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Face Selectivity of Inclusion Complexation of Viologens withB-Cyclodextrin and
6-O-(2-Sulfonato-6-naphthyl)#-cyclodextrin
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Face selectivity in binding of methyloctyl viologen {GV?': 1) and adamantylmethyl viologen
(AdaCv?*: 2) with 8-CD and 6-O-(2-sulfonato-6-naphthy}¥CD (3-CD-NS: 4) has been investigated.
Circular dichroic titration oflL and2 with 3-CD gave the binding constants and the molar ellipticité§gssfnm

of the 5-CD complexes as 890 M and—2000 deg crhidmole ™ for 1, and as 7300 Mt and—3600 deg crh

dmole® for 2. The [f] values of the complexes are much less negative th8600 deg crhidmole™? of
B-CD—viologen compound3 in which the viologen is covalently bonded to the primary face3eED.
Fluorescence quenching of the naphthyl groug b§ 1 and2 is much more efficient than that of 6-methoxy-
2-naphthalenesulfonate (MNSS), but residual fluorescence was observed even at high viologen concentration.
The binding constants of the viologens withand the fractions of the residual fluorescence with respect to
fully monomeric4 were determined as 4700 Mand 0.09 forl and 10 400 M* and 0.15 for2. Comparing

the steady-state fluorescence quenching and time-resolved fluorescence studies, it appeared that the bipyridinium
moiety of 2 is predominantly on the secondary sidefe€D of 4, whereas that of favors the primary side,

mainly due to the direct charge transfer interaction between the naphthyl and bipyridinium groups: without
the interaction, it would prefer the secondary face 14 times more favorably to the primary face. The rate
constants of the photoinduced electron-transfer reactions between the bipyridinium group on the secondary
face and the naphthyl group are 1x910® s™* for the 1/4 complex and 7.9« 10° s* for the 2/4 complex.

Introduction primary side of CD$:” However, as the ICD of a chromophore
gives the same sign on the both sides of CDthe negative
ICD cannot be taken as an unequivocal evidence for the location
of the bipyridinium group with respect to CD cavities. Also,

Cyclodextrins (CDs) are torus-like cyclic oligosaccharides
with hydrophobic cavities capable of forming inclusion com-
plexes with a variety of organic molecules in aqueous solution. o . ; .
Because of these characteristics, CDs have been widely use he (_:g_nglusmn IS 1N clcanfllctf W'ttﬁ an dexpectatl((j)n th‘?{; trl;e
as biomimetic microreactors, novel media for photophysical and . Ipyridinium group would prefer the wider secondary sioe by
photochemical studies, and building blocks for supramolecular lon—dipole Interaction as the electrostatic potential outside the
structures and functional units as well as in various fields of selcor:g_ary rim is negativé. ined the f lectivity of th
industriest-? Guest molecules can be included from both ends n this paper, we reexamine € Tace selectivity ot the

of CD cavities. The face selective inclusion complexation with Inclusion comple>_<ation of alkyl vioIo_gen througk;thhe studies
CDs is believed to be important in molecular recognition and on the complexation of methyloctyl viologen{GeV=": 1) and

; ; : . . damantylmethyl viologen (Ada@2": 2) with native 5-CD
chemical reactions mediated by CDs as the size of openlng,"jl )
acidity of hydroxyl groups, and electrostatic potential of the and §-O-_(2-suIfonat_o-6-naphth)41>’)-CD .(ﬂ'CD'NS' 4) by a
ends are different. There has been much effort to determine thecomplnatlon of avariety of spectroscopic technlqut_es. From these
structures, and thus the face selectivity, of CD-inclusion studies and comparison of lCD. spectra of the wolqﬂdDD
complexes: NMR™> and circular dichroit® spectroscopic complexes with that of #-CD-viologen compound, it was

methods have been widely utilized for this purpose. Molecular

modeling and the nonlinear free energy relationship métel _+C\>_<j + @NQ—CN%H
have been also used to determine and/or predict the guest HCN__ /N (CHaiCHs —/ N\
orientation in the CD complexes. However, there is a paucity 2cr 2cr
of experimental evidence on the face selectivity of the com- 1: C4CeV?* 2: AdaCiV*
plexes. Long alkyl chains are a typical part of guest molecules

that are included into CD cavitié$:14 Inclusion complexation SO3Na”
of alkyl viologens, 1,%dialkyl-4,4-bipyridinium salts, with CDs Z(-CHs

has been a subject of numerous studie¥"150n the basis of +®/chr O

the negative induced circular dichroism (ICD) of diheptyl N °©
viologen/CD complexes and rules for ICD derived from the

Kirwood—Tinoco equation, Kodaka suggested that the bipyri-
dinium moiety of the viologen is placed above the narrower

* To whom correspondence should be addressed. Ph&®2-2-3277- ) 24
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shown that the bipyridinium moieties Gfand?2 are preferen- 0.5
tially placed on the secondary side®{CD in their complexes S R ———
with native-CD. The rate constants of photoinduced electron- -
transfer reactions in the viologeh/complexes were also 2 .05
obtained. £
o 101
(]
Experimental Section g 191 [B_szg.(l)g ™
r:c .
Materials. Chemicals were obtained from Aldrigh-CD and i 201 l 8j§3
4,4-bipyridine were recrystallized from water and vacuum-dried. = -2.5- 0.40
The chloride salts of methyloctyl viologehand mono-6-(1- - 0.70
methyl-4,4-bipyridino)3-CD 3 were prepared as reported in a -3.04 1.00
previous papet The synthesis and characterization of 6-O- 35 : : : :
(2-sulfonato-6-naphthy|-CD 4 were reported elsewhetéThe 240 260 280 300 320
compound2 was prepared as described below. wavelength /nm
Synthesis of 1-Adamantyl-1-methyl-4,4-bipyridinium Figure 1. Induced circular dichroism spectra &fin the presence of

Dichloride, 2. To a solution of 4,4bipyridine (6.0 g, 38 mmol) p-CD. The concentrgtion (ﬂ was 1.0x 104 M. The concentrations
in ethanol (15 mL) at 40°C was added a solution of ©f A-CD are shown in the figure.
dinitrochlorobenzene (3.8 g, 20 mmol) in 15 mL of ethanol 40

dropwise, and stirring was continued for 40 h at the same o 2 (A
temperature. After evaporating off the solvent, the residue was g . ol
washed with dry diethyl ether and recrystallized from ethanol 2
to obtain 2.3 g (6.4 mmol; 32% yield) of 1-(2,4-dinitrophenyl)- i I ®
4,4-bipyridinium chloride 5. The compouné (1.0 g, 2.8 mmol) g 20
and 1-adamantanamine (0.63 g, 4.2 mmol) were dissolved in ?’2
10 mL of methanol and refluxed f&@ h under N atmosphere. x 10
After evaporating off the methanol solvent, 40 mL of water o
was added and then filtered. The filtrate was evaporated to
0.0 2.0 4.0 6.0 8.0

dryness, and the resulting solid was recrystallized in 2-propanol

to obtain 0.67 g (75% vield) of white crystalline 1-adamantyl- [B-CD] x 10° /M

4,4-bipyridinium chloride,6. The compound® was obtained Figure 2. Dependence of the apparent molar ellipticity2ofA) and

by reactingé with large excess of Clin ethanol, followed 1 (B) on the concentration g§-CD.

by counterion exchange through stirring the aqueous viologen

solution in the presence of AgCl, in nearly quantitative yild.

Recrystallization from 2-propanol/ethanol (10:1 v/v) gave the  Binding of Viologens with f-CD and Circular Dichroic

analytically pure2. Properties of the g-CD Complexes.Both C,CgV?* (1) and
Data for5: H NMR (D-0) 6 9.44 (d, 1H), 9.30 (d, 2H), AdaC V2" (2) are achiral molecules and do not show circular

8.99 (dd, 1H), 8.88 (dd, 2H), 8.74 (d, 2H), 8.34 (d, 1H), 8.07 dichroism. However, in the presence D, they exhibited
(dd 2H).' Y T T "7 T virtually identical negative induced circular dichroism (ICD)

Daa for & *H NMR (D0) 0 9.25 (d, 24), 879 (4, 2H), ('t cral host. The ICD spectra grow a5 he conoentraton
8.42 (d, 2H), 7.93 (d, 2H), 2.30 (s, 9H), 1.88 (t, 6H). of B-CD becomes higher (Figure 1). The dependences of
Data for2: UV(H20) Ama/nm (loge), 264(4.31); mp 270C ellipticity at 254 nm on the concentration #fCD are presented

(dec);™H NMR (D20) 6 9.37 (d, 2H), 9.06 (d, 2H), 8.54 (d,  in Figure 2.

4H), 4.52 (s, 3H), 2.41 (s, 9H), 1.86 (t, 6H); Anal. Calcd for  |f we assume 1:1 complexation between the viologef [V

CaiH26NCl-3H0: C, 58.47; H, 7.47; N, 6.49; Found: C, andp-CD (eq 1), the apparent molar ellipticityé) of a

58.75; H, 7.84; N, 6.51. spectrum taken at an initial viologen concentration[¥hd
Spectral Measurements!H NMR spectra were obtained on  $-CD concentrationf-CD]o is expressed as eq 2.

a Bruker 250 MHz spectrometer. Absorption spectra were

recorded with a GBC Cyntra 20 spectrophotometer. Difference VZ + -CD= V**—p—CD;

spectra for charge-transfer complexation were taken from mixing K = [V#'—p—CDJ/[V*"][ -CD] (1)

tandem double cells. Steady-state fluorescence spectra were

obtained with a Hitachi F-3010 spectrofluorimeter. Fluorescence [0] = ([6] complet ([\/2+]0 +[B — CD], + 1/K) —

lifetime measurements were performed using a time-correlated > 2 Py

single photon counting setup assembled at Pohang University. \/([V lo+ [ — CD]p + UK)" — 4[VT] [ — CDIo})/

Circular dichroism spectra were taken with a JASCO J-810 2[\/2+]0 2

spectropolarimeter. The bandwidth was set at 2 nm and the

response time was 2 s. THeCD-free solutions having the same  where Plcomplex iS the molar ellipticity of the complex at the

concentration of viologens were used as blanks. Spectra of 10measured wavelength. Thé][versus B-CD], data fitted well

repetitive scans taken at the scan speed of 50 nm per min wereto eq 2, and the determinédand P]compiexare given in Table

averaged and smoothed using JASCO software. All measure-1. The binding constants df (890 4+ 60 M%) and2 (7300+

ments were carried out at 28 using an appropriate temperature 400 M~1) with 8-CD are close to the reported binding constants

controller. Unless otherwise specified, ionic strength of solutions of n-octylammonium (750 M')12 and 1-adamantanammonium

was maintained as 0.10 M with NacCl. (8430 M1)* chlorides with3-CD, implying that the bindings

Results and Discussion
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TABLE 1: Association Constants and the Characteristics of N [®)
the Complexes of Viologens with3-CD and f-CD-NS 4 in |
0.1 M Agueous NaCl Solutions at 25°C | [AdCVEI=OmM

08
B-CD B-CD-NS l S
&

20

[AdaC V3] = 0.00 mM
0.0l
0.02
0.05 l
010 ‘

i [g]com e)(
viologen KM~  degcn? dmolerla KM~ 1 compied | mor®
1. CCgVv2* 890+ 60 —2000+ 100 47004+ 200 0.09+ 0.01
2: AdaCGVZt 73004+ 400 —3600+ 100 10400+ 400 0.15+0.05

a) = 254 nm. The §] value of 8-CD-V?>'C; 3 which bears
covalently bonded viologen at the primary facese€D is —8540 deg . = -
cmdmole ™. ® Apparent binding constants with monome#c® The 350 400 450 350 400 450
ratio of the fluorescence intensities of 1:1 complex and monorderic wavelength /nm wavelength /am

0.20
0.30

0.50 |
070 |

Relative

Figure 4. Quenching of the fluorescence of 1:010°° M solutions
2 of MNSS (A) and4 (B) by 2. The concentrations & are shown in
the figures.
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Figure 3. Circular dichroism spectra of/-CD (A), 2/5-CD (B) - 5
complexes, an@ (C). The spectra of the complexes were calculated [V¥1x10°/M
from ICD spectra using measured complexation constants. Figure 5. Dependence of the fluorescence intensity of £.00>M
solutions of MNSS and on the concentration of viologens: (A), MNSS
of the viologens are mainly driven by inclusion of the + CiCiV#; (B), MNSS+2;(C), 4+ CiCiV*; (D), 4+ 1, (E), 4+
hydrophobic groups intg-CD cavity. 2

We calculated the concentration of the viologe@D . 22 :
complexes using the determined binding constants and thennaphthalene to viologet- 2 The fluorescence quenching of

-CD-NS @) and 2-methoxy-6-naphthalenesulfonate (MNSS)
generated the ICD spectra d3-CD and2/5-CD complexes. p . . .

The spectra were compared with that ofjaCD-tethered ﬁy 2 Is com_p?red_tlntFlggr,?/lN4S.SThetr(\]lependentce? of t?e
viologen3in Figure 3. Kodaka derived a general rule for circular uorescence intensity G an > on the concentralions o
dichroism induced by a chiral macrocycle including C48 the viologen quenchers are shown in Figure 5. Figures 4 and 5

The rule predicts that the absolute value of ICD is larger when show thgt Fhe fluorescence quenchingiddy 1 and2 is mgch
a chromophore is placed on the narrower-rim side of the more efficient than that of MNSS. In contrast to this, the

; . . o ; .
macrocycle than on the wider-rim side. The rule also predicts qger]chlng_b_y dimethy! viologen (‘cl\( .)’ which has little

that the sign and magnitude of ICD depend on the andie ( binding affinity to 5-CD, was less efficient for both fluoro-
between the axis of macrocycle and the direction of transition phores. These results indicate clearly that the efficient quenching
moment of the chromophore: the sign change®at 54.7 of the fluorescence af by 1 and2 is facilitated by the inclusion
and the magnitude becomes greater as the deviatidnfubn; complexatloq of ‘h? quen.c.hers W'th t.BeCD tether.ed fluoro-
54.7 is larger. The major transition of a viologen is the-A phore. Such inclusion-facilitated efficient quenching was dem-
Bs transition near 260 nm which is directed along the long axis onsztlrz;;ed with theﬁ-CD-tethe_red fluorophores and quench-
of the viologerf The negative circular dichroism 8fnear 260 ers:-**Even at high concentrations biand2, the fluorescence

nm suggests that the angle between CD axis and the long axis of 4 was not completely quenched, and residual fluorescence
of viologen in 3 is less than 54%7 This differs from the was observed (Figure 5). This is an indication that the complexes
conclusion drawn from a NMR study that the long axis of be\t,\\//veehn the (ﬂ]uenchers anae still quorﬁsceﬁt. f

uologenn 5 CO vloge compoun ecs PO 1 01 g v 3
perpendicular to the CD axi8.The estimation of the orientation 9700 M-1vi Linclusi  th hthvl . (eg,D)

of the viologen moiety with respect CD in 3 is beyond the via mutual inclusion of the naphthyl groups irf

; o cavities of counter molecules and the fluorescence intensity of
zgcr)np; :;etzlihvgﬁrlt(k'l;ogi\;ir’égi;&gﬂgﬁgggﬂ%&g@ig that & naphthyl group in the dimer is 2.2 times greater than that in
the bipyridinium groups in the viologef/CD complexes are the monomer.
placed on the secondary side ®CD cavity rather than the ARG — (2 .
primary side claimed by Kodake. Other conclusive evidences 2p—~CD-NS= (f=CD-NS),
for this were obtained from the binding studieslcind?2 with Kp = [(ﬁ—CD—NS)Z]/[ﬁ—CD-NS]2 €))

4 described below.

Binding of Viologens with f-CD-NS and Intracomplex As [5-CD cavities in the dimer oft are occupied by naphthyl
Quenching Studied by FluorescenceViologens quench the  groups, the dimer cannot form inclusion complexes with the
naphthalene fluorescence via electron transfer from the excitedviologen guests, but the monomerdforms the complex with
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CHART 1. Possible Structures of the Complexes
betweenf-CD-NS 4 and a Viologen with a Hydrophobic
Group

Type | complex Type Il complex

a guest and the monomedimer equilibrium is shifted by the
complexation.

As shown in Chart 1, two types dfviologen complexes are
possible. One is that the bipyridinium moiety is placed on the
primary side of4 (type | complex), and the other is that it is
placed on the secondary side (type Il complex). The proximity
of naphthyl and bipyridinium groups in a type | complex would
result in a charge-transfer interaction (vide infra) and a static-
like quenching? The distance between naphthyl and bipyri-
dinium groups in the type Il complex appears to be not short

enough to show the static quenching as evidenced by the residua,

fluorescence.

When we consider the apparent complexation (eq 4) and
the weight-averaged fluorescence intensity of the complexes
(Icompley, the Kc and lcomplex are related to the microscopic
binding constants, andK;;, defined in Chart 1 by eqs 5 and
6:

—CD—NS+ V*" = complex;
B
K¢ = [complex)/[3—CD—NS][V*] (4)

Ke =K+ K| (5)
N Kily + Kyl
Icomplex_ KI + K” (6)

where the subscripts | and Il represent the type | and Il
complexes, respectively.

An equation relating the observed fluorescence intensity of
a given solution of4 to the concentration of the viologen
quencherl or 2 was derived as a function ¢, K¢, and the
ratio (y) of fluorescence intensities of the complex and mon-
omeric4 and shown in the Appendix. Th€c and y values
obtained by the fitting of the experimental data (Figure 5) to
the equation are listed in Table?4.

We also investigated the fluorescence decay profilestmfth
in the absence and in the presence of the viologeagsd?2. In

J. Phys. Chem. B, Vol. 106, No. 29, 2002189

10004
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100
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Figure 6. Fluorescence decay profiles of 3<010~4 M 4 in the absence
of viologen (A) and in the presence of 10103 M 2 (B). The decay
profile of 4 in the presence of was omitted for clarity.

decays of uncomplexed monomer and dime4 ofere resolved
poorly. The shorter component can be attributed to the
complexes of the viologens witfh

In the absence of static quenching, i.e., in case when the type
| complex is not formed, the ratiaddsmpieTmon) Of lifetimes of
the complex and the monomedcis expected to be the same
as the ratio %) of fluorescence intensities of the respective
species. The quenching #/seems to belong to this case as
the ratio of lifetimes is 0.13%0.05), whereag was observed
as 0.15 £0.02). On the other hand, in case hfthe ratio of
lifetimes is 0.39 £0.05), which is much greater than thevalue
of 0.09 @&0.01). This suggests thatforms the type | complex
as well as the type Il complex.
| As the type | complex of th&/4 system is not fluorescent,
the ratio of fluorescence lifetimes of the type Il complex and
monomeric4, 0.39 @0.05), is equal to the ratioyf) of the
fluorescence intensities of the corresponding species. Khs
(K + Ky;) becomes equal tgy/y, which is 0.23 £0.06), from
eq 6 after putting, = 0 and dividing both sides b¥monomer
This corresponds td,/K; ratio of ca. 3.3. AsK, + Ky is
determined as 4700 M (Table 1),K; andK, are estimated as
3600 and 1100 M, respectively.

The rate constant of the intracomplex electron-transfer
reaction ke in the type Il complex is related to the fluorescence
lifetimes of monomeict and the complex by eq 7:

1

mon

1
T

complex

Ket = (7)

T

From the lifetime datakeis were calculated as 1.9 10° s™!
for /4 and 7.9x 10 s~ for the 2/4 complexes. These values
are the through-space/solvent electron-transfer rate constants
from the excited naphthyl to bipyridinium groups in the
respective complexes. Ak varies exponentially with the
donor-acceptor distanc®,the result suggests that the bipyri-
dinium group ofl in its type Il complex with4 locates farther
from the wider secondary rim ¢g8-CD than that of2 in the
corresponding complex.

Charge-Transfer Interaction between Naphthyl and Bi-
pyridinium Groups in the Complexes of 4 with Viologens.

the absence of viologens, the decay curve fitted a biexponentialThe addition of the viologed or 2 to a solution of4 results in

function with lifetimes ofr; = 8.5 (£1.0) ns andr, = 14.5
(+2.0) ns, which correspond to those of monomer and dimer
of 4, respectively.” However, the decay profiles in the presence
of 1 and2 exhibit a shorter component of which lifetimes are
3.3 (£0.2) ns forl and 1.1 £0.2) ns for2, together with a
long component having lifetime of ca. 9 ns (Figure 6): the

a diffused absorption above 350 nm (Figure 7). This is due to
the ground-state charge-transfer interaction between a naphthyl
group and the bipyridinium moiety of viologe#%.22 The shape

of the spectra was virtually identical for both viologens, but
the dependence of the absorbance on the concentration of the
viologen was quite different (see inset of Figure 7). The fitting
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Figure 7. Absorption spectra of 0.50 mMl at various concentrations

of 1 (the blank was 0.50 mM}). The concentrations dof are 0.30,
0.70, 1.54, 2.57, and 11.25 mM (from bottom to top). The inset shows
the dependence of the charge-transfer band absorption of 0.8 atM
362 nm on the concentration &f(A, D) and2 (B, C). The data in C
and D were taken in the presence of 50 mM AdaNH

of the charge-transfer absorption versug'\relationship to

Park et al.

6.7mM 2 + 6.7 mM B-CD

7
88mM1+67mM4

e

T
7
6.7mM AdaNH;" + 6.7 mM 4

opm

©

eV

Il

8
T
ppm 9 8

(D)

Figure 8. *H NMR spectra of the aromatic region: (A), 6.7 md/H-
6.7 MM -CD; (B), 6.7 mM2 + 6.7 mM4; (C), 8.8 mM1+ 6.7 mM
4; (D), 6.7 mM AdaNH*" + 6.7 mM 4.

the 1:1 complexation scheme was not successful, presumably

because of the complication from the monomeimer equi-
librium of 4. To simulate the interaction between a naphthyl
group of the monomeriel and viologens, we induced the
monomer by the addition of 1-adamantanammonium (Adg)H
to the solution o# and titrated the solution with viologens (see
inset of Figure 7%5 The titration data fitted well to a Benesi
Hildebrand equation (eq 8) and tier values were found to
be 26 @¢1) M7t for 1 and 77 &2) M1 for 2. We also
determined the charge-transfer complexation constahtath
MNSS as 48 £2) M~ &

AAcy/ V&) = KerAecrf~CD—NS] — KAAcr (8)

To confirm the different complexation behaviorsland 2
with 4, we took NMR spectra of the complexes and compared
them with that of the AdaNkt/4 complex (Figure 8). The
chemical shifts of the bipyridinium protons ®fre little affected
by the binding with4. Also the chemical shifts of naphthyl
protons of4 are similar in2/4 and AdaNH*/4 complexes. In
contrast to this, the chemical shifts of the protons of both groups
move to upfield upon complexation betweénand 4. Such
upfield shifts were observed in aromatic doreiologen dyad
molecules and ascribed to the intramolcular charge-transfer
complexation causing ring current effé¢t.

The fluorescence studies showed that the microscopic binding
constantsK; andK;;, betweenl and4 are 3600 and 1100 M,

In contrast to the gradual increase of the charge-transferrespectively. The inclusion of the hydrophobic octyl chain into

absorption in the titration ot with 1 or 2 in the presence of
AdaNHg" (curves C and D in Figure 7), the titration in the
absence of AdaNgt showed a sharp rise of absorption
reflecting binding of the viologens with CD cavity of.
However, the trends of the two viologens are quite different. In
the titration with2 (curve B), the initial absorption rise is small,

the S-CD cavity of 4 and the intracomplex charge-transfer
interaction between the bipyridinium and naphthyl groups
contribute to the stability of the type | complex. If we assume
independent contribution of the two factors to the microscopic
binding constant for the formation of the type | complé,
can be represented & = Koy, i*Ker, where Koeyi, is the

and the absorption increases gradually as the concentration oftontribution from the inclusion of the octyl group and thus the

2 becomes higher and the titration curve is nearly parallel to
that taken in the presence of AdabtH(curve C). We explain
this in terms of the formation of the type Il complex between
2 and4 giving the initial small absorption rise and the interaction
of the naphthyl group expelled B/with another2, in similar
fashion with that expelled by AdaNfi. The difference of
absorbance of curves B and C at high concentratic¢hi®fibout

expected binding constant in the absence of the charge-transfer
interaction. As the charge-transfer complexation constart of
with MNSS, 48 M1, is approximated for th&ct value, the
Koctyi, is calculated as 75 M. This value is much smaller than
the K; value, 1100 M. Thus, we can soundly conclude that
the preference of the bipyridinium group dffor the primary

face of4 is mainly due to the charge-transfer interaction, and

0.01. This can be ascribed to the long-range charge-transferwithout the interaction, the group would prefer the secondary

absorption between the naphthyl and bipyridinium groups
separated bg-CD cavity?? Unlike 2, the titration withl shows

face about 14 times to the primary face.
The bipyridinium groups of the viologen guedtsand 2 in

a large increase in charge-transfer absorption, and the absorptiontheir complexes with nativg-CD can also be placed on both

becomes almost leveled off at][> 4 x 1073 M (curve A).
This can be taken as an evidence that If¥eexists predomi-
nantly as the type | complex in which the naphthyl and
bipyridinium groups can interact directly.

Structures of the Complexes between 4 and viologens and
the Face Selectivity of Binding.The studies on the charge-

sides off3-CD as in the complexes with. The formation of a
complex between a viologen with a hydrophobic group and
native 3-CD is mainly driven by the inclusion of the hydro-
phobic group into thg-CD cavity. The difference in the binding
constants of a viologen with natiye-CD and4 forming the
type Il complexes would reflect the contribution of the

transfer interaction in the preceding section indicate clearly that electrostatic effect to the stability of the complex withThe

the bipyridinium moiety of2 in its complex with4 is on the
secondary face g#-CD (type Il complex), whereas that afis
mainly on the primary face (type | complex). These are in good
agreement with the results of fluorescence study.

small difference in the binding constants 2fvith 5-CD and

4, compared to the complexes bf strongly suggests that the
bipyridinium moiety in the2/3-CD complex is mainly placed

on the secondary face: the electrostatic free energy in the type
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Il complex of 2 with 4 is estimated as-0.9 kJ mof? from the corresponding complex d, because the bipyridinium group
ratio of binding constants of the complex2%-CD and 2/4. of 1 is farther apart from the secondary rim BfCD cavity

The microscopic binding constank(cp) of 1 with native than that of2. We believe that the results of this work would
B-CD from the primary side would be the samekagy, 75 be very important in interpreting various CD-mediated chemical
M1, the binding constant ofl with 4 forming the type | reactions and designing CD-based supramolecules.

complex. Thus, the microscopic binding constaf {p) of 1

with native8-CD from the secondary side is calculated as 810 _ Acknowledgment. This work was supported by Korea
M~ from the apparent binding constant of 890 MTheK;; co Research Foundation Grant (KRF-2000-DP0204). The authors

value can also be estimated as 790Nrom the K, value of thank Prof. A. R Katrizky of the pniversity of Florida for .the.
the type Il complex betweerl and 4 by correcting the helpful suggestion on the synthesis of the 1-adamantyl Qer!vatlve
electrostatic contribution. These results indicate that the binding f 4,4-bipyridinium compound and Prof. T. H. Joo for lifetime

of 1 with native 8-CD from the secondary side placing the Measurements through CRM/KOSEF cooperation.
bipyridinium group on the secondary side is about 10 times more )
favored than the binding from the primary side. This agrees well Appendix

with the tentative conclusion drawn from ICD studies. Atheory  Analysis on the Binding of Viologen Guests with3-CD-

of ICD predicts that the magnitude of ICD becomes smaller as NS by Fluorescence Measurementd.he fluorescence quench-
the chromophore is farther apart from the rim of the cavity of ing of 5-CD-NS @) fluorescence by viologens &¥) with hydro-

the chiral macrocyclic host’ Based on this, the smaller ICD  phobic groups is mainly due to the inclusion complexation, and
of the 1/3-CD complex thar/3-CD can be taken as an evidence the dynamic quenching is negligible at low concentrations of
that the bipyridinium group in the former complex locates farther 2+, The observed fluorescence intensity of a solution contain-
from the secondary rim than that of the latter complex. This is ing 8-CD-NS and \** is the sum of the contributions from
consistent with the difference in the intracomplex electron- 3-CD-NS monomer and dimer, and the compie€D-NS/\V2*:
transfer rate in the type Il complex of the viologens with

The result obtained in this work that the bipyridinium group !obs™ Imold 5~ CD=NS] + 214 [(F—CD—NS),] +

of 2is exclusively placed on the secondary face in the complexes lcompielCOMplex] (A-1)
with native 8-CD as well as with4 is reminiscent of a report
that the ammonium group of th&CD complex of AdaNH" wherel’s denote the fluorescence intensities per naphthyl group

is on the secondary face §fCD.* A plausible explanation for ~ expected when all of th8-CD-NS molecules are present as
this is that the opening of the primary side/AED is not large the respective species. Using egs 3 and 4 in the text, eq A-1
enough to accommodate the adamantyl group inside thecan be rewritten as eq A-2:

narrower rim of the3-CD cavity, while protruding the substi-

tuted hydrophilic groups through the rim. The origin of the face 1, = I,,,]/8—CD—NS] + 2Ky | ginelB—CD—NSF+

selectivity in the complexation df with 5-CD is not certain at 2+

this point. However,pit is noted thatﬁa CNDO/2 calculation Kclcomp'em_CD_NS][V 1 (A-2)
showed that the electrostatic potential outside the primary face
of CDs is positive, whereas it is negative outside the secondary
facel® The bipyridinium dication would favor the secondary
face by ion-dipole interaction. This is in line with a suggestion
by Davies et af8 that the electronic effect plays a decisive role
for guest orientation in CD complexes and that the electron
withdrawing group of a guest molecule locates in the primary

From the mass balance ofV, [V2'] is given as [VV] = [V2H]o/

(1+ Kc[B-CD-NS]) and is approximated as ¥ = [VZT]o

(1 — K[B-CD-NS]) asK[5-CD-NS] < 1. From a mass balance
equation with respect to the total concentratiGgpy of [3-CD-

NS] and the above relationship, the concentration of monomeric
B-CD-NS is expressed as eq A-3:

rim of CDs. [3-CD-NS]=

Conclusions \/(1 + Kc[V2+]0)2 + 4C(2Kp — KCZ[V2+]0) -+ Kc[\/2+]o)
From the induced circular dichroic study on the complexation 2(2Kp = KAV

of methyloctyl viologerl and adamantylmethyl viologehwith (A-3)

B-CD and comparison of the ICD spectra with the circular ) o
dichroic spectra of #-CD-viologen compoun@ and fluores-  Putting [V#'] = [V2]o(1 — Kc[-CD-NS]) and then eq A-3

cence and NMR studies on the complexatioriafnd 2 with into eq A-2, we get an equation relating the fluorescence
6-O—(2-sulfonato-6-naphthy|}-CD 4, we obtained the fol-  Intensity as a function of [¥]o and Cior. From the equation,

lowing conclusions. (1) The bipyridinium group dfis placed the fluorescence intensity in the_ absence of a vioI_og@ris_,_ _
on the secondary side of th&-CD cavity 10 times more expressed as eq A-4, and the ratio of fluorescence intensities in

favorably than the primary side in its complex with natB«€D. the presence and in the absence &f ¥ given as eq A-5:

(2) In the complex ofl with 4, the bipyridinium group is placed
on the primary side 3.3 times more favorably than the secondary, _ (dimer ~ Imod (1 = /1 + 8KpCio) + HimeKpCot

: . . 0= (A-4)
side because of the charge-transfer interaction between the 4Ky

bipyridinium and 2-sulfonatonaphthyl groups: without the

interaction, the secondary side would be favored by 14 times. | _ . M

(4) The adamantyl group df is placed on the secondary side |, (4Kopf [3-CD-NS] + 2K B[-CD-NSF +
in the complexes with nativgg-CD as well as4. (5) The o _
magnitude of the induced circular dichroism of the violoden Kcy[B-CD-NS]J[V™']o(1 — K[B-CD-NS]} )/

in the complexation with nativ-CD is smaller than that of [(A = PB)(/1+ 8KChpi — 1) + 48K Cd (A-5)
the viologen?2, and the intracomplex electron-transfer rate

constant is slower in the complex df with 4 than in the wheref andy representgimedlmon @andlcomplel!mon respectively.
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Nonlinear least-squares fitting of thé, data taken at various
[V2*]o keeping constanCi (Figure 5) yields the parameters
in eq A-3: to reduce the fitting parameters, we usgdand
values from a previous study,and Kc and y values were
determined from the fitting.
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