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Metric Engineering of Crystalline Inclusion
Compounds by Structural Mimicry**

K. Travis Holman and Michael D. Ward*

Considerable effort has been devoted to crystal engineer-
ing—the skillful contrivance of crystal architecture—of host
frameworks capable of guest inclusion.l!l The molecular-scale
cavities of inclusion hosts can potentially serve as miniatur-
ized reaction chambers,? catalytic environments,®! and stor-
age compartments¥! in a manner that resemblest™ more well
established zeolites. Though interpenetration® and the un-
predictability of molecular assembly complicate the design of
low-density host frameworks, strategies that rely on modular
design—using robust supramolecular building blocks—
promise improved control of solid-state structure. However,
modular strategies also require elucidation of the intermo-
lecular forces and molecular recognition factors that govern
host—guest organization, so that crystal architecture and
specific metric parameters can be reliably predicted and
ultimately controlled. We herein report a rare example of
crystal engineering in which the host —guest organization and
specific structural features of a series of new inclusion
compounds can be anticipated from the known crystal
structures of the pure guests.

Recent efforts in our laboratory have produced a family of
lamellar inclusion compounds based upon a persistent two-
dimensional quasihexagonal hydrogen-bonding sheet com-
prising guanidinium cations (G) and the sulfonate (S)
moieties of organodisulfonate anions,®! the latter serving as
“pillars” that connect opposing GS sheets to create porous
galleries, occupied by guest molecules, between the sheets
(Figure 1). The use of different pillars—for example, 1,4-
butanedisulfonate, 1,5-naphthalenedisulfonate, 2,6-naphtha-
lenedisulfonate (NDS), 4,4’-biphenyldisulfonate (BPDS),
azobenzene-4,4'-disulfonate, or 2 6-anthracenedisulfonate
(ADS; Scheme 1)Pl—permits adjustment of pore size and
character.'!’ Two compositionally equivalent architectural
isomers, a discrete bilayer and a continuous “brick”, can be
generated, with the more open, lower density brick architec-
ture templated by larger guest molecules.['%> 1]

The GS inclusion frameworks possess an intrinsic “soft-
ness” associated with conformational and turnstilelike rota-
tional freedom of the pillars, as well as accordionlike
puckering of the GS sheets about an axis defined by hydrogen
bonds that join 1D N—H---O hydrogen-bonded ribbons.
These features enable the GS host framework to “shrink-
wrap” about a variety of differently sized guest molecules so
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Figure 1. a) The quasihexagonal 2D hydrogen-bonded GS sheet consisting
of connected 1D ribbons (boxed) that can pucker by angle ;. b) Pillared
discrete bilayer. c) Pillared continuous “brick” architecture.
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Scheme 1. Pillars of 2,6-naphthalenedisulfonate (NDS), 4,4'-biphenyldi-
sulfonate (BPDS), and 2,6-anthracenedisulfonate (ADS) with the corre-
sponding S—S distances / (8.5, 10.6, and 10.8 A for NDS, BPDS, and ADS,
respectively).

that dense packing, which provides the cohesive energy
required for crystallization, can be achieved.

The range of repeat distances within each GS ribbon for the
GS host frameworks and their related guanidinium organo-
monosulfonates is rather narrow (7.5 +0.2 A), reflecting the
stiffness of these ribbons. However, the repeat distance
normal to the ribbon direction varies with the interribbon
puckering angle (6;z),"? and ranges from 7.6 A for highly
puckered sheets (e.g. 6;g =81° for G,(BPDS)-1,4-dibromo-
benzene)!'* to 13.0 A for perfectly flat sheets (e.g. 6y = 180°
for [G][triflate] ).l Interestingly, the dimensions of the 2D
herringbone motifs observed in some crystalline aromatic
hydrocarbons—such as naphthalene, biphenyl, and anthra-
cene (Figure 2a—c)¥l—are within the range of lattice param-
eters that can be achieved by the flexible GS sheet. This
prompted us to examine GS inclusion compounds in which
the organic portion of the pillar and the guest were identical
so that pillar—guest ensembles, mimicking the herringbone
motif of the crystalline guests alone, would form within the
galleries. Simple steric and geometric considerations dictate
that such a herringbone motif is not sterically possible in the
bilayer GS framework. Consequently, this structural mimicry
would require the host framework to adopt the more open
brick architecture (Figure 2d).
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Figure 2. The 2D herringbone motif in a) naphthalene, b) biphenyl, and
c) anthracene as viewed normal to the ab plane. d) Anticipated herring-
bone pillar—guest packing in the brick framework, as viewed normal to a
GS sheet, with a 1:3 stoichiometry of pillar (black) to guest (gray). The
pillars projecting below the sheet are depicted as open circles. The
correspondence between the GS structure and that of the pure guest
crystals is depicted by the dashed rectangles, which represent two unit cells
of the herringbone-packed guests.

Compounds G,(NDS) -3 naphthalene (1), G,(BPDS)-3bi-
phenyl (2), and G,(ADS)-3anthracene (3) precipitate as
single crystals when saturated methanolic solutions of the host
components are treated with saturated solutions of the guests.
The composition of each compound was confirmed by
'TH NMR spectroscopy, thermogravimetric analysis

(TGA),') and single-crystal X-ray diffraction.'” These com-
pounds are essentially isostructural, the host frameworks
adopting the continuous brick architecture with the guests and
their isostructural pillars packing between the GS sheets in a
manner nearly identical to that observed in the crystal

al

structures of the respective pure guests (Figure 3a). As
expected, the organodisulfonate pillars effectively replace
every fourth molecule in the herringbone motif of the pure
guests to afford a pillar:guest stoichiometry of 1:3.

The herringbone pillar—guest ensembles in 1-3 can be
described by the in-plane lattice dimensions of the pillar—
guest ensembles, defined by two lattice constants: b, coincid-
ing with the relatively stiff GS ribbons, and b,, the repeat
distance normal to the ribbons, which through puckering can
conform to optimize the pillar—guest packing so that b,~
2bg, where bg is the b axis of the pure guest structure (b; =a
and b,=c for 1 and 2; by=a and b,=b for 3). The
herringbone motif can also be described by the average
dihedral angles ¢ between the mean planes of the arenes.
Though the stiffness of the GS ribbons along the ribbon
direction prevents b, from conforming exactly with ag of the
corresponding pure guests, the 7.54+0.2 A repeat distance
along the GS ribbon is within 8% of ag, with 3 having the
largest mismatch. However, the values of b,, the variable
puckering lattice parameter, are nearly identical to 2 b of the
respective guests (Table 1). The pillar—guest ensemble in
each inclusion compound exhibits more than one value of ¢,
but the average of these values is nearly identical to the
arene —arene dihedral angle in the respective pure guests.]
This reflects the ability of the pillars to rotate about their long
axes, which is crucial to achieving the herringbone motif.

All the unit cell angles in 1-3 are equal to, or very near, 90°.
The angle subtended by b, and b, in 1 and 2 (§ in the
monoclinic cell) deviates slightly from 90° (8=91.61° and
90.46°, respectively) because of a small misregistry, along the
ribbon direction, between adjacent hydrogen-bonded ribbons.
In contrast, the angle subtended by b, and b, in 3 (y for this
compound) is exactly 90°. We note that the brick framework
enforces a near-orthorhombic structure in which the long axes
of the pillars are normal, or nearly so, to the GS sheets.

The value of Oy, reflecting the degree of host puckering
required to achieve the value of b, necessary for herringbone
packing, can be predicted by Equation (1), which only
requires bg (the 6.5 A term in the denominator corresponds

Figure 3. a) Herringbone pillar—guest packing in the ab plane of 1. The G ions and sulfonate oxygen atoms have been removed for clarity. Sulfur atoms are
yellow. b) —d) The crystal structures of 1,2, and 3 as viewed along the a axis. The observed interribbon puckering angles 6 are provided below each structure.
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Table 1. Comparison of the structural parameters of GS inclusion compounds and pure guest structures.

Compound by ops and ag [A] by.ons and 2bg [A] Orrobs [°] O carca [°] Ls [A] Legiea [A] N
1 b, =17.64 b,=11.82 133 22.04 22.2 54
naphthalene ay=8.17 2by=11.92 52
2 b, =17.66 b,=11.49 120 26.31 27.7 62
biphenyl ag=28.12 2bg=11.28 67
3 b, =17.56 b,=11.96 135 26.85 26.6 51
anthracene a, =847 2b,=12.00 51
Ok catea = 25i01 (b6/6.5 A) @ 0.29, respectively.l'¥! The guests, in fact, occupy more volume

to one-half of the in-plane 13.0 A repeat distance normal to
the ribbons in a flat GS sheet). With the b lattice parameters
of the pure naphthalene, biphenyl, and anthracene guests,
Equation (1) affords 6y ., values of 133°, 120°, and 135°,
which compare favorably to O ., values measured from the
crystal structures of 1-3 (Table 1).

The lattice constant normal to the GS sheets (L, given in
A), which defines two lamellae, can be calculated with
Equation (2), using 0 q and I, the S—S distance of the
organodisulfonate pillar measured from known compounds
(see Scheme 1). The bilamellar spacings for 1-3, calculated
with Equation (2), agree to within 1% of the observed values
(Leoys) for 1 and 3, and to within 6 % for 2 (Table 1).

Leaea=2bg/tan (O carca/2) +21 (2)

The agreement of b, and ¢ with the corresponding values in
the pure guest structure, and of 0y ., and L, with calculated
values based on the pure guest lattice constant bg, strongly
argues that the major driving force for pillar—guest organ-
ization in the inclusion compounds is the achievement of an
innate herringbone motif that mimics molecular organization
in the pure guests. The intermolecular forces amongst the
guest molecules and their isostructural pillars are sufficient to
cause puckering, to a predictable extent, of the soft hydrogen-
bonded GS sheets so that the herringbone motif is achieved.

Recently, it was suggested that a 2D pyrene guest network,
interpenetrated with a 2D transition metal coordination
network, exhibited edge-to-face interactions between the
pyrene molecules in a manner reminiscent of molecular
packing in many aromatic compounds.l'”] The brick inclusion
compounds described here, as well others reported previously
by our laboratory,['*! also can be described as interpenetrated
2D networks. However, compounds 1-3 are distinct—the
existence of isostructural framework components, in this case
freely rotating pillars, allows the ensemble of pillars and
guests to mimic, almost exactly, the molecular packing in the
crystal structures of the guests alone.

The ability to tune the guest environment in inclusion
cavities of the GS frameworks suggests that crystallization-
based separations can be developed in which guest inclusion
selectivity is governed by carefully designed host frameworks
that permit molecular organization mimicking innate packing
motifs, such as the herringbone structures described above.
We note the extremely low density of the host frameworks in
these clathrates. Indeed, the packing fractions of 1, 2, and 3 in
the absence of the guests (framework only) are 0.31, 0.29, and
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than the host frameworks, with packing fractions of 0.38, 0.39,
and 0.43. The corresponding guest mass fractions are 48.6,
51.7, and 54.0 %, illustrating that high separation efficiencies
are feasible with protocols based on these inclusion frame-
works.
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The Eight Stereoisomers of LNA (Locked
Nucleic Acid): A Remarkable Family of Strong
RNA Binding Molecules**

Vivek K. Rajwanshi, Anders E. Hakansson, Mads
D. Sgrensen, Stefan Pitsch, Sanjay K. Singh,
Ravindra Kumar, Poul Nielsen, and Jesper Wengel*

For more than a decade, chemists have searched the
chemical space in order to obtain nucleic acid analogues with
certain desirable properties, such as increased stability
towards nucleolytic degradation and increased binding affin-
ity (and specificity) towards complementary natural nucleic
acid targets.l'l A strong impetus for this research has been, and
continues to be, the therapeutic promises of the antisense
strategy.’) Unprecedented thermal affinities of duplexes
involving the nucleic acid analogue “LNA” (Locked Nucleic
Acid, T, (-p-ribo isomer, Figure 1) have recently been
reported by ust4 and others.’] The furanose ring of LNA,
being part of a dioxabicyclo[2.2.1]heptane skeleton, is effi-
ciently locked in a C-3"-endo (N-type) conformation and we
have initiated a program which focuses on the synthesis and
properties of the likewise conformationally locked configura-
tional isomers of LNA. Recently we have published the
syntheses of the two first diastereoisomeric forms of LNA,
namely “xylo-LNA” (xT, f-D-xylo isomer) and “a-L-LNA”
(“*TY, a-L-ribo isomer, Figure 1).[57]

In this report, the RNA binding of all eight possible
stereoisomers of LNA is evaluated. Synthesis of “a-L-xylo-
LNA” (“xT"%, a-L-xylo isomer,”! Figure 1) has been accom-
plished and the remaining four stereoisomers (Figure 1), all
enantiomers of the four synthesized diastereoisomers, are
indirectly evaluated by hybridization studies of the four
synthesized stereoisomers towards enantiomeric RNA targets
(ent-RNA, also known as L-RNA or mirror-image RNA).I¥l

In Table 1 the results from hybridization studies towards
RNA complements for homo-thymine derivatives are shown.
Whereas the remarkable binding affinities of fully modified!”!
LNA, a-L-LNA, and xylo-LNA have been reported ear-
lier,>®] it can be seen that fully modified a-L-xylo-LNA
[5'-(“LxTY),T] is unable to hybridize towards both RNA and
ent-RNA.") The reason for this is presently unclear but the
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