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ABSTRACT: The ability to alter optoelectronic and magnetic
properties of molecules at a late stage in their preparation is in . V4 T ; e
general a nontrivial feat. Here, we report the late-stage oxidation of : :
benzothiophene-fused indacenes and dicyclopentanaphthalenes to
their corresponding sulfone derivatives. We find that while such
modifications increase the highest occupied molecular orbital
(HOMO)—lowest unoccupied molecular orbital (LUMO) energy
gap to a small degree, other properties such as HOMO and LUMO
energy levels, molecule paratropicity, and singlet-triplet energy
gaps are influenced to a greater degree. The most surprising finding
is a change of the bond alternation pattern within the s-indacene
core of the sulfones. Computations corroborate the experimental
findings and offer plausible explanations for these changes in molecular properties.
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B INTRODUCTION

Recently, there has been resurgent interest in polycyclic
conjugated hydrocarbons (PCHs) that possess unique proper-
ties for application in organic electronics. The earliest and
" 1-4
most promising PCH targets were acenes; however, these
compounds are prone to oxidative degradation.”>® In an
attempt to develop suitable acene alternatives with decreased
aromaticity that retain the z-conjugation integral to the high

transistors (OFETs) with antiaromatic molecules as the
semiconducting layer can now exhibit average hole-mobilities
that are >1 cm? V™! §7129253%%9

Another group of PCHs accruing interest are those that
display diradical character. The recent increase in reports of
carbon-based diradicaloids has also been driven by their
potential applications both in organic electronics*”*
magnetic materials.*””* The desire to gain a better

1
and as

charge carrier mobility of acenes, PCHs that possess
antiaromatic character have become fruitful avenues of
research.” Defined as cyclic, planar, fully conjugated systems
with (4n) z-electrons,” antiaromatic molecules often display
properties such as decreased delocalization, narrow highest
occupied molecular orbital (HOMO)—lowest unoccupied
molecular orbital (LUMO) energy gaps,”” "' paratropic proton
nuclear magnetic resonance (NMR) chemical shifts, and
concomitant large positive nucleus-independent chemical
shift (NICS) values.'”"® A common strategy to generate
antiaromatic hydrocarbons that are closely related to acenes is
to replace one or more six-membered rings with either a four-
or five-membered carbonaceous ring.” This approach over the
past decade has resulted in a wide range of antiaromatic
compounds based mainly on pentalenes,"*"** cyclobuta-
dienes,”>™*° and indacenes,®” > among others. The research
on such molecules was in part fueled by the Breslow group’s
hypothesis that reduced aromaticity/increased antiaromaticity
has the potential to increase molecular conductivity.”* ™" Very
recent studies support this notion as organic field effect
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fundamental understanding of these compounds, which
possess a unique set of properties (e.g, narrow HOMO-—
LUMO gaps,” low-lying doubly excited electronic energy
absorptions,"”*” and electronic spin resonance signals**), has
led to synthesis of various families of diradicaloids based on
l:)isphenalenyls,“1’49_51 zethrenes,”>™>° indenofluorenes,”®>’
and closely related diindenoacenes,”*™% among others.
Through the study of these different classes of diradicals, a
common theme has been unearthed, that the two concepts of
antiaromaticity and diradical character are interrelated. In
many cases, antiaromatic molecules, once 7-expanded, reveal a
tendency to assume an aromatic, open-shell resonance
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Figure 1. New IDBTs 1 and 2, known IIDBTSs 3 and 4, their sulfone analogues 5—8, and the decomposition product 9.

structure in the ground state to relieve the antiaromaticity of
the conjugated, closed shell core.®®

Utilizing the indeno[1,2-b]fluorene framework, our group in
recent years has aspired to tune both antiaromaticity (in
benzene core molecules) and diradical character (naphthalene
and larger aromatic cores) through two different approaches,
either by changin% the fusion bond order on both sides of the
s-indacene core”®®” or by adding benzothiophene units in the
same position (anti or syn to the apical carbon in the five-
membered ring, eg. 1—4 in Figure 1) to modulate electronic
properties.””*”%>%” These studies have provided key insights
into what electronic factors can be altered to tune either the
antiaromaticity (i.e., fusion bond order)*”*® and/or the
diradical character (i.e. electronic repulsion factor and the
transfer integral term)°>®> in a series of structurally related
molecules.”® Such approaches have relied heavily on early
synthetic modification to impart changes in the chemical
connectivity to drive a concomitant change in properties.
These modifications are manifested either by 7-extending the
acene core, requiring a change to the synthetic route very early
on or through altering the outer fused rings that required
synthetic changes during the key carbon—carbon bond-
forming steps; nonetheless, the amount of synthetic work
needed to tune these properties was demanding, often
requiring entirely new preparative routes.

Our recent studies on indacenodibenzothiophenes
(IDBTs, e.g, 1, 2) and indenoindenodibenzothiophenes
(IIDBTSs, e.g, 3, 4) provide a unique opportunity for late-stage
modification of the electronics of our molecules, from electron-
rich to electron-poor, through the conversion of the sulfur
atoms to fully oxidized sulfones (e.g., IDBT-S §—6 and IIDBT-
S 7—8). A relevant report from the Campos group,”’ among
others,’””” has shown that oxidation of sulfur in poly-
thiophene lowers the LUMO energy level and thus affords an
overall change in the properties of the bulk material. Herein,
we report the synthesis and detailed characterization of
sulfones S, 6, and 8 and computationally corroborate that
changing the oxidation state of the sulfur has profound effects

27,67
60,62

on the antiaromaticity and diradical character of the molecules.
This work looks to highlight the ability to impart overall large-
scale electronic modification to the molecules, tuning the
targeted properties, utilizing a nonarduous synthetic route.

B RESULTS AND DISCUSSION

Synthesis. Our initial efforts started with the known
mesityl (2,4,6-trimethylphenyl) analogues of 1 and 2.>” While
we successfully oxidized the former to 5-Mes (see the
Experimental Section for details), oxidation of the latter
afforded an insoluble and uncharacterizable violet solid. We
then switched to 2,6-dimethyl-4-t-butylphenyl units (which we
have coined t-Mes) on the apical carbons as these confer
considerably improved solubility. Reacting 2,6-dimethyl-4-t-
butylphenyllithium with diones 10 and 11 (Scheme 1)
followed by an acidic aqueous workup gave intermediate
diols (not shown) that were reductively dearomatized using
SnCl, and catalytic trifluoroacetic acid (TFA) to furnish the
fully conjugated IDBTs 1 and 2, respectively. IIDBTs 3 and 4
were prepared analo§ously from diones 12 and 13 as
previously reported.””®” Oxidation of the fully conjugated
scaffolds utilizing meta-chloroperoxybenzoic acid (mCPBA)
successfully resulted in purple sulfones §, 6, and 8 in modest to
moderate yields. Surprisingly, oxidation of anti-IIDBT 3 with
mCPBA did not furnish sulfone 7 but rather an uncharacter-
izable orange solid whose absorption spectrum lacked the
characteristic low energy bands >500 nm (Figure S8),
suggestive of a system with less than expected 7-conjugation.
We explored other oxidizing reagents such as H,0,, oxone, and
urea-hydrogen peroxide (UHP). Only the reaction of 3 with
UHP proceeded to afford a purple solid in low yield, which we
initially believed to be the desired sulfone as the compound
possessed low energy transitions out to ~640 nm (Figure S9)
and an appropriate 'H NMR spectrum (see Supporting
Information); however, the structure obtained by X-ray
diffraction (XRD) (vide infra) revealed it to be molecule 9
as shown in Figure 1. This structure suggests that compound 7
likely was formed during the reaction but the oxidized ring
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Scheme 1. Synthesis of IDBTs 1, 2, and IIDBT 3, 4 and
Their Conversion to the Respective Sulfones 5—8 along
with Formation of Decomposition Product 9

Li
Me Me
1.
t-Bu
THF, -78 °C 1(n=0, 32%)
2. Hs0* 3(n=1,42%)
3.SnCly, TFA
toluene mCPBA
DCM
(3 only)
H,NCNH,#H,0, 5(n=0, 54%)
9 (11%) 7(n=1,0%)
Li
Me Me
1.
tBu
THF, -78 °C 2(n=0, 38%)
2. HyO" 4(n=1,36%)
3.SnCl,, TFA
toluene mCPBA
DCM

6 (n=0, 23%)
8(n=1,48%)

hydrolyzed/cleaved (ArSO,— is a reasonable leaving group),
urea next condensed onto the newly formed ketone carbonyls,
and then the system recyclized in some manner to afford 9.
Regardless of how 9 is generated, we never observed direct
evidence of 7. Out of chemical curiosity, less 7-conjugated anti-
IDBT 1 was subjected to oxidation conditions using UHP,
which furnished only a trace amount of an analogous
sulfonamide (as only detected by mass spectrometry). This
outcome suggests that the anti-orientation of the proaromatic
core of 7 is prone to degradation to regain naphthalene
aromaticity as found in 9, something we have not observed in
any of our prior IIDBT studies.

NMR Spectroscopy and NICS-XY Scans. Because the
central protons on the IDBTs are directly attached to the s-
indacene core, one would expect these protons to be sensitive
to the paratropic environment and experience an upfield
chemical shift. Indeed, this is the case: whereas the 'H NMR
chemical shift of the central six-membered ring protons of the
parent indeno[1,2-b]fluorene is 6.85 ppm, these analogous
protons in the previously reported Mes-substituted anti-IDBT
and syn-IDBT appear at 6.11 and 6.06 ppm, respectively, in
line with the claim of increased antiaromaticity of the s-
indacene core of the IDBTs.”” In the current study,
substitution with t-Mes affords values of 6.09 and 6.06 ppm
for 1 and 2, respectively (Figure 2a). In both cases, the syn
derivative is slightly more upfield than the anti isomer,
indicating the syn is slightly more paratropic, a result
corroborated by NICS-XY scan calculations (vide infra).”’”
Intriguingly, after sulfone formation, this trend is reversed, the
core singlet for syn-IDBT-S 6 appears at 6.91 ppm and for anti-
IDBT-S § at 6.03 ppm, the latter result suggesting that the
paratropic core of § is comparable to that of 1 and 2.

Given the difficulty of assessing aromaticity/antiaromaticity
based solely on relatively small changes of NMR chemical
shifts, we computationally explored the ring currents of IDBT-
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Figure 2. (a) Proton NMR spectra of the aromatic region of IDBTs 1
and 2 and the corresponding sulfones § and 6. The central proton (*)
displayed in bold in the structures on the left can be used to roughly
assess antiaromaticity. (b) NICS-XY scans for IDBTs 1 and 2 and
sulfones 5 and 6 along with the scan for the parent s-indacene, in
order of most to least paratropic; for clarity, the ring labels are shown
above in the structure of S.

S 5§ and 6 using NICS-XY scans, as these allow us to explore
areas of the molecule that possess both paratropic and
diatropic ring currents within the same system.””> All
calculations were performed with the unsubstituted structures
to decrease computational cost as exclusion of the mesityl
groups has been shown to have a negligible impact on the
NICS-XY results.”® Notably, all the IDBT derivatives possess a
paratropic s-indacene-like core (Figure 2, rings A and B). The
NICS scans (Figure 2b) replicate our prior studies that showed
that the syn-IDBT core of 2 is nearly as antiaromatic (21—24
ppm, dark-purple) as s-indacene itself (22—25 ppm, green),
whereas the anti-IDBT core of 1 is slightly less paratropic (18—
21 ppm, dark-blue). In all cases, the thiophene rings (C)
appear to be atropic (0 to —1 ppm), regardless of the sulfur
oxidation state, and similarly all the outer benzene rings (D)
possess strong aromaticity with minimal variation (—14 to —16
ppm). Interestingly, oxidation reverses the syn/anti ordering,
where syn-IDBT-S 6 has weaker paratropicity (11—13 ppm,
light-purple) compared to IDBTs 1 and 2, and anti-IDBT-S §
shows comparable paratropicity (19—20 ppm, light-blue) to 1.
In fact, the NICS values for ring A are essentially the same for
2 and §, which support their near-identical chemical shifts in
the aforementioned proton NMR experiments.

10848 https://dx.doi.org/10.1021/acs.joc.0c01387
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Figure 3. Selected resonance forms for the hydrocarbon dianion reference analogues of (a) syn-IDBT 2 and (b) anti-IDBT 1; boxed structures are

the dominant resonance forms recognized by NBO.

Further calculations suggest there are two competing effects
that influence the antiaromatic characters of the parent IDBTs
(1 vs 2) and the corresponding sulfones (5 vs 6)—a “Clar
sextet-effect” and a “charge-effect”, respectively. When a Clar
sextet-effect dominates, the compound with more quinoidal
character will have a smaller HOMO—LUMO energy gap (e.g.,
syn-IDBT 2). When a charge-effect dominates, the less charge-
stabilized compound will have a smaller HOMO—-LUMO gap
(e.g, anti-IDBT-S §). A smaller HOMO—LUMO gap often
translates to greater antiaromatic character because the
HOMO-LUMO gap is a denominator in the paramagnetic
term of the equation used to compute magnetic shielding.
Whether a Clar sextet-effect or charge-effect dominates
depends on the electronegativity of the heteroatom(s).

Calculations suggest that the stronger paratropicity of 2
(dark-purple curve, Figure 2b) versus 1 (dark-blue) is the
result of a less aromatic resonance structure (i.e., a “Clar sextet-
effect”). Computed natural bond orbital (NBO) analyses for
the isoelectronic hydrocarbon “dianion” reference analogues of
the benzothiophene-fused s-indacenes (i.e, syn- and anti-
IDBT) show that the dominant resonance form of the syn-
IDBT reference is a quinoidal resonance structure (boxed
structure in Figures 3a and S24 for the NBO output), while
that of the anti-reference displays two Clar sextets in the
terminal benzenoid rings (boxed structure in Figures 3b and
$25 for the NBO output).”® In concert, the computed
NICS(1.7),,, values show a less negative value for 2 (—14
ppm) and a more negative value for 1 (—15 ppm) at the
terminal benzene rings (ring D in Figure 2b). The more
paratropic syn-IDBT also has a smaller computed HOMO—
LUMO gap (1.84 eV) compared to that of anti-IDBT (1.96
eV).

As shown experimentally, IDBT-S 5 and 6 display the
opposite trend, that is, a “charge-effect” dominates. Sulfone 5
(light-blue trace in Figure 2b) is significantly more paratropic
than 6 (light-purple) because the electronegative sulfone
(SO,) groups are placed at topologically disfavored positions,
resulting in a narrower HOMO—LUMO gap and increased
antiaromatic character. As shown in Figure 4, computed

—0.124 1 7 -0.095
-0.095 3 5 —0.124

Figure 4. NPA charges for s-indacene.

natural population analyses (NPA) charges for s-indacene are
the most negative at carbons 2 and 6. Because of this charge
distribution, fused ring arrangements that stabilize negative
charges at carbons 2 and 6 will stabilize the s-indacene core.
When SO, groups are fused to s-indacene in a syn
arrangement, the electronegative SO, groups are placed at
positions that help stabilize negative charges at carbons 2 and
6. For this reason, 6 exhibits a larger HOMO—-LUMO gap
(1.95 eV, Table S1) and decreased paratropicity. When SO,
groups are fused to s-indacene in an anti arrangement, the SO,
groups are connected to carbons 3 and 7 (the least negatively
charged positions), and this stabilizes the s-indacene core to a
lesser extent. As a result, anti-IDBT-S S exhibits a narrower
HOMO-LUMO gap (1.65 eV), that is, increased para-
tropicity. The charge effect described here is akin to the rule of
topological charge stabilization, first proposed by Gimarc to
explain how the placement of heteroatoms in hydrocarbon
frameworks affect the relative stabilities of the possible
isomers.””

It is worth noting that even though both Clar sextet effects
and charge effects are present in the parent and sulfone
compounds, differences in the antiaromatic characters of syn
versus anti-IDBT are dominated by the Clar sextet effect, while
the syn-versus anti-sulfones set is influenced more so by the
charge effect because of the stronger electronegativity of the
sulfones. To further illustrate the competing Clar sextet and
charge effects, the NICS-XY scans of syn- and anti-IDT and
syn- and anti-IDT-S were performed at the same level of theory
(Figures S21 and S22). The scans showed that without the
terminal benzene rings (no Clar sextet-effect), both the IDT
and IDT-S compounds show a more paratropic anti-form
because of a dominating charge effect. It is also worth noting
the more pronounced difference in paratropicity for the IDT-S
pair (Figure S22).

Electronic Absorption Spectroscopy. Sulfones S, 6, and
8 exhibit UV—vis—near-infrared absorption spectra (Figure S)
very similar to their respective thiophene parents (1, 2, and 4).
All of the molecules possess strong absorptions in the range of
300—400 nm. Interestingly, the main difference between the
thiophene and sulfone compounds is displayed in the low-
energy absorptions, where all of the sulfones show a blue-shift
of the main low energy absorption anywhere from 8 nm in
compound 6 to as large as 37 nm in 5. While the 7-extended
nature of the IIDBTSs red-shifts the low-energy absorption
appreciably (~100 nm), IIDBT-S 8 also is blue-shifted 24 nm

https://dx.doi.org/10.1021/acs.joc.0c01387
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Figure S. Electronic absorption spectra of the three stable sulfones §,
6, and 8 and their parent thiophenes 1, 2, and 4 in CHCI; at room
temperature. The spectrum of each sulfone is of a color similar to the
parent compound, with the sulfone having the lighter hue.

compared to parent 4, suggesting all three sulfones possess
slightly larger optical energy gaps. Gratifyingly, the time-
dependent density functional theory-generated absorption
spectra (Figures S4—S7) corroborate these changes for all
sulfones; specifically, the calculations replicate that anti-S
would display a greater blue-shift in the low-energy absorption
than syn-6, a trend also predicted for the naphthalene series
(anti-7 vs syn-8) as well. Another interesting feature observed
for compounds 4 and 8 is a weak absorption shoulder (852
and 866 nm, respectively) in the low-energy absorption due to
a low-lying doubly excited electronic configuration, a common
occurrence in molecules with appreciable open-shell character
(vide infra).***

Electrochemistry. To further probe their electronic
properties, cyclic voltammetry of sulfones 5/6/8 was carried
out in CH,Cl, (Figure 6). The redox behavior of the sulfones

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
V vs. SCE

Figure 6. Cyclic voltammograms of $, 6, and 8.

compared to their thiophene precursors are shown in Figures
S10—S12, with the results compiled in Table 1. All of the
sulfones undergo a reversible first reduction in solution along
with a second reduction that is reversible for 6 and 8 and
pseudoreversible for 5. IDBT-S § and 6 exhibit one irreversible
oxidation, while IIDBT-S 8 displays one reversible oxidation
followed by a second irreversible oxidation. E, 4, values range
from —0.17 to —0.22 V versus the saturated calomel electrode
(SCE) and E_,, values range from 1.18 to 1.60 V versus SCE.
In our prior studies, comparison of the electrochemistry of

parent IDBTs (1 and 2) showed that the syn-IDBT had the
narrower HOMO—LUMO energy gap, in agreement with the
fact that 2 was more antiaromatic.”” Whereas the HOMO
levels of 1 and 2 are comparable, 2 has a lower LUMO leading
to the decreased energy gap. In the case of the IDBT-S, the
trend is reversed—the LUMOs of § and 6 are essentially equal
in energy, but it is the higher-in-energy HOMO that leads to
the decreased electrochemical energy gap in S. Given that
HOMO-LUMO energy gaps generally narrow with increased
antiaromaticity, this supports the finding that once oxidized, §
is the more antiaromatic of the two. These experimental
observations are well-reproduced by quantum chemical
calculations (Table S1). Gratifyingly, the electrochemical
data for 8 match DFT calculations well, in that the
HOMO-LUMO energy gap is calculated to be approximately
1.52 €V, and the experimental value was 1.38 eV. As with the
benzene-core sulfones, the HOMO and LUMO energy levels
experimentally and computationally are overall lower (more
negative) for syn-IIDBT-S 8 when compared to the parent syn-
IIDBT 4. A general trend from these studies is that all three
sulfones possess overall lower-energy HOMO and LUMO
levels (HOMO < —5.8 eV, LUMO < —4.4 eV) relative to the
parent thiophenes (HOMO < —5.3 eV, LUMO < —3.8 eV).

Solid-State Structures. To gain insight into the molecular
structure of the electronically altered sulfones, single crystal
XRD and subsequent bond length analysis of the structures
was performed. Slow diffusion of CH3;CN into CHCI,
solutions of the corresponding compounds gave deep violet
crystals of 5-Mes and 9, whereas to attain strongly diffracting
crystals for 6 and 8, 3—5 mg of the target compound was
dissolved in a 15:1 mixture of CHCl; and CH;CN, which then
slowly evaporated over several weeks to obtain suitable crystals
for XRD.”” The resultant structures and calculated geometries
(Figures S27—S30) are shown in Figure 7. Whereas molecules
of 5-Mes pack roughly as 1D stacks with a distance of 3.51 A
between the average planes of the central fragments (Figure
S14), 6, 8, and 9 pack as isolated molecules with no close 7—x
contacts because of the orientation of the bulky t-Mes groups
and/or the presence of solvent molecules (Figures S16, S18,
and S20). As is typical of benzene- and naphthalene-based
quinoidal systems, the molecules show distinct bond
alternation about the antiaromatic core. Surprisingly, the
bonding pattern in both the IDBT-S and IIDBT-S is flipped as
a result of oxidation, as depicted in Figure 8. In fact, out of 50+
X-ray structures of our quinoidal molecules obtained over the
past decade,” the three sulfones are the only molecules to
have this flipped arrangement. Nonetheless, all the exper-
imental bond lengths (black numbers in Figure 7) of the
hydrocarbon cores are in relatively good agreement with the
predicted values (<0.01 A, blue numbers). All four structures
possess bond lengths that suggest the two external six-
membered rings behave as isolated benzenes, in line with the
NICS-XY scans. All three sulfone structures display asym-
metric carbon—sulfur bond lengths on either side of the S atom
where the shorter bond is from the sulfone to the core.
Interestingly, the computations overestimate all of the C—S
bond lengths by ~0.03 A. The bond lengths for 9, which are
only experimental numbers, are typical of those found in a
ring-fused naphthalene.

As depicted in Figure 8a, the bond alternation pattern in all
three sulfones changes from the “normal” arrangement (left) to
the “flipped” arrangement (right), and the computations
corroborate these findings. Plunkett and co-workers discovered
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Table 1. Cyclic Voltammetry Data for Thiophenes 1, 2, and 4 and Sulfones S, 6, and 8

cmpd Eq (V) Eeqr (V) Eg (V)
anti-IDBT (1) -1.72 -0.87 0.84
anti-IDBT-S (5) —1.08 —-0.22 1.44
syn-IDBT (2) —-1.37 -0.75 0.86
syn-IDBT-S (6) —0.96 —0.17 1.60
syn-1IDBT (4) —-1.23 —0.67 0.66
syn-IIDBT-S (8) —0.82 -0.20 1.18

“CVs were recorded at a scan rate of 50 mV s

Eqo (V) Eyomo (eV) Erumo (eV) gap (eV)
1.32 —5.52 —3.81 1.71
—6.12 —4.46 1.67
1.57 —5.54 -3.93 1.61
—6.28 —4.51 1.77
1.09 —5.34 —4.01 1.33
1.55 —5.86 —4.48 1.38

with a glassy carbon working electrode, Pt coil counter electrode, and Ag wire pseudoreference. All

data were collected in degassed CH,Cl,, and ferrocene was used as an internal reference. Potentials were referenced to the SCE by using the Fc/Fc*

half-wave potential (Fc/Fc* = 0.46 C vs SCE).
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Figure 7. X-ray structures of (left to right) sulfone derivatives 5-Mes, 6, and 8 and decomposition product 9 with selected bond lengths (4;
experimental values in black, calculated values in blue); ellipsoids drawn at the 50% probability level. Experimental numbers for 6 represent the

average value from two crystallographically independent molecules.
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a similar bonding pattern reversal for an acenaphthylene-fused
pentalene, but their rationale of the molecule adopting the
[S]radialene orientation of the double bonds similar to C4, and
related “buckybowls”*’ is clearly not applicable for our
molecules. While calculations identified only a bond-flipped
structure for 6, two minima structures were found for 5—a
higher-energy structure with the normal bond alternation
pattern and a flipped structure that was 1.5 kcal mol™" lower in
energy.”” NICS-XY scan calculations of § and its normal
bonding pattern isomer 5% provide a plausible explanation
(Figure 8b) for the bond-flipped behavior: whereas the NICS
scan of 5 shows reduced paratropicity compared to s-indacene,
the NICS scan of $* suggests that a normal bond alternation
arrangement would afford a molecule with greater paratropicity
than s-indacene. Because antiaromaticity is a destabilizing
feature, the sulfones simply adopt a bond alternation pattern to
minimize their paratropicity and thus maximize their overall
stability. Computational reevaluation of the Plunkett group’s
pentalene using NICS-XY scans (Figure S23) reveals that
flipping of the bond alternation pattern results in a significant
reduction in paratropicity compared to normal pentalene
bonding, a result consistent with the above arguments.
Diradical Character of 8. We recently disclosed the
synthesis and characterization of IIDBTs 3 and 4, which are
rare examples of singlet ground-state diradicaloids that
required heating to 100—150 °C in order to access their
triplet spin state.”°” The uniquely large singlet-triplet energy
gaps (7—8 kcal mol™') that the IIDBTs display are in part
explained by the electronic repulsion of the lone pairs on the
sulfur atoms. If we were to remove participation of the sulfur
lone pairs by changing them into sulfones as in 7 and 8, we
would expect an accompanying change in the singlet-triplet
energy gap (AEgr) and the diradical character index (y). As
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shown in Table S2, the computational results reveal that
sulfone formation slightly decreases y (anti —0.012, syn
—0.006) and increases AEgr, more so for the anti isomers (3
— 7, AAEg; = 0.88 kcal mol™") than the syn isomers (4 — 8,
AAEg; = 0.23 keal mol™). These results are also in line with
the linear (3/7) versus cross conjugation (4/8) arguments of
the S atom with respect to the radical center accounting for the
differences in IIDBT magnetic properties, that is, cross
conjugated 4/8 should be affected less than linearly conjugated
3/7.

Although isolation of anti-IIDBT-S 7 proved elusive, we
explored the diradical nature of syn-sulfone 8 first by variable
temperature (VT) proton NMR spectroscopy. Based on its
calculated AEgp (—8.29 kcal mol™), one would expect the
need for slightly higher temperatures to populate the triplet
state when compared to syn-IIDBT 4 (—8.06 kcal mol™"). Like
its parent thiophene, sulfone 8 also displayed solubility issues
at room temperature in either 1,1,2,2-tetrachloroethane-d,
(Figure S1) or 1,2-dichlorobenzene-d, (Figure S2). As was
the case with 4, thermal broadening of the aromatic proton
NMR signals of 8 (Figures 9a and S3) began at 75 °C, and
resolution of the signals was almost lost by 125—130 °C.
Interestingly, once the sample was cooled back to 25 °C, the
solubility of 8 was greatly enhanced, and the signals could be
completely assigned. Similar to the computations, these
qualitative results suggest that compounds 4 and 8 have very
similar singlet-triplet energy gaps.

8.2 8.1 8.0 7.9 7.8 7.7 7.
a 5 (ppm)

0.018 7

heating scan s
cooling scan

0.016%
0.014*2
0.0125
0.010—2
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300 350 400 450 500 550 600
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Figure 9. (a) VT '"H NMR spectra of the aromatic region of 8 in
1,1,2,2-tetrachloroethane-d,. (b) SQUID magnetometry data for 8 in
the solid state (circles) along with the corresponding Bleaney—
Bowers fits of the heating and cooling curves (solid lines).

To experimentally examine the magnetic properties of the
sole open-shell sulfone, superconducting quantum interference
device (SQUID) magnetometry was performed on a sample of
8. The magnetic properties of 8 were measured up to ~580 K
(Figure 9b), as the compound was shown by thermogravi-
metric analysis (TGA) to be stable at elevated temperatures
(Figure S31). The SQUID signal was subjected to the
Bleaney—Bowers fitting,* from which the singlet-triplet energy
gap was calculated to be —6.5 kcal mol ™}, which is the average
of two sets of heating and cooling experiments. With changes
of <3% between the heating and cooling runs, these results are
indicative of the thermal resilience of 8 at high temperatures.
Although somewhat lower than the calculated AEg; (—8.29
kcal mol™"), the experimental value, much like in the case of
IIDBTs 3 and 4, supports the hypothesis of an open-shell
molecule with a ground-state singlet and an accessible triplet
state only at elevated temperatures.

B CONCLUSIONS

A small family of benzothiophene-derived sulfones has been
synthesized and fully characterized using a late-stage
modification approach. Through the use of a single chemical
transformation, we are able to alter the antiaromaticity in our
IDBTs and the diradical character and related properties in
syn-IIDBT. This work highlights the development of late-stage
modification methods to impart meaningful change in
properties without time-consuming alteration of the synthetic
route. These resulting changes in antiaromaticity are trackable
through proton NMR spectroscopy, NICS-XY scan calcu-
lations, and electrochemistry. The CV data show that while
such modification increases the HOMO—LUMO energy gaps
to a small degree, it lowers the HOMO and LUMO energy
levels by 0.5—0.6 eV. The most significant change upon sulfone
formation is flipping of the bond alternation pattern within the
indacene core, as this relieves the potential destabilizing effects
of enhanced paratropicity if the bond alternation where to
retain a normal pattern. Notably, late-stage modification has
provided an additional way to tune the diradical character and
singlet-triplet energy gap of our ever-expanding series of
diradicaloids,”***>** garnering new hope for the implemen-
tation of diradicals into organic devices. Work is under way to
develop additional late-stage modification approaches to fine-
tune antiaromaticity and diradical character and related
properties in our indeno[1,2-b]fluorene-derived scaffolds and
to integrate some of these molecules into OFETs.

B EXPERIMENTAL SECTION

General Procedures. All air-sensitive manipulations were carried
out under an inert nitrogen gas using the standard Schlenk technique.
For moisture-sensitive reactions, tetrahydrofuran (THF) and toluene
were refluxed with Na benzophenone ketyl for 24 h prior to
distillation and use. Silica gel (240—300 mesh) was used for column
chromatography. All other reagents were purchased and used as
received. NMR spectra were recorded using a Bruker AVANCE III
HD 500 equipped with a Prodigy Multinuclear Cryoprobe ('H: 500
MHz) or Bruker AVANCE III HD 600 equipped with a Prodigy
multinuclear cryoprobe ('H: 600 MHz, *C: 151 MHz) NMR
spectrometer at room temperature (unless otherwise noted). 'H and
BC NMR chemical shifts (§) are expressed in ppm relative to the
residual nondeuterated solvent reference (CDCly: 'H 7.26 ppm, *C
77.16 ppm; CD,Cl,: 'H 5.32 ppm, "*C 53.84 ppm; DMSO-dg: 'H
2.50 ppm, "*C 39.52 ppm). UV—vis spectra were recorded using an
Agilent Technologies Cary 60 UV—vis spectrometer in HPLC grade
CHCl,. 4-tert—Butyl—2,6—dimethylbromobenzene,81 diones 10—11,>"¢7
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diones 12—13,°%%% and 1-Mes*”®” were prepared according to the
literature.

General Procedure A: Preparation of Quinoidal Com-
pounds 1—4. A flame-dried round bottom flask was charged with
4-tert-butyl-2,6-dimethylbromobenzene (6 equiv) dissolved in dry
THF that was then cooled to —78 °C. Once the temperature was
reached, n-BuLi (5.5 equiv) was added dropwise and the organo-
lithiate was stirred at =78 °C for 1 h. Meanwhile, in a separate flame-
dried round bottom flask, a suspension of dione (1 equiv) in dry THF
was also cooled to =78 °C to which the organolithiate was transferred
via a cannula. The reaction was gradually warmed to room
temperature overnight. The reaction was quenched with sat. NH,CI
solution, and the organics were extracted with dichloromethane
(DCM) (3%). The combined organic layer was then washed with
H,O and brine, dried (MgSO,) and concentrated in vacuo. A short
plug over SiO, purified the resultant diols, which were carried on to
the reductive dearomatization without further purification or
characterization.

In a round-bottom flask, the crude diol (1 equiv) and anhydrous
SnCl, (4 equiv) were dissolved in dry toluene. TFA (3 drops,
catalytic) was added to the mixture which was then stirred for 4 h.
The reaction was monitored via TLC (9:1 hexanes/DCM). Once the
reaction was complete, the mixture was concentrated to ~10 mL and
then poured over a silica plug, eluting with 1:1 hexanes/DCM to
collect the crude reduced compounds. Column chromatography using
an eluant of hexanes and DCM (see each compound for specific
details) afforded the purified title compounds.

General Procedure B: Preparation of Sulfones. A flame-dried,
foil-wrapped round-bottom flask equipped with a Claisen head was
charged with compounds 1—4 (1 equiv) and dry DCM. To this,
mCPBA (6 equiv) was added in three portions over a 30 min period.
After stirring at room temperature for 21 h, the reaction was
quenched with a 10% KOH solution, and the organics were extracted
using DCM (3%). The combined organic layers were washed with
brine, dried (MgSO,), and then concentrated to dryness. Column
chromatography using a mixture of hexanes and DCM as the eluant
(see each compound for specific details) afforded the purified title
compounds.

anti-IDBT 1. Following general procedure A, the lithiate generated
from 4-tert-butyl-2,6-dimethylbromobenzene (0.92 g, 3.80 mmol) in
THF (10 mL) and n-BuLi (2.2 mL, 3.49 mmol) was added to dione
10 (0.25 g, 0.63 mmol) in THF (20 mL) to produce the intermediate
diol. A short SiO, plug using hexanes removed the nonpolar
impurities, followed by 1:3 DCM/hexanes to collect the first
diastereomer and pure DCM to collect the second diastereomer.

Following general procedure A, the diol mixture and SnCl, (0.30 g,
4 equiv) were reacted in rigorously degassed and dry toluene (40
mL). After the initial plug, column chromatography on SiO, using
15% DCM/hexanes gave 1 (138 mg, 32% from dione) as a deep-
purple solid. 'H NMR (600 MHz, CDCL;): § 7.47 (d, ] = 7.9 Hz,
2H), 7.16 (s, 4H), 7.01 (t, ] = 6.9 Hz, 2H), 6.96 (t, ] = 7.5 Hz, 2H),
6.57 (dd, J = 8.0, 1.3 Hz, 2H), 6.09 (s, 2H), 2.36 (s, 12H), 1.39 (s,
18H). C{'H} NMR (151 MHz, CDCL,): § 150.9, 148.1, 147.6,
143.7, 143.0, 136.7, 136.0, 133.0, 131.5, 129.8, 125.9, 125.4, 124.4,
123.8, 123.5, 120.6, 34.4, 31.4, 20.9. HRMS (TOF ES*) (m/z): calcd
for C4sH,sS, (M + H)*, 685.2963; found, 685.2939.

anti-IDBT-sulfone 5. Following general procedure B, 1 (90 mg,
0.13 mmol) was reacted with mCPBA (135 mg, 0.79 mmol) in dry
DCM (15 mL). After the basic aqueous workup, the crude sulfone
was purified by flash column chromatography using 45% DCM/
hexanes as the eluant to give 5 (41 mg, 54%) as a vibrant purple solid
with a blue sheen. '"H NMR (500 MHz, CDCL;): § 7.66 (d, J = 8.2
Hz, 2H), 7.38 (t, ] = 8.0 Hz, 2H), 7.35 (td, ] = 7.5, 1.2 Hz, 2H), 7.14
(s, 4H), 6.59 (d, ] = 7.5 Hz, 2H), 6.03 (s, 2H), 2.34 (s, 12H), 1.38 (s,
18H). C{'H} NMR (126 MHz, CDCl;): § 1522, 146.6, 146.4,
144.9, 142.3, 140.7, 135.7, 133.5, 130.73, 130.70, 129.3, 128.0, 126.9,
125.0, 122.0, 121.8, 34.5, 31.2, 20.8. HRMS (TOF ES*) (m/z): calcd
for CugH,50,S, (M + H)*, 749.2759; found, 749.2747.

anti-IDBT-sulfone 5-Mes. Following general procedure B, 1-Mes
(81 mg, 0.13 mmol) was reacted with mCPBA (135 mg, 0.79 mmol)

in dry DCM (10 mL). After the basic aqueous workup, the crude
sulfone was purified by flash column chromatography using 4:1
DCM/hexanes as the eluant (because of lower solubility of the
mesityl groups) to give S-Mes (52 mg, 58%) as a deep-purple solid.
'"H NMR (600 MHz, CDCL,): 6 7.65 (d, ] = 7.6 Hz, 2H), 7.39 (t, ] =
7.6 Hz, 2H), 7.34 (t, J = 7.7 Hz, 2H), 6.97 (s, 4H), 6.59 (d, ] = 7.7
Hz, 2H), 6.01 (s, 2H), 2.36 (s, 6H), 2.31 (s, 12H). BC{*H} NMR
(151 MHz, CDCL,): 5 146.7, 146.4, 145.2, 142.6, 140.9, 139.3, 136.4,
133.7, 130.9, 130.8, 129.5, 128.9, 128.1, 127.1, 122.1, 122.0, 21.3,
20.6. HRMS (TOF ES*) (m/z): caled for C,,H;30,S, (M + H)Y,
665.1821; found, 665.1812.

syn-IDBT 2. Following general procedure A, the lithiate generated
from 4-tert-butyl-2,6-dimethylbromobenzene (0.92 g, 3.80 mmol) in
THF (10 mL) and n-BuLi (2.2 mL, 3.49 mmol) was added to dione
11 (0.25 g, 0.63 mmol) in THF (20 mL) to produce the intermediate
diol. A short SiO, plug using hexanes removed nonpolar impurities,
followed by 30% DCM/hexanes to collect the first diastereomer and
pure DCM to collect the second diastereomer.

Following general procedure A, the diol mixture and SnCl, (0.39 g,
4 equiv) were reacted in rigorously degassed and dry toluene (4S
mL). After the initial plug using 1:9 DCM/hexanes, preparatory TLC
(1:3 DCM/hexanes) afforded 2 (164 mg, 38% from the dione) as a
teal solid. Because of the low solubility of the title compound (peaks
are of the same magnitude as that of the *C satellite peaks), the
residual solvent peaks are greatly exaggerated. "H NMR (600 MHz,
CDCL,): 6 7.45 (d, ] = 8.1 Hz, 2H), 7.36 (d, ] = 8.0 Hz, 2H), 7.14 (s,
4H), 7.11 (t, ] = 7.2 Hz, 4H), 7.04 (t, ] = 7.3 Hz, 2H), 6.06 (s, 2H),
2.45 (s, 12H), 1.39 (s, 18H). C{*H} NMR (151 MHz, CDCl,): §
1512, 148.1, 147.1, 146.6, 140.9, 137.5, 136.1, 134.9, 133.4, 129.4,
1252, 1247, 124.4, 1243, 123.9, 121.8, 34.5, 31.4, 21.0. HRMS
(TOF ASAP*) (m/z): calcd for CysH,sS, (M + H)*, 685.2963; found,
685.2931.

syn-IDBT-sulfone 6. Following general procedure B, 2 (0.27 g,
0.40 mmol) was reacted with mCPBA (275 mg, 1.59 mmol) in dry
DCM (40 mL). After the basic aqueous workup, the crude sulfone
was purified by flash column chromatography using 2:1 DCM/
hexanes as the eluant to give 6 (72 mg, 23%) as a bluish-violet solid.
'"H NMR (600 MHz, CDCL,): § 7.76 (dd, J = 7.2, 1.5 Hz, 2H), 7.62
(td, J = 6.6, 1.5 Hz, 2H), 7.60—7.55 (m, 4H), 7.17 (s, 4H), 6.91 (s,
2H), 2.40 (s, 12H), 1.38 (s, 18H). *C{'H} NMR (151 MHz,
CDCL): 6 1523, 147.9, 147.4, 146.8, 143.5, 138.7, 136.7, 133.7,
132.6, 131.6, 128.9, 126.8, 125.9, 125.6, 125.1, 122.9, 34.9, 31.7, 21.2.
HRMS (TOF ES*) (m/z): caled for C,H,0,S, (M + H)T,
749.2759; found, 749.2749.

anti-lIDBT 3. Following general procedure A, the lithiate
generated from 4-tert-butyl-2,6-dimethylbromobenzene (0.61 g, 2.52
mmol) in THF (20 mL) and #-BuLi (1.5 mL, 2.36 mmol) was added
to dione 12 (0.14 g, 0.32 mmol) in THF (20 mL) to produce the
intermediate diol. A short SiO, plug using hexanes removed nonpolar
impurities, followed by 2:3 DCM/hexanes to collect the first
diastereomer and pure DCM to collect the second diastereomer.

Following general procedure A, the diol mixture and SnCl, (0.20 g,
4 equiv) were reacted in rigorously degassed and dry toluene (40
mL). After the initial plug using 1:9 DCM/hexanes, the filtrate was
concentrated. The solid was rinsed with cold MeCN (3X), and 3 was
isolated as a deep-purple solid (97 mg, 42% from the dione). NMR
spectra and mass spectrum matched the data previously reported.*

Benzothiazine Dioxide 9. Compound 3 (0.18 g, 0.25 mmol, 1
equiv), UHP (0.24 g, 2.52 mmol, 10 equiv), and phthalic anhydride
(0.37 g 2.52 mmol, 10 equiv) were added to a flame-dried round-
bottom flask equipped with a reflux condenser under an N,
atmosphere. Dry EtOAc (25 mL) was added, and the reaction
mixture was heated in a sand-filled heating mantle to 90 °C for 24 h.
The reaction mixture was quenched with saturated Na,SO; solution,
and then, the organics were extracted with DCM (3x). The organics
were washed sequentially with 1 M NaOH, H,O, and brine, dried
(MgSO,), and concentrated in vacuo. Purification by preparatory
TLC (DCM) and collecting the vibrant purple band with an R of 0.5.
furnished 9 (22 mg, 11%) as a purplish-red solid. '"H NMR (600
MHz, CDCL,): 6 8.09 (s, 2H), 8.05 (d, J = 7.8 Hz, 2H), 7.48 (t, ] =
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7.5 Hz, 2H), 7.33—7.27 (m, 6H), 7.13 (s, 2H), 6.94 (d, ] = 8.2 Hz,
2H), 2.15 (s, 12H), 1.44 (s, 18H). *C{'H} NMR (151 MHz,
CDCly): 6 1712, 157.9, 153.4, 142.4, 138.1, 134.6, 134.2, 133.2,
130.2, 128.5, 127.5, 126.4, 126.1, 125.1, 124.9, 120.9, 35.1, 31.7, 20.5.
MS (TOF ES*) (m/z): caled for C4,H,,N,0,S, (M + H)*, 827.2977;
found, 827.2997.

syn-lIDBT 4. Following general procedure A, the lithiate generated
from 4-tert-butyl-2,6-dimethylbromobenzene (0.82 g, 3.37 mmol) in
THF (10 mL) and n-BuLi (1.9 mL, 3.09 mmol) was added to dione
13 (0.25 g, 0.56 mmol) in THF (20 mL) to produce the intermediate
diol. A short SiO, plug using hexanes removed nonpolar impurities,
followed by 45% DCM/hexanes to collect the first diastereomer and
pure EtOAc to collect the second diastereomer.

Following general procedure A, the diol mixture and SnCl, (0.39 g,
4 equiv) were reacted in rigorously degassed and dry toluene (45
mL). After the initial plug using 1:9 DCM/hexanes, preparatory TLC
of the crude material using 1:3 DCM/hexanes as the eluant gave 4
(149 mg, 36% from the dione) as a green solid. NMR spectra and
mass sgectrum matched those of the previously reported com-
pound.®

syn-lIDBT-sulfone 8. Following general procedure B, 4 (0.11 g,
0.15 mmol) was reacted with mCPBA (210 mg, 1.21 mmol) in dry
DCM (20 mL). After the basic aqueous workup, the crude sulfone
was purified by flash column chromatography using 2:1 DCM/
hexanes as the eluant to give 8 (58 mg, 48%) as a greyish-purple solid.
'"H NMR (500 MHz, CDCL): 6 7.83 (s, 2H), 7.76—7.73 (m
(overlapping dd), 4H), 7.58 (td, ] = 7.7, 1.1 Hz, 2H), 7.48 (t, ] = 7.4
Hz, 2H), 7.24 (s, 2H), 7.16 (s, 4H), 2.29 (s, 12H), 1.38 (s, 18H).
BC{'H} NMR (151 MHz, CDCL): § 152.1, 145.8, 142.3, 142.1,
141.4, 140.1, 136.9, 136.5, 135.4, 133.8, 131.1, 130.2, 130.0, 127.4,
127.1, 125.0, 124.0, 123.0, 34.9, 31.7, 21.0. HRMS (TOF ES*) (m/z):
caled for Cs,H,40,S, (M)*, 798.2838; found, 798.2831.
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