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Abstract: Configurationally stable 5-aza[6]helicene (1) was envisaged as a promising scaffold for
non-conventional ionic liquids (IL)s. It was prepared, purified, and separated into enantiomers by
preparative HPLC on a chiral stationary phase. Enantiomerically pure quaternary salts of 1 with
appropriate counterions were prepared and fully characterized. N-octyl-5-aza[6]helicenium: bis
triflimidate (2) was tested in very small quantities as a selector in achiral IL. media to perform pre-
liminary electrochemical enantiodifferentiation experiments on the antipodes of two different
chiral probes. The new organic salt exhibited outstanding enantioselection performance with re-
spect to these probes, thus opening the way to applications in the enantioselective electroanalysis
of relevant bioactive molecules.

Keywords: azahelicenes; ionic liquids; enantiodifferentiation; chiral additives; inherent chirality;
chiral voltammetry

1. Introduction

Some of us recently unveiled the amazing potential of chiral electroanalysis [1-3] (in
remarkable analogy with chiroptics [4,5]) for “inherently chiral” functional compounds,
in which the stereogenic scaffold responsible for chirality and the molecular group re-
sponsible for their specific properties coincide. This structural combination invariably
results in outstanding enantioselection properties that are much greater than those ex-
hibited by compounds in which the stereogenic unit and functional group are inde-
pendent molecular portions. This strategy was at first implemented in terms of inher-
ently chiral thiophene-based oligomer electrode surfaces. They were prepared using the
electrochemical or chemical oxidation of suitable inherently chiral monomers. In most
cases these presented with an atropisomeric biheteroaromatic system as the stereogenic
element, as in the BT2T4 (Figure 1) proof-of-concept case [3], or a helix in a recent case [6].

More recently, the inherent chirality strategy was once again proven to be a winning
approach when implemented in ionic liquid media. The proof-of-concept case was based
on a family of 3,3'-bicollidinium salts featuring an atropisomeric biheteroaromatic system
as a stereogenic element (Alk2BicXa, Figure 1) [1]. Impressive potential differences were
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observed for the enantiomers of chiral probes in voltammetry experiments on unmodi-
fied electrodes, performed in achiral ionic liquids with inherently chiral molecular salts
as chiral additives. The strategy worked with different family members, including those
solid at room temperature [1,2], and those with long alkyl chains and bistriflimide anions
which were liquid at room temperature [1] and can be regarded as inherently chiral ionic
liquids (ICILs).

(R)-BT2T4 (R)-DiAIKBicX (R)-AlkBicX

Figure 1. (R)-2,2'-bis[2-(5,2"-bithienyl)]-3,3"-bithianaphthene ((R)-BT:T4),
(R)-N,N'-dialkyl-3,3"-bicollidinium salts ((R)-Alk2BicXz) and (R)-N-alkyl-3,3"-bicollidinium salts
((R)-AlkBicX).

Within this framework, we decided to implement the inherent chirality concept in a
new family of ICILs based on the helix as an ideal stereogenic element in an inherent
chirality design, and to investigate whether the great enantiodiscrimination ability of the
ILs based on a stereogenic axis was also exhibited by helical organic salts.

Aza[n]helicenes are a class of chiral multinuclear molecules possessing peculiar
electronic and chiroptical characteristics due to their extended conjugated aromatic sys-
tem associated with a central distortion from planarity. They are configurationally stable
above room temperature only when the number of condensed six-membered aromatic
rings is 26 [7].

In contrast to carbohelicenes, azahelicenes possess one or more nitrogen atoms in
their molecular framework which can be exploited to direct the reactivity of these mole-
cules. Furthermore, since the nitrogen atom of azahelicenes can react with alkylating
agents to afford quaternary salts, we envisaged the possibility of obtaining a completely
new class of CILs. If their melting point could be lowered below 100 °C,
aza-[6]helicenium cations would clearly fulfil the requirements to be defined as ICILs,
since the pyridinium unit is essential part of the helical scaffold. These salts are reasona-
bly soluble in polar solvents and exhibit physical properties that could be modulated by
varying the length and shape of the alkyl moiety as well as the counterion [8]. This latter
point is known to be particularly important for determining the melting range of the or-
ganic salts: the use of appropriate counteranions, like bistriflimidate, can lower the
melting point by many dozens of degrees compared to halide salts [1,9].

As mentioned above, in the case of solid salts, even those with a high melting point,
they could be employed as chiral dopants of achiral ILs, in which they should be per-
fectly soluble considering their structural affinity. We have already found that bicol-
lidinium ICILs, when used as low-concentration additives to commercial achiral ILs, can
impart high enantioselection properties towards the antipodes of chiral probes differing
in structure, functional groups, and stereogenic elements [1,10]. This project could open
the way towards new tools for enantioselective electroanalysis of bioactive molecules.

2. Results and Discussion

The molecules chosen to verify the viability of the approach were the quaternary
salts of 5-aza[6]helicene (1), a configurationally stable azahelicene.
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The synthesis of 1 was realized following the procedure reported in the literature
[11]. It began with Wittig condensation between benzyl-triphenylphosphonium bromide
and 4-tolualdehyde, followed by photochemical ring closure to yield
2-methylphenanthrene; the latter was brominated with N-bromosuccinimide (NBS) and
the resulting bromomethyl derivative converted into the corresponding tri-
phenylphosphonium salt. This, in turn, underwent Wittig condensation with commer-
cially available quinoline-3-carboxaldehyde to yield
1-(2-phenanthrenyl)-2-(3-quinolyl)ethane 3, mainly as E isomer, in 71% yield (Scheme 1).

N ~ -0 CH ,OH, CH ,ONa
reflux, 2h

3Br

me 1. Wittig condensation to yield precursor 1-(2-phenanthrenyl)-2-(3-quinolyl)ethane (3).

The final step was again a photochemical ring closure, which, however, unexpect-
edly led to two constitutional isomers, namely 1 and 4 (Scheme 2).

¢ O
D--5-5%
. s Y,

Scheme 2. Photochemical ring closure of the two conformers of precursor 3.

In fact, precursor 3, during photolysis, isomerized to the Z stereoisomer, for which
two conformational s-cis (3a) and s-trans (3b) isomers were expected. Oxidative photo-
cyclization of the former afforded 5-aza[6]helicene (1), while ring closure of the latter led
to the formation of the achiral phenanthreno[2,3-k]phenanthridine (4) (Scheme 2).

When performing the analytical HPLC separation of the racemate of 1 on chiral sta-
tionary phase (see below), we observed the presence of 39% of 4, previously undetected
due to its very high gas-chromatographic retention time. At this point, while proceeding
with the experiments with the isolated enantiomers, we undertook the task of improving
the synthesis of compound 1 by reducing or eliminating the formation of byproduct 4.
We found rather difficult to separate 4 from racemic 1 by column chromatography on
silica gel and minimize its formation by varying the reaction conditions. We attempted to
perform photochemical ring closure of 3 in different solvents as previous investigations
on a diazapentahelicene had evidenced how this step could be preferentially directed
towards the formation of the azahelicene by the use of polar solvents [12]. However, in
this case, the use of acetonitrile instead of ethyl acetate resulted in the almost exclusive
formation of 4, while using dichloromethane or toluene we obtained both products with
a prevalence of 4. We eventually managed to obtain an almost complete prevalence of 1
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by using a 9:1 hexane/ethyl acetate mixture, where ethyl acetate was at just the minimum
quantity necessary for the solubilization of 3. However, the yield of 1 in these conditions
was 34%, with just traces of 4, while the remaining starting material underwent degra-
dation during the process.

In order to avoid this drawback, we explored the possibility of approaching the
synthesis of 1 through the alternative pathway depicted in Scheme 3 based on the Heck
condensation. 11-[(E)-styryl]benzo[k]phenanthridine 5 was obtained as an E/Z isomeric
mixture and its photocyclization exclusively provided the desired product 1.1t is to be
noted that in this case two conformational isomers would also be possible, one of which
would bring the formation of 4.

PPh ; Br- Br
CHO
m + CH ,OH, t-BuOK AcOEt  hy
_—
flux, 2h, 79 9
z o reflux, 2h, 79 % 366 nm, 3h
cat. ,, 86%

Br
O + X Pd(PPh,),Cl,, AcON;a
DMA, 140°C
| 2 days, 94%
~Z

Scheme 3. Alternative synthetic approach to azahelicene (1).

The racemate of 1 obtained by photolysis of intermediate 3 in ethyl acetate solution
was resolved into enantiomers by semipreparative HPLC on Chiralpak IA chiral sta-
tionary phase; the process also allowed the total removal of the achiral product 4 from the
enantiopure antipodes of 1 (Figure 2) and its isolation in a high-purity state.

4(39%)
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Figure 2. HPLC resolution of (+)-5-aza[6]helicene (1) and simultaneous purification from
by-product 4. Column: Chiralpak IA 250 mm x 4.6 mm, mobile phase: n-hexane-isopropanol-ethyl
acetate-diethylamine 100/5/5/0.2, flow rate: 1 mL/min, detector: UV/CD-at 325 nm.

In accordance with the circular dicroism (CD) data in the literature, [11], the absolute
P configuration was assigned to the first eluted enantiomer.

Both enantiomers were alkylated with octyl iodide excess at 80 °C, followed by an-
ion metathesis with silver bis(trifluoromethanesulfonyl)amide AgNTf: to provide enan-
tiomerically pure quaternary salts as waxy solids (Scheme 4). The starting material con-
figuration is supposed to be retained in the corresponding salts on account of the high
racemization barrier of 1 (the enantiomeric excess of 1 remains unchanged after 24 h
heating in dimethylformamide solution at 100 °C).

1. n-Octl, 80°C :

———
2. AGNTT, L W,
Q @\n-Oct

2

Synthesis of (P)-5-octyl-5-aza[6]helicenium bistriflimidate (2).

1-methyl-1-aza[6]helicenium cation [14].

(1/(5ev®3))/(Acm 2 mol ! dm? v-05 595)
(1/(Sev®3))/(A em? molt dm? V-0 505)

3 25 2 15 1 05 o 0s 1 15 2 3 25 -2 15 1 05 0 05 1 15 2
EvsFc'|Fc/V EvsFct|Fe/V

E re 3. Normalized CV patterns obtained on glassy carbon electrode at a 0.2 V/s scan rate for 1 and 2 with 0.00075 M in
CHsCN +-0.1'M tetrabutylammonium hexafluorophosphate, TBAPFs (starting oxidative and reductive half-cycles, red
and blue, respectively).

Comparing the CV features of 1 and 2, the alkylation of the aza site resulted in:

(1) The disappearance of the first irreversible oxidation peak at 1.07 V;

(2) The disappearance of most of the complex reduction peak system between -2.2 and
-2.7 V, leaving a single nearly chemically and electrochemically reversible peak at
-2.58 V;
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(3) The appearance of a nearly irreversible and nearly splitting first reduction peak at
-1.19 V.

Both the reduction peak systems of 2 were at potentials very close to those reported
for the 1-methyl-1-aza[6]helicenium cation [14]. Furthermore, a peak, surely associated
with reoxidation of reduced products on the electrode surface, could be seen for 2 at
about —0.45 V in a scan starting from reduction and also including oxidations (Figure 4a)
(a second oxidative return peak at about 0 V was instead associated with the only par-
tially reversible second reduction peak, Figure 4b). Thus, reversible dimer formation as in
[14], at least as partial follow-up of the first reduction process, cannot be ruled out. An
additional similarity with a case in the literature [14]is that the first reduction peak of 2
tended to split or to feature a preceding shoulder, as confirmed in two experiments at
different times (see Supplementary Materials). Notably, the same feature also appeared
in the CV patterns of the azahelicenium compound described in [14], although the au-
thors do not specifically mention it. Since we cannot assume any conformational isom-
erism for the single molecule, the above features might be linked to two pathways with
different preceding or following chemical steps (for example, partial coupling as in [10]),
besides solid state adsorption or aggregation effects.

0.2V s
o] —05Vsd

1V
—2Vs1

0.1V 51

0.05V -1 |

J Fev HLE ¢ ol o b

10.0

T T T T T T T T
3 25 2 15 1 s L] 05 1 14 2 3 25 2 1.5 1 05 L] 0.5 1 15 2
EwsFcFci (V] Ews Fc'Fai (V]

re 4:-Highlighted return oxidation processes related to the first (a) and second (b) reduction processes for compound
2-Arrows-of same colour indicate correlated peaks.

The irreversible oxidation peaks at 1.46 V in 1 (the second one after aza oxidation)
and 1.47 V in 2 (only one) could instead be ascribed to the carbahelicene terminal, con-
sidering its consistency with the reported first oxidation potential of 1.405 V for
6-carbahelicene [15]. The small positive shift could be justified for 1 considering that in
that case the electron transfer process takes place after a former one, that is, with a posi-
tive charge already present on the molecule, and for 2 since the molecule is elec-
tron-poorer on account of the alkylated aza site.

The nearly reversible (both chemically and electrochemically) second reduction
peak of 2 at -2.6 V is more likely to be related to first reduction (to radical anion) of the
carbahelicene terminal than to a second reduction on the aza site, since in 6-carbahelicene
the first reduction is at an even more positive potential [15]. Consistently, the superim-
posed peak system appearing in the case of 1 should correspond to the reduction of the
opposite helicene side, the one with the pyridyl ring adjacent to the phenyl terminal.

To check the enantioselection ability of the (P)-2 and (M)-2 salts, we first tested them
as 0.01 M additives in achiral ionic liquid (BMIM)NT#, recording in small volumes of the
resulting chiral media  the CV  patterns of  the (R)-(+)- and
(S)-(-)-N,N'’-dimethyl-1-ferrocenylethylamine = chiral = probe  enantiomers on
screen-printed electrode (SPE) cells with an Au working electrode (Figure 5).
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Ere 5. CV patternsof (S)- or (R)-ferrocenyl chiral probes (0.002 M, blue and yellow, respectively) on screen-printed
rode (SPE) cells with an Au working electrode, in (BMIM)NTf. with either (P)-5-n-octyl-5-aza[6]helicenium bistri-
flimidate (1.6 x 102 M, green frame) or (M)-5-n-octyl-5-aza[6]helicenium bistriflimidate (1.6 x 102 M, red frame) as addi-
tives. Grey voltammograms refer to experiments in absence of azahelicenium salts as chiral inducers.

Despite the medium viscosity, neat CV peaks (chemically and electrochemically re-
versible or quasi-reversible) were obtained for all probe+selector combinations (Figure 5).
At the same time, a remarkable difference was observed for the enantiomer peak poten-
tials (~140 mV) together with slight differences in the peak shape (for example, there was
a greater difference between forward and backward peak potentials for the peak at
higher potential). In particular, the oxidation peak potential of one enantiomer remained
approximately in the same position, while the other shifted to much higher potentials,
while maintaining its reversible peak shape, a feature often linked to preferential stabi-
lization of the reactant (or destabilization of the product). Neatly specular features were
obtained inverting either selector or probe configuration, while the (R)- and (S)-probe
enantiomers gave practically coincident CV peaks when performing the same protocol in
achiral (BMIM)NTf: in the absence of the chiral additive. Repetitions on new SPE sup-
ports were performed in all cases in order to check the result repeatability (Figure 5).

A second series of enantioselection experiments was performed using differential
pulse voltammetry (DPV) on SPE cells with working graphite electrodes using the (P)-2
salt as 0.01 M additive in achiral (BMIM)NTTf: to test the (R)- and (S)-enantiomers of ty-
rosine methyl ester hydrochloride at 0.002 M concentration. Once more, a neat and fairly
reproducible peak potential difference of ~130 mV was observed for the first oxidation
peaks in the CV patterns of each enantiopure probe, with a constant working protocol,
while the same probe enantiomers gave practically the same peak in the absence of the
chiral additive in the achiral IL medium (Figure 6).
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D-Tyr Me Ester Bare Electrode

Figure 6. Enantiodiscrimination differential pulse voltammetry (DPV) tests with L-and D- tyrosine
methyl ester, in achiral IL 1-butyl-3-methylimidazolium bistriflimide (BMIM)NTf: with (P)-2 or
(M)-2 chiral additives. Repetitions are shown as dashed lines. IL: ionic liquid.

It is interesting to compare the effects produced on enantioselectivity by ICILs
characterized by different stereogenic elements, namely a stereogenic axis and a helix,
when used as chirality inducers in low concentration in achiral ILs. The terms of com-
parison were the N-monoalkyl- and the N;N’-dialkyl-3,3"-bicollidinium salts (Figure 1),
C2 symmetric when the alkyl chains are identical and asymmetric when the alkyl groups
are different. Under comparable experimental conditions and using the same ferro-
cenylamine probes, the bicollidinium salt represented in Figure 1, characterized by two
identical n-octyl groups, at a 0.01 M concentration developed a potential difference
higher than 170 mV [1], while the asymmetric bicollidinium compound with the nitrogen
atoms differently quaternarized with a methyl and a n-octyl group respectively afforded
a 120-mV peak potential separation at a 0.016 M concentration. Therefore, in this first at-
tempt to verify the enantioselection obtainable by azahelicenium salts, we observed a
potential difference comparable to that attainable with other inherently chiral additives,
such as bicollidinium compounds.

3. Materials and Methods
3.1. General Procedures

The starting materials and solvents for azahelicene synthesis were purchased from
Carlo Erba (Milan, Italy) and used without further purification; photolysis reactions were
performed using a Multirays instrument equipped with sets of 10 lamps of different
wavelengths. NMR spectra were recorded on Bruker AV400 and Bruker AC300 spec-
trometers. Chemical shifts (D) are expressed in parts per million (ppm), and coupling
constants are given in Hz. Splitting patterns are indicated as follows: s = singlet, d =
doublet, t = triplet, q = quartet, quint = quintet, oct = octet, m = multiplet. Purifications by
column chromatography were performed using Merck silica gel 60 (230-400 mesh for
flash-chromatography and 70-230 mesh for gravimetric chromatography) and alumin-
ium oxide 90 neutral. Melting points were determined on a Biichi B-540 instrument.
GC-MS analyses were performed on an Agilent 6850 chromatograph equipped with an
Agilent 5975N mass spectrometer.
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HPLC-grade solvents were purchased from Sigma-Aldrich (Milan, Italy). HPLC
enantio-separations were performed by using stainless-steel Chiralpak IA (250 mm x 4.6
mm, 5 pm and 250 mm x 10 mm, 5 pm) columns (Chiral Technologies Europe, lllkirch,
France). The HPLC apparatus used for analytical enantioseparations consisted of a
PerkinElmer (Norwalk, CT, USA) 200 LC pump equipped with a Rheodyne (Cotati, CA,
USA) injector, a 50-uL sample loop, an HPLC PerkinElmer oven, and a Jasco (Jasco, To-
kyo, Japan) Model CD2095 Plus UV/CD detector. The signal was acquired and processed
by Clarity software (DataApex, Prague, Czech Republic). For semipreparative separa-
tion, a PerkinElmer 200 LC pump equipped with a Rheodyne injector, a 5000-pL sample
loop, a PerkinElmer LC 101 oven, and a Waters 484 detector (Waters Corporation, Mil-
ford, MA, USA) were used.

3.2. Electrochemistry
(A) Helicene characterization

Cyclic voltammetry (CV) was performed at scan rates in the range of 0.05-2 V/s us-
ing an AutoLab PGStat potentiostat and a classical three-electrode glass minicell (with a
working volume of about 3 cm?). The latter included as a working electrode a glassy
carbon (GC) disk embedded in glass (Metrohm) polished by diamond powder (1 um
Aldrich) on a wet cloth (Struers DP-NAP), as counter electrode a platinum disk, and as a
reference electrode a saturated aqueous calomel electrode (SCE) inserted into a com-
partment with the working medium ending in a porous frit to avoid contamination of the
working solution by water and KClI traces. Experiments were run with 0.00075 M azahe-
licene solutions in acetonitrile (ACN, Aldrich, HPLC grade) + 0.1 M tetrabutylammonium
hexafluorophosphate TBAPFs (Fluka, 298 %) as the supporting electrolyte, previously
deaerated by nitrogen bubbling. (S)-L-Tyr Me Ester was purchased from Sigma-Aldrich
and (R)-D-Tyr Me Ester from Alfa Aesar.

(B) Enantiodiscrimination experiments

CV enantiodiscrimination tests were performed by cyclic voltammetry at a 0.05 V/s
scan rate on screen-printed electrode (SPE) supports (Dropsens, custom made without
paint, with Au working and counter electrodes and an Ag pseudoreference electrode,
resulting in good reproducibility at constant conditions with the present working pro-
tocol).

The experiments were performed using (P)-2 or (M)-2 salts as 0.01 M chiral additives
in achiral commercial IL 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imidate (BMIM)NTf. (CAS 174899-83-3; Aldrich 98%) with
the same counteranions.

CVs were recorded in open air conditions, depositing on the working electrode a
drop of one of the above chiral media with 0.002 M (R)- or (5)-antipodes of N,N'- dime-
thyl-1-ferrocenylethylamine (Aldrich, submitted to a further chromatographic purifica-
tion step), usually employed as model chiral probe by some of us when testing “inher-
ently chiral” electrode surfaces and media on account of its chemical and electrochemical
reversibility.

A second series of enantioselection experiments was performed using differential
pulse voltammetry (DPV) on laboratory screen-printed electrode cells on a plastic (pol-
yesther) sheet with an insulating layer including graphite working and counter elec-
trodes and an Ag pseudoreference, resulting in good reproducibility at constant condi-
tions with the present working protocol. Again, the experiments were performed in open
air conditions, using the (P)-2 salt as the 0.01 M chiral additive in achiral commercial IL
(BMIM)NTf: to test (R)- and (S)-enantiomers of tyrosine methyl ester hydrochloride
((S)-L-Tyr Me Ester from Aldrich; (R)-D-Tyr Me Ester from Alfa Aesar) at 0.002 M con-
centration.
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3.3. Synthesis of 5-aza[6]helicene

The synthesis was realized as described in [11]. Precursor 3, which is formed as a
mixture of cis and trans isomers, was photolysed in various solvents or solvent mixtures
in Pyrex vessels with visible light for 24 h. When the photolysis took place in a hexane -
ethyl acetate 9:1 a mixture of the desired product (1) was obtained in 34% yield, with
traces of its isomer (4) (Scheme 2), The byproduct proved difficult to separate completely
from the azahelicene by column chromatography; after many attempts, separation was
obtained by using alumina as stationary phase and by eluting with hexane/ethyl ether
4:1.

(+) phenanthrol3,2-klphenanthridine (4). '"H NMR (300,14 MHz, HZpPT(Hz) = 0.153,
CDClIs) 0 9.69 (s, 1H), 9.39 (s, 1H), 9.30 (s, 1H), 9.28 (d, 3] =2.7 Hz, 1H), 8.91 (d, 3] =8.1 Hz,
1H), 8.44-8.36 (m, 1H), 8.24 (d, 3] = 8.7 Hz, 1H), 8.07-7.92 (m, 3H), 7.91-7.66 (m, 5H); 1°C
NMR (75,48 MHz, HZpPT(Hz) = 0.127, CDCls) d 151.94 (s), 146.43 (s), 133.30 (s), 132.42 (s),
131.69 (s), 131.13 (s), 130.10 (s), 129.95 (s), 129.48 (s), 128.77 (s), 128.48 (s), 128.35 (s), 127.97
(s), 127.76 (s), 127.45 (s), 127.31 (s), 127.14 (s), 126.77 (s), 125.05 (s),124.82 (s), 124.75 (s),
123.25 (s), 122.58 (s).

The alternative synthesis of the same product (Scheme 3) was realized by refluxing
p-bromobenzylphosphonium bromide (3.9 mmol) and 3-quinolinecarboxaldehyde (3.9
mmol) with 11.7 mmol (3 eq) of t-BuOK in 50 mL of methanol overnight. Methanol was
evaporated and the crude dissolved in ethyl acetate and washed with water. The organic
phase was dried on anhydrous Na250s, evaporated and purified by column chromatog-
raphy on silica gel, eluting with hexane/ethyl acetate 1:1. The product,
p-bromophenyl-3-quinolyl-ethane, was obtained in 79% yield. It was then photolyzed in
ethyl acetate in quartz vessels with 366-nm lamps for 2.5 h, in the presence of catalytic ..
The photolyzed solutions were united, evaporated and chromatographed on silica gel
with hexane/ethyl acetate 1:1. The yield of 11-bromobenzo[k]phenanthridine was 86%.
This latter product was then reacted with styrene (4 eq) in dimethylacetamide (DMA, 22
mL) in the presence of 0.01 eq of (PhsP)2PdCl2 and 3 eq of sodium acetate trihydrate,
under nitrogen atmosphere at 140 °C for 2 days. The solution was cooled at room tem-
perature, diluted with AcOEt, washed with water (three times) to eliminate the DMA,
evaporated, and chromatographed on silica gel with hexane/ethyl acetate 1:1. The| yield
of product 5 was 94%.

Product 5 was then dissolved in ethyl acetate (0.5 mg/mL) and photolyzed at 366 nm
for 2 h. The solution was then evaporated and product 1 purified by column chroma-
tography over silica gel, eluting with hexane-acetate 1:1. Yield 90%

3.4. Synthesis of (P)-5-octyl-5-aza[6]helicenium lodide

The iodooctane (0.4 mL) was added to (P)-5-aza[6]helicene (3.31 mg, 0.01 mmol).
The reaction mixture was heated at 80 °C for 56 h, then the crude was washed with hex-
ane. The product was obtained (5.3 mg, 93%). "H NMR (300,14 MHz, HZpPT(Hz) = 0.093,
CDCls) 5 11.41 (s, 1H), 8.88 (d, 3] = 8.1 Hz, 1H), 8.39 (d, ®] = 8.1 Hz, 1H), 8.32 (d, 3] =8.1 Hz,
1H), 8.18 (d, 3] = 9.0 Hz, 1H), 8.15 (d, 3] = 8.4 Hz, 1H), 8.10 (d, 3] = 8.7 Hz, 1H), 8.03 (d, 3] =
9.0 Hz, 1H), 7.95 (d, 3] = 7.8 Hz, 1H), 7.79 (d, 3] = 8.4 Hz, 1H), 7.70 (t, 3] = 7.8 Hz, 1H), 7.48
(d,3J=8.4Hz, 1H), 7.37 (t,3] =7.5 Hz, 1H), 7.04 (t, 3] = 7.8 Hz, 1H), 6.87 (t, 3] =7.7 Hz, 1H),
5.47 (t, 3] = 7.5 Hz, 2H), 2.33 (quint, 3] = 7.5 Hz, 2H), 1:80-1.19 (m, 10H), 0.89 (t, 3] = 6.6 Hz,
3H); APT NMR (75,48 MHz, HZpPT(Hz) = 0.144, CDCIs) 0 152.82 (s), 138.55 (s), 135.38 (s),
133.67 (s), 132.78 (s), 132.42 (s), 132.34 (s), 131.35 (s), 131.00 (s), 129.90 (s), 128.94 (s), 128.40
(s), 127.84 (s), 127.76 (s), 127.54 (s), 127.09 (s), 126.95 (s), 126.12 (s), 125.82 (s), 125.40 (s),
124.97 (s), 123,25 (s), 121,49 (s), 117.69 (s), 57.51 (s), 31.64 (s), 31.53 (s), 30.56 (s), 29.14 (s),
29.05 (s), 26.59 (s), 22.52 (s), 14.00 (s).

3.5. Synthesis of (P)-5-octyl-5-azal6]helicenium bis(trifluoromethanesulfonyl)imidate
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A solution of silver bis(trifluoromethanesulfonyl)imide (3.06 mg, 7.9 x 10 mmol) in
EtOH (0.2 mL) was dropped into a stirred solution of (P)-5-octyl-5-aza[6]helicenium io-
dide (4.5 mg, 7.9 x 10 mmol) in EtOH (0.2 mL). Stirring was continued for 72 h at room
temperature to complete the reaction. During this time the precipitate was formed, and
this was removed by filtration. Finally, the filtrate was evaporated under reduced pres-
sure and the corresponding product was obtained as a waxy solid (4.8 mg, 84%).
H-NMR (300,14 MHz, HZpPT(Hz)=0.153, CDCls) 8 10.14 (s, 1H), 8.55 (d, ] = 8.4 Hz, 1H),
8.39 (d, 3J=8.4 Hz, 1H), 8.33 (d, 3] =8.4 Hz, 1H), 8.17 (d, 3] = 8.4 Hz, 1H), 8.15(d, 3/=8.1 Hz,
1H), 8.11 (d, 3] = 8.7 Hz, 1H), 8.03 (d, 3/ = 8.7 Hz, 1H), 7.95 (d, 3] = 7.8 Hz, 1H), 7.80 (d, 3] =
8.7 Hz, 1H), 7.72 (t, 3] = 7.4 Hz, 1H), 7.44 (d, 3] = 8.7 Hz, 1H), 7.37 (d, 3] = 7.5 Hz, 1H), 7.04
(d, 3[=7.7 Hz, 1H), 6.85 (d, 3] = 7.8 Hz, 1H), 5.31 (oct, 3/ = 7.0 Hz, 2H), 2.27 (quint, 3] =7.6
Hz, 2H), 1.60 (oct, 3] = 7.0 Hz, 2H),1.52-120 (m, 8H), 0.89 (t, 3] = 6.6 Hz, 3H); F NMR
(300,14 MHz, HZpPT(Hz) = 0.867, CDCl5) & -78.0 (s); APT NMR (75,48 MHz, HZpPT(Hz)
= 0.144, CDCls); d 152.43 (s), 138.82 (s), 135.68 (s), 133.54 (s), 132.84 (s), 132.62 (s), 132.47
(s), 131.52 (s), 131.46 (s), 130.10 (s), 129.15 (s), 128.49 (s), 127.89 (s), 127.50 (s), 127.10 (s),
126.13 (s), 125.84 (s), 125.58 (s), 123.21 (s), 121.98 (s), 121.60 (s), 117.58 (s), 58.25 (s), 31.60
(s), 30.18 (s), 29.01 (s), 26.51 (s), 22.53 (s), 13.98 (s).

3.6. Enantioselective HPLC

Column: Chiralpak IA 250 mm x 4.6 mm, mobile phase: n-hexane-IPA-ethyl ace-
tate-DEA 100/5/5/0.2, flow rate: 1 mL/min, detector: UV/CD at 325 nm.

The CD spectra of the enantiomers collected on a semipreparative scale were rec-
orded in chloroform at 25 °C by using a Jasco Model J-700 spectropolarimeter. The optical
path was 0.1 cm. The spectra are average computed over three instrumental scans and the
intensities are presented in terms of ellipticity values (mdeg).

3.7. Off-Column Racemization Study

A solution of (P)-1 in dimethylformamide (concentration about 0.2 mg/mL) was held
at 100 °C in a closed vessel. The temperature was monitored by a thermostat Julabo HE-4.
Samples were withdrawn at fixed time intervals and the ee decay over time was moni-
tored by HPLC on the Chiralpak IA (250 mm x 4.6 mm i.d.) column under normal-phase
mode.

4. Conclusions

A new ICIL was synthesized, characterized, and successfully tested as additive of a
commercial IL for electrochemical enantiodiscrimination purposes. In fact, significant
peak potential differences were reproducibly observed in CV or DPV experiments for the
enantiomers of two different chiral electroactive probes.

The conclusions that we can draw from this very preliminary experiment are two-
fold.

The first consideration is that inherent chirality extraordinarily enhances the enan-
tioselection ability in comparison with chiral ILs designed according to more traditional
schemes involving the separation between chiral and onium moieties [16]. In fact, peak
potential separations jump here from a few dozen mV to more than 100.

The second point is that helicity induces enantioselectivities comparable to those
produced by stereogenic axes. The helix can be regarded as an ideal stereogenic element
in the design of inherently chiral selectors, even though the access to enantiopure helical
systems is definitely more troublesome than the synthesis of chiral compounds endowed
with axial stereogenicity.

We plan to extend the study to diazahelicenes quaternarized on one or both nitrogen
atoms in order to compare them to the mono- and dialkylated bicollidinium compound.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1. Figure S1:
Normalized CV patterns of compound 1 (0.00075 M) at scan rates in the 0.02-2 V/s range, in ace-
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tonitrile, with 0.1 M TBAPFs as the supporting electrolyte, applying ohmic drop compensation by
the positive feedback method and referring the potentials to the Fc*|Fc redox couple (the intersol-
vental standard recommended by IUPAC) measured in the same conditions (~0.39 V vs. SCE).
Figure S52: Normalized CV pattern of compound 2 (0.00075 M) at scan rates in the 0.02-2 V/s range,
in acetonitrile, with 0.1 M TBAPFs as the supporting electrolyte, applying ohmic drop compensa-
tion by the positive feedback method and referring the potentials to the Fc*|Fc redox couple (the
intersolvental standard recommended by IUPAC) measured in the same conditions (~0.39 V vs.
SCE).

Author Contributions: Conceptualization, S.R. and F.F; Investigation, G.C., B.B,, R.C,, S.A,, S.G,,
and'S.R.; Resources, L.M.; Supervision, F.F. and P.R.M.; Writing—original draft preparation, S.R.,
P.R.M,, and F.F. All authors have read and agreed to the published version of the manuscript.

Funding: B.B. acknowledges funding from Universita di Bergamo, Program STaRs Supporting
Talented Researchers 2017-2018. P.R.M., S.A., and S.G. acknowledge financial support from the
Fondazione Cariplo and Regione Lombardia (2016-0923 RST — Avviso congiunto FC-RL Sottomi-
sura B) rafforzamento (Enhancing VINCE (Versatile INherently Chiral Electrochemistry)) and from
the Universita degli Studi di Milano.

Institutional Review Board Statement: Not applicable
Informed Consent Statement: Not applicable
Data Availability Statement: Data sharing not applicable

Acknowledgments: The authors gratefully acknowledge Francesco Sannicolo for helpful discus-
sion and Pasquale Illiano for his contributions on NMR characterization.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the man-
uscript, or in the decision to publish the results.

Sample Availability: Samples of compound 1 are available from the authors.

References

1.

10.

11.

Rizzo, S.; Arnaboldi, S.; Mihali, V.; Cirilli, R.; Forni, A.; Gennaro, A.; Isse, A.A.; Pierini, M.; Mussini, F.R.; Sannicolo, F. “In-
herently Chiral” Ionic-Liquid Media: Effective Chiral Electroanalysis on Achiral Electrodes. Angew. Chem. Int. Ed. 2017, 56,
2079-2082.

Rizzo, S.; Arnaboldi, S.; Cirilli R.; Gennaro, A. Isse, A.A. Sannicolo, F.; Mussini, P.R. An “inherently chiral”
1,1"-bibenzimidazolium additive for enantioselective voltammetry in ionic liquid media. Electrochem. Commun. 2018, 89, 57-61.
Sannicolo, F.; Arnaboldi, S.; Benincori, T.; Bonometti, V.; Cirilli, R.; Dunsch, L.; Kutner, W.; Longhi, G.; Mussini, F.R.; Panigati,
M.; et al. Potential-driven chirality manifestations and impressive enantioselectivity by “inherently chiral” electroactive or-
ganic films of innovative design. Angew. Chem. Int. Ed. 2014, 53, 2623-2627.

Berova, N.; Di Bari, L.; Pescitelli, G. Application of electronic circular dichroism in configurational and conformational analysis
of organic compounds. Chem. Soc. Rev. 2007, 36, 914-931.

Vazquez, ].T. Features of electronic circular dichroism and tips for its use in determining absolute configuration. Tetrahedron
Asymmetry 2017, 28, 1199-1211.

Arnaboldi, S.; Cauteruccio, S.; Grecchi, S.; Benincori, T.; Marcaccio, M.; Orbelli Biroli, A.; Longhi, G.; Licandro, E.; Mussini,
P.R. Thiahelicene-based inherently chiral films for enantioselective electroanalysis. Chem. Sci. 2019, 10, 1539-1548.

Janke, R.H.; Haufe, G.; Wiirthwein, E.-U.; Borkent, ].H.; Racemization Barriers of Helicenes: A Computational Study. J. Am.
Chem. Soc. 1996, 118, 6031-6035.

Passeri, R.; Aloisi, G.G.; Latterini, L.; Elisei, F.; Caronna, T.; Fontana, F.; Natali Sora, I.; Photophysical properties of N-alkylated
aza-helicene derivatives as DNA intercalators: Counterion effects. Photochem. Photobiol. Sci. 2009, 8, 1574-1582.

Patil, M.L.; Sasai, H. Recent Developments on Chiral Ionic Liquids: Design, Synthesis, and Applications. Chem. Rec. 2008, 8, 98—
108.

Rizzo, S.; Mussini, P.R.; Arnaboldi, S.; Longhi, M.; Fontana, F.; Cirilli, R.; Forni, A. Inherently Chiral Ionic Liquids with Axial,
Helical and Central Stereogenicity for Highly Efficient Enantioselective Sensors. In Proceedings of the 5th Smart Materials and
Surfaces Conference, Lisbon, Portugal, 23-25 October 2019.

Abbate, S.; Longhi, G.; Lebon, F.; Castiglioni, E.; Superchi, S.; Pisani, L.; Fontana, F.; Torricelli, F.; Caronna, T.; Villani, C.; et al.
Helical Sense-Responsive and Substituent-Sensitive Features in Vibrational and Electronic Circular Dichroism, in Circularly


mdpi
Please check if the individual contribution of each co-author has been stated.
Checked

mdpi
In this section, you should add the Institutional Review Board Statement and approval number, if relevant to your study. You might choose to exclude this statement if the study did not require ethical approval. Please note that the Editorial Office might ask you for further information. Please add “The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of NAME OF INSTITUTE (protocol code XXX and date of approval).” OR “Ethical review and approval were waived for this study, due to REASON (please provide a detailed justification).” OR “Not applicable” for studies not involving humans or animals.

mdpi
Please add “Informed consent was obtained from all subjects involved in the study.” OR “Patient consent was waived due to REASON (please provide a detailed justification).” OR “Not applicable” for studies not involving humans.
Done

mdpi
Please refer to suggested Data Availability Statements in section “MDPI Research Data Policies” at https://www.mdpi.com/ethics.


Molecules 2021, 26, x FOR PEER REVIEW 13 of 13

12.

13.

14.

15.

16.

Polarized Luminescence, and in Raman Spectra of Some Simple Optically Active Hexahelicenes. J. Phys. Chem. C 2014, 118,
1682-1695.

Caronna, T.; Fontana, F.; Longhi, G.; Mele, A.; Natali Sora, I.; Vigano, L. 2,13-diaza[5]helicene: Synthesis, theoretical calcula-
tions and spectroscopic properties Arkivoc 2009, 7, 145-155.

Arnaboldi, S.; Cirilli, R.; Forni, A.; Gennaro, A.; Isse, A.A.; Mihali, V.; Mussini, P.R.; Pierini, M.; Izzo, S.R.; Sannicolo, F. Elec-
trochemistry and Chirality in Bibenzimidazole Synstems. Electrochim. Acta 2015, 179, 250-262.

Brandt, J.R.; Pospisil, L.; Bednarova, L.; Correa da Costa, R.; White, A.].P.; Mori, T.; Teply, F.; Fuchter, M.]. Intense redox-driven
chiroptical switching with a 580 mV hysteresis actuated through reversible dimerization of an azoniahelicene. Chern. Commun.
2017, 53, 9059-9062.

Hrbac, J.; Pavelka, V.; Crassous, J.; Zadny, J.; Fekete, L.; Pokorny, J.; Vanysel, P.; Storch, J.; Vacek, J. Redox and optically active
carbohelicene layers prepared by potentiodynamic polymerization Electrochem. Comm. 2020, 113, 106689.

Longhi, M.; Arnaboldi, S.; Husanu, E.; Grecchi, S.; Buzzi, LF.; Cirilli, R.; Rizzo, S.; Chiappe, C.;. Mussini, P.R.; Guazzelli, L. A
family of chiral ionic liquids from the natural pool: Relationships between structure and functional properties and electro-
chemical enantiodiscrimination tests. Electrochimica Acta 2019, 298, 194-209.



	1. Introduction
	2. Results and Discussion
	3.  Materials and Methods
	3.1. General Procedures
	3.2. Electrochemistry
	3.3. Synthesis of 5-aza[6]helicene
	3.4. Synthesis of (P)-5-octyl-5-aza[6]helicenium Iodide
	3.5. Synthesis of (P)-5-octyl-5-aza[6]helicenium bis(trifluoromethanesulfonyl)imidate
	3.6. Enantioselective HPLC
	3.7. Off-Column Racemization Study

	4. Conclusions
	References

