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CONS P EC TU S

T hrough specific molecular shapes and repeating
polymeric sequences, biomacromolecules en-

code information about both structure and function.
Inspired by DNA molecules, we have conceived a
strategy to encode linear molecular strands with
sequences that specify intermolecular association,
and we and our collaborators have supported this
idea through our experimental work. This Account
summarizes the design and development of a class of
molecular duplexes with programmable hydrogen-bonding sequences and adjustable stabilities.

The specific system involves oligoamide strands synthesized from readily available monomeric modules based on standard
amide (peptide) chemistry. By covalently linking three types of basic building blocks in different orders, we create oligoamide
strands with various arrangements of amide O and H atoms that provide arrays of hydrogen bonding sequences. Because one of
the two edges of these molecules presents the sequences of hydrogen-bond donors and acceptors, these oligoamide strands
associate via their hydrogen-bonding edges into double-stranded pairs or duplexes. Systematic studies have demonstrated the
strict sequence specificity and tunable stability of this system. These structurally simple duplexes exhibit many features associated
with DNA sequences such as programmable sequence specificity, shape and hydrogen-bonding complementarity, and
cooperativity of multipoint interactions.

Capable of specifying intermolecular associations, these duplexes have formed supramolecular structures such asβ-sheets and
non-covalent block copolymers and have templated chemical reactions. The incorporation of dynamic covalent interactions into
these H-bonded duplexes has created association units that undergo sequence-specific association and covalent ligation in both
nonpolar solvents and polar media including water. These new association units may facilitate the development of new dynamic
covalent structures, and new properties are emerging from these structures. For example, we discovered hydrogen-bonded
duplexes that could gelate different organic solvents, and we could tune the gelatinization by adjusting the multiple side chains
attached to the duplexes. In addition, we have recently designed duplexes whose formation and dissociation are controlled by
changes in external stimuli such as acidity.

With their programmable specificity and tunable stability, these molecular duplexes have provided a systematic approach for
the association of different structural units. Further development of this system could facilitate the creation of many
supramolecular and dynamic covalent structures. Because these duplexes are easily modifiable and information is easily encoded
and retrieved, this system may address some of the remaining challenges facing information-storing molecules including self-
replication.

Information-Carrying Molecules
Information, such as molecular shape, placement of differ-

ent functionalities, and the type and number of intermole-

cular forces, encoded into and carried by molecular

structures instructs intermolecular association to form var-

ious self-assembling architectures. The association of

biomacromolecules like proteins results in the generation

of numerous supramolecular assemblies.1 For example, the

protein coat of tobaccomosaic virus (TMV) consists of 2130

identical protein molecules that self-assemble into a well-

defined tubular entity with an exterior diameter of∼18 nm

andan inner channel of∼4nm.2 An encapsulated viral RNA
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molecule further stabilizes the tubular aggregate and de-

fines the length (∼300 nm) of the resultant protein tube.

While the structures of numerous protein assemblies have

been determined, elucidating how protein molecules are

encoded with the information for forming larger assemblies

remains a daunting challenge.

In contrast to the complexities of protein self-assembly,

the formation of DNA duplexes involves a powerful, readily

predictable strategy that provides the basis for the storage

and process of genetic information.3 DNA strands are en-

coded by arranging the four nucleobases into different

sequences. The sequence-specific pairing of cDNA strands

defines highly specific molecular recognition events featur-

ing (1) programmable sequences defined by the different

linear arrangement of nucleobases, (2) shape and H-bond-

ing complementarity, (3) cooperativity, that is, the correla-

tion between the stability of a DNAduplex and its number of

base pairs, and (4) self-replication, that is, a DNA strand can

template the formation of its complementary strand.

Inspired by nucleic acids, the development of H-bonded

pairs for specifying intermolecular interactions was started by

Jorgensen4,5 and Zimmerman with their investigation on

nucleobases.6 Highly stable heterocyclic complexes with ar-

raysofH-bonddonors (D) andacceptors (A) were subsequently

developedby Zimmerman7,8 andMeijer.9�11 TheseH-bonded

complexes were used as association units for directing the

formation of supramolecular structures such as supramolecu-

lar polymers.12�15 Many other H-bonded multicomponent

systems have been studied,16�28 which have provided invalu-

able insights into the effects of factors such as the size, shape,

andnumberofH-bondson the strength, complementarity, and

fidelity of various heterocycle-based modules.

The development of DNA-like, information-carrying units

with tunable strength and specificity was envisioned as the

most likely strategy for realizing the specific control and

adjustment of intermolecular association.29,30 Besides ser-

ving as versatile “molecular glues” for linking various struc-

tural units, information-carrying molecules may also be

equipped with additional interactions, leading to linking

units that are compatible with different environments. In-

corporating responsive triggers into the association units

should allow the control of intermolecular association and

dissociation by applying external stimuli. Finally, designing

complementary molecular components that template each

other's formationmay lead to self-replicatingmolecular and

supramolecular systems.

Over the years, my research group has been interested

in developing oligoamide strands consisting of readily

available building blocks.30�41 Our system involves encod-

ing oligoamide strands by molecularly programming arrays

of amide hydrogens and carbonyl oxygens as H-bond

acceptors and donors. We have demonstrated the tunable

stability, programmable sequence specificity, and conveni-

ent synthetic availability of these duplexes. The H-bonded

duplexes that we developed represent a class of evolvable

information-carrying molecules that have been employed

for the instructed assembly of various self-assembling

structures.

This Account discusses (1) the development of sequence-

specific H-bonded duplexes, (2) the application of the du-

plexes as association units for specifying intermolecular

association and for templating reactions, (3) the conversion

of the duplexes into sequence-specific units in highly com-

petitive media, and (4) our ongoing effort in creating re-

sponsive and intelligent information-carrying duplexes.

Many other important information-storing or retrieving

systems41�51 are noteworthy but will not be discussed in

this Account.

Molecular Strands Bearing Programmable
Sequences

Sequence Specificity Based on a Binary Encoding

Strategy30. Oligoamide strands with backbones bearing

amide hydrogen and oxygen atoms as H-bond donors and

acceptors were designed by combining residues derived

from substituted 3-aminobenzoic acid, isophthalic acid,

and m-phenylenediamine in different orders, leading to

oligoamides having various H-bonding sequences. The re-

sultant molecular strands are expected to form duplexes via

H-bonding interactions between the backbone amideO and

H atoms (Figure 1).

The formation of the corresponding duplex is mediated

by multiple H-bonding interactions and thus should be

highly specific. LikeDNA, a strandmay sequence-specifically

FIGURE 1. Oligoamide strands encoded with arrays of H-bond donors
and acceptors. The resultant H-bonding sequences specify the associa-
tion of two complementary strands.
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pair with another complementary strand. The number of

unique sequences increases very rapidly as the number of

intermolecular H-bonds increases. For example, there

should be six different quadruply H-bonded duplexes. For

duplexes having six intermolecular H-bonds, the number of

different duplexes becomes 20.32

Sequence-Independent Stability. Oligoamides 1 and 2

(Figure 2) represent the first examples of the H-bonded

duplexes that we designed.31 These oligoamides are ex-

tended because their backbones are preorganized by the

intramolecular H-bonds that also block undesired H-bond-

ing interactions. Thus, oligoamides 1 and 2 should dimerize

via their self-complementary sequences of DADA and

DDAA. In addition, different side chains can be incorporated

into the design, leading to duplexes that are compatiblewith

different solvents.

The formation of homoduplexes 1 31 and 2 32 were

confirmed by using multiple analytical techniques. Consis-

tent with the presence of intermolecular H-bonding, 1HNMR

spectra measured in CDCl3 revealed significant downfield

(>2 ppm) shifts of the anilineNH signals of1 and2 relative to

those of 10 and 20. The stability of the duplexes were

quantified by 1H NMR binding studies carried out in CDCl3,

which revealed dimerization constants of g4.4 � 104 M�1

for 1a 31a and ∼6.5 � 104 M�1 for 2 32. Given the errors of

NMR binding experiments ((10%), duplexes 1a 31a and 2 32
can be regarded as having similar stabilities. The dimeriza-

tion of 1a and 2 was also demonstrated by results from

vapor-pressure osmometry (VPO).

The NOESY spectrum of 2 in CDCl3 contains interstrand

NOEs (see Figure 2) that are consistent with a H-bonded

dimer. The crystal structures of 1a and 2 both revealed the

expected dimeric structures held together by intermolecular

H-bonds (Figure 3).

Tunable Stability. The similar dimerization constants of

1 31 and 2 32 suggest that the stability of these H-bonded

complexes is sequence-independent, an observation that

contrastsmany previously reported H-bonded dimers based

on heterocycles.4�6 The number of interstrand H-bonds of a

duplex can be easily increased by adding additional resi-

dues, which should lead to an increase in the stability of a

duplex. Such an expectation was confirmed by the six-H-

bonded 3 34 (Figure 4a) consisting of two different strands

having complementaryH-bonding sequencesDADDADand

ADAADA.32

The formation of duplex 3 34 was first indicated by

comparing its solubility with that of 3 or 4. While the

solubility of single strand 3 (<1 mM) or 4 (∼10 mM) in

chloroform was low or modest, the 1:1 mixture of 3 and 4

was found tobehighly soluble (.100mM) in the samesolvent.

FIGURE2. QuadruplyH-bondedduplexes1 31 and2 32. Despite their differentH-bonddonor (D)�acceptor (A) sequences, duplexes1 31 and2 32have
similar stabilities. Cross-strand NOEs revealed by NOESY spectrum is indicated for 2 32.
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The 1H NMR spectrum of the 1:1mixture of 3 and 4 in CDCl3
revealed very large (2�3ppm) downfield shifts of the aniline

NH signals compared with those of 3 or 4. No detectable

concentration-dependent shifts of the aniline NH signals

were observed from 100 mM to 1 μM. A lower limit of 9 �
107 M�1 for the association constant of 3 34 was estimated

by assuming a 10%dissociation at 1 μM. Isothermal titration

calorimetry (ITC) could only give an estimated value ofg109

M�1. The high stability of 3 34 allowed its detection by thin

layer chromatography (TLC) under rather polar conditions

(silica gel plate, 10% DMF in chloroform). The 1H NMR

spectra of mixtures of 3 and 4 in stoichiometries other than

1:1 revealed separate sets of signals corresponding to both

duplex 3 34 and the excess single strand. This observation

suggested that exchange between the assembled and the

uncomplexed stateswas very slow, suggesting ahigh kinetic

stability for 3 34. The presence of 3 34 in solution was con-

firmed by numerous interstrand NOEs in NOESY spectrum of

this duplex (Figure 4a).

NOESY spectra the pyrene-labeled homoduplex 5 35
(Figure 4b) revealed cross-strand NOEs, confirming the

formation of this duplex.36 The dimerization constant of

the duplex 5 35 was found to be (6.77 ( 4.12) � 109 M�1

based on a known method.53 The studies on 3 34 and 5 35
clearly demonstrated that the stabilities of these duplexes

are indeed only determined by the number of intermolecu-

lar H-bonds.

Thus, with two additional H-bonds (i.e., the four- vs six-H-

bonded duplexes), stability is enhanced by more than 5

orders of magnitude. Comparing the stabilities of doubly

andquadruplyH-bondedpairswith that of3 34 indicates that

the increase of stabilities is not due to the additive effect of

hydrogen bonds but resulted from the cooperativity of

multiple H-bonding, which is one of the most important

features associated with the self-assembly of DNA.54

Strict Sequence Specificity. Sequence-specific pairing of

nucleic acids is essential for the storage, transmission, and

expression of genetic information. Having probed the fac-

tors determining the stabilities of our H-bonded duplex, the

sequence specificity of these information-storing molecules

was then explored. Incorporating mismatched binding sites

into the otherwise fully matched duplex 3 34 led to “mutant”

FIGURE 3. The crystal structures of duplexes (a) 1a 31a and (b) 2 32.

FIGURE 4. (a) Duplex 3 34 consisting of two different strands with complementary H-bonding sequences. (b) Duplex 5 35 consisting of two identical
single strands with a self-complementary H-bonding sequence. Interstrand NOE contacts revealed by NOESY are indicated by arrows.
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duplexes (Figure 5).33 Single strands 6 and 7, with the

H-bonding sequences of DADDAA and DADDDD, were

designed and synthesized to pair with 3. If H-bonded du-

plexes 3 36 or 3 37 could still form, each of these “mutant”

duplexes should contain a mismatched binding site. How-

ever, it was not clear that, in the presence of themismatched

site, how single strands 3 and 6 or 3 and 7 would align with

each other.
1H NMR showed poorly defined signals for individual

strand 6 or 7, indicating a mixture of many conformations.

Upon mixing with one equivalent of 3, both 6 and 7 gave

sharp sets of signals that can be attributed to single con-

formers. The aniline NH protons of 3, which appear as one

degenerate signal in the 1H NMR spectra of 3 or 3 34, split
into two signals that differed by >0.2 ppm in the spectra of

3 36 or 3 37. Obviously, the exchange of single strands 3, 6,

and7with the corresponding duplex3 36or3 37was slowon

the NMR time scale. This phenomenon is consistent with the

formation of H-bonded 3 36 and 3 37, which have unsymme-

trical structures and relatively high kinetic stabilities.

The stabilities of 3 36 and 3 37were comparedwith that of

3 34. Results from ITC experiments showed that introducing

onemismatched site led to >40-fold drop in the association con-

stants of the mismatched 3 36 and 3 37 relative to that of 3 34.
33

The NOESY spectrum of 3 36 showed that one end of this

pair is locked by intermolecular H-bondswhile the other end

with the mismatched site was open. On the other hand,

NOESY study indicated that both ends of3 37, which contains

a mismatched site in the middle, were locked, while no or

very weak NOEs were detected for protons close to the

internal mismatched site. These results indicated that, de-

spite the presence of mismatched sites, these “mutant”

duplexes could manage to get around the presence of the

repulsive mismatched sites to remain registered. Detailed

analysis confirmed that there were five interstrand H-bonds

in 3 36 or 3 37, suggesting that these strands remained

associated via the maximum possible number of H-bonds.

It was observed that adding one equivalent of 4 into the

solution of either 3 36 or 3 37 led to the complete re-

placement of the “wrong” strand 6 or 7.

Duplex-Instructed Self-Assembly
Templated Formation of Two-Stranded β-Sheets.

When tethered to structural units that associate in more

than one way, a H-bonded duplex should specify the inter-

molecular interaction, leading to a single assembly. Since

the interstrand distance of a duplex, based on the crystal

structures of four-H-bonded duplexes,31 is the same as that

(∼5 Å) in a β-sheet, these H-bonded duplexes may serve as

noncovalent templates for directing and nucleating β-sheet

structures when attached to natural oligopeptide strands.

Because the H-bonding sequence of the duplex template

can be designed to be unsymmetrical, two flexible peptide

chains may be brought into close proximity and thus be

forced to pair with each other, leading to a double-stranded,

antiparallel β-sheet (Figure 6).

Our results confirmed the feasibility of this strategy.34

Peptide segments were attached to an unsymmetrical, four-

H-bonded heteroduplex template with the complementary

sequences of ADAA/DADD, leading to four hybrid strands

8a, 8b, 9a, and 9b. Combination of strands 8 with strands 9

resulted in four different pairs. The formation ofwell-defined

β-sheets by paired peptide sequences was confirmed by 1D

and 2D NMR, ITC, and VPO studies. For example, 2D NMR

(NOESY) showed interstrand NOEs corresponding to protons

of duplex templates (in purple) and the peptide strands (in

blue). No cross-strand NOEs were observed between the

template and peptide segments, suggesting that the hybrid

strands were registered as expected. ITC experiments

showed that the hybrid strands showed enhanced stability

FIGURE 5. “Mutant” duplexes 3 36 and 3 37 derived from 3 34. The presence of the mismatched binding sites in 3 36 and in 3 37 causes more than
40-fold decrease in the stabilities of these duplexes compared with that of 3 34.

33
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compared with the duplex template or the peptides alone.

VPO measurements showed that strands 8 and 9 formed

heterodimers while the corresponding peptide strands form

poorly defined, random aggregates.

This supramolecular approach should lead to a rapid

generation of a large number of combinations by simple

mixing. In contrast to known model systems of β-sheets,

most of which involve linear peptide segments linked by

turns and are thus strongly dependent on the peptide

sequences for their formation, this system may simplify

the study of factors that stabilize β-sheet by focusing on

the interactions of linear peptide segments without having

to rely on turn structures. Furthermore, the directed assem-

bly of peptide chains may offer an effective synthetic strat-

egy when combined with covalent cross-linking.

Supramolecular Block Copolymers. Our H-bonded du-

plexes also served as units for linking incompatible structures

that do not normally associate. This was demonstrated by

constructing supramolecular block copolymers (Figure 7).38,55

Specifically, hydrophobic polystyrene and hydrophilic poly-

(ethylene glycol) chains were attached to the two strands of

a duplex derived from the six-H-bonded 3 34, leading to

modified polymers 10 and 11.

The noncovalent ligation of the PS and PEG chains was

confirmed by GPC, which showed quantitative formation of

the H-bonded block copolymers.38 In toluene with 10%

DMF, the GPC result showed a single peak corresponding

to the H-bonded 10c 311c, which appeared earlier than 10c

and 11c. When DMF was used as the eluent, 10c 311c gave
two peaks that coincided with those of 10c and 11c. This

result demonstrates that the attached polymer chains did

not affect the sequence-specific formation of the H-bonded

duplex. NOESY study confirmed that the duplex template

was precisely registered. Differential scanning calorimetry

(DSC) analysis indicated the thermally reversible formation

and dissociation of these supramolecular block copolymers.

For pairs with long PS and PEG chains (10c 311c and

10d 311d), microphase separated nanodomains, typical of

covalent diblock copolymers, were observed by atomic

force microscopy (AFM). Hexagonally packed cylinders can

be clearly identified (Figure 8a). In contrast, theAFM imageof

the 1:1 blend of the corresponding PS and PEG chains only

revealed macrophase separation. Pairs with short PS and

PEG chains (e.g., 10a 311a and 10b 311b) assembled into

very different morphology.56 The AFM image of 10b 311b
revealed nanostructures having nothing in common with

typical diblock copolymers (Figure 8b), whichmay be under-

stood by regarding 10b 311b as a supramolecular

coil�rod�coil triblock copolymer given that the six-H-

bonded duplex is a rigid tape. These results suggest that

FIGURE 7. Design of supramolecular block copolymers based on the six-H-bonded heteroduplex 10 311.

FIGURE 6. When attached to a duplex template, two otherwise flexible peptide chains are directed to form a stably folded β-sheet.
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when the polymer blocks are sufficiently long, the effect of

the H-bonded duplex can be neglected. When the polymer

chains are short, the H-bonded duplex unit plays a signifi-

cant role in forming the self-assembling architecture.

This system has provided a platform for creating a wide

variety of block copolymers with tunable properties. In

addition to linear block copolymers, themultiple side chains

of the duplex units offer sites for attachingdifferent oligomer

and polymer chains, which should lead to brush- or star-like

block copolymers that otherwise would be difficult to pre-

pare. Oligomer and polymer chains that are difficult to link

together based on traditional covalent methods can be

modified separately and then linked via H-bonds. Further-

more, the simplicity of this method allows the convenient

construction of supramolecular combinatorial libraries,

which should lead to the rapid generation and screening

of various materials.

Instructed Chemical Reaction: Templated Olefin Me-

tathesis.When attached to our H-bonded duplexes, reactive

species could be brought together, leading to enhancement

of reaction rates. Disulfide exchange and Pd-catalyzed olefin

metathesis are two reversible covalent reactions that have

attracted intense recent interest.57 We first probed the

incorporation of olefin units into our H-bonded duplexes.

Based on a duplex template with the same unsymmetrical

H-bonding sequence used for directing the formation of

β-sheets, we prepared two groups (strands 12 and 13) of

five olefins covalently linked to the two template strands

respectively (Figure 9).Mixing each of 12with each of 13 in a

1:1 fashion results in a small library of 25 (5 � 5) members.

Formation of the ADAA/DADD duplex should bring the

olefin moieties into close proximity, which lowers theΔSq of

the reaction and thus facilitates the metathesis reactions.

Indeed, in the presence of Grubb's catalyst, most of the

templated pairs were cross-linked in very high yields. In

cases when the tethers were too short, such as pair 12e and

13e,metathesis reaction did not occur.With strands12or13

alone, no homo-cross-linked product was observed. It was

also found that under the same conditions (r.t., 1�2 mM in

CDCl3) the same reactions did not happen with the corre-

sponding free olefins. These results indicate that the

H-bonded duplex template promoted the metathesis reac-

tions by increasing the effective molarity of the reacting

olefins. The duplex template instructed the otherwise

symmetrical olefin metathesis reaction to proceed in

an unsymmetrical fashion. In principle, this strategy

should be applicable to instructing other bimolecular

reactions.

Assembly Dependent Function: Gelation of Organic

Solvent. Recently, oligoamide duplexes derived from the

quadruply H-bonded 1 31 or 2 32 that consist of strands

bearing self-complementary H-bonding sequences were

found to gelate a range of organic solvents.58 The observed

gelation was found to be dependent on the presence of the

H-bonded duplexes. The relatively flat duplexes, each con-

sisting of two oligoamide strands (see Figure 3), undergo

further assemblymediated by strong π�π aromatic stacking

and van der Waals interactions, which leads to the forma-

tion of fibrous networks that gelate solvents. The multiple

side and end chains allowed convenient structural modifica-

tion and the tuning of the gelling behavior of the duplexes.

These findings may lead to a new strategy for preparing a

novel class of functional soft materials with tunable

properties.

FIGURE 8. (a) The AFM image of spin-cast 10d 311d from benzene showing cylindrical nanodomains from the microphase separation of the
supramolecular block copolymer. Hexagonally packed cylinders can be identified in regions where the cylinders are perpendicular to the surface.
(b) The AFM image of 10b 311b spin-cast from benzene showing self-assembled fibers.
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Sequence-Specific Association in Aqueous
Media: H-Bonded Duplexes Equipped with
Disulfide Linkages
An unsolved challenge in the application of H-bonded

assemblies is the instability of H-bonding in competitive

media. Can the strategy of combining the sequence specifi-

city of H-bond arrayswith the strength of reversible covalent

interactions be extended into developing stably associated

structures in polarmedia? To answer this question, strands 3

and 4 were modified with protected thiol end groups, lead-

ing to complementary strands 14 and 15 (Figure 10).59,60

The 1:1 mixtures of strands 14 and were prepared in

CH2Cl2,methanol, andwater. The sampleswere subjected to

I2 and then examined byMALDI. It was found that 14 and 15

sequence-specifically associated with each other not only in

CH2Cl2, but also in methanol and water, leading to disulfide-

cross-linked 14�15. The sequence dependence of the cross-

linking of 14 and 15 in water became obvious when a

control strand (not shown) with two mismatched binding

sites was mixed with 14 and 15. MALDI revealed that the

control strand did not interferewith the formation of 14�15.

Strand 14 or 15 alone formed self-cyclized product and only

a very small amount of cross-linked self-dimers, further

demonstrating the H-bond-dependence of the disulfide

cross-linking reaction. Thus, similar to duplex-templated

olefin cross-metathesis, the otherwise symmetrical disulfide

formation has also been directed into an unsymmetrical

process by a duplex consisting of two different strands.

Subsequent mechanistic studies revealed a thermodyna-

mically controlled process.60 When two strands with com-

plementary sequences undergo reversible cross-linking,

possible products include those corresponding to the self-

cyclized strands A*, A�A, B*, B�B and the sequence-

matched duplex A�B (Figure 11). Among these pro-

ducts, A�B gains the most stabilization from the newly

generated, complementary intramolecular H-bonds due to

FIGURE 9. Templated olefin cross-metathesis of olefins tethered to the two duplex strands.

FIGURE 10. Complementary strands 14 and 15 carrying protected thiol groups are sequence-specifically cross-linked when subjected to reversible
redox conditions in both nonpolar and polar media.59,60
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the formation of the disulfide bonds. The reversibility of

dynamic covalent cross-linking allows the equilibrium to

shift toward the most stable product. Therefore, the ob-

served sequence specificity in the formation of the cross-

linked 14�15 was due to the stabilization provided by the

six intramolecular H-bonds. The thermodynamic nature of

this systemwas further verified by the fact that as few as two

H-bonds were sufficient to shift the equilibria toward the

formation of sequence-matched products in aqueous

solutions.

Toward Responsive Systems
One strategy to control the association of H-bond-mediated

association is to add a complementary strand as a “chain

stopper” that competes for H-bonding with the association

unit. Such an approach was adopted by Meijer et al. to

reverse the formation of H-bonded supramolecular

polymers.12 The complete interruption of intermolecular

associationmediated byH-bonded pairs of very high affinity

requires the presence of a sufficiently high concentration of

the chain stopper, which may not be a desirable feature for

many applications.

“Mutant” duplexes such as pair 3 36 and 3 37 (see Figure 5)

may allow the development of association units with sig-

nificantly enhanced sensitivity and responsiveness. For ex-

ample, the supramolecular polymerization of difunctional

unimers consisting of a spacer end-functionalized with

strands 3 and 6 or 3 and 7 should result in a reasonably

high degree of polymerization given the high strength of

3 36 or 3 37 (Ka > 105 in chloroform).33 However, when a

monofunctional chain stopper forms a fully matched pair

with either one of the strands of the mutant duplex, the

mutant duplex can be completely interrupted, leaving mon-

omeric species in solution.

Besides directing the association of structural units, our

duplexes allow the introduction of additional levels of con-

trollability. Triggers that are responsive to external stimuli

could be incorporated into the duplexes. As shown in

Figure 12, the presence of the acid-responsive 2,6-diamido-

pyridine moiety61 in 16 that is derived from oligoamide 4

should lead to a strand that is responsive to the presence or

absence of acid. The addition of an acid would convert 16

from a linear to a curved conformation, which should inter-

rupt the ability of such an oligoamide strand to pair with its

complementary strand (Figure 12). The 1H NMR spectra of

duplex 3 316 in the presence of absence of acid in CDCl3
demonstrated the expected conformational change and the

association and dissociation of the corresponding H-bonded

duplex.52 Similarly, the presence of metal ion or the incor-

poration of photoisomerizablemoiety into the design of our

duplexes should lead to association units, chain stoppers,

and analogous linking units allowing different means of

controllability and with responsiveness toward various ex-

ternal stimuli.

Conclusions and Future Perspective
Information-encodedmolecular duplexes with programma-

bleH-bonding sequences and tunable binding strength have

successfully reproduced some of the most important fea-

tures of duplex DNAs. Mimicking some aspect of the encod-

ing capability of DNAs, these duplexes possess instructing

ability as demonstrated by the noncovalent conjugation of

otherwise noncompatible polymer chains, the directed as-

sociation of peptide strands, and the templation of chemical

FIGURE 11. Two components bearing complementary H-bonding
sequences reversibly form disulfide-cross-linked products. A�B repre-
sents the most stable product due to the stabilization from its fully
matched, interstrand (intramolecular) H-bonds.

FIGURE 12. Incorporating an acid-responsive diamidopyridine unit leads to 16 that pairs with 3 into duplex 3 316.
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reactions. The incorporation of dynamic covalent bonding

interactions has led to sequence-specifically formed, cova-

lently linked structures under thermodynamic conditions.

These specific dynamic covalent ligationunits should open a

new avenue to previously unavailable architectures. In the

long run, such information-carrying systems, with conveni-

ent structural and functional modifiability, may provide

a platform allowing constant optimization, leading to intel-

ligent behavior, and finally, may reproduce the most

important feature of DNAs, that is, self-replication and

amplification.62
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