
Introduction

While factors governing the assembly of small molecules are
relatively well understood, few rational approaches to the
directed organization of oligomeric and polymeric precursors
have been forthcoming. To simplify the task of assembling
polyvalent macromolecular precursors, we have introduced
the concept of ªcovalently castingº one-dimensional non-
covalent ensembles as a general strategy toward molecular
strands of predetermined topography, specifically a duplex
mode of aggregation.[1, 2] In this account, the covalent casting
concept is reviewed. The effectiveness of this design principle
is illustrated through casting of the aminotriazine H-bonding
motif. The molecular strands thus derived form duplex
architectures in solution and in the solid state. These studies
have led to the conception of a new family of oligomers,
which, akin to DNA, self-assemble in the form of a duplex
through the action of interstrand H-bonds (Scheme 1).

Background

As investigations into molecular self-assembly extend to
greater length scales, macromolecular assembly emerges as a
well-defined area of research. Indeed, whereas the term
ªtectonº has been coined to describe noncovalent synthons of
molecular dimensions,[3] more recently, the term ªfold-
amerº[13a] has been introduced to describe oligomeric pre-
cursors for self-assembly. These efforts relate to a fundamen-
tal theme in the development of the chemical sciences: the
ability to address issues of selectivity in the organization of
matter across all length scales.[4]

The paradigm for polymer assembly has advanced consid-
erably as a consequence of recent cross-pollination between
the fields of polymer and supramolecular chemistry. This is
evidenced, in part, by investigations into the self-assembly of
dendritic macromolecules,[5, 6] block copolymers,[7, 8] and the
polymerization of organized assemblies.[9, 10] These studies
primarily take advantage of solvophobic driving forces to
induce the formation of liquid crystalline or microphase
separated domains. In contrast to solvophobic interactions,
H-bond interactions are stronger and, hence, their direction-
ality is more defined. Consequently, H-bonds have been used
to generate constructs that embody more localized order,
including polymers incorporating side chain H-bonding
residues[11] and H-bonded main chains.[12] Only recently have
H-bond interactions been applied toward the logic-driven
retrosynthesis and assembly of synthetic oligomers that
express well-defined superstructures.[1, 2, 13]

Discussion

Covalent castingÐembracing noncovalent motifs with cova-
lent scaffolds : Covalent casting involves the superposition
of covalent scaffolding upon the molecular precursors de-
fining a noncovalent ensemble prior to assembly such that
the covalent and noncovalent connectivities are commensu-
rate. Covalent casting is distinguished from covalent cap-
ture,[14] which involves the covalent fixing of a nonco-
valent object after its formation, thereby representing a
template-directed synthesis (Scheme 2). While covalent cap-
ture may yield products that are otherwise difficult to obtain
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Scheme 2. Schematic depiction of the covalent casting and covalent
capture of a one-dimensional construct.

(e.g. macrocycles),[14] covalent casting does not depend
upon the fidelity of assembly nor does it require that co-
valent fixing be conducted under conditions for which
the supramolecular connectivity persists. The synergistic
use of covalent casting and covalent capture strategies
should represent a powerful synthetic tool for the genera-
tion of large covalent constructs of predetermined morphol-
ogy.

The challenge of directing the selectivity of noncovalent
binding interactions relates to the engineering of an energetic
bias of sufficient magnitude so that discrimination may be
achieved amongst competitive assembly manifolds.[13b] For
noncovalent interactions, the energy differences required for
selection between competing modes of assembly are generally
on the same order of magnitude as the very strength of the
binding interactions in play. Therefore, to induce high levels
of selectivity in self-assembly processes, subtle manipulation
of the myriad weak forces contributing to the overall binding
event is required. Preorganization represents a means of
strengthening association through the reduction of entropic
terms; this may be achieved by the introduction of structural
features that enhance the population of binding-effective
conformers. Through covalent casting, covalent frameworks
are designed to embrace supramolecular frameworks, effect-
ing preorganization of the composite noncovalent binding
sites and, in turn, augmenting the stability of the noncovalent
ensemble. Generally, the covalent scaffold embodies struc-

tural features that become sterically repulsive upon adoption
of alternative modes of assembly, further enhancing the
selectivity of aggregation. In this way, large precursors
presenting multiple binding sites may be ªprogrammedº to
express preordained superstructures, which manifest high
levels of structural homogeneity.

Synthetic duplex strands through covalent casting of one-
dimensional H-bonding motifs : To illustrate the utility of
covalent casting as a means of managing polyvalent precur-
sors for self-assembly, we sought to apply our design principle
toward the preparation of duplex strands through the covalent
casting of a one-dimensional H-bonding motif. This required
1) the selection of a one-dimensional H-bonding motif
comprised of molecules amenable to further structural elab-
oration, and 2) the design and introduction of a covalent
scaffold of dimensions commensurate with the noncovalent
connectivities of the one-dimensional array.

In response to this first requirement, we recognized
2-aminopyrimidines as well established molecular precursors
for the expression of one-dimensional H-bonding motifs.[15]

An identical presentation of H-bond donor ± acceptor sites is
found in 2-amino-4,6-dichlorotriazine (1 a), which, as an
added caveat, participates in facile chloro-substitution reac-
tions with heteroatom nucleophiles (Scheme 3).

For the design of a covalent scaffold, the distances between
adjacent triazines of the H-bonded tape must be taken into
account. Specifically, since we envisioned casting to involve
double chloro-substitution through the use of a bifunctional
heteroatom nucleophile, the inter-chlorine distance between
alternate triazines of ribbon I became a salient issue. This
distance, about 2.5 �, was obtained by X-ray crystallographic
analysis of 1 a, which expressed the anticipated superstructure
I in the solid state (Figure 1, top). Therefore, a bifunctional
heteroatom nucleophile was required with inter-heteroatom
distances matched to the inter-chlorine distances in I. A 1,3-
diol, upon adoption of a syn-periplanar conformation, dis-
plays the oxygen atoms in the prescribed manner. Appreciat-
ing that the desired conformer could be favored through the
Thorpe ± Ingold effect, neopentyl glycols were selected as our
ªfirst generationº covalent scaffold. According to this scheme,
covalent casting of the aminotriazine H-bonding motif yields
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Figure 1. Top: X-ray crystal structure of 1a, revealing the anticipated one-
dimensional H-bonding motif I. Bottom: X-ray crystal structure of 3a
revealing the persistence of the encoded H-bonding motif upon introduc-
tion of a 1,3-diol linker and the desired duplex mode of assembly.

the diol-linked oligomers 2 (X�O), which express the duplex
structure II upon self-association (Scheme 4).

Duplex formation in the solid-state and in solution : Having
defined a distinct family of oligomers through the covalent
casting concept, we sought to provide proof of principle by
establishing the duplex mode of assembly. As a starting point,
we first explored the simplest oligomer available, bis-amino
triazine 3 a (Scheme 5), which incorporates neopentyl glycol
as a linking moiety. X-ray crystallographic analysis of 3 a
revealed persistence of the aminotriazine H-bonding motif
upon introduction of the covalent scaffolding, thereby estab-
lishing the duplex mode of assembly and the viability of 1,3-
diols as linking groups (Figure 1, bottom).

Having established the intended duplex mode of assembly
in the solid state, we next endeavored to characterize the
mode of assembly in solution through 1H NMR dilution
studies conducted on bis-aminotriazine 4. Dimerization of 4
occurs through the action of six H-bonds (Scheme 5). The
intended duplex mode of assembly has been corroborated by
X-ray crystallographic analysis of the structurally related 2,2-

dibenzyl-1,3-diol-linked species
3 b. Dilution studies performed
at room temperature fit a 1:1
binding isotherm with low er-
ror, and yield the follow-
ing dimerization constant
in CDCl3: logK� 2.0� 0.10
(K� 100mÿ1) (Table 1). While
this value is relatively low for a
complex bound by six H-bonds,
it is substantially greater than
that observed for the self-asso-
ciation of mono-triazine 1 b
in CDCl3 (log K� 0.46� 0.026,
K� 2.9mÿ1) (Table 1). Never-
theless, the efficiency of dime-
rization for 4 may be improved

through optimization of the covalent scaffolding to further
preorganize 4 in the binding-effective conformation. Specif-
ically, adoption of the syn-periplanar geometry required for
dimerization elicits unfavorable steric and dipole ± dipole
interactions in the form of eclipsed CÿO bonds in the diol
linker. The nonbonded interactions evident in 4 may, in
principle, be transformed into bonded interactions through
the utilization of an aminoalcohol linking group as in 5, which
would result in the formation of an intramolecular NH ´ ´ ´ O
H-bond (Figure 2).

Scheme 3. Facile chloro-substitution makes 2-amino-4,6-dichlorotriazine a versatile platform for the generation
of duplex strands.
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Figure 2. Optimization of the covalent scaffolding for oligotriazines
through the introduction of aminoalcohol linking groups. Enhanced
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Indeed, the association constant pertaining to the dimeri-
zation of bis-aminotriazine 5, which incorporates the opti-
mized aminoalcohol-based covalent scaffold, is over three
orders of magnitude greater than that observed for the
corresponding diol-linked compound 4 in 5 % [D6]DMSO/
CDCl3 (Table 1). In fact, in neat CDCl3, the duplex of 5
persists at the limits of 1H NMR detection. This dramatic
enhancement owes to a seemingly minor structural modifica-

tion: the substitution of nitrogen for oxygen in the linking
moiety.

For the preparation of higher oligomers, we have devised an
homologation protocol allowing sequential extension of oligo-
aminotriazines to yield monodisperse dimeric, trimeric, and
tetrameric strands 8 a ± c (Scheme 6). As evidenced by binding
constants obtained for the series of oligomers in increasingly
competitive media, interstrand affinity improves with increas-
ing strand length. The low errors obtained upon fitting the
data to a 1:1 binding model, along with the relative magnitude
of the binding constants as a function of medium, strongly
supports ªin registerº duplex formation. We are currently
analyzing dye-labeled strands in order to determine binding
constants in noncompetitive media by fluorescence resonance
energy transfer (FRET) techniques.

Having prepared discrete duplex oligomers, the prepara-
tion of polymeric materials was desired. Diol-linked amino-
triazine dimer 9 undergoes condensation polymerization with
homopiperazine, which may be viewed as a conformationally
constrained 1,3-diamine.[1a] The polymer backbone contains
alternating 1,3-diol and 1,3-diamine linkages. More recently,
we have begun to explore the polymerization of the ªsecond
generationº aminoalcohol-linked derivatives. The aminoalco-
hol-linked polymers 10 b should be obtained by self-conden-
sation of 6 upon unmasking of the latent Boc-protected amine
nucleophile (Scheme 7).

Characterization of the topography of polymers 10 is
currently underway. However, a qualitative indication that
10 a adopts a compact globular structure as a result of the
formation of intramolecular H-bonds is provided by temper-
ature dependent GPC analysis. Specifically, large increases
(20 ± 24 %) in apparent molecular weight are observed upon
modest increases in temperature (Table 2). Notably these
studies were performed in THF solvent, a competitive
medium for H-bond formation.

The covalent casting of alternative one-dimensional H-bond-
ing motifs : Covalent casting of the aminotriazine H-bonding
motif has led to a new family of covalent-noncovalent ladder

Table 1. Association constants [mÿ1] determined by 1H NMR.[a]

Percent [D6]DMSO in CDCl3 v :v
Compound 0% 1 % 5% 10% 50%

1b 2.9 ± ± ± ±
4 100 66 9.2 2.0 ±
5 ND[b] ± 28000 1100 ±
8b ± ± ± ND[c] 1500[d]

8c ± ± ± ND[c] ND[c]

[a] Association constants were obtained from 1H NMR dilution data using
the computer program ChemEqui developed by Dr. Vitaly Solov�ev. For a
detailed description, see: V. P. Solov�ev, V. E. Baulin, N. N. Strakhova, V. P.
Kazachenko, V. K. Belsky, A. A. Varnek, T. A. Volkova, G. J. Wipff, Chem.
Soc. Perkin Trans. 2 1998, 1489. [b] No dissociation was observed above
1.3mm. [c] No dissociation was observed within the detection limits of the
NMR experiment. [d] Results were dependent upon the amount of residual
H2O present in [D6]DMSO. In a duplicate experiment using dry DMSO,
dissociation was not observed.
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materials. In principle, a diverse range of duplex materials
possessing programmable self-association characteristics may
be obtained through the covalent casting of selected H-bond-

ing motifs. To illustrate the
generality of the covalent cast-
ing design principle, studies on
the casting of alternative one-
dimensional H-bonding motifs
have been initiated. 1,4-Diami-
nophthalazine (11) was antici-
pated to express a one-dimen-
sional superstructure (Figure 3,
top). The H-bonding motif of
11 and related structures (e.g.
1,4-diaminopyridazine) are yet
unknown in the literature. For
this reason single crystals of 11
were grown and analyzed by
X-ray diffraction. The antici-
pated H-bonding motif was ob-
served in the solid-state (Fig-
ure 3, bottom).

Studying interatomic distan-
ces obtained from the crystal
structure of 11 facilitates the
design of a covalent scaffold. A
trans-1,4-but-2-ene diol linkage,
as shown for dimeric 1,4-diami-
nophthalazine 12, is roughly
commensurate with the supra-

molecular connectivities revealed in the crystal structure.
Studies related to the assembly 12 in solution and in the solid
state are currently underway (Scheme 8).

Thus far, we have described systems that self-associate, that
is, the self-assembly of homomeric strands. The melamine ±
cyanuric acid H-bonding motif[16] provides an opportunity to

Table 2. Peak molecular weight of 10a measured by GPC[a] as a function of
concentration and temperature.[b]

Entry Sample conc. [mg mLÿ1][c] M.p. (25 8C) M.p. (50 8C)

1 4.0 37100 46000
2 1.0 35500 42600

[a] Gel permeation chromatography in THF, calibrated with polystyrene
standards at both temperatures. [b] Column temperature maintained by
heated enclosure. [c] Injection volume� 100 mL.
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Figure 3. Top: 1,4-Diaminophthalazine (11) and anticipated one-dimen-
sional H-bonding motif. Bottom: X-ray crystal structure of 11 revealing the
anticipated mode of assembly.
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cast heteromeric duplex materials. The isophthaloyl moiety
serves as a covalent scaffold for the melamine portion of the
H-bonded tape. The cyanuric acid-containing strand is cast by the
introduction of a semi-rigid polyamide backbone (Scheme 9).

The conjugation of different ADP oligomers raises numer-
ous possibilities involving the design of self-replicating sys-

tems.[17] Each unique oligomer may serve a multi-site receptor
for its composite monomers. As such, a strand may template
its own formation by preorganization of the monomers along
the polymer in a manner geometrically suited for introduction
of covalent scaffolding. Covalent capture of the templated
monomers would result in the formation of a duplicate strand.
The outcome of templated versus untemplated polymeriza-
tion is most easily assessed in block polymer systems
incorporating different H-bonding recognition motifs as
depicted schematically (Scheme 10). Self-replication in

this manner would be equiva-
lent to an abiotic version of the
polymerase chain reaction
(PCR).

Perspectives : In Nature, nano-
structured objects are assem-
bled from macromolecular pre-
cursors. Biomacromolecules,
such as proteins and DNA, not
only exhibit high levels of struc-
tural homogeneity, but possess
exceptional mechanical proper-
ties (e.g. arachnid silk fibers)[18] ,
selective catalytic functions
(e.g. cytochrome-p450)[19] , and
information storage capabilities
(DNA/RNA).[20] By developing
technologies for the controlled
induction of superstructure in
oligomeric and polymeric pre-
cursors through self-assembly,
steps are taken toward the def-
inition of a platform for the de
novo design of synthetic poly-
mer-based devices of nanomet-
ric dimensions, which, upon
sufficient development, may
embody capabilities beyond
those displayed by their natural
counterparts.

The covalent casting of non-
covalent ensembles has been
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introduced as a design strategy for the preparation of large
covalent constructs of predefined superstructure. Strategies
for the spontaneous yet controlled assembly of polymeric
precursors will permit the generation of nanostructured
supramolecular materials that bridge molecular and litho-
graphic size regimes.[21] It is the authors� hope that this
account will stimulate further studies toward the design of
polymer-based architectures en route to functional materials.
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