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Abstract: A series of substituted derivatives of
tetraaza[7]helicenes were synthesized and the influence of
the substitution on their photophysical and photoredox-
catalytic properties was studied. The combination of their
high fluorescence quantum yields of up to 0.65 and their
circularly polarized luminescence (CPL) activity results in CPL
brightness values (BCPL) that are among the highest recorded

for [7]helicenes so far. A sulfonylation/hetarylation reaction
using cyanopyridines as substrates for photoinduced electron
transfer (PET) from the excited helicenes was conducted to
test for viability in photoredox catalysis. DFT calculations
predict the introduction of electron withdrawing substituents
to yield more oxidizing catalysts.

Introduction

The research interest in helicenes has grown in recent years,
driven by the increasing number of synthetic approaches[1–8]

and the desire to exploit the unique properties of this class of
compounds, which originate from their helical structure in
combination with the extended aromatic system. Helicenes find
a wide variety of applications, such as synthetic use in the
preparation of chiral catalysts, often in the form of ligands, or
more exotic applications including the construction of molec-
ular machines. In particular, their (chir)optical properties are
increasingly being highlighted in the current literature and are
used, for example, in molecular sensors and switches.[9–14]

Enantiopure helicenes exhibit strong circular dichroism, absorb-
ing circularly left- and right-polarized light to different extents
and emitting light with a preferential circular polarization upon
excitation (circularly polarized luminescence, CPL).[15–16] Since
the emission is not linked to a specific functional group or
moiety (ketone, BODIPY), but originates from the helically bent
acene backbone, substitution in and decoration of the core
structure allows for a variety of modifications to tune the
electronic and optical properties.[17] In order to compare the

CPL activity of different compounds, the dissymmetry factor of
emission (glum), defined as 2(IL� IR)/(IL+ IR), is commonly used,
with IL and IR being the intensity of light with left-handed and
right-handed circular polarization, respectively. However, cur-
rently available CPL dyes show low glum values, and efforts are
being made to increase them to ranges that make the dyes
suitable for applications such as CPL microscopy, 3D displays,
and CP-OLEDs.[9,18] Strategies for CPL enhancement include the
introduction of host-guest interactions,[19] additional
annulations,[20] or self-assembly of helical structures,[21] but can
also be achieved by substitution of CPL emitters.[22–23]

Another field of application of light-absorbing organic
molecules utilizes the absorbed photon energy to enable
chemical transformations via photocatalysis. While the renais-
sance of photoredox chemistry was initially based on precious
metal-based catalysts (Ru, Ir),[24–25] organic photocatalysts were
rapidly included,[26–27] and their importance and applications
continue to grow.[28–30] However, helicenes have not been
broadly considered as potential photoredox catalysts, with the
only reports to the best of our knowledge being the use of a
helical carbenium ion by Gianetti et al.[31] and later Cozzi et al.[32]

We recently investigated the use of a polyaza[7]helicene as a
reductive photocatalyst[33] and here report a chromatography-
free gram-scale synthesis of the catalyst and provide further
insight into its optical properties. In addition, five substituted
azahelicenes were synthesized and characterized with respect
to their (chir)optical properties, and the influence of the
substitution pattern on the catalytic performance was tested.
DFT calculations of three additional model compounds draw a
path for further optimization by introducing electron-with-
drawing substituents.

Synthesis

The azahelicenes 7a–f (Scheme 2) can be prepared in two steps
from 2-chloroquinolines 3a–f, of which 3a and 3b are

[a] J. Rocker, J. A. Dresel, L. A. Krieger, P. Eckhardt, W. R. Kitzmann,
Prof. Dr. K. Heinze, Prof. Dr. T. Opatz
Department of Chemistry
Johannes Gutenberg-University
Duesbergweg 10–14, 55128 Mainz (Germany)
E-mail: opatz@uni-mainz.de

[b] Dr. A. M. Ortuño, Prof. Dr. G. H. Clever
Department of Chemistry and Chemical Biology
TU Dortmund University
Otto-Hahn-Str. 6, 44227 Dortmund (Germany)

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202301244

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.

Chemistry—A European Journal 

www.chemeurj.org

Research Article
doi.org/10.1002/chem.202301244

Chem. Eur. J. 2023, 29, e202301244 (1 of 9) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 16.08.2023

2348 / 308969 [S. 67/75] 1

http://orcid.org/0000-0001-8334-3807
http://orcid.org/0000-0003-0339-2196
http://orcid.org/0000-0003-1483-4156
http://orcid.org/0000-0002-3266-4050
https://doi.org/10.1002/chem.202301244
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202301244&domain=pdf&date_stamp=2023-07-25


commercially available.[33–34] The 2-chloroquinolines 3c–f
(Scheme 1) with substituents in 6- and 8-position can be
prepared in three steps from cinnamoyl chloride and the
corresponding anilines. Aminolysis of the acid chloride yields
anilides which were cyclized to the quinoline-2(1H)-ones in a
Friedel-Crafts reaction with an excess of aluminum chloride
either in chlorobenzene[35–36] or solvent-free in a melt,[37] leading
to the elimination of benzene. Deoxychlorination with
phosphoryl chloride gives the 2-chloroquinolines 3. 2-Chloro-4-
phenylquinoline 3c was prepared in three steps from ethyl
benzoylacetate.
Aminolysis to the anilide 4,[38] cyclization to the quinoline-

2(1H)-one in polyphosphoric acid[39] and refluxing in phosphoryl
chloride gave 3c. 2-Chloro-4-methylquinoline 2b can be
prepared analogously using sulfuric acid.[40] Azahelicenes were
prepared from the 2-chloroquinolines analogously to the
unsubstituted parent compound 7a (Scheme 2) in a double
nucleophilic aromatic substitution followed by oxidation with
phenyliodine bis(trifluoroacetate) (PIFA).[33–34] For 7a and the
methyl-substituted 7b, an alternative purification protocol
avoiding column chromatography was used for gram-scale
preparations, slightly reducing the yields obtained (53% 7a,
62% 7b) but efficiently removing impurities and discoloration.

Single crystals suitable for X-ray diffractometry were grown
by evaporation of solutions of 7c in CH2Cl2/pentane. The
structure (Figure 1) shows the helically bent shape of the
molecule, in which the torsional angles of the inner atoms add
up to 71.4° (9.6°, 26.9°, 4.2°, 24.4°, 6.3°), with most of the
twisting on the two imidazole subunits.

Characterization of photophysical properties

Absorption and emission spectra were recorded in acetonitrile
solution (Figure 2). The lowest energy absorption bands of 7a–f
tail into the blue spectral region and the broad fluorescence
bands peak between 457 and 484 nm. Compared to the

Scheme 1. Synthesis of the chloroquinolines 3c–f.

Scheme 2. Synthesis of the azahelicenes 7a–f in two steps from chloroqui-
nolines.

Figure 1. Molecular structure of 7c determined by single crystal XRD on rac-
7c, (M)-enantiomer shown. CCDC deposit number 2241858.
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unsubstituted helicene 7a, the absorption and emission spectra
of 7b–f are red-shifted which is most pronounced for 7c. This is
due to their extended conjugated system (7c) and the
fluorination (7d–f), respectively. The presence of excimers as a
source of the shoulder at longer wavelengths was ruled out by
measuring the fluorescence of 7c at varying concentration, but
no change in the spectrum was observed. Luminescence
spectroscopy at 77 K reveals a fine structure of the fluorescence
with three maxima in all cases (Table 1, Supporting Information
Figure S7). Additionally, a weak, delayed emission between
525–650 nm was observed at low temperatures, which we
assign to phosphorescence from excited triplet states. The
corresponding triplet energies of 2.22–2.32 eV were determined
from the lowest energy phosphorescence band maxima λmax(ph)
(Table 3). The assignment as triplet states was confirmed by
quenching experiments with O2 forming

1O2 (see below), which
was detected via its emission signature at 1274 nm.[41] For 7b–d
and 7f excitation spectra were recorded and closely follow the
absorption spectra of the helicenes, confirming them as the
source of the 1O2 production (Figure S8).

High fluorescence quantum yields (Φfl) of 0.20-0.65 with
nanosecond emission lifetimes τ were measured for 7a–f in
deaerated acetonitrile and dichloromethane (Table 1). Under
deaerated conditions, fluorescence quantum yields for the
fluorinated helicenes 7d (29%) and 7f (25%) are lower
compared to the other azahelicenes including 7e, whose Φfl
remains above 40%. Halogenation often lowers the
fluorescence quantum yield due to enhanced spin-orbit
coupling, enabling higher intersystem crossing rates to the
triplet state from which a non-radiative decay to the ground
state occurs.[42–43] However, fluorine does not show this effect
due to its low atomic number, and the effect of fluorination
varies on a case-by-case basis for different fluorophores.[44–46]

For the azahelicenes studied here, a fluorination in 1,16-position
(7d) reduces Φfl to a greater extent than fluorination in 3,14-
position (7e and 7f). Φfl in dichloromethane are higher than in
acetonitrile for 7a–d, as is expected for a lower polarity solvent
(ɛMeCN=36.64 vs. ɛCH2Cl2=8.93)[47] resulting in a decreased non-
radiative decay rate.[48]

Under air, quenching by oxygen lowered Φfl, with quench-
ing efficiencies in MeCN ranging from 20% for the tetrafluori-
nated 7f to 35% for less-substituted 7a and 7b (SI, Table S1).
The fluorescence lifetimes of 7a–f also shorten in the presence
of oxygen (Table S1) with quenching efficiencies matching
those obtained from fluorescence quantum yields.
The (P)- and (M)-enantiomers of 7a–f were resolved using

semi-preparative HPLC with chiral stationary phases. Depending
on the retention time differences and the solubility of the
compounds, 3–10 mg could be purified in a single injection
with stacked injections speeding up the separation of larger
quantities. The purity of the separated enantiomers was
assessed via analytical HPLC (SI, Figures S12–17). Optical
rotations of the enantiomers were measured in chloroform and
corrected for the determined enantiomeric excess (Table 2). The
configurational stability and the activation parameters of
enantiomerization of 7a–f were determined by examining the

Figure 2. Absorption and emission spectra of 7a–f in MeCN (20 μM) at room
temperature.

Table 1. Absorption maxima λmax(abs) and the corresponding molar extinction coefficients ɛ, fluorescence maxima λmax(fl), fluorescence quantum yields Φfl,
fluorescence lifetimes τfl and phosphorescence maxima λmax(ph) for azahelicenes 7a–f. Absorption (20 μM), fluorescence (20 μM) at room temperature and
fluorescence lifetimes (100 μM) were measured in MeCN. Low temperature measurements were performed in EtOH/MeOH (4 :1) glass at 100 μM
concentration.

Compound λmax(abs) [nm]
(ɛ [103 M� 1 · cm� 1])

λmax(fl) [nm] Φfl (degassed)
[g] τfl (ns)

(degassed)[f,g]
λmax(ph)
[nm][c]

MeCN CH2Cl2
[a] (r.t.)[b] (77 K)[c] MeCN[d] CH2Cl2

[e] (r.t.) (77 K)

7a 376 (9.4), 335 (15.3), 297 (17.2) 380 (10.2), 337 (16.8), 299 (17.6) 457 413, 436,
464

0.48 0.65 9.6 535,
577

7b 378 (9.8), 335 (14.8), 299 (16.9) 380 (16.8), 335 (24.6), 301 (28.0) 461 413, 437,
464

0.41 0.54 8.9 539

7c 389 (11.9), 343 (17.1), 303 (18.3)[a] 391 (19.9), 345 (27.9), 305 (29.1) 484[a] 436, 462,
488

0.53 0.64 6.9 558

7d 379 (10.9), 340 (12.1), 298 (17.7
sh)

383 (10.9), 345 (12.1), 299 (17.4
sh)

464 416, 441,
467

0.29 0.41 6.3 543,
588

7e 379 (9.8), 340 (16.4), 296 (14.7) 382 (13.9), 342 (23.5), 298 (19.6) 464 418, 442,
469

0.42 0.33 9.3 540,
581

7f 383 (9.9), 345 (12.1), 296 (13.6 sh) 388 (14.7), 350 (17.7), 298 (17.9
sh)

477 424, 448,
473

0.24 0.20 6.1 549,
593

[a] 10 μM. [b] λex=250 nm. [c] λex: 7a 340 nm; 7b 333 nm; 7c 345 nm; 7d 340 nm; 7e 336 nm; 7f 333 nm. [d] 100 μM, λex: 320 nm. [e] 10 μM, 7a 337 nm;
7b 335 nm; 7c 345 nm; 7d 345 nm; 7e 342 nm; 7 f 350 nm. [f] λex: 395 nm. [g] estimated relative error: 5%.
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racemization (krac=2ke) via HPLC at constant temperatures over
time (see Supporting Information for further information).
Specific optical rotatory powers of the helicenes range from

+2300°cm3g� 1dm� 1 ((P)-7c) to +3555°cm3g� 1dm� 1 ((P)-7f).
The assignment of absolute configuration is based on the
general relationship that (P)-helicenes are dextrorotatory and
(M)-helicenes are levorotatory,[9–10] and was confirmed exempla-
rily by DFT calculation of the ECD spectrum of 7a (Figure S18).
The activation parameters of enantiomerization of the
aza[7]helicenes (Table 2) show the expected effect of increased
conformational stability for C-1 substituted derivatives (7c, 7f).
The influence of temperature on ΔG� is small as was reported
for carbon[n]helicenes.[49] The values of ΔG� calculated for 7a–f
lie between those of carbo[5]helicene (24.1 kcal/mol (298 K))[49]

and carbo[6]helicene (35.4 kcal/mol (298 K))[49] and are lower
than for [7]helicenes consisting only of six-membered rings,
since the presence of the two five-membered rings drastically
lowers the enantiomerization barrier.[9,49] The influence of the
substituents in 3,14- and 5,12-position is much smaller, but the
phenyl substituents in 7c slightly lower the barrier of
enantiomerization compared to the unsubstituted structure. It
should be noted that the phenyl rings in 7c are not fully
conjugated to the π-system of the helix, as the planar
configuration of the phenyl substituents is expected to be
hindered to a similar extent as in 1-phenylnaphthalene.[50–51] An
equilibrium torsion angle of 50–70°, depending on the solvent,
has been reported for 1-phenylnaphthalene,[51] and an appro-
priate angle is observed in the crystal structure of rac-7c
(Figure 1, additionally see Supporting Information, CCDC depos-
it number 2241858).
ECD-spectra of compounds 7a–f were recorded in dichloro-

methane solution and are shown in Figure 3. The (P)-enantiom-
ers of the azahelicenes show positive Cotton bands at longer
wavelengths. The 1,16-substituted 7d and 7f have less
structured spectra compared to the compounds without
substituents at this position, resulting in differences in the

region around 330 nm. The spectra of the (M)-enantiomers
appear as mirror images. A plot of the dissymmetry factor of
absorption (gabs) is given in the Supporting Information (Fig-
ure S19).
Circulary polarized luminescence (CPL) spectra were re-

corded (Figure 3) and the dissymmetry values glum at λmax,em are
given in Table 2. The absolute glum values for the (P)- and (M)-
enantiomers match for each compound, except for 7d, showing
a lower value for the (M)-enantiomer. A difference was also
observed in the optical rotation in this case. The differences for
the enantiomers of 7d may result from a luminescent impurity
which cannot be removed in this particular case via the
chromatography methods applied, which can be detected in
the absorption and emission spectra of the two enantiomers
(see Supporting Information, Figures S20, S21). Substitution
lowers the CPL intensity and the unsubstituted 7a remains the
strongest CPL emitter in this series of helicenes with jglum j =
� 8.1 · 10� 3, which is consistent with the value determined by
Otani et al.[34] To allow for a direct comparison to other CPL-
emitters, the CPL brightness (BCPL), which was introduced by
Arrico et al., was calculated using the molar extinction coef-
ficient at excitation wavelength and the fluorescence quantum

Table 2. Optical rotations [α], emission dissymmetry factors glum, CPL brightness BCPL, enthalpy ΔH�, entropy ΔS�, and free enthalpy ΔG� of
enantiomerization and enantiomer lifetimes τe of azahelicenes 7a–f.

Compound a½ � 23D [10
3°cm3g� 1dm� 1][a]

(enantiomeric excess)
glum (10

� 3)[b] BCPL [M
� 1 cm� 1][e] Enantiomerization barrier[c]

ΔH
[kcal/mol]

ΔS�

[cal/mol] G
z
348 K
[kcal/mol][d]

τe,348 K
[h]

7a (P) +3000�200 (0.998) 8.1 44�2
(Lit.: 37.6)[34,52]

22.6�1.8 � 16.6�5.4 28.2�0.0 37.8�0.6
(M) � 3300�200 (0.994) � 8.1

7b (P) +3300�200 (0.979) 6.7 45�2 29.0�3.5 3�11 27.9�0.0 25.5�0.2
(M) � 3400�200 (0.993) � 6.9

7c (P) +2300�100 (0.985) 3.1 27�2 23.6�1.3 � 11.1�3.9 27.4�0.0 12.7�0.6
(M) � 1800�100 (0.959) � 2.9

7d (P) +2900�100 (0.991) 6.6 14�2 31.3�0.5 � 3.3�1.4 32.5�0.0 18000�200
(M) � 2400�100 (0.999) � 5.1

7e (P) +3200�200 (0.998) 7.3 29�1 23.7�1.2 � 12.6�3.6 28.0�0.0 29.7�0.1
(M) � 2800�100 (0.987) � 7.4

7f (P) +3500�200 (>0.999) 6.5 11�1 33.4�2.1 3.3�5.9 32.3�0.0 14400�70
(M) � 3400�200 (>0.999) � 6.4

[a] c=0.05 in CHCl3, a relative error of 5% is assumed. [b] in CH2Cl2 at λmax(fl), λexc:7a 337 nm; 7b 335 nm; 7c 345 nm; 7d 345 nm; 7e 343 nm; 7 f 350 nm. [c]
in nAmylOH [d] errors were in the range of 9–13 cal/mol. [e] ɛ at the excitation wavelength of the CPL measurement and Φfl in CH2Cl2 are used for
calculation. The mean value of glum was used to calculated the CPL brightness; error is calculated by propagation of error assuming

1=2Δglum as the error of
glum and a relative error of 5% for Φfl.

Figure 3. ECD-spectra (top, 100 μM, d=1 mm) and 2ΔI-spectra of emission
(bottom, 25 μM) of 7a–f in CH2Cl2. Solid lines: (P)-(+)-Enantiomers, dashed
lines: (M)-(� )-Enantiomers.
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yield of each helicene using Equation (1).[52] For the calculation,
jglum j was defined as the mean of the glum absolute values for
the (P)- and (M)-enantiomers.

BCPL ¼
1=2 el � Ffl � jglumj (1)

The azahelicenes 7a–f show exceptionally high BCPL values
of 11.4–45.0 M� 1 cm� 1 at the excitation wavelength used for CPL
measurements (see Table 2, Footnote [b]). For 7a the value we
obtained is higher than in earlier reports (BCPL=37.6)

[52] due to
the higher fluorescence quantum yield determined in our

measurement. The increased extinction coefficient of 7b yields
a higher CPL brightness compared to 7a, despite its lower
fluorescence quantum yield and dissymmetry factor glum. The
CPL brightness of BCPL=45 M

� 1 cm� 1 for 7b is among the
highest of [7]helicenes compiled by Arrico et al., with only few,
mostly dimeric, helicenes showing higher values.[52]

Photocatalytic properties

To explore the electronic structure of the azahelicenes and the
effect of substitution DFT calculations were performed on the
structures 7a–f and additionally on model compounds 7g–i
(Figure 4) to investigate the influence of stronger acceptor
substituents.
Calculated HOMO- and LUMO energies are included in

Table 3 and the frontier orbitals are shown in the Supporting
Information. Attachment of a methyl or phenyl group in 5,12-
position destabilizes the HOMO by +0.14 eV and +0.12 eV,
respectively. Placing a CF3-group or a C6F5-group in the same
position (model substrates 7h, 7 i) results in a strong stabiliza-
tion compared to the non-fluorinated substituents (� 0.71 eV
CH3!CF3, � 0.47 eV Ph!C6F5). The LUMO energy of the meth-
ylated 7b is raised to a similar extent (+0.11 eV) as the HOMO,
resulting in comparable absorption and emission bands of 7a
and 7b but an easier oxidation of 7b. Fluorination on the inner
ring positions (1,16) does not influence the HOMO level but
fluorination in the 3,14-position stabilizes it by � 0.23 eV. LUMOs
of the fluorinated derivatives 7d and 7e are shifted similarly to
the HOMOs, with the 1,16-F-substitution having a lesser
stabilizing effect compared to the 3,14-substitution (� 0.06 eV
and � 0.27 eV). Orbitals of the tetrafluorinated helicene 7f show
the combined effect of both substitutions. In model substrate
7g the cyano group in 1,16-position, unlike a fluoro-substitu-
tion, does stabilize (� 0.17 eV) the HOMO but is also predicted
to stabilize the LUMO to an even larger extent (� 0.51 eV)
leading to a reduced energy gap of 3.23 eV.
The HOMO is predominantly localized on the central A-, B-

and C-rings, while the LUMO mainly extends to the outer (C-
and D-) rings. The substituents only have minor effects on the
orbital coefficients of the HOMOs. The LUMO of 7c and 7 i is
extended to the phenyl rings to a small extent while the orbital
coefficients in the D-rings are smaller, in contrast to the LUMO

Figure 4. Structures of model compounds 7g–7 i and exemplary annotation
of the ring system.

Table 3. Excited state energies, redox potentials and HOMO–LUMO energies of azahelicenes 7a–f. Estimated values from HOMO–LUMO energies for 7g–i
are given in italics.

Helicene 7a 7b 7c 7d 7e 7 f 7g (oCN) 7h (CF3) 7 i (PFP)

E0,0 (eV) 2.98 2.95 2.84 2.92 2.94 2.88 2.64 2.87 2.77
ET (eV)

[b] 2.32 2.30 2.22 2.28 2.30 2.26 – – –

E1=2 ,ox (V)
1.15 1.08 1.10 1.21 1.28[a] 1.33 1.32 1.72 1.50

E*Ox (V) � 1.83 � 1.87 � 1.74 � 1.71 � 1.66 � 1.55 � 1.32 � 1.15 � 1.26
HOMO (eV) � 5.53 � 5.39 � 5.41 � 5.52 � 5.76 � 5.74 � 5.70 � 6.10 � 5.88
LUMO (eV) � 1.96 � 1.85 � 2.01 � 2.02 � 2.24 � 2.30 � 2.47 � 2.64 � 2.53
calc.
HOMO-LUMO gap (eV)

3.57 3.54 3.40 3.50 3.52 3.44 3.23 3.46 3.35

All potentials are given vs. SCE. Cyclic voltammetry, as well as absorption and emission spectra were recorded in CH2Cl2.
[a] No reversible reduction was

observed, the peak potential is used. [b] From lowest λmax(ph).
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coefficients of the cyano-substituted 7g, which are larger on
the outer D-rings compared to any other derivative studied
here. The calculations allow prediction of the (photo)redox and
optical properties of the model substrates, and the estimated
values are given in Table 3. Further information on the
calculations of the excited state energies and redox potentials is
given in the Supporting Information.
To estimate the photoredox potentials of the catalysts 7a–f

cyclic voltammograms were recorded (SI, Figure S9). Using the
equation for the Gibbs energy of photoinduced electron
transfer (Eq. (2)), omitting the electrostatic work term, the
excited state potentials of the helicenes were calculated. The
excited state energy E0,0 is approximated from the absorption
and fluorescence spectra using the midpoint between the
lowest energy absorption maximum and the fluorescence
maximum.[26] The potentials are compiled in Table 3.

E*Ox PC
�þ=PC*ð Þ ¼ EOx PC

�þ=PCð Þ � E0;0 (2)

The oxidation potentials of the fluorinated helicenes 7d–f
are increased compared to the donor-substituted or unsubsti-
tuted helicenes 7a–c, as expected for electronegative substitu-
ents. The effect is not very pronounced due to the strong
mesomeric properties of the fluorine substituents which
attenuate the inductive effect (resonance parameter R= � 0.39,
field effect parameter F=0.45).[53] The methyl- (7b, R= � 0.18,
F=0.01)[53] and phenyl-substituted (7c, R= � 0.13, F=0.12)[53]

derivatives show a comparable oxidation potential, while the
excited state energy of 7c is decreased as the extended π-
system reduces the HOMO–LUMO gap. 7c shows a second
oxidation wave (E1=2 ,ox,2= +1.37 V) with both oxidations being
reversible. Apart from this, reversibility of the first oxidation on
the CV time scale was observed only for 7a and 7f. No peaks in
the reductive region were observed except for 7f (� 1.58 V),
which corresponds to an electrochemical gap of 2.91 eV that
compares well to the estimated optical gap E0,0=2.88 eV. The
expected position of the reductive peaks for 7a–e is beyond
the potential window of dichloromethane and sweeps to � 2 V
failed to give peaks in these cases. 7h and 7 i are expected to
show increased oxidation potentials compared to their non-
fluorinated counterparts 7b and 7 i. This effect is especially
pronounced for 7h, which should be a photoredox catalyst
with a much lower reductive power in the excited state.
The photoredox-catalytic properties of 7a–f were compared

in a sulfonylation/hetarylation of styrenes earlier developed in
our lab[54] using four different cyanopyridine substrates 8a–d
with varying reduction potentials. The results are compiled in
Scheme 3. The stronger reducing derivatives 7a–c give higher
yields in this reaction compared to the fluorinated compounds
7d–f, even if the catalyst’s reduction potential matches or
surpasses the substrates electron affinity by calculation as is the
case for the combinations 7d–f and 8a. Another factor coming
into play might be the singlet lifetime (Table 1) which is
decreased for 7d and 7f. Certain combinations (7d and 8b, 7e
and 8a) give high yields of the product even if the catalyst‘s
reduction potential should not allow for efficient electron
transfer to the substrate.

It was anticipated that the improved performance in the
reaction with 8d of 7b compared to 7a may also stem from a
decreased decomposition rate trough styrene addition due
blocking of the 6,11-positions by methyl groups. A comparison
of the decay in acetonitrile solution containing 40 equiv. α-
methylstyrene reveals the opposite to be true as the decom-
position rate constant, assuming first order kinetics, for 7b
(kdecomp=6.1�0.3 · 10� 4 s� 1) is twice the rate constant of 7a
(kdecomp=2.7�0.1 · 10� 4 s� 1). While the spectral shift of 2 nm
(Table 1) between 7a und 7b does increase the spectral overlap
with the used lamp for 7b (Supporting Information, Figure S23)
it does so only to a small extent and cannot be the sole cause
of the accelerated decomposition observed. The lower
fluorescence quantum yield of 7b (41% vs. 48% for 7a) may be
an indication of a higher intersystem crossing rate to the triplet
state, from which the reaction of the catalyst with the styrene
probably proceeds to decomposition.

Scheme 3. Reaction conditions of the sulfonylation/arylation and the used
cyanopyridines with their reduction potentials (in MeCN, vs SCE). The yields
achieved with the helicenes 7a–7f are given in the bar diagram.

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202301244

Chem. Eur. J. 2023, 29, e202301244 (6 of 9) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 16.08.2023

2348 / 308969 [S. 72/75] 1

 15213765, 2023, 48, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202301244 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [01/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Conclusions

The synthesis of substituted aza[7]helicenes from 2-chloroqui-
nolines in a two-step sequence was demonstrated for six
derivatives and the oxidative cyclization with PIFA proved a
reliable method for each of the substrates used. The photo-
physical properties of the azahelicenes were extensively
studied, a weak phosphorescence and the sensitization of 1O2
show the formation of a triplet state. The chiroptical properties
of the helicenes were studied after chromatographic separation
of the enantiomers. Electronic circular dichroism and circularly
polarized luminescence spectra were recorded, giving glum
values in the 10� 3 range for each of the derivatives.
The suitability of the helicenes as photoredox catalysts was

evaluated in view of their reductive power in a sulfonylation/
hetarylation reaction with four benchmark cyanopyridine sub-
strates. The strongly reductive variants 7a and 7b performed
best in this reaction. Subtle differences in the catalyst structure
result in significant effects on substrate preference. While the
use of chiral catalysts of this type in enantioselective photo-
catalysis will be investigated, structural modifications may be
required to ensure a sufficient enantiodiscrimination. The redox
potentials of the helicenes were determined by cyclic voltam-
metry and the excited state potentials estimated. DFT calcu-
lations were performed to visualize the frontier orbitals and to
evaluate three additional model compounds and calculate their
expected redox potentials. The influence of the substitution on
the localization of the HOMO and LUMO was small in the
synthesized cases.

Experimental Section
Deposition Number 2241858 (for 7c) contains the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

General procedure for the coupling of 2-chloroquinolines with p-
phenylenediamine: p-Phenylenediamine (1.0 eq), the correspond-
ing 2-chloroquinoline (2.0 eq) and tributylamine (4.0 eq) were
placed in round bottom reaction tube with a magnetic stir bar and
sealed with a septum. After exchanging the atmosphere with N2
the tube was closed with a screw cap and heated to 200 °C over
night. The mixture was diluted with EtOAc and washed with NaCO3
soln. (1 M) and brine. After drying with Na2SO4 and evaporation the
residue was recrystallized from toluene.

General procedure for the oxidation to azahelicenes: The helicene
precursor was dissolved in HFIP and PIFA was added in portions
(0.4 eq) every 30 min. After the last addition (2.0–2.4 equiv. are
required) the mixture is stirred over night and diluted with CH2Cl2,
then washed with NaHCO3 soln. and Na2S2O3 soln. and dried with
Na2SO4. The crude product is evaporated onto silica and purified via
flash chromatography (gradient CH2Cl2 to CH2Cl2/MeOH=97.5 : 2.5,
Isolera system).

Supporting Information

General information on the materials and methods used,
characterization data, additional spectra and chromatograms
are included in the Supporting Information.
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