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a pillar[5]arene-based
supramolecular chiral polymer linked to
aminophosphine salt for chiral recognition of
enantiomers of mandelic acid†

Chong Lin,a Yang Shen,a Xiaojun Guo,a Wengui Duan, a Yan Huang,*b

Guobao Huang*c and Luzhi Liu *ac

In recent years, supramolecular chirality has been greatly developed in asymmetric synthesis, chiral sensing

and other research fields, but its application in molecular chiral recognition has not been extensively

studied. In this paper, L-Boc-tyrosine methoxyester and phosphorus chloride salts were introduced into

the framework of pillar[n]arene, and a pillar[5]arene-based supramolecular chiral polymer L-TPP-P was

constructed. The supramolecular polymer had stable supramolecular chiral properties and could be used

as a chiral solvation reagent for chiral recognition of mandelic acid MA. The molar ratio method and

Scatchard plot showed that the complexation ratio of L-TPP-P (pillar[5]arene monomer as the reference

object) and MA was 1 : 1, and the complexation constants of L-TPP-P with R-MA and S-MA were 4.51 ×

105 M−1 and 6.5 × 104 M−1, respectively. The significant affinity difference of L-TPP-P for different

enantiomers of MA showed the excellent chiral recognition and stereoselectivity of pillar[5]arene-based

supramolecular polymers for MA. This study provides a new idea for a novel supramolecular polymer

chiral recognition reagent or chiral recognition method.
1. Introduction

Supramolecular chirality is mainly generated by multiple non-
covalent interactions as a result of molecular self-assembly,1,2

playing a crucial role in natural biological systems and
advanced materials.3 Potential applications of various supra-
molecular chiral systems include chiral sensing,4 asymmetric
synthesis,5 chiral gelling gels,6 chiral optical switches,7 chiral
recognition,8 and so on. Chiral molecules exhibit signicant
differences in activity and toxicity in many life activities.
Therefore, realizing chiral recognition of enantiomers is of
great signicance in the eld of analytical assays.9 Currently,
many studies have shown that, the host molecule selectively
binds to the enantiomer of the guest molecule through non-
covalent interactions such as hydrogen bonding,10 metal
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coordination, p–p packing,11 and/or electrostatic interactions.12

So a number of chiral systems are reported for enantioselective
recognition and separation, such as chiral metal–ligand
complexes,13 chiral polymers,14 micelles,15 and vesicles.16

Supramolecular chiral polymers, as a good host material,
provide more possibilities for chiral recognition.17

In recent years, novel macrocyclic host molecules have been
synthesized continuously, and their unique molecular recog-
nition characteristics have promoted the development of
supramolecular chemistry.18 The key to molecular recognition
of chiral supramolecules is the perfect cooperation between
the guest molecule and the host supramolecule, so it is
particularly important to select suitable chiral supramolecules
as host materials for efficient chiral recognition.19 Pillar[n]
arenes, as a new type of supramolecular macrocyclic
compounds, have attracted attention from scientic
researchers in just over a decade due to their hydrophobic
electron-rich cavity structure, inherent planar chiral congu-
ration, easy functionalization and excellent host–guest prop-
erties.20 It is possible to inhibit the rotation of pillar[n]arene by
introducing bulky substituents on both rings to obtain planar
chiral pR- and pS- forms of pillar[n]arene enantiomers.21 In
addition, pillar[n]arenes can induce chiral signals and amplify
chiral molecules through host–guest interactions, so that
chiral molecules can be detected,22 so pillar[n]arenes have
great application potential in chiral recognition.23
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The synthetic route of L-TPP-P.
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In our previous study,24 we found that the introduction of
a large chiral group could promote the generation of a micro-
chiral environment. The strong shielding effect of the cavity could
result in differentiation of the proton signals of the guest in the
diastereomeric complexes with the pillar[5]arene, enabling the
detection of multiple proton signals in the substrate. One of the
greatest advantages of the deshielding strategy over the shielding
strategy was that the size of the identied guest was not limited by
the volume of the cavity. Our previously developed tyrosine-
modied pillar[5]arene molecule successfully recognized and
identied the enantiomers of aromatic amines by the shielding
effect of the cavity.24 More importantly, the NHBoc group of the
tyrosine-based pillar[5]arene was located outside its cavity, which
can be exploit to create an NMR reagent for chiral identication
using the deshielding strategy. In addition, chiral amino-
phosphonium salts showed high enantioselective recognition of
various chiral guest molecules with functional groups, such as
carboxylic acids, amines, and alcohols.25 Therefore, we con-
structed a supramolecular polymer L-TPP-P by combining a tyro-
sine-modied chiral pillar[5]arene with an aminophosphine salt,
hoping that the host–guest binding site could be controlled in the
deshielded region to achieve guest chiral recognition by
combining the NH2 group outside the cavity with phosphine ions
(Scheme 1). Here, mandelic acid (MA) was used as a model for
chiral drug enantiomeric selective recognition. In order to ach-
ieve chiral recognition of MA enantiomers, chiral induction and
amplication of L-TPP-P were studied. Compared with pillar[5]
arene monomer L-PA-4, L-TPP-P exhibited excellent recognition
ability for mandelic acid enantiomers.
2. Experimental

The infrared spectra (KBr particle method) were recorded on the
Nicolet is 50 FT-IR spectrometer (Thermo Scientic Co., Ltd,
Madison, WI, USA). 1H NMR, 13C NMR spectra were recorded in
CDCl3 solvent on Bruker Avance III HD 600 MHz spectrometer
(Bruker Ltd, Zurich, Switzerland). The chemical shis were
expressed in ppm (d) relative to TMS as internal standard. Other
reagents were purchased from commercial suppliers and used
as received. The mass spectra were recorded on a TSQ Quantum
Access MAX HPLC-MS instrument (Thermo Scientic Co., Ltd,
Waltham, MA, USA). Melting points were determined on
© 2024 The Author(s). Published by the Royal Society of Chemistry
a MP420 automatic melting point apparatus (Hanon Instru-
ments Co., Ltd, Jinan, China), and were not corrected. SEM was
recorded on scanning electronmicroscope (TESCANMIRA LMS,
Czech). Other reagents were purchased from commercial
suppliers and used as received.

2.1 Synthesis of compound L-PA-4

L-TP5-4 (100 mg, 0.071 mmol) was dissolved in 8 mL dichloro-
methane, triuoroacetic acid (3 mL) was added, and the reaction
time was 1 h at 25 °C, and TLC was used to follow the reaction.
The reacted solution was placed in a dialysis bag with aMWCO of
1000 and water was changed at half hour, four hours and six
hours and the reaction was followed by TLC. Aer drying, L- PA-4
was obtained as a white solid in 76% yield. L-PA-4melting point:
134.4–141.6 °C; [a]L-PA-4= 36.8400; IR (KBr) cm−1: 3424.05 (N–H),
2937.58, 2851.77 (C–H), 1501.34 (Ar–C]C), 1212.06, 1046.69 (Ar–
O, C–O); 1H NMR (600 MHz, chloroform-d) d 9.55 (s, 4H, H-n),
7.09 (d, 4H, H-i), 6.87–6.81 (d, 4H, H-h), 6.79–6.74 (m, 10H, H-
a), 4.00 (t, J = 5.9 Hz, 4H, H-d), 3.92–3.87 (t, 6H, H-g, k), 3.77
(s, J = 7.1, 5.9 Hz, 6H, H-m), 3.73 (s, 10H, H-b), 3.64 (s, J = 17.9,
6.0 Hz, 24H, H-c), 3.04 (dd, J= 13.7, 5.2 Hz, 2H, H-j), 2.83 (dd, J=
13.7, 7.7 Hz, 2H, H-j), 1.85 (m, 8H, H-e, f); 13C NMR (151 MHz,
chloroform-d) d168.50, 151.44, 150.27, 140.88, 140.82, 130.24,
128.98, 127.59, 121.07, 119.18, 114.55, 113.62, 67.43, 56.15, 55.57,
51.95, 47.48, 44.24, 43.94, 42.48, 40.68, 40.16, 29.85, 29.81, 29.74,
29.71, 29.67, 29.63, 26.29, 26.08; HRMS (ESI) m/z: calcd for
[C71H84N2O16 + H]+, 1221.5894; found: 1221.58923.

2.2 Synthesis of compound L-TPP-P

L-PA-4 (15 mg, 0.0124 mmol, 2 equiv.) and triethylamine (0.5 mL)
were added to dichloromethane (3 mL) and stirred for 12 hours
at 25 °C. Then phosphorus pentachloride (1.2 mg, 0.0062 mmol,
1 equiv.) was dissolved in 2 mL dichloromethane and added to
the mixed solution and reacted at room temperature for 24 h.
The solution obtained from the reaction was evaporated to
dryness and puried by washing with deionized water (0.5 mL)
and ether (0.5 mL) to obtain L-TPP-P as a white solid in 86%
yield. IR (KBr) cm−1: 3475.69, 3398.14 (N–H), 3039.19 (Ar–H),
2934.87, 2851.75 (C–H), 1740.99 (C]O), 1502.21, 1468.27 (Ar–
C]C), 1214.45, 1045.79 (Ar–O, C–O); 1H NMR (600 MHz, chlo-
roform-d) d 9.51 (s, 2H, H-n), 7.11–7.05 (d, 4H, H-i), 6.87–6.80 (d,
4H, H–h), 6.80–6.71 (m, 10H, H-a), 4.00 (t, J = 5.9 Hz, 4H, H-d),
3.88 (t, 6H, H-g, k), 3.78–3.74 (s, 6H, H-m), 3.74–3.68 (s, 10H,
H-b), 3.67–3.59 (s, 24H, H-c), 3.03 (dd, J = 13.7, 5.2 Hz, 2H, H-j),
2.82 (dd, J = 13.7, 7.8 Hz, 2H, H-j), 1.87 (m, 8H, H-e, f). 13C NMR
(151 MHz, Chloroform-d) d 123.91, 123.41, 123.41, 115.88, 56.07,
56.06, 52.86, 52.62, 45.52, 34.67, 34.67, 34.19, 34.19, 31.86, 31.86,
31.56, 29.63, 29.59, 29.30, 29.30, 22.63, 22.63, 14.05, 7.96, 7.55.
31P NMR (600 MHz, chloroform-d) d −17.57 (s, 1P).

3. Results and discussion
3.1 Preparation and characterization of pillar[5]arenes-
based supramolecular chiral polymer L-TPP-P

Their syntheses were shown in Scheme 1. The intermediates
and target compounds were characterized by 1H NMR
RSC Adv., 2024, 14, 16278–16283 | 16279
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Fig. 1 (a) SEM spectra of L-TPP-P; (b) CD spectra of L-PA-4 and L-
TPP-P in CHCl3.

Fig. 2 Partial NMR spectra ofMA with various enantiomeric excess (a)
L-TPP-P, (b) ±MA, (c) R/S = 5 : 0, (d) R/S = 5 : 1, (e) R/S = 5 : 2, (f) R/S =
5 : 3, (g) R/S = 5 : 5, (h) R/S = 0 : 5, (i) R/S = 1 : 5, (j) R/S = 2 : 5, (k) R/S =

3 : 5 in the presence of L-TPP-P in CDCl3. (C represents the R
configuration, B represents the S configuration).
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View Article Online
spectroscopy, 13C NMR spectroscopy, 31P NMR spectroscopy, IR
spectroscopy and HRESI-MS (Fig. S2–S9†). As shown in Fig S3
and S7,† compared with L-PA-4, the proton peak of benzene ring
(d = 6.80–6.71) and methyl group (d = 3.78–3.74) in L-TPP-P
were signicantly wider and cleaved into multiple small peaks
indicating that the polymer L-TPP-P had been synthesized.26 In
31P NMR (Fig. S9†), the chemical shi was−17.57 ppm and only
one single peak appeared, indicating that the reaction was
relatively thorough, the supramolecular chiral polymer L-TPP-P
was successfully synthesized. Its porous structure was observed
by SEM (Fig. 1a). We tested the CD signals of L-TPP-P and L-PA-4
by circular dichroic spectroscopy in CHCl3 (Fig. 1b). Compared
with monomer L-PA-4, L-TPP-P had a CD signal and was
stronger and wider, indicating that L-TPP-P had chirality and
may have chiral recognition ability.

3.2 Study the chiral recognition effect of L-TPP-P with MA by
1H NMR

Since supramolecular polymers L-TPP-P and MA had good
solubility, strong non-covalent bond interaction and low solvent
proton signal interference in CDCl3, L-TPP-P was rst selected
as the CSA of classical model molecule MA in CDCl3 to explore
its chiral recognition.

The splitting degree was expressed by the change of
nonequivalent chemial shis (DDd). The chiral recognition was
carried out at a molar ratio of L-TPP-P to (±)MA of 1 : 1, as
shown in Fig. S10b.† In the presence of L-TPP-P, the peak and
chemical shi of (±)MA changed signicantly. The chemical
shi of H2 shied to the low eld (DdH2 = 0.169 ppm) and
showed baseline separation (DDdH2= 0.021 ppm,C represents
the R-conguration, B represents the S-conguration) with an
integration ratio of 1 : 1. At the same time, the P chemical shi
shied towards a higher eld (Dd = 0.4227 ppm, Fig. S11†).
Further chiral identication of L-TPP-P by varying the different
enantiomeric excesses ofMA showed that the chemical shis of
H2 in the R conguration were in a lower eld relative to the S
conguration (Fig. 2). Furthermore, the chemical shi or signal
change of the proton H2 was dependent on the MA enantiomer
ratio, which could be attributed to the fact that the different
enantiomeric excesses of the guests inuenced their host–guest
interaction behaviors with the polymers of the components of L-
TPP-P. The host L-TPP-P was more complex than a single
compound, consisting of several polymers with varying molec-
ular weights that could have varied shielding or deshielding
16280 | RSC Adv., 2024, 14, 16278–16283
effects on the guest. This could cause protons' chemical shis to
move to higher or lower elds, even weaken their NMR signals,
causing them to broaden or even disappear into the baseline.27

These results indicated that L-TPP-P showed good enan-
tiomer recognition for MA. The electrostatic interaction
between the phosphine cation of L-TPP-P and the carboxyl
anion of MA was the main driving force for host–guest inter-
action, and it also effectively prevented MA from entering the
shielded region of the cavity, meaning that the supramolecular
polymer may also be suitable for recognizing larger guest
without being affected by the cavity size of pillar[n]arene. It
should note that MA could interact with the monomer L-PA-4
through H-bonding, so the MA proton signal shied to down-
eld. But unfortunately L-PA-4 had no chiral recognition forMA
(Fig. S10a†). Thus L-TPP-P was identied as an effective chiral
recognition reagent and subsequent studies were carried out.
3.3 Study the main driving force for host–guest interaction
by FT-IR

In order to investigate the main driving force for host–guest
interaction, the systems were also analyzed by IR spectroscopy.
Aer the host–guest interaction between the L-TPP-P and MA,
the IR measurements (Fig. S13†) revealed that the frequency of
the asymmetric stretching vibration of C]O group of MA
increased signicantly from 1727 cm−1 to 1747 cm−1, whereas
the characteristic frequency of O–H decreased signicantly
from 3448 cm−1 to 3420 cm−1. These results clearly demon-
strated that the carboxylate negative ions of the mandelic acid
and the ortho-phosphorus ions of the supramolecular polymer
had strong electrostatic interactions, which is consistent with
the previous NMR analysis. Moreover, the residues of tyrosine
in the system could also form hydrogen bonds with OH or
COOH of MA. That is, the chiral recognition of pillararene-
based supramolecular polymers was achieved through the
synergistic combination of stereoselectivity and differential
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Complex mode of L-TPP-P and MA. P5: pillar[5]arene unit.

Fig. 3 UV spectra of L-TPP-P with (a) R-MA and (b) S-MA in solution
[L-TPP-P] = 0.01 mM.
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signal amplication. Amino acid residues played a key role in
chiral recognition.
3.4 Study the complexing properties of L-TPP-P with MA by
UV

To study the complexation properties between the host and
guest, the UV absorption spectra of the host L-TPP-Pmixed with
the guest MA of different congurations were scanned by UV
spectrophotometer. As shown in Fig. 3a and b, when L-TPP-P
was mixed with R-MA or S-MA, the UV absorption intensities of
the system at 257–270 nm increased dramatically and accom-
panied by the generation of three new absorption peaks. It
indicated that L-TPP-P had an excellent host–guest interaction
with R-MA and S-MA. For the R-MA @ L-TPP-P system, its
absorbance at 273–310 nm gradually decreased as the guest
concentration increased. On the contrary, the UV absorption of
Fig. 4 Mole ratio plot for L-TPP-P (pillar[5]arene monomer as
a reference) and MA, indicating 1 : 1 stoichiometry (a) R-MA, (c) S-MA;
the non-linear curve-fitting (UV titrations) for the host–guest
complexation of L-TPP-P (0.01 mM) with different concentration of
MA, (b) the association constant (KR) was calculated to be about 4.51×
105 M−1; (d) the association constant (KS) was calculated to be about
6.5 × 104 M−1. P (P = DA/DA0) was used as the horizontal coordinate,
DA was the value of change in absorbance after any ratio of
complexation, DA0 was the value of change in absorbance for
complete complexation, and the vertical coordinate was P/[MA].

© 2024 The Author(s). Published by the Royal Society of Chemistry
the S-MA @ L-TPP-P system increased as guest concentration
increased. It demonstrated that the complexation characteris-
tics of L-TPP-P varied depending on the MA conguration and
thus could be utilized for chiral identication by UV absorption
spectra. In addition, the stoichiometry of complexation between
L-TPP-P and R-MA and S-MA were investigated by the Job plot
method (i.e., UV titration experiments), and it was found that
the binding stoichiometry of the host–guest complexes, R-MA@
L-TPP-P and S-MA @ L-TPP-P, were both 1 : 1 (Fig. 4a and c).
Aer determining the binding ratios, their binding constants
(Ka) were calculated to be 4.51× 105 M−1 (KR) and 6.5× 104 M−1

(KS), respectively. This indicated that L-TPP-P had a higher
affinity for R-MA compared to S-MA (KR/KS = 6.9).

3.5 The complexation mode of L-TPP-P and MA

Since the complexation ratio of the host L-TPP-P (pillar[5]arene
monomer as a reference) and the guest MA was 1 : 1, i.e., the
binding ratio of MA/P+ was 2 : 1. It was speculated that the
carboxyl anion group of two guest MA were attracted to a phos-
phine cation group on the host L-TPP-P by electrostatic inter-
action, thus forming a supramolecular system, and the
complexation model was shown in Fig. 5.

4. Conclusions

In conclusion, we have developed a new tyrosine-modied
pillar[5]arenes supramolecular chiral polymer L-TPP-P. This
supramolecular polymer possessed stable supramolecular
chirality and could be employed as a chiral solvating agent for
the enantiomer recognition of MA. In the presence of L-TPP-P,
the proton peak and chemical shi of H2 in MA changed
signicantly, and the baseline separation of proton signals of
different congurations was realized. The complexation ratios
of L-TPP-P (pillar[5]arene monomer as a reference) with both
R-MA and S-MA were 1 : 1, and their complexation constants
were 4. 51 × 105 M−1 and 6.5 × 104 M−1, with their KR/KS = 6.9,
indicating that L-TPP-P had good stereoselectivity for MA with
different congurations. Importantly, polymer monomer L-PA-
4 had not demonstrated chiral recognition of MA, and supra-
molecular chiral polymers had great potential for application
in chiral recognition, complementing well the chiral recogni-
tion of traditional small molecules. This study is expected to
provide a strategy for highly enantioselective recognition of
chiral drugs, as well as new ideas for novel supramolecular
polymer chiral recognition reagents or chiral recognition
methods.
RSC Adv., 2024, 14, 16278–16283 | 16281
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