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r fusion of [6]helicene: one way to
integrate circularly polarized luminescence with
two-photon absorption

Min Wang,ab Zhi-Qiang Liu *c and Cui-Hua Zhao *a

It is very challenging to integrate circularly polarized luminescence (CPL) and two-photon absorption (TPA)

in a single organic molecule, which is of great interest for advanced optoelectronic and bioimaging

applications. We here disclose the synthesis and properties of a new family of helicenes, in which [6]

helicene is fused with six-membered B ) N heterocycles. Benefiting from the strong electron-affinity of

the B ) N Lewis pair, the introduction of an electron-donating (para-diphenylamino)phenyl (p-

Ph2NC6H4) group induces intramolecular charge transfer (CT) characteristics. For mono-fused

derivatives, both molar absorption coefficients (3) and fluorescence quantum yields (FF) progressively

increase with enhancement of the intramolecular CT feature through introduction of p-Ph2NC6H4 and

replacement of the boron-bound phenyl group with more electron-withdrawing perfluorophenyl.

Moreover, the structural evolution from a mono-fused dipolar to a bis-fused quadrupolar architecture

results in more than a twofold increase in 3 and simultaneous significant enhancement of the TPA cross

section (dTPA) and luminescence dissymmetry factor (glum). It thus became possible to achieve integration

of excellent CPL and TPA properties in a single molecule for the bis-fused quadrupolar [6]helicene

BiNFBPy-HC, with dTPA up to 1361 GM and CPL brightness (BCPL) reaching 13.2 M−1 cm−1, owing to its

large 3 (8.84 × 104 M−1 cm−1), good FF (0.41) and moderate jglumj (7.37 × 10−4).
Introduction

Organic materials exhibiting circularly polarized luminescence
(CPL) have gained rapidly increasing attention in the last
decade owing to their broad potential applications in 3D
displays,1,2 optical data storage,3,4 biological probes and signa-
tures.5,6 An ideal CPL-active material is expected to have not only
a high uorescence quantum yield (FF) but also a high lumi-
nescence dissymmetry factor (glum = 2(IL − IR)/(IL + IR)).7,8 More
recently, CPL brightness (BCPL = 3 × FF × jglumj/2), which also
takes the molar extinction coefficient (3) into account, has
emerged as a more comprehensive parameter to evaluate the
overall performance of CPL properties.9 Beyond achieving high
BCPL, integrating CPL with additional optical functionalities, in
particular, two-photon absorption (TPA), has become an
important topic in this eld. TPA allows excellent 3D resolution
and absorption of lower-energy (near-infrared) light with
reduced photodamage and deeper tissue penetration.10–12 The
combination of CPL and TPA in a single molecule would not
ring, Shandong University, Jinan 250100,
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only lay a solid foundation for two-photon-excited CPL confocal
microscopy in bioimaging but also open new avenues for other
advanced optoelectronic applications.13,14 Nevertheless, exam-
ples that simultaneously exhibit high BCPL and large TPA cross
section (dTPA) remain extremely rare (Fig. 1a).15–17 To achieve
efficient TPA, one widely adopted strategy is to construct
systems featuring intramolecular charge transfer (CT) charac-
teristics by simultaneous incorporation of electron donor (D)
and acceptor (A) groups.18,19 Three typical structures are gener-
ally employed, namely dipolar (D–A),20–22 quadrupolar (D–A–D
or A–D–A),23,24 and octupolar [D–A3 or A–D3] architectures.25–27

Compared with dipolar systems, the multibranched quadru-
poles and octupoles tend to display larger dTPA values due to the
enhanced electron coupling among branches. In this context, it
was envisioned that the construction of multipolar chiral
systems may provide a promising route to achieve integrated
CPL and TPA properties. Probably due to synthesis challenges,
such examples have not been explored.

Helicenes, characterized by an extended p-conjugation
structure and inherent helical chirality, have long been recog-
nized as promising skeletons for CPL-active molecules.28–30

However, parent helicenes suffer from very low FF values (FF <
0.05 for [n]helicenes, n $ 5), primarily due to the fast inter-
system crossing (ISC) process.31,32 Herein, considerable efforts
have been devoted to increasing FF of helicenes. One efficient
strategy is to incorporate heteroatoms into helicene frameworks
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Examples of small organic molecules with combined TPA
and CPL properties. (b) Examples of reported B ) N Lewis pair doped
helicenes. (c) Chemical structure of B ) N Lewis pair-fused [6]
helicenes in this work.
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to perturb electronic structures.33–42 Another is to enlarge p-
conjugation by fusion with polycyclic arenes or attachment of
peripheral substituents.43–49 For the rst strategy, one repre-
sentative approach is to replace C]C bonds with their
isoelectronic B–N couple counterparts, which are typically
formed via N-directed borylative cyclization of amino
precursors.40–42 Instead of embedding the B–N couple into the
parent helicene backbone, we have recently prepared B–N
heterocycle-fused [6]helicenes using ortho-phenylamine-
substituted precursors.50 It was found that the fusion with the
B–N heterocycle helps extend p-conjugation and increase both
the absorptivity and uorescence efficiency of the rst excited
state.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Remarkably, a double [6]helicene derivative can show
outstanding CPL performance with BCPL reaching
49.0 M−1 cm−1, owing to its very high FF (0.87), large 3 (5.47 ×

104 M−1 cm−1), and fairly good jglumj (2.06 × 10−3).
Inspired by the outstanding CPL performance of B–N

heterocycle-fused [6]helicenes, we turned our attention to
helicenes fused with heterocycles containing a B ) N Lewis
pair, which remain unprecedented to date. Similar to the
covalent B–N bond, intramolecular B ) N coordination bond
formation can planarize and rigidify p-systems,51–53 thereby
suppressing the nonradiative decay process and boosting FF,
which have been well demonstrated by a number of highly
emissive B ) N-doped helicenes (Fig. 1b).54–61 Moreover, the B
) N unit tends to increase the electron affinity of the
system,62–64 which can endow the systems with intramolecular
CT characteristics and thereby TPA properties when electron-
donor groups are also introduced.60,61 Considering the facile
accessibility of 5,12-dibromo[6]helicene and its easy trans-
formation into a donor-substituted 2-pyridyl derivative, we
envisioned that it was possible to prepare a quadrupole B ) N
Lewis pair-fused [6]helicene. Following this strategy, we
successfully synthesized a bis-B ) N Lewis pair-fused [6]heli-
cene, BiNFBPy-HC (Fig. 1c), in which a strong electron-donating
(para-diphenylamino)phenyl (p-Ph2NC6H4) group was intro-
duced at the 4-position of the 2-pyridyl unit. It was fascinating
to nd that this molecule exhibits both excellent CPL and TPA
properties with BCPL up to 13.2 M−1 cm−1 and dTPA up to 1361
GM. To further probe the inuence of B ) N Lewis pair fusion
and structural modication on photophysical properties, we
also synthesized mono-fused derivatives, PhBPy-HC, NPhBPy-
HC, and NFBPy-HC, which differ in the presence of electron
donor groups and the substituent at the boron center. Herein,
we report detailed results on the synthesis, structures and
fascinating properties of these unprecedented B ) N Lewis
pair-fused [6]helicenes.

Results and discussion
Synthesis and structures

The synthetic routes to the B ) N Lewis pair-fused [6]helicenes
are depicted in Scheme 1. A typical method for the synthesis of
stable B ) N Lewis pairs is N-directed electrophilic borylative
cyclization, followed by trapping of the dihaloborane interme-
diate with organometallic reagents.65 Thus, the key point of the
synthesis is the preparation of 2-pyridyl-substituted [6]helicene
precursors. The precursor to PhBPy-HC, 5-(2-pyridyl)[6]helicene
(Py-HC), was readily synthesized via a Pd-catalyzed Suzuki cross-
coupling of 2-bromopyridine (Br-Py) with [6]helicene-5-boronic
ester (BPin-HC), which we had previously prepared.50 To access
5-{5-[4-(N,N-diphenylamino)phenyl]-2-pyridyl}helicene (NPy-HC),
the precursor for the mono-fused derivatives, NPhBPy-HC and
NFBPy-HC, we initially attempted to adopt a similar Suzuki cross-
coupling of BPin-HC with 2-bromo-4-[(4-N,N-diphenylamino)
phenyl]pyridine (BrNPy), which was conveniently obtained
through selective coupling of 2-bromo-5-iodopyridine with [(4-
N,N-diphenylamino)phenyl]boronic acid (Scheme S1). However,
challenges arose during the preparation of 5,12-bis{5-[4-(N,N-
Chem. Sci., 2026, 17, 6426–6437 | 6427
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Scheme 1 Synthesis of B)N Lewis pair-fused [6]helicenes. Reagents
and conditions: (a) PdCl2(dppf), K2CO3, THF-H2O, and 80 °C; (b) (i)
BBr3, CH2Cl2, i-Pr2NEt, and r.t.; (ii) PhMgBr, toluene, and r.t.; (c)
PdCl2(dppf), KOAc, 1,4-dioxane, and 100 °C; (d) Pd2dba3, Sphos,
K3PO4, DMF-H2O, and 90 °C; (e) (i) BBr3, CH2Cl2, i-Pr2NEt, and 60 °C;
(ii) ArMgBr (PhMgBr for NPhBPy-HC, C6F5MgBr for NFBPy-HC),
toluene, and r.t.; (f) (i) BBr3, CH2Cl2, i-Pr2NEt, and 60 °C; (ii) C6F5MgBr,
toluene, and 90 °C.

Fig. 2 X-ray crystal structure of (a) PhBPy-HC and (b) NFBPy-HC
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diphenylamino)phenyl]-2-pyridyl}[6]helicene (BiNPy-HC), the
precursor for bis-fused BiNFBPy-HC. The planned route involved
Suzuki coupling of 5,12-dibromo[6]helicene (DiBr-HC) with
bis(pinacolato)-diboron to afford [6]helicene-5,12-diboronic ester
(BiBPin-HC) and a second Suzuki coupling of BiBPin-HC with
BrNPy. Unexpectedly, mono-debromination occurred during the
borylation of DiBr-HC, resulting in the formation of BPin-HC
along with the desired BiBPin-HC. In addition, BPin-HC and
BiBPin-HC could not be separated through the usual purication
techniques, such as ash column chromatography and recrys-
tallization. Therefore, the resulting mixture was used directly in
the subsequent coupling withBrNPy. Based on the comparison of
1H NMR spectra between the mixture and the pure BPin-HC
(Fig. S1), the molar ratio of BPin-HC to BiBPin-HC was deter-
mined to be about 1 : 1.4. Fortunately, NPy-HC and BiNPy-HC
could be separated by ash column chromatography. Conse-
quently, both NPy-HC and BiNPy-HC were prepared simulta-
neously via two-step Suzuki coupling starting from DiBr-HC.
With the 2-pyridyl-substituted [6]helicene precursors in hand, the
nal B ) N Lewis pair formation was accomplished through N-
directed borylative cyclization with boron tribromide (BBr3) as
the boron source and subsequent quenching of the di-
bromoborane intermediates with the corresponding arylmagne-
sium bromides.

The chemical structures of all the B ) N fused [6]helicenes
were fully characterized by 1H NMR, 13C NMR, and HR-MS. 11B
NMR spectra were also characterized except for NPhBPy-HC,
which has too poor solubility to afford a sufficiently strong
signal. The signals observed in the range of−0.64––4.69 ppm in
the 11B NMR spectra conrmed the presence of tetracoordinate
boron atoms (Fig. S2). In the 1H NMR spectrum of PhBPy-HC,
the presence of one singlet signal in the most downeld region
(d = 8.68 ppm) (Fig. S3), which corresponds to the proton at the
6-position of [6]helicene, indicates that the borylative cycliza-
tion occurs at the 4-position to form a six-membered ring rather
6428 | Chem. Sci., 2026, 17, 6426–6437
than at the 6-position to generate a ve-membered ring.
Consistent with this result, two signals, a singlet and a doublet,
with a very small coupling constant (J= 2.0 Hz) were observed in
the 1H NMR spectra of derivatives containing Ph2NC6H4

(Fig. S4). The regioselectivity of borylative cyclization is attrib-
uted to the conjugative electronic effect of the 2-pyridyl
substituent, which renders the 6,14-positions less reactive
toward electrophilic substitution. All the nal products are
stable in air and water and can be puried by silica gel ash
chromatography. Notably, the solubility is greatly affected by
the substituent on the boron atom. Compounds PhBPy-HC and
NPhBPy-HC bearing Ph groups show poor solubility in various
solvents, whereas NFBPy-HC and BiNFBPy-HC with C6F5
substituents are highly soluble in common solvents such as
CH2Cl2, CHCl3 and THF.

The presence of tetracoordinate boron atoms and the
regioselectivity of borylative cyclization to form six-membered
rings were further unambiguously conrmed by single-crystal
X-ray diffraction analyses (Fig. 2). Single crystals of racemic
PhBPy-HC and NFBPy-HC suitable for X-ray diffraction analysis
were obtained by diffusion of hexane (PhBPy-HC) or methanol
(NFBPy-HC) into their CHCl3 solutions. The B–N bond lengths
of PhBPy-HC and NFBPy-HC were determined to be 1.64 Å and
1.62 Å, respectively, indicating strong Lewis pair interactions
between the boron center and pyridyl N atom. It was noted that
these two compounds adopt similar helical structures with very
close dihedral angles (PhBPy-HC: 55.4°; NFBPy-HC: 57.9°) and
centroid–centroid distances (PhBPy-HC: 4.43 Å; NFBPy-HC: 4.50
Å) between two terminal benzene rings (P1 and P2) in the [6]
helicene skeleton. Owing to the formation of a B ) N Lewis
pair, the pyridine ring (P4) is xed with very high coplanarity to
the adjacent P2 ring. Notably, the corresponding dihedral in
NFBPy-HC (9.9°) is slightly smaller than that in PhBPy-HC
(13.2°). Another difference in the X-ray structures is that the
boron center of NFBPy-HC essentially lies within the six-
membered ring (P3), while it protrudes in PhBPy-HC. The cor-
responding atom-plane distances are 0.11 Å for NFBPy-HC and
0.41 Å for PhBPy-HC, respectively. These structural differences
may indicate more efficient conjugation between the pyridine
ring and [6]helicene in NFBPy-HC. Regarding the structure of
the triarylamine moiety in NFBPy-HC, it was noted that the
nitrogen center adopts a perfect planar geometry with a sum of
:C–N–C of 359.9°. In addition, the phenylene ring P5 of Ph2-
NC6H4is only slightly twisted relative to the pyridine ring (P4),
indicating efficient electronic coupling between the electron
donating amino group and the electron-accepting B ) N unit.
(hydrogen atoms are omitted for clarity).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) UV/vis absorption (c = 2.0 × 10−5 M) and (b) fluorescence
spectra (c= 1.0× 10−5 M and lex= 400 nm) of B)N Lewis pair-fused
[6]helicenes in cyclohexane.
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Photophysical properties in solutions

The UV-vis absorption and uorescence spectra of B) N Lewis
pair-fused [6]helicenes are shown in Fig. 3 with the corre-
sponding data summarized in Table 1. In cyclohexane, the
mono-B ) N fused [6]helicene PhBPy-HC shows the longest
absorption at 455 nm, which was observed as a shoulder band
and has a moderate intensity (3 = 6.8 × 103 M−1 cm−1). The
uorescence maximum is located at 489 nm with a fairly good
efficiency (FF = 0.25). Notably, both the longest wavelength
absorption and emission of PhBPy-HC are much stronger than
those of the parent [6]helicene (3 = 0.3 × 103 M−1 cm−1 and FF

= 0.05)66 and the recently reported mono-BN-naphthalene-
fused [6]helicene (3 = 1.2 × 103 M−1 cm−1 and FF = 0.11).50

Introducing an electron-donating triphenylamine unit into
NPhBPy-HC and further replacing the Ph group at the B center
with a more electron-withdrawing C6F5 in NFBPy-HC lead to
progressive enhancement of both the longest wavelength
absorption and uorescence intensities. Meanwhile, the
longest-wavelength absorption undergoes a red shi to some
extent. In contrast, the uorescence maximum remains almost
unchanged, except for the increased prominence of two distinct
vibrational bands at 493 and 522 nm (FF = 0.49). The study on
excited state dynamics suggests that the gradual increase of FF

is mainly ascribed to the acceleration of the radiative decay
process. Remarkably, from NFBPy-HC to BiNFBPy-HC, the
further fusion of another B ) N Lewis pair resulted in
Table 1 Photophysical property data of B ) N Lewis pair-fused [6]helic

labs
a/nm (3/104 M−1 cm−1) lem/nm

PhBPy-HC Cyclohexane 419 (1.72), 455 (0.68) 489
Powder — 511

NPhBPy-HC Cyclohexane 435 (3.77), 463 (2.67)] 493, 515
Powder — 540

NFBPy-HC Cyclohexane 444 (4.19), 470 (3.72) 493, 522
Powder — 571

BiNFBPy-HC Cyclohexane 451 (8.09), 468 (8.84) 496, 525
Powder — 571

BiNPy-HC Cyclohexane 362 (2.85) 436, 458

a Only the maxima of the longest wavelength band are shown. b Calcu
determined using an integrating sphere. d Average lifetime calculated usi

© 2026 The Author(s). Published by the Royal Society of Chemistry
a substantial increase in absorption intensity, with 3 more than
doubling to 8.84 × 104 M−1 cm−1, while FF slightly decreases to
0.41. Notably, BiNFBPy-HC exhibits a very narrow emission
band in cyclohexane with a full width at half maximum (FWHM)
of only 28 nm, indicating high molecular rigidity and sup-
pressed excited-state structural relaxation. In view of the pho-
tophysical properties, another intriguing observation is that
BiNPy-HC, the precursor of BiNFBPy-HC, shows much blue-
shied absorption (Dl = 89 nm) and uorescence (Dl = 60
nm) relative to BiNFBPy-HC. In addition, its absorption is much
weaker (3 = 2.85 × 104 M−1 cm−1) although FF remains nearly
unchanged (0.40), highlighting the pronounced role of B ) N
coordination in reinforcing absorption intensity. These nd-
ings clearly demonstrate that fusing [6]helicene with a B ) N
Lewis pair, combined with judicious structural modications, is
effective in achieving intense absorption and strong
uorescence.

Considering the electron affinity of the B)N Lewis pair and
possible intramolecular CT characteristics in these [6]helicene
derivatives, we further investigated solvent effects on their
absorption and uorescence (Fig. 4 and Table S4). It was found
that the absorption spectra are barely affected by the solvent
polarity for all the B ) N Lewis pair-fused [6]helicenes. From
nonpolar cyclohexane to polar THF, the observed shis in the
longest wavelength absorption maxima are less than 9 nm,
indicating that the electronic structure in the ground state (S0)
is unaffected by the solvent environment. In contrast, the
uorescence solvatochromism is quite different depending on
the presence of triphenylamine and the substituent at the boron
center. For PhBPy-HC, which lacks the electron-donating
Ph2NC6H4 group, the uorescence emission remained essen-
tially unchanged from cyclohexane to THF (Dl # 3 nm).
However, NFBPy-HC, which contains C6F5 on B and tri-
phenylamine on the pyridyl ring, exhibited a gradual red-shi in
uorescence from 493 nm in cyclohexane to 553 nm in THF. A
more complex uorescence solvatochromism was observed for
NPhBPy-HC. From cyclohexane to CHCl3, the shi of uores-
cence is minor (Dl = 7 nm). Interestingly, an abrupt red-shi of
26 nm was observed when the solvent changed from CHCl3 to
THF. Notably, the uorescence maximum of NFBPy-HC in THF
is 27 nm longer than that of NPhBPy-HC although they have
nearly identical uorescencemaxima in cyclohexane. Regarding
enes in cyclohexane and powder form

FF Dn/103 cm−1 FWHM/nm s/ns kr/10
8 s−1 knr/10

8 s−1

0.25b 1.53 62 6.27 0.40 1.20
0.24c — 56 3.36d 0.71 2.26
0.45b 1.31 54 3.57 1.26 1.54
0.32c — 40 1.28d 2.50 5.31
0.49b 0.99 48 2.48 1.98 2.05
0.60c — 62 2.78d 2.16 1.43
0.41b 1.21 28 2.31 1.77 2.55
0.41c — 66 1.94d 2.11 3.04
0.40b 4.69 39 9.82 0.41 0.61

lated using coumarin 307 as a standard. c Absolute quantum yields
ng the equation Aisi/SAisi, where Ai is the preexponential for lifetime si.

Chem. Sci., 2026, 17, 6426–6437 | 6429
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Fig. 4 Fluorescence spectra (c= 1.0× 10−5 M and lex= 400 nm) of (a)
PhBPy-HC, (b) NPhBPy-HC, (c) NFBPy-HC, and (d) BiNFBPy-HC in
various solvents.
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the uorescence solvatochromism, another notable thing is
that the bis-fused derivative BiNFBPy-HC exhibits uorescence
spectra that are very close to those of NFBPy-HC, albeit with
slightly lower FF values. These uorescence solvatochromism
results suggest the rst excited (S1) state of PhBPy-HC lacks
signicant CT character, while NPhBPy-HC displays partial CT
nature due to the presence of the electron donating Ph2NC6H4

group. The CT character becomes even more pronounced in
NFBPy-HC and BiNFBPy-HC as a result of the replacement of Ph
with C6F5 at the boron center. These results hence conrm that
the fusion of the B ) N Lewis pair helps enhance the electron
affinity and tuning the substituent on the boron atom allows
further modulation of this electron-accepting ability.

Theoretical calculations

To gain deeper insight into structure–property relationships, we
conducted density functional theory (DFT) and time-dependent
DFT (TD-DFT) calculations at the B3LYP-D3(BJ)/6-31g(d) level.
For all B ) N Lewis pair-fused [6]helicenes, the longest wave-
length absorption band can be assigned to the S0 / S1 excita-
tion process through comparison between the experimental and
simulated absorption spectra (Fig. 5 and S10). For the three
mono-fused [6]helicene derivatives, this excitation is predomi-
nantly composed of the HOMO / LUMO transition. Both the
HOMO and the LUMO of PhBPy-HC are distributed over the
pyridyl ring and the four adjacent benzene rings of the [6]heli-
cene skeleton. Hence, the S0 / S1 excitation of PhBPy-HC is
characterized by a p–p* transition process. Upon introduction
of a Ph2NC6H4 group into NPhBPy-HC, the HOMO becomes
6430 | Chem. Sci., 2026, 17, 6426–6437
further delocalized over the entire Ph2NC6H4 group while the
LUMO remains almost unchanged. As a result, the introduction
of triphenylamine imparts the S0 / S1 transition with a partial
intramolecular CT feature. Moreover, the introduction of
Ph2NC6H4 raises both HOMO and LUMO energy levels with
a more pronounced increase for the HOMO (DE = 0.26 eV) than
for the LUMO (DE = 0.06 eV). Although the aryl group on boron
does not contribute to the frontier orbitals due to its tetra-
coordinated structure, the change of the aryl substituent on
boron from phenyl in NPhBPy-HC to the more electron-
withdrawing C6F5 in NFBPy-HC lowers both HOMO (DE =

0.15 eV) and LUMO (DE = 0.24 eV) energy levels with the LUMO
decreased more greatly. Notably, the contribution of the [6]
helicene core to the HOMO becomes less signicant in NFBPy-
HC, suggesting a stronger intramolecular CT character for S0 /
S1 excitation of NFBPy-HC. Thus, NPhBPy-HC and NFBPy-HC
can be regarded as D–A systems. Consistent with these elec-
tronic changes, the calculated absorption wavelength for S0 /
S1 excitation gradually red shis from PhBPy-HC to NPhBPy-HC
and NFBPy-HC together with the progressive increase in the
oscillator strength.

From mono-fused NFBPy-HC to bis-fused BiNFBPy-HC, the
HOMO and LUMO energy levels remain nearly unchanged.
However, the electronic distributions of the HOMO and LUMO
change markedly with the fusion of additional B ) N Lewis
pairs. In BiNFBPy-HC, the HOMO and LUMO are degenerate to
HOMO−1 and LUMO+1, respectively. The HOMO is mainly
distributed over two Ph2NC6H4 units and the central [6]heli-
cene, while the HOMO−1 excludes the contribution from [6]
helicene. In contrast, the LUMO and LUMO+1 are mainly
localized on [6]helicene and two pyridyl rings. It was noted that
HOMO−1 and LUMO+1 are C2-antisymmetric while the HOMO
and LUMO are C2-symmetric. The S0 / S1 excitation of Bi-
NFBPy-HC, which is dominated by HOMO / LUMO+1 (66%)
and HOMO−1 / LUMO (19%) transitions, is symmetry
permitted and exhibits much larger oscillator strength than
NFBPy-HC. These results suggest the efficient exciton coupling
between two fused moieties through the central [6]helicene
skeleton in BiNFBPy-HC and this compound can be categorized
as a quadrupolar D–A–D system. While the accuracy of calcu-
lated excitation energies is not sufficiently high at this compu-
tation level, these calculated results clearly demonstrate the CT
feature of the S0/ S1 transition for three derivatives containing
electron-donating Ph2NC6H4, which agrees well with their
uorescence solvatochromism. Furthermore, the simulated
absorption spectra successfully reproduced the gradual red
shi of absorption and increase of absorption intensity with
increasing CT character from PhBPy-HC to NPhBPy-HC and
NFBPy-HC, as well as the remarkable increase of absorption
intensity from NFBPy-HC to BiNFBPy-HC as a result of effective
exciton coupling.67
Fluorescence properties in the solid state

The high emission efficiency in the solid state is also a critical
property for CPL emitters. Herein, the solid-state uorescence
properties of these B ) N Lewis pair-fused [6]helicenes were
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Kohn–Sham energy levels, pictorial drawing of frontier orbitals, and transitions of B ) N Lewis pair-fused [6]helicenes at the S0
geometries, calculated at the TD-B3LYP-D3(BJ)/6-31g(d) level.
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also investigated (Fig. 6, Table 1). For all the compounds, the
uorescence of powders appears at longer wavelengths even
compared with their emission in THF solution, with red shis
within the range of 14–20 nm. The bathochromic shi indicates
the presence of intermolecular p–p interactions. Notably, no
signicant uorescence quenching was observed when going
Fig. 6 (a) Fluorescence spectra (lex = 400 nm) and (b) photographs
under UV irradiation at 365 nm for the powder of B ) N Lewis pair-
fused [6]helicenes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
from cyclohexane to the powder form despite the presence of
intermolecular p–p interactions in the solid state. From cyclo-
hexane to the powder form, only NPhBPy-HC exhibits slight
uorescence quenching among the four B)N Lewis pair-fused
[6]helicenes. In contrast, the FF values of PhBPy-HC and Bi-
NFBPy-HC remain nearly unchanged. Remarkably, the FF of
NFBPy-HC in the powder form is even much higher than in
cyclohexane, reaching a very high value of 0.60. Consequently,
all these B ) N Lewis pair-fused [6]helicenes exhibit bright
uorescence in the solid state with moderate to high efficiency
(FF = 0.24–0.60). Moreover, the emission colours can be facilely
tuned from green (PhBPy-HC, lem= 511 nm) to yellow (NPhBPy-
HC, lem = 540 nm) and then to orange (NFBPy-HC and Bi-
NFBPy-HC, lem = 571 nm), highlighting the great utility of B)

N Lewis pair fusion with helicenes for achieving efficient and
tunable solid-state emission.
Two-photon absorption properties

Considering the electron affinity endowed by B ) N Lewis pair
fusion, we then investigated the TPA properties of these B ) N
Lewis pair-fused [6]helicene compounds. The TPA spectra were
Chem. Sci., 2026, 17, 6426–6437 | 6431
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Fig. 7 (a) Rescaled one-photon absorption spectra and two-photon
absorption spectra of B ) N Lewis pair-fused [6]helicenes in THF. (b)
Calculated TPA spectra from the S0 state to various excited states at
the optimized S0 geometries of NFBPy-HC and BiNFBPy-HC, calcu-
lated at TD-B3LYP-D3(BJ)/6-31G(d).
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measured in THF via a two-photon-excited uorescence (TPEF)
method using coumarin 485 as the standard compound with
femtosecond laser excitation at wavelengths of 720–1000 nm
(Fig. 7a). Unfortunately, PhBPy-HC decomposed during the
measurement, as indicated by the complete disappearance of
uorescence. Interestingly, the other three compounds exhibit
very strong TPA absorption. The highest dTPA values were
determined to be 604 GM at 790 nm for NPhBPy-HC, 777 GM at
800 nm for NFBPy-HC, 1361 GM at 800 nm for BiNFBPy-HC,
respectively. In addition, these three compounds can retain
intense TPA absorption over a relatively broad region: 560–604
GM within 750–800 nm for NPhBPy-HC, 564–777 GM within
750−810 nm for NFBPy-HC and 1177–1360 GM within
750−800 nm for BiNFBPy-HC. Notably, the dTPA maximum of
BiNFBPy-HC is nearly 1.8 times greater than that of NPhBPy-HC
and NFBPy-HC and is among the largest values reported for the
helicene derivatives.15,16,68,69

The comparison between the TPA and the rescaled one-
photon absorption (OPA) spectra revealed that the intense TPA
bands of these three compounds correspond to dark transitions
Fig. 8 (a) CD (c= 2.0× 10−5 M) and (b) CPL (c= 2.0× 10−5 M, lex= 370
transition electronic (blue) and magnetic (red) dipole moments of NFBPy
31g(d) level for M-enantiomers.

6432 | Chem. Sci., 2026, 17, 6426–6437
in the OPA and arise from excitations to a higher excited state.
The theoretical calculations of TPA properties further supported
this point (Fig. 7b, S11 and Table S7). The intense TPA band of
BiNFBPy-HC primarily consists of S0 / S4 and S0 / S6 transi-
tions with the S0 / S4 transition giving the highest theoretical
dTPA. The S0 / S4 transition of BiNFBPy-HC is dominated by the
HOMO−1 / LUMO+1 transition (74%), while the composition
of S0 / S6 is more complex. The rst two important components
are HOMO−3/ LUMO+1 (41%) and HOMO−2/ LUMO (23%)
transitions. Both HOMO−2 and HOMO−3 are distributed over
the central [6]helicene core withHOMO−2 spreading to two Ph2N
groups. It was noted that HOMO−1 / LUMO+1, HOMO−3 /

LUMO+1, and HOMO−2 / LUMO transitions are symmetry
prohibited, which is consistent with the low oscillator strengths
of the corresponding OPA transitions (f = 0.0681 for of S0 / S4;
0.0048 for S0 / S6). For the mono-fused NPhBPy-HC and NFBPy-
HC, which differ in the substituent at the boron center, the
theoretical dTPA maxima originate from S0 / S2 and S0 / S3
excitations, respectively. Both transitions greatly contribute to
TPA. In addition, the intense TPA band of NPhBPy-HC also
involves the S0/ S4 excitation process. The S0/ S2, S0/ S3 and
S0 / S4 excitations correspond to the transitions from
HOMO−1, HOMO−2 and HOMO−3 to LUMO, respectively, for
both compounds. Moreover, these two compounds show similar
electronic distributions for HOMO−1, HOMO−2 and HOMO−3
orbitals. FromHOMO−1 toHOMO−3, the electronic distribution
gradually becomes more delocalized. The HOMO−1 is delo-
calized over the [6]helicene core skeleton and Ph2NC6H4 group,
while HOMO−2 is only localized on the [6]helicene unit and
HOMO−3 is located on a portion of the [6]helicene moiety. The
theoretical calculations of TPA properties clearly indicate the
signicance of B) N Lewis pair fusion for the promising TPA of
the three amino-containing B ) N Lewis pair-fused [6]helicenes
and themuchmore enhanced dTPA of bis-fusedBiNFBPy-HC than
the mono-fused NPhBPy-HC and NFBPy-HC. The highly
symmetric charge transfer together with the extended p-conju-
gation in BiNFBPy-HC remarkably increases the probability of
TPA transitions, thus leading to a much larger dTPA.18
nm) spectra ofNFBPy-HC and BiNFBPy-HC in cyclohexane. (c) S0/ S1
-HC and BiNFBPy-HC, calculated by TD-DFT at the B3LYP-D3(BJ)/6-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Chiroptical properties

Finally, we proceeded to prepare their enantiomerically pure
forms to investigate their chiroptical properties. Due to the
extremely poor solubility of PhBPy-HC and NPhBPy-HC, no
appropriate conditions for chiral resolution could be estab-
lished. The enantiomeric pairs of NFBPy-HC and BiNFBPy-HC
were successfully obtained through high-performance liquid
chromatography (HPLC) with a chiral column (Fig. S7–S8 and
Tables S2–S3). The experimental CD and CPL spectra in cyclo-
hexane are shown in Fig. 8 with the corresponding data
summarized in Table 2. The absolute congurations were
assigned through the comparison between the experimental
and theoretically simulated ECD spectra (Fig. S11b), which
show the same signs for the longest and shortest wavelength
bands above 300 nm. For both compounds, the (P)-isomer
corresponds to the rst eluted fraction.

In cyclohexane, nearly perfect mirror images were observed
for the CD and CPL spectra of (P)- and (M)-isomers. The (P)-
isomers of NFBPy-HC and BiNFBPy-HC display the longest
wavelength CD bands at around 480 nm with a negative sign,
while the strongest CD bands were observed at approximately
330 nm with a positive sign. The longest wavelength CD bands
are assignable to the S0 / S1 transition and the corresponding
CD dissymmetry factors (gabs, dened as D3/3) are determined to
be −2.17 × 10−4 and −5.00 × 10−4 for (P)-NFBPy-HC and (P)-
BiNFBPy-HC, respectively. The change of solvent from cyclo-
hexane to THF caused negligible variations in the CD spectra, in
terms of either position or intensity (Fig. S9). Remarkably, these
two compounds display clearly mirror-imaged CPL signals in
both nonpolar cyclohexane and polar THF, with the signs
consistent with the corresponding longest CD bands. In cyclo-
hexane, the jglumj values are up to 3.31 × 10−4 for NFBPy-HC
and 7.37 × 10−4 for BiNFBPy-HC, respectively. Upon changing
the solvent from cyclohexane to THF, the CPL spectra of both
compounds are red-shied by about 70 nm, which is consistent
with their uorescence solvatochromism. Notably, the bis-fused
BiNFBPy-HC has signicantly higher jgabsj for the longest
wavelength band as well as larger jglumj compared to the mono-
fused NFBPy-HC. Unfortunately, the CPL signals are nearly
undetectable in both lm and powder forms, although strong
uorescence emission is retained in the solid state.

To gain further insight into the chiroptical properties of the
S1 state, the theoretical jgabsj and jglumj values for the S0 / S1
and S1 / S0 transitions were herein analysed (Table 2 and
Fig. 8c and S13). Theoretically, the dissymmetry factors can be
predicted using 4jmjjmjcos q/(jmj2 + jmj2), where m and m are the
electronic and magnetic transition dipole moments, respec-
tively, and q is the angle between them. Because m of organic
molecules is hundreds of times larger than m, this expression
can be simplied as 4jmjcos q/jmj.70,71 For each compound, all
the calculated parameters of S0 / S1 excitation are comparable
to those of S1 / S0 deactivation. Notably, these two compounds
show almost the same q and close jmj, whereas the jmj of Bi-
NFBPy-HC is about 2.5 times that of NFBPy-HC. Consequently,
the calculated jgabsj and jglumj values of BiNFBPy-HC are nearly
two times those of NFBPy-HC, which is consistent with the
Chem. Sci., 2026, 17, 6426–6437 | 6433
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experimental trend. These results suggest the structural evolu-
tion from a dipolar to a quadrupolar architecture helps enhance
jmj and thereby increase transition dissymmetry factors.
Another notable thing is that m is nearly perpendicular to m for
both compounds (q z 87°), giving a very small cos q. It should
be the small cos q that results in unideal jgabsj and jglumj values.
Although jglumj of BiNFBPy-HC is not quite high, its BCPL of
BiNFBPy-HC can reach 13.2 M−1 cm−1 in cyclohexane, an
excellent value among B ) N Lewis pair-functioned helicenes,
due to its very high 3 and good FF.58,59 Moreover, the BCPL of
BiNFBPy-HC is more than four times that of NFBPy-HC
(3.0 M−1 cm−1), highlighting the superior chiroptical properties
of bis-fused quadrupolar BiNFBPy-HC over mono-fused dipolar
NFBPy-HC.

Conclusions

In summary, we have successfully synthesized a new family of
[6]helicene derivatives, which are fused with six-membered B)

N heterocycles, via N-directed electrophilic borylation of 2-
pyridyl-substituted [6]helicene precursors. Their photophysical
properties were comprehensively investigated both experimen-
tally and theoretically to elucidate the effect of structural
modication. It was revealed that 3 and FF increase progres-
sively from parent [6]helicene to PhBPy-HC by fusion with the B
) N Lewis pair and are further enhanced in NPhBPy-HC due to
the introduction of the electron-donor p-Ph2NC6H4 into pyridyl
and thus the intramolecular CT nature. 3 and FF of the mono-
fused compounds reach maxima in NFBPy-HC, which displays
more pronounced intramolecular CT characteristics as a result
of the displacement of Ph on the boron atom with a stronger
electron-withdrawing C6F5 group. The 3 and FF NFBPy-HC are
as high as 3.70 × 104 M−1 cm−1 and 0.49, respectively. From
mono-fused dipolar NFBPy-HC to bis-fused quadrupolar Bi-
NFBPy-HC, although FF slightly decreases to 0.41, 3 more than
doubles to 8.84 × 104. Notably, all three B ) N fused [6]helic-
enes, NPhBPy-HC, NFBPy-HC, and BiNFBPy-HC, which contain
electron donating p-Ph2NC6H4, exhibit excellent TPA properties
with dTPA maxima in the range of 604∼1361 GM. In particular,
the bis-fused quadrupolar BiNFBPy-HC displays signicantly
improved TPA properties compared to mono-fused dipolar
analogues due to the efficient electron coupling among its
branches. Moreover, the enantiomerically pure forms of NFBPy-
HC and BiNFBPy-HC emit notable CPL signals. Again, BiNFBPy-
HC has signicantly higher jgabsj for the longest wavelength
band and larger jglumj compared to NFBPy-HC, which is
ascribed to enhancement of magnetic transition dipoles.
Hence, the structural evolution from a dipole to a quadrupole
can simultaneously enhance absorptivity, TPA cross section and
CPL dissymmetry. Owing to the large 3, good FF and moderate
jglumj, the bis-fused quadrupolar BiNFBPy-HC achieves
a remarkably high BCPL (13.2 M−1 cm−1), representing a very
rare example of organic molecules that integrate excellent CPL
and TPA properties. Regarding the photophysical properties,
another notable thing is that all these B) N fused [6]helicenes
display intense uorescence in the solid state (FF= 0.24–0.60 in
powder form) with tunable emission colours from green to
6434 | Chem. Sci., 2026, 17, 6426–6437
yellow and then to orange. Considering the facile preparation,
great CPL performance, outstanding TPA properties, and effi-
cient solid-state emission of BiNFBPy-HC, it is expected to be an
excellent emitter. Furthermore, we believe that the valuable
results about the structure–property relationships will lay
a solid foundation for the rational design of new CPL-active
molecules, especially those with integrated great CPL and TPA
properties.
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Y. Coquerel and A. Nowak-Król, Controllable 1,4-Palladium
Aryl to Aryl Migration in Fused Systems─Application to the
Synthesis of Azaborole Multihelicenes, J. Am. Chem. Soc.,
2024, 146, 29245–29254.

59 W. D. Petrykowski, N. Vanthuyne, C. Naim, F. Bertocchi,
Y. M. Poronik, A. Ciesielski, M. K. Cyrański, F. Terenziani,
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F. Nájera, E. Pérez-Inestrosa, E. Álvarez, J. M. Lassaletta,
R. Fernández, A. Ros and U. Pischel, Strongly Emissive and
Photostable Four-Coordinate Organoboron N,C Chelates
and Their Use in Fluorescence Microscopy, Chem.–Eur. J.,
2015, 21, 15369–15376.
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