
UC San Diego
UC San Diego Previously Published Works

Title
Synthesis of π‐Conjugated Chiral Aza/Boracyclophanes with a meta and para 
Substitution

Permalink
https://escholarship.org/uc/item/4731n94d

Journal
Chemistry - A European Journal, 30(5)

ISSN
0947-6539

Authors
Zhang, Kai
Hao, Mengyao
Jin, Tianyun
et al.

Publication Date
2024-01-22

DOI
10.1002/chem.202302950
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4731n94d
https://escholarship.org/uc/item/4731n94d#author
https://escholarship.org
http://www.cdlib.org/


Hot Paper

Synthesis of π-Conjugated Chiral Aza/Boracyclophanes
with a meta and para Substitution
Kai Zhang+,[a] Mengyao Hao+,[a, c] Tianyun Jin,[d] Yafei Shi,[a] Guoqing Tian,[a] Chenglong Li,[a]

Hongwei Ma,[b] Niu Zhang,[b] Quansong Li,*[a] and Pangkuan Chen*[a]

We herein describe the synthesis of a new class of axially chiral
aza/boracyclophanes (BDN1, BXN1, BDB1 and BXB1) using
binaphthyls as chiral building blocks and the main-group (B/N)
chemistry with tunable electronic effects. All macrocycles
substituted with triarylamine donors or triarylborane acceptors
are strongly luminescent. These macrocycles showed two
distinct meta and para π-conjugation pathways, leading to the
formation of quasi figure-of-eight and square-shaped conforma-
tions. Interestingly, comparison of such structural models

revealed that the former type of macrocycles BXN1 and BXB1
gave higher racemization barriers relative to the other ones.
The results reported here may provide a new approach to
engineer the optical stability of π-conjugated chiral macrocycles
by controlling π-substitution patterns. The ring constraints
induced by macrocyclization were also demonstrated to
contribute to the configurational persistence as compared with
the open-chain analogues p-BTT and m-BTT.

Introduction

π-conjugated chiral macrocycles represent one of the research
frontiers in the chemistry of carbon nanorings and are of long-
standing synthetic interests. Allure of such compounds is
attributed not only to the unique electronic structures of
twisted π-systems and unusual optoelectronic properties to-
gether with their potentials in supramolecular chemistry and
material science,[1–5] but also to the fact that cyclization
reactions are thermodynamically unfavorable with low isolated
yields.[6] Despite substantial challenges arising from the syn-
thesis, quite a few intriguing π-conjugated chiral macrocycles
and fully fused nanobelts have been established by previous
efforts,[7–16] including application of the concept of inherent

planar chirality (with a uniform orientation of the aromatic
moieties)[17–24] as well as incorporation of chiral subgroups into
the ring skeletons.[25–38] The key advances of π-conjugated chiral
macrocycles could also be associated with rapid progresses in
chemistry of cycloparaphenylenes (CPPs) since the seminal
synthesis in 2008 by Jasti et al.[39–46] Not surprisingly thereafter,
the design principles rooted in the CPP macrocyclic chemistry
have been developed as one of the leading strategies to access
carbon-based chiral macrocycles.[47–51]

To further develop macrocyclic chiroptical materials, we
envisage the need to reconsider optical persistence that may
post an important issue and would thus be a requisite property.
In principle, racemization barriers of chiral macrocycles can be
considerably enhanced to stabilize their configurations using
two approaches: i) sterically encumbered substitution effects
(e.g. planar chiral pillar[5]arenes[52–55] and pagoda[4]arene[56])
and ii) configurational locking via chemical bonding (e.g.
metalation in expanded porphyrinoids[57]). Recently, Itami et al
reported a series of phenanthrene-based chiral macrocycles
where systematic tuning of the π-spacers showed a strong
influence on the configurational stability of ring structures.[25]

Other than these established approaches, our understanding of
the effects of π-conjugation pathways still remains limited.

However, the preparation of π-conjugated chiral main-
group macrocycles has rarely been achieved heretofore.
Compared with all-carbon-based organic materials, the main
group heteroatom doped aromatics show particular modula-
tions of the electronic structures and photophysical
characteristics.[58–64] To this end, the utilization of electron-
deficient organoborane acceptors and/or electron-rich aryl-
amine donors gave rise to highly luminescent π-conjugated
systems. In recent years, we and the Jäkle group reported
several aza/boracyclophanes with unique dipole-dependent
macrocyclic structures and highly tunable optoelectronic
properties.[65–71] As shown in Scheme 1, our group has previously
reported a highly luminescent organoborane-functionalized
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planar chiral pillar[5]arene with an emission quantum efficiency
up to Φ=99% in THF.[53] More recently, we prepared the first
series of chiral organoborane macrocycles with tunable emis-
sions from blue to the near-infrared region, and these
[5]helicene-based macrocycles display the unique conjugation-
dependent chiral properties.[72] Herein, we propose a new series
of π-conjugated axially chiral B/N macrocycles (BDN1, BDB1,
BXN1 and BXB1) by endocyclic substitution of phenyl groups
with binaphthyl moieties as versatile chiral building blocks.
These structural models can result in chiral macrocycles with a
structural diversity depending on the meta/para substitution
patterns (the 6,6’- vs 7,7’-sites relative to the 9,9’ positions of
binaphthyls) and in a distinct pathway to control the optical

stability as changes in macrocyclic conformations (i. e., quasi
figure-of-eight vs square shape). Insights into the ring con-
straints on similar aspects were also obtained when compared
with the open-chain analogues p-BTT and m-BTT.

Results and Discussion

Synthesis and Characterization

Scheme 2 shows the key steps of the synthetic routes of BDN1,
BDB1, BXN1 and BXB1, and the details are described in
Supporting Information (SI). The precursors 1 and 3 (starting

Scheme 1. Representative structures of B/N-doped main-group chiral macrocycles investigated in our group.

Scheme 2. Key steps of the synthetic approach to macrocycles BDN1, BDB1, BXN1 and BXB1. Reagents and conditions for the Suzuki coupling reactions:
Pd(PPh3)4 (5 mol%), K2CO3 (1 M), toluene/EtOH (5/1, v/v) for 24 h under N2. Bpin=pinacolato. See ref. [73] for the details of open-chain molecules p-BTT and
m-BTT.
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materials for conversion to triarylamine 2 and triarylborane 4,
respectively) as well as the binaphthyl moieties 5 and 7 were
prepared according to the previously reported procedures.[74,75]

The brominated racemic binaphthyls (R/S)-5 and (R/S)-7 were
further converted into (R/S)-6 and (R/S)-8 using diboronic acid
pinacol esters in the presence of palladium catalysts. The [2+2]
Suzuki coupling reactions of 2 with (R/S)-5 or (R/S)-7 gave rise
to the triarylamine-substituted macrocycles rac/meso BXN1 and
BDN1 in overall yields of 12% and 16%, respectively. Similarly,
the organoborane macrocycles rac/meso BXB1 (10%) and BDB1
(13%) were also obtained by reacting (R/S)-6 or (R/S)-8 with 4,
respectively.

After the analytically pure products were obtained by using
column chromatography, the meso (R,S)-conformers for BXN1,
BXB1 and BDN1 were isolated via the reversed phase HPLC.
Their resulting (R,R)/(S,S) racemates as well as the rac/meso-
BDB1 were further optically resolved into enantiomers through
the preparative chiral HPLC (see SI). Subsequently, the respec-
tive enantiopure (R,R)- isomers were used for full character-
izations by 1H, 13C, 11B NMR and high-resolution mass spectro-
scopy (HRMS). BXB1 as an example displayed well-resolved
peaks in the aromatic region of 1H NMR spectrum (CDCl3, 25 °C)
that can be assigned to protons attached to binaphthyl and
Ar3B moieties in accordance with the symmetric ring structure
(Figure 1a). The broad 11B NMR resonances centred at δB=

73 ppm indicate the presence of Bsp2 acceptors in BXB1 and
BDB1 (Figures S14 and S16). The successful preparation of
macrocycle BDN1 was also confirmed by high-resolution
MALDI-TOF-MS, in which only one single peak was observed at
m/z 1078.3742, corresponding to the molecular ion (calcd
1078.3765) (Figure 1b; other cycles are shown in Figur-
es S13, S17 and S24). All macrocycles show a high stability for a
few weeks both in solution and in the solid state under ambient
conditions.

Single crystals of rac-BXN1 and (R,R)-BDB1 for X-ray
diffraction analysis were obtained by slow evaporation from
CH2Cl2/MeOH and CH2Cl2/n-hexane, respectively. Figure 2a
shows the solid-state structure of BXN1 with a quasi figure-of-
eight conformation observed. The two N sites are separated by
a distance of 9.139 Å, and the related endocyclic bond angles
(119.00(3)°) and 118.35(3)°) are measured close to an optimal
value of 120°. In contrast, BDB1 shows a different square-
shaped structure with a much larger cavity size as evidenced by

a distance of dB…B=13.498 Å (Figure 2b). Also, the endocyclic
bond angles (118.43(3)° and 118.64(3)° against B centers) are
slightly smaller than those in BXN1. The dihedral angles
between the two naphthyl moieties are examined to be θ3=

50.94° and θ4=54.33° for BDB1, and θ1=55.33° and θ2=58.94°
for BXN1. The differences in these angles are suggestive of a
less strained structure for the quasi figure-of-eight macrocycles
with meta π-conjugation.

Figure 1. (a) Aromatic region of the 1H NMR spectrum for BXB1 (400 MHz, CDCl3, 25 °C). (b) MALDI-TOF mass spectrum (positive-ion mode) of BDN1 showing
experimental and simulated isotopic patterns.

Figure 2. X-ray single crystal structures: (a) rac-BXN1 and (b) (R,R)-BDB1 (C:
grey; O:red; 50% thermal probability). Solvent molecules and hydrogen
atoms are omitted for clarity. Inset: photograph of the single crystals rac-
BXN1 under 365 nm UV-lamp.
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Photophysical Properties and Electronic Structures

In the UV/Vis absorption spectra, these chiral macrocycles
exhibit similar absorption bands of π–π* transitions in the range
of 334–363 nm without solvent dependence. They show strong
emissions in CH2Cl2 with a high quantum yield (Φ=0.81, 0.53,
0.82, 0.81 for BDN1, BDB1, BXN1 BXB1, respectively; Figure 3a,
and Tables S3–S7), and the solvatochromic shifts in the
emissions were observed due to intramolecular charge transfer
(ICT, Figure S28). Variable-temperature (VT) emission spectra
reflected the thermochromic properties of macrocycles in
response to changes in temperature as an external stimulus
(Figure S31). As T is increased from 150 to 345 K, the thermally-
induced hypsochromic shifts of the emission maximum are
attributed to the variable stabilization of the ICT states as a
result of the T-dependent polarity of solvents. Luminescence in
the solid states (ΦS=0.20–0.34) may lead to potential applica-
tions in optoelectronic devices.

DFT computations have revealed the degenerate N-centred
HOMO/HOMO-1 and binaphthyl-delocalized LUMO/LUMO+1 in
BDN1, while the related two moieties are involved in the HOMO
or LUMO for BXN1. In BDB1, the HOMO is dominated by
binaphthyls and the LUMO is centred on B acceptors (Fig-
ure 3c). BXB1 shows the HOMO with contributions both from
the binaphthyls and the exocyclic phenyl rings on B, while the
LUMO is nearly delocalized over the B-bridged ring skeleton.
Each of the electronic transitions to S1, S2, S3, S4, S5 and S6 is
attributed to vertical excitations to the LUMO, LUMO+1 and
LUMO+2 from the HOMO, HOMO-1 and HOMO-2, all giving
rise to a charge transfer character. The cyclic voltammetry (CV)
scans of BDN1 and BXN1 showed reversible two-electron
oxidation waves with a half-wave potential at Eox1=2 = +0.49 and
+0.45 V (vs Fc+ /Fc, in CH2Cl2), respectively, corresponding to
the oxidations of N sites. In contrast, BDB1 and BXB1 exhibited

a reversible two-electron reduction band at Ered1=2 = � 2.36 and
� 2.32 V in THF, respectively, due to the reduction of electron-
deficient boron centers (Figure S32).

Each pair of the enantiomers showed a high enantiomeric
excess (>98% ee, Table S8), and their absolute configurations
were determined either by X-ray crystallography (Figure 2b) or
simulated ECD spectra (CAM-B3LYP/6-31G(d,p), Figure S46).
First, kinetic studies of thermal racemization were performed
for the open-chain molecules. As shown in Figure 4a, the ee
value for (S)-p-BTT was gradually decreased upon thermal
treatment as the conversion to (R)-p-BTT conformer in o-
dichlorobenzene (o-DCB) (Figure S37a). Temperature-depend-
ent ee values were monitored by HPLC at 130–150 °C. The rate
constants (k) obtained by equation (ln([ee]t/[ee]0)= � 2kt) were
plotted versus the reciprocal number of temperature (1/T).
Fitting of the data in Eyring plot gave racemization barrier
ΔG�

(298K)=32.93 kcalmol� 1 with the thermodynamic parameters
ΔH� =32.85 kcalmol� 1 and ΔS� = � 0.26 calmol� 1 K� 1 (Fig-
ure S38). In comparison, similar studies for (R)-m-BTT gave rise
to a larger barrier ΔG� =35.32 kcalmol� 1 (ΔH� =33.61 kcalmol� 1

and ΔS� = � 5.74 calmol� 1 K� 1). This is in accordance with a
racemization process of the latter at higher T >160 °C (Fig-
ure 4b and S37b).

For the square-shaped chiral macrocycles (S,S)-BDN1 and
(S,S)-BDB1, we observed two sets of new peaks in HPLC traces
upon heating at 175 °C and 168 °C, respectively. The existence
of enantiomeric and meso forms (Figure S39) likely indicates a
sequential two-step isomerization of the two binaphthyl units.
The time-dependent kinetic studies showed an increased
amount of the new fractions as evidenced by the relative
intensities (I/I(S,S)-BDN1 or BDB1, Figure S40). In sharp contrast, no
racemization was experimentally observed at all in the quasi
figure-of-eight (R,R)-BXN1 and (R,R)-BXB1 up to 180 °C (Fig-
ure S39c and S39d). When compared with the respective open-

Figure 3. Absorption and emission spectra: (a) in CH2Cl2 (1.0×10
� 5 M, under N2, λex=λabs,max) and (b) in the solid state at 298 K. (c) DFT-optimized structures and

frontier molecular orbital plots of BDN1, BDB1, BXN1 and BXB1 (iso=0.02, B3LYP/6-31G).
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chain (R)-p-BTT and (R)-m-BTT, racemizations of (S,S)-BDN1 and
(R,R)-BXN1 were found to proceed at higher T. They are
suggestive of larger racemization barriers for macrocyclic
systems, which could be attributed to the impact of ring
constraints on the configurational stability. Time-dependent
residual fractions revealed that (R)-m-BTT is configurationally
more stable than (S,S)-BDN1 (Figure S42). The experimental
results from kinetic studies lead to a tunable optical stability in
the order BXN1>m-BTT>BDN1>p-BTT as well as BXB1>
BDB1.

Racemization barriers of all chiral macrocycles were pre-
dicted by computational studies (B3LYP/6-31G(d)). Incorpora-
tion of two binaphthyl moieties into macrocycles provides three
stereomers: the racemic (R,R)/(S,S) isomers and meso-(R,S) form.
Calculated homochiral (R,R)-isomers are all thermodynamically
more stable than the meso-(R,S) forms with a larger difference
of Gibbs free energy for BXN1 (6.3 kcal/mol) and BXB1 (7.0 kcal/
mol) in comparison to BDN1 (3.4 kcal/mol) and BDB1 (3.4 kcal/
mol). Figure 4 and Figure S51 exhibit the proposed isomer-
ization from (R,R)-isomers to the meso-(R,S) conformers through
a transition state (TS) with the two extremities of binaphthyls
oriented face-to-face and confirmed by the intrinsic reaction
coordinate (IRC) calculations. The computational racemization
barriers were determined to be 29.4, 29.4, 35.3 and 38.4 kcal/
mol for BDN1, BDB1, BXN1 and BXB1, respectively, in line with
the trend derived from thermally-controlled kinetic studies,
similar to the trend observed in our [5]helicene-based chiral
macrocycles.[72]

The chiroptical properties in the ground state were
investigated by circular dichroism (CD) spectroscopy in CH2Cl2
(c=1.0×10� 5 M). Figure 5 shows clearly the mirror-image CD
spectra with strong Cotton effects. The anisotropy factors
associated with the most red-shifted Cotton effect (jgabs j ,
defined as Δɛ/ɛ) were estimated to be 2.91×10� 3 (364 nm),
1.46×10� 3 (364 nm), 3.79×10� 3 (341 nm) and 5.00×10� 3 (363 nm)
for BDN1, BDB1, BXN1 and BXB1, respectively. These values are
comparable to or slightly higher than those of the open-chain
p-BTT (jgabs j =7.11×10� 4, 364 nm) and m-BTT (jgabs j =
7.60×10� 3, 373 nm).[73] The dissymmetry factors were also
theoretically calculated by the equation gabs=4cosθ jm j jμ j /(j
m j 2+ jμ j 2), wherein μ, m, and θ represent the electric and
magnetic transition dipole moments, as well as the angle
between μ and m, respectively (Figure 5). The jgabs j values were
estimated to be 5.67×10� 3, 0.898×10� 3, 3.01×10� 3 and
8.07×10� 3 for the lowest-energy absorption peak (S0!S1,
B3LYP/6-31G(d,p)) of BDN1, BDB1, BXN1 and BXB1, respec-
tively, in good agreement with the experimental results.

Their chiroptical properties in the excited state were
characterized by circularly polarized luminescence (CPL) spectra.
As shown in Figure S43, all chiral macrocycles displayed mirror
images of the CPL profiles in solution (c=1.0×10� 5 M), and a
gradual redshift was observed in the spectra with increasing
solvent polarity, in line with the solvatochromic shifts in their
emissions due to a charge-transfer character. The luminescence
dissymmetry factors jglum j were examined to be in the range of
1.0×10� 4 to 4.08×10� 3 (Table S9 and S10). According to a
recently proposed concept, the CPL brightness (BCPL=

Figure 4. (a, b) Temperature-dependent ee ratio of enantioenriched (S)-p-BTT and (R)-m-BTT in 1,2-dichlorobenzene. (c, d) Isomerization process of the BDN1
and BXN1 from (R,R)- to (R,S)-isomer with the relative Gibbs free energy (kcal mol� 1) calculated at the B3LYP/6-31G(d) level.
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ɛ×ΦPL×glum/2)
[76] has been quantified to be 27.7, 6.7, 3.7 and

35.7 M� 1 cm� 1 for BDN1, BDB1, BXN1 and BXB1, respectively.
They indicate that the quasi figure-of-eight organoborane
macrocycle BXB1 would show the best overall performance as
CP-light emitting materials. The glum and BCPL values in these
cases are quite comparable to those reported for other chiral
cyclophanes and nanobelts (Figure S52 and Table S30).

With the experimental data both of jgabs j and jglum j in
hand, it is possible to correlate the ground- and excited-state
chiroptical properties as a function of the conjugation patterns
(meta vs para substitution). All the macrocycles and open-chain
analogues show smaller jglum j values than jgabs j , consistent
with the general trend for organic chiral molecules due to
conformational relaxation in the excited states. A closer
inspection of the glum–gabs plots revealed that the group of meta
conjugated molecules slightly differ from the para conjugated.
As shown in Figure 6, regression analysis of the plot for BDN1,
BDB1 and p-BTT gave a significant correlation with R2=0.944
as the result of the structurally rigid π-systems.[77,78] In contrast,
the smaller slope of the data fitting for BXN1, BXB1 and m-BTT
may reflect a higher degree of conformational flexibility as well
as a larger difference in the ground/excited state geometry of
the meta substituted compounds reported herein.

Conclusions

We have described the new structural models of π-conjugated
chiral main-group B/N macrocycles via aryl substitution with
chiral building blocks. This series of chiral aza/boracyclophanes
showed two distinct conformations that involve the quasi
figure-of-eight macrocycles (BXN1, BXB1) and square-shaped
ones (BDN1, BDB1). The unique structures were derived from

the different substitution patterns either at the para 6,6’ or
meta 7,7’ positions of binaphthyl moieties. DFT computations
together with kinetic studies reveal that the figure-of-eight
topology can provide a higher optical stability than the square-
shaped macrocycles, and that the ring constraints (versus the
open-chain analogues) also contribute significantly. The results
are further evidenced by the racemization energy barriers in a
trend p-BTT<BDN1<m-BTT<BXN1 as well as BDB1<BXB1.
Our discovery may offer a distinct approach to access highly
luminescent main-group chiral macrocycles by engineering the
ring conformation to address the critical issue of configurational
stability.

Figure 5. (a, d) CD spectra of enantiomers of chiral macrocycles in CH2Cl2 (c=1.0×10� 5 M) under N2 at 298 K. (b, c, e, f) The electric transition dipole moments
(μ, green) and magnetic dipole moments (m, red) calculated for the lowest-energy transitions (S0!S1, B3LYP/6-31G(d,p)) of all chiral macrocycles.

Figure 6. Correlation of the emission and absorption dissymmetry factors by
linear fitting of the data for meta conjugated (blue: BXN1, BXB1 and m-BTT)
vs para conjugated chiral systems (red: BDN1, BDB1 and p-BTT).
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Supporting Information

Experimental procedures, analytical data (1H, 13C, 11B NMR and
HRMS) for products and intermediates, crystallography, optical
resolution, photophysical and chiroptical data, and DFT compu-
tations.

Deposition Numbers 2181916 (rac-BXN1) and 2181917 ((R,
R)-BDB1) contain the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformations-
zentrum Karlsruhe Access Structures service.
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