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and metal-organic capsules and other architectures (2). In the crystalline state CTV
forms in-cavity complexes with fullerenes and some other globular molecules, but
usually forms exclusion clathrates with solvents or other small molecules (/, 2).
However, extended cavitands and capsules containing the CTV core have a much more
varied inclusion chemistry, complexing a range of small organic molecules and even

gases (2, 3).

The tris-catechol analogue cyclotricatechylene CTC is obtained in one step by
demethylation of CTV (4), but has been little studied by comparison. There are four
previously published clathrate materials of CTC with organic solvents, which have
varying stoichiometries (4-6). Three of these adopt a similar crystal packing motif in
which the CTC molecules and solvent associate into hydrogen bonded bilayers, with
alternating “up” and “down” CTC cavities. The connectivity of the CTC nodes in the
hydrogen bonding topology of the bilayers varies between the structures, however,
depending on the number of solvent molecules present and their hydrogen bonding
character. The exception to this generalisation is CTC-2dmf-2H,0O, which forms an
alternative lattice type containing sheets of dmf solvent encapsulated by an “up” and a
“down” monolayer of hydrogen bonded CTC molecules (7). As well as taking part in
the hydrogen bond network, one equivalent of solvent is always included in the CTC
host cavity in these structures. This implies that CTC may be a stronger host for small
molecules in the solid state than CTV, whose clathrate crystals rarely contain in-cavity
solvent. A small number of metal complexes of CTC have also been reported, some of
which also contain included solvent (8, 9).

<Insert Schematic of CTV and CTC here>
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Given the continued interest by some of us in the supramolecular chemistry of CTV
derivatives (2, 10, 11), we have examined the host:guest chemistry of CTC in more
detail. Although the electrochemistry of CTC itself has not been described, in
complexed form its catechylene groups are redox active (8) as expected for a
catecholate derivative (/2). Hence electron acceptor guests were of particular interest,
since these have potential to form donor:acceptor or charge transfer complexes with
CTC (13-15). With that in mind, we report here the crystalline adducts of CTC with
tetracyanoethene (tcne) and tetracyanoquinodimethane (tcnq), together with four other
CTC clathrate structures that we also obtained during this work. Some tcne and tcnq
complexes of calixarene (/6) and resorcinarene (/7-19) derivatives have been
determined spectroscopically in solution, but this report contains the first crystal
structure determinations of tcne or tcnq complexes with any of the important classes of

organic cavitand.

Experimental

Cyclotricatechylene (CTC) was prepared by the literature method (4), and all reactions
and crystallisations were performed using as-supplied AR-grade solvents. Elemental
microanalyses were performed by the University of Leeds School of Chemistry
microanalytical service. Infra-red spectra were obtained as KBr disks between 400-
4,000 cm™, using a Nicolet Avatar 360 spectrophotometer. Electrospray mass spectra
(ES MS) were obtained on a Waters ZQ4000 spectrometer, from thf feed solutions.
UV/vis spectra were run on a Perkin Elmer Lambda900 spectrophotometer using 1 cm

quartz cells.
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Syntheses

Slow diffusion of pentane vapour into thf solutions of CTC and tcne or tcnq yielded
large dark blue blocks of [CTC],-tcne-6thf (1), or dark green needles of
[CTC],-tcng-4thf (2). The latter material was always contaminated by colourless
crystals of CTC-3.5thf-0.5H,0 (3), which were separated manually for analysis. The
other clathrates CTC-2EtOH (4), CTC-3dma (5) and CTC-5dmso (6) were grown by

slow diffusion of diethyl ether vapour into solutions of CTC in the relevant solvent.

Characterisation data for 1. Found C, 65.5; H, 5.50; N, 5.1 %. Calcd for
CagH36N4012-3[C4Hs0]3-H,0 C 65.8; H 5.71; N 5.1 %. ES mass spectrum m/z 175.1
(11 %, [Naz(CTC)(H,0)s]*"), 215.1 (100 %, [Na,(CTC)(H,0)]*"), 230.8 (16 %,
[Na,(CTC)(thf)]**), 285.1 (34 %, [Na(CTC)(thf)»(H,0),+H]*"), 317.1 (69 %,
[Na3(CTC)(thf),(H,0)3+H]*"), 407.2 (19 %, [Na(CTC)(H,0)]"), 611.3 (13 %,
[Na(CTC)(thf),(H,0)>,(MeCN)]"). Negative ion ES mass spectrum m/z 249.0 (39 %,
[Na(CTC)(0,CH),(H,0)1%7), 311.1 (18 %, [Nay(CTC)(tcne)(OH,),+H] "), 365.1
(13%, [CTC-H] ), 411.1 (51 %, [(CTC)(O,CH)]"), 469.2 (100%,
[Na(CTC)(O,CH)(OH2)(OH)]"), 495.1 (24 % [(CTC)(tcne)+H]"), 731.2 (12%,
[(CTC),-H]"). IR (KBr disk) 3338br s, 3055w, 2989w, 2924w, 2878w, 2249w,
2238w, 2220w, 1613s, 1515s, 1479m, 1446s, 1362s, 1282m, 1236s, 1186m, 1171m,
1133s, 1071m, 1024m, 940m, 931m, 889m, 856s, 821w, 787w, 748m, 706w, 666w,
641w, 618m, 568m, 524w cm™'. UV/vis (thf) Amax, DM (Emax, 10° dm® mol™' cm) 261

(41.1), 290 (12.5), 330 (sh), 655 (0.2).
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Characterisation data for 2. Found C, 67.6; H, 5.85; N, 4.3 %. Calcd for
Cs4H40N4O12-3[C4HgO]5-H,0 C, 67.7; H, 5.68; N, 4.8 %. Positive ion ES mass
spectrum m/z 175.1 (6 %, [Naz(CTC)(H20)s]*"), 215.1 (100 %, [Nay(CTC)(H,0)]*),
230.8 (14 %, [Nay(CTC)(thf)]**), 285.2 (10 %, [Na(CTC)(thf),(H,0),+H]*"), 317.2
(69 %, [Na3(CTC)(thf),(H,0);+H]*"), 407.2 (19 %, [Na(CTC)(H,0)]"), 611.3 (13 %,
[Na(CTC)(thf),(H,0)>,(MeCN)]"). Negative ion ES mass spectrum m/z 195.0 (96%,
[(NC),C=CsH4=C(CN)(OH)] "), 204.0 (100%, [tcnq]"). IR (KBr disk) 3412br m,
3047w, 2979w, 2694w, 2344br w, 2219m, 2186w, 1604m, 1543m, 1518s, 1477m,
1444s, 1356m, 1282s, 1196w, 1173m, 1131m, 1070m, 1044m, 938wm, 930w, 884m,

858m, 844w, 788w, 745m, 705w, 668w, 616m, 566w, 523w cm™'. UV/vis (thf) Amax,

nm (gmax, 10° dm® mol™ cm) 290 (26.8), 380 (sh), 405 (31.4), 490 (5.2), 725 (0.08).

Crystal structure determinations

Experimental details of the structure determinations are given in Table 1. All
diffraction data were measured using a Bruker X8 Apex diffractometer, with
graphite-monochromated Mo-K, radiation (A = 0.71073 A) generated by a rotating
anode. The diffractometer was fitted with an Oxford Cryostream nitrogen low
temperature device. The structures were solved by direct methods using SHELXS97
(19), and developed by full least-squares refinement on F' 2 (SHELXL97) (20).
Crystallographic figures were prepared using X-SEED (21). The definitions of the
symmetry codes in the crystallographic Figures and Table are collected in Table 2.

<Insert Tables 1 and 2 here>
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The asymmetric unit of 1 contains two CTC molecules, two half-molecules of
tcne spanning the crystallographic inversion centres 0, ¥2, 0 and 1, 0, %2; and, six
molecules of thf. No disorder was detected during the refinement. All non-H atoms
were refined anisotropically, and C-bound H atoms were placed in calculated positions
and refined using a riding model. The hydroxyl H atoms were located in the Fourier
map and refined with a common Uj,, thermal parameter of 0.062(3), subject to the fixed
restraint O—H = 0.90(2) A. The maximum residual Fourier peak of +1.2 ¢ A” is 1.1 A
from the solvent C atom C(77), and may indicate a minor degree of disorder in that

residue. This was not modelled, however.

The structure of 2 was solved in the space group P 1 , then transformed up to

C2/c using the ADSYMM routine in PLATON (22). The asymmetric unit contains one
CTC molecule, one half-molecule of tcnq spanning the crystallographic inversion centre
Y4, 'Is, V5, and, two molecules of thf, one of which was disordered. The disordered
molecule was modelled over two sites with refined occupancies of 0.59:0.41, and the
refined restraints C—O = C—C =1.44(2) and 1,3-C...0 = 1,3-C...C =2.35(2) A. All non-
H atoms except the minor solvent disorder site were refined anisotropically, and C-
bound H atoms were placed in calculated positions and refined using a riding model.
The hydroxyl H atoms were located in the Fourier map and refined subject to the fixed
restraint O—H = 0.90(2) A, with a thermal parameter of 1.2x Ueq for the corresponding
O atom. For O(7), O(8), O(16) and O(25), two different hydroxyl H atom sites were
identified in the Fourier map, consistent with the consequences of a hydrogen bond
involving O(16) that is disordered about a crystallographic C, axis. These were included

in the model, with arbitrary half-occupancies for each partial H atom. Steric
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considerations imply that there should also be a second partial site for H(26), but this
was not located in the Fourier map. The maximum residual Fourier peak of +1.2 ¢ A™

lies within the disordered solvent area.

The asymmetric unit of 3 contains one CTC molecule, two ordered and wholly
occupied thf molecules; one disordered region of solvent that was modelled as three
equally occupied thf molecules; and, another disordered region spanning the inversion
centre at 0, %2, 0 that was refined as two Y4-occupied thf sites and a half molecule of
water. Presumably one side of the inversion centre is occupied by disordered thf, and
the other side by water, with a random distribution of the two through the crystal. The
half-water molecule O(43) is within hydrogen bonding distance of the CTC molecule,
which lends some support to that interpretation. The triply disordered thf molecule
C(38)-C(42) was modelled as three equally occupied Cs rings. This region of the
Fourier map occupies channels running parallel to the unit cell c-axis and is poorly
defined, so it was not possible to distinguish the C and O atoms in these partial thf sites.
The other, doubly disordered half-thf molecule O(44)-C(48) was better resolved, and
was refined with distinct C and O atoms. The refined restraints C—C = C—0 = 1.45(2)
and 1,3-C...C =1,3-C...0 =2.37(2) A were applied to these disordered residues. All
wholly occupied non-H atoms were refined anisotropically. H atoms were placed in
calculated positions and refined using a riding model, except for the triply disordered thf
and partial water sites. Their H atoms were not included in the final model, but were

included in the density and F(000) calculations.
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The asymmetric units of all the other CTC clathrate crystals contain one formula
unit, with minor solvent disorder. One of the two ethanol methyl groups in 4 is
disordered over two sites with refined occupancy 0.60:0.40. In §, disorder was seen in
the carbonyl C and N atoms of one of the three dma solvent molecules. These two
atoms were modelled over two orientations without restraints, and with refined
occupancies of 0.78:0.22. Finally, one of the five unique dmso sites in 6 was found to
be disordered, over two sites with a refined occupancy ratio of 0.68:0.32. These partial
dmso molecules were modelled without restraints, using a common wholly occupied O
atom. All non-H atoms were refined anisotropically in these structures, except for the
minor solvent disorder sites in § and 6, and C-bound H atoms were placed in calculated
positions and refined using a riding model. The hydroxyl H atoms in all the structures
were located in the Fourier map and refined with a common Uiy, thermal parameter,
subject to the fixed restraint O—H = 0.90(2) A. The highest residual Fourier peak of
+2.6 ¢ A7 in 6 lies within the disordered dmso molecule, and probably indicates a third,
minor disorder site for this residue. There are no noteworthy residual Fourier peaks or

troughs in 4 and 5.

Results and Discussion

Addition of the cyanoalkenes tcne, tcng, 2,3-dichloro-4,5-dicyanobenzoquinone (ddq)
or N,N'-dicyano-2,5-dimethylbenzoquinonediimine (Me,dcnqi) to CTC in organic
solvents yields intense blue, green or orange solutions that indicate the formation of
donor:acceptor complexes. These coloured solutions often bleach over a period of one
or two days, making them difficult to crystallise. This probably reflects hydrolysis of

the cyanoalkene reagents in the undried solvents used (13, 18, 23), since unchanged
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CTC was crystallised from several of the bleached solutions (see below). The
complexes appeared to be most stable in thf, out of the solvents we examined, and slow
diffusion of pentane vapour into those tcne- or tcng-containing solutions reproducibly
yielded large dark blue blocks of formula [CTC],-tcne-6thf (1), or dark green needles of
[CTC],-tcng-4thf (2). Samples of 2 are always contaminated by colourless crystals, from
which it must be separated manually for analysis. This impurity was identified as the thf
solvate CTC-3.5thf-0.5H,0 (3), which is described below. Compound 3 can also be

obtained in pure form by crystallising CTC from thf/Et,0O in the absence of tcnq.

The asymmetric unit of 1 contains two molecules of CTC and two-half
molecules of tcne spanning crystallographic inversion centres (Figure 1). Each molecule
of CTC donates hydrogen bonds to two different tcne molecules and one other molecule
of CTC, and to three thf solvent molecules. These hydrogen bonding interactions
associate the CTC and tcne molecules into a puckered 2D sheet running parallel to the
crystallographic (110) plane, with the CTC molecules being three-connected and the
tcne molecules four-connected (Figure 2). The resultant hydrogen bond topology is
equivalent to MacMahon’s net (24), containing five-membered rings with (53)2545354
connectivity in the short Schlifli notation (25). Two of the six thf molecules occupy the
cavities of the CTC hosts, oriented so that the plane of their five-membered rings lies
roughly co-parallel with one of the CTC phenylene groups (Figure 3). There are no C—
H...O or C—H... 7 contacts between the included thf and CTC significantly shorter than
the sum of the van der Waals radii of those groups, however.

<Insert Figures 1 and 2 here>
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As well as hydrogen-bonding, there are strong 7...7 interactions between the
CTC and different tcne molecules, related by translation along the unit cell x axis
(Figure 3). The tcne forms an exclusion complex with the CTC, and lies between
phenylene groups from two different CTC molecules. This donor:acceptor:donor
sandwich motif is common in crystalline tcne...arene complexes (26). The two unique
z...rinteractions in the crystal have near-identical geometries (Table 3), the interacting
groups being almost coplanar and separated by 3.099(5)-3.109(5) A. These 7...7
interactions link the hydrogen bonded sheets in Figure 2 into a three-dimensional lattice.
The C=C bond lengths in the two tcne molecules in the lattice [1.380(4) and 1.382(4) A]
are at the high end of the range usually observed for donor-acceptor complexes of this
alkene, being close to the values expected for the monoanion [tcne]™™ (13). The
dimensions of the catechyl groups complexed to the tcne are consistent with the
catechol oxidation level, however, indicating that formal CTC—tcne electron transfer
has not taken place (27). Although there may be a 0.01-0.02 A shortening of the C—O
bonds in 1 compared to 3-6, which would be consistent with partial catechylene
oxidation, this is of borderline statistical significance. None-the-less the dimensions of
the tcne molecules, and the short distance between the 7...7 stacked tcne and phenylene
residues (Table 3), are both consistent with a particularly strong donor:acceptor
interaction between tcne and CTC.

<Insert Figure 3 and Table 3 here>

Discussion of the hydrogen bonding in 2 is complicated by disorder in at least
four, and probably five, of the six hydroxyl proton positions in the CTC molecule. Each

disordered hydroxyl group donates hydrogen bonds to two different acceptors in the
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lattice (Figure 4). This disorder is a consequence of the hydrogen bond O(16)—
H(16)...0(16™), which requires that hydroxyl group to be disordered about the
crystallographic two-fold axis (Figure 4). The tcnq molecule again has crystallographic
inversion symmetry. Two of its four cyano groups [N(35) and its symmetry equivalent]
accept one full hydrogen bond, which is however disordered between the two O—H
donors of one catechyl ring (Figure 4). The four N atoms also accept one longer,
partially occupied hydrogen bond each from other neighbouring CTC molecules. These
partial hydrogen bonds link the CTC and tcnq molecules into a three-dimensional
network, although the disorder precludes a detailed discussion of its topology.

<Insert Figure 4 here>

The tcnq acceptor is sandwiched between two CTC catechyl rings in a staggered
arrangement, with each CTC overlying one of the two C=C double bonds in the
molecule (Figure 5). The 7...rinteraction between CTC and tcnq is weaker than in 1,
according to their inter-planar distance which is 0.13-0.14 A longer in 2 than in 1 (Table
3). The internal dimensions of the tcnq molecule, as characterised by the difference
between the benzo C—C [av. 1.452(4) A] and quinoidal C=C [1.387(2) A] bond lengths,
are consistent with a neutral tcnq molecule (28), while the geometry of the complexed
catechyl group is identical to those in 1 within experimental error, and is again
consistent with an un-oxidised catechol derivative (27). Therefore, as in 1, formal
CTC—tcnq electron transfer has not taken place in 2.

<Insert Figure 5 here>

Elemental microanalyses of 1 and 2 imply that both compounds retain most of

their solvent on drying, although partial replacement of the thf solvent by atmospheric
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moisture appears to take place. Their IR spectra show vc=y vibrations typical of
donor:acceptor complexes of tcne and teng, at 2249 and 2220 cm™ (1) and 2219 cm™
(2) (13, 14). An additional weaker peak at 2238 cm™' is also observed for 1, which is not
usually resolved in tcne adducts and may be a consequence of the strong hydrogen
bonding to the tcne residue. The positive ion ES mass spectra of 1 and 2 from thf
solution are essentially identical and contain peaks arising from CTC (as its sodium
complexes) only. The negative ion mass spectrum of 1 under the same conditions does
provide some evidence for association between CTC and tcne under these conditions,
via a moderate intensity mass peak assignable to [(CTC)(tcne)+H]™ (m/z 495.1). The
negative ion spectrum of 2 is dominated by peaks from [tcnq]™ and its hydrolysis
product. The visible charge transfer maximum for 1 in thf (Ay.x 655 nm) is close to the

wavelength expected for a complex between tcne and a 4,5-dialkylcatechol residue (29).

Compound 3 is unique in CTC clathrate chemistry, in not forming a lattice
comprised of essentially planar hydrogen bonded networks (4-7). Rather, the CTC
molecules associate through hydrogen bonding into an S-shaped sheet network
undulating along the unit cell b direction. The hydrogen bond topology within the sheets
is 3°4?, with each CTC node being five-connected. Only two of the four thf sites take
part in this hydrogen bonding, with one of those molecules also being included into the
CTC cavities in a similar manner to that in 1 and 2. The two other solvent sites are
disordered, one of them apparently containing a mixture of water (which hydrogen
bonds to CTC) and thf (which does not). This partial water occupancy has no effect on
the topology of the hydrogen bond network, however. Neighbouring CTC sheets related
by translation along a combine to form rectangular pores running parallel to (001), of

approximate dimensions 15.0 x 7.5 A (Figure 5). The walls of the pores also contain
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additional voids, of around 7.5 x 6.0 A. Opposite sides of the pores are lined by ordered
thf molecules, hydrogen-bonded to the walls of the channels (Figure 6), while the
disordered solvent environments lie at the centre of the channels and in the voids.

<Insert Figure 6 here>

Three other solvates of CTC were also isolated during the course of this work,
from attempts to co-crystallise CTC with cyanoalkene acceptors where the solution
bleached during the crystallisation process. Crystalline CTC-2EtOH (4) is isomorphous
with previously reported CTC-2'PrOH (5), and adopts the same hydrogen-bonding
connectivity. This leads to the bilayered packing motif adopted by most previously
reported CTC clathrate crystals (Figure 7) (4-6) with one of the two unique ethanol
molecules lying sideways in the CTC cavity. There is no direct hydrogen bond between
a CTC model and its included ethanol guest, but the two are linked by two hydrogen
bond pathways involving bridging hydroxyl groups from neighbouring CTC molecules.
Each CTC molecule is six-connected in its hydrogen bond topology if connections
through bridging ethanol molecules are included, forming a 3°4* network within the
bilayer structure. The same overall network connectivity is also exhibited by
CTC-2'PrOH (5) and CTC-dmso (4), although the pattern of hydrogen bonding in the
latter structure is different from in 4.

<Insert Figure 7 here>

Although they are not isomorphous, the clathrate CTC-3dma (dma =
dimethylacetamide; 5) adopts the alternative hydrogen-bonded bis-monolayer structure
type found in CTC-2dmf-2H,O (7). Molecules in the CTC monolayers in 5 are related

by translational symmetry, giving rise to a simple 4* hydrogen bonding connectivity if
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pathways through bridging dma molecules are included. Adjacent monolayers are
related by crystallographic C; axes, leading to bilayers of CTC molecules encapsulating
sheets of dma solvent (Figure 7). The solvent molecules within these sheets are
crystallographically ordered, being held in place by hydrogen bonds to the CTC walls.
One of the two unique dma environments in the solvent sheets protrudes into the CTC
cavity (related by —%2+x, ¥2—y, —/2+z). One N-methyl group of the included dma
molecule is directed towards the centre of the base of the CTC host, and is in van der
Waals contact with the bases of two of its phenylene groups. There are again no short

C—-H...O or C—H... 7 contacts between the guest molecule and the CTC, however.

Finally, CTC-5dmso (dmso = dimethylsulfoxide; 6) is a pseudopolymorph of the
previously published 1:1 CTC-dmso solvate (4). Its CTC molecules associate into
chains parallel to the unit cell a axis, through a pattern of hydrogen bonds that is also
present in the monolayers in 5. However, rather than associating further into two
dimensions, the chains in 6 are well separated from each other by additional hydrogen
bonded dmso molecules. The lattice in 6 contains sheets of dmso molecules that are
encapsulated by layers of CTC, formed by translation of the CTC chains along ¢ (Figure
7). One of the dmso molecules is included into the CTC cavities, as before. This

arrangement again has clear similarities to that found in 5 (Figure 7).

Conclusion

Compounds 1 and 2 are noteworthy for several reasons. They are the first

crystallographically characterised complexes of an organic cavitand host with a
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cyanoalkene electron acceptor (/6-19). Notably the solid state structures of 1 and 2 are
consistent with a previous study of a resorcinarene:tcne adduct, which was proposed to
be an exclusion complex on the basis of a semi-empirical calculation (/7). In addition, 1
and 2 represent the first structure determinations of tcne or tcnq complexes of a
catechol, and of tcne with any phenol derivative (29-31); a small number of tcng/phenol
co-crystals are known (32). Finally, they are rare examples of the neutral tcne (33) and
tenq (34) molecules (as opposed to their radical anions) acting as classical hydrogen-
bond acceptors; 1 is the first such material where tcne accepts more than two hydrogen
bonds. The IR and UV/vis spectra of 1 and 2 resemble those of tcne and tcnq complexes
with catechol itself (29, 30) and other poly-hydroxybenzenes (37). These imply a
significant degree of charge transfer between the arene donor and tcne acceptor,

although not to the extent of formal ionisation of these groups.

The formula of 5 is consistent with a previous spectroscopic determination of the
stoichiometry of CTC clathrates, which predicted a 1:3 stoichiometry for the CTC:dma
adduct as observed in this work (5). The literature structures of CTC-2'PrOH (5) and
CTC-2acetone (6) also agree with their stoichiometries from the same study, while it
may also be relevant that the stoichiometry predicted for the CTC:dmso complex (1:3)
is the average of the stoichiometry of 6 (1:5) and the previously published 1:1
CTC-dmso solvate (4). Our isolation of 4 contrasts with the results in ref. (5), however,
which reported no association between ethanol and CTC in the crystal, while ref. (5) did

not analyse the CTC/thf solvate.
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Finally, it is striking that every compound in this work, and nearly all the CTC-
containing structures in the literature (4-8), contain solvent molecules included in the
host cavity (Figure 8). That contrasts with CTV derivatives, which tend to self-associate
in the crystal through a “handshake” motif, involving in-cavity 7... 7 interactions
between neighbouring CTV molecules that preclude the inclusion of exogenous guests
(2, 7, 35, 36). Of the solvents known to be bound by CTC, only dmf appears to include
within the cavities of CTV derivatives with any regularity (36, 37). In contrast, while
there are >150 organic or metal-organic CTV derivatives on the Cambridge
Crystallographic Database (38), only one of these (a cryptophane cage) has included thf
(39), two (also cage structures) contain included dmso (/0), and one (a metallated
derivative) has included acetone (40). Notably there are no direct hydrogen bonds
between a CTC molecule and its included solvent in any of its clathrate structures, and
the guest molecule is only bound inside the cavity by weak C—H...r, van der Waals
and/or hydrophobic interactions. Therefore, the increased affinity for guest inclusion by
CTC is probably a function of its preferred modes of self-association in the solid state

through hydrogen bonding, which leave the cavity unobstructed for guest binding.

<Insert Figure 8 here>

Supplementary Material Available

Crystallographic data for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre, as supplementary publications no. CCDC
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Table 1. Experimental details for the crystal structures in this work.

Supramolecular Chemistry

[CTC],-tecne-6thf  [CTC],-teng-4thf  CTC-3.5thf-0.5H,O  CTC-2EtOH CTC-3dma CTC-5dmso

@ 2 3 ) ©) (6)
Formula C7HgaN4Oy5 C70H72N4O16 C35H47010 CysH3003 C33H45N309 C31Hss011S5
fw 1293.43 1225.32 627.73 458.49 627.72 756.99
Crystal system Triclinic Monoclinic Monoclinic Triclinic Monoclinic Triclinic
Space group Pl C2/Lc P2/c Pl P2i/n Pl
a (A) 8.4993(8) 36.991(4) 17.0327(18) 9.7892(13) 10.6929(11) 10.7307(15)
b (A) 19.5382(18) 8.4427(7) 17.7830(19) 9.8054(12) 29.946(3) 13.8053(19)
c(A) 20.2820(19) 21.661(3) 11.0070(10) 13.4571(17) 10.8181(11) 13.9949(18)
a(®) 90.463(4) - - 95.622(6) - 73.045(6)
£(°) 92.464(5) 118.233(7) 91.371(4) 93.690(7) 103.744(4) 75.117(6)
7(°) 95.706(4) - - 106.325(7) - 81.243(6)
V(A% 3348.0(5) 5960.0(12) 3333.0(6) 1227.9(3) 3364.9(6) 1909.9(4)
Pealc (g cm™) 1.283 1.366 1.251 1.240 1.239 1.316
Z 2 4 4 2 4 2
T (K) 150(2) 150(2) 150(2) 150(2) 150(2) 150(2)
1 Mo-K, (mm™) 0.092 0.097 0.091 0.092 0.090 0.356
No. of reflections 105133 89496 37625 44830 45901 80977
Unique reflections 17469 8914 8021 7225 8582 11108
Rint 0.069 0.067 0.066 0.073 0.141 0.056
Parameters / restraints 884 /12 452 /28 444/ 50 333/8 440/ 6 463 /6
R (I>20()) 0.073 0.067 0.081 0.047 0.060 0.051
wR; (all data) 0.207 0.188 0.270 0.134 0.183 0.138
GOF 1.052 1.050 1.025 1.061 1.041 1.036
Largest Fourier peak / hole  1.18 /—0.72 1.16 /—0.55 0.73/-0.33 0.32/-0.37 0.40/ —0.38 2.56/-0.87

(e A7)
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Table 2. Definitions of the symmetry codes in the discussions of the crystal structures in

this work.

(i) 2-x, -y, 1-z
(i)  —x, 1=y, —z
(i)  —x, 1-y, 1z
(iv)  24x, 1+y, 2
(V) —2-x, 2-y, -z
(vi)  2+4x,—1+y, 2
(vil)  1+x,y,2
(viii) 1-x, -y, 1-z

(ix)
(x)
(x1)
(xi1)
(xiii)
(xiv)
(xv)

(xvi)

Va—x, "y, 1
Va—x, —Va+y, Vo7
X, 2=y, Va+z

-X, y, Y2-z

1a—x, Va+y, Vo7
X, 3=y, Va+z

x, 1+y, z

Vo—x, -y, 1
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Table 3. Metric parameters for the CTC...cyanoalkene 7 - interactions in 1 and 2 (A,
°). See Table 2 for the definitions of the symmetry codes, and Figures 3 and 5 for the
atom numbering schemes employed in these structures.

©CoO~NOUTA,WNPE

Dihedral  Interplanar Horizontal
angle spacing offset

1 [CTC],-tcne-6thf (1) ‘ |
13 [C(1'D)-C(6')]...[C(28)-N(32), C(28)-N(32)]  221(6)  3.109(5 021
14 [C(33")-C(38")]...[C(60)-N(64), C(60")-N(64)] 1.85(6)  3.099(5)  0.16

16 [CTC],-teng-4thf (2) . .
[C(1M)-C(6™)]...[C(28)-N(35), C(28™)-N(35™)]  4.30(11)  3.238(14)  0.79*

20 *Offset from the centre of the tcnq quinoidal C=C double bond, C(29)—-C(31) (Figure 5).
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N(30")
0(26') H
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|‘!(58v) o(7oV)

13 His')

\ 0(90)

Q*N(so) @
1 } Ll
1 }
.

H(3§“)
H(48Y)
24 H(26)

Figure 1. View of the asymmetric unit of 1, showing the hydrogen bonding interactions
in the crystal. For clarity the C-bound H atoms have been omitted, and only the atoms
29 involved in hydrogen bonding have been labelled. Displacement ellipsoids are at the 50
30 % probability level. See Table 2 for the definitions of the symmetry codes. The same
31 atom numbering scheme for the CTC molecule on the left is also used in the other

32 clathrate structures.
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Figure 2. View of the puckered 2D network formed by the hydrogen bonds in 1. The
view is perpendicular to the (120) crystal plane. Displacement ellipsoids are at the 50 %
probability level, and all C-bound H atoms have been omitted for clarity. Colour code:
C (CTC and tcne), white; C (thf), dark grey; H, pale grey; O, red.
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[
®

\ c(svii)

Figure 3. View of one of the two unique charge transfer interactions between CTC and
46 tene in 1. For clarity the C-bound H atoms have been omitted, and only the atoms

47 involved in the 7...7interactions have been labelled. Displacement ellipsoids are at the
48 50 % probability level. See Table 2 for the definitions of the symmetry codes.
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2 036" o(16')

H(163‘2 \ H(25A)

NG

0(41B%)

.:C::

N(33%)
L4
(4
X4
H(7QBXiV)
HAX) H(EB™)
Figure 4. View of the asymmetric unit of 2, showing the hydrogen bonding interactions
in the crystal. Only the major orientation of the disordered thf molecule is shown, but
both disorder sites for the hydroxyl protons are given and the disordered hydrogen
bonds are shown with a paler colouration. See Table 2 for the definitions of the
symmetry codes. Other details as for Figure 1.
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43 Figure 5. View of the charge transfer interaction between CTC and tcnq in 2. Details as
44 for Figures 3 and 4.
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Figure 6. Partial packing diagram of 3, showing the pores in the lattice. Only the
crystallographically ordered thf molecules are shown. The view is perpendicular to the
(001) crystal plane. Displacement ellipsoids are at the 50 % probability level, and all C-
bound H atoms have been omitted for clarity. One hydrogen-bonded sheet in the
structure is highlighted in green. Colour code for the other atoms: C (CTC), white; C
(thf), dark grey; H, pale grey; O, red.
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Figure 7. Partial packing diagrams of the clathrates 4-6. Top: the hydrogen-bonded
bilayer network in 4. Centre: the bis-monolayer motif in 5. Bottom: the chains of CTC
46 molecules in 6, looking down the direction of the chains. Displacement ellipsoids are at
47 the 50 % probability level, and all C-bound H atoms have been omitted for clarity.

48 Colour code: C (CTC), white; C (solvent), dark grey; H, pale grey; N, blue; O, red; S,
49 pink.
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Figure 8. Views of the included solvent molecules in the CTC clathrates in this work,
from top to bottom: thf in 3; EtOH in 4; dma in 5; and, dmso in 6. Displacement
ellipsoids for the CTC moieties are at the 50 % probability level. Colour code: C, white;
H, pale grey; N, blue; O, red; S, purple.
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