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Abstract

The conformational features of cyclooligosaccharides composed of B-(1 — 3)- and B-(1 — 6)-linked galactofuranose
units, i.e., cyclo[D-GalfB-(1 — 3)], with n =4 (1) and 5 (2), and cyclo[D-Galf B-(1 — 6)], with n =3 (3) and 4 (4), were
investigated by means of Monte Carlo simulations. The flexibility of the macrocyclic backbone strongly favors bent
and asymmetrical conformations over round geometries. Generation of the molecular surfaces of the global
minimum-energy structures reveals disk-type shapes for 1-4 without through-going central cavities, yet distinct
indentations close to the O-2/0-3 groups, respectively. The molecular lipophilicity patterns prove these surface dents
to be hydrophobic for the B-(1 — 6)-linked cyclogalactans 3 and 4, whereas their B-(1 — 3)-linked counterparts display
an inverse situation with a hydrophobic outer core structure. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The starch-derived cyclodextrins with six,
seven, and eight o-(1 —4)-linked glucopyra-
nose units have enjoyed a preeminent position
in supramolecular chemistry as their capabil-
ity to form inclusion complexes and, hence, to
function as enzyme models has contributed
substantially to our understanding of molecu-
lar recognition processes in general, and en-
zyme reactions in particular [2]. Their
macrocycles are characterized by a remarkable
structural rigidity, such that they are capable
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of mimicking the classic lock-and-key concept
of enzyme specificity [3] rather than the more
realistic induced-fit mode [4], which entails
guest-induced conformational changes toward
a transition state geometry.

Several options have been realized — by
synthetic means invariably — to introduce
flexibility into the common, overly rigid cy-
clodextrins. Thus, the a-(1 —4) linkup of the
glucopyranose residues has been changed to
a-(1 ->6) [5] and B-(1 -6) [6] connections,
thereby ‘elongating’ the intersaccharidic link
from a singular oxygen to an O—-CH, joint;
unfortunately, the respective cyclooligosaccha-
rides have only been characterized as their
benzyl ethers [5] or peracetates [6] and, except
for a dimer [7], hardly any information is
available on the conformation of their macro-
cycles [5b]. Configurational inversion of the
glucose-2-OH in the cyclodextrins, resulting
(formally) in the cyclomannins [8], had little
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effect on the flexibility of the macrocycles, as
the *C, geometry of the pyranoid rings is rigid
enough to be retained [9] — a state that also
holds for the cyclorhamnins [10,11] and for
cyclooligosaccharides with alternating L-
rhamnose and D-mannose units [12].

The first non-glucose cyclooligosaccharides
with substantial macrocyclic flexibility proved
to be those containing altrose residues, i.c.,
cyclodextrins in which the configuration at
C-2 and C-3 has been inverted: mono-altro-§-
cyclodextrin undergoes conformational
changes in its altrose moiety upon inclusion of
adamantane-carboxylate [13], and the cycloal-
trins composed of six [14], seven [15], and
eight [16] o-(1 »>4)-linked D-altropyranose
units are thoroughly flexible, adopting a vari-
ety of macrocyclic conformations in solution
[1].

As furanoid rings display a higher pseu-
dorotational mobility than their pyranoid
counterparts, cyclooligosaccharides composed
of furanoid sugar units are apt to be more
flexible in their macrocycle. This expectation,
however, has not materialized in the inulin-
derived [17] cyclofructins; their six, seven, or
eight B-(1 — 2)-linked fructofuranose units are
spiro-anellated onto a crown-ether backbone
thereby conferring rigidity on their macrocy-
cles [18]. By contrast, the cyclogalactans com-
posed of B-(1-3)-, Pp-(1-5), and
B-(1 - 6)-linked galactofuranose units
(Scheme 1) — 1in fact the first non-glucose
cyclooligosaccharides prepared synthetically
[19] — are likely to provide larger macro-
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Scheme 1.

cyclic flexibility, not only due to the higher
pseudorotational mobility of the furanoid
rings, but as a consequence of, in the B-(1 —
6)-linked species in particular, the larger num-
ber of atoms bridging the furanose residues
and the steric strain imposed by the respective
macrocyclic assemblies.

Due to the rather modest yields in their
preparation by cycloglycosylation of tritylated
1,2-O-(1-cyano)ethylidene derivatives of D-
galactofuranose [19], neither the molecular ge-
ometries of these cyclogalactans nor their
capabilities to form inclusion complexes were
investigated. In view of their potential to func-
tion as flexible hosts in molecular recognition
processes, we have initiated a molecular mod-
eling study, for which we selected, as exam-
ples, the tetra- and pentamer of the
B-(1 - 3)-cyclogalactofuranosides 1 and 2,
and, due to their higher flexibility, the trimer
(3) and tetramer (4) of the PB-(1 - 6)-type
analogs (Scheme 2).

2. Results and discussion

Conformational analysis of p-D-galactofura-
nose.—Since comparatively few furanoid ring
systems of pentoses and hexoses have been
analyzed in detail — D-ribose, 2-deoxy-D-ri-
bose [20], D-arabinose [21], D-fructofuranose
[22], and D-psicose [23] are notable examples
— a pre-condition for elaborating the molecu-
lar geometries of furanoid cyclogalactans was
a detailed conformational assessment of their
building unit, i.e., B-D-galactofuranose itself.
The adiabatic energy potential surface of the
ring conformations of p-D-galactofuranose,
determined using the PIMMO91 force field [24],
reveals a single, broad energy minimum in the
western part of the pseudorotational turntable
within the ‘T, = *E = *T, = E, region for the
furanose rings (cf. Fig. 1). This distinct prefer-
ence for the western part of the Cremer—Pople
parameter [25] plot (¢/¢ plane) is obviously
due to the opposite tendency of the bulky
exocyclic substituent at C-4 and the anomeric
OH to occupy pseudoequatorial and pseu-
doaxial orientations towards the ring,
respectively.
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The three B-D-galactofuranose structures in
the CCDF data file [26], i.e., compounds 5
[27], 6' [28], and 7' [29] (Scheme 3), have
'T,='E<="'T, geometries. Thus, the confor-
mational preference of the furanoid ring in the
highly O- and C-substituted galactose deriva-
tives 5—7 with different anomeric substituents
is only slightly shifted from the *E global
minimum for the unsubstituted B-D-galacto-
furanose (Fig. 1) — a reasonable agreement
between in vacuo force-field calculations and
crystal structure results.

Further supportive evidence for the rele-
vance of the in vacuo geometries calculated
can be derived [30] from the '"H NMR 3J;; ;4
coupling constants of 31 [-D-galactofura-
nose derivatives® described in the literature

! The furanoid ring conformation for 6 is incorrectly given
as *E in Ref. [28]; the ring geometry of 7 was reconstructed
from Ref. [29] due to missing 3D-coordinates in the database.

2 A detailed discussion and conformational evaluation of
these p-D-galactofuranose derivatives on the basis of the
coupling patterns (mainly in CDCl,, yet some in D,0, ace-
tone-dg and pyridine-ds) is contained in Ref. 31.

[27-31], as the majority (22) of their furanoid
solution geometries fall into the
‘E="*T,= E,='T, range, i.e., into the west-
ern part of the pseudorotational itinerary
within 10 kJ/mol above the force-field-derived
global energy minimum depicted in Fig. 1.
This congruence of computational and 'H
NMR-derived data attests to the relevance of
the furanoid geometries obtained by either of
the two methods.

Molecular geometries of the cyclooligogalac-
tosides 1-4.—For generation of the macro-
cyclic geometries of 1-4, a pre-optimized
galactofuranose unit was used to construct
various symmetrical and asymmetrical starting
structures, which were then subjected to con-
formational analysis using Monte Carlo and
Random Walk techniques [32] to search for
the global energy minimum of each com-
pound. An adapted corner-flipping procedure
[33] was used to effectively vary the ring ge-
ometries of the furanose units as well as of the
macrocyclic backbone without breaking bonds
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Fig. 1. Left: Adiabatic energy map of B-D-galactofuranose as a function of the Cremer—Pople parameters [25] — i.e., the
puckering amplitude ¢ and the phase angle ¢ — calculated by molecular mechanics using the PIMM91 [24] force field. The
bold-faced square marks the global energy minimum corresponding to the conformation displayed underneath (*E form slightly
distorted towards the *T,, geometry), the structures to the left represent the furanose conformations within the *T5 = E, range of
the pseudorotational turntable. The solid-state conformations of 5—7 are indicated by the solid points on the energy potential
surface. Right: a 3D plot of the relative Boltzmann distribution of conformers calculated for 7=300 K, indicating finite

conformer probabilities within the 10 kJ/mol level.

in the different rings. From these extensive
procedures, the global minimum-energy struc-
tures for the cyclogalactans emerged as 'E for
the preferred furanose geometry of the B-(1 —»
3)-linked species 1 and 2, versus the *T; envel-
ope form for the B-(1 —6) analogs 3 and 4°.
Although the furanose ring shapes in 1-4
appear to be high in energy as they are located
approximately + 15 kJ/mol above the global
minimum of the B-D-galactofuranose energy
potential surface (Fig. 1), these structures
reflect the different types of substitution of the
five-membered rings [free furanose versus B-
(1-3)- and B-(1->6)-linkages] (Fig. 2). In
toto, the experimental (solid-state structures
and NMR) and computational data both
point towards preferred furanose geometries
in the western part of Fig. 1.

The high flexibility of the furanoid rings,
most notably in the B-(1 — 6)-linked species in

3The 3D structures can be viewed at http://
caramel.oc.chemie.tu-darmstadt.de/immel/3Dstructures.html;
MOLCAD graphics are available at http://caramel.oc.chemie.
tu-darmstadt.de/immel/molcad/gallery.html.

3 and 4 with four torsion angles involved,
leads to structures of low symmetry being
favored with increasing ring size of the macro-
cycles. The energy-minimum geometries of 1—
4 displayed in Fig. 3 show that the small ring
homologs 1 and 3 retain symmetry as much as
possible (C, and C;, respectively), but 2 and 4
prefer C, (asymmetric) and C,-type structures.

In the case of 3, and to a lesser extent in 4,
the conformational symmetry is only retained
through favorable intramolecular hydrogen
bonding interactions of the 3-OH--O-6 and
5-OH:-O-4" type. As in aqueous solutions,
these effects are expected to become less im-
portant, conceivable conformational equilibria
are likely to be shifted towards asymmetric
forms.

lo) R lo) OAc
AcO OAc AcO OAc
AcO OAc  Meo” ©  Ohe
5 R=NO, 7
6 R=CN
Scheme 3.
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Fig. 2. Schematic representation of the furanose geometries
calculated for cyclogalactofuranosides 1-4: 'E conformation
for the B-(1 — 3)-linked cyclooligosaccharides 1 and 2 vs. 4T,
form for the B-(1 —»6) analogs 3 and 4.

The molecular contact surfaces computed
for 1-4 as well as the corresponding surface
cross-section cuts (cf. Fig. 3), provide evidence
for the disk-type shapes of these macrocycles
with small puckering amplitudes (i.e., out-of-
plane deviations of ring atoms between the
furanose units) of less than 0.5 A along their
backbones. The surface models not only dis-
play the effective steric extensions of these
molecules and their lack of central cavities to
form inclusion complexes, but also allow the
mapping of their lipophilicity patterns in
color-coded form, as has already proved use-
ful in earlier studies to assess the properties of
cyclodextrins [34] and related compounds [11].

Molecular lipophilicity patterns (MLPs).—
Besides the steric demands in 1-4, their hy-
drophobic characteristics are of major interest
to evaluate their properties. In Fig. 4, the
corresponding MLPs were computed and
mapped in color-coded form onto the contact
surfaces of Fig. 3. Most remarkably, these
graphics reveal a fundamental difference in
the distribution of hydrophilic and hydropho-
bic surface areas for both classes of the B-(1 —
3)- and B-(1 — 6)-linked cyclogalactans. In the
former case, i.e., 1 and 2 (Fig. 4, top), the
surface is significantly indented in the center
without elaborating ‘through-going’ central
cavities. Due to their association with the
O'-C’H-C’H fragments of the galactofura-
nose moieties, these surface dents are remark-
ably hydrophobic, whereas O-4 and the side
chain 5-OH and 6-OH groups render the op-
posite molecular sides much more hydrophilic.
Most notably, the outer rim of the disk-
shaped molecules carrying the 2-OH hydrox-
yls is predominantly hydrophilic.

A different situation prevails for the B-(1 —»
6)-cyclogalactosides 3 and 4 (Fig. 4, bottom):
the type of intersaccharidic linkage, their in-
creased flexibility, and the altered orientation
of the furanoid rings in relation to the macro-
cycle cause an inverse alignment of hy-
drophilic and hydrophobic surface regions. As
the 5-OH groups are directed towards the
central surface dents, they provide a hy-
drophilic environment that is augmented by
the 3-OH groups, whereas on the back the
close alignment of the O-4 ring atoms con-
tributes to the slightly less hydrophilic regions.
The most hydrophobic surface areas of 3 and
4 are situated on the outer edge of the macro-
cycles, and are made up by the C'H, C°*H, and
C°H-C°H, fragments.

In sum, this molecular modeling study of
the furanoid cyclogalactans 1-4 provides reli-
able insights into their molecular architecture,
such that they not only lack round geometries
— the circular shapes depicted in the chemical
formulae for 1-4 are grossly misleading —
but also central cavities with which to form
inclusion complexes similar to those given by
the cyclodextrins. At most, the formation of
loose sandwich-type adducts is conceivable.
The larger homologs of the B-(1 — 6)-cyclo-
galactosides, however — from the hexamer
on, presumably — should be capable of
adopting a plethora of macrocyclic conforma-
tions in solution, including some with a
through-going cavity, from which a guest may
select the one most suited for its inclusion.
Thus, these galactofurano-cyclooligosaccha-
rides are apt to evolve into attractive flexible
models for mimicking the dynamic induced-fit
mode of molecular recognition, once they be-
come accessible on a scale to study their
supramolecular properties.

3. Experimental

All calculations were carried out using the
PIMMO1 force-field [24] program with exter-
nal conformational search algorithms [35],
which has been shown [36] to accurately re-
produce anomeric and exoanomeric effects. A
dielectric constant of ¢= 1.0 was used for all
calculations without the implicit incorporation
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Fig. 3. Global minimum-energy structures of the cyclogalactofuranosides 1-4 with their contact surfaces in dotted form;
intramolecular hydrogen bonding interactions are indicated by bold dots. All structures are displayed perpendicular to the
macrocycles with the O-2/0O-3 sides facing the viewer. In addition, surface cross-section plots are shown with approximate
molecular dimensions in A; cross-cuts were obtained from the intersection of molecular surfaces with a rotating plane (360° in

steps of 10°) perpendicular to the mean macro-ring planes, and superimposed.
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MOLCAD

Fig. 4. MOLCAD program-generated molecular lipophilicity patterns (MLPs) projected onto the contact surfaces of the B-(1 — 3)-
(top: 1 and 2) and B-(1 — 6)-linked cyclogalactofuranosides (bottom: 3 and 4). The color code was adapted to the range of relative
hydrophobicity calculated for each molecule, ranging from dark-blue for the most hydrophilic areas to full yellow corresponding
to the most hydrophobic surface regions. The orientation of all models is such that the O-2/O-3 atoms face the viewer (cf. Fig.
3), whereas the furanoid ring oxygens (O-4) are directed toward the rear; the half-opened models on the bottom each visualize the
molecular orientation as well as the surface properties of the rear side.
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of solvent models. A pre-optimized galacto-
furanose unit was assembled to various sym-
metrical and asymmetrical starting structures
of the cyclogalactofuranosides 1-4, which
were then subjected to conformational analy-
sis using Monte Carlo and Random Walk
simulations [32]. An adapted corner-flapping
procedure [33] was used to effectively vary the
ring geometries of the furanose units as well as
the macrocyclic backbone without breaking
bonds in the different rings; all exocyclic tor-
sion angles (-OH and —-CHOH-CH,OH
groups) were treated as flexible. Proper sam-
pling of the conformational space was ensured
by converging global minimum-energy struc-
tures and molecular parameters. For the
global minimum-energy structures obtained,
the molecular contact surfaces [37], cross-sec-
tion cuts (Fig. 3) [35], and lipophilicity pat-
terns (MLPs, Fig. 4) [38] were computed;
color-coded representations were generated
using the MOLCAD [38] modeling program.
Color-coded projection of the MLPs onto the
corresponding contact surfaces was done by
applying texture mapping strategies [39], using
a two-color code graded into 32 shades, rang-
ing from dark-blue for the most hydrophilic to
yellow for the most hydrophobic areas. Scal-
ing of the MLP profiles was performed in
arbitrary units and in relative terms for each
molecule separately (from most hydrophilic to
most hydrophobic surface regions); no abso-
lute values are displayed. Color graphics were
photographed from the computer screen of a
Silicon-Graphics workstation.
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