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Abstract. The crystal structures of four dimethyl sulphoxide (DMSO) inclusion compounds with different
carboxylic acid hosts, 1-4, have been studied by single crystal X-ray analysis. Crystals of the
trans-9,10-dihydro-9,10-ethanoanthracene-11,12-dicarboxylic acid inclusion compound (1a), [1 - DMSO
(1:1)] show monoclinic (P2,/n) symmetry with the unit cell dimensions a = 11.522(4), b = 18.658(2),
¢ =8.709(1) A and f = 98.92(2)°. The clathrate of the 9,10-dihydro-9,10-ethenoanthracene-11,12-dicar-
boxylic acid (2a), [2 - DMSO (1:2)] is triclinic (P1) with the cell dimensions a = 15.043(7), b = 9.657(4),
c =8.118(7) A, o = 101.81(5), f = 96.05(4) and ¥ = 100.04(4)°. Triclinic (PT) symmetry is shown also by
the inclusion compound of 9,10-dihydro-9,10-ethanoanthracene-11-monocarboxylic acid (3a) [3 - DMSO
(1:1)] with the cell dimensions a =6.3132(1), b =7.9846(2), c=17.5314(4) A, o =96.46(2),
p =87.08(2) and y = 106.02(2)°. The 9,9'-bianthryl-2-monocarboxylic acid clathrate (4a) [4 - DMSO
(1:1)] is monoclinic (P2,/n) and the cell dimensions are a = 19.625(18), b = 8.817(1), ¢ = 14.076(8) A
and f=97.92(6)°. In all these structures, the hosts show the same basic recognition pattern for
the DMSO guest, involving a strong O—H:---O bond from the COOH to the S=O group, and a
possible C—H---O type interaction between the carbonyl O atom of the host and a CH, group of the
guest. The crystals consist of discrete host-guest aggregates which are mainly held together by weak
intermolecular interactions of the Van der Waals’ type. The stoichiometries of the aggregates are,
however, different.
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1. Introduction

Molecules that recognize and bind to specific substrates are important for analytical
applications and for the development of more effective catalysts, carriers and
reagents [1]. Exploring interactions at the molecular level is therefore an exciting
and challenging aspect of contemporary chemistry [2].

‘Coordinatoclathrand’ [3] is the name we have given to a particular type of
substance which allows specific interactions between host and guest molecules in the

* Authors for correspondence.
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crystalline state. Interactions proceed from functional group relationships involving
the host and the guest and include H-bonds as the main factor. Thus far, our studies
have focused on the recognition and binding of hydroxylic molecules, mostly
alcohols, by different carboxylic hosts [4].

We have now turned our interest towards inclusion of aprotic but dipolar guests,
among them dimethylformamide and dimethyl sulphoxide, and have examined a
substantial number of structures to help delineate those features which favour
solid-staté binding. A few structures of dimethylformamide inclusion compounds
have already been published by us [5].

Here we discuss X-ray crystal structures of four inclusion compounds, 1a—4a,
composed of dimethyl sulphoxide (DMSQO) and differently constituted carboxylic
hosts (1-4). The present work comprises also the first structural data on three
examples (2—4) of new host molecules.
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2. Experimental
2.1. SYNTHESIS AND CRYSTAL GROWTH

Roof-shaped carboxylic host compounds 1-3 were prepared as previously described
[6]. 9,9’-bianthryl-2-carboxylic acid (4) was obtained by the procedure of Bell and
Waring [7].
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Single crystals of the inclusion compounds la—4a were grown by dissolving the
respective hosts 1-4 in dimethyl sulphoxide (DMSO) and saturating the solutions
by slow evaporation at room temperature.

2.2. X-RAY DATA COLLECTION AND PROCESSING

The single crystals selected for X-ray diffraction measurements were sealed in epoxy
glue. Intensity data were collected on computer-controlled diffractometers at room
temperature, using graphite-monochromated Cuk, radiation (4 = 1.5418 A) and the
w-20 scan technique. The data reduction included corrections for Lorentz and
polarization effects, and in the case of compound 3a also for absorption. The unit
cell parameters of compounds 1a and 4a were refined using accurately measured line
positions (80 for 1a and 19 for 4a) on powder photographs, taken with a
Guinier-Hégg type focusing camera using strictly monochromated Cuk,  radiation
(4 =1.5406 A) and Si (a = 5.4309 A at 298 K) as an internal standard. The angular
settings of 30 and 51 well-centred, strong reflections (with 33° < 26 < 55°), accu-
rately measured by the diffractometer, were used in the least-squares refinement of
unit cell parameters for the crystals of 2a and 3a, respectively. Crystal data and
some experimental details are summarized in Table 1.

2.3. STRUCTURE ANALYSIS AND REFINEMENT

The sulphur position, derived from a Patterson synthesis, was used as a starting
point for solving the structure of compound la by conventional Fourier calcula-
tions. The structure of 2a was solved in the space group Pl by a combination of
recycling procedures from an initial DMSO fragment and weighted Fourier synthe-
ses. Reasonable structural models of compounds 3a and 4a were derived by direct
methods using the program systems MULTAN 80 [8] for 3a and SHELXS [9] for
4a. The initial models were completed and refined using the SHELX [10] program
system. Only the structure factors with F > 64(F) were used in the latter calcula-
tions. The carboxylic hydrogen sites were taken from difference electron density
calculations and were held fixed during the subsequent refinements, except in
compound 3a where their positions were also refined. The remaining H atom sites
were generated after each cycle using geometrical evidence (C—H = 1.08 A). The
methyl groups of the DMSO molecules in structures 1a, 2a and 3a were treated as
rigid groups.

In structure 4a, the DMSO guest shows partial disorder. The sulphur atom and
the methyl carbon atoms had considerably higher temperature factors than the
other non-hydrogen atoms, and the difference electron density calculation revealed
some prominent peaks in the vicinity of the S and C(D1) atoms. The disorder of the
sulphur atom could be resolved into two major disorder sites, with site occupation
factors refined in three cycles to 0.56 and 0.32 for S(1) and S(2), respectively. A
similar attempt for C(D1), however, did not yield a reasonable model. The methyl
groups of this DMSO guest were also refined as rigid groups, but then were held
fixed when the S(2) position was included in the calculation.

In the last cycles of the refinements the non-hydrogen atomic positions were
refined together with their anisotropic temperature parameters. Isotropic tempera-
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Fig. 1. Perspective view of the asymmetric units of the studied coordinatoclathrates: (a) 1a [1 - DMSO
(1:1)], (b) 2a [2-DMSO (1:2)], (c) 3a [3-DMSO (1:1)] and (d) 4a [4 - DMSO (1:1)j. Solid and
dashed lines represent covalent and hydrogen bonds, respectively, O atoms are shaded and S atoms
hatched. In 4a the DMSO guest shows partial disorder.

ture factors were refined for the carboxylic hydrogens and group isotropic for the
calculated ones. Some of the strongest low-0 reflections (10 for 1a, 4 for 3a and 9
for 4a) with F,,, < F,,;. probably due to secondary extinction, were excluded from
the final refinements, when the reliability indices (Table I) were obtained. In the
case of structure 4a, however, satisfactory convergence was reached only when the
temperature factors of the methyl hydrogens (U = 0.35 A2) and of the carboxylic
H(13) (U =0.167 A?) were held fixed.

3. Results and Discussion

The atomic positional parameters of the four inclusion compounds 1a—4a are given
in Table II; atom labelling is in accordance with Figure 1. Relevant intermolecular
bond distances and angles are listed in Tables III and IV. Perspective views of the
crystallographic asymmetric units of compounds la—4a are shown in Figure 1, and
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Table 1V, Distances (A) and angles (deg) in possible C—H---O type interactions between host
and guest molecules of five different DMSO inclusion compounds.

Inclusion compound C---0 C—H H---O ¥xC—H---0
1la:1-DMSO (1: 1) 3.35 1.08 2.38 148
2a:2-DMSO (1:2) 3.38 1.08 2.48 140

3.29° 1.06 2.37 144
3a:3-DMSO (1:1) 3.32 1.08 2.47 134
4a:4-DMSO (1:1) 3.28 1.11 2.47 129
BNDA®*- DMSO (1:1) 3.31 1.08 227 161

2 1,1’-Binaphthyl-2,2’-dicarboxylic acid (cf. Ref. 5b).
b Contact between symmetry-related host—guest aggregates (see the text for explanation).

the crystal packings are illustrated in Figure 2. The lists of intramolecular bond
distances and bond angles, involving the non-hydrogen atoms (Tables V and VI),
fractional atomic coordinates of the calculated hydrogen atoms (Table VII),
anisotropic thermal parameters of the non-hydrogen atoms (Table VIII) as well as
the lists of the observed and calculated structure factors are deposited with the
British Library as Supplementary Publication. No. SUP 82075.

3.1. MOLECULAR STRUCTURES

The rigid roof-shaped host molecules in crystals 1a, 2a and 3a are very similar to
each other (Figures 1a, 1b and Ic). The corresponding bond angles in structures 1a
and 3a are in agreement with each other and also with the values found earlier for
related structures [6, 11, 12]. The bond lengths and bond angles in the host molecule
of structure 2a also resemble those of the previous complexes except, of course, the
bond distances between the C(9)—C(10)—C(11)—C(12) atoms. In the ethano
bridges of 1a and 3a, the C(9)—C(10) and C(11)—C(12) bonds are elongated,
while the C(10)—C(11) bond length in the middle is normal for a C,3—C,3
bond [1.541( +3) A][13]. The mean values calculated for structures 1a and 3a (with
rmsds in square brackets) are 1.559[3] A for the elongated bonds and 1.548[4] A for
the C(10)—C(11) bond. In the etheno bridge of 2a the C(9)—C(10) and
C(11)—C(12) distances are 1.521(4) and 1.527(4) A, and the double-bond length
is 1.336(4) A, all in agreement with the standard values of 1.53(£1) and
1.337( +6) A, respectively, for these bond types [13]. The dihedral angles between
the phenyl rings are 57.4(2) and 57.1(1)° in structures 1a and 3a, respectively, and
62.9(1)° in structure 2a.

In the bianthryl monocarboxylic acid molecule, 4 of 4a (Figure 1d), the bond
distances and angles conform to the expected values. The fourteen ring atoms of
each of the two aromatic tricyclic groups are coplanar within 0.058 and 0.035 A,
respectively. The dihedral angle between the calculated least-squares planes of these
anthryl moieties is 94.96(6)°, and the carboxyl group is inclined through 7.6(3)° to
the attached anthryl plane.
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The DMSO molecules have the usual pyramid shape [5b]. The sum of the angles
around the S atoms is 311.1° in 1a, 310.1°/309.6° in 2a for molecules 1 and 2; 308.5°
in 3a, and 323.1/325.2° in structure 4a for the disorder sites S(1) and S(2),
respectively.

3.2. PACKING RELATIONS AND HOST-GUEST INTERACTIONS

The DMSO oxygen atom is a potent proton acceptor in hydrogen bonding [14].
Thus, in host—guest aggregates involving a carboxylic component, it can readily
form a C(O)O—H---O=S interaction. This is the case in all the present structures
(Figure 1 and Table III) and has also been observed in the DMSO inclusion
compound of 1,1’-binaphthyl-2,2’-dicarboxylic acid [BNDA] [Sb].

Inspection of the intermolecular distances in these five structures shows that there
is an additional host—guest contact worth mentioning. In each of the five crystals
listed in Table IV, the DMSO molecules are arranged so that in addition to the
(O—)H- - -O contact one of the methyl groups approaches a carbonyl O atom of the
host. All the C—(H)- - -O interactions in Table IV except one involve host and guest
molecules that are H-bonded to each other. In structure 2a, however, only one of
the DMSO molecules can from its C—H---O interaction with the same —COOH
group to which it is H-bonded (Figure 1b). A steric barrier forces the other one into
a different arrangement. Thus, its methyl group approaches a carbonyl oxygen of
another host molecule instead of its ‘own’, resulting in a relatively short (<3.3 A)
contact between two asymmetric units. The ability of carbon atoms to act as proton
donors in C—H---O type interactions is possibly somewhat controversial [15].
Nevertheless, a survey of 113 accurately determined crystal structures led Taylor
and Kennard to the conclusion that the majority of shorter C—H---X (X =0, N
or Cl) contacts are attractive interactions and may thus be significant factors in
determining the packing arrangement of small organic molecules [15]. Recently,
Kumpf and Damewood Jr. demonstrated, using ab initio methods, that malonitrile
is capable of forming C—H---O bonds by its methylene group, that may be as
stable as —22.6 kJ mol™" [16]. Because of the uncertainty in the methyl hydrogen
positions in the structures la—d4a and also in BNDA - DMSO (1:1) [5b] an
unequivocal conclusion is not possible, but consideration of the repeated appear-
ance of largely identical patterns for the binding of the DMSO guests by different
carboxylic acid hosts makes it seem likely that these contacts (¢f. Table IV) are
weak C—H---O type interactions which may play an important role in the
recognition of DMSO guests by hosts with carboxylic sensor groups.

Another common feature of the present crystal structures is the existence of
discrete host—guest aggregates which have, however, different stoichiometries (Fig-
ures 2a—2d). The host molecule of 1a retains at least one of its sensor groups for
binding to another host molecule. Such a dimer, with two carboxylic groups free for
binding to the guest, seems to be a basic characteristic of inclusion compounds of

Fig. 2. Stereoscopic representation of the crystal packings: (a) 1a [1- DMSO (1:1)], (b) 2a [2 - DMSO
(1:2)], (¢) 3a [3-DMSO (1:1)], and (d) 4a [4- DMSO (1:1)). The host molecules are drawn in stick
model fashion, the guest molecules are given as space filling models, O atoms are dotted and the S atoms
shaded.
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1 since five other inclusion compounds of 1 [6, 12] also show this behaviour. It leads
to a 2:2 stoichiometry for the host—guest aggregate (Figure 2a). Host molecule 2,
however, uses both of its carboxyl groups in host—guest interactions; thus the
stoichiometry of the host—guest unit is 1:2 (Figure 2b). The hosts 3 and 4 have
only one sensor group each. Consequently, one host and one guest molecule make
the structural units which build up the crystals of 3a and 4a (Figures 2¢ and 2d).

As shown in Figures 2b and 2c, the triclinic crystals of 2a and 3a are built up of
rows of identically oriented host—guest aggregates parallel to the b axis. By virtue
of the centre of symmetry, adjacent rows contain aggregates with opposite orienta-
tions. In the crystals of 4a, the bulky bianthryl skeletons form a framework with
channel-like cavities where the guest molecules reside (Figure 2d). In all these
crystal structures, the host—guest aggregates are held together by weak intermolec-
ular interactions of the Van der Waals’ type, except in 2a where weak C—H---O
type interactions between different host—guest units are also observed, as has been
discussed before.

In summary, the structures may be understood to reveal a general mode of
recognition and binding of DMSO by simple carboxylic hosts in crystalline host—
guest compounds, there weak interactions of C—H---O type may also play an
important role.
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