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A new dithiaaza[7]helicene of remarkably multifaceted nature and functional properties is introduced and
studied by comparison with a pool of simpler thia- or azahelicenes and related model molecules. Its helical
conjugated backbone endows it with interesting spectroscopic and electrochemical features as well as with
powerful inherent chirality. In addition, the new molecule has terminals of opposite character which endow it
with push-pull features (along the backbone and across 3D space) as well as with a remarkable pool of functional
properties: (i) an electron poor pyridine-based terminal, which can be involved in acid/base equilibria or enable

conversion into molecular salts by alkylation; and (ii) an electron rich (benzodi)thiophene-based terminal, which
allows reproducible electrodeposition of electroactive films, thus enabling to transfer the above pool of prop-
erties from single molecule to nanostructured inherently chiral electroactive materials.

1. Introduction

Helicenes are a class of polycyclic aromatic compounds made of
ortho-fused benzene or other (hetero)aromatic rings, with a nonplanar
screw-shaped skeleton [1-3]. When the number of rings is higher than
five, they adopt a chiral helically-shaped conformation due to steric
crowding between the two terminal rings of the molecule [4]; in this
case the molecule can exist in two stable enantiomers that can be
separated for instance by chiral HPLC [5]. The helical backbone is also a
conjugated m-electron system highly delocalized not only along the
condensed ring chain, but also across it, from n-stacking effects between
rings overlapping in space [6]. Thus, in helicenes the whole molecular
backbone is the source of both chirality and key functional properties (in
particular, electronic ones), making them an outstanding example of
powerful inherent chirality [7].

* Corresponding author.
E-mail address: patrizia.mussini@unimi.it (P.R. Mussini).

Such property can be propagated from the single molecule level to
inherently chiral oligomer films, which can be conveniently prepared by
electrodeposition from monomers with suitable electroactive terminals,
obtaining enantiopure films with the same configuration of the starting
monomer and enhanced effective conjugation [7-10].

Inherent chirality can afford impressive manifestations employing
helicenes or helicene oligomer films as chiral selectors e.g. in chiral
spectroscopy, chiral electrochemistry, and molecular spintronics [7,
11-15], three advanced fields in fascinating reciprocal interconnections
still to be completely unveiled and exploited [16].

The presence of heteroatom(s) in the helical backbone (resulting in
heterohelicenes) enables to significantly modulate helicene properties
respect to carbohelicene cases, affecting e.g geometric parameters,
electronic properties, redox site localization, conjugation efficiency,
molecular interactions, and oligomerization ability; this prompted many
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research groups to focus on heterohelicenes and heterohelicenoids [2,3,
7,8,17-22].

Heterohelicenes can entirely consist of heteroaromatic rings, or,
more commonly, consist of either a sequence of heteroaromatic rings
regularly alternated with aromatic carbocylic ones, or a carbohelicene
sequence featuring one or more randomly inserted heteroaromatic rings.
The most popular heterohelicene families are:

e pyridine-based azahelicenes, electron poorer than carbohelicenes,
and the properties of which can be modulated by acid-base equilibria
(for example, symmetrically pyridine-terminated 1,14-diazahelicene
has been recently reported as a superbase/proton sponge exploited
as a matrix for matrix-assisted ionization/laser desorption MALDI
spectroscopy for acid analytes [23]) and quaternarization, both
properties being based on the N atoms, whose lone pairs are not
involved in the overall conjugation. The latter feature affords
inherently chiral molecular salts, which could possibly include
inherently chiral ionic liquids, if the melting point could be suffi-
ciently lowered by appropriate choice of alkyl substituent and
counterion [18,19,24];

thiophene-based thiaghelicenes, electron richer than carbohelicenes,
and easier to (electro)oligomerize into inherently chiral electroactive
films with attractive functional properties for smart chiral devices in
organic electronics and spintronics [7,8].

Heterohelicenes are usually based on a single kind of heteroaromatic
ring, as in the above main two classes; however, quite attractive is the
development of helicenes incorporating different heteroaromatic rings,
resulting in multifunctional inherently chiral tools, endowed with the
properties of both heteroaromatic rings. Very few examples of thiaaza-
helicenes or smaller analogues have been reported in the literature so far
[25]. Particularly interesting is the case in which each helicene terminal
coincides with a different heteroaromatic ring, possibly resulting in
“push-pull” electronic effects both along the helical chain and vertically
in 3D space between the partially or totally superimposed terminals.

In this frame, the dithiaaza[7]helicene 1 (Chart 1) has been prepared
and investigated by both spectroscopic and electrochemical methods,

Chart 1. The investigated helical systems and related precursors.
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particularly focusing on its electronic properties and film electrodepo-
sition ability.

To better interpret the results, the study also involves a systematic
series of models including:

o the alkene precursor 2 of dithiaaza[7]helicene 1, to evaluate modi-
fication of electronic properties upon conversion into the helical
structure implying a torsional angle as well as possible n-stacking
effects;

the dithia[7]helicene 3, analogue of 1 with a benzene terminal
instead of the pyridine one, together with its alkene precursor 4, as
models for the benzodithiophene (BDT)-terminated side;

the 7-ring and 6-ring azahelicene analogues of 1 without the BDT
terminal, 5 and 6 respectively, as models for the pyridine-terminated
side.

2. Results and discussion

2.1. Syntbhesis of helicenes 1, 3, 5 and 6 and related alkene precursors 2,
4, 7 and 8

Helicenes 1, 3, 5 and 6 (Chart 1) have been prepared using the
classical Mallory photochemical reaction [26,27] which allows to build
the helix, through the formation of an additional benzene ring, starting
from the appropriate alkene precursors. As reported in Scheme 1 for the
case of helicene 1, the irradiation of solutions of alkenes 2, 4, 7 and 8 in
ethyl acetate with a medium pressure Hg lamp (125 W) gave the cor-
responding helicenes 1, 3, 5 and 6. The present work inter alia confirms
that the Mallory photochemical route [25] is a versatile methodology to
access to helical systems of which 1, 3 and 5 are new compounds while
aza[6]helicene 6 has already been reported [28].

The synthesis of alkene precursors 2, 4, 7 and 8 (Scheme 2) was
performed through a Wittig reaction between aldehyde 9a-c and the
triphenylphosphonium salt 10a-c¢, with DBU (alkenes 2 and 4) or t-BuOK
(alkenes 7 and 8) as a base to generate the corresponding ylide. [See SI
for experimental details and product characterization] All alkenes were
obtained as mixture of E/Z isomers and used as such for the photo-
cyclization reaction to prepare helicenes. Pure E isomers of alkenes 2
and 4, were obtained from the purification of the isomeric mixture (see
SI), and were used in photophysical and electrochemical studies.

2.2. HPLC enantioseparation of dithiaaza[7]helicene 1

A preliminary chromatography study on a chiral stationary phase
(CSP) has been carried out on the analytical resolution of the racemic
dithiaaza[7]helicene 1 into its (P)- and (M)- enantiomers, a key feature
for a quantum leap in future applications. The enantioseparation has
been successfully achieved (Fig. 1) with a Chiralpak IA 5 pm column, at
r.t., using n-hexane/CH3Cl, 60:40 (v/v) as the mobile phase.

Also in the case of 2-aza[7]helicene 5 a chiral HPLC study has been
carried out, and the enantiomers successfully detected by circular di-
chroism CD (details in the SI).

E/Z-2

1, 34%

Scheme 1. Photocyclization of alkene 2 into helicene 1.
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Fig. 1. HPLC enantioseparation of helicene 1 monitored by UV and CD detectors. Chromatographic conditions: column, Chiralpak IA (250 mm x 4.6 mm, 5 pm);
mobile phase, n-hexane/CH,Cl, 60:40 (v/v); temperature, 25 °C; flow rate, 1.0 cm®/min; detection, UV/CD at 254 nm.

2.3. Investigation of electronic properties

The electronic properties of the new dithiaaza[7]helicene 1 and
some related model compounds were investigated both spectroscopi-
cally, in terms of UV-Vis absorption and emission properties, and elec-

trochemically, by cyclic voltammetry CV and differential pulse
voltammetry DPV.

2.3.1. Optical UV-Vis absorption and emission features

Fig. 2 and Figure S10 (with key data summarized in Table 1) show
the UV-Vis absorption spectra of the new dithiaaza[7]helicene 1 and of
its dithia[7]helicene analogue 3, as well as of their E-alkene precursors 2
and 4, for comparative purposes.

Both alkene precursors 2 and 4 display a structured absorption
profile with four clearly resolved peaks between 330 and 430 nm (Apax
=397 nm, €. = 3.7 x 104 em’ M! for alkene 2) spaced by 1400-1500
em’l. Interestingly, the related pattern is nearly identical to that of
benzodithiophene BDT, previously reported by some of us in similar
conditions [8,29] although the peaks are redshifted by some 100 nm,
which could of course be ascribed to the increased overall conjugation of
the molecular n-system. Moreover, both shape and wavelength of such
absorption bands are almost identical for E-2 and E-4 (i.e. regardless of
the nature of the benzene/pyridine terminal ring), which would point to
the first absorption process being mostly determined by the BDT moiety.

This assumption looks consistent with both azaphenanthrene and
phenanthrene having unstructured absorption features located at
shorter wavelengths than BDT; furthermore, also the tetrathiaalkene
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Fig. 2. A synopsis of UV-Vis absorption spectra (normalized vs the maximum
absorbance peak) for helicene 1 (green solid line) with alkene precursor E-2

(green dotted line) and helicene 3 (orange solid line) with alkene precursor E-4
(orange dotted line), in CH»Cl,.



Table 1
A selection of key spectroscopic and electrochemical parameters of the new dithiaaza[7]helicene 1 compared with selected model compounds.
}Lmax(ons)abs Eg max(ons)abs Amax em Ep,c Ep,a Eg max,EC
/nm /eVv /nm vs Fc*|Fe /V vs F¢*|Fe /V /eVv
“Carbo” model compounds
Carbo[6]helicene S16 [9,10] CH3CN, TBAP ~—2.4/-2.5° ~1.1/1.3% ~3.7
Carbo[7]helicene S17 [9,10] CH3CN, TBAP ~-2.4/-2.5% ~1.05/1.25% ~3.6
“Thia” model compounds
Benzodithiophene BDT [8] 318 3.90 CH,Cl,, TBAP -3.00 1.12 4.12
(324) (3.83)
Tetrathia E alkene precursor S10 [29,32] 416 2.98 428 THF,TBAPF¢ 2.7
(~440) (~2.82) (0.75 ns, QY 0.41)
(7,8-dipropyl)tetrathia Z alkene precursor $11 [29] 310,340°" 4.00,3.65
(~410) (~3.03)
Tetrathia[7]helicene S9 [8,29] 386 3.46 403 CH,Cl,, TBAP —-2.59 0.86 3.21
(407) (3.07) (0.74 ns, QY 0.06)
387 3.21
(~410) (~3.03)
[7] CH,Cl,, TBAPF, 0.92
[7] CH3CN, TBAPF¢ —2.47 0.88 3.35
(7,8-dipropyDtetrathia[7]helicene S12 [29] 390 3.18 401 CH,Cl,, TBAP -2.67 0.87 3.24
(~410) (~3.03) (0.88 ns, QY 0.10)
(7,8,13,14-tetrapropyl)hexathia[11]-helicene S13 [8] 440 3.14 CHCly, TBAP —2.49 0.65, 2.82
(469) (2.88) 0.96
Dithiaalkene precursor 4 398 3.12 CH;3CN, TBAPF -3.00, 0.78, 3.06
(418) (2.97) —2.44,-2.28 1.00
Dithia[7]helicene 3 405 (~420), 3.07 (~2.96) CH3CN, TBAPFq —-2.77, 0.92 3.36
388/375/303 3.20/3.31/4.1 —2.65,—-2.44
“Aza” model compounds
5-aza[6]helicene S14 [18] CH3CN, TBAPF¢ —2.66,—2.52, 1.07, 1.47 3.32
—2.25
2,12-diaza[6]helicene S14 [19] CH3CN, TBAPFg¢ —2.73,—-2.48, 1.26 3.42
-2.41,-2.16
2-Aza[6]helicene 6 CH;3CN, TBAPFg —2.86, (”), 1.37 (?), 3.71
—2.54,-2.34
2-Aza[7]helicene 5 CH3CN, TBAPFg¢ —-2.77,-2.58, 0.98?, 3.32?
—2.34 1.29 3.63
“Thiaaza” compounds
Dithiaazaalkene precursor 2 397 3.13 440 CH3CN, TBAPFg¢ —3.01,—-2.64, 0.76,0.90, 2.96,3.10
(422) (2.94) (0.86 ns, QY 0.65) —2.39,-2.20 1.06
Dithiaaza[7]helicene 1 408 (~425), 3.07 (~2.96) 420 CH3CN, TBAPF¢ —2.84,-2.67, 0.97, 3.27
380/338/305 3.20/3.31/4.1 (0.52 ns, QY 0.015) -2.30 1.18

Spectroscopy experiments have been performed in CH,Cl,. *Approximately estimated from voltammograms reported in papers [9] and [10], applying the potential normalization term reported by the authors. Sh

shoulder.
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Fig. 3. Absorption (black), excitation (red) and emission (blue) spectra at room
temperature, CH,Cly: a) helicene 1; b) alkene E-2.

precursor of tetrathia[7]helicene [8] has a absorption pattern similar to
alkenes 2 and 4, although more finely resolved and redshifted by about
20 nm ([29], Table 1). This would also indicate that the benzene rings
contribute less effectively than thiophene ones to the overall conjuga-
tion at constant aromatic ring number.

Helicenes 1 and 3 share a nearly identical absorption pattern be-
tween 330 and 410 nm, with the lowest energy peak being located at
408 nm with absorptivity of only 2.6 x 10° cm™M! for helicene 1. This
portion of the spectrum differs in shape from the “BDT pattern”
described earlier and shows significantly lower intensity than the ab-
sorptivities of 2 and 4. In contrast, the absorptions in the 270-330 nm
region where alkenes 2 and 4 show low absorptivities are much more
intense in helicenes 1 and 3 (and consistent with electrochemical
HOMO-LUMO data for the same molecules, see Table 1 and next para-
graph); moreover, they notably differ between helicenes 1 and 3, likely
accounting for their diverse chemical structures and different in-
teractions between the thiophene terminal and the pyridine/benzene
one.

Overall, the spectral patterns of helicenes 1 and 3 suggest a reduction
in conjugation efficiency relative to their precursors 2 and 4, which can
be attributed to the torsional angle of the helix introduced by
benzannulation.

Precursor dithiaazaalkene 2 in E configuration (Fig. 3b) displays an
unstructured fluorescence band observed at Ay.x = 440 nm, with life-
time = 0.86 ns and quantum yield = 65 %, in contrast to previous ex-
amples of symmetrically substituted alkenes ([29] and Table 1)
featuring structured luminescence (as well as significantly smaller
Stokes shifts). This might point not only to more conformational
freedom degrees, but also to an excited state characterized by a slight

Electrochimica Acta 528 (2025) 146188

charge transfer character, which would account for the donor-acceptor
structure of the molecule.

Instead, a structured fluorescent emission is well perceivable in
dithiaaza[7]helicene 1, with Apa.x = 420 nm, lifetime = 0.52 ns and
quantum yield = 1.5 % (Fig. 3a). The blue shifted spectrum is indicative
of a slightly reduced conjugation efficiency of the helical framework
compared to precursor 2, while the vibrationally resolved peak in 1
could account for the more rigid system. Concerning the observed
quantum yields for 1 vs 2, they can be considered in line with previous
studies where helicenes are tipically less efficient emitters compared to
the precursor alkenes (e.g. [29]). Alkenes have a quite rigid structure in
the E configuration where excited states are as planar as the ground one;
thus conjugation is particularly efficient across the E configuration of the
double bond reducing potentially hampering deactivation pathways.

2.3.2. Electrochemical properties

An extensive cyclic voltammetry (CV) and differential pulse vol-
tammetry (DPV) study (Table 1, Figs. 4 and 5, Figures S11-S36) was
performed to highlight the electron transfer properties of

(i) the new dithiaaza[7]helicene 1;

(ii) helicenes 3, 5 and 6, as models featuring a single heteroaromatic
terminal, either benzodithiophene (helicene 3, with a helical
backbone dimensionally nearly coincident with 1 having the
same sequence of five and six-membered rings), or pyridine (5 or
6, with all-six-membered ring helical backbones, thus slightly
larger and slightly shorter than 1, respectively);

(iii) precursor alkenes 2 and 4, to evaluate the effect of cyclization on
the electron transfer properties.

The investigation was performed on glassy carbon GC working
electrodes, in CH3CN with 0.1 M TBAPFg as supporting electrolyte
(details in the SI). It enabled us:

to evaluate whether a given ET be chemically reversible (i.e. leads to

a stable product with no subsequent chemical steps in the chosen

timescale) from the presence of a reversible return peak;

e to evaluate whether a given ET be electrochemically reversible, i.e.

kinetically facile, accounted for by constant peak potential with

increasing scan rate;

in the case of a chemically irreversible ET, to highlight the possible

formation of filming electroactive products or oligo/polymer films

on the electrode surface, and to study their features;

e to experimentally evaluate HOMO and LUMO energies (from first
oxidation and first reduction potentials, respectively, see SI) as well
as HOMO-LUMO gaps to be compared with spectroscopic ones. It is
useful to remark that the two approaches are expected to yield
consistent results (although not coincident, since electrochemistry
implies the presence of net charges and of a supporting electrolyte)
provided that, as in most cases, the HOMO and LUMO orbitals
involved in the electron transition coincide with those corresponding
to first oxidation and first reduction. Actually, dealing with ther-
modynamic quantities, implying minimization of kinetic contribu-
tions, reliable HOMO and LUMO evaluation from electrochemical
data applies to kinetically facile (electrochemically reversible, or at
least quasi reversible) electron transfer processes only; luckily, many
highly conjugated systems comply with such condition (see scan rate
studies for our systems in the SI);

e by comparison of the above features in systematic series, to deduce

rationalizing guidelines for the family.

As a background for discussing the voltammetry features of the
present new compounds, it is useful to recall some observations from
previous studies concerning a pool of related molecules, of which key
data are also reported in Table 1 for the sake of comparison (when
needed after proper normalization of the reported potentials vs the
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Fig. 4. CV (left) and DPV (right) features, recorded on GC in CH3CN + 0.1 M TBAPFg at 0.2 V/s, of (from top to bottom): dithiaaza[7]helicene 1 vs dithiaazaalkene
precursor 2; dithia[7]helicene 3 vs dithiaalkene precursor 4; 2-aza[7]helicene 5; 2-aza[6]helicene 6.

intersolvental reference redox couple ferrocene [30]; also in the
following discussion all mentioned potentials are reported vs Fc ' |Fc).
For the benzodithiophene BDT (Chart S1) building block, investi-
gated in similar conditions as the present ones except for the slightly
different supporting electrolyte (TBAP instead of TBAPF¢), a single

reduction peak and a single oxidation peak, both of them looking
chemically irreversible, were observed in the potential window, at Ej 1c
= —3.00 Vand at E, 1, = +1.12 V [8], resulting in a 4.1 eV HOMO-LUMO
gap, consistent with the reported spectroscopic 3.9 eV one.

In the same conditions, tetrathia[7]helicene (S9 in Chart S1),
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consisting of four thiophenes (T) alternated with three benzenes (B) in a
TBTBTBT sequence, which could also be regarded as two BDT units
joined by a benzene ring, showed a sequence of electron transfers on
both the oxidation and the reduction side, starting at much milder po-
tentials, consistently with the much higher overall conjugation. In
particular, the first reduction peak, possibly chemically (quasi) revers-
ible, is located at Ej, ;. = —2.47 V, while the first oxidation one, located at
Ep1a = +0.88 V, is chemically irreversible and results in electrodeposi-
tion of an electroactive film including coupling products, particularly
dimers [7]. The HOMO-LUMO gap, 3.4 €V, is intermediate between
those of linear a-terthiophene and o-tetrathiophene [31], which is
reasonable considering that the overall conjugation of tetrathiahelicene
is mainly contributed by the four conjugated thiophenes, which however
do not reach the efficiency of linear a-tetrathiophene due to the loss of
planarity from the system torsion.

The symmetrical E alkene precursor of tetrathia[7]helicene (S10 in
Chart S1), analogous to 2 and 4 but with both BDT terminals, has been
also described [29,32] providing unfortunately only very partial and
hardly normalizable electrochemical data (in THF + 0.1 M TBAPF);
however, a comparison of HOMO-LUMO gaps, both spectroscopic and
electrochemical (Table 1), highlights the remarkable decrease in
conjugation efficiency in the helical compound respect to the linear
alkene precursor.

Interestingly, in the same paper [29] a dramatically different UV-Vis
spectrum is shown by the same alkene precursor in Z configuration (S11
in Chart S1; it actually features two additional propyl chains in 7,8
positions respect to the E stereoisomer, but their effect is nearly negli-
gible in this context, as confirmed by the corresponding non-alkylated
and alkylated helicenes, S9 and S12 in Chart S1, having practically
the same UV-Vis features and only slightly different CV ones). The first
absorption band of the S11 Z isomer is much less defined and with a
remarkably blue shifted maximum (310 nm vs 416 nm, Table 1) respect
to the S10 E isomer, and the HOMO-LUMO gap is dramatically larger (4
eV vs 2.98 eV), pointing to a much lower conjugation efficiency, possibly
on account of a less efficient orbital combination. Remarkably, the S11
absorption maximum is blue shifted and its HOMO-LUMO gap larger
also respect to the corresponding helicene S12, on account of the central
benzene ring in S12 forcing the two BDT subunits in a reciprocal posi-
tion more favourable for conjugation [29].

Longer hexathia[l1]helicene TBTBTBTBTBT (tetraalkylated in
7,8,13,14 positions, S13 in Chart S1, Table 1) showed even milder first
oxidation and reduction potentials and a smaller gap [8]. Interestingly,
in this case the first oxidation corresponds to a chemically reversible
twin peak system resulting in no oligomerization. This is consistent with
the extensive superimposition of the molecule terminals, which possibly
behave as equivalent interacting redox centres, and also with the pres-
ence of four long alkyl chains.

In the case of azahelicenes the interpretation of oxidation processes
is more complex and direct comparison with other helicenes more
difficult, since oxidation of the N lone pair, which is not directly
involved in the aromatic system, should be taken into account as a
possible process, too, besides radical cation formation on the aromatic
system. In this respect, also the N position respect to the closest benzene
ring could matter, the «, quinoline-like one resulting in more in-
teractions between the N lone pair and the aromatic system with respect
to the B, isoquinoline-like one (for example, for this reason quinoline is
significantly less basic than isoquinoline). Former studies report elec-
trochemical data for 5-aza-[6]helicene [18] (S14 in Chart S1), which
features a BPBBBB sequence of one pyridine and five benzene rings in
which the nitrogen atom is in quinoline-like position and pointing
externally, i.e. is sterically unhindered, and for 2,12-diaza[6]helicene
[19] (S15 in Chart S1), featuring a PBBBPB sequence of four benzene
and two pyridine rings, in which one nitrogen atom is in the same un-
hindered, quinoline-like position, while the other one is in
isoquinoline-like position; interestingly, in spite of being in a strongly
hindered position the latter is the first one to undergo oxidative
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alkylation [19]. Both azahelicenes have their first reduction peaks at
potentials significantly less negative than tetrathiahelicene, consistently
with their electron poorer character and increasingly with the number of
pyridine rings (Ep,1c = —2.25 V for the monoaza and Ep, 1. = —2.16 V for
the diaza case, followed by a sequence of further reduction steps).
Instead the reported first oxidation peaks are located at Ep 1, = +1.07 V
for the monoaza and at E,j, = +1.26 V for the diaza (where first
oxidation concerns the isoquinoline-like N atom in 2-position), an
intriguing difference looking only partially consistent with inductive
effects.

Two papers [9,10] are also available concerning the electrochem-
istry of carbohelicenes consisting of 6 or 7 condensed benzene rings, i.e.
slightly longer/shorter than the dithiaazahelicene backbone (S16 and
$17 in Chart S1), although mostly focusing on the electrodeposition and
characterization of electroactive films. From reported CV figures the first
oxidation step looks in both cases irreversible and resulting in electro-
deposition of an electroactive film, while the first reduction looks
reversible/quasi reversible and possibly monoelectronic. From the same
figures (and applying the reported potential normalization term), both
carbo[7]- S17 and carbo[6]helicene S16 feature, respect to tetrathia[7]
helicene §9, a much more positive first oxidation peak potential together
with a similar first reduction peak potential. This could be explained in
terms of a negative potential shift for both oxidation and reduction
processes originating from the electron richer character of tetrathia[7]
helicene S9, combined with the narrowing of the gap between first
oxidation and first reduction originating from the tetrathia[7]helicene
more effective global conjugation. Overall, the carbohelicene first
reduction potentials look significantly more negative than the azaheli-
cene ones, consistently with the electron poorer nature of the latter,
while first oxidations are closer to the azahelicene ones (which however
could concern N oxidation) or slightly more positive. As a consequence,
the carbohelicenes have significantly larger HOMO-LUMO gaps than
both the above discussed thia- or azahelicenes.

With this background we can now focus the discussion on the new
compounds.

The dithiaazaalkene precursor 2 has (Table 1, Fig. 4a and a’) on the
reduction side a sequence of three very regular peaks, reversible both
electrochemically and chemically (Figure S13), the first one of which
being located at E,;c = —2.20 V, before a fourth less canonical signal
close to the background. Therefore, the highly conjugated system can
support three subsequent electron uptakes at close potentials, kinetically
facile and resulting in stable forms of the molecule. Also on the oxidation
side a sequence of peaks can be observed, but much less well defined,
with lower currents and only weak hints of chemical reversibility
(although the first ET appears fast on account of the oxidation potential
nearly constant with scan rate), with E,1, = + 0.76 V.

By comparison (graphically available in Figure S35), the dithiaal-
kene precursor 4 (Table 1, Fig. 4b, b’, S15) features a slightly more
positive first oxidation peak (Ep 1. = +0.78 V) while the first reduction
step is negatively shifted by nearly 0.1 V (Ep 1. = —2.28 V); the resulting
electrochemical HOMO-LUMO gaps are 2.96 eV for 2 and 3.06 eV for 4.
Such differences could be explained considering that the first reduction
step should be mostly localized on the electron poorer benzoquinoline
terminal, while the attracting inductive effects of the latter [33] would
be negligible for the far away BDT terminal on which the first oxidation
should be localized. In turn, comparing the three spectroscopic
HOMO-LUMO gaps of S10, 4 and 2 in Table 1, the overall conjugation
efficiency of both 2 and 4 is lower than that of the symmetrical tetra-
thiaalkene S10 precursor of tetrathiahelicene S9, highlighting the more
effective contribution to the overall conjugation of thiophene units
respect to benzene ones.

Dithiaaza[7]helicene 1 has CV and DPV characteristics quite similar
to its precursor 2 (Table 1, Fig. 4a, a’, S11, S12) but with lower peak
multiplicity on both sides, and with potentials shifted towards more
extreme values for both first oxidations and first reductions, with Ej, 1. =
—2.30 Vand Ej 1, = 4-0.97 V; the HOMO-LUMO gap is therefore 3.27 eV,
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significantly narrower than that of the alkene precursor. These obser-
vations clearly account for the loss of planarity of the system, resulting
in significantly lower conjugation efficiency. As already mentioned,
when moving from precursor to the helicene, it seems, especially looking
at the DPV but also carefully looking at the CV, that a single signal takes
the place of a previous pair of signals, both on the oxidation side and on
the reduction side. In fact, if the terminals were significantly overlapped
(with interaction in = stacking prevailing compared to that through the
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planar conjugated system of the precursor) and therefore no longer in-
dependent, they could be involved simultaneously in single oxidation
and reduction processes; and the way of hosting the charges that form
along the conjugated system could also change significantly.

Similar remarks can be made also for dithia[7Thelicene 3 (E,;. =
—2.44V, Ep1a = +0.92 V; Egap, = 3.36 €V, (Table 1, Fig. 4b, b’, S14)
respect to its precursor 4; and, notably, in the two available helicene vs
precursor couples (1 vs 2, 3 vs 4) the Eg,, increase upon helicization is
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Fig. 5. Oxidative electrodeposition at 0.2 V/s potential scan rate of electroactive films from racemic dithiaaza[7]helicene 1 (left) and dithia[7]helicene 3 (right) in
CH3CN with 0.1 M TBAPFg supporting electrolyte. Selected electrodeposition cycles (a,a’) and stability cycles (b,b’) on GC electrodes; selected electrodeposition

cycles (c,c’) and stability cycles (d,d’) on ITO electrodes.
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nearly the same (0.30/0.31 eV).

The two azahelicenes 5 and 6 show a complex series of (quasi)
reversible reduction peaks, with the same Epjc = —2.34 V as well as a
complex oxidation pattern starting with a first rather fast but chemically
irreversible ET (Table 1, Fig. 4c, ¢’, S16 and Fig. 4d, d’, S17). Unfortu-
nately, dealing with aza compounds in quite tiny amount, studying the
oxidation onset signals was tricky and so far not resolutive, on account
of the above mentioned aza peculiarities combined with the presence of
low, irregular and hardly reproducible (pre?)peaks even after very
careful sample purification, a feature that we plan to investigate in a
further step. In any case, the 2-aza[7]helicene 5 features a less positive
oxidation onset than aza[6]helicene 6, which can be justified with the
higher conjugation efficiency along the backbone and possibly also in
3D space.

To achieve clues on the localization of the redox sites it is useful to
comparatively discuss the first reduction and first oxidation potentials of
the five investigated helicenes (comparison graphically available in
Figure S36). In particular, dithiaaza[7]helicene 1 has:

(i) its first reduction peak remarkably less negative than that of dithia
[71helicene 3 (by 0.14 V) and slightly less negative than those of
azahelicenes 5 and 6 (by 0.04 V), too;

(i) its first oxidation peak slightly more positive than that of dithia[7]
helicene 3 (by 0.05 V) and (although close to the above tricky
(pre?)peaks) significantly less positive than the first neat oxidation
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signal of azahelicenes 5 and 6 as well as of the two above dis-
cussed literature azahelicenes.

Such observations suggest that in the push-pull helicene 1 first
reduction be mostly localized close to the isoquinoline terminal and first
oxidation close to the BDT terminal.

Notably, the new molecule 1 appears to feature at the same time the
easier reducibility of its azahelicene analogues and the easier oxidability
of thiahelicenes, resulting in the smallest gap (3.27 eV) respect to its
carba- (S16/S17), thia- (3), or aza- (5/6) analogues. Actually, 1 is even
slightly more reducible than azahelicenes, possibly for the global more
effective conjugation, while it is slightly less oxidable than thiaheli-
cenes, maybe due to interactions between the BDT terminal with the
electron-attracting nitrogen. This latter effect is not observed with the
diarylethene precursor 2, in which the terminals are not overlapping.

2.4. Electrodeposition of electroactive inherently chiral films

Another key difference between the investigated helicenes concerns
the outcome of the first oxidation process. Upon potential cycling
around the first oxidation potential, dealing with azahelicenes 5 or 6
only slight traces of electroactive products (not growing with increasing
cycle number) could be observed on the electrode surface (Figures S32,
$33).

Instead, quite differently, dealing with either racemic dithia[7]

.0 nm

Fig. 6. Atomic Force Microscopy topography images collected on two different scan areas (1 x 1 um?, left; 2 x 2 um? right) of ITO electrodes bare (top) and filmed
with oligomer layers electrodeposited from dithiaaza[7]-helicene 1 (middle) or dithia[7]helicene 3 (bottom) with twelve oxidative potential cycles in CH3CN with

0.1 M TBAPF, supporting electrolyte.
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helicene 3 or racemic dithiaaza[7]helicene 1, the electrodeposition of
electroactive films was easily obtained (Figs. 5, S18-S23), similarly to
the cited tetrathiahelicene electrooligomerization case [7]. Thus the
presence of even a single BDT terminal enables the growth of an elec-
troactive film (in this case very likely a dimer one), which was confirmed
also in an experiment with open dithiaalkene precursor 4 (Figure S31).
This also confirms that the first oxidation site in the dithiaaza[7]heli-
cene involves the BDT terminal rather than N oxidation in the iso-
quinoline one.

Electrodeposition was successfully obtained on both GC and ITO, in
CH3CN and also, in some experiments in CH,Cl, (protocol details in SI)
in both cases with 0.1 M TBAPFg as supporting electrolyte. The film
growth was very regular and reproducible in both cases 1 and 3, but
with remarkably different patterns (Figures S18-S23), pointing to a
significant effect of the pyridine ring, when present (it must be however
mentioned that in the case of 3 on ITO the peculiar cathodic CV pattern
should involve a modification of the ITO surface [34]).

After deposition the films were submitted to a few more potential
cycles in monomer free solution to check their stability and eliminate
monomer traces for further investigation (SI). In this step they showed
significant modifications upon cycling, appearing more labile than many
former cases of thiophene-based oligomer films investigated in our
laboratory, but stable enough for further characterizations.

Preliminary results of electrochemical impedance spectroscopy
recorded on an electrodeposited oligo-1 film at different potentials
(Figure S34) look consistent with the corresponding charge states
(negative/neutral/positive).

A first glimpse by Atomic Force Microscopy AFM at the morphology
of films electrodeposited from the dithiaaza[7]helicene 1 or dithia[7]
helicene 3 is provided in Fig. 6. Comparison with imaging of bare ITO
surface confirms the filming of the electrode. In both cases globular
particles with diameters of the order of a few tens of nm can be observed,
with significant differences between films electrodeposited from heli-
cene 1 and from helicene 3 in terms of both film texture and estimated
root mean square (RMS) surface roughness (1.8 &+ 0.4 nm for 1 vs 4.7 +
1.0 nm for 3). This points, again, to a significant role of the pyridine
terminal in the film formation.

Extensive dedicated work will be of course required to achieve an all-
around characterization of the films, which appears indeed worth of,
considering the possibility to transfer and possibly amplify from
monomer to electrodeposited film the peculiar combination of func-
tional properties of helicene monomer 1 with the possible addition of
powerful inherent chirality, starting from enantiopure monomers ob-
tained by the above newly developed separation protocol.

3. Conclusions and perspectives

The new dithiaaza[7]helicene 1 designed, prepared and investigated
by comparison with a pool of simpler heterohelicenes and related linear
alkenes, thus providing further knowledge about helicene electro-
chemistry, appears an attracting electroactive molecular tool. It suggests
us the image of a multipurpose Swiss knife with many potentialities, on
account of

its remarkable pool of functional scalar properties, even including
complementary ones as a consequence of its featuring hetero-
aromatic terminals of opposite character;

its push-pull features with related peculiar electronic effects both
along the backbone and even across space between the isoquinoline
and the benzodithiophene terminal;

its ability to easily and reproducibly electro-oligomerize into nano-
structured electroactive films;

e its inherent chirality together with the availability of an effective
newly developed enantioseparation protocol.

These features suggest many exciting developments. We look
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forward to more exhaustively investigating the scalar properties of the
new molecular tool (especially on the isoquinoline side, including acid/
base equilibria and possible alkylation to convert it into a molecular salt,
since this first investigation was particularly focused on the benzodi-
thiophene side) as well as the morphological and functional features of
the (racemic) electrodeposited films.

Moreover, as a quantum leap in this research, we particularly look
forward to preparing and characterizing inherently chiral films
combining the above pool of functional properties with powerful
chirality manifestations. The resulting outstanding materials could be
tested in many contexts, starting from chiroptics (e.g testing them for
circularly polarized luminescence), spintronics (e.g testing them in
magnetoelectrochemistry experiments) and chiral electroanalysis (e.g.
testing them in chiral voltammetry as inherently chiral electrode sur-
faces, besides testing their parent dithiaazahelicene as single molecule
chiral additive in ionic liquid media).
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