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Non-covalent interactions in the crystallization of
the enantiomers of 1,7-dioxaspiro[5.5]Jundecane
(olive fly sex pheromone) by enantiospecific cyclo-
dextrin hosts, hexakis(2,3,6-tri-O-methyl)-a-cyclo-
dextrin and heptakis(2,3,6-tri-O-methyl)-f-

cyclodextrin

The enantiomers of racemic olive fly sex pheromone 1,7-
dioxaspiro[5.5]undecane (1) have been isolated by crystal-
lization with enantiospecific cyclodextrin hosts: (5)-(1) crystal-
lizes with heptakis(2,3,6-tri-O-methyl)-B-cyclodextrin
(TMBCD) and (R)-(1) with hexakis(2,3,6-tri-O-methyl)-a-
cyclodextrin (TMaCD). The crystal structure of TMBCD/(SS)-
(1) from synchrotron radiation data at 100 K, determined for
the first time, proves that TMBCD crystallizes with only the
(S)-enantiomer from the racemic mixture. Comparison with
the 100 K structure of TMaCD/(R)-(1) redetermined with
synchrotron data has provided insight into the interactions
between each of the hosts with the corresponding enantio-
meric guests. Owing to the high resolution of the data and the
unusually high quality of the crystals, localization of the H
atoms has been achieved, a rare accomplishment for
cyclodextrin X-ray structures. This made possible, apart from
the geometry of the complexes, the detailed description of a
five-membered-ring water cluster with very well ordered
hydrogen bonding. The enantiospecificity exhibited by the
described systems reveals the subtle differences of the weak
intermolecular forces involved in the selective binding of the
two optical antipodes by the two hosts. The binding geometry
in the two complexes is different, but it is effected in both by
numerous host-guest C—H- - -O interactions, resulting from
induced fit of the hosts toward each of the enantiomeric
guests. In TMaCD/(R)-(1) two of these H---O host-guest
distances, directed toward the acetal O atoms defining the
chirality of the guest, are much shorter than the rest and also
shorter than all the H---O distances in TMPBCD/(S)-(1).
Moreover, (R)-(1) interacts not only with the enclosing host,
but with other hosts in the crystal lattice, in contrast to (5)-(1)
in the TMBCD/(S)-(1) complex which is isolated inside
channels formed by the host molecules. The above differences
are reflected in the much higher binding constant of TMaCD/
(R)-(1) compared with that of TMBCD/(S)-(1) (~6800 and
~935 M, respectively), determined by NMR in aqueous
solution, and the ability of TMaCD to selectively precipitate
(R)-(1) from racemic (1) in much higher yield than TMBCD
precipitates (S5)-(1).

1. Introduction

Chiral recognition, a process of prime importance in chemistry
and biology, has been approached by studies with model
molecular receptors able to bind selectively substrates by
means of intermolecular interactions. High enantioselectivity
is achieved by factors such as shape complementarity of
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receptor-substrate and large area of contact (Lehn, 1995),
requirements which are met in cyclodextrin host-guest
systems. Cyclodextrins (CDs), cyclic oligosaccharides (I)

HO

n==678

@

consisting mainly of six (¢CD), seven (SCD) or eight (yCD)
a-(1,4)-linked p-glucopyranosyl residues (Szejtli, 1998; Wenz,
1994) have a hydrophobic, relatively rigid cavity able to
include a plethora of molecules. Therefore, the concept of
maximum contact can be realised by the embracing of the
guest by the host. In addition, by varying the number of
glucose residues, stability and selectivity of the type ‘lock and
key’ can be achieved for certain guest molecules which have
the appropriate size and shape. In addition to the above ‘lock
and key’ recognition, CDs in the form of their derivatives, can
exhibit enhanced ‘glove and hand‘ selectivity, resembling that
of enzymes, by ‘induced fit’ binding of a guest. The term
implies that the guest triggers conformational changes in the
host in order to improve its complementarity towards the
specific guest geometry.

It has been recognized early that CDs, as chiral hosts, form
diastereomeric inclusion complexes with chiral substrates, a
feature that provides CDs with the potential for enantiomeric
discrimination, and this property is the basis of enantiomeric
resolution by chiral gas and liquid chromatography (Schiirig &
Nowotny, 1990; Li & Purdy, 1992; Konig, 1991; Hilton &
Armstrong, 1991; Kohler et al., 1992). Enantiomeric discrimi-
nation by CDs is achieved by weak intermolecular interactions
that may not include conventional hydrogen bonding. There-
fore, chiral molecules lacking hydrogen-bond donor or
acceptor groups have the potential to be resolved. Resolution
of racemates by natural a-, - and yCDs is very poor, with the
partial resolution of fenoprofen [(S)/(R) = 3/1] by SCD as the
only exception (Hamilton & Chen, 1988). This is because the
secondary hydroxyl groups (I) of adjacent glucose units form
six, seven or eight strong intramolecular hydrogen bonds
(Saenger, 1980) in -, 8- and yCD, respectively, of the type
O2n—H---O3(n + 1) that keep the cavity rigid and symme-
trical (Saenger, 1980; Mentzafos et al, 1991). As a conse-
quence, strict shape complementarity with a particular chiral
guest is required for complete enantioselective complexation.
On the other hand, derivatization of cyclodextrins, especially
per-derivatization at the secondary side, destroys the strong
intramolecular hydrogen-bonding network and generates
macrocycles which are more readily distorted from the
geometry of the parent CDs (Harata et al, 1984a) and,
therefore, more suitable for enantiomeric discrimination via
induced fit.

Indeed, X-ray studies (Harata et al., 1984a, 1987, 1992; Caira
et al., 1996; Brown et al., 1996; Caira et al., 1995) have shown

that the conformation of permethylated macrocycles can be
remarkably distorted and the topology of the inclusion of
optical antipodes is different (Harata et al., 1984b, 1987, 1988).
However, the ability of CDs as agents for selective precipi-
tation of one enantiomer from solutions of racemic mixtures
has been very limited (Harata et al., 1988; Benshop & Van der
Berg, 1970; Mokolajczyk & Drabowicz, 1971), except for the
case of hexakis(2,3,6-tri-O-methyl)-o-cyclodextrin (perme-
thylated oCD, TMaCD) and racemic 1,7-dioxaspiro-
[5.5]undecane (1), where we have demonstrated that we can
isolate exclusively the (R)-enantiomer (Yannakopoulou et al.,
1996). Spiroacetal 1 (II)

B)-(=)-()

(B)-(+)-(1)
an

is the major constituent of the sex pheromone of the olive pest
Bactrocera oleae (Fletcher & Kitching, 1995) and is isolated
from the insect as the racemic mixture. The pure antipodes,
however, are of importance since (R)-(1) attracts the male and
(5)-(1) the female insects (Mori, 1998). Therefore, the isola-
tion of the enantiomers by simple precipitation/extraction
methods is a really attractive alternative to tedious asym-
metric syntheses. Presently, we have crystallized the inclusion
complex of (S)-(1) with heptakis(2,3,6-tri-O-methyl)-8-cyclo-
dextrin (TMBCD), a CD of different cavity size, again from
aqueous solution. At this point, the determination of the
highly accurate crystal structure of TMBCD/(S)-(1) and its
comparison with that of TMaCD/(R)-(1), of higher accuracy,
has provided insight into the interactions between each of the
hosts with the corresponding enantiomeric guests. Owing to
the high quality of the crystals, the data collection (synchro-
tron radiation) and the low temperature, localization of even
the H atoms has been achieved, which is rare for cyclodextrin
X-ray structures.

Binding studies in aqueous solution by NMR complement
the studies in the crystalline state. The enantiospecificity
exhibited by the systems described reveals the subtle differ-
ences of the weak intermolecular forces involved in the
selective binding of the two optical antipodes by the two hosts.
This kind of detailed analysis contributes to our understanding
of the non-bonding interactions not only in the specific family
of hosts but also of other complex systems such as proteins,
which share the property of enantioselective binding (Breslow
& Dong, 1998).

2. Experimental
2.1. General methods

NMR spectra were recorded on a Bruker AC 250 spectro-
meter. Optical rotation was measured on a Perkin-Elmer 241
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Table 1

Experimental details.

TMaCD/(R)-(1)

TMBCD/(S)-(1)

Chemical formula
Chemical formula weight
Cell setting, space group
a, b, c(A)

V (A%)

V4

D, (Mg m~3)
Wavelength (A)

w (mm™)

Temperature (K)

Data collection

No. of measured, independent
and observed parameters

Criterion for observed
reflections

Rin[

0“]2\)( (O)

Range of 4, k, [

Refinement

Refinement on
R[F?*>20(F?)], wR(F?), S
No. of reflections and

parameters used in refinement

H-atom treatment
Weighting scheme

(A/0)max .
Apmax’ Apmin (C Ai?)

Cs4H96030-CoH1606-5.1H,0
1471.24

Orthorhombic, P2,2,2,

14.636 (8), 21.637 (10), 23.45 (3)
7425 (11)

4

1.316

0.55000

0.066

100 (2)

26 008, 26 008, 25 625
1> 20(])

0.0000

30.61

00— h—27
00— k— 39
0—>1[1—43

FZ
0.0289, 0.0823, 1.079
26 008, 1572

Mixed

w = 1/[0*(F2) + (0.0465P)
+ 0.3989P], where
P=(F+2R)3

1.459

0.529, —0.423

Co3H112035CoH160,:0.57H,0
1596.05

Orthorhombic, P2,2,2,
10.936 (7), 25.53 (2), 29.64 (4)
8275 (14)

4

1.288
0.65000
0.103

100 (2)

16 516, 16 516, 15 022
1> 20(])

0.0000
30.00
0—>h— 16
0— k— 39
0—>1[1—45

F2
0.0624, 0.1831, 1.042
16 516, 1519

Mixed

w = 1/[0*(F%) + (0.1085P)*
+ 2.6761P], where
P=(F+2R)3

4.701

0.682, —0.436

TMPBCD and 34 mM in (£)-(1),
at ambient temperature. The
guest was obtained from the
crystals after their dissolution
in water and repeated extrac-
tion with pentane. The extract
was examined by C NMR in
D,O solution in the presence of
a twofold excess of aCD, as the
chiral shift reagent, by chiral
gas chromatography based on a
TMBCD  column, and by
polarimetry. Both NMR and
GC methods agreed that the
extract contained (S5)-(+)-(1)
(~75%) and  (R)-(—)-(1)
(~25%). A similar result was
obtained from polarimetry
([a]p = +80, pentane solution,
¢ = 0.2), although the accuracy
of this measurement was
moderate.

2.5. Measurements of binding
constants by NMR in aqueous
solution

Solutions of TMBCD in D,O
(10 mM) were titrated at 298 K
with  either neat (R)-(1),

Computer programs used: SHELXL97 (Sheldrick, 1997).

polarimeter. Chiral gas chromatography was performed on a
Varian 3300 instrument equipped with an Rt-gDex,, column
(30 m), Restek Corporation (70° isothermal run, injector
temperature 493 K, detector temperature 373 K, He carrier
gas, 11 p.s.i.).

2.2. Materials

TMaCD and TMBCD were commercial samples (Cyclolab)
and used as received. 1,7-Dioxaspiro[5.5]undecane was
purchased from Vioryl S.A., Athens, Greece. The solvents
used were analytical grade and deuterated solvents were
obtained from CORTEC, France.

2.3. Crystallization of TMaCD(R)-(1) inclusion complex

Colorless crystals of the complex were very readily grown
from 10 mM aqueous solutions of synthetic racemic (1) and
TMaCD, at room temperature. The exclusive isolation of (R)-
(1) by its enantiospecific complexation with TMaCD has been
fully documented by NMR, optical rotation measurements
and chiral gas chromatography, as reported previously
(Yannakopoulou et al., 1996).

2.4. Crystallization of TMSCD/(S)-(1) inclusion complex

Colorless crystals of the complex were slowly grown inside
NMR tubes, out of 0.5ml aqueous solutions 63 mM in

obtained from the complex

with TMaCD, or (S)-enriched-
(1), and the displacement of the cavity proton H3 upon
inclusion was monitored by '"H NMR. (S)-Enriched-(1) was
obtained from the solid complex with TMBCD. The complex
precipitated (42%) from an aqueous solution of TMBCD
(80 mM) and (£)-(1) (80 mM), after stirring for 24-48 h at
ambient temperature. It was then completely dissolved in a
water/pentane (8:1, v/v) mixture, and after repeated extraction
with pentane the spiroacetal (51% from the complex) was
recovered and identified as a mixture (S5)-(1) (~75%) and (R)-
(1) (~25%), by optical rotation, >*C NMR in the presence of
aCD as the chiral shift reagent and chiral chromatography, as
described previously in the crystallization section.

The results of both titrations [chemical shift displacements
of TMBCD cavity proton H3 versus the concentration of
either (R)- or (S)-enriched-(1)] were analyzed with the non-
linear regression routine provided by GraphPad PRISM.

2.6. X-ray crystallography

High-resolution X-ray data (Table 1) were collected using
the synchrotron radiation light source of beamline BW7A at
EMBL, DESY, Hamburg, by the oscillation method using a
MAR image plate detector of 30 cm radius, unless otherwise
stated. A single crystal, covered with a drop of oil, was
mounted on a small loop of hair fiber and was instantly frozen
at 100 K. Crystal data and experimental details of X-ray
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analysis are given in Table 1. The programs DENZQO and
SCALEPACK (Otwinowski & Minor, 1997) were used for
data processing and scaling of data, respectively. The unit-cell
parameters were determined from the post refinement
procedure, while their e.s.d.’s were from the unit-cell para-
meters of all the frames of data collected. Least-squares
refinement on F° was carried out with the program
SHELXL97 (Sheldrick, 1997).

2.6.1. TMaCD/(R)-(1) inclusion complex. The crystals were
colorless prisms and of exceptional quality, unusual for a
cyclodextrin inclusion complex, their diffraction extending
beyond the 20 range collected (sin 6/1 = 0.94 A1, resolution
0.53 A) Three separate sets of frames were collected, each by
an overall rotation of the crystal by 90°:

(i) High-resolution data: 0.53 A. 61 frames were obtained
with a d¢ rotation of 1.5°, crystal-to-detector distance 80 mm
and maximum 26 = 61.2°.

(ii) Medium-resolution data: 0.72 A. 44 frames were
obtained with a d¢ rotation of 2.3°, crystal-to-detector distance
90 mm and maximum 26 = 45.0°.

(iii) Low-resolution data: 1.72 A using a MAR image plate
detector of radius 18 cm. 30 frames were obtained with a §p
rotation of 4.5°, crystal-to-detector distance 270 mm and
maximum 26 = 18.4°.

The three sets of images after indexing and processing were
scaled and merged to a completeness of 99.2% with Rerge Of
0.025.

The structure was solved by the Patterson vector search
method with the program PATSEE (Egert & Sheldrick, 1985)
using the glucosidic skeleton of the room-temperature data
(Mentzafos et al., 1999), crystallized in the space group C222,.
The rest of the cyclodextrin and water atoms were found by
consecutive difference-Fourier calculations. After 12 cycles of
full-matrix least-squares refinement, with data of low resolu-
tion, 0.8 A the R factor was 0.0703 for 8252 reflections with
F, > 40(F,). By then the atoms of the disordered guest were
already located. The refined structure confirmed that the guest
was the (R) enantiomer, with the O atoms in diaxial confor-
mation: In the difference electron density map the one acetalic
O atom was the most prominent peak, whereas the other,
located at the exterior of the cavity, was of moderate peak
height. By the end of the refinement, H atoms were revealed
in all but two positions of the acetal rings, the latter being
clearly the O atoms. Thus, it was proved that the absolute
configuration assigned to the guest was correct. The refine-
ment continued anisotropically for all the non-H atoms, with
all the data (26 008/1572 reflections/final parameters), and
converged to a final Ry of 0.0289. The occupancy factors of the
disordered guest molecules were refined to 45-55%. Almost
all the H atoms of both host and guest were found by the
difference Fourier method and were refined isotropically. The
thermal parameters of both the host and guest atoms were
very low and of the same order of magnitude, the highest of

! Supplementary data for this paper are available from the IUCr electronic
archives (Reference: NS0005). Services for accessing these data are described
at the back of the journal.

the guest being twice as large as the highest of the host. 5.1
water molecules, distributed over seven sites in the lattice
were found, five of them with high occupancy for which H
atoms were located, and two of very low occupancy.

2.6.2. TMBCD/(S)-(1) inclusion complex. Three separate
sets of frames were collected:

(i) High-resolution data, 0.67 A: 63 frames were obtained
with 1.1° d¢ rotation, crystal-to-detector distance 85 mm and
maximum 26 = 60.0°.

(ii) High-resolution data, 0.67 A: 40 frames were obtained
with 2.5° 8¢ rotation, crystal-to-detector distance 95 mm and
maximum 26 = 57.6°.

(iii) Low-resolution data, 1.79 A: using a MAR image plate
detector of radius 18 cm. 20 frames were obtained with 4.0° §p
rotation, crystal-to-detector distance 235 mm and maximum
26 = 21.0°.

The three sets of images after indexing and processing as
before were scaled and merged to a completeness of 97.0%
with Rperee 0of 0.037.

The structure was solved by a Patterson vector search and
Fourier recycling method with DIRDIF94 (Beurskens et al.,
1994). Suitable models for searching the Patterson space were
obtained from the TMBCD/ethyl laurate structure (Mentzafos
et al., 1994). Of the seven different models generated, each
consisting of three sequential glucosidic residues, one gave the
correct structure with all TMBCD and guest atoms, the latter
disordered in two positions. After 18 cycles of full-matrix
least-squares refinement, with data of 0.7 A resolution, the R
factor was 0.0821 for 12 710 reflections with F, > 40F,. The
refinement continued anisotropically, for all the non-H atoms,
with all the data (16 516/1549 reflections/final parameters).

The results of the characterization of the guest by means
other than X-ray diffraction showed that the (S)-(1) coexisted
with (R)-(1) (~25%) and the open form of the guest, a fact
indicating that racemization had occurred. Therefore, it was
necessary to determine unambiguously whether in the crys-
talline state the guest was pure (S5)-(1) or a mixture of the two
enantiomers. The electron density corresponding to the guest
was very well defined and the model of (S)-(1) with its tetra-
hydropyranyl rings in the chair conformation and the O atoms
occupying diaxial positions fitted perfectly. The (S)-(1)
geometry was exactly the same as that of (S)-(1) in the
inclusion complex (2a,2b,2c,2d,2e,2f,3a,3g,6a,6b,6¢,6d,6¢,6f,6¢-
pentadeca-O-methyl)-BCD/(S)-(1) (Rysanek et al., 1992). As
in the case of TMaCD/(R)-(1), only one O atom had the
highest electron density in the difference electron density
map. If (R)-(1) coexisted in the crystal, it should fit into the
guest’s density and its conformation should have been such
that one of its rings should coincide with that of the (S)-(1),
while in the other ring O7 should interchange with C11 (II).
This would correspond to an energetically unfavorable
conformation of (R)-(1) with the O atoms in the axial-equa-
torial positions. Along the refinement process, when H atoms
were revealed, next to the spiro-carbon atom on both acetalic
rings only two atoms were not bonded to any H atoms. The
other two were found bonded to one or two H-atom(s),
indicating that those were the C atoms. Thus, the location of
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Table 2

Conformations of the macrocycles.

dy: deviations from the optimum plane of the six O4n atoms (with e.s.d.s in parentheses); d,: O4n- - -O4(n + 1) distances; ¢: O4(n — 1)- - -Odn- - -O4(n + 1) angles; a:
tile angles between the optimum O4r plane and the mean plances through atoms O4(n — 1), Cln, C4n and O4n (with e.s.d.s in parentheses); dg_s: Hon—O5(n + 1)

distances (A) and angles (°) of Con—Ho6n---O5(n + 1); D,_3: O3n---O2(n + 1) distances.

Torsion angles

Torsion angles

Cln—C2n— C2n—C3n—
Torsion angles  Torsion angles O2n—CT7n 03n—C8n
C4n—C5n— C5n—Cén— (C3n—C2n— (C4n—C3n—
. . . D,5  C6n—0O6n 06n—COn O2n—CT7n) 03n—C8n)
di (A) bA) 9() a() des (A) (GO ) ©) ©)
TMaCD/(R)-(1)
Gl —0426(1) 425 1152 3599 (7) 2.54 (148.7) 3.36 —177.84(5) 71.2 (1) 61.09 (7) [-177.05 (5)] —106.03 (7) [130.40 (8)]
G2 0313 (1) 4.37 1269 2647 (7) 2.69 (141.4) 3.33 —173.06 (5) —173.57 (7) 75.42 (7) [-164.50 (5)] —100.91 (6) [138.02 (6)]
G3 0.133 (0) 435 1143 916 (7) 236(139.2) 3.89 44.42 (7) 81.58 (9) 103.97 (8) [—131.47 (8)] —148.48 (6) [90.11 (7)]
G4 —0460 (1) 422 1145 3938 (8) 2.51 (151.4) 341 —169.97 (6) —174.10 (7) 58.61 (7) [-179.52 (5)] —103.49 (7) [133.37 (8)]
167.1 (7) 84 (2)
G5 0.337 (5) 4.33 128.0 27.68 (7) 2.57 (146.3) 347 174.11 (5) 170.97 (6) 74.03 (8) [164.60 (6)] 108.37 (6) [130.35 (6)]
Go6 0.102 (3) 4.24 1151 747 (7) 238(139.0) 3.74 43.19 (7) 85.42 (8) 117.90 (7) [-117.78 (7)] —138.02 (6) [98.83—(6)]
TMBCD/(S)-(1)
Gl —0547 (2) 446 116.7 273 (2) 236 (144.8) 3.81 43.8 (4) 158.4 (3) 71.9 (3) [-165.4 (3)] —134.7 (3) [102.1 (3)]
135.5 (17) [-98 (2)]
G2 0.361 (2) 4.56 1446 569(1) - 4.11 —173.8 (4) 179.6 (6) 61.6 (3) [-173.4 (2)] —98.1 (4) [138.5 (3)]
59 (1) 179 (3)
G3 0.350 (2) 426 1243 77 (2) 237(136.1) 3.50 48.0 (3) 82.7 (3) 142.1 (4) [-92.0 (4)] —133.4 (3) [107.1 (3)]
G4 —0491 (2) 4.30 1148 2733 (9) 2.26 (139.0) 3.49 —170.6 (2) 170.9 (3) 56.6 (2) [179.5 (2)] —111.5 (3) [125.2 (3)]
G5 —0.090 (1) 4.61 1379 41.0(1) 2.73 (150.0) 3.26 —163.0 (2) 179.2 (3) 64.6 (3) [-173.3 (2)] —94.7 (3) [144.3 (2)]
G6 0423 (2) 4.44 1320 64 (1) 257 (120.8) 325 48.7 (3) —175.1 (2) 125.0 (2) [—109.4 (3)] —122.5 (2) [118.7 (3)]
G7 —0.006 (2) 432 1219 137 (2) 247 (129.8) 3.40 52.0 (3) 178.8 (3) 71.1 (3) [—164.6 (3)] —103.8 (3) [136.4 (3)]

—95 (4) [121 (4)]

the O atoms and consequently the absolute configuration of
the guest were proven unequivocally and this is (S)-(1). The
anisotropic refinement continued and converged to a final R, =
0.0619. The occupancy factors of the disordered guest mole-
cule were refined to 48-52%. The host’s and most of the
guest’s H atoms, found by the difference Fourier method, were
assigned temperature factors 125% of the corresponding C
atom. Although many factors, such as the shape of the electron
density of the guest, the appearance of the H atoms in posi-
tions 5 and 11 of the guest’s model and the smooth completion
of the refinement resulting in low thermal parameters of the
guest, convinced us that the guest was the (S) enantiomer, we
nevertheless attempted an independent refinement with a
mixture of (5)-(1) and (R)-(1) (in the axial-equatorial
conformation) as the guest. However, it resulted in a distorted
geometry of the molecules and worse statistics than the
previous refinement and it was finally abandoned. During the
later stages of the refinement two water positions of low
occupancy were located. The maximum residual density of
0.68 ¢ A2 is exaggerated, because it is located very close to
the pseudotwofold axis.

3. Results and discussion

3.1. Binding of (S)-(1) with TMBCD and the high-resolution
structure of the complex

The structure determination was based on high-resolution
X-ray data (0.67 A) and, as was shown in the Experimental,
the absolute configuration of the guest was established. The

asymmetric unit consists of one molecule of the complex
TMPBCD/(S)-(1) with the guest disordered over two positions
(occupancies 52 and 48%). The TMPBCD/(S)-(1) building
blocks align head-to-tail in channels along the a crystal-
lographic axis, the orientation of the supermolecules in
neighboring channels being opposite (Fig. 1). This packing is
observed for the first time in TMBCD structures. The guest is
completely isolated within the channels.

One of the methoxy groups of the primary side is disor-
dered: major conformation, 062—C92a, with occupancy

Figure 1
Packing of TMBCD/(S)-(1) inclusion complex.
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70.4%; minor conformation, O62—C92b (Fig. 2). All glucose
moieties have the *C; chair conformation. There is extensive
distortion of the macrocycle, as reflected in the geometrical
parameters of the heptagonal ring formed by the glucosidic
O4n atoms (Table 2). The heptagon’s distances and angles, the
distances of the O4n atoms from their mean plane and the tilt
angles, that show the degree of tilting of the glucose residues
with respect to the above mean plane, all vary widely among
the residues and deviate from the corresponding parameters
of the complexes of B-cyclodextrin, which exhibits sevenfold
symmetry. The tilting is towards the interior of the cavity, as in
the inclusion complexes of TMBCD/ethyl laureate (Mentzafos
et al., 1994) and TMBCD/methylcyclohexane (Rontoyianni et
al., 1998) and in contrast to all the other TMBCD complexes
determined so far, where two glucose units tilt in the opposite
sense (Harata et al., 1992; Caira et al., 1996; Brown et al., 1996;
Caira et al., 1995; Harata et al., 1983, 1988). Table 2 refers also
to the conformation of the methoxy groups. Of the primary
methoxy groups, three C6n—O6n bonds of residues G2 (major
conformation), G4 and G5 point inward, making several
CH- - -O close contacts (Fig. 2). The net result of this confor-
mation, in combination with the strong tilting of residues G2
and GS5, is that the primary side of the cavity over the guest
(residues G1-G5) is sealed, whereas above residues G6 and
G7 the primary side is open, as the methoxy groups of the
latter residues point outward and do not participate in
hydrogen bonding.

Disorder is also observed at the secondary methoxy groups
MeO2 (occupancy of major component 86.9%) and MeO3
(occupancy of major component 83.9%) of residues G1 and
G7, respectively. The major components of the above groups
and the rest of the methoxy groups of the secondary side
exhibit the usual conformation of the TMBCD complexes, but
with a high degree of variation in their torsion angles (Table
2). We believe that this variation is due to the interactions of
the atoms at the secondary side of the macrocycle with the

€52 A
052 + C6l
&

Figure 2

TMpBCD conformation and numbering scheme: Cmn or Omn denote the
mth atom within the nth glucosidic residue (Gn). Dotted lines indicate
C—H- - -O close contacts in the macrocycle.

guest (see below). Two water molecules of low occupancy are
observed in the interchannel space, close to the two disor-
dered methoxy groups of the secondary side. Some close
contacts of one water molecule with H atoms of these methoxy
groups are rather short and, since the occupancies of the water
molecules are approximately supplementary to them, one may
assume that the water molecules take their place when they
move to their alternative positions. If we exclude the above
interactions, the coordination of the waters is distorted
tetrahedral involving two O—H- - -O and two C—H- - -O close
contacts.

The (S)-(1) enantiomer, disordered over two positions
related by a non-crystallographic pseudo-twofold axis, is
situated off-center in the secondary side of the TMBCD
macrocycle, whereas the cavity at the primary side is sealed
above the guest, as mentioned previously. Its tetra-
hydropyranyl rings are in a chair conformation. Atoms O1, C2,
C4 and C5 and O7, C8, C10 and C11 of both disordered sites of
(5)-(1) lie in perfect planes forming mutual angles of 53.4 and
58.3°. Fig. 3 shows two views of TMBCD/(S)-(1). In Fig. 3(a) it
is shown that, as the host’s glucose residues G3 and G6 are
almost parallel, the cavity flattens. In contrast, 90° around the
macrocycle’s axis the host-guest view is completely different
(Fig. 3b). The cavity widens as residues G2 and G5 and, to a
lesser extent, G1 and G4, tilt inward and approach each other
at the primary side, while open up at the secondary side. The
above interactions are better visualized in Fig. 4 (depicted as
in Fig. 3) that plots the difference electron density corre-
sponding to (S)-(1) and the van der Waals surface computed
for TMBCD. Fig. 4(a) shows that the macrocycle forms a
groove along (S)-(1), where the latter fits exactly. In Fig. 4(b) it
is seen that the cavity becomes wide, harmonizing with the

(b)

Figure 3
Two views of the TMBCD/(S)-(1) inclusion related by a 90° rotation
about the molecular axis.
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guest’s length, but the fitting of the host with the ends of the
guest is very loose.

As seen in Table 3, the intermolecular H---O distances
(< 3.0 A) between host and guest are numerous and of the
type C—H- - -O and exhibit a high degree of directionality, i.e.
C—H- - -0 angles do not deviate much from linearity (Steiner
& Desiraju, 1998; Steiner, 1997). Two important features are
observed:

(i) the host—guest contacts are exclusively with the enclosing
host and not with the lattice and, most importantly,

(ii) all contacts are quite long.

The range of distances varies between 2.54 and 2.98 A, with
the majority above 2.70 A. However, the magnitude of the
thermal parameters of the guest are of the same order
compared with those of the host (some of them being at the
most twice as large), in contrast to other CD complexes.

The (S)-spiroacetal extracted either from grown crystals or
from bulk preparation of the complex was always contami-
nated with 25% of the (R)-enantiomer, even after very careful
handling. This is explained by the systematic observation of
the open ketodiol form of (1) [see (II)] in the extract,
evidenced by a triplet at 2.54 p.p.m. in the "H and four extra
peaks in the ?C NMR spectra in D,0, all at frequencies higher
than those of (1). The identity of the open form was further
verified by addition of TMBCD in a dilute aqueous solution of
racemic (1), whereupon the four normal spiroacetal *C
signals doubled due to the in situ formation of diastereo-
isomers TMBCD/(S)-(1) and TMBCD/(R)-(1), whereas the
four extra signals, attributed to the achiral open form, were

(a)

(b)

Figure 4

TMBCD/(S)-(1) inclusion complex. Calculated van der Waals surface of
the host (the front has been removed for clarity reasons) and
experimental difference electron density corresponding to the guest
molecules, depicted as in Fig. 3.

Table 3

Close host—guest contacts.

Host Guest C.--0(A) H---O(A) C—H---0()
TMaCD/(R)-(1)

C86—H865 014 3.36 2.38 174
C33—H33 O7A 3.68 2.80 151
C83—HS83, O7A 332 2.39 163
026 H2,A—C2A 3.58 2.89 126
031! H4,A—C4A 3.78 2.89 152
023 H5,A—C5A 3.58 2.60 142
044 H8,A—C8A 3.72 2.82 148
041 H10,A—C10A 3.57 2.66 167
042 H11,A—-C11A4 3.54 2.74 156
C33—H33 O1B 3.67 291 137
C83—HS83, O1B 3.20 2.28 160
C84—HS84," O7B 3.79 2.94 137
C86—HS865 O7B 3.38 2.48 153
023 H2,B— C2B 332 2.75 115
041 H8,B—C8B 3.81 2.95 146
044 H10,B—C10B 3.67 2.87 138
026 H11,B—Cl11B 3.81 2.96 150
045 H11,B—C11B 3.55 2.73 147
TMBCD/(S)-(1)

C86—H86C 014 345 2.86 111
026 HA3+—C3A4 3.82 2.86 164
045 HA3,t—C3A 3.78 2.98 139
044 HA4,1—C4A 3.56 2.62 173
045 HAS,—C5A 3.57 2.75 130
C33—H33 074 3.75 2.77 166
023 HA8,—C8A 3.67 2.82 140
047 HA10,—C10A 3.60 2.54 166
062 HA11,+—C114  3.68 2.69 173
046 HA11,—Cl11A 3.62 2.87 175
C33—H33 O1B 3.72 2.80 154
C83—H83C Ol1B 3.50 2.68 134
044 HB2,+—C2B 3.60 2.80 134
045 HB2,—C2B 3.73 2.86 147
026 HB4,—C4B 3.66 2.76 148
C36—H36 O7B 3.59 2.77 157
C86—H86C O7B 3.52 2.79 120
046 HBS8,—C8B 3.62 2.58 172
062 HBS,—C8B 3.69 2.81 136
042 HB10,—C10B 3.63 2.74 157
Symmetry codes: (i) =1 —x,1+y,3—z (ii) =1 —x, —34+y,3—z. { Calculated H

atoms.

not affected. The association constant of TMBCD/(S)-enri-
ched-(1) is 953 + 93 M~ (R* = 0.9989), moderate in absolute
value but approximately three times larger than that of
TMBCD/(R)-(1), which is K = 370 & 33 M ' (R*> = 0.9988).
These values show that the enantioselectivity of TMBCD
toward the (S)-(1) is high and if this enantiomer did not
partially revert to the (R)-(1), during its isolation, the binding
constant would be even higher. The higher flexibility of the
TMPBCD macrocycle may be responsible for the fact that the
binding constants are smaller in these complexes compared
with those of TMaCD (see below) and does not result in high
yield separation of the (S)-(1) from the racemic mixture.

3.2. Binding of (R)-(1) with TMaCD and the high-resolution
structure of the complex

The accurate data collected at 100 K and the exceptional
quality of the crystals of this complex enabled us to determine
the fine details of the structure not accessible in the room-
temperature (RT) structure determined previously (Ment-
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zafos et al., 1999). The overall geometry of the complex and
the topology of the binding, observed at low temperature (LT)
is the same as in the RT structure. The space group of the
latter had higher symmetry, where both the host and guest
molecules were related by an exact crystallographic axis,
whereas in the present, LT structure by a local non-crystal-
lographic axis, the phase transition having occurred by the
cooling of the crystals. The arrangement of the supermolecules
in the crystal lattice (Fig. 5) differs from all known TMaCD
structures. The TMaCD/(R)-(1) building blocks lay in
unevenly spaced layers arranged in a head-to-tail fashion
along the ¢ crystallographic axis.

As opposed to the three water molecules of the RT struc-
ture, here there are five water molecules of 100% occupancy in
the lattice, one of which is disordered over two positions (the
high occupancy W35, 89% and the low W2, 12%), plus an
additional water molecule, W1, of very low occupancy (12%)
(Fig. 6). All are located between TMaCD layers separated by
a wide space where part of the guest is also accommodated
(Fig. 5). H atoms have been identified for all water molecules,
except for those of low occupancy, therefore, it has been
possible to characterize their association pattern. The high-
occupancy water molecules form a cluster in the form of a
pentagon, the apices of which are occupied by water O atoms,
each donating one H atom to a neighboring water and another
to a TMaCD O atom outside the pentagon and accepting a H
atom from the other neighboring water. The hydrogen
bonding in the pentagon is homodromic (Zabel et al., 1986).
The overall coordination of each water molecule is distorted
planar trigonal. However, close contacts are observed between
water molecules and H atoms bonded to C atoms of the
macrocycle, each water oxygen forming one, and sometimes
two, additional C—H- - -O hydrogen bonds. It is worth noticing
that a five-membered ring water cluster has been observed in
the cavity of SCD in a neutron diffraction study at 120 K
(Zabel et al., 1986). Since the environment of the SCD cavity,
lined by ether O atoms, resembles that of the periphery of
permethylated CDs, it is possible that water clustering is

L L g

Figure 5
Packing of TMaCD/(R)-(1) inclusion complex.

favored in an environment lacking proton donors but rich in
proton acceptors.

The TMaCD glucose moieties Gn have the *C; chair
conformation (Fig. 7). The primary methoxy group of residue
G4 shows a disorder between a major conformation (O64a—
C94a, occupancy = 92.2%), pointing outward, and a minor one
(064b—C94b, occupancy = 7.8%), pointing inward. Although
the geometry of the hexagon formed by the glucosidic O4n
atoms (Table 2) does not deviate much from that of a regular
hexagon, the macrocycle is not symmetrical around the
molecular axis, as observed in the inclusion complexes of «CD.
The degree of deviation from the hexagonal symmetry is
reflected mainly in two parameters, as shown in Table 2:

(i) the distance of the glucosidic O4n atoms from their
optimum mean plane, ranging between —0.46 and 0.34 A, is
the highest observed in the TMaCD inclusion complexes
determined so far (Harata et al., 1987, Harata, 1990; Harata,

#@%@g%@

016

ow}‘; ©
3 c;s' :;:35—6 e

')OHr 35

Figure 6
TMaCD/(R)-(1) inclusion complex. Geometry of the water cluster.

L C.\:H‘Cfcﬁ 021
031 <2 YT
Gl ~

TMaCD conformation and numbering scheme: Cmn or Omn denote the
mth atom within the nth glucosidic residue (Gn). Dotted lines indicate
C—H- - -O close contacts in the macrocycle.

Figure 7
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Uekama, Otagiri & Hirayama, 1982a,b; Harata, Uekama,
Otagiri, Hirayama & Sugiyama, 1982) and comparable to
those of anhydrous TMaCD (Steiner & Saenger, 1996).

(ii) the tilting inwards of residues G1, G2, G4, G5 (range of
the tilt angles 7.47-39.38°) which presents more variation in
this complex compared with the other complexes of TMaCD.
It is apparent from Table 2 that the two halves of the
macrocycle are related by a pseudotwofold axis, the same one
relating the two positions of the guest.

Table 2 also describes the geometry of the methoxy groups.
In the primary side, four C6n—O6n bonds, in residues G1, G2,
G4 and G5 that have high tilt angles, point inward and
establish several C—H---O contacts among themselves
(Fig. 7). Of the O6n—C9n bonds, only two, O6—C9 of G1 and
0O6—C9b of G4, point inward. The other four, as well as all
methoxy groups of the least tilting residues G3 and G6, point
outward, apparently for steric reasons. The overall effect of
the excessive tilting of the four glucose residues is that they
close the cavity at the primary side, while they widen it at the
secondary side. At the same time, the small tilting of residues
G3 and G6 flattens the cavity and brings the methoxy groups
of C3 closer to the guest (Fig. 8a). This geometry matches the
shape of the guest molecule as it is discussed next. The
methoxy groups at the macrocycle’s secondary side have the
orientation common to TMaCD inclusion complexes, i.e. the
O2n—C7n bonds point toward the exterior of the cavity, while

(a)

(b)

Figure 8
Two views of the TMaCD/(R)-(1) inclusion complex related by a 90°
rotation about the molecular axis.

O3n—C8n point toward the interior. It is remarkable that the
bonds O33—C83 and O36—C86, whose atoms form very close
contacts with the guest, have different conformations than the
remaining O3n—C8n bonds (see below).

(R)-(1) is partially enclosed in the secondary side of
TMaCD (Fig. 8). Its tetrahydropyranyl rings are in the chair
conformation with the O atoms occupying diaxial positions, as
expected. Atoms O1, C2, C4 and C5 and O7, C8, C10 and C11
of both disordered sites of (R)-(1), lie in perfect planes
forming almost equal mutual angles of 53.4 and 54.1°, almost
the same as in TMBCD/(S)-(1). The difference electron
density, corresponding to (R)-(1), complements the van der
Waals surface computed for the host macrocycle (Fig. 9) and
suggests close contacts. Indeed, Table 3 lists numerous inter-
molecular contacts between host and guest of the type C—
H.--O with distances H---O < 3.0 A. These are observed
mainly between the guest and the enclosing host but, in
contrast to TMBCD/(S)-(1), with adjacent hosts in the lattice
also. The latter might explain the easy crystallization of the
complex in high yields. The directionality of the interactions is
high, since most of the C—H- - -O angles do not deviate much
from linearity even for H- - -O distances longer than 2.7 A, in
contrast to analogous interactions in similar systems (Steiner,
1997). It is remarkable that for both positions of the disor-
dered (R)-(1), the shortest contacts observed are between the
O atoms that define the chirality, i.e. Ol and O7 and a
hydrogen atom (H83 and H86) of the methoxy group of G3
and G6, the residues that tilt the least and move toward the
guest. Fig. 8 shows two side views of the complex rotated by
90° around the TMaCD axis. In Fig. 8(b) it is clearly seen that
the cavity flattens in the direction parallel to the flat surface of
the penetrating acetal ring, as the least tilting glucose units, G3
and G6, approach the guest in a parallel fashion. Concomi-
tantly, the H atoms of the methoxy group MeO3 make the
closest contacts with the acetalic O atoms. The other view (Fig.
8a), shows that the secondary side of the cavity widens in the
direction where the penetrating guest ring has the maximum
width, as the remaining four residues tilt strongly away from
the guest closing the macrocycle’s primary side.

Figure 9

TMaCD/(R)-(1) inclusion complex. Calculated van der Waals surface of
host (the front has been removed for clarity) and experimental difference
electron density corresponding to the guest molecules, depicted as in Fig.

8(a).
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Finally, the strong association of the host with the guest is
reflected in the atomic thermal parameters of the latter.
Usually, in cyclodextrin inclusion complexes the thermal
parameters of the guest are an order of magnitude higher than
those of the host, while in the present LT structure they are
comparable, as they had also been in the RT structure, a fact
indicating that the guest is strongly bound.

The above structural details are clearly reflected by our
previously reported (Yannakopoulou et al, 1996) measure-
ments of binding constants in aqueous solution, which were
6800 M~ for TMaCD/(R)-(1) and 4000 M~ for TMaCD/(S)-
enriched-(1). Both values are much higher than the presently
measured binding constants of the corresponding complexes
with TMBCD.

4. Conclusions

The crystal structure at 100 K of TMBCD/(S)-(1), determined
for the first time, proved that TMBCD selectively crystallizes
only the (S)-enantiomer from the racemic mixture. The high-
resolution, low-temperature structures of TMBCD/(S)-(1) and
TMaCD/(R)-(1) demonstrate clearly that weak but numerous
host-guest interactions are responsible for the observed
enantioselectivity and the stability of the inclusion complexes.
The binding is achieved by a combination of the irregular
tilting of the glucose units as well as the conformation of the
methoxy groups leading to an induced fit of the host to
complement the geometry of the guest. The phenomenon of
induced fit is observed in per-derivatized CDs, but not in the
natural macrocycles. The difference in the ability of the hosts
to selectively bind one of the optical antipodes is reflected in
very subtle differences in the H- - -O intermolecular distances
observed between host and guest. In TMBCD/(S)-(1), many
weak C—H---O interactions render it a sufficiently stable
inclusion complex judging from its binding constant in
aqueous solution (~935 M™") as opposed to that of TMBCD/
(R)-(1) (~370 M™"). However, in TMaCD/(R)-(1) two such
interactions, directed toward the acetalic O atoms, which
define the chirality of the guest, are stronger and lead to
H. - -O distances much shorter than the other H- - -O distances
in this complex and in TMBCD/(S)-(1). The increased stability
in solution of TMaCD/(R)-(1) (K = 6800 M~ ") reveals the
importance of the above short distances. Moreover, in
TMaCD/(R)-(1) the C—H- - -O contacts of the (R)-(1) enan-
tiomer with other host molecules in the lattice may explain the
coherence of the crystal and the high-yield precipitation of
that complex from racemic (1) by driving the equilibrium in
solution towards (R)-(1).

Induced fit should not be attributed only to the stabilization
of host—guest interactions, but also to the stabilization of the
host itself. In both complexes the guest is held at the secondary
side of the CD cavity, leaving the primary side empty. The
excessive tilting of certain glucose residues and the rotation of
the primary methoxy groups toward the interior of the cavity
is taking place in order to stabilize the macrocycles’s geometry
through C—H- - -O hydrogen bonding of the primary methoxy
groups. The same phenomenon is also observed in related

cases where either the whole cavity (Steiner & Saenger, 1996)
or part of it is empty (Rontoyianni et al., 1998; Caira et al.,
1994).

The present diffraction experiments have shown that
synchrotron radiation of very short wavelength, combined
with low temperatures, give accurate high-resolution data that
reveal H-atom positions even for the guest and solvent
molecules, something that before was possible only with
neutron diffraction data. Although the crystals of cyclodextrin
inclusion complexes are not perfect, it was possible to describe
the exact host—guest interactions that lead to the observed
macroscopic characteristics or reactivity of the system.
Furthermore, it was also possible to describe fine details such
as the disorder of labile groups or solvent molecules, where
stabilization through weak intermolecular interactions can
occur in more than one way. Finally, the detailed hydrogen
bonding and geometry of the five-membered ring water cluster
in TMaCD(1) provides valuable experimental evidence
towards understanding interactions between water molecules.
Thus, cyclodextrins that are used as artificial enzymes
performing biomimetic chemistry and share some of the
characteristics and drawbacks of macromolecular systems,
such as cocrystallization with water molecules and disorder,
can teach us about intermolecular interactions in larger and
more complicated systems.
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