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Cyclofructins with six to ten g-(1—2)-linked
fructofuranose units: Geometries, electrostatic
profiles, lipophilicity patterns, and potential for
inclusion complexation!
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Abstract

Cyclofructins composed of six (1, “CFg”) to ten (5, “CF,y”") -(1—2)-linked fructofuranose units
were subjected to conformational analysis using Monte Carlo simulations based on the PIMMO91
force-field. Breaking the molecular symmetry partially by alternating inclination of the spiro-type
anellated fructofuranoses relative to the crown ether ring core, i.e. the 3-OH groups pointing either
towards or away from the molecular center, substantially lowers the strain energy of the cyclo-
fructins. The global energy-minimum geometries of CFs, CFsg, and CFo exhibit C,, rotational
symmetry, whilst the odd-membered macrocycles in CF; and CFy adopt C; symmetry. Identical
conformations of the solid-state geometry of CFg4 (1) and its computer-generated form manifest
the reliability of the computational analysis. The molecular surfaces calculated for the energy-
minimum structures establish a disk-type shape for CF¢ (1), CF; (2), and CFjg (3), whereas further
ring enlargement to CFq (4) and CF,q (5) leads to torus-shaped molecules with through-going
cavities. Color-coded projection of the molecular lipophilicity patterns (MLPs) and the electro-
static potential profiles (MEPs) onto these surfaces cogently displays the crown ether-like proper-
ties, favoring the complexation of metal cations via strong electrostatic interactions through the
3-OH groups located on the hydrophilic molecular side. The central cavities of CF¢ and CFq are
characterized not only by significantly enhanced hydrophobicity, but also by highly negative elec-
trostatic potentials around the narrow aperture of the tori made up by the 3-OH/4-OH groups,
and positive potentials on the opposite rim. Accordingly, CFy and CF;, are capable to form
inclusion complexes, the cavity of the latter being approximately as large as the one of a-cyclo-
dextrin. Calculation of the inclusion complex geometries of CFy with g-alanine and of CF,, with
p-aminobenzoic acid revealed the guest to be deeply incorporated into the respective cavities,
masking the guest’s hydrophobic parts. Analysis of the electrostatic interactions at the interface of
the zwitter-ionic guests with the oppositely polarized hosts predicts a high degree of regiospeci-
ficity for complex formation. © 1998 Elsevier Science Ltd. All rights reserved
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1. Introduction

Exposure of inulin, a polysaccharide made up of
B-(1—2)-linked fructofuranose residues, to diges-
tion with a Bacillus circulans-derived [2] fructosyl-
transferase not only leads to the generation of
linear oligosaccharides, but to a number of cyclic
ones, namely those containing six (1), seven (2),
and eight (3) fructofuranose units [3,4]. In line with
the simplified nomenclature recently proposed [5]
for cyclooligosaccharides composed of sugar units
other than glucose, 1 is designated a cyclo-3-
(1—2)-fructohexaoside or «-cyclofructin [5,6],
thereby alluding to its analogy to a-cyclodextrin
which is similarly composed of six sugar (glucose)
units. Correspondingly, the higher homologs could
be termed B- and y-cyclofructin? which becomes
impractical, however, when further increasing the
number of fructose units in the macrocycle. Thus,
we here propose and use the abbreviated designa-
tion CF¢ for 1, and CF; to CF, for the next larger
ones, i.e., 2-5, respectively (Scheme 1).

In the solid state [21], the cyclohexamer 1 (CFg)
possesses a unique 18-crown-6 skeleton as the cen-
tral core, onto which the furanoid rings are spiro-
anellated in a propeller-like fashion, pointing
alternatively in opposite directions with respect to
the plane of the macrocycle. Computation of the

2 For designating higher homologs of cyclooligosacchar-
ides, e.g., the various cyclodextrins available today ranging
from five [7] to several hundred [8] glucose residues in the
macrocycle, it becomes inopportune to differentiate them by
letters of the Greek alphabet. It is inconvenient, for example,
to assign an appropriate letter to the cyclo-a-(1—4)-gluco-
pentaoside, which has not only been shown by molecular
modeling to be viable [9], but has yielded to synthesis [7]; the
abbreviated designation “CDs” appears not only simpler but
practical. In a similar fashion, it would be advisable to aban-
don Greek letters for designating large-ring CDs, as the last to
be named this way (w-CD) would be the one having 29 glucose
units; by contrast, the acronym “CD,o” is considerably more
lucid and comprehensible. Accordingly, the already known §-
[10], e- [11-13], ¢- [11], n- [14], 6- [11], ¢- [13,15], A- [15], and
u-cyclodextrins [15] are more comprehensively referred to as
CDy through CDy5, respectively; similarly a ‘“‘cyclomaltoocta-
decaose” [16], “cyclomaltononadecaose’ [16], and the “‘cyclo-
maltooligosaccharide of dp 21°° [17] are preferably abbreviated
as CD;g, CDj9, and CD»;. The recent use of the cycloamylose-
derived abbreviation “CA” for higher cyclodextrin homologs
[13,17] appears unfortunate, as this acronym should be
reserved for the cycloaltrins that have recently become acces-
sible, i.e., CA4 [18], CA5 [19], and CAg [20].

contact surface of 1 [6] revealed a disk-shaped
molecular geometry with shallow central indenta-
tions on either side, thus precluding the formation
of cyclodextrin—analog inclusion complexes which
would require a “through-going” cavity. As the lipo-
philicity pattern of 1 shows a distinct “front/back”-
differentiation of hydrophilic and hydrophobic
surface regions [6], sandwich-type guest—host
interactions appear conceivable, i.e., encapsulation
of a neutral molecule by two cyclofructin disks.
Whilst these have as of now not been detected, the
cyclofructins 1-3 are capable of complexing metal
cations in decreasing affinity CF¢ > CF; > CFjg [22].
Therefrom, Ba®>" evolved as a favorably predis-
posed match for the CFg, obviously due its propi-
tious nestling in or rather above the central
indentation of 1 [23]—a behavior that can be
rationalized on the basis of the Molecular Elec-
trostatic Potential (MEP) profile on the contact
surface, which reveals one side of 1 to have dis-
tinctly electropositive central surface regions,
whilst the other is as pronouncedly electronegative
[6]. Interestingly, the preference for Ba?>™ binding
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Scheme 1.
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is even more pronounced in the per-O-methylated
a-cyclofructin [23].

Thus, in a rather unique way, cyclofructins of
type 1-3 combine crown ether-type metal com-
plexation with the capability for lipophilicity-
mediated guest—host interactions, which are expec-
ted to become more dominant on increasing the
ring size, i.e., on enlarging the central dents to
pockets and eventually to through-going cavities.
As these potentialities could open up new molecular
recognition patterns in the cyclooligosaccharide
field, we have deemed it of interest to extend our
molecular modeling—confined to the hexamer 1
as of now [6]—to the higher homologs with seven
to ten fructofuranose units. The results presented
here provide a clear description of their molecular
geometries, their MEP and MLP profiles, and, for
CFy (4) and the decamer CF (5) a first assessment
of their capabilities to form inclusion compounds.

2. Results and discussion

As the global geometries, molecular shapes, and
the total molecular conformational energies of the

fructose
cyclofructin mean plane
mean plane
. 6"
inside outside

cyclofructins mainly depend on the backbone tor-
sion angles ®, W, and ®, as well as on the propeller
angles ¢ of the fructose units that directly denote
their inclinations towards the mean plane of the
macrocycle (cf. Fig. 1), these parameters were
determined by PIMMO91 force-field mediated [24]
Monte Carlo (MC) calculations and unrestricted
“random-walk™ simulations [25] using adapted
corner-flapping procedures [26]. Thereby, the
respective starting geometries for 1-5 were derived
from the solid-state structure of CFg-trihydrate
(1-3 H,0) [21] by assembling two different fructo-
furanosyl geometries of the asymmetric unit to
symmetrical and asymmetrical macrocycles. Out of
a total of approximately 130000 structures opti-
mized for each of the cyclofructins, the global
energy-minimum geometries were determined [27];
their individual parameters are listed in Table 1.
The corresponding molecular conformations are
displayed in Fig. 2 in the form of ball-and-stick
models, onto which their MOLCAD program-
generated [28] contact surfaces [29,30] were super-
imposed. All cyclofructins emerge as essentially
unstrained macrocycles of disk- (1, 2, and 3) or torus—
type shape (4 and 5), with the primary 6-CH,OH

Fig. 1. Cyclofructin geometry descriptors: the torsion angles describing the conformations of the crown ether backbone are denoted as
® (C-1-C-2—-0-1'-C-1"), ¥ (C-2— O-1'-C-1'-C-2'), and ® (O-1-C-1-C-2—0O-1); the exocyclic torsion angle w (O-5—-C-5—-C-6—0-6)
describes the orientation of the primary 6-OH group relative to the furanoid ring. The 3-O--- O-3'-and 3-O - - - O-4'— interresidue dis-
tances are displayed as dos oy and dos o4 (top left). The propeller angle ¢ denotes the inclination of the furanose rings towards
the macrocycle of the crown ether backbone. It is defined as the angle of the least-squares best-fit mean plane through the five
furanoid ring atoms (C-2—C-3—-C-4—C-5-0-5, bottom left; hydrogen atoms omitted for clarity) versus the mean plane through all
backbone oxygen (O-1) atoms, i.e., the angle between the normal vectors g (pointing towards the 3-OH/4-OH side of the furanoid rings)
and & (pointing in direction of a clockwise view on C-2—C-5 and O-5). Values of ¢ ~ 90° indicate a perpendicular orientation of both
planes. The atomic distances between the crown ether backbone oxygens (O-1) diagonally across the macrocyclic ring are denoted as

do1-or (right).
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Table 1

Mean molecular geometry parameters as defined in Fig. 1 of the calculated cyclofructin structures (PIMM91) with six (1, CF),
seven (2, CF>), eight (3, CFg), nine (4, CFy), and ten (5, CF,g) fructose units in §(1—2)-linkages; root-mean-square (RMS) deviations
in parentheses. The data derived from the crystal structure of 1 are included for comparison.

Cydlofructins CFg (1, crystal)  CFg (1) CF; (2) CF; (3) CF, (4) CFyo (5)
n-Fold Rotational symmetry C3 C Cy C Cs
Furanoid ring conformation® E; (—4T3) E; (—T3) E; (—=*T) 4Ty (—E3;)  *T3(—=E;3) 4T3 (—=Ej)
Cremer—Pople (@ 0.40(0.02) 0.41(0.01)  0.43(0.02) 0430.02)  0.43(0.03) 0.43(0.03)
parameters® (@) 260.5(1.2) 257.9(1.5)  255.0(16.0) 261.4(19.0)  266.0(6.7)  265.0(6.1)
Intersaccharidic (@) 57.14 643(0.1°  70.109.6°  63.0(1.6° 64053  62.1(0.1F
torsion angles® [°] (@) 48,24 56.9(0.1) 60.922)  654(2.6) 64.2(0.3)  61.2(0.1)
(®3) — —f —47.38 — —47.8¢2 _f
(¥} 177.6¢4 173.60.1)  176.13.4)  174.0(53)  168.2(1.9)  169.1(0.1)
(W) 1783 “177.200.1)  173.8(4.2)  168.12.6)  158.04.2)  150.5(0.1)
(W3) — —f —157.7¢ _r —146.02 r
(@) 163 .44 163.10.1)  173.6(7.5)  1763(5.5)  179.622.5) 178.5(0.1)
(©) 52,34 40.9(0.1) 39.1(10.7)  33.2(4.7) 424023)  56.7(0.1)
(©3) s o 179,88 7368 ot
Propeller (@) 85.74 85.5(0.1) 81.2(1.8)  86.7(8.9) 83.1(1.4)  84.5(0.1)
angle® ) 113.5¢ 115.50.1)  117.72.8)  118.12.7)  117.5(1.1)  117.4(0.1)
0O-5-C-5-C-6-0-6 (w) —62.1(0.5) —62.5(0.5) —176.3(91.9) —33.6(94.2) 119.0(61.2) 117.6(60.9)
Atomic distances [A] (0,08 6.2 6.4(0.2) 7.3(0.5) 8.2(0.8) 9.100.7)  10.2(0.1)
(05-03)1  47(0.1) 4.8(0.1) 4.6(0.7) 5.2(0.4) 48(0.7)  5.1(0.2)
(0504 6.3(1.0) 6.3(1.1) 6.2(1.2) 6.5(1.3) 6.1(1.4)  6.1(1.5)
(0,-04)  7.80.3) 7.9(0.3) 7.4(0.7) 7.9(0.7) 7300.8)  7.6(0.2)
(06-0)  6.8(0.9) 6.9(0.9) 7.3(1.8) 7.8(1.8) 8.6(13)  8.9(1.0)
(05-Oy)k  3.1d 3.2(0.1) 3.000.1) 3.4(0.4) 4102  43(0.1)
(0-0y) 8.9 9.1(0.1) 9.0(0.3) 9.0(0.2) 9.7002)  8.6(0.2)

# Mean conformation as derived from the mean Cremer—Pople ring puckering parameters.

b Cremer—Pople ring puckering amplitued ¢ (in A) and puckering angle ¢ (in °).

¢ @:C-1-C-2-0-1'-C-1"; ¥: C-2-0-1'-C-1'-C-2/; ®: O-1-C-1-C-2-0-1"; w: O-5—-C-5-C-6—0-6; ¢: angle between the best-fit
mean plane of the macrocycle (defined by all O-1 atoms) and each fructose—mean plane (atoms C-2 to C-5, and O-5). The index “1”
corresponds to parameters for “‘inward” inclined fructose units with the 3-OH group pointing towards the molecular center; index
“2” designates “outward” inclined residues (3-OH directed perpendicular to the macrocycle or away from the center axis). For the
odd-membered CF; (2) and CFy (4), the index “3” denotes the single torsion between the two vicinal, abnormally parallel,
“inward” inclined fructosyl residues; e.g., ®;, ®,, and ©3 occur with a ratio of 3:3:1 in 2 versus 4:4:1 in 4.

Not defined for even-membered cyclofructins 1, 3, and 5.
Single value for which no RMS fluctuation could be given.

- & = o m ™o o

groups and the furanoid ring oxygens O-5 located
on one side of the molecule, and the secondary
3-OH and 4-OH groups on the other.

Molecular geometries of cyclofructins 1-5.—
Despite the imposing pictorial representation of
the gross molecular features of cyclofructins 1-5 in
Fig. 2, the abundance of data obtained and col-
lected in Table 1 requires a brief discussion of the
various individual parameters, such as conforma-
tions of the furanoid rings, of the crown ether

0O-1/0-1 atomic distances diagonally across the cyclofructin ring.

Atomic distances between corresponding atoms contained in adjacent fructofuranosyl residues.
0-3/0-3" distances between two adjacent, “inward” inclined fructose moieties in a 1,3-like relationship.
Analogous to k, but for two adjacent, “outward” inclined units.

Due to C; symmetry of 1 in the solid-state, no root-mean-square (RMS) fluctuations are given.
For the calculated structures only approximate symmetries are given, i.e., RMS values indicate the “degree of symmetry”’.

backbone, of the hydroxymethyl groups, the inter-
residue distances, and the over-all dimensions.
Fructofuranose conformation. Although two dif-
ferent fructofuranosyl units can be distinguished
on the basis of the macrocyclic crown ether back-
bone torsion angles, the fructofuranose ring con-
formations do not differ significantly in terms of
the Cremer—Pople ring puckering parameters <g>
and <¢> [31]. All furanoid rings exhibit medium
distortions of ¢ ~ 0.40-0.45 A (root-mean-square
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eyelo[D-Fruf -B-(1-2)-] (CFq, 1)

eyelo[D-Fruf-B-(1-2)-], (CF, 2)

161 A
b 9.1 A

-
012345

cyclo[D-Fruf -B-(1—2)-1s (CFq, 4)

204 A

=
012345

cyclo[D-Fruf-B-(1-2)-1,, (CF,, 5)

Fig. 2. Ball-and-stick model representations of the global energy-minimum geometries of the cyclofructins 1-5 with the contact
surfaces superimposed in dotted form, and the corresponding cross-section plots. Structures on the left are shown perpendicular to
the mean ring plane of the macrocycles; the 3-OH/4-OH side of the furanoid rings points towards the viewer, and the 6-CH,OH
groups and the 5-O atoms away from him; oxygens are shaded. Surface contours (right) were obtained for successive 10 ° rotation
steps around the geometrical center M and superimposed. In each case the 6-CH,OH groups are located on the top, and the 3-OH/
4-OH groups on the bottom side of the models; approximate molecular dimensions are included in A.
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deviations from planarity), with the conformations
uniformly being settled in the *T3<E; sector
(¢ ~ 255-265°) of the pseudorotational itinerary
for five-membered rings [32] (Fig. 3).

The orientation of the primary 6-OH groups
relative to the furanoid ring, as defined by the
0O-5-C-5-C-6-0-6 torsion angle w, is uniformly
(—)-gauche in either the solid-state geometry or the
PIMMO91-generated form of the cyclohexamer
CFs. For the larger cyclofructins CF5 to CF;, how-
ever, no characteristic conformational preferences
prevail. The very large RMS fluctuations of w
(cf. Table 1), indicate this torsion to adopt almost
any value in the —180° to + 180° range. Since the
6-CH,OH groups are not involved in any intra-
molecular hydrogen bonding interactions (vide
infra), they are expected to be almost freely rota-
table in all compounds 1-5.

Symmetries. Invariably, the global energy-mini-
mum geometries of the five cyclofructins feature
n-polygons of the O-1 atoms with average deviations
from the least-squares best-fit mean plane of less
than 0.20(5) A. In fact, all Monte-Carlo simula-
tions starting from different symmetrical structures
(i.e. C, rotational symmetry with n=6-10 for 1-5)
unequivocally demonstrate one trend: “‘breaking”
the high symmetry substantially lowers the mole-
cular energy, i.e., the fructofuranosyl residues
avoid the comparatively close spatial arrangements
in the C, symmetrical structures by diminishing
steric repulsions through contra-rotatory move-
ment of two adjacent monosaccharide units. This
effect leads to an alternating “‘inward” (down) and
“outward” (up) arrangement of the fructofuranoses
relative to the mean plane of the macrocyclic
backbone. As a consequence, half of the 3-OH
groups (cf. Fig. 4) point towards the center of the
macrocycle (“inward’ rotation), whereas the others
are situated nearly perpendicular on the ring perim-
eter (““outward” tilting).

4T3

In the even-membered cyclofructins, these con-
formational preferences reduce the symmetry from
C, to C,, i.e., an n/2-fold rotational axis for CFg
(1), CFg (3), and CF;g (5). Their odd-membered
counterparts CF; (2) and CFqy (4) cannot adopt
C,» symmetries a priori; however, the alternating
arrangement is retained as largely as possible, with
the “last” residue being ““inward’ inclined, parallel
to one adjacent fructosyl unit. This arrangement
reduces the backbone symmetry to Cj.

Backbone conformations. With respect to the
conformations of the crown ether core of the
cyclofructin macrocycles, consideration of the
C-1-C-2—-0O-1'-C-1’ torsion angles &, (for inward
inclined fructose units) and @, (for those directed
towards the outside) provides the following pic-
ture: in CFg, uniformly, an all-(+)-gauche-
arrangement with alternating values of &, ~ 64.3°
and ®, ~ 56.9 is adopted (cf. Table 1), in direct
relation to the alternating “inward” and “outward”
inclination of the fructosyl moieties (C3 symmetry,
@, as well as &, being realized thrice each). This
alternating sequence is retained throughout the
entire series 1-5, with the differences between @,
and &, becoming smaller with increasing ring size.
However, the ®; torsion angle for the “unusual”
intersaccharidic linkage between the two parallel
“inward” inclined fructofuranoses in the odd-
membered cyclofructins 2 and 4, exhibits a
(—)-gauche-arrangement of =~ —47°. Analogous
trends are observed for the ¥ (C-2—O-1'-C-1'-C-2)
torsion: an approximate trans-relationship is
retained in all cases, with ¥; and W, slightly
decreasing on increasing ring size of the macro-
cycles (W, =~ 173.6°/—177.2° for CFg, versus
W » =& 169.1°/150.5° for CF,(). The trans-arrange-
ment is also retained in W5 for CF; and CF,.

The largest variations are found in the ®
(O-1-C-1-C-2-0O-1) torsion angles, which invari-
ably adopt an alternating trans- (®; ~ 165°-180°)

Fig. 3. Ring conformations of fructofuranose units in cyclofructins 1-5. The orientation of the primary 6-OH relative to O-5,
graphically implied here, is (—)-gauche, as found for the solid-state and force-field-generated geometries of CF¢ (1). For the larger

cyclofructins no characteristic preferences prevail.
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"outward"
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inclined unit

cyclofructin
mean plane
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inclined unit
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Fig. 4. Typical molecular fragment of a fructofuranosyl-g-(1—2)fructofuranose disaccharide unit. Left: Display of the alter-
nating “inward” and ‘“‘outward” inclination of the two furanoses, within the O-3 atoms pointing either towards or away from
the molecular center (hydrogen atoms omitted for clarity). Right (schematic drawing): In the solid-state structure as well as in
the computer-generated-form of CFg, homodromic cycles of cooperatively strengthened intramolecular hydrogen bonds of the
[---3-HO---HO-3"...],-type are observed between the “inward” inclined fructofuranose residues.

and (+)-gauche-sequence (®, ~ 35°-55°) of set-
tings. The “unusual” intersaccharidic linkages in
CF; and CFy are characterized by a frans-relation
with ©;~179.8° and —173.6°, respectively. The
unique tgrgrg-succession of torsion angles ®; and
®, is not only realized in the computer-generated
global energy-minimum conformation of CFg¢ (1),
but is also observed in its solid-state geometry (cf.
Table 1); it must be attributed to the sterically
demanding spiro-type anellation of furanoid rings
onto the crown ether backbone as, by contrast, the
unsubstituted 18-crown-6 ether crystallizes in the
gtgggt-form [33], and its metal complexes favor all-
gauche-arrangements [34]. The essentially identical
molecular shapes and the excellent conformity of
the backbone of CF4 with its “frozen” solid-state
structure also validate a previous molecular mod-
eling study, in which only the solid-state geometry
of 1 was used [6].

The propeller angle ¢ indicates the inclination of
the mean planes of the “inward” (¢1) and ““out-
ward” (&) oriented fructofuranose units towards
the mean plane of the macrocycle (cf. Fig. 5 for a
schematic plot of a typical molecular fragment).
The observed alternating order of ¢; ~ 80-85° and
¢» ~ 113-118° establishes a ““‘V”’-type relationship
between vicinal monosaccharide units of the cyclo-
fructins 1-5.

Interresidue atomic distances and hydrogen bond-
ing. Monitoring O - - - O-distances on opposite faces

of the macrocycles (cf. Table 1) provides a general
picture of the possible types of intramolecular
hydrogen-bond interactions, even if these do not
actually prevail in the low—energy conformers.
Whilst the distances between all combinations of
0O-3 and O-4 atoms are nearly constant and inde-
pendent from the ring size of the cyclofructins, the
0-6/0-6' distances gradually become larger
(6.9£09 A in CFg—8.9+1.0 A in CF,(). Provided
the O---H-length of standard hydrogen bonds to
be in the range of 1.8 A up to 2.5 A, the limiting
criterion for the corresponding O ---O-distances

fructofuranose
mean planes

O-lll
cyclofructin
mean plane

0-6'

Fig. 5. Propeller angles between two fructofuranose residues
as viewed from the outside of the macrocycle in the direction
of its mean plane (hydrogen atoms omitted for clarity).
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is a maximum of 3.5 A. The data listed in Table 1
indicate all oxygen-oxygen distances between
vicinal fructoses to be larger than 4.6 A (up to
8.9 A), thus prohibiting the formation of any stable
intramolecular hydrogen bonds of this type. The
only exception is found for the O-3/O-3’ distances
between the adjacent, abnormally parallel
“inward” inclined fructose residues in CF; (2) and
CFy (4) of ~3.4 A and 3.1 A, respectively. Yet,
both allow for direct hydrogen bonding, albeit
the 3-O-.-HO-3'-type bridge is realized in the
computed structure of 4 only (length of H-bond
~ 223 A).

By contrast, the corresponding O-3/0-3" dis-
tances for 1,3-related fructose moieties display dif-
ferent trends for “inward™ or “outward” tilted
furanoses. In the latter case, distances of >9.0 A
indicate the absence of any hydrogen bonding
interaction. If both 1,3-related units are inclined
“inwards”, i.e., having their 3-OH groups directed
towards the central axis of the molecule, the O-3/
O-3" distances are in the range of 3.1 A for CFs
and CF-, 3.4 A for CFg, and ~ 4.2 A for CFy and
CFo, respectively. Thus, in CF4 through CFg at
least, intramolecular H-bonding networks made up
by cooperatively strengthened, homodromic cycles
of the type [---3-HO -- - HO-3"- - -], are formed, as
exemplified by the schematic drawing of CFyg
(Fig. 4, right). In fact, such an intramolecular
hydrogen bond cycle is realized in the solid-state
structure of CFg.

Contact surfaces and cavity dimensions. In con-
trast to the almost perfectly round—shaped cyclo-
dextrins, in which the a-(1—4)-linked glucose units
are regularly and uniformly tilted towards the
macrocycle [9,35], the alternating “‘inward/out-
ward” inclination of the fructofuranosyl residues in
1-5 leaves the cyclofructins with a deeply fissured,
irregular over-all shape. Cross-cut plots obtained
from the intersection of a rotating plane with the
cyclofructin contact surfaces (Fig. 2) clearly display

Table 2

a disk-type shape of 1, 2, and 3, versus the torus-
like (doughnut) appearance of 4 and 5; the
approximate molecular dimensions displayed by
these plots are listed in Fig. 2 and Table 2.

With increasing ring size, the mean macrocyclic
diameters increase from approximately 14.6 A for
CF¢ (1), to ~ 20.4 A in CFy, (5), whilst the mean
molecular height is almost constant in the range of
~ 8.5-9.2 A. The “top” and ‘“‘bottom” sides of 1,
2, and 3 are slightly indented (to an increasing
extent in that order), whereas CFy (4) and CF; (5)
possess a central cavity passing through the entire
molecule. In contrast to the outer shape of these
macrocycles, the cavities have a nearly perfect
cylinder-type appearance. The cavity radius of
approx. 5.2 A for CFyq (5) is similar to that of
a-cyclodextrin (CDg: & 4.5-5.0 A [5,9]), whilst
the cavity of CFy (4) is substantially narrowed
(d~4.1 A).

The wide-opened rim of the tori is made up by
the 6-CH,OH groups, the narrow rim is formed by
the 3-OH and 4-OH groups, respectively.

Of the total cyclofructin surface area (cf. Table 2;
~ 115-120 A? per fructose unit), the cavity interior
of 4 and 5 comprises ~ 5-10%. The spatial volume
included by the contact surfaces of 1-5 is computed
to approx. 165-170 A3 per fructose unit. As the esti-
mated cavity volumes of CFo (90 A%) and CF 4 (150
A3) turn out to be only slightly smaller than those for
the a- and B-cyclodextrins (100 A3 for CDg, 160 for
CD7 [9]), similar inclusion complexations—with
respect to their geometric fit— are to be expected.

Molecular electrostatic potentials (MEPs).— In
view of the well-established capability of crown
ethers to complex metal cations by chelate coordi-
nation and electrostatic interactions [33], we have
calculated the MEP profiles of the cyclofructins
1-5 by using the MOLCAD molecular modeling
program [28], whereby the relative potential values
in the range of approximately —100 to + 100 kJ/mol
were projected in color-coded form onto the mole-

Approximate molecular dimensions, surface extensions, and cavity characteristics of cyclofructins 1-5

Cyclofructin Torus diameter (A) Height (A) Surface area (A2) Surface volume (A3)
Outer Inner Total Cavity Total Cavity
CFq (1) 14.6 8.7-9.4 690 — 1000 —
CF; (2) 15.9 — 8.5-8.9 810 — 1180 —
CFs (3) 16.1 — 8.5-9.2 910 — 1370 —
CFy (4) 19.4 4.1 8.6-9.2 1090 904 1520 90
CFqo (5) 20.4 5.2 8.7-9.3 1200 1152 1710 1502

4 Height of cavity approximately 7.0 A.
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cular contact surfaces. As imposingly set forth by
the resulting color graphics (Fig. 6, left half), the
6- and 1-CH,-groups are characterized by positive
electrostatic potentials (red colors, Fig. 6 top left),
with the cavity surfaces of CFq (4) and CF, (5)
being highly polarized along the molecular axis (cf.
Fig. 6 bottom entries). By contrast, the opposite
side made up by the negatively charged O-1, O-3,
and O-4 atoms of the fructofuranoses, contributes
to high negative electrostatic potentials (blue to
violet colors in center entries of Fig. 6).

On the basis of the MEPs presented here, and
the overwhelming NMR evidence for the com-
plexation of the metal cations Pb>*, Ba®>", K™,
Rb™", and Cs* by CF¢ (1) and CF; (2) [22,23] in
aqueous solution as well as in organic solvents, it
becomes obvious that the oxygen atoms O-1 and,
in particular, O-3 are involved in capturing cations.
The highly negative electrostatic potentials around
the O-1, O-3, and O-4 atoms act as a long-range
trap for cations, with repulsive positive potentials
on the opposite molecular side [6]. Thus, the
mechanism of complex formation must involve
simultaneous or successive rotation of the spiro-
anellated furanosyl residues to open a center
pocket, whereby the resulting symmetry of the
adduct depends on the strength of the Coulomb
interactions (i.e., the charge of the cations) [22,23]
and the preferred type of coordination.

Molecular lipophilicity patterns (MLPs).— Of
the various effects that have been brought forward
as the actual driving forces for host-guest com-
plexation [36], hydrophobic interactions undoubt-
edly play a major role although it is exceedingly
difficult to quantitatively separate hydrophobic
effects [37] from the variety of binding interactions.
Recently, however, we have been able to demon-
strate that the molecular lipophilicity patterns
(MLPs)— generated by the MOLCAD program
[28] and mapped onto the respective contact sur-
faces [29] in color-coded form [38,39]—are a
proper means to portray the hydrophobic topo-
graphies of inherently hydrophilic sugars—an
approach that has provided for the first time a
lucid picture of the hitherto elusive distribution of
the hydrophilic and hydrophobic areas on the sur-
face of sucrose [40,41], non-carbohydrate sweet-
eners [40], cyclodextrins [5,9,35] and their inclusion
complexes [42], non-glucose oligosaccharides
[5,18,43,44], and of the amylose portion of starch
[41]. Accordingly, it was obvious to extend these
studies to the cyclofructins 1-5.

As intelligibly set forth by the color representa-
tions in Fig. 6 (right entries), the cyclofructins 1-5
exhibit a distinct differentiation of hydrophilic and
hydrophobic surface regions with respect to the
front and reverse sides of the disk-shaped mol-
ecules. The proximity of the 3-OH and 4-OH groups
and O-1 of each fructofuranosyl moiety on the one
molecular side leads to a pronouncedly hydrophilic
surface area (blue areas in the half-opened models,
Fig. 6, center). The molecular regions on the
opposite side, however, reveal the distinctly hydro-
phobic character (yellow areas) around the center
indentation (Fig. 6, top right), obviously originat-
ing from the 1- and 6-methylene groupings and the
O-5-C-5-H-5 fragments. Clearly separated
hydrophilic and hydrophobic surface areas are
maintained throughout the entire series of the
cyclofructins with only little changes on increasing
the ring size from six to 10 fructose residues. The
side view representations of the MLPs (Fig. 6,
bottom) reveal the central cavities of CFq (4) and
CFyo (5) to have enhanced hydrophobic character.

Inclusion complexation potential— In the case of
the disk-shaped cyclofructins CF4, CF;, and CFg,
the concentration of lipophilic regions on one side
may—at least in the solid-state—give rise to
sandwich-type guest-host interactions, i.e., a neu-
tral guest molecule being enclosed by the hydro-
phobic sides of two head-to-head oriented
cyclofructins. The larger ring homologs CFy (4)
and CF;, (5), however, on account of their sizable
cavities, are surmised to engage in cyclodextrin-like
inclusion complexations. In order to gain a first
notion on their capabilities to incorporate suitable
guests into their cavities, the electrostatic iso-
energy contour surfaces were generated. In the case
of CFo, for example, the dipolar character of the
cavity is well embodied by the graphical presenta-
tion in Fig. 7, in which the iso-energy contours cap
both ends of the cavity in a lid-like fashion, dis-
playing an ‘“‘electrostatic energy lock™ that is apt
to favor inclusion complex formation if oppositely
polarized or even charged head groups of a guest
can penetrate the low-energy regions.

Accordingly, on the basis of a mixed molecular
dynamics and molecular mechanics approach (cf.
Experimental) we have calculated the most stable
forms of conceivable zwitterionic inclusion com-
plexes of CFy with g-alanine and of CF;y with
p-aminobenzoic acid. Of the two possible guest-
host alignments, the ones shown in Fig. 8 are
highly favored due to an opposite alignment of the
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Fig. 6. MOLCAD program-generated molecular electrostatic potential profiles (MEPs, left half) and molecular lipophilicity pat-
terns (MLPs, right half), projected onto the contact surfaces of CF¢ (1, upper left), CF; (2, center), CFg (3, upper right), CFy (4,
lower left) and CF, (5, lower right); molecular orientations and modes of viewing of the top and center plots are opposite to those
in Fig. 2. For visualization of the MEPs (left half), a 16-color code ranging from violet (most negative potential) to red (most
positive potential) is applied in relative terms for each molecule separately. The MLPs (right half) are visualized by applying a two-
color code graded into 32 shades, adapted to the range of relative hydrophobicity calculated for each molecule; the 16 colors
ranging from dark blue (most hydrophilic areas) to full yellow (most hydrophobic regions) are used for mapping the computed
values onto the surface, whereas the remaining 16 color shades (light blue to brown) indicate iso-contour lines in between former
color scale, allowing a more quantitative assessment of the relative hydrophobicity on different surface regions. The top right picture
exposes the intensively hydrophobic (yellow) 1-and 6-methylene groups and the O-5—C-5—H-5-fragments of the molecules; in the
center, the front half of the surfaces has been removed, providing an inside view on the hydrophilic (blue) reverse side formed by the
3-OH/4-OH side; the bisected side-view MLPs (bottom right) disclose the hydrophobic central cavities of CFq (4) and CF (5).
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6-OH

contact
surface

L Lt 1 1
01 2 3 4 5 7 2 20

Fig. 7. Iso-energy contour surfaces for the interaction of CF,, (5) with positively (H™) and negatively (Cl~) charged probe spheres;
energy contours are given at levels of +5.0, +10.0, +15.0, and +20.0kJ/mol relative to the global energy minimum. On low-
energy levels, these volumes designate favorable interactions with cations and anions, or partially positively and negatively charged
groups of guest molecules, respectively. The side-view orientation of 5 corresponds to Figs. 2 and 6, with the 3-OH and 4-OH
pointing down versus an upward direction of the 5-O and 6-CH,OH groups. The contact surface is superimposed onto the contours
and sliced through the center of geometry.

(CH;0H), (CH,0H);,

(OH);g (OH),o

—t—t—t—
0L 2 3 4 01 2 3 4 5

CF, - B-alanine CF,, - p-aminobenzoic acid

Fig. 8. Surface cross section cuts through the global energy-minimum structures of the inclusion complex of CFy with 3-amino-
propionic acid (B-alanine, left) and of the CFy-p-aminobenzoic acid adduct (right). The geometries depicted correspond to the
“matched” host—guest orientations with antiparallel alignment of the dipoles and inclusion of the hydrophobic parts of the guest
molecule in the respective cavities. The irregular shape of the cyclofructin surface cross-section cuts is related to the alternating
“inward/outward” inclination of the fructofuranose residues. Whilst the CFy cavity and the zigzag-chain of g-alanine result in a
nearly perfect steric fit, CF |, requires elliptic distortion to accommodate the disk-shaped aromatic guest.

host and guest dipoles. Indeed, B-alanine proves to cavity and fixing the charged hydrophilic head
be an essentially perfect steric fit for CFy, the groups at both ends, i.e., the guest’s carboxylate
hydrophobic parts of the all-trans, zigzag arranged group close to the 6-CH,OH side of the macro-
aliphatic spacer fully penetrate the cylindrical cycle, and the amino function at the other, close to
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the 3-OH/4-OH groups. Correspondingly, p-ami-
nobenzoic acid ‘“matches” the steric as well as
electrostatic features of CF;y,, whereby an
“induced-fir’ type mechanism [45] describes the
formation of the complex in a more realistic way
than the static “lock-and-key” concept [46]: the
benzene ring is deeply incorporated into the cavity,
and the host displays a pronounced elliptical dis-
tortion in order to accommodate the disk-shape of
the guest.

3. Conclusion

Both the MLP and the MEP patterns clearly
illustrate the crown ether-type properties of the
cyclofructins 1-3 with six to eight fructose residues,
with respect to capturing and complexing metal
ions; the results obtained agree with experimental
data, and the functional groups involved in cation
complexation are identified. In relation to the
inclusion complex formation of cyclodextrins that
is mainly governed by hydrophobic interactions,
the cyclofructins 1-3 are devoid of a central cavity,
yet represent an interesting complementary example
to study electrostatic interactions of carbohydrates
with metal cations. The larger ring homologs, CF,
(4) and CF;y (5) exhibit torus-like shape with
“through-going” cavities, providing both, electro-
static complexation and hydrophobic inclusion.
The computer-assisted evaluation of possible
inclusion phenomena by 4 and 5 revealed both —
depending on the steric complementarity of host
and guest—*“lock-and-key” as well as “‘induced-fit”
type complex formation, during which the host
adapts its shape in a more or less pronounced
fashion to the steric requirements of the guest.
Further insights into the metal cation and inclusion
complexation capabilities of the cyclofructins are
expected to emerge from molecular dynamics
simulations in water, which are to be reported in
due course. In the case of CFg, an 750ps MD
simulation in a box of 606 water molecules has
already been performed [47], showing its solute
conformation to be very similar to the calculated in
vacuo energy-minimum geometry of Fig. 2.

4. Experimental

Solid-state structure of a-cyclofructin CFg, (1).—
The atomic coordinates of the CFg-trihydrate

solid-state geometry [21] (C3sHg0O30-3 H,O) were
retrieved from the Cambridge Crystallographic
Data File [48] (CCDF-Refcode VIPRANI0, space
group R3, Z=3), missing hydrogen atoms in the
structure determination were geometrically reposi-
tioned, the water of crystallization was removed;
all molecular parameters listed in Table 1 were
recalculated from this data set.

Force-field calculations.— All molecular geo-
metry calculations are based on the PIMM9I
force-field program [24]; structures were fully
energy-optimized without any geometry restraints
for in vacuo conditions (¢ = 1.0), with a con-
vergence criterion of root-mean-square deviations
of the gradients of less than 5.0x107% eV/A.

Mode of generation of cyclofructin start struc-
tures.— For 1-5, in each case, two C,, symmetrical
starting structures were generated by n-fold assem-
bly of each of the two crystallographically inde-
pendent fructofuranose geometries contained in
the asymmetric unit of the crystal structure of CFg
(1), both in *T; conformations with ® (O-1-C-1-
C-2-0-1") torsion angles of ®;=163.4° and
®,=>52.3°, respectively. Fitting of the O-1 atoms
to form regular propeller-type anellated n-polygons
was performed via a rigid body rotation and fitting
procedure [49,50]. Analogous fitting of the asym-
metric disaccharide unit Fruf-g-(1—2)-Fruf yielded
C,» symmetrical starting structures for the even-
membered cyclofructins 1, 3, and 5, with n/2-poly-
gons formed by the O-1/O-17 atoms; for the
odd-membered CF; (2) and CFy (4), a fructofur-
anose of either type was added as the remaining
last unit. After geometrically repositioning all CH
and OH hydrogens, all structures were fully
energy-optimized and entered into Monte Carlo
(MCQ), and “‘random-walk” conformational analysis
procedures.

Monte Carlo (MC) and “‘random-walk™ simula-
tions.— All structure manipulations were per-
formed through external computer programs [50],
by which PIMMO91 was controlled and used for the
energy-optimizations only. Geometry variations of
the cyclofructins 1-5 involved re-setting all freely
rotatable 4n exocyclic torsion angles (H-3—-C-3—
O-3-H, H-4-C-4-0-4-H, C-5-C-6-0-6—H,
and w, i.e., O-5-C-5-C-6—-0-6) to random values
in each simulation step. To simultaneously vary the
furanose ring conformations as well as the cyclo-
fructin backbones, one or two ““corner-flap angles”
[26] out of a total of 8n parameters (five furanose
ring torsions and three intersaccharidic dihedrals
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per monosaccharide residue) were randomly
altered; the adjacent endocyclic ring torsion angles
and the positions of the substituents were adjusted
accordingly to diminish steric overlaps. All newly
generated conformations were fully energy-mini-
mized (PIMMO91); during the “‘random-walk”
simulations the resulting conformations were
accepted in any case as the starting structures for
the next computational cycle; in the Monte-Carlo
runs, structures were accepted according to the
standard energy—weighted scheme [25]. In all cases,
MC calculations and the “‘random-walks™ yielded
converging molecular conformations and energies
(total number of optimized structures for CF¢ (1):
135 890, CF; (2): 136 961, CFg (3): 109 237, CFy
(4): 86 281, and CF( (5): 84 654).

Molecular  surfaces, molecular  lipophilicity
patterns (MLPs), and electrostatic potential
profiles (MEPs)— Calculation of the molecular
contact surfaces, MLPs, and MEPs (using the
PIMMOI1 atomic charges) was carried out by using
the MOLCAD [28,38,39] molecular modeling pro-
gram (Fig. 6). Surfaces for the inclusion complexes
were generated for the guest and host molecules
separately, and subsequently reassembled to the
complex. Cross-cut plots were computed from the
intersection of a plane with the molecular surfaces
[50]; all black—and-white molecular plots were gen-
erated using the MolArch™ program [50]. Visuali-
zation of the MEP and MLP surface qualities was
done with MOLCAD [28] by color-coded projec-
tion of the computed values onto these surfaces
applying texture mapping [39]. Scaling of the
molecular hydrophobicity patterns and electro-
static potential profiles was performed in relative
terms for each molecule separately, and no abso-
lute values are displayed.

Iso-energy contour surfaces.— The iso-energy
contour surfaces for the interaction of the cyclo-
fructins 1-5 with charged probe spheres were gen-
erated by superimposing a three-dimensional grid
of 0.25 A step size to each cyclofructin [50]. For
each grid point, the interaction energy of the
cyclofructin with a proton (H™), or alternatively
for a chloride ion (CI™), was calculated by con-
sidering the sum of electrostatic and van der Waals
energy terms [50]; energy terms were used as
implemented in the PIMMO1 force-field program
[24]: electrostatics are computed using the
PIMMO1 partial atomic charges of the fully
energy—optimized structures and Ohno—Klopman-
type distance dependencies. All atomic interaction

parameters, as well as the van der Waals energy
terms (mixed exponential and 12-6-terms) were
extracted from the PIMMO91 force-field [24].
Cyclofructin inclusion complexes.— Start struc-
tures of the inclusion complexes of CFq (4) with 3-
aminopropionic acid (Cs4HgyO45-C3H,0,N) and of
CF,¢ (5) with p-aminobenzoic acid (CgoHj09O50-
C,;H,O,N) were generated with either host—guest
alignment and geometry optimized (PIMMOI1).
MD simulations (timestep 1 fs, 7=300K) of 25ps
length were performed for each complex, structures
were saved every 25fs. Subsequently, all complex
geometries obtained (1000 configurations each)
were fully energy-minimized; the global energy-
minimum conformations are depicted in Fig. 8.
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