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Summary

In the present thesis, the synthesis, controlled hierarchical self-assembly, and polymerization of novel

macromonomers based on diacetylene-functionalized oligopeptide-polymer conjugates was investi-

gated as a pathway toward hierarchically structured π-conjugated polymers.
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For this purpose, a modular synthetic strategy for the preparation of the oligopeptide-polymer

conjugates used as the macromonomers was developed and implemented that allowed for the

rapid synthesis of a large variety of differently functionalized derivatives. IR-spectroscopic inves-

tigations in organic solution as well as solid state NMR experiments unambiguously confirmed

that some of the macromonomers formed β-sheet secondary structures. Furthermore, the cho-

sen oligopeptide-polymer conjugates gave rise to different higher structures such as single-stranded
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tapes, double-stranded helical ribbons, or quadruple-stranded helix bundles, as was evidenced by

transmission electron microscopy (TEM) and scanning force microscopy (SFM) imaging techniques.

This superstructure formation was rationalized to result from a simple set of parameters such as the

non-equidistant placement, the exact distribution, and the total number of N–H · · ·O=C hydrogen-

bonding sites in the macromonomers. The precise control of the secondary and higher structure

formation allowed for the design of macromonomers suitable for a topochemical diacetylene poly-

merization within the self-assembled aggregates. Thus, the supramolecular polymers were converted

into conjugated polymers under retention of their hierarchical structures. Accordingly, highly func-

tionalized, soluble poly(diacetylene)s were obtained that had a predictable single-stranded, double-

helical, or quadruple-helical quaternary structure which were characterized by spectroscopic as well

as imaging techniques. Furthermore, the poly(diacetylene)s exhibited a two-step solvatochromism

upon the addition of hydrogen-bond breaking cosolvents. The color transitions were accompanied

by two defined, successive conformational transitions, as was evidenced by CD spectroscopy. In con-

clusion, the π-conjugated synthetic polymers obtained with the chosen strategy exhibited both qua-

ternary structures and dynamic folding properties similar to typical biopolymers.
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Zusammenfassung

Im Rahmen der vorliegenden Arbeit wurden die Synthese, die kontrollierte hierarchische

Selbstorganisation sowie die Polymerisation von neuartigen Makromonomeren auf Oligopeptid-

Polymer-Basis im Hinblick auf die Darstellung von hierarchisch strukturierten π-konjugierten Poly-

meren untersucht.
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Zur Darstellung der Oligopeptid-Polymer-Konjugate, die als Makromonomere eingesetzt wur-

den, ist eine modulare Synthesestrategie erarbeitet worden. Dies ermöglichte die rasche Synthese

einer Vielzahl unterschiedlich funktionalisierter Derivate. Mit Hilfe von IR-spektroskopischen Un-

tersuchungen in organischer Lösung sowie mittels Festkörper-NMR-Spektroskopie konnte zweifels-

frei nachgewiesen werden, dass die Makromonomere β-Faltblatt-artige Sekundärstrukturen bilde-

ten. Darüber hinaus konnte mit Hilfe von Transmissionselektronenmikroskopie (TEM) sowie
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Rasterkraftmikroskopie (scanning force microscopy, SFM) gezeigt werden, dass auch höhere Struk-

turen wie einzelne β-Faltblatt-Tapes, zweifach-helikale Ribbons oder vierfach-helikale Fibrils aus

den Makromonomeren gebildet wurden. Diese hierarchische Strukturbildung wurde durch eine be-

grenzte Anzahl von Parametern im molekularen Aufbau der Makromonomere kontrolliert, wie etwa

der Anzahl von N–H · · ·O=C Wasserstoffbrücken und ihrer Anordnung mit ungleichen Abständen. Die

so kontrollierbare Bildung höherer Strukturen ermöglichte eine topochemische Polymerisation der

Diacetylene innerhalb der erhaltenen Aggregate. Dies hatte zur Folge, dass die vormals supramoleku-

laren Polymere in π-konjugierte Polymere unter Erhalt der hierarchischen Strukturen überführt wer-

den konnten. Die erzeugten Poly(diacetylen)e waren demnach hoch funktionalisierte, lösliche Poly-

mere mit vorhersagbaren einfach-helikalen, doppel-helikalen sowie vierfach-helikalen Quartärstruk-

turen. Letztere konnten mittels Bildgebungsverfahren und durch CD-Spektroskopie nachgewiesen

werden. Die Zugabe von Wasserstoffbrücken-brechenden Lösungsmitteln zu den Polymerlösun-

gen löste definierte zweischrittige Farbwechsel aus, mit denen zwei aufeinander folgende, wohl-

definierte Konformationsänderungen einhergingen, wie mittels CD-Spektroskopie gezeigt werden

konnte. Folglich wiesen die erhaltenen synthetischenπ-konjugierten Polymere sowohl Quartärstruk-

turen als auch ein dynamisches Faltungsverhalten auf, wie es sonst nur von Biopolymeren bekannt

war.
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List of Abbreviations

Ac acetyl

anal. analysis

b broad signal (NMR)

Boc2O di-tert.-butyl dicarbonate

calcd calculated

CD circular dichroism

CIDS circular intensity differential scattering

CP cross polarization (NMR)

d doublet (NMR)

δ chemical shift (NMR)

DEAD diethyl azodicarboxylate

DOQSY double quantum single quantum correlation spectroscopy (NMR)

DCE 1,2-dichloroethane

DCM dichloromethane

DIEA diisopropylethylamine

DIPA diisopropylamine

DMF N,N-dimethylformamide

DMSO dimethylsulfoxide

ε extinction coefficient (UV)

EDCI 1-ethyl-3-(3-dimethyl-aminopropyl)carbodiimide hydrochloride

EI electron impact ionization

eq. equivalents

ESI electrospray ionization

FCC flash column chromatography

Fmoc N-(9-fluorenylmethyloxycarbonyl)

GPC gel permeation chromatography

1H NMR proton nuclear magnetic resonance

13C NMR carbon 13 nuclear magnetic resonance

HFIP hexafluoroisopropanol

HMDS hexamethyldisilazane

HOBt 1-hydroxybenzotriazole

HPLC high performance liquid chromatography

HRMS high resolution mass spectrometry

HV high vacuum

IR infra red

J J coupling constant (NMR)
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LHMDS lithium hexamethyldisilazid

m multiplet (NMR)

M molar

[M]+ molecular ion (MS)

MALDI matrix assisted laser desorption ionization (MS)

MALDI-TOF matrix assisted laser desorption ionization time of flight (MS)

MAS magic angle spinning

Mn number average molecular weight

m.p. melting point

MS mass spectrometry

m/z mass to charge ration (MS)

NIS N-iodo-succinimide

NMR nuclear magnetic resonance

NOESY Nuclear Overhauser Enhancement Spectroscopy (NMR)

OPV oligo(phenylene vinylene)s

OT oligo(thiophene)s

Pd/C palladium on charcoal

PDI polydispersity index

PEO poly(ethylene oxide)

Pn average degree of polymerization

ppm parts per million (NMR)

PyBOP (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate

REDOR rotational echo double resonance (NMR)

Rf retention or retardation factor (thin layer chromatography)

s singlet (NMR)

SAED selected area electron diffraction

SFM scanning force microscopy

t triplet (NMR)

TBAF tetrabutylammonium fluride

TEA triethylamine

TEM transmission electron microscopy

TFA trifluoroacetic acid

THF tetrahydrofuran

TLC thin layer chromatography

TMEDA tetramethylethylenediamine

TMS trimethylsilyl

UV ultraviolet
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1 Introduction

1.1 A Novel Approach Toward Hierarchically Structured

Conjugated Polymers

1.1.1 Motivation

Nature defines the “state of the art” in terms of constructing materials and will still do so in the fu-

ture. Biomaterials such as silk, collagen, or wood exhibit extraordinary properties, which can be re-

garded as even more remarkable since they are produced under mild, physiological conditions. The

superior properties of biopolymers mainly originate from their structural order on different length

scales. In proteins, for example, the amino acid sequence (primary structure) predetermines differ-

ent chain segments to attain well-defined conformations like, for instance,α-helices orβ-sheets (sec-

ondary structure). These are then folded into a specific spatial arrangement (tertiary structure) that

determines the overall topographic shape of the macromolecules in solution. Finally, several of these

folded macromolecules may serve as subunits that self-assemble into the active protein complex or

structure protein (quaternary structure).

Biological systems often achieve this kind of hierarchical structure formation utilizing a combined

“bottom-up” and “top-down” approach. Thus, the information to adopt a certain higher structure

is programmed on the molecular level. At the same time, the macromolecules are carefully guided

to find the desired structure among the manifold of energetically similar possibilities, for instance,

by using template molecules (e. g., chaperone proteins) or by means of sophisticated processing

procedures (e. g., the spinning of a spider silk thread).

Accordingly, the preparation of hierarchically structured synthetic polymers has been recognized

as an important field of research,1–6 not only to mimic natural materials but also to provide means to

interact with the latter. The recent advances on the field of optoelectronic devices aimed at applica-

tions in the life sciences, e. g., the development of new generations of biomedical devices, require the

development of optoelectronically active synthetic materials that offer a diverse chemical function-

ality and a degree of hierarchical structural order similar to biomaterials. However, while polymer

3
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Figure 1: A) Natural polymers like polypeptides derive their extraordinary properties from a controlled

hierarchical structure formation reaching from a perfect primary to a well-defined quaternary structure. B)

Polymer scientists can hardly compete with their structural perfection although some major achievements

were made in recent years. Image reproduced from [1].

chemists have been striving to understand the basic principles of hierarchical structure formation in

biopolymers over the past three decades and huge progress has been made on the field of synthetic

polymer chemistry in general, the tools at hand to exert a control of polymer structure comparable

to biological systems are still limited in scope (Figure 1).4 The most successful attempts to prepare

hierarchically structured polymer materials were based on combined strategies which made use of

the achievements of several research areas such as modern organic and polymer chemistry,5 as well

as materials science and supramolecular chemistry.6

Thus, the supramolecular self-assembly of monodisperse, π-conjugated oligomers has been ex-

tensively studied as a means for the creation of hierarchically structured, optoelectronically active

materials.7 This “supramolecular approach” attempts to alleviate the shortcomings of common

materials’ processing procedures such as chemical vapor deposition by providing a pathway toward

highly ordered, nanostructured arrays of π-conjugated oligomers from solution (vide infra).

The most successful contributions from the field of polymer science aiming at preparing

hierarchically structured polymers have resulted from a transfer of the “foldamer” concept8–10 to the

world of high molecular weight polymer materials. These polymers comprise interactions between

“sticky sites” in the side chains of non-adjacent repeating units which serve to induce the formation
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of stable folded conformations due to cooperative intrachain supramolecular interactions and, thus,

mimic the folding mechanism observed in biopolymers (vide infra).

Based on the opinion that the preparation of hierarchically structured optoelectronically active

materials will impossibly be achieved by approaching the problem from a distinct research area, this

thesis aims at the development of a holistic approach that makes use of the advantages of modern

organic chemistry, polymer science as well as supramolecular chemistry. The introduction aims to

provide the background information from different fields, such as the “supramolecular” as well as the

“foldamer” approach, and the supramolecular self-assembly of short oligopeptides, their polymer

conjugates as well as amyloid proteins, which inspired the molecular design of the macromonomers

investigated in this thesis. Thereafter, a rationale for choosing poly(diacetylene) as the π-conjugated

backbone will be given that led to the successful preparation of well-defined, soluble π-conjugated

polymers with predictable multi-stranded, multiple-helical quaternary structures exhibiting a rich

folding behavior that finds analogies only in the realm of biopolymers.

1.1.2 Supramolecular Approaches Towards Optoelectronic Materials

Supramolecular chemistry, defined as the “chemistry beyond molecules” by Jean-Marie Lehn,11,12 has

enriched the chemical toolbox tremendously. The supramolecular self-assembly of monodisperse

oligo(phenylene vinylene)s (OPV), for instance, led to the formation of interesting π-conjugated

organic materials for the fabrication of organic electronic devices.7 Usually, such π-conjugated

oligomers were processed by chemical vapor deposition,13 giving rise to highly ordered domains

and, consequently, superior optoelectronic properties due to their well-defined chemical structure.

These methods are, however, inferior to solution processing when it comes to larger devices in terms

of costs.14 With the self-organization of OPV in solution, a pathway toward highly ordered, nano-

structured arrays of π-conjugated oligomers could be provided that makes use of the more conve-

nient solution-processing techniques.6 In a particularly interesting recent example reported by Mei-

jer et al., OPV equipped with nucleobases were co-assembled with complementary oligonucleotides

leading to the formation of right-handed helical fibrillar aggregates, as could be proved by scanning

force microscopy (SFM) imaging and circular dichroism (CD) spectroscopy (Figure 2A).15 The mutual

dependence of the complementary hydrogen-bonding partners became clear when the concentra-

tion of one component was changed or a non-complementary oligonucleotide was used. Another

approach towards a helical assembly of OPV utilized a foldamer based on the ureidophthalimide mo-

tif to which chirally substituted OPV were attached as the side chains and organized into six blades

helically twisted around the foldamer backbone (Figure 2B).16 The secondary structure formation of

the polymers due to the self-assembly of the side chains was dependent first on the molecular weight
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Figure 2: A) Structural model and SFM images of nucleobase-equipped OPV co-assembled with oligonu-

cleotides. B) Phthalimido-based OPV foldamer attaining a six-folded helix. C) Model and SFM images

of supramolecular aggregates of an oligo(phenylene vinylene) carrying a head group capable of hydrogen-

bonding. Images reproduced from [15], [16] and [17].
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(i. e., a minimum number of repeat units was necessary to allow for the formation of at least one full

helix turn) and, secondly, on the solvents that were used, as evidenced by CD spectroscopic investi-

gations. Likewise, chiral OPV with terminal ureido-s-triazine units were observed to form dimers via

quadruple hydrogen-bonding which further organized into helical columnar structures by π-π stack-

ing (Figure 2C).17,18 This hierarchical structure formation in solution was, again, solvent-dependent

and it was, thus, possible to transfer the helical structures to surfaces under the right conditions, i. e.,

choice of solvent, concentration as well as temperature. Similarly interesting materials were obtained

from molecules comprising a perylene bisimide dye hydrogen-bonded to two OPV units, which can

be regarded as donor-acceptor-donor dye arrays, were shown to exhibit photoinduced electron trans-

fer capabilities, and gave rise to fibrillar features suitable for the manufacturing of semi-conducting

devices.19,20

Another class of π-conjugated oligomers that have been extensively studied in recent years con-

cerning their self-assembly are the oligo(thiophene)s (OT). The latter are interesting organic semi-

conductors if well-ordered phases can be achieved.21 Thus, OT with chiral oligo(ethylene oxide)

side chains were investigated and found to give rise to chiral superstructures in polar organic sol-

vents such as n-butanol.22–26 The formation of right-handed helical aggregates was driven mainly

by π-π stacking interactions that were broken at elevated temperatures. The processing, i. e., the

fabrication of monolayers, could be achieved from solution. In order to enhance the self-assembly

of a series of quater-, quinque-, and sexithiophenes, Shinkai et al. attached two cholesteryl amides

to both ends of the OT and, in this way, obtained efficient organogelators.27 The gels were stabi-

lized by networks of fibrillar features, as could be shown by transmission electron microscopy (TEM).

An interesting thermochromism was observed that was attributed to a change in conjugation length

upon aggregation during the sol-gel transition. OT have also been incorporated into block copoly-

mers with poly(ethylene oxide)28–32 or poly(styrene),33–35 giving rise to ordered nanoscopic domains

when processed from selective solvents. These phenomena were proved by UV-vis as well as fluores-

cence spectroscopic investigations that clearly indicated an aggregation of the OTs by π-π stacking

interactions.

1.1.3 Polymer Science and Hierarchically Structured Materials

The examples given above highlight the power of a combined approach of, in this case, supramolec-

ular self-assembly and organic chemistry leading to well organized, hierarchically structured, opto-

electronically active materials from monodisperse π-conjugated oligomers. An interesting alterna-

tive to these systems are π-conjugated polymers because they would offer the advantage of being

solution-processible, e. g., by ink-jet printing methodologies.36 The relatively low degree of inter-
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nal order and purification issues such as the complete removal of transition metal catalysts that are

typically applied during the preparation of the conjugated polymers, often lead to inferior electronic

properties, e. g., in terms of charge carrier mobility.37 The first aspect may be solved if hierarchically

structured conjugated polymers were available, making investigations toward such structures an at-

tractive research goal.

On the field of conventional (i. e., non-conjugated) polymer synthesis, the goal of hierarchical

structure formation has been achieved most successfully when the concept of “foldamers” was trans-

ferred to the world of high molecular weight polymer materials.8–10 The introduction of helicity to

polymer backbones such as poly(olefin)s or poly(methacrylate)s, is also observed whenever the tac-

ticity of the polymers is well-controlled and, at the same time, sterically demanding side chains are

attached to every repeat unit which hinder the free rotation around the backbone bonds.38 However,

the higher structure formation in foldamers has a completely different origin. Here, the side chains

contain “sticky sites”, and interactions between the latter in non-adjacent repeating units induce the

formation of stable folded conformations due to cooperative intrachain supramolecular interactions.

Thus, the folding mechanism mimics related processes in biopolymers such as proteins.

Nolte and Cornelissen et al. provided a particular beautiful example, reporting on the preparation

of oligopeptide substituted poly(isocyanide)s (Figure 3A).39,40 These polymers attained a stable ter-

tiary structure, i. e., a 41-helical backbone stabilized by oligopeptide side chains that were aligned in

four “blades” of helically twisted β-sheet arrays, as could be evidenced by NOESY NMR and other

techniques. Depending on the length and configuration of the oligopeptide residues, the isocyanide

monomers were shown to preorganize efficiently in solution, such that the formation of extremely

high molecular weight polymers occurred upon the addition of a strong acid such as trifluoroacetic

acid (TFA) whereas, typically, a nickel catalyst was needed for the polymerization.41,42 Further-

more, the preparation of block copolymers containing charged poly(isocyanide) and poly(styrene)

segments was reported by the same authors. These were found to form so called “superamphiphiles”

that spontaneously self-assembled into a large variety of interesting superstructures like superhelices,

vesicles and micellar rods in aqueous solution depending on the pH (Figure 3B).43 Not less interesting

was an investigation of block copolymers of poly(isocyanide)s with poly(γ-benzyl-L-glutamate) seg-

ments.44 It could be shown that the polypeptide polymer segment attained an α-helical conforma-

tion while the second block was also helical due to the parallel β-sheet formation of the oligopeptide

side chains. This accumulation of controlled secondary structure formation was completely unprece-

dented in the realm of synthetic polymer architectures.

The above examples highlight the achievements of modern polymer chemistry in terms of a con-

trolled higher structure formation. However, the particular synthetic requirements in the prepara-
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Figure 3: A) Structural model of a poly(isocyano dipeptide) foldamer, and an SFM image of the polymers ob-

tained with acid initiators. B) “Superamphiphile” aggregates from poly(styrene)-poly(isocyanide) block copoly-

mers PS40-b-PIAA20 (left) and PS40-b-PIAA10 (right). Images reproduced from [39], [40] and [41].

tion of conjugated polymers have severely limited the number of similarly hierarchically structured

materials so far.

Pu et al. reported different types of conjugated polymers with fixed main chain chirality con-

taining binaphthyl units in their backbone which exhibited very interesting optoelectronical activity

(Figure 4). Thus, they were able to construct a light emitting diode using one of their oligothiophene

based polymers, while an oligo(phenylene ethynylene) derived material was used as an enantiose-

lective fluorescent sensor. Furthermore, an enhanced nonlinear optical response of the polymers

could be achieved by exchanging the hexyloxy chains at the binaphthyl units with nitro- as well as

alkylamino groups to generate a “push-pull” effect.45–51
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Figure 4: Different binaphthyl based helical conjugated polymers containing various π-conjugated spacers

such as oligophenylenes, oligothiophenes, oligo(phenylene vinylene)s or oligo(phenylene ethylylene)s were

reported by Pu et al.45

Meijer et al. did not only investigate superstructures formed by oligothiophenes (vide supra)

but were also interested in the polymeric materials.52–56 They found that chirally substituted

poly(thiophene)s formed non-aggregated helical superstructures in (aqueous) solution, as could be

evidenced by the characteristic UV and CD spectra. Especially the water-soluble derivatives were

proposed as biosensing materials.56

Another class of highly interesting conjugated polymers are the poly(phenyl acetylene)s that have

been described by Okamoto and coworkers.38,57,58 They reported on per se non-chiral, carboxylic

acid functionalized poly(phenyl acetylene)s that attained an excess helicity upon supramolecular in-

teractions with chiral additives such as amino acids or amino alcohols. Furthermore, their helix sense

could be switched by using the enantiomeric forms of the additives.

The most extensive investigations in the field of π-conjugated foldamers has been carried out

by Masuda and coworkers who studied various types of poly(acetylene) derivatives. Thus, they in-

vestigated the polymerization of N-propargyl amides which they found to proceed with high cis-

stereoselectivity.59–63 The rigidity of the obtained polymers increased upon the incorporation of ho-

mochiral side chains, and the chiral polymers exhibited a large optical rotation with opposite sign

as compared to the monomers, as well as a strong CD effect for the main-chain chromophore. The

authors attributed these observations to the presence of stable folded conformations due to cooper-
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ative intramolecular hydrogen-bonding. They also investigated related functionalized polymers and

typically observed a complex temperature, solvent, and pH dependent helicity.64,65

Masuda et al. also reported on the related polymerization of chiral and achiral alkyl poly(propargyl

carbamate)s,66 G2 lysine dendron functionalized phenyl acetylenes,67 and P-chiral N-propargyl

phosphonamides.68,69 Furthermore, an attempt toward a photoswitchable poly(acetylene) was un-

dertaken using glutamic propargyl amide that was equipped wit azobenzene side chains. However,

the UV irradiation needed for the switching only led to a decrease in helicity, as judged from the CD

spectra, which did not recover upon the reisomerization of the diazo group.70,71

More recently, Tang et al. performed similar investigations on L-valine-substituted phenyl

acetylenes72–74 which they obtained by a rhodium-catalyzed reaction. The products attained heli-

cal conformations in solution that could be influenced by the choice of solvent or the addition of a

base to a polymer with free carboxylic acid side chain residues. Helical poly(phenyl acetylene)s could

also be prepared by introducing three (a)chiral alkyloxy chains in positions 3, 4 and 5 of the phenyl

ring.75 These “G1 dendrons”, as they were referred to by the authors Percec and Meijer et al., induced

a dynamic (homochiral) helicity, as was judged from temperature dependent CD measurements as

well as X-ray analyses on oriented films that allowed to distinguish different helix diameters indicat-

ing different helical packings.

1.1.4 “Self-Assemble, then Polymerize” – A Complementary Approach

The preceding examples of hierarchically structured synthetic polymers all share one crucial charac-

teristic in that they have been prepared using the same general approach which can be described as

“polymerize, then fold into a hierarchical structure”. In other words, the “foldamer approach” firstly

depends on a well-defined polymerization procedure, while the folding into higher structures oc-

curs only afterwards. However, it is worth noting that the control over the polymer primary structure

which can be achieved even with modern polymerization methods is inherently poor, for instance, in

terms of regioselectivity and stereospecificity of monomer incorporation. Starting from such precon-

ditions, an efficient and defect-free folding into a well-defined final conformation is hard to achieve.

For example, a low degree of tacticity would lead to stereochemical defects irreversibly incorporated

into the polymer, prompting the subsequent folding to fail or produce defective structures.

Alternatively, a complementary strategy can be envisioned in which the sequence of events

is reversed (Figure 5). Such a strategy may be paraphrased as “self-assemble into a hierarchical

structure, then polymerize” and would require the preparation of appropriately functionalized

macromonomers which are supposed to first self-assemble into uniform supramolecular polymers76
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Figure 5: Conceptual sketch of the sequence of events in the proposed “self-assemble into a hierarchical

structure, then polymerize” methodology. First, the macromonomers equipped with an appropriate

supramolecular synthon form hierarchically structured supramolecular polymers by self-assembly in solution

and, secondly, these structures are converted into π-conjugated polymers under retention of the previously

attained structure.

with a defined, finite number of strands in solution. A propensity to the formation of hierarchical

structures should already be present at this stage of the process, whereas an ill-defined assembly into

micellar or one-dimensional vesicular aggregates should be suppressed or completely excluded. In

the final step, the supramolecular polymers would then be converted into functional, possibly multi-

stranded, π-conjugated polymers under retention or, at least, controlled conversion of their previ-

ously assembled hierarchical structure.

Such a complementary general strategy would, hence, combine several advantageous concepts

like the supramolecular preorganization of monomers prior to polymerization42,77 and covalent cap-

ture as a versatile concept for the fixation of supramolecular materials.78 The former characteristic

displays a crucial advantage over the “foldamer approach” since the self-assembly process is dynamic

in nature and, thus, allows for a “self-healing” of the formed structures such that defects can be cor-

rected. Furthermore, the overall hierarchical structure formation may be influenced by external stim-

uli such as solvent quality, temperature or the presence of other reagents prior to the covalent fixation.

The transformation into covalently linked polymers, on the other hand, will inevitably be accompa-

nied by geometric changes in the architecture of the structures that must not endanger the integrity

of the self-assembled hierarchical structures. For the realization of this concept, some prerequisites

will have to be fulfilled:

• Most importantly, a reliable supramolecular synthon79 is needed that fosters the formation of

uniform supramolecular polymers with a defined, finite number of polymer strands.

• These supramolecular polymers must show a predictable or, at least, rationally explicable

propensity to form higher-order structures in solution.

• The repeating units of the supramolecular polymers and their polymerizable functions need

to be arranged in a well-defined manner such that individual strands of the supramolecular

polymers are unambiguously converted into single covalent polymer backbones.
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• The applied polymerization methodology must be performed under conditions compatible

with the self-assembly process and vice versa.

• The formation of the covalent polymer backbone should proceed under retention or, at least,

controlled conversion of the previously self-assembled hierarchical structures; this requires,

in particular, the structral constraints and consequences of the covalent capture process to be

commensurate with the placement of the polymerizable functions in the self-assembled aggre-

gates.

Resulting from an evaluation of the above requirements and an assessment of our research

goal, i. e., the preparation of hierarchically structured polymers with π-conjugated backbones, we

have chosen macromonomers based on β-sheet-forming oligopeptide-polymer conjugates as the

supramolecular synthon and the UV-induced topochemical diacetylene polymerization80,81 as the

methodology for the covalent capture. This polymerization technique appeared to be highly appro-

priate because it is atom-efficient, initiator- and catalyst-free and it, furthermore, proceeds with high

stereo- and regiospecificity way in the sense of a trans-stereospecific 1,4-polyaddition.80,81 Addition-

ally, the obtained poly(diacetylene)s are interesting π-conjugated, photoconductive polymers that

are known to, e. g., undergo color transitions upon external stimuli (vide infra). The polymerization

is possible whenever diacetylenes are placed at an appropriate distance and packing angle. As will

be shown in the following sections, β-sheet-forming oligopeptide-polymer conjugates are reliable

supramolecular synthons that were shown to form uniform nanoscopic aggregates. The latter of-

ten exhibit the propensity to form hierarchical structures in solution which can be well-rationalized

in some cases.82–84 Furthermore, the packing distance between adjacent β-strands within a single

β-sheet is very close to the ideal geometric requirements of the topochemical diacetylene poly-

merization which made both systems appear mutually compatible in the sense of the general re-

quirements formulated above.

1.2 Hierarchical Structures From Oligo- and Polypeptides

1.2.1 Self-Assembly of Amyloid Proteins

Since we chose β-sheet forming oligopeptide segments as the supramolecular synthon in our strat-

egy towards hierarchically structured polymers, which are one of nature’s most commonly applied

motifs for self-organizing molecules into defined materials, a closer look at their appearance in bio-

logical systems seems to be a suitable starting point. One well-investigated class of nanostructures

that are formed by the self-assembly of β-sheet-forming oligopeptide strands are the fibrous protein
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deposits referred to as “amyloids”. They have received increasing attention in recent years because

they are assumed to be associated with several severe diseases such as Alzheimer’s, Parkinson’s, and

Huntington’s disease, as well as various prion diseases and type II diabetes.85–88 Their exact role in

context with these diseases85,87 as well as the actual formation mechanism(s)88 are still a matter of

debate, and different, sometimes conflicting structural models have been proposed for specific ex-

amples. There is, in fact, no evidence that all examples of amyloid fibrils need to be formed via the

same mechanism or that they rely on exactly the same structural elements. By contrast, there are

examples of different structure models, and different oligopeptide fragments from the same protein

(or even one and the same oligopeptide under different conditions) may self-organize into different

types of aggregates.86 Nevertheless, the formation of amyloid fibrils appears to follow a generic pat-

tern in the sense that (i) they are formed from a range of structurally non-related precursor proteins,

(ii) their internal structure is rich in β-sheet structures, and (iii) their nanoscopic morphology is very

similar. Thus, typical amyloid fibrils are helically twisted filaments of several micrometers in length

and a width on the order of 10 nm. They exibit a cross-β-sheet signature in X-ray diffractograms with a

4.7 Å meridional reflection and a broader equatorial one at a spacing of typically 6-12 Å, which means

that their spine structures most likely contain a finite number of stacked (“laminated”) parallel or

antiparallel β-sheets aligned in the direction of the fibril axis.89,90

In a number of important examples,91–98 such as protofilaments from the full length amyloid pro-

tein Aβ associated with Alzheimer’s disease,91–93 the yeast prion proteins Sup35p94 and Ure2p,95,96

or human amylin associated with type II diabetes,97 the presence of stacked parallel, in-register (not

laterally displaced) β-sheets, has recently been conclusively established. In these specific examples,

the terminal region of the precursor protein is folded into serpentine structures of β-strands which

then aggregate into parallel, in-register β-sheet structures such that the stacked β-sheets have an

alternating β-strand directionality (Figure 6A-C).

A somewhat different model has been proposed for fibrils from insulin98 where the three disul-

fide bonds place constraints on the molecular structure of the fibrils. Here, the two oligopeptide

chains of the insulin molecule are assumed to rearrange their conformation and stack in a way that

they form a pair of parallel β-sheets with opposite β-strand directionality which then further self-

assemble into a variety of entwined fibrils (Figure 6D-F). In other cases, parallel β-helix spine struc-

tures have been proposed,99–101 and it appears that, until to date, antiparallelβ-sheets have only been

demonstrated in amyloid-like fibrils from relatively short oligopeptides composed of 15 residues or

less.86 Interestingly, the somewhat surprising prevalence of parallel β-sheet structures has recently

been correlated with the presence of specific amino acid sequences.102,103 For example, the oligopep-

tide GlyAsnAsnGlnGlnAsnTyr 1 in the β-sheet forming domain of the yeast prion protein Sup35p
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serpentine fold of β-strands

stacked serpentine folds

Figure 6: Representative examples of TEM images and proposed structural models for amyloid fibrils from

A-C) human amylin and D-F insulin; A) proposed serpentine fold with three β-strands from human amylin;

B) protofilament model showing a stack of these serpentine folds; C) electron micrograph of a human amylin

fibril (shadowed) and a model consisting of three entwined protofilaments; D) a variety of negatively stained

(top) and shadowed (bottom) left-handed helical filaments from insulin; E) surface representation of 3D maps

and contoured density cross-sections of these insulin filaments; F) the native conformation of the two insulin

chains (green, blue) can be rearranged into two pairs of parallel β-strands which stack to form the protofil-

aments; G) a model of three entwined protofilaments overlayed with a TEM density map (transparent gray

surface). Images reproduced from [98] and [99].

has been shown to form tight pairs of parallel, in-register β-sheets with opposite strand direction-

ality.102 The dimerization proceeds under complete exclusion of solvent molecules and is based on

both the self-complementary topology of the resulting β-sheet surfaces and the presence of the Asn

and Gln side chain amide groups as, likewise, self-complementary hydrogen-bond donors and accep-

tors (Figure 7). These are arranged in such a way that an efficient interstrand, intrasheet hydrogen-

bonding can only be realized in case of a parallel, in-registerβ-strand orientation within theβ-sheets.

This structural motif has been termed a “dry steric zipper”, and a whole range of related structures

have recently been described and associated with amyloid fibril formation.103
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Figure 7: Crystal structure of the dry steric zipper motif observed in fibrils of the oligopeptide 1 from the spine

structure of the yeast prion protein Sup35p; a pair of parallel β-sheets (gray, purple) forms under exclusion of

solvent due to self-complementary topology (compare cross-section on the right) and hydrogen-bonding sites

in the side chain amides. Images reproduced from [103].

Looking at the process of amyloid fibril formation with the eyes of a polymer chemist and leaving

aside both the diversity and complexity of biological structures for a moment, an analogy to rod-coil

block copolymers comes to mind. It looks like the prerequisite for the formation of well-defined, high

aspect ratio filaments relies on some sort of “phase segregation” between, on one side, the β-strands

as relatively short, monodisperse, and preorganized crystallizable segments and, on the other side,

the connecting turns and loops as well as the remainder of the proteins, all of which create a “soft

shell” around the filaments. In the case of Ure2p, for example, the protein retains its native activity

even after fibrillization. It has been proposed that the protofilament spines are just formed from a

small segment and that the major part of the protein remains in its native conformation, “dangling at

the edges” of the filaments. It may seem trivial to state that the crystallization of the former is the driv-

ing force for fibrillization for which reason it may not come as a surprise that proteins with relatively

disordered terminal domains constitute an important family of amyloidogenic proteins. However,

a less obvious conclusion is that the soft shell around the crystalline core also plays a crucial role

in that it helps to provide sufficient solubility to allow for a fast aggregation into well-defined, high

aspect-ratio, one-dimensional aggregates and prevents the premature precipitation of large poly-

crystalline assemblies. Of course, the obtained fibrils are, ultimately, completely insoluble. This and

the fact that comparably large oligopeptide segments have to be appropriately folded as the first step

of self-assembly probably render amyloid based systems themselves too complex to be utilized as

supramolecular scaffolds in synthetic chemistry. However, it would be a sufficient simplification if

short, linear oligopeptides were utilized to form β-sheets, and synthetic polymer segments were em-

ployed in order to take over the role of the globular domains attached to the fibrils’ core. These may

even enhance phase segregation and provide improved solubility in a larger range of protic or aprotic

solvents.
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1.2.2 Self-Assembly of Synthetic Oligopeptides and Peptidomimetics

The interest in the formation of amyloid fibers has inspired the preparation of short peptidomimet-

ics aimed at mimicking and understanding the corresponding self-assembly processes. For instance,

Kelly et al. investigated the peptidomimetic molecule 2 comprising of two (Val-Thr)2 tetrapeptides

equipped with ionogenic N,N-dimethyl-ethylenediamine residues that were connected to a diben-

zofuran moiety to enforce an interdigitated antiparallel β-sheet arrangement of the oligopeptides.104

Depending on different parameters such as concentration, pH, ionic strength and incubation time,

these building blocks gave rise to various fibrillar aggregates (Figure 8) by the formation of inter-

molecular β-sheets, as evidenced by imaging and spectroscopic techniques.
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Figure 8: A variety of quaternary structures was found for the self-assembly of 2 depending on the pH and the

incubation time. A) pH = 4.8, 2 weeks incubation time; B) pH = 5.7, 3 months incubation time; C) pH = 7.0, 2

weeks incubation time. The scale bars represent 100 nm. Images reproduced from [104].

A similarly reliable formation of fibrillar features from β-sheet-forming oligopeptides has recently

been used even in the context of a materials science application. Thus, the N-terminal and mid-

dle region of the amyloidogenic yeast protein Sup35p already mentioned above has been prepared,

self-assembled into fibers and used as a scaffold to deposit gold particles.105 It was possible to pro-

duce metal fibers with diameters of several hundred nanometers which could be positioned between

two electrodes and were shown to exhibit an ohmic conductivity behavior indicative of a continuous

metal deposition.

A very important contribution to the understanding of the self-organization of short, linear oligo-

peptides into β-sheets and higher structures has been provided by Boden and coworkers who thor-

oughly investigated the hierarchical self-organization of different oligopeptides.82–84,106,107 Starting
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Figure 9: Schematic summary of Boden’s model for the step-wise hierarchical selforganization of oligopeptides

in protic media; A) depending on the amino acid sequence, oligopeptides will aggregate into single β-sheet

tapes with different helical superstructures; B) amphiphilic tapes will dimerize into ribbons via β-sheet stack-

ing, hiding the more solvophobic surfaces; C) ribbons may further stack into fibrils which can further aggregate

into fibers via edge-to-edge attraction.

from the 24-residue peptide K24,84,106 which had been prepared in analogy to the β-sheet form-

ing transmembrane domain of a protein, data from wide-angle X-ray diffraction, IR- as well as CD

spectroscopy revealed that in solutions of methanol or 2-chloroethanol K24 self-assembled predom-

inantly via the formation of antiparallel β-sheet structures, leading to a macroscopic gelation of the

solvents already at low peptide concentrations. TEM measurements proved the existence of one-
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dimensional tape-like objects exhibiting a width of 6.6 to 8.1 nm which was in very good agreement

with the extended length of one molecule. Rheological investigations of the obtained organogels

revealed that the tapes had a monomolecular thickness and that the lower limit of the persistence

length was around 13 nm, indicative of a moderately stiff polymer. These investigations led to the

de novo design of the 11-residue oligopeptides DN1,84,106 P11-1 and P11-282,83,107 that acted as gela-

tors in very polar (aqueous) solvents. These oligopeptides were designed to aggregate strictly via the

formation of antiparallel β-sheets. However, the amino acid sequence was chosen such that P11-1

had a comparably lower amphiphilic character, i. e., P11-2 featured an alternating sequence of hy-

drophilic and hydrophobic amino acids, leading to strongly amphiphilic β-sheet surfaces. TEM in-

vestigations on both systems revealed distinct differences in the mode of self-assembly, leading to

different nanoscopic structures. P11-1 formed left-handed helically curled tapes with a pitch of ap-

proximately 30 nm, whereas the amphiphilic nature of P11-2 induced the formation of ribbons (dou-

ble tapes) by a face-to-face association of the hydrophobic sides of the molecules in the aqueous

environment (Figure 9). These ribbons had a “twisted” as opposed to a “curled” helical fine structure

and were found to form tetrameric twisted fibrils upon prolonged storage in solution. These fibrils

further assembled into fibers that could be described as dimeric fibrils or octameric ribbons.

Based on these experimental findings, Boden, Fishwick et al. developed a remarkably intuitive

generalized model (Figure 9) that explained the observed hierarchical structure formation.82 As a

first step, the β-strands attain a chiral rod conformation, exhibiting a right-handed helical twist that

found its origin in the L-chirality of the natural amino acids. This enabled the self-assembly of the

oligopeptides into single antiparallelβ-sheet tapes with different left-handed helical superstructures,

depending on the nature of the tapes’ surfaces. For instance, the tapes formed by P11-1 tended to

“curl” into tubular left-handed helices in order to hide the comparably more hydrophobic surface

inside. Alternatively, the formation of ribbons (double tapes) via a stacking of β-sheets as observed

for P11-2 led to structures exposing only hydrophilic surfaces to the environment. These ribbons

underwent further β-sheet stacking via their more hydrophilic surfaces to yield fibrils; and the latter

may, finally, form fibers via an edge-to-edge attraction.

The most important implication of this model is that distinct types of supramolecular interac-

tions with significantly different energies are associated with each level of self-organization.82 The

self-assembly into single β-sheet tapes occurs due to N–H · · ·O=C hydrogen-bonding. By contrast,

both the β-sheet stacking of tapes into ribbons via the more hydrophobic β-sheet surfaces as well

as the subsequent stacking of ribbons into fibrils via the more hydrophilic surfaces will depend on

the chemical nature and the topology of the involved surfaces and may be mediated by diverse kinds

of interactions, e. g., hydrogen-bonding, electrostatic, van der Waals, or repulsive steric interactions.
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However, the initial ribbon formation process is expected to be significantly supported by the hy-

drophobic effect in aqueous media and will, typically, be substantially more favorable than the for-

mation of fibrils. Finally, fiber formation will strongly depend on the exact chemical nature of the

β-sheets’ edges and, again, be significantly less favorable than the other processes. In conclusion, the

distinct levels of self-organization are associated with what may be regarded as an orthogonal set of

interactions, all of which may be addressed individually by changing the molecular structure or the

chemical environment.

Secondly, it is the inherent helical twisting of β-sheet-based fibrillar aggregates on all levels of

self-organization which is the main factor responsible for the formation of uniform one-dimensional

aggregates with a defined and finite number of laminated β-sheet tapes.82 The observed helical pitch

ψ of the final aggregate is a mere compromise in order to maintain the N–H · · ·O=C hydrogen-bond

connectivity between all amino acid residues in all β-strands of all incorporated β-sheet tapes. Thus,

increasing the number of laminated tapes must lead to an unwinding of the helical twist until it com-

pletely disappears in a whole layer of infinitely stackedβ-sheets. Likewise, increasing the length of the

constituent oligopeptide β-strands will result in a decreased β-sheet twisting. Assuming that there is

an optimal degree of twisting for individual β-strands of a given length and chemical structure, the

unwinding process must be associated with an elastic energy penalty which counteracts and, at a

certain point, compensates the enthalpy gain associated with β-sheet stacking, prohibiting an “un-

limited” β-sheet lamination.

In summary, it is the interplay of the significantly different aggregation enthalpies on the distinct

levels of self-organization combined with the energetic penalty associated with readjusting the helix

geometry upon aggregation that controls the formation of well-defined aggregates with a finite num-

ber of laminated tapes and, consequently, a finite diameter. The result is a uniform thermodynamic

equilibrium structure with a defined, finite number of laminated β-sheets that can be fine-tuned by

a judicious choice of the oligopeptide’s molecular structure.

The presented model provides elegant explanations for most aspects of the observed oligopeptide

self-organization. However, it can not be considered as universal since it completely ignores the for-

mation of parallel β-sheets and the accompanied implications concerning residual dipole moments.

The authors limited the scope of their description to an antiparallel arrangement of the oligopeptides

since their systems were specifically aimed at this motif. Of course, the assumed antiparallel β-sheet

formation implicitly excluded any residual dipole moment component in the β-sheet plane perpen-

dicular to the tapes’ axes. Conversely, the assumption of amphiphilic β-sheets implicitly included the

presence of dipole moment components perpendicular to the β-sheet plane. Nevertheless, one has

to be aware that, for example, the formation of β-sheets with parallel β-strand orientation should re-
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sult in a non-zero dipole moment component in the β-sheet plane perpendicular to the tape axis.108

Likewise, the presence of an odd number of N–H · · ·O=C backbone hydrogen-bonding sites should

result in a residual dipole moment component in tape direction.109 While the latter can straightfor-

wardly be compensated on the ribbon level, it would constitute a non-negligible additional energetic

contribution to ribbon formation even in the case of non-amphiphilic β-sheet tapes.

1.2.3 Self-Assembly of Oligopeptide-Polymer Conjugates

The above examples serve to highlight that pure oligopeptides are versatile supramolecular scaffolds.

Accordingly, also hybrid structures of oligo- as well as polypeptides with synthetic polymers received

an increasing attention in terms of materials applications110,111 and in context with an improved

understanding of the origin of neurodegenerative diseases.85 The attachment of synthetic polymer

chains significantly enlarged the scope of the peptides, in particular with respect to the accessible

chemical environments, e. g., due to the tunable solubility.112

The first thorough investigations on oligopeptide polymer conjugates was performed by Mutter,

Toniolo et al.113–117 The authors investigated the self-organization of homologous series of oligo-

(L-valine) (1–8 residues) and oligo-(L-alanine) (1–8 and 10 residues) derivatives that were covalently

connected to poly(ethylene oxide) (PEO) with an average molecular weight Mn = 10,000. Mostly CD

spectroscopic data113–115 as well as IR studies116,117 proved that the oligopeptide attained different

higher structures such as random coil, α-helical or β-sheet conformations in aqueous or ethanol so-

lutions, depending primarily on the incorporated number of amino acids, i. e., a minimum of five

N–H · · ·O=C hydrogen-bonds was found to be needed for a stable intramolecular β-sheet aggrega-

tion. The mode of self-assembly was further influenced by the concentration, solvent, pH or the ionic

strength. In the case of the observed β-sheet formation, the presence of tapes could be assumed.

However, the limited imaging techniques available at that time did not allow for a direct proof of such

higher structures.

The same motif, i. e., an oligopeptide attached to the water soluble PEO, was used twenty years

later by Lynn et al. who attached the β-sheet forming fragment Aβ10−35 of the β-amyloid protein as-

sociated with Alzheimer’s disease to the corresponding polymer.118–121 This example is interesting

in so far as it allows to directly compare the pure amyloidogenic oligopeptides (vide supra) with the

related polymer conjugates. Thus, a reversible, pH-dependent aggregation into parallelβ-sheet struc-

tures was observed which led to the formation of nanoscopic helical fibrillar features similar to the

ones obtained from the pure oligopeptide and other amyloidogenic oligopeptides. The obtained

superstructures exhibited a diameter of roughly 9 nm, a large superhelical pitch of 110 nm, and were

found to consist of six laminated β-sheets. Interestingly, these oligopeptide-PEO conjugates did not
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A DCB

Figure 10: Mixtures of the pure oligopeptide Aβ and its corresponding PEO conjugates comprising A) 0%; B)

33%; C) 50%; D) 100% (w/w) of the conjugates showed an decreasing tendency to form lateral aggregates. Im-

ages reproduced from [119].

show any further tendency to form larger aggregates which is fundamentally different to the behav-

ior of the pure oligopeptides and, consequently, no insoluble material was formed (Figure 10). The

work presented by Klok, Hamley et al. dealing with block copolymers of a monodisperse, amphiphilic

oligopeptide and PEO showed a similar behavior.122 The oligopeptide-polymer conjugates exhibited

a hierarchical self-organization that was interpreted in terms of the model presented by Boden et al.

(vide supra). Thus, the oligopeptides first formed helical tapes driven by the formation of antipar-

allel β-sheets, as evidenced by IR spectroscopy which then further aggregated into defined fibrils.

The latter were found to be more stable towards changes of the pH as compared to the pure parent

oligopeptide.

A B

Figure 11: A) TEM investigations on aggregates formed by an oligopeptide having 11 residues showed pro-

nounced entanglements of the fibers, while; B) the attachment of a PEO chain to the same oligopeptide led to

much better defined structures. Images reproduced from [126].

Inspired by the L-alanine- as well as glycine-rich β-sheet domains of spider silk that are respon-

sible for the remarkable mechanical properties of this biomaterial,123 Sogah et al. equipped the

tetrapeptide (Gly-Ala)2 with PEO chains.124 These oligopeptide-polymer conjugates led to a material
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that was stabilized by β-sheet formation and exhibited properties similar to native silk from Bombyx

mori the silk worm. In a later study, the same group introduced a tetra-L-alanine segment into their

system which gave rise to a substantial improvement of the materials’ mechanical properties, most

likely due to a better β-sheet formation.125 Messersmith et al. presented a similar approach by us-

ing an 11-residue oligopeptide that itself had been found to form nanoscopic fibers in earlier studies

(Figure 11A).126 Thus, oligo- or poly(ethylene glycol) segments were attached to this oligopeptide as

well as to a shorter version (7 residues) of the latter. Contrary to the pure oligopeptides, the obtained

conjugates did not tend to entangle, form larger bundles, or aggregate laterally. As was shown by IR

spectroscopic investigations, the driving force for the aggregation was β-sheet formation. The in-

vestigation of the higher structure formation by TEM revealed the presence of well-defined fibrillar

features exhibiting a helical pitch of approximately 20 nm (Figure 11B) while the pure oligopeptide

formed broader less defined aggregates.

N
H

N

N
H

H
N Val-Thr-Val-Thr

O
N

Val-Thr-Val-Thr

O
N

O

MeO
O

n
56

O
H

OO
n

Thr-Val
5

nPhe
OH

O

3

N
H

MeO
O

n Val-Thr
O

N4

2

MeO
O

n

O

N
H

Gly Val-Thr Trp
5

O

NH2

O

O

Val-Thr-Val-Thr

Val-Thr-Val-Thr

H
N

N
H

N

N

4

O

A B C

Figure 12: A) A scanning electron micrograph of the microfibers obtained from 3 proved their narrowly disperse

diameters; B) a negatively stained TEM image of the nanoscopic filaments observed in the case of 5 showed

no signs of lateral aggregation; C) the helical fine structure of the nanoscopic filaments formed by the self-

assembly of 6 could be proved by SFM imaging. Images reproduced from [127], [129], and [130].

Substantial contributions to the field of oligopeptide-polymer conjugates were made by the group

of Börner and coworkers.127–129 For instance, they investigated the self-organization of PEO-NH-

Gly(ValThr)5TrpGly-NH2 3 the amino acid sequence of which was designed for an antiparallelβ-sheet

assembly.127 The resulting β-sheet tapes exhibited strongly amphiphilic surfaces and were found to

form extremely long microfibers instead of nanoscopic aggregates. However, their dimensions were

surprisingly uniform, i. e., the observed diameters were found in the narrow range of 2.0 (± 0.5)µm

while the height of the fibers was measured to be 50 (± 5) nm (Figure 12A). The authors assumed that

a large number of laminated β-sheets were aligned parallel to the fiber axis while, at the same time, a

stacking of β-sheets occurred perpendicular to the long diameter of the microfibers. It was possible
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to reduce the size of the obtained filaments to the nanoscopic level by either using a shorter oligopep-

tide segment or changing to an organic solvent which reduced the influence of the β-sheet surfaces’

amphiphilicity. While the shorter linear PEO-NH-(ValThr)4C(O)CH2NMe2 4 did not show any ten-

dency toward fibrillization at all, polymer conjugates 5 that were architecturally closely related to

the peptidomimetics 2 used by Kelly et al.104 gave rise to defined nanoscopic aggregates.130 Thus, the

conjugates 5 were found to produce uniform ribbons exhibiting a height of 1.4 (± 0.1) nm and a lateral

spacing of closely packed ribbons of 13.6 (± 1) nm (Figure 12B). No tendency toward the formation

of higher aggregates such as bundles could be observed in these cases, as opposed to filaments from

the pure peptidomimetic molecules 5. Similarly, the poly(butyl acrylate) substituted derivative pBuA-

C(O)NH-(Val-Thr)5-nPheGlyOH 6 (nPhe = 4-nitrophenylalanine) self-assembled into left-handed he-

lically twisted nanoscopic filaments with a height of 2.9 (± 0.5) nm, a helix pitch of 37.4 (± 3) nm, and

lenghts of up to 2.3µm(Figure 12C).129

chain direction

�bril direction

H-bond direction

A

CB

Figure 13: A) Schematic representation of the PEO-oligopeptide-conjugates prepared by van Hest et al. indicat-

ing the intramolecularβ-sheet arrangement; B) SFM image of fibrils formed by ([Ala-Gly]3-Glu-Gly)10 recorded

on a mica surface; C) schematic illustration of the β-sheet fibrils. Image reproduced from [131].

Another interesting, although entirely different approach towards nanostructures obtained from

oligopeptide-polymer conjugates has been presented by van Hest et al.131 They prepared mono-
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disperse polypeptides of the type ([Ala−Gly]3 −Glu−Gly)n with n = 10, 20 by protein engineering and

connected PEO chains to both ends. The (Ala−Gly)3 sequences formed an antiparallel, intramolecu-

lar β-sheet while the Glu−Gly sequences served as turns. Due to a lateral stacking of these β-sheets,

fibrillar features were formed that could be imaged by SFM (Figure 13).

Summarizing the above investigations on the self-assembly of oligopeptides and oligopeptide-

polymer conjugates, several conclusions can be drawn. In aprotic organic solvents, the forma-

tion of stable single β-sheet tapes can be achieved with shorter oligopeptide segments because the

N–H · · ·O=C hydrogen-bonding is stronger in the absence of competition from the solvent. The single

β-sheet tapes formed by such shorter oligopeptides favor a stronger helical twisting and, therefore,

disfavor higher aggregation via β-sheet stacking. Furthermore, the mutual attraction of β-sheets is

noticeably reduced in apolar solvents as compared to protic media due to the absence of the hy-

drophobic effect leading to systems with a lower number of laminated β-sheets. Also an alternating

sequence of hydrophilic and hydrophobic amino acids which leads to amphiphilic tape surfaces will

suppress higher aggregation because of a selectively favored dimerization of tapes into ribbons. This

effect should occur irrespective of the environment, i. e., either the hydrophilic or hydrophobic sur-

faces will aggregate, depending on the solvent quality.

Furthermore, the decoration of the β-sheet tape edges with polymer segments introduces an el-

ement of phase segregation unknown in the realm of pure oligopeptides which strongly favors the

formation of filaments with a lower number of laminated sheets and prevents bundle formation.

Aggregation via β-sheet stacking would lead to a successive restriction of the space available to the

polymer segments which would require a chain extension. The latter would, however, only be ther-

modynamically favorable if the associated entropic penalty was overcompensated by an enthalpic

contribution, e. g., from a crystallization of the polymer segments. Hence, while the general consid-

erations concerning the self-assembly of oligopeptides remain valid, the attachment of amorphous

polymer segments to the tape edges plays a role similar to the “soft shell” of amyloid proteins or, for

instance, electrostatic repulsion in the case of pure oligpeptides, although the thermodynamic origin

of the effect is different, i. e., entropic in nature.

1.2.4 Implications for the Molecular Design

For the envisaged topochemical diacetylene polymerization using self-assembled oligopeptide fib-

rils as supramolecular scaffolds, the polymerizable diacetylene moieties must be placed in-register

at the β-strand identity period of around 4.8 Å. An antiparallel β-strand arrangement would, hence,

be detrimental, and a viable strategy to achieve parallel β-sheet formation is needed. Considering
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the prevelance of β-sheet-rich proteins with parallel β-sheet structures in nature, it may seem a lit-

tle disappointing that more or less all investigations on synthetic oligopeptides and their polymer

conjugates either quietly assumed, experimentally observed, or deliberately targeted predominantly

antiparallel β-sheet formation. With the exception of Lynn’s and Meredith’s investigations on PEO

conjugates of amyloidogenic oligopeptides which exhibited the same parallel β-sheet structure as

the unmodified amyloid proteins, there is virtually no example of a synthetic oligopeptide or its poly-

mer conjugate which was specifically designed for parallel β-sheet formation. The only exception is

the work by Mori et al. who prepared N-acetylated, L-thyrosine- and L-threonine-based dipeptides

which were equipped with diacetylene functions in their side chains.132,133 These reportedly attained

a parallel orientation, allowing for a partial polymerization of the diacetylenes. In this context, it is

important to acknowledge that, for simple oligopeptides, an antiparallel β-strand orientation should

usually be preferred because of the favorable compensation of the molecular dipoles and the more

optimal hydrogen-bond geometries. Furthermore, it can straightforwardly be enforced by including

additional complementary interaction sites in the side chains or at the β-strand termini, as it had

been done in the above examples by Boden, Kelly, or Börner.82–84,104,106,107,127–129
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Figure 14: Possible strategies to enforce a parallel β-strand orientation; A) the inclusion of complementary in-

teraction sites requires the preparation of two different, mutually complementary molecules; B) oligopeptides

equipped with two different, immiscible polymer segments may favor a parallel orientation due to phase seg-

regation; C) likewise, the non-equidistant placement of N–H · · ·O=C backbone hydrogen-bonding sites or ad-

ditional side chain interaction sites may induce a parallel β-strand alignment.
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While no similarly straightforward method to enforce parallel β-sheet formation has previously

been described, the simple inclusion of appropriately placed complementary interaction sites (e. g.,

pairs of acid/base, hydrogen-bond donor/acceptor, or cationogenic/anionogenic functionalities)

should be expected to give rise to a parallel β-strand alignment only if two different, mutually com-

plementary types of molecules are employed and co-assembled (Figure 14A). An alternative strategy

may be the attachment of two different, non-miscible polymer segments to the oligopeptide termini,

which would favor a parallel aggregation due to phase segregation. Finally, a desymmetrization of

the interactions responsible for β-sheet formation such as, for instance, a non-equidistant place-

ment of the N–H · · ·O=C backbone hydrogen-bonding sites by including a non-peptidic spacer, can

be envisaged to induce parallel β-sheet formation because, only in this way, the maximum num-

ber of hydrogen-bonds can be achieved. It is interesting to note that this last strategy appears to

be closely related to one “approach” toward parallel β-sheets utilized in biology. The described “dry

steric zipper” motif (Section 1.2.1) frequently observed in amyloid fibrils incorporates additional, self-

complementary side chain N–H · · ·O=C type hydrogen-bonding sites placed in a way that the stabi-

lizing interstrand, intrasheet hydrogen-bonding can only be realized in a parallel β-sheet structure

(Figure 7). The recently demonstrated generic nature and abundance of this motif in fibrous proteins

makes this last strategy seem most promising for its utilization in the preparation of self-assembled

scaffolds for the topochemical diacetylene polymerization.

1.3 Synthesis and Properties of Poly(diacetylene)s

1.3.1 The Topochemical Polymerization of Diacetylenes

By definition, a topochemical reaction is possible only in the crystalline state since the reacting

species do not change their places (greek: topos = place).81 Ideally, the centers of gravity of the reac-

tants do not move while certain rearrangements of the reactive sites of the molecules are still allowed,

leaving the symmetry of the parent crystal intact. One very famous example of such a reaction is the

topochemical polymerization of diacetylene derivatives that was developed by Wegner et al.80,134–136

They found that certain crystals of molecules comprising the diacetylene unit rapidly attained a deep

red or purple color upon UV irradiation while solutions of the same derivatives did not show a compa-

rable reactivity. The investigation of the process revealed that the obtained poly(diacetylene)s (PDAs)

were examples of crystalline polymers having a fully π-conjugated backbone featuring alternating

double and triple bonds in consecutive conjugation.137 Obviously, the crystal lattice of the monomers

controlled the reaction which took place only if the sp-hybridized carbons of the diacetylene func-

tions were aligned in a certain geometry in the parent crystals (Scheme 1).138–140
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Scheme 1: The geometric prerequisites for a successful topochemical polymerization of diacetylenes are a

parallel arrangement of the sp-hybridized carbon chains at a distance of rougly 5 Å as well as an inclination

angle of approximately 45◦, i. e., the geometry of the polymer in its all-trans configuration is nearly preformed.

In detail, the diacetylenes have to be aligned in a ladder-like arrangement, exhibiting a repeating

distance dm of approximately 5 Å. At the same time, the inclination angle φ between the packing di-

rection of the molecules and the diacetylene axes has to attain a value near 45◦. The rationale behind

these criteria is, first, the fact that carbons C1 and C4 of adjacent molecules have to get into Van-der-

Waals distance and, secondly, the geometry of the formed polymer, featuring an identity period dp

= 4.91 Å in its all-trans configuration, must be already preformed. Thus, the activation energy of this

1,4-polyaddition reaction is small since the crystal structure of the monomer can remain intact and

no lattice energy is lost during the transformation.

1.3.2 Topochemical Polymerizations in Hydrogen-Bonded Systems

Since the topochemical diacetylene polymerization is possible whenever these criteria are fulfilled,

it is not restricted to 3D single-crystals and has been performed in various other types of ordered

phases as well. In the following section, a brief discussion of examples will be given that will focus on

hydrogen-bonded systems.
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Figure 15: Diacetylene derivative 7 formed bilayers that yielded highly photo stable poly(diacetylene)s after UV

irradiation, whereas 8 was co-assembled with the long-alkyl chain diynoic acid to form polymerizable bilayers.
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After Wegner had described the topochemical polymerization in the crystalline state, the same

group also investigated the process in ordered multilayers of the cadmium salt of tricosa-10,12-

diynoic acid that had been prepared by the Langmuir-Blodgett technique.141 A head-to-head and

tail-to-tail orientation of the long alkyl chain acids could be proved by X-ray analyses, and the poly-

merization was found to be possible by irradiating the sample with UV light having a wavelength of

254 nm. Similar diacetylene-containing carboxylic acids were polymerized in monolayers at the air-

water interface by Ringsdorf and coworkers142 who followed the polymerization by measuring the

surface pressure which dropped instantaneously upon UV irradiation, indicating a successful con-

version. Highly ordered two-dimensional bilayers of the bis-(biphenyl) ester-functionalized, rigid

molecule 7 (Figure 15) containing two biphenyl moieties could also be polymerized.143 The corre-

sponding polymers were found to be very photostable during a prolonged treatment with strong laser

irradiation which was needed for determining the third order non-linear activities of the obtained

film.

Similarly, polymerized bilayers have been used in the preparation of materials aimed at applica-

tions in the field of biosensing,144 based on the poly(diacetylene) backbones’ well-known solvato-,

thermo- and mechanochromism (Section 1.3.3). Thus, the amphiphile 8 carrying a sialic acid group

was mixed with the unfunctionalized long-alkyl chain diynoic acid. The system self-assembled to

form bilayers that could be polymerized and were then decorated with the sialic acid residues. The

latter interacted with receptors on the surface of the influenca virus which could be detected by the

accompanied color change of the poly(diacetylene) bilayer.

While hydrogen-bonding played already a role in some of the previous cases, it was definitely the

main driving force for the alignment of the diacetylenes in a very recently published study by Stupp

et al. who equipped peptide-amphiphiles with a correspondingly functionalized end group.145 Thus,

they attached 10,12-pentacosadiynoic acid to a linear hexa- (9) as well as to a branched heptapep-

tide (10). These structures were found to form gels stabilized by β-sheet-nanofibers (Figure 16) in

aqueous solution when treated with ammonium hydroxide vapor. Upon UV irradiation, the gels as

well as solutions that had not been treated with the base turned dark purple or blue. Obviously, the

oligopeptides were aligned already to a certain extent in solution. A UV-vis analysis revealed a global

absorption maximum around 550 nm for the linear as well as the branched derivative which addition-

ally featured a second absorption at 630 nm which was attributed to another backbone conformation

(Section 1.3.3).

Kim et al. investigated a similar system by attaching dipeptidess to 10,12-pentacosadiynoic acid,

namely L-Ala-L-Ala (11) and D-Ala-D-Ala (12).146 After cooling an EtOH/water mixture containing

these derivatives from 60 ◦C to room temperature, microscopic ribbon-shaped precipitates were ob-



1 Introduction 30

N
H

O

N
H

H
N

N
H

H
N

N
H O

NH2

OO

O

O

O

H2N

NH2

NH2

N
H

O

N
H

H
N

N
H

H
N

N
H O

NH2

OO

O

O

O

H2N

NH2

NHO

NH2H2N

9

10

Figure 16: A) Fibers formed by diacetylene-functionalized peptide-amphiphiles before irradiation were virtu-

ally equal to B) the polymerized objects. The width of the nanoscopic aggregates was stated to be on the order

of 5 nm. Images reproduced from [145].
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Figure 17: Dipeptide-functionalized amphiphiles prepared by Kim et al.

served by scanning electron microscopy. Addition of the glycopeptide-antibiotic vancomycine, which

selectively binds to terminal D-Ala-D-Ala residues, caused the precipitation of spherical particles

instead of ribbons, whereas the precipitates of the L-Ala-L-Ala-phospholipid remained unchanged.

Ac-Lys(Ac)-D-Ala-D-Ala, a vancomycin-specific ligand, induced regeneration of the ribbon-shaped
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structures, demonstrating the reversibility of the morphologies. The UV-polymerization was found

to be possible within both kinds of structures and stabilized the morphologies, as could be evidenced

by fluorescence microscopy.
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Figure 18: Diacetylene-functionalized low molecular weight organogelators prepared by Weiss et al.

A detailed investigation on the poly(diacetylene) formation within the gel-state was performed by

Weiss et al.147 The very popular 10,12-pentacosadiynoic acid was transformed into a series of low

molecular weight organogelators (13-18) by a peptide coupling or esterification with another corre-

spondingly functionalized long or short alkyl chain (Figure 18). The gelating efficiency increased with

increasing alkyl chain length, presumably due to greater London dispersion forces. Moreover, a com-

parison between ester and amide derivatives confirmed the role of strong intermolecular hydrogen-

bonding for the aggregation which resulted in an overall better polymerizability upon UV irradiation.

Figure 19: Microstructures obtained from a glutamine-functionalized long alkyl chain derivative after poly-

merization. Image reproduced from [148].
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Stevens et al. used the same diynoic acid in a study of the photopolymerization of amino acid

functionalized derivatives.148 The different amino acids were connected via an amide bond, and all

derivatives could be topochemically polymerized yielding blue aqueous solutions. Both hydrogen-

bonding interactions and molecular chirality determined the growth of microstructures into twisted

features (Figure 19).

Figure 20: Scanning electron micrographs of the “nanotube carpets” formed by diacetylene-containing lipids

on a glass slide. Images reproduced from [149].

Diacetylene lipids with quaternary ammonium salts as their end group were found to self-

assemble into monodisperse nanotubes exhibiting a wall thickness of 27 nm, an internal diameter

of 35 nm, and an average length of approximately 1 µm.149 TEM as well as SAXS investigations re-

vealed that the tube wall comprised five lipid bilayers with a spacing of 57.8 Å. After casting solutions

containing these nanotubes onto glass surfaces, a polymerization by UV irradiation was possible, as

indicated by a color transition from colorless to blue. Interestingly, an alignment of these nanotubes

into carpet-like structures (Figure 20) could be observed by dropping chloroform onto samples dried

on a glass slide. The mechanism of the formation was stated to be unclear.

Sugar-functionalized diacetylenes were prepared and found to gel organic solvents or water due

to the formation of fibrillar structures, which could be polymerized upon UV-irradiation, as well.150

The derivatives reported by Masuda and coworkers (19, 20) contained sugar residues on both sides

of the diacetylene and self-assembled into nanofibers driven by intermolecular hydrogen-bonding
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Figure 21: Polymerized nanofibers formed by the acetylated, sugar-functionalized diacetylene 20. Image re-

produced from [150].
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Figure 22: Carbohydrate-based diacetylenes reported by Wang et al.

(Figure 21).150 Both 19 and 20 formed such morphologies which stayed intact during the poly-

merization. The features formed by the derivatives exhibitig free hydroxy functions on the sugar

were much larger and more rigid, presumably due to enhanced interlayer interactions by hydrogen-

bonding. In the other example reported by Wang et al., diacetylene-containing glycolipids with one or

two diacetylene-lipids per sugar unit were prepared (Figure 22).151 Short chain glycolipids and deriva-

tives with a free hydroxyl group formed gels in aqueous solution, whereas very long chain diacetylene

lipids gelled ethanol or hexane. Consequently, the chain length as well as the position of the diyne

were proposed to affect the self-assembling properties significantly.

Additionally, open-chain sugar derivatives, i. e., aldonamides carrying 1,3-nonadiynyl units were

investigated by Fuhrhop and O’Brien.152,153 The efficiency of the polymerization of the gels formed

by gluconamide derivatives in water was heavily dependent on the length of the methylene spacer

that bridged the diacetylene unit and the amide functionality.152 Only one derivative exhibiting a

single methylene group could be polymerized by UV-irradiation. However, the tubular structures that
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Figure 23: TEM image of a polymerized assembly of aldonamide-functionalized diacetylenes. Image repro-

duced from reference [153].

had been observed prior to the polymerization were destroyed as proved by electron microcroscopy.

The aldonamide derivatives reported by O’Brien were readily polymerized, yielding interesting mi-

crostructures (Figure 23).

1.3.3 Chromism of Poly(diacetylenes)

It has long been known that poly(diacetylene)s show interesting color transitions upon a diversity of

external stimuli such as heat, mechanical stress, pH variations, or binding events to side-chains at-

tached to the polymer backbone. Although the research in this area has been ongoing for 30 years and

several research groups were involved, the underlying mechanism is still not completely understood

on the molecular level and is, therefore, still a matter of debate. The first systematic investigations of

the phenomenon were carried out by Chance and Patel et al. who studied an early class of soluble,

urethane-based poly(diacetylene)s (Figure 24).154–157
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Figure 24: Soluble, urethane-based diacetylene derivatives that have been heavily investigated in the literature.

This class of poly(diacetylene)s was equipped with carboxyl methyl urethane (CMU) side chains

that were connected via a spacer consisting of n methylene groups and terminated by a butyl (B) ter-

minus and were, thus, named nBCMU. The most prominent derivatives were equipped with three or
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four methylene groups and were referred to as 3BCMU (24) and 4BCMU (25). The polymerization of

the parent diacetylenes was carried out by γ-irradiation, and the resulting soluble polymers P3BCMU

(P24) as well as P4BCMU (P25) were purified by extracting residual monomer. When taken up in

CHCl3, the poly(diacetylene) solutions attained an intense yellow color which changed reversibly to

dark blue when hexane was added. A precipitation of dark blue material occurred when the hex-

ane content was further increased. Such a precipitation did not occur, however, when the blue so-

lutions aged or were subjected to ultracentrifugation. Since the color transitions in these “true” so-

lutions of the polymers were concentration-independent, the involved processes were assigned as a

single-chain phenomenon.154 The corresponding UV spectra showed a shift from the yellow form

with an absorption maximum at 470 nm to another one, exhibiting two absorption maxima at 570

and 620 nm. This process coincided with changes in the IR spectra that could be interpreted in terms

of the formation of hydrogen-bonds in the side chains. Furthermore, the solid state UV spectra of

P24 were comparable to the ones in the blue solutions.157 Accordingly, the authors attributed the

color transitions with conformational changes within the side chains. Thus, the ester and urethane

groups were well-solvated in the yellow CHCl3 solutions, causing a non-planar polymer backbone.

The subsequent addition of the non-solvent hexane led to the formation of hydrogen-bonds which

was accompanied by a planarization of theπ-conjugated backbone. The effective conjugation length,

i. e., the π-conjugated polymer segments in which an electron delocalization over several π-bonds is

possible, was stated to have increased from about seven repeat units in the yellow form to approxi-

mately thirty in the blue state. These values were obtained by using a model that had been developed

for polyenes158 and may, therefore, have given rise to improper results. Also the assumed statistical

bond rotations that determine the effective conjugation length may not be in good agreement to the

restrictions of such rotations found in π-conjugated systems.

In a later study,159 Chance et al. reported very similar results on a simplified urethane-based sys-

tem in which the butyl esters had been replaced by simple phenyl groups (26, 27). In these cases,

the polymers were barely soluble in DMF, and CHCl3 or MeOH acted as the non-solvents. The color

transitions from yellow to blue were found to be analogous to the previous case (Figure 25).

In an effort to corroborate the proposed theory of side-chain-induced variations of the effective

conjugation length, the same authors investigated P24 with Raman spectroscopy.160 They reported a

shift to lower frequencies during the transition from yellow to blue which was interpreted in terms of

an increased effective conjugation length. The rationale is that the vibrational energies of the carbon-

carbon double as well as triple bonds are expected to vary with the conjugation length. In more detail,

an increased delocalization of electrons within the backbone should weaken the C=C and C≡C bonds

causing a decrease in the Raman active vibrational frequencies.
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Figure 25: UV-vis spectra of a poly(diacetylene) formed from 26. The spectra change from the yellow form in

pure DMF to a blue form upon the addition of CHCl3. Image reproduced from [159].

The single-chain model was further supported by the work of the group of Heeger who investi-

gated P25 by quasielastic light scattering techniques.161 They determined the hydrodynamic radius

RH of the polymer in a CHCl3/hexane mixture. With an increasing proportion of hexane, the hydro-

dynamic radius increased abruptly, which led the authors conclude that the initial coil-like structure

was transformed into a rigid rod. The presence of aggregates was excluded by light scattering experi-

ments of the red solutions but the significance of these results remained questionable because the red

form was investigated in solutions that were three orders of magnitude lower concentrated than the

yellow solutions they used as a reference. Likewise, the explanation for the coil structure of the yel-

low form, which was attributed to a butatriene-like π-system that allowed rotations around the single

bonds, was not very convincing. Consequently, Heeger et al. investigated the system further and ob-

served thermochromism in toluene solutions of P25.162 Thus, hot solutions attained a yellow color

which, however, changed to red upon lowering the temperature from 72 to below 55 ◦C. The UV-vis

spectra revealed that the corresponding bathochromic shift that was accompanied by an isosbestic

point (Figure 26) and, thus, led to the conclusion that a single rod-coil transition was responsible for

the phenomenon.
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Figure 26: A series of UV-vis spectra measured at different temperatures from 72 ◦C(solid line) to 56 ◦C(dashed

line) in toluene solution showed a bathochromic shift from 450 (yellow form) to 530 nm (red form) accompa-

nied by an isosbestic point. Image reproduced from [162].

In the light of the new results, the authors revised their previously proposed butatriene hypothe-

sis. Based on calculations and molecular models, an all-cis-configuration of the double bonds in the

polymer backbone was proposed that was stated to be flexible enough to form coils. Consequently,

the low-temperature red phase was assigned to the all-trans configuration.162,163

An opposing theory about the color transitions observed in poly(diacetylene) solutions was pub-

lished by Wegner et al. who proposed a worm-like chain model (Figure 27) for the yellow state and

aggregation phenomena of individual polymer chains leading to microgels or semicrystalline colloids

which then caused the changed absorption behavior in the red or blue state.164

O O SS
O
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O

28

Figure 27: top) Structure of the tosylated monomer used by Wegner et al. bottom Sketch of the worm-like chain

of the poly(diacetylene)s in the yellow state. Image reproduced from [164].
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The basis for their theory were investigations on “PTS-12” (P28), a poly(diacetylene) obtained

from the tosylated monomer 28, and P24 which were studied by UV-vis, resonance Raman, and

13C NMR-spectroscopy. Crystals of P28 were red-purple while orange or yellow colors were observed

when the material was dissolved in DCE or DMF. The corresponding UV-vis spectra exhibited absorp-

tion maxima at 505, 535 as well as 570 nm for the solid state while the solutions only exhibited one

featureless absorption at 470 nm. Upon the addition of polar solvents such as nitrobenzene, small

bathochromic shifts were observed. Light scattering experiments performed at equal and, therefore,

comparable concentrations of P24 in CHCl3 showed a dramatic increase in light scattering intensity

for the blue state compared to the yellow solution. This was interpreted in terms of an aggregation of

the polymers. A rough estimation of the aggregate size hinted at about 150 chains in the case of the

blue form which could, hence, not be regarded as a “true” solution anymore.
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Figure 28: top) Chiral monomers used by Ando et al. bottom) CD spectra of the CHCl3/hexane mixture (A) as

well as the pure yellow CHCl3 solution before filtration showed distorted CD spectra due to a CIDS effect. Image

reproduced from [165].

The worm-like chain model was supported by Ando an coworkers who equipped BCMU deriva-

tives (29) with chiral end groups and investigated their system with CD spectroscopy.165 After dissolv-

ing the polymers in CHCl3, the expected yellow solutions were obtained. However, the CD spectra

suffered from a pronounced circular intensity differential scattering (CIDS) effect that occurs when

aggregates with sizes on the order of the wavelength of the incident light are present.166 Thus, the

solutions were filtered and neither a CIDS effect nor real circular dichroism was detectable in the

range from 340-720 nm which was interpreted in terms of a random conformation of the polymer

chains in the yellow solution. Upon the addition of hexane, the expected color change was induced,
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accompanied by the reccurrence of an intense CD signal without CIDS effect indicative of a helical

conformation of the polymers in the red state. Moreover, films of two enantiomeric derivatives cast

from CHCl3 onto glass slides led to either a positive or a negative Cotton effect. Because the signals

had a bisignate character indicative of an exciton coupling, the formation of aggregates of polymer

backbones allowing for a spectroscopic interaction was proposed.
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Figure 29: top) Chiral monomers investigated by Hanks et al. bottom left) UV-vis spectra in mixtures of CHCl3

and hexane at ratios of (1) 1:0, (2) 2:1, (3) 1:1, (4) 1:2 and (5) 1:10; bottom right) CD spectra of the same solutions.

Images reproduced from [167].

Recently, Hanks et al. investigated new poly(diacetylene)s obtained from monomers 30 that were

related to P24. The authors did not observe any CIDS effects when measuring CD spectra of polymers

featuring chiral side chains.167 Thus, they interpreted their observed solvatochromism in terms of

a single-chain phenomenon although the polymer backbone gave rise to a clear bisignate Cotton

effect (Figure 29) in the red form and a precipitation after the addition of too much non-solvent was

observed. This may, hence, be better interpreted as an aggregation of polymer chains already in the

red form instead of conformational changes of well-dissolved, individual chains.

An interesting thermo- as well as solvatochromism of urea-based poly(diacetylene)s (P31-33) in

organogels has been reported recently by Moreau et al.168 When the polymerized gels were drop-

cast on quarz plates and heated, a color change from blue to red occurred via an intermediate pur-

ple state. During the blue-to-purple transition which was also followed by IR spectroscopy, no sig-

nificant changes in hydrogen-bonding pattern was observed. The subsequent purple-to-red transi-

tion was found to be reversible, which led the authors to propose the following model for the ther-

mochromism. The original blue form that was formed upon irradiation represented a kinetically
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Figure 30: A) Urea-based diacetylene monomers prepared by Moreau et al. and; B) the organogelators investi-

gated by Fujita et al.

trapped, strained form of the polymer which was released upon heating the sample to 40 ◦C, accom-

panied by the color transition to purple. Further heating to higher temperatures induced thermal

motions in the side chains and, therefore, torsions in the backbone, giving rise to a change to a red

color. Thus, the authors considered a single-chain model. One has to state though, that all presented

UV spectra probably showed mixtures of several poly(diacetylene) species and, consequently, the in-

terpretations of the authors should be considered with care.

A

B

Figure 31: A) UV spectra of irradiated gels formed by 34a-f exhibiting an odd or even number of methylene

groups show distinctly different absorption maxima; B) Alternating red and blue gels were obtained from com-

pounds 34a-f. Images reproduced from [169].

Most recently, Fujita et al. investigated amide based organo-gelators (34) exhibiting a variable

number of methylene groups between the polymer backbone and the amide function.169 They ob-

served a clear odd-even effect, i. e., the irradiation of derivatives having an odd number of methy-

lene groups in the spacer yielded red gels while the others attained a blue color upon irradiation

(Figure 31). Molecular models showed that derivatives having an odd number of methylene groups in

the spacer supposedly led to a “more strained” conformation of the polymer backbones and, thus, to

a shorter effective conjugation length as compared to molecules with an even number of methylene

groups. Possible aggregation phenomena were, unfortunately, neither investigated nor discussed.
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Figure 32: Plot of measured model compounds by Giesa et al. (•) into the plot of calculated optical transition

energies E of several polyenes (�), polyynes (◦) and polyeneynes (�) against the number of conjugated multiple

bonds N published by Wegner. Image reproduced from [170].

Aiming at a clarification of the origin of the color transitions found for poly(diacetylene)s on a

molecular level, Giesa and coworkers prepared monodisperse unsubstituted, alternating trans-enyne

oligomers that served as model compounds for the poly(diacetylene) backbone.170 The obtained UV-

vis absorption maxima of the different compounds were plotted against the number of conjugated

multiple bonds in analogy to a graph previously published by Wegner.164 The authors found a good

linear relation between the transition energies and the reciprocal number of π-conjugated double

bonds, although the slope differed from the plots obtained before (Figure 32). They concluded that

the often assumed comparability of poly(ene)s and poly(diacetylene)s is not generally applicable.

Furthermore, they were able to extrapolate the maximum absorption wavelength for an infinitely

large effective conjugation length to be 551 nm. Thus, this value can be regarded as the ultimate

limit of absorption energy for a single infinite polymer segment. All observed absorptions beyond

that wavelength can, consequently, not be attributed to an increased effective conjugation alone.

The authors came to the final conclusion that a single chain phenomenon as proposed by Chance,

Heeger et al. can be considered as partially invalidated and that contributions from an aggregation of

polymer chains as proposed by Wegner et al. will always be superimposed.

1.3.4 Toward Hierarchically Structured Poly(diacetylene)s

The above examples from a variety of research areas serve to show that a combination of the topo-

chemical diacetylene polymerization as a means of covalent capture and the supramolecular self-
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assembly of oligopeptide-polymer conjugates may be a perfect match. The self-assembly of the

oligopeptide-polymer conjugates may give rise to well-defined hierarchical structures based on the

formation of β-sheets. The internal structure of these β-sheets, at the same time, establishes an

intra-strand distance between adjacent oligopeptides just appropriate for the topochemical poly-

merization. The latter, on the other hand, is an initiator-free, highly selective polymerization fur-

nishing π-conjugated polymers, which would, supposedly, only marginally interfere with the self-

assembly. Based on the combination of these two concepts, the novel “self-assemble, then polymer-

ize” approach is to be developed in the present thesis.
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2 Outline

A new concept aimed at the preparation of hierarchically structured poly(diacetylene)s that can

be paraphrased as “self-assemble, then polymerize” is going to be developed in the present thesis.

The strategy is based on a combination of the supramolecular self-assembly of β-sheet-forming

oligopeptide-polymer conjugates and the topochemical diacetylene polymerization which furnishes

well-defined π-conjugated polymers. For this purpose, the following specific goals will have to be

achieved:

• A modular synthetic approach for the preparation of an oligopeptide-polymer conjugate

equipped with a suitable polymer segment, a short oligopeptide sequence aiming at the forma-

tion of parallel β-sheets, a diacetylene functionality, and a functional end group will be elabo-

rated.

• The secondary structure formation of the obtained macromonomers in organic solution is go-

ing to be investigated predominantly by solution phase IR spectroscopy, whereas the higher

structure formation will be studied mainly by scanning force microscopy (SFM).

• In case of a successful self-assembly, the different macromonomers will be subjected to UV-

irradiation in organic solution in order to initiate the topochemical diacetylene polymerization

which will be followed by UV-vis spectroscopy.

• The potential formation of hierarchically structured poly(diacetylene)s will be elucidated by

means of CD spectroscopy and with imaging techniques such as SFM.

• If the topochemical reaction of the diacetylene macromonomers is successful, the scope of

the concept may be extended toward oligo(ethynylene)s as molecular precursors for multiple-

stranded π-conjugated polymers (“graphite ribbons”).
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3 Results and Discussion

3.1 Synthesis

3.1.1 Molecular Design and Synthetic Strategy

Based on the above described findings concerning the supramolecular self-organization of oligo-

peptides and their polymer conjugates (Section 1.2) as well as the topochemical diacetylene poly-

merization using self-assembled scaffolds (1.3.2), we have chosen the following molecular design for

our own investigations (Figure 33).

• A short oligo(L-alanine) segment is envisioned to induce self-assembly in solution via the for-

mation of β-sheets.

• A hydrophobic, flexible polymer segment is needed to provide good solubility in organic sol-

vents and prevent the formation of higher aggregates or even insoluble material resulting from

a stacking of the β-sheets.

• The diacetylene is to be incorporated directly into the β-sheet array connected via a short flex-

ible linker.

• An end group serves to introduce additional hydrogen-bonding sites and/or chemical func-

tionality.

We have chosen an oligo-L-alanine sequence since such structures have a high propensity to form

β-sheet type secondary structures. Aiming at a self-assembly in organic media, a short sequence of

four L-alanines was considered adequate given the observed successful β-sheet formation of PEO-

functionalized oligopeptides reported by Mutter et al. which started at the pentapeptide level already

even in aqueous solution.171 We chose hydrogenated poly(isoprene) as the polymer segment be-

cause of the ease of its preparation and end functionalization as well as its inherent non-uniformity

in chain length and constitution. The latter reduces the glass-transition temperature of the mate-

rial which serves to prevent a crystallization of the side-chains and, hence, a global ordering of the

macromonomers in solution. The diacetylene moiety was envisioned to be connected directly into
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Figure 33: Generally, two different synthetic pathways were considered possible. top: The convergent synthesis

makes use of only two coupling reactions, i. e., the attachment of the oligopeptide to the polymer followed by

the connection of a prefabricated diacetylene building block. bottom: In the divergent pathway, all building

blocks are connected sequentially.

the oligopeptide only separated by a short flexible linker that allowed for the adjustment of the re-

quired inclination angle before the polymerization and to accommodate minor changes of the ge-

ometry during this process. Finally, an end group was incorporated to control the parallel β-sheet

formation as outlined in Section 1.2.4 as well as to potentially introduce additional chemical func-

tionality.

The preparation of the macromonomers can be carried out by a completely sequential, i. e., diver-

gent synthesis (Figure 33 bottom). Such a strategy would, however, include many reactions diminish-

ing the overall yield. A completely convergent synthesis may be disadvantageous as well due to con-

ceivable solubility issues of the pure oligopeptide building blocks that would potentially be needed.

Thus, a compromise (Figure 33 top) is considered as the best synthetic strategy in which parts of the

oligopeptide sequence are connected to the solubility-conveying polymer segment first, while a pre-

fabricated diacetylene building block carrying the end group as well as the linker are attached in the

final step.

3.1.2 Oligopeptide Building Blocks

The oligo(L-alanine) building blocks were prepared by standard solution phase peptide coupling

procedures which made use of N-(9-fluorenylmethyloxycarbonyl) (Fmoc) and tert-butyl esters as

an orthogonal pair of protecting groups for the amine and carboxylic acid functionality respec-
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tively. (Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) or a com-

bination of 1-hydroxybenzotriazole (HOBt) and 1-ethyl-3-(3-dimethyl-aminopropyl)carbodiimide

hydrochloride (EDCI) were used as peptide coupling promoters (Scheme 2). Thus, N-(9-

fluorenylmethyloxycarbonyl)-L-alanine was coupled to L-alanine tert-butyl ester hydrochloride in a

PyBOP-promoted peptide coupling reaction to yield N-(9-fluorenylmethyloxycarbonyl)-L-alanyl-L-

alanine tert-butyl ester 35 in 89% on a 10 g scale after purification by column chromatography. In

order to cleave the tert-butyl ester, the compound was treated with trifluoroacetic acid (TFA) in DCM.

A report172 claiming that the addition of triethylsilane would be advantageous in these kinds of TFA

promoted tert-butyl ester deprotections could not be verified and was, hence, not applied. After re-

moval of the solvents in high vacuum (HV) and a recrystallization from DCM, 36 was obtained in 90%

yield.
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Scheme 2: Synthesis of di-, and trimeric alanine building blocks. Reagents and Conditions: a) PyBOP, DIEA,

DCM/DMF, r.t.; b) trifluoroacetic acid, DCM; c) piperidine, chloroform.

The preparation of tripeptide building blocks required the removal of one of the orthogonal pro-

tecting groups. It was found to be advantageous to cleave the base-labile Fmoc group of 35 and

subsequently attach an other Fmoc-protected L-alanine because the involved building blocks were

significantly less expensive. For this purpose, 35 was treated with piperidine in CHCl3 according

to a standard protocol in solution phase peptide chemistry. Typically, the reaction mixture was
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stirred over night, the solvents were removed in vacuo, and a purification by column chromatography

gave rise to pure 37 in a yield of 84%. In contrast to reports in the literature,173 the use of 4-

(aminomethyl)piperidine as the base did not lead to a complete precipitation of the vinylidene

fluorene-adduct formed as a side product, making a subsequent chromatographic step still necessary.

Therefore, we continued to use the much cheaper piperidine in all following steps. Subsequently, 37

was coupled to N-(9-fluorenylmethyloxycarbonyl)-L-alanine using, again, PyBOP as the promoter.

The alanine-trimer 38 was obtained by recrystallization from DCM in 80% yield. The tert-butyl ester

was then cleaved by TFA to obtain the desired building block 39 in 99% yield.

This set of oligopeptide building blocks enabled a flexible synthetic strategy for the subsequent

preparation of the oligopeptide-polymer conjugate.

3.1.3 Oligopeptide-Polymer Conjugate Building Blocks

The polymer of choice was poly(isoprene) since it is rather easily accessible via a living anionic

polymerization protocol. Thus, the average degree of polymerization Pn can be adjusted by the

monomer/initiator ratio, the molecular weight distribution is expected to be narrow, and the intro-

duction of an end group can be controlled. Poly(isoprene) is also non-uniform with regard to the

constitution of its repeat units due to the competing 1,2- and 1,4-addition reactions during the poly-

merization. As a consequence, the obtained hydrophobic polymer is absolutely unable to crystallize,

giving rise to a good solubility and favorable effects during the self-assembly of the system. Prefer-

able functional end groups for the subsequent connection to an oligopeptide segment are carboxylic

acid or amine functions. Preliminary investigations174 had shown that a carboxylic acid end group

can be introduced by quenching the living chain ends with dry ice (Scheme 3A). Although that pro-

cedure worked acceptably well, the contamination of the system with water due to the condensation

of moisture onto the cold dry ice could not be completely avoided. As a consequence, a rather large

amount of unfunctionalized material was obtained. To circumvent this issue, benzyl chloroformate

was used as the quencher to introduce the carboxylic acid in the form of its benzyl ester (Scheme 3B).

Because the obtained mass spectra of the product were hard to interpret, we were not able to ex-

clude that a double or even threefold addition of chain ends to the carbonyl group had occurred and

we, therefore, abandoned this methodology. These setbacks were overcome by the introduction of

an amine functionality that additionally allowed for the connection of the oligopeptide from the N-

terminus which is the standard procedure in the solid phase synthesis of oligopeptides. The required

building blocks are generally cheaper, and the chemistry involved has been extensively documented

in the literature. Thus, the polymerization reaction was quenched with 1-(3-bromopropyl)-2,2,5,5-

tetramethyl-1-aza-2,5-disilacyclopentane (Scheme 3C). The silyl protecting group was subsequently
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removed in situ by the addition of aqueous HCl. Attempts to replace this rather expensive reagent

by N-(3-bromopropyl)phthalimide (Scheme 3D) failed, most likely due to side reactions of the living

anionic chain ends with the imide functionality. This was indicated by an intensification of the reac-

tion color to orange after the quencher had been added to the reaction, although a quick decoloration

caused by the deactivation of the living chain ends had been anticipated.
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Scheme 3: Synthesis of differently end-functionalized polymer coil segments. The introduction of a car-

boxylic acid is possible by quenching the reaction with dry ice. However, an amine functionality is better from

a synthetic as well as a strategic perspective and can be achieved by the use of 1-(3-bromopropyl)-2,2,5,5-

tetramethyl-1-aza-2,5-disilacyclopentane as the quenching reagent which furnished 40 in 69% yield.

In more detail, the amine-terminated poly(isoprene) 40 was prepared by a living anionic poly-

merization of isoprene initiated with n-butyl lithium in THF starting at −78 ◦C and warming to 0 ◦C,

followed by a quenching with the silyl-protected 3-bromo-propylamine derivative. The degree of

polymerization was controlled by the monomer/initiator ratio which was typically chosen to be 9:1

leading to an average degree of polymerization Pn ≈ 9–10. A ratio of 1,4- to 1,2-addition of approx-

imately 1:4 (according to 1H NMR spectroscopy) was usually observed under the chosen conditions

(Figure 34A). Hydrochloric acid was added to remove the protecting group, and the desired product

was obtained after a basic aqueous workup followed by column chromatography to remove minor

amounts of unfunctionalized material in yields of up to 69% on a 20 g scale.

In order to avoid side reactions in subsequent transformations, the remaining double bonds were

removed by a high pressure hydrogenation of 40 in toluene/ethanol (75:5 v/v) solution (Scheme 4).

Palladium on charcoal was added as the catalyst, and a H2 pressure of 100 bar was applied. Depending

on the catalyst quality, the reaction was complete after 3–10 days. The purification of the material was

achieved by filtering the mixture through a layer of Celite covered with a second layer of activated
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Scheme 4: Removal of the olefins from 40 by high pressure hydrogenation. Reagents and Conditions: 8 mol%

Pd/C, 100 bar H2, 80 ◦C, toluene/EtOH, 3–10 days.

carbon in a glass filter frit. This plug was rinsed carefully with dichloromethane (DCM), which is a

much better solvent for the poly(isoprene) as compared to toluene. After removal of the solvents,

nearly quantitative amounts of 41 were obtained. It was found that the double bonds resulting from

the 1,4-addition were easily removed under the chosen conditions whereas it was difficult to entirely

hydrogenate the terminal olefins originating from the 1,2-additions. Therefore, a small amount (<1%)

of olefins typically remained in the polymers and gave rise to a signal in the 1H NMR at a value of 4.6-

4.8 ppm (Figure 34B).
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Figure 34: A) The relative intensities of the different olefin signals in the 1H NMR allowed for an estimation of

the ratio of 1,2- and 1,4-addition reactions during the formation of the polymer, B) these signals nearly com-

pletely disappeared after the hydrogenation, indicating that only a minor amount of terminal olefins was left.

The oligopeptide sequence was introduced by peptide coupling reactions between

different amino acid or oligopeptide building blocks and 41 (Scheme 5). Thus, N-(9-

fluorenylmethyloxycarbonyl)-L-alanine was attached to the polymer segment by an EDCI/HOBt-

promoted peptide coupling reaction. An optimized protocol previously developed in the Schlüter

group was applied.175 Thus, the transformation of the carboxylic acid to the active ester interme-

diate was started by the addition of HOBt followed by the highly reactive EDCI at low temperature

(−25 ◦C) in a mixture of dimethylformamide (DMF) and DCM. The mixture was allowed to reach

room temperature while the reaction was monitored by thin layer chromatography (TLC). Upon
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completion of the reaction, the solution was combined with a DCM solution containing the amine

component and diisopropylethylamine (DIEA) at −40 ◦C. Depending on the quality of the starting

materials, this protocol furnished yields ranging from 80% to 100% after an acidic aqueous workup.

Therefore, the Fmoc-L-alanine functionalized polymer coil segment 42 typically did not require any

further purification by column chromatography since the reaction could be driven to quantitative

conversion by using a small excess of the amino acid derivative.
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Scheme 5: The synthesis of the oligopeptide functionalized polymer coil intermediates was achieved by so-

lution phase peptide synthesis. Reagents and Conditions: a) N-(9-fluorenylmethyloxycarbonyl)-L-alanine,

EDCI/HOBt, TEA, DCM/DMF, −40 ◦C −→ r.t.; b) piperidine, chloroform; c) Fmoc-Ala2-OH, PyBOP, DIEA,

DCM/DMF, r.t.; d) Fmoc-Ala3-OH, PyBOP, DIEA, DCM/DMF, r.t.

The base-labile Fmoc protecting group was then removed by treating 42 with piperidine in CHCl3,

and a purification by column chromatography gave rise to pure 43 in yields of 75 to 80%. Subse-

quently, 43 was subjected to a PyBOP-promoted peptide coupling with 36 to give 44 in 85% yield

after column chromatography. This coupling protocol was chosen because the EDCI couplings re-

quire a tedious preparation of the synthesis due to the elaborate temperature protocol, whereas a

simple aqueous workup is sufficient afterwards. The PyBOP couplings, on the other hand, are very

convenient in terms of the ease of the protocol and a less pronounced sensitivity against water in

the reaction mixture. However, a purification by column chromatography is almost always neces-

sary which is exacerbated by the often difficult removal of the phosphorous-containing side product.

The use of PyBOP was possible in this case because the Fmoc-protected oligopeptide functionalized

hydrogenated poly(isoprene) derivatives had Rf values as high as 0.9 in DCM/MeOH (10:1) mixtures

compared to values of Rf 0.3 found for the PyBOP side products. Again, the Fmoc-group was removed

by treatment with piperidine to give the intermediate 45 in 75% yield after purification by column

chromatography. This synthetic strategy worked out acceptably well with an overall yield of 48% over
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four steps with respect to the initially used amount of polymer coil. However, a reduction of the num-

ber of synthetic steps was still desirable. For this purpose, the trimeric building block 39 was reacted

directly with the amine terminated, hydrogenated poly(isoprene) 41 in a PyBOP-promoted peptide

coupling reaction. As expected, the solubility of the in situ formed active ester turned out to be an

issue. Thus, the reaction mixture needed to contain a higher DMF content to avoid its precipita-

tion during the reaction. The yield of the reaction was 85% after purification, just as in the case of

the dipeptide building block. However, the overall yield after the final removal of the Fmoc group

from 44 could be increased from 48% to 64% due to the shorter reaction sequence. Additionally, the

time needed to prepare the crucial intermediate 45 could be reduced to three days, because all other

building blocks were easily prepared on a large scale and were, thus, available at all times.

3.1.4 Characterization of the Oligopeptide-Polymer Conjugates

The oligopeptide-polymer conjugates described so far were characterized by 1H NMR, matrix assisted

laser desorption ionization - time of flight (MALDI-TOF) mass spectrometry and elemental analysis.
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Figure 35: Representative MALDI-TOF MS spectra of A) 41 and B) 44 showing series of molecular ion peaks

separated by the mass of the repeat unit (C5H10). A second and a third series tended to appear in some spectra

which were caused by sodium or potassium adducts. The maximum of intensity was found at Pn = 9, and the

distribution appeared to be narrow. Both properties were not affected by the involved synthesis and purifica-

tion steps involved.

Attempts to determine the molecular weights by means of gel permeation chromatography (GPC)

were hampered by the fact that all compounds featuring a free amine functionality were not eluted

at all. In case of the Fmoc-protected derivatives, the GPC traces were nearly indistinguishable due to
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the low molecular weights that were close to the calibration limit of the GPC instrument used in our

group and the small relative molecular weight difference. The determination of the molecular weight

distribution was, nevertheless, possible by MALDI-TOF MS in combination with the Polytool® soft-

ware by Bruker (Figure 35). It turned out to be problematic to obtain good spectra from the amine-

terminated poly(isoprene) 40 as well as the alanine-substituted derivative 43 because these com-

pounds could only hardly be ionized by the matrix. However, electrospray ionization (ESI) spectra

confirmed that also these compounds had the expected average molecular weights. Unfortunately,

no complete molecular weight analysis was possible with spectra measured on the ESI spectrometer

due to software limitations.

Table 3.1: Molecular weight determination of the poly(isoprene) building blocks.

Compound Calculateda 1H NMRb MALDI MS

Mn Mn (Pn) Mp (Pp)c Mn (Pn)d PDId

40 728 1244 (16.6) 728 (9) n.d. n.d.

41 746 1070 (13.7) 747 (9) 760 (9.1) 1.016

42 1040 1200 (11.3) 1063 (9) 1100 (9.5) 1.012

43 818 870 (9.8) 818 (9) n.d. n.d.

44 1182 1370 (11.7) 1204 (9) 1220 (9.2) 1.007

45 960 1220 (12.7) 1053 (10) 1060 (10.1) 1.010

aCalculated molecular weights assuming that the poly(isoprene) segments had an average degree of poly-

merization of Pn = 9, according to the monomer/initiator ratio [isoprene]/[BuLi] = 9 employed in the initial

anionic isoprene polymerization. bAverage molecular weight determined by comparison of the intensities of

the CH2NHR proton signals vs. the aliphatic poly(isoprene) proton signals. c ([M+H]+) for 41, ([M+Na]+) for 42,

44 and 45. d Number average molecular weight Mn and polydispersity index PDI as calculated with the Polytool

software package by Bruker.

The maximum degree of polymerization was found to be between Pn = 9-10, and the molecular

weight distribution was very narrow with typical polydispersity index (PDI) values of around 1.01.

Although one has to admit that this method underestimates the polydispersity but the trend towards

smaller PDIs with an increasing weight of the monodisperse segment in the molecule could clearly

be extracted from the molecular weight data (Table 3.1).
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3.1.5 Diacetylene Building Blocks

We decided to synthesize the diacetylene building blocks in Sonogashira176 and Hay177 type acetylene

coupling reactions, since the mild conditions are compatible with various functional groups. There-

fore, terminal acetylenes comprising a carbamate linker as well as haloacetylenes bearing various end

groups were prepared (Scheme 6).
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Scheme 6: Overview of the different functionalized diacetylene building blocks obtained in acetylene homo-

and heterocoupling reactions.

3.1.5.1 Synthesis of Propargyl Carbamates

The synthesis of the terminal acetylene unit started with the preparation of the propargyl carbamate

46 by reaction of L-alanine tert-butyl ester hydrochloride with propargyl chloroformate according

to a literature procedure (Scheme 7).178 The amine-component was dissolved in a mixture of DCM

and triethylamine (TEA). A small excess of the chloroformate was then added slowly at 0 ◦C, and the

reaction progress was monitored by TLC. Upon completion, the triethylamine hydrochloride was re-

moved by an acidic aqueous workup, and no further purification of the product 46 was required after

removal of the solvent in vacuo. In order to cleave the tert-butyl ester, 46 was treated with TFA in

DCM. The corresponding carboxylic acid derivative 47 was obtained in quantitative yield after con-

centrating the reaction mixture at the rotary evaporator.

It is possible to obtain this building block directly by a treatment of L-alanine with propargyl chlo-

roformate in aqueous NaOH solution.178 However, only relatively poor yields were obtained so that
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Scheme 7: Synthesis of propargyl carbamates 46 and 47 for the introduction of a carbamate linker between the

oligopeptide and the diacetylene. Reagents and Conditions: a) TEA, DCM, 0 ◦C; b) TFA, DCM.

this procedure was not pursued any further and the more expensive alanine tert-butyl ester deriva-

tive was used for the preparation of the terminal acetylene derivative in the subsequent acetylene

coupling reactions.

3.1.5.2 Synthesis of Haloacetylene Derivatives

A variety of haloacetylene derivatives bearing different end groups was prepared. We decided to use

iodinated derivatives due to their high reactivity in the Sonogashira reaction.179 The direct iodination

of propargylamine failed, most likely due to a halogenation of the unprotected amine functionality.174

Instead, the hydrochloride salt of the iodinated propargylamine 49 was obtained in a simple one-pot

procedure from commercially available propargyl bromide by adapting a previously published proce-

dure for the preparation of other propargyl and vinyl compounds carrying silylated amine function-

alities (Scheme 8).180 Thus, propargyl bromide was added to a solution of 2 equivalents of lithium

hexamethyldisilazide (LHMDS) in Et2O at −78 ◦C. After warming to room temperature, I2 was added

at −78 ◦C. An aqueous workup and the removal of excess hexamethyldisilazane (HMDS) by distilla-

tion afforded the crude silylated iodopropargylamine 48 which was subjected to alcoholysis in freshly

prepared anhydrous HCl in a mixture of MeOH and DCM (1:1) without further purification. The hy-

drochloride salt precipitated immediately and could be easily filtered off to obtain 49 in 64% yield on

a multiple gram scale.

I
NH3ClBr

b)

64%N(TMS)2

I
a)

48 49

Scheme 8: Synthesis of the iodoacetylene building block 49. Reagents and Conditions: a) 2 eq LHMDS, 2. I2,

Et2O, −78 ◦C −→ r.t.; b) HCl in MeOH/DCM.

This building block allowed for the facile synthesis of a variety of amide, carbamate and sul-

fonamide containing derivatives (Scheme 9). For instance, the treatment of 49 with a large excess

of acetic anhydride in TEA basic DCM furnished the acetylated derivative 50 after basic aqueous

workup and column chromatography in 57% yield (Scheme 9A). Furthermore, the iodopropargy-

lamine derivative 49 was treated with methyl succinyl chloride in DCM at 0 ◦C using DIEA as the
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base (Scheme 9B). The latter was used because it forms a DCM-soluble hydrochloride while the TEA

adduct sometimes tends to form gels at low temperature. After the slow addition of the acid chlo-

ride, the reaction was stirred until TLC indicated a complete conversion of the starting materials.

After removal of the base by an acidic aqueous workup, the product 51 was obtained by column

chromatography in 73% yield. Some product may have been lost in the aqueous phase but the main

reason for this comparably low yield was the low purity of the commercially obtained acid chloride.

In an analogous reaction, the Fmoc-protected building block 52 was prepared (Scheme 9C). Thus, 49

was treated with 9-fluorenylmethyloxycarbonyl chloride in DCM under basic conditions at 0 ◦C. The

product precipitated in the separating funnel during an attempted aqueous workup due to the partial

removal of the base from the organic phase. Thus, the material was directly recrystallized from DCM

in later reactions to obtain the desired product in 76% yield. Additionally, a sulfonamide derivative

53 was prepared by treating 49 with N-5-dimethylamino-1-naphthalenesulfonyl chloride again in

DIEA basic DCM (Scheme 9D). According to TLC, several side products formed during the synthesis.

Therefore, the product was purified by column chromatography, and only 57% of the pure product

were obtained.
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Scheme 9: Preparation of various iodoacetylene derivatives from 49. Reagents and Conditions: a) acetic anhy-

dride, TEA, DCM; b) methyl succinyl chloride, DCM, DIEA, 0 ◦C; c) Fmoc-chloride, DCM, DIEA, 0 ◦C; d) Dansyl-

chloride, DCM, DIEA, 0 ◦C; e) 6-hydroxynicotinic acid, PyBOP, DCM, DMF, DIEA; f ) N-Acetyl-L-alanine, PyBOP,

DCM, DMF, DIEA, 0 ◦C; g) N-(9-fluorenylmethyloxycarbonyl)-L-alanine, PyBOP, DCM, DMF, DIEA, 0 ◦C; h) N-

(9-fluorenylmethyloxycarbonyl)-glycine, PyBOP, DCM, DMF, DIEA, 0 ◦C.
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Derivative 49 was also used in standard peptide coupling reactions with carboxylic acid deriva-

tives. One such attempt was carried out with 6-hydroxynicotinic acid. However, the reaction failed

due to the complete insolubility of the starting material even in hot DMF so that the nicotinic acid

derivative 54 was not obtained (Scheme 9E). Reactions using commercially available amino acid

derivatives such as N-acetyl-L-alanine worked much better (Scheme 9F). Thus, the corresponding

iodoacetylene derivative 55 was prepared by a PyBOP promoted peptide coupling and was obtained

after an aqueous workup and column chromatography in 76% yield. Similarly, the Fmoc-protected

derivatives 56 and 57 were prepared (Scheme 9G,H). Both derivatives were obtained in PyBOP

promoted peptide couplings between 49 and Fmoc-protected amino acid building blocks N-(9-

fluorenylmethyloxycarbonyl)-L-alanine and N-(9-fluorenylmethyloxycarbonyl)-glycine, respectively.

The alanine derivative was obtained in 74% yield after recrystallization from DCM, whereas the

glycine compound gave a yield of 81%.

Further iodoacetylene building blocks were prepared that were derivatives of propargyl alcohol

(Scheme 10A). The latter was, therefore, directly iodinated according to a protocol developed in our

group,181 which involved a treatment with KOH in methanolic solution followed by the addition of I2.

The iodinated product 58 was obtained in 83% yield on a 40 g scale after extraction of the neutralized

reaction mixture with Et2O. This derivative turned out to be tremendously irritant to the skin and,

thus, the exposure of tiniest amounts already led to first itchy and later hurting wounds on the hands

and, therefore, a very careful handling of the substance was essential.
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Scheme 10: Synthesis of the iodinated propargyl alcohol 58 as well as the tetraethylene glycol functionalized

building block 60. Reagents and Conditions: a) 1. KOH (4 eq), I2, MeOH, r.t., 16 h; 2. HCl, Et2O extraction; b)

tetraethyleneglycol monomethyl ether, NaH, THF, 0 ◦C, 16 h; c) 1. KOH (4 eq), I2, MeOH, r.t., 16 h; 2. HCl, CHCl3

extraction.

A related building block, i. e., an iodoacetylene that was equipped with a tetra(ethylene glycol)

chain, was also prepared (Scheme 10B). Thus, tetra(ethylene glycol) monomethyl ether was subjected

to a Williamson etherification reaction with propargyl bromide using NaH as the base. The propargyl

ether 59 was obtained in 93% yield and iodinated under the same conditions as in the case of 58 to

give 60 in 70% yield after column chromatography.
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Additionally, a TMS terminated building block 61 was prepared starting from trimethylsilylacety-

lene (Scheme 11). Although this compound is commercially available, we prepared it by ourselves

because of its enormous price. It was obtained by treating TMS-acetylene with n-butyl lithium at low

temperature followed by quenching of the anion with elemental I2. The pure material was obtained

in 80% yield after a distillation at reduced pressure.

TMS I TMS
a)

80% 61

Scheme 11: Synthesis of building block 61 exhibiting a trimethylsilyl group. Reagents and Conditions: a) 1.

n-butyl lithium, THF, −78 ◦C−→ 0 ◦C; 2. I2, −78 ◦C −→ r.t., 16 h, distillation.

Finally, we prepared a different class of haloacetylenes that were equipped with a carbonyl group

in direct conjugation to the triple bond (Scheme 12). Starting from propiolic acid methyl ester, the

corresponding iodoacetylene 62 was prepared according to a procedure published for the iodina-

tion of another base-labile terminal acetylene (Scheme 12A).182 Thus, propiolic acid methyl ester was

treated with N-iodosuccinimide (NIS) in acetone catalyzed by AgNO3. After completion of the reac-

tion, ice was added to the reaction mixture. The latter was then extracted with Et2O, and the obtained

material was further purified by sublimation under high vacuum to obtain 62 in 80% yield.
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Scheme 12: Synthesis of the halogenated propiolic acid derivatives 62, 63 and 64. Reagents and Conditions:

a) AgNO3, NIS, acetone, 2.5 h, r.t., sublimation; b) aqueous KOH, I2, 0 ◦C, 30 min; c) aqueous KOH, Br2, 0 ◦C,

30 min.

A procedure for the chlorination and bromination of propiolic acid183 was adapted to the synthe-

sis of an analogous iodinated compound (Scheme 12B). Unfortunately, the attempt failed due to the

very low solubility of I2 in aqueous KOH solution and the associated slow formation of hypoiodite,

the crucial reactant in this transformation. However, the described protocol for the synthesis of the

brominated derivative could be reproduced perfectly. Thus, an aqueous KOH solution was prepared,
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and Br2 was added to form a hypobromite solution. This could easily be followed due to the accompa-

nied decolorization of the reaction mixture. Propiolic acid was then added, and the reaction mixture

was neutralized and extracted with Et2O after a reaction time of 30 min. After recrystallization of the

crude material from hot hexanes, pure 64 was obtained in a yield of 79%. The material was, similar

to the iodinated propargyl alcohol derivative, an outmost aggressive compound. In addition to its es-

charotic properties it was also lachrymatory. These characteristics were described in a very figurative

fashion already in the original literature from 1935.183

With the presented diverse set of haloacetylene compounds a, likewise, extensive collection of

diacetylene derivatives was synthesized as described in the following section.

3.1.5.3 Synthesis of Amino Acid Functionalized Diacetylene Compounds

As illustrated in Scheme 6, we performed acetylene homo- and heterocoupling reactions in order to

obtain the diacetylene derivatives. Starting from 46, we prepared the symmetric diacetylene deriva-

tive 65 (Scheme 13). Thus, 46 was subjected to a homocoupling reaction using the Hay protocol,177

i. e., by using CuCl and tetramethylethylenediamine (TMEDA) as the catalyst system. After bubbling

air through the characteristically green acetone solution for three hours, the catalyst was removed by

filtering the reaction mixture through a plug of silica gel. The oily crude product partially crystallized

in the course of several days giving rise to pure 65 in a yield of 62%. The subsequent removal of both

ester functions with TFA gave the dicarboxylic acid 66 in 99% yield without any problems.
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Scheme 13: Preparation of the symmetric building block 65 under Hay conditions and its conversion to the

dicarboxylic acid derivative 66. Reagents and Conditions: a) TMEDA, CuCl, air, acetone, room temperature; b)

TFA, DCM.

All unsymmetric diacetylenes were prepared using the Sonogashira protocol176 using standard-

ized conditions. Dry THF was used as the solvent, diisopropylamine (DIPA) as the base and a cata-

lyst system of 10 mol% CuI and 2 mol% PdCl2(PPh3)2 at 0 ◦C. Even at that temperature, the reaction

was typically very fast with complete conversions already reached after 30 min according to TLC. The

inevitable formation of the homo- and selfcoupling side products which typically had Rf values sim-

ilar to the starting materials made an unambiguous determination of the completion of the reaction
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difficult. Therefore, the reaction times were usually chosen to exceed 3 h. We typically found that

the oxidative homocoupling of the propargyl carbamate was faster than the selfcoupling of the halo-

genated acetylenes. In order to suppress the former reaction, a reductive N2 atmosphere containing

10% of H2 was applied. However, no substantial improvements could be achieved with that method

and it was not pursued any further. Another alternative to increase the yield of the heterocoupling

product was to use an excess (typically 1.2 eq) of the iodinated compounds. By taking these mea-

sures, the unsymmetric products were formed in acceptable yields between 45 and 61%.
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Scheme 14: Synthesis of the acetamidomethyl-functionalized diacetylene building blocks 67 and 68 and

the formation of homocoupling and selfcoupling side products. Reagents and Conditions: a) PdCl2(PPh3)2

(2 mol%), CuI (10 mol%), DIPA, THF, 0 ◦C; b) trifluoroacetic acid, DCM.

The reaction of acetamidomethyl-functionalized iodoacetylene 50 with terminal acetylene 46

(Scheme 14) was stirred for 3 h until the reaction mixture only contained the desired heterocoupling

product 67 (Rf: 0.5, DCM/MeOH 10:1) and the symmetric side products, i. e., the homocoupling prod-

uct 65 (Rf: 0.8, DCM/MeOH 10:1) as well as the selfcoupling product exhibiting two acetamido groups

(Rf: 0.2, DCM/MeOH 10:1). Thus, a separation by column chromatography was unproblematic and

67 could be isolated in a yield of 56%. Also 65 could be obtained in 16% yield whereas the selfcoupling

product was not isolated. The subsequent removal of the tert-butyl ester with TFA furnished the free

carboxylic acid derivative 68 in quantitative yield. The TFA was carefully removed by repeated co-

evaporation with CHCl3 followed by a rigorous drying in HV.

An analogous reaction was carried out using terminal acetylene 47 which comprised a free car-

boxylic acid function (Scheme 15A). However, no desired product could be isolated which may be

attributed to the presence of the acid functionality that would be deprotonated under the chosen

conditions and may, thus, deactivate the copper catalyst by complex formation.
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Scheme 15: Attempted direct synthesis of diacetylene building blocks exhibiting a free carboxylic acid or amine

function. Reagents and Conditions: a) PdCl2(PPh3)2 (2 mol%), CuI (10 mol%), DIPA, THF, 0 ◦C.

Similarly, a reaction of iodopropargylamine 49 with 46 only yielded a black tar with no hint of

the product 69 (Scheme 15B). The presence of the primary amine may be responsible for that phe-

nomenon as well as the instability of the product. The latter would be in agreement with previous

findings in our group174 where a phthalimide-protected aminomethyl-functionalized diacetylene

derivative could not be deprotected by a simple hydrazinolysis, obviously due to the instability of

the product.
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Scheme 16: Synthesis of the succinic acid methyl ester functionalized diacetylene building blocks 70 and 71.

Reagents and Conditions: a) PdCl2(PPh3)2 (2 mol%), CuI (10 mol%), DIPA, THF, 0 ◦C; b) trifluoroacetic acid,

DCM, r.t.

As a consequence, we only used 46 in the following heterocoupling reactions with the other iod-

inated derivatives. The reaction of the succinyl ester derivative 51 worked comparably well, and the

product 70 was obtained in 55% yield after an acidic aqueous workup followed by a purification by

column chromatography (Scheme 16). The homocoupling product 65 could typically be isolated as

well whereas the selfcoupling product was not isolated since it was the last material to be eluted from

the column and not a useful material. The purification was, nevertheless, tedious in this case because

the Rf value of 70 and the remainders of the palladium catalyst happened to be nearly identical in any

chosen eluent mixture and, therefore, the obtained material tended to be not perfectly pure. It was,

however, possible to purify the material completely after the subsequent tert-butyl ester deprotec-

tion since the obtained carboxylic acid derivative 71 was much more polar and could be separated

by column chromatography if necessary. The yield of the deprotection reaction was usually close to

quantitative.
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Scheme 17: Synthesis of the diacetylene building blocks 72 and 73. The heterocoupling reaction resulted in an

intractable ternary mixture that could only be purified after the TFA deprotection step. Reagents and Condi-

tions: a) PdCl2(PPh3)2 (2 mol%), CuI (10 mol%), DIPA, THF, 0 ◦C; b) trifluoroacetic acid, DCM.

The heterocoupling of derivative 52 turned out to be a complete disaster because all three prod-

ucts were always eluted virtually simultaneously from a silica gel column irrespective of its size or

the solvent system applied. Even solvent mixtures like pentane/Et2O were applied but without re-

sounding success. The removal of the heterocoupling derivative by recrystallization of the ternary

mixture from DCM was the only improvement that could be achieved but the remaining two com-

pounds could not be separated by chromatography. A reasonable way of purification was found to

be possible only after the ester deprotection with TFA since the components of the mixture were dif-

ferently affected by the acid treatment. First, the selfcoupling product featuring two Fmoc groups

did not change at all in polarity (Rf: 0.8, CH2Cl2/MeOH 10:1); secondly, the heterocoupling product

was transformed into the corresponding carboxylic acid derivative 73 (Rf: 0.2, CH2Cl2/MeOH 10:1),

and, finally, the initial homocoupling product exhibited two acid functions after the reaction (Rf: 0,

CH2Cl2/MeOH 10:1). The targeted diacetylene derivative 73 could, therefore, be obtained by column

chromatography in 62% which can be regarded as the lower limit of the yield of the heterocoupling

reaction.
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Scheme 18: Synthesis of diacetylene building blocks 74 and 75. Reagents and Conditions: a) PdCl2(PPh3)2

(2 mol%), CuI (10 mol%), DIPA, THF, 0 ◦C; b) trifluoroacetic acid, DCM.

The reaction towards the diacetylene derivative 74 featuring the Dansyl group was, on the other

hand, successful (Scheme 18), although the heterocoupling product was obtained in a fairly poor

yield of 47%. Also the subsequent ester cleavage worked well and furnished 75 in 90% yield.
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Scheme 19: Synthesis of the diacetylene building blocks 76, 78 and 80 featuring two N–H · · ·O=C hydrogen-

bonds and their conversion into the free carboxylic acid derivatives 77, 79 and 81. Reagents and Conditions: a)

PdCl2(PPh3)2 (2 mol%), CuI (10 mol%), DIPA, THF, 0 ◦C; b) trifluoroacetic acid, DCM.

The heterocoupling reactions between 46 and the iodinated compounds 55, 56 and 57 bearing a

protected amino acid in the end group, were as successful as the previous heterocoupling reactions

(Scheme 19). The initial concerns about the solubility of the reactants turned out to be unsubstan-

tiated since these compounds dissolved quite well in THF. Only the acetylated derivative 55 was not

well soluble and the reactions had to be carried out at higher dilution. The unsymmetric products 76,

78 and 80 were obtained as pure crystalline materials in 51%, 50% and 61% yield, respectively, after

column chromatography. Usually, the homocoupling derivative 65 could also be isolated easily. The

subsequent cleavage of the tert-butyl ester functions worked very well with quantitative yields in the

first two cases and 92% in the reaction of the glycine derivative.

The preparation of the diacetylene compounds that were not based on the propargylamine motif

proceeded with varying success (Scheme 20). While the hydroxymethyl-terminated derivative 82 was

obtained in a yield of 59% with an additional 39% of the homocoupling product 65, the tetra(ethylene

glycol)-functionalized molecule gave the overall lowest yield of only 45% of the heterocoupling prod-

uct 84. This was perhaps due to a fast selfcoupling reaction which produced 39% of the correspond-

ing side product. Also, the purification was difficult since the different molecules were not well-

separable by column chromatography due to their oligo(ethylene glycol) group and, therefore, some

material was lost. The silylated derivative 86, on the other hand, gave the highest yields of 61% in

a smooth reaction that could easily be followed by TLC. In this case, the selfcoupling product, 1,4-

bis(trimethylsilyl)butadiyne, were isolated as well. After a treatment of the heterocoupling products

with TFA, the corresponding carboxylic acid derivatives could be isolated in 92% (83), 99% (85) as well

as in quantitative yield in the case of 87.
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Scheme 20: Synthesis of the hydroxymethyl-, tetra(ethylene glycol)- and TMS-functionalized diacetylene

building blocks 82, 84 and 86 and their conversion into the free carboxylic acid derivatives 83, 85 and 87
respectively. Reagents and Conditions: a) PdCl2(PPh3)2 (2 mol%), CuI (10 mol%), DIPA, THF, 0 ◦C; b) trifluo-

roacetic acid, DCM.
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Scheme 21: Attempted preparation of a terminal diacetylene building block. The reaction failed due to an

unprecedented polymerization of the diacetylene in solution due to the attack of a nucleophile. Reagents and

Conditions: a) TBAF, THF, 0 ◦C.

In order to obtain access to the terminal diacetylene building block 88, an attempt was made to re-

move the silyl protection group from 86. A typical method to remove a TMS function from a terminal

acetylene is the treatment with tetrabutylammonium fluoride (TBAF) at low temperature. Thus, the

TMS-equipped diacetylene derivative 86 was dissolved in THF, and TBAF was added at 0 ◦C. To our

big surprise, the reaction mixture immediately attained a red color that intensified and turned violet

later. After several hours, the reaction mixture turned brown, indicating that the species responsible

for the color had disappeared or decomposed. The 1H NMR of the reaction mixture did not contain

any peaks associated with a silyl group, and it seemed as if we had mainly obtained the desired prod-

uct. However, the latter turned out to be highly unstable and decomposed in very short times to a

brown to black material. A UV spectrum of the violet reaction mixture (Figure 36) was interpreted

in terms of a poly(diacetylene) formation. However, the color disappeared again over time spans of

one to two hours. The result may indicate the unprecedented polymerization of a diacetylene in so-

lution started by the attack of a fluoride as a nucleophile. We investigated some other nucleophiles

like cyanide or methoxy anions but no such reaction occured again. The fact that the polymer was

unstable and that no systematic investigation seemed to be possible within a short time frame made

us postpone a closer examination of this phenomenon.
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Figure 36: The UV spectrum of the reaction mixture of the TBAF deprotection of 86 measured shortly

after the addition of the fluoride salt. The maxima at 517 and 551 nm clearly indicate the formation of a

poly(diacetylene) backbone.

The heterocouplings of the haloacetylenes 64 and 62 with building block 46 failed, yielding an

intractable black tar (Scheme 22) with no hint of the desired products 89 and 90. In the case of the

free carboxylic acid derivative 64, we attributed the result to a possible complexation of the copper

catalyst which we had already encountered in the case of 47 (vide supra). The unsuccessful reaction of

the methyl ester derivative could, however, not be explained along these lines and remained elusive.
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Scheme 22: Attempted synthesis of the CO2H- and CO2Me-terminated diacetylene building blocks 89 and 90
respectively. Reagents and Conditions: a) PdCl2(PPh3)2 (2 mol%), CuI (10 mol%), DIPA, THF, 0 ◦C; b) trifluo-

roacetic acid, DCM.

In summary, the preparation of the diacetylenes worked with varying success. It completely failed

if reagents with free amine or carboxylic acid functions were applied as well as when a carbonyl group

was present in conjugation to the triple bonds. In all other cases, the desired heterocoupling product

could be isolated in acceptable yields between 45% and 61% (Table 3.2) although the separation of

the inevitably formed side products was often an issue. We were, nevertheless, able to prepare a

satisfactory large set of diacetylene building blocks that can be used in the subsequent preparation of

the macromonomers.
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Table 3.2: Summary of isolated yields obtained in the heterocoupling- and ester deprotection reactions.

Isolated yields in %

Iodoacetylene Hetero- Homo- Selfcoupling TFA deprotection

49 – – – –

50 56 16 not isolated 100

51 55 17 not isolated 100

52 ternary mixture 62

53 47 not isolated not isolated 90

55 51 23 not isolated 100

56 50 23 not isolated 100

57 61 not isolated not isolated 92

58 59 39 not isolated 92

60 45 24 39 99

61 61 not isolated 10 100

62 – – – –

64 – – – –

3.1.6 Preparation of the Macromonnomers

3.1.6.1 Divergent Route

Starting from the oligopeptide-polymer conjugate 45 a variety of diacetylene macromonomers were

prepared. We wanted to explore both a divergent as well as a convergent route to optimize the re-

sults. The former started with an EDCI/HOBt-promoted peptide coupling of 47 and 45 (Scheme 23).

After the aqueous workup, the obtained oligopeptide-polymer conjugate 91 was purified by column

chromatography using DCM/MeOH mixtures as the eluent. The purification was hampered by the

strong tendency of 91 to form gels in the solvent, so that the pure product was obtained in only 55%

yield. The formation of the a diacetylene-functionalized macromonomer was completed by a Sono-

gashira type heterocoupling reaction between iodoacetylene 50 and 91. In order to avoid problems

during the purification, a large excess (3.5 equivalents) of the iodinated compound was used to sup-
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press the formation of the homocoupling product. The two starting materials were dissolved in a

mixture of THF and DCM which served to solubilize the oligopeptide-polymer conjugate. The other

parameters, i. e., the use of diisopropylamine as the base, the degassing of the reaction mixture as

well as the amount of used catalysts were equal to the heterocouplings of low molecular weight com-

pounds described above. The reaction was stirred over night since the reaction was carried out at high

dilution due to the gel-forming properties of 91. The solvents were removed, and the crude material

was purified by a tedious procedure of repeated column chromatography runs, since the inevitably

formed low molecular weight selfcoupling side product had an Rf value similar to the macromonomer

92. However, after several purification runs, the 1H NMR showed the expected signal intensities, and

92 was obtained in 64% yield in an almost colorless form. The yield had decreased because the prod-

uct was light-sensitive judged from the red color the sample attained when stored in daylight or in

the bulk. Hence, the supposedly polymeric material was lost in the repeated purification steps.
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Scheme 23: Synthesis of macromonomer 92 by a divergent route. Reagents and Conditions: a) EDCI/HOBt,

TEA, DCM/DMF, −40 ◦C −→ r.t., 16 h. b) 50 (3.5 eq), PdCl2(PPh3)2 (2 mol%), CuI (10 mol%), DIPA, THF, DCM,

16 h, r.t.

In summary, the macromonomers can be prepared by a divergent route. However, the purifica-

tion issues and the low yield over two steps (35%) rendered this strategy unattractive. Furthermore,

the possible impurities, e. g., the low molecular weight selfcoupling product, that could potentially

interfere with the hydrogen-bonding of the oligopeptide segment made us abandon this pathway.

3.1.6.2 Convergent Route

In the convergent route, the macromonomers were completed by a final peptide coupling reaction

starting from 45 and the corresponding prefabricated diacetylene building blocks. Thus, 68 was sub-

jected to an EDCI/HOBt promoted peptide coupling reaction with 45. The active ester intermedi-

ate was prepared at low temperature while the amine component was dissolved in a large amount

of DCM (<10 g L−1) in a separate flask. The two components were combined at −40 ◦C and the re-

action stirred over night. The reaction mixture had a slightly pink to purple color indicating that
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a poly(diacetylene) had partially been formed already during the reaction. The water-soluble side

products from the coupling reagents were removed by an acidic aqueous workup, the solvents were

evaporated, and a reddish colored crude product was obtained. The latter was purified by column

chromatography using a mixture of CHCl3 and MeOH which was found to be a much better eluent

system as compared to DCM-containing mixtures. Consequently, the macromonomer 92 was ob-

tained in a yield of 79%. The material seemed to polymerize in solution upon exposure to daylight

and also in the dark when stored in bulk. Therefore, we stored the material at –25 ◦C in DCM solution

to prevent a premature polymerization of the material.
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Scheme 24: Synthesis of macromonomer 92 by a convergent route. Reagents and Conditions: a) EDCI/HOBt,

TEA, DCM/DMF, −40 ◦C −→ r.t., 16 h.

The obvious superiority of the convergent preparation pathway made us prepare all other

macromonomers according to this strategy. Thus, the succinyl-terminated macromonomer 93 was

obtained by coupling the oligopeptide-polymer conjugate 45 to the corresponding diacetylene build-

ing block 71 using the EDCI/HOBt protocol. The obtained target molecule 93 was very sensitive to

daylight, and the workup had to be carried out as fast as possible, preferably in a dark room. Thus,

an aqueous workup was skipped and the crude material was purified by column chromatography

after a complete removal of DMF and TEA in HV. A solvent mixture of CHCl3/MeOH 24:1 was the best

compromise between a sufficient suppression of the macromonomers’ aggregation and a good chro-

matographic separation. The pure macromonomer 93 was obtained in 66% yield with only minor

losses due to premature polymerization (Scheme 25).
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Scheme 25: A final EDCI/HOBt promoted peptide coupling yielded target molecule 93. Reagents and Condi-

tions: a) EDCI/HOBt, TEA, DCM/DMF, −40 ◦C −→ r.t., 16 h.
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The preparation of the derivatives 94 and 95 was carried out only once in each case due to their

poor polymerizabilities (Chapter 3.4). Macromonomer 94 was prepared from the corresponding

diacetylene compound 73 and oligopeptide-polymer conjugate 45 using the EDCI/HOBt protocol

(Figure 26A). However, an unexpectedly strong tendency of the product to gel the eluent used for

the chromatography required repeated purification runs, reducing the yield to 33%. The Dansyl-

functionalized derivative was obtained in a PyBOP promoted peptide coupling reaction using 45

as well as the diacetylene building block 75. The relatively high Rf value and the missing tendency

of the product to polymerize allowed for a good separation by column chromatography so that

macromonomer 95 was obtained in a yield of 56% (Scheme 26B).
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Scheme 26: Syntheses of target molecules 94 and 95. Reagents and Conditions: a) 73, EDCI/HOBt, TEA,

DCM/DMF, −40 ◦C −→ r.t., 16 h; b) 75, PyBOP, DIEA, DCM/DMF, 0 ◦C −→ r.t., 16 h.

All target molecules featuring a protected amino acid derivative in the end group were prepared

by the EDCI/HOBt-promoted reaction route. While derivative 96, a very light-sensitive material,

was finally obtained in 51% yield after a standard workup and purification procedure (Scheme 27A),

macromonomer 97 was prepared in a much better yield of 89% in the best case (Scheme 27B). This

was mainly due to a repeated synthesis of this compound because of its superior polymerization

behavior (Chapter 3.4) and the ease of the purification of the diacetylene precursor 79. Target com-

pound 98, on the other hand, was synthesized only once (Scheme 27C) since the subsequent topo-

chemical polymerization was not very efficient. The yield in this single reaction was 38% which cer-

tainly could have been improved. The purification was exacerbated in all three cases by a very high re-

activity in terms of premature diacetylene polymerizations. Even the reaction mixtures were typically

found to be violet after stirring in the dark over night.

The same was true for the symmetric molecule 99 featuring two oligopeptide segments. The reac-

tion mixture typically attained a red to purple color when the carboxylic acid building block 66 and

two equivalents of the oligopeptide-substituted polymer 45 were subjected to a twofold EDCI/HOBt

promoted peptide coupling reaction (Scheme 28). After purifying the violet crude material by column
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Scheme 27: Synthesis of the macromonomers 96, 97 and 98. Reagents and Conditions: a) 77, EDCI/HOBt, TEA,

DCM/DMF, −40 ◦C −→ r.t., 16 h; b) 79, EDCI/HOBt, TEA, DCM/DMF, −40 ◦C −→ r.t., 16 h; c) 81, EDCI/HOBt,

TEA, DCM/DMF, −40 ◦C −→ r.t., 16 h.

chromatography, 99 was obtained in a good yield of 60%, taking into account that a twofold reaction

had to be achieved. One reason for the good yield may have been the very pure starting material 66

that was a fine crystalline powder and could, hence, easily be dried in HV.
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Scheme 28: Preparation of the symmetric macromonomer 99. Reagents and Conditions: a) EDCI/HOBt, TEA,

DCM/DMF, −40 ◦C −→ r.t., 16 h.

Varying results were obtained in the synthesis of the macromonomers 100, 101 and 102 that fea-

tured a hydroxyl function, a tetra(ethylene glycol) moiety, or a TMS group in their end groups, respec-

tively (Scheme 29). While 100 was obtained in a yield of 56% after the standard workup and purifi-

cation procedure, the oligo(ethylene glycol)-equipped compound 101 was isolated in only 25% yield.

A possible explanation could be the hygroscopic nature of the diacetylene precursor which would

decrease the amount of peptide coupling promoter. The formation of the active ester intermediate

during the peptide coupling reaction was difficult to follow by TLC and might not have been com-

plete either. In any case, enough pure material was isolated to investigate its properties. By contrast,

in the case of the TMS-substituted derivative 102, the active ester formation could easily be followed

by TLC since the silylated diacetylene derivatives gave rise to distinct spots that attained a character-
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istic red color upon treatment with anisaldehyde solution. The corresponding macromonomer was,

therefore, isolated in a very good yield of 81%.
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Scheme 29: Syntheses of the macromonomers 100, 101 and 102. Reagents and Conditions: a) 83, EDCI/HOBt,

TEA, DCM/DMF, −40 ◦C −→ r.t., 16 h; b) 85, EDCI/HOBt, TEA, DCM/DMF, −40 ◦C −→ r.t., 16 h; c) 87,

EDCI/HOBt, TEA, DCM/DMF, −40 ◦C −→ r.t., 16 h.

Finally, it was possible to remove the TMS group from 102 by a treatment with K2CO3 in a mix-

ture of DCM and MeOH. However, an untypical IR signature led to doubts about the nature and the

stereochemical purity of the latter. Fortunately, the TBAF-promoted deprotection of 102 in a mixture

of DCM and THF worked well, and macromonomer 103 was obtained in 93% yield after an aqueous

workup and a subsequent purification by column chromatography (Scheme 30).
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Scheme 30: Synthesis of the H-terminated macromonomer 102. Reagents and Conditions: a) K2CO3,

DCM/MeOH, r.t.; b) TBAF, DCM/THF, 0 ◦C −→ r.t.

Starting from macromonomer 97, the removal of the Fmoc-protecting group resulted in the free

amine 104 which was found to be unstable, changing its color to a deep red when stored in the bulk.

The purification by column chromatography had to be carried out with TEA as a co-eluent which

turned out to be hard to remove. Thus, the intermediate was used without further purification in a

peptide coupling reaction to thioctic acid (Scheme 31). The motivation for the introduction of sulfur

atoms was a planned binding of gold nano clusters to the molecules. Unfortunately, the product 105
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turned out to be completely insoluble, and the characterization by 1H NMR spectroscopy as well as

MALDI-TOF mass spectrometry remained inscrutable. This was further corroborated by an emerging

smell of H2S which led us to the conclusion that the material decomposed and/or cross-linked in

terms of an opening and closing of disulfide bridges. For this reason, further investigations could not

be carried out with this macromonomer.
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Scheme 31: Cleaving the Fmoc-group from 97 yielded the unstable derivative 104 which was attempted to be

further functionalized to 105. Reagents and Conditions: a) piperidine, CHCl3, r.t.; b) thioctic acid, EDCI/HOBt,

TEA, DCM/DMF, −40 ◦C −→ r.t.

3.1.6.3 Characterization of the Macromonomers

The macromonomers were typically characterized by 1H NMR spectroscopy, MALDI-TOF mass spec-

trometry, and combustion elemental analyses. The NMR spectra were heavily impaired by the ag-

gregation of the oligopeptides resulting in a pronounced broadening of the aliphatic signals and a

complete disappearance of all other signals. While the situation could partially be improved by us-

ing very dilute solutions at elevated temperatures, the amide and carbamate protons could still not

be detected (Figure 37). The problem was solved to an acceptable extent by the addition of TFA as a

hydrogen-bond breaking cosolvent. Typically 2% v/v were added to the CDCl3 solutions, leading to

well-resolved aliphatic signals and the appearance of all signals belonging to the oligopeptide with

matching intensities but poorly resolved fine structure. A comparison of the spectra of different

macromonomers showed distinct changes well in line with what would have been expected. The

signal of the CH2NH group of the polymer coil appeared between 3.1–3.3 ppm and could be used to

calibrate the integrals. This allowed for an estimate of the molecular weight of the poly(isoprene)

segment and the purity of the materials by comparing the intensities to other known groups in the

molecules.

A typical 1H NMR spectrum of the macromonomers can, thus, be described as follows. The hydro-

genated poly(isoprene) polymer segment gave rise to a large signal at 0.6 to 1.9 ppm exhibiting a char-

acteristic shape. The signals corresponding to the methyl groups of the alanines in the oligopeptide
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Figure 37: Representative 1H NMR spectra of macromonomers A) 93; B) 96; C) 99; and D) 103. The spectra

show the aliphatic signals between 0.6 and 1.9 ppm, the signal of the last methylene group of the polymer

segment at 3.1–3.3 ppm which was used as an “internal standard” for the molecular weight determination,

the crucial region between 4 and 5 ppm, and the characteristic NH signals in the region from 5.8 to 7.8 ppm.

Additionally, end group specific protons appear in all spectra as expected.

were buried under that signal and could not be detected. The aforementioned peak of the polymer’s

CH2NH group appeared at 3.1 to 3.3 ppm and its intensity was calibrated to two protons. Depend-

ing on the end group, the acetamide peaks (around 2.1 ppm) or signals corresponding to the succinic

acid group (two triplets at 2.6 and 2.8 ppm) appeared in this region, as well. Signals corresponding

to methyl esters or ethers ( 93 or 101) were typically observed between 3.5 and 4.0 ppm, as expected.

The region between 4 and 5 ppm was typically not well-resolved because protons from residual olefin

bonds, all chiral alanine protons, the methylene groups next to the diacetylenes, and also signals
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Figure 38: Representative MALDI-TOF MS spectra of A) 93; B) 96; C) 99; and D) 103. The spectra show series

of peaks corresponding to sodium adducts of the molecules which are separated by the mass of the repeat unit

(C5H10). The overall shape of the distribution curves as well as the position of the maximum was very similar in

all cases. Thus, the maximum was located at Pn values around 10 in the cases of the unsymmetric diacetylene

macromonomers, while the symmetric macromonomer 99 showed the maximum at 21 repeat units respec-

tively.

from Fmoc groups (if present in the molecule) appeared here. The overall integration of these signal

always gave the correct (expected) value. Depending on the hydrogenated poly(isoprene) batch, a

signal caused by residual olefins at around 4.7 ppm was observed which, however, typically only had

an intensity of 0.5 protons or less. The carbamate signal was usually located at 5.8 ppm but it was al-

ways found to be reduced in intensity, most likely due to a proton exchange with the TFA. The amide

signals appeared as broad peaks between 6.8 and 7.8 ppm generally with a low intensity (due to the

TFA), however, the number of the signals was always found to be correct. The evaluation of the amide
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signals was sometimes hampered by the chloroform signal at 7.26 ppm and the appearance of aro-

matic signals in case of the Fmoc or Dansyl derivatives. The aromatic signals were found to give rise

to correct integrations as compared to the other signals in the other regions of the spectra, as well.

Finally, the TFA signal appeared at values around 11 ppm, depending on the amount of acid. If only

small amounts of acid was added, the signal was found shifted toward the amide region due to an

exchange with the NH protons.

Table 3.3: Molecular weight determination of the macromonomers.

Compound Calculateda 1H NMRb MALDI MS

Mn Mn (Pn) Mp (Pp)c Mn (Pn)d PDId

92 1278 1380 (11.4) 1301 (10) 1330 (10.4) 1.006

93 1349 1530 (12.2) 1373 (10) 1380 (10.1) 1.007

94 1458 1590 – – –

95 1469 1680 1492 (10) 1510 (10.2) 1.006

96 1350 1500 (11.7) 1302 (9) 1330 (9.4) 1.005

97 1529 1750 (13.2) 1552 (10) 1550 (10.0) 1.006

98 1515 1610 1537 (10) – –

99 2364 2679 (2 · 12.3) 2460 (21) 2385 (20.0) 1.002

100 1237 1290 (10.7) 1190 (9) 1190 (9.1) 1.006

101 1427 1460 (10.5) 1450 (10) 1470 (10.3) 1.005

102 1279 1500 (13.2) 1302 (10) 1310 (10.1) 1.007

103 1207 1360 (12.2) 1230 (10) 1240 (10.2) 1.008

aCalculated molar masses assuming that the poly(isoprene) segments had an average degree of polymerization

of Pn = 9, according to the monomer/initiator ratio [isoprene]/[BuLi] = 9 employed in the initial anionic iso-

prene polymerization. bAverage molecular weight determined by comparison of the intensities of the CH2NHR

proton signals and the aliphatic poly(isoprene) proton signals. c [M+H]+ for 41, [M+Na]+ for 42, 44 and 45.
d Number average molecular weight Mn and polydispersity index (PDI) as calculated with the Polytool software

package from Bruker.

The analysis by mass spectrometry was first attempted using the ESI MS technique. For this pur-

pose, the macromonomers were dissolved in a mixture of DCM and MeOH and injected into the ap-

paratus. The results were sometimes not easily reproducible because it was supposedly hard to ionize
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the different species equally well. Therefore, additional tricks like the addition of acetic acid, silver

salts, or sodium sources were attempted, allowing at for a characterization of the target structures.

However, results from different measurements were still hard to compare with one another because

the location of the signal with the highest intensity seemed to be more dependent on the experi-

mental conditions rather than on the sample and, thus, an estimate of the molecular weight and the

distribution of the latter was not reliable. The newly available MALDI-TOF equipment finally solved

these problems after a suitable matrix system was found. Thus, the measurements were carried out

using a trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) matrix with

an additional Na+ source, giving rise to well-resolved spectra (Figure 38). Furthermore, a software-

based molecular weight analysis could be performed, yielding Mn, Mw and PDI values which could

not be obtained from GPC measurements because the material was not eluted at all.

The molecular weights as determined by NMR and MALDI-TOF (Table 3.3) matched the calcu-

lated values that had been obtained based on the monomer/initiator ratio used in the living anionic

polymerization very well. The 1H NMR data typically overestimated the molecular weight due to the

comparison of the relatively small signal of the polymer’s CH2NH group to the large aliphatic signal.

The most intense peaks in the mass spectra, on the other hand, were always located at masses corre-

sponding to a hydrogenated poly(isoprene) segment with 9 or 10 repeating units. Given that we used

a monomer/initiator ration of 9:1, this experimental value can be considered as a good indication

that the polymerization was well-controlled. This was further corroborated by the very small PDI val-

ues calculated by the software package which, admittedly, are typically underestimated in MS-based

analyses, though.

3.1.7 Variation of the Macromonomers

3.1.7.1 Acceptor-Substituted Diacetylene Macromonomers

Macromonomers that have an acceptor substituent in direct conjugation to the diacetylene moiety

may give rise to a different type of polymerization process. A propiolic acid lactic acid ester had

been designed as a different linker for this purpose (Scheme 32). Thus, a peptide coupling between

L-alanine tert-butyl ester hydrochloride and L-lactic acid was performed using the standard PyBOP

coupling protocol. Due to the much higher nucleophilicity of the amine compared to the hydroxyl

function, the latter did not have to be protected, and the reaction gave 78% of the desired product

106. The subsequent esterification with propiolic acid turned out to be difficult since the latter tends

to undergo various side reactions.184 An attempted reaction promoted by EDCI/DPTS185 did not work

and, as the corresponding acid chloride was not commercially available and difficult to synthesize, a
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Mitsunobu reaction186 was carried out. For this purpose, a solution of propiolic acid and diethyl

azodicarboxylate (DEAD) in THF and a second solution of 106 and triphenylphosphane in the same

solvent were prepared and combined. The product 107 was obtained in very good yield of 84% after

column chromatography. However, the inevitable inversion of the configuration of the secondary

alcohol led to the formation of a D-lactic acid ester in this case.
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Scheme 32: Synthesis of the D-lactic acid spacer and its use in the preparation of a macromonomer precursor

with an acceptor-substituted acetylene. Reagents and Conditions: a) PyBOP, DIEA, DCM/DMF 0 ◦C −→ r.t.; b)

propiolic acid, DEAD, PPh3; c) trifluoroacetic acid, DCM; d) PyBOP, DIEA, DCM/DMF 0 ◦C −→ r.t.

The tert-butyl ester was cleaved in 98% yield with TFA, and the resulting carboxylic acid 108 was

coupled to the oligopeptide-polymer conjugate 45 in a PyBOP promoted peptide coupling reaction.

The low yield of only 41% was mainly due to purification issues associated with removing the PyBOP

related side products. The product 109 turned out to be an efficient organogelator in DCM and CHCl3.

That fact served as an indication that the self-assembly also worked in the case of molecules featuring

the lactic acid linker.
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Scheme 33: Attempted synthesis of a diacetylene equipped with the lactic acid ester linker. Reagents and Con-

ditions: a) PdCl2(PPh3)2 (2 mol%), CuI (10 mol%), DIPA, THF, 0 ◦C; b) trifluoroacetic acid, DCM.

In analogy to the convergent synthesis of the previously prepared macromonomers, a prefabrica-

tion of a diacetylene was thought to be the better pathway as compared to a heterocoupling to the

oligopeptide-polymer conjugate 109. Therefore, the propiolic acid ester derivative 107 was reacted

with the iodinated propargyl alcohol 58 in a first test reaction using the standard Sonogashira reaction
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conditions (Scheme 33) but the reaction failed completely. Although the previous heterocoupling re-

actions that had been carried out with acceptor substituted acetylenes aimed at introducing carbonyl

groups in direct conjugation to the triple bonds in the end groups had already failed as well (Section

3.1.5.3), we had hoped that the inversion of the substitution pattern (i. e., the haloacetylene did not

contain the carbonyl group) would solve the problem. Since this was not the case, we did not attempt

a heterocoupling reaction on the oligopeptide-polymer conjugate level with 109 and abandoned the

synthesis of acceptor substituted diacetylene derivates.

3.1.7.2 Variations of the Polymer and Oligopeptide Segments

In order to broaden the scope of our investigations, we prepared macromonomers equipped with a

longer hydrogenated poly(isoprene) segment. For this purpose, we synthesized an amine-terminated

poly(isoprene) using a monomer/initiator ration of 25:1. The reaction was carried out in analogy

to the standard polymerization, i. e., the reaction was started by n-butyl lithium at 0 ◦C in THF and

1-(3-bromopropyl)-2,2,5,5-tetramethyl-1-aza-2,5-disilacyclopentane was used as quencher. Thus,

111 was obtained, however, in a reduced yield of 36% because the unexpectedly high Rf value of

the product led to mixed fractions with minor amounts of unfunctionalized material during the

chromatography. The MALDI-TOF analyses (not shown) indicated an average coil length of 21 re-

peat units. The subsequent hydrogenation of the olefins was more complicated compared to the

shorter poly(isoprene) segments supposedly due to an increased tendency of the material to cover

the activated carbon particles and, hence, the catalyst because of the increased molecular weight.

Nevertheless, the double bonds could be removed to an extent of more than 98%, as estimated from

the 1H NMR spectra.

The obtained hydrogenated poly(isoprene) segment 112 was then reacted with Fmoc-protected

alanine building blocks of different lengths (Scheme 34), aiming at the subsequent preparation of

target molecules with a variable length of the oligopeptide. The reactions were all carried out using

PyBOP as the promoter. The yields of the reactions leading to 113, 115 and 117 were generally very

good with values from 84% to 92%. The subsequent removal of the Fmoc-group worked also well in

all cases, furnishing derivatives 114, 116 and 118 in yields from 76% to 95%.

In order to investigate the influence of the lengths of both the polymer segment and the oligopep-

tidesequence, we prepared symmetric molecules exhibiting di-, tri- and tetrapeptides by reacting

diacetylene building block 66 with 114, 116 and 118 (Scheme 35). These reactions were carried out

using the EDCI/HOBt protocol and the corresponding symmetric target structures 119, 120 as well

as 121 could be obtained in 90%, 62% and 98% yield respectively. The comparably low yield in the

second case was due to purification problems that occurred during column chromatography.
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Scheme 34: Synthesis of a series of oligopeptide-polymer conjugates featuring a hydrogenated poly(isoprene)

segment with an average number of repeat units Pn = 21 and a variable number of attached alanines (1-

3). Reagents and Conditions: a) 1. n-butyl lithium, THF, −78 ◦C, 2. 1-(3-bromopropyl)-2,2,5,5-tetramethyl-

1-aza-2,5-disilacyclopentane, 3. 25% HCl; b) 8 mol% Pd/C, 100 bar H2, 80 ◦C, toluene/EtOH, 7-10 d; c) N-(9-

fluorenylmethyloxycarbonyl)-L-alanine, PyBOP, DIEA, DCM/DMF, r.t.; d) piperidine, CHCl3, r.t.; e) 36, PyBOP,

DIEA, DCM/DMF, r.t.; f ) 39, PyBOP, DIEA, DCM/DMF, r.t.
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Scheme 35: Macromonomers with a hydrogenated poly(isoprene) segment with Pn = 21 and differently long

oligopeptide segments. Reagents and Conditions: a) EDCI/HOBt, TEA, DCM/DMF, −40 ◦C −→ r.t.

Furthermore, analogues to macromonomers 93 and 94 were prepared that comprised a tetra-L-

alanine sequence featuring the elongated polymer segment. For this purpose, the corresponding

diacetylene building blocks 71 as well as 77 were peptide coupled to 118 in EDCI/HOBt promoted

reactions (Scheme 36). The products 122 and 123 could be obtained in yields of 90% and 91%.
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Scheme 36: Syntheses of macromonomers 122 and 123 that were equipped with the prolonged polymer seg-

ment. Reagents and Conditions: a) 71, EDCI/HOBt, TEA, DCM/DMF, −40 ◦C −→ r.t., 16 h; b) 79, EDCI/HOBt,

TEA, DCM/DMF, −40 ◦C −→ r.t., 16 h.

3.1.8 Preparation of Model Compounds

The modular nature of the synthetic strategy allowed for the facile synthesis of monodisperse model

compounds that were prepared to investigate the influence of the different elements in the cho-

sen molecular architecture on the hierarchical structure formation and to obtain single-crystals that

would allow for an investigation of the molecular arrangement of the diacetylenes in the oligopeptide

array. Thus, we prepared simplified siblings of the original macromonomers that were equipped with

hexyl or dodecyl substituents instead of the polymer coil, a di-alanine segment to which a selection

of the prefabricated diacetylene building blocks was attached.

For this purpose, we coupled N-(9-fluorenylmethyloxycarbonyl)-L-alanine to hexylamine in a

PyBOP promoted peptide coupling reaction yielding 124 in 97% yield (Scheme 37). The following de-

protection of the amine furnished 125 in 73%. This building block was combined with the diacetylene

building blocks 68 and 66 to obtain the model compounds 126 and 127 in 74% and 41% yield, re-

spectively. These derivatives were found not to be recrystallizable since they only formed gels or

polycrystalline material depending on the applied solvents. Alcohols as the solvents typically led to

precipitation when the solutions were cooled after refluxing while THF or chlorinated solvents led to

gelation already at low concentrations of the materials (≤ 2 g L−1). However, also these solid precipi-

tates or gels became violet upon exposure to daylight, indicating that a short range order in the system

suitable for a topochemical polymerization was established, although three-dimensional crystallinity

was not observed.

Inspired by investigations concerning the crystallization of di- and triacetylene compounds driven

by phenyl-perfluorophenyl interactions which were carried out simultaneously in our group, we re-

placed the hexyl with a dodecyl chain since the latter proved to be much better suitable for crystal-

lization attempts in the other study.187 Thus, dodecylamine and N-(9-fluorenylmethyloxycarbonyl)-

L-alanine were coupled to furnish 128 in 81% yield (Scheme 38). The subsequent removal of the

protecting group led to 129 in 90% yield on a 5 g scale. In case of the dodecyl-substituted model com-



3 Results and Discussion 85

H
N

N
HO

O H
N O

O

H
N

NHRNH2

a)

97% O

124 R = Fmoc
125 R = H

b) 73%

c)

74%

H
N

O

H
N

N
HO

O H
N O

O

d)

41%
2

126

127

Scheme 37: Derivatives 126 and 127 were equipped with hexyl substituents. Reagents and Conditions: a) N-(9-

fluorenylmethyloxycarbonyl)-L-alanine, PyBOP, DIEA, DCM/DMF, r.t.; b) piperidine, CHCl3, r.t.; c) 68, PyBOP,

DIEA, DCM/DMF, r.t.; d) 66, PyBOP, DIEA, DCM/DMF, r.t.

pounds, we prepared a wider range of structures using diacetylene building blocks 87, 71, 79 and 66

in peptide coupling reactions with 129. The peptide coupling reactions were advantageously carried

out using PyBOP as the promoter since the products could be precipitated from water while all side

products remained in solution. Thus, the reactions gave 130 (84%), 131 (65%), 132 (78%), and 133

(82%) in good yields. Derivative 134, a terminal diacetylene, was obtained in 91% yield by treating

130 with AgNO3, a mild reaction pathway to remove silyl protecting groups from terminal acetylenes

(Scheme 39).182
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crystallizability. Reagents and Conditions: a) N-(9-fluorenylmethyloxycarbonyl)-L-alanine, PyBOP, DIEA,

DCM/DMF, r.t.; b) piperidine, CHCl3, r.t.; c) diacetylene building blocks 71, 79, 87, or 66, PyBOP, DIEA,

DCM/DMF, r.t.



3 Results and Discussion 86

N
H

H
N

O

O
N
H

O

O
TMS

N
H

H
N

O

O
N
H

O

O
H

a)

91%

130

134

Scheme 39: The TMS-functionalized model compound 130 was converted into the terminal diacetylene 134.

Reagents and Conditions: a) 1. AgNO3, EtOH, MeOH, H2O; 2. KI.

3.1.9 Conclusions

In summary, a highly modular and efficient synthetic strategy has been developed that makes use of

the prefabrication of oligopeptide, polymer and diacetylene building blocks which can be assembled

to the macromonomers in either a divergent or convergent route. The available building blocks were

used to prepare a large variety of macromonomers that featured different end groups as well as poly-

mer and oligopeptide segments of different lengths. Furthermore, monodisperse model compounds

were straightforwardly prepared that can be regarded as simplified siblings of the macromonomers.

The end groups were chosen with their ability to influence the β-sheet formation in mind. Thus,

the macromonomers as well as the model compounds can be grouped according to their different

number and pattern of N–H · · ·O=C hydrogen-bonds (Table 3.4), which are considered to be the main

factors for controlling the formation of β-sheet aggregates as well as the internal β-strand orientation

within these aggregates.

Table 3.4: Hydrogen-bonding pattern of the macromonomers and model compounds.

Number of N–H · · ·O=C hydrogen-bonds in the end group

0 1 2 3 5

100, 92, 93, 96,

Macromonomer 101, 102, 94, 95, 97, 98, – 99

103 122 123

Model compound 130, 134 126, 131 132 127, 133 –
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3.2 Secondary and Higher Structure Formation

3.2.1 IR Spectroscopic Investigations

Infrared spectroscopy is a powerful tool for the elucidation of the secondary structures of oligo- and

polypeptides because the frequencies of the different vibrations in the amide function highly depend

on their conformation and mode of aggregation. Consequently, there are distinct regions in the spec-

tra containing information about the secondary structures of the oligopeptides:

• the amide A (νNH) region located between 3400-3200 cm−1

• the amide I (νC=O) region at 1700-1600 cm−1

• the amide II region around 1550-1500 cm−1

• and the amide III region between 1300-1200 cm−1

IR spectroscopy has been widely used to investigate protein secondary structures in the literature.

However, one has to note that conflicting and contradictory assignments of IR bands to certain sec-

ondary structures are abundant.188–190 Therefore, the following conclusions have to be drawn with

care, even more so as we investigated the model compounds and oligopeptide-polymer conjugates

in organic media as opposed to most literature examples that were obtained in aqueous solutions or

in the bulk.

3.2.1.1 Secondary Structures of the Model Compounds

The model compounds equipped with dodecyl chains were dissolved in CHCl3 or DCM and investi-

gated by IR spectroscopy using a solution phase cuvette (Figure 39). It was found, that 131 formed

mechanically weak gels in DCM and 132 as well as 133 gave rise to gels in CHCl3 already at low con-

centrations. These gels were, however, homogeneous and could be investigated by IR spectroscopy

without any problems. The IR spectra of the TMS-functionalized model compound 130, which com-

prised 3+0 N–H · · ·O=C hydrogen-bonding sites and was well-soluble in CHCl3, revealed an amide A

absorption at 3430 cm−1, i. e., far above the upper limit of 3300 cm−1 usually observed in the case of

a β-sheet arrangement. Only a small band observed at 3309 cm−1 points at a low degree of β-sheet

formation. The amide I region contained two peaks at 1725 and 1667 cm−1 that could be assigned to

the carbamate and the peptide νC=O vibrations, respectively. It is important to note that a carbamate

absorption significantly beyond 1700 cm−1 can be ascribed to a non-hydrogen-bonded state, and that

the observed amide I absorption proved that the molecules mainly attained random coil secondary



3 Results and Discussion 88

structures. The amide II region contained only one absorption at 1503 cm−1. Unfortunately, a detailed

analysis of the amide III region was not possible because of the presence of artefacts in that region of

the IR spectra due to the subtraction of the solvent background spectra. The observed bands, together

with the fact that no gel formation occurred, nevertheless, strongly suggested that model compound

130 did not aggregate into β-sheets. Derivative 134, which featured the same number and pattern of

hydrogen-bonding sites, showed a strikingly similar IR signature. The main amide A absorption was

observed at 3308 cm−1 accompanied by a smaller band at 3423 cm−1, and the IR absorptions in the

amide I and II regions were found at 1722, 1663 and 1515 cm−1, respectively. These findings and the

lack of gel formation in CHCl3 showed that (i) β-sheet formation was still not the predominant pro-

cess, (ii) the carbamate was in a non-hydrogen-bonded state, and (iii) the molecule predominantly

attained a random coil conformation.

Likewise, the IR spectra of 131 in CHCl3 exhibited amide A absorptions at 3434 and 3314 cm−1 and

two almost equally strong bands at 1730 and 1675 cm−1 which can be assigned to the ester as well as

the carbamate νC=O vibrations and the amide and peptide νC=O vibrations, respectively. As for 130

and 134, the positions of these absorptions proved that the molecules were (i) not aggregated and (ii)

the peptide was mainly in a random coil conformation. Interestingly, however, the IR signature of 131

changed drastically when the weak gel in DCM was investigated. The amide A region was now dom-

inated by an absorption located at 3285 cm−1, well in line with aggregated β-sheet type secondary

structures. Two additional, smaller bands at 3352 and 3427 cm−1 indicated that a certain fraction of

molecules remained in a non-aggregated state. The main absorption band in the amide I region was

located at 1641 cm−1, and a smaller band was observed at 1676 cm−1. While the latter absorption was

consistent with the presence of molecules in a random coil conformation, the former amide I absorp-

tion happened to closely match the calculated value of 1637 cm−1 for the hypothetical infinite, single,

parallel β-sheet191,192 as well as the experimental value observed in a tripeptide that was found to

form a parallel β-sheet-like crystal structure.193 Apparently, in DCM, model compound 131 showed a

tendency to form β-sheets, but the degree of order was not very high. Of course, the observed amide I

band alone may not be conclusive, as it is curiously shifted away from the typical values reported for

antiparallel β-sheet type secondary structures at 1625–1630 cm−1 and may also be assigned to other

types of secondary structures. However, the absorptions of the ester and the carbamate function were

separated into two bands at 1734 and 1706 cm−1, respectively. The latter value is clearly indicative of

carbamates in a hydrogen-bonded array, as had previously been reported by Mutter et al.171 And,

finally, the amide II region revealed two peaks at 1543 and 1503 cm−1. Similar to the amide I absorp-

tions, the former value exactly matched the value calculated for a single, parallel β-sheet,191,192 and

the latter value proved the presence of molecules in a random coil conformation. In conclusion, the
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Figure 39: The IR spectra of the model compounds showed a clear trend: A,B) Derivatives 130 and 134 did not

aggregate at all in CHCl3. C) The same was true for 131 in the good solvent CHCl3; however, D) the formation

of minor amounts of parallel β-sheets were observed in DCM. E) Model compound 132 clearly only formed

parallel β-sheets with only very small amounts of unordered structures; F) A nearly perfect parallel β-sheet

aggregation was found in the case of the symmetric molecule 133.

amide A, carbamate, amide I, and amide II absorptions together converged into a consistent picture.

Apparently, model copound 131 with its 3+1 hydrogen-bonding sites was just on the border of being

able to aggregate, as it predominantly remained disordered in the more polar CHCl3 as the solvent

but formed the desired β-sheet type aggregates in DCM, at least, to a certain extent.
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The above interpretation and assignment of the IR absorptions was then further corroborated by

the IR spectra of 132 and 133 comprising 3+2 and 3+3 hydrogen-bonding sites forming better-ordered

β-sheet aggregates and, accordingly, featured clearer and more straightforwardly interpretable IR sig-

natures. Particularly helpful in this context is the fact that model compound 133 can only give rise

to parallel as opposed to antiparallel β-sheets due to its symmetry. The IR spectrum of 132 in CHCl3

exhibited a νNH vibration at 3291 cm−1 with only a minor shoulder at 3431 cm−1, and the amide A

region of 133 showed a single sharp band at 3290 cm−1, consistent with predominantly aggregated

N–H bonds. The amide I regions of both 132 and 133 were dominated by a band at 1639 cm−1, al-

most exactly matching the expected value of 1637 cm−1 for a parallel β-sheet.191–193 The carbamate

bands were now observed at 1687 cm−1 (132) and 1694 cm−1 (133), both consistent with Mutter’s ob-

servations concerning aggregated carbamate functions and, thus, confirming the presence of highly

ordered parallel β-sheet aggregates. It is, hence, important to acknowldge that, in this particular case,

the band observed at around 1690 cm−1 does not originate from the presence of antiparallel β-sheet

structures (which were reported to exhibit a band at 1690 to 1692 cm−1)171,191,194 but from the car-

bamate groups present in the molecules. Finally, the single amide II absorption bands located at

1541 cm−1 (132) and 1538 cm−1 (133) strongly supported the presence of parallel β-sheet aggregates,

since the values again matched the calculated ones very well.

3.2.1.2 Secondary Structures of the Macromonomers 92–103

Macromonomers 92–103 were dissolved in DCM or CHCl3 (typically at concentrations of 3 g L−1)

and investigated by solution state IR spectroscopy in analogy to the model compounds (Table 3.5,

Figure 40–Figure 42). With the exception of the TMS-functionalized macromonomer 102 and the

oligo(ethylene oxide)-equipped derivative 101, all macromonomers showed the predominant for-

mation of β-sheet secondary structures together with varying proportions of unordered structures,

as judged from the main amide A vibrations below 3300 cm−1, the main amide I absorptions at values

of 1625 to 1630 cm−1, as well as the amide II absorptions located between 1528 to 1541 cm−1. Unfor-

tunately, the amide III region was not interpretable again due to the presence of artefacts from the

solvent subtraction. However, a detailed comparison of the remaining regions and a comparison to

the model compounds allowed to identify systematic and distinct differences between the various

macromonomers, allowing to differentiate three groups of molecules with dissimilar IR signatures.

The first group comprised the derivatives 92, 93, 96, 97 as well as the symmetric molecule 99 (5+x

hydrogen bonds; x = 1, 2, 5). Their IR spectra indicated a particularly high content of defined β-sheet

secondary structures (Figure 40). In particular, there was only one band for the amide A absorption

which appeared in a narrow interval between 3283 and 3290 cm−1 in all cases; only macromonomer
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Figure 40: IR spectra of macromonomers 92, 93, 96, 97 as well as 99. All spectra showed only one amide A

absorption below 3300 cm−1, a main amide I band in a very narrow range between 1630 and 1632 cm−1, as

well as an amide II band at values between 1538 to 1543 cm−1, allowing for the conclusion that all these

macromonomers formed parallel β-sheets. A representative peak fitting of the amide I region of 96 supports

this assignment.

92 exibited a small shoulder at 3330 cm−1. The amide I region showed a very sharp and clearly pre-

dominating peak at 1630 to 1632 cm−1 which, e. g., had a width at half-height of about 11 cm−1 and
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Table 3.5: The IR signatures proved that all macromonomers except 101 and 102 formed β-sheet type sec-

ondary structures. The combination of the amide A, amide I, carbamate as well as amide II vibrations allowed

to identify the formation of parallel β-sheets in the case of 92, 93, 96, 97 and 99. Macromonomers 100 and 103

formed antiparallel β-sheets.

Compound Amide A Amide I / NHC(O)O Amide II

cm−1 cm−1 cm−1

92 3283 1708, 1655, 1632 1541

93 3290 1738, 1718, 1655, 1630 1539

94 3291 1722, 1681, 1654, 1631 1534

95 3291 1718, 1694, 1666, 1630 1528

96 3288 1694, 1652, 1630 1543

97 3296 1691, 1648, 1630 1538

99 3290 1691, 1654, 1630 1538

100 3427, 3348, 3274 1715, 1672, 1625 1529

101 3418, 3354, 3293 1723, 1673, 1630, 1606 1527, 1508

102 3418, 3355, 3277 1718, 1673, 1627, 1606 1523, 1504

103 3331, 3271 1713, 1676, 1655, 1626 1531

accounted for 70% of the total peak area in the case of 96 as suggested by a peak fitting (Figure 40F).

These very consistent amide I absorptions are, in fact, remarkable given the fact that they were ex-

actly in the range of values experimentally determined for poly(L-alanine) and other examples of β-

sheet forming poly(amino acid)s,194 and they were close to the calculated value for an infinite parallel

β-sheet, as well.191–193 The main amide II absorptions of these macromonomers were observed at

values from 1538 to 1543 cm−1, which did not match the corresponding experimental value for an-

tiparallel poly(L-alanine) of 1524 cm−1 at all.195,196 However, they came, again, strikingly close to cal-

culated and experimental values of some crystalline examples of oligopeptides aggregated in parallel

β-sheets.193 Furthermore, the non-peptidic carbamate bands showed a very interesting behaviour

in so far as the band was shifted from a value above 1700 cm−1 in the cases of derivatives 92 and 93

having 5+1 hydrogen-bonds to a constant value of 1691 cm−1 when 5+2 or 5+5 hydrogen-bonds were

formed. This was well in agreement with the spectra observed for the model compounds as well as
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with the reports by Mutter et al. for water-soluble oligopeptide-PEO conjugates.171 The overall re-

markably clear IR signatures may, in part, originate from the short oligopeptide segments and the

use of an organic solvent which may have restricted the structural dynamics of the hydrogen-bonded

aggregates. Nevertheless, the secondary structure assignment appeared to be more straightforward

here than in literature examples of similar oligopeptide conjugates124,125 where only second deriva-

tive analyses allowed for an assignment. This qualitative difference may indicate a comparably high

degree of internal order resulting from the chosen molecular architecture.
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Figure 41: The IR spectra of macromonomers 94 and 95 showed a less ideal secondary structure formation.

While, generally, β-sheet structures were formed, the strong absorptions at 1666 and 1681 cm−1, respectively,

indicated the existence of a large amount of unordered structures in these two cases, as do the carbamate bands

at 1722 and 1718 cm−1.

The second group of macromonomers comprising the Fmoc-derivative 94 and the Dansl-

derivative 95 (5+1 hydrogen-bonding sites), showed a somewhat different signature (Figure 41). Their

amide A region was dominated by a band at 3291 cm−1. However, 95 exhibited a shoulder at higher

wavenumbers, indicating mixtures of different secondary structures. Both derivatives showed an

amide I band located at 1630 and 1631 cm−1, respectively, which was exactly the value found in the

previous five cases. However, the very strong signals at 1666 cm−1 in the case of 95 and 1681 cm−1

(with a shoulder at lower wavenumbers) in the spectrum of 94 clearly indicated the presence of large
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Figure 42: IR spectra of macromonomers 100–103 showed a different behavior compared to the previously

discussed derivatives. While the terminal diacetylene clearly attained an antiparallel arrangement, 100 seemed

to also contain unordered structures. In the case of 101 and 102, a predominant formation of only unordered

structures can be inferred from their IR spectra.

amounts of random coil secondary structures. The analysis of the carbamate vibration corroborated

the assumption that mixtures of different secondary structures were present because in the spectrum

of 94, one corresponding band was found at 1722 cm−1, indicative of a non-hydrogen-bonded state,

whereas the band at 1681 cm−1 could be caused by aggregated carbamates, as well. In the case of
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95, the spectrum was similar since, again, two peaks at 1718 cm−1 and 1694 cm−1 may be interpreted

in terms of partially aggregated and non-aggregated carbamates. The amide II bands at 1534 and

1528 cm−1 were, on the other hand, in agreement with β-sheet type structures.

The third group of macromonomers encompassed 100-103. These compounds did not contain

any N–H · · ·O=C hydrogen-bonds in their end groups (i. e., a total of 5+0 hydrogen-bonds) and showed

distinctly different IR spectra. This ensemble could be further subdivided into two more groups. First,

the derivatives 100 and 103 exhibited amide A absorption bands shifted to lower wavenumbers of

3274 cm−1 and 3271 cm−1 while both of them also showed minor absorptions above 3300 cm−1. The

main amide I absorptions were now observed at 1625 and 1626 cm−1, and the amide II absorptions

were located at values of 1529 and 1531 cm−1, respectively. In this context, it should be noted that

Chirgadze et al.191,192 also calculated the IR amide I absorption for an infinite, antiparallel single β-

sheet to be 1626 cm−1, i. e., exactly the value obtained for 100 and 103 as well as other examples of

self-assembled oligopeptides such as Boden’s oligopeptides designed to self-assemble into discrete

antiparallel single β-sheet tapes and ribbons.82–84,106,107 Furthermore, the amide II bands of 103 and

100 also matched the expected and reported values for antiparallel oligo- and polypeptides more

closely. The remaining macromonomers 102 and 101 exhibited less clear IR spectra suggesting the

presence of mixtures of different secondary structures with only minor fractions of β-sheets, as could

be inferred from their amide A regions that contained three absorption bands in each case. Also

numerous amide I bands were present which were dominated by a band located at 1673 cm−1 and a

smaller band at 1606 cm−1 in both cases. Only 101 exhibited a small band at 1630 cm−1, indicative

of minor amounts of parallel β-sheets present in solution. The amide II region contained additional

bands at 1504 and 1508 cm−1, respectively, which did not occur in the other cases as well.

3.2.1.3 Macromonomers with Longer Polymer Segments

The IR spectra of macromonomers 119–123, which featured longer polymer segments exhibited

very broad amide A bands located between values of 3413 to 3416 cm−1, i. e., far above 3300 cm−1

(Figure 43). Only 121 featured a band at 3306 cm−1 close to the region were β-sheet absorptions

would be expected. The amide I regions showed a strong band between 1722 and 1729 cm−1 which

can be assigned to the carbamate functions in a non-hydrogen-bonded state. The dominating band

in the amide I range was observed between 1671 and 1677 cm−1, indicative of random coil secondary

structures for all derivatives, and only minor bands located at 1629 to 1637 cm−1 proved a small extent

of β-sheet formation. The amide II absorptions, finally, occurred between 1496 and 1505 cm−1.
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Figure 43: IR spectra of compounds 119–123 in DCM solution were indicative of non-hydrogen-bonded car-

bamate groups, and random coil secondary structures.

3.2.1.4 The Hydrogen-Bonding Pattern Controls the Secondary Structure Formation

From the above discussion of the IR spectra, it may be concluded that the hydrogen-bonding pat-

tern decisively controlled the secondary structure formation. The model compounds showed that

3+1 non-equidistantly spaced N–H · · ·O=C hydrogen-bonds can be regarded as the lower limit for a

β-sheet formation. However, only minor changes of the solvent polarity (from CHCl3 to DCM) were

enough to suppress the aggregation. The only possible alignment of the β-strands was parallel be-

cause the relative energy difference to the antiparallel arrangement was comparably large in these

cases. The use of 3+2 hydrogen-bonds can be assumed to be the lower limit for a reliable parallel

β-sheet formation even in the better solvent CHCl3.
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In the case of the macromonomers featuring a hydrogenated poly(isoprene) segment with an av-

erage degree of polymerization Pn = 10, the different hydrogen-bonding patterns led to clearly distinct

secondary structures. Thus, the macromonomers 92 and 93 (5+1 hydrogen-bonds), 96 and 97 (5+2

hydrogen-bonds) as well as 99 (5+5 hydrogen-bonds) did not only display a very high degree of β-

sheet secondary structure formation; the IR spectra were also found to be consistent with a parallel

β-strand orientation within the β-sheets. By additionally taking the shift of the carbamate absorp-

tion as well as the overall cleaner spectra of the derivatives with 5+2 and 5+5 hydrogen-bonds into

account, a clear trend toward higher ordered parallel β-sheets can be assumed in these cases. The

derivatives 95 and 94 (5+1 hydrogen-bonds) seemed to predominantly form β-sheet type structures.

However, the amide A as well as the main amide I absorptions were consistent with a mixture of a

parallel arrangement and random coil structures, while the amide II bands, again, indicated the for-

mation of β-sheet type aggregates. Thus, the influence of the bulky aromatic residues seemed to be

detrimental for a consistently ordered alignment of these molecules. By contrast, macromonomers

100 and 103 (5+0 hydrogen-bonds) were found to favor a predominantly antiparallel β-sheet sec-

ondary structure combined with an overall higher proportion of other secondary structures such as

random coil conformations in the case of 100. Finally, the derivatives 101 and 102 (5+0 hydrogen-

bonds) clearly showed a majority of random coil structures with only minor amounts of parallel as

well as antiparallel β-sheet structures.

All these considerations become, however, obsolete if a too long polymer segment is attached to

the oligopeptides as in the case of derivatives 119–123. Here, the apparently very sensitive system was

completely dominated by the properties of the polymer segments, i. e., the macromonomers were

simply dissolved and did not show any tendency to aggregate anymore.

In summary, the degree of primary structure control over the type of secondary structures is re-

markable, given the very close structural relation between the different macromonomers. Appar-

ently, the presence or absence of additional N–H · · ·O=C hydrogen-bonding sites in the end groups

as well as the length of the polymer segment (or aliphatic substituent) were the main factors that

controlled the type of secondary structure. This interpretation can be rationalized by assuming that,

normally, an antiparallelβ-strand orientation should be preferred due to the more optimal hydrogen-

bond geometries, the cancellation of the molecules’ dipole moment components in β-strand direc-

tion, and the more favorable alternating placement of the bulky grafted polymer chains (or dodecyl

substituents). In the cases of macromonomers 92-97 and 99, as well as the model compounds 131

and 132, however, these factors appear to be overcompensated by the presence of non-equidistantly

placed N–H · · ·O=C hydrogen-bonding sites, because the maximum number of 5+x or 3+x hydrogen-

bonds can only be achieved in a parallel β-strand orientation.
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3.2.2 Solid State NMR Investigations

In order to corroborate the results and interpretations of the IR measurements, an investigation of

the secondary structure formation of the macromonomers by means of sophisticated solid state NMR

techniques was carried out in collaboration with the group of Prof. Beat Meier. The aim of the planned

experiments was to unambiguously prove that derivatives having additional N–H · · ·O=C hydrogen-

bonding sites in the end group formed parallel β-sheets while the others preferred an antiparallel

arrangement. Furthermore, a close insight into the conformation of the oligopeptides in the β-sheets

was to be obtained. Two different types of experiments were planned. First, Rotational Echo Double

Resonance (REDOR)197 spectroscopy allows for the determination of distances between two different

spin systems such as 13C and 15N nuclei by using magic angle spinning (MAS) and cross polarization

(CP) techniques.197 This technique has successfully been applied to study the secondary structure

formation of natural polypeptides197 as well as synthetic oligo-β-peptides.198 The second method,

double-quantum single-quantum correlation spectroscopy (DOQSY), aims at the measurement of

torsion angles between two equivalent spin systems (13C –13C) either positioned in two neighboring

molecules or within the same. This static solid state NMR technique has been developed for the

measurement of torsion angles in polymers199 and was applied for the elucidation of the internal

structure of partially labeled spider silk.200–202 Due to the low natural abundance of 13C and 15N

nuclei, the synthesis of isotope-labeled macromonomers was required for both techniques.

3.2.2.1 13C- and 15N-Labeled Analogues to Macromonomers 92 and 103

Macromonomer 92 as the simplest derivative with a predominantly parallel β-sheet secondary

structure was chosen for the first DOQSY experiments. The carbonyl group of the fourth amino acid

was chosen to be 13C-labelled, although this was synthetically very demanding. The rationale was

that if the molecules aligned in a parallel fashion, the corresponding C=O groups would be closely

packed at the intersheet distance of 4.8 Å, whereas an antiparallel arrangement would place the two

spins at an estimated distance of 9.8 Å, i. e., as far apart as possible in the tetrapeptide (Figure 44).

In order to introduce the labeled carbonyl group at the chosen position, the less efficient divergent

synthesis had to be pursued because only the [1- 13C]-labeled L-alanine was commercially available.

The latter was reacted with propargyl chloroformate in aqueous NaOH solution at low temperature

and a constant pH 9 (Scheme 40). While the test reaction with non-labeled L-alanine gave 75% yield

on a 2 g scale, the labeled derivative 135 could only be obtained in 44% yield on a much smaller scale.

However, enough pure material was obtained to continue the synthesis.

In the next step, the propargyl carbamate 135 was coupled to the oligopeptide-polymer conju-

gate 45 in an EDCI/HOBt promoted peptide coupling reaction. Although the product 136 was a very
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Figure 44: Schematic drawing of macromonomer 137 13C-labeled at the fourth amino acid in a parallel β-

sheet arrangement. This places the spins at a distance of approximately 4.8 Å. In an antiparallel arrangement,

the distance is much larger, with approximately 9.8 Å.
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Scheme 40: Preparation of the 13C-labeled macromonomer 137. Reagents and Conditions: a) 1 N NaOH solu-

tion, 15 ◦C; b) EDCI/HOBt, TEA, DCM/DMF, −40 ◦C −→ r.t.; c) 10 eq 50, PdCl2(PPh3)2 (2 mol%), CuI (10 mol%),

DIPA, THF/DCM, 0 ◦C.

strong organo-gelator, it was obtained in a yield of 67% (Scheme 40). In order to complete the syn-

thesis of the target molecule, a final Sonogashira coupling was carried out using an even larger excess

(10 equivalents) of the iodoacetylene compound 50 as compared to the original preparation. Thus,

the formation of the homocoupling product was completely suppressed, and only the low molecular

weight selfcoupling product had to be removed by repeated column chromatography runs. The final

yield of 50% was, therefore, acceptable.

The results of the first DOQSY experiments carried out on a sample of 137 (not shown) were very

promising since a strong signal could be recorded hinting at a parallel orientation of the molecules.

Therefore, a 15N-labeled sibling for a REDOR experiment was prepared which was to prove the paral-

lel arrangement directly, by measuring the 13C – 15N distance (Figure 45).
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Scheme 41: Preparation of the 15N-labeled macromonomer 142. Reagents and Conditions: a) H-Ala-OtBu,

PyBOP, DCM, DIEA, 0 ◦C; b) TFA, DCM; c) 43, EDCI/HOBt, TEA, DCM/DMF, −40 ◦C −→ r.t.; d) piperidine,

CHCl3; e) 68, EDCI/HOBt, TEA, DCM/DMF, −40 ◦C −→ r.t.

A suitable position of the 15N label was the nitrogen atom of the third amino acid, since this would

result in a very close distance to the carbon label of a neighboring molecule in case of a parallel β-

sheet-alignment. The synthesis was straightforward because the 15N-labeled, Fmoc-protected ala-

nine derivative was commercially available and, hence, the more efficient convergent route could be

pursued (Scheme 41).

Accordingly, 15N-labeled N-(9-fluorenylmethyloxycarbonyl)-L-alanine was coupled to L-alanine

tert-butyl ester hydrochloride in a PyBOP-promoted peptide coupling furnishing the product 138

in 83% yield. The following tert-butyl ester deprotection with TFA worked with almost quantitative

yield. In the next step, the labeled alanine dimer 139 was coupled to the hydrogenated poly(isoprene)

building block 43 carrying already one alanine in an EDCI promoted reaction to give 140. In order not

to lose too much of this valuable material, only a minor amount was purified for analytical purposes.

The main amount was used without further purification since the TLC and NMR had shown no ma-
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jor impurities after the acidic aqueous workup. The Fmoc-group was removed with piperidine, and

the free amine derivative 141 was obtained in 57% yield. In the final step, 141 was reacted with the

prefabricated diacetylene building block 68 in an EDCI promoted coupling resulting in an acceptable

yield of 56% after repeated column chromatography.

For the REDOR measurement, a 1:1 mixture of the 15N- and the 13C-labeled molecules 142 and 137

was needed. Therefore, equal amounts were dissolved in a small amount of DCM, and the solution

was heated and ultrasonicated for several minutes. Then, the sample was freeze-dried to remove

the solvent. The obtained REDOR data could be fitted best assuming the presence of two 13C – 15N

distances of 4.4 as well as 5.9 Å, as would be expected in a parallelβ-sheet arrangement with all amino

acids aligned in register (Figure 46). It could be proved that more than 90% of the molecules were

aligned in a parallel mode of aggregation when a more detailed model was applied.
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Figure 46: Analysis of the REDOR data revealed the existence of predominantly parallel β-sheet type arrange-

ments, whereas an antiparallel alignment or an off-register placement of the amino acids could be excluded.

As the results of the first REDOR experiments were very promising, an improved molecular de-

sign was developed that would allow for a direct determination of the parallel or antiparallel β-sheet

alignment. Furthermore, the synthetic complexity would be substantially reduced if one did not have

to prepare two differently labeled molecules of any kind but rather only one 15N- and 13C-labeled

derivative. As a result, we chose to include a 13C-label at the carbonyl function of the second alanine

and a 15N-label in the third amino acid (Figure 47).

The REDOR measurements are also affected by the intramolecular interactions of the two labels.

However, this distance is constant with a value of approximately 6.2 Å and can, thus, be taken into ac-

count during the data analysis. The intermolecular interactions would be clearly different in the two

cases (Figure 47). Potential 13C – 13C correlations i the DOQSY experiment would be stronger in the
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Figure 47: Schematic drawing of the various inter-spin distances in a parallel or an antiparallel arrangement of

the 15N- and 13C-labeled macromonomer 147. While the inter-strand 13C–13C interaction would be dominat-

ing in the first case, the closest contact in the second case would be a 13C–15N interaction. Thus, either DOQSY

or REDOR experiments would prove the alignment of the macromonomers.

parallel arrangement though, allowing for an unambiguous assignment of the β-sheet arrangements.

These considerations implied the synthesis of different target molecules aimed at a parallel

or an antiparallel self-assembly. A sequential strategy appeared to be most convenient since

the 13C- and 15N-labeled Fmoc-protected L-alanines can be applied. Thus, 13C-labeled N-(9-

fluorenylmethyloxycarbonyl)-L-alanine was coupled in an EDCI-promoted peptide coupling reaction

to polymer building block 43. Unfortunately, the reaction did not run as smoothly as usual, leading

to an incomplete reaction. The required column chromatography furnished the clean product 143 in

only 66% yield (Scheme 42). The following removal of the protecting group gave 144 in a good yield of

83% after column chromatography. In order to connect the 15N-labeled amino acid, the correspond-

ing Fmoc-protected amino acid building block was reacted under the same conditions as before. The

EDCI coupling was, again, not quantitative which may be explained by the generally much smaller

reaction scales as compared to the non-labeled compounds. Consequently, the presence of minor

amounts of moisture in the system may have a higher impact. The desired product 145 was, nev-

ertheless, isolated in 59% yield after column chromatography. The subsequent Fmoc-deprotection

proceeded very well, yielding the crucial intermediate 146 in an excellent 94% yield.

Starting from 146, three different target molecules were prepared (Scheme 43). First of

all, an acetamidomethyl functionalized derivative was prepared by attaching the corresponding

diacetylene derivative 68. The reaction gave 147 in a satisfactory yield of 60% after repeated column

chromatography.

In order to get access to a molecule which we envisioned to self-assemble into an antiparallel

β-sheet, we decided to prepare the H-terminated derivative 149. Therefore, we first synthesized

the TMS-substituted derivative 148 from building blocks 87 and 146. By using 1.5 equivalents of
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Scheme 42: Preparation of intermediate 146. Reagents and Conditions: a) EDCI/HOBt, TEA, DCM/DMF,

−40 ◦C −→ r.t., 16 h; b) piperidine, CHCl3; c) 15N-labeled N-(9-fluorenylmethyloxycarbonyl)-L-alanine,

EDCI/HOBt, TEA, DCM/DMF, −40 ◦C −→ r.t., 16 h.

the carboxylic acid component, a nearly quantitative yield of 95% was achieved after repeated col-

umn chromatography. The subsequent removal of the silyl group was achieved by using TBAF as

in the case of the non-labeled derivative. The product 149 was isolated in 94% yield after column

chromatography.
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Scheme 43: Preparation of the 13C- and 15N-labeled macromonomers 147, 148 and 149. Reagents and Condi-

tions: a) 68, EDCI/HOBt, TEA, DCM/DMF, −40 ◦C −→ r.t.; b) 87, EDCI/HOBt, TEA, DCM/DMF, −40 ◦C −→ r.t.;

c) TBAF, DCM/THF, 0 ◦C −→ r.t.

Target molecules 147 and 149 were dissolved in DCM, heated and ultrasonicated prior to a freeze-

drying procedure. The DOQSY experiment carried out with a sample of 147 showed a “diagonal” dis-

tribution of the intensities (Figure 48A). This allowed for the conclusion that the tensors of the labeled

carbonyl groups of neighboring molecules were virtually parallel, i. e., the C=O bonds pointed to the

same direction in space. The signal intensity was a clear indication of a parallel arrangement which

was corroborated by a REDOR measurement (not shown). Furthermore, the intensity distribution

was narrow, indicating a high intermolecular order.
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Derivative 149 was designed to form antiparallelβ-sheet secondary structures, as had been shown

by IR spectrocopy for the non-labelled derivative. The REDOR experiment carried out with this

macromonomer (Figure 48B) was fitted with two models. The first one was based on two spins only

and assumed three different 13C-15N distances of 4.1, 5.1, or 6.1 Å. At short dephasing times (≤ 20 ms)

the fit for the shortest assumed distance was already acceptable indicating that the β-sheets were

antiparallel. An overall much better fit was obtained, however, when a three spin system, i. e., two

15N and one 13C atoms, was considered. The best fit was produced assuming two 13C-15N distances

of 4.04 and 6.05 Å and a C-N-N-angle of 10◦ which is well in line with one intermolecular distance

(4.04 Å) and one intramolecular distance at about 6 Å. In conclusion, the antiparallel alignment of

macromonomer 149 was unambiguously proved by the experiment.
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Figure 48: A) The DOQSY experiment carried out with 147 showed a “diagonal” intensity distribution indicating

a parallel alignment of C=O bonds in neighboring molecules. B) The REDOR spectrum of 149 unambiguously

proved an antiparallel β-strand alignment in the β-sheet.

3.2.2.2 Investigations on 13C-Labeled Analogues to Macromonomer 93

In order to elucidate the geometry of the β-sheets in more detail, i. e., the torsion angles between the

different carbonyl groups within one molecule and between corresponding C=O groups of neighbor-

ing molecules, a completely different set of target structures was needed. All these aspects were to be

determined by DOQSY experiments, only requiring the introduction of 13C-labels. Thus, molecules

with two 13C-labeled carbonyl groups in adjacent amino acids were synthesized for the determina-

tion of the intramolecular torsion angles (Table 3.6).

The labeled Fmoc-protected alanine trimers 150, 151, 152, 153, and 154 were prepared via solid

phase peptide synthesis in the Meier group. These were then reacted with amine-functionalized hy-
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Figure 49: The 13C-labels were incorporated in the carbonyl groups of the first three amino acids.

Table 3.6: Schematic overview of the 13C-labeled macromonomers aimed at the determination of the inter-

and intramolecular torsion angles by means of DOQSY NMR experiments. Derivatives with a 13C-label in the

fourth amino acid have not been prepared due to the associated synthetic difficulties.

Target Molecule Amino acid Position

1 2 3 4

165 X – – –

166 – X – –

167 – – X –

168 X X – –

169 – X X –

drogenated poly(isoprene) 41 in PyBOP-promoted peptide coupling reactions. While the derivatives

carrying only one label were used as obtained from the peptide synthesizer, the doubly labeled com-

pounds 153 and 154 were “diluted” to a concentration of 33 mol% with non-labeled alanine trimer 39

in order to avoid too many intermolecular 13C–13C close contacts, which would render the analysis

of the data too complex. The reactions were carried out on a scale of typically 60 to 70 mg of the

trialanine building block, leading to yields ranging from 71 to 100%.

The subsequent cleavage of the protecting group was also successful in all cases, furnishing yields

of 70 to 90% after column chromatography. The final peptide coupling was carried out using 2 equiv-

alents of the diacetylene component 71 and 2.5 equivalents of both EDCI and HOBt to ensure a com-

plete conversion. The obtained yields after two column chromatography runs were 70 to 78% which

were good given the strong tendency of the target molecules to polymerize during the purification at

daylight.

Samples of the five target structures 165, 166, 167, 168, and 169 were prepared by ultrasonica-

tion and heating of rather concentrated solutions followed by a lyophilization. The one-dimensional
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Scheme 44: Preparation of various labeled macromonomers 165–169 for use in the DOQSY-based torsion angle

measurements. Reagents and Conditions: a) Labeled Fmoc-protected alanine trimer 150–154, PyBOP, DIEA,

DCM/DMF, 0 ◦C; b) piperidine, CHCl3; c) diacetylene building block 71, EDCI/HOBt, TEA, DCM/DMF, −40 ◦C
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Figure 50: Representative one-dimensional 13C solid state NMR spectra showing that the quality of samples

prepared for the current investigations was inferior to the one obtained from macromonomer 137. In the lat-

ter case, the line shape was characteristic for an oriented sample while the new spectra were astonishingly

featureless indicative of a low order in the samples.

spectra of all these derivatives were, however, inferior in quality as compared to 147 carrying the

acetamidomethyl end group (Figure 50). In the latter case, the corresponding spectrum showed a

characteristic line shape while the spectra of the analogues of macromonomer 93 exhibited rather

featureless line shapes. Obviously, the sample preparation was suboptimal, a fact that should be con-

sidered in the following discussion of the two-dimensional spectra.
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Figure 51: A) The DOQSY spectrum of derivative 165 showed a relatively broad diagonal intensity distribution.

Consequently, a parallel arrangement of the C=O tensors in space may be assumed, although a considerable

amount of disorder was present. B) Macromonomer 166 showed a similar spectrum but the molecular order

was higher concluded from the narrower line width. C) This trend continued with macromonomer 167. Unfor-

tunately, the signal to noise ratio was worse in this case caused by a suboptimal experimental setup.

The DOQSY spectra of the singly 13C-labeled compounds 165, 166 and 167 (Figure 51) were, nev-

ertheless, well resolved. They all exhibited a diagonal intensity distribution indicative of a parallel ori-

entation of the carbonyl tensors in space. Interestingly, the internal order as measured from the width

of the intensity distribution increased from amino acid position one to three, as one would intuitively

have expected. In more detail, the spectrum of derivative 165 was rather broad (Figure 51A) while

166 gave a much narrower distribution (Figure 51B). This trend continued in the DOQSY spectrum

of 167, although the signal-to-noise ratio was a little worse (Figure 51C) due to suboptimal measure-

ment parameters chosen in this case. This caused an optical impression of a broader distribution,

but a thorough data analysis revealed the contrary.

The investigation of the twofold 13C-labeled macromonomers 168, and 169, aiming at a measure-

ment of the intramolecular orientation of neighboring carbonyl groups, was more complicated. The

obtained spectra (Figure 52) had a completely different shape which had been expected since the
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Figure 52: A) The DOQSY spectrum of macromonomer 168 showed an intensity distribution that could not be

fitted to any model yet. B) The spectrum of 169 gave a spectrum typical for a β-sheet type secondary structure.

distance and relative orientation of two adjacent C=O bonds within a molecule is substantially dif-

ferent as compared to the previously investigated intermolecular cases. The spectrum obtained from

compound 169 labeled at the second and third amino acids could be well fitted using a model that

assumed a β-sheet configuration as it had been applied in earlier studies dealing with the elucidation

of the internal structure of spider silk.202 In more detail, the torsion angles φ and ψ typically used

to describe β-sheet configurations were found at values around -135 as well as 150◦ well in line with

β-sheet type secondary structures.

Unfortunately, things were different in case of 168 (Figure 52A) because no fit has been found yet

that can explain the obtained spectrum. The relatively low signal-to-noise ratio as well as a question-

able result of an elemental analysis of the corresponding tripeptide building block that had been used

in the synthesis of the target compound were indicative of a problem with the purity of the sample.

For this reason, the preparation of the material is currently being repeated, and the DOQSY results

are to be regarded as preliminary.

3.2.3 Electron and X-ray Diffraction

The short-range order of the β-sheet arrays should be detectable by diffraction techniques although

they are embedded in an amorphous matrix formed by the poly(isoprene) segments. Thus, we per-

formed X-ray diffraction experiments on small pieces of samples obtained by a slow evaporation of

macromonomer solutions under slow rotation of the rotary evaporator. In order not to disturb the

internal order too much, the formed film was cut from the surface of the round bottom flask using a

scalpel. The diffraction patterns obtained from different macromonomers (Figure 53) were virtually

identical. The integrated and angle averaged X-ray diagrams all showed a peak corresponding to a
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crystalline packing distance of 4.6 Å, as one would expect for a β-sheet structure. Model compound

133 showed the same peak, however, the spectrum contained more sharp peaks due to an overall

higher crystalline order.
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Figure 53: A) The X-ray diffractogram of model compound 133 showed some sharp circular reflections in-

dicative of a crystalline order. B) Representative X-ray diffractogram of one macromonomer (97) indica-

tive of low crystallinity and; C) the corresponding integrated and angle-averaged X-ray diagrams of sev-

eral macromonomers and a model compound. The latter showed a higher crystallinity, whereas all the

oligopeptide-polymer conjugates had very similar diffraction diagrams with a peak at 4.6 Å typical for aβ-sheet.

During transmission electron microscopy (TEM) measurements on our system, selected area elec-

tron diffraction (SAED) was also carried out on one sample (Figure 54). In order to obtain good

results, a sample on a TEM grid was obtained by drop-casting from a concentrated solution of

macromonomer 92, in order to cover the grid with a multilayer film of material. The diffractograms

were stable for only a few seconds since the electron beam quickly “burnt” all material under a loss

of the crystalline order, leading to a rapid disappearance of the diffraction pattern. Thus, the grid was

blindly moved to a random position, and the diffraction image was taken as fast as possible. Never-

theless, the diffractograms were reproducible. The resulting analysis of the data revealed a doublet

of reflections corresponding to crystalline packing distances of 4.59 and 4.76 Å which proved the β-

sheet packing. The additional peaks at 4.25 and 8.04 Å were also typical of such oligopeptide systems,

as had been previously reported.124,125,203
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Figure 54: A) Electron diffractogram of a multilayer film of 92 on a TEM grid. The circular diffrations are clearly

visible. B) the subsequent integration of the diffractogram showed a doublet of reflections at spacings of 4.59

and 4.76 Å, indicative of a β-sheet secondary structure.

3.2.4 Gelation Experiments

3.2.4.1 Organogels from the Model Compounds

The monodisperse model compounds 126, 127 as well as 130-134 had initially been designed to grow

single-crystals in order to elucidate the geometry of the diacetylenes in the oligopeptide array by X-

ray diffraction. It was, however, impossible to obtain crystals from any of the structures since they

rather formed gels in various solvents. In the cases of 130-134, we, thus, attempted to dissolve the

model compounds in solvents such as DCM, CHCl3, THF or cyclohexane typically at a concentration

of 1 g L−1. While the TMS-terminated molecule 130 yielded clear solutions in all these solvents with-

out any gel formation even at concentrations up to 45 g L−1, 134 was found to be practically insoluble

in cyclohexane while it was still well-soluble in the other solvents. During attempts to dissolve the ma-

terial in hot cyclohexanes, the mixture became orange brown most likely due to thermal degradation,

i. e., a random cross-linking of the terminal diacetylenes. This kind of instability was also observed

when solutions in the other solvents were heated. 131 exhibiting 3+1 N–H · · ·O=C hydrogen-bonds

was found to form gels in pure DCM at a concentration of 1 g L−1, in good agreement with the IR

investigations. Analogous to literature examples of diacetylene-containing organogelators that had

been topochemically polymerized,168 the gels were subjected to UV irradiation. The gel immediately

attained a red-violet color indicative of a successful polymerization. The non-polymerized gel was

found to be mechanically stable up to the boiling point of DCM (Figure 55). No gels were formed in

CHCl3 or THF at the same concentration and the obtained clear solutions did not undergo polymer-

izations upon heating or irradiation.



3 Results and Discussion 111

A B

Figure 55: Representative pictures of gels from A) 131 and; B) 133 before and after polymerization. The Al-discs

proved the stability of the transparent gels, which was not influenced by the polymerization.

An overall similar behaviour was found in the case of model compound 132 exhibiting 3+2

N–H · · ·O=C hydrogen-bonds, which, on the one hand, could not be dissolved in cyclohexane while,

on the other hand, THF dissolved the material without any problem. In the cases of DCM and CHCl3,

weak gels were formed at a concentration of 1 g L−1 which were stable only up to 35 ◦C in the case of

DCM. Upon irradiation, the gels were destroyed due to a precipitation of violet polymeric material.

The observed general trend of solubilities and gelation abilities continued when the symmetric

derivative 133 with 3+3 hydrogen bonds was investigated. It was completely insoluble in cyclohexane

but it formed stable gels in DCM, CHCl3 and even in THF already at concentrations of 0.5 g L−1. The

gels in THF were very reactive toward the topochemical polymerization, since they became dark violet

even when they were stored in the dark over night. Moreover, these gels tended to shrink dramatically

upon polymerization. Gels formed in chlorinated solvents were stable up to the boiling points of the

respective solvents. Upon UV irradiation, the gels became dark violet which was a clear indication of

an efficient topochemical polymerization.

3.2.4.2 Gelation Properties of the Macromonomers 92-103

The macroscopic properties of the macromonomers to function as organogelators turned out to be

significantly different from those of the model compounds. Thus, macromonomers 92, 93, and 96

gave rise to viscous solutions but did not form gels at all in DCM and other chlorinated solvents at

room temperature, even at concentrations of up to 30 g L−1. Only at low temperatures, solutions of 92

and 96 in DCM at concentrations above 5 g L−1 formed mechanically weak gels with gelation temper-

atures of approximately –7 ± 3 ◦C and –8 ± 2 ◦C, respectively as measured by, again, placing an Al-disc

on top of the gels (Figure 56). DCM solutions of 93 remained viscous even at temperatures of –30 ◦C

and below when the macromonomer began to precipitate.

By contrast, 100 and 103 were found to be efficient organogelators, forming mechanically sta-

ble gels at concentrations of 3 g L−1 and below, with gelation temperatures of 69 ± 1 ◦C and 52 ±
2 ◦C, respectively. The difference of more than 60◦ in gelation temperatures is surprising, given
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Figure 56: Representative pictures of gels formed from A) 92; B) 100 and C) 103 before and after heating. The

Al-discs proved the stability of the gels at lower temperatures. In case of 92, the gel had a violet color due to

premature poly(diacetylene) formation in the daylight.

the close structural relation of the investigated macromonomers. Furthermore, the observed trend

in the mechanical stability of the gels and the transition temperatures appeared to contradict the

macromonomers’ tendency toward aggregation into β-sheet secondary structures, since 92, 93 and

96 showed cleaner IR signatures with higher contents of β-sheet secondary structures. This behavior

could, however, be understood with the help of SFM imaging (Section 3.2.6), which revealed a much

higher degree of order within the aggregates formed by the macromonomers aligning in parallel β-

sheets as opposed to the macromonomers that attained an antiparallel arrangement.

3.2.5 Imaging of Higher Structures by Transmission Electron Microscopy

The first attempts to image the supramolecular aggregates formed by the macromonomers were

made by transmission electron microscopy (TEM) at the electron microscopy center at ETH on a

transmission electron microscope that was operating at an acceleration voltage of 100 kV. Copper

grids coated with a layer of a few nanometers of amorphous carbon were used as the substrates, and

samples were prepared by drop-casting dilute solutions of macromonomer 92 at typical concentra-

tions of 0.01 and 0.03 g L−1. The TEM images showed remarkably straight fibrillar features of several

micrometers in length and variable widths (Figure 57). This appeared to be caused by lateral aggre-

gation, and the width of the constituting fibrils was estimated to be below 20 nm. However, the con-

trast in the TEM images was poor which became an increasing problem with enhanced magnification

(Figure 57B).

In order to address the problem of the weak contrast, we attempted to stain the samples with var-

ious reagents, e. g., aqueous uranyl acetate or osmium tetroxide solutions as well as pure ruthenium
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Figure 57: A) TEM image of a sample of 92. Fibrillar features of different widths were observed the narrowest of

which were estimated to be less than 20 nm wide. Typically, these structures were several hundred nanometers

long and remarkably straight; B) At higher magnification, the contrast to the carbon background became too

poor to allow for a further analysis of the interior structure.

tetroxide. Unfortunately, all attempts failed, and only virtually unchanged images were obtained that

were, if at all, contaminated by unspecifically distributed staining material.
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Figure 58: A) TEM image of a sample of 92 measured on a 200 kV TEM instrument at the Max Planck Institute

for Polymer Research in Mainz, Germany, allowing for filtering of inelastically scattered electrons which gave

rise to a better contrast as well as resolution. Again, long and straight fibrillar features were visible that seemed

to have a uniform width. B) Image of a carbon-shadowed TEM grid, allowing for an estimate of the height of

the structures due to a measurement of the “shadows” (light) caused by the fibrils.

TEM images obtained in collaboration with Dr. Ingo Lieberwirth at the Max Planck Institute for

Polymer Research in Mainz, Germany, exhibited an improved contrast even without staining due to
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filtering of inelastically scattered electrons. Again, the images showed straight fibrils that extended

over several micrometers in many cases (Figure 58A). The quality of the images allowed for a statistical

analysis of the fibrils’ width which revealed a bimodal distribution centered at maxima located at

6.5 (±1.4) nm and 8.7 (±2.5) nm (Figure 58A inset). For the first time, this exact analysis allowed to

establish that the width of the supramolecular aggregates was on the order of the macromonomers’

molecular length of approximately 6 to 7 nm.
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Figure 59: TEM images measured on a 120 kV instrument at the Max Planck Institute for Colloids and Interfaces

in Golm, Germany, allowing for the filtering of inelastically scattered electrons of A) a sample of 93 showing

the expected very long and straight fibrillar features; B) derivative 96 formed similar aggregates, while C) 99
formed much shorter features that, furthermore, gave rise to much less contrast; D) macromonomer 100 (as

well as 101, 102, 103) exhibited large ill-defined aggregates of organic material.
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In order to also extract height information from a transmission experiment, samples were pre-

pared using the carbon-shadowing method. For this purpose, a graphite electrode is evaporated in

an arc discharge. The generated carbon nano particles cover the surface of TEM grids so that objects

on the grids cause a carbon shadow the dimensions of which directly translate into the height of the

former. The resulting unequal distribution of carbon can then be resolved in the TEM measurements

due to differences in contrast (Figure 58B). In the case of macromonomer 92 a statistical analysis of

the shadow widths (Figure 58B inset) resulted in a monomodal distribution centered at a value of

1.7 (±1.3) nm. Obviously, the aggregates can be described as flat objects having a uniform height

whether being laterally aligned or isolated. If these dimensions represented those of the aggregates

in solution (implying tape- or ribbon-like structures) or if the structures collapsed on the surface un-

der the given conditions (surface forces, ultra-high vacuum) and were, thus, only “projections” of the

original geometry remained unclear. However, the determined height was approximately twice the

value one would expect for a single β-sheet.

TEM images of macromonomer 93 obtained in collaboration with Dr. Jürgen Hartmann at the Max

Planck Institute for Colloids and Interfaces in Golm, Germany, revealed similar structures as com-

pared to derivative 92 upon a qualitative inspection of the images (Figure 59A). The same was true

for macromonomer 96 (Figure 59B). By contrast, the aggregates formed by the symmetric derivative

99 (Figure 59C) gave less contrast despite its nearly doubled molecular weight. The obtained fibrils

seemed to be much shorter, as well. As may be anticipated considering the results from the IR inves-

tigations, the macromonomers 101 and 102 that were supposedly unordered in solution showed only

large drying artifacts of organic material. The same was observed for derivatives 100 and 103 that

are supposedly arranged in antiparallel β-sheets (Figure 59D). Apparently, the aggregates formed by

antiparallel β-sheet arrangements can not be resolved by TEM.

3.2.6 Imaging of Higher Structures by Scanning Force Microscopy

3.2.6.1 Supramolecular Polymers from the Macromonomers

In order to study the aggregates formed by the self-assembly of the macromonomers in more de-

tail, SFM imaging was carried out in a close collaboration with the group of Prof. Jürgen P. Rabe at

the Humboldt University Berlin. Thus, images of a sample of macromonomer 92 (5+1 N–H · · ·O=C

hydrogen-bonds) spin-coated onto highly oriented pyrolytic graphite (HOPG) from dilute DCM so-

lution confirmed the existence of fibrillar features, as already observed in the TEM images. The res-

olution of the images was high enough to allow for an examination of the internal structure of the

fibrils. These were obviously helical in nature, exhibiting a right-handed twist (Figure 60). The un-
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ordered material that appeared in the background of these images was found to cover the graphite

surface completely and could later be identified as a monolayer of the macromonomer itself. This

phenomenon did not occur when the HOPG substrates were first covered with an amphiphilic mono-

layer (tricontanoic acid or stearyl amine).
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Figure 60: SFM images of macromonomer 92 spin-coated on HOPG from a DCM solution revealed fibrillar

features with lengths of several hundred nanometers and a right-handed helical fine structure; a monolayer of

unordered material is visible in the background.

The reproducibility of the images was very high, and virtually the same results were obtained from

different solutions using different concentrations, solvents (DCM, CHCl3) or substrates. Several in-

stances (Figure 61B) allowed to identify the double-helical nature of the fibrils that were obviously

made up of two flat, featureless “ribbon” substructures. In order to extract more geometrical in-

formation from the images, height profiles along the contour of the fibrils (Figure 61A) as well as

cross-sections of the latter were investigated. A histographical analysis of a large number of such

measurements allowed for the determination of the apparent height of the features which was found

to be 4.7 (± 0.5) nm. The apparent width was measured to be on the order of 18 nm. However, this

value had to be corrected for the radius of the SFM tip which is on the order of 10 nm, resulting in

an estimated corrected width of 5-6 nm. Thus, the cross-section seemed to be close to circular. The

evaluation of the periodical pattern of the contour gave an identity period of 17.8 (± 1.7) nm, trans-

lating into a helix pitch of approximately 36 nm, taking the double-helical nature into account. From

the helix pitch and the helix angle of approximately 55◦, the width of the ribbon substructures was
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Figure 61: A) The helical structures formed by 92 were observed reproducibly; spin-coating from more dilute

solutions onto HOPG led to a decreased amount of features allowing for an easier measurement of single ob-

jects. B) Two flat “ribbon” structures come together to form a double-helical fibril. C) Representative height

profiles of (top) the contour of an aggregate and (bottom) the cross-section of the latter both measured along

the indicated pathways. D) Histographical analysis of the height resulting in an average height of 4.7 ± 0.5 nm.

E) Histographical analysis of the helix pitch giving an average pitch of 17.8 ± 1.7 nm for a half-turn of the

double-helical aggregate.

estimated to be roughly 10-14 nm which would be about twice the molecules’ extended length of the

macromonomer of 6-7 nm.

SFM images of macromonomer 93 (5+1 hydrogen-bonds) (Figure 62) showed strikingly similar

helical fibrillar structures. The fibrils obtained in this case were extremely long, some extending over

several dozens of micrometers, running diagonal through an entire image, and preventing the local-

ization of their ends. At the same time, they appeared to be more rigid than those fibrils obtained from

derivative 92. They also had a close to circular cross-section and a uniform diameter, with an appar-

ent height of 5.7 (± 0.4) nm and an estimated width of about 6 nm (again, corrected for the SFM tip

radius). Most of the fibrils exhibited a periodic fine structure suggesting that they were right-handed

helices with a periodicity of 18.6 (± 0.9) nm (helix pitch of about 37 nm). Thus, while no instances

could be found that would unambiguously prove their double-helical nature, this assumption may

still be regarded as reasonable given the close structural relation to macromonomer 92 both in terms

of their molecular and their nanoscopic structure.

It should, however, also be noted that some features formed by 93 did not show any helical fine

structure at all (Figure 62C), although they were otherwise more or less indistinguishable from the

helical ones judging from their height, width, length, curvature and general appearance (Figure 63).

This qualitative conclusion could be corroborated by a thorough analysis and comparison of “aver-
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Figure 62: A) Macromonomer 93 gave also rise to fibrillar features that were several dozens of micrometers long

and seemed to be more rigid as compared to the aggregates formed by 92; B) A close-up of the structures again

proved a right-handed helical fine structure; C) A close-up of image A reveals the presence of helical as well as

smooth fibrils; D) An identity period of 18.7 (± 0.9) nm was extracted from height profiles of the fibrils’ contour

giving rise to a helix pitch of twice this value assuming a double-helical nature of the fibrils; E) A histographical

analysis of the height taken from many measured cross-sections revealed a height of 5.7 (± 0.4) nm.

age profiles” (Figure 63D-G) of the helices formed from macromonomer 92 as well as both the helical

and the smooth aggregates from derivative 93. These “average profiles” were obtained by aligning the

maxima of different cross-sectional profiles taken from different locations along the fibrils, different

fibrils of each type, as well as different images of the same macromonomer followed by an averag-

ing of the curves. Although such a procedure can only serve as a coarse comparison, it provided a

clear indication that the three different types of aggregates were also very similar from a quantitative

perspective with respect to their average height and apparent width at half-height. Furthermore, the

assumption that their cross-sections were approximately circular was very well consistent with the

results in all three cases. The missing fine-structure, however, could not be explained.
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Figure 63: A-C) The helical fibrils obtained from 92 and 93 as well as the smooth features only obtained in the

case of 93. D-G) The corresponding height analyses showed an overall very similar appearance with close to

circular cross-sections and a diameter of 5-6 nm (after correction for the tip radius) in all cases.

Similar to 92 and 93, macromonomer 96 (5+2 N–H · · ·O=C hydrogen-bonds) was found to self-

assemble into helical fibrillar features (Figure 64) which also extended over several micrometers. The

aggregates again appeared to be more rigid as compared to fibrils formed from 92 but they exhibited

an apparent height and estimated width very similar to fibrils found in the former cases. In con-

trast to 92 and 93, macromonomer 96 formed uniform left-handed single helices with a much more

complex periodic fine structure. In contrast to the supposedly double-helical aggregates formed by

the macromonomers having 5+1 N–H · · ·O=C hydrogen-bonds, these single helices showed a signif-

icantly smaller tendency to form double-helical bundles that were, nevertheless, occasionally ob-

served (Figure 64G).

Height profiles, cross-sectional profiles, as well as height and phase images helped to identify a

periodic pattern with an identity period of 121 (± 17.6) nm in which shorter, elevated “turns” were

followed by two longer, lower segments that were separated by a second type of “twists”. The latter

were less clearly distinguishable in the height images and, contrary to the turns, exhibited a dark line

running through their centers diagonal to the axis of the aggregate in the phase images. Additionally, a

minor population of very similar left-handed helical aggregates (not shown) was observed which only

comprised the first type of “turns” spaced at 60 (± 8) nm, i. e., more or less exactly half the identity pe-

riod of the predominant type of fibrils. It remained unclear whether these aggregates were, indeed, a

second population or just different variants or projections of the same type of aggregates. The turns’

height was determined to be 5.3 (± 0.9) nm, and their length in the direction of the aggregate axis

was estimated to be on the order of 18 nm (Figure 65). An averaging of cross-sectional profiles for the
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Figure 64: A) Macromonomer 96 also showed fibrillar features in the SFM image that extended over several

micrometers in some instances. In contrast to the previous examples, the aggregates seemed to be much more

rigid and formed left-handed single helices (image taken on HOPG covered with tricontanoic acid). B) The

helical fine structure was more complex exhibiting “turns” and “twists” (image taken on HOPG covered with

tricontanoic acid. C-D) The height image of the same aggregate allowed for a determination of the contour

profile as well as the cross-section. Thus, the apparent width could be estimated to be approximately 6 nm; E)

Histographical analysis of the height taken from many measured cross-sections giving a value of 5.3 (± 0.9) nm;

F) Histographical analysis of the contour profiles giving a value of 121 (± 17.6) nmfor the helix pitch; G) The

formation of double helices was occasionally observed.

turns and the segments in between revealed distinctly different heights of about 5.9 and 4.6 nm, re-

spectively. As the apparent widths were similar, this would translate into estimated widths of 5-6 nm

and 7-8 nm, respectively. In other words, the turns bear a striking resemblance to the helical struc-

tures formed from 92 and 93 and were, therefore, tentatively interpreted as single helix turns. The

two longer segments in between appeared to be flatter and had a more ellipsoidal cross-section. The

complex periodic pattern observed in the height profiles along the fibrils (Figure 65E) could be well

explained by model height profiles (Figure 65F) for bent and twisted helical ribbons with an ellipsoidal

cross-section (Figure 74); in particular, for non-integer twist/bend ratios r the essential features of the
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Figure 65: A) The average height of the “twists” was lower than B) the height of the “turns”, as can clearly be seen

from C) a direct comparison of the average curves. D) The height image showed the cross-sections taken at the

“twists” and “turns”. E) The experimental height profile along a fibril was F) strongly reminiscent of modeled

height profiles of “bent and twisted” single-helices with an ellipsoidal cross-section (r = ratio of bending and

twisting periodicity).

height profiles were well-reproduced. Consequently, the aggregates formed from macromonomer 96

were tentatively interpreted as bent and twisted left-handed helical ribbons.

While the derivatives 92 and 93 (5+1 N–H · · ·O=C hydrogen-bonds) formed very similar aggregates,

exactly the same was true in the cases of the macromonomers 96 and 97 (5+2 N–H · · ·O=C hydrogen-

bonds). Thus, SFM images taken from samples of macromonomer 97 (Figure 66) revealed the pres-

ence of fibrillar features extending over several micrometers, the majority of which were left-handed

helically twisted ribbons very similar to those observed for derivative 96. The aggregates also exhib-

ited a complex periodic fine structure in which sharp helix “turns” alternated with broader “twists”

having a periodicity of 113.8 (± 18.8) nm. In this case, a minor population of likewise left-handed

helical ribbons with a similar width and height, but a more tightly wound helical fine structure was

observed (Figure 66E) that only featured helix “turns” spaced at a distance of 64.2 (± 6.1) nm. The

major population of left-handed helical ribbons had a height of 7.7 (± 0.7) nm measured at the helix

“turns” and an apparent width of 17.4 (± 1.7) nm (not corrected for the SFM tip radius).

Interestingly, some ribbons could be found that were unwound at their ends (Figure 67) allowing,

for the first time, to unambiguously prove that also these structures were indeed constituted from two

flat substructures with a height of (3.1 ± 0.4) nm and an estimated width of the two species of 16.9 (±
1.2 nm) (without correction for the SFM tip radius). This would be commensurate with the dimen-

sions of single β-sheet tapes formed by macromonomer 97 having an extended molecular length of

6-8 nm.
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Figure 66: A,B) SFM images of macromonomer 97 on a monolayer of flat lying stearyl amine on HOPG showed

left-handed helical ribbons that only occasionally formed double helices and occurred in two populations.

C,D) The major population exhibited a periodic fine structure with an identity period of 113.8 (± 18.8) nm,

where sharp features reminiscent of helix “turns” alternated with broader “twists”. E,F) The minor population

of ribbons only exhibited left-handed helix “turn” features placed at a distance of 64.2 (± 6.1) nm.

In SFM images of macromonomer 99 (5+5 N–H · · ·O=C hydrogen-bonds) spin-coated onto HOPG

from DCM solutions, several micrometers long and comparably rigid fibrillar aggregates were ob-

served, as well (Figure 68). This time, however, these aggregates appeared to be broad, flat tapes with

an apparent height of 2.5 (± 0.3) nm and an approximate width on the order of 7 nm, i. e., less than

the molecules’ extended length of 11-12 nm. These width measurements were carried out at posi-

tions where multiple tapes aligned laterally (Figure 68A,D) so that it is plausible to assume that the

hydrogenated poly(isoprene) coil segments of adjacent tapes partially merged, giving rise to an un-

derestimation of the width. In some of the phase images (Figure 68D), a faint dark line was visible

along the middle of the tapes probably caused by the “hard” oligopeptide core which suggested that

they had a dumbbell-shaped cross-section. In some cases, several of these tapes gave rise to features
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sisted of two flat substructures. B) A height profile measured across the two tapes clearly showed two maxima.

The combined apparent width of the two species was found to be 16.9 (± 1.2 nm) (without correction for the

SFM tip radius) while each had a height of 3.1 (± 0.4 nm). This would be commensurate with the dimensions

of single β-sheet tapes formed from macromonomer 97 having an extended molecular length of 6-8 nm.
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Figure 68: A) The symmetric derivative 99 formed flat tapes that typically aligned laterally and occasionally

formed multiple-helical turns; B) These tapes and turns were also clearly visible in a phase image; C) Upon

zooming into the phase image, faint dark lines in the middle of the tapes became visible, indicating a “hard”

core; D) Height profiles measured across four or five laterally aligned tapes allowed for an estimate of the width

of the tapes (7 nm); E) Histographical analysis of the height taken from many measured cross-sections giving a

value of 2.5 (± 0.3) nm.

that looked like multiple-helical turns. This was even more pronounced in images taken on substrates

that were coated with tricontanoic acid prior to spin-coating of the macromonomer solution.

The macromonomers that were shown to self-assemble via an antiparallelβ-sheet formation were

hard to image using SFM. Target molecule 103 as well as derivative 100 gave rise to fibrillar features
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Figure 69: It was hard to find fibrillar material in case of the macromonomers that were not able to form

N–H · · ·O=C hydrogen-bonds with their end groups. A) Only the H-terminated molecule 103 and; B) deriva-

tive 100 formed very thin and flexible fibrillar features that only occasionally give rise to helical features.

which appeared to be much thinner and more flexible than those formed from, e. g., 99 (Figure 69).

Additionally, they only occasionally formed helical features but by far not as regularly as the other

derivatives. Furthermore, substantial amounts of non-fibrillar material were visible in both cases,

as well, even when the HOPG surface had been treated with an amphiphile prior to spin-coating

the sample solutions. This observation implied that these macromonomers exhibited a significantly

smaller tendency to aggregate into fibrillar features and that the latter were less stable. This inter-

pretation is well in agreement with the IR and TEM results as well as our expectations, since only

5 N–H · · ·O=C hydrogen-bonds are available. Finally, in SFM images of the TMS- as well as the

tetra(ethylene glycol)-substituted derivatives 102 and 101, respectively (not shown), mostly non-

fibrillar material was observed. This was well in agreement with the corresponding IR spectra that

suggested a predominantly random coil secondary structure. In summary, fibrillar aggregates were

obtained from macromonomers 92, 93, 96, 97, 99, 100 as well as 103 that had been found to attain β-

sheet type secondary structures. However, the five derivatives that had been found to favor a parallel

β-strand orientation (92, 93, 96, 97, 99) exhibited a significantly higher propensity to aggregate into

fibrillar features, and the obtained self-assembled structures were much better defined. Apparently,

the formation of hierarchical structures as well as the exact nature of the latter were also controlled by

the presence and the number of N–H · · ·O=C hydrogen-bonding sites in the molecules’ end groups.
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3.2.6.2 SFM Images of Organogels from the Model Compounds

SFM investigations of solutions or gels of the model compounds confirmed the results of their cor-

responding IR measurements and helped to understand the macroscopic gelation behavior. Thus,

no aggregates of any kind were observed in SFM images from 130 and 134 since the molecules were

obviously well dissolved. In the case of 131, samples spin-coated from DCM gave rise to several hun-

dred nanometer long fibrillar aggregates with non-uniform appearance and tendency to form larger

“clumps” (Figure 70A) whereas no features were obtained from samples dissolved in CHCl3. Deriva-

tive 132 was found to form comparable structures, however, they were shorter and seemed to be more

rigid (Figure 70B). These results were in well agreement with the observed stabilities of the gels but

contradictory to the IR investigations that proved a much better β-sheet formation of 132.

400 nm400 nm

A B

Figure 70: A) SFM images of model compound 131 on HOPG showed several hundred nanometer long fibrillar

features. B) Derivative 132 formed similar features which were, however, much shorter (100-200 nm).

The symmetric derivative 133 showed a completely different behavior, forming several microm-

eter long helical fibrils (Figure 71). The latter had variable diameters and showed a strong tendency

to entwine. While these results are, again, in complete agreement with the gel stability as well as

the clean IR signatures, they also highlight the similarities and differences in comparison to the

macromonomers. Apparently, the 3+3 N–H · · ·O=C hydrogen-bonds led to the formation of stable

fibrils in analogy to the macromonomers, which were found to form such aggregates starting from

5+1 hydrogen-bonds. The fibrils formed by 133 were, however, far from uniform. They tended to

align laterally, entwined and exhibited various diameters and had, thus, to be regarded as vesicu-

lar or micellar structures as opposed to well-defined supramolecular polymers. This observation al-
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lowed to explain the gel formation in this case, whereas the highly ordered structures formed by the

macromonomers were not able to support gels highlighting the important influence of the polydis-

perse polymer segment on the self-assembly process. These results are well in line with the results

obtained from investigations concerning the self-assembly of oligopeptides and their polymer con-

jugates (Section 1.2).

400 nm 200 nm

A B

Figure 71: A) Solutions of 133 spin-coated on HOPG resulted in a variety of helical fibrils extending over several

micrometers. Their widths were far from uniform and corresponded to multiples of the extended lengths of

their constituting molecules. B) A close up of the image further confirmed the non-uniformity of the helical

features.

3.2.7 Further Investigations Concerning the Higher Structure Formation

An investigation of the supramolecular aggregates in solution was also attempted by using cryo-TEM

and light scattering techniques. As cryo-TEM is typically performed in water, our system could not

be properly investigated because we were restricted to the use of chlorinated solvents. Initial light

scattering attempts have been carried out with the help of the group of Prof. Manfred Schmidt at the

Johannes Gutenberg University in Mainz, Germany, but the results of experiments carried out with

solutions of macromonomer 92 were not straightforwardly interpretable. Apparently, the mixture

of different structures in solution or their dimensions rendered a fitting of the data impossible. A

repetition of the experiments using other macromonomers has not been carried out to date.
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3.3 Model for the Self-Assembly of Macromonomers 92-103

The observed secondary and higher structure formation of the different macromonomers in organic

solution which has been described in the previous sections was obviously influenced by the pres-

ence and the number of additional N–H · · ·O=C hydrogen-bonding sites in their end groups and by

the presence of the flexible, polydisperse and hydrophobic polymer segments. Therefore, it is cer-

tainly desirable to rationalize the exact relation between the molecular structure, the nature of the

secondary structures, and the type of the fibrillar aggregates, in order to develop a set of guidelines

for the preparation of π-conjugated polymers with a predictable hierarchical structure in the future.

This goal was accomplished in analogy to and extension of the model for the step-wise, hierarchical

self-organization of designed oligopeptides in protic solvents into uniform tapes, ribbons, fibrils, and

fibers in protic solvents proposed by Boden, Fishwick and coworkers.82–84,106,107 As discussed in de-

tail in section 1.2.2, a short oligopeptide in β-strand conformation as the basic chiral, right-handed

twisted rodlike unit should be expected to form single antiparallel β-sheet tapes which typically bend

into left-handed helices (Figure 72). The formation of left-handed helical twisted ribbons (double

tapes) serves to hide hydrophobic β-sheet surfaces in the case of amphiphilic β-sheets. The mutual

attraction of the ribbon surfaces then leads to furtherβ-sheet stacking into left-handed helical twisted

fibrils, and the attraction of the fibrils’ edges causes a bundeling of the fibrils into left-handed helical

fibers. Thus, it is the inherent helicity of the β-sheet-based fibrillar aggregates (or, more precisely,

the interplay of aggregation enthalpy and the elastic energetic penalty associated with readjusting

the helix geometry upon aggregation) that will prohibit an unlimited aggregation and guide the sys-

tem to form well-defined aggregates with a finite number of constituent tapes and a finite width on

every level of self-organization. The formation of higher aggregates may, for example, be further sup-

pressed by introducing additional non-covalent interactions such as electrostatic repulsion induced

by charged side chains.

This remarkably intuitive general model is also applicable to the self-assembly of the oligopeptide-

based macromonomers if the particularities of their molecular architecture as well as the differences

in the conditions for self-organization are acknowledged. Most importantly, the self-assembly of the

macromonomers was performed in organic solution so that, due to the absence of competition from

the solvent, hydrogen-bonding responsible for the aggregation into β-sheets should be stronger. At

the same time, any hydrophobic interactions responsible for the mutual attraction ofβ-sheets should

be noticeably reduced. Secondly, the attachment of an amorphous and flexible hydrophobic polymer

segment introduces a strong element of phase segregation and a source of molecular disorder both

uncommon in the realm of pure oligopeptides. Thirdly, the macromonomers contain a diacetylene

moiety integrated into the oligopeptide segment which may be regarded as a rigid spacer resulting in
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Figure 72: An oligopeptideβ-strand (twisted arrow) has a right-handed twist due to the L-chirality of the amino

acids. Consequently, a resultingβ-sheet tape must exhibit a left-handed twist to allow for an optimal hydrogen-

bonding (alignment of the arrow’s edges).

a non-equidistant placement of the N–H · · ·O=C hydrogen-bonding sites in the core and in the end

group. The formation of comparably stable tapes (single β-sheets) can straightforwardly be assumed

as the first step of self-organization for all macromonomers in organic solution. The main difference

between the macromonomers is the unambiguously proved fact that the tapes of macromonomers

with 5+1, 5+2 and 5+5 N–H · · ·O=C hydrogen-bonds typically feature a parallel β-strand orientation

while the others favored an antiparallel alignment of the β-strands. As a consequence, the former

β-sheets exhibit a residual dipole moment component perpendicular to the tape axis (in β-strand di-

rection) (Figure 73).109 In addition, the odd number of N–H · · ·O=C hydrogen-bonds will also cause a

residual dipole moment component parallel to the tape axis. The impact of the additional hydrogen-

bonding sites in the macromonomers’ end groups is hard to predict as their orientation relative to the

others is not known.

Consequently, the formation of antiparallel β-sheets from macromonomers 100 and 103 can be

regarded as an apolar mode of self-assembly in the sense that the dipole moment components of the

oligopeptide strands perpendicular to the tape axis are cancelled out and both edges of the tape are

lined with polymer segments grafted to the oligopeptide strands in an alternating fashion (Figure 73,

Figure 74B). In this way, the whole tape is conveniently wrapped into a “cushion” of the polymer seg-

ments and, thus, shielded from the hydrophobic environment. The latter factor may also be assumed
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Figure 73: Parallel β-sheets exhibit a residual dipole moment component in β-strand direction (perpendicular

to the tape direction). Additionally, there will also be a dipole moment parallel to the tape direction in case of

an odd number of amide bonds. The relative orientation of additional amide bonds in the end group is not

clear.

to prohibit any further stacking of the single β-sheet tapes into ribbons or higher aggregates. Con-

sistent with the SFM results and in analogy to the model of Boden and Fishwick, the tapes formed

from macromonomers 100 and 103 should have only little incentive to bend into helices because

both β-sheet surfaces and the environment are hydrophobic.

Similarly, the symmetric macromonomer 99 forms tapes via an apolar mode of self-assembly

(Figure 74A). While the β-strand orientation has been proved to be parallel, it must be taken into

account that the oligopeptide segments covalently attached to the central diacetylene unit have op-

posite directionality so that the tapes actually consist of two parallel β-sheet domains with opposite

β-strand orientation. Hence, the dipole moment components perpendicular to the tape axis are can-

celled out and both tape edges are equally lined with the grafted polymer segments such that, with

the same reasoning as presented above, a further self-organization into ribbons or higher aggregates

is unfavorable. The tapes formed from 99 should only have a small tendency to bend into helices

for the same reasons as 100 and 103 but, of course, be wider and more rigid due to the constituent

molecules’ dimensions and the doubled number of hydrogen-bonds.

The situation is different in the case of macromonomers 92, 93, 96, and 97 in one important as-

pect. The formation of tapes via parallel β-sheet formation is a polar mode of self-assembly in these

cases because of the residual dipole moment components. Furthermore, all polymer segments are

grafted to the same edge of the tape while the other one is bare. In addition to the resulting steric

mismatch between the tapes’ edges, a simple molecular model shows that the chosen chain length of

the polymer segments (x + y ≈ 10) is not sufficient to completely wrap the tapes and, thus, shield the

polar cores from the hydrophobic environment. The combination of all of these factors supposedly

results in the formation of ribbons (double tapes) from two (partially) stacked tapes with opposite

β-strand orientation (Figure 74D), which would also explain the observed width of more than the
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Figure 74: Schematic outline of the proposed model for the hierarchical self-organization of the

macromonomers. A) 99 forms single parallelβ-sheets, resulting in tapes with dumbbell-shaped cross-sections.

B) 100 and 103 aggregate into single antiparallel β-sheets yielding flexible, featureless tapes. C) Tapes obtained

by parallel β-sheet formation from 92, 93, 96, and 97 are polar structures which D) further self-organize into

ribbons. E) Left-handed twisted and bent ribbons from 96 and 97 are rigid, and only occasionally form helix

bundles, in contrast to F) ribbons from 92 and 93 which are flexible enough to aggregate into double-helical

bundles. Red arrows indicate the directionality of the peptide strands and also the net dipole moment compo-

nents in strand direction (perpendicular to the tapes).

molecules’ extended lengths. In this arrangement, the dipole moment components perpendicular to

the axes of the constituent tapes would, again, be cancelled out and the whole ribbon structure would

be wrapped with the aliphatic polymer segments from both sides, hiding the twoβ-sheet tapes inside.

Thus, the formation of left-handed single-helical ribbons from macromonomers 96 and 97 is anal-

ogous to the model proposed by Boden and Fishwick. As schematically illustrated in Figure 74 E, their

observed complex fine structure may straightfowardly be attributed to result from bent and twisted

ribbons with an approximately ellipsoidal cross-section, which is consistent with the tentative inter-

pretation of the height profiles in the SFM images.
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By contrast, the aggregates formed from 92 and 93 were right-handed double-helices formed from

two ribbon substructures. The latter did not show a periodic fine structure like the ribbons formed

from 96 or 97, and they were obviously much more flexible. Both may be seen as a consequence of

the fact that 92 and 93 are one peptide residue shorter so that the β-sheets are narrower and poten-

tially less rigid so that any (left-handed) helicity of the tapes is concealed by the soft polymer shell

around it. While, formally, the resulting double helices can be regarded as fibrils because they are

constructed from two ribbons, the mechanism of fibril formation would be entirely different from

the one described by Boden and Fishwick. As in the case of the other macromonomers, the soft poly-

mer shells covering the ribbons from 92 and 93 will prevent fibril formation via β-sheet stacking; but

interactions between them may promote the formation of superstructures in order to minimize the

interface with the solvent. The resulting superstructures should, therefore, rather be referred to as

helix bundles (Figure 74F). The reason for the right-handedness, however, is unknown.

This model has decisive implications concerning the planned UV-induced polymerization of the

diacetylenes. The β-sheet tapes formed by 99 comprise exactly one array of diacetylenes and should,

hence, be converted into a single-stranded poly(diacetylene) upon UV irradiation. Macromonomers

96 and 97 which formed left-handed single-helical ribbons that supposedly comprised two β-

sheet tapes should, on the other hand, furnish double-helical π-conjugated polymers. Finally,

macromonomers 92 as well as 93 that were shown to form right-handed double-helical helix bun-

dles that consisted of a total of four laminted β-sheet tapes and the same number of polymerizable

diacetylene arrays are expected to give rise to quadruple-helical poly(diacetylene)s exhibiting an op-

posite helix-sense as compared to the other poly(diacetylene)s.

3.4 UV Induced Topochemical Polymerization

The results concerning the controlled secondary and higher structure formation of the newly de-

signed oligopeptide-polymer conjugates 92-103 as well as the initial polymerization results of the

gels formed by model compounds 131-133 were promising with respect to the desired detailed study

of the polymerization behavior that will be presented in the current section.

3.4.1 Polymerization of the Macromonomers 92-103

An initial polymerization experiment was carried out with DCM solutions of 92 in UV cuvettes using

a medium pressure Hg lamp exhibiting a broad emission spectrum (Figure 75). Before the irradiation,

the solution was clear and colorless but attained an intense purple color almost instantaneously after
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the irradiation was started. The color continued to intensify for a period of 5 min accompanied by a

color change to a more reddish tone. From that point on, however, the strong UV irradiation seemed

to destroy the just formed chromophores and obviously the solutions were “bleached”. After 20 min,

the solution was orange and a prolonged UV-treatment led to a brownish colored reaction mixture.

0 min 1 min 3 min 5 min 10 min 20 min

Figure 75: The solution of 92 in DCM attained a deep violet color almost instantaneously. The color intensified

and changed to a more reddish tone after 5 min before the strong UV irradiation started to “bleach” the color.

In order to investigate the process spectroscopically, we measured UV-vis spectra after differ-

ent time intervals (Figure 76). The obtained spectra showed a broad absorption starting at roughly

650 nm. Two main absorption bands located at 574 and 544 nm increased in intensity over time. This

process was accompanied by a movement of the maxima toward shorter wavelengths. Below 500 nm,

a featureless absorption was observed that had a minimum around 350 to 400 nm which, however,

increased dramatically with irradiation time. After 5 min of UV-treatment, the highest extinction co-

efficient εmax = 2· 106 cm2 mol−1 at 516 nm was reached (normalized by the average molar mass of the

macromonomer). The spectra obtained after longer irradiation times showed a drop in the intensities

of the absorption bands above 500 nm, and after 20 min, the spectrum was more or less featureless

showing a very high absorption below 400 nm, indicative of a photo-oxidative chain scission process

described by Wenz et al.204 In conclusion, the topochemical polymerization was successful but the

chosen reaction conditions were inappropriate and had to be improved.

In order to optimize the setup, we exchanged the light source to a 250 W Ga doped Hg lamp

(Figure 77) exhibiting an emission spectrum featuring discrete main bands at 254 nm, 300 nm,

366 nm, 408 nm, 422 nm, 555 nm, and 580 nm. Secondly, the polymerization solutions were placed

into a thermostated Schlenk reactor to allow for an exclusion of O2 (Figure 77B).

The polymerization reactions using the new setup were carried out in DCM as the solvent since

it is more inert against UV irradiation. In order to obtain reproducible results, stock solutions of the

macromonomers in DCM were prepared, typically at concentrations of 5 or 10 g L−1 and stored in the
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Figure 76: UV-vis spectra of the polymerization solution at different irradiation times A) first showed increas-

ing absorption bands between 500 and 600 nm that were assigned to the poly(diacetylene) backbone formed

during the reaction. B) After longer irradiation times, these bands decreased at the expense of a strong increase

of absorptions below 400 nm, indicating a photo-oxidative polymer degradation.
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Figure 77: A) Schematic emission spectrum of the UV lamp; B) The setup of the UV polymerizations: the quartz

glass Schlenk flask could be equipped with an inert N2 atmosphere, was thermostated and placed at a variable

distance from the UV lamp. The macromonomer solution was irradiated (violet solution) and samples could

be taken by opening the GL cap in the N2 counter current.

dark in the freezer. These stock solutions were heated to room temperature and ultrasonicated for

several minutes to ensure a homogeneous distribution of the material. A sample was taken and di-

luted in more DCM to the desired concentration. The reaction solution was then degassed by three

freeze-pump-thaw cycles, transferred to the reaction vessel, and thermostated to the desired tem-

perature for 15 min before the UV-irradiation was started. The reactor was opened in N2 counter

current and samples were taken at different time intervals. Due to the high extinction coefficient of

the π-conjugated polymer backbone, the samples were further diluted before the UV-vis spectra were
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measured. Thus, small samples of several hundred microliters were transferred to volumetric flasks

(1-5 mL) using a microliter syringe, and then diluted to a concentration of 0.25 g L−1.

Several test polymerizations with the various macromonomers at different concentrations (0.1–

10 g L−1), temperatures [–20 ◦C to +30 ◦C] and irradiation times revealed that optimal polymerization

results, judged from the highest extinction coefficients and the general shape of the spectra, were ob-

tained by irradiating solutions with a concentration of 1 g L−1 for 2 h at 0 ◦C.205 Although the reaction

was generally faster at elevated temperatures, a pronounced evaporation of the volatile DCM caused

an increase in concentration and, thus, the extinction coefficients measured in UV spectroscopy be-

came unreliable. Thus, all macromonomers were polymerized under “standard conditions” at 0 ◦C to

obtain comparable results.

The poly(diacetylene) formed by macromonomer 92 exhibited a main absorption band located

at 518 nm with a shoulder to higher wavelengths at ≈ 580 nm (Figure 78A). The maximum extinction

reached a value of 2.75 · 106 cm2 mol−1 after 2 h of irradiation. The most important improvement

in comparison to the initial experiment (vide supra) could be observed in the spectral region below

400 nm. Although, still, a pronounced increase in absorption was observed in that region, the polymer

was found to be much more stable to photo-oxidative degradation.

Macromonomer 93 with the same amount of N–H · · ·O=C hydrogen-bonds was more reactive than

92 judged from the higher εmax = 4 · 106 cm2 mol−1 (Figure 78B) and a comparative plot of the extinc-

tion coefficients at the global maximum against time (Figure 78F). The global absorption maximum

was located at 536 nm exhibiting a shoulder at about 500 nm. Additionally, a second clearly resolved

peak at 584 nm was observed, indicative of the presence of a second poly(diacetylene) species that

formed different spectroscopic aggregates. The higher reactivity of 93 was well in line with the results

from IR spectroscopy and SFM imaging which had proved a better ordered secondary- and higher

structure formation.

Macromonomer 96 featuring 5+2 N–H · · ·O=C hydrogen-bonds was highly reactive towards the

topochemical polymerization as well (Figure 78C). The obtained spectra featured a well-resolved ab-

sorption band at 533 nm exhibiting a shoulder at 495 nm which could be assigned as vibrational fine

structure with the help of Raman spectroscopy (Section 3.5.1). Toward higher wavelengths, a less pro-

nounced shoulder was present but the spectra seemed to represent mainly only one poly(diacetylene)

species. The reactivity was highly increased as compared to 92 and 93 since the UV bands grew much

faster and εmax reached a value of almost 6 · 106 cm2 mol−1 after 120 min of irradiation time.

The polymerization of macromonomer 97 worked generally well, as may be concluded from the

corresponding series of UV-vis spectra (Figure 78D). Judged from the number of hydrogen-bonds, the

IR spectra as well as the SFM images, one would expect a similar behavior as compared to 96. How-
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Figure 78: A) Macromonomer 92 had a global absorption maximum at 518 nm with εmax = 2.8 · 106 cm2 mol−1.

B) 93 reached a higher εmax with roughly 4 · 106 cm2 mol−1 and showed a clear peak at 584 nm in addition to the

main peak located at 536 nm. C) 96 reached nearly 6 · 106 cm2 mol−1 exhibiting a main absorption at 533 nm.

D) 97 reached an εmax of 7 · 106 cm2 mol−1 at 534 nm but a second band at 587 nm was observed; E) 99 was

polymerized at 30 ◦C, however, also at elevated temperatures the polymeric material precipitated after 5 min of

irradiation. Until then, a band at 552 nm reached 5 · 106 cm2 mol−1, and an even more intense signal at 602 nm

was observed; F) Plots of εmax versus time revealing a structure reactivity relationship.

ever, a closer inspection of the polymerization revealed some particularities in this case. The initial

reaction rate, i. e., the growth of the global absorption maximum, was notably reduced (Figure 78F) as

compared to 96. Nevertheless, the final conversion after 2 h was higher, leading to an extinction co-
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efficient of the main band at 534 nm of 7 · 106 cm2 mol−1. Additionally, a second strong band located

at 587 nm was present indicative of a second poly(diacetylene) species. Apparently, the presence of

the Fmoc group which made the solution almost intransparent below 300 nm slowed down the reac-

tion, but also led to a cleaner reaction to higher conversions. This observation made us use a “black

bandpass filter” exhibiting a transparency window from 315 to 405 nm in subsequent reactions.

The symmetric derivative 99 with its 5+5 N–H · · ·O=C hydrogen-bonds was expected to be highly

reactive towards the topochemical polymerization extrapolated from the so far described results. The

results of the polymerization confirmed theses assumptions (Figure 78E,F). However, the polymeric

material precipitated already after very short irradiation times. The initial reaction rate was by far the

highest of all macromonomers, but the polymerization could only be followed within the first 5 min of

the experiment. Two bands located at 552 and 602 nm dominated the corresponding UV-vis spectra

and the extinction coefficients had reached 5 as well as 6 · 106 cm2 mol−1, respectively, already after

that short irradiation time. The data are admittedly hard to compare because this reaction had been

carried out at 30 ◦C to avoid the precipitation of the material, which was not successful. Apparently,

the octapeptide core was not sufficiently hindered from stacking by the hydrogenated poly(isoprene)

segments after polymerization.

In summary, all macromonomers that had been ascribed to form parallel β-sheets in solution

based on the IR investigations were well-polymerizable. This fact can be regarded as the ultimate

proof for the parallel arrangement since only in this way, a topochemical polymerization of the

diacetylenes can be achieved. Furthermore, a clear structure-reactivity relation was observed, i. e.,

the more N–H · · ·O=C hydrogen-bonding sites were located in the end groups the higher were the

rate and conversion of the polymerization.

The macromonomers 100, 101, 102 as well as 103 that were proved to self-assemble in antiparal-

lel β-sheets or unordered structures were, nevertheless, treated with UV light in solution under stan-

dardized conditions, i. e., without bandpass filter. Solutions of macromonomers 100-103 did not at-

tain a violet or red color but rather stayed colorless or became, at most, slightly yellow. The UV-vis

spectra (Figure 79) only showed a small increase in absorption below 400 nm which was interpreted

in terms of a random cross-linking of the diacetylenes or a photo-oxidation of the latter. The highest

reactivity was found for 101 which showed the highest increase in absorption at wavelengths up to

500 nm. This was well in line with the IR investigations that indicated the presence of minor amounts

of parallelβ-sheets in the case of 101 which may have led to the formation ofπ-conjugated oligomers.

In one occasion, it was possible to polymerize a solution of the hydroxyl-functionalized

macromonomer 100 after it had been treated for several hours in the ultrasonicator (Figure 80). After

several minutes of UV irradiation, an absorption band at 530 nm was formed exhibiting an extinc-
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Figure 79: The macromonomers that were found to mainly form antiparallel β-sheets did not undergo a topo-

chemical polymerization. A) 100 only showed a small increase of the absorption below 400 nm, indicative of a

random cross-linking or photo-oxidation of the diacetylenes; B) 101 showed a stronger increase in absorption

in the lower wavelength region indicating the formation of oligomers in agreement to the corresponding IR

spectrum that indicated the presence of minor amounts of parallel β-sheets; C) 102 as well as D) 103 seemed

to suffer from random cross-linking only.

tion coefficient of about 1 · 106 cm2 mol−1, before a quick degradation of the polymeric material oc-

curred with prolonged irradiation times (not shown). Apparently, it had been possible to rearrange

the molecules into a parallel β-sheet configuration, at least, to a small extent. This phenomenon was,

unfortunately, not well-reproducible and, hence, not further investigated.

Macromonomers 94 and 95 were also subjected to UV irradiation (Figure 81). In case of 94, al-

most no polymerization occurred even at an elevated temperature of 50 ◦C (in 1,2-dichloroethane).

This result is remarkable given the close structural relation to the other macromonomers with 5+1

N–H · · ·O=C hydrogen-bonds and its sibling 97 having 5+2 hydrogen-bonds but it also underlines the

power of the IR investigations that already indicated unordered structures in solution. Things were

similar in the case of 95. No polymerization occurred which was well in line with the corresponding
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Figure 80: A) Macromonomer 100 could usually not be polymerized due to its antiparallel β-sheet arrange-

ment; B) This was, however, partially changed by a treatment with ultrasound that was carried out for several

hours once allowing for a limited formation of poly(diacetylene)s. This experiment was not well reproducible.

IR signature. This macromonomer was initially designed to act as an sensitizer for the polymerization

of the diacetylenes which had been shown to work with other fluorescent dyes.206 Thus, we mixed 95

with macromonomers 92 and 93 to test the effect on the polymerizability. Disappointingly, the re-

actions were significantly slowed down and showed no improvements of any kind. The decreased

reactivity was explained by the absorption spectrum of 95 (Figure 81B), which showed strong ab-

sorption bands at 256 as well as 372 nm and, therefore, absorbed at UV wavelengths that initiate the

topochemical polymerization.
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Figure 81: A) The UV-vis spectrum of a solution of 94 after 4 h of irradiation was almost unchanged as compared

to the initial spectrum indicating a non-successful polymerization; B) UV-vis spectrum of macromonomer 95
in DCM. The absorptions of the Dansyl group at 256 as well as 372 nm hindered the polymerization of samples

mixed with other macromonomers.
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Figure 82: The polymerization of 98 was possible. However, compared to its sibling 97, the reactivity was

reduced and the spectrum contained several peaks indicative of mixtures of poly(diacetylene) species.

Finally, macromonomer 98 that was equipped with an achiral glycine residue was investigated.

Although this derivative exhibited 5+2 hydrogen-bonding sites, a comparably low reactivity was ob-

served (Figure 82). The maximum extinction coefficient reached only 3 · 106 cm2 mol−1 even after 4 h

of irradiation. The UV-vis signature was complicated, i. e., it contained three maxima at 535, 584 as

well as 666 nm. Especially the last band was indicating a strong tendency of the conjugated polymers

to form spectroscopic aggregates. Therefore, the investigations concerning this macromonomer were

not intensified.

In summary, we were able to show that a topochemical polymerization was possible in solution,

i. e., a transformation of the well-defined supramolecular polymers into π-conjugated polymers was

successful whenever the oligopeptide-polymer conjugates formed parallel β-sheets. The latter was

well-controlled by the introduction of different end groups that either were or were not equipped

with N–H · · ·O=C hydrogen-bonding sites. The reactivity of the different macromonomers was di-

rectly related to the number and pattern of the hydrogen-bonds, i. e., derivatives having 5+0 bonds

did not react at all (as they fromed antiparallel β-sheets or random coil secondary structures). The

macromonomers exhibiting 5+1 hydrogen-bonds (92 and 93) typically reacted well with the excep-

tion of compound 94. 96 and 97 featuring 5+2 N–H · · ·O=C hydrogen-bonds were highly reactive only

outperformed by the symmetric derivative 99 having 5+5 hydrogen-bonding sites. All these results

were perfectly in agreement with the results in IR spectroscopy, which strongly underlines the cor-

rectness of our assignments that were possible mostly due to the clear signatures and despite contra-

dictory declarations of IR bands to secondary structures of oligo- and polypeptides in the literature.
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3.4.2 Polymerization of the Model Compounds

In order to investigate the polymerization of the model compounds in the gel state, the process was

followed with UV-vis spectroscopy, as well. Thus, thoroughly degassed DCM or CHCl3 solutions of the

model compounds at typical concentrations of 0.5 to 1 g L−1 were treated with ultrasound, heated,

and transferred directly into 2 mm quartz cuvettes (Figure 83). The latter were carefully closed to

avoid the intrusion of oxygen as far as possible to ensure a smooth polymerization. The solutions

formed gels in the cuvettes depending on the compounds, and UV spectra were measured before the

UV-irradiation. Then, the samples were irradiated for 2 h.

A B

Figure 83: Photographs of A) gels of 133 in CHCl3 and DCM, as well as of 132, and 131 in DCM (from left to

right); B) the same samples after UV irradiation. It is interesting to note that the bubble in the leftmost cuvette

(CHCl3 gel of 133) was preserved whereas the gel formed by 132 (right) was destroyed due to a precipitation of

the colored polymer.

In case of compound 130 (Figure 84A), no change in the UV-vis spectra was observed upon UV

irradiation. In case of 134, the spectra showed a broad featureless absorption below 500 nm indica-

tive of a random cross-linking process that could also be observed in the solid state as well as during

attempts to dissolve the material in the heat (Figure 84B). In contrast, DCM gels formed from model

compound 131 (3+1 N–H · · ·O=C hydrogen-bonds) were found to develop typical poly(diacetylene)

absorption bands (Figure 84C). The global absorption maximum was located at 573 nm, and a sec-

ond band was found at 528 nm, well resembling the spectra of the related macromonomer 93. In

accordance with the IR spectra, CHCl3 solutions of 131 neither formed gels nor were polymerizable

by UV treatment. Repetitive attempts to irradiate gels formed from 132 all resulted in the precipi-

tation of violet polymeric material that could not be dissolved again. Therefore, a UV-vis spectrum

could not be recorded in this case. The gels formed from 133 having 3+3 hydrogen-bonds were stable

during the polymerization process, and the corresponding spectra also exhibited the characteristic

UV absorption bands. They were, however, much more intense. The normalized extinction coeffi-

cient was six to seven times higher as compared to 131. The spectrum of the gel formed in DCM
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showed a global absorption maximum at 534 nm with a shoulder at 495 nm. However, also two rather

undefined bands appeared in the longer wavelength region peaking at 588 and 571 nm respectively.

The spectrum of the CHCl3 gel also featured the peaks at 534 and 495 nm but the absorption max-

ima at the higher wavelength absorptions were much less pronounced. This could be interpreted in

terms of a cleaner reaction giving rise to mainly only one poly(diacetylene) species in this case. The

fact that the polymer material did not precipitate in this case may be explained with the help of SFM.

The aggregates were very long and strongly entwined giving rise to a much stronger gel which could

not be destroyed by the polymerization process.
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Figure 84: UV spectra of the different model compounds before and after 2 h of UV irradiation. A) The TMS

terminated molecule 130 did not show any change in the UV spectrum upon UV irradiation; B) This was also

true in the case of 134; however, a featureless absorption below 500 nm appeared upon the UV treatment; C)

The spectrum of derivative 131 exhibited the typical absorption maxima between 500 and 600 nm characteristic

of a poly(diacetylene). D) The same was found in case of the symmetric molecule 133 but with a six to seven

times higher intensity.
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In summary, one can conclude that a topochemical polymerization of the dodecyl substituted

derivatives was possible only in the gel state, whereas solutions of the material obviously were not.

This is in sharp contrast to the behavior of the original macromonomers that indeed could be poly-

merized “in solution” due to their molecular design. The polydisperse coil segment led to a seclusion

of the single aggregates whether they were tapes, ribbons or fibrils, and prevented a strong interaction

of these aggregates and, consequently, the formation of a stable macroscopic gel. In case of the sim-

pler model compounds, gel formation was observed whenever a β-sheet-like structure was formed,

i. e., in all cases where a topochemical polymerization was possible.

3.4.3 Characterization of the Poly(diacetylene)s

The formation of the poly(diacetylene) backbones was already proved by their characteristic UV-

vis spectra. Nonetheless, other spectroscopic techniques as well as imaging methods were used

to obtain more information on conversions as well as molecular weights and properties of the

poly(diacetylene)s.

3.4.3.1 Spectroscopic Evidence for the Formation of Poly(diacetylene)s

The topochemical polymerization is typically proved by 13C NMR spectroscopy because the chem-

ical shifts of the polymer backbone differ substantially from the purely sp-hybridized carbons

of the diacetylene precursors. Thus, we polymerized a comparably large amount (100 mg) of

macromonomer 92 and investigated it by means of solid state NMR spectroscopy before and after

polymerization (Figure 85). The diacetylene functions of the macromonomer gave rise to four clearly

resolved signals at 67.3, 69.9, 71.8 and 76.2 ppm. Additionally, the two methylene groups next to the

sp-hybridzed carbons could be assigned to signals at 49.5 as well as 54.1 ppm. After polymerization,

the region of the diacetylene had lost in intensity, a new, admittedly very broad peak at 129.9 ppm

appeared, and the methylene carbon signals were shifted upfield. The peak at 130 ppm could be as-

signed to the sp2-hybridized carbons of the polymer backbone. A possible explanation for the broad

line width of the poly(diacetylene) signals may be given by the apparently stiff backbone that is in-

corporated into the hydrogen-bonding array leading to long relaxation times.

Vibrational spectroscopic methods can be used to prove the conversion of the diacetylenes to

poly(diacetylene)s, as well. While IR spectroscopy is not well suited for the determination of the vi-

brations of C≡C bonds due to the only small change in dipole moments,135,207 Raman spectroscopy

depends on a change in the polarizability and is, thus, able to detect vibrations of C≡C as well as C=C

bonds.160,207,208 Since the vibrational frequencies of monomers and polymers are distinctly different,
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Figure 85: A) The solid state NMR spectra of macromonomer 92 showed the diacetylene signals between 67

and 76 ppm; B) After polymerization, these peaks have nearly disappeared and a new broad peak at 130 ppm

has appeared that was assigned to the newly formed sp2-hybridized carbons of the polymer backbone.

the transformation is straightforwardly detectable. A Raman spectrum of 92 in the solid state was

found to contain an intense band at 2261 cm−1 that was caused by the diacetylene vibration. After

polymerization, two new peaks appeared at 2114 and 1490 cm−1, respectively, that represented the

newly formed double and triple bonds of the polymer backbone (Figure 86). In case of 92, a small

monomer peak was still detectable. In the cases of 93, 96 and 97 the conversions were quantitative as

judged from the complete absence of monomer peaks in their Raman spectra (Section 3.5.1).
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Figure 86: A) The solid state Raman spectrum of macromonomer 92 exhibited a strong peak at 2261 cm−1

resulting from the diacetylene vibration. B) After polymerization, two new peaks at 2114 and 1490 cm−1 were

found caused by the poly(diacetylene) backbone. Only a small peak corresponding to the macromonomer

remained at 2261 cm−1.
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3.4.3.2 SFM Imaging on Polymerized Samples

SFM imaging was used to investigate the influence of the polymerization process on the self-

assembled aggregates. For this purpose, polymerized samples of macromonomers 93, 96 and 97 were

imaged. In all cases, fibrillar features were observed that exhibited exactly the same superstructures

as the non-polymerized materials. Thus, polymerized samples of 93 (P93) gave rise to right-

handed helical aggregates with the same geometrical features as the sample before UV irradiation

(Figure 87A). Analogously, polymerized 97 (P97) gave rise to left-handed single-helices exhibiting the

same complex fine structure as the parent supramolecular assemblies.

A B

Figure 87: A) A SFM (phase) image of a sample of P93 showed right-handed helical features with equal geomet-

rical features as the fibrils obtained by the non-polymerized samples. B) A SFM (height) image of P97 revealed

the presence of left-handed single helices matching the parent supramolecular aggregates perfectly.

In order to prove the formation of the covalent polymer backbone in the nanoscopic structures,

we treated solutions of 93 and P93 with hexafluoroisopropanol (HFIP), a hydrogen-bond breaking

cosolvent. This led to a complete deaggregation of the macromonomer in the non-irradiated solu-

tion so that no structures could be imaged at all. The covalently captured structures in the polymer

solution, however, could not be dissolved and the corresponding SFM images showed helical, fibrillar

features in addition to unordered material (Figure 88A). The polymer formation was then ultimately

proved by “SFM manipulation”. While the supramolecular aggregates were easily destroyed by the

SFM tip when the latter was moved over the surface in contact mode (Figure 88B), the polymerized

fibrils stayed intact and could even be moved across the surface (Figure 88C,D). Apparently, the self-

assembled structures had been stabilized dramatically due to the formation of chemical bonds.
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Figure 88: A) SFM image of a non-polymerized solution of 93 after the addition of HFIP as hydrogen-bond

breaking cosolvent revealed that no fibrillar features remained in solution. B) An image of a polymerized 93
solution revealed the presence of fibrillar features; C) While a manipulation of the supramolecular polymers

with the SFM tip destroyed the non-covalently connected polymers, D, E) a covalently captured fibril stayed

intact upon the addition of HFIP and could be moved on the surface without destruction. F) A histographical

analysis of the contour lengths of a large number of polymerized fibrillar features gave an average contour

length of 106 nm.

SFM imaging also allowed for an estimation of the molecular weight of the polymers which had

not been possible by GPC (the material was not eluted) or light scattering (the solutions could not be

filtered). For this purpose, solutions of P93 were treated with HFIP to dissolve the non-polymerized

material, and a statistical relevant number of SFM images was recorded. A histographical analysis of

the contour lengths of a large number of intact helical fibrils revealed an average length of 106 nm

(Figure 88F), which translated into at least 200 repeating units given the poly(diacetylene) identity

period of 4.91 Å.

In summary, the successful conversion of the supramolecular polymers into covalent macro-

molecules was unambiguously proved. Moreover, the polymerization was shown to proceed under

retention of the previously attained hierarchical structures. According to the developed model for the

hierarchical structure formation of the macromonomers (Section 3.3), this would translate into the

formation of polymers with right-handed quadruple-helical quaternary structures in cases of P92

and P93, whereas right-handed, double-helical poly(diacetylene)s were formed in the cases of P96

and P97, as will be investigated in the next section.
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3.5 Chiroptical Properties of the Poly(diacetylene)s

3.5.1 Evidence for Helical Poly(diacetylene)s in Solution

Circular dichroism (CD) spectroscopy is a powerful tool to confirm the presence of helical structures

in solution and has already been used extensively for the determination of secondary structures of

conjugated polymers like poly(acetylene)s59–63 as well as poly(diacetylene)s.165,167,168 While initial

CD experiments on polymerized solutions of several macromonomers revealed a strong CD activity

of both the poly(diacetylene) backbone and chromophores such as the Fmoc end groups, the results

were not reproducible in so far that the sign and the intensity of the CD signals was changing from

one measurement to the next even if the same sample was investigated (Figure 89).
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Figure 89: Representative CD spectra of the same sample of P96 measured four times revealed that the spectra

were not reproducible due to CIDS.

Obviously, the measurements were influenced by side-effects that were responsible for the “arti-

facts” in the spectra, most likely due to the circular intensity differential scattering (CIDS) effect.166,209

The latter occurs whenever objects exhibiting sizes on the order of the wavelength of the incident

light are present in solution. As well-ordered one-dimensional objects would not cause CIDS, large

aggregates were apparently present in solution due to a suboptimal sample preparation, which had

to be improved substantially. First of all, the CD spectra should be measured directly after poly-

merization to limit a post-polymerization aggregation of the fibrillar features in solution. Secondly,

1,2-dichloroethane (DCE) was used as the solvent instead of DCM in order to perform temperature-

dependent measurements. Thirdly, the concentration was reduced to 0.5 g L−1 and the ultrasonica-

tion prior to the polymerizations was extended to at least 30 min at 60 ◦C followed by an aging of the
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Figure 90: A,B) The polymerization of 93 was accompanied by the usual appearance of UV-vis absorption

bands. A positive bisignate Cotton effect could be observed by CD spectroscopy right from the beginning of

the reaction indicating a chiral environment of the poly(diacetylene) backbone. C,D) In the case of 96, the CD

signal exhibited a negative Cotton effect; E,F) The emerging UV-vis bands in the case of the polymerization

of P97 were more complicated and indicative of a mixture of PDA species; the corresponding CD spectra also

showed a poorly developed negative Cotton effect for the highest wavelength absorption.

solution for at least 1 h. And finally, a black bandpass filter was used during the UV-induced poly-

merizations in order to limit photo-oxidative side reactions. The improved sample preparation led

altogether to “cleaner” UV signatures already in the course of the polymerizations (Figure 90A-F). Ac-

cordingly, P93 exhibited a global absorption maximum at 589 nm with a second, clearly resolved band

at 540 nm. P96 showed a nearly unchanged spectrum as compared to the DCM reactions exhibiting a

main absorption at 535 nm accompanied by a second one at 496 nm. In comparison to P93, the spec-

tra looked nearly congruent and blue-shifted by 54 nm. Finally, the spectra of P97 featured the highest

absorption at 534 nm with a shoulder around 495 nm but also a poorly resolved absorption peak at

587 nm. The final extinction maxima εmax reached values between 4 and 5 · 106 cm2 mol−1 after 2 h of

irradiation time. In the associated series of CD measurements, strong signals in the absorption region

of the polymer backbones as well as the Fmoc chromophore emerged right from the beginning of the

irradiation and intensified over time. Consequently, the polymers were in a chiral environment. Most
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interestingly, the CD signal of the polymer backbone of P93 exhibited a positive bisignate Cotton ef-

fect with a zero-crossing at the position of the highest wavelength UV absorption maximum at 588 nm

combined with a negative CD activity with a minimum close to the second UV absorption maximum

at 536 nm. On the other hand, polymers P96 and P97 showed a negative bisignate Cotton effect near

the respective positions of the highest wavelength absorptions (542 nm as well as 603 nm) and posi-

tive CD activities with a maximum close to the lower absorption bands. This was in perfect agreement

with the SFM images that had shown a right-handed helicity for the fibrils formed by 93 while 96 and

97 self-assembled into left-handed helical ribbons. Obviously, the supramolecular structures present

in solution were, at least, closely related to those observed in dried films.

Additionally, Raman spectra were measured that showed the poly(diacetylene) C=C and C≡C vi-

brational frequencies at 1506/2133 cm−1 (P93), 1512/2139 cm−1 (P96), and 1492/2116 cm−1 (P97),

respectively (Figure 91A-C). It was, thus, possible to identify the shorter wavelength absortions in the

UV spectra of P93 and P96 as vibronic fine-structures.210 The spectra of P97, on the other hand, were

more complicated, indicating that more than one species of poly(diacetylene)s was present in the

polymer solutions as opposed to the other cases. Remembering the two different types of ribbons

that were observed in SFM images of 97 (Figure 66) one might assume that these different types of

aggregates were also present in solution yielding poly(diacetylene)s in different conformations.
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Figure 91: Raman spectra of A) P93; B) P96 and C) P97 in CHCl3 proved the successful conversion to

poly(diacetylene)s and did not contain any hint to monomeric materials. The vibrational frequencies allowed

to analyse the UV-vis spectra.

We used the obtained Raman frequencies to calculate the effective conjugation length of the poly-

mer backbone210 using models developed for poly(diacetylene)s170 as well as poly(acetylene)s.164

The obtained values predicted highest wavelength absorptions between 433 and 472 nm in case the

PDA model was used as well as 493 to 558 nm in the other. Both series of values were obviously not

in agreement with the experimental data since the measured absorption bands were located at much

higher wavelengths in all investigated cases. Obviously, these single-chain models were inapplicable

to polymers P93, P96 and P97. This assumption was further supported by the corresponding CD
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spectra that exhibited signatures which perfectly coincided with the helix sense of the aggregates ob-

served in SFM. More importantly, the bisignate nature of the CD signals of the polymer backbones

can be interpreted to result from an excitonic coupling of several chromophores in all three cases.

In summary, the UV and CD spectra can only be explained if the formation of spectroscopic aggre-

gates of the poly(diacetylene) backbones is assumed. This finding is well in line with the publication

by Giesa et al.170 who had demonstrated thatλmax = 551 nm represents the upper absorption limit of a

single-chain poly(diacetylene) and that all higher absorptions needed a further explanation. Further-

more, the sign of the CD signals suggested that the superstructures found in the SFM images (Section

3.4.3.2) were converted into conjugated polymers under retention of their architectures and that our

model of multiple helical assemblies was correct also in solution.

3.5.2 Comparison of Supramolecular Aggregates versus Covalent

Polymers

The Fmoc group in 97 gave rise to a strong UV signal at 264 nm accompanied by an intense CD ac-

tivity. The latter fact in itself proved a chiral aggregation of the fluorenyl groups and, accordingly, the

macromonomers in solution. While the intensity of the Fmoc group’s UV signal was, of course, con-

stant during the polymerization of 97, its CD signal slightly decreased (Figure 90G). This fact may be

the result of small geometrical changes during the polymerization since the inter-strand packing of

4.8 Å in the β-sheets was changed to the identity period of the poly(diacetylene) backbone which is

4.91 Å. Another explanation could be the stabilization of the β-sheet array because β-sheets them-

selves give rise to CD signals in the range of 180 to 240 nm. In case such a signal (which we could

not measure directly due to the intransparency of chlorinated solvents below 230 nm) increased, the

combined signal with the Fmoc chromophore would be changed as well.

The addition of hydrogen-bond breaking cosolvents such as TFA or HFIP to solutions of

macromonomer 97 and P97 led to a drastic decrease of the CD activity at 264 nm (Figure 92). In

more detail, the addition of 0.1 vol% TFA completely erased the CD signal of the non-polymerized

solution whereas 2 vol% of the much weaker reagent HFIP were needed. This experiment proved

that the CD signal of the Fmoc-chromophore was not caused by the molecular chirality but rather by

the chiral, supramolecular assembly of the chromophores. A treatment of the polymerized sample

showed a distinctly different behavior. Here, more than 4 vol% of TFA were needed to cancel the CD

signal. Obviously, the oligopeptide side chains were efficiently held together by the covalent polymer

backbone. This became even clearer when HFIP was titrated to a solution of P97, since a complete

loss of CD activity could not even be reached. The final CD signal still had 28% of the original intensity

even after 20vol% of HFIP had been added.
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Figure 92: A) A titration of a solution of 97 with TFA led to a fast cancelation of the Fmoc group’s CD signal; B)

The same process required much more acid in the case of P97, indicative of a stabilization of the oligopeptide

side chains due to the covalent capture. C,D) When HFIP was used as the cosolvent, much larger amounts

were needed to erase the CD signal of the Fmoc group for the non-polymerized solution while the polymerized

sample could not be deaggregated completely.

The thermal stability of the aggregates was investigated by slowly heating the sample in the CD

spectrophotometer from 20 to 70 ◦C. The CD signal of the non-polymerized sample decreased dra-

matically by more than 50% (Figure 93A). Interestingly, cooling the solutions back to 20 ◦C did not

lead to a recovery of the CD signal, even after aging of the solution for 24 h. Obviously, the molecular

disorder in the aggregates was increased during the heating process which was not easily reversible at

room temperature. This observation explains why a thorough sample preparation using ultrasonica-

tion is very important for a successful topochemical polymerization. When the polymerized sample

was investigated under the same conditions, a much weaker effect on the Fmoc group’s CD signal was

observed (Figure 93D). Furthermore, the signal nearly reached its starting value directly after cooling
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back to room temperature, although a weak hysteresis behavior was observed. The polymers’ behav-

ior resembled that of a mechanical spring in that a certain degree of disorder within the oligopeptide

side chains may have been induced during the heating process, but the system immediately folded

back into its original conformation upon cooling.
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Figure 93: A) The CD activity of the Fmoc chromophore was substantially decreased by heating the sample

from 20 to 70 ◦C; B) Upon cooling back to 20 ◦C, C) the signal intensity recovered only partially. D-F) The poly-

merized material showed a much weaker effect which was directly reversed upon cooling, showing only small

hysteresis.

In summary, the oligopeptide side chains of the poly(diacetylene)s were apparently stabilized

against a deaggregation by hydrogen-bond breaking cosolvents or a thermal denaturation as com-

pared to the supramolecular aggregates prior to their covalent capture. Furthermore, the assump-

tion that the topochemical polymerization of the diacetylenes in the self-assembled supramolecular

polymers proceeded under retention of the previously attained hierarchical structures was strongly

supported by CD spectroscopy. The appearance of a CD activity right from the beginning of the poly-

merization clearly proved the helical conformation of the polymer backbones. Furthermore, the op-
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posite sign of the bisignate Cotton effect of, on the one hand, P93 as well as P96 and P97 on the other

hand was well in line with the SFM images showing an opposite helix-sense of the aggregates.

3.6 Solvatochromism and Conformational Transitions

During the denaturation experiments using TFA or HFIP, color transitions of the polymerized so-

lutions from blue to yellow had been observed (Figure 94). This highly interesting behavior of

poly(diacetylene)s (Section 1.3.3) deserved a systematic investigation.

1.2%
TFA

>2.5%
TFA

>0.25%
TEA

Figure 94: Photographs of the blue, red and yellow solutions of P93.

Thus, DCE solutions of P93, P96 as well as P97 were titrated with TFA or HFIP, and the resulting

changes in the chiroptical properties were monitored by UV-vis, CD and Raman spectroscopy. All

spectroscopic investigations were carried out using the same batch of polymerized solutions after 4 h

of UV irradiation at 50 ◦C in DCE. Upon the addition of TFA, all polymer solutions showed two-step

color changes from blue to red and then to yellow, and the corresponding UV spectra experienced

significant hypsochromic shifts. These two solvatochromic transitions were, in all cases, associated

with two isosbestic points (Figure 95).

Thus, the blue-purple solution of P93 exhibited a highest wavelength UV absorption at 589 nm

with a shoulder at 540 nm and experienced a hypsochromic shift to a spectroscopic “red state” upon

the addition of about 1.2 vol% TFA. The global absorption maximum was shifted to 519 nm with a

shoulder at 487 nm. A second hypsochromic transition to the yellow state was complete after the ad-

dition of 2.5 vol% TFA, leading to a featureless UV absorption with a maximum at 459 nm (Figure 95).

The overall process exhibited two clear isosbestic points at 536 and 469 nm that implied the presence

of two independent transitions involving three species.

Although solutions of P96 attained a red-violet color after UV induced polymerization, also in

this case, the deaggregation process proceeded in two consecutive steps. First, the spectroscopic
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Figure 95: A-C) The UV-vis spectra of P93 experienced a strong hypsochromic shift upon addition of TFA dur-

ing the blue-red as well as the red-yellow transitions; both featured isosbestic points; D-F) P96 and; G-I) P97
showed a similar behavior. The transitions were, however, not so distinct, especially in the latter case. The

ultimately reached yellow form exhibited nearly identical spectra for all derivatives.

“blue state” with a highest wavelength UV absorption at 535 nm and a shoulder located at 495 nm was

converted into a spectroscopic “red form” with the global absorption maximum at 525 nm together

with two shoulders at 560 and 488 nm respectively at a volume fraction TFA of 1.2%. A yellow solution



3 Results and Discussion 154

exhibiting a featureless absorption band at 460 nm was then reached after the TFA content exceeded

3.1 vol% (Figure 95). Furthermore, the two isosbestic points at 529 and 469 nm indicated a distinct

two-step process for the transition from blue to red to yellow.

The behavior of P97 was similar although the transitions were not so clear since the blue-purple

solution probably already contained a mixture of different spectroscopic species. This was further

supported by the fact that the exact position and intensity of the highest wavelength absorption at

600 nm was hard to reproduce between different polymerization batches. Nevertheless, the titration

of up to 1.6 vol% TFA triggered a color change to red which was reflected by a hypsochromic shift of

the global UV maximum from 533 to 521 nm, and a 50% decrease of the UV absorption at 600 nm.

The continued addition of TFA (7 vol%) led to the expected color transition from red to yellow, and a

second hypsochromic shift from 521 to 460 nm (Figure 95) was observed. Again, two isosbestic points

at 524 as well as 472 nm were supportive of a two-step process.

Spectroscopic transitions involving more than two species can be analyzed by plotting extinction

ratios at fixed wavelengths chosen from the affected spectral regions. Thus, we chose the positions

of the UV aborption maxima of the blue, red, and yellow form of P93 (588/520 vs. 469/520), P96

(534/524 vs. 460/524) and P97 (588/520 vs. 469/520) and plotted them against the volume fraction of

TFA (Figure 96). The consecutive and cooperative nature of the two transitions is obvious in the case

of P93. At a TFA content of 0.9-1.2 vol%, the first transition was almost completed and the highest

UV absorption intensity for the red form was observed, while the red-to-yellow transition had not yet

started. By contrast, the conversions of polymers P96 and P97 proceeded much more gradually, and

a coexistence of all three forms was observed over a wide range of TFA concentrations.
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Figure 96: A) A plot of the extinction ratios at the UV absorption maxima revealed two clearly consecutive steps

for the transition of P93 while B,C) the processes in the case of P96 and P97 were more gradually, i. e., all species

coexisted over a range of TFA concentrations. While the blue-to-red transition is depicted by blue curves, the

yellow curves represent the second spectroscopic transition. The red asterisk denotes the cosolvent content at

which the overall highest absorption for the red forms was observed.
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We repeated similar experiments replacing the TFA by the much less acidic HFIP. While in prin-

ciple, the same transitions were observed for P93, the second transition to yellow was not complete

even at a HFIP content of 44 vol%. The isosbestic points were the same as in the TFA titration cor-

roborating that the same solvatochromic transitions occurred. In the case of the other two polymers,

the second transition was not even achieved while the first one showed the same isosbestic point as

in the case of the TFA treatment. Apparently, the polymers were more stable due to the increased

number of hydrogen-bonding sites.
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Figure 97: A-C) P93 showed a marginal decrease in the double bond vibrational frequency from the blue to

the red form, while the transition to the yellow form did not significantly influence the signal. The band of the

triple bonds was almost unaffected during the whole process; D-F) P96 showed a gradual decrease in the C=C

vibration and also the C≡C band shifted a bit to lower wavenumbers; G-I) P97 experienced the largest shifts in

both bands during the blue-red transition. A mixture of bands was observed for the red form while the yellow

state was nearly identical in all cases.

The solvatochromic transitions induced by TFA addition to solutions of all three polymers in

CHCl3 were accompanied by an increase of the vibrational frequency of the C=C bonds, while the

C≡C bonds did not show a continuous change in vibrational frequency as was observed by Raman

spectroscopy. Thus, the double bond vibration of P93 significantly changed during the transition

from blue (1506 cm−1) to red (1527 cm−1). However, the second transition did not significantly affect
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the position of the band at all (1525 cm−1, Figure 97). The signal attributed to the C≡C bonds stayed

at 2133 cm−1 during the first transition and was also unaffected by the second one (2135 cm−1). P96

showed a more gradual decrease of the vibrational frequencies from 1512 cm−1 in the blue state to

1518 cm−1 in the red state to finally reach a value of 1525 cm−1 in the yellow state. The triple bonds

encountered a slight change in this case (2139 to 2133 cm−1). During the red-to-yellow transition,

however, the vibration was virtually constant (2134 cm−1). P97 showed more complicated spectra.

The blue solution exhibited signals at 2116 and 1492 cm−1 for the triple and double bonds. Upon

the addition of TFA, the C≡C vibration changed to 2130 cm−1 while the other band was shifted to

1519 cm−1. Additionally, the peaks at 2114 and 1496 cm−1 close to the initial values indicated the con-

tinuous presence of the blue species. Obviously, the two different species of PDAs that we had found

in UV-vis spectroscopy were also clearly distinguishable with Raman spectroscopy. The yellow form

of P97 was nearly identical to the other yellow forms exhibiting bands at 2133 and 1528 cm−1.

The obtained Raman data was again used to calculate the effective conjugation lengths and the

corresponding highest wavelength UV absorptions.210 The poly(diacetylene)-based model predicted

values for the highest wavelength absorptions from 433-472 nm (blue form), 407-422 nm (red form)

and 405-410 nm (yellow form), whereas the polyene based model furnished values from 493-558 nm

(blue), 452-476 nm (red) and 449-457 nm. Again, the polyene model explained the experimentally

obtained values better, but still underestimated the highest wavelength absorption, especially, for the

blue and red forms. Only the values obtained for the yellow state were reasonable. Furthermore, the

Raman bands were only marginally shifted during most transitions; the accompanied hypsochromic

shifts in the UV spectra were, however, considerable. Obviously, the single-chain models were not

applicable to the blue and the red forms, and the color transitions were caused at least partially by

aggregation phenomena. In consequence, the blue and the red form were considered as two different

forms of spectroscopic aggregates of the PDA backbones that were transformed into one another

by the addition of TFA or HFIP, whereas all superstructures are most likely completely deaggregated

when the yellow state is reached.

Most importantly, the observed solvatochromic transitions were associated with drastic changes

in the CD activity. Thus, the TFA titration of the blue solution of P93 started with an almost complete

loss of the positive bisignate Cotton effect at 588 nm after 0.6 vol% of acid had been added (Figure 98).

The continued addition of more TFA led, however, to the recurrence of a CD signal with a negative,

bisignate Cotton effect and a zero crossing at the position of the highest wavelength absorption of

the “red form” of P93 at 524 nm. A second positive CD signal was observed in the shoulder of the UV

band located near 487 nm. This reversion of the CD activity during the transition from the blue to

the red form may be interpreted in terms of a helix-sense inversion. Thus, the right-handed helical
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Figure 98: A) The titration of TFA to the blue DCE solutions of P93 started with a complete loss of the bisignate

positive Cotton effect; B,C) the continued addition of acid led first to the appearance of a bisignate negative CD

activity in the red state and an ultimate loss of the signal in the yellow state; C-F) P96 did not change the sign

of the CD activity during the transformation to the red form but experienced a shift from 530 to 525 nm. The

CD signal disappeared in the yellow form; G-I) A similar behavior was found for P97; however, the spectra were

not so clear due to the mixture of PDA species in the blue form.

superstructures present in the blue state seemed to be converted into left-handed superstructure in

the “red state”. The intermediate loss of CD activity which exhibited an isosbestic point at the zero
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crossing at 588 nm could be explained by the coexistence of left and right-handed helices the circu-

lar dichroism of which annihilated each other at a certain point. During the second transition to the

final yellow form, the CD activity continuously decreased until it completely disappeared at a cosol-

vent content of 2.5 vol%. Obviously, the helical superstructures in the “red form” were completely

dissolved, resulting in a random coil conformation which was, of course, CD-inactive.

On the contrary, the supposedly left-handed helices that were present in the blue form of P96 did

not change their helix-sense during the transition to the red state since the negative unsymmetric

Cotton effect just shifted from 535 to 530 nm while the overall peak shape did not vary at all upon TFA

addition (0.6 vol%). In combination with the Raman data, the assumption that the blue state con-

tained mainly only one species was still reasonable. Apparently, this aggregated species underwent

a conformational transition to the red state under retention of a left-handed helicity. Upon further

addition of TFA, the CD signal at 530 nm started to decrease. At 3.8 vol% TFA content, the yellow

form was reached that, again, was completely CD-inactive, obviously due to a random coil confor-

mation. The temporary coexistence of all the forms that was found during the UV study was, thus,

also observed in the CD spectra.

The behavior of P97 was less distinct since the initial state already contained a mixture of species.

Thus, upon addition of the first 1.6 vol% TFA, the CD signal with a zero crossing at 603 nm lost in in-

tensity while the global absorption maximum shifted from 534 to 518 nm simultaneously. However,

the sign of the bisignate Cotton effect did not change its sign, indicating a conservation of the initial

left-handed helix-sense during the transition to the red form. The rather unclear spectrum corrobo-

rated the assumption that still two species attaining different conformations were present, as already

indicated by Raman spectroscopy. The entire process was, again, completed by the transition to the

yellow form that was CD-inactive as in the previous examples.

We repeated the investigations by titrations using the weaker hydrogen-bond breaking HFIP. In

summary, all results from the TFA series could be confirmed as far as the solvatochromic transitions

were complete. P93 showed an initial inversion of its CD signal exhibiting the same isosbestic points,

and then nearly lost the CD activity. The other derivatives did not change their helix-sense during the

blue-red transition. A completion of the final loss in CD activity could not be reached, as in the case

of the UV experiments, because the transition to the “yellow form” was not complete.

Interestingly, the red-yellow solvatochromic transition and the associated helix-coil conversions

were completely reversible upon the addition of bases such as K2CO3, basic ion exchange resins or tri-

ethylamine TEA (Figure 99). Thus, P93 was first completely deaggregated by the addition of 1.6 vol%

TFA and the subsequent addition of 0.4 vol% of TEA (2 drops) to the yellow solution instantaneously

changed the color to red again. In the corresponding UV-vis spectrum, the featureless absorption at
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Figure 99: A, B) The addition of minor amounts of TEA to the yellow solution of P93 recovered the “red state” in

a pure form. The CD spectrum showed a clear bisgnate negative Cotton effect and the UV-vis spectrum almost

exactly matched the spectrum observed before for the red solution. C, D) Under similar conditions, P96 as well

as E, F) P97 could be transformed step-wise to their “pure” red forms, giving rise to negative Cotton effects and

cleaner UV-vis spectra than observed before.

472 nm experienced a pronounced bathochromic shift to 523 nm, and a shoulder appeared at 487 nm.

Thus, the spectrum we had encountered for the “red state” during the previous transition was al-

most completely recovered, as well as the extinction coefficient. Following the same experiment with

CD spectroscopy revealed that a recurrence of CD activity was observed, as well (Figure 99A,B). A

clearly resolved, negative bisignate Cotton effect with a zero crossing at 526 nm appeared which was

even more intense (≈ 50% higher) than the one found for the “red state” during the initial transition.

This may be explained by the exclusive presence of left-handed helical superstructures in this case,

whereas the red solution obtained after the deaggregation of the “blue form” may still have contained

right-handed species. The intensification may have been caused by a CIDS effect due to potential

aggregation phenomena, as well. However, we did not find any further hints to such an effect, since

the shape of the spectrum was in all other regards unsuspicious.
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Analogous experiments were carried out with P96 and P97 which were converted into their “yel-

low states” by the addition of 3.8 as well as 6.0 vol% TFA. Upon addition of 0.6 and 1.0 vol% TEA,

respectively, both polymers were transformed into their “red states”, giving rise to cleaner UV and CD

spectra than observed for the mixed states during the deaggregation experiments (Figure 99C-E). P96

exhibited a UV band at 525 nm having the same two shoulders at 560 nm to higher as well as at 495 nm

to lower wavelengths which had already been present in the spectra of the red solutions before. The

CD activity featured a negative bisignate Cotton effect with zero crossings at 455 as well as 528 nm

and reached almost half the intensity as in the case of the TFA titration. This is well in line with the

expectations, since the other two forms were not present this time. The UV-vis spectrum of the recov-

ered red solution of poly(diacetylene) P97 showed a global absorption maximum located at 523 nm

which exhibited the known shoulder at 485 nm. In contrast to the spectrum of the “red form” that

was recorded after the blue-red transition, the peak at higher wavelengths (600 nm) that had been as-

cribed to the“blue species” was now completely absent explaining the 50% increase in the extinction

coefficient at 523 nm. Apparently, the “red form” was produced “in pure form” in this case, as well.

The corresponding CD spectra showed a negative Cotton effect as in the cases of the other polymers

this time containing zero crossings at 463 and 528 nm.

In the case of P93, we investigated the reversibility more in detail once again. The red solution

obtained after the addition of TFA and TEA was, once again, treated with the acid (4.4 vol%) in order

to reestablish the “yellow state“. The corresponding UV-vis spectrum exhibited a maximum located at

468 nm very close to the value obtained in the first deaggregation process. The subsequent drop-wise

addition of TEA led to the formation of a shoulder at 522 nm in the UV-vis spectrum which became

the global absorption maximum in the course of the experiment giving rise to an almost identical

spectrum as compared to the red solution obtained after the first yellow-red transition. In conclusion,

the red-to-yellow transition was completely reversible and the system could be switched back and

forth multiple times.

The combination of the entire data that was collected in UV-vis, CD as well as Raman spectroscopy

of P93, P96 and P97 suggested that the red and even more so the yellow forms of all polymers were

remarkably similar. This rendered the assumption that all poly(diacetylene)s attained very similar

conformational states after the initial blue-red transition very reasonable. Furthermore, the minor

changes in the corresponding Raman spectra suggest that the observed hypsochromic shifts cannot

be exlained to result from a changed conjugation length alone. Obviously, the modified interactions

between the poly(diacetylene) backbones that were caused by the deaggregation of the laminated β-

sheet aggregates contributed to the entire effect. P93 started from right-handed double-helical fibrils

that in total contained four laminated poly(diacetylene) chains. During the first transition, these were
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Figure 100: The addition of TFA to A) the blue solution of P93 initiated the transition to B) the “yellow form”.

Upon addition of TEA, C) the “red state” was recovered, which was D,E) completely reversible as shown by the

repeated addition of more TFA and TEA.

converted into left-handed helical ribbons (two laminated polymer backbones) in a helix-helix tran-

sition by an unwinding of the two entwined ribbons. Finally, these ribbons were entirely dissolved to

yield single poly(diacetylene) chains in a random coil conformation (Figure 101). By contrast, poly-

mers P96 and P97 started from twisted and bent left-handed ribbons that were first converted into

another type of left-handed laminated superstructures in a helix-helix transition. This process was,

again, followed by a helix-coil transition into single chain random coils (Figure 101). Furthermore,

the red-to-yellow transition was found to be completely reversible upon the addition of a base such

as TEA. This process furnished the pure “red forms” of all three polymers exhibiting better-resolved

CD as well as UV-vis spectra. Apparently, the random coil conformation present in the yellow solu-

tions was transformed back into left-handed helical superstructures in an aggregated state. In con-

clusion, the hierarchically structured oligopeptide-functionalized poly(diacetylene)s prepared in the

course of this Ph. D. thesis showed a rich folding behavior which only finds analogies in the realm of

biopolymers. Furthermore, we were able to show that single-chain models only assuming a change

of the effective conjugation length within the π-system of poly(diacetylene)s in the course of the sol-
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Figure 101: A) The blue form of P93 was found to form right-handed quadruple helices (of β-sheet arrays)

in the SFM and exhibited a positive Cotton effect. Upon addition of hydrogen-bond breaking cosolvents, a

helix-helix transition under helix-sense inversion was concluded from a negative Cotton effect of the red form.

The addition of more TFA (HFIP) led to a CD-inactive yellow form – a random coil structure. B,C) P96 and

P97 started from a left-handed double helix featuring a negative Cotton effect and experienced a helix-helix

transition followed by a helix-coil transition while going to the red and yellow forms. The latter could only be

reached by the addition of TFA while HFIP was to weak a deaggregating agent.

vatochromic transitions are insufficient. Apparently, the formation of spectrocopic aggregates of sev-

eral poly(diacetylene) chromophores has a decisive influence on the optical properties of the mate-

rial, which could be shown because, in the present system, the aggregation state of the investigated

poly(diacetylene)s was well-defined.

3.7 Synthesis of Higher Oligo(ethynylene)s

The successful arrangement and subsequent topochemical polymerization of the diacetylene moi-

eties in the self-assembled supramolecular polymers described in the previous sections may be ex-

tended toward highly reactive oligo(ethynylene)s by bringing the latter into close proximity in order

to use them as π-conjugated precursors for multi-stranded conjugated polymers or even graphite
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nano-tapes. Nakanishi et al. have investigated the topochemical polymerization of oligoynes in

the solid state211–214 and found that tetra- as well as hexaynes that underwent a 1,4-polyaddition

(Figure 102A,B) could be transformed into ladder polymers having a second poly(diacetylene) back-

bone in conjugation to the first one (Figure 102C) by heating the solid material. A postulated aroma-

tization of such a highly unsaturated system was proposed; however, the spectroscopic evidence was

scarce. A rationale for the supposedly failed polyaromatization may be that the required geometric re-

arrangements had not been possible in the crystalline state. If such a system could be introduced into

the more flexible supramolecular polymers obtained from the self-assembly of oligopeptide-polymer

conjugates, such a transformation may be more likely. But at least the formation of soluble double

stranded poly(diacetylene)s should be possible which would be an attractive research goal in itself.

In order to prepare such materials, macromonomers bearing tetra- as well as hexayne moieties were

synthesized.
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Figure 102: A) Hexaynes may undergo a 1,4-polyaddition furnishing B) a tetrayne-substituted

poly(diacetylene). C) The latter was converted into a π-conjugated ladder polymer which was proposed

to rearrange into a graphite-like structure in an aromatization reaction.213

As the synthesis of higher oligoynes is problematic due to the inherent reactivity of the latter, we

only planned the synthesis of symmetric target molecules which seemed accessible via two synthetic

strategies. The first would require the prefabrication of a tetra- or hexayne which had to be suitably

functionalized to allow for a subsequent attachment of the oligopeptide-polymer conjugate, while the

second was based on the synthesis of macromonomers bearing terminal di- or triacetylenes which

would be homocoupled in the final step (Scheme 45).

Amino acid functionalized terminal di- and triacetylenes were to be made in the beginning of any

of the two routes. The TMS protected diacetylene 86 had already been prepared before and was,
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Scheme 45: The desired oligoynes may be accessible by two possible pathways. A) The first strategy starts

from TMS-terminated di- and triacetylene-functionalized alanine building blocks, which are first deprotected

at the carboxylic acid function and then coupled to an oligopeptide-polymer conjugate. Then, the silyl group is

removed to subsequently arrive at the target structures via a final acetylene homocoupling. B) The alternative

route requires the removal of the TMS-group first followed by an acetylene homocoupling of the amino acid

functionalized di- and triacetylenes to furnish prefabricated tetra- and hexayne species. These would then

need to undergo the ester deprotection followed by a final peptide coupling to access the desired structures.

thus, available in our lab. The preparation of the corresponding triacetylene 173 required the prior

synthesis of a halogenated diacetylene derivative for the Sonogashira reaction (Scheme 46).

I TMS

TMS TMS

Br TMS

a)

67%

b)

83%

171

172

170

Scheme 46: Preparation of halogenated diacetylene derivatives 171 and 172 aimed at the synthesis of oligoyne

precursors. Reagents and Conditions: a) 1. MeLi·LiI, Et2O, 16 h; 2. I2, −78 ◦C −→ r.t., over night; b) 1. MeLi·LiBr,

Et2O, 16 h; 2. Br2, −78 ◦C −→ r.t., over night.

For this purpose, 1,4-bis(trimethylsilyl)butadiyne 170 was reacted with MeLi·LiI in case of the io-

dination reaction and with MeLi·LiBr in case of the bromination to be sure to obtain the correct halo-

genated target molecule 171 and 172, respectively. The same Li-acetylide was formed as an interme-
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diate in both cases which was then quenched with the elemental halogens at low temperature. After

an aqueous workup including a treatment with sat. Na2S2O3 solution to remove residual amounts

of I2, 171 was obtained as slightly brown crystalline needles. A purification was possible by a subli-

mation at reduced pressure, and colorless crystals were obtained in 67% yield. The synthesis of the

brominated derivative 172 has been previously established in our lab.174 The material was obtained

as a dark brown oil that would only solidify in the freezer. A purification by column chromatography

did not remove all impurities but an upper limit of the yield could be given with 83%.

The heterocoupling reaction between 46 and these halodiacetylenes was first attempted with the

cleaner iodinated diacetylene. The yield of the heterocoupling product was very low with about 29%

due to pronounced side reactions and formation of the homo- as well as the selfcoupling products.

When the less reactive 172 was used instead, the product 173 was obtained in an acceptable yield of

51%.
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Scheme 47: Synthesis of the L-alanine-substituted triacetylene derivative 173. Reagents and Conditions: a)

171, PdCl2(PPh3)2 (2 mol%), CuI (10 mol%), DIPA, THF, 0 ◦C, 3 h; b) 172, PdCl2(PPh3)2 (2 mol%), CuI (10 mol%),

DIPA, THF, 0 ◦C, 3 h.
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Scheme 48: Preparation of the symmetric alanine substituted tetrayne derivative 174. Reagents and Condi-

tions: a) 1.1 eq AgOTf, MeOH, EtOH, H2O, 3 h, r.t.; b) TMEDA, CuCl, DCM, O2, r.t.
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The feasibility of the envisioned synthesis of amino acid substituted tetra- and hexaynes was to be

tested by an acetylene homocoupling. Therefore, the TMS group had to be removed from derivative

86 first. As a removal with TBAF had led to an unusual diacetylene polymerization in solution before

(Section 3.1.5.3), we used a milder Ag(I)-promoted methodology, instead.182 Thus, the starting mate-

rial was dissolved in a mixture of MeOH, EtOH and H2O followed by the addition of a stoichiometric

amount of AgOTf. The reaction could easily be monitored by TLC, since the formed silver acetylide

had an Rf value of 0, while the spot of the starting material (Rf = 0.5) slowly disappeared. After the

completion of the reaction, a small excess of KI was added to force the silver to precipitate in the form

of AgI while the terminal diacetylene is protonated. After workup and purification, it turned out, that

the product 88 was very unstable. Thus, the reaction was repeated and 88 was used directly without

purification (Scheme 48). The AgI was filtered off, the solvents were removed (especially the water)

and the residue was taken up in dry DCM containing 4 Å molecular sieves. A second DCM solution

including TMEDA and CuCl was prepared separately to form the Hay catalyst. Both solutions were

combined and stirred over night under ambient atmosphere. A workup by column chromatography

gave the tetrayne 174 as a yellowish oil that quickly attained a brown color and started to decompose

before it could be characterized. Consequently, we refrained from removing the ester functions or

synthesizing the corresponding hexayne species which would be even more elusive.

As this route seemed to be unfeasible, the alternative synthesis of oligopeptide-polymer conju-

gates equipped with a terminal di- or triacetylene was carried out (Scheme 49). Thus, the tert-butyl

esters were removed from compounds 86 and 173 by treatment with TFA which furnished derivatives

87 and 175 in the usual nearly quantitative yields. For the first attempt, we decided to couple the

obtained carboxylic acids to the hydrogenated poly(isoprene) segment 177 with an average number

of repeat units Pn = 9-10 that was equipped with only two L-alanine residues. The potential final

product would, hence, feature the polymer segment length found to be appropriate in the case of

the diacetylene macromonomers but only 4+4 N–H · · ·O=C hydrogen-bonds which seemed to be a

good compromise. The EDCI coupling of the diacetylene derivative 87 to 177 proceeded as expected

without any problems giving 178 in a yield of 70%. In case of the triacetylene derivative 179, the TMS

group was partially removed from the product already after the purification as could be concluded

from the 1H NMR spectrum. Nevertheless, both materials were treated with AgOTf in order to first re-

move the TMS group in case of 178 to arrive at the terminal diacetylene 180 and, secondly, complete

the removal of the silyl group in the triacetylene case to obtain 181 as well. MALDI-TOF mass spec-

trometry proved the successful conversion in so far as the spectra contained a series of peaks with

the expected masses. The triacetylene spectrum contained an additional series of signals with lower

intensity roughly corresponding to the two and threefold molecular weight of the target structure that
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Scheme 49: Synthesis of the tetra- and hexayne target molecules equipped with a modified oligopeptide-

polymer conjugate. Reagents and Conditions: a) TFA, DCM; b) 177, EDCI/HOBt, TEA, DCM/DMF, −40 ◦C −→
r.t.; c) 1.1 eq AgOTf, MeOH, EtOH, H2O, 2 h, r.t., KI; b) TMEDA, CuCl, DCM, air, r.t., 4 days.

were difficult to explain. Also the 1H NMR spectra were not perfect as they contained two signals at 3.6

and 3.75 ppm that could not be assigned and were increasing with every purification step. Moreover,

the signals of the terminal di- and triacetylene protons had a much too low intensity which could not

be properly explained. Furthermore, the terminal triacetylene derivative was a brown material that

certainly was not perfectly pure.

Nevertheless, we used the compounds to complete both target molecules 182 and 183 by an acety-

lene homocoupling under Hay conditions. The starting materials were dissolved in DCM and the

prepared catalyst solution was added. The reaction was stirred for four days at ambient atmosphere

to ensure a complete reaction. The materials were purified by repeated column chromatography and

extractions with saturated NH4Cl solution to remove the copper species. In case of 182, the prod-

uct was obtained in 73%. However, the material seemed to still contain minor amounts of copper

concluded from a slightly green tinge. The 1H NMR spectrum still contained the unknown signals at

3.6 as well as 3.75 ppm but the diacetylene proton signal had completely disappeared as expected.

Other than that, the signal of the methylene group next to the sp-hybridized carbons gave rise to a

completely distorted signal that additionally had a much too low intensity. The same was true for
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Figure 103: A) The MALDI-TOF spectrum of 182 featured the expected series of peaks. B) The spectrum of

183 contained a series coressponding to the correct masses, however, that had been already present in the

spectrum of the starting material. A second series (not shown) at values corresponding to a threefold mass of

181 was also present.

compound 183, however, all mentioned aspects were even worse. The MALDI-TOF spectra of 182

contained only one series of signals showing the correct molecular weight (Figure 103). The MALDI

spectrum of 183 was similar to the starting material in so far as it contained signals belonging to the

symmetric (dimeric) structure as well as a series that seemed to have the threefold molar mass with

respect to 179. One could conclude that, during the Ag-catalyzed reaction aimed at the removal of

the TMS group, a partial homocoupling and other side reactions had already occurred.

In summary, a synthetic route has been established which, however, needs to be further opti-

mized concerning the purification of the intermediates and the characterization of the target struc-

tures. Once that has been achieved, the self-assembly of the compounds needs to be investigated

by IR spectroscopy as well as SFM imaging before a rearrangement of the oligoynes towards multiple

stranded polymers or graphite-tape structures can be performed. Unfortunately, all these tasks could

not be accomplished during this Ph. D. thesis and have to be postponed to the near future.
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4 Conclusions and Outlook

In conclusion, the intended preparation of a new class of hierarchically structuredπ-conjugated poly-

mers was successfully achieved by the novel “self-assemble, then polymerize” approach developed

in the course of this thesis. The basis for the investigations was the elaboration of a highly modu-

lar and efficient synthetic strategy that made use of the prefabrication of oligopeptide, polymer and

diacetylene building blocks which were then assembled to the final macromonomers preferably using

a convergent route. Thus, it had been possible to prepare a large variety of macromonomers featur-

ing different end groups as well as polymer- and oligopeptide-segments of different lengths in a short

period of time. Furthermore, monodisperse model compounds were straightforwardly prepared to

broaden the scope of the investigations.

The investigation of the macromonomers’ secondary structures by solution phase IR spectroscopy

and solid state NMR techniques revealed that the hydrogen-bonding pattern decisively controlled

the secondary structure formation. Apparently, the presence or absence of additional N–H · · ·O=C

hydrogen-bonding sites in the end groups was the main factor that controlled the type of secondary

structures. Thus, macromonomers exhibiting such additional N–H · · ·O=C hydrogen-bonds gave rise

to parallel β-sheets, while those without either formed antiparallel β-sheets or random coil struc-

tures. Apparently, the non-equidistant placement of the N–H · · ·O=C hydrogen-bonds provided a suf-

ficient driving force to favor parallel over antiparallel β-sheet formation.

The higher structure formation of the macromonomers as observed by transmission electron

microscopy (TEM) and mainly scanning force microscopy (SFM) was dependent on the hydrogen-

bonding pattern, as well. Thus, fibrillar aggregates were obtained from macromonomers that formed

β-sheet type secondary structures, although a significantly higher propensity toward self-assembly

into well-defined aggregates was found for the derivatives that favored a parallelβ-strand orientation.

The observed superstructures were identified as flat single-tapes, left-handed single-helices compris-

ing two tape-like substructures, and right-handed double-helices, which consisted of four laminated

β-sheet tapes in total. In comparison to the model compounds which only formed ill-defined one-

dimensional aggregates, the aggregates from the macromonomers can be regared as well-defined

supramolecular polymers with a uniform diameter and a defined, finite number of strands, high-

lighting the importance of the polydisperse polymer segment for a controlled self-assembly.
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The UV-induced topochemical polymerization of the diacetylenes was shown to be possible

within the aggregates whenever the oligopeptide-polymer conjugates formed parallel β-sheets, as

was proved by means of UV, NMR and Raman spectroscopy. Hence, the intended transformation of

the well-defined supramolecular polymers into π-conjugated polymers under retention of the pre-

viously attained hierarchical structures was successful, as evidenced by SFM imaging and CD spec-

troscopy in solution.

A thorough investigation of the observed solvatochromism of the obtained poly(diacetylene)s in-

duced by the addition of hydrogen-bond breaking cosolvents revealed that the distinct two-step color

transitions were associated with defined conformational conversions. Thus, a helix-helix followed by

a helix-coil transition was observed by CD spectroscopy. The final transition was found to be com-

pletely reversible upon the addition of a base. This rich folding behavior is remarkable for a synthetic

polymer and finds analogies only in the realm of biopolymers.

In future investigations, the chosen molecular architecture based on oligopeptide-polymer conju-

gates may serve as a “universal” supramolecular scaffold for the preorganization of reactive moieties

other than diacetylenes. For example, appropriately functionalized oligo(ethynylene)s may be used

as molecular precursors for the preparation of soluble, nanostructured, multi-stranded π-conjugated

polymers or even “graphite ribbons”.
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5 Experimental Part

5.1 Instrumentation

Solution Phase NMR spectroscopy was carried out on a Bruker Avance 300 spectrometer oper-

ating at a frequency of 300.23 MHz for 1H and 75.49 MHz for 13C nuclei.

Solid State CP-MAS 13C NMR spectra were recorded on a Bruker Avance 500 spectrometer op-

erating at a frequency of 125.72 MHz for 13C nuclei. The rotational frequency was typically chosen

between 10 and 12.5 kHz.

High Resolution Mass Spetra were recorded on an Ionspec Ultima FTMS: 6211 HiRes-MALDI

device, an Ionspec Ultima 494 HiRes-ESI-MS, a Bruker Daltonics Ultraflex II for MALDI-tof, and a Mi-

cromass Autospec device for HREI-MS. The measurements were carried out at the mass spectrometry

service at the Institute of Organic Chemistry at ETH Zurich.

Combustion Elemental Analyses were carried out as service measurements at the Institute of

Organic Chemistry at the Department of Chemistry and Applied Biosciences at ETH Zurich using a

LECO CHN/900 instrument.

UV-Vis spectra were recorded on a Perkin-Elmer UV-20 spectrometer with a scan speed of 480 nm

per minute using 1 cm quartz cuvettes from Hellma.

CD spectra were recorded on a JASCO-715 spectropolarimeter working at a scan speed of 50 nm

per minute using 1 cm quartz cuvettes from Hellma.

Solution or Gel Phase IR spectra were recorded on a “Spectrum One” IR spectrometer from

Perkin Elmer using a solution phase cuvette with KBr windows and a light path of 0.5 mm.
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Transmission Electron Microscopy (TEM) was carried out at ETH Zurich using a FEI Tecnai

Morgagni instrument operating at an acceleration voltage of 100 kV; in collaboration with the Max

Planck Institute for Polymer Research in Mainz, Germany, using a FEI Tecnai F20 FEG device operat-

ing at an acceleration voltage of 200 kV; and in collaboration with the Max Planck Institute for Colloids

and Interfaces in Golm, Germany, using a LEO Omega 912 device operating at an acceleration voltage

of 120 kV.

Scanning Force Microscopy (SFM) was performed in collaboration with the group of Prof. Jür-

gen P. Rabe at Humboldt University Berlin, Germany. The images were obtained in tapping modeTM

using a Multimode MicroscopeTM (Digital Instruments Inc., Santa Barbara, CA, USA). Olympus Micro

Cantilevers were used with a typical resonance frequency of 300 and 70 kHz and a spring constant of

42 N m−1 and 2 N m−1, respectively. The samples were prepared by spin-coating DCM or CHCl3 solu-

tions of the macromonomers onto mica, HOPG or a monolayer of tricontanoic acid or stearyl amine

on HOPG.215 The correction of the observed fibrils’ apparent width was calculated assuming a 9 nm

tip radius, consistent with the manufacturer’s specifiactions. As the apparent height of the fibrils ap-

peared to have a slight dependence on the scanning conditions, all images for height analysis were

taken under “soft” scanning conditions, with an amplitude damping of 10-20%. The apparent height

was determined at the maxima of the fibrils’ helical fine structure, and the height profiles were mea-

sured along the SFM fast scan direction to minimize the influence of thermal drift. The length and

cross-section analysis was performed with a home-built software package. For SFM manipulation,216

the feedback was switched off, the SFM tip was moved toward the surface by 20–30 nm and then later-

ally into the desired direction. SFM manipulation experiments were carried out using samples spin-

coated onto a monolayer of octadecyl amine on HOPG. The amphiphile monolayers were used in

order to fine tune the immobilization of isolated fibrils on the substrate. No apparent structural dif-

ference between fibrils deposited directly on HOPG or amphiphile monolayers was observed. Only

fibrillar features longer than 40 nm were considered in the contour length distribution; for the aver-

age contour length determination, the distribution was extrapolated toward shorter contour lengths

with a Schulz-Flory distribution.

5.2 Chromatography

TLC Analyses were performed on TLC plates from Macherey-Nagel (Alugramm® Sil G/UV254) or

from Merck. UV-light (254 nm) or standard coloring reagents were used for detection.

Column Chromatography was conducted on Geduran® Silica gel Si 60 from Merck (40 – 60µm).
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5.3 General Procedures

UV Polymerizations were performed using a 250 W Ga-doped low pressure Hg lamp from UV-

Light Technology, Birmingham, UK, using a “black bandpass filter” with a transparency window from

315 to 405 nm. The monomer solutions were thoroughly degassed in three freeze-pump-thaw cy-

cles to remove O2. The solution was then transferred into a N2 flushed, thermostated Schlenk flask

equipped with a septum.

Solvents and Reagents. Unless otherwise noted, all reactions were carried out in dried Schlenk

glassware in an inert N2 atmosphere. All reagents were purchased as reagent grade and used without

further purification. Solvents were purchased as reagent grade and distilled prior to use. Diethylether,

toluene and THF were dried over sodium/benzophenone, dichloromethane over CaH2, and acetone

was dried using P2O5. The solvents were freshly distilled and stored over molecular sieves prior to

use.

General Procedure for Sonogashira Couplings (Procedure A). N-propargyloxycarbonyl-L-

alanine tert-butyl ester 46, 1.2 eq of the iodoacetylene compound and 4 eq of diisopropylamine were

dissolved in dry THF. The solution was degassed in three freeze-pump-thaw cycles. After covering the

flask with aluminum foil and cooling to 0 ◦C, PdCl2(PPh3)2 (2.0 mol%) and CuI (10 mol%) were added.

The brown solution was stirred for 2 to 12 h, followed by the removal of the solvent. The crude ma-

terial was taken up in CH2Cl2 followed by an aqueous workup, unless otherwise noted. The organic

phase was dried over MgSO4, filtered, and concentrated in vacuo. The purification was carried out

by column chromatography (silica gel) to separate the desired product from homo- and self-coupling

side products.

Procedure for the Deprotection of tert-Butyl Esters (Procedure B). The tert-butyl ester

derivatives were dissolved in dry CH2Cl2. Then, a large excess (≥13 eq) of trifluoroacetic acid (TFA)

was added, and the solution was stirred for 3 to 16 h. The reaction was monitored by thin layer

chromatography. After completion of the reaction, the solvents were removed in vacuo. The crude

product was typically used in the next step without further purification.

Procedure for the Deprotection of Fmoc-Protecting Groups (Procedure C). The Fmoc-

protected amine derivatives were dissolved in CHCl3. Then, a large excess (≥5 eq) of piperidine

were added, and the solution was stirred over night. The reaction was monitored by thin layer

chromatography. After completion of the reaction, the solvents were removed in vacuo. The crude

product was typically purified by column chromatography.
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General Procedure for PyBOP-Promoted Peptide couplings (Procedure D). The carboxylic

acid derivative was dissolved in a mixture of dry CH2Cl2 and dry DMF. The amine (1 eq) was added, as

well as 4 eq of N-ethyldiisopropylamine (DIEA). The resulting solution was cooled to 0 ◦C, and 1.05 eq

of (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) was added in

one portion. The cooling bath was removed, and the reaction mixture was stirred at room temper-

ature for 3 to 16 h. The solvents were removed, and the obtained crude materials were purified by

column chromatography, unless otherwise noted.

General Procedure for EDCI/HOBt-Promoted Peptide couplings (Procedure E). The car-

boxylic acid derivative was dissolved in a mixture of dry CH2Cl2 and dry DMF. Then, 1.25 eq of 1-

hydroxybenzotriazole (HOBt) were added, and the mixture was cooled to −25 ◦C. Then, 1.2 eq of 1-

ethyl-3-(3-dimethyl-aminopropyl)carbodiimide hydrochloride (EDCI) were added, and the solution

was stirred for 45 min at that temperature. The cooling bath was removed, and the reaction was al-

lowed to reach room temperature while the formation of the active ester intermediate was monitored

by thin layer chromatography (TLC). A second solution of the amine (1 eq) and 4 eq of triethylamine

(TEA) in dry CH2Cl2 was prepared. Both solutions were cooled to −40 ◦C and combined with a sy-

ringe. The reaction mixture was stirred over night, slowly warming up to approximately 15 ◦C.

5.4 Syntheses

N-(9-Fluorenylmethyloxycarbonyl)-L-alanyl-L-alanine tert-Butyl Ester 35. Following

general procedure D, N-(9-fluorenylmethyloxycarbonyl)-L-alanine (6.22 g, 20 mmol) and L-alanine

tert-butyl ester hydrochloride (3.63 g, 20 mmol) were dissolved in a mixture of dry CH2Cl2 (100 mL)

and dry DMF (50 mL). DIEA (10.34 g, 80 mmol) and PyBOP (10.92 g, 21 mmol) were added. The next

day, the solution was diluted with more CH2Cl2 (300 mL), washed twice with 1M HCl and once with

sat. NaCl solution. The combined organic phases were dried over MgSO4, filtered, and concentrated

in vacuo. The crude product was purified by column chromatography (silica gel, CH2Cl2/MeOH

25:1). 35 (7.78 g, 89%) was obtained as a colorless solid.

1H NMR (300.23 MHz, CDCl3): δ = 1.38 (d, J = 7.2 Hz, 3H, CHCH3), 1.43-1.47 (m, 12H, C(CH3)3,

CHCH3), 4.22 (t, J = 7.2 Hz, 1H, fluorenyl CH), 4.38-4.51 (m, 4H, 2 CHCH3, Fmoc-CO2CH2), 5.79 (d,

J = 7.8 Hz, 1H, carbamate NH), 6.88 (d, J = 6.9 Hz, 1H, NH), 7.31 (dt, J = 7.5 Hz, 1.5 Hz, 2H, aromatic H),

7.41 (t, J = 7.5 Hz, 2H, aromatic H), 7.61 (dd, J = 7.8 Hz, 2.7 Hz, 2H, aromatic H), 7.77 (d, J = 7.5 Hz, 2H,

aromatic H). 13C NMR (75.49 MHz, CDCl3): δ = 18.3, 19.0 (2 CHCH3), 27.8 (C(CH3)3), 47.0 (fluorenyl

CH), 48.6, 50.3 (2 CHCH3), 67.0 (Fmoc-CO2CH2), 81.9 (C(CH3)3), 119.8, 125.0, 127.0, 127.6, 141.2,
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143.7 (aromatic C), 155.8 (carbamate C=O), 171.8 (amide and ester C=O). Anal. calcd for C25H30N2O5:

C, 68.47%; H, 6.90%; N, 6.39%; O, 18.24%; found: C, 68.22%; H, 7.00%; N, 6.33%; O, 18.46%. HRMS

(EI): calcd for C25H30N2O5: ([M]+) 438.2150; found: 438.2149. Rf: 0.7 (CH2Cl2/MeOH 10:1). m. p.:

67-69 ◦C.

N-(9-Fluorenylmethyloxycarbonyl)-L-alanyl-L-alanine 36. Following general procedure B,

35 (7.0 g, 15.96 mmol) was dissolved in CH2Cl2 (60 mL). TFA (24.8 g, 217 mmol) was added, and the

reaction mixture was stirred over night. The solvent was removed in HV, and the obtained crude

product was recrystallized from CH2Cl2. The colorless precipitate was filtered and dried to give pure

36 (5.5 g, 90%).

1H NMR (300.23 MHz, DMSO-D6): δ = 1.39 (d, J = 6.3 Hz, 3H, CHCH3), 1.45 (d, J = 6.9 Hz, 3H,

CHCH3), 4.19 (t, J = 6.9 Hz, 1H, fluorenyl CH), 4.36-4.59 (m, 4H, 2 CHCH3; Fmoc-CO2CH2), 6.19 (d,

J = 7.0 Hz, 1H, NH), 7.30 (t, J = 7.2 Hz, 2H, aromatic H), 7.40 (t, J = 7.2 Hz, 2H, aromatic H), 7.56 (m, 2H,

aromatic H), 7.75 (d, J = 7.5 Hz, 2H, aromatic H), 12.7 (bs, 1H, CO2H). 13C NMR (75.49 MHz, DMSO-

D6): δ = 17.4, 18.1 (2 CHCH3), 46.9 (fluorenyl CH), 48.4, 50.4 (2 CHCH3), 67.9 (Fmoc-CO2CH2), 120.0,

125.0, 127.1, 127.9, 141.3, 143.3 (aromatic C), 156.8 (carbamate C=O), 173.9 (amide C=O), 176.2 (acid

C=O). Anal. calcd for C21H22N2O5: C, 65.96%; H, 5.80%; N, 7.33%; found: C, 65.97%; H, 5.88%; N,

7.32%. HRMS (ESI): calcd for C21H23N2O5: ([M+H]+) 383.4; found: 383.3. Rf: 0.25 (CH2Cl2/MeOH

10:1). m. p.: 198-199 ◦C.

L-Alanyl-L-alanine tert-Butyl Ester 37. Following general procedure C, 35 (6.20 g, 141.4 mmol)

was dissolved in CHCl3 (60 mL). Piperidine (6.02 g, 706.9 mmol) was added, and the reaction mixture

was stirred at room temperature for 43 h. The crude product was purified by column chromatography

(silica gel, CH2Cl2/MeOH 24:1 with 2% v/v TEA). 37 (2.7 g, 84%) was obtained as a slightly yellow oil.

1H NMR (300.23 MHz, CDCl3): δ = 1.22 (d, J = 6.9 Hz, 3H, CHCH3), 1.26 (d, J = 7.2 Hz, 3H, CHCH3),

1.34 (s, 9H, C(CH3)3), 1.52 (s, 2H, NH2), 3.40 (q, J = 6.9 Hz, 1H, CHCH3), 4.31 (qui, J = 7.2 Hz, 1H,

CHCH3), 7.65 (d, J = 6.6 Hz, amide NH). 13C NMR (75.49 MHz, CDCl3): δ = 18.5, 21.5 (2 CHCH3),

27.9 (C(CH3)3), 48.1 (CHCH3), 50.6 (CHCH3), 81.6 (C(CH3)3), 172.2 (carbamate C=O), 175.2 (amide

C=O). Anal. calcd for C10H20N2O3: C, 55.53%; H, 9.32%; N, 12.95%; O, 22.19%; found: C, 55.77%;

H, 9.32%; N, 12.83%. HRMS (MALDI): calcd for C10H21N2O3: ([M+H]+) 217.1547; found 217.1546.

Rf: 0.35 (CH2Cl2/MeOH 10:1).

N-(9-Fluorenylmethloxycarbonyl)-L-alanyl-L-alanyl-L-alanine tert-Butyl Ester 38. Fol-

lowing general procedure D, N-(9-fluorenylmethyloxycarbonyl)-L-alanine (5.05 g, 16.18 mmol) and
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37 (3.50 g, 16.18 mmol) were dissolved in a mixture of dry CH2Cl2 (50 mL) and dry DMF (25 mL). DIEA

(8.8 g, 64.72 mmol) and PyBOP (8.84 g, 17.0 mmol) were added. The next day, the solution was concen-

trated in vacuo and the crude product was recrystallized from CH2Cl2. 38 (6.65 g, 80%) was obtained

as a colorless solid.

1H NMR (300.23 MHz, DMSO-D6): δ = 1.25 (m, 9H, 3 CHCH3), 1.39 (s, 9H, C(CH3)3), 4.1 (m, 2H,

CHCH3, fluorenyl CH), 4.2-4.4 (m, 4H, 2 CHCH3, Fmoc-CO2CH2), 7.34 (t, J = 7.2 Hz, 2H, aromatic H),

7.43 (t, J = 7.2 Hz, 2H, aromatic H), 7.53 (d, J = 7.5 Hz, 1H, NH), 7.88 (m, 2H, aromatic H), 7.85-8.0 (m,

3H, 2 aromatic H, NH), 8.17 (d, 6.9 Hz, 1H, NH). 13C NMR (75.49 MHz, DMSO-D6): δ = 17.9, 18.2, 18.8

(3 CHCH3), 27.9 (C(CH3)3), 47.1, 48.7, 49.3, 50.4 (fluorenyl-CH, 3 CHCH3), 67.0 (Fmoc-CO2CH2), 81.9

(C(CH3)3), 120.0, 125.0, 127.1, 127.7, 141.2, 143.8 (aromatic C), 156.2 (carbamate C=O), 171.9, 172.7

(ester, 2 amide C=O). Anal. calcd for C28H35N3O6: C, 65.99%; H, 6.92%; N, 8.25%; O, 18.84%; found:

C, 66.07%; H, 6.89%; N, 8.22%; O, 18.91%. HRMS (ESI): calcd for C28H35N3O6Na ([M+Na]+) 532.2418;

found 532.2420. Rf: 0.75 (CH2Cl2/MeOH 10:1). m. p.: 192-193 ◦C.

N-(9-Fluorenylmethloxycarbonyl)-L-alanyl-L-alanyl-L-alanine 39. Following general pro-

cedure B, 38 (5.0 g, 9.81 mmol) was dissolved in dry CH2Cl2 (40 mL), and a large excess of TFA was

added. The solution was stirred for 4 h, and the crude product was dried in HV. 39 (4.4 g, 99%) was

obtained as a colorless crystalline material. No further purification was necessary before the next

step.

1H NMR (300.23 MHz, DMSO-D6): δ = 1.19 (d, J = 7.2 Hz, 6H, 2 CHCH3), 1.24 (d, J = 7.5 Hz, 3H,

CHCH3), 4.05 (m, 1H, fluorenyl CH), 4.1-4.4 (m, 5H, 3 CHCH3, Fmoc-CO2CH2), 7.31 (t, J = 7.2 Hz, 2H,

aromatic H), 7.40 (t, J = 7.2 Hz, 2H, aromatic H), 7.50 (d, J = 7.5 Hz, 1H, NH), 7.70 (t, J = 6 Hz, 2H,

aromatic H), 7.87 (d, J = 7.5 Hz, 2H, aromatic H), 7.92 (d, J = 6.6 Hz, 1H, NH), 8.08 (d, 6.9 Hz, 1H, NH).

13C NMR (75.49 MHz, DMSO-D6): δ = 17.6, 18.7, 18.7 (3 CHCH3), 47.1, 47.9, 48.2, 50.4 (fluorenyl-CH, 3

CHCH3), 66.1 (Fmoc-CO2CH2), 120.6, 125.8, 127.6, 128.1, 141.2, 144.4 (aromatic C), 156.2 (carbamate

C=O), 172.3, 172.6, 174.4 (acid, 2 amide C=O). HRMS (MALDI): calcd for C24H27N3O6Na ([M+Na]+)

476.1798; found 476.1796. Rf: 0.2 (CH2Cl2/MeOH 10:1). m. p.: 206-208 ◦C.

PI10-NH2 40. Isoprene (26.5 g, 389.2 mmol) was freshly distilled from CaH2 prior to use. A rigor-

ously dried 500 mL Schlenk flask was filled with dry THF (120 mL), and n-butyl lithium (43.25 mmol,

1.6 M solution in hexanes) was added slowly via a syringe at −78 ◦C. Under vigorous stirring, iso-

prene was added via a syringe as fast as possible, leading to a yellow to orange color of the solution.

The temperature was adjusted to 0 ◦C, the mixture was stirred for 10 min and then cooled again to

−78 ◦C. Then, 1-(3-bromopropyl)-2,2,5,5-tetramethyl-1-aza-2,5-disilacyclopentane (15 g, 51.8 mmol)
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was added via a syringe, causing an immediate decoloration. The cooling bath was removed, and the

reaction mixture was stirred for 5 h at room temperature. Then, 2 M HCl (75 mL) was added, and stir-

ring was continued over night. The mixture was concentrated in vacuo, taken up in CH2Cl2, washed

twice with sat. NaHCO3 solution and once with sat. NaCl solution. The combined organic phases

were dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified by col-

umn chromatography (silica gel, gradient CH2Cl2 −→ CH2Cl2/MeOH 5:1). The amine terminated

poly(isoprene) 40 (21.50 g, 69%) was obtained as a slightly yellow oil.

1H NMR (300.23 MHz, CDCl3): δ = 0.8-2.2 (m, 100H, aliphatic H), 2.7-2.9 (m, 2H, CH2NH2), 4.6-5.2

(m, 28H, terminal olefin H), 5.6-5.9 (m, 3H, internal olefin H). Anal. calcd for C52H89N: C, 85.76%; H,

12.32%; N, 1.92%; found: C, 84.15%; H, 11.87%; N, 1.79%. HRMS (ESI): calcd for C52H90N: ([M+H]+)

728.7; found: 728.4. Rf: 0.2 (CH2Cl2/MeOH 10:1).

hPI10-NH2 41. The amine-terminated poly(isoprene) 40 (9 g, 11.3 mmol) was dissolved in a mix-

ture of toluene (75 mL) and EtOH (5 mL). The solution was transferred to a high pressure autoclave,

and 8 mol% Pd on charcoal (3.7 g, 5% Pd/C, 52% H2O content) was added as the catalyst. The mix-

ture was stirred at a H2 pressure of 100 bar at 80 ◦C for 72 h. The hydrogenated amine terminated

poly(isoprene) 41 was obtained as a slightly yellow oil in quantitative yield after filtration and removal

of the solvent.

1H NMR (300.23 MHz, CDCl3): δ = 0.8-1.8 (m, 135H, aliphatic H), 2.9-3.1 (m, 2H, CH2NH2), 4.7 (m,

1H, residual olefin H). Anal. calcd for C52H107N: C, 83.67%; H, 14.45%; N, 1.88%; found: C, 77.40%;

H, 13.43%; N, 1.45%. HRMS (MALDI): calcd for C52H108N: ([M+H]+) 747.421; found 747.29. Rf: 0.15

(CH2Cl2/MeOH 10:1).

hPI10-NH-Ala-Fmoc 42. Following general procedure E, Fmoc-L-alanine (3.33 g, 10.67 mmol) was

dissolved in a mixture of dry DMF (40 mL) and dry CH2Cl2 (40 mL). HOBt (1.73 g, 12.8 mmol) and

EDCI (2.56 g, 13.34 mmol) were added to form the active ester intermediate. A second solution con-

taining 41 (8.7 g, 10.67 mmol) and TEA (4.32 g, 42.68 mmol) in dry CH2Cl2 (250 mL) was prepared, and

both solutions were combined. The next day, the solution was washed twice with 1M HCl and once

with sat. NaCl solution. The combined organic phases were dried over MgSO4, filtered, and concen-

trated in vacuo. 42 was obtained quantitatively and was used in the next step without any further

purification.

1H NMR (300.23 MHz, CDCl3): δ = 0.8-1.8 (m, 128H, aliphatic H, 1 CHCH3), 3.1-3.3 (m, 2H,

CH2NHR), 4.2-4.3 (m, 2H, CHCH3, fluorenyl CH), 4.39 (d, J = 6.9 Hz, 2H, Fmoc-CO2CH2), 4.7 (m, 1H,

residual olefin H), 5.5 (m, 1H, carbamate NH), 6.1 (m, 1H, amide NH), 7.31 (dt, J = 7.5 Hz, 1.0 Hz, 2H,
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aromatic H), 7.38 (t, J = 7.5 Hz, 2H, aromatic H), 7.58 (d, J = 7.2 Hz, 2H, aromatic H), 7.75 (d, J = 7.5 Hz,

2H, aromatic H). Anal. calcd for C70H122N2O3: C, 80.86%; H, 11.83%; N 2.69%; found: C, 81.17%; H,

12.02%; N, 2.39%. HRMS (MALDI): calcd for C70H122N2O3Na: ([M+Na]+) 1061.935; found 1062.573.

Rf: 0.75 (CH2Cl2/MeOH 10:1).

hPI10-NH-Ala-H 43. Following general procedure C, 42 (11.8 g, 10.67 mmol) was dissolved in

CHCl3 (100 mL) and piperidine (8.5 g, 100 mmol) was added. The next day, the solution was washed

twice with sat. NaHCO3 solution and once with sat. NaCl solution. The combined organic phases

were dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified by col-

umn chromatography (silica gel, CH2Cl2/MeOH 10:1). 43 (8.56 g, 90% over two steps) was obtained

as a colorless oil.

1H NMR (300.23 MHz, CDCl3): δ = 0.8-1.8 (m, 114H, aliphatic H, 1 CHCH3), 3.2-3.3 (m, 2H,

CH2NHR), 3.6-3.7 (m, 1H, CHCH3), 4.7 (m, 1H, residual olefin H), 6.5 (bs, 1H, amide NH). Anal. calcd

for C55H112N2O: C, 80.81%; H, 13.81%; N, 3.43%; found: C, 80.18%; H, 13.33%; N, 2.69%. HRMS (ESI):

calcd for C55H113N2O: ([M+H]+) 817.9; found 817.6. Rf: 0.1 (CH2Cl2/MeOH 10:1).

hPI10-NH-Ala3-Fmoc 44. From hPI10-NH-Ala-H 43: Following general procedure D, 36 (3.24 g,

8.46 mmol) and 43 (7.5 g, 8.46 mmol) were dissolved in a mixture of dry CH2Cl2 (120 mL) and dry

DMF (60 mL). DIEA (4.38 g, 33.8 mmol) and PyBOP (4.62 g, 8.88 mmol) were added. In the course

of the reaction, dry CHCl3 (200 mL) was added in order to prevent gel formation. The next day, the

solvents were removed in vacuo, and the crude product was purified by column chromatography

(silica gel, CHCl3/MeOH 20:1). 44 (9.0 g, 85%) was obtained as a colorless amorphous solid.

From hPI10-NH2 41: Following general procedure D, 39 (1.36 g, 2.90 mmol) and 41 (2.37 g, 2.90 mmol)

were dissolved in a mixture of dry CH2Cl2 (90 mL) and dry DMF (30 mL). DIEA (1.13 g, 8.71 mmol) and

PyBOP (1.58 g, 3.05 mmol) were added. After 3 h, the solvents were removed in vacuo, and the crude

product was purified by column chromatography (silica gel, CHCl3/MeOH 20:1). 44 (3.09 g, 85%) was

obtained as a colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3): δ = 0.8-1.8 (m, 131H, aliphatic H, 3 CHCH3), 3.0-3.3 (m, 2H,

CH2NHR), 4.2 (m, 1H, fluorenyl CH), 4.3-4.4 (m, 2H, NHCO2CH2), 4.6-4.9 (m, 4H, 3 CHCH3, 1 residual

olefin H), 6.5 (m, 1H, amide NH), 7.2 (m, 1H, amide NH), 7.25 (t, J = 7.5 Hz, 2H, aromatic H), 7.35 (m,

2H, aromatic H), 7.6 (m, 2H, aromatic H), 7.75 (m, 3H, 2 aromatic H, amide NH) 8.2 (m, 1H, amide

NH). Anal. calcd for C76H132N4O5: C, 77.23%; H, 11.26%; N, 4.74%; found: C, 77.71%; H, 11.14%;

N, 4.46%. HRMS (MALDI): calcd for C76H132N4O5Na: ([M+Na]+) 1204.010; found 1204.029. Rf: 0.4

(CH2Cl2/MeOH 10:1).
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hPI10-NH-Ala3-H 45. Following general procedure C, 44 (8.75 g, 7.0 mmol) was dissolved in CHCl3

(100 mL), and piperidine (8.5 g, 100 mmol) was added. The next day, the solution was washed twice

with sat. NaHCO3 solution as well as once with sat. NaCl solution. The combined organic phases were

dried over MgSO4, filtered, and concentrated in vacuo. The oily crude product was purified by column

chromatography (silica gel, gradient CH2Cl2/MeOH 24:1 −→ CH2Cl2/MeOH 5:1). The product 45

(5.85 g, 75%) was obtained as a colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3): δ = 0.8-1.8 (m, 149H, aliphatic H, 3 CHCH3), 3.1-3.3 (m, 2H,

CH2NHR), 3.55 (m, 1H, CHCH3), 4.45 (m, 2H, CHCH3), 4.7 (m, 1H, residual olefin H), 6.5 (m, 1H,

amide NH), 7.1 (m, 1H, amide NH), 7.85 (m, 1H, amide NH). Anal. calcd for C61H122N4O3: C,

76.35%; H, 12.81%; N, 5.84%; found: C, 76.68%; H, 12.73%; N, 5.20%. HRMS (MALDI): calcd for

C66H132N4O3Na: ([M+Na]+) 1052.020; found 1052.662. Rf: 0.1 (CH2Cl2/MeOH 10:1).

N-Propargyloxycarbonyl-L-alanine tert-Butyl Ester 46. L-Alanine tert-butyl ester hydrochlo-

ride (3.30 g, 18.15 mmol) was dissolved in dry CH2Cl2 (50 mL). TEA (3.86 g, 38.12 mmol) was added,

which led to the precipitation of its hydrochloride. The mixture was cooled to −78 ◦C and propargyl

chloroformate (2.15 g, 18.15 mmol) was added dropwise. The solution was stirred for 1 h at −78 ◦C, for

2 h at 0 ◦C, and then allowed to warm up to room temperature. The organic phase was washed with

water and sat. NaCl solution, dried over MgSO4, filtered, and concentrated in vacuo. 46 (3.87 g, 93%)

was obtained as a colorless oil, and no further purification was necessary.

1H NMR (300.23 MHz, CDCl3): δ = 1.32 (d, J = 7.2 Hz, 3H, CHCH3), 1.41 (s, 9H, C(CH3)3), 2.44 (t,

J = 2.5 Hz, 1H, C≡CH), 4.18 (m, 1H, CHCH3), 4.63 (m, 2H, NHCO2CH2), 5.6 (d, J = 6.6 Hz, 1H, NH).

13C NMR (75.49 MHz, CDCl3): δ = 18.6 (CHCH3), 27.9 (C(CH3)3), 50.2 (CHCH3), 52.4 (NHCO2CH2),

74.7 (C≡CH), 78.2 (C≡CH), 81.8 (C(CH3)3), 154.6 (carbamate C=O), 171.9 (ester C=O). Anal. calcd for

C11H17NO4: C, 58.14%; H, 7.54%; N, 6.16%; found: C, 57.85%; H, 7.50%; N, 6.14%. HRMS (EI): calcd

for C7H9NO3: ([M-C4H9O]+) 154.0499; found: 154.0501. Rf: 0.7 (CH2Cl2/MeOH 10:1).

N-Propargyloxycarbonyl-L-alanine 47. From N-propargyloxycarbonyl-L-alanine tert-butyl

ester 46: Following general procedure B, 46 (1.02 g, 4.51 mmol) was dissolved in dry CH2Cl2 (15 mL),

and the solution stirred over night. 47 (0.77 g, 100%) was obtained as a colorless oil. A further purifi-

cation was not necessary before the next step.

From L-alanine: L-Alanine (1.02 g, 11.45 mmol) was dissolved in 1N NaOH solution (11.5 mL). The

mixture was cooled to 15 ◦C, and propargyl chloroformate (2.71 g, 22.44 mmol) was added. After

30 min, more NaOH solution was added to adjust the pH to 9. The solution was cooled to 0 ◦C after

stirring over night. The solution was extracted twice with Et2O. NaCl and 3N HCl were added to the
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aqueous phase to adjust the pH to 1. The solution was extracted three times with CH2Cl2. The com-

bined CH2Cl2-phases were dried over Na2SO4, filtered, and concentrated in vacuo. 47 (1.44 g, 75%)

was obtained as a slightly yellow oil.

1H NMR (300.23 MHz, DMSO-D6): δ = 1.26 (d, J = 7.2 Hz, 3H, CHCH3), 3.42 (t, J = 2.4 Hz, 1H,

C≡CH), 4.02 (m, 1H, CHCH3), 4.67 (m, 2H, NHCO2CH2), 7.67 (d, J = 7.5 Hz, 1H, NH), 10.0 (bs, 1H,

CO2H). 13C NMR (75.49 MHz, DMSO-D6): δ = 17.5, (CHCH3), 49.7 (CHCH3), 52.0 (NHCO2CH2), 77.5

(C≡CH), 79.6 (C≡CH), 155.5 (carbamate C=O), 174.7 (acid C=O). Anal. calcd for C7H9NO4: C, 49.12%;

H, 5.30%; N, 8.18%; found: C, 48.94%; H, 5.30%; N, 8.08%. HRMS (ESI): calcd for C7H10NO4: ([M+H]+)

172.2; found: 172.3. Rf: 0.2 (CH2Cl2/MeOH 10:1).

3-Iodopropargylamine Hydrochloride 49. Hexamethyldisilazane (9.68 g, 60 mmol) was dis-

solved in Et2O (30 mL) at 0 ◦C, and n-butyl lithium (60 mmol, 1.6 M solution in hexanes) was added

slowly. The mixture was allowed to reach room temperature and stirred for another 30 min. The flask

was covered with aluminum foil, the solution was cooled to −78 ◦C, and propargyl bromide (3.57 g,

30 mmol) in dry Et2O (20 mL) was added dropwise. The reaction mixture was allowed to reach room

temperature again and stirred for 2 h. Then, I2 (7.61 g, 30 mmol) was added at −78 ◦C, and the re-

action mixture was stirred at room temperature over night. The reaction was quenched by washing

with sat. Na2S2O3 solution. The organic phase was dried over MgSO4, filtered, and concentrated in

vacuo at room temperature. Residual hexamethyldisilazane was distilled off the crude mixture at 0 ◦C

(4·10−2 mbar). The remaining crude 3-iodo-N,N-bis(trimethylsilyl)propargylamine 48 (9.17 g, 80%),

a slightly orange oil, was deprotected without further purification. For this purpose, acetyl chloride

(7.85 g, 100 mmol) was dissolved in dry MeOH (25 mL) at 0 ◦C in order to generate anhydrous HCl in

MeOH. The solution was stirred for 30 min at room temperature and diluted with CH2Cl2 (25 mL).

The protected amine derivative 48 (6.0 g, 18.4 mmol) was added at 0 ◦C, and a fine brown precipitate

formed instantly. The precipitate was filtered off and dried in vacuo. 49 (3.21 g, 80%) was obtained as

a slightly brown powder.

1H NMR (300.23 MHz, DMSO-D6): δ = 3.79 (s, 2H, CH2), 8.46 (s, 3H, NH3Cl). 13C NMR (75.49 MHz,

DMSO-D6): δ = 20.2 (C≡CI), 30.3 (CH2), 84.9 (C≡CI). HRMS (EI): calcd for C3H4IN: ([M-HCl]+)

180.9384; found 180.9383. m. p.: 168-169 ◦C (decomposition).

N-(3-Iodo-prop-2-ynyl)acetamide 50. 3-Iodopropargylamine hydrochloride 49 (3.0 g,

13.8 mmol) was dissolved in a mixture of dry CH2Cl2 (70 mL) and DIEA (8.91 g, 68.9 mmol). The

reaction mixture was cooled to 0 ◦C, and acetic anhydride (14.1 g, 138 mmol) was added via a syringe.

The flask was covered with aluminum foil, and the reaction mixture was stirred at room temperature
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over night. The solution was diluted with CH2Cl2, and the organic phase was washed twice with

sat. NaHCO3 solution and once with sat. NaCl solution. The organic phase was dried over MgSO4,

filtered, and concentrated in vacuo at room temperature in the dark. The crude material was purified

by column chromatography (silica gel, CH2Cl2/MeOH 100:1). 50 (1.76 g, 57%) was obtained as a

slightly yellow crystalline solid.

1H NMR (300.23 MHz, CDCl3): δ = 1.99 (s, 3H, CH3), 4.16 (d, J = 5.1 Hz, 2H, CH2), 6.29 (bs, 1H,

NH). 13C NMR (75.49 MHz, CDCl3): δ = -0.1 (C≡CI), 22.9 (CH3), 31.1 (CH2), 89.7 (C≡CI), 170.0

(amide C=O). Anal. calcd for C5H6INO: C, 26.93%; H, 2.71%; I, 56.90%; N, 6.28%; found: C, 26.76%; H,

2.62%; I, 56.99%; N, 6.12%. HRMS (EI): calcd for C5H6INO: ([M]+) 222.9489; found 222.9488. Rf: 0.35

(CH2Cl2/MeOH 10:1). m. p.: 104-106 ◦C.

N-(4-Methoxysuccinyl) 3-Iodopropargylamide 51. 3-Iodopropargylamine hydrochloride 49

(3.04 g, 14 mmol) was dissolved in a mixture of dry CH2Cl2 (60 mL) and DIEA (9.0 g, 70 mmol). The

solution was cooled to 0 ◦C. Succinic acid monomethyl ester chloride (2.10 g, 14 mmol) was added

dropwise, and the solution was stirred over night. After an acidic aqueous work-up, the organic solu-

tion was concentrated in vacuo. The crude product was purified by column chromatography (silica

gel, CH2Cl2/MeOH 50:1). 51 (2.96 g, 73%) was obtained as a colorless solid.

1H NMR (300.23 MHz, DMSO-D6): δ = 2.37 (t, J = 6.3 Hz, 2H, CH2), 2.52 (t, J = 6.3 Hz, 2H, CH2),

3.58 (s, 3H, CH3), 3.97 (d, J = 5.4 Hz, 2H, CH2N), 8.32 (s, 1H, NH). 13C NMR (75.49 MHz, DMSO-D6):

δ = 8.1 (C≡CI), 29.0, 30.0, 30.2 (3 CH2), 51.8 (CH3), 90.5 (C≡CI), 170.9, 173.2 (2 C=O). Anal. calcd

for C8H10INO3: C, 32.56%; H, 3.42%; N, 4.75%; I, 43.01%; found: C, 32.77%; H, 3.40%; I, 42.84%; N,

4.62%. HRMS (EI): calcd for C8H10NO3I: ([M]+) 294.9700; found: 294.9700. Rf: 0.5 (CH2Cl2/MeOH

10:1). m. p.: 104-105 ◦C.

N-(9-Fluorenylmethyloxycarbonyl) 3-Iodopropargylamine 52. 3-Iodopropargylamine hy-

drochloride 49 (2.90 g, 13.3 mmol) was dissolved in a mixture of dry CH2Cl2 (60 mL) and DIEA (9.10 g,

70.4 mmol). 9-Fluorenylmethyloxycarbonyl chloride (3.45 g, 13.3 mmol) was added at 0 ◦C, and the

solution was stirred at room temperature over night. The solvents were removed in vacuo, and the

crude material was recrystallized from CH2Cl2. 52 (4.10 g, 76%) was obtained as a colorless solid.

1H NMR (300.23 MHz, DMSO-D6): δ = 3.93 (d, J = 5.4 Hz, 2H, NHCH2), 4.24 (m, 1H, fluorenyl-

CH), 4.33 (d, J = 6.9 Hz, 2H, Fmoc-CO2CH2), 7.34 (t, J = 7.2 Hz, 2H, aromatic H), 7.43 (t, J = 7.5 Hz,

2H, aromatic H), 7.70 (d, J = 7.2 Hz, 2H, aromatic H), 7.80 (t, J = 5.4 Hz, 1H, NH), 7.90 (d, J = 7.5 Hz,

2H, aromatic H). 13C NMR (75.49 MHz, DMSO-D6): δ = 8.4 (C≡CI), 32.2 (NHCH2), 47.1 (fluorenyl-

CH), 66.2 (Fmoc-CO2CH2), 90.8 (C≡CI), 120.6, 125.6, 127.6, 128.1, 141.2, 144.3 (aromatic C), 156.4
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(carbamate C=O). Anal. calcd for C18H14NO2I: C, 53.62%; H, 3.50%; N, 3.47%; I, 31.47%; found: C,

53.78%; H, 3.60%; N, 3.47%; I, 31.47%. HRMS (EI): calcd for C18H14NO2I: ([M]+) 403.0064; found:

403.0067. Rf: 0.7 (CH2Cl2/MeOH 10:1). m. p.: 159-160 ◦C.

N-(5-Dimethylamino-1-naphthalenesulfonyl) 3-iodopropargylamide 53. 3-Iodo-

propargylamine hydrochloride 49 (0.50 g, 2.3 mmol) was dissolved in a mixture of dry CH2Cl2

(20 mL) and DIEA (0.74 g, 5.8 mmol). The solution was cooled to 0 ◦C and 5-dimethylamino-1-

naphtalenesulfonyl chloride (0.68 g, 2.5 mmol) was added. The mixture was stirred for 20 min at 0 ◦C.

The reaction was quenched by the addition of MeOH (10 mL). The resulting solution was washed

twice with water. The organic phase was dried over MgSO4, filtered, and concentrated in vacuo. The

crude product was purified by column chromatography (silica gel, CH2Cl2/MeOH 10:1). 53 (0.63 g,

57%) was obtained as a slightly brown powder.

1H NMR (300.23 MHz, DMSO-D6): δ = 2.85 (s, 6H, N(CH3)3), 3.86 (d, J = 6 Hz, 2H, NHCH2), 7.27

(d, J = 7.2 Hz, 1H, aromatic H), 7.62 (m, 2H, aromatic H), 8.15 (dd, J = 7.2 Hz, 1.2 Hz, 1H, aromatic H),

8.26 (d, J = 8.7 Hz, 1H, aromatic H), 8.36 (t, J = 6 Hz, 1H, amide NH), 8.5 (d, J = 8.7 Hz, 1H, aromatic H).

13C NMR (75.49 MHz, DMSO-D6): δ = 10.0 (C≡CI), 34.0 (NHCH2), 45.7 (N(CH3)2), 88.4 (C≡CI), 115.5,

119.7, 124.0, 128.3, 129.2, 129.6, 129.7, 130.2, 136.4, 151.8 (aromatic C). Anal. calcd for C15H15IN2O2S:

C, 43.49%; H, 3.65%; N, 6.76%; O, 7.72%; S, 7.74%; I, 30.63%; found: C, 43.66%; H, 3.52%; N, 6.70%; O,

7.76%; S, 7.56%; I, 30.80%. HRMS (EI): calcd for C15H16IN2O2S: ([M+H]+) 412.9816; found: 412.9816.

Rf: 0.7 (CH2Cl2/MeOH 10:1).

N-(N ’-Acetyl-L-alanyl) 3-Iodopropargylamide 55. 3-Iodopropargylamine hydrochloride 49

(1.66 g, 7.63 mmol) was dissolved in dry CH2Cl2 (20 mL) and dry DMF (10 mL). N-Acetyl-L-alanine

(1.02 g, 7.63 mmol) and DIEA (4.92 g, 38.2 mmol) were added. The reaction mixture was cooled to

0 ◦C, and PyBOP (3.98 g, 7.63 mmol) was added in one portion. The reaction was stirred at room tem-

perature over night. The solvents were removed in vacuo, and the purification was carried out by

column chromatography (silica gel, CH2Cl2/MeOH 24:1). 55 (1.80 g, 76%) was obtained as a colorless

crystalline solid.

1H NMR (300.23 MHz, DMSO-D6): δ = 1.15 (d, J = 6.9 Hz, 3H, CHCH3), 1.82 (s, 3H, C(O)CH3),

3.96 (m, 2 H, CH2NH), 4.22 (m, 1H, CHCH3), 8.03 (d, J = 7.5 Hz, 1H, NH), 8.29 (t, J = 5.1 Hz, 1H, NH).

13C NMR (75.49 MHz, DMSO-D6): δ = 8.2 (C≡CI), 18.6 (CHCH3), 23.0 (C(O)CH3), 30.3 (CH2NH), 48.4

(CHCH3), 90.4 (C≡CI), 169.4, 172.6 (2 amide C=O). Anal. calcd for C8H11IN2O2: C, 32.67%; H, 3.77%; I,

43.15%; N, 9.53%; found: C, 32.86%; H, 3.83%; I, 43.01%; N, 9.50%. HRMS (EI): calcd for C8H11IN2O2:

([M]+) 293.9860; found: 293.9861. Rf: 0.4 (CH2Cl2/MeOH 10:1). m. p.: 173-174 ◦C.
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N-[N ’-(9-Fluorenylmethyloxycarbonyl)-L-alanyl] 3-Iodopropargylamide 56. Following

general procedure D, DIEA (9.69 g, 75 mmol) was dissolved in a mixture of dry CH2Cl2 (60 mL)

and dry DMF (20 mL). 3-Iodopropargylamine hydrochloride 49 (3.26 g, 15 mmol) and N-(9-

fluorenylmethyloxycarbonyl)-L-alanine (4.67 g, 15 mmol) were added. At 0 ◦C, PyBOP (8.32 g,

16 mmol) was added, and the solution was stirred over night. After removal of the solvent, the crys-

talline product was washed with CH2Cl2. 56 (5.24 g, 74%) was obtained as colorless crystalline mate-

rial.

1H NMR (300.23 MHz, DMSO-D6): δ = 1.21 (d, J = 7.2 Hz, 3H, CHCH3), 4.0-4.1 (m, 3H, CH2NH,

fluorenyl CH), 4.2-4.4 (m, 3H, CHCH3, CO2CH2), 7.34 (t, J = 7.2 Hz, 2H, aromatic H), 7.43 (t, J = 7.2 Hz,

2H, aromatic H), 7.55 (d, J = 7.8 Hz, 1H, carbamate NH), 7.74 (t, J = 6.0 Hz, 2H, aromatic H), 7.90 (d,

J = 7.5 Hz, 2H, aromatic H), 8.31 (t, J = 5.3 Hz, 1H, amide NH). 13C NMR (75.49 MHz, DMSO-D6):

δ = 8.4 (C≡CI), 18.6 (CHCH3), 30.5 (CH2N), 47.2 (fluorenyl CH), 50.4 (CHCH3), 66.1 (CO2CH2), 90.4

(C≡CI), 120.6, 125.8, 127.6, 128.1, 141.2, 144.3 (aromatic C), 156.2 (carbamate C=O), 172.8 (amide

C=O). Anal. calcd for C21H19IN2O3: C, 53.18%; H, 4.04%; I, 26.76%; N, 5.91%; found: C, 52.89%; H,

4.34%; I, 26.57%; N, 5.77%. HRMS (EI): calcd for C21H19IN2O3: ([M]+) 474.0435; found: 474.0432.

Rf: 0.5 (CH2Cl2/MeOH 10:1). m. p.: 189-190 ◦C (decomposition).

N-[N ’-(9-Fluorenylmethyloxycarbonyl)-glycyl] 3-Iodopropargylamide 57. Following gen-

eral procedure D, N-(9-fluorenylmethyloxycarbonyl)-glycine (2.68 g, 9.0 mmol) and 49 (1.96 g,

9.0 mmol) were dissolved in a mixture of dry CH2Cl2 (30 mL) and dry DMF (10 mL). DIEA (6.65 g,

45.0 mmol) and PyBOP (4.92 g, 9.45 mmol) were added. The next day, the solution was concentrated

in vacuo, and the product was washed with CH2Cl2. 57 (3.35 g, 81%) was obtained as a colorless solid.

1H NMR (300.23 MHz, DMSO-D6): δ = 3.62 (d, J = 6.3 Hz, 2H, Gly-CH2), 4.01 (d, J = 5.4 Hz, 2H,

C≡CCH2NH), 4.27 (m, 3H, fluorenyl CH, Fmoc-CO2CH2), 7.34 (t, J = 7.2 Hz, 2H, aromatic H), 7.43 (t,

J = 7.2 Hz, 2H, aromatic H), 7.57 (t, J = 6.0 Hz, 1H, NH), 7.73 (d, J = 7.2 Hz, 2H, aromatic H), 7.90 (d,

J = 7.2 Hz, 2H, aromatic H), 8.32 (t, J = 5.4 Hz, 1H, NH). 13C NMR (75.49 MHz, DMSO-D6): δ = 8.4

(C≡CI), 30.3 (NHCH2), 43.8 (Gly-CH2), 47.1 (fluorenyl CH), 66.2 (Fmoc-CO2CH2), 90.4 (C≡CI), 120.6,

125.7, 127.6, 128.1, 141.2, 144.3 (aromatic C), 157.0 (carbamate C=O), 169.4 (amide C=O). Anal. calcd

for C20H17N2O3I: C, 52.19%; H, 3.72%; N, 6.09%, O, 10.43%; I, 27.57%; found: C, 52.20%; H, 3.78%; N,

6.00%. HRMS (ESI): calcd for C20H17N2O3I: ([M]+) 460.0279; found: 460.0281. Rf: 0.8 (CH2Cl2/MeOH

10:1).

3-Iodoprop-2-yn-1-ol 58. Propargylic alcohol (16.0 g, 285.3 mmol) was dissolved in MeOH

(400 mL). A solution of KOH (56.0 g, 1.0 mol) in H2O (100 mL) was prepared, cooled to 0 ◦C, and added
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to the reaction mixture. I2 (63.5 g, 250 mmol) was added in one portion, and the solution was stirred

at room temperature over night. The reaction mixture was neutralized with 1M HCl and extracted

with Et2O. The organic phase was washed with sat. Na2S2O3 solution, dried over Na2SO4, filtered,

and concentrated in vacuo. 58 (43.3 g, 83%) was obtained as a colorless solid material.

1H NMR (300.23 MHz, CDCl3): δ = 2.04 (t, J = 5.4 Hz, 1H, OH), 4.41 (d, J = 5.4 Hz, 2H, CH2).

13C NMR (75.49 MHz, CDCl3): δ = 2.8 (C≡CI), 52.6 (CH2), 92.5 (C≡CI). Anal. calcd for C3H3IO: C,

19.80%; H, 1.66%; I, 69.74%; found: C, 19.85%; H, 1.64%; I, 69.77%. HRMS (EI): calcd for C3H3IO:

([M]+) 181.9233; found: 181.9236. Rf: 0.7 (CH2Cl2/MeOH 10:1). m. p.: 42-43 ◦C.

1-{2”’-{2”-[2’-(2-Methoxyethoxy)ethoxy]ethoxy}ethoxy}-3-iodoprop-2-yne 60. In a thor-

oughly dried Schlenk flask, NaH (60% dispersion in mineral oil, 0.40 g, 10.0 mmol) was mixed with

THF (100 mL), and the mixture was degassed in two freeze-pump-thaw cycles. Tetra(ethylene glycol)

monomethyl ether (2.08 g, 10.0 mmol) was added at 0 ◦C, forming a suspension. The mixture was

stirred for 30 min before propargyl bromide (80% in toluene, 2.23 g, 15 mmol) was added. Stir-

ring was continued over night. The reaction mixture was concentrated in vacuo and taken up in

Et2O. The organic phase was washed with H2O, dried over MgSO4 and concentrated. 1-{2”’-{2”-

[2’-(2-Methoxyethoxy)ethoxy]ethoxy}ethoxy}prop-2-yne (2.29 g, 93%) was obtained as a yellow liquid,

which was directly used in the following step without further purification. For the iodination reaction,

the tetra(ethylene glycol) derivative (2.12 g, 8.61 mmol) was dissolved in MeOH (50 mL). A solution of

KOH (1.45 g, 25.84 mmol) in H2O (3 mL) was prepared, cooled to 0 ◦C, and added to the reaction mix-

ture. After 10 min, I2 (2.35 g, 9.25 mmol) was added in one portion, and the solution was stirred at

room temperature over night. The solvent was removed in vacuo, and the residue was taken up in 1M

HCl. The aqueous phase was extracted with CHCl3. The organic phase was washed with sat. Na2S2O3

solution, dried over Na2SO4, filtered, and concentrated in vacuo. The crude material was purified by

column chromatography (silica gel, CH2Cl2/MeOH 24:1). 60 (2.25 g, 70%) was obtained as a yellowish

oil.

1H NMR (300.23 MHz, CDCl3): δ = 3.28 (s, 3H, CH3), 3.42-3.46 (m, 2H, CH2), 3.51-3.60 (m, 14 H,

CH2), 4.24 (s, 2H, CH2C≡C). 13C NMR (75.49 MHz, CDCl3): δ = 3.6 (C≡CI), 59.0, 60.0, 69.2, 70.3, 70.4,

70.5, 70.5, 70.5, 70.5, 71.9 (OCH2, OCH3), 90.4 (C≡CI). Anal. calcd for C12H21IO5: C, 38.72%; H, 5.69%;

I, 34.10%; found: C, 38.82%; H, 5.47%; I, 34.20%. Rf: 0.5 (CH2Cl2/MeOH 10:1).

1-Iodo-2-trimethylsilylacetylene 61. Trimethylsilylacetylene (1.96 g, 20.0 mmol) was dissolved

in dry THF (25 mL). The solution was cooled to −78 ◦C and n-butyl lithium (1.6 M in hexanes,

20.0 mmol) was added. The reaction was stirred for 10 min, then heated to 0 ◦C and stirred for an-

other 10 min. Then, the temperature was adjusted to −78 ◦C, and I2 (5.10 g, 20.0 mmol) was added in
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one portion. The flask was covered with aluminum foil, and the reaction mixture was stirred at room

temperature over night. The solution was diluted with CH2Cl2 and washed with sat. Na2S2O3 solution

as well as water. The organic phase was dried over MgSO4, filtered, and concentrated in vacuo. The

purification of the crude material was carried out by distillation (20 mbar, 70 ◦C), and 61 (3.60 g, 80%)

was obtained as a colorless liquid.

1H NMR (300.23 MHz, CDCl3): δ = 0.18 (s, 9H, Si(CH3)3). 13C NMR (75.49 MHz, CDCl3): δ = -0.1

(Si(CH3)3), 20.6 (C≡CI), 104.2 (C≡CI). Rf: 0.8 (CH2Cl2).

3-Iodopropiolic Acid Methyl Ester 62. Propiolic acid methyl ester (1.0 g, 11.89 mmol) was dis-

solved in dry acetone (30 mL). N-Iodosuccinimide (4.0 g, 17.85 mmol) and AgNO3 (0.4 g, 2.35 mmol)

were added. After 2.5 h, the reaction mixture was cooled to 0 ◦C, and ice was added. The reaction mix-

ture was extracted with Et2O. The organic phase was dried over MgSO4, filtered, and concentrated in

vacuo. The obtained crude material was purified by sublimation (40 ◦C, 1·10−2 mbar). 62 (2.0 g, 80%)

was obtained as a colorless crystalline material.

1H NMR (300.23 MHz, CDCl3): δ = 3.80 (s, 3H, CH3). 13C NMR (75.49 MHz, CDCl3): δ = 14.8

(C≡CI), 53.1 (CH3), 86.8 (C≡CI), 152.8 (ester C=O). Anal. calcd for C4H3IO2: C, 22.88%; H, 1.44%; I,

60.44%; found: C, 22.98%; H, 1.43%; I, 60.43%. HRMS (EI): calcd for C4H3IO2: ([M]+) 201.9173; found

201.9175. Rf: 0.5 (CH2Cl2/MeOH 10:1). m. p.: 45 ◦C.

3-Bromopropiolic Acid 64. KOH (5.1 g, 90 mmol) was dissolved in H2O (40 mL) at 0 ◦C. Br2 (4.8 g,

30 mmol) was added to the aqueous solution. Another KOH (1.7 g, 30 mmol) solution in H2O (10 mL)

was prepared and cooled to 0 ◦C, to which propiolic acid (2.1 g, 30 mmol) was added. Both solutions

were combined and stirred for 30 min. The solution was acidified by the addition of 1M HCl and

extracted four times with Et2O and once with CH2Cl2. The combined organic phases were dried over

Na2SO4, filtered, and concentrated in vacuo. 64 (3.52 g, 79%) was obtained by recrystallization from

hot hexanes.

1H NMR (300.23 MHz, CDCl3): δ = 11.5 (bs, 1H, CO2H). 13C NMR (75.49 MHz, CDCl3): δ = 56.6

(C≡CBr), 72.3 (C≡CBr), 157.4 (acid C=O). Anal. calcd for C3HBrO2: C, 24.19%; H, 0.68%; O, 21.48%;

Br, 53.65%; found: C, 23.92%; H, 0.61%; O, 21.39%; Br, 53.83%. HRMS (EI): calcd for C3HBrO2: ([M]+)

147.9155; found: 147.9154. Rf: 0.2 (CH2Cl2/MeOH 10:1). m. p.: 84.5-85.5 ◦C.

Hexa-2,4-diynylene-1,6-bis(oxycarbonyl-L-alanine tert-Butyl Ester) 65. A solution of CuCl

(0.66 g, 6.6 mmol) and TMEDA (1 mL, 6.6 mmol, 1 eq) in acetone (30 mL) was added to a solution of 46

(1.5 g, 6.6 mmol) in acetone (100 mL), and the resulting green mixture was stirred for 4 h at room tem-

perature with dry air bubbling through the reaction mixture. A white precipitate formed which was
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filtered and washed with cold acetone and afterwards dissolved and filtered again in boiling methanol

to give 65 (0.93 g, 62%) as a colorless crystalline solid.

1H NMR (300.23 MHz, CDCl3): δ = 1.31 (d, J = 7.2 Hz, 6H, 2 CHCH3), 1.40 (s, 18H, 2 C(CH3)3), 4.16

(m, 2H, 2 CHCH3), 4.67 (m, 4H, 2 NHCO2CH2), 5.59 (d, J = 7.5 Hz, 1H, NH). 13C NMR (75.49 MHz,

CDCl3): δ = 18.6 (2 CHCH3), 27.9 (2 CHCH3), 50.3 (2 CHCH3), 52.7 (2 NHCO2CH2), 70.2, 74.0

(diacetylene C), 81.9 (2 C(CH3)3), 154.5 (2 carbamate C=O), 171.9 (2 ester C=O). Anal. calcd for

C22H32N2O8: C, 58.40%; H, 7.13%; N, 6.19%; found: C, 58.42%; H, 7.2%; N, 6.13%. HRMS (EI): calcd

for C22H32N2O8: ([M]+) 452.2153; found: 452.2195. Rf: 0.8 (CH2Cl2/MeOH 10:1).

Hexa-2,4-diynylene-1,6-bis(oxycarbonyl-L-alanine) 66. Following general procedure B, 65

(0.45 g, 1.0 mmol) was dissolved in dry CH2Cl2 (10 mL), a large excess of TFA was added, and the solu-

tion was stirred for 5 h. 66 (0.34 g, 99%) was obtained as a brown solid material. A further purification

was not necessary before the next step.

1H NMR (300.23 MHz, DMSO-D6): δ = 1.27 (d, J = 7.2 Hz, 6H, 2 CHCH3), 4.00 (m, 2H, 2 CHCH3),

4.77 (s, 4H, 2 CO2CH2), 7.76 (d, J = 7.8 Hz, 2H, 2 NH). 13C NMR (75.49 MHz, DMSO-D6): δ = 17.5 (2

CHCH3), 49.8 ( 2 CHCH3), 52.4 (2 CO2CH2), 69.4, 76.3 (diacetylene C), 155.3 (carbamate 2 C=O), 174.6

(acid 2 C=O). Rf: 0.05 (CH2Cl2/MeOH 10:1).

N-[6-(N’-Acetamido)hexa-2,4-diynyl-1-oxycarbonyl]-L-alanine tert-Butyl Ester 67. Fol-

lowing general procedure A, 46 (0.65 g, 2.86 mmol) and N-(3-iodo prop-2-ynyl)acetamide 50 (0.8 g,

3.59 mmol) were dissolved in dry THF (30 mL). The solution was stirred over night. The purifi-

cation was carried out by column chromatography (silica gel, gradient CH2Cl2/MeOH 50:1 −→
CH2Cl2/MeOH 20:1). 67 (0.52 g, 56%) was obtained as a brownish solid.

1H NMR (300.23 MHz, CDCl3): δ = 1.32 (d, J = 7.2 Hz, 3H, CHCH3), 1.41 (s, 9H, C(CH3)3), 1.96 (s,

3H, C(O)CH3), 4.05 (d, J = 5.4 Hz, 2 H, CH2NHAc), 4.15 (m, 1H, CHCH3), 4.67 (m, 2H, NHCO2CH2),

5.63 (d, J = 7.5 Hz, 1H, NH), 6.76 (m, 1H, NH). 13C NMR (75.49 MHz, CDCl3): δ = 18.4 (CHCH3), 22.7

(C(O)CH3), 27.8 (C(CH3)3), 29.5 (CH2NHAc), 50.2 (CHCH3), 52.8 (NHCO2CH2), 66.8, 70.4, 72.3, 76.0

(diacetylene C), 82.0 (C(CH3)3), 154.6 (carbamate C=O), 170.2 (amide C=O), 171.9 (ester C=O). HRMS

(EI): calcd for C16H22N2O5: ([M]+) 322.1524; found: 322.1523. Rf: 0.5 (CH2Cl2/MeOH 10:1).

N-[6-(N’-Acetamido)hexa-2,4-diynyl-1-oxycarbonyl]-L-alanine 68. Following general pro-

cedure B, 67 (0.86 g, 2.67 mmol) was dissolved in dry CH2Cl2 (10 mL), a large excess of TFA was added,

and the solution was stirred over night. 68 (0.71 g, 100%) was obtained as a brown amorphous mate-

rial, and no further purification was carried out before the next step.
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1H NMR (300.23 MHz, CDCl3): δ = 1.40 (d, J = 7.2 Hz, 3H, CHCH3), 2.00 (s, 3H, C(O)CH3), 4.06

(d, J = 5.1 Hz, 2H, CH2NHAc), 4.26 (m, 1H, CHCH3), 4.68 (s, 2H, NHCO2CH2), 5.77 (d, J = 7.5 Hz, 1H,

NH), 7.00 (m, 1H, NH), 8.82 (bs, 1H, CO2H). 13C NMR (75.49 MHz, CDCl3): δ = 18.4 (CHCH3), 22.6

(C(O)CH3), 29.7 (CH2NHAc), 49.7 (CHCH3), 52.9 (NHCO2CH2), 67.0, 70.5, 72.6, 76.0 (diacetylene C),

154.8 (carbamate C=O), 170.9 (amide C=O), 174.9 (acid C=O). Rf: 0.1 (CH2Cl2/MeOH 10:1).

N-{6-[N’-(4-Methoxysuccinyl)amido]hexa-2,4-diynyl-1-oxycarbonyl}-L-alanine tert-

Butyl Ester 70. Following general procedure A, 46 (0.58 g, 2.55 mmol), 51 (0.92 g, 3.12 mmol) and

the catalysts were dissolved in dry THF (30 mL). The solution was stirred for 4 h, and the solvents

were removed in vacuo. Column chromatography (silica gel, CH2Cl2/MeOH 20:1) afforded 70 (0.55 g,

55%) as a brownish solid material.

1H NMR (300.23 MHz, CDCl3): δ = 1.33 (d, J = 7.2 Hz, 3H, CHCH3), 1.41 (s, 9H, C(CH3)3), 2.48 (t,

J = 6.7 Hz, 2H, NHC(O)CH2), 2.62 (t, J = 6.7 Hz, 2H, CH2CO2CH3), 3.63 (s, 3H, OCH3), 4.07 (d, J = 5.4 Hz,

2H, CH2NH), 4.16 (m, 1H, CHCH3), 4.67 (s, 2H, CO2CH2C≡C), 5.61 (d, J = 7.5 Hz, 1H, NH), 6.71 (t,

J = 5.1 Hz, 1H, NH). 13C NMR (75.49 MHz, CDCl3): δ = 18.4 (CHCH3), 27.8 (C(CH3)3), 29.1, 29.6, 30.4

(CH2NH, CH2CO2CH3, NHC(O)CH2), 50.3 (CHCH3), 51.8 (OCH3), 52.8 (CO2CH2C≡C), 66.7, 70.5, 72.4,

76.3 (diacetylene C), 81.9 (C(CH3)3), 154.7 (carbamate C=O), 171.4, 171.9, 173.3 (2 ester C=O, amide

C=O). HRMS (EI): calcd for C19H26N2O7: ([M]+) 394.1735; found: 394.1733. Rf: 0.35 (CH2Cl2/MeOH

10:1).

N-{6-[N’-(4-Methoxysuccinyl)amido]hexa-2,4-diynyl-1-oxycarbonyl}-L-alanine 71. Fol-

lowing general procedure B, 70 (0.32 g, 0.8 mmol) was dissolved in dry CH2Cl2 (10 mL), a large excess

of TFA was added, and the solution was stirred over night. 71 (0.34 g, 100%) was obtained as a brown

amorphous material. A further purification was not necessary before the next step.

1H NMR (300.23 MHz, DMSO-D6): δ = 1.26 (d, J = 7.2 Hz, 3H, CHCH3), 2.39 (t, J = 6.6 Hz, 2H,

NHC(O)CH2), 2.52 (t, J = 6.6 Hz, 2H, CH2CO2CH3), 3.58 (s, 3H, OCH3), 3.9-4.0 (m, 3H, CH2NH,

CHCH3), 4.75 (s, 2H, CO2CH2C≡C), 7.57 (d, J = 7.5 Hz, 1H, NH), 8.43 (t, J = 5.4 Hz, 1H, NH). 13C NMR

(75.49 MHz, DMSO-D6): δ = 17.5 (CHCH3), 29.0, 30.0 (CH2NH, CH2CO2CH3, NHC(O)CH2), 49.8

(CHCH3), 51.7 (OCH3), 52.4 (CO2CH2C≡C), 65.7, 70.0, 74.2, 78.7 (diacetylene C), 155.3 (carbamate

C=O), 171.2, 173.2, 174.6 (ester C=O, amide C=O, acid C=O). Rf: 0.1 (CH2Cl2/MeOH 10:1).

N-{6-[N’-(9-Fluorenylmethyloxycarbonyl)amino]hexa-2,4-diynyl-1-oxycarbonyl}-L-

alanine tert-Butyl Ester 72. Following general procedure A, N-propargyloxycarbonyl-L-alanine

tert-butyl ester (1.0 g, 4.4 mmol), 52 (2.1 g, 5.3 mmol) and the catalysts were dissolved in dry THF
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(50 mL). The solution was stirred for 3 h, and the solvents were removed in vacuo. The crude material

was purified by repeated column chromatography (silica gel, CHCl3/toluene 10:1) and preparative

GPC (CHCl3). However, only mixtures of 72 and the homo- as well as heterocoupling side products

were obtained.

HRMS (EI): calcd for C29H30N2O6: ([M]+) 502.2098; found 502.2085. Rf: 0.75 (CH2Cl2/MeOH 10:1).

N-{6-[N’-(9-Fluorenylmethyloxycarbonyl)amino]hexa-2,4-diynyl-1-oxycarbonyl}-L-

alanine 73. Following general procedure B, 72 (1.8 g, impure) was dissolved in dry CH2Cl2 (20 mL),

a large excess of TFA was added, and the solution was stirred over night. The crude material was

purified by column chromatography (silica gel, CH2Cl2/MeOH 10:1). 73 (1.0 g, 62%) was obtained as

a nearly colorless material.

1H NMR (300.23 MHz, DMSO-D6): δ = 1.28 (d, J = 7.5 Hz, 3H, CHCH3), 3.95 (d, J = 5.7 Hz, 2H,

NHCH2), 4.02 (m, 1H, CHCH3), 4.24 (t, J = 6.3 Hz, 1H, fluorenyl CH), 4.36 (d, J = 6.9 Hz, 2H, Fmoc-

CO2CH2), 4.77 (m, 2H, NHCO2CH2), 7.34 (t, J = 7.2 Hz, 2H, aromatic H), 7.43 (t, J = 7.5 Hz, 2H, aromatic

H), 7.70 (d, J = 7.5 Hz, 2H, aromatic H), 7.76 (d, J = 7.5 Hz, 1H, NH), 7.8-8.0 (m, 3H, aromatic H, NH).

Rf: 0.1 (CH2Cl2/MeOH 10:1).

N-{6-[N’-(5-Dimethylamino-1-naphthalenesulfonyl)amido)]hexa-2,4-diynyl-1-

oxycarbonyl}-L-alanine tert-Butyl Ester 74. Following general procedure A, 46 (0.18 g,

0.81 mmol), 53 (0.46 g, 0.97 mmol) and the catalysts were dissolved in THF (30 mL). The solution

was stirred over night, diluted with CHCl3 (40 mL) and washed twice with sat. NaHCO3 solution.

The organic phase was dried over MgSO4, filtered, and concentrated in vacuo. The crude product

was purified by column chromatography (silica gel, ethyl acetate/hexane 1:3). 74 (0.20 g, 47%) was

obtained as a yellow powder.

1H NMR (300.23 MHz, DMSO-D6): δ = 1.39 (d, J = 7.2 Hz, 3H, CHCH3), 1.48 (s, 9H, C(CH3)3), 2.90

(s, 6H, N(CH3)2), 3.87 (d, J = 6.3 Hz, 2H, NHCH2), 4.24 (m, 1H, CHCH3), 4.62 (m, 2H, NHCO2CH2), 5.27

(bs, 1H, NH), 5.46 (m, 1H, NH), 7.21 (d, J = 7.5 Hz, 1H, aromatic H), 7.56 (m, 2H, aromatic H), 8.26 (m,

2H, aromatic H), 8.57 (d, J = 8.4 Hz, 1H, aromatic H). 13C NMR (75.49 MHz, DMSO-D6): δ = 18.8

(CHCH3), 27.9 (C(CH3)3), 33.6 (NHCH2), 45.4 (N(CH3)2), 50.3 (CHCH3), 52.7 (NHCO2CH2), 68.2,

69.9, 72.9, 73.7 (diacetylene C), 82.2 (C(CH3)3), 115.2, 118.5, 123.2, 128.6, 129.7, 129.9, 129.9, 131.0,

134.1, 151.4 (aromatic C), 154.4 (carbamate C=O), 171.9 (ester C=O). Anal. calcd for C26H31N3O6S: C,

60.80%; H, 6.08%; N, 8.18%; found: C, 59.69%; H, 5.90%; N, 7.97%. Rf: 0.5 (EtOAc/Hex 1:1).

N-{6-[N’-(5-Dimethylamino-1-naphthalenesulfonyl)amido)]hexa-2,4-diynyl-1-

oxycarbonyl}-L-alanine 75. Following general procedure B, 74 (0.14 g, 0.27 mmol) was dissolved
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in CH2Cl2 (10 mL), a large excess of TFA was added, and the solution was stirred over night. 75 (0.11 g,

90%) was obtained as a dark amorphous substance. A further purification was not necessary before

the next step.

1H NMR (300.23 MHz, DMSO-D6): δ = 1.27 (d, J = 7.5 Hz, 3H, CHCH3), 2.90 (s, 6H, N(CH3)2), 3.90

(d, J = 5.7 Hz, 2 H, NHCH2), 3.99 (m, 1H, CHCH3), 4.66 (m, 2H, NHCO2CH2), 7.35 (d, J = 7.5 Hz, 1H,

aromatic H), 7.65 (m, 2H, aromatic H, NH), 7.74 (d, J = 7.5 Hz, 1H, aromatic H), 8.17 (d, J = 6.9 Hz, 1H,

aromatic H), 8.31 (d, J = 8.7 Hz, 1H, aromatic H), 8.50 (m, 2H, aromatic H, NH). 13C NMR (75.49 MHz,

DMSO-D6): δ = 17.5 (CHCH3), 32.7 (NHCH2), 46.0 (N(CH3)2), 49.7 (CHCH3), 52.3 (NHCO2CH2), 66.9,

69.5, 74.6, 76.7 (diacetylene C), 116.0, 120.2, 124.3, 128.4, 129.2, 129.3, 129.5, 130.0, 136.1, 150.7 (aro-

matic C), 155.2 (carbamate C=O), 174.6 (ester C=O). Rf: 0.3 (CH2Cl2/MeOH 10:1).

N-{6-[N’-(N”-Acetyl-L-alanyl)amido]hexa-2,4-diynyl-1-oxycarbonyl}-L-alanine tert-

Butyl Ester 76. Following general procedure A, 46 (0.90 g, 3.96 mmol), 55 (1.4 g, 4.76 mmol)

and the catalysts were dissolved in dry THF (30 mL). The solution was stirred over night. The

purification was carried out by column chromatography (silica gel, gradient CH2Cl2/MeOH 50:1 −→
CH2Cl2/MeOH 20:1). 76 (0.80 g, 51%) was obtained as colorless solid material.

1H NMR (300.23 MHz, CDCl3): δ = 1.32 (d, J = 7.2 Hz, 3H, CHCH3), 1.33 (d, J = 7.5 Hz, 3H, CHCH3),

1.99 (s, 3H, C(O)CH3), 4.07 (d, J = 5.1 Hz, 2H, CH2NH), 4.18 (m, 1H, CHCH3), 4.58 (m, 1H, CHCH3),

4.68 (m, 2H, NHCO2CH2), 5.77 (d, J = 7.8 Hz, 1H, NH), 7.03 (d, J = 7.8 Hz, 1H, NH), 7.68 (m, 1H,

NH). 13C NMR (75.49 MHz, CDCl3): δ = 18.2, 18.3 (2 CHCH3), 23.0 (C(O)CH3), 27.9 (C(CH3)3),

29.7 (CH2NH), 48.7, 50.3 (2 CHCH3), 52.9 (NHCO2CH2), 67.1, 70.6, 72.6, 75.7 (diacetylene C), 82.1

(C(CH3)3), 154.7 (carbamate C=O), 170.6, 172.1, 172.6 (2 amide C=O, ester C=O). HRMS (EI): calcd for

C19H27N3O6: ([M]+) 393.1895; found: 393.1896. Rf: 0.5 (CH2Cl2/MeOH 10:1).

N-{6-[N’-(N”-Acetyl-L-alanyl)amido]hexa-2,4-diynyl-1-oxycarbonyl}-L-alanine 77. Fol-

lowing general procedure B, 76 (0.16 g, 0.40 mmol) was dissolved in dry CH2Cl2 (10 mL), a large excess

of TFA was added, and the solution was stirred for 5 h. 77 (0.13 g, 100%) was obtained as a brownish

solid material. A further purification was not necessary before the next step.

1H NMR (300.23 MHz, DMSO-D6): δ = 1.18 (d, J = 7.2 Hz, 3H, CHCH3), 1.27 (d, J = 7.2 Hz, 3H,

CHCH3), 1.84 (s, 3H, C(O)CH3), 3.9-4.1 (m, 3 H, CH2NH, CHCH3), 4.23 (m, 1H, CHCH3), 4.75 (s, 2H,

NHCO2CH2), 7.76 (d, J = 7.5 Hz, 1H, NH), 8.08 (d, J = 7.2 Hz, 1H, NH), 8.40 (m, 1H, NH). 13C NMR

(75.49 MHz, DMSO-D6): δ = 17.5, 18.5 (2 CHCH3), 23.0 (C(O)CH3), 29.1 (CH2NH), 48.4, 49.7 (2

CHCH3), 52.4 (NHCO2CH2), 65.7, 70.1, 74.3, 78.7 (diacetylene C), 155.3 (carbamate C=O), 169.5, 172.8

(2 amide C=O), 174.6 (acid C=O). Rf: 0.1 (CH2Cl2/MeOH 10:1).
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N-{6-{N’-[N”-(9-Fluorenylmethyloxycarbonyl)-L-alanyl]amido}hexa-2,4-diynyl-1-

oxycarbonyl}-L-alanine tert-Butyl Ester 78. Following general procedure A, 46 (1.53 g,

6.73 mmol), 56 (3.80 g, 8.01 mmol) and the catalysts were dissolved in THF (80 mL). The solution was

stirred for 3 h, and an acidic aqueous workup was carried out. Flash column chromatography (silica

gel, CH2Cl2/MeOH 50:1) afforded 78 (1.94 g, 50%) as slightly brown crystals.

1H NMR (300.23 MHz, CDCl3): δ = 1.36 (d, J = 6.9 Hz, 6H, 2 CHCH3), 1.46 (s, 9H, C(CH3)3), 4.11 (m,

2H, CH2NH), 4.2-4.3 (m, 3H, Fmoc-CO2CH2, fluorenyl CH), 4.4-4.5 (m, 2H, 2 CHCH3), 4.69 (m, 2H,

CO2CH2C≡C), 5.44 (d, J = 6.6 Hz, 2H, NH), 6.62 (s, 1H, NH), 7.29 (dt, J = 1.2 Hz, 7.5 Hz, 2H, aromatic

H), 7.39 (t, J = 7.5 Hz, 2H, aromatic H), 7.57 (d, J = 7.5 Hz, 2H, aromatic H), 7.75 (d, J = 7.5 Hz, 2H,

aromatic H). 13C NMR (75.49 MHz, CDCl3): δ = 18.5, 18.8 (2 CHCH3), 28.0 (C(CH3)3), 29.8 (CH2NH),

47.2 (fluorenyl CH), 50.3 (2 CHCH3), 52.9 (CO2CH2C≡C), 67.1, 67.4, 70.5, 72.7, 75.6 (diacetylene C,

Fmoc-CO2CH2), 82.1 (C(CH3)3), 120.0, 125.0, 127.1, 127.8, 141.3, 143.7 (aromatic C), 154.5, 156.1 (2

carbamate C=O), 172.0, 172.1 (amide and ester C=O). Anal. calcd for C32H35N3O7: C, 67.00%; H,

6.15%; N, 7.33%; found: C, 66.72%; H, 6.19%; N, 7.08%. HRMS (MALDI): calcd for C32H35N3O7Na:

([M+Na]+) 596.2367; found: 596.2367. Rf: 0.4 (CH2Cl2/MeOH 10:1).

N-{6-{N’-[N”-(9-Fluorenylmethyloxycarbonyl)-L-alanyl]amido}hexa-2,4-diynyl-1-

oxycarbonyl}-L-alanine 79. Following general procedure B, 78 (0.52 g, 0.9 mmol) was dissolved

in dry CH2Cl2 (20 mL), a large excess of TFA was added, and the solution was stirred over night.

79 (0.59 g, 100%) was obtained as a brownish, crystalline material. A further purification was not

necessary before the next step.

1H NMR (300.23 MHz, DMSO-D6): δ = 1.25 (m, 6H, 2 CHCH3), 4.03 (m, 4H, 2 CHCH3, CH2NH),

4.25 (m, 3H, Fmoc-CO2CH2, fluorenyl CH), 4.76 (s, 2H, CO2CH2C≡C), 7.32 (t, J = 7.2 Hz, 2H, aromatic

H), 7.43 (t, J = 7.2 Hz, 2H, aromatic H), 7.57 (d, J = 7.5 Hz, 1H, NH), 7.74 (m, 3H, aromatic H, NH), 7.89

(d, J = 7.5 Hz, 2H, aromatic H), 8.43 (m, 1H, NH). 13C NMR (75.49 MHz, DMSO-D6): δ = 17.5, 18.5 (2

CHCH3), 29.2 (CH2NH), 47.1 (fluorenyl CH), 49.8, 50.4 (2 CHCH3), 52.4 (CO2CH2C≡C), 65.77, 66.12,

70.08, 74.31, 78.64 (diacetylene C, Fmoc-CO2CH2), 120.6, 125.8, 127.5, 128.1, 141.2, 144.4 (aromatic

C), 155.3, 156.2 (2 carbamate C=O), 172.9 (amide C=O), 174.6 (acid C=O). HRMS (MALDI): calcd for

C28H27N3O7: ([M]+) 518.1922; found: 518.1922. Rf: 0.1 (CH2Cl2/MeOH 10:1).

N-{6-{N’-[N”-(9-Fluorenylmethyloxycarbonyl)glycyl]amido}hexa-2,4-diynyl-1-

oxycarbonyl}-L-alanine tert-Butyl Ester 80. Following general procedure A, 46 (0.45 g,

2.0 mmol), 57 (1.10 g, 2.4 mmol) and the catalysts were dissolved in dry THF (30 mL). The solution

was stirred for 3 h, diluted with CH2Cl2, and an acidic workup was carried out. The organic phase was
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dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified by column

chromatography (silica gel, CH2Cl2/MeOH 20:1). 80 (0.68 g, 61%) was obtained as a slightly brown

solid.

1H NMR (300.23 MHz, CDCl3): δ = 1.39 (d, J = 7.2 Hz, 3H, CHCH3), 1.49 (s, 9H, C(CH3)3), 3.90 (s,

2H, Gly-CH2), 4.14 (m, 2H, C≡CCH2NH), 4.24 (m, 2H, CHCH3, fluorenyl-CH), 4.48 (d, J = 6.9 Hz, 2H,

Fmoc-CO2CH2), 4.73 (s, 2H, NHCO2CH2C≡C), 5.65 (s, 1H, NH), 6.59 (s, 1H, NH), 7.33 (t, J = 7.2 Hz,

2H, aromatic H), 7.42 (t, J = 7.2 Hz, 2H, aromatic H), 7.61 (d, J = 7.2 Hz, 2H, aromatic H), 7.78 (d,

J = 7.2 Hz, 2H, aromatic H). 13C NMR (75.49 MHz, CDCl3): δ = 18.5 (CHCH3), 27.9 (C(CH3)3), 29.6

(NHCH2C≡C), 47.1 (fluorenyl-CH), 50.4 (Gly-CH2), 52.9 (CHCH3), 53.6 (NHCO2CH2), 67.0 (Fmoc-

CO2CH2), 67.1, 70.6, 72.8, 76.1 (diacetylene C), 82.0 (C(CH3)3), 120.0, 125.1, 127.1, 127.7, 141.3, 143.8

(aromatic C), 154.8 (carbamate C=O), 156.9 (carbamate C=O), 169.6 (amide C=O), 172.2 (ester C=O).

HRMS (ESI): calcd for C31H33N3O7Na([M+Na]+) 582.2211; found: 582.2210. Rf: 0.4 (CH2Cl2/MeOH

10:1).

N-{6-{N’-[N”-(9-Fluorenylmethyloxycarbonyl)glycyl]amido}hexa-2,4-diynyl-1-

oxycarbonyl}-L-alanine 81. Following general procedure B, 80 (0.4 g, 0.71 mmol) was dis-

solved in dry CH2Cl2 (20 mL), a large excess of TFA was added, and the solution was stirred over

night. The crude product was dried in HV and purified by column chromatography (silica gel,

CH2Cl2/MeOH/trifluoroacetic acid 199:10:1). 81 (0.33 g, 92%) was obtained as a brown solid

material.

1H NMR (300.23 MHz, DMSO-D6): δ = 1.25 (d, J = 7.2 Hz, 3H, CHCH3), 3.64 (s, 2H, Gly-CH2), 4.03

(d, J = 5.1 Hz, 2H, NHCH2C≡C), 4.11 (m, 1H, CHCH3), 4.26 (m, 3H, fluorenyl-CH, Fmoc-CO2CH2),

4.76 (s, 2H, NHCO2CH2), 7.34 (t, J = 7.5 Hz, 2H, aromatic H), 7.43 (t, J = 7.5 Hz, 2H, aromatic H), 7.59

(t, J = 6.0 Hz, 1H, NH), 7.73 (d, J = 7.5 Hz, 2H, aromatic H), 7.90 (d, J = 7.5 Hz, 2H, aromatic H), 8.42

(t, J = 5.4 Hz, 1H, NH). 13C NMR (75.49 MHz, DMSO-D6): δ = 17.5 (CHCH3), 29.0 (NHCH2C≡C),

47.1 (fluorenyl-CH), 49.8 (CHCH3), 52.4 (CO2CH2C≡C), 55.3 (Gly-CH2), 66.2 (Fmoc-CO2CH2), 65.7,

70.0, 74.3, 78.7 (diacetylene C), 120.6, 125.7, 127.5, 128.1, 141.2, 144.3 (aromatic C), 155.3, 157.0 (2

carbamate C=O), 169.7 (amide C=O), 174.6 (acid C=O). HRMS (MALDI): calcd for C27H25N3O7Na

([M+Na]+) 526.1585; found: 526.1588. Rf: 0.1 CH2Cl2/MeOH 10:1).

N-(6-Hydroxy-hexa-2,4-diynyl-1-oxycarbonyl)-L-alanine tert-Butyl Ester 82. Following

general procedure A, 46 (1.02 g, 4.49 mmol), 58 (0.98 g, 5.39 mmol) and the catalysts were dissolved

in dry THF (30 mL). The solution was stirred for 4 h. The purification was carried out by column

chromatography (silica gel, CH2Cl2/MeOH 24:1). 82 (0.74 g, 59%) was obtained as a yellowish oil.
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1H NMR (300.23 MHz, CDCl3): δ = 1.32 (d, J = 7.2 Hz, 3H, CHCH3), 1.41 (s, 9H, C(CH3)3), 3.34 (s,

1H, OH), 4.16 (m, 1H, CHCH3), 4.26 (s, 2H, CH2OH), 4.71 (m, 2H, NHCO2CH2), 5.64 (d, J = 7.5 Hz, 1H,

NH). 13C NMR (75.49 MHz, CDCl3): δ = 18.6 (CHCH3), 27.9 (C(CH3)3), 50.3 (CHCH3), 51.0 (CH2OH),

53.0 (NHCO2CH2), 69.1, 70.5, 73.4, 78.3 (diacetylene C), 82.2 (C(CH3)3), 154.8 (carbamate C=O), 172.1

(ester C=O). Anal. calcd for C14H19NO5: C, 59.78%; H, 6.81%; N, 4.98%; found: C, 59.98%; H, 6.89%;

N, 5.12%. HRMS (EI): calcd for C14H19NO5: ([M]+) 281.1258; found: 281.1258. Rf: 0.4 (CH2Cl2/MeOH

24:1).

N-(6-Hydroxy-hexa-2,4-diynyl-1-oxycarbonyl)-L-alanine 83. Following general proce-

dure B, 82 (1.20 g, 4.27 mmol) was dissolved in dry CH2Cl2 (15 mL), a large excess of TFA was added,

and the solution was stirred for 4 h. The crude product was dried in HV. The carboxylic acid derivative

83 (0.90 g, 92%) was obtained as a brownish amorphous material, and no further purification was

carried out before the next step.

1H NMR (300.23 MHz, DMSO-D6): δ = 1.27 (d, J = 7.2 Hz, 3H, CHCH3), 3.18 (s, 1H, OH), 4.00 (m,

1H, CHCH3), 4.18 (s, 2H, CH2OH), 4.75 (s, 2H, NHCO2CH2), 7.72 (d, J = 7.5 Hz, 1 H, NH). 13C NMR

(75.49 MHz, DMSO-D6): δ = 17.4 (CHCH3), 49.0 (CHCH3), 49.8 (CH2OH), 52.4 (NHCO2CH2), 67.9,

70.0, 75.1, 81.1 (diacetylene C), 155.3 (carbamate C=O), 174.6 (acid C=O). Rf: 0.1 (CH2Cl2/MeOH 10:1).

N-{6-{2”’-{2”-[2’-(2-(Methoxyethoxy)ethoxy]ethoxy}ethoxy}hexa-2,4-diynyl-1-

oxycarbonyl}-L-alanine tert-Butyl Ester 84. Following general procedure A, 46 (0.31 g,

1.32 mmol), 60 (0.60 g, 1.61 mmol) and the catalysts were dissolved in dry THF (25 mL). The solution

was stirred over night. The purification was carried out by column chromatography (silica gel,

CH2Cl2/MeOH 24:1). 84 (0.29 g, 45%) was obtained as a yellowish oil.

1H NMR (300.23 MHz, CDCl3): δ = 1.30 (d, J = 7.2 Hz, 3H, CHCH3), 1.39 (s, 9H, C(CH3)3), 3.30 (s,

3H, OCH3), 3.47 (m, 2H, CH2O), 3.55-3.65 (m, 14H, CH2O), 4.14 (m, 1H, CHCH3), 4.19 (s, 2H, C4CH2O),

4.66 (m, 2H, NHCO2CH2), 5.50 (d, J = 7.5 Hz, 1H, NH). 13C NMR (75.49 MHz, CDCl3): δ = 18.7

(CHCH3), 27.9 (C(CH3)3), 50.3 (CHCH3), 52.8 (NHCO2CH2), 58.8 (OCH3), 58.9 (CH2O), 69.3 (C≡C),

70.2-70.5 (6 CH2O, C≡C), 73.4, 76.0 (C≡C), 82.0 (C(CH3)3), 154.5 (carbamate C=O), 171.9 (ester C=O).

HRMS (EI): calcd for C16H28NO7: ([M-C5H9O2]+) 370.1861; found: 370.1861. Rf: 0.5 (CH2Cl2/MeOH

10:1).

N-{6-{2”’-{2”-[2’-(2-(Methoxyethoxy)ethoxy]ethoxy}ethoxy}hexa-2,4-diynyl-1-

oxycarbonyl}-L-alanine 85. Following general procedure B, 84 (0.22 g, 0.47 mmol) was dissolved

in dry CH2Cl2 (10 mL), a large excess of TFA was added, and the solution was stirred for 5 h. 85 (0.19 g,

99%) was obtained as a brownish oil, and no further purification was carried out before the next step.
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1H NMR (300.23 MHz, CDCl3): δ = 1.38 (d, J = 6.9 Hz, 3H, CHCH3), 3.33 (s, 3H, OCH3), 3.52

(m, 2H, CH2O), 3.6-3.7 (m, 14H, CH2O), 4.22 (s, 2H, C≡CCH2O), 4.25 (m, 1H, CHCH3), 4.75 (m, 2H,

NHCO2CH2), 5.81 (d, J = 4.2 Hz, 1H, NH), 8.4 (s, 1H, CO2H). 13C NMR (75.49 MHz, CDCl3): δ = 18.5

(CHCH3), 50.0 (CHCH3), 52.9 (NHCO2CH2), 58.8, 58.9 (CH2O), 69-71 (6 CH2O, 2 diacetylene C), 73.5,

76.0 (diacetylene C), 154.8 (carbamate C=O), 176.5 (acid C=O). Rf: 0.2 (CH2Cl2/MeOH 10:1).

N-(5-Trimethylsilylpenta-2,4-diynyl-1-oxycarbonyl)-L-alanine tert-Butyl Ester 86. Fol-

lowing general procedure A, 46 (0.98 g, 4.41 mmol), 61 (1.22 g, 5.35 mmol) and the catalysts were dis-

solved in dry THF (50 mL). The solution was stirred over night. The purification was carried out by

column chromatography (silica gel, CH2Cl2). 86 (0.85 g, 61%) was obtained as an orange oil.

1H NMR (300.23 MHz, CDCl3): δ = 0.16 (s, 9H, Si(CH3)3), 1.34 (d, J = 7.2 Hz, 3H, CHCH3), 1.44

(s, 9H, C(CH3)3), 4.20 (m, 1H, CHCH3), 4.70 (m, 2H, NHCO2CH2), 5.45 (d, J = 7.2 Hz, 1H, NH).

13C NMR (75.49 MHz, CDCl3): δ = -0.6 (Si(CH3)3), 18.8 (CHCH3), 27.9 (C(CH3)3), 50.3 (CHCH3),

52.8 (NHCO2CH2), 71.2, 72.0, 87.1, 87.9 (diacetylene C), 82.1 (C(CH3)3), 154.5 (carbamate C=O), 171.9

(ester C=O). Anal. calcd for C16H25N2O4Si: C, 59.41%; H, 7.79%; N, 4.33%; found: C, 59.40%; H, 8.04%;

N, 4.31%. HRMS (EI): calcd for C16H25N2O4Si: ([M]+) 323.1547; found: 323.1546. Rf: 0.3 (CH2Cl2).

N-(5-Trimethylsilylpenta-2,4-diynyl-1-oxycarbonyl)-L-alanine 87. Following general pro-

cedure B, 86 (0.85 g, 2.6 mmol) was dissolved in dry CH2Cl2 (10 mL), a large excess of TFA was added,

and the solution was stirred over night. 87 (0.70 g, 100%) was obtained as a brown amorphous mate-

rial, and no further purification was carried out before the next step.

1H NMR (300.23 MHz, DMSO-D6): δ = 0.19 (s, 9H, Si(CH3)3), 1.27 (d, J = 7.2 Hz, 3H, CHCH3),

4.01 (m, 1H, CHCH3), 4.76 (s, 2H, NHCO2CH2), 7.74 (d, J = 7.5 Hz, 1H, NH), 9.3 (bs, 1H, CO2H).

13C NMR (75.49 MHz, DMSO-D6): δ = 0.3 (Si(CH3)3), 17.5 (CHCH3), 49.7 (CHCH3), 52.3 (NHCO2CH2),

70.3, 74.8, 87.6, 88.3 (diacetylene C), 155.3 (carbamate C=O), 174.6 (acid C=O). HRMS (EI): calcd for

C12H17NO4Si: ([M]+) 267.0921; found: 267.0923. Rf: 0.15 (CH2Cl2/MeOH 10:1).

hPI10-NH-Ala4-C(O)O-CH2-C≡C-H 91. Following general procedure E, 47 (0.107 g, 0.60 mmol)

was dissolved in a mixture of dry DMF (5 mL) and dry CH2Cl2 (5 mL). HOBt (0.10 g, 0.66 mmol) and

EDCI (0.15 g, 0.68 mmol) were added to form the active ester intermediate. A second solution con-

taining 45 (0.6 g, 0.54 mmol) and TEA (0.73 g, 7.2 mmol) in dry CH2Cl2 (100 mL) was prepared, and

both solutions were combined. The next day, the solution was washed with 1M HCl and sat. NaCl

solution. The combined organic phases were dried over MgSO4, filtered, and concentrated in vacuo.

The crude product was purified by column chromatography (silica gel, CHCl3/MeOH 10:1). The tar-
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geted propargyl functionalized oligopeptide polymer conjugate 91 (0.38 g, 55%) was obtained as a

colorless amorphous solid.

1H NMR (300.23 MHz, C2D2Cl4, 120 ◦C): δ = 0.8-1.8 (m, 145H, aliphatic H, 4 CHCH3), 2.4 (s,

1H, C≡CH), 3.0-3.2 (m, 2H, CH2NHR), 4.05 (m, 1H, CHCH3), 4.2-4.4 (m, 3H, CHCH3), 4.6 (m, 2H,

NHCO2CH2), 5.1 (s, 1H, carbamate NH), 6.2 (s, 1H, NH), 6.4 (s, 2H, NH). Anal. calcd for C73H139N5O6:

C, 74.12%; H, 11.84%; N, 5.92%; found: C, 74.03%; H, 11.68%; N, 5.66%. HRMS (MALDI): calcd for

C73H139N5O6Na: ([M+Na]+) 1205.0623; found: 1205.847. Rf: 0.4 (CHCl3/MeOH 10:1).

hPI10-NH-Ala4-C(O)O-CH2-C≡C-C≡C-CH2NHAc 92. Divergent route from 50: Following gen-

eral procedure A, 91 (0.13 g, 0.11 mmol), 50 (0.08 g, 0.36 mmol) and the catalysts were dissolved in a

mixture of CHCl3 (50 mL) and THF (50 mL). The reaction was stirred over night. The solvents were

removed in vacuo, and the crude product was purified by repeated column chromatography (silica

gel, CHCl3/MeOH 15:1). 92 (0.087 g, 64%) was obtained as a light-sensitive, colorless and amorphous

solid.

Convergent route from 68: Following general procedure E, 68 (0.70 g, 2.63 mmol) was dissolved in

a mixture of dry DMF (10 mL) and dry CH2Cl2 (20 mL). HOBt (0.38 g, 2.81 mmol) and EDCI (0.53 g,

2.76 mmol) were added to form the active ester intermediate. A second solution containing 45 (1.50 g,

1.46 mmol) and TEA (1.0 g, 10.0 mmol) in dry CH2Cl2 (100 mL) was prepared, and both solutions were

combined. The next day, the solution was diluted with CHCl3 (100 mL) and washed with 1M HCl as

well as sat. NaCl solution. The combined organic phases were dried over MgSO4, filtered, and concen-

trated in vacuo. The crude product was purified by column chromatography (silica gel, CHCl3/MeOH

24:1). 92 (1.41 g, 79%) was obtained as a light-sensitive, sligthly pink and amorphous solid.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.6-1.9 (m, 139H, aliphatic H, 4 CHCH3), 2.16 (s, 3H,

C(O)CH3), 3.1-3.4 (m, 2H, CH2NHR), 4.1-4.2 (m, 2H, CH2NHAc), 4.2-4.3 (m, 1H, CHCH3), 4.5-4.9 (m,

5H, 3 CHCH3, NHCO2CH2), 5.81 (m, 1H, carbamate NH), 6.5-6.6 (m, 1H, NH), 6.8-7.0 (m, 1H, NH),

7.4-7.5 (m, 2H, 2 NH), 7.7-7.9 (m, 1H, NH). Anal. calcd for C78H144N6O7: C, 73.30%; H, 11.36%; N,

6.58%; found: C, 72.90%; H, 11.18%; N, 5.94%. HRMS (MALDI): calcd for C78H144N6O7Na: ([M+Na]+)

1300.099; found: 1300.936. Rf: 0.3 (CHCl3/MeOH 10:1).

hPI10-NH-Ala4-C(O)O-CH2-C≡C-C≡C-CH2NH-C(O)(CH2)2C(O)OMe 93. Following general

procedure E, 71 (0.17 g, 0.41 mmol) was dissolved in a mixture of dry DMF (10 mL) and dry CH2Cl2

(20 mL). HOBt (0.12 g, 0.9 mmol) and EDCI (0.12 g, 0.6 mmol) were added to form the active ester

intermediate. A second solution containing 45 (0.4 g, 0.39 mmol) and TEA (0.2 g, 2.0 mmol) in dry

CH2Cl2 (100 mL) was prepared, and both solutions were combined. The next day, the solvent was
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removed in vacuo, and the crude product was purified by repeated column chromatography (silica

gel, CHCl3/MeOH 24:1). 93 (0.31 g, 66%) was obtained as a light-sensitive, amorphous solid.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.6-1.9 (m, 147H, aliphatic H, 4 CHCH3), 2.65 (t,

J = 6.3 Hz, 2H, NHC(O)CH2), 2.78 (t, J = 6.0 Hz, 2H, CH2CO2CH3), 3.1-3.4 (m, 2H, CH2NHR), 3.77 (s,

3H, OCH3), 4.1-4.2 (m, 2H, CH2NH), 4.2-4.4 (m, 1H, CHCH3), 4.5-4.9 (m, 5H, 3 CHCH3, NHCO2CH2),

5.84 (s, 1H, carbamate NH), 6.8-7.0 (m, 2H, 2 NH), 7.4-7.6 (m, 2H, 2 NH), 7.7-7.9 (m, 1H, NH). Anal.

calcd for C81H148N6O9: C, 72.06%; H, 11.05%; N, 6.22%; found: C, 72.72%; H, 11.13%; N, 5.67%. HRMS

(MALDI): calcd for C81H148N6O9Na: ([M+Na]+) 1372.121; found: 1373.013. Rf: 0.4 (CHCl3/MeOH

10:1).

hPI10-NH-Ala4-C(O)O-CH2-C≡C-C≡C-CH2NH-Fmoc 94. Following general procedure E, 73

(0.175 g, 0.4 mmol) was dissolved in a mixture of dry DMF (5 mL) and dry CH2Cl2 (15 mL). HOBt

(0.070 g, 0.50 mmol) and EDCI (0.10 g, 0.50 mmol) were added to form the active ester intermediate. A

second solution containing 45 (0.41 g, 0.40 mmol) and TEA (0.20 g, 2.0 mmol) in dry CH2Cl2 (100 mL)

was prepared, and both solutions were combined. The next day, the solvents were removed in vacuo,

and the crude product was purified by column chromatography (silica gel, CHCl3/MeOH 24:1). 94

(0.18 g, 33%) was obtained as a colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.6-1.9 (m, 152H, aliphatic H, 4 CHCH3), 3.1-3.4

(m, 2H, CH2NHR), 4.0-4.1 (m, 2H, NHCH2), 4.2-4.4 (m, 2H, CHCH3, fluorenyl CH), 4.4-4.7 (m, 5H, 3

CHCH3, Fmoc-NHCO2CH2), 4.7-4.9 (m, 2H, NHCO2CH2), 5.8 (m, 1H, carbamate NH), 6.5-6.8 (m, 1H,

Fmoc-NH), 6.8-6.9 (m, 1H, NH), 7.33 (t, J = 7.2 Hz, 2H, aromatic H), 7.4-7.5 (m, 3H, 2 aromatic H, NH),

7.5-7.6 (m, 3H, 2 aromatic H, NH), 7.7-7.9 (m, 3H, 2 aromatic H, NH). Rf: 0.4 (CH2Cl2/MeOH 10:1).

hPI10-NH-Ala4-C(O)O-CH2-C≡C-C≡C-CH2NH-dansyl 95. Following general procedure D, 75

(0.11 g, 0.24 mmol) and 45 (0.20 g, 0.20 mmol) were dissolved in a mixture of dry DMF (10 mL), dry

CH2Cl2 (10 mL), and dry THF (15 mL). DIEA (0.92 g, 0.72 mmol) and PyBOP (0.13 g, 0.25 mmol) were

added. The mixture was stirred for 5 h at room temperature in the dark. The solution was washed

twice with water. The organic phase was dried over MgSO4, filtered, and concentrated in vacuo. The

crude product was purified by repeated column chromatography (silica gel, gradient CH2Cl2/MeOH

30:1 −→ CH2Cl2/MeOH 5:1). 95 (0.16 g, 56%) was obtained as a colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.8-1.9 (m, 148H, aliphatic H, 4 CHCH3), 3.2-3.4 (m,

2 H, CH2NHR), 3.6 (s, 6H, N(CH3)2), 4.0 (s, 2H, NHCH2), 4.3 (m, 1H, CHCH3), 4.5-4.6 (m, 3H, CHCH3),

4.7 (m, 2H, NHCO2CH2), 5.9 (m, 1H, NH), 6.7 (m, 1H, NH), 7.4 (m, 1H, NH), 7.6 (m, 1H, NH), 7.8-7.9

(m, 3H, 1 NH, 2 aromatic H), 8.5 (m, 2H, aromatic H), 9.0 (m, 2H, aromatic H). HRMS (MALDI): calcd

for C88H153N7O8SNa: ([M+Na]+) 1491.140; found: 1492.132.
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hPI10-NH-Ala4-C(O)O-CH2-C≡C-C≡C-CH2NH-AlaAc 96. Following general procedure E, 77

(0.13 g, 0.39 mmol) was dissolved in a mixture of dry DMF (5 mL) and dry CH2Cl2 (15 mL). HOBt

(0.06 g, 0.44 mmol) and EDCI (0.10 g, 0.52 mmol) were added to form the active ester intermediate.

A second solution containing 45 (0.3 g, 0.30 mmol) and TEA (0.2 g, 2.0 mmol) in dry CH2Cl2 (100 mL)

was prepared, and both solutions were combined. The next day, the solvent was removed in vacuo

and the crude product was purified by repeated column chromatography (silica gel, CHCl3/MeOH

24:1). 96 (0.20 g, 51%) was obtained as a very light-sensitive, colorless and amorphous solid.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.6-1.9 (m, 145H, aliphatic H, 4 CHCH3), 2.15 (s,

3H, C(O)CH3), 3.1-3.4 (m, 2H, CH2NHR), 4.1-4.2 (m, 2H, CH2NH), 4.2-4.4 (m, 1H, CHCH3), 4.5-4.9

(m, 6H, 4 CHCH3, NHCO2CH2), 5.82 (s, 1H, carbamate NH), 6.8-7.0 (m, 1H, NH), 7.1-7.3 (m, 1H, NH),

7.4-7.6 (m, 2H, NH), 7.7-7.9 (m, 2H, NH). Anal. calcd for C81H149N7O8: C, 72.11%; H, 11.13%; N,

7.27%; found: C, 71.82%; H, 11.11%; N, 6.48%. HRMS (MALDI): calcd for C76H139N7O8Na: ([M+Na]+)

1301.058; found: 1301.879. Rf: 0.25 (CHCl3/MeOH 10:1).

hPI10-NH-Ala4-C(O)O-CH2-C≡C-C≡C-CH2NH-Ala-Fmoc 97. Following general proce-

dure E, 79 (0.20 g, 0.39 mmol) was dissolved in a mixture of dry DMF (10 mL) and dry CH2Cl2

(20 mL). HOBt (0.063 g, 0.47 mmol) and EDCI (0.11 g, 0.57 mmol) were added to form the active ester

intermediate. A second solution containing 45 (0.4 g, 0.39 mmol) and TEA (0.20 g, 2.0 mmol) in dry

CH2Cl2 (100 mL) was prepared, and both solutions were combined. The next day, the solution was

diluted with CHCl3 (100 mL) and washed with sat. NaHCO3 solution as well as sat. NaCl solution. The

combined organic phases were dried over MgSO4, filtered, and concentrated in vacuo. The crude

product was purified by column chromatography (silica gel, CHCl3/MeOH 24:1). 97 (0.53 g, 89%) was

obtained as a light-sensitive, colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.6-1.9 (m, 160H, aliphatic H, 5 CHCH3), 3.1-3.4 (m,

2H, CH2NHR), 4.1-4.9 (m, 12H, 5 CHCH3, NHCH2, Fmoc-NHCO2CH2, NHCO2CH2, fluorenyl CH),

5.82 (m, 1H, carbamate NH), 6.2-6.4 (m, 1H, Fmoc-NH), 6.8-7.0 (m, 1H, NH), 7.1-7.3 (m, 1H, NH), 7.3-

7.4 (m, 2H, aromatic H), 7.4-7.5 (m, 3H, 2 aromatic H, NH), 7.5-7.6 (m, 3H, 2 aromatic H, NH), 7.7-7.9

(m, 3H, 2 aromatic H, NH). Anal. calcd for C94H157N7O9: C, 73.83%; H, 10.35%; N, 6.41%; found: C,

73.40%; H, 10.43%; N, 5.88%. HRMS (MALDI): calcd for C94H157N7O9Na: ([M+Na]+) 1551.194; found:

1552.161. Rf: 0.25 (CHCl3/MeOH 10:1).

hPI10-NH-Ala4-C(O)O-CH2-C≡C-C≡C-CH2NH-Gly-Fmoc 98. Following general proce-

dure E, 81 (0.10 g, 0.20 mmol) was dissolved in a mixture of dry DMF (10 mL) and dry CH2Cl2

(10 mL). HOBt (0.032 g, 0.24 mmol) and EDCI (0.046 g, 0.24 mmol) were added to form the active ester
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intermediate. A second solution containing 45 (0.2 g, 0.2 mmol) and TEA (0.10 g, 1.0 mmol) in dry

CH2Cl2 (100 mL) was prepared, and both solutions were combined. The next day, the solution was

diluted with CHCl3 (100 mL) and washed with sat. NaHCO3 solution as well as sat. NaCl solution. The

combined organic phases were dried over MgSO4, filtered, and concentrated in vacuo. The crude

product was purified by column chromatography (silica gel, CHCl3/MeOH 15:1). 98 (0.108 g, 38%)

was obtained as a light-sensitive, colorless and amorphous solid.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.6-1.9 (m, 140H, aliphatic H, 4 CHCH3), 3.1-3.4 (m,

2H, CH2NHR), 4.1-4.9 (m, 11H, 4 CHCH3, NHCH2, Fmoc-NHCO2CH2, NHCO2CH2, fluorenyl CH),

5.82 (m, 1H, carbamate NH), 6.8-7.0 (m, 1H, NH), 7.3-7.4 (m, 2H, aromatic H), 7.4-7.5 (m, 3H, 2 aro-

matic H, NH), 7.5-7.6 (m, 3H, 2 aromatic H, NH), 7.7-7.9 (m, 3H, 2 aromatic H, NH). HRMS (MALDI):

calcd for C93H155N7O9Na: ([M+Na]+) 1537.178; found: 1537.023. (Rf: 0.4 CH2Cl2/MeOH 10:1).

(hPI10-NH-Ala4-C(O)O-CH2-C≡C-)2 99. Following general procedure E, 66 (0.065 g, 0.2 mmol)

was dissolved in a mixture of dry DMF (5 mL) and dry CH2Cl2 (10 mL). HOBt (0.12 g, 0.89 mmol)

and EDCI (0.16 g, 0.83 mmol) were added to form the active ester intermediate. A second solution

containing 45 (0.4 g, 0.39 mmol) and TEA (0.20 g, 2.0 mmol) in dry CH2Cl2 (150 mL) was prepared,

and both solutions were combined. The next day, the solution was diluted with CHCl3 (100 mL) and

washed with sat. NaHCO3 solution as well as sat. NaCl solution. The combined organic phases were

dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified by column

chromatography (silica gel, CHCl3/MeOH 24:1). 99 (0.277 g, 60%) was obtained as a light-sensitive,

colorless and amorphous solid.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.6-1.9 (m, 295H, aliphatic H, 8 CHCH3), 3.1-3.4 (m,

4H, 2 CH2NHR), 4.2-4.4 (m, 2H, 2 CHCH3), 4.5-4.9 (m, 10H, 6 CHCH3, 2 NHCO2CH2), 5.87 (m, 2H,

2 carbamate NH), 6.8-6.9 (m, 2H, 2 NH), 7.4-7.5 (m, 4H, 4 NH), 7.7-7.9 (m, 2H, 2 NH). Anal. calcd

for C146H276N10O12: C, 74.18%; H, 11.77%; N, 5.93%; found: C, 74.21%; H, 11.68%; N, 5.30%. HRMS

(MALDI): calcd for C151H286N10O12Na: ([M+Na]+) 2455.197; found: 2457.030. Rf: 0.4 (CH2Cl2/MeOH

10:1).

hPI10-NH-Ala4-C(O)O-CH2-C≡C-C≡C-CH2OH 100. Following general procedure E, 83 (0.18 g,

0.80 mmol) was dissolved in a mixture of dry DMF (10 mL) and dry CH2Cl2 (10 mL). HOBt (0.135 g,

1.00 mmol) and EDCI (0.198 g, 1.03 mmol) were added to form the active ester intermediate. A second

solution containing 45 (0.6 g, 0.54 mmol) and TEA (0.73 g, 7.2 mmol) in dry CH2Cl2 (150 mL) was pre-

pared, and both solutions were combined. The next day, the solution was washed with 1M HCl and

sat. NaCl solution. The combined organic phases were dried over MgSO4, filtered, and concentrated
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in vacuo. The crude product was purified by column chromatography (silica gel, CH2Cl2/MeOH 24:1).

100 (0.40 g, 56%) was obtained as a colorless and amorphous solid.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.6-1.9 (m, 132H, aliphatic H, 4 CHCH3), 3.1-3.4

(m, 2H, CH2NHR), 4.2-4.4 (m, 1H, CHCH3), 4.4-4.9 (m, 7H, 3 CHCH3, NHCO2CH2, CH2OH), 5.79 (m,

1H, carbamate NH), 6.8-6.9 (m, 1H, NH), 7.4-7.5 (m, 1H, NH), 7.5-7.6 (m, 1H, NH), 7.7-7.9 (m, 1H,

NH). Anal. calcd for C76H141N5O7: C, 73.79%; H, 11.49%; N, 5.66%; found: C, 73.69%; H, 11.21%;

N, 5.36%. HRMS (MALDI): calcd for C71H131N5O7Na: ([M+Na]+) 1188.995; found 1189.755. Rf: 0.3

(CHCl3/MeOH 10:1).

hPI10-NH-Ala4-C(O)O-CH2-C≡C-C≡C-CH2(O(CH2)2)4OMe 101. Following general proce-

dure E, 85 (0.17 g, 0.41 mmol) was dissolved in a mixture of dry DMF (10 mL) and dry CH2Cl2 (10 mL).

HOBt (0.06 g, 0.44 mmol) and EDCI (0.11 g, 0.57 mmol) were added to form the active ester inter-

mediate. A second solution containing 45 (0.35 g, 0.34 mmol) and TEA (0.21 g, 2.07 mmol) in dry

CH2Cl2 (100 mL) was prepared, and both solutions were combined. The next day, the solution was

concentrated in vacuo and the crude product was purified by column chromatography (silica gel,

CHCl3/MeOH 24:1). 101 (0.12 g, 25%) was obtained as a colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.6-1.9 (m, 130H, aliphatic H, 4 CHCH3), 3.1-3.4

(m, 2H, CH2NHR), 3.50 (s, 3H, OCH3), 3.6-3.9 (m, 16H, OCH2), 4.2-4.9 (m, 8H, 4 CHCH3, NHCO2CH2,

C≡CCH2O), 5.86 (m, 1H, carbamate NH), 6.8-6.9 (m, 1H, NH), 7.4-7.5 (m, 1H, NH), 7.5-7.6 (m, 1H,

NH), 7.7-7.9 (m, 1H, NH). Anal. calcd for C85H159N5O11: C, 71.53%; H, 11.23%; N, 4.91%; found: C,

71.28%; H, 11.16%; N, 4.55%. HRMS (MALDI): calcd for C85H159N5O11Na: ([M+Na]+) 1449.193; found

1450.190. Rf: 0.5 (CHCl3/MeOH 10:1).

hPI10-NH-Ala4-C(O)O-CH2-C≡C-C≡C-TMS 102. Following general procedure E, 87 (0.18 g,

0.67 mmol) was dissolved in a mixture of dry DMF (10 mL) and dry CH2Cl2 (20 mL). HOBt (0.10 g,

0.74 mmol) and EDCI (0.16 g, 0.83 mmol) were added to form the active ester intermediate. A second

solution containing 45 (0.4 g, 0.39 mmol) and TEA (0.22 g, 2.17 mmol) in dry CH2Cl2 (150 mL) was pre-

pared, and both solutions were combined. The next day, the solution was diluted with CHCl3 (100 mL)

and washed with sat. NaHCO3 solution as well as sat. NaCl solution. The combined organic phases

were dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified by col-

umn chromatography (silica gel, CH2Cl2/MeOH 24:1). 102 (0.40 g, 81%) was obtained as a colorless

and amorphous solid.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.19 (s, 9H, Si(CH3)3), 0.6-1.9 (m, 157H, aliphatic H,

4 CHCH3), 3.1-3.4 (m, 2H, CH2NHR), 4.2-4.4 (m, 1H, CHCH3), 4.5-4.9 (m, 5H, 3 CHCH3, NHCO2CH2),



5 Experimental Part 203

5.8 (m, 1H, carbamate NH), 6.8-6.9 (m, 1H, NH), 7.4-7.5 (m, 2H, NH), 7.7-7.8 (m, 1H, NH). Anal. calcd

for C78H147N5O6Si: C, 73.24%; H, 11.58%; N, 5.48%; found: C, 71.35%; H, 11.37%; N, 5.18%. HRMS

(MALDI): calcd for C78H147N5O6SiNa: ([M+Na]+) 1301.102; found: 1301.971. Rf: 0.5 (CH2Cl2/MeOH

10:1).

hPI10-NH-Ala4-C(O)O-CH2-C≡C-C≡C-H 103. The TMS functionalized macromonomer 102

(0.21 g, 0.16 mmol) was dissolved in a mixture of CH2Cl2 (50 mL) and THF (50 mL). The solution was

cooled to 0 ◦C, and tetrabutylammonium fluoride trihydrate (0.055 g, 0.176 mmol) was added. The

reaction mixture was stirred for 15 min, and the reaction was then quenched by an aqueous workup.

After drying of the organic phase and removal of the solvent, an amorphous solid was obtained. The

crude product was purified by column chromatography (silica gel, CHCl3/MeOH 24:1). 103 (0.18 g,

93%) was obtained as a colorless and amorphous solid.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.6-1.9 (m, 147H, aliphatic H, 4 CHCH3), 2.23 (s, 1H,

C≡CH), 3.1-3.4 (m, 2H, CH2NHR), 4.2-4.4 (m, 1H, CHCH3), 4.4-4.8 (m, 5H, 3 CHCH3, NHCO2CH2),

5.85 (m, 1H, carbamate NH), 6.8-6.9 (m, 1H, NH), 7.4-7.5 (m, 1H, NH), 7.5-7.6 (m, 1H, NH), 7.7-7.9 (m,

1H, NH). Anal. calcd for C75H139N5O6: C, 74.64%; H, 11.61%; N, 5.80%; found: C, 73.53%; H, 11.59%;

N, 5.01%. HRMS (MALDI): calcd for C75H139N5O6Na: ([M+Na]+) 1229.062; found: 1229.872. Rf: 0.5

(CH2Cl2/MeOH 10:1).

L-Lactyl-L-alanine tert-Butyl Ester 106. Following general procedure D, L-lactic acid (1.47 g,

16.5 mmol) and L-alanine tert-butyl ester hydrochloride (3.01 g, 16.5 mmol) were dissolved in a

mixture of dry CH2Cl2 (60 mL) and dry DMF (30 mL). DIEA (6.7 g, 66 mmol) and PyBOP (9.45 g,

18.15 mmol) were added in one portion. The reaction was stirred at room temperature over night.

The solution was diluted with CH2Cl2, washed twice with 1M HCl and once with sat. NaCl solution.

The combined organic phases were dried over MgSO4, filtered, and concentrated in vacuo. The crude

product was purified by column chromatography (silica gel, ethyl acetate). The product 106 (2.80 g,

78%) was obtained as a colorless solid.

1H NMR (300.23 MHz, DMSO-D6): δ = 1.23 (d, J = 6.6 Hz, 3H, CHCH3), 1.28 (d, J = 7.2 Hz, 3H,

CHCH3), 1.41 (s, 9H, C(CH3)3), 3.99 (q, J = 6.9 Hz, 1H, CHCH3), 4.18 (m, 1H, CHCH3), 7.69 (d, J = 7.2 Hz,

1H, NH). 13C NMR (75.49 MHz, DMSO-D6): δ = 17.9, 21.35 (2 CHCH3), 28.0 (C(CH3)3), 48.2, 67.4 (2

CHCH3), 80.9 (C(CH3)3), 172.0 (amide C=O), 174.6 (ester C=O). Anal. calcd for C10H19NO4: C, 55.28%;

H, 8.81%; N, 6.45%; O, 29.46%; found: C, 55.11%; H, 9.00%; N, 6.28%; O, 29.69%. HRMS (EI): calcd for

C10H19NO4: ([M]+) 217.1300; found: 217.1300. Rf: 0.5 (ethyl acetate). m. p.: 136-137 ◦C.
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N-[((S)-2-Propiolyl)propanyl]-L-alanine tert-Butyl Ester 107. The secondary alcohol 106

(1.5 g, 6.9 mmol) and triphenylphosphane (3.62 g, 13.8 mmol) were dissolved in dry THF (70 mL).

Another solution containing diethyl azodicarboxylate (2.4 g, 13.8 mmol) and propiolic acid (0.97 g,

13.8 mmol) in dry THF (70ml) was prepared. The first solution was added to the latter over a period

of 60 min, and the reaction was stirred over night. The solvents were removed in vacuo and the crude

product was purified by column chromatography (silica gel, ethyl acetate/hexanes 1:1). 107 (1.56 g,

84%) was obtained as a colorless solid.

1H NMR (300.23 MHz, CDCl3): δ = 1.33 (d, J = 6.9 Hz, 3H, CHCH3), 1.42 (s, 9H, C(CH3)3), 1.47 (d,

J = 6.9 Hz, 1H, CHCH3), 3.06 (s, 1H, C≡CH), 4.39 (m, 1H, CHCH3), 5.22 (q, J = 6.9 Hz, 1H, CHCH3),

6.75 (d, J = 7.2 Hz, 1H, NH). 13C NMR (75.49 MHz, CDCl3): δ = 17.6, 18.3 (2 CHCH3), 27.9 (C(CH3)3),

48.6, 72.1 (2 CHCH3), 74.0 (C≡CH), 76.6 (C≡CH), 82.2 (C(CH3)3), 151.0 (propiolic ester C=O), 168.6

(amide C=O), 171.7 (ester C=O). Anal. calcd for C13H19NO5: C, 57.98%; H, 7.11%; N, 5.20%; O, 29.71%;

found: C, 57.72%; H, 7.14%; N, 5.31%. HRMS (EI): calcd for C13H19NO5: ([M-C4H8]+) 214.0710; found:

214.0722. Rf: 0.7 (CH2Cl2/MeOH 10:1). m. p.: 96-98 ◦C.

N-[((S)-2-Propiolyl)propanyl]-L-alanine 108. Following general procedure B, 107 (0.40 g,

1.49 mmol) was dissolved in dry CH2Cl2 (10 mL), a large excess of TFA was added, and the solution

was stirred for 5 h. 108 (0.31 g, 98%) was obtained as a colorless crystalline material. No further pu-

rification was necessary before the next step.

1H NMR (300.23 MHz, CDCl3): δ = 1.42 (d, J = 6.9 Hz, 3H, CHCH3), 1.50 (d, J = 6.9 Hz, 3H, CHCH3),

3.06 (s, 1H, C≡CH), 4.53 (qui, J = 7.2 Hz, 1H, CHCH3), 5.26 (q, J = 6.6 Hz, 1H, CHCH3), 6.91 (d,

J = 7.2 Hz, 1H, NH), 10.1 (bs, 1H, CO2H). 13C NMR (75.49 MHz, CDCl3): δ = 17.6, 18.2 (2 CHCH3),

48.0, 72.1 (2 CHCH3), 74.0, 76.6 (acetylene C), 151.1 (propiolic ester C=O), 169.1 (amide C=O), 174.7

(acid C=O). HRMS (EI): calcd for C9H11NO5: ([M]+) 213.0632; found: 213.0630. Rf: 0.3 (CH2Cl2/MeOH

10:1). m. p.: 72-73 ◦C.

hPI10-NH-Ala4-Lac-C(O)-C≡C-H 109. Following general procedure D, 108 (0.20 g, 0.94 mmol)

and 45 (0.92 g, 0.84 mmol) were dissolved in a mixture of dry DMF (50 mL) and dry CH2Cl2 (100 mL).

DIEA (3.3 g, 2.55 mmol) and PyBOP (0.49 g, 0.94 mmol) were added. The next day, the solvents were

removed in vacuo, and the crude product was purified by repeated column chromatography (silica

gel, CHCl3/MeOH 25:1). The propiolic acid ester functionalized target molecule 109 (0.44 g, 41%) was

obtained as a colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.6-1.9 (m, 151H, aliphatic H, 5 CHCH3), 3.2-3.4

(m, 2H, CH2NHR), 3.63 (s, 1H, C≡CH), 4.4-4.7 (m, 3H, CHCH3), 6.8 (m, 1H, NH), 7.5-8.0 (m, 3H,
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NH). Anal. calcd for C75H140N5O7: C, 73.60%; H, 11.53%; N, 5.72%; found: C, 72.68%; H, 11.36%;

N, 6.02%. HRMS (MALDI): calcd for C80H151N5O7Na: ([M+Na]+) 1317.151; found: 1312.081. Rf: 0.4

(CH2Cl2/MeOH 10:1).

PI25-NH2 111. Isoprene (20.4 g, 300 mmol) was freshly distilled from CaH2 prior to use. A rig-

orously dried 250 mL Schlenk flask was filled with dry THF (120 mL), and n-butyl lithium (7.5 mL,

12 mmol) was added slowly via a syringe at −78 ◦C. Under vigorous stirring, isoprene was added via

a syringe as fast as possible, leading to a yellow to orange color of the solution. The temperature

was adjusted to 0 ◦C, the mixture was stirred for 10 min and then cooled again to −78 ◦C. Then, 1-

(3-bromopropyl)-2,2,5,5-tetramethyl-1-aza-2,5-disilacyclopentane (5 g, 17.8 mmol) was added via a

syringe, causing an immediate decoloration. The cooling bath was removed, and the reaction mix-

ture was stirred for 5 h at room temperature. Then, 2 M HCl (75 mL) was added, and stirring was

continued over night. The mixture was concentrated in vacuo, taken up in CH2Cl2, washed twice

with sat. NaHCO3 solution and once with sat. NaCl solution. The combined organic phases were

dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified by column

chromatography (CH2Cl2/MeOH 20:1). 111 (7.8 g, 36%) was obtained as a slightly yellow oil.

1H NMR (300.23 MHz, CDCl3): δ = 0.6-2.1 (m, 100H, aliphatic H), 2.7-2.9 (m, 2H, CH2NH2), 4.6-5.2

(m, 28H, terminal olefin H), 5.6-5.9 (m, 3H, internal olefin H). Anal. calcd for C52H89N: C, 85.76%; H,

12.32%; N, 1.92%; found: C, 84.15%; H, 11.87%; N, 1.79%. Rf: 0.4 (CH2Cl2/MeOH 10:1).

hPI25-NH2 112. The amine-terminated poly(isoprene) 111 (7.7 g, 4.2 mmol) was dissolved in a

mixture of toluene (75 mL) and EtOH (5 mL). The solution was transferred to a high pressure auto-

clave, and Pd on charcoal (3.0 g, 10% Pd/C, 50% H2O content) was added as the catalyst. The mixture

was stirred at a H2 pressure of 100 bar at 80 ◦C for 10 d. After purification by a filtration of the reac-

tion mixture through Celite and evaporation of the solvents, 112 (7.0 g, 93%) was obtained as slightly

yellow oil.

1H NMR (300.23 MHz, CDCl3): δ = 0.6-2.1 (m, 348H, aliphatic H), 2.7-2.9 (m, 2H, CH2NH2), 4.6-4.8

(m, 2H, residual terminal olefin H). HRMS (MALDI): calcd for C52H90N: ([M+H]+) 728.7; found: 728.4.

Rf: 0.6 (CH2Cl2/MeOH 10:1).

hPI25-NH-Ala-Fmoc 113. Following general procedure D, 112 (1.50g, 0.8 mmol) and N-(9-

fluorenylmethyloxycarbonyl)-L-alanine (0.30 g, 0.96 mmol) were dissolved in a mixture of DCM

(20 mL) and DMF (5 mL). DIEA (0.52 g, 4.0 mmol) as well as PyBOP (0.53 g, 1.0 mmol) were added,

and the reaction mixture stirred over night. The next day, the solvents were removed in vacuo, and
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the crude product was purified by column chromatography (CH2Cl2/MeOH 24:1). 113 (1.46 g, 84%)

was obtained as a colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3): δ = 0.6-2.0 (m, 460H, aliphatic H, CHCH3), 3.1-3.3 (m, 1.2H,

CH2NHR), 4.21 (t, J = 7.2 Hz, 1H, fluorenyl CH), 4.45 (d, J = 7.2 Hz, 2H, Fmoc-CO2CH2), 4.6-4.8 (m,

3H, 1 CHCH3, 2 residual olefin H), 5.8 (m, 0.25H, carbamate NH), 6.0 (m, 0.3H, amide NH), 7.31 (t,

J = 7.5 Hz, 2H, aromatic H), 7.40 (t, J = 7.2 Hz, 2H, aromatic H), 7.60 (d, J = 7.2 Hz, 2H, aromatic H),

7.77 (d, J = 7.5 Hz, 2H, aromatic H). HRMS (MALDI): calcd for C70H122N2O3Na: ([M+Na]+) 1061.935;

found 1062.573. Rf: 0.9 (CH2Cl2/MeOH 10:1).

hPI25NH-Ala-H 114. Following general procedure C, 113 (1.35g, 0.62 mmol) was dissolved in

CHCl3 (50 mL), and piperidine (0.27 g, 3.11 mmol) was added. The crude product was purified by

column chromatography (gradient CH2Cl2/MeOH 24:1 −→ CH2Cl2/MeOH 9:1). 114 (1.03 g, 86%) was

obtained as a colorless oil.

1H NMR (300.23 MHz, CDCl3): δ = 0.6-2.1 (m, 452H, aliphatic H, CHCH3), 3.0-3.3 (m, 2H,

CH2NHR), 3.98 (m, 1H, CHCH3), 4.6-4.8 (m, 2H, residual olefin H). HRMS (MALDI): calcd for

C70H122N2O3Na: ([M+Na]+) 1061.935; found 1062.573. Rf: 0.5 (CH2Cl2/MeOH 10:1).

hPI25-NH-Ala2-Fmoc 115. Following general procedure D, 112 (1.50g, 0.8 mmol) and 36 (0.37 g,

0.96 mmol) were dissolved in a mixture of DCM (20 mL) and DMF (5 mL). DIEA (0.52 g, 4.0 mmol) as

well as PyBOP (0.53 g, 1.0 mmol) were added, and the reaction mixture stirred over night. The next day,

the solvents were removed in vacuo, and the crude product was purified by column chromatography

(CH2Cl2/MeOH 24:1), 113 (1.70 g, 94%) was obtained as a colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3): δ = 0.6-2.0 (m, 276H, aliphatic H, 2 CHCH3), 3.1-3.3 (m, 1.3H,

CH2NHR), 4.0 (m, 0.3H, CHCH3), 4.22 (m, 1.7H, fluorenyl CH, CHCH3), 4.38 (m, 2H, Fmoc-CO2CH2),

4.6-4.8 (m, 2H, residual olefin H), 5.5 (m, 0.5H, carbamate NH), 7.31 (t, J = 7.5 Hz, 2H, aromatic H), 7.40

(t, J = 7.2 Hz, 2H, aromatic H), 7.60 (m, 2H, aromatic H), 7.77 (d, J = 7.5 Hz, 2H, aromatic H). HRMS

(MALDI): calcd for C70H122N2O3Na: ([M+Na]+) 1061.935; found 1062.573. Rf: 0.9 (CH2Cl2/MeOH

10:1).

hPI25-NH-Ala2-H 116. Following general procedure C, 115 (1.60 g, 0.71 mmol) was dissolved in

CHCl3 (50 mL), and piperidine (0.30 g, 3.57 mmol) was added. The crude product was purified by

column chromatography (gradient CH2Cl2/MeOH 24:1 −→ CH2Cl2/MeOH 9:1). 114 (1.36 g, 95%) was

obtained as a colorless amorphous solid.
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1H NMR (300.23 MHz, CDCl3): δ = 0.6-2.2 (m, 400H, aliphatic H, 2 CHCH3), 3.0-3.3 (m, 2H,

CH2NHR), 4.0-5.0 (m, 4H, 2 CHCH3, residual olefin H), 6.1 (m, 0.3H, amide NH). HRMS (MALDI):

calcd for C70H122N2O3Na: ([M+Na]+) 1061.935; found 1062.573. Rf: 0.5 (CH2Cl2/MeOH 10:1).

hPI25-NH-Ala3-Fmoc 117. Following general procedure D, 112 (1.50g, 0.8 mmol) and 39 (0.44 g,

0.96 mmol) were dissolved in a mixture of DCM (20 mL) and DMF (5 mL). DIEA (0.52 g, 4.0 mmol) as

well as PyBOP (0.53 g, 1.0 mmol) were added, and the reaction mixture stirred over night. The next day,

the solvents were removed in vacuo, and the crude product was purified by column chromatography

(CH2Cl2/MeOH 24:1). 113 (1.70 g, 92%) was obtained as a colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3): δ = 0.6-2.0 (m, 455H, aliphatic H, 3 CHCH3), 3.1-3.3 (m, 1.2H,

CH2NHR), 4.0-4.3 (m, 1.8H, fluorenyl CH, CHCH3), 4.4-4.6 (m, 3H, CHCH3, Fmoc-CO2CH2), 4.6-4.8

(m, 2.7H, CHCH3, residual olefin H), 5.4 (m, 0.6H, carbamate NH), 6.5 (m, 0.3H, amide NH), 7.31 (t,

J = 7.2 Hz, 2H, aromatic H), 7.40 (t, J = 7.5 Hz, 2H, aromatic H), 7.60 (m, 2H, aromatic H), 7.77 (d,

J = 7.5 Hz, 2H, aromatic H). HRMS (MALDI): calcd for C70H122N2O3Na: ([M+Na]+) 1061.935; found

1062.573. Rf: 0.9 (CH2Cl2/MeOH 10:1).

hPI25-NH-Ala3-H 118. Following general procedure C, 117 (1.51g, 0.66 mmol) was dissolved in

CHCl3 (50 mL), and piperidine (0.28 g, 3.28 mmol) was added. The crude product was purified by

column chromatography (gradient CH2Cl2/MeOH 24:1 −→ CH2Cl2/MeOH 9:1). 114 (1.05 g, 76%) was

obtained as a colorless oil.

1H NMR (300.23 MHz, CDCl3): δ = 0.6-2.2 (m, 470H, aliphatic H, 3 CHCH3), 3.0-3.3 (m, 2H,

CH2NHR), 4.0-4.2 (m, 1.3H, 1 CHCH3), 4.4-4.6 (m, 1.3H, 1 CHCH3), 4.6-4.9 (m, 3H, 1 CHCH3, residual

olefin H). HRMS (MALDI): calcd for C70H122N2O3Na: ([M+Na]+) 1061.935; found 1062.573. Rf: 0.5

(CH2Cl2/MeOH 10:1).

(hPI25-NH-Ala2-C(O)O-CH2-C≡C-)2 119. Following general procedure E, 66 (0.017 g,

0.05 mmol) was dissolved in a mixture of dry DMF (4 mL) and dry CH2Cl2 (8 mL). HOBt (0.021 g,

0.16 mmol) and EDCI (0.030 g, 0.16 mmol) were added to form the active ester intermediate. A second

solution containing 114 (0.20 g, 0.10 mmol) and TEA (0.031 g, 0.30 mmol) in dry CH2Cl2 (40 mL) was

prepared, and both solutions were combined. The next day, the solvents were removed in vacuo,

and the crude material was purified by column chromatography (silica gel, CHCl3/MeOH 24:1). 119

(0.195 g, 90%) was obtained as a colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3): δ = 0.5-2.2 (m, 2444H, aliphatic H, 4 CHCH3), 3.0-3.3 (m, 4H,

CH2NHR), 4.0-4.1 (m, 2H, 2 CHCH3), 4.2-4.3 (m, 4H, 2 CHCH3), 4.6-4.9 (m, 25H, 2 CO2CH2, residual
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olefin H), 5.5 (m, 4H, 2 carbamate NH), 6.8 (m, 2H, 2 amide NH), 7.0 (m, 4H, 4 amide NH). Rf: 0.8

(CH2Cl2/MeOH 10:1).

(hPI25-NH-Ala3-C(O)O-CH2-C≡C-)2 120. Following general procedure E, 66 (0.017 g,

0.05 mmol) was dissolved in a mixture of dry DMF (4 mL) and dry CH2Cl2 (8 mL). HOBt (0.020 g,

0.15 mmol) and EDCI (0.029 g, 0.15 mmol) were added to form the active ester intermediate. A second

solution containing 116 (0.20 g, 0.10 mmol) and TEA (0.03 g, 0.30 mmol) in dry CH2Cl2 (40 mL) was

prepared, and both solutions were combined. The next day, the solvents were removed in vacuo,

and the crude material was purified by column chromatography (silica gel, CHCl3/MeOH 24:1). 120

(0.133 g, 62%) was obtained as a colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3): δ = 0.5-2.2 (m, 2604H, aliphatic H, 6 CHCH3), 3.0-3.3 (m, 4H,

CH2NHR), 4.0-4.3 (m, 2.8H, 2 CHCH3), 4.3-4.6 (m, 6H, 4 CHCH3), 4.6-4.9 (m, 27H, 2 CO2CH2, residual

olefin H), 5.4 (m, 2H, 2 carbamate NH), 6.8 (m, 1H, 2 amide NH). Rf: 0.8 (CH2Cl2/MeOH 10:1).

(hPI25-NH-Ala4-C(O)O-CH2-C≡C-)2 121. Following general procedure E, 66 (0.016 g,

0.05 mmol) was dissolved in a mixture of dry DMF (4 mL) and dry CH2Cl2 (8 mL). HOBt (0.019 g,

0.14 mmol) and EDCI (0.029 g, 0.15 mmol) were added to form the active ester intermediate. A second

solution containing 118 (0.20 g, 0.10 mmol) and TEA (0.029 g, 0.29 mmol) in dry CH2Cl2 (40 mL) was

prepared, and both solutions were combined. The next day, the solvents were removed in vacuo,

and the crude material was purified by column chromatography (silica gel, CHCl3/MeOH 24:1). 121

(0.210 g, 98%) was obtained as a colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3): δ = 0.5-2.2 (m, 2620H, aliphatic H, 8 CHCH3), 3.0-3.3 (m, 4H,

CH2NHR), 4.0-5.0 (m, 39H, 8 CHCH3, residual olefin H). Rf: 0.8 (CH2Cl2/MeOH 10:1).

hPI25-NH-Ala4-C(O)O-CH2-C≡C-C≡C-CH2NH-C(O)(CH2)2C(O)OMe 122. Following gen-

eral procedure E, 71 (0.049 g, 0.14 mmol) was dissolved in a mixture of dry DMF (4 mL) and dry CH2Cl2

(8 mL). HOBt (0.023 g, 0.17 mmol) and EDCI (0.035 g, 0.18 mmol) were added to form the active ester

intermediate. A second solution containing 118 (0.30 g, 0.14 mmol) and TEA (0.073 g, 0.72 mmol) in

dry CH2Cl2 (40 mL) was prepared, and both solutions were combined. The next day, the solvents

were removed in vacuo, and the crude material was purified by column chromatography (silica gel,

CHCl3/MeOH 24:1). 122 (0.31 g, 90%) was obtained as a colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3): δ = 0.5-2.2 (m, 588H, aliphatic H, 4 CHCH3), 2.55 (t, J = 6.9 Hz, 2H,

NHC(O)CH2), 2.71 (t, J = 6.9 Hz, 2H, CH2CO2CH3), 3.0-3.3 (m, 0.7H, CH2NHR), 3.72 (s, 3H, OCH3),

4.0-4.2 (m, 3H, 1 CHCH3, CH2NH), 4.2-4.6 (m, 3H, 3 CHCH3), 4.6-4.9 (m, 5H, 2 CO2CH2, residual
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olefin H), 5.6-5.7 (m, 0.2H, 1 carbamate NH), 6.4 (m, 0.3H, 1 amide NH), 6.8-7.0 (m, 1.2H, 2 amide

NH). Rf: 0.7 (CH2Cl2/MeOH 10:1).

hPI25-NH-Ala4-C(O)O-CH2-C≡C-C≡C-CH2NH-Ala-Fmoc 123. Following general proce-

dure E, 79 (0.075 g, 0.14 mmol) was dissolved in a mixture of dry DMF (4 mL) and dry CH2Cl2

(8 mL). HOBt (0.023 g, 0.17 mmol) and EDCI (0.035 g, 0.18 mmol) were added to form the active ester

intermediate. A second solution containing 118 (0.30 g, 0.14 mmol) and TEA (0.073 g, 0.72 mmol) in

dry CH2Cl2 (40 mL) was prepared, and both solutions were combined. The next day, the solvents

were removed in vacuo, and the crude material was purified by column chromatography (silica gel,

CHCl3/MeOH 24:1). 123 (0.34 g, 91%) was obtained as a colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3): δ = 0.5-2.2 (m, 334, aliphatic H, 4 CHCH3), 3.0-3.3 (m, 0.4H,

CH2NHR), 4.0-5.0 (m, 11H, 5 CHCH3, NHCH2, Fmoc-NHCO2CH2, NHCO2CH2, fluorenyl CH), 5.6-5.7

(m, 0.5H, 2 carbamate NH), 6.8-7.1 (m, 0.5H, 2 amide NH), 7.3-7.4 (m, 3H, aromatic H, NH), 7.4-7.5

(m, 3H, 2 aromatic H, NH), 7.5-7.8 (m, 3H, 2 aromatic H, NH), 7.8-7.9 (m, 2H, 2 aromatic H). Rf: 0.7

(CH2Cl2/MeOH 10:1).

N-(9-Fluorenylmethyloxycarbonyl)-L-alanine Hexylamide 124. Following general proce-

dure D, N-(9-fluorenylmethyloxycarbonyl)-L-alanine (2.0 g, 6.4 mmol) and hexylamine (0.7 g,

6.4 mmol) were dissolved in a mixture of dry CH2Cl2 (90 mL) and dry DMF (45 mL). DIEA (3.3 g,

25.6 mmol) and PyBOP (3.5 g, 6.7 mmol) were added, and the reaction mixture was stirred over

night. The solution was concentrated in vacuo, and the crude product was purified by column

chromatography (silica gel, CH2Cl2/MeOH 24:1). 124 (2.5 g, 97%) was obtained as a colorless solid.

1H NMR (300.23 MHz, CDCl3): δ = 0.85 (t, J = 6.9 Hz, 3H, CH3), 1.2-1.6 (m, 11H, (CH2)4CH3,

CHCH3), 3.21 (m, 2H, NHCH2), 4.1-4.3 (m, 2H, fluorenyl-CH, CHCH3), 4.36 (d, J = 6.9 Hz, 2H, Fmoc-

CO2CH2), 5.67 (d, J = 6.9 Hz, 1H, NH), 6.37 (br s, 1H, NH), 7.29 (t, J = 7.5 Hz, 2H, aromatic H), 7.38

(t, J = 7.5 Hz, 2H, aromatic H), 7.56 (d, J = 7.5 Hz, 2H, aromatic H), 7.74 (d, J = 7.5 Hz, 2H, aromatic

H). 13C NMR (75.49 MHz, CDCl3): δ = 14.0 (CH3), 19.0 (CHCH3), 22.5, 26.5, 29.5, 31.4 (4 CH2),

39.6 (NHCH2), 47.1 (fluorenyl-CH), 50.6 (CHCH3), 67.1 (Fmoc-CO2CH2), 120.0, 125.1, 127.1, 127.8,

141.3, 143.8 (aromatic C), 156.1 (carbamate C=O), 172.2 (amide C=O). Anal. calcd for C24H30N2O3: C,

73.07%; H, 7.66%; N, 7.10%; found: C, 73.23%; H, 7.61%; N, 6.96%. HRMS (EI): calcd for C24H30N2O3:

([M]+) 394.2251; found 394.2281. Rf: 0.6 (CH2Cl2/MeOH 10:1).

L-Alanine Hexylamide 125. Following general procedure C, 124 (2.5 g, 6.34 mmol) was dissolved

in CHCl3 (50 mL), and piperidine (6.7 g, 79 mmol) was added. The next day, the reaction mixture was
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washed twice with sat. NaHCO3 solution and once with sat. NaCl solution. The combined organic

phases were dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified

by column chromatography (silica gel, CH2Cl2/MeOH/triethylamine 70 : 2: 1). 125 (0.8 g, 73%) was

obtained as a yellowish oil.

1H NMR (300.23 MHz, CDCl3): δ = 0.76 (t, J = 6.6 Hz, 3H, CH3), 1.1-1.3 (m, 9H, 3 CH2, CHCH3),

1.37 (m, 2H, CH2), 1.6 (s, 2H, NH2), 3.10 (q, J = 6.6 Hz, 2H, NHCH2), 3.36 (q, J = 6.9 Hz, 1H, CHCH3)

7.29 (bs, 1H, NH). 13C NMR (75.49 MHz, CDCl3): δ = 13.9 (CH3), 21.7 (CHCH3), 22.4, 26.5, 29.5, 31.4

(4 CH2), 39.0 (NHCH2), 50.7 (CHCH3), 175.5 (amide C=O). HRMS (EI): calcd for C9H20N2O: ([M]+)

172.1570; found 172.1570. Rf: 0.2 (CH2Cl2/MeOH 10:1).

N-[6-(N’-Acetamido)hexa-2,4-diynyl-1-oxycarbonyl]-L-alanyl-L-alanine Hexylamide

126. Following general procedure E, 68 (0.24 g, 1.0 mmol) was dissolved in a mixture of dry DMF

(10 mL) and dry CH2Cl2 (30 mL). HOBt (0.18 g, 1.33 mmol) and EDCI (0.33 g, 1.72 mmol) were added

to form the active ester intermediate. A second solution containing 125 (0.21 g, 1.22 mmol) and TEA

(0.40 g, 4.0 mmol) in dry CH2Cl2 (50 mL) was prepared, and both solutions were combined. The

solution was washed twice with 1M HCl and once with sat. NaCl solution. The combined organic

phases were dried over MgSO4, filtered, and concentrated in vacuo. The crude material was purified

by column chromatography (silica gel, CHCl3/MeOH 24:1). 127 (0.28 g, 74%) was obtained as an

amorphous solid.

1H NMR (300.23 MHz, DMSO-D6): δ = 0.87 (t, J = 6.6 Hz, 3H, CH3), 1.1-1.5 (m, 14H, 2 CHCH3,

(CH2)4CH3), 1.84 (s, 3H, C(O)CH3), 3.04 (m, 2H, NH(CH2)(CH2)4CH3), 3.98 (C≡CCH2NH), 4.05 (m,

1H, CHCH3), 4.21 (m, 1H, CHCH3), 4.74 (m, 2H, NHCO2CH2), 7.62 (d, J = 7.5 Hz, 1H, NH), 7.75 (t,

J = 5.4 Hz, 1H, NH), 7.93 (d, J = 7.8 Hz, 1H, NH), 8.36 (t, J = 5.4 Hz, 1H, NH). Rf: 0.4 (CH2Cl2/MeOH

10:1).

Hexa-2,4-diynylene-1,6-bis(oxycarbonyl-L-alanyl-L-alanine Hexylamide) 127. Following

general procedure E, 66 (0.31 g, 0.92 mmol) was dissolved in a mixture of dry DMF (10 mL) and dry

CH2Cl2 (30 mL). HOBt (0.38 g, 2.81 mmol) and EDCI (0.53 g, 2.80 mmol) were added to form the active

ester intermediate. A second solution containing 125 (0.32 g, 1.83 mmol) and TEA (0.56 g, 5.5 mmol) in

dry CH2Cl2 (50 mL) was prepared, and both solutions were combined. The solution was washed twice

with 1M HCl and once with sat. NaCl solution. The combined organic phases were dried over MgSO4,

filtered, and concentrated in vacuo. The crude material was purified by column chromatography

(silica gel, CHCl3/MeOH 24:1). 127 (0.25 g, 41%) was obtained as an amorphous solid.

1H NMR (300.23 MHz, DMSO-D6): δ = 0.86 (t, J = 6.6 Hz, 6H, 2 CH3), 1.1-1.5 (m, 28H, 4 CHCH3, 2

(CH2)4CH3), 3.03 (m, 4H, 2 NH(CH2)(CH2)4CH3), 4.05 (m, 2H, 2 CHCH3), 4.21 (m, 2H, 2 CHCH3), 4.77
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(m, 4H, 2 NHCO2CH2), 7.64 (d, J = 7.2 Hz, 2H, NH), 7.77 (t, J = 5.1 Hz, 2H, NH), 7.96 (d, J = 7.5 Hz, 2H,

NH). Rf: 0.4 (CH2Cl2/MeOH 10:1).

N-(9-Fluorenylmethyloxycarbonyl)-L-alanine Dodecylamide 128. Following general pro-

cedure D, dodecylamine (3.22 g, 17.37 mmol) and N-(9-fluorenylmethyloxycarbonyl)-L-alanine

(5.52 g, 17.73 mmol) were dissolved in a mixture of dry CH2Cl2 (90 mL) and dry DMF (30 mL). DIEA

(6.7 g, 52.60 mmol) and PyBOP (9.4 g, 18.07 mmol) were added, and the reaction mixture was stirred

over night. The organic phase was washed with sat. NaHCO3 solution, 1M HCl and sat. NaCl solution,

dried over MgSO4, filtered, and concentrated in vacuo. The crude material was purified by column

chromatography (silica gel, gradient CH2Cl2/MeOH 24:1 −→ CH2Cl2/MeOH 10:1). 128 (5.83 g, 81%)

was obtained as a colorless solid material.

1H NMR (300.23 MHz, CDCl3): δ = 0.89 (t, J = 6.9 Hz, 3H, (CH2)11CH3), 1.2-1.35 (m,

18H, (CH2)9CH3), 1.38 (d, J = 6.9 Hz, 3H, CHCH3), 1.44 (m, 2H, CH2(CH2)9CH3), 3.22 (m, 2H,

NHCH2(CH2)10CH3), 4.15-4.3 (m, 2H, CHCH3, fluorenyl CH), 4.37 (d, J = 6.9 Hz, 2H, CO2CH2), 5.63 (d,

J = 7.2 Hz, 1H, NH), 6.30 (bs, 1H, NH), 7.29 (t, J = 7.5 Hz, 2H, aromatic H), 7.39 (t, J = 7.5 Hz, 2H, aro-

matic H), 7.57 (d, J = 7.2 Hz, 2H, aromatic H), 7.75 (d, J = 7.5 Hz, 2H, aromatic H). 13C NMR (75.49 MHz,

CDCl3): δ = 14.1 ((CH2)11CH3), 18.9 (CHCH3), 22.7, 26.9, 29.3, 29.4, 29.5, 29.6, 29.7, 31.9 (10 CH2), 39.6

(NHCH2(CH2)10CH3), 47.1 (fluorenyl CH), 50.6 (CHCH3), 67.1 (CO2CH2), 120.0, 125.0, 127.1, 127.8,

141.3, 143.8 (aromatic C), 156.1 (carbamate C=O), 172.2 (amide C=O). Anal. calcd for C30H42N2O3: C,

75.28%; H, 8.84%; N, 5.85%; found: C, 75.15%; H, 8.84%; N, 5.93%. HRMS (EI): calcd for C30H42N2O3:

([M]+) 478.3190; found: 478.3200. Rf: 0.75 (CH2Cl2/MeOH 10:1). m. p.: 136-137 ◦C.

L-Alanine Dodecylamide 129. Following general procedure C, 128 (5.63 g, 12.17 mmol) was dis-

solved in CHCl3 (40 mL), and piperidine (8 mL, 81 mmol) was added. The solvents were removed

in vacuo and the crude material was purified by column chromatography (silica gel, CH2Cl2/MeOH

24:1). 129 (2.82 g, 90%) was obtained as a colorless solid material.

1H NMR (300.23 MHz, CDCl3): δ = 0.85 (t, J = 6.9 Hz, 3H, (CH2)11CH3), 1.15-1.35 (m, 18H,

(CH2)9CH3), 1.30 (d, J = 6.9 Hz, 3H, CHCH3), 1.48 (m, 2H, CH2(CH2)9CH3), 1.95 (bs, 2H, NH2), 3.20 (q,

J = 6.6 Hz, 2H, NHCH2(CH2)10CH3), 3.44 (m, 1H, CHCH3), 7.29 (bs, 1H, NH). 13C NMR (75.49 MHz,

CDCl3): δ = 14.1 ((CH2)11CH3), 21.7 (CHCH3), 22.6, 26.9, 29.3, 29.5, 29.5, 29.6, 31.9 (10 CH2), 39.1

(NHCH2(CH2)10CH3), 50.7 (CHCH3), 175.7 (amide C=O). HRMS (EI): calcd for C15H32N2O: ([M]+)

256.2509; found: 256.2507. Rf: 0.2 (CH2Cl2/MeOH 10:1). m. p.: 54-55 ◦C.

N-(5-Trimethylsilylpenta-2,4-diynyl-1-oxycarbonyl)-L-alanyl]-L-alanine Dodecylamide

130. Following general procedure D, 129 (0.148 g, 0.58 mmol) and 87 (0.15 g, 0.56 mmol) were
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dissolved in a mixture of dry CH2Cl2 (30 mL) and dry DMF (5 mL). DIEA (0.30 g, 2.32 mmol) and

PyBOP (1.06 g, 2.04 mmol) were added, and the solution was stirred at room temperature over night.

The next day, the solvents were removed in vacuo. The crude material was dissolved in a 1:1 mixture

of THF (5 mL) and MeOH (5 mL), and purified by precipitation in water (120 mL). The precipitate was

filtered off and dried in HV. 130 (0.24 g, 84%) was obtained as a slightly brown material.

1H NMR (300.23 MHz, CDCl3): δ = 0.19 (s, 9H, Si(CH3)3), 0.88 (t, J = 6.6 Hz, 3H, (CH2)11CH3), 1.25

(bs, 18H, (CH2)9CH3), 1.38 (d, J = 6.9 Hz, 6H, 2 CHCH3), 1.50 (m, 2H, CH2(CH2)9CH3), 3.24 (m, 2H,

NHCH2(CH2)10CH3), 4.26 (m, 1H, CHCH3), 4.44 (m, 1H, CHCH3), 4.74 (s, 2H, NHCO2CH2), 5.55 (d,

J = 7.5 Hz, 1H, NH), 6.27 (m, 1H, NH), 6.78 (d, J = 7.2 Hz, 1H, NH). 13C NMR (75.49 MHz, CDCl3):

δ = 0.5 (Si(CH3)3), 14.1 ((CH2)11CH3), 18.6, 19.0 (2 CHCH3), 22.7, 26.9, 29.3, 29.3, 29.4, 29.6, 29.6,

31.9 (10 CH2), 39.7 (NHCH2(CH2)10CH3), 49.0, 50.8 (2 CHCH3), 53.1 (NHCO2CH2), 71.4, 71.7, 86.9,

88.2 (diacetylene C), 155.0 (carbamate C=O), 171.8 (amide C=O) 172.0 (amide C=O). Anal. calcd for

C27H47N3O4Si: C, 64.12%; H, 9.37%; N, 8.31%; found: C, 64.16%; H, 9.22%; N, 8.59%. HRMS (MALDI):

calcd for C27H47N3O4SiNa: ([M+Na]+) 528.3234; found: 528.3228. Rf: 0.6 (CH2Cl2/MeOH 10:1).

N-{6-[N ’(4-Methoxysuccinyl)amido]hexa-2,4-diynyl-1-oxycarbonyl}-L-alanyl-L-alanine

Dodecylamide 131. Following general procedure D, 129 (0.23 g, 0.88 mmol) and 71 (0.30 g,

0.88 mmol) were dissolved in a mixture of dry CH2Cl2 (30 mL) and dry DMF (5 mL). DIEA (0.46 g,

3.56 mmol) and PyBOP (0.50 g, 0.96 mmol) were added, and the solution was stirred at room temper-

ature over night. The next day, the solvents were removed in vacuo. The crude material was dissolved

in a 1:1 mixture of THF (10 mL) and MeOH (10 mL), and purified by precipitation in water (120 mL).

The precipitate was filtered off and dried in HV. 131 (0.36 g, 65%) was obtained as a slightly brown

solid material.

1H NMR (300.23 MHz, DMSO-D6): δ = 0.86 (t, J = 6.9 Hz, 3H, (CH2)11CH3), 1.1-1.5 (m, 26H,

(CH2)10CH3, 2 CHCH3), 2.39 (t, J = 6.3 Hz, 2H, NH(C)OCH2), 2.52 (t, J = 6.6 Hz, 2H, CH2CO2CH3),

3.03 (m, 2H, NHCH2(CH2)10CH3), 4.00 (d, J = 5.1 Hz, 2H, CH2NH), 4.05 (m, 1H, CHCH3), 4.21 (m, 1H,

CHCH3), 4.74 (s, 2H, NHCO2CH2), 7.61 (d, J = 7.2 Hz, 1H, NH), 7.74 (m, 1H, NH), 7.93 (d, J = 7.8 Hz, 1H,

NH), 8.43 (t, J = 5.4 Hz, 1H, NH). HRMS (MALDI): calcd for C30H49N4O7: ([M+H]+) 577.3595; found:

577.3588. Rf: 0.3 (CH2Cl2/MeOH 10:1).

N-{6-[N ’-(9-Fluorenylmethyloxycarbonyl-L-alanyl)amido]hexa-2,4-diynyl-1-

oxycarbonyl}-L-alanyl-L-alanine Dodecylamide 132. Following general procedure D, 129

(0.186 g, 0.73 mmol) and 79 (0.37 g, 0.72 mmol) were dissolved in a mixture of dry CH2Cl2 (30 mL)

and dry DMF (5 mL). DIEA (0.37 g, 2.86 mmol) and PyBOP (0.39 g, 0.76 mmol) were added, and the
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solution was stirred at room temperature over night. The next day, the solvents were removed in

vacuo. The crude material was dissolved in a 1:1 mixture of THF (10 mL) and MeOH (10 mL), and

purified by precipitation in water (120 mL). The precipitate was filtered off and dried in HV. 132

(0.43 g, 78%) was obtained as a slightly brown solid material.

1H NMR (300.23 MHz, DMSO-D6): δ = 0.82 (t, J = 6.9 Hz, 3H, (CH2)11CH3), 1.1-1.5 (m, 29H,

(CH2)10CH3, 3 CHCH3), 3.15 (m, 2H, NHCH2(CH2)10CH3), 4.03 (s, 2H, CH2NH), 4.1-4.2 (m, 3H, 2

CHCH3, fluorenyl CH), 4.2-4.4 (m, 3H, CHCH3, Fmoc-CO2CH2), 4.65 (s, 2H, CO2CH2C≡C), 7.26 (t,

J = 7.2 Hz, 2H, aromatic H), 7.35 (t, J = 7.2 Hz, 2H, aromatic H), 7.5-7.8 (m, 3H, 3 NH), 7.74 (m, 2H,

aromatic H), 7.85-7.95 (m, 3H, 2 aromatic H, NH), 8.42 (m, 1H, NH). HRMS (MALDI): calcd for

C43H57N5O7Na: ([M+Na]+) 778.4156; found: 778.4150. Rf: 0.4 (CH2Cl2/MeOH 10:1).

Hexa-2,4-diynylene-1,6-bis(oxycarbonyl-L-alanyl-L-alanine Dodecylamide) 133. Follow-

ing general procedure D, 129 (0.513 g, 2 mmol) and 66 (0.34 g, 1 mmol) were dissolved in a mixture

of dry CH2Cl2 (50 mL) and dry DMF (5 mL). DIEA (0.65 g, 5 mmol) and PyBOP (1.06 g, 2.04 mmol)

were added, and the solution was stirred at room temperature over night. The next day, the solvents

were removed in vacuo. The crude material was dissolved in a 1:1 mixture of THF (10 mL) and MeOH

(10 mL), and purified by precipitation in water (200 mL). The precipitate was filtered off and dried in

HV. 133 (0.67 g, 82%) was obtained as a colorless solid material.

1H NMR (300.23 MHz, DMSO-D6): δ = 0.83 (t, J = 6.9 Hz, 6H, 2 (CH2)11CH3), 1.1-1.5 (m, 52H,

2 (CH2)10CH3, 4 CHCH3), 3.00 (m, 4H, 2 NHCH2(CH2)10CH3), 4.02 (m, 2H, 2 CHCH3), 4.18 (m, 2H, 2

CHCH3), 4.74 (s, 4H, 2 NHCO2CH2), 7.60 (d, J = 7.5 Hz, 2H, 2 NH), 7.71 (m, 2H, 2 NH), 7.90 (d, J = 7.5 Hz,

2H, 2 NH). HRMS (MALDI): calcd for C44H76N6O8Na: ([M+Na]+) 839.5617; found: 839.5618. Rf: 0.4

(CH2Cl2/MeOH 10:1).

N-(Penta-2,4-diynyl-1-oxycarbonyl)-L-alanyl-L-alanine Dodecylamide 134. The TMS

protected derivative 130 (0.10 g, 0.22 mmol) was dissolved in a mixture of MeOH (10 mL), EtOH

(20 mL) and H2O (2 mL). AgNO3 (0.044 g, 0.26 mmol) was added, and the reaction was monitored

by thin layer chromatography. After 90 min, all starting material (Rf: 0.6 in CH2Cl2/MeOH 10:1) was

transformed into the silver acetylide (Rf: 0 in CH2Cl2/MeOH 10:1), and KI (0.050 g, 0.30 mmol) was

added to the solution. The reaction mixture was stirred over night, and a fine yellow precipitate of

AgI formed. The solvents were removed in vacuo, the crude material was taken up in CHCl3, and

the AgI was filtered off. The material was dried and purified by column chromatography (silica

gel, CHCl3/MeOH 24:1). 134 (0.077 g, 91%) was obtained as a slightly yellow, light-sensitive solid

material.
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1H NMR (300.23 MHz, DMSO-D6): δ = 0.91 (t, J = 6.9 Hz, 3H, (CH2)11CH3), 1.2-1.6 (m, 26H,

(CH2)10CH3, CHCH3), 3.26 (m, 2H, NHCH2(CH2)10CH3), 4.26 (m, 1H, CHCH3), 4.45 (m, 1H, CHCH3),

4.77 (s, 2H, NHCO2CH2), 5.50 (bs, 1H, NH), 6.17 (bs, 1H, NH), 6.68 (bs, 1H, NH). HRMS (MALDI):

calcd for C24H39N3O4Na ([M+Na]+) 456.2838; found: 456.2833. Rf: 0.6 (CH2Cl2/MeOH 10:1).

N-Propargyloxycarbonyl-[1-13C]-alanine 135. The 13C-labeled propargyl carbamate func-

tionalized L-alanine derivative 135 was synthesized according to the protocol used for the unlabeled

derivative 47. Thus, 13C-labeled L-alanine was treated with propargyl chloroformate in 1N NaOH

solution. After workup, the product (0.42 g, 44%) was obtained as a slightly yellow oil.

The analytics are equivalent to the non-labeled compound 47. HRMS (MALDI): calcd for

13C1C6H9NO4: ([M]+) 172.0560; found 172.0559.

hPI10-NH-Ala3-[1-13C]-Ala-C(O)O-CH2-C≡C-C-H 136. Following general procedure E, 135

(0.034 g, 0.20 mmol) was dissolved in a mixture of dry DMF (2 mL) and dry CH2Cl2 (10 mL). HOBt

(0.036 g, 0.27 mmol) and EDCI (0.047 g, 0.25 mmol) were added to form the active ester intermedi-

ate. A second solution containing 45 (0.11 g, 0.107 mmol) and TEA (0.53 g, 5.2 mmol) in dry CH2Cl2

(50 mL) was prepared, and both solutions were combined. The next day, the solution was washed

twice with sat. NaHCO3 solution and once with sat. NaCl solution. The combined organic phases

were dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified by col-

umn chromatography (silica gel, CH2Cl2/MeOH 10:1). 136 (0.085 g, 67%) was obtained as a colorless

amorphous solid.

The analytics are equivalent to the non-labeled compound 91 except for: HRMS (MALDI): calcd

for 13C1C67H129N5O6Na: ([M+Na]+) 1135.987; found 1136.002.

hPI10-NH-Ala3-[1-13C]-Ala-C(O)O-CH2-C≡C-C≡C-CH2NHAc 137. Following general proce-

dure A, 136 (0.072 g, 0.06 mmol), 50 (0.136 g, 0.61 mmol) and the catalysts were dissolved in a mixture

of dry CH2Cl2 (20 mL) and dry THF (20 mL). Some drops of MeOH were added in order to obtain a

clear solution. The solution was stirred over night and diluted with CHCl3 (100 mL). The solution was

washed with sat. NaHCO3 solution and sat. NaCl solution. The combined organic phases were dried

over MgSO4, filtered, and concentrated in vacuo. The crude product was purified by repeated column

chromatography (silica gel, CH2Cl2/MeOH 20:1). 137 (0.039 g, 50%) was obtained as a brownish solid.

The analytics are equivalent to the non-labeled compound 92 except for: HRMS (MALDI): calcd

for 13C1C72H134N6O7Na: ([M+Na]+) 1231.025; found 1230.925.
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[15N]-(9-Fluorenylmethyloxycarbonyl)-L-alanyl-L-alanine tert-Butyl Ester 138. Follow-

ing general procedure D, 15N-(9-fluorenylmethyloxycarbonyl)-L-alanine (0.50 g, 1.6 mmol) and L-

alanine tert-butyl ester hydrochloride (0.29 g, 1.6 mmol) were dissolved in a mixture of dry CH2Cl2

(150 mL) and dry DMF (50 mL). DIEA (0.63 g, 4.8 mmol) and PyBOP (0.89 g, 1.68 mmol) were added,

and the reaction was stirred at room temperature over night. The solution was washed twice with 1M

HCl and once with sat. NaCl solution. The combined organic phases were dried over MgSO4, filtered,

and concentrated in vacuo. The crude material was purified by column chromatography (silica gel,

CH2Cl2/MeOH 25:1). 138 (0.58 g, 83%) was obtained as a colorless solid.

The analytics are equivalent to the non-labeled compound 35 except for: HRMS (MALDI): calcd

for C25H30
15N1NO5Na: ([M+Na]+) 462.2017; found 462.2017.

[15N]-(9-Fluorenylmethyloxycarbonyl)-L-alanyl-L-alanine 139. Following general proce-

dure B, 138 (0.5 g, 0.44 mmol) was dissolved in dry CH2Cl2 (10 mL), a large excess of TFA was added,

and the solution was stirred for 5 h. 139 (0.43 g, 99%) was obtained as a slightly brown solid material.

The analytics are equivalent to the non-labeled compound 36 except for: HRMS (MALDI): calcd

for C21H22
15N1NO5Na: ([M+Na]+) 406.1391; found 406.1383.

hPI10-NH-Ala2-[15N]-Ala-Fmoc 140. Following general procedure E, 139 (0.43 g, 1.13 mmol) was

dissolved in a mixture of dry DMF (10 mL) and dry CH2Cl2 (10 mL). HOBt (0.18 g, 1.39 mmol) and

EDCI (0.41 g, 2.14 mmol) were added to form the active ester intermediate. A second solution con-

taining 43 (0.80 g, 0.9 mmol) and TEA (0.6 g, 5.9 mmol) in dry CH2Cl2 (100 mL) was prepared, and

both solutions were combined. The next day, the solution was washed twice with sat. NaHCO3 solu-

tion and once with sat. NaCl solution. The combined organic phases were dried over MgSO4, filtered,

and concentrated in vacuo. TLC indicated that the product was pure and only a small amount was

purified by column chromatography (silica gel, CH2Cl2/MeOH 25:1) for analytical purposes.

The analytics are equivalent to the non-labeled compound 44 except for: HRMS (MALDI): calcd

for C81H142
15N1N3O5Na: ([M+Na]+) 1275.0848; found 000.0000.

hPI10-NH-Ala2-[15N]-Ala-H 141. Following general procedure C, 140 (1.29 g, 1.02 mmol) was dis-

solved in CHCl3 (25 mL) and a large excess of piperidine was added. The solution was washed with

sat. NaHCO3 solution and sat. NaCl solution. The combined organic phases were dried over MgSO4,

filtered, and concentrated in vacuo. The crude material was purified by column chromatography

(silica gel, CH2Cl2/MeOH 10:1). 141 (0.57 g, 57%) was obtained as a colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 45 except for: HRMS (MALDI): calcd

for C61H122
15N1N3O3Na: ([M+Na]+) 982.939; found 982.907.
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hPI10-NH-Ala2-[15N]-Ala-Ala-C(O)O-CH2-C≡C-C≡C-CH2NHAc 142. Following general pro-

cedure E, 68 (0.064 g, 0.24 mmol) was dissolved in a mixture of dry DMF (10 mL) and dry CH2Cl2

(18 mL). HOBt (0.041 g, 0.30 mmol) and EDCI (0.055 g, 0.29 mmol) were added to form the active ester

intermediate. A second solution containing 141 (0.118 g, 0.115 mmol) and TEA (0.75 g, 7.4 mmol) in

dry CH2Cl2 (50 mL) was prepared, and both solutions were combined. The solution was diluted with

CHCl3 (100 mL) and washed twice with sat. NaHCO3 solution and once with sat. NaCl solution. The

combined organic phases were dried over MgSO4, filtered, and concentrated in vacuo. The crude

product was purified by column chromatography (silica gel, CH2Cl2/MeOH 24:1). 142 (0.080 g, 56%)

was obtained as light-sensitive, colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 92 except for HRMS (MALDI): calcd for

C73H134
15N1N5O7Na: ([M+Na]+) 1231.018; found 1231.029.

hPI10-NH-Ala-[1-13C]-Ala-Fmoc 143. Following general procedure E, [1-13C]-labeled Fmoc-L-

alanine (0.16 g, 0.51 mmol) was dissolved in a mixture of dry DMF (2 mL) and dry CH2Cl2 (10 mL).

HOBt (0.1 g, 0.74 mmol) and EDCI (0.16 g, 0.83 mmol) were added to form the active ester interme-

diate. A second solution containing 43 (0.45 g, 0.51 mmol) and TEA (0.26 g, 2.6 mmol) in dry CH2Cl2

(100 mL) was prepared, and both solutions were combined. The solution was washed twice with 1M

HCl and once with sat. NaCl solution. The combined organic phases were dried over MgSO4, filtered,

and concentrated in vacuo. The crude material was purified by column chromatography (silica gel,

CH2Cl2/MeOH 49:1). 143 (0.381 g, 66%) was obtained as an amorphous solid.

1H NMR (300.23 MHz, CDCl3): δ = 0.6-1.8 (m, 128H, aliphatic H, 2 CHCH3), 3.1-3.3 (m, 2H,

CH2NHR), 4.1-4.3 (m, 2H, fluorenyl CH, CHCH3), 4.4-4.5 (m, 3H, Fmoc-NHCO2CH2, CHCH3), 5.4 (m,

1H, carbamate NH), 6.25 (m, 1H, amide NH), 6.72 (m, 1H, amide NH), 7.28 (t, J = 7.5 Hz, 2H, aromatic

H), 7.40 (t, J = 7.5 Hz, 2H, aromatic H), 7.58 (d, J = 7.5 Hz, 2H, aromatic H), 7.76 (d, J = 7.5 Hz, 2H,

aromatic H). HRMS (MALDI): calcd for 13C1C77H137N3O4Na: ([M+Na]+) 1204.0540; found 1202.08.

Rf: 0.8 (CH2Cl2/MeOH 10:1).

hPI10-NH-Ala-[1-13C]-Ala-H 144. Following general procedure C, 143 (0.37 g, 0.31 mmol) was

dissolved in CHCl3 (15 mL) and a large excess of piperidine was added. The solvents were removed

in vacuo, and the crude product was purified by column chromatography (silica gel, CH2Cl2/MeOH

15:1). 144 (0.25 g, 83%) was obtained as a colorless amorphous solid.

1H NMR (300.23 MHz, CDCl3): δ = 0.6-1.8 (m, 138H, aliphatic H, 2 CHCH3), 3.1-3.4 (m, 3H,

CH2NHR, CHCH3), 4.33 (m, 1H, CHCH3), 5.8 (br s, 1H, amide NH), 6.5 (br s, 1H, amide NH). HRMS

(MALDI): calcd for 13C1C62H127N3O2Na: ([M+Na]+) 981.97; found 981.90. Rf: 0.2 (CH2Cl2/MeOH

10:1).
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hPI10-NH-Ala-[1-13C]-Ala-[15N]-Ala-Fmoc 145. Following general procedure E, [15N]-labeled

N-(9-fluorenylmethyloxycarbonyl)-L-alanine (0.090 g, 0.29 mmol) was dissolved in a mixture of dry

DMF (1 mL) and dry CH2Cl2 (10 mL). HOBt (0.051 g, 0.38 mmol) and EDCI (0.094 g, 0.49 mmol) were

added to form the active ester intermediate. A second solution containing 144 (0.247 g, 0.26 mmol)

and TEA (0.15 g, 1.5 mmol) in dry CH2Cl2 (50 mL) was prepared, and both solutions were combined.

The solution was washed twice with sat. NaHCO3 solution and once with sat. NaCl solution. The

combined organic phases were dried over MgSO4, filtered, and concentrated in vacuo. The crude

material was purified twice by column chromatography (silica gel, CH2Cl2/MeOH 24:1). 145 (0.190 g,

59%) was obtained as a colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 44 except for: HRMS (MALDI): calcd

for 13C1C80H142
15N1N3O5Na: ([M+Na]+) 1276.09; found 1275.95.

hPI10-NH-Ala-[1-13C]-Ala-[15N]-Ala-H 146. Following general procedure C, 145 (0.17 g,

0.136 mmol) was dissolved in CHCl3 (15 mL) and a large excess of piperidine was added. The reac-

tion was stirred over night, the solvents were removed in vacuo, and the crude product was purified

by column chromatography (silica gel, CH2Cl2/MeOH 15:1). 146 (0.14 g, 94%) was obtained as a col-

orless amorphous solid.

The analytics are equivalent to the non-labeled compound 44 except for: HRMS (MALDI): calcd

for 13C1C65H132
15N1N3O3Na: ([M+Na]+) 1054.02; found 1053.92.

hPI10-NH-Ala-[1-13C]-Ala-[15N]-Ala-Ala-C(O)O-CH2-C≡C-C≡C-CH2NHAc 147. Following

general procedure E, 68 (0.053 g, 0.20 mmol) was dissolved in a mixture of dry DMF (3 mL) and dry

CH2Cl2 (7 mL). HOBt (0.054 g, 0.40 mmol) and EDCI (0.068 g, 0.35 mmol) were added to form the

active ester intermediate. A second solution containing 146 (0.104 g, 0.10 mmol) and TEA (0.7 g,

6.9 mmol) in dry CH2Cl2 (40 mL) was prepared, and both solutions were combined. The solution

was washed twice with sat. NaHCO3 solution and once with sat. NaCl solution. The combined or-

ganic phases were dried over MgSO4, filtered, and concentrated in vacuo. The crude material was

purified by column chromatography (silica gel, CHCl3/MeOH 24:1). 147 (0.077 g, 60%) was obtained

as a light-sensitive, colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 92 except for: HRMS (MALDI): calcd

for 13C1C67H124
15N1N5O7Na: ([M+Na]+) 1161.94; found 1161.93.

hPI10-NH-Ala-[1-13C]-Ala-[15N]-Ala-Ala-C(O)O-CH2-C≡C-C≡C-TMS 148. Following gen-

eral procedure E, 87 (0.060 g, 0.22 mmol) was dissolved in a mixture of dry DMF (3 mL) and dry CH2Cl2
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(12 mL). HOBt (0.033 g, 0.24 mmol) and EDCI (0.060 g, 0.31 mmol) were added to form the active ester

intermediate. A second solution containing 146 (0.138 g, 0.134 mmol) and TEA (0.1 g, 1.0 mmol) in dry

CH2Cl2 (100 mL) was prepared, and both solutions were combined. The solution was washed twice

with sat. NaHCO3 solution and once with sat. NaCl solution. The combined organic phases were

dried over MgSO4, filtered, and concentrated in vacuo. The crude material was purified by column

chromatography (silica gel, CHCl3/MeOH 24:1). 148 (0.162 g, 95%) was obtained as an amorphous

solid.

The analytics are equivalent to the non-labeled compound 102 except for HRMS (MALDI): calcd

for 13C1C62H117
15N1N4O6SiNa: ([M+Na]+) 1092.87; found 1092.75.

hPI10-NH-Ala-[1-13C]-Ala-[15N]-Ala-Ala-C(O)O-CH2-C≡C-C≡C-H 149. The labeled start-

ing material 148 (0.080 g, 0.063 mmol) was dissolved in a mixture of CH2Cl2 (70 mL) and THF (20 mL).

The solution was cooled to 0 ◦C, and tetrabutylammonium fluoride trihydrate (0.023 g, 0.07 mmol)

was added. The reaction mixture was stirred for 30 min, and the reaction was then quenched by

an aqueous workup. After drying of the organic phase over MgSO4 and removal of the solvent, an

amorphous solid was obtained. The crude product was purified by column chromatography (silica

gel, CHCl3/MeOH 24:1). 149 (0.071 g, 94%) was obtained as a colorless and amorphous solid.

The analytics are equivalent to the non-labeled compound 103 except for: HRMS (MALDI): calcd

for 13C1C64H119
15N1N4O6Na: ([M+Na]+) 1090.90; found 1090.83.

13C-labeled derivatives 150, 151, 152, 153, and 154. These compounds were obtained from

the Meier group and had been prepared on the solid phase using a peptide synthesizer and stan-

dard Fmoc-protected amino acid building blocks. After purification by HPLC and lyophilization, the

compounds were used in the following synthetic steps without further purification or analysis.

hPI10-NH-[1-13C]-Ala-Ala2-Fmoc 155. Following general procedure D, 150 (0.096 g,

0.211 mmol) was dissolved in a mixture of dry DMF (4 mL) and dry CH2Cl2 (18 mL). PyBOP

(0.21 g, 0.40 mmol), 41 (0.22 g, 0.27 mmol), and DIEA (0.12 g, 0.93 mmol) were added, and the reaction

mixture stirred over night. The next day, the solvents were removed in vacuo, and the crude product

was purified by column chromatography (silca gel, CH2Cl2/MeOH 24:1). 155 (0.208 g, 79%) was

obtained as a colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 44 except for: HRMS (MALDI): calcd

for 13C1C75H132N4O5Na: ([M+Na]+) 1205.01; found 1204.28.
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hPI10-NH-Ala-[1-13C]-Ala-Ala-Fmoc 156. Following general procedure D, N-(9-

fluorenylmethloxycarbonyl)-L-alanyl-[1-13C]-alanyl-L-alanine 151 (0.071 g, 0.156 mmol) was dis-

solved in a mixture of dry DMF (4 mL) and dry CH2Cl2 (18 mL). PyBOP (0.133 g, 0.256 mmol), 41

(0.15 g, 0.184 mmol), and DIEA (0.12 g, 0.93 mmol) were added, and the reaction mixture stirred

over night. The next day, the solvents were removed in vacuo, and the crude product was purified

by column chromatography (silca gel, CH2Cl2/MeOH 24:1). 156 (0.182 g, 93%) was obtained as a

colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 44 except for: HRMS (MALDI): calcd

for 13C1C75H132N4O5Na: ([M+Na]+) 1205.01; found 1204.29.

hPI10-NH-Ala2-[1-13C]-Ala-Fmoc 157. Following general procedure D, N-(9-

fluorenylmethloxycarbonyl)-[1-13C]-alanyl-L-alanyl-L-alanine 152 (0.063 g, 0.139 mmol) was

dissolved in a mixture of dry DMF (4 mL) and dry CH2Cl2 (18 mL). PyBOP (0.104 g, 0.20 mmol),

41 (0.15 g, 0.184 mmol) and DIEA (0.08 g, 0.62 mmol) were added, and the reaction mixture stirred

over night. The next day, the solvents were removed in vacuo, and the crude product was purified

by column chromatography (silca gel, CH2Cl2/MeOH 24:1). 157 (0.124 g, 71%) was obtained as a

colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 44 except for: HRMS (MALDI): calcd

for 13C1C80H142N4O5Na: ([M+Na]+) 1275.01; found 1274.37.

hPI10-NH-[1-13C]-Ala-[1-13C]-Ala-Ala-Fmoc 158. Following general procedure D, a mixture of

N-(9-fluorenylmethyloxycarbonyl)-L-alanyl-L-alanyl-L-alanine 39 (60.9 mg, 0.134 mmol, 0.66 eq) and

N-(9-fluorenylmethloxycarbonyl)-L-alanyl-[1-13C]-alanyl-[1-13C]-alanine 153 (31.0 mg, 0.068 mmol,

0.34 eq) was dissolved in a mixture of dry DMF (4 mL) and dry CH2Cl2 (18 mL). PyBOP (0.130 g,

2.50 mmol), 41 (0.20 g, 0.245 mmol, 1.22 eq) and DIEA (0.15 g, 1.16 mmol) were added, and the re-

action mixture stirred over night. The solution was washed twice with sat. NaHCO3 solution and

once with sat. NaCl solution. The combined organic phases were dried over MgSO4, filtered, and

concentrated in vacuo. The crude product was purified by column chromatography (silica gel,

CH2Cl2/MeOH 24:1). 158 (0.21 g, 85%) was obtained as a colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 44 except for: HRMS (MALDI): calcd

for 13C2C79H142N4O5Na: ([M+Na]+) 1276.09; found 1273.48.

hPI10-NH-Ala-[1-13C]-Ala-[1-13C]-Ala-Fmoc 159. Following general procedure D, a mixture of

N-(9-fluorenylmethyloxycarbonyl)-L-alanyl-L-alanyl-L-alanine 39 (50.0 mg, 0.11 mmol, 0.67 eq) and
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N-(9-fluorenylmethloxycarbonyl)-[1-13C]-alanyl-[1-13C]-alanyl-L-alanine 154 (25.0 mg, 0.055 mmol,

0.33 eq) was dissolved in a mixture of dry DMF (8 mL) and dry CH2Cl2 (25 mL). PyBOP (0.13 g,

0.25 mmol), 41 (0.20 g, 0.245 mmol, 1.22 eq), and DIEA (0.85 g, 66 mmol) were added, and the reac-

tion mixture stirred over night. The next day, the solvents were removed in vacuo, and the crude

product was purified by column chromatography (silca gel, CHCl3/MeOH 49:1). 159 (0.250 g, 100%)

was obtained as a colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 44 except for: HRMS (MALDI): calcd

for 13C2C79H142N4O5Na: ([M+Na]+) 1276.09; found 1273.34.

hPI10-NH-[1-13C]-Ala-Ala2-H 160. Following general procedure C, 158 (0.20 g, 0.16 mmol) was

dissolved in CHCl3 (25 mL) and a large excess of piperidine was added. The solvent was removed

in vacuo, and the crude product was purified by column chromatography (silica gel, CH2Cl2/MeOH

24:1). The deprotected product 160 (0.116 g, 70%) was obtained as a colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 45 except for: HRMS (MALDI): calcd

for 13C1C65H132N4O3Na: ([M+Na]+) 1053.02; found 1052.39.

hPI10-NH-Ala-[1-13C]-Ala-Ala-H 161. Following general procedure C, 156 (0.17 g, 0.136 mmol)

was dissolved in CHCl3 (25 mL) and a large excess of piperidine was added. The solvent was removed

in vacuo, and the crude product was purified by column chromatography (silica gel, CH2Cl2/MeOH

24:1). 161 (0.114 g, 81%) was obtained as a colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 45 except for: HRMS (MALDI): calcd

for 13C1C65H132N4O3Na: ([M+Na]+) 1053.0230; found 1052.33.

hPI10-NH-Ala2-[1-13C]-Ala-H 162. Following general procedure C, 157 (0.115 g, 0.092 mmol)

was dissolved in CHCl3 (25 mL) and a large excess of piperidine was added. The solvent was removed

in vacuo, and the crude product was purified by column chromatography (silica gel, CH2Cl2/MeOH

24:1). 162 (0.074 g, 78%) was obtained as a colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 45 except for: HRMS (MALDI): calcd

for 13C1C65H132N4O3Na: ([M+Na]+) 1053.0230; found 1052.34.

hPI10-NH-[1-13C]-Ala-[1-13C]-Ala-Ala-H 163. Following general procedure C, 158 (0.188 g,

0.15 mmol) was dissolved in CHCl3 (25 mL) and a large excess of piperidine was added. The solvent

was removed in vacuo, and the crude product was purified by column chromatography (silica gel,

CH2Cl2/MeOH 24:1). 163 (0.14 g, 90%) was obtained as a colorless amorphous solid.
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The analytics are equivalent to the non-labeled compound 45 except for: HRMS (MALDI): calcd

for 13C2C59H122N4O3Na: ([M+Na]+) 983.95; found 981.33.

hPI10-NH-Ala-[1-13C]-Ala-[1-13C]-Ala-H 164. Following general procedure C, 159 (0.24 g,

0.19 mmol) was dissolved in CHCl3 (25 mL) and a large excess of piperidine was added. The solvent

was removed in vacuo, and the crude product was purified by column chromatography (silica gel,

CH2Cl2/MeOH 24:1). 164 (0.198 g, 79%) was obtained as a colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 45 except for: HRMS (MALDI): calcd

for 13C2C59H122N4O3Na: ([M+Na]+) 983.95; found 981.53.

hPI10-NH-[1-13C]-Ala-Ala3-C(O)O-CH2-C≡C-C≡C-CH2NH-C(O)(CH2)2C(O)OMe 165.

Following general procedure E, 71 (0.078 g, 0.23 mmol) was dissolved in a mixture of dry DMF (4 mL)

and dry CH2Cl2 (8 mL). HOBt (0.05 g, 0.37 mmol) and EDCI (0.060 g, 0.31 mmol) were added to

form the active ester intermediate. A second solution containing 160 (0.116 g, 0.112 mmol) and

TEA (0.090 g, 0.90 mmol) in dry CH2Cl2 (50 mL) was prepared, and both solutions were combined.

The next day, the solvents were removed in vacuo, and the crude material was purified twice by

column chromatography (silca gel, CHCl3/MeOH 24:1) and 165 (0.119 g, 78%) was obtained as a

light-sensitive, colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 93 except for: HRMS (MALDI): calcd

for 13C1C80H148N6O9Na: ([M+Na]+) 1373.12; found 1372.37.

hPI10-NH-Ala-[1-13C]-Ala-Ala2-C(O)O-CH2-C≡C-C≡C-CH2NH-C(O)(CH2)2C(O)OMe 166.

Following general procedure E, 71 (0.072 g, 0.21 mmol) was dissolved in a mixture of dry DMF (4 mL)

and dry CH2Cl2 (8 mL). HOBt (0.044 g, 0.33 mmol) and EDCI (0.065 g, 0.34 mmol) were added to

form the active ester intermediate. A second solution containing 161 (0.108 g, 0.105 mmol) and TEA

(0.090 g, 0.90 mmol) in dry CH2Cl2 (50 mL) was prepared, and both solutions were combined. The

next day, the solvents were removed in vacuo, and the crude material was purified twice by col-

umn chromatography (silca gel, CHCl3/MeOH 24:1) and 166 (0.098 g, 70%) was obtained as a light-

sensitive, colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 93 except for: HRMS (MALDI): calcd

for 13C1C75H138N6O9Na: ([M+Na]+) 1303.05; found 1302.27.

hPI10-NH-Ala2-[1-13C]-Ala-Ala-C(O)O-CH2-C≡C-C≡C-CH2NH-C(O)(CH2)2C(O)OMe 167.

Following general procedure E, 71 (0.042 g, 0.12 mmol) was dissolved in a mixture of dry DMF (4 mL)
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and dry CH2Cl2 (8 mL). HOBt (0.036 g, 0.27 mmol) and EDCI (0.042 g, 0.22 mmol) were added to

form the active ester intermediate. A second solution containing 162 (0.064 g, 0.062 mmol) and TEA

(0.060 g, 0.60 mmol) in dry CH2Cl2 (50 mL) was prepared, and both solutions were combined. The

next day, the solvents were removed in vacuo, and the crude material was purified twice by col-

umn chromatography (silca gel, CHCl3/MeOH 24:1) and 167 (0.065 g, 76%) was obtained as a light-

sensitive, colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 93 except for: HRMS (MALDI): calcd

for 13C1C80H148N6O9Na: ([M+Na]+) 1373.12; found 1372.37.

hPI10-NH-[1-13C]-Ala-[1-13C]-Ala-Ala2-C(O)O-CH2-C≡C-C≡C-CH2NH-

C(O)(CH2)2C(O)OMe 168. Following general procedure E, 71 (0.105 g, 0.31 mmol) was dissolved

in a mixture of dry DMF (5 mL) and dry CH2Cl2 (10 mL). HOBt (0.048 g, 0.36 mmol) and EDCI

(0.150 g, 0.78 mmol) were added to form the active ester intermediate. A second solution containing

163 (0.12 g, 0.116 mmol) and TEA (0.13 g, 1.3 mmol) in dry CH2Cl2 (50 mL) was prepared, and both

solutions were combined. The next day, the solvents were removed in vacuo, and the crude material

was purified twice by column chromatography (silca gel, CHCl3/MeOH 24:1) and 168 (0.116 g, 74%)

was obtained as a light-sensitive, colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 93 except for: HRMS (MALDI): calcd

for 13C2C79H148N6O9Na: ([M+Na]+) 1374.13; found 1371.41.

hPI10-NH-Ala-[1-13C]-Ala-[1-13C]-Ala-Ala-C(O)O-CH2-C≡C-C≡C-CH2NH-

C(O)(CH2)2C(O)OMe 169. Following general procedure E, 71 (0.059 g, 0.17 mmol) was dissolved

in a mixture of dry DMF (4 mL) and dry CH2Cl2 (8 mL). HOBt (0.03 g, 0.22 mmol) and EDCI (0.042 g,

0.22 mmol) were added to form the active ester intermediate. A second solution containing 164

(0.090 g, 0.087 mmol) and TEA (0.056 g, 0.56 mmol) in dry CH2Cl2 (40 mL) was prepared, and both

solutions were combined. The next day, the solvents were removed in vacuo, and the crude material

was purified twice by column chromatography (silca gel, CHCl3/MeOH 24:1) and 169 (0.086 g, 73%)

was obtained as a light-sensitive, colorless amorphous solid.

The analytics are equivalent to the non-labeled compound 93 except for: HRMS (MALDI): calcd

for 13C2C79H148N6O9Na: ([M+Na]+) 1374.13; found 1371.46.

1,4-Bis(trimethylsilyl)butadiyne 170. Hexachlorobutadiene (52.15 g, 200 mmol) was added

dropwise to a solution of n-butyl lithium (800 mmol, 2.5M in hexanes) in dry THF (500 mL) at

−78 ◦C. The reaction mixture was allowed to reach room temperature and stirred for another 2 h.
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It was cooled to 0 ◦C, and trimethylsilyl chloride (43.45 g, 400 mmol) was added slowly. The reaction

was complete after 20 min at room temperature. Most of the solvent was removed in vacuo. The

black-brown residue was taken up in a large amount of CH2Cl2. The solution was washed twice

with water and once with sat. NaCl solution. The organic phase was dried over Na2SO4 filtered,

and concentrated in vacuo. The crude product was purified by recrystallization from MeOH. 1,4-

Bis(trimethylsilyl)butadiyne 170 (34.1 g, 89%) was obtained as brownish crystals.

1H NMR (300.23 MHz, CDCl3): δ = 0.17 (s, 18H, Si(CH3)3). 13C NMR (75.49 MHz, CDCl3): δ = 0.3

(Si(CH3)3), 86.0 (C≡CSi), 88.3 (C≡CSi). Anal. calcd for C10H18Si2: C, 61.78%; H, 9.33%; Si, 28.89%;

found: C, 61.78%; H, 9.54%. HRMS (EI): calcd for C10H18Si2: ([M]+) 194.0942; found: 194.0942. Rf: 0.8

(CH2Cl2). m. p.: 111-111.5 ◦C.

1-Iodo-4-(trimethylsilyl)butadiyne 171. 1,4-Bis(trimethylsilyl)butadiyne 170 (4.0 g,

20.57 mmol) was dissolved in dry Et2O (200 mL). MeLi·LiI complex (22.67 mmol, 1 M solution in

hexanes) was added via a syringe. The reaction mixture was stirred over night, cooled to −78 ◦C, and

I2 (5.22 g, 20.57 mmol) was added in one portion. The cooling bath was removed, the flask covered

with aluminum foil, and the reaction mixture was stirred for 23 h at room temperature. The solution

was washed with sat. Na2S2O3 solution and with sat. NaCl solution. The organic phase was dried

over MgSO4, filtered, and concentrated in vacuo. The dark brown crude material was purified by

sublimation (1·10−2 mbar, 30 ◦C). 171 (3.43 g, 67%) was obtained as a colorless crystalline material.

1H NMR (300.23 MHz, CDCl3): δ = 0.19 (s, 9H, Si(CH3)3). 13C NMR (75.49 MHz, CDCl3): δ = -1.1

(C≡CI), -0.4 (Si(CH3)3), 78.9, 83.2, 88.8 (diacetylene C). Anal. calcd for C7H9ISi: C, 33.88%; H, 3.66%;

I, 51.14%; Si, 11.32%; found: C, 33.91%; H, 3.71%; I, 51.05%. HRMS (EI): calcd for C6H6ISi: ([M-CH3]+)

232.9279; found: 232.9279. Rf: 0.7 (hexanes). m. p.: 37-38 ◦C.

1-Bromo-4-(trimethylsilyl)butadiyne 172. 1,4-Bis(trimethylsilyl)butadiyne 170 (2.0 g,

10.29 mmol) was dissolved in dry Et2O (80 mL). MeLi·LiBr (12.36 mmol, 1 M solution in hex-

anes) was added via a syringe. The reaction mixture was stirred over night, cooled to −78 ◦C, and Br2

(1.80 g, 11.20 mmol) was added in one portion. The cooling bath was removed, the flask covered with

aluminum foil, and the reaction mixture was stirred over 23 h at room temperature. The solution was

washed with sat. Na2S2O3 solution and with sat. NaCl solution. The organic phase was dried over

MgSO4, filtered, and concentrated in vacuo. The dark brown crude material was purified by column

chromatography (silica gel, hexanes). 172 (1.73 g, 83%) was obtained as brownish oily material that

was not perfectly pure.

1H NMR (300.23 MHz, CDCl3): δ = 0.19 (s, 9H, Si(CH3)3). 13C NMR (75.49 MHz, CDCl3): δ = -0.3

(Si(CH3)3), 40.46 (C≡CBr), 66.1, 83.6, 88.3 (diacetylene C). Rf: 0.65 (hexanes).



5 Experimental Part 224

7-(Trimethylsilyl)hepta-2,4,6-triynyl oxycarbonyl-L-alanine tert-Butyl Ester 173. Follow-

ing general procedure A, 46 (0.51 g, 2.2 mmol), 172 (0.53 g, 2.6 mmol) and the catalysts were dissolved

in dry THF (30 mL). The solution was stirred for 2.5 h and then washed with 1M HCl, sat. NH4Cl so-

lution and sat. NaCl solution. The combined organic phases were dried over MgSO4, filtered, and

concentrated in vacuo. Column chromatography (silica gel, CH2Cl2/MeOH 24:1) afforded 70 (0.39 g,

51%) as an orange oil.

1H NMR (300.23 MHz, CDCl3): δ = 0.22 (s, 9H, Si(CH3)3), 1.37 (d, J = 6.9 Hz, 3H, CHCH3), 1.46 (s,

9H, C(CH3)3), 4.23 (m, 1H, CHCH3), 4.74 (m, 2H, NHCO2CH2), 5.32 (d, J = 7.2 Hz, 1H, NH). HRMS

(EI): calcd for C16H25N2O4Si: ([M]+) 323.1547; found: 323.1546. Rf: 0.3 (CH2Cl2).

Hepta-2,4,6-triynyl-1-oxycarbonyl-L-alanine 175. Following general procedure B, 173 (0.10 g,

0.29 mmol) was dissolved in dry CH2Cl2 (10 mL), a large excess of TFA was added, and the solution was

stirred over night. 175 (0.078 g, 93%) was obtained as a brownish oil.

1H NMR (300.23 MHz, CDCl3): δ = 0.21 (s, 9H, Si(CH3)3), 1.49 (d, J = 7.2 Hz, 3H, CHCH3), 4.43 (m,

1H, CHCH3), 4.77 (s, 2H, NHCO2CH2), 5.31 (m, 1H, NH). HRMS (EI): calcd for C12H17NO4Si: ([M]+)

267.0921; found: 267.0923. Rf: 0.15 (CH2Cl2/MeOH 10:1).

hPI10-NH-Ala2-Fmoc 176. Following general procedure D, Fmoc-L-alanine (0.76 g, 2.45 mmol)

and 43 (2.0 g, 2.45 mmol) were dissolved in a mixture of dry DMF (3 mL) and dry CH2Cl2 (20 mL).

DIEA (1.27 g, 9.8 mmol) and PyBOP (1.38 g, 2.57 mmol) were added, and the reaction mixture was

stirred for 3 h at room temperature. The solution was washed twice with sat. NaHCO3 solution and

sat. NaCl solution. The organic phase was dried over MgSO4, filtered, and concentrated in vacuo. The

crude product was purified by repeated column chromatography (silica gel, 49:1). 176 (2.13 g, 78%)

was obtained as an amorphous solid.

1H NMR (300.23 MHz, CDCl3): δ = 0.6-1.8 (m, 126H, aliphatic H, 2 CHCH3), 3.1-3.3 (m, 2H,

CH2NHR), 4.1-4.3 (m, 2H, fluorenyl CH, CHCH3), 4.4-4.5 (m, 3H, Fmoc-NHCO2CH2, CHCH3), 5.3 (m,

1H, carbamate NH), 6.1 (m, 1H, amide NH), 6.52 (m, 1H, amide NH), 7.31 (t, J = 7.5 Hz, 2H, aromatic

H), 7.41 (t, J = 7.2 Hz, 2H, aromatic H), 7.58 (d, J = 7.5 Hz, 2H, aromatic H), 7.78 (d, J = 7.5 Hz, 2H,

aromatic H). HRMS (MALDI): calcd for 13C1C77H137N3O4Na: ([M+Na]+) 1204.0540; found 1202.08.

Rf: 0.8 (CH2Cl2/MeOH 10:1).

hPI10-NH-Ala2-H 177. Following general procedure C, 176 (2.11 g, 1.9 mmol) was dissolved in

CHCl3 (30 mL) and a large excess of piperidine was added. The solvents were removed in vacuo,

and the crude product was purified by column chromatography (silica gel, CH2Cl2/MeOH 24:1). 177

(1.32 g, 78%) was obtained as a colorless amorphous solid.
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1H NMR (300.23 MHz, CDCl3): δ = 0.5-2.0 (m, 200H, aliphatic H, 2 CHCH3), 3.1-3.4 (m, 3H,

CH2NHR, CHCH3), 4.5 (m, 1H, CHCH3), 8.2 (br s, 1H, amide NH). HRMS (MALDI): calcd for

13C1C62H127N3O2Na: ([M+Na]+) 981.97; found 981.90. Rf: 0.2 (CH2Cl2/MeOH 10:1).

hPI10-NH-Ala3-C(O)O-CH2-C≡C-C≡C-TMS 178. Following general procedure E, 87 (0.10 g,

0.37 mmol) was dissolved in a mixture of dry DMF (2 mL) and dry CH2Cl2 (8 mL). HOBt (0.067 g,

0.5 mmol) and EDCI (0.12 g, 0.63 mmol) were added to form the active ester intermediate. A second

solution containing 43 (0.33 g, 0.37 mmol) and TEA (0.15 g, 1.5 mmol) in dry CH2Cl2 (100 mL) was pre-

pared, and both solutions were combined. The solution was washed twice with 1M HCl and once with

sat. NaCl solution. The combined organic phases were dried over MgSO4, filtered, and concentrated

in vacuo. The crude material was purified by column chromatography (silica gel, CHCl3/MeOH 24:1).

178 (0.30 g, 70%) was obtained as an amorphous solid.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.19 (s, 9H, Si(CH3)3), 0.6-1.9 (m, 124H, aliphatic

H, 3 CHCH3), 3.2-3.4 (m, 2H, CH2NHR), 4.36 (m, 1H, CHCH3), 4.54 (m, 2H, 2 CHCH3), 4.75 (m, 2H,

NHCO2CH2), 6.0/6.7 (2 m, 1H, carbamate NH), 6.8-6.9 (m, 1H, amide NH), 7.4-7.5 (m, 1H, NH), 7.7-

7.8 (m, 1H, NH). HRMS (MALDI): calcd for C65H122N4O5SiNa: ([M+Na]+) 1089.91; found: 1089.80.

Rf: 0.5 (CH2Cl2/MeOH 10:1).

hPI10-NH-Ala3-C(O)O-CH2-C≡C-C≡C-C≡C-TMS 179. Following general procedure E, 175

(0.06 g, 0.2 mmol) was dissolved in a mixture of dry DMF (1.5 mL) and dry CH2Cl2 (7 mL). HOBt

(0.048 g, 0.35 mmol) and EDCI (0.06 g, 0.31 mmol) were added to form the active ester intermedi-

ate. A second solution containing 177 (0.18 g, 0.2 mmol) and TEA (0.12 g, 0.12 mmol) in dry CH2Cl2

(100 mL) was prepared, and both solutions were combined. The solution was washed twice with 1M

HCl and once with sat. NaCl solution. The combined organic phases were dried over MgSO4, filtered,

and concentrated in vacuo. The crude material was purified by column chromatography (silica gel,

CHCl3/MeOH 24:1). 179 (0.16 g, 66%) was obtained as an amorphous solid.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.20 (s, 1.3H, Si(CH3)3), 0.6-1.9 (m, 128H, aliphatic H,

3 CHCH3), 2.17 (s, 0.5H, triacetylene H), 3.2-3.4 (m, 2H, CH2NHR), 4.3-4.4 (m, 1H, CHCH3), 4.54 (m,

2H, 2 CHCH3), 4.75 (m, 2H, NHCO2CH2), 6.0/6.7 (2 m, 1H, carbamate NH), 6.8-6.9 (m, 1H, amide NH),

7.4-7.5 (m, 1H, NH), 7.7-7.8 (m, 1H, NH). HRMS (MALDI): calcd for C62H112N4O5SiNa: ([M+Na]+)

1043.83; found: 1041.83. Rf: 0.5 (CH2Cl2/MeOH 10:1).

hPI10-NH-Ala3-C(O)O-CH2-C≡C-C≡C-H 180. The starting material 178 (0.25 g, 0.22 mmol)

was dissolved in a mixture of CHCl3 (20 mL), MeOH (20 mL), EtOH (3 mL) and water (3 drops). AgOTf
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(0.068 g, 0.26 mmol) was added, and the increasingly turbid solution was stirred for 30 min. TLC

indicated a complete formation of the silver acetylide (Rf:0), and KI (0.15 g, 0.9 mmol) was added.

The solution was stirred for 4 h, all solvents were removed, and the crude material was purified by

column chromatography (CHCl3/MeOH 24:1). 180 (0.146 g, 62%) was obtained as a slightly yellow,

amorphous material.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.6-1.9 (m, 113H, aliphatic H, 3 CHCH3), 2.22 (s,

0.54H, diacetylene H), 3.2-3.4 (m, 2H, CH2NHR), 4.3-4.4 (m, 1H, CHCH3), 4.54 (m, 2H, 2 CHCH3),

4.75 (m, 2H, NHCO2CH2), 6.0/6.7 (2 m, 1H, carbamate NH), 6.8-6.9 (m, 1H, amide NH), 7.4-7.5 (m,

1H, NH), 7.7-7.8 (m, 1H, NH). HRMS (MALDI): calcd for C62H114N4O5Na: ([M+Na]+) 1017.87; found:

1017.76. Rf: 0.5 (CH2Cl2/MeOH 10:1).

hPI10-NH-Ala3-C(O)O-CH2-C≡C-C≡C-C≡C-H 181. The starting material 179 (0.15 g,

0.14 mmol) was dissolved in a mixture of CHCl3 (20 mL), MeOH (20 mL), EtOH (3 mL) and wa-

ter (3 drops). AgOTf (0.05 g, 0.19 mmol) was added, and the increasingly turbid solution was

stirred for 30 min. TLC indicated a complete formation of the silver acetylide (Rf:0), and KI (0.04 g,

0.24 mmol) was added. The solution was stirred for 4 h, all solvents were removed, and the crude ma-

terial was purified by column chromatography (CHCl3/MeOH 24:1). 181 (0.12 g, 88%) was obtained

as a brownish, amorphous material.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.6-1.9 (m, 130H, aliphatic H, 3 CHCH3), 2.17 (s,

0.3H, triacetylene H), 3.2-3.4 (m, 2H, CH2NHR), 4.3-4.4 (m, 1H, CHCH3), 4.54 (m, 2H, 2 CHCH3), 4.75

(m, 2H, NHCO2CH2), 6.0/6.7 (2 m, 1H, carbamate NH), 6.8-6.9 (m, 1H, amide NH), 7.4-7.5 (m, 1H,

NH), 7.7-7.8 (m, 1H, NH). Rf: 0.5 (CH2Cl2/MeOH 10:1).

(hPI10-NH-Ala3-C(O)O-CH2-C≡C-C≡C-)2 182. The terminal diacetylene 180 (0.13 g,

0.11 mmol) was dissolved in CH2Cl2 (30 mL). The Hay catalyst was prepared in a second flask

containing CH2Cl2 (20 mL), CuCl (11.3 mg, 0.11 mmol), and TMEDA (0.03 g, 0.22 mmol). The super-

natant of the catalyst solution was added to the reaction mixture and the green solution was stirred

for 4 d. The solution was filtered through a silica-gel plug, the obtained crude material was purified

by column chromatography (CHCl3/MeOH 24:1) twice, and the still greenish solution in CHCl3 was

washed with sat. NH4Cl solution as well as cyanide solutions to remove residual copper. 182 (0.095 g,

73%) was obtained as a slightly greenish amorphous material.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.6-1.9 (m, 276H, aliphatic H, 6 CHCH3), 3.2-3.4

(m, 4H, 2 CH2NHR), 4.3-4.4 (m, 1H, CHCH3), 4.5-4.7 (m, 4H, 4 CHCH3), 4.7-4.9 (m, 3H, NHCO2CH2),

6.0/6.7 (2 m, 2H, 2 carbamate NH), 6.8-6.9 (m, 1H, amide NH), 7.4-7.5 (m, 1H, NH), 7.6 (m, 1H, NH),
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7.7-7.8 (m, 2H, NH). HRMS (MALDI): calcd for C124H226N8O10Na: ([M+Na]+) 2010.73; found: 2010.72.

Rf: 0.4 (CH2Cl2/MeOH 10:1).

(hPI10-NH-Ala3-C(O)O-CH2-C≡C-C≡C-C≡C-)2 183. The terminal triacetylene 181 (0.067 g,

0.05 mmol) was dissolved in CH2Cl2 (15 mL). The Hay catalyst was prepared in a second flask con-

taining CH2Cl2 (10 mL), CuCl (6 mg, 0.05 mmol), and TMEDA (0.02 g, 0.14 mmol). The supernatant

of the catalyst solution was added to the reaction mixture and the green/brown solution was stirred

for 4 d. The solution was filtered through a silica-gel plug, the obtained crude material was puri-

fied by column chromatography (CHCl3/MeOH 24:1) twice to obtain 183 (0.055 g, 82%) as a brown

amorphous material.

1H NMR (300.23 MHz, CDCl3 / TFA 50:1): δ = 0.6-1.9 (m, 259H, aliphatic H, 6 CHCH3), 3.2-3.4

(m, 4H, 2 CH2NHR), 4.3-4.4 (m, 1H, CHCH3), 4.5-4.7 (m, 4H, 4 CHCH3), 4.7-4.9 (m, 2H, NHCO2CH2),

6.0/6.7 (2 m, 2H, 2 carbamate NH), 6.8-6.9 (m, 1H, amide NH), 7.4-7.5 (m, 1H, NH), 7.6 (m, 1H, NH),

7.7-7.8 (m, 2H, NH). HRMS (MALDI): calcd for C128H226N8O10Na: ([M+Na]+) 2058.73; found: 2058.75.

Rf: 0.4 (CH2Cl2/MeOH 10:1).
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1H NMR of 38
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1H NMR of 40
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1H NMR of 41
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1H NMR of 42
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1H NMR of 43
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1H NMR of 45
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1H NMR of 49
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1H NMR of 51
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1H NMR of 55
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1H NMR of 58 I
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1H NMR of 61 I TMS
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1H NMR of 62
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1H NMR of 66 O H
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1H NMR of 68
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1H NMR of 74
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1H NMR of 76
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1H NMR of 82
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1H NMR of 83 O H
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1H NMR of 84 O H
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1H NMR of 85
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1H NMR of 86 O H
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1H NMR of 87
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1H NMR of 91
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1H NMR of 92
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1H NMR of 93
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1H NMR of 94
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MALDI-TOF MS of 95
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MALDI-TOF MS of 96
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MALDI-TOF MS of 97
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MALDI-TOF MS of 98
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MALDI-TOF MS of 99
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MALDI-TOF MS of 101
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MALDI-TOF MS of 102
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MALDI-TOF MS of 103
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13C NMR of 106
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13C NMR of 107
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13C NMR of 108
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MALDI-TOF MS of 109
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1H NMR of 112
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1H NMR of 114
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1H NMR of 116
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1H NMR of 120
N
H

x y

H
N

O

N
HO

H
N O

O

O

2
x + y = 21

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

0.0
99

0.8
34

0.9
75

1.0
16

1.2
35

1.2
84

1.4
25

1.4
44

1.4
66

1.4
98

1.6
50

1.7
03

1.7
79

3.7
90

4.5
23

4.6
62

4.7
20

4.7
76

7.2
90

26
04

.344.0
0

3.0
1

2.8
2

6.1
9

27
.342.1

6

0.9
8

1H NMR of 121

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

0.0
98

0.8
33

0.9
79

1.0
12

1.2
84

1.4
42

1.4
97

1.6
43

1.7
03

1.7
71

2.1
29

2.9
15

2.9
88

3.2
47

3.2
70

3.6
76

3.7
89

4.3
86

4.5
11

4.6
60

4.7
17

4.7
25

4.7
70

6.2
57

6.9
39

7.2
90

7.6
36

8.0
51

26
19

.394.0
0

1.2
5

1.4
5

10
.04

28
.88

N
H

x y

H
N

O

N
H

H
N

O

O

N
HO

O

O

2

x + y = 21



7 Spectra Appendix 312

1H NMR of 122
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1H NMR of 124
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1H NMR of 125 H
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1H NMR of 126
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1H NMR of 128
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1H NMR of 129 H
N

NH2

O

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 ppm

0.8
30

0.8
53

0.8
75

1.2
32

1.2
59

1.2
77

1.2
86

1.3
09

1.4
54

1.4
77

1.4
99

1.9
50

3.1
65

3.1
88

3.2
10

3.2
32

3.4
21

3.4
43

3.4
66

7.2
89

3.0
0

22
.262.4

0

3.3
6

2.1
6

1.8
3

1.0
2

13C NMR of 129

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

14
.05

5
21

.73
8

22
.63

3
26

.90
2

29
.27

6
29

.50
9

29
.54

5
29

.58
4

31
.86

7
39

.05
9

50
.71

3

76
.66

4
77

.08
9

77
.51

3

17
5.6

62

H
N

NH2

O



7 Spectra Appendix 318

1H NMR of 130
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1H NMR of 131

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

0.8
12

0.8
35

0.8
56

1.1
52

1.1
75

1.2
16

1.3
25

1.3
47

2.3
34

2.3
56

2.3
77

2.4
77

2.4
82

2.4
88

2.9
77

3.0
01

3.0
24

3.3
05

3.5
53

3.9
65

3.9
83

4.0
15

4.1
78

4.7
12

5.7
35

7.5
71

7.5
97

7.7
10

7.8
88

7.9
13

8.3
92

4.0
0

33
.782.2

6

2.4
4

2.8
6

2.9
8

0.9
8

1.9
5

0.9
9

1.1
0

1.0
5

1.0
0

H
N

N
HO

O H
N O

O

H
N

O
O

O

1H NMR of 132

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

0.7
99

0.8
22

0.8
43

1.1
93

1.2
76

1.2
95

1.3
18

1.4
12

1.4
34

2.9
03

3.1
10

3.1
28

3.1
52

3.3
30

3.3
36

3.3
41

3.5
98

4.0
28

4.0
96

4.1
20

4.1
38

4.1
60

4.1
82

4.2
85

4.3
09

4.3
44

4.3
67

4.6
40

4.6
59

7.2
44

7.2
59

7.2
90

7.2
93

7.3
30

7.3
54

7.3
78

7.5
34

7.5
59

7.7
03

7.7
28

4.1
3

33
.212.2

7

2.1
5

2.3
1

2.9
8

3.2
3

2.0
0

5.4
4

2.1
8

2.3
1

2.0
6

H
N

N
HO

O H
N O

O

O
H
N

O



7 Spectra Appendix 320

1H NMR of 133
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1H NMR of 170 TMS TMS
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1H NMR of 171 I TMS
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1H NMR of 172
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1H NMR of 173
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1H NMR of 176
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1H NMR of 178
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1H NMR of 183
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