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Abstract. The crystal structures of the inclusion compounds of trans-9,10-dihydro-9,10-ethano-
anthracene-11,12-dicarboxylic acid host (1) with formic acid (1a), acetic acid (1b), and propionic acid
(Ic) as guests, and of the coordinatoclathrate of the 1,1’-binaphthyl-2,2"-dicarboxylic acid host (2) with
acetic acid as guest (2b) have been studied by single crystal X-ray diffraction. These studies show that
inclusion of small carboxylic acids by carboxylic acid hosts like 1 and 2 results in formation of isolated,
hydrogen-bonded guest dimers. Additional H-bond contacts between host and guest carboxylic groups
are only formed in cases 1a and 2b. The dimeric acidic guest units are sitting in the cavities of the host
or host—guest framework and have no other interactions than those of a weak Van der Waals’ type with
the neighbouring molecules. Crystal data: I-formic acid (1:2): triclinic (P1), a =11.6769(6),
b =9.4067(4), ¢ =9.0020(4) A, o = 81.522(4), B = 100.310(6), y = 104.208(6)°, Z =2, R =0.048 for
2392 reflections; l-acetic acid (1:1): monoclinic (P2,/n), a = 9.717(2), b = 14.462(2), ¢ = 13.038(3)A,
B =10427(1)°, Z =4, R =0.046 for 3042 observations; 1-propionic acid (1:1): monoclinic (P2,/n),
a=9.897(4), b=14.67TI(T), c =13.284(T) A, B =10592(6)°, Z =4, R=0.056 for 2302 reflections:
2-acetic acid (2:3): triclinic (PT), a=12.746(1), b=17.181(2), ¢ =11.010(1) A, « = 105.606(4),
B =112.992(8), y =81.175(6)°, Z =2, R = 0.067 for 4375 observations.
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Supplementary Data relating to this article has been deposited with the British Library at Boston Spa.
Wetherby, West Yorkshire, U.K., as Supplementary Publication No. SUP 82078 (70 pages).

1. Introduction

The ‘coordinatoclathrate principle’ was formulated for host molecules endowed
with both a bulky skeleton and appended sensor groups [1]. Eminent representa-
tives of this type of hosts are the roof-shaped trans-9,10-dihydro-9,10-ethanoan-
thracene-11,12-dicarboxylic acid (1) and the scissor-like 1,1’-binaphthyl-2,2'-
dicarboxylic acid (2). Molecules 1 and 2, like many other carboxylic host com-
pounds of the coordinatoclathrate type [2-4], trap the guest molecules by steric
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barriers and coordinative interactions. They readily form stoichiometrically com-
posed crystalline inclusion complexes with a large number of small organic
molecules, mostly of a polar nature with the possibility of forming hydrogen bonds,
such as alcohols, carboxylic acids, amides, sulphoxides or nitriles [6,7]. The
structural principles governing the clathrate formations and host—guest interactions
in coordinatoclathrates of 1 and 2 with guests, such as different alcohols, dimethyl-
formamide and dimethyl sulphoxide, have already been revealed by X-ray investiga-
tions [4—7]. The present work adds to our previous studies by incorporating
carboxylic acids such as formic acid (1a), acetic acid (1b) and (2b), and propionic
acid (1c) as guest species. The remarkable thing about the resulting compounds is
that host and guest molecules have the same type of functional groups with high
ability for hydrogen bonds. How do they fit together in the crystal structure?

COOH ‘
HOOC OOH

(- Q HOOC

Inclusion compounds:

1a: 1-formic acid (1:2),
1b: 1-acetic acid (1:1),
1c: 1-propionic acid (1:1),
2b: 2-acetic acid (2:3).

2. Experimental
2.1. SAMPLE PREPARATION

The carboxylic host compounds, 1 [4] and 2 [6a] were prepared as previously
described. Crystals of the inclusion compounds were obtained by recrystallization of
the respective host from a solution containing the corresponding guest.

2.2. X-RAY DATA COLLECTION AND PROCESSING

The single crystals selected for X-ray diffraction measurements were sealed in epoxy
glue for compounds 1a and 1c¢ and in a glass capillary for compounds 1b and 2b.
The net intensities were corrected for Lorentz and polarization effects, and in the
case of structure 1b also for absorption and extinctions effects. The unit cell
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parameters were refined using the angular settings of strong, well-centered reflec-
tions [38 for 1a, 25 for 1b, 25 for 1¢, and 44 for 2b] accurately measured by the
diffractometer within the #-range 17° < 8 <42°. Crystal data and selected experi-
mental details are summarized in Table 1.

2.3. STRUCTURE ANALYSIS AND REFINEMENT

Reasonable starting models of the structures were derived by direct methods using
the program systems SHELXS [8] for 1a and MULTAN 80 [9] for 1b, 1c and 2b.
Difference Fourier syntheses and full-matrix least-squares calculations by means of
the SHELX [10] (1a, 1c and 2b) or of the SDP [11] (1b) program systems were then
used for completion and refinement of the initial structural models.

The carboxylic hydrogen sites in all cases were taken from electron density maps
and held fixed during the subsequent calculations, while the positions of the
remaining H atoms were generated after each cycle of the refinement
(C—H = 1.08 A) using geometric evidence. The methyl groups were treated as rigid
groups. Non-hydrogen atomic positions were refined together with their anisotropic
temperature parameters, except in structure 2b, where the limitations of the
least-squares program (N, + 2N,nio < 160) [10] allowed only fifty-six non-hydro-
gen atoms (14O and 42 C) to be treated anisotropically. The remaining eight
carbon positions in the latter case were refined with isotropic temperature parame-
ters. Concerning the hydrogen atoms, isotropic temperature factors were refined for
the carboxylic H positions and group isotropic temperature factors for the calcu-
lated C-bonded ones.

Some of the stronger low-6 reflections [3 for 1a, 12 for 1¢ and 25 for 2b] with F
considerably less than F_, , most probably due to extinction, were excluded from
the last refinements. The final reliability indices are listed in Table 1. Unit weights
were used in the refinement of structures 1a, and lc, while the weights of the
reflections were calculated as w =4F3/a(F3)* [11] and w =2.3174/(¢*(F) +
0.00224F2) [10], for structures 1b and 2b, respectively.

3. Results and Discussion

The atomic positional parameters of the four inclusion compounds 1a, 1b, 1¢, and
2b are given in Table II; atom labelling is in accordance with Figure 1. Hydrogen
bond geometries are listed in Table III. Perspective views of the crystallographic
asymmetric units of the present four clathrates are shown in Figure 1, and the
crystal packings are illustrated in Figures 2, 3, and 4. The list of intramolecular
bond lengths and bond angles involving the non-hydrogen atoms (Tables IV and
V), fractional atomic coordinates of the calculated H atoms (Table V1), anisotropic
thermal parameters of the non-hydrogen atoms (Table VII) as well as the list of
the observed and calculated structure factors are included in the Supplementary
Material.

3.1. MOLECULAR STRUCTURES

The geometry of the rigid host 1 is almost identical in the present structures
(Figures la, b and c). Corresponding bond lengths and bond angles are in
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Fig. 2. Stereo view of the molecular packing of the 1-formic acid (1:2) clathrate (1a). The host
molecules are shown in stick style, the atoms of the formic acid guests are drawn with Van der Waals
radii. The O atoms of the host-coordinated formic acid are shaded and those of the isolated guest dimers
are dotted. H bonds in lightfaced lines.

agreement with each other and also with the values published in our previous
communications about related structures [3-5]. In the ethano bridge the
C(9)—C(10) and C(11)—C(12) bonds are elongated, while the dimension of the
C(10)—C(11) bond in the middle is comparable with the usual length. The mean
values calculated for eight different molecules in seven different crystal structures
[3-5] (with r.m.s. deviations in square brackets) are 1.567[7] A for the elongated
bonds and 1.548[5] A for the C(10)—C(11) bond. The standard value for a
Cp3—C(p3 bond is 1.541(£3) A [12]. The dihedral angles between the phenyl
rings are 58.8(1)° in 1a, 51.7(1)° in 1b and 52.0(1)° in structure lc.

Fig. 3. Stereo packing illustration of the 1-propionic acid (1:1) clathrate (1c). The framework formed
by H-bonded host molecules is shown in stick model fashion. The guest dimers in the tunnels are
represented as space-filling models with the O atoms dotted.
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Fig. 4. Stereoscopic packing diagram of the 2-acetic acid (2: 3) clathrate (2b) from two different points
of view and in different fashion: (a) seen along the b axis in stick style only, and (b) seen along the ¢ axis
with the guest molecules in space-filling representation. In (a) the H atoms of the host are omitted for
clarity, H bonds in lightfaced lines. In (b) the O atoms of the host-coordinated guest acid are shaded and
those of the isolated guest dimers in the tunnel are dotted. H bonds in lightfaced lines.

Values of bond lengths and bond angles in the two crystallographically indepen-
dent molecules of 2 agree with each other within experimental errors and generally
conform to the values published earlier for this host [6]. The two naphthyl moieties
are approximately perpendicular to each other. The dihedral angles between the
least-squares planes of the naphthyl rings are 86.78(8) and 87.31(3)°. Noteworthy
is the variation in the inclination angles of the different carboxyl groups with respect
to the plane of the attached naphthyl moiety. The dimer (Figure 1d) has two sensor
groups available for binding, for which the angles are 3.1(3) and 2.2(3)°. The two
other carboxyl groups, which connect the two molecules to each other by forming
the eight-membered hydrogen-bonded ring, are inclined to the respective naphthyl
planes through 15.0(4) and 25.7(2)°.

The different carboxylic acidic guests generally show the expected geometries
[13, 14]. In structure 2b, however, the bond dimensions of the guest molecules,
especially those which form the isolated dimeric guest entities, have larger uncer-
tainties than those of the hosts. This is probably because they have higher thermal
mobility than the remaining non-hydrogen atoms of this structure, as shown by
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their temperature parameters (cf. Table II and VII), which indicates a looser
packing in this region of the crystal.

3.2. PACKING RELATIONS AND HOST-GUEST INTERACTIONS

X-ray studies of seven crystal structures containing 1 revealed that this roof-
shaped host always retains at least one of its two carboxyl groups for binding to
another host molecule [4,5,7]. Such a dimer with two sensor groups free for
binding of the guests is the basic motif also in the formic acid inclusion compound
of 1 (1a) with 1:2 stoichiometry, which is unusual for this host. The two guests of
the asymmetric unit (cf. Figure la) are very different crystallographically. Only
one of them is coordinated to the host, thus forming H-bonded host—guest
associations with 2:2 stoichiometry. These 2:2 aggregates are then linked together
by Van der Waals’ type forces to form the crystal structure, just as in the
1-dimethyl sulphoxide (1:1) compound [5,7]. In the case of the formic acid
inclusion compound, however, there are cavities in the structure, in which
hydrogen bonded dimers of the other guest acid reside (Figure 2). The guest dimer
has only weak Van der Waals’ type interaction with the host or the host-bonded
guest molecules which constitute the structural framework.

The acetic acid and propionic acid inclusion compounds of 1, compounds 1b
(preliminary communication in Ref. [3]) and 1e¢, respectively, are isomorphous.
Therefore, the packing diagram of only one of them is shown (Figure 3). Eight-
membered H-bonded loops interlink the host acids to infinite, parallel zig-zag
chains, like in the crystal structure of the free host [4]. The packing of the chains
in the inclusion compunds is, of course, different from that in the free host. The
host chains of the clathrates are arranged so that tunnels are created between
them parallel to the ¢ axis. The small guest acids form H-bonded dimers residing
in these tunnels. There is no specific interaction between host and guest; the guest
dimers are retained only by steric barriers caused by the host matrix. Accordingly,
they are organized as classical clathrates [la, 1b].

The versatility and eminent clathrate-forming ability of host 2 has already been
demonstrated by eight crystal structures [6]. The present acetic acid inclusion
compound (2b) with the unusual 3:2 stoichiometry, however, reveals a new type
of construction among the coordinato-clathrates of 2. At the same time it
shows pronounced similarity with the structures of the carboxylic acid inclusion
compounds of 1. Molecules 2 in 2b form hydrogen-bonded dimers in a way which
is characteristic for host 1. The dimer of 2, however, uses only one of its sensor
groups for coordination of a guest acid (Figure 1d), the other carboxyl group
functions as a proton donor in an H bond [O(21)—H(21)- - ‘O(1A1), cf. Table 11I]
which links two centrosymmetrically related 2:1 host—guest associations to each
other. In the crystal, the so formed 4:2 aggregates (cf. Figure 4b) are further
connected by weak packing forces of the Van der Waals type so that tunnel-
like cavities are created in the direction of the ¢ axis (Figure 4a). The guest acids
that are not coordinated by the host make dimers with their respective cen-
trosymmetric equivalents in the usual way. These dimers are placed in the tunnels,
which are wide enough to allow high thermal mobility for the weakly bonded
guest entities.
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3.3. CONCLUDING REMARKS

The four structures presented here may suggest a principle in the formation of
inclusion crystals between carboxylic acids, which is ‘similar binds to similar’ or
host prefers bonding to host, and guest to guest, before bonding is established
between host and guest. Accordingly, isolated guest dimers are formed, which are
trapped in the cavities of the structural framework formed by host molecules or
host—guest aggregates.

The finding raises the question whether this behaviour is confined to carboxylic
acids only or does it also apply to molecules with other functional groups of high
H-bond capability, such as amides [15]. Another moot point is to what extent the
difference in pK,-values of the host and guest acids play a role in the formation of
a particular aggregate structure. Studies along these lines are in progress. It is
promising, since designed aggregate structures of H-bonded acids [16] and amides
[17] in the crystalline state can be expected to become useful tools for different
problems in organic solid state chemistry [18] and materials science [19].
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