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Supramolecular polymerization processes

Abstract

The assembly of small and large natural molecules into larger structures plays an important role
in various chemical, biological and physical processes. Synthetic supramolecular polymers aim to
mimic the behaviour of their natural counterparts. Supramolecular polymers are defined as
polymeric arrays of monomer units that are brought together by reversible and highly directional
secondary interactions, resulting in polymeric properties in dilute and concentrated solution as
well as in the bulk. The assembling of these one-dimensional systems produces equilibrium
polymers in which the length distribution and average chain length is a function of both
concentration and temperature. Their growth may occur by a step-by-step process akin to
polycondensation, and by cooperative processes such as helical growth or ring-chain equilibria. In
this chapter, the growth mechanisms of supramolecular polymers are critically reviewed and

compared to the growth mechanisms of covalent polymers.

Part of this work has been published:
de Greef, T. F. A.; Meijer, E. W. Nature 2008, 453, 171-173.



Chapter 1

1.1 Introduction

The self-assembly of molecules to form large clusters under equilibrium conditions is a
general phenomenon found widely in chemistry, physics and biology. Examples found
in each field are ubiquitous and include living ionic polymerizations!, the formation of
molecular Bose-Einstein condensates? and the self-assembly of clathrin proteins® during
endocytosis. When the interaction between the monomers is generated by weak,
reversible non-covalent, but highly directional, forces and those result in high-molecular
weight, one-dimensional polymers under dilute conditions, the self-assembly is
classified as a supramolecular polymerization process. Based on the current level of
understanding, three different classification schemes for supramolecular polymers can
be constructed.

Consider the supramolecular polymerization of ditopic monomers in solution leading to
large one-dimensional polymers, the formation of which is driven by the reversible
association of two end-groups, A and B. The two end-groups can be either connected via
a (polymeric) spacer or they can be directly connected, as is the case in the self-assembly
of disclike monomers. The reversible interaction can either occur between two self-
complementary end-groups (A = B) or between two complementary end-groups (A # B).
Using this notation, supramolecular polymerizations can be classified according to three
different schemes: 1) the physical nature of the non-covalent force that lies at the origin
of the reversible interaction 2) the type of monomer(s) used, and 3) the evolution of the
energy of the system at equilibrium as a function of monomer conversion. In principle a
fourth classification scheme based on the dimensionality of the aggregate is also possible.
However, the addition of a second and third dimension will result in additional
interaction energies and hence will directly influence the free energy of the self-
assembled polymer as the concentration (or another thermodynamic force) is changed.
Previously, the physical nature of the various types of interactions that act as driving
forces for the formation of large supramolecular assemblies has been extensively
reviewed and their possible directional character was discussed.* Examples of these
interaction include: hydrogen bonds, n-n interactions, hydrophobic interactions and
metal-ligand binding.

In the second classification scheme two groups are defined. The first class involves a
single monomer containing either self-complementary or complementary end-group
interactions. Examples of this include the supramolecular polymerization of an A2
monomer in solution in which the reversible A-A interaction is self-complementary.
Another example in this group is the supramolecular polymerization of an AB type

monomer in which the reversible A-B interaction is complementary in nature. The
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second class involves two different bifunctional monomers containing only one type of
interaction. Examples of the second group include the supramolecular polymerization of
an A: monomer with a Bo monomer driven by a complementary A-B interaction.

The third classification scheme is based on the evolution of the energy of the system
(consisting of monomer and polymer) as the monomer conversion, x (defined as the
fraction of monomers present in reversible polymers), goes from zero (x = 0) to full
conversion (x = 1). By introducing the concept of conversion a fundamental difference
between covalent polymer chemistry and supramolecular polymer chemistry can be
understood. Polymerization reactions involving covalent bond formation mostly occur
under kinetic control as the potential barrier for back reaction (depolymerization)
reaction is often much larger than for the forward reaction. As a result, dilution (or
heating) of the polymerized material does not necessarily result in a change in the
degree of conversion. This situation is very much different in supramolecular
polymerizations where, due to thermodynamic equilibrium, the extent of reaction x is
directly coupled to thermodynamic forces such as concentration, temperature and
pressure. Several mechanisms are operative by which supramolecular polymers can
grow into long polymers as the concentration of monomer or the temperature of the
solution is changed. In this chapter the three major growth mechanisms (Scheme 1.1)
available to supramolecular polymers in dilute solution will be discussed. An important
physical aspect shared by two of these mechanisms is that they exhibit a critical point in
their self-assembly pathway, characterized by a rapid change in the extent of
polymerization.5

Based on the third scheme, three different types of supramolecular polymerizations are
considered: isodesmic, ring-chain and nucleated (cooperative) supramolecular
polymerizations. In the remaining part of this Chapter, a literature survey has been
conducted and several examples of each type of supramolecular polymerization will be

given.

1.2 Isodesmic Polymerizations

1.2.1 Definition and covalent counterpart

The first class of supramolecular polymerizations is represented by the reversible
formation of a single non-covalent bond that is identical at all steps of the polymerization
process (Scheme 1.1a). This implies that the reactivity of the end groups during the
supramolecular polymerization process does not change due to neighbouring group
effects or additional interaction energies between non-adjacent sites. In addition, an

isodesmic supramolecular polymerization is characterized by the absence of cyclic
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intermediates during the self-assembly pathway. The equivalent in covalent chemistry is
a step-by-step polycondensation that obeys Flory’s “principle of equal reactivity”® and in
which intramolecular cyclisation reactions do not occur (vide infra). An example of such
a polymerization is the polycondensation of sebacoyl chloride (Cl-OC(CH2)sCO-Cl) with
1,10-decamethylene glycol (HO-(CH2)10-OH) in dioxane. Kinetic measurements on this
polycondensation have shown that the reactivity of the functional groups is indeed
independent of the degree of polymerization.” Furthermore, when the polycondensation
is conducted at very high concentrations or in the bulk, cyclisation during the reaction is
considered to be almost negligible as the smallest cycle that can be formed is a cyclic 20-

mer.8

Growing polymer
chains

a) Isodesmic ‘ | ‘gé

b) Nucleation-Elongation
==
I ==
. =B = =
T TeE %
c) Ring-Chain

- B e I,

Concentration

Temperature
Scheme 1.1: Graphical representation of the various growth mechanisms by which a monomer can
polymerize into a supramolecular polymer: a) Isodesmic self-assembly. b) Nucleated self-assembly. c¢) Ring—

chain mediated self-assembly.

1.2.2 Physical aspects

An isodesmic (after iso meaning equal, desmic meaning bond) supramolecular
polymerization of a ditopic monomer in dilute solution is characterized by a single
binding constant (K) for each reversible step in the assembly pathway.” The successive
addition of monomer to the growing chain leads to a constant decrease in the free
energy, indicative of a non-cooperative process. The general scheme of such a

supramolecular polymerization can be written as:
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K
M, +M, &—==M, M, ]=K[M, T’

K
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Due to the equivalence of each step during the polymerization, isodesmic
supramolecular polymerizations are characterized by the absence of a critical
concentration or critical temperature for self-assembly.*!> As a result of this absence, the
concentration of polymeric species rises gradually as the concentration of ditopic
monomer in dilute solution is increased or the temperature of the solution is lowered. To
illustrate this important fact, Figure 1.1a displays the mole fraction of self-assembled
material, ¢, as a function of the dimensionless concentration K*C: (with Ct defined as the
total concentration of monomer and ¢ defined as (C: — Mi)/Cy). Similar plots of
polymerized material as a function of temperature reveal the same gradual
transitions.'?'3 This gradual transition is also observed when the weight and number
average degree of polymerization are plotted as a function of the dimensionless
concentration (Figure 1.1b)."* These plots immediately reveal a major drawback of
supramolecular polymerizations occurring via an isodesmic, one-dimensional growth
mechanism. Only at very high values of K*C: supramolecular polymers with a high
degree of polymerization (DP) are obtained (Figure 1b). Hence, in order to obtain
supramolecular polymers with high DP in dilute solutions (C: <1 M), a high value of the
equilibrium constant K is needed (K > 10° M1).

a) b)
) - 170
10 20— Weight average degree of polymerization
1 ] —— Number average degree of polymerization_...... _5
' o e R 60 =
---- Polydispersity o §]
0.8 1.8 5
0.6 g 16 ]
=S 2 ks]
= 8
0.44 o 1.4 g’
0.2 1.2
0.04 T I
T T T T T T T T T T T 0
10° 107 10t 10" 10t 0P 100 q¢® 42 16t P 10 1R 108

K'Cy K*Cy
Figure 1.1: a) Mole fraction of self-assembled material, ¢, as a function of the dimensionless concentration
K*Cr. b) Weight and number average degree of polymerization and polydispersity as a function of the

dimensionless concentration.

Further analysis of this mechanism shows that the polydispersity index at equilibrium,

characteristic of the width of the molecular weight distribution, rises steadily to a value
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of 2 as the product K*C: is increased. Additionally, the size distribution of the polymers
in the high molecular weight limit corresponds to a broad exponential distribution.!%12 In
a recent paper Douglas and Freed have shown that the specific heat capacity Cvas a
function of temperature shows a broad transition for an isodesmic polymerization
whereas for cooperative polymerizations the specific heat shows a much sharper

transition (vide infra)."”

1.2.3 Examples

Previously, the self-assembly of Cs-symmetric acylated 3,3’-diamino-2,2’-bipyridine disc
1 into helical columnar stacks, both in the liquid crystalline state and in dilute alkane
solvents (Figure 1.2), has been studied.!®* In dodecane, chiral 1a shows a very strong
negative Cotton effect associated with the n—n" absorption band of the bipyridine moiety.
Heating of dilute dodecane solutions of 1a results in a gradual decrease of the Cotton
effect reflecting a shift in the equilibrium from long helical columns to short, disordered
stacks (Figure 1.2c).2! The monotonic decrease in Cotton effect upon increasing the
temperature is indicative for an isodesmic growth mechanism, although care must be
exercised upon drawing a firm conclusion based on such a small amount of data points.

OR ~N
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Figure 1.2: a) Chemical structure of Cs-symmetric 3,3’-diamino-2,2’-bipyridine discs 1a, 1b and 1c. b)

Schematic representation of the self-assembly of 1 into helical columnar stacks. c¢) Temperature dependence

of the Cotton effect of 1b in dodecane expressed as the anisotropy factor g.

In light of this, these experiments have been re-evaluated using a larger amount of data
points which indeed has revealed that the self-assembly process of the monomeric discs
into the helical stacks is best described by an isodesmic growth mechanism with an

association constant of 10” M in hexane.?> Although the formation of a helical structure
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is often associated with a cooperative growth mechanism? it appears from these
experiments, conducted in apolar solvents, that the contact energy between non-adjacent
units is too low for a cooperative process to occur. Sergeant and Soldiers experiments?,
implying the control of the movements of large numbers of cooperative achiral units (the
soldiers) by a few chiral units (the sergeants), in dilute hexane solutions of 1a and 1b
show a strong cooperative transfer of chirality in the mixed helical columns.’® A
cooperative length of approximately 80 molecules was determined from these
experiments which shows that the isodesmic build-up of the helical columns is
completely decoupled from the strong cooperative transfer of chirality in mixed columns
of 1a and 1b.

A clear-cut example of an isodesmic self-assembly is the supramolecular polymerization
of bifunctional 2-ureido-pyrimidinone (UPy) derivatives. The ureido-pyrimidinone unit
displays a very strong self-complementary quadruple hydrogen-bonding array in which
the donor (D) and acceptors (A) are either arranged in a DDAA array or in a DADA
array (Figure 1.3a) depending on the nature of the substituent of the pyrimidinone
ring.?>? As a result of the high number of attractive secondary interactions, the DDAA
array of the 2-ureido-4[1H] -pyrimidinone dimer displays? a Kaim of 6 x 10” M-'in CHCls
and is therefore ideally suited to create high molecular weight supramolecular polymers
via an isodesmic growth mechanism. Bifunctional derivative 2, containing two ureido-
pyrimidinone units tethered with an aliphatic hexyl spacer yields viscous solutions in
CHCIs at concentration as low as 40 mM. The observed viscous behaviour is a direct
result of the formation of long supramolecular chains in solutions by reversible
hydrogen-bonding. Titration of monofunctional stopper 3 to solutions of
supramolecular polymer [2]» in CHCIs results in a monotonic decrease of the specific
viscosity (Figure 1.3b) as a result of a concomitant decrease in the average degree of
polymerization.? Fitting of the specific viscosity as a function of 3 assuming an
isodesmic polymerization of 2 resulted in an estimated DP of 700. Additionally, these
experiments highlight the reversibility inherent in supramolecular polymers.

Detailed analysis of the supramolecular polymerization process of UPy derivative 2 has
shown that at very low concentrations (<1 mM) the solution contains a significant
amount of rings. Further analysis of the supramolecular polymerization process of
bifunctional UPy derivatives with conformationally restricted spacers reveal that in
some cases significant amounts of macrocyclic polymers are formed, even at high
concentrations. The formation of supramolecular rings from linear supramolecular

polymers will be the subject of discussion of the next section.
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Examples of other isodesmic supramolecular polymerizations include the self-assembly
of phenylacetylene macrocycles and perylene-bisimides in dilute solution as reported by

Moore? and Wiirthner® respectively.
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Figure 1.3: a) Dimerization of ureido-pyrimidinones via a self-complementary DDAA or DADA array (R’
denotes any aliphatic tail). b) Effect of the addition of supramolecular “stopper” 3 on the specific viscosity of
a 40 mM solution of 2 in CHCls.

1.3 Ring-Chain supramolecular polymerizations

1.3.1 Definition and covalent counterpart

The second class of supramolecular polymerizations is represented by the reversible
polymerization of a ditopic monomer in which each linear aggregate (including the
monomer) in the assembly pathway is in equilibrium with its cyclic counterpart. The
products of most step growth covalent polymerizations, whether under kinetic or under
thermodynamic control, usually contain a few percent by weight of macrocyclic
oligomers. An example of a covalent polymerization in which oligomeric rings are
formed under kinetic control is the polycondensation of triethylene glycol (TEG)
/hexamethylene-diisocyanate in the bulk at elevated temperatures.®! If the linkages in the
chain of a step growth polymer are reversibly broken and reformed, an equilibrium is
set up between oligomeric rings and linear chains. An archetype of a ring-chain
equilibrium under thermodynamic control is the equilibrium polymerization of sulphur,
which has first been theoretically modelled by Gee.?? This equilibrium polymerization
starts at elevated temperatures by ring-opening of the eight-membered sulfur ring to
form a diradical chain which further reacts to form long polymeric chains. Other
examples of covalent polycondensations under thermodynamic control are the cyclo-

oligomerization of lactones under the influence of the catalytic system 2,2-dibutyl-1,3,2-
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dioxastannolane/dibutyltin dichloride (DOS/DTC)* and the entropically driven ring-
opening-metathesis polymerization of macrocyclic olefins.3

In contrast to covalent polymerizations, macrocyclisation reactions in supramolecular
polymerizations always occur under thermodynamic control due to the fast association

and dissociation of the reversible interaction.

1.3.2 Physical aspects

Theoretical distributions of cyclic and linear products in thermodynamically controlled
macrocyclisations have first been described by Jacobson and Stockmayer (JS),*> who
pointed out the existence of a critical concentration, below which the system is
composed of cyclic products only and above which the concentration of cyclic species
remains constant and excess monomer produces linear species only. This model was
later extended by Flory* into a more realistic model, which also included end-to-end
conformation effects. Ercolani extended the treatment of JS to describe the distribution of
cyclic oligomers under dilute conditions and a wide range of association constants
(Figure 1.4).7% He pointed out that the phenomenon of a critical concentration is only
manifested when the intermolecular association constant is sufficiently high (> 105 M).
As most supramolecular polymerizations occur in relatively dilute solutions, the model
proposed by Ercolani is eminently suited to describe the equilibrium between cyclic and
linear species in these equilibrium polymerizations.

In contrast to an isodesmic polymerization which is characterized by a single
thermodynamic constant, the ring-chain model developed by Ercolani is characterized
by two distinct thermodynamic constants (Figure 1.4a) i.e. the intermolecular binding
constant (Kinter) and the intramolecular binding constant for i-th ring closure (Kintra@).

An important parameter in any ring-chain equilibrium is the effective molarity (EMi),

defined as:
K

EM, =220 (1)
K

When all cycles are considered strainless (i.e. the linker that connects the two end groups
and the end group itself are considered flexible) and obey Gaussian statistics, the EM;

(and hence the Kintra)) values for i>1 can be conveniently written as a function of EM1.%
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Figure 1.4: a) Schematic display of a general ring-chain equilibrium defined by the intermolecular
association constant Kiner (M) and the intramolecular, dimensionless association constant for i-th ring
closure, Kintratv. b) The relation between the total concentration of a ditopic monomer in dilute solution (Ct)
and the equilibrium concentration of chains and rings in a ring-chain equilibrium displaying a critical

concentration.

The presence of a critical concentration in supramolecular ring-chain polymerizations
leads to characteristic features not present in isodesmic supramolecular polymerizations.
To illustrate this, the fraction of monomer present in linear species together with the
weight and number average degree of polymerizations (DPw and DPx) for a general ring-
chain equilibrium assuming strainless cycles was calculated for various values of Kintraq)
and a value of Kinwer of 108 M-1.3¢ As the value of Kinra)increases the transition between
cyclic and linear material at the critical concentration becomes much sharper as is
evident from Figure 1.5a. Furthermore, both number- and weight average degrees of
polymerization abruptly increase once the total concentration (C:) exceeds EMi, while
the sharpness of the transition depends on the value of Kinraq). This situation is in
contrast with an isodesmic polymerization in which the DP rises gradually as the
concentration is increased. At high total concentration, isodesmic and ring-chain
equilibria become indistinguishable and both the number and weight average degree of
polymerization are equal at a given concentration far above EM: (Figure 1.5 b and c).

Recent Monte-Carlo simulations on ring-chain equilibria in which hydrogen bonds were
used as the reversible interaction have shown that the critical concentration is strongly
influenced by the rigidity of the spacer. From these studies it was found that the critical
concentration decreases in the order rigid<semi-flexible<flexible when all other factors
such as spacer length and interaction energy between the end-groups are considered
constant.® For semiflexible and rigid polymers, the probability to find spacer ends
within a bonding distance is smaller than for flexible polymers which results in a

decrease in the total fraction of rings.

10
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Figure 1.5: a) Fraction of monomer present in linear species as a function of the dimensionless
concentration Kiner*Ct for various values of EMi and a fixed value of Kinter (106 M1). b) Number averaged
degree of polymerization as a function of the dimensionless concentration Kiner*Ct for various values of EM1
and a fixed value of Kimer (106 M), ¢) Weight averaged degree of polymerization as a function of the

dimensionless concentration Kinter*C: for various values of EM1 and a fixed value of Kinter (106 M-).

It is important to realize that ring-chain equilibria also exhibit a critical temperature (Tc)
as has first been shown by Gee* and later by Tobolsky and Eisenberg* and Harris* for
the equilibrium polymerization of sulfur. At this critical temperature there is a transition
in the equilibrium between cyclic species and high molecular weight chains. Two
limiting cases can be distinguished. In the first case, there exists a ceiling temperature
above which high molecular-weight polymer is thermodynamically unstable with respect
to cyclic monomer; in the other case there exists a floor temperature below which high-
molecular weight polymer is thermodynamically unstable with respect to cyclic
monomer. The concept of a floor and ceiling temperature was developed by Dainton
and Ivin® to describe the propagation step of a general equilibrium polymerization.
Polymerization reactions which have negative enthalpy (H) and entropy (S) changes
associated with their propagation steps are characterized by a ceiling temperature, while

polymerizations in which the change in enthalpy and entropy of propagation are

11
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positive exhibit a floor temperature below which polymerization is not possible. The fact
that such a temperature exists is a direct result of the fact that polymerization is a
chemical aggregation process. A close analogy can be drawn to phase transitions, for
example a solid cannot be obtained from a liquid unless the temperature is below the
freezing point of the liquid.* Solid, liquid and freezing point are physical analogues of
polymer, monomer and ceiling temperature.

Most examples of covalent ring-opening polymerizations involve the opening of
strained rings. Such polymerizations are mainly enthalpy driven and hence display a
ceiling temperature above which virtually all species are cyclic (examples are the
cationic polymerization of tetrahydrofuran and dioxolane). However, in some cases,
ring opening polymerizations can be driven by a gain in entropy and display a floor
temperature. Examples of entropy-driven ring-opening polymerizations are the ring-
opening polymerization of cyclic Ss in liquid sulfur®? and the ring-opening-metathesis
polymerization of strainless, macrocyclic olefins.3*

Although the theory of Dainton and Ivin® provides an accurate thermodynamic
description of the cause of a ceiling or floor temperature (change in enthalpy vs. change
in entropy) it does not yield any indication on the sharpness of this transition. Tobolsky
and Eisenberg?* 4 first showed that the transition between cyclic and linear polymers
can be extremely sharp at the critical temperature. In their theoretical investigations on
the ring-chain equilibrium of cyclic Ss in liquid sulfur they elegantly showed that the
sharpness of this transition is dependent on the ratio of the inter and intramolecular
equilibrium constants. Interestingly, Wheeler* and co-workers have shown that the
ring-chain theory of Tobolsky and Eisenberg can be considered as a mean field
approximation for a second order phase transition in the Ehrenfest sense. The phase
transition approach has many advantages compared to the simple equilibrium approach
as it presents a far more general framework based on formalisms developed for phase
transitions in magnets, simple fluids and covalent polymers.# In covalent polymer
science second-order transitions in the Ehrenfest sense have appeared in a number of
different problems: (1) the helix-random coil transition in DNA, (2) the isolated polymer
adsorbed to a surface, (3) the glass transition and (4) the collapse transition.” In all cases,
the polymeric phase transition is characterized by a discontinuity in the heat-capacity at
the critical temperature. Indeed, experimental data acquired by Greer and Wheeler on
the thermal polymerization of cyclic sulfur has shown that the heat capacity exhibits a A-
like anomaly at the critical temperature while the density does not display a

discontinuity, both features characteristic of a second order phase transition.'74>4
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1.3.3 Examples

Bifunctional ureido-pyrimidinone derivatives equipped with an unsubstituted hexane
spacer can self-assemble in dilute solutions to form high-molecular weight linear chains
via an isodesmic supramolecular polymerization. On the other hand, exclusive
formation of cyclic dimers, both in the solid state and in dilute solutions is observed for
a bifunctional UPy derivative based on a rigid m-xylylene linker.# The dominant
formation of cyclic dimers in this supramolecular polymerization can directly be
attributed to the very rigid pre-organized nature of the linker. Further analysis of the
supramolecular polymerization process revealed that solutions of bifunctional UPy
molecules in CHCl: always contain a certain amount of cyclic species in equilibrium
with high molecular weight chains (Figure 1.6b). It was anticipated that selective pre-
organization toward cyclic species could be achieved by conformational effects in the
spacer unit. To this end, a series of bifunctional UPy derivatives with several substituted
linear spacers was synthesized (Figure 1.6a). Because the resonances corresponding to
cyclic UPy dimers are in slow exchange on the 'H-NMR timescale with the signals of the
linear UPy chains, "H-NMR spectroscopy proved to be a convenient technique to
quantify the critical concentration® for all UPy derivatives (Figure 1.6c). Indeed, the high
binding constant of the UPy quadruple hydrogen bond array results in a true critical
concentration as is predicted by theory.**0 Using 'H-NMR spectroscopy in combination
with Ubbelohde viscometry, estimates for the critical concentration for a family of

closely related bifunctional UPy derivatives in CDCls could be obtained (Figure 1.7a).
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Figure 1.6: a) Bifunctional ureido-pyrimidinone derivatives equipped with a variety of short Cs and Cs
spacers. b) Schematic representation of the supramolecular polymerization of a bifunctional UPy monomer
into linear chains and cycles. c) Concentration of monomer in cyclic dimers determined by 'H-NMR for
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At low concentrations all compounds formed cyclic dimers in solution while at higher
concentration linear polymers were formed. Whereas the critical concentration of 2 is
estimated to be lower than 1 mM, the critical concentration of 4a is almost 300 mM. The
differences in critical concentration of 2, 4a-c are also reflected in the concentration

dependent specific viscosity of solutions of these compound in CHCls (Figure 1.7a, inset).
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Figure 1.7: a) Critical concentration of UPy derivatives 2, 4a-c in CDCls solution as determined by 'H-
NMR analysis. The inset shows the concentration dependent specific viscosity of chloroform solutions of 2,
4a and 4c vs. the concentration (293 K). b) Specific viscosity of a 0.145 M solution of 4d as a function of

temperature.

While solutions of 2 are extremely viscous at a concentration of 75 mM, solutions of 4a
and 4c at this concentration are much less viscous due to the higher fraction of small
cycles at this concentration.

From these results it is apparent that substitution of the alkyl linker with methyl groups
next to the UPy moieties strongly increases the concentration of cyclic dimers formed in
solution. This change in critical concentration has been attributed to a shift in the
equilibrium between the different anti and gauche conformations of the linker, resulting
in a preferred conformation in which the methyl groups are in anti organization with
respect to the rest of the linker. In this way the UPy end-groups become preorganized
for cyclic dimer formation which in turn results in a significant rise in the critical
concentration. This example clearly shows that conformational control in the spacer unit
provides an attractive way to tune the equilibrium between cycles and linear chains in
hydrogen-bonded assemblies.

As already stated, ring-chain equilibria can exhibit either a floor or a ceiling temperature.
In analogy with covalent ring-opening polymerizations, supramolecular ring-chain
equilibria are also capable of displaying a floor or ceiling temperature. If the formation

of supramolecular polymers from supramolecular rings in enthalpically favoured (AH <
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0) and the transition from cyclic to polymeric species results in a loss of entropy (AS < 0)
a supramolecular ring-chain equilibrium will exhibit a ceiling temperature. In contrast, if
the formation of supramolecular polymers from supramolecular rings in enthalpically
unfavorable (AH > 0) and the transition from cyclic to polymeric species is driven by a
gain of entropy (AS > 0) a supramolecular ring-chain equilibrium will exhibit a floor
temperature. A remarkable example of an entropically driven supramolecular ring
opening polymerization is displayed by bifunctional UPy monomer 4d. Upon heating of
solutions of 4d in CHCIs the viscosity of the solution dramatically increases
corresponding to a shift in the equilibrium toward linear chains at higher
temperatures.> Further analysis of the temperature dependence of the ring-chain
equilibrium for other bifunctional UPy derivatives (2, 4b and 4c) has shown that the
critical concentration decreases upon an increase of the temperature, indicative of an
enthalpically driven supramolecular ring-opening polymerization.>

Recently the supramolecular polymerization of an AB type ditopic monomer in dilute
CHCls solutions was also investigated.® In this case, the reversible AB interaction is
based on the strong complementary quadruple hydrogen bond array between the
hydrogen-bonding acceptor-donor-donor-acceptor (ADDA) array of 2-ureido-6[1H]
pyrimidinone with the complementary DAAD array of 2,7-diamido-1,8-naphthyridine
(Ka= 6 x 10° M1 in CHCls).>* Using concentration dependent 'H-NMR and viscosity
measurements a sharp transition from cyclic species at low concentrations to linear
species at high concentrations was observed. This example clearly shows that
intramolecular cyclization plays a crucial role when strong binding units are used to
construct supramolecular polymers. This notion is further strengthened by the large
body of experimental evidence found in literature on ring formation in different
supramolecular polymerizations.®

A long standing, unanswered question is whether the mechanism by which cyclic
species are in equilibrium with linear supramolecular polymers can be regarded as a
true ring-opening mechanism or resembles an open-chain association model. In the first
mechanism, the free end-groups of the supramolecular polymer directly attack the
binding sites present in cyclic species whether in the second mechanism the cycles first

open before associating with the free end-groups of the supramolecular polymer.

1.4 Cooperative supramolecular polymerizations
1.4.1 Definition and covalent counterpart
The third class of supramolecular polymerization of a ditopic monomer into linear, one-

dimensional aggregates is characterized by a so-called cooperative mechanism where
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the polymerization process can be divided in two stages. In each stage the non-covalent
bond formation is governed by a constant equilibrium constant (Scheme 1.1b). For
cooperative polymerizations, below a critical length of the polymer n, i.e. the nucleus
size, monomer addition to the growing polymer is thermodynamically unfavourable,
resulting in a relatively small equilibrium constant Ki, with i<n. It is only when the
polymer has reached the critical nucleus size that addition becomes more favourable
and the equilibrium constant Kj (with j>n) increases compared to Ki. Consequently, for
cooperative processes a ratio of Ki/Kj that is smaller than unity is observed. In contrast,
in an anticooperative polymerization, this ratio of Ki/Kj exceeds unity. It should be noted
that the formation of the nucleus occurs via homogeneous nucleation, i.e. it is formed out
of monomers, and is not due to an external impurity or surface effects (heterogeneous
nucleation).

Two general classes of cooperativity can be distinguished: electronic and structural
cooperativity. In the first case electronic properties, such as bond polarizability or
hydrogen bond strength, change during polymerization, resulting in a growing polymer
that is more susceptible to chain growth compared to the monomer. In classical covalent
polymerizations characterized by irreversible bond formation, the electronic cooperative
mechanism has been observed for polycondensation reactions that do not obey Flory’s
“principle of equal reactivity”¢, but in which the reactivity of the polymer end groups
become more reactive than the monomer and in which the reaction of monomers with
each other is prevented. An example of such a polymerization is the polycondensation
of phenyl 4-(alkylamino)-benzoate in the presence of phenyl 4-nitrobenzoate as initiator
and a base in THF.* Due the abstraction of the proton from the amino group of the
monomer (phenyl 4-(alkylamino)-benzoate) by the base, the reactivity of the phenyl
ester moiety is deactivated, which prevents monomers reacting with each other. The
anion produced by proton abstraction from the monomer will only react with initiator,
leading to an activated monomer which possesses a more reactive phenyl ester moiety
compared to the anionic monomer. As a result, only activated monomer will react
resulting in a chain growth polymerization.

In the case of structural cooperativity, initial polymerization is thermodynamically
unfavourable and polymerization becomes favourable only when the growing polymer
has reached a critical length at which, due to a conformational or structural change in
the growing polymer, additional interactions stabilize the nucleus, transforming the
nucleus into a more ordered conformation. In this respect structural cooperativity is
distinctly different from electronic cooperativity where no transition from a disordered

assembly to an ordered nucleus is observed.
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Structural cooperativity was mainly applied to describe reversible protein aggregation;
two notable examples being the self-assembly of the tobacco mosaic virus (TMV)* and
the polymerization of G-actin into fibrous F-actin.?®

In classical covalent polymerizations structural cooperativity has been observed for the
acid-initiated polymerization of isocyanides to form a helical polymer. For this
polymerization, a mechanism was proposed in which an initial helical oligomer needs to
be formed which then acts as a template for the incorporation of subsequent monomeric
units.® Nakano et al. reported the asymmetric, anionic polymerization of triphenyl
methyl methacrylate initiated by 9-fluorenyllithium, in the presence of chiral ligands, to
form a one-handed helical polymer.®® They observed that the reactivity of each oligomer
anion depended on the degree of polymerization, which was correlated to the specific
conformation of the oligomer anions. Only when a stable helical conformation of the
oligomer was formed, which occurred for a DP of 7-9 units, further monomer addition
occurred more readily.

In supramolecular polymerization processes, structural cooperativity has hitherto
received relatively little attention. First of all this is because, strictly speaking, linear,
one-dimensional supramolecular polymers cannot display structural cooperativity, as
these polymers ‘by definition’ cannot display the structural change, required for
activation, without losing their one-dimensional character. As a result, so far researchers

have mainly relied on the isodesmic model to analyze their data.

1.4.2 Physical aspects

To allow for cooperativity, the isodesmic model can be modified to include a second
equilibrium constant that differs from the first one. One approach is to assume that the
dimerization step has a different equilibrium constant than the other constants, which

can be schematically represented by:!116
K
M, +M, —=M, [M,]=K[M,}

K
M, +M, == M, [M,]=KK,[M,T

M;, +M, é M, M =KK™ (KM, ]) =K (K[M,])

Where Ko represents the equilibrium constant of dimerization and K represents the
equilibrium constant for all following steps. As a measure for the degree of cooperativity
the parameter ¢ can be defined as the ratio of K2/K which is smaller than unity for a

cooperative process and larger than unity for an anti-cooperative process. Although this
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model is limited to cooperative systems where activation occurs already at the dimer
stage, it has the advantage that it can be solved analytically. Using this K:~K model,
characteristic features of cooperative supramolecular polymerizations can be
understood. Figure 1.8a, displays the mole fraction of self-assembled material, ¢, as a
function of the dimensionless concentration K*C: for three different values for ¢ (with Ct
defined as the total concentration of monomer and ¢ defined as (C:t— M1)/Cy). Increasing
the cooperativity (i.e. smaller values of c) has a clear influence on the growth profile of
the polymeric species. Whereas for the isodesmic growth (¢ = 1) a gradual increase in
polymeric species is observed with increasing concentration (see Figure 1.1), for the
cooperative systems, below a (critical) dimensionless concentration of 1, hardly any
polymeric species are formed. Only when the concentration is raised beyond the critical
concentration rapid chain growth occurs and all monomers are converted into long
polymeric species over a relatively small concentration range (Figure 1.8b). Another
remarkable feature of cooperative polymerization is its bimodal mass distribution which
is the result of the presence of (non-activated) monomers and activated polymers that
have rapidly elongated after activation (Figure 1.8c). Consequently, compared to the
isodesmic system, cooperative polymerization processes will lead to polymers with a
larger polydispersity, but more interesting also to polymers with a higher degree of
polymerization. That is, higher DPs can be obtained not only by increasing K, but also
by decreasing the ratio Kz/K.

Interestingly, the curves shown in Figure 1.8a,b for the cooperative polymerization
according to the K2-K model show a strong resemblance to the curves obtained for the
AB polymerization with cycle formation, as shown in Figure 1.5 in the previous section.
This resemblance is a result of the fact that in the initial stages of both polymerizations
the (cyclic) monomers are lower in energy compared to the next oligomers that will be
formed during the polymerization. Hence, in both models a sharp transition in the
fraction of polymerized material accompanied by a rapid increase in DP is observed

once critical conditions are reached.
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Figure 1.8: a) Mole fraction of self-assembled material, ¢, as a function of the dimensionless concentration
K*Ct for 3 values of c. b) Weight-averaged degree of polymerization as a function of the dimensionless
concentration for 3 values of o (K2/K). ¢) Schematic representation of the molecular weight distribution for

an isodesmic aggregation mechanism and a cooperative aggregation mechanism.

The above K:-K model can be used to obtain thermodynamic constants of
supramolecular polymerization processes, provided it is known a priori that the size of
the nucleus is two. Goldstein and Stryer have generalized this model for cooperative
polymerization processes using a variable nucleus size.*!

An alternative model was developed to investigate cooperative polymerization
processes based on temperature controlled self-assembly instead of a concentration
driven supramolecular polymerization.®*% This model, derived by Van der Schoot,? is
based on a model developed by Oosawa and Kasai to describe the cooperative, helical
aggregation of actin.®* In this model two equilibrium constants are defined, i.e. the
dimensionless activation equilibrium constant Ka that describes the equilibrium between
the monomer and nucleus, and the elongation equilibrium constant Ke (M) for the

subsequent polymerization steps beyond this critical size (Figure 1.9).
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Figure 1.9: Schematic representation of a helical polymerization with a nucleus size of 7 units. The pre-
nucleus equilibria are governed by the nucleation constant K« while the post-nucleation steps are governed

by the elongation constant Ke

As the temperature is the variable, the equilibrium constants are no longer constant
during the supramolecular polymerization, but are influenced by the change in
temperature. Two temperature regimes can be distinguished, which are separated by the
elongation temperature, Te. Above the elongation temperature, most of the molecules in
the system are in an inactive state (nucleation regime) which means that the equilibria
governed by K. lie almost completely to the left (Figure 1.9). At the elongation
temperature activation occurs, meaning that the pre-nucleation equilibria are shifted to
the right resulting in formation of the high energy nucleus. Below the elongation
temperature, rapid growth of the polymer takes place (elongation regime). With this
model similar polymerization characteristics can be observed as for the K>-K model.
However, as the elongation equilibrium constant Ke is no longer constant, we consider
the enthalpy release AHe. to be constant during elongation and use it as a parameter in
the model. Figure 1.10a shows the fraction of polymerized material, ¢, for 4 values of Ka
as a function of the normalized temperature (T/Te), in which ¢ is described by two
different equations, one valid for T>T. and one valid for T<Te.

Similar as for the K>—K model, for low values of Ko, i.e. for a high degree of cooperativity,
hardly any polymeric species are present at temperatures above T. and the fraction
polymerized material grows sharply below T.. This behaviour resembles a true second
order phase transition in the limit Ki — 0.12174% At the critical point the number
averaged degree of polymerization, counted over all polymerizing species is
proportional to Ka'A. The number-averaged degree of polymerization in Figure 1.10b at
temperatures below T. starts to show an exponential growth while the DP becomes
proportional to Ka0% That is, higher DPs can be reached when the cooperativity is
increased, as was also observed in the K>-K model. Similarly, a higher enthalpy release
AHe in the elongation regime, corresponding to a higher K., will lead to more rapid
chain growth (Figure 1.10c) and higher DPs (Figure 1.10d), as was also observed for the
K>-K model.
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Figure 1.10: Mole fraction of self-assembled material, ¢, (a) and number-averaged degree of polymerization
(b) as a function of the dimensionless temperature T/Te for 4 values of Ko, with AHe = —60 kJ/mole. Mole
fraction of self-assembled material, ¢, (c) and number-averaged degree of polymerization (d) as a function of

the dimensionless temperature for 3 values of AH., with Ka=10-.

1.4.3 Examples

In supramolecular polymerizations electronic cooperativity has been observed for a
number of self-assembling systems, driven by hydrogen bonding®® and aromatic
interactions.?»% Often electronic effects are most pronounced in the first association step,
i.e. the dimerization step. Once the dimer is formed the (electronic) properties of the
dimer change, making addition of the next monomer more (un)favourable. For example,
Bouteiller and coworkers have described the cooperative supramolecular
polymerization for both N,N’-disubstituted ureas, as well as bis-ureas, which both form
linear chains due to bifurcated hydrogen bonds.*¢> For these derivatives it was found
that the formation of higher oligomers was favored relative to the formation of dimers
(i.e. K2 < K), which was explained by the polarization of the urea function prior to
dimerization.”” Although Bouteiller and coworkers used the K>-K model for their

analysis, they also commented that this model is an approximation because the
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association constants for the formation of trimers and higher oligomers are probably not
strictly equal to each other.®

Zhao and Moore have described the self-association behaviour of phenylene ethynylene
based macrocycles containing two imine bonds.?® In acetone an anticooperative
aggregation was observed that could be analyzed with the K>-K model. Electrostatic
(dipole-dipole) interactions between the two monomeric components were proposed to
be responsible for enhanced strength of dimerization and unfavourable formation of
longer aggregates.

Previously the self-assembly of chiral Cs-symmetrical trialkylbenzene-1,3,5-
tricarboxamide 5 into helical columnar stacks in both the liquid crystalline state and in

dilute alkane solutions was reported (Figure 1.11a).636571
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Figure 1.11: a) Chemical structure of Cs-symmetrical trialkylbenzene-1,3,5-tricarboxamide disc 5. b) Mole
fraction of self-assembled material, ¢, as a function of the dimensionless temperature T/Te, based on CD and
UV/vis absorption (at 223 nm) of a 2.1x10° M solution of 5 in heptane. The solid lines are the
corresponding fits of the data using the model for the elongation regime. The UV/vis absorption-based data
are shown with a 0.25 offset.

Recently, temperature dependent spectroscopic measurements were employed to
describe the cooperative self-assembly mechanism of 5 using the model developed by
Van der Schoot.? By monitoring the CD and UV/vis absorption at a wavelength
characteristic for aggregation, the fraction of polymerized material, ¢, as a function of
temperature could be determined (Figure 1.11b). Both spectroscopic techniques revealed
an identical transition, suggesting that the monomers are in equilibrium with chiral
stacks and no achiral intermediate stacks are formed during self-assembly. Fitting of the
data resulted for the cooperative self-assembly of 5 in an enthalpy release, AHe, of —60
kJ/mol and a Ka value of 10°. Based on this Ka value a number average degree of
polymerization of 100 was determined at the elongation temperature whereas a DP of

6000 was determined at room temperature. Remarkably, replacing the chiral alkyl side
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chains with achiral octyl tails was found to significantly influence the supramolecular
polymerization as is evident by its higher enthalpy release (=70 kJ/mole) and lower Ka
value (10). It is believed that the origin of this cooperativity is electronic and is related
to the orientation of the dipoles which change during aggregation and thereby influence
the intermolecular hydrogen bonding strength.”>7

Remarkably, bipyridinyl-based Cs-symmetrical discs 1la and 1b, in which only
intramolecular hydrogen bonds are present, self-assemble via an isodesmic growth
mechanism, whereas Cs-symmetrical disc 5, capable of forming intermolecular hydrogen
bonds displays a highly cooperative self-assembly mechanism. In contrast to its aliphatic
analogs 1a and 1b, the self-assembly mechanism of bipyridinyl-based Cs-symmetrical 1c,
equipped at the periphery with chiral, hydrophilic oligo(ethylene oxide) side chains is
highly cooperative in polar solvents.””> In n-butanol these molecules self-assemble in
helical, columnar structures via non-helical intermediate oligomeric assemblies and the
transition from non-helical to helical structures was found to be a highly cooperative
process. The results for these related Cs-symmetrical discs show that relatively small
changes in structure or solvent can have large effects on the self-assembly pathway.

A cooperative self-assembly mechanism was also observed for chiral oligo(p-
phenylenevinylene) (OPV) derivative 6 (Figure 1.12a) equipped with an ureidotriazine
unit designed for self-complementary four-fold hydrogen bonding.> In apolar solution
these m-conjugated chromophores can be present in two different states; i.e. discrete
monomeric or hydrogen-bonded dimeric species at high temperature and helical
aggregates at low temperature.”*”” The hydrogen-bonded dimers have been studied in
detail with scanning tunneling microscopy (STM)”*7® and 'H-NMR spectroscopy,”®
whereas the fibrillar structural dimensions have been measured by small angle neutron
scattering (SANS) and atomic force microscopy (AFM).””

Due to the m-conjugated chromophore and the presence of enantiomerically pure side
chains, a combination of spectroscopic techniques (UV/vis, circular dichroism (CD) and
fluorescence) could be used probe the different stages in the supramolecular
polymerization of 6 as a function of temperature. Different spectroscopic techniques
revealed different transitions in the supramolecular polymerization of 6. By combining
all spectroscopic data it proved possible to identify the different stages in the
hierarchical self-assembly pathway of 6 into fibrillar structures upon cooling a solution
of molecularly dissolved monomers at high temperature (Figure 1.12b,c). At first, the
monomers form dimers via quadruple hydrogen bonding which then aggregate via an
isodesmic pathway into short, disordered stacks. Upon further cooling, the molecules in

the pre-aggregates become more restricted in their relative positions, characterized by
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the abrupt change at Te = 328 K in the UV/vis absorption at 335 nm and in the

fluorescence spectra.
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Figure 1.12: a) Chemical structure of chiral oligo(p-phenylenevinylene) derivative 6. b) Mole fraction of
self-assembled material, ¢, as a function of the temperature as determined by UV/vis, fluorescence and CD
spectroscopy for a 1.1x10~° M solution in dodecane). c) Schematic representation of the self-assembly

process for 6.

This cooperative transition is close to the onset of chiroptical activity in the pre-
aggregates, where helix formation transforms the pre-aggregate into a chiral nucleus.
The value of DP», averaged over all polymerizing species, at the elongation temperature
was determined to be 30. Tentatively, this value was assigned to the size of the nucleus
as this number corresponds to the number of dimers required to complete one helical
pitch” which suggest that in this case structural cooperativity plays a dominant role.
However, care must be taken in this analysis as these two numbers (size of the nucleus
and DPn averaged over all polymerizing species at T.) are not necessarily equal to
eachother. Based on the best fitted value of Ka a stack length of approximately 500 units
was determined at room temperature in good agreement with the length determined in
solution by small angle neutron scattering.”

Comparing the cooperative self-assembly mechanisms of Cs-symmetrical disc 5 and
OPV derivative 6, it is clear that the self-assembly of 6 is considerably more complicated
and involves multiple assembly steps. Most likely this is related to the more intricate
structure that is possible for the OPV derivative 6 which involves hydrogen-bonded

dimers and conformational changes in the n-conjugated backbone.
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1.5 Conclusion and discussion

The development of useful models to understand one-dimensional self-assembly of
molecules into large fibrils is a particularly important topic in material science and
biophysics. Nucleation dependent (cooperative) self-assembly underpins the pathology
of neurodegenerative disorders such as Alzheimer’s disease® and plays a fundamental
role in actin polymerization. Moreover, cooperativity provides a switching mechanism
for many biological processes that are essential to living systems.5!-

Future research on supramolecular polymers will undoubtly show the relation between

cooperative self-assembly and the macroscopic properties of the resulting materials.

1.6 Aim and outline of this thesis

The aim of this thesis is to investigate the various supramolecular polymerization
processes of quadruple hydrogen bonding based supramolecular system. Special
attention is paid to the various growth mechanisms that govern the formation of
supramolecular assemblies based on quadruple hydrogen bonding. Using a wide
variety of analytical techniques, this thesis aims to unambiguously assign one of three
major growth mechanisms to each newly synthesized supramolecular assembly
discussed in this thesis.

In self-assembly, the initial differences and/or relationships among the components that
encode the global structure of the assembled whole is crucial in determining the
composition of the final equilibrium mixture. Understanding the mechanisms by which
high-fidelity recognition is accomplished in complex mixtures of supramolecular
assemblies is important for the development of functional nano-medicines®* where
multiple self-assemblies need to operate simultaneously without being affected by the
presence of other self-assembling components in the mixture. Therefore, throughout this
thesis, selectivity in mixtures of various quadruple hydrogen bonding assemblies will be
probed using a variety of techniques.

Finally, the kinetic characterization of supramolecular assemblies is an important tool to
elucidate the mechanism by which these self-assemblies are formed. Therefore, it is tried
to complement the thermodynamic studies with kinetic studies at various
concentrations wherever possible. More importantly, the kinetic study of multi-
component, supramolecular assemblies can lead to a rational design of supramolecular
assemblies operating under kinetic control as will be shown in chapter 4.

In chapter 2 various novel 2-ureido-pyrimidinone (UPy) units capable of quadruple
hydrogen bonding will be synthesized and their preferred tautomeric form will be

determined using 'H-NMR, FTIR and X-ray diffraction. In search for a more selective
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ureido-pyrimidinone for hetero-complexation with 2,7-diamino-1,8-naphthyridine
(NaPy) the novel 2-ureido-pyrimidinones will be screened for their binding affinity with
2,7-diamino-1,8-naphthyridine.

In chapter 3, the influence of the increased fidelity towards hetero-complexation with
NaPy will be examined by studying the concentration dependent supramolecular
polymerization of two AB monomers capable of both reversible A-A (UPy-UPy) and A‘B
(UPy-NaPy) interactions. In this chapter, a new theoretical model will be developed that
mathematically captures the ring-chain equilibrium of these compounds. Chapter 4
deals with the complexation kinetics of UPy dimers with 2,7-diamino-1,8-naphthyridine.
In this chapter a mechanism is presented by which UPy dimers associate with NaPy.
Furthermore, kinetic self-sorting in a three-component supramolecular system is
reported.

The self-assembly of dimeric UPy-urea model compounds into one dimensional stacks
both in the apolar solvent heptane and the more polar solvent CDCls is discussed in
chapter 5. These model compounds are equipped with a soluble wedge attached to the
distal urea functionality and substituted with a chiral citronellol group at the
pyrimidinone ring. Chapter 6 deals with the dramatic influence of polar side chains on
the dimerization constant of UPy based supramolecular assemblies. In this chapter,
evidence is presented which shows that short ethylene gycol chains have a large
influence on the dimerization constant of UPy based supramolecular systems.
Furthermore, it is shown that a similar effect is observed in UPy substituted
polyacrylates in which the effect is dependent on the length of the spacer unit used to

connect the polyacrylate to the pyrimidinone ring.
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2

Increasing selectivity in complementary
quadruple hydrogen bonding

Abstract

Various novel 2-ureido-pyrimidinone (UPy) units, capable of quadruple hydrogen bonding via
DDAA and DADA hydrogen bonding arrays, have been synthesized and their ability to form
strong hetero-complexes with 2,7-diamido-1,8-naphthyridine (NaPy) has been investigated using
UV spectral changes as a convenient probe. From these titrations it is apparent that substitution
of the pyrimidinone ring with an electron donating dibutyl amino group results in an increased
fidelity for hetero-complexation. Using a combination of X-ray crystallography, NOESY
experiments and FT-IR spectroscopy the existence of the DADA array of the heterocycle in its
pyrimidin-4-ol tautomeric form was verified both in solution and in the solid state. The
dimerization constant of this novel UPy unit is 70 times lower compared to the dimerization
constant of 2-ureido-pyrimidinones substituted with alkyl groups at the Cs position of the
pyrimidinone ring. As a result of the diminished dimerization constant (Kim = 9 x 10° M,
CDClIs) and high association constant with NaPy (6 x 10° M), the fidelity of UPy-Napy

recognition is increased considerably compared to previous systems.

Part of this work has been published:
de Greef, T. F. A; Ligthart, G. B. W. L.; Lutz, M,; Spek, A. L.; Meijer, E. W; Sijbesma, R. P.
J. Am. Chem. Soc. 2008, 130, 5479-5486.



Chapter 2

2.1 Introduction

Due to the ease of synthetic accessibility and high dimerization constant (Kdim = 6 * 107
M1, CDCl), the ureido-pyrimidinone (UPy) DDAA module! has found widespread use
in the design of novel supramolecular materials?> where it serves as a physical chain-
extending and cross-linking moiety. Recently, supramolecular materials based on the
quadruple hydrogen bonding ureido-pyrimidinone moiety have been used as
biocompatible scaffolds® holding potential use in tissue engineering applications.

An important feature of the ureido-pyrimidinone unit is its ability to adopt various
tautomeric forms (Scheme 2.1). The prototropy of the pyrimidinone ring is mainly
dictated by substituent effects (R1 and R2), concentration and polarity of the solvent. In
the polar aprotic solvent DMSO the UPy unit exists in the 6[1H]-pyrimidinone
monomeric form. The urea group in the 6[1H]-pyrimidinone monomer can either adopt
a cisoid, transoid (A-cis) or a transoid, transoid (A-trans) conformation. For ureido-
pyrimidinones substituted with methyl groups (Ri= Re= CHs), gas phase calculations* at
the MP2 6-31+G" level of theory suggest that the transoid, transoid conformer is lower in
energy compared to the cisoid, transoid conformer. In less polar solvents, such as CDCls
or toluene, a mixture of the 4[1H]-pyrimidinone form B (4-keto) and pyrimidin-4-ol C
(enol) are observed which dimerize via a DDAA and DADA array respectively.
Substitution of the pyrimidinone ring with electron withdrawing 6-substituents (R:) like
nitrophenyl- and trifluoro groups results in formation of a DADA type dimer.> Hailes®
and co workers reported that substitution of the pyrimidinone ring at the Cs position
with an electron donating p-aminophenyl group also leads to preference for a
pyrimidin-4-ol DADA dimer in DMSO while in CDCls approximately 40% of the
material is dimerized via a DADA hydrogen bonding array and the remaining material
is dimerized via the 4[1H]-pyrimidinone DDAA dimer.

On the basis of differences in secondary interactions’ dimers of DADA arrays are
predicted to be less stable than DDAA dimers, although the exact value of the
dimerization constant for the DADA array has never been reported. Recently, high level
DEFT calculations at the B3LYP/6-311++G(d,p) level have indeed shown that the DADA
hydrogen bonding array is less stable than a DDAA hydrogen bonding array.® This
reduction in self-dimerization is caused by the fact that the individual hydrogen bonds
in a DADA hydrogen bonding array cannot simultaneously adopt their optimal

geometrical arrangements.
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Scheme 2.1: Equilibrium between different tautomeric forms of the UPy unit and between its monomeric

and dimeric forms.

Based on these examples it is thus concluded that substitution of the pyrimidinone ring
by inductive electron withdrawing (Ri = CFs, p-nitrophenyl) as well as electron donating
substituents (R2 = p-aminophenyl) lead to the preferred formation of DADA type dimers.
The existence of multiple tautomeric equilibria makes it difficult to predict the
properties of ureido-pyrimidinone based supramolecular materials® and efforts have
been made to reduce the numbers of tautomers by prototropic degeneracy.® On the
other hand, the prototropy of the pyrimidinone ring allows the UPy unit to selectively
form strong heterodimers in its cisoid, transoid 6[1H] tautomeric form via a hydrogen
bonding ADDA array with the DAAD array of 2,7-diamido-1,8-naphthyridine.’'? The
equilibrium between UPy monomer, UPy dimer and UPy-NaPy heterocomplex is
strongly concentration dependent (Figure 1).1% For the case of UPy 1 (Ri1 = CHs, Rz = C4Hb)
which dimerizes via a DDAA hydrogen bonding array (Kdaim = 6 x 107 M in CHCl), the
hetero-association constant (Ka) with NaPy 2 (Rs = Ci1Hz3) has been determined to be 5 x
10° M in CHCls using UV-Vis spectroscopy.’® Using the high strength and selectivity of
the UPy-NaPy heterodimer various supramolecular architectures have been developed.
For example the formation of supramolecular block-copolymers based on bifunctional
UPy and NaPy telechelic polymers, prepared by ring-opening metathesis
polymerization (ROMP), was studied in solution as well as in the solid state.

Investigation of the solid state structures of these copolymers by tapping mode AFM
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provided evidence of microphase-separated morphologies. Very recently,
supramolecular graft copolymers based on the UPy-NaPy heterodimer have been

prepared and their supramolecular grafting has been studied’ with a variety of

techniques.
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Figure 2.1: Concentration dependent selectivity for different values of the dimensionless binding constant
p (defined as Kaiim / Ka) in mixtures of UPy dimer, UPy monomer and UPy-NaPy hetero-complex. a)
Fraction of UPy-NaPy hetero-complex vs. dimensionless concentration (defined as Ci*Ka, with Ct the total
concentration) in a 1:1 mixture of UPy and NaPy for several values of p and a value of K. of 106 M. b)
Fraction of UPy-NaPy hetero-complex as a function of the UPy to NaPy ratio in a 2.5 x 10> M solution of
NaPy for several different values of p and a value of Ka of 106 M.

However, a major drawback of the current UPy-NaPy system is the higher dimerization
constant of the UPy dimer compared to the association constant of the UPy-NaPy hetero-
complexation as this results in “self-stoppered” behavior in AB type supramolecular
polymerizations (Chapter 3) and a low propensity for alternation in Ax-B: type
supramolecular polymerizations. An approach to increase the propensity for alternation
in A2>-B: supramolecular polymerizations introduced by Zimmerman is the use of a
guanosine urea derivative (UG) which only weakly self-associates (Kdaim = 200 M) but
has a high association constant with 2,7-diamido-1,8-naphthyridine.’*'” Due to the low
dimerization constant of the urea-guanosine analogue the fidelity of the UG-NaPy
recognition process is greatly improved compared to that of UPy-NaPy complex 1-2.
However, a major drawback of the system as introduced by Zimmerman is the

formation of multimeric UG assemblies which can lead to uncontrolled cross-linking in
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supramolecular polymerizations. Therefore, in this chapter attempts will be made to
synthesize several new UPy derivatives with various electron donating and electron
accepting groups attached to the Cs position. The tautomeric preference of these
compounds will be investigated using a variety of techniques and subsequently the
fidelity?? of hetero-complex formation with NaPy will be screened using UV-Vis

titrations.

2.2 Synthesis, self-assembly and tautomeric preference of various UPy
derivatives

The synthetic routes towards the various Cs substituted 2-ureido-pyrimidinones are
depicted in Scheme 2.2. Synthesis of chloro-substituted UPy 3 could be achieved by
reaction of dodecyl isocyanate with anhydrous 2-amino-6-chloro-4-pyrimidinol at
elevated temperatures in ortho-dichlorobenzene. Purified chloro substituted ureido-
pyrimidinone 3 was subjected to Stille coupling with 1-tributylstannyl-2-
trimethylsilylacetylene resulting in TMS protected UPy 4 bearing an electron donating
acetylene group at the Cs position of the pyrimidinone ring. Nucleophilic aromatic
substitution of 2-amino-6-chloro-4-pyrimidinol hydrate with dibutylamine at elevated
temperatures and subsequent reaction of the resulting isocytosine 5 with dodecyl
isocyanate resulted in UPy 6 bearing an electron donating amino group at the Cs
position of the pyrimidinone ring. Finally, UPy 7 was obtained by reaction of hexyl
isocyanate with commercially available 2-amino-6-methyl-4(3H)-quinazolone in DMF.
The self-assembly of these compounds was further probed by 'H-NMR, FTIR and X-ray
analysis. The '"H-NMR spectra of Upy compounds 3, 4, 6 and 7 in CDCl: at a
concentration of 10 mM clearly show three sharp resonances in the downfield region (> 9
ppm) of the spectrum indicative of hydrogen bonding induced dimerization. Table 2.1
summarizes the '"H chemical shifts of the three hydrogen bonded NH protons as well as
the 'H chemical shift of the alkylidene proton and the *C chemical shift of alkylidene
carbon of the novel synthesized UPy compounds.

For comparison, the chemical shift data of trifluoro substituted UPy 8, methyl
substituted UPy 1 and phenyl substituted UPy 9 are also included. Previously, UPy 8
was shown to dimerize via its DADA array both in solution (CDCIs and toluene-ds) and
in the solid state. Comparison of the chemical shift data of 8 with the chemical shift data
of 3 in CDCls clearly shows that the latter dimerizes via a DADA array in which the
heterocycle adopts the pyrimidin-4-ol tautomeric form. This was further confirmed by
FTIR measurements in the solid sate and in dilute solution (10 M in CDCls) which

shows the presence of characteristic bands at 2550 cm™ and 3245 cm™ previously
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assigned to the pyrimidin-4-ol tautomeric form.> "TH-NMR and FTIR analysis of 2-ureido-
quinazolone derivative 7 showed that it dimerizes via a DDAA array in CDCL.
Remarkably, this compound also exists as a dimer in the more polar solvent DMF-ds as
is evident by three sharp NH resonances at a concentration of 40 mM as observed by
'H-NMR.
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Scheme 2.2: Synthesis of various Cs substituted 2-ureido-pyrimidinones: a) n-dodecylisocyanate, ortho-
dichlorobenzene, 18 h, 150 °C, 28%; b) 1-tributylstannyl-2-trimethylsilylacetylene, Pd2(dba)s, P(t-Bu)s,
toluene, 20 h, 70-100 °C, 40%; c) dibutylamine, ethylene glycol, 5 h, 135 °C, 65%; d) n-dodecylisocyanate,
pyridine, 12 h, 90 °C, 30%; e) n-hexylisocyanate, DMFF/NMP, 20 h, 100 °C, 53%.

However, the dimerization constant of 7 in DMF-ds was not further determined. Next,
the tautomeric preference of 6 was investigated in CDCls. From the comparison (Table
2.1) of the chemical shifts of 6 to those of UPy dimers substituted with weakly electron
donating groups (1 and 9) and strong electron-withdrawing groups (3 and 8) in CDCls
the dramatic influence of the electron donating amino group can be readily observed.
For example, pronounced differences in chemical shift can be observed for the most

downfield proton, corresponding to the intramolecular hydrogen bonded NH proton in
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the 4[1H]-pyrimidinone tautomer or the intermolecular hydrogen bonded OH proton in

the pyrimidin-4-ol tautomer.

Table 2.1: 'H and 13C NMR chemical shifts (in ppm) of various UPy dimers measured in CDCls at a

concentration of 10 mM and a temperature of 25 °C.

13Ca) H

Compound GCs NH/OH NH NH GCs-H
1 (R1=Me, Rz = CsHo) 105 13.14 11.86 10.14 5.82
3 (R1=Cl, R2 = Ci2H2) 101 13.84 11.15 9.21 6.36
4 (R1 = C2Si(Me)s, R2 = C12Hbs)

keto 112 13.10 11.65 9.95 6.11

enol? - 13.76 11.08 9.65 6.41
6 (R1=N(Bu)2, Rz = C12H>s) 79 12.60 11.22 9.58 5.33
7 (Rz2 = CeHis) - 13.43 11.95 10.19 -

DMEF-de* - 11.9 9.5 7.91 -
8 (Ri1 = CFs, R2 = CsHo) 100 14.30 11.14 9.30 6.64
9 (R1=Ph, R2 = CsHy)

keto 104 13.92 12.04 10.21 6.35

enol - 13.60 11.30 10.0 6.70

3 Determined by gHMQC ® Present in 5% as determined by integration. 940 mM

This proton in 6 is observed at 12.6 ppm while it takes a value of 13.4 ppm in 1 and 14.3
ppm in 8. This strong upfield shift suggests substantial weakening'” of the
corresponding hydrogen bond in dimeric 6 as compared to the same hydrogen bond
present in dimers of 1 and 8.

To gain further insight into the tautomeric preference of 6, 2D transverse-ROESY
spectroscopy was performed in toluene-ds (Figure 2.2). In CDCls, the '"H-NMR signals of
Ha and He could not be resolved due to similar shielding constants of Ha and He.
However, it was found that in toluene-ds an aromatic solvent induced chemical shift
(ASIS) occurred?’®, inducing a difference in chemical shift between protons Ha and H.,

therefore allowing for the unambiguous assignment” of the tautomeric form adopted in
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this solvent. The key ROe contacts are drawn in Figure 2.2 and suggest hydrogen
bonding via a DADA array in toluene-ds. The distance between Ha and H. in the
corresponding 4[1H]-pyrimidinone dimer is well over 5.5 A, too large to give a ROe

crosspeak of significant intensity.2
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Figure 2.2: Key ROe contacts observed for 6 in toluene-ds (mixing time 100 ms) at 25 °C.

As is the case for UPy 6 in toluene-ds only a single set of signals is observed for UPy 3 in
CDCls suggesting that in this solvent 6 adopts only one tautomeric form. The
tautomerization equilibrium constant of isocytosines are known to be solvent
dependent? and previously it was found® that the pyrimidin-4-ol tautomer is slightly
favored over the 4[1H]-pyrimidinone tautomer in more apolar solvents such as toluene.
To our knowledge, there is no example of complete switching of the DADA hydrogen
bonding array in toluene-ds to the DDAA form in CDCl:. However, to assure that the
DADA array is also maintained in CDCls, FT-IR experiments were performed on
crystals of 6 (vide infra) and a solution of 6 in CDCls (10 M). The solid state FT-IR
spectra of dimers of 6 shows the characteristic peak pattern for dimers that exist in the
pyrimidin-4-ol tautomeric form (see Appendix A).> Notably, an absorption peak above
3215 cm™ (intramolecular N-H--N) and an absorption peak at 2600 cm (O-H:--O=C)
were found, indicative for pyrimidin-4-ol dimers. The FT-IR spectrum of UPy 6 in CDCls
is a superposition of the spectrum obtained on the crystalline material with the only
difference being broadening of the absorption peak at 2600 cm-!. These findings indicate
that the DADA array is also maintained in the solid state and in the more polar solvent
CDCls.
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The crystal structure of dimeric 6 obtained from a saturated solution in acetone (Figure
2.3) shows that the molecules are indeed present in the pyrimidin-4-ol form. The urea
functionality is in a cisoid, transoid conformation and an intramolecular hydrogen bond is
present from the urea N-H to the pyrimidine nitrogen. As was previously found for 8
and 9, the pyrimidinol units are dimerized via the DADA array. The OH:--O hydrogen
bonds are short (2.58 A) while the NH---N distance is larger (2.98 A). These distances are
exactly similar to the hydrogen bond lengths found in pyrimidinol type dimers present
in crystals of 9. However, in the case of 9 it was found that roughly 50% dimerizes via
the pyrimidinol tautomer in toluene-ds while the remaining material is present in the
4[1H]-pyrimidinone dimeric form. Remarkably, for 6 there is no indication for the

formation of 4[1H]-pyrimidinone dimers in this solvent.

Table 2.2: Selected bond distances (A), angles (deg) and dihedral angles (deg) for UPy 6.

Compound | N-H-~N | N-H--N | O-H-~-O | O-H--O | Sum of angles | N(1)-C(6)-

distance | angle distance | angle around N(24) N(24)-C(29)

6 2.98 176 2.58 169 359.4 4.74

Figure 2.3: ORTEP diagram of the monomer geometry of 6 in the crystal. Ellipsoids represent 50%
probability. PLUTON representation of the dimer geometry of 6 in the crystal.

Closer inspection of the crystal structure (Table 2.2) reveals that the sum of angles
around N(24) in 6 is 359.4° suggesting almost full sp? hybridization and therefore
complete delocalization of the nitrogen free electron pair into the pyrimidinone ring.
The angle between the plains spanned by the aromatic ring and C(25)-C(29)-N(24) is 6.2°.
These findings suggest that the stability of the DADA array is mainly due to an increase
in hydrogen bonding acceptor strength of N(1) and N(3). This conclusion is supported
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by the more downfield chemical shifts of both NH hydrogen bonds in dimeric 6 as

compared the chemical shift of the dimer of trifluoro derivative 8 (Table 2.1).

2.3 Screening the fidelity of hetero-complexation with 2,7-diamido-1,8-
naphthyridine

The hetero-association of UPy compounds 3, 4, 6, 7, 8, 9 with 2,7-diamido-1,8-
naphthyridine 10 (Figure 2.4) was probed by UV-Vis titrations at a concentration of 2.5 x
10 M in CHCls at 25 °C. Upon addition of UPy to a solution of NaPy in CHCIs the
absorption intensity at 355 nm increased (Figure 2.4a) while the absorption intensity at
347 nm decreases. A similar red shift upon formation of a hydrogen bonded anthyridine
based DDD-AAA dimer has been recently reported by Leigh and co-workers.”!

The ratio of the two absorptions vs. the amount of added UPy provides a qualitative tool
to probe the fidelity?? of UPy-NaPy complex formation. As can be observed from Figure
2.1b for a high fidelity UPy-NaPy system, full complexation of dimeric UPy with NaPy
into the UPy-NaPy hetero-complex already occurs at 2 eq of added UPy while for lower
fidelity systems, 4-10 equivalents are required in order to induce full hetero-
complexation.

As can be observed from Figure 2.4b the fidelity of the UPy-NaPy hetero-complex is the
highest for UPy dimer 6 bearing an electron donating dibutyl-amino group at the Ce

position of the pyrimidinone ring.
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Figure 2.4: a) UV-visible spectra of a 2.5 x 10~ M solution of 10 in CHCIs upon addition of UPy 6 at 25
°C. b) Change in normalized absorbance?® as a function of the ratio UPy/NaPy for various ureido-
pyrimidinones 3, 4, 6, 7, 8, 9 added to NaPy 10.
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Upon addition of only 2 eq of UPy 6, the normalized absorbance is already maximized
while for methyl-substituted UPy 1 (Kaim = 6 x 107 M in CHCls) even the addition of 5
eq of 1 does not lead to a saturated signal, indicating that full conversion of dimeric 1
into 1-10 has not yet occurred at this concentration. From these experiments it can be
further concluded that all ureido-pyrimidinones dimerizing via the weaker DADA
hydrogen bonding array (UPy 3, 6 and 8) show increased fidelity of UPy-NaPy hetero-
complexation compared to ureido-pyrimidinones dimerizing via the much stronger
DDAA array (UPy 1 and 7).

2.4 Evaluation of dimerization constant and association constant of dibutyl-
amino substituted UPy dimer with 2,7-diamido-1,8-naphthyridine

Based on the previous UV-Vis titrations, the fidelity of UPy-NaPy hetero-complex
formation is the highest for dibutyl-amino substituted UPy dimer 6:6. To allow for a
more quantitative treatment, the dimerization constant of 6 and the association constant
of 6 with NaPy were assessed. 'H-NMR dilution experiments performed on UPy dimer
6:6 up onto a final concentration of 0.1 mM did not result in the appearance of new
signals nor did any significant shift occur. Under the assumption that at least 10%
dissociation is required to be observable at this concentration, a lower limit on the
dimerization constant can be placed: Kdaim > 4.5 x 105 M. To more accurately establish
the dimerization constant of dibutylamino substituted 2-ureido-pyrimidinols, pyrene
labeled compound 11 was synthesized and studied by fluorescence spectroscopy.
Pyrene is highly fluorescent and is known to form an excimer species in solution, with a
fluorescence band well separated from the monomer fluorescence. By attachment of the
pyrene probe to the 2-ureido-pyrimidinol part excimer species within the dimerized
complex can be followed as a function of concentration. This method has been
previously used to find accurate values of the dimerization strength of methyl
substituted 2-ureido-pyrimidinones’®, ureidodeazapterin?* and more recently to probe
the dimerization constant of a,y-cyclic peptides in CHCls.

As a control experiment, a fluorescence spectrum was obtained at a concentration of 10
M of 11 in the presence of a 1000 fold excess of non-pyrene functionalized 6. The
fluorescence spectrum did not show any emission bands corresponding to excimer or
exciplex, indicating that intramolecular exciplex formation with the dibutylamino

groups does not occur.
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Scheme 2.3: Synthesis of pyrene labeled dibutyl-amino substituted UPy 11: a) I1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride, 4-dimethylaminopyridine, 6-(Boc-amino)-1-hexanol,
dichloromethane, 24 h, 0-25°C, 57%; b) trifluoroacetic acid, dichloromethane, 4 h, room temperature, 76%;
¢) Extraction (0.1 M NaOH/ dichloromethane followed by drying with MgSOs and addition of di-t-
butyltricarbonate at room temperature, then 2-amino-6-(dibutylamino) 4-pyrimidinol, pyridine, 15 h, 90
°C, 8%.

The dimerization constant (Kdim) of 11 obtained in freshly opened CHCIs ([water] = 10
mM) was determined to be 9 (£2) x 10° M (Figure 2.5) at 25 °C a value roughly 70 times
lower than the value reported for the Kaim of UPy 1. The difference in the dimerization
constant between 11 and a pyrene derivative of 1 is mainly caused by the greater
number of repulsive secondary interactions in DADA dimers compared to DDAA
dimers.” Using a recently published empirical model?® a Kaim value of 1 x 10¢ M- was
calculated for 6, in close agreement?” with the experimentally determined value. The
application of pyrene chromophores for analysis of aggregation phenomena ought to be
approached with caution because they are not passive fluorescence probes.?® For
example, Jones and co-workers determined the excimer formation constant of 4-(1-
pyrene)butanoate in H20 to be 1 x 10* M~1.? However, their study also showed that the
driving force for this interaction is mainly hydrophobic and the excimer formation
constant rapidly decreased upon addition of an organic co-solvent, such as CHCls.

In order to determine the association constant of UPy 6 with NaPy 2 (Rs = CuHbs),
spectrophotometric titrations were employed. Upon addition of UPy dimer 6 to a
solution of NaPy 2 (2.5 x 10> M) in CHCIs the absorption intensity at 355 nm increased.
The absorbance at 355 nm as a function of added 6 could be fitted with a 1:1 binding

model accompanied by dimerization of one of the components.
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Figure 2.5: a) Normalized excimer fluorescence (defined as the integrated intensity divided by the
concentration of 11) at several concentrations of 11 in CHCls at 25 °C. The arrow indicates an increase in
concentration of 11 and hence an increase in intra-dimer excimer species. b) Plot of the normalized excimer
fluorescence as a function of concentration. The dashed line represents the best-fit value of (R2 = 0.98) Kaim

using a monomer-dimer binding isotherm.

Assuming a Kam of 9 x 105 M! the association constant (K:) of the UPy-NaPy
heterodimer (as well as the extinction coefficient at the absorption maximum (&nu)) can
be obtained (see Appendix B). Curve fitting gave a Ka of 6-2 of 6 (+ 0.5) x 10° M at 25 °C
in CHCIs, a value close to the association constant of 1-2 (5 (£ 0.6) x 10® M). To
investigate the influence of the lowered Kaim of 6 on the selectivity of UPy-NaPy complex
formation, the fraction of 6:2 in a 1:1 mixture was measured with 'TH-NMR in CDCl; at
several concentrations and compared with the concentration dependent formation of 1-2.
As can be readily observed from Figure 2.6, the fraction of 6-2 at lower concentration is
higher than the fraction of 1-2, indicating that hetero-association of dimeric 6 with 2 is
more selective than hetero-association of dimeric 1with 2. The calculated values, based
on the experimentally determined values of Kdam and Ka correspond well with the

measured fractions as determined by 'H-NMR.
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Figure 2.6: Measured value of the fraction of UPy-NaPy complex in a 1:1 mixture for 6-2 and 1-2 in

CDCls at 25 °C. Lines are calculated values from experimentally determined Ko and Kaim values.

2.5 Self-sorting in mixtures of DDAA and DADA hydrogen bonding units
Self-sorting, the mutual recognition of complementary components within a mixture is
common in nature but is still relatively rare in synthetic supramolecular systems. For
example, a survey of the various proteins found in E. coli shows that homo-oligomeric
proteins are present in a much larger amount compared to hetero-oligomeric proteins.3!
In synthetic supramolecular systems, self-sorting can lead to multiple self-assemblies
capable of operating simultaneously and orthogonally within a complex mixture.?23

As has been proposed by Isaacs, self-sorting systems can be subdivided into
thermodynamic self-sorting systems and kinetic self-sorting systems.® A system is
defined as a thermodynamic self-sorting system if it has attained thermodynamic
equilibrium and displays self-sorting. Thermodynamic self-sorting in supramolecular
assemblies has been realized by engineering different local interactions within the
various possible supramolecular aggregates. For example, different hydrogen bonding
patterns®, different metal-ligand pairs®, different solvophobic interactions® and even a
difference in geometry® or chirality®® between various supramolecular complexes can be
used to induce thermodynamic self-sorting.

Previously, it was shown that in a mixture containing two different 2-ureido-
pyrimidinone units both dimerizing via the strong DDAA array, a statistical mixture of
homo and hetero dimers was formed.* Triggered by the difference in arrangement of
donor and acceptor units between DDAA and DADA hydrogen bonding arrays, 1:1
mixtures of 1 with 3, 6 or 8 at a total concentration of 10 mM in CDCls were probed for
their ability to selectively self-sort into their homomeric components (Figure 2.7). The

TH-NMR spectra of mixtures of two ureido-pyrimidinone derivatives at low
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concentration indeed shows slowly exchanging hetero-dimers in equilibrium with their
homo-dimers in all cases (Figure 2.7). The process of exchange leads to a mixture in
which the homo-dimers of 1 (DDAA hydrogen bonding array) and the homo-dimers of
3, 6 or 8 (DADA hydrogen bonding array) are present in a much larger amount than
their hetero-dimers (1-3, 1-6 and 1-8 respectively). Closer inspection of the 'H-NMR
traces reveal the formation of two distinct hetero-dimers in a total amount of
approximately 15% in all three cases. For example, for the 1:1 mixture of dibutyl-amino
substituted UPy 6 and methyl substituted UPy 1 one hetero-dimer adopts a DDAA
hydrogen bonding array in which 6 adopts the keto tautomeric form while the other
hetero-dimer adopts a DADA hydrogen bonding array in which 1 adopts the enol

tautomeric form.
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Figure 2.7: 'H-NMR spectra of a 10 mM equimolar CDCls solution of 1 with either 3, 6 or 8 at 25°C.
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Characterization of the two hetero-dimers was performed by performing the same
experiment using a derivative of 1 lacking the proton at the alkylidene position (see
Appendix C).

From these experiments it becomes clear that the self-sorting process is driven by
difference between the equilibrium constants for homomeric versus heteromeric
aggregation. The smaller equilibrium constant of the hetero-dimers most probably finds
its origin in the fact that in each of the two hetero-dimers one of the UPy units needs to
adopt a wrong tautomeric form. In order to allow for a more quantitative discussion a
model was developed, based on a previously published model by Isaacs®®, for a simple
two component system as described in Figure 2.8a comprising monomer (A and B),
homodimers (A2 and B2) and one hetero-dimer (AB) whose equilibria are governed by
three equilibrium constant (Kaa , Kss , Kas).

The values for the total concentrations of A and B (5 mM each) and values of Kaa (6 x 107
M) and Kss (9 x 10° M) were fixed as outlined in Figure 2.8b (see Appendix C for the
description of the computer program). Figure 2.8d shows a plot of the mole fraction
versus Kas. For low values of Kas (0 < Kas 105 M) self-sorting is highly effective and the
homo dimers are present in an amount greater than 98%. When Kas is 10-fold lower than
the dimerization constant of the weakest binding monomer B, the fraction of hetero-
dimer starts to increase while at high values of Kas (> 10 M) the fidelity of hetero-

dimerization is almost 100%.
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Figure 2.8: Degree of self-sorting in a two component mixture as a function of Ka: a) equilibria present b)

constraints imposed c) mole fraction definitions d) a plot of the mole fraction versus Kas.
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2.6 Conclusions and discussion

In this chapter, several new ureido-pyrimidinone derivatives were synthesized with
both electron-withdrawing and electron donating substituents attached to the Cs
position of the pyrimidinone ring. Previously, it was reported that electron withdrawing
substituents such as CFs attached to the Cs position of the pyrimidinone ring favor the
exclusive formation of the pyrimidin-4-ol DADA dimer. This preference was explained
by Beijer® by considering the fact that the enol and keto tautomers are in equilibrium
with the same protonated species (Figure 2.9). The tautomeric equilibrium can be
deduced from the relative acidities of the two hydrogen atoms that can be lost from the
common cation: if the OH proton is more acidic than the NH proton this proton will be
abstracted more easily and the 4[1H]-pyrimidinone tautomer results while if the NH
proton is more acidic the pyrimidin—4_—ol tautomer will be formed.

H
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:

4[1H] protonated mesomers enol
Figure 2.9: Explanation for the preference for the pyrimidin-4-ol tautomer (enol) over the 4[1H]-

pyrimidinone with electron withdrawing 6-position substituents.

Hence, if X is an electron withdrawing group the acidity of the ortho NH proton is
increased considerably relative to the OH proton at the meta position resulting in a
preference for the pyrimidin-4-ol tautomeric form. Indeed for an inductive electron
withdrawing group such as chlorine, the pyrimidin-4-ol DADA dimer of 3 is present as
the only species in both CDCls as well as in toluene. These findings are in agreement
with the results reported by Katritzky* who found that chlorine atoms a to the nitrogen
atom in the analogous 4-pyridone system displace the tautomeric equilibrium of
pyridones almost completely in favor of the hydroxypyridine form in solvents of low
dielectric constant. However, this hypothesis does not explain the preference of the
pyrimidin-4-ol tautomer when an electron-donating dialkyl amino substituent, such as is
found in 6, is employed. For electron-donating groups at the 6 position, the ortho NH
becomes less acidic which should result in an increased preference of the 4[1H]-

pyrimidinone tautomer in sharp contrast to the experimental results.
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Figure 2.10: Explanatzon for the preference for the pyrimidin-4-ol tautomer (enol) over the 4[1H]-

pyrimidinone with an electron donating dibutyl-amino substituent.

The preferred formation of the pyrimidin-4-ol tautomer in 6 may therefore be due a
combination of several factors: 1) Higher basicity of the oxygen atom with respect to N1
and N3. 2) A more pronounced aromatic stabilization of the pyrimidin-4-ol with respect
to the pyrimidinone tautomer® and a favorable intramolecular hydrogen bond between
the urea side chain and N1 (Figure 2.10). 3) Steric hindrance of the NH proton in the keto
4[1H] tautomer with the dibutylamino substituent at the Cs position of the pyrimidinone
ring.

The fact that 6 dimerizes via a DADA hydrogen bonding array in solution results in a
considerable loss in dimerization strength compared to UPy compounds dimerizing via
the DDAA hydrogen bonding array. Quite conveniently, the large drop in Kaim results in
an increase in fidelity with respect to hetero-association with 2,7-diamido-1,8-
naphthyridine as the Ka of UPy-NaPy formation is not influenced by the substitution
with an electron-donating substituent. The effect of the increased fidelity on the
supramolecular polymerization of an AB monomer capable of both A-B and A-A
interactions will be the subject of the next chapter.

Driven by the mismatch in the pattern of hydrogen bond donors and acceptors and high
tautomerization energies, effective self-sorting in mixtures of 4[1H]-pyrimidinone and
pyrimidin-4-ol dimers is observed. For example, in 1:1 solutions of methyl substituted
UPy 1 and dibutyl-amino UPy 6, only 15% of the material is present in the hetero-dimer
1-6. This amount can most probably be reduced even further by employing an UPy
derivative with a higher tautomerization energy compared to UPy 1. Previous results®
have shown that substitution of the ureido substituent with a phenyl group (Ri = CisH,
Rz = C¢Hs) leads to an increase of the pyrimidinone tautomer with respect to the

pyrimidin-4-ol tautomer compared to its aliphatic counterpart 1. Further research in this
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area can lead to a new class of supramolecular polymers in which orthogonal operating
hydrogen bonding units can be used to create novel material properties. Currently, the
design of orthogonal interactions within supramolecular materials relies on the
simultaneous use of two different non-covalent interactions i.e. hydrogen bonding in
combination with ionic interactions or metal ligand coordination.# Only recently, self-
sorting of competitive hydrogen bonding units has been used to construct orthogonal

interactions within supramolecular graft co-polymers.*

2.7 Experimental section

General Methods

All chemicals were purchased from Aldrich, Acros or Alfa Aesar and were used as received
unless otherwise noted. 1-Tributylstannyl-2-trimethylsilylacetylene was ordered from TCI
Europe Organic Chemicals. Toluene was distilled from sodium/potassium /benzophenone. CDCls
was dried over 4 A molsieves 2 days before use and anhydrous pyridine was obtained from
Aldrich. All reactions were followed by thin-layer chromatography (precoated 0.25 mm silica gel
plates from Merck), and silica gel column chromatography was carried out with silica gel 60
(mesh 70-230). 'H-NMR and BC-NMR spectra were recorded on a 400 MHz NMR (Varian
Mercury, 400 MHz for 'TH-NMR and 100 MHz for ¥C-NMR), a 300 MHz NMR (Varian Gemini,
300 MHz for 'TH-NMR and 75 MHz for 3C-NMR) or 500 MHZ NMR (Varian Unity Inova, 500
MHz for '"H-NMR and 125 MHz for ®C-NMR). Proton chemical shifts are reported in ppm
downfield from tetramethylsilane (TMS). The following splitting patterns are designated as s,
singlet; d, doublet; t, triplet; q, quartet; b, broad; m, multiplet. Carbon chemical shifts are reported
downfield from TMS using the resonance of the deuterated solvent as the internal standard.
Matrix assisted laser desorption/ionization mass-time of flight (MALDI-TOF) were obtained
using a PerSeptive Biosystems Voyager-DE PRO spectrometer using an acid o-
cyanohydroxycinnamic acid (CHCA) or a neutral 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-
enylidene]malononitrile (DCTB) matrix. Infrared (IR) spectra were recorded on a Perkin Elmer
Spectrum One FT-IR spectrometer with a Universal ATR sampling Accessory. Solutions of 3, 6
and 7 in CDCls (10 M) were loaded between a pair of KBr windows using a 5 mm Teflon spacer
contained in a demountable liquid cell. Elemental analysis was performed on a Perkin Elmer 2400
series II CHNS/O Analyzer. Melting points were determined on a Biichi Melting Point B-540
apparatus. 2,7-Diamido-1,8-naphthyridines 2 and 10 were synthesized according to the method
of Ligthart et al.#* 2-Ureido-pyrimidinones 1, 8 and 9 were synthesized according to Beijer.> 2-

ureido-pyrimidinone 15 was synthesized according to Sontjens.*

Synthesis of 1-(4-chloro-6-hydroxypyrimidin-2-yl)-3-dodecylurea (3)
Before the reaction, 2-amino-6-chloro-4-pyrimidinol hydrate was dried extensively (2 days) over
P>0s under dynamic vacuum followed by several co-evaporations with p-xylol. 2.34 g (16 mmol)

of dried 2-amino-6-chloro-4-pyrimidinol and 5 mL of dodecyl isocyanate (1.35 eq) were added to
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48 mL of o-dichlorobenzene (ODCB) and heated to 150 °C for 18 h under an atmosphere of argon.
After 18 hours the homogeneous solution was cooled slowly to room temperature after which a
precipitate was formed. The precipitate was collected by vacuum filtration and washed with 100
mL of boiling CHCls. The CHCls, containing the desired compound, was evaporated in vacuo and
the resulting solid was subsequently recrystallized from 50 mL of acetonitrile after which the
resulting precipitate was washed with cold acetone resulting in an off white solid. Further
purification consists of repetitive recrystallizations from 40 mL of CHCls at -20 °C resulting in 2.0
g (5.6 mmol, yield 28%) of 3 as an off white solid, mp 197 °C (degr.). 'H-NMR (CDCls): 6 =13.84 (s,
1H, OH), 11.15 (s, 1H, NH), 9.21 (s, 1H, NH), 6.36 (s, 1H, Ci-H), 3.38 (t, 2H, CH2C11H>s3), 1.64-1.26
(m, 20H, -CH2-), 0.88 (t, 3H, CHs). BC-NMR (CDCls): 6 = 171.9 (C2), 159.7, 156.8, 156.3, 101.4 (C1),
40.1, 31.9, 29.6, 29.5, 29.33, 29.28, 29.23, 26.9, 22.7, 14.1 (CHs3). IR (ATR): v= 3245, 3148, 3031, 2917,
2849, 2580, 1679, 1607, 1564, 1531, 1477, 1458, 1388, 1360, 1326, 1291, 1281, 1256, 1134, 1062, 994,
968, 921 cm!. MALDI-TOF-MS (m/z): calcd: 356.2 obs: 357.14 (MH*), 379.13 (MNa*). Anal. Calcd
for Ci7H2N4O2Cl: C 57.21, H 8.19, N 15.70 found C 57.14, H 8.67, N 15.63.

Synthesis of 1-dodecyl-3-(4-0x0-6-((trimethylsilyl)ethynyl)-1,4-dihydropyrimidin-2-yl)urea (4)
0.1 g of (0.28 mmol) of 1-(4-chloro-6-hydroxypyrimidin-2-yl)-3-dodecylurea 3 was dissolved in
2.4 mL of distilled toluene in an oven dried Schlenk tube under an atmosphere of argon. Then
Pdz(dba)s (12.4 mg, 0.014 mmol, 5 mol%) and P(t-Bu)s (33 pL of a 1.73 M stock solution in distilled
toluene, 0.056 mmol, 20 mol%) were added and the solution was degassed by repetitive cycles of
freeze-pump-thaw. The temperature of the solution was raided to 70 °C and 163 mg of 1-
tributylstannyl-2-trimethylsilylacetylene (0.16 g, 0.42 mmol, 1.5 eq) was added in a single portion
under a constant stream of argon. The solution was heated at 100 °C for 20h and subsequently
cooled to room temperature after which ethyl acetate was added and the solution was filtered
over silica and evaporated in vacuo. Column chromatography using a gradient of 0-2%
EtOH/CHCI;s resulted in a black solid after evaporated in vacuo which was further purified by
recrystallization from a minimal amount of 1:1 ethyl acetate/pentane resulting in 45 mg (0.11
mmol, 40% yield) of 4 as a off white solid, mp 95-97 °C. '"H-NMR (CDCls): 5 = 13.10 (s, 1H, NH),
11.65 (s, 1H, NH), 9.95 (s, 1H, NH), 6.1 (s, 1H, Ci-H), 3.25 (t, 2H, CH2CuHzs), 1.61-1.25 (m, 20H, -
CH>-), 0.88 (t, 3H, CHs), 0.26 (s, 9H, Si(CHs)s). *C-NMR (CDCls): & =172.0, 156.2, 154.6, 131.9, 112.1
(C1), 104.8, 94.6, 40.1, 31.9, 29.64, 29.58, 29.49, 29.34, 26.9, 22.7, 14.1 (CH3), -0.7 (Si(CHs)s). IR (ATR):
v= 3216, 2958, 2919, 2851, 1695, 1649, 1582, 1524, 1469, 1403, 1323, 1295, 1252, 1167, 1131, 1011, 950,
846 cm'. MALDI-TOF-MS (m/z): calcd: 418.27 found: 419.25 (MH), 441.25 (MNa"). Anal. Calcd
for C2HasN4O:Si: C 63.12, H9.15, N 13.38 found C 63.17, H 9.44, N 13.36.

Synthesis of 2-amino-6-(dibutylamino) 4-pyrimidinol (5)

10 g (68.7 mmol) 2-amino-6-chloro-4-pyrimidinol hydrate (H20 5-15%) was dissolved in 170 mL
ethylene glycol and 30 mL dibutylamine (178 mmol) was added. The solution was heated for 5 h
at 135 °C after which it was allowed to cool room temperature. The solution was dumped into 666
mL of a saturated aqueous solution of NHiCl and extracted three times with 700 mL ethyl
acetate. The combined organic layers were evaporated in vacuo to a volume of 700 mL and

extracted with 500 mL of a saturated aqueous solution of NaHCOs and 700 ml brine. The organic
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layer was dried with magnesium sulfate, filtered and evaporated in vacuo. The slightly yellow
solid was treated with 50 mL boiling acetonitrile after which everything dissolved. Upon cooling
of the solution a precipitate was formed which was filtrated and washed with 10 mL pentane
resulting in a white residue containing the desired compound. This process was repeated twice
affording 10.69 g (44.85 mmol, yield 65%) of 2-amino-6-(dibutylamino) 4-pyrimidinol as a white
solid, mp 161 °C. "H-NMR (CDCls): & = 12.01 (s, 1H, OH), 5.32 (s, 2H, NH>), 4.8 (s, 1H, Ci-H), 3.30
(b, 4H, N(-CH2)2), 1.54-1.49 (m, 4H, N(-CH2-CH2)2),1.32-1.26 (m, 4H, N(-CH2-CH>-CHb>)2), 0.94-0.91
(t, 6H, CHs). BC-NMR (CDCls): 6 = 165.8 (C2), 163.6, 154.4, 76.3 (C1). 48.1, 29.6, 20.1, 13.9. IR (ATR):
v= 3317, 3166, 2956, 2930, 2871, 2730, 1586, 1558, 1490, 1453, 1369, 1331, 1288, 1161, 1110, 1075,
1028, 969, 782, 750 cm'. MALDI-TOF-MS (m/z): calcd: 238.18 obs: 239.17 (MHY). Anal. Calcd for
C12H2N:O: C 60.48, H 9.3, N 23.51 found C 60.24, H9.17, N 23.45.

Synthesis of 1-(4-(dibutylamino)-6-hydroxypyrimidin-2-yl)-3-dodecylurea (6)

A suspension of 1 g (4.2 mmol) 2-amino-6-(dibutylamino) 4-pyrimidinol and 1.2 mL of dodecyl
isocyanate (4.98 mmol, 1.2 eq) in 5 mL of dry pyridine was heated under argon at 90 °C for 12 h.
After cooling the solution was evaporated to dryness. Upon addition of 20 mL diethyl ether a
white precipitate was formed which was filtered off. The filtrate was evaporated in vacuo and
further purified by column chromatography (5iO:z 3:1 (v/v) cyclohexane/ ethylacetate) resulting in
a sticky off white solid. Recrystallization of the sticky solid in 20 mL of acetone at 0 °C resulted in
precipitation of 6 as an amorphous white powder which was subsequently dried in vacuo, mp 87
°C. Yield: 30% '"H-NMR (CDCl): & 12.61 (s, 1H, OH), 11.21 (s, 1H, NH), 9.58 (s, 1H, NH), 5.32 (s,
1H, Ci-H), 3.3-3.0 (b, 6H, N(-CH2)2 and CH>-CuHz), 1.61-1.55(m, 6H, N(-CH2-CHz)2 and
CH2CH2C10Hz21), 1.39-1.25 (m, 22H, CHz), 0.98-0.94 (t, 6H, CHs), 0.89-0.86 (t, 3H, CHs). ®*C-NMR
(CDCls): 6 =170.9, 162.5, 157.4, 157.0, 78.7 (C1), 50.0, 40.0, 31.9, 30.3, 29.6, 29.4, 29.3, 27.0, 22.7, 20.4,
14.1 (CHs), 14.0 (CHs). IR (ATR): v= 3218, 3127, 3019, 2955, 2922, 2852, 2548 (O-H ::0=C hydrogen
bond), 1674, 1613, 1559, 1524, 1504, 1454, 1445, 1369, 1321, 1282, 1252, 1206, 1147, 1111, 1061, 987,
891, 795, 692 cmt. MALDI-TOF-MS (m/z): calcd: 449.38 obs: 450.25 (MH*).Anal. Calcd for
CasHaNsO2: C 66.78, H 10.54, N 15.57 found C 67.20, H 10.65, N 15.70.

Synthesis of 1-hexyl-3-(6-methyl-4-oxo-1,4-dihydroquinazolin-2-yl)urea (7)

To a suspension of 0.51 g (2.92 mmol) of 2-amino-6-methyl-4(3H)-quinazolone, 12 mL
dimethylformamide and 1 ml of N-methylpyrrolidone was added 0.62 mL of hexylisocyanate
(0.48 mg, 3.8 mmol). The suspension was heated at 100 °C for 20 h under an atmosphere of argon
after which the solution became clear. After cooling to room temperature, 30 mL of a 1:1 mixture
of diethylether/pentane was added and the precipitate was filtered and washed with 30 mL of
pentane and 30 mL of acetone respectively. After drying of the residue it was treated with 400 mL
of hot CHCls which was subsequently evaporated in vacuo resulting in 0.34 g (yield: 53%) of 7 as a
white solid, mp 250-255 °C (degr.). 'H-NMR (CDCls):13.43 (1, 1H, NH), 11.95 (s, 1H, NH), 10.19 (s,
1H, NH), 8.0 (s, 1H, Cis-H), 7.47 (d, 1H, Cis-H), 7.16 (d, 1H, Cis-H), 3.35 (t, 2H, CH), 2.45 (s, 3H,
CHs), 1.70-1.32 (m, 8H, CHz), 0.9 (t, 3H, CHs). BC-NMR (CDCls): & =171.2, 156.9, 154.4, 136.0, 135.3,
135.1, 127.2, 118.2, 116.5, 40.2, 31.6, 29.4, 26.7, 22.6, 21.0, 14.1. IR (ATR): v= 3211, 2961, 2949, 2925,
2851, 1692, 1636, 1446, 1307, 1263, 1219, 1206, 1128, 1040, 999, 923, 817 cm-'. MALDI-TOF-MS
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(m/z): caled: 302.17 obs: 303.12 (MH*). Anal. Calcd for CisH22N4O2: C 63.56, H 7.33, N 18.53 found
C63.17, H7.33, N 18.63.

Synthesis of 6-(tert-butoxycarbonylamino)hexyl 4-(pyren-1-yl)butanoate (12)

Under argon, a mixture of 1 g 4-(1-pyrenyl)butyric acid (3.47 mmol) and 70 mg of DMAP (0.57
mmol) in 70 mL of distilled dichloromethane was cooled to 0 °C followed by addition of 724 mg
of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (3.77 mmol). The mixture was
stirred for 1 h at this temperature after which 828 mg of 6-(boc-amino)-1-hexanol (3.81 mmol)
dissolved in 20 mL distilled dichloromethane was added dropwise. The mixture was allowed to
come to room temperature and was stirred for an additional 16 h. The solution was diluted with
120 mL dichloromethane and extracted two times with 0.02 M aqueous HCL. The aqueous layer
was back extracted with 100 mL dichloromethane and the combined organic layers were
extracted two times with 300 mL saturated aqueous NaHCQ:s solution and one time with 350 mL
brine. The organic layer was dried with magnesium sulfate, filtered and evaporated in vacuo. The
resulting yellow oil was further purified by column chromatography (5iO2, 20% ethyl
acetate/heptane) followed by additional column chromatography (SiO2, DCM) resulting in 955
mg (1.96 mmol) of 12 as a sticky white solid, mp 71 °C. Yield: 57%. 'H-NMR (CDCls): & 8.30-7.84
(m, 9H, PyrH), 4.53 (s, 1H, NH), 4.07 (t, 2H, COO-CH>), 3.38 (t, 2H, CH>-COOCH®>), 3.08 (m, 2H,
CH:NH), 246 (t, 2H, Pyr-CH:CH2), 220 (m, 2H, CH>-CH>-COOCH->-), 1.62-1.56 (m, 2H,
COOCH2CH>), 1.46-1.26 (m, 13H) ppm. C-NMR (CDCls): 173.5, 156.0, 135.7, 131.4, 130.9, 128.7,
127.5,127.4, 127.3, 126.7, 125.8, 125.1, 125.0, 124.9, 124.81, 124.78, 124.76, 123.3, 79.0, 64.4, 40.5, 33.9,
32.8, 30.0, 28.6, 28.5, 26.8, 26.4, 25.6 ppm. IR (ATR): v = 3374, 3041, 2933, 2861, 1701, 1509, 1454,
1390, 1365, 1246, 1162, 1144, 908, 728 cm-'. MALDI-TOF-MS (m/z): calcd: 487.28 obs: 487.17 (M*:).
Anal. Calcd for CaiHs7NOa: C 76.36, H 7.65, N 2.87 found C 75.99, H7.58, N 2.75

Synthesis of 6-(4-(pyren-1-yl)butanoyloxy)hexan-1-aminium (isolated as TFA salt) (13)

To a stirred solution of 6-(tert-butoxycarbonylamino)hexyl 4-(pyren-1-yl)butanoate (1.56 g, 3.20
mmol) in 67 mL of dry dicholoromethane under argon was added 7 mL trifluoroacetic acid
dropwise (10.75 g, 94.4 mmol). The solution was stirred for an additional 4 h after which it was
concentrated in vacuo. All traces of trifluoroacetic acid were removed by flushing several times
with 10 mL of acetonitrile followed by flushing with diethyl ether which resulted in solidification
of the product. Finally, addition of 20 mL diethyl ether to the white solid resulted in a suspension
that was filtrated and washed with 10 mL of cold acetone. Drying of the residue resulted in 1.22 g
of 13 (2.42 mmol) as a white solid, 118 °C (degr.). Yield: 76%. 'H-NMR (CDCls): & 8.30-7.84 (m, 9H,
PyrH), 7.84 (b, 3H, NHs*), 3.98 (t, 2H, COOCH>), 3.32 (t, 2H, CH.-COOCHz2), 2.80 (b, 2H, CH>-
NHs*), 2.40 (t, 2H, Pyr-CH2CH?z), 2.14 (tt, 2H, CH2-CH>-COOCH>-),1.52-1.25 (m, 8H, CH:) ppm.
BC-NMR (CDCls): 173.8, 135.6, 131.3, 130.8, 129.9, 128.7, 127.4, 127.33, 127.27, 126.7, 125.8, 125.0,
124.93, 124.89, 124.76, 124.73, 123.22, 64.1 , 39.7, 33.8, 32.7, 28.1, 27.2, 26.7, 25.6, 25.1 ppm. IR
(ATR): v (cm) = 3041, 2939, 2865, 1725, 1674, 1529, 1460, 1431, 1418, 1345, 1306, 1242, 1199, 1178,
1132, 841, 798, 721 cml. MALDI-TOF-MS (m/z): calcd: 388.22 obs: 388.10 (M*). Anal. Calcd for
Ca1H37NOa4: C 67.05, H 6.03, N 2.79 found C 67.19, H 6.00, N 2.83
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Synthesis of 6-(3-(4-(dibutylamino)-6-hydroxypyrimidin-2-yl)ureido)hexyl4-(pyren-1-
yl)butanoate (11)

A suspension of 1 g of 6-(4-(pyren-1-yl)-butanoyloxy) hexan-1-aminium (2.05 mmol) in 400 mL
distilled dichloromethane was extracted with 1 L 0.1 M NaOH. The aqueous layer was back
extracted with 100 mL distilled dichloromethane and the combined organic layers were extracted
with 500 ml brine. The organic layer was dried extensively with magnesium sulfate, filtered and
evaporated in vacuo to a volume of 10 mL. Under argon, this solution was rapidly injected into a
solution of 720 mg di-t-butyltricarbonate in 100 mL distilled dichloromethane. The solution
immediately showed gas evolution (CO2) indicating the formation of the isocyanate. The solution
was stirred for 1 h after which it was added dropwise, under an atmosphere of argon, to a
solution of 0.5 g of 2-amino-6-(dibutylamino) 4-pyrimidinol (2.09 mmol) in 40 mL dry pyridine at
90 °C. The mixture was stirred for an additional 16 h at this temperature after which all pyridine
was removed in vacuo. After removal of all pyridine, 20 mL of CHCls was added and the
suspension was filtered over a 1.0 um PTFE filter. The filtrate was evaporated in vacuo and
extensively purified by column chromatography (5iO:, 25-35% acetone/CHCls) resulting in 102
mg (0.16 mmol) of 11 as a white solid, mp 148 °C. Yield: 8%. 'H-NMR (CDCls): 12.58 (OH), 11.18
(NsH), 9.56 (N1:H), 8.30-7.84 (m, 9H, PyrH), 5.30 (s, 1H, C:H), 4.08 (t, 2H, COOCH>), 3.38 (t, 2H,
CH2-COOCH?), 3.30 (m, 2H, NH-CH>), 3.25 (b, 4H, N(-CH2)2), 2.45 (t, 2H, Pyr-CH>CHb2), 2.19 (m,
2H, 2H, CH>-CH.-COOCH2), 1.65-1.20 (m, 16H, -CH:-), 0.92 (t, 6H, CHs) ppm. “C-NMR
(CDCl3):173.5 (C23), 170.5 (C2), 162.4, 157.6, 156.8, 135.7, 131.4, 130.9, 129.9, 128.7, 127.4, 127.3, 126.7,
125.8, 125.06, 124.96, 124.85, 124.77, 124.73, 124.6, 123.3, 78.7, 64.4, 49.0, 39.8, 33.9, 32.8, 30.2, 29.8,
28.6, 26.8, 26.6, 25.7, 20.3, 13.9 ppm. IR (ATR): v (cm) = 3220, 3123, 3038, 2955, 2932, 2596 (O-
H :0=C hydrogen bond), 1731, 1675, 1615, 1561, 1524, 1508, 1444, 1370, 1321, 1281, 1250, 1205,
1160, 1145, 987, 845 cm™ MALDI-TOF-MS (m/z): calcd: 651.37 obs: 651.34 (M*). Anal. Calcd for
C39H19N504: C 71.86, H 7.58, N 10.74 found C 72.15, H 7.47, N 10.84.

X-ray crystal structure determination of 6
CasHoNsO2, Fw =449.68, colourless plate, 0.33 x 0.30 x 0.09 mm3, triclinic, P1 (no. 2), a =

10.3030(2), b = 10.9384(2), ¢ = 14.1351(3) A, o = 93.0804(6), B = 109.5916(7), y = 114.8871(9)°, V =
1325.56(5) A3, Z =2, Dx = 1.127 g/cm3, p = 0.072 mm. 31497 Reflections were measured on a
Nonius Kappa CCD diffractometer with rotating anode (graphite monochromator, A = 0.71073 A)
up to a resolution of (sin 6/A)max = 0.65 A1ata temperature of 150(2) K. An absorption correction
was not considered necessary. 6043 Reflections were unique (Rint = 0.0545), of which 4318 were
observed [[>2c(I)]. The structure was solved with Direct Methods using the program SHELXS-
97.% The structure was refined with SHELXL-97 against F? of all reflections. Non hydrogen atoms
were refined with anisotropic displacement parameters. All hydrogen atoms were located in
difference Fourier maps. N-H and O-H hydrogen atoms were refined freely with isotropic

displacement parameters, C-H hydrogen atoms were refined with a riding model. 304 Parameters
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were refined with no restraints. R1/wR2 [I > 2o(I)]: 0.0474/0.1129. R1/wR2 [all refl.]: 0.0769/0.1266.
S = 1.027. Residual electron density between -0.28 and 0.19 e/A% Geometry calculations and
checking for higher symmetry was performed with the PLATON program.#

UV-Vis titrations

UV/Vis spectra were recorded using 1 cm path length cells on a Perkin Elmer Lambda 40P
equipped with a PTP-1 Peltier temperature control system. A series of spectra were obtained by
the addition of pL amounts of a stock solution containing 25.7 uM of 10 and 300 uM UPy 1, 3, 4, 6,
7, 8, 9 in CHCls to a cell containing 2.0 mL of a 25.7 pM solution of 2,7-diamido-1,8-

naphthyridine 10. All obtained traces were base-line corrected.

Fluorescence measurements

Fluorescence spectra were recorded on a Perkin-Elmer LS 50B luminescence spectrometer. The
slit size was set to 8 nm x 8 nm and the scan speed was set to a value of 600 nm/min. For all
measurements a fresh opened bottle of spectroscopic grade CHCls was used (Aldrich). Each
fluorescence spectrum was normalized to the concentration after which the pyrene excimer band
was integrated from 475 nm to 600 nm and the integral fitted to a monomer-dimer equilibrium.
All spectra were measured in air, at equilibrium oxygen concentration. This leads to slow photo-
oxidation of the pyrene moiety, but prevents change in concentration of oxygen during the

measurement, influencing the kinetics of excited state decay.

Two dimensional NMR

All two dimensional NMR spectra were recorded on a 500 MHz NMR (Varian Unity Inova) by
means of a 5 mm 'H/X Inverse Detection probe equipped with gradient capabilities at 25 °C.
Deuterated chloroform was de-acidified and dried by passing it through a column of activated
basic alumina (type I). Solutions used for ROE measurements were degassed by a repetitive
freeze-pump-thaw procedure. For all measurements the 90° 'H pulse width was calibrated (4.8 ps
at a transmitter power of 59 dB).

2D transverse ROESY experiments were performed with a relaxation delay time of 3 s and a
mixing time of 100 ms using a spin-lock field of 8000 Hz (32.9 ps duration). All 2D-data were
collected in the phase-sensitive mode using the States-Haberkorn method. A total of 400 FIDs of
2K complex data points were collected in t2 with 16 scans per increment and zero-filling was
applied in both dimensions before Fourier transformation. These data was then processed witha
cosine squared window function in both dimensions.

Gradient selective HMQC (gHMQC) experiments were performed using a relaxation delay time
of 15, a sweep width of 8000 Hz for proton dimension and 21362 Hz for the carbon dimension.
All 2D-data were collected in the phase-sensitive mode using the States-Haberkorn method. A
total of 300 FIDs of 2K complex data points were collected in t2 with 16 scans per increment. The
Jen coupling constant was set to 160 Hz. TANGO gradient suppression was applied to filter

residual 'H coupled to 12C. Processing was done after Gaussian apodization in both dimensions.
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Calibration of the decoupler pulse widths and decoupler strength was achieved by using the
standard Varian calibration procedure (page 59, Unity Inova acceptance test procedures) on the

13C enriched methyliodide sample.

Computational procedure for determining K. using Uv-Vis titrations at a single wavelength

A script was written in Matlab 7.0.4. The input data consists of the analytical concentrations of
UPy (U0), NaPy (NO) , the observed absorptions (A"ws) at a single wavelength, the extinction
coefficient of free ureido-pyrimidinone, e (in L-mol-cm™), the extinction coefficient of free N,

&', (in L-mol--cm™') at the corresponding wavelength and a experimentally determined value of

Kdim (in M™1). Starting with a trial value of Ka the program calculates the concentration UPy-NaPy
(UN), free NaPy (N), free UPy (U) and UPy (Uz) dimer using the mass balance equations as
developed in reference 30. The absorption at a single wavelength for a given cuvette length (1) is

then calculated as: A= l*(stU[UN]+ aAN[N] + gxu[U+U2]) using a trial value of g, Least squares

optimization of this function using the Levenberg-Marquardt method is then performed until Ka

(M) and &"un (L-mol--cm-') become constant within the desired accuracy (0.0001%).

Sample preparation for 'TH-NMR studies
Equimolar mixtures of 1 and 3, 6 or 8 were prepared by weighing the calculated amounts of their

components into 5 ml screw cap vials followed by addition of CDCls (0.6 mL).
Computer simulations for two component mixture

All simulations were performed on a PC running Scientist 3.0 (MicroMath Scientific Software,
Salt lake City, Utah) under Windows XP.
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2.8 Appendices
Appendix A
FT-IR measurements on 6 in the solid state and in solution (both at room temperature).
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Figure A1: a) FT-IR spectrum of crystals of compound 6. b) FT-IR spectrum of a 107 M solution of 6 in
CDCls.
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Appendix B

UV-Vis titrations and K. determination.
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Figure A2: a) Changes in the absorbance of a solution of a 2.53 x 10-* M solution of 2 upon addition of
aliquots of 14 in CHCIs at 25 °C. b) Plot of absorbance at 355 nm for a solution containing 2.53 x 10°M 2
vs. concentration of 14 in CHCls. The curve represents the best fit of the data (Ko =5 (+/- 0.2) x 106 M) to
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Figure A3: a) Changes in the absorbance of a solution of a 2.53 x 10~°M solution of 2 upon addition of
aliquots of 6 in CHCls at 25 °C. b) Plot of absorbance at 355 nm for a solution containing 2.53 x 10°M 2
vs. concentration of 6 in CHCIs. The curve represents the best fit of the data (Ka =6 (+/- 0.5) x 106 M) to
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Appendix C
Characterization of the two hetero-dimers using blocked UPy derivative 15.
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Figure A4: 'H-NMR spectra of equimolar mixtures of 15 and 6, 3 or 8 in CDCls at a total concentration of

10 mM and a temperature of 25 °C.
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Appendix D
Scientist 3.0 model for a two component mixture as a function of Ka.

// Micromath Scientist Model File
IndVars: Kab

DepVars: ChiAA, ChiAB, ChiBA, ChiAfree, ChiBB, ChiBfree, ChiABtot
Params: Kaa, Kbb, Btot, Atot
Kaa=ConcAA/(ConcAfree*ConcAfree)
Kbb=ConcBB/(ConcBfree*ConcBfree)
Kab=ConcAB/(ConcAfree*ConcBfree)
ChiAA=(2*ConcAA)/(Atot)
ChiAB=ConcAB/Atot
ChiBA=ConcAB/Btot
ChiAfree=ConcAfree/Atot
ChiBB=(2*ConcBB)/(Btot)
ChiBfree=ConcBfree/Btot
ChiABtot=ConcAB/(Atot+Btot)
Atot=ConcAB+ConcAfree+(2*ConcAA)
Btot=ConcAB+ConcBfree+(2*ConcBB)
0<ConcAfree<Atot

0<ConcBfree<Btot
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The influence of selectivity on the
supramolecular polymerization of AB type
polymers capable of both A:A and A-B
interactions

The supramolecular polymerization of two AB type monomers capable of hydrogen bond mediated
A-B hetero-coupling and A-A homo-coupling is discussed. The AB-type supramolecular
polymerization is based on the strong interaction between self-dimerizing 2-ureido-pyrimidinone
(UPy) and 2,7-diamido-1,8-naphthyridine (NaPy). In an effort to reduce the “self-stoppered”
effect that is inherently present in these supramolecular polymerizations, the UPy unit in one of
the two AB monomers is substituted with a dibutylamino group. As discussed in Chapter 2, the
dimerization constant of this novel UPy unit is lower than ureido-pyrimidinones substituted
with aliphatic groups at the 6 position of the pyrimidinone ring, while the hetero-dimerization
strength with NaPy is retained. Unexpectedly, the increased selectivity towards hetero-
association not only influences the concentration dependent degree of polymerization due to the
reduction of the “self-stoppered” effect but also has a pronounced effect on the ring-chain
equilibrium by increasing the tendency to cyclize. In order to quantitatively explain the results, a
model was developed that accurately predicts the degree of polymerization by taking into account
homo and hetero-dimerization as well as cyclization. Finally, molecular weight distributions for
non-cyclizing AB supramolecular polymerizations with and without a reversible A-A interaction
are calculated. It is found that the molecular weight distribution becomes narrower when A-A

interactions are present.

This work has been published:
de Greef, T. F. A,; Ercolani, G.; Ligthart, G. B. W. L.; Meijer, E. W,; Sijbesma, R. P. J. Am.
Chem. Soc. 2008, 130, 13755-13764.



Chapter 3

3.1 Introduction

The combination of supramolecular chemistry and polymer science has led to the
development of supramolecular polymers in which the individual monomeric units are
held together by strong, directional and reversible non-covalent interactions.! Arrays of
hydrogen bonds, being inherently dynamic and displaying tunable association strengths,
constitute an important building block for supramolecular polymer based materials.?
The majority of supramolecular polymers has been constructed using a mixture of AA
and BB ditopic molecules with complementary hydrogen-bonding functionalities.? In
such systems, high molecular weight polymer is only obtained at the exact equivalence
point (caa = css) because a stoichiometric imbalance rapidly leads to a diminished degree
of polymerization. In an attempt to avoid the need for stoichiometric balance,
supramolecular polymers using AA and BB ditopic monomers in which both A-A homo-
dimerization and A-B hetero-association occurs have been described.* In this setup, the
A-A interaction is based on the strong dimerization of methyl-substituted 2-ureido-
4[1H]-pyrimidinone 1 (UPy; Kdaim = 6 x 107 M in CHCl:) while the A-B interaction is
based on the strong interaction between methyl-substituted 2-ureido-6[1H]-
pyrimidinone 1 and 2,7-diamido-1,8-naphthyridine (UPy-NaPy, Ka =5 x 10¢ M-! in CHCls,
see Scheme 3.1). Using this approach, high degrees of polymerization were obtained
using mixtures of AA and BB ditopic monomers if caa > css, while chain shortening
occurs if caa < css because the excess of B units act as chain stoppers.

An alternative way to address the problem of stoichiometric imbalance in
supramolecular polymerizations is the use of an AB-type monomer.5 Recently an AB
type monomer was synthesized based on the previously described UPy-NaPy motif
using selective olefin-metathesis chemistry.® Concentration dependent 'H-NMR and
viscosity measurements indicated a transition from cyclic species at low concentrations
to linear species at high concentrations.

In supramolecular polymers based on the current UPy-Napy system (1-3) a major
drawback is the incomplete selectivity of 2-ureido-4[1H]-pyrimidinone dimerization
relative to association of 2-ureido-6[1H]-pyrimidinone with 2,7-diamido-1,8-
naphthyridine (NaPy) because this results in self-stoppered behavior in both AB and Ao-
B2 supramolecular polymerizations.*® The self-stoppered behavior in supramolecular AB
polymerizations using the current UPy-NaPy system is a result of the formation of free
NaPy end-groups (Scheme 3.2) due to the formation of UPy-UPy bonds even at high

concentrations.
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Scheme 3.1: Equilibrium between methyl-substituted UPy dimer 1-1 (Donor-Donor-Acceptor-Acceptor
hydrogen bonding array) and 2,7-diamido-1,8-naphthyridine 3 (top) and equilibrium between
dibutylamino-substituted UPy dimer 2-2 (Donor-Acceptor-Donor-Acceptor hydrogen bonding array) and
2,7-diamido-1,8-naphthyridine 3 (bottom).

As the NaPy end groups hardly self-dimerize” (Kaim < 10 M in CDCls), chain growth is
effectively limited at high concentrations. An approach to reduce this self-stoppered
effect in A2-B2 supramolecular polymerizations introduced by Zimmerman is the use of
a guanosine urea derivative (UG) which only weakly self-associates (Kaim = 200 M) but
has a high association constant with 2,7-diamido-1,8-naphthyridine (= 5 x 10" M1).®

In chapter 2 a novel ureido-pyrimidinone unit (2) was synthesized substituted with a
dibutylamino group at the Cs position of the pyrimidinone ring. Thermodynamic
analysis of its homo-dimerization and hetero-complexation with NaPy reveal that this
UPy shows an increased fidelity for hetero-complexation compared to methyl-
substituted UPy 1. For an AB-type polymerization with both A-A homo and A-B hetero-
coupling, the increased fidelity of hetero-complex formation will reduce the “self-
stoppered” effect thereby increasing the degree of polymerization. In this chapter, two
AB-type monomers are synthesized, differing in the nature of their UPy end group, and
their supramolecular polymerization is studied in solution using a variety of techniques
(viscometry, TH-NMR, DOSY).
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Scheme 3.2: Schematic representation of the supramolecular polymerization of an UPy-NaPy AB type
monomer in solution at various concentrations illustrating the “self-stoppered” effect. Due to the high
dimerization constant of the methyl-substituted UPy unit a significant amount of chains containing free

NaPy end groups are formed which limits the degree of polymerization.

3.2 Synthesis of AB monomers

To investigate the influence of the increased fidelity on the supramolecular
polymerization of an AB monomer in solution, two different AB monomers (5 and 6, see
Scheme 3.3) were synthesized. The two AB monomers differ in the nature of the UPy
end-groups but have the same NaPy unit incorporated. AB monomer 5 has a methyl-
substituted UPy end group for which the Kdaim was previously determined to be 6 x 107
M- in CHCl. The second AB monomer 6, has a dibutylamino-substituted UPy end
group with a Kdaim of 9 x 105 M1. To ensure a fair comparison between the two different
AB monomers it is of crucial importance to include the same linker between the
hydrogen bonding groups because conformational constraints in the linker can influence
the equilibrium between cycles and linear species.” Synthesis of UPy-NaPy monomer 5
could be achieved in one step by reaction of 2,7-diamido-1,8-naphthyridine alcohol 4
with UPy isocyanate 7. The synthesis of 4 could be achieved by deprotection of the
TBDMS group of 2,7-diamido-1,8-naphthyridine 8 which was synthesized according to a
previously established route.® The synthesis of AB monomer 6 was achieved in two
steps starting from 2-amino-6-(dibutylamino) 4-pyrimidinol (see Chapter 2). Reaction of
this compound with 1,6-diisocyanatohexane resulted in isocyanate synthon 9 which was
subsequently reacted with 4, affording AB monomer 6. Purification of AB monomers 5
and 6 was critical and was achieved via column chromatography and precipitation in
MeOH. The purity of 5 and 6 was checked with Size Exclusion Chromatography (SEC)
using THF as the eluent.
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Scheme 3.3: Synthesis of UPy-NaPy AB monomers 5 and 6: a) triethylamine trihydrofluoride, THF, 4 h,
room temperature, 86%; b) 4, dibutyl tin laureate, CHCls, 20 h, 60 °C, 67%; c) 1,6-diisocyanatohexane, 1 h,
60 °C, 16 %; d) 4, dibutyl tin laureate, CHCls, 4 days, 60 °C, 49%.

The purity of the UPy-NaPy AB monomer 5 was determined to be 98% while the SEC
trace of the UPy-NaPy AB monomer 6 did not reveal any impurity (purity > 99%, see
Appendix A).

3.3 Capillary viscosity measurements on AB monomers

A double logarithmic plot of specific viscosity (nsp) versus concentration of 5 and 6 in
CHCI yields a linear relationship well above the critical polymerization concentration
(CPC)." The CPC for monomer 6 has a value of = 0.13 M in CHCIs as evidenced by the
clear change of slope occurring at this concentration. In the case of monomer 5, the

change of slope is less sharp but approximately occurs in the same concentration region.
T=25°C

0.14

" od ' R
Concentration (M)

Figure 3.1: Solution viscosities of UPy-NaPy monomers 5 and 6 in CHCls at 25 °C.
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Surprisingly, up to concentrations well above the CPC the specific viscosity of 5 is
higher than the specific viscosity of 6. Hence, in this concentration region the system
with the lowest selectivity displays the strongest effects of supramolecular
polymerization. Only at concentrations above 0.2 M, the specific viscosity of 6 surpasses
that of 5. Furthermore, the slope of 6 above the CPC is higher than the slope of 5,
indicating a stronger concentration dependence of supramolecular polymerization of 6.
The lower specific viscosity of 6 just around the CPC and the higher slope above the
CPC suggests that cycles are more abundant in solutions of 6 than in solutions of 5. To
find more evidence for this hypothesis 'H-NMR dilution experiments and diffusion
ordered spectroscopy (DOSY) were performed to probe the nature and sizes of the

aggregates in solutions of 5 and 6 in CDCls at various concentrations.

3.4 'TH-NMR and DOSY measurements

'H-NMR spectra at several concentrations of 5 and 6 were taken in CDCls. Figure 3.2
displays the partial 'H-NMR of 5 and 6 in the region were the hydrogen bonding NH
protons resonate. At low concentrations of 5 and 6 (1 mM), the downfield region clearly
shows five sharp resonances, indicative of the five hydrogen bonds (four intermolecular
and one intramolecular) being present in the UPy-NaPy ADDA-DAAD hydrogen
bonded complex. At higher concentrations of 5 (> 50 mM, Figure 3.2a), additional signals
corresponding to the hydrogen bonding DDAA array (UPy-UPy dimer) are observed.
Previously, the increase in fraction of UPy-UPy homo-dimer to UPy-NaPy hetero-dimer
for a similar molecule was attributed to ring opening of small cyclic species at higher
concentrations.® A further increase in concentration of 5 only results in changes in the
signals corresponding to the two naphthyridine amide protons (11.4 and 11.8 ppm) due
to a concomitant change in exchange dynamics between homo and hetero hydrogen
bonding complexes at higher concentrations.

Due to the increased selectivity for hetero-complexation, no signals corresponding to
dibutylamino-substituted UPy homo dimer were detected at any concentration of 6 in
CDCls.”2 At a concentration of 50 mM of 6 in CDCIs (Figure 3.2b), the downfield region
of the "H-NMR spectrum displayed a large number of resonances, most probably
originating from cyclic species. A further increase in concentration of 6 up to 179 mM
resulted in four broad NH resonances due to the fast exchange of the two non-
equivalent naphthyridine amide protons at high concentrations. This fast exchange

results in a broad NH resonance centered at 12.0 ppm.
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Figure 3.2: Partial 'TH-NMR spectra of the AB monomers at different concentrations in CDCls. a) Methyl
substituted UPy-NaPy monomer 5. b) Dibutylamino-substituted UPy-NaPy monomer 6. The
abbreviations UN, Uz and Cyc are used to denote signals arising from UPy-NaPy heterocomplex, UPy
homo-dimer and cyclic material respectively. At the lowest concentration (1 mM) all monomers in

solutions of 5 and 6 in CDCls are incorporated in cycles.

Diffusion ordered 'H-NMR spectroscopy (DOSY) is a convenient method to probe the
dimensions of polydisperse supramolecular aggregates provided that the chemical shifts
of the different aggregates are in slow exchange both on the "H-NMR as well as on the
DOSY timescale.”® The 2D DOSY spectrum of 5 at a concentration of 100 mM displays
two sets of signals with different diffusion coefficients (Figure 3.3a). The diffusion
coefficient of the signals originating from UPy-UPy homo-dimers are smaller than the
diffusion constant of the UPy-NaPy indicating that the UPy-UPy homo dimers are part,
on average, of an aggregate with a larger hydrodynamic radius. Because of the absence
of signals belonging to UPy-UPy homo dimer, all the proton signals in the 2D DOSY
spectrum of 6 (Figure 3.3b) have the same diffusion constant. Although accurate
calculations on the sizes of the different aggregates are difficult to make due to the
possibility of fast exchange on the DOSY time scale'®, the fact that the signals belonging
to the UPy-UPy hydrogen bonds in 5 have a lower diffusion constant than the signals
belonging to the UPy-NaPy hydrogen bonds is strong evidence that at this concentration

cycle formation plays a dominant role (vide infra).

3.5 Theoretical model and simulations
Scheme 3.4 schematically displays the supramolecular polymerization of an AB
monomer in solution capable of both reversible A-B hetero-coupling (equilibrium

constant Ka) and A-A homo-coupling (equilibrium constant Kaim). Two different linear
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species can be formed: an i-meric linear chain with two NaPy chains ends and
containing one reversible A-A (UPy-UPy) bond (chains Mi), and an i-meric linear chain
with both a UPy (A) and a NaPy (B) chain end and containing only reversible A-B
(UPy-NaPy) bonds (chains Li). Due to the high association constant of hetero-bond
formation (Ka) and the low dimerization constant of the NaPy chain ends’, only the
linear chains with both a UPy and a NaPy chain end (Li) are in direct equilibrium with
cyclic species (equilibrium constant Kntra)i).

This model for the supramolecular polymerization of 5 and 6 in solution allows us to
explain the lower diffusion constant of the UPy-UPy signals as measured with DOSY on
the 100 mM solution of 5 in CDCls. At this concentration below the CPC, the chains
containing a single UPy-UPy bond (Mitype chains) cannot form cyclic species and hence
will be much larger than the small cycles formed from the Li type chains. Because the
linker connecting the UPy and NaPy groups in both AB monomers 5 and 6 is equal and
the association constants of 1-3 and 2-3 are nearly identical, it is straightforward to
rationalize the influence of Kaim on the equilibrium between cycles and linear chains.
Due to the higher Kaim of methyl-substituted UPy 1, the fraction of linear chains with

two NaPy chains ends (M) is higher in the supramolecular polymerization of 5 than 6.
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Figure 3.3: 2D-DOSY spectra at a concentration of 100 mM in CDCls (T = 25 °C). a) Methyl-substituted
UPy-NaPy monomer 5. b) Dibutylamino-substituted UPy-NaPy monomer 6. The values in parentheses are

the viscosity normalized diffusion constants.™

As a result, the fraction of cyclic species of 5 at a given concentration below the CPC is

lower compared to the fraction of cyclic species in the supramolecular polymerization of
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6. The higher fraction of cyclic species will result in a lower degree of polymerization of
6 below the CPC. Above the CPC, when additional monomer is added to linear species,
the higher fraction of chains Mi in the supramolecular polymerization of 5 will result in a
slower growth of the linear polymers due to the “self-stoppered” effect of the two NaPy
chain ends. Hence, above the CPC, the degree of polymerization of 6 will increase faster
than the degree of polymerization of 5 due to the higher fraction of Mi chains in the
latter.

To gain a more quantitative insight into the effects of Ka, Kdim, and Kintraji on the fraction
of the various species and the degree of polymerization, a mathematical model was
developed based on a previously published model for the ring-chain equilibrium of an
AB monomer in solution capable of only A-B interactions."

The previous model was based on the concept of effective molarity which is a measure

of the ease of formation of a given cyclic oligomer and is defined as EMi = Kintra)i/Ka.

Kd'Y/ S = WT’J\Mﬁ — et
) PN
L

1 K\ .. .

L2 I.3
K(intra)l H K(intra)z‘ K(intra)3H

4., (}OOQ C @ Cs

l 2,7-diamido-1,8-naphthyridine

‘ 2-ureido-4[1H]-pyrimidinone

[D 2-ureido-6[1H]-pyrimidinone
Scheme 3.4: Linear (Mi and Li type chains) vs. cyclic species (Ci) present in the supramolecular
polymerization of an AB monomer in solution capable of both A-B hetero-coupling and A-A homo-
coupling. Due to the non-associating NaPy end groups, only linear species with one NaPy and one UPy
end group (Litype chains) are able to form cycles. L1 and all other Li type oligomers implicitly contain all
tautomeric forms of the free UPy end group.

Under the assumption that all the rings, including the smaller ones, are strainless and
follow the Jacobson-Stockmayer equation, i.e. EMi = EM1 i-5?, the following expression
can be deduced (see Appendix B) that links the total AB monomer concentration C and
the equilibrium constants Ka, Kaim, EM1 to the structural characteristics of the system as

schematically drawn in Scheme 3.4.
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1 X 2K, X’ = -
C=— + dim +EM i—3/2X1
Koy K oy M
— — —
L; type chains M; type chains rings

The three terms in the right-hand side of eq (1) represent the amount of monomer, in
concentration units, that, at equilibrium, went into Li chains, Mi chains, and rings,
respectively. All of them are expressed as a function of x, namely the extent of hetero-
coupling reaction in the linear fraction. To more quantitatively understand the
development of the viscosity as a function of concentration, expressions for the weight
and average degree of polymerization were also derived.

The number average degree of polymerization (DPx) is defined by eq (2).

iN,

1

M

(2)

DP, =
N,

1

M-

where Ni is the number of molecules of a given i-mer. The numerator of eq (2) is
proportional to the initial monomer concentration, C, whereas the denominator is
proportional to the summation of the molar concentrations of all the i-mers. In other

words eq (2) can be rewritten as eq (3).

DP = C 3)

n 00 0 ©

2L+ 2 M+ 3¢ ]

i=1 i=2 i=1

The first two sums in the denominator can be evaluated using standard expressions for

infinite converging series while the last sum can be numerically evaluated for finite-

sized systems (see Appendix B). The weight average degree of polymerization (DPw) is

defined by eq (4).
iizNi

DP, =i

w 00

DN,

i=1

(4)

The numerator of eq (4) is proportional to the summation of the molar concentrations of
all the i-mers multiplied by 2, whereas the denominator is proportional to the initial

monomer concentration, C. In other words, eq (4) can be rewritten as eq (5).

0 © ©

SEL]+ Y M ]+ R[]
DP, = i=1 i=2 c i=l (5)

Again, the first two sums can be evaluated using standard mathematical expression for

infinite series while the last sum can be approximated numerically.
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Finally, the polydispersity index is defined as:

pp1 = 2P ©6)
DP

n

Using the mass balance eq (1) and the expressions for the weight average degree of
polymerization (eq (3) and eq (5)) the fraction of cycles, fraction of linear species and the
weight and number average degree of polymerization can be calculated given values of
Kiim, Ka and EMi. Although the developed model assumes that all cycles are strainless,
in reality the first few oligomeric rings will be strained. However, it is stressed that the
goal of the numerical simulations is to reveal the differences in the supramolecular
polymerizations of both AB monomers based on the difference in dimerization constant
of the UPy-UPy interaction. The value for EM:1 was set to 0.1 M to reproduce the
experimental viscosity data.

Figure 3.4 displays the results of the calculations of the fraction of monomer
incorporated in the various chains and rings as a function of the concentration of
monomer using the experimentally determined thermodynamic parameters for 5 and 6.
As can be observed, there are some differences in the composition of the mixture
between the more (6) and less (5) hetero-selective system. For example the concentration
at which the fraction of cycles becomes significantly smaller than 1 is lower for the less
hetero-selective system due to the lower fraction of Li type chains, although this feature

cannot be clearly detected from the plots in Figure 3.4.
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C,,= total fraction monomer in cycles.
L= Fraction monomer in chains with only UpysNaPy bonds.
M= Fraction monomer in chains with a single Upy+Upy bond

C,,= total fraction monomer in cycles.
7 L= Fraction monomer in chains with only Upy<NaPy bonds.
04 M= Fraction monomer in chains with a single Upy-Upy bond
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Figure 3.4: Calculations of the fraction of monomer in cyclic oligomers (C1, C2 and Cs,), total fraction of
monomer present in cycles (Crt) and total fraction of monomer present in linear chains containing only
UPy-NaPy bonds (Litype chains) or containing a single UPy-UPy bond (M type chains) as a function of
concentration for EMi: = 0.1 M. a) Ko = 6 x 10° M-, Kam = 6 x 107 M corresponding to the
thermodynamic parameters of methyl-substituted UPy-NaPy monomer 5. b) Ka = 6 x 10° M, Kaim =9 x
10> M1 corresponding to the thermodynamic parameters of dibutylamino-substituted UPy-NaPy monomer
6.
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Simulations of the weight average degree of polymerization vs. concentration for both
systems reveal large differences in the growth of supramolecular polymer as the
concentration is increased. At concentrations slightly above the effective molarity of the
first ring closure, the weight average degree of polymerization for all i-mers of the less
hetero-selective system starts to increase while the weight average degree of
polymerization for the more hetero-selective system is not increasing. Only at
concentrations well above (>0.22 M) the effective molarity of the first cyclization, the
weight average degree of polymerization of the more hetero-selective system starts to
increase (Figure 3.5) and increases much faster compared to the less hetero-selective
system because of the higher fraction of Li type chains. In the intermediate concentration
regime (between 0.15 and 0.25 M), the DPw of the oligomeric and polymeric chains of the
less hetero-selective system is higher. These simulations illustrate, from a theoretical
point of view', the experimental results obtained from the capillary viscosity
measurements where a similar crossover region is observed at roughly a concentration
of 0.2 M (see Figure 3.1).

J[——AB monomer 5
1|----_AB monomer 6

Weight Average Degree of Polymerization

015 02 025 03 035 04
Concentration (M)

Figure 3.5: Simulation of the weight average degree of polymerization vs. total concentration of AB
monomer for EMi1=0.1 M and a) Ka=5 x 106 M-, Kaim = 6 x 107 M- corresponding to the thermodynamic
parameters of methyl-substituted UPy-NaPy monomer 5. b) Ko = 6 x 105 M7, Kaim = 9 x 10° M

corresponding to the thermodynamic parameters of dibutylamino-substituted UPy-NaPy monomer 6.

3.6 Effect of A-A dimerization on the polydispersity

The mathematical model allows for the determination of the polydispersity index at
equilibrium. For an isodesmic equilibrium polymerization in the absence of cyclization,
characterized by a single elongation constant (Ka), the polydispersity index approaches 2
as the concentration of AB becomes high.!® Indeed for Kdim = 0 the model predicts that
the polydispersity index becomes 2 at high values of the dimensionless concentration

Ka*C (Figure 3.6a). However, if the AB monomer is also capable of A-A interactions the
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polydispersity drops to a limiting value of 1.5 (see Appendix C for the derivation). The
drop in polydispersity is accompanied with a lower weight average degree of
polymerization compared to the situation in which no A-A interaction is present (Figure
3.6b).

The first question that arises from these simulations is why homo-coupling results in a
lower limiting PDI value at high concentrations. This question can be answered by
calculating the polydispersity index for the individual Mi and Li type chains. For the Li
type chains the following expression can be derived (see Appendix C):

PDI=1+x (7)
Indeed, as x goes to 1, the polydispersity index goes to 2 in accordance with the standard

theory for step polymerizations as derived by Flory."”
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Figure 3.6: a) Calculation of the polydispersity index vs. dimensionless concentration (Ka*C) for a
supramolecular AB type monomer for several values of the dimensionless binding constant p (defined as
Kdim /Ka) and EM1 = 0. b) Calculation of the weight-average degree of polymerization vs. dimensionless
concentration for a supramolecular AB type monomer for several values of the dimensionless binding
constant p (defined as Kdim /Ka) and EM1=0

For the Mi type chains the following expression can be derived (see supporting info) that

links the polydispersity index to the extent of the reaction (x):

PDI:Z’;X (8)

In contrast to the Li type chains, the polydispersity index for the Mi type chains goes to
1.5 as x = 1 in accordance with the limiting PDI for a multichain AB polycondensation
containing a small amount of bifunctional initiator.’® For the general case of an f-
functional monomer (R-Asf) present in low amount in a multichain AB polycondensation,
Flory" derived the following approximate expression for the polydispersity index for

high molecular weight chains in the limit x—1.
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PDI=1+% )

The effect of the reversible AA interaction has an equivalent effect on the polydispersity
as the addition of a bifunctional RA: initiator in low amounts in a covalent multichain
AB polymerization. Hence, the narrower distribution is the direct result of the linking of
two statistically independent Li polymer chains via the reversible A-A interaction.

Now that the origin of the reduced polydispersity index is understood in terms of the
differences in the polydispersity index of the two different chains, the question arises
why the equilibrium shifts to Mi type chains at the expense of Li type chains when the
concentration is increased. This shift can be understood by further examination of eq 1.
In this mass balance equation, the first and the second term represent the amount of
monomer that has gone into the Li and Mi type oligomers, respectively (the third term,
representing the cyclic oligomers, is ignored because of the assumption that no rings are
formed). The total concentration of Li type oligomers is proportional to x/(1 — x)?> whereas
the Mi oligomers are proportional to x?/(1 — x)?, thus, as x approaches 1 (or equivalently
the concentration is increased), the concentration of Mi oligomers increases much more
rapidly than that of Li type oligomers. Hence, the change of PDI from 2 to 1.5 is a
consequence of the shift of equilibrium in favor of the Mi type oligomers.

Although equations 7 and 8 only apply for the case when cycle formation is neglected
(EM1 = 0) it has the advantage that they can be derived in a rather straightforward way.
However, when cycle formation is taken into account it proved difficult to derive
analytical expressions analogous to equations 7 and 8. However, calculation of the
polydispersity index as a function of monomer concentration, taken into account cycle
formation¥, shows that the molecular weight distribution becomes extremely broad
around concentrations close to the effective molarity of first ring closure (EM). The
broad distribution is the direct result of the fact that at these concentrations the solution
consists of small cycles and long polymeric chains (Appendix D). Further examination of
these graphs shows that the polydispersity index goes to 1.5 if p > 0 and C >> EM:
indicating that the above treatment is still valid when cycle formation is taken into

account although only at high values of x.

3.7 Discussion and conclusion

In this chapter, the formation of linear supramolecular polymers, in equilibrium with
cyclic intermediates of heteroditopic UPy-NaPy, AB-type monomers capable of
complementary as well as self-complementary interactions, has been studied. In the

efforts to reduce the “self-stoppered” effect that is inherently present in these
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supramolecular polymerizations, two different UPy-NaPy monomers were synthesized
and their concentration dependent supramolecular polymerization was studied using
Ubbelohde viscometry, diffusion ordered spectroscopy (DOSY) and 'H-NMR.
Surprisingly, the UPy-NaPy monomer which was anticipated to exhibit the lowest
amount of “self-stoppered” behavior showed the lowest degree of polymerization below
the critical concentration, suggesting that cycle formation was enhanced by the
increased fidelity for hetero-complexation. In order to theoretically illustrate the results
a previous model for the ring-chain equilibrium of an AB monomer in solution was
extended to include reversible A-A interaction. Simulations have shown that the value of
Kaim significantly affects the extent of cyclization. For UPy-NaPy AB type monomers, the
fraction of cycles just above the critical polymerization concentration is lower when the
dimerization constant of the UPy is increased. More importantly, the growth of linear
high molecular weight material far above the CPC has a stronger concentration
dependence when the UPy dimerization constant is lower than Ka as in the case of
UPy-NaPy monomer 6, ultimately resulting in a higher degree of polymerization
compared to UPy-NaPy monomer 5.

Theoretical analysis of the polydispersity index at equilibrium when cyclization is
negligible reveals that the presence of the reversible A-A interactions plays a crucial role
in narrowing the molecular weight distribution. The continuous quest to obtain
polymeric architectures with low polydispersities in covalent polymerization has
resulted in a wealth of novel living polymerization techniques in the last few decades (i.e.
ATRP, RAFT, NMP). In sharp contrast, the development of supramolecular polymeric
architectures with low polydispersities has achieved much less attention with the

exception of a few cases.?’

3.8 Experimental section

General Methods

See General Methods Chapter 2. Analytical gel permeation chromatography (GPC) was carried
out in THF on two PL Gel single pore size (100 A) 30 cm columns, with a particle size of 3 pm
(Polymer Labs) connected in series with a SPD-M10Avp photodiode array UV/Vis detector
(Shimadzu) measuring between 250 and 370 nm.
7-(2-(tert-Butyldimethylsilyloxy)propanoylamino)-2-(2-ethylhexanoylamino)-1,8-naphthyridine
was synthesized according to Ligthart et al.l® 2-(6-isocyanatohexylamino carbonylamino)-6-

methyl-4[1H]pyrimidinone was synthesized according to Folmer et al.2!
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Synthesis of 7-(2-hydroxypropanoylamino)-2-(2-ethylhexanoylamino)-1,8-naphthyridine (4)

To a solution of 7-(2-(tert-butyldimethylsilyloxy)propanoylamino)-2-(2-ethylhexanoylamino)-1,8-
naphthyridine (8, 0.72 g, 1.52 mmol) in 6 mL distilled tetrahydrofuran (THF) was added a
solution of triethylamine trihydrofluoride (0.50 g, 3.05 mmol) in 1.5 mL of distilled THF. The
solution was stirred for 4 h at room temperature after which the solution was evaporated in
vacuo and 20 mL. CHCIs was added. The solution was washed with H.O (1 x 10 mL), a saturated
solution of NaHCO:s (2 x 20 mL), H20 (2 x 20 mL) and finally with brine (1 x 20 mL). The organic
solution was dried over Na:2SO;, filtered and evaporated in vacuo. Column chromatography (SiO2
2% MeOH/CHCls) resulted in 470 mg of pure 7-(2-hydroxypropanoylamino)-2-(2-
ethylhexanoylamino)-1,8-naphthyridine as a white solid, mp 191 °C (degr.). Yield: 86%. '"H-NMR
(CDCI3): 6 9.77 (s, 1H, NH), 8.74 (b, 1H, NH), 8.46 (d, 2H, naphthyridine-H), 8.08 (d, 2H,
naphthyridine-H), 5.85 (b, 1H, OH), 4.68 (q, 1H, CHOH), 2.35 (m, 1H, CH(CH2)2), 1.80-1.33 (m,
11H, CH: and CHs), 0.97 (t, 3H, CHs), 0.87 (t, 3H, CHs) ppm. ®C-NMR (CDCly): 3 176.1, 175.9,
154.2,153.4, 153.3, 139.3, 138.9, 118.4, 113.9, 113.2, 69.2, 50.6, 32.4, 32.3, 29.8, 29.7, 26.0, 22.76, 22.72,
20.71,13.9, 12.0 ppm. IR (ATR): v (cm™") = 3365, 3309, 2961, 2932, 2873, 2860, 1705, 1686, 1537, 1502,
1459, 1382, 1312, 1286, 1173, 1136, 1120, 855. MALDI-TOF-MS (m/z): calcd: 358.20 obs: 359.15
(MH+). Anal. Caled for C19H26N4Os: C 63.67, H7.31, N 15.63 found C 63.62, H7.33, N 15.63.
Synthesis of MethylUPy-NaPy AB monomer (5)

To a solution of 2-(6-isocyanatohexylaminocarbonylamino)-6-methyl-4[1H]pyrimidinone (7, 155
mg, 0.53 mmol) and 7-(2-hydroxypropanoylamino)-2-(2-ethylhexanoylamino)-1,8-naphthyridine
(4, 180 mg, 0.50 mmol) in 4 mL CHCIs was added two drops of DBTDL (dibutyltin dilaurate). The
solution was stirred for 20 h at 60 °C under an atmosphere of argon. The solution was evaporated
in vacuo and the product was purified by column chromatography (SiO2, 10-30% acetone/ CHCls).
The resulting solid was further purified by precipitation by addition of 15 mL MeOH to a
concentrated solution of 5 in CHCls at 0 °C. Extensive drying in vacuo resulted in 220 mg of 5 as a
white solid, mp: 158-160 °C (degr.) Yield: 67%. 'H-NMR (CDCls, 100 mM): & 13.92 (s, 1H, NH),
11.62 (b, 2H, NH), 11.3 (s, 1H, NH), 9.73 (s, 1H, NH), 8.54 (d, 1H, naphthyridine-H), 8.36 (d, 1H,
naphthyridine-H), 8.12 (d, 2H, naphthyridine-H), 5.96 (s, 1H,C=CH), 5.50 (b, 1H, CH.NH), 5.34 (q,
1H, CHOCO), 3.5-3.1 (m, 4H, CONHCH>), 2.65 (m, 1H, CH(CH>)2), 2.25 (s, 3H, CHs), 1.78-1.30 (m,
19H, CH: + CHs), 0.95 (t, 3H, CHs), 0.85 (t, 3H, CHs) ppm. BC-NMR (CDCls): § 177.4, 172.1, 164.9,
164.7, 155.6, 155.5, 155.2, 154.9, 153.7, 150.3, 139.2, 118.1, 115.6, 115.5, 105.8, 70.9, 48.7, 40.7, 39.6,
32.3,32.3, 29.7, 29.1, 26.3, 26.1, 26.0, 24.0, 22.81, 22.78, 18.0, 14.0, 11.9 ppm. IR (ATR): v (cm™) =
3333, 3183, 2933, 2860, 1697, 1675, 1623, 1610, 1536, 1504, 1459, 1385, 1309, 1281, 1251, 1174, 1141,
1094, 1048, 970, 853. MALDI-TOF-MS (m/z): caled: 651.34 obs: 652.27 (MH*), 674.27 (MNa),
690.21 (MK*). Anal. Calcd. for C32H4sNsOe: C 58.97, H 6.96, N 19.34 found: C 58.55, H 6.99, N 19.42.
Synthesis of 2-(6-isocyanatohexylaminocarbonylamino)- 6-(dibutylamino) 4-pyrimidinol (9)

A solution of 3.04 g (12.75 mmol) of 2-amino-6-(dibutylamino) 4-pyrimidinol and 30 mL (31.2 g,
185.5 mmol) 1,6-diisocyanatohexane (HDI) was heated to 60 °C and stirred for 1 h. The solution
was cooled to room temperature and 7 mL of acetonitrile was added. To this solution, 300 mL of

pentane was added and the solution was stirred for half a minute. Upon standing, the solution
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separated into two layers. The upper layer (containing HDI and pentane) was decanted and the
process was repeated an additional two times. After the third decantation step, 40 mL of
acetonitrile was added and the solution was cooled to —40 °C. Upon cooling a white solid
precipitated which was collected by vacuum filtration. The residue was washed several times
with 100 mL pentane and dried extensively in vacuo resulting in 850 mg of a white solid. mp 96-
100 °C Yield: 16%. 'TH-NMR (CDCls): § 12.60 (s, 1H, OH), 11.25 (s, 1H, NH), 9.63 (s, 1H, NH), 5.33
(s, 1H, aromatic-H), 3.40 (m, 8H, N(-CHz): + CONHCH: + CH:NCO) , 1.61-1.31 (m, 18H, CH>),
0.96 (t, 6H, CHs) ppm. *C-NMR (CDCls): 5 170.8, 162.4, 157.5, 157.0, 121.9, 78.7, 49.0, 42.9, 39.7,
31.2,30.2, 29.8, 26.33, 26.29, 13.96 ppm. IR (ATR): v (cm™') = 3221, 3126, 2958, 2933, 2862, 2270, 1675,
1617, 1561, 1508, 1455, 1371, 1322, 1283, 1252, 1206, 1148, 1099, 1062, 987. MALDI-TOF-MS (m/z):
calcd: 406.26 obs: 407.17 (MH*). Anal. Calcd. for C20H3:NeOs: C 59.09, H 8.43, N 20.67 found: C
59.09, H 8.43, N 20.72.

Synthesis of dibutylamino substituted UPy-NaPy AB monomer (6)

To a solution of 2-6-isocyanatohexylaminocarbonylamino)-6-(dibutylamino)-4-pyrimidinol (732.2
mg, 1.81 mmol) and 7-(2-hydroxypropanoylamino)-2-(2-ethylhexanoylamino)-1,8-naphthyridine
(591.0 mg, 1.65 mmol) in 13 mL CHCls was added two drops of DBTDL (dibutyltin dilaurate).
The solution was stirred for 4 days at 60 °C after it was cooled to room temperature. The solution
was evaporated in vacuo and purified using column chromatography (SiO2, 5-20% acetone /
CHCls). Precipitation in cold methanol (100 mL) followed by filtration and extensive drying in
vacuo resulted in 619 mg of a white solid, mp 142-146 °C. Yield: 49%. "H-NMR (CDCls, 1 mM): 3
13.48 (s, 1H, NH), 12.25 (s, 1H, NH), 11.47 (s, 1H, NH), 10.96 (s, 1H, NH), 9.30 (s, 1H, NH), 8.53 (d,
1H, naphthyridine-H), 8.33 (d, 1H, naphthyridine-H), 8.13 (d, 2H, naphthyridine-H), 5.45 (b, 1H,
NH), 538 (q, 1H, CHOCO), 5.09 (s, 1H, C=CH), 3.54-3.19 (m, 8H, N(-CH:). + CONHCH: +
CH:NCO), 2.76 (m, 1H, CH(CH2)2), 1.77-1.26 (m, 27H, CH2 and CHs), 0.97 (m, 9H, CHs), 0.85 (m,
3H, CHs). ®C-NMR (CDCls): 177.8, 172.3, 165.0, 161.0, 155.8, 155.6, 155.5, 155.1, 153.7, 149.8, 139.1,
139.0, 118.0, 115.9, 115.5, 79.4, 70.5, 49.5, 48.5, 48.4, 40.8, 32.4, 29.7, 29.2, 26.1, 22.9, 22.8, 20.3, 18.0,
14.0, 13.9, 11.9 ppm. IR (ATR): v (cm™) = 3234, 3125, 2958, 2931, 2872, 2861, 1697, 1650, 1628, 1609,
1560, 1523, 1504, 1461, 1430, 1381, 1309, 1281, 1247, 1217, 1176.4, 1140, 1124, 1094, 1047, 852, 748
cml. MALDI-TOF-MS (m/z): calcd: 765.46, obs: 765.4 (MH*). Anal. Calcd. for CasHeoN100s C 61.24,
H 7.91, N 18.31 found: C 60.77 H7.78 N 18 .41.

Viscosity measurements

Solution viscosities were measured using Schott-Gerédte Ubbelohde microviscometers (type 53810
/ I) with suspended level bulb in automated setups with Schott-Gerdte AVS/S measurement
tripods and AVS 350 measurement devices. The micro-viscometers were thermostated in a water
bath at 25.00 (= 0.01) °C. Samples were filtered over 1.0 um PTFE filters before measurement.
Specific viscosities were corrected using the appropriate Hagenbach correction factors. The
specific viscosity at each concentration of 5 or 6 was determined from an average of 5 (high

concentrations) or 10 (low concentrations) individual measurements.
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'H-NMR measurements

TH-NMR dilution experiments on 5 and 6 in CDCls were performed on a Varian Unity Inova, 500
MHz equipped with a 5mm 'H/X Inverse Detection probe equipped with gradient capabilities at
25 °C. Both AB monomers were dried over P20s under dynamic vacuum for at least a period of 12
hours to remove any trace amounts of water. Dry CDCls used for the dilution studies was

obtained by adding oven dried molecular sieves (4 A) 48 hours prior to the measurements.

Diffusion ordered spectroscopy (DOSY)

2D-DOSY experiments on 5 and 6 in CDCls were performed on a Varian Unity Inova, 500 MHz
equipped with a 5 mm 'H/X Inverse Detection probe equipped with gradient capabilities
(Performa II/III, maximum gradient strength of 70 gauss/cm) at 25 °C. Both AB monomers were
dried over P20s under dynamic vacuum for at least a period of 12 hours to remove any trace
amounts of water. Dry CDCls used for the dilution studies was obtained by adding oven dried
molecular sieves (4 A) 48 hours prior to the measurements. The NMR tubes (5 mm) used for the
studies were dried over P20s under high vacuum. Samples were not spinning during the
measurements. A 5-min temperature calibration period was provided prior to analysis. The
DOSY bipolar pulse pair stimulated echo with convection compensation (Dbppste_cc) sequence?
was used for the determination of the self-diffusion of the different components. Temperature
calibration was achieved by observing the temperature dependent chemical-shift separation
between the OH and CHs resonance in methanol. In all experiments the 90° pulse widths were
determined. Firstly, the strength of the Bo field gradient was calibrated by measuring the self-
diffusion coefficient of the residual HDO signal in a 1% D20 sample, at 25 °C (D(H20) = 19 x 10-10
m?/s).2 The experimental diffusion data can be obtained using the Stejskal-Tanner equation:

I(G )=1(0)exp(-D y*5*(G)*(A-5/3-1/2))

In which I(Gz) represents the experimental signal intensity, 1(0) the initial signal intensity, ynis
the magnetogyric ratio for 'H, 1 the time interval between the bipolar pulse pair,  the length of
the pulsed field gradient and A the diffusion period. Using this equation it is possible to
determine D from a plot of In(I(G)/I(0)) vs. G2 In a typical experiment, 32 transients (with a
recycle delay of 3 s per transient) for each of the 100 steps were recorded with increasing gradient
strength (ranging from an initial value of 1.085 G/cm™' to 32.55 G/cm), where gradient pulse
duration, diffusion delay and maximum gradient strength were adjusted at each concentration in
order to obtain an 80% reduction of the signal at the highest gradient strength. At each

concentration the 90° 'H pulse width was calibrated at a transmitter power of 58 dB.

Computational procedure for simulation of ring-chain equilibrium
A computer script was written using Matlab R2007B. The input consists of a vector of initial
concentrations, Kdaim, Ka and the effective molarity of the first cyclization (EMi). Using a

combination of bisection, secant, and inverse quadratic interpolation methods present in the
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Matlab script fzero, equation (1) was solved for x at each initial monomer concentration C. Instead
of evaluating the sum in equation (1) from 1 to infinity it was evaluated to ring sizes up to 100.
For each resulting value of x both the weight average degree of polymerization (DPw) and the
number average degree of polymerization (DPn) was calculated using the expressions developed

in Appendix B.
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3.9 Appendices

Appendix A
Characterization of AB monomers 5 and 6.
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Figure A1: a) Maldi-TOF MS of 5. b) GPC trace of 5 in THF.
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Figure A2: a) Maldi-TOF MS of 6. b) GPC trace of 6 in THF.

82



The influence of selectivity on the supramolecular polymerization of AB type polymers

Appendix B

Derivation of eq 1 and expressions for eq 3 and 5.

Consider a bifunctional monomer bearing two different functional groups at its ends (A—3B).
Two reversible reactions are allowed: the hetero-coupling between —A and -B groups, and the

homo-coupling between two —A groups. The following quantities can be defined.

C = initial monomer concentration in mol L

C' = monomer concentration that has gone into the linear fraction at equilibrium in mol L-!

C" = monomer concentration that has gone into the cyclic fraction at equilibrium in mol L-!

Ka = reference equilibrium constant for intermolecular hetero-coupling in mol* L

Kdim = reference equilibrium constant for intermolecular homo-coupling in mol L

x = extent of hetero-coupling reaction in the linear fraction

y = extent of homo-coupling reaction in the linear fraction

Li = i-meric chain made of AB hetero-bonds only (i running from 1 to «)

M: = i-meric chain with one AA homo-bond (i running from 2 to «). Note that M: accounts for all
the isomeric chains differing for the position of the AA homo-bond along the chain.

Ci = i-meric ring (i running from 1 to ).

Kiintraji = equilibrium constant for the cyclization of Li to yield Ci. Note that M: chains cannot
undergo cyclization because they have —B groups at both ends.

EM; = effective molarity relative to the ease of formation of the i-meric ring. It is defined as the
ratio Kntra)i /Ka

When equilibrium is attained, the initial monomer concentration, C, is partitioned into the
fractions of linear and cyclic oligomers. Indicating the monomer concentration that has gone into
linears and cyclics as C' and C”, respectively, eq (10) holds.

c=C+C" (10)
Now, we concentrate on the equilibria occurring in the linear fraction. We assume that the
thermodynamic reactivities of end groups related to hetero- and homo- couplings, as given by
the constants Ka and Kaim, respectively, are independent of the length of the chain (principle of
equal thermodynamic reactivity). Accordingly the intermolecular reactions of —A and -B groups

can be treated collectively by considering the two equilibria below:

Ka
—A +  B— — AB—
C'(1-x-y) C'(1-x) C'x (11)
Kdim
2 —A —AA—
C'(1-x-y) C'y/2 (12)

From the definition of the equilibria (11) and (12), eqgs. (13) and (14), respectively, are easily

obtained:
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= X (13)
K 1mx—y)(1=%)

C'= % (14)
2K jim (l —-X - y)

Equating eq (13) with eq (14) and solving for y, eq (15) is obtained.

ye 2Kdimx(l—x) (15)
2K, x +K, (1-x)

dim
Substituting eq (15) into eq (13), eq (16) is obtained.
’ 1 X 2K X2 (16)

dim

— +
K K (1)

By comparing eq (13) with eq (16), it appears that, when y tends to 0, eq (13) reduces to the first

term of eq (16). Thus the meaning of the two terms in eq (16) is obvious: they represent the
amount of monomer that has gone into Li and Mi chains, respectively. In other words, eqs (17)
and (18) hold.

- 1 X

fLye Lo x a7
gl[L’] K, (l—x)2
= 2K . x?

ifM 1= Zdim (18)
2= oy

Now consider the infinite McLaurin expansion series shown in eq (19)

LI (19)

[L]=- (20)
Analogously, by considering the infinite McLaurin expansion series shown in eq (21)

X 1& . 21
— == 1(i-1)x
i
it is evident, by substituting eq (21) into eq (18), that eq (22) holds.
[M.]= S (i) 2)

2
a

Now, let us concentrate on the cyclic fraction. Consider the equilibrium of cyclization of a chain
Li to yield the corresponding cyclic oligomer C;

K(intra)i

L;

“ (23)
Considering that Kntaji = EMi Ka, from the definition of the equilibrium (23), eq (24) is easily
obtained.

[Ci] =EMK,; [Li] (24)
If we assume that all the rings are large enough to follow the Jacobson-Stockmayer equation (eq

(25))-
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EM, = EM,i ¥’ (25)

we can substitute eqs (25) and (20) into eq (24) to obtain eq (26).

[C.]= EM,i %2 (26)

Then the cyclic fraction will be given by eq (27).

C'=3[C]=EM, iy 27)
i=1 i=1

Considering eqs (10), (16), and (27), eq (1) is easily obtained.

1 X 2K .. x° k& )
C=—o 4 —dim +EM Y i 1)
K, (1-x)"  Ki (1-x) Z

Calculation of DP» and DPw
The number average degree of polymerization (DPx) is defined by eq (2).

0

DN,

DP, =+ — )
2N,
i=1
where Ni is the number of molecules of a given i-mer. Now the numerator of eq (2) is
proportional to the initial monomer concentration, C, whereas the denominator is proportional to

the summation of the molar concentrations of all the i-mers. In other words eq (2) can be

rewritten as eq (3).

DP - ®
S[L S e

The following sum will be useful to evaluate the first two sums appearing in the denominator of

eq (3)

c i__ X 28
S 28)

Let us consider the first of the three sums appearing in the denominator of eq (3). Taking into

account eqs (20) and (28), eq (29) is easily obtained

L ]= X 29
;[Li]_Ka (I—X) ( )

As to the second sum, considering eqs (22), (19), and (28), eq (30) is obtained

0 0 © 2
RO SR @0
i—2 2 \idl ol

K (1)

As to the third sum, considering eq (24), eq (31) is obtained
S[C]=Em, > i (31)
i=1 i=1

Let us consider, now, the weight average degree of polymerization (DPw) which is defined by eq

(4)-
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.,
N.
DP 22117 @)

DN,

i=1
The numerator of eq (4) is proportional to the summation of the molar concentrations of all the i-
mers multiplied by 2, whereas the denominator is proportional to the initial monomer
concentration, C. In other words, eq (4) can be rewritten as eq (5):

2EL]+ M+ 2 E[C]
DP = i=1 i=2 i=1
v C

Let us consider separately the three sums appearing in the numerator of eq (5). As to the first one,

©)

considering eq (20), eq (32) is obtained:

Sorp o LSy L x(1+x) (32)
;1 [Li]_Ka ;1 _Ka (l—x)3

As to the second one, considering eq (22), eq (33) is obtained:
Ziz [Ml] — Kdlzm (szl _zilej — Kdlznl X ( +4X) (33)
i—2 K; S ol K; (1 - X)

As to the third one, considering eq (26), eq (34) is obtained:
SiR[C]=EM, i 34
i=1 i=1

Appendix C

Mathematical treatment of limit PDI value for a supramolecular AB polymerization with reversible A-A
and A-B bond formation.

The value of DPn and DPw are given by eqs (35) and (36), respectively:

p - K x(1-x)+2K, x* : (35)
(1—x)[Kax(l—x)+Kdimx ]
DP - Kax(l—x)(l+x)+2Kdimx2 (2+x) (36)

" (lfx)[Kax(le)+2Kdimx2}

These equations are easily obtained by considering eqgs (1), (3), (29), (30), (5), (32), and (33), under
the assumption that no rings are formed.

The value of PDI is given by the ratio of eq (36) to eq (35):

[K,x (1=x) (14 ) + 2K 4, x> (24 %) [ K, x (1- %) + K, X | 37)

PDI = -
[Kax(l—x)+2K X2:|

dim
Let us consider the limit behavior of eq (37) when x tends to 1 in two separate steps. In the first
step, let us substitute 1 for x in eq (37) with the exception of the terms (1 — x) that are left
unaltered. Accordingly, eq (37) becomes:
. [2K, (1-x)+6K,, |[K, (1-x)+K, (38)
(K, (1-x)+2K,, |

dim

PD
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Let us consider the case in which there is hetero-coupling only. By substituting Kdaim = 0 into eq
(38), the value of PDI =2 is obtained, as expected.

Considering now the case in which homo-coupling is also possible (Kdim > 0) and substituting 1
for x in eq 4, the value of PDI = 1.5 is obtained. Of course the lower the value of Kdim, the higher
the concentration of AB monomer necessary to reach this value of PDI. For very small Kaim values,
on increasing the monomer concentration, the value of PDI will increase up to a value very close
to 2 and then will slowly decrease up to reach the limit value of 1.5. We will now consider the
expressions for the two different linear chains, i.e. chains consisting of only AB interactions (Li
type chains) and chains containing a single AA interaction (Mi type chains). For the Li type chains,

the following equations hold:

DP, = L (39)
1-x

pp, —1*X (40)
1-x

PDI=1+x ()

Eq 39 is obtained as the ratio of eq (17) to eq (29); eq (40) is obtained as the ratio of eq (32) to eq
(17); eq (7) is obtained as the ratio of eq (40) to eq (39).
For the Mi type chains, the following equations hold

DP, =2 (41)
1-x

pp, = 2+x (42)
1-x

PDI=2;X (8)

Eq 41 is obtained as the ratio of eq (18) to eq (30); eq (42) is obtained as the ratio of eq (33) to eq
(18); eq (8) is obtained as the ratio of eq (42) to eq (41).

Considering eqs (7) and (8), it is evident that the limit PDI of Li type chains is 2 whereas the limit
PDI of Mi type chains is 1.5.

Appendix D

Calculations of limit PDI value for a supramolecular AB polymerization with reversible A-A and A-B bond
formation taking into account cyclization.

As explained in the main text, the presence of cyclics greatly increases the PDI value at
equilibrium at concentrations close to the effective molarity of first ring closure (EMi). This
increase in PDI value is a direct result of the fact that around this concentration the system
consists of small cyclic species?* which are in equilibrium with long chains. Because an analytical
expression such as eq 37 is much harder to derive when rings are taken into account we decided
to calculate the PDI value for several values of p assuming an EMi value of 0.1 (Figure A3a).

At intermediate dimensionless concentrations close to Ka*EMi (which by definition equals Kintra()
the PDI value as calculated using eqs 1, 3, 29, 30, 5, 32, and 33 starts to increase rapidly due to the
simultaneous present of small cyclics and large polymeric species. However, as can be clearly

seen from the expansion (Figure A3b) at high values of Ka*C the PDI value goes to 1.5 only if p >0.
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Figure A3: a) Calculation of the polydispersity index vs. dimensionless concentration (Ko*C) for a
supramolecular type AB monomer for several values of the dimensionless binding constant p (defined as
Kaim /Ka) and EM1 = 0.1 M. b) Expansion of Figure A3a at high values of the dimensionless concentration
Ka*C.
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4

Kinetics of complementary quadruple
hydrogen bonded dimers

Abstract

The kinetics of association of ureido-pyrimidinone (U) dimers, either present in the 4[1H]-keto
form or in the pyrimidin-4-ol form, with 2,7-diamido-1,8-naphthyridine (N) into a
complementary hetero-dimer have been investigated. The formation of hetero-dimers with 2,7-
diamido-1,8-naphthyridine from pyrimidin-4-ol dimers is much faster than from 4[1H]-
pyrimidinone dimers. Using a combination of simple measurements and simulations, evidence for
a bimolecular tautomerization step is presented. Finally, the acquired kinetic knowledge of the
different  pathways leading  from  ureido-pyrimidinone  homodimers to  ureido-
pyrimidinone:diamido-naphthyridine (U-N) heterodimers allows the prediction and observation
of kinetically determined ureido-pyrimidinone heterodimers which slowly convert back to the

corresponding homo-dimers.

Part of this work has been published:
de Greef, T. F. A,; Ligthart, G. B. W. L.; Lutz, M; Spek, A. L.; Meijer, E. W; Sijbesma, R. P.
J. Am. Chem. Soc. 2008, 130, 5479-5486.



Chapter 4

4.1 Introduction

The role of kinetic control in self-assembly processes has recently attracted considerable
interest. The formation of kinetically determined self-assemblies has been observed in
systems of large polydisperse aggregates' as well as in discrete multi-component
supramolecular assemblies.? Although the physical basis of self-assembly under
thermodynamic control is well understood?, a theoretical description of the formation of
supramolecular assemblies under kinetic control is less well developed. The lack of
theory makes it more difficult to analyze and understand the role of subtle effects, such
as solvent shells surrounding the periphery of large supramolecular aggregates in mixed
solvent (good/poor) compositions and the effect of fast cooling on the formation of
supramolecular assemblies. Despite the lack of theory?* the formation of kinetically
controlled supramolecular products can lead to supramolecular systems displaying
highly desirable features such as chiro-optical memory® and dynamic chiral
amplification.® Furthermore, it is expected that an increase in the number of weak
secondary interactions in a given supramolecular assembly will lead to a larger number
of kinetically controlled products. Therefore, the characterization of both the ground
state—ground state as well as the ground state-transition state energy differences of
novel supramolecular assemblies can establish the generality of the transient formation
of supramolecular complexes and provides an understanding of how the phenomenon
of kinetic recognition is used in Nature to enhance biochemical specificity.”

The kinetics of supramolecular assemblies are closely connected to the macroscopic
properties of the resulting supramolecular materials. Supramolecular polymers®'® based
on reversible interactions between arrays of hydrogen bonds localized at the end groups
of polymeric spacers, have attracted interest as a new powerful tool towards functional
materials. In supramolecular polymer-based materials, stress relaxation during network
deformation mainly occurs by the kinetic creation and annihilation of the reversible
defining interaction.'®” As has been elegantly shown by Craig'®, the dynamic relaxation
rates of supramolecular polymer-based networks are often comparable to the
dissociation rate constant of the defining non-covalent interaction. Based on the
previously discussed mechanism of stress-relaxation in supramolecular polymer based
networks, the creation of a kinetically stable non-covalent interaction instead of the
expected thermodynamically formed interaction can lead to unexpected dynamical
mechanical properties. For a rational design of supramolecular polymer-based materials,
characterization of rate constants and determination of the complexation mechanism of

novel developed supramolecular modules? is an important task.
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In the previous Chapter, the thermodynamics of complementary quadruple hydrogen
bond interactions between 2,7-diamido-1,8-naphthyridine (N) and 2-ureido-
pyrimidinone (U), which is also able to form homodimers (Uz), was investigated and
their use as supramolecular polymers was discussed. In this Chapter, the association
kinetics of 2,7-diamido-1,8-naphthyridine (N) with the dimerizing tautomers of 2-
ureido-4[1H]-pyrimidinone and 2-ureido-pyrimidin-4-ol will be investigated. Although
several pathways for the exchange of Uz dimers with N may be postulated, the focus
will be primarily on dissociative pathways in which U-N complexation starts with the
dissociation of U: into the respective monomeric forms, since kinetic measurements on
the exchange of U-U homo-and heterodimers, present in their 4[1H]-keto tautomeric
form,? have shown that this is a dissociative process.

Scheme 4.1 displays the elementary steps by which either 2-ureido-4[1H]-pyrimidinone
dimers or 2-ureido-pyrimidin-4-ol dimers can associate with 2,7-diamido-1,8-
naphthyridine. The key reaction step during the formation of the U-N hetero-complex
from the corresponding U homo-dimers is in both cases a [1,3] prototropic shift
resulting in the formation of the cisoid, transoid 2-ureido-6[1H]-pyrimidinone monomer.
The [1,3] prototropic shift of nitrogen-containing acyclic and heterocyclic compounds
has been a subject of intense research? in the last few years. Considerable evidence,
mainly from computational studies, has emerged, indicating that the lowest energy
pathway for the [1,3] prototropic shift in such compounds proceeds via an
intermolecular (dimeric, trimeric, oligomeric) proton transfer instead of a stepwise
intramolecular proton transfer.?25

In this Chapter the mechanism of U-N complexation (intermolecular vs. intramolecular
tautomerization) is investigated using a combination of UV-Vis and 'H-NMR

spectroscopy.

4.2 Kinetics of keto dimers

'H-NMR spectroscopy was used to monitor the formation of U:N hetero-complex 1-2
from ureido-pyrimidinone dimer 1-1 in toluene-ds (present for 90% as keto dimers and
10% as enol dimers in this solvent) upon the addition of equimolar amounts of diamido-
naphthyridine 2 (Figure 4.1). To rule out a solvent-assisted tautomerization pathway it
was chosen to perform the equilibration experiments in toluene-ds, an apolar solvent,

which lacks any acidic hydrogens or basic sites.
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Scheme 4.1: Proposed intermediates in the exchange of the different tautomeric forms of ureido-
pyrimidinone dimers with 2,7-diamido-1,8-naphthtyridine. The substituents Ri, Rz and Rs can be any
functional group.

Upon rapid injection of 50 pL of a 200 mM solution of 1 in toluene-ds to 1 mL of a 10 mM
solution of 2 the equilibration of both homodimeric forms of 1 to the U-N heterodimer
1-2 was observed with 'H-NMR. In order to gain more insight into the mechanism of
hetero-complexation, 'H-NMR equilibration measurements were conducted at three
different equimolar concentrations of 1 and 2 (5, 10 and 20 mM) at 25 °C. Furthermore,
the formation of the U-N hetero-complex was monitored from an equimolar mixture of 1
and 2 at a concentration of 2 of 0.025 mM using UV-Vis spectroscopy. Formation of the
heterodimers from the enol dimer (present in 10%) was too fast to be studied with the
equilibration measurements at all concentrations. In fact, all enol dimer had completely
disappeared after 18 s when data collection was started.?® The kinetics of this exchange
process were therefore studied with a different technique (vide infra). Conversion of the
keto dimer on the other hand could be followed conveniently using the 1:1 equilibration

experiments.
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Figure 4.1: a) Conversion from DDAA dimers to U-N hetero-complex 1-2 as a function of time after
injection of 1 eq of 1 for several total concentrations of 1 + 2 in toluene-ds at 25 °C as determined with H-
NMR (5, 10 and 20 mM) and UV-Vis spectroscopy (0.025 mM). The arrow indicates an increase in the
total concentration of 1 and 2. b) Expansion of the conversion-time plot displaying the increase of the initial

conversion rate upon increasing the total concentration.

As is evident from the graph in Figure 4.1 the initial conversion rate of the
heterocomplex increases with concentration implying that the overall order in reactants
is higher than 1.

Guided by this important observation, possible dissociative kinetic mechanisms were
simulated using the kinetic simulation program Gepasi.”’ The first minimalist kinetic
representation that was considered to accurately include the essential features of the
dynamic system as depicted in Scheme 4.1, corresponds to a mechanism in which the
tautomerization from the 2-ureido-4[1H]-pyrimidinone monomeric form (Ug) to the 2-
ureido-6[1H]-pyrimidinone monomeric form (Un) is a unimolecular event (Figure 4.2a).
As expected, simulation of the conversion of U-N complex as a function of total
concentration in equimolar mixtures of 1 and 2 using this kinetic model reveals that the
initial conversion rate becomes lower at higher concentrations, in sharp contrast with the
experimental results. This concentration dependence results from the fact that in a
completely unimolecular tautomerization mechanism as depicted in Figure 4.2a, the

order in total ureido-pyrimidinone concentration (Uwt) is 0.5 when quasi-steady state
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conditions are assumed , since nearly all U is present in dimers (see Appendix A for the
derivation).
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Figure 4.2: Simulated plots of U-N hetero-complex conversion vs. time at different concentrations (from
0.05 to 50 mM) for 1:1 mixtures of 1 and 2 for: a) Unimolecular tautomerization model. b) Bimolecular U
assisted tautomerization. ¢) N and U assisted bimolecular tautomerization. The arrow indicates an increase
in the total concentration of 1 and 2.

A recent theoretical study?® has shown that tautomerization via intermolecular double
proton transfer has a lower energy barrier compared to a stepwise intramolecular proton
transfer. The intermolecular process is facilitated by intermolecular hydrogen bonding.
To study the influence of a bimolecular tautomerization event the conversion-time plots
for different total concentrations of 1 and 2 in 1:1 mixtures were simulated according to
the kinetic scheme depicted in Figure 4.2b. In this mechanism, tautomerization of the 2-
ureido-4[1H]-pyrimidinone monomer (Ug) to the 2-ureido-6[1H]-pyrimidinone (Un)
monomeric form occurs via a bimolecular transition state.

Simulation of the conversion-time plots using this mechanism shows that the initial rate
of conversion of U-N is independent of the total concentration in 1:1 mixtures of 1 and 2
as expected from a mechanism in which the order in Ut is exactly one (again assuming

quasi-steady state conditions, see Appendix A). Since the experimental results show that
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the initial conversion rate becomes higher at higher concentration this kinetic model is
inappropriate to describe the experimental data as well.

To account for the lower initial conversion rate of U-N at lower total concentrations there
are two possibilities. Firstly, if formation of the U-N heterocomplex from the free 6[1H]
monomer (Un) and N is the rate determining step, the initial conversion rate will
decrease upon decreasing the concentration. However, it has been shown by Hammes?®
that the association rate constant of double and triply hydrogen bonded complexes in
organic solvents is a diffusion controlled process. Therefore the tautomerization from Uy
to Un is the rate determining step in the complexation between U homo dimers and N. In
order to account for the lower initial rate at lower concentrations it is proposed that the
tautomerization of the 2-ureido-4[1H]-pyrimidinone monomeric form (Ug) to the 2-
ureido-6[1H]-pyrimidinone monomeric form (Un) is also catalyzed by free N. Analysis of
this kinetic scheme assuming steady state conditions (see Appendix A) reveals that the
initial rate becomes larger as the total concentration in 1:1 mixtures is increased. Further
simulation of this kinetic model without any explicit steady-state assumption using
Gepasi (Figure 4.2c), shows that the initial conversion rate of Uz to U-N increases as the
total concentration of 1 and 2 is increased only if N catalyzed tautomerization is
sufficiently fast compared to the U catalyzed tautomerization step.

Using this kinetic model the experimental conversion of Uz to U-N hetero-complex as a
function of time was fitted using an evolutionary programming algorithm present in
Gepasi. Previously, it has been argued® that the association rate constant (k2) of the 2-
ureido-4[1H] pyrimidinone monomeric form (Ug) to the 2-ureido-4[1H] pyrimidinone
dimeric form is a diffusion controlled process occurring with a rate constant close to 10
M- s in toluene-ds and a dissociation rate constant (ki) of 1 s1.2 Following the results
obtained by Hammes? and by Sontjens® it is assumed that the association rate constant
of formation of the U-N complex (ke) from the 6[1H]-pyrimidinone monomeric form (Un)
with free N is also a diffusion controlled parameter (ks = 10° M-! s for toluene®). The
values of the rate constants ki, k2 and ke were used as fixed parameters while the
estimated values of the dimerization constant (defined as: Kaim = [U2]/[Ug]?) of 1 in
toluene (between 1 x 108 M! and 7 x 108 M) and the association constant (defined as: Ka
= [UN]/(IN] x [Un]) of 1 with 2 (between 1 x 107 and 5 x 108 M-') were used as constraints
in the non-linear curve fitting of the kinetic data (Figure 4.3).

Because the rate determining tautomerization step occurs via two different routes, a
large number of combinations of ks, ks, kr and ks are able to describe the experimental

data. This results in a considerable negative covariance® between the different
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parameters and consequently results in large standard deviations. However, to test
whether the mixed tautomerization model is correct we fitted the experimental UV-Vis
data to a reduced model in which ks and ks were set to a fixed value of 0 M s (no U

assisted tautomerization).
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Figure 4.3: a) Concentration of U-N heterocomplex upon injection of 1 eq of 1 in toluene-ds to 1 mL of a 5
mM solution of 2 as calculated from the 'TH-NMR integrals. The dotted line represents the best fitted curve
(Kaim=1 x 108 M-*, Ka =9 x 107 M) using the kinetic model as depicted in Figure 4.2c. b) Concentration
of U-N heterocomplex upon titration of 1 eq of 1 in toluene to 2 mL of a 0.025 mM solution of 2 calculated
from the absorption at 357 nm as a function of time. The dotted line represents the best fitted curve (Kaim =
1x 108 M, Ka=9 x 107 M) using the kinetic model as depicted in Figure 4.2c.

An extra sum of squares test® revealed that the full model describes the data
significantly better (P < 0.0001 for a significance level of 0.05) compared to the reduced
model® indicating that both U and N contribute significantly to the tautomerization

catalysis.

4.3 Kinetics of enol dimers

To compare the diamido-naphthyridine association kinetics of 2-ureido-4[1H]-
pyrimidinone dimers with 2-ureido-pyrimidin-4-ol dimers kinetic experiments were
conducted on dibutylamino substituted UPy 3.

In sharp contrast to the association kinetics of 4[1H]-pyrimidinone dimer 1, the kinetics
of formation of the U-N heterocomplex 2:3 could not be followed by 'H-NMR
equilibration experiments due to the extremely rapid formation of the heterocomplex
after injection of a solution of 3 in toluene-ds to a solution of 2 in the same solvent. As

the U-N complex 2-3 and the ureido-pyrimidinone dimer 3-3 are in slow exchange on
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the '"H-NMR timescale in this solvent, 2D-EXSY*% experiments were conducted on
solutions containing 3 and 2 in a 2:1 ratio (resulting in approximately equimolar
amounts of 3-3 and 2-3) at several concentrations of 3.3 The transfer functions?,
calculated from the volume integrals of the alkylidene protons of dimer 3-3 and U-N
hetero-dimer 2-3 were fitted as a function of mixing time (tmix) according to the equation
¢ = kextmix for all three concentrations, resulting in the pseudo-first order rate constant kex
for the exchange process (Figure 4.4). As can be deduced from Figure 4.4, the pseudo-
tirst order rate constant increases by 45% as the total concentration of 2 and 3 in 1:2
mixtures is increased by a factor of 4. This suggests that the kinetic pathway for
association of 3-3 with 2 is similar to the association of 1-1 with 2 where tautomerization
is catalyzed by monomeric components.

Interestingly, addition® of 16 mole % (with respect to 3) of benzoic acid to a solution
containing 10 mM of 2 and 20 mM of 3 in toluene-ds resulted in an increase in the
pseudo-first order rate constant from 10 s to a value of almost 40 s'. The catalytic
influence of benzoic acid on the exchange between the 3-3 and the U-N complex 2-3 is
most probably the result of a decrease in the activation barrier of the [1,3] prototropic
shift by formation of an intermolecular complex between the carboxylic acid and the 2-
ureido-pyrimidin-4-ol monomer. Indeed, quantum mechanical calculations on the
activation barrier for tautomerization between 2-pyridone and 2-hydroxy-pyridine have
indicated that the activation energy is substantially decreased by the complexation with
formic acid and double proton transfer occurs by a concerted mechanism.®

The fact that the kinetics of diamido-naphthyridine association are much faster for 2-
ureido-pyrimidin-4-ol dimers (DADA array) than for 2-ureido-4[1H]-pyrimidinone
dimers (DDAA array) strongly suggests that a dissociative mechanism as drawn in
Scheme 4.1 is operative in the formation of U-N hetero-complexes. The differences in
complexation kinetics are the result of one or more of the following features. Firstly, the
dissociation rate constant of 3-3 is most probably higher than the dissociation rate
constant of 1-1 (1 s?). Secondly, the activation barrier of the [1,3] prototropic shift in the
2-ureido-4[1H]-pyrimidinone tautomer probably is substantially higher than the
activation barrier of the [1,3] prototropic shift in the 2-ureido-pyrimidin-4-ol tautomer.
Finally, and most importantly, association of 2-ureido-4[1H] pyrimidinone dimers with
N might be slow because it requires a conformational change of the ureido group that

involves the breakage of an intramolecular hydrogen bond (Scheme 4.1).
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Figure 4.4: Plot of the transfer function ¢ vs. mixing time for 1:2 mixtures of 2 and 3 at three different
concentrations (A=5mM 2 and 10 mM 3, @ =10 mM 2 and 20 mM 3, m = 20 mM 2 and 40 mM 3, V=
10 mM 2, 20 mM 3 and 16 mole % benzoic acid). The dotted line represents the best fitted curve according
to the equation ¢ = kexTmix(R2 = 0.999 in the first three cases) in which ¢ represents the transfer function¥,
kex the pseudo-first order rate constant for the exchange process and wmixrepresents the mixing time during
the EXSY experiment.

4.4 Kinetic product formation in mixtures of hydrogen bonded dimers

Using the insights gathered into the association kinetics of 1-1 and 3-3 with 2 in
combination with the mechanistic scheme depicted in Scheme 4.1 it can be predicted that
the thermodynamically disfavored heterodimer 1-3 can be obtained as kinetic product
when 1 is present as a heterodimer with 2 (Figure 4.5). Because both the dissociation rate
of U-N complex 1-2 as well as the dissociation rate of 3-3 are high, rapid exchange from
1-2 to 3-2 upon titration of 2 eq of 3 will take place. This results in the release of
monomeric 1 in its cis,trans 6[1H]-pyrimidinone tautomeric form. When 3 is added in
excess, the cis,trans 6[1H]-pyrimidinone tautomeric form of 1 can rapidly form the
heteromeric enol dimer 1-3 via a fast [1,3] shift, while formation of the 4[1H)]
pyrimidinone homo-dimer 1-1 is slow because it requires both a [1,3] prototropic shift
and a slow breakage of an intramolecular hydrogen bond. If the thermodynamic

stability of homodimer 1-1 is higher than the heteromeric ureido-pyrimidinone complex
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1-3, initial kinetic self-sorting? of 1 in 1-3 will be followed by slow equilibration to the

homo-dimer 1-1.
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Figure 4.5: Kinetic and thermodynamic product formation in a system containing ureido-pyrimidinones 1,

3 and diamido-naphthyridine 2.

Injection of 50 pL of a 200 mM solution of 3 in toluene-ds to a solution containing 10 mM
U:N complex 1-2 in the same solvent indeed result in rapid formation of the enol
heterodimer 1-3. After 18 s, the kinetic product (1-3) was formed with a yield of 65%.
This was followed by a slow decrease of this complex accompanied by slow formation of
ureido-pyrimidinone homodimers 1-1 and 3-3 to yield an equilibrium product mixture
containing 41% homodimer 1-1 and 35% heterodimer 1-3 (Figure 4.6). Although the yield
of the kinetic product is high, the selectivity for the formation of the thermodynamic
product is limited, because there is only a small difference in free energy between keto
and enol dimers of 1 in apolar solvents.*4! The 'H-NMR spectrum of a 1:1 mixture of 1
and 3 in toluene-ds at equilibrium indeed reveals that approximately 33% of the total
amount of 1 is incorporated in the enol heterodimer 1-3. However, the experiment

clearly shows the validity of the dissociative mechanism proposed in Scheme 4.1.
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enol heterodimer 1-3 and homodimer 11 as a function of time (inset). The solid line is served to guide the

eye.

4.5 Summary and conclusions

In summary, the kinetics of self-complementary quadruple hydrogen bonded 2-ureido-
4[1H]-pyrimidinone and 2-ureido-pyrimidin-4-ol dimers with 2,7-diamido-1,8-
naphthyridine follow a dissociative pathway in which the tautomerization step is
catalyzed in a bimolecular process. Furthermore, kinetic product formation in a three-
component supramolecular system is reported. The analysis presented here illustrates
the prominent role of kinetic product formation in supramolecular assemblies and may
aid in the understanding of the relation between complexation dynamics and the
mechanical properties of supramolecular polymers based upon the interaction between

ureido-pyrimidinones and 2,7-diamido-1,8-naphthyridine.
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4.6 Experimental section
General Methods
See General Methods Chapter 2. 2,7-Diamido-1,8-naphthyridine 2 was synthesized according to

the method of Ligthart et al.# 2-Ureido-pyrimidinone 1 was synthesized according to Keizer.#3

Two dimensional NMR (EXSY)

All two dimensional NMR spectra were recorded on a 500 MHz NMR (Varian Unity Inova) by
means of a 5 mm 'H/X Inverse Detection probe equipped with gradient capabilities at 25 °C. For
all EXSY measurements the 90° 'H pulse width was calibrated. 2D EXSY experiments were
performed using a relaxation delay time of 3 s (approximately 4-5 times T1) for each mixing time.
Unwanted XY magnetization was removed by a homopoil-90-homospoil preceding di. 2D-data
were collected in the phase-sensitive mode using the States-Haberkorn method. A total of
400 FIDs of 2 K complex data points were collected in t2 with 16 scans per increment and zero-
filling was applied in both dimensions before Fourier transformation. These data were then
processed with shifted sine-bell window functions in both dimensions. Volume integrals were
determined in VNMR using the lI2d routine available in Varian VNMR 6.1C.

Kinetic experiments

Keto dimers

Standard solutions of 5 mM, 10 mM and 20 mM 2 in toluene-ds were prepared for the kinetic
experiments. The components were mixed by injection of 50 pL of 1 equivalent ureido-
pyrimidinone 1 solution in toluene-ds (100 mM, 200mM and 400 mM respectively) which was
equilibrated at the temperature of the measurement. Data acquisition was automatically
performed using an acquisition delay. The exchange was monitored by 'H NMR (500 MHz) with
the probe maintained at constant temperature (25 °C). The fraction of hetero-complex 1-2 was
determined from 'H-NMR integration of the signals. To check the reproducibility of this method
we performed each experiment in triplo and fitted the appearance of U-N with a simple first order

model: UN(t) =f,, (I-e™"). Analysis of the error revealed it to be small (5%). For the kinetic

experiment conducted at low concentration 2 mL of a 0.025 mM solution of 2 in toluene was
prepared in a standard 1 cm quartz cuvette. To this solution 50 uL of a 1.01 10-* M solution of 1 in
toluene-ds was added and the absorbance at 357 nm was followed as a function of time. The
fraction of heterocomplex was calculated using the extinction coefficient of the U-N complex at
357 nm (31594 L mol-! cm™). This extinction coefficient was obtained from a separate titration
experiment conducted in toluene by fitting the absorbance at 357 nm as a function of added 1to a
1:1 binding model in which one of the components can self-associate. This titration also gave an

estimate of the Ka in this solvent (between 1