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A New Approach for the Design of Supramolecular (isophthalic acid), and 1,3-diaminobenzene (1,3-phenylenedi-
Recognition Units: Hydrogen-Bonded Molecular amine), oligoamides with various numbers and sequences of
Duplexes hydrogen-bonding sites should be easily generated. The resulted

molecular strands are expected to form duplexes via hydrogen-
bonding interactions between the backbone amide O and H atoms.
A strand is expected to sequence-specifically pair with another
Department of Chemistry ~ Strand of its complementary sequence. Depending on the hydrogen-
The Unversity of Toledo bonding sequence, either homodimers or heterodimers can be
Toledo, Ohio 43606  formed. The number of hydogen-bonding sites can be easily
Receied March 22, 1999  adjusted to afford duplexes of different stabilities.
To test this idea,1 and 2, with the self-complementary
ydrogen-bonding sequences of DADA and DDAA, respectively,
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The construction of supramolecular architectures will be greatly |,

facilitated if a diverse set of structural motifs leading to highly .o synthesized and analyZ&dncorporation of alkoxy groups
specific intermolecular interactions becomes available. AMong nio 1 and2 should lead to the formation of the highly favorable

the noncovalent interactions, hydrogen bonds have attracted theS(6) typétintramolecular hydrogen-bonded rings that have been
most attention in mediating the self-assembly of supramolecular ypcarved in numerous structufésThe S(6) systems pre-

structure_é. Hydrogen-boqding _motifs, su_ch as am?dmlfamidea, organizé? the benzamide groups in a way that should facilitate
carboxylic acid® cyanuric acid-melamine systerh,pyridone the dimerization of these molecules.

dimers® and 2-am|nopynqlnecarboxyllc acid complexésave 14 NMR studies in chloroformd (Cambridge Isotope Labo-
been used for the design of various molecular aggregates. aiqries 99.8% D content, stored in a desiccator) revealed the
However, the interactions that these relatively simple functional significant downfield shifts of the aniline NH signals b& and
groups bring about are relatively weak. _Further_more, due to the 2a (at 10 mM, 10.17 and 9.62 ppm fdi; 9.98 and 9.95 ppm
small number of hydrogen bonds associated with each complex,;q 55) compared to those of the one-ring compouidand2b

the interaction usually is not very specific. To increase the (at 10 mM, 7.91 ppm foLcand 7.10 ppm folb), which suggests

_strength, direction_ality, and _specifici_ty of hydrog(_en-_bonding the formation of duplexesandll . *H NMR binding studies were
interactions, there is currently intense interest in designing arrays

(sequences) of hydrogen bond donor (D) and acceptor (A) sites.

Recent efforts have been focused on quadruply hydrogen-bonded [j (I
dimers based on derivatives of heterocyclic compotn@ise B J@Qr @;( —dmerze, T Y e ¢
generality of these systems, however, is sometimes complicated lal_(cnz)gcm et ﬁ@' *,@r + L
by tautomerism that is often associated with heterocycles. Another =~ R=Cisk=ciis )

disadvantage of previously reported systems is the differences in I

secondary electrostatic interactidassociated with various arrays

of adjacent hydrogen-bonding sites, which result in drastically

different stabilities of complexes with the same number of AL , ameze_ V\NQ@QNJ IS UON
hydrogen-bonding sites. Here we report a new class of hydrogen- ~~~*+ p;( UL @ PN

O——lz

bonded duplexes devoid of these problems. 2 vv\r O W/\NJID\)L PN
We are interested in developing easily modifiable unnatural Py,
molecular systems that self-assemble in a highly predictable A .

2b

fashion. The objective is to develop hydrogen-bonded duplexes
with unnatural backbones. Ideally, these duplexes should show
predictable stabilities based on their number of hydrogen-bonding
sites and, at the same time, should demonstrate high specificity
in their formation by including arrays of all possible arrangements

of donors and acceptors. Specifically, by combining residues
derived from 3-aminobenzoic acid, 1,3-benzenedicarboxylic acid

carried out in CDQ by diluting a solution ofla or 2a (from 50

to 0.5 mM). The two aniline NH (carboxamide NH) signals of
la showed similar concentration-dependent changes in their
chemical shifts, supporting their role in forming intermolecular
hydrogen bonds. Nonlinear regression analjsisthe NMR data
yielded a dimerization constant4.4 x 10* M~L. Similar analysis

*To whom correspond_ence should be addressed. on 2aled to a dimerization constant 0§6.5 x 10* Given the
22%) Lawrence, D. S.; Jiang, T.; Levitt, MChem. Re. 1995 95, 2229~ error of the NMR binding experiments-(.0%, triplicate runs),

(2) Weinstein, S.; Leiserowitz, L.; Gil-Av, EJ. Am. Chem. Sod98Q the dimers oflaand2acan be viewed as having similar stabilities.
102, 2768-2772 These dimerization constants compare favorably to some of the
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(4) Zimmerman, S. C.; Zeng, F.. Reichert, D. E. C.; Kolotuchin, S. V. plexes® The one-ring compountiic has a dimerization constant

Sciencel996 271, 1095-1098 _ ~of only 25 M™* in CDCls, indicating that the assembly df is
(5) (&) Whitesides, G. M.; Simanek, E. E.; Methias, J. P.; Seto, C. T.; Chin, g cooperative process. Given the considerable degree of rotational

S;G’g-k?a“ﬁ%’?“g_e“;..?"gaen‘)g’u"y”r;h?,-vg"rﬁ"g; (F:,he,\m;' ﬁﬁ%ﬁﬁ? ,\2,|8 %,Z;ggc',é?’) w.. freedom, the high stabilities shown by the dimerslafand 2a

Reinhoudt, D. NAngew. Chem., Int. Ed. Endl996 35, 1215-1218 are surprising and are worth further investigation. In Hand
(6) Boucher, E.; Simard, M.; Wuest J. D.Org. Chem1995 60, 1408~
1412 (10) See Supporting Information for synthetic procedures.
(7) Yang, J.; Fan, E.; Geib, S. J.; Hamilton, A.D.Am. Chem. S04.993 (11) Berstein, J.; Davis, R. E.; Shimoni, L.; Chang, N.Angew. Chem.,
115 5314—5315 Int. Ed. Engl.1995 34, 1555-1573.
(8) (a) Beijer, F. H.; Sijbesma, R. P.; Kooijman, H.; Spek, A. L.; Meijer, (12) Etter, M. C.Acc. Chem. Red.99Q 23, 120-126.
E. W.J. Am. Chem. S0d998 120, 6761-6769. (b) Beijer, F. H.; Kooijman, (13) A similar strategy was adopted by Nowick et al. in designing artificial
H.; Spek, A. L.; Sijbesma, R. P.; Meijer, E. ngew. Chem., Int. EA.998 p-sheets: Holmes, D. L.; Smith, E. M.; Nowick, J. & Am. Chem. Soc.
37, 75-78. (c) Corbin, P. S.; Zimmerman, S. @. Am. Chem. Sod.998 1997 119, 7665-7669.
120, 9710-9711. (14) Wilcox, C. S. InFrontiers in Supramolecular Organic Chemistry and

(9) (a) Pranata, J.; Wierschke, S. G.; Jorgensen, W. Am. Chem. Soc. PhotochemistrySchneider, H.-J., Durr, H., Eds.; VCH: New York, 1991.
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Figure 1. NOESY spectrum o2ain CDCl; (mixing time: 0.5s). Arrows
show contact depicted in text.

23, the signals of the NH groups that involve in the formation of
the intramolecular S(6) rings, showed insignificant concentration-
dependent shifts.

Variable temperature measurements of the amide NH signals
of 1a further supported the role of the aniline NH groups in
forming intermolecular hydrogen bon#fsAt a concentration of
15 mM and from 30 to 60C in CDCE, the two aniline NH signals
of 1a shifted upfield (3.4x 1072 ppm/K, and 6.9x 102 ppm/

K). On the other hand, the two glycine NH signals, which formed
the S(6) intramolecular hydrogen bonds, showed much smaller
changes (1.8 1072 ppm/K, and 2.5x 102 ppm/K) within the
same temperature range.

Using sucrose octaacetate and polystyrene as molecular weigh
standards, vapor pressure osmometry (VPO) studies &€ 3id
CHCI; over the concentration range of-50 mM consistently
gave an apparent molecular weight (118%%) corresponding
to the dimer ofla. The same VPO analysis gave an apparent
molecular weight (159Gt 5%) corresponding to the dimer of
2a. The existence of the dimeric species in solution is also
supported by examining the above NMR data, which shows small
changes+0.04 ppm forlaand~0.03 ppm for2a) in the amide-H
chemical shifts within this concentration range.

Two-dimensional (2D) NMR (NOESY, CDgl 400 MHz)
studies orRa provided the most diagnostic evidence for duplex
formation in solution. As shown in Figure 1, contacts were
observed between protoosandi, ¢c ande, andc andj. Because
within the same molecule &a, distances betweenand each of
the above-mentioned protons are much too long for any cross-
peaks to be observed, the signals must correspond to intermo
lecular contacts between the two molecules constituting the dimer.

Single crystals oflb were obtained from a solution in
chloroform/methanol at 70C. Figure 2a shows the X-ray
structure of the centrosymmetric dimer. As expected, the two
molecules are held together by four C(4) t¥pmtermolecular
hydrogen bonds (N-O distances= 2.938 and 2.882 A). In each
molecule, there are two S(6) type intramolecular hydrogen bonds

(15) (a) Kessler, HAngew. Chem., Int. Ed. Endl982 21, 512-523. (b)
Hamuro, Y.; Geib, J.; Hamilton, A. . Am. Chem. So&996 118 8, 7529~
7541
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Figure 2. (a) X-ray structure of the dimdr. (b) X-ray structure of the
dimerll .

(N-+-O distances= 2.634 and 2.707 A) that rigidify the backbone.
Crystals of2awere grown from a solution in methanol at %0.
The solid-state structure &a again revealed the structure of a
centrosymmetric dimer (Figure 2b). Similar1b, two molecules
of 2aare held together by four C(4) type intermolecular hydrogen
bonds (N--O distances= 2.857 A and 2.938 A). There are two
intramolecular S(6) type hydrogen bonds-{fD distances=
2.660 and 2.905 A) in the structure B&.6
The above results demonstrate that, despite their different

ydrogen-bonding sequences, compoutidsnd 2 predictably
orm stable hydrogen-bonded duplexes. Contrary to previously
reported hydrogen-bonded dimers based on heterocycles, the
duplexesl andlIl exhibit similar stabilities, suggesting that the
observed binding strength can be directly related to the number
of hydrogen-bonding sites in each dupléxThis system thus
offers a platform for designing a new generation of supramolecular
recognition units with high stability and readily adjustable
specificity. For example, the design of higher homologues with
six, eight, or more hydrogen-bonding sites is readily achievable
by incorporating three, four, or more benzene rings in the
oligoamide molecules. Extending this approach to the design of

various arrays of multiple hydrogen-bonding sites will also lead
to unnatural information-storage duplexes mimicking double-

stranded DNA.
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