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Abstract: Chirality of metal complexes M(phestf (M = Ru(ll), Rh(Ill), Fe(ll), Co(ll), and Zn(ll), and phen

= 1,10-phenanthroline) is recognized by heptakis(6-carboxymethylthio-6-d@esygtodextrin heptaanion
(per-CQ~-p-CD) and hexakis(2,3,6-t®-methyl)-o-cyclodextrin (TMee-CD) in D,O. The binding constant

(K) for the A-Ru(phen)?* complex of per-C@-3-CD (K = 1250 M1 in 0.067 M phosphate buffer at pD

7.0 is~2 times larger than that for th&-isomer (590 M1). Definite effects of inorganic salts on stability of

the complexes indicate a large contribution of Coulomb interactions to complexation. The fact that hydrophilic
Ru(bpy)}?" (bpy = 2,2-bipyridine) does not form a complex with per-gG3-CD suggests the importance of
inclusion of the guest molecule into the host cavity for forming a stable ion-association complex. The positive
entropy change for complexation of Ru(phgm)with per-CQ-3-CD shows that dehydration from both the
host and the guest occurs upon complexation. Similar results were obtained with trivalent RE{pbeign.
Pfeiffer effects were observed in complexation of racemic Fe(phienCo(pheny?", and Zn(phenf" with
per-CQ--CD with enrichedA-isomers. Native cyclodextrins such as -, andy-cyclodextrins as well as
heptakis(2,3,6-tr-methyl)3-cyclodextrin do not interact with Ru(bpy). However, hexakis(2,3,6-t(-
methyl)-a-cyclodextrin (TMee-CD) interacts with Ru(pheg)™ and Ru(bpyy" and discriminates between

the enantiomers of these metal complexes. Khalues for theA- and A-Ru(pheny?* ions are 54 and 108

M1, respectively. Complexation of the andA-isomers of Ru(phegj+ with TMe-o-CD is accompanied by
negative entropy changes, suggesting that cationic Ru(gheis)shallowly included into the cavity of the
neutral host through van der Waals interactions. Akenantiomer, having a right-handed helix configuration,
fits the primary OH group side of per-GOS-CD (SCHCO,~ side) well, while theA-enantiomer, having a
left-handed helix configuration, is preferably bound to the secondary OH group side ofod®2- The
asymmetrically twisted shape of a host cavity seems to be the origin of chiral recognition by cyclodextrin.

Introduction

Cyclodextrin (CD) is one of the receptors which discriminate
between enantiomers of various guest compounds. The first
example of chiral recognition by CD was reported by Cramer
and Dietsche, who found partial optical resolution of mandelic
acid derivatives by3-CD.! Numerous studies have since been
carried out to examine the ability of CDs to recognize chirdlity.
From previous investigations, it has been realized generally that
native CDs such ae-, -, andy-CDs show weak ability to
recognize central chirality of guests such@smino acids,
phosphinate compoundsulfinyl compounds,o-pinene® man-
delic acid3@7 1-phenylethandt,and their related compounds.
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Recently, however, it was found thgt andy-CDs recognize
the helicity of a tetrahelicene dicarboxylate, 1,12-dimethylbenzo-
[clphenanthrene-5,8-dicarboxylate (HDC), well with binding
constants for the)- and P)-HDC-3-CD complexes of 18 700
and 2200 M1, respectively, at 23C.2 As a similar phenom-
enon, - and y-CDs are known to induce conformational
enantiomerism of bilirubiA®1 The bilirubin dianion is achiral

in water, but upon binding with3-CD, bilirubin becomes
optically active by preferentially taking aM{-helix conforma-
tion. The binding site of both HDC and bilirubin is the secondary
OH group side of3-CD. Conformational enantiomerism was
also observed with pamoic acid (4ethylenebis(3-hydroxy-
2-naphthalenecarboxylic acid)) boundjteCD .12 Pamoic acid
included in the primary OH group side pfCD preferentially
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takes aP)-helix conformation. In addition, a major conforma-
tional isomer of the pyrene dimer formed at the secondary OH
group side ofy-CD cavity has )-helicity.l® These results

J. Am. Chem. Soc., Vol. 123, No. 43, 20617

low enantioselectivity for the methyl estersefamino acid&®
and dipeptides in their protonated ford¥sPer-NH;™-3-CD
induces the conformational enantiomerism of the bilirubin

demonstrate that native CDs are good hosts to recognizedianion with the bound bilirubin dianion preferentially adopting
asymmetrically helical shapes and that the primary and second-(P)-helicity.2® The enantioselectivity of per-Nfi-3-CD is

ary OH group sides of CD prefer the right- and left-handed helix
configurations, respectively. Is this nature of CDs observable
for modified CDs?

Heptakis(2,3,6-tri©-methyl)-cyclodextrin (TMep-CD) is
the modified CD where all OH groups @fCD are substituted
by OCH; groups. In native3-CD, intramolecular hydrogen
bonding between the OH groups at the 2-positions of the

opposite to that ofs-CD itself. The recognition site of per-
NH3*-5-CD is the primary OH group side of the CD while that
of -CD is the secondary OH group side.

On the basis of all results cited herein, it may be concluded
that native CDs as well as modified CDs can discriminate
between right-handed and left-handed helix structures of guests;
the secondary OH group side prefers left-handed helix configu-

glucopyranose units and at the 3-positions of the adjacentrations, and the primary OH group side prefers right-handed

glucopyranose units provides a relatively rigid cyclic structtre.
In contrast, TMes3-CD has a more flexible structure because

helix configurations. In other word§D has an asymmetrically
twisted caity in which a guest haing a helix configuration is

of the absence of intramolecular hydrogen bonding. Several well fit. This is our hypothetical mechanism for chiral recogni-
studies have been carried out with chiral recognition of guests tion by CD. The aim of the present study is to extend such a

having central chirality by pe®-methylated CD$§9:376.8.15
However, no examples which show highly enantioselective
complexation of compounds with central chirality have been
reported, although other types of chirality can be discriminated
by CDs. A noteworthy example of chiral recognition by TMe-
o-CD is optical resolution of£)-1,7-dioxaspiro[5.5]undecane
having planar chirality® Precipitates from a mixture of this}-
dioxaspiro compound and TMe-CD contain almost optically
pure R)-enantiomer of the guest. We found that T)#€ED is

a good host that recognizes axial chirality of binaphthyl
derivatives such as I;binaphthyl-2,2diyl hydrogen phosphate
and 1,1-binaphthyl-2,2dicarboxylic acidt’ Similar to the case

of native CDs, pe®-methylated CDs also recognize asym-
metrically twisted structures of the guests well, though they are
poor receptors for recognizing central chirality of the guests.
Because permethylated CDs scarcely interact with ionic com-

hypothesis to a more general conclusion.

In the present study, we chose tris(1,10-phenanthroline) metal
complexes (M(pher)*t, M = Ru(ll), Rh(lll), Fe(ll), Co(ll),
and Zn(11)) as chiral guests having helix configurations to study
asymmetrically twisted shape of CD. Right- and left-handed
helix configurations of metal complexes are referredand
A-enantiomers, respectively Interconversion between thie
and A-enantiomers of Ru(phesf) is very slow, and these
enantiomers can be isolat&df the hypothesis mentioned above
is correct, theA- and A-enantiomers of Ru(phesf) should be
discriminated by CD. We used polyanionic per-C¢€g-CD as
a chirality-recognizable host because Ru(pk€n)scarcely
interacts with most CDs without charge (vide infra). Interest-
ingly, only TMe-a-CD having a small cavity size meaningfully
interacts with Ru(phegj". These two types of CDs may provide
the information about recognition modes of primary and

pounds, the range of guest numbers that can be examined isecondary OH group sides of CD. Our preliminary results were

strictly limited.

When chiral guest molecules are ionic species, cationic or
anionic CDs can be utilized to form hesguest complexes. For
example, protonated heptakis(6-amino-6-degkg)rclodextrin
(per-NH;™-3-CD) recognizes the central chirality Bfacetylated
Trp (AcTrp) with K values for §- and ®)-AcTrps of 2310
and 1420 M1, respectively® Anionic heptakis[6-carboxy-
methylthio-6-deoxy]3-cyclodextrin (per-C@ -3-CD) also shows
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reported as a short communicatin.

Results

Capillary Zone Electrophoresis. Capillary zone electro-
phoresis (CZE'is a convenient and effective method to predict
the system that is appropriate to study enantioselective-host
guest complexation. Figure 1 shows the examples of electro-
pherograms that were measured faf){Ru(phen)(ClO,), (1
x 104 M) using 8-CD and per-C@-3-CD (1 x 1073 M) as
chiral selectors in 0.067 M phosphate buffer at pH 7.0. Baseline
separation of the enantiomers of Ru(phé&h)was realized in
CZE using per-C@ -5-CD, while no separation was achieved
in the case 0f-CD. Because a detector was placed at a negative
electrode side, theé-enantiomer, showing a longer retention
time, seems to be bound to per-£€@3-CD more strongly than
the A-enantiomer. The results of CZE for Ru(phgn) Rh-
(phen}®t, Fe(pheny*", and Ru(bpy¥" (bpy = 2,2-bipyridine)
are summarized in Table 1. Usually, the separation faetpr (
is defined as

o= (t, — t)/(t; — to 1)
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482.

(20) Kano, K.; Arimoto, S.; Ishimura, T. Chem. Soc., Perkin Trans. 2
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Figure 1. Electropherograms oft)-Ru(pheny(ClO,); (1 x 107* M)
using8-CD and per-C@-3-CD (1 x 1072 M) as chiral selectors at

ambient temperature: buffer solution, 0.067 M phosphate buffer at pH

7.0; applied voltage, 6.1 kV; current, 22\ for 5-CD and 24-25 uA
for per-CQ-$-CD.

Table 1. Chiral Separation of Ru(phefi}, Rh(pheny**,
Fe(pheng*, and Ru(bpy?™ by CZE Using HostGuest
Complexation with CDs at pH 7.0 and Ambient Temperature

guest host currenp@) ti (min)° t; (min)°> o
Ru(pheny2t B-CD 23 5.50 550 1.00
TMe-a-CD 20-21 7.60 7.60 1.00
TMe-a-CD° 21-22 13.7 14.3 1.05
mono-CQ-5-CD 21 6.40 6.40 1.00
per-CQ-a-CD 2627 8.22 8.22 1.00
per-CQ-3-CD 24-25 6.64 744 1.83
per-CQ~-y-CD 28-29 7.00 7.62 1.66
Rh(pheny** B-CD 22 7.44 7.44 1.00
mono-CQ~-3-CD 25 6.98 6.98 1.00
per-CQ-a-CD 2627 9.00 9.20 1.02
per-CQ~-B-CD 22 13.0 145 1.14
per-CQ-y-CD 27-28 9.00 104 1.35
Fe(phengt B-CD 22-23 558 558 1.00
mono-CQ~-3-CD 19-20 9.24 9.24 1.00
per-CQ-o-CD 22 9.70 9.70 1.00
per-CQ -3-CD 21 9.84 11.6 1.98
per-CQ -y-CD 25 8.10 8.54 1.23
Ru(bpy}?** B-CD 20 6.50 6.50 1.00
TMe-a-CD 21 7.00 7.00 1.00
TMe-a-CD* 21-22 11.1 11.4 1.02
mono-CQ~-5-CD 21 6.24 6.24 1.00
per-CQ-a-CD 24 8.90 8.90 1.00
per-CQ-3-CD 21 7.48 7.48 1.00
per-CQ -y-CD 25-26 7.04 7.04 1.00
per-CQ~-3-CDd 27-28 10.1 10.1 1.00
per-CQ~-y-CD4 26—27 8.76 8.96 1.37

a Separation conditions: capillary, 300 mm (effective lengthy0
um i.d.; buffer, 0.067 M phosphate buffer at pH 7.0 containing 1
103 M CD; applied voltage, 6.1 kV; sample, & 104 M metal
complex in 0.067 M phosphate buffer at pH 7.0; sample injection,
electrokinetic method (6.1 kV, 10 $)Except for the systems of TMe-
o-CD, the A- and A-enantiomers of the guests show the shortgr (
and longert) retention times, respectively, when enantiomer separation
is realized. In the cases of TMe-CD, the opposite enantioselectivity
was observedt The concentration of CD was & 1072 M. 9The
concentration of CD was & 1073 M.

wheret; andt, are the retention times of the first and second
peaks, respectively, ariglis the retention time of a coexisting
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Figure 2. *H NMR spectra of £)-Ru(phen)(ClO,)2 (1 x 1073 M) in
D,0 at pD 7.0 (NaC0Os) and 25°C in the absence and the presence of
various CDs (8x 10-% M) under argon atmosphere.

because of a fast electrophoretic mobility of the cationic guests,
we defineda as eq 2 in the present study:

o= (G~ Wt~ 1) ()

Neutral CDs such as-CD, 3-CD, y-CD, TMe-a-CD, and TMe-
B-CD do not act as the chiral selectors for all guest compounds
when 1x 1073 M CD solutions are used as the background
solutions. Per-Ce-3-CD and per-C@ -y-CD act as the chiral
selectors for the M(phegl) ions. In all cases, the retention times
of the A-enantiomers of the metal complexes are longer than
those of theA-enantiomers. Only per-GO-y-CD acts as the
chiral selector for Ru(bpyj™ among anionic CDs.

When highly concentrated TMe-CD (1 x 1072 M) was
used, slight enantiomer separation was achieved with Ru-
(phen}?™ and Ru(bpy¥*. No separation was measured in the
cases of TMg3-CD andf-CD under the same conditions. On
the basis of these CZE results, the following assumptions can
be made:

(1) The enantiomers of the M(pheft) cations are discrimi-
nated by per-C@ -f3- and -CDs. These anionic CDs prefer-
entially interact with the\-enantiomers of the metal complexes.

(2) Neutral CDs such ag-, -, andy-CDs and TMes-CD
scarcely interact with the cationic metal complexes. Only TMe-

compound that does not interact with CD. In the present system,a-CD has a possibility to recognize chirality of Ru(phgh)

we used DMSO as a standard material shovwigngecause the

retention times of the samples are shorter than that of DMSO

(24) (a) Okafo, G. N.; Camilleri, P. I€apillary Electrophoresis. Theory
and Practice Camilleri, P., Ed.; CRC Press: Boca Raton, FL, 1993; pp
117-161. (b) Li, S. F. Y.J. Chromatogr. Libr.1992 52, 377-540.

and Ru(bpy¥'.

IH NMR Spectroscopic Study for Ru(phen}?* System.
Figure 2 shows théH NMR spectra of £)-Ru(phen)(ClO,),
in D,O at pD 7.0 (NaCOQgs) in the absence and the presence of
various CDs. Native CDs such as, -, andy-CDs do not
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Table 2. Complexation of Ru(pheg(ClO,), and Rh(phenjClO,);
with Per-CQ-- and #-CDs in 0.067 M Phosphate Buffer at pD
7.0 (D:0) and 25°C*

AAG®
guest host KM™)  Ka/Ka (kI mol?)

A-Ru(pheny* per-CGQ -4-CD 1250+ 50
A-Ru(pheny* per-CQ-5-CD 590+40 212 1.86
A-Ru(phenyt per-CQ -y-CD 1140+ 50 i
A-Ru(phen?* per-CQ--y-CD  890+40 1.28 0.61 per-CO;-3-CD
A-Rh(pheny®t per-CQ -3-CD 1500+ 60
A-Rh(pheny** per-CQ~-5-CD 1050+40 1.43 0.88 0.40 AR
A-Rh(pheny*™ per-CGQ-y-CD 1560+ 40 0.35 |
A-Rh(phen)*" per-CQ-y-CD 1380+40 1.13 0.31 030 L

a Details on determination df values were shown in the Experi- E 025
mental Section. 2 o020}
affect the NMR spectrum of Ru(phefy. These neutral CDs 2 g':i |
do not interact with the divalent cationic guest. Slight broadening T
was observed upon addition of TMEED, mono-CQ-3-CD, 0.05 '. 0O lﬂlﬂ
and per-C@ -o-CD. These modified CDs weakly interact with 0 il
Ru(phen)**. Meanwhile, per-C@ -3-CD causes downfield 005 "H3 W2 W3 Ha A5 H6® He® CH°CH,
shifts of all signals of Ru(phesd", and each signal was split
into two signals because of the formation of the diastereomeric per-CO,-1-CD
complexes. Splitting of the signals means there is a difference 0.40
in binding constants and/or in structures of the complexes ’ AA
between the\- andA-enantiomers of the guest. In other words, 0.35 -
per-CQ-B-CD recognizes the chirality of Ru(phef. Split- 0.30 - 1
ting was not remarkable in the case of per-C@-CD. E 025

Binding constantsKs) for complexation were determined 2 020
from H NMR titration curves which were analyzed by a g o151
nonlinear least-squares method (Supporting Informafivbhhe < o0 |
NMR spectral change of Ru(phefi) as a function of CD 0.05 L I_D
concentration was measured in 0.067 M phosphate buffer at o ION w0 |
pD 7.0, because pD gradually increased with increasing the host 0.05

concentration. The data were well fit with the equation for 1:1
complex formation. The results are listed in Table 2. e
value for theA-Ru(phen)?™-per-CQ~-3-CD complex is~2
times larger than that for thé-enantiomer complex. The
difference in free-energy changes betwe®enand A-enanti-
omers AAG® = AGA°®° — AG,°) is one of the measures for
indicating enantioselectivityAAG® obtained for the present
system is 1.9 kJ mot. In recognition of central chirality by
CDs, |AAG®| values are usually less than 1 kJ miofor the
systems showing moderatevalues ¢ 100 M~1).2° The AAG®
value of 1.9 kJ mot! indicates that the present system is one
of the examples where CD recognizes chirality well. As
indicated in Table 2, the enantioselectivity of perL£&-CD
(AAG° = 0.61 kJ mot?) is lower than that of per-CO-3-
CD. Lower enantioselectivity of per-GO-y-CD is ascribed to
the relatively largeK value for theA-enantiomer complex. This
means that the cavity size of per-€Gy-CD is too large to

H-1 H-2 H-3 H-4 H-5 H-6% H-6° CH,*CH,"

Figure 3. Saturated complexation-induced shiffg).) of per-CQ -

pB- and ¥-CDs complexed witm\- and A-Ru(phen)(CIO.); in 0.067

M phosphate buffer (BD) at pD 7.0 and 28C under argon atmosphere.
The positive and negative values represent upfield and downfield shifts,
respectively.

with guest. TheAdsa values for the protons of per-GO3-CD

and per-C@ -y-CD complexed with the\- and A-enantiomers

of Ru(phen)?™ are shown in Figure 3. It can be concluded from
the results shown in Figure 3 that the binding site of both guest
enantiomers is the SGBO,™ group side (the primary OH group
side), because the protons at the 5- and 6-positions (H-5 and
H-6) and at the methylene linkages of the host markedly shift
to higher magnetic fields because of the ring current effects of
the aromatic ring(s). The secondary OH group side does not
participate in complexation. Because th,psalues of per-

recognize the difference in the geometric structures of the guestCO:H-B-CD are below 5.67 complexation is mainly promoted

enantiomers.

To know the binding sites, thtH NMR spectra of the host
CDs were taken in 0.067 M phosphate buffer at pD 7.0 in the
absence and the presence of tieand A-enantiomers of Ru-
(phen}?". The NMR data were processed by saturated com-
plexation induced shiftsAdsa) defined as

Adgy= (01 — 0J/x ®)
whereds andd. are the chemical shifts of protons in free and
complexed host, respectively, andis the mole fraction of
complex. Because thevalue can be calculated frok, Adsat
can be evaluated from eq Adsa is defined as the change in
chemical shift when all host molecules have formed complexes

by Coulomb interactions between the polyvalent anionic host
and the divalent cationic guest. The signals due toAthenan-
tiomer complex shift more largely than those due to the
A-enantiomer complex. The NMR data may be explained using
the cartoons drawn in Figure 4. Per-£€5-CD or per-CQ™-
y-CD takes a bucket-type shape because of the electrostatic
repulsion between the GO groups arranged at the rim of the
primary OH group side (vide infra). ThA-Ru(phen)*" ion
penetrates into the per-GOfS-CD or per-CQ-y-CD cavity
including the wall provided by the SGBO,™ groups, while
the A-enantiomer is bound to the host more shallowly. No
essential difference in the structures of the hagtest com-

(25) Guillo, F.; Hamelin, B.; Jullien, L.; Canceil, J.; Lehn, J.-M. De
Robertis, L.; Driguez, HBull. Soc. Chim. Fr1995 132 857—866.
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A-Ru(phen)?* A-Ru(phen);2* correlation peak between Hand H-5 was obsgrved. The
ROESY spectrum supports the previous assumptionAHat-
(phen}?™ forms the shallow inclusion complex.

The ROESY spectra of the per-GOy-CD complexes are
shown in Figure 6. Characteristic correlations were observed
between all protons of th&-guest enantiomer and the protons
of the SCHCO,~ groups of per-C@ -y-CD together with a
strong correlation between®Hbf the A-guest enantiomer and
H-5 of the host. These results suggest that the £ groups
approach thé\-Ru(phen)*™ molecule to form a relatively tight
inclusion complex. The correlation peaks of the protons of the

Figure 4. Simple models for the complexes of tide and A-Ru- SCH,CO,™ groups of the host indicate the reduction in fluctua-
(pheny*" ions and per-C@-4-CD deduced from théH NMR spectral tion of these groups. In contrast, no strong correlations were
data. measured between the protons of theyuest enantiomer and
plexes is found between the per-€@3-CD and per-C@ -y- the protons of the SCI£O,~ groups of the host. The SGEO,~

CD systems. groups of theA-guest complex of per-CO-y-CD may be more

Rotating frame nuclear Overhauser and exchange spectrosfluctuant than those of thé-enantiomer complex. ROESY
copy (ROESY) is an effective method to estimate the structure ¢lé@rly indicates that the structure of theRu(pheny**-per-
of a CD inclusion complex. Figure 5 shows the ROESY spectra €2 -7-CD complex is significantly different from that of the
of the systems composed of the and A-enantiomers of Ru-  /A-énantiomer complex.
(phen}?™ and per-C@-3-CD. In theA-Ru(pheny?*-per-CQ - Thermodynamic Parameters for Complexation of Ru-
B-CD system, the distinct correlation peaks were observed (phen)?t. Thermodynamic parameters for the enantioselective
between H and H of the guest and H-5 of the host. Such a complexation of the\- andA-Ru(pheny?* ions with per-CQ -
result reveals that, at least, one phenanthroline ring oftRRe- B-CD were determined from the van’t Hoff plots (Supporting
(phen}?" ion penetrates into the CD cavity. Any correlations Information). The results are listed in Table 3. Complexation
with H-6 of per-CQ~--CD were not observed. This seems to of the A-isomer is an enthalpically dominated process that is
be ascribed to the relatively high fluctuation of this position. assisted by a positive entropy change. Meanwhile, the formation
Very weak correlations between the protons of the STB}~ of the A-Ru(pheny?* complex of per-C@ -3-CD is dominated
groups of per-C@-3-CD and the R and H protons ofA-Ru- by an entropy term. NMR spectroscopy suggests the penetration
(phen}?* may also be ascribed to the fluctuating nature of the of the A-Ru(pheny?* ion into the per-C@-3-CD cavity. The
wall provided by the SCKHCO,~ groups. On the other hand, in  penetration of the guest into the host cavity seems to be
the A-Ru(phen)**-per-CGQ-5-CD system, all correlation peaks  promoted through van der Waals interactions. Such complex-
are much weaker than those for theisomer system, and no  ation is an exothermic process. By the way, many examples
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Figure 5. ROESY spectra of thé\- and A-Ru(pheny*-per-CQ~-3-CD complexes in BO at pD 7 and 25°C under argon atmosphere. The
concentrations of Ru(phesiC10,), and per-C@-3-CD were 3x 1072 and 1.6x 1072 M, respectively.
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Figure 6. ROESY spectra of thé\- and A-Ru(pheny*-per-CQ~-y-CD complexes in BO at pD 7 and 25C under argon atmosphere. The
concentrations of Ru(phet104), and per-C@-y-CD were 3x 1072 and 1.6x 1072 M, respectively.

Table 3. Thermodynamic Parameters for Complexation of Ru(pi{€ip,). and Rh(phenjCIlO,); with Per-CQ~-5-CD in 0.067 M
Phosphate Buffer (D) and QO without Salt at pD 7.0

guest host AH® (kJ mol?) AS (J moliK—1) TAS (kJ mol1)2 ACy° (kJ K™tmol™?)
A-Ru(pheny* per-CQ~-3-CDP —11.44+1.0 222+ 2.2 6.6+ 0.6
A-Ru(pheny* per-CQ~-3-CDP —4.4+12 39.4+ 4.3 11.7+ 1.3
A-Ru(phenj?* per-CQ~-y-CDP ~12.940.5 16.9+ 1.6 5.0+ 0.5 -1.8+0.1
A-Ru(pheny? per-CQ--y-CDP —-15.14+ 0.9 6.7+ 3.2 2.0+ 1.0 -1.4+0.3
A-Rh(phenj** per-CQ~-p-CDP —-6.1+0.1 40.2+ 0.5 12.0+ 0.1
A-Rh(pheny** per-CQ~-3-CDP —4.4+0.1 43.0£ 0.4 12.8+ 1.2
A-Ru(pheny* per-CQ~-4-CD* -6.7+1.0 61.8+ 3.3 18.4+1.0
A-Ru(pheny* per-CQ~-B-CD* —10.04+ 1.2 473+ 25 14,1+ 0.7

aTAS values were calculated for 298 RThe experiments were carried out in 0.067 M phosphate bifffere experiments were carried out
in D,O without inorganic salt.

indicate that complexation of strongly polar guests with CDs is reasonably as follows. Th&-Ru(pheny?* ion is bound to per-

accompanied by positive entropy chang®¥.We also found CO,-3-CD through Coulomb interactions. In this step, dehy-

previously that ion-association complexes of charged CDs anddration of both the host and guest molecules leads to an entropic

oppositely charged guests are formed by the cooperative workgain. A part of the Ru(phesd" molecule further penetrates into

of Coulomb and van der Waals interactions, where large positive the host cavity through van der Waals interactions. Such a

entropy changes due to extensive dehydration from both hostprocess may cause the negative enthalpy and positive entropy

and guest promote complexatitf® The thermodynamic  changes. On the other hand, shallow inclusion occurs in the

parameters measured for the present system can be explainedase ofA-Ru(pheny?* to yield a more unfavorable enthalpy

change, which is compensated by favorable entropy change.
The van't Hoff plots RIn K vs T-1) for the per-CQ-y-CD

system are not linear, and temperature-dependétft has to

be considered. Temperature dependencAldf is expressed

by heat capacity changAC,° = 0H°/dT). Sometimes, thAC,°

term is important in hostguest complexatio?f2° Assuming

that AC,° is constant at the present temperature rangds,

AS’, and ACy° can be evaluated from the van't Hoff plot by

(26) Rekharsky, M. V.; Inoue, YChem. Re. 1998 98, 1875-1917.

(27) (a) Lewis, E. A.; Hansen, L. D]. Chem. Soc., Perkin Trans. 2
1973 2081-2085. (b) Halle, D.; Schim, A.; Shehatta, I.; Wadsd. J.
Chem. Soc., Faraday Trank992 88, 2859-2863. (c) Inoue, Y.; Hakushi,
T.; Liu, Y.; Tong, L.-H.; Shen, B.-J.; Jin, D.-S9, Am. Chem. S0d 993
115 475-481. (d) Inoue, Y.; Liu, Y.; Tong, L.-H.; Shen, B.-J.; Jin, D.-S;
J. Am. Chem. S0d 993 115 10637 10644. (e) Rdiger, V.; Eliseev, A.;
Simova, S.; Schneider, H.-J.; Blandamer, M. J.; Cullis, P. M.; Meyer, A. J.
J. Chem. Soc., Perkin Trans. 2996 2119-2123. (f) Godnez, L. A.:
Schwartz, L.; Criss, C. M.; Kaifer, A. B. Phys. Chem. 8997, 101, 3376~
3380. (g) Herrmann, W.; Keller, B.; Wenz, Glacromolecules997, 30,
4966-4972. (h) Rekharsky, M. V.; Mayhew, M. P.; Goldberg, R. N.; Ross,
P. D.; Yamashoji, Y.; Inoue, YJ. Phys. Chem. B997 101, 87—-100.

(28) Kano, K.; Kitae, T.; Shimofuri, Y.; Tanaka, N.; Mineta, €hem—
Eur. J 200Q 6, 2705-2713.

(29) For examples: (a) Stauffer, D. A.; Barrans, R. E., Jr.; Dougherty,
D. A. J. Org. Chem199Q 55, 2762-2767. (b) Hayashi, T.; Miyahara, T.;
Koide, N.; Kato, Y.; Masuda, H.; Ogoshi, H. Am. Chem. Sod997, 119,
7281-7290.
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Figure 7. Van't Hoff plots for complexation ofA- and A-Ru(phen}-
(ClO4), with per-CQ--CD in 0.067 M phosphate buffer at pD 7.0.

fitting experimental data with the following equatiéh:

RIn K(T) = —(AH(T)T) + AS(T) =
—[AH*(Ty) + (T = TYPAC, YT + AC,® In(TITy) + AS(Ty)

(4)

where K(T), AH°(T), and AS’(T) are temperature-dependent
parameters andH°(Tp) andAS’(Tp) are constant witfl = To.
The van't Hoff plots for theA- and A-Ru(phen)*™ systems
are shown in Figure 7. Curve fitting using a nonlinear least-
squares method providetH®, AS’, andAC,°. The results are
exhibited in Table 3. Thé&H° values for the per-C®-y-CD
systems are smaller than those for the perC@CD systems.
The large cavity of per-C®-y-CD may make it possible to

Kano and Hasegawa

Table 4. Salt Effects on Chiral Recognition of Ru(phgii) by
Per-CQ~--CD in D,O at 25°C

NaX
bulk phase ([NaX] (M)) configuration K (M™% Ka/Ka

phosphate buffér A 1250+ 50
phosphate buffér A 590+ 40 2.1
phosphate buffér NaCl (0.02) A 790+ 30
phosphate buffér NaCl (0.02) A 490+ 30 1.6
phosphate buffér NaCl (0.05) A 580+ 30
phosphate buffér NaCl (0.05) A 400+ 20 14
D,O A 20 100+ 1500

DO A 12700+ 1100 1.6
D;0 NaCl (0.05) A 1710+ 40

D,O NacCl (0.05) A 1120+ 40 15
DO NaCl (0.075) A 960+ 30

D-O NacCl (0.075) A 890+ 60 11
D-O Nal (0.05) A 1130+ 30

DO Nal (0.05) A 760+ 20 1.5
D0 NaClQ, (0.05) A 1160+ 20

D-O NaClQ, (0.05) A 530+ 30 2.2
DO KCI (0.05) A 2260+ 50

DO KCI (0.05) A 1290+ 50 1.7

20.067 M phosphate buffer D) at pD 7.0.

Thermodynamic parameters for complexation of Rh(pkt&n)
with per-CQ--CD are shown in Table 3. Th&S’ value for
complexation ofA-Rh(phen)** with per-CQ~-3-CD is much
larger than that for tha-Ru(pheny?* system. In the complex-
ation of the trivalent Rh(phes#)™ system, dehydration may occur
more extensively than in the case of divalent Ru(pkfenBoth
the AH® andAS’ values for theA-Rh(phen)3* system are close
to those for theA-enantiomer system.

Salt Effects on Chiral Recognition of Ru(phen)?". Salt
effects were studied to optimize the chiral recognition of Ru-
(phen}?™ by per-CQ~-$-CD. The results are summarized in

include the guest more deeply, leading to an increase in theTable 4. TheK values for complexation in D without salt

contribution of van der Waals interactions. Degrees of hydration are much larger than those in the 0.067 M phosphate buffer,
to the polar groups of both the host and the guest and of thethough the enantioselectivity is lowered. TRealue decreases
inclusion complex at low temperature are higher than those atwith increasing NaCl concentration, suggesting a strong con-
high temperature. The degrees of hydration are, of course,tribution of Coulomb interactions in water in the absence of
different between the monomers and the inclusion complex. inorganic salt. Enantioselectivity could not be improved by
Temperature dependency of enthalpy for the initial state inorganic salt under the present conditions. It has been expected
(monomer state) should be different from that for the final state that enantioselectivity is raised by adding an appropriate amount
(complex state). Such a difference in temperature dependencyof salt because of the enhanced contribution of van der Waals

of enthalpies between the initial and final states is a plausible interactions to the complexation of Ru(phgfiwith per-CQ -

origin of temperature-dependentH°. We could not explain

B-CD. However, we could not observe such improvement by

the reason(s) why nonlinear van't Hoff plots were observed only controlling salt concentration in the present study.

in the case of per-C9-y-CD.
Complexation of Rh(phenk(ClO4)s. The 'H NMR spectra
of (£)-Rh(pheny(ClOy); in D,O at pD 7.0 in the absence and

The thermodynamic parameters for complexation of Ru-
(phen}?™ with per-CQ~--CD in D,O without inorganic salt
are shown in Table 3. ThAS value (61.8+ 3.3 J mot1K™1)

the presence of various CDs are essentially the same as thoséor complexation oA-Ru(phen)?* in D,O without salt is much

of ()-Ru(phen)(ClOy), (Supporting Information). Slight split-
ting of the signals due to Hand H of Rh(phen)** was
observed in the presence of per-£C&-CD. Each proton signal
except for M of the guest was definitely split in the presence
of per-CQ-f- and 4-CDs.

The K value obtained for the enantiomer of Rh(phéh)is

larger than that in 0.067 M phosphate buffer (2222.2 J
mol~K~1) and is largely responsible for the increasedalue

in the absence of salt. Meanwhile, théi° value for complex-
ation of A-Ru(phen)?* in D,0 is negative and larger than that
in the phosphate buffer. The entropic gain in complexation of
the A-enantiomer and the enthalpic gain in complexation of the

meaningfully larger than that for the corresponding enantiomer A-enantiomer cause lower enantioselectivity iaCDin the

of Ru(pheny2*. This should be ascribed to stronger Coulomb
interactions of the trivalent cationic Rh complex with the
polyvalent anionic host as compared with the divalent Ru
complex. Enantioselectivity of both per-GGp- and ¢-CDs

for Rh(phen3™ is lower than that for Ru(pheg). Strong
Coulomb interactions without directivity in binding between the
Rh*™ complex and per-C©-3-CD seem to lower the enanti-
oselectivity.

(30) Baldwin, R. L.Proc. Natl. Acad. Sci. U.S.A986 83, 8069-8072.

absence of salt.

Pfeiffer Effects by Per-CO, -f-CD. Pfeiffer and Quehl
observed a change in optical rotation &f){Zn(phen)?" when
it is bound to an optically active camphor derivatitd he Zn-
(11,32 Ni(l1), 33 and Co(lIf* complexes of 1,10-phenanthroline
are known to show induced enantiomerism upon complexation

(31) (a) Pfeiffer, P.; Quehl, KBer. 1931, 64B, 2667-2671. (b) Pfeiffer,
P.; Quehl, K.Ber. 1932 65B, 560-565. (c) Kirshner, S.; Ahmad, N.;
Magnell, K. Coord. Chem. Re 1968 3, 201—-206.
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Figure 8. H NMR spectrum of £)-Fe(phen)ClO,), (1 x 1073 M)
in 0.067 M phosphate buffer @) at pD 7.0 and 25C in the presence
of per-CQ™-4-CD (1.2 x 1072 M).

with chiral compounds. In the present study, we found that per-
CO, -f-CD also shows Pfeiffer effects toward Fe(ll), Co(ll),
and Zn(ll) complexes of 1,10-phenanthroline.

CZE results predict that per-GOS-CD discriminates be-
tween the enantiomers of Fe(phgf) Figure 8 shows théH
NMR spectrum of 4)-Fe(phery(ClOy), in 0.067 M phosphate
buffer at pD 7.0 in the presence of per-£65-CD. The signals
of H?, H3, H4, and H of the guest are split because of formation
of the diastereomeric complexes of per£¢3-CD. The peak
area of the proton signal of%at lower magnetic field is-1.7
times wider than that at higher magnetic field. The pattern of
the Cotton effects in the circular dichroism spectrum (Figure
9) clearly indicates that per-GO-4-CD enriches the\-enan-
tiomer of Fe(phenf™.3° It has been known that the intercon-
version between the\- and A-enantiomers of Fe(pheg)
occurs easily and tha-isomer is enriched upon complexation
of (£)-Fe(phen™ with DNA having a right-handed helix
configuration3® The effect of per-C@-3-CD is similar to that
of DNA. The NMR spectral changes of}-Fe(pheng" (1 x
1073 M) as a function of temperature (Supporting Information)
show a coalescence temperature of @5 in the 0.067 M
phosphate buffer at pD 7.0 in the presence of peEGOCD
(1.2 x 1072 M).

(32) (a) Miyoshi, K.; Sakata, K.; Yoneda, H. Phys. Cheml975 79,
1622-1624. (b) Miyoshi, K.; Kuroda, Y.; Isoe, Y.; Yoneda, Bull. Chem.
Soc. Jpn1976 49, 679-682. (c) Miyoshi, K.; Kuroda, Y.; Yoneda, H.
Phys. Chem1976 80, 270-275. (d) Barton, J. K.; Dannenberg, J. J.;
Raphael, A. LJ. Am. Chem. S0d 982 104, 4967-4969.

(33) Kane-Maguire, N. A. P.; Tollison, R. M.; Richardson, D.l&org.
Chem 1976 15, 499-500.

(34) Kirschner, S.; Ahmad, Nl. Am. Chem. Sod968 90, 1910-1911.

(35) McCaffery, A. J.; Mason, S. F.; Norman, B.Jl. Chem. Soc. A
1969 1428-1441.

(36) (a) Norde, B.; Tjerneld, F.FEBS Lett 1976 67, 368-370. (b)
Hard, T.; Norden, B. Biopolymers1986 81, 1961-1965.
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Figure 9. Circular dichroism spectrum of Fe(phe{@104), (1 x 1074
M) in 0.067 M phosphate buffer at pH 7.0 and 25 in the presence
of per-CQ~-3-CD (4 x 1073 M).

Table 5. Enantiomerism of Tris(1,10-phenanthroline)metal
Complexes Induced by Per-GGS-CD in 0.067 M Phosphate
Buffer at pD 7.0 and 28C?

M(phen}(ClO,), N Tc (°C)y
Fe(ll) 1.67 75
Col(ll) 213 65
Zn(ll) 3.45 45

aThe *H NMR spectra were measured with 2 102 M (&£)-
M(phen}(ClO,), in 0.067 M phosphate buffer at pD 7.0 in the presence
of 1.2 x 1072 M per-CQ,~-$-CD. P The ratios of peak areas of the
signals due to the Horotons of theA- andA-enantiomers of the guests
were determined from the computer-resolved signalSHNNMR
spectra’ The coalescence temperatures were determined from the NMR
spectra of £)-M(phen)}?*, measured by changing the temperature from
15 to 85°C (10 °C interval).

Similar Pfeiffer effects were observed with Zn(ph&n)and
Co(phen)?**, and the results are shown in Table 5. Without
regard to metal ion, per-GO-3-CD enriches thé\-enantiomers
of the tris(1,10-phenanthroline)metal complexes.

Chiral Recognition of Ru(phen)?t by TMe-a-CD. Al-
though it is very important to compare the results obtained for
charged CDs with those for neutral CDs, most neutral CDs such
as a-, -, and y-CDs and TMeS-CD show slight or no
interactions with positively charged M(phegf). Only TMe-
a-CD, however, interacts with Ru(phef) and Ru(bpy¥+ and
discriminates between the enantiomers of these metal complexes.

Figure 10 shows the effects of TMe-and $-CDs on the
IH NMR spectrum of £)-Ru(phen)(CIOy), in DO without
inorganic salt. Each proton signal of the guest is split into two
signals upon addition of TMe-CD, while no effect is found
with TMe-3-CD. The NMR spectrum of thé-enantiomer is
affected more remarkably than that of theenantiomer by
TMe-a-CD. In accord with this, the retention time of the
A-enantiomer in CZE using TMe-CD as the chiral selector
is longer than that of thA-enantiomer (Table 1). These results
are opposite to those for the per-£65-CD system. In the case
of (4)-Ru(bpy)?*, similar but weaker effects of TMa-CD
on thelH NMR spectrum were observed (Supporting Informa-
tion).

The K value for the TMea-CD complex is much smaller
than that for the corresponding per-£€€3-CD complex (Table
6). This should be due to the absence of Coulomb interactions.
In contrast with the case of per-GGB-CD, A-Ru(phen)?*" is
the preferable guest for TM@-CD. WeakA-selectivity of TMe-
a-CD was also observed with Ru(bg¥).

The Adsarvalues for the signals due to TMe-CD are shown
in Figure 11 for the complexes of Ru(pheit)and Ru(bpyy+.

The signals due to the OGHgroups at the 3-positions of TMe-
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Figure 10. *H NMR spectra of £)-Ru(phen)(ClO), (1 x 1073 M)
in DO at pD 7.0 and 28C in the absence and the presence of TMe-
o- and $-CDs.

Table 6. Complexation of of Ru(pheg(ClO,), and
Ru(bpy}(ClOg), with TMe-a-CD in D,O at pD 7.0 and 25C

guest K(M™ KalKa AAG?® (kJ mol?)
A-Ru(pheny?* 54+ 4
A-Ru(pheny* 108+ 4 2.0 -1.7
A-Ru(bpy)** 59+ 4
A-Ru(bpy)?* 77+ 4 1.3 -0.7

o-CD shift most remarkably upon complexation witty or
A-Ru(phen)?™, indicating the secondary OH group side of the
CD as the binding side. In the ROESY spectrum (Supporting
Information), strong correlation peaks were observed between
H2, H3, H4, and H of A-Ru(pheny?* and the protons of the
OCH; groups at the 3-positions of the host (3-Og,Hwvhile
only H2 and H of A-Ru(phen)*" strongly correlate with
3-OCHs. ROESY suggests the formation of a shallow inclusion
complex of theA-enantiomer and a deeper inclusion complex
of the A-enantiomer.

In contrast with the case of per-GOS-CD, complex
formation of TMeea-CD with positively charged guests is an
enthalpically favorable but entropically unfavorable process

Kano and Hasegawa
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Figure 11. Saturated complexation-induced shiftsd¢s) of TMe-a-
CD complexed withA- and A-Ru(phen)(ClO4), and A- and A-Ru-
(bpy)(ClO4)2 in DO at pD 7.0 and 25C. The NMR measurements
of the Ru(pheny)ClOg), system were carried out under argon atmo-
sphere. The positive and negative values represent upfield and downfield
shifts, respectively.

, LI

-0.2
-0.4

-0.6

H-2 H-3 H-5 20CH;30CH;60CH,;

Table 7. Thermodynamic Parameters for Complexation of
Ru(pheny(ClO4), and Ru(bpyXClO4), with TMe-a-CD in D,O at

(Table 7). The thermodynamic parameters indicate that the gues®P 7.0

cation is bound to TMex-CD through van der Waals interac-
tions and no positive contribution of the entropy term due to
dehydration participates.

Discussion

The present study reveals that tieenantiomer of Ru-
(phen)}?* is the preferred guest for per-GGS-CD while its
antipode is enantioselectively bound to Tide=D. The binding
sites of the guest cation are the primary OH group side of per-
CO,-f3-CD and the secondary OH group side of TMezD.

Is there some important meaning in the difference in enantio-
selectivity between these two CDs? As described in the
Introduction, there are several studies on recognition of helicity
by CDs, including the investigations on CD-induced confor-
mational enantiomerisf.1337 Table 8 summarizes the reported

enantioselectivity of CDs for various guests having helicity.

° AS TAS
guest host (kI morY) (I molK=1) (kJ molY)?
A-Ru(phery®* TMe-a-CD —40.5+21 —102+7  —30.4+2.1
A-Ru(phen}?* TMe-a-CD —34.3+23 —75.04+7.6 —22.44+2.3
A-Ru(bpy}?* TMe-a-CD —46.9+0.4 —123+1  —36.7+0.3
A-Ru(bpy}?* TMe-o-CD —36.84+0.6 —87.2+1.9 —26.0+0.6

aTAS values were calculated for 298 K.

Although the number of examples is not enough, it is noteworthy
that the primary and secondary OH group sides of CDs prefer
the (P)- and (M)-helix configurations, respectively, without
exception. Size matching is the most important factor to form
stable inclusion complexes of CDs. Therefore, ek and key
conceptcan be applied in chiral recognition by CEfsOn the
basis of these findings, it can be concluded that the shape of
the primary OH group side of CD fits the guest having a right-
handed helix configuration well while the shape of the secondary

(37) Kobayashi, N.; Hino, Y.; Ueno, A.; Osa, Bull. Chem. Soc. Jpn
1983 56, 1849-1850.

(38) Cramer, F. IfThe Lock and Key PrincipjeBehr, J.-P., Ed.; John
Wiley & Sons: Chichester, U.K., 1994; pp-23.
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Table 8. Enantioselectivity of CDs toward Guests Having Helicity

Top view

binding side CD guest selectivity  ref
secondary OH side y-CD pyrene dimer M 13
secondary OH side(?)-CD acridine M 39

orange dimer

secondary OH side f-CD bilirubin M 10,11
primary OH side y-CD pamoic acid P 12
primary OH side per-Ngi-3-CD  bilirubin P 20
secondary OH side [-CD HDC? M

9
primary OH side per-C@-5-CD Ru(phen™ P (A) b
secondary OH side TMe-CD Ru(pheng+ M(A) b
primary OH side per-C®-5-CD Zn(phen**  P(A) b
secondary OH side ~ TMe-CD Ru(bpy}?* M(A) b

a1,12-Dimethylbenzaphenanthrene-5,8-dicarboxylic actiThis

work.
@ () 4___‘/0\
CH,OH HOH,G, '_/_>\< /

o S
-

Top view Bottom view

==
N

—

Figure 13. Energy-minimized structure of per-GOA-CD in aqueous
medium calculated by the MD method.

Figure 12. p-Cyclodextrin havingC; symmetry (a) and twisted
B-cyclodextrin (b). The straight and round arrows represent a glucopy- Saengef? The crystal structures af-CD+nH;0 are affected

ranose unit and the direction of helix of a guest, respectively. by hydrogen bonding between the OH groupsteED and the
water molecule(s) included in the CD cavity. Such intermo-
OH group side of CD matches the guest having a left-handed lecular hydrogen bonding always causes a bent structure of
configuration. In other words, CD has an asymmetrically twisted ©-CD. Distortion of CD cavities is more remarkable in the cases
cavity, which is the origin of chiral recognition. A plausible of alkylated CDs such as TMe- and $-CDs. For example,
model that can explain chiral recognition by CD is shown in TMe-o- and $-CDs take elliptically distorted shapes upon
Figure 12. A glucopyranose unit is annotated by an arrow complexation with various kinds of guests.¢ The reported
pointing from the 4-position to the 1-position. WhrCD is crystal structures of the CDs are similar to that shown in Figure
looked down on from the primary and secondary OH group 12b, which also resembles one predicted from molecular
sides, the arrangement of a series of the arrows in the top viewdynamics calculations without consideration of solvation (Sup-
is a mirror image of that in the bottom view. Namely, the rims porting Information). It may be considered that CD tends to
of the primary and secondary OH group sides of CD are in the take an asymmetrically twisted shape when intramolecular
enantiomeric relation (Figure 12a). It is reasonable to consider, hydrogen bonds between the secondary OH groups at the
therefore, that enantioselectivity of the primary OH group side 2-positions and the adjacent OH groups at the 3-positions are
of CD is opposite to that of the secondary OH group side. disrupted by hydration or by substitution of the OH groups by
Judging from the CPK molecular model, however, it is very the OCH groups. Figure 13 shows the energy-minimized
difficult to understand that CD havinG, symmetry provides  structure of per-C@-5-CD in the presence of water molecules,
largely different environments to the guest enantiomers. Then, which was calculated by the molecular dynamics (MD) method
we assumed an asymmetrically twisted shape of CD as shown(AMBER 94 force field). The primary OH group side of the
in Figure 12b. Such a twisted CD can provide the strongly CD widens because of electrostatic repulsion between the
different environments for two guest enantiomers. The arrange- charged headgroups. The cavity does not skiveymmetry,
ment of the arrows of the twisted CD predicted from the CPK and at least two glucopyranose units incline to the inside of the
molecular model are shown in Figure 12b, which can interpret CD cavity. An asymmetrically twisted CD shape can explain
the different modes in binding between two guest enantiomers. the generally chiral recognition by CDs.
The excessive structure of a twisted CD is drawn in Figure 12b.
If at least one glucopyranose unit in the CD inclines to the inside _ (39) (a) Harata, KBull. Chem. Soc. Jpnl977 50, 1416-1427. (b)
of the CD cavity, the CD takes an asymmetrically twisted shape. gﬁg’r}?elré%" SN’("{‘;';‘_ei'geé'. '\2 S M:;rc;rt,al?.}g Eg?aer%" Bk’. ;Kgggi’r‘i),rgm;
Such bent structures of-, -, andy-CDs and TMee- and £- Hirayama, FBull. Chem. Soc. Jpri982 55, 3904-3910. (d) Harata, K.;
CDs including guest molecules such as water, methanol, Uekama, K.; Otagiri, M.; Hirayama, FBull. Chem. Soc. Jpri983 56,

i i _ 1732-1736. (e) Harata, K.; Hirayama, F.; Arima, H.; Uekama, K.; Miyaji,
p-nitrophenol, and so forth have been verified from X-ray T3 Chem. Soc.. Perkin Trans 1892 1159-1166.

ana|yse§fu.)'14d’391—he results Qf X'r{ﬂ\y crystallography of native (40) Jeffrey, G. A.; Saenger, WHydrogen Bonding in Biological
cyclodextrins are summarized in a book by Jeffrey and Structures Springer-Verlag: Berlin, Heidelberg, 1991; Chapter 18.




10626 J. Am. Chem. Soc., Vol. 123, No. 43, 2001 Kano and Hasegawa

The fact that TMea-CD recognizes the helicity of Ru- is also the enthalpy-dominated process accompanied by negative
(phen}?™ but TMe3-CD does not is very suggestive for the and largeAS’.° A hydrophobic part of HDC is included into
mechanism for chiral recognition by CDs. The cavity size of the -CD cavity, and the C@ groups are located outside of
TMe-0-CD is too narrow to include a phenanthroline moiety the CD cavity. The negativAS’ values observed in the Ru-
completely. Therefore, a very shallow inclusion complex should (phen}?**—TMe-a-CD and Ru(bpyy¥™—TMe-a-CD systems
be formed. We previously reported that the ability of Thle- suggest that a hydrophobic part of the metal complex is included
CD to recognize central chirality of 1-arylethanols such as 1-(4- into the TMea-CD cavity through van der Waals interactions
quinolyl)ethanol and 1-(1-pyrenyl)ethanol is much higher than and the R&" ion at a center of the metal complexes is located
that of TMef-CD.2 The sizes of these 1-arylethanols are too in the aqueous bulk phase.
large to be included wholly in the TMe-CD cavity. Therefore,
shallow inclusion complexes are formed in this system. These Experimental Section
findings indicate that chiral recognition by CD occurs at or near
the rim of the CD and chiral recognition is not realized if the =~ Materials. (+)-Ru(phen)(ClO4),,%? (+)-Ru(bpy}(ClO4),,** (+)-Rh-
host has a large enough cavity size to include the guest. We do(Phen}Cls* (+)-Fe(pheny(ClOa)2,* ()-Co(phen)(ClO,),* and ¢-)-
not deny the previous idea that tight inclusion needs to realize ZN(Phen)(ClO4);**! were prepared and purified according to the

chiral recoanition by CD&41Shallow inclusion does not mean Procedures described in the literatures. Theand A-enantiomers of
loose inclugsion y Ru(pheny(ClO,),?? and Ru(bpy)ClO,),*?22and A-Rh(pheniClz*® were

. L L resolved from their racemates by the reported methods. The optical

Binding between cationic Ru(phefi) and anionic per-Co- purity of the resolved complexes was checked by measuring the optical
B-CD is promoted by cooperative Coulomb and van der Waals rotations. Cyclodextrins such as, -, andy-CDs and TMe3-CD were
interactions. The fact that hydrophilic Ru(bg¥) is hardly used as received (Nacalai). TNMe€D was prepared in our laboratdty.
bound to per-C@ -3-CD suggests the importance of inclusion The purity of these CDs was checked by measutiigNMR spectra.
of a cationic guest into a cavity of an anionic CD to cause Mono-CQH-3-CD* and per-C@H-o-, -4-, and y-CDs® were pre-
Coulomb interactions between the host and the guest. Suchpared according to the procedures described in the literature. The
interactions between charged host and oppositely charged guesglémental analysis indicated per-@65-CD-5H,0. Anal. Calcd for
have been observed in complexation of the carboxylate anionsCseHe«S5H.0: C, 38.57; H, 5.43; S, 12.87. Found: C, 38.48; H,
with cationic per-NH™-3-CD.*828|n binding the Ru complexes 5.14; S, 13.12. _ _ )
to DNA, it was also found that interactions other than Coulombic _ Measurements.The CZE experiments were carried out using a
ones participate and the contribution of other interactions in YASCO capillary electrophoresis €B00 system with a 300 mm

| i f 2 hvdrophobi tioni ti hi (effective length) x 50 um i.d. fused silica capillary cartridge
compiexation of a hydrophobic calionic guest IS much farger (noncoated). The capillary was filled with 0.067 M phosphate buffer

than that of a hydrophilic cationic guedt. Complexation at pH 7.0 containing appropriate amounts of CD (usually 103
between charged guests and oppositely charged polyvalent CDy). The sample solution was prepared by adding.10of the stock

ions is an entropically favorable process whose origin is the solution of the metal complex (& 10-3 M) in DMSO into 0.5 mL of
extensive dehydration of both host and guest. With no exception, the previous buffer solution (final concentrations of metal complex and
positive entropy changes were observed in complexation of DMSO were 1x 104 M and 2% (v/v), respectively). The sample was
M(phen}™ with per-CQ-3-CD. Other systems such as the introduced into the capillary by applying the potential for 10 s. The
anionic o-amino acid-per-NHst--CD and carboxylateper- electropherogram was taken at the same potential using a JASCO 875-
NH3™-8-CD systems also show the positive entropy changes CE UV—vis detector placed at the negative electrode side.

without exception. The hydrophobic backbone of an organic ~ The'H NMR spectra were taken on a JEOL JNM-A400 (400 MHz)
ion may be an important driving force to release solvated water SPectrometer in BD (CEA, 99.8%) using 3-trimethylsilyl[2,2,3 34]-
molecules upon complexation. Similar entropically favorable propionate (TSP, Aldrich) as an external standard. The ROESY spectra

- were recorded with a spectral width of 3358 Hz. Theé 8Qlse was
binding was observed between DNA and the Ru(ll) compl&xes 33.3us, mixing was 250 ms, delay time was 2.0 s, and 51812

and between a.polyalnlonlc.porphyrln hgvmg hydrophpblc tails data points were recorded. The pD values were adjusted ggdéan
and the cationic amino acid$.Meanwhile, complexation of  he nonpuffered system. All samples for NMR measurements were
charged guests with neutral CDs is not so simple. In such casespupbled by nitrogen for 30 s, and then the atmosphere of the sample
thermodynamic parameters depend on binding moges.  tubes was replaced by argon. Under aerobic conditions, CDs were
Methylbenzoate anion penetrates into fhR€D cavity from the decomposed by the action of Ru(ph@h)and ambient light, leading
secondary OH group side of the CD to place the,C@roup to broadening of the NMR signals of CDs.
at the primary OH group sid®.In this case, a positivaAS’ A typical method for determining values is as follows. The changes
assists complex formation. On the other hand, inclusion of in the chemical shifts of the HH3, H* and H protons of Ru(phen)
p-methylbenzoate anion into theCD cavity is accompanied ~ (ClOs)2 (1 x 107 M) in 0.067 M phosphate buffer at pD 7.0 were
by a large and negative\S’.26 The CQ~ group of p- monitored upon addition of per-GO-CD (7.5x 10°5—4.8 x 1073
methylbenzoate in the-CD complex faces the aqueous bulk M) at 25 °C. The NMR titratio_n curves obtair_led for four different
phase at the secondary OH group side of the CD. EXtenSiveprOtons of t_he guest ‘were simultaneously fitted by the _foIIowmg

. . equation, using a nonlinear least-squares method (a damping-Gauss
dehydration does not need to form such a complex leading to Newton method):
the enthalpy gain and the entropy loss. Highly enantioselective '

complexation of a tetrahelicene dicarboxylate (HDC) vi#teD (45) Mckenzie, E. D.; Plowman, R. A\. Inorg. Nucl. Chem197Q 32,
199-212.
(41) Armstrong, D. W.; Ward, T. J.; Armstrong, R. Bciencel986 (46) (a) Schilt, A. A.; Taylor, R. CJ. Inorg. Nucl. Chem1959 9, 211—
232 1132-1135. 221. (b) Miyoshi, K.; Taura, T.; Shimada, Bull. Chem. Soc. Jpri975
(42) (a) Satyanarayana, S.; Dabrowiak, J. V.; Chaires, Bid&hemistry 48, 1783-1785.
1992 31, 9319-9324. (b) Kalsbeck, W. A.; Thorp, H. Hl. Am. Chem. (47) Dollimore, L. S.; Gillard, R. DJ. Chem. Soc., Dalton Tran99Q
Soc 1993 115 7146-7151. (b) Kalsbeck, W. A.; Thorp, H. Hhorg. Chem 933-940.
1994 33, 3427-3429. (48) Dwyer, F. P.; Gyarfas, E. Q. Proc. R. Soc. N. S. 949 85,
(43) Hagq, I.; Lincoln, P.; Suh, D.; Norden, B.; Chowdhry, B. Z.; Chaires, 170-173.
J. B.J. Am. Chem. S0d 995 117, 4788-4796. (49) Hakomori, SJ. Biochem 1964 55, 205-208.
(44) Mizutani, T.; Wada, K.; Kitagawa, 3. Am. Chem. Sod999 121, (50) Tamura, M.; Sekiya, ABull. Chem. Soc. Jpril993 66, 1356-

11425-11431. 1360.
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Ad = Ao p — (B* — 4K[H][Glp) 3 12K[G], (5) 3a. The calculation was carried out by setting the initial and final
temperatures of 250 and 298 K, respectively, the heat time of 1 fs, and
the run time of 100 ps. Four hundred and two water molecules were

where placed in a box in which a per-GO-CD ion was located.
B =1+ K[H],+ K[G], (6) Acknowledgment. This work was supported by a Grant-
in-Aid for Science Research B (10440211) and a subsidy to
AS = O — Oyps= (0 — 0o) = ¥Adgy (7 RCAST of Doshisha University from the Ministry of Education,

Science, Sports and Culture, Japan. The authors are indebted
In egs 5, 6, and 7 anddass are the chemical shifts of the free guest 0 Professor Yasuhisa Kuroda of Kyoto Institute of Technology
and the guest complexed with the host, respectivelis the mole for his guidance on the determination of binding constants.
fraction of the hostguest complex, and [Glnd [H], are the initial

concentrations of the guest and the host, respectively. The reliability curves for determinind values. van't Hoff plots for determin
of eachK value was checked by duplicate or triplicate measurements. . & ’ p

The errors in theK values indicated in this paper were the standard Ing AHOI andA$°, 'H NMR spectra of £)-Rh(phenyCls in DO
deviations in the curve fitting. Th&dsx values for the host protons ~ containing various CDsSH NMR spectrum of ¢)-Fe(pheny-
(Figures 3 and 11) were calculated from eq 7 by using the determined (ClO4)2 in D>O containing per-C@-3-CD, 'H NMR spectra
K values. of Ru(bpy)(ClO4), in D,O containing TMee- and $-CDs,
The circular dichroism spectra were taken on a JASCO J-500A ROESY spectra of tha- and A-Ru(phen)(ClOg4), complexes
spectropolarimeter with a data processor. The optical rotations were of TMe-o-CD, and the structures @-CD provided by molec-

measured by a Horiba SEPA-200 polarimeter. ular dynamics calculations (PDF). This material is available free
Molecular Dynamics. The energy-minimized structure of per-g© of charge via the Internet at http://pubs.acs.org
B-CD was obtained from the MD calculation using a HyperChem ' T

program (Hypercube, Florida), which corresponds to AMBER version JA0112644

Supporting Information Available: H NMR titration



