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Chapter 1
General Introduction
1.1 Introduction
The folding of macromolecules into well-defined three dimensional architectures is one of the
most important phenomena in Nature. The folding of simple prebiotic macromolecules such
as peptides and oligonucleotides most likely heralded the emergence of life on this planet.
Billions of years of evolution produced a wealth of living organisms, each of them composed
out of a virtually unlimited number of biomolecules that rely on their well-defined secondary
and tertiary structure to perform their function in the complicated machinery of the organism
it is part of. This ingenuity of Nature in very successfully tailoring unique biomolecules for
specific functions has piqued the interest of scientists in many different research areas and has
become a source of inspiration for supramolecular chemists to develop synthetic analogues of
biological systems.

1.2 Protein Folding and Misfolding
The well defined three-dimensional structure of proteins that enable their function in
physiological environments is essentially the conformation that is thermodynamically most
stable for a polypeptide with that particular amino-acid sequence. The sequence of the aminoacids in the polypeptide chain is also known as the primary structure of the protein (Figure
1).1 These amino acid sequences encode for common structural elements such as α-helices
and β-sheets, that are also referred to as the secondary structure of proteins (Figure 1). The
spatial relationship between different domains of secondary structure within a polypeptide
chain, makes up the complete three-dimensional structure of the protein, i.e. the tertiary
structure (Figure 1). Proteins with several polypeptide chains have an additional level of
organization: the quaternary structure (Figure 1).

1
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Figure 1. Levels of protein structure.
Finding the lowest energy conformation out of the total number of possible conformations of
any polypeptide chain would take an astronomical length of time. However, it is now clear
that the folding process does not involve a series of mandatory steps between specific
partially folded states, but is rather a stochastic search of the many conformations accessible
for a polypeptide chain.2 Many studies on small proteins, i.e. 60-100 residues, have suggested
that the fundamental mechanism of protein folding involves the interaction of a relatively
small number of residues to form a folding nucleus, about which the remainder of the
structure rapidly condenses. For proteins with more than ~ 100 residues, experiments
generally reveal that one (or more) intermediate is significantly populated during the folding
2
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process. In these cases, the folding of the proteins was suggested to take place in modules that
occur largely independently in different segments or domains of the protein.3
The above discussed folding of proteins has been investigated in vitro. In a cell, there are
several pathways of folding: in some cases the folding is co-translational; that is, it is initiated
before the completion of protein synthesis, whereas the nascent chain is still attached to the
ribosome (Figure 2).4 Other proteins, however, undergo the major part of their folding in the
cytoplasm after release from the ribosome, whereas yet others fold in specific compartments,
such as mitochondria or the endoplasmic reticulum (ER) (Figure 2), after trafficking and
translocation through membranes.5 Many details of the folding process depend on the
particular environment in which the folding takes place, although the fundamental principles
of folding, discussed above, are undoubtedly universal.

Figure 2. Artistic representation of a eukaryotic cell and the different cell-compartments.
Because incompletely folded proteins must inevitably expose at least some regions of
structure to the solvent that are buried in the native state, they are prone to inappropriate
interactions with other molecules within the crowded environment of the cell.6 To prevent
such behavior, living systems have evolved a range of strategies, of which the most important
are the many molecular chaperones that are present in all types of cells and cellular
compartments.5 Molecular chaperones do not themselves increase the rate of individual steps
in protein folding; rather, they increase the efficiency of the overall process by reducing the
probability of competing reactions, particularly aggregation.
Folding and unfolding are the ultimate ways of generating and abolishing specific types of
cellular activity. In addition, processes as apparently diverse as translocation across
membranes, trafficking, secretion, the immune response and regulation of the cell cycle are
3
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directly dependent on folding and unfolding events.7 Failure to fold correctly, or to remain
correctly folded, will therefore give rise to the malfunctioning of living systems and hence to
diseases8 (such as cystic fibrosis8a and some types of cancer9) resulting from proteins folding
incorrectly and not being able to exercise their proper function. In other cases, proteins with a
high propensity to misfold escape all the protective mechanisms10 and form intractable
aggregates within cells or (more commonly) in extracellular space. An increasing number of
disorders, including Alzheimer’s and Parkinson’s diseases, the spongiform encephalopathies
and type II diabetes, are directly associated with the deposition of such aggregates in tissues,
including the brain, heart and spleen.8,11 An increasing knowledge about the processes
underlying these disorders will lead to new routes toward treatment.

1.3 Helical Synthetic Macromolecules
The remarkable range of chemical capabilities that evolution has elicited from proteins,
suggests that it might be possible to design analogous functions into unnatural polymers that
fold into compact and specific conformations. This, and an attempt to gain deeper insight into
the folding and misfolding in natural macromolecules, has endeavored chemists to
intentionally generate unnatural oligomeric and polymeric sequences that adopt well-defined
secondary conformations in solution. These compounds can be divided into three categories
(Figure 3):
1) Foldamers, which are oligomers that fold into a conformationally ordered state in
solution, of which the structure is stabilized by a collection of noncovalent interactions
between non-adjacent monomer units.12
2) Dynamic helical polymers.
3) Stable (or static) helical polymers.
Foldamers form a very interesting class of compounds, which has been extensively studied
and reviewed by Moore et al.12. However, since the topic of this thesis deals with polymers
instead of oligomers, a detailed discussion about foldamers lies outside the scope of this thesis
and in the following it will suffice to give a short review about the dynamic and static helical
polymers.

4
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Figure 3. Schematic representation of different classes of synthetic helical compounds.

1.3.1 Dynamic Helical Polymers
Dynamic helical polymers have a low helix inversion barrier (Figure 3) which results in
dynamic properties that can be used to build chiral architectures that respond to interactions
with small molecules, light, or subtle changes in monomer composition or temperature. The
characteristics of this rather large family of polymers13 will be exemplified here by some
recent reports in literature about helical polyacetylenes and polyisocyanates.

1.3.1.1 Polyacetylenes
In a series of studies, Yashima et al. reported the helicity induction on optically inactive,
stereoregular cis-transoidal poly(phenylacetylene)s bearing functional groups, which can
change their structures into the prevailing, dynamic one-handed helices upon complexation
with specific chiral guests.14 For instance, the introduction of carboxy (1),15 amino (2),16
boronate (3),17 phosphonic acid (4, 5),18 sulfonate (6),19 crown ethers (7, 8)20 and βcyclodextrin (9)21 as the pendant, produced poly(phenylacetylene)s which can respond to the
chirality of chiral amines, acids, sugars, amines, amino-acids and other chiral guest molecules
respectively (Figure 4).

5
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Figure 4. Schematic illustration of the formation of a one-handed helical structure from
achiral poly(phenylacetylene)s upon complexation with chiral compounds.
The dynamic macromolecular helicity of poly(4-carboxyphenylacetylene)s (1) induced by an
optically active amine, could be memorized even after the chiral amine had been completely
replaced by various achiral amines and amino alcohols in dimethyl sulfoxide (DMSO).15 Both
the mechanism of the helical induction and the memory of the helical chirality of 1 have been
thoroughly investigated, and the following conclusions were drawn:
1) The ion pairing of 1 with chiral amines is essential for the helicity induction, and
2) The electrostatic repulsion between the carboxylate groups of 1 derived from the
dissociation of the ions pairs plays a central role in the macromolecular helicity
memory of 1 in DMSO.22
Poly(phenylacetylene)s with phosphonic acid and its monoethyl ester as the pendants (4 & 5),
also formed a predominantly one-handed conformation induced by noncovalent interactions
with various chiral amines in DMSO.18 The complexes exhibited characteristic and more
intense induced circular dichroism (ICD) than 1 because the phosphonic acid group is more
acidic than the carboxy group in 1, so that helicity induction by chiral amines occurs more
efficiently resulting in more intense ICD’s in their polymer backbone region.
6
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Very recently, Yashima et al. reported on the macromolecular helicity induction in a cationic
polyacetylene assisted by an anionic polyisocyanide in water (Figure 5).23 They showed that
the sodium salt of poly(4-carboxyphenyl isocyanide) (poly-10-Na) could be transformed into
a polymer with an excess of one helical sense by the addition of chiral amines, e.g. 11.24 The
induced helicity of this polymer could be ‘memorized’ after complete removal of the chiral
amines (Figure 5). This anionic helical polyisocyanide (h-poly-10-Na) could subsequently
serve as the template for further helicity induction in an oppositely charged
poly(phenylacetylene) with ammonium salt substituents (poly-12*HCl) through an
electrostatic interaction in water. This resulted in assemblies with controlled helicity (Figure
5).

Figure 5. Schematic representation of one-handed helicity induction and memory in poly-10Na and the replication of the macromolecular helicity.

1.3.1.2 Polyisocyanates
It has been known for a long time that poly(n-alkyl isocyanates) exist in a helical
conformation as a result of the competition between electronic and steric factors.25 In these
polymers, the amide groups follow each other without interruption (Figure 6).

Figure 6. Polyisocyanate in schematic representation (left) and in the trans/cis conformation
(right).
Figure 6 shows that in order to reduce the steric interactions between the alkyl group on the
nitrogen and the carbonyl oxygen atom, the structure needs to move out of a planar
7
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conformation to form a helical conformation. As in isotactic vinyl polymers,26
polyisocyanates constructed of achiral monomer units allow both helical senses with equal
probability intervened with helical reversals (see Figure 3). These helical reversals, and
therewith the rigidity and the chain length between helical reversals, are inversely dependent
on the steric demands of the alkyl group on the amide nitrogen.27 For poly(n-hexyl
isocyanate) in hydrocarbon solvents, the helix reversal energy is ~16 kJ/mol,28 which
translates to a population of about one helical reversal per 600 units at 20°C. These unique
properties of polyisocyanates provide a model that allows for the investigation of
amplification of chirality. In chains that are long enough to contain helical reversals, the
amplification will be limited by the number of units between reversals. In chains so short that
reversals rarely occur, the number of cooperating units will be the number of units in each
chain. Over the last decades Green et al. have studied in great detail the properties and
behavior of polyisocyanates and specifically made a large contribution to the understanding of
chiral amplification in macromolecules.27 The most important concepts that arose from his
research on polyisocyanates will be discussed in the following:
Kinetic isotope effect:

When one H-atom in n-hexyl isocyanate was stereoselectively

replaced by a deuterium atom, a polymer was produced with a large excess of one helical
sense (Figure 7).29 For the influence of a small chiral bias (e.g. hydrogen-deuterium
substitution) on the amplification of chirality in the polyisocyanate chains, two energies need
to be considered: the free energy per monomer unit favoring one helical sense over the other,
ΔGh, and the excess energy of converting a helical conformation to a helical reversal, ΔGr.
Values of ΔGh ~ 4 J/mol and ΔGr ~ 17 kJ/mol were found for the above described system, in
which the helical reversal energy corresponds to approximately 800 units between helical
reversals at room temperature.30

Figure 7. Polymerization of (R)-1-deuterio-n-hexyl isocyanate resulting in a polymer with a
large optical rotation.
The almost negligible ΔGh originating from the substitution of one hydrogen atom by a
deuterium atom, highlights the strength of chiral amplification that allows this minute energy
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difference to be translated to a polymer that nearly exists in exclusively one helical sense. A
preferred helical sense in achiral poly(n-hexyl isocyanate) could even be induced by
dissolving it in a series of optically active solvents (ΔGh ~ 1 J/mol),31 highlighting the power
of chiral amplification in these dynamic helical polyisocyanates.
Sergeant-Soldier effect:
The above described concept of cooperativity was supported by other experiments in which
only a very small fraction of chiral isocyanates favoring one helical sense (Sergeants),
randomly copolymerized with achiral isocyanates (Soldiers), could induce helical sense
excesses in the resulting polyisocyanates that were out of proportion to the fraction of the
chiral units (Figure 8).32 The conformational picture in which polyisocyanates adopt an
extended helical conformation in which long stretches of one helix sense are separated by
higher energy helix reversal states (vide supra),33 offers a simple explanation for the
surprising influence of the chiral monomer.32 Since the units between two helix reversals are
constrained to a single helical sense, they must all be influenced toward either a M (lefthanded) or P (right-handed) state by the presence in their midst of one or more chiral
monomer units. The Sergeant-Soldier effect is strongly dependent on temperature, which can
be understood by the exponential relationship between the number of helix reversals and
temperature; the more helix reversals are present, the lesser the monomer units can act in
concert.

Figure 8. ‘Sergeant-Soldier’ effect in isocyanate polymerization.
Majority rule:
When a mixture of enantiomeric isocyanates with slight enantiomeric excess was subjected to
a random copolymerization, a strong cooperativity between the monomer units was shown to
be present in which the majority pendant enantiomer dictated its preferred helix sense on
almost the entire polymer conformation.34 In the case 2,6-dimethylheptyl isocyanate (14), the
copolymer constructed of 56% (R) and 44% (S) resulted in a CD-spectrum that is
indistinguishable from that of the homopolymer of the (R) enantiomer. This phenomenon has
been termed “majority rule” and arises from the minority units taking part in the helical sense
9

Chapter 1
of the majority units (Figure 9). The conformation of these random copolymers was suggested
to be influenced by two different energies: the energetic preference for one helical sense per
monomer residue and the energetic cost of a helix reversal. The far higher energy of the helix
reversal (16 kJ/mol)28 over the chiral bias of the pendant group (1.6 kJ/mol)35 for poly(2,6dimethylheptyl isocyanate), should force many units to take the same helical sense
irrespective of the pendant group configuration, and in the copolymers under consideration
here, it is reasonable, therefore, to average the energies for the (R) and the (S) units favoring
the left and right helices, respectively, over these large numbers of cooperating units. For
poly(2,6-dimethylheptyl isocyanate), this increased cost of the minority helix sense is
adequate at ambient temperatures (e.e. = 12% and DP = 4800), to exclude helix reversals and
to enforce a single helical sense.34

Figure 9. ‘Majority rules’ in random copolymerization of 2,6-dimethylheptyl isocyanate.
In a more recent paper, Green et al. have demonstrated that the majority rule effect is found to
be unaffected, within certain limits, when the chiral monomer units are highly diluted with
achiral monomer units.36 Moreover, when structurally different enantiomers, which have
opposing helical sense preferences were used, polyisocyanate copolymers were obtained of
which the helical sense could be controlled by temperature.37 The temperature at which
reversal of the helix took place, could be tuned by the ratio between the competing chiral
groups, predetermined during the synthesis.37

1.3.2 Stable Helical Polymers
Stable helical polymers are characterized by a high helix inversion barrier (> ~85 kJ/mol).
This implies that the helix (which is usually formed under kinetic conditions) is locked into its
conformation during the synthesis. This class of stable helical polymers consists of a rather
small group of compounds.13 Polymers that are known to form stable helical architectures at
10
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room

temperature

are:

phtalocyaninatopolysiloxane,39

sterically

hindered

polyaldehydes,40

poly(methacrylate

binaphtyl-based

ester)s,38

polymers,41

and

polyisocyanides.13,42 Since polyisocyanides are the subject of interest in this thesis, an
overview of their characteristic properties is given below.43

1.3.2.1 Polyisocyanides
Polyisocyanides, also known as polyiminomethylenes, are prepared by the polymerization of
isocyanides (Scheme 1). The driving force for this polymerization reaction is the
transformation of a formally divalent carbon atom in the monomer, to a tetravalent carbon
atom in the polymer, yielding a heat of polymerization of 81.4 kJ/mol.42 Since all carbon
atoms in the polymer backbone bear a substituent, the side chains experience a large steric
hindrance that prevents the polymer from adopting a planar conformation (Scheme 1).
Scheme 1. (A) Schematic representation of the structures of an isocyanide and a
polyisocyanide. (B) The “merry-go-round” mechanism for the nickel(II) catalyzed
polymerization of isocyanides.

In addition to a range of more and less successful polymerization methods available for
isocyanides,44 by far the most frequently applied polymerization involves the use of a Ni(II)catalyst, which via the so-called ‘merry-go-round’ mechanism, results in a helical
polyisocyanide (Scheme 1).42 In this reaction, a square planar tetrakis isocyanide nickel(II)
complex is formed which is activated by the addition of a nucleophile, usually an amine (step
a). After first complexing directly to the Ni(II) center, this amine rapidly migrates to one of
11
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the isocyanide ligands to form a carbene-like species (step b), which can subsequently attack
one of its neighboring isocyanide ligands (step c). The resulting vacant position on the Ni(II)
center is reoccupied by an isocyanide monomer from solution. The polymerization reaction
propagates in the direction in which the initial attack took place, which results in one
particular helical sense for the polymer chain formed. Consequently, for an achiral monomer
and initiator, an equal amount of left- and right-handed helical polyisocyanides will be
obtained. However, when a chiral bias is introduced via either a chiral monomer,44, 45 chiral
co-monomers,46 or chiral initiator,47 one screw-sense will be preferred over the other resulting
in a screw-sense selective polymerization.
Provided that the isocyanide-substituents are sufficiently bulky, the helical conformation of
the polymer dictated by the Ni(II)-catalyst is kinetically trapped and stable under ambient
conditions. This was elegantly demonstrated in an experiment in which the polymer formed
by the polymerization of the achiral tert-butyl isocyanide (15) could be resolved into two
stable fractions having respectively a positive and a negative optical rotation, which could
later be assigned to a right-handed (P-) and a left-handed (M-) 41 helical conformation.48
Hence, the achiral tert-butyl isocyanide was converted to a racemic mixture of M- and Phelical polymers of which the chirality was induced by a restricted rotation around the C-C
bonds in the polymer backbone (Figure 10). This type of stereoisomerism is referred to as
atropisomerism.49

Figure 10. Formation of stable (seperatable) helical poly(tert-butyl isocyanide) by Ni(II)
catalyzed polymerization of tert-butyl isocyanide.
When, however, the isocyanides are functionalized with sterically less demanding
substituents, the initially helical polymers can undergo a conformational change. This
phenomenon has caused a lot of debate in the last decades, and a summary of the reports
dealing with the thermodynamically most stable conformation of polyisocyanides is given in
the following.

12

General Introduction
Most stable conformation of polyisocyanides
With the polymerization of the optically active α-phenylethyl isocyanide, Millich et al.
yielded polymers with a high optical rotation per repeat unit.50 On the basis of this
observation, combined with Debeye-Scherrer X-ray patterns and space-filling molecular
models,51 they proposed a coupling of transition dipoles of the absorbing chromophores
resulting from a tightly organized helical structure with 4 repeat units per turn and a pitch of
4.1-4.2 Å.52
The presumed helical conformation of polyisocyanides was confirmed by Nolte et al.53, when
poly(tert-butyl isocyanide), which has no chiral centers, could be resolved into (+)- and (-)rotating fractions using poly[(S)-sec-butyl isocyanide] on glass as a stationary phase that
could be assigned to left- and right-handed helices on the basis of CD-spectroscopy (vide
infra). Theoretical studies on the conformation of tert-butyl isocyanide oligomers using
consistent force field conformational calculations indicated that a helical conformation was
favored with increasing monomer units. The average dihedral angle N=C-C=N in the hexamer
was found to be ±78.6°, corresponding with 3.75 monomer units per helical turn.54 The same
calculations for a hexadecamer of the tert-butyl isocyanide resulted in a dihedral angle of
84.3°, corresponding with 3.60 units per helical turn. Substitution of the tert-butyl group by a
methyl-, ethyl-, or isopropyl group was calculated to result in a smaller dihedral angle,
corresponding with more units per helical turn. However, the methyl group proved to be too
small to result in a fixed dihedral angle by atropisomerism.
Kollmar and Hoffmann carried out molecular orbital calculations using an extended Hückel
approach on polyisocyanides,55 RNC, [R = H, CH3, C(CH3)3] which pointed out that the
electronic effect of N lone-pair repulsion between nitrogens that are second nearest neighbor
in the polymer chain (Figure 11), dominates over the importance of π-delocalization. As a
result, the polyisocyanide backbone adopts a conformation that is not planar.

Figure 11. Different repulsive interactions driving the all-trans polyisocyanide out of
planarity.

13
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They point out that the influence of steric hindrance originating from bulky side groups is
much larger than the repulsion forces between the nitrogen lone pairs. According to their
calculations, the helical angle that is adopted in the polyisocyanide backbone varies from a
fairly broad range of helical conformations for the R = H polymer, which sharpens to a
narrow range around the 41-helix as the steric bulk of the substituent grows. For intermediate
steric bulk, e.g. R = CH3, the authors found two helical minima with different degrees of
helicity. This influence of steric bulk of the substituent on the conformation of
polyisocyanides was experimentally corroborated by Yamada et al. who found that
polyisocyanides derived from phenylalanine readily lost their initial helical conformation in
solution when the carboxyl group was protected as an ethyl ester. However, increasing the
bulk of the ester to a tert-butyl ester significantly increased the stability of the helical
conformation of the polyisocyanide.56
The above suggested repulsion between the N lone pairs in the planar all-trans conformation
of polyisocyanides is absent in the so-called “syndio” conformation in which dimeric sections
are alternatively (E,E) and (Z,Z) (Figure 12).57 On the basis of both ab initio and molecular
mechanics (MM) calculations, this conformation was found to be by far the most stable one
among a number of different possible geometries for polyisocyanides.57 The syndio
conformation, which is non-helical but highly symmetrical has a regularly alternating
configuration of side chains on C=N double bonds, and an alternating 180°±90° conformation
of the backbone N=C-C=N angles (Figure 12). The driving force for this conformation seems
to lie partly in the large preference for E,E trans-planar diiminic units: the rotation around the
N=C-C=N central bond in the E,E ethane diimine (as calculated ab initio) shows a cis-trans
energy difference of ~ 34 kJ/mol in the flexible rotor approximation.

Figure 12. Two proposed most stable conformations for polyisocyanides.
The

proposed

syndio-conformation

oligo(phenylisocyanide).

Especially

was

confirmed

NMR-investigations
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tri(phenylisocyanide) has a planar diimine unit with the third imine located at a 90° dihedral
angle from the planar s-trans portion.58 For polymers of this compound, i.e.
poly(phenylisocyanide), the authors observed that in halocarbon solvents or tetrahydrofuran
solution the conformation slowly changes from a helix to a random coil.59
In addition to the above discussed computational approaches suggesting possible alternative
stable conformations for polyisocyanides different from the helical one, Green et al. pointed
out the difference in the Mark-Houwink exponent a in the between several polyisocyanides, 60
obtained by viscosity measurements using the Mark-Houwink equation:

[η ] = k * M va
In which [η] is the intrinsic viscosity, k is a constant and a is the Mark-Houwink exponent.
This exponent gives an indication about the rigidity of molecules:61 if a < 1, than the polymer
has a random-coil character and if a > 1, the polymers have a rigid-rod character. In toluene,
poly(α-phenylethyl isocyanide) has a Mark-Houwink exponent of a = 1.36, indicative of a
very stiff molecule.62 However, the Mark-Houwink exponents for polymers of β-phenylethyl
isocyanide in tetrahydrofuran and racemic 2-octyl isocyanide in toluene were found to be
respectively a = 0.6863 and 1.75.64 These results suggest that the structure of the pendant
group strongly affects the chain dimensions.
In addition, Green et al. showed that especially polyisocyanides lacking an α-substituent
display a large chemical shift dispersion in

13

C NMR in all carbon atoms, of which the

backbone carbon is the most noteworthy (Figure 13).60 One potential source of this chemical
shift dispersion is stereoirregularity associated with syn-anti isomerism about the carbonnitrogen double bond (Figure 13D). The carbon nuclei may be sensitive to sequences longer
than the triads depicted in Figure 13D, and there may be other additional sources for the
variety of chemical shifts observed, including the kinds of structural breaks suggested by
Millich and Baker.50 These results indicate that the conformational data for polyisocyanides
proposed from interpretation of CD-spectroscopy65 are difficult to reconcile with the
structural disorder revealed by the high-field 13C NMR data. Although the 13C NMR spectrum
of poly(α-phenylethyl isocyanide) has much sharper signals than the above discussed
polyisocyanides lacking a α-substituent, even this polymer, which was assigned to have a 41
helical rod structure, showed a significant chemical shift dispersion, which suggests that this
polymer does not posses a highly regular structure as was proposed.60
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Figure 13. Signal for the imine carbon in the polymer backbone in

13

C NMR for

polyisocyanides lacking an α-substituent (A&B) and with an α-substituent (C). (D)
Stereoisomeric possibilities for a triad of a polyisocyanide.
Very recently, Yashima et al. presented results that indicate that polyisocyanides are not
necessarily present in either a helical conformation or an alternative conformation (e.g.
random coil), but that a reversible transition between two conformational states is also
possible.66 They demonstrated the reversible helix to coil transition of poly(4-carboxy
phenylisocyanide) under influence of optically active amines (as in Figure 4). At ambient
temperatures, these induced helical polyisocyanides retained their helical conformation over
long periods of time, but at elevated temperatures unfolded readily.
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1.3.2.2 Polyisocyanopeptides

Figure 14. Schematic representation of a helical polyisocyanide stabilized by a hydrogen
bonding network between peptide side-chains.
Until recently, all described examples of stable helical polyisocyanides in literature relied on
sterically demanding substituents to stabilize the helical polymer backbone. However,
Cornelissen et al. discovered that when certain peptide substituents were used, the helical
conformation of the polyisocyanide could be effectively stabilized by the formation of a welldefined hydrogen bonding array between the peptide side chains at positions n and (n+4) that
are nearly above each other at a distance of ~4.6 Å (Figure 14). Although polyisocyanides
derived from peptides had been described previously (Figure 15),65j, 67 the authors at the time
did not recognize the presence of hydrogen bonds between the peptide side chains.

Figure 15. Polyisocyanides derived from peptides.
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The polyisocyanide derived from trialanine (28, Figure 15) contains two amide groups per
side chain and is able to fold into a β-sheet like architecture, mimicking the interactions
present in naturally occurring β-helices.68 Detailed infrared and 1H NMR spectroscopic
investigations showed that virtually all amide groups present in these polymers participate in
hydrogen bonding. The single-crystal X-ray structure of L-isocyanoalanyl-L-alanine methyl
ester (LL-IAA) (Figure 16 A) served as a reference in these investigations. It appeared that in
the dipeptide-derived polyisocyanides studied in this respect, except in 22, ordered arrays of
hydrogen bonds along the polymeric backbone are present.68, 69 Analogous to the denaturation
of proteins, the hydrogen bonds present in these polymers can be disrupted. This is, however,
only possible with strong acids like trifluoroacetic acid and not with hydrogen bonding
solvents (e.g. methanol, DMSO), demonstrating the robust character of the hydrogen bonding
arrays. Powder X-ray diffraction (PXRD) experiments showed that in the solid state the rigid
polyisocyanopeptides are organized in a pseudo-hexagonal arrangement. The acidified
samples, which were studied for comparison, only gave broad signals pointing to a decrease
in the level of organization of the polymers.
Peptide-derived polyisocyanides in their protected form are stable in solution at room
temperature, and as a result of their rigidity, it is possible to visualize the individual
macromolecules by atomic force microscopy (AFM) (Figure 16C). Measuring the contourand persistence length of the macromolecules allowed the determination of the molecular
weights and the polydispersity of the samples.69, 70

Figure 16. (A) Crystal structure of L-isocyanoalanyl-L-alanine methyl ester (LL-IAA). (B)
Schematic representation of the proposed orientation of the peptide side chains in LL-PIAA.
(C) AFM-micrograph of LL-PIAA prepared with 1/30th equivalent of Ni(ClO4)2·6H2O.
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The assignment of the helix sense in peptide-derived polyisocyanides by CD-spectroscopy is
hampered by the overlap of signals arising from the backbone and the side chains of the
polymer. For an L-alanine based polyisocyanide containing a spectator group (i.e. a diazo
chromophore) in the side chains, a right-handed (P) helical geometry was found. Since the
helix sense in polyisocyanides is kinetically controlled, this handedness was tentatively
assigned

to

all

L-alanine

derived

polyisocyanides.71

Selected

properties

of

polyisocyanodipeptides (19-27) are displayed in Table 1.72
Table 1. Selected properties of dipeptide-derived polyisocyanides (taken from reference 72).
[a]a

Compound

Δε (λ)b

Screw sense

[η]c

tpold

H-bonds
Yes

Monomer Polymer
19

e

33

338

5.6 (313)

P

1.33

<5

20

e

-5.6

487

5.8 (307)

P

5.26

<5

Yes
i

Yes
No

21

f

22

f

23

f

14

-610

-5.5 (300)

M

0.33

~240

24

e

19.2

196

5.1 (321)

P

n.d

<5

Yes

25

e

5.7

-32

-1.5 (290)

P

n.d

>120

No

-58.1

205

8.6 (310)

P

4.1

<30

Yes

164

580

6.5 (304)

P

1.04

~240

M

Insol.

~240i

-0.45 (345)

26g

75

-700

1.22 (270)

i

Yes/ No

0.17 (355)
27

g

L-PIAh
a
b
c
d
e
f
g
h
i

-12.0

-33

-1.3 (263)

P

0.35

240

No

16.7

-280

-0.5 (300)

P

0.44

7200i

No

In °.dL/g.dm; for concentrations and solvents, see refs. cited.
In L/mol.cm, maximal values at the indicated wavelength.
In dL/g; for conditions, see refs. cited.
In min., reaction time for complete consumption of monomer.
See ref. 69.
See ref. 66c.
See ref.67.
Poly(L-isocyanoalanyl ethyl ester), see reference 64b.
No exact reaction was determined; after the indicated period, the isocyanide was no longer detected.

When hydrogen bonds are proven to be present (e.g. 19, 20, and 24), a positive optical
rotation and a strong positive Cotton effect around λ = 315 nm indicate the presence of a
right-handed (P) helix. For the polyisocyanides where no hydrogen bonding arrays are found,
e.g. 22, the optical rotations and the intensities in the CD-spectra are significantly smaller
(Table 1). Using IR- and NMR-spectroscopy, polyisocyanides 19, 20 and 28 were shown to
retain their hydrogen bonded helical conformation for significant periods of time,73 when they
19
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were dissolved in water after the base catalyzed hydrolysis of the methyl ester. Moreover,
using VT-CD-spectroscopy, the thermal denaturation of these water-soluble polymers was
demonstrated to be a cooperative event (Figure 17).68

Figure 17. (A) Schematic representation of the thermal denaturation of the helical watersoluble LLL-PIAAA-ONa. (B) Intensity of the CD-signal for the backbone imine chromophore
(290 nm) and the amide chromophores (215 nm) of LLL-PIAAA-ONa as function of
temperature. The inset shows the entire CD-spectra.
Using tetrakis tert-butylisocyanide nickel(II) perchlorate as a catalyst and amine-derived
carbosilane dendrimers or amine terminated polystyrene as macro-initiator, block copolymers
were prepared consisting of a polyisocyanopeptide block and respectively a carbosilane
dendrimer or a polystyrene segment.74 The block-copolymers based on the carbosilane
dendrimers appeared to selectively bind metal ions, like silver ions. These ions were
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complexed to the polyisocyanopeptide part and aggregates ranging from hundreds of
nanometers to over one micron were formed (Figure 18A).75 Removal of the methyl ester
functionalities in block copolymers 32 and 33 resulted in chiral “superamphiphiles”
consisting of a charged, helical polyisocyanopeptide head-group and a hydrophobic
polystyrene tail. Depending on the ratio between the hydrophobic and hydrophilic blocks, the
superamphiphiles displayed a range of different aggregation forms, i.e. micellar rods, plates,
vesicles and also helical assemblies (e.g. superhelices, Figure 18B and C).76

Figure 18. (Top) Block copolymers of isocyanopeptides and dendritic carbosilanes (30 and
31) and isocyanopeptides and styrene (32 and 33). (Bottom) TEM pictures showing the
striped pattern formed by 31 in the presence of Ag+ ions (A). Right-handed helical
architecture formed by 33c in water (B). Left-handed superhelix formed by 32c in water (C).
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Finally, the rigid polyisocyanopeptides have been applied to serve as well-defined rigid
scaffold for functional groups, i.e. thiophenes,77 porphyrins78 and perylenes.79 These materials
can find possible applications as respectively electron or energy conducting polymers.

1.4 Aim and Outline of the Thesis
It was shown that polyisocyanides derived from peptides prove to be highly interesting
polymers with properties that render them useful in a range of applications, e.g. synthetic
analogues of β-helices,68 building block for superamphiphiles,74,

75

and as scaffold for

functional groups.77, 78, 79 Polyisocyanopeptides are presently still being used in our group to
create well-defined rigid architectures that rely on the hydrogen bonded network between the
peptide side chains for their structure and stability.
The aim of the work described in this thesis is to gain a more profound understanding of the
factors (i.e. stereochemistry and type of peptide part and the kind of catalyst/initiator used)
influencing the establishment of such a well-defined hydrogen bonded network between the
peptide side chains in polyisocyanopeptides.
Chapter 2 describes the initial stages in the nickel(II) catalyzed polymerization of
isocyanopeptides and demonstrates that in order for the helical polyisocyanide to be stabilized
by hydrogen bonds between the peptide side chains, sufficient monomer units (i.e. >8) need to
be incorporated in the polymer chain. In chapter 3, isocyanopeptide copolymerization
reactions are described and a polyisocyanopeptide is immobilized on a Si-wafer by the use of
a Ni(II) catalyst that is chemisorbed on the SiO2-surface.
Chapter 4 describes the nickel(II) catalyzed polymerization of isocyanopeptides in water and
shows that the methyl esters of isocyanopeptide monomers in water can be hydrolyzed with a
stoechiometric amount of NaOH, but that the resulting water-soluble polymers lack the
definition obtained by polymerization of isocyanopeptides in which the carboxyl is protected
as a methyl ester.
Chapter 5 reports on the acid initiated polymerization of isocyanopeptides, which proved to
be a highly stereospecific polymerization reaction. The reaction mechanism involves a highly
ordered supramolecular complex that is easily destabilized by e.g. non-fitting monomers or by
large excess of acid, causing the polymerization to decelerate or to block the polymerization
reaction completely.
In chapter 6, the inherent properties of polyisocyanopeptides are discussed and special
attention is focused on the differences in properties between so-called native
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polyisocyanopeptides, in which the hydrogen bonded network is present as it was initially
formed in the polymerization reaction, and the denaturated polyisocyanopeptides in which the
initial well-defined hydrogen bonded network has been thermally disrupted.
Chapter 7 describes the lyotropic liquid crystalline (LC) properties of rigid-rod
polyisocyanopeptides. In chapter 8, the extension of the pendant dipeptide side chains to
several trialanine derived side chains, reveals the critical influence of stereochemistry on the
formation of an extended β-sheet-like hydrogen bonded network between the tripeptide side
chains.
In chapter 9, β-peptide derived isocyanides and the resulting polyisocyano-β-peptides are
discussed. The additional methylene group in β-amino acids as compared to α-amino acids
results in unique novel properties for these polyisocyanides.80
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Chapter 2
Initial Stages of Nickel(II) Catalyzed Polymerization
of Isocyanopeptides
2.1 Introduction
Non-aromatic isocyanides are commonly polymerized by the use of Ni(II) catalysts.1 There
are several forms in which the Ni(II)-catalyst can be applied: generally a Ni(II)-salt such as
NiCl2, Ni(acac)2 or Ni(ClO4)2 is dissolved in a solvent of choice,2 after which the isocyanide
monomer is added to the reaction mixture. The polymerization reaction is believed to proceed
via the ‘merry-go-round’ mechanism (Figure 1) in which four isocyanide monomers are
coordinated to the nickel(II) center in a square planar complex. Addition of a nucleophile
activates one of the ligating isocyanides to form a carbene-like species. This activated
isocyanide is sufficiently nucleophilic to attack one of its neighboring isocyanide ligands,
which is the initiation step for the polymerization. The resulting vacant site is simultaneously
reoccupied by an isocyanide monomer from solution. In the propagation of the
polymerization, this process is repeated to form a 41 helical polyisocyanide.3

Figure 1. Reaction mechanism for the nickel(II) catalyzed polymerization of isocyanides:
‘merry-go-round’ mechanism.
For the introduction of specific functional groups at one chain end of the polyisocyanide, a
stable tetrakis nickel(II) isocyanide complex (1) is used which is a prepared by reacting
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Ni(ClO4)2·6H2O with 4 equivalents of a bulky isocyanide. Addition of the desired
functionality with a nucleophilic group to 1 results in an active catalytic species 2, provided
that the functional group has a sufficient nucleophilic character to convert one of the ligating
isocyanide groups to a carbene-like species. This functionalization method has been
successfully applied in our group to prepare a range of functionalized polyisocyanides3,4 or
even block copolymers when another polymer is used as a nucleophilic macro-initiator.5
To circumvent the possible reduction of Ni(II) to Ni(I) by the isocyanide ligands, Deming and
Novak designed an alternative Ni(II) catalyst that has an electron withdrawing trifluoroacetate
ligand that removes electron density from the catalytic nickel center and allyl groups which
are known to undergo migratory-insertion reactions with isocyanides.6 This Ni(II) catalyst
proved to be a potent catalyst for the living polymerization of isocyanides under both O2 as
well as a N2 atmospheres.7 An indication for the reduction of Ni(II) to Ni(I) during
polymerization using common nickel(II) salts as a catalyst was obtained by performing
experiments that showed the subtle but crucial role that atmospheric oxygen plays in the
polymerization reaction. However, under normal atmospheric conditions, polymerization
using Ni(II) salts is efficient for the polymerization of the majority of isocyanide monomers.
In this chapter, the initial stages of the Ni(II) catalyzed polymerization of isocyanodipeptides
are examined by a range of spectroscopical techniques. The folding behavior into the helical
structure of the oligoisocyanides is investigated, as is the efficiency of initiation.

2.2 Results and Discussion
2.2.1 Spectroscopic Titration Studies
For the nickel(II) catalyzed polymerization of isocyanides, the so-called “merry-go-round”
mechanism was proposed (Figure 1).3 To investigate the nature of the rapid nickel(II)
catalyzed polymerization of L-alanyl-L-alanine isocyanide methyl ester (LL-IAA), titration
experiments were performed in which portions of two molar equivalents of LL-IAA were
added

stepwise

to

a

solution

of

tri(tert-pentyl

isocyanide)[benzylamino(tert-

pentylamino)carbene] nickel(II) perchlorate (3) in dichloromethane (Figure 2).
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Figure 2. Nickel(II) catalyzed polymerization of LL-IAA.
The polymerization of LL-IAA yields polymers (LL-PIAA) with a preferred right-handed (P)
helical sense8 and the helical conformation of the polymer is stabilized by the presence of
hydrogen bonding arrays between the pendant peptide side chains.9 The formation of the
helical polymer can be monitored by CD-spectroscopy monitoring the increasing Cotton
effect originating from the n-π* transition at λ = 310 nm of the imine chromophore. This
Cotton effect has been shown to be very sensitive to the presence of a permanent dipole
moment caused by the directional alignment of the amide bonds in the well-defined hydrogen
bonding network between the peptide side-chains.
The molar circular dichroic absorption (Δε) increases with an increasing number of LL-IAA
monomers added, showing that the initial oligomers do not yet contain the well-defined
hydrogen bonded network that is present in the LL-PIAA polymers, which have a molar
circular dichroic absorption of Δε310 ~ 6.5 (L*mol-1*cm-1). Instead of an expected linear
increase of molar circular dichroic absorption (Δε310) as a function of incorporated monomers,
there is a change in slope when eight equivalents of monomer have been added, after which
the slope increases again (Figure 4A). We assume that this non-linearity in the plot results
from the formation of a H-bond stabilized helical oligomer, only when 8 or more monomers
have been incorporated (Figure 3).
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Figure 3. Schematic representation of IAA oligomers: No stable H-bonded network can be
formed when <8 monomer units are incorporated. A stable H-bonded conformation is formed
when >8 are incorporated.
Analogously to biopolymers,10 such as peptides, to overcome the entropic penalty of forming
a well-defined secondary structure, a minimum number of hydrogen bonds is necessary to
stabilize the helical secondary structure of the polymer. Since the chiral environment of the
imine chromophore is directly influenced by the stabilizing effect of the hydrogen bonding
array between the peptide amide bonds, the contribution of newly formed imine bonds to the
circular dichroic absorption is higher when incoming monomers are incorporated in a stable
helical conformation than when they are incorporated in a less well-defined dynamic
secondary structure.

Figure 4. Titration of LL-IAA to nickel(II) complex 1 followed by (A) CD-spectroscopy and
(B) 1H-NMR-spectroscopy (right).
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This assumption was supported by monitoring the same titration experiment by 1H NMRspectroscopy (Figure 4B). Only when ~10 molar equivalents of LL-IAA had been added to a
solution of 3 in deuterated chloroform, were signals observed at δ = 9.4 ppm, which are
assigned to hydrogen bonded amide protons of the peptide side chains. These results indicate
that the oligomer formed in the initial stage of the propagation reaction of LL-PIAA has a
relatively dynamic behavior in which the helical conformation can not be sufficiently
stabilized by hydrogen bonds between the peptide side chains. However, when 8 or more
monomers have been incorporated in the growing polymer chain, the cooperativity of the
hydrogen bonds between the peptide side chains is sufficiently strong to maintain the polymer
in its helical conformation.

M (g/mol)
n

m=0

m=1

m= 2

0

204

301

398

1

388

485

582

2

572

669

766

3

756

853

950

4

940

1037

1134

5

1124

1221

1318

6

1308

1405

1502

7

1492

1589

1686

Figure 5. (top) PIAA as prepared by the use of nickel isocyanide complex 1 and the resulting
ES-MS spectrum for 6 molar equivalents of IAA and (bottom) the expected masses for the
oligomers formed for different amounts of incorporated IAA (n) and tert-amyl isocyanide (m).
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In addition to CD- and 1H NMR spectroscopy, the titration of LL-IAA to 3 was also followed
by ES-MS (Figure 5). Although the intensity of the signals found in the mass spectra does not
reflect the ratio of different oligomeric species present in the reaction mixtures, the presence
of a broad range of molecular masses different from the expected molecular mass according
to the catalyst/monomer ratio suggest that the nickel(II) catalyzed polymerization of LL-IAA
results in a relatively polydisperse mixture of oligomers. The incorporation of the carbenelike moiety formed by the attack of benzylamine on one of the tert-pentyl isocyanide ligands
from the initial tetrakis[(tert-pentyl isocyanide) nickel(II)] perchlorate into the LL-PIAA is
also evident from these MS-spectra. According to the proposed reaction mechanism (Figure
1), this carbene-like species is the starting point in the polymerization reaction of the
isocyanides and should therefore be attached to the chain-end of the (growing) polymers. No
signals in the ES-MS spectra are found for polymers without the initiator present, which
suggests that no ‘spontaneous’ initiation occurs or initiation by e.g. residual water molecules
or other nucleophiles. In addition to the expected oligomers formed by just LL-IAA, there are
also some oligomers formed in which more than the one tert-pentyl isocyanide monomer are
incorporated. This shows that these bulky isocyanide units can be incorporated in a random
copolymer with the less sterically demanding LL-IAA monomer when no large excess of
monomer is applied.
In conclusion, analogously to the folding and stabilizing processes operating in the formation
and preservation of the complex secondary and tertiary structures of biomolecules, CD- and
1

H NMR spectroscopy showed similar processes to play a role in the establishment of the

well-defined hydrogen bonded helical structure of polyisocyanopeptides in the nickel(II)
catalyzed polymerization of the monomeric IAA’s. In addition, ES-MS studies support the
proposed merry-go-round mechanism for the nickel(II) catalyzed polymerization of
isocyanides and further suggest that polymerization results in a relatively polydisperse
product but that no ‘spontaneous’ polymerization takes place under these circumstances.

2.2.2 X-ray Absorption Spectroscopy (XAS)
2.2.2.1 Introduction
In X-ray absorption spectroscopy (XAS), the steps and oscillations in the X-ray absorption
coefficient (μ(Ε)) at energies near and above the binding energies of the core electrons in an
atom were measured in order to obtain information about the chemical environment of that
atom.
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A typical XAS spectrum, viz. that of elementary nickel (nickel foil) is shown in Figure 6. The
sharp rise in μ(E) due to the Ni 1s electron level (at 8.3314 keV) is clearly visible in the
spectrum, as are the oscillations in μ(E) that are the XAS. The X-ray absorption spectrum is
arbitrarily (see below) divided in the X-ray absorption near-edge structure (XANES) part,
corresponding to the absorption edge and the first 30 eV above it, and the extended X-ray
absorption fine structure (EXAFS) part, which takes over where the XANES ends. The
EXAFS can be Fourier transformed (see below) to give a radial distribution of atoms around
the central atom (Ni), and simulated to give type (Z, ± 1), number (N, ± 1), and distance (R, ±
0.02 Å) of the surrounding atoms, while the XANES is strongly sensitive to the formal
oxidation state and coordination geometry (e.g. octahedral or tetrahedral coordination) of the
absorbing atom.

Figure 6. XAS spectrum for Ni-foil in which the XANES and EXAFS regions are identified
and the smooth background function μ0(E) () and edge-step Δμ0 are also depicted.
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2.2.2.2 EXAFS

Figure 7. The interference of photoelectron waves going out from the absorber atom and
backscattered by the surrounding atoms.
EXAFS is best understood in terms of the wave behavior of the photo-electron created in the
absorption process. EXAFS arises from the wavelike nature of the final photo-electron state.
When an x-ray photon is absorbed, an inner shell electron is preferentially ejected as a photoelectron with kinetic energy equal to the difference between the photon energy E, and the
inner-shell binding energy E0. According to quantum theory, this photo-electron can be
visualized as an outgoing spherical wave centered at the excited atom (Figure 7). The wavevector for the photo-electron is given by

k=

2m( E − E 0)
=2

where E0 is the absorption edge energy and m is the electron mass. This electron-wave is
scattered by neighboring atoms and the new waves emanating from each scattering site is
superposed to the initial outgoing wave. The interference of the initial and scattered waves at
the absorbing atom affects the probability for the photoelectronic effect. With the increasing
(x-ray) photon energy the wave-vector of the photo-electron wave increases, leading to
alternating constructive and destructive interference. The EXAFS signal χ is defined by the
oscillatory part of the XAS where the absorption coefficient μ is normalized by the smooth
atomic background μ0.
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χ=

( μ − μ0 )
μ0

The EXAFS extracted from the K-edge for Ni-foil is shown in Figure 8A. As can be seen, the
EXAFS is oscillatory and decays quickly with k. To emphasize the oscillations, χ(k) is often
multiplied by a power of k typically k2 or k3 to obtain a so-called weighted function, as shown
in Figure 8B. Fourier transformation of the k2-weighted EXAFS provides a spectrum that
shows the distance between the absorber atom and its neighboring atoms (Figure 8C). The
discrepancy of 0.2 Å between the 2.3 Å in this spectrum in comparison with the actual Ni-Ni
distance in Ni-foil (∼ 2.5 Å) is due to the scattering phase shift, which will be discussed in the
following.

Figure 8. (A) Isolated EXAFS χ(k) for Ni-foil, (B) the k2-weighted EXAFS, k2χ(k) and (C) the
Fourier transform of the k2-weighted EXAFS..
The different frequencies apparent in the oscillations in χ(k) correspond to different nearneighbor coordination shells which can be described and modeled according to the EXAFS
equation
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χ (k ) = ∑
j

N j f j ( k )e
kR 2j

−2 k 2σ 2j

sin ⎡⎣ 2kR j + δ j (k ) ⎤⎦

where f(k) and δ(k) are scattering properties (amplitude and phase, respectively) of the atoms
neighboring the excited atom, N is the number of neighboring atoms, R is the distance to the
neighboring atom, and σ2, the so-called Debeye-Waller-type factor, is incorporated to account
for both the static and thermal disorder in the neighbor distances. The scattering factors of the
neighboring atoms f(k) and δ(k) are a function of the atom number Z, which makes EXAFS
sensitive to the atomic species of the neighboring atom. Simulation with the EXAFS equation
allows for the determination of N and R, knowing the scattering amplitude f(k) and phase shift
δ(k), and choosing or refining appropriate values for E0 and σ2. These scattering factors can
presently be calculated by computer programs such as FEFF,11 GNAXS,12 XFit,13 and
EXCURVE.14 The calculated factors are not restricted to the first shell of neighboring atoms,
but can also account for multiple scattering of the photo electron.

2.2.2.3 XANES
Since XANES is a much larger signal than EXAFS (see Figure 6), XANES can be done at
lower concentration and less-than-perfect sample conditions. The interpretation of XANES is
complicated by the fact that there is not a simple analytic (or even physical) description of
XANES. The main difficulty is that the EXAFS equation, which treats the fine structure as a
sum of single scattering contributions, is no longer valid at low k, due to the 1/k term, the
increase in mean-free path at very low k, and the resulting multiple scattering effects (see
below). Still, there is much chemical information from the XANES region, notably formal
valence and coordination environment.
In summary, the fine structure in XAS can be understood as X-ray induced electron
diffraction. The complexity of the scattering of the photoelectron wave increases going from
the EXAFS to the XANES region of the spectrum, viz. from single scattering (EXAFS) to
multiple scattering effects within (EXAFS, XANES) and between (XANES) ligand
molecules. The likelihood that a multiple scattering contribution absorber-scatterer Ascatterer B to the XAS is important in the EXAFS region in addition to the single scattering
contributions absorber-A and absorber-B increases when the angle absorber-A-B approaches
180º. Such multiple scattering effects have been shown to exist in systems involving
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imidazoles,15 pyridines,16 porphyrins,17 and acac ligands.18 They are certainly expected to
contribute to the spectra of isocyanide complexes where the crystal structures show that the
Ni, C, and N atoms are virtually collinear, and this has been considered in some,19 but not all
cases.

2.2.2.4 Results and Discussion
For the nickel(II) catalyzed polymerization of isocyanides, a reaction mechanism was
proposed that has become known as the ‘merry-go-round’ mechanism.3 The structure of a
tetrakis isocyanide nickel(II) complex as a precursor was elucidated in the 1980’s when a
crystal structure of a tetrakis (diisopropylphenyl isocyanide) nickel(II) perchlorate was
obtained (Figure 9). However, the structure of the activated nickel(II) catalyst after the
formation of a carbene-like ligand by nucleophilic attack of an initiator was only proposed on
the basis of evidence obtained by e.g. NMR and IR-spectroscopy.4

EXAFS

Figure 9. Crystal structure of tetrakis (diisopropylphenyl isocyanide) nickel(II) perchlorate.
In this paragraph, we present the structural investigation of tetrakis(tert-pentyl isocyanide)
nickel(II) perchlorate (4, Figure 10) and the same nickel(II) complex activated by the addition
of 1 equivalent of benzylamine (3, figure 10) by EXAFS (extended X-ray absorption fine
structure) and XANES (X-ray absorption near edge structure) spectroscopy. Our simulations
for both XANES and EXAFS are validated on a well-characterized isocyanide crystal
structure of tetrakis(diisopropylphenylisocyanide) perchlorate (5, Figure 10).20
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Figure 10. Isocyanide nickel(II) complexes used in the EXAFS and XANES investigations.
Finally, the X-ray crystal structure of tri(tert-pentyl isocyanide)[benzylamino(tertpentylamino)carbene] nickel(II) perchlorate obtained by crystallization from tetrahydrofuran
is discussed which gives powerful complementary information together with the X-ray
absorption spectra.

EXAFS
The spectra of complexes 3, 4 and 5 are compared in Figure 11. The major shells at
approximately 2 Å in the Fourier transform show negligible differences in amplitude, which
points to the presence of an identical number (4) and type (carbon) of ligand donor atoms for
all complexes. Interestingly, the second shells at approximately 3 Å in the Fourier transform
have almost the same amplitude as the first shells, which implies that its contribution to the
EXAFS is enhanced due to the multiple scattering effects arising from the expected collinear
arrangement of Ni, C, and N atoms. The shells at 3 Å also show more variation in amplitude,
in particular when the ratio in amplitude with the shell at 2 Å is considered; in the activated
complex 3 it is relatively low which indicates that the collinear arrangement that enhanced the
contribution to the EXAFS is disturbed in this case.

Figure 11. k3-weighted EXAFS and Fourier transform of 5 (), 4() and 3 ().
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In exploratory simulations of the EXAFS data, it was found that it was necessary to consider
the multiple scattering in a unit consisting of the nickel, the coordinated carbon and the
nitrogen attached to it. The contribution of the carbon of the isocyanide R group
(diisopropylphenyl for 5, tert-pentyl for 4 and 3) was initially also included in this unit, but
was found to be wiped out in the refinements (high Debeye-Waller-type factor); inspection of
both modulus and imaginary part of the Fourier transform revealed that it was out of phase
when the multiple scattering was calculated. The reason probably is that there is already a
considerable deviation from collinearity in the unit of the 4 atoms considered; the dihedral
angle Ni-C-N-C(R) is 21.4º. Therefore, only single scattering was calculated for this carbon in
the final refinement of the simulations listed in Table 1, although the significant
underestimation of the distance to Ni and the relatively low Debeye-Waller-type factor
suggests that there is some multiple scattering contribution. The lengthening of 0.06 Å going
from 5 to 3 which is found in the crystal structures and is due to the difference in bond length
between N and a sp2- or sp3-hybridized C was accurately reproduced.
Table 1. Parameters used for the EXAFS simulations compared with crystallographic
parameters. Debeye Waller factors as 2σ2 in Å2 are shown in parentheses.
C(C=N)a

N(C=N)a

(n; d(Å))

(n; d(Å))

(n; d(Å))

Crystal 5

4; 1.833

4; 2.989

4; 4.378

-

-

5, RT

4; 1.869

4; 3.002

4; 4.291

-

-

(0.003)

(0.021)

(0.002)

4; 1.868

4; 3.005

4; 4.283

(0.003)

(0.017)

(0.002)

4; 1.866

4; 3.020

4; 4.332

(0.007)

(0.022)

(0.004)

4; 1.870

4; 3.017

4; 4.324

(0.005)

(0.019)

(0.002)

3; 1.862

3; 2.999

3; 4.363

1; 1.907

2; 2.812

1; 3.110

(0.006)

(0.025)

(0.005)

(0.006)

(0.004)

(0.005)

3; 1.850

3; 2.999

3; 4.338

1; 1.973

2; 2.802

1; 3.113

(0.002)

(0.025)

(0.002)

(0.002)

(0.002)

(0.004)

3; 1.837

3; 2.981

3; 4.438

1; 1.900

2; 2.733

1; 3.050

b

5, 77 K
4, RT
4, 77 K
3, RT
3, 77 K
Crystal 3

C(R)

C(act.)

N(act.)

(n; d(Å))

(n; d(Å))

b

ΔEF (eV)

Fit index

2; 2.739

-

-

2; 2.803

-5.876

0.4564

-5.795

0.4265

-2.578

0.3862

-3.887

0.6814

-5.061

0.5488

-4.672

0.4363

-

-

(n; d(Å))

(0.003)
-

-

2; 2.794
(0.003)

-

-

2; 3.090
(0.002)

-

-

2; 3.078
(0.002)

& 2.799
a

O(ClO4-)

These contributions were combined in a unit for multi scattering calculations.
Taken from reference 20.
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In preliminary simulations the possible contributions of relatively distant atoms of the weakly
coordinated perchlorate counterion was also considered. It was found that the closest oxygen
made a significant contribution, which refined to the distances found in the respective crystal
structures, whereas the chlorine and the more remote oxygens did not. On the basis of these
results, the final refinements for the non-activated complexes 5 and 4 were carried out on
simulations of multi scattering in a (CN) unit, and single scattering contributions for the
remote carbon and the weakly coordinating perchlorate oxygen. For the activated complex,
single scattering contributions of a single close carbon and a combined shell of the nitrogens
attached to it were also included. The results are compiled in Table 1, and shown in Figures
12A-C.

Figure 12. Simulated k3-weighted EXAFS () compared with the experimental k3-weighted
EXAFS () and their Fourier transforms, for complexes 5 (A), 4 (B) and 3 (C).
In summary, the decrease in amplitude of the 3 Å shell indicates that significant changes
occur in the coordination sphere of Ni, and the results of the simulation are in agreement with
the crystallographic data and the earlier proposed ‘merry-go-round’ mechanism. The paradox
is that the occurrence of a larger number of nitrogen atoms close to Ni (5 between 2.7-3.0 Å
in the activated complex 3, as opposed to 4 at 3 Å in 5 and 4) results in a weaker contribution
to the EXAFS. The simulations show that this can explained by the reduction of the multiple
scattering contribution, combined with the higher disorder, i.e. the larger spread in distances
in the N-contribution.
Full EXAFS spectra of 3, 4 and 5 were also recorded at 77 K. Comparison with those
obtained at room temperature reveals that the amplitudes of the outer shells are increased in
40
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amplitude, which is reflected in lower values for the Debeye-Waller-type factors in the
refined simulations (Table 1). It was of interest to see if the apparent reduction in average
ligand distance observed in the XANES was also reflected in the EXAFS. This trend is only
consistently observed for the distance of the remote C to Ni, because of the stronger
correlation of the distance of the major shells with ΔEF which was also refined.

XANES
The XANES area of the XAS spectra for compounds 3, 4 and 5 are depicted in figure 13. A
striking feature of all these spectra is the presence of pronounced pre-edge features, which are
identical for the non-activated compounds 4 and 5, and show a slight decrease in intensity for
the shoulder at approx. 8440 eV for the activated complex 3. The similarity between 4 and 5
suggests that the atoms of the different substituents, the 2,6-diisopropylphenyl group in 5, and
the t-amyl group in 4, are too far away from the Ni to be involved in any of the scattering
pathways contributing to the fine structure, and that the coordination geometries of the
Ni(ion) are identical. In addition, it was observed that the position of the edge shifted to
higher energies with decreasing temperature (Figure 13). This observation can be attributed to
decreasing Ni-ligand distances at lower temperatures. The similarities between the XANES of
model compound 5 and that of compounds 4 and 3, suggests that these compounds have
comparable conformational properties.

Figure 13. XANES for 5 (top), 4 (middle) and 3 (bottom); solid lines, room temperature,
dotted lines, 5 K).The middle and bottom traces are offset by 0.5 and 1 normalized absorption
units, respectively, for clarity.
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As the XANES spectra are not matched by anything reported on Ni K edges in the literature,
we decided to try to understand the spectra by simulating them by recently developed
methods, 27, 21 on the basis of structural models based on the crystal structure and the results
obtained from EXAFS analysis (Table 1). As this approach does not involve any assumptions
about the valence state of the Ni, and the result is calculated relative to E0 and hence does not
give an absolute energy, it is not possible to draw conclusions with regard to possible
oxidation/reduction processes in the activation step;22 however, the similarity of the spectra
strongly suggest that the valence of the starting material (Ni(II)) is unchanged in the
activation reaction.
Figure 14 shows that a high degree of overlap exists between the theoretical XANES based on
the crystal structures of 1 and 2b and the EXAFS results and those obtained experimentally.
Interestingly, including the hydrogen atoms and the perchlorate counter ions in the
simulations had a significant influence on the outcome of the simulations and resulted in a
better match between the theoretical and experimental results.

Figure 14. Experimental XANES at T = 5K of 4() and 3 ()(top) compared with the
simulated XANES using the FEFF8.2- method with Hedin-Lundqvist potential (bottom).

2.2.3 X-ray Diffraction
After the XAS measurements had been carried out, we were able to isolate some crystals of
the initiated complex 3. From these crystals, the crystal structure could be elucidated,
although the quality of these results was moderate due the instability of the activated
nickel(II) complex under the harsh conditions of the X-ray beam. Nevertheless, the structure
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shown in Figure 15 demonstrates that the conclusions drawn form the EXAFS results were
correct. Upon activation of 4 with benzylamine, the isocyanide ligand is converted into a
carbene-like structure of which the CNC-plane is perpendicular to the plane of the additional
three isocyanide ligands and the nickel center.

Figure 15. X-ray structure of 3.
The crystal structure presented here also answers a question addressed by Kamer et al. about
the conformation of the carbene ligand in a similar compound where a tetrakis isocyanide
nickel(II) complex was activated by the addition of 1-phenylethylamine (Figure 16).23

Figure 16. Possible conformations of a tetrakis nickel isocyanide complex, activated with 1phenylethylamine.
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In principle four conformations are possible by rotation of the substituents on the carbene
around the CNC-bonds (Figure 16A-D). Molecular models suggested that conformations 16C
and 16D are not possible for steric reasons when tert-pentyl is used as bulky ligand. The
authors chose conformation 16A as being the most likely, because of possible interactions of
the phenyl ring with the nickel center. The elucidation of the crystal structure of 3 confirms
this assumption and shows that the nickel center and the phenyl ring are in close proximity.

2.3 Conclusions
The nickel(II) catalyzed polymerization of enantiopure isocyano-alanyl-alanine methyl esters
(IAA’s) results in a very fast formation of rigid 41 helical hydrogen bonded polymers.
Titration experiments demonstrated that the formation of this hydrogen bonded conformation
is a cooperative process in which a minimum of 8 monomer units need to be incorporated in
order to achieve the hydrogen bonding energy to overcome the unfavorable entropic factors.
Mass-spectroscopy showed that polymers were exclusively formed from catalysts activated
with the benzylamine initiator. Additionally, to some extend the bulky tert-pentyl isocyanide
units were shown to be incorporated in the IAA oligomers under the applied conditions.
The catalysts for the controlled nickel(II) catalyzed polymerization: 4 and 3 have been
characterized by extensive XAS. The EXAFS part of the XAS could only be fitted to the
experimental results, when multiple scattering events were taken into account. When the
square planar isocyanide nickel(II) complex 4 was activated with benzylamine, a significant
decrease of the second nearest neighbor (N-atoms) resulted because the nitrogen atoms of the
carbene ligand are moved out of collinearity with the C-atom that is present in the isocyanide
ligands.
XANES suggest a comparable conformation for all investigated isocyanide nickel(II)
complexes based on comparison with the known structure of compound 5. The experimental
XANES for this compound could be well reproduced theoretically using the FDMNES
method. Finally, elucidation of the crystal structure for 3, confirmed the conformation
proposed for this compound based on the EXAFS analysis. In addition, it corresponded well
with the previously proposed conformation by Kamer et al.
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2.4 Experimental Section
2.4.1 General Methods and Materials
Dichloromethane, chloroform and trifluoroacetic acid were distilled at atmospheric pressure
from CaH2, CaCl2 and P2O5 respectively. Tetrachloroethane and N-methyl morpholine were
distilled under reduced pressure from CaCl2 and sodium respectively. All other chemicals
were commercial products and used as received. Flash chromatography was performed using
silica gel (0.035-0.070 mm) purchased from Acros and TLC-analyses on silica 60 F254 coated
glass either from Merck or Acros. Compounds were visualized with Cl2/TDM or
Ni(ClO4)2·6H2O in EtOH. 1H NMR spectra were recorded on Bruker WM-200 and Bruker
AC-300 instruments at 297 K,

13

C NMR spectra were acquired on a Bruker AC-300

spectrometer. Chemical shifts are reported in ppm relative to tetramethylsilane (δ = 0.00 ppm)
as an internal standard. FT-Infrared spectra were recorded on Bio-Rad FTS 25 and Anadis
IR300 instruments (resolution 1 cm-1). UV/Vis spectra were measured on a Varian Cary 50
conc spectrophotometer and CD spectra on a JASCO 810 instrument. Melting points were
measured on a Jeneval THMS 600 microscope equipped with a Linkam 92 temperature
control unit and are reported uncorrected. Mass spectrometry (EI) was performed on a VG
7070E instrument. Elemental analyses were determined on a Carlo Erba 1180 instrument.
Optical rotations were measured on a Perkin Elmer 241 Polarimeter.

2.4.2 XAS Measurements
Sample preparation and measurements. The Ni isocyanide complexes 3, 4, and 5 were
measured in transmission mode as solid samples diluted with boron nitride.
A complete set of X-ray absorption spectra was recorded at room temperature and 77 K at the
‘Anglo-Dutch’ station 8.1 at the CLRC Daresbury Laboratory, UK. More recently some
samples were measured at DUBBLE/ESRF at room temperature and 5 K.
EXAFS simulations. EXAFS was simulated with EXCURV98 using FEFF phaseshifts.
XANES simulations. XANES spectroscopy has been well established as a technique that is
more sensitive to angular and nearest neighbor effects than EXAFS spectroscopy.24
Unfortunately, unlike EXAFS spectra, XANES spectra cannot be readily analyzed via Fourier
transform methods so that extracting detailed structural parameters has proven difficult
leading to the greater use of EXAFS data for structural analysis.
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Recently, analysis of the spectroscopic features in XANES data has improved due to
development of efficient codes for the calculation of x-ray absorption.25 Multiple-scattering
XANES calculations are more challenging than EXAFS calculations, since electron scattering
is much stronger and a multiple-scattering regime for the photoelectron takes place at low
energies, and hence XANES data are much more sensitive to details of the scattering potential
and to the distribution of atoms around the photo-absorbing ion.24 Even much more efforts
must be done if one needs to use advanced theories without “muffin-tin” approximation for
the molecular potential.26
We used the FDMNES package,27 which runs within the real space cluster approach and uses
the finite difference method (FDM) to solve the Schrödinger equation. Its main advantage is
the possibility to have a totally free potential shape, thus getting rid of the muffin-tin
limitations. We make further a Lorentzian energy dependent convolution of the spectrum to
account for the multielectronic and inelastic phenomena occurring in the absorption process.
At the Fermi level, the Lorentzian width is due to both the interaction with the core hole and
the monochromator resolution. For higher photoelectron energy, between 10 and 40 eV, the
onset of plasmons collective interactions increase the Lorentzian width up to 6 eV.

2.4.3 Single Crystal X-ray Resolution.
Crystals suitable for X-ray diffraction studies were grown in a saturated solution in
tetrahydrofuran. A single crystal was mounted in air on a glass fibre. Intensity data were
collected at -65 degrees C. A Nonius KappaCCD single-crystal diffractometer was used (phi
and omega scan mode) using graphite monochromated Mo-Kalpha radiation. Unit cell
dimensions were determined from the angular setting of 33320 reflections. Intensity data were
corrected for Lorentz and polarization effects. Empirical absorption correction with the
program SADABS was applied.28
The structure was solved by the program DIRDIF29 and was refined with standard methods
using SHELXL9730 with anisotropic parameters for the nonhydrogen atoms. All hydrogens
were placed at calculated positions and were refined riding on the parent atoms.
A structure determination summary is given in Table 2. A PLUTON drawing31 is shown in
Fig. 15.
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Table 2. Crystal data and structure refinement for 3.
Parameters

x

Crystal color

transparent colorless

Crystal shape

irregular thick platelet

Crystal size (mm)

0.23 x 0.19 x 0.07

Empirical formula

C31 H53 Cl2 N5 Ni O8

Mw

C31 H53 Cl2 N5 Ni O8

T (K)

208(2)

Crystal system

Monoclinic

Space group

P21/c

Unit cell dimensions

a [Å] = 11.6881(14), α = 90º
b [Å] = 15.3722(17), β = 96.623º
c [Å] = 22.8906(15), γ = 90º

Range (º)

3.180 < θ < 25.000

Volume (Å3)

4085.3(7)

Z

4
3

Calculated density (Mg/m )

1.225
-1

Absorption coefficient (mm )

0.653

F(000)

1600

θ range for data collection (º)

3.18 to 25.00

Index ranges

-13 ≤ h ≤ 13
-17 ≤ k ≤ 18
-26 ≤ l ≤ 27

Reflections collected / unique

33320 / 7175

R (int)

0.1669

Reflections observed [Io>2σ(Io)]

4181

Data / restraints / parameters

7175 / 701 / 404

Goodness of fit on F2

2.221

SHELXL-97 weight parameters

0.100000 0.00000

R indices (all data)

R1 = 0.2296, wR2 = 0.4326

Final R indices [I>2σ(I)]

R1 = 0.1711, wR2 = 0.4175

Largest diff. peak and hole (Å3)

3.634 and -0.687
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2.4.4 Compounds
The compounds tetrakis (tert-pentyl isocyanide) nickel(II) perchlorate,4,32 tetrakis
(diisopropylphenyl isocyanide) nickel(II) perchlorate,4 LD-IAA, LL-IAA and L-IAG were
prepared via literature procedures.33
Tri(tert-pentyl

isocyanide)[benzylamino(tert-pentylamino)carbene]

nickel(II)

perchlorate (3). To a solution of tetrakis(tert-pentyl isocyanide)nickel(II) perchlorate (50 mg,
77 μmol) in 1 mL of methylene chloride was added 8,6 μL (77 μmol) of benzylamine. The
solution turned red and after a few minutes the color had returned to yellow. The solvent was
removed under reduced pressure to yield the product in 100 % as a yellow powder. 1H NMR
(CDCl3, 400 MHz)δ 7.89 (s, 1H), 7.57 (m, 1H), 7.55 (m, 1H), 7.34 (m, 4H), 5.07 (d, 2H),
1.81 (q, 2H), 1.69 (q, 6H), 1.44 (24H), 1.02 (t, 9H), 0.92 (t, 3H). 13C NMR (CDCl3) δ 179.9
(CNC), 137.8 (Carom.), 128.9 (CHarom.), 128.5 (CHarom.), 128.1 (CHarom.), 127.7 (Ni-C=N), 63.9
(Ctert-pentyl carbene), 60.0 (Ctert-pentyl), 52.7 (CH2,benzylamine), 34.7 (CH2,tert-pentyl), 33.2 (CH2,tert-pentyl
carbene),

27.5 (CH3), 26.5 (CH3,carbene), 8.7 (CH3). FT-IR (cm-1) 3298 (NH), 2225 (C=N), 1576

& 1541 (C-N-C), 1092 & 622 (ClO4-). UV (CH2Cl2) λ (ε): 253 (8815), 289 (4571), Mass
(FAB) (m/z): 652 (M+ - ClO4-). Anal. Found: C, 49.51; H, 7.19; N, 9.28. Calcd for
C31H53N5Ni·2ClO4: C, 49.42; H, 7.09; N, 9.30.
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Novel Aspects of Nickel(II) Catalyzed
Polymerization of Isocyanides

3.1 Introduction
Many aspects of the nickel(II) catalyzed polymerization of isocyanides have been investigated
extensively in the past.1 However, copolymerization reactions using this catalyst system have
received little attention.2 Nevertheless, studies on random copolymerizations using mixtures
of chiral and achiral isocyanide monomers have led to a broadened insight in the Ni(II)
catalyzed polymerization of isocyanides. Kamer et al. demonstrated the selective
polymerization of an achiral isocyanide monomer into a significant excess of one screw sense
through copolymerization with a bulky chiral isocyanide.3 This bulky chiral monomer slowly
polymerizes into one helical sense, e.g. M-helical (Figure 1A). The achiral monomer
polymerizes rapidly into a racemic mixture of both M- and P-helices (Figure 1B). When the
chiral monomer is co-polymerized with the achiral one, the former has a preference for the
inclusion into M-helices and retards the formation of these helices from the latter one. The Phelices continue to grow and eventually consume all the achiral monomer (Figure 1C).

Figure 1. Stereoselective polymerization of achiral isocyanides in the presence of optically
active isocyanides (vide supra).

51

Chapter 3
Polyisocyanides possess many interesting properties that render them potent candidates for
technological applications in e.g. non-linear optics4 or energy2d,

4

and electron conductive

polymers. 2d, 5 However, for many applications it is necessary to create a well-defined order
between functional objects.6 Most isocyanide polymerizations described in literature are
carried out by homogeneous catalysis (Figure 2A), i.e. monomers and catalyst are both
dissolved in the solvent. An alternative approach for the polymerization is to use a
heterogeneous catalyst, i.e. the catalyst is either insoluble in the reaction medium or
immobilized on a carrier. Contrary to homogeneous catalysis where the produced polymers
adopt random orientations in the solvent, heterogeneous catalysis offers the possibility to
create a permanent order between the polymers. Although some order in polymer films can be
achieved by applying flow in dropcasting7 or alignment in magnetic or electrical fields,8 a
very effective and secure way of creating a permanent ordering is by attaching polymers
covalently to a surface.9 This is possible via either grafting10 or by polymerization directly
from a surface11. The latter of these techniques usually results in a more dense packing of
polymers on the surface than the former and hence in more order.

Figure 2. Schematic representation of: (A) Polymers formed in solution by homogeneous
catalysis and (B) An ordered layer of polymers formed by heterogeneous catalysis from a
surface.
In this chapter, we report on both the block and random copolymerizations of
isocyanopeptides, in which the polymerization reaction and the behavior of the peptide amide
bonds are monitored by several spectroscopic techniques. In addition, the growth of
polyisocyanopeptides from an immobilized Ni(II) catalyst on a SiO2-wafer will be discussed.
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3.2 Results and Discussion
3.2.1 Block Copolymerizations
Novak et al. have previously demonstrated that the polymerization of isocyanides with η3allylnickel trifluoroacetate has a living character.2b Isocyanide polymerization using NiCl2 as
catalyst, on the other hand, is not living.1a The possibility to prepare block copolymers of LDIAA and DL-IAA using Ni(ClO4)2·6H2O as a catalyst was investigated (Figure 3). This study
will give a hint towards the living character of this polymerization reaction and furthermore it
will provide more insight on the role of stereochemistry on the polymerization rate and the
conformation of the obtained polyisocyanopeptides.

Figure 3. Nickel(II) catalyzed block copolymerization of LD-IAA and DL-IAA.
The polymerization of DL-IAA as a second block in the block copolymerization with LDIAA was monitored by both CD-spectroscopy, where the evolution of the n-π*-transition of
the imines was followed, and by the disappearance of the CN-stretching vibration in IRspectroscopy (Figure 4). This investigation showed the reaction to be very slow compared to
the homopolymerization of DL-IAA. The CD-spectra at the initial stages of the
polymerization of DL-IAA display a broad Cotton effect with a maximum around λ = 285 nm
and lacks the usually observed Cotton effect around λ = 310 nm associated with the stable Hbonded helical conformation found in homopolymers.12 The formation of this helical Hbonded conformation is impaired in the polymerization of the second block. The Ni(II)
catalyzed screw sense selective polymerization of the LD-PIAA block,13 presumably forces
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the DL-IAA monomers into an undesirable helical conformation in which they are incapable
of forming an H-bonded network. A related experiment in which DL-IAA was polymerized in
the presence of pre-made LD-PIAA resulted in a fast polymerization yielding DL-PIAA in the
conformation typically obtained in homopolymerization as was demonstrated by an intense
Cotton effect at ~310 nm. Clearly, in this experiment the helical LD-PIAA does not influence
the stereochemistry of the polymerizing DL-IAA.
After a period of 4 hours in the block copolymerization experiment, a second absorption
around λ = 310 nm appeared that could be attributed to the rigid helical hydrogen bonded
conformation of DL-PIAA (Figure 4). The presence of this well-defined hydrogen bonded
DL-PIAA in the later stages of the copolymerization reaction can either be caused by a helical
reversal, permitting the DL-PIAA to adopt its preferred left-handed (M-) helical
conformation, or by termination of the polymerization in which the Ni(II) center is liberated
to function as catalyst for the homopolymerization of DL-IAA. The above results indicate that
the polymerization of isocyanodipeptides using Ni(ClO4)2·6H2O has some living character in
the early stages of the polymerization reaction.
In a block copolymerization with its enantiomer (LD-IAA), the growth and definition of DLPIAA is severely hampered (vide supra). In the past, the rate of the nickel(II) catalyzed
polymerization was shown to be very sensitive to steric interactions between the growing
polymer chain and incoming monomers.3 The incoming DL-IAA monomers have an opposite
chirality from the LD-IAA side-chains in the growing polymer chain. This results in an
unfavorable steric interaction between the alanine methyl groups and hence in a slower
polymerization. In addition, the polymerization rate of isocyanopeptides is enhanced by the
formation of a well-defined hydrogen bonded network between the peptide side-chains.14 In
the early stages of the polymerization of the DL-IAA monomers in the block copolymer, no
well-defined hydrogen bonded network can be formed because of the unfavorable steric
interactions between the alanine methyl groups and the non-preferred screw sense in which
the DL-IAA monomers are forced by the nickel(II) catalyst. Therefore, the reaction rate is
significantly decreased as compared to the homopolymerization.
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Figure 4. Nickel(II) catalyzed block copolymerization of LD-IAA and DL-IAA of which the
polymerization of the block of DL-IAA is followed by (top) CD-spectroscopy in 1 h intervals
and (bottom) IR-spectroscopy in CH2Cl2 in 10 minute intervals.
The assumed lack of a well-defined H-bonded network in the DL-PIAA block is reflected in
the IR-spectra. Instead of the large shift of the νNH from 3414 cm-1 to 3256 cm-1 and νamideI
from 1686 cm-1 to 1656 cm-1 seen in the homopolymerization of DL-IAA, now a shift to resp.
ν = 3298 and 1662 cm-1 is observed, reflecting a weaker H-bonded network (Figure 4).

3.2.2 Random Copolymerizations
Next to the use of enantiopure isocyanopeptides as monomers in the synthesis of
polyisocyanopeptides, also optical mixtures of enantiomers can be used. This allows us to
study the influence of the stereochemistry of the peptide side chains on the properties of the
resulting polymers as compared to their enantiopure analogues.
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Figure 5. Random nickel(II) catalyzed copolymerization of LD-IAA and DL-IAA in ratio (A)
2:1 and (B) 9:1 monitored by CD-spectroscopy in 30 minute intervals. Δε’s are calculated
with respect to the enantiomeric excess of the dominant monomer.
The random copolymerizations of an optical mixture of LD-IAA and DL-IAA in a ratio of 2:1
and 9:1 proceeded markedly slower than the corresponding homopolymerization of the
separate enantiomers for the same steric and energetic reasons that were discussed above for
the block copolymerization of these enantiomers. With a ratio of 2:1, a weak negative Cotton
effect around λ = 290 nm was observed (Figure 5A) instead of the intense positive Cotton
effect around λ = 310 nm for the homopolymerization of LD-IAA. A similar CD-spectrum
was previously observed for the less well-defined L-PIAG,12 implying that the random
copolymerization of LD-IAA and DL-IAA (2:1) results in an excess of P-helical polymers
which lacked a well-defined hydrogen bonded network.
When a ratio of LD-IAA : DL-IAA of 9:1 was used, initially the same CD-spectrum was
obtained as for a ratio of 2:1. However, in time a second positive absorption appeared around
λ = 310 nm which corresponds to the Cotton effect for the well-defined hydrogen bonded LDPIAA (Figure 5B). Since the kinetically controlled nature of the Ni(II) catalyzed
polymerization reaction implies that the ratio between the two enantiomers remains constant
(9:1) during the polymerization reaction, the presence of these well-defined LD-PIAA
fragments have to be induced by a structural rearrangement of parts of the random
copolymers and can not be caused by homopolymerization of LD-IAA during later stages of
the polymerization reaction.
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Figure 6.(A) IR spectra in CH2Cl2 of (top) a random copolymer of LD-IAA and DL-IAA (1:1)
and (bottom) a homopolymer of LD-IAA.(B) Idem with 1H NMR-spectroscopy in CDCl3.
In the case of random copolymerization of a racemic mixture of LD-IAA and DL-IAA, there
was still formation of hydrogen bonds in the polymer as was demonstrated by IRspectroscopy through a shift in the NH-stretching frequency from ν = 3414 cm-1 in the
monomer to ν = 3299 cm-1 in the polymer and a shift in the amide I absorption from ν = 1686
cm-1 to ν = 1665 cm-1 (Figure 6A). However, these shifts are much less pronounced than the
shifts seen in the homopolymerization of these compounds where the NH-stretch and amide I
shift to resp. 3256 and 1656 cm-1 and the signals are broadened. In addition, 1H NMR showed
a significant broadening of the peaks for the random copolymer and a much less downfield
shifted signal assigned to the NH-proton as compared to the homopolymer (Figure 6B). These
results demonstrate that the polymers formed in a random copolymerization of the two
enantiomers are less well-defined than their enantiopure counterparts and lack the strong
hydrogen bonding network. The nickel(II) catalyzed polymerization reaction which goes to
completion in a matter of minutes for the enantiopure isocyanopeptides is retarded and
proceeds in a matter of hours when a racemic mixture is used and does not go through to
completion, as was demonstrated by both IR- and NMR-spectroscopy. All the above
observations illustrate the crucial influence of the stereochemistry of the monomers on the
conformation and properties of the resulting polymers and possibly allows for the tuning of
the conformation and thereby the rigidity of the polymers by varying the ratio between the
enantiomeric monomers.
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3.2.3 Copolymerizations with 13C-labelled LD-IAA
3.2.3.1 Synthesis
In the above we have discussed the nickel(II) catalyzed random and block copolymerizations
of enantiomeric isocyanodipeptides. This resulted in new information about the influence of
stereochemistry on the structure of the polymers and the rate of the polymerization reaction.
However, being chemically identical species, LD-IAA and DL-IAA can not be distinguished
from each other by IR- or NMR-spectroscopy. Hence, the consumption of LD-IAA and DLIAA can not be monitored separately and no insight can be obtained into possible chiral
selection processes during the polymerization reaction.
To overcome this problem, we have synthesized 13C enriched LD-IAA (13C LD-IAA), which
has a 13C abundancy of > 99% at both the isocyanide carbon and the carbonyl carbon of the
amide. The structure and synthesis of this compound is a slight modification of the normal
route19 and outlined in Scheme 1.
Scheme 1. Synthesis route for the preparation of doubly

13

C-labelled isocyano L-alanyl-D-

alanine methyl ester (13C LD-IAA).

3.2.3.2 Random Copolymerization 13C LD-IAA and DL-IAA
The stretching frequencies in IR-spectra are related with the mass of the vibrating atoms via
formula 1. Changing the carbon atom from the naturally abundant
enriched

12

C to the isotopically

13

C, will therefore cause a significant shift in the stretching frequencies for

and 13C≡N as compared to their 12C analogues.

ν = 2π c

k

(1)

μ
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, in which μ =

m1m2
.
m1 + m2

When a mixture of

13

C LD-IAA and DL-IAA (1:3) was subjected to a random

copolymerization, IR-spectroscopy showed that both enantiomeric species were consumed at
the same rate (Figure 7). This confirms our previously made assumption that the
polymerization of isocyanopeptides using Ni(ClO4)2·6H2O as a catalyst is a kinetically
controlled reaction. Hence, any formation of P-helical hydrogen bonded LD-PIAA blocks
observed in the random copolymerization of LD-IAA and DL-IAA (9:1) is the result of
structural rearrangements in the polymer and not of the polymerization reaction itself (vide

supra).

Figure 7. Conversion of monomers in nickel(II) catalyzed random copolymerization of (top)
13

C LD-IAA (●) and DL-IAA (■) (1:3) monitored by IR-spectroscopy in half hour intervals

and (bottom) 13C LD-IAA (●) and DL-IAA (■) (1:1) in a block copolymerization after a block
of DL-PIAA had been grown in 10 minute time intervals. ([IAA] = 32 mmol/L,
[Ni(ClO4)2·6H2O] = 1 mmol/L, CH2Cl2, T = 25°C).
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3.2.3.3 Random Copolymerization Starting from Homochiral Living Polymer
In addition to the random copolymerization of DL-IAA and LD-IAA (1:1) discussed above, a
similar experiment was carried out in which a mixture of LD-IAA and DL-IAA (1:1) was
added to a reaction mixture that contained living LD-PIAA growing from a nickel(II) catalyst
(Scheme 2).

Scheme 2. Random copolymerization of LD-IAA and DL-IAA (1:1) from living LD-PIAA
catalyzed by Ni(ClO4)2·6H2O.

The plot shown in Figure 8A shows the chiral absorption coefficient, Δε306, recorded as a
function of time. After addition of a racemic mixture of LD-IAA and DL-IAA to the living
LD-PIAA in solution no change is observed in the Δε306. This implies that an equal amount of
left- and right-handed helices are formed in the random copolymerization, even when a living
P-helical polymer is present in solution. This result was supported by IR-spectroscopy for
which purpose 13C LD-IAA was used instead of LD-IAA to be able to distinguish between the
two enantiomers. A plot of the concentration of both monomers as a function of time showed
that the consumption of both monomers occurred at equal rates (Figure 8B). The
stereoselectivity observed by Kamer et al.3 for fast polymerizing achiral monomers with slow
polymerizing homochiral monomers was not observed in this case. Apparently, the fast
polymerizing LD-IAA is converted into a much slower polymerizing random copolymer
immediately upon addition of a racemic mixture of LD-IAA and DL-IAA in which both
monomers are consumed at the same rate. Hence, no enantioselection occurs.
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Figure 8. A) Block-random copolymerization of LD-IAA with LD-IAA + DL-IAA (1:1)
monitored by CD-spectroscopy at λ = 306 nm. B) Concentration of enantiomeric monomers
during the block-random copolymerization of LD-IAA with 13C LD-IAA and DL-IAA (1:1) as
a function of time, determined by IR-spectroscopy. ([IAA]total = 16 mmol/L, [Ni(ClO4)2·6H2O]
= 1 mmol/L, T = 25 °C, CH2Cl2).

3.2.4 Heterogeneous Ni(II)-Catalyst: LL-PIAA Monolayers
3.2.4.1 Monolayer Preparation and Characterization
The synthetic route for the preparation of a polyisocyanopeptide monolayer on silicon oxide
(SiO2) is outlined in Scheme 3. The SiO2 substrate was cleaned and activated prior to
monolayer formation by immersion in boiling piranha (concentrated H2SO4 and H2O2 (3:1))
followed by rinsing with a large amount of demineralized water. The first step in the
monolayer preparation was the formation of an amine-terminated monolayer by reaction of
gaseous 3-aminopropyl-triethoxysilane with the hydroxy-functionalized surface.15 This
method prevents the formation of disordered monolayers and multi-layers that occur when the
reaction is carried out in solution.16
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Scheme 3. Synthesis scheme for the preparation of polyisocyanopeptide monolayers on SiO2:
i, Ni(tert-amyl)4, CH2Cl2; ii, LL-IAA, CH2Cl2.

All steps in the synthetic route have been characterized by X-ray photoelectron spectroscopy
(XPS) (Figure 9). The XPS-measurements indicated that the polymer layer grown on the Siwafer had a thickness of ~10 nm.17 Surprisingly, the ratio of nickel and chlorine in step B
indicated by XPS was close to 1:1 suggesting that the Ni(II) on the substrate had either been
reduced to a Ni(I) species or that one of the perchlorate counter-ions had been replaced by
another counter-ion, possibly the surface hydroxyls.

Figure 9. XPS-spectra of the substrates depicted in Scheme 3.
In addition, infrared spectroscopy in the reflective absorption mode (IRRA) has been carried
out on the polymer monolayer. The grazing incidence IR (GIR) absorption spectra show that
the polymer on the SiO2 substrate is in a hydrogen bonded conformation as demonstrated by
the spectral positions of the amide I (1656 cm-1) and NH-stretch (3267 cm-1) absorption bands
(Figure 10). The higher intensity of the amide I in the spectrum with the polarization parallel
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to the substrate shows that most of the amide bonds and hence the polymers are alligned
parallel instead of perpendicular to the substrate. This suggests that the packing of the
polymers on the surface is not very dense which allows the polymers to lie relatively flat.

Figure 10. Grazing incidence IR (GIR)-spectra of a LL-PIAA monolayer on a SiO2-substrate
with polarization ⊥ surface (top) and // to the surface (bottom).
Surface investigation by atomic force microscopy (AFM) of the immobilized polymer on a
SiO2 substrate was also studied. These studies revealed the presence of an island-like surface
with a maximum height of ca. 15 nm, which corresponds well with the XPS results and is
considerably higher than a single polymer chain (~1.5 nm). Rinsing of the SiO2-substrate with
a copious amount of CHCl3 did not result in the disappearance or decrease of these structures
as is shown in Figure 11.
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Figure 11. AFM-micrographs of a LL-PIAA monolayer on SiO2, before and after rinsing with
chloroform.

3.3 Conclusions
Random and block copolymerization reactions of two enantiomeric IAA’s resulted in a
significantly slower polymerization rate than for the homopolymerization of the separate
enantiopure compounds. The living character of the nickel(II) catalyzed polymerization was
indicated by the block copolymerization of LD-IAA and DL-IAA, however more experiments
are needed to verify this. The well-defined hydrogen bonded network present in the
homopolymers, was partly or entirely absent in the copolymers, illustrating the crucial role of
stereochemistry on the conformation and hence the properties of the resulting polymers.
The first example of polymerization of isocyanides from a surface has been demonstrated. A
thin layer, ideally a monolayer of poly (isocyano L-alanyl-L-alanine methyl ester) has been
grown from a SiO2 substrate by surface functionalizing with amines and subsequent
immobilization of tetrakis (tert-pentyl isocyanide) nickel(II) perchlorate on these amines by
which these nickel(II) complexes are activated at the same time. This catalytic surface was
used to grow a polyisocyanodipeptide monolayer with a relatively low surface density in
which the majority of the polymers are oriented parallel to the substrate.

3.4 Experimental Section
3.4.1 General Methods and Materials
Dichloromethane and chloroform were distilled at atmospheric pressure from CaH2 and CaCl2
respectively. Tetrachloroethane and N-methyl morpholine were distilled under reduced
pressure from CaCl2 and sodium respectively. All other chemicals were commercial products
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and used as received. Flash chromatography was performed using silica gel (0.035-0.070 mm)
purchased from Acros and TLC-analyses on silica 60 F254 coated glass either from Merck or
Acros. Compounds were visualized with Cl2/TDM or Ni(ClO4)2·6H2O in EtOH. 1H NMR
spectra were recorded on Bruker WM-200 and Bruker AC-300 instruments at 297 K,

13

C

NMR spectra were acquired on a Bruker AC-300 spectrometer. Chemical shifts are reported
in ppm relative to tetramethylsilane (δ = 0.00 ppm) as an internal standard. FT-Infrared
spectra were recorded on Bio-Rad FTS 25 and Anadis IR300 instruments (resolution 1 cm-1).
UV/Vis spectra were measured on a Varian Cary 50 conc spectrophotometer and CD spectra
on a JASCO 810 instrument. Melting points were measured on a Jeneval THMS 600
microscope equipped with a Linkam 92 temperature control unit and are reported uncorrected.
Mass spectrometry (EI) was performed on a VG 7070E instrument. Elemental analyses were
determined on a Carlo Erba 1180 instrument. Optical rotations were measured on a Perkin
Elmer 241 Polarimeter.

3.4.2 Copolymerizations
In a typical block copolymerization, a 16 mM solution of LD-IAA in a 1 mM solution of
Ni(ClO4)2·6H2O in dichloromethane and a minimum amount of ethanol was prepared. The
polymerization reaction was monitored by either IR- or CD-spectroscopy and when all
monomer was consumed an equimolar amount compared to LD-IAA of DL-IAA was added
and a sample of this reaction mixture was either added to a 1 mM quartz cuvet and used in a
time interval scan measurement for CD-spectroscopy or to a NaCl liquid-IR cell for IRmeasurements. In both cases a background of the initially formed LD-PIAA in
dichloromethane was used.

3.4.3 LL-PIAA Monolayer Preparation
Polished, 100-cut, silicon wafers cut into 2 x 2 cm2 samples were added to a boiling so-called
piranha solution which was prepared by slowly adding a 30% hydrogen peroxide solution to
concentrated sulfuric acid (96%) in a ratio of 1:3. After 15 minutes, the substrates were
removed from the solution and washed thoroughly with demineralized water and dried with
air. The activated Si-wafers were subsequently loaded into a sealed stainless steel container in
which they were treated with a drop of 3-aminopropyl-triethoxysilane at a temperature of
100°C for 1 h. The substrate with amine monolayer was added to a 5 mM solution of tetrakis
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(tert-pentyl isocyanide) nickel(II) perchlorate in dichloromethane for 15 minutes, after which
it was rinsed thoroughly with chloroform and dried with air.
The LL-PIAA monolayer was prepared by placing the substrates containing the immobilized
Ni(II) catalyst in 10 mL of a 16 mM solution of LL-IAA in dichloromethane for a period of 1
h. The LL-PIAA monolayers were washed with chloroform and methanol and dried with air.

3.4.4 XPS-Measurements
These experiments were carried out with a VG Escalab-200 spectrometer using an aluminum
anode (Al Kα = 1486.3 eV), with a background pressure of 2x10-9 mbar. High resolution
spectra of silicon (2p), nitrogen (2p), Ni (2p), carbon (2p) and oxygen (2p) were recorded
using the VGS500 data system.

3.4.5 Reflection IR Measurements
IR-RA experiments were carried out on a Bio-Rad FTS 6000 spectrometer with a grazing
angle of 80° and a p-polarization of 90° and 180°.

3.4.6 Compounds
The compounds tetrakis (tert-pentyl isocyanide) nickel(II) perchlorate,18 LD-IAA, LL-IAA
and

L-IAG

were

prepared

via

literature

procedures.19

Tri(tert-pentyl

isocyanide)[benzylamino(tert-pentylamino)carbene] nickel(II) perchlorate was prepared as
described in chapter 2.
Copolymer LD-IAA and DL-IAA (1:1) To a vigorously stirred solution of tri(tert-pentyl

isocyanide)[benzylamino(tert-pentylamino)carbene] nickel(II) perchlorate (20 mg, 27 μmol)
in 20 mL CH2Cl2 was added a 1:1 mixture of LD-IAA and DL-IAA (150 mg, 0.82 mmol).
After 24 h, the solvent was evaporated under reduced pressure and the residue was
redissolved in 100 mL chloroform. This solution was extracted with water (2x) and the
organic layer was dried over Na2SO4 and evaporated to dryness to yield the random
copolymer as a brown glassy product (120 mg, 80%). 1H NMR (δ ppm, CDCl3, 300 MHz):
8.5-7.5 (br, 1H, NH), 4.7-4.0 (br, 2H, CH), 3.65 (s, 3H, OCH3) 1.41 (m, 6H, CH3). FT-IR
(cm-1) 3313 (NH), 1740 (C=O), 1658 (amide I), 1527 (amide II).
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N-formyl-D-alanyl-L-alanine

methyl

ester

(DL-FAA).

L-alanine

methyl

ester

hydrochloride (0.96 g, 6.8 mmol) was dissolved in 30 mL acetonitrile. Upon cooling in an ice
bath, 1 mL triethylamine and subsequently N-formyl-D-alanine (0.8 g, 6.8 mmol) were added.
The reaction mixture was slightly heated until a clear solution was obtained, the ice bath was
placed back and dicyclohexyl carbodiimine (DCC) (1.6 g, 7.8 mmol) was added. After
stirring for 3h the precipitate formed (DCU) was filtered off and the solvent was evaporated.
The white product was brought into 300 mL ethyl acetate, triethyl ammonium chloride was
filtered off and the filtrate was washed (3x) with 20 mL water. The organic layer was dried
over MgSO4 and evaporated to dryness. The product was purified by column chromatography
(ethyl acetate/ acetone = 1:0 – 1:2 v/v) yielding DL-FAA as a white crystalline solid (1.06 g,
77%). Mp: 90 °C. [α]D (CH2Cl2, c 1.4) = 48.6°. 1H NMR (δ ppm, CDCl3, 200 MHz): 8.17 (s,
1H, C(O)H), 7.33 (d, 1H, NH, J = 7.5 Hz), 7.07 (d, 1H, NH, J = 7.5 Hz), 4.70 (m, 1H, CH),
4.54 (m, 1H, CH), 3.74 (s, 3H, OCH3), 1.42 (d, 6H, CH3, J = 7.2 Hz), 1.23 (d, 3H, CH3, J =
7.0 Hz). 13C NMR (δ ppm DMSO-d6, 75 MHz): 173.9 (C=O), 172.8 (C=O), 161.5 (C(O)H),
52.9 (OCH3), 48.5 (CH), 47.3 (CH), 19.4 (CH3), 17.8 (CH3). FT-IR (cm-1) 3313 (NH), 1744
(C=O, ester), 1659 (amide I), 1629 (amide I, formamide), 1553 (amide II), 1510 (amide II,
formamide). EI-MS: m/z = 202 [M]+. El. Anal. Calcd. For C8H14N2O4: C, 47.52; H, 6.98; N,
13.85. Found: C, 47.65; H, 7.01; N, 13.67.
D-Isocyanoalanyl-L-alanine methyl ester (DL-IAA). Under a N2 atmosphere DL-FAA (0.4

g, 1.97 mmol) was dissolved in 12 mL CH2Cl2, N-methyl morpholine (NMM) (0.5 mL, 4.5
mmol) was added and this solution was cooled to –30°C using acetone/CO2. Over a period of
1h, 0.12 mL (0.99 mmol) diphosgene in 2.2 mL CH2Cl2 was added dropwise maintaining T =
-30°C. the solution was stirred for an additional 10 minutes and brought to T = 0°C. An icecold saturated aqueous NaHCO3 solution (1.5 mL) was added and the mixture was stirred
vigorously for 5 minutes. The organic part was separated, washed once with water (1 mL) and
dried using Na2SO4. The solvent was evaporated resulting in a yellow/orange crystalline
product. This product was washed with diisopropyl ether until the washings were colorless
and subsequently recrystallized from diethyl ether yielding DL-IAA as white needle-like
crystals (0.26 g, 73%). Mp: 91 °C. [α]D (CHCl3, c 1.2) = 7.2°. 1H NMR (δ ppm, CDCl3, 200
MHz): 6.95 (s, 1H, NH), 4.55 (m, 1H, CH), 4.26 (q, 1H, CH, J = 7.4 Hz), 3.76 (s, 3H, OCH3),
1.66 (d, 3H, CH3, J = 7.0 Hz), 1.47 (d, 3H, CH3, J = 7.7 Hz). 13C NMR (δ ppm, CDCl3, 75
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MHz): 172.1 (C=O), 165.4 (C=O), 161.2 (CN), 53.5 (OCH3), 52.8 (CH), 48.6 (CH), 19.8
(CH3), 18.5 (CH3). FT-IR (cm-1) 3300 (NH), 2154 (CN), 1754 (C=O), 1667 (amide I), 1557
(amide II). CI-MS: m/z = 185 [M+H]+. El. Anal. Calcd. For C8H12N2O3: C, 52.17; H, 6.57; N,
15.21. Found: C, 52.18; H, 6.51; N, 14.81.
13

C labeled N-formyl-L-alanine (13C L-FA). A solution of L-alanine (99% 13C=O) (0.67 g,

7.4 mmol) and formic acid (99% 13C) (1.0 mL, 25.5 mmol) in toluene (25 mL) was refluxed
under nitrogen overnight. Subsequently, the setup was equipped with a Dean-Stark trap and
residual water and formic acid were removed from the reaction mixture. The solvent was
removed by evaporation under reduced pressure and the residual brown solid was redissolved
in 25 mL ethyl acetate. The non-soluble part was removed by filtration and the filtrate was
evaporated to dryness to yield white crystalline

13

C L-FA (584 mg, 66%). Mp: 160°C. [α]d

(CHCl3, c 1) = -34.7°. 1H NMR (δ ppm, CD3OD, 300 MHz): 8.10 (d, 1H, C(O)H, JC→H = 198
Hz), 4.48 (m, 1H, CH), 1.19 (m, 3H, CH3).13C NMR (δ ppm D2O, 75 MHz): 175.4 (C=O),
163.1 (C(O)H), 47.0 (d, CH, J = 53 Hz), 16.2 (CH3). FT-IR (cm-1) 3335 (NH), 1655 & 1588
(C=O). EI-MS: m/z = 119 [M]+. El. Anal. Calcd. For C4H7NO3: C, 42.01; H, 5.92; N, 11.76.
Found: C, 40.68; H, 6.40; N, 12.27.
13

C labeled N-formyl-L-alanyl-D-alanine methyl ester (13C LD-FAA). D-alanine methyl

ester (0.70 g, 5.0 mmol) was dissolved in 30 mL acetonitrile. Upon cooling in an icebath,
triethylamine (1.3 mL, 9.2 mmol), 13C L-FA (0.55 g, 4.6 mmol) and 1-hydroxybenzotriazole
hydrate (HOBt) (0.97 g, 5.0 mmol) were added to the reaction mixture. Finally, DCC (1.03 g,
5.0 mmol) was added and the reaction was stirred at 0°C for 5 h. The precipitate (DCU) was
filtered off and the solvent was evaporated under reduced pressure. The solid white residue
was brought into 40 mL ethyl acetate, triethylammonium chloride was filtered off and the
filtrate was evaporated to dryness. The crude yellow oil was purified by column
chromatography using ethyl acetate as eluent and the white crystalline product was
recrystallized from ethanol/diisopropylether to yield

13

C LD-FAA as a white crystalline

product (0.59 g, 63%). Mp: 100-101°C. [α]d (CH3Cl3, c 1) = -62°. 1H NMR (δ ppm, CDCl3,
300 MHz): 8.20 (d, 1H, C(O)H, JC→H = 196 Hz), 6.61 (s, 1H, NH), 6.28 (s, 1H, NH), 4.60 (m,
1H, CH), 4.56 (m, 1H, CH), 3.76 (s, 3H, OCH3), 1.43 (d, 3H, CH3, J = 7.2 Hz), 1.41 (d, 3H,
CH3, J = 6.9 Hz).13C NMR (δ ppm CDCl3, 75 MHz): 170.9 (C=O), 160.6 (C(O)H), 52.6
(CH), 48.3 (OCH3), 47.4 (CH, J = 53 Hz), 18.6 (CH3), 18.3 (CH3). FT-IR (cm-1) 3310 (NH),

68

Novel Aspects of Nickel(II) Catalyzed Polymerization of Isocyanides
1742 (C=O ester), 1618 & 1590 (C=O). FAB-MS: m/z = 204 [M]+. El. Anal. Calcd. For
C8H14N2O4: C, 48.03; H, 6.91; N, 13.72. Found: C, 46.92; H, 6.89; N, 13.59.
13

C labeled Isocyano-L-alanyl-D-alanine methyl ester (13C LD-IAA).

13

C LD-FAA (0.40

g, 1.97 mmol) was dissolved in 50 mL chloroform and subsequently N-methyl morpholine
(NMM) (0.58 mL, 5.3 mmol) was added and the solution was cooled to –30°C using
acetone/CO2. Over a 1 h period, a solution of diphosgene (0.12 mL, 0.95 mmol) in 10 mL
chloroform was added dropwise, maintaining T = -30°C. The solution was stirred for an
additional 10 minutes at this temperature and brought to 0°C. An ice-cold solution of
NaHCO3 (sat.) was added and the reaction mixture was stirred vigorously for 5 minutes. The
organic part was separated, extracted once with 5 mL water and dried over Na2SO4. The
solvent was evaporated and the resulting yellow solid was purified using flash column
chromatography (CHCl3/acetone/Et3N = 80 : 20 : 0.1) and subsequent recrystallization from
EtOH/diisopropylether to yield 13C LD-IAA as white crystalline needles. (160 mg, 44%). Mp:
117°C. [α]d (CH3Cl3, c 0.25) = -10.4°. 1H NMR (δ ppm, CDCl3, 300 MHz): 6.91 (s, 1H, NH),
4.57 (m, 1H, CH), 4.27 (m, 1H, CH), 3.79 (s, 3H, OCH3), 1.48 (d, 3H, CH3, J = 7.3 Hz), 1.13
(d, 3H, CH3, J = 6.2 Hz).13C NMR (δ ppm CDCl3, 75 MHz): 171.0 (C=O), 165.4 (C=O),
161.3 (CN), 52.8 (CH), 48.6 (OCH3), 47.4 (CH, J = 53 Hz), 19.9 (CH3), 18.3 (CH3). FT-IR
(cm-1) 3294 (NH), 2112 (CN), 1755 (C=O ester), 1627 (amide I), 1548 (amide II). EI-MS:
m/z = 186 [M]+. El. Anal. Calcd. For C8H12N2O3: C, 52.67; H, 6.50; N, 15.05. Found: C,
52.38; H, 6.57; N, 14.89.
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Nickel(II) Catalyzed Polymerization of
Isocyanodipeptides in Water
4.1 Introduction
It is known that isocyanides can be stable species under neutral or basic aqueous conditions
and that they are even present in some natural products1, however very little has been reported
about the polymerization of these compounds in the aqueous phase. Novak et. al,2 showed in
the beginning of the 1990’s that α-methylbenzyl isocyanide could be polymerized in water
using NiCl2 as a catalyst to yield poly(α-methylbenzyl isocyanide) in 100% yield. In a recent
paper, Yashima et al. polymerized the achiral isocyanobenzoate sodium salt in water using
NiCl2 as catalyst. This polymer displayed very interesting conformational properties, where a
helical preference could be induced and memorized through supramolecular interactions with
chiral amines.3 Here we show the polymerization of isocyanopeptides in water, using
Ni(ClO4)2·6H2O as a catalyst and additionally demonstrate the opportunity of monitoring the
development of the well-defined hydrogen bonded network as seen by a bathochromic shift of
the amide absorption in the CD-spectra. The combined enzymatic hydrolysis of LD-IAA and
subsequent nickel(II) catalyzed polymerization of the hydrolyzed product in water is also
investigated.

4.2 Results and Discussion
4.2.1 Polymerization of LD-IAA in Water
Containing a polar dipeptide part, LD-IAA is soluble in water. In combination with the watersolubility of Ni(ClO4)2·6H2O, this allows for the homogeneous nickel(II) catalyzed
polymerization of LD-IAA using Ni(ClO4)2·6H2O as catalyst. A 3 mM solution of LD-IAA in
water was prepared to which 1/30th equivalent of Ni(ClO4)2·6H2O was added. The reaction
was monitored by CD-spectroscopy, but no reaction was observed and the solution remained
clear and colorless even after several hours. Subsequent elevation of the temperature to 50°C
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also had no effect. Changing the reaction conditions to a more concentrated solution of
monomer of 15 mmol/L and a larger amount of catalyst with respect to monomer (1/8th
equivalent) did result in the polymerization of LD-IAA. Figure 1 shows that the same Cotton
effect at λ = 310 nm as observed for the polymerization in apolar solvents, such as
dichloromethane and chloroform, is still also found when the polymerization reaction is
carried out in water. It suggests that even in a strong polar solvent like water, a well-defined
hydrogen bonded network between the peptide side-chains is formed. Water allows for CDmeasurement in a larger spectral window than the chlorinated solvents commonly used as the
polymerization medium. This makes it possible to monitor the CD-absorption around λ = 220
nm, tentatively attributed to the amide chromophore.

Figure 1. (top) CD-spectra with 5 minute intervals of the polymerization of 15.4 mM LD-IAA
with 1/8th equivalents of Ni(ClO4)2·6H2O in water. (bottom) The maximum in the CD-spectra
for the amide absorption as function of time.
The wavelength for the maximum absorption of the amide (λmax) shifts during the
polymerization reaction from λ = 220 nm, likely corresponding to the non-hydrogen bonded
amides, to λ = 235 nm for amides in a H-bonded network (Figure 1). This shift in absorption
is a cooperative process as can be seen from the sigmoidal shape for the plot of λmax as
72

Nickel(II) Catalyzed Polymerization of Isocyanodipeptides in Water
function of time. This cooperativity is tentatively ascribed to the nature of the formation of the
hydrogen bonded network that stabilizes the polymer backbone in a fashion analogous to the
way that secondary structures of biomolecules are stabilized in a cooperative manner, e.g. a
minimum number of hydrogen bonds is needed to stabilize the secondary structure.4
Therefore, the polymers first need to grow to a certain length that allows for the formation of
this minimum number of H-bonds, i.e. around 8-10 monomer units.5 AFM-micrographs
showed that, like the LD-PIAA prepared in organic solvents, LD-PIAA formed in water are
rigid-rod polymers (Figure 2A). The determination of the molecular weight by chain-length
measurement of the individual macromolecules was also carried out by AFM.6

Figure 2. (A) Atomic force micrograph of LD-PIAA prepared in water and (B) Histogram
showing the length distribution and weight- and number-averaged molecular weight (resp.
Mw and Mn) and the polydispersity (D) as obtained from AFM-images.
The values of both Mw = 283 kg/mol and Mn = 127 kg/mol (Figure 2B) are lower than those
previously reported for LD-PIAA prepared in dichloromethane (Mw = 381 kg/mol; Mn = 221
kg/mol).7 In addition the polydispersity (D = 2.2) for the polymer prepared in water is
considerably higher than that of the polymers prepared in dichloromethane (D = 1.7). These
differences are presumably mainly caused by the higher catalyst to monomer ratio (1/8th eq.
instead of 1/30th eq.), but also by a different method of purification. In the case of
polymerization in organic apolar solvents the product is obtained by precipitation in a mixture
of methanol/water (3:1) and subsequent filtration. It is possible that in this procedure short
polymers either pass through the filter or dissolve in the methanol/water mixture. In the case
of polymerization in water, the polymer is obtained by several centrifugation steps in which
the remaining nickel(II) catalyst and possible monomers are simply decanted from the
reaction mixture. Hence, in a purification procedure without a filtration step or the use of a
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less polar cosolvent, i.e. methanol, short polymers remain in the product and the average
molecular weight is lower and the dispersity higher.

4.2.2 Hydrolysis and Polymerization of LD-IAA in Water
The above discussed polymerization of LD-IAA in water results in the precipitation of the
polymers from the aqueous medium, possibly because the hydrogen bonded amide bonds are
no longer available for hydration by the bulk water and a hydrophobic outer polymer shell is
formed

by

the

methyl

esters.8

In

the

past,

we

have

prepared

water-soluble

polyisocyanopeptides by the base catalyzed hydrolysis of the water-insoluble polymers
containing the methyl esters. These water-soluble polymers proved to be interesting synthetic
analogues of biological macromolecules such as β-sheet amyloid fibers or DNA9.
Another, more elegant and versatile method to prepare water soluble polyisocyanopeptides
would be to start from a water soluble monomer that can be polymerized in the aqueous
medium without precipitating from the reaction mixture. To prepare the building block for the
construction of a water-soluble polymer, LD-IAA was subjected to a base catalyzed
hydrolysis of the methyl ester in either water or ethanol (Table 1).3
Table 1. Hydrolysis of IAA and subsequent polymerization.

In both cases, the isocyanide functionality was destroyed during the hydrolysis reaction.
Consequently, a milder hydrolysis method had to be found. For this purpose, an immobilized
form of the enzyme candida antarctica lipase B (CalB)10 was used and the solution was kept at
pH = 8 using a 0.1 M phosphate buffer (Table 1). The hydrolysis reaction could be
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conveniently monitored by 1H NMR by adding a drop of deuterated water to the reaction
mixture and taking samples at given time intervals.
IR- and 1H NMR-spectroscopy showed that the isocyanide functionality was still intact after
the hydrolysis steps using CalB (entries 4&6, Table 1). After removal of the ester group, the
immobilized enzyme was filtered off from the reaction mixture and 1/8th equivalent of
Ni(ClO4)2·6H2O was added to the solution. Since no polymerization occurred under these
conditions, the amount of nickel(II) used was increased to 5/8th and 9/8th equivalents in order
to overcome any coordination of the carboxylate formed during the hydrolysis step. However,
adding these increased amounts of nickel(II) to the solution of the hydrolyzed LD-IAA in
phosphate buffer resulted in the immediate precipitation of a white solid material, which was
shown to be the insoluble nickel(II) phosphate. Apparently, the polymerization catalyst was
removed from the reaction mixture as soon as it was added and consequently no
polymerization occurred. To circumvent this problem, an extra step was added to the
procedure in which the phosphate anions were removed from the reaction mixture by
precipitation with an aqueous CaCl2 solution in which insoluble calcium(II) phosphate is
formed. This precipitate was removed from the reaction mixture, after which the nickel(II)
could be added without the occurrence of undesired side-reactions.
The product that resulted from the reaction with the hydrolyzed LD-IAA with Ni(II) appeared
by 1H NMR to be predominantly the hydrolyzed formamide LD-FAA, possibly formed under
the influence of the high polarity created by the large concentration of salts present. In an
alternative attempt to prepare a water-soluble polymer from the hydrolyzed IAA, the
hydrolysis step was carried out in pure water to exclude any possible interactions of the
nickel(II) ions and isocyanodipeptide monomers with anions in the reaction mixture (entry 5,
Table 1). In this case hydration of the IAA to FAA took place and the hydolysis of the ester
did not go to completion because acidification of the reaction medium probably deactivates
the enzyme. To prevent the hydration of the isocyanide and inactivation of the enzyme, the
same experiment as above was carried with a stoichiometric amount of NaOH to scavenge the
protons that are generated in the hydrolysis of the ester. This time, the ester hydrolysis
reaction proceeded readily without the formation of FAA. Upon addition of Ni(ClO4)2·6H2O
to the solution of hydrolyzed IAA, the reaction mixture turned brown but remained clear.
After stirring for 3 days, a stoichiometric amount of Na2CO3 was added to precipitate NiCO3
and after filtration, the filtrate was freeze dried. IR-spectroscopy showed that the isocyanide
was no longer present in the reaction mixture and 1H NMR spectroscopy showed that the
signals had significantly broadened with respect to the monomer spectrum.
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The signal typically observed for the C(O)H proton of the aldehyde was not present in the
spectrum, indicating that no hydration of the isocyanide group took place under the applied
conditions. This result, in combination with the Cotton effect observed in the CD-spectra
around λ = 500 nm suggests that indeed a polymer is formed, but that this polymer does not
possess the rigid rod-like helical conformation observed for the macromolecules formed by
hydrolyzing the methylated polymers.8 This was highlighted by the low optical rotation of
[α]d = -15° found for the product of the polymerization reaction. In order to obtain a polymer
that is both water-soluble and has a well-defined helical conformation stabilized by hydrogen
bonding between the peptide side chains, we have investigated two different approaches:
1) Monomer, nickel(II)perchlorate and calB were added altogether in water in which a
stoichiometric

amount

of

NaOH

had

been

dissolved.

Consequently,

the

polymerization reaction and hydrolysis will be in competition and a mixture of IAA
and hydrolyzed IAA are built into the growing polymer chain.
2) Analogously, incomplete hydrolysis of IAA was accomplished by monitoring the
hydrolysis reaction by 1H NMR spectroscopy. When 50% of the IAA had been
hydrolyzed, the enzyme was removed by filtration and nickel(II)perchlorate was added
to the solution of the 1:1 mixture of IAA and hydrolyzed IAA.
Surprisingly, in both cases all methyl esters were rapidly hydrolyzed and the resulting
polymers were the same, according to CD-spectroscopy, as those obtained previously by
separate hydrolysis and polymerization reactions. When a reference hydrolysis reaction was
carried out using a stoichiometric amount of NaOH, but without the enzyme present, full
hydrolysis of the methyl ester was accomplished within 10 minutes, giving an alternative
method of hydrolysis of IAA’s without any other additives to the reaction mixture. In
addition, since apparently all the base hydrolyzed the ester bonds, it was possible to
selectively hydrolyze only a fraction of all IAA present by adjusting the amount of base used.
Scheme 1. Copolymerization of IAA and hydrolyzed IAA by partial hydrolysis and subsequent
polymerization using Ni(ClO4)2·6H2O.
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Accordingly, a mixture of IAA and hydrolyzed IAA (1:1) was prepared and converted to a
random copolymer by the addition of the nickel(II) catalyst to the reaction mixture (Scheme
1). The polymerization reaction was complete after reaction overnight according to 1H NMR
(Figure 3).

Figure 3. Ni(II)-catalyzed polymerization of LD-IAA and LD-IAA-OH monitored by 1H NMR
spectroscopy.
However, both CD-spectroscopy and the optical rotation of the resulting solution indicated
that again no well-defined helical H-bonded polymer had been formed. Nevertheless, the fact
that NaOH stoichiometrically reacts with IAA’s to hydrolyze the methyl ester and that the
resulting mixture of IAA and hydrolyzed IAA can be polymerized with Ni(ClO4)2·6H2O
allows for control over the polarity of the resulting polymer. In addition, it is apparent that
there is a critical concentration of hydrolyzed IAA below which the polymer adopts a helical
H-bonded conformation.

4.3 Conclusions
Polymerization of isocyanodipeptides in an aqueous environment was possible using 1/8th
equivalent of Ni(ClO4)2·6H2O with respect to the monomer if [IAA] > 0.015 (mol/L).
According to CD-spectroscopy, the resulting polymers had the same conformation as
polymers obtained by polymerization in apolar organic solvents, proving that a stable Hbonded network is still formed in water. CD-spectroscopy showed the formation of the
hydrogen bonded network to be a cooperative process, analogous to protein folding.
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Efficient enzymatic hydrolysis of the methyl ester of IAA’s by immobilized calB was
possible in an aqueous phosphate buffer solution. It was also shown that NaOH
stoichiometrically hydrolyzes the methyl ester, which allows for the preparation of a mixture
of IAA and hydrolyzed IAA in a desired ratio by varying the amount of NaOH in the
hydrolysis reaction. Polymerization of the hydrolyzed monomers lead to poorly defined
conformations instead of the rigid H-bonded 41-helical conformation observed for polymers
formed from the methylated monomers.

4.4 Experimental Section
4.4.1 General Methods and Materials
Dichloromethane, chloroform and trifluoroacetic acid were distilled at atmospheric pressure
from CaH2, CaCl2 and P2O5 respectively. Tetrachloroethane and N-methyl morpholine were
distilled under reduced pressure from CaCl2 and sodium respectively. All other chemicals
were commercial products and used as received. Flash chromatography was performed using
silica gel (0.035-0.070 mm) purchased from Acros and TLC-analyses on silica 60 F254 coated
glass either from Merck or Acros. Compounds were visualized with Cl2/TDM or
Ni(ClO4)2·6H2O in EtOH. 1H NMR spectra were recorded on Bruker WM-200 and Bruker
AC-300 instruments at 297 K,

13

C NMR spectra were acquired on a Bruker AC-300

spectrometer. Chemical shifts are reported in ppm relative to tetramethylsilane (δ = 0.00 ppm)
as an internal standard. FT-Infrared spectra were recorded on Bio-Rad FTS 25 and Anadis
IR300 instruments (resolution 1 cm-1). UV/Vis spectra were measured on a Varian Cary 50
conc spectrophotometer and CD spectra on a JASCO 810 instrument. Melting points were
measured on a Jeneval THMS 600 microscope equipped with a Linkam 92 temperature
control unit and are reported uncorrected. Mass spectrometry (EI) was performed on a VG
7070E instrument. Elemental analyses were determined on a Carlo Erba 1180 instrument.
Optical rotations were measured on a Perkin Elmer 241 Polarimeter.

4.4.2 Compounds
The compound LD-IAA was prepared via a literature procedure.7
Polymerization LD-IAA in water. To a solution of LD-IAA (60 mg, 0.32 mmol) in water (21
mL) was added Ni(ClO4)2·6H2O (14.2 mg, 38.8 μmol). After 10 minutes the solution turned
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yellow and a white precipitate was formed. After reaction overnight, the precipitate was
isolated by centrifugation and washed with methanol to yield LD-PIAA as a light yellow solid
material (37 mg, 62%). [α]d (CHCl3, c 0.21) = 448 °. 1H NMR (δ ppm, CDCl3, 300 MHz): 9.4
(br, 1H, NH), 5.0-4.0 (br, 2H, CH), 3.6 & 3.5 (s, 3H, OCH3), 2.0-1.2 (br, 6H, CH3),. FT-IR
(cm-1) 3260 (NH), 1745 (C=O), 1655 (amide I), 1524 (amide II).
Enzymatic hydrolysis of LD-IAA. To a solution of LD-IAA (10.0 mg, 54.3 μmol) in 0.1 M
phosphate-buffer (3.5 mL) was added a small amount of NOVO 435. The reaction was
monitored by 1H NMR-spectroscopy and when the reaction was complete the enzyme was
removed by filtration. The filtrate was freeze-dried to yield a very hygroscopic white solid
(100% yield according to NMR). 1H NMR (δ ppm, D2O, 300 MHz): 4.57 (m, 1H, CH), 4.18
(m, 1H, CH), 1.63 (d, 3H, CH3, J = 6.9 Hz), 1.38 (d, 3H, CH3, J = 7.4 Hz). FT-IR (cm-1) 2154
(CN), 1664 (amide I).
Partial hydrolysis of LD-IAA. LD-IAA (25 mg, 0.14 mmol) and NaOH (2.3 mg, 0.06 mmol)
were dissolved in 8.8 mL D2O. 1H NMR spectroscopy indicated that after 20 minutes, all
NaOH had reacted and no more hydrolysis took place. The ratio of LD-IAA and LD-IAA-OH
was 61 : 39 according to 1H NMR spectroscopy. The resulting mixture was used in a
polymerization reaction without any further characterization.
Random copolymerization of LD-IAA and hydrolyzed LD-IAA. To the mixture resulting
from the partial hydrolysis of LD-IAA in D2O was added 6.4 mg (0.017 mmol)
Ni(ClO4)2*6H2O and the reaction was monitored by 1H NMR. After 24 h, Na2CO3 (2.1 mg,
0.02 mmol) was added and NiCO3 was removed by filtration. The filtrate was concentrated by
freeze drying to yield a brown solid material. [α]d (D2O, c 0.20) = 34°. 1H NMR (δ ppm, D2O,
300 MHz): 4.6-4.3 (b, 1H, CH), 4.3-4.1 (b, 1H, CH), 3.8-3.6 (b, 3H, OCH3), 1.7-1.1 (b, 6H,
CH3). FT-IR (cm-1). 3229 (NH), 1721 (C=O ester), 1649 (amide I), 1600 (C=O, carboxylate),
1530 (amide II).
Polymerization hydrolyzed DL-IAA. To a solution of hydrolyzed DL-IAA (0.28 mmol) in
water was added 12.8 mg (0.035 mmol) Ni(ClO4)2·6H2O. After stirring at room temperature
for 3 days, 4.3 mg (0.04 mmol) of Na2CO3 was added and the precipitated NiCO3 was
removed by filtration. The filtrate was concentrated to dryness by freeze drying to yield a
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brown solid product. [α]d (H2O, c 0.20) = -14°. 1H NMR (δ ppm, D2O, 300 MHz): 4.6-4.3 (b,
1H, CH), 4.3-4.1 (b, 1H, CH), 1.6-1.2 (b, 6H, CH3). FT-IR (cm-1) 3258 (NH), 1655 (amide I),
1598 (C=O, carboxylate), 1542 (amide II).

4.5 References and Notes
1

Scheuer, P. J. Acc. Chem. Res., 1992, 25(10), 433-439.

2

Deming, T. J.; Novak, B. M. Macromolecules, 1992, 24(1), 326-328.

3

Masayoshi, I.; Maeda, K.; Mitsutsuji, Y.; Yashima, E. J. Am. Chem. Soc., 2004, 126, 732.

4

Wieczorek, R.; Dannenberg, J. J. J. Am. Chem. Soc. 2003, 125, 8124-8129.

5

Metselaar, G. A.; Cornelissen, J. J. L. M.; Rowan, A. E.; Nolte, R. J. M., Angew. Chem., Int. Ed. Engl. 2005,

13, 1990-1993. and Chapter 2 of this thesis.
6

(a) Samori, P.; Ecker, C.; Gössl, I.; de Witte, P. A. J.; Cornelissen, J. J. L. M.; Metselaar, G. A.; Otten, M. B. J.;

Rowan, A. E.; Nolte, R. J. M.; Rabe, J. P. Macromolecules 2002, 35, 5290. (b) Thesis Cornelissen, J. J. L. M.
Polymers and Block Copolymers of Isocyanopeptides, 2001.
7

Cornelissen, J. J. L. M.; Graswinckel, W. S.; Adams, P. J. H. M.; Nachtegaal, G.; Kentgens, A.; Sommerdijk,

N. A. J. M.; Nolte, R. J. M. J. Polym. Sci. Part A: Polym. Chem. 2001, 39, 4255.
8

The contact angle of water on LD-PIAA was found to be ~70°. Wei, Z.: Ecker, C.; Metselaar, G. A.: Rowan, A.

E.; Nolte, R. J. M.; Samorí, P.; Rabe, J. P. Macromolecules, 2005, 38, 473-480.
9

Cornelissen, J. J. L. M.; Donners, J. J. J. M.; Metselaar, G. A.; de Gelder, R.; Graswinckel, W. S.; Rowan, A.

E.; Sommerdijk, N.A. J. M.; Nolte, R. J. M. Science, 2001, 293, 676-680.
10

Rottici, D.; Ottosson, J.; Norin, T.; Hult, K. Methods in Biotechnology, 2001, 15, 261-276.

80

Chapter 5
Acid Initiated Polymerization of Isocyanodipeptides
5.1 Introduction
Since the discovery of isocyanides in the 1860’s,1 these molecules have been known to
polymerize readily. The driving force for this polymerization reaction is the transformation of
a formally divalent carbon atom in the monomer to a tetravalent carbon atom in the polymer,
yielding a heat of polymerization of 81.4 kJ/mol.2 Presently, the most common catalysts for
polymerizing isocyanides are based on nickel(II).2 In addition, aryl isocyanides can be
polymerized by dinuclear Pt-Pd catalysts.3 One of the first known methods for the
polymerization of isocyanides, however, is by acid catalysis. In the 1960’s, Millich et al.
showed that a number of isocyanides could be polymerized by immobilized sulfuric acid on
ground glass.4 The acid catalyzed polymerization reaction of α-phenylethyl isocyanide was
studied and it was found that the reaction takes place with a sigmoidal conversion vs. time
curve and that the degree of polymerization increases as a function of time, which suggests
that termination reactions occur rarely. Furthermore, it was observed that the catalytic
efficiency of the sulfuric acid on a glass bead support moves through a maximum, as does the
product molecular weight. This molecular weight varies inversely with temperature and the
presence of oxygen or peroxides promotes the reaction. Based on these findings, Millich
postulated that incorporation of monomers into the polymer chain proceeds through a process
of many trial positionings of the incoming monomer on the propagating chain, until a good fit
of the added unit is achieved and the chain propagation advances by one step. This hypothesis
might also explain the previously reported observation that a polyisocyanide serving as a
catalyst for the polymerization of its monomeric building blocks, is comparable to a
supercooled solution acting as the seed for crystallization.5
A reaction mechanism for the acid catalyzed polymerization of isocyanides has been proposed
by Ito et al (Scheme 1).6 In the initiation reaction, a cationic species is generated by the
nucleophilic attack of an isocyanide monomer on a proton. The cationic propagation reaction
consists of the successive nucleophilic addition of isocyanides to the growing chain-end
having the imidoyl cation structure. Termination can occur when the cationic propagating
species react with another nucleophile than the isocyanide monomer. This reaction
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mechanism indicates that the acid catalyzed polymerization of isocyanides is formally an acid
initiated polymerization, since the proton is consumed in the reaction and is not released after
termination of the polymerization to initiate a new polymerization reaction.
Scheme 1. Proposed reaction mechanism for the acid catalyzed polymerization of
isocyanides.6

Although the acid initiated polymerization of isocyanides was known even before the
transition metal catalyzed polymerization of isocyanides (e.g. nickel catalysis), this method
has become obsolete after the introduction of the metal catalyzed polymerization. The latter
reaction gives better control over the polymerization reaction and better reproducibility.
In this chapter, we will show that in spite of some disadvantages of the acid initiated
polymerization, such as a poor reproducibility and a limited applicability, this method of
polymerization can be used to prepare polyisocyanopeptides with molecular weights an order
of magnitude higher than those obtained using the ‘standard’ nickel(II) catalyzed
polymerization. Moreover, the acid catalyzed polymerization proceeds in an exceptionally
stereoselective fashion, a reaction which might shed some light on chiral selection and
amplification processes that have been (and still are) at play in the (pre-) biotic world.7
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5.2 Results and Discussion
5.2.1 Synthesis
The isocyanopeptide monomers, which have been prepared as described in literature,8 were
polymerized by the addition of trifluoroacetic acid (TFA) to a dilute solution of monomer in
an apolar, aprotic solvent (e.g. chloroform or dichloromethane). When all monomers had been
consumed, which was routinely checked by IR-spectroscopy, the resulting polymer solution
was evaporated to dryness. The polymers could subsequently be precipitated by slowly
adding a concentrated chloroform solution of polymer to a vigorously stirred solution of
methanol/water = 3/1 (v/v).

5.2.2 Polymer Properties
The acid initiated polymerization of LD-IAA results in the formation of a colorless polymer
(LD-PIAAacid) which is obtained as a fiber-like product when precipitated from a concentrated
chloroform solution by slow addition to a vigorously stirred mixture of methanol/water (3:1)
(Figure 1A).9

Figure 1. (A) Fiber-like product of LD-PIAA prepared by acid initiated polymerization, (B)
AFM micrographs comparing LD-PIAA prepared by nickel(II) catalyzed polymerization (left)
with LD-PIAA prepared by acid initiated polymerization (right) and (C) TEM-micrograph of
LD-PIAA prepared by acid initiated polymerization, dried in from a 0.1 mg/mL solution in
CHCl3 with Pt-shadowing.
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AFM analysis showed that these polymers are long and rigid just like the polymers prepared
by nickel(II) catalysis (LD-PIAANi), albeit that the polymers obtained by acid initiated
polymerization have a molecular weight an order of magnitude higher than those obtained by
Ni(II) catalysis (Figure 1B). Comparison of rigidity10 and chiroptical properties11 of LDPIAAacid and LD-PIAANi demonstrated that both procedures lead to the same secondary
structure of the polyisocyanodipeptide. The exceptional length of LD-PIAAacid is also
reflected in the viscosity of solutions of these polymers in organic solvents, and above
concentrations of ≥ 0.01 M in chloroform or dichloromethane, a gel is formed. The TEM
micrograph in Figure 1C clearly demonstrates that the long polymer chains have a tendency to
form large bundle-like aggregates, likely responsible for the gelation behavior.

5.2.3 Kinetics of Acid Initiated Polymerization
Both diastereomeric monomers LL-IAA and LD-IAA are readily polymerized by a nickel(II)
catalyst to produce rigid helical, intramolecularly hydrogen bonded polymers.12 However,
large differences in reactivity between the diastereomers are observed when acid initiated
polymerization is used instead. Under ambient conditions, LD-IAA polymerizes readily in a
dilute solution of trifluoroacetic acid (TFA) in methylene chloride. When identical
polymerization conditions are applied to LL-IAA, hardly any polymerization takes place. It
has been proposed that this stereospecificity observed in the acid initiated polymerization is
likely caused by the energy barrier emanating from the unfavorable van der Waals
interactions between the alanine methyl groups.12 In order to obtain more insight into the
precise reaction mechanism and stereospecificity of this acid catalyzed polymerization,
kinetic studies were performed with TFA in methylene chloride. The polymerization reaction
was monitored by infra-red (IR) spectroscopy. During polymerization, the isocyanide
absorption at υ = 2136 cm-1 disappeared, the amide I absorption shifted from υ = 1686 cm-1 to
υ = 1656 cm-1 and the NH-stretching vibration moved from υ = 3422 cm-1 to υ = 3255 cm-1
(Figure 2A), revealing that the formation of the polymer and the folding into a β-helical
structure took place simultaneously as was also seen from the appearance of the Cotton effect
for the helical product at λ = 306 nm in the CD spectra as a function of time (Figure 2B).
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Figure 2.(A) IR-spectra of LD-IAA () and LD-PIAA () in a CH2Cl2 solution. (B) Acid
initiated polymerization of LD-IAA monitored by CD-spectroscopy.
The polymerization reaction was followed at different concentrations of TFA by monitoring
the disappearance of the C≡N stretching vibration at 2136 cm-1. When less than 1/16th
equivalent of TFA with respect to monomer was used, an induction period was visible after
which the polymerization reaction followed first order kinetics in monomer (Figure 3A). The
reaction of LD-IAA (16 mM) with TFA (1 mM) in methylene chloride was studied at
different temperatures.

Figure 3. (A) First order rate plots for the reaction of LD-IAA with different concentrations of
TFA in CH2Cl2 ([LD-IAA] = 16 mmol/L, T = 25°C). (B) Eyring plot as determined for the
acid initiated polymerization of LD-IAA with TFA in CH2Cl2 ([LD-IAA] = 16 mmol/L, [TFA]
= 1 mmol/L and T = 20-35°C).
Evaluation of the rate data in an Eyring plot (Figure 3B) revealed that the polymerization
reaction displayed a large negative entropy of activation of ΔS≠ = -170 (J*mol-1*K-1), which
indicates a high degree of organization in the transition state. With an activation enthalpy of
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ΔH≠ = 42 (kJ*mol-1), this leads to an overall ΔG≠293K = 92 (kJ*mol-1). For the nickel(II)
catalyzed polymerization of isocyanides the activation parameters are ΔH≠ = 61.4 (kJ*mol-1),
ΔS≠ = -54 (J*mol-1*K-1) and ΔG≠293K = 77.2 (kJ*mol-1).13 Note that for the acid initiated
polymerization ΔS≠ is ~ 3 times more negative than for the nickel(II) catalyzed
polymerization where the isocyanide functionalities are preorganized by complexation to the
nickel(II) center.
Scheme 2. Proposed initiation and propagation of the acid initiated polymerization of
isocyanodipeptides (route A) and a side reaction forming the formamide via the cyclic
imidazolone.
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At higher acid concentrations (i.e. when > 1/16 equivalent of TFA with respect to monomer
was used) IR, CD and 1H NMR spectroscopic studies indicate that a second reaction starts to
compete with the polymerization reaction. 1H NMR spectroscopy showed that this reaction is
the hydration of the isocyanide via the formation of a cyclic imidazolone to give the
corresponding formamide (FAA) (Route B, Scheme 2).10 In addition to the characteristic
peaks of the formamide formed under influence of water, additional signals were present at δ
= 9.11 ppm, 5.26 ppm and 1.66 ppm which could be attributed to the protons in the
protonated 5-membered ring for resp. N-CH-N, the alanine α-proton and the alanine methyl
group (Figure 4).

Figure 4. 1H NMR-spectrum of LD-FAA and the cyclic imidazolone formed by the reaction of
LD-IAA with TFA ([LD-IAA] = 16 mmol/L, [TFA] = 6 mmol/L, CH2Cl2, T = 25°C).
The imidazolone could not be isolated due to the labile character of this compound (in
particular with respect to water). Analysis of the kinetic data obtained by monitoring the
decrease in the isocyanide vibration in the IR spectra when 3/8 equivalent of TFA is used
consequently resulted in transition state parameters predominantly related to the formation of
the cyclic imidazolone (assuming this is the rate determining step towards hydration). Taking
the transition state parameters (ΔS≠ = -653 J*mol-1*K-1; ΔH≠ = -105 kJ*mol-1 and therefore
ΔG≠ = 86 kJ*mol-1) into account (Figure 5), this appears to be an acceptable assumption. The
unexpectedly large negative entropy of activation points to a transition state with few
rotational degrees of freedom, while the negative transition state enthalpy suggests positive
energetic interactions in the transition state.
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Figure 5. Eyring plot for the consumption of LD-IAA with 3/8 equivalents of TFA in CH2Cl2
([LD-IAA] = 16 mmol/L, [TFA] = 6 mmol/L, T = 15-35°C).
The proposed reaction mechanism depicted in Scheme 3, tentatively explains these transition
state parameters.
Scheme 3. Proposed mechanism of the cyclization reaction of protonated IAA to the
imidazolone via a highly ordered transition state.

When the formation of polymer, calculated from the intensity of Δε306, was plotted as a
function of the TFA/monomer ratio, a sigmoidal curve was obtained (Figure 6). At the same
time as the polymer formation decreased, the formation of the formamide via the cyclic
imidazolone increased concomitantly as was monitored by 1H NMR. This indicates that at
high acid concentration the isocyanide monomers cannot be incorporated into the growing
polymer chain and as a result cyclize to give the imidazolone (Route B). Interestingly, the
transition from polymerization to cyclization is a cooperative process as highlighted by the Sshaped curve (Figure 6) and takes place in a rather narrow concentration range.
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Figure 6. Polymer formation () and hydration () of LD-IAA as a function of the
TFA/monomer ratio ([LD-IAA] = 16 mmol/L in methylene chloride, T = 25°).
This result, in combination with the observed induction time of the polymerization suggests
that in order for the polymerization reaction to occur a (helical) template must first be formed
(Scheme 2).14 Recently, Yashima et al. demonstrated that the helicity of an anionic
polyisocyanide could induce helicity in a cationic polyacetylene.15 Also the coil-helix
transition for oligomeric isocyanopeptides might be aided in a similar fashion when the first
helical oligomers are formed.
When the acid concentration is increased the helical template (vide supra) is destroyed in a
cooperative fashion16 and the reaction switches from A to B in Scheme 2. Moreover, an
increase in the positively charged activated isocyanide species formed by electrophilic attack
of a proton to an isocyanide will also lead to a decrease in monomers capable of complexing
to the supramolecular complex. Hence, in the case of > 1/16 equivalent of TFA with respect
to isocyanide, Route B becomes the predominant reaction.
From the above results we propose a polymerization mechanism (Scheme 2) in which an
initial helical oligomer is formed, which acts as a template for the incorporation of subsequent
monomer units via a supramolecular complex. The formation of this supramolecular complex
is in line with the measured activation parameters, which point to a highly organized
transition state. The intermediate complex also readily accounts for the high stereoselectivity
observed, since the equilibrium for this complex formation will be predominantly shifted to
the uncomplexed state in the case of sterically demanding monomers. Hence no or very
limited polymerization will occur.
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5.2.4 Stereoselectivity and Copolymerizations
5.2.4.1 Acid Initiated Polymerization of LL-IAA
In stark contrast with the readily occurring acid initiated polymerization of LD-IAA,
polymerization of LL-IAA takes place only very slowly under identical experimental
conditions. We previously attributed the weaker hydrogen bonded network present in LLPIAA as compared to LD-PIAA through negative steric interactions between the first alanine
methyl group of side-chain n with the second alanine methyl group in side-chain n+1 (Figure
7).12 The dramatic decrease in reactivity of LL-IAA compared to LD-IAA in the acid initiated
polymerization reaction is tentatively explained by the occurrence of similar steric
interactions between the incoming monomer and the growing polymer chain to form the
supramolecular complex (see above). This stereochemistry dependent fit is analogous to
Fischer’s well-known lock and key principle which explains the (stereo-) selectivity in
enzymatic processes in Nature.17

Figure 7. Schematic representation of the top-view of polymers LL-PIAA and LD-PIAA,
highlighting the steric properties of the alanine methyl groups.

5.2.4.2 Copolymerizations
To further investigate the nature of the acid catalyzed polymerization and to study the
stereochemical transfer of information, we studied at low acid concentration ( [TFA]/[IAA]<
1/16) the formation of both block- and random copolymers of the different diastereomers LLIAA, DD-IAA, LD-IAA and DL-IAA (Scheme 4).
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Scheme 4. Schematic representation of the acid initiated: (A) block-copolymerization in
which an initial block of LD-PIAA is grown to which subsequently a second block of either
the enantiomeric DL-IAA or the diastereomeric LL-IAA or DD-IAA is added. (B) Randomcopolymerization of LD-IAA with either DL-IAA or LL-IAA.

Figure 8 shows the formation of helical polymer, measured by CD-spectroscopy (λ = 306
nm), as a function of time for different combinations of diastereomeric monomers. An initial
block of LD-PIAA was grown using TFA as an initiator. Once all the LD-IAA had been
consumed, a second equivalent of this monomer was added and the reaction was found to
proceed further (curve a). However, when the enantiomeric monomer DL-IAA was added, no
further polymerization took place and the added isocyanide was recovered (curve c).

Figure 8. Acid catalyzed block copolymerizations of LD-IAA (16 mM) with: (a) LD-IAA, (b)
LL-IAA , (c) DD-IAA and (d) DL-IAA monitored by CD-spectroscopy as a function of time at

λ = 306 nm ([IAA] = 16 mmol/L, [TFA] = 1 mmol/L, CH2Cl2, T = 25°C).
91

Chapter 5
This stereospecificity was also observed when LD-IAA and DL-IAA were randomly
copolymerized; both enantiomeric monomers inhibited each other and no polymerization was
observed even when a monomer ratio of 99 to 1 was applied. In contrast to the above
observation, copolymerization of some diastereomeric monomers was found to be possible.
When LL-IAA, which gives polymers with the same right-handed screw sense as LD-IAA,
was used as a second monomer in a block copolymerization with LD-PIAA, the polymer
continued to grow (Figure 8, curve b). However, addition of DD-IAA which is the enantiomer
of LL-IAA did not result in any polymerization. This result clearly demonstrates the critical
effect of the configuration of the first chiral center of the dipeptide monomer on the
polymerization reaction and shows that the initiation step is crucial. The stereospecificity of
the acid initiated polymerization is further highlighted by the fact that all the above monomer
combinations could be readily polymerized using a nickel(II) catalyst. Apparently, the
formation of the initial helical template necessary for the formation of the catalytic
supramolecular complex is hampered by the presence of trace amounts of monomer that
interfere with the preferred handedness of this supramolecular template. This ‘chiral
poisoning’ results in a decreased polymerization rate to such an extent that no polymer
formation is observed.
The almost identical chemical structure of LL-IAA and LD-IAA makes it impossible to
separately monitor the consumption of the two monomers in a random copolymerization.
However, when one of the monomers is enriched with 13C instead of the naturally abundant
12

C, isolated signals for both monomers can be monitored by IR-spectroscopy. In the random

acid initiated copolymerization of LL-IAA and LD-IAA, incorporation of 13C in the isonitrile
function and the amide carbonyl of LD-IAA induced a shift in the corresponding stretching
frequencies which made it possible to independently monitor the concentration of LL-IAA
and

13

C-LD-IAA by IR-spectroscopy. The IR-spectra in Figure 9A show that both

diastereomeric monomers are consumed at the same rate, which suggests that indeed a
random copolymer is formed instead of two separate homopolymers of LL-PIAA and LDPIAA. This was confirmed by CD-spectroscopy, which shows the Cotton effect for the
product of the random copolymerization is not an average of the Cotton effects of the LLPIAA and LD-PIAA homopolymers, which would be the case if the product had consisted of
blocks of homopolymers (Figure 9B).
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Figure 9. (A) Acid initiated random copolymerization of LL-IAA and

13

C LD-IAA (1:1)

followed by IR-spectroscopy in 2 minute intervals ([IAA] = 32 mmol/L, [TFA] = 1 mmol/L,
CH2Cl2, T = 25°C). (B) CD-spectra of: a random copolymer formed by acid initiated
polymerization of LL-IAA and LD-IAA (1:1) (), LL-PIAA () and LD-PIAA ().

5.2.4.3 Template Assisted/Hampered Polymerization
In the above we have demonstrated the extraordinary sensitivity of the acid initiated
polymerization of isocyanopeptides to the stereochemistry of the peptide functionality. The
polymerization reaction is governed by the formation of a supramolecular complex of which
the stability is subtly balanced by a range of factors, i.e. solvent polarity, pH, temperature and
steric properties of the monomer. This supramolecular complex likely is the onset for the
propagation of the acid initiated polymerization reaction (Scheme 2) and can be regarded as a
catalytic complex that can facilitate a reaction only when the thermodynamic parameters
allow the isocyanopeptides in solution to associate to the growing polymer chains, thereby
forming a new supramolecular array. Complementary to this proposed mechanism, Millich et
al. already described the positive ‘catalytic’ influence of the presence of preformed polymer
in an acid initiated polymerization reaction.18 He explained this observation as being similar
to the effect of adding seeding crystals to a supercooled solution which triggers the
crystallization.
To investigate whether this ‘seeding’ also plays a role in the acid initiated polymerization of
isocyanopeptides, we have carried out the polymerization of IAA’s in the presence of
different amounts of preformed (non-living) PIAA’s with either the same or the opposite
chirality as the monomers. To ensure that no traces of nickel(II) influence the polymerization
reaction, the ‘templating’ polymer added to the monomer solution was prepared by acid
initiated polymerization. Polymerization reactions were monitored by CD- and IR93
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spectroscopy. The polymerization of LD-IAA in the presence of the corresponding LD-PIAA
polymer did not reveal a significant influence of the presence of polymer on the growth of
new polymer chains. However, when DL-IAA was polymerized in the presence of LD-PIAA
a significant change in polymerization rate was noticed as shown in Figure 10. The
polymerization reaction of DL-IAA is slowed down by the presence LD-PIAA and when 1
equivalent of LD-PIAA was present, most DL-IAA remained in solution unreacted as was
shown by IR-spectroscopy, even after 80 h.

Figure 10. Acid initiated polymerization of DL-IAA in the presence of varying amounts of LDPIAA. The LD-PIAA contents is reported in equivalents of repeat units with respect to the DLIAA. ([DL-IAA] = 16 mmol/L, [TFA] = 1 mmol/L, T = 25°C, CH2Cl2).
The data represented in Figure 10 suggest that the polymers built up from monomers with the
opposite handedness of those to be polymerized, hamper the supramolecular interactions
needed between these monomers and the growing polymer. The exact nature of the
interactions responsible for the inhibition of the helical template, however, is not yet known.19
Nevertheless it is clear that the acid initiated polymerization of isocyanopeptides is subtly
influenced

by

a

chiral

environment

created

by

the

presence

of

preformed

polyisocyanopeptides of the opposite handedness.

5.2.5 Character of Acid Initiated Polymerization
To investigate whether in a block copolymerization the second batch of monomers is
polymerized from the growing polymer chains formed in the first block of the polymerization
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or by “fresh” initiation by protons in solution, we carried out a block homopolymerization of
LD-IAA, where after consumption of a first block of this monomer a second block of the
same monomer was added to the reaction mixture (Figure 11).

Figure 11. Schematic representation of a block copolymerization in which either two separate
polymers can be formed (route A) or block copolymers are formed (route B).
By determining the molecular weight before and after consumption of the second batch of
monomer, some insight could be obtained about the presumed living character of the
polymerization. For this purpose, viscosity measurements were carried out on samples taken
before and after the consumption of the second batch of LD-IAA.
In first approximation the specific viscosity ηsp of a solution is proportional to the
concentration of the solute and the reduced viscosity is defined as: ηred

=

ηsp/c. Since in

practice the reduced viscosity is not entirely independent of the concentration, the intrinsic
viscosity ([ηsp]) of a compound is defined as the extrapolation of ηred to a concentration of c =
0. In figure 12, the intrinsic viscosity is determined by extrapolation from a dual HugginsKraemer plot, where ηinh = ln(ηr)/c and ηr is the relative viscosity defined as ηr = η/η0.20
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Figure 12. Evaluation of [η] for dilute solutions in chloroform of samples from the first and
second block in the acid initiated block homopolymerization of LD-PIAA at 25°C using a dual
Huggins-Kraemer plot.
The intrinsic viscosity [η] of a polymer is related to its viscosity-average molar mass Mv by
the Mark-Houwink equation.

[η ] = k * M va
in which k and a are constants, specific for a certain polymer and solvent at a given
temperature, and Mv is the viscosity averaged molecular weight. Among others, the constant a
is a measure for the rigidity of the polymer: if a > 1, than the polymer has a rigid-rod
character and a < 1 points to a random-coil polymer. Previously, values of a =1.30 and a =
1.75 have been reported for poly(α-phenylethyl isocyanide)5 and poly(2-octyl isocyanide)21
respectively, which confirms the rigid-rod character of polyisocyanides.
Within approximation, the intrinsic viscosities found for the first and second block in the acid
initiated polymerization of LD-IAA are equal with a value of [η] ~ 47 (dL/g) (Figure 12).
According to the Mark-Houwink equation, in which k and a are the same for both blocks, the
average molecular weight of polymers in solution does not increase significantly which
implies that the acid initiated polymerization of isocyanides in this case is not a living
polymerization. Compared to the intrinsic viscosity previously determined for LD-PIAA
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prepared by Ni(II) catalysis, i.e. [η] = 5.26 (dL/g) the intrinsic viscosity is very high. Even
though the particular batch of polymers examined by viscometry has not been examined by
AFM-microscopy, AFM-studies on polymers prepared via the same procedure revealed a
molecular weight of Mn ~ 600 (kg/mol) (see below). When these values are used to determine
the Mark-Houwink coefficients, a value of a = 2.2 is found which confirms the rigid rod
character of these polymers.
The long LD-PIAA polymers displayed non-Newtonian behavior at higher concentrations,
which enforced the viscometry measurements to be carried out at very high dilution in a
relatively small concentration regime. This made interpretation of the data and the
conclusions hereof somewhat uncertain and confirmation by means of other techniques was
therefore desirable. Support for the viscometry results could be obtained through AFMmicroscopy, where micrographs of the reaction mixture from the first and second block in the
block-copolymerization could be compared with one another (Figure 13).

Figure 13. AFM-micrographs of the reaction mixture of the acid initiated block
homopolymerization of LD-IAA. (A) First block. (B) After growth of second block. (C)
Histogram of the length distribution of polymers formed by the acid initiated block
homopolymerization of LD-IAA. (D) Molecular mass and polydispersity for the different
blocks in the acid initiated block homopolymerization of LD-IAA. (CH2Cl2, [LD-IAA] = 16
mmol/L, [TFA] = 1 mmol/L, T = 20°C).
The AFM-micrographs of the first and second block in the acid initiated homo block
copolymerization (Figure 13) showed a very similar chain-length distribution which is further
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demonstrated by the length distribution histogram (Figure 13C). The molecular weights
obtained from the data in Figure 13C are shown in Figure 13D. Both the number average
(Mn) and the weight average molecular weight (Mw) are higher for the polymers after the
polymerization of the second block of monomer. However, the increase in molecular weight
is far from a factor two which would be the case in a pure block polymerization. Hence, the
polymerization

of

the

second

batch

of

LD-IAA

in

the

acid

initiated

block

homopolymerization appears to take place mainly through freshly initiated polymer chains
instead by propagation from already existing LD-PIAA active chain ends.

Figure 14. AFM-micrographs of the polymers prepared by the acid initiated block
copolymerization of LD-IAA and LL-IAA. A) LD-PIAA from first block. B) Block copolymer
after second block. C) Histogram for the chain-length distribution after both the first and the
second block in the acid initiated block copolymerization of LD-IAA and LL-IAA. D) table
with molecular weights and polydispersity.
On the other hand when LL-IAA was used as the monomer for the second block in the acid
initiated block copolymerization, a large increase was observed in the molecular weight of the
polymer after consumption of the second block of monomer (Figure 14). LL-IAA
polymerized very slowly in an acid initiated homopolymerization. When copolymerized with
LD-IAA however, the helical template formed by the LD-PIAA, allowed LL-IAA to
overcome the troublesome initiation step of the acid initiated polymerization. Consequently,
hardly any initiation of individual LL-PIAA chains took place in the block copolymerization
with LD-IAA, but all polymerization seemed to occur from the living chain ends of the LD98
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PIAA, which was prepared as the first block. This difference in behavior for a LL-IAA when
compared to LD-IAA is the result of the different rates of acid initiated polymerization for the
two monomers.

5.2.6 Acid Concentration / Molecular Weight Relationship
As previously shown, the rigid-rod character of the polyisocyanopeptides allows for the
visualization of these polymers by Atomic Force Microscopy (AFM). Figure 15 shows the
AFM-images of LD-PIAA prepared by acid initiated polymerization using varying
concentrations of initiator, i.e. TFA. These images clearly reveal an increasing molecular
mass when less initiator is used. Since only isolated single chains were measured for
molecular weight determination, in the case of 0.01 mM TFA as initiator, determination of the
length of individual polymer chains became very difficult because of the tendency of these
chains to intertwine. Therefore, the values in Figure 15 for the molecular weight of the
polymer prepared with [TFA] = 0.01 (mmol/L) are most likely even higher because the longer
polymers have a higher probability to be entangled at some point in their chains than the
smaller ones and are therefore not used in the determination of the molecular mass.

Figure 15. AFM-micrographs of LD-PIAA prepared by acid initiated polymerization. A) With
[TFA] = 1.0 (mmol/L), B) [TFA] = 0.1 (mmol/L), C) [TFA] = 0.01 (mmol/L). D) Molecular
weights and dispersity for polymers prepared at different TFA-concentrations. ([LD-IAA] =
16 mmol/L, CH2Cl2, T = 25°C).

99

Chapter 5
Polymers prepared with 1/160000th equivalent of initiator have been extensively studied by
Rabe et al., and they found these polymers to have molecular masses of: Mn= 8940 (kg/mol),
Mw = 12070 (kg/mol) and D =1.4.10 In this case, the longest measured polymer chain had a
contour length of 12.7 μm, which corresponds to a molecular weight of over 20 MD! The
above results clearly show that the molecular weight of the polyisocyanopeptide is inversely
dependent with the acid concentration.

5.3 Conclusions
The acid initiated polymerization of isocyanodipeptides results in very high molecular weight
polymers, which have the same helical hydrogen bonded conformation as the
polyisocyanodipeptides prepared by nickel(II) catalyzed polymerization. The dominant
feature in the proposed reaction mechanism of the acid initiated polymerization is a
supramolecular complex in which an isocyanide monomer is complexed to the growing
helical polymer chain through the formation of a hydrogen bond between the peptide side
chain of the incoming monomer and those in the growing polymer. The stereochemistry of the
isocyanodipeptides was shown to be of vital importance to the stability of this supramolecular
complex and therewith to the rate of the polymerization reaction. In addition, at higher acid
concentrations, a second reaction starts to compete with the polymerization reaction, i.e. the
acid catalyzed cyclization of the isocyanodipeptide to an imidazolone that is readily converted
to the formamide by subsequent reaction with water.
Copolymerization studies further highlighted the stereosensitivity of the acid initiated
polymerization of isocyanodipeptides. Monomers with opposite handedness could not be
polymerized in copolymerization reactions, regardless of the ratio between the two. On the
other hand, copolymerization of two diastereomeric monomers was shown to be possible
provided that both monomers have a preference to form polymers which have the same
screw-sense. The relatively unreactive LL-IAA could be readily polymerized with the aid of a
living LD-PIAA polymer. These results indicate that the formation of the initial helical
template is a very sensitive process that is inhibited by the presence of even trace amounts of
monomer with a preference for a polymer with opposite handedness.
Also the presence of non-living polyisocyanopeptides was shown to have a significant effect
on the rate of polymerization of isocyanopeptide monomers. Especially in the case of opposite
chirality between the monomers in solution and those incorporated in the polymer. The
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polymerization reaction rate significantly decreased in these cases, highlighting the influence
of chirality on the acid initiated polymerization of isocyanopeptides once more.
In the acid initiated block homopolymerization of LD-IAA, both viscometry and AFMmicroscopy showed that this method of polymerization has a predominantly non-living
character where the second block of LD-PIAA is formed by ‘fresh initiation’ with protons in
solutions instead of propagating from living LD-PIAA chain ends. Apparently, the initiation
step of this reaction (in the presence of LD-PIAA) is fast compared to the propagation
reaction which results in just a modest increase in average molecular weight when subjected
to block homopolymerization. When LL-IAA, which has a neglectable rate of polymerization
when homopolymerized, was used as the second monomer in a block copolymerization with
LD-IAA, almost all the polymerization of LL-IAA started from a living chain end of LDPIAA as was demonstrated by AFM-microscopy.
Furthermore, the molecular mass of polyisocyanopeptides prepared by acid initiated
polymerization, was shown to be inversely dependent with the initiator concentration, i.e. a
lower acid concentration leads to longer polymers.

5.4 Experimental Section
5.4.1 General Methods and Materials
Dichloromethane, chloroform and trifluoroacetic acid were distilled at atmospheric pressure
from CaH2, CaCl2 and P2O5 respectively. Tetrachloroethane and N-methyl morpholine were
distilled under reduced pressure from CaCl2 and sodium respectively. All other chemicals
were commercial products and used as received. Flash chromatography was performed using
silica gel (0.035-0.070 mm) purchased from Acros and TLC-analyses on silica 60 F254 coated
glass either from Merck or Acros. Compounds were visualized with Cl2/TDM or
Ni(ClO4)2·6H2O in EtOH. 1H NMR spectra were recorded on Bruker WM-200 and Bruker
AC-300 instruments at 297 K,

13

C NMR spectra were acquired on a Bruker AC-300

spectrometer. Chemical shifts are reported in ppm relative to tetramethylsilane (δ = 0.00 ppm)
as an internal standard. FT-Infrared spectra were recorded on Bio-Rad FTS 25 and Anadis
IR300 instruments (resolution 1 cm-1). UV/Vis spectra were measured on a Varian Cary 50
conc spectrophotometer and CD spectra on a JASCO 810 instrument. Melting points were
measured on a Jeneval THMS 600 microscope equipped with a Linkam 92 temperature
control unit and are reported uncorrected. Mass spectrometry (EI) was performed on a VG
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7070E instrument. Elemental analyses were determined on a Carlo Erba 1180 instrument.
Optical rotations were measured on a Perkin Elmer 241 Polarimeter.

5.4.2 IR-experiments
FT-IR measurement were carried out in a stainless steel home-made stirred tank reactor
equipped with a mechanical stirrer and temperature controller. The reactor was fitted on a
Bio-Rad FTS 25 instrument. In a typical experiment, 29.4 mg (0.16 mmol) of L,D-IAA was
dissolved in 10 mL of a 1 mM solution of trifluoroacetic acid in dichloromethane and
immediately transferred to the reactor, which is subsequently sealed from the environment.
Spectra were recorded at appropriate time-intervals at a stirrer speed of ≈ 200 rpm.

5.4.3 Viscometry
Viscosities were determined using an Ubbelohde capillary viscometer. The capillary used was
produced by Schott and had type-number 53810 (d = 0.4 mm; K-value ~ 0.01). Measurements
were carried out in a thermostatted bath of Schott CT-1650 at T = 20°C. Time-measurements
were carried out automatically and the experiments were repeated 10 times using a Schott
AVS-350 controller. The solvent used was chloroform and the time required for chloroform to
run through the capillary was determined before every measurement.

5.4.4 Determination of Degree of Hydration and Polymerization
0.88 mg (4.8 μmol) of LD-IAA was dissolved in a 300 μL of a TFA stock solution of desired
concentration and subsequently injected in a quartz cuvet with 1 mm optical pathlength. CDspectra were recorded after complete consumption of LD-IAA overnight. Δε306 was calculated
by :

Δε 306 =

θ306
c × l × 32980

where is θ306 (mdeg) is the circular dichroic absorption, c (mol/L) is the concentration of
polymer and

l (cm) is the optical path-length. The concentration (c) was set at the initial

monomer concentration of c = 0.016 mol/L. The reaction mixture was evaporated to dryness
and redissolved in 700 mL deuterated chloroform. 1H NMR spectra were recorded with an
internal standard of a 1.7 % (v/v) solution of toluene in CDCl3 in a sealed capillary and the
relative amount of LD-FAA was calculated from the ratio of δ(CH3)toluene = 2.36 ppm and
δ(OCH3)L,D-FAA = 3.76 ppm.
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5.4.5 Block and Random Copolymerizations
In a typical block copolymerization, 300 μL of a 16 mM solution of LD-IAA in a 1 mM
solution of TFA in dichloromethane was injected in a 1 mm quartz cuvet. Formation of
polymer was monitored by CD-spectroscopy as the increasing Δε306 of the n-π* transition of
the imine. When all monomer was consumed, an equimolar amount (with respect to LD-IAA)
of new monomer was added for the growth of a second block of polymer and the
polymerization reaction was continuously monitored at λ = 306 nm.

5.4.6 Compounds
Compounds: LL-IAA, DD-IAA, LD-IAA and DL-IAA and

13

C LD-IAA were prepared as

reported in chapters 2&3 of this thesis and in literature.8
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Chapter 6
Secondary Structure of Polyisocyanodipeptides

6.1 Introduction
Thorough investigations on the secondary structure of several polyisocyanodipeptides have
been carried out by Cornelissen et al.,1 who found that these polymers have a 41 helical rigid
rod-like conformation with a helical pitch of approximately 4.6 Å and a diameter of 15.8-15.9
Å (Figure 1).

Figure 1. Dimensions of a polyisocyanodipeptide.
Using a L-alanine based polyisocyanide with a diazo-chromophore as a spectator group in
CD-spectroscopic investigations, Cornelissen et al. were able to assign the right handed (P-)
helical conformation to this polymer and extrapolate this to other polyisocyanides based on Lalanine.2
Analogously

to

many

biomolecules,

the

conformationally

well-defined

polyisocyanodipeptides were shown to undergo a conformational change upon either heating
or acidification. This disruption of the well-defined secondary structure was proposed to be
caused by a weakening of the H-bonded network between the peptide side chains.
In this chapter, the rigid helical conformation of the native polyisocyanodipeptides is
investigated by Langmuir-Blodgett (LB) films of these polymers on water and by rigidity
studies

using

atomic

force

microscopy

(AFM).

The

denaturation

kinetics

of

polyisocyanodipeptides will be discussed, as well as several novel spectroscopic and
microscopic investigations on the denaturated polyisocyanodipeptides.
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6.2 Results and Discussion
6.2.1 Langmuir-Blodgett Films of PIAA
LB-films of polyisocyanodipeptides were prepared by deposition from a chloroform solution
on a water surface and subsequent compression of the barriers of the LB trough (Figure 2).

Figure 2. Schematic representation of the formation of a well-defined polyisocyanopeptide
monolayer in a Langmuir-Blodgett trough.
From the area-pressure isotherms in Figure 3, the area per monomeric unit in LL-PIAA and
LD-PIAA were determined to be 17.3 Å2 and 18.0 Å2 respectively.

Figure 3. Pressure-area isotherms of polymers LD-PIAA () and LL-PIAA ().
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In combination with the diameters found for the polymeric rods (15.8 Å) by PXRDexperiments,1 the areas obtained from the LB-isotherms allowed for the determination of the
helical pitch by the following equation:

p=n

A
= n× h ,
d

where n is the number of monomers per repeat unit and h is the height per repeat unit. The
pitches found for the different polyisocyanodipeptides based on a 41 helical conformation are
listed in table 1. The values of 4.6 Å and 4.4 Å for resp. LD-PIAA and LL-PIAA correspond
well with the values previously calculated by Cornelissen et al.1 It has to be noted however,
that this value is calculated for a strict 41 helix. It has been proposed for LL-PIAA and LDPIAA that they have a 3910 helical conformation,1 which would result in a helical pitch of 4.4
Å for LD-PIAA and 4.3 Å for LL-PIAA. Huige et al. have calculated a helical pitch of 4.2 Å
for polyisocyanides with 3.75 units per turn.3 Calculating the number of monomers per turn
for a 4.2 Å helical pitch for LL-PIAA and LD-PIAA results in respectively a 3810 and a 3710
helix. These results correspond well with the previously determined values based on a
combination of experimental results and calculations.

Table 1. Structural dimensions for polyisocyanodipeptides obtained by LB-measurements,
where p is calculated for a 41 helical conformation.
Polymer

A (Å2)

d (Å)

h (Å)

p (Å)

LL-PIAA

17.3

15.8

1.09

4.4

LD-PIAA

18.0

15.8

1.14

4.6

6.2.2 Rigidity of LD-PIAA
Having a rigid 41 helical conformation, polyisocyanopeptides are ideal to be studied by
Atomic Force Microscopy (AFM). For LL-PIAA, this rigidity was proposed to originate
from a well-defined hydrogen bonded network between the peptide side-chains that (based on
IR-spectroscopy) which is very similar to the hydrogen bonded network present in the
crystalline monomer (Figure 4A). For LD-IAA, we have now also elucidated the crystal
structure, which was shown to possess a comparable well-defined hydrogen bonded network
as well. Based on the similar properties of LL-PIAA and LD-PIAA, it is expected that the
peptide side chains in the polymer have a very similar architecture to that in the crystalline
LD-IAA (Figure 4B).
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Figure 4. (A) Crystal structure of LL-IAA (left) and schematic representation of LL-PIAA
(right) showing the presence of a hydrogen bonding network. (B) Idem, for LD-IAA and LDPIAA.
The analysis of the AFM data allowed us to characterize the stiffness of individual polymer
chains by determining their persistence length. We compared the properties of the
poly(isocyanodipeptide)s synthesized either with Ni(ClO4)2·6H2O as a catalyst or
trifluoroacetic acid as an initiator.

Figure 5. AFM images of LD-PIAA prepared with Ni(ClO4)2·6H2O. Film prepared from a
chloroform solution containing (a) 0.01 g/l and (b) 0.001 g/l of LD-PIAA. White arrows
indicate intersections of separate chains and black ones mark segments consisting of
intercoiled chains. Z scales h= 2nm.
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Figure 5 displays AFM images of isolated LD-PIAA chains prepared by polymerization with
Ni(ClO4)2·6H2O. The chains exhibit cross sections that are constant along their whole lengths.
The fact that the ends and the middle sections of the chains are equal suggests in particular
that they consist of single strands. The apparent thickness of the chains, which amounts to
(0.30±0.06) nm, is lower than the diameter of the polymer rod which was calculated to be
1.58 nm.4 This effect, which becomes dramatic in a high relative humidity,5 is most probably
due to the indentation of the macromolecule by the probing AFM tip.6 A careful analysis of
the images in Figure 6 allowed two different types of features with larger thicknesses: (i)
intersections between two chains, as indicated by white arrows, and (ii) segments consisting
of two chains tightly packed one on the top of each other, as marked with black arrows to be
distinguished. In both cases the thicknesses were approximately 1.6-2.0 times those of the
single chains. In the second case, the limits in the spatial resolution of the AFM, due to the tip
convolution, do not permit a distinction between segments consisting of chains that are
packed one on top of each other and segments composed of intercoiled strands.

Figure 6. AFM images of LD-PIAA prepared by acid initiated polymerization. (a) Sample
prepared from a 0.01 g/l polymer solution in CHCl3 revealing the coexistence of relaxed
chains (indicated by the white arrow) and tightened ones (entanglements at the edges are
marked with black arrows). (b) Spin coated film prepared from 0.001 g/l polymer solution in
CHCl3 in which isolated chains can be seen. Zoom-in on chain intersections (bottom-left) and
on intercoiled chains (top-right). Whereas at intersections the observed thickness is twice
that of a single chain, when the chains are intercoiled this thickness is less than the double
value. ( h= 4nm).
AFM images of LD-PIAA prepared by the acid initiated polymerization reaction are shown in
Figure 6. Films prepared from 0.01 g/l solutions (Figure 6a) revealed an entangled network of
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polymer chains coexisting with free standing single polymer strands. In these two different
arrangements the polymer chains exhibited two completely different structures: in the first
case topological constraints as a result of the entanglements, marked with the black arrows,
caused a tension in the superstructure which did not permit the strands to equilibrate (see
below). In the second case the chains were able to equilibrate on the surface, as indicated by
the white arrows in Figure 6a. As in the case of polymers prepared by Ni(II) catalysis, an
analysis of the thicknesses of the rods made it possible to identify intersections between two
chains and segments consisting of intercoiled or tightly packed chains, besides individual
chains on mica with a height of ca. 0.8 nm (Figure 6b).

6.2.3 Persistence Length
Following the procedure developed in Bologna (see appendix), the persistence lengths for
LD-PIAA prepared by Ni(ClO4)2·6H2O and acid initiated polymerization were determined to
be (λp = 76±6) nm and (λp = 76±5) nm, respectively. In the latter case only chains in the
relaxed states were selected for the analysis. The remarkable agreement of their persistence
lengths reflects the identical chemical structure of both polymers. Further confirmation for the
identical conformation of both polymers came from their chiroptical properties: the CDspectra of the polymers prepared by the two different methods coincided perfectly. In
addition, the good agreement for short and long polymer chains indicates that the role played
by long range interactions, i.e. excluded volume effects, is negligible.7
It is most important to note that the chains may be physisorbed on the surface in either a
kinetically trapped conformation or a conformation that is in the thermodynamic equilibrium.
In the former case the structures resemble the projection on the surface of the conformations
attained in solution and reflect the history of the approach of the molecules to the surface. In
the latter case the molecules are allowed to search among their accessible states in 2D before
they are captured in a particular conformation. The transition from a 3D to a 2D space is
dependent on the local torsional and axial flexibility of the chains. As discussed for other
macromolecular systems,8 only for chains which are equilibrated at surfaces, it is possible to
evaluate quantitatively the 3D mechanical and structural properties of the polymers from the
images of the chains on the surface. It is therefore crucial to be able to differentiate between
trapped conformations and equilibrated ones. In the present case, this identification was done
using two different approaches. The data regarding the polymers prepared by Ni(II) catalysis
samples are presented in the following description:
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i) According to Rivetti et al. 8 the average end-to-end distance <R> of a chain equilibrated in
2D on a surface can be described by,

R
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whereas for chains trapped on the surface,
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in which L is the contour length of the polymer.
In Figure 7a <R> vs. L are plotted for these two functions using the experimentally
determined value for Ap=(76±6)nm. A good agreement between the experimental data and the
calculated curve representing the equilibrated chains in 2D is observed in the range from L=0
nm to L=50 nm. For higher L values, due to the low number of data points, the evolution of
<R>=f(L) is characterized by larger fluctuations. Nevertheless, a reasonably good agreement
between the theoretical curve for the equilibrated chains in 2D and the experimental results is
still evident. This not only proves that the chains are equilibrated on the surface, but also
represents an independent verification of the determined Ap, according to the worm like chain
model.8
In Figure 7b the distribution of the angles θi, which for the thermodynamically stable states
must be Gaussian,9 is plotted in the histograms. A good fit to a Gaussian function can be
obtained as confirmed by the value of χ2=42.07 (for 2740 data points sorted in 67 bins) which
attests a confidence of more than 95 %.
The two crosschecks described above provide the evidence that for polymers prepared by
both acid initiated and Ni(II) catalyzed polymerization the chains are equilibrated on the
surface. Moreover, it is important to note that none of the samples exhibited preferential
orientation of the adsorbed chains with respect to the three-fold symmetry of the mica
substrate. This observation is also manifested in the distribution of the θi in Figure 7b which
exhibits a mean value < θi>=0.
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Figure 7. (A) Evolution of the end-to-end distance vs. the contour length. Theoretical function
for 2D equilibrated chains (dotted line), 2D trapped chains (dashed line) and experimental
results (filled line). (B) Distribution of the θi–values as determined from the experimental
results and the calculated Gaussian function.
The above results show that the polymers of isocyano L-alanyl-D-alanine methyl ester are
extraordinarily stiff macromolecules. The measured persistence length amounts to λp = (76±6)
nm which is more than one order of magnitude larger than the persistence length determined
in solutions for a simpler polyisocyanide, namely poly(α-phenylethylisocyanide).10 This
indicates that the hydrogen bonding networks in the side-chains of the polymers stabilize the
overall polymer structure in line with previous physico-chemical studies.

4

Among single

chain synthetic polymers the stiffness of our polyisocyanopeptides indeed is very high: it is
comparable to the one quantified in solutions for poly(γ-benzyl-α,L-glutamate) for which a
persistence lengths of Ap=70 nm was reported,11 and it is higher than other polymers that are
considered to be very rigid, e.g. hyperbranched or dendronized polymers that exhibited a
Ap=50 nm.12 Remarkably, these polymers exhibit a persistence length that is even 50% larger

than that of dsDNA. 8

6.2.4 Thermal Denaturation of Polyisocyanodipeptides
In the above section we have demonstrated that polyisocyanodipeptides are extremely welldefined and rigid helical polymers. However, in the last decades there has been considerable
debate concerning the assumed rigid helical backbone of polyisocyanides. Based on a range
of theoretical methods, several secondary structures have been suggested to be the
energetically most favorable conformation.13 Green et al. have found a limited persistence
length of ~3 nm for polyisocyanides without bulky substituents.14 Studies of Spencer et al. on
oligoimines based on phenylisocyanide indicated that especially the triimine had a
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conformation in line with the prediction of Clericuzio et al., i.e. the so-called syndioconformation in which instead of a 90° angle between separate imines in a 41 helix, the
iminomethylene groups in the polymer are divided in conjugated pairs and these pairs are
offset with respect to each other by ∼90° angles.15 The same group has demonstrated that the
helical conformation of polyphenylisocyanide in solution changes gradually to an alternative
conformation which they assign a random coil conformation.16 They determined the
Arrhenius activation energy for this rod-coil transition in different solvents: Ea (CCl4) = 44
kJ/mol; Ea (THF) = 51 kJ/mol; Ea (CH2Cl2) = 70 kJ/mol. These data suggest that the rod-coil
inversion barrier for this polymer is indeed too small to form a stable helix at room
temperature. In the following, the heat induced disruption- or denaturation- of PIAA’s is
discussed.

6.2.4.1 Transition State Parameters
The change in secondary structure of different polyisocyanodipeptides (Scheme 1) upon
heating in a tetrachloroethane solution, was monitored by CD-spectroscopy.
Scheme 1. Polyisocyanodipeptides studied in thermal denaturation experiments.

In all cases, the characteristic Cotton effect around λ = 310 nm disappeared upon heating
(Figure 8). This CD signal is attributed to the H-bonded array between the peptide amides
influencing the n-π* transition of the imine chromophore.
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Figure 8. Change in secondary structure upon heating in tetrachloroethane monitored by
CD-spectroscopy for: (A) LL-PIAA at T = 110°C, 10 minute time intervals, (B) idem for LDPIAA and (C) for D-PIGA at T = 50 °C and 5 minute time intervals.
By assuming a linear relationship between Δε at a certain wavelength and the fraction of
native polymer in solution f, the rate constant k for disruption of the secondary structure could
be determined (Figure 9).

Figure 9. (A) Definition of f in the CD-spectrum of LD-PIAA used in the determination of the
rate constant of thermal denaturation. (B) First order kinetic plot for the denaturation of LDPIAA at T = 110°C.
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By determining the rate constant at different temperatures, the transition state parameters of
this denaturation process could be calculated (Table 2).
Table 2. Transition state parameters for the thermal denaturation of polyisocyanodipeptides.

a

Polymer

ΔH‡ (kJ/mol)

ΔS‡ (J*mol-1*K-1)

ΔG‡ (kJ/mol)a

Εa (kJ/mol)b

LD-PIAA

87

-79

110

90

LL-PIAA

120

19

114

123

D-PIGA

69

-88

95

71

b
These values are calculated for T = 298 K. Activation energy calculated by the Arrhenius equation.

The unfolding of D-PIGA occurred at a significant rate even at room temperature as is
reflected in the relatively low Arrhenius activation energy. On the other hand, CDspectroscopy showed that the secondary structure of both LL-PIAA and LD-PIAA were
virtually unchanged when left in solution at room temperature for periods of days. This
difference in stability between the PIAA’s and D-PIGA must be due to the absence of the
methyl group next to the polymer backbone in the latter polymer. This creates a large
rotational freedom for the carbon atoms in the polymer backbone, which results in a relatively
low inversion barrier between the helical native and the alternative denaturated conformation.
With the exception of D-PIGA, the Arrhenius activation energy found for the heat induced
denaturation of these polymers is significantly higher than that previously reported for
polyphenylisocyanide, which was Ea = 70 kJ/mol in CH2Cl2. This demonstrates the increased
structural stability obtained by peptide-based polyisocyanides.
Surprisingly, the ΔS‡ found for LL-PIAA is positive, whereas for the other two polymers ΔS‡
is strongly negative. This suggests that contrary to LD-PIAA and D-PIGA, LL-PIAA has
more degrees of freedom in the transition state than in the polymer prior to thermal
denaturation. Assuming that all polyisocyanodipeptides undergo a similar conformational
transition, this suggests that LL-PIAA has a better ordered structure in its native form than the
other two polymers. The significantly higher ΔH‡ found for LL-PIAA compared to the other
polymers supports this assumption. Assuming that the breaking of the H-bonds in the native
polymer gives the main contribution to ΔH‡, LL-PIAA has a more complex H-bonding
network compared to the other two polymers. Molecular mechanic calculations using the
force-field method, predict that in addition to the expected H-bonds between the peptide
amides of side-chains n and n+4, additional H-bonds are present in LL-PIAA between the
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amide NH and the carbonyl of the methyl ester of side-chains n and n+1 (Figure 10). These
additional H-bonds are absent in the other polymers.

Figure 10. Conformations obtained by molecular mechanics calculations for LL-PIAA (A)
and LD-PIAA (B). The H-bonds between the esters of side-chain n with the amide carbonyls
of side-chain n+1 are encircled in gray.

6.2.4.2 Conformational Properties of Denaturated Polyisocyanodipeptides
The differences in H-bonding and rigidity between the above discussed native and
denaturated polymers have been further investigated by several spectroscopic and
microscopic techniques. In table 3 some characteristic signals from 1H NMR and IRspectroscopy are listed as well as the optical rotation. The broadening and downfield shift of
the NH-signal from δ 9.4 ppm to ~ 8.6 ppm in 1H NMR indicated that the H-bonding was less
well-defined and weaker in the denaturated polymer compared to the well-defined native
polymer. Also IR-spectroscopy suggested a weakening of the H-bonded network, as was
demonstrated by the shifts in the NH-stretch and the amide I vibration (table 3). In addition, a
significant broadening of the IR absorption bands showed that the polymers after thermal
denaturation were much less well-defined than the native polymers, because of this
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broadening, the NH-stretch vibration of LL-PIAA could no longer be observed after
denaturation.
Table 3. Selected properties for native and denaturated PIAA’s.
NMR (ppm)

IR (cm-1)a

δNH

νNH

νamideI

9.3

3248

1657

361

n.d.

1661

-230

9.4

3244

1656

530

denaturated 8.5

3280

1661

-133

polymer

LL-PIAA: native

denaturated 8.5
LD-PIAA: native
a

[a]20Da

IR-spectra and optical rotation were measured in tetrachloroethane solution.

AFM-microscopy and optical microscopy between crossed polarizers showed that the rigidity
observed for PIAA’s in the native conformation was lost upon thermal denaturation (Figure
11). Instead of the rigid rod-like polymers seen in the AFM-micrographs of native LL-PIAA,
now globule-like structures were observed indicative of coiling of the polymer chains. In
addition, instead of forming a cholesteric lyotropic LC phase as in the case of native LLPIAA, concentrated solutions of denaturated LL-PIAA only formed an isotropic phase. These
observations are in line with a strongly reduced rigid-rod character of the polymers upon
thermal denaturation.

Figure 11. AFM-micrographs of LL-PIAA spincoated from a 1 mg/mL solution in CHCl3 on
mica (top) and optical micrographs of saturated solutions of LL-PIAA in tetrachloroethane
between crossed polarizers (bottom). In both cases, the situation before (left) and after (right)
denaturation is depicted.
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6.2.5 Fluorescent Properties of PIAA
In addition to the spectroscopic properties discussed above, PIAA’s also have fluorescent
properties. This fluorescent behavior is tentatively attributed to limited conjugation between
the imine groups in the polyisocyanide backbone. However, also some fluorescent behavior is
observed for the monomer isocyanopeptides as can be seen in Figure 12 for LL-IAA
(Emission λmax = 378 nm and excitation λmax = 275 nm).

Figure 12. Excitation () and emission () spectra of LL-IAA in CH2Cl2.
A slightly off-white color for the native PIAA’s and a dark brown color for denaturated
PIAA’s suggest that some degree of conjugation is always present in these polymers, in the
former case likely due to the end groups. The larger the extend of conjugation, the more the
emission will shift to longer wavelengths. Figure 13 shows the excitation and emission
spectra for native LD-PIAA (Emission λmax = 360 nm and excitation λmax = 275 nm).

Figure 13. Excitation () and emission () spectrum of native LD-PIAA.
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When the well-defined H-bonded network between the peptide side-chains is disrupted, the
helical backbone has the opportunity to rearrange its conformation to one in which more
conjugation between the imine groups is present. This is reflected in the fluorescence spectra
of denaturated LD-PIAA in Figure 14. The excitation spectrum shows three maxima at λ =
240, 280 and 400 nm and in addition to the emission at λ ∼ 350 nm, the emission spectra now
show an additional emission at λ = 490 nm, which was not present in the fluorescence
spectrum of the native LD-PIAA. This red-shifted emission is most probably due to a
delocalization of the π-electrons of the imine chromophore through an increased conjugation.

Figure 14. Excitation spectrum () and emission spectra at λ = 250 nm (), λ = 275 nm
() and λ = 396 nm () for heat induced denaturated LD-PIAA.
When instead of heat, acid was applied to denaturate the secondary structure of LD-PIAA,
more differences were observed in the fluorescence behavior. In addition to an increased
conjugation between the imine-groups, protonation of the imines allows for further
delocalization of the π-electrons and nitrogen lone-pair electrons as is depicted in Figure 15B.
This protonation of the polymer backbone is reflected in an emission at λ = 550 nm, when the
polymer is excited at λ = 450 nm (Figure 15A).
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Figure 15. (A) Excitation spectra for λ = 430 nm () and λ = 520 nm () and emission
spectra for λ = 350 nm (), λ = 380 nm () and λ = 450 nm () for LD-PIAA denaturated
with excess TFA. (B) Protonation of a polyisocyanide resulting in delocalization of π and
lone-pair electrons.
The above described fluorescent properties of isocyanopeptides and polyisocyanopeptides are
not yet well-understood and further studies are required to elucidate the underlying
mechanism of this behavior.

6.2.6 Kinetic and Thermodynamic Conformation of L-PIAG
The nickel(II) catalyzed polymerization of isocyanides forces the resulting polymers in a
helical conformation of which the screw sense is dictated by the stereochemistry of the
substituent closest to the isocyanide functionality.17 In the case of isocyanides based on
dialanines (IAA’s), the 41 helical conformation that results from the nickel(II) catalyzed
polymerization is retained in solution for long periods of time without a rearrangement of the
initially formed architecture as was demonstrated by CD-spectroscopy.

Figure 16. Poly-L-isocyanoalanylglycine methyl ester (L-PIAG).
When the second alanine moiety of the dipeptide side chain is replaced by an achiral and less
sterically demanding glycine unit, i.e. in isocyanoalanyl glycine methyl ester (IAG), some
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interesting differences were observed between the nickel(II) catalyzed polymerization of
IAA’s and IAG’s. The polymerization of L-IAG was significantly slower than the
polymerization of IAA’s. The latter compounds were quantitatively converted into the
polymer in a matter of minutes, while the former was consumed in a period of hours. CDspectroscopy showed that the kinetically controlled conformation of newly formed L-PIAG
(Figure 16) in the nickel(II) catalyzed polymerization of L-IAG was transformed to another,
more stable, thermodynamically controlled conformation (Figure 17). The presence of an
isodichroic point at 295 nm (Figure 17C) revealed that this conformational change is a
transition between two discrete conformations.

Figure 17. Nickel(II) catalyzed polymerization of L-IAG monitored by CD-spectroscopy in 1h
intervals (A) and the same plot subdivided in two separate plots of the first 8 h (B) and the
last 10 h (C) of the polymerization.
The strong positive cotton effect around λ = 310 nm, which was seen in the case of PIAA’s
was completely absent in the case of L-PIAG both in the initial and in the final conformation.
Instead, a couplet-like absorption was present with a strong minimum at λ ≈ 270 nm which
shifted to λ ≈ 290 nm and a weak maximum at λ ≈ 360 nm which was not present in the final
conformation. We tentatively explain the lack of the intense Cotton effect at λ ~ 310 nm by
the absence of a well-defined hydrogen bonding array along the polymer backbone. This
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allows the P-helical polymeric architecture dictated by the nickel(II) catalyst together with the
chiral L-alanine unit to adopt an alternative conformation where the amide bonds still form a
hydrogen bonded network, albeit less well-defined than in the case of PIAA.
The formation of a hydrogen-bonded network was confirmed by IR-spectroscopy (figure 18).
The disappearance of the isocyanide absorption at ν = 2142 cm-1 upon polymerization with
Ni(ClO4)2·6H2O was accompanied by a simultaneous shift of the amide I absorption from ν =
1695 cm-1 to ν = 1666 cm-1 which is indicative of the formation of a hydrogen bonded
network.

Figure 18. Nickel(II) catalyzed polymerization of L-IAG in dichloromethane followed by IRspectroscopy as function of time.
The shifted amide I absorption that results from the hydrogen bonded amide carbonyl,
broadened significantly upon standing in solution (Figure 18) which is in line with the
conformational changes observed with CD-spectroscopy. In addition, due to considerable
broadening, the NH-stretch vibration which is typically found around ν = 3200-3400 cm-1 was
not observed for L-PIAG.
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Figure 19. Nickel(II) catalyzed polymerization of L-IAG followed in time by 1H NMR
spectroscopy.
1

H NMR Spectroscopy (Figure 19) revealed a significant downfield shift occurred in the

signal for the amide proton upon polymerization. Also the α-proton of the alanine and the
glycine α-protons displayed a large downfield shift. This suggests that there is significant
hydrogen bonding between the peptide side-chains in the polymer. In time the signals for the
amide protons broadened significantly, showing that the hydrogen-bonding network became
less well-defined in time. Monitoring the signal for the methyl ester as a function of time
(Figure 19B) confirmed what had already been demonstrated by CD-spectroscopy: the upfield
shifted signal for these methyl protons in the freshly prepared polymer that is the kinetic
product, slowly shifted to a slightly more downfield position until a thermodynamically stable
conformation was reached. A broadening of all peaks in the thermodynamic product as
compared to the kinetically controlled product, suggested that the initial 41 helical
conformation slowly transformed into an alternative less well-defined conformation. The
exact structure of this latter conformation is still unknown and more experiments are needed
to clarify it.

6.3 Conclusions
Polyisocyanodipeptides monolayers on a water/air interface using a Langmuir-Blodgett (LB)
trough could be prepared and the resulting area-pressure isotherms support the proposed rigid
rod-like 41 helical conformation of these compounds.
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Persistence length determination using AFM, showed that LD-PIAA is a very rigid polymer
with a persistence length of lp = 76±6 nm, which exceeds lp = 50 nm reported for ds-DNA.
The native conformation of PIAA’s could be disrupted by heat and the transition state
parameters for this process indicated that the side-chains in LL-PIAA have less orientational
freedom than the side-chains in LD-PIAA and D-PIGA because of additional H-bonding
between the amide NH and the ester carbonyl between side chains n and n+1.
Several spectroscopic and microscopic techniques showed that the PIAA’s upon denaturation
have a weaker and less-defined H-bonded network than the native PIAA’s. A dark brown
color and fluorescent properties of the polymers indicate that (parts of) the polyisocyanide
backbone adopt a conformation in which the imine are conjugated.
Ni(II) catalyzed polymerization of L-IAG yielded a kinetically formed product which was
transformed into the thermodynamically controlled product upon standing in solution. In time,
weakening of the H-bonded network and loss of structural definition was observed to take
place.

6.4 Experimental Section
6.4.1 General methods and materials
Dichloromethane, chloroform and trifluoroacetic acid were distilled at atmospheric pressure
from CaH2, CaCl2 and P2O5 respectively. Tetrachloroethane and N-methyl morpholine were
distilled under reduced pressure from CaCl2 and sodium respectively. All other chemicals
were commercial products and used as received. Flash chromatography was performed using
silica gel (0.035-0.070 mm) purchased from Acros and TLC-analyses on silica 60 F254 coated
glass either from Merck or Acros. Compounds were visualized with Cl2/TDM or
Ni(ClO4)2·6H2O in EtOH. 1H NMR spectra were recorded on Bruker WM-200 and Bruker
AC-300 instruments at 297 K,

13

C NMR spectra were acquired on a Bruker AC-300

spectrometer. Chemical shifts are reported in ppm relative to tetramethylsilane (δ = 0.00 ppm)
as an internal standard. FT-Infrared spectra were recorded on Bio-Rad FTS 25 and Anadis
IR300 instruments (resolution 1 cm-1). CD spectra were measured on a JASCO 810
instrument equipped with a Peltier temperature control unit (Jasco PT-423 s/1). Melting
points were measured on a Jeneval THMS 600 microscope equipped with a Linkam 92
temperature control unit and are reported uncorrected. Mass spectrometry (EI) was performed
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on a VG 7070E instrument. Elemental analyses were determined on a Carlo Erba 1180
instrument. Optical rotations were measured on a Perkin Elmer 241 Polarimeter.

6.4.2 Preparation LB-films
Langmuir-Blodgett films were prepared on a Lauda Film Balance (FW2), which was situated
in a flow hood. Solutions with a concentration of 4.67 mmol/L of PIAA in CHCl3 were
prepared and 150 μL of this solution was spread on the aqueous subphase (18 MΩ water
purified by the milli-Q filtration system). Compression of the barriers was carried out at a
constant speed (30 mm/min).

6.4.3 Thermally Induced Denaturation
Solutions of polyisocyanopeptides in 1,1,2,2-tetrachloroethane (16 mmol/L) were prepared
and 300 mL of this solution was transferred to a quartz cuvet with a 1 mm path length. Using
the Peltier temperature controller the solution was brought to the desired value and
denaturation of the polymer was monitored by CD-spectroscopy using interval scan
measurements at desired time-intervals. The resulting denaturated polymers were
subsequently used for other spectroscopic and microscopic investigations.

6.4.4 Acid Induced Denaturation
A solution of LD-PIAA (16 mmol/L) in a solution of trifluoroacetic acid (TFA) in CH2Cl2
(0.1 mol/L) was prepared and the denaturation process was monitored by CD-spectroscopy.
The resulting solution of denaturated LD-PIAA was diluted to 0.80 mmol/L to be used for the
fluorescence measurements.

6.4.5 Polymerization of IAG
Ni(ClO4)2·6H2O (18.3 mg, 0.05 mmol) was dissolved in a minimal amount of CD3OD and 5
mL of CDCl3. This solution was diluted 10 times (0.200 mL in 1.800 mL CDCl3), resulting in
a 1 mM solution of Ni(ClO4)2·6H2O in CDCl3. L-IAG (1.90 mg, 0.011 mmol) was dissolved
in 0.70 mL of the solution containing the Ni(II) catalyst. The polymerization reaction was
monitored in time by 1H NMR spectroscopy.
An identical procedure was used for the polymerization of L-IAG monitored by IRspectroscopy, but now no deuterated solvents were used.
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6.4.6 Compounds
Compounds: LL-IAA, LD-IAA and L-IAG were prepared as reported in literature.18
D-isocyanoglycyl-alanine methyl ester (D-IGA). To a solution of D-alanine methyl ester

HCl-salt (837 mg, 6.02 mmol) and Et3N (846 μL, 6.02 mmol) in 5 mL of methanol was added
methyl isocyanoacetate (459 μL, 6.02 mmol) and the reaction mixture was stirred at room
temperature. After 72 h, the solvent was evaporated and the resulting black oily material was
purified by column chromatography (CHCl3/acetone/Et3N = 5:1:0.01). The resulting off-white
crystalline product was recrystallized from diisopropylether/ethanol to yield D-IGA as a white
crystalline material (440 mg, 43%). Mp: 74 °C. [α]D (CHCl3, c 0.72) = -21.7°. 1H NMR (δ
ppm, CDCl3, 200 MHz): 6.90 (s, 1H, NH), 4.61 (m, 1H, CH), 4.20 (s, 2H, CH2), 3.79 (s, 3H,
OCH3), 1.49 (d, 3H, CH3, J = 7.5 Hz).

13

C NMR (δ ppm CDCl3, 75 MHz): 172.0 (C=O),

162.6 (C=O), 161.5 (C≡N), 52.9 (OCH3), 48.6 (CH), 45.3 (CH2), 18.4 (CH3). FT-IR (cm-1)
3301 (NH), 2162 (C≡N), 1737 (C=O), 1657 (amide I), 1556 (amide II). EI-MS: m/z = 170
[M]+. El. Anal. Calcd. For C18H31N3O4: C, 49.41; H, 5.92; N, 16.59. Found: C, 48.96; H,
5.76; N, 16.83.
Poly(D-isocyanoglycyl-alanine methyl ester) (D-PIGA). To 92.4 mg (0.54 mmol) D-

isocyanoglycylalanine methyl ester (D-IGA) in 5 mL CH2Cl2 was added 6.7 mg (18 μmol)
Ni(ClO4)2·6H2O in 5 mL CH2Cl2 and 0.20 mL ethanol (abs.). After 1h, the solvents were
evaporated and the resulting residue was redissolved in a minimal amount of CHCl3. The
polymer was precipitated by dropping this solution in 20 mL of methanol/water (3:1) under
vigorous stirring. The product was filtered off and washed with methanol/water until the
filtrate remained colorless and than once with methanol. Drying in vacuo gave the polymer as
a brown powder (60 mg, 65%). [α]D (CHCl3, c 0.06) = -162°. 1H NMR (δ ppm, CDCl3, 200
MHz): 9.1 (br, 1H, NH), 4.8-4.0 (br, 1H, CH), 3.7 (s, 3H, OCH3), 3.7-3.4 (br, 2H, CH2), 1.81.4 (br, 3H, CH3).
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6.5 Appendix
Determination of the Persistence Length

Figure A.1: Schematic representation of the determination of θi along a chain section of
length A (in gray) which goes from i to i+1.

According to the “Worm like chain model“, also known as the „Kratky-Porod
model”,19 for semiflexible chains the persistence length (Ap) is the length over which the
memory of the initial orientation of the chain is maintained. The shape persistence of
polymeric chains can be analyzed by determining the statistical fluctuations in the curvatures
of many single macromolecules equilibrated on a surface.

These fluctuations can be

visualized by SFM and permit to determine the persistence length of the chains with a high
precision.
For a polymer chain in two dimensions, the angle θ(A) between the tangents at two points
located a distance A apart along the contour, can be described by the following probability
distribution function:8
Ap

P (θ (A) ) =

2πA

⋅e

−

A p ⋅θ 2 (A )
2A

This is a normal distribution characterized by a mean value
∞

θ (A ) = ∫ dθ (A )P (θ (A )) = 0
−∞

and the variance
V [θ (A )] =

∞

2

A
∫ dθ (A )( θ (A ) − θ (A )) P (θ (A )) = A .

−∞

p
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A simple way to represent the contour of the chain is to draw a series of consecutive straight
segments connecting points, which are located at constant contour lengths A apart (Figure
A.1). One can then construct a set of θi – values from the angles between the tangents at i and
i+1.

If A is chosen to be sufficiently small, namely A<<Ap , the length of the straight

segments s connecting the points i and i+1 approaches A and eq. 1 becomes
V [θ i ] =

s
Ap

(eq. 2)

Using eq. 2 the persistence lengths can be determined with a high precision from the SFM
images as long as the image resolution allows one to accurately digitalize the data with A<<Ap.
For determining the persistence length of the chains in a given sample, AFM images were
recorded with a resolution of 512*512 pixels, with pixel sizes ranging from 1 to 10 nm. The
chain images were vectorized by selecting points on the chains which were then connected by
straight lines with a length of approximately 5 pixels using a drawing program.20
The set of θi - values was obtained from the tangents in each data point. Since the segment
lengths si are not constant, the angles θi had to be normalized. Due to the proportionality
~

θ i2 ∝ s which reflected in eq. 2, this normalization was carried out by setting θ i ≡

θi
si

and

consequently ~
si = ~
s ≡ 1.
Eq. 2 then becomes:

[ ]

1
~
V θi =
Ap

(eq. 3)

Since the set of measured data θ i m was determined with a manual vectorization procedure, it
~
possesses a random error of θ im = θ i + ϕ i . Thus V[ θ i m ] will differ from the variance of the

[ ]

~
~
exact θ i , namely V θ i . Assuming the errors to have a normal distribution, the measured

~
s , the
variance of the normalized data is V[ θ i ]+V[ ϕ~i ]. Since V[ ϕ~i ] is independent of ~
~
s2 . Constructing
exact V[ θ i ] can be also calculated by building-up a new chain of different ~
~
s2 = 3 ⋅ ~
s = 3 the true variance
a set of θ i m 2 - values corresponding to a segment length ~
amounts to
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[ ] ( [ ] [ ])

~ 1 ~
~
(eq. 4)
V θi = V θi m2 − V θi m .
2
~
~
The values V[ θ i m ] and V[ θ i m 2 ] were calculated for each chain and then averaged weighting
the values by the length of the molecule. This latter procedure was used in order to obtain
values of the variance that are weighted by the contour length of the chain, rather than by the
number of data points collected with the vectorization procedure. Finally, by combining eqs.
2 and 4 one obtains the average value of the persistence length for a given sample:
Ap =

2

(V [θ ]− V [θ~ ])
~ m2
i

i

(eq. 5)

m

~
~
~
~
Because of the normal distribution of θ i m and θ i m 2 , the distribution of V[ θ i m ] and V[ θ i m 2 ]
can be described using the χ2-statistics.21 Taking σ as the confidence interval, one gets

[ ] [ ]

~
~
ΔV θ i m = V θ i m *

[ ] [ ]

~
~
ΔV θ i m 2 = V θ i m 2 *

3
and
N
6
N

, where N is the number of data samples. Applying the formalism of the Gaussian error
propagation the error of Ap is

[ ] [ ]
( [ ] [ ])

~ 2
~ 2
3⎛⎜V θ i m + 2V θ i m 2 ⎞⎟
⎠
ΔA p = ⎝
~m
~ m2 2
N ⋅ V θi −V θi
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Lyotropic LC-Behavior of Polyisocyanodipeptides

7.1 Introduction
Elongated stiff objects that are isotropically dissolved are known to reach a phase boundary in
which the objects order themselves when the concentration of the solute increases. This
birefringent liquid crystal (LC) state causes a large decrease in orientational entropy with a
compensating large increase in translational entropy.1 Achiral mesogenic solutes form a socalled lyotropic nematic LC-mesophase (Figure 1), whereas chiral mesogenic solutes usually
form the twisted variant of the nematic state: the cholesteric liquid crystal (Figure 1). The
formation of a chiral nematic or cholesteric phase, instead of a nematic phase, is the result of
the competition between two elastic energies. On one hand, the free energy of a cholesteric
phase is lowered in a twisted state because of the torque a chiral molecule exerts on its
neighbor. This contribution is characterized by the “twist” constant Kt. The origin of this
contribution can be attributed to the free volume gained as threaded rods approach each other
at a well-defined angle and is therefore an entropic contribution. On the other hand, creation
of an elastically distorted state characterized by the “twist elastic” constant K22 raises the free
energy.2

Figure 1. Liquid crystalline phases.
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Polymeric lyotropic liquid crystalline states are reported for: chiral polypeptides,3
polysaccharides and their derivatives,4 DNA,5 chiral micellar systems,6 and guanylic
nucleotides.7
Polyisocyanates (Figure 2 A&B) are synthetic polymers that adopt a stable helical
conformation in the solid state as well as in solution.8 Polyisocyanates are well-known to
form lyotropic LC structures.9 These LC structures are typically nematic, but if a chiral
instead of an achiral side-group is attached to the polyisocyanate backbone (by homo- or
copolymerization of chiral isocyanate monomers), a cholesteric LC state is formed.10 Because
of the Bragg-reflective optical properties of the chiral nematic phase,11 these cholesteric LC
polyisocyanates have found potential applications as e.g. dye pigments for cars or as “copy
safe” colors for documents or money (Figure 2C).12 In a recent report, Green et al.
demonstrated the possibility to tune both the cholesteric pitch as well as the screw sense with
temperature by preparing polyisocyanates appended with paired structurally different
enantiomers, which have opposing helical sense preferences.13

Figure 2. (A) General representation of an isocyanate and resulting polyisocyanate. (B) A
random copolymer of three isocyanates in which one has a methacrylate function for crosslinking of the LC-phase. (C) Bragg-reflection for the crosslinked polymers shown in (B),
crosslinking at different temperatures and reflection under varying viewing angles.
Cornelissen et al. described a cholesteric lyotropic phase for concentrated solutions of LLPIAA in CHCl3.14 However, quantitative data about cholesteric pitch and screw sense could
not be obtained because of the volatility of the chloroform and the relatively slow
equilibration of the cholesteric state. In this chapter we report on the lyotropic LC behavior of
polyisocyanides based on dipeptides in concentrated solutions in tetrachloroethane.
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7.2 Results and Discussion
7.2.1 Polymer Preparation
In order to overcome the previously described problems in obtaining quantitative data about
the cholesteric LC behavior of concentrated solutions of polyisocyanodipeptides, some
alterations were made in the experimental procedure. First of all, instead of the volatile
chloroform, now the high-boiling tetrachloroethane was used as a solvent. Secondly, the LLPIAA used by Cornelissen et. al. was prepared by catalysis with 1/30th equivalent of
Ni(ClO4)2·6H2O. A disadvantage of this catalyst is that the tetrakis isocyanide nickel(II)
complex as well as its activated form are formed in situ.15 In combination with the very fast
propagation step of the polymerization reaction of LL-IAA this might lead to incomplete
initiation and consequently relatively high molecular weight polymers, which in turn causes
the relaxation of the cholesteric state to its most stable form to proceed slowly. To circumvent
this problem, the LL-PIAA used in the experiments described below were prepared with
1/30th equivalent of a Ni(II) catalyst that was already initiated before the LL-IAA monomers
were added to the reaction mixture, i.e. tri(tert-pentyl isocyanide)[benzylamino(tertpentylamino)carbene] nickel(II) perchlorate (1) (Scheme 1). Using this catalyst, also LDPIAA and DL-PIAA were prepared to be used in the investigation of the LC-behavior of
polyisocyanodipeptides.
Scheme 1. Polymerization of LL-IAA using tri(tert-pentyl isocyanide)[benzylamino(tertpentylamino)carbene] nickel(II) perchlorate as catalyst.

The AFM-micrographs in Figure 3 clearly show that the LL-PIAA prepared by using 1 as
catalyst yields significantly shorter polymers and a smaller polydispersity than when
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Ni(ClO4)2·6H2O is used. For LD-PIAA the same observation was done, albeit less
pronounced compared to LL-PIAA.

Figure 3. AFM-micrographs for LL-PIAA prepared by catalysis with: A) Ni(ClO4)2·6H2O
and B) 1 and idem for LD-PIAA C) and D).
The molecular weights determined from these AFM-studies are listed in Table 1. For DLPIAA, no molecular weights have been determined. Based on the enantiomeric nature of the
two polymers, the same properties as for LD-PIAA are assumed.
Table 1. Molecular weights of polyisocyanides prepared with catalyst 1 and Ni(ClO4)2·6H2O.
Catalyst

Mn (kg/mol)
LL-PIAA

1
a

Ni(ClO4)2·6H2O
a

Mw (kg/mol)

D

LD-PIAA LL-PIAA LD-PIAA LL-PIAA LD-PIAA

75

135

86

186

1.2

1.4

186

221

255

381

1.4

1.7

The determination of molecular weights of polymers prepared with Ni(ClO4)2·6H2O as catalyst is described elsewhere.

16

7.2.2 Cholesteric Pitch
Concentrated solutions of LL-PIAA in tetrachloroethane in a concentration range of 18-30
wt% were monitored for their lyotropic LC-behavior. At concentrations < 18 wt%, an
isotropic solution was observed and for concentrations > 30 wt%, LL-PIAA was no longer
soluble in tetrachloroethane. The cholesteric LC phase in the concentration range between
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these limiting values was monitored in time at 50°C using an optical microscope with crossed
polarizers. The observed cholesteric states for a solution of 20 wt% are shown in Figure 4.

Figure 4. Lyotropic cholesteric LC-phase of 20 wt% LL-PIAA in tetrachloroethane at 50°C as
a function of time.
The cholesteric pitch in the stable cholesteric state at a given concentration could be
determined by extrapolation of the decreasing cholesteric pitch plotted against time using a
first order exponential decay function (Table 2 and Figure 5A).
Table 2. Cholesteric pitch of concentrated solutions of LL-PIAA in tetrachloroethane at 50ºC.
[LL-PIAA] (wt %)

p (μm)

18

4.2

20

3.7

25

2.7

Kimura et al.17 proposed a theory in which the cholesteric pitch of helical rod-like molecules
at a given temperature and solvent depends on the concentration of the polymer according to
the following equation:
1 ⎡⎣1 − (ϕ 3) ⎤⎦
∝
2
p
[1 − ϕ ]
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in which ϕ is the volume fraction of the polymer rods. Applying this equation to the
cholesteric pitches determined for LL-PIAA at three different concentrations, but using the
weight fraction instead of volume fraction, results in a good linear fit (Figure 5B), which
suggests that the concentration dependence of the cholesteric pitch in fairly good agreement
with the theory of Kimura et al.17

Figure 5. (A) Cholesteric pitch as function of time for LL-PIAA in C2H2Cl4 at different
concentrations: 18 wt% (), 20 wt% () and 25 wt% (). (B) Plot of reciprocal pitch against
(1-ϕ/3)/(1-ϕ)2 for LL-PIAA in C2H2Cl4.

7.2.3 Inversion of Cholesteric Screw Sense
In order to determine the screw sense of the cholesteric phase of LL-PIAA in concentrated
solutions in tetrachloroethane, CD-spectroscopic investigations have been carried out. A left
handed (M-) helical cholesteric phase is known to cause a positive CD-effect and a negative
effect is observed for a right-handed (P-) helical cholesteric state.18
The CD-spectra in Figure 6 show the characteristic Cotton effect at λ = 310 nm caused by the
n-π* star transition of the imine chromophore. However, in the liquid crystalline state an
additional intense signal in the CD-spectrum is observed between λ = 450-500 nm. Since no
physical change in the single polymer chain is expected to take place, this signal has to be
caused by the cholesteric mesophase. The observed additional CD-absorption is most
probably caused by reflection instead of absorption.19 The wavelength of light reflected by a
cholesteric phase depends on the pitch of the liquid crystal. For a cholesteric phase with
helical pitch p, only light having a wavelength of λ = np (here, n stands for the mean
refractive index of the liquid crystal) in the wavelength range Δλ = pΔn (Δn = anisotropy of
the refractive index), is reflected selectively and light of other wavelength ranges is
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transmitted. At the wavelength in question, light is divided into right and left circularly
polarized components, and the component of light with the same sense of rotation of electric
field vectors as the helical sense of the molecular ordering is transmitted and the other
component is reflected. Finally, the wavelength of the reflected light is also dependent on the
incident angle φ, roughly following Bragg’s equation λ(φ) = npcosφ. The observed CDabsorption between 450-500 nm does not correspond with the p-values found by optical
microscopy between crossed polarizers. It is possible that different chiral aggregates from LLPIAA can be formed in concentrated solutions of which one was detected by optical
microscopy and the other one by CD-spectroscopy, or the observed CD signals originate from
a different, upto now unidentified effect.

Figure 6. CD-spectra recorded at 25ºC of a cholesteric phase of LL-PIAA in
tetrachloroethane before heating () and after heating for 2h at 50°C () and optical
micrographs between cross-polarizers showing the transition of one cholesteric state to
another one.
Surprisingly, CD-spectroscopy indicates that the helical sense of the cholesteric phase
inverses upon annealing at 50°C (Figure 6). Optical micrographs between crossed polarizers
of a concentrated solution of 25 wt% LL-PIAA in tetrachloroethane corroborated this
observation by revealing an initial increase of the cholesteric pitch upon heating (Figure 6).
The pitch increased until a complete disappearance of the cholesteric phase had occurred. In
time, however, a new cholesteric phase evolved with a decreasing pitch as a function of time.
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These observations indicate an M-helical cholesteric phase with p ~ 450 nm for a freshly
prepared concentrated solution at room temperature. Upon annealing this cholesteric phase at
50°C, the cholesteric pitch increased in time until a nematic phase was formed. This nematic
phase is than rearranged to form a cholesteric phase with a P-helical twist and p ~ 485 nm.
Although it is known that the helical LL-PIAA undergoes a conformational change from a
rigid rod-like architecture to a more random coil conformation upon standing in heated
tetrachloroethane solution,20 this is not expected to be the cause for the observed inversion of
the cholesteric pitch here. On a time-scale of ± 2 h, typical for the investigation of the LCbehavior of the cholesteric pitch of LL-PIAA, no significant unfolding of LL-PIAA was
found to take place.21 Moreover, a transition of a rod-like conformation to a random coil as a
result of thermal denaturation of LL-PIAA in tetrachloroethane would lead to the
disappearance of LC-mesophase.20
A theoretical explanation for this observation was suggested by Watson et al.22 who proposed
that the inversion of the helical screw sense in the cholesteric phase originates from the action
of two competing species within the phase, set a with a positive twist giving rise to a righthanded (P-) helix and set b with an opposite twist favoring a left-handed (M-) helix. These
two groups are presumed to be two molecular species weighted around two energy minima
corresponding to two static species. In fact, these two forms are in a dynamic equilibrium and
are constantly interconverting from one species to another. The model therefore only
describes an average picture of the structure of the mesophase. In the system investigated by
us, these species could be envisioned to be superstructures build up out of aggregates of either
P-helical single polymer rods or M-helical superstructures formed from these single P-helical
polymeric rods by a complicated assembly process.23 One of these species is favored at room
temperature and the other at T = 50°C.

7.2.4 Lyotropic LC-behavior for Polymer Mixtures
In addition to lyotropic liquid crystalline phases formed by enantiopure LL-PIAA in
concentrated solution, also preliminary investigations into the liquid crystalline behavior of
several racemic and diastereomeric mixtures of PIAA’s in concentrated solution have been
carried out.
LD-PIAA and DL-PIAA formed cholesteric phases in concentrated solutions in
tetrachloroethane in the same way as reported above for LL-PIAA. The observed liquid
crystalline domains, however, were relatively small and the polymers were not as well-soluble
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as LL-PIAA. When a mixture of LD-PIAA and DL-PIAA in a ratio of 1:1 was dissolved in a
small amount of tetrachloroethane to form a concentrated solution, optical microscopy
between crossed polarizers showed a very different texture than the characteristic fingerprint
pattern for a cholesteric phase (Figure 7A). Possibly the polymers with opposite screw senses
form poorly soluble aggregates resulting in the observed grain-like texture in Figure 7A. In
future research, using the better soluble LL-PIAA and DD-PIAA instead of the currently used
LD-PIAA and DL-PIAA might shed more light on the phenomena taking place in
concentrated solutions of mixtures of polyisocyanodipeptides with opposite screw sense.

Figure 7. Optical micrographs of concentrated solutions of PIAA mixtures in
tetrachloroethane between crossed polarizers at T = 60°C. (A) LD-PIAA and DL-PIAA (1:1).
(B) LD-PIAA and LL-PIAA (1:1).
When a concentrated solution of a mixture of polyisocyanodipeptides having the same Phelical screw sense, i.e. LD-PIAA and LL-PIAA (1:1), was examined by optical microscopy
between crossed polarizers, a fingerprint texture characteristic for the cholesteric liquid
crystalline phase was readily observed (Figure 7B). These results once again highlight the
subtle and sensitive interactions between helical polyisocyanodipeptides having either the
same or the opposite handedness.

7.3 Conclusions
Rigid polyisocyanodipeptides were shown to form cholesteric liquid crystalline phases in
concentrated solutions in tetrachloroethane. The cholesteric pitch could be determined using
optical microscopy between crossed polarizers and the dependence between the cholesteric
pitch and the concentration of the polymer solution was demonstrated to correspond to
theoretical relation.
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CD-spectroscopic investigations showed that the M-helical twist of the cholesteric phase of
LL-PIAA in tetrachloroethane at room temperature is transformed into a P-helical cholesteric
twist for the same solution at T = 50°C.
Concentrated solutions of a racemic mixture of LD-PIAA and DL-PIAA (1:1) did not form a
cholesteric phase, but solutions of a mixture of polymers having the same screw sense (i.e.
LD-PIAA and LL-PIAA) readily formed a lyotropic cholesteric phase.

7.4 Experimental Section
7.4.1 General Methods and Materials
Dichloromethane and chloroform were distilled at atmospheric pressure from CaH2 and CaCl2
respectively. Tetrachloroethane and N-methyl morpholine were distilled under reduced
pressure from CaCl2 and sodium respectively. All other chemicals were commercial products
and used as received. Flash chromatography was performed using silica gel (0.035-0.070 mm)
purchased from Acros and TLC-analyses on silica 60 F254 coated glass either from Merck or
Acros. Compounds were visualized with Cl2/TDM or Ni(ClO4)2·6H2O in EtOH. 1H NMR
spectra were recorded on Bruker WM-200 and Bruker AC-300 instruments at 297 K,

13

C

NMR spectra were acquired on a Bruker AC-300 spectrometer. Chemical shifts are reported
in ppm relative to tetramethylsilane (δ = 0.00 ppm) as an internal standard. FT-Infrared
spectra were recorded on Bio-Rad FTS 25 and Anadis IR300 instruments (resolution 1 cm-1).
CD spectra were measured on a JASCO 810 instrument. Melting points were measured on a
Jeneval THMS 600 microscope equipped with a Linkam 92 temperature control unit and are
reported uncorrected. Mass spectrometry (EI) was performed on a VG 7070E instrument.
Elemental analyses were determined on a Carlo Erba 1180 instrument. Optical rotations were
measured on a Perkin Elmer 241 Polarimeter.

7.4.2 Preparation of Cholesteric Phases
LL-PIAA. Solutions of LL-PIAA at the desired concentration were prepared by dissolving
LL-PIAA in 1,1,2,2,-tetrachloroethane at 50°C for 30 minutes while stirring with a glass rod.
The resulting solutions were brought into a glass cuvet (0.3 mm) by capillary force, after
which the cuvet was sealed using epoxy resin. The thus prepared samples were used for both
CD-spectroscopy studies and for pitch determination by optical microscopy between crossed
polarizers.
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Other PIAA’s and mixtures. Concentrated solutions of PIAA in 1,1,2,2,-tetrachloroethane
were prepared by capillary flow of solvent to PIAA that was crushed between two microscope
cover plates.

7.4.3 Compounds
The compounds tetrakis (tert-pentyl isocyanide) nickel(II) perchlorate,24 LD-IAA, LL-IAA
and L-IAG were prepared via literature procedures.25 The synthesis of tri(tert-pentyl
isocyanide)[benzylamino(tert-pentylamino)carbene] nickel(II) perchlorate is described in
chapter 2 of this thesis.
Poly(L-isocyanoalanyl-L-alanine methyl ester) (LL-PIAA). To a vigorously stirred
solution of tri(tert-pentyl isocyanide)[benzylamino(tert-pentylamino)carbene] nickel(II)
perchlorate (41.0 mg, 54.3 μmol) in dry CH2Cl2 (40 mL) was added 300 mg Lisocyanoalanyl-L-alanine methyl ester (LL-IAA) (300 mg, 1.63 mmol) in 5 mL CH2Cl2. After
stirring for 1h at room temperature, the solvent was evaporated under reduced pressure and
the residue redissolved in a minimum amount of CHCl3. The product was precipitated by
adding the solution in CHCl3 to a vigorously stirred mixture of methanol/water (3:1) and
subsequently isolated by filtration. The product was washed 3 times with methanol/water
(3:1) and once with methanol and dried in vacuo to yield the polymer as an off-white solid
(212 mg, 70%).[α]d (CH3Cl3, c 0.18) = 294 °. 1H NMR (δ ppm, CDCl3, 300 MHz): 9.3 (br,
1H, NH), 5.2-4.2 (br, 2H, CH), 3.6 (br, 3H, CH3), 1.6-1.3 (br, 6H, CH3).
Poly(L-isocyanoalanyl-D-alanine methyl ester) (LD-PIAA). This polymer was prepared
under identical conditions as LL-PIAA, yielding the polymer as an off-white solid material
(210 mg, 70 %). [α]d (CH3Cl3, c 0.20) = 456 °. 1H NMR (δ ppm, CDCl3, 300 MHz): 9.3 (br,
1H, NH), 5.0-4.3 (br, 2H, CH), 3.5 (br, 3H, CH3), 1.6-1.3 (br, 6H, CH3).
Poly(D-isocyanoalanyl-L-alanine methyl ester) (DL-PIAA). This polymer was prepared
under identical conditions as LL-PIAA, yielding the polymer as an off-white solid material
(223 mg, 74 %). [α]d (CH3Cl3, c 0.17) = -500 °. 1H NMR (δ ppm, CDCl3, 300 MHz): 9.4 (br,
1H, NH), 5.0-4.3 (br, 2H, CH), 3.6 (br, 3H, CH3), 1.6-1.3 (br, 6H, CH3).
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Chapter 8
Polyisocyanides Derived From Tripeptides of
Alanine
8.1 Introduction
In the past, we have shown that the helical backbone of a polyisocyanide can be fixed and
rigidified by incorporating pendant peptide side chains to the polymer through the
polymerization of isocyanopeptides.1 The conformational stability of these polymers
originates from the formation of well-defined hydrogen bonded arrays between the peptide
side chains parallel to the polyisocyanide backbone. As in biomolecules, the disruption of this
hydrogen bonding array is a cooperative effect, as was demonstrated by thermal denaturation
studies in water.1 Intuitively, extension of the studied dipeptide side chains to larger peptides
should lead to an even more stable helical conformation as a result of multiple hydrogen
bonds as the arrays along the macromolecular backbone. Potentially, these more stabilized
and better defined polymers can be used as nano-scaffolds for functional groups such as
chromophores2,3, redox-active groups,4,5 etc.,6 to act as building blocks for e.g. organic solar
cells, non-linear optical materials or other nanotechnological devices. The advantages of
polyisocyanotripeptides, over polyisocyanodipeptides for this purpose, are expected to lie in a
better thermal stability and even better defined positioning of the functional groups with
respect to each other. An onset for investigations towards isocyanotripeptides was made
previously with the preparation of isocyano-L-alanyl-L-alanyl-L-alanine methyl ester and the
corresponding polymer.1 However, during these studies it turned out that the formyl
compound, which is the precursor for the isocyanide is poorly soluble in apolar organic
solvents, which are commonly used as solvents in the dehydration of the formamide to the
isocyanide.

Figure 1. Polyisocyanide based on a tripeptide of alanine (PIAAA).
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In this chapter, the nickel(II) catalyzed and acid initiated polymerization of three different
diastereomeric isocyanotripeptides based on alanine (Figure 1) and the properties of the
resulting polymers will be discussed: i.e. the influence of stereochemistry of the peptides on
the reactivity of the monomers, the conformation of the polymers and other properties. In
these macromolecules, octyl esters were used to promote the solubility of these compounds in
apolar organic solvents.

8.2 Results and Discussion
8.2.1 Synthesis of Polyisocyanotripeptides
Isocyano-trialanine octyl esters (IAAA’s) were prepared from the corresponding peptides
(AAA’s), which were synthesized by standard peptide coupling reactions. The amine as the
HCl-salt was subsequently reacted with ethyl formate using sodium formate as a base to form
the corresponding N-formyl trialanine octyl ester (FAAA). Dehydration of the formamides
with diphosgene and N-methyl-morpholine (NMM) in chloroform gave the corresponding
isocyanides (IAAA) in 70-95% yield (Scheme 1).
Scheme 1. Synthetic route for the preparation of isocyanotripeptides.

All diastereomers of the isocyanotripeptides shown in Figure 2 were readily polymerized
using Ni(ClO4)2 · 6H2O in chloroform to yield the corresponding yellow/brown polymers
(PIAAA’s) in ∼ 70% yield. Information about the hydrogen bonding arrays between the
expanded β-sheets surrounding the helical backbone and other conformational properties was
obtained by a range of techniques, i.e.: 1H NMR, FT-IR, CD, VT-CD, GPC, optical rotation
and AFM. The results of these experiments will be discussed in the following sections.
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Figure

2.

Alanine

based

isocyanotripeptides
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corresponding

polyisocyanotripeptides (right).

8.2.2 Conformational Properties and H-Bonding Strength
8.2.2.1 1H NMR
1

H NMR spectra for polymers prepared with 1/30th equivalent of Ni(ClO4)2·6H2O showed a

distinct broadening of the signals compared to the corresponding monomers, which is a
characteristic for these polymers. In the monomeric state, the amide protons of all
diastereomers have similar chemical shifts and do not indicate the presence of hydrogen
bonded aggregates in solution. After polymerization, a downfield shift of both amide protons
in the 1H NMR spectrum indicates the formation of a hydrogen bonding array along the
polymer backbone in all three diastereomers.
Table 1. Chemical shifts of the amide protons in CDCl3 in both monomers and polymers of
three different diastereomers of isocyanotripeptides based on alanine.
δNH

Isocyanotripeptide

δNH

Amide A Amide B
LLL-IAAA
LDL-IAAA
DLL-IAAA

Monomer

7.02

6.31

polymer

8.46

8.10

Monomer

7.00

6.35

polymer

9.37

6.92

Monomer

7.00

6.48

Polymer

8.91

7.41

The chemical shift of the NH-proton going from the monomer to the polymer gives a measure
of the strength of the hydrogen bond. From Table 1 and Figure 3, it is clear that there is an
inverse correlation between the hydrogen bonding strength of the two different amide protons
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in the hydrogen bonding array, i.e. the stronger one hydrogen bond is (amide A, Figure 3), the
weaker the other one is (amide B, Figure 3). In LLL-PIAAA, the two hydrogen bonds are
almost equally strong with downfield shifts for the amide protons of respectively 1.4 and 1.8
ppm, whereas in LDL-PIAAA one amide shows very strong hydrogen bonding with a
downfield shift of 2.3 ppm, while the other amide is only shifted downfield by 0.6 ppm. DLLPIAAA shows an intermediate case with downfield shifts of respectively 1.9 and 0.9 ppm.

Figure 3. Chemical shifts in CDCl3 of three diastereomeric polyisocyanotripeptides based on
alanine.

8.2.2.2 FT-IR Spectroscopy
In addition to the information obtained from NMR studies, the H-bonding properties of the
polymers can be investigated by infrared (IR) spectroscopy. IR-spectroscopy shows the
presence of functional groups such as amides and isocyanides and in addition gives valuable
information about hydrogen bonding between the amides.
Table 2. Selected IR data for the monomeric isocyanotripeptide and the polymers of the three
different diastereomeric monomers in CHCl3.
NH-stretch (cm-1)

Amide I (cm-1)

Amide II (cm-1)

IAAAa

3421

1677

1509

LLL-PIAAA

3301

1639

1549 & 1523

LDL-PIAAA

3394 & 3264

1677 & 1644

1514

DLL-PIAAA

3362 & 3291

1677 & 1644

1525

a

The wavenumbers found for monomeric isocyanotripeptides were the same for all three diastereomers.

Table 2 shows that in chloroform solution, the amide NH-stretch vibration at ν = 3421 cm-1 in
the monomer shifts to lower wavenumbers in the polymers. In addition, also shifts in the
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amide I (ν = 1677 cm-1) and amide II (ν = 1510 cm-1) in the monomer to respectively lower
and higher wavenumbers in the polymer are evident for the formation of hydrogen bonds
between the peptide side-chains in the polymers.
In accordance with the NMR-data, a single NH-stretch vibration showed that the two amide
bonds in LLL-PIAAA are equivalent. The other two diastereomeric polymers show a splitting
of the NH-stretch vibration, indicating that in these polymers the two amide groups are nonequivalent in H-bonding strength. The extend in which the NH-stretch frequency shifts
towards lower wavenumbers is proportional to the hydrogen bonding strength. Thus, as was
shown by NMR, IR confirms that a gain in hydrogen bonding strength between amides A
goes at the expense of H-bond strength between the amides B (Figure 4).

Figure 4. IR-spectra in chloroform solution in the NH-stretch frequency area for the
polymers: (A) LLL-PIAAA, (B) LDL-PIAAA and (C) DLL-PIAAA.
The results obtained by 1H-NMR and IR-spectroscopy indicate that the polymer formed from
LLL-IAAA stereochemically allows for an equal distribution of hydrogen bonding strength
over the two amide groups present in the peptide side chains, whereas for the other two
polymers one of the two hydrogen bonds is stronger at the cost of the other one. Previously
we proposed the stronger H-bonding strength of LD-PIAA with respect to LL-PIAA to be the
result of negative steric interactions between the first alanine methyl group in side chain n
with the second alanine methyl group in side chain n+1.1 These interactions are also at play in
the polyisocyanotripeptides, resulting in the observed H-bonding strengths for the different
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diastereomers. The steric interactions between the alanine methyl groups, derived from
molecular mechanics force field (MMFF) calculations are schematically depicted in Figure 5.

Figure 5. Schematic top-views of the different polyisocyanotrialanines showing the steric
interactions between the alanine methyl groups.
The helical backbone of the polyisocyanopeptides can be considered as a ‘polymeric spring’
which can be extended or compressed depending on the hydrogen bonding strength of the
pendant peptide side chains.7 As a consequence, the 41 helical conformation which is
generally presumed when discussing polyisocyanide architectures, is probably a 3910 helical
conformation for polyisocyanodipeptides LL-PIAA and LD-PIAA. In similar polymers
having a porphyrin functionalized alanine as side-chain, an angle of 22° was found between n
and n+4.8 Therefore, an increasingly strong H-bonded amide A increases the angle α between
n and n+4 in the polymers, which causes the distance between the amide B’s to become too
large to form stable H-bonds (Figure 6).

Figure 6. Schematic representation of H-bond strength on the distance between amide groups
in side-chain n and (n+4).
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Molecular mechanics calculations using the Force Field method confirms the above
observations and shows very little hydrogen bonding between amides B in LDL-PIAAA
(Figure 7B), whereas in LLL-PIAAA (A) and DLL-PIAAA (C) there is considerable Hbonding between these amides. This highlights the subtle influence of the stereochemistry of
the alanine methyl groups on the strength of the hydrogen bonding and the possibility of
expanding the H-bonding network. In addition, these results suggest that molecular mechanics
calculations can be a useful tool for the successful design of polyisocyanopeptides stabilized
by extended peptide side-chains.

Figure 7. Side-view of polyisocyanotripeptides LLL-PIAAA (A), LDL-PIAAA (B) and DLLPIAAA (C) generated by MMFF-calculations using SPARTAN software. The H-bonds are
indicated by the dotted lines. For clarity, the octyl esters have been omitted.
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8.2.2.3 CD- & UV-Spectroscopy
Conformational properties of optically active molecules can be visualized

by circular

dichroism (CD) spectroscopy. Since the isocyanotripeptide monomers are optically pure, only
one helical sense will be present in the formed polymers. These compounds exhibit a CDsignal originating from the n-π* transition of the imine chromophore that is usually observed
between 250 and 350 nm. For polyisocyanodipeptides, the resulting CD-spectra display a
single strong Cotton effect around λ = 310 nm (Figure 8), which has been attributed to the
presence of a well-defined H-bonded network which directs all carbonyl groups in a particular
array to point in the same direction. It is assumed that this ordering of amides locally creates a
large permanent dipole which greatly influences the n-π* transition of the imine
chromophore.7

Figure 8. CD- (top) and UV-spectra (bottom) of LLL-PIAAA (), LDL-PIAAA () and DLLPIAAA () prepared by Ni(II)-catalyzed polymerization at room temperature in chloroform.
The influence of the amide groups on the circular dichroic absorption of the imines, makes it
possible to study the hydrogen bonding behavior of the polymers by using the imine
chromophores as so-called ‘spectator groups’ for the amide groups closest to the polymer
backbone. Figure 8 shows a strong difference in intensity of the Cotton effect around λ = 310
nm between the three different diastereomeric polyisocyanotripeptides. The intense Cotton
effect observed for LDL-PIAAA, suggests that this polymer has a well-defined hydrogen
bonded array of amides close to the polymer backbone (Amide A in Figure 6). To a somewhat
lesser extend the same applies for DLL-PIAAA which shows a reversed sign for the cotton
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effect caused by the opposite helicity of this polymer. By far the lowest intensity for the
Cotton effect is found for LLL-PIAAA, which indicates a less well-defined hydrogen bonding
array adjacent to the polyisocyanide backbone, relative to LDL- and DLL-PIAAA.
IR- and NMR-spectroscopy indicated that LLL-PIAAA is distinguished from the other two
polymers by the presence of a hydrogen bonded network that is well-distributed over the two
different amide-groups, whereas in the other two polymers only the inner amide group
contributes significantly to the hydrogen bonded conformation. This equal distribution of Hbond-strength over the two amides, restricts the rotational and vibrational freedom of the side
chains in LLL-PIAAA compared to the side chains in the other two polymers. As a result,
defects that are incorporated in the hydrogen bonding arrays during the fast kinetically
controlled nickel(II) catalyzed polymerization can not be easily corrected because of the
cooperative nature of the hydrogen bonded network between the tripeptide side chains. When
the above described polymerization of different IAAA’s was repeated at a temperature of 30ºC, the CD-spectra of the resulting polymers were distinctively different than those for the
polymers prepared at room temperature (Figure 9). Since the nickel(II) catalyzed
polymerization of isocyanides has a negative transition state entropy,9 the polymerization
reaction is expected to proceed faster at lower temperature. However, despite this fact, for
LLL-PIAAA, a strong increase in intensity of the Cotton effect at λ = 310 nm was observed
when the polymerization reaction was carried out at T = -30°C, suggesting a better defined
hydrogen bonded array close to the polyisocyanide backbone. This observation can be
tentatively explained by considering the nature of the isopropylisocyanide monomers used in
the determination of these thermodynamic activation parameters for the Ni(II) catalyzed
polymerization of isocyanides and the monomeric isocyanotripeptides studied here. The first
do not display any strong interactions during polymerization other than Van der Waals
interactions, which are little influenced by changing the temperature. Isocyanotripeptides, on
the other hand, are capable of forming hydrogen bonds with the amide groups in other
monomers or with peptide side chains in the growing polymer. It has previously been shown
that the formation of a well-defined H-bonding network during polymerization significantly
influences both the rate of polymerization as well as the resulting polymer properties.10
Likely, at lower temperatures the relatively large tripeptide chains with octyl esters form
better defined hydrogen bonds between the growing polymer chain and the monomers that are
incorporated, leading to a better defined H-bonded network and a faster polymerization
reaction.11
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Figure 9. CD- and UV-spectra of (A) LLL-PIAAA, (B) LDL-PIAAA and (C) DLL-PIAAA
prepared by Ni(II) catalysis at room temperature() and at –30°C () in chloroform.
For LDL-PIAAA, the difference between the spectra was negligible confirming the little
influence of the second amide on the formation of a well-defined hydrogen bonded array.
Surprisingly, the intense Cotton effect seen in the CD-spectrum of DLL-PIAAA prepared at
room temperature, was replaced by a Cotton effect that was significantly reduced in intensity
when the polymerization reaction was carried out at T= -30°C. The resulting CD-spectrum
was reminiscent of a couplet, which is usually observed for polyisocyanides that do not have a
strong interaction between the n-π* transition of the imine chromophores and the side chains.
However, despite a loss in definition in the hydrogen bonded network close to the polymer
backbone, IR-spectroscopy showed that the overall H-bonding between the peptide sidechains had actually increased (Figure 10). This was demonstrated by a decrease in the νNH at
3422 cm-1 for the non-H-bonded with a concomitantly increase in νNH at 3301 cm-1 for the
hydrogen bonded NH’s. Apparently, the conformation of the tripeptide side chains in DLL152
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PIAAA allows for the formation of hydrogen bonds not only between amide A and amide A,
and B with B in side-chain n and (n+4), but also ‘scrambling’ of the H-bonds between the
different amides and perhaps even esters is possible. Hence, while the influence of the amide
groups in the peptide side chains on the n-π* transition of the imines is diminished as was
indicated by the decrease in intensity of the Cotton effect at λ = 310 nm, a more elaborate but
less well-defined H-bonding network is formed in DLL-PIAAA at lower temperatures,.

Figure 10. IR-spectra of LLL-PIAAA, LDL-PIAAA and DLL-PIAAA prepared by Ni(II)
catalysis at room temperature() and at –30°C () in chloroform.

8.2.3 Acid Initiated Polymerization
In the case of isocyanides derived from dipeptides, we have shown that these compounds can
be polymerized by means of proton initiated polymerization.1 The success of this method of
polymerization proved to very sensitive to many parameters such as temperature, solvent, acid
concentration and in particular to the stereochemistry of the monomer. Using kinetic
measurements as a basis, we proposed a reaction mechanism12 (Figure 11) in which in an
initial stage a helical oligomer is formed, stabilized by H-bonds. In the propagation of the
polymerization, this helical prepolymer acts as a template in which the monomer is ‘docked’
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at the reactive chain end of the polymer mainly by attractive hydrogen bonding forces
between the monomer amide and the hydrogen bonded array already present between peptide
side chains of the polymer. In this supramolecular complex the ‘immobilized’ monomer can
readily react to form a new carbon-carbon bond and thereby extend the helical polymer.

Figure 11. Proposed reaction mechanism for the H-catalyzed polymerization of
isocyanopeptides.
The stereochemistry of the monomers has drastic consequences on their reactivity in the acid
initiated polymerization.12 Steric interactions between the amino acid side groups can hamper
the formation of stable hydrogen bonds both in the formation of the helical prepolymer and
the supramolecular complex, which drastically decreases the reaction rate or even impairs the
reaction as a whole!
As was shown in the previous section, the stereochemistry of the isocyanotripeptides is
significantly influenced the hydrogen bonding properties of the resultant polymers. The same
parameters can provide some insight on the proposed mechanism of their acid initiated
polymerization. Therefore, the three diastereomeric monomers (Figure 2) have been subjected
to acid initiated polymerization and the results of these investigations are discussed in the
following.

8.2.3.1 Role of Solvent
For the polymerization experiments using tripeptide based monomers, initially the same
experimental procedure was followed as the one developed for the acid initiated
polymerization of isocyanodipeptides described in the previous chapters, i.e. a 16 mM
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monomer solution in a 1 mM solution of TFA in CH2Cl2. When LLL-IAAA was subjected to
these conditions, polymerization took place readily as was indicated by the appearance of the
characteristic Cotton-effect at λ = 308 nm in CD-spectroscopy. However, upon formation of
polymer a marked increase in the optical density over the entire visible spectrum was
observed, which was caused by a clouding of the solution that led to a decreased transmission
because of light scattering. The clouding proved to be a reversible process as function of
temperature, i.e.: a clear solution was obtained at T > 40°C and a cloudy solution appeared at
T < 25°C (Figure 12). It therefore appears that a solution of LLL-PIAAA in dichloromethane
displays an ‘upper critical solution temperature’ (UCST).

Figure 12. UCST behavior of LLL-PIAAA in a 1 mM solution of TFA in dichloromethane as
was shown by UV-spectroscopy.
When the experiment was repeated using chloroform as solvent, no cloudpoint was observed.
To make sure that UCST behavior does not interfere with the polymerization studies, all
reported experiments using isocyanotripeptides in this chapter have been carried out using
chloroform as a solvent.

8.2.3.2 Stereochemistry and Kinetics
For all diastereomeric isocyanotripeptides, the acid initiated polymerization reaction was
monitored by both CD- and IR-spectroscopy using 1/16th equivalent of acid as initiator. All
three monomers showed some formation of polymer, which was most clearly demonstrated
by CD-spectroscopy which is extremely sensitive to changes in optically active molecules.
For IR-spectroscopy, the shifted amide absorptions which are the result of the formation of
hydrogen bonds are only observed as a broadening of the amide peaks, which hinders
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monitoring the initial polymer formation. The stereochemical properties of LDL-IAAA and
DLL-IAAA led to a negligible rate of polymerization for these compounds under acidic
conditions. The fact that only the amide closest to the polymer backbone significantly
contributes to the H-bonding bonding array results in a transition state enthalpy for these two
diastereomers which is the same as for LD-IAA. The transition state entropy, on the other
hand, is significantly less favorable because of a much larger steric bulk caused by the extra
alanine moiety and the octyl tail. This leads to the observed inert behavior of these
compounds when subjected to acid initiated polymerization conditions. The insignificant
polymerization rate for these monomers means that their acid initiated polymerization was not
studied in more detail.
LLL-IAAA polymerized readily under acidic conditions and using IR-spectroscopy (Figure
13A), the polymerization reaction was followed by the disappearance of the C≡N stretching
frequency at ν = 2136 cm-1 and the shift of the NH-stretching frequency from ν = 3422 cm-1
to ν = 3301 cm-1, the amide I from ν = 1677 cm-1 to ν = 1639 cm-1 and the amide II from ν =
1507 cm-1 to ν = 1523 & 1547 cm-1 due to the formation of a hydrogen bonding network.
Using CD-spectroscopy, the formation of the helical hydrogen bonded polyisocyanide was
also monitored by the appearance of the Cotton effect at λ = 308 nm (Figure 13B).

Figure 13. (A) IR-spectra of LLL-IAAA ()and LLL-PIAAA () in a 16 mM chloroform
solution and (B)acid initiated polymerization of LLL-IAAA monitored by CD-spectroscopy as
function of time (solvent = CHCl3, [LLL-IAAA] = 16 mmol/L, [TFA] = 1 mmol/L, T = 25 °C).
IR-spectroscopy offers a useful tool for the determination of rate constants. The advantage of
IR-spectroscopy with respect to other techniques is that both the consumption of monomer as
well as the formation of polymer can be monitored simultaneously. The consumption of
monomer can be monitored by the decrease of the isocyanide stretching frequency at ν = 2136
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cm-1, whilst the formation of polymer can be followed by the increase of the hydrogen bonded
NH-stretch at ν = 3301 cm-1.

Figure 14. 1st order plot of the acid initiated polymerization of LLL-IAAA (16 mM LLL-IAAA,
1 mM TFA, CHCl3, T = 298 K) determined from the increasing NH-stretch absorption in the
IR-spectrum at ν = 3301 cm-1.
Using the νNH at 3301 cm-1 as marker for the polymer growth, kinetics studies were carried
out. The acid initiated polymerization of LLL-IAAA proved to follow first order kinetics in
monomer (Figure 14) with a first order rate constant of k = 2.2 *10-4 s-1 at a temperature of T
= 298 K. The rate constant k was also determined at other temperatures (Table 3). The limited
number of k-determinations carried out, in combination with their poor reproducibility, meant
that no reliable estimations of the transition state parameters could be obtained.
Table 3. First order rate constants for the acid catalyzed polymerization of LLL-IAAA (16
mM monomer in a 1 mM TFA solution in CHCl3).
Temperature (K)

k (s-1)

288

1.7*10-5

298

2.2*10-4

308

1.6*10-4

318

8.6*10-6
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8.2.4 Molecular Weight Determination
The traditional ways of molecular weight determination via GPC or Maldi-TOF failed in the
case of polyisocyanides derived from dialanines, hence their molecular weights have been
determined using AFM.13 Due to the rigid rod character of the polymers their contour length
could be measured. Assuming that one helical turn contains 4 monomers and spans a distance
of ~ 4.6 Å, the molecular weight as well as the dispersity of polyisocyanodipeptides prepared
by both nickel(II) catalysis and acid initiation could be calculated.13 The polymers described
in this chapter are functionalized with aliphatic C8-tails which might make them more suitable
for e.g. GPC-measurements as compared to the previously studied compounds that contained
a methyl ester group. The polyisocyanotripeptides prepared by nickel(II) catalysis were
injected in a SPD-10Avvp column using chloroform as eluent. The system was calibrated
with polystyrene upto 500 kD. No molecular weight could be determined for LLL-PIAAA
and LDL-PIAAA because the peaks lay in the exclusion volume of the column. DLL-PIAAA
showed a peak that corresponded to Mw = 71 kg/mol, Mn = 11 kg/mol and D = 6.5. These low
values for the molecular weights for DLL-PIAAA and the fact that the molecular weight of
LLL-PIAAA and LDL-PIAAA could not be determined, suggest that GPC under these
conditions is an unreliable technique for the molecular weight determination of these
particular compounds. Calibration of the system had been carried out with polystyrene
standards which do not have a rigid rod character. The interaction of the rigid polyisocyanides
with the pores in the GPC-column is very different from that of polystyrene, causing an
unreliable value for both the molecular weight and the polydispersity.
Table 4. Molecular weights and polydispersity as obtained by AFM of PIAAA’s prepared by
nickel(II) catalyzed polymerization at room temperature.
Polymer

Mw (kg/mol)

Mn (kg/mol)

D = Mw/Mn

LLL-PIAAA

221

188

1.2

LDL-PIAAA

183

163

1.1

DLL-PIAAA

169

133

1.3

For this reason, we had to resort to molecular weight determination by AFM, of which the
results are shown in Table 4. Atomic force micrographs showed that polyisocyanotripeptides
have a rigid conformation (Figure 15) which allows for the same method of molecular weight
determination as the one previously used for the polyisocyanides based on dipeptides. The
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polyisocyanotripeptides formed by nickel(II) catalysis are distinctly shorter than the
polyisocyanodipeptides prepared in a similar manner. Their longer peptide side chain and an
octyl ester instead of a methyl ester, means that these compounds will experience a less
favorable transition state entropy as compared to the isocyanodipeptides. At the same time,
the transition state enthalpy will be comparable to that of the isocyanodipeptides, which
together leads to a more positive free energy of activation and hence a slower polymerization
reaction. A slower polymerization reaction consequently allows more initiation to take place,
resulting in overall shorter polymers as compared to the polyisocyanodipeptides.

Figure 15. AFM-micrographs (top) and polymer length distribution histograms (bottom) of
(A) DLL-PIAAA, (B) LDL-PIAAA and (C) LLL-PIAAA prepared by nickel(II) catalyzed
polymerization at room temperature.
The LLL-PIAAA prepared by acid initiated polymerization (Figure 16) is significantly longer
than those prepared by nickel(II) catalysis which is in line with the findings for the
polymerization of isocyanodipeptides.13
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Figure 16. AFM-micrograph (left), polymer length distribution histograms (right top) and
molecular weights and dispersity calculated from the histogram (right bottom). For the
determination of molecular weight and distribution, only single polymer chains were
measured.

8.2.5 Stability of Polyisocyanotripeptides
The helical secondary structure of polyisocyanopeptides is stabilized by well-defined
hydrogen bonded arrays between the amide groups present in the peptide side chains.1
Analogously to many biomolecules, the secondary and tertiary structure of these molecules
can be disrupted by breaking up the hydrogen bonded network by thermal treatment or by
treatment with acid. The stability of the polyisocyanopeptides based on alanine-tripeptides
under acidic conditions and thermal treatment is discussed in the following.

8.2.5.1 Acidification
In figure 17 the effect of TFA on the secondary structure of the different diastereomeric
polymers based on alanine tripeptides is shown as monitored by CD- and UV-spectroscopy.
The decrease of the intense cotton effect at λ = 308 nm for LLL-PIAAA (Figure 17A) was
very rapid and even with a 5% (v/v) TFA solution the process was so fast that no intermediate
conformations could be detected. The cotton effect was initially replaced by weaker signals at
λ = 353 nm and another signal that has its maximum below λ = 250 nm, which is the
detection limit for CD-spectroscopy when dichloromethane is used as solvent. However, upon
standing overnights in the 5% TFA solution the absorption at λ = 353 nm had disappeared
entirely. Simultaneously, in the UV-spectrum, the broad absorption band at λ = 353nm which
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evolves upon addition of acid, was obscured by an absorption that almost covered the entire
visible spectrum.

Figure 17. (A) Change in the CD and UV/vis spectra upon the addition of 5 % (v/v) TFA to
LLL-PIAAA in CHCl3 as function of time; () is the spectrum after standing overnight. (B)
Idem., for LDL-PIAAA, but with 10 % (v/v) TFA in CHCl3. (C) Idem., with 25 % (v/v) TFA to
DLL-PIAAA in CHCl3.
For LDL-PIAAA (Figure 17B), the change in secondary structure could be conveniently
monitored by treatment with a 10% (v/v) TFA solution. The strong cotton effect at λ = 307
nm decreases and is simultaneously replaced by a couplet with a maximum absorption at λ =
360 nm and a minimum at λ = 272 nm. The polymer formed by DLL-IAAA proved to be very
stable under acidic conditions and only started to denature at a significant rate when subjected
to a 25% (v/v) TFA solution (Figure 17C). Also in this case the intense cotton effect at λ =
307 nm disappears, to be replaced by a couplet with a minimum at λ = 367 nm and a
maximum at λ = 270 nm. The S-shaped couplet for denatured LDL-PIAAA and the Z-shaped
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couplet for denatured DLL-PIAAA show the presence of a right-handed (P-) helical
polymeric backbone in LDL-PIAAA and a left-handed (M-) helical one in DLL-PIAAA.14
In all cases, absorption in the visible spectrum evolves upon acidification which is also
noticeable visibly by a brown/red coloration of the solution. This suggests the formation of a
more conjugated polymer backbone when the stabilizing influence of the hydrogen bonding
network is removed.15
The differences in stability under acidic conditions can be tentatively explained by the fact
that in LLL-PIAAA the peptidic side arms are firmly connected with each other at two points
which makes the polymer, going from the polymer backbone to the periphery a relatively
ordered entity with well-defined grooves at its surface (Figure 18A). These grooves enable
acid to freely and easily attack the hydrogen bonding network. LDL- and DLL-PIAAA, on the
other hand, only have a strongly bound inner hydrogen bond which is probably less accessible
for other solutes, i.e. protons (Figure 18B & C).

Figure

18.

Top

view

of

CPK-models

for

the

three

different

diastereomeric

polyisocyanotripeptides:(A) LLL-PIAAA, (B) LDL-PIAAA and (C) DLL-PIAAA (The octyl
tails have been omitted for clarity).

8.2.5.2 Thermal Stability
Another approach to disrupt the secondary structure of the polyisocyanotripeptides is by
thermal treatment. In this way, the well-defined hydrogen bonded network is disrupted
without the aid of additives such as acid or polar solvents. Accessibility of the hydrogen
bonds will therefore play a less important role in this approach as compared to the acid
induced disruption of the hydrogen bonds and consequently thermal stability is a better
indication for the hydrogen bonding strength than the previously discussed stability under
acidic conditions.
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The polyisocyanotripeptides were heated in a solution of tetrachloroethane and the disruption
of the hydrogen bonding network was monitored by the decrease of the Cotton effect at λ ~
310 nm, which was previously shown to be strongly influenced by the presence of the welldefined hydrogen bonding array. The resulting plots for thermal disruption are shown in
Figure 19.

Figure 19. (A) Change in the CD-spectra (top) and Δε at λ = 308 nm (bottom) of a 16 mM
solution of LLL-PIAAA in C2H2Cl4 with 15 minute time intervals at 110°C. (B) Idem., for
LDL-PIAAA, with 20 minute time intervals at λ = 307 nm. (C) Idem, for DLL-PIAAA in 20
minute intervals at λ = 307 nm.
Figure 19A shows that at a temperature of 110°C, LLL-PIAAA undergoes a two-step
disruption of the secondary structure. This process can be explained by the stepwise
disruption of the inner- and outer H-bonding array. More experiments, however, are needed to
verify this. Similar cooperative behavior in the thermal denaturation of the Na-salt of LLLPIAAA in water has been observed previously1 and for the β-sheets it has been proposed that
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the formation and disruption of H-bonds occurs cooperatively in a direction perpendicular to
the strand.16
In contrast, both LDL-PIAAA and DLL-PIAAA only have one strong hydrogen bonding
array between the peptide side-chains which is the one formed between the amide groups
closest to the polymer backbone (amide A, Figure 6). Therefore, a single process is observed
for the thermal disruption of the secondary structure of these polymers (Figure 19B & C). For
LDL-PIAAA and DLL-PIAAA, monitoring the Δε at λ = 307 nm makes it possible to
determine the fraction of polymer that is in the native conformation (f) as compared to the
fraction of which the secondary structure has been disrupted. A linear decrease from f = 1 to f
= 0 is assumed as is shown in Figure 20A. When the natural logarithm of f/f0 is plotted as a
function of time, a straight line is obtained, showing that the thermal disruption process for
these polymers is a first order process (Figure 20B).

Figure 20. (A) CD-spectra of native LDL-PIAAA () and LDL-PIAAA after thermal
treatment in C2H2Cl4 at 110 degrees (). The Δε307-values were used to determine the
fraction (f) of native polymer.(B) First order plots for the disruption of the native structure of
LDL-PIAAA at four different temperatures.
Since the thermal disruption of the secondary structure follows first order kinetics, the
transition state parameters for this disruption process can be calculated using the Eyring
equation by determining the rate constants at different temperatures. The results are shown in
Table 5.
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Table 5. Transition state parameters for the thermal disruption of LDL- and DLL-PIAAA.
Polymer

ΔH≠ (kJ/mol)

ΔS≠ (J*mol-1*K-1)

ΔG≠373 (kJ/mol)

LDL-PIAAA

67.6

-133

117.2

DLL-PIAAA

95.4

-64

119.3

There is a remarkable difference between the transition state parameters for thermal
disruption of the secondary structure of the two diastereomeric polymers, which is reflected in
both the transition state enthalpy and entropy. The strongly unfavorable transition state
entropy for LDL-PIAAA can be tentatively explained by the fact that the side chains of LDLPIAAA already have a high degree of freedom in the native state. The relatively weak
hydrogen bonds between the amides furthest from the polymer backbone allow the side
chains to move freely. In the transition state of thermal disruption this will irrevocably lead to
a transition state in which the peptide side chains are rotationally limited compared to the
polymer prior to thermal treatment. For DLL-PIAAA, in which the hydrogen bonding
strength was shown to be somewhat more divided over both amide bonds of the peptide side
chains, the entropic loss in the transition state will be less compared to LDL-PIAAA. The fact
that the transition state enthalpy for DLL-PIAAA is slightly less favorable than for LDLPIAAA can be tentatively explained by the fact that in native DLL-PIAAA, the overall
hydrogen bonding strength of the amides is higher than in LDL-PIAAA, which are disrupted
or weakened in the transition state.
The rearrangement of the hydrogen bonds by thermal disruption of the secondary structure is
clearly illustrated by IR-spectroscopy (Figure 21). The IR-spectra of the polymers after
thermal treatment all show a fusion of the separate NH-stretch absorptions in the ‘native’
polymers to a broad, but single, absorption in the denaturated polymers. In addition, the
separate amide I absorptions shift towards each other in the denaturated polymers, showing
that the denaturation process can be considered as a scrambling of the hydrogen bonds to a
polymer conformation in which all amide bonds contribute equally to the hydrogen bonded
network. Hence, a more elaborate but more random hydrogen bonded network is formed upon
thermal denaturation.
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Figure

21.
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polyisocyanotripeptides before () and after () heating at 110°C for 5 h.

8.3 Conclusions
The nickel(II) catalyzed polymerization of isocyanides derived from tripeptides of alanine
results in rigid, well-defined, helical polymers that are stabilized through an intramolecular
network of hydrogen bonding arrays between the peptide side chains. The participation of the
amide groups furthest from the polymer backbone in the formation of the hydrogen bonding
network, depends strongly on the stereochemistry. It is found that if the strength of the
hydrogen bonds between the amide groups closest to the polymer backbone is higher, the Hbonds on the periphery are less strong.
The acid initiated polymerization of isocyanotripeptides proved to be mainly dominated by an
unfavorable entropic contribution caused by the extension of the peptide and addition of an
octyl ester. Only in the case of LLL-IAAA, this entropic penalty could be overcome by an
enthalpic gain through the formation of a well-defined extended H-bonded network. LLLPIAAA formed by acid initiated polymerization had the same conformation as the LLLPIAAA formed by nickel(II) catalyzed polymerization, but had a molecular weight an order
of magnitude higher.
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Analogously

to

the

denaturation

of

proteins,

the

secondary

structure

of

polyisocyanotripeptides could be disrupted by treatment with either strong acid or heat. The
stability with respect to acid depended mostly on the solvent- and acid-accessibility of the
hydrogen bonds: a poorly defined periphery of the polymeric rod results in the protection of
the hydrogen bonds by the bulky octyl esters; a well defined periphery leaves the grooves
between the four β-sheet-like side arms of the polyisocyanide open for attack by the acid and
other agents. The thermal stability of these compounds depended strongly on the degree of
cooperativity between the hydrogen bonds formed by both the amide groups in the tripeptide
side chains. LLL-PIAAA, which is stabilized by eight arrays of equally strong hydrogen
bonds is thermally most stabile and is disrupted in a cooperative manner in which presumably
first the outer hydrogen bonds are disrupted and subsequently the inner ones. The thermal
disruption of LDL-PIAAA and DLL-PIAAA followed first order kinetics and the transition
state parameters of the disruption process were determined. These proved to be mainly
dependent on the degree of order and hydrogen bonding in the polymer to prior its thermal
treatment.
The possibility of making polyisocyanopeptides having extended peptide side chains between
which a well-defined and stable hydrogen bonded network is present, was shown to depend
strongly on the stereochemistry of these peptides. By influencing the steric hindrance, helical
pitch and hydrogen bonding strength, the stereochemistry of the peptides determines the
properties of the resulting polymer.

8.4 Experimental Section
8.4.1 General Methods and Materials
Dichloromethane, chloroform and trifluoroacetic acid were distilled at atmospheric pressure
from CaH2, CaCl2 and P2O5 respectively. Tetrachloroethane and N-methyl morpholine were
distilled under reduced pressure from CaCl2 and sodium respectively. All other chemicals
were commercial products and used as received. Flash chromatography was performed using
silica gel (0.035-0.070 mm) purchased from Acros and TLC-analyses on silica 60 F254 coated
glass either from Merck or Acros. Compounds were visualized with Cl2/TDM or
Ni(ClO4)2·6H2O in EtOH. 1H NMR spectra were recorded on Bruker WM-200 and Bruker
AC-300 instruments at 297 K,

13

C NMR spectra were acquired on a Bruker AC-300

spectrometer. Chemical shifts are reported in ppm relative to tetramethylsilane (δ = 0.00 ppm)
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as an internal standard. FT-Infrared spectra were recorded on Bio-Rad FTS 25 and Anadis
IR300 instruments (resolution 1 cm-1). UV/Vis spectra were measured on a Varian Cary 50
conc spectrophotometer and CD spectra on a JASCO 810 instrument. Melting points were
measured on a Jeneval THMS 600 microscope equipped with a Linkam 92 temperature
control unit and are reported uncorrected. Mass spectrometry (EI) was performed on a VG
7070E instrument. Elemental analyses were determined on a Carlo Erba 1180 instrument.
Optical rotations were measured on a Perkin Elmer 241 Polarimeter.

8.4.2 Liquid FT-IR in Stirred Tank Reactor
FT-IR measurements were carried out in a stainless steel hand crafted stirred tank reactor
equipped with a mechanical stirrer and temperature controller. The reactor was fitted on a
Bio-Rad FTS 25 instrument. In a typical experiment, 56.4 mg (0.16 mmol) of monomer was
dissolved in 10 mL of a 1 mM solution of trifluoroacetic acid in chloroform and added to the
reactor which was subsequently sealed from the environment. Spectra were recorded at
appropriate time-intervals at a stirrer speed of ≈ 200 rpm.

8.4.3 Atomic Force Microscopy
Imaging was carried out on a nanoscope III from Digital Instruments operating in the tapping
mode at room temperature. Samples were prepared by spin coating (1800 rpm) a 1 mg/L
polymer solution in chloroform on freshly cleaved mica.

8.4.4 Compounds
L-alanine octyl ester hydrochloride. This compound was prepared via a literature
procedure.17 A mixture of L-alanine (10 g, 0.11 mol), n-octanol (17.8 mL, 0.11 mol) and ptoluenesulfonate monohydrate (23.6 g, 0.12 mol) in 625 mL of toluene was refluxed until the
amount of water in the Dean and Stark water trap did not increase anymore. The mixture was
condensed to dryness under reduced pressure. The residual oil was dissolved in chloroform,
washed twice with 10% sodium carbonate and with water, dried over MgSO4 and evaporated
to obtain a colorless oil. Octyl L-alaninate was neutralized by a minimum amount of conc.
HCl in acetone. The solvents were evaporated in vacuo and the residual solid was
recrystallized from acetone to give white crystalline L-alanine octyl ester hydrochloride (11.5
g, 52%). Mp: 115°C. [α]d (CH3Cl3, c 1) = -3.2 °. 1H NMR (δ ppm, CD3CN, 300 MHz): 8.77
(s, 3H, NH3+), 4.15 (m, 3H, OCH2 + CH), 1.72 (d, 3H, CH3 alanine, J = 7.2 Hz), 1.65 (m, 2H,
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OCH2CH2), 1.27 (m, 10H, CH2), 0.88 (t, 3H, CH2CH3, J = 6.9 Hz).13C NMR (δ ppm CD3OD,
75 MHz): 171.8 (C=O), 67.5 (OCH2), 49.9 (CH), 33.0 (CH2), 30.3 (CH2), 29.6 (CH2), 26.9
(CH2), 23.8 (CH2), 16.4 (CH3 alanine), 14.5 (CH2CH3). FT-IR (cm-1) 2950 (CH), 1743 (C=O).
EI-MS: m/z = 202 [M-Cl-]+.
L-alanyl-L-alanyl-L-alanine octyl ester hydrochloride (LLL-AAA). This product was
prepared via standard peptide coupling reactions using Boc-protected amino acids in ethyl
acetate using dicyclohexylcarbodiimide (DCC) as coupling reagent, dimethylaminopyridine
(DMAP) as base and 1-hydroxybenzotriazole hydrate (HOBT) was added to limit
epimerization. The intermediate products were purified by extraction with 10% citric acid,
NaHCO3 and water and were not characterized before use in a subsequent coupling reaction.
Deprotection of the Boc-protected peptides was carried out by stirring them in a HClsaturated solution of ethyl acetate for half an hour at room temperature. The desired LLLAAA was additionally purified by the counter-current procedure to yield 3.7 g (77 %) of a
colorless solid material. Mp: 174 °C. [α]D (CHCl3, c 0.50) = -31°. 1H NMR (δ ppm, CDCl3,
300 MHz): 8.44 (s, 1H, NH), 8.10 (bs, 3H, NH2.HCl), 7.79 (s, 1H, NH), 4.64 (m, 1H, CH),
4.42 (m, 2H, CH), 4.08 (m, 2H, OCH2), 1.63 (m, 2H, OCH2CH2), 1.41 (d, 6H, CH3, J = 6.9
Hz), 1.27 (m, 10H, CH2), 0.88 (t, 3H, CH2CH3, J = 6.7 Hz).

13

C NMR (δ ppm CDCl3, 75

MHz): 172.5 (C=O), 172.0 (C=O), 171.1 (C=O), 65.7 (OCH2), 50.0 (CH), 49.4 (CH), 48.5
(NH), 31.9 (CH2), 29.3 (CH2), 28.7 (CH2), 26.0 (CH2), 22.8 (CH2), 18.8 (CH3), 18.3 (CH3),
17.9 (CH3), 14.3 (CH2CH3). FT-IR (cm-1) 3204 (NH3+), 2925 (CH), 1739 (C=O), 1655 (amide
I), 1548 (amide II). EI-MS: m/z = 344 [M-Cl-]+.
L-alanyl-D-alanyl-L-alanine octyl ester hydrochloride (LDL-AAA). Using the same
procedure as for LLL-AAA, LDL-AAA was obtained in 3.7 g (77 %) yield as a colorless oil.
[α]D (CHCl3, c 0.50) = -12.2°. 1H NMR (δ ppm, CDCl3, 300 MHz): 9.30 (s, 1H, NH), 9.04 (s,
1H NH), 4.92 (m, 1H, CH), 4.49 (m, 1H, CH), 4.32 (m, 1H, CH), 4.07 (m, 2H, OCH2), 1.60
(m, 2H, OCH2CH2), 1.56 (d, 3H, CH3, J = 6.4 Hz), 1.45 (d, 3H, CH3, J = 6.9 Hz), 1.43 (d, 3H,
CH3, J = 6.4 Hz), 1.28 (m, 10H, CH2), 0.88 (t, 3H, CH2CH3, J = 6.9 Hz). 13C NMR (δ ppm
CDCl3, 75 MHz): 175.4 (C=O), 175.0 (C=O), 170.0 (C=O), 66.2 (OCH2), 53.3 (CH), 50.2
(CH), 31.9 (CH2), 29.3 (CH2), 28.6 (CH2), 26.0 (CH2), 22.9 (CH2), 18.2 (CH3), 17.8 (CH3),
17.3 (CH3), 14.2 (CH2CH3). FT-IR (cm-1) 3211 (NH3+), 2926 (CH), 1736 (C=O), 1655 (amide
I), 1548 (amide II). EI-MS: m/z = 343 [M-HCl]+.
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D-alanyl-L-alanyl-L-alanine octyl ester hydrochloride (DLL-AAA). Using the same
procedure as for LLL-AAA, LDL-AAA was obtained in 4.2 g (87%) yield as sticky colorless
crystals. [α]D (CHCl3, c 0.76) = 53.6°. 1H NMR (δ ppm, CDCl3, 300 MHz): 8.61 (s, 1H, NH),
7.87 (s, 1H, NH), 4.64 (m, 1H, CH), 4.43 (m, 1H, CH), 4.35 (m, 1H, CH), 4.08 (m, 2H,
OCH2), 1.59 (m, 2H, OCH2CH2), 1.59 (d, 3H, CH3, J = 5.9 Hz), 1.44 (d, 3H, CH3, J = 6.9
Hz), 1.42 (d, 3H, CH3, J = 6.3 Hz), 1.27 (m, 10H, CH2), 0.88 (t, 3H, CH2CH3, J = 6.9 Hz). 13C
NMR (δ ppm CDCl3, 75 MHz): 172.7 (C=O), 172.5 (C=O), 170.1 (C=O), 65.6 (OCH2), 49.4
(CH), 49.3 (CH), 48.9 (CH), 31.9 (CH2), 29.3 (CH2), 28.7 (CH2), 26.0 (CH2), 22.8 (CH2),
18.6 (CH3), 17.9 (CH3), 17.5 (CH3), 14.3 (CH2CH3). FT-IR (cm-1) 3202 (NH3+), 2926 (CH),
1737 (C=O), 1653 (amide I), 1550 (amide II). EI-MS: m/z = 344 [M-Cl-]+.
N-Formyl-L-alanyl-L-alanyl-L-alanine octyl ester (LLL-FAAA). To a suspension of LLLAAA (4.00 g, 10.4 mmol) in 250 mL ethyl formate was added 2.96 g (41.6 mmol) of sodium
formate and the reaction mixture was heated to reflux for 4 h. The volatile parts were
evaporated and the product was extracted from the residual yellow solid with chloroform. The
resulting off-white material was recrystallized from ethanol/diisopropyl ether resulting in 3.52
(91%) of white crystalline LLL-FAAA. Mp: 176-177 °C. [α]D (CHCl3, c 0.45) = -41°. 1H
NMR (δ ppm, CDCl3, 300 MHz): 8.18 (s, 1H, C(O)H), 7.16 (d, 2H, NH, J = 7.7 Hz), 7.04 (d,
1H, NH, J = 7.7 Hz), 4.75 (m, 1H, CH), 4.71 (m, 1H, CH), 4.55 (m, 1H, CH), 1.65 (m, 2H,
OCH2CH2), 1.42 (d, 3H, CH3, J = 7.2 Hz), 1.41 (d, 3H, CH3, J = 6.9 Hz), 1.41 (d, 3H, CH3,
6.9 Hz), 1.29 (m, 10H, CH2), 0.88 (t, 3H, CH2CH3, J = 6.9 Hz). 13C NMR (δ ppm CDCl3, 75
MHz): 172.5 (C=O), 171.3 (C=O), 171.1 (C=O), 160.4 (HC=O), 65.8 (OCH2), 49.0 (CH),
48.4 (CH), 47.6 (CH), 31.9 (CH2), 29.3 (CH2), 28.7 (CH2), 26.0 (CH2), 22.8 (CH2), 19.6
(CH3), 19.3 (CH3), 18.5 (CH3), 14.3 (CH2CH3). FT-IR (cm-1) 3278 (NH), 2927 (CH), 1740
(C=O), 1666 & 1635 (amide I), 1547 (amide II). EI-MS: m/z = 372 [M+H]+. El. Anal. Calcd.
For C18H33N3O5: C, 58.20; H, 8.95; N, 11.31. Found: C, 56.56; H, 8.83; N, 11.15.
N-Formyl-L-alanyl-D-alanyl-L-alanine octyl ester (LDL-FAAA). LDL-FAAA was
synthesized according to the procedure described for LLL-FAAA, using 3.5 g (9.1 mmol) of
LDL-AAA as starting compound to yield 2.70 g (80 %) of white crystalline LDL-FAAA. Mp:
132-133 °C. [α]D (CHCl3, c 0.68) = -11.6°. 1H NMR (δ ppm, CDCl3, 300 MHz): 8.17 (s, 1H,
C(O)H), 7.04 (d, 1H, NH, J = 7.4 Hz), 6.89 (d, 1H, NH, J = 7.7 Hz), 6.67 (d, 1H, NH, J = 6.9
Hz), 4.57 (m, 3H, CH), 4.11 (m, 2H, OCH2), 1.63 (m, 2H, OCH2CH2), 1.42 (d, 3H, CH3, J =
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6.1 Hz), 1.41 (d, 3H, CH3, J = 7.2 Hz), 1.40 (d, 3H, CH3, J = 6.9 Hz), 1.29 (m, 10H, CH2),
0.88 (t, 3H, CH2CH3, J = 6.8 Hz).
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C NMR (δ ppm CDCl3, 75 MHz): 172.7 (C=O), 171.4

(C=O), 171.1 (C=O), 160.8 (HC=O), 65.8 (OCH2), 48.9 (CH), 48.3 (CH), 47.9 (CH), 31.9
(CH2), 29.3 (CH2), 28.7 (CH2), 26.0 (CH2), 22.8 (CH2), 18.4 (CH3), 18.3 (CH3), 14.3
(CH2CH3). FT-IR (cm-1) 3280 (NH), 2927 (CH), 1738 (C=O), 1666 & 1634 (amide I), 1549
(amide II). EI-MS: m/z = 372 [M+H]+. El. Anal. Calcd. For C18H33N3O5: C, 58.20; H, 8.95;
N, 11.31. Found: C, 57.57; H, 9.03; N, 11.21.
N-Formyl-D-alanyl-L-alanyl-L-alanine octyl ester (DLL-FAAA). DLL-FAAA was
synthesized according to the procedure described for LLL-FAAA, using 3.5 g (9.1 mmol) of
LDL-AAA as starting compound to yield 2.97 g (88 %) of white crystalline DLL-FAAA. Mp:
156-157 °C. [α]D (CHCl3, c 0.53) = 21.6°. 1H NMR (δ ppm, CDCl3, 300 MHz): 8.18 (s, 1H,
C(O)H), 6.92 (d, 1H, NH, J = 7.7 Hz), 6.85 (d, 1H, NH, J = 7.4 Hz), 6.67 (d, 1H, NH, J = 7.2
Hz), 4.61 (m, 1H, CH), 4.56 (m, 2H, CH), 4.12 (m, 2H, OCH2), 1.64 (m, 2H, OCH2CH2),
1.42 (d, 3H, CH3, J = 6.9 Hz), 1.41 (d, 6H, CH3, J = 7.2 Hz), 1.29 (m, 10H, CH2), 0.88 (t, 3H,
CH2CH3, J = 6.8 Hz). 13C NMR (δ ppm CDCl3, 75 MHz): 172.5 (C=O), 171.2 (C=O), 171.1
(C=O), 160.7 (HC=O), 65.8 (OCH2), 49.0 (CH), 48.4 (CH), 47.7 (CH), 31.9 (CH2), 29.3
(CH2), 28.7 (CH2), 26.0 (CH2), 22.8 (CH2), 18.7 (CH3), 18.6 (CH3), 18.5 (CH3), 14.3
(CH2CH3). FT-IR (cm-1) 3280 (NH), 2929 (CH), 1738 (C=O), 1668 & 1633 (amide I), 1549
(amide II). EI-MS: m/z = 372 [M+H]+. El. Anal. Calcd. For C18H33N3O5: C, 58.20; H, 8.95;
N, 11.31. Found: C, 57.62; H, 8.98; N, 11.15.
L-Isocyanoalanyl-L-alanyl-L-alanine octyl ester (LLL-IAAA). To a solution of 500 mg
(1.35 mmol) of LLL-FAAA in 40 mL of chloroform, N-methyl morpholine (NMM) (400 μL,
3.60 mmol) was added and this solution was cooled to –30°C using CO2/acetone. Over a
period of 1 h, 80 μL (0.68 mmol) of diphosgene in 5 mL chloroform was added dropwise,
maintaining T = -30°C. The solution was stirred for an additional 10 minutes at this
temperature and brought to T = 0°C. 2 mL of an ice-cold solution of NaHCO3 (sat.) was
added and the reaction mixture was stirred vigorously for 5 minutes. The organic part was
separated, extracted once with 2 mL water and dried using Na2SO4. The solvent was
evaporated and the crude light yellow product was purified by flash column chromatography
(CHCl3/acetone/Et3N

=

99

:

1

:

0.05)

and

subsequent

recrystallization

from

ethanol/diisopropyl ether to yield LLL-IAAA as a white crystalline product (365 mg, 77%).
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Mp: 160-163 °C. [α]D (CHCl3, c 0.58) = 1.5°. 1H NMR (δ ppm, CDCl3, 300 MHz): 7.02 (d,
1H, NH, J = 5.9 Hz), 6.31 (d, 1H, NH, J = 6.9 Hz), 4.59 (m, 1H, CH), 4.44 (m, 1H, CH), 4.25
(q, 1H, CH, J = 7.0 Hz), 4.15 (m, 2H, OCH2), 1.66 (d, 3H, CH3, J = 7.1 Hz), 1.64 (m, 2H,
OCH2CH2), 1.45 (d, 3H, CH3, J = 7.2 Hz), 1.41 (d, 3H, CH3, J = 7.2 Hz), 1.29 (m, 10H, CH2),
0.88 (t, 3H, CH2CH3, J = 6.8 Hz).
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C NMR (δ ppm CDCl3, 75 MHz): 172.5 (C=O), 171.2

(C=O), 171.1 (C=O), 160.7 (C≡N), 65.9 (OCH2), 53.3 (CNCH), 49.3 (CH), 48.5 (CH), 31.9
(CH2), 29.3 (CH2), 28.7 (CH2), 26.0 (CH2), 22.8 (CH2), 19.8 (CH3), 18.7 (CH3),

14.3

(CH2CH3). FT-IR (cm-1) 3266 (NH), 2927 (CH), 2138 (C≡N), 1739 (C=O), 1697 & 1642
(amide I), 1553 (amide II). EI-MS: m/z = 353 [M]+. El. Anal. Calcd. For C18H31N3O4: C,
61.17; H, 8.84; N, 11.89. Found: C, 61.25; H, 8.93; N, 11.67.
L-Isocyanoalanyl-D-alanyl-L-alanine

octyl

ester

(LDL-IAAA).

LDL-IAAA

was

synthesized analogously to LLL-IAAA, starting from LDL-FAAA (500 mg, 1.35 mmol).
Purification yielded LDL-IAAA as a white crystalline material (340 mg, 74%). Mp: 135 °C.
[α]D (CHCl3, c 0.55) = 32.6°. 1H NMR (δ ppm, CDCl3, 300 MHz): 7.00 (d, 1H, NH, J = 5.4
Hz), 6.48 (d, 1H, NH, J = 6.4 Hz), 4.58 (m, 1H, CH), 4.48 (m, 1H, CH), 4.27 (q, 1H, CH, J =
7.0 Hz), 4.15 (m, 2H, OCH2), 1.67 (d, 3H, CH3, J = 7.2 Hz), 1.64 (m, 2H, OCH2CH2), 1.45 (d,
3H, CH3, J = 6.4 Hz), 1.41 (d, 3H, CH3, J = 6.9 Hz), 1.29 (m, 10H, CH2), 0.88 (t, 3H,
CH2CH3, J = 6.8 Hz). 13C NMR (δ ppm CDCl3, 75 MHz): 172.3 (C=O), 170.2 (C=O), 165.8
(C≡N), 65.9 (OCH2), 53.5 (CNCH), 49.1 (CH), 48.4 (CH), 31.9 (CH2), 29.3 (CH2), 28.7
(CH2), 25.9 (CH2), 22.8 (CH2), 20.0 (CH3), 18.6 (CH3), 18.4 (CH3), 14.3 (CH2CH3). FT-IR
(cm-1) 3277 (NH), 2929 (CH), 2143 (C≡N), 1732 (C=O), 1669 & 1647 (amide I), 1556
(amide II). EI-MS: m/z = 353 [M]+. El. Anal. Calcd. For C18H31N3O4: C, 61.17; H, 8.84; N,
11.89. Found: C, 60.55; H, 8.81; N, 11.72.
D-Isocyanoalanyl-L-alanyl-L-alanine

octyl

ester

(DLL-IAAA).

DLL-IAAA

was

synthesized analogously to LLL-IAAA, starting from DLL-FAAA (500 mg, 1.35 mmol), but
90 mL of chloroform was necessary to dissolve the DLL-FAAA. Purification yielded DLLIAAA as a white crystalline material (446 mg, 94%). Mp: 160-164 °C. [α]D (CHCl3, c 0.57) =
-11.3°. 1H NMR (δ ppm, CDCl3, 300 MHz): 7.02 (d, 1H, NH, J = 7.2 Hz), 6.36 (d, 1H, NH, J
= 7.2 Hz), 4.55 (m, 1H, CH), 4.44 (m, 1H, CH), 4.26 (q, 1H, CH, J = 7.0 Hz), 4.15 (m, 2H,
OCH2), 1.66 (d, 3H, CH3, J = 7.2 Hz), 1.64 (m, 2H, OCH2CH2), 1.45 (d, 3H, CH3, J = 7.2
Hz), 1.41 (d, 3H, CH3, J = 7.2 Hz), 1.29 (m, 10H, CH2), 0.88 (t, 3H, CH2CH3, J = 6.8 Hz). 13C
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NMR (δ ppm CDCl3, 75 MHz): 172.3 (C=O), 170.2 (C=O), 165.6 (C≡N), 65.9 (OCH2), 53.4
(CNCH), 49.3 (CH), 48.4 (CH), 31.9 (CH2), 29.3 (CH2), 28.7 (CH2), 26.0 (CH2), 22.8 (CH2),
20.0 (CH3), 18.7 (CH3), 14.3 (CH2CH3). FT-IR (cm-1) 3277 (NH), 2930 (CH), 2145 (C≡N),
1737 (C=O), 1666 & 1644 (amide I), 1556 (amide II). EI-MS: m/z = 353 [M]+. El. Anal.
Calcd. For C18H31N3O4: C, 61.17; H, 8.84; N, 11.89. Found: C, 60.34; H, 8.78; N, 11.77.
Poly(L-isocyanoalanyl-L-alanyl-L-alanine octyl ester) (LLL-PIAAA). 100 mg (0.28
mmol) of LLL-IAAA was dissolved in 5 mL of chloroform. To this solution was added 2.58
mL of a 3.66 mM solution of Ni(ClO4)2·6H2O in chloroform and a minimum amount of
ethanol while stirring. When all isocyanide was consumed, the solvents were evaporated and
the solid residue was redissolved in a minimum amount of chloroform. The LLL-PIAAA was
precipitated by dropping this solution in a vigorously stirred mixture of 20 mL
methanol/water (3:1). The product was filtered off and washed with methanol/water (3:1)
until the filtrate remained colorless and than once with methanol to yield LLL-PIAAA as an
off-white fiber-like product (67 mg, 67%). [α]D (CHCl3, c 0.72) = -34°. 1H NMR (δ ppm,
CDCl3, 300 MHz): 8.46 (br, 1H, NH), 8.10 (br, 1H, NH), 5.7-3.5 (br, 5H, CH & OCH2), 2.01.0 (br, 21H, CH2 & CH3), 0.87 (s, 3H, CH2CH3). FT-IR (cm-1) 3284 (NH), 2925 (CH), 1737
(C=O), 1637 (amide I), 1519 (amide II). El. Anal. Calcd. For (C18H31N3O4)n: C, 61.17; H,
8.84; N, 11.89. Found: C, 60.00; H, 8.64; N, 11.63.
Poly(L-isocyanoalanyl-D-alanyl-L-alanine octyl ester) (LDL-PIAAA). This compound
was prepared analogously to LLL-PIAAA starting from 100 mg LDL-IAAA (0.28 mmol) to
yield LDL-PIAAA as a light yellow solid material (71mg, 71%). [α]D (CHCl3, c 0.72) =
338°. 1H NMR (δ ppm, CDCl3, 300 MHz): 9.37 (br, 1H, NH), 6.92 (br, 1H, NH), 5.3-3.7 (br,
5H, CH & OCH2), 2.0-1.0 (br, 21H, CH2 & CH3), 0.87 (s, 3H, CH2CH3). FT-IR (cm-1) 3329
(NH), 2925 (CH), 1745 (C=O), 1676 & 1645 (amide I), 1517 (amide II). El. Anal. Calcd. For
(C18H31N3O4)n: C, 61.17; H, 8.84; N, 11.89. Found: C, 60.62; H, 8.84; N, 11.61.
Poly(D-isocyanoalanyl-L-alanyl-L-alanine octyl ester) (DLL-PIAAA). This compound
was prepared analogously to LLL-PIAAA starting from 100 mg DLL-IAAA (0.28 mmol) to
yield DLL-PIAAA as a light yellow solid material (65 mg, 65%). [α]D (CHCl3, c 0.72) = 176°. 1H NMR (δ ppm, CDCl3, 300 MHz): 8.91 (br, 1H, NH), 7.41 (br, 1H, NH), 5.0-3.7 (br,
5H, CH & OCH2), 2.0-1.0 (br, 21H, CH2 & CH3), 0.87 (s, 3H, CH2CH3). FT-IR (cm-1) 3358
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& 3282 (NH), 2926 (CH), 1738 (C=O), 1683 & 1644 (amide I), 1520 (amide II). El. Anal.
Calcd. For (C18H31N3O4)n: C, 61.17; H, 8.84; N, 11.89. Found: C, 60.45; H, 8.76; N, 11.70.
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Chapter 9
Polyisocyanides Derived from β-Peptides
9.1 Introduction
The easy synthetic pathway of isocyanides by dehydration of formamides starting from
primary amines,1 allows for the preparation of a virtually unlimited library of isocyanides.
Consequently, a vast number of isocyanides and polyisocyanides have been reported in
literature.2 Polyisocyanides are known to exist in a rigid helical 41 conformation. However,
prerequisite for their rigid nature is the presence of bulky substituents that prevent unfolding
of the helical backbone. In addition to sterically fixing the helical secondary conformation of
polyisocyanides, Cornelissen et al. reported on polyisocyanides having peptide substituents,
between which a well-defined hydrogen bonded network was formed upon polymerization
that

prevented

the

unfolding

of

the

helical

polymer

backbone.3

These

novel

polyisocyanopeptide compounds were shown to possess interesting properties analogous to
naturally occurring β-helices and even retained their hydrogen bonded helical conformation in
aqueous solution.
As compared to their α-amino acid analogues, β-amino acids represent a class of
conformationally more flexible compounds due to their additional α-methylene group present
between the α-carbon and the carbonyl group (Figure 1).

Figure 1: α- and β3-amino acid residue
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The secondary structure of β-peptides has been extensively investigated,4,5 and the oligoamide
sequences can adopt helical conformations even with as few as six residues. In principle two
types of sheet secondary structures are possible: one in which each residue has an anti C2-C3
torsional angle and all carbonyls point in the same direction and the other has a gauche C2-C3
torsional angle and lacks a dipole for the same reason as α-peptides. A number of β-peptide
structures were identified by Seebach and coworkers. The β-tripeptide in Figure 2 was shown to
organize into parallel β-pleated sheets with an anti C2-C3 torsional angle, resulting in a large dipole,
which is created by the uni-directionality of the amide groups.6

Figure 2. Parallel pleated crystal structure of β-tripeptide investigated by Seebach et al.4
In this chapter we report on the synthesis, characterization and folding properties of
polyisocyanides derived from β-peptides. These novel optically active monomers polymerize
to form polyisocyanides which display unprecedented properties as compared to their αpeptide analogues.
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9.2 Results and Discussion
9.2.1 Synthesis
The β-peptide monomers studied in this chapter were derived from a β-amino acid
combination first reported by Seebach and coworkers, which was prepared from α-amino
acids via the Arndt-Eistert homologation.4 In our small-scale synthesis, however, we chose to
prepare the monomers using a peptide coupling reactions starting from commercially
available β-amino acids. The synthetic procedure for the preparation of the polyisocyanide
derived from β-amino acid based di- and tripeptides is outlined in Scheme 1.
Scheme 1: Synthesis of polyisocyanides derived from β-amino acids: (i) Boc-L-h-Ala-OH,
BOP, DIPEA, CH2Cl2, (ii) HCl/Ethyl acetate, (iii) ethyl formate, sodium formate, 80ºC; (iv)
diphosgene, N-methyl morpholine, CHCl3, -30ºC; and (v) 1/30 eq. Ni(ClO4)2·6H20,
CH2Cl2/EtOH.
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The starting Boc-L-β-h-Leu was boc-deprotected at the N-terminus and protected with a
methyl ester at the O-terminus in one reaction step using thionylchloride in methanol. The
subsequent coupling with Boc-L-β-homoalanine was carried out using benzotriazol-1yloxytris(dimethylamino)-phosphonium hexafluorophosphate (BOP) as the coupling reagent
and diisopropyl ethyl amine (DIPEA) as a base. Boc-deprotection was carried out in a 2M
solution of HCl in ethyl acetate and the same procedure as described above could be used for
the additional coupling of Boc-L-β-homoalanine to form the β-tripeptide. The N-formylpeptides resulted from refluxing the β-peptide HCl salts in a dispersion of 3 equivalents of
sodium formate in ethyl formate at 80ºC. Finally, the isocyanides were prepared by
dehydration of the N-formyl peptides with diphosgene in chloroform at -30ºC in the presence
of a base.7 With the exception of the conversion of LLL-FbAbAbL to LLL-IbAbAbL, all
reactions gave reasonable to good yield, the relatively low yield of this β-tripeptide monomer
is likely attributed to some loss of material during the purification by column
chromatography.
LL-IbAbL and LLL-IbAbAbL were polymerized by the addition of 1/30 equivalent of
Ni(ClO4)2·6H20 in CH2Cl2. A small amount of ethanol used to dissolve the Ni(II) catalyst was
likely to act as an initiator in the polymerization reaction.

9.2.2 Polymer Properties
Selected IR and 1H NMR data of monomer compared to polymer that are indicative of
hydrogen bonding are given in Table 1.
Table 1. Selected IRa and 1H NMRb data indicative of hydrogen bonding.
LL-IbAbL

LL-PIbAbL

(CHCl3) (solid) (CHCl3) (solid)

LL-IbAbAbL

LL-PIbAbAbL

(CHCl3) (solid) (CHCl3) (solid)

νNH

3430

3296

3272

3280

3429

3284

3286

3279

νamide I

1674

1649

1638

1637

1666

1645

1644

1639

νamide II

1516

1547

1549

1543

1506

1551

1546

1543

δNH

6,3

-

7,9

-

6,1 / 7,1

-

8,3

-

(a) Values are given in cm-1 (b) measured in CDCl3 and values are given in ppm scale
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The selected IR stretch vibrations for the polymer in solution are similar to those observed in
the crystalline monomers, implying that hydrogen bonding in the polymer chain is
comparable in both cases. This result was confirmed by 1H NMR spectroscopy which showed
a strong downfield shift for the amide protons, indicative of a strong hydrogen-bonded
network. Therefore, we propose that similar to polyisocyano-α-peptides, the helical backbone
formed during polymerization is stabilized by a β-sheet-like organization of the β-peptide side
chains, which leads to stable and more rigid polymers (Figure 3).3 The depicted schematic
representation in suggests that one hydrogen bond is present between the β-peptide side
chains in LL-PIbAbL and two hydrogen bonds between the side chains in LLL-PIbAbAbL. In
the latter, similar to the parallel β-pleated sheet structure found by Seebach et al.,4 the amide
hydrogen bonding in principle is unidirectional.

Figure 3. Schematic representation of hydrogen bonding in LL-PIbAbL (left) and LLLPIbAbAbL (right).

9.2.2.1 Rigidity and Molecular Weight
Due to their rigidity, the individual macromolecules could be observed on a mica surface with
AFM and their contour lengths could be determined from these images (Figure 4). This
approach was used by Prokhorova et al.8 to determine the absolute molecular weight of
polymethacrylates and polystyrenes having bulky substituents and has also been applied to
polyisocyano-α-peptides.9 The measured average height of 0.60 nm for LL-PIbAbL and 0.72
nm for LLL-PIbAbAbL is lower than would be expected from calculations10 (i.e.: LLPIbAbL: 2.2 nm, LLL-PIbAbAbL: 3.0 nm), this is likely the result of an adopted collapsed
conformation on the mica surface. The histograms of the measured length distributions are
given in Figure 4 and the calculated molar mass data are summarized in Table 2. In the
analyses, the degree of polymerization was derived from the contour lengths under the
assumption of a 41-type helix with a helical pitch of 4.6 nm, which was also applied to
poly(isocyano-α-peptides).3,11
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Figure 4. AFM micrographs of: (A) LL-PIbAbL and (B) LLL-PIbAbAbL, and (C) observed
cholesteric phase for LL-PIbAbL. (D) Length distribution histogram for LL-PIbAbL, (E) idem
for LLL-PIbAbAbL.
Table 2. Molar mass data.
Mn (kg/mol)

Mw(kg/mol)

D

LL-PIbAbL

147

332

2,3

LLL-PIbAbAbL

72

90

1,3

The sensitivity of the polymerization reaction with respect to the structure of the monomer is
reflected in the significant differences in molar mass and polydispersity between di- and tripeptide based molecules. Furthermore, the rigid LL-PIbAbL gave rise to cholesteric lyotropic
mesophases in a concentrated solution in C2H2Cl4, highlighting the rigid rod character of the
polymer (Figure 4C). For the tripeptide based polymer LLL-PIbAbAbL the formation of such
a lyotropic mesophase under the same conditions was less pronounced.
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9.2.2.2 Kinetic vs. Thermodynamic Polymer Conformation
The chiral substituents closest to the isocyanide functionality have a dominant influence on
the helical screw sense.12 In LL-PIbAbL and LLL-PIbAbAbL, the chiral side groups closest
to the imine functionality are in S-configuration and hence we expect that a right-handed helix
(P-helix) will be formed during polymerization. In the CD spectra of both compounds, we
observed a single negative cotton effect at λ = 313 nm presumably originating from the n-π*
transition of the imine chromophore. Comparison of these results with the CD spectra for
polyisocyanides based on α-alanine dipeptides confirms the expected effect of the well
defined arrangement of the amide groups on the n-π* transitions in the imine chromophores.
Also for these polymers a single Cotton effect was found around λ = 310 nm. It was
postulated that the local dipole moment originating from the aligned amide groups in a
hydrogen bond has a substantial influence on the CD effect in the n-π* transition of the imine
chromophore present in the polymer backbone.11 In contrast to poly(isocyano-α-dialanines),
the intensity of the Cotton effect of the imine chromophore in LL-PIbAbL and LLLPIbAbAbL is smaller, which is most likely a result of the larger distance from the first amide
group to the imine group of the polymer backbone. In contrast to poly(isocyano-α-dialanines),
the assumed right handed screw sense in the β-amino acid based polymers reported here
results in a negative Cotton effect and the magnitude of the effect is smaller. The first
observation can be tentatively explained by the opposite direction of the first amide group as
is clear from the schematic representation in Figure 3, whereas the second observation is
likely caused by the larger distance between the polymer backbone and the amide bond due to
the additional methylene group present in the β-amino acids.
In case of the poly(isocyano-α-dialanines), the 41-helical conformation that results from the
Ni(II) catalyzed reaction is retained in solution for long periods of time, without
rearrangement of the initially formed architecture as was demonstrated by CD spectroscopy.3
Surprisingly, for LL-PIbAbL and LLL-PIbAbAbL we observed a slow disappearance of the
negative Cotton effect at λ = 313 nm and a new positive signal simultaneously evolved at λ =
285 nm (Figure 5). These spectral changes are irreversible and dilution studies showed that
the Cotton effects were not a result of aggregation, but are inherent to the macromolecular
architecture. The isodichroic point at λ = 250 nm revealed that this changing likely involves a
transition between two discrete conformations: the kinetically controlled structure formed
upon polymerization (‘native’ polymer), which anneals into a thermodynamically more stable
structure (‘annealed’ polymer). The optical rotation showed the same time dependent trend
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upon standing of the polymer in solution and the values of both conformations are given in
Table 3. Although similar sign inversions found for other helical polymers have often been
contributed to helical inversions,13 here we expect that the observed results are caused by a
change in the arrangement of amide groups and a possible resulting alteration of the helical
pitch with the same right-handed screw sense. Complete helical inversion seems to be highly
unlikely in the case of polyisocyanides, regarding the large steric crowding of the side groups
present on every carbon atom in the polymer main chain. In addition, without the presence of
a chiral bias towards a helix reversal,14,15 inversion processes occurring in the polymer
backbone are expected to result in the formation of a random coil instead of a defined second
conformation.

Figure 5. Change in conformation upon standing in CHCl3 monitored by CD-spectroscopy
for: (A) LL-PIbAbL at 25ºC and 10 min. time intervals and (B) LLL-PIbAbAbL at 45ºC and
20 min. time intervals.
Table 3. Optical rotation dataa
[α] ‘annealed’

[α] monomer

[α] ‘native’ polymer b

LL-PIbAbL

-15,8

-87,5

27,8

LLL-PIbAbAbL

-64,0

-160.5

7.5

polymer

(a) in º·dl/g·dm measured in CHCl3 (b) The ‘true’ value is expected to be higher, because the ‘native’ polymer
already partly anneals during the polymerization reaction.

At room temperature, the conformational change proceeds more rapidly for LL-PIbAbL than
for LLL-PIbAbAbL and in both cases the transformation is accelerated at elevated
temperatures. By assuming a linear relationship between ∆ε at λ = 313 nm and the fraction f
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of native polymer in solution, the rate constant k for the conformational change in LL-PIbAbL
was determined at four different temperatures (Figure 6) and from these measurements, the
transition state parameters could be calculated using either the Eyring or Arrhenius equation
(Table 4).

Figure 6. (A) Definition of fraction of ‘native’ LL-PIbAbL in the determination of the rate
constant of the annealing process. (B) First order kinetic plot of annealing process at 5, 15,
25 and 35ºC.
Table 4. Transition state energies.
Polymer

ΔH‡ (kJ/mol)

ΔS‡ (J*mol-1*K-1)

ΔG‡ (kJ/mol)a

Εa (kJ/mol)b

LL-PIbAbLc

73

-57

90

76

LLL-PIbAbAbLd

62

-116

96

65

LD-PIAAd

87

-79

110

90

LL-PIAAd

120

19

114

123

69

-88

95

71

d

D-PIGA
a

These values are calculated for T = 298 K.

b

c
d
Activation energy calculated by the Arrhenius equation. Measured in CHCl3. Measured in

C2H2Cl4.

The occurrence of annealing at relatively low temperatures is reflected in the relatively low
Arrhenius activation energies, as was also observed for e.g. D-PIGA.16 The highly negative
transition state enthalpy of LLL-PIbAbAbL, as compared to LL-PIbAbL suggests that LLLPIbAbAbL loses more degrees of freedom in the transition state as is expected for a polymer
with more sterically crowded side arm and an additional hydrogen bonding moiety. This
difference in transition state entropy results in the slower annealing rate for LLL-PIbAbAbL.
Huang and Euler calculated an energy of 70 kJ/mol (CH2Cl2) for the unfolding process of
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poly(phenyl isocyanide) into a random-coil-like structure.17 Although this transition state
energy has similar magnitude as the b-amino acid derived polyisocyanides, it is unlikely that
in this case the chiroptical changes are associated with helix unfolding phenomena (vide
infra).
IR studies of the annealing of native LL-PIbAbL showed that the hydrogen bonded network
remained intact (Figure 7) and no significant difference in NMR spectra of both conformers
was observed. AFM and lyotropic LC behavior demonstrated, opposed to the temperature
dependent unfolding of poly(phenyl isocyanide), the conservation of the rigid-rod like nature
of the polymer (Figure 8) and indicated no significant change in chain dimensions going from
native to annealed polymer.

Figure 7. conformational change of LL-PIbAbL upon standing in CHCl3 (4 mg/mL)
monitored by IR-spectroscopy at 10 min. intervals for LL-PIbAbL at r.t.

Figure 8. AFM micrographs of: (A) LL-PIbAbL and (B) LLL-PIbAbAbL, and (C) observed
cholesteric phase for LL-PIbAbL, all in their thermodynamic conformation.
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Therefore, we assume that the observed conformational change most probably consists of a
change in β-sheet-like arrangement and the rigid helical nature of the polymer is conserved.
Possibly, during polymerization the monomers are pre-organized in a β-sheet-like
arrangement in which a large number of β-amino acids have an anti C2-C3 torsional angle.
During polymerization, a long helical polymer with a hydrogen bonding array between nth and
n+4th peptide side chain and a large uniform dipole is formed. This is expected to result in a
relatively large local dipole that can be decreased in magnitude by changing the amino acid
anti C2-C3 torsional angle into a gauche C2-C3 torsional angle in favor of a more defined
hydrogen bonding array. The change in amide bond directionality would tentatively explain
the observed sign inversion in CD-spectroscopy (Figure 5). The proposed rearrangement
explains the sharpening of the peaks in the IR-spectrum and a small shift of the NH-stretch to
lower wavenumber (Figure 7). This also implies that the altered hydrogen bonded network is
stronger and better defined and therefore more favorable from an enthalpic point of view. The
possible presence of gauche C2-C3 torsional angles is confirmed by molecular mechanics
calculations in which a number of amino acids are in gauche conformation and reverses of
amide hydrogen bonding can be observed (Figure 9).

Figure 9. Conformations obtained by Molecular Mechanics calculations using the Force
Field method for (A) LL-PIbAbL and (B) LLL-PIbAbAbL
Whereas the helical conformation of polyisocyano-α-peptides could be cooperatively
disrupted upon addition of strong acid or by heating resulting in darkly colored polymers,3, 16
the annealed conformation of polyisocyanide-β-peptides proved to be very stable. Heating a
solution of either the di- or tri-β-peptide-based polyisocyanide in tetrachloroethane upto
110ºC resulted only in a reversible minimal decrease of Δε, while the solutions remained
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colorless. Acidification with TFA of a solution of either native or annealed LL-PIbAbL
showed complete loss of chiroptical activity, suggesting unfolding of the helical polymer
likely induced by the disruption of the hydrogen bonded network. However, when these
solutions were neutralized using triethylamine, all chiroptical activity of the annealed LLPIbAbL was regained (Figure 10A). This observation confirms our hypothesis of the
annealed conformation being the energetically most favorable one. As expected,
acidification/neutralization of annealed LLL-PIbAbAbL showed the same trend. The native
conformation though, could not be completely unfolded. Even at high concentrations of TFA
(~25%), some chiroptical activity still remained present.

Figure 10. CD-spectra upon acidification/neutralization process of (A) native LL-PIbAbL (B)
altered LL-PIbAbL.
Similar results as the ones discussed above were recently reported by Yashima et al. who
reported on the reversible folding/unfolding of the achiral poly(4-carboxy phenyl isocyanide)
using chiral amines.18 Driving force for this folding process was the formation of
intramolecular hydrogen bonds between carboxyl groups that were covalently attached to the
polyisocyanide backbone and added chiral amines. In our case, both the hydrogen bonding
moieties and chirality are present in the same molecule, in which the thermodynamically most
stable annealed conformation is memorized. This leads to the situation schematically depicted
in Figure 11, where the kinetic product can be directly converted to the thermodynamic
product by means of heating. Acidification of the kinetic product leads to a random-coil like
polymer that can be fully reversibly converted to the thermodynamic product by subsequent
neutralization.
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Figure 11. Schematic representation of proposed different conformations of LL-PIbAbL.

9.3 Conclusions
Polymerization of isocyanides derived from β-amino acids results in the formation of a rigid
helical macromolecule, which is stabilized by hydrogen bonds between the peptide side
chains. Unlike their poly(isocyano-α-peptide) counterparts, the kinetic product of the
polymerization readily changes and another well defined, hydrogen-bond-stabilized, rigid
conformation is adopted. This transformation comprises a change in the β-sheet-like structure
of the peptide side groups, most likely from an anti C2-C3 torsional angle to a gauche C2-C3
torsional angle. Upon acidification, both discrete conformations of the di-peptide based
polymer lose al their chiroptical activity, indicating that the macromolecules unfold into a
non-helical conformation. When the solution was subsequently neutralized, as expected, only
the energetically more favorable altered conformation of the polymers was observed.
In conclusion, these novel polyisocyanides display unprecedented properties as compared to
those previously found for their α-amino acid analogs. These differences are believed to
originate from an increased flexibility of the β-peptidic side chains, as compared to the
relatively rigid α-peptides. This flexibility allows the rearrangement of the hydrogen bonds
between the polymer side chains after polymerization, resulting in a dynamic helical
polyisocyanide.
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9.4 Experimental Section
9.4.1 General Methods and Materials
Dichloromethane, chloroform and ethyl acetate were distilled at atmospheric pressure from
CaH2, CaCl2 and P2O5 respectively. Tetrachloroethane and N-methyl morpholine were
distilled under reduced pressure from CaCl2 and sodium respectively. All other chemicals
were commercial products and used as received. Flash chromatography was performed using
silica gel (0.035-0.070 mm) purchased from Acros and TLC-analyses on silica 60 F254 coated
glass either from Merck or Acros. Compounds were visualized with Cl2/TDM or
Ni(ClO4)2·6H2O in EtOH. 1H NMR spectra were recorded on Bruker WM-200 and Bruker
AC-300 instruments at 297 K,

13

C NMR spectra were acquired on a Bruker AC-300

spectrometer. Chemical shifts are reported in ppm relative to tetramethylsilane (δ = 0.00 ppm)
as an internal standard. FT-Infrared spectra were recorded on Bio-Rad FTS 25 and Anadis
IR300 instruments (resolution 1 cm-1). CD spectra were measured on a JASCO 810
instrument. Melting points were measured on a Jeneval THMS 600 microscope equipped with
a Linkam 92 temperature control unit and are reported uncorrected. Mass spectrometry (EI)
was performed on a VG 7070E instrument. Elemental analyses were determined on a Carlo
Erba 1180 instrument. Optical rotations were measured on a Perkin Elmer 241 Polarimeter.

9.4.2 Atomic Force Microscopy
Imaging was carried out on a nanoscope III from Digital Instruments operating in the tapping
mode at room temperature. Samples were prepared by spin coating (1400 rpm) a 1 mg/L
polymer solution in chloroform on freshly cleaved mica.

9.4.3 Preparation of Cholesteric LC Phases
Concentrated solutions of PIbAbL in 1,1,2,2,-tetrachloroethane were prepared by capillary
flow of solvent to PIbAbL that was crushed between two microscope cover plates and
imaging was carried out on a Jeneval THMS 600 microscope.
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9.4.4 Annealing Experiments
Solutions of PIbAbL in CHCl3 (4 mg/mL) and of PIbAbAbL in 1,1,2,2-tetrachloroethane
(2mg/mL) were prepared and 300 μL of this solution was transferred to a quartz cuvet with a
1 mm path length. Using the Peltier temperature controller the solution was brought to the
desired value and the annealing of the polymers was monitored by CD-spectroscopy using
interval scan measurements at desired time-intervals. The resulting annealed polymers were
subsequently used for other spectroscopic and microscopic investigations. 100 μL of the
PIbAbL solution was transferred to a liquid cell and an IR-spectrum was taken at desired
time-intervals.

9.4.5 Acid Induced Denaturation
Solution of polyisocyano-β-peptides in CHCl3 (2mg/mL) were prepared and 250 μL of both
native, altered PIbAbL and altered PIbAbAbL solution were transferred to a quartz cuvet with
a 1 mm path length. 5 μL of a 20% TFA in CHCl3 solution was added stepwise until all
chiroptical activity was lost. 250 μL of PIbAbAbL was transferred to a quartz cuvet and 20
μL of a 50% TFA solution in CHCl3 was added 5 times, 200 μL was taken out and 50 μL 50%
TFA solution was added subsequently. The unfolding processes were monitored by CDspectroscopy.

9.4.6 Compounds
L-β-homoalanyl-L-β-homoleucine methyl ester hydrochloride. 5 mL methanol was cooled
to -70ºC using acetone/CO2 and 0.45 mL thionyl chloride (0.61 mmol) was added dropwise.
Whilst stirring the solution, Boc-L-β-homoleucine was added (500 mg, 2.0 mmol) and the
solution was warmed up slowly to 70ºC and refluxed for 1 h. at this temperature. The slightly
yellow solution was concentrated and redissolved/evaporated subsequently in EtOH/ tBuOH
(2x) and dried upon vacuo. The yellow solid was dissolved in 10 mL ethyl acetate and Boc-Lβ-homoalanine (0.41 mg, 2.2 mmol) and 0.82 mL DIPEA were added subsequently. The
solution was cooled in ice and BOP (1.14 g, 2.6 mmol) was added. The solution was brought
slowly to r.t. and was stirred for an additional 20h. The organic layer was washed with 2 mL
saturated aqueous sodium bicarbonate solution, 2 mL 10% citric acid, 2 mL saturated aqueous
sodium chloride solution, 2 mL water and dried using Na2SO4. The solvent was evaporated
and the white solid was redissolved in 20 mL HCl saturated ethyl acetate and stirred for 1 h.
HCl was removed by repetitive solution/ evaporation, cycled with subsequently EtOAc/
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BuOH(2x)/ CH2Cl2 and dried the residual yellow oil upon vacuo. This product was not

purified and no yield was calculated. 1H NMR (δ ppm, CDCl3, 300 MHz): 8.40 (s, 3H,
NH3+Cl-), 7.28 (d, 1H, NH, J = 8.5 Hz), 4.32 (m, 1H, CH ala), 3.78 (m, 1H, CH leu), 3.68 (s,
3H, OCH3), 2.55 (m, 4H, 2 CH2), 1.58 (m, 2H, CH2CH(CH3)2), 1.51 (d, 3H, CH3, J = 6.5 Hz),
1.29 (m, 1H, CH2CH(CH3)2), 0.91 (d, 6H, CH2CH(CH3)2, J = 6.4 Hz). This compound was
used in the following reaction steps and was not fully characterized.
L-β-homoalanyl-L-β-homoalanyl-L-β-homoleucine methyl ester hydrochloride. L-βhomoalanyl-L-β-homoleucine methyl ester hydrochloride (1.0 mmol) was dissolved in 10 mL
ethyl acetate and Boc-L-β-homoalanine (0.22 g, 1.1 mmol) and 0.52 mL DIPEA were added
subsequently. The solution was cooled in ice and BOP (0.49 g, 1.1 mmol) was added. The
solution was brought slowly to r.t. and was stirred for an additional 20 h. The white
precipitate was filtered off and dissolved in 25 mL CHCl3, filtered and the filtrate was
concentrated and dried upon vacuo. The product was redissolved in 20 mL of HCl saturated
ethyl acetate and stirred for 1 h. HCL was removed by repetitive solution/ evaporation using
subsequently EtOH, tBuOH (2x) and CH2Cl2 as solvents. A white solid with satisfactory
purity for use in the following reaction steps was obtained in an overall yield of 76 % (starting
from Boc-L-β-homoleucine). 1H NMR (δ ppm, CDCl3, 300 MHz): 8.35 (s, 3H, NH3+Cl-), 7.97
(d, 1H, NH ala, J = 7.3 Hz), 7.14 (s, 1H, NH leu), 4.28 (m, 2H, 2 CH), 3.72 (m, 1H, CH), 3.66
(s, 3H, OCH3), 2.42 (m, 6H, 3 CH2), 1.53 (m, 2H, CH2CH(CH3)2), 1.44 (m, 3H, CH3 ala-alaleu), 1.28 (m, 1H, CH2CH(CH3)2), 1.21 (d, 3H, CH3 ala-ala-leu, J = 5.9 Hz), 0.90 (d, 6H,
CH2CH(CH3)2, J = 5.8 Hz). This compound was used in the synthesis of L,L,L-FbAbAbL and
was not fully characterized.
N-formyl-L-β-homoalanyl-L-β-homoleucine methyl ester (L,L-FbAbL). L-β-homoalanylL-β-homoleucine methyl ester hydrochloride (133 mg, 0.47 mmol) was dissolved in 25 mL
ethyl formate and 100 mg (1,47 mmol) sodium formate was added. The solution was refluxed
overnight at 80ºC. The solvent was evaporated and the white solid was redispersed in 10 mL
CH2Cl2, heated and filtered while firmly shaking and washed residue three times with 5 mL
CH2Cl2. The filtrate was concentrated and the obtained yellow oil was purified by short
column chromatography (silica gel, eluent 5% MeOH in CHCl3) to yield 80 mg (63%) of
white crystalline product. Mp: 103ºC. [α]D (CHCl3 c 5,0) = -56,8º. FT-IR (cm-1): 3282 (NH),
1745, 1730 (C=O ester), 1653, 1634 (amide I), 1554, 1535 (amide II). 1H NMR (δ ppm,
CDCl3, 200 MHz): 8.10 (s, 1H, HCO), 6.92 (d, 1H, NH ala, J = 5.0 Hz), 6.17 (d, 1H, NH leu,
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J = 8.6 Hz), 4.39 (m, 1H, CH), 4.31 (m, 1H, CH), 3.69 (s, 3H, OCH3), 2.50 (m, 4H, 2 CH2),
1.54 (m, 2H, CH2CH(CH3)2), 1.29 (m, 1H, CH2CH(CH3)2), 1.24 (d, 3H, CH3, J = 6.8 Hz),
0.92 (d, 6H, CH2CH(CH3)2, J = 6.4 Hz).

13

C NMR (δ ppm, CDCl3, 75 MHz): 172.2, 170.3

(C=O), 160.5 (HC=O), 51.7 (OCH3), 44.3 (CH2CH(CH3)2), 43.2 (CH2 leu), 41.6, 41.3 (CH),
38.8 (CH2 ala), 25.0 (CH2CH(CH3)2), 22.8, 22.0 (CH2CH(CH3)2), 19.8 (CH3). EI-MS m/z =
272 [M]+. El. Anal. Calcd. for C13H24N2O4: C, 57.33; H, 8.88; N, 10.29. Found: C, 57.54; H,
8.91; N, 10.17.
N-formyl-L-β-homoalanyl-L-β-homoalanyl-L-β-homoleucine

methyl

ester

(L,L,L-

FbAbAbL). Starting from L-β-homoalanyl-L-β-homoalanyl-L-β-homoleucine methyl ester
hydrochloride, following exactly the same procedure as for L,L-FbAbL, L,L,L-FbAbAbL was
obtained as a white crystalline product, which formed a gel at very low concentrations (yield:
68%). Mp: 216ºC. [α]D (MeOH c 0,5) = -32,8º. FT-IR (cm-1): 3285 (NH), 1733 (C=O ester),
1637 (amide I), 1542 (amide II). 1H NMR (δ ppm, CDCl3, 200 MHz): 8.10 (s, 1H, HCO), 7.0
(dd, 2H, 2 NH ala, J = 7.8, 16.9 Hz), 6.17 (d, 1H, NH leu, J = 8.9 Hz), 4.32 (m, 3H, 3 CH),
3.70 (s, 3H, OCH3), 2.47 (m, 6H, 3 CH2), 1.55 (m, 2H, CH2CH(CH3)2), 1.29 (m, 1H,
CH2CH(CH3)2), 1.23 (m, 6H, 2 CH3 ala), 0.92 (d, 6H, CH2CH(CH3)2, J = 6.4 Hz). 13C NMR
(δ ppm, CDCl3, 75 MHz): 171.9, 170.1, 169.8 (C=O), 160.1 (HC=O), 51.8 (OCH3), 44.4
(CH2CH(CH3)2), 43.3 (CH2 leu), 42.9 (CH leu), 41.6 (CH ala), 41.5 (2) (2 CH2 ala), 38.9 (CH
ala), 25.2 (CH2CH(CH3)2), 23.0, 22.3 (CH2CH(CH3)2), 20.2, 19.9 (2 CH3 ala). EI-MS m/z =
357 [M]+, 326 [M - OCH3]+. El. Anal. Calcd. for C17H31N3O5: C, 57.12; H, 8.74; N, 11.76.
Found: C, 56.31; H, 8.72; N, 11.28.
L-Isocyano-β-homoalanyl-L-β-homoleucine methyl ester (L,L-IbAbL). To prevent
polymerization, all glassware was rinsed three times with a 0.5% HF solution and then with a
saturated aqueous sodium bicarbonate solution. Under a N2 atmosphere, L,L-FbAbL (120 mg,
0.44 mmol) was dissolved in 10 mL CHCl3. Freshly distilled N-methyl morpholine (121 μL,
1.10 mmol) was added and the solution was cooled to -30ºC using acetone/CO2. Over a period
of 1 h., diphosgene (26.5 μL, 0.22 mmol) in 5 mL CHCl3 was added dropwise maintaining T
= -30ºC and subsequently 8μL diphosgene was added directly. The solution was stirred for an
additional 10 minutes at this temperature and brought to 0ºC. An ice-cold saturated aqueous
sodium bicarbonate solution (2 mL) was added and the mixture was stirred vigorously for 5
minutes. The organic part was separated, extracted once with 2 mL water and dried using
Na2SO4. The solvent was evaporated and the product was dried upon vacuo. The resulting
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colorless sticky product was obtained in 110 mg (98%). Mp: decomposes at 370ºC. [α]D
(CHCl3 c 0.3) = -15.8º. FT-IR (cm-1): 3296 (NH), 2139 (CN), 1738 (C=O ester), 1649 (amide
I), 1547 (amide II). 1H NMR (δ ppm, CDCl3, 200 MHz): 6.24 (d, 1H, NH, J = 8.9 Hz), 4.36
(m, 1H, CH ala), 4.16 (m, 1H, CH leu), 3.70 (s, 3H, OCH3), 2.50 (m, 4H, 2 CH2), 1.60 (m,
2H, CH2CH(CH3)2), 1.43 (m, 3H, CH3 ala), 1.32 (m, 1H, CH2CH(CH3)2), 0.92 (d, 6H,
CH2CH(CH3)2, J = 6.4 Hz). 13C NMR (δ ppm, CDCl3, 75 MHz): 172.0, 167.1, (C=O), 155.5
(CN), 51.8 (OCH3), 47.3 (CH ala), 44.4 (CH2CH(CH3)2), 44.1, 43.0 (2 CH2), 38.6 (CH leu),
25.3 (CH2CH(CH3)2), 23.0 ,22.2 (CH2CH(CH3)2), 21.6 (CH3). Because of the sticky and
volatile nature of this compound no elemental analyses were determined.
L-Isocyano-β-homoalanyl-L-β-homoalanyl-L-β-homoleucine

methyl

ester

(L,L,L-

IbAbAbL). Starting from L,L,L-FbAbAbL, the same procedure was used as described for
L,L-IbAbL, with the exception that L,L,L-IbAbAbL was purified by short column
chromatography (silica gel, eluent CHCl3/Ac = 2:1 + a trace amount of triethyl amine). Due to
the instable nature a large quantity was lost in purification. The white crystalline product was
obtained in 29% yield. Mp: 157ºC. [α]D (CHCl3 c 0,5) = -64.0º. FT-IR (cm-1): 3284 (NH),
2141 (CN), 1740 (C=O ester), 1645 (amide I), 1551 (amide II). 1H NMR (δ ppm, CDCl3, 300
MHz): 7.07 (d, 1H, NH ala, J = 7.1 Hz), 6.08 (d, 1H, NH leu, J = 8.8 Hz), 4.30 (m, 2H, 2 CH
ala), 4.15 (m, 1H, CH leu), 3.68 (s, 3H, OCH3), 2.41 (m, 6H, 3 CH2), 1.55 (m, 2H,
CH2CH(CH3)2), 1.41 (m, 3H, CH3 ala-ala-leu), 1.30 (m, 1H, CH2CH(CH3)2), 1.21 (d, 3H,
CH3 ala-ala-leu, J = 6.7 Hz), 0.92 (d, 6H, CH2CH(CH3)2, J = 6.4 Hz).
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C NMR (δ ppm,

CDCl3, 75 MHz): 171.9, 170.1, 166.9 (C=O), 155.4 (CN), 51.8 (OCH3), 47.2 (CH ala-alaleu), 44.5 (CH2CH(CH3)2), 44.0 (CH2 ala-ala-leu), 43.2 (CH2 leu), 43.0 (CH leu), 41.2 (CH
ala-ala-leu), 38.9 (CH2 ala-ala-leu), 25.2 (CH2CH(CH3)2), 23.0, 22.3 (CH2CH(CH3)2), 21.6,
19.8 (CH3 ala). EI-MS m/z = 339 [M]+, 308 [M - OCH3]+, 282 [M - OCH3, - CN]+. El. Anal.
Calcd. for C17H29N3O4: C, 60.15; H, 8.61; N, 12.38. Found: C, 59.33; H, 8.57; N, 12.18.
Poly(L-Isocyano-β-homoalanyl-L-β-homoleucine methyl ester) (L,L-PIbAbL). To a
solution of 5.3 mg (0,014 mmol) Ni(ClO4)2·(H2O)6 in 5 mL CH2Cl2 and 0,10 mL ethanol
(abs.) was added dropwise, while stirring L,L-IbAbL (110 mg, 0.43 mmol) in 5 mL CH2Cl2.
The solution turned yellow/brown immediately and IR showed complete consumption of
isocyanide after 90 minutes. The solvent was evaporated and the resulting brown solid was
redissolved in a minimal amount of CHCl3. The polymer was precipitated by dropping this
solution in 10 mL of methanol/water (3/1) under vigorous stirring. The product was filtered of
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and washed extensively with methanol/water (3/1) until the filtrate remained colorless and
than once with methanol. The slightly yellow crystalline product was dried upon vacuo and
obtained in 40 mg (36%) yield. [α]D: see text. FT-IR (cm-1): 3280 (NH), 1736 (C=O ester),
1637 (amide I), 1543 (amide II). 1H NMR (δ ppm, CDCl3, 300 MHz): 8.2 – 7.5 (br, 1H, NH),
4.29 (br, 2H, 2 CH), 3.62, 3.54 (s, 3H, OCH3), 2.7 – 2.2 (br, 4H, 2 CH2), 1.9 – 1.3 (br, 6H,
CH2CH(CH3)2, CH3 ala), 0.92 (br, 6H, CH2CH(CH3)2). El. Anal. Calcd. for C13H22N2O3: C,
61.39; H, 8.72; N, 11.01. Found: C, 60.79; H, 8.67; N, 10.77.
Poly(L-Isocyano-β-homoalanyl-L-β-homoalanyl-L-β-homoleucine methyl ester) (L,L,LPIbAbAbL). Using identical conditions as for L,L-PIbAbL, L,L,L-PIbAbAbL was prepared
from 85 mg (0.22 mmol) L,L,L-IbAbAbL. After precipitation in methanol/water (3/1) the
solution was centrifuged at 3400 RPM for 5 minutes. The pellet was redispersed in
methanol/water (3/1) and the same procedure was repeated twice and than redispersed in
methanol, centrifuged and dried the white precipitate upon vacuo. The resulting yellow solid
was obtained in 60 mg (71%) yield. [α]D: see text. FT-IR (cm-1): 3279 (NH), 1737 (C=O
ester), 1639 (amide I), 1543 (amide II). 1H NMR (δ ppm, CDCl3, 200 MHz): 8.9 – 7.7 (br,
2H, NH), 4.39 (br, 3H, 3 CH), 3.61, 3.51 (s, 3H, OCH3), 2.8 – 2.2 (br, 6H, 3 CH2), 2.0 – 1.4
(br, 6H, CH2CH(CH3)2, CH3 ala-ala-leu), 1.26 (br, 3H, CH3 ala-ala-leu), 0.91 (br, 6H,
CH2CH(CH3)2). El. Anal. Calcd. for C17H29N3O4: C, 60.15; H, 8.61; N, 12.38. Found: C, 58.53; H,
8.56; N, 11.93.
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Summary
In recent years it has been shown that polyisocyanides derived from peptides, also
known as polyisocyanopeptides, possess unique properties that make these compounds
interesting as model-compounds for biologically important β-helices. In addition,
polyisocyanopeptides prove to be ideal scaffolds for the organization of functional
groups, e.g. porphyrins and perylenes, by attaching these molecules to the carboxytermini of the peptides. In this way, it is possible to synthesize well-defined functional
polymers. Block copolymers of polyisocyanopeptides and polystyrene yield a variety of
aggregate structures upon dispersal in water such as superhelices and vesicles.
This thesis describes a systematic study towards, (i) the influence of the stereochemistry
of the monomers and (ii) the type of catalyst on the polymerization of isocyanopeptides,
as well as the properties of the resulting polymers.
One of the most commonly used catalysts for the polymerization of isocyanides are
nickel(II) ions, which in solution form a complex with 4 isocyanide monomers. This
complex can be activated by a nucleophile which initiates the polymerization. Using
electron spray ionization mass spectrometry, it was demonstrated that the nucleophilic
initiator is incorporated in every formed polymer chain. By means of X-ray absorption
spectroscopy (XAS) experiments, of which the results were compared with those of a
model compound with known crystal structure, the structure of the catalyst complexes
used in this research could be elucidated. The proposed structure of an activated catalyst
complex could later be confirmed by a crystal structure of this compound. Proton NMR
experiments showed that a minimal polymer length was required for the formation of a
stable hydrogen bonded network between the peptide side chains of the
polyisocyanopeptides.
Block copolymerization experiments were carried out with enantiomeric monomers, viz.
isocyano-L-alanyl-D-alanine methyl ester (LD-IAA) and isocyano-D-alanyl-L-alanine
methyl ester (DL-IAA). These experiments showed that the rate of polymerization of
the second block was significantly lower, when compared to the rate of polymerization
of the corresponding homopolymer. Random copolymerization of the same monomers
resulted in a much slower polymerization reaction and the formed polymers were
considerably less well-defined than the corresponding homopolymers. By labeling one
of the monomers at both the isocyanide- and the amide-carbon atom with
195

13

C, it was

Summary
shown by IR-spectroscopy that both monomers were consumed simultaneously at equal
rates, even when the active catalyst was functionalized with a short chain of the
homopolymer of one of the two enantiomeric monomers.
A monolayer of amines, which act as nucleophilic initiators of the polymerization of
isocyanides, was prepared on a silicon wafer. After addition of tetrakis isocyanidenickel(II) complex, a monolayer of activated nickel(II) complexes could be obtained.
By submerging this monolayer in a solution of LL-IAA monomers, polymers were
grown that were covalently attached to the silicon-wafer.
Water-soluble LD-IAA monomers were polymerized in an aqueous solution of
Ni(ClO4)2·6H2O. The formed polymers were found to precipitate from the aqueous
medium. They had the same conformation as the polymers synthesized in apolar
solvents such as dichloromethane or chloroform. The ester groups of the used LD-IAA
monomers could be removed by hydrolysis using the enzyme CalB in a phosphate
buffer of pH = 8. Polymerization of the deprotected monomers using Ni(ClO4)2·6H2O in
this medium was not possible due to immediate precipitation of the Ni(II) catalyst as the
phosphate salt. Alternatively, deprotection of the monomers could be carried out with a
stoichiometric amount of NaOH. This enabled us to prepare polymers in which the ratio
between carboxylate and ester functions in the side chains could be controlled.
The LD-IAA monomer appeared to polymerize ‘spontaneously’ in the presence of a
trace amount of trifluoroacetic acid (TFA). This resulted in the formation of extremely
long polymer chains, which had the same conformation as polymers prepared by the
nickel(II) catalysts. A reaction mechanism is proposed, based on extensive NMR- and
IR-experiments, in which the polymerization reaction proceeds via a supramolecular
transition state. In this model, a monomer is positioned at the growing end of the
polymer chain and held by means of a hydrogen bond, enabling the highly efficient
formation of a new carbon-carbon bond between the polymer and the monomer. Not all
monomers, e.g. LL-IAA, polymerized under the influence of acid, presumably because
their stereochemical properties prevent the formation of a stable supramolecular
transition state. When a relatively large amount of acid (more than 1/16 equivalents)
was used, a side reaction became dominant, which resulted in the cyclization of the
monomers and no formation of polymer.
Using atomic force microscopy (AFM), it was shown that LD-PIAA chains are very
rigid, having a persistence length of lp = 76±6 nm. This value is even higher than that of
the rigid double-stranded DNA (lp = 53 nm).
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The denaturation behavior of polyisocyanodipeptides either by heating or acidification
was studied using a range of spectroscopic techniques. It could be concluded that the
denaturated polymers have a less well defined and weaker hydrogen bonded network
between the peptide side chains than the native polymers. In addition, it was found that
the denaturated polymers displayed fluorescent properties, which suggest the presence
of a certain degree of conjugation between the imine groups in the polymer backbone.
The Ni(II)-catalyzed polymerization of L-IAG, in which the second amino acid of the
dipeptide is the achiral glycine, led to the formation of a polymer, of which the
architecture was readily converted to another, metastable product. In solution, the
hydrogen bonds between the peptide side chains weakened in time and the
conformation of the polymer chains became less defined.
In concentrated solutions the rigid polyisocyanopeptides were found to form lyotropic
liquid crystalline phases. The liquid crystalline behavior of LL-PIAA, prepared by a
Ni(II) catalyzed polymerization, was studied in concentrated solutions of this compound
in tetrachloroethane. At concentrations higher than 18 wt%, cholesteric liquid
crystalline phases were formed of which the pitch decreased with increasing
concentration. The cholesteric liquid crystalline phase of a 25 wt% LL-PIAA solution
was shown to undergo a helix-inversion from a left-handed (M)- to a right-handed (P)helix. A racemic mixture of LD-PIAA and DL-PIAA, of which the polymer chains have
opposite screw sense, did not form a liquid crystalline phase, while a diastereomeric
mixture of LD-PIAA and LL-PIAA, both with the same screw sense, did result in a
cholesteric liquid crystalline phase.
Extension of the peptide side chains in the polyisocyanopeptides from two to three
alanine units should lead to the formation of even more stable and more rigid polymers.
Three diastereomeric isocyanotripeptides and their corresponding polymers were
prepared: LLL-PIAAA, DLL-PIAAA and LDL-PIAAA. The formation of an extended
hydrogen bonded network proved to be strongly dependent on the stereochemistry of
the tripeptides and only in the case of LLL-PIAAA, the two amide functions in the side
chains contributed equally to the formation of a hydrogen bonded network. For the two
other diastereomers, presumably the strength of the hydrogen bond between the first
amides caused a tightening of the helix shape of the polymer. Consequently, the
distance between the amides that are furthest away from the polymer backbone became
too large to form stable hydrogen bonds. An acid initiated polymerization of
isocyanotripeptides was only possible in the case of LLL-IAAA, possibly because for
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this monomer the increase in transition state entropy by the extension of the peptide side
chains can be compensated for by the formation of two hydrogen bonds in the proposed
supramolecular transition state. The stability of the polyisocyanotripeptides proved to be
dependent on the method of denaturation. Upon heating, LLL-PIAAA proved to be the
most stable polymer, which can be tentatively ascribed to the cooperativety of the two
hydrogen bonding networks that are present between all peptide side chains in this
macromolecule. Under acidic conditions, however, LLL-PIAAA proved to be the least
stable one. Presumably, the well-defined conformation of this polymer leads to a free
access of protons to the hydrogen bonds, subsequently leading to the disruption of these
hydrogen bonds. In the case of LDL-PIAAA and DLL-PIAAA the poorly defined
periphery is probably less accessible, which is reflected in a higher stability with respect
to acid.
The use of β-peptides, which are more flexible than the corresponding α-peptides due to
the presence of an extra methylene-group between the O- and N-terminus of the amino
acids, leads to polyisocyano-β-peptides with novel properties. Isocyanides and
polyisocyanides derived from di- and tripeptides of β-homoalanine and β-homoleucine
were synthesized and their physical properties studied. The kinetically formed polymers
changed their conformation in solution, which was ascribed to a rearrangement of the
hydrogen bonds. When the polymer solutions were acidified with TFA, all chiroptical
activity in the spectral range of the imine chromophores was lost, suggesting the
unfolding of the helical polymer chains. Surprisingly, neutralization of the acidic
solutions resulted in a complete recovery of all optical activity.
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In de afgelopen jaren is aangetoond dat polyisocyaniden afgeleid van peptiden, ook wel
polyisocyanopeptiden genoemd, unieke eigenschappen bezitten die deze verbindingen
interessant maken als modelverbindingen voor belangrijke, in de natuur voorkomende
biomacromolekulen, met name eiwitten, die β-helices bevatten. Tevens blijken
polyisocyanopeptiden zeer geschikt te zijn als goed gedefinieerde dragermaterialen voor
de verankering van functionele groepen zoals porfyrines en perylenen. Op deze manier
is het mogelijk functionele polymeren met bijzondere eigenschappen te synthetiseren.
Blok-copolymeren van polyisocyanopeptiden met polystyreen vertonen een gevarieerd
aggregatiegedrag, waaronder de vorming van hoog geordende structuren zoals
superhelices en vesicles.
Dit proefschrift beschrijft een systematische studie naar de invloed van het type
katalysator en de stereochemie van de monomeren op de polymerisatie van
isocyanopeptiden, alsmede op de eigenschappen van de resulterende polymeren.
Eén van de meest gebruikte katalysatoren voor de polymerisatie van isocyaniden is
nikkel(II), dat in oplossing een complex vormt met 4 isocyanide-monomeren. Dit
complex kan geactiveerd worden door een nucleofiele initiator, waarna de polymerisatie
start. Met behulp van ´electron spray ionization´ (ESI) massaspectroscopische
experimenten, kon worden vastgesteld dat tijdens de polymerisatie de nucleofiele
initiator in elke gevormde polymeerketen wordt ingebouwd. Proton NMR-experimenten
lieten zien dat een minimale polymeerlengte nodig is voor de vorming van een stabiel,
waterstof-gebrugd netwerk tussen de peptide-zijketens van de polyisocyanopeptiden.
Aan de hand van ‘X-ray absorption spectroscopy’ (XAS) experimenten, waarvan de
resultaten vergeleken werden met die van een modelverbinding waarvan de
kristalstructuur bekend was, konden de structuren van de katalysatorcomplexen, die in
dit onderzoek gebruikt zijn, opgehelderd worden. De voorgestelde structuur van een
geactiveerd katalysator-complex kon later worden bevestigd door middel van een
kristalstructuur van deze verbinding.
Blok-copolymerisatie experimenten zijn uitgevoerd met de enantiomere monomeren,
isocyano-L-alanyl-D-alanine methyl ester en isocyano-D-alanyl-L-alanine methyl ester
(LD-IAA en DL-IAA). Deze experimenten lieten zien dat de snelheid van polymerisatie
van het tweede blok van het copolymeer drastisch minder is, wanner deze vergeleken
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wordt met de polymerisatiesnelheid van het overeenkomstige homopolymeer.
Willekeurige (z.g.n. random) copolymerisatie van dezelfde monomeren resulteerde in
een relatief langzamere polymerisatie waarbij de gevormde copolymeren beduidend
minder goed gedefinieerd waren dan de overeenkomstige homopolymeren. Door één
van de beide monomeren te labelen met 13C op zowel het isocyanide koolstofatoom als
het amide-koolstofatoom kon m.b.v. IR-spectroscopie worden aangetoond dat beide
monomeren gelijktijdig en met gelijke snelheid werden geconsumeerd, zelfs wanneer de
actieve katalysator was uitgerust met een korte keten van het homopolymeer van één
van de beide monomeren.
Door op silicium-wafers een monolaag van amines aan te brengen, die als nucleofiele
initiatoren voor de polymerisatie van isocyaniden kunnen fungeren, en vervolgens een
niet-geactiveerd isocyanide-nikkel(II) complex toe te voegen kon een monolaag worden
gemaakt van geactiveerde nikkel(II)-complexen. Wanneer deze monolaag vervolgens
werd ondergedompeld in een oplossing van LL-IAA monomeren, was het mogelijk
polymeren te groeien die covalent aan de silicium-wafer verankerd waren.
Wateroplosbare LD-IAA monomeren zijn gepolymeriseerd in een water als oplosmiddel
en met Ni(ClO4)2·6H2O als katalysator. De gevormde polymeren precipiteerden uit het
waterige medium en bleken dezelfde conformatie te bezitten als de polymeren die
gesynthetiseerd waren in apolaire oplosmiddelen zoals chloroform of dichloormethaan.
De ester-groepen van de betreffende LD-IAA monomeren konden worden
gehydrolyseerd met behulp van het enzym CalB in een fosfaatbuffer van pH = 8.
Polymerisatie van de ontschermde monomeren met behulp van Ni(ClO4)2·6H2O werkte
echter niet in dit medium omdat het fosfaatzout van Ni(II) direct neersloeg. Hydrolyse
van de monomeren kon ook worden uitgevoerd met NaOH als reagens, dat
stoichiometrisch reageerde met LD-IAA. Dit maakte het mogelijk polymeren te
synthetiseren met een naar wens te bepalen verhouding tussen niet ontschermde ester
functies en carboxylaatgroepen in de zijketens.
Het monomere isocyanide LD-IAA bleek ´spontaan´ te polymeriseren in aanwezigheid
van een kleine hoeveelheid trifluorazijnzuur. Dit resulteerde in de vorming van extreem
lange polymeerketens, met dezelfde conformatie als die van de polymeren vervaardigd
met behulp van Ni(II) katalysatoren. Een reactiemechanisme voor de zuurgeïnitieerde
polymerisatie kon worden voorgesteld aan de hand van uitvoerige NMR en IRmetingen. De polymerisatie verloopt via een supramolekulaire overgangstoestand
waarin een monomeer d.m.v. een waterstofbrug op de juiste wijze gepositioneerd wordt
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t.o.v. van het groeiende uiteinde van het polymeer, zodat de vorming van de nieuwe
koolstof-koolstof binding tussen het polymeer en het monomeer mogelijk wordt. Niet
alle monomeren, bv. LL-IAA, bleken onder invloed van zuur te polymeriseren,
waarschijnlijk omdat hun sterische eigenschappen de vorming van een stabiele
supramolekulaire overgangstoestand beletten. Wanneer een relatief grote hoeveelheid
zuur werd gebruikt, bleek een nevenreactie, namelijk de cyclisatie van de monomeren,
de overhand te krijgen.
Met behulp van ‘atomic force microscopy’ (AFM) kon worden aangetoond dat ketens
van LD-PIAA zeer rigide zijn en een persistentielengte van lp = 76±6 nm hebben. Deze
waarde is groot en ligt zelfs beduidend boven die van het stijve, dubbelstrengige DNAmolekuul (lp = 53 nm).
Het ontvouwingsgedrag van de ketens van polyisocyanodipeptiden werd bestudeerd
door verhitting dan wel aanzuring van oplossingen van deze macromolekulen. Voor dit
doel werd een scala aan spectroscopische technieken ingezet. Uit deze experimenten
kon worden geconcludeerd dat de gedenatureerde polymeren een minder goed
gedefinieerd en zwakker waterstofgebrugd netwerk tussen de peptide-zijketens bezitten
dan de oorspronkelijke, niet gedenatureerde polymeren. Tevens werd gevonden dat na
denaturatie de polymeren fluorescente eigenschappen kregen, hetgeen wijst op een
zekere mate van conjugatie tussen de imine-groepen in de polymere hoofdketens.
Een opmerkelijk gedrag werd waargenomen bij de Ni(II)-gekatalyseerde polymerisatie
van L-IAG, een isocyanide monomeer, waarin het tweede aminozuur van het dipeptide
het achirale glycine is. De polymerisatie leidde tot de vorming van een kinetisch
produkt dat nog tijdens de polymerisatie werd omgezet in een ander, metastabiel
produkt. In oplossing bleken in de loop van de tijd de waterstofbruggen tussen de
peptide zijketens zwakker te worden en werd de conformatie van de polymeerketens
minder goed gedefinieerd.
In geconcentreerde oplossingen blijken de rigide polyisocyanodipeptiden lyotrope
cholesterisch vloeibaar-kristallijne mesofasen te vormen. Het vloeibaar-kristallijne
gedrag van LL-PIAA, dat met een Ni(II) katalysator was gemaakt, werd bestudeerd in
geconcentreerde oplossingen van deze verbinding in terachloroethaan als oplosmiddel.
Bij concentraties hoger dan 18 gewichtsprocent werden cholesterisch vloeibaar
kristallijne fasen gevormd, waarbij de spoed van deze fase afnam met toenemende
concentratie. De cholesterisch vloeibaar-kristallijne fase van een oplossing bestaande uit
25 gewichtsprocent LL-PIAA bleek een helix-inversie te ondergaan en wel van een
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linker (M) helix naar een rechter (P) helix. Een racemisch mengsel van LD-PIAA en
DL-PIAA, waarvan de polymeerketens een tegengestelde schroefrichting hebben, bleek
geen vloeibaar kristallijne fase te vormen, terwijl een diastereomeer mengsel van LDPIAA en LL-PIAA, met beide dezelfde rechtshandige schroefrichting, wel resulteerde in
een cholesterisch vloeibaar kristallijne fase.
Uitbreiding van de peptide-zijketens van de polymeren van twee naar drie alanines werd
onderzocht omdat dit zou kunnen leiden tot de vorming van nog stabielere en stijvere
polyisocyanopeptiden. Drie diastereomere isocyanotripeptiden en de overeenkomstige
polymeren werden gesynthetiseerd: LLL-PIAAA, DLL-PIAAA en LDL-PIAAA. De
vorming van een uitgebreid waterstof-gebrugd netwerk bleek sterk afhankelijk te zijn
van de stereochemie van de tripeptiden en alleen in het geval van LLL-PIAAA droegen
beide amidegroepen in de zijketens gelijkwaardig bij aan de vorming van een
waterstofgebrugd netwerk. Voor de twee overige diastereomere polymeren waren
waterstofbruggen tussen de eerste amidegroepen in de zijketens vermoedelijk dermate
sterk, dat de schroefvorm van het polymeer enigszins aangespannen werd. Als gevolg
hiervan werd de afstand tussen de amidegroepen die het verst van de hoofdketen
verwijderd zijn te groot voor de vorming van stabiele waterstofbruggen. Een
zuurgeïnitieerde polymerisatie van isocyanotripeptiden bleek alleen mogelijk te zijn in
het geval van LLL-IAAA. Een verklaring hiervoor zou kunnen zijn dat voor dit
monomeer de entropie-toename die het gevolg is van het uitbreiden van de peptidezijketens, kan worden gecompenseerd door de vorming van twee waterstofbruggen in de
voorgestelde supramolekulaire overgangstoestand, hetgeen bij de overige twee
diastereomere

monomeren

niet

het

geval

is.

De

stabiliteit

van

de

polyisocyanotripeptiden bij verhitten en bij behandeling met zuur bleek verschillend te
zijn. In het geval van verhitting was LLL-PIAAA het meest stabiel, hetgeen
waarschijnlijk toe te schrijven is aan de cooperativiteit van de twee waterstofbruggen,
die alleen bij dit diastereomeer tussen alle peptide zijketens aanwezig is. Onder invloed
van zuur bleek LLL-PIAAA echter het minst stabiel te zijn. Vermoedelijk leidt in dit
geval

de

goed

gedefinieerde

conformatie

van

LLL-PIAAA

ertoe

dat

de

waterstofbruggen vrij toegankelijk zijn voor protonen, die vervolgens deze
waterstofbruggen kunnen verbreken. In het geval van LDL-PIAAA en DLL-PIAAA
zijn de mantels van het polymeer een stuk minder toegankelijk voor reagentia, hetgeen
weerspiegeld wordt in een hogere stabiliteit met betrekking tot zuur.
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Het gebruik van β-isocyanopeptiden, die door de aanwezigheid van een extra
methyleen-groep tussen de O- en de N-terminus van de aminozuren flexibeler zijn dan
de overeenkomstige α-isocyanopeptiden, zou moeten leiden tot nieuwe eigenschappen
van de overeenkomstige polymeren. Isocyaniden en polyisocyaniden afgeleid van di- en
tri-β-peptiden van β-homoalanine en β-homoleucine werden gesynthetiseerd en hun
fysische eigenschappen bestudeerd. De kinetisch gevormde polymeren bleken in
oplossing een conformatieverandering te ondergaan, hetgeen waarschijnlijk kan worden
toegeschreven aan een herschikking van de waterstofbruggen in de zijketens. Wanneer
de polymeeroplossingen werden aangezuurd ging het chiroptische gedrag in het
spectrale gebied van de imino-chromoforen verloren, hetgeen een aanwijzing is dat de
schroefvormige polymeerketens ontvouwen. Neutralisatie van de oplossingen
resulteerde verrassend genoeg in een volledig herstel van alle optische aktiviteit.
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Een promotie-onderzoek is misschien het beste te beschrijven als een periode van vier
jaar waarin je elke dag hoopt een goed resultaat te krijgen, maar waarin deze goede
dagen in werkelijkheid zeer spaarzaam zijn. Om de onvermijdelijke teleurstellingen te
verwerken, moet je allereerst positief ingesteld zijn, maar wat ook onontbeerlijk is, is
het gezelschap van een hele groep mensen die in hetzelfde schuitje zitten. Al deze (oud)
AiO’s en alle anderen die een bijdrage hebben geleverd aan zowel mijn onderzoek als
mijn leven in de afgelopen jaren wil ik niet onvermeld laten!
Mijn hele verblijf in Nijmegen was niet mogelijk geweest zonder professor Nolte. Nadat
ik mijn studie in Enschede had afgerond, mocht ik dankzij uw goede vertrouwen aan de
slag in het oude (vertrouwde) UL-gebouw in Nijmegen. Ik vond het een plezier om voor
u te werken. U heeft me heel veel vrijheid gegeven, maar was er altijd wanneer ik steun
of advies nodig had.
Toen ik in 2000 in Nijmegen begon, was Alan Rowan mijn copromotor en vaste
begeleider. Wanneer mijn motivatie dreigde af te nemen of wanneer de bron van ideeën
begon op te drogen, deed een bezoekje aan jou altijd wonderen. Met jouw aanstekelijk
enthousiasme verliet ik na wat peptalk steevast je kantoor met een hernieuwde lading
energie en werklust. In de tijd dat ik mijn proefschrift aan het schrijven was, bleek ik
niet de enige te zijn die met een promotie bezig was; nu ben je professor van je eigen
‘Molecular Materials’ groep. Als gevolg hiervan ben ik in de luxe-positie dat ik niet één
maar twee promotores heb.
De weg op het onvoorspelbare pad van de isocyanopeptiden die ik in de afgelopen vier
jaar bewandeld heb, was al uitvoerig verkend door Jeroen Cornelissen. Daarom mocht
ik ook van geluk spreken dat hij na zijn post-doctoraal onderzoek in Amerika
terugkeerde naar Nijmegen. Met al je ‘know how’ heb je mij enorm geholpen en ik heb
veel van je geleerd. Toen Alan zijn ‘co’ van copromotor in moest leveren, was het dan
ook niet meer dan logisch dat jij de resulterende vacature ging opvulde. Ik wil je enorm
bedanken voor het vele werk dat je besteed hebt aan het lezen en corrigeren van mijn
proefschrift en voor alle verdere hulp met andere formaliteiten, die om de hoek komen
kijken bij een promotie.
Naast de mensen die mij begeleidden, heb ikzelf ook het geluk gehad twee studenten te
mogen begeleiden. De eerste was Inma Romero. Inma, me gustó mucho trabajar
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contigo. Aunque el trabajo no era fácil, creo que pasamos una muy buena época juntos y
al menos yo he aprendido mucho gracias a ti. Al principio, no sabía como sería tener
una estudiante, pero también y quizás más importante he aprendido ‘el español básico’
gracias a ti. Ya he leído ‘El vampiro vegetariano’ y ‘Fray Perico y su borrico’ que
compramos en Sevilla.
Na Inma kwam Sander Wezenberg om de hoek kijken. Eerst was het alleen even
aftastend met een snuffelstage van vijf weken waarin je naar het vloeibaar kristallijne
gedrag van polyisocyanopeptides hebt gekeken. Dat werk staat beschreven in hoofdstuk
zeven van dit proefschrift. Niet slecht, één hoofdstuk voor maar vijf weekjes werken!
Na deze snuffelstage had je blijkbaar de smaak van de polyisocyaniden te pakken, want
je besloot vervolgens ook je hoofdvakstage te wijden aan een project bij mij. Met jouw
zelfstandige en goed doordachte manier van werken had jij bijna geen begeleiding nodig
en daarom kon je de resultaten van je hoofdvakstage opschrijven in de vorm van artikel
dat inmiddels geaccepteerd is in een goed blad. En..... ik lijk maar niet van je af te
kunnen komen, want ik ben nog maar net vertrokken uit Nijmegen of jij doet al een
halfjaarse stage in Barcelona. Sander, bedankt voor alles!
In de vier jaar waarin ik druk bezig was een beetje grip te krijgen op de isocyanides heb
ik tweemaal een uitstapje gemaakt met Martin Feiters, om eerst in Daresbury en later in
Grenoble XAS te meten aan de nikkelcomplexen die in hoofdstuk 2 van dit proefschrift
beschreven zijn. Martin, ik vond het een groot plezier om met jou op reis te zijn.
Bedankt voor je aangename gezelschap en voor je inzet om die mooie resultaten te
krijgen.
In het laboratorium zijn we altijd druk in de weer om nieuwe verbindingen te maken,
maar zonder een gedegen analyse van deze produkten kunnen we nooit zeker weten of
we ook daadwerkelijk gemaakt hebben wat we hopen. Voor de analytische
ondersteuning wil ik dan ook graag Ad (NMR), Peter (massa) en Hélène (EA)
bedanken. René, bedankt voor het ophelderen van de kristalstrukturen! Hans Adams wil
ik graag bedanken voor zijn raadgevingen omtrent peptide-synthese en voor het
synthetiseren van de tripeptiden die in hoofdstuk 8 beschreven staan. Désirée wil ik
bedanken voor haar onmisbare hulp op het secretariële vlak! Peter van Dijk stond altijd
klaar om te helpen bij het bestellen van chemicaliën en alle andere benodigheden die
binnen een laboratorium denkbaar zijn. Hartelijk bedankt hiervoor!
Verreweg het grootste deel van mijn tijd in Nijmegen heb ik doorgebracht in het oude
UL-gebouw waar ik het ‘hok’ gedeeld heb met een aantal kleurrijke personen die mijn
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tijd aldaar tot een waar feest hebben gemaakt: Johan H, Hans, Ed(ward), Femke, Marga,
Matthijs, Onno, Johan V & Ruud, ik vond het geweldig al die tijd met jullie door te
brengen! Ook de ‘collega’s’ van het andere laboratorium en zij die zich in het nieuwe
Huygens gebouw bij ons hebben gevoegd, kunnen in dit dankwoord niet ontbreken:
Pieter, Dennis, Irene, Paula, Kelly, Pili, Jurry, Friso, Alexander, Mark, Ton, Marta, Erik
en Aurélie. Tenslotte is er nog een reeks aan buitenlandse bezoekers geweest die kortere
of langere tijd in Nijmegen hebben doorgebracht en die mijns inziens het dagelijks
leven in het lab wat meer pit hebben gegeven: Pedro, Eva, Eli, Lucia, Henar, Peter,
Paul, Isabelle, Rosana, Manuel, Raquel, Nuria, Ribera, Pilar, Palli and Joe, thank you
for all the good times!
Ik wil een aantal mensen in het bijzonder bedanken voor hun vriendschap en de fijne
tijd die we buiten het laboratorium doorbrachten. Matthijs, en later ook Mark en Chris,
de regelmatige squash-sessies die we hadden, heb ik hier in Spanje al kunnen vertalen
naar een aantal klinkende overwinningen! Edward, we hebben toch minimaal zoveel
gesnookerd als ik met de anderen gesquashed heb en toch speel ik nog net zo slecht als
5 jaar geleden. Desalniettemin vond ik het altijd enorm leuk om even lekker rustig te
snookeren! Heel anders ging het er meestal aan toe tijdens de pool-sessies met
wisselende bezetting, maar met als vaste kern: Paul (vG), Sander, Dennis, Mark, Femke
en Edward. Menig uurtje hebben in de pool-kelder doorgebracht om steevast daarna nog
voor één (!) biertje in een café te belanden, met vaak de volgende dag trillende handjes
en een pijnlijk hoofd als gevolg. Tenslotte een item dat al in menig dankwoord ter
sprake is gekomen: de FFA, oftewel de ‘Foute Film Avond’. Hoewel dit terugkerend
evenement in principe voor iedereen toegankelijk was, bleef vrouwelijk bezoek toch
vrijwel altijd uit. Vandaar dat de FFA zijn rauwe vorm in al die jaren heeft kunnen
behouden dankzij de inzet van mannen als Johan ‘de Pwâop-meester’ Hoogboom, Hans,
Bas, Edward, Guido, Johan V en Dennis Lensen.
Als laatste wil ik graag mijn vader en moeder bedanken voor alle vrijheid en begrip die
ze mij door de jaren heen gegeven hebben. Jullie zijn er altijd voor mij geweest en daar
ben ik jullie heel dankbaar voor! Mijn zus Hilma verdiend een extra bedankje voor het
maken van de schitterende omslag van dit boekje. Bovendien deed een bezoekje aan
jou, Gjalt en mijn neefje Jelmar (en tegenwoordig ook Rens) me altijd alle zorgen van
het promoveren even vergeten!

207

Dankwoord

208

List of Publications
van Bommel, K. J. C.; de Jong, M. R.; Metselaar, G. A.; Verboom, W.; Huskens, J.;
Hulst, R.; Kooijman, H.; Spek, A. L.; Reinhoudt, D. N. Chem. Eur. J. 2001, 7(16),
3603. “Complexation and (Templated) Synthesis of Rhenium Complexes with
Cyclodextrins and Cyclodextrin Dimers in Water”
van Bommel, K. J. C.; Metselaar, G. A.; Verboom, W.; Reinhoudt, D. N. J. Org. Chem.
2001, 66(16), 5405. “Water-Soluble Adamantane-Terminated Dendrimers Possessing a
Rhenium Core”
Cornelissen, J. J. L. M.; Donners, J. J. J. M., de Gelder, R.; Graswinckel, W. S.;
Metselaar, G. A.; Rowan, A. E.; Sommerdijk, N. A. J. M.; Nolte, R. J. M. Science,
2001, 293, 676. “β-Helical Polymers from Isocyanopeptides”
Samorí, P.; Ecker, C.; Gössl, I.; de Witte, P. A. J.; Cornelissen, J. J. L. M.; Metselaar,
G. A.; Otten, M. B. J.; Rowan, A. E.; Nolte, R. J. M.; Rabe, J. P. Macromolecules,
2002, 35(13), 5290. “High Shape Persistence in Single Polymer Chains Rigidified with
Lateral Hydrogen Bonded Networks”
Cornelissen, J. J. L. M.; Metselaar, G. A.; Sommerdijk, N. A. J. M.; Rowan, A. E.;
Nolte, R. J. M. Polym. Prepr. 2003, 44, 1272. “Stereoselection in the Formation and
Folding of β-Helical Isocyanopeptides”
Otten, M. B. J.; Ecker, C.; Metselaar, G. A.; Rowan, A. E.; Samorí, P.; Nolte, R. J. M.;
Rabe, J. P. ChemPhysChem, 2004, 5, 128. “Alignment of Long Single Polymer Chains
in Controlled Environments”
Zhuang, W.; Ecker, C.; Metselaar, G. A.; Rowan, A. E.; Nolte, R. J. M.; Samorí, P.;
Rabe, J. P. Macromolecules, 2005, 38, 473. “SFM Characterization of
Poly(isocyanodipeptide) Single Polymer Chains in Controlled Environments: Effect of
Tip Adhesion and Chain Swelling”
Metselaar, G. A.; Cornelissen, J. J. L. M.; Rowan, A. E.; Nolte, R. J. M. Angew. Chem.
Int. Ed. 2005, 44(13), 1990. “Acid Initiated Polymerization of Isocyanopeptides”
Kros, A.; Jesse, W.; Metselaar, G. A.; Cornelissen, J. J. L. M. Angew. Chem. Int. Ed.
2005, 44(28), 4349. “Synthesis and Self-Assembly of Rod-Rod Hybrid Poly(γ-benzyl
L-glutamate)-Block-Polyisocyanide Copolymers”
Feiters, M. C.; Metselaar, G. A.; Wentzel, B. B.; Nolte, R. J. M.; Nikitenko, S.;
Sherrington, D. C.; Joly, Y; Smolentsev, G. Y.; Kravtsova, A. N.; Soldatov, A. V. Ind.
& Eng. Chem. Res., 2005, ACS ASAP. “X-Ray Absorption Spectroscopic Studies on
Nickel Catalysts for Epoxidation”
Wezenberg, S. J.; Metselaar, G. A.; Rowan, A. E.; Cornelissen, J. J. L. M.; Seebach, D.;
Nolte, R. J. M. Chem. Eur. J., In press. “Synthesis, Characterization and Folding
Behavior of β-Amino Acid Derived Polyisocyanides”

209

Curriculum Vitae
Gerald Metselaar werd geboren op 11 juli 1976 in Franeker. In 1994
behaalde hij zijn VWO-diploma aan de RSG Simon Vestdijk te
Harlingen. Vervolgens heeft hij met succes zijn studie Chemische
Technologie aan de Universiteit Twente in Enschede afgerond, waarbij
hij tevens een vier maanden durende bedrijfsstage bij Cyanamid
Forschung GmbH in Schwabenheim (Duitsland) heeft doorlopen en in het kader van een
Socrates-uitwisseling aan de Universidad Autonoma in Madrid heeft gewerkt. Na het
behalen van het doctoraal diploma in maart 2000, met als hoofdvak Supramoleculaire
Chemie en Technologie (prof. dr. ir. D.N. Reinhoudt), was de auteur van april 2000 tot
december 2004 in dienst van CW-NWO en voerde hij het in dit proefschrift beschreven
onderzoek uit in de groep van prof. dr. R.J.M. Nolte aan de Radboud Universiteit
Nijmegen. Sinds januari 2005 is hij werkzaam als post-doctoraal onderzoeker aan het
Catalaans Instituut voor Chemisch Onderzoek (ICIQ) in Tarragona, Spanje.

210

