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Reaction of 2,7-di-tert-butyl-9,9-dimethyl-4,5-xanthenedicarboxylic acid (1), a Rebek cleft, with 1,2-trans-bis(2-pyridyl)ethylene (2) yields a three-
component organic assembly, 2(1)-2 (3), of nanoscale dimensions that is held together by 10 cooperative O—H---N, O-H---O, and C-H:--O
hydrogen bonds. The cleft adopts a planar conformation, by forming an intramolecular O—H---O hydrogen bond, which enables the host to
recognize the guest in a coplanar orientation that facilitates the cooperativity displayed by the multiple forces.

Understanding how organic structures fit together continues exhibit multiple functions (e.g., viruse3})t is clear that an

to be the central paradigm of molecular recognitidn.this ability of chemists to reliably mimic such chemical behavior
context, molecular assemblies that feature molecules thatwill rely upon development of a proper understanding of
interact at the nanoscal@nd beyond,represent intriguing  those less understood forces, and related structure phenom-
synthetic targets which require the exploitation of forces ena® which dictate the formation of nanoscale molecular
responsible for recognition processes between organic mol-assemblies of organized biological systems.

ecules (e.g., hydrogen bonding) as part of the design One such phenomenon is hydrogen bond cooperafivity.
strategy* Although Nature readily utilizes such forces for Largely responsible for controlling folding and crystallization
the hierarchal design of complex chemical systems that of nucleotides (e.g., DNA)and proteins (e.g., collagérgnd
structures of complexes based on such components (e.g., viral
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operate by exploiting an ability of hydrogen bonds located conformation, recognize® in a coplanar orientatiotf.

in close proximity to reinforce each other and, in doing so,

Recognition betweeh and2 involves a structural modifica-

stabilize secondary and tertiary structures of biomoleculestion of an established two-component supramolecular syn-

and related assembli&sMoreover, since formation of any

thon!” giving rise to 10 cooperative hydrogen bonds,

one such stabilizing interaction depends, to a large extent,involving a combination of ©H:--N, O—H---O, and

on whether nearest-neighbor bonds have fortieid,is
difficult to delineate contributions of individual cooperative

C—H---O forces!® between constituent molecules. In addition
to providing the first example of an organic molecular

interactions to a final structure, which, consequently, has assembly based oh in the solid state, such observations

made it difficult to utilize such forces for the design of large
synthetic system%.0wing to their ability to facilitate multi-
point interactiong,and enhance molecular associatiadhe
ability to exploit cooperative hydrogen bonds for the rational

provide insight into recognition processes involving hydrogen
bond cooperativity, where understanding the structure
behaviors of such forces for the design of large molecular
assemblies is of much interést.

design of large molecular assemblies is an attractive prospect. Addition of 1 (0.042 g) to acetone (0.5 mL) and ethanol
With this in mind, we have embarked upon a program of (1.0 mL) in the presence & (0.009 g) yielded, upon slow

study that focuses upon designing organic assemblies in thecooling, colorless crystals & suitable for X-ray analysis.

solid state that organize, by way of hydrogen bonds, reactive The formulation of3 was confirmed byH NMR spectros-

sites, in the form of olefins, in positions for [ 2]

photoreactiort? A key feature of this approach lies in
identifying bifunctional molecules that function as linear
templates? by forming hydrogen bonds with substituents

copy and single-crystal X-ray diffractiof.

An ORTEP perspective, as well as space-filling models,
of 3 is shown in Figure 2. The components 8fhave
assembled in the solid state such that they form a discrete

attached to olefins, such that the template, which adopts anthree-component assembly, of dimension$4 x 24 A,
approximate orthogonal orientation with respect to the which sits around a crystallographic center of inversion, held

reactantd? preorganize’$ two reactive sites in a solid for
reaction. During studies aimed at elucidating the ability of
2,7-ditert-butyl-9,9-dimethyl-4,5-xanthenedicarboxylic acid
1 (Figure 1), a Rebek cletf to serve as a hydrogen bond
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Figure 1.

donor template, we have discovered the ability Iofo

undergo a conformational reorganization, in the presence of

together, in part, by two intermolecular-®---N hydrogen
bonds [O-*N separation (A): O(2)-N(1) 2.657(3)E° In this
arrangement, the hydrogen bond functionality 1ofin a
similar way to freel, which assembles in the solid state to
form a dimer held together by four intermolecular-8---O
forces?! is directed toward the center of the complex such
that thetert-butyl groups ofl lie along the periphery of the
assembly. In contrast to freB?' however, both carboxyl
groups of3 lie approximately coplanar with the xanthene
scaffold, as illustrated by twist angles of 11ahd 9.2 made

by carboxyl atoms C(1), O(1), O(2) and C(15), O(4), O(5)
with respect to the aromatic plane, respectivélguch that
the carboxyl group involving C(15) participates in a bifur-
cated intramolecular ©H---O hydrogen bond with the inner
wall of the host [0--O separations (A): O(4>0(2)
2.681(3), O(4)-0O(3) 2.661(3)F® Notably, such intra-
molecular bonding has been recently shown, using NMR
spectroscopy, to position amide functionality in solution, in
an orthogonal orientation, to facilitate aromatic stacking
between a receptor based band aromatic guests for control

(16) Coplanar recognition forms the geometric basis for base-pairing in

a suitable guest, such that the diacid forms a discrete ternaryDNA (see ref 10).
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Figure 2. X-ray crystal structure of the three-component assembly
3: (a) ORTEP perspective and (b) space-filling model displaying

solids by participating in a primary-©H---N interaction and
a secondary €H---0 force®involving ano-hydrogen atom
of the pyridyl group, such that the pyridyl moiety adopts an
approximate coplanar orientation, in the form of a two-
component supramolecular synthfowjth the acid function-
ality. For2, such a synthon may, in principle, involve either
the a-hydrogen atom of the pyridyl groupor a hydrogen
atom of the ethylene moiety (Figure 3). In3, 1 interacts
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Figure 3.

with 2 such that a carboxyl group of each cleft, in addition
to an O-H---N interaction, forms a €H-:-O hydrogen bond
[C:+-O separation (A): C(31)-0(2) 3.633(3)] with a
hydrogen atom of the olefiH. As a consequence of these
forces, the second carboxyl group of the cleft participates in
two C—H:-O hydrogen bonds [&O separation (A):
C(28):--O(5) 3.375(4), C(29)---O(4) 3.180(4)] with the
“backside” of the second pyridyl unit such that the cleft, to
permit formation of these forces, forms the intramolecular
O—H---0O hydrogen bond. Thug,has, in effect, adapted its
structure to a conformation that recogniZes a “side-on”
orientation by undergoing a structural reorganization that
involves formation of an intramolecular bond (Figure?%).

the cooperative forces and (c) space-filling model of a “side-on” _

view. Selected interatomic distances (A): Of)(1) 2.657(3),
O(4)y++0(2) 2.681(3), O(4)-0O(3) 2.661(3), C(31+)-0O(2) 3.633(3),
C(29)---O(4) 3.180(4), C(28)-+-O(5) 3.375(4).

of molecular switching and catalysisIn the case o8, the
pyridyl groups of2, in a similar way to the carboxyl groups
of 1, are approximately coplanar with the xanthene scaffold,
as demonstrated by the twist angle of FOmiade by the
pyridyl group with respect to the aromatic plane. Moreover,
whereasl typically recognizes aromatics in which host and
guest adopt an approximate orthogonal orientattdn,our
knowledge3 represents the first example in whitthas been
observed to interact with an aromatic in a coplanar fasHion.
The recognition properties displayed by the clefBahay
be attributed to cooperative forces involving the intra-
molecular G-H---O bond of1.”'®Indeed, it is establishéd
that pyridines tend to interact with carboxylic acids in organic

(24) (a) Deans, R.; Niemz, A.; Breinlinger, E. C.; Rotello, V. M Am.
Chem. Soc1997,119, 10863. (b) Park, T. K.; Schroeder, J.; Rebek, J., Jr.
J. Am. Chem. S0d.991,113, 5125.
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D = hydrogen bond donor site

A = hydrogen bond acceptor site

Figure 4.

As a result, the three-component assentbly stabilized by

two O—H---N and six G-H---O forces involving a single
hydrogen bond donor and three hydrogen bond acceptor sites
of each cleft, respectively,with the preference to form the
C—H---O hydrogen bond with the olefin presumably arising,
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in part, from stability gained by the cooperative nature of
the 10 noncovalent bond&There is growing evidence that

cooperative interactions involving combinations of strong
(i.e., O—H---O) and weak (i.e., €H---O) hydrogen bonds

play a similar structural role stabilizing local structures of
biomolecule$®!'while 3 represents, to our knowledge, the
first example in which a combination of cooperative hydro-

of a molecular assembly involving.2”

A view along the crystallographib axis depicting the
crystal structure o8 is shown in Figure 5. The assemlgy
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Figure 5. ORTEP perspective of the 2D layered structure3of
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organizes in the solid state to form a 2D layered structure
where adjacent complexes are oriented, offset, in a tail-to-
tail fashion, with the alkyl groups df being positioned in
close proximity. Interestingly, despite displaying a more
elongated shape& exhibits an extended structure virtually

(25) The reorganization of in 3 is akin to the ability of a protein to

recognize a substrate by way of an “induced-fit" (ref 10).
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identical to that of fred 2! neighboring layers lying offset,
with interlayer olefins oR being separated by 7.312such
that thetert-butyl groups of the cleft form van der Waals
interactions with the xanthene moiety.

In this report, we have demonstrated the abilitylofo
form a large organic assembly, with the appropriate guest
2, such that the cleft, by undergoing a structural reorganiza-
gen bonds has been observed to contribute to the structurdion, displays a novél mode of recognitiod! involving a
solid-state synthon based on recognition properties involving
an olefinl’ that is provided by a combination of cooperafive
hydrogen bond&® With these observations realized, experi-
ments are underway to determine whether such cooperative
forces may be exploited, by developing a library of hydrogen
bond acceptor guestsfor the rational design of photoactive
organic assemblies based b# Such studies should allow
us to further delineate contributions of cooperative forces
on the molecular assembly process such that the construction
of organic assemblies akin to those of nanoscale biological

complexes may be realized.
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(26) The C—H groups that participate in the-8---O interactions o8
should exhibit comparable solid state acidities (see ref 18a).

(27) For an example where hydrogen bonds aner interactions
contribute to the structure of an assembly based sre, ref 24a.

(28) For [2+ 2] photoreaction to occur in a solid, olefins should be
aligned and separated by4.2 A, see: Schmidt, G. M. Pure Appl. Chem.

1971,27, 647.

(29) Cocrystallization ofl. with 1,2-trans-bis(4-pyridyl)ethylene yields
a four-component assembly in which two hydrogen bond acceptors lie in
an orthogonal, stacked arrangement (MacGillivray, L. R.; Siebke, M. M.,

unpublished results).
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