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ABSTRACT: An efficient strategy for applying to chiral materials is to design and synthesize host molecules with left- and right-
twisted conformations and to control their twisted conformations. For this, a quantitative analysis is required to describe the chirop-
tical inversion, chiral transfer, and chiral recognition in the host-guest systems, which is generally performed using circular dichroism
(CD) and/or proton nuclear magnetic resonance (‘H-NMR) spectroscopies. However, the mass-balance model that considers the left-
and right-twisted conformations has not yet been established so far. In this study, we derived novel equations based on the mass-
balance model for the 1:1 host-guest systems. Then, we further applied them to analyze the 1:1 host-guest systems for the achiral
calixarene-based capsule molecule, achiral dimeric zinc porphyrin tweezer molecule, and chiral pillar[S]arene with the chiral and/or
achiral guest molecules by using the data obtained from the CD titration, variant temperature CD (VT-CD), and 'H-NMR experiments.
The thermodynamic parameters (AH and AS), equilibrium constants (K), and molar CD (A¢) in the 1:1 host-guest systems could be

successfully determined by the theoretical analyses using the derived equations.

INTRODUCTION

Since the pioneering discovery of the macrocyclic compound
with the molecular recognition site, crown ether, by Pedersen in
1967,! the host-guest (supramolecular) chemistry has been de-
veloped over half a century using a variety of achiral and chiral
host molecules, such as cyclodextrins, calixarenes, blue boxes,
cucurbiturils, and pillararenes, as well as unique molecular
tweezers and capsules. In particular, taking advantage of the
host-guest systems, much interest has been focused on the ver-
satility of chiral materials. The design and synthesis of host
molecules with left- and right-twisted conformations play an es-
sential role in chiral separation, chiral sensing, absorption and
emission of circularly polarized light, and asymmetric catalysis
because the twisted structures enable the control of chiroptical
inversion, chiral transfer, and chiral recognition.>?’ Thus, it is
important to understand the host-guest system with left- and
right-twisted conformations to maximize the potential of the
host molecule.

There are two types of 1:1 host-guest systems (Systems A
and B), as summarized in Scheme 1. System A is the conven-
tional one, and its analytical method has been well-organized
by Sessler, Anslyn, and co-workers and is widely used.?® Con-
versely, to the best of our knowledge, the mass-balance model
for System B has not yet been established. In System B, the host
molecule adopts left- and right-handed conformations, repre-
sented as M and P, respectively. The M and P notations are used
as representative notations for the left- and right-handed con-
formers rather than those strictly defined by the TUPAC.

Therefore, in this work, the left- and right-twisted confor-
mations of the host molecule with planar chirality (pS and pR)
are represented by the M and P notations, respectively. Moreo-
ver, there are two ways to describe the chirality of the host mol-
ecule in System B: one is chiral/achiral, and the other is nonra-
cemic/racemic. We used the former description because the
conformational changes between the left- and right-twisted
structures of the host molecules in this work are mainly dy-
namic rather than static.

The following chiral phenomena are expected in Systems A
and B (Scheme 1): (i) chiroptical inversion, (ii) chiral transfer,
and (iii) chiral recognition. (i) If the M- or P-twisted confor-
mation of the host molecule is inverted by complexation with a
guest molecule, chiroptical inversion occurs. Chiroptical inver-
sion can be observed in the systems for the achiral host/chiral
guest, chiral host/achiral guest, and chiral host/chiral guest mol-
ecules. However, chiroptical inversion rarely occurs in systems
for chiral host/achiral guest molecules. (ii) If the achiral host
molecule interacts with the chiral guest molecule, the chirality
of'the chiral guest molecule can be transferred to the achiral host
molecule (chiral transfer). (iii) If the chiral host molecule selec-
tively interacts with either one enantiomer from the racemic
mixture of the guest molecule, chiral recognition can be ob-
served.

Quantitative analysis of chiroptical inversion, chiral transfer,
and chiral recognition through the host-guest interaction is gen-
erally performed by the titration and/or variant temperature
(VT) experiments using circular dichroism (CD) and/or proton
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nuclear magnetic resonance (‘H-NMR) spectroscopies. As
mentioned above, in contrast to System A, the systematic deri-
vation of the equations based on the mass-balance model for
System B has not been achieved yet. This could be because (i)
many parameters are involved in System B, which appears to
be complicated and (ii) conventional equations for System A
can be used to analyze the system by ignoring the M- and P-
twisted conformations even if the host molecule adopts them.
However, if chiroptical inversion, chiral transfer, and chiral
recognition are involved in the host-guest systems under the
equilibrium between the left- and right-twisted conformations,
the chiral property of the host molecule can be governed by its
left- and right-twisted conformations. Thus, the quantitative
analysis of System B is essential to evaluate and improve the
chiral properties of the host molecules.

In this study, we propose useful equations based on the mass-
balance model for System B to analyze the data obtained from
the CD titration, VT-CD, and 'H-NMR experiments (see
THEORY). Among them, we mainly focused on the analysis of
the VT-CD experiment rather than the CD titration and 'H-
NMR experiments because (i) it is difficult to analyze System
B using the CD titration curve and (ii) the method to analyze
System B using the 'H-NMR data has been well-established,
especially for diastereomeric host-guest systems. However, the
'"H-NMR experiment is not applicable when the conformational
changes are faster than the timescale of the "H-NMR measure-
ment. In contrast, the VT-CD experiment is free from such dis-
advantage. To the best of our knowledge, this is the first report
describing an analytical method for System B using the VT-CD
data.

Scheme 1. Host-guest systems. Guest molecules (Gx and Gy)
can be a pair of enantiomers or chiral and achiral molecules.
System A: host molecule (H) without left- and right- (M- and
P-) twisted conformations. System B: H with M- and P-
twisted conformations (Hy and Hp).

System A System B
(Host without M/P-twisted (Host with M/P-twisted
conformations) conformations)
Gy Gy
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THEORY

Equations Based on the Mass-Balance Model for System B

On the basis of System B in Scheme 1, the following equa-
tion describes the equilibrium between the M- and P-twisted
conformations of the host molecule (Hp 2 Hy).

[Hu]
KPM [Hp] (1)

The Kpm parameter denotes the equilibrium constant between
the M- and P-twisted conformations of the free host molecule.

If the host molecule is achiral (racemic, [Hp] = [Hwm]), Kpm = 1
holds. However, if the host molecule is chiral (non-racemic,
[Hp] # [Hwm]) and the M- and P-twisted conformations are per-
turbed by the chiral moiety, Kpm # 1 holds.

The following equations (eqs 2—5) express the binding con-
stants (Kmx, Kmy, Kpx, and Kpx) between the host molecule with
the M- and P-twisted conformations and guest molecules (Gx
and Gy) through 1:1 host-guest interactions. It should be noted
that Gx and Gy can be a pair of enantiomers or chiral and achiral
molecules.

[HyGy]

K = T, 1G] @
[HyGy]

Ky = TH,]0Gy] @
[HeG]

Kex = TH,]0Gy] @
[HeGy]

Kex = TH,]0Gy] ©)

Using eqs 1-5, the K'pm and K'"pyv parameters can be de-
scribed as the following equations.

_ [HuGx] _ KuxKpm

K'pm = = (6)
™ [HPGX] KPX

K”PM — [HMGY] - KMYKPM (7)
[HP GY] KPY

As only the total concentrations of the host ([H]r) and guest
([Gx]r and [Gy]r) molecules are known, the concentrations of
the free host ([Hp] and [Hm]) and free guest ([Gx] and [Gy])
molecules should be estimated from [H]r, [Gx]r, and [Gy]r. By
defining p, ¢, and r as the following equations (eqs 8—10), [Hu]
can be obtained by solving the cubic equation, A[Hm]* + B[Hum]?
+ C[Hm] + D =0.

p = Kux + % (3)
q = Kuy + % ©)
Fo 14— (10)
Kpym
A = pqr (11)
B = pq([Gx]r + [Gylr- [H]p) + r(@ + @) (12)
C =-(p + QMHlr + plGxlr + q[Gylr + 7 (13)
D =-[H]r (14)

Although the analytical solution for the cubic equation is
known as Cardano's formula, using commercially available
software such as Origin or a spreadsheet based on the least
square method could be more practical.?®

Subsequently obtained [Gx] and [Gy] are described by the
following equations.

_ _ (G
= T 0
_ G
2
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In the case of [Gy]r = 0, the equation for [Hv] becomes a
quadratic function, B[Hu]* + C[Hm] + D = 0, which coincides
with the cubic equation with ¢ = 0.

B = pr a7
€ = p([Gxlr - [Hlp) + 7 (18)
D =-[H]; (19)

The value can be calculated analytically using the quadratic
formula. Once [Hu] is obtained, [Hp] can be described as [Hp]
= [Hwm]/Kpm using eq 1. By defining [H] = [Hp] + [Hwm] (= 7[Hwm])),
the quadratic function of System B can be described as
(B/P)[H]* + (C/r)[H] + D = 0. Moreover, by replacing the coef-
ficients of the equation with B’ = B/r* and C’ = C/r, the quad-
ratic equation of System B becomes B’[H]* + C’[H] + D = 0.
This equation is compared to the quadratic equation of System
A (Table 1).8

Analysis of System B Using the CD Data

If the observed value of the molar CD (A¢) originates from
the host molecule and the contribution from the guest mole-
cule(s) is negligible in the host-guest system, the Ae value is
expressed by the following equation.

AS = {AEM + ASP/KPM

+ (AenxKux + AepxKpx/Kem)[Gx]
+ (AemyKmy + AepyKpy/Kpm) [Gy]}
/(r + plGx] + qlGy])

where Aeu, A&, Aemx, Aépx, Aémy, and Agpy are the Agvalues
for Hv, Hp, HuGx, HpGx, HuGy, and HpGy, respectively. Eq 20
is described in general form, and the more specific conditions
below (i—iv) can simplify the equation.

(20)

(i) If there is only a single guest molecule (Gx), [Gy] = 0
holds.

(ii) If the host molecule is achiral, Kpp = 1 and Agy = — Agp
hold.

(iii) If (ii) holds, and both of the guest molecules (Gx and Gy)
are enantiomers, Asux = — Agy, Aduy = — Aépx, Kmx = Kpy, and
KMY = KPX hold.

(iv) If (ii) holds, and if one of the guest molecules (Gy) is
achiral, Kpy = Kymy hold.

Further modification of the formula is necessary to analyze
the results obtained from the VT-CD experiments. The follow-
ing equation is obtained if the conditions (ii) and (iii) are satis-
fied.

_ (DeyxKux + AepxKpx)([Gx] - [Gy]) @)
2 + (Kux + Kpx)([Gx] + [GyD

When the host molecule is achiral, Kpy = 1 holds. The fol-
lowing equation is obtained using the relations, K; = exp(—
AGy/RT) and AG;= AH; — TAS;, and applying the approximation,
Aé‘MX = —Aé‘PX = Aé‘MY = —Agpy.

Ae = {Aeyx(exp(-AG,/RT) - 1)([Gx] - [GyD}
/{2exp(AGpx/RT) + (22)
(exp(-AG,/RT) + 1)([Gx] + [GyD}

where AGl = AGMX — AGPX = AI‘[l — TAS1 = AHMX — AI‘IPX —

T(ASvix — ASpx).

2exp(AGpx/RT) can be neglected when 2exp(AGpx/RT) <<
exp(-AG/RT)([Gx] + [Gy]), indicating that almost all the host
molecules form complexes with the guest molecules.
As = Aevx{exp(- AG, /RT) - 1}([Gx] - [Gy])
{exp(-AG,/RT) + 1}([Gx] + [GyD
For chiral host molecules, the Kpy parameter is necessary to
be determined by analyzing the free chiral host molecule. The

Agvalue can be estimated using the VT-CD curve without guest
molecules based on eq 20 substituting [Gx] and [Gy] by 0.

_ AeyKpm + Agp

T Kpy + 1

_ Aeyexp(-AGpy/RT) + Agp
" exp(-AGpy/RT) + 1

When there is only Gx (i.e., [Gy] = 0) and all chiral host mol-
ecules form the complexes with Gx, eq 20 is simplified as the
following equation.

_ AeyxKux + AepxKpx/Kpm

B Kux + Kpx/Kpm

_ Aeyxexp{(-AG,)/RT} + Aepy

a exp{(-AG,)/RT} + 1
where AGZ = AGPM + AGMX — AGP)(.

(23)

Ae
(24)

Ae
(25)

Analysis of System B Using the "H-NMR Data

If the interconversion between the diastereomeric left- and
right- (M- and P-) twisted conformations is slower than the
timescale of the "H-NMR measurement, each conformation can
be quantified for System B without Gy.**° In the case of an
achiral host molecule complexed with Gx, [Hu] = [Hp] and Kpm
=1 hold for eq 6, and the diastereomeric excess (de) can be
calculated as follows.

de = [HwGx] - [HpGx] _ Kux - Kpx
[HuGx] + [HpGx]  Kux + Kpx
where HuGx is assumed to be dominant (Kmx > Kpx). The

equation coincides with the reported dataset of Kux, Kpx, and
de”

When the achiral host molecule forms complexes with two
guest molecules (chiral Gx and achiral Gy), two peaks for the
diastereomeric HuGx and HpGx complexes, and one peak for
the enantiomeric HpGy and HuGy complexes are observed in
the 'H-NMR spectrum. The ratios obtained from the integrated
peak areas represent the relative amounts of complexes.
[HuGx]/[HpGx] is the same as that in eq 6 with Kpy = 1, and
([HuGy] + [HrGy])/[HrGx] can be described by the following
equation.

[HuGy] + [HpGy]  2Kuy[Gy]
[HpGyx] Kpx[Gx]

Taking advantage of the above relation, Haino and co-work-
ers successfully determined the Kyx and Kpx values of the achi-
ral calixarene-based capsule molecule (1) as the host molecule
and the chiral guest molecules (i.e., 2a, 2b, 2¢, and 2d) (Figure
1a) by the competition experiment using the "H-NMR spectros-
copy based on the known Kyy (= Kpy) value®! of 1 and the achi-
ral guest molecule (4,4'-diacetoxybiphenyl).?

(26)

@7
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RESULTS AND DISCUSSION

The Problem of Analyzing System B Using the CD Titration
Curves

A question arises regarding an achiral (racemic) host mole-
cule: “Why Kux and Kpx cannot be determined for System B
using the CD titration curve while Kux can be determined for
System A?” To answer this question, eqs 30 and 31 are com-
pared in Table 1. One reason is that System A has only two un-
known parameters, Agux and Kux, where Agux can be deter-
mined if an excess amount of guest molecules is added, and all
host molecules form complexes. In contrast, System B has four
unknown parameters: Aé&vx, A&x, Kvx, and Kpx. In some cases,
Aégvx =—Aé&px can be assumed if (i) the M- and P-forms are rigid
and mirror images of each other, and (ii) the absorption peak of
the guest molecule does not overlap with that of the host mole-
cule in the same regions of the CD spectrum. This assumption
(Aemx = —Agpx) reduces the number of unknown parameters
from four to three. However, although Kyvx + Kpx can be esti-
mated by varying the total concentration of the guest molecule
([Gx]r), the three parameters cannot be determined from the CD
titration curve. When the concentration of the guest molecule is
hlgh (1 << (KMX + pr)[Gx]/z), (Aé‘MxKMX + Agprpx)/(KMX +
Kpx) is obtained. The equation can be further simplified by as-
suming Aeux = —Aépx, resulting in Agux(Kmx — Kpx)/(Kvx +
Kpx). However, the two parameters, Kvx + Kpx and Aaux(Kvx
— Kpx)/(Kmx + Kpx), were not sufficient to determine the other
three parameters: Agux, Kmx, and Kpx.

In the case of the interaction between the chiral host and achi-
ral/chiral guest molecules, the parameters for the free chiral host
molecule (Aau, Agp, and Kpy) are necessary to be determined in
addition to those for the host-guest complex (Aé&ux, Agpx, Kmx,
and Kpx). The equation for the CD titration curve of the system
for chiral host and achiral/chiral guest molecules (eq 29) is more

complicated than that for achiral host and chiral guest molecules.

Thus, it is impossible to determine these parameters solely by
the CD titration curve.

Evaluation of Derived Equations: Analysis of System B Us-
ing the VT-CD Curves

Eq 23 for the VT-CD experiment was used to determine the
Kux/Kpx value for the achiral host molecule under Asux =-Agx
= Aeauy = —A&y approximation to circumvent the problem of
the analysis using the CD titration curve. If only one guest mol-
ecule is used, the equation has three fitting parameters: A Hyx —
AHpx, ASvx — ASpx, and Asvx. Artificial datasets for the three
different calculation methods (calc-1, calc-2, and calc-3) were
produced using the experimental parameters obtained by 'H-
NMR analysis of the 1:1 host-guest system for the achiral ca-
lixarene-based capsule molecule (1) and the chiral guest mole-
cules (2a, 2b, 2¢, and 2d) (Figure 1a) to investigate the validity
of eq 23.%° Figure 1b and c show the A& values calculated using
the experimental parameters® and eq 20 (A&alc1) (solid lines),
the A&uic-1 values with a standard deviation of Agux = 1 (A&ate-
2) (circle, square, triangle, diamond, and cross marks), and the
Ag values obtained by fitting the parameters to A&uaic2 Using eq
23 (Aé&alc3) (dotted lines) as a function of temperature. The pa-
rameters and resulting values are also summarized in Table 2.
The selectivity () is defined as & = Kmx/Kpx, where Kvx > Kpx
and o> 1.

As shown in Figure 1b, the calculated values of all systems,
except for System B4 (i.e., Systems B1-B3), showed good
agreement with A&,i..1. However, the resulting thermodynamic
parameters of System B1 had a large uncertainty, presumably
due to the small change in A¢or large selectivity. Another ap-
proach can be used by combining the VT-CD and CD titration
curves to determine the binding constant and improve the un-
certainty. The Aeux value with high accuracy was obtained
from the VT-CD curve. Thus, subsequent CD titration curve
analysis using eq 23, assuming Agux = —A&px can be performed
to determine Kvx and Kpx. Figure S1 and Table S1 show an ex-
ample of the CD titration curves using eq 31 and obtained pa-
rameters, respectively. Because the uncertainty of the selectiv-
ity was not improved for the CD titration curve, the large un-
certainty is expected to be derived from the large selectivity ra-
ther than the small change in Ag in the VT-CD curves.

Table 1. Comparison of the Parameters for Systems A and B*

parameters for B’[H]* + C’[H] + D = 0°

condition system
B C D Ae
Aey+AeyxKyx[Gyx]
chiral host System A Kux Kux([Gx]r — [H]p) +1 ~[Hlr % (28)
K K, Ae K,
molecule (KMX + ﬁ) (KMX + ﬁ) Aey + ﬁ* (ASMXKMX + Aepx ﬁ) [Gx]
with [Gy] = 0 System B 1 1 ([Gxlr-Hlp) +1  —[H]p N ox -+ (29)
System A AsyxKux[Gx]
achiral host (Aey = 0) K Kux([Gxlr — [H]p) + 1 ~Hlr 1‘1:);(—1-}12()([(3;((] G0
q =
molecule System B K + Ko) (Ko + Ko (A‘?MXKMx;‘ AepyKpx) [Gy]
with [Gy] = 0 (Kpm = 1, MX 2 X X 2 £X ([Gxlr-[HIp +1 —[H]r Kyix + Kpy) -+ (31)
Dey = — Aep) 14 2SMXC PGy

“The parameters shown in blue coincide with Systems A and B, but those shown in red do not. °For both Systems A and B, the parameters,
B, C’, and D, for B’[H]?> + C’[H] + D = 0 are given. For System B, B’ = B/¥*, C’ = C/r, and D, for B’[H]> + C’[H] + D = 0 are given, and

[H] = [Hwm] + [Hp] hold.
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Figure 1. The theoretical VT-CD curves for Systems B1-B9 using the parameters obtained from the 1:1 host-guest system for the achiral
calixarene-based capsule molecule (1) and the chiral guest molecules (2a, 2b, 2¢, and 2d).”’ The Agac-1 values were calculated using the
experimental parameters (Table 2)* and eq 20. The A& values were produced from the Age- values by assuming the standard deviation
of Ageaic-1 as 1.0 M eni™!, which is 1% of the Agvx value. Only one set of the Agaic2 values was produced for Systems B1-B4, although
five sets of the Agulc-2 values were produced for Systems B5-B9. The A&.ic-3 values were obtained by fitting the parameters to A&eaic-2 using
eq 23. (a) The chemical structures of 1 and 2a, 2b, 2¢, and 2d for Systems B1, B2, B3, and B4, respectively. (b) The theoretical VT-CD
curves for Systems B1-B4. The Kvx and Kpx parameters at 25 °C and the AHux — AHpx to ASux — ASpx ratios were taken from reference
29 for the host-guest interactions of 1 with 2a, 2b, 2¢, and 2d. (c) The theoretical VT-CD curves for Systems B5-B9 with various a. The
AHyix — AHpx to ASux — ASpx ratio was also obtained from the reference for 1 with 2¢.%

Table 2. Parameters and Results Obtained by Fitting with the Theoretical VT-CD Curves for Systems B1-B9*

system Kux (M) Kex (M) a (25 °C) AHwvx — AHpx (kI mol™)  ASwmx — ASpx (kJ mol™ K™) Aavix M em™)
calc-1 calc-1 cale-1 calc-3¢ calc-1 calc-3¢ calc-1 calc-3¢ calc-1° calc-3

B1 158652°¢ 1603¢ 99.0 102+33 —262¢ 275+104 —0.0496¢ —0.0541 + 0.0323 100 100.1+0.3
B2 34474¢ 4701°¢ 73 729+0.16 -12.9¢ -12.9+05 —0.0269¢ —0.0269 + 0.0015 100 100.1£0.5
B3 8039¢ 2680° 3.0 299+0.04 -9.6¢ -9.7+£03 —0.0232¢ —0.0233 +0.0009 100 100.1+0.9
B4 350¢ 150¢ 23 1.11+£0.01 3.9¢ 04+0.0 0.0203¢  0.0023 + 0.0002 100 763 +£53
B5 12000 10000 1.2 1.26+0.10 -1.6° -2.1+1.0 —0.0038° —0.0053 + 0.0026 100 89 £32
B6 15000 10000 1.5 1.50+0.06 -3.6° -3.6+0.5 —0.0086° —0.0087 + 0.0014 100 100+ 11
B7 20000 10000 2 2.00+£0.04 -6.1¢ -6.1+£0.3 —0.0146° —0.0148 + 0.0009 100 100+3
B8 40000 10000 4 399+0.05 -12.2¢ -12.2+03 —0.0293¢ —0.0293 +0.0010 100 100.1+0.6
B9 100000 10000 10 993+026 -20.2° -20.1+0.7 —0.0486° —0.0483 + 0.0022 100 100.1+0.3

“The average values and standard deviations for calc-3 were obtained by fitting the parameters to 5 independent data for calc-2 (N = 5). *The
values for calc-1 were calculated using eq 20 by assuming Agux = —Agx = Aew = A& = 100 M em™, [H]r = 1.0 x 10* M, and [Gx]r =
1.0 M. “The values were taken from reference 29. Systems B1, B2, B3, and B4 correspond to achiral calixarene-based capsule molecule (1)
as the host molecule interacting with the chiral guest molecules (2a, 2b, 2c, and 2d), respectively. “The AHyx — AHpx to ASux — ASpx ratios
were taken from reference 29 for the host-guest interactions of 1 with 2a—2d (Systems B1-B4). “The AHux — AHpx to ASux — ASpx ratio was

also obtained from the reference for 1 with 2¢ (Systems B5-B9).%

System B4 is an inappropriate example accompanied by the
neglection of 2exp(AGpx/RT) in the denominator of eq 22 at low
temperatures. The theoretical curve obtained by calc-3 does not
fit the plot of the A&ar2 values in the region from —100 to —
50 °C (Figure 1b), and the A&aic3 values underestimate the mag-
nitude of «, AHux — AHpx, and ASvx — ASpx, and overestimate
Aéeuvix (Table 2). To compare the values of 2exp(AGpx/RT) (= @)
and exp(-AG\/RT)([Gx] + [Gy]) (= b) in the denominator of eq
22, the logarithms of a, b, and their ratio (a/b) were plotted as a
function of temperature (Figure S2b). The plots indicate that a
cannot be neglected in the region from —100 to 0 °C. Moreover,
it would be necessary to carry out VT-CD experiments with var-
ious concentrations of the achiral guest molecule (2d) and then
analyze the data using eq 22 to determine the parameters.

In Systems B1-B3, the « values at 25 °C are large (3.0-99.0
for calc-1 and 2.99-102 for calc-3), and the AHwux — AHpx to
ASmx — ASpx ratios are also different (Table 2). Therefore, it is
necessary to clarify the accuracy of the obtained parameters de-
pending on the selectivity (). These parameters were obtained
by fitting with the theoretical VT-CD curves for Systems B5—
B9 (Figure 1c and Table 2), in which the « values were used in
the range of 1.2—10 and the AHvx — AHpx to ASux — ASpx ratio
was the same as that in System B3, to confirm the selectivity
dependence of &, AHvx — AHpx, ASmx — ASpx, and Aeux. When
the « value was relatively small (< 1.2), the obtained parameters
deviated significantly from the A&i..1 values. However, the sys-
tems with an « value of larger than 1.5 would be acceptable and
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show a larger increase in A¢ in the region of the lower tempera-
ture.

Analysis of a System for Achiral Host and Chiral Guest Mol-
ecules

When an achiral host molecule interacts with a chiral guest
molecule, the chirality of the guest molecule can be transferred
to the achiral host molecule.?** The chiral transfer efficiency is
generally evaluated by « or de, and these variables play a key
role in understanding the chiral sensing capability of the host
molecules.

Derived eq 23 was applied to the 1:1 host-guest system for
the achiral dimeric zinc porphyrin tweezer molecule (3) and the
chiral bidentate guest molecule (4) reported by Nakanishi,
Berova, and co-workers (Figure 2a).** The tweezer 3 adopts left-
and right- (M- and P-) twisted conformations (Hv and Hp) (Fig-
ure 2a), exhibiting characteristic negative and positive bisignate
Cotton effects, respectively. This is due to the exciton coupling
between the electric dipole transition moments of the two zinc
porphyrin units (Figure 2b). Curve fitting was performed for the
plots of Ag at 423 and 434 nm (A&p; and A&ss) in the VT-CD
spectra (25, —40, and —80 °C) as the experimental data (Figure
2b) by assuming Agux = —Agx (Figure 2¢). As the results of the
theoretical analysis using eq 23, the AHux — AHpx and ASux —
ASpx values were estimated to be —24 kJ mol™' and —0.071 kJ
mol! K™!, respectively. However, when either AHvx — AHpx =
0 kJ mol™ or ASux — ASpx = 0 kJ mol™ K™ was used for the
calculations, the experimental values could not be fitted well
with the theoretical curves. Interestingly, the fitting curves in

Figure 2c indicate that an inversion of the Cotton effect signs
would occur at ca. 65 °C, even though there were no VT-CD
spectra above 25 °C.* This is probably due to the lower boiling
point of dichloromethane (40 °C). Therefore, if halogenated sol-
vents with higher boiling points are used and the chiral bidentate
4 completely associates with the tweezer 3 above 65 °C, it may
be possible to observe the inversion from Hy to Hp.

The advantage of eq 23 is that it can be applied to a system in
which achiral host molecule interacts with the enantiomerically
impure guest molecules ([Gx] and [Gy]). The Aeux([Gx] —
[GyD/([Gx] + [Gy]) term in eq 23 can be converted into
Aevix(%oee/100). The equation derived from eq 23 is still valid
even if the maximum Ag values decrease with decreasing
the %ee values of the guest molecules. We found one example
of the system for the tweezer 3 and a-haloamides (a~halocar-
boxylic acids derivatized with 1,4-phenylenediamine) reported
by Borhan and co-workers.*! They used enantiomerically im-
pure a-haloamides (%ee = 56-90) as guest molecules. Thus, we
attempted to obtain the parameters for this system even though
only two data points at 0 and —20 °C were provided in the refer-
ence and these complexes showed different bisignate CD spec-
tral patterns. As anticipated, it was impossible to analyze the
system using eq 23 due to insufficient data points. However, we
believe that if three data points at sufficiently low temperatures
are provided, the theoretical analysis of the VT-CD data can be
applied not only to the system for the tweezer 3 and enantio-
merically pure bidentate 4 but also to a variety of similar host-
guest systems with enantiomerically impure chiral guest mole-
cules.
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Figure 2. The VT-CD analysis of the 1:1 host-guest system for the achiral dimeric zinc porphyrin tweezer molecule (3) and chiral bidentate
guest molecule (4).% (a) The chemical structures of 3 and 4. In this system, the positive and negative bisignate Cotton effects are attributed
to the left- and right- (M- and P-) twisted conformations (Hm and Hp) generated by zinc porphyrin—zinc porphyrin exciton coupling. (b) The
VT-CD spectra of 3 in the presence of 4 in dichloromethane, reproduced from reference 35. (c) The experimental®® and calculated A¢ values
at 423 and 434 nm. The obtained parameters are as follows: AHux — AHpx = 24 kJ mol™!, ASux — ASpx = 0.071 kJ mol™ K, Agux 423 = —
Agpxa23 =314 M7 ecm™, and Agvix 434 = —Aépxaza = 294 M em™. a= 3.2 (25 °C) was used for the calculations. The Hy was assumed to

be the dominant form.
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Analysis of a System for Chiral Host and Achiral Guest Mol-
ecules

Analysis of a chiral host molecule with a twisted structure is
also important because of its chiral properties for chiral recog-
nition®*¢” and chiroptical inversion.®7

The derived eqgs 24 and 29 were applied to analyze the planar
chirality inversion of the chiral pillar[5]arene derivative bearing
the L-alanine residues (5) (L-Ala-PA) as the host molecule by
inclusion complex formation with the achiral guest molecule (6)
(Py-11-OH) reported by Choi, Jung, and co-workers (Figure

(b)
"@3

e @

ey

3a).® Pillar[5]arene was serendipitously discovered by Ogoshi,
Nakamoto, and co-workers in 2008.7! It shows the unique chi-
roptical properties originating from its planar chiral-
ity »1L1416.18.192627 The five aromatic units in the chiral host 5
have planar chirality (pR or pS), indicating that the multiple con-
formations with pR and/or pS can exist in 5. However, the chiral
host 5 itself takes the right-twisted conformation (Hp or pR =pR,
PR, pR, pR, pR) while 5 inclusion complexed with the achiral
guest 6 adopts the left-twisted conformation (HuGx or pS = pS,
pS, pS, pS, pS) in water. Thus, the equilibrium in this system can
be described as shown in Figure 3b.
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Figure 3. The VT-CD and CD titration analyses of the 1:1 host-guest system for the chiral pillar[S]arene derivative bearing the L-
alanine residues (5) (L-Ala-PA) and the achiral guest molecule (6) (Py-11-OH).%® (a) The chemical structures of 5 and 6. (b) The
equilibrium in the 1:1 host-guest system. The conformations of 5 with pS and pR are defined as Hyv and Hp, respectively. (¢) The plot
of the CD intensities at 303 nm of free 5 (0.1 mM) in water at various temperatures was taken from reference 69. The experimental
plot was fitted to the calculated curve using eq 24. The obtained parameters were as follows: Agp = —Agy = 42.5 M em™, AHpy =
75 kJ mol™!, and ASpym = 0.196 kJ mol™' K™!. (d) The plots of CD intensities at 303 nm of 5 (0.1 mM) in the presence of 6 with various
concentrations at 25, 35, and 45 °C. The data were also taken from reference 69. The calculated curves were obtained using eq 29.
(e,f) The molecular species in the 1:1 host-guest system for 5 (0.1 mM) in the presence of 6 with various concentrations at 25 (e) and

45 °C ().

Table 3. Experimental Conditions and Obtained Parameters of the System for Chiral Host 5 and Achiral Guest 6

A AH, AS,) Ki
system  molecular species data type T (°C) s ipm") (kJ mI;\;’l) (kI molli I:d K1) (ﬁff) (MI?T) data used
B10 Hwm, Hp VT-CD 5-80 42.5 75 0.196 - - Figure 3¢
Bl11 Hwm, Hp, Hux, Hex  CD titration 25 42.5¢ 75¢ 0.196° 23x10° 24x10* Figure3d
B12  Hwm, Hp, Hux, Hex  CD titration 35 42.5¢ 75¢ 0.196° 22x107 1.5x10* Figure 3d
B13 Hwm, Hp, Hux, Hex  CD titration 45 42.5¢ 75¢ 0.196° 6.4x10° 2.0x10* Figure3d

“The values (Agp, AHpm, and ASpm) were obtained from System B10.
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First, it is necessary to determine the Kpv parameter, which
is a function of AHpm, ASpm, and T. Figure 3¢ shows the Ag val-
ues at 303 nm obtained from the VT-CD spectra of chiral host
5 in the absence of achiral guest 6 as a function of temperature.%
The CD intensities were saturated from ca. 5 to 50 °C. Their
averaged value, converted to Ag, was calculated to be 42.5 M™!
cm! and can be used as Ag. Moreover, a slight decrease in Ag
is observed with increasing the temperature (42.5 M! cm™ at
5°C,and 34.1 M cm™ at 80 °C). Assuming Agp = Agpx = —Asu
= —Aé&ux, the CD titration curve was analyzed using eq 24. The
obtained parameters are summarized in Table 3 (System B10).
The thermodynamic parameters were determined to be AHpyv =
75 kJ mol™" and ASpv = 0.196 kJ mol™' K™! from the calculation
results obtained using Agr = 42.5 M cm™!. Second, plots of the
Agvalues obtained from the CD titration experiments at various
temperatures (25, 35, and 45 °C) were analyzed using the pa-
rameters, shown in Table 3 (System B10) and eq 29 (Figure 3d).
The Kux and Kpx were determined at each temperature. It can
be seen that the binding constant was specifically higher for Hy
(pS), resulting in the inversion of the planar chirality of chiral
host 5. The concentrations of the molecular species (Hwm, Hp,
HmGx, and HpGyx) at 25, 35, and 45 °C are shown in Figures 3e,
S3, and 3f, respectively. At 25 °C, Hp and HuGx were the dom-
inant species in the region of [Gx]r. However, at 45 °C, the in-
clusion complex was no longer one chiral molecular species,
and the two inclusion complexes (HuGx and HpGx) coexisted
in this system. Thus, this analysis would be useful for quantify-
ing molecular species at various temperatures.

Choi, Jung, and co-workers also provided VT-CD spectra (5—
80 °C) of chiral host 5 with achiral guest 6. Thus, eq 25 can be
potentially used to analyze this system. However, eq 25 requires
a high achiral guest molecule concentration to ensure that there
is only a negligible amount of free chiral host molecules. On the
basis of the composition of the molecular species at 45 °C, as
shown in Figure 3f, the concentrations of the chiral host 5 and
the achiral guest 6 in a 1:1 mixture were estimated to be [5] =
[Hm] = 0.1 mM and [6] = [Gx]r = 0.1 mM, respectively; more
than 30% of the chiral host 5 did not form the inclusion complex
with the achiral guest 6. Therefore, eq 25 cannot be applied to
analyze this system. Nevertheless, we believe that using eqs 24
and 25 would be a highly convenient and available way to ana-
lyze the system in which the chiral host molecule completely
forms an inclusion complex in the presence of a sufficient
amount of achiral guest molecule.

CONCLUSION

In this study, the novel equations based on the mass-balance
model were derived for System B (the 1:1 host-guest system),
in which the host molecules adopt left- and right-twisted con-
formations. It was found that System B cannot be analyzed
solely by the theoretical curves for the CD titration experiments
because the parameters of the equilibrium constants (K) and mo-
lar CD (Aég) are coupled in the formula. Furthermore, theoretical
analysis using the derived equations for the VT-CD experiments
was applied to System B for the achiral calixarene-based cap-
sule molecule, achiral dimeric zinc porphyrin tweezer molecule,
and chiral pillar[S]arene as the host molecules with the chiral
and/or achiral guest molecules. This resulted in successfully de-
termining the thermodynamic parameters (AH and AS), K, and
Acgin the 1:1 host-guest system.

The method to analyze System B using the VT-CD data had
been uncommon, possibly because the theoretical framework
was not established. However, it was revealed that the analytical
method proposed for the VT-CD experiment was efficient for
1:1 host-guest systems under equilibrium between dynamic left-
and right-twisted conformations of the host molecules. There-
fore, we believe that the present findings open the door for the-
oretical analysis in a wide range of 1:1 host-guest systems using
host molecules with left- and right-twisted conformations.

Until now, the applicability of the mass-balance model has
been limited to 1:1 host-guest systems. Especially in the field of
supramolecular chemistry, chemists need theoretical analysis
using models for 1:2 host-guest systems and helical polymer
systems, providing an in-depth understanding of supra-
molecules and polymers that undergo equilibria between left-
and right-twisted and -handed conformations. This leads to the
application to chiral separation, chiral sensing, absorption and
emission of circularly polarized light, and asymmetric catalysis
in the host-guest systems. Work along this line is now in pro-
gress.
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