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Abstract. Single crystals of a 1 : 1 complex betweenβ-cyclodextrin (β-CD) and the analgesic
acetaminophen (paracetamol) have been prepared and the mode of inclusion of the drug has been
determined from X-ray data collected at 293 K. Complex characterization by UV and thermogravi-
metric analyses yielded the compositionβ-(CD)·acetaminophen·13.3H2O. The complex crystallizes
in the space group C2 witha = 19.207(7),b = 24.48(1),c = 15.700(4)Å,β = 109.52(2)◦ andZ =
4 complex units in the crystal unit cell. The host molecules form dimeric motifs with C2 crystal-
lographic symmetry which pack in the channel mode. Guest molecules residing in the host dimer
are disordered, each acetaminophen molecule being statistically distributed over two sites with equal
occupancy. In each case, the guest hydroxyl group is located at the host primary face while the
acetamide residue lies at the dimer interface. Two C2-related water molecules are trapped inside the
host cavity, being hydrogen bonded to the C2-related carbonyl groups of one of the disordered guest
conformers. Structural features of the complex are discussed with reference to recent spectroscopic
and other studies aimed at elucidating the nature of the interaction between acetaminophen and
β-CD.

Keywords: analgesic, acetaminophen, paracetamol, cyclodextrin, inclusion complex, X-ray diffrac-
tion.
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1. Introduction

In the first paper of this series [1], we described the crystal structure of theβ-CD
complex containing the analgesic agentp-bromoacetanilide as guest. Substitution
of the bromine atom of the former guest by a hydroxyl group yields the well-known
analgesic and antipyretic drug acetaminophen [N-(4-hydroxyphenyl)acetamide,
paracetamol, Figure 1]. Problems associated with the use of acetaminophen include
poor compaction behaviour, low aqueous solubility and an acrid taste. Improve-
ment in the tabletting behaviour has been achieved by a solvation/desolvation
process [2], which yields pure acetaminophen with a fine, sintered-like texture
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Figure 1. Structure and atomic numbering of the guest molecule.

having excellent compression characteristics. Elimination of the acrid taste of acet-
aminophen as well as increased solubility result when a cyclodextrin is employed,
either as inclusion complexing agent [3] or as a component in a ground mixture
with the drug [4]. Considerable attention has been given to the interaction between
acetaminophen andβ-CD, more recent studies including the determination of the
stability constant of the inclusion complex from UV spectrophotometry [5] and
assessment of the effect of mechanical grinding on the formation and crystallinity
changes of the inclusion complex [6]. Models of the inclusion mode of the drug
within theβ-CD cavity have been proposed, based on UV data and space-filling
considerations [5], and on analysis of infrared shifts accompanying complexation
[6]. The present study was undertaken to determine unambiguously the orientation
of the guest molecule in theβ-CD cavity in the solid state for comparison with the
above predictions and with analogous structures we are investigating.

Difficulties in guest location and/or resolution were expected for the title com-
plex since it crystallizes in the channel mode [7] in space group C2 which is almost
invariably associated with guest disorder. The latter may be so severe as to render
the guest ‘invisible’ while the host molecule is nevertheless well-defined. In this
instance, however, careful analysis using X-ray diffraction data captured at room
temperature enabled location of the guest, thus settling the question of its orient-
ation in theβ-CD cavity unequivocally and allowing satisfactory modelling of its
disorder.
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2. Experimental

2.1. COMPLEX PREPARATION ANDCHARACTERIZATION

Slow cooling of an aqueous solution containingβ-CD (Cyclolab, Hungary) and
acetaminophen (Sigma Chemical Co., USA) in 1 : 1 molar ratio yielded large col-
ourless prismatic crystals. A host–guest stoichiometry of 1 : 1 was determined from
UV spectrophotometric analysis of an aqueous solution of the complex at 244 nm.
Thermogravimetry on a Perkin-Elmer PC-7 series thermal analysis system using
sample masses in the range 2–5 mg and a heating rate of 10◦C min−1 yielded a
15.7% mass loss in the temperature range 30–150◦C, corresponding to 13.3 water
molecules of crystallization perβ-CD molecule.

2.2. CRYSTAL STRUCTURE ANALYSIS

X-ray photography indicated Laue symmetry 2/m and systematic absences were
consistent with the space group C2. Calculated unit cell dimensions were similar
to those reported for the isomorphous complex with ibuprofen as guest [8]. Intens-
ity data were collected in theω − 2θ mode (max. scan time 80 s per reflection)
on an Enraf-Nonius CAD4 diffractometer with graphite-monochromated MoKα

radiation (λ = 0.71069Å). Accurate unit cell parameters were obtained by least-
squares analysis of the setting angles of 24 reflections in theθ-range 15–16.5◦. Data
were collected in successive shells withθ limits of 1–20◦, 20–22◦, 22–23◦ and 23–
25◦. Three reference reflections monitored every hour showed no significant crystal
decay. Data were corrected for Lorentz-polarization effects. Crystal data-collection
and refinement details are listed in Table I.

The structure was solved using coordinates of the non-hydrogen atoms (exclud-
ing the primary hydroxyl O atoms) of the isomorphousβ-CD · ibuprofen complex
[8]. After location of the primary hydroxyl O atoms from a difference electron
density (1ρ) map, extensive rounds of least-squares refinements and inspection
of successive1ρ maps were necessary in order to locate the remaining atoms,
namely those of water molecules and the guest acetaminophen molecule. The latter
was found at an advanced stage of refinement to be disordered over two sites with
comparable electron densities and with the phenyl rings of the individual com-
ponents (A, B) roughly orthogonal. Site-occupancy factors (s.o.f.’s) for A and B
were fixed at 0.50 each. Since the fraction of observed data was less than half the
number of reflections collected, reduction in the number of least-squares variables
was desirable. Thus, all atoms were refined isotropically and the disordered phenyl
rings were treated as regular hexagons with separate variable common isotropic
thermal parameters (Uiso) for the C atoms of each ring.

Oxygen atoms of the water molecules were located over 21 sites and were gen-
erally refined with variable s.o.f.’s and with a common, fixedUiso value. Hydrogen
atoms were included in idealized positions (C—H 1.00 Å), those of the host being
assigned a common variableUiso value and those of the guest a separate vari-
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Table I. Crystal data, experimental and refinement parameters for
the title compound

Molecular formula C42H70O35·C8H9NO2·13.3H2O

Mr /g mol−1 1525.8

Crystal system Monoclinic

Space group C2

Z 4

a (Å) 19.207(7)

b (Å) 24.48(1)

c (Å) 15.700(4)

α (◦) 90

β (◦) 109.52(2)

γ (◦) 90

V (Å3) 6959(5)

Dc (g cm−3) 1.456

F(000) 3260

µ (Mo Kα)/cm−1 1.319

Crystal dimensions (mm) 0.4× 0.4× 0.4

Range scannedθ (◦) 1≤ θ ≤ 25

Index range h− 18,18;k 0,23; l 0,15

Scan width (◦) 0.8+ 0.35 tanθ

Aperture width (mm) 1.12+ 1.05 tanθ

No. of reflections collected 6472

No. of unique reflections 5103

Rint 0.0302

No. of reflections 2176

with I > 3σ(I)

No. of L.S. parameters 458

R 0.1345

wR 0.1390

w [σ2(Fo)+ 1.452× 10−3F2
o ]−1

S 7.60

Shift/e.s.d., max., average 0.548, 0.006

(1ρ)max. final (eÅ−3) 0.53

(1ρ)min. final (eÅ−3) −0.47
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Figure 2. Stereoview of the dimer showing both disordered positions of the acetaminophen
molecule (open circles, component A; filled circles, component B).

ableUiso. Refinement of the disordered guest was a sensitive process and several
distance constraints were imposed on the acetylamino residues of the individual
components of disorder to maintain the reasonable geometries they displayed in
the1ρ maps, but without compromising the observed conformations. Full-matrix
least-squares refinement was carried out with program SHELX76 [9] minimising
the function6w(| Fo | − | kFc |)2 with weights (w) which yielded a constant dis-
tribution of6(w1F)2 with sinθ/λ and(Fo/Fo,max)

1/2. The final structural model
included three water O atoms with s.o.f. 1.00 each and 17 with s.o.f.’s in the range
0.34–0.72, accounting for a total of 12.3 H2O molecules per host molecule, or
92% of the water content estimated from thermogravimetry. Further inclusion of
potential water oxygen atoms with s.o.f.’s less than about 0.20 was not considered
meaningful.

3. Results and Discussion

3.1. OVERALL DESCRIPTION OF THE COMPLEX STRUCTURE

Two β-CD molecules related by a crystallographic twofold axis form a head-
to-head dimer held together by O—H· · ·O hydrogen bonds connecting their
secondary faces. The dimer, shown in Figure 2, accommodates two acetaminophen
molecules, each disordered over two sites, with their hydroxyl groups located at
the host primary face and the acetamide moieties at the dimer interface.

3.2. STRUCTURAL FEATURES OF THE HOST AND ITS DIMER

Table II lists geometrical data for theβ-CD molecule. All seven D-glucopyranose
rings adopt the4C1 conformation. The primary hydroxyl O6 atoms of glucose
residues G2, G3 and G7 were found to be ordered, whereas those of G1, G5 and G6
are disordered over two sites each, and that of G4 over three sites. In Figure 2, only
the major components of disorder are shown for the O6 atoms and for these, all C6-
O6 bonds are directed away from the macrocyclic cavity, adopting the (−)-gauche
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conformation [10]. Hydrogen bonds involving O(3n)· · ·O[2(n + 1)] contacts [10]
in the narrow range 2.76(3)–2.94(3) Å link contiguous D-glucopyranose rings,
contributing to the rigidity and ‘roundness’ of the host molecule. The relatively
undistorted nature of the host molecule is also reflected in the small spread in the
O(4)· · ·O(4′) · · ·O(4′′) angles and the O(4)· · ·O(4′) distances (Table II). The gluc-
ose residue tilt angles span the range 4.2–16.7◦ (Table II), compared with the ranges
4.2–13.8◦ and 4.5–16.2◦ for the two crystallographically independentβ-CD mo-
lecules in the closely relatedβ-CD · · ·p-bromoacetanilide·13.5H2O [1], indicating
that the host is distorted to a similar extent by inclusion of the guest acetaminophen.
Seven hydrogen bonds of the type O(3)· · ·O(3′) in the range 2.74(3)–2.87(3) Å link
theβ-CD secondary faces, effecting dimer formation.

3.3. GUEST LOCATION, CONFORMATION AND DISORDER

Figure 2 reveals that the two disordered guest components (referred to as A and
B hereafter and represented by open and filled circles respectively) have the same
substituent orientation when included in theβ-CD cavity, namely with the hy-
droxyl group at the host primary face and the acetamide residue at the dimer
interface. The phenyl rings of the disordered components intersect nearly ortho-
gonally, with two C atoms of one ring (C(6A), C(2A)) almost coinciding with the
corresponding chemically equivalent C atoms of the other (C(4B), C(2B)). The ex-
istence of two mutually orthogonal orientations of the phenyl groups is consistent
with the ‘roundness’ of the macrocyle, as described above.

Figure 3 is a superposition of the guest conformers A and B in which the hy-
droxyphenyl groups have been overlayed. The conformation of the acetaminophen
molecule is defined by the torsion angles around the bond C(5)—N(8), shown
schematically in Figure 1. Specifically, these are C(4)—C(5)—N(8)—C(9), whose
values are 165(5)◦ and 133(6)◦ for disordered components A and B respectively,
and C(5)-N(8)-C(9)-O(10) which are 44(7)◦ and 91(7)◦ for A and B respectively.
The observed conformations of the acetaminophen molecule included in theβ-CD
cavity differ from those reported for the drug in its polymorphs [11, 12], where the
carbonyl group is in theendo-conformation with respect to the phenyl ring and the
acetamide residue makes relatively small dihedral angles with the phenyl ring plane
(21.2◦ and 17.7◦ in the monoclinic and orthorhombic forms respectively). Such
small dihedral angles are conducive to close packing [11], whereas this requirement
is relaxed for the acetaminophen molecule within the dimeric cavity in the present
complex.

The acetamide substituents of disordered components A and B occupy different
spatial positions and adopt significantly different conformations relative to their
parent phenyl rings. They therefore engage in different sets of interactions with
the host and/or water molecules. In contrast, guest hydroxyl atoms O(1A) and
O(1B) of the disordered components nearly coincide and therefore should have
common intermolecular interactions. This is confirmed by detailed inspection and
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Table II. Geometrical data forβ-cyclodextrina

O(4)...O(4‘)...O(4“) angle (◦) and radii (Å) of the

O(4) heptagon (measured from the centre of gravity of

seven O(4) atoms to each O(4) atom).

O(4G7)· · ·O(4G1)· · ·O(4G2) 129.7 G1 4.98

O(4G1)· · ·O(4G2)· · ·O(4G3) 125.4 G2 5.16

O(4G2)· · ·O(4G3)· · ·O(4G4) 129.4 G3 5.00

O(4G3)· · ·O(4G4)· · ·O(4G5) 130.8 G4 4.91

O(4G4)· · ·O(4G5)· · ·O(4G6) 127.4 G5 5.08

O(4G5)· · ·O(4G6)· · ·O(4G7) 126.6 G6 5.12

O(4G6)· · ·O(4G7)· · ·O(4G1) 130.4 G7 4.94

Average 128.5 Average 5.03

O(4)· · ·O(4′) distances (Å)

O(4G1)· · ·O(4G2) 4.35

O(4G2)· · ·O(4G3) 4.30

O(4G3)· · ·O(4G4) 4.42

O(4G4)· · ·O(4G5) 4.35

O(4G5)· · ·O(4G6) 4.36

O(4G6)· · ·O(4G7) 4.33

O(4G7)· · ·O(4G1) 4.46

Average 4.37

Tilt angles (◦) and torsion angle indices (◦)
Residue Tilt angleb Torsion-angle indexc

G1 6.7 111.5

G2 16.7 135.3

G3 9.5 127.2

G4 12.7 120.6

G5 11.2 109.0

G6 8.7 112.8

G7 4.2 109.9

Average 10.0 118.0

a The e.s.d. ranges for distances and angles are 0.02–0.04Å and 1–2◦
respectively.
b The tilt angle is defined as the angle between the O(4) plane and the
plane through C(1), C(4), O(4) and O(4′) of each glucose residue.
c The torsion-angle index is defined as:| τ (C(1)–C(2))| + | τ (C(2)—
-C(3))| − | τ (C(3)—C(4))| − | τ (C(4)—C(5))| + | τ (C(5)—O(5))|
+ | τ (O(5)—C(1))|, whereτ (C(1)—C(2)) is the torsion angle O(5)—
C(1)—C(2)—C(3).
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Figure 3. Stereoview of the superimposition of the disordered components of the guest
molecule with the carbonyl oxygen atoms of A and B labeled for identification.

Figure 4. Schematic diagram showing principal hydrogen bonds (dotted lines) in which the
disordered drug components A and B engage.

the principal interactions are shown schematically in Figure 4. Thus, carbonyl atom
O(10B) is hydrogen bonded to a water molecule (O19W) while atom O(10A) has
no hydrogen bonded counterpart. Water molecule O19W and its C2-related equiv-
alent are completely contained within theβ-CD cavity as a result of their hydrogen
bonding to the guest polar carbonyl group. A similar feature has been observed in
the 3,3-dimethylbutylamine complex ofβ-CD [13] where the polar amino group
at the dimer interface attracts a water molecule into theβ-CD cavity. Both of the
guest hydroxyl O atoms are hydrogen bonded to common partners, namely twofold
related O(1A), O(1B) and O(6G6) atoms, the latter associated with the primary side
of an adjacent dimeric complex unit. Distances for these hydrogen bonds are listed
in Table III.
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Table III. O· · ·O contacts for Figure 4 and intermolecular
contacts involving guest conformers A, A′, B, B′

Atom 1 Atom 2 Distance (Å)a Symmetry

code for 2

O(1A) O(1A) 3.0 −x + 2, y,−z
O(1B) O(1B) 2.7 −x + 2, y,−z
O(1A) O(1B) 3.0 −x + 2, y,−z
O(1A) O(6‘G6) 2.9 −x + 1, y,−z
O(1B) O(6‘G6) 2.6 −x + 1, y,−z
O(10B) O(19W) 2.8 −x + 2, y,−z + 1

O(10B) C(11B) 1.4 −x, y,−z + 1

O(10B) C(9B) 2.0 −x, y,−z + 1

O(10B) O(10B) 2.7 −x, y,−z + 1

C(9B) C(11B) 2.0 −x, y,−z + 1

C(9B) C(9B) 2.0 −x, y,−z + 1

C(11B) C(11B) 2.3 −x, y,−z + 1

O(10A) C(11A) 5.2 −x, y,−z + 1

O(10A) C(9A) 4.8 −x, y,−z + 1

O(10A) O(10A) 4.9 −x, y,−z + 1

C(9A) C(11A) 4.5 −x, y,−z + 1

C(9A) C(9A) 4.3 −x, y,−z + 1

C(11A) C(11A) 4.8 −x, y,−z + 1

a Mean e.s.d. 0.1 Å.

3.4. CRYSTAL PACKING

The dimer illustrated in Figure 2 is the repeating motif in an infinite column of
dimers arranged in channel-packing mode parallel to the crystal c-axis. This is a
well known stacking mode for dimericβ-CD complexes crystallizing in the space
group C2 with cell dimensions similar to those reported here [7]. It is evident from
the guest· · ·guest contact distances, also listed in Table III, that the two acetamide
residues of the disordered drug components B and B’ (filled circles, Figure 2)
which are related by the C2-axis of the dimer, are in prohibitively close contact at
the dimer interface. In contrast, the corresponding contact distances between atoms
of guests A and A′ all exceed 4 Å. Molecules B and B’ cannot therefore co-exist
in one dimeric cavity and it must be concluded that successive dimers in a column
contain, at random, allowed combinations of A, A′, B and B′ molecules (e.g. AB′,
A ′B), such that the statistically averaged structure through the macroscopic crystal
is as represented in Figure 2.
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4. Concluding Remarks

The most important feature of the present analysis is the finding that despite guest
disorder, the included acetaminophen molecule invariably has its phenolic group
at the primary rim and the acetamide residue at the secondary rim of theβ-CD
molecule. The entry of the phenolic group of the drug molecule from the second-
ary side of the host, leading to the same included guest orientation as observed
here, was proposed from infrared spectroscopic data for theβ-CD complex with
acetaminophen prepared by freeze-drying [6]. These authors also suggested that
intermolecular hydrogen bonding (N—H· · ·O) between the drug amido group and
a hydroxyl group on the secondary rim of theβ-CD molecule might be respons-
ible for a lowering of the amido group frequency on complexation. The present
analysis, however, reveals that the drug N—H group occupies a nearly central
position in relation to the ring of host secondary O atoms and is therefore not
within hydrogen bonding distance of these atoms. No significant hydrogen bond
contacts were found for either of the disordered amido group N atoms.

We reported that thep-bromoacetanilide molecule included inβ-CD has the Br
atom at the primary face and the acetamide residue at the dimer interface [1]. This
is analogous to the mode of inclusion in the present case, showing that substitu-
tion of Br by a hydroxyl group (with considerably different steric and electronic
properties) does not change the guest orientation in theβ-CD cavity.

Acknowledgements

We thank the University of Cape Town, the FRD (Pretoria) and S A Druggists for
financial support.

References

1. M. R. Caira and D. R. Dodds:J. Incl. Phenom.34, 19 (1999).
2. J. M. Fachaux, A.-M. Guyot-Hermann, J. C. Guyot, P. Conflant, M. Drache, J. P. Huvenne, and

R. Bouche:Congr. Int. Technol. Pharm. 6th5, 213 (1992).
3. S.-Y. Lin, J.-C. Yang, and Y. Kawashima:J. Taiwan Pharm. Assoc. 36, 24 (1984).
4. S.-Y. Lin, Y.-H. Kao, and J.-C. Yang:Drug. Dev. Ind. Pharm.14, 99 (1988).
5. S. E. Brown, J. H. Coates, C. J. Easton, S. F. Lincoln, Yin Luo, and A. K. W. Stephens:Aust. J.

Chem.44, 855 (1991).
6. S.-Y. Lin and C.-S. Lee:J. Incl. Phenom.7, 477 (1989).
7. D. Mentzafos, I. M. Mavridis, G. Le Bas, and G. Tsoucaris:Acta Crystallogr.B47, 746 (1991).
8. G. R. Brown: MSc Thesis:Cyclodextrin Inclusion Compounds with Non-steroidal Anti-

inflammatory Drugs, University of Cape Town, South Africa (1997).
9. G. M. Sheldrick:SHELX-76. Program for Crystal Structure Determination, University of

Cambridge, England (1976).
10. W. Saenger: in J. L. Atwood, J. E. D. Davies, and D. D. MacNicol (eds.),Inclusion Compounds,

Vol. 2, Academic Press, London (1984), p. 231.
11. M. Haisa, S. Kashino, R. Kawai, and H. Maeda:Acta Crystallogr.B30, 2510 (1974).
12. M. Haisa, S. Kashino, R. Kawai, and H. Maeda:Acta Crystallogr.B32, 1283 (1976).
13. I. Mavridis, E. Hadjoudis, and G. Tsoucaris:Carbohydr. Res.220, 11 (1991).


