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Abstract

The chiral discrimination of enantiomeric camphanate esters of 2,3-diazabicyclo[2.2.2]oct-2-ene by heptaki€{2\étald)3-
cyclodextrin was studied by means of induced circular dichroism, UV spectrophotometry, and fluorescence spectroscopy. The first two
spectroscopic techniques were employed to study the thermodynamics, while the kinetics of complexation was determined by using stead)
state fluorescence quenching experiments. The formation of 1:1 and 2:1 inclusion complexes was monitored through opposite induced circul:
dichroism effects and an increase of the near-UV extinction coefficient of the azo chromophore, from which the binding ckhstangs (
determined by means of titrations. The binding constants for 1:1 complexation (ca. 15p@&te more than 1 order of magnitude larger
than those for 2:1 complexation (ca. 40W. An insignificant chiral discrimination was found for the thermodynamics of 1:1 complexation,
but a significant effect on the association kinetics, which was ca. 20% faster for ffen@ntiomer. The association rate constants for the
formation of the 2:1 complex were found to be too small <10’ s™1) to allow determination by the fluorescence quenching method.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction data in the solid statfl1], while induced circular dichro-
ism, which has been frequently employed for structural
Cyclodextrins (CDs) are water-soluble, naturally oc- assignments of CD complexes in solutid2—14] has been
curring container-type host molecules, which are able to less frequently employed to study structural differences in
include a variety of guest molecul¢s]. Their host—-guest  diastereomeric CD complexes. Thermodynamic data are
complexation behavior has been studied in great detail more readily accessible, including binding constants for
[2,3], which has assisted the development of applications diastereomeric complex¢3]. Temperature-dependent mea-
in biomimetics [4], photochemistry[5], drug discovery surements or, preferably, isothermal titration calorimetry,
[6], catalysis[7], and analytical techniqug8]. Owing to have afforded insights into enthalpic versus entropic factors,
their natural occurrence as a single enantiomeric form, their which has been used to track the origin of the enantioselectiv-
complexation with racemic guests leads to the formation ity for the complexation of chiral guests with C[is5]. Note
of diastereomeric complexes displaying different physical that different binding constants of enantiomers enable the use
properties. For example, the complexes display different of CDs as chiral selectors in chromatography-based separa-
chemical shifts, which has enabled the use of CDs as chiraltion technique§8]. In contrast to thermodynamic differences
shift reagents in NMR spectroscof$;,10]. of diastereomeric host—guest complexes, differences in the
Structural differences between diastereomeric CD com- complexation kinetics (rate constants for association and dis-
plexes have been analyzed in detail from crystallographic sociation) have been rarely considered, although they could
be equally important in applications relying on reversible,
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ysis, transport phenomena, and in regulated drug deliverymolecules to investigate chiral discrimination by UV ab-
[16-19] sorption, induced circular dichroism, and fluorescence spec-
One intrinsic problem related to studying the kinetics troscopy in the search for overarching relationships between
of CD complexation (association and dissociation rate con- structural, thermodynamic, and kinetic aspects of the molecu-
stants) is related to the fast nanosecond time scale on whicHar recognition process. While the DBO chromophore served
these elementary processes ocf20,21] The fast time- mainly as photophysical probe, the camphanate moiety was
resolved techniques, which have been employed so far toselected as chiral auxiliary, since camphor and its derivatives
investigate the kinetics of CD complexation in the nanosec- have been shown to be responsive to chiral discrimination by
ond time domain are temperature-juffg2], ultrasonic re- CDs[15,41] In the present study, chiral discrimination of the
laxation [23], direct experiments based on time-resolved kinetics of CD complex formation was of particular interest,
triplet quenching24—26]or time-resolved as well as steady- since a previous approach toward this goal was not success-
state fluorescence quenchifg7,18], and indirect exter-  ful [16]. Amongst the various CDs with different siz¢s,
nal quencher experimeni6,19,27] Alternatively, indirect CD was selected, which shows the highest binding constant
technigues are based on NMR coalescence or spin exchangwith the DBO probd17]. Preliminary experiments were per-
spectroscopy (slow kinetic§)8,29], or on EPR coalescence formed with naturap-CD as host, but this complexation was
(faster kinetics)[30,31] Stopped-flow methods have also complicated by precipitation of the 2:1 complex, which is
been applied in some cag@2-34] described separate]$8]; the synthesis of the chiral esters
Nowadays, there is an agreement that the associationhas also been documented in this context. Herein, instead of
rate constants of uncharged polar as well as nonpolar guesthe naturaB-CD, the derivative heptakis-(2,6-@-methyl)-
molecules are on the order of 8P M~1s71, typically B-cyclodextrin (DMeg-CD) was employed, in which the 2-
about a factor of 10 below the diffusion-controlled rate, if the OH and 6-OH groups are methylated, see structure below.
guest molecules are sufficiently small to form tight inclusion DMe-B-CD is also better water-soluble th@CD, which
complexes with the selected m6-19,23-27,31]Slower suppressed precipitation of its complexes viitmd allowed

rates may apply if the selected CD is small (mostlyfe€D) additionally the use of higher host concentrations, e.g., to
and the selected guest is too lafg@,32,33] or if higher or- more reliably determine higher-order equilibria.
der (2:1 and 2:2) complexes are form@d]. Substantially
slower rate constants have been reported in the literature, and ijg éE\N
in some casesitis not clear whether the slow rate constants are N N
real, e.g., due to the presence of chaf@€s29,32] whether f“z HZIC
they are related to the model-dependent indirect data anal- 0 0
ysis[30], or whether they report on a secondary relocation 041'».‘ ,J%O
reaction involving pre-equilibria rather than on the elemen- Q 0
tary process of primary associatif82,33]. The dissociation o) 0
rate constants show naturally a larger variafit$,19], since 1R-(+)-1 18-(2)1
they depend inversely on the binding affinity of the guests,
which shows five orders of magnitude variation among dif-
ferent guests=1M~1toK=10°M1) [2,35]. HO OMe Ho OMme

We have recently introduced the azoalkane 2,3- Ho M, 0 M,
diazabicyclo[2.2.2]oct-2-ene (DBO) as a hew versatile probe m OI\(/I)d\/leO o g
for assessing supramolecular complexation phenoifiéia MeO, ( MeO OH eHO Yy o=
In addition to its high water solubility and non-aromaticity, OMe MO0
which differenciates it from traditional photophysical probes oN\° o
[21,36] DBO is accessible by near-UV absorption and ome OMel\?eO
induced circular dichroism as well as fluorescence spec- DMe-pCD

troscopy[13,17,18,37,38] While the first two techniques,
along with*H NMR, allow reliable assessments of the ther-
modynamics of complexation, its exceedingly long-lived flu-
orescence (505 nsin aeratesld) [18] has been used to probe
the kinetics of complexation with CDs by time-resolved as 2.1. Materials
well as steady-state fluorescence quenciiingl8] In ad-
dition, the induced circular dichroism effects have been em- DMe-B3-CD (> 98%) was purchased from Fluka and used
ployed to determine the co-conformations of the host—guestwithout further purification. The estetavere prepared from
complexes in solutiof3,37,39] i.e., the relative coforma-  the hydroxymethyl derivative of DBO and the camphanic acid
tion of the host to the guest inside the CD cay#9]. chlorides in enantiopure form as previously descrifB8].

In this work, we choose the (+}4)-camphanate esters of All measurements were performed in aerate®OGlaser
2,3-diazabicyclo[2.2.2]oct-2-end)(as enantiomeric guest AG, Basel, Switzerland, >99%).

2. Experimental details
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2.2. Spectroscopic measurements

Circular dichroism spectra were recorded with a Jasco
J-810 circular dichrograph (0.1 nm resolution, 5 accumula-

tions) with reference to a #ID solution containing the same

host concentration, but without added guest. UV spectra were
obtained with a Varian Cary 4000 spectrophotometer (0.1 nm <
resolution). Corrected steady-state fluorescence spectra were
measured with a Varian Cary Eclipse fluorometer. Steady-

state fluorescence quenching experiments with [BVieb

were performed with excitation at 367 nm, near the isosbestic

point between free DBO and its 1:1 complexes. All titration

experiments were performed in conventional 4-ml Hellma
fluorescence quartz cells (light path 10 mm) by using 2.5 ml
of a solution containing 0.5-2 mM guest and successively

adding solid host (0.1-50 mM).

3. Results and discussion
3.1. UV absorption measurements

The effect of the addition of DM@-CD on the UV ab-
sorption spectra of was studied in the wavelength range
between 300 and 400 nm by keeping the concentratidn of
constant at 2mM and varying the concentration of Dpie-
CD from 0.2 to 50 mM. As a typical example of the observed
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Fig. 1. Absorption spectra of)-1 (2 mM) in D,O at various concentra-
tions of DMef-CD. The inset shows the UV absorption titration plots at
Amax=377 nm according to Eqla)

sorption maximum of the azo chromopho#g,fx= 366 nm,

¢ =57 M~1cm~1) undergoes a batho- and hyperchromic shift

(Amax=377nm,e=77M1cm~! at 50mM DMeg-CD).

The well-defined isosbestic points at about 367 nm (at low
host concentration) and 373 nm (at high host concentration)
are indicative of a three-state equilibrium with sequential

complexation and significant differences in the binding con-

stants. This can be assigned to the initial formation of a 1:1

spectral change with the addition of host, the UV spectra complex at low concentration followed by the formation of

of the (~)-enantiomer at various DMB-CD concentrations
are shown irFig. 1 In the presence of DM@-CD, the ab-
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Scheme 1.
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tion (K2) must therefore be substantially smaller than for 1:1
complexationK1); otherwise, the isosbestic points would be
less well-defined or absent. Very similar behavior with minor
spectral differences was found for the (+)-enantiomer.

In Scheme 1lwe assume that the camphanate moiety of
1is preferentially included in the 1:1 complex, and that the

second host molecule subsequently caps the DBO part. This
sequence appears reasonable on the basis of the binding cons

stants, which were found to be larger for the respective model
compounds (ca. 1200 M for (+)/(—)-ethyl camphanate and
320 M1 for acetylated 1-hydroxymethyl-DB@38], and is

also supported by the spectroscopic data, which suggest a

greatly altered microenvironment for the DBO chromophore
inthe 1:2 versus the 1:1 complex, e.g., alarger bathochromic
shift.

The absorption-spectral response of the DBO chro-
mophore to the environment is well underst¢éd,43] Ac-
cordingly, the bathochromic shift upon addition of DNge-
CD, which is accompanied by an enhanced oscillator strength
(increase by 15%) can be related to an increased polarizabil-
ity (P), which the DBO chromophore experiences inside the
2:1inclusion complef42]. A value ofP=0.235+ 0.005 can
be extrapolated to conditions of quantitative complexation,
which is somewhat larger than the polarizability found in-
side 1:1 complexesdP(=0.204)[43], in line with the better
protection from the aqueous bulk.

3.2. Circular dichroism and induced circular dichroism
measurements

The circular dichroism spectra of both enantiomers in the
absence of DM&-CD (Fig. 2 display a virtually perfect
mirror—image relationship, which confirms the purity of the

newly synthesized samples in general, and their enantiomeric

purity in particular. There are two circular dichroism bands
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Fig. 3. Circular dichroism spectra (a) of (¥)and (b) of £)-1 (2mM) in
D,0 at various concentrations of DM®CD. The insets show the corre-
sponding induced circular dichroism.

centered at 226 nm and a weaker one at 370 nm. The former ischromophorg13,39] Note that the azo transition responds

related to the ng* Cotton effect of the carboxyl group, while
the latter is characteristic for the m* transition of the azo

300 350

A/ nm

400

Fig. 2. Circular dichroism spectra @f(2 mM) in D,O.

quite strongly with respect to its chiro-optic properties to the
remotely tethered chiral auxiliary.

Fig. 3shows the circular dichroism spectralddt varying
DMe-B-CD concentrations. The concentrationlofas kept
constant at 2mM, and the circular dichroism spectra were
measured at increasing DMECD concentrations from 0.2
to 50 mM. The addition of host causes highly significant and
impressive effects on the circular dichroism spectra, such that
we rate the information afforded by these titrations as partic-
ularly reliable. The most remarkable change in the presence
of DMe-B-CD is the intensity and sign of the band peaked
out at 370 nm. In the case of (4)-the addition of increasing
amounts of DMeB-CD causes first a decrease in intensity of
this band and then a more pronounced increase with a red
shift resulting in a maximum around 374 nm.

The effect can be corrected by subtracting the intrinsic
circular dichroism effect of uncomplexed (1)-This affords
the induced circular dichroism caused by complexation
(inset inFig. 3a), which reveals an down-and-up spectral
feature, where the negative effect at low concentrations
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can again be assigned to the circular dichroism induced

in the 1:1 complex, and the positive effect to that induced

in the 2:1 complex $cheme 1lower reaction sequence). .

The bathochromic shift of the band in the 2:1 complex is i . o

independently supported by the UV-spectral behavior (see B

above). The induced circular dichroism behavior of the

(—)-enantiomer is qualitatively opposité&i§. ), i.e., a

positive effect is observed at low concentrations, followed by

a negative effect. The spectral features in the presence of host

are, however, not perfectly symmetrical to each other, since |

the resulting host—guest complexes are diastereomeric in e

nature and have slightly different structures and chiro-optic e

properties (in addition to opposite signs). 8
As predicted by the rules of Harata and Kod#ka,44], m 50 % o %

the signs of the induced circular dichroism effects are princi- (CD] /mM

pally suitable to provide information on the co-conformation

of CD complexes with chromophoric guest, which has re- Fig. 4. Induced circular dichroism intensity titration plogax:= 370 nm)

cently been confirmed for azoalkanes as gy&§4.8,37,39] according to Eq(1b); data fromFig. 3

Unfortunately, these rules have been formulated for achiral

uest molecules, which lack an intrinsic circular dichroism, ;
g the problem have also been descrip#d 48] In the present

and they cannot be transferred in a straightforward manner K h dth bi f dule impl ted
to the inclusion complexes with chiral guests. The opposite work, we have used the cubic-equation module implemente

induced circular dichroism for the two enantiomers is there- " th(_a Frotgram IItDrolFltég]t t'(l) ?Etam rei)rolduhuble an_d ?r?lf-uv
fore unlikely to be related to orthogonal co-conformations (as consistent resufts. n detail, Ine spectral changes in the
would be required by the above rules). However, Kodaka'’s absorbgnce (Ed1a) inset OfF'.g' 1) or the ellipticity (Eq.
rule predicts an inversion of the sign of the induced circular (b, Fig. 4 were plotted against the DMg-CD concen-

dichroism when the chromophore is positioned in the samefrago?r; [CDD. tt(; a{fotrdl the blntdlr;_g corfli:]ants ifable 1
relative orientation (with respect to the CD axis) inside or h both cases, the total concentration of the guég, was

outside the CD cavity. Itis therefore reasonable to expect dif- held constant at 2mM, {:md the t|trat|ons were performgd at
the wavelengths of maximum change, i.e., 370 nm for circu-

ferent signs when the azo chromophore is positioned outside” ™ " . o
the CD cavity (1:1 complex) or inside the CD (2:1 complex), lar d|chr0|sm_, and 377 nm for UV absorption; the path length
(I was 1 cm in all experiments.

such thatthe inversion of the induced circular dichroism upon
populating the 2:1 complex (insets Big. 3) can be nicely A*
rationalized for both enantiomerS¢heme 2 T

AB70 /mdeg
=

cific exampleg45,46], and a few general programs to solve

= e1[1] + ecp1[CD - 1] + ecp,.1[CD2 - 1], (1a)

3.3. Binding constants *

= Ae1[1] + Aecpa[CD - 1] + Aecp,.1[CD2 - 1],

32982
The complexation-induced circular dichroism and UV- (1b)
spectral changes can be used to determine the binding con- it
stantsK; andKj for 1:1 and 2:1 complexation, respectively. [1o

Fitting of the titration data to the sequential complexation [1] =
model requires a numerical solution (an analytical solution
is not available). Several programs have been applied for spe- cpy . 17 — K1[1]o[CD]
1+ K1[CD] + K1K[CD]?’

K1K2[1]o[CD]?

and [CDy-1] = 1K>[1]o[CD] i
1+ K41[CD] + K1K>[CD]

[CD], the concentration of free DMB-CD, can be derived
from the cubic equation:

K1K2[CD]® + K1(2K2[1]o — K2[CD]o + 1)[CDJ?
+ (K1[1]o — K1[CD]o + 1)[CD] — [CD]p = 0 (2)

1+ K1[CD] + K1K[CD]?’

inversion of induced
circular dichroism

CDe1

Both methods afforded a ca. 50 times higher binding con-
Scheme 2. stant for the formation of the 1:1 compleX4) than for the
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Table 1
Thermodynamic, kinetic, and spectroscopic parameters for the complexation of the enantiarite®®Me-3-D in D,O under air

(+)-1 (-)-1

From circular dichroism From UV absorption From circular dichroism From UV absorption

Thermodynamic parameters

Ki (M1 14404+ 180 1790+ 200 1190+ 140 1390+ 260

Ko (M~ 36+ 2 20+ 2 44+ 4 27+ 6

KiKz (M~2) 52000+ 4000 35000+ 8000 52000+ 3000 37000+ 15000
Kinetic parametefs

kass1(10° M~1s71) 1.12+ 0.03 0.87+ 0.02 1.28+ 0.06 1.12+ 0.05

kass2(10'M~1s71) <1 <1

Kaiss1 (10° s71) 8 5 11 8

kaiss2(10° s71) <5 <3

7cp, (NS) 220+ 2 219+ 1 196+ 3 196+ 3

7cp, (NS) 146+ 6 81+ 6 190+ 11 170+ 14
Spectroscopic parameters

Xiso (NM)P 368[372] 367 [373]

ecpp1 M~ tem™1) [Amad® 81[377] 77 [377]

As (M~ Lem1) [Amaxd® 0.21[374] -0.23[374]

a Determined by steady-state fluorescence quenching according (®)By.using the binding constants determined by circular dichroism or UV absorption.
The dissociation rate constants were estimated by using the ground-state equilibrium constants, cf. text.

b Apparent isosbestic points in the UV titration; the second isosbestic point (at higher concentration) is shown in square brackets.

¢ Extinction coefficient [at the UV absorption maximum] of the 2:1 complex, extrapolated to quantitative 2:1 complexation.

d Molar ellipticity [at the maximum wavelength] of the 2:1 complex, extrapolated to quantitative 2:1 complexation.

2:1 complexKy). Although the absolute values of thetwo in- was herein exploited to probe the kinetics of complexation
dependent titration methods vary slightly, both suggest a 20%of 1 with DMe-B3-CD. The conceptual basis for the measure-
higherK1 value for complexation of the (+)-enantiomer. The ment of association rate constants by fluorescence quenching
binding constants for th, value show the opposite trend s that the singlet-excited azoalkane is sufficiently long-lived
(larger value for £)-enantiomer). Unfortunately, the error (a peculiarity of the DBO chromophore) to undergo com-
limits of the fitted binding constants prevent affirmative con- plexation during its excited state lifetinj&7,18]. The fluo-
clusions. The errors ilK; andK» are also correlated, i.e., rescence quenching is therefore more efficient than expected
the choice of a larger value &f; can be compensated by a from the ground-state equilibrium distribution of the com-
smaller value oK> and vice versa, which somewhat limits plexed and uncomplexed forms alone. In other words, the
intuitive interpretations based on these error limits. An alter- fluorescence quenching is partially dynamic, and not only
native parameter, which better reflects error-correlation, is the static, in nature, which provides a spectroscopic handle on
product of both binding constankg Ky, which is also listed  the kinetics. Surprisingly, and in contrast to aromatic fluores-
in Table 1 We consider the binding constants obtained from centprobes, substitution of DBO shows a tendency to prolong
circular dichroism as being more reliable than the UV data the fluorescence lifetimes rather than to shorten tfiEsh
for two reasons. First, the circular dichroism titrations show and this was also the case for the camphanate derivdtjves
a characteristic inflection point with large absolute variation which show a longer lifetime in BD (620 ns aerated, 840 ns
(Fig. 4), which reduces the error in the fitting (in particular for deaerated, this work) than the parent DBO (505 ns aerated,
the K1K> product), and second, the method is insensitive to 730 ns deaerated}7,18]. The conceptual requirement of a
background absorption due to achiral absorbing impurities. long fluorescence lifetime is therefore fulfilled, and in fact
The binding constant&; and K, afforded by the two improved.
technigues suggest an insignificant chiral discrimination for ~ The fluorescence quenching of DBO-type azoalkanes can
the thermodynamics of guest binding. The diastereomeric be followed by time-resolved as well as steady-state fluo-
complexes show, however, distinct spectroscopic properties,rescencg17]. The best kinetic data can be obtained if ac-
e.g., a 5% variance in the extrapolated extinction coefficients curate binding constants are known and if a global fitting
(from Eq.(1a)) and different fluorescence lifetimes (see be- is applied, i.e., a parallel fitting of the time-resolved and
low) of the 2:1 complexesT@able 1), which suggest a slight  steady-state data; this has been possible for DBO derivatives

change of the inclusion co-conformations. showing only 1:1 complexatiofi8]. In the present study,
we refrained from measurements of the CD-concentration-
3.4. Steady-state fluorescence quenching dependenttime-resolved fluorescence decays (which become

much more complex for a 2:1 than for the previously investi-
The DBO chromophore is quenched inside CD cavities, gated 1:1 complexation scheme) and focused on an analysis
presumably by hydrogen atom abstractibn,18,24] which of the steady-state fluorescence behavior. The latter can also
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Excitation leads to the population of the fluorescent

09 600 =" singlet-excited state of the uncomplexgd *) with a lifetime
08l o 70, of the 1:1 complex (CEL*) with a lifetime tcp,, and of
07(% 0 o5 the 2:1 complex (Ck 1*) with a lifetime zcp,. The ratio de-

\ 200 20 pends directly on the ground-state equilibrium concentrations
0618\

[1], [CD-1], and [CD,-1] as obtained from Eq2) with the
LR O known binding constantsT@ble J. In addition, the relative
extinction coefficientg e and erei2 Need to be considered
to correct for differential absorption of the three species in
equilibrium (Scheme llower reaction sequence); the excita-
tion wavelength was conveniently adjusted to match the first
isosbestic point at 367 nm, where freand its 1:1 complex
absorb equally strong for both enantiomesg{ = 1), while
¢ + T = 55 5% erel2 Was extrapolated from the titration fits in Ed.a) and
[CD)/mM afforded a value of 0.83 0.03 for both enantiomers.

Due to the error statistics in photomultiplier-based

Fig. 5. Fluorescence quenching plots = 367 nm)for singlet-excited (+)-  fluorescence measurements, which increases with the

1 and ()-1in D20 in the presence of various concentrations of Df4e- detected fluorescence intensity (estimated as 3% in the
CD and fitting according to Eq3); note the logarithmic ordinate scale.

The dashed lines show the expected static fluorescence quenching behavioFresent eXp?“mentS’ reproducibility) the .f|tt|ng of Ea) .
in the absence of excited-state dynamiks4=0). The inset shows the (O the experimental data was performed in the logarithmic
corresponding corrected fluorescence emission spectra &f(G:%mM) in form (Fig. 5 [17]. The difference in fluorescence intensities
D,0 at various concentrations of DM&CD. of the two enantiomers in the region between 2 and 10 mM
are experimentally significant, thus presenting an example
be more intuitively understood and visualized. The steady- Of chiral recognition through fluorescence quenchigg].
state fluorescence titrations were performed by excitation of The association rate constakssiandkasspwere extracted
the azo group at 367 nm. The concentratiorlafas held by a nonlinear least-squares fitting procedure along with
constant at 0.5 mM and the concentration of DBSD was ~ the fluorescence lifetimes of the complexes, and zcp,
varied between 0.1 and 20 mM. The fluorescence intensity of @S additional fitting parameters. While the values Kgys;
1 decreased gradually upon addition of DMeED, see, for the rate constants for the formation of the 1:1 complex,
example, the change of the emission spectra ofl(ifthe  Were found to be large10° M~* s~*) and showed a chiral
inset ofFig. 5. discrimination (see below), it became immediately evident
The quantitative analysis is based Soheme 1which that the kinetics of formation of the 2:1 complex is too
now includes the excited-state complexation equilibria (top). SIOW to be significant on the time scale of the experiment
In addition, the following assumptions are made: (1) the dis- (€& 1us), such that only a lower limit can be provided
sociation rate constants are sufficiently small to neglectexitof (<10"M s, Table . In other words kass2in Eg. (3)
the probe during its excited-state lifetime in the complexes. can be setto 0 without affecting the other fitting parameters,
(2) Differences in radiative decay rates in water and CDs Which greatly simplifies the function (E¢#)).
are small[17,43] These two assumptions are importantto 7 _ [1] (1 + TCleass:{CD]O> Tcp, €ren[CD - 1]

0.4}

0.3}

derive, for the complexation sequenceSaheme 1the fol- To o \ 1+ tokassiCD]o 10 [1o
lowing analytical expression for the steady-state fluorescence teD, £reizlCD3 - 1]
intensity ratio in the presench @nd absencdd) of different 4 CD fref2l~—2 for kasso< 100M~1s™t  (4)
CD concentrations: o [Lo
I _ 1] 5 7eoy £ren[CD 1] o 7D, £re2CD2 - 1] The finding that the association rate constant for the forma-
In [1]o 70 [1o 70 [1o tion of the higher-order complex falls about 2 orders of mag-
3) nitude below the rate constant for 1:1 complexatikgdi
) Table J) is fully consistent with a recent finding for the rate of
with formation of the 2:13-CD—pyrene complex (<YM ~1s1)
34]. We propose that this kinetic feature (slower kinetics of
1 kass{CD kassqCD [ at thi
+ tepikass{CDo + TCD; ass{CDlo 2:1 complex formation) is a general one. It should also be
R — +1CD; kasskassiCDlg and noted here that the expectation valueskgss: (ca. 16 s71)
1+ 7okass{CD]o + tcp, kass{CDlo andkgiss2 (<5 x 10° s~1), both obtained through the approx-
+rorcolkassi<ass:[CD]§ imate relationshipgK/kass (Table 1), are too small to have a

sizable influence on the kineti¢$8], such that this approx-

_ 1+ 7cpykassdCD]o imation (made to derive E¢3), see above) can be justified,
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Table 1contains also the fluorescence lifetimes of singlet- a higher or at best equally high value for (+) as fer)(
excitedl in its 1:1 complex {cp,) and in its 2:1 complex  cf. Table 1 The second part is that ttstatic fluorescence
(tcp,)- Thercp, values tend to be shorter, which is expected, quenching (not considering dynamic quenching by complex
since the chromophore is fully immersed in the 2:1 com- formation during the excited-state lifetime) would lead to
plex. However, the fluorescence lifetimes of the complexes a larger quenching of the enantiomer which possesses the
are longer than those previously reported for 1:1 complexeshigher binding constant, i.e., (+), since complexation leads
of DBO with naturalp-CD (<100 ns)[18]. Presumably, the  to shorter fluorescence lifetimes. And the third part of the
quenching by DM&g3-CD is somewhat less efficient. Itshould answer is that experimentally, i.e., by including the dynamic
be noted that there is a chiral discrimination for the fluores- fluorescence quenching component,dpgosites observed
cence lifetimes in the 1:1 and 2:1 complexags, was found (more efficient quenching by the-§-enantiomer), and this
to be longer, butcp, shorter for the (+)-enantiomer. Chi- deviation can only be rationalized in terms of a faster inclu-
ral discrimination on the basis of excited-state lifetimes is sion of the )-enantiomer. This conclusion was confirmed

known, e.g., for triplet camphorquinofl]. by monitoring the outcome of the fitting even if the extreme
error limits of the binding constants were explored. For il-

3.5. Kinetics of formation of the 1:1 complexes and lustration, we have included iRig. 5 (dashed lines) the ex-

chiral discrimination pected static quenching behavior by settiags1=0 in Eq.

(4). It is the discrepancy between the dashed and the solid

The quintessential kinetic parameters extracted from the lines for both enantiomers (the different length of the arrows
fluorescence quenching experiments are the association ratin Fig. 5), which determines the significance of the kinetic
constant&assifor the formation of the 1:1 complexes of both  chiral discrimination.
enantiomers of. First of all, it is important to recognize that The comparison of the thermodynamic and kinetic data in
thekassivalues forl are larger than for smaller DBO deriva- Table 1reveals that the enantiomer, which tends to show a
tives, and lie in the upper range {0° M1 s1) of reported stronger binding (+), does not show the faster rate constant
association rate constants with CDs in gen¢t8]19,26] for complexation, but the slower one. There appears to be
Bohne and co-workers have proposed that larger associatiomo direct correlation between the thermodynamics and kinet-
rates are promoted, among others, by a smaller size of theics. Similar observations were made in previous studies of
guest[19], while we have reached the tentative conclusion CD complexation18,50], which points to a peculiarity of
in a previous substituent effect study, that an increasing hy- supramolecular host—guest complexation processes and em-
drophobicity increases the binding strength as well as the phasizes the need for additional case studies to formulate
association ratefl8]. The present result obtained far a generalized trends in this area.
relatively large and more hydrophobic derivative, supports
the latter argument. However, differential desolvation effects
due to the large structural variation must also be keptin mind 4. Conclusions
[19], since it is the camphanate moiety and not the DBO
moiety, which is presumably included firs§¢heme }, and In summary, we have designed the novel bifunctional
therefore determines the kinetics. Finally, one must keep in probe 1 for chiral discrimination by CDs, consisting of a
mind that the presently studied CD is partially methylated, camphanate moiety for chiralinformation and DBO as a spec-
which may enhance the hydrophobicity and association ratetroscopic label. DBO can be probed by UV absorption and
constant for this reason, as has been suggested in a previousircular dichroism to obtain information on the microenviron-
study[26]. ment of the chromophore and to determine the binding con-

Most important, our data reveal a statistically significant stants, while the kinetics of association can be obtained from
chiral discrimination of the kinetics of CD complex forma- steady-state fluorescence quenching technigues. An insignif-
tion, i.e.,k(—) >k(+), regardless of whether the binding con- icant chiral discrimination by DM@-CD for the thermody-
stants have been taken from either the circular dichroism or namics of 1:1 complex formation was observed, favoring the
UV absorption titrations. While the discrimination is small (+)-enantiomer, but a significant one for the kinetics of 1:1
(ca. 20%), one must keep in mind that previous attempts to complex formation, now in favor of the{)-enantiomer. The
manifest such a kinetic discrimination by photophysical mea- thermodynamic and kinetic analysis of this host—guest system
surements have not been successful on account of larger errowas complicated by the sequential formation of 1:1 and 2:1
limits [16]. A large effect was therefore not expected a priori, complexes, which led to larger experimental error and more
and in view of the very fast kinetics (close to the diffusion- intricate fitting procedures. The application of the new probe
controlled limit) large differences were also unlikely from to naturalB-CD presents a future challenge, since in this case
a reactivity-selectivity standpoint. But how can there be a precipitation of the 2:1 complex occuf38]. Finally, in or-
significant chiral discrimination on the kinetics, if the vari- der to obtain more impressive chiral discrimination effects
ation of the binding constants, on which the analysis of the on the kinetics of CD complexation, it appears imperative
kinetic data depends upon (see above), is not significant? Theo choose host—guest systems with association rate constants
first part of the answer is that the binding constants suggestnot approaching the diffusion-controlled limit.
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