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Abstract

A homologous series of 4,7-bis(aryl) substituted benzothiadiazole (BTD) compounds,
containing the helicenic derivatives bis([4]helicene), bis([5]helicene) and bis([6]helicene), have
been prepared upon a double Suzuki coupling between 3,6-bis(pinacolyl-borane)-BTD and the
corresponding bromo-aryl precursors. The single crystal X-ray structure of the bis([4]helicene)
compound shows the existence of both helicities (M) and (P) on the same molecule. All the
compounds of the series are highly emissive in solution, with quantum yields of the emission
ranging from 50 to 91%. The enantiopure compounds (M,M) and (P,P) for the BTD-
bis([6]helicene) have been prepared from the corresponding enantiopure 2-bromo-[6]helicene
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precursors. Their chiroptical properties have been investigated in correlation with density
functional theory (DFT) calculations, which allowed to confidently assign the absolute
configuration of the helicene arms and to characterize the different electronic transitions,
including the low energy charge transfer excitation from helicenes to BTD. The
enantiomerically pure fluorophores (M,M)- and (P,P)-BTD-bis([6]helicene), which exist in
solution as two main conformers, according to the DFT calculations, show CPL activity in
solution, with gium factors of = 1.7x103 at kem = 525 nm, and also in the solid state, with gium

factors of =~ 1.2x102 in spite of the strong decrease of the quantum efficiency.



Introduction

The strongly emitting 2,1,3-benzothiadiazole (BTD) unitt*? has been extensively used over the
years in the field of organic electronics, in the composition of materials for organic and dye
sensitized solar cells, -8 organic light-emitting diodes,'® ¥ organic field-effect transistors,[**-
71 but also as fluorescent probes(*®l or polymeric thermometers.*®! Thanks to its electron
acceptor character,[?®) BTD has been used as well in donor-acceptor systems,?*24 while the
presence of sp? nitrogen atoms in the five-member thiadiazole ring makes it a valuable
coordinating unit in an increasing number of functional ligands and derived metal
complexes.!?5-281 Nevertheless, when considering the excellent emissive properties of BTD
derivatives it is rather surprising that the number of chiral representatives is relatively limited.
Indeed, several BTD containing chiral polymers which provided chiral aggregates with
enhanced chiroptical properties have been reported,’?®32 while even less examples of small
molecules are known to date. The latter concern helicene units condensed with either onel®3! or
twol+* thiadiazole rings at one or both ends of the helical framework, respectively, or a BTD
double aza-[5]helicene, only described as racemate because of the fluxional configuration. [l
Worth mentioning is that thiadiazole-[7]helicene and bis(thiadiazole)-[8]helicene were used
with outstanding results in the chiral functionalization of hybrid electrodes for the
electrochemical water splitting processt®>*"1 through the chirality induced spin selectivity
(CISS) effect,[28%] while bis(thiadiazole)-[7] and —[9]helicenest®!! have shown interesting
circularly polarized luminescence (CPL) activity.*%* Molecular materials embedded with
CPL activity*? are gaining more and more interest in view of their possible use in various fields
such as CP-OLEDs,*3#4 bio-responsive imaging,*! or anti-counterfeiting applications.! ¢! In
this respect, heterohelicenes stand among the most promising classes of small molecules with
outstanding chiroptical properties and CPL activity.”*”-° In our previous study?! it turned out
that the emission of thiadiazole-[7]helicene, with fused thiadiazole and helicene units, was
switched off as a result of an efficient intersystem crossing (ISC) mechanism from singlet to
triplet excited states. Consequently, no CPL activity was measurable for this compound. The
legitimate question that might therefore arise concerns the influence of the connectivity type,
e.g. condensation versus covalent linking, between BTD and helicenes on the emission and
CPL properties of the resulting compounds. We describe herein the synthesis and
characterization of a series of BTD fluorophores containing two aromatic substituents,
including the configurationally flexible [4] and [5]helicenes and configurationally stable

[6]helicenes, in the 4 and 7 positions of the BTD ring. Single crystal X-ray characterization for



the bis([4]helicene) compound is reported, together with the photophysical properties of the
entire series. The chiroptical properties, backed up by density functional theory (DFT)
calculations, and CPL activity of the BTD-bis([6]helicene) derivatives have been investigated

as well.

Results and discussion

Synthesis and characterization of 3,6-diaryl-benzothiadiazoles

Although the main target BTD compounds were those containing helicenic substituents (4c-4e
in Scheme 1), we have prepared as well, for comparison purposes, the smaller non-helicenic
congeners 4,7-bis(phenyl)-BTD 4a and 4,7-bis(naphthyl)-BTD 4b (Scheme 1). The connecting
position of the polyaromatic units is always 2. The synthesis of all the compounds was
performed through a double Suzuki-Miyaura coupling reaction®%? between the 4,7-
bis(pinacolyl-borane)-BTD and the corresponding bromo-aryl precursor (Scheme 1, see also
the Sl, Figures S1-S8). Compounds 4a and 4b were previously prepared by the reversed
strategy, i.e. double C-C Suzuki coupling between 3,6-dibromo-BTD and phenylboronic
acid®3 and 2-naphthylboronic acid, respectively,[®! while both 4a and the 1-naphthyl isomer
of 4b have been recently prepared by the same procedure!®! we have applied here. The single-
crystal X-ray structure of 4a was reported in the same study. The brominated precursors 2-Br-
[4]helicene 1,651 2-Br-[5]helicene 2[5859 and 2-Br-[6]helicene 3661 (Scheme 1) have been

prepared according to published procedures (see details in the SI).
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Scheme 1. Synthesis of 4,7-diaryl-benzothiadiazoles 4a-e.
The enantiomerically pure compounds (M)-4e and (P)-4e have been obtained by using (M)- and

(P)-2-bromo-[6]helicenes, respectively, which were separated by chiral HPLC from their

racemic mixture.



The BTD 4a afforded suitable single crystal for X-ray diffraction analysis upon slow
evaporation of a solution of methylene chloride. It crystallized in the monoclinic space group
P21/c, with one independent molecule in the asymmetric unit (See details in the SI, Figures S9-
S11, Tables S1-S2). Dihedral angles of 34 and 42° are observed between the BTD core and the
phenyl substituents which are twisted in the same direction. The structure we determined here
slightly differs of the one very recently described,®® where the single crystals were obtained in
different conditions. Single crystals of the naphthyl derivative 4b were obtained by the same
procedure. The structure was solved in the monoclinic space group P21/c, with one independent
molecule in the unit cell. The naphthyl substituents are twisted in opposite directions with
respect to the BTD core, with dihedral angles of 55 and -45° (see structural details in the SI,
Figures S12-S14, Tables S3-S4). Finally, we have succeeded to grow suitable single-crystals
for X-ray analysis for the bis(helicenic) compound 4c always by evaporation of a methylene
chloride solution. The structure was solved in the monoclinic space group P2:/c, with one
independent molecule in the unit cell (see details in the Sl, Figure S15, Tables S5-S6). Worth
noting are the values of the dihedral angles between BTD and the helicene units, amounting at
35 and 28°, and the helical curvature (hc) of 30°, which expresses the dihedral angle between
the first and the last benzene rings within a helicene. Moreover, one helicene has M
conformation, while the other is P, and they are arranged in a mutual trans configuration with
respect to the BTD core (Figure 1). Of course, in solution, the molecule should be highly
fluxional because of the free rotation around the C-C single bonds and of the low

enantiomerization barrier of the [4]helicene units.

Figure 1. Molecular structure of BTD-bis([4]helicene) 4c (top); view of the packing along the b axis (bottom).



The packing is driven by multiple r-n interactions between aromatic rings, the molecules are
arranged in a head-to-tail fashion along the b direction (Figure 1, see also Figure S16), and the
presence of the flanking helicene units hamper the establishment of the usual intermolecular

N---S interactions typical for thiadiazoles.

Photophysical, chiroptical and theoretical study

The absorption spectra for the five compounds show similar features (Figure 2). Note the
bathochromic shift of the low energy absorption band with the increasing number of fused
aromatic rings, going from 380 (4a) to 415 nm (4e). This band corresponds to a charge transfer
excitation from the aromatic substituents to the BTD unit.[*3%°1 A second absorption maximum
Is observed in the range 275 — 325 nm, also red-shifted from 4a to 4e. Upon excitation at 370
nm (4a-b) and 400 nm (4c-e), all the BTD compounds are emissive, with maxima at 475, 510,
533, 537 and 540 nm for 4a-e, respectively (Figure 2).

100000 4a
T
80000 - =—dd
- — o
£
S 60000 -
=
w
40000-/\
¥
20000 -
0 T I\\_ T 1
300 400 500 600
Wavelength (nm)
— ]
1.0 4
El
S opg4
=]
18]
N
™
E 0.6 o
o
-
=
o 044
{
18]
IS
0.2 4
0.0 -

T T T T T T
450 500 550 600 650 700 750

Wavelength (nm)



Figure 2. Absorption spectra of 4a-e in CH,Cl, solutions at room temperature; concentrations were in the range
of 2 to 3x10° M (top). Emission spectra of 4a-e in CH,Cl; solutions at room temperature (bottom); for 4e the
(M,M) enantiomer is shown; concentrations were in the range of 2 to 3x10° M, the excitation wavelengths were
370 nm (4a-b) and 400 nm (4c-e), the spectra are corrected for the response function of the spectrometer and the

intensities are normalised.

The value for 4a corresponds to the one reported,®! that for 4b is red-shifted compared to its
1-naphthyl isomer, i.e. 490 nm,™® showing the importance of the connecting position, while
those for the helicene substituents are in the same range with the values for anthracenyl and
pyrenyl substituents,® that is strongly red-shifted with respect to the first two as a consequence
of the more extended =-system. The emission quantum efficiencies measured at room
temperature in methylene chloride solutions, with [Ru(bpy)s]?* as standard, indicate values of
90%, 82% and 77%, going from 4a to 4c. While the quantum yield for 4a does correspond to
the value recently reported,® the one for 4b is clearly much higher than that of its 1-naphthyl
isomer, announced at 27% in toluene solution,®® measured with a different method though
(integrating sphere). Then, the quantum efficiency of 4c is slightly lower than the one for 4a-b,
possibly because of the fast inversion of the helical framework in [4]helicenes,263 which
makes 4c somewhat more flexible than 4a and 4b. However, the values of the quantum yields
determined for 4d and 4e are 60% and 51% respectively, upon measuring them with an
integrating sphere, confirming the trend of a reduced radiative rate for the higher homologues
of the series, very likely due to an efficient intersystem crossing.[*®l Despite this monotonous
decrease of the quantum yields of fluorescence when going from 4a (90%) to 4e (51%), the
values are still of the same order of magnitude throughout the series. Note that the integration
sphere was used for 4d and 4e in order to compare the emission in solution and in the solid
state. Interestingly, the trend seems to be reversed in the solid state, where we observed a
slightly increased quantum yield in the derivative 4e compared to the 4d with values of 12%
and 8%, respectively. This could be ascribed to the bigger dimension of the [6]helicene systems
that prevents slightly more efficiently (compared to [S]helicenes) the intermolecular =-wt
interactions around the BTD core causing the quenching of the fluorescence in the solid state.

The time dependent DFT (TD-DFT) absorption spectra of 4c-e are blue-shifted overall by about
20 nm but are otherwise in good agreement with experimental spectra (see Figure S17 in the
SI). Compared to the other two molecules, the 4c peaks are slightly red shifted. The intensities
for 4d and 4e are in good agreement with experimental spectra; however, the relative intensity

compared to the other two molecules in the 4c spectrum is nearly two times larger than in



experiment outside the 300-350 nm range. Fully matching all relative peak intensities would
likely require more conformers for all three molecules, particularly 4c (see discussion in the
Computational Details section about the choice of conformers). Because there is an overall
agreement in peak positions, we can use the simulated spectra for the peak assignment (peak
wavelengths in the following text are taken from the calculated results). Each peak is a
combination of multiple states, 7 — m* in nature, where the electron density moves across the
helicene arms through the central BTD unit, and vice-versa. More specifically, the transitions
can be categorized in five common types. In every molecule, the first peak near 400 nm is
always a HOMO — LUMO charge transfer, where the HOMO is spread out across the arms of
the helicene and the benzene unit of the BTD, and the LUMO is entirely on the BTD unit (type
1). The second common type of transition is localized entirely on the helicene arms (type 2),
and the third one is localized entirely on the BTD unit (type 3). The fourth common transition
(4) comprises states where the electron density is initially spread across both helicene arms and
moves to the central BTD unit. The final common transition (5) is a charge transfer from the
central BTD unit to the helicene arms. The information about the transitions that form the
simulated spectra are reported in Computational Section of the SI; the most important frontier
molecular orbitals that contribute to these transitions are depicted in Figures S18-S23 of the SI.
In the 4c spectrum, there are peaks at 394, 320, 274, 259, and 237 nm. The 320 nm peak is a
combination of type 2 and type 3 transitions, and the 274 nm peak is comprised of type 4
transitions. The 259 nm peak includes 2 transitions, and the 237 nm peak includes type 5
transitions. The peaks in the 4d spectrum are at 392, 304, 274, and 250 nm. The 304 nm peak
IS a type 2 transition, while the 274 nm peak is a combination of type 5 and type 3 transitions,
and the 250 nm peak are type 4 transitions. Finally, there are peaks at 391, 317, 266, and 243
nm in the 4e spectrum. The 317 nm peak is characterized by type 4 transitions, the 266 nm peak
also includes type 4 transitions, and the 243 nm peak is a type 5 transition.

Figure S17 in the Sl presents calculated emission spectra for all three molecules, which are in
good agreement in both peak positions and relative intensities. The peak maximum of the 4c
spectrum is correctly slightly blue shifted relative to the other two peaks, which are nearly on
top of each other. All three transitions are * — = transitions (type 1).

Electronic and vibrational circular dichroism spectra have been measured for the two
enantiomers (M,M) and (P,P) of 4e, hereafter named (M)-4e and (P)-4e (Figure 3).



250

100 — 290 — Racemic
- _PP
£ — MM
_©o
.E 0_
3 420
-100 —
340
-200—ITIIIIIIIIII|I'lllITI'IIIITIT"I'IIIIIT'I'I'
250 300 350 400 450 500 550 600
Wavelength /nm
2e-5
1e-5
g ¥ 3
<
-1e-5
-2e-5
-3e-5

1600 1500 1400 1300 1200 1100
Wavenumber / cm-1

Figure 3. Experimental ECD spectra of 4e in DCM (3x10"° M) at room temperature (top); experimental VCD
spectra of (M)-4e and (P)-4e for solutions of 4 mg in 150 pul CDCl; (path length: 0.2 mm, 14000 scans

accumulation, a VCD spectrum of the solvent was subtracted in order to eliminate artefacts) (bottom).

As expected, no CD signal was detected for the racemic 4e, which consists in fact of a mixture
of (M)-4e, (P)-4e and (M,P)-4e, while the two enantiomers show mirror image spectra. In ECD,
four bands are observed with maxima at 420, 340 (shoulder at 360), 290 and 250 nm, with that
at low energy (420 nm) corresponding to the charge transfer excitation. The pattern for the three
remaining bands at higher energies is typical for [6]helicenes, with a sequence —/—/+/+
(including the shoulder at 360 nm) for the rotatory strength of the (M) enantiomer.[®* Mirror
image VCD spectra are also observed.

Because of the two C—C connections between the BTD core and the helicene units, one can
infer that several conformers are in equilibrium in solution at room temperature for compound
4e, and thus the experimental CD spectra would correspond to a Boltzmann population average

of the most stable ones. As discussed in the Computational Details section, considering all



possible conformers with a larger basis set was unfeasible, and we concentrated on the two most
stable ones, reported in Figure 4. Based on their relative energies, conformer 1 is more stable
and accounts for 78% of the calculated spectra, while the other conformer 2 accounts for 22%
of the spectra. However, the energy difference is overall small (less than 1 kcal/mol) and the

electron density is fairly similar between the two.

Figure 4. Relevant conformers of (M)-4e, optimized in CH.Cl., and used in the simulated spectra. Conformer 1

(top) contributes with 78% of the spectra, and conformer 2 (bottom) with 22%.

The simulated ECD and VCD spectra for (M)-4e are presented in Figure 5. We find good
agreement with the experimental ECD spectrum. The main peaks are at 393, 330, 287, and 238
nm. The negative peak at 250 nm is likely an artifact due to the limitations in the conformational
sampling of the calculations. As mentioned above, the 393 nm peak is a type 1 transition, the
330 nm peak is a combination of type 2 and type 4 transitions, the 287 nm peak includes type
4 and type 5 transitions. The final peak at 238 nm is a combination of type 3, type 4, and
transitions where electron density begins on both helicene arms and moves to a single arm. The
simulated VCD spectrum is red-shifted by 61 cm™ to align the large peak at about 1500 cm™.
The calculation reproduces most of the main features of the experimental spectrum, including
the negative peaks around the main positive 1500 cm™ band, the positive peaks at 1339 cm™
and 1262 cm™ and the negative double-peak in between. Not all of the peaks are reproduced,
for instance the positive band at 1600 cm™, and we attribute this to the limited conformational

10



sampling discussed above. Nonetheless, the agreement between the experimental and
theoretical spectra further confirms the absolute configuration assignment for (M)-4e species

(see also Figure S24).
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Figure 5. Simulated ECD (top) and VCD (bottom) spectra of (M)-4e.

Finally, the CPL activity of (P)-4e and (M)-4e was measured with a spectrometer conceived for
Raman optical activity measurements®! and previously used for other luminescent helicene
derivatives.[®® The wavelength of the exciting radiation is 532 nm. The two enantiomeric chiral
emitters show polarized luminescence with anisotropy factors |gum| of ~ 0.8x10~ at the
maximum of emission (560 nm), in the normal range for organic small molecules, including
helicenes.[**% The simulated CPL spectrum for (M)-4e is reported in Figure S25 of the SI and

it is consistent with the experimental spectrum.
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Figure 6. CPL spectra of (P)-4e (blue line) and (M)-4e (red line) (top) and anisotropy factors gium (bottom).

Alternatively, we have measured the CPL activity of 4e with a JASCO CPL-300
spectrophotometer in solution and in the solid state (Figures S26-S27). The values in solution
obtained by this classical method are only slightly higher, e.g. |gum| of = 1.7x1073, than those
measured with the ROA equipment. Remarkably, the compound shows intense CPL activity in

the solid state as well, i.e. |gium| of = 1.2x1073, in spite of the much lower quantum yield.

3. Conclusions

In this work we have reported first the straightforward synthesis of a homologous series of
benzothiadiazole (BTD) fluorophores containing two covalently linked [4], [5] and [6]-
helicenic units, i.e. compounds 4c, 4d and 4e, respectively, together with their simpler non-

helical bis(benzene) (4a) and bis(naphthalene) (4b) analogues. Single crystal X-ray diffraction



analysis of 4c indicates the occurrence of the (M,P) diastereomer in the solid state. The
bis([6]helicene) compound could be obtained as racemate but also as enantiopure derivatives
(M,M) and (P,P) starting from the corresponding enantiopure 2-bromo-[6]helicene precursors.
The photophysical study indicates strong emission of all BTD fluorophores, with quantum
yields surpassing 50% in solution. The enantiopure BTD compounds have been chiroptically
characterized by ECD and VCD. In the former, the lowest CD band corresponds to a charge
transfer excitation from both helicene arms to the BTD ring and has negative sign for the (M,M)
enantiomer, followed by the typical negative/positive couplet bands for (M) helicenes. The
absolute configuration has been definitely attributed by measuring as well the VCD spectra of
4e and confirmed by DFT calculations, an excellent agreement being observed between the
Boltzmann averaged spectra and the experimental ones. Finally, compounds (M,M)-4e and
(P,P)-4e showed CPL activity in solution, with anisotropy factors |gium| reaching out 1.7x10-3
in solution (1.2x1073 in the solid state) at the maximum of the emission, in accordance with the
calculated CPL activity. It appears thus that the strategy of attaching covalently two
configurationally stable helicene arms to BTD is relevant for the induction of CPL activity,
with gum factors of the same order of magnitude with other molecular helicenic compounds,
despite the fluxional nature of 4e due to the free rotation around the connecting C—C bonds.
These results open the way towards the use of configurationally stable BTD-bis(helicenes) as
spin polarization materials through the CISS effect, the investigation of the helicene length on
the CPL properties, or the attachment of two BTD units on a helicene platform in order to take
advantage of the exciton coupling mechanism in the CPL activity. This research is under active

investigation in our groups.

4. Experimental

4.1 Materials and methods

All reagents and chemicals from commercial sources were used without further purification.
Solvents were dried and purified using standard techniques. Column chromatography was
performed with analytical-grade solvents using Aldrich silica gel (technical grade, pore size 60
A, 230-400 mesh particle size). Flexible plates ALUGRAM® Xtra SIL G UV254 from
MACHEREY-NAGEL were used for TLC. Compounds were detected by UV irradiation
(Bioblock Scientific) or staining with iodine, unless otherwise stated. NMR spectra were
recorded with a Bruker AVANCE 111 300 (*H, 300 MHz and *3C, 76 MHz, 1°F, 283 MHz, 3P,
122 MHz) and Bruker AVANCE DRX 500 (*H, 500 MHz and *3C, 125 MHz). Chemical shifts
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are given in ppm relative to tetramethylsilane TMS and coupling constants J in Hz. Residual
non-deuterated solvent was used as an internal standard. UV-Vis absorption spectra were
recorded at room temperature on a Perkin ElImer Lambda 950 spectrometer or with a Shimadzu
UV-1800. Emission spectra were recorded on a PTI spectrofluorimeter mode, Quanta Master 1
coupled with a thermostat, using a Xenon lamp (70 W) as source and slits of 1 mm in a
conventional quartz cell (light path 10 mm), or with a Shimadzu RF-6000. Matrix Assisted
Laser Desorption/lonization was performed on MALDI-TOF MS BIFLEX I11 Bruker Daltonics
spectrometer using dithranol, DCTB or a-terthiophene as matrix. Circular dichroism (CD)
measurements have been performed with a JASCO Corp. J-715 or J-810 apparatus. Chiral
HPLC separation of (rac)-2-Br-[6]helicene was performed using a (S,S)-Whelk-O1 (250 x 10

mm) 5 um column, with hexane / isopropanol / dichloromethane (83/2/15) as mobile phase.

4.2 Synthesis

General Procedure for Ar-BTD-Ar (4a-e): In a Schlenk tube under argon were dissolved the
aryl bromide derivatives, i.e. bromo-benzene, 2-bromo-naphthalene and the 2-bromo-
[n]helicenes (n = 4-6) 1-3 (3 eq), palladium tetrakis (5 mol%) and 4,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole (1 eq) in 9.5 mL of THF. After degassing
with argon for 10 min, a degassed solution of potassium carbonate (5 eq) in H2O (1.5 mL) was
added. The mixture was then stirred at 70 °C for 16 h. The dark green solution was allowed to
reach the rt and 20 mL of CH.Cl, were added. The organic layer was washed 3 times with
water, 3 times with brine and then dried over MgSO4. The crude product was concentrated
under vacuum and then purified by column chromatography on silica gel (PE/DCM as eluent)
to afford the desired compounds 4a-e.

4,7-di(naphthalen-2-yl)benzo[c][1,2,5]thiadiazole (4b): General procedure from 2-bromo-
naphthalene (160.1 mg, 773 umol), Pd(PPhs)s (14.9 mg, 13 pumol), 4,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole (100 mg, 258 pmol), and K>.COs (178.1
mg, 1.29 mmol). After purification (PE/DCM, 1/1, Rf = 0.73) compound 4b was obtained as a
yellow solid, 98 mg (98 % vyield). Crystal suitable for X-ray analysis were obtained after slow

evaporation in CH2Cl..

IH NMR (300 MHz, Chloroform-d) & 8.51 (s, J = 1.6 Hz, 2H), 8.12 (dd, J = 8.5, 1.8 Hz, 2H),
8.03 (d, J = 9 Hz 3H), 8.01 — 7.96 (m, 3H), 7.95 — 7.92 (m, 2H), 7.57 — 7.54 (m, 4H).

13C NMR (76 MHz, CDCl3) § 154.52, 135.01, 133.67, 133.54, 133.36, 128.82, 128.71, 128.66,
128.35, 127.87, 127.12, 126.69, 126.55.
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MS (El) m/z = 388.1037 Calculated: 388.1034.

4,7-bis(benzo[c]phenanthren-2-yl)benzo[c][1,2,5]thiadiazole (4c): General procedure from
2-bromo-[4]helicene (1) (237.5 mg, 773 umol), Pd(PPhz)s (14.9 mg, 13 pumol), 4,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole (100 mg, 258 pmol), and
K2>CO3 (178.1 mg, 1.29 mmol). After purification (PE/DCM, 1/1, Rf = 0.82) compound 4c was
obtained as a yellow solid, 70 mg (46 % yield). Crystal suitable for X-ray analysis were obtained

after slow evaporation in CH,Cl..

IH NMR (300 MHz, Chloroform-d) & 9.90 (s, 2H), 9.54 (d, J = 8.5 Hz, 2H), 8.22 (s, 4H), 8.13,
8.04 (t, J = 7.5 Hz, 5H), 7.98 (d, J = 4.3 Hz, 2H), 7.94 (d, J = 5.4 Hz, 2H), 7.90 (s, 2H), 7.87
(s, 1H), 7.79 (t, J = 7.1 Hz, 2H), 7.66 (t, J = 7.6 Hz, 2H), 7.47 — 7.40 (m, 1H), 7.34 (t, J = 7.6
Hz, 1H).

13C NMR (76 MHz, Chloroform-d) § 155.66, 154.72, 154.57, 154.11, 139.59, 135.06, 134.96,

133.97, 133.72, 133.43, 133.27, 132.86, 131.48, 130.46, 129.63, 129.44, 129.01 — 128.37 (m),
127.90, 127.72, 127.56, 127.21, 126.96, 126.61, 126.44, 126.09.

MALDI-TOF =588.1651 Calculated = 588.1660.

4,7-bis(dibenzo[c,g]phenanthren-9-yl)benzo[c][1,2,5]thiadiazole (4d): General procedure
from 2-bromo-[5]helicene (2) (276.2 mg, 773 pumol), Pd(PPhs)s (14.9 mg, 13 pmol), 4,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole (100 mg, 258
pmol), and K>COs (178.1 mg, 1.29 mmol). After purification (PE/DCM, 6/4, Rf = 0.58)
compound 4d was obtained as an orange solid, 128 mg (72 % yield).

IH NMR (300 MHz, Chloroform-d)  9.02 (d, J = 8.7 Hz, 2H), 8.75 (d, J = 8.4 Hz, 2H), 8.28
(m, 2H), 8.10 (d, J = 8.3 Hz, 2H), 8.07 — 8.04 (m, J = 7.7 Hz, 2H), 8.00 (s, 1H), 7.97 (t, J = 4.3
Hz, 3H), 7.95 (d, J = 3.2 Hz, 2H), 7.92 — 7.90 (m, 6H) 7.63 (t, J = 7.4 Hz, 2H), 7.52 (d, J = 3.7
Hz, 2H), 7.42 — 7.33 (m, 2H).

13C NMR (126 MHz, Chloroform-d) § 154.21, 133.77, 133.04, 132.73, 132.59, 132.52, 131.22,

129.76, 129.53, 129.42, 129.33, 129.12, 128.47, 128.25, 128.06, 127.74, 127.57, 127.49,
127.35, 127.26, 127.13, 126.59, 126.31, 124.97, 120.56.

MALDI-TOF = 688.1967 Calculated = 688.1973.

(rac+meso)-4,7-di(hexahelicen-11-yl)benzo[c][1,2,5]thiadiazole (4e): General procedure
from (rac)-2-Br-bromo-[6]helicene (3) (157.4 mg, 386.5 pumol), Pd(PPh3)4 (7.44 mg, 6.4 umol),
4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole (50 mg, 128.8
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pmol), and KoCOs3 (89 mg, 644 umol). After purification (PE/DCM, 1/1, Rf = 0.6) compound
4e was obtained as an orange solid, 49 mg (48 % vyield).

IH NMR (300 MHz, Chloroform-d) 8 8.16 (s, 2H), 8.06 — 7.98 (m, 19H), 7.93 — 7.89 (m, 2H),
7.86 —7.78 (M, 4H), 7.30 (d, J = 7.0 Hz, 1H), 6.82 (t, = 7.8 Hz, 2H), 6.43 (s, 2H).

13C NMR (76 MHz, CDCls) 5 153.68, 134.50, 134.37, 133.47, 132.80, 132.41, 131.77, 131.67,
131.57, 130.32, 130.08, 130.03, 128.56, 128.38, 128.34, 128.04, 127.79, 127.71, 127.64,
127.57,127.45, 127.29, 127.26, 126.99, 126.84, 126.12, 125.05, 124.99, 124.29.

MS (El) m/z = 788.2286 Calculated = 788.2286.
(M,M)-4,7-di(hexahelicen-11-yl)benzo[c][1,2,5]thiadiazole ((M)-4e): General procedure
from (M)-2-bromo-[6]helicene (M-3) (125.9 mg, 309.2 umol), Pd(PPhs)4 (6 mg, 5.2 umol), 4,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole (40 mg, 103.1
pmol), and K2COs (71.2 mg, 515 pmol). After purification (PE/DCM, 1/1, Rf = 0.6) compound
(M)-4e was obtained as an orange solid, 41 mg (50 % yield).

(P,P)-4,7-di(hexahelicen-11-yl)benzo[c][1,2,5]thiadiazole ((P)-4e): General procedure from
(P)-2-bromo-[6]helicene (P-3) (157.4 mg, 386.5 umol), Pd(PPh3s)s (7.44 mg, 6.4 umol), 4,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole (50 mg, 128.8
pumol), and K>COz (89 mg, 644 umol). After purification (PE/DCM, 1/1, Rf = 0.6) compound
(P)-4e was obtained as an orange solid, 40 mg (49 % yield).

4.3. X-Ray structure determinations

Details about data collection and solution refinement are given in Table SX. Single crystals of
the compounds were mounted on glass fibre loops using a viscous hydrocarbon oil to coat the
crystal and then transferred directly to cold nitrogen stream for data collection. Data collection
were mostly performed at 150 K on an Agilent Supernova with CuKo (A = 1.54184 A). The
structures were solved by direct methods with the SIR97 program and refined against all F2
values with the SHELXL-97 program!® using the WinGX graphical user interface.[® All non-
H atoms were refined anisotropically. Hydrogen atoms were introduced at calculated positions
(riding model), included in structure factor calculations but not refined.

Deposition Number(s) <url
href="https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202401413">23
41523 (for 4a), 2341524 (for 4b), 2341525 (for 4c)</url> contain(s) the supplementary

crystallographic data for this paper. These data are provided free of charge by the joint
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Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe <url

href="http://www.ccdc.cam.ac.uk/structures">Access Structures service</url>.

4.4 Vibrational circular dichroism

IR and vibrational circular dichroism (VCD) spectra were recorded on a Bruker PMA 50
accessory coupled to a Tensor 27 Fourier transform infrared spectrometer. A photoelastic
modulator (Hinds PEM 90) set at 1/4 retardation was used to modulate the handedness of the
circular polarized light. Demodulation was performed by a lock-in amplifier (SR830 DSP). An
optical low-pass filter (< 1800 cm?) in front of the photoelastic modulator was used to enhance
the signal/noise ratio. Solutions of 4 mg/150 ul deuterated CDCIs were prepared and measured
in a transmission cell equipped with CaF2 windows and a 200 um spacer. The VCD spectrum
of the pure solvent served as the reference and was subtracted from the VCD spectrum of the
compound in order to eliminate artefacts. For both the sample and the reference, ca. 14000

scans at 4 cm! resolution were averaged.

4.5 Computational details

All calculations were performed with a development version of the GAUSSIAN suite of
programs.[®° Geometries were optimized using the CAM-B3LYPI"® model chemistry with D3
dispersion corrections.”t Since these are conformationally flexible molecules, multiple minima
are present, which need to be accounted for to reproduce the experimental spectra. We first
determined all stable conformers at CAM-B3LYP/6-31G(d) level. We then selected enough
conformers such that the total Boltzmann contribution was greater than 70% (2 conformers for
each molecule), and re-optimized these structures with the aug-cc-pVDZ basis set. We
computed the spectra for the selected conformers with the larger basis set, with Boltzmann
weighting evaluated with the new energies. Thus, each plot is a population average of the
individual spectra for each of the two major conformers. Calculations of absorption, ECD, and
emission spectra were performed at the same level of theory (CAM-B3LY P/aug-cc-pVDZ) in
the velocity gauge. Solvent effects were accounted for using the polarizable continuum model
(PCM)[2"41 and the SMD radii.[’®! The geometry optimizations, both in the ground and in the
first excited state, were conducted in the equilibrium solvation regime, i.e., using the static
dielectric constant of the solvent (¢=8.93 for DCM). The electronic transition calculations, both

in absorption and emission, were performed in the non-equilibrium regime, where the solvent
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electronic response was computed using the optical diclectric constant (£,=2.0883 for DCM)

while the nuclear and molecular solvent response was kept frozen at the equilibrium value.’+78

4.6 CPL measurements

CPL experiments described in this work were performed with the Raman optical activity (ROA)
spectrometer designed by Hug and coworkers.®>1 |t is based on unique elements, i.e. a
customized spectrograph and correction optics, which are designed to increase the signal - to-
noise ratio and minimize artefacts. Briefly, the sample is excited with a continuous wave
frequency doubled Nd:YAG laser. Emitted light is detected in backscattering configuration
using a CCD camera (Wright Instruments) equipped with a CCD30-11-0-232 sensor. The laser
is focused into the sample cell by a plano-convex lens with a focal length of 200 mm. Emitted
light is collected by means of a gradium /1.1 lens. Right (RCP) and left circular polarized
(LCP) components in the signal beam are analysed using a liquid crystal retarder (LCR,
Meadowlark Optics, Frederick Co, USA), which converts the two circular polarized
components into linear polarized (LP) light with perpendicular planes of polarization. Using
two polarization cubes the two perpendicular components (s- and p-branch) are split and
transferred independently via optical fibers to a customized spectrograph (Kaiser Optical
Systems). The light from the two fibers is coupled into the entrance slit of the spectrograph
such that the s- and p-branch illuminate one half of the CCD camera. The spectrum is retrieved
as the difference between the top and bottom half of the CCD. A dedicated corrections cycle is
applied to eliminate artefacts as described in detail in ref. [77]. Alternatively, CPL
measurements have been also performed in solution and in the solid state with a JASCO CPL-

300 Circularly Polarized Luminescence Spectrophotometer (see the Sl).
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Highly emissive covalently linked benzothiadiazole 4,7-bis(helicenes), with the [6]helicene
representatives showing CPL activity in solution and in the solid state, have been obtained

through a straightforward strategy.
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