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Abstract

Mono-altro-B-cyclodextrinl, a -cyclodextrin with one of the seven glucose units being configurationally
changed to an altrose, is shown to be a flexible host undergoing a distinct conformational change within its
altropyranose geometry upon intracavity inclusion of adamantanecarboxylate, thus representing an induced-fit
model of binding rather than one following the rigid lock-and-key type pattern. © 1999 Elsevier Science Ltd.
All rights reserved.

1. Introduction

In the common cyclodextrins, the sig{CD), seven §-CD), and eightx(1—4)-linked glucose units
(y-CD)? are ‘locked up’ in a strait-jacket type béft® so that their macrocycles exhibit remarkable
structural rigidity: the glucopyranose rings inevitably adopt the energetically favat@plehair form,
and the very limited rotational movements about the interglucosidic links, at best, allow one glucose
unit to rotate out of the tilt of the otheP< This pronounced rigidity even persists on inclusion-complex
formation with a large structural variety of guests, since no significant guest-induced conformational
changes have ever been obsergdcordingly, the formation of inclusion complexes by, - andy-

CD closely corresponds to Emil Fischer’s classic lock-and-key concept for enzyme spétificity the
insertion of a lipophilic key into an equally lipophilic cyclodextrin molecular lock. Although this process
is overly static, it has nevertheless been extensively exploited towards ‘artificial enzymes’ or enzyme
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models? On the other hand, however, there is overwhelming evidence that the majority of enzymes
act in an ‘induced fit’ fashioA?11 implying the induction of significant conformational changes in the
enzyme upon ‘docking’ of the substrate — a dynamic process essential for the catalytic groups to assume
the required transition state geometry. Hence, if low molecular weight cyclodextrins aredalistic
enzyme models, flexibility has to be introduced into their macrocycles so that they can mimic the dynamic
induced-fit mode of action rather than the stationary lock-and-key approach.

With these considerations in mind, we have undertaken a study of the inclusion complexation
properties of cyclodextrins in which orté;!3two,'* or essentially all glucose unt&s?’— by inversion
of their configuration at C-2 and C-3— have been converted into altropyranose residues, which have been
shown by calculatiol and NMR evidenc® to be conformationally flexible within th&C; =°S,=C,
pseudorotational itinerary (Fig. 1). As a result we report here on the inclusion of adamantane-1-
carboxylate into monaitro-f-cyclodextrin 1, representing —to the best of our knowledge —the first
example of a guest-induced fit into a cyclooligosaccharide host.
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Figure 1. Schematic representation of maiiwe--cyclodextrinl with its altropyranoid unit irfCy, °S,, and*C, conforma-
tion, respectively, and its adamantanecarboxylate inclusion cor2ptexwhich the altrose residue is induced to preferentially
adopt the®S, form

2. Results and discussion

Mono-altro-B-CD 1,2 readily accessible fronB-CD in a 3-step sequené@?® shows distinct NMR
signals for all of its protons (Fig. 2) from which the altrose hydrogens and their couplings could be
identified either directly (H-1, H-5]; ), or by use of H-H COSY, homo-decoupling and 1D-HOHAHA
techniques (H-2—-H-4J23-J45). Comparison of the coupling constants thus determined with those
calculated forx-D-altropyranoid rings in idealizetiC, ©S,, and'C,4 conformations clearly reveals the
altrose portion il to essentially be in aAS,=1C4 equilibrium with an approximate 2:1 preponderance



K. Fujita et al. / TetrahedronAsymmetry10 (1999) 1689-1696 1691

H-3
H-4 7’2
k’ H-1 H-5
—J R.__ N
H-2
H-5 H3
} )K l“\
| H-1
L S R -
L L 1 T 1 ] 1 ] 1 1 1 1 L] 1 ] ] 1 L 1
5.0 4.5 4.0 3.5 ppm

Figure 2. 500 MHZH NMR spectra of mon@itro-B-cyclodextrinl (top), and of its adamantanecarboxylate inclusion complex
2 (bottom, 90% binding) in BO at 35°C. The altropyranose ring hydrogens are marked

of the 1C4 form. The exact positioning of the equilibrium between the three forms can most readily
be inferred from the triangle representation in Fig. 3 (top entry), where the experimental coupling
constants exhibit a best fit at a composition of 61@4, 31%°S,, and 8%*C; form — not surprising
as the coupling constants found fbrand those calculated for tH&; form (cf. Table 1) are indeed
drastically different. That théC; conformation is substantially under-represented in this equilibrium
may be rationalized on the fact that it extends its axially oriented 3-OH into the interior of the mono-
altro-B-CD cavity, thereby causing steric hindrance as well as an interruption of the prevailing intra- and
intermolecular hydrogen bond patterns.

For an assessment of the overall molecular shapk @6 cavity dimensions, and its potential for
the formation of inclusion compounds, the molecular contact surface was generated (Fig. 4) as well as
its molecular lipophilicity profile (Fig. 5), based on MD simulations in water. Accordingly, the altrose
residue ofL in water invariably adopts tHéS, geometry (top pyranose unit in Fig. 4), entailing a solvent-
accessible surface in slight elliptical distortion with a distinct cavity. In that, the overall shdpgasely
resembles that -CD %! hence, should be capable of serving as host for guests featuring the adamantane
moiety, as these represent perfect fits e€D.%? This prediction can also be made on the basis of
the close similarity of the molecular lipophilicity patterns RCD?! and 1 (Fig. 5), as both exhibit a
distinctly hydrophilic (blue) 2-OH/3-OH face vs. a hydrophobic (yellow) 6-CH side.

Indeed, adamantane-1-carboxylate, which forms a 1:1 inclusion complex3vitib with the guest
fully inserted into its cavity? is capable of intracavity complexation Hy upon addition to a BO
solution of1, the NMR signals of the altroside portionbgradually change with respect to both chemical
shifts and coupling constants. H-5 is shifted upfield by as much as 0.3 ppm (cf. Fig. 2), a substantial
shielding by the guest, indicating this ring hydrogen is now being directed towards the interior of the
cavity (rather than to the outside as in the prefefi@gform of the ‘empty’ hostl). Following this shift
by NMR titration provided an association constantZaf 839 M1,

As distinct as the guest-induced chemical shifts are the changesJadbg coupling constants of the
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Figure 3. Triangular comparison of experimentally determined altropyranose ring couplinds s, J3 4 andJ, s (cf. Table 1)

with those calculated for three-component equilibrium mixtures of*@g °S,, and*C, forms. Contours signify the root
mean-square deviation (i.e. the ermy between experimental data and those calculated for the three forms as a function of
equilibrium composition, the contour minimum corresponding to the best fit attainable for the distribution of the individual
conformers; contour levels are given in hertz within the range 0.25-4.5 Hz. The ‘empty’ altoox@-CD (1, top triangle) has

its best fit ato,»=0.21 Hz, corresponding to an equilibrium composition of the altropyranose conformations df33134%

0s,, and 8%"C,, i.e., in practical terms, to the presence®& and'C, forms in a 1:2 proportion. In the inclusion compl2x
(bottom triangle), the equilibrium is substantially shifted towards®®eform (top triangle corner)ymi,=0.61 Hz implying an
equilibrium composition of 129%C;, 80%°S,, and 8%'C, form (i.e., the®S, form outweighs the others by 4:1)

altrose residue, most notably the doublinglgg (from 3.5 to 7.0 Hz, cf. Table 1), while the others are
influenced less extensively4 4 from 3.5 to 4.6 Hz) or not at allg 3). Comparison of the couplings found

for 2 with those of the individual idealized altropyranose conformers (Table 1) clearly points towards the
Os, form as the predominant geometry, or in terms of the triangle representation of the equilibrium
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Table 1
Vicinal *H-'H coupling constants calculated for enb-altropyranoid ring in idealizeiCy, °S,, and
1C,4 conformations as compared to those found for matim-B-CD 1 and its adamantanecarboxylate
inclusion complexX2

J (Hz) Calcd’ for ideal altropyranose Found for Calced’® for
geometries 1 90 % 2 100 % 2
‘C, 03, 'C, +10%1
Jia 22 4.0 8.0 6.4 52 5.1
Jis 2.7 10.2 10.2 9.5 9.3 9.3
Ji4 3.4 4.5 24 35 4.5 4.6
Jus 9.7 6.4 1.4 3.5 6.7 7.0

“ Calculated according to the generalized Haasnoot-equation”
b Calculated for the fully developed inclusion complex with the experimental data for 1 and the
inclusion equilibrium of 90 % 2 and 10 % 1

82A

Figure 4. Ball-and-stick model of moraltro-3-CD (1) with the solvent-accessible surface superimposed in dotted form (left);

the structure represents the mean geometry obtained from molecular dynamics simulations water and subsequent

energy minimization. In contrast to the glucose units {@l), the altropyranose ring (top unit) adopt®%, conformation;

all pyranose rings are aligned almost perpendicular to the macrocycle mean-plane. The central caistpmlfy slightly

elliptically distorted, and thus able to accommodate round shaped guest molecules like the adamantane carboxylate. On the
right, the side-view cross-section cuts through the surface display the effective extension of the macrocycle and its cavity, with
approximate molecular dimensions in A

mixture to a composition of 12%C;, 80%°S,, and 8%!C, (cf. Fig. 3). Hence, in essence, intracavity
inclusion of adamantanecarboxylate into maite-B-CD results in a significant conformational change
within the altrose portion, such that th€4 form predominating the equilibrium mixture in the ‘empty’

host is induced in the inclusion complex to shift to f8 conformation which outweighs others by a
factor of 4:1.

In summary, recourse to flexibility-modified cyclodextrins offers highly attractive lipophilic hosts for
mimicking the dynamic induced-fit mode of enzyme action and thus has high potential for the design of
realistic artificial enzymes. To this end, further inclusion complexation studies with the varialtgodi-
cyclodextrind* and the highly flexible cycloaltrins with s, sevent® and eight” «(1—4)-linked altrose
units are presently being pursued and shall be reported on in due course.
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Figure 5. MOLCAD program-generated molecular lipophilicity patterns (MLPs):athe relative hydrophobicity on the
molecular surface df is visualized using a color-code ranging from dark blue (most hydrophilic areas) to yellow-brown (most
hydrophobic regions). On the left, the intensively hydrophilic (blue) side of the macrocycle carries the 2-OH/3-OH groups; the
half-opened surface with the ball-and-stick model insert displays the hydrophobic (yellow) surface regions around;0éi6-CH
groups. The right picture provides the side-view MLPLpWith closed and bisected surface representations exposing the shape
and lipophilic characteristics of the central cavity as well as the most hydrophobic molecular regions around the primary 6-OH
groups

3. Experimental

The NMR measurements were performed on a JEOL JNM A-500 spectrometer equipped with standard
additions for H-H COSY homo-decoupling and HOHAHA techniques, whose application was necessary
for determining inl the chemical shifts for the altrose ring protons H-2, H-3, H-4, and one of the H-6, as
well asJ; 3, J3.4 andJs 5. For the inclusion comple®, only the chemical shift and; , of the anomeric
altrose proton can directly be extracted from thReNMR spectrum; all other data (cf. Fig. 2 and Table 1)
required recourse to H-H COSY and HOHAHA techniques as well as NOE experiments (irradiation with
H-1).

The measurements of chemical shift changes as a function of concentrations (so-called NMR titrations)
for determination of the association constkniollowed standard methodolods.

Calculation of the molecular contact surfaces and the respective hydrophobicity potential profiles
(MLPs) was performed using the MOLCAP?6 molecular modeling program and its texture mapping
option?’” Scaling of the MLP profiles was performed in relative terms (most hydrophilic to most
hydrophobic surface regions); no absolute values are displayed.
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