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ABSTRACT. As part of a systematic study of the modes of inclusion of organic guests in cyclodextrins in the solid state, some observations are presented which indicate the possibility of predicting inclusion complex structure from X-ray powder diffraction patterns alone. However, the occurrence of 'unusual' modes of guest inclusion, sometimes associated with novel crystal packing arrangements, emphasises the limitations of this approach to structure prediction. 

INTRODUCTION

This paper addresses aspects of solid-state modes of inclusion of organic guest molecules in native cyclodextrins ((-, (- and (-cyclodextrin, containing 6, 7 and 8 D-glucopyranoside residues respectively) as well as in some of their common methylated derivatives (e.g. heptakis(2,3,6-tri-O-methyl)-(-cyclodextrin or TRIMEB). Such hosts are commonly used to complex drug substances in order to enhance their solubility and chemical stability.1 Extensive research on cyclodextrin (CD) inclusion has indicated that a prerequisite for formation of a stable inclusion complex is tight fitting of the guest in the hydrophobic host cavity and that this is determined essentially by geometric and steric factors.2 Small guest molecules containing, for example, a substituted benzene ring are common complexing partners with (- and (-CD hosts owing to compatibility between their volumes and those of the respective host CD cavities. Such guests are also known to form complexes by inclusion in the larger cavity of (-CD, but the fit is a much looser one as indicated by molecular modelling and confirmed by X-ray crystallographic analysis. Prediction of the mode of inclusion of a given guest in a given CD molecule requires consideration of other factors in addition to that of size compatibility. For example, regioselectivity of inclusion, referring to the entry of a guest ‘head-first’ or ‘tail-first’ into the CD cavity, depends to some extent also on mutual alignment of host and guest molecular dipole moments. Lipkowitz has recently reviewed the applications of computational methods to the prediction of inclusion modes of guests in CDs,3 pointing out that while many studies have been successful, CD molecules are deceptively simple and that molecular modelling is hampered by the large number of internal degrees of freedom associated with the inclusion process. This is especially the case if induced-fit mechanisms are postulated. A critical summary of the status quo by Lipkowitz highlights the inadequacies of many modelling studies in their omission of solvent (either as discrete molecules or as a continuum) or their reliance on computed energies of single minimized structures for comparison with experimental free energies. At the same time, it is emphasized that new developments in computational hardware and software together with their responsible application should improve the success rate in predicting modes of guest inclusion in CDs. 

Our interest has focused on the mode of inclusion of drug guests in solid CD inclusion complexes since these species have been pursued as candidates for incorporation into solid drug dosage forms. Recent examples of drug guests investigated include cyclizine,4 acetaminophen,5 and (S)-naproxen.6 Complete structural elucidation of such complexes by X-ray analysis has been a primary goal in our laboratory, not only for the purpose of providing unequivocal structural characterization of species intended for medicinal application, but also to contribute new insights as regards complex formation. Harata has recently reviewed crystallographic studies of cyclodextrins and their inclusion complexes.7 He has emphasised the importance of X-ray diffraction as the primary source of detailed information regarding the nature of guest inclusion. We have followed Harata’s recommendation that in order to gain a better understanding of complex formation, emphasis should be placed on the systematic crystallographic investigation of as many new inclusion complexes as possible.

This paper is divided into two parts. The first relates to a previous study which described the systematic classification of CD inclusion complexes into isostructural families, based on close similarities in powder X-ray diffraction (PXRD) patterns for the members of such a series.8 Examples are presented here showing that within selected isostructural families there may be common features associated with the guest inclusion which can be quantified by simple geometrical parameters. The point that emerges is that for a newly prepared complex containing an analogous guest, it might thus be possible to make a more informed prediction of the mode of inclusion using information from the PXRD pattern only. In the second part of this paper, instances of guest inclusion are described which suggest that predicting the mode of guest inclusion is in general a difficult problem. Examples are described where X-ray structural studies reveal unusual modes of guest inclusion arising from an unexpected factor such as direct participation of water molecules in the host-guest binding or a special geometrical feature of the guest molecule which results in unusual host-guest stoichiometry. 

Crystal isostructurality and trends in guest inclusion modes

A recent study8 described a survey of crystal structures of parent CDs and their inclusion complexes lodged in the Cambridge Structural Database.9 The single crystal data retrieved from the Database were used to compute PXRD patterns for parent CDs (both native and O-methylated), as well as their inclusion complexes with organic guests. Visual comparison of the computed patterns enabled their systematic classification into 17 isostructural series, each corresponding to a set of complexes with nearly equal unit cell dimensions, identical space groups and close correspondence of atomic co-ordinates of common CD atoms. Details for two of these series, in which the guests contain substituted benzene rings, are listed in Table 1. A specific isostructural series is characterized by remarkably similar PXRD patterns for its members. It was consequently possible to generate an ‘average’ or ‘reference’ PXRD pattern for each of the 17 series. The utility of these reference patterns was illustrated8 by demonstrating how visual matching of the PXRD patterns of putative CD inclusion complexes (prepared by kneading and co-precipitation techniques) with the references led to unequivocal proof of inclusion complex formation. This method of definitive characterization of CD inclusion complexes was recommended for routine use owing to the ease of recording a PXRD pattern.

The purpose of the above study was a pragmatic one, namely to exploit the isostructurality of known CD inclusion complexes solely in order to identify new species as genuine inclusion complexes. Little reference was made to the detailed modes of guest inclusion in the various isostructural series. It was, however, pointed out that the procedure yielded also crystal unit cell data and space group information. The significance of knowing the cell data and space group is that these parameters enable an accurate reconstruction of the crystalline host ‘scaffolding‘ which accommodates the guest molecules and hence reveal channels or cavities with well-defined topology which could be used to model guest inclusion in the solid state. This point is not discussed further in the present report but instead we draw attention to similarities of guest inclusion modes associated with their isostructurality in the solid-state. This is described for the two series listed in Table 1. 

Table 1
Cell data and geometrical parameters for inclusion in two isostructural series

Isostructural series 4.8 Host: (-CD Complex space group: P212121

Guest
a (Å)
b (Å)
c (Å)
Entering group
( (()
d (Å)

p-hydroxybenzoic acid
13.356
15.342
24.896
-COOH
83.8
-1.3

p-nitrophenol
13.455
15.296
24.740
-NO2
80.6
-1.4

p-iodophenol
13.477
15.373
24.573
-I
81.3
-1.2

2-fluoro-4-nitrophenol
13.431
15.299
24.780
-NO2
80.8
-1.3

p-iodoaniline
13.681
15.475
24.569
-I
89.0
-1.4

Isostructural series 15.8 Host: TRIMEB Complex space group: P212121

p-iodophenol
14.997
21.368
28.205
-I
58.0
-2.2

(R)-flurbiprofen
15.092
21.714
28.269
-C6H5
63.7
-0.6

4-biphenylacetic acid
14.890
21.407
28.540
-C6H5
65.0
-0.6

(S)-ibuprofen
15.232
21.327
27.597
-CH2-CH(CH3)2
69.1
-3.7

(S)-naproxen
15.179
21.407
27.670
-OCH3
67.4
-1.9

The two parameters ( and d are defined here with respect to the mean plane through the six ((-CD) or seven ((-CD, TRIMEB) glycosidic oxygen atoms linking the glucose units in the host molecules (Fig.1). The first parameter refers to the angle between this plane and the plane of the guest phenyl ring while the second is the distance from the glycosidic oxygen atom plane to the center of gravity of the guest phenyl ring. The parameter d is a measure of the depth of guest phenyl ring penetration into the CD cavity and is positive if the center of gravity of the phenyl ring lies above the glycosidic oxygen atom plane toward the primary side of the macrocycle. 

As shown in Table 1, for one series of (-CD inclusion complexes, the angle ( spans a fairly narrow range of 80.6-89.0( indicating a preference for the guest phenyl ring plane to parallel the pseudo-sixfold axis of the host as far as possible. As pointed out by Harata,7 the diameter and depth of the (-CD cavity (~5Å and ~8Å respectively) are  ideally
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Fig.1 The geometrical parameters ( and d describing inclusion of a guest phenyl ring in TRIMEB. The left view is along the normal to the plane of the seven O atoms defining the reference plane.

suited to accommodate a benzene ring in this orientation. The centre of gravity of the phenyl ring invariably lies towards the secondary side of the host (d < 0) and d is fairly constant in this series despite some variation in those substituents which enter the cavity ‘head-first’. In contrast, in the series of TRIMEB complexes listed, ( lies in the range 58.0-69.1(. This is again a fairly narrow angular range despite very significant variations in guest chemical structure and the nature of the entering group. The latter does however affect parameter d significantly. This parameter is close to zero only when the entering group is -C6H5. The host TRIMEB with its larger cavity size than (-CD is thus seen to allow significant tilting of the included phenyl ring. In addition, isostructurality in the above series of complexes is maintained even though there is considerable variation in the guest molecular bulk which protrudes from the host secondary side. The paucity of structural data for complexes in these isostructural series (Table 1) allows no more than indications of trends for guest inclusion. More crystal structure determinations are desirable for establishing firmer rules which could be used in a predictive fashion. Nevertheless, consideration of geometrical trends such as those indicated above may be useful and should be taken into account when attempting to predict the mode of guest inclusion using analogies based on isostructurality (i.e. using only the PXRD pattern of the complex).

An obvious limitation to the use of diffraction methods for predicting inclusion modes arises when the complex is amorphous. We recently reported the characterisation of an inclusion complex formed between a novel laurate salt of the bronchodilator albuterol (salbutamol) and hydroxypropyl-(-CD (HPBCD).10 Due to their random degrees of substitution, CDs of this type generally do not form crystalline inclusion complexes. Inclusion of albuterol laurate within the cavity of a CD was found to be feasible by molecular modelling studies and the formation of a solid HPBCD complex was subsequently proven by a combination of techniques including thermal analysis and IR spectroscopy. Details of the mode of inclusion are, however, unknown. 

'Unusual' modes of guest inclusion

Although it may be possible to derive predictive 'rules' of guest inclusion modes from trends observed for isostructural CD complexes, such rules can only be seen as guidelines. Various factors may intervene to produce a 'novel' inclusion mode (e.g. unforeseen participation of water molecules in the inclusion process). For new complexes whose PXRD patterns cannot be matched with those of established isostructural series, prediction of the mode of guest inclusion is rendered more difficult and full X-ray analysis is necessary to settle the question. Examples in both categories are described here. The first example refers to the intervention of a water molecule as a bridge linking the host to an organic guest molecule. Water molecules are ubiquitous in crystalline cyclodextrin inclusion complexes of the native CDs. However, these water molecules are generally located outside the CD cavity and serve mainly as hydrogen bonding bridges between CD molecules. Methylated CDs and their complexes generally crystallize with few or no water molecules. Harata and co-workers reported that in the p-nitrophenol complex with permethylated (-CD, one water molecule is located within the CD cavity where it links the entering guest -OH group to two methoxy O atoms of the host via hydrogen bonding [image: image2.png]


(Fig.2).11 

Fig.2 Left: Inclusion of p-nitrophenol in permethylated (-CD. Right: inclusion of clofibric acid in TRIMEB. Isolated circles represent water O atoms and dotted lines hydrogen bonds.

The water molecule plays a pivotal role in determining the guest inclusion mode in this case. We recently reported an analogous situation occurring in the TRIMEB complex of clofibric acid [2-(4-chlorophenoxy)-2-methylpropanoic acid].12 This complex is isostructural with the TRIMEB-menthol complex.13 We expected to find the more hydrophobic chlorophenyl residue inserting into the cavity and the hydrophilic -COOH group projecting from the host secondary side. (Precedents for this are e.g. the TRIMEB complexes of ibuprofen14and naproxen6 where the -COOH group lies outside the secondary side of the CD molecule). Instead, for clofibric acid inclusion, the -COOH group enters 'head-first', each oxygen being hydrogen bonded to a water molecule which in turn is hydrogen bonded to a primary methoxy O atom of the host (Fig.2). These examples clearly vindicate the remarks of Lipkowitz3 regarding the need to include water in molecular modelling of guest inclusion in cyclodextrins. 

Unusual modes of inclusion may be associated with atypical host-guest stoichiometries arising from a special feature of the guest molecule. We recently reported the X-ray structure of a (-CD complex with cyclizine (1-diphenylmethyl-4-methylpiperazine, Fig.3a) which has a 4:3 host-guest (H:G) ratio4 instead of the usual 1:1 ratio observed for (-CD complexes. PXRD showed that this complex did not belong to an established isostructural series and it was therefore necessary to determine the guest inclusion mode by full X-ray analysis. A possible explanation for a 4:3 H:G ratio is guest disorder with guest sites being partially occupied in the crystal. However, the (-CD complex with cyclizine is ordered and the guest sites are fully occupied. The structure is based on two crystallographically distinct (-CD dimers, one of which contains two cyclizine molecules and the other only one, thus accounting for the 4:3 ratio. The guest molecule is bulky and cannot be completely encapsulated within the (-CD cavity. Invariably it is the methylpiperazine ring which inserts into the cavity leaving the bulky diphenylmethyl residue protruding from the macrocycle. Guest entry from both the primary and secondary sides characterizes the (-CD dimer containing two cyclizine molecules. The second host dimer contains only one cyclizine molecule which enters from the more favourable secondary side, leaving the other (-CD cavity empty, a most unusual structural feature. We have rationalised the formation of this 4:3 system on the basis of the known strong tendency for (-CD to form head-to-tail dimers in complexation and concluded that the resultant structure represents a compromise between an attempt to maintain a guest:cavity ratio as close to 1:1 as possible and the requirement of a stable crystal structure with the highest possible packing efficiency.4 Cyclizine also forms a stable inclusion complex with (-CD in which the H:G ratio is 3:1. The crystal structure has been elucidated despite the tendency for (-CD complexes to be disordered.7 This structure is tetragonal, space group P4212, which is characteristic of all known (-CD inclusion complexes.8 Because the fourfold rotation axis coincides with the channel axis of the stacked (-CD molecules, an included guest is invariably disordered unless it possesses inherent fourfold symmetry (e.g. 12-crown-4). The (-CD complex structure was resolved by identifying the two N atoms of the methylpiperazine ring on the fourfold axis. Subsequent refienement enabled the placement of the phenyl rings in an arrangement consistent with the space group requirements. This represents a unique instance of successful crystallographic modelling of guest inclusion in (-CD.15 The mode of inclusion of cyclizine can be rationalised using a similar argument to that used to explain the formation of its (-CD complex. 

Prediction of the mode of inclusion in a CD of a large or moderately large guest molecule is rendered difficult by the many possible degrees of guest conformational freedom. In solution, reaction of such a guest with CD molecules could yield one or more complex species with large H:G ratios associated with encapsulation of various guest hydrophobic residues in different host molecules. However, crystallization might favour one of the more common arrangements,8 forcing the guest to fold into an unexpected conformation which can be fully encapsulated within e.g. a (-CD dimer. We recently elucidated the structure of such a complex in which the guest molecule consists of three rigid residues linked via four principal torsional degrees of freedom.16 Initially, from PXRD it was deduced that this complex belonged to an existing isostructural series in which (-CD forms head-to-tail dimers, but it was difficult to reconcile the complexity of the guest molecule with this host arrangement. Full X-ray analysis subsequently revealed that in the complex, the guest adopts an unexpected U-shaped conformation, stabilised by intramolecular ((((( interactions between the terminal residues, and in this way is fully accommodated within the (-CD dimer.

As a final illustration of sources of unusual modes of guest inclusion, we refer to complexes of acid salts, specifically those of alkali metal salts of non-steroidal anti-inflammatory drugs (e.g. diclofenac, meclofenamic acid, niflumic acid, Fig.3b,c,d). The presence of metal ions and a carboxylate group may have profound effects on the guest inclusion mode compared with the situation involving the neutral guest. In cases we have investigated, such complexes are not isostructural with known series but instead have unique packing arrangements. For example, in the diclofenac sodium complex with (-CD,17 strong hydrogen bonding between the carboxylate group and an oxygen atom of (-CD anchors the phenylacetate group to the host while the sodium ions link adjacent (-CD molecules by co-ordination to their respective oxygen donor atoms. This results in a complex crystalline structure with no precedent. The inclusion of the anion of niflumic acid in (-CD has recently been investigated, both in solution and in the solid state.18 High-resolution nmr data revealed that the guest trifluoromethylphenyl residue is included in the host cavity, but no preference for entry from the primary or the secondary side could be discerned. The crystal structure of the (-CD complex with caesium niflumate shows that each (-CD cavity is simultaneously occupied by two trifluoromethylphenyl groups, one by guest entry from the primary side and the other by guest entry from the secondary side. This novel mode of inclusion is associated with a less common H:G ratio of 1:2 and a hitherto unknown crystal packing arrangement.

Fig.3 Chemical structures of cyclizine, and alkali metal salts of diclofenac, 

meclofenamic acid and niflumic acid.
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Concluding remarks

Our studies on the isostructurality of CD inclusion complexes suggest that certain geometrical regularities of guest inclusion may be associated with specific isostructural series. This was illustrated with reference to complexes occurring in two such series. However a sufficient number of instances of 'unusual' modes of guest inclusion has been cited to indicate that prediction of the geometry of host-guest interaction in the crystalline state in general may be compromised by unforeseen factors. This underscores the statement of Lipkowitz that the cyclodextrins are deceptively simple molecules.3 Our studies confirm the rich variety of structural possibilities these molecules present and with the accumulation of more X-ray structural data, we expect to encounter further novel modes of guest inclusion as well as new crystal packing arrangements.
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