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Chiral inversion systems have received a great deal of interest
because they offer new applications in chemical sensing,
enantioselective catalysis, and in the chirality switching of
liquid crystals and photoluminescence.[1] However, chiral
inversion has only been demonstrated in a few artificial
molecules, such as helical oligomers and polymers[2,3] and
axially chiral compounds.[4] In the present study, we present
a new chiral inversion system, triggered by achiral guests and
solvents, in a novel artificial molecule consisting of a planar
chiral macrocyclic compound, pillar[5]arene (Fig-
ure 1a).[5–10,12, 13]

Pillar[5]arenes were first reported in 2008[5] and were used
as hosts to create novel supramolecular assemblies.[6] The
planar chirality of pillar[5]arenes is caused by the substitution
position of the alkoxy groups.[7] The units can rotate around
the methylene bridges, meaning that pillar[5]arene has two
equivalent most stable conformations (pS and pR), as shown
in Figure 1a. Interconversion between pS and pR occurs by
rotation of these units at 25 8C in solution.[7a] Inhibiting this
rotation is necessary to isolate the two enantiomers. One
approach to hinder this rotation is to modify both rims with
bulky substituents.[7b] The other approach is to form a rotaxane
consisting of a pillar[5]arene wheel and a guest axle.[7c] Based
on these approaches, we have successfully isolated planar
chiral pS- and pR-pillar[5]arenes and [2]- and [3]-rotaxanes
consisting of pS- and pR-pillar[5]arene wheels.[7b,c] However,
the planar chirality of these molecules is static because the
rotation of the units is completely inhibited. Herein, we report
dynamic planar chiral inversions based on a new bicyclic
structure based on pillar[5]arene, a pseudo[1]catenane 1 (Fig-
ure 1c), in which the guest is an alkyl chain connected to one
pillar[5]arene unit.

Rotation of the pillar[5]arene unit connecting the alkyl
chain causes inclusion and de-threading of the alkyl chain;
thus 1 can be assigned as a pseudo[1]catenane. The inclusion
and de-threading of the alkyl chain induces planar chiral
inversion; thus 1 has four conformers: in-pS-1, in-pR-1, out-
pS-1, and out-pR-1 (Figure 1c). Guests and solvents can be
included in the cavity of 1, and thus trigger the inclusion and

de-threading of the alkyl chain. We show that achiral guests
and solvents trigger the dynamic planar chiral inversions of 1.

A pseudo[1]catenane 1 was prepared by a Sharpless click
reaction between 1,12-diazidododecane and an A1/A2 di-
alkynylated pillar[5]arene 2[8] (Figure 1 d). Purification of the
crude product from the reaction mixture by silica gel
chromatography afforded 1 in 17 % yield. The chemical
structure of 1 was fully characterized by 1H, 13C, 2D 1H–1H
COSY, HSQC, HMBC NMR spectroscopy, and high-resolu-
tion FAB mass spectrometry. Figure 2 shows the 1H NMR
spectrum of 1 and a model compound 3 in CDCl3 at 25 8C. The
signals from the alkyl chain of 1 (Figure 2b, peaks a–e) were
shifted upfield compared with that of 3 (Figure 2a, peaks A–
E). The two-dimensional nuclear Overhauser effect spectrum
of 1 (Supporting Information, Figure S2) has correlations
between the signals from phenyl and methylene protons of
pillar[5]arene wheel and methylene protons of the alkyl chain.
These data indicate the alkyl chain was mainly included in the
pillar[5]arene cavity in CDCl3. Pillar[5]arenes form com-
plexes with linear alkanes in CDCl3,

[9] and in a similar way
1 mainly forms a self-inclusion structure in CDCl3. The proton
signal from the methylene moieties adjacent to the O atoms
(Figure 2b, peak h) was split into two groups of doublets with
a 1:1 integration ratio, suggesting that rotation of the units did
not occur or occurred slowly on the timescale of a 500 MHz
spectrometer.[7b] Five singlet peaks from phenyl protons were
observed (Figure 2b). This indicates that the structure of
1 was highly symmetric and stereoregular. Considering the
possible chiral structures, all of the substituents at both rims
should have the same orientation.[7] The same symmetric
pillar[5]arenes mainly obtained by immobilization of the
conformation owing to lower energy than the other con-
formers.

Chiral-phase HPLC measurements were performed to
investigate the planar chirality of 1. Two peaks of equal area
were observed (Supporting Information, Figure S3), indicat-
ing 1 was racemic, that is, a 1:1 mixture of in-pS-1 and in-pR-1.
These fractions were collected and UV/Vis and circular
dichroism (CD) spectra were measured (Figure 3a).

The CD spectra of these fractions were mirror images,
indicating enantiopure in-pS-1 and in-pR-1 had been col-
lected. Calculations allowed the first and second fractions to
be assigned as in-pS-1 and in-pR-1, respectively.[7c]

1,4-Dicyanobutane (Figure 1b, G1) forms very highly
stable 1:1 host–guest complexes with pillar[5]arenes. The
association constants Ka of the complexes between G1 and
pillar[5]arenes are generally greater than 104 L mol�1,[10] while
the Ka of the host–guest complexes between linear alkanes
and pillar[5]arenes are very weak (Ka = 10–100 L mol�1).[9]

The crystalline structure of the 1:1 G1–pillar[5]arene complex
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was completely characterized by X-ray analysis.[10] The very
stable host–guest complexation derives from multiple non-
covalent interactions such as CH–p, CH–N and CH–O
interactions between pillar[5]arene and G1. Thus, G1 was
added as a competitive guest for the alkyl chain, which is
a constituent part of 1. Upon the addition of one equivalent of
G1 to 1 (Figure 2c), new additional peaks (peaks a’ and b’)

were observed along with the pris-
tine proton peaks of G1 (peaks
a and b). These additional peaks
were the methylene proton peaks
of G1 in a complex with 1, which
were also observed in the host–
guest complexes of G1 with other
pillar[5]arenes.[10] At the same
time, downfield shifts in the signals
from the alkyl chain (peaks a–e)
and the triazole group (peak g)
were observed. The cavity size of
pillar[5]arenes is about 5.5 �,
which just accommodates a single
linear alkane.[5, 6, 9] The Ka of the
G1–pillar[5]arene complex is sev-
eral orders of magnitude higher
than that of the alkyl chain–pil-
lar[5]arene complex,[9, 10] thus
inclusion of G1 in the cavity of
1 causes de-threading of the alkyl
chain moiety from the cavity of 1.
Figure 3b shows the CD spectra of
the first fraction (in-pS-1) with the
guest G1. The sense of the
observed CD spectra had changed
dramatically from positive to neg-
ative as the concentration of G1
increased, indicating that the addi-
tion of the achiral guest G1
induced the planar chiral inversion
from in-pS-1 to out-pR-1 (Fig-
ure 4 a). The opposite planar
chiral inversion from in-pR-1 to
out-pS-1 was also induced by the
addition of achiral G1 to the
second fraction (Supporting Infor-
mation, Figure S4). The association

constants between in-pS-1 and G1, and between in-pR-1 and
G1 as determined by CD titrations were (7.1� 0.13) �
102 L mol�1 and (7.3� 0.19) � 102 Lmol�1, respectively (Sup-
porting Information, Figure S5).[11] The association constants
between pillar[5]arene derivatives and G1 are generally
> 104 L mol�1,[10] and thus the alkyl chain is strongly included
in the cavity of 1 and acts as a competitive guest to G1.

Linear ammonium cations are also good guests for
pillar[5]arenes (Ka> 103

m
�1).[12] Thus, an ammonium cation

(G2, Figure 1b) was added to the second fraction (in-pR-1).
Inclusion of G2 into the cavity of 1 was also observed by
1H NMR measurements (Supporting Information, Figure S6).
Upon addition of G2, a decrease in the negative CD
intensities was observed (Figure 5 a). Because the association
constants between G2 and pillar[5]arenes are weaker than
those between G1 and pillar[5]arenes, inversion of chirality
did not complete. Nevertheless, G2 can also act as a guest and
induce the de-threading of the alkyl chain of 1. We expected
that G2 could be removed from the cavity of 1 with the
assistance of the crown ether [24]crown-8 ([24,8]). The
addition of [24,8] to a mixture of 1 and G2, resulted in an

Figure 1. a) Planar chirality of pillar[5]arene. b) Competitive guests (G1 and G2) and a competitive
host ([24,8]). c) Four conformers and d) synthesis of a pseudo[1]catenane 1.

Figure 2. a) 1H NMR spectra (500 MHz, 5 mm, CHCl3, 25 8C) of a) 3,
b) 1, c) an equimolar mixture of 1 and G1, and d) G1.
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increase of negative CD intensities (Figure 5b). The CD
intensities almost recovered to their initial state (Figure 5c),
indicating that the G2- and [24,8]-triggered planar chiral
inversions are reversible (Figure 4b). The addition of G2 and
the subsequent inclusion of G2 in the cavity of in-pR-1 cause

the transformation from in-pR-1 to out-pS-1. Further addition
of a competitive host [24,8] to the mixture induced a trans-
formation from out-pS-1 to in-pR-1. Overall, we reversibly
converted between in-pS-1 and out-pR-1 with alternating
addition of the competitive achiral guest G2 and the achiral
host [24,8].

Figure 6a shows the CD spectra of the first fraction in
different solvents. In CH3OH, positive CD signals were
observed. In the 1H NMR spectrum of 1 in CD3OD, the
proton signals from the alkyl chain (Figure 6b, peaks a–e) of
1 were upfield compared with model compound 3 (Figure 2a,

Figure 3. a) CD and absorption spectra (40 mm, CHCl3, 25 8C) of the
first and second fractions. b) CD spectral changes (40 mm, CHCl3,
25 8C) of the first fraction (in-pS-1) upon addition of G1 (0–1000 equiv
to 1).

Figure 4. Representations of a) the planar chiral inversions triggered
by a) achiral guest G1, b) alternating addition of achiral guest G2 and
host [24,8], and c) inclusion of achiral solvents.

Figure 5. Achiral guest- and host-triggered reversible planar chiral
inversion. CD spectral changes (40 mm, CHCl3, 25 8C) of a) a second
fraction (in-pR-1) upon addition of G2 (0–3000 equiv to 1) and b) a
mixture of the second fraction and G2 upon addition of [24,8] (0–
3000 equiv to 1). c) Change in CD intensity at 310 nm upon addition
of G2 and [24,8] to a solution of the second fraction.
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peaks A–E). These observations are similar to chloroform
and indicate the alkyl chain is mainly included in the cavity in
these solvents (in-pS-1; Figure 4c). In contrast, the CD signals
of this fraction are negative in CH2Cl2 and CH3CN (Fig-
ure 6a). In these solvents, the proton signals of the alkyl
chains were observed at downfield (Figure 6b). These sol-
vents act as guests and are included in the pillar[5]arene cavity
(out-pR-1, Figure 4c). The inclusion of CH2Cl2 and CH3CN
into the cavity of pillar[5]arenes was completely characterized
by single X-ray crystalline analysis.[5, 13] Thus, the small size
differences between these solvents can be detected by the
sense of the positive and negative CD signals using 1. The
opposite planar chiral inversions induced by these achiral
solvents were also observed in the second fraction (Support-
ing Information, Figure S7).

To determine the rate of the pirouetting between in-1/out-
1 conformers, we measured variable-temperature 1H NMR
spectra of 1 in these deuterium solvents. In CD3CN, we can
detect two proton signals from the triazole group from the
self-inclusion and de-threaded structures of 1 (Supporting
Information, Figure S8), but cannot in the other deuterium

solvents (Supporting Information, Figures S9–S11). The pop-
ulations of the self-inclusion and de-threaded structures in
CD3CN were calculated using the integration ratio of these
peaks. The thermodynamic parameters were determined
using a van�t Hoff plot (Supporting Information, Figure S12).
DH and DS were found to be�20.3� 43 kJmol�1 and�81.4�
1.6 J mol�1 K�1, respectively. DG extrapolated to 25 8C was
4.00� 0.91 kJ mol�1, which is consistent with inclusion of
acetonitrile in the cavity at 25 8C.

In conclusion, we synthesized a new chiral pillar[5]arene
structure for the first time, pseudo[1]catenane 1, which shows
complete chiral inversion upon addition of achiral guest and
solvents.[14] Host–guest complexation is the driving force for
the chiral inversion. The planar chiral inversion system will be
useful for chiral switches or sensors because planar chiral
inversions take place by capturing and releasing achiral guests
and reflecting the minute size difference of solvents.

Experimental Section
1: Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (31.8 mg,
60.0 mmol) and [Cu(CH3CN)4]PF6 (22.3 mg, 60.0 mmol) were added
to a solution of 2[8] (54.7 mg, 60.0 mmol) and 1,12-diazidododecane
(15.1 mg, 60.0 mmol) in chloroform (300 mL), and the mixture was
stirred at 25 8C for 12 h. The resulting solution was concentrated in
vacuo. Column chromatography (silica gel, chloroform) afforded
pseudo[1]catenane 1 (36.5 mg, 31.0 mmol, Yield: 17 %). 1H NMR
(CDCl3, 500 MHz): d = 7.17 (s, 2H, triazole), 7.13 (s, 2H, phenyl),
6.92 (s, 2H, phenyl), 6.89 (s, 2H, phenyl), 6.78 (s, 2H, phenyl), 6.63 (s,
2H, phenyl), 5.30 (d, 2H, J = 12.1 Hz, methylene), 5.14 (d, 2H, J =
12.6 Hz, methylene), 3.56–4.04 (m, 30 H, methylene), 1.38–1.50 (m,
24H, methyl), 0.55–0.80 (br, 8H, methylene), 0.32–0.54 (br, 4H,
methylene), �0.14–0.05 (br, 4H, methylene), �0.40–0.14 ppm (br,
4H, methylene). 13C NMR (CDCl3, 125 MHz): d = 150.2, 149.7, 149.6,
149.3, 143.4, 131.4, 128.6, 128.1, 127.8, 123.6, 119.7, 115.1, 114.4, 114.3,
63.9, 63.6, 63.3, 63.1, 49.7, 29.8, 29.3, 29.2, 28.9, 28.4, 27.6, 24.5,
15.4 ppm. HRFABMS: m/z Calcd for C69H91N6O10 [M+H]+:
1163.6797, found 1163.6792.
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