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Multichromophoric Cyclodextrins, Part 7

Photophysical and Structural Features
of Inclusion Complexes with Fluorescent Dyes

Patricia Choppinet,'™ ¢! Ludovic Jullien,**! Bernard Valeur* ¢!

Abstract: The synthesis of a new water-
soluble -cyclodextrin CD-St, with sev-
en steroidic naphthalene chromophores
linked to the primary rim, is reported
together with the photophysical and
structural features of its inclusion com-
plexes with merocyanine and oxazine
fluorescent dyes. These complexes were
formed in a buffer at pH 10. At this pH
the cyclodextrin is 14 times negatively

sion was detected, as expected from the
design principles. Two complexes can be
formed with stoichiometries 1:1 and 2:1
(CD:dye) for both dyes. The respective
association constants were determined.
In the 2:1 complexes, the cyclodextrin
secondary rims are facing each other.
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Such complexes are outstanding artifi-
cial antennae with 14 chromophores
surrounding an energy acceptor. Com-
parison was made with another (previ-
ously reported) water-soluble S-cyclo-
dextrin CD-NA with seven naphthalene
chromophores—also linked to the pri-
mary rim—but bearing only one carbox-
ylic group each. In fact, CD-NA only
forms 1:1 complexes with the same dyes.

charged since each chromophore bears

) 3 ) pounds -
two carboxylic groups. No excimer emis-

Introduction

p-Cyclodextrin is a toroidal molecule containing seven
glucopyranose units. Its cavity diameter is approximately
7 A. Derivatives obtained by covalently linking seven chro-
mophores to the primary or secondary rim exhibit very
interesting features from various points of view.''!") The
limited number of chromophores in well defined positions is a
distinct advantage for the study of excitation energy trans-
portlh> 1% which is of major interest for the understanding of
light collection in natural and artificial systems. Inclusion of
an energy acceptor in the cavity leads to a supramolecular
complex in which the antenna effect, that is energy transfer
from the appended antenna chromophores to the encased
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The difference in complexing ability of
CD-NA and CD-St is discussed.

acceptor, can be thoroughly studied.*  The circular arrange-
ment of the antenna chromophores is reminiscent of the
antenna system of photosynthetic bacterial'l which further
emphasizes the interest of multichromophoric cyclodextrins.
Another outstanding feature is the capability of antenna-
induced photoreactions within the cavity; specific effects are
indeed expected from selective excitation of the reactants
included in the cavity through energy transfer from the
appended chromophores.”®! Finally, multichromophoric cy-
clodextrins can be used as fluorescent sensors since the
fluorescence emission is affected by complexation of an
analyte; for instance, detection of very low concentrations of
cationic surfactants has been recently reported by us.]

In our previous work devoted to the antenna effect in an
inclusion complex of a water-soluble -cyclodextrin CD-NA
with a merocyanine (DCMOH) (Figure 1) we observed an
excimer emission from the appended chromophores.’l Later
on, investigation of the complexation of several cationic
surfactants suggested that the excimer formation in CD-NA
is likely to result from a head-to-tail interaction between two
naphthalene units located on opposite sides of the function-
alized primary rim. For a thorough study of the antenna effect,
excimer formation should be avoided because excimers act as
energy traps in the excitation energy hopping process, and
energy transfer to an acceptor included in the cavity can occur
from both monomer and excimer forms of the antenna
chromophores. This precludes a detailed analysis of the
dynamics of homotransfer (among antenna chromophores)
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Figure 1. Molecular structure of the molecules CD-St, MOD-St, CD-NA,
MOD-NA, DCMOH, Ox725.

andheterotransfer (from the antenna chromophores to an
included acceptor).

In order to avoid excimer formation, we have designed a
new water-soluble S-cyclodextrin according to the following
principles. Additional repulsive interactions between the
chromophores are introduced because such repulsions can
increase the average interchromophore distance at equilibri-
um and delay excimer formation within the excited state
lifetime of the chromophores. Thus we sought for individual
chromophoric units that would be i) nonplanar to disfavor
molecular stacking and ii) “locally” more charged than in CD-
NA, for instance, containing more than one ionizable group.
In view of the expected similarity of their spectral features to
the previously investigated naphthalenic series, the steroid

Abstract in French: Cet article présente la synthése d'une [3-
cyclodextrine hydrosoluble, CD-St, portant sept chromophores
naphtaléniques inclus dans un squelette stéroide, ainsi que les
propriétés structurales et photophysiques de ses complexes
d'inclusion vis-da-vis de colorants fluorescents (mérocyanine et
oxazine). En milieu tamponné a pH 10, CD-St, portant
quatorze charges négatives, ne présente aucune émission
attribuable a la formation d'exciméres. CD-St forme des
complexes de stoechiométrie CD :colorant 1:1 et 2:1 dont les
constantes d'association ainsi que les structures ont été
analysées. La stabilité des complexes est comparée aux résultats
obtenus lors de [l'étude antérieure de CD-NA, autre [5-
cyclodextrine heptachromophorique hydrosoluble, qui donnait
des complexes de stoechiométrie 1:1. Les faces secondaires des
unités CD-St sont accolées dans les complexes de stoechiomé-
trie 2:1 qui forment ainsi de remarquables antennes artificielles
avec leurs quatorze chromophores entourant un accepteur
d'énergie.
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backbones, whose A and B cycles are aromatic, have been
selected. Upon additional considerations of structure,
synthetic access and strategy, the S-cyclodextrin-
64,65,6€,6P,6F,6F,6%-hepta-O-bis-dehydro-isomarrianolic acid,
hereafter noted CD-St was eventually chosen as a target.

In the present work, the synthesis of CD-St is reported
together with the photophysical and structural features of its
inclusion complexes with a merocyanine dye (DCMOH) and
an oxazine dye (Oxazine 725) (see Figure 1). In particular,
special attention will be paid to the structure of these
complexes since they turned out to be very different from
the inclusion complex of DCMOH with CD-NA.[ This
investigation is a prerequisite to a detailed study of the
dynamics of the antenna effect to be published later on.

Results and Discussion

Synthesis of CD-St: The first part of the synthesis of CD-St is
displayed in Scheme 1. It starts from the estron methylether 1
that is aromatized in a first step to provide the d-isoequilenin
methylether (2). The latter is transformed into the bis-
dehydro-isomarrianolic acid methylether (3) by iodine oxida-
tion. The deprotection of 3 by boron tribromide afforded the
bis-dehydro-isomarrianolic acid (4) which was then esterified
by diazomethane to give the diester 5. The two last steps are
performed under the conditions that were used for the CD-
NA synthesisl® (Scheme 2): i) condensation of the phenol 5 on
the per-2,3-O-acetyl-6-iodo-S-cyclodextrin!? to yield the
perfunctionalized derivative 6; ii) final saponification!"!
followed by acidification to give the pJ-cyclodextrin-
64,68,6%,6°,6F,6,6%-hepta-O-bis-dehydro-isomarrianolic acid
(7) or CD-St.

Photophysical properties of CD-St: The properties of CD-St
are compared with those of the bis-dehydro-isomarrianolic
acid methylether (3) that is noted MOD-St in Figure 1. In fact,
the latter compound is a valuable reference for evaluating the
behavior of a noninteracting chromophore and can thus be
used for estimating the strength of coupling between the
individual steroid units in CD-St.

In a multichromophoric molecule like CD-St whose intrin-
sic interchromophoric and intercharge distances lie in the
range of the characteristic lengths for chromophore coupling
and for charge-charge interaction (vide infra), the photo-
physical features are expected to strongly depend on the
chromophore arrangement along the primary rim. Since CD-
St is a polyacid, the possible significance of pH and ionic
strength 7 on controlling the photophysical features was first
investigated. As in the previous studies,* ° Britton — Robin-
son buffers!* containing the same buffering components over
the whole range of pH at constant ionic strength were used for
the present investigation.

Absorption spectra: Both CD-St and MOD-St molecules
are soluble in aqueous solution beyond pH 6 at I=0.1M.
Figure 2 displays the absorption spectra of CD-St and of the
corresponding model MOD-St in a buffer solution at pH 10
(I=0.1m) and EtOH 95:5 (v/v). CD-St and MOD-St exhibit a
similarly shaped absorption band in the 300—350 nm range.
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Figure 2. Absorption and corrected fluorescence spectra (4., =320 nm) of
CD-St (straight line) and its corresponding model MOD-St (dotted line) in
a mixture of buffer at pH10 (/=0.1m) and EtOH 95:5 (v/v). For
comparison, the molar absorption coefficient of MOD-St has been
multiplied by seven whereas both fluorescence spectra have been
normalized at the same height at the maximum.

In contrast to CD-NA that exhibited a noticeable hypo-
chromic effect with regard to its corresponding model MOD-
NA, the molar absorption coefficients of CD-St and MOD-St
are identical over the 300-350 nm range when they are
normalized for seven chromophores. This result is in line with
the smaller molar absorptivity of CD-St while keeping similar
interchromophoric distance.[""]

The absorption spectrum of CD-St is not significantly
affected by pH over the 5-10 pH range at /=0.1m. The
present result is in contrast to the previous CD-NA series. It
can be accounted for by considering that i) the ionizable
group was directly grafted on the aromatic chromophore in
CD-NA but is not conjugated in CD-St and ii) the excitonic
coupling between the individual chromophores is weaker in

(o]
% 9@
CH30
3

h,,,-CO,CH,
HO g g

CD-St than in CD-NA (vide
supra). Any pH-induced con-
formational change is thus ex-
pected to lead to smaller mod-
ifications of the absorption
spectrum in CD-St. Similarly,
the ionic strength does not sig-
nificantly affect the CD-St
spectrum at pH 10 in the
0.005 — 1M range. The difference
of behavior with respect to CD-
NA probably relies on the same
explanation as for accounting
for the pH effect.

Emission spectra: Figure 2 displays the emission spectra of
CD-St and MOD-St in a mixture of buffer at pH 10 (/=0.1m)
and EtOH 95:5 (v/v) (Aexe =320 nm). The spectrum of both
compounds consists of a band exhibiting a maximum at
353 nm. The absence of any shoulder or band broadening
demonstrates that excimers are not formed in CD-St. This
observation confirms the validity of the present approach
aiming to hinder the interaction between the individual
chromophores of CD-St and made the latter a good candidate
for investigating the detailed kinetics of energy heterotransfer
in photophysically active CD-St-guest complexes.

Above pH 6, the pH has no influence on the emission
spectrum of CD-St whereas the emission intensity strongly
drops at pH 5. The latter observation reveals the intra- or
intermolecular chromophore aggregation that takes place
when the extent of the deprotonation of CD-St is too low. In
fact, at /=0.1M, the inverse Debye length k7!, that is the
characteristic distance for screening electrostatic interaction,
is equal to 1.0 nm.['! Since the intercharge distance between
two neighboring chromophores is about 1nm, it can be
concluded that each individual steroid unit in CD-St behaves
more or less independently regarding electrostatic interac-
tion. Since the apparent pK, at /=0.1m of the two carboxylic
acids in MOD-St should be about 5-6,I"] it appears reason-
able to expect that an extensive ionization takes place from
pH 6.1'®! Similarly, the ionic strength of the solution has no
influence on the emission spectra of CD-St at pH 10 in the
range 0.005-1m.

In view of the smaller molar absorption coefficient of CD-
St compared with CD-NA and its anticipated similar com-
plexing capability, the experiments devoted to evidence and
characterize association had to be made at larger concen-
trations of derivatized cyclodextrin. As a consequence, special
attention was paid to the aggregation behavior that can

“""“""COzH

""""""COZCH3

i CO,CH3
Q ... .CO,CH NaH, DMF Q TMAOH 9]
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Scheme 2. Synthesis of CD-St (7).

3668 ——

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

0947-6539/99/0512-3668 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 12



Multichromophoric Cyclodextrins

3666—3678

sometimes obscure the interpretation for deriving association
constants.!'”) In the present steroid series, this investigation is
especially necessary since several steroids exhibit detergent
properties (bile acids, etc.) and since its stereochemistry gives
some facial® amphiphilic character to the bis-dehydro-
isomarrianolic acid skeleton. In a first series of experiments,
the Beer—Lambert law was checked for absorption of MOD-
St and CD-St over the 0-150pum and 0-15 pmM, respectively
concentration range in the 6—10 pH range at /=0.1m. Such
results are only marginally informative for the present
purpose since the comparison between the absorption fea-
tures of MOD-St and CD-St suggested the absence of large
modifications of the absorption spectra that should be
consecutive to aggregation phenomena. The same experi-
ments were repeated for the emission spectra since the
quantum yield of fluorescence emission is generally a very
sensitive probe towards aggregation. The absence of any
deviation from the Beer—Lambert law for emission demon-
strated that both MOD-St and CD-St molecules do not
aggregate in the concentration range that was investigated in
the absorption experiments. Furthermore, the absence of
dependence of the excited-state lifetimes of MOD-St and CD-
St (data not shown) as a function of their concentrations in a
mixture of buffer at pH 10 (/=0.1m) and EtOH 95:5 (v/v)
further support the absence of aggregation.

Photophysical features and
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Figure 3. Corrected fluorescence spectrum of CD-St (dotted line) and

absorption spectra of DCMOH and Ox725 (straight lines) in a mixture of

buffer at pH 10 (=0.1m) and EtOH 95:5 (v/v).

400 600 700

increasing the latter, a small hyperchromism is observed
within the 0.6—1.5 uM range and accompanied by a significant
blue-shift of the absorption whereas the increase of fluores-
cence emission is dampered at large concentrations. Figure 4
quantitatively displays the role of the DCMOH concentration
on the absorption at 460 nm (Figure 4, left) and the fluo-
rescence emission at 630 nm (4., =460 nm; Figure 4, right). A

self-association of the guest 04

dyes: To examine the influence
of the overlap of the acceptor
absorption spectrum with the
emission of CD-St, we look for
two molecules fulfilling the pre-
viously reported constraints for
complexation and photophy-
sicst®l and that should addition-
ally exhibit absorption maxima .

at very different wavelengths. ®

The previously investigated 0 L L

0.3+

0.2 |

Absorbance (460 nm)
®

I (630 nm) (a.u.)
®

1 1 1 1 | ] 1

DCMOH merocyanine was se- 0 1 20
lected as the acceptor with a
good spectral overlap whereas
the red-absorbing Oxazine 725
(Ox725) was anticipated to be a
poor acceptor?!l (Figure 1). Fig-
ure 3 displays the fluorescence spectrum of CD-St and the
absorption spectra of DCMOH and Ox725 in a mixture of
buffer at pH 10 (/=0.1m) and EtOH 95:5 (v/v). DCMOH and
Ox725 exhibit their respective absorption maximum at 460
and 655 nm. The much smaller spectral overlap for Ox725 is
clearly shown in Figure 3.

In view of the rather large concentrations that were antici-
pated to be required for extracting the association constants
(vide supra), the possible aggregation of DCMOH and Ox725
at high concentrations was first investigated. Whereas Ox725
conforms to the Beer—Lambert law for absorption spectra
in the 1-50uM concentration range and for emission spectra
in the 1-5umP? concentration range, DCMOH exhibits a
behavior that implies a dependency on its concentration. On

(viv).
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Figure 4. Absorption at 460 nm (left) and corrected fluorescence spectra at 630 nm (4., =460 nm) (right) of
DCMOH as a function of the DCMOH concentration in a mixture of buffer at pH 10 (/ =0.1m) and EtOH 95:5
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single rather abrupt change of the absorption and fluores-
cence regime occurs at concentrations around 8 um. In view of
the limited water solubility of DCMOH, a two-step aggrega-
tion process has been envisaged to account for these
observations. As a result of the large dipole moment of
DCMOH, a head-to-tail dimerization is first expected at
intermediate concentrations. The excitonic coupling within
the corresponding species would indeed lead to the observed
blue shift in absorption! and the DCMOH aggregation
would be accompanied with a significant drop of its fluo-
rescence quantum yield. At the largest concentrations, one
should observe the formation of much larger aggregates that
would not further affect the absorption while still leading to
the decrease of fluorescence emission. The aggregation

0947-6539/99/0512-3669 $ 17.50+.50/0 3669
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phenomenon has been additionally evidenced by phase
fluorimetry experiments at different DCMOH concentra-
tions. Whereas the observed DCMOH fluorescence decay is a
single exponential at 4.7 um, a longer decay time appears at
41pm (Table 1) which arises from the poorly fluorescent

Table 1. Decay times of DCMOH under different experimental conditions
(Aexe =442 nm, T=298 K).

Conditions 7 [ns] fal 22l
pH 10 buffer 4.7 pm 0.386 £ 0.006 1 0.852
pH 10 buffer 41 pm 0.387 £ 0.006 0.96

1.53+0.24 0.04 1.592
pH 10 buffer with CD-St (82pum)  0.61%0.06 0.04
([DCMOHJ/[CD-5t] = 0.5) 3.49+0.04 096 0934

[a] Fractional intensities. [b] Reduced chi-square.

DCMOH aggregates. The fluorescence emission data dis-
played in Figure 4, right, have been analyzed in the low
concentration regime to extract the dimerization constant
K i associated to the Equations:

2DCMOH = (DCMOH), 1)

The following equations:

I;=a,[DCMOH] + a,[(DCMOH), ] (2a)

20, — a, a,
Ii= ( ) (v/1+ 8K n[DCMOH],, — 1) + —[DCMOH],, (2b)
8 K gim 2

are used for fitting the data where I; denotes the fluo-
rescence intensity, @, and a, are the proportionality factors,
respectively, relating the fluorescence emission of DCMOH
and (DCMOH), to their concentrations, and [DCMOH],,, is
the total concentration of dye in the solution.*!! A dimeriza-
tion constant equal to Ky, =5.3 x 10° (logK 4, =5.7) (refer-
ence system: infinitely diluted solution parametered by molar
concentrations) and a,/a;=0.26 are thus obtained. The
self-aggregation of DCMOH is a severe limit for investigating
the CD-St:DCMOH association since only rather low con-
centration ratios [DCMOH]/[CD-St] will be accessible for
reasonably extracting the ther-

concentration (6.0 um). Upon addition of increasing amounts
of CD-St, a red shift from 463 nm to 480 nm of the DCMOH
charge transfer absorption band was observed (Figure 5, left).
At the same time, the direct excitation of the DCMOH
fluorescence emission (4., =460 nm) led to a large increase of
emission intensity that was accompanied by a blue shift from
637 nm to 586 nm (Figure 5, right). The evolution of the
fluorescence emission is first discussed. Indeed, since the
fluorescence quantum yields of the DCMOH aggregates are
much lower than that of the monomer, this evolution is
essentially related to the monomer behavior. As a result of its
larger dipole moment in the excited state, both increases of
fluorescence emission and blue shift are in line with the
transfer of the DCMOH from the aqueous solution to a less
polar and less relaxed environment such as the cyclodextrin
cavity.l’! According to the same reasoning, a blue shift would
have been expected upon DCMOH interaction with CD-St in
the absorption spectrum. However, the experimentally ob-
served behavior has to be interpreted in the light of the above-
mentioned aggregation study of DCMOH. Hence the red-
shift is not governed by a change of polarity but it simply
reflects the dissociation of the DCMOH aggregates (dimers at
a DCMOH concentration equal to 6 um) upon addition of
CD-St.

CD-St:0Ox725 interaction: A similar series of experiments
was performed at constant Ox725 concentration (2.0um).
Figure 6, left, shows that the absorption band of Ox725 is red-
shifted and slightly decreased when CD-St is added. The latter
observations point out the existence of a CD-St:0x725
interaction. Nevertheless, they cannot be used for evaluating
the environmental changes upon interaction since the sym-
metrical merocyanine structure of Ox725 forbids the presence
of strong solvatochromic effects. The evolution of the
fluorescence emission spectrum by direct excitation of
Ox725 (Aee =600 nm) is displayed in Figure 6, right. The
interaction with CD-St is accompanied by the quenching of
the Ox725 fluorescence. The latter observation is probably
related to an electron transfer from the naphthalene rings of
the steroid units to the excited state of Ox725. Together with
the short range of electron transfer, the absence of any relay
for the reducing electrons in CD-St suggests that, like

modynamic constants (vide 0.4
infra).

o
w

First evidences for the CD-
St:dyes interaction: The inter-
action between the CD-St host
and the DCMOH and Ox725
guests can be revealed by ob-
serving either the host or the

Absorbance
o
N

[CD-St)/[DCMOH]
—0

[CD-St}[DCMOH]

guest absorption and emission 0.1
features.
CD-St:DCMOH interaction: 0
To examine the possible mod- 300 350 400

ifications of the photophysical
properties of the dye, a first
series of experiments was per-
formed at constant DCMOH

3670 ——
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Figure 5. Absorption (left) and corrected fluorescence spectra (4., =460 nm) (right) of DCMOH as a function
of the [CD-St]/[DCMOH] concentration ratio in a mixture of buffer at pH 10 (/ =0.1m) and EtOH 95:5 (v/v). The
DCMOH concentration is kept constant throughout the whole experiment at [DCMOH] = 6.0 pum.
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the low fluorescence quantum
yield, the fluorescence emission
of Ox725 gradually manifests.
The present observation is in
line with the energy transfer
from the naphthalenic chromo-
phores to the Ox725 guest.
During this experiment, one
can also notice that the Ox725
fluorescence becomes slightly
red-shifted at the largest
[Ox725]/[CD-St] ratios. This

200 300 400 500 600 700 630 650 670
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Figure 6. Absorption (left) and corrected fluorescence spectra (4., =600 nm) (right) of Ox725 as a function of
the [CD-St]/[Ox725]concentration ratio in a mixture of buffer at pH 10 (/=0.1m) and EtOH 95:5 (v/v). The
Ox725 concentration is kept constant throughout the whole experiment at [Ox725] =2.0 um.

DCMOH, the Ox725 molecule is likely to be included within
the CD-St cavity in the CD-St:Ox725 complex.

Antenna effect: Solutions of CD-St (9.3 um for the DCMOH
experiment and 6.8 uM for the Ox725 experiment) in a mixture
of buffer at pH 10 (I=0.1M) and EtOH 95:5 (v/v) at various
concentrations of DCMOH or Ox725 were prepared. Fig-
ure 7, left, displays the evolution of the fluorescence emission
of the solutions as a function of the [DCMOH]/[CD]-St ratio
upon excitation at A,.=320nm. Upon increasing the
DCMOH concentration, the fluorescence of the naphthalene
chromophores decreases whereas the DCMOH fluorescence
increases, even after correction of the contribution of the
direct DCMOH excitation. Under the same conditions, the
addition of increasing amounts of DCMOH to a MOD-St
solution does not induce any change of the emission signal of
the naphthalene chromophore. The former observation
provides evidence of the energy transfer from the excited
naphthalenic antenna towards the included DCMOH. Fig-
ure 7, right, displays the evolution of the fluorescence
emission of CD-St solutions when increasing amounts of
Ox725 are added (4. =320 nm). As observed with DCMOH,
the CD-St emission of fluorescence drops upon addition of
Ox725. At the same time and although it is weak as a result of

phenomenon is linked to the
small Stokes shift of Ox725 and
the consequent reabsorption of
fluorescence  which  occurs
when the absorbance becomes
large enough at the wave-
lengths coresponding to the spectral overlap between the
absorption and fluorescence spectra. A more detailed inves-
tigation of the kinetics of energy transfer process in relation
with the absorption properties of the dye will be published
elsewhere.

Characterization of the CD-St:dye complexes: The formation
of inclusion complexes of DCMOH and Ox725 with CD-St
was qualitatively evidenced by a first analysis of the series of
experiments that have been presented in the last paragraph.
In the next step, the thermodynamic characterization (stoi-
chiometries and association constants) and the structural

investigation of the CD-St:dye complexes are presented.
The stoichiometries of the associated species were first
addressed by drawing Job’s plots. The normalized deviation of
the experimental data from the additive behavior that is
expected without interaction is plotted as a function of the
molar fractions at a constant sum of concentrations, that is
[CD-St] + [dye]. The fluorescence emission provided the
most sensitive signals for DCMOH. Figure 8, left, displays
the results. Attention should be paid to the fact that the Job’s
plot was essentially recorded at DCMOH concentrations such
that no DCMOH aggregation takes place so as not to possibly
obscure the interpretation of

[DCMOH/CD-S1]
l E—

—45

IF (a.u.)

300 400 500 600 700 300 400
A {nm)

Figure 7. Evolution of the fluorescence spectra of CD-St solutions on addition of DCMOH for a concentration
ratio [DCMOH]/[CD-St] =0-4.5 (left) or Ox725 for a concentration ratio [Ox725]/[CD-St]=0-11.3 (right). or
Solvent: buffer at pH 10 (/=0.1m) and EtOH 95:5 (v/v). Excitation wavelength: 1.,. =320 nm.
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the results. In the Ox725 case,
[Ox725]/[CD-St] the absorbance at 225nm
—0 turned out to be a most sensi-

i tive indicator (Figure 8, right).
For both dyes, a maximum of
deviation is observed at a molar
fraction of dye around !5 that
points out a stoichiometry CD-
St:dye equal to 2n:n.?% n can
be deduced from the fine anal-
ysis of the Job’s experiments
with  DCMOH. Indeed, one
can notice that the two series
of fluorescence experiments
(Aexe(CD-St) and A.,(CD-St)

—113

500 600 700
A (nm)

Aem(dye);  Acx(dye) and
Aem(dye)) address different
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cence intensity of the dye, I is
the asymptotic intensity corre-
sponding to the full complex-
ation, [dye],, is the total con-
centration in dye and f is the
stability constant of the [(CD-
St),:dye] complex. In spite of a
satisfactory fit, the plot of the
residuals revealed some sys-
tematic deviation that led us to
consider the successive com-
plexation processes for both
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Ox725 CD-St + dye = [CD-St:dye] (52)

Figure 8. Job's plots. Left: variations of the normalized value of emission fluorescence (I — Xpemonl;) at 358 nm
(Aexe =320 nm, circles) and 585 nm (4., =320 nm, squares; A, =460 nm, triangles) as a function of xpcyon=

[DCMOH]/([DCMOH] + [CD-St] ), at constant sum of concentrations ([DCMOH] + [CD-St] = 8.1 um). I, is the
fluorescence intensity for xpeyon =1, i.e., without CD-St; right: variations of the normalized value of the

CD-St + [CD-St:dye]

=[(CD-St),:dye] (50)

absorbance at 225 nm [A,(225) — Xoy25A41(225)] (circles) as a function of x¢7,s = [Ox725]/([Ox725] 4 [CD-St]), at

constant sum of concentrations ([Ox725]+ [CD-St]=10.9um). A,(225) is the absorbance for xos=1, i.e.,

without CD-St. Solvent: buffer at pH 10 (=0.1m) and EtOH 95:5 (v/v).

ranges of interaction. Whereas the former series emphasizes a
long range interaction linked with the process of energy
transfer, the latter informs on the changes of the close
environment of the dye. Hence, the complex stoichiometry
remains unaffected by changing the spatial scale from a few
angstroms to a few nanometers, the latter distance being equal
to the Forster radius (3.4 nm for DCMOH, 2.5 nm for Ox725;
see Experimental Section). By considering the characteristic
dimensions of the dye molecules and CD-St, the independ-
ence of the stoichiometry on the depth of probing interaction
supports the sole presence of only one dye molecule in the
close neighborhood of two CD-St molecules. The CD-St:dye
stoichiometry is then 2:1.

For deriving the association constants  corresponding to
the Equation (3):

2CD-St +dye = [(CD-St),:dye] 3)

we first simulated the experiments that were done for drawing
Job’s plots. The equilibrium and conservation laws were
written for the experimental [CD-St]+ [dye] total concen-
trations and the simulated normalized data were numerically
calculated by solving the resulting polynomial equation for
each values of the dye molar fraction. The best fit of the
simulated to the experimental data yields the final § value.
Both entries 1 of the Table 2 display the results for 3 so as the
corresponding standard Gibbs free energies for Equation (3).
The latter approach is not very precise for deriving . In the
present system, a more sensitive method for extracting 3
consists in processing the data that were obtained during the
titration at constant dye concentration. A first nonlinear least-
squares fit of the experimental data was attempted according
to the general equation:

ST T
I.—1,)  [dye] I. -1,

where x is the ratio [CD-St],,/[dye]., Ir is the fluorescence
intensity for the considered x value, [ is the initial fluores-
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with respective association con-
stants K;; and K, such as f=
K K,. To extract K;; and K,
and then S from the experimental data, a series of numerical
simulations was performed by assuming that both associated
species CD-St:dye and (CD-St),:dye exhibit identical photo-
physical features (either molar absorption coefficients or
quantum yields of fluorescence noted « in Table 2). As for
Job’s simulations, the equilibrium and conservation laws
yielded a polynomial equation linking the simulated signal to

Table 2. Association constants f3, corresponding Gibbs free energies A, G}
and extrapolated parameters a describing the interactions between CD-St
and the dyes DCMOH and Ox725 in a mixture of buffer at pH 10 (/ =0.1m)
and EtOH 95:5 (v/v) at 298 K. The different entries correspond to the
following experiments: 1) simulation of Job’s plots; 2) titration of the dye at
constant concentration by CD-St, see text.

Experiment log B A.G} [kJmol™'] a

DCMOH

1 11.5 +0.50! — 67+ 40 bl

2 11.51¢ — 67l 10314
logK,; =4, logK,,=17.5

Ox725

1 11+£05 —63+3 _le]

2 10710 — 610 0.661!
logK,, =4, logK,=6.7 0.11M0

[a] This value is an average over the treatment of the three different sets
of experimental data that have been gathered under the following
conditions: (Izy—x1I;) at 358 nm (A.,=320nm) or at 585nm (A, =
320 nm or A.,=460 nm), see text. [b] Use was made of the value (10.3)
extracted from experiment 2 to simulate Job's plot. [c] This value has been
obtained by numerical simulation of the fluorescence emission of
DCMOH at 610nm (A,.=460nm) as a function of x=[CD-St]/
[DCMOH] at [DCMOH],,,=6.0um. In fact, K;; and K,, are obtained
from the simulation and =K;,K},, see text. [d] Value extracted from
fluorescence experiments. [e] Value (0.11) was extracted from experiment
2 (Ox725) to simulate Job's plot. [f] This value results from the averaging
of the simulations of both the absorption at 600 nm and fluorescence
emission at 670 nm (4.,. =600 nm) of Ox725 as a function of x =[CD-St]/
[Ox725] at [Ox725],,, =2.0 M. In fact, K;; and K, are obtained from the
simulation and f=K;K;,, see text. [g] From the simulation of the
absorption at 600 nm. [h] From the simulation of the fluorescence emission
at 670 nm (4., =600 nm).
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the ratio [CD-St]/[dye] at constant total concentration of the
dye. The values of K;; and K, that gave the best fit of the
experimental data are given in both entries 2 of Table 2. The
comparison of entries 1 and 2 is satisfactory. The association
constants 5 corresponding to Equation (3) are rather large for
a complexation in the S-cyclodextrin series. With regard to the
previous CD-NA series, two points have to be underlined.
First, the most favored association between the -cyclodextrin
and one dye molecule involves two CD molecules instead of
one in the CD-NA system. Second, the association constant
K, is about ten times lower than the previously reported
thermodynamic constant for the 1:1 complexation of
DCMOH! or Ox725P"1 by CD-NA.

Structural analysis of the (CD-St),:dye complexes: In view of
the 2:1 stoichiometry of the CD-St:dye complexes, two
axysymmetric arrangements for the associated species have
been envisaged (Figure 9). Three different approaches were
attempted to address the relative orientation of the cyclo-
dextrin units in the complex.

Ty
=

a b c

Figure 9. Possible relative arrangements of the CD-St and dye molecules
in the (CD-St),:dye complexes (the averaged symmetry axis of two CD-St
monomers are aligned and their a) primary or b) secondary rims are facing
each other); ¢) modelization of the (CD-St),:DCMOH associated species
as an axysymmetrical prolate ellipsoid, see text.

In a first series of experiments, the effect of ionic strength
on the stability of the (CD-St),:dye complex was examined.
Job’s experiment for the system CD-St:DCMOH was repeat-
ed at an ionic strength equal to 5.1073m. Under such
conditions, the Debye inverse length k! is about 4 nm instead
of about 1 nm at 0.1m. As a result of the smaller distance
between the interacting units in the (CD-St),:DCMOH
complex when the cyclodextrin primary rims are facing
(Figure 9a) than when the secondary faces are associated
(Figure 9b) and in view of the k! screened dependence of the
electrostatic interaction, a more significant drop of the
association constant is thus expected, when lowering the
ionic strength, according to the scheme pictured in Figure 9a
than in Figure 9b. In fact, both stoichiometry and association
constant were found to be identical at the 0.1m and 5.1073m
values for the ionic strength. Although slightly surprising at
first glance, such a result could be interpreted as disfavoring
the association according to Figure 9a (vide infra).

In a second series of experiments, the addition of a guest
specifically competing for the cyclodextrin cavity was envis-

Chem. Eur. J. 1999, 5, No. 12

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

aged. Indeed, whereas a major change of the extent for the
process of dye complexation is expected if the dye is included
within the cyclodextrin cavity, no dramatic change would
occur if the dye simply interacts with the steroid walls
according to Figure 9a. 1-Adamantane carboxylic acid
(ADAC) was chosen as a specific competing inhibitor for
the cyclodextrin cavity. Job’s experiment was repeated for the
couple CD-St:DCMOH in the presence of ADAC. With
regard to the corresponding experiment without ADAC (see
Figure 8), a broadening of the normalized signal as a function
of the molar fraction of the dye was observed towards larger
values. The present significant evolution points out the
ADAC/DCMOH competition for complexation within the
cavity. The Job’s plot was numerically simulated as above by
taking into account the chemical Equations (5a), (5b) and:

CD-St + ADAC = [ADAC  CD-St] (6)

By using =10*x 10" (See Table 2), the best fit of the
experimental data led to a value equal to 10* for the
association constant corresponding to Equation (6). In view
of the possible contribution of an additional hydrophobic
term, the latter value is in satisfactory agreement with already
reported B-CD:ADAC association constants.?*! Consequently
both the efficient role of ADAC as a competitor together with
the quantitative agreement of the association constant
support Figure 9b as the most probable for describing the
CD-St:DCMOH interaction.

Eventually, a hydrodynamic approach was considered to
complete the structural investigation. In fact, at low resolu-
tion, both structures displayed in Figures 9a and 9b can be
envisioned as smooth bodies whose characteristic dimensions
(length L and diameter D) are large enough with respect to
the diameter of a water molecule so as to consider the
surrounding aqueous medium as a continuum for analyzing
the friction features. Under such conditions, the analysis of the
hydrodynamic properties of a kinetically inert species such as
the translational or rotational diffusion constants can be used
to derive the molecular dimensions of the system.! In the
present case, the rotational diffusion coefficient can be
obtained from the analysis of the emission anisotropy. As a
result of the intrinsic mobility of each steroid wall at room
temperature and to the fast expected energy hopping between
the individual chromophores along the CD-St primary rim,
the observation of the CD-St emission anisotropy cannot be
used for the present purpose. In contrast, the dye can be used
as a probe for analyzing the motions of the whole complex. In
fact, any rotation that should occur around an axis, that is
perpendicular to the transition dipole moment during the
lifetime of the excited state, is expected to affect the dye
emission anisotropy. In the present investigation, it was
impossible to apply this methodology to Ox725 since the
fluorescence emission of the complexed Ox725 molecules is
too weak for measuring their lifetime (vide supra). In
contrast, the DCMOH is especially suited for the present
analysis. The lifetimes v and steady-state emission anisotro-
pies 7 of DCMOH were measured in the presence of a large
excess of CD-St. In the latter case, almost all DCMOH
molecules are complexed so as to consider the corresponding
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emission anisotropy to essentially result from the (CD-
St),:DCMOH complex. The results are given in Table 1.
Upon excitation at A, =442 nm, the fluorescence decay in
the presence of CD-St is a double exponential with a short
decay time corresponding to the lifetime of free DCMOH and
a longer one corresponding to the lifetime in the CD-St
complex; the former is indeed close to the lifetime measured
in the absence of CD-St. The fact that the lifetime is much
shorter in the buffer than in the cavity is consistent with the
findings on fluorescence quantum yields: the ratio of lifetimes
is 9.1, that is identical to the ratio of quantum yields (9.9). The
steady-state emission anisotropies were then used for evalu-
ating the molecular dimensions in the following manner. We
first reasonably assumed that the (CD-St),:DCMOH associ-
ation was tight with the main DCMOH axis aligned with the
symmetry axis of the cyclodextrin dimer. In fact, such findings
have been reported in the CD-NA series.’”) Moreover the
DCMOH length and diameter fit both well with the internal
volume of a pf-cyclodextrin dimer. Second, the (CD-
St),:DCMOH associated species was described as an axysym-
metrical prolate ellipsoid (length L; diameter &J; see Fig-
ure 9c). Under these conditions and by additionally consid-
ering that the transition dipole moment of DCMOH is
oriented along the main molecular axis, the decay of emission
anisotropy is a single exponential:[!

r(t)=ryexp(— 6D t) @)

where r, is the fundamental anisotropy and D, is the diffusion
coefficient for rotation about an inertial axis perpendicular to
the symmetry axis. The steady-state anisotropy can then be
written as:

==

::—0(1+6DL‘E) ®)

where 7 is the lifetime of the excited state.
The diffusion coefficient D, can be calculated by means of
Perrin’s equations for prolate symmetric ellipsoid:*%

_3p{@2 —1)(p* - 1) "l + (0 - 1) - p}
2(p*—1)

D, D O
where p is the axial ratio (i.e., ratio of the longitudinal
semiaxis a to the equatorial semiaxis b of the ellipsoid) and
D =kT/6Vn is the diffusion coefficient calculated for a sphere
of the same volume and under the same conditions of
temperature 7 and viscosity #. Stick boundary conditions
are assumed to be valid.

The fundamental emission anisotropy r, of DCMOH was
shown to be equal to 0.390 in a previous report.[’! The value of
the steady-state emission anisotropy measured in the pres-
ence of an excess of CD-St (r=0.146), together with the
excited-state lifetime of DCMOH in the cavity (7 =3.49 ns)
are used to calculate the rotational diffusion coefficient D, of
DCMOH (by means of Equation (8)). Then, Equation (9)
allows us to derive a reasonable estimate of the axial ratio
(o=alb=1.75) by taking #=1073Pas™! (water viscosity at
room temperature). Moreover, the hydrodynamic diameter &
(= 2b) of CD-St can be evaluated to 2 nm by analogy with
hydrodynamic measurements that have been performed on
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other B-cyclodextrin derivatives.’3 Therefore, the length of
the ellipsoid L =2a is found to be 3.5 nm. The obtained L
value compares well to the Quanta molecular model of the
complex as in Figure 9b since the height of one CD-St
molecule was evaluated to 1.7 nm.

In view of the results obtained along the different series of
experiments that were performed for analyzing the fine
structure of the (CD-St),:DCMOH complex, it thus appears
more convincing to consider that the CD-St units self-
assemble around the DCMOH by their secondary faces as
pictured in Figure 9b than by their primary faces as displayed
in Figure 9a.

Comparison of the complexing ability of CD-St and CD-NA
towards DCMOH and Ox725: It is rather amazing that such
similar compounds as the previously investigated CD-NA and
the present CD-St do not lead to the same stoichiometry of
the complexes with DCMOH and Ox725 dye molecules.
Whereas 2:1 (CD:dye) complexes are formed with CD-St,
only 1:1 associated species are obtained with CD-NA. More-
over, it is disturbing to observe that the dimerization occurs
with the cyclodextrin derivative that bears the largest number
of negative charges.

To understand this apparent paradox, we first evaluated the
anticipated electrostatic interaction between two identically
charged CD-NA molecules in the configuration presented in
Figure 9b. According to the method that was already report-
ed,? CD-NA was modeled as an heptagonal distribution of
regularly spaced negative charges interacting in the frame of
the Debye —Hiickel theory. The electrostatic work that was
associated to the process of building the dimer from two
infinitely spaced CD-NA monomers was then evaluated to lie
in the 15 and 30 kJmol~! range for an ionic strength equal to
0.1m and 5 x 103 M, respectively.?! From the present calcu-
lation and if only considering the (probably dominating)
electrostatic term for CD - CD interaction, one should thus
expect that: i) the stability of (CD-NA),:DCMOH is larger
than that of (CD-St),:DCMOH. Indeed, at the same pH 10,
CD-St bears about twice more negative charges than CD-NA
so as to increase by a factor of 4 the corresponding electro-
static work for association;[* and ii) the stability of the (CD-
St),:DCMOH complex is markedly affected by lowering the
ionic strength. Hence, the electrostatic work for association
increases by a factor of 2 when going from 0.1M to 5.10~*M for
the ionic strength.

The experimental observations contradict both preceding
anticipations. In fact, the latter results are best explained in
the frame of the nonlinear electrostatic screening that occurs
when strongly charged bodies interact at rather low ionic
strength. Some recent works emphasized the variety of
regimes for electrostatic interaction that are observed when
one overcomes the limits of applicability of the Debye-Hiickel
theory.® In fact, under the present conditions of concen-
tration of supporting salt, a polyelectrolyte character most
probably appears for CD-St whereas it is absent for CD-
NA.P1 As a consequence, a significant part of the CD-St
counterions should “collapse” on CD-St so as to considerably
decrease its apparent charge for evaluating electrostatic
interaction at a range beyond about a few angstrom. In the
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CD-NA case, if no counterion condensation takes place, the
seven charges of each CD-NA units will have to be taken into
account for evaluating electrostatic interaction, whatever the
considered range. Thus, even if CD-St is intrinsically (locally)
more charged at very short range (0.1 nm), it could dimerize
more easily than CD-NA since the dimerization process
involves a repulsive electrostatic interaction at rather long
range (about 3 nm according to Figure 9b). The theoretical
evaluation of the proportion of counterions that are con-
densed on CD-St is difficult since it is expected to depend on
the surface charge and the curvature of the molecule.? The
present experimental results suggest that this proportion
overcomes 0.5 since i) CD-St dimerizes in the presence of
DCMOH whereas CD-NA does not, and ii) the same linear
screening for electrostatic interaction will apply for both CD-
St and CD-NA after correction of the condensed counterions.
Under these conditions, the absence of any significant
influence of the ionic strength on the stability of the (CD-
St),:DCMOH complex cannot be easily explained in view of
the possible changes of regimes for electrostatic interaction
that can occur when the inverse Debye length drops below the
local molecular curvature. ]

Another way to approach the difference of behavior
consists in comparing K;;(CD-St) with the association con-
stant K(CD-NA) for the same dye substrates. In fact, one has
K(CD-NA) =10 x K;;(CD-St). This means that the driving
force for association is larger for CD-NA. One possible
explanation should be that the molecular stacking is better at
the level of the circular assembly of chromophores in CD-St
than in CD-NA (less repulsive interaction between individual
walls upon counterion condensation and possible better fit to
the steric requirements for CD-St). Under such an assump-
tion, the dye would be probably less deeply incorporated in
the CD cavity in CD-St thus leading to a smaller 1:1
association constant K;;. Indeed the K;,(CD-St) value also
supports this explanation in relation with a previous work
where the dimerization constant K, of neutral cyclodextrins
in water was obtained from extrapolation of the association
constants for a series of oppositely charged cyclodextrin
derivatives.’) One has typically K;,(CD-St)/K;,(CD-St) ~a
few 10° whereas Kg,~1.5 x 10%. Both processes involving
cyclodextrin dimerization, the relation K;,(CD-St)/K;;(CD-
St) > K4, may point out the larger exposure of the hydro-
phobic dye within the CD-St cavity in the 1:1 complex.

Conclusion

In the present work, we have shown that CD-St can form
complexes with DCMOH and Ox725 dyes and that the
stoichiometries of these complexes are 1:1 and 2:1 (CD:dye).
The respective association constants were found to be similar
for both dyes. The absence of significant effect of the ionic
strength and competition experiments led us to suggest that
the cyclodextrin secondary rims are facing in the 2:1 complex.
The fluorescence polarization data are consistent with a
model of prolate ellipsoid. Comparison was made with CD-
NA in which the seven naphthalene chromophores—also
linked to the primary rim—bear only one carboxylic group
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each. CD-NA forms only 1:1 complexes with the same dyes.
The difference with CD-St can be explained by the more
pronounced polyelectrolyte character of CD-St in which the
chromophores are likely to be more closely packed as a result
of the collapse of a significant part of the counterions. The
consequent decrease of the apparent charge to be considered
in the electrostatic interaction can explain the absence of
noticeable effect of ionic strength. Moreover, it is expected
from this model that the dye is less deeply inserted in the CD
cavity, which is consistent with the observation of a smaller
K, association constant for CD-St than for CD-NA.

In contrast to CD-NA, no excimer emission from CD-St
was detected, as expected from the design principles. There-
fore, the absence of excimers as energy traps is a distinct
advantage for the study of the antenna effect. These 2:1
supramolecular complexes are indeed outstanding artificial
antennae with 14 chromophores surrounding an energy
acceptor. The antenna effect in these complexes, and in
particular the dynamics of energy transfer, will the subject of a
forthcoming paper.

Experimental Section

Synthesis: General procedures: Microanalyses were performed by the
Service Central d’Analyse du CNRS (Vernaison) or by the Service de
Microanalyses de I'Université Pierre et Marie Curie (Paris). Melting points
were determined on a Kofler Heizbank. 'H and C NMR spectra were
recorded in CDCl; at room temperature on a AM200 SY Bruker
spectrometer operating at 200.13 MHz for 'H and 50.3 MHz for BC;
chemical shifts are reported in ppm with protonated solvent as internal
reference (*H: CHCl; in CDCl; 6 =7.26, CHD,COCD; in CD;COCD; 6 =
2.04, CHD,OD in CD;OD 6=3.30, CHDCl, in CD,Cl, 6 =5.32; BC:
BCDCl; in CDCl; 6=76.9, “CD;COCD; in CD;COCD; 6=298,
BCD;OD in CD;OD 6=49.0, *CD,Cl, in CD,Cl, 6 =53.8); coupling
constants J are given in Hz; homodecoupling and 2D carbon-proton
correlations were used when necessary, to assign 'H and *C NMR spectra
(CD has been numbered from 1 to 6 and the steroid backbone from 1’ to 18’
in the usual way). Ciy and Cy stand for quaternary or hydrogen-bearing
carbon atoms belonging to aromatic rings, respectively. Mass spectra (FAB
positive) were performed by the Service de Spectrometrie de Masse du
CNRS (Vernaison) and by Dr. Laprevote (ICSN CNRS, Gif sur Yvette).
Column chromatography was performed on Merck silica gel 60 (0.040-
0.063 mm). Analytical or preparative thin-layer chromatography (TLC)
was conducted on Merck silica gel 60 F,s, glass precoated plates. Visual-
ization was accomplished with ultraviolet light, iodine, or sulfuric acid (5 %
in H,0). Anhydrous solvents were purchased from SDS, France and used
without further purification. S-Cyclodextrin from Orsan, France was
dehydrated before use. Other commercially available reagents were used
as obtained.

d-Isoequilenin methylether (2):® Estron methylether 1 (5.00 g, 18 mmol)
and 5% palladium on charcoal were thoroughly mixed in a 50 mL two-
necked flask fitted with a mechanical stirrer and an argon inlet tube. The
flask was heated in a metal bath at 250—-260°C under constant flushing of
argon while stirring from time to time. After cooling to room temperature,
the mixture was thoroughly extracted with CH,Cl, and filtered. The solvent
was evaporated and the crude residue (4.60 g) was recrystallized from
methanol to give 2 as a white powder (3.55 g, 70 % ): m.p. 118 -120°C (lit.
119-120°CB#¥l); TLC (CH,Cl,): R;=0.5;'H NMR (CDCl;): 6 =7.88 (d, J =
9.1Hz,1H,4'),762(d,/J=84Hz,1H,7 or8'),7.28 (d,/=8.4Hz,1H, 7 or
8'),720 (m,2H), 3.93 (s, 3H, OCH,), 3.1 (m, 3H), 2.4 (m, 3H), 1.9 (m, 2H),
1.7 (m, 1H), 1.16 (s, 3H, 18); *C NMR (CDCl;): 6 =204.0 (17'), 157.1 (2'),
133.3 (Cyy), 132.45 (Cyy), 129.8 (Cyy), 127.8 (Cy), 127.3 (Cyy), 125.5 (Cy),
124.5 (Cy), 118.1 (Cy), 106.8 (Cyy), 55.2 (OCHs;), 47.5 (14'), 46.75 (13'), 36.8,
28.9,26.4, 21.8, 19.9 (18").
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Bis-dehydro-isomarrianolic acid methylether (3): A solution of I, (9.00 g,
35 mmol) in MeOH (120 mL) and a solution of KOH (16.74 g, 298 mmol)
in water (30 mL) and MeOH (90 mL) were simultaneously added over
90 min to a well-stirred suspension of 2 (3.72 g, 13.3 mmol) in MeOH
(370 mL). During addition, iodine was always present in excess. After
partial evaporation of the solvent, a solution of KOH (6.00 g, 107 mmol) in
water (40 mL) and MeOH (20 mL) was added and the mixture was
refluxed for 1 h. After addition of activated charcoal and reflux for a few
minutes, the suspension was filtered and cooled. The aqueous solution was
extracted with ether and then acidified with concentrated hydrochloric
acid. The acidic solution was extracted with ether. The organic phase was
washed with water and dried over anhydrous sodium sulfate. Ether was
then evaporated until deposition of the first crystals. After cooling, a pale-
yellow precipitate of 3 was collected on a Biichner funnel (2.40 g, 55%):
m.p.245°C (after recrystallization from ethyl acetate); 'H NMR
(CD;COCD;): 0=10.75 (brs, 2H), 794 (d, J=9.2Hz, 1H, 4'), 7.58 (d,
J=85Hz,1H,7 or8'),735(d,/=8.5Hz,1H,7 or §), 724 (d,/ =2.6 Hz,
1H, 1'), 717 (dd, J=2.6, 9.2 Hz, 1 H, 3'), 3.90 (s, 3H, OCH3), 3.58 (dd, /=
3.5,85Hz,1H,14'),3.29 (ddd,J=1.7,70,18.0 Hz, 1H, 11'a), 3.01 (ddd, J =
79,10.4, 18.0 Hz, 1H, 11'b), 2.61 (dd, /=3.5, 15.8 Hz, 1 H, 15a), 2.38 (dd,
J=8.5,15.8 Hz, 1H, 15'b), 2.20 (m, 2H, 12), 1.21 (s, 3H, 18'); ¥C NMR
(CD;COCD;): 0=178.2 (16’ or 17'), 173.6 (16’ or 17'), 158.0 (2), 135.05
(Cry), 13455 (Cy), 129.8 (Cyy), 129.55 (Cy), 128.55 (Cyy), 126.2 (Cy),
125.5 (Cy), 118.95 (Cy), 107.7 (Cy), 55.6 (OCH,), 45.15 (14'), 43.9, 41.2,
26.4,23.1,22.55; anal. calced for C,yH,,O5: C 69.44, H 6.09; found: C 69.37, H
6.17.

Bis-dehydro-isomarrianolic acid (4): Boron tribromide (4 mL, 42 mmol)
was slowly added with a syringe at —78°C to a suspension of 3 (4.00 g,
12.8 mmol) in anhydrous CH,Cl, (200 mL). The mixture was allowed to
warm and was stirred for 2h at room temperature. After addition of
crushed ice, the biphasic mixture was made alkaline by addition of 1m
NaOHPY and the aqueous phase was separated. The fine precipitate
remaining suspended in CH,Cl, was extracted several times with 1M
NaOH. The different alkaline fractions were collected and acidified with
concentrated hydrochloric acid. After filtration, the precipitate was washed
with water to yield 4 as a yellowish powder (3.65 g, 95 % ): m.p. 226 -228°C
(after recrystallization from benzene); 'H NMR (CD;0D): 6 =7.84 (d, /=
8.8Hz,1H,4),741(d,/J=8.6Hz,1H,7 or&),721 (d,J=8.6 Hz, 1H, 7' or
8,707 (dd,J=2.6,88 Hz,1H,3'),7.04 (d,/=2.6 Hz,1H, 1"),3.52 (dd, J =
2.8,84 Hz,1H,14'),3.27 (dd,J=5.7,10.9 Hz, 1H, 11'a), 3.00 (m, 1 H, 11'b),
2.58(dd,J=3.7,15.4 Hz, 1H, 15'a), 2.35 (dd, / =8.5,15.4 Hz, 1H, 15'b), 2.1
(m, 2H, 12'), 1.21 (s, 3H, 18'); *C NMR (CD;0D): 4 =180.65 (16 or 17'),
176.2 (16’ or 17), 155.85 (2'), 135.55 (Cyy), 133.8 (Cyy), 129.5 (Cy), 129.3
(Cry), 128.2 (Cyy), 126.1 (Cyy), 125.6 (Cy), 118.9 (Cy), 110.8 (Cy), 45.6 (14'),
44.4, 42.0, 26.55, 23.35, 22.6; anal. calcd for C;gH3Os%5CcHy: C 67.40,
H 5.66; found: C 6748, H 5.73; anal. caled for C;sH,305 (the sample was
dried under vacuum at 160°C for 48 h): C 68.79, H 5.73; found: C 68.64,
H 5.86.

Bis-dehydro-isomarrianolic acid dimethylester (5): A solution of diazo-
methane (5 mL) in diethyl ether was slowly added to a suspension of 4
(1.00 g, 3.2 mmol) in ether (5 mL) at 0°C. After the solution was stirred for
10 min at 0°C, the solvent was evaporated. The residue was dissolved in
MeOH and treated with activated charcoal Norit A. After filtration and
evaporation of the solvent, the resulting oil was purified by chromatog-
raphy (silica gel hexane/ethyl acetate 2:1) to yield 5 as a glassy solid (1.00 g,
92 % ). This solid is easier to handle after dissolution in a minimum of ether
and evaporation under high a vacuum. This compound is fairly unstable
and has to be chromatographed before use: TLC (cyclohexane/ethyl
acetate 7:3): R;=0.4;'HNMR (CDCl;): 6 =7.80 (d,/=9.8 Hz, 1H, 4'), 7.44
(d,/=8.6Hz,1H,7 or&),717 (d,/J=8.6 Hz, 1H, 7 or 8),7.12 (dd,/ =2.4,
78 Hz,1H,3'),7.11 (s, 1H,1'),6.77 (s, 1H, OH), 3.76 (s, 3H, OCHS,), 3.67 (s,
3H, OCH,), 3.61 (dd, J=5, 6 Hz, 1H, 14'), 3.28 (dd, /=6, 17.5 Hz, 1H,
11'a), 2.97 (ddd, /=38, 10.5, 18 Hz, 1H, 11'b), 2.57 (dd, /=5, 15 Hz, 1H,
15'a), 2.46 (dd, J=75, 17.5 Hz, 1H, 15'b), 2.31-2.03 (m, 2H, 12'), 1.24 (s,
3H, 18'); ®C NMR (CDCL): 6 =1775 (16’ or 17'), 173.1 (16’ or 17'), 153.4
(2"),133.8 (Cry), 132.4 (Cyy), 128.7 (Cy), 128.4 (Cy), 127.1 (Cyy), 125.2 (Cy),
124.7 (Cy), 1176 (Cy), 110.2 (Cy), 51.8 (OCH,), 51.6 (OCH,), 44.5 (14'),
43.3, 40.8, 25.05, 22.1, 21.7; anal. caled for C,H,,05-0.4H,0: C 68.75, H
6.57; found: C 69.07, H 6.82.

2428 2€ 2D DE 2F 2G 34 3B 3€ 3D 3E 3F 3G-Tetradeca-O-acetyl-f-cyclodextrin-6-
4,686,676 ,65,6°-hepta-O-bis-dehydro-isomarrianolate  dimethylester (6):
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A suspension of 5 (250 mg, 0.73 mmol) and 80 % NaH (21 mg, 0.73 mmol)
in dry DMF (5 mL) is stirred under argon for 50 min at room temperature.
Per-2,3-0O-acetyl-6-iodo-S-cyclodextrin (100 mg, 0.041 mmol) is then added
and the mixture is further stirred for 100 min at room temperature. After
addition of water, the aqueous phase is extracted with ethyl acetate. The
organic phase is extensively washed with water and dried over sodium
sulfate. After solvent evaporation, the crude residue (340 mg) is purified
(first column: silica gel hexane/ethyl acetate 2:1; second column: silica gel
chloroform/methanol 97.5:2.5). The appropriate fractions (140 mg) are
purified by TLC (1 mm silica gel plates; chloroform/hexane/1-butanol
50:70:15). After trituration in methanol, 6 was obtained as a white powder
(40 mg, 25%): TLC (hexane/ethyl acetate/butanol 5:5:1.5): R;=0.6; FAB-
MS caled [M +H]* 3995.0, found 3994.7; 'H NMR (CD,CL,): 6 =762 (d,
J=9.2Hz,1H,4'),7.10 (dd,J=2.2,9.2 Hz, 1H, 3'), 703 (d,/=8.8 Hz, 1H,
7 or8),701(d,/J=88Hz, 1H, 7 or §), 6.79 (d, /=22 Hz, 1H, 1'), 5.52
(dd, J=8.5,9.7Hz, 1H, 3), 513 (d, J=3.6 Hz, 1H, 1), 4.82 (dd, /=3.6,
9.7Hz, 1H, 2),4.39 (m, 2H, 5, 6a), 4.08 (m, 2H, 4, 6b), 3.67 (s, 3H, OCHj),
3.63 (s, 3H, OCHa), 3.5 (m, 1H, 14'), 2.9 (m, 1H, 11'a), 2.6 (m, 1H, 11'b),
2.44 (dd, J=5, 16 Hz, 1H, 15'a), 2.34 (dd, /=7, 16 Hz, 1H, 15'b), 2.0-1.7
(m, 2H, 12'), 2.15 (s, 3H, COCHs), 2.10 (s, 3H, COCH,), 1.03 (s, 3H, 18');
BCNMR (CD,CL,): 6 =1773 (17),172.9 (16'), 170.9 (CO-3), 170.1 (CO-2),
156.1 (2'), 134.3 (6), 133.9 (9'), 129.5 (7'), 129.5 (5"), 128.0 (10"), 126.1 (8'),
125.6 (4),117.6 (3'),108.9 (1), 97.4 (1), 76.8 (4), 71.6 (3), 71.2 (2, 5), 67.5 (6),
52.0 (17-OCHj;), 51.9 (16'-OCH;), 44.8 (13'),43.7 (14'), 41.2 (15'), 25.6 (11'),
22.6 (12'),22.1 (18'), 21.2 (3-CH3), 21.1 (2-CHj).

B-Cyclodextrin-64,65,6€,6" ,6%,65,6°-hepta-O-bis-dehydro-isomarrianolic
acid (7): A biphasic mixture of 6 (25 mg, 0.0063 mmol) in THF (0.5 mL)
and tetramethylammonium hydroxide (319 mg, 1.76 mmol) in water
(0.5mL) was vigorously stirred for 3 h 30 min at 65°C. After cooling,
water (1 mL) was added and the mixture was extracted with ethyl acetate.
The aqueous phase was acidified with AcOH. The resulting suspension was
centrifugated and the precipitate was extensively washed with water. After
drying under vacuum, 7 was obtained as a white powder (21 mg,
quantitative): FAB-MS caled [M+Li]* 3216, found 3218; 'H NMR
([Ds]DMSO + €TFA (trifluoroacetic acid)): 6 =7.10 (d, /=9.0 Hz, 1H),
6.95 (m,3H), 6.53 (d,/=8.5Hz,1H),4.93 (s, 1H, 1),4.35 (m,2H), 4.15 (m,
1H), 3.8 (m, 1H), 3.6-3.2 (m, 3H), 3.1-2.6 (m, 2H), 2.6-2.3 (m, 1H),
2.3-1.8 (m, 3H), 1.05 (s, 3H, 18).

Dyes:  4-(Dicyanomethylene)-2-methyl-6-(p-(bis(hydroxyethyl)amino)-
styryl)-4H-pyran (DCMOH) was synthesized by Dr. J. Bourson according
to the general procedure described in reference [40]. 3,7-Bis(diethylami-
no)phenoxazin-5-ium perchlorate (Ox725) was purchased from Exciton
Chemical Co. and was used without further purification.

Solvent: The Britton—Robinson buffer at pH 10 (ionic strength of 0.1m)
was prepared according to reference [14].

Spectroscopic measurements: All experiments were performed at 298 K.
The UV/Vis absorption spectra were recorded on a Kontron Uvikon-940
spectrophotometer. Corrected fluorescence spectra were obtained with a
SLM 8000 C spectrofluorometer. This apparatus was used to measure
steady-state fluorescence anisotropies defined as r= (I, —1,)/(I;+21,),
(where 1) and I, are the fluorescence intensities observed with vertically
polarized excitation light and vertically and horizontally polarized emis-
sions, respectively).

The overall fluorescence quantum yield of CD-St was measured with
5-hydroxyquinoline in DMSO as a reference (@ = 0.19)1! and found to be
0.834+0.07 (the refractive index of the pH 10 buffer containing 5% of
ethanol is 1.336). The fluorescence quantum yield of DCMOH in the buffer
at pH 10 was determined by comparison with its known fluorescence
quantum yield in DMSO (0.50)?1 and was found to be 0.073. In the
presence of 7.6-fold excess of CD-St, the fluorescence enhancement is 9.9.
The fluorescence quantum yield of Ox725 in the same buffer was
determined by comparison with the fluorescence quantum yield of
Rhodamine 101 (Exciton) in ethanol (@ =1)*! and found to be 0.052.

Time-resolved fluorescence experiments were carried out in the frequency
domain. We used our multifrequency (0.1-200 MHz) phase-modulation
fluorometer described elsewhere.*! The samples were excited at 442 nm
with an Omnichrome He/Cd laser. The number of frequencies used was
typically 20 for double exponential decays. Phase-modulation data were
analyzed by a nonlinear least-squares method with Globals software
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(Globals Unlimited, University of Illinois at Urbana-Champaign, Labo-
ratory for Fluorescence Dynamics).

The Forster critical radius R, was calculated using the following equation:
R, = 02108 [K2Ppn~ [In(A)ex(x)A*dA]"0 (10)
0

with R, in A, where 2 is the orientational factor, @y, is the quantum yield of
fluorescence emission of the donor, # is the average refractive index of the
medium in the wavelength range where spectral overlap is significant, /(1)
is the normalized fluorescence spectrum of the donor, £,(4) is the molar
absorption coefficient of the acceptor [dm’mol~'ecm™'] and A is the
wavelength in nanometers. As already done,l! the orientation factor was
assumed to be equal to the dynamic average, that is %. The refractive index
was chosen to be that of tetrahydrofuran (1.407) since this solvent mimicks
the interior of the CD cavity. Under these conditions, the value of R,
calculated by Equation (10) is (34 +1.5) A in the case of DCMOH and
(25+1.5) A for Ox725. The standard deviation takes into account the
uncertainty on the fluorescence quantum yield and on the refractive index
(if n=1.3 or 1.5 instead of 1.4, R, is decreased or increased by 1 A).

All numerical simulations have been made by using the Mathematica
software.
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