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Crystalline inclusion complexes, designated as clathfades,
usually composed of both host and guest species, and their
supramolecular design has been extensively investigatea.
the other hand, there have been few structural studies of three- b
component clathrates. In the context of hegtiest-guest
clathrate chemistry, two guest compounds of similar molecular
shape and size may be incorporated with random distribution in
the host cavity to form a ternary clathrate. The X-ray crystal- expected to result in the formation of different clathrate structures.
lographic characterization of such three-component crystalline Host 1, however, forms the isostructural clathrate crystals with
complexes has attracted little attention, because selective inclusionhe isomeric guests-PrOH and-PrOH$ It should be noted here
has been much more of a central problem than random incorpora-that the host lattice ol changes its structure according to the
tion. We now describe for the first time novel inclusion and guest Compounds and cannot persist ina guest_free7sTdmes
guest-exchange behavior in the formation of ternary clathrate host1 resembles neither an inorganic host such as zeolite nor an
crystals? ) i organic host such as urea.

The host compound 2,5-bis(9-hydroxyfluoren-9-yl)thieno[2,3-  Crystallographically, there are two nonequivalent guest mol-
bjthiophene )* formed a channel-type inclusion cavity on ecules at site and siteb in the channel along theaxis (Figure
recrystallization frorm-PrOH andi-PrOH to give the clathrates  1)& Each of the hydroxyl groups of the host molecule is linked
(1)(n-PrOH), and @)(i-PrOHY, respectively, with a 1:2 stoichio-  to a guest molecule by hydrogen bonding. A pair of (host)(guest)
metric ratio. units dimerizes in a face-to-face manner through hydrogen
bonding into a centrosymmetric (hogguest) unit, forming a
cyclic (—OH), array of hydrogen bonds.

Figure 1. Perspective view of the channel along theaxis in 1 (n-
PrOH).
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Figure 2. View of the two independent guest molecules showing their
relationship linked by hydrogen bonding (indicated by dotted lines). The
guest molecules are also hydrogen-bonded with the host hydroxyl groups
(omitted in the figure) to form an & O four-centered circle made up of
two guest and two host molecules. Al distances are within 2.80

A: (@) ()(n-PrOHY, (b) (1)(N-PrOH) 4(i-PrOHYs (c) (1)(n-PrOH)-
(i-PrOH), (d) @)(n-PrOHY 4(i-PrOH) ¢ and (e) L)(i-PrOH).
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It is reasonable to assume that the host shows no guest-
selectivity betweem-PrOH andi-PrOH, becauselj(n-PrOH),
and @)(i-PrOH), are isostructural. In fact, guest competition
experiments using a mixed solvent ofPrOH andi-PrOH
revealed thal cocrystallizes with two guest alcohols in the same
ratio as that of the solution to give three-component clathrates
(1)(n-PrOH)(i-PrOH)_ in all fractions & = 0—2) of the guests
component. Therefore one may assume that both guest compo-
nents are distributed randomly among siesndb like a solid-
solution in the channel. However, this is not the case, as seen in.
the X-ray crystal structures oL)(n-PrOH) 4(i-PrOH) ¢ and ()-
(n-PrOHY 4(i-PrOH) s (Figure 2b,df In (1)(n-PrOH) 4(i-
PrOH) ¢ sitea is occupied by the major component, in this case
n-PrOH, and sitd is shared with two guests. Fdk)(n-PrOH), 4
(i-PrOH).¢, the distribution is completely opposite to that of
(1)(n-PrOH), (i-PrOH) ¢ site b is occupied exclusively by the
major guest-PrOH, while siteb is occupied randomly by two
compounds. Consequently, in the 1:1:1 ternary complgfn{
PrOH)(-PrOH)8 obtained by recrystallization df from the 1:1
mixture of n-PrOH andi-PrOH, each guest molecule lies at its
most favorable site (Figure 2c).

The majority of the guests in the solution have a priority for
location at their most favorable site, leaving the other site open
for random distribution. Nevertheless, the guests ratio of the
solution is realized through sitesandb. This unique inclusion
phenomenon is associated with the occurrence of multiple
inclusion sites which are slightly different in the void cavity for
discrimination by two isomeric alcohols.

When inclusion complexij(n-PrOH), was exposed toPrOH
vapor, n-PrOH was gradually replaced withPrOH, forming
three-component clathrates. The increase-BfOH and the
decrease oh-PrOH were followed by NMR integrations of the
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Figure 3. Time course of guest exchange via gaslid contact resulting
in conversion from I)(n-PrOH), to (1)(n-PrOH)({-PrOH): fraction of
n-PrOH @); fraction of i-PrOH Q).

upon exposure of clathraté)(i-PrOH), to gaseous-PrOH, the
exchange does not exceed 50%, again forming the 1:1:1 clathrate,
(1)(n-PrOH)(-PrOH).

The differing inclusion behavior in recrystallization and gas
solid contact indicates that the guest exchange in—gakd
contact does not result from condensation of the guests on the
solid surface, followed by recrystallization of the surface and
concomitant enclathration and reorganizafibrThe displacement
in the channel could be induced by continuous removal of the
internal guest molecules and insertion of the external guest
molecule. The gaseous external guest expels the same guest
species that is located in an uncomfortable site but cannot extrude
the counterpart that is already embedded at its comfortable site.

In summary, ternary clathrates represented138+PrOH)-
(i-PrOH)—, show novel phenomena in cocrystallization and guest
exchange behavior, which are not shown in two-component
clathrates. Further investigation on random inclusion may well
reveal that these phenomena are universal and fundamental,
leading to a better understanding of the sorptive mechanism and
selectivity of clathrate formation.
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dissolved samples at appropriate intervals. The most surprising
finding was that the exchange almost stopped at 50% to form
the 1:1:1 ternary clathrate (Figure 3). Further exchange above
50% was quite slow. Thus, onc&)(n-PrOH){-PrOH) has been
formed, no change in the host-to-guest ratio occurs even after 20,
days!® Similar behavior has also been observed 1fi{PrOH);

(9) At sitea the guesh-PrOH molecule adoptsteansconformation, while
at siteb the molecule is in @aucheconformation and exhibits larger thermal
motion than the molecule at si¢e Thus, sitea is considered to be a restricted
and closely packed environment fiefPrOH. On the other hand, thePrOH
molecule exhibits less thermal motion at sitewhich is considered to be
preferred over sita for thei-PrOH molecule.

(10) For a single crystal oflj(n-PrOH), about 0.5x 0.3 x 0.3 mm in
size, the complete displacement to form the 1:1:1 clathrate has been
accomphshed in 1 month at room temperature during which the crystal
appeared not to collapse or to become opaque, reminiscent of a single-crystal-
to-single-crystal transformation. Unfortunately, despite our intensive efforts,
the quality of crystals produced by the guest exchange was inadequate to permit
a single-crystal X-ray diffraction study. However, the X-ray powder diffraction
measurements and solid-state CP MAS NMR spectra indicated that the host
lattice of (1)(n-PrOH), is retained throughout the guest exchange process.
(11) For rearrangement of the crystal lattice induced by guest exchange
via gas-solid contact, see: (a) Shibakami, M.; Tamura, M.; SekiyaJA.
Am. Chem. S0d 995 117, 4499. (b) Abrahams, B. F.; Hardie, M. J.; Hoskins,
B. F.; Robson, R.; Williams, G. Al. Am. Chem. S0d 992 114, 10641. (c)
Hayashi, N.; Mazaki, Y.; Kobayashi, KAdv. Mater. 1994 6, 654.



