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Highly efficient NMR enantiodiscrimination of
1,1,1,3,3-pentafluoro-2-(fluoromethoxy)-3-methoxypropane,

a chiral degradation product of sevoflurane, by
heptakis(2,3-di-O-acetyl-6-O-tert-butyldimethylsilyl)-b-cyclodextrin
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Abstract—The molecular basis of the efficient enantiodiscrimination of 1,1,1,3,3-pentafluoro-2-(fluoromethoxy)-3-methoxypropane, a
chiral degradation product of the inhalation anaesthetic sevoflurane, using heptakis(2,3-di-O-acetyl-6-O-tert-butyldimethylsilyl)-b-cyclo-
dextrin as chiral selector, has been investigated by NMR spectroscopy. An interaction mechanism is proposed, which highlights the role
of the functional groups on the b-cyclodextrin rims in addition to a partial molecular inclusion.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of compound 1 and silylated/acetylated cyclo-
dextrin derivative 2.
1. Introduction

Achiral sevoflurane represents a fluorinated derivative of
methyl isopropyl ether, which has been under development
since 1992 for use as a human inhalation anaesthetic.1–5 It
provides fast, irritation-free inhalation induction and rapid
recovery. Upon anaesthesia, sevoflurane is recycled in a
re-breathing unit containing soda lime to absorb exhaled
carbon dioxide, accompanied by minor chemical transfor-
mations. Among the degradation products,6 the chiral
fluorinated diether, racemic 1,1,1,3,3-pentafluoro-2-(fluo-
romethoxy)-3-methoxypropane 1 (Fig. 1) was identified.

By using enantioselective GC, some cyclodextrin deriva-
tives exhibited unprecedented high separation factors a
for 1.7–10 Thus, heptakis(2,3-di-O-acetyl-6-O-tert-butyl-
dimethylsilyl)-b-cyclodextrin 2 (Fig. 1), dissolved in PS 86
(20% w/w), could be used for the isolation of pure enantio-
mers of 1 by preparative GC.7

With the aim of exploring the origin of chiral recognition
processes, we employed 2 as a chiral solvating agent
(CSA)11–14 for inducing NMR anisochrony of the exter-
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nally enantiotopic nuclei of 1 and exploited several NMR
methods, including DOSY (Diffusion-Ordered Spectro-
scopY) techniques,15 to investigate the geometry, dynamics
and thermodynamics of the diastereomeric complexes
formed by 2 and the single enantiomers of 1 in solution.
2. Results and discussion

2.1. Enantiodiscrimination experiments

The mixed silylated/acetylated cyclodextrin 2 was synthe-
sized according to the procedure of Takeo et al.16 For
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Table 1. 1H NMR (600 MHz, C6D12) chemical shift non-equivalencea

data measured for racemic 1 in the presence of 2

(RS)-1/2 (1:1) (RS)-1/2 (1:2)

20 mM 60 mM 20 mM

25 �C 10 �C 25 �C 10 �C 25 �C 10 �C

CH 0.074 0.142 0.111 0.176 0.105 0.171
OCH3 0.020 0.032 0.026 0.041 0.024 0.039

a jdS � dRj, difference between the chemical shifts (ppm) of corresponding
nuclei of the two enantiomers of 1 in the presence of 2.

Table 2. 19F NMR (282 MHz, C6D12, 25 �C) chemical shift non-equiv-
alencea data measured for racemic 1 in the presence of 2

20 mM 60 mM

1:1 1:2 1:1

CF3 0.206 0.249 0.303
CF2 0.363 0.514 0.520
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the gas-chromatographic analysis, deactivated silica capil-
laries were coated by the static method17 with 20% (w/w)
2 dissolved in the polysiloxane PS 086 (12–15% diphenyl;
85–88% dimethyl). The remarkably high enantioseparation
factor of a = 4.1 found between 1 and 27 prompted us to
investigate the enantiodiscrimination processes in solution
by NMR spectroscopy employing selector 2 as a chiral sol-
vating agent. If the enantiomers of 1 form transient diaste-
reomeric association complexes with CSA 2, chemical shift
non-equivalence (Dd = jdS � dRj) may arise due to (i) dif-
ferent association constants KS and KR and/or (ii) distinct
geometries of the formed diastereomers,11 whereby the two
independent contribution to anisochrony are difficult to
separate (vide infra).

To this end, the 1H and 19F NMR spectra of 1 (20 mM) in
the presence and in the absence of 2 (20 mM) were compared
with each other. The nature of the solvent employed in the
NMR experiments plays a fundamental role: in chloroform
or dichloromethane solution, anisochrony of racemic 1 was
not observed in the presence of 2. In an apolar deuterated
cyclohexane solution the b-cyclodextrin derivative 2 pro-
duced surprisingly high proton chemical shift non-equiva-
lences for racemic 1, confirming the remarkable efficiency
of 2 as chiral selector for its enantiodiscrimination.

Thus the methoxy protons of racemic 1 exhibited two sharp
singlets at 3.59 and 3.61 ppm (Fig. 2b and Table 1).

The anisochrony measured for the methine resonances
(Fig. 2f) was much larger (0.074 ppm). The methylene pro-
tons were also differentiated, but the signals were partially
superimposed by the proton resonances of the CSA 2. In
the next step, the proton resonances of the isolated single
(R)- and (S)-enantiomers of 1, obtained by preparative
GC,7 were detected in the presence of 2. It was established
that (S)-1 shows larger complexation shifts (differences be-
tween the chemical shifts of corresponding nuclei of 1 in
the presence and in the absence of the chiral auxiliary 2)
4.104.104.204.204.304.304.404.40 3.563.603.64 3.563.603.64
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Figure 2. 1H NMR (600 MHz, C6D12, 25 �C) spectral regions corre-
sponding to the protons of the CH3O-group of (a) pure racemic 1

(20 mM), (b) equimolar mixture of racemic 1 and 2 (20 mM), (c) racemic 1

(20 mM) and 2 (40 mM), (d) equimolar mixture of racemic 1 and 2

(60 mM). 1H NMR (600 MHz, C6D12, 25 �C) spectral regions corre-
sponding to the protons of the CH-group of (e) pure racemic 1 (20 mM),
(f) equimolar mixture of racemic 1 and 2 (20 mM), (g) racemic 1 (20 mM)
and 2 (40 mM), (h) equimolar mixture of racemic 1 and 2 (60 mM).
compared to (R)-1 (Fig. 2). This observation is in agree-
ment with the GC experiment whereby (S)-1 is eluted after
the (R)-enantiomer on the selector 2.7 Interestingly all of
the resonances of (S)-1 are higher frequency shifted rela-
tively to (R)-1. A further increase in the chemical shift
non-equivalences could be obtained by increasing the equi-
molar concentration of 1 and 2 (Fig. 2d and h and Table 1),
by adding further equivalents of the CSA 2 (Fig. 2c and g
and Table 1) and by lowering the temperature (Table 1),
leading to non-equivalences till to 0.18 ppm. It is notewor-
thy that by lowering the temperature to 10 �C it gives non-
equivalences increases comparable to the ones obtained by
a threefold increase of the total concentration.

Anisochrony induced in the 19F nuclei (Table 2) was
remarkably high: it ranged from 0.21 to 0.52 ppm for the
20 mM equimolar mixture of 1 and 2. It significantly
increased for the 60 mM equimolar mixture (0.30–
0.72 ppm) and for the 20 mM solution added by another
equivalent of 2 (0.25–0.73 ppm).
0.521 0.727 0.722
CH2F 0.422 0.487 0.571

a jdS � dRj, difference between the chemical shifts (ppm) of corresponding
nuclei of the two enantiomers of 1 in the presence of 2.
As in the case of proton nuclei, fluorine resonances of the
two enantiomers were higher frequency shifted compared
with pure 1 and (S)-1 exhibits larger complexation shifts
than (R)-1 does in agreement with the GC experiment.

2.2. Association constants

The 1:1 stoichiometric ratios between the components of
the diastereoisomeric complexes (R)-1 and 2 and (S)-1
and 2 formed in solution were established by Job’s
method.18,19

For the determination of the association constants, DOSY
measurements15 were taken into consideration, which con-
stitute a fast and efficient alternative to the well-established
chemical shift titrations,20 at least in the cases of inclusion
complexes.
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DOSY techniques make it possible to measure diffusion
coefficients (D) in solution. For spherical particles of
hydrodynamic radius RH in a solvent of viscosity g, the dif-
fusion coefficients are given by Eq. 1
Table 3. Diffusion coeffi
of the bound guest (Xb

according to Eq. 4

D (1

1

2

(R)-1/2
(S)-1/2
D ¼ kT
6pgRH

ð1Þ
where k is the Boltzmann constant and T is the temp-
erature.

Therefore diffusion coefficients represent global parameters,
which are characteristic of molecular species as a whole. In
this respect these parameters have great potential in the
detection of complexed species, in which an increase of
molecular sizes, and hence a decrease of diffusion coefficients
with respect to uncomplexed forms, should be expected.
Despite the fact that the molecular sizes of two diastereo-
isomeric solvates are similar in principle, DOSY techniques
can also be used in the analysis of enantiodiscrimination
phenomena. Under the rapid exchange conditions occurring
in solutions containing mixtures of complexing species,
measured diffusion coefficients Dobs are the weighted average
of their values in free (Df) and bound (Db) states
Dobs ¼ X bDb þ ð1� X bÞDf ð2Þ
Thus the two complexed enantiomers can be differentiated
on the basis of their different bound fractions. Even more
importantly, in the cases of cyclodextrin inclusion com-
plexes, Db is very likely to be equal to that of the cyclodex-
trin since the guest molecule is small compared to the host
molecule; and therefore, global diffusion can be assumed to
be controlled by the host.21 Therefore Eq. 3 can be used to
calculate the molar fractions of the two bound enantiomers
(Xb)
X b ¼
Dobs � Df

Db � Df

ð3Þ
where Db = Dcyclodextrin and the association constant can be
calculated by substituting the Xb values to the following K
equation (for a 1:1 complex)
K ¼ X b

C0ð1� X bÞ2
ð4Þ
where C0 is the known concentration of the selector and the
analyte.

On the basis of the above approach, we compared the
DOSY maps of the pure compounds 1 and 2 (60 mM,
C6D12) with those of the equimolar mixtures 2/(R)-1 and
2/(S)-1 (Table 3). For the pure cyclodextrin we measured
a diffusion coefficient of 1.28 · 10�10 m2 s�1, which did
cients D (10�10 m2 s�1) of 1 and 2; molar fraction
) and association constants K (M�1) calculated

0�10 m2 s�1) Xb K (M�1)

13.4
1.28
6.67 0.56 48.2
5.94 0.62 71.6
not change in the two mixtures 2/(R)-1 and 2/(S)-1. By
contrast, the diffusion parameter of the fluorinated diether
decreased from 13.4 · 10�10 m2 s�1 in pure 1 to 6.67 ·
10�10 m2 s�1 for 2/(R)-1 and 5.94 · 10�10 m2 s�1 for 2/
(S)-1. Thus, by using Eq. 3, the values of bound fractions
obtained were 0.56 and 0.62 for (R)-1 and (S)-1, respec-
tively, leading to obtain, by a single point determination,
the two association constants of the two 1:1 diastereoiso-
meric solvates as KR = 48.2 M�1 and KS = 71.6 M�1

(Table 3).

Reliability of the above approach was verified by using the
same procedure to calculate the association constants of
the two diastereoisomeric solvates in solutions containing
a fixed amount (2 mM) of (S)- and (R)-1 and increasing
quantities of 2 (2–30 mM), that is, in experiments that
mimic the chromatographic conditions with the excess
of cyclodextrin as CSP.

2.3. Conformational analysis of the chiral selector 2

Before analyzing the stereochemical features of the diaste-
reomeric complexes formed between (R)-1 or (S)-1 and 2,
conformation of pure 2 was analyzed in order to detect
expected modifications on the structure of the native b-
cyclodextrin after derivatization, which could affect its
complexing properties.

The rotation of glucopyranose units about the glycosidic
linkages and deviations of the glucopyranose rings from
the common 4C1 chair conformation was ascertained via
an accurate analysis of intra- and interunit interproton
dipolar interactions detected in the ROESY map (C6D12,
25 �C, mix 0.3 s), successfully applied previously to other
kinds of cyclodextrin derivatives.22–24

Above analysis protocol is mainly based on the comparison
of relative intensities of H-1–H-4 0 (the apex indicates pro-
tons belonging to the unit adjacent to the one taken into
consideration) and H-1–H-2 dipolar interactions, which re-
flect the extent of the rotation of glucopyranose units about
the glycosidic linkages, and on the detection of unexpected
1,2-diaxial effects, at the expenses of expected 1,3-diaxial
ones, which are diagnostic of distortions occurring in the
chair conformation. In fact the C–H-1 and C–H-4 0 bonds
of native cyclodextrins are held coplanar by the strong net-
work of attractive hydrogen bonding interactions between
secondary hydroxyl groups, which renders the distance H-
1–H-4 0 significantly shorter with respect to that of H-1–H-
2. In these cases, the dipolar interaction H-1–H-4 0 is more
intense than the H-1–H-2 is. The intensities of the ROEs H-
1–H-4 0 and H-1–H-2 of 2 (Fig. 3b) were comparable, which
reflects the lengthening of the interunit H-1–H-4 0 distance
with respect to the fixed intraunit H-1–H-2 one, caused
by the rotation about glycosidic linkages. The clockwise
and anticlockwise rotations of the units alternatively bring
the proton H-1 of one unit in proximity to the internal pro-
tons H-3 0 and H-5 0 of adjacent ones and in the trace of the
proton H-1 the corresponding ROEs were detected (Fig. 3b).

As far as glucopyranose rings distortions are concerned,
in the trace of the proton H-2 (Fig. 3c) not only the ex-



Figure 3. 2D ROESY (600 MHz, C6D12, 25 �C, sm = 0.3 s) map of 2. Traces corresponding to the (a) H-3, (b) H-1, (c) H-2, (d) H-6a, (e) H-5 and H-4 and
(f) H-6b protons.
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Figure 4. Schematic representation of a 4C1 glucopyranose unit of 2

adjacent to another 4C1 unit and adjacent to a skew unit.

G. Uccello-Barretta et al. / Tetrahedron: Asymmetry 17 (2006) 2504–2510 2507
pected 1,2-axial–equatorial and 1,3-diaxial dipolar interac-
tions with the H-1 and H-4 protons were detected, respec-
tively, but also a ROE with the internal proton H-3,
which should be 1,2-diaxial with respect to it. Interest-
ingly, interROEs H-2–H-4 and H-2–H-3 not only were
comparable to each other, but also were both smaller with
respect to the H-2–H-1 effect. Taking into account that, in
the fast exchange conditions, the observed effects are the
average on all the glucopyranose rings, it can be con-
cluded that some chair distortions bring the protons H-2
and H-3 closer and lengthen the H-2–H-4 distances with
respect to the H-2–H-1 ones. Therefore, as previously
reported for persubstituted cyclodextrins,22–24 a significant
population of skew conformers (Fig. 4, OS5) must be pres-
ent having the H-3, H-2 and H-4 protons inverted to the
equatorial positions. Accordingly, proton H-3 (Fig. 3a)
gave unexpected dipolar interactions with the protons
H-2 and H-4. Other dipolar interactions support the above
conclusion. In the skew conformers, the 2-acetyl groups
residing in an axial position are close to the proton H-5
(Fig. 4) and the corresponding dipolar interaction, although
weak, was clearly detected in the trace of the acetyl groups.

Both conformational changes, that is, relative rotation and
distortion, were confirmed by the interROEs between the
6-(CH3)3C- or 6-(CH3)2Si-fragments and the 2- and 3-ace-
tyl groups (Fig. 4).

The above analysis is in agreement with the values of the
average interproton distances (Table 4), calculated from
the cross-relaxation rates rij, which, in the initial rate
approximation,25 are a simple function of the reorienta-
tional correlation time sc of the vector connecting the
two protons i and j and of their interproton distance rij:



Table 4. Measured mono- (Rms
i , s�1), biselective (Rbs

ij , s�1) and cross-
relaxation (rij, s�1) rates for the protons of 2 (60 mM, C6D12, 25 �C) and
calculated interproton distances (rij, Å)

ij Rms
i ðs�1Þ Rbs

ij ðs�1Þ rij (s�1) rij (Å)

6a6b 3.26 1.73 �1.53 1.7827

12 1.60 1.22 �0.38 2.25
14’ 1.60 1.19 �0.41 2.21
23 1.13 0.85 �0.28 2.62
34 0.95 0.76 �0.19 2.51
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rij ¼ 0:1c4�h2r�6
ij sc

6

1þ 4x2s2
c

� 1

� �
ð5Þ
where c is the proton gyromagnetic ratio, x is the proton
Larmor frequency and �h is the reduced Planck’s constant.
In the fast and slow motion regimes (x2s2

c � 1 and
x2s2

c � 1, respectively) the above equation can be approx-
imated as
fast motion rij ¼ 0:5c4�h2r�6
ij sc ð6Þ

slow motion rij ¼ �0:1c4�h2r�6
ij sc ð7Þ
H-3

(a)

(b)CH

OCH3

CH2F

H-3

CH2F
Such parameters rij can be very simply obtained as the
difference between the biselective ðRbs

ij Þ and monoselective
ðRms

i Þ relaxation rates,26 respectively, measured by simulta-
neously inverting the spins i and j and selectively inverting
the spin i alone, and hence following the recovery of mag-
netization of i.

In the hypothesis of isotropic motion, the ratios of the
cross-relaxation terms are very simply correlated to the
ratios of the interproton distances
3.43.43.83.84.24.24.64.65.05.05.45.4

Figure 5. 1D ROESY (600 MHz, C D , 25 �C, s = 0.3 s) spectra of
rij

rik
¼ r6

ik

r6
ij

ð8Þ

6 12 m

equimolar mixtures (R)-1/2 (60 mM) corresponding to (a) CH3O-protons
and (b) CH-proton of 1.
On the basis of Eq. 8, the interproton distances between
spins ij can be determined being fixed and known the dis-
tance between another proton pair ik.

Thus, the monoselective relaxation rate of the proton H6a

or H6b ðRms
6a Þ of 2 and their respective biselective relaxation

rates ðRbs
6a6bÞ, which are listed in Table 4, were measured.

From their differences the cross-relaxation parameter
(r6a6b), corresponding to the fixed interproton distance of
1.78 Å,27 was calculated. It should be noted that the
cross-relaxation rate was negative, reflecting the slowing
down of the molecular motion of the cyclodextrin due to
the introduction of three groups on every unit.

In the same way the rij cross-relaxation terms of selected
proton pairs collected in Table 4 were calculated and,
hence, by Eq. 8, the average interproton distances rij were
determined (Table 4).

The distance r12 of 2.25 Å corresponded to the average
value for two protons in an axial-equatorial spatial rela-
tionship, but its similarity to the distance H-1–H-4 0 (2.21
Å) reflected the tilting of the glucopyranose rings. Further-
more, the distances r23 (2.62 Å) and r34 (2.51 Å) were too
short to be attributed to their 1,2-diaxial positions in the
4C1 chair conformation, according to the fact that derivati-
zation generated a distortion that made shorter above dis-
tances than they were in the 4C1 chair unit conformers.
2.4. Geometry of the association complexes (S)-1/2 and
(R)-1/2

In order to obtain information on the geometry of the dia-
stereomeric association complexes in solution, the 2D and
1D ROESY spectra of 60 mM equimolar solutions (S)-1/2
and (R)-1/2 (C6D12, 25 �C) were analyzed. The above con-
centration value guaranteed the formation of detectable
amounts of bound species. The pattern of intramolecular
ROEs for 2 demonstrated that the conformation of the
cyclodextrin did not change after the complexation with
(R)- or (S)-1. Also the conformation of 1 remained un-
changed because for the analyte the intramolecular ROEs
detected for the free and bound states were also the same.

In both diastereomeric association complexes, the CH3O-
group of the fluorinated diether 1 is far away from the
CH2F group, whereas the CH-group is directed towards
it. In fact, only the proton on the stereogenic centre pro-
duced significant dipolar interaction with the CH2F group
(Fig. 5a and b are referred to (R)-1/2 mixture).
As far as the intermolecular ROEs are concerned, for both
enantiomers of 1 the CH3O-group of 1 produced a very
intense dipolar interaction with the inner H-3 proton
(Fig. 5a) lying on the wider internal diameter part of the
cavity of cyclodextrin 2.

No relevant intermolecular dipolar interactions were de-
tected between the CH3O-group and the inner H-5 proton
belonging to the narrower internal diameter part of the
cavity. The CH-proton adjacent to the CH3O-group pro-
duced significantly lower ROE on the H-3 proton
(Fig. 5b), which suggests that both enantiomers of 1 under-
go inclusion into the cyclodextrin derivative 2 only by their
CH3O-groups, but their penetration is not so deep (Fig. 6)
to juxtapose it in the proximity of the internal proton H-5.

In the traces of the 2D ROESY maps also significant inter-
molecular ROEs were detected among CH2F-protons of
the enantiomers of 1 and the silyl and acetyl substituents
of 2 indicating that the CH2F (and hence the CF3 group)
must be directed towards the external surface bent at the
acetyl and silyl groups. Thus, CH2F and CF3 groups,
which protrude from the larger rim and hence are close
to the acetyl groups, are also allowed to approach silylated
moieties located on the smaller rim, reasonably in virtue of



G. Uccello-Barretta et al. / Tetrahedron: Asymmetry 17 (2006) 2504–2510 2509
the presence of skew glucopyranose rings and of the rota-
tion of the glucopyranose rings about the glycosidic link-
ages, both leading primary groups of one unit in
proximity of the secondary groups of the adjacent one
(Fig. 4). In this way, the fluorinated diether 1 is allowed
to give rise to attractive fluorine–silicium interactions
which stabilize the two diastereoisomeric complexes
(Fig. 6), but the concomitant partial inclusion of 1 from
the larger rim of the cavity of 2 is allowed, in which further
stabilizing hydrophobic attractive interactions occur.
Figure 6. Schematic representation of the included enantiomers (R)-1 and
(S)-1 close to two adjacent glucopyranose units of 2.
3. Conclusion

The comprehension of chiral recognition processes repre-
sents a difficult task, mainly with regard to symmetrical
cyclodextrins chiral selectors, the multireceptorial charac-
ter of which makes difficult to point out the nature of inter-
actions, which are responsible for enantiodiscrimination.
Therefore, complementary theoretical and spectroscopic
methods28–30 have frequently been employed, among which
NMR spectroscopy plays a fundamental role. As a matter
of fact, several different NMR techniques can be exploited
in order to investigate enantiorecognition processes to a
molecular level and, more recently, the NMR measure-
ments of diffusion coefficients have gained an increasing
popularity overall in investigations involving inclusion
processes.21

Our results demonstrated that heptakis(2,3-di-O-acetyl-6-
O-tert-butyldimethylsilyl)-b-cyclodextrin 2, which has been
already established7 as a powerful CSP for the gas-chro-
matographic separation of the two enantiomers of fluori-
nated compound 1, shows a great efficiency as CSA for
its enantiodiscrimination in solution by NMR spectro-
scopy, which confirms the great synergy existing between
NMR spectroscopy and enantioselective chromatography.
In spite of the fact that both the chiral analyte 1 and the
chiral selector 2 are devoid of hydrogen bond donor groups
(which represents a prerequisite for enantiodiscrimination
by the majorities of CSAs11–14 in solution) and the two
enantiomers are included into the cyclodextrin by the same
stereochemistry, unexpectedly high 1H and 19F non-equiva-
lences were measured, which must be attributed to differ-
ences in the association constants of the (S)-1/2 and
(R)-1/2 complexes. Reasonably multiple attractive fluorine–
silicium interactions at the external surface of the cyclodex-
trin and hydrophobic attractive interactions at its internal
surface, which can cooperate in virtue of the relevant devi-
ations of the conformation of 2 from the truncated cone
shape, are more efficient for (S)-1 than they are for (R)-1.
Such a kind of interaction mechanism is according to GC
elution order and justifies the fact that both enantiomers
have their proton and fluorine nuclei high frequencies
shifted in the complexed forms with respect to uncom-
plexed one. Finally, relevant non-equivalences measured
in solution strongly encourages the use of 2 as CSA for
fluorinated chiral compounds, which could give an alterna-
tive to its GC use.
4. Experimental

NMR measurements were performed on spectrometers
operating at 600, 150 and 282 MHz for 1H, 13C and 19F,
respectively. The temperature was controlled to ±0.1 �C.
1H and 13C NMR chemical shifts are referenced to TMS
as an external standard. 19F NMR chemical shifts are ref-
erenced to trichlorofluoromethane as external standard.
The 2D NMR spectra were obtained by using standard se-
quences. Proton gCOSY 2D spectra were recorded in the
absolute mode acquiring eight scans with a 3 s relaxation
delay between acquisitions for each of 512 FIDs. The
ROESY (Rotating-frame Overhauser Enhancement Spec-
troscopY) spectra were recorded in the phase-sensitive
mode, by employing a mixing time of 0.3 s. The spectral
width used was the minimum required in both dimensions.
The pulse delay was maintained at 5 s; 512 hypercomplex
increments of eight scans and 2K data points each were col-
lected. The data matrix was zero-filled to 2K · 1K and a
Gaussian function was applied for processing in both
dimensions. Proton 1D ROESY spectra were recorded
using selective pulses generated by means of the Varian
Pandora Software. The selective 1D ROESY spectra were
acquired with 1024 scans in 32K data points with a 10 s
relaxation delay and a mixing time of 0.3 s. The gradient
1H,13C gHSQC spectrum was obtained in 32 scans
per increment into a 2048 · 256 point data matrix. The
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gradient HMBC (Heteronuclear Multiple Bond Correla-
tion) experiment was optimized for a long-range 1H–13C
coupling constant of 8 Hz. The spectra were acquired with
512 time increments, 32 scans per t1 increment and a 3.5 ms
delay period for suppression of one-bond correlation sig-
nals. No decoupling during acquisition was used. The selec-
tive relaxation rates were measured in the initial rate
approximation by employing a selective p pulse at the
selected frequency. After the delay s, a non-selective p/2
pulse was employed to detect the longitudinal magnetiza-
tion. For the biselective measurements, the two protons
were inverted consecutively. Each selective relaxation rate
experiment was repeated at least four times. DOSY exper-
iments were carried out by using a stimulated echo seq-
uence with self-compensating gradient schemes, a spectral
width of 6318 Hz and 64K data points. Typically, a value
of 100 ms was used for D, 2.0 ms for d, and g was varied
in 25 steps (16 transients each) to obtain an approximately
90–95% decrease in the resonance intensity at the largest
gradient amplitudes. The baselines of all arrayed spectra
were corrected prior to processing the data. After data
acquisition, each FID was apodized with 1.0 Hz line broad-
ening and Fourier transformed. The data were processed
with the DOSY macro (involving the determination of
the resonance heights of all the signals above a pre-estab-
lished threshold and the fitting of the decay curve for each
resonance to a Gaussian function) to obtain pseudo
two-dimensional spectra with NMR chemical shifts along
one axis and calculated diffusion coefficients along the
other.

4.1. Heptakis(2,3-di-O-acetyl-6-O-tert-butyldimethylsilyl)-
b-cyclodextrin 2

Compound 2 was synthesized according to the procedure
of Takeo et al.16 The final product was flash-chromato-
graphed with a small amount of silica gel with toluene–eth-
anol (5:1, v/v) to remove non-reacted cyclodextrin and salt.
After evaporation of the solvent, the residue was vacuum-
dried to give slightly yellow crystals. The crude product
(yield 96.5%) was used without further purification.

1H NMR (600 MHz, C6D12): d = 0.09 (s, 42H; (CH3)2Si),
0.93 (s, 63H; (CH3)3C), 1.99 (s, 21H; CH3, Ac-3), 2.01 (s,
21H; CH3, Ac-2), 3.79 (br d, J6b,6a = 10.0 Hz, 7H; H6b),
3.88 (dd, J43 = 8.6 Hz, J45 = 9.6 Hz, 7H; H4), 3.93 (br d,
J54 = 9.6 Hz, 7H; H5), 4.10 (br d, J6a6b = 10.0 Hz, 7H;
H6a), 4.62 (dd, J21 = 3.7 Hz, J23 = 9.9 Hz, 7H; H2), 5.23
(d, J12 = 3.7 Hz, 7H; H1), 5.43 (dd, J32 = 9.9 Hz,
J34 = 8.6 Hz, 7H; H3); 13C NMR (150 MHz, C6D12):
d = �5.6 and �5.3 [(CH3)2Si], 18.2 [(CH3)3C], 20.0 (CH3,
Ac-3), 20.3 (CH3, Ac-2), 25.7 [(CH3)3C], 62.3 (C6), 71.5
(C2+C3), 72.0 (C5), 75.6 (C4), 96.7 (C1), 168.9 (CO, Ac-
2), 169.3 (CO, Ac-3).
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Gas Chromatography; Hüthig: Heidelberg, 1986.
18. Job, P. Ann. Chim. Appl. 1928, 9, 113–134.
19. Djeaini, F.; Lin, S. Z.; Perly, B.; Woussidjewe, D. J. Pharm.

Sci. 1990, 79, 643–646.
20. Fielding, L. Tetrahedron 2000, 56, 6151–6170.
21. Wimmer, R.; Aachmann, F. L.; Larsen, K. L.; Peterson, S. B.

Carbohydr. Res. 2002, 337, 841–849.
22. Uccello-Barretta, G.; Sicoli, G.; Balzano, F.; Salvadori, P.

Carbohydr. Res. 2003, 338, 1103–1107.
23. Uccello-Barretta, G.; Sicoli, G.; Balzano, F.; Salvadori, P.

Carbohydr. Res. 2005, 340, 271–281.
24. Uccello-Barretta, G.; Balzano, F.; Sicoli, G.; Scarselli, A.;

Salvadori, P. Eur. J. Org. 2005, 5349–5355.
25. Freeman, R.; Wittekoek, S. J. Magn. Reson. 1969, 1, 238–

276.
26. Advanced Magnetic Resonance Techniques in Systems of High

Molecular Complexity; Niccolai, N., Valensin, G., Eds.;
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