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NMR spectroscopic investigations involving extensive use of
ROESY and DOSY techniques and comparison with
silylated-acetylated linear dextrins as acyclic model com-
pounds shed light on the origin of the phenomenon of
enantiodiscrimination of fluorinated o-amino acid derivatives
by heptakis[2,3-di-O-acetyl-6-O-(tert-butyldimethylsilyl)]-f-
cyclodextrin. The effectiveness and versatility of the cyclic

derivatized oligosaccharide as a chiral solvating agent for the
NMR determination of enantiomeric purity in the same class
of compounds is demonstrated. A regular correlation be-
tween the relative positions of enantiomers’ signals and ab-
solute configurations is observed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Cyclodextrins are truncated cone-shaped cyclic oligo-
saccharides, which have found widespread applications as
chiral auxiliaries for the chromatographic separation of
enantiomers!'7 and for the NMR spectroscopic differentia-
tion of enantiomers.!® 14

NMR spectroscopic differentiation methods mainly in-
volve the use of cyclodextrins as chiral solvating agents
(CSAs),[B-14 potentially capable of inducing anisochrony of
enantiotopic nuclei, which are rendered diastereotopic and
hence distinguishable in the NMR spectra, the integrated
areas of signals of the enantiomers reflecting their enantio-
meric composition and their relative positions being corre-
latable with the absolute configuration. Originally, native
cyclodextrins were proposed!!>-1° as CSAs for use in water,
due to their solubility characteristics. In this solvent, in-
clusion processes inside the cyclodextrin cavity constitute
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the basis of enantiodiscrimination. Selective or exhaustive
derivatization of cyclodextrins at the primary and second-
ary hydroxy groups brought about significant changes in
their physicochemical properties,[!” extending their use to
analyses in organic solvents, even though in some cases the
propensity of cyclodextrins to form inclusion complexes is
lost.[18-201

The potential of selective placing of different functional
groups on the wide and narrow cyclodextrin rims was also
exploited, and this approach led to CSAs with enhanced
enantiodiscriminating properties.?%22l Among derivatized
cyclodextrins,  heptakis[2,3-di-O-acetyl-6-O-(tert-butyldi-
methylsilyl)]-B-cyclodextrin (1, Scheme 1) has already be-
come established as a powerful chiral stationary phase
(CSP) for the gas-chromatographic separation/®*! of stereo-
isomeric flavour compounds. The development of analo-
gously modified linear dextrins (“acyclodextrins”) for use
in enantioselective gas chromatography (GC) provided ad-
ditional insights regarding the role of cavity and the number
of derivatized glucose units in the enantiodiscrimination
processes.’*#2%] The remarkable utility of 1 as a CSA for
the NMR enantiodiscrimination of an apolar fluorinated
compound [1,1,1,3,3-pentafluoro-2-(fluoromethoxy)-3-
methoxypropane, named “compound B”, a decomposition
product of the inhalational anaesthetic sevoflurane] was
also demonstrated,?' suggesting its potential in the analy-
ses of fluorinated compounds devoid of hydrogen-bond do-
nor groups. Although interpretation of the origin of
enantiodiscrimination by cyclodextrins represents a chal-
lenging goal, NMR spectroscopic investigations have
clearly established the role of partial inclusion of “com-
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pound B” inside the cyclodextrin cavity and attractive
fluorine-silicon interactions occurring at the external sur-
face in enantiodiscrimination processes.?!!
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Scheme 1. CSAs 1-7.

Here, the use of the silylated-acetylated cyclodextrin 1
(Scheme 1) as a CSA for the NMR spectroscopic enantio-
discrimination of chiral fluorinated compounds possessing
hydrogen-bond donor groups has been investigated in order
to probe its versatility and to exploit the great potential of
NMR spectroscopy for investigation of enantiodiscrimin-
ation processes at a molecular level, thereby complementing
chromatographic approaches. Different kinds of a-amino
acid derivatives were analysed (Scheme 2), focusing on N-
trifluoroacetylated compounds 8-14 with free carboxy
functions; the preparation of these compounds is very sim-
ple and purification is not required. In addition, compound
15, with an ester function, and 16, devoid of fluorine nuclei,
were also examined. NMR analyses involved comparison
of 1 with the peracetylated cyclodextrin 2 or the mixed
methylated-silylated cyclodextrin 3 and the underivatized 4
(Scheme 1), in order to probe the relevance of the simulta-
neous presence of silyl and acetyl groups in the CSA. The
role of the cavity of the cyclodextrin derivatives on enantio-
discrimination processes was investigated by comparison
with the corresponding acyclic linear dextrin 5 (Scheme 1),
which contains analogous derivatizing groups. Additionally,
the linear dextrin 6, with three glucopyranose units, and
1856
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glucose derivative 7 (Scheme 1) were also probed. Investi-
gations into the origin of enantiodiscrimination in solution
involved extensive use of the DOSY (Diffusion Ordered
SpectroscopY) techniquel?®28! of measurement of transla-
tional diffusion coefficients, the potential of which in this
field, mainly in the case of cyclodextrins chiral auxiliaries,
has already been pointed out.[?%-30
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Scheme 2. a-Amino acids derivatives 8-16.

Results and Discussion

In enantiodiscrimination experiments, NMR spectra of
pure racemic or enantiomerically enriched substrates 8-16
in CDCl; (Scheme 2) and their mixtures with selected chiral
auxiliaries 1-7 (Scheme 1) were compared with each other.
Typically, given the low solubility of a-amino acid deriva-
tives, 5 mM solutions were analysed, even though the solu-
bilities of the substrates increase up to 20 mM or higher in
the mixtures with CSA 1. In cases in which CSAs induced
anisochrony of enantiotopic nuclei, then two sets of signals
for each nucleus or group of equivalent nuclei of the two
enantiomers were detected and nonequivalences (Jor — Js|,
ppm) — differences of chemical shifts of corresponding nu-
clei in enantiomers (og and dg) — could be measured. The
magnitude of nonequivalence constitutes the more direct
evidence of the efficiency of a CSA.

Starting our analysis from the racemic N-trifluoroacetyl
derivative of alanine (8), we focused our attention on its
amide resonance, which produces a signal in the high-fre-
quency spectral region, not obscured by the CSAs’ signals.
The resonance of the amide proton of 8 was found as a
broad singlet at 0 = 6.86 ppm, while in the presence of equi-
molar amounts of CSA 1 it was significantly split by
0.067 ppm (Table 1, Figure 1 a,b). The enantiomeric signals
in the mixture were both significantly shifted to higher fre-
quency than observed with the pure compound (7.07 ppm
and 7.14 ppm; Table 1, Figure 1 a,b). The methine proton
signals of 8, which were obscured by the CSA signals, were
extracted by COSY (COrrelation SpectroscopY) analysis
and were found, also significantly split, at 6 = 4.67 ppm and
4.71 ppm (Supporting Information, Table S1). No doubling
of the methyl resonances was observed. Amide proton non-
equivalence, already high in the very low concentration
(5 mm) equimolar mixture, showed a twofold increase with
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increasing concentration to 10 mM and in the presence of
two equivalents of CSA 1, together with significant further
higher-frequency shifts of enantiomeric signals (Table 1).
The same effect of nonequivalence increase in methine pro-
tons was observed, but opposite complexation-induced
chemical shifts (CICS, dops — Jp, ppm; Jdops and Jp are the
chemical shifts of a selected nucleus in the presence and in
the absence of the CSA, respectively) were detected in this
case (see Table S1, Supporting Information).

Table 1. "TH NMR (600 MHz, CDClj, 25 °C) CICSS (Sqps — 65, Ppm)
and nonequivalences (|ogr — Js|, ppm) of amide protons of 8, 15 and
16 (5 mMm) in the presence of equimolar amounts of CSA 1.

Substrate Oobs — Of |0r — Jg|
8 0.277 (5)/0.210 (R) 0.067
8al 0.524 (S)/0.404 (R) 0.120
15 0.012 0

16 0.100 0

[a] At 10 mM in the presence of two equivalents of CSA.

S
R
c
S R
b
a
7.6 7.2 6.8

Figure 1. '"H NMR (600 MHz, CDCl;, 25 °C) spectra for regions
corresponding to the amide proton of: a)8 (5mm), b) (R,S)-8
(5 mm) in the presence of an equimolar amount of CSA 1, and
¢) (S)-8 (5 mm, enantiomeric purity 36%) in the presence of an
equimolar amount of CSA 1.

Under the same measurement conditions (5 mM, 1:1), no
nonequivalence was detected in the analogous acetylated al-
anine derivative 16, even though CICSs were also signifi-
cantly high in this case (Table 1). The N-trifluoroacetylated
alanine derivative 15, with an ester function, showed both
undetectable nonequivalence as well as significantly lower
CICS of the amide proton. Consequently, the experiments
involving derivatives 15 and 16 indicate that both fluori-
nated groups and free carboxyl functions are fundamental
to achieving enantiodiscrimination of 8-14 by CSA 1.

In consideration of the above results, N-trifluoroacetyl
derivatives of different a-amino acids were analysed. All of
them were efficiently enantiodiscriminated by 1, with the
exception of phenylglycine derivative 14 (Table 2). It is note-
worthy that significant CICSs were also measured in this
last case. Nonequivalences ranging from 0.067 ppm to
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0.019 ppm were seen, with a maximum efficiency for ala-
nine derivative 8 (Table 1) and methionine derivative 9
(Table 2).

Table 2. "TH NMR (600 MHz, CDCl3, 25 °C) CICSs (dyps — Jp, ppm)
and nonequivalences (J0r — Js|, ppm) of amide protons of 9-14
(5 mm) in the presence of equimolar amounts of CSA 1.

Substrate Jobs — Of |or — O]
9 0.199 (8)/0.137 (R) 0.062
10 0.152 (S)/0.133 (R) 0.019
11 0.109 (S)/0.084 (R) 0.025
12 0.162 (S)/0.141 (R) 0.021
13 0.132 (S)/0.110 (R) 0.022
14 0.226 0

The interesting point is that in all cases the investigated
amide proton signal for the (S) enantiomer was shifted to
higher frequency than the corresponding signal for the (R)
enantiomer. The CSA 1 can thus also be proposed for con-
figurational assignments of N-trifluoroacetylated deriva-
tives of a-amino acids.

o-Amino acid derivative 8, which was enantiodiscrimin-
ated with very high efficiency by CSA 1, was employed as
an enantiomeric substrate for enantiodiscrimination experi-
ments with the different CSAs 2-7 (Tables 3 and 4).

In particular, peracetylated cyclodextrin 2, devoid of silyl
functionalities, produced significantly lower differentiation
of the amide proton in 8 (0.020 ppm, Table 3), but CICSs
were high, although lower than they had been in the pres-
ence of CSA 1. Cyclodextrin 3, silylated like 1 on its pri-
mary sites but methylated, rather than acetylated, on its sec-
ondary ones, did not produce any differentiation of enan-
tiomeric signals and produced lower CICSs (Table 3). Inter-
estingly, CICSs produced by 1 nearly corresponded to the
sums of measured CICSs in the presence of cyclodextrins 2
and 3 (Tables 1 and 3).

Table 3. "TH NMR (600 MHz, CDCl3, 25 °C) CICSs (dops — Jp, ppm)
and nonequivalences (|[og — ds|, ppm) of the amide proton in 8
(5 mMm) in the presence of equimolar amounts of CSAs 2-3.

CSA 5obs - éf |6R - b‘Sl
2 0.190 (5)/0.170 (R) 0.020

3 0.087 0

2+3 0.251 (5)/0.240 (R) 0.011

A ternary mixture containing 8 in the presence of both
2 and 3 was then analysed, giving CICSs as high as in the
equimolar 8/1 mixture, while nonequivalence was signifi-
cantly lower (Table 3). This result shows the role of both
silyl and acetyl groups in the stabilization of diastereomeric
solvates formed in solution. Enantiodiscrimination must,
however, result from a cooperative action of the two func-
tionalities in the CSA 1.

Further verification of the relevance of derivatizing
groups in enantiodiscrimination processes was provided by
comparison with underivatized B-cyclodextrin 4, employed
in D,O because of its very low solubility in CDCl;. H-D
exchange of the amide proton of 8 occurring in D,O pre-
vented its observation, so analysis was based on the meth-
1857
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ine proton, which had also been differentiated in the pre-
viously discussed mixtures. The above signal did not un-
dergo any doubling as the consequence of the presence of
4 and nor did it give detectable CICSs, suggesting that sig-
nificant CSA-solute interaction did not occur.

With regard to comparison with the linear acyclic deriva-
tized oligosaccharides 5-7 (Table 4), the two kinds of prod-
ucts, either silylated (a) at the anomeric carbon or acety-
lated (b) on it (Scheme 1), behaved indistinguishably in en-
antiodiscrimination experiments (Table 4). The influence of
the nature of the functional group on the anomeric centre
(TBDMS vs. acetyl) was also tested by gas chromatographic
experiments, with no significant differences in the enantio-
separation being observed.

Table 4. "TH NMR (600 MHz, CDCl3, 25 °C) CICSs (3o — J5, ppm)
of amide proton of 8 (5 and 10 mm) in the presence of one or two
equivalents of CSAs 5-7.

Smwm, 1:1 10 mm, 1:2
CSA 50bs - 5!‘ 5obs - (Sf
5a 0.113 0.223 (5)/0.204 (R)
5b 0.114 0.223 (5)/0.204 (R)
6a 0.061 0.131
6b 0.059 0.129
7 0.041 0.056

Once again, we selected alanine derivative 8 as the en-
antiodiscrimination probe compound and found that at
5 mM no acyclic oligosaccharide was able to differentiate its
enantiomers (Table 4). Only 5a-b, with seven glucopyranose
units, produced nonequivalence, of about 0.020 ppm
(Table 4, Figure 2) in mixtures containing 10 mM 8 in the
presence of two equivalents of 5a or 5b. Under the same
experimental conditions neither of the oligosaccharides 6
7 allowed the observation of differentiated signals of the
enantiomers of 8 (Table 4). Analysis of CICSs by 5-7 re-
vealed several interesting aspects: CSAs 5a-b were unable
to enantiodiscriminate 8 at 5 mwm, but caused significant
high-frequency shifts (0.11 ppm) of its amide resonance
(Table 4). Trisaccharide 6 also caused a high-frequency shift
(0.060 ppm), about half of that measured for 5, and an even

7.4 7.3 7.2 71 7.0

Figure 2. '"H NMR (600 MHz, CDCl;, 25 °C) spectral regions cor-
responding to the amide proton of 8 (10 mm) in the presence of
two equivalents of CSA: a) 5a-b, b) 1.
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more lower CICS was measured in the presence of mono-
saccharide 7 (Table 4).

The complexing abilities of acyclic oligosaccharides thus
mainly depend on the number of glucopyranose units, but
efficient enantiodiscrimination requires the concatenation
of glucopyranose units by a cyclic assembly, which may sug-
gest the occurrence of inclusion processes. However, if we
take into account that all acyclic oligosaccharides are able
to give rise to complexation phenomena with 8, but that
this brought about enantiodiscrimination only in the case
of 5a-b, we must consider the alternative hypothesis that
the rigid structure generated by cyclic assembly is responsi-
ble for enantiodiscrimination as the consequence of spatial
constraints imposed by silyl and acetyl moieties on the pri-
mary and secondary sites, respectively, of adjacent units.

To obtain deeper insight into these aspects, NMR DOSY
experiments were carried out. DOSY techniques?®28 make
it possible to detect translational molecular diffusion by
measurement of the diffusion coefficient (D). From the
Stokes—Einstein equation [Equation (1)] the diffusion coef-
ficient can be correlated to friction factor f, where k is the
Boltzmann constant and 7 the absolute temperature.

D="_
f O]
The friction factor of spherical molecules can be corre-
lated to molecular size by means of the hydrodynamic ra-
dius Ry [Equation (2)], where # is solution viscosity and ¢
represents a numerical factor that for medium- to large-
sized molecules is approximately 6, whereas for molecules
with sizes comparable to those of the solvent it can be esti-
mated from a semiempirical improvement!3!-33 of the equa-
tion derived from the theory proposed by Wirtz and co-
workers, 34331

S =cmnR, )

The following special comment on the dependence of the
diffusion coefficient on solution viscosity is appropriate.
For dilute solutions it is approximately equal to solvent vis-
cosity, but in all other cases an internal standard of vis-
cosity must be employed. To this end, in organic solvents,
tetramethylsilane (TMS) can be employed.[*¥ Its diffusion
coefficients in the presence and in the absence of substrate
can be measured and their ratio employed as a viscosity
correction factor.

In any case, the dependence of diffusion coefficients on
the hydrodynamics radii makes these parameters a powerful
probe for complexation phenomena, which always cause in-
creases in molecular size and hence bring about decreases
in diffusion coefficients measured by the DOSY technique.
In particular, under fast-exchange conditions (i.e., when dif-
fusion of free and complexed species are indistinguishable),
the measured diffusion coefficient (D) represents the
weighted average of the value corresponding to the uncom-
plexed (Dy) and complexed (D.) forms [Equation (3)], where

Eur. J. Org. Chem. 2008, 1855-1863
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xp and x, are the molar fractions of uncomplexed and com-
plexed forms, respectively, with x; + x. = 1.

D, = Dix; + D X, 3)

From Equation (3), the magnitude of the decrease in the
diffusion coefficient, occurring as the consequence of com-
plexation processes, is correlated to complexed molar frac-
tion x. [Equation (4)] and, hence, to complexation constant
K.

% :Dobs _Df
-D

¢ D,-D; 4

Although, in the fast exchange regime, the same relation-
ship also applies to other averaged NMR parameters, such
as chemical shifts, coupling constants or relaxation rates, we
would point out that diffusion coefficients are particularly
suitable for complexation investigations, as they represent
global parameters of the molecule as a whole and not local
parameters. Furthermore, when we deal with dia-
stereomeric complexes such as those formed with the use
of CSAs, it is reasonable to hypothesize that the diffusion
coefficients of the two complexed enantiomers (DX and
D?) are equal, unless complexation stoichiometry changes.
The above approximation can never be made for local
parameters strongly affected by stereochemical factors.

Thus, the ratios of complexed molar fractions of the
enantiomers can be very simply determined [Equation (5)].

x¥ DR, -D;

obs —

x§ DS, -D; (5)

Furthermore, when enantiomeric substrates and CSAs
are of significantly different sizes, it can be assumed that
translational diffusion is mainly controlled by the larger
molecule, frequently the CSA, and, hence, that the diffusion
coefficient of enantiomeric substrates in the complexed
states (DX and DZ) are approximately equal to the CSA
diffusion coefficient (Dcga).21-2%-20

In this way, by single-point determinations, the com-
plexed molar fraction at a single concentration value can be
determined as in Equation (6), and from this the complex-
ation constant K can be calculated. This approach proved
to be very useful, above all in the case of cyclodextrin
CSAs [21:29.30]

Dobs _Dl

X, =~ —L
Dcsp — Dy (6)

Finally we would point out that comparison between
CICSs (Ad) and complexation-induced variation of dif-
fusion coefficients (AD) is a powerful tool for identifying
the origin of enantiodiscrimination. On the basis of Equa-
tion (3) and Equation (7), detection of differentiated dif-
fusion coefficients of the two enantiomers necessarily in-
volves differentiated complexed molar fractions [Equa-
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tion (3)] and, hence, complexation constants, whereas
strongly differentiated complexation-induced variation of
chemical shifts can be caused both by differences in enanti-
omer-complexed molar fractions as well as by differences in
their stereochemical arrangements (6% # 5) [Equation (7)].
On this basis, we measured the diffusion coefficients of
enantiomers of 8 both pure and in the presence of selected
CSAs, under different experimental conditions.

8obs = 5fxf + 6cxc (7)

In each case TMS (1%) was employed as internal stan-
dard of viscosity, and measured diffusion coefficients were
corrected as already stated. Such a correction was mainly
needed for solutions of high CSA concentration. As an ex-
ample, for a 1 mm CDClj; solution of the cyclodextrin we
measured a diffusion coefficient of CSA 1 equal to
4.4x 101 m?s! and for TMS equal to 21.0 X 1071 m?s !,
Already at 5 mm, the diffusion coefficient of 1 had de-
creased to 4.3 X107 '°m?s !, and at the maximum concen-
tration of 40 mm the diffusion coefficient of CSA 1 had be-
come 3.5X1071°m?s!, while the corresponding diffusion
coefficients for TMS were 20.6X10m2s! and
17.4% 10" m?s! (Supporting Information, Table S2). The
corrected values of the diffusion coefficients of cyclodextrin
1 are always 4.4X10'°m?s !, demonstrating that mea-
sured variations are only due to viscosity changes and not
to a self-aggregation phenomenon.

We thus first measured the diffusion coefficient of (R)-
and (S)-8/CSA 1 equimolar mixtures at the 5 mm total con-
centration and measured diffusion coefficients (corrected
for viscosity changes) of 10.7Xx10'°m?s!' and
11.8X 10719 m2s! for (S)- and (R)-8, respectively. Thus,
from Equation (6), we calculated complexed molar frac-
tions of 0.21 for (S)-8 and 0.08 for (R)-8, which gave com-
plexation constants of 67 M 'and 19M !, respectively
(Table 5, Figure 3).

Table 5. Diffusion coefficients™ (D X 10'° m?s!, 600 MHz, CDCls,
25°C) of a-amino acid derivatives 8-14 (5 mM) in the absence (Dy)
and in the presence (D) of CSA 1.

Substrate Dy Dps

8 12.4 10.7 (S)/11.8 (R)
9 10.5 8.4 (5)9.1 (R)
10 11.0 10.3

11 11.3 10.5

12 10.7 10.2

13 10.4 9.5

14 10.6 9.6

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Corrected employed TMS as internal standard.

However, the same kind of analysis performed in a solu-
tion containing (R)- or (S)-8 at a significantly lower concen-
tration (1 mMm) in the presence of a tenfold CSA molar ex-
cess gave significantly different complexation constants of
89 M ! and 66 M ! for (S)- and (R)-8, respectively (Table 6).
This remarkable discrepancy can be attributed to the fact
that N-trifluoroacetyl derivatives of a-amino acids with free
carboxyl functions strongly self-aggregate in solution, as
1859
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Figure 3. DOSY (600 MHz, CDCls, 25 °C) maps of 8 (5 mm) in the
absence (a) and in the presence (b) of an equimolar amount of CSA
1. Viscosity corrected values are reported in parentheses.

demonstrated by analysis of progressively diluted solutions
[as an example for 8, D (5mm) = 12.4X10'9m?s! and
D (1 mm) = 13.6 X 10719 m?s7!]. Hence, in the evaluation of
complexation constants only experimental conditions dis-
couraging self-aggregation processes in comparison with
heteroassociation phenomena (i.e., low concentrations of
the self-aggregating species in the presence of high molecu-
lar excesses of a species that does not tend to self-aggregate)
should be employed, as in the case we have just described.

Table 6. Diffusion coefficients® (Dgps X 101 m?s!, 600 MHz,
CDCl;, 25 °C) of enantiomers of 8 (5 mm) in the presence of CSA
1, and complexation constants (K, m1).

Substrate  [8] [mM] 8/1 Doy KM

()-8 5 1:1 10.7 67+5(90=x4)
(R)-8 5 11 11.8 19+5 (57 + 4)
(S)-8 1 1:10 9.4 89+ 5 (90 = 4)
(R)-8 1 1:10 10.0 66+ 8 (57 = 4)

[a] Corrected by use of TMS as internal standard. [b] Association
constants determined by the Foster-Fyfe method!3”-3%! (concentra-
tion of 8 1 mm) are reported in parenthesis.

To confirm the validity of our approach we verified the
hypothesis of 1:1 stoichiometry by Job’s method and then
determined the association constants of the two dia-
stereomeric complexes by the Foster—Fyfe method,[??-37-3¢]
by analysing 1 mm (R)- or (S)-8 solutions in the presence of
increasing molar excesses of CSA 1 from 1:20 to 1:140 (see
Table S3, Figure S1 in the Supporting Information). By lin-
ear fitting of experimental data, we calculated the two val-
ues of complexation constants of 90 m! and 57 m~! for (S)-
and (R)-8, respectively, and these were in very good agree-
ment with the values obtained from diffusion coefficient
measurements by the single-point method in the 1:10 sub-
strate/CSA solution (Table 6).
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Returning to the main goal of our investigation, we can
conclude, not only because the CICSs are highly and signifi-
cantly differentiated, but also because the diffusion coeffi-
cients underwent significantly different decreases due to
complexation to CSA, that cyclodextrin 1 is able to enanti-
odiscriminate the enantiomers of 8 through the formation
of diastereomeric complexes that are significantly distinct
with regard not only to their stereochemistry, but also to
their thermodynamic stability.

Analogous DOSY and chemical shift measurements in
mixtures containing the other o-amino acid derivatives
demonstrated the ability of cyclodextrin 1 to produce de-
creases in the diffusion coefficients of enantiomeric sub-
strates, which are differentiated only in the cases of the pre-
viously discussed alanine derivative and the methionine one
(Table 5). Accordingly, nonequivalences (Table 2) were sig-
nificantly higher for 8-9 than for 10-14, thus showing that
the more efficient enantiodiscrimination occurs when the
CSA is able to differentiate not only the stereochemical en-
vironments of the enantiomers, but also their complexation
constants.

The variations in the undifferentiated diffusion coeffi-
cients of (S)- and (R)-8 due to the presence of equimolar
amounts of cyclodextrins 2 and 3 were 10.7 X 10719 m?s!
[i.e.,, equal to that observed for the more tightly bound
enantiomers [(S)-8] in the presence of CSA 1 (Table 5)],
confirming the roles of acetyl and silyl groups in the stabili-
zation of the complexes formed in solution. However, at
least in the case of 2, observed nonequivalence is mainly
due to the fact that the two diastereoisomers have different
stereochemistry in solution, while their complexation con-
stants are not significantly different. Silyl groups must be
mainly involved in the stabilization of the diastereomeric
complexes, but alone are not able to differentiate enantio-
mers’ environments, precluding any differentiation from the
thermodynamic point of view.

Acyclic linear oligosaccharides did not produce any dif-
ferentiation of the diffusion coefficients of the enantiomers,
and the magnitude of their decrease (Table 7) is strongly
dependent on the number of glucopyranose units, confirm-
ing previously discussed results regarding CICSs (Table 4).

Table 7. Diffusion coefficientsi®! (Dgps X 101 m?s!, 600 MHz,
CDCls, 25 °C) of a-amino acid derivative 8 (5 mm) in the presence
of equimolar amounts of CSAs 5-7.

5a 5b 6a 6b 7
Doy 11.7 11.7 12.1 12.1 12.4
[a] Corrected by employing TMS as internal standard.

In the presence of the heptasaccharides 5a and 5b a de-
crease in the diffusion coefficient of both enantiomers to
11.7X 1079 m?s ! is detected, which is comparable to the
effect produced by CSA 1 on the less tightly complexed (R)
enantiomer (Table 5). The effect of tri- and monosaccha-
rides on the diffusion coefficients of 8 are almost negligible,
demonstrating that the number of units strongly affects the
ability of CSA to stabilize complexes formed in solution.
Complexation constants for trisaccharides 6 and heptasac-
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charides 5 were also determined by the Foster-Fyfe
method,7-381 giving values of 32m!and 62M!, respec-
tively (see Table S4, Figure S2, Supporting Information). It
is noteworthy that this last value is very similar to the com-
plexation constant measured for (R)-8 in the presence of
CSA 1. Thus, we can conclude that the ability of oligosac-
charides to stabilize enantiomeric mixtures through the for-
mation of diastereomeric complexes is less pronounced than
it is in the case of cyclic oligosaccharides and strongly de-
pends on the number of glucopyranose rings. In any case,
even though the heptasaccharide CSA is itself able to com-
plex enantiomeric mixtures, it is not able to differentiate
their stereochemical environments significantly.

To conclude our analysis, we carried out ROE (Rotating-
frame Overhauser Enhancement) measurements of inter-
molecular dipolar interactions in mixtures containing (.S)-
or (R)-8 at 1 mm concentrations in the presence of ten
equivalent of cyclodextrin 1 in order to obtain some infor-
mation on proximity constraints inside diastereomeric com-
plexes. The above experimental conditions were selected in
order to guarantee an approx. 40% complexed molar frac-
tion in solution.

Perturbation of the external proton H! in CSA 1 (Fig-
ure 4) produced the expected intra-unit H'-H? effect and
the inter-unit H'-H* effect, in addition to significant effects
on the H? and H? internal protons, which must be due to
glucopyranose units tilting about glycosidic linkages (see
Figure S3, Supporting Information).
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Figure 4. 1D ROESY (600 MHz, CDCl;, 25 °C, mix 0.9 s) spec-
trum corresponding to perturbation of the H! protons in CSA 1.

Acetyl protons of groups bound to secondary sites pro-
duced clear dipolar interaction with protons of zerz-butyldi-
methylsilyl groups, demonstrating that both kinds of groups
face the external surface of the cyclodextrin (Figure 5).
Their proximity is probably favoured by tilted glucopyr-
anose rings. Interestingly, significant dipolar interaction be-
tween the acetyl functions of the cyclodextrin and the
methyl groups of both enantiomers of 8 was also detected
(Figure 5). The reciprocal effect was also detected in the
1D ROESY spectrum obtained by perturbation of methyl
protons of (S)- or (R)-8 (Figure 6), while further effects
were found at the silyl frequencies and on the external pro-
ton H?. It is noteworthy that a smaller effect on the internal
proton H? was also detected. As this last effect is less pro-
nounced than effects detected on external protons, we can
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Figure 5. 1D ROESY (600 MHz, CDCl;, 25 °C, mix 0.9 s) spectra
corresponding to perturbation of acetyl protons of CSA 1 in equi-
molar mixture: a) (S)-8/1, b) (R)-8/1.
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Figure 6. 1D ROESY (600 MHz, CDCls, 25 °C, mix 0.9 s) spec-
trum corresponding to perturbation of methyl protons of 8 in an
equimolar (S)-8/1 mixture.
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Figure 7. Graphical representation of diastereomeric complexes

(S)-8/1 (a) and (R)-8/1 (b). Only two glucopyranose units of CSA
1 are represented.
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conclude that complexation occurs at the external surface
of the cyclodextrin and that the effect detected on the in-
ternal proton H? is mainly due to the rotation of CSA 1
units, which brings internal protons H? into the vicinity of
the external surface of the cyclodextrin (Figure 7).

Conclusions

The mixed silylated-acetylated B-cyclodextrin 1 is an ef-
ficient CSA for direct determinations of enantiomeric puri-
ties of fluorinated a-amino acid derivatives by NMR spec-
troscopy. Interestingly, regular correlations found between
relative positions of enantiomers’ amide resonances and ab-
solute configuration also suggested the potential to employ
CSA 1 for configurational assignments of the same class
of a-amino acid derivatives. Therefore, an analytical NMR
approach complementary to the GC use of CSA 1 can be
suggested, significantly extending the potential application
of the CSA.

In the NMR enantiodiscrimination of simple N-trifluo-
roacetyl derivatives of a-amino acids by CSA 1, the impor-
tance of the presence of fluorinated groups and free car-
boxyl functions in the enantiomeric substrates has been
identified. Both silyl and acetyl groups in the CSA are in-
volved in the stabilization of diastereomeric complexes, but
only their simultaneous presence brings about efficient en-
antiodiscrimination. Acyclic linear oligosaccharides made
up of seven, three and one glucopyranose units are also able
to complex enantiomeric substrates preferentially, and the
amount of complexation strongly depends on the number
of glucopyranose units. A cyclic assembly of glucopyranose
rings gives rise to a rigid structure, probably allowing at-
tractive fluorine-silicon interactions, which could be as-
sisted by attractive interactions involving the carboxyl func-
tions of a-amino acids and acetyl moieties of the CSA. The
cooperation of these attractive interactions reasonably ori-
ents the complexation of the enantiomeric substrates at the
external surface of cyclodextrin rather than inside its cavity.
Accordingly, the acyclic linear heptasaccharide is also able
to bring about enantiodiscrimination, but differentiates
enantiomers to a smaller extent than CSA 1, which is prob-
ably due to its less rigid structure.

Experimental Section

General Methods: NMR measurements were performed on a spec-
trometer operating at 600 and 150 MHz for 'H and '3C, respec-
tively. The temperature was controlled to +0.1°C. 'H and '3C
NMR chemical shifts are referenced to TMS as external standard.
The 2D NMR spectra were obtained by using standard sequences.
Proton gCOSY 2D spectra were recorded in the absolute mode
with acquisition of four scans with a 5 s relaxation delay between
acquisitions for each of 256 FIDs. Proton 1D ROESY spectra were
recorded by using selective pulses generated by means of the Varian
Pandora Software. The 1D ROESY spectra were acquired with
256-1024 scans in 32 K data points with a 5 s relaxation delay and
a mixing time of 0.9s. 2D TOCSY (TOtally Correlation Spec-
troscopY) spectra were recorded by employing a mixing time of
65 ms. The pulse delay was maintained at 5s; 256 increments of
eight scans and 2 K data points each were collected. The data ma-
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trix was zero-filled to 2 K X 1 K and sinebell and sinebell shifted
functions were applied for processing in both dimensions. Proton
1D TOCSY spectra were recorded by using selective pulses gener-
ated by means of the Varian Pandora Software. The 1D TOCSY
spectra were acquired with 256-1024 scans in 32 K data points with
a 5 s relaxation delay and a mixing time ranging from 60 to 120 ms.
The gradient 'H,'3C-gHSQC (gradient Heteronuclear Single Quan-
tum Correlation) spectra were obtained in 16 transients per in-
crement into a 2048 X 128 point data matrix. The gradient HMBC
(Heteronuclear Multiple Bond Correlation) experiments were opti-
mized for a long-range 'H-'*C coupling constant of 8 Hz. The
spectra were acquired with 256 time increments, 16 scans per f
increment and a 3.5 ms delay period for suppression of one-bond
correlation signals. No decoupling during acquisition was used.
DOSY experiments were carried out by using a stimulated echo
sequence with self-compensating gradient schemes, a spectral width
of 7000 Hz and 64 K data points. Typically, a value ranging from
50 to 190 ms was used for A, 1.0 ms for ¢, and g was varied in
30 steps (16 transients each) to obtain an approximately 90-95%
decrease in the resonance intensity at the largest gradient ampli-
tudes. The baselines of all arrayed spectra were corrected prior to
processing of the data. After data acquisition, each FID was apod-
ized with 1.0 Hz line broadening and Fourier-transformed. The
data were processed with the DOSY macro (involving the determi-
nation of the resonance heights of all the signals above a pre-estab-
lished threshold and the fitting of the decay curve for each reso-
nance to a Gaussian function) to provide pseudo two-dimensional
spectra with NMR chemical shifts along one axis and calculated
diffusion coefficients along the other.

Materials: Heptakis[2,3-di-O-acetyl-6-O-(tert-butyldimethylsilyl)]-
B-cyclodextrin (1) and heptakis[6-O-(zert-butyldimethylsilyl)-2,3-di-
O-methyl]-B-cyclodextrin (3) were prepared according to literature
procedurest3?4% and the 'H and '*C NMR were in accordance with
those previously reported.*!l Compounds 5-7 were synthesized as
already described elsewhere.?*2° N-Trifluoroacetyl derivatives4?]
of a-amino acids 8-14 and N-(trifluoroacetyl)alanine ethyl ester
(15)3 were synthesized as described elsewhere.

Maltoheptaose 5a: 'H NMR (600 MHz, CDCls, 25 °C): § = -0.07—
0.15 (48 H, Me), 0.73-0.95 (72 H, rBu), 1.91-2.21 (45 H, Me, Ac),
3.40-4.01 (HS, H>, H*A, H*B), 4.59-4.80 (H2, H'A), 5.18 (H*C),
5.20-5.40 (H3, H'B, H') ppm. '3C NMR (150 MHz, CDCl;,
25°C): 0 = -5.7 to 4.2 [(CH;),Si], 17.8, 18.3, 18.4, 18.5 [(CH3)5C],
20.2-21.4 (CHj3, Ac), 25.1-26.2 [(CH3)5C], 60.8-61.8 (C°), 68.1-
75.4 (C2, C3, C4, C?), 94.4-95.9 (C") 169.1-170.7 (CO, Ac) ppm.

Maltoheptaose Sb: 'H NMR (600 MHz, CDCls, 25 °C): § = —0.04—
1.11 (42 H, Me), 0.74-0.94 (63 H, rBu), 1.93-2.21 (48 H, Me, Ac),
3.53 (Hy), 3.70-4.03 (H®®), 3.82 (H>A,), 3.88 (H>C), 3.90 (H*E,
HB) 4.01 (H*A,) 4.03 (H*p), 4.63 (H?B), 4.78 (H*“), 4.89 (H**,),
4.91 (H?Ap), 5.18 (H*“), 5.26 (H!B), 5.28 (H3*p), 5.30 (H3C), 5.35
(H?®), 5.37 (H'C), 5.49 (H*,), 5.68 (d, J,» = 8.3 Hz, H'%p), 6.22
(d, J1, =3.8 Hz, H'A)) ppm. '3C NMR (150 MHz, CDCl;, 25 °C):
0 = -5.7 to 4.8, [(CH;),Si], 18.2-18.6 [(CH3);(], 20.3-21.2 (CHs;,
Ac), 25.8-26.2 [(CH;3);C], 61.1-61.8 (C®), 68.1 (C*©), 69.7-72.6 (C?,
C3, C4 ), 89.2 (C'A,), 91.5 (C'Ap), 95.6-95.9 (CY), 169.0-170.8
(CO-Ac) ppm.

Maltotriaose 6a: '"H NMR (600 MHz, CDCls, 25 °C): 6 = —0.05 to
0.13 (24 H, Me), 0.75 to 0.95 (36 H, ¢Bu), 1.92-2.20 (21 H, Me,
Ac), 3.40 (H>), 3.63 (H©), 3.71 (H®C), 3.81 (H®B), 3.87 (H>°),
3.91 (H®B), 3.93 (H**, H®'4), 3.97 (H*B), 3.99 (HB), 4.61 (H?B),
4.72 (H'A, H?»), 4.77 (H?C), 5.16 (H*C), 5.22 (H3%), 5.26 (H'B),
5.32 (H'C, H3¢), 5.36 (H?*®) ppm. '3C NMR (150 MHz, CDCl;,
25°C): 0 = -5.9 to 4.7 [(CH;),Si], 18.0-18.8 [(CH3);(C], 20.3-21.2
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(CHs, Ac), 25.1-26.4 [(CH;);C], 61.3 (C5C), 61.9 (CB), 62.2 (C64),
68.1 (C4C), 69.4 (C5B), 70.2 (C3C), 70.3 (C5C), 70.6 (C2°), 71.1 (C2B),
71.2 (C*B), 71.7 (C3B), 72.3 (C*A), 74.1 (C?A), 75.0 (C?A), 75.4
(C51), 94.9 (C1€), 95.1 (C'B), 95.2 (C'A) 169.2, 169.6, 169.8, 170.1,
170.3, 170.4, 170.5 (CO, Ac) ppm.

Maltotriaose 6b: 'H NMR (600 MHz, CDCls, 25 °C): 6 = —0.01 to
0.10 (18 H, Me), 0.84-0.94 (27 H, ¢Bu), 1.95-2.23 (24 H, Me, Ac),
3.52(d, Js4 = 9.7 Hz, H3%p), 3.64 (HC), 3.72 (H®C), 3.74 (H®®),
3.80 (HSB), 3.81 (H>%,), 3.86 (H), 3.89 (H'*p), 3.95 (H%*p), 3.98
(HB), 3.99 (H**,, H*A5, H*B, HOO'A ), 4.62 (dd, J,5 = 10.8, J,; =
3.7Hz, H?®p), 4.63 (dd, J,5 = 10.8, J,; = 3.7 Hz, H?®,), 4.77 (dd,
Jo3 =104, J,, = 3.7 Hz, H*®), 4.90 (dd, J,3 = 10.1, J>; = 3.8 Hz,
H?A,), 4.92 (dd, J,53 = 9.7, J»1 = 8.3 Hz, H?Ap), 5.16 (t, J43 = Jy5
=104 Hz, H*C), 5.27 (H'®), 5.29 (H*), 5.33 (H“), 5.38 (H'C),
5.39 (H3B), 5.51 (t, J3,= J34 = 10.1 Hz, H**)), 5.68 (d, J,, =
8.3 Hz, H'"y), 6.25 (d, J,», = 3.8 Hz, H'*,) ppm. '*C NMR
(150 MHz, CDCl;, 25 °C): 0 = di M, 5.7 to 4.8, [(CH;),Si], 18.2—
18.5 [(CH3)3C], 20.5-21.0 (CH3;, Ac), 25.8 [(CH3)5C], 25.9
[2X(CH;);C], 61.3 (C®By), 61.4 (C°B,), 61.5 (C°C,), 61.7 (Co%p),
61.8 (C°Cp), 61.8 (C*4,), 68.0-75.9 (C2 C3, C4, C3), 89.2 (C'A,),
91.5 (C'"p), 94.8 (C'<,), 94.9 (C'Sp), 95.3 (C'Bp), 95.4 (C'B,),
168.9-170.5 (CO, Ac) ppm.

2,3,4-Tri-O-acetyl-1,6-di-O-(tert-butyldimethylsilyl)-D-glucose (7):
'"H NMR (600 MHz, CDCls, 25 °C): 6 = 0.03 (s, 3 H, Me-6), 0.04
(s, 3 H, Me-6), 0.10 (s, 3 H, Me-1), 0.12 (s, 3 H, Me-1), 0.86 (s, 9
H, rBu-1), 0.88 (s, 9 H, Bu-6), 1.99 (s, 3 H, Me, Ac-4), 2.00 (s, 3
H, Me, Ac-3), 2.02 (s, 3 H, Me, Ac-2), 3.52 (dt, Js4 = 9.7, J56 =
3.8 Hz, 1 H, H%), 3.66 (d, Js5s = 3.8 Hz, 2 H, H%), 4.71 (d, J,» =
7.7Hz, 1 H, H'), 4.90 (dd, J,5 =9.7, J,, = 7.7 Hz, 1 H, H?), 5.02
(t, Ja3=Jss=9.7Hz, 1 H, H*), 5.16 (t, J3, = J34 = 9.7Hz, 1 H,
H?3) ppm. 3C NMR (150 MHz, CDCl;, 25 °C): § = -5.6, -5.5, -5.4,
—4.3 [(CH3),Si], 17.8, 18.3 [(CH3);C], 20.7 (CHs, 3 Ac), 25.4, 25.8
[(CH3);C], 62.4 (C), 69.1 (C*), 73.2 (C3), 73.4 (C?), 74.8 (C?), 95.6
(ChH, 169.2 (CO, Ac-2), 169.3 (CO, Ac-3), 170.5 (CO, Ac-4) ppm.

Supporting Information (see also the footnote on the first page of
this article): CICSs and nonequivalences of methine proton of 8
(5 mMm) in the presence of equimolar amounts of CSA 1. Diffusion
coefficients of TMS and CSA 1 at different concentrations. Deter-
mination of heteroassociation constants (Foster—Fyfe method) for
(S)-8/1 and (R)-8/1 and for (S)-8/5b and (S)-8/6b. Graphical repre-
sentation of two adjacent glucopyranose rings of a cyclodextrin.
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