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Conformationally enforced planarization of bis[1]
benzothieno[1,4]thiazines: a rational design of
redox-active fluorophores with increased radical
cation stabilityi

Simone T. Hauer,? Patrick Kuhn,® J. Maurice Piitz,° Guido J. Reiss,® Lukas P. Sorge,©
Christian Ganter, (2 ® Katja Heinze (2 ¢ and Thomas J. J. Muller (2 *?

A DFT-based approach guides the rational design of the substance class of anti—anti-bis[1]benzothieno
[1,4]thiazines (BBTTs) bearing N-aryl substituents, previously generated as enhanced phenothiazine con-
geners, based upon the assumption that a minimization of the intrinsic butterfly folding in favor of a more
planarized BBTT structure allows for better electronic tuning. Therefore, an intramolecular conformational
restriction imposed by a sterically demanding ortho(,ortho’)-substitution pattern on N-aryl moieties is
envisioned to provide this planarization of the BBTT's backbone, in solution and in the crystal solid state.
Calculations of BBTT's minimum structures with variable N-aryl substitution as well as relaxed geometry
PES scans assessing the energy barriers of the intramolecular restriction were carried out, identifying
anti—anti-N-ortho,ortho’-disubstituted-phenyl-BBTTs as promising target structures. Synthetically, cycliz-
ing Buchwald—Hartwig aminations starting from brominated sulfanes followed by subsequent functionali-
zations through organometallic catalysis and reagents pave the way to a substance library of the proposed
BBTTs. Extensive structural analysis via X-ray diffraction reveals the molecular structures as well as the
superordinate crystal packing patterns. NICS (nucleus-independent chemical shift) calculations indicate
that strongly planarized BBTTs reveal a paratropic ring current and, therefore, an anti-aromatic character
of their central 1,4-thiazine core. Comprehensive investigations of their optoelectronic properties by
cyclic voltammetry, spectroelectrochemistry, and UV/vis absorption and emission spectroscopy shed light
on the electronic structure, supported by aid of (TD)-DFT calculations. A broader range of their first redox
potentials ng“, larger semiquinone formation constants in comparison to para-N-aryl substituted BBTTs
causing an increased radical cation stability, and a distinct tunability of their luminescence characteristics
render ortho(,ortho’)-substituted BBTTs as highly functional strong donor moieties for future application
in various fields.

Introduction

Organic electronics are commercially and technologically gaining
dominance, for instance by the implementation of organic light
emitting diodes (OLEDs), organic field effect transistors (OFETS),
or organic photovoltaics (OPVs).! Their functional principle is
based on organic semiconductors (OSCs) as active parts, charac-
terized by the electronic properties of their expanded
n-conjugated systems.” This mainly relies on the molecule’s elec-
tronic structure, which is often fine-tunable by rational design

1 Dedicated to Prof. Dr. Frank Wiirthner on the occasion of his 60th birthday.

1 Electronic supplementary information (ESI) available. CCDC 2346002, 2345988,
2345990, 2345982, 2345989, 2345999, 2345994, 2345996, 2335542, 2335553,
2345957, 2345956, 2345983, 2345987, 2345959, 2345998, 2345948, 2345958,
2345985, 2345992, 2345944, 2346000 and 2345986. For ESI and crystallographic
data in CIF or other electronic format see DOI: https:/doi.org/10.1039/
d4qo01155d
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whereby the desired properties can be achieved.>® In this spirit,
we aim to further refine the substance class of bis[1]benzothieno
[1,4]thiazines (BBTT) (Fig. 1).

BBTTs were previously conceptualized as enhanced phenothia-
zine (PTZ) congeners by a formal double thieno expansion.’
Especially BBTTS’ anti-anti-regioisomers reveal fine-tunable, sig-
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Fig. 1 Concept of the rational design of anti—anti-BBTTs to enforced conformational planarization through variation of the N-aryl substituent.

nificantly lowered first oxidation potentials with a high radical
cation stability and intense emission. For overcoming the
inherent 4n-m-antiaromaticity of the central 1,4-thiazine, conju-
gated BBTTs generally, like their PTZ congeners, adopt a butter-
fly-like structure. Folding along the S,N-axis of the 1,4-thiazine
core places N-substituents either in an N-intra (pseudo equatorial)
or N-extra (pseudo axial) conformation.

Therefore, it is particularly impressive that anti-anti-BBTTs
are outstandingly the first anellated 1,4-thiazines exhibiting
antiaromatic character due to planarization in the crystalline
solid state.**® Subsequently, BBTTs as strong donors can be
seen as enhanced substitutes for PTZ as an interesting poten-
tial OSC. Here, we present the rational design of enforced con-
formationally enhanced planarization of BBTTs by the N-aryl
substituent, from computation over synthesis of a compound
library and structural characterization in the solid state to elec-
tronic properties in the electronic ground and excited states.

Results and discussion
DFT-supported rational design

For enhancing the planarization in solution, as observed in
the crystalline solid state, folding of the butterfly structure
needs to be suppressed. This enforced planarization should
promote n-r-stacking and enhance the antiaromatic character of
BBTTs even in solution. Hence, the rational design commences
with controlling BBTT’s conformation as the promising variable.
A DFT-based approach is taken aspiring an underlying intra-
molecular restriction of BBTT’s scaffold. Since all known BBTTSs
planarized in the crystalline solid state bear an N-phenyl moiety,
often substituted in the para-position, those were chosen as a
starting point. From here on, a computational screen for
minimum geometries by varying the N-aryl moiety with different
methyl decorations is launched (Fig. 2). A modified constitution
by an ortho,ortho'-decoration of the N-aryl results in a pronounced
sterically restricted BBTT’s backbone inducing an increase in pla-
narization (B3LYP/6-311++G**, IEFPCM CH,Cl,).> All postulated
geometries reveal BBTTs adopting an N-intra conformation, thus
the N-aryl substituents are orthogonally twisted with respect to
the BBTTs’ scaffolds. The concept is further supported by employ-
ing a relaxed geometry potential energy surface scan (PES scan) of
N-aryls torsion exemplarily for anti-anti-N-ortho,ortho’-dimethyl-
phenyl-BBTT 3i (Fig. 3).

This forces a conformational change from the N-intra con-
former (minimum geometry) to the N-extra conformer (B3LYP/
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Fig. 2 Visualization of sterically restricted BBTTs due to the introduc-
tion of sterically demanding ortho,ortho’-substitution pattern (B3LYP/6-
311++G**, IEFPCM CH,Cl,).

6-311G**, IEFPCM CH,Cl,). The resulting N-extra conformer
does not appear as a second local minimum, but rather as a
transition state between both N-intra conformers. The energy
barrier in SCF energy as well as the difference in Gibbs free
energy amount to 24.0 and 28.3 kecal mol™, indicating a free
rotation at room temperature to be unlikely. Therefore, the sig-
nificantly more folded N-extra conformation should be sup-
pressed. Determination of the equilibrium constant Kintra—extra
to 1.90 x 107! vig Gibbs free energy difference quantifies this,
resulting in a Boltzmann distribution of N-intra and N-extra
conformer of 100 : 0 at 298 K. Furthermore, a change of confor-
mation could also occur by ring inversion via a planar tran-
sition state. This can also be approximated by a relaxed geome-
try PES scan (B3LYP/6-311G**, IEFPCM CH,Cl,). Contrary to
expectations no conformational change between N-intra and N-
extra conformer arises. Instead an N-intra-intra equilibration
occurs, which is particularly interesting for a heterogenic
ortho,ortho'-substitution pattern. Significantly lower energy
barriers in SCF energy and Gibbs free energy of <1 and
1.63 kcal mol™" indicate a free ring inversion at 298 K to be
anticipated. The ratio of the N-intra conformer to the respect-
ive transition state can be determined to 94:6 via the equili-
brium constant Kingracs Of 6.37 X 1072,

Modular synthesis

Synthesis follows up on our reliable established route to anel-
lated 1,4-thiazines such as dithieno[1,4]thiazines (DTTs) and
BBTTs via Buchwald-Hartwig amination.>*”® This previous
concept has been adapted for the synthesis of sterically

This journal is © the Partner Organisations 2024
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Fig. 3 Visualization of the relaxed geometry PES scans of N-inversion (2) and ring inversion (3) of N-aryls by the angle @ of 3i (B3LYP/6-311G**,
IEFPCM CH,Cl,). Most relevant minimum and transition state geometries of the relaxed geometry PES scan of N-inversion (1) and ring inversion (4)

(B3LYP/6-311G**, IEFPCM CH,CL,).

restricted anti-anti-BBTTs 3 using the dibrominated sulfane 1
and, in this case, respective ortho(,ortho')-disubstituted ani-
lines (Scheme 1). Whilst the previously employed ligand DPPF
was only successfully applicable for ortho-substituted anili-
nes,*? for ortho,ortho’-disubstituted anilines the adaption with
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Scheme 1 Modular synthesis of sterically restricted BBTTs 3 yielding a functionalization with electron accepting to electron donating substituents
in the ortho or ortho,ortho’-position of the N-aryl moiety: (A) ortho(,ortho’)-disubstituted aniline (1.00 equiv.), Pd(dba), (5.00-7.50 mol%), DPPF or
XantPhos (10.0-15.0 mol%), NaO'Bu (3.00 equiv.), 110 °C in toluene; (B) ortho(,ortho’)-aniline (1.00 equiv.), Pd(dba), (3.00-5.00 mol%), BINAP
(5.00-10.0 mol%), NaO'Bu (3.00 equiv.), 110 °C in toluene; (C) MeMgCl (1.20-2.40 equiv.), PEPPSI-IPr (10.0-15.0 mol%), 60 °C in THF; (D) K,[Fe
(CN)gl-3H,0 (0.250-5.00 equiv.), PEPPSI-IPr (5.00-20.0 mol%), Na,COs (2.50-5.00 equiv.), 160 °C in DMF; (E) (I) "Buli (2.40 equiv.), TMEDA (2.40
equiv.), =78 °C in THF and (ll) methanol (10.0 equiv.), —=78-22 °C in THF.
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dithiophene.” At the same time the functional group tolerance
is significantly lower. Whilst the ortho-substituted anilines
transform to the desired products, the ortho,ortho’-di-
substituted anilines only couple efficiently when halogenated
anilines are selected. For establishing a broad substance
library with a spectrum of electron donating to electron accept-
ing substituents, alternative ways of functionalization need to
be explored. On the one hand, synthesis of anti-anti-3,9-dibro-
minated BBTTs 4 via Buchwald-Hartwig amination, starting
from the respective tetrabrominated sulfane 2 with BINAP as a
ligand, transforms electron-rich anilines. Following this up by
a sequence of bromine-lithium exchange with "BuLi and
quenching with methanol reliably yields the desired products
3 with a plain BBTT’s scaffold.”® On the other hand, activation
of C-Cl bonds on BBTTs with chlorinated N-aryl moieties can
be established. The NHC-Pd-catalyst Peppsi™-IPr reliably pro-
motes cyanation as well as Kumada coupling with a Grignard
reagent. Since the synthesis of 3a with directly employing
ortho-cyanoaniline was previously known to result in a poor
yield of 5%, the herein-reported two-step synthesis with an
overall yield of 27% can be seen as an improved and more
reliable alternative.*”

Crystal data - molecular structure and underlying crystal
packing patterns

Most herein-synthesized BBTTs 3 and 4 were extensively
characterized by X-ray diffraction experiments elucidating
BBTT’s molecular structures (Fig. 4). They are hereafter best
quantified by their S,N-folding, torsion, and S-N-Cj,,; angles
(see ESI: Chapter S3.1%). All BBTTs adopt an N-intra confor-
mation with an almost orthogonally twisted N-aryl moiety with
respect to the BBTT’s backbone, resulting torsion angles of
~0°. S,N-folding angles fall in a range from 146 to 180°, whilst
§-N-C,ry-angles rise from 141° to a complete extension of the
N-aryl moiety to the S,N-axis with 180°. Compared to their
computational minimum geometries overall a strong induced
planarization of BBTTs’ backbone upon crystallization is
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Fig. 4 Molecular structures of 3d (1), 3i (2), 3p (3) and 4a (4). The
thermal ellipsoids are set at a 50% probability level while all hydrogen
atoms are omitted for clarity.
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apparent (B3LYP/6-311++G**). The presence of two molecules
per asymmetric unit for 3, as for 3e, 3f, and 3r, generally
seems to lead to a more pronounced butterfly structure. In
addition, 3f is found with three different polymorphs, showing
the overall most folded structure even if there is only a single
molecule in the asymmetric unit.

The BBTTs 3o, 3p, 3r, and 4b with a heterogenic substi-
tution pattern reveal cocrystallization of both possible N-intra
conformers. This indicates that the DFT predicted N-intra-intra
equilibration of conformation in solution is present. The com-
putationally obtained difference of Gibbs free energy AG of the
N-intra conformers can be extrapolated. By calculating the
corresponding equilibrium constant K, the relative ratio of
both N-intra conformers to each other can be determined.
Furthermore, the planar transition state of ring inversion is
computed for 3a-e and all homogenously substituted deriva-
tives 3f, 3g, 3h, 3i, 3j, and 4d, opening up for extraction of the
rate constant k of this N-intra-intra equilibration. The small
free activation energies AG}; below 2.0 kcal mol™ and result-
ingly high rate constants k in the order of 10''-10" s*
suggest, that a substantial free ring inversion is very likely (see
ESI: Chapter S4.21). Measured NMR spectra prove this experi-
mentally by displaying only a single set of signals. In order to
possibly gain an understanding of the induced planarization
in the crystalline state, the crystal packing patterns superim-
posed on the individual molecule’s geometry are examined in
more detail (see ESI: Chapter S3.21). A structurally similar
crystal packing pattern is found for the derivatives with only
one molecule per asymmetric unit and an ortho-substitution
pattern (3a-d) excepted 3¢, a homogeneous ortho,ortho'-substi-
tution pattern (3f, 3g, 3h, 3i, 3j), and also for the hetero-
geneously substituted derivatives 3p and 3t. The single mole-
cules form staircase-like structures with an overlap of approxi-
mately a half of the BBTTs’ backbones. For structures 3a and
3g-3j, a larger overlap results solely from the offset of the indi-
vidual molecules in a self-defined y-axis, whereas for 3b, 3d
and 3f the overlap is reduced by additional offset in the self-
defined x-ordinate. The molecules of one staircase are aligned
in the same direction, which means that the N-aryl moieties
all face the same side. These superordinate staircase-like struc-
tures are usually not consistently aligned parallel across the
entire crystal but are rather twisted with respect to each other.
The degree of twisting depends on the compound. Only for
molecule 3j a parallel orientation of the staircase-like substruc-
tures relative to each other is adopted. This places the BBTTs’
backbones as well as the 90°-twisted N-aryl moieties each in
alignment. The crystal packing patterns of 4a, 4b, and 4d do
not significantly differ in their degree of planarization despite
the varying number of molecules per asymmetric unit, unlike
those of BBTTs 3. With their maximized folding angles and S-
N-C,y-angles of up to 180° 3,9-dibrominated BBTTs 4 even
outshine BBTTs 3 by achieving full planarization. They also
exhibit a half-sided overlap of the BBTTs’ backbones with only
offset in the self-defined y-axis. This overlap is maximized by
the two bromine atoms extending the BBTT’s backbone
causing a stronger planarization. The N-aryl moieties of the

This journal is © the Partner Organisations 2024
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individual molecules are again oriented in the same direction.
The staircase-like substructures are not twisted relative to each
other but arranged alternately parallel as for 3j. To better illus-
trate the arrangement with regards to the twisting of the stair-
case-like substructures relative to one another, the structure of
compounds 3d, 3i, and 4a are exemplarily compared in Fig. 5.
For all above-described crystal packing patterns the inter-
molecular distance of the planarized BBTTs’ backbones of two
individual molecules is ~3.38 to 4.13 A. This lies just around
the van der Waals radii of two carbon atoms with 3.40 A.® Only
for structure 3a an even stronger proximity of the BBTT
scaffolds occurs with values of 3.34 to 3.49 A, resulting in the
beginning of n-n-stacking (Fig. 6). The shortest C-C contact of
3.369 A arises between two carbon atoms of the anellated ben-
zenes of neighboring BBTT’s backbones. Corresponding
Hirshfeld surface analysis also depicts this, especially the C-C
contact coded for in red. The corresponding fingerprint dia-
grams reflect this by their light blue areas in the range from
1.8-2.0 d; to 1.8-2.0 d,.° Resultingly, the planar geometry and
the extent of the intermolecular proximity of the BBTTs’ single
molecules can be positively assessed with regard to a possible
application as an OSC. Material science knows that a sufficient
electronic coupling arises from intermolecular distances of
around 3.4 to 4.0 A, as a basis for potential charge carrier
mobility.'"® Comparable thiophene-acene based materials with
intermolecular distances of around 3.52 and 3.56 A show

A 'VEAEX"!;"“W.
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Fig. 5

Fig. 6

View Article Online

Research Article

decent charge carrier mobility."* The remaining derivatives of
3 show no consistent packing patterns. The still quite planar-
ized derivatives 30 and 3n with folding angles of 165° at least
show the presence of a substructure, described herein as a
pair-like arrangement. The individual molecules are rotated by
180° relative to each other, whereby their N-aryl moieties are
oriented in opposite directions. At the same time, the BBTT’s
scaffolds overlap again halfway. A similar pair-like arrange-
ment, but with a stronger overlap, could be identified for the
para-aryl congeners with a pronounced planarization in their
molecular structure.*

Antiaromaticity

An investigation whether the herein presented planarized
BBTTs also exhibit antiaromaticity of the central 1,4-thiazine
has to be scrutinized. BBTTs with folding angles over 177° can
be analyzed by the well-established DFT-procedure of comput-
ing nuclear independent chemical shifts (NICS) using the
crystal data’s geometry as an input (B3LYP/6-311+G**).'?
Therefore, BBTTs 3a, 3g, 3p, 3h, 3i, 4a, 4b, and 4d are exam-
ined by placing ghost atoms in the center and 1 A above and
below the plane, of each respective ring, providing the
NICS;s0(0) and NICS;s0(+1/—1) values of interest. The outcome
clearly reveals diatropic ring currents for the ring systems of
the fused benzo[b]thiophenes and thus, as expected, indicates
their aromaticity. The central 1,4-thiazine rings, however, each

R* = H, R? = R* = Me (3i) R!=Br, R?=H, R* = Me (4a)

Illustration of the twisting of the staircase-like substructures using the example of 3d (1), 3i (2) and 4a (3).

overall (100% )

C-C(10.9%)

(1) Section of the crystal packing pattern of anti—anti-N-ortho-cyanophenyl-BBTT 3a. (2) Graphical depiction of the shortest C—C-contact

between two BBTT single molecules of one staircase-like substructure as well as the Hirshfeld surface with their respective fingerprint diagrams.
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exhibit a paratropic ring current, which suggests that those
rings are antiaromatic. This is further supported by an in-
depth analysis, in which the NICS;q, value, divided into its
underlying NICSij.piane and NICSgy¢of.plane cOntributions, is
calculated. The ghost atoms are hence placed starting from in
the centroid to 5 A above the 1,4-thiazine ring. The plotted
curves, e.g. see Fig. 7, clearly indicate that the 1,4-thiazine
rings are not nonaromatic but rather possess considerable
antiaromatic character (see ESI: Chapter S3.31).

Optoelectronic properties and electronic structure

The optoelectronic properties of BBTTs 3 are assessed via
cyclic voltammetry for the ground state and UV/vis absorption
and emission spectroscopy for the excited state elucidating the
electronic structure (Table 1). Spectroelectrochemistry is used
to generate the oxidized species and to characterize their UV/
vis absorption behavior. A deeper insight is gained by accom-
panying computational studies employing Gaussian 09 for
(TD-)DFT-calculations.”

All cyclic voltammograms (CVs) of BBTTs 3 reveal a three-
stage redox system of Weitz type with two clearly separated
redox processes,'* which are caused by consecutive one-elec-
tron transitions with Nernstian reversibility (Fig. 8).

According to their electronic nature, electron donating sub-
stituents shift the first redox potential Eg/ " to lower poten-
tials, whereas electron accepting substituents shift the redox
potential anodically in comparison to the plain BBTT 5.
Compared to their para-congeners the first redox potentials
Eg/ i generally appear in the same range, but ortho-substitu-
ents show a stronger influence on the shift of the redox poten-
tials E.*>° This can be explained by an increase of the inductive
and mesomeric substituent effects when considering a short-
ening of the bond length between the carbon atom and the
fused substituent. This results as a consequence of the consti-
tutional change from para- to ortho-substitution as supported
computationally (B3LYP/6-311++G**). And this further

5746 | Org. Chem. Front., 2024, 11, 5741-5753

accounts for the unexpected larger anodic shift caused by the
fluorine over the chlorine substitution, since halogens are the
only substituents inheriting a dominant inductive effect.'®
Upon bond contraction the inductive effect of fluorine, due to
the more pronounced electronegativity,'® becomes signifi-
cantly more dominant than for chlorine. This rationalizes the
overall stronger shifted potentials. The second redox potentials
ES Y¥2 of 3 also demonstrate the same dependency of the
potential shift to the electronic nature of the substituent. At
the same time these are overall progressively anodically shifted
along with increasing steric congestion due to a change from
para-*° to ortho- and to ortho,ortho’-substitution pattern. These
anodic shifts fall within the order of ~70 mV for each consti-
tutional change. Due to this consistency, prediction of the
redox potentials Eg/ "1 and E0+1/ *2 of anti-anti-N-ortho,ortho’-di-
substituted phenyl-BBTTs 3f-t by their ortho-analogues 3a-e is
possible (see ESI: Chapter S4.4.2%1). To the absolute redox
potential E, of the plain anti-anti-N-phenyl BBTT 5 are added
the two differences in redox potentials AE of the ortho-deriva-
tives 3a-e bearing the substituents of interest to the redox
potential E of 5 as increments. Linear regression analysis with
the experimentally determined redox potentials yields very sat-
isfactory regression coefficients (> = 0.992 and 0.973). This
indicates a consistent and therefore intrinsic effect of the
introduction of both ortho-substituents on the electronic struc-
ture, even though the geometric structure is mainly affected by
the introduction of the second ortho-substituent. The anodic
shift of the second redox potentials EOH/ *2 furthermore conse-
quently leads to enlarged semiquinone formation constants
Kgem-*® Those fall in orders of magnitude of 10" for ortho-
and up to 10"°-10" for ortho,ortho’-derivatives. Their para-con-
geners show lower values of K with 10''-10"3.%*¢ This
unambiguously points out an increase in relative thermo-
dynamic stability of the formed radical cations by the progress-
ively sterically more demanding substitution patterns. The
increasing radical stabilization is additionally supported com-
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Table 1 Electrochemical and photophysical properties of BBTTs 3 and 4 (redox potentials E, (vs. Fc/Fc* = 0.00 V) and UV/vis data recorded in

CH,Cl,, 298 K)

4
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lem,sol.a nm

R! R?
\©/ B emy g 4 mv Aabs,soly M (A, em ™' /d/r,? Aabs,pows”  Aem,pows”
(Eg/ﬂ,b mvV) (Egl/+ Pmv)  Ksem (6, 10° L mol™ em™) ns/ke, s ke 7Y nm nm (P)
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Fig. 8 (1) CVs of BBTTs of 3m, 3p, 3r, 3i, and 3t (CVs recorded in CH,Cl,, T = 298 K, 0.1 m ["BusNI[PFgl, v = 100 mV s~2, Pt-working- und counter
electrode, Ag/AgCL(3 M)-reference electrode, referenced with decamethylferrocene (DMFc)/DMFc*, potential vs. Fc/Fc* = 0.00 V). (2) Minimum geo-
metries of BBTTs 3d and 3i as well as their corresponding radical cations 3d™* and 3i™* ((u)B3LYP/6-311++G**, IEFPCM CH,Cl,) and illustration of the
increase in the radical stability.

putationally by the manifestation of a stronger delocalization does not clearly illustrate this directly, the Mulliken atomic
of the unpaired electron for the radical cations (uB3LYP/6- spin densities support this rationale. In accordance with the
311++G**). Whilst visualization of the spin density distribution constitutional changes overall decreasing values on the central
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1,4-thiazine core occur, while the values for the carbon atoms
of the anellated benzo rings increase (see ESI: Chapter 4.2%).
Quantum chemistry also allows for calculation of the first
redox potentials Eg/ *1 accounting for properties of native and
oxidized species at the same time. The method is based on the
free energy cycle, employing the thermodynamic data provided
by calculation of BBTT’s minimum geometries of the native
species and the oxidized radical cation in gas phase and under
SMD variation for computing AG of solvation ((u)B3LYP/6-
311++G**, see ESI: Chapter 4.4.1%)."” The best correlations of
the experimental and theoretical first redox potentials Eg/ i
originate when, in case of a heterogenic substitution pattern,
both possible theoretical N-intra conformation’s first redox
potentials E&/ ;11 are incorporated. Therefore, their relative ratio
is calculated by their difference in Gibbs free enthalpies AG
(B3LYP/6-311++G**). Overall, this leads to a good fit of the
experimental to the computational data (+* = 0.951).

Spectroelectrochemistry

Additionally, a spectroelectrochemical measurement has been
carried out on anti-anti-N-ortho,ortho’-dimethylphenyl BBTT
3i. This reliably generates the corresponding radical cation 3i™*
by in situ oxidation through a steady increase of the applied
potential (Fig. 9).*"*°

The occurrence of distinct isosbestic points in the UV/vis
absorption spectra indicates, that the oxidation to the radical
cation proceeds without accumulation of intermediates. The
pronounced bathochromic shift of the absorption bands upon
oxidation indicates a significant change in the electronic struc-
ture. This arises from the major geometry changes upon oxi-
dation, leading the BBTT’s butterfly structure of 3i to fully pla-
narize resulting the BBTT’s backbone of 3i” to reveal a S,N-
folding angle of 180°. This allows for an accompanied strong

experiment

A*N)=6.5G
g=2.0224

2.03 2.02 2.01

@ =180°

g 3j+

View Article Online

Research Article

delocalization of the unpaired electron. The stability of 3i™
over the time scale of this experiment (~30 min) underpins
the high thermodynamic radical stability, also with a signifi-
cant kinetic persistence. The X-band EPR spectrum in CH,Cl,
at room temperature proves the paramagnetic character. It pre-
sents a hyperfine coupling pattern of three equidistant lines,
reflecting the coupling of the electron spin of the unpaired
electron to the nuclear spin of the nitrogen nucleus (I(**N) =
1)."® Furthermore, the g-factor of 2.0224 indicates the predomi-
nant localization of the unpaired electron on the nitrogen
atom. Furthermore, lowering the applied potential successfully
leads to the corresponding reduction to 3i. The attempt to
generate the corresponding dication in situ fails as a conse-
quence of side reactions. This can be identified by the absence
of newly appearing bathochromic bands and isosbestic points
as well as an increase in intensity in the hypsochromic region
(see ESI: Chapter 4.5%). In contrast to the corresponding dica-
tions of their para-BBTTs, the dication 3i** lacks the necessary
persistence under the experimental conditions.*?

UV/vis absorption and emission spectroscopy

BBTTs 3 have been examined by UV/vis absorption and emis-
sion spectroscopy, since some of the yellowish to orange com-
pounds display emission in solution and in the solid state
(Fig. 10). All BBTTs 3 reveal similar positions of the absorption
and emission maxima despite a variation of functionalization
(Fig. 11).

TD-DFT calculations allow for a deeper understanding by
assignment of the bands to their underlying transitions
(PBE1PBE/6-311++G**).%° Therefore, exemplarily for BBTTs 3f-
3t the derivatives with a homogenic substitution pattern have
been chosen. In the case of 3a—e with two non-identical N-intra
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Fig. 9 (1) EPR spectrum of radical cation 3i"* (recorded in CH,Cl,, T = 298 K, g-factor referenced to external Mn?* in ZnS). (2) Visualization of the
spin density distribution (B3LYP/6-311++G**, IEFPCM CH,Cl,, isosurface value 0.06 a.u.) and minimum geometry of 3i"*. (3) Spectroelectrochemical
measurement of 3i to 3i'* (recorded in CH,Cly, ¢ = 5 x 1073 M, T = 298 K, electrolyte 0.1 M ["BugNI[PFg]; Pt-working electrode, GC-counter elec-

trode and Ag-wire pseudo-reference electrode).

This journal is © the Partner Organisations 2024

Org. Chem. Front,, 2024, 11, 5741-5753 | 5749


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qo01155d

Open Access Article. Published on 22 August 2024. Downloaded on 2/18/2026 10:45:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

BBTTs 3a-e with one ortho-substituent
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BBTTs 3f-t with two ortho,ortho’-substituents on N-aryl moiety
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strong luminescence for BBTTs 3b-e selective tunability of luminescence by donor
with only one ortho-substituent and acceptor strength of the ortho,ortho’-substituents

Fig. 10 Solutions of BBTTs 3 and 5 in CH,Cl, (T = 298 K, ¢ = 10~* M) at daylight (1) and under UV light (366 nm) (2). Powders of BBTTs 3and 5 (T =

298 K) at daylight (3) and under UV light (366 nm) (4).
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Fig. 11 (1) UV/vis absorption and emission spectra of BBTTs 3 in solution (recorded in CH,Cl,, T = 298 K, ¢ = 107> to 10~7 M). (2) Lifetime data

measured by TCSPC experiments exemplarily given for 3i.

conformers, the thermodynamically favored one is considered
(see ESI: Chapter 5.21).

Calculations nicely underline the four experimentally seen
dominant absorption bands. They reproduce their relative
dropping intensities and extinction coefficients along the
decreasing wavenumber by declining oscillator strengths well.
The longest wavelength absorption bands occur overall at
around 430 nm, indicating to originate from HOMO — LUMO
transitions for mostly all derivatives. Only for nitrile-bearing
BBTTs the transitions arise from the HOMO into orbitals ener-

5750 | Org. Chem. Front, 2024, 1, 5741-5753

getically higher than the LUMO. The consideration of DFT-
computed Kohn-Sham frontier molecular orbitals suggests a
plausible reason for the independency of the position of the
absorption and emission bands from the substituent pattern.
They reveal no coefficient density on the ortho-substituents of
the N-aryls (Fig. 12). The transitions also show negligible
charge transfer character, due to only a small shift of the
coefficient density from the sole location on the central 1,4-
thiazine (HOMO) to the delocalization over the whole BBTT’s
backbone (LUMO) (see ESI: Chapter 5.21).
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Fig. 12 Selected Kohn—Sham frontier orbitals and their energies and
the So—S;*-transition of 3d and 3i (PBE1PBE/6-311++G**, IEFPCM
CH,Cl,, isosurface value at 0.05 a.u.).

The emission bands emerge at around 550 nm, excluding
most nitrile-substituted BBTTs due to their indiscernible emis-
sion properties. They are best reproduced by TD-DFT calcu-
lations of the first singlet excited state (S;), indicating the
emission to be fluorescence (Fig. 13). Fluorescence is experi-
mentally proven by lifetime measurements via time-correlated
single photon counting (TCSPC) experiments. They reveal a
dependency of the lifetime 7 on an electron donating substitu-
ent, yielding the highest lifetimes z up to 11.2 (3i) (Fig. 11 and
2), 11.2 (3t), and 10.5 ns (3j) in solution. Additionally, the fluo-
rescence quantum yields @ also display the same qualitative
trend amounting up to 0.27 (3i), 0.33 (3t), and 0.33 (3j) in solu-
tion and 0.18 (3i), 0.28 (3t), and 0.18 (3j) in solid state for
donor substituted BBTTs. From fluorescence quantum yields
@ and lifetimes 7, radiative rate constants k. in a range from
3.36 x 10° to 3.13 x 10” s™* and non-radiative rate constants k,,
in a range from 5.98 x 107 to 2.84 x 10® s™" can be deduced.
Consequently, it is found that non-radiative processes depopu-
late the excited state faster than radiative processes for all com-
pounds. The examination of the spectroscopic data also allows
for further discussion of the intended suppression of the but-
terfly structure. Therefore, the Stokes shifts A7 are taken into
consideration. These range between 5100 to 5900 cm™" for the
ortho-derivatives, and are thus comparable to their para-conge-
ners.* The ortho,ortho'-derivatives, on the other hand, show
overall diminished Stokes shifts A7 of 4700 to 5300 cm™'.
Considering that solvation effects have no significant influence
on the absorption and emission maxima, and that the geome-
tries of the vibrationally relaxed S;-states of BBTTs 3 reveal uni-
formly planarized BBTT scaffolds with folding angles of
~180°, the Stokes shifts A7 correlate with the extent of folding
in the Sy-ground state. Consequently, the comparatively small
Stokes shifts A7 of 3f-3t account for smaller structural

This journal is © the Partner Organisations 2024
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Fig. 13 (1) TD-DFT calculated Jabtonski diagram of BBTT 3i with the

associated Kohn—Sham frontier orbitals of the So—S,*-transition and So*—
S;-transition. (2) Vibrational relaxed minimum So- and S;-geometries of 3d
and 3i indicated with their S,N-folding angles @ and Stokes shifts AT
(PBE1PBE/6-311++G**, IEFPCM CH,Cl,, isosurface value 0.05 a.u.).

changes upon photonic excitation. This clearly advocates for
stronger planarized So-ground state geometries of the BBTTs
3f-t bearing ortho,ortho’-disubstituted N-aryl moieties. The
experimental observations reproduce overall well the computa-
tionally founded assumption that DFT calculated minimum
geometries provide a good approximation of the conformation
in solution.

Conclusion

The computationally founded concept to force formally anti-
aromatic BBTTs into a planarized conformation by introduc-
tion of a sterically restricting ortho,ortho’-substitution pattern
on the N-aryl moiety can be synthetically successfully
implemented by palladium-catalyzed cross-coupling methods.
A substance library with a broad variety of electron donating to
electron accepting substituents is readily obtained. X-ray ana-
lyses reveal the sole adoption of the N-intra conformation for
BBTTs’ molecular structures. The comparison to DFT-
minimum geometries moreover indicates an overall induced
planarization of BBTTs in the crystalline state. Maximized S,N-
folding angles and S-N-C,y-angles up to almost 180° for com-
pounds 3a-t and 4a and up to a full planarization for com-
pounds 4b and 4d manifest. Therefore, examination of planar-
ized BBTTs with NICS calculations clearly supports a consider-
able antiaromaticity of the central 1,4-thiazine. The superordi-
nate crystal packing patterns furthermore mainly depict stair-
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case-like substructures consisting of half-side overlapped
BBTTs’ backbones with intermolecular C-C distances as low as
3.369 A. Cyclic voltammetry depicts tunable and low first redox
potentials Eg/ *1 at around —100 to 250 mV. The semiquinone
formation constants K., indicate pronounced radical cation
stabilities of BBTTs 3, that unambiguously exceed their para-
analogues upon the change of constitution to ortho-substitu-
ents of around two orders of magnitude. This arises from an
increased delocalization of the radicals over the BBTTs’ planar-
ized backbones. This is substantiated by DFT calculations of
the Mulliken atomic spin density as well as the strongly batho-
chromically shifted absorption bands of the in situ generated
radical cation by spectroelectrochemistry. Photophysical
studies of native compounds reveal intensive emission at
around 550 nm upon photonic excitation with fluorescence
quantum yields @ of up to 0.33 and lifetimes 7 in the range of
3-11 ns. The decreased Stokes shifts A¢ of ortho,ortho’-deriva-
tives compared to their para- and ortho-analogues hint at a suc-
cessful sterically induced enlargement of the S,N-folding
angles in the S,-ground state Therefore, the concept of confor-
mationally planarized BBTTs by the reduction of the butterfly
folding holds even true in solution. The experiments are fur-
thermore plausibly rationalized by (TD-)DFT calculations cor-
roborating the electronic structure. In summary, synthesized
BBTTs can be considered as strong donor moieties, being
reversible redox chromophores and tunable luminophores.
Especially BBTTs with the ortho,ortho’-substitution pattern out-
shine their para-congeners. The imposed steric strain seems to
enforce planarization of BBTTSs, in the crystalline solid state as
well as in solution. Furthermore, this modification promises a
broader tunability of the redox potentials E, as well as an
increased impeccable radical cation stability. It also
implements a selective tunability of the emission properties
from intense to elusive fluorescence. Ultimately, due to their
favorable properties, these BBTT donors present potential for a
further development leading to highly interesting more elec-
tron-rich substitutes for phenothiazines, especially for organo-
electronic applications.

Data availability

The data supporting this article have been included as part of
the ESL.{

Crystallographic data: deposition numbers CCDC 2346002
(for 3a), 2345988 (for 3b), 2345990 (for 3c), 2345982 (for 3d),
2345989 (for 3e), 2345999 (for 3f (polymorph 1)), 2345994 (for
3f (polymorph 1II)), 2345996 (for 3f (polymorph III)), 2335542
(for 3g), 2335553 (for 3h), 2345957 (for 3i), 2345956 (for 3j),
2345983 (for 3k), 2345987 (for 31), 2345959 (for 3m), 2345998
(for 3n), 2345948 (for 30), 2345958 (for 3p), 2345985 (for 3r),
2345992 (for 3t), 2345944 (for 4a), 2346000 (for 4b), and
2345986 (for 4d) contain the supplementary crystallographic
data for this paper.} These data are provided free of charge by
the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.
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