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ABSTRACT: Modulation of absorbance and emission is key for the design of chiral chromophores. Accessing a series of
compounds absorbing and emitting (circularly polarized) light over a wide spectral window, and often toward near infrared,
is of practical value in (chir)optical applications. Herein, by late-stage functionalization on derivatives bridging triaryl me-
thyl and helicene domains, we have achieved the regioselective triple introduction of para electron-donating or electron-
withdrawing substituents. Extended tuning of electronic (e.g., E,."? -1.50 V — -0.68 V) and optical (e.g., emission covering
from 550 to 850 nm) properties is achieved for the cations and neutral radicals; the latter compounds being easily prepared
by mono electron reductions under electrochemical or chemical conditions. While luminescence quantum yields can be
increased up to 70% in the cationic series, strong Cotton effects are obtained for certain radicals at low energies (Asbs ~ 700-
900 nm) with g,ps values above 1073. The open-shell electronic nature of the radicals was further characterized by EPR re-
vealing an important spin density delocalization that contributes to their persistence.

INTRODUCTION

Organic dyes offer extensive molecular control over optical
and electronic properties and hence represent attractive
research targets. Of particular interest is the design and
characterization of stable carbocations and organic open-
shell radicals useful in many applications."> Importantly,
when redox active, these compounds may exist in multiple
oxidation states.3 Recently, special interest has been fo-
cused on neutral organic radicals, which present a doublet
spin configuration in both ground and excited states, with
possible applications in optoelectronics.# Furthermore, if
chiral, these cationic and/or radical structures possess ad-
ditional magnetic and chiroptoelectronic properties such
as electronic circular dichroism (ECD), circularly polarized
luminescence (CPL) and possibly chiral induced spin selec-
tivity (CISS) that can be useful for further developments.>

In this context, triaryl methyl derivatives constitute an im-
portant class of molecular structures able to stabilize cati-
onic or radical species, and presenting structural features
related to chirality (Figure 1, A and B).%7 In fact, in recent
years, one of the most studied classes of stable organic rad-
icals is that of polychlorinated trityls 1.8 Most of these un-
bridged trityl derivatives present asymmetric three-bladed
propeller geometries.® However, resolution into single en-
antiomers is difficult due to low or moderate configura-
tional stability of the adducts,™ to a few exceptions such as
the polybrominated trityl radical for which ECD and CPL
measurements could be performed." To offset the issue of

configurational lability, chiral substituents can be attached
to the skeletons.’> Alternatively, the aromatic rings can be
bridged or fused into folded structures that present a heli-
cal chirality.B3
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Figure 1. Examples of chiral triaryl methyl cations (A) 12¢ 132
and neutral radicals (B).7d 84,8 h 93, na Previous phenalenyl rad-
ical # and dimethoxyquinacridine cations and radicals (C).s
This work (D): triple para-functionalized cations and neutral
radicals of enantiopure diaza [4]helicenes.
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Scheme 1. Enantiospecific synthesis of triple para-functionalized [4]helicenes ((P) enantiomers shown)!
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iConditions: a) [Ir(cod)OMel., tmphen, B,pin,, dry THF, 8o °C, 16 h; b) Pd(OAc),, PPh,;, PBQ, CO, THF:MeOH, 60 °C, 20 h; ¢) 1.
H.O, (aq), NaOH, THF, RT, 16 h, 2. anion metathesis with KPFs (aq); d) Mel, Cs,CO;, DMF, RT, 16 h; e) Tf,O, Et;N, CH,CL,, =78 >
0 °C, 2 h; f) nBu,NCl, DMF, 80 °C, 1.5 h; g) NaSO,Me, MeCN, 50 °C, 16 h. Top left: X-ray crystallographic structure of 7. Counterion
and most hydrogen atoms omitted for clarity; OH group at position 7 with a local disorder for the H-atom. Bottom right: acetoni-

trile solutions of 1 to 5 without and with light irradiation.

At this interplay between triaryl methyl derivatives and
helicenes®® is the class of dimethoxyquinacridinium
(DMQA) 1.7 These small [4]helicene dyes beneficiate of a
high configurational stability (AG¥cem ~ 42 kcal mol™). 7
They have been used as catalysts, electrolytes in organic
redox flow batteries, spin filters and bioprobes.>*® In addi-
tion, they have been proven to be good candidates for ob-
taining neutral radicals stable enough to be characterized.’s
To our knowledge, chiroptical properties of such neutral
moieties have not been considered apart from the study by
Takui, Morita and coworkers in the related phenalenyl se-
ries (Figure 1C).# In this example II, the three tert-butyl
groups were key to achieve a good chemical stability of the
radical adduct. Herein, in a new development, the prepa-
ration of a series of cationic [4]helicenes bearing triple
OMe 2, CI 3, SO,Me 4, and CO,Me 5 groups para to the
formally charged central carbon is presented. This substi-
tution pattern, made possible thanks to a late-stage func-
tionalization (LSF) strategy," is achieved in 3 to 5 steps
from 1,3-dimethoxybenzene. The electron-donating and
electron-withdrawing groups (EDGs and EWGs) induce
major blue or red shifts in the absorption and emission
spectra, respectively (Alabs and Akem £50-90 nm compared
to 1). A significant increase of fluorescence quantum yield
is observed for blue-shifted emissions, with values up to
70% (580 nm, EDG=OMe, compound 2) which is remarka-
ble for cationic helicenes of type 1. With triple para-EWGs,
compounds 4 and 5, absorption and emission properties
reach far-red to NIR regions of the light spectrum. Of par-
ticular importance, neutral persistent radicals are readily

afforded by mono electron reductions, under electrochem-
ical or chemical (Cp,Co, cobaltocene) conditions (4" and
5). Characterization of the open-shell radicals and half-life
under air was investigated by electron paramagnetic reso-
nance (EPR) spectroscopy. These configurationally-stable
radical [4]helicenes present Cotton effects at low energies
(Aabs ~ 700-900 nm), which are sign-inverted and enhanced
by one order of magnitude compared to the parent helical
cations, with absorption dissymmetry factor (gabs) values
above 1073. Electronic and chiroptical properties are further
rationalized by time dependent (TD)DFT analysis. Unlike
previous descriptions for derivatives 1 and 1’,5 spin densi-
ties calculations demonstrate a full delocalization of the
unpaired spin over the helical core.

RESULTS AND DISCUSSION

Synthesis of 2 to 5. As mentioned earlier, dimethoxyquin-
acridinium (DMQA) derivatives 1 are synthetized in two
steps from 1,3-dimethoxybenzene. Gram scale resolution of
rac-1 into the corresponding (M) and (P) enantiomers, of
left-and right-handed helical configuration, is readily
achieved using chiral anions or auxiliary approaches.?” Re-
cently, the properties of cations 1 have been modulated by
regioselective introduction of substituents, usually by elec-
trophilic aromatic substitutions (SgAr) favoring C-H func-
tionalization meta to the formal (central) positive charge.>®
Introduction of para-substituents onto DMQA can only be
realized, unlike the related triangulenium series,” by LSF.
In fact, inspired by the work Matsuda and coworkers,* it
was recently shown that direct C-H trisborylation of rac-,



(P)- and (M)-1 can be performed under Hartwig’s method-
ology (B.pin, with catalytic [Ir(cod)OMe], and tmphen).?
The regioselectivity is favored by the lower steric demand
of para with respect to meta positions. Experimentally, iso-
lation of 6 is not feasible but this intermediate was used for
further Suzuki-Miyaura cross-couplings.>* The introduc-
tion of aryl groups brought about the improvement of flu-
orescence quantum yields and lifetimes, while showing
only moderate effect on the energy range of absorption and
emission.

For the introduction of strong EWGs and EDGs linked di-
rectly to the core helical structure, several options were
then considered. On one hand, Pd"-catalyzed alkoxycar-
bonylations were achieved following conditions similar to
that reported (Scheme 1, path b).>s Usually, these aryl-
boronate transformations are carried out in MeOH solu-
tion. Herein, due to the sensitivity of the tris(BPin) inter-
mediate, the crude THF solution of rac-6 was directly
added to Pd(OAc),, PPh; and para-benzoquinone (PBQ).
After bubbling carbon monoxide for 10 minutes, MeOH
was added last to afford the desired tris ester rac-5. Exper-
imentally, it was found that an increase of PBQ (up to 3
equiv) was favorable,?® and compound 5 carrying three EW
ester groups was isolated in 48% yield. Considering that
product rac-5 results, in a one-pot process, from three re-
gioselective borylations followed by three alkoxycarbonyl-
ations, such a yield is actually quite noticeable.

On the other hand, by adding H,O, (10 equiv) and NaOH
(1 equiv) to crude reaction mixtures of 6, an effective for-
mation of tris hydroxylated 77 was achieved (path c). Com-
pound 7, as a tetrafluoroborate BF,~ salt, was found to be
scarcely soluble in solvents other than methanol, acetone
and acetonitrile. To help its isolation, anion exchange me-
tathesis to hexafluorophosphate PFs and extraction in
EtOAc were realized. 7 was isolated in excellent 9g0% yield
after chromatography. As expected from previous reports
of triangulenium analogues,** compound 7 is sensitive to
pH (Figure S13), as the various hydroxyl groups are easily
deprotonated in solution, which was not ideal for further
studies. Hence, compound 2 containing three methoxy
groups was prepared in 99% yield by alkylation with me-
thyl iodide under basic conditions (Scheme 1, path d).

Compound 7 turned out to be a versatile synthetic plat-
form, via the formation of triflate analogue 8, which can be
isolated and characterized (Scheme 1, path e). In solution,
it still hydrolyses over time and must be used rapidly in
further reactions. This derivative is in fact susceptible to
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Figure 2. a) Absorption and b) normalized emission spectra
of compound 1 (black), 2 (orange), 3 (fuchsia), 4 (light blue)
and 5 (green) in air-equilibrated acetonitrile at RT with con-
centrations 11075 to 510° M.

Table 1. Photophysical properties of triple para-functionalized cationic [4]helicenes in acetonitrile.

. Optical
Compoundl? Amax e (M cm™) Aem StOkeS_Shlft D¢ (%)) [ T (ns) | ke (100 sl | Ky (106 s energy gap
(nm) (nm) (cm™)

Eoo (eV)
OMe (2) 533 14610 580 1521 7old 15.7 45 19 2.24
Cl(3) 588 14370 635 1258 4oldl 1.4 35 53 2.03
H (1) 616 13140 667 1242 14lef] 5.6 25 154 1.94
SO.Me (4) 645 14310 698 u77 7lel 3.0 23 310 1.85
CO,Me (5) 662 14550 705 922 5lel 2.0 25 480 1.81




[a] Concentrations 1107 to 510 M; [b] ®r estimated error = + 10%,; [c] rhodamine B (® = 70% in MeOH); [d] cresyl violet
perchlorate (® = 58% in EtOH); [e] oxazine 170 perchlorate (® = 58% in EtOH); [f] ref 24; [g] oxazine 1 perchlorate (® = 15%

in EtOH); [h] Aexe = 400 nmy; [i] k, = @¢/7; [1] knr = (1-D¢) /7.

multiple nucleophilic aromatic substitutions (SyAr) pro-
moted by (i) the leaving group ability of TfO- moieties and
(ii) the positive charge in para to the triflates. In fact, com-
pound 8 reacted with nBu,NCl and NaSO,Me to form com-
pounds 3 and 4, in 50 and 68% yields respectively (Scheme
1, path fand g). All these reactions were performed in race-
mic series but also enantiospecifically (50-350 mg scale)
giving identical overall results for the (M) or (P) enantio-
mers of products 2 to 5.

Photophysical and Electrochemical Properties. With
compounds 2 (OMe), 3 (Cl), 4 (SO,Me) and 5 (CO,Me) in
hand, care was taken to study the effect of the newly intro-
duced groups on the physico-chemical properties of the
helical core. Absorption and fluorescence properties were
studied in acetonitrile at room temperature (Figure 2). The
core structure 1, used as a reference, presents a relative
broad absorption band with maximum at 616 nm and an
emission at 667 nm with fluorescence quantum yield ()
of 14% (Table 1).4 Upon the introduction of good EDGs
(OMe) in para position to the formal positive charge, a
strong hypsochromic shift occurs with compound 2 having
absorption and emission maxima at 533 nm and 580 nm,
respectively. Also, a noticeable increase in the molar ex-
tinction coefficient (g) of the second absorption band at 410
nm is observed (Figure 2). Most interestingly, compound 2
is strongly fluorescent with a relatively long lifetime (15.7
ns) and @ of 70%, which is, to the best of our knowledge,
the highest value obtained for cationic [4]helicene deriva-
tives 1 or 1. Unprotected analogue 7 displays very similar
optical properties in acidic conditions (Table Si, Figures
S14-S23), confirming the effect of hydroxyl groups as EDGs.
On the other hand, compounds 4 and 5, bearing strong
EWGs, SO.Me and CO,Me, are red-shifted in absorption
and emission, with compound 5 emitting in the far red at
705 nm. Their @ are lower compared to parent helicene 1,
consistently with the energy gap law (Table 1). More pecu-
liar is the case of compound 3. Its absorption and emission
spectra are blue-shifted compared to parent 1 and the flu-
orescent quantum yield @ is enhanced to 40%, in agree-
ment with a behavior associated for EDGs (Table 1). Such
an assumption must be taken with a pinch of salt. In fact,
investigations of electrochemical and computational data
will show that the chlorine atoms also act as inductive
EWGs (vide infra). The rates of radiative decay (k;) for com-
pounds 1 to 5 are reported in Table 1. Investigation of their
relation with the € value and the cube of the emission fre-
quency (Vem?) shows a linear trend (Figure S24 and Table
S2), as predicted by the Strickler-Berg equation (k, «
€Vem3).”7 On the whole, the LSF strategy has allowed for an
extensive tuning of the photophysical properties as these
triple para-functionalized helicenes vary from poor to very
good fluorophores (®r 5 to 70%) with the lowest energy ab-
sorption (S,-S,) and emission bands spanning a range of
300 nm (Figure 2).

At this stage, the chiroptical properties of the (M) and (P)
enantiomers of compounds 2, 3, 4 and 5 were studied in
acetonitrile. The UV-vis electronic circular dichroism
(ECD) and circularly polarized luminescence (CPL) spectra
show a mirror image relationship for pairs of enantiomers
and are reported in the Supporting Information (Figures
S3-S12). As for parent DMQA 1, the para-functionalized de-
rivatives present pronounced ECD bands in the UV domain
with |Ag|~50-100 M™ cm™ and more modest signatures (<
10 M? cm™) at low energies > 600 nm with absorption dis-
symmetry factors (gaps) of |1-2|-104.2 While the ECD spec-
tra of compounds 4 and 5 closely resemble that of com-
pound 1 throughout the UV-vis range, marked differences
can be noticed in the spectra of 2 and 3, at both high and
low energies (Figures S5-S7). The most noticeable differ-
ence can be seen above 500 nm, in the ECD signature cor-
responding to the lowest energy absorption band. In fact,
unfunctionalized derivative 1 displays two Cotton effects
with the same sign between 500-700 nm (Amax 616 nm); (M)
and (P) enantiomers have negative and positive bands, re-
spectively. On the other hand, derivatives 2 and 3, func-
tionalized with electron rich moieties, present ECD spectra
with an inversion of sign within this 500-700 nm region
(Figures S5 and S7). This was already the case for para-
tris(arene) derivatives previously reported.>* Overall, all
(M) and (P) enantiomers display negative and positive
signs for the lowest-energy ECD band, respectively. Then,
in relation to these results, negative and positive CPL sig-
nals were obtained for the (M) and (P) enantiomers of all
derivatives 2 to 5. Overall, these triple para-functionalized
adducts present modest gium values around [1-4|-104 (see
SI), which are consistent with those of gaps of the most red-
shifted ECD band. This similarity in dissymmetry factors is
generally observed for helicenes for which the geometries
of the ground and emitting excited states are comparable.>?
While the measured CPL signals of these new compounds
remain low, thanks to the strongly enhanced fluorescence
of compounds 2 and 3, CPL brightness (Bcp.) values of 0.5
and 0.4 M cm™ are obtained, doubling that of simple cati-
onic [4]helicene 1 (BcpL 0.2 M cm™).3°
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Figure 3. Cyclic voltammetry curves of 1 (black), 2 (orange), 3
(fuchsia), 4 (light blue) and 5 (green) recorded at Pt electrode
(@ =3 mm, v = 0.1 V/s) with concentration 5104 M in dry ac-
etonitrile under inert atmosphere using [nBu,N][PFs] 10" M as
supporting electrolyte. The arrow indicates the direction of
the scan (negative potential first).

Table 2. Electrochemical data of triple para-function-
alized cationic [4]helicenes.[2]

Compound | E.rd (AEp) | E°* (AE,) | Electrochemical
energy gap (eV)
OMe (2) -1.50 (72) +0.92[d 2.25
Cl1(3) -1.05 (73) +1.12 (83) 2.05
H (1) -1.23 (75) +0.88 (90) 1.98
SO.Me (4) -0.68 (63) +1.26 (87) 1.82
-1.42 (71))
CO,Me (5) -0.82 (76) +1.08 (83) 1.74
-1.53 (68)]

[a] .2 (V, vs Fct/Fc) and peak-to-peak separations (AE, in
mV) for the redox processes exhibited at Pt electrode by
[4]helicenes 1-5 (510% M) in dry acetonitrile with
[nBu,N][PFs] 10" M as supporting electrolyte (measured
with v = 0.1 V/s); [b] reversible second one-electron reduc-
tion values; [c] peak potential value for irreversible pro-
cesses.

Then, the electrochemical properties of 2, 3, 4 and 5 were
studied by cyclic voltammetry (CV) in acetonitrile under
inert atmosphere (Figure 3). Compound 1 was again used
as a reference to investigate the influence of the newly
added substituents. As reported, 1 displays an electro-
chemically and chemically reversible reduction at -1.23 V
(AE, =75 mV and iv/if ~1, with scan rate 0.1 V/s, Table 2 and
S3) and an electrochemically quasi-reversible oxidation at

+0.88 V (vs Fc*/Fc).s® In previous studies, oxidative pro-
cesses were mostly impacted by the mono-introduction of
EDGs and EWGs in position 6 of the helical core.3' In con-
trast, with the triple para-functionalization, processes are
most influenced in the reduction regime (negative poten-
tials, Figure 3). The electron-rich methoxy groups of com-
pound 2 render the one-electron reduction more difficult
and chemically less reversible (ip/if = 0.8, with scan rate 0.1
V/s, Table S3), while the oxidation process remains at
about the same potential but completely loses its reversi-
bility. Alternatively, thanks to the EW character of the
CO.Me and SO,Me groups, derivatives 4 and 5 are easier to
reduce than unfunctionalized 1 and present two one-elec-
tron reduction processes exhibiting both electrochemical
and chemical stability (AE, ~70 mV and ip/if >0.95, with
scan rate 0.1 V/s, Table S3). A first reduction is visible at -
0.82 Vand -0.68 V and a second one at -1.53 Vand -1.42 V,
for 4 and 5 respectively (Table 2). Also, the oxidation pro-
cesses (one-electron, quasi-reversible) occur at formal po-
tentials (E,.*) higher than that of 1 as expected from
EWGs. Of note, sulfones present a stronger EW character
than carbonyl ester groups. This can be observed in the
larger upward shift for both reduction and oxidation pro-
cesses of 4 compared to 5. These results will be later cor-
roborated by DFT calculations of the frontier molecular or-
bitals. Finally, in opposition with the optical properties
suggesting a general ED behavior for the chlorine atoms,
the CV traces of tris(Cl) 3 presented more similarities with
those of 4 and 5 bearing EWGs (Table 2). Clearly, in the
present case, the Cl atoms behave both as c-accepting and
n-donating groups. Consequently, and for this derivative
only, the substituents have a stronger influence on the ox-
idation rather than the reduction processes; a behavior
that will be better rationalized with the help of the molec-
ular orbital analysis. Overall, a good agreement is found
between electrochemical energy gaps (Eonset™~Eonsec?) and
optical ones of all derivatives (Tables 1 and 2). Additional
electrochemical data (i.e., potentials of the irreversible sec-
ond one-electron reductions of 1, 2 and 3) are reported in
the Supporting Information, Table S3.

The observed optical and electrochemical properties can
be rationalized by studying the molecular orbitals (MOs).
MOs were investigated by DFT calculations truncating, for
computational ease, the N-propyl sidechains to N-methyl
(Figures 4 and S58). Generally, an opposite effect on prop-
erties is observed upon introduction of para-EDGs or -
EWGs, compared to that previously observed for meta-
substituents i.e., at position C-6 of the helical core (Figure
1).3'3 Dewar’s perturbation molecular orbital theory is then
a valuable tool to rationalize the observed evolution, as
shown for related triangulenium cations.3 In fact, while
HOMO and LUMO orbitals on compound 1 present nodes
and localizations at the para positions, respectively (Figure
4), the reverse situation occurs at meta positions. There-
fore, while meta functionalization impacts the HOMO or-
bital more strongly, herein, para-substituents influence
more significantly LUMO orbitals, with EDGs bringing
about a destabilization (i.e., blue-shift and lower E,;,"d) and
EWGs a stabilization (i.e., red-shift and higher E,,"d).



Consistently, as shown in Figure 4, for all the compounds,
the distribution of the HOMO remains mostly on the heli-
cal scaffold with little extension toward the added groups.
On the other hand, LUMO orbitals are localized at the sub-
stituted carbons, and generally involve the introduced at-
oms or functional groups. The frontier molecular orbitals
of 2 are at higher energy with respect to 1 and a stronger
destabilization of the LUMO causes the blue shift of the
red-most absorption band and emission. Instead, MOs of
compounds 4 and 5 are stabilized with respect to 1, with
SO.Me being a stronger EWG than CO,Me* but giving
overall a bigger energy gap between HOMO and LUMO.
As specified before, the introduction of chlorine atoms on
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the helical core has an effect that is out of trend with re-
spect to the other derivatives. While the chlorine atoms act
as inductive EWGs in stabilizing the frontier MOs, the en-
ergy band gap is higher than that of 1 resulting in a blue
shift in the optical properties. In fact, these three atoms
have a stronger stabilizing effect on the energy of the
HOMO vs the LUMO orbitals. The absolute energy values
in vacuum of the HOMO and LUMO orbitals for com-
pounds 1 to 5 were derived from electrochemical data and
are reported in the Supporting Information (Table S4).
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Figure 4. HOMO and LUMO Kohn-Sham orbitals and relative energies (eV) computed by DFT with B3LYP/def2-TZVP//B3LYP/6-

31+G(d,p) for truncated NMe analogs of compounds 1, 2, 3, 4 and 5.

In conclusion for this part, as confirmed by electrochemi-
cal measurements and DFT calculations, introduction of
three EWGs in para to the formal positive charge causes a
stabilization of LUMO orbitals with respect to unfunction-
alized 1. As a result, one-electron reduction processes are
more favored. Derivatives 4 and 5 are the easiest to reduce,
with E,;,"¢ higher than all previously reported values for
cationic diaza [4]helicenes (Table 2).3' This data prompted
us to investigate the formation and stability of neutral rad-
icals obtained by mono reduction of the newly synthetized
compounds.

Electrochemical and Chemical reduction - Neutral
Radicals. Organic neutral radicals are open-shell mole-
cules with an unpaired electron forming a singly occupied
molecular orbital (SOMO). Such derivatives are usually re-
active but specific skeletal properties can be considered to
generate persistent or stable organic radicals. For instance,
shielding reactive positions with bulky substituents and/or
increasing the spin delocalization over large conjugated
skeletons are favorable strategies.>> ¢ As mentioned earlier,
polychlorinated trityl radicals are among the most stable

carbon radicals. Their stability is traced to (i) their electron
deficiency, (ii) functionalized para positions and (iii) cen-
tral spin-bearing sp* carbon that is sterically and chemi-
cally shielded by the twisted phenyl rings and multiple
chlorine atoms.3> Further, many structural variations can
be made using principally modifications at para posi-
tions.®# 3¢ Some of the parameters favoring higher stability,
such as the introduction of bulky para substituents, are
also important for extended triarylmethyl, triangulene and
helicene radical structures.'+37 In the following paragraphs,
single-electron reductions of cationic helicenes 2 to 5 are
investigated with a focus on the reversibility of the redox
process (Equation 1), the chemical stability of the derived
neutral radicals 2" to 5" and, when possible, the chiroptical
properties.

FG = OMe, CI' H,
SO,Me, CO,Me




Initial studies started with investigation of compound 1
and its radical state obtained upon mono electron reduc-
tion (1), a species reported for the first time in 2014 by
Laursen and coworkers.’s In the article, the reduction of 1
in acetonitrile led to the formation of central adducts (1-H
and 1-CH,CN) due to the low stability of radical species 1°
in this solvent. The absorption spectrum of 1', obtained by
electrolysis under strictly anaerobic conditions in inert
benzonitrile as solvent, was nonetheless reported. Higher
energy and lower molar extinction coefficient ¢ were noted
for the first absorption band of 1, compared to the parent
carbocation 1. A localization of radical on the central car-
bon with consequential loss of conjugation was hence hy-
pothesized. Here, to complement this study,® the in situ
spectroelectrochemistry of 1 is presented; the results being
used as benchmark in comparison with new para-substi-
tuted compounds 2 to 5.

First, in situ spectroelectrochemistry was performed for
compounds 1 to 5 tracking the formation of the neutral rad-
ical species. UV-vis absorption spectra were recorded dur-
ing a slow cyclic voltammetry scan (v = 0.5 mV/s), using an
optically transparent thin-layer electrochemical (OTTLE)3®
cell in acetonitrile solutions with [nBu,N][PFs] 10" M as
supporting electrolyte.
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Figure 5. Spectroelectrochemical studies performed in an
OTTLE cell of 5 in dry acetonitrile (C ca. 4.510% M,
[nBu,N][PFs] 10" M as supporting electrolyte). a) UV-vis spec-
tral changes recorded every 2 minutes during a CV scan be-
tween 0.0 and -0.6 V (vs Ag wire pseudo-reference electrode;
v = 0.5 mV/s). Only the reduction process is shown with spec-
tra of 5 in blue and 5’ in red; b) absorption changes at A = 662
nm (full line) and A = 760 nm (dotted line) recorded every 2
seconds during 17 successive CV cycles (v =10 mV/s).

For 1, changing the potential between 0.0 and -0.95 V (vs
Ag wire pseudo-reference electrode), two absorption max-
ima appear upon reduction at 390 and 560 nm correspond-
ing to the formation of 1" as previously reported (Figure

S25).5b For this transformation, the isosbestic points are
not well defined as 1" undergoes degradation and, following
the reverse oxidation process to 1, only partial reversibility
could be observed. The formation and reoxidation of r
were also investigated at a single wavelength (A = 614 nm)
during multiple CV cycles with scan rate 10 mV/s (Figure
S26). Quicker CV scan rates allowed to perform multiple
reduction/oxidation cycles with only moderate degrada-
tion. Nevertheless, after each cycle, the absorption inten-
sity of 1 at 614 nm is not fully recovered. Identical spectro-
electrochemical investigations were performed for com-
pounds 2, 3, 4 and 5. Upon reduction, compounds 2 and 3
showed spectral changes similar to 1; the spectrum of 3' dif-
fering by the presence of a broad low intensity absorption
band centered at 700 nm. For both compounds 2 and 3,
only partial reversibility is again observed after reoxidation
(Figures S27 and S29), indicating a lack of persistence of
the neutral radical species. Performing multiple redox cy-
cles at a faster rate, 3 did not show significant change in the
absorption intensity (Figure S30) while important modifi-
cations were visible already after a few cycles for 2 (Figure
S28). Due to its low stability, neutral radical 2" was not in-
vestigated further. Most interesting results were obtained
with compounds 4 and 5 bearing para-EWGs, presenting
good to excellent persistence of the corresponding neutral
radicals (Figures S29-S32). Spectroelectrochemistry reveals
in the absorption spectra of 4 and 57, between 400 and 500
nm, three overlaying peaks and a single one around 600
nm. Of importance, both spectra extend toward the NIR
with moderately intense bands centered at 750 and 8oo
nm, respectively (Figure S31 compound 4 and Figure sa
compound 5). For compound 5, this lowest energy absorp-
tion band reaches goo nm (Figure 6 and S50). For the re-
duction process of both 4 and 5, several isosbestic points
are present between 300 and 8oo nm. Those are perfectly
maintained for compound 5 during the reverse oxidation
process indicating the stability of 5" in the spectroelectro-
chemistry time scale (Figure S33). Also, over multiple redox
cycles in rapid succession, stability is maintained for both
4 (Figure S32) and 5 (Figure 5b) with no visible loss of ab-
sorption intensity. Additionally, to complement the exper-
iments, DFT calculations were performed for all neutral
radical derivatives (Figure S69). Large differences can be
noticed in the MOs from 2" and 5" with (i) very high ener-
gies for LUMO and LUMO+ in the presence of EDGs (27)
and (ii) strong SOMO stabilization with the introduction
of EW substituents in 4" and 5. These theoretical data re-
flect the experimental reactivity: a persistence for 4" and 5’
and a lack of stability for 27, 3", and unsubstituted 1".

Then, rac-, (M) and (P) samples of 1, 4 and 5 were utilized
in bulk experiments.3? Electrolysis was performed at fixed
negative potentials, defined by previous CV studies, and
full conversion of the cationic helicenes to the neutral rad-
icals was obtained. Aliquots of the enantiopure com-
pounds were taken to record absorption and ECD spectra.
Firstly, for 1, its bulk formation displayed signs of degrada-
tion already during electrolysis, before the complete reduc-
tion of 1 could be achieved. After electrolysis of 1, the ab-



sorption spectrum presented intensities lower than ex-
pected in view of previous experiments (Figure S36). Fur-
thermore, ECD spectra of (M)-1" and (P)-1 were not perfect
mirror image to each other. Likely, substantial parts of 1" in
each sample reacted to form other products such as 1-H
and 1-CH,CN.s> These solutions were then electrolyzed at
positive potentials to enforce the opposite oxidative pro-
cess and assess the chemical reversibly in bulk transfor-
mations. In this context, different delays in reoxidation of
(M) and (P) batches accounted for different spectral out-
come (Figure S35). This was not the case for compounds 4
and 5. In fact, samples showed outstanding stability to bulk
electrochemical reduction and very good reversibility upon
reoxidation (Figures S38 and S43). Furthermore, absorp-
tion spectra of 4’ and 5 monitored during 15 h under inert
atmosphere demonstrated only small changes mostly at-
tributed to minor reoxidation to cationic 4 and 5 (Figures
S40-S42 and S45-S47). Overall, tris ester 5 shows better
stability than tris sulfone 4. Thanks to the enhanced per-
sistence, chiroptical investigations were also carried out
(Figure 6).

For radical species 4 and 5, ECD signatures recall the fea-
tures appearing in the electronic absorption spectra (Fig-
ure 6). Multiple ECD bands are present across the whole
spectral range with |A¢| ~5-40 M cm™. Of note are the Cot-
ton effects corresponding to the lowest energy absorption
band, ranging from 680 to 80oo nm for compound 4 and
700 to goo nm for 5°. These ECD signatures at low energies
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present absorption dissymmetry factors above 103 (gabs at
Amax Of +1.5/-1.3-1073 for 4 and +1.1/-1.3-1073 for 5°), showing a
10-fold increase compared to the relative parent carbo-
cations. Also, these transitions present positive and nega-
tive values for the (M) and (P)-enantiomers, respectively;
that is, a sign inversion of the low energy ECD signals in
comparison to 4 and 5.4° Good agreement between experi-
mental and computed ECD spectra was obtained by
TDDFT calculations for both radical compounds (Figures
S75 and S77).# Transition analysis revealed that the lowest
energy ECD band is composed mostly by the SOMO —
LUMO transition with a contribution from the HOMO —
SOMO (Figures S76 and S78); this analysis explaining the
sign inversion for the low-energy Cotton effect (ECD) be-
tween cations and radicals. From MO analysis, the open-
shell nature of the radical has been established without re-
quiring establishing a SOMO-HOMO inversion which is
important in other molecular systems." 4

Finally, a focus was given to the reduction of 4 and 5 using
a chemical reagent. Based on the E,,™? values (> -0.9 V),
cobaltocene was selected as a suitable reductant ([CoCp.]*
— [CoCp,] E = -1.3 V vs Fc*/Fc).4 It was also selected as it
would not induce a second reduction to the carbanionic
species (E <-1.4 V). The reduction experiments were per-
formed in dry acetonitrile under inert atmosphere adding
only a moderate excess of CoCp,. Formation of the radicals
was monitored by UV-vis absorption spectra (Figures S48
and Ss50).
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Figure 6. ECD spectra (red (M) and black (P) lines) and absorption spectra (underlying filled curve) in the UV-vis-NIR range of a)
4 and b) 5" obtained by electrochemical reduction in dry acetonitrile (C ca. 4.5:104 M, [nBu,N][PFs] 10" M as supporting electrolyte)
using a quartz cuvette, 0.1 cm optical path, sealed under Ar. The absorptions of the solvent and the supporting electrolyte have
been subtracted. The vertical dotted line at 720 nm (5°) separates the ECD spectrum fragments measured on two different instru-

ments.

Perfect agreement was observed between spectra of com-
pound 5 obtained by chemical reduction and those
achieved through electrochemistry (Figure S53), whereas
the absorption of 4 produced with CoCp, showed lower in-
tensity, although maintaining identical spectral features
(Figure S49).4¢ To evaluate the persistence of 5", changes in
the absorption spectrum after chemical reduction were

monitored in time. As observed before, under inert atmos-
phere, significant changes can be noticed only after 15 h
(Figure Ss1a). Under air exposure, the spectrum of 5 un-
dergoes faster modifications (Figure S51b). Nonetheless, af-
ter 30 h, the characteristic band at 800 nm remains indi-
cating that radical species still persists in solution. Im-
portantly, if 5 is stored as a solid under inert atmosphere
and dissolved again in acetonitrile, its absorption spectrum



remains mostly unchanged even after multiple days (Fig-
ure S52). These experiments point collectively to the good
persistence of this helical radical.

As expected, EPR measurements confirmed the open-shell
electronic nature of 4 and 5° (Figure 7). Experimental and
simulated spectra of 4 and 5 are shown in Figure 7a with
calculated g(iso) values of 2.0027 and 2.0031, respectively.
Isotropic hyperfine constants were calculated for the two
neutral radicals (A(iso), Table S5) and a good agreement
was found between simulated and experimental spectra.+
Notably, the absence of hyperfine features in the spectrum
of 4 indicates that the spectral linewidth of this radical is
slightly larger than that of 5', possibly due to the presence
of several interconverting diastereomeric conformations
linked to the SO,Me moieties. The spin densities of neutral
radicals 4" and 5, calculated by DFT, are delocalized over
the entire r system and no pyramidalization of the central
carbon is observed (Figures 7b). This important spin den-
sity delocalization, unlike previously observed for 17,5
contributes to the persistence of 4 and 5. Additionally,
EPR provided a practical method to evaluate the kinetics
of disappearance of radicals 4° and 5" when exposed to air.
Half-life values of about 5 and 7 h were determined, respec-
tively (Figures Ss5 and S57). These values are quite remark-
able for measurements made in a reactive solvent such as
acetonitrile.'sb4°
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Figure 7. EPR data of 4 (top) and 5 (bottom). a) Room tem-
perature continuous wave X-band EPR spectra obtained by
chemical reduction in acetonitrile (grey, concentration ca.
3104 M) under inert atmosphere and simulated spectra
(black, linewidth 0.09 mT or dotted red, linewidth 0.13 mT)
using Easyspin. Experimental conditions are given in the sup-
porting information. b) Spin density distribution calculated
using the UKS method B3LYP/IGLO-II. Blue and red colors re-
fer to alpha and beta spin density, respectively (isovalue
0.0004).

CONCLUSIONS

In this study, a series of enantiopure derivatives bridging
triaryl methyl and helicene domains, cations and neutral
radicals, have been prepared. An effective enantiospecific
synthesis, using a LSF strategy, affords triple para-func-
tionalized DMQA derivatives 2 to 5 in few steps from sim-
ple building blocks with good to excellent yields. The novel
electron-donating and electron-withdrawing groups in-
duce significant changes in electronic and (chir)optical
properties. All cationic derivatives are luminescent, from
orange to NIR regions of the light spectrum, with quantum
yields up 70% which is unusual for derivatives of type 1.
With EWGs, persistent neutral radicals are readily afforded
by mono electron reductions, under electrochemical or
chemical (Cp,Co) conditions; the reversibility of redox pro-
cess being particularly sustainable even in bulk. The open-
shell radical nature of 4 and 5 and their half-lives under
air were investigated by EPR spectroscopy, revealing an im-
portant spin density delocalization which contributes to
their persistence. These configurationally-stable radical
[4]helicenes present Cotton effects at low energies (Aabs ~
700-900 nm), sign-inverted and enhanced by one order of
magnitude compared to the parent helical cations, with
gabs values above 103. DFT calculations afforded
HOMO/LUMO levels in agreement with the observed
spectral changes upon substitution. Thanks to these new
compounds with extended electronic and optical proper-
ties, innovative applications are foreseeable that will ex-
tend the already-broad collection of uses for DMQA deriv-
atives.
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