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Bis[1]benzothienoll,4]thiazines (BBTT) are particularly electron-rich S,N-heteropentacenes and their
radical cations and dications can be relevant intermediates in charge transport materials. All three regio-
isomers of N-p-fluorophenyl-BBTT (syn—syn, syn—anti, and anti—anti) were studied. A reliable preparation
of radical cations and dications using antimony pentachloride as an oxidant gives deeply colored salts.
radical cations was assessed by EPR spectroscopy, whereas
dicationic structures were characterized by NMR spectroscopy. In addition, a deeper insight into the elec-

The electronic structure of the
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tronic structure was experimentally and computationally obtained by UV/Vis spectroscopy as well as UV/
Vis spectroelectrochemistry and DFT and TDDFT calculations. BBTTs can be considered as highly polariz-
able donor zm-systems with significant charge transfer contributions in neutral, cationic and dicationic

rsc.li/frontiers-organic state.

Introduction

Molecular electronics based upon organic molecules has
become increasingly important over the past decade and the
quest for tailor-made functional small molecules is an
ongoing task for chemistry.”? Since the efficiency of
electronic devices correlates with electronic properties of
the constituting molecules, a rational design of novel
molecule based semiconductors commences with high lying
HOMO levels, which in turn correspond to low oxidation
potentials.*™®

Electron-rich heterocycles, such as phenothiazine, are pro-
minent structural motifs used in electroactive materials for
batteries,” " OLEDs,">™** and DSSCs.>™*° They possess low
oxidation potentials with fully chemically reversible one-elec-
tron oxidations, low band gaps, and luminescent
properties.>* > In addition to their convenient accessibility,
their intrinsic properties are easily fine tunable by synthetic
functionalization.”*** Furthermore, the remarkable stability of
their radical cations is crucial for providing efficient charge
transfer as hole conductors.>**® Recently, we successfully
proposed the two-fold thieno expansion of phenothiazine to
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bis[1]benzothieno[1,4]thiazines (BBTT) that can be considered
to be novel electron-enriched phenothiazine congeners
(Scheme 1).%°

The resulting compounds likewise possess discretely adjus-
table properties that depend on the mode of anellation, as for
dithienothiazines,”” as well as on the substitution pattern.
Different steric hindrance unequivocally causes the absence of
measurable luminescence in syn-syn BBTTs (bis[1]benzo-
thieno[2,3-5:3',2"-e|[1,4]thiazines), whereas inverse anellation
of benzo[b]thiophene units leads to luminescence for syn-anti
BBTTs (bis[1]benzothieno[2,3-b:2",3"-¢][1,4] thiazines) peaking
for anti-anti BBTTs (bis[1]benzo-thieno[3,2-b:2',3"-¢][1,4]thia-
zines) with fluorescence quantum yields drastically increased

Q0
h
phenothiazine
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syn-syn BBTT syn-anti BBTT anti-anti BBTT

Scheme 1 Regioisomeric BBTTs resulting by formal thieno expansion
of phenothiazine.
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to 45%.%°*° Furthermore, anti-anti BBTTs represent the first
known fused thiazines with antiaromatic character in the crys-
talline solid state. Likewise, being identified as Weitz-type-
redox systems,>" BBTTs are outscoring their progenitors, i.e.
phenothiazines, by significantly lower oxidation potentials
with reversible two step oxidations, forming radical cations
and dications.*>*® Herein, we report the first synthesis of
BBTTs’ radical cations and dications by chemical and electro-
chemical oxidation as well as the detailed investigation of
structural and electronic properties.

Br, s S. B Brm
B m s~ g
O o &
Br Br
1 2 3

NHz 5.0 mol% Pd(dba),
1.0 equiv <j 10 mol% DCPF / DPPF
: 3.0 equivs NaO'Bu
110°C, 65 h

F
4

\i l
Sy (o Ko
oy 0

5 6 7

toluene

Scheme 2 Selective synthesis of regioisomeric N-p-fluorophenyl-
BBTTs 5, 6, and 7 prepared by cyclizing Buchwald—Hartwig amination
(for the synthesis of compounds 5 and 6 DCPF (1,1'-bis(dicyclohexyl-
phosphano)ferrocene) was employed as a ligand, and for compound 7
DPPF (1,1'-bis(diphenylphosphano)ferrocene) was used as a ligand).?®
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Results and discussion
Synthesis and ground state structure

N-p-Fluorophenyl-BBTTs were prepared according to our pre-
viously published procedure®® by twofold Buchwald-Hartwig
amination®*7* (Scheme 2).

Starting from respective dibrominated dibenzo[b]thienyl
sulfides 1, 2, or 3****7 and p-fluoroaniline (4), all regioiso-
meric BBTTs 5-7 were reliably synthesized. The original synth-
eses were upscaled by a factor of ten and even upon reducing
catalyst loading the yields for compounds 5 (49%), 6 (45%),
and 7 (67%) were maintained. Fluorinated compounds were
chosen due to their synthetic accessibility of the neutral BBTT,
as well as the opportunity to monitor conversion and easily
identify the products by '°F NMR spectroscopy.

As supported previously by CV measurements, the BBTTS’
radical cations (5: E,”'* = 0.21V, 6: E,"'" = 0.05 V, 7: E,%" =
0.01 V; against ferrocene E,”*" = 0.00 V) and dications (5: E,'"
2= 0.68V, 6: E,'7*" = 0.72 V, 7: E,""*" = 0.75 V; against ferro-
cene E,”™* = 0.00 V) can be readily generated in solution and
they are stable over short periods.”®?® In addition, the radical
cations reveal high semiquinone formation constants Kggys (5:
9.2 x 107, 6: 2.3 x 10, 7: 3.5 x 10"?)?® that claim remarkably
stable radical cations against disproportionation into reduced
BBTT and dication.?®?' Consequently, we attempted the prepa-
ration of the oxidized species of all three BBTTs. Analogously
to dithieno[1,4]thiazine (DTT)*”*****! chemical oxidation was
carried out with antimony pentachloride as oxidant
(Scheme 3).** By choice of solvent, temperature and equiva-
lents of antimony pentachloride the oxidation stage can be
reliably controlled.

BBTTs 5-7 are soluble in toluene and dichloromethane,
whereas the corresponding hexachloroantimonate salts of the
radical cations 57", 6%, and 7" precipitated from toluene and
thereby removed from the reaction equilibrium. Additionally,
over-oxidation was prevented by a stoichiometric deficiency of
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Scheme 3 Controlled preparation of oxidized BBTT-compounds 57, 6™, 7'+, and 52*, 6*, 7* as hexachloroantimonates using antimony pen-

tachloride as an oxidant.
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oxidant. If dichloromethane was used as a solvent, the hexa-
chloroantimonate salts of the radical cations remained
soluble, forming dication salts upon increasing the amount of
antimony pentachloride. The desired oxidation products preci-
pitated from the respective reaction mixture.

For assessing the electronic structure, the molecules’ geo-
metries were calculated on the DFT level of theory using the
uB3LYP functional®®*® and the 6-311G** basis set**** with
SCRF (IEFPCM, CH,Cl,)***® as implemented in the Gaussian
09 program package.*® Indeed the BBTT units are entirely pla-
narized with a perpendicular orientation of the N-p-fluorophe-
nyl substituents for all three radical cations 57, 6", and 7.
Depending on the anellation mode, different spin density dis-
tributions were found, however, with highest spin density
located on the nitrogen atoms (Mulliken atomic spin density
at N-atom: 57" 0.284, 6™": 0.248, 7°": 0.228). The highest deloca-
lization of spin density is anticipated for the anti-anti deriva-
tive 7%, whereas the lowest delocalization is predicted for the
syn-syn derivative 57 (Fig. 1).

The radical nature of the obtained salts 5, 6™, and 7"* was
proven by X-band EPR spectroscopy and by comparison with
the simulated spectra (Fig. 2).

Fig. 1 DFT calculated spin density distribution plots of radical cations
5% 6, and 7" (UB3LYP/6-311++G**, IEFPCM CH,Cl,, isosurface value
=0.06 a.u.).
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Fig. 2 Simulated and experimental EPR spectra of hexachloroantimo-
nate salts of 5%, 6™, and 7"* (recorded in THF, T = 298 K, g-factor refer-
enced to external Mn?* in ZnS).
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Spectra with hyperfine coupling patterns of three equidi-
stant lines reflect the coupling of the unpaired electron with
the nitrogen nucleus in each case. Furthermore, the range of
the g-factors (5°*: 2.0106, 6™": 2.0050, 7"*: 2.0078) indicates the
predominant localization of the radicals on the nitrogen
atoms.*"*® The Mulliken atomic spin density on the nitrogen
atoms decreases from syn-syn over syn-anti to anti-anti deriva-
tive, which is in accordance with the descending order of
hyperfine coupling constants. Hence, an increasing spin
delocalization across the BBTT units for anti-anellated
benzo[b]thiophene wings can be deduced. The stronger
delocalization matches with an increased stability of the
corresponding radical cation 7°*, which is consistent with the
experimentally determined semiquinone formation constants
Ksem, which also give largest values for anti-anti radical cation
7.

The delocalization of spin density of the radical cations is
unequivocally supported by the calculated Wiberg bond orders
(Fig. 3).>"

The bond orders of the systems should gradually converge
upon oxidation due to increasing orbital overlap by planariza-
tion resulting in an increased resonance stabilization. All three
regioisomers show the most significant changes in bond
orders in the 1,4-thiazine core, where CN and CS bond orders
increase while CC bond orders decrease. This effect is most
pronounced for the syn-syn regioisomer 5/57 while the anti-
anti isomer 7/7"" is most marginally affected. However, anti-
fused benzo[b]-thiophene wings result in higher bond order
changes on the fused thiophene in turn. This also confirms
the previously observed increased spin delocalization upon
introduction of anti-anellated wings. Nevertheless, even with
anti-anellation, the spin density on the benzo ring is not high
enough for causing observable coupling with the protons’
nuclear spins. Although the calculated spin density distri-
butions (Fig. 1) suggest this conclusion, no hyperfine coupling
patterns of the protons are experimentally found.

For hexachloroantimonate salts of dications 5>*, 6**, and
7%*, DFT calculations claim formation of singlet dications
being thermodynamically favored over triplet dications by
energy differences of —92 kJ mol™" (5**), —89 kJ mol™" (6**),
and —90 k] mol™" (7**). Consequently, EPR-silent but NMR-
active target compounds should be present. NMR spectra of

Y og P

strong increase (> 5 %)
weak increase (< 5 %)
weak decrease (< 5 %)
strong decrease (> 5 %)

Fig. 3 Relative change of Wiberg bond orders A(BOy.,-BOy) from
neutral precursors 5, 6, and 7 to radical cations 5, 6%, and 7°* in the
BBTT core (R = p-fluorophenyl; uB3LYP/6-311G**) (A detailed list of
bond orders is given in the ESIT).
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Fig. 4 Sections of the 'H NMR spectra of the neutral compounds 5, 6,
and 7 (blue) and of the bis(hexachloro-antimonate) salts of 52*, 62*, and
7%* (black) (300 MHz, acetone-d, T = 298 K).

the bis(hexachloroantimonate) salts of 5**, 6>*, and 7>* were

recorded and compared to the spectra of the native com-
pounds 5, 6, and 7, thus, confirming the formation of diamag-
netic dications, i.e. in their singlet ground states (Fig. 4).

As expected, the majority of the multiplets shift towards
lower field, underlining the electron-deficient dicationic
nature of the compounds. Due to structural differences of the
regioisomers, parts of the signals appear shielded in high
field. DFT-calculated geometry optimizations show planar
BBTT units with orthogonally twisted N-p-fluorophenyl substi-
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tuents, in analogy to the radical cations. syn-Anellated wings
place benzo protons into the anisotropy cone of the N-aryl sub-
stituent’s diamagnetic ring current. Thereby, their signals are
shifted to high field.

Photophysical properties and spectroelectrochemistry

For further insight into electronic transitions of oxidized
species, i.e. radical cations and dications, spectroelectrochem-
ical measurements were performed in an OTTLE (Optically
Transparent Thin Layer Electrochemical) cell, monitoring the
in situ formation of radical cations and dications from the
neutral precursors 5, 6, and 7 (Table 1). Hence, spectroelectro-
chemical UV/Vis absorption spectra were recorded by steadily
increasing the applied potential in steps of 0.1 V.

Initially, UV/Vis spectra of all three parent regioisomers 5,
6, and 7 were recorded showing multiple absorptions bands in
the UV region with the longest wavelength maxima at 309 nm
(5) and 311 nm (6). For compound 7 the longest wavelength
maximum is found in the visible at 424 nm (Fig. 5).

All oxidation processes proceed without formation of inter-
mediates, as supported by the occurrence of isosbestic points.
Moreover, the oxidations from the neutral BBTTS to the radical
cations reflect the largest changes in the UV/Vis spectra and
consequently in the electronic structure (vide infra). This orig-
inates from major geometry changes from butterfly structures
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Fig. 5 UV/Vis spectra of compounds 5, 6, and 7 in the spectroelectro-
chemical cell at zero potential (CH,Cl,, T = 293 K).

Table 1 UV/Vis spectroelectrochemical data of N-p-fluorophenyl-BBTTs 5, 6, and 7, corresponding radical cations 5, 6%, and 7'*, and dications

52*, 62*, and 72* (CH,Cl,, T = 293 K)

Compound Absorption maxima Amax [nm] Isosbestic points [nm]
syn-syn 5 230, 265, 300, 309
5 226,234,258, 284, 295 (sh), 311, 328, 382, 427, 494, 680 5557 243,276, 342, 357
52" 227,233,272, 346, 494, 526, 672 552" 266,279, 320, 372, 401
syn-anti 6 236, 263, 311
6" 228,262,285, 315(sh), 328, 360 (sh), 377, 398, 566 (sh), 617 (sh), 694 66" 271, 317, 351
6" 224,236 (sh), 253, 324, 349 (sh), 395, 595, 709 (sh) 6" —6>" 249,303,368, 418, 649, 763
anti-anti 7 236, 268 (sh), 317, 424
7" 229,259,276, 293, 308, 318, 352, 369, 450 (sh), 490, 502, 534, 626 (sh), 717 77" 255, 264, 275, 326, 361, 374, 459
7%t 223,255,271, 337, 561, 657 7t-7%" 316, 444, 542, 697
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Fig. 6 From left to right: photographs of the solutions of parent com-
pounds 5, 6, and 7 in dichloromethane (c = 5.5 x 10™* M, left), hexa-
chloroantimonate salts of 5, 6°*, and 7'* in dichloromethane (c = 5.5 x
10~* M, center) and of 52*, 62*, and 72* in nitromethane (c = 5.5 x 10™*
M, right).
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6, and 7 forming the corresponding radical cations 5, 6, and 7°*
(CH,Cl,, T = 293 K; electrolyte 0.1 M ["BuyNI][PFgl; Pt working electrode,
Pt counter electrode and Ag/AgCl pseudo reference electrode).

to the planar alignments of the BBTT units (¢f. phenothiazines
and DTT).***>>® Consequently, oxidized compounds yielded
by chemical as well as electrochemical oxidation are deeply
colored (Fig. 6).
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By gradual increase of the potential the formation of radical
cations is accomplished, revealing significantly bathochromi-
cally shifted absorption bands (Fig. 7).

Therefore, compound 57" shows an intense maximum at
680 nm. A strongly broadened absorption band ranging from
450 to 850 nm with shoulders at 566 and 617 nm in conjunc-
tion with a maximum at 694 nm is found for radical cation 6.
The two prominent absorption maxima for oxidation product
7"" appear at 534 and 717 nm.

Further increase of the potential allows monitoring of the
formation of dications (Fig. 8). For dication 5>*, the longest
wavelength absorption maximum at 680 nm shifts slightly hyp-
sochromically, resulting in a band at 672 nm while simul-
taneously a second band of lower intensity appears at 526 nm.
In addition, the most intense band appears at 346 nm. A com-
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Fig. 8 UV/Vis spectroelectrochemical measurements of radical cations
5% 6, and 7"* forming the corresponding dications 5%*, 62*, and 7%*
(CH,Cl,, T = 293 K; electrolyte 0.1 M ["Bu4NI[PF¢]; Pt working electrode,
Pt counter electrode and Ag/AgCl pseudo reference electrode).
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parable absorption band is found at 324 nm for dication 6",
The shoulders observed for radical cation 6™ merge into a new
maximum at 595 nm, whereas the maximum at 694 nm
decreases to a shoulder at 709 nm. Upon oxidation of radical
cation 7™ to dication 7**, the two intense bathochromically
shifted maxima of the radical cation result in the formation of
two new maxima at 561 and 657 nm for the dication. Likewise,
an intense band appears in the UV at 337 nm.

Finally, the spectra from spectroelectrochemical measure-
ments were compared with the spectra of the synthesized hexa-
chloroantimonate radical cation salts (Fig. 9).

The superposition shows that the salts unambiguously
correspond to the spectroelectrochemically generated speci-
men and a good overall fit is obtained. Differences in the
intensity of the absorption bands in the UV region of the
spectra (230-380 nm) can be accounted to counter ion
effects.> Likewise, the longest wavelength absorption maxima
for the hexachloroantimonate salts of the radical cations are
only slightly bathochromically shifted (5 SbClg™: AJ =
+171 em™, 6" SbClg™: Ay = +305 cm™%, 77" SbCl,: AP =
+173 ecm ™). As known for Weitz-type redox systems, the radical
ions are remarkably stable due to their high semiquinone for-
mation constants Kgpy (vide supra).” However, the dications
could not be successfully measured due lacking stability under
prolonged measuring conditions.

Electronic structure of the radical cations and dications

For a deeper insight into the electronic structure of the absorp-
tion behavior of neutral, radical cation and dication BBTTSs
TDDFT calculations®*® ((u)B3LYP****°%/6-311++G**, IEFPCM
CH,Cl,) were performed.

First, the optical transitions of the experimentally observed
absorption bands of the parent compounds 5, 6, and 7 were
assigned (Table 2, Fig. 10).
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Fig. 9 Comparison of the UV/Vis spectra from measurements of the
radical cation salts (solid lines) and from spectroelectrochemical
measurements (dotted lines) (CH,Cl,, T = 293 K, for further details, see
ESIT).
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and TDDFT calculated
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(B3LYP/6-311++G**,

IEFPCM CH,Cl,) absorption spectra of neutral compounds 5, 6, and 7

(for further details, see ESI})

/lmax,calcd

(oscillatory
Amax,abs strength) Most dominant
Compound [nm] [nm] contributions
syn-syn 5 309 339(0.075)  HOMO — LUMO (94%)
syn-anti 6 311 331(0.143)  HOMO — LUMO+1 (68%)
anti-anti 7 424 422 (0.144)  HOMO — LUMO (95%)

“Recorded in CH,Cl,, ¢ =107° M, T =293 K.

LUMO+1 LUMO
3.66 eV 3.75eV 2.94 eV
(339 nm) (331 nm) (422 nm)
¢
HOMOC HOMO
5 6 7

Fig. 10 TDDFT calculated frontier molecular orbital (FMO) transitions
of the longest wavelength absorptions of the neutral compounds 5, 6,
and 7 (B3LYP/6-311++G**, IEFPCM CH,Cl,, isosurface value 0.05 a.u.).

The longest wavelength absorption bands are reasonably
well reproduced by transitions at 339 nm (5) and 422 nm (7).
They predominantly consist of HOMO — LUMO transitions
representing a charge transfer (CT) from the thiazine core to
the benzo[b]thiophene wings. The calculated longest wave-
length absorption band of 6 appears at 331 nm and can be pre-
dominantly assigned to a HOMO — LUMO+1 transition.
Again, this transition is accompanied by a CT from the central
thiazine to the benzo[b]thiophene units, with a dominant shift
of coefficient density due to anti-anellation.

Likewise, for assigning the observed UV/Vis absorption of
the radical cations, TDDFT calculations with the uB3LYP/6-
311++G** functional were performed to prevent spin pairing
and to cause separate orbitals occupation (Table 3, Fig. 11).

This leads to a singly occupied molecular orbital (SOMO).
The longest wavelength absorption bands are almost accurately
reproduced by HOMO—-1 — SOMO transitions at wavelengths
of 665 nm (5*), 714 nm (6"*) and 701 nm (7™*). For cation 7',
the measured second absorption band at 534 nm is best rep-
resented by a HOMO—-3 — SOMO transition at 538 nm, while

Org. Chem. Front,, 2021, 8, 5744-5755 | 5749
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Table 3 Experimental and TDDFT calculated (uB3LYP/6-311++G**,
IEFPCM CH,Cl,) absorption spectra of the radical cations 5, 6™, and
7°* (for further details, see ESIY)

View Article Online
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Table 4 Experimental and TDDFT calculated (uB3LYP/6-311++G**,

IEFPCM CH,CL,) absorption spectra of the dications 52*, 62*, and 72" in
their singlet state (For further assignments, see ESI)

ﬂmax,calcd

jvmax,czulccl

(oscillatory (oscillatory
Amax,abs strength) Most dominant Amax,abs’ strength) ~ Most dominant
Compound [nm] [nm] contributions Compound [nm] [nm] contributions
syn-syn 57 680 665 (0.191)  HOMO-1 — SOMO (100%)  syn-syn 5*° 672 736 (0.226) HOMO — LUMO (92%)
syn-anti 6™ 694 714 (0.086) HOMO-1 — SOMO (97%) 526 517 (0.078) HOMO—-4 — LUMO (91%)
617 617 (0.156)  HOMO—2 — SOMO (95%) 346 325 (0.578) HOMO-1 — LUMO+1 (91%)
566 577(0.022)  HOMO-3 — SOMO (94%)  syn-anti 62 650-850 (br) 817 (0.063) HOMO — LUMO (78%)
anti-anti 7% 717 701 (0.154)  HOMO-1 — SOMO (98%) 595 617 (0.345) HOMO-1 — LUMO (64%)
534 538(0.111)  HOMO-3 — SOMO (100%) 324 311 (0.704) HOMO-1 — LUMO+1 (100%)
anti-anti 7% 657 747 (0.163) HOMO — LUMO (83%)
“Recorded in CH,Cly, ¢ = 107" M, T'=293 K. 561 579 (0.363) HOMO-2 — LUMO (84%)
337 317 (0.490) HOMO-1 — LUMO+1 (100%)

) e ‘84
‘V“:," b’ . fF( “‘“ '“‘ }
‘o4 h ¥og v % 5
¢ §
[ ¢ ¢
SOMO SOMO SOMO
1.86 eV 1.74 eV 1.77 eV
(665 nm) (714 nm) (701 nm)
A B, T > ’?
ptite Yile Nl
% e "- ‘ v
‘ i
L L L
HOMO-1 HOMO-1 HOMO-1
5-+ 6-+ 7.+

Fig. 11 TDDFT calculated molecular orbital transitions of most batho-
chromic absorptions of radical cations 5, 6%, and 7°* (uB3LYP/6-
311++G**, IEFPCM CH,Cl,, isosurface value 0.05 a.u.) (For further mole-
cular orbital transitions, see SI).

the shoulders of structure 6" are best reproduced by calcu-
lated bands at 617 nm (HOMO-2 — SOMO) and 577 nm
(HOMO-3 — SOMO). All these transitions are predominantly
characterized by CT contributions from the anellated benzo[b]
thiophene wings to the central thiazine core, while coefficient
density on the N-aryl substituents is absent.

Finally, TDDFT calculations (uB3LYP/6-311++G**) were also
carried out to assign the absorption bands of the dications 5>,
6>, and 7°" (Table 4, Fig. 12).

The longest wavelength absorption bands are best rep-
resented by calculated HOMO — LUMO transitions at wave-
lengths of 736 (5>*), 709 (6>), and 747 nm (7°*) that can be
interpreted as CT transitions from the outer benzo[b]thio-
phene part to the central thiazine unit. The following experi-
mental bands in the visible are assigned to transitions arising
from HOMO—4 — LUMO at 517 nm (5°*), HOMO—-1 — LUMO
at 617 nm (6°"), and HOMO-2 — LUMO at 579 nm (7°%).

5750 | Org. Chem. Front,, 2021, 8, 5744-5755

“Recorded in CH,Cl,, ¢ = 107> M, T =293 K.

PR LSRR A ’%'g“‘

g ¢

LUMO LUMO LUMO
1.68 eV 1.52 eV 1.66 eV
(736 nm) (817 nm) (747 nm)
. i, q" ‘ . {?
‘ u ¢ B i Lb ’ ‘. 3
¢ ¢ P
¢
¢ S .
HOMO HOMO HOMO
g2+ 62+ 72+

Fig. 12 TDDFT calculated molecular orbital transitions of most batho-
chromic absorptions of the dications 52*, 62*, and 7?* (uB3LYP/6-
311++G**, IEFPCM CH,Cl,, isosurface value 0.05 a.u.) (For further mole-
cular orbital transitions, see ESI).

These transitions are characterized by CT contributions from
the N-aryl moiety to the thiazine core for structure 5>, whereas
for structure 6> by a shift of coefficient density from the
benzo[b]thiophene parts to the thiazine core. For structure 7°%,
the transition can be accounted as a combination of both pre-
ceding coefficient density shifts.

The preceding calculations reveal that BBTT are strongly
polarizable systems with large CT contributions. Accordingly,
neutral BBTT are potent donors due to their electron richness,
whereas the oxidized compounds are accompanied by strong
acceptor properties.

Aromaticity of the dications

Furthermore, the dications’ thiazine cores should inhere aro-
matic character due to their Weitz-type nature. Proving this,

This journal is © the Partner Organisations 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1qo00867f

Open Access Article. Published on 22 July 2021. Downloaded on 3/15/2026 2:56:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic Chemistry Frontiers

View Article Online

Research Article

Table 5 Calculated NICS values of dications 52+, 62*, and 72* (B3LYP/6-311+G**). Ghost atoms respectively placed in center of the assigned rings

P

NICS (0/+1/-1)

Ring no. syn-syn 5°* syn-anti 6>* anti-anti 7** Ring current Aromaticity
la —8.16/—9.83/-9.83 —8.26/—10.23/-10.14 —6.02/—8.20/—8.20 Diatropic Aromatic
1b —8.16/—9.83/-9.83 —5.99/-8.33/-8.35 —6.02/—8.20/—8.20 Diatropic Aromatic
2a —-7.29/-6.17/-6.17 —7.38/—6.46/-6.35 —6.50/—5.96/—5.96 Diatropic Aromatic
2b —-7.29/-6.17/-6.17 —6.39/-5.66/—5.72 —6.50/-5.96/—5.96 Diatropic Aromatic
3 —6.94/-7.22/-7.22 —7.19/-7.43/-7.54 —6.64/-7.12/-7.12 Diatropic Aromatic

starting with the previously mentioned optimized planar geo-
metries, NICS (0) and NICS (1) (above (+1) and under (—1) the
plane) calculations were performed. Using the GIAO protocol
with B3LYP functional and 6-311+G** basis set**® calcu-
lations were carried out for all five rings of the BBTT core,
giving NICS values indicating diatropic ring current stating
aromaticity (Table 5).

Experimental

'H and 'F NMR spectra of compounds 5, 6, 7, 5>, 6>, and 7**,
EPR spectra of 57, 6™, and 7™, spectroelectrochemistry of com-
pounds 5, 6, and 7, and TDDFT calculations of optimized struc-
tures 5,6,7,5, 6™, 7", 5%*, 6>, and 7** are compiled in the ESL{

General procedure - synthesis of bis[1]benzothieno[1,4]
thiazines (BBTTs)

In a dry Schlenk tube with a magnetic stir bar under Ar atmo-
sphere were placed dibrominated sulfane 1, 2, or 3 (2.3 g,
5.0 mmol), Pd(dba), (0.14 g, 5.0 mol%) and ligand (10 mol%).
By glovebox technique sodium tert-butoxide (1.4 g, 15 mmol)
was added into the reaction tube. Subsequently, p-fluoroani-
line (0.47 mL, 5.0 mmol) und dry toluene (30 mL) were added
by syringe before stirring the reaction mixture at 110 °C (oil
bath) for 65 h. After cooling to room temp the reaction was ter-
minated by addition of saturated aqueous sodium sulfite solu-
tion (400 mL). The aqueous phase was extracted with dichloro-
methane (3 x 300 mL), the combined organic phases were
dried with anhydrous magnesium sulfate and the solvents
were removed under vacuum. After adsorption to Celite® the
residue was purified by chromatography on silica gel. After
recrystallization from n-hexane the products 5, 6, or 7 were iso-
lated as crystals. Deviations from this general procedure are
individually highlighted.

N-(4-Fluorophenyl)bis[1]benzothieno[2,3-b:3',2"-e][1,4]thiazine
(syn-syn 5)*°

According to the general procedure with bis(3-bromobenzo[b]
thiophene-2-yl)sulfane (1) and 1,1"-bis(dicyclo-hexylphosphano)

This journal is © the Partner Organisations 2021

ferrocene (0.29 g, 0.50 mmol) as a ligand and after chromato-
graphy (n-hexane) and recrystallization from n-hexane (250 mL)
compound 5 (0.92 g, 49%) was obtained as colorless needles,
Mp 215 °C (DSC measurement). "H NMR (300 MHz, acetone-d)
8 6.92-7.04 (m, 2 H), 7.42-7.55 (m, 5 H), 7.89-7.99 (m, 5 H); °F
NMR (282 MHz, acetone-dg) & 53.42; 'H NMR (600 MHz, THF-
ds) 5 6.85-6.93 (m, 4 H), 7.35-7.45 (m, 4 H), 7.80-7.88 (m, 4 H);
BC{'H} NMR (151 MHz, THF-dg) 6 116.4 (CH, d, *Jcp = 22.7 Hz),
119.1 (CH, d, ¥/cr = 7.7 Hz), 122.0 (CH), 124.0 (CH), 126.0 (CH),
126.0 (CH), 132.7 (Cquat)y 136.1 (Cquad)y 139.6 (Cquar)y 141.0
(Cquat), 144.6 (Cquar, d, YJer = 2.4 Hz), 159.2 (Cquar, d, Jor = 239.4
Hz); "°F NMR (565 MHz, THF-dg) § —124.4; HRMS(ESI) m/z caled
for [C,,H1,FNS;]": 405.0110; Found: 405.0112; Anal. caled for
C3,H,,FNS; (405.5): C 65.16, H 2.98, N 3.45, S 23.72; Found: C
65.38, H 2.98, N 3.44, S 23.49.

N-(4-Fluorophenyl)bis[1]benzothieno[2,3-b:2',3"-e][1,4]-thiazine
(syn-anti 6)*°

According to the general procedure with 2-bromo-3-((3-bromo-
benzo[b]thiophen-2-yl)thio)benzo[b]thiophene (2) and 1,1-bis
(dicyclohexyl-phosphano)ferrocene (0.29 g, 0.50 mmol) as a
ligand and after chromatography (n-hexane) and recrystalliza-
tion from n-hexane (550 mL) compound 6 (0.92 g, 2.3 mmol,
45%) was obtained as yellow crystals, Mp 201 °C. 'H NMR
(300 MHz, acetone-dg) § 6.92-6.98 (m, 1 H), 7.17-7.24 (m, 1 H),
7.24-7.40 (m, 4 H), 7.44-7.48 (m, 2 H), 7.63-7.71 (m, 2 H),
7.80-7.85 (m, 1 H), 7.85-7.90 (m, 1 H); "°F NMR (282 MHz,
acetone-dy) 6 61.08; '"H NMR (600 MHz, THF-dg) 6 6.93-6.96
(m, 1 H), 7.10~7.20 (m, 3 H), 7.20-7.24 (m, 1 H), 7.25-7.30 (m,
1 H), 7.35-7.43 (m, 2 H), 7.56-7.61 (m, 2 H), 7.69-7.77 (m, 2
H); "C{'H} NMR (151 MHz, THF-dg) § 109.0 (Cquar), 117.3 (CH,
d, *Jor = 22.8 Hz), 120.6 (CH), 121.1 (Cquar), 121.8 (CH), 123.3
(CH), 123.6 (CH), 125.2 (CH), 125.3 (CH), 125.5 (CH), 126.1
(CH), 128.1 (CH, d, ¥Jcr = 8.4 Hz), 133.8 (Cquar), 135.1 (Cquat),
136.0 (Cquat), 136.3 (Cquat)y 140.0 (Cquad)s 143.3 (Cquats d, “or =
2.7 Hz), 145.3 (Cquat), 161.9 (Cquar, d, Jor = 245.2 Hz); '°F NMR
(565 MHz, THF-dg) § —116.7; HRMS (ESI) m/z caled for
[C2,H1,FNS;]": 405.0110; Found: 405.0111; Anal. caled for
C1,H;,FNS; (405.5): C 65.16, H 2.98, N 3.45, S 23.72; Found: C
65.42, H 2.89, N 3.47, S 23.96.
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N-(4-Fluorophenyl)bis[1]benzothieno[3,2-b:2',3"-e][1,4]thiazine
(anti-anti 7)*°

According to the general procedure with bis(2-bromobenzo[5]
thiophen-3-yl)sulfane (3) 1,1"-bis(diphenyl-hexylpho-
sphano)ferrocene (0.29 mg, 0.50 mmol) as a ligand and after
chromatography (n-hexane/dichloromethane/triethylamine
100:1:3) and recrystallization from n-hexane (450 mL) com-
pound 7 (1.35 g, 67%) was obtained as orange crystals, Mp
177 °C (DSC measurement); "H NMR (300 MHz, acetone-dg) 6
7.26-7.33 (m, 2 H), 7.35-7.39 (m, 2 H), 7.43-7.51 (m, 4 H),
7.72-7.77 (m, 2 H), 7.79-7.88 (m, 2 H); "°’F NMR (282 MHz,
acetone-dg) 6 65.73; 'H NMR (600 MHz, THF-dg) 6 7.18-7.22
(m, 2 H), 7.31-7.38 (m, 6 H), 7.58-7.62 (m, 2 H), 7.70-7.74 (m,
2 H); C{'H} NMR (151 MHz, THF-dg) § 100.3 (Cquac), 118.3 (d,
%Jor = 23.3 Hz, CH), 120.2 (CH), 122.9 (CH), 124.2 (CH), 126.2
(CH), 132.2 (d, *Jr = 9.1 Hz, CH), 134.6 (Cquar), 137.3 (Cquar),
140.0 (d, YJcr = 3.2 Hz, Cquar), 142.3 (Cquad), 164.1 (d, Jor =
249.0 Hz, Cquar); '°F NMR (565 MHz, THF-dg) 6 —111.7; HRMS
(ESI) m/z caled for [C,,H1,FNS;]™: 405.0110; Found: 405.0110;
Anal. caled for C»,H;,FNS; (405.5): C 65.16, H 2.98, N 3.45, S
23.72; Found: C 65.31, H 2.97, N 3.43, S 23.53.

and

General procedure - synthesis of bis[1]benzothieno[1,4]
thiazine radical cations (BBTT"")

In a dry Schlenk tube with a magnetic stir bar the N-4-fluoro-
phenyl-BBTT 5, 6, or 7 (0.12 g, 0.30 mmol) was dissolved in dry
toluene (60 mL). Under vigorous stirring, a 1 m solution of anti-
mony pentachloride in dichloromethane (0.30 mL, 0.30 mmol)
was added dropwise to the solution at room temp. After
45 min the precipitate was filtered off and washed with dry
toluene (5 x 10 mL) and dry n-pentane (2 x 10 mL). Deviations
from this general procedure are individually highlighted.

12-(4-Fluorophenyl)benzo[4,5]thieno[2,3-b]benzo[4,5]-thieno-
[3,2-€][1,4]thiazinyl-12-ium hexachloroantimonate (syn-syn 5°*
SbClg")

According to the general procedure with N-(4-fluorophenyl)-bis
[1]benzothieno[2,3-b:3",2"-¢][1,4]thiazine (5) compound 57
SbClg~ (0.12 g, 80%) was obtained as a dark turquoise solid.
EPR (THF): g = 2.0106 (A(**N) = 6.6 G); HRMS (ESI) m/z caled
for [Cy,H12FNS;]": 405.0110; Found: 405.0106, ESI-MS m/z for
[SbCle]: 334.7 [*'Sb*°Cl,*"Cl,/"**Sb* Cl;* Cl] 7 IR: ¥ [em™'] =
3109 (w), 3067 (w), 1585 (w), 1548 (w), 1506 (m), 1443 (m),
1423 (w), 1358 (m), 1315 (s), 1304 (s), 1265 (m), 1233 (m), 1152
(w), 1134 (w), 1111 (w), 1063 (w), 1043 (w), 1018 (m), 856 (w),
772 (s), 754 (s), 719 (s), 653 (w), 619 (w); Anal. caled for
C,,H,,ClgNS;Sb (739.98): C 35.71, H 1.63, N 1.89, S 13.00;
Found: C 35.99, H 1.58, N 1.88, S 13.29.

12-(4-Fluorophenyl)benzo[4,5]thieno[2,3-b]benzo[4,5]thieno
[2,3-€][1,4]thiazinyl-12-ium hexachloroantimonate (syn-anti 6™
SbCls")

According to the general procedure with N-(4-fluorophenyl)bis
[1]benzothieno[2,3-b:2',3"-¢][1,4]thiazine (6) compound 6"
SbCls™ (0.10 g, 71%) was obtained as an ink blue solid. EPR
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(THF): g = 2.0050 (A(**N) = 6.4 G); HRMS (ESI) m/z calcd for
[C22H1,FNS;]": 405.0110; Found: 405.0114; ESI-MS m/z for
[SbCle]: 334.7 [*'Sb*Cl,*"Cl,/***Sb**Cl;*"Cl]; IR: # [em™'] =
2972 (w), 2901 (w), 1601 (W), 1584 (w), 1520 (W), 1506 (m), 1445
(m), 1427 (w), 1368 (w), 1335 (s), 1315 (s), 1291 (w), 1256 (m),
1240 (m), 1236 (w), 1221 (w), 1157 (m), 1111 (w), 1059 (W),
1029 (w), 980 (w), 843 (m), 756 (s), 727 (m), 717 (m), 632 (W),
610 (m), 602 (s); Anal. caled for C,,H;,ClgNS;Sb (739.98): C
35.71, H 1.63, N 1.89, S 13.00; Found: C 35.76, H 1.67, N 1.81,
S 12.79.

6-(4-Fluorophenyl)benzo[4,5]thieno[3,2-b]benzo[4,5]thieno[2,3-
e][1,4]thiazinyl-6-ium hexachloroantimonate (anti-anti 7'
SbCls™)

According to the general procedure with N-(4-fluorophenyl)-bis
[1]benzothieno[3,2-b:2',3"¢][1,4]thiazine ~ (7) and  after
additional washing of the collected precipitate with toluene/
ethyl acetate (25 mL (10:1)) in an ultrasound bath, filtration
and washing with toluene/ethyl acetate (20 mL (10: 1)), 2 mL
(1:1)) compound 7°* SbClg~ (0.14 g, 97%) was obtained as a
dark violet solid. EPR (THF): g = 2.0078 (A(**N) = 5.5 G); HRMS
(ESI) m/z caled for [Cy,H;,FNS;]"™: 405.0110; Found: 405.0115;
ESI-MS m/z for [SbCls]: 334.7 ['*'Sb**ClL,*" Cl,/***Sb**Cl;* I ;
IR: 7 [em™'] = 3065 (W), 2990 (w), 2974 (w), 2899 (w), 1738 (m),
1585 (w), 1525 (w), 1501 (m), 1481 (m), 1433 (m), 1340 (W),
1329 (s), 1304 (m), 1250 (m), 1233 (s), 1186 (w), 1167 (w), 1153
(m), 1132 (w), 1089 (w), 1065 (w), 1045 (w), 1016 (w), 849 (m),
755 (m), 750 (s), 718 (m), 620 (w); Anal. caled for
C,,H,,ClgNS;Sb (739.98): C 35.71, H 1.63, N 1.89, S 13.00;
Found: C 37.07, H 1.60, N 1.82, S 12.98.

General procedure - of bis[1]benzothieno[1,4]thiazine
dications (BBTT*")

In a dry Schlenk tube with a magnetic stir bar was dissolved N-
4-fluorophenyl-BBTT 5, 6, or 7 (0.12 g, 0.30 mmol) in dry di-
chloromethane (9 mL). Under vigorous stirring a 1 m solution
of antimony pentachloride in dichloromethane (0.60 mlL,
0.60 mmol) was added dropwise to the solution at —78 °C (dry
ice/acetone). After 45 min the mixture was allowed to warm to
room temp. The precipitate was filtered off under Ar atmo-
sphere and washed with dry dichloromethane (5 x 10 mL).
Deviations from this general procedure are individually
highlighted.

12-(4-Fluorophenyl)benzo[4,5]thieno[2,3-b]benzo[4,5]thieno
[3,2-€][1,4]thiazine-6,12-diium bishexachloroantimonate (syn-
syn 5% (SbClg),)

According to the general procedure with N-(4-fluorophenyl)-bis[1]
benzothieno[2,3-b:3',2"-e][1,4]thiazine (5) and after additional
washing with dry toluene (2 x 10 mL) and dry diethyl ether (2 x
10 mL) compound 5** (SbClg ), (0.10 g, 48%) was obtained as a
dark blue solid. "H NMR (300 MHz, acetone-ds) & 6.32-6.34 (m, 1
H), 7.27-7.30 (m, 1 H), 7.59-7.62 (m, 1 H), 7.68-7.73 (m, 1 H),
8.07-8.13 (m, 1 H), 8.15-8.20 (m, 1 H); HRMS (ESI) calced for
[C,oH1,FNS;]": 405.0110; Found: 405.0101; ESIMS mjz for
[SbClg]: 330.8 ["*'Sb*Cle]”, 332.8 [“'Sb*Cl,*’Cl]”, 334.8

This journal is © the Partner Organisations 2021
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[**'sb®*Cl,*>Cl,] 7, 336.8 [*'sb**Cl;*'Cl;], 338.8 [**'Sb**CL,*"Cly],
340.8 ["*'Sb*CI’Cl;), 342.8 ['*'Sb*’Clg]; IR: # [em™"] = 3082 (w),
1578 (m), 1565 (w), 1501 (m), 1481 (w), 1451 (w), 1445 (w), 1431
(w), 1428 (w), 1416 (w), 1315 (w), 1285 (m), 1256 (W), 1212 (W),
1196 (s), 1184 (s), 1179 (s), 1155 (s), 1144 (m), 1125 (m), 1103 (W),
1076 (W), 1042 (s), 1036 (s), 1013 (W), 993 (W), 951 (w), 945 (W), 849
(w), 822 (w), 775 (s), 762 (s), 721 (s), 711 (m); Anal. caled for
CpH;,Cl,FNS;Sb, (1074.4): C 24.59, H 1.13, N 1.30, S 8.95;
found: C 24.82, H 1.12, N 1.34, S 8.82.

12-(4-Fluorophenyl)benzo[4,5]thieno[2,3-b]benzo[4,5]thieno
[2,3-€][1,4]thiazine-6,12-diium bishexachloroantimonate (syn-
anti 6> (SbClg),)

According to the general procedure with N-(4-fluorophenyl)-bis[1]
benzothieno|[2,3-b:2",3-¢][1,4]thiazine (6) and after additional
washing with dry tetrahydrofuran (2 x 2 mL) and dry pentane (2 x
10 mL) compound 6> (SbClg ™), (0.13 g, 62%) was obtained as a
blue solid. "H NMR (300 MHz, acetone-dg) & 6.42-6.49 (m, 1 H),
7.26-7.37 (m, 1 H), 7.49-7.56 (m, 1 H), 7.59-7.72 (m, 4 H),
7.98-8.04 (m, 1 H), 8.05-8.11 (m, 2 H), 8.11-8.16 (m, 1 H),
8.18-8.23 (m, 1 H); HRMS (ESI) caled for [C,,H,;,FNS;]":
405.0110; Found: 405.0115; ESI-MS m/z for [SbCls]™: 330.8
[**'sb*Clg]”, 332.8 ["*'sb*Cl;*’Cl]", 334.8 [**'sb**Cl,*’Cl,],
336.8 ['*'Sb*Cl;*>’CLy]", 338.8 [*'Sb*’CL*’CL]7; IR: & [em™] =
3107 (w), 3052 (w), 1580 (m), 1573 (m), 1554 (w), 1508 (w), 1499
(m), 1485 (w), 1464 (m), 1442 (w), 1404 (w), 1346 (m), 1337 (m),
1320 (w), 1312 (W), 1275 (s), 1254 (m), 1190 (s), 1162 (m), 1150
(m), 1125 (m), 1076 (w), 1043 (m), 1012 (W), 988 (w), 845 (w), 754
(s), 756 (s), 729 (w), 716 (m), 621 (w), 604 (w); Anal. caled for
C,,H1,Cl,,FNS,Sb, (1074.4): C 24.59, H 1.13, N 1.30, S 8.95;
Found: C 24.88, H 1.28, N 1.27, S 9.06.

6-(4-Fluorophenyl)benzo[4,5]thieno[3,2-b]benzo[4,5]thieno[2,3-
e][1,4]thiazine-6,12-diium bishexachloroantimonate (anti-anti
72" (ShClg),)

According to the general procedure with N-(4-fluorophenyl)bis
[1]benzothieno[3,2-b:2",3"-¢][1,4]thiazine (7) after additional
washing with dry pentane (2 x 10 mL) compound 7>* (SbClg™),
(0.18 g, 82%) was obtained as a dark violet solid. "H NMR
(300 MHz, acetone-de) § 7.52-7.58 (m, 2 H), 7.66-7.72 (m, 4 H),
8.00-8.05 (m, 2 H), 8.05-8.13 (m, 2 H), 8.18-8.22 (m, 2 H);
HRMS (ESI) caled for [C,,H;,FNS;]": 405.0105; found:
405.0113; HRMS (ESI) caled for [SbClg|™: 330.7175; Found:
330.7131; IR: & [em™"] = 3095 (w), 1578 (m), 1497 (m), 1454 (W),
1437 (w), 1420 (w), 1406 (w), 1325 (m), 1297 (w), 1269 (m),
1246 (w), 1211 (s), 1167 (w), 1155 (m), 1130 (m), 1092 (w), 1063
(w), 1024 (w), 993 (w), 943 (w), 866 (w), 845 (m), 756 (s), 712
(m), 670 (w), 764 (w), 635 (W), 627 (w), 620 (W); Anal. caled for
C,,H1,Cl;,FNS;Sb, (1074.4): C 24.59, H 1.13, N 1.30, S 8.95;
Found: C 28.38, H 1.25, N 1.54, S 10.47.

Conclusions

The electronic properties of oxidized species of all three anella-
tive bis[1]benzothieno[1,4]thiazine (BBTT) isomers were exten-
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sively characterized by experimental and computational
methods. All three regioisomeric N-p-fluorophenyl-BBTTs (syn—
syn, syn-anti and anti-anti) were successfully transformed into
the corresponding radical cation and dication salts by using
antimony pentachloride as an oxidant on a preparative scale.
By EPR spectroscopy the radical character was unambiguously
proven and the predominant localization of the unpaired spin
on the central 1,4-thiazine moiety was supported by the result-
ing hyperfine coupling with the nitrogen nucleus. Moreover,
experimentally determined hyperfine coupling constants and
computationally determined spin density distributions and
Wiberg bond orders underline that a stronger delocalization
arises from anti-alignment of the benzo[b]-thiophene units.
The diamagnetic singlet character as well as geometric struc-
ture of the dications was assigned by NMR spectroscopy,
especially supported by high-field shifted signals in diamag-
netic anisotropy cones of syn-aligned wings due to planariza-
tion of the BBTT core.

Spectroelectrochemical measurements by in situ generation
of the oxidized species allowed characterization of the elec-
tronic absorption bands. Finally, the experimentally observed
absorption bands could be reproduced TDDFT calculations
and assigned to the underlying molecular orbital transitions.
The calculated electronic structure of the radical cations and
dications underlines for all transitions a high polarizability of
BBTT upon photonic excitation, as revealed by pronounced
charge transfer from the benzo[b]thiophene moieties or the
N-aryl unit to the central 1,4-thiazine core, stating a strong
acceptor character of oxidized BBTT. Further studies on the
synthesis of functionalized BBTTs focusing on enhancing their
neutral antiaromatic character as well as addressing their elec-
troactive and electro-optical applications are currently
underway.
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