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Abstract: This article describes an associating system that integrates the specificity of multiple hydrogen
bonding and the strength of dynamic covalent interactions. Linear oligoamides that sequence-specifically
pair into H-bonded duplexes in nonpolar solvents were modified with S-trityl groups, allowing the reversible
formation of disulfide bonds. The disulfide-crosslinking reactions of oligoamides capable of pairing via two,
four, and six intermolecular H-bonds, along with several control strands, were examined using ESI, MALDI-
TOF, reverse phase HPLC, and two-dimensional NMR. Results from these studies demonstrate that this
system possesses both the high fidelity of multiply H-bonded assemblies and the high stability of covalent
interaction, leading to the sequence-specific crosslinking of complementary oligoamides in not only nonpolar
(methylene chloride) solutions but also highly competitive (aqueous) media. Experiments were designed
to systematically probe the mechanism behind the specific formation of the sequence-matched products,
which revealed a thermodymically controlled process. Multiple pairs in the same solution were crosslinked
in a sequence-specific fashion. In addition, a length-dependent selectivity was also observed. Thus,
oligoamides with different lengths or sequences did not crosslink into mismatched products. As few as two
H-bonds is sufficient to bias the specific formation of the crosslinked product in aqueous media, suggesting
that associating units with tunable sizes, high stability, and high specificity can be conveniently designed.
The combination of H-bonding and dynamic covalent interactions represents a new, generalizable strategy
for developing highly specific molecular associating units that are stable in a wide variety of media. These
associating units will greatly facilitate the construction of various structures with many applications.

Introduction

The cooperative action of multiple noncovalent forces leads
to highly specific recognition events that result in thermody-
namically stable assemblies.1 A systematic approach to control-
ling self-assembly involves the design of associating units that
store and retrieve information.2 Early investigation on molecular
association of nucleobases by Jorgensen and Zimmerman has
led to H-bonded pairs for specifying intermolecular interactions.3

Subsequently, the groups of Zimmerman,4 Meijer, and Sijbesma5

reported highly stable heterocyclic complexes with arrays of
H-bond donors (D) and acceptors (A). Many other groups6-18

also reported H-bonded assemblies consisting of multiple
components.

Since our first report,19 we have developed a systematic
approach for specifying intermolecular association.20 Our system
involves a class of molecular recognition units with high stability
and tunable sequence specificity. This system is based on the
recombination of amide O and H atoms of oligoamide strands
consisting of readily available building blocks. Oligoamides
carrying different combinations (sequences) of H-bond donors
and acceptors have been generated. The resultant molecular
strands form highly stable duplexes via hydrogen-bonding inter-
actions between backbone amide O and H atoms. The associa-
tion of these oligoamide strands was found to have high fidelity
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in a nonpolar solvent such as chloroform: a strand specifically
pairs with another strand bearing a complementary sequence.

Using the H-bonded duplexes as noncovalent associating
units, we developed a system of supramolecular AB diblock
copolymers.21a,bIncompatible polymer chains (e.g., PS and PEG)
end-modified with single H-bonding strands that sequence-
specifically paired into hetero-duplexes were mixed in a
common solvent. Studies by1H NMR and GPC revealed that
the modified PS and PEG blocks quantitatively associated via
H-bonding into the corresponding supramolecular diblock
copolymers. In bulk, these block copolymers demonstrated
microphase separation, leading to nanodomains typical of
covalent diblock copolymers. The versatility of our H-bonded
duplexes as highly specific associating units was also demon-
strated by their serving as templates for inducing the formation
of â-sheets when attached to peptide chains21c and for directing
the cross metathesis of attached olefin moieties.21d

In spite of their proven specificity and tunable stabilities for
assembling various molecular components, our H-bonded
duplexes, like most other H-bonded complexes, are stable only
in nonpolar solvents. Their intolerance to polar media such as
water hampers many applications, particularly those involving
biological conditions. Although several systems with microen-
vironments that promote H-bonding in polar media were
known,22 in competitive environments, particularly in aqueous
solutions, the association of artificial molecular components
based on H-bonding still represents a largely unsolved funda-
mental problem. In contrast to designed systems, all water-

soluble natural self-assembling systems are stabilized by the
cooperative interaction of multiple noncovalent forces. One of
the best known examples involves DNA duplexes, which are
stabilized by H-bonding, aromatic stacking, and other nonco-
valent interactions.

Using similar strategies found in nature, one possible solution
to constructing stable and specific assemblies in competitive
media involves the design of molecular components capable of
simultaneously specifying H-bonding and other noncovalent
forces. However, the successful design of such molecular
components still represents a daunting challenge. Instead of
contemplating the design of molecular structures that can
assemble based on the synergistic action of multiple noncovalent
forces, we decided to integrate the superb specificity of H-bond
arrays and the strength of covalent interactions into the same
duplex. Although most covalent interactions are irreversible and
can only lead to structures that are formed under kinetically
controlled conditions, a few reversible (dynamic) covalent bond
formation reactions do exist23 and have in fact attracted intense
interest in recent years in thermodynamically controlled covalent
synthesis and in the creation of dynamic combinatorial librar-
ies.24 Therefore, the integration of H-bonding and dynamic
covalent interaction may lead to a simplified, easily manageable
system (Scheme 1).
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Indeed, our preliminary study25 based on MALDI, HPLC,
and preparative scale reaction demonstrated that, by introducing
S-trityl groups capable of reversibly forming disulfide bonds
in the presence of iodine,26 oligoamide strands1 and 2 (0.5
mM each), with their complementary H-bonding sequences,
were specifically crosslinked into1-2 in both organic and
aqueous media in nearly quantitative yields. The sequence-
specific formation of1-2 was shown by the absence of other
crosslinked products when both strands were present in the same
solution. Additional evidence supporting the high sequence
specificity of this system was the that strand3, which has the
same length as that of1 or 2, but a H-bonding sequence that is
not complementary to that of1 or 2, could not interfere with
the formation of1-2 in aqueous media. The sequence depen-
dence of the crosslinking process was further demonstrated by
3 and its complementary strand4. Although3 failed to crosslink
with either1 or 2, MALDI detected the crosslinked3-4 as the
only product from the 1:1 mixture of3 and4 (0.5 mM each) in
aqueous solution containing iodine, the same outcome as that
observed for1 and2.25,27This result indicates that two different
strands can be specifically crosslinked only when their H-
bonding sequences are complementary to each other.

In this article, we would like to describe a detailed, systematic
study on this new associating system. Specifically, we intended
to probe: (1) The mechanism of the sequence-specific crosslink-
ing in aqueous media. Is the mechanism based on a kinetically
or thermodynamically controlled process? What major interac-
tion is responsible for the observed sequence specificity of the
crosslinking reactions? (2) The generality of this system. Can
sequence-dependent crosslinking be extended to duplexes with
different lengths? (3) Specificity of the duplexes. Do different
pairs of complementary oligoamides interfere with each other’s

crosslinking? Answers to these questions should not only
establish the mechanism of the H-bond-assisted crosslinking of
these duplexes but should also prove the generality and
efficiency of this associating system.

Results and Discussion

Mechanism of Sequence-Specific Crosslinking in Aqueous
Media. The crosslinking of strands1, 2, 3, and4 demonstrated
an apparent correlation to H-bonding sequences in the formation
of the crosslinked products. What is the mechanism behind the
observed sequence-specificity? Does H-bond-mediated inter-
molecular association play any role for the observed sequence-
specificity in aqueous media?

The sequence-specific crosslinking of two complementary
oligoamide strands may involve one of two possible mecha-
nisms. The first is a kinetic one, involving the intermolecular
association of the two stands, which accelerates the rate of
disulfide bond formation by increasing the effective molarity
of theS-trityl groups. The other is a thermodynamic mechanism,
based on the selective stabilization of the crosslinked product
consisting of the sequence-matched strands. To distinguish these
two mechanisms, control strands1a, 1b, and1c were designed
and prepared (Scheme 2).

To probe whether intermolecular association of complemen-
tary strands have any effect on the final product distribution,
the crosslinking of1 and 2 was examined in the presence of
control strand1a. Sharing identical backbone and H-bonding
sequence, strands1a and1 should compete for H-bonding or
aromatic stacking interactions with2. The only difference
between1 and 1a is that the latter is incapable of forming
crosslinked product with2. If the selective formation of1-2
depended on the specific association of1 and2 via H-bonding
or aromatic stacking interactions, the presence of1a should
interfere with such association, which would slow down the
rate-determining step of the disulfide bond formation reaction
and compromise the sequence selectivity. Thus, a mixture
containing1, 2, and1a (0.5 mM each) in aqueous solution in
the presence of iodine was examined using MALDI. As shown
in Figure 1a, two peaks were detected in the MALDI spectrum,
corresponding to the crosslinked1-2 and strand1c. No other
potential products from the self-cyclization or homo-dimeriza-
tion of 1 or 2 were detected. Therefore, the formation of the
crosslinked1-2 was not affected to any detectable extent by
1a. Based on this result, it can be concluded that the sequence
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Severin, K.Chem.-Eur. J. 2006, 12, 1058. (c) Rowan, S. J.; Cantrill, S.
J.; Cousins, G. R. L.; Sanders, J. K. M.; Stoddart, J. F.Angew. Chem., Int.
Ed. 2002, 41, 898-952. (d) Huc, I.; Lehn, J.-M.Proc. Natl. Acad. Sci.
U.S.A. 1997, 94, 2106. (e) Cousins, G. R. L.; Poulsen, S.-A.; Sanders, J.
K. M. Chem. Commun. 1999, 1575. (f) Lehn, J.-M.Chem.-Eur. J.1999,
5, 2455. (g) Polyakov, V. A.; Nelen, M. I.; Nazarpack-Kandlousy, N.;
Ryabov, A. D.; Eliseev, A. V.J. Phys. Org. Chem. 1999, 12, 357. (h)
Giger, T.; Wigger, M.; Audetat, S.; Benner, S. A.Synlett1998, 688. (i)
Swann, P. G.; Casanova, R. A.; Desai, A.; Frauenhoff, M. M.; Urbancic,
M.; Slomczynska, U.; Hopfinger, A. J.; Le, Breton, G. C.; Venton, D. L.
Biopolymers1996, 40, 617.

(25) Li, M. F.; Yamato, K.; Ferguson, J. S.; Gong, B.J. Am. Chem. Soc.2006,
128, 12628.

(26) Kamber, B.; Hartmann, A.; Eisler, K.; Riniker, B.; Rink, H.; Sieber, P.;
Rittel, W. HelV. Chim. Acta1980, 63, 899.

(27) See Supporting Information for additional data.

Scheme 2

Sequence-Specific, Dynamic Covalent Crosslinking A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 130, NO. 2, 2008 493



specificity shown in the formation of1-2 was not due to the
intermolecular association of1 and2.

The conclusion that intermolecular association of comple-
mentary strands has no effect on the observed sequence
specificity was further verified by investigating the crossinking
of 1 and2 at different concentrations. If the formation of1-2
were kinetically controlled, depending on the specific association
of 1 and 2, then product distribution would change with
concentration. In this case, higher selectivity would be observed
at higher concentrations. The crosslinking reactions of1 and2
were carried out in aqueous media at concentrations of 0.05
and 5 mM for each strand. These concentrations were 1/10 or
10 times of that adopted in the crosslinking reaction of1 and2
we reported.25 At 0.05 mM, MALDI experiment indicated that
1-2 formed as the only product, and no other self-cyclized or
homodimerized products were detected (Figure 1b). At a
concentration (5 mM for each strand) that was 100 times higher,
the crosslinked1-2 again appeared in the MALDI spectrum
as the only product.27 Thus, within the concentration range from
0.5 to 5 mM, the formation of1-2 did not show any
concentration dependence.

Results from the above experiments have ruled out the
possibility of a kinetic mechanism for the sequence-specific
crosslinking of1 and2, and similarly3 and4, in aqueous media.
Instead, these results are consistent with a thermodynamically
controlled process, which involves the selective stabilization of
the crosslinked product.

The observed H-bonding sequence specificity suggests that
the selective formation of a crosslinked product is very likely
to be resulted from the stabilization by intramolecular H-bonds
between two complementary strands. These fully matched
interstrand intramolecular H-bonds came into existence upon
the formation of the disulfide bonds. However, given the strong
competition from water molecules, whether intramolecular
H-bonds could have any effect on the putative stabilization of
the crosslinked products remains unclear. Thus, another pos-
sibility is that the observed sequence specificity does not have
anything to do with H-bonding but instead arises fromπ-stack-
ing interactions between the complementary strands of the
crosslinked products. It is possible that, with their complemen-
tary H-bonding sequences, strands1 and2, and3 and4, also
happen to have complementary surfaces that facilitate specific

Figure 1. MALDI spectra of (a) the 1:1:1 mixture of1, 1a, and2 (0.5 mM each); (b) the 1:1 mixture of1 and2 (0.05 mM each); (c) the 1:1 mixture of
1b and2 (0.5 mM each); and (d) the 1:1 mixture of1c and2 (0.5 mM each) in H2O/THF (9/1, v/v)] in the presence of iodine. (m/z values: 1108.9 [1a +
Na+], 2482.5 [1-2 + Na+], 1201.2 [1b* + Na+], 1305.3 [2* + Na+], 2380.2 [1b-1b + Na+], 2484.1 [1b-2 + H+], 2588.3 [2-2 + Na+], 1227.5 [1c*
+ Na+], 2509.4 [1c-2 + Na+]).
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π-stacking interactions,28 leading to the selective stabilization
of the disulfide corsslinked products.

The role of H-bonding or aromatic stacking were investigated
by examining the crosslinking of oligomers1b and1c with 2.
Strands1b and1c can be regarded as being derived from1 by
replacing the two central aniline NH groups of the latter with
O atoms and N-Me groups respectively. These two control
strands have similar electronic structures as that of1 but carry
fewer (four) H-bonding sites. Therefore, in aqueous media, if
aromatic stacking, rather than H-bonding, played the major role
in determining the relative stability of the crosslinked product,
strand1b or 1c should follow the behavior of1 by pairing with
2, leading to the corresponding disulfide-crosslinked1b-2 or
1c-2 as the major product.

The 1:1 mixture of1b and2 in aqueous media (0.5 mM each)
was subjected to the same conditions for forming1-2. MALDI
results showed that neither1a nor 1b selectively crosslinked
with 2. In sharp contrast to the exclusive formation of1-2 or
3-4, multiple products were detected from the 1:1 mixture of
1b and2, among which1b*, formed from the self-cyclization
of 1b, and2-2, from the homodimerization of2, represented
the major products (Figure 1a). Product1b-2, from the
crosslinking of 1b and 2, only appeared as a minor peak.
Similarly, when mixed together,1c and 2 could not be
crosslinked exclusively into1c-2 (Figure 1b). The observed
distribution of products, that is, the self-cyclized1c*, hetero-
dimer1c-2, and homodimer2-2, can be regarded as being a
statistical one.

Results from these experiments indicate that aromatic stacking
interaction between complementary strands is unlikely the rate-
determining factor responsible for the stabilization of the
crosslinked product in aqueous media. Instead, the critical role
played by interstrand H-bonding in the stabilization of products
1-2 (and similarly3-4) was supported by the high sequence
specificity of the crosslinking reactions, as well as by the
behavior of control strands1b and1c in the presence of2.

The above observations are consistent with a thermodynami-
cally controlled process shown in Figure 2. Thus, when two
strands,A and B, with complementary H-bonding sequences
and termini that can be reversibly crosslinked, are present in
the same solution under redox condition, productsA-A (or self-
cyclized A* ), B-B (or self-cyclizedB* ), andA-B, may be
generated. Among these products,A-B gains the most stabi-
lization from the newly generated, complementary intramolecu-
lar H-bonds due to the formation of the two disulfide bonds.
Thus,A-B represents the most stable combination, that is, the
one with the lowest relative Gibbs free energy. The reversibility
of the dynamic covalent crosslinking allows the equilibria as

shown in Figure 2 to shift toward the formation of the most
stableA-B. Therefore, the observed sequence specificity in
the formation of the crosslinked pairs was due to the extra
stabilization from the H-bonding interactions, which in turn were
the result of the disulfide bond formation.

Generality of the Sequence-Dependent Crosslinking Pro-
cess. In aqueous media, is the observed sequence-specific
crosslinking limited to duplexes with six or more interstrand
H-bonds? Could duplexes with shorter lengths, that is, fewer
interstrand H-bonds, also be sequence-specifically crosslinked
in polar solvents? To answer these questions, the crosslinking
of pairs5 and6, and7 and8, which may associate with four
and two H-bonds respectively, were treated with iodine in
methlyene chloride and in water containing 10% THF.

ESI indicated that, in methylene chloride, both H-bonded pairs
were crosslinked, forming the corresponding disulfide-linked
covalent structures5-6 and7-8 as the overwhelmingly major
products.27 Given its relatively high stability in chloroform20a

and, similarly, in methylene chloride, the presence of H-bonded
5•6 should facilitate the formation of the disulfide-crosslinked
5-6 by bringing the terminalS-trityl groups into close proxim-
ity. Interestingly, in spite of its rather low stability (Ka ≈ 25
M-1 to 50 M-1 in chloroform),20a the doubly H-bonded7•8
also showed sequence-selectivity, forming the crosslinked7-8
as the dominant product. In this case, the self-dimerized7-7
and8-8 appeared only as minor products. The crosslinking of
5 and6, and7 and8, was then carried out with iodine in aqueous
media. Examining the reaction mixtures by ESI revealed the
same results as those from methylene chloride.27 In aqueous
media, the crosslinked5-6 and7-8 were again observed as
the clearly dominant products. The homo-dimerized products
appeared as weak peaks in the ESI spectra of both pairs (Scheme
3).

The dominance of the sequence-specifically paired5-6 and
7-8 from aqueous media was confirmed by reverse-phase
HPLC measurements. As shown in Figure 3, the sequence-
matched5-6 and7-8 were detected as the dominant products.
The self-dimerized5-5 and 6-6 could barely be detected
(Figure 3a) from the 1:1 mixture of5 and6. In the 1:1 mixture
of 7 and8, the self-dimerized7-7 (Figure 3b), which appeared
as a minor product, was probably due to a slight excess amount
of 7 in the reaction mixture. The HPLC results are fully
consistent with those from the ESI experiments, which dem-
onstrated the reliability of the mass spectrometric method. These
results indicated that as few as two intramolecular H-bonds could
sufficiently stabilize the corresponding crosslinked product7-8,
leading to the observed selectivity and efficiency.

It needs to be pointed out that, in the absence of partners
with complementary H-bonding sequences, the individual oli-
goamides were found to self-cyclize or dimerize or both.25,27

In these cases, the observed self-cyclized or dimerized products
were obtained because of the enthalpic (i.e., more disulfide
bonds per unit) and entropic (i.e., formation of more particles)
advantages associated with their formation over that of longer
oligomers and polymers.29 When complementary strands were
present, these products were completely or largely replaced by
the ones with fully matched H-bonding sequences. These self-

(28) Cubberley, M. S.; Iverson, B. L.J. Am. Chem. Soc. 2001, 123, 7560.

(29) (a) Ercolani, G.; Mandolini, L.; Mencarelli, P.; Roelens, S.J. Am. Chem.
Soc. 1993, 115, 3901. (b) Ercolani, G.; Mandolini, L.; Mencarelli, P.;
Roelens, S.J. Am. Chem. Soc. 1993, 115, 3901. (c) ten Cate, A. T.;
Sijbesma, R. P.Macromol. Rapid Commun. 2002, 23, 1094.

Figure 2. Two components bearing complementary H-bonding sequences
can reversibly form disulfide-crosslinked products.A-B represents the most
stable product due to the stabilization from its fully matched, interstrand
(now intramolecular) H-bonds.
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cyclized or homo-dimerized products could not compete with
the sequence-matched pairs because they do not possess fully
matched H-bonds and thus could not gain the same level of
stabilization available to the latter. This observation has provided
additional evidence supporting the role of intramolecular
H-bonding in stabilizing the sequence-matched products.

Crosslinking of Multiple Strands in the Same Solution.
The above finding suggests that highly specific associating units
with significantly reduced sizes (masses) can be easily designed
based on this series of molecules. The availability of crosslinked
duplexes of different lengths should further enhance the diversity
of these molecular associating units. However, one potential
problem is that a shorter duplex usually contain H-bonding
sequences that overlap with part of those in a longer one. Will
the selectivity of the crosslinking reactions be compromised if

multiple strands with different lengths but partially overlapping
H-bonding sequences are present in the same solution?

Figure 4 shows the results from MALDI-TOF experiments
on four reaction mixtures containing two pairs,1 and2, and5
and6 (Figure 4a),1 and2, and7 and8 (Figure 4b),5 and6,
and7 and8 (Figure 4c), and three pairs,1 and2, 5 and6, and
7 and8 (Figure 4d), in aqueous media. In all four combinations
examined, only crosslinked pairs consisting of components with
matched lengths were detected.

The reaction mixtures were also examined using reverse phase
HPLC, which provided results that paralleled those from the
mass spectrometric experiments. The HPLC traces of two of
the combinations are shown in Figure 5. Analyzing the solution
containing1, 2, 5, and6 in the presence of iodine led to the
detection of the two length-matched products1-2 and 5-6

Scheme 3

Figure 3. HPLC traces of an aliquot (15µL) of the solutions of (a) the 1:1 mixture of5 and6, and (b) the 1:1 mixture of7 and8 in H2O/THF (9/1, v/v)
in the presence of iodine (6 mM). Retention time:5-6 (57.6 min);7-7 (46.5 min);7-8 (54.9 min).

A R T I C L E S Li et al.

496 J. AM. CHEM. SOC. 9 VOL. 130, NO. 2, 2008



(Figure 5a). Similarly, the three length-matched products1-2,
5-6, and7-8 were detected in the reaction mixture of1, 2, 5,
6, 7, and8 in the presence of iodine. In these cases, no other
product consisting of components with mismatched lengths was
detected.

Given that the shorter strands have H-bonding sequences that
partially overlap with those of the longer ones (e.g.,5 and6 vs
1 and 2, and 7 and 8 vs 5 and 6), the high selectivity
demonstrated by this associating system is rather dramatic,
which indicated that the formation of the crosslinked products
required component strands with both complementary sequences
and matched lengths. This newly discovered length selectivity
provides an additional strategy for designing molecular as-
sociating units with orthogonal specificities.

Persistence of Intramolecular H-Bonds in Aqueous Media.
An inference based on the thermodynamically controlled
mechanism is that the fully matched intramolecular H-bonds

in the sequence-matched products should prevail in both
nonpolar and aqueous media. NOESY and ROESY experiments
were carried out on7-8 in CDCl3 and H2O containing 20%
THF-d8. As shown in Figure 6a, in CDCl3 in which the
interstrand H-bonds are favored, strong NOEs were detected
between protonsa andd, anda and f, supporting a disulfide-
crosslinked, intramolecularly H-bonded structure for the
crosslinked7-8. Examining the 1:1 mixture of7 and8 in CDCl3
under the same condition failed to reveal any NOEs between7
and 8, which suggested that, in the absence of the disulfide
crosslinks, the weakly H-bonded7•8 did not have a sufficient
stability and a long enough lifetime to allow its detection on
the time scale of the NMR experiment. Although the presence
of intramolecular H-bonds in7-8 is expected in the nonpolar
CDCl3, the same interstrand NOEs, that is, those betweena
andd, anda andf, were also detected in H2O containing 20%
THF-d8 (Figure 6b). That the same NOEs were detected in both

Figure 4. MALDI-TOF MS spectra of (a) the 1:1:1:1 mixture of1, 2, 5, and6; (b) the 1:1:1:1 mixture of1, 2, 7, and8; (c) the 1:1:1:1 mixture of5, 6, 7,
and8; and (d) the 1:1:1:1:1:1 mixture of1, 2, 5, 6, 7, and8 in H2O/THF (9/1, v/v) in the presence of iodine. (m/z values: 2483.0 [1-2 + Na+], 1806.1 [5-6
+ Na+], and 1129.0 [7-8 + Na+].)

Figure 5. HPLC traces of an aliquot (15µL) of (a) the 1:1:1:1 mixture of1, 2, 5, and6 and (b) the 1:1:1:1:1:1 mixture of1, 2, 5, 6, 7, and8 in H2O/THF
(9/1, v/v) in the presence of iodine (6 mM). Retention time:1-2 (40.9 min in (a) and 40.6 in (b));5-6 (57.6 min);7-8 (54.5 min).
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CDCl3 and aqueous solution, along with the fact that no
interstrand NOEs involving other amide and aromatic protons,
that is, protonsb, c, and e, argues for a H-bonded, edge-to-
edge arrangement of the two crosslinked components of7-8

in aqueous solution. The determining role of the two interstrand
H-bonds in the selective formation of7-8 in aqueous media
was demonstrated by control compounds7a and7b, which are
very similar to 7 but lack H-bond donors. Crosslinking of

Figure 6. Partial 2D1H NMR spectra of disulfide-crosslinked7-8 in (a) CDCl3 (ROESY, 278 K, mixing time: 0.3 s) and (b) H2O/THF-d8 (80/20, v/v)
(NOESY, 278 K, mixing time: 0.3 s). The same interstrand NOEs were detected in both CDCl3 and in H2O/THF-d8.

Scheme 4
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compound7a or 7b with 8 in aqueous media failed to lead to
7a-8 or 7b-8 as the dominant product.27 The observed product
distribution in either case can best be regarded as being
statistical.

All factors considered, the best explanation is that intramo-
lecular H-bonding still persists in aqueous media, which
effectively stabilize the crosslinked products with matched
H-bonding sequences (Scheme 4).

Conclusions

In summary, the reversible crosslinking of oligoamides
carrying various numbers and arrangement of H-bond donors
and acceptors was systematically examined in both nonpolar
and aqueous media. Results from ESI, MALDI-TOF, reverse
phase HPLC, and 2D NMR studies clearly demonstrated the
high fidelity of this class of new associating units. The sequence
specificity observed in aqueous media for complementary
oligoamides is consistent with a thermodynamically controlled
mechanism that involves the stabilization of the disulfide-
crosslinked products by fully matched arrays of H-bond donors
and acceptors. The interstrand H-bonds, which seem not to play
any role in associating two complementary strands in aqueous
media, are turned into intramolecular ones upon the formation
of the disulfide crosslinks and serve to stabilize the crosslinked
products. Results from1H NMR experiments are consistent with
the presence of the intramolecular H-bonds in not only
chloroform but also aqueous solution. In addition, the observed
length-dependent selectivity offers another means that further
enhances the diversity of this series of molecular associating
units. This information-storing molecular system is characterized
by (1) reversibility and thus error-correcting ability typical of
noncovalent, self-assembling systems; (2) high stability resulted
from the covalent, i.e., disulfide, crosslinks; (3) high fidelity as
evidenced by the specific pair of complementary partners and
the lack of any “cross talk” between noncomplementary
oligoamide strands. The thermodynamic, instead of kinetic,
nature of the disulfide-crosslinking process is consistent with
results from previous studies, which indicated a significantly
diminished energetic contribution by H-bonding to molecular
association in aqueous media due to strong competition from
water molecules.30 The effectiveness of intramolecular H-bonds,
which appear upon the formation of disulfide bonds, in
stabilizing the corresponding products was clearly desmon-
strated.31 The fact that specific crosslinking can be biased by
as few as two H-bonds indicates that, even in aqueous media,
H-bonds, when properly placed, can effectively direct and shift
the equilibria involving multiple products related by dynamic
covalent interactions. This system represents one of the few
examples32 of dynamic covalent processes biased by H-bonding
in the highly competitive aqueous media. The thermodynamic

mechanism revealed by this study should be general to the
design of systems combining H-bonding and other reversible
covalent interactions. On the basis of the highly efficient
crosslinking of both long and short oligoamide strands, in
nonpolar and particularly in aqueous media, a variety of
sequence- and length-specific molecular recognition units should
become available, which points to the exciting possibility of
programming the self-assembly of various structural components
in aqueous as well as organic media. This system, which
integrates highly specific multiple H-bond arrays with dynamic
covalent bonds, also offers an easily tunable platform for
studying the potential role of H-bonding interaction in water.

Experimental Procedures

All chemicals were purchased from Aldrich or Fisher (Acros) and
were used as received unless otherwise indicated. All reactions were
followed by thin-layer chromatography (precoated 0.25 mm silica gel
plates from Aldrich), and silica gel column chromatography was carried
out with silica gel 60 (mesh 230-400).1H NMR spectra were collected
on at 400 MHz and13C NMR spectra were recorded at 75 MHz on
Varian INOVA instruments.1H and 13C NMR chemical shifts are
reported asδ values in ppm relative to TMS or residual solvent. The
1H chemical shifts (δ) were reported in parts per million downfield
from TMS (tetramethylsilane).13C NMR spectra were recorded in ppm
relative to the solvent signals: CDCl3 (77.23 ppm) and (CD3)2SO (39.52
ppm). Melting points were determined using a MEL-TEMP II apparatus.
MALDI-TOF MS spectra were recorded on a Bruker Bifrex IV MS
spectrometer using 2,5-Dihydroxybenzoic acid (DHB) or dithranol
(DTH) as the matrices. Electrospray ionization mass spectra (ESI-MS)
were on a Thermo Finnigan LCQ Advantage MS spectrometer.

General Procedures of the Disulfide-Crosslinking Reactions.A
portion (0.5 mL, or 1 mL for reactions involving an individual strand)
of an oligoamide was taken from its stock solutions (2.0 mM in CH2-
Cl2) and mixed in a 2-dram vial. Solvent was evaporatedin Vacuo,
and the residue was redissolved into 2 mL of iodine solution (6 mM)
in the corresponding solvent (CH2Cl2 or H2O-THF). In all of the
reaction mixtures, the concentration of each oligoamide component was
maintained at 0.5 mM. The resulting mixture was stirred at room
temperature.

MALDI-TOF Experiments. MALDI-TOF MS spectra of the
reaction mixtures were recorded on a Bruker Bifrex IV MS spectrom-
eter. Sampling and matrix: 2,5-dihydroxybenzoic acid (DHB) in THF
was used as matrix. Two sampling methods,A and B (see below),
were compared. No significant difference in the results obtained by
these tow methods was observed. If there is no specific notice, all the
MALDI-TOF MS spectra presented are obtained by sampling method
A (direct sampling).Sampling Method A: Reaction solution was
directly spotted on the layer of the matrix.Sampling Method B:
Reaction mixture (0.5 mL) was taken and cooled in an ice bath, and 3
mM of aqueous sodium thiosulfate was added until the color of iodine
disappeared. The mixture then was extracted with CH2Cl2. The organic
layer was washed with saturated aqueous NaCl solution and dried over
anhydrous Na2SO4, which was then spotted on the layer of the matrix
on the target.

Reverse Phase HPLC Measurements.The HPLC experiments were
carried out on a Shimadzu 10AV VP. All traces were recorded with a
UV detector at 254 nm. The column was a Microsorb 100 C8 (4.6×
150 mm, 5µm) of VARIAN. An aliquot (15µL) drawn from a reaction
mixture was directly injected for analysis at ambient temperature. HPLC
conditions: 1.0 mL/min; methanol-water gradient elution; methanol
20% in 2 min followed by methanol 20% to 40% in 5 min, methanol
40% to 70% in 45 min, finally, methanol 70-95% in 30 min. The
identity of each peak was confirmed by collecting the corresponding
fraction that was then subjected to analysis by mass spectrometry.
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R. A. Proc. Natl. Acad. Sci. U.S.A. 1993, 90, 1172. (d) BenTal, N.; Sitkoff,
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NMR Spectroscopy. 2D [1H,1H]-NOESY/ROESY spectra were
recorded on a VARIAN INOVA spectrometer operating at1H resonance
frequency of 500 MHz atT ) 278 K using∼5 mM solutions of7•8
and7-8 in CDCl3 (measurement time 11.5 h) and7-8 in 80% H2O/
20% THF-d8 (18.4 h). Chemical shifts were referenced relative to TMS.
The 2D spectra were acquired with 2048 complex points in the direct
dimension and 256 complex points in the indirect dimension, with 16
transients per FID. The relaxation delay between transients was set to
of 2 s, and the mixing time was set to 300 milliseconds.
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