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Abstract. Chiral recognition of mandelic acid), acetylmandelic acid?j, 1-methoxyphenylacetic
acid 3), phenylsuccinic acid4), 2-phenylpropanoic acid) and ibuprofen§) in their anionic forms

by protonated 6-amino-8'-deoxy-cyclodextrin (mono-NH-g-CD) and &',6°-diamino-8",6°-
dideoxy8-cyclodextrin (di-Nl-g-ﬁ-CD) has been studied by means of capillary zone electrophoresis

(CZE) andH NMR spectroscopy. Both methods show the preferable guests for mog”o—ﬁQED
to be the R)-enantiomers of, 3 and5 and the §)-enantiomers o, 4 and6. Cooperative work of
Coulomb interactions and inclusion is essential for chiral recognition of these anionic guests.

Key words: chiral recognition, phenylacetic acid derivatives, aminated cyclodextrins, capillary zone
electrophoresistH NMR.

1. Introduction

Native cyclodextrins (CDs) having toroidal shapes witlt,asymmetric nature
have been assumed to show low ability to recognize chirality of guests having an
asymmetric carbon [1]. Cooper and MacNicol [2] determined the binding constants
(K) for complexation of the enantiomers of phenylalanine (Phe), 1-phenylethyl-
amine, mandelic acidl}, a-trifluoromethylbenzyl alcohol and amphetamine with
«-CD. TheK values for these guests having charges are less than @ndin'

and the differences in free-energy changes for complexation between the enan-
tiomers A AG) are 0-0.65 kJ mol. Other papers also report poor ability of native
CDs to include ionic guests and to recognize the central chirality of these guests
[3]. Improvement of the binding ability of the CDs for ionic guests can be achieved
by introducing opposite charge(s) to the native CDs. For exampleKthalues

for complexation of R)- and (5)-2-phenylpropanoatess) with protonated 6-
amino -8'-deoxyB-cyclodextrin (mono-NH-8-CD) are 150 and 110 dfimol—,
respectively, while those with-CD are 63 and 52 dfmol~ for (R)-5 and (5)-5,
respectively [4]. Although th& values increase to some extent, the enantioselec-
tivity is still poor (AAG = 0.7 kJ mot?) even if Coulomb interactions are used for
complexation [4]. Recently, we found that the chirality facetylatedx-amino

* Author for correspondence.
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acids in the dissociated forms is recognized by heptakis(6-amino-6-dge&y)-

in the protonated form (per-NHB-CD), while native CDs such as and 8-CDs

do not discriminate at all between the enantiomers of these anionic amino acids
as well as amino acids in zwitterionic forms [5]. This is a remarkable effect of
Coulomb interactions because chiral recognition occurs only in the cases where
point charge—point charge interactions between host and guest work in complexa-
tion, though the enantioselectivity is also still poor. Prior to concluding that CDs
show poor ability to discriminate between enantiomers of guests having a central
chirality, we need to accumulate experimental data dealing with the mechanisms
for chiral recognition.

In this study, we applied capillary zone electrophoresis (CZE) “&hMR
spectroscopy for studying the chiral recognition of mandelic acid and its related
compounds in anionic forms by protonated monoiNp+CD and &',6°-diamino-
6*,6°-dideoxyB-cyclodextrin (di-NH;-8-CD). CZE is an excellent method for
revealing systems where chiral recognition occurs [6]. Even if ordinary methods
such as absorption, emissidit§ NMR and mass spectroscopic techniques do no
show any evidence for chiral recognition, CZE can detect extremely low enantio-
selectivity in certain cases [7]. In addition, since retention times can be correlated
with relative K values for complexation of guest enantiomers with CD, CZE is
a very convenient tool for studying chiral recognition. From an analytical point
of view, the CZE studies on chiral recognition of mandelic acid and its related
compounds by aminated CDs have been carried out [8]. Most CZE studies, how-
ever, do not involve the detailed spectroscopic examination to correlate the CZE
data with the mechanisms for chiral recognition. In the present study we used two
independent methods, CZE ahd NMR, to study the chiral recognition.

2. Experimental

The CDs and the guests used in this study are listed in Tables | and Il, respectively.
a- and B-CDs (Nacalai) were purchased and recrystallized from water after an
antioxidant contained in these compounds was removed by extraction with THF
using a Soxhlet extractor. Heptakis(2,3,6<methyl)-8-cyclodextrin (TMeg-
CD, Nacalai, commercially obtained) was used without further purification. Mono-
NH3-«-CD, mono-NH -8-CD [9], di-NHJ -8-CD [10] and mono-NH-Me-B-CD
[11] were prepared according to the procedures described in the literature. These
aminated CDs were purified by ion-exchange column chromatography (Sephadex
CM-25, an NH form). Compound4 (Nacalai),2, 3, 5, 6 (Aldrich) and4 (ACROS)
were used as received. Water was distilled using a Yamato Auto Still Glass Model
WAG220 and further purified by a Yamato MILLIPORE WQ500 Auto Pure.

'H NMR spectra were measured on a JEOL JNM-400 FT-NMR spectrometer
(400 MHz) in D,O (CEA). Sodium 3-(trimethylsilyl)propanoat&- (Aldrich) was
used as an external standard. The CZE measurements were carried out using a
JASCO capillary electrophoresis system CE-800 with a 300 mm (effective length)



CHIRAL RECOGNITION OF PHENYLACETIC ACID DERIVATIVES

Table |. Structures and abbreviations of the cyclodextrins used in this

study
H,Ry  /CH;R CH,R, /CH.R
0 o}
abbrebiation n R Ra Rp
a-CD 2 OH OH OH
B-CD 3 OH OH OH
TMe-a-CD 2 OCHj3 OCH3 OCH3
TMe-3-CD 3 OCH; OCHj3 OCHj3
mono-NH3*-a-CD 2 OH NH3+ OH
mono-NH3+--CD 3 OH NH3+ OH
mono-NH3+-Me-8-CD 3 OCH3 NH3+ OCH3
di-NH3+-8-CD 3 oH NHz* NHz+

Table Il. Structures of the guest acids used in this study
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x 50 um (diameter) fused silica capillary cartridge (non-coated). A UV detector
JASCO 875-CE UV was set at the negative electrode side of the capillary.

The molecular mechanics-molecular dynamics (MM-MD) calculations were
performed by the use of amnMBER program system (Version 4 presented by P.
Kollman, University of California at San Francisco) ona COMTEC 4D RPC XS24Z
R4000 workstation at 250-300 K for 12 ps (time step 0.001 ps). The effects of
water molecules as solvent were involved. The data on charges were collected using
aMOoPAC program (Version 6 developed by J. J. P. Stewart, US Airforce Academy,
USA).

3. Results and Discussion
3.1. CZE USING CDS AS CHIRAL SELECTORS

Table Ill summarizes the results of CZE of racertj2, 3 and4 in the anionic
forms. Native8-CD without charge does not show any effect as a chiral selector
for 1, 2 and3. For a dicarboxylatd, 8-CD acts as a weak chiral selector. TMe-
CD does not discriminate between the enantiomers of all guests examined herein.
Meanwhile, mono-NH-8-CD having a positive charge is a good chiral selector
toward all guests, but mono-NHMe--CD is not. According to the theory of
CZE [12], an anionic guest having a shorter retention time Has a largerk
value compared with another anionic guest having a longer retention #ijna (
complexation with mono-NE-8-CD. This theory can be applied for CZE sepa-
ration of different guests coexisting in the same solution. The results predict that
the mono-NH -8-CD complexes of theK)-enantiomers ot and3 and of the §)-
enantiomers o2 and4 are more stable than those of the corresponding antipodes.
However, it is difficult to discuss relative stability of two complexes whose hosts
are different from each other by comparing the retention times measured in alter-
nate CZE. For example, there is a problem in the systems of cationic CDs which
arises from adsorption of the cationic CDs on the anionic silica surface of the
capillary. The cationic selector molecules seem to move to a negative electrode
by a repeat adsorption—desorption process. Such a process causes the delay in
the retention time of the sample which is bound to the cationic selector. In spite
of the fact that thek values for the mono-NE+B8-CD complexes of the anionic
guests are larger than those for the correspongh@D complexes \(ide infra),
the retention times of, 2 and3 in CZE using mono-NE-B-CD are longer than
the retention times of the corresponding guests in CZE ugh@pP. This might
be due to the adsorption of the cationic selector on the silica surface. Adsorption
of polycationic species on the silica surface should be stronger than that of the
monocationic one. Absence of the peakd,d? and3 in CZE using di-NH-8-CD
and heptakis(6-amino-6-deox@)-CD (per-NH; -8-CD) might be ascribed to such
an interaction.

In the absence of CD, the dicarboxylic aeldnoved to the positive electrode
by an electrophoretic flow with a rate faster than the electroosmotic flow under
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Table lll. Retention times 7 and separation factorsa) in CZE of
(£)-mandelic acid 1), acetylmandelic acid?j, 1-methoxyphenylacetic acid
(3) and phenylsuccinic acidl using CDs as chiral select8rs

guest host pH  cumrent/pA £ /min n/min  ob
1 B-CD 6.00 9 25.8 (1) 258 () 1.00
1 TMe-B-CD 6.00 11 31.6 (%) 31.6(x) 1.00
1 mono-NH3+-5-CD 6.03 9 269 (R) 32.2(5) 1.20
2 B-CD 6.00 9 21.0 () 21.0*) 1.00
2 TMe-B-CD 6.00 11 26.9 () 269 () 1.00
2 mono-NH3+--CD 6.00 11 24.7(S) 26.6 (R) 1.08
2 mono-NH3+-Me-8-CD 6.00 12 193 (1) 193() 1.00
3 B-CD 6.00 9 23.5() 23.5() 1.00
3 TMe-$-CD 6.00 12 238 (%) 23.8(x) 1.00
3 mono-NH3z+--CD 5.81 10 24.6 (R) 29.2(5) 119
4 B-CD 8.00 13 48.9(S) 50.3(R) 1.03
4 TMe-B-CD 8.00 14 43.9 () 439 @) 1.00
4  mono-NHz*-B-CD 8.00 29 386(S)  46.6(R) 120
4 di-NH3*-B-CD 8.00 21 19.2 (5) 31,6 (R) 1.65

2The capillary was filled with the 0.033 mol dm phosphate buffer contain-

ing CD (0.01 mol dr3) and the sample (4 10~4 mol dm~3) in the same
buffer solution was introduced into the capillary by applying the potential
(6.1 kV) for 10 s. The electropherograms were measured by applying the
same potential.

b The separation factar is defined as

a = (rp —1g)/(t1 — fp)

wherer; andr represent the retention times of the samples, respectively,
and rg is the retention time of the coexisting compound @CHH) which
does not interact with selector.

the conditions indicated in Table Ill. The long retention times in CZE ugh©D

and TMeg-CD suggest that very weak complexes are formed bet@eenl these
CDs. When mono-NEi-8-CD was used as the selector, two peaks appeared at 38.6
and 46.6 min which correspond t§)(4 and (R)-4, respectively. The retention
times were markedly shortened and the separation factoecame large when
dicationic CD, di-NH-8-CD, was used as a selector, the retention times being
19.2 and 31.6 min for theS)- and (R)-4 enantiomers, respectively. Such a result
is inconsistent with those of CZE fdr, 2 and 3 using a buffer solution at pH 6.0
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Table IV. Retention times 7) and separation factorsa) in CZE of
(%)-2-phenylpropionic acid §) and ibuprofen §) using CDs as chiral

selectord
guest host pH current /A 11 /min f2/min «
5 B-CD 6.00 9 20.2 (1) 202 (x) 1.00
5 TMe-S-CD 6.00 11 27.1 () 27.1() 1.00
5 mono-NH3*-8-CD 9.00 10 12.0 () 120 () 1.00
5 mono-NH3+-3-CD 8.04 14 144 (1) 144 (1) 1.00
5 mono-NHz+-3-CD 7.21 12 14.6 (R) 14.8(5) 1.01
5 mono-NH3+-3-CD 6.39 10 15.0(R) 15.2(S) 1.01
5 mono-NH3z+--CD 6.00 10 15.2(R) 15.4(S) 1.01
5 mono-NH3+--CD 5.35 10 15.6 (R) 159(5) 1.02
5 mono-NH3+-8-CD 5.15 9 16.0 (R) 16.4(S5) 1.03
6 B-CD: 6.00 9 229 (%) 229 () 1.00
6 TMe-S-CD 6.00 11 153 @) 153 &) 1.00
6 mono-NH3*--CD 9.00 10 7.6 (1) 7.6() 1.00
6 mono-NH3+--CD 6.86 12 10.0() 10.0() 1.00
6 mono-NH3+-3-CD 6.39 10 10.2(S) 104(R) 1.03
6 mono-NH3+-8-CD 5.50 10 10.5(S) 10.8 (R) 1.03
6 mono-NH3+-8-CD 4.68 10 10.8 (5) 11.2((R) 1.04

4 The conditions of CZE are shown in the footnote of Table II1.

where no peaks were detected in CZE using diN$#CD. A faster electroosmotic
flow and a partial dissociation of the protonated diamino CD at higher pH (pH 8.0)
seem to bring thel-di-NHJ-8-CD complexes to the negative electrode. On the
basis of these results, it can be concluded that only cationic CDs act as good chiral
selectors for separating the enantiomers of the chiral phenylacetic acids by CZE.
The guest moleculel 2, 3 and4 have the substituents involving an electroneg-
ative oxygen atom at the-position of«-phenylacetic acid. Meanwhile, the guests
5 and6 arex-phenylpropanoic acid and its derivative, respectively. Table IV shows
the results of CZE 06 and6. Very smalla values were obtained for these guests,
suggesting that mono-NHB-CD has a very weak ability to discriminate between
the enantiomers @ or 6.
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3.2. 1H NMR SPECTROSCOPY

It is known that the CDs can act as chiral solvating agentsliNMR spectroscopy
[13]. Figure 1 shows the effects of various CDs on theNMR spectra of2 in
D,0 at pD 6. TMeB-CD does not affect the spectrum ®fat all, indicating that
hydrophobic TMeB-CD scarcely interacts with anion Upon addition of mono-
NH3-Me-B-CD, the signals due to the phenyl ring protons2cdre not affected
while that of the methine proton is broadened. An external ion-association complex
seems to be formed. A part of the signals due to the phenyl ring protons as well
as the methine proton signal shifts to higher magnetic fields in the presence of
B-CD, suggesting inclusion d into the 8-CD cavity. However8-CD does not
act as the chiral solvating agent. Broadening and slight upfield-shifts oftthe
NMR signals reveal the formation of the inclusion complexe® wiith «-CD and
mono-NH} -«-CD. However, we cannot know from these NMR data whether the
chiral recognition of2 by thesex-CDs is achieved or not. Only in the case of
mono-NH;-B-CD is the methine proton signal split into two peaks. The peaks at
lower and higher magnetic fields are assigned to the signals due t®}thar(d
(S)-enantiomer complexes & respectively. Comparing the NMR data with the
CZE data, we can conclude that the chirality2afan be recognized only by mono-
NHZ-B-CD. The split signals of the methine proton and the broad singlet signal of
the phenyl ring protons d suggest that th& molecule anchors at the NHyroup
position of mono-NH-8-CD using Coulombic binding while the phenyl group of
2 fluctuates at the inside of the CD cavity. Figure 2 exhibits the changes in the
chemical shifts £8) of mono-NH;-8-CD upon addition o. The signals of the
H-5, H-6 and H-6 protons as well as that of the H-3 proton shift remarkably to
higher magnetic fields. This suggests deep penetrati@rirab the CD cavity due
to Coulomb interaction.

The 'H NMR spectra of 4)-4 in the absence and the presence of ghR€D
derivatives are shown in Figure 3. In the presence of ng8ieD, the signals
due to the phenyl ring protons are markedly broadened and the signals due to the
methylene protons shift and are slightly split. These results suggest tatibie-
cule is included into thgg-CD cavity and the environment where the methylene
group of4 is located is slightly different between the guest enantiomers. In the
case of mono-NE-8-CD, the methylene proton signals éfre clearly split due
to the chiral recognition in NMR spectroscopic meaning. In both casgs@b
and mono-NH-B-CD, no splitting was observed with the signal due to the phenyl
ring protons upon complexation. Meanwhile, the signals due to the phenyl ring
protons are slightly split upon complexation with di-§i8-CD. Relatively large
difference between the enantiomers is expected in the structures of the complexes
of 4 and di-NH; -8-CD.
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Figure 1. H NMR spectra o (2 x 10~3 mol dm~3) in D20 in the absence and the presence
of CDs (1.6x 10~2 mol dm~3) at pD 6.0 and 25C.

3.3. BINDING CONSTANTS

A continuous variation method applied to the change in the chemical g%t (

of the methine proton upon complexation clearly reveals the formation of the 1 :
1 complex of2 and mono-NH-B-CD. The K value was then determined from
the 'H NMR titration curve, which was analyzed by a nonlinear least-squares
method. The results are listed in Table V, which shows that the rel&tivalues

for the enantiomers is predictable from the CZE data. Namely, the deterrkined
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Figure 2. Changes in the proton chemical shifta\g) of mono-Nl-g-ﬁ-CD 2 x
10~3 mol dm~3) upon addition of R)- and (5)-enantiomers o at pD 6.0 and 25C.

values indicate that mono-NHB-CD prefers R)-1, (5)-2, (R)-3 and (5)-4 as the
guests and nativg-CD does not discriminate between the enantiomers of these
carboxylate anions. Such a conclusion corresponds with that derived from the CZE
measurements. Insufficient separation of the enantiomet$no€ZE usings-CD
(a = 1.03) was not reflected in thi€ values.

Cooper and MacNicol [2] reported th€ values for thex-CD complexes ofR)-
1 and (5)-1to be 7.9 and 8.3 dfimol%, respectively. Harata et al. [14] measured
the crystal structures of the TMe-CD complexes of R)-1 and (5)-1 and found
that (R)-1 penetrates into the CD cavity more deeply th&p1. In the present
study, we did not determine thi€ values for the complexes dfand TMee-CD.
We measured CZE of¥)-1 using TMe«-CD. The enantiomers of could be
separated from each other under very constricted conditions. The retention times
of (R)-1 and (5)-1 are 9.5 and 10.0 mirw(= 1.05) in pH 4.66 phosphate buffer
(0.006 mol dnv3) at 29.1 kV. CZE ofl is very sensitive to the pH of the buffer
as well as applied voltage. We had to seek the CZE conditions very carefully. The
results of CZE suggest that thé values of the complexes ofRj-1 and (5)-1
with TMe-a-CD are almost the same. The enantiomer separatidnooiuld not
be achieved when-CD was used as a selector, predicting #aa€D shows the
samekK values in complexation withR)-1 and (§)-1. Such a result of CZE well
corresponds with that of th&-value determination [2]. Meanwhile, thE value
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Figure 3. 1H NMR spectra of (2 x 102 mol dm~3) in D20 in the absence and the presence
of CDs (1.6x 10~2 mol dm~3) at pD 6.0 and 25C.

for the (R)-1-mono-NH;, -8-CD complex is larger than that of th€)¢1 complex,
AAG being—1.02 kJ mot! whereAAG = AG i —AGs. TheK values for thel—

B-CD complexes are too small to be determined accurately. All results obtained for
1 clearly reveal the importance of Coulomb interactions in the chiral recognition
of the anionic guests examined here.

Regarding the guessand4, a very small difference between the enantiomers
was observed in th& values for complexation with mono-NHg-CD. Usually,
such a small difference is counted to be within the region of experimental error.
However, CZE suggests that the difference in khealues between theRr(- and
(S)-enantiomer complexes @and of4 shown in Table V is meaningful. Th&
values also indicate the poor ability of natigeCD to discriminate between the
enantiomers of these guests. The enantioselectivity as well a& thaues for
4 increased markedly when di-NH8-CD was used. The large value in CZE
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Table V.Binding constants for complexation of mandelic acit, (O-
acetylmandelic acid?), 1-methoxyphenylacetic aci@)and phenylsuccinic
acid @) with CDs at 25°C and pD 6.0

guest host K /dm?3 mol-! AAG /kJ mol-1
(R)-1 mono-NH3+-5-CD 89+6

($)-1 mono-NH3+--CD 59+4 -1.02
(R)-2 B-CD 239

$)-2 B-CD 2319 0.00
(R)-2 mono-NHz*-B-CD 5243

(8)-2 mono-NH3+--CD 56+4 +0.18
(R)-3 mono-NH3+-58-CD 83t4

$)-3 mono-NH3+--CD 545 -1.07
(R4  BCD 3645

(S)-4 B-CD 34+6 -0.08
(R)-4 mono-NH3+-8-CD 12417

$)-4 mono-NH3*-3-CD 1306 +0.13
(R)-4 di-NH3*-8-CD 268+15

$)-4 di-NH3+-8-CD 328422 +0.50

(¢ = 1.65) for the4-di-NH}-8-CD system reflects the larg€ values and high
enantioselectivity in this system.

TheK values for the8-CD and mono-NH-8-CD complexes ob have been de-
termined by Brown et al. [4], who reported tievalues to be 63 and 52 dmol—*!
for the 8-CD complexes of R)-5 and (§)-5, respectively. Since the enantiomers of
5 could not be separated in CZE usiggCD, such a small difference in th€
values might be within the region of experimental error. The repakie@lues for
the (R)- and (5)-5 complexes of mono-N§+B-CD are 150 and 110 dhmol~?
[4], which can explain our CZE data.

Although the ability of aminated CDs to recognize the central chirality of an-
ionic guests is very low, it is noteworthy that only aminated CDs in the protonated
forms discriminate between the enantiomers of these anionic acids.
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(R)-2 - mono-NH3*-5-CD (S)-2 - mono-NH3*-5-CD

Figure 4. Calculated structures of the mono-ng-CD complexes of R)-2 and (5)-2. In

each case, the CDand OCOCH groups of2 are situated at right- and left-hand sides,
respectively.

3.4. STRUCTURES OF COMPLEXES AND MEHANISM OF CHIRAL
RECOGNITION

In order to discuss the mechanism of chiral recognition by CD, we need to know
the structure of the complex of each guest enantioft€iNMR spectroscopy as

well as CZE indicates that the anionic guest molecule is included into the cavity
of mono-NH; -8-CD and electrostatic interaction exists between anionic guest and
cationic host. Measurement of the ROESY spectrum is one of the best ways to
gain more detailed knowledge of the structure of an inclusion complex. However,
this method is not suitable for the present system because the stoichiometry of
the ion-association complex changes at higher guest concentration. We therefore
tried to apply MM-MD calculations to get the possible structures of the inclusion
complexes. Recent studies demonstrate the validity of the MM-MD calculations in
CD chemistry [15, 16].

The calculated structures of the mono-f4a-CD complexes ofR)-2 and (5)-

2 are shown in Figure 4. The}-2, a preferable enantiomer, is located at the center
of the cavity of mono-NH-8-CD to minimize the steric repulsion. No distinct
difference in the calculated structures is observed betweenSheagd R)-2
complexes, corresponding to the small difference inKhealues.

Figure 5 shows the calculated structures of the d§N#HCD complexes of
(R)-4 and (5)-4. In the case of £)-4, which is the preferable enantiomer, the
guest molecule are located at the center of the cavity where the steric hindrance
is minimized. The R)-4 complex is calculated as a shallower inclusion complex
where several parts of the guest molecule are close to the wall of the CD cavity.
The difference in the structures of the complexes between the guest enantiomers is
more remarkable fo4 than for2.
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(R)-4 - di-NH3*-3-CD (S)-4 - di-NH5*-3-CD

Figure 5. Calculated structures of the di-I\IHﬁ-CD complexes of R)-4 and (5)-4.

() Hs* (d)

Figure 6. Models for the non-distorted (top) and distorted monog\IH-CD complexes
(bottom) of (R)- and (§)-carboxylic acids in the dissociated forms.
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Figure 6 shows the models of ion-association complexes of chiral guest acid
and mono-NH-g-CD. A triangle in the CD structure denotes a glucopyranose
unit. Such a monosubstituted CD involviag1-4) glucoside linkages belongs to
the C; point group, similar to a guest with an asymmetric carbon. Diastereomers
are formed when mono-NHg-CD complexes with racemic guest. Essentially, the
nature of one diastereomer is different from that of another diastereomer. However,
it might be difficult to recognize that the structure of the diastereomer shown in
Figure 6a is quite different from that of the other one shown in Figure 6b especially
whenR is a substituent such as GHrhis is due to the symmetrical toroidal shape
of the CD shown in Figures 6a and 6b. In order to enhance the ability of CD
to recognize the chirality, it needs to strengthen ¢hesymmetric nature of the
CD by distorting the shape of the toroid (see Figures 6¢ and 6d). As the MM-
MD calculations suggests, mono-l§k8-CD can change its shape by including a
guest. Such an induced-fit-type inclusion has been known in CD chemistry [14,
17]. Of course, the stability of the complex shown in Figure 6c is different from
that in Figure 6d. If the complex shown in Figure 6d is more unstable than that in
Figure 6¢, the CD complex alters its shape to another one to minimize the energy.
This might be the mechanism for chiral recognition of anionic guest having an
asymmetric carbon by protonated monoamino-CD.
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