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Abstract: The molecular structures of peracylagdyclodextrins (CDs)heptakis(2,3,6-triD-acetyl)5-CD

(TA), heptakis(2,3,6-tr@-propanoyl)s-CD (TP), and heptakis(2,3,6-tB-butanoyl)p-CD (TB)—have been
determined by single crystal X-ray structure analysis. Due to the lack of@2 hydrogen bonds between
adjacent glucose units of the peracylated CDs, the macrocycles are elliptically distorted into nonplanar boat-
shaped structures. The glucose units are tilted with respect to the O4 plane to relieve steric hindrance between
adjacent acyl chains. In TB, all glucose units adopt the comf@rchair conformation and one butanoyl
chain intramolecularly penetrates the cavity, whereas, in TA and TP, one glucose unit each o&Sgs in
skew-boat conformation and one acyl chain closes the O6 side like a lid. In each of the three homologous
molecules the intramolecular self-inclusion and lidlike orientation of acyl chains forces the associated O5
C5—-C6—06 torsion angle into rans-conformation never observed before for unsubstituted CD; the inclusion
behavior of TA, TP, and TB in solution has been studied by circular dichroism spectroscopy with the drug
molsidomine and several organic compounds. No inclusion complexes are formed, which is attributed to the
intramolecular closure of the molecular cavity by one of the acyl chains.

Introduction “away” from the center of the cavity; inrt{)gauche, O6 points
to the center of the cavity and is frequently found hydrogen
bonded to guest molecules. Due to adverse steric interactions,
' the “flipped” trans conformation has never been observed so
far.

One of the most important features of the CDs is the ability
to form inclusion complexes with a large variety of guest
molecules and ions that have a suitable size and shape to be
fully or partially accommodated in their central cavities?®
This feature is utilized in food and pharmaceutical industfies
to encapsulate compounds that are sensitive to the environment,
have a low solubility in water, or are volatile and have more
c1Iavorable properties as CD inclusion complexes.

Numerous mono-, di-, and trisubstituted CDs have been
synthesized to improve the inclusion selectivity of the host or
to introduce catalytic activity. Modification of the hydroxyl
groups by hydroxyalkyl, acyl, or longer alkyl groups decreases
the solubility of the-CDs, but their solubility may increase
again in the presence of guest molecdleEhe complex forming
and physical properties of peracylated CDs were recently

Degradation of the amylose fraction of starch by glucosyl-
transferase yields cyclic oligosaccharides consisting of six
seven, or eighty(1—4)-linkedp-glucose residues, known as,

f-, andy-cyclodextrins (CDs). They resemble truncated, hollow
cones in which all glucoses adopt the commonly obsef@ad
chair conformation and are oriented syn; secondary hydroxyl
groups (02, O3) are on the wide side of the cone and form
intramolecular, interglucose ®203 hydrogen bonds stabiliz-
ing the conformation of the CD macrocycles,and the primary
hydroxyl groups (O6) are on the narrower side of the cone. The
hydroxyl groups render the CDs hydrophilic outside; in contrast,
their central cavities are hydrophobic because they are coate
with hydrogen atoms from the G3H and C5-H methine
groups, the C&H, methylene groups, and the glycosidic
oxygens (O4). The primary O€H hydroxyl groups may rotate
about the C5-C6 bonds with torsion angleg¥O5—C5—C6—
06)) preferentially in {-)gauche conformation, so that O6 point
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Table 1. Crystallographic Data: Data Collection, Solution, and Refinement

TA-5-CD TP$-CD TB-5-CD
empirical formula @4H112056°CH4O CiosH1540s6 Ci26H196056
fw 2045.8 2312.3 2606.8
cryst size (mrf) 0.2x0.3x 0.4 1.0x 0.6 x 0.3 0.7x 0.4x 0.3
cryst syst monoclinic monoclinic orthorhombic
space group P2, P2, P212,2;
unit cell dimens

a(h) 11.567(8) 12.562(8) 17.631(4)
b (A) 21.105(9) 21.695(12) 27.254(5)
c(A) 20.300(15) 21.451(10) 28.616(6)
p(deg) 93.584(7) 93.977(13)
vol (A3) 4946(5) 5832(5) 13 750(5)
z 2 2 4
Deaic (g cnTy) 1.374 1.317 1.259
m (mnY) 0.117 0.107 0.099
F(000) 2156 2464 5600
diffractometer Siemens, CCD
wavelength (A) Mo K, 0.710 73
temp €C) —133(2)
measd reflecns: 53213 83964 206 120
unique reflecns:
—all data 7339 12 346 12 367
>4s(F) 6231 10 051 10508
max. resoln (A) 0.9 0.89 0.9
struct soln ab initio method (SHELXD)
refinemt method SHELXL97
no. params 1279 1480 1717
Reyn? (%) 0.0404 0.0304 0.0433
Rw? [F2 > 2s5(F)] 0.0739 0.0744 0.1423
Rc[F? > 2sF?)] 0.0333 0.0337 0.0556
goodness of fit 0.982 0.919 1.057
highest peak and deepest hole (A 0.2/~0.3 0.29+-0.2 0.63-0.48

a Rsym =2l - D][LVZL b Ry = Z{W(Fo2 - Fcz)Z/ZW(FOZ)Z} W2 cR= 2||Fo| — |FCH/2|F0|-

investigated for the utilization as slow-release carriers of water-  The main intention of the present paper was to crystallize
soluble drugs such as molsidomine (a peripheral vasodifgtof). three peracylate@-CDs: TA (heptakis(2,3,6-t®-acetyl){-

In these studies, complexes of molsidomine with peracylated CD), TP (heptakis(2,3,6-t®-propanoyl)8-CD), and TB (hep-
B-CDs were prepared by the kneading method using 1:1 molar takis(2,3,6-triO-butanoyl)8-CD) with and without guest mol-
host:guest ratios and ethanol as solvent and characterized bycules and to determine their structures by X-ray diffraction
differential scanning calorimetry (DSC), suggesting that mol- methods. In addition, we investigated their complexing ability
sidomine and perbutanoylat@cD form a binary solid disper- i solution with various organic compounds (2,7-dihydroxy-
sion with a 2:1 (drug:CD) molar ratits.Release of molsidomine naphthalene, 4-iodophenole, hydroquinone, and molsidomine),

was markedly retarded by complexation with peracylg&iDs, using circular dichroism spectroscofy?
and retardation increased with increasing order of hydrophobic-

ity of the acyl groups.

Persubstitution of CDs may lead to structural modifications,
associated with alteration of the physical properties discussed (1) crystaliization and X-ray Diffraction Experiments. Peracy-
above. For instance full methylation causes remarkable distortion ated4-CDs were prepared using published procedifted Colorless
of the CD macrocycle, since the typical intramolecular€23 crystals of TAmethanol and of the anhydrates of TP and TB were
hydrogen bond pattern cannot be formed. This results in optained at 18C by slow evaporation of saturated solutions prepared
conformational flexibility of the macrocycle to such an extent with MeOH/H,O (8:2 (v/v)); the addition of MeOH was necessary as
that glucoses may even flip from syn to anti orientafidn.  TA, TP, and TB are nearly insoluble in pure water. For X-ray diffraction
Rotation of O6-CHjs groups to the center of the cavity closes experiments, the crystals were mounted in oil (perfluoropolyether) on
it on one side, leading to a bowl shape of the molecule rather cryoloops and intensity data were collected-4t33°C (to reduce the
than the open coné.In addition, the conformation of individual ~ expected high-temperature factors) on a Siemens CCD-diffractometer
glucose units may also be affected. In the crystal structure of using graphite monochromated Moakradiation ¢ = 0.710 73 A).
permethyl8-CD-H,0, one of the trimethylglucose units is The total of 53 213 (TA), 83 964 (TP), and 206 120 (TB) reflections
converted from*C; chair to 1C, conformationts and in the were collected in thé@-ranges of 1.9323.26 (0.9 A resolution, TA),
complex of permethyB-CD with m-iodophenol, one trimeth- ~ 1.90-26.46 (0.89 A resolution, TP), and 1.624.59 (0.9 A

Experimental Section

ylglucose unit adopts S, skew-boat conformatio#’:18 resolution, TB). Semiempirical absorption corrections frescans and
: : data reductions were carried out using the programs SAINT and
(12) Uekama, K.; Horikawa, T.; Yamanaka, M.; HirayamaJ FPharm. SHELXL to yield 7339 (TA), 12 346 (TP), and 12 367 (TB) unique

Pharmacol 1994 46, 714-717.

(13) Hirayama, F.. Yamanaka, M. Horikawa, T.: Uekama,Ghem reflections withF? > 20(F?). Relevant crystallographic data are given

Pharm. Bull 1995 43 (1), 130-136. in Table 1.
(14) Hirayama, F.; Horikawa, T.; Yamanaka, M.; Uekama,Rtarm.

Sci. 1995 1, 517-520. (17) Harata, K.; Hirayama, F.; Arima, H.; Uekama, K.; Miyaji, J.
(15) Caira, M. R.; Griffith, V. J.; Nassimbeni, L. R.; van Outshoorn, B. Chem. Soc., Perkin Trans10892 1159-1167.

J. Chem. Soc., Perkin Trans.1®94 2071-2072. (18) Harata, KJ. Chem. Soc., Chem. Commu®888 928-929.
(16) Steiner, T.; Saenger, WAingew. Chem., Int. EcEngl. 1998 37, (19) Sensse, K.; Cramer, Ehem. Ber1969 102 509-521.

3404-3407. (20) Takeo, K.; Kuge, TStarch1972 24, 281-284.
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of six C(4)H; methyl groups: C4(13) (atom C4 of the acyl chain,
bonded to O(3) of glucose 1), C4(26), C4(42), C4(43), C4(62), and
C4(73), and one oxygen atom O3(23) were 2-fold disordered with

C’?l33) ¢ occupation factors of 0.65 and 0.35, the two alternate positions having
N\ e been refined with the sum of occupation restrained to 1.0. Occupation
C1(33)9ay OF 0‘4 factors of C4(56) and C4(63) were assessed by inspection of electron
02(32) 02(%) densities (Program XtalVief) as 0.5, 0.5, and C3(16), as 0.8, 0.2,
C13 respectively.
C2032) 62 Crystallographic data (excluding structure factors) have been de-
[ posited with the Cambridge Crystallographic Data Centre as supple-

mentary publications no. CCDC-163108 (TA), CCDC-163109 (TP),
and CCDC-163110 (TB). Copies of the data can be obtained, free of
charge, on application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
U.K. (fax, +44 1223 336033; e-mail, deposit@ccdc.cam.ac.uk).
(3) Spectroscopic InvestigationFor circular dichroism (cd) spec-
) troscopic investigations, we prepared 2.5 mM solutions of TA, TP,
Meoﬂ-.;(' G1 and TB in ethanol and added a constant amount of a stock solution (to
‘( a final concentration of 10 mM) containing the desired guest molecules
_ . (molsidomine,mriodophenole, 2,7-dihydroxynaphthalene, and hydro-
Figure 1. Structure and numbering scheme of TA. C2(76) denotes quinone) also dissolved in ethanol. The solutions were mixed, kept
atom C2 of the acyl chain bonded to 06 of glucose G7. F+eD overnight to reach equilibrium, and investigated by cd spectroscopy.
backbone and the acyl chain 76 which is included in the macrocycle The ¢d spectra were recorded in the wavelength range-260 nm

are drawn in black for clarity, all other acyl chains in white. Oxygen ysing a Jasco cd spectrometer J600 with cuvettes of 0.1 cm path length.
atoms are shown as white spheres and carbon atoms are infray (

CD) or black (acyl chain). £S,-twist glucose (G5) is observed only Results
in TA and TP, whereas the macrocycle in TB is less elliptically distorted

and all glucoses are in tH€;-chair conformation (see also Figure-5a Molecular Structure and Conformational Analysis. (a)
¢, where the orientation of TA, TB, and TP is identical to that shown Conformation of the Macrocycle. Geometrical parameters
here for TA. Figure drawn with MOLSCRIP¥. describing the overall shapes of the macrocycles are shown in
Tables 2 and 3. The macrocycles of TA, TP, and TB are
(2) Structure Determination and Refinement. All attempts to elliptically distorted (Figures 1, 2ac) with major and minor

determine the crystal structures by conventional direct methods failed, yizmeters of ellipses (measured betweenrPafoms) given
which is not surprising since the success rate of these methods faIIsin Table 2. The ellintical shape is also reflected in the large
off rapidly above 150 non-hydrogen atoms per asymmetric unit (the : P P Y

; differences in O4{)--O4(n—1) distances; i.e., the distances
present crystal structures contain 142 (TA), 161 (TP), and 182 (TB) C
and O atoms). The structure of TA was finally obtained by a novel O#(1)<*04(7) and O4(5)-O4(4) (glucoses G1 and GS5) are
“ab initio” real/reciprocal space recycling procedtiienplemented in  Stretched for TA, TP, and TB in the range 44071 A (see
SHELXD inspired by, but different in detail from, the “Shake and Bake” Table 2), whereas 04(3)04(2) (glucoses G3) are short, 3.88
method?223 In structure refinement using? with full matrix least A'in TA and 3.98 A in TP due to kinks between glucoses G3
squares (SHELXL973} all non-hydrogen atoms were treated aniso- and G2 (see large tilt angles of 50.9 and 48& G3 in TA
tropically and hydrogen atoms were placed at idealized positions and TP, respectively, in Table 2, while the tilt angle for TB is
(C—H = 1.07 A) in ariding model; the TA atoms and the cocrystallized different, —4.9).
MeOH molecule are in well-defined positions. The refinement con- _ _ :
verged at a finaR = 0.033 for 6231 reflections witko > 40 (0.044 fr 0212993_0258 ;'(?;1.?. A,Ol4(()r4]1+82—) 1iggée?0f%\srav;giggges

for all 7339 reflections). . : o . . s
The numbering scheme of the molecules TA, TP, and TB is shown 145.8 for TB, again reflecting the elliptical distortion and giving

in Figure 1. The atoms of the acyl chains are distinguished from the 1S€ t0 boat-shaped structures of the macrocycle. As Figure 2
CD atoms by two numbers in parentheses, the first denoting the numberillustrates, the macrocycles are more distorted in TA and TP
of the glucose unit and the second the number of the glucose atom tothan in TB.
which the acyl group is attached. The absence of G203 hydrogen bonding gives rise to wide
Since the crystals of TP were nearly isomorphous to TA, the atomic O2(n)—0O3(n—1) distances in TA, TP, and TB which greatly
coordinates of TA were used as an initial model to determine the crystal exceed the average value (2.88 A) fCD-11H,0.26:27 |t
structure using the program SHELXD. The.reflnement procedure was explains why the torsion angleg and v describing the
the same as for TA and converged at a fifk= 0.034 for 10 051 orientation of the glucoses with respect to their glycosidic link
reflections withFo > 40 (0.047 for all 12 346 reflections). All TP atoms
are fully occupied except for C3(66) (atom C(3) of the acyl chain vary to such a large extent (T_able 3) and why some .Of the
bonded to O(6) of glucose 6). glucose residues are severely t_||ted to the O4-plane, defined as
The set of TP atomic coordinates was used as an initial model to the least-squares plane containing all seven O4 atoms; see Table
obtain the structure of TB using molecular replacement methods 2. In TA and TP the tilt angles are comparable, but the pattern
(SHELXD). Refinement was similar to that described for TA and is different in TB. As the superposition of the three molecules
converged at a finaR = 0.055 for 10 508 reflections witk, >40 in Figure 3 shows, the glucose units and acyl chains in TA and
(0.069 for all 12 367 reflections). Large temperature factors and TP have similar orientations, whereas in TB some of the glucose
additional peaks in the difference Fourier maps indicated 2-fold disorder njts and acyl chains are oriented differently. After superimposi-

(21) Sheldrick, G. M. January 1997, Collaborative Crystallographic tion of the macrocycles (omitting the acyl chains), the resulting

Project 4 (CCP4) Meeting, University York/UK. root mean square deviations reflect these features: the values
(22) Miller, R.; DeTitta, G. T.; Jones, R.; Langs, D. A.; Weeks, C. M.;

Hauptmann, H. ASciencel993 259, 1430-1433. (25) McRee, E. DPractical Protein CrystallographyAcedemic Press:
(23) Miller, R.; Gallo, S. M.; Khalak, H. G.; Weeks, C. M. Appl. San Diego, 1993.

Crystallogr. 1994 27, 613-621. (26) Betzel, C.; Saenger, W.; Hingerty, B. E.; Brown, G.MAmM. Chem.
(24) Sheldrick, G. M.; Schneider, T. R. SHELXL: High-Resolution Soc 1984 106, 7545-7557.

Refinement. IlMethods in Enzymologyol. 277; Carter, C. W., Jr., Sweet, (27) Steiner, T.; Mason, S. A.; Saenger, W.Am. Chem. Sod 991

R. M., Eds.; Academic Press: San Diego, 1997; pp-3348. 113 5676-5687.



Effect of Peracylation of-Cyclodextrin J. Am. Chem. Soc., Vol. 123, No. 48, 2001857

Table 2. Geometrical Data for TA, TP, and TB

diam
04(3)-04(6) x glycosidic angles
04(4)-04(7) 04(n):--04(n—1) C4(n)—04(n)—Cl(nt+1l) O4(n)---04(n+1)--O4(n+2) 0O2(n)---O3(n—1) tilt angles
(A) (A) (deg) (deg) A) (deg)
TA 17.4x 10.4
G1 461 117.0 99.2 3.26 —34.8
G2 4.36 121.2 130.5 3.85 14.7
G3 3.88 117.2 150.7 3.96 50.9
G4 4.40 116.8 113.7 4.28 —16.8
G5 4.82 119.0 104.5 4.56 11.6
G6 4.13 120.6 149.4 3.73 —25.6
G7 4.01 118.3 139.6 4.17 42.0
TP 16.4x 11.2
G1 4.49 116.8 104.8 3.43 38.0
G2 4.32 120.1 130.6 3.69 18.2
G3 3.98 116.0 142.7 3.89 48.2
G4 4.43 118.8 118.4 4.17 11.9
G5 4.71 116.9 107.5 3.22 14.5
G6 4.33 120.3 145.4 3.67 25.9
G7 4.22 117.4 138.5 4.10 37.1
B 16.2x 13.2
G1 4.62 116.3 122.4 3.56 —29.8
G2 4.27 116.4 117.0 3.77 32.5
G3 4.37 118.4 145.8 3.62 4.9
G4 4.22 116.9 129.2 3.86 34.3
G5 4.60 118.1 106.6 3.24 —42.1
G6 4.16 121.0 143.5 3.76 —-15.7
G7 4.25 114.6 130.5 4.16 46.8
p-CDb 7.8x 7.8 4.385 118.7 128.3 2.884

aTilt angle, which is defined as the angle made by the O4 plane and the plane through @A), O4(), and O40+1). A positive value
indicates that the residue is rotated with its O(6) side toward the inside of the molgGuRD-11H201826

Table 3
exocyclic torsion angleg,
glucose puckering parars torsion angles 245(05()—C5(n)— ACL(N)-C2(n)- A(C2(n)-C3(n)-
%T 0.0 P 1) y C6(n)—06(n)) 02(n)-C1(chain)) 03(n)-C1(chain))
(A) (deg) (deg) (deg) (deg) (deg) (deg) (deg)
TA
G1 0.592 9.40 —146.6 128 151 —65.5 82.9 —142.0
G2 0.571 9.63 —-13.1 96 166 58.4 68.2 —-122.1
G3 0.557 17.79 66.0 88 92 —56.4 141.6 —87.6
G4 0.572 1.89 —10.4 99 130 —-79.1 81.3 —136.5
G5 0.746 90.22 —35.4 107 125 69.9 149.6 —164.9
G6 0.574 7.08 102.5 96 163 —49.3 128.9 —-122.7
G7 0.595 4.43 39.6 79 78 149.4 123.7 —103.6
P
G1 0.592 4.54 —1425 132 156 —63.8 100.2 —138.1
G2 0.544 9.15 16.5 100 157 59.4 79.4 —110.3
G3 0.540 19.66 725 87 98 —63.1 140.8 —85.5
G4 0.569 1.22 —4.2 98 136 —78.4 78.7 —130.8
G5 0.734 87.17 —-32.7 108 117 66.4 147.2 —160.4
G6 0.563 3.53 91.6 97 157 —43.9 123.2 —119.4
G7 0.582 6.49 42.2 81 79 155.1 133.6 —109.7
B
G1 0.572 9.40 —82.2 116 159 —64.3 75.2 —131.0
G2 0.539 10.94 46.9 87 116 61.7 78.3 —-95.5
G3 0.564 451 7.7 108 158 —-71.0 83.9 —128.4
G4 0.581 6.91 77.2 87 83 —-58.9 136.0 —-91.4
G5 0.567 7.95 —143.5 124 148 —68.9 90.5 —128.2
G6 0.572 8.96 49.5 99 172 —81.6 75.9 —-132.4
G7 0.579 5.97 10.5 74 92 146.3 134.1 —94.2
suct! 0.556 109.8 127.6

aCremer and Pople parameté?$.Spherical polar angle§.According to IUPAC rule€® ¢ = O5(n+1)—C1(n+1)—04(n)—C4(n) and W =
C1(n+1)—04(n)—C4(n)—C3(n). ¢ Taken from ref 29.

are 0.31 A for TA/TP, 1.4 A for TA/TB (omitting G5), and  paramete®3allow the evaluation of differences in pyranose

1.32 A for TP/TB (also omitting G5). conformation. The glucose puckering parameters (QT), given
(b) Conformation of the 2,3,6-Tri-O-acylglucose Residues.  in Table 3, reflect the relatively unstrainé@; conformations

Torsion-angle inde® and Pople and Cremer ring puckering (average: 0.577 A (TA), 0.565 A (TP), and 0.568 A (TB)) of

(29) Cremer, C.; Pople, J. A. Am. Chem. Sod 975 97, 1354-1358.
(28) IUPAC. Eur. J. Biochem1983 131, 5-8. (30) Nardelli, M. Comput. Chem1983 7, 95.
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Figure 2. Side views in stereo, glucoses G3 in front of TA (a), TP (b), and TB (c) emphasizing the boat-shaped structure of the molecules. The
acyl chains close the cavities of TA and TP from both sides such as a lid but the O2, O3 side of TB is more open. Dotted lines show the network
of intramolecular G-H---O hydrogen bonds which stabilize the position of the acyl chains. Drawn with MOLSCRIPT.

Figure 3. Stereo drawing of the superimposition of TA (thick line), TP (medium line), and TB (thin line). O6 sideCdd toward the viewer.
Drawn with MOLSCRIPT*

all glucose residues except for the G5 glucoses in TA and TP, The torsion anglegs(O5—C5—C6—06) describing rotation
0.746 and 0.734 A, respectively. The latter glucoses are in theabout the C5C6 bonds are in the preferred—)gauche
°S, skew-boat (twist) conformation witf, values of 90.22 and  conformation for glucoses 1, 3, 4, and 6 in TA and TP, and 1
87.17 for TA and TP, respectively, contrasting the normally and 3-6 in TB, and in ¢+)gauche conformation (O6 is pointing
found 4C; chair form (Figure 4). away from the center of the cavity) at glucoses 2 and 5 for TA
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Figure 4. 9S,-skew-boat conformation of the G5 unit (center) in TA
and TP and théC;-chair conformation (left and right). Carbon atoms
in dark gray and oxygen atoms in white. In tf8, conformation the
C2-02, C3-03, and C4-04 bonds are pseudoaxial and the-@»2
and C4-04 bonds are trans to the €83 bond, contrasting thtc;-
chair form. Drawn with MOLSCRIPT

and TP, and at glucose 2 for TB. Thetorsion angle at glucose
7 is in trans-conformation witlys = 149, 155, and 146for
TA, TP, and TB, respectively; this conformation has never been

observed in a CD crystal structure before. Further torsion angles

%2(C1(n)—C2(n)—02(n)—C1(chain)) are{)gauche to trans and
%3(C2(n)—C3()—03(n)—C1(chain)) are {)gauche to trans
(Table 3).

(c) Network of C—H---O Hydrogen Bonds.In the peracy-
lated 5-CDs, the macrocyclic structure is stabilized by inter-

J. Am. Chem. Soc., Vol. 123, No. 48, 2001859

H---04(n—1) and C6)—H6(n)---O5(n+1) are found between
all glucose units, with H-O distances in the ranges 2:32.93
and 2.22-2.97 A, respectively.

The cocrystallized MeOH in TA forms two ©H:--O
hydrogen bonds (Me®06(2), 2.76 A; Me®--06(16), 2.82
A) and two C-H:--O hydrogen bonds (Me-G06(2), 3.47 A;
Me-C---06(16), 3.51 A) with the acyl chains (Figure 2a).

(d) Crystal Packing. In the crystal structures of TA and TP
(Figure 6a,b) the molecules are stacked head-to-tail along the
a-axis to form infinite columns. In contrast to the common
channel structures formed by CD inclusion comple¥e4?
adjacent columns in TA and TP are antiparallel. The packing
of TA and TP molecules in the stacks is comparable, as shown
by the similar lengths of the-axes, 11.567(8) A in TA and
12.562(8) A in TP. In the crystal structure of TA, one MeOH
per TA molecule is located in interstices between the stacks
(Figure 6a). In TP, no solvent molecule is found which we
associate with the longer acyl chains filling the interstices.

In TB, the molecules are also stacked in head-to-tail arrange-
ment alonga, but adjacent molecules are laterally displaced

‘leading to a zipperlike organization (Figure 6c). Alobgthe

zippers are in antiparallel orientation. Adjacent molecules are
closely packed in “dimer” form, and the interstices between the
dimers are filled by the acyl side chains.

Complexing Ability. For the characterization of the com-
plexing behavior of CDs, cd-spectroscopy is a suitable méfvsd.

and intramolecular €H---O hydrogen bonds between adjacent acpirq| guest molecules containing a chromophore show an

acylglucose units (Figure 5); they are a common feature found
in carbohydrate crystal structures with a high density of acceptor

O atoms®! The commonly used hydrogen bond parameters
dc...0, dy...0, andoch...o served to define cutoffs witby...o up

to 3.0 A andocn...0 = 100°. Hydrogens bonds involving
disordered C-atoms will not be discussed.

induced Cotton effect upon inclusion in a chiral CD, which can
be determined at the absorption maximum of the chromophore.
The chosen guest molecules (with absorption maxima in
parentheses) were molsidomine (231.6 and 319 nm),
iodophenole (235 nm), 2,7-dihydroxynaphthalene (235 nm), and
hydroquinone (227 and 295 nm).

Of the 21 potential ester (carbonyl) O acceptor atoms in each " g ions of the CDs and the guest molecules were mixed as

of the three crystal structures, 19 are engaged +HE-O

described in Experimental Section, and the cd spectra of these

hydrogen bonds, and in some cases a carbonyl oxygen atomy;.res were compared with the spectra of solutions of the

accepts two €H donors. In total there are 55 (TA), 51 (TP),
and 52 (TB) C-H---O hydrogen bonds (involving glucose 02,
03, 04, 06, and carbonyl O), indicating that the length of the
acyl chain does not affect the number of-B---O contacts.
Although the number of potential-€H donors of the acyl

chains increases from TA (63), to TP (105), and TB (147) due
to the growing number of Cigroups in the chains, the number
of intramolecular G-H---O bonds in which these H-atoms are
involved are as follows: 20 (TA), 14 (TP), and 19 (TB). The
reason the number of €H---O hydrogen bonds does not
increase with the acyl chain lengths is that the “ends” of the

chains become more distant with increasing chain length, so

that intramolecular hydrogen bonds cannot be formed.

In TA and TP, acyl chain 76 is located “over” the CD cavity
like a lid, but it penetrates into the cavity in TB. It is stabilized
in this position by five intramolecular€H---O hydrogen bonds
in TA and TP and by six in TB (Figure 5ec), and the ester
carbonyl oxygens accept-@H---O hydrogen bonds, C5(#)
H---O6(76) and C5(6)}H---O6(76). These interactions are only
possible because the torsion angO5(7)—-C5(7)-C6(7)—
06(7)) is in the unusual trans form, so that the acyl chain at G7
is in an orientation suitable to be located “over” (TA, TP) or
insert into (TB) thes-CD cavity.

All acyl chains are integrated into a network of intra- and/or
intermolecular G-H---O hydrogen bonds. In addition there are

C—H---O contacts between adjacent glucose units, which are

characteristic for carbohydratés.The interactions CHj)—

(31) Steiner, T.; Saenger, W. Am. Chem. Sod992 114, 10146~
10154.

corresponding individual compounds. No formation of inclusion
complexes could be observed; i.e., the spectra of the mixtures
were in all cases linear combinations of the spectra of the
individual compounds. Thus, the acyl side chains severely
interfere with the ability of peracylatg8tCDs to form inclusion
complexes.

Discussion

Tilting of Pyranose Units. In contrast to unsubstituted CDs,
the structures described here are not stabilized vian©2(
03(nh—1) hydrogen bonds as all hydroxyl groups have been
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Figure 5. Stereo plot of top views of TA (a), TP (b), and TB (c). The dotted lines show the network-bf- €O hydrogen bonds which stabilize
the macrocyclic structures. Drawn with MOLSRIPT.

chemically modified by acyl chains of increasing lengths in the to the°S,-skew-boat conformation (a high-energy intermediate
series TA, TP, and TB. This is accompanied by a pronounced state between th¢C; and1C4 conformation$*39, as seen in
distortion of the macromolecular conformation due to steric the G5 units of TA and TP. Their C1, C2, C4, and C5 atoms
hindrance between acyl chains, mainly on the 02, O3 side of form a twisted plane so that the C3 and O5 atoms are exoplanar.
the molecule. To relieve this steric hindrance, the--@23 With the change fronfC; to °S,, the pseudoequatorial bonds
distances increase, with averages in TA, TP, and TB of 3.97, C2—02, C3-03, and C404 change into a pseudoaxial
3.74, and 3.71 A, respectively, significantly larger than the orientation, while the C+04 bond changes from pseudoaxial
average value found in unsubstitut8eCDs (2.88 A)26 As to pseudoequatorial. As a result, the-833 bond is trans to
evidenced by the glycosidic torsion angles and tilt angles (Table the C2-0O2 and C4-04 bonds and the attached acyl chains
2), the increase of the G203 distances is associated with an  point in different directions, thereby reducing steric hindrance
inclination of individual glucose residues; i.e., the steric (Figure 4).

hindrance caused by the acyl chains has a direct impact on the In crystal structures of substituted CDs, glucoses with

macromolecular structures. conformations other thafC; have been observed before in
A comparable effect of trisubstitution is also found in the uncomplexed permethylatg$tCD (TRIMEB), where one of

smallera-CD analogue, hexakis(2,3,6-t@-acetyl)-a-CD-H,O the trimethylglucose units is converted from fiaa- to thelC;-

featuring an elliptically distorted cavify?. chair form with pseudoaxial C202, C3-03, and C5-C6

°S, Conformation. The structures presented herein demon- bonds!® If complexed withm-iodophenol, one trimethylglucose
strate that peracylation not only changes the overall shape ofunit of TRIMEB adopts also thgS, skew-boat conformatioH18
B-CD macrocycles but may modify the conformation of This contrasts TRIMEB in thp-iodophenol complex, in which
individual pyranose rings. One possibility for reducing steric all trimethylglucose units are in th&; chair conformatiors®
hindrance due to the presence of acyl chains is the conforma- Orientations of Acyl Chains: Not Random and Associated
tional change of a glucose unit from t#€;-chair conformation with ©S, Glucose Conformation.As described under Results,
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Figure 6. Crystal packing of TA (a), TP (b), and TB (c), viewed along the b axes. Thick lines dengfeG@iebackbone and thin lines the acyl
chains. Drawn with INSIGHTIf

the conformations of th8-CD macrocycles are similar for TA  hydrogen bonds with acyl GH(TA) and CH_CH; (TP),
and TP but different for TB. This we associate with the donating to O4(4) across the cavity and to O2(13) and O2(26),
orientations of the acyl chains, which are also similar for TA while O2(76) acts as acceptor for C5{(@) and C5(7)-H,

and TP but different for TB. Figures 2 and 5.

The main determinant for the molecular structures of TA, By contrast, the longer butyryl chain at O6(7) of TB
TP, and TB appears to be the length and the orientation of acyl penetrates deeply into the cavity, with O2(76) accepting
chains bound to O6(7). In TA and TP, they close the molecular C—H---O hydrogen bonds similar to TA and TP, but the
cavities from the O6 side but do not enter the cavity, probably CH,—CH,—CHjz chain interacts only with acyl carbonyl oxygen
because they are too short. They form comparabt¢H€-O atoms 02(13) and 02(53).
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The orientations of the acyl chains at the 02, O3 side are known to form inclusion complexes with CD, it will compete
again comparable in TA and TP but different in TB; see Figures with other potential guests for the cavities in TA, TP, and TB.
2 and 5. Since there are twice as many of these acyl chainsThe cavities of these molecules, however, are not filled b9 H
compared to the O6 side, they are engaged in more intramo-or MeOH in the here described crystal structures

lecular contacts. In TA and TP, acyl chains interact across the

cavity, thereby closing it (TA, C2(13)H---02(43)/02(23) and
C2(52)-H---02(1)/02(63); TP, C2(13)H---02(23) and C3(52)

H---02(1)/04(7)). In TB, there are only a few contacts across

Conclusions

Compared to unsubstituted CDs, the physical and structural

the cavity, and they are not direct but mediated by the enclosedproperties of the presented peracylated CD homologues are

butyryl chain. This and the enclosure of the butyryl chain as
guest might be the reason teCD macrocycle in TB is less
elliptically deformed than in TA, TP.

In this spirit, the unusu&!S, conformation of G5 in TA, TP
is probably associated with the “empty” cavity. Its volume is
reduced by &H---O hydrogen bonds across the cavity at the
06 and 02, O3 sides, which involve mainly G5 and facilitate
conformational change t8S,. In TB, however, the cavity is
filled by the butyryl chain at O6(7), and there are no or few
C—H---O bonds across the cavity, which is in a more open form
than in TA, TP, and all glucoses are in thg; conformation.

Formation of Inclusion Complexes.The self-inclusion of
TA, TP, and TB will possibly prevent the inclusion of any other
guest molecule into the central cavity. This is similar to

markedly changed. They show atypical behavior, in that they
are insoluble in water antas shown in this workare unable

to form the classical inclusion complexes. In crystals or
precipitates of the peracylated CDs, guest molecules can only
be accommodated in the matrix between the acyl chains and
not in the central cavity. If complexed with peracylated CD by
the kneading method, the water-soluble drug molsidomine
adopts the insolubility in water of the substituted CDs, so that
the rate of drug release is retarded with increasing order of the
hydrophobicity of the host molecules. Among the peracylated
B-CDs tested, TB maintained sufficient plasma drug levels for
a long period of time, while other peracylatgeCDs having
shorter or longer chains were inappropriate to control the in-
vivo release behavior of molsidomine. The prominent retarding

acetylated amyloses whose ability to form inclusion complexes qfact of TB was ascribed to the mucoadhesive property and
decreases with increasing degree of substitution, and thehydrophobicity that differs from other peracylat8eCDs.

specificity to form inclusion complexes depends on the sub-
stituents: acetylated amyloses have a remarkably higher speci-

ficity than amyloses modified by hydroxypropyl, hydroxyethyl,
and 1,2-dihydroxypropy groug8.Another reason for the poor
inclusion formation of TA, TP, and TB might be their low

solubility in water. In all the studies mentioned here, the acylated

B-CDs were dissolved in MeOH4® (8:2). Since MeOH is
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