and 9,10-
diphenanthroindacene (10).

Scheme 1. “Inside-Out” Synthesis of Dione 11 and DNI 7a
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out” method, as in the case of 11, or an “outside-in” method,
for 12-14. In the “inside-out” procedure (Scheme 1), dibromide
1560 is cross-coupled with 2-naphthaleneboronic acid under
Suzuki conditions and the resulting diester saponified to give
diacid 16. Conversion to the acyl chloride with oxalyl chloride
and intramolecular Friedel−Crafts acylation produced poorly
soluble dione 11 in very good yield.
To avoid production of inseparable mixtures of regioisomeric

diones, 12−14 were prepared using the “outside-in” method
where the carboxylic acids are located on the outer rings and
cyclize onto the central benzene ring (Scheme 2). 1,4-
Phenylenediboronic acid was cross-coupled with the corre-
sponding haloesters 17,61 18,62 or 19,63 and the resultant
diesters were either saponified to yield diacids 20 and 21 or
exposed to more forceful conditions to afford diacid 22. The
proton NMR spectra of both 20 and 22 revealed that these
molecules (as well as the corresponding esters) exist as a
mixture of rotamers at room temperature, the signals of which
coalesce upon heating to 70 °C. Much to our surprise,
subjecting the diacids to typical Friedel−Crafts conditions such
as those shown in Scheme 1, or to hot concentrated H2SO4, did

not generate the desired ketones. Gratifyingly, switching to
polyphosphoric acid (PPA) or a 10 wt % mixture of PPA in
MeSO3H furnished diones 12−14 in excellent yield.
Nucleophilic addition of either lithium (triisopropylsilyl)-
acetylide to 11−14 or mesityllithium to 12 and 13 followed
by SnCl2 reduction of the intermediate diols under rigorously
anaerobic conditions produced the dark blue diarenoindacenes
7a−10a and 8b−9b in low to moderate yields (Schemes 1 and
2).
Repeated attempts to add mesityllithium or mesityl-

magnesium bromide to diones 11 and 14 either led to recovery
of starting material, even at elevated temperatures, or produced
intractable mixtures. This necessitated use of an alternate
method to prepare 7b and 10b, similar to our recent synthesis
of a diindenoanthracene biradical,64 namely nucleophile
addition to a dialdehyde intermediate, Friedel−Crafts alkylation
and finally oxidation using 2,3-dichloro-5,6-dicyanobenzoqui-
none (DDQ, Scheme 3). Suzuki cross-coupling of either 2-
naphthaleneboronic acid with dibromide 2365 or 1,4-phenyl-
enediboronic acid with bromide 2463,66 gave dialdehydes 25
and 26, respectively, in excellent yield. Treatment of these with

Scheme 2. “Outside-In” Synthesis of Diones 12−14, DNIs 8−9a/b and DPI 10a
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mesityllithium followed by cyclization of the crude diols using
BF3·OEt2 afforded the dihydro intermediates 27 and 28.
Subsequent oxidation using DDQ furnished dark blue
indacenes 7b and 10b in moderate to good yield.
Solid-State Structures. Single crystals of 7a−9a suitable

for X-ray diffraction were grown via slow diffusion of MeCN
into CDCl3 at −40 °C. DNIs 7a−9a (Figure 3, left) each show
a planar, p-xylylene-like structure in the solid state with
pronounced bond length alternation within the indacene core.
The fused bond between the naphthalene and indacene
moieties, bond 3, exhibits significant variation between the
DNI isomers (Figure 3, right). In the anti-(7a) and syn-DNIs
(8a), bond 3 has a length of 1.401 and 1.403 Å, respectively,
whereas in the linear-DNI (9a), bond 3 has lengthened to 1.440
Å. For comparison, bond 3 in the X-ray structure of syn-DNI 8b
is similarly short (1.401 Å; see Supporting Information). This

variation is not unexpected due to the bond length differences
in naphthalene: the anti- and syn-DNIs have the indacene core
fused to the 1,2-bond of the outer naphthalene moieties
whereas the linear-DNI is fused to the 2,3-bond. The 1,2-bond
in naphthalene is well-known to be significantly shorter than
the 2,3-bond.67 Similar variation was also observed in the X-ray
structures of the dinaphthopentalene series.47,57

Electronic Properties. Figure 4 shows the electronic
absorption spectra of 7−10 along with the spectra for 4.
Although the TIPS-ethynyl DNIs display a similar strong
absorption near 350 nm, they have large differences in their
low-energy absorptions, which are bathochromically shifted
versus 4a with λmax values of 654 (anti-7a), 634 (syn-8a), and
595 nm (linear-9a). For comparison, λmax values of DPI 10a
and [1,2-b]IF 4a are 692 and 568 nm, respectively. DNIs 7a−
9a also exhibit molar absorptivity values 1.6−2.4 times higher

Scheme 3. Synthesis of DNI 7b and DPI 10b

Figure 3. (left) Molecular structures of DNIs 7a−9a; hydrogen atoms emitted for clarity; ellipsoids are set to 50% probability. (right) Comparison of
the bond alternation in the indacene core of the three DNI isomers with indeno[1,2-b]fluorene 4a; bond numbering is shown in the structure of 7a.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b11397
J. Am. Chem. Soc. 2016, 138, 16827−16838

16830

http://dx.doi.org/10.1021/jacs.6b11397


than that of 4a at their respective λmax values. Unlike the TIPS-
ethynyl compounds, the mesityl derivatives 7b−10b (with the
exception of 9b) show similar molar absorptivities to 4b.

Although the mesityl compounds also share a similar high-
energy absorbance between 315 and 375 nm, their low-energy
absorbances are less bathochromically shifted (549 (anti-7b),

Figure 4. Electronic absorption spectra of the TIPS-ethynyl (a, left) and mesityl (b, right) derivatives of diareno-indacenes 7−10 and comparison
with the [1,2-b]IF analogues 4a,b.

Figure 5. Cyclic voltammograms of the TIPS-ethynyl (a, left) and mesityl (b, right) derivatives of diarenoindacenes 7−10 and comparison with the
[1,2-b]IF analogues 4a,b.

Table 1. Electrochemical and Optical Data for DNIs 7-9, DPI 10 and [1,2-b]IF 4

electrochemicala opticalb

compound Ered
1 (V) Ered

2 (V) Eox (V) LUMO (eV) HOMO (eV) Egap (eV) λmax (nm) λonset (nm) Egap (eV)

7a −0.53 −1.11 1.04 −4.11 −5.68 1.57 654 667 1.86
8a −0.70 −1.27 1.02 −3.95 −5.66 1.72 634 648 1.91
9a −0.81 −1.21 0.94 −3.83 −5.58 1.75 595 633 1.95
10a       692 720 1.72
4ac −0.69 −1.20 1.20 −4.00 −5.88 1.89 568 584 2.12
7b −0.96 −1.55 0.95 −3.68 −5.59 1.91 549 577 2.15
8b −0.92 −1.44 1.09 −3.72 −5.73 2.01 578 587 2.11
9b       543 560 2.21
10b −0.77  1.09 −3.87 −5.73 1.86 622 629 1.97
4bd −1.12 −1.73 1.10 −3.52 −5.74 2.22 516 541 2.29

aCVs were recorded on 1−5 mM of analyte in 0.1 M Bu4NBF4/CH2Cl2 at a scan rate of 50 mV s−1 with a glassy carbon working electrode, a Pt coil
counter electrode, and a Ag wire pseudoreference. Values reported as the half-wave potential (vs SCE) using the Fc/Fc+ couple (0.46 V in CH2Cl2)
as an internal standard. HOMO and LUMO energy levels in eV were approximated using SCE = −4.64 eV vs vacuum and E1/2 values for reversible
processes or Ep values for irreversible processes. bSpectra were obtained in C6H12 using stock solutions of the analyte in CHCl3. The optical
HOMO/LUMO energy gap/absorbance onset was determined as the intersection of the x-axis and a tangent line passing through the inflection
point of the lowest energy absorption. cReference 51. dReference 50.
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578 (syn-8b), 543 (linear-9b), and 622 nm (DPI 10b)) than in
the corresponding TIPS-ethynyl derivatives. This 50−100 nm
difference can be explained because of the loss of the
conjugation with the alkynes combined with the fact that the
mesityl groups are nearly orthogonal (>75° dihedral) to the
indenofluorene backbone, thus limiting significant electronic
communication.50,59

The redox behavior of 7−10 (with the exception of 9b and
10a, which could not be adequately analyzed due to low
solubility) was examined by cyclic voltammetry (Figure 5); the
compiled electrochemical and optical data for these com-
pounds, along with the data for 4, are given in Table 1. All three
DNI isomers have one reversible reduction along with a second
reduction of varying reversibility. The Ered

1 values for the three
TIPS-ethynyl DNIs straddle that of 4 (−0.69 V vs SCE):51 the
Ered
1 for 8a is −0.70 V, similar to the first reduction for 4a,

whereas the Ered
1 for 7a is nearly 200 mV less negative at −0.53

V, and Ered
1 for 9a is over 100 mV more negative at −0.82 V. All

three ethynylated DNI isomers also show a quasi-reversible
oxidation, with the potential values exhibiting a reversed trend

to the reduction potentials. Anti-7a has the most positive
oxidation potential at 1.04 V and linear-9a the least positive
potential at 0.94 V. Unlike the reductions, however, all three
DNI isomers oxidize at less positive potentials than that of 4a
(1.20 V). The mesityl DNIs 8b and 9b show similar Ered

1 values
at −0.96 and −0.92 V, respectively. Electrochemical analysis of
the soluble mesityl DPI derivative 10b gave a Ered

1 value of
−0.77 V, over 150 mV less negative than those of the two
mesityl DNIs.

Computational Studies. The significant differences in the
optoelectronic properties of the three DNI isomers spurred us
to perform a detailed computational investigation of these and
related diareno-fused antiaromatic compounds. The variability
in the absorption spectra and reduction potentials of 7−9
suggested a possible difference in the antiaromatic character of
the molecules. One factor in the electron accepting ability of
indenofluorene derivatives is the fact that upon reduction, the
antiaromatic character of the indacene core is eliminated and
some degree of aromaticity is established;50,51,68,69 thus, a less
negative reduction potential may indicate that a compound
possesses stronger paratropicity, similar to the related
indacenodibenzothiophene (IDBT) scaffold produced by our
lab. The IDBT molecules have highly positive NICSπZZ values
for their tricyclic cores, values nearly identical as those
calculated for s-indacene, and show Ered

1 potentials between
−0.37 and −0.46 V for the TIPS-ethynyl derivatives.58,59

To explore the ring currents in DNIs 7−9, we utilized two
newly developed nucleus independent chemical shift (NICS)
methodologies, the NICS-XY scan and π-only methods.70−72

NICS-XY scans are important for the DNI systems because of
the presence of both paratropic and diatropic ring currents in
such large polycyclic molecules containing both (4n) and (4n
+2) π-electron circuits. Examining a single point above the
center of each ring (as in traditional NICS(1) calculations) may
not produce an accurate depiction of the electronic currents in
these molecules. The NICS-XY scan allows us to explore local,
semiglobal and global ring currents as well as the type of
current(s) (e.g., diatropic vs paratropic) within a particular
molecular skeleton. The π-only model removes the contribu-
tion of the σ-electrons from the NICS values, affording data
produced solely from π-electron ring currents. Comparison of
the NICSZZ and the NICSπZZ results for all calculated indacene
structures is given in Figures S1−S3 in the Supporting
Information. All NICS-XY scans were performed with the
RB3LYP functional. To validate this practice, select compounds
were also calculated with the UB3LYP functional, and both
methods produce NICS values that are essentially identical
(Figure S4). To limit calculation time and simplify compar-
isons, all computations were performed on the parent
compounds with no substitution on the five-membered rings.
Comparison between the diethynyl and parent DNIs (Figure
S5) indicates the largest differences in NICSπZZ values are less
than 2 ppm, confirming the validity of this “simplified”
approach.
To set a baseline for antiaromaticity, the NICS-XY scan of s-

indacene (29) was first calculated (Figure 6, black).73

Compound 29 shows a global paratropic current and peak
local currents above each ring, with NICSπZZ values of 18 ppm
over bond a, and a maximum NICSπZZ value of 25.4 ppm over
ring B. Comparing the NICS-XY scan of s-indacene with that of
“simplified” [1,2-b]IF 4′ illuminates the effect of benzo fusion
on the antiaromaticity of the indacene core (Figure 6, purple).
Compound 4′ shows less intense paratropic ring currents over

Figure 6. NICS-XY scans of s-indacene (29, black), 7′ (red), 8′
(green), [1,2-b]IF 4′ (purple), and 9′ (blue) listed in order of
decreasing paratropicity of the indacene core.
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Figure 7. Structures used for the NICS-XY scan calculations. Parent structures were used to simplify comparisons and reduce computational time.

Figure 8. Bond orders of the fused bonds for the diarenoindacene proposed structures (left) and NICS-XY scans (right) of 29 (black ■), syn-IDBT
(green ■), anti-IDBT (teal ■), anti-DTI (magenta ▲), anti-IDT (olive ■), 9,10-DPI (orange ◆), anti-DAI (purple ▲), 7′ (red ▲), 4′ (purple ●),
9′ (blue ★), linear-DAI (brown ★), and linear-DTI (navy ★) listed in order of decreasing paratropicity of the indacene core.
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the indacene core (3.4 and 7 ppm for the bond a and ring B
values, respectively) than 29, but the scan retains the same
shape, with a semiglobal paratropic current over the indacene
moiety and local peak currents over each ring. Fused to the
indacene core of 4′ are aromatic benzene rings, which retain a
substantial degree of diatropicity (NICSπZZ values of −9 vs −17
ppm for benzene).70

Examination of the simplified DNI regioisomers reveals a
striking difference in the NICS-XY scans depending upon how
the naphthalene is fused to the indacene (Figure 6).
Compounds 7′ (red trace) and 8′ (green trace), with the
indacene core fused to the 1,2-bond of naphthalene, display
very similar values (both 8 ppm over bond a and 13 and 14
ppm over ring B, respectively) with increased paratropic

currents in the indacene core compared to IF 4′. The linear-
DNI 9′ (blue), however, has NICSπZZ values for the indacene
core lower than those of 4′, peaking at 4 ppm over ring B and 1
ppm over bond a. Interestingly, whereas the peak NICSπZZ
values for the indacene core vary between 4.2 and 14.0 ppm for
the DNI isomers, the range of values for the fused naphthalenes
is very small, from −9 to −11 ppm for ring C and −14 to −15
ppm for ring D. The value for ring C in 4′ (−9.4 ppm) is well-
bracketed by the DNI ring C values above.
Examination of the structures and the NICSπZZ values of the

core reveals a correlation between the double bond character of
the fused bond and core paratropicity. In 7′ and 8′, the two
DNI isomers with higher NICSπZZ values, the naphthalenes are
fused to indacene via the 1,2-bond of the naphthalene moiety,
which has a bond order of 1.66. The compound with core
NICSπZZ values in the closest proximity is 4′, which has both
lower NICSπZZ values and a lower bond order of 1.5. In
comparison, 9′, which is fused to the 2,3-bond of naphthalene,
has both the lowest bond order of 1.33 and the lowest NICSπZZ
values of the five compounds in Figure 6.
To confirm our hypothesis that fusion bond order drives core

paratropicity, NICS-XY scans were performed on a series of
structures (Figure 7) including unknown dianthracenoinda-
cenes (DAI) and ditetracenoindacenes (DTI), as well as the
9,10-isomer of diphenanthrenoindacene (DPI). For complete-
ness, these values were also compared with the NICS-XY scans
for the previously reported indacenodithiophenes (IDTs) and
indacenodibenzothiophenes (IDBTs).58,59 All the computed
compounds had similar planar structures to those of the DNIs.
Similar to the results for the DNI isomers, the NICS values of
the syn and anti isomers of the DAIs, DTIs, and IDTs are nearly
identical; therefore, to make the data clearer, only the values of
the anti-diareno isomers are plotted (see Figure S6 for the
enlarged, complete data set).
Figure 8 shows that the DAIs and DTIs all follow the same

trend as the DNIs, with the 1,2-fused isomers possessing more
positive NICSπZZ values for the indacene core than the 2,3-
fused isomers. As the bond order of the 1,2-bond approaches 2
from DNI to DAI and finally DTI, the NICSπZZ value over ring
B in the core increases from 14 to 17 to 20 ppm, respectively.
Similarly, the linear-DAI and -DTI have NICSπZZ values over
ring B that approach 0 as the bond order of the 2,3-bond
becomes closer to 1. With the largest difference in bond order
between the 1,2- and 2,3-bonds, the tetracene-fused DTIs
exhibit the most significant difference in NICSπZZ values: the
syn-DTI shows a peak NICSπZZ value of 20 ppm over ring B
and a NICSπZZ value of 14 ppm over bond a, whereas the linear-
DTI has NICSπZZ values of 2 and 0 ppm over ring B and bond
a, respectively. Despite these large differences in core
paratropicity, very little change in the diatropicity of the
fused arenes is observed. Ring C values range from −8 to −11
ppm, and the other arene rings are even more diatropic (<−15
ppm). Using the DTIs for example again, while there is a 18
ppm difference in the NICS values above the indacene core, the
largest variance in NICS values above the tetracene moieties is
only 1.6 ppm. A similar lack of significant variation in the
diatropicity of the outer rings is seen for the other
diarenoindacene derivatives.
Comparison of the heteroatom-containing IDTs and IDBTs

with the purely hydrocarbon compounds also supports the
correlation between the double bond character of the fused
bond and the NICSπZZ value of the indacene core (Figure 8).
Anti-IDT has a peak NICS value of 18 ppm, similar to the anti-

Figure 9. (top) Linear correlation between the peak NICS value in the
core of a diarenoindacene and the bond order and bond length of the
fusion bond. (bottom) Relation between peak NICS value and the
measured Ered

1 of mesityl- and TIPS-ethynyl-substituted compounds
prepared in our lab.
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DAI. This can be explained by the lower aromaticity of the
thiophene ring, which allows the thiophene 1,2-bond to retain
more double bond character than that of a CC bond in benzene
or naphthalene. The IDBT isomers show even more positive
NICSπZZ values, with peak syn and anti values of 24 and 21
ppm, respectively, over ring B, values nearly as large as that of s-
indacene itself (25 ppm). Previous studies on these compounds
revealed that benzo fusion to the outer thiophene rings
extinguishes the weak ring current of the thiophene portion,
which instead acts as a spacer between the strongly diatropic
outer benzene ring and the highly paratropic indacene core.
Thus, the large NICSπZZ values observed in the indacene unit of
the IDBTs are fueled by the high double bond character of the
indacene-benzothiophene fusion.59

To visualize better the relationship between the double bond
character of the fused arene bond and the NICSπZZ value of the
indacene core, the bond order and the bond length of the
fusion bond were plotted versus the maximum NICSπZZ value
in the core (Figure 9, top). There is a clear relationship
between the double bond character of the fusion bond and the
NICSπZZ value in the indacene core, with more double-bond-

like, shorter bonds leading to more intense paratropic ring
currents. To relate the calculated NICSπZZ values to a
measurable parameter, a plot of the peak NICSπZZ value versus
the Ered

1 , using the available data for the TIPS-ethynyl- and
mesityl-substituted compounds (Figure 9, bottom),50,51,59

depicts a trend of higher NICSπZZ values correlating to less
negative reduction potentials. This follows the hypothesis that
part of the electron-accepting ability of indenofluorene, and
diarenoindacene compounds in general, is a result of removing
the destabilization of the antiaromatic core; therefore,
compounds with greater paratropicity are more easily reduced,
which in turn imparts diatropic character.68,69

With this relationship apparent for diarenoindacene com-
pounds, we decided to investigate if this trend could be applied
to other diareno-antiaromatic compounds. NICS-XY scans
were performed on a series of diarenopentalenes and
diarenocyclobutadienes (Figure 7), and a summary of the
computational data for the three sets of compounds is
presented in Table 2. Diarenopentalenes were chosen because
they have received significant investigation in recent years as
promising organic semiconductors.36,46,47,54 In addition to

Table 2. Summary of Computational Data for All Compounds Examined

NICSπZZ values (ppm)

compound core maximuma core minimumb 1st fused arenec fused bond length (Å) HOMO (eV) LUMO (eV) Egap (eV)

indacenes
IF 7 1 −9 1.427 −5.47 −3.00 2.48
anti-DNI 14 8 −10 1.414 −5.37 −3.20 2.17
syn-DNI 14 8 −10 1.415 −5.37 −3.20 2.18
linear-DNI 4 3 −10 1.446 −5.16 −2.90 2.26
anti-DAI 17 11 −9 1.411 −5.13 −3.31 1.81
syn-DAI 19 12 −9 1.411 −5.10 −3.33 1.77
linear-DAI 2 0 −10 1.456 −4.92 −2.86 2.05
anti-DTI 20 14 −8 1.413 −4.91 −3.39 1.52
syn-DTI 22 15 −9 1.412 −4.90 −3.43 1.42
linear-DTI 1 −1 −9 1.461 −4.73 −2.86 1.87
9,10-DPI 17 11 −9 1.403 −5.30 −3.31 1.99
syn-IDT 17 12 −1 1.404 −5.35 −3.19 2.15
anti-IDT 18 13 0 1.401 −5.30 −3.14 2.16
syn-IDBT 24 18 0 1.397 −5.24 −3.42 1.82
anti-IDBT 21 15 0 1.407 −5.25 −3.30 1.94

pentalenes
DBP 12 8 −8 1.430 −5.70 −2.62 3.08
anti-DNP 20 16 −9 1.411 −5.27 −2.89 2.38
linear-DNP 7 4 −9 1.452 −5.51 −2.50 3.01
anti-DAP 25 21 −10 1.404 −4.98 −3.05 1.93
linear-DAP 4 2 −9 1.463 −5.13 −2.44 2.69
9,10-DPP 25 20 −10 1.392 −5.15 −3.03 2.12
syn-PDBT 34 29 −1 1.382 −5.10 −3.06 2.04
anti-PDBT 33 28 −1 1.387 −5.09 −3.07 2.02

cyclobutadienes
biphenylene 8 N/A −7 1.424 −5.66 −1.60 4.06
syn-DNC 17 N/A −9 1.403 −5.06 −2.22 2.84
linear-DNC 4 N/A −8 1.446 −5.85 −1.95 3.90
syn-DAC 22 N/A −10 1.394 −4.73 −2.61 2.12
linear-DAC 2 N/A −9 1.456 −5.40 −2.44 2.96
9,10-DPC 21 N/A −11 1.381 −4.87 −2.42 2.45

aThe maximum NICSπZZ value in the paratropic core. This is above one of the five membered rings in the indacene- and pentalene-based
compounds and above the four membered rings in the cyclobutadiene-based compounds. bThe minimum NICSπZZ value in the paratropic core. This
is above the bond between the five- and six-membered rings in the indacene system and above the center bond in the pentalene system. There is no
minimum in the cyclobutadiene system due to it showing a single peak. cNICS value over the center of the aromatic ring fused directly to the
antiaromatic core.
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materials applications,74,75 diarenocyclobutadienes are deriva-
tives of biphenylene, which has long been of interest to organic
chemists as a stable example of a cyclobutadiene ring.19,76−78

The NICS-XY plots of both the pentalene and cyclobutadiene
series show a similar shape to those of the diarenoindacenes,
with peak positive NICSπZZ values over the core and outer rings
that have similar negative NICSπZZ values to those of the
diarenoindacenes (Figure 10a,b). When the peak NICSπZZ
values are plotted against the double bond character of the
fusion bond and its bond length, the results again show that
shorter, more double-bond-like fused bonds lead to higher
NICSπZZ values in the core (Figure 10c,d). Because many
diarenopentalene derivatives have been reported in the
literature along with their corresponding reduction poten-
tials,46−48,54 their calculated NICSπZZ values can be plotted

against their Ered
1 potential (Figure S7). This reveals the same

trend as in the diarenoindacenes (Figure 9, bottom), where
compounds that display more intense paratropic currents in the
core also show less negative reduction potentials.

Experimental Evaluation. To confirm the predictive
power of these computations, we prepared the diphenanthre-
noindacene (DPI) isomer 10 with the indacene core fused to
the 9,10-bond of phenanthrene, as this bond is well-known to
possess significant double bond character (bond order of 1.8).
Its high NICSπZZ value for the indacene B ring (17 ppm) is
well-bracketed by the syn/anti-DAI and -DTI isomers, yet 9,10-
DPIs 10 are synthetically more accessible as shown in Schemes
2 and 3. Although 10a was not soluble enough to perform
accurate cyclic voltammetry, CV data for 10b (Figure 5,
bottom) exhibit a Ered

1 of −0.77 mV, significantly less negative

Figure 10. (a) NICS-XY scans of diarenopentalenes, (b) NICS-XY scans of diarenocyclobutadienes, (c) bond order vs NICSπZZ values, and (d)
bond length vs NICSπZZ values. Compounds in graphs a and b are listed in order of decreasing paratropicity of the indacene core.
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than those of the mesityl compounds with lower peak NICS
values. Thus, this value further corroborates the general trend
described above (see Figure S8).

■ CONCLUSIONS
We have disclosed the synthesis of three new symmetric
dinaphthoindacene isomers 7−9 along with a 9,10-fused
diphenanthrenoindacene analogue 10, substituted with either
(triisopropylsilyl)ethynyl (a) or mesityl (b) groups, and have
examined their electronic structure by absorption spectroscopy
and cyclic voltammetry. Computational investigations revealed
that the intensity of the paratropic currents in the antiaromatic
core of diarenoindacene derivatives can be controlled by
varying the double bond character of the fused bond between
the outer arene groups and the indacene core, a trend also
observed in other diareno-fused antiaromatic compounds such
as diarenopentalenes and diarenocyclobutadienes. In the design
of new materials for use in organic semiconductor applications,
especially with the desire to tune the balance of aromaticity and
antiaromaticity in a compound, close attention must be paid to
the bond order of the fusion bond. Decisions on which isomer
to prepare made solely on the ease of synthesis may
inadvertently give products with significantly different proper-
ties than those desired. The ability to control antiaromaticity
with only small changes in structure will also allow further
exploration of the relationship of related properties like
diradical character.64,79,80

Estimated by NICS-XY scan calculations, the intensity of the
paratropic ring current in the internal core of all three classes of
antiaromatic molecules can be varied substantially without
significant change in the diatropic ring currents in the fused
aromatic rings. This work demonstrates that seemingly trivial
differences in the structure of fused diarenoantiaromatics can
lead to drastic differences in both their optical and electronic
properties, the latter of which was shown by a linear correlation
when plotting the calculated NICSπZZ values against the known
Ered
1 potentials, i.e., the greater the degree of antiaromaticity, the

easier it is to reduce the molecule, thus leading to aromatic
stabilization. Future work on the diarenoindacenes will examine
the preparation of even longer fused arenes as well as
manipulation of molecular packing in the solid state.
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