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Spatial arrangement of multiple planar chromophores is an emerging strategy for molecule-based
chiroptical materials via easy and systematic synthesis. We attached five pyrene planes to a chiral
macrocycle, pillar[5]arene, producing a set of chiroptical molecules in which pyrene-derived absorption

and emission were endowed with dissymmetry by effective transfer of chiral information. The chiroptical
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between pyrene units. One of these hybrids showed larger dissymmetry factor and response wavelength
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Introduction

Chirality occurs widely in nature, enabling sophisticated
folding or assembling structures and recognition systems that
are essential for biological activities. Chirality is also a key for
advanced materials because of characteristic functions caused
by symmetry breaking. Among them, interaction between chiral
compounds and circularly polarized light is of prime impor-
tance. Much attention is directed to circular dichroism (CD) and
circularly polarized luminescence (CPL) of newly synthesized
compounds with diverse structures." Organic m-conjugated
molecules are attractive in terms of strong m-m* electronic
transitions as well as lightweight, flexible and soluble nature.”
However, they are mostly achiral due to planar structures and
need to be endowed with chirality by structural modification.
Contorting planar m-conjugated skeletons into non-planar
ones is a major protocol to attain strong chiroptical response.
Helicenes® are one of the most representative classes of
compounds and have been extensively studied (Fig. 1a),
including derivatives with controlled symmetry** and electric
and magnetic transition dipole moments (1 and m).* Recently,
macrocyclic compounds have also attracted intensive research,’
one of which improved the record of CPL dissymmetry factors
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3 at ca. 547 nm) than reported pillar[5]arene-based molecules using the pillar[5larene
cores as parts of photo-responsive -conjugated units.

(glum) in organic molecules.® Cyclic structures were indicated
to be effective for the development of chiroptical molecules
because they had appropriate symmetry and an increased ratio
of |m| to |u|, which is typically small in organic compounds
without d- and f-electrons. Although these platforms offer
appealing electronic systems with smooth m-conjugation, the
synthesis requires construction of distorted structures and in
some cases fused structures via multiple bond formation.
Spatial arrangement of 7t-conjugated planes is another strategy
for chiroptical molecules.>*** In these systems, 7-conjugated units
are simply connected to chiral centres with single bonds or
aggregate into chiral assembly using non-covalent interactions.
These characteristics are suitable for systematic structural alter-
ation, enabling easy tuning of response wavelength and solubility.
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Fig. 1 (a) Two key strategies for chiroptical molecules. (b) Chemical
structure of a pillar[5]larene and (c) its modification toward CPL-active
derivatives.
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The less rigid structures also allow them to switch the chiroptical
properties in response to external stimuli.?»#*2 On the other hand,
it is relatively difficult to obtain high g values with this approach as
compared with contorted 7-conjugated systems because strong 7t-
conjugation was unavailable for inducing chirality. To transmit
chiral information effectively to photo-responsive m-conjugated
units, 7-stacked dimers in chiral arrangements were extensively
used.*>* -Stacked pyrene dimers with excimer emission is one
of the most investigated systems** for elaborate stimuli-responsive
systems. Meanwhile, molecular designs for strong chiroptical
response were rather unexplored. Chiral w-stacked dimers of pyr-
ene were piled up by integrating them with chiral oligo-naphthyl
backbones and helical polymers™ or forming one-dimensional
supramolecular assemblies.’* However, ideas applied in the
designs of contorted m-conjugated molecules, such as forming
chiral cyclic structures, have not been fully exploited in these -
stacked systems, except the latest example using cyclodextrins."
The report attained highly efficient CD and CPL induction, while
both left- and right-handed responses were attained by tuning
linker units as only one chirality is available for cyclodextrins.
Hence, we envisage arranging multiple pyrene units on a rim of
pillar[5]arene, a cylindrical macrocyclic molecule.

Pillar[5]arenes 1R (Fig. 1b)'*"” are constructed from para-
phenylene units linked with methylene groups. Each phenylene
unit is usually substituted with alkoxy groups at the 2,5-positions
and exhibits planar chirality. With small and flexible alkoxy
groups, the 7-units can rotate with inversion of the chirality,
which affords equilibrium state between energetically preferred
all-S;, or all-R, conformations.'® On the other hand, two enan-
tiomers are successfully separated when bulky substituents are
attached onto both rims.* Although enantiopure pillar[5]arenes
themselves have good chiroptical properties (gaps: 10> order),
they are not suitable for CPL materials because of poorly fluo-
rescent nature and short response wavelength (<320 nm). To
circumvent these drawbacks, several functionalized pillar[5]are-
nes were developed (Fig. 1¢).>>** In 2020, Chen and co-workers
introduced amine and borane substituents into one unit of
a pillar[5]arene and attained CPL at around 455 nm (2).>*
However, the emission largely relied on the functionalized ter-
phenyl unit and hence limited chiral transfer from the chiral
macrocycle core resulted in 10~ order of gi,,, value. We reported
a set of rim-differentiated pillar{5]arenes 3X with improved
dissymmetry based on retained Cs-symmetry, but the twisted
biphenyl units gave chiroptical response at around 400 nm or
less.** A rational solution to these drawbacks is hybrids with
planar m-conjugated units such as pyrene,* in which a pillar[5]
arene served solely as a chiral Cs-symmetric platform. Indeed,
a hybrid molecule in the present work exhibited gjym of —7.1 x
10~* at around 550 nm, derived from a chiral pyrene cluster. The
luminescence properties were also dependent on the linker
segments and substituents on pyrene rings.

Results and discussion
Synthesis and characterization

Synthesis. Pillar[5]arene scaffold 9 was prepared according
to the reported procedure.”* As an initial attempt, the Sx2
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reaction with 1-(bromomethyl)pyrene was tested with Cs,COj3 in
a mixture of N,N-dimethylformamide (DMF) and toluene at
110 °C. Although the target compound was observed in the 'H
NMR spectrum, the crude mixture contained large amounts of
side products because of the incomplete 5-fold reaction. After
several experiments, NaH turned out to be effective but still the
target product could not be isolated by gel permeation chro-
matography (GPC) and repeated recrystallization. The unfunc-
tionalized pyrene segments led to poor solubility in n-hexane
and low polarity, which made silica gel chromatography useless
for purification.

With this partial success in mind, we envisioned incorpo-
ration of ester groups on pyrene periphery (Scheme 1). Butyl
ester was selected due to its adequate polarity, solubilizing
ability and m-stacking character derived from small bulkiness
and weakly electron-withdrawing nature. After ester formation
with 1-bromobutane,® a combination of dichloromethyl methyl
ether and TiCl, enabled to append a formyl group.”® After
reduction of formyl groups into hydroxymethyl groups with
NaBH,,” three isomers were separated using a high-
performance liquid chromatography (HPLC) system with
a chiral column. Assignment of isomers 7a-c was conducted
based on their NMR spectra including two-dimensional corre-
lation measurement (for details, see Tables S3-1 and S3-2,
Fig. S3-3 to S3-5, S3-12 to S3-16 in the ESIt). Final bromina-
tion with PBr; furnished ester-appended (bromomethyl)pyrenes
8a-c. The Sy2 reaction of pillar[5]arene 9 with 8a-c was con-
ducted under the conditions optimized with simple (bromo-
methyl)pyrene. While 1,3-substituted pyrene did not provide the
corresponding product at all probably because of large steric
hindrance, use of 1,6- and 1,8-derivatives led to smooth reaction
due to improved solubility of multi-pyrene products. Since
remaining 8b and 8c overlapped on silica gel columns, products
10b and 10c were obtained as pairs of pure enantiomers in 28-

o?n cogau Y.
I I xilicno xilicu OH xilicn Br

8a (X=CO,Bu, Y=Z=H)
8b (Y =CO,Bu, Z=X = H)
8¢ (Z=CO,Bu, X =Y =H)

7a (14%)
7b (31%)

CH Br 7c¢ (33%)

O

11(15 equiv) 8a-c (15 equiv)
NaH (15 equiv) NaH (15 equiv)
DMF/lquene DMFIlquene
110 °C,12h 0-CH,Cy |1O °C,12h
Q OO ¢ = OQ

] ? q ; ?
CyCH,-0 0-CH,Cy CyCH,-0l5 0-CH,Cy

(R,)-10b (14%), (S,)-10b (14%) (Y = CO,Bu, Z = H)
(R)-10¢ (15%), (S,)-10¢ (14%) (Z=CO,Bu, Y = H)

12 (10%)
Scheme 1 Introduction of pyrene units on one rim of a pillar[5]arene
with cyclohexylmethoxy stoppers. Reagents and conditions: (a) 1-
bromobutane (1.5 equiv.), K,COs3 (2.0 equiv.), DMF, 80 °C, 26 h, quant;
(b) MeOCHClL, (1.25 equiv.), TiCly (1.25 equiv.), CH,Cl,, 0 °Cto RT, 1 h,
46% as mixture; (c) NaBH4 (0.26 equiv.), CH,Cl,/MeOH, —20 °C, 1 h,
total 78%; (d) PBrs (1.2 equiv.), toluene, 0 °C to RT, 1 h, 44-47%.
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29% total yields after chiral HPLC separation (Fig. S6-11). To
examine effects of spacer length between pillar[5]arene and
pyrene moieties, 12 was synthesized with 1-(bromoacetyl)pyrene
in 10% yield. The solubility of 12 was not very high and hence
purification was performed by GPC and recrystallization from
CH,Cl,/n-hexane. Because of the inserted carbonyl groups with
moderate polarity, 12 was successfully separated into enantio-
mers using a chiral column.

NMR spectroscopy. Because of bulky substituents on both
rims of pillar[5]arenes, pyrene-arrayed pillar[5]arenes 10b, 10c,
and 12 displayed sets of Cs-symmetric signals in the "H NMR
spectra (Fig. S3-9 to S3-117). Clear peak splitting was observed
for methylene protons in the pillar[5]arene cores and pendent
OCH,-moieties on both rims, indicating restricted unit rota-
tion."® Pyrenyl protons appeared at 8.80-6.87 and 9.00-
7.55 ppm in 10b and 10c respectively, which were largely up-
field shifted compared with those in 8b (9.23-8.03 ppm) and
8c (9.38-8.00 ppm). The peak shifts were mainly ascribed to
aromatic shielding by a pyrene ring in the next unit, suggesting
the proximity of pyrene planes suitable for effective inter-
actions.§ Two protons in 12 were much more shielded (6.00 and
5.89 ppm), which implied the existence of CH/m interactions.

Optical properties

UV/vis absorption and CD spectra. Fig. 2a presents the UV/
vis absorption and CD spectra of 10b, 10c and 12 in CHCI;.
Because of five pyrene segments, the UV/vis absorption spectra
of 10b and 10c were composed of two major bands at 286 and
358 nm with a side peak at 389 nm. In common per-alkoxy-
substituted pillar[5]arenes, broad UV absorption was observed
at around 300 nm, which was not apparent in 10b and 10c by
overlapping with the shoulder region of the intense 286 nm
peak. In contrast, CD signals due to pillar[5]arene cores were
clearly observed at 310 nm with |Ae| ~ 120 M~ cm™" and |gaps|
~ 4 x 107 (Table 1). The |g,ps| values were smaller than that of
the per-cyclohexylmethoxy-substituted derivative (|gaps| = 20 X
10*)" because of dilution by the weakly dissymmetric pyrene-
based absorption. From the positive Cotton effect of this peak,

g

(a) 18
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the 1st fractions of 10b and 10c were assigned as R,-forms and
the 2nd fractions as S,-forms. CD intensities in the long-
wavelength range were also high for 10b (|Ae] = 83 M~ " ecm ™!
and |gaps| = 1.0 x 10~* at 372 nm) and moderate for 10c with
some broadening (|Ae| =40 M " em ™" and |gaps| = 0.3 x 1072 at
361 nm). These values indicated that chiral information was
transferred effectively from the pillar[5]arene to pyrene moieties
in these hybrid molecules.

In 12, unfunctionalized pyrene rings were separated by
longer spacer segments with additional carbonyl groups, but
the UV/vis and CD spectra of 12 displayed roughly the same
shapes as those of 10b and 10c. As minor differences, UV/vis
absorption of 12 were broader to extend the tail over 430 nm
probably due to the existence of several conformations with
different interactions between pyrene units (vide infra). Addi-
tional CD peaks with the opposite sign were also evident at both
high- and low-energy sides of the 310 nm signal. The pyrene-
based CD band of 12 was the most intense (|Ae] =97 M~ ' cm ™"
at 373 nm) among the three and reached almost the same
dissymmetry as the pillar[5]arene-derived band in the long-
wavelength shoulder region (|gaps| = 2.7 x 10~ at 406 nm).

Fluorescence and CPL spectra. Fluorescence spectra of 10b
and 10c in CHCI; were composed of single bands with clear
vibronic structures at around 400 nm, which can be assigned to
emission from locally excited states (Fig. 2b). On the other
hand, that of 12 additionally had a weak and broad signal at
500-700 nm. Such bands were almost negligible in the cases of
10b and 10c, which reflected the structural differences of spacer
lengths. When the excitation wavelength was altered from

Table 1 Summary of chiroptical properties in CHClz

Aabs [nm] (|gabs‘ X 103] @luma )\lumb [nm] (‘gluml X 103)
10b 310 (4.0) 372 (1.0) 0.13 (Not detected)
10c 310 (3.6)  361(0.3)  0.15 ca. 500 (3.2)
12 310 (4.6) 373 (1.5) 0.01° ca. 547 (7.0)¢

% Jex = 350 nm. ? Ao, = 280 nm. € 4.4 x 10°°M. ¢ 5.7-6.5 x 10" ° M.

o)

T T (scaled at 415 nm)
— 34x107M
_ 12 — 10b 5 — 10b (3.1X 106 M) 5 9.8%107M
E — 10c 2 — 10c (7% 105 M) 8 2.1%10°M
L — 12 3 — 12(4.4%x10°M) 3 44x10°M
< - e — 6.4x106M
z 8 8 8 1.2x105 M
=] aQ @
T 2 £ — 26X10°M
~ o o
w = &
0
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T 2 — 10c (1st, Ry) Alnm ——
— 12(1st, R) — 10c (1st, R,) 15 0.3
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3 --- 10c (2nd, S,) . et
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L < s6xt0em 2 1013850m : 02
5 o — 12(1st, R) E, . .
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Fig. 2

Alnm —

concentraton /M ——

(a) UV/vis absorption (top) and CD (bottom) spectra of 10b, 10c and 12 in CHCls. (b) Fluorescence (top, Aex = 350 nm) and CPL (bottom, ey

= 280 nm) spectra of 10b, 10c and 12 in CHCls. (c) Concentration-dependent fluorescence spectra of 12 in CHCl; (top) and relative intensity plot
(bottom) of peaks at 395 nm (black, left axis) and 550 nm (blue, right axis) scaled at 415 nm.
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350 nm to 370 and 390 nm, 10b and 10c exhibited almost
identical spectra to that with 350 nm excitation except for
changes in ratios of two peak top intensities (Fig. S5-21). The
spectral shape of 12 varied with small red shifts upon excitation
at longer wavelengths, while the intensity at around 547 nm was
roughly retained. These results suggested that 10b and 10c took
nearly single stable conformation, changed between multiple
conformations fast or showed similar fluorescence regardless of
conformational differences. In contrast, it was assumed that
two or more conformers contributed to fluorescence behaviour
of 12, indicating again the significance of spacer structures.

To characterize fluorescent species, excitation spectra were
measured for all the peak top wavelengths of 10b, 10c and 12
(Fig. S5-3 and S5-41). While each spectrum of 10b and 10c dis-
played shape like its UV/vis absorption spectrum, that of 12 did
not overlap well. Upon detection at 395 and 415 nm, the spectral
shape of 12 appeared sharp like those of 10b and 10c and it was
highly broadened with 550 nm detection. These results implied
that the UV/vis absorption spectrum was understood as the sum
of two types of excitation spectra and short- and long-
wavelength emission were mainly derived from different
ground-state conformations. Excitation spectra were also
acquired at 500 nm, which corresponded to the tail region of
single-pyrene emission. The spectrum of 12 was similar to that
at 550 nm, reflecting large contribution of the conformer with
broad UV/vis absorption. The spectra of 10b and 10c were not as
broad as that of 12 but were significantly deviated from excita-
tion spectra at 397 and 417 nm. The broadening indicated the
presence of minor conformations in 10b and 10c with broad
absorption though their populations were too small to be
detected in usual UV/vis and fluorescence spectra. Further, two
types of species were characterized by emission lifetime
measurement (Fig. S5-5 and S5-6, Table S5-11). At wavelengths
of single-pyrene emission, all the hybrids showed lifetimes of
4.3-4.6 ns along with minor contributions with shorter decay
constants (0.30-2.3 ns). At 500 nm, 10b and 10c had additional
components of 22 and 19 ns respectively, which indicated the
presence of excimer emission in the tail regions. In the case of
12, fitting for decay at 500 and 550 nm was rather difficult owing
to multiple conformations but included components with
longer lifetime (>7.0 ns) assignable to excimer emission. These
results demonstrated that conformations with broad absorp-
tion led to excimer emission in tail regions more efficiently than
those with sharp absorption.

Then, concentration effects on emission properties were
investigated. While both UV/vis and fluorescence spectra of 10b
and 10c were not concentration-dependent, the fluorescence
spectrum of 12 changed its shape in response to concentration
with its UV/vis, CD, and 'H NMR spectral shape unchanged
(Fig. S3-18, S5-7 and S6-41). These results showed the absence of
ground-state aggregates. As the concentration increased over
10~° M, relative intensity at 395 nm dropped as compared with
that of 415 nm and that at 550 nm gradually increased (Fig. 2c).
Therefore, long-wavelength emission at around 550 nm was
accounted for mainly by intermolecularly formed pyrene exci-
mers. On the other hand, nearly constant intensity (relative
intensity of ca. 5%) at 3.4 x 10~’ M was due to intramolecular
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excimers.
implied that most conformations of 12 did not easily take

Large contribution of intermolecular excimers

conformations suitable for intramolecular excimer states but
were able to form intermolecular -stacked dimers. On the
other hand, absence of concentration-dependence in the fluo-
rescence spectra of 10b and 10c indicated that intermolecular
excimers were not accessible from 10b and 10c probably
because of appended ester groups and long-lifetime compo-
nents in the tail region could be accounted for solely by intra-
molecular excimers.

CPL spectra were also recorded for enantiopure fractions of
10b, 10c and 12 in CHCl; (Fig. 2b). Notably, single pyrene-based
emission at around 400 nm was CPL-silent for all the
compounds despite intense CD response and only excimer-
based emission showed evident CPL signals. Along this line,
12 displayed a pair of mirror-image CPL at 480-680 nm. The
observed |gjum| value at around 547 nm peak top (7.0 x 10> at
5.7-6.5 x 10~° M) was the highest among pillar{rn]arene single
molecules in solution, though the luminescence quantum yield
was low (@1, = 0.01).9 The |gium| value was also concentration-
dependent and increased from 2.5 x 10 > at 2.7 x 10"’ M to 8.4
x 1072 at 2.4 x 10~> M, which indicated that CPL signals were
composed of both intramolecular and intermolecular excimer
emission and the latter possessed larger dissymmetry factor.
Curiously, CPL was not detected for 10b at 350-800 nm but 10c
displayed CPL signals at 470-600 nm (|gjum| = 3.2 x 107° at
around 500 nm), which corresponded to the tail region with
small contribution of intramolecular excimers in the fluores-
cence spectrum.

Conclusions

Multiple m-conjugated planes were arranged on a chiral mac-
rocycle by using functionalized pyrenes and a pillar[5]arene
with cyclohexylmethoxy groups on the other rim, via 5-fold Sy2
reactions of a phenolic pillar[5]arene. In these hybrids, fixed
chiral information of the pillar[5]arene was effectively trans-
mitted to the assemblies of pyrene units, leading to as intense
CD signals at 350-400 nm as that at 310 nm due to the per-
alkoxy-substituted pillar[5]arene. Pyrene-derived emission
bands were composed of single-pyrene fluorescence at around
400 nm with vibronic structures and excimer emission at 500~
550 nm in the tail region. The former was silent in CPL response
while the latter displayed 10> order of CPL signals. The exci-
mer formation was effective with a three-atom linker as
compared with two-atom ones and was sterically hampered
when substituents on pyrene units were located inside the
macrocycle. Without additional substituents on pyrenes, intra-
molecular excimer formation competed with the intermolecular
process, offering concentration-dependent fluorescence
properties.

In this work, a high |gjum| value of 7.0 x 107 at around
550 nm was attained based on the hybrid of a chiral macrocycle
and 7-conjugated planes. Although the luminescence quantum
yield was low, the obtained CPL response demonstrated a useful
design principle for CPL-active pillar[5]arene molecules.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Further studies on chiroptical pillar[n]arenes are underway in
our group.
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