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Complexation of Polyvalent Cyclodextrin Ions with Oppositely Charged
Guests: Entropically Favorable Complexation Due to Dehydration

Koji Kano,* Takashi Kitae, Yoshiaki Shimofuri, Norihiro Tanaka, and Yuki Mineta!®!

Abstract: Thermodynamic parameters
for complexation of polyvalent cyclo-
dextrin (CD) cation and anion with
oppositely charged guests have been
determined in D,O containing 0.02m
NaCl by means of 'H-NMR spectrosco-
py. Protonated heptakis(6-amino-6-de-
oxy)-f-CD (per-NH;"-3-CD) forms sta-
ble inclusion complexes with monova-
lent guest anions. The enthalpy (AH)
and entropy changes (AS) for complex-
ation of per-NH;"-4-CD with p-methyl-
benzoate anion (p-CH;-Ph-CO,”) are
3.8+0.7 kJmol~! and 88.6+2.2 Jmol™!
K-, respectively. The AH and AS values
for the native S-CD-p-CH;-Ph-CO,~
system are —8.64+0.1kJmol™' and

15.340.7 Jmol~' K-, respectively. The
thermodynamic parameters clearly indi-
cate that dehydration from both the host
and guest ions accounts for the entropic
gain in inclusion process of p-CH;-Ph-
CO,™ into the per-NH;"-5-CD cavity.
The fact that the neutral guests such as
2,6-dihydroxynaphthalene and p-meth-
ylbenzyl alcohol hardly form the com-
plexes with per-NH;"-5-CD exhibits
that van der Waals and/or hydrophobic
interactions do not cause the complex-
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ation of the polyvalent CD cation with
the monovalent anion. The acetate
anion is not included into the per-
NH;"-f-CD cavity, while the butanoate
and hexanoate anions form the inclusion
complexes. The complexation of the
alkanoate anions is entropically domi-
nated. Judging from these results, it may
be concluded that Coulomb interactions
cooperated with inclusion are required
for realizing the large entropic gain due
to extended dehydration. Entropically
favorable complexation was also observ-
ed for the anionic CD-cationic guest
system. The present study might present
a general mechanism for ion pairing in
water.

Introduction

Cyclodextrins (CD) behave as hosts which include apolar
guests into their hydrophobic cavities.'! In some cases, CDs
show enzyme-like function and, therefore, inclusion com-
plexes of CDs are regarded as supramolecules.’l Several
forces have been proposed as the driving forces for forming
inclusion complexes. Van der Waals interactions are the most
common forces for inclusion complexes where guest mole-
cules well fit with the CD cavities.”! Hydrophobic interaction
is currently assumed for apolar guests whose molecular sizes
are somewhat smaller than the size of the CD cavity.™ It is
characteristic of the hydrophobic interaction to show positive
entropy change.’l Dipolar interactions are considered in
complexation of polar guests with CDs.[%! Although hydrogen
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bonding is plausible as an attractive force,/”) no evidence for
this interaction in water has been presented in CD chemistry.

Native CD has the lined primary and secondary OH groups
at narrower and wider rims of its cavity, respectively. There-
fore, a wide variety of chemical reactions can be applied to
modify CD.Bl Several CD derivatives having positive or
negative charges have been prepared. Applying these charged
CDs, Coulomb interactions can be utilized to increase stability
of complexes and to realize molecular recognition including
chiral recognition.'*°! Since a-amino acids, aliphatic and
aromatic carboxylic acids, or amines can bear charge(s) under
particular conditions, inclusion behavior and molecular rec-
ognition involving Coulomb interactions have been studied
with these guests using charged CDs.®l Aminated CDs in their
protonated forms have widely been used as the cationic
CDs.['% Especially 64-amino-6*-deoxy-3-CD (mono-NH,-3-
CD) and heptakis(6-amino-6-deoxy)-5-CD (per-NH,-5-CD)
in protonated forms are common cationic CDs whose
reported pK, values are 8.5 and 6.9-8.5, respectively.['!: 12]
At pH <6, mono-NH,-3-CD and per-NH,-3-CD exist as the
monovalent and polyvalent cations, respectively (mono-
NH;"-3-CD and per-NH;™-3-CD). It has been reported that
the binding constants (K) for the mono-NH;™-3-CD com-
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plexes of aromatic carboxylic acids in the undissociated forms
are considerably larger than those of the complexes of the
corresponding carboxylate anions,!'I suggesting that Coulomb
interaction between a monovalent CD cation and a mono-
valent guest anion is not effective for stabilizing an inclusion
complex. Destruction of hydrophobic environment of the CD
cavity by introducing an NH;* group makes difficult to
include a hydrophobic guest into the mono-NH;"-3-CD
cavity.'¥] Stability of inclusion complexes of monovalent guest
anions, however, drastically increases when a polyvalent host
cation, per-NH;*--CD, is used in place of the monovalent
one.l'* 151 Per-NH,;*-3-CD forms an extremely stable associa-
tion complex with a polyvalent CD anion, the heptaanion of
heptakis(6-carboxymethylthio-6-deoxy)-3-CD (per-COO~-$-
CD).['”l These phenomena can apparently be understood by
the following equation,

W, = (Ne*vl)lde (1)

where W, is the electric work to be gained per mol for ion
association, N is the Avogadro’s number, e is the electronic
charge, d is the distance between oppositely charged ions, ¢ is
the dielectric constant, and v and A are numbers of positive
and negative charges, respectively.'s! W,, is essentially corre-
spondent to enthalpy change (AH) for ion association in
homogeneous solution where only Coulomb interaction acts
as binding force. Interactions of ionic CD with oppositely
charged guest ion, however, cannot wholly be explained by
such a simple model. Thermodynamic quantities are expected
to provide significant information to clarify the mechanism
for complexation. Usefulness of the thermodynamic study in
CD chemistry has been pointed out previously.'’l Thermody-
namic study is very useful to understand the ion association
cooperated by inclusion as suggested by previous studies.['”]

Abstract in Japanese:

SOFFAN) (CD)BMMHFA > HDNVRT F L ERMNEMERT Y
AR F 2 EDHBRICKT DESFH/NT A—F %, 0.02 M D NaCl &8
DHEAPFIZBWT, 'HNMREIZEDRDEZ. TO bk ALInATIYFX (6-
73 )-6-FT4F) -B-cD (per-NH,*-B-CD) WZ—iDF A "7 =F > &%
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(AS)1E, THFN 3.8%0.7 kJ mol™ BL 88.6+2.2 J molK* THo
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AFA T A NDORICBNTHEEINZ. FRFENSKFICBT B 14>
MBRDO—RREEEERET 2L TERESS.
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Recently, we reported entropically favorable complexation of
the guest anions of p-methylbenzoic acid (p-Me-Ph-CO,H)
and N-acetyl-a-amino acids with per-NH;*-3-CD.I"* 1] In the
present work, we studied such an entropically favorable
process in more detail and would like to report that stabiliza-
tion of the complexes of polyvalent host cation (or anion) and
monovalent guest anion (or cation) is ascribed to extended
dehydration from both host and guest during complexation,
which causes positive entropy change.

Results

The structures of the host and guest compounds used in this
study are shown in Table 1 and Figure 1.

Table 1. Structures and abbreviations of cyclodextrins.

Abbreviation n X Y Z
a-CD 1 OH OH OH
per-NH,-a-CD 1 NH, NH, NH,
B-CD 2 OH OH OH
mono-NH,-3-CD 2 NH, OH OH
di-NH,-3-CD 2 NH, OH NH,
per-NH,-3-CD 2 NH, NH, NH,
per-CO,H-3-CD 2 SCH,CO,H SCH,CO,H  SCH,CO,H
COy CH3COy”
Ho (C-COy)
H,, CHj3(CH,)>CO5”
CHj (G5-COy)
(p-CHy-Ph-CO;) CH3(CH,)4COy’
(Cs-COy)
NH*
H
° OH
"
g HO
(p-CH;3-Ph-CH,NH;*) (2,6-(OH),-Naph)
OH OH
CHa(CHy)sOH
CHs CHs
(p-CH3-Ph-CH,OH)  (p-CH;-Ph-OH) (C¢-OH)

Figure 1. Structures of the guest molecules used herein.

Structures of inclusion complexes of anionic guests: Rotating
frame nuclear Overhauser and exchange spectroscopy (RO-
ESY) as well as ordinary "H-NMR spectroscopy provided the
information about the structures of the CD complexes of
anionic guests such as p-CH;-Ph-CO,~ and alkanoates (C,-
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CO,"). The equimolar host— NHap + NHg"NHz"

guest solutions in D,O (pD 6.0 a) b) 0302_

or 9.0) were the samples of the

ROESY measurements. The O

examples of the ROESY spec-

tra are shown in Figure 2. The

relative intensities of the cross Ho Hum -CH, Ho H, -CHs

peaks and the deduced orienta- J M_—L ‘ M

tions of the guest anions in the T T )

CD cavities are shown in Ta- — 7 o

ble 2. = ol ® W
Addition of p-CH,-Ph-CO," § e o :j‘

into the a-CD solution causes i A - . @ H?

the upfield shift of the protons © }j ’ % )nﬁ P H

at the 3-positions (H?) and the e & H @ ” W

slight downfield shifts of the ; o % W

protons at the 5- and 6-posi- & =

tions of a-CD (H?® and H°); this
suggests formation of a relati-
vely shallow inclusion complex
of this host—guest pair (see
Supporting Information). The

Figure 2. ROESY spectra of the equimolar solutions of a) the p-CH;-Ph-CO,-3-CD (1 x 1072m) and b) the p-
CH;-Ph-CO, -per-NH;*-3-CD systems (5 x 10~3M) in D,O at pD 9.0 for a) and at pD 6.0 for b) and at 25°C.

Table 2. Cross peaks observed in the ROESY spectra of the anionic guest—host systems in D,O at pD 6.0.1%

ROESY spectrum (Supporting  Host Guest Guest proton!®! Host protons Orientation
Information) clearly indicates H B H? H®  of complex
that the p-CH;-Ph-CO,™ anion  4.cD p-CH,-Ph-CO, H, _ _ _ _ o
penetrates into the a-CD cavity H,, - +++ - - <
from the secondary OH group p-CH, - - +++ - Coy
side of the host and that the
CH, group of the guest is locat- ~ per-NH;-a-CD  p-CHy-Ph-CO,~  H, - - Tt - "i’;g )
ed inside the cavity and, inevit- H, + Tt B B Z@q}
p-CH, - - - -
ably, the CO,~ group protrudes CH,
from the cavity to place it in the .CD »CH,Ph-CO,  H, ~ ~ e N con
aqueous bulk phase. Such an H, _ T 4 _ L@j
orientation (normal orienta- p-CH, _ 4+ _ - CH;
tion) may be favorable because .
only small dehydration needs  per-NH,*--CD p-CH,-Ph-CO,~ H, _ _ St _ "1230
upon complexation. The ben- H,, - + - - Z@g
zoate and p-nitrophenolate p-CH, - + - - CH,
anions penetrate into the a- NHg*
CD cavity from the secondary  perNHs'-5-CD  G-CO, H, - + T - -CO5
OH group side to take such a g;l - i++ i -
normal orientation.[°® % 181 On ’
the contrary, the complex hav-  per-NH;*--CD  Cs-CO," H, - - +++ - NHg*
ing a reversed orientation of the H, - + T+ - ZCO \
guest is formed in the case of f5- IC{‘H‘; B iii j— B %__X
C]?. In the ROESY spectrum per-NH,-f-CD C..COy H, ~ ~ e ~ "
(Figure 2a), the strong cross H, _ _ fat _ Vo,
peaks were observed between H,, . 4+ 4+ _ Z%j
H,-H’ and H,,-H? and no cross CH;, - +++ - -

peak for p-CH;. The ROESY
spectrum indicates that the
CO,~ group is located at the
vicinity of the primary OH groups of -CD and the p-CH,
group of the guest is placed at the secondary OH group side.
Such a novel orientation (reversed orientation) has never
been reported except for the complex of the (S)-1,1-
binaphthyl-2,2’-diyl phosphate anion and heptakis(2,3,6-tri-
O-methyl)-3-CD (TMe-$-CD).['"1 Although Gelb et al.l®]
reported the reversed orientation for the benzoic acid-a-CD
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[a] The marks indicate the intensity of the cross peaks: +++: strong, +: medium; —: no interaction. [b] The
protons in the alkyl chains of alkanoic acids are marked from the CO,H groups.

system, other studies suggest the normal orientation of this
complex.[ 18] Since relatively few studies have been carried
out with the orientations of the aromatic ions or aromatic
polar compounds in the 5-CD cavity as compared with the a-
CD complexes, it cannot be said that reversed orientation is
really novel. As mentioned below, the reversed orientation
would be explained reasonably in the present study.
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Since the aminated CDs used herein exist as their cationic
forms under the present conditions, Coulomb interactions are
expected between the CD cations and the carboxylate anions.
Indeed, the ROESY spectra indicate that the CO,~ group of
the aliphatic and aromatic carboxylates is located at the
vicinity of the NH;* group(s) of the cationic hosts. A
remarkable upfield shift of the H® protons and the fairly
large downfield shift of the H’ protons of per-NH;*-a-CD
upon addition of p-CH;-Ph-CO,™ indicate somewhat shallow
inclusion of the guest anion into the cationic host cavity.
Meanwhile, both the signals due to the H? and H> protons of
aminated (-CDs markedly shift to higher magnetic fields
upon addition of p-CH;-Ph-CO,~ (see Supporting Informa-
tion); this suggests that the guest anion is included deeply into
the cavities of the aminated 3-CDs.

Binding constants and thermodynamic parameters for com-
plexation of neutral and cationic CDs: The K values for
complexation of p-CH;-Ph-CO,~ and C,-CO,~ with neutral
and cationic CDs were determined from the 'H-NMR
titrations in D,0O at pD 6.0 containing 0.02m NaCl. 2,6-
(OH),-Naph and p-CH;-Ph-CH,OH were used as the refer-
ence guests. Judging from the pK, values of the conjugate
acids of mono- (pK, 8.49)2% and di-NH,-3-CDs (pK, 8.3),2 it
is evident that these aminated CDs exist in the cationic forms
as the case of per-NH;"-3-CD. The K values determined are
listed in Table 3. The guest anions are hardly bound to neutral,

Table 3. Complexation of anionic and neutral guests with native and
cationic CDs in D,O at pD 6.0 and 25°C.[2!

provided the enthalpy (AH) and entropy changes (AS) for
complexation. The results are summarized in Table 4. In all
cases, the van’t Hoff plots were apparently linear within the
applied temperature range (Supporting Information). There-
fore, changes in the heat capacity AC, were neglected in this

Table 4. Complexation of anionic guests with native and cationic CDs in D,O at

pD 6.0 and 25°C.

Entry Guest Host AH [kJmol™!] AS [Jmol'K™]

1 p-CH;-Ph-CO,~ a-CD —220+£19 —421+£55

2 p-CHsPh-CO, per-NH, *-a-CD ~9.6+08 312426

3 p-CHsPh-CO, B-CD ~86+0.1 153 +0.70

4 p-CH,Ph-CO, mono-NH,*--CD —104+1.8 18.1 4 0.6

5 p-CH;-Ph-CO,~ di-NH;*-$-CD —81+£0.6 27.8+£22

6 p-CH;-Ph-CO,~ per-NH;*-3-CD 3.8+0.7 88.6 £2.20)

9 Cs-CO, per-NH;*-a-CD —-6.0£0.3 51.8+1.1
10 Cs-CO, per-NH;*-3-CD 84+1.1 91.9£338
14 2,6-(OH),-Naph per-NH,*-3-CD —72+12 92441
20  p-CH;Ph-CHLNH,* per-CO, -8-CD  —143+09 251429
22 2,6-(OH),-Naph per-CO,-8-CD  —2274+06 —127+22
25 p-CH;-Ph-OH per-CO,~--CD —18.1+£0.2 —82+0.8
[a] Ref. [14].

study. The effects of AC, in the host-guest complexation have
been discussed previously.?? Except for the case of a-CD, the
complexation of p-CH;-Ph-CO,~ and C,-CO,™ is entropically
favorable. The entropic gain increases with increasing the
number of charges of the host (entries 3-6). a-CD is only the
host whose complexation with p-CH;-Ph-CO,~ shows nega-
tive AS. Complexation involving negative AH and AS is
typically explained by the van der Waals interactions between
host and gust. The inclusion of the neutral guest 2,6-(OH),-
Naph (entry 14) is also enthalpically favorable, though small
entropic gain is realized in this system.

Binding constants and thermodynamic parameters for com-
plexation of anionic CD: Complexation of a cationic guest
with an anionic CD has also been studied. Protonated p-
methylbenzylamine (p-CH;-Ph-CH,NH;") and per-CO, -(3-
CD were used as the guest and the host, respectively. Neutral
guests such as 2,6-(OH),-Naph, p-methylbenzyl alcohol (CH;-

Entry Guest Host K [M71]
1 p-CH,-Ph-CO,- a-CD 4142
2 p-CH,-Ph-CO,- per-NH,*-¢-CD 2040 + 100
3 p-CH,-Ph-CO,- B-CD 200 £ 20!
4 p-CH,-Ph-CO,- mono-NH,*-4-CD 520 4 200!
5 p-CH;-Ph-CO,~ di-NH;"--CD 750+ 40
6 p-CH,-Ph-CO," per-NH,*-4-CD 9180 -+ 4801
7 C,-CO, per-NH;*-3-CD nd
8 C,-CO, per-NH,*-4-CD 370420
9 C,-CO, per-NH,*-¢-CD 5750 + 380
10 C,-CO, per-NH,*-4-CD 2230420
1 2,6-(OH),-Naph B-CD 73030
12 2,6-(OH),-Naph mono-NH,*-8-CD 360 + 3014
13 2,6-(OH),-Naph di-NH;"-$-CD 120 42014
14 2,6-(OH),-Naph per-NH,*-4-CD 5142
15 p-CH,-Ph-CH,OH B-CD 7348
16 p-CH,-Ph-CH,0OH mono-NH,*-8-CD 1642
17 p-CH,-Ph-CH,0OH di-NH,*-B-CD ndl
18 p-CH,-Ph-CH,OH per-NH,*-4-CD ndle

[a] The K values were determined in the presence of 0.02m NaCl. [b] Ref.
[14]. [c] The K value were too small to be determined. [d] The K values
were determined in the absence of NaCl.

native CDs. The cationic CDs, especially polyvalent per-
NH;"-f-CD, scarcely interact with neutral guests, while they
form the stable complexes with the guest anions having the
appropriate sizes.

In order to obtain the thermodynamic quantities, the K
values were determined as a function of temperature. The
slopes of the van’t Hoff plots (RInK vs. 7! and AG vs. T)
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Ph-CH,0H), p-methylphenol (p-CH;-Ph-OH), and C,-OH
were used as the reference guests. Since the pK, values of per-
CO,H--CD are <2.8-5.6,[?] this host molecule exists in the
polyvalent anion form under the experimental conditions
(pD 6). The K values obtained from the 'H-NMR titrations
are listed in Table 5.

B-CD forms the unstable complex of p-CH;-Ph-CH,NH;".
Meanwhile, a very stable complex is formed in the case of per-
CO,~-3-CD. In contrast with the case of the cationic CDs, per-
CO, -f-CD forms fairly stable inclusion complexes with the
neutral guests.

The thermodynamic parameters for the p-CH;-Ph-CH,-
NH;*-per-CO,~--CD system are shown in Table 4, which indi-
cates that the stability of the p-CH;-Ph-CH,NH;™-per-CO,"-
B-CD complex is ascribed to the relatively large and negative
AH value and the positive AS value. The complexation of
neutral guest such as 2,6-(OH),-Naph or p-CH;-Ph-OH is
enthalpically favorable but entropically unfavorable process.

0947-6539/00/0615-2708 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 15
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Table 5. Complexation of cationic and neutral guests with native and
anionic CDs in D,O at pD 7.0 and 25°C.

Entry Guest Host K [M1]

19 p-CH,-Ph-CH,NH,* B-CD 33+12
20 p-CH,-Ph-CH,NH,* per-CO,-B-CD 6840 & 510
21 2,6-(HO),-Naph B-CD 730+ 30
22 2,6-(HO),-Naph per-CO,-B-CD 2100+ 170
23 p-CH,-Ph-CH,0OH B-CD 7348
24 p-CH,-Ph-CH,0OH per-CO,-B-CD 590 + 50
25 p-CH,-Ph-OH per-CO,-8-CD 550+ 60
26 C,-OH per-CO,-3-CD 890 + 40

Discussion

Native CD-p-CH;-Ph-CO,~ systems: p-CH;-Ph-CO,™ is a
good NMR probe because of its very simple NMR pattern.
This guest anion is too large to be included completely into
the a-CD cavity resulting in the small K value (41m~') and the
formation of the shallow inclusion complex. The complex-
ation of p-CH;-Ph-CO,~ with a-CD is an enthalpically
favorable (AH = —22.0 kJmol™!) but entropically unfavora-
ble process (AS=—42.1 Jmol'K'). The CO,™ group of p-
CH;-Ph-CO,~ is located outside of the a-CD cavity (vide
supra). The main binding forces for such a normal inclusion
complex are the van der Waals interactions. Complexation
through van der Waals interactions is characterized by neg-
ative enthalpy and entropy changes.

On the contrary, the formation of the f-CD complex is
accompanied by the positive entropy change (AS=
153 Jmol~'K-") and the negative enthalpy change (AH =
—8.6 kJmol~'K~!). Similar entropically-favorable complex-
ation has also been reported for the benzoate anion-35-CD
system where the thermodynamic parameters were measured
by the potentiometric method, though the inconsistent
result has been obtained from the calorimetric measure-
ment.?" There are many examples of host—guest complex-
ation whose AS values are positive.’* 2] Hydrophobic inter-
action is one of the plausible binding forces for such an
entropically favorable process. As indicated by the 2D-
ROESY spectrum, however, the CO,~ group of the p-CHs-
Ph-CO,™ molecule is placed inside the 5-CD cavity. Therefore,
it is very hard to consider the hydrophobic interaction as the
main binding force for the complexation of p-CH;-Ph-CO,~
with 8-CD. It has been known that CDs include inorganic and
organic anions into their hydrophobic cavities,® 6 6 6e 24]
though the mechanism for inclusion has not been clarified.
Penetration of a hydrophilic group of a guest into a hydro-
phobic environment requires dehydration from the guest.
Such a process is enthalpically unfavorable but entropically
favorable. The p-CH;-Ph-CO, -3-CD system seems to be an
obvious example of the complexation where entropic gain due
to dehydration participates in stabilization of complex and in
orientation of guest in CD cavity.

The K values for the complexation of benzoic acid in the
undissociated form with native a- and -CDs and with
hexakis(2,3,6-tri-O-methyl)-a-CD  have been determi-
ned.Be 1 In these cases, the complexation is dominated by
the enthalpy terms, suggesting that the van der Waals inter-

Chem. Eur. J. 2000, 6, No. 15
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actions promote the inclusion of this undissociated carboxylic
acid. These previous results are contrastive to the complex-
ation of p-CH;-Ph-CO,~ with S-CD. Judging from the AH
(—8.6kJmol™) and TAS values (4.6 kJmol™'), it can be
concluded that both the van der Waals interactions and the
dehydration participate in the complex formation of p-CHs-
Ph-CO,~ with -CD.

Cationic CD-p-CH;-Ph-CO,~ systems: The thermodynamic
quantities for complexation of p-CH;-Ph-CO,~ with per-
NH;"-a-CD are quite different from those for the a-CD
complex. The large and positive entropy change
(31.2 Jmol~'K!) for the per-NH;-a-CD system (entry 2) is
not ascribed undoubtedly to hydrophobic interaction. The
ROESY spectrum of this system exhibits that the guest anion,
p-CH;-Ph-CO,~, penetrates headlong into the host cation
from the secondary OH group side, where the polar CO,~
group of the guest acts as a head. Such an orientation is
reverse to that of the a-CD complex, so to indicate the effects
of Coulomb interaction between the host cation and the guest
anion on the orientation of the guest anion in the per-NH;*-a-
CD cavity. The complexation of p-CH;-Ph-CO,~ with per-
NH;"-a-CD, therefore, requires the dehydration from the
guest as well as from the host. Since the dehydration is an
endothermic process, the AH value for this system should be
larger than that for the a-CD system. Indeed, AH for the per-
NH;"-a-CD system is larger than that for the a-CD system,
but it is still negative. The negative AH value for the p-CHs-
Ph-CO, -per-NH;"-a-CD system may be ascribed to the
effective van der Waals contacts of the guest with the host.

The p-CH;-Ph-CO,~ complex of mono-NH;™-3-CD (K =
520M~") is more stable than that of 3-CD (K =200M~!). The
stability of the p-CH;-Ph-CO,~ complex depends on the
number of the positive charges of the host (K =520, 750, and
9180M~! for mono-, di-, and per-NH;*-CDs, respectively). The
stabilization is brought by the entropic gain accompanied by
the enthalpic loss. Both the enthalpy and entropy changes
increases in the order mono-NH;"-3-CD < di-NH;"-3-CD <
per-NH;*-3-CD (Table 4). Since hydrophobic interaction is
not enhanced by the NH;* group(s) attached to CD, the
significant increase in AS for the poly-aminated CD complex
should be ascribed to the more extended dehydration from
the NH;* groups upon complexation. The complexation of p-
CHj;-Ph-CO,~ with per-NH;"-3-CD is the entropy-dominating
process (AH=3.8kJmol™!, AS=88.6Jmol-'K-!). Bianchi
and Garcia-Espaiia reviewed the thermodynamics for ion-
association host — guest systems where the hosts and the guests
are mainly the macrocyclic polycations and the inorganic
anions, respectively.'! They introduce the examples of
entropy-dominating complexation. Complexation via ion
pairing is accompanied by desolvation resulting in slightly
unfavorable AH and largely favorable AS. Recently, Bazzica-
lupi et al. reported a new example of the entropy-dominated
complexation of the phosphate and pyrophosphate anions
with the polyammonium cations where hydrogen bonding of
-NH*..-~O- participates in the stability of the ion-pair
complexes.”) There is no necessity to consider the hydro-
gen-bond interaction for the present system, though such an
interaction cannot be excluded completely. The entropy-
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dominated process showing positive AH and AS has also been
reported for inclusion of alkanols and alkanoates into the (-
CD cavity, where the hydrophobic interaction is mostly
assumed as the main binding force.?» 23! Only few examples
have been known as the entropy-driven complexation of a-
and y-CDs.l27]

Rekharsky and Inoue reviewed the thermodynamics of the
CD complex formation.l'’”? They summarized numerous data
of the thermodynamic quantities for complexation of CDs and
treated these data on the basis of the enthalpy and entropy
compensation relationship. They demonstrated that a slope
(a) and an intercept (TAS,) in a linear relationship between
AH® and TAS° are the quantitative measures for the
conformational change of CD and for the extent of dehy-
dration, respectively, upon complexation. Such a conclusion
has been presented previously by Inoue and his co-workers.*®!
In the case of the native CDs, the linear relationship between
AH® and TAS® for complexation of various guests including
carboxylic acids, carboxylates, alkanols, naphtharenesulfo-
nates, and other neutral compounds provides o of 0.9 and
TAS, of 13 kI mol .3 For chemically modified CDs such as
TMe-a-CD, TMe-$-CD, and CDs having amine ligands and
their metal complexes, o and TAS, are 1.1 and 21 kJmol~},
respectively, when 2-naphthalenesulfonate, benzoic acid, and
its monosubstituted derivatives, p- and m-nitrophenols, and p-
nitroaniline are used as the guests.[??! We are short of data to
discuss the AH — AS compensation relationship in the present
system. Only the data of entries 4, 5, and 6 can be applied for
discussing the AH — AS compensation relationship. A linear
relationship is temporarily held between AH and AS in the
complexation of p-CH;-Ph-CO,~ with the aminated CDs;
TAS =149AH+20.7 (in kJmol~!, R?=0.999). Although we
need to collect more data to derive conclusion, the present
results, at least, do not deny our assumption that the
complexation of p-CH;-Ph-CO,~ with the cationic CD is
accompanied by a large conformational change of the host
(the large a) and by extended dehydration (the large TAS,).
The energetically minimized conformation of per-NH;"-3-CD
in water was derived from the MM/MD calculations (Fig-
ure 3). The electrostatic repulsion between the NH;* groups
causes a bucket-type structure of this CD (Figure 3a). Upon
complexation with p-CH;-Ph-CO,~, the structure of per-
NH;"-3-CD gets back to a normal upturned-bucket form as
shown in Figure 3b. Coulombic binding between the guest
anion and the host cation requires conformational changes of
the aminated CDs. This may be the reason for the large a
value.

Both the AH and AS values increase linearly with increas-
ing the number of positive charges of the host (n): AH=
2.4n—12.8 (inkJmol™!, R2=1.00) and AS=1191n+5.2 (in
Jmol'K~!, R2=0.999). A linear relationship is also hold
between InK and n: InK=0.491n+5.7 (R?=0.999). Since the
electric work W, exhibited by Equation (1) is essentially
correspondent to AH,'1 AH is consequentially proportional
to n [n corresponds to v in Equation (1)]. The linear
relationship between AH and n means the proportional
relationship between AS and n, because there is the AH — AS
compensation relationship in this system. Such a simple model
suggests that the difference in the AG (AAG) values between
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Figure 3. Optimized structures of per-NH;*-3-CD in water in the absence
and the presence of p-CH;-Ph-CO,~ which were derived from the MM-MD
calculations.

the aminated CDs is mainly ascribed to the difference in the
extents of dehydration upon complexation. Recently, it was
found that a linear relationship does not hold between AH as
well as AS and n when hydrogen bond interaction -NH* -+- ~O-
participates in the formation of ion-pair complexes.?® It is
reasonable to assume, therefore, that hydrogen-bond inter-
action does not play an important role in the present system.

Cationic CD-C,-CO," systems: The acetate anion (C;-CO,")
is too hydrophilic as well as too small to be included into the
per-NH;*-3-CD cavity. The butanoate anion (C;-CO,7)
weakly complexes with per-NH;*-3-CD (K =370M!). The
hexanoate anion (Cs-CO,~) forms the stable inclusion com-
plexes of per-NH;"-a-CD and per-NH;*-3-CD, the per-NH;*-
a-CD complex (K =5750M7') being more stable than the per-
NH;*-3-CD complex (K=2230M"'). On the basis of the
difference in the AH values, it seems that the lower stability of
the peraminated S-CD complex is ascribed to the weaker
van der Waals interactions. The per-NH;™-3-CD cavity is too
large to acquire the enthalpic gain due to effective van der
Waals contacts between the host and the guest. It is expected
that contribution of the van der Waals interactions is very
small in the Cs-CO,™ and per-NH;"-3-CD system. As indi-
cated in Table 4, the enthalpic loss (AH =8.4 kImol') and
the entropic gain (AS =91.9 Jmol-'K-!) for the Cs-CO, -per-
NH;"-3-CD pair are the most remarkable in the present study.
The extremely large AAS value (40.1 Jmol ' K~!) between the
C;-CO, -per-NH;*-a-CD and -per-NH;"-4-CD systems may
not be explained only by the difference in extent of
dehydration. Probably, both dehydration and hydrophobic
interaction contribute to the large entropic gain in the Cs-
CO, -per-NH;"-4-CD system. A large entropic gain in the
C¢OH-B-CD and a fairly large entropic loss in the C,-OH-a-
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CD system have been reported.’l We cannot exclude the
hydrophobic effect in the complexation of the alkanoate
anions with aminated CD, because these guest and host are
amphiphilic. Since lots of factors contribute to thermody-
namic parameters, effort toward separating these factors
should be done in future.

Cationic CD-neutral guest systems: The stability of the
complex of a neutral guest, 2,6-(OH),-Naph, decreases as
introducing the positive charges to the host CD (entries 11—
14). No complexation practically occurs in the case of p-CH,-
Ph-CH,OH (entries 16-18). These results can be explained
by destruction of hydrophobic environment by the NH;*
group(s) as pointed out by Easton et al.l¥] A very small K
value (51m!) for the 2,6-(OH),-Naph-per-NH;*-3-CD system
as well as the fact that no complexation occurs in the p-CH;-
Ph-CH,OH system suggests that both van der Waals and
hydrophobic interactions hardly promote complexation of
hydrophobic, neutral guest with polyvalent per-NH;™-3-CD.
However, we cannot conclude that the contribution of these
intermolecular interactions to the thermodynamic parameters
is negligible in the complexation of the carboxylate anions
with the polyvalent cationic CD, because the ion association
accompanied by the dehydration may change the conforma-
tion of the host and may provide an environment to cause
hydrophobic interaction. The cooperative work of Coulomb
interactions and inclusion seems to be important to promote
extended dehydration resulting in large entropic gain.

Anionic CD-cationic guest systems: In the case of per-NH;*-
B-CD, the complexation with the monovalent guest anions is
enthalpically unfavorable. Meanwhile, the fairly large and
negative AH value (— 14.3 kJmol~!) was measured for the p-
CH;-Ph-CH,NH;*-per-CO,-3-CD system (entry 20). Such a
result can be interpreted in terms of the effective van der
Waals interactions between p-CH;-Ph-CH,NH;" and per-
CO,-f-CD as described below. An important point is that the
complexation of the polyvalent CD anion with the mono-
valent guest cation is the entropically favorable process (AS =
25.1 Jmol~'K~!) similar to the case of the oppositely charged
system. Dehydration is also assumed as the main process to
gain favorable entropy change in the anionic host-cationic
guest system.

Per-CO, -3-CD shows the unexpected behavior in com-
plexation with neutral guests such as 2,6-(OH),-Naph and p-
CH;-Ph-CH,OH. In the case of polyvalent CD cation, the
hydrophilic NH;*™ groups destroy the hydrophobic environ-
ment of the CD cavity leading to weak ability of this host to
include a hydrophobic guest. However, the complex of 2,6-
(OH),-Naph and per-CO,™-5-CD (K=2100m"") is much
more stable than the $-CD complex (K =730M"!). Similar
results were obtained in the case of p-CH;-Ph-CH,OH
(entries 23 and 24). p-CH;-Ph-OH and C¢,-OH also form
stable complexes with per-CO, -3-CD (entries 25 and 26).
The complexation of 2,6-(OH),-Naph or p-CH;-Ph-OH with
per-CO,~-3-CD is enthalpically favorable but entropically
unfavorable; this suggests that the van der Waals interactions
are the main binding forces for these systems. The depth of the
hydrophobic cavity of per-CO,--CD is larger than that of -
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CD itself because of the attached SCH,CO,™ groups. The
elongation of the hydrophobic cavity by the attached
SCH,CO,~ groups seems to be the reason for high ability of
per-CO,-3-CD to include neutral, hydrophobic guests
through the van der Waals interactions. Similar polyvalent
CD anions whose hydrophobic cavities are elongated by
substituents have been known.?’]

The structure of the p-CH;-Ph-CH,NH;"-per-CO, -3-CD
complex was confirmed by the ROESY spectrum (Supporting
Information). The cross peaks were observed between the H’
protons of the host and the H,, H,,, and p-CHj; protons of the
guest and between the H? protons and the H,, protons,
suggesting that the p-CH;-Ph-CH,NH;" molecule are bound
to the SCH,CO,~ group side of the host. The SCH,CO,~
groups of the host sling up the guest through Coulomb
interactions. The entropic gain due to dehydration from the
host and the guest and the enthalpic gain due to the
van der Waals interactions enhanced by the SCH,CO,-
groups stabilize this inclusion complex.

Conclusion

The most important conclusion of the present study is that the
inclusion of a charged guest into the cavity of an oppositely
charged polyvalent-CD ion is promoted by the entropic gain
acquired mainly by the dehydration from both host and guest
upon complexation. Judging from the fact that no complex-
ation occurs in the C,-CO, -per-NH;"-3-CD pair while Cs-
CO,~ forms the stable inclusion complex with the polyvalent
CD cation, the cooperative work of Coulomb interactions and
inclusion might be important to cause extended dehydration
from host and guest.

The same inclusion mechanism might be applied for the
ionic guest —nonionic host pairs. For example, the entropically
favorable inclusion occurs in the case of the p-CH;-Ph-CO,~
and B-CD system. Since the entropic gain is acquired by the
dehydration, the ionic group (CO,") of the guest penetrates
into the hydrophobic S-CD cavity to take the reversed
orientation of the complex. Inclusion of organic anions into
the native $-CD cavity mostly shows positive entropy change-
s.34.23. 28] The entropically favorable inclusion of the guest
anions into the native -CD cavity can be explained by the
dehydration upon complexation. By the way, the anion
inclusion into the a-CD cavity tends to show negative
enthalpy and entropy changes.'! This might be ascribed to
the effective van der Waals contacts of guest anions with the
a-CD cavity having a smaller cavity size. The difference in the
mechanisms for inclusion of the anionic guest between a- and
fB-CDs is reflected on the orientations of the guest anion in the
CD cavities. The hydrophilic CO,~ group of the guest is faced
to the aqueous bulk phase at the secondary OH group side of
a-CD. Such a normal orientation has also been measured for
the benzoate and p-nitrophenolate anions in the a-CD cavity
by means of NMR spectroscopy.® 18]

The molecular recognition using Coulomb interactions is a
new trend in host—guest chemistry.l'>3 Thermodynamic
studies might essentially be important to understand these
new systems.
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Experimental Section

Native a- and S-CDs (Nacalai) were purchased and recrystallized from
water after an antioxidant containing in these compounds was removed by
extraction with THF using a Soxhlet extractor. Hexakis(6-amino-6-deoxy)-
a-CD (per-NH,-a-CD)P!l| per-NH,-3-CDP!l| mono-NH,-3-CDP2, 64 6P-
diamino-64,6°-dideoxy-3-CD (di-NH,-3-CD),** and per-CO,H-3-CDB4
were prepared according to the procedures described in the literatures.
Sodium salts of the carboxylic acids (Nacalai) were prepared by neutral-
ization with NaOH of the corresponding carboxylic acids. p-Methylbenzyl-
amine (p-CH;-Ph-CH,NH,, Wako), p-methylphenol (p-CH;-Ph-OH, To-
kyo Kasei), 2,6-dihydroxynaphtharene (2,6-(OH),-Naph, Aldrich), p-
methylbenzyl alcohol (p-Me-Ph-CH,0OH, Wako), and 1-hexanol (C,-OH,
Nacalai) were purchased. The guest compounds were purified by the usual
ways in cases of necessity.

'H-NMR spectra were recorded on a JEOL JNM A-400 spectrometer
(400 MHz) in D,O (CEA, 99.8%) in the presence of 0.02M NaCl. Sodium
[D,]3-(trimethylsilyl)propionate (TSP, Aldrich) was used as an external
standard. The binding constants were determined from the 'H-NMR
titration curves ([guest] =1 x 10-3m) which were analyzed by a non-linear
least-squares method on the basis of the assumption of the 1:1 complex
formation.® The examples of the NMR titrations are shown in Figure 4.

-0.10

-0.20

A8/ ppm

-0.30

Downfield
shift

Figure 4. Changes in the proton chemical shifts of p-CH;-Ph-CO,~ (H,)
upon addition of 5-CD (e), mono-NH;™-5-CD (a), di-NH;*-3-CD (0), per-
NH;*-3-CD (m), and per-NH;*-a-CD (2) in D,O at pD 6.0 and 25°C. The
solid lines represent the best fit of the data to the 1:1 equilibria.

10°[CDx] /M

The K values were determined at several temperatures (15-60°C). The
thermodynamic parameters (AH and AS) were evaluated from the slopes
of the van’t Hoff plots (RInK vs. T-! and AG vs. T). The ROESY spectra
were measured by a field-gradient method using a 250 ms mixing time for
the degassed solutions of the mixtures of hosts and guests.

The molecular mechanics/molecular dynamics (MM/MD) calculations
involving the effects of water were carried out.! Before the MM/MD
calculations, the information of the charges of the host and the guest was
obtained from the MOPAC (version 6 developed by JJP. Stewart, US
Airforce Academy, USA) calculations. The MM/MD calculations were
performed by an AMBER program system (version 4, presented by P.
Kollman, University of California at San Francisco, USA) on a COMTEC
4D RPC XS247 R4000 workstation. For calculations, 216 water molecules
were placed in the 7.5 nm cube. The calculations were carried out at 250 K
for the initial temperature and at 298 K for the reference temperature and
for 12 ps at the time step of 0.001 ps. After verification of convergence of
the data, the structure having the minimum energy was employed.
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