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ABSTRACT: Inclusion of quinoidal cores in conjugated hydrocarbons is a
common strategy to modulate the properties of diradicaloids formed by
aromaticity recovery within the quinoidal unit. Here we describe an alternative
approach of tuning of diradical properties in indenoindenodibenzothiophenes
upon anti — syn isomerism of the benzothiophene motif. This alters the
relationship of the S atom with the radical center from linear to cross
conjugation yet retains the same 2,6-naphtho conjugation pattern of the
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rearomatized core. We conduct a full comparison between the anti and syn 0ga00g000
derivatives based on structural, spectroscopic, theoretical, and magnetic 300 350 400 450 500 550 600 650 700
measurements, showing that these systems are stable open-shell singlet T(K)

diradicaloids that only access their triplet state at elevated temperatures.

B INTRODUCTION features, such as the presence of donor and acceptor groups’
and the flexibility of the rearomatized core,” this quinoidal
strategy represents the first and simplest method for tuning the
electronic and magnetic properties of diradicaloids and has
resulted in a wide range of AEgr values in the literature.”
Adherence to this strategy has resulted in a shotgun approach
focused on the synthesis of diversiform quinoidal topologies
for the design of Kekuléan diradicaloids.” A more deliberate
tactic for tuning AEgp requires consideration of additional

The subject of open-shell character and its interplay with the
fundamental properties in polycyclic hydrocarbons' is a topic
of high relevance to organic electronics.” Among molecules
possessing open-shell character, diradicals® in particular have
garnered substantial attention, as they have been proposed as
candidates for a variety of materials applications, such as
ambipolar organic field effect transistors, singlet fission in
organic photovoltaics, and organic spintronics.” The design of

Kekuléan diradicals is mainly based on a quinoidal core that electronic factors that could provide further improvement of
upon recovery of aromaticity stabilizes the open-shell form the broader quinoidal strategy. We posit that a “structure
(Figure 1).” Depending upon the length of the quinoidal motif, refinement approach”, based on subtle/minor alteration of
the diradical character index (y)6 and its closely related

observable property, the singlet—triplet energy gap (AEgr), Received: November 4, 2019
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Figure 1. Chemical structures of anti-IIDBT (1) and syn-IIDBT (2).
All canonical forms possess 2,6-naphtho conjugation (bold bonds). In
boxes, linear conjugation (left, Li and Lk) vs cross conjugation (right,
Ci and Ck) dispositions of the labeled ijkl atoms where delocalization
of the radical centers to the k atoms disrupts thiophene aromaticity.

molecular geometry yet with retention of the same quinoidal/
diradical core might allow a more rational modulation of AEgr.

We recently reported the anti-indenoindenodibenzo-
thiophene diradicaloid 1 (anti-IIDBT, Figure 1)’ with a
medium—large y value (0.61; PUHF/6-311G* level of theory)
and a large AEgr (—8.0 kcal mol™'; experimental magnetic
susceptibility measurements). Theoretical examination of the
molecular parameters involved in the y—AEg: connection
found that the position of the sulfur atom (i.e., its lone 7z-
electron pair) relative to the radical center plays a key role
increasing AEgr at constant y. Analysis of the syn-IIDBT (2)
regioisomer therefore became necessary to confirm the
theoretical predictions. In the IIDBTSs anti- and syn- denote
the position of the sulfur atom relative to the apical carbon
(carbon i, Figure 1) of the five-membered ring, where the
radical can delocalize from i to atom k in each isomer
(canonical forms Li—Lk and Ci—Ck). It is important to note
that the 2,6-naphtho conjugation path of the radicals is
consistent in both 1 and 2, enabling direct comparison of the
effects of the sulfur positioning. Linear conjugation of the
sulfur and the radical along the path ijkl (Li and Lk) in 1 is in
contrast to cross-conjugation along ijk in 2 (Ci and Ck), and in
forms Lk and Ck the thiophene aromaticity is broken, all of
which highlight the changing role of the sulfur to act
electronically on the radical centers. As a result, this scenario
could offer the desired “tuning” of AEgy consisting of (i) the
relative through-bond separation between the sulfur and the
radical center that are three and one atoms apart in Li and Lk
(Figure 1, 1) compared to two atoms apart in Ci and Ck
(Figure 1, 2) and (ii) the change in the conjugation mode
(linear vs cross) between the S lone pair and the radical as
discussed above.

Previously reported carbon-based diradicaloid regioisomers
have illustrated stark differences in properties that result from
making small geometric changes to a molecule; however, in
most of these existing cases, structural isomerism concom-
itantly changes the conjugation pattern, thus altering the
diradical character based on the quinoidal character of the
molecule.'” For instance, the known dibenzoheptazethrene
isomers (Figure 2) exhibit a marked difference in magnetic
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5,6:13,14-Dibenzoheptazethrene — open shell

Figure 2. Diradical resonance forms of the hydrocarbon core of the
two known dibenzoheptazethrene regioisomers.

properties: whereas the 5,6:13,14-regioisomer displays pro-
nounced open-shell character, the 1,2:9,10-isomer is closed
shell.'™ This difference is exacerbated in the indenofluorene
family,”‘12 as there is the possibility of either para, meta, or
ortho conjugation between the radical centers (Figure S1),
which imparts significant changes in the magnetic structure to
the extent that, from one isomer to another, the ground
electronic state can even change from singlet to triplet.'"
Furthermore, substituent type and placement on the hydro-
carbon backbone very often vary within the isomer series, thus
diminishing meaningful comparison of molecule electronic and
magnetic properties.md’f_i Structural isomerism in nitrogen-
(verdazyl) and oxygen-based (nitroxide) diradicals has also
been reported, but in these cases there is little effect on
magnetic properties, as the radical centers are not conjugated
to the backbone."*

Unlike previous examples, the relationship of the radical
centers in this current study, namely, 2,6-conjugation, and the
bond of benzothiophene fusion (jk in Figure 1) are identical in
both 1 and 2, thus meaning that only a single parameter that
could influence magnetic properties is altered. Herein we
report the synthesis of the syn-IIDBT isomers 2a, 2b, and 2cH,
as well as new anti-IIDBT 1b (Chart 1) and computationally
and experimentally corroborate that varying the benzothio-

Chart 1

1a,Ar= 2,4,6-MG3CGH2
1b, Ar = 4-+-Bu-2,6-Me,CeHa
1d, Ar = 2,4,6--PrsCgHo

2a,Ar= 2,4,6-MS3CGH2
2b, Ar = 4-£-Bu-2,6-Me,CgHs

1cHy, Ar=4-t-BuCgH,

2cH,, Ar=4-t-BuCgHy4
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phene subunit from anti to syn orientation in the IIDBT
scaffold is an efficient strategy to modulate AEgr.° In addition,
we demonstrate that these molecules are stable singlet
diradicaloids at room temperature and only access the triplet
state at elevated temperatures, where they are stable upward of
375—400 °C.

B RESULTS AND DISCUSSION

Computations. Quantum chemical calculations have been
performed to explore the validity of our hypothesis. Equation 1
provides, in the two-electron diradical model,

U 1 U
AEST = ? 1- ﬁ + 2Kab = ?fST(y) + 2Kub
(1)
the dependence of AEg; on y (defined in Equation 2)
1
Y=l ——
U
L+ (4%) (2)

in terms of U (the difference between on- and intersite
Coulomb repulsions), t,, (the transfer integral) and K, (direct
exchange integral), where a and b define the electrons in the
localized natural orbitals. Table 1 summarizes the main
theoretical data for both 1 and 2 (see the Supporting
Information for additional details in Table S1).

Table 1. Theoretically Estimated y and AEg; Values
Together with the Main Physical Parameters

A e Ity 2K,
y“'b (keal mol ™) (eV) (eV) (eV)
1 0.613 —-8.77 1.563 1.031 0.165
2 0.658 —8.06 1.404 0.905 0.130

“Geometry optimization for the singlet/triplet states and frequency
analyses were performed at the R- and UB3LYP/6-311G* levels,
respectively. “Calculated at the PUHF/6-311G* level. “Adiabatic
AEgy value calculated at the spin-flip noncollinear (SF-NC)-TDDFT
PBES050/6-311G* level along with R- or UB3LYP/6-311G* zero-
point vibrational energy correction for each spin state. “Estimated at
the CASCI(2,2)/6-311G* level using the (tuned-)LC-RBLYP MOs
(denoted as tuned-LC-RBLYP-CASCI(2,2)/6-311G*). Additional
details are given in the Supporting Information.

The computational results reveal that anti — syn isomerism
slightly increases y and decreases AEgy, the mechanism of
which can be discussed by evaluating the integral parameters
(see Table S1 for details of the integral evaluations). For

proper disjoint orbitals, such as in our case, K, < %fST );

hence, according to the values in Table 1, the term containing
U and t,, is the dominant factor as far as AEgr is concerned.
Thus, the increase in U/t in 2 (3.10) compared to U/t,, in 1
(3.03) anticipates a moderate increase of y in the syn isomer
and a concomitant decrease in AEgr. The Uy, < U, reveals
that the repulsive terms between the radical and the sulfur
decrease in 2, which can be explained by the location of the
radical center relative to the sulfur in cross conjugation
compared to linear conjugation in 1 (see bold paths in the
boxes of Figure 1). In addition, ty-syn < ty-anti is due to
enlargement of the interaction distance between the two
radicals in the delocalized forms Lk and Ck. Form Ck is

possible in 2 because of the same cross-conjugation effect,
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while in the case of 1, this delocalized form is less feasible due
to geminal repulsion between the radical and the sulfur. To
further corroborate this description, Figure 3 shows the odd-
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Figure 3. Odd-electron density maps for 1a (left) and 2a (right) with
contour value 0.0005 au calculated at the tuned-LC-RBLYP-
CASCI(2,2)/6-311G* level. Mulliken population analysis for the
odd-electron density on the relevant carbon and sulfur atoms of the
linear and cross-conjugated paths is shown on top.

electron density maps for 1 and 2, which indicate very little
amplitude on the S atom of 2 yet rather large amplitude in the
same heteroatom in 1 (see Figure S2 for the HONO/LUNO
orbitals and Figure S3 for the Mulliken population analysis).
This illustrates the effect of the cross-conjugation mode in the
syn isomer, which isolates the sulfur from the radical
conjugation paths. All these factors contribute to a suitable
modulation of AEgr, thus fulfilling our purposes in this study.

In solid-state physics, the Hubbard model" successfully
accounts for the electronic properties of conductive and
semiconducting 7-conjugated materials in which two basic
electronic parameters are considered among the interacting
electrons, namely, the transfer integral, t, and the repulsion
term U. One prediction of the model is that the semi-
conducting energy gap increases with increasing U and
decreases with increasing ¢ (a nice case of this U versus ¢
balance is the Mott metal—insulator transition'®). This
description is very similar to that employed in the two-
electron model for our case. Here, although t,, is not equal for
both isomers, the increase of electronic repulsion U in 1
compared to 2 enlarges the observed magnetic AEgr gap on 2
— 1. This comparison nicely discloses the close correspond-
ence between solid-state physics and molecular physics to
address closely related phenomena.

Synthesis. Encouraged by the promising theoretical
predictions, the syn-IIDBTs 2 were prepared via a similar
synthetic route used for 1. Starting from known bistriflate 3"/
(Scheme 1), Suzuki—Miyaura cross-coupling with benzothio-
phene 3-boronpinacolate ester'® furnished diester 4 in an 87%
yield. Saponification of 4 followed by acyl chloride formation
and then intramolecular Friedel—Crafts acylation yielded
essentially insoluble dione S. Reaction of § with mesityllithium
at —78 °C gave the penultimate diol, which is then reductively
dearomatized using SnCl, in rigorously anaerobic and
anhydrous reaction conditions to afford fully conjugated,
deep green 2a in modest yield. Use instead of 2,6-dimethyl-4-
tert-butylphenyllithium or 4-tert-butylphenyllithium gave syn-
IIDBTs 2b and 2cH,, respectively, with the latter structure
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Scheme 1. Synthesis of syn-IIDBTs 2

TfOCOzMe 2CH,, Ar = 4-t-BuCgHy (23%)
Me0,C oTf
3

S Pd(OAc),
\ SPhos, K3PO4
toluene, H,O

He+ source
(for 2c)

2a, Ar=2,4,6-Me3CgH, (20%)
2b, Ar = 4-t-Bu-2,6-Me,CgH, (22%)

Bpin 2c, Ar=4-t-BuCgH, (—)

1. ArLi, THF
-78°C

2. 8SnCl,, TFA
toluene

4 (87%)

1. NaOH, EtOH, H,0
2. (COCl),, CH,Cl, DMF
3. AICl5, CH,Cl, A

gaining two hydrogen atoms because of the reduced steric
protection of the radical centers, in analogy to formation of
1cH,.” Additionally, treatment of the known anti-IIDBT
dione” with 2,6-dimethyl-4-tert-butylphenyllithium followed
by SnCl, furnished the new anti-IIDBT 1b.

Solid-State Structure. Dark green crystals suitable for X-
ray diffraction were obtained by slow evaporation of a solution
of 2b in a 10:1 mixture of CHCl; and CH;CN. The resultant
X-ray structure and the relevant experimentally and computa-
tionally determined bond lengths for 1 and 2 are given in
Figure 4. The X-ray data revealed that the carbon—carbon
bond length from the apical carbon to the naphthalene core is
1.419(4) A, which is comparable in length to the analogous
bond in the crystal structures of la (1.424(4) A)” and 1d
(1.426(5) A; see Figure SS in the Supporting Information). All
three values are roughly the same within experimental error
and suggest a pronounced open-shell character of the IIDBT
scaffold. In contrast, the analogous CC bond in closed-shell
molecules is usually in the range of 1.38—1.40 A.''¥'*
Interestingly, these ~1.42 A values also show that the steric
bulk of the aryl group attached to the apical carbon has little to
no effect on this bond length (e.g, 1d), as might be expected
given their orthogonality with respect to the plane of the
IIDBT framework. The biggest disparity between the
structures of la/d and 2b resides in the thiophene rings,
where there is a marked difference in the C—S bond lengths,
1.731/1.753 A for 2b vs 1.716/1.760 A for 1a, reflecting the
differences in S orientation, i.e., the linear conjugation vs cross-
conjugation arguments. The computational bond lengths do an
excellent job replicating the aforementioned trends (Figures 4
and S4 and S5).

In the crystal lattice, 2b packs as dimeric pairs where one of
the outer benzene ring overlaps with the same ring of its
nearest neighbor with intermolecular 7—z distances of 3.47—
3.51 A. Although the odd-electron density map in Figure 3
does show finite density on three of the benzene carbons of 2a,
these particular carbons overlap with the three benzene
carbons that have negligible density; thus, the likelihood of
magnetic interactions between neighboring molecules in the
solid state is minimal. This result is in sharp contrast with
Kubo’s related bisphenalenyl-fused indacene (6)'° and
indenoindene (7)*° molecules, which do display multiple
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Figure 4. (a) Molecular packing of 2b with the ellipsoids drawn with
50% probability level; hydrogens are omitted for clarity. (b)
Experimental (black) bond lengths for the core motifs of 2b and 1a
along with the calculated (blue) values for 2a and 1la.

close 71— contacts between carbons of high spin density of the
phenalenyl groups (e.g, 3.10—3.23 A for 7), suggestive of
strong z-dimer formation in the solid state. In the case of 1a
there are only two close 7—x contacts (3.49 and 3.53 A),
whereas in 1d the analogous distances are all >3.7 A; however,
the outer benzenes possess negligible odd electron density
(Figure 3), indicating no intermolecular magnetic interactions
are present within these IIDBT scaffolds in the solid state.

Spectroscopic Properties: Absorption and Raman
Data. The electronic absorption spectra (Figure S, top) depict
a red-shift of +25 nm from 724 to 749 nm going from 1a to 2a,
indicating a reduction of the optical gap even though the two
compounds are compositionally identical. Quantum chemical
calculations (TD-UB3LYP/6-311G* level) also predict a
similar red-shift from 703 nm for la to 741 nm for 2a (see
Tables S2 and S3) of the main lowest energy lying theoretical
excitation, which corresponds to a HOMO—LUMO transition.
In the lowest energy part of these strong absorptions, weak
shoulders can also be observed that are typical of diradical
molecules and are associated with double excitations. This is

DOI: 10.1021/jacs.9b11898
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Figure S. Electronic absorption (in CH,Cl, top) and Raman spectra
(in the solid state with 1064 nm laser excitation, bottom) of 1a (red)
and 2a (blue). Raman spectrum of aromatized 2cH2 is in black.

related with the t,,-syn < t,-anti discussion above, and, as such,
it is explained in terms of an extended conjugational path in 2
between the two radical centers due to cross conjugation,
which limits the effect of the sulfurs on it.

The solid-state Raman spectra of la and 2a at room
temperature are shown in Figure 5 (bottom). The character-
istic C=C stretching mode of the central naphthalene unit in
1a appears at 1576 cm™ and is representative of a transitional
structure from quinoidal to aromatic for this core. This is in
agreement with a medium diradical index of y 0.61,
confirming that aromaticity recovery is the main driving force
for diradical formation, although it is not fully completed.”>” In
the case of 2a (y = 0.66), the same yet more intense Raman
band emerges at 1585 cm ™, upshifted by +9 cm™, indicating
an additional gain of aromatization of the naphthalene core in
this isomer. In addition, this band is only +7 cm™"' away from
the same stretching mode in 2cH, (1592 cm™"), a molecule
that contains a fully aromatized naphthalene (note that in 1a
— 1cH, the upshift is +11 cm™"). The emerging interpretation
is that the contribution of the 2,6-naphthoquinoidal con-
jugation to AEgr does not arise separately from cross-
conjugation of the sulfur lone pair and the radical, but there
is a synergy between the two. We mean that delocalization of
the radical to k in form Ck of Figure 1 enlarges/weakens the
distance/interaction between the two radicals, which simulta-
neously reinforces the aromatic character of the central
naphthalene.

NMR and SQUID Measurements. The '"H NMR spectra
of 2a as a function of the temperature are shown in Figure 6
(top). At room temperature, the spectrum is clearly resolved
with all peaks assignable to the structure of 2a. At higher
temperatures these peaks have broadened, as is clearly
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Figure 6. (Top) Variable-temperature 'H NMR spectra (in 1,2-
C¢D,Cl,) of 2a. (Bottom) SQUID magnetometry data of 1a,1b and
2a,2b; for 1b and 2b the data for the heating and cooling curves are
denoted by squares and circles, respectively.

observed at 130 °C. While this behavior was observed for
1a, the onset of peak broadening in 2a occurs at a considerably
lower temperature (75 °C) compared to that for 1a (125 °C),
suggesting a smaller singlet—triplet energy gap.

In the solid state, SQUID measurements for 2a (Figure 6,
bottom) show a clear increase of the magnetic molar
susceptibility from low to high temperature that is typical
behavior of a singlet low-spin ground electronic state from
which a high-spin triplet excited state is populated thermally.
Fitting the data to the Bleany—Bowers equation' yields a
singlet—triplet energy gap of —6.9 kcal mol™', which agrees
well with the AEg; predicted from calculations (—8.06 kcal
mol™"). Furthermore, the matching of the experimental data to
a Bleany—Bowers dimer model confirms the rather small spin—
spin intermolecular interaction in the solid such as revealed by
the large 7—r distances in the X-ray data. This ~1 kcal mol™
modulation of AEg; in 2a demonstrates the fine tuning of
AEgr in the closely related IIDBT regioisomers. This result
stands in contrast to the much larger range of AEgy values that
result from variation of the size of the acene diradical core (i.e.,
the number of fused rings). For example, in the family of bis-
phenalenyl-fused molecules, AEgy varies from —7.2 kcal mol™
for 6 to —4.5 kcal mol™ for 7 and —2.9 kcal mol™" for the
analogue possessing an anthracene core.””

One of the unique attributes of the IIDBTs is the need for
pronounced heating in order to populate the triplet state,
which then raises the question of the thermal stability of the
scaffold. Thermogravimetric analysis (TGA, Figures S6—S9) of
both sets of isomers reveals that the onset of decomposition is
~375 °C with significant mass loss above 400 °C. Examination
of the data for la indicates that the first two events are

DOI: 10.1021/jacs.9b11898
J. Am. Chem. Soc. 2020, 142, 1548—1555


http://dx.doi.org/10.1021/jacs.9b11898

Journal of the American Chemical Society

sequential loss of the mesityl groups followed by decom-
position of the conjugated core at higher temperatures (>450
°C). Heating samples of 1b and 2b in the SQUID up to 675—
700 K and then cooling back to room temperature (Figures 6
and S10 and S11) affords AEgr values (1b: H —8.2/C —8.4
kcal mol™'; 2b: H —7.2/C —7.0 kcal mol™") that are in very
good agreement with those obtained by only heating SQUID
samples of 1a and 2a (—8.0 and —6.9 kcal mol™’, respectively),
further corroborating the thermal stability of the IIDBT family
of diradicaloids.

B CONCLUSIONS

In summary, we have demonstrated a finer, rational adjustment
of AEg; by anti — syn isomerism of the IIDBT framework.
The two constitutional isomers have a common 2,6-naphtho
core that contributes the greater amount to AEgy, whereas
anti/syn flip modulates this value within ~1 kcal mol™’, which
we attribute to the combination of change in the relative
position of the radical and of the S atom together with the
change from linear to cross conjugation. Importantly, we have
shown that IIDBTs 1 and 2 are stable singlet diradicaloids at
room temperature and only access the triplet state at elevated
temperatures, where they are stable upward of 375—400 °C, as
revealed by TGA as well as by the reversibility of the high-
temperature SQUID measurements.

With this study we have posited the question of the
necessary fine control of AEgr in a stable diradical as the way
to design tailored open-shell molecules with control of their
emerging properties. While most published studies employ a
more qualitative approach to varying AEgr without much
emphasis on the actual AEgr outcome, knowledge of how to
subtly tune the singlet—triplet energy gap as well as an
understanding of what diradical parameter one is altering will
be essential for future design and use of diradicals in materials
applications. Practical diradicals are those with intermediate
diradical character (ie. greater stability, efficient nonlinear
optical response, capability of photonic control, etc.) where the
tailored design of AEg; becomes mandatory. Additional efforts
to accomplish this tailoring via a “structural refinement
approach” will be the subject of future studies.
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