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Chiral pillar[n]arenes have shown great research value and application prospect in construction of chi-
ral materials and chiral applications, due to their inherent planar chiral configurations, chiral recognition
ability, easy modification and highly symmetric hydrophobic cavity. This review systematically summa-
rized the conformation inversion factors of planar chiral pillar[5]arenes (pR/pS), such as solvents, temper-
ature, substituent size, alkyl chains, chiral and achiral guest molecules. We firstly introduced the applica-
tions of chiral pillar[n]arenes for constructing chiral materials and pointed out that planar conformation
inversion showed a great potential role in constructing chiral materials. Then, we mainly concluded the
chiral applications of chiral and planar chiral pillar[n]arenes like chiral enantiomer analysis by circular
dichroism, electrochemistry or chiral fluorescence sensing. From this review, we found that the inherent
planar chiral conformation of chiral pillar[n]arenes have played a very important role in chiral field in the

Conformation inversion
future.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Pillar[n]arenes (n=5, 6...) have been widely used in material
preparation, life sciences and separation analysis as soon as it
was first synthesized by Ogoshi, due to their excellent character-
istics such as symmetrical hydrophobic cavity, electron-rich and
easy edge modification [1-11]. Pillar[5]arene is benzene pentamers
with 1,4-methylene bridged hydroquinone derivatives, which cav-
ity inner diameter is around 4.7 A (Fig. 1), and the bond angle of
—CH,— is 111.3° which is closely to the sp3 hybrid orbital bond
angle of carbon atoms of 109.5° and the pentagonal internal an-
gle of 108°, so it has a relatively stable pentagonal configuration.
Pillar[6]arene was then prepared with a larger cavity and found to
have one more repeating unit than pillar[5]arene (Fig. 1A) [12], the
inner diameter of pillar[6]arene cavity approximately 6.7 A (Fig. 1B)
[13], then more pillar[n]arenes with larger cavity were successfully
prepared. Among these pillar[n]arenes (n=5, 6) have always been

* Corresponding authors.
E-mail addresses: zhaol@licp.cas.cn (L. Zhao), hdqiu@licp.cas.cn (H. Qiu).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cclet.2021.12.010

widely synthesized and applied due to their high thermodynamic
stability and high yield.

Chiral pillar[n]arenes can be easily obtained by introducing dif-
ferent chiral groups at the edge or conformation inversion. Small
molecular groups on the benzene ring can be elastically reversed
with its units undergoing oxygen-through-the-annulus rotation,
which produces conformational isomers and leads to various con-
formations of pillar[n]arenes (Fig. 2). They were five enantiomers
of pillar[6]arene, including of (pS, pS, pS, pS, pS, pS)/(pR, PR, PR, PR,
PR, pR), (PR, pS, pS, ps, pS, pS)/(pS, pR, pR, pR, pR, pR), (PR, PR, pS,
pS, pS, pS)/(pS, pS, PR, PR, PR, pR), (PR, pS, pR, pS, pS, pS)/(pS, PR, pS,
PR, PR, pR), (PR, pS, pS, pR, pS, pS)/(pS, PR, pR, pS, pR, pR). Although
the conformation of pillar[n]arenes can be reversed, the conforma-
tions with the lowest energy state become its dominant conforma-
tion due to the different potential barriers of conformational iso-
mers. For all alkoxy pillar[n]arenes, due to steric effect, the energy
of (pS, pS, pS, pS, pS, pS)/(pR, pR, pR, pR, pR, pR) in all R or all S
conformations is the lowest [14-16].

There are usually two main synthesis methods for both chiral
and achiral pillar[n]arenes including derivatization followed by ring
polymerization and ring polymerization followed by derivatization
of repeating units, mainly catalyzed by BF;-OEt,, FeCl3 or TsOH
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Fig. 1. (A) Structure of pillar[n]arenes (n=5, 6). (B) Top view of pillar[5]arene
and pillar[6]arene, respectively. Reproduced with permission [13]. Copyright 2018,
American Chemical Society.

Fig. 2. (A) Rotation of paraphenylene methylene units of pillar[n]arenes represented
by permethylated pillar[5]arene. Reproduced with permission [15]. Copyright 2019,
the Chemical Society of Japan. (B) Conformers of pillar[6]arenes. Reproduced with
permission [16]. Copyright 2013, the Royal Society of Chemistry.

Fig. 3. Synthesis method of chiral pillar[n]arenes.

under mild conditions with paraformaldehyde as polymerization
agent. The first method mainly uses homogeneous or mixed hydro-
quinone derivatives as repeating units to obtain homogeneous or
copolymerization pillar[n]arenes [17-25], and then construction of
dimeric, trimeric or tetrameric (Fig. 3) [26-28]. In contrast, the sec-
ond synthesis method involves dealkylation of methoxy or ethoxy
pillar[5]arene (MP5/EP5)first by BBr; to obtain homogeneous hy-
droxyl pillar[n]arene (P5), and then alkyl chain, carboxyl, amine,
sulfonic acid or chiral groups were introduced to prepare a series
of functionalized pillar[5]arenes. Therefore, chiral pillar[n]arenes
(n=5, 6...) can be accurately synthesized by selectively optimiz-
ing and designing the chiral molecules or chiral precursors at its
edge use the same strategy.

Chiral pillar[n]arenes (n=5, 6...) can be used to construct
novel chiral supramolecular polymers or planar chiral con-
trol systems, due to their specialized electron-rich cavity, easy
to modify and polyfunctional groups. Chiral or achiral guest
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molecules of appropriate structural can be encapsulated into
its cavities, as well as used for chiral fluorescence and chiral
electrochemical sensing. Pillar[n]arene is a kind of good chiral
sensor molecule, and its two enantiomers have the property of
inversion, which makes it show special chiral response. Therefore,
pillar[n]arene molecules have great application potential in
chiral separation and analysis. Some reports have been pub-
lished and mostly focus on the synthesis, sensing, sepa-
ration or analysis of pillar[n]arenes [29-52]. This review
we focused on chiral information like conformation inver-
sion of planar chiral conformation pillar[5]arenes (pR/pS),
pillar[n]arene-based chiral materials and their applications of
in chiral separation analysis. Through reading this review, we hope
to provide readers with a powerful reference for the preparation,
performance and chiral applications of chiral pillar[n]arenes.

2. Conformation inversion of chiral pillar[n]arenes

Chiral conformation inversion of pillar[5]arene may be caused
by epimerization or racemization caused by rotation of units at the
molecular level [53], and the reversal of the planar chiral configu-
rations of the guest molecule induced pillar[n]arenes (n=5, 6...)
maybe a new strategy to construct the planar chiral control sys-
tem, chiral supramolecular self-assembly and polymers [54,55]. Re-
searchers have found that the inversion of the planar conformation
(pR/pS) of pillar[n]arenes contain a variety of inducing factors, such
as chiral or achiral guest molecules (anion and cation), length of
alkyl chain, solvents, temperature or substituted radical hindrance.

2.1. Conformation inversion induced by chiral guest molecules

The inversion of the planar chiral conformations (pR/pS) of the
pillar[5]arene is mainly due to different steric effect between chiral
guest molecules and its cavity edge, and the most basic reason is
the different binding model between pillar[5]arene cavity and o-
side chain group of chiral guest molecules. Chen et al. found that
the chiral «-side chain group of L-Arg-ethyl ester hydrochloride
faced the cavity of water-soluble pillar[5]arene WP5, which can in-
duce its pR conformation to reverse. Other 18 types of L-amino acid
ethyl ester hydrochlorides can also induce the pS conformation to
reverse [53].

2.2. Conformation inversion induced by achiral guest molecules

The rotation speed of units and its direction on pillar[n]arenes
can be affected by the interactions between pillar[n]arenes and
achiral guest molecules, which then induce the reversal of pR/pS
of pillar[n]arenes. Ogoshi et al. prepared chiral pillar[5]arene with
1,4-bis[2(S)-methylbutoxy]-benzene as repeating units, they found
that when octyltrimethylammonium hexafluorophosphate (OTMA)
was added, the negative signal intensity of circular dichroism (CD)
was significantly enhanced and conformation reversal was also in-
duced [25]. Then they found that introducing substituents contain-
ing - conjugated units and appropriate guest molecules to pil-
lar[5]arenes could effectively control the reversal and change the
planar chiral structure, which provides a new strategy for induc-
ing planar chiral conformations [21]. Cheng et al. used the guest
molecule 1,4-dicyanobutane as a competitor molecule to induce
the conformation conversion of mechanically self-locked molecules
(MSM1 and MSM2) under the conditions of increasing solvent po-
larity [20]. Lee et al. found that guest molecule of Hg?* can lead
the in-pS-L conformation of bicyclic pillar[5]arene to reverse to the
out-pR-L in the presence of ClO4~ or NO3~ [22]. In addition, chang-
ing the length and addition amount of achiral guest molecules
pyridine, imidazole and alkyl chain containing terminal hydroxyl or
methyl can lead to the conformation reversal of L/D-Ala-tertbutyl
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Fig 4. (A) Chemical structures of pS/pR-pillar[5]arene. Reproduced with permission
[25]. Copyright 2011, American Chemical Society. (B) Chemical structures and the
stick model of planar chiral of butoxycarbonyl (Boc)-protected pillar[4]-arene[1]-
diaminobenzene (Ps)-BP and (Pg)-(BP). Reproduced with permission [24]. Copy-
right 2019, Multidisciplinary Digital Publishing Institute. (C) Diastereomer of pil-
lar[5]arene carrying 10 stereogenic carbons and CD spectra. Reproduced with per-
mission [58]. Copyright 2020, Royal Society of Chemistry. (D) Two isomers of MSM1.
Reproduced with permission [20]. Copyright 2016, Elsevier. (E) In-Rp and out-Sp
conformations of enantiomeric EMU]J1 and CD spectra. Reproduced with permission
[59]. Copyright 2020, Wiley.

ester hydrochloride derived pillar[5]arenes [54]. Ji et al. found that
amino acid derivatives can induce pillar[5]arene with alkyl chains
of different lengths to generate extremely strong CD signal values
[56]. Yao et al. found that pressure could also drive the planar chi-
rality switching of molecular universal joints based on cyclophano-
pillar[5]arenes [57]. The structures, preparation, influencing fac-
tors, advantages and applications of chiral and planar chiral pil-
lar[5]arenes were summarized in detail in Table 1.

2.3. Conformation inversion induced by solvents

Solvent molecules can be encapsulated into pillar[n]arenes cav-
ity due to their hydrogen bonding, repulsion, C-H---7 interac-
tion and space interaction to form stable encapsulated struc-
ture, which may lead to different rotation or swing speed of pil-
lar[n]arenes under different dielectric constants, resulting in con-
figurations inversion. Ogoshi et al. found that solvents with high
dielectric constant could induce the conformation inversion of
2-(S)-methylbutoxy modified pillar[5]arene (Fig. 4A), mainly be-
cause the substituents of pillar[5]arene ring swung and rotated
rapidly in such solvents, which led to the decrease of CD sig-
nal intensity [25]. The stable pS/pR conformation of butoxycar-
bonyl (Boc)-protected pillar[4]arene[1]-diaminobenzene (BP) BP-
f1 and BP-f2 (Fig. 4B), mainly depended on the size of solvent
molecules(n-hexane or dichloromethane) and encapsulation in the
cavity [24]. Nagata et al. found that 2-(S)-methyl butoxy substi-
tuted chiral pillar[5]arene mainly existed in pR conformation in
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short linear dihaloalkane solvents. While in long linear solvents,
it mainly existed in pS conformation (Fig. 4C) [58]. Cheng et al. re-
vealed planar chiral conformation of the mechanically self-locking
molecule can be inversed when changing the polarity of mixed
solvents (Fig. 4D) [20]. In addition, the planar chiral conforma-
tions of electrochemically responsive molecular universal joints
(EMUJ) out-(Sp) EMUJ1-f1 and in-(Rp) EMUJ1-f2 of the electro-
chemically responsive molecular universal joint EMU]J based on pil-
lar[n]arene can also be controlled by the polarity of solvents. In
the polar solvents (Fig. 4E), EMU]J1 exists in out-(Sp) conformation.
While in nonpolar solvents, it exists in-(Rp) conformation [59].
Therefore, the inversion of the planar chiral conformations of pil-
lar[n]arenes (n=5, 6...) can be effectively controlled by changing
the types, polarity or amounts of solvents, further applied to be
used in the preparation of chiral materials, chiral separation and
analysis.

2.4. Conformation inversion induced by temperature

The rotation and oscillation rate of the substituents on the
edge of the pillar[n]arene cavity may be caused by the tem-
perature, and resulted in excessive diastereomers or conforma-
tions inversion for pillar[5]arene. Chiral pillar[5]arenes with 1,4-
bis(2-(S)-methyl-butyl)benzene as the repeating units can be in-
duced conformation reversal when the temperature was in the
range of 0-60°C with the ee value as high as 24.2% (Fig. 5A)
[25]. (RS)-(£)—1-phenylethane-1-acetamide decasubstituted chiral
pillar[5]arene derivatives can induce enantiomers of different pro-
portions, and their ee values vary by 14%—40% in the temper-
ature range of 50-72°C [60]. The pS conformation reversal of
pillar[4]arene[1]-diaminobenzene BP protected by butoxy carbonyl
Boc can be accelerated by increasing the temperature in n-hexane
[24]. The absolute conformation of the universal joint MUJ based
on ethoxy substituted pillar[5] arene can also be switched re-
versibly by controlling the temperature (Figs. 5B and C) [61]. Simi-
larly, L/p-Ala-derivatived pillar[5]arenes can only exist in pR con-
formation at low temperature, and the interaction between L-
Ala-PA and guest molecule Py-11-OH is stronger at 35°C than at
45°C. It was mainly due to the strong hydrophobic and electro-
static interaction of L-Ala-PA at low temperature, which made it
easier to reverse the CD signal. (Fig. 5D) [54]. In addition, Fan
et al. synthesized temperature-driven chiral switching molecular
universal joints materials using ethoxy-substituted pillar[5]arene,
and realized a single form of in-(Sp) or out-(Rp) with temper-
ature changes (Figs. 5E and F) [62]. Therefore, we can use this
strategy to obtain single enantiomer of pillar[5]arene by chang-
ing the temperature and apply them to construct new chiral
materials.

2.5. Conformation inversion induced by substituents

The introduction of bulky groups at the edge of pillar[n]arenes
to increase the steric hindrance, which can effectively inhibit the
rotation of pillar[n] arene units and induce the planar conforma-
tion reversal, and this can be judged by the integral area of the
splitting peak. Ogoshi et al. found that the rotation of the pil-
lar[5]arene unit was inhibited by the introduction of percyclo-
hexylmethyl substituents at the edge of the pillar[5]arene [63].
Al-Azemi et al. demonstrated large substituents of planar chiral
pillar[5]arene derivatives substituted by chiral reagents (S)-(+)-
Mosher-inhibited the rotation of their units and converted them
into compounds with a single planar chiral conformation [55]. In
addition, Pan et al. introduced bulky substituents on pillar[5]arene,
and found that the conformations of pillar[5]arene could be re-
versed in solid state [64].
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Table 1
Conformation inversion of pillar[5]arenes inducted by achiral guest molecules.
No. Structures Functional groups Factors Advantages Applications Ref.
1 1,4-Bis[2(S)-methylbutoxy]- ~ OTMARI Chiral switching Host-guest interaction [25]
benzene
2 (5-Bithienyl)boronic acid GlbI - Conjugated Constructing [21]
supramolecular systems
3 1,6-Diisocyanatohexane; G®!, CDCl3 and DMSO Simple synthesis Constructing molecular [20]
diamino-alkane devices
4 Dithiol Hg?*+, Cl04~, NO;~, I Chiral inversion New perspective on [22]
supramolecular
coordination
chemistry
5 le.d] Carboxylic acid L-/p-Ala-tert  Pyridinium, imidazole Systematically Constructing planar [54]
-butyl ester hydrochloride design guest chirality control systems
molecules
6 1,4-Bis(Roxy)benzene Length of the alkyl Identification of a- Sensing the handedness [56]
chains amino esters enantiomer and enantiopurity of
chiral amines
7 Derivatized hydroquinone Pressure Pressure-driven chirality Piezo-sensitive materials  [57]

switching

lal OTMA means octyltrimethyl ammonium hexa-fluorophosphate.

Ib] G is 1,4-dicyanobutane.

[l L-Ala-PA is L-Ala-substituted pillar[5]arene.
14l p-Ala-PA is p-Ala-substituted pillar[5]arene. White is methyl, gray is carbon atom, white is hydrogen atom, red is oxygen atom, blue is nitrogen atom and yellow is sulfur

atom.
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Fig. 5. (A) CD spectra of pillar[5]arene carrying 2(S)-methylbutoxy moieties. Re-
produced with permission [25]. Copyright 2010, American Chemical Society. (B, C)
Representations for the in-out equilibrium of the MUJ1 enantiomeric pair and CD
spectra of MUJ1-f1 in CHCl;. Reproduced with permission [61]. Copyright 2017,
Wiley. (D) CD spectra of aqueous solution of L-Ala-PA and Py-11-OH. Reproduced
with permission [54]. Copyright 2019, American Chemical Society. (E, F) Schematic
representations of the in/out equilibrium of a pair of MUJ enantiomers and CD
spectra of in-(Sp)/out-(Rp) MU]J1. Reproduced with permission [62]. Copyright 2019,
Wiley.

2.6. Significance of chiral inversion

Chiral pillar[5]arenes can be used to construct a large num-
ber of chiral materials like chiral memory materials and chi-
ral mechanical self-locking molecules, because of the unique chi-
ral conformation reversal properties or chiral modification, and
widely used in chiral biosensing, electrochemical sensing and chi-
ral separation analysis and other fields. Fa et al. found that when
added the regulator 1,4-dibromobutane, the planar chirality of pil-
lar[5]arene can be induced by chiral inducer and accurately reg-
ulated by regulator. Moreover, during the chiral induction pe-
riod, the addition sequence of chiral inducers and regulators will
have a certain impact on the chiral induction behavior of pil-
lar[5]arene [65]. This may provide a new strategy to the appli-
cations of pillar[5]arene in the construction of chiral control sys-
tem materials and expand the applications range of chiral pillar[5]
arene.
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3. Pillar[n]arene-based chiral materials

Novel chiral macrocyclic materials derived from single enan-
tiomer of planar chiral or chiral pillar[5]arene, which mainly can
be constructed by the modification of pillar[5]arene on its cavity
edge or polymerization of hydroquinone derivatives. In this way,
it may provide a new strategy for the construction and application
on pillar[n]arene-based chiral materials. In this chapter, we focused
on several types of pillar[n]arene-based chiral materials and their
preparation methods.

3.1. Chiral mechanical self-locking molecules/rotaxane

Chiral mechanical self-locking molecules or rotaxane can be
efficiently synthesized by selective modification or derivatization
on symmetric co-pillar[n]arene. Moreover, the inversion of pla-
nar chiral configuration has great influence on the construction
of chiral rotaxane enantiomers, and has great application poten-
tial in chiral separation and analysis. Jia et al. synthesized diester-
functionalized pillar[5]arene by one-pot method, which can be
used as intermediate of complex system polymers and mechani-
cally interlocking molecules [66]. Ogoshi et al. used per-ethylated
pillar[5]arene as wheels, and pyridinium derivatives containing
alkynyl and trans-azobenzene moieties as the axis, to construct
planar chiral [2/3]-rotaxanes [67]. The planar chiral conforma-
tions inversion of pseud|1]rotaxane, including in-pS-1 and in-pR-
1, out-pS-1 and out-pR-1 (Fig. 6A), can be controlled, which is of
great significance for the preparation of chiral switches or sen-
sors [68]. Li et al. prepared A1/A2-dicarboxy-DMP[5]A by alkyla-
tion of 4-dimethoxy pillar[4]arene[1]hydroquinone with ethyl bro-
moacetate, and then reacted with 1,8-diaminooctane DA-8 to pre-
pare pseudo[1]rotaxane and gemini-catenanes (Figs. 6B and C)
[69]. Moreover, Trinh et al. prepared amphiphilic pillar[5]arene-
containing [2]rotaxane (Fig. 6D), which could form a stable Lang-
muir film [70]. Cheng et al. used 1,6-diisocyanate hexane and
diamino-functionalized pillar[5]arene to construct mechanical self-
locking molecular pseudo[1]naphthene [20]. Holler et al. used do-
decanedioyl dichloride to form diamide[2]rotaxaneby associating
with all ethoxy pillar[5]arene (Fig. 6E). This research opened a new
method for the preparation of rotaxanes [71]. Liang et al. com-
plexed a carboxyl bifunctionalized pillar[5]arene host with alkyl
diamine guest to form pseudo[1]naphthene PN4 with high affin-
ity in and out configuration with good acid or alkali response
performance (Fig. 6F), which was of great significance for the
construction of acid and alkali responsive materials [72]. Chi-
ral rotaxane prepared by Oxacalix[4]arene bridging pillar[5]arene
dimer realized chiral enantiomer pR/pS resolution (Fig. 6G) [73].
The pseudo[4]rotaxane material prepared by the reaction of am-
phiphilic tetraphenylethylene derivative TPEA, y-cyclodextrin (y-
CD) and water-soluble pillar[5]arene has achieved chiral metrologi-
cal control [74]. Recently, Li et al. prepared chiral[3]rotaxane based
on pillar[5]arene macrocycles with the thiourea moieties and the
ethoxy group [75].

3.2. Chiral bio-interface materials

Chiral biological interface materials formed by chiral pil-
lar[5]arene immobilized on biological interfaces may exhibit better
performance, due to their self-assembly, inclusion and easy modi-
fication. L/D-His-self-assembled on the D-tartaric acid modified pil-
lar[5]arene interface to construct a chiral interface p-TP5 (Fig. 7A),
which was greatly effective for L-His and p-His and the recog-
nition ability was K;/[Kp=4.6. In addition to recognizing amino
acid enantiomers, D/L-AP5 interface, prepared by attaching p/L-Ala-
pillar[5]arene to gold surface, were applied to highly selective ad-
sorption of ctDNA and proteins (Fig. 7B) [76,77]. Similarly, Yan et
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Fig. 6. (A) Four conformers of a pseudo[1]catenane 1. Reproduced with permis-
sion [68]. Copyright 2013, Wiley. (B, C) Crystal structures of pseudo[1]catenanes
and geometries of selflocked gemini-catenanes. Reproduced with permission [69].
Copyright 2015, Macmillan Publishers Limited. (D) X-ray crystal structure of am-
phiphilic[2]rotaxanes. Reproduced with permission [70]. Copyright 2015, Wiley. (E)
ORTEP plots of the structure of diamide[2]rotaxanes. Reproduced with permission
[71]. Copyright 2019, Wiley. (F) Chirality switching of PN4. Reproduced with permis-
sion [72]. Copyright 2020, Journal of the American Chemical Society. (G) Cartoon
representations of 2a and 3b. Reproduced with permission [73]. Copyright 2020,
Royal Society of Chemistry.

Fig. 7. (A) Modification of D-TP5 on a Si-surface. Reproduced with permission
[76]. Copyright 2018, American Chemical Society. (B) p/L-AP5-interfaces. Reproduced
with permission [77]. Copyright 2019, Royal Society of Chemistry. (C) The picture
of chiral R-PEA@WP5/S-PEA@WP5 surface. Reproduced with permission [78]. Copy-
right 2020, Wiley.
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Fig. 8. (A) Representation of the self-assembly and drug loading process of TP5G.
Reproduced with permission [80]. Copyright 2016, American Chemical Society. (B)
Schematic of the construction of supramolecular prodrug nanoparticles. Reproduced
with permission [81]. Copyright 2017, Royal Society of Chemistry. (C) Structure illus-
tration of (R,.p/Sp-p)-GP5. Reproduced with permission [82]. Copyright 2019, Fron-
tiers in Chemistry. (D) Pillar[5]arene 4 self-assembly and self-organization of the
4[FUDR system into monodisperse spherical particles. Reproduced with permission
[83]. Copyright 2018, Elsevier.

al. prepared chiral biological interface materials R-PEA@QWP5 and
S-PEA@WP5 through reacting phenythylamine with pillar[5]arene
(Fig. 7C), which shows high enantioselectivity to proteins, and R-
PEA@WP5 has the fastest adsorption rate and large adsorption ca-
pacity [78]. This may provide a new strategy for constructing new
chiral platform to study chiral phenomena in biological systems.

3.3. Chiral framework active domain materials

Chiral metal organic framework materials with homochiral ac-
tive domains can be prepared by pillar[n]arene. Strutt et al. in-
corporated pillar[5]arene into Zn4O clusters and synthesized rac-
P5A-MOF-1, which had an active domain. These active domains
could selectively absorb a large number of electron-deficient guest
pyridinium cations and p-dinitrobenzene. At the same time, they
also used rac-P5A-MOF-1 as chiral stationary phase of HPLC and
successfully separated enantiomers of methyl pillar[5]arene [79].
This study may provide a significant reference for the construc-
tion of chiral frameworks with active domain based on chiral pil-
lar[n]arenes.

3.4. Chiral nanomaterials

Chiral nanoparticles or asymmetric biomolecular molecules
may be constructed with chiral pillar[5]arene due to its molecular
size, functional group, self-assemblyor inversion of chiral configu-
ration. Shurpik et al. prepared (pS/pR)-deca-substitution modified
chiral nanoparticles containing secondary amide fragments pil-
lar[5]arene. The content ratio of enantiomers pR/pS can be changed
by increasing or decreasing the temperature, which proved that
chiral inversion plays an important role in constructing chiral
nanomaterials [60]. In addition, Yang et al. used galactose deriva-
tives combined with Trp-modified chiral pillar[5]arene to syn-
thesize chiral nanocarrier supramolecular vesicles TP5G (Fig. 8A).
TP5G loaded with DOX was relatively stable under physiological
conditions and could be used for controlled release [80]. Under
normal physiological conditions, Liu et al. prepared the targeted
drug delivery system GalP5>G based on alkyne-substituted pil-
lar[5]arene (Fig. 8B), which had good stability. However, in the
cell environment with high GSH concentration, camptothecin pro-
drug G could be released effectively [81]. Similarly, Sun et al. syn-
thesized (Sp.p)-GP5 and (Rp.p)-GP5 which could capture DNS-CPT
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Fig. 9. (A) Chemical structure of the rigid pillar[5]arene-containing oligomers 9-
Mer. Reproduced with permission [84]. Copyright 2014, Wiley. (B) Cartoon repre-
sentation of pS and pR planar-chiral supramolecular polymers. Reproduced with
permission [85]. Copyright 2016, Royal Society of Chemistry. (C) Synthetic proce-
dures of TADP5. Reproduced with permission [87]. Copyright 2017, Royal Society
of Chemistry. (D) Chemical structure of chiral 9. Reproduced with permission [88].
Copyright 2020, Royal Society of Chemistry.

with planar chiral pillar[5]arene, then using them to prepare pla-
nar chiral Sp and Rp nanomaterials with good stability (Fig. 8C).
This work also proves that the inversion of chiral planar confor-
mation can affect the construction of chiral nanomaterials [82].
Nanoparticles, based on the self-assembly of glycine decasubsti-
tuted pillar[5]arene hydrazide compounds, combined with antitu-
mor drugs floxuridine (FUDR) to form a complex (Fig. 8D). It could
significantly reduce the toxicity of FUDR when applied to drug de-
livery [83].

3.5. Chiral polymer materials

Chiral polymer materials can be successfully constructed due to
its advantages of chiral pillar[5]arene, such as structural modifia-
bility, hydrogen bond, covalent bond, bridging and self-assembly
layer by layer of pillar[n]arenes. Strutt et al. reacted mono (2,5-
diamino-1,4-benzoquinone) pillar[5]arene with terephthalaldehyde
to produce AB-type monomers. After being used to synthe-
size oligomers, the initial monomer and extended viologen form
a 1:1 complex dimer tubular structures (Fig. 9A) [84]. Ogoshi
et al. propargylated the monohydroxy pillar[5]arene derivatives
to obtain pillar[5]arene derivatives, and then reacted with 5-
azidopentanenitrile through alkyne-azide cycloaddition CuAAC re-
action to prepare planar chiral supramolecular polymer host-
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guest conjugates (Fig. 9B), which provides a new way to con-
struct chiral supramolecular polymer based on chiral pillar[n]arene,
were affected by planar chiral configuration [85]. Furthermore,
chiral nanotubes with specific lengths and diameters were ob-
tained by chiral functionalized pillar[5]arene, which contained
chiral building block of 2,5-dihydroxybenzaldehyde as repeating
units. In the study, pre-regulation of chiral molecules was de-
signed, which improved the planar chirality of chiral pillar[5]arene
and provided a reference for the construction of chiral nano-
materials based on chiral pillar[n]arenes [86]. Zhu et al. com-
bined the (2-bromoethyl)pillar[5]arene DBEP5 with(R,R)-tetraaryl-
1,3-dioxolane-4,5-dimethanol derivative (TADDOL-OH) to construct
a new chiral 3D polymer network TADP5 that had good heteroge-
neous asymmetric catalytic ability and recycling ability (Fig. 9C).
It is very important to synthesize chiral catalysts [87]. In addi-
tion, a supramolecular polymer three-cavity host B-cyclodextrin-
pillar[5]arene can be constructed by combining the planar chi-
ral pillar[5]arene with S-cyclodextrin (Fig. 9D), and its stereose-
lectivity depends on the absolute configuration of the central pil-
lar[5]arene and the conjugate position on B-cyclodextrin, in which
the inversion of planar chiral configuration plays an extremely im-
portant role [88].

4. Applications of chiral pillar[n]arenes

Chiral pillar[n]arenes can easily interact with chiral or achiral
guest molecules due to their chiral functional groups, electron-
rich cavities and intrinsic planar chiral conformation. They are also
widely used in chiral separation and analytical chemistry, espe-
cially in fluorescence detection of chiral guest molecules, electro-
chemical detection of chiral enantiomers and circular dichroism
detection of chiral compounds. In addition, pillar[n]arenes also play
an important role in biological separation or life processes.

4.1. Chiral fluorescence

Chiral pillar[n]arenes can easily form stable complexes with
guest molecules through electrostatic, hydrophobic bonding, hy-
drogen bonds, w-m, C-H---O and C-H---z. Lin et al. found that L-
Met-could induce the cationic water-soluble pillar[5]arene AWP5
to show a strong fluorescence signal [89]. Similarly, L-Arg-could
significantly enhance the fluorescence intensity of naphthoyl hy-
drazone group pillar[5]arene chemical sensor PNS, while other
amino acids hardly changed its fluorescence intensity [90]. Zhang
et al. prepared the N-(2-aminoethyl)—2-(hexylthio)acetamide func-
tionalized pillar[5]arene fluorescence sensor SNP5, which has
achieved high sensitivity and selectivity for L-Trp-detection [91].
A pillar[5]arene fluorescence sensor SP5 with two-site cooperative
ester functionalization was constructed by Yang et al. They found
that only L-Met-can obviously reduce the fluorescence signal in-
tensity of SP5 [92]. Chen et al. synthesized planar chiral organobo-
rane fluorescent molecules PSNN and P5BN, and applied chiral pil-
lar[n]arenes in chiral luminescence sensing, chiral supramolecular
assembly and chiral fluorescent electronic devices [93]. Other small
molecular fluorescent structures like pigment molecules with good
adsorption and fluorescence properties attached to pillar[n]arenes,
could significantly affect the fluorescence intensity [94,95]. Tan et
al. prepared gold nanoparticle CP5@Au-NPs and used them to de-
tect L-carnitine in human serum and milk samples, with the lowest
detection limit of 0.067 umol/L [96]. Wei et al. synthesized a fluo-
rescence sensor BTAP5 and used for high sensitivity detecting L-
Trp [97]. Specific information, such as functional groups, chiral an-
alytes, driving force, mechanisms and LOD of chiral pillar[5]arene,
has been summarized in Table 2.
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Table 2
Fluorescence detection of chiral guest molecules.
No. Functional groups Chiral analytes Driving force or mechanisms LOD Ref.
1 L-Met Electrostatic, C-H---7 and host-guest interactions 5.46 x 107 mol/L [86]
SN
|
2 o L-Arg C-H---m and hydrogen bond, w-7 interactions 0.20 pmol/L [87]
(LN = O
LIRS
3 L-Trp N-H.-7r, C-H--7 and hydrogen bond 2.19 x 10-8 mol/L [88]
4 L-Met C-H---7 and hydrogen bond, host-guest 2.84 x 10~ mol/L [89]
5 / C-H--m and -7 / [90]
6 / Dipole-dipole and C-H---w and hydrogen bond / [91,92]
\
7 L-Carnitine Electrostatic and hydrophobic interactions 0.067 pmol/L [93]
8 L-Trp -, C-H--N, C-H.--0 and C-H..-7 2.83 x 107 mol/L [94]

Fig. 10. (A-C) The binding models of CP5/L-Trp, CP5/D-Trp, the structures of P- and
P+ and LbL assembly of anionic-/cationic-pillar[5]arene multilayer films and the
recognition of Trp-isomers. Reproduced with permission [98]. Copyright 2018, Else-
vier. (D, E) Electrochemical sensing application of the novel nanomaterial CP6-COF-
Co and quantitative determination current value versus various concentrations of AA
at CP6-COF-Co/GCE. Reproduced with permission [100]. Copyright 2020, American
chemical society.

4.2. Chiral electrochemistry

Pillar[n]arenes with electron-rich system when they interact
with guest molecules, may cause electron transfer. The mechanism
between pillar[5]arenes and chiral substances by electrochemical
method may be that the spatial conformation of chiral isomers of
guest molecules is opposite, and the interaction between isomers
and pillar[n]arene host is different, which leads to obvious distin-
guishable electrochemical differences in peak currents for identify-
ing chiral isomers (Figs. 10A and B). Zhao et al. assembled water-
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soluble cations and anion pillar[5]arene on carboxyl-graphene C-
Gra to form glassy carbon electrode, and then used differential
pulse voltammetry DPV to electrochemically identify L/D-Trp (Fig.
10Q). It indicated that pillar[5]arene-based chiral interface material
can be used to identify tryptophan isomers at a low detection limit
[98]. Yu et al. prepared a chiral sensor based on pillar[n]arenes
and used it for electrochemical detection of chiral drug propranolol
(R/S-PPL) [99]. In addition, Tan et al. prepared a CP6-COF-Co glass
electrode with pillar[6]arene loaded with transition metal ions and
cations (Fig. 10D), and used it for electrochemical detection of AA
in acetic acid buffer solution. The oxidation peak current values
of ascorbic acid (AA) in CP6-COF-Co/GCE gradually increased when
gruadlly increase concentration of AA (Fig. 10E), the detection limit
could reach 0.26 pmol/L (S/N=3) [100].

4.3. Chiral circular dichroism

Detection of chiral enantiomers by circular dichroism mainly re-
lies on the host-guest interaction between pillar[n]arenes and chi-
ral guest molecules to form a relatively stable host-guest complex,
which changes the corresponding wavelength values of maximum
CD signal intensity, thus realizing the recognition of chiral enan-
tiomers. Ji et al. synthesized amino acid based pillar[5]arene, when
chiral guest molecules entrapped in the cavity of pillar[5]arene,
may induce to produce a strong CD signal [58]. Furthermore, Zhu
et al. used chiral amplification induced by pillar[5]arene host-guest
complexs to detect D/L-Arg-by circular dichroism [101]. Chen et
al. also claimed that WP5 and its homologues can be used as
detectors to study the recognition of different chiral regions of
a single chiral o-amino acid derivative [53,102]. In addition, Zhu
et al. synthesized pS/pR pillar[5]arene derivatives by triflate pil-
lar[5]arene and 4-pyridylphenyl borate through Suzuki coupling
reaction, and then reacted with chiral metal ring of Pt(Il) recep-
tors with 60° and 90° respectively to synthesize platinum trian-
gle rows with pS/pR planar chirality, and their enantiomers show
mirror images of CD signals at the same wavelength. Moreover,
the chiral platinum triangles have the property of circularly polar-
ized light. This study provides a new method to construct planar
chiral coordination-driven metal-organic complexes (MOCs) and
know chiral supramolecular self-assembly [103]. Table 3 summa-
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Table 3
The application of circular dichroism in the detection of chiral guest molecules.
No. Functional groups Analytes CD signal Ref.
1 Alkyl «-amino esters L-G2 Positive CD signal at 310 nm, negative CD signal at [58]
283 nm
2 Carboxyl D/L-Arg Negative cotton effect induced by p-Arg-at ~310nm, [101]
positive cotton effect induced by L-Arg-at ~310 nm
3 Carboxylic acid L-amino acid ethyl ester Positive cotton CD signal at 303 nm induced by
sodium hydrochlorides L-Arg-OEt hydrochloride negative cotton CD at [53,102]
303 nm induced by L-Phe-OEt hydrochloride
4 Pyridine / pS enantiomer of the metallacycles exhibited a [103]

negative cotton effect CD signal at ~310 nm, pR
enantiomer had a positive cotton effect at ~ 310 nm

rizes the above-mentioned pillar[n]arene edge modification func-
tional groups, analytes and CD signal values and intensity.

4.4. Other chiral applications

Chiral pillar[n]arenes may have more chiral materials and ap-
plications, due to their unique structure, shape or intrinsic planar
chirality. Therefore, in this section we will summarize other reports
on chiral separation and analysis of chiral pillar[n]arenes. Li et
al. synthesized peptide-linked pillar[5]arene biomimetic nanochan-
nels pR/pS-pH by using phenylalanine and pillar[5]arene reaction.
This study laid a solid foundation for developing high-efficiency
artificial water-based biomimetic membranes for water purifica-
tion. The chiral biomimetic nanochannels were influenced by pla-
nar chiral configuration which plays an important potential role
in chiral separation analysis [104]. By immobilizing nanochannels-
containing liposomes on the active layer of the reverse osmo-
sis (RO) membranes, Lim et al. prepared pillararene-based NBM-
PRPH membranes, which gave a water permeability higher than
commercial RO membranes [105]. Furthermore, Nierengarten et
al. found that the chiral pillar[n]arene modified with mannose
clusters can be used as an inhibitor of adhesion between uri-
nary pathogenic Escherichia coli strains and red blood cells [106].
Al-Azemi et al. prepared planar chiral pillar[5]arene derivatized
with Mosher acid chloride [(S)-(+)-—methoxy-«-trifluoromethyl
phenylacetyl chloride], which can identify chiral alkylammonium
salt guest molecules. This may be because the hydrophobic cavity
of the pillar[n]arene forms an inclusion compound with the chiral
guest molecule, which leads to the shift of the nuclear magnetic
peak of the host or guest molecule to the corresponding high field
or low field, so that the enantiomers detection of the chiral guest
molecule can be realized [107]. Isothermal titration calorimetry can
also detect chiral enantiomers. Lv et al. reacted dicarboxylic acid
pillar[5]arene with monohydroxy calix[4]pyrrole to prepare chiral
mandelic acid ester macrocyclic compound PC. The affinity and se-
lectivity of its enantiomer to chiral mandelic acid ester may mainly
depend on the structure of chiral guest molecules, that is, based on
structural complementarity [108].

5. Conclusions and perspectives

Chiral pillar[n]arenes have shown excellent results in con-
structing chiral supramolecular materials, detecting chiral small
molecules or amino acid enantiomers. Other chiral pillar[n]arenes
(n=7, 8...) with larger hydrophobic cavity or more chiral groups,
may be more effective in the separation and analysis of chiral an-
alytes with larger volume and more complex structure. The in-
version of planar chiral conformation has great potential influence
on chiral separation analysis, especially the development of chiral
separation materials. Based on the special chiral inversion perfor-
mance of chiral pillar[n]arenes, we believe that the research on the
planar chiral conformation inversion of pillar[n]arenes can promote
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the remarkable development of chiral pillar[n]arenes in the fields
of design, preparation and application of chiral photoelectric de-
vices, chiral asymmetric catalysis and chiral supramolecular mate-
rials.
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