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Abstract

The development of helicene molecules with significant chiroptical responses covering a broad range
of the visible spectrum is highly desirable for chiral optoelectronic applications; however, their absorption
dissymmetry factors (gabs) have been mostly lower than 0.01. In this work, we report unprecedented B,N-
embedded double hetero[7]helicenes with nonbonded B and N atoms, which exhibit excellent chiroptical
properties, such as strong chiroptical activities from 300 to 700 nm, record high gas up to 0.033 in the
visible spectral range, and tunable circularly polarized luminescence (CPL) from red to near-infrared
regions (600 ~ 800 nm) with high photoluminescence quantum yields (PLQY's) up to 100%. As revealed
by theoretical analyses, the high ga,s values are related to the separate molecular orbital distributions owing
to the incorporation of nonbonded B and N atoms. The new type of B,N-embedded double heterohelicenes
opens up an appealing avenue to the future exploitation of high-performance chiroptical materials.

Main Text

Helicenes are a unique class of inherently chiral polycyclic aromatic hydrocarbons (PAHs) comprising
ortho-fused benzenoid rings. The development of helicene chemistry over the past century has promoted
its broad applications in a variety of research fields.'® Of particular interest is their potential as
semiconducting materials for advanced chiral optoelectronic devices, such as circularly polarized light
photodetectors,”® for which strong chiroptical responses across a broad range of the visible spectrum are
highly desirable.’'* However, most helicenes exhibit chiroptical activities mainly in the ultraviolet region,'!
thus calling for new design principles of helicene molecules. In recent years, enlarging the n-conjugated
plane of helicenes and fusing multiple helicenes into a PAH core have led to a variety of elegant molecules
that extend chiroptical responses to the visible spectral range.'>?° Nevertheless, the absorption dissymmetry
factors (gabs) are generally in the range of 10 ~ 10-3,3° with only very few compounds showing gabs on the
order of 1072.'>17 Therefore, it is highly demanding to develop novel helicene materials with high gabs in
the visible range for future chiral optoelectronic applications.

Incorporating heteroatoms into the framework of helicenes and multiple helicenes provides new design
strategies to modulate their chiroptical properties and offers new synthetic entries to such chiral materials.?!
Among various heterohelicenes and multiple heterohelicenes, only a few examples involving both boron
(B) and nitrogen (N) atoms have been developed by employing either B-N covalent bonds or B>N
coordinate bonds.?>37 In view of the growing interest in B,N-doped PAHs as novel n-conjugated materials



with intriguing optoelectronic properties,’®+? B,N-incorporated (multiple) heterohelicenes have seemingly
been underexplored, with the reported gaps only on the order of 10-3.33-3
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Figure 1. Molecular design of B,N-embedded double hetero[7]helicenes (1a-¢) in this work.

Herein, we develop a new type of B,N-embedded double hetero[7]helicenes (1a-¢) with nonbonded B
and N atoms (Figure 1),*3 which exhibit excellent chiroptical properties. The para-conjugated N atoms (N-
7n-N) and B atoms (B-n-B) enhance the donor and acceptor strengths, respectively, leading to strong
intramolecular donor-acceptor interactions and thus absorption of the visible light up to the red region.*?
The optical gap can be further lowered by attaching electron-donating groups. On the other hand, the
opposite resonance effect of mutually ortho-positioned B and N atoms induces separate distribution of the
molecular orbitals that are relevant to the optical transition.** Such a feature and the double helical X-
shaped configuration have been demonstrated to be beneficial for achieving high gums values. 346
Remarkably, the obtained double hetero[7]helicenes (1a-c) exhibit significant chiroptical responses from
ultraviolet to the whole visible regime (300 ~ 700 nm) with a maximum gups reaching 0.033 at 502 nm,
representing the record high gans value in the visible range for helicene compounds. Furthermore, these
double hetero[7]helicenes display tunable circularly polarized luminescence (CPL) from red to near-
infrared (NIR) regions with high photoluminescence quantum yields (PLQY's) up to 100%. These excellent
chiroptical properties demonstrate the high potential of B,N-embedded heterohelicenes as promising
chiroptical materials and provides new opportunities for the future development of chiral optoelectronics.

Scheme 1. Synthetic route to B,N-embedded double hetero[7]helicenes 1a, 1b, and 1c.
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The synthetic route to compounds 1a-c is depicted in Scheme 1. The corresponding precursors 3a-c
were synthesized through aromatic nucleophilic substitution reactions of 1,4-dibromotetrafluorobenzene
with carbazole and its derivatives (2a-¢) in 90%, 85% and 95% yields, respectively. Boron atoms were then
introduced into the molecule through lithium-halogen exchange and subsequent nucleophilic substitution
with boron tribromide. Finally, in the presence of N,N-diisopropylethylamine(DIPEA), intramolecular C-H
borylation occurred at 180 °C in o-dichlorobenzene (0-DCB) to afford 1a-c in 53%, 25% and 23% yields,
respectively.



The single crystal of 1b suitable for X-ray analysis was obtained by slow evaporation of its solution
in dichloromethane/hexane (2 : 1). The double helical structure of 1b was accurately confirmed by single-
crystal X-ray diffraction, displaying overlaps between the terminal benzene rings (Figure 2). The torsion
angles of the two hetero[7]helicene fragments were 24.30° (N1-C2-C3-N4) and 26.13° (N5-C6-C7-N8),
respectively. The central benzene ring was highly distorted, with the torsion angles of 27.79° for C9-C2-
C3-C10 and 29.62° for C9-C6-C7-C10. In the packing structure of 1b, two enantiomers (P,P and M,M)
were found, with the homochiral molecules packing along the a-axis. No obvious intermolecular ©-n
interaction was observed due to the existence of eight tert-butyl groups at the periphery of the skeleton.
The (P,M)-configuration was not found in the single crystal of 1b, in consistence with the NMR results.
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Figure 2. Single crystal structure of 1b. (a) Top view and (b) side view. Thermal ellipsoids are shown at

50% probability. The #-Bu groups and hydrogen atoms are omitted for clarity. (c) Packing structure of 1b.

The UV-vis absorption spectra of compounds 1a-c were recorded in dichloromethane solutions (Figure
Sla). The lowest-energy absorption maximum of 1a appeared at 627 nm. With the attachment of fert-butyl
and 4-(fert-butyl)phenyl substituents to the core, the corresponding absorption maxima of 1b and 1¢ red-
shifted to 650 nm and 662 nm, respectively. The optical gaps calculated from the absorption onsets were
gradually narrowed from 1.88 eV to 1.81 eV and 1.78 eV for 1a-c. The electrochemical properties were
investigated by cyclic voltammograms (CV) and differential pulse voltammograms (DPV). All three
compounds la-c¢ exhibited two reversible oxidation waves and one reversible reduction wave. According
to the DPV data, the lowest unoccupied molecular orbital (LUMO) energy levels of 1a-c were determined
to be -2.93 eV, -2.83 eV and -2.97 eV, while the highest occupied molecular orbital (HOMO) energy levels
of 1a-c were -4.94 eV, -4.75 eV and -4.89 eV, respectively (Figure S2).

Density functional theory (DFT) calculations were carried out to investigate the isomerization process
of the double hetero[7]helicene skeleton (1a). The calculated energy barrier of the isomerization process
was as high as 67.52 kcal/mol, indicating its excellent chiral stability (Figure S10). By using Daicel
Chiralpak IE column for high-performance liquid chromatography (HPLC) analysis, two enantiomers (PP
and M,M) of each double hetero[7]helicene (la-¢) were identified (Figures S3-S5). Through chiral
separation of the three compounds by preparative chiral HPLC, the enantiomers of each compound were

successfully obtained. In order to verify the configurational stability of the enantiopure double

hetero[ 7]helicenes, we heated the enantiomer 1a-(P,P) in a furnace at 300 °C for 3 hours. The chiral HPLC



traces and NMR spectra before and after heating revealed no change (Figures S6 and S7), suggesting its

high configurational stability, which laid the ground for further chiroptical characterizations.

As illustrated in Figure 3a, each pair of enantiomers (1a-c) displayed symmetric circular dichroism
(CD) spectra with opposite Condon effects. The three compounds manifested similar CD features, but
gradually red-shifted from 1a to 1e¢, indicating that the chiroptical properties could be modulated by the
peripheral substituents. Note that the chiroptical responses of compounds 1a-¢ covered the ultraviolet and
the whole visible regions (300 ~ 700 nm), which is rare in the literature for helicene compounds.® The
simulated CD spectra (Figure S12) were in good agreement with the experimental results, and indicated
that for all the three compounds (1a-c), the first peak obtained by chiral HPLC was (M,M)-configuration,
whereas the second peak was (P,P)-configuration. The gabs values were calculated according to the equation
Zabs = Aé/e, and the absolute |gays| values were plotted as a function of wavelength (Figure 3b). The maximum
|gabs| of 1a-c reached 0.033, 0.031, and 0.026 at 502 nm, 518 nm, and 526 nm, respectively (Table 1), which

represent the highest |gabs| values of helicene molecules in the visible range (Figure 3c).
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Figure 3. (a) Circular dichroism spectra of 1a-¢ in dichloromethane solution (1 x 10> M), and (b) the
corresponding |gabs| of (P,P)-configuration calculated according to the equation gaps = A¢/e. (¢) Summary of
the |gabs| values of the reported helicenes and compounds la-c. For more details, see the Supporting

Information.

Table 1. Summary of the Chiroptical Properties of Compounds 1a-c.

compound |gabs] Jcp® (nm) |’ (107'8 esu cm) [m|> (1072 erg G ™) 0" (deg) |gecall®
Si/S, Si/S, Si/S, Si/S, Si/S, Si/S,

la 0.0025/0.033 587/502 5.52/1.67 0.46/2.65 0/180 0.0033/0.063

1b 0.0025/0.031 609 /518 6.17/1.72 0.41/2.51 0/180 0.0027/0.058

1c 0.0019/0.026 619 /526 7.36/2.41 0.41/2.60 0/180 0.0022/0.043

“The wavelength corresponding to the maximum |gas| value. ® Calculated by TD-DFT at the PBE0/6-311G(d) level.

To understand the origin of the high |gas| values, time-dependent DFT (TD-DFT) calculations were
performed at the PBE0/6-311G(d) level (see the Supporting Information). For all the three compounds (1a-
¢), the So=>S; and Sp=>S; transitions were contributed by HOMO->LUMO and HOMO->LUMO+1
transitions, respectively (Figure 4). The lowest-energy absorption peak was attributed to the So—=>S:
transition, whereas the transition with the largest |gavs| Was assigned to the So—=>S; transition. According to
theory, the dissymmetry factors can be calculated by the equation g = 4cos@|m||u|/(|m|*+|u|?), wherein i, m,
and 4 represent the electric and magnetic transition dipole moments, as well as the angle between u and m,

respectively.® For small organic molecules, |m| is usually much lower than ||, so the formula can be



simplified as g = 4cos6|m|/|u|. Therefore, larger |m| and cosé as well as smaller |u| can lead to higher g
values. In our case, the g, m, and 6 of compounds 1a-c for their So=>S; and So=>S; transitions were
calculated (Table 1). Theoretical dissymmetry factors (|gcal) of 1a-¢ for the Sy—=>S; transition were more
than one order of magnitude higher than those for the Sy=>S; transition, in good agreement with the
experimental results (Table 1). The high |gcal| for the So—=>S; transition were attributed to the smaller |u| and
larger |m| compared with those for the So—=>S; transition, whereas |cosé| equaled to 1 for all cases. Due to
the opposite resonance effect of B and N atoms, molecular orbitals on the carbazole segments were well
separated between HOMO and LUMO as well as between HOMO and LUMO+1 (Figure 4). However, the
orbital distribution on the central benzene was more separated between HOMO and LUMO+1 than that
between HOMO and LUMO. Such a smaller overlap integral between HOMO and LUMO+1 could result

in lower |u| for the Sp=S; transition, which might contribute to the higher |gca| values.*®

Ay T e —
DL gy A
SEIE:
L .?ﬁ b ]‘”
W of I P
SU - 82 } .d
‘-' L 1Y | , ’ m
ol fa | 6=180°
FRCE R %%
20 02 rr .
| | . oy
#5 58 Sy S I M -
. A N I I M m g M
.~\I M ’i. 1| 6=0°
‘§‘.‘ ‘.‘q‘ :ggﬂeov | So > 81

Figure 4. TD-DFT-calculated results of 1a-(P,P) with the electric () and magnetic (m) transition dipole
moments. For clarity, the length of the m vector is amplified 400 and 35 times for the So—=>S1 and So=>S»

transitions, respectively.

Furthermore, fluorescence and CPL spectra of 1a-c were characterized to examine their potential as
CPL emitters (Figures S1b and S8). Compounds 1a-c exhibited emission maxima (dem) at 660 nm, 684 nm,
and 694 nm, with high PLQYs of 100%, 99%, and 90%, respectively. Through tuning the peripheral
substituents, the fluorescence spectra of 1a-c extended from the deep-red to the NIR region. Each pair of
enantiomers exhibited mirror-image CPL spectra with luminescence dissymmetry factors (gum) up to 2 x
103, and similar red-shifts as in the fluorescence spectra upon peripheral functionalization (Figure S8). The
high PLQYs of compounds 1a-c, together with their finely tuned emitting properties, make them promising
for CPL-related applications.*’

In summary, we have synthesized the first B,N-embedded double heterohelicenes (1a-¢) with
nonbonded B and N atoms. The excellent configurational stability of the skeleton has enabled successful
chiral separation of their enantiomers. Further CD characterization has revealed strong chiroptical
responses from 300 to 700 nm, with the maximum |gass| reaching 0.033 (502 nm), 0.031 (518 nm), and
0.026 (526 nm) for 1a-c, respectively, representing the highest |gans| values in the visible range for helicene

compounds. Such high |gaps| values has been found to be contributed by the separated HOMO and LUMO+1



induced by the nonbonded B and N atoms. Furthermore, compounds 1a-c also exhibit CPL activities in the
red/NIR regions, with |gum| up to 0.002 and PLQYs up to 100%. This work has provided a new type of
B,N-embedded double heterohelicenes with excellent chiroptical properties, and would stimulate further

development of novel helicene-based materials for future chiral optoelectronic applications.
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