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The complexation of (1R)-(-)-camphorquinone and (1S)-(+)-camphorquinone withR-, â-, andγ-cyclodextrins
(CD) is elucidated by a combination of spectroscopic techniques and theoretical methods applying a dynamic
Monte Carlo procedure. The absorption, induced circular dichroism (icd), luminescence, and transient triplet-
triplet absorption properties of the two enantiomers are modified by the CDs in agreement with the formation
of 2:1 host/guest complexes withR-CD and 1:1 complexes withâ- and γ-CD. The equilibrium constants
and, in part, the triplet lifetimes indicate a distinct chiral discrimination of cyclodextrins toward the two
camphorquinone enantiomers. These results were in addition supported by conformational calculations and
theoretical interpretation of icd spectra, which also provided detailed structural data on the complexes.

Introduction

Cyclodextrins (CDs) are naturally occurring cyclic oligosac-
charides consisting of six (R-cyclodextrin), seven (â-), and eight
(γ-) D-glucopyranose units. Interest in these compounds arises
from the fact that, in aqueous solution, they act as host molecules
in the formation of inclusion complexes with a wide variety of
organic and inorganic compounds.1 The CDs exist as a single
enantiomer, so that, when they form inclusion complexes with
optically inactive compounds, an induced optical activity is
observed.2 When the CDs interact with a racemic guest, the
formation of diastereoisomeric complexes of differing thermo-
dynamic stability can occur. The wide use of the CDs as chiral
selectors in the chromatographic techniques (HPLC and GLC)
and capillary electrophoresis is based on the above-reported
property of cyclodextrins.3

Moreover, in some cases, the cyclodextrins act as asymmetric
keyholes in host-guest interaction. The formation of a chiral
pyrene dimer in the large cavity ofγ-CD has been inferred from
the strong left-handed circularly polarized excimer fluorescence,4

whereas for 4-helicene in theγ-CD cavity and 1,1′-binaphtha-
lene in theâ-CD cavity, the formation of chiral dimers has been
deduced from the sign of the induced circular dichroism.5

Despite the considerable importance of chiral recognition,
only scarce data on the free energy difference between CD
complexes involving enantiomeric couples of guests are reported
in the literature.6-14 Chiral discrimination by modified cyclo-
dextrin is reviewed in ref 15.

In the present work, we addressed the problem of the chiral
discrimination of cyclodextrins toward (1R)-(-)-camphorquino-
ne (RCQ) and (1S)-(+)-camphorquinone (SCQ) by a combina-

tion of spectroscopic techniques and theoretical methods
applying a dynamic Monte Carlo (DMC) procedure, which
provided interesting results with dimethoxybenzenes,16anaphthyl-
ethanols,16b and methyl- and phenyl- substituted phenols.17 The
absorption, induced circular dichroism (icd), luminescence, and
transient triplet-triplet absorption characteristics of the com-
plexes ofR-, â-, γ-, and dimethyl-â-CD with the enantiomeric
camphorquinones are reported. The recovered equilibrium
constants indicate thatR-CD is the best host for chiral
recognition of the above guests.

Experimental Section

RCQ and SCQ (Aldrich 99%; Chart 1) and cyclodextrins (R-
and â-CD, Serva, γ- and heptakis(2,6-di-O-methyl)-â-CD,
Aldrich) were used as received. Water was purified by passage
through a Millipore MilliQ system. For the emission experi-
ments, stock solutions of enantiomeric camphorquinones were
prepared just before the measurements by direct dissolution in
water of a weighted amount of the enantiomer (c ≈ 1.5× 10-3

M). When studying the complexation withâ-, heptakis(2,6-di-
O-methyl)-â-, or γ-CD, the highest required amount of CD was
added to 3 mL of this stock solution. After filtration through a
Millipore filter, the measurement was carried out; this solution
was successively diluted with the stock to carry out the
experiments with lower [CD]. The solutions containing [R-CD]
> 10-2 M become cloudy on standing (5-10 min) owing to
the precipitation of the inclusion complex. To avoid the
complications arising from the precipitation of the complex, each
fluorescence and icd spectrum in the presence of [R-CD] > 10-2

M was obtained by recording the pertinent property of the stock
solution in the presence of the proper weighted amount of
dextrin. For solutions containing [R-CD] < 10-2 M, the same
procedure above-described for the other dextrins was adopted.
The concentration of RCQ and SCQ in the absorbance measure-
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ments carried out to estimate the association constants with
R-CD was ca. 2× 10-3 M, and the measurements were done
in a 40 mm thick cell. To determine the association constants,
titration experiments were also performed measuring the induced
circular dichroism. Typically a number of 10-13 concentrations
of R-CD as titrant were used. In this case, the guest concentra-
tion was about 4.6× 10-3 M. The computer program Hyper-
quad2000, distributed by Peters Gans,18 was used for the
calculation.

UV-vis absorption spectra were recorded on a Perkin-Elmer
320 spectrophotometer. The circular dichroism spectra were
obtained with a Jasco J-715 dichrograph, and uncorrected
luminescence emission spectra were obtained on a Perkin-Elmer
MPF 44. All experiments were carried out in cells thermostated
at 295 ( 1 °C. Deoxygenation of the solutions in emission
experiments was carried out by bubbling nitrogen. The fluo-
rescence quantum yield of CQ enantiomers in aqueous solutions
was determined by comparison with equally absorbing aceto-
nitrile solutions (see later). No effect of dissolved oxygen was
observed.

Triplet-triplet absorption spectroscopy was carried out by
using a laser flash photolysis system that utilizes a Continuum
Nd:YAG Surelite II-10 laser, running at 10 Hz and equipped
with an optical parametric oscillator (OPO). The selected
excitation wavelength was 460 nm, an isosbetic point of the
CQ-CD mixtures. A single pulse, typically with energye5 mJ
and duration of∼5 ns, was used to excite the sample. The
detection system and the geometric details of the excitation/
analysis setup were similar to those described earlier.19 The
constance of the pulse energy was monitored at each laser shot
by using a beam splitter and a pyroelectric energy meter (Laser
Precision Rj7100). The mean incident power was measured at
10 Hz, by means of a Scientech 365 photocalorimeter, with the
head located at the sample cell position. Oxygen was removed
from the solutions by Ar bubbling.

Theoretical Methods

Low energy complex geometries were searched by applying
a DMC routine, including solvation effects. The method, which
combines the potential energies calculated by a force field
(MM3) and the free energies of solvation derived from a
continuum approximation, proved to give valuable structural
results for many CD complexes in aqueous environments.
Details of the computational protocol are described extensively
in ref 16a-c. A further restriction in the choice of the most
reliable structure of the computed complexes was provided by
the comparison of the theoretically expected and experimentally
observed icd spectrum. Generally, the induction of optical

activity by a chiral medium is described by three terms, known
as one-electron, dipole-dipole (d-d), and electric-magnetic
interaction (m-µ) mechanism. The first mechanism derives
from the interaction of the electric and magnetic transition dipole
moments located in different states of the same chomophore
and turns out to give a small contribution in case of state mixing
because of the electrostatic field of the macrocycle. The second
mechanism, d-d, is particularly suited to describe the icd of
guests with low-lying allowedπ,π* states and has been widely
utilized, in the approximate form, using the polarizability of
the CD states,20 to calculate the icd of many aromatic com-
pounds included in cyclodextrins.16,17 The third mechanism,
m-µ, can be very important for symmetry-forbidden or weakly
allowed n,π* transitions and has been used to reproduce
adequately the circular dichroism of carbonyls20 and peptides.21

According to Tinoco,22 this term is espressed by

where

and

In eq 1, m and µ stand for the magnetic transition dipole
moment of the guest and electric transition dipole moment of
the macrocycle, respectively, h stands for Planck’s constant,
and Im stands for the imaginary part. The sums extend over all
the excited statesa andb, having a frequency ofνa andνb, and
over the bondsi and j of the chromophore and macrocycle,
respectively. The geometrical factorV of eq 2 containsTij,
representing the dipole interaction tensor, a direct function of
the distanceRij between the bondsi andj (eq 3). Although the
transition dipole moment of the macrocycle lies at high energies
(>8 eV), in the present case, it was found that the terms arising
from eq 1 are larger by 2 orders of magnitude with respect to
those deriving from the d-d terms.

In the present work, the energies and electric dipole moments
were calculated by using the ZINDO/S program included in
the Hyperchem package, whereas the magnetic moments in eq
1 were computed within the complete angular momentum
operator framework.23

Results and Discussion

Absorption, Induced Circular Dichroism, and Emission
Spectra.The UV-vis absorption spectrum of camphorquinone
exhibits two bands attributed to two n,π* transitions.24,25 The
spectrum of the two enantiomers is identical, as expected. The
long-wavelength absorption band in water is peaked at 453 nm,
blue shifted with respect to the maximum in acetonitrile (465
nm), and in cyclohexane (478 nm), in agreement with the n,π*
character of the transition. Figure 1 shows the absorption
spectrum of RCQ in water and the effect of the addition ofR-,
â-, andγ-CD (the effect of dimethyl-â-CD, not shown for sake
of clarity, is similar to that ofâ-CD). Both the long- (λmax )
453 nm andε ) 37 M-1 cm-1) and the short-wavelength
absorption bands are affected by the presence of cyclodextrins

CHART 1
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indicating the formation of inclusion complexes. In particular,
the long-wavelength band undergoes a red shift (λmax ) 466
nm in the presence of [R-CD] ) 2.1 × 10-2 M and ε ) 33.5
M-1 cm-1; λmax ) 460.5 nm in the presence of [â-CD] )
[γ-CD] ) 1.05× 10-2 M andε ) 34.5 M-1 cm-1). The short-
wavelength band loses intensity, and its vibronic structure
becomes more manifest. The same behavior is displayed by the
SCQ enantiomer.

Circular dichroism spectra nicely confirm the interactions
between the camphorquinone enantiomers and the CDs. In
Figures 2A and 3A, the spectra of RCQ and SCQ in water and
in the presence of increasingR-CD concentrations are reported.
The maxima fairly well correspond to those of the absorption
spectra. RCQ in pure water has a negative structureless band
peaked at 460 nm and a positive band centered at 300 nm in
which five vibronic bands are clearly discernible. In the UV
spectrum, these bands appear as shoulders of the second n,π*
band. The addition of increasing amounts ofR-CD causes a
red shift and a more intense signal of the negative band which
now shows two maxima peaked at 472 and 486 nm. The positive

band decreases in intensity, and the maximum of all of the
vibronic bands undergoes a blue-shift (∼3 nm). The spectral
evolutions following the CD addition occur with isoelliptic
points at≈260, 350, and 450 nm.

The SCQ enantiomer has a positive band peaked at 462 nm
in water and a negative band, with vibrational structure, centered
at 300 nm. In presence ofR-CD, the positive band decreases in
intensity, shifts to the red, and shows two maxima, at 471 and
494 nm. Owing to theR-CD addition, the UV band undergoes
some intensity change (the signal becomes more negative), but
the most remarkable effect is the red-shift (∼7 nm) of the
vibronic bands, as shown in Figure 3. These changes occur with
isoelliptic points at 484 nm in the visible band and 337, 323,
313, 306, 298, 291, and 275 nm in the UV region.

The addition ofâ-, dimethyl-â-, andγ-CD to the aqueous
solutions of the two enantiomers has a less spectacular effect:
a small shift of the bands whose intensity is scarcely affected.

In conclusion, the induced icd signals appear similar in sign
for the two CQ enantiomers and distinctly different forR-CD,
on one side, and forâ- andγ-CD, on the other side. Accord-
ingly, in racemic CQ solutions, two negative bands are observed
in the presence ofR-CD, one in the UV, and one in the visible
region, whereas the UV band is negative and the visible one is
positive with the other CDs (Figure 4).

Racemic camphorquinone has fluorescence emission in air-
saturated organic solvents at room temperature. The spectrum
shows a vibronic structure (∆ν ≈ 800 cm-1, solvent dependent),
and the fluorescence quantum yield (Φf ≈ 0.003) does not
depend on the polarity of the medium. Carefully purified
samples show also, in oxygen-free solutions, phosphorescence
emission, peaked at∼560 nm, with lifetime of hundreds
microseconds, solvent dependent.26

In water, the emission of both enantiomers is peaked at∼510
nm, a vibronic structure is hardly discernible, and the fluores-
cence yield is reduced toΦf ≈ 0.0008 (taking as referenceΦf

) 0.003 in acetonitrile26). No phosphorescence emission could
be observed even after prolonged deaeration by bubbling with
pure nitrogen. Double recrystallization of the RCQ enantiomer
from cyclohexane did not modify the emission characteristics

Figure 1. Absorption spectrum of RCQ (c ) 4.52× 10-3 M) in water
(s), in the presence of 2.1× 10-2 M R-CD (-‚‚-‚‚-), 1.05× 10-2

M â-CD (‚‚‚), and 2.15× 10-2 M γ-CD (- - -); cell path 1 cm,T )
295 K.

Figure 2. (A) Circular dichroism spectra of RCQ (c ) 4.55× 10-3

M) in water (s) and in the presence of increasing concentrations of
R-CD (-); [R-CD] ) 6.1 × 10-4 , 9.1 × 10-4, 1.36× 10-3, 2.05×
10-3, 3.07 × 10-3, 4.6 × 10-3, 6.9 × 10-3, 1.035× 10-2, 1.55 ×
10-2, 2.33× 10-2, 3.07× 10-2, and 4.52× 10-2 M; cell path 1 cm.
(B) Comparison of measured (open) and calculated (solid) circular
dichroism variations (see text): (circle) 492 nm; (square) 460 nm.T
) 295 K.

Figure 3. (A) Circular dichroism spectra of SCQ (c ) 4.77× 10-3

M) in water (s) and in the presence of increasing concentrations of
R-CD (-); [R-CD] ) 7.7 × 10-4, 1.14× 10-3, 1.72× 10-3, 2.59×
10-3, 3.88× 10-3, 5.82× 10-3, 8.73× 10-3, 1.35× 10-2, 2.02×
10-2, 2.98× 10-2, and 4.54× 10-2 M; cell 1 cm thick. (B) Comparison
of measured (open) and calculated (solid) circular dichroism variations
(see text): (circle) 492 nm; (square) 460 nm.T ) 295 K.
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in water. The addition of cyclodextrins to water solutions of
the two enantiomers greatly increased (2-3 times) the overall
emission and, whenR-CD is used as host, modified the spectral
distribution. An example of the described effects is reported in
Figures 5 and 6 which show the variations of the emission yield
of the SCQ enantiomer as a function of [R-CD] and [â-CD],
respectively. In general, a vibronic structure is more clearly
discernible in the presence of all of the cyclodextrins, and when
R-CD is the host, a band peaked at∼560 nm increases with
increasing [R-CD]. This band should be attributed to the
phosphorescence emission.26

Complexation Equilibria. The stoichiometry of the com-
plexation and the values of the association constants between
the two camphorquinone enantiomers and the cyclodextrins were
determined by a combination of icd, absorption, and fluores-
cence measurements. At first, the observed variations of the
ellipticity (∆θ), induced by the presence of cyclodextrins, were
examined according to the method of the continuous variations.27

For both enantiomers, the greatest signal variation was observed

for molar fraction 0.5 with all of the cyclodextrins, exceptR-CD.
This indicates a 1:1 stoichiometry for the formed complex. The
corresponding curves for the variations induced by theR-CD
both in the short and in the long-wavelength band gave a
maximum at molar fraction∼0.7, which indicates that, in the
adopted experimental conditions, the∆θ values are due to a
2:1 (host/guest) stoichiometry of the complex. An example of
the obtained continuous variation curves for the interaction of
RCQ andR- andâ-CD is reported in Figure 7.

The fluorescence intensity was employed to determine the
values of the equilibrium constants in the presence ofâ-CD,
dimethyl-â-, andγ-CD. As an example, in Figure 8A, the values
of the ratioF/F0 (ratio between the integrated emission in the
presence and that in absence of CD) are reported as a function
of [â-CD] for the SCQ enantiomer. The emission changes for
the other CDs and for RCQ (not shown for the sake of brevity)
are similar. They are consistent with the exclusive formation
of a 1:1 complex. The determination of the association constants
K1 can be achieved assuming that the ground-state complexation
equilibrium is not perturbed in the excited singlet state. This
hypothesis is reasonable because the singlet lifetime is of the
order of a few nanoseconds26 and the dissociation of such kind
of inclusion complexes is expected to occur on the microsecond
time scale.1,12,19,28,29 The following equation holds for the

Figure 4. (A) Circular dichroism spectra of 4.5× 10-3 M cam-
phorquinone racemate, induced by 1.03× 10-2 M R-CD (s) and 1.07
× 10-2 M â-CD (- - -), at 295 K; computed icd for theR-CD‚CQ
racemate 2:1 complex (B) and for theâ-CD‚CQ racemate 1:1 complex.

Figure 5. Emission spectrum of SCQ (c ) 1.55× 10-3 M) in water
(s) and in the presence of increasing concentrations ofR-CD (‚‚‚).
[R-CD] ) 8 × 10-4, 1.8 × 10-3, 2.7 × 10-3, 4.05 × 10-3, 6.07 ×
10-3, 9.11× 10-3, 1.37× 10-2, and 2.05× 10-2 M. T ) 295 K.

Figure 6. Emission spectrum of SCQ (c ) 1.58× 10-3 M) in water
(s) and in the presence of increasing concentrations ofâ-CD (‚‚‚).
[â-CD] ) 7.84× 10-4, 1.77× 10-3, 3.00× 10-3, 3.92× 10-3, 5.11
× 10-3, and 1.13× 10-2 M. T ) 295 K.

Figure 7. Continuous variation curves for the circular dichroism of
4.65× 10-3 M RCQ in the presence ofâ-CD (A) andR-CD (B). T )
295 K.
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integrated emission ratioF/F0 of a solution of CQ (initial
concentration [CQ]0) in the presence of CD (initial concentration
[CD]0):

whereæ0 andæ1 stand for the fluorescence quantum yields of
the free CQ and the 1:1 CD‚CQ complex, respectively. The
concentration of the complex is exactly expressed by eq 5:

The values ofK1 at 295 K for RCQ and SCQ andâ-CD,
dimethyl-â-, andγ-CD, obtained by a nonlinear least-squares
fitting procedure of the experimentalF/F0 values according to
eqs 4 and 5, are collected in Table 1. The reported values are
the mean of three to four independent runs of the emission
intensity versus the cyclodextrin concentration. Using the
intensities at the maximum wavelength of the fluorescence
spectra instead of the integrated emissionF gave essentially
the same results.

The dependence of the ratioF/F0 on theR-CD concentration
(Figure 8B) confirms the indication of the continuous variation
plot that the complexation stoichiometry is higher than 1:1. In
view of the theoretical calculations (see below) and the icd
results, the interaction between the two enantiomers andR-CD
can be discussed on the basis of a model of sequential formation

of 1:1 and 2:1 host-guest complexes. The following equilibria
are considered:

On the other hand, the continuous variations plot of the icd
signal (Figure 7) suggests that the complexation equilibrium
can be also approximated by the simultaneous association of
two R-CD molecules to a camphorquinone molecule (eq 8):

To roughly estimateK3, we first used a Benesi-Hildebrand-
like analysis of the ground-state absorption data in the range of
482-496 nm, where the first n,π* r n,π transition is strongly
enhanced byR-CD complexation (see Figure 1), and the
following equation:

where∆A is the absorbance change measured as a function of
R-CD concentration,K3 corresponds to the productK1K2 of the
association constants in the equilibria (6) and (7), and Cost is
a constant related to the molar absorption coefficients of the
free and the complexed guest. This equation requires that
[R-CD]0 is in large excess over [CQ]0. This condition is hardly
fulfilled with CQ because of the low absorption coefficients.
Thus, absorption data were generated with [CQ]0 ∼ 0.002 M,
a concentration lower, but not much lower, than that adopted
for the host, 0.005< [R-CD]0 < 0.05 M. The plots 1/∆A vs
1/[R-CD]02 for RCQ and SCQ exhibit a good linearity (Figure
9). The recovered values for the slope/intercept ratio, 6500 M-2

for RCQ and 12 400 M-2 for SCQ, although questionable as

TABLE 1: Association Constants of Camphorquinone Enantiomers withr-, â-, γ-, and (CH3)2-â-CD in Water a 295 Ka

R-(-)-camphorquinone S-(+)-camphorquinone

K1/M-1 K2/M-1 K3/M-2 K1/M-1 K2/M-1 K3/M-2

R-CD 7300( 600 22( 5 14100( 1700
(6500( 850) eq 9 (12400( 1750) eq 9

â-CD 510( 60 320( 15
γ-CD 460( 30 430( 20
(CH3)2-â-CD 630( 50 440( 20

a The Ki values were obtained by best fitting of the experimental emission ratioF/F0 to eq 4, except in the case ofR-CD where icd data were
analyzed via an iterative numerical procedure (see text); values in parentheses were obtained by applying eq 9 to absorption data. Errors given are
mathematical uncertainties (two times the standard deviation of the optimized parameters, suitably rounded).

Figure 8. Dependence of the SCQ (1.55× 10-3 M) integrated emission
intensity ratioF/F0: (A) on [â-CD] and (B) on [R-CD]. T ) 295 K,
λexc ) 455 nm, isosbestic point of the CD-containing solutions. The
continuous line in (A) represents the best fit to eqs 4 with parameters
K1 ) 317 M-1 andæ1/æ0 ) 2.6.

Figure 9. Benesi-Hildebrand-type plot for the variation of the
absorption spectra in the complexation between [RCQ]) 1.96× 10-3

M (0) and [SCQ]) 1.99× 10-3 M (9) and two molecules ofR-CD
at 295 K. Cell path 4 cm.

F/F0 ) 1 + (æ1 - æ0)[CQ‚CD]/(æ0[CQ]0) (4)

[CQ‚CD] ) (2K1)
-1(K1[CQ]0 + K1[CD]0 + 1 -

((K1[CQ]0 + K1[CD]0 + 1)2 - 4K1
2[CQ]0[CD]0)

0.5) (5)

CQ + R-CD u (R-CD‚CQ) K1 (6)

CQ‚R-CD + R-CD u (2R-CD‚CQ) K2 (7)

CQ + 2R-CD u (2R-CD‚CQ) K3 (8)

1/∆A ) Cost(1+ 1/(K3[R-CD]0
2)) (9)
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binding constantsK3 (they are therefore indicated in parentheses
in Table 1), point to a difference in the binding ability ofR-CD
toward the two enantiomers. This result was confirmed by the
analysis of the data of icd titration experiments, employing the
computer program Hyperquad 2000,18 which afforded associa-
tion constants by a least-squares minimization procedure. The
calculation essentially consisted in the minimization of the
following quantity:

representing the sum of the squared residues resulting from the
comparison of measured with calculated values of the total
induced ellipticity between 520 and 380 nm (141 wavelengths)
at a number (from 10 to 13) concentrations ofR-CD, with each
species in solution contributing with its own spectrum and
proportionally to its concentration. Two models were assumed
for the association, i.e., a sequential 1:1 plus 1:2 complexation
or the exclusive formation of 1:2 complexes. For theS
enantiomer, the calculation affordedK1 ) 22 M-1 and K3 )
14 100 M-2. With the R enantiomer, no convergence was
obtained with the two-complex model. By assuming exclusive
formation of the 1:2 complex. the valueK3 ) 7300 M-1 was
obtained. In Figures 2B and 3B, the measured and calculated
ellipticity variations are represented for theRandSenantiomers,
respectively.

Conformation of the Complexes.The calculations fully
confirm the found stoichiometry of the complexes and furnish
their structures. The search for minimum energy structures gave
rise to a large number of accepted configurations (∼600) for
the 1:1 complexes independently of the type of macrocycle
considered, with potential energies ranging from 397 to 439
kJ/mol-1. On the other hand a reliable 2:1 stoichiometry was
found only for the complex formed inR-CD, with a much lower
number of accepted configurations (150-200) at 464-478 kJ/
mol-1, and with the SCQ enantiomer being favored for inclusion
with respect to RCQ (see Table 2). A typical pattern of low
energy structures pointing out the structural differences of the
formed complexes is displayed in Figure 10A-D. The CQ
molecules are deeply included in theγ-CD cavity and quite
peripherally in that ofâ-CD. In the complex withâ-CD, the
more lipophilic part of the molecule is embedded in the cavity,
whereas the two carbonyl groups are in proximity of the
secondary hydroxyls rim. Last, in the 1:1 complex withR-CD,
the chromophore tends to stay well outside the cavity (Figure
10A), and the intervention of anotherR-CD confines the guest
in the low energy structure shown in Figure 10B. These two

structures well explain why the continuous variation plot of the
circular dichroism signal induced byR-CD is dominated by the
2:1 complex (vide supra); likely the “external” location of the
guest in the 1:1 complex causes only a minor perturbation of
the intrinsically high circular dichroism signal of the two CQ
enantiomers, whereas the interaction becomes strong when the
secondR-CD blocks the molecule in the structure of Figure
10B.

In Table 2, ∆EP gives the difference in potential energy
comparing the potential energy of a typical low energy complex
with the sum of the potential energies of isolated host and guest.
∆EC gives the total complexation energy considering both
potential as well as solvation energy.∆EC is computed as the
difference between sum of the potential and solvation energy
of the complex and sum of the potential and solvation energy
of the respective isolated compounds. The energetic parameters
of the isolated compounds are (given as pairs of potential and
solvation energy in kJ mol-1) R-CD (257.3 and-186.6),â-CD
(298.3 and-210.5),γ-CD (346.1 and-236.7), and CQ (214.8
and -16.2). The difference in the potential energies of com-
plexation of the two CQ enantiomers andR-CD nicely parallels
the difference observed in the association constants. The same
difference is reproduced in the total complexation energies. On
the contrary, the difference in the potential energies of com-
plexation of the two CQ enantiomers in the largerâ- andγ-CD
cavities are smaller than those found in the total energy of
complexation. This result indicates that solvation terms con-
tribute strongly to chiral recognition in more loose complexes,
whereas the host/guest interaction is mainly responsible for
chiral discrimination in well defined, tight structures.

The reliability of the above conformations was tested by
calculating the induced circular dichroism and comparing it with
the experimental signals obtained from the racemate. This
procedure overcomes the difficulty to reproduce the intrinsic
signal of the pure enantiomers, which is extremely sensitive to
tiny conformational features and requires the treatment of
localized electronic transitions and/or intramolecular charge
transfer configurations, not properly described within the used
computational framework. Figure 4 reports the icd spectrum of
the racemate in the presence of 10-2 M R- andâ-CD (Figure
4A) and the calculated icd (Figure 4B and 4C) for an average
of the accepted configurations. The correct sign of the calculated
icd (i.e., two negative bands) was given by about 20 configura-
tions for theR-CD complex with 2:1 stoichiometry, whereas
no one was given for the 1:1 stoichiometry. On the other hand,
almost all of the accepted configurations for theâ-CD complex
(653) gave rise to a correct pattern of positive and negative
bands. In conclusion, the icd calculations support the idea of a
multiple stoichiometry for theR-CD complex and of 1:1
complexation for the two larger cyclodextrins.

Transient Absorption. Laser excitation at 460 nm of aqueous
solutions of both RCQ and SCQ (typically 5.5× 10-3 M) leads
to the formation of a long-lived transient identified as the lowest
triplet state of n,π* character.30 The difference spectrum of RCQ
taken 0.6µs after the laser pulse, shown in Figure 11, with
λmax at 300-310 nm and decay in the microsecond time domain
is indeed attributed to T-T absorption in agreement with the
literature data.31 The lifetime in oxygen-free aqueous solutions
(τ0 ∼ 20µs) is 1 order of magnitude shorter than that previously
reported and derived from phosphorescence decay measurements
in various non-H-bonding donor solvents (200-400µs).26 Such
a shortening could be related to concentration (self-quenching)
or excitation intensity effects, although we can hypothesize that
specific interactions of the carbonyl groups with water molecules

TABLE 2: Stoichiometry, Number of Low Energy
Configurations, and Energetic Characterization of
Enantiomeric Camphorquinone-CD Complexes in Water

complex stoichiometry
no. of

configurations
∆EP/

kJ mol-1a
∆Ec/

kJ mol-1a

R:RCQ 1:1 541 -47.4 -20.1
2:1 200 -251.6 -78.0

R:SCQ 1:1 650 -75.4 -50.2
2:1 152 -262.9 -90.6

â:RCQ 1:1 653 -100.1 -84.9
â:SCQ 1:1 647 -96.7 -77.8
γ:RCQ 1:1 667 -118.2 -69.8
γ:SCQ 1:1 650 -123.2 -76.4

a ∆EP gives the potential energy of complexation.∆EC gives the
total complexation energy. For the definition of these quantities, see
the text in the Conformation of the Complexes section.

S ) ∑
i)1

m (∆θi
obs- ∆θi

calc

∆θi
obs )2

(10)
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may play some role. In agreement with such a hypothesis, the
efficiency of the ISC process in aqueous medium is not unitary

(see below) in contrast to what is generally assumed to be valid
in both polar and apolar solvents.26 The decay rate (k0 ) 5 ×
104 s-1) was moderately affected by oxygen, (kO2 ) 3.5× 108

M-1 s-1) as reported for the n,π* triplet of camphorquinone
and otherR-diketones in different organic solvents.32 A τ value
of 7 ( 1 µs, the same for both of the enantiomers, was extracted
from the exponential treatment of the decay profiles at 310 nm
in air equilibrated solutions (Figure 12A,B).

In presence of 1.0× 10-2 M R-CD, the triplet decay was
biexponential withτ1

RR ) 5 ( 1 µs andτ2
RR ) 45 ( 5 µs

(Figure 12a). The relative weight of the two components varied
with theR-CD concentration, with the longer-lived one becom-
ing heavier and heavier as the CD concentration increases.
Similar results were obtained with SCQ for whichτ1

RS ) 4 (
1 µs andτ2

RS ) 55 ( 5 µs (Figure 12b). In presence of 1×
10-2 M â-CD, the triplet decay profiles of the RCQ enantiomer
are also compatible with a biexponential function, with the
second lifetime considerably lengthened with respect to that in
pure water (τ1

âR ) 5 ( 2 µs andτ2
âR ) 35 ( 5 µs). With 1×

Figure 10. Computed conformation of the (A) 1:1 complex withR-CD, (B) 2:1 complex withR-CD, (C) 1:1 complex withâ-CD, and (D) 1:1
complex withγ-CD.

Figure 11. Transient absorption spectra of 5.5× 10-3 M RCQ in
water and in the presence of 1× 10-2 M R-CD (b), â-CD (4), and
γ-CD (2). λexc ) 460 nm, cell path 1 cm,T ) 295 K.
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10-2 M â-CD and the SCQ enantiomer and with 1× 10-2 M
γ-CD and both enantiomers, the best fits of the triplet decay
profiles are not expressed by multiple components but appear
monoexponential with lifetimes only slightly changed (τâS )
11 ( 1 µs, τγR ) 8 ( 1 µs, andτγS ) 7 ( 1 µs). All of the
triplet lifetimes are collected in Table 3 for the sake of clarity.

The biexponential triplet decay of RCQ and SCQ enantiomers
in the presence ofR-CD can be interpreted in the light of the
complexation equilibria. The short-lived component, very similar
to that in pure water, is reasonably assigned to the free guest
and/or to the 1:1 complex which is characterized by a very
peripheral association mode (Figure 10A). The long-lived
component is attributed to the 2:1 complex, in which effective
protection of the excited state from the aqueous environment
occurs. This seems to apply to the rather long-livedâ-CD‚RCQ
1:1 triplet complex also. Unexpectedly, theâ-CD‚SCQ 1:1
diastereoisomer shows a lifetime only slightly changed with
respect to that of the pure enantiomer in water. A possible
rationale for this fact could be the existence of a lower
association constant for the triplet SCQ than for the triplet RCQ,
similarly to the ground-state findings. In this case, the exit of
the excited state from the cavity should occur at a rate fast
enough to be compatible with the observed overall decay rate
(∼105 s-1). The values reported in the literature, ca. 106

s-1,1,12,19,28,29are not in contrast with this hypothesis.
The lack of effect ofγ-CD inclusion on the triplet lifetimes

of both RCQ and SCQ could be similarly attributed to prompt
dissociation of the complexes prior to triplet deactivation, so
that no differences are observed in the two diastereoisomers.
The alternative explanation that included water molecules could
make the cavity environment substantially hydrophilic is rejected
in view of the effect on theΦT discussed in the following.

The addition of 1× 10-2 M CD to RCQ and SCQ solutions
sensibly increases (by a factor 1.6-2) the T-T absorption
following the laser pulse at 460 nm, which is the isosbestic point
of the camphorquinone-cyclodextrin solutions (see Figure 11).
This effect is properly quantified by taking into account that
CQ absorbs light in the range of 250-400 nm and ground-
state bleaching occurs. The differential absorption is expressed
by

whereεT and εG are the absorption coefficients of the triplet
and the ground-state, respectively,l is the cell path, and [CQ]T

gives the triplet molar concentration. The triplet signal in both
the absence and presence of CDs can thus be obtained from
∆A, being theεG values known from the ground-state absorption
and the triplet concentration calculated by takingΦT ) 1 for
both free and complexed CQ.26 The additive corrections to∆A
for λ g 270 nm are in any case<10%; thus, the enhancement
observed in the presence of CDs cannot be attributed to a smaller
ground state bleaching term. Because the band profile is
practically unchanged, theεT values are not expected to be
strongly increased by CD addition, and necessarily, [CQ]T

should be increased. By taking into account the extent of
association in the experiment (30-35% with R- and ca. 70%
with â- andγ-CD for both RCQ and SCQ, either in the 1:1 or
in the 2:1 mode, see Table 1), it is concluded thatΦT in the
CD complexes is higher than in water by more than a factor 2.
With the fluorescence quantum yield of CQ enantiomers being
rather low (∼10-3), these findings indicate that in water non
radiative channels other than ISC contribute to deactivation of
the excited singlet, so that theΦT value is substantially less
than 1 and that such channels are closed in the CD environment.
It is noteworthy that in mixed ethanol-water solvent the T-T
absorption of both CQ enantiomers also increases with increas-
ing ethanol percentages. This fact could point to an interaction
of the alcoholic CD rims with the camphorquinone carbonyl
groups.

Chiral Discrimination. The equilibrium constants collected
in Table 1 and, in part, the triplet lifetimes indicate a distinct
chiral discrimination of cyclodextrins toward the two cam-
phorquinone enantiomers. (1R)-(-)-Camphorquinone is pref-
erentially included by cyclodextrins which gives only 1:1 host/
guest complexes (â-, dimethyl-â, andγ-CD), whereas (1S)-(+)-
camphorquinone is preferentially included in the 2:1 complex
with R-CD. A similar discrimination ofR-CD was already
observed by NMR in the complexation of the camphor enan-
tiomers.14 On the basis of the association constants reported in
Table 1, in 1:1 complexes the differences in∆G values (∆∆G)
between RCQ and SCQ are in the range 0.2-1.2 kJ mol-1 as
in most cases in the literature.33 In the complexes between the
two camphorquinone enantiomers andR-CD, the∆∆G increases
to ∼1.9 kJ mol-1, i.e., somewhat higher than the difference
found for the complexes between camphor enantiomers and
R-CD.14 Reasonably, this increase in chiral recognition ability
is related to the formation of 2:1 complexes. Complexation of
enantiomeric binaphthyl derivatives are the examples of largest
selectivity reported with cyclodextrins which give 1:1 stoichi-
ometries (â-, dimethyl-â-, and trimethyl-â-CD).10 In these cases,
the selectivity rises from a positive entropic contribution
attributed to extensive desolvation of both the guest and the
oxygen of the wider side of the CD cavity. On the other hand,
a study of chiral recognition byâ-CD on the nitrophenylderiva-
tives of L- and D-valine, leucine, and methionine33d suggests
that the interaction of functional groups around the chiral center

Figure 12. T-T absorption decay of air saturated SCQ (A) and RCQ
(B) solutions in water and in the presence of 1× 10-2 M R-, â-, and
γ-CD. [RCQ] ) [SCQ] ) 5.5 × 10-3 M; λexc ) 460 nm, cell path 1
cm, T ) 295 K.

TABLE 3: Triplet Lifetimes of Camphorquinone
Enantiomers in the Presence ofr-, â-, and γ-CD in Water at
295 K

R-(-)-camphorquinone
triplet lifetime

S-(+)-camphorquinone
triplet lifetime

τ1/µs τ2/µs τ1/µs τ2/µs

H2O 6.7( 1 7.0( 1
10-2 M R-CD 5 ( 1 45( 5 4 ( 1 55( 5
10-2 M â-CD 5 ( 2 35( 5 11( 1
10-2 M γ-CD 8 ( 1 7 ( 1

∆A) (εT - εG)l[CQ]T (11)
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with the mouth of the cavity and/or another CD (i.e., the
formation of a 2:1 complex) is an essential requirement to
observe chiral discrimination. The latter model fits well the
observed behavior of camphor and camphorquinone enanti-
omers. Indeed the calculated energetics of complexation for the
diastereoisomericR-CD‚CQ complexes points to a crucial role
of enthalpic factors in the stability of these associates. However,
a contribution of the desolvation processes cannot be excluded,
especially forâ- andγ-CD‚CQ complexes where the entropic
factors are expected to be more important.
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