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Self-Complementary Quadruple Hydrogen-Bonding Motifs as a Functional
Principle: From Dimeric Supramolecules to Supramolecular Polymers

Carsten Schmuck* and Wolfgang Wienand
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The self-association of individual molecules can lead to
the formation of highly complex and fascinating supra-
molecular aggregates. However, for binding motifs which
rely only on hydrogen bonds, a combination of several
such weak interactions is necessary to observe self-
association in solution. Systems based on four hydrogen
bonds in a linear array can be obtained which efficiently
aggregate at least in chloroform. Besides the physical-
organic characterization of these aggregates and the
factors influencing their stability, such quadruple hydro-
gen-bonding motifs can also be used in the field of
materials science to synthesize, for the first time, supra-
molecular polymers through the self-association of self-
complementary monomers. As the formation of non-
covalent interactions is reversible and their strength
depends significantly on the chemical environment (for
example, solvent, temperature), the macroscopic proper-
ties of such polymers can be controlled by variation of
these parameters; hence a first step towards intelligent
materials with tailor-made properties is made. /

\

1. Introduction

Hydrogen bonds!" play an important role in determining
the three-dimensional structure of chemical and biological
systemsl?l as a consequence of their specificity and direction-
ality. The formation of one or multiple hydrogen bonds,
especially in combination with other noncovalent forces, such
as ionic or hydrophobic interactions, can lead to a dramatic
change in the micro- and macroscopic properties of the
resulting supramolecular assemblies.’! In contrast to covalent
bonds, which once formed are stable under normal conditions
and can only be broken by providing sufficient energy, the
formation of hydrogen bonds is reversible and their strength
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depends on the chemical environment, such as the solvent or
temperature. Through a variation of the external parameters,
this reversibility allows for the direct control of those physical
properties of supramolecular assemblies! which are deter-
mined by the hydrogen bonds. The main drawback of
hydrogen bonds is their limited strength; the more polar the
solvent is, the weaker the hydrogen bonds are because of the
increasing competitive solvation of donor and acceptor sites
by solvent molecules.’l Therefore, a single hydrogen bond
possesses a considerable binding energy only in unpolar,
aprotic solvents (hexane, toluene). However, stable supra-
molecular assemblies can also be obtained in more polar
solvents, such as chloroform or acetonitrile, by a combination
of several such weak interactions in binding motifs with
multiple hydrogen bonds.["!

Besides the well-known self-association of molecules with a
centrosymmetric AD —DA array of hydrogen-bonding donor
(D) and acceptor (A) sites, triple hydrogen-bonding motifs
have been studied extensively in the past by the research
groups of Whitesides,[”! Zimmermann,® and Meijer.l”) Asso-
ciation processes of such triple hydrogen-bonding motifs can
only be used for heterodimerization, which requires the
synthesis of two different, and yet complementary, molecules.
Hence, in recent years research has focused on the explora-
tion of quadruple hydrogen-bonding motifs, which in addition
to several arrays that lead only to heterodimerization!'”! also
give rise to two arrays capable of homodimerization: the
ADAD -DADA and AADD -DDAA array.!®! The additional
hydrogen bond should also lead to an increased stability of
such self-assembled dimers relative to those formed from the
triple hydrogen-bonding motifs.['!

2. The ADAD Binding Motif

Meijer and co-workers were among the first to synthesize
self-complementary quadruple hydrogen-bonding motifs with
an ADAD array by acylation of diaminotriazines and
diaminopyrimidines (Scheme 1).1'?l Crystal structure determi-
nation of these compounds confirmed the existence of
centrosymmetric dimers with the expected ADAD -DADA
binding motif. These compounds exhibited pronounced self-
association even when dissolved in chloroform. The quanti-
tative determination of the corresponding binding constants
for these dimerizations were possible by following the
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Scheme 1. Diacylpyrimidine 1 and ureidoacylpyrimidine 2 as ADAD bonding motifs according to

Meijer and co-workers.

complexation-induced downfield shifts of the NH protons in
the 'H NMR spectra, or the shift of the NH stretching
frequence to lower wave numbers in the IR spectra.l'¥ These
data showed that the new quadruple hydrogen-bonding motifs
have association constants of up to 10°m~! in CDCl; and are,
therefore, indeed more stable than the previously studied
DAD - ADA hydrogen-bonding arrays (K ~10>-10°m~").[8 1t
was also shown that the conformational flexibility of the
molecules has a significant impact on the stability of the

O H-N

CsHua

proximity have a stabilizing effect.
There are thus six repulsive secondary
interactions in the ADAD-DADA ar-
ray besides the four primary hydrogen
bonds. However, there are only two
such destabilizing interactions in the
AADD-DDAA array, but four additional attractive secon-
dary electrostatic interactions. One can thus expect a higher
association constant for the AADD —-DDAA array relative to
the ADAD -DADA one (Scheme 2).

Meijer and co-workers were indeed able to design mole-
cules with such an AADD binding motif based on easily
accessible 2-ureido-4-pyrimidones 3 (Scheme 2).['*! Unfortu-
nately, the self-association is complicated by the occurrence of
a complex equilibrium of tautomeric forms: the ureidopyr-

0 K=2x10%wm?

aggregates; self-association can only occur
if all the hydrogen-bonding donor and
acceptor sites are arranged in a linear way
and point in the same direction, thereby
presenting the necessary ADAD “face”
(Scheme 1). This requires a syn orientation
of the amide groups in the heterocyclic
systems developed by Meijer and co-work-
ers. Hence, in the case of the monoacylated
derivatives 1 the molecules must first un-
dergo an energetically costly conforma-
tional change from the more stable anti
orientation, which can not dimerize, to the
less stable syn conformation'¥! before self-
association can take place. The overall
binding energy for the dimerization is,
therefore, reduced by the energy which
has to be paid for this conformational
change. The syn conformation of the amide
bond in the urea derivatives 2 is already
stabilized in the individual molecules by an
intramolecular hydrogen bond between the
outer ureido NH and the heterocyclic
nitrogen atom. This preorganization of the
molecule means that dimerization can take
place without any prior conformational
changes. Therefore, the resulting binding
energy is substantially higher in 2.
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Scheme 2. Synthesis of 2-ureido-4-pyrimidones 3 (top) and the tautomeric and association
equilibria observed in solution (bottom).

1433-7851/01/4023-4364 $ 17.50+.50/0

Angew. Chem. Int. Ed. 2001, 40, No. 23

H 3¢



MINIREVIEW

imidones can exist in two different lactam forms (3a and 3b)
and one aromatic 4-pyrimidinol form (3¢), of which the
6[1H]-pyrimidone tautomer 3a is the most stable one. As a
consequence of the different arrangements of donor and
acceptor sites in these tautomers only the 4[1H]-pyrimidone
3b and the pyrimidinol 3¢ can form self-assembled dimers: In
the case of the 4[1H]-pyrimidones 3b these dimers possess the
desired AADD -DDAA binding motif, whereas the pyrimi-
dinols 3¢ exhibit a less stable DADA - ADAD array. It was
shown by elaborated NMR studies that a complex mixture of
all three possible tautomers exists in solution and that the
equilibrium composition is determined by the polarity of the
solvent, the concentration of the compound, and any sub-
stituent present in the 6-position of the pyrimidine ring.
Although the 1:1 stochiometry of the dimers and the
quadruple hydrogen-bonding motifs with the DDAA -
AADD and ADAD-DADA arrays were established by
X-ray crystallography of several compounds in this series,
quantitative analysis of the association constants was not
possible in CDCI; because the binding constants were too high
for a direct determination by '"H NMR dilution studies. Meijer
and co-workers could only estimate a lower limit for the
dimerization of the ADAD -pyrimidinol motif 3¢ of K~
10°m~! and for the AADD -pyrimidone motif 3b of K=~
106 M_l.[16]

The research group of Meijer chose an indirect method,
excimer fluorescence spectroscopyl'”! for an experimental
determination of the actual association constants. Fluoro-
phoric pyrene groups were attached through an aliphatic
linker to the external urea nitrogen atoms of suitable 6-alkyl-
substituted pyrimidones which exclusively exist in the tauto-
meric form 3b. Dimerization of these ureidopyrimidones
results in the formation of excimer homodimers between the
two pyrene fluorophors with a significantly red-shifted
emission wavelength (4,,,, =478 nm) relative to an isolated
pyrene (A, =372-399 nm). The intensity of this new fluo-
rescence emission band at 478 nm can, therefore, be used as
an indicator for the extent of dimer formation (Figure 1). As
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Figure 1. Determination of the dimerization constant for compounds of type 3 by using

excimer fluorescence spectroscopy of a pyrene derivative.
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pyrene is strongly fluorescent, this method requires much
smaller concentrations than those needed for an NMR
dilution experiment. From these data Meijer and co-workers
could extract a dimerization constant for the AADD array in
3b of K=6x10"m~!, which is significantly higher than the
lower limit estimated from the previous NMR studies. A
similar value of K=10"mM"! was determined by Corbin and
Zimmermann for their recently developed AADD binding
motif 4. In contrast to the ureidopyrimidones 3 of Meijer
and co-workers, dimerization in this case is not hampered by a
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tautomeric equilibrium, as all the possible tautomers of 4
possess the same AADD array of hydrogen-bonding donor
and acceptor sites and are therefore capable of self-associa-
tion.]

4. Linear Supramolecular Polymers

The extremely efficient self-association of such AADD
binding motifs in chloroform now allows for the direct control
of the macroscopic physical properties of large supramolec-
ular assemblies.’) The attachment of more than one such
binding motif to oligomer or polymer chains enables new
applications in the field of polymer chemistry and material
science to emerge. There will again be an extensive self-
association of two binding motifs of such “Janus” molecules in
chloroform solutions. These binding motifs will not only
result in a dimerization but also in a supramolecular
linear polymerization, a sort of “supra-polymerization”
(Scheme 3).2!! In contrast to conventional polymers, in which
the macromolecular chains consist of covalently
and hence irreversibly connected monomer units,
here supramolecular polymers are obtained
which only demonstrate their polymeric proper-
ties by the self-association of the corresponding
binding motifs.*?22] The use of weak and
reversible hydrogen bonds to connect different
monomer units also provides the first step
towards “intelligent”, tailor-made polymers.
The strength of the interaction between the
various monomer units depends on external
parameters and can, therefore, be changed by
variation of the solvent, pH value, or temper-
ature.

The first reversible polymer based on this
principle was obtained by Meijer et al. through
the self-association of a bifunctional molecule 5,
in which two ureidopyrimidone binding motifs
were covalently linked through an alkyl chain
(Scheme 4).241 Compound 5 shows an association
number of more than 500 in chloroform.?> 20l

1433-7851/01/4023-4365 $ 17.50+.50/0 4365



MINIREVIEW

h o xh
monomer chains in solution
low viscasity

low temperature
unpolar solvents

high temperature
polar solvents

supramolecular polymer
high viscosity

Scheme 3. Supra-polymerization of bifunctional “Janus” molecules.
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Scheme 4. Synthesis of the first

polymer 5.

supramolecular homo-

related to the individual monomer units and the solution
becomes more fluid and less viscous. The polymeric properties
are again restored on decreasing the temperature. Similar
effects are observed by the addition of a polar, protic solvent,
which also disrupts the hydrogen bonds; the addition of small
amounts of trifluoroacetic acid causes a dramatic decrease in
the viscosity of the solution.

5. Noncovalently Cross-Linked Polymers

Of course, more than two self-complementary ureidopyri-
midone units can also be incorporated into a single molecule.
This gives rise to supramolecular 3D networks of type 6
(Scheme 5), which can exhibit completely new properties
compared to conventional cross-linked polymers. These
materials change with an increasing number of cross-links
from a viscous liquid to an elastic solid. The structural
composition of covalently cross-linked polymers is normally
not precisely defined. The number of cross-links—which is an
important parameter for the materials properties—can only
be approximately controlled by variation of the polymer-
ization conditions (for example, catalyst concentration, addi-
tives).’’ Once formed, the cross-links are irreversible. This
situation leads to the trapping of a kinetic polymerization
state. The material often contains structural defects such as
unreacted functional groups which have an undesired influ-
ence on the material properties. This problem does not exist
with noncovalently cross-linked polymers. As hydrogen bonds
continously dissociate and reform, such a polymer is always
close to its thermodynamically favored state. Hence, the
density of cross-links in the network is higher and the material
becomes stiffer. The application of external pressure, which
results in structural defects caused by disruption of hydrogen-
bonded cross-links, results in spontaneous reorganization: the
material self-heals.

The reversibility of the supramolecular polymerization
process can be nicely demonstrated by the addition of a
monofunctional ureidopyrimidone stopper 8 to a highly
viscous solution of the bifunctional Janus molecule 5. The
stopper 8 interferes with the polymerization through a
competitive association with the ureidopyrimidone head

[
N N.V_,,N o]
i Fj‘:l* “ff
"
pohmer&]’u‘”N—/ /
3

Such solutions are highly viscous and display all the A &
properties of a classical polymer. Noteworthy, how-

ever, as this is not found in a conventional polymer, ",

is the strong concentration and temperature de- .~ - [—— |

pendance of the viscosity. This observation can be ) __r",\ ( --

explained by the effect of temperature on the - _;‘jl""'

strength of the hydrogen bonds between two
ureidopyrimidone binding motifs connecting two "™
different chains. The hydrogen bonds are first
weakened by increased thermal motion and are
finally broken, hence at higher temperatures the
material eventually displays only those properties
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Scheme 5. Reversibly cross-linked supramolecular 3D polymers.
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groups of 5 and thus induces rapid depolymerization
(Scheme 6). The viscosity of the solution decreases
dramatically with increasing concentration of stopper
8. When the stopper is masked in the form of a
photolabile nitrobenzyl ether such as in 7, the
depolymerization can be initiated by external pho-
tolysis.?®l The masked stopper with its triple hydro-
gen-bonding motif does not form dimers with the
quadruple hydrogen-bonding motifs in § which are
stable enough to effectively compete with the poly-
merization. Photolysis causes the cleavage of the
nitrobenzyl ether protecting group and liberates the
fourth hydrogen-bonding site, the carbonyl group of
the pyrimidone ring. The stopper is now activated and
can cause depolymerization. Unfortunately, the proc-
ess is so far not reversible, and so a complete
photochemical switching is not yet possible.

¢
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Scheme 6. Depolymerization of a supramolecular polymer induced by addition of a
monofunctional stopper 8 (top), which can be liberated photochemically from an

inactive precursor 7 (bottom).

6. End Group Modified Telechelic Polymers

New materials with interesting macroscopic prop-
erties can be obtained by attaching the ureidopyr-
imidone binding motif to polysiloxane oligomers or

telechelic®®! polymers based on polyethylenes/poly- o

butylenes, polyethers, polycarbonates, or polyest-
ers.?)l For this purpose Meijer etal. developed a
general, large-scale synthesis based on N-ureidoalkyl-
isocyanates 9 (Scheme 7). Reaction of the isocyanate
group with appropriate nucleophiles such as hydroxy
or amino groups, which form the end groups of
classical telechelic polymers 10, leads to the corre-

sponding supramolecular polymer units 11 in good r
=

R
Mg o o O,‘H\N)\l
)\NJ\N/CGHQ\NJ\O OJ\N/CGHm\NJ\N)%N o
H H H H
11

yields. Alternatively, alkenyl-substituted ureidopyri-
midones can be used directly as monomers for o
copolymerization with simple alkenes using Zie-
gler—Natta conditions as was shown recently by
Coates and co-workers.P']

In contrast to unmodified telechelic polymers, such
hybrid materials exhibit improved properties as a
result of the self-association which increases their virtual
molecular weight.’?l For example, the functionalization of a
poly(ethylene/butylene) copolymer with hydroxy end-groups
resulted in a macroscopically visible change in the material
properties:) Whereas the dihydroxy telechelic copolymer is
a viscous liquid, the ureidopyrimidone end-group-modified
polymer is an elastic solid as a result of the additional
supramolecular linking of the individual polymer chains
(Figure 2).

7. Hierarchical Order in Supramolecular Polymers

Besides linking of the ureidopyrimidone head groups
through hydrogen bonds, the mechanical properties of such
end group modified supramolecular polymers are also deter-
mined by interactions between the polymer chains them-
selves. This situation opens the way to obtain supramolecular
polymers with a higher degree of structural order by
incorporation of specific structure-determining groups into
the periphery of such systems. For example, the bifunctional
ureidopyrimidone 5 forms a supramolecular polymer with a

Angew. Chem. Int. Ed. 2001, 40, No. 23
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Scheme 7. General synthetic scheme for the end-group modification of telechelic
polymers with self-associating hydrogen-bonding motifs.

Figure 2. Changing the macroscopic properties of a telechelic poly(ethy-
lene/butylene) copolymer 10 (left) by end-group modification with self-
associating hydrogen-bonding motifs 11 (right).!

random-coil structure in chloroform. If one modifies the
binding motifs by attaching oligo(p-phenylenevinylene)
groups with chiral side chains, such as in 12, the resulting
supramolecular polymers display a helical superstructure
(Scheme 8).[ In addition to the hydrogen-bonding-based
self-association, ; —m interactions between the aromatic rings
of the oligo(p-phenylenevinylene) groups cause a columnar
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Scheme 8. Formation of a helix through m—m stacking of hydrogen-
bonded dimers. Reprinted with permission from the American Chemical
Society from ref. [33b].

stacking of the planar head-group dimers. The chiral side
chains then induce a helical twist, as could be shown by CD
spectroscopy. Again, the extent of the stacking and the helical
twist can be controlled by the solvent and the temperature:
neither in DMSO nor above 80°C could any Cotton effect
typical of helical structures be observed.

8. Outlook

The first steps toward the supramolecular synthesis of
“intelligent” materials with tailor-made properties have been
made. However, the exclusive use of hydrogen bonds thus far
also limits any potential future application of these systems.
The quadruple hydrogen-bonding motifs presented here
display their unique and efficient self-association properties
only in solvents of low polarity such as chloroform; more
polar solvents or even water destroy the hydrogen bonds and,
therefore, also their positive effects on the materials proper-
ties. Hence, the long-term goal must be to develop new

4368 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

systems, in addition to the binding motifs accessible so far,
that also display stable association in aqueous solvents. One
possibility in this context is to incorporate additional electro-
static or hydrophobic interactions® into self-complementary
hydrogen-bonding motifs. Some first and promising examples
already do exist and one can look forward to future develop-
ments in this field.
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