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To reveal the factors governing the chirality transfer from a chiral unimolecule to a supramolecular
assembly, we constructed a series of [2]pseudorotaxanes through the intermolecular noncovalent inter-
action of a pair of chiral binaphthalene crown ethers with achiral secondary ammonium salts with
different chromophores, and found that the binaphthalene groups can induce new circular dichroism (CD)
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signals only in the [2]lpseudorotaxane structures between the host crown ethers and the guest molecule
with the anthryl group. Density functional theory (DFT) and time-dependent density functional theory
(TD-DFT) calculations show that the generation of the new CD signal is mainly due to the intermolecular
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Introduction

Supramolecular chirality’ arises from chirality transfer, chiral-
ity amplification and asymmetry breakage between chiral or
achiral components,>* which has sparked scientists’ curiosity
for the development of asymmetric catalysis,*” chiroptical
advanced materials,®™** biomimetics,'**? chiral
recognition'*™® and sensors. The rapid development of
supramolecular chemistry and molecular self-assembly pro-
vides versatile strategies to produce supramolecular chirality,
which usually include three aspects. That is, there are (a)
chiral molecules,'® (b) combination of chiral and achiral
molecules,”** or (c) aggregation of exclusively achiral mole-
cules® in supramolecular systems. In the meantime, chirality
transfer starting from single molecular chirality to a supramo-
lecular chiral system has drawn increasing attention.>* In
order to produce effective chirality transfer, it is important to
have strong interaction between the chiral molecule and
achiral molecule.” It is an ingenious strategy to construct a
chirality transfer system by combining chirality and host-guest
chemistry. Many supramolecular chiral systems have been
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chiral induction between the anthryl group in the guest and the naphthalene groups in the host.

reported, but most of them are based on the self-assembly of a
single component or co-assembly of two or more components
which have similar structures.>>® There are a few reports of
guest-induced  supramolecular chirality. For example,
Hayashita et al. developed supramolecular chirality induced by
15C5-Azo-dpa inside the chiral cavity of y-cyclodextrin due to
the recognition of ions by a guest molecule.”® Bhalla et al.
reported pyrazine derivatives with r-alanine groups as chiral
building blocks and the system’s supramolecular chirality
could be controlled by guests.”” Recently, we constructed some
photo-controlled chirality transfer systems based on pseudoro-
taxanes. One is a snowflake-like supramolecular clockwise-
helical assembly whose chirality can be controlled by the
photo-isomerization of azobenzene,*® and another is a photo-
chromic [3]pseudorotaxane whose induced circular dichroism
(ICD) signals can be tuned by the photo-oxidation of anthra-
cene.?® Nevertheless, to the best of our knowledge, no struc-
ture-based systematic approach has been employed in the
attempts to understand and control the supramolecular chiral-
ity transfer based on multicomponent supramolecular
systems. In this context, it is essential to systematically investi-
gate the chirality transfer behavior of related host-guest chem-
istry comparatively with different n-systems.

In the present study, we constructed a series of [2]pseudoro-
taxanes via the noncovalent interaction between a pair of
binaphthalene crown ethers (S)-1/(R)-1 and four secondary
ammonium salts 2-5 with different aromatic cores, ranging
from phenyl, naphthyl, and anthryl to pyrenyl (Scheme 1), and
systematically investigated their binding mode and the photo-
physical behavior by NMR, UV, fluorescence and circular
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Scheme 1 Chemical structures of two host crown ethers (R)-1 and (S)-
1, and four guest secondary ammonium molecules 2—5.

dichroism (CD) spectroscopy, and density functional theory
(DFT) and time-dependent density functional theory (TD-DFT)
calculations. It is of particular interest to us to elucidate the
origin of the supramolecular chirality transfer from chiral
binaphthalene crown ethers to [2]pseudorotaxanes. These
studies will aid our understanding of the chirality transfer in
supramolecular systems and may further contribute to the pre-
diction of macroscopic chirality of a wide variety of supramole-
cular aggregation.

Results and discussion

The formation of [2]pseudorotaxanes through the interaction
of binaphthalene crown ethers with secondary ammonium
salts can be conveniently monitored by 'H NMR spectroscopy.
As can been seen from Fig. 1, upon the equivalent mixing of
(S)-1 and 4 in dichloromethane, the proton signals of 4 and
(S)-1 both exhibit significant changes in the spectrum. These
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Fig. 1 Partial '"H NMR spectra (400 MHz, 298 K, 1.0 x 10> M) recorded
in CD,ClI, for (a) (S)-1, (b) an equimolar mixture of (S)-1 and 4 and (c) 4.
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observations suggest that the secondary ammonium cation
moiety of 4 threads into the crown ether ring of (5)-1.”%°° A
similar phenomenon has also been observed in the '"H NMR
spectra of the equivalent mixture of (S)-1/(R)}-1 and 2-5
(Fig. S8, S9, S10%), which indicates the formation of [2]pseu-
dorotaxanes between hosts and guests.

CD spectroscopy

CD spectroscopy is a versatile and widely used chiroptical tech-
nique which possesses the advantage of directly differentiating
supramolecular chirality without the assistance of other chiral
substances.”" The CD spectra of hosts (S)-1 (red line) and (R)-1
(black line) are shown in Fig. S11.f Strong Cotton effects
between 238 and 342 nm (Ayax = 248 nm, Ay, = 284 nm split
from Ag - o = 269 nm) are presented. According to the previous
reports, the CD signals could be due to the exciton coupling of
'By, transitions of the two naphthalenes,** while the positive
Cotton effects at 247 nm (Ae = 115 L mol~" em™") are the clas-
sical signals of the 1,1-binaphthyl chromophore.**™** In
addition, negatively intense CD signals were observed at
284 nm (Ae = —29 L mol™" em™") and 321 nm (Ae = —17 L
mol™" em™). The CD spectrum of (R)-1 is shown in Fig. S117}
(black line). As expected, the CD signals of (R)-1 were comple-
tely opposite to those of (S)-1 which means a couple of enan-
tiomers were obtained.

The [2]pseudorotaxanes constructed by hosts ((R)-1 and (S)-
1) and guests (2-5) were respectively investigated by CD spec-
troscopy. From the CD spectrum of 4 C (S)-1 (Fig. 2a), we can
see that the Cotton effect value of (S)-1 at 248 nm was dramati-
cally weakened to zero and two small peaks (split from Ag-y =
253 nm) appeared at the original wavelength region. It still
showed slightly stronger Cotton effects between 271 nm and
322 NM (Amayx = 283 nm, Ae = =36 L mol™" em™") compared to
(S)-1. Significantly, new negative triple peaks were displayed at
358 nm, 374 nm and 395 nm after two crossovers at 242 nm
and 350 nm. Obviously, the triple peaks are characteristic
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Fig. 2 Circular dichroism spectra of (a) 4, (R)-1, 4 c (R)-1, (S)-1and 4 C
(S)-1 and (b) 5, (R)-1, 5 c (R)-1, (S)-1 and 5 c (S)-1 in CH,Cl,: CH3CN =
20:1, and UV-vis absorbance spectra of (c) 4, (R)-1 and 4 c (R)-1 and (d)
5, (R)-1and 5 c (R)-1 in CH,Cl,: CHsCN = 20:1; [(R)-1] = [(S)-1] = [4] =
[5] = 10~* M; path length: 10 mm.
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absorption peaks of the anthracene chromophore.*® The new
Cotton effects are believed to arise from the intermolecular
chirality induction between anthracene and naphthalene
chromophores, while the CD spectrum of 4 C (R)-1 showed
new opposite positive triple peaks, which means the new
Cotton effects were determined by the configuration of the
host. We further verified that the new CD signals were caused
by the intermolecular chirality transfer from the naphthalene
chromophores in the host to the anthryl chromophores in the
guest.

As shown in Fig. 2b, instead of the strong Cotton effects of
(S)-1 at 248 nm, two opposite CD signals appeared at 243 nm
and 258 nm with a crossover at 250 nm. More interestingly, a
new negative peak was detected at 273 nm after a crossover at
266 nm. The new CD signal between 350 nm and 368 nm can
be ascribed to the absorption of 5. To perform an obvious and
intuitive observation, 10 times magnified CD spectra of 4 C
(S)1,4 c (R)-1,5 C (S)-1 and 5 C (R)-1 between the wavelength
region of the new CD signals were obtained. Similarly, comple-
tely opposite CD spectra were displayed by (S)-1 with either 4
or 5 compared to (R)-1. The induced chirality expressed in the
CD spectra is related to the chromophore packing model.*”
These new Cotton effects might be ascribed to the chirality
transfer from the binaphthyl units to the aromatic groups
lying in the cavities of (R)-1 and (S)-1.>®* We can conclude that
the CD signals of guests could be induced by enantiomers of
chiral hosts due to the complexations of crown ether rings
with the guests. The UV-vis spectra of the compounds ((S)-1,
(R)-1, 4 and 5) show typical absorption bands of binaphthyl,
anthryl or pyrenyl groups. In addition, the particular absorp-
tion peaks of 4 and 5 allows the observation of chirality trans-
fer through the CD spectra. As shown in Fig. S12a,7 a positive
peak at 246 nm (Ae = =53 L mol™" em™"), which is weaker than
that of (S)-1 with the same concentration, is presented by 2 C
(S)-1, while a completely opposite CD spectrum is shown by 2
C (R)-1. The same trend was found between 3 C (R)-1 and (R)-1
(Fig. S12b¥), and the Cotton effect value at 246 nm (Ae = =36 L
mol™" em™) is much weaker than that of 2 C (S)-1. We could
find that the CD signals of the hosts were weakened at 246 nm
through the assembly of the guests (2 and 3) with the hosts
((R)1 and (S)-1). We initially hypothesized that the hosts
induced the guests to generate opposite CD signals at 246 nm.

Theoretical calculations

To learn more about the chirality transfer from the host to the
guest, several meaningful quantum chemical calculations
about the CD signals of [2]pseudorotaxanes (4 C 1) were
carried out by DFT methods at the B3LYP-D3/6-31G(d,p)/
SMDypcwm level and TD-DFT methods at the TD-CAM-B3LYP-D3/
6-31G(d,p)//[SMDpcy level. Since the R-configuration (4 C (R)-1)
and the S-configuration (4 C (S)-1) are mirror images of each
other (Fig. 3), their properties are almost identical. Here we
only discussed the characteristics of the S-configuration (4 C
(S)-1) structure to illustrate the interaction characteristics of
the assembly.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The optimized structures and geometrical parameters of the (a)
R-configuration and (b) S-configuration assembly 4 c 1. Note: To save
the expensive calculation cost due to the large number of atoms in the
assembly, the optimization of the R-configuration and other calculations
were performed after the calculations of the S-configuration were com-
pleted, and the enantiomer of the convergent S-configuration was opti-
mized as the initial conformation for the R-configuration. Therefore, the
stable conformations of the R-configuration and S-configuration are
affected by the initial conformational difference, resulting in acceptable
and slight calculation errors. The default optimization convergence limit
of Gaussian 09 was used in all calculations, and the harmonic vibrational
frequency calculations confirm that these structures have no imaginary
frequencies, so that the obtained optimized structures are reliable.

As shown in Fig. 3, we found that one naphthalene ring in
the binaphthalene group is substantially parallel to the
benzene ring at the other end of the host crown ether (S)-1 in
the assembly 4 C (S)-1, and the benzene ring group of 4 is
inserted in the middle to form a sandwich structure. The non-
covalent interaction (NCI) analysis (Fig. 4) shows that there are
some dispersion interactions between the anthracene ring of
guest 4 and the binaphthalene group of host (S)-1, but the dis-
tance between them are both longer than 4.5 A, which means
there is no evident n-n interactions. In addition, the dihedral
angle of the binaphthyl group changed from 112.4° to 113.0°
after assembling with the guest, which is a tiny change. It
means the change in the CD spectrum is not caused by the
structural change of the molecular chiral chromophoric group.
Moreover, the positively charged secondary ammonium of 4

Fig. 4 The NCI analysis of the assembly 4 c (S)-1. (a and b represent
two different viewing directions. The green, blue, and red regions rep-
resent the weak, strong, and repulsive interactions, respectively.
Isosurface value = 0.01.)
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and the electronegative oxygen of (S)-1 have a significant
attractive effect. It is this attractive effect that supports the
stable existence of this assembly system. At the binding site,
the distance between two hydrogen atoms on the secondary
ammonium cation and the oxygen atom on the crown ether is
1.90 A and 2.04 A, which shows a certain characteristic of
hydrogen bonding. At the same time, we noticed that the
hydrogen atom on one side of the anthracene ring on guest 4
also has a strong attractive effect on the oxygen atom of (S)-1,
and the distance between them is 2.17 A, which also is a
strong attractive CH-O interaction. The Mulliken charge distri-
bution calculation (Table S2t) reveals that the negative charge
of the oxygen atom of the crown ether (S)-1 which is induced
by the electrostatic field of the positive charge of guest 4, and
the positive charge of the hydrogen atom on the aromatic ring
increased by the dipole-dipole induction enhanced the attrac-
tive force between the host and the guest. Meanwhile, the
hydrogen atom on the other side of the same anthracene ring
is close to the binaphthyl group of the host molecule but there
is no oxygen atom nearby, which means the interaction
between the anthracene ring of the guest and the binaphtha-
lene group of the host is a dispersion force. Through mole-
cular structure and NCI analyses, we can preliminarily judge
that the chemical environment is different and the interaction
force is not symmetrical on both sides of the guest molecule 4
in the assembly, which may be the cause of the new spectral
peak in the CD spectrum of 4 C (S)-1.

To reveal the origin of the new CD signals, we calculated
the theoretical CD spectra of guest 4, host (S)-1 and [2]pseu-
dorotaxane 4 C (S)-1 respectively (Table S1T). We found that
the first three excited states of [2]pseudorotaxane 4 C (S)-1
have the same direction, which may correspond to the triple
peaks in the CD spectrum experiment. Interestingly, the sym-

S, of 4=($)-1

S, of 4<(8)-1
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metrical guest 4, which should have no CD signal due to the
symmetry of the Cq point group, could be optimized into an
asymmetric structure without symmetry constraints to produce
some weak CD signals in the calculations, and there are two
opposite peaks of 4 within the range of the triple peaks of [2]
pseudorotaxane 4 C (S)-1. In addition, the first singlet excited
state of the independent host (S)-1 is also in this range, but it
shows an opposite direction to the triple peaks. As analyzed
above, we found that the excitation of the triple peaks of [2]
pseudorotaxane 4 C (S)-1 corresponds to the first excitation of
guest 4 and the first two excitations of host (S)-1. Natural tran-
sition orbital (NTO) and hole-electron distribution analyses
were performed to reveal the mechanism.**™*' According to the
hole-electron distribution (Fig. 5), we found that the transitions
from S, to S; or S, is a local excitation (LE) in anthracene for
the independent guest 4, and the transitions from S, to S; is
also a LE in binaphthalene for the independent host (S)-1. The
[2]pseudorotaxane 4 C (S)-1 shows the same LE transition mode
in anthracene or binaphthalene of the inclusion system. In
addition, the NTOs show that the LE makes almost all contri-
butions in the independent molecular system, and in the
inclusion system, the LE still makes the main contributions,
and the charge-transfer (CT) excitation also makes great contri-
butions (Table S1 and Fig. S167). To evaluate the influences of
CT in the inclusion system visually, we drew the continuous
hole-electron (Ceje~Chole) distribution, which equivalently
describes the hole-electron distribution with a Gaussian func-
tion,** and we found that there are directional shifts in the
hole-electron distribution of the complexation (Fig. S177).
Above all, we could conclude that the triple peaks in the CD
spectra of the [2]pseudorotaxane originated from the LE of the
host and guest molecules. And for the guest molecule in the
inclusion system, the change in the chemical environment

S; of 4(9)-1

Fig. 5 Electron—hole distributions of the vertical excitations for 4 c (S)-1 (green = electron, blue = hole).
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destroyed the symmetry, so that new CD signals appeared in
the [2]pseudorotaxane. Not only does LE provide the main con-
tributions but CT also provides large contributions due to the
assembly. As a result, the asymmetric induction between the
binaphthalene of the host and the anthracene of the guest in
the inclusion system allows the LE to produce a directional
shift, which changes the direction and intensity of the peaks
in the CD spectra. Hence the triple peaks could be observed in
the CD spectrum experiment. Based on the DFT and TD-DFT
calculations, we concluded that the these new CD signals were
generated mainly due to the intermolecular chiral induction
between anthracene and naphthalene chromophores.

FRET and K; calculation

UV-vis spectroscopy and fluorescence spectroscopy were
employed to obtain the binding constants between the hosts
and the guests. As shown in Fig. 6a, there was a good spectral
overlap between the emission of (S)-1 (donor) and the absorp-
tion of 4 (acceptor) which is favorable for the FRET process.
According to the classical description of Forster resonance
energy transfer (FRET), an efficient energy transfer requires a
spectral overlap between the emission of the donor and the
acceptor chromophores.”>™*® Significantly, the fluorescence
intensity of (S)-1 at 369 nm was greatly decreased with the
addition of 4 (Fig. 6b). Through a simple calculation based on
the equation ®pp = 1 — Ips/Ip,** the energy-transfer efficiency
(Pery was calculated as 75.0% in the mixed solvent
(CH,Cl, : CH3CN = 20:1), measured under the conditions of
[(5)}1] = [4] = 1.0 x 10™* M at 367 nm with e = 295 nm.
Similarly, the energy-transfer efficiency (®gr) between (R)-1
(donor) and 4 (acceptor) was calculated as 79.9%. Then
the same  experiment in  the mixed solvent
(CH,Cl, : CH3CN : CH30H = 20:1:1) was performed and the
energy-transfer efficiency (@gr) between (S)-1 (donor) and 4
(acceptor) was calculated as 65.7% (Fig. S157). It indicated that
the inclusion strength and FRET effect between (R)-1 and 4
falls off with the change in the solvent. Furthermore, the fluo-
rescence titration experiments were carried out to investigate
the binding behavior between (R)-1 and 4. As shown in
Fig. S13b,f with the addition of varying quantities of 4 to the
solution of (R)-1, the fluorescence emission peaks at 369 nm

(a)

"——Emission of (5)-1
—— Absorption of 4

(b)

Norm.Absorption (Red)
Norm.Emission (Black)
IF

3 350 400 A
Wavelength (nm)

Wavelength (nm)

Fig. 6 (a) The normalized emission spectrum (lex = 295 nm) of (S)-1
and the absorption spectrum of 4. (b) The fluorescence spectra (lex =
295 nm) of (S)-1 in CH,Cl,: CHsCN = 20:1 (1.0 x 10™* M) with different
concentrations of 4. The concentrations of 4 were 0, 1 x 107>, 2 x 107>,
3x107°%,4%x107°,5x107% 6x107%7x107° 8x107° 9 x 10" and 1
x 10™* M. The silt width was 2.5 and 2.5 nm for emission.
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decreased sharply, accompanied by the appearance of
enhanced triple peaks at 405 nm, 423 nm and 450 nm. The
binding constant (K, = (4.24 + 0.24) x 10* M™") between (R)-1
and 4 in the mixed solvent (CH,Cl,:CH3;CN = 20:1) was
obtained by the nonlinear least-squares fitting method™°
(Fig. S14ct), which was consistent with the previous
reports.”’>* Using the same fluorescence titration method, the
K value between (R)-1 and 5 was calculated to be (3.55 + 0.38)
x 10" M™" (Fig. S14d¥). Furthermore, using the UV-vis absor-
bance titration method, the K value between (R)-1 and 2 was
calculated to be (1.28 = 0.05) x 10* M™* (Fig. S14at) and the K;
value between (R)-1 and 3 was calculated to be (3.17 + 0.19) x
10* M~ (Fig. S14b1).

Conclusions

In summary, we constructed a series of [2]pseudorotaxanes by
the assembly of a pair of chiral binaphthalene enantiomeric
ethers (R)-1/(S)-1 with four achiral secondary
ammonium ions 2-5 containing different n-conjugated
systems. CD spectroscopy studies showed that the binaphtha-
lene groups could induce new CD signals only in the [2]pseu-
dorotaxane structures of the host crown ethers and guest 4
with the anthryl group, indicating that a supramolecular chir-
ality transfer process occurs from the unimolecule to [2]pseu-
dorotaxane systems. DFT and TD-DFT calculations illustrated
that this new CD signal arises mainly due to the inter-
molecular chiral induction between anthracene and naphtha-
lene chromophores. By coincidence, binaphthalene and
anthryl are a known effective FRET pair, so a highly efficient
FRET process occurred between host 1 and guest 4. These new
observations are useful not only for globally understanding the
supramolecular chirality transfer phenomena but also for
designing tailored supramolecular components for versatile
supramolecular chiral materials.

crown

Experimental
Instrumentation and methods

All the reagents and solvents were commercially available and
used as received without further purification. Column chrom-
atography was performed on silica gel (200-300 mesh). NMR
spectra were recorded on a Bruker AV400 instrument at 25 °C
and chemical shifts were recorded in parts per million (ppm).
High-resolution matrix-assisted laser desorption/ionization
spectra (HR-MALDI) were measured on a Varian 7.0T FT-MS
spectrometer. The UV light irradiation experiment was carried
out using a ZF-7A lamp (365 nm, 8 W), and the visible light
irradiation experiment (4 > 420 nm) was carried out using a CEL
HXF300 xenon lamp with a cutoff filter. UV-vis spectra were
recorded on a Shimadzu UV-3600 spectrophotometer equipped
with a PTC-348WI temperature controller. Steady-state fluo-
rescence emission spectra were recorded using a conventional
quartz cell (lightpath 10 x 10 x 45 mm) at 25 °C on a Varian Cary
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Eclipse spectrometer equipped with a Varian Cary single-cell
peltier accessory to control the temperature. CD spectra were col-
lected on a JASCO J-715 Circular Dichroism spectrometer.

Theoretical calculation

All DFT and TD-DFT calculations were performed using the
Gaussian 09 software. For the stronger flexibility of the assem-
bly, we obtained the crystal structure from ref. 54 and con-
structed the initial conformation by modifying it. The geome-
tries were optimized by using the B3LYP-D3/6-31G(d,p)
method for all molecules and systems.>>” The harmonic
vibrational frequency calculations at the same level of theory
were performed to reveal that the local minimum had no ima-
ginary frequencies. The SMD solvation model with the di-
chloromethane solvent was used in all quantum chemistry cal-
culations.”® NTOs were obtained to illustrate the transition
characters of all of the excited states based on the geometries
of ground states using TD-DFT at the CAM-B3LYP-D3/6-31G(d,
p) level.”>* The electron-hole distribution and NCI analyses
were performed and drawn using the Multiwfn program
(version 3.6) and VMD 1.9.3 tool.®*%!
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