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ABSTRACT: Synthetic challenges toward anomalous
structures and electronic states often involve handling
problems such as insolubility in common organic solvents
and oxidative degradation under aerobic conditions. We de-
signed benzo-annulated aza[n]helicenes, which benefit
from both the suppressed elevation of HOMO energies and
high solubility due to hydrogen-bonding with solvent mole-
cules to overcome these challenges. This strategy enabled
the synthesis of six new aza[n]helicenes ([n]AHs) of differ-
ent lengths (n = 9-19) from acyclic precursors via one-shot
oxidative fusion reactions. The structures of all the synthe-
sized aza[n]helicenes were determined by X-ray diffraction
(XRD) analysis, and their electrochemical potentials were
measured by cyclic voltammetry. Among the synthesized
aza[nJhelicenes, [17]AH and [19]AH are the first hetero-
helicenes with a triple-layered helix. The noncovalent inter-
action (NCI) plots confirm the existence of an effective m-nt
interaction between the layers. The absorption and fluores-
cence spectra red-shifted as the helical lengths increased,
without any distinct saturation points. The optical resolu-
tions of N-butylated [9]AH, and [11]AH were accomplished
and their circular dichroism (CD) and circularly polarized
luminescence (CPL) were measured. Thus, the structural,
(chir)optical, and electrochemical properties of the
aza[n]helicenes were comprehensively analyzed.

INTRODUCTION

Helicene is a class of chiral m-conjugated molecules with a
screw-shaped skeleton formed by ortho-fused benzene
rings (i.e.,, phenanthrene units) that has been actively stud-
ied.Y In addition to the chiroptical properties such as circu-
lar dichroism (CD) and circularly polarized luminescence
(CPL),? their physical properties as molecular springs® and
the CISS effect® are cutting-edge functionalities based on
the helical molecular scaffold. When focusing on the lengths
of [n]carbohelicene, it is assumed that the overlap of the m-
planes becomes more significant by forming a layered
structure; double layered at n = 7 and triple layered at n =
13.1In 2015, [16]carbohelicene (A) was synthesized by Mu-
rase and Fujita, and this is the longest [n]carbohelicene ever
synthesized (Figure 1).5) The synthesis of longer helicenes
has been desired simply as a synthetic challenge and vari-
ous improved synthetic methods have been devised.lc8)
Helicenes comprising more than triple-layered structures
are particularly difficult to synthesize, because of solubility
issues, and because the middle-layered core is tightly

compressed, making it difficult to release the strain. Re-
cently, several longer helicene analogues that can release
the strain by virtue of their structure have been developed.
For example, expanded helicenes, in which phenanthrene
units are partially replaced by anthracene units to increase
the diameter of helicenes,® and perylene bisimide-incorpo-
rated helicenes (helicene nanoribbons) have been synthe-
sized.”) These “diameter-expanded” helicene analogues dis-
play interesting dynamic behavior and chiroptical proper-
ties. Tilly’s group synthesized expanded [n]helicenes (B)
with three different lengths (n = 15, 19, 23), and compared
the racemization barriers and dissymmetry factors.®) By
contrast, Hirose and Matsuda have reported “m-extended”
[n]carbohelicenes (C) with three different lengths (n =5, 7,
9), and compared their chiroptical properties, aromaticity,
and ultrafast dynamics in the excited state.” As another
type of helicene analog, heterohelicenes, in which heteroa-
toms are embedded into the helicene backbones, have also
attracted attention because of their excellent luminescence
and redox properties.t®11) Generally, heterohelicenes are
more electron-rich compared with carbohelicenes, thus
their HOMO energy levels are continuously destabilized
with the m-extension. Therefore, it is more difficult to syn-
thesize longer heterohelicenes with full conjugation,
whereas several heterohelicenes with a double-layered
structure have been synthesized; one example is diazatri-
oxa-[13]helicene D.!12) Furthermore, a triple-layered struc-
ture was accomplished with oxa[n]helicene E (n = 17, 19)
albeit with disrupted m-conjugation.13) To qualitatively eval-
uate the electronic properties of helicenes, however, it is
necessary to systematically synthesize fully conjugated het-
erohelicenes of different lengths, therefore, a synthetic
strategy toward longer heterohelicene would be indispen-
sable. Currently, few systematic synthetic methods are
available for the synthesis of heterohelicenes.

We recently reported one-shot oxidative fusion reactions
of ortho-phenylene-bridged oligopyrroles to afford various
heterocirculenes and heterohelicenes.!*15 Notably, tetra-
aza[8]circulenes, with planar structures excluding any ste-
rically encumbering substituents, are fairly soluble in THF
and DMSO0.18) This property arises from effective hydrogen-
bonding interactions between the pyrrolic NH site and the
H-bond accepting solvent molecule. Inspired by this molec-
ular design principle, we report a synthetic challenge for
longer azahelicenes with outer-pointing pyrrolic NH sites.
By exploiting the one-shot oxidative fusion reactions of suit-
ably designed indole-terminated acyclic oligopyrroles (vide
infra), a series of benzannulated aza[n]helicenes were ob-
tained. This structure is suitable for suppressing the
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elevation of the HOMO energy levels by virtue of Clar’s sex-
tet rule.1”) In other words, the designed benzannulated aza-
[n]helicenes are an ideal platform to accomplish longer fully
conjugated hetero[n]helicenes with respect to solubility
and stability issues. Comprehensive characterizations by
NMR, UV/Vis and fluorescence spectroscopy, electrochem-
istry, as well as CD and CPL spectra of the enantiomers re-
vealed the m-conjugation along the helix and between the
layers.

B Various helicene analogs

diazatrioxa[13]helicene (D) oxa[19]helicene (E)

B This work: Systematic synthesis of aza[n]helicenes

(n=9,13,17)
Benzannulated azahelicenes ([n]JAHs)

(n=11, 15, 19)

Figure 1. Various helicene analogs: longest [n]carbohelicene A, ex-
panded helicenes B, extended helicenes C, heterohelicenes D and E.
This work: benzannulated azahelicenes of different lengths (n = 9-19).

RESULTS AND DISCUSSION

Synthesis of aza[n]helicenes. In our previous study on
the synthesis of dibenzoaza[7]helicenes, acyclic precursors
like 67 were effectively utilized.'® In this study, the ex-
tended analogs 6n and 8n were synthesized using Pd-cata-
lyzed Suzuki-Miyaura cross-coupling reactions, followed by
oxidation with [bis(trifluoroacetoxy)iodo]benzene (PIFA)
to afford a series of benzannulated aza[n]helicenes (hereaf-
ter referred to as [nJAH) (n =9, 11, 13, 15, 17, 19). In the
case of aza[n]helicenes with n =9, 13, 17, aryl bromides 3m
were synthesized by Pd-catalyzed cross-coupling reactions
of excess amounts of 1-bromo-2-iodobenzene or aryl

dibromide 1m with a-borylated indole 2 (Scheme 1). Next,
aryl boronic acid pinacol esters 4m-Bpin were synthesized
via cross-coupling reactions of 3m with a-borylated pyrrole
and subsequent Ir-catalyzed borylation. Dipyrrole dibro-
mide 515 was coupled with a small excess of 4m-Bpin in the
presence of 5.0 mol% XPhos Pd G2 and excess potassium
carbonate in THF/H20 to afford the acyclic precursors 6n.
Finally, oxidative fusion reactions of the acyclic precursors
with PIFA at low temperatures afforded the corresponding
[n]AHs. For [n]AHs with n = 11, 15, 19, aryl bromides 3m
were used as coupling partners. Tripyrrole diboronic acid
pinacol ester 715 was coupled with a small excess of the syn-
thesized aryl bromides 3m in the presence of 5.0 mol%
XPhos Pd G2 and an excess of potassium carbonate in
THF/H:0 at room temperature to afford acyclic precursors
8n, although the yields were moderate probably because of
the competing protodeboronation reactions. Similarly, the
oxidative fusion of acyclic precursors 8. by PIFA afforded
[n]AHs. All six [n]AHs were purified using silica-gel column
chromatography and recrystallization from THF/n-hexane
in open air. All [n]AHs were characterized by 'H- and 13C-
NMR, and HR-MS (See the Supporting Information, SI). tH-
NMR spectra of the obtained [nJAHs were measured in
DMSO-de at room temperature with one drop of hydrazine
monohydrate to prevent the generation of oxidized spe-
cies.’?) For all [n]JAHs, NMR spectra reflecting the Cz-sym-
metric structures were obtained. The terminal benzene pro-
tons (indole-H) shifted considerably upfield, indicating that
these aromatic protons were located above other aromatic
rings. Notably, upfield shifts in the signals in the aromatic
region were observed as the helical length increased, prob-
ably because of the enhancement of anisotropic shielding by
the m-electron of the stacked aromatic rings (Figure S3-45).

SCHEME 1. Synthesis of [n]AHs.

(20eq) KA \' \l \I
HN HN/ HN/

IZ/

Bpin
J
¢ Bt 4, 4,-Bpin
m_ Br
m=0 (60%) m=1(94%) =1 (85%)
Tm m=1(43%) m =2 (83%) m = 2 (92%)
m=1,2(1.5eq.) m =2 (13%)
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® [n]JAH (n=9, 13, 17)

[9]AH (79%)
[13]AH (84%)
[171AH (67%)

n=11(31%)
n =15 (50%)
n =19 (29%)

[11]1AH (48%)
[15]AH (42%)
[19]AH (55%)

a PAClx(dppf) (5.0 mol%) or XPhos Pd G2 (5.0 mol%), KsPOa (excess),
1,4-dioxane/H20 or THF/H20, RT, 12 h or 24 h.» 2-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-1H-pyrrole (1.5 eq.), SPhos Pd G2 (m = 1; 2.5
mol%) or XPhos Pd G2 (m = 2; 5.0 mol%), KsPOs(excess), THF/H:0, RT,
12 h. ¢ [Ir(cod)OMe]z (1.0 mol%), DTBPY (3.0 mol%), Bzpinz (0.5 eq.),
THF, 80 °C, 12 h. 4 4x-Bpin (m = 0: 3.0 eq; m = 1, 2: 2.5 eq.), XPhos Pd
G2 (5.0 mol%), K3POa (excess), THF/H20, RT, 24 h. ¢ 1) PIFA (n = 9: 6.0
eq;n=11:8.0eq;n=13,15: 10 eq; n=17,19: 12 eq.), CHzClz, -78 °C
to RT, 3 h, 2) NaBH4 (excess), MeOH, RT, 10 min./3m (m = 0: 2.2 eq; m
=1: 2.6 eq; m = 2: 2.1 eq.), XPhos Pd G2 (5.0 mol%), KsPO. (excess),
THF/H:0, RT, 24 h.

X-ray crystal structures. Fortunately, single crystals suit-
able for X-ray diffraction (XRD) analysis were obtained by
slow vapor diffusion of n-hexane into solutions of [n]JAHs in
THF, acetone, or 1,4-dioxane. The structures are shown in
Figure 2A in which the solvent molecules coordinated to the
NH moiety via hydrogen bonds are omitted. Because of the
sophisticated molecular design, intermolecular interactions
between [n]AHs were not observed in any of the structures,
thereby contributing good solubility. Indeed, five and seven
acetone molecules were included in the asymmetric units of
[13]JAH and [15]AH, respectively, (Figures S5-4, 5-5)
whereas seven 1,4-dioxane molecules were included in the
asymmetric unit of [19]AH (Figure S5-7). For [9]AH, the
vertical distance (interplanar distance) between the cen-
troid of terminal benzene ring A and the mean plain of the
opposite terminal benzene ring I is 3.807 A. As the typical
distance of m-stacking is approximately 3.4 4, interlayer in-
teraction between the terminal benzene rings may be mini-
mal, similarly to that of [7]carbohelicene (3.8-3.9 A).20) The
interplanar angle between the stacked two benzene rings is
approximately 40°, which also suggests that the interlayer
-1t interaction is weak. By contrast, for [11]AH, the longest
and shortest vertical distances are 3.567 A and 3.202 A, re-
spectively, suggesting a distinct interlayer m-m interaction

between the stacked aromatic rings. The interplanar angles
are 16.3°,11.6° and 20.4°, being smaller than that of [9]AH
in accordance with the effective interlayer m-m interactions.
The crystal structures of [13]JAH and [15]AH are also
shown in Figure 2A. As the space group is P32 for the former
and the lattice contains only one enantiomer, spontaneous
chiral resolution took place for [13]AH upon crystallization.
Chiral separation using HPLC apparatus is discussed later.
In [13]AH and [15]AH, the shortest interplanar distances
are less than 3.2 A (3.199 A and 3.176 A), and the aromatic
rings are very closely packed together, again confirming the
existence of effective m-m interactions. The smallest inter-
planar angles are 3.3° and 1.4° for [13]AH and [15]AH, re-
spectively. These values are even smaller than those of
[11]AH. The crystal structures of [17]AH and [19]AH are
the first examples of triple-layered fully conjugated hetero-
helicenes. In both [17]AH and [19]AH, the shortest inter-
planar distances are also less than 3.2 A (3.170 A and 3.185
A, respectively), and the smallest interplanar angles are the
smallest of those measured (1.2° and 0.8°). The interplanar
angles at the ends are larger than those of the helicene cen-
tral core due to the effect of electron repulsion and smaller
steric constraints ([19]AH; 6a = 19.5°, 6 = 0.81°). How-
ever, at the center of the helicene core, the angles are almost
0°, because the central layers of [17]AH and [19]AH are lo-
cated under large steric constraints from the top and bot-
tom layers. After six types of crystal structures were ob-
tained, their structural parameters of them (interplanar dis-
tance, interplanar angle, and dihedral angle) were com-
pared with those of the obtained structures calculated at the
B3LYP-D3(B])/def2-SVP level (Fig 2B).2122) For all the pa-
rameters, the trend of the experimentally determined val-
ues agreed with those obtained from the theoretical calcu-
lations, which reproduced the notable changes from [9]AH
to [11]AH. This result reflects the weak intramolecular m-nt
interactions at the terminal aromatic ring of helicenes. A de-
crease in the interplanar distances or angles results in an
increase in the dihedral angles, indicating that the intramo-
lecular interactions become stronger and the aromatic rings
become more densely stacked with helicene elongation,
while the strain energies of the [n]JAHs increase with heli-
cene elongation. To estimate the inherent strain energy of
[n]AHs, we attempted to adopt a homodesmotic reaction
model.23) Accordingly, the strain energy (4H) of [n]AHs in-
creased continuously as the number ‘n’ increased (Figure
S7-12). These estimations are in accordance with several
cases of expanded helicenes previously reported.c® Finally,
the interlayer m-m interactions of [nJAHs between the two
neighboring layers were visualized using the noncovalent
interaction (NCI) plot analysis (Figures 2A and S7-11).24
Dispersion interactions between the two stacked layers of
[n]AHs are obvious (green surface shows intramolecular -
T interactions). In particular, intramolecular -1 interac-
tions across three layers was confirmed for [17]AH and
[19]AH.
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A. X-Ray crystal structures and NCI plots B. Structural parameters
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Figure 2. (A) X-Ray crystal structures (top) and NCI plots (bottom) of [n]JAHs (isosurface: 0.50, Range: -0.03 < sign(A2)p < 0.03). Thermal ellipsoids
were scaled to 50% probability level. Solvent molecules and hydrogen atoms except for NHs have been omitted for clarity. (B) Comparison of struc-
tural parameters of [nJAHs. Crystal structure (black circle) and Optimized structure (B3LYP-D3(B])/def2-SVP level; red circle).

Electrochemical properties. The electrochemical prop-
erties of [n]JAHs were measured using cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) in THF (Fig-
ure 3). All the [n]JAHs exhibited reversible first oxidative
waves, and the half-wave potential of [9]AH was recorded
at +0.09 V against the ferrocene/ferrocenium ion couple.
The longer [n]AHs exhibited negative potentials at -0.06 V
for [11]AH, -0.16 V for [13]AH, -0.26 V for [15]AH, -0.38
V for [17]AH, and -0.48 V for [19]AH. The negative shift in
the first oxidation potentials can be attributed to an in-
crease in the number of electron-rich pyrrole units in the
helicene core. In particular, [19]AH was confirmed to be
very easily oxidized. Nevertheless, the as-synthesized
[19]AH was purified using flash chromatography on silica
at room temperature and recrystallized from THF/n-hex-
ane, allowing the growth of single crystals under ambient

conditions (vide supra). Molecular orbital calculations were
performed for the optimized structures of [n]JAH in the
ground state (Figure 4). The HOMO energy level gradually
increased as the helical length increased. By contrast, the
LUMO energy level was not markedly affected by the elon-
gation, resulting in a gradual decrease in the HOMO-LUMO
gaps. To gain further insight into the structure-property re-
lationship in these benzannulated azahelicenes, the corre-
sponding aza[n]helicenes without benzannulated struc-
tures (i.e., [n]JAH") were also calculated (Figure S7-8).25 The
HOMO energy levels of [n]JAH’s are generally higher than
those of [n]JAHs by 0.11-0.37 eV (e.g. -4.45 V for [19]AH vs
-4.18 V for [19]AH"). Therefore, as a proof-of-concept, the
benzannulated molecular design principle contributes to
the stabilization of the longer aza[n]helicenes.
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Figure 4. Kohn-Sham MO representation and energy diagrams of [nJAHs calculated at the (TD-)B3LYP-D3(B]J)/def2-SVP level.
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Figure 3. Cyclic voltammograms of [n]AHs. (solvent: THF, electrolyte:

0.1 M n-BusNPFs, working electrode: Pt, counter electrode: Pt, refer-
ence electrode: Ag/AgNOs, scan rate: 0.05 V/s.)

Aromaticity. To evaluate the aromaticity of [n]AHs, the
NICS(0) value at the center of each rings was calculated us-
ing the GIAO method at the B3LYP/6-311G(d,p) level based
on the optimized structures.26) The NICS(0) values of [9]AH
and [11]AH are in the range from -6.6 to -11.6 ppm and
from -6.3 to -12.3 ppm, respectively (Figure 5A). Rings 3
and 5 were relatively shielded whereas the local aromatic-
ity in the pyrrole units (Rings 2, 4, (6)) and the terminal ben-
zene moiety (ring 1) were dominant. The HOMA values are
consistent with the local aromaticity of these rings.2”) Nota-
bly, the benzo segments (rings 6 and 7 for [9]AH and rings
7 and 8 for [11]AH) exhibit relatively deshielded features
compared with the neighboring six-membered ring. The an-
isotropy of the induced current density (ACID) calcula-
tions?8) revealed the localized aromatic ring-current flows
ofthe pyrrole and the annulated benzene rings in [9]AH and
[11]AH as the dominant contributions (Figure 4B). These
results represented Clar’s sextet rule as shown in Figure 4C.
Such local aromaticity suppresses the increase in the HOMO
energy levels to the extent that the isolation of these mole-
cules without any kinetically stabilizing substituents is al-
lowed under air. The same calculations were performed for
longer [n]AH and the same trend in their aromaticity was
observed (Figures S7-9, S7-10).
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A. NICS(0) and HOMA values B. ACID calculation C. Clar structures

Ring  NICS(0) values HOMA values

o7
1 —11.58 0.940
2 -11.30 0.932
3 —7.56 0.640
4 -10.32 0.870
5 -6.61 0.614
6 -8.61 0.870
7 -8.43 0.885

Ring  NICS(0) values HOMA values

1 -12.15 0.945
2 -12.28 0.880
3 -9.66 0.698
4 -11.96 0.901
5 -6.31 0.620
6 -10.06 0.891
7 -8.93 0.875
8 -8.21 0.891

H

Figure 5. (A) Calculated NICS(0) values at the selected points and HOMA values. (B) ACID isosurfaces of [9]AH (top) and [11]AH (bottom). For ACID
calculations, the external magnetic field was applied in the direction from the back of the paper to the surface and the isosurface value was set at

0.05. (C) Clar structures of [9]AH and [11]AH.

(Chir)optical properties. The UV/vis absorption and fluo-

- . A. Absorption Spectra
rescence spectra of a series of aza[n]helicenes were meas-

ured in THF at room temperature (Figures 6A and 6B). The 1.0 [9]AH
edges of the absorption spectra are red-shifted, and the mo- 0.8 —— [11]AH
lar extinction coefficient (&) increases with helicene m-ex- O —— [3]AH
tension. In particular, the absorption spectral edge of the < 06+ —— [5]AH
longest [19]AH reaches approximately 500 nm, suggesting i 1TIAH
that the effective conjugation length (ECL) in this system T 04 (7
was not saturated.z” This result was supported by the “ 02 [19)AH
HOMO-LUMO energy gaps obtained from theoretical calcu- ’
lations (Figure S7-7). All the aza[n]helicenes exhibited blue- 0.0 , , | | : |
to-yellow luminescence with some vibrational bands. The 300 350 400 450 500 550
edges of the fluorescence spectra also show gradual red- Alnm
shifts along with the helicene m-extension. The absolute flu- B.Fl Spect
orescence quantum yields (®r) tended to decrease with in- - Fiuorescence spectra [9]AH
creasing helical length (e.g. @r = 0.21 for [9]AH and &r = —— [M1]AH
0.08 for [19]AH) (Figure 6C). However, even [19]AH exhib- > ——— [M3]AH
its distinct blue-green fluorescence with @r = 0.08 as a char- g — H5jAH
acteristic feature of heterohelicenes. By contrast, [17]AH £
exhibits a high fluorescence quantum yield with ®r = 0.18, T [17]AH
which may be attributed to its rigid structure and sup- £ — [19]AH
pressed nonradiative deactivation as a result of the large =
steric constraints caused by the triple-layered structure.
r T T T -1 1
400 450 500 550 600 650
Alnm

C. Summery of optical properties

[JAH [9]JAH [11]AH [13]JAH [15]AH [17]AH [19]AH

Aem/nM 423 452 459 466 483 508

(o 0.21 0.17 0.1 0.09 0.18 0.08

Figure 6. (A) Electronic absorption and (B) fluorescence spectra of
[n]AHs in THF at room temperature (FL: Aex = 380 or 440 nm). (C) Sum-
mary of peak wavelength and absolute fluorescence quantum yield
(bottom).
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The chiral resolution was examined using HPLC equipped
with a chiral stationary phase to investigate the chiroptical
properties of [n]JAHs. Despite the adoption of numerous
conditions, the enantiomers could not be separated, except
for [9]AH. The inability to separate the enantiomers may be
partly ascribed to the limitations of the solvent, which was
eluted as a gradient. Thus, we focused on N-alkylation of
[n]AHs to improve their solubility in various organic sol-
vents. Recently, we reported that N-alkylation of aza[8]cir-
culenes improves their solubilities and stabilities owing to
the lowered HOMO energy levels.3® Thus, we performed N-
alkylation of [n]JAHs with an excess of 1-iodobutane in the
presence of tBuOK in DMSO at room temperature (Scheme
2). Completely N-butylated aza[n]helicenes (n =9, 11, 13),
namely [9]AH-Bus, [11]AH-Bus, and [13]AH-Bue, were ob-
tained in moderate yields. The 'H NMR spectra of the three
[nJAH-Bu in CD:Clz showed no peaks attributable to NH
protons, and XRD measurements confirmed the presence of
N-butyl groups on all pyrrole moieties (Figures S5-14, S5-
15, S5-16). However, for [15]AH and [17]AH, incompletely
N-alkylated derivatives, [15]AH-Bus and [17]AH-Bue, were
obtained (Scheme 3). The 'H NMR spectra of [15]AH-Bus
and [17]AH-Bue displayed broad peaks at 8.49 and 7.91
ppm, respectively, which were assigned to NH (Figure S3-
46). The XRD measurements also confirmed that the pyrrole
units in the azahelicene core remained undreacted in the
middle layer (Figures S5-17, S5-18). Presumably, for
[15]AH and [17]AH, the central NH moieties are less reac-
tive owing to the steric hindrance caused by the upper and
lower layers. Unfortunately, [19]AH was not cleanly deri-
vatized under the same conditions, which resulted in the
formation of a complex mixture, probably because of its
highly electron-rich core. With these N-butyl aza[n]heli-
cenes, enantiomeric separation could be accomplished by
using chiral stationary phases with [9]AH-Bus and [11]AH-
Bus (Fig. S9-1). The CD spectra of both the first and second
eluents were measured to display mirror-imaged spectra
(Figure 7A). The spectra showing a positive-to-negative
Cotton effect around 350 nm were those of the first eluted
solutions in all cases, which was assigned as (M)-enantio-
mers, as determined by TD-DFT calculations (Figure S9-4).
The intensities of the main bands of the molar circular di-
chroism (Ag) with the maxima located at 328 nm and the
dissymmetry factors (gcp) measured for [9]AH-Bus were:
|Ag| =186 M-t cmY, | gep | = |Ag/g| = 5.6 x 10-3. For [11]AH-
Bus, |[Ag| =166 M- cm' and | gop | = 4.2 x 10-3 at 326 nm.
Furthermore, the N-butylated aza[n]helicenes exhibited
mirror-imaged CPL spectra in THF (Figure 7B). The | gceL |
value of 10-3 order was recorded ([9]AH-Bua: 445 nm: | gcpL
| =4.5 x 10-3; [11]JAH-Bus: 479 nm: | gcp | = 4.2 x 10-3). Fi-
nally, we examined the dissymmetry factors of the azaheli-
cenes using TD-DFT calculations. A clear trend of improved
chiroptical response as a function of the helicene length was
revealed (Figure S9-7). The behavior of [n]JAH in racemiza-
tion is clarified using theoretical calculations at the B3LYP-
D3(B]J)/def2-SVP level. The results showed that the most
stable structures had Cz symmetry and the transition states
had Cs symmetry. As indicated in our previous study,®) the
inversion barrier at 298 K was relatively smaller (+24.3
kcal/mol) for [7]AH, which has no overlapping aromatic
rings in the molecule, while the value is clearly larger (+45.8
kcal/mol) for [9]AH which comprises overlapping aromatic

rings (Figure S9-5). The value increases slightly with heli-
cene elongation (e.g., +51.1 kcal/mol for [11]AH) (Figure
S9-6).31) Consistently, none of the aza[n]helicenes enantio-
merically purified in this study showed racemization at
room temperature.

SCHEME 2. Synthesis of N-Butyl Aza[n]helicenes (n =9, 11, 13).

"C4Hql (X eq.)

BuOK (Y eq.)

DMSO, RT, 12 h
[n]JAH [n]JAH-Bu,,

(n=9,11,13) [m = (n-1)/2]

[n]JAH n-C,Hyl BuOK yield
[9]JAH 400 eq. 40 eq. 82% (95% per unit)
[11]AH 500 eq. 50 eq. 58% (90% per unit)
[13]AH 600 eq. 60 eq. 59% (92% per unit)

SCHEME 3. Synthesis of N-Butyl Aza[n]helicenes (n = 15, 17).
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yield: 12%
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Figure 7. (A) CD and (B) CPL spectra of [9]AH-Bu4 (black) and [11]AH-
Bus (red) in THF at room temperature (CPL: Aex = 330 nm). (solid lines
and dashed lines indicate either (P) or (M)).

CONCLUSIONS

In conclusion, six new aza[n]helicenes ([n]AH) of different
lengths (n =9, 11, 13, 15, 17, 19) were successfully synthe-
sized from acyclic precursors via one-shot oxidative fusion
reactions with PIFA. The structures of all synthesized aza-
helicenes were determined using XRD analysis. [17]AH and
[19]AH are the first heterohelicenes with a triple-layered
helix. The structural parameters of the helicenes (i.e., inter-
planar distance, interplanar angle, and torsion angle) were
compared experimentally and theoretically. The intramo-
lecular interactions became stronger and the aromatic rings
became more densely stacked with the elongation of the
helical structure. The NCI plots confirmed the existence of
an effective m-m interaction between the layers. Electro-
chemical potentials were measured using CV, and the first
oxidation potential shifted to the negative side in response
to helicene elongation. The absorption and fluorescence
spectra red-shifted as the helical lengths increased, without
any distinct saturation points. The optical resolutions of N-
butylated [9]AH and [11]AH were accomplished, and their
CD and CPL spectra were measured. The molecular design
of the azahelicenes synthesized in this study solves the sta-
bility and solubility problems encountered thus far, and
may provide an ideal platform for the synthesis of longer
heterohelicenes.
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