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The development of molecular switches represents a
versatile approach to the design of smart optical materials. Here, we
report a protonation-induced reorientation of the transition dipole
moments in a series of newly designed azahelicenes, establishing a
distinctive molecular mechanism for chiroptical switching. To
access these systems, we developed an efficient synthetic strategy
based on intramolecular ortho cyclization, enabling a modular
platform for carbazole- and phenanthridine-containing hexa- and
heptahelicenes. The synthesized azahelicenes exhibit remarkable
fluorescence properties, including quantum yields up to 30% and
striking protonation-induced red-shifts of up to 151 nm (0.98 eV).
Upon enantiomeric separation of representative derivatives by
chiral HPLC, the azahelicenes show significant chiroptical activity
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with luminescence dissymmetry factors g, reaching 3.5 X 107>. Detailed photophysical and quantum-chemical analysis reveals that
protonation of the basic nitrogen centers triggers a reversible electronic reconfiguration, modulating both emission efficiency and
chiroptical response. Notably, the mechanistic origin of this switching was traced back to a protonation-induced redirection of the
transition dipole moments, as confirmed by our vector-based analysis. Supported by single-crystal X-ray diffraction and quantum-
chemical calculations, this work provides a basis for developing new tunable azahelicenes.
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Helicenes constitute a distinctive class of polyaromatic
compounds due to their unique helical architecture arising
from a consecutive ortho fusion of benzene rings." When more
than five benzene rings are fused, the resulting helical
configurations are increasingly stable due to an increasing
steric hindrance.” Their intrinsic chirality imparted by the
helical framework endows these compounds with characteristic
optoelectronic properties, including circular dichroism (ECD)
and circularly polarized luminescence (CPL).” Consequently,
helicenes have attracted considerable attention not only in the
field of organic electronics* but also as asymmetric catalysts’
and molecular sensors.® Like many other polyaromatic systems,
helicenes exhibit fluorescence, although their quantum yields
are generally modest.” Beyond emission, the chiroptical
behavior of helicenes — quantified by the dissymmetry factor
8lum is a key performance metric for next-generation
photonic applications. However, achieving high luminescence
dissymmetry while maintaining appreciable quantum yields
remains challenging because these parameters often demand
opposing structural requirements.8

Incorporating heteroatoms such as B, N, O, Si, P, or S allows
the properties of helicenes to be tuned effectively.” Among
these, azahelicenes are of particular relevance.”* Their
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synthesis is facilitated by the many possibilities for
incorporating nitrogen into the molecular framework. More-
over, key properties such as electron richness or electron
deficiency, redox potentials, coordination chemistry, and
aromaticity can be modulated through the presence of nitrogen
atoms.” The basicity of the nitrogen centers in azahelicenes
introduces a unique handle for external stimulation. Proto-
nation alters the electronic structure and can induce a
reorganization of the chiroptical response.'’ Such stimula-
tion-responsive behavior with the potential for sign inversion
in circular dichroism and circularly polarized luminescence
positions azahelicenes as versatile candidates for molecular
chiroptical switches. The concept of electron-donating (push)
and -accepting (pull) groups has attracted significant attention
in the design of functional organic compounds. In such
systems, the highest occupied molecular orbital (HOMO) is
primarily localized on the electron-donating unit, while the
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lowest unoccupied molecular orbital (LUMO) is mainly
associated with the electron-accepting moiety.'' This spatial
separation of frontier orbitals promotes intramolecular charge
transfer (ICT) upon excitation, frequently giving rise to
tunable optical properties, such as pronounced solvatochrom-
ism and large Stokes shifts."”

Building upon our group’s expertise in constructing aza-,"
thia-,"* and carbohelicenes,'® we here strategically extend these
cyclization architectures to complex indolophenanthridine
frameworks. Starting from ortho-fused terphenyl precursors A
or B, the helical core C is assembled through a combination of
tailored cyclization strategies (Scheme 1). These include the

Scheme 1. General Approach to the Target Compounds®

Strategy

X=Y: RC=N or N=N

“Top: ortho,ortho fusion (X, Y, X', and Y’ are suitable substituents and
linkages); bottom: basic scaffolds of the helicenes synthesized by this
approach.

thermal cyclization of azides to form carbazoles and the
Morgan-Walls reaction for constructing phenanthridine units;
leveraging these methods allowed us to systematically build the
azahelicene frameworks D—F as a platform for investigating
electronic tuning.

These nitrogen-doped compounds offer a dynamic system
where the photophysical and chiroptical properties can be
selectively modulated. Crucially, we demonstrate that proto-
nation-induced electronic reconfiguration leads to a significant
response — including, in specific cases, a full sign inversion of
the rotatory strength. By complementing the chiroptical

characterization with density functional theory (DFT)
calculations, we show that protonation induces a reorientation
of the transition dipole moments. These insights position
azahelicenes as promising candidates for pH-responsive
biological probes or switchable emitters in organic light-
emitting diodes (OLEDs).

To evaluate the photophysical and chiroptical response of the
aza-scaffolds upon protonation, we developed a divergent
synthetic strategy enabling the modular assembly of various
azahelicenes from common naphthyl precursors. The synthesis
of 9H-benzo[4,5]indolo[2,3-k]phenanthridines 11 was ini-
tiated from commercially available 2-naphthol (1). This
compound was first converted into 2-naphthylamine (2) via
a Bucherer reaction,'® which was subsequently iodinated at the
1-position using N-iodosuccinimide (NIS)'" to give the
corresponding iodide 3 in an excellent 95% yield (Scheme 2).
Suzuki coupling with 2-bromophenylboronic acid (4) afforded
phenylnaphthalene 5 in 87% yield. Following a procedure
reported by Marten et al., the amino group of this intermediate
was transformed into the corresponding diazonium salt, which
was subsequently substituted with sodium azide."*! The
resulting azide 6 was obtained quantitatively and heated in o-
xylene. This thermal activation generated a nitrene in situ'’
that underwent intramolecular C—H insertion'® to furnish
ortho-halogenated bromocarbazole 7." In the following step,
this compound was coupled with 2-aminophenylboronic acid
(8) under optimized Suzuki conditions. Reaction screening
indicated that a combination of SPhos Pd G2 and SPhos in
1,4-dioxane/H,0O was highly effective, affording the coupling
product 9 in an excellent yield of 96%. Subsequently, the
amino group was converted into the corresponding amides 10
using both an aliphatic and an aromatic acid chloride, giving
the products in high yields. Notably, the Morgan-Walls
cyclization® with phosphoryl chloride in 1,2-dichlorobenzene
proved to be highly robust; it enabled the efficient closure of
the phenanthridine unit despite the increasing steric demand of
the larger helical core. This allowed straightforward access to
diaza[6]helicenes 11a and 11b with most satisfactory yields.
Over the eight-step sequence, the tert-butyl-substituted
hexahelicene 11a was obtained in a total yield of 52%, while
the phenyl-substituted analogue 11b reached an overall yield of
48%.

Scheme 2. Synthesis of 9H-Benzo[4,5]indolo[2,3-k]phenanthridines

(1) NaNO,, then NaN3
OH (1) aq. NH3, Na;S,05 NH, (HO),B NH, HOAc/MeCN/HZO
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() B o () ik o ¢
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In addition to these compounds, two further constitutional
isomers were obtained via a similar synthetic route (Scheme
3).

Scheme 3. Synthesis of 7H-Benzo[a]indolo[2,3-
phenanthrldmes

B,Pin,

cat. Pd(dppf)Cl,
KOAc
1 ,4-dioxane Bpin cat. Pd(PPhg),
110 °C, 16 h 3PO4
“ )
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17a R = (Bu (83%)
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16a R = tBu (99%)
16b R = Ph (quant.)

Following an approach reported by Marten et al,*" 4-
bromo-9H-carbazole (12) was borylated in a Miyaura reaction.
While Marten and co-workers coupled the resulting boronate
13 with 2-aminophenylboronic acid (8) to access the
corresponding diaza[S]helicenes,'*! we instead performed
the Suzuki coupling with 1-bromonaphthalen-2-amine (14),
which was readily prepared from 2-naphthylamine (2). The
resulting biaryl 15 was then converted into the corresponding
amides 16 using the established methodology and subse-
quently cyclized to furnish diaza[6]helicenes 17a and b in total
yields of 67 and 77%, respectively, over four consecutive steps.

The two intermediately obtained aminobiaryls 9 and 15
similarly proved to be excellent substrates for the synthesis of
cinnoline-containing azahelicenes (Scheme 4). Treatment of

Scheme 4. Synthesis of Benzocinnolinocarbazoles

9 15
NaNO,
/HOAc/MeCN\
H 0°C tort
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= iy
O N 18 19
(91%) (83%)

these amines with sodium nitrite, followed by gradual warming
to room temperature, furnished the corresponding cinnolino-
carbazoles 18 and 19 in 91% and 83% yield, respectively.

A significant synthetic challenge was encountered during the
double ortho fusion starting from naphthalene-2,7-diol (20).
Initial attempts to brominate the diamine 21 at the 1,8-
positions exclusively yielded the undesired 3,8-dibromo
isomer, regardless of the conditions tested. This regioselectivity
issue, likely arising from the specific steric and electronic
environment of the naphthalene core, necessitated an
alternative strategy. To circumvent the steric shielding, we
successfully implemented a chlorination using NCS to afford
dichloride 22 in 89% vyield (Scheme S). However, the

Scheme 5. Synthesis of Phenanthridino[1,2-
a]phenanthridines

(1) ag. NH3, Na,S,05
autoclave, 180 °C, 16 h Cl Cl
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0,
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(rac)

subsequent Suzuki-Miyaura coupling proved to be the
bottleneck, as aryl chlorides are notoriously less reactive than
their bromide counterparts. An extensive screening of catalyst/
ligand systems was required to overcome this lack of reactivity.
Ultimately, a combination of SPhos Pd G2 and cesium
carbonate in a toluene/water mixture enabled the construction
of the symmetric core 23, albeit in a moderate yield of only
34%. The resulting diamine was subsequently acylated with
pivaloyl chloride and benzoyl chloride, respectively, to afford
the corresponding amides 24, which were directly cyclized in
Morgan-Walls reactions to furnish phenanthridino[1,2-a]-
phenanthridines 25.

To further demonstrate the scope of our synthetic strategy,
we utilized diamine 23 to access $,10-dihydrocarbazolo[3,4-
cJcarbazole (27). Although 27 is not amenable to protonation
due to the absence of the phenanthridine motif, its synthesis
illustrates the applicability of our strategy to more complex aza-
architectures (Scheme 6). Following our established proce-

Scheme 6. Synthesis of Carbazolocarbazole
o-xylene

g O 150 °C, 16 h O O
— = N NH
oo e O
27

R = NH, (23)
R = Nj (26)

NaNO,, then NaN3
HOAc/MeCN/H,0

dure, 23 was converted into bis-azide 26 via diazotization and
subsequent substitution. Thermal nitrene formation and
intramolecular C—H insertion furnished the double carbazole
framework Although 27 was first reported by Zander et al. in
1969,”' our route provides an efficient alternative to the
established method. For example, Liu and co-workers obtained
this compound in only 7% yield using modified Bucherer
conditions.””

Coupling strategies toward larger helicenes starting from 1,8-
dichloronaphthalene-2,7-diamine (22) were attempted using
1-naphthylboronic acid. Although the coupling product could
be detected by mass spectrometry, it was never isolated in
sufficient amounts. However, with the two building blocks 11-
bromo-7H-benzo[c]carbazole (7) and 1-bromonaphthalen-2-
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amine (14), suitable precursors were available enabling
straightforward access to 7-helicenes. To this end, 7 was
converted into the corresponding boronate 28 via Miyaura
borylation, which was subsequently employed in a Suzuki
coupling with naphthyl building block 14 (Scheme 7).

Scheme 7. Synthesis of 7H-Benzo[a]benzo[4,5]indolo[2,3-
k]phenanthridines

H
H B,Pin, N
N Pd(dppf)Cl, 14, K;PO,
KOAc O SPhos Pd G2, SPhos
_— —_— >
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N

31a R = tBu (91%, 2 steps)
31b R = Ph (57%, 2 steps)

Boronate 28 was here obtained in an excellent 80% vyield,
while the coupling product from the Suzuki reaction (29) was
isolated with a moderate yield of 60%. Amine 29 was
converted into the corresponding amides 30 using the standard
procedure with acid chlorides, which were then subjected
without purification directly to Morgan-Walls reactions
furnishing heptahelicenes 31a and b.

Geometry optimizations were performed at the PBE0”/def2-
TZVP* level including Grimme’s dispersion correction (D3)*
with Becke-Johnson damping (GD3BJ)*° for all obtained
hexahelicenes, allowing the determination of structural
parameters such as interplanar angles, the sum of torsion
angles, and the distances between the centroids of the terminal
rings. These parameters are summarized in Table 1. Further
details of quantum-chemical calculations are given in the
Supporting Information.

Helicenes 25a and 25b exhibit the largest interplanar angles
of 52.9 and 50.6°, respectively, and also show the largest sums
of torsion angles with 84.7 and 86.4°. In contrast, the various
benzoindolophenanthridines 17a,b and 11a,b differ signifi-

Table 1. Calculated Structural Properties of the Synthesized
Hexa- and Heptahelicenes

compound interplanar angle  sum of torsion angles d [A]
11a 45.6° (55.0°)° 61.7° (62.1°)° 4.98 (5.09)"
11b 45.7° 60.3° 5.03
17a 50.7° (56.2°)“ 67.0° (66.5°)" 4.74 (4.85)°
17b 50.2° 66.1° 4.76
18 42.2° 58.5° 5.09
19 47.8° 63.4° 4.89
25a 52.9° (57.2°)° 84.7° (83.1°)" 435 (4.47)°
25b 50.6° 86.4° 4.32
27 43.0° 54.0° $.31
31a 42.8 (51.1°)° 815 (75.8°)" 4.02 (4.27)°
31b 41.5 81.8 3.99

“Data in brackets from experimental XRD structures.

cantly with respect to these structural parameters. For example,
tert-butyl-substituted derivatives 11a and 17a differ by 5.1° in
their interplanar angles and by 5.3° in their sums of torsion
angles. Values of a similar magnitude are observed when
comparing phenyl-substituted derivatives 11b and 17b.

Crystals of the tert-butyl-substituted compounds were
readily obtained by vapor-diffusion crystallization from the
racemic solutions. Single-crystal X-ray diffraction was used to
determine their structures where minor deviations from the
computed solution-phase geometries were observed. Table 1
additionally summarizes some measured structural parameters
from the X-ray analyses. Compound 1la (CCDC-2513109)
crystallizes in a triclinic system with space group PI. The
inversion center is clearly visible within the unit cell (Figure 1).
Compound 25a (CCDC-2513110) crystallizes analogously,
while hexahelicene 17a (CCDC-2513107) crystallizes in a
monoclinic system with space group P2,/c. Heptahelicene 31a
(CCDC-2513108) is of particular interest: It crystallizes as
racemic conglomerate (where by chance a P crystal was picked
for analyses) in an orthorhombic crystal system (P2,2,2,).

These structural differences are also reflected in distinct
racemization barriers, which were calculated for the parent
scaffolds of all investigated helicenes. Based on these
racemization barriers, half-lives of enantiomerization were
determined using the Eyring-Polanyi equation. The transition
states were calculated at the PBE0/def2-TZVP level using
SCRF = (CPCM, solvent = dichloromethane) with empirical
dispersion correction (GD3BJ). Frequency analyses revealed a
single imaginary vibrational frequency, characteristic of a
transition state. Exemplary IRC scans (Figure 2) further
confirmed the nature of these transition states. After zero-point
correction, lifetimes under standard conditions (298.15 K)
were determined from the energy differences, and the
corresponding half-lives were derived.

The parent scaffold of 7H-benzo[a]indolo[2,3-k]-
phenanthridines (17, R = H) exhibits a racemization barrier
of 115.7 kJ-mol ™", which corresponds to a half-life of 1.3 years
at 25 °C (Table 2). In comparison, the corresponding
cinnoline 19 shows a shorter half-life and thus lower stability,
attributable to helix expansion caused by the shorter N=N
bond. Notably, a clear difference emerges between the 7H-
benzo[alindolo[2,3-k]phenanthridines 17 and the parent
scaffold of the 9H-benzo[4,5]indolo[2,3-k]phenanthridines
(11, R = H): In the latter, the racemization barrier is reduced
by 22.6 kJ-mol™’, shortening t,,, to only 1.2 days. Again, the
cinnoline derivative 18 displays an even lower value. As
expected, the parent scaffold of benzo[a]benzo[4,5]indolo[2,3-
k]phenanthridines (31, R = H) exhibits the highest
racemization barrier (154.0 kJ-mol™") owing to the seven
fused aromatic rings. The corresponding half-life reaches
approximately 8.4 millions of years. These results strongly
suggest that phenanthridino[1,2-a]phenanthridines 25 and
benzo[a]benzo[4,5]indolo[2,3-k]phenanthridines 31 can be
separated into their enantiomers.

The nitrogen atoms within the phenanthridine units clearly
exhibit basic properties. However, protonation behavior differs
significantly in the investigated compounds, as demonstrated in
particular by UV/vis titration experiments performed in
CH,Cl, (Figure 3). The most basic among the investigated
compounds, 31a (pK, = 8.4, see Table 3 for pK, values
calculated with an aqueous solvent field), already exhibits a
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Figure 1. Crystal structures of hexahelicene 11a (CCDC-2513109) and heptahelicene 31a (CCDC-2513108) with different orientations together
with the respective unit cells. Color code: carbon (black), nitrogen (blue), hydrogen (white). The structures of helicenes 17a (CCDC-2513107)

and 25a (CCDC-2513110) are provided in the Supporting Information.
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Figure 2. IRC calculations for hexahelicene 11 and heptahelicene 31, confirming the connection between transition states and minima.

Table 2. Calculated Racemization Barriers and Half-Lives of
Enantiomerization

core structure E, [kJ/mol] fiym
11 R=H) 93.1 12d

17 R = H) 115.7 13a

18 89.6 03d

19 108.9 303 d
25 (R =H) 146.0 2.7-10° a
27 78.8 139 s
31 (R=H) 154.5 8.4-10° a

pronounced shift in its absorption band even upon the
addition of small amounts of TFA. The compound reaches
complete saturation at addition of approximately ten
equivalents, after which no further changes in the spectra are
observed. In contrast, one of the less basic compounds 25b
(pK, = 4.8), responds much more sluggishly: Incremental
additions of TFA induce only gradual spectral evolution, with
shifts persisting up to 200 equiv. This behavior is consistent
with the presence of two basic pyridine-type nitrogen atoms in
25b, which can be protonated in a stepwise fashion and
thereby modulate the UV/vis response over a much broader
pH range. The titration spectra of the other compounds are
listed in the Supporting Information.

To gain deeper insight into the protonation behavior, pK,
values of the azahelicenes were calculated via DFT, applying a

water solvent field (CPCM). For this purpose, the proton
exchange method was employed,”” in which solvent-dependent
free energies of the compounds are correlated with the
experimental pK, value of phenanthridinium (pK, = 4.47 in
H,0)*® as reference according to the following equation

*k

AG
PI<a (B_H+) — solv

+ pK, (ref—-H"
RTIn(10) P, ( )

Calculated pK, values of the compounds are summarized in
Table 3.

The reversibility of the protonation—deprotonation process,
which qualifies these molecules as robust molecular switches,
was investigated using compound 31la (see Figure 4). The
compound was subjected to ten consecutive switching cycles.
A wavelength of 356 nm was selected for monitoring, as it
represents the point of maximum absorbance change upon
protonation (c.f, Figure 3). To ensure accuracy, the
absorbance values were corrected for the cumulative dilution
resulting from the sequential addition of acid (TFA) and base
(Et;N). The data show good stability over ten consecutive
cycles, with no significant degradation of the absorbance signal.

The herein synthesized hexahelicenes were characterized by
UV/vis and fluorescence spectroscopy. Protonation of these
compounds is possible due to the basic properties of the
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Figure 3. UV/vis spectra of heptahelicene 31a and hexahelicene 25b
measured in CH,Cl, in the presence of increasing amounts of TFA.

Table 3. Calculated pK, Values of the Helicenes (CPCM,
H,0)

compound pK, compound pK,
11a 8.2 11b 7.3
17a 8.3 17b 6.9
18 4.4 19 5.0
25a 5.7 25b 4.8
31a 8.4 31b 7.2

nitrogen atoms within the respective phenanthridine motifs.
The observed pronounced spectral changes upon protonation
render these compounds intriguing candidates for reversibly
protonatable systems.”” In addition, fluorescence quantum
yields were determined for all target compounds. All
spectroscopic measurements were carried out in CH,Cl, at
20 °C. An excitation wavelength of 330 nm was used
consistently for fluorescence experiments including the
determination of fluorescence quantum yields. Figure S
displays the absorption and fluorescence spectra as well as
the corresponding spectra after protonation by addition of
trifluoroacetic acid (TFA) for a selection of the helicenes.

0.7 —m—neutral 31a
g —m—protonated 31a
—~ 0.6 g ‘ .
§ 0.5 /\\ /’\ /\ /x /W \ //*\\ f\ /7\ / \ /R\
E 0.4 // Z \ \ /‘ \ | | / \ / \ / \ / \ /’ |
§ 0.3 / . . \ \ / | \ / | \
g ' / \\ / \ / \\ /J \ / \\ /J v \\/ \\/ \ J \
T I O O

Cycle number

Figure 4. Investigation of the protonation—deprotonation process
using UV/vis spectroscopy.

Spectra of the further investigated compounds are given in the
Supporting Information.

Overall, the absorption characteristics of all compounds are
quite similar, and their molar extinction coeflicients fall within
the same order of magnitude; regions of strong absorptions are
essentially in the range of 4—5 X 10* L-mol™"-cm™". Time-
dependent DFT (TD-DFT) calculations allowed assignment of
the observed absorption bands to the respective electronic
transitions. The intense absorption features can essentially be
attributed to HOMO—-1 — LUMO and HOMO — LUMO+1
transitions, while the energetically lowest absorptions with
weak oscillator strength correspond, as expected, to HOMO —
LUMO transitions. A more detailed listing of transitions is
provided in the Supporting Information.

Computational results (Table 4) confirm the expectation
that HOMO—LUMO gaps narrow as the aromatic system
extends. Accordingly, the two [7]helicenes, 31a and 31b,
exhibit the smallest gaps (4.02 and 4.00 eV, respectively),
excluding the cinnoline derivative 18. For the [6]helicenes, the
values range between 4.10 and 4.23 eV. These HOMO-
LUMO gaps correlate well with the lowest energy absorption
maxima: For the [7]helicenes, these are observed at 385 and
389 nm, both displaying a characteristic shoulder at longer
wavelengths.

The investigated compounds allow for the derivation of
insightful structure—property relationships, discussed here for
the tert-butyl-substituted derivatives. Marten et al. recently
reported an analogously substituted indolo[2,3-k]phenanthri-
dine (a [S]helicene) with a HOMO—-LUMO gap of 4.61
eV."* The [6]helicenes 11a and 17a differ from this reference
only by the site of the additional benzene ring fusion (either at
the carbazole or phenanthridine moiety). Extending the
aromatic system on the phenanthridine site (17a) reduces
the HOMO—-LUMO gap by 0.33 eV. Conversely, extending
the carbazole site yields a more pronounced conjugation effect
with 0.47 eV reduction of the HOMO—-LUMO gap. The
further transition from [6]- to [7]helicene decreases the gap by
only 0.12 eV, which can be attributed to increased torsional
strain within the aromatic backbone, thereby limiting further
gains in conjugation. Upon protonation, the HOMO—-LUMO
gap decreases significantly (by 0.38—0.99 eV), resulting in a
consistent bathochromic shift across all absorption spectra. In
addition to the frontier orbital gaps, the singlet (S;) and triplet
(T,) excited-state energies and their corresponding A(S;—T))
gaps were calculated. These gaps range from 0.71 to 0.94 eV,
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Figure S. Absorption (blue) and fluorescence (green) spectra of representative helicenes measured in CH,Cl, at 20 °C. Fluorescence spectra after
addition of TFA (light green; 25 eq, or 50 eq for 25a and 25b) were recorded under the same conditions. Data for all further compounds are given

in the Supporting Information.

Table 4. Electronic and Photophysical Properties

A (abs)® Ao (em)®  AA (em)?/AE (em)® A (HOMO-LUMO)” s,? T A (S,-T)?  PLQY (0)*
compound [nm] [nm] [nm]/[eV] [eV] [eV] [eV] [eV] [%]

11a 315, 383 396, 414 151/0.98° 4.14 3.11 228 0.83 27.7 (1.8)
11a-H* 348 556 3.60 2.58 2.09 0.48 9.7 (0.2)
11b 322,372 404, 421 138/0.75° 4.10 3.08 228 0.80 12.1 (0.8)
11b-H* 355 550 343 241 1.99 0.42 3.74 (0.3)
17a 312 418 57/0.36 428 3.20 2.33 0.88 34 (1.7)
17a-H* 338, 410 475 3.9 2.89 228 0.61 102 (1.5)
17b 318 468 23/0.12 421 3.11 223 0.88 <1%
17b-H* 338, 409 491 3.83 271 2.16 0.54 7.1 (1.2)
18 335, 372 496 38/0.17 3.98 2.81 2.03 0.78 <1%
18-H' 365, 439 534 2.99 1.97 1.57 0.40 <1%
19 325, 389 452 103/0.51 4.13 2.82 2.11 071 <1%
19-H* 349, 455 555 348 241 1.84 0.57 1.9 (1.0)
252 323 413, 436 90/0.52¢ 423 3.18 2.30 0.88 32 (0.8)
25a-H" 409, 432 513 3.65 2.53 2.13 0.40 15.0 (1.8)
25b 336 429, 453 76/0.42¢ 4.10 2.95 2.12 0.83 <1%
25b-H* 347, 414, 439 515 3.42 235 2.02 0.33 15.7 (0.6)
27 314 379, 398 436 3.34 240 0.94 12.7 (0.2)
3la 310, 334, 385 412, 431 144/0.75° 4.02 2.98 2.22 0.76 29.7 (2.1)
31a-H 363 565 3.56 2.55 2.06 0.49 8.1 (0.1)
31b 312, 338, 389 444 126/0.62 4.00 2.97 223 0.74 4.6 (0.1)
31b-H* 358 570 341 2.39 1.97 0.43 4.7 (02)

“Measured data. ®Obtained from quantum-chemical calculations. “Difference calculated from the weighted average of the two emission maxima.

mirroring the conjugation effects previously discussed for the
HOMO-LUMO transitions. Consistent with these observa-
tions, protonation of the compounds leads to a further
narrowing of the energy gaps. This process also exerts a
significant influence on the photophysical properties; specifi-
cally, the fluorescence spectra exhibit a pronounced batho-

Information.

chromic shift upon protonation. Molecular orbital analysis
reveals that these transitions are mostly due to intramolecular
charge-transfer, evidenced by the spatial separation between
the respective HOMOs and LUMO:s in the protonated species.
The frontier molecular orbitals are depicted in the Supporting
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Among all characterized compounds, tert-butyl-substituted
9H-benzo[4,5]indolo[2,3-k]phenanthridine 11a exhibits the
largest bathochromic shift of 151 nm (0.98 eV). A comparable
shift is observed for its phenyl-substituted analogue 11b. 7-
Helicenes 31a and b display similarly large shifts, amounting to
144 nm (0.75 eV) for tert-butyl derivative 31a and 126 nm
(0.62 eV) for its phenyl-substituted analogue 31b. In contrast,
phenanthridino[1,2-a]phenanthridines 25a and b show con-
siderably smaller shifts of 90 nm (0.52 eV) and 76 nm (0.42
eV), respectively. Notably, tert-butyl substitution consistently
leads to more pronounced bathochromic shifts. This trend is
also evident for 7H-benzo[a]indolo[2,3-k]phenanthridines 17a
and b, which display the smallest bathochromic shifts of only
57 and 23 nm (0.36 and 0.12 eV), respectively. In addition to
these variably pronounced bathochromic shifts, another
remarkable feature was observed for these compounds upon
protonation: a significant change in the photoluminescence
quantum yields (PLQY, Table 4). PLQYs of the helicenes were
determined in CH,Cl, using an integrating sphere. The
reported values represent the average of three independent
measurements. Compound 17a displayed a PLQY of 3%,
which is a typical value for helicenes. However, protonation
resulted in a 3-fold increase of the fluorescence quantum yield.
Phenyl-substituted isomer 17b was nonemissive in its neutral
state but exhibited a similar fluorescence enhancement upon
protonation. A comparison with the constitutional isomers 11a
and 11b which only differ in the position of the terminal ortho-
fused benzene ring, is particularly revealing. The neutral form
of 11a showed a remarkably high PLQY of 28%, an impressive
value for the notoriously weakly emissive helicenes. For the
extended heptahelicenes based on the same benzo[4,5]indolo-
[2,3-kJphenanthridine framework (11a and 11b), even higher
fluorescence quantum yields were observed. tert-Butyl-
substituted derivative 31a exhibited a considerable PLQY of
30%, whereas its phenyl-substituted analogue 31b showed a
significantly lower value of 4.6%. Upon protonation, however,
its quantum yield decreased — a trend, similarly observed for
the respective phenyl-substituted analogue 31b. In general,
tert-butyl-substituted derivatives exhibit fluorescence quantum
yields several times higher than their phenyl-substituted
counterparts. The phenanthridino[1,2-a]phenanthridines dis-
played a similar behavior: A PLQY of 3% was determined for
the more strongly emissive compound 25a, while protonation
led to a 5-fold increased value. Even helicene 25b, which is
almost nonemissive in its neutral state, showed a remarkable
26-fold enhancement of its fluorescence quantum yield upon
protonation. In contrast, the cinnoline derivatives exhibited
negligible fluorescence, with photoluminescence quantum
yields falling below 2% in both their neutral and protonated
states. Nitrogen-containing heterocycles such as quinolines are
known to exhibit substantially lower fluorescence efficiencies
compared to their isoelectronic hydrocarbons.””* This behavior
is attributed to n,7* transitions from nonbonding electrons,
which enhance spin—orbit coupling and thus promote
intersystem crossing, ultimately reducing fluorescence quan-
tum yields.””**°

It seems quite obvious that the increase in fluorescence upon
protonation, which was observed for some of the investigated
helicenes is due to the nitrogen lone pair. According to Tervola
et al,, the excited S, state is converted by protonation into a
mr* state. These exhibit shorter radiative lifetimes, thereby
increasing the likelihood of fluorescence at the expense of
intersystem crossing.''*****' Conversely, in helicenes that

exhibit relative strong fluorescence in their neutral states,
protonation of the nitrogen atom impedes the lone pair’s
delocalization and thus alters the nature of the excited state.
This promotes nonradiative decay pathways such as an
intersystem crossing or internal conversion and leads to a
pronounced quenching of fluorescence in the protonated
helicenes.

To further evaluate the electronic properties, cyclic
voltammetry (CV) was performed on two representative
derivatives (25a and 31a); the resulting voltammograms and a
brief discussion is provided in the Supporting Information
(Section 7).

To investigate the chiroptical properties of the helicenes,
those with a sufficiently high racemization barrier were
separated by chiral HPLC (Supporting Information). Only
helicenes 31a, 31b, and 25b could be resolved. The
corresponding tert-butyl-substituted analogue 25a could not
be separated into enantiomers under the available chromato-
graphic conditions, and the two enantiomers invariably
coeluted. The resolved fractions were assigned to the
respective enantiomers based on their ECD spectra, supported
by TD-DFT calculations.

The ECD spectrum of compound 31a is given in Figure 6.
Comparison with quantum-chemical calculations revealed that

300 -
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— (M)-31a
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Figure 6. ECD spectra of the enantiomers of 31a in the neutral and in
the protonated state. (A magnified section is given in the Supporting
Information.)

the first-eluted enantiomer corresponds to the P enantiomer,
while the M enantiomer was eluted subsequently (see
Supporting Information). As expected, the enantiomers give
rise to identical but mirror-image spectra. The effect of
protonation was also examined. Similar to the UV/vis
spectrum, a red-shift is observed in the ECD spectra upon
addition of 2S5 equiv of TFA. For the first S,—S, transition of
31a, the g, value in the neutral form is 6 X 1073, decreasing to
1.5 X 10~* upon protonation.

Beyond their absorption properties, the luminescence
behavior of the compounds was examined. Figure 7 presents
the emission spectrum of compound 31a as a representative
example, while the remaining spectra are provided in the
Supporting Information. The g, values were extracted from
the CPL spectra and are listed in Table S together with the
corresponding g, values.
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Figure 7. CPL spectra of the enantiomers of 31a in the neutral and in
the protonated states.

Table 5. Absorption and Luminescence Dissymmetry
Factors and Brightness of CPL

€(330 nm) Bepp
compound Zabs Zlum (Mem™)
25b 3x 107 no signal 39 300 -
25b-H* 2x 107 6x107* 24 700 1.2
31a 6 x 1073 3.5 %1073 23 400 12.2
31a-H* 1.5 x 1073 2.5 %1073 16 100 1.6
31b 4%x1073 2 X 1073 25 000 1.2
31b-H* 1x 1073 no signal 19 500 —

%6 x 107* in the area of 525—550 nm.

The helicenes exhibit typical g, and g, values, which are
generally reported in the literature to be in the range of 107> to
107*. The highest g, value was observed for compound 31a.
Addition of TFA results in a decrease of the absorption g
factors for the protonated species by a factor of 1.5 to 4,
depending on the compound. For luminescence, g factors were
measured in the range of 3.5 X 107 to 6 X 107, Due to the
low signal intensity, it was not possible to determine g factors
for all compounds.

To provide a comprehensive assessment of the chiral
luminescence performance, the brightness of CPL (Bgpr)
was calculated in both their neutral and protonated states
according to the following equation™

BepL = €5 exc)‘q)Pqu'0-5|g1um|

where €(; o) is the molar extinction coefficient at the
excitation wavelength and ®p;qy the fluorescence quantum
yield (c.f, Table 4). The data are given in Table S.

Figure 7 not only shows a modulation of g, upon
protonation of 31a. It furthermore demonstrates a striking
inversion of the luminescence dissymmetry factor g, which
has occasionally been observed for nitrogen-containing
helicenes.'”** To elucidate this phenomenon from a
physicochemical perspective,”* g, can be expressed as

R
glum=4x5

where R represents the rotatory strength and D denotes the
dipole strength. The dipole strength D is defined as the

squared of the electronic transition dipole moment u for the
transition between the excited-state wave function ¥; and the
ground-state wave function ¥,

D = (HulEY

The rotatory strength R, which dictates the sign and intensity
of the chiroptical signal, is determined by the scalar product of
the electronic (#) and magnetic (m) transition dipole
moments

R = Im[(Yul¥) x (Pml¥)] = lul X Imlcos ¢,

where Im refers to an imaginary component of the scalar
product. In this expression, ¢, , represents the angle between
the electric and magnetic transition dipole moment vectors.
This relationship demonstrates that a sign inversion of R (and
thus of g,,,) can be triggered by a significant reorientation of
the transition dipole moments — specifically when the angle
@um crosses the 90° threshold.

Both R and D can be obtained from TD-DFT calculations of
the S, state, such that the sign reversal of the experimental g
factor can be substantiated by quantum-mechanical calcu-
lations (Table 6). For compound 31a, upon protonation of the

Table 6. Calculated Rotatory Strength and Dipole Strength
of the First Transition (S; = S,)

compound D/a.u. R/cgs [P/M]
25b 9.66 —111/+111
25b-H* 2.19 —40/+40
31a 5.58 +253/-253
31a-H* 1.41 —63/+63
31b 6.18 +91/-91
31b-H* 1.97 —70/+70

P enantiomer, the rotatory strength changes sign from +253 X
107 to —63 X 107% erg-esu-cm/Gauss accompanied by a
decrease in magnitude. Conversely, the M enantiomer exhibits
the opposite behavior.

To provide a more intuitive understanding of the chiroptical
response, we analyzed the orientation of the electric (¢, blue)
and magnetic (m, red) transition dipole moment vectors for
the S;—§, transition (Figure 8). As the rotatory strength R is
proportional to cos @, ., the sign of the chiroptical signal is
governed by the relative angle between these two vectors.
Visual inspection reveals that protonation induces a significant
reorientation of both transition dipole moments. Crucially, in

/\\,/.;a (neutral)

31a (protonated)

|yl =2.36 lul=1.19
|m| =1.84 |m| =0.26
@ =104° ¢ =29°

Figure 8. Calculated electric (u, blue) and magnetic (m, red)
transition dipole moment vectors (in atomic units, a.u.) for neutral
and protonated 31a. The inversion of the CPL signature is
rationalized by a reorientation of the vectors across the 90° threshold.
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the case of 31a, this redirection causes the angle ¢, ,, to shift
across the 90° threshold (e.g,, from an acute to an obtuse
angle), which mathematically accounts for the observed sign
reversal of R. Furthermore, the calculations show a decrease in
the magnitudes of both vectors upon protonation — with a
particularly pronounced reduction in the magnetic transition
dipole moment — consistent with the diminished R and D
values summarized in Table 6.

Compound 31b similarly exhibits a reversal of the rotatory
strength upon protonation. A direct comparison with
experimental data is precluded, however, as the resulting
CPL signal was below the detection threshold. Nevertheless, a
closer inspection of the ECD spectrum (see Supporting
Information) reveals that, alongside the spectral shift and
reduced intensity, a sign inversion occurs, which is consistent
with the rotatory strengths obtained from TD-DFT calcu-
lations at the ground-state geometry.

TD-DFT calculations further indicate that compound 25b
does not undergo a g-factor inversion upon protonation, a
finding corroborated by experimental ECD spectra where no
sign reversal is observed. This behavior is further elucidated by
the analysis of the transition dipole moments: In contrast to
the 31 series, 25b exhibits no significant angular shift across
the 90° threshold between the electric and magnetic transition
dipole moment vectors (Figure 9).

25b (neutral)

25b (protonated)

|l = 3.11 |ul = 1.47
Im| = 2.33 Im| = 1.00
¢ =86° ¢ =83

Figure 9. Calculated electric (y, blue) and magnetic (m, red)
transition dipole moment vectors (in atomic units, a.u.) for neutral
and protonated 25b. In contrast to 31a, the angle between the vectors
remains nearly constant.

Consequently, the chiroptical response remains qualitatively
invariant, as the relative orientation of the transition moments
is preserved upon protonation. The visualization of the
transition dipole moments for all other synthesized derivatives
is provided in the Supporting Information. Notably, in addition
to the 31 series, the derivatives of series 11 also exhibit an
angular shift across the 90° threshold upon protonation.

In summary, we have successfully expanded our modular
synthetic approach to include ten novel aza[6]- and [7]-
helicenes starting from readily accessible precursors. All
compounds were systematically characterized, revealing
remarkably high fluorescence quantum vyields for helicene
architectures, reaching 30% for the tert-butyl-substituted
indolo[2,3-k]phenanthridine derivatives. Furthermore, rever-
sible protonation induced significant bathochromic shifts of up
to 151 nm (0.98 eV), accompanied by substantial changes in
emission intensity. These experimental data were comple-
mented by DFT calculations of the frontier molecular orbitals
and the singlet and triplet excited states. In addition, the
transition states for racemization were calculated. The
phenanthridino[1,2-a]phenanthridines and 7H-benzo[a]-

benzo[4,5]indolo[2,3-k]phenanthridine exhibit barriers ex-
ceeding 145 kJ/mol, enabling the successful enantiomeric
separation of three compounds via chiral HPLC. Chiroptical
characterization via ECD and CPL spectroscopy revealed g,
values of up to 3.5 X 107°. Most significantly, for the
[7]helicene derivatives, reversible protonation triggered an
inversion of the CPL signature, albeit with a concomitant
decrease in intensity. This experimental behavior was
corroborated by TD-DFT calculations, which confirmed a
reversal of the rotatory strength arising from a change in the
angle between electric and magnetic transition dipole mo-
ments. Consequently, these [7]helicenes represent promising
candidates for further research into high quantum yield
emitters with significant dissymmetry factors, as well as for
potential applications in stimuli-responsive photonics.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.6c00315.

Experimental procedures; spectroscopic data; NMR
spectra; details of optophysical investigations; and
quantum-chemical calculations (PDF)

Deposition Numbers 2513107 (17a), 2513108 (31a),
2513109 (11a), and 2513110 (25a) contain the supplemen-
tary crystallographic data for this paper. These data can be
obtained free of charge via the joint Cambridge Crystallo-
graphic Data Centre (CCDC) and Fachinformationszentrum
Karlsruhe Access Structures service.
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