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Design and synthesis of site-selective and supramolecular mechanophores 

Abstract 

Polymer mechanochemistry is defined as the destructive or constructive coupling between 

mechanical load and chemical reactivity. An example of a destructive case is a conventional 

material's irreversible failure due to stretching or shearing. In contrast, mechanoresponsive 

materials can convert stress into useful chemical reactions such as stress-triggered ring-

opening reactions. Early constructive examples include gem-dichlorocyclopropane (gDCC)- 

and spiropyran-based polymers towards olefin and merocyanine formation via a ring-opening 

mechanism under force conditions. This work aims to introduce nature’s concepts like 

allostery and supramolecular chemistry using complex mechanophores into the service of 

polymer science, which led to the study of new chemistry at the interface of the two fields. 

 

This dissertation focuses on three distinct areas of study, the first part devoted to synthetic 

methods of novel mechanophore formation with allosteric properties. Synthesis of an 

allosteric stiff-stilbene containing macrocycle was achieved via McMurry coupling of two 

indanone units, followed by successful ring-closure metathesis using a combination of 

second-generation Grubbs catalyst and cesium chloride (CsCl). 

 

The second part of this work describes the preparation of foldamers as potent supramolecular 

mechanophores. As a result, a series of aromatic oligomers with 3, 7, and 15 aromatic units 

were prepared using a doubling segment strategy, which involved chelidamic acid and 2,6-

diaminopyridine. An essential double-helical 15-mer moiety exhibited desirable robust 

properties at extreme conditions such as elevated temperatures, dilute conditions, and polar 

organic solvents. 
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The final part describes the attempts to polymerize the allosteric mechanophore via ring-

opening metathesis polymerization under typical conditions (Grubbs II 1 mol%, 1 M, DCM, 

RT) and prepare supramolecular polymers via end-derivatization of model foldamer with 

carboxylic acid terminated polystyrene. 
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Abbreviations 

AFM  atomic force microscopy 

AOA  aromatic oligoamide 

ATP  adenosine triphosphate 

aq   aqueous  

Ar   aryl 

Boc  tert-butyloxycarbonyl 

bp   boiling point 

br   broad (spectral) 

Bu   butyl 

°C   degrees Celsius 

calcd   calculated 

cat   catalytic, catalyst 

Cbz  carboxybenzyl 

cm   centimeter(s) 

cm-1  wavenumber(s) 

co-ROMP co-ring-opening metathesis polymerization 

d  doublet 

DCC  N,Nʹ-dicyclohexylcarbodiimide 

DCM  dichloromethane 

DMF  dimethylformamide 

DMSO  dimethyl sulfoxide 

DNA  deoxyribonucleic acid 
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eq   equivalent 

ESI   electrospray ionization  

EDC  1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 

EOR  end-of-run 

ERO  electrocyclic ring opening 

gDCC  gem-dichlorocyclopropane 

gDXC  gem-dihalocyclopropane 

h  hour 

HRMS  high resolution mass spectrometry 

Hz   hertz 

IR   infrared  

J    coupling constant (in NMR spectrometry)  

LAH  lithium aluminium hydride 

m   multiplet (spectral) 

M   molar (moles per liter) 

Me   methyl 

MeCN   acetonitrile 

MHz   megahertz 

min   minute(s) 

mol   mole(s) 

mmol   millimole(s) 

mp   melting point 

MS   mass spectrometry, molecular sieves  

m/z   mass-to-charge ratio 
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Napy  2,7-diamido-1,8-naphthyridine 

s   singlet (spectral) 

SN2   bimolecular nucleophilic substitution  

t   triplet (spectral) 

tBu   tert-butyl 

NMR  nuclear magnetic resonance 

Ph   phenyl 

ppm   part(s) per million 

iPr   isopropyl 

py   pyridine 

q   quartet (spectral) 

PEG  Polyethylene glycol 

PDA  photodiode array 

PS  polystyrene 

PyBOP  benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate 

RCM  ring-closure metathesis 

ROMP  ring-opening metathesis polymerization 

RI  refractive index 

RT  room temperature 

SS  stiff-stilbene 

THF   tetrahydrofuran 

TLC   thin layer chromatography 

TFA  trifluoroacetic acid 

quant  quantitative 
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SEC  size-exclusion chromatography  

SMFM  single molecule force microscopy 

UPy  2-ureido-4[1H]-pyrimidinone 

UV   ultraviolet  
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Chapter 1. INTRODUCTION  

The development of polymer mechanochemistry from destructive bond scissions to 

constructive mechanochemical activation1 has been with multidisciplinary approaches 

involving organic chemistry, computational chemistry, polymer physics, and different areas 

of engineering.2 Polymer mechanochemistry is defined as the coupling of the applied 

mechanical force and chemical reactivity,3 i.e., it studies the transformation of mechanical 

energy into chemical products. The mechanical degradation of the material is a destructive, 

harmful, and unwanted process, which cannot be predicted within a material and leads to the 

catastrophic failure of the material. A need to understand and control these processes has 

attracted scientists to design and synthesize polymers with mechanically active moieties, 

mechanophores.2, 3  

 

Polymers become stretched in many circumstances, and therefore polymer 

mechanochemistry and corresponding phenomena are found almost anywhere where 

polymers are found.4  Dough kneading is a daily and straightforward example of polymer 

mechanochemistry,4 where repeated compression and stretching of dough accelerate the 

fragmentation of wheat flour protein and leads to breakage of sulfur-sulfur bond within 

glutenin to make it more digestible. Another destructive mechanochemical example is 

associated with melt processing of polymers due to polymer chain fragmentation, which is 

one of the first processes that initiate the catastrophic failure of polymeric materials. An 

underlying concept of car tire chemistry is a mechanochemical phenomenon of bond 

homolysis within a rubber,5 carbon-carbon, carbon-sulfur, or sulfur-sulfur bond scissions. 

Polymer mechanochemistry is important in chemically enhanced oil recovery, where a dilute 

solution of guar polymer is injected at high pressure into the ground to push natural gas out. 
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Alternatively, whenever polymer solutions are used to control rheological properties of 

liquids such as ink-jet printing and in the fire-fighting equipment.  Another actively exploited 

application area of polymer mechanochemistry is the design of bulletproof polymers and 

composites, which involve the breakage of a covalent bond to absorb energy deposited by 

the bullet.2, 6, 7 

 

Polymer mechanochemistry has progressed over recent years, changing its focus from 

destructive fragmentations to productive outputs by developing stress-sensing molecules 

with mechanically labile bonds, mechanophores. The most studied examples of 

mechanophores are gem-dihalocyclopropane (gDXC),8 spiropyran,9-11 azobenzene12 and stiff-

stilbene,13, 14 which our group desgined. The most critical element of a mechanophore is its 

design, which is based on the structural components that will respond to force in a predicted 

way. Attachment of polymer chains to mechanophore, followed by shearing, performs a wide 

range of chemical transformations effectively unachievable by applying elevated 

temperatures, light, or electricity.  

 

Mechanochemical responses range from isomerization reactions to selective bond scission.4, 

15, 16 For example, sonication of diazolinked-PEG polymer facilitates extrusion of dinitrogen 

from the diazo linkage due to the homolytic C-N bond breakage (Figure 1). Mechanical 

cycloreversion of the maleimide-anthracene cycloadduct can break in the midpoint of the 

chain and find applications as new sensing material (Figure 1). Sijbesma demonstrated that 

sonication activates polymer-functionalized silver bis(N-heterocyclic carbene) complex into 

N-heterocyclic carbene organocatalyst that facilitated transesterification reactions (Figure 

1),17 while heating the reaction mixture with the same silver complex provides less than 3% 
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conversion. The mechanochemical response includes also configurational and constitutional 

isomerizations. 

 
Figure 1. Generalized mechanisms of mechanophore-containing polymers as the response 

to force.15 Application of force facilitates the change of functional moiety by configurational 

or constitutional isomerization, selective bond scission, extrusion of a small molecule, and 

cycloreversion. 

 
Introduction of more complex functionalized mechanophores to polymer science offers 

attractive opportunities to study the unexplored interface between several fields and the 

design of new smart materials with unique properties such as self-healing,18 19 catalysis,19 

stress-sensing,9 and cooperativity.2 The incorporation of supramolecular forces into the 

commercial polymer will lead to the formation of new material containing a series of 

supramolecular interactions with a covalent backbone. When force is applied, the sample 

material becomes distorted and experiences energy flowing somewhere. Flow scenarios can 

be the following: introduced energy (1) breaks supramolecular bonds so that object remains 

intact due to dynamic properties of non-covalent interactions or (2) increases the potential 

energy of covalent bond and breaks the material into two. This concept found industrial 

applications such as producing protective clothing using impact-hardening polymers, 

exhibiting softness-stiffness switch properties, used in bulletproof vests, knee pads, and 
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helmets. D3O,20 PORON XRD,21 and DEFLEXION21 are examples of commercial smart 

polymers, solids at standard conditions, but when the material is subjected to force, it 

becomes liquid due to the breakage of supramolecular interactions. Stopping the shearing of 

the polymer heals non-covalent interactions and turns it back to the original solid matter. The 

petroleum industry also utilizes the concept of shear-thinning behavior using a ubiquitous 

guar biopolymer for hydraulic fracturing to extract natural gas. 2-ureido-4[1H]-pyrimidinone 

(UPy) and 2,7-diamido-1,8-naphthyridine (NaPy) are also standard synthetic building blocks 

of supramolecular telechelic polymers.  Due to their high association constants of hydrogen 

bonds, a high degree of polymerization is obtained, but commercial applications of UPy and 

NaPy are awaiting. 22,23 

 

Nature can offer biological alternatives of polymers and inspire to translate its concepts 

towards engineering more advanced polymers. For example, many biochemical reactions 

utilize mechanical stress as a critical factor to control the physiological processes24 based on 

a protein’s conformation to trigger a cascade of chemical reactions in the organism such as 

ATP hydrolysis and cellular respiration2, 24 that refer to allosteric regulation. Allostery is a 

process by which biological macromolecules transmit, amplify or inhibit a specific effect at 

one site to another functional site, allowing for regulation of the macromolecule’s activity.25 

Allostery can be explained using structural changes. A well-known allosteric protein is the 

oxygen carrier hemoglobin.26, 27 The binding of the first oxygen molecule to one of the four 

heme subunits activates the protein by changing its shape, facilitating cooperative binding of 

additional oxygen molecules to other oxygene molecules in heme residues (Figure 2). Inspired 

by this concept, new polymeric material with cooperative behavior driven by molecular-level 

deformation can be developed.28, 2, 27  
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Figure 2. Cooperative binding of oxygen to hemoglobin. When the first oxygen binds to 

haemoglobin, it changes the structures of adjacent heme sites and makes it easier for the 

subsequent binding events.28 

 
 

1.1 Thesis objectives and project outlook 

The work described herein focuses on the designing and synthesizing advanced 

mechanophores with either allosteric or dynamic properties.  

 

The first part of the project is devoted to the design and synthesis of a polymerizable model, 

utilizing the underlying principle of allostery, i.e., the monomer's ability to regulate the 

interconversion process between two conformational states (tense and relaxed forms).29 The 

primary design criterion of allosteric biomolecules is to have two or more equivalent binding 

sites, where the first site’s activation by external stimuli causes a conformational change that 

allows activating the remaining units much more accessible. From the synthetic perspective, 

we envision this monomer as a symmetrical polymerizable macrocycle with two molecular 

force probes, Z-stiff-stilbenes, located at different sites far from each other due to the 

electronic coupling linked by an inert spacer (Scheme 1).  
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Scheme 1. The cooperativity model of stiff-stilbene macrocycle 1. The wavy line represents 

an inert aliphatic chain. When the first isomerization happens (Z-2 to E-2), the second occurs 

immediately due to the formed strain.  

 

Inspired by hemoglobin’s example, the proposed mechanophore model can act as a switch 

by isomerizing from (Z,Z) – strain-free stiff stilbenes (R state) to (E,E) - strained analog (T 

state). To isomerize the first Z-stiff stilbene requires more force than the second isomerization 

due to the strain effect (mixed state). The double bond is the essential prerequisite for 

polymerization reaction via ring-opening metathesis polymerization (ROMP). 

 
The second part of this project focuses on integrating supramolecular chemistry into a 

polymer using foldamer mechanophore towards studying energy flow, specifically if shearing 

breaks the covalent bond in the presence of weak interactions (Figure 3). 
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Figure 3.Potential mechanisms of shearing supramolecular systems with supramolecular 

bonds orthogonal to the backbone: a) breakage of weak supramolecular force under force 

and self-healing; b) breakage of covalent bond in the presence of weak supramolecular 

forces. Green is mechanophore; a wavy line is a polymer chain, a hash line represents non-

covalent bonding. 

 

In contrast to supramolecular telechelic polymers with common UPy, Napy mechanophores,30 

which disrupt weak supramolecular forces upon stretching, double-helical foldamer is a 

three-dimensional chain-centered mechanophore which can answer to question if the 

binding affinity between non-covalent strands is more robust compared to a strain-polymer 

covalent bond. Stretching the system with non-covalent interactions can lead to the 

disruption of weak forces (Figure 3a), but the breakage of mechanically labile covalent bonds 

in the presence of weak supramolecular interactions is a possible scenario (Figure 3b). 31, 32 

 
1.2. Strain and cyclic mechanophores 

Our group’s approach towards developing a polymer mechanochemistry conceptual 

framework has started with a qualitative empirical understanding of mechanical phenomena 

using the idea of a molecular strain of mechanophores. The molecular strain is the underlying 

Force

self-healing

Force

= mechanophore

= polymer chain
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concept of all mechanochemical activation processes due to the accelerated intrinsic 

reactivity of polymers.2, 16, 33 To demonstrate this phenomenon, we can use the example of 

gem-dihalocyclopropane-based polymer. gDXC is a stable molecule at room temperature and 

needs billions of years to transform into a thermodynamically stable form.16, 33   Shearing solid 

dihalocyclopropane at low temperatures forms the olefin in several hours, while shearing the 

dilute solution containing this material affords the product within minutes, and stretching the 

moiety using single-molecule force spectroscopy (SMFS) accelerates the formation of alkenes 

up to seconds.8, 34, 35 Instead of using polymer chains attached at both ends of the 

mechanophore, we can attach inert hydrocarbon Z-stiff-stilbene to the macrocycle and 

irradiate at 400 nm, which switches Z-stiff-stilbene into strained E form, facilitating the 

opening of gDXC on the order of milliseconds (Figure 4).7, 13, 35 

 

 
Figure 4. General scheme of mechanochemical transformation of gDXC incorporated 

polymer vs gDXC-functionalized stiff stilbene. 13, 35 

  
 
Despite considerable progress in the polymer mechanochemistry field today due to the 

qualitative description of the mechanochemical phenomena, establishing a quantitative 

model is still a non-trivial process. A way of approaching the problem of developing the 
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conceptual framework of mechanochemistry is solving the problem of quantifying molecular 

strain using the restoring force, which is a force required to transform strained object, for 

example, E-cycle, into its unstrained Z-form. Gaub and co-workers in 2002 showcased that a 

single chain of E-oligoazobenzene stretched between AFM tip and a glass slide can induce E 

to Z transition, which generates quantifiable restoring force.12 

 
1.2.1. Stiff-stilbene  

In 2009, our group discovered a new molecular force probe, stiff-stilbene, which has two 

stable E and Z isomers, like azobenzene, but with much higher activation energy (~60 kJ/mol) 

of thermal Z to E isomerization, in addition to greater conformational stiffness and clean 

isomerization by ~400 nm light.2 From the synthetic perspective, strained derivatives of stiff-

stilbene can be obtained by attaching a linker of 14 or fewer atoms at C6 and C6’ atoms.2  

 

The previous study’s synthesis towards gDXC-functionalized stiff-stilbene macrocycle used 

indanone 2 as the precursor and McMurry coupling to afford Z-stiff-stilbene as a single 

isomer, followed by nucleophilic substitution to generate the desired macrocycles 3-6 

(Scheme 2). 33 
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Scheme 2. Synthesis of stiff-stilbene macrocycles 3-6. 33 Conditions: a) i) ClC(O)(CH2)5C(O)Cl, 

K2CO3, Bu4NBr, DMF; ii) TiCl4/Zn, THF; b) LiAlH4, THF; c) 8, Et3N, CHCl3; d) 7, K2CO3, Bu4NBr, 

DMF; e) Br(CH2)5C(O)Cl, K2CO3, Bu4NBr, DMF; f) Br(CH2)5Br, K2CO3, Bu4NBr, DMF. 

 
To the best of our knowledge, stiff-stilbene is the only molecular force probe available,13 

which allows quantifying mechanochemical reactivity by measuring a restoring force directly 

upon stretching that makes stiff-stilbene highly attractive compared to other 

mechanophores. However, stiff stilbene has two major disadvantages36 that do not allow it 

to be used in SMFS: (i) a much smaller applied maximum force for isomerization and (ii) the 

small size of the reactive sites that can be stretched. Our group’s findings show that the UV 

application provides a strained E structure, which can be used as a measuring tool of strain 
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energy which is relevant to the almost linearly decreasing quantum yield (Figure 4). However, 

the proposed allosteric multimechanophore approach using ED-ROMP will allow measuring 

activation of stiff stilbene directly using SMFS of independent monomers and poorly 

understood activation effect of one mechanophore towards adjacent ones.  

 

1.3. Supramolecular mechanophores 

Non-covalent interactions such as π stacking and H-bonding are based on weaker and 

reversible intermolecular forces than covalent bonds. Biochemical processes such as 

molecular recognition, secondary, tertiary, and quaternary structure protein formation, DNA 

helices coiling, and many other vital processes affecting the structure and activity/function of 

the moiety are controlled by weak dynamic forces.2, 37 Ideas of supramolecular chemistry such 

as host-guest interactions and molecular recognition have found applications in drug 

discovery, biological systems, engineering, materials chemistry, and molecular machines.37 

Exploiting supramolecular chemistry in the service of polymer science to create self-healing 

materials has gained much attention over recent years for the design of non-covalent 

polymers due to their abilities to recover their original mechanical properties after damage.38  

 

The advantages of supramolecular forces over covalent mechanochemical bonds include the 

fast binding/unbinding dynamics, which allows the load-sensitive processes to be under 

thermodynamic or kinetic control, as dictated by potential applications.39 The supramolecular 

3D forces embedded into conventional materials like plastics or rubber lead to the formation 

of new smart materials with the ability to mimic the behaviour of biomolecules. These forces 

can be incorporated in various ways by forming supramolecular polymers, linear polymers 

with non-covalent cross-links, and arm polymers (dendrimers) with the non-covalent core.1 
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One approach to introduce supramolecular forces relies on dynamic load-bearing bonds that 

can dissociate reversibly, thus dissipating mechanical load into heat without undergoing 

irreversible failure of the network of the load-bearing bonds.40 Reported examples of dynamic 

polymers include alkoxyamine bonds and Diels-Alder adducts, which can be regenerated 

upon heating the damaged material.40 Non-covalent dynamic bonds offer the potential of 

autonomic self-repair, i.e., repair that does not require special treatment of the damaged 

material and can occur spontaneously during regular use. However, the existing solutions for 

autonomic self-repair come at the expense of reduced toughness, i.e., the amount of stress 

(energy per unit volume) that the material can sustain without failing.  

 

Another fundamentally new approach focuses on the idea of a load-induced covalent bond 

scission in the presence of rigid three-dimensional supramolecular motifs’ assembly as a 

chain-centered mechanophore. Previous efforts to understand the mechanochemical 

properties of supramolecular structures was limited to end-capped single helical foldamer 

with aromatic-aromatic and H-bonding intermolecular interactions or telechelic polymers, 

where supramolecular forces are parallel to the backbone, but, to our best knowledge, no 

examples of efficient design and synthesis of double- or higher stranded moieties, able to be 

employed as mechanophores (high dimerization constant, solubility, UV-Vis), currently exists.  

 

1.3.1. Aromatic foldamers  

Nature creates a fantastic variety of polymers’ structures and functions using only 21 

proteogenic amino acid building blocks, but synthetic chemistry has more tools and available 

abiotic monomers41 to create a much broader library of non-natural materials, mimicking 

biopolymers. To exploit this field, foldamers or synthetic oligomers that adopt a well-defined 
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3D structure using non-covalent interactions have attracted many researchers over the last 

two decades.  The chemistry of foldamers is promising but a poorly understood area of 

supramolecular chemistry, mimicking natural self-assembly behavior. 41-45 The incorporation 

of foldamers into polymers may lead to the discovery of new advanced materials with desired 

stress-sensing behavior dictated by potential applications.2, 37 The design of such 

mechanophores would be comprised of units with easy synthetic accessibility, high 3D 

structural stability, rigid folding predictability,  large dimerization constant, and solubility in 

non-polar solvents.41 

 

Aromatic oligoamide foldamers46-49 showcase most of these attractive properties with the 

tuning ability to afford a-helix-like structures.48, 50 Para- and meta-substituted monomeric 

units form helical structures with a large hollow. Units size affects the diameter of the 

foldamer but does not affect the number of units per turn.51 For transport, catalysis, or 

recognition purposes quinoline-based oligoamides with a larger diameter compared to 

pyridine-based strands will be a suitable choice. Alternatively, pyridine-based foldamers can 

increase their units per turn from 4.5 to 6 by introducing H-bonding at meta-positions relative 

to the backbone.51, 52 

 

1.3.2. Synthesis and characterization of aromatic oligoamides 

Despite considerable progress in developing efficient syntheses of abiotic foldamers, none 

can yield foldamers that even approach the size of biopolymers. To date, the longest protein-

like foldamers have been pyridine/quinoline derivatives42, 43  obtained by converged synthesis 

(Scheme 3, Scheme 4).44  
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The synthetic protocol uses a double segment strategy based on the coupling between acid 

chlorides and amines.42, 43 First, carboxylic acid groups undergo activation using chlorinating 

agents or can be protected as esters, which can be saponified without affecting aromatic 

amide linkages. Amines can be prepared from nitro compounds by reduction or from 

carbamates by selective deprotection. Adopted segment-doubling protocol generally relies 

on the monomers’ coupling to form dimers, which undergo another coupling to afford 

tetramers, etc., or two monomeric blocks, for example, amines, can be coupled to dichloride 

to generate the corresponding trimer, heptamer, etc. (Scheme 3, Scheme 4).43 

 

Scheme 3. Synthesis of heptamer 16.42 Conditions: a) SOCl2, MeOH; b) (Boc)2O, THF; c) i) 

DIPEA, THF, ii) 11a, THF; d) TMSI, MeOH. 
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Scheme 4. Synthesis of 11mer 22.42 Conditions: a) 2,6-diaminopyridine, nBuLi, THF, - 78 °C ; 

b) CH3COCl, NEt3 , THF, RT ; c) FmocCl, NEt3 , THF, RT ; d) 2,6-pyridinedicarbonyl dichloride, 

NEt3 , THF, RT; e) piperidine, DMF. 

 

The main techniques used to characterize the secondary structures of long aromatic 

foldamers are X-Ray and 1H NMR spectroscopy.42, 46-48, 50, 51 Despite the high accuracy of single-

crystal X-Ray techniques, it is not always appropriate due to the solubility issues of oligomers. 

47, 53 Deshielding of H-bonded amides and/or shielding of aromatic protons in p-p stacking can 

be easily observed and assigned on NMR spectra. Previous observations on NMR analysis 

concluded that proton amides, regardless of their location, in the middle or end of the 

structure, are the most shielded (Figure 5). If the explanation of the core protons shielding is 

apparent due to their location between aromatic rings, higher conformational mobility of 

strands at the periphery is the potential explanation for the chemical shift of the end amide 

groups’ protons.43  
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Figure 5. NMR of aromatic foldamers (CDCl3, 25 °C, 300 MHz): a) dimer, b) tetramer, c) 

hexamer, d) octamer.43 

 

Depending on the solvent, the concentration of the oligomer and its length, and the 

temperature, these oligomers either fold in a single helix or dimerize into a double helix.46 

Non-polar solvents (eg. chlorohydrocarbons), high concentrations and low temperatures 

favour dimerization (Figure 6). Even small amounts of H2O destroy the double helix, 

presumably by interfering with the formation of H-bonds within the foldamer.  The kinetics 

and thermodynamics of folding depend somewhat on the foldamer length and the nature of 

the side chains, with dimerization constant increasing and dissociation rates decreasing with 

as the number of aromatic moieties in the backbone and the overall length.46, 54   
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Figure 6. The evolution of foldamer’s spectra with temperature and concentration. 50 
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CHAPTER 2. BIS-STIFF-STILBENE MACROCYCLE 

2.1. Overview 

Essential to our synthetic route for obtaining a macrocyclic monomer 1, the preparation of 

stiff-stilbene was necessary as an initial compound and was synthesized using an established 

procedure.33 Before running the complex synthesis of the macrocycle 1, the proposed 

conditions of ring-closure metathesis were tested on the model system, shown below 

(Scheme 5).  

 

 

Scheme 5. Proposed synthesis of a model compound 41 

 

The next step was to find an efficient method towards second stiff stilbene formation, which 

is proposed by McMurry reaction, followed by RCM to afford a macrocycle 1 as the precursor 

for ROMP.  The synthetic strategy of the general macrocyclic monomer 1 is based on the 

following retrosynthetic analysis (Scheme 6), using 6-hydroxyindanone 2 as the starting 

material, McMurry coupling, and ring-closure metathesis to close the ring and deliver the final 

monomeric product 1. 
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Scheme 6. Retrosynthesis of macrocycle 1. A linker is a trisubstituted inert compound with 

two aliphatic sp3 chains (wavy lines) and one aliphatic chain with a terminal alkene.  

 

The main question to consider is if the proposed macrocycle 1 has enough strain relief to 

afford high molecular weight polymer suitable for quantifying response at a single molecular 

chain level. If not, what design modifications need to be made to afford a strained allosteric 

monomer. Therefore, the synthetic protocol is generalized that can be applied for a similar 

model with different linkers. 

 

2.1.1. McMurry coupling 

The McMurry reaction is one of the most powerful methods for synthesizinnng olefins from 

carbonyl reagents using the reductive coupling mechanism via a metallopinacol intermediate 

(Scheme 7). Mukaiyama,55 Tyrlik,56 and McMurry57 discovered this coupling reaction 

independently in 1973 and 1974, but only McMurry’s Ti(III)-LiAlH4 system was found to be 

synthetically achievable. Nowadays, the McMurry coupling reaction is widely used to 

accomplish successful transformations of both aliphatic and aromatic aldehydes and ketones 

into the corresponding alkenes via intra- and intermolecular rearrangements.58-60  
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Scheme 7. Reductive coupling of ketones via a metallopinacol intermediate 

 

The McMurry synthetic protocol is a critical step in our synthesis to form stiff-stilbene. 

McMurry reaction was previously used to create one stiff-stilbene-containing macrocycle, but 

the challenge of this work is to confirm the effectiveness of McMurry conditions to deliver 

coupling of the second stiff-stilbene in desired Z configuration the second Z-stiff-stilbene 

(Scheme 6, compound 23). Up to our knowledge, no previous synthesis was established to 

form a macrocompound with two stiff-stilbene, and it is crucial to understand the structure-

reactivity correlation of the macrocompound.  

 

2.1.2. Ring-Closure Metathesis 

Ring-Closure Metathesis 61-64 is a powerful and easy reaction to make a wide variety of organic 

rings, including medium & large-sized, hindered, strained, heterocyclic and polycyclic, using 

well-known Schrock63 and Grubbs64 catalysts as well as advanced fine-tuning catalysts (Figure 

7).65 
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Figure 7. RCM catalysts65 

However, as with any other cyclization method, the synthetic efficiency of RCM is limited by 

the competition between intramolecular ring-closing and intermolecular oligomerization 

reactions (Scheme 8).66, 67 In most of the cases, RCM products are irreversible, but the 

reversibility of products still depends on the substrate, catalyst’s choice and the experimental 

conditions (temperature, concentration, solvent).  

 

Scheme 8. Equilibrium between intramolecular ring-closing and intermolecular 

oligomerization reactions 

 

For example, a change of Hoveyda catalyst to more reactive Schrock’s Mo catalyst led to the 

successful transformation to ring 27, but not dimer formation (Scheme 9).  
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Scheme 9. RCM via dimer intermediate68 

The standard conditions of RCM (Ru-based catalyst, DCM, RT) are widely employed to 

synthesize medium rings (5-7 members), but macrocycles remain a challenge and need a 

specific approach. Examples of RCM of macrocycles formation by coupling terminal olefins 

were accomplished using Ru catalysts and summarized below (Figure 8, Table 1).65 

 

 

Figure 8. RCM products 
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Table 1. Reaction condition of RCM macrocycles65 

Product  Catalyst Experimental conditions ref 

28 Grubbs I 20 mM, DCM, reflux, 2-24 h 69 

29 Grubbs I 3.8-29 mM, DCM, reflux, 12-42 h 70 

30 Grubbs II 10 mM, DCM, reflux, 48h 71 

31 Grubbs I, Grubbs II 3-100 mM, DCM, RT, 23h 72 

32 Grubbs I, Grubbs II 25 mM, DCM, reflux, 4h 73, 74 

33 Grubbs III 5 mM, CDCl3, reflux, 1 h 75 

34 Grubbs I 2 mM, DCM, RT, 15 h 76 

35 Grubbs I, Grubbs II 5 mM, DCM, reflux, 14-32 h 77 

36 Grubbs I, Grubbs II 0.3 mM, DCM, reflux, 48 h 78 

37 Grubbs I, Grubbs II 5 mM, DCM, reflux, 14-32 h 77 

 

According to the table above, the concentration is the main factor that controls ring-chain 

equilibria, and RCM product prefers highly concentrated solution, but examples below show 

that concentration can be as low as 3 mM at RT using first- or second-generation Grubb’s 

catalyst in DCM. To maximize the yields of RCM products, sufficient time should be allowed 

at RT, but the reaction time can be much shortened at elevated temperatures. 

 

Examples include the synthesis under Grubbs III catalysis that provides the desired RCM 

product in 1 hour at RT with 5 mM concentration and 5 mol% catalyst loading. Time was 

essential to afford the desired product as the reaction mixture after 15 min was dominated 

by oligomers, but after 1 hour the major product was compound 33. A ring-chain equilibrium 
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under Grubbs III catalysts is highly dependent on the concentration and sufficient time to 

suppress the oligomerization of the RCM product 33.   

 

 

 

Figure 9. Monitoring the RCM reaction under Grubbs III catalysis as a function of time 65 

 

2.2. Synthesis of the Model compound 

A stiff stilbene intermediate 9 was prepared based on our group’s optimized route starting 

from 6-hydroxyindanone,33 followed by the addition of terminal alkene chain and RCM based 

on several methods available in the literature (Table 1). 

 

Diester 38, prepared by the reaction of 6-hydroxyndanone and adipoyl dichloride in 75% yield, 

which further underwent McMurry coupling and gave the desired product 39. The first trial 

of the McMurry reaction using metallic Zn resulted in a low-yielding product (45%), while the 

other two trials with powder Zn allowed increasing the yield up to 85%. A color change of the 

reaction mixture from dark-green to black is essential as, first, a solution of Zn in THF and TiCl4 
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react to form reduced low valent Ti species, and then diester is slowly added to the solution 

(Scheme 10).  

 

Scheme 10. Synthesis of compound 39 

Macrocycle 39 was further reduced to diol 9 using LiAlH4, followed by the addition of 

bromopentene under basic conditions in DMF to form the corresponding 40 in 32% yield over 

two steps. The addition reaction of 5-bromopentene to stiff stilbene 9 at RT did not lead to 

any conversion, overnight heating at 45 oC provided a product in 35% yield, while heating at 

higher temperatures led to decomposition of starting materials (Scheme 11).  

 

 
Scheme 11. Synthesis of compound 40 

To synthesize compound 41, compound 40 underwent RCM in the presence of Grubbs II (10 

mol%) at RT conditions and provided 41 as Z stiff-stilbene in a quantitative amount (Scheme 

12). Compound 41 was characterized by NMR and HRMS (Figure 10). 

 
Scheme 12. RCM of compound 40 
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2.3. Synthesis of the stiff-stilbene macrocycle 

A synthesis of bis-stiff-stilbene containing macrocycle was started by adopting previously 

reported literature procedures towards stiff-stilbene derivative 47, using diol 42 as the initial 

material to connect indanones towards Z-stiff-stilbene formation (Scheme 13).23, 79 

 

Scheme 13. Synthesis of stiff-stilbene unit 
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First, diol 42 was transformed into bromoester 43 using bromoacetyl bromide in basic 

conditions (Scheme 14). 43 proceeded to the next step without purification and yield matched 

previously reported 1H NMR data. 

 
Scheme 14. Synthesis of compound 43 

 

Coupling of bromoester and 6-hydroxyindanone under basic conditions in acetonitrile 

afforded compound 44 as the precursor to McMurry reaction (Scheme 15). The literature 

reports the formation of 44 in 95% yield, which was sufficiently pure and did not require 

purification. During the synthesis, compound 44 underwent flash chromatography due to the 

presence of impurities on TLC place, which afforded a product in 82% yield.  

 

Scheme 15. Preparation of compound 44. 

 

Next step, the McMurry reaction was applied to the resulting diketone 44 to form Z-stiff-

stilbene 45 in 90% yield (Scheme 16). The procedure of McMurry reaction was based on our 

group’s protocol 79 without the addition of pyridine as described in the literature. 23 In this 

step, as described in the model study, a color change was essential before the slow addition 

of 44. The moisture of solvent and glassware also affected the yield, flame-drying of 

glassware, and drying THF overnight over flame-dried molecular sieves allowed to obtain a 

yield of 90%.  
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Scheme 16. McMurry reaction 

The addition of reducing agent LiAlH4 to the mixture of diester 45 in THF afforded diol 46 in h 

97% yield (Scheme 17). Compound 46 was sufficiently pure to be used in the next step. 

 

Scheme 17. Reduction of compound 45 

The next step was a bromination reaction using CBr4 and freshly recrystallized PPh3 and 

acetone/DCM mixture (1 drop of acetone per 5 mL of DCM) as a solvent, which provided 46 

in 20 min at RT in 92% yield (Scheme 18).  

 

Scheme 18. Synthesis of compound 47 

The overall yield (64%) has been improved compared to the previous literature data (50%) on 

14%, possibly due to recrystallized PPh3 and fresh LiAlH4. 

 

The linker between stiff-stilbene units was synthesized using a simple commercially available 

trisubstituted aromatic ring. The essential components of the linker are hydroxyindanone 

derivative and terminal alkene, which react under McMurry and RCM conditions, 

respectively.  
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First, bromoalkene was attached to 3,5-dihydroxybenzoic acid to obtain ester 49 at RT in 

85% yield (Scheme 19).  

 

Scheme 19. Synthesis of compound 49 

The addition of dibromoethane to 6-hydroxyindanone in the presence of K2CO3 using acetone 

as solvent provided a new compound 50 in 75% yield (Scheme 20). Next, to a solution of 49 

and K2CO3 in acetone, bromoindanone 50 was added in small portions to afford the linker 51 

at 60 oC in 84% yield (Scheme 20). 

 

   

Scheme 20. Formation of 51 

The next step was a coupling reaction between stiff-stilbene unit 47 and a linker 51 to form a 

new compound 52 in the presence of base K2CO3 in DMF at RT in 82% yield (Scheme 21). 

 

Scheme 21. Synthesis of compound 52 
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The second McMurry coupling of to give a mixture of isomers 53 in 1:4 E:Z ratio by 

corresponding peak integration area of 1H NMR peaks (Scheme 22, Figure 11, Figure 12). A 

new compound was fully characterized by 1H NMR and HRMS.  

 

Scheme 22. Synthesis of macrocycle 53 

 

 

Figure 11. Stacked 1H NMR spectra of compound 52 (top, green) and compound 53 (bottom, 

red). Aromatic hydrogens of stiff stilbene are indicated by arrows (the black arrow is for Z 

configuration; the green arrow is for E isomer).  
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Figure 12. integrated 1H NMR spectra of compound 53. Integration values (E:Z) = 0.38:1.97; 

0.36:1.98; 0.4:2.24. 

 
To synthesize the desired macrocyclic stiff-stilbene monomer 54, compound 53 underwent 

RCM in the presence of Grubbs II catalyst (5 mol%) and CsCl80 (2 eq.) under reflux for 1 h 

(Scheme 23). The progress of the reaction was monitored by 1H NMR until the alkene peaks 

at ~5.05 and ~5.85 ppm disappeared (Figure 13).  
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Scheme 23. RCM of compound 54 

 

Figure 13. Excerpt of 1H NMR spectra of the kinetic experiment of RCM reaction in the NMR 

tube at RT (t = 0 min; 10 min; 20 min). Dots-labeled peaks are assigned for compound 54; 

ethylene peak is labeled by square. 
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5.40 ppm) using CDCl3 as a solvent. The equilibrium was further driven to completion by 

removing the ethylene by-product by N2 purging. With pyridine-based indenylidene Grubbs 

III, despite superior properties81 such as excellent stability, faster initiation,81, 82 and 

propagation83 compared to phosphine ligands containing Ru catalysts, no reaction was 

observed during 1 h under the same conditions. 

 

 

Figure 14. 1H NMR of compound 54. 

 

Purification of separate isomers was not achievable using column chromatography, and 

characterization of 54 was done based on 1H NMR and HRMS data. Due to broad alkene 

isomers peaks, appearing at 5.40 – 5.53 ppm, exact integration values cannot be calculated 

between cis and trans isomers.  
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2.4. Experimental  
 
All reactions were performed under a nitrogen atmosphere using oven-dried glasswares 

unless otherwise stated. Solvents were purified by passing through activated alumina 

columns or used directly from a MBraun MB-SPS solvent purification system and were 

transferred under nitrogen. All reactions which required heating were conducted using oil 

bath on stirrer hotplates and the temperature controlled externally. Reactions requiring 

lower temperatures used the following cooling baths: -15 °C (NaCl/ice/water) and 0 °C 

(ice/water).  

All reagents which were available commercially were purchased from Acros, Alfa Aesar, Fisher 

Scientific, Fluorochem, Sigma Aldrich or TCl.  

PPh3 was purified, firstly, by dissolving 20 g of PPh3 in 150 mL of conc. HCl, followed by the 

addition of 150 mL of H2O to form a precipitate that was filtered and recrystallized from 

EtOH/Et2O (1:1) mixture.  

Analytical TLC to monitor reactions and measure Rf values was carried out on Merck 60F254, 

aluminium support silica gel plates using short wave UV radiation (245 nm), potassium 

permanganate/Δ and vanillin/Δ as visualizing agents. Purification was done by column 

chromatography using CombiFlash Rf by Teledyne ISCO. 

IR was recorded neat on a Perkin Elmer Spectrum 100-series FT-IR Spectrometer with 

Universal ATR Sampling Accessory in the total internal reflection mode between 600 cm-1 

and 4000 cm-1 with the scan number of 4. Melting points were recorded using open glass 

capillaries on a Gallenkamp melting points apparatus and are uncorrected.  UV-vis spectra 

were measured with a Cary 50 UV-vis spectrometer equipped with a multi-sample 

thermostatic holder from Quantum Technologies with the temperature set at 25 °C. 
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Analytical SEC was carried out on Waters Acquity UPLC system with an isocratic solvent 

manager, sample manager, column heater, photodiode array (PDA) detector and RI detector 

using three Waters Acquity APC columns in series (APC XT 900, 150 × 4.6 mm, APC XT 450, 

150 × 4.6 mm, APC XT 200, 150 × 4.6 mm). The flow rate of THF is 0.6 mL/min. Column heater 

temperature is 35 oC. The PDA detector monitors absorbance of light of wavelength from 240 

to 400 nm. The temperature of RI flow cell is 35 oC. All polymers solutions were filtered 

through PTFE syringe filters (pore size: 0.45 μm) prior to analysis. The SEC columns were 

calibrated using narrow polystyrene standards obtained from Sigma-Aldrich and Scientific 

Polymers Inc. 

Mass spectra were recorded on a LCT, QTOF or LTQ Orbitrap XL spectrometer utilizing 

electrospray ionization (recorded in the positive mode) with a methanol, acetonitrile or 

acetonitile/NH4OAc mobile phase, or electron impact ionization, and are reported as m/z (%).  

1H and 13C NMR spectra were recorded on a Bruker AVIII500MHz spectrometer (1H, 500 MHz; 

13C, 125 MHz, T = 295 K) in the solvents indicated. The solvent signals were used as references 

and the chemical shifts converted to the TMS scale, residual CHCl3 (1H, 7.26 ppm; 13C, 77.16 

ppm), MeOD (1H, 3.31 ppm; 13C, 49.00 ppm), DMSO (1H, 2.50 ppm; 13C, 39.52 ppm), C6D6 (1H, 

7.16 ppm; 13C, 128.0 ppm). Coupling constants (J) are reported in Hz. The following 

abbreviations are used to describe multiplicity in 1H-NMR: m (multiplet), s (singlet), d 

(doublet), t (triplet), q (quartet), br-broad. 1D 13C-NMR spectra were recorded using CPD or 

APT pulse program from the Bruker standard pulse program library. 2D 1H-13C-NMR HSQC, 

1H-1H-NMR COSY, and 1H- 13C-NMR HMBC spectra were recorded using the Bruker standard 

pulse program library. Spectra were processed using MestRenova and TopSpin. 
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Synthesis of bis(3-oxo-2,3-dihydro-1H-inden-5-yl) adipate 38 

 

A new compound 38 was prepared using the literature procedure.33  

Adipoyl dichloride (0.6 mL, 4.05 mmol) was added to a homogeneous solution of 6-hydroxy-

2,3-dihydro-1H-inden-1-one (1 g, 6.75 mmol) and triethylamine (1.4 mL, 10.12 mmol) in 10 

mL MeCN at 0 °C. The mixture was allowed to stir for 18 h at 50 °C overnight.  

Upon completion, the solvent was evaporated, and the residue was extracted with EtOAc 

from water and dried over with Na2SO4. Purification by column chromatography (3:97 

MeOH:DCM) afforded yellow solid in 83% yield (1.03 g). 

1H NMR (500 MHz, CDCl3): 1.90 (quint, J = 3.6 Hz, 3.1 Hz; 4H, 2xCH2CH2C(O)O), 2.64-2.67 (m, 

4H, 2xCCH2CH2C(O)), 2.71-2.75 (m, 4H, 2xCCH2CH2C(O)), 3.11-3.15 (m, 4H, 2xCH2C(O)O), 7.31 

(dd, J = 8.25 Hz, 2.25 Hz; 2H, 2xCCHArCHArCO), 7.45 (d, J = 2.25 Hz, 2H, 2xCCHArCHArCO), 7.48 

(br s, J = 8.25 Hz, 2H, 2xCCHArCO); 13C NMR (125 MHz, CDCl3): 23.9 (CH2CH2C(O)O), 29.4 

(CCH2CH2C(O)), 33.7 ((CCH2CH2C(O))), 33.8 (CH2CH2C(O)O), 116.4 (CHArCO), 127.5 (CHAr 

CHArCO), 128.3 (CCHArCO), 138.3 (CC(O)), 150.0 (CCH2), 152.3 (COC(=O)), 162.3 (OC=O), 205.9 

(C=O); HRMS (ESI, [M+Na]): obs. 429.1299, calcd. 429.1309. 

 

Synthesis of ester 39 

 

A new compound 39 was prepared using the literature procedure.33  
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A solution of zinc (4.83 g, 73.8 mmol) in THF (150 mL) was cooled to 0 °C, followed by the 

addition of titanium tetrachloride (4.1 mL, 36.9 mmol) under N2. The mixture was refluxed for 

1 hour (color was changed to black), followed by the addition of ester 38 (3 g, 7.38 mmol) in 

THF (10 mL) dropwise over 2 h. The reaction was completed in 1 h after full addition of ester 

and the mixture was filtered through Celite. As a work-up, water was added to the filtered 

mixture, and the product was extracted with EtOAc. Organic layer was dried over MgSO4, 

concentrated, and purified using flash chromatography (100% DCM). Product 39 was formed 

as a yellow liquid (2.4 g) in 85%.  

1H NMR (500 MHz, CDCl3): 1.86-1.91 (m, 4H, 2xCH2CH2C(O)O), 2.75-2.79 (m, 4H, 

2xCCH2CH2C=), 2.81-2.84 (m, 4H, 2xCCH2CH2C=), 2.94-2.98 (m, 4H, 2xCH2C(O)O), 6.80 (dd, J = 

8.1 Hz, 2.0 Hz, 2H, 2xCCHArCHArCO), 7.22 (br d, J = 8.0 Hz, 2H, 2xCCHArCHArCO), 7.70 (d, J = 1.9 

Hz, 2H, 2xCCHArCO); 13C NMR (125 MHz, CDCl3): 24.1 (CH2CH2C(O)O) , 30.1 (CH2CH2C=), 34.4 

(CH2CH2C=), 34.6 (CH2C(O)O), 118.1 (CHArCO), 120.0 (CHAr CHArCO), 135.1 (CCHArCO), 141.3 

(CC=), 145.4 (CCH2), 148.6 (CO), 174.4(C=O).  

 

Synthesis of (Z)-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-6,6'-diol 

 

A known compound 9 was prepared using the literature procedure.33  

To a solution of ester 39 (350 mg, 0.94 mmol) in THF (5 mL), lithium aluminum hydride (106 

mg, 2.8 mmol) was added in several portions at 0 °C. The reaction was monitored by TLC. 

Upon completion, the mixture was cooled down to 0 °C and was quenched by water, followed 

by extraction with EtOAc. The organic layer was dried over MgSO4, concentrated and purified 
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using flash chromatography (50:50 EtOAc: PE) to afford diol as a colorless oil (225 mg) in 91% 

yield. 

1H NMR (500 MHz, CDCl3): 2.78-2.81 (m, 4H), 2.88-2.91 (m, 4H), 6.72 (dd, J = 8.1 Hz, 2.2 Hz, 

2H), 7.12 (d, J = 8.1 Hz, 2H), 7.69 (d, J = 2.1 Hz, 2H); 13C NMR (125 MHz, CDCl3): 29.7, 35.1, 

110.6, 114.8, 125.8, 135.4, 140.8, 141.6, 153.3. MS (ESI, [M+H]): 265.2, calcd. 265.1. 

 

Synthesis of (Z)-6,6'-bis(pent-4-en-1-yloxy)-2,2',3,3'-tetrahydro-1,1'-biindenylidene 

 

A new compound 40 was prepared using the procedure below. 

To a solution of diol 9 (225 mg, 0.85 mmol) in DMF (3 mL), K2CO3 (353 mg, 2.55 mmol) was 

added, followed by the addition of bromopentene (254 mg, 1.7 mmol) at 0 °C. The mixture 

was heated at 45-50 °C overnight, followed by the extraction with EtOAc. Purification by flash 

chromatography (5:95 MeOH:DCM) afforded an ether 40 in 35% yield as a yellow oil (0.12 g). 

1H NMR (500 MHz, CDCl3): 1.84 (quint, J = 7.0 Hz, 6.5 Hz, 4H, 2xOCH2CH2), 2.21 (q, J = 7.6 Hz, 

7.1 Hz, 4H, 2xOCH2CH2CH2), 2.80-2.83 (m, 4H, 2xCCH2CH2C=), 2.91-2.93 (m, 4H, 

2xCCH2CH2C=), 3.93 (t, J = 6.3 Hz, 4H, 2xOCH2), 5.01 (dd, J = 35.6 Hz, 10.7 Hz, 4H, 2xCH=CH2), 

5.79-5.88 (m, 2H, 2xCH=CH2), 6.75 (dd, J = 8.2 Hz, 2.2 Hz, 2H, 2xCCHArCHArCO), 7.17 (d, J = 8.2 

Hz, 2H, 2xCCHArCHArCO), 7.64 (d, J = 2.1 Hz, 2H, 2xCCHArCO); 13C NMR (125 MHz, CDCl3): 28.6 

(OCH2CH2), 29.9 (OCH2CH2CH2), 30.2 (=CCH2), 35.4(=CCH2CH2), 67.4 (OCH2), 109.2 (CCHArCO), 

114.6 (CHArCHArCO), 115.1 (CH2=CH), 125.5 (CCHArCHArCO), 135.4 (C=C), 137.8 (CH=CH2), 140.6 

(CCHArCHArCO), 141.6 (CCHArCO), 157.4 (CO); HRMS (ESI, [M+H]): 401.2464, calcd. 401. 2475. 
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Synthesis of model compound 41 

 

A new compound 41 was prepared using the procedure below. 

To a solution of ether 40 (100 mg, 0.25 mmol) in DCM (3 mL), Grubbs II catalyst (10 mg, 0.012 

mmol) were added under N2 atmosphere at RT. The reaction mixture was monitored by NMR 

and was finished in 3 h, followed by filtration using Celite and extraction with DCM to afford 

a model compound 41 as brown solid (90 mg) in quantitative yield. 

1H NMR (500 MHz, CDCl3): 1.85-1.88 (m, 4H, 2xOCH2CH2), 2.21-2.26 (m, 4H, 2xOCH2CH2CH2), 

2.80-2.83 (m, 4H, 2xCCH2CH2C=), 2.91-2.93 (m, 4H, 2xCCH2CH2C=), 3.83 (t, 4H, J = 6.2 Hz, 

2xOCH2), 5.43 (app t, J = 3.2 Hz, 2H, CH=CH), 6.77 (dd, J = 7.9 Hz, 2.0 Hz, 2H, 2xCCHArCHArCO), 

7.17 (d, 2H, J = 8.4 Hz, 2xCCHArCHArCO), 7.54 (d, 2H, J = 2.2 Hz, 2xCCHArCO); 13C NMR (125 

MHz, CDCl3): 27.8 (OCH2CH2) , 28.2 (OCH2CH2CH2) , 30.0 (=CCH2) , 35.6 (=CCH2CH2), 66.1 

(OCH2), 106.5 (CCHArCO), 116.7 (CHArCHArCO), 125.7 (CH=CH), 130.8 (CCHArCHArCO), 135.3 

(C=C), 140.5 (CCHArCHArCO), 141.6 (CCHArCO), 157.6 (CO); HRMS (ESI, [M+H]): 373.2151, calcd. 

373.2162. 

Synthesis of 2,2-dimethylpropane-1,3-diyl bis(2-bromoacetate)23  

 

A known compound 43 was prepared using the literature procedure. 23  

To a solution 2,2-dimethylpropane-1,3-diol (1.04 g, 9.99 mmol) and K2CO3 (5.52 g, 39.9 mmol) 

in 60 mL dry CH2Cl2 was added 2-bromoacetyl bromide (1.827 ml, 20.97 mmol) then the 
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mixture was stirred at room temperature for 5 h. The mixture was washed with water (100 

ml) three times. The collected organic phase was concentrated to afford a colorless oil (3.40 

g, 98%). 

1H NMR (CDCl3, 500 MHz): 0.98 (s, 6H, 2CH3), 3.81 (s, 4H, 2xOCH2), 3.96 (s, 4H, 2xCH2Br); 13C 

NMR (CDCl3, 125 MHz): 21.4, 25.5, 35.0, 70.3, 166.9; MS (ESI, [M+NH4]): 364.0  

 

Synthesis of 2,2-dimethylpropane-1,3-diyl bis(2-((3-oxo-2,3-dihydro-1H-inden-5-

yl)oxy)acetate) 

 

A known compound 44 was prepared using the literature procedure. 23  

To a solution of 2,2-dimethylpropane-1,3-diyl bis(2-bromoacetate) (1.7 g, 4.91 mmol) in 

MeCN (20 mL) was added 6-hydroxy-2,3-dihydro-1H-inden-1-one (1.52 g, 10.26 mmol), 

followed by the addition of K2CO3 (2.76 g, 19.97 mmol). The reaction mixture was allowed to 

stir at RT over 12 h. Upon completion, the reaction mixture was washed with brine, and dried 

over Na2SO4. Purification by flash chromatography (30:70 EtOAc:PE) afforded the product 44 

as a white solid (1.93 g) in 82% yield. 

IR: 1735, 1690; 1H NMR (CDCl3, 500 MHz): 0.89 (s, 3H, 2xCH3), 2.69 (t, 4H, 2xCH2CH2C=O), 3.05 

(t, 4H, 2xCH2CH2C=O), 3.85 (s, 4H, 2xCCH2O), 4.67 (s, 4H, 2xCH2O), 7.11 (d, 2H, 2xCHAr), 7.24 

(dd, 2H, 2xCHAr), 7.38 (d, 2H, 2xCHAr); 13C NMR (CDCl3, 125 MHz): 21.5, 25.1, 34.6, 36.9, 65.1, 

69.5, 105.7, 124.4, 127.7, 138.1, 147.1, 157.4, 168.3, 206.7. 
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Synthesis of 6-(2-bromoethoxy)-2,3-dihydro-1H-inden-1-one 

 

A known compound 50 was prepared using the literature procedure.79  

To a solution of 6-hydroxy-2,3-dihydro-1H-inden-1-one (1 g, 6.75 mmol) in 70 mL acetone was 

added 1,2-dibromoethane (3.51 ml, 40.5 mmol) and K2CO3 (1.399 g, 10.12 mmol), then the 

mixture was stirred under reflux overnight. 

The reaction mixture was cooled down to RT, poured into water, and extracted with DCM 

three times. The combined organic layer was dried over MgSO4, filtered, and evaporated 

under reduced pressure. The purification using flash chromatography (25:75 EtOAc:PE) 

afforded a product as a white solid (1.3 g) in 75% yield. 

1H NMR (CDCl3, 500 MHz): 2.72 (t, J = 5.80 Hz, 5.65 Hz, 2H, CH2CH2C=O), 3.08 (t, J = 5.85 Hz, 

5.55 Hz, 2H, CH2CH2C=O), 3.65 (t, J = 6.0 Hz, 2H, OCH2), 4.32 (t, J = 6.0 Hz, 2H, CH2Br), 7.17 (d, 

J =2.5 Hz, 1H, CHAr), 7.23 (dd, J = 8.3 Hz, 2.5 Hz, 1H, CHAr), 7.39 (d, J = 8.3 Hz, 1H, CHAr); 13C 

NMR (CDCl3, 125 MHz): 25.1, 28.9, 37.0, 68.1, 105.9, 124.5, 127.6, 138.3, 148.6, 157.8, 206.7; 

MS (CI, [M+H]): 255. 

 

Synthesis of compound 45 

 

A known compound 45 was prepared using the literature procedure. 23  

To a rapidly stirred solution of zinc (1.701 g, 26.0 mmol) in anhydrous THF (25 mL), titanium 

(IV) chloride (1.974 g, 10.41 mmol) was added dropwise at 0 °C, followed by reflux for 1 h. 
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Then, 2,2-dimethylpropane-1,3-diyl bis(2-((3-oxo-2,3-dihydro-1H-inden-5-yl)oxy)acetate) 

(0.5 g, 1.041 mmol) was slowly added over a 5 h period. When the addition was finished, the 

reaction was allowed to reflux for additional 30 min. The reaction mixture was cooled down 

to RT, washed with saturated solution of K2CO3, filtered through Celite and extracted with 

DCM. Purification by flash chromatography (100% DCM) afforded a product as a white solid 

(0.42 g, 90%).  

IR: 1760, 1621, 1188; 1H NMR (CDCl3, 500 MHz): 0.85 (s, 6H, 2xCH3), 2.80-2.83 (m, 4H, 

2xCH2CH2C=O), 2.91-2.93 (m, 4H, 2xCH2CH2C=O), 4.04 (s, 4H, 2xCCH2O), 4.69 (s, 4H, 2xOCH2), 

6.77 (dd, 2H, J = 8.6 Hz, 1.8 Hz, 2x CHAr), 7.18 (d, J = 8.2 Hz, 2H, 2xCHAr), 7.67 (d, J = 1.4 Hz, 2H, 

2xCHAr); 13C NMR (CDCl3, 125 MHz): 21.5, 29.7, 34.8, 35.1, 66.0, 72.6, 109.6, 114.1, 125.7, 

135.4, 141.5, 141.7, 156.3, 169.1. 

 

Synthesis of pent-4-en-1-yl 3,5-dihydroxybenzoate 

 

A new compound 49 was prepared using the procedure below. 

To a solution of 3,5-dihydroxybenzoic acid (1 g, 6.49 mmol) in water (20 mL), KOH (0.546 g, 

9.73 mmol) was added. The resulting mixture was refluxed for 30 min, followed by 

evaporation under reduced pressure. Then, the resulting salt was dissolved in DMF (20 mL), 

followed by the addition of 5-bromopent-1-ene (1.450 g, 9.73 mmol). The mixture was 

allowed to stir at RT over 24 h. Upon completion, DCM was added, and the reaction mixture 

was washed with brine, and the organic layer was dried over Na2SO4. Purification by flash 

chromatography (3:97 MeOH:DCM) afforded a product as a colorless oil (1.2 g, 83%).  
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IR: 3350, 1689, 1599; 1H NMR (CDCl3, 500 MHz): 1.79 (quint, 2H, J = 7.35 Hz, 6.75 Hz, 

CH2CH2O), 2.13 (q, J = 14.25 Hz, 7.05 Hz, 2H, CH2CH2CH), 4.26 (t, 2H, J = 6.5 Hz, OCH2), 4.97 

(dd, 2H, J = 27.3 Hz, 17.1 Hz, CH2=), 5.76 – 5.84 (m, 1H, CH2=CH), 6.60 (s, 1H, CHAr), 7.05 (s, 

2H, 2xCHAr); 13C NMR (CDCl3, 125 MHz): 27.6 (OCH2CH2), 30.0 (O CH2CH2CH2), 65.2 (OCH2), 

107.7 (CHArC(OH)), 109.0 (2xC(OH)), 115.4 (CH=CH2), 131.9 (CC(O)=O), 137.2 (CH=CH2), 156.9 

(C(OH)), 167.4 (OC=O). 

 

Synthesis of (Z)-2,2'-((2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-6,6'-

diyl)bis(oxy))bis(ethan-1-ol) 

 

A known compound 46 was prepared using the literature procedure. 23  

To a solution of ester 45 (0.42 g, 0.936 mmol) in anhydrous THF (15 mL), LAH (0.089 g, 2.341 

mmol) was added in several portions carefully at 0 °C. Upon completion, the reaction mixture 

was quenched with MeOH, filtered, concentrated, washed with HCl solution, and extracted 

with DCM. The concentration of the solution afforded as a colorless oil (0.32 g, 97%).  

1H NMR (CDCl3, 500 MHz): 2.81 (t, 4H, 2xCH2CH2C=O), 2.91 (t, 4H, 2xCH2CH2C=O), 3.92 (t, 4H, 

2xCH2OH), 4.05 (t, 4H, 2xCH2O), 6.75 (dd, 2H, 2xCHAr), 7.17 (d, 2H, 2xCHAr), 7.68 (d, 2H, 

2xCHAr); 13C NMR (CDCl3, 125 MHz): 29.9, 35.2, 61.3, 70.0, 109.6, 114.7, 125.7, 135.4, 141.1, 

141.6, 156.9; MS (ESI, [M+Na]): 375.2; MS (ESI, [M+H]): 353.2. 
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Synthesis of (Z)-6,6'-bis(2-bromoethoxy)-2,2',3,3'-tetrahydro-1,1'-biindenylidene 

 

A known compound 47 was prepared using the literature procedure. 23  

To a solution of (Z)-2,2'-((2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-6,6'-

diyl)bis(oxy))diethanol (0.330 g, 0.936 mmol) in 20 mL of DCM containing 4 drops of acetone, 

carbon tetrabromide (1.242 g, 3.74 mmol) and triphenylphosphine (0.982 g, 3.74 mmol) were 

added in several portions. The mixture was stirred for 20 min, concentrated and purified 

without extraction (50:50 PE:DCM). Product 47 was afforded as light-orange liquid (0.41 g) in 

92% yield. 

1H NMR (CDCl3, 500 MHz): 2.82 (t, 4H, 2xCH2CH2C=O), 2.93 (t, 4H, 2xCH2CH2C=O), 3.64 (t, 4H, 

2xCH2O), 4.27 (t, 4H, 2xCH2Br), 6.77 (dd, 2H, 2xCHAr), 7.20 (d, 2H, 2xCHAr), 7.63 (d, 2H, 2xCHAr); 

13C NMR (CDCl3, 125 MHz): 29.6, 29.9, 35.3, 68.3, 109.5, 114.7, 125.8, 135.5, 141.5, 141.7, 

156.5; HRMS (CI, [M+H]): 477.0043, calcd. 477.0059. 

 

Synthesis of pent-4-en-1-yl 3-hydroxy-5-(2-((3-oxo-2,3-dihydro-1H-inden-5-

yl)oxy)ethoxy)benzoate 

 

A new compound 51 was prepared using the procedure below. 
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To a solution of pent-4-en-1-yl 3,5-dihydroxybenzoate (0.481 g, 2.164 mmol) and K2CO3 

(0.623 g, 4.51 mmol) in acetone (10 mL), 6-(2-bromoethoxy)-2,3-dihydro-1H-inden-1-one 

(0.46 g, 1.803 mmol) was added at RT. The solution was allowed to stir at 60 °C until 

completion, followed by work-up with HCl and extraction with DCM. Purification by flash 

chromatography (1.5:98.5 MeOH:DCM) afforded a colorless oil (0.6 g) in 84% yield. 

1H NMR (CDCl3, 500 MHz): 1.85 (quint, 2H, CH2CH2O), 2.19 (q, 2H, CH2CH2CH), 2.74 (t, 2H, 

CH2C=O), 3.08 (t, 2H, CH2CH2C=O), 4.30-4.33 (m, 6H, OCH2CH2O, OCH2), 5.02 (dd, 2H, CH2=CH), 

5.82 – 5.90 (m, 1H, CH2=CH), 5.99 (br s, 1H, OH), 6.68 (t, 1H, CHAr), 7.21 – 7.22 (m, 2H, 2xCHAr), 

7.26 – 7.28 (m, 2H, 2xCHAr), 7.39 – 7.41 (m, 1H, CHAr); 13C NMR (CDCl3, 125 MHz): 25.2 

(OCH2CH2), 27.8 (OCH2CH2CH2), 30.1 (CCH2CH2C=O), 37.0 (CCH2CH2C=O), 64.7 (O=C(O)CH2), 

66.7 (OCH2CH2O), 105.8 (O=CCCHArC(OH)), 107.2 (OCCHArC(OH)), 107.7 (OCCHArCC(O)=O), 

109.7 (CH2C(=O)CCHAr), 115.4 (CH2=CH), 124.8 (CHArCHArCO), 127.5 (CC(=O)O), 132.2 

(CHArCHArCO), 137.4 (CH=CH2), 138.1 (CC(=O)CH2), 148.6 (CH2C(=O)CCHAr), 156.9 

(CH2CH2CCHAr), 158.3 (C(OH)), 159.7 (CH2C(=O)CCHArCO), 166.2 (C(=O)O), 207.4 (CH2C=O); 

HRMS (CI, [M+H]): 397.1662, calcd. 397.1646  

 

Synthesis of di(pent-4-en-1-yl) 5,5'-((((2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-6,6'-

diyl)bis(oxy))bis(ethane-2,1-diyl))bis(oxy))(Z)-bis(3-(2-((3-oxo-2,3-dihydro-1H-inden-5-

yl)oxy)ethoxy)benzoate) 
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A new compound 52 was prepared using the procedure below. 

To a solution of(Z)-6,6'-bis(2-bromoethoxy)-2,2',3,3'-tetrahydro-1,1'-biindenylidene (0.2 g, 

0.418 mmol) in 5 mL anhydrous DMF was added pent-4-en-1-yl 3-hydroxy-5-(2-((3-oxo-2,3-

dihydro-1H-inden-5-yl)oxy)ethoxy)benzoate (0.414 g, 1.046 mmol) and K2CO3 (0.173 g, 1.255 

mmol) , then the mixture was stirred at RT for 48 h. Upon completion the mixture was 

concentrated and purified by flash chromatography (5:95 MeOH: DCM) to afford a product 

52 (0.37 g) in 80% yield.  

1H NMR: 1.84-1.87 (m, 4H, 2xOCH2CH2), 2.17-2.20 (m, 4H, 2xOCH2CH2CH2), 2.68-2.70 (m, 8H, 

2xCH2C=O, 2xCH2=C), 3.04-3.06 (m, 8H, 2xCH2CH2C=O, 2xCH2CH2C=), 4.30-4.35 (m, 20H, 

5xOCH2), 4.98-5.07 (m, 4H, 2xCH=CH2), 5.79-5.86 (m, 2H, 2xCH=CH2), 6.75 (d, 2H, 

2xOCCHArCHArCCH2CH2C=C), 7.21 – 7.25 (m, 12H, 12xCHAr), 7.37 (d, 4H, 4xOCCHArCC=C). 

 

Synthesis of compound 53 

 

A new compound 53 was prepared using the procedure below. 

To a vigorously stirred solution of zinc (0.413 g, 6.31 mmol) in THF (50 mL), titanium 

tetrachloride (0.348 ml, 3.16 mmol) was slowly added at 0°C. The solution was heated until 

70 °C and refluxed for 1.5 h, followed by a slow dropwise addition of compound 52 (0.7 g, 

0.631 mmol) over 20 min. The reaction was monitored by TLC. Upon completion, the reaction 

mixture was cooled down to RT, washed with saturated solution of K2CO3, filtered through 
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Celite, and extracted with DCM. Purification by flash chromatography (40:60 EtOAc: PE) 

afforded a product as a yellow oil (0.54 g) in 80%.  

1H NMR (CDCl3, 500 MHz): 1.82 (quint., J = 7.60 Hz, 6.85 Hz, 4H, 2xOCH2CH2), 2.18 (q, J = 7.65 

Hz, 6.95 Hz, 4H, 2xOCH2CH2CH2)), 2.81-2.86 (m, 8H, 4xCH2=C), 2.92-2.96 (m, 8H, 4xCH2CH2C=), 

4.18 - 4.33 (m, 20H, 10xOCH2), 4.97-5.07 (m, 4H, 2xCH=CH2), 5.78-5.86 (m, 2H, 2xCH=CH2), 

6.40 (t, J = 2.10 Hz, 2H, 2xCH=CH2), 6.79 (dd, J = 8.3 Hz, 2.10 Hz, 4H, 

4xOCCHArCHArCCH2CH2C=C), 7.02 (d, J = 2.25 Hz, 6H, 3xCHAr), 7.20 (d, J = 8.25 Hz, 4H, 

4xOCCHArCHArCCH2CH2C=C), 7.75 (d, J = 1.95 Hz, 4H, 4xC=CCCHArCO); 13C NMR (CDCl3, 125 

MHz): 27.8 (OCH2CH2), 29.8 (OCH2CH2CH2), 30.1 (CCH2CH2C=), 35.3 (CCH2CH2C=), 64.5 

(C(=O)OCH2), 66.7 (OCH2), 66.8 (OCH2), 105.6 (OCCHArCO), 108.0 (CHArCC(=O)O)), 108.9 

(CC(=O)O), 114.9 (=CCCHArCO), 115.3 (CH=CH2), 125.8 (OCCHArCHArC), 132.0 (OCCHArCHArC)) , 

135.5 (C=C), 137.5 (CH=CH2), 141.1 (OCCHArC(=O)O), 141.6 (=CCH2CH2C), 156.8 (=CCCHAr)), 

159.4 (OCCHArCC=), 165.9 (OC=O); HRMS (FTMS+pNSI, [M+Na]): obs. 1099.4612, calcd. 

1099.4603. 

 

Synthesis of macrocycle 54 

 

A new compound 54 was prepared using the procedure below. 

A solution of starting macrocycle 53 (0.1 g, 0.095 mmol), CsCl (15 mg, 0.09 mmol), and the 

Grubbs II catalyst (1.91 mg, 0.00225 mmol) in DCM (10 mL) was degassed for 20 min and 
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allowed to stir at 45 °C for 1 h. The starting material was fully consumed with the formation 

of one spot on TLC plate. The catalyst was quenched with water; the reaction product was 

extracted with DCM, followed by concentration to afford a brown solid in a quantitative 

amount (0.1 g). 

1 H NMR (500 MHz, CDCl3): 1.76-1.90 (m, 8H, 2xOCH2CH2, 2xOCH2CH2CH2), 2.07-2.36 (m, 8H, 

4xCH2C=C), 2.84-2.96 (m, 8H, 4xCH2CH2C=), 4.20-4.38 (m, 20H, 10xOCH2), 5.45-5.55 (m, 2H, 

CH=CH),  6.39-6.41 (dt, 2H, 2.25 Hz,  2xOCCHArCO), 6.82 (dd, 4H, 2 Hz, 6.2 Hz, 

4xOCCHArCC(=O)O), 6.93 (dd, 4H, 4.25 Hz, 32.7 Hz, OCCHArCHArCCH2CH2C=C), 7.15-7.72 (m, 

4H, OCCHArCHArCCH2CH2C=C), 7.77 (s, 4H, 4xC=CCCHArCO), 13C NMR (125 MHz, CDCl3):  29.8 

(OCH2CH2), 29.9 (OCH2CH2CH2), 35.3 (CCH2CH2C=), 35.3 (CCH2CH2C=), 66.5 (C(=O)OCH2), 66.6 

(OCH2), 66.7 (OCH2), 107.8 (OCCHArCO), 108.9 (CHArCC(=O)O)), 114.8 (CC(=O)O)), 115.0 

(=CCCHArCO), 125.8 (=CCH2CH2CCHAr), 130.4 (CH=CH), 135.5 (C=C), 141.1 (OCCHArCC(=O)O), 

141.6 (=CCH2CH2C), 141.6 (=CCCHAr), 156.9 (OCCHArC(=O)O)), 159.4 (OCCHArCHArC), 165.9 

(C=O), HRMS (FTMS+pNSI, [M+NH4
+]): 1066.4729, calcd. 1066.4736 
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CHAPTER 3. FOLDAMERS 

3.1. Overview 
  
Despite the significant development of the foldamers field, its major challenge remains the 

design and synthesis of well-organized strand architectures able to form supramolecular 

assemblies or functional materials. The most recent definition of foldamer is “any oligomer 

that folds into a conformationally ordered state in solution, the structures of which are 

stabilized by a collection of noncovalent interactions between nonadjacent monomer 

units”.51 Foldamers have a wide spread of applications in molecular recognition,44, 45, 51, 52, 84-

93 catalysis,94-106  design of smart materials107, 108 and bioactive molecules.109-114 The main 

interest for foldamers research is their ability to mimic biomolecules by folding into specific 

conformations.  

 

This Chapter focuses on the design and synthesis of the helical foldamer model as a 

supramolecular mechanophore with the strong stability to form easily synthesizable 

secondary motifs (double helices) capable of surviving at low concentration and coupling to 

commercial polymers. 

Abiotic aromatic foldamers based on the aryl backbone ensure stability in structure using 

hydrogen bonding, π-π stacking, and hydrophobic interaction. Backbones include phenylene 

ethylene, 115 benzoyl urea,116 aromatic benzyl 117, 118 and heterocyclic46, 119 amines.44 Existing 

π-π stacking, which lacks aliphatic foldamers, ensures the rigidity of the 3D structure. For 

example, helical foldamers, consisting of pyridine-monomers (AOA) (Figure 15), seem to offer 

these opportunities of high stability, predictability, ease of synthesis, and tunability. 41, 43, 47, 

120 These aromatic oligoamides hybridize into supramolecular double helices. A remarkable 
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feature of AOAs is the ability of their single helices to extend mimicking springs and 

reassemble into double helices (Figure 15).42, 46, 121 Strands of AOAs self-organize into single 

using NH-N and NH-O hydrogen bonding interactions. However, double helix formation is 

driven by face-to-face aromatic stacking.49, 51 

 

 

Figure 15. Schematic representation of single and double helical pyridine oligoamides (AOA) 

folding via intramolecular hydrogen bonds. The double-headed arrows show electrostatic 

repulsions; hash lines indicate the extension of the structure.49 

 

Essential design parameters to consider during the design of double helices include the 

following: 

• intrinsic factors52 (length of the foldamer and side chains) determine the kinetics and 

thermodynamics of folding 

• external environment (solvent, temperature, concentration)42, 46 facilitates or 

destroys the dimerization. 

 

Huc and Lehn report in their studies that, in general, dimerization constants increase with the 

oligomers’ length.46, 54 However, they also revealed unexpected observation that dimerization 

increases with oligomer length up to a certain point and then decreases to undetectable levels 

N N
H

N

R1

N
H

N
H

OO

N N
H

R3

O
R2R2

R3
O

3

N
N

O

N N
H

R2
H

H

O

R2



60 
 

for the longest strands.49 Initial hypothesis based on the increasing number of stabilizing 

interstrand interactions with longer foldamer length did not match the results. The observed 

phenomenon was explained by comparing the enthalpic gain and entropic loss of oligomers 

hybridization into a duplex. When the strand length increases, both the enthalpic gain and 

entropic loss decreases.   

 

Dimerization is further controlled by side chains, which can increase stacking interactions 

between strands.46 Table below compares previous work on the pyridine-based heptamers 

(Figure 15). The previous research on side chains (Table 2) reports that alkoxy substituents, 

regardless of their length, favordimerization possibly due to increased interactions between 

side chains and aromatic rings with electron-donor groups (entries 3, 4, 6 and 8). The highest 

dimerization constant (8.2*104 L/mol, entry 6) corresponds to a heptamer-amine with 

methoxy substituents. The change of alkoxy groups’ length did not significantly affect the 

dimerization constant.   Dimerization constants of AOAs with longer dodecyloxy substituents 

were calculated as 6.9*104 and 6.9*104 L/mol (entries 4 and 3), tert-butoxy substituted 

foldamers’ dimerization constant is 3.1*104 L/mol (entry 8). A high degree of dimerization is 

sensitive to the foldamers’ end groups. Dimerization constants above are associate with 

amine, Boc, and long aliphatic nonanyl end groups. However, the dimerization constant of 

Cbz protected foldamers drastically drops to 1500 L/mol for dodecyloxy-substituted 

heptamers and 1000 L/mol for foldamers with methoxy substituents. A pattern of 

substitution also affects the degree of dimerization. Described cases are based on substituting 

all pyridine rings, while the alternating pattern of substitution (entry 2 vs entry 3) decreases 

the dimerization on three orders of magnitude.  
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Table 2. Dimerization constants of AOAs 

# R1 R2 R3 Kdim (CDCl3) at RT 

1 H H Boc 110-120 

2 OC10H21 H C9H19 25-30 

3 OC10H21 OC10H21 C9H19 6.5*104 

4 OC10H21 OC10H21 NH2 6.9*104 

5 OC10H21 OC10H21 Cbz 1500 

6 OMe OMe NH2 8.2*104 

7 OMe OMe Cbz 1000 

8 OtBu OtBu Boc 3.1*104 

 

Non-polar solvents (eg. chlorohydrocarbons), high concentrations, and low temperatures 

favour dimerization, while any presence of moisture46 destroys the double-helical 

conformation, presumably by interfering with the formation of H-bonds within the foldamer.   

 

Summarizing the literature cases of preparation aromatic foldamers described above, the 

general parameter of successful foldamers dimerization is a length. The development of a 

synthetic protocol of new foldamers minimizing toxicity to the environment but increasing 

their length is a work strategy. 

 
3.1.1. Previous work on synthesis and characterization of foldamers 

The basic units for AOA have been pyridine/quinoline derivatives,42, 43 which grow by 

converged synthesis (Scheme 24).44 The main techniques used to characterize the secondary 

structures of long aromatic foldamers are X-Ray and 1H NMR spectroscopy. 
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The synthesis of the single helical oligoamides, developed by Huc, is straightforward, and a 

representative unsubstituted heptamer 16 can be prepared in three steps starting from the 

corresponding diaminopyridine 12, and pyridine dicarboxylic esters. 42 

 

 

Scheme 24. Synthesis of heptamer 16.42 Conditions: a) SOCl2, reflux; b) LiHMDS, Boc2O, THF, 

RT; c) 11a, NEt3, THF, RT; d) TMSI, chloroform, then MeOH, reflux. 

 

The hybridization of compound 16 was characterized using NMR spectroscopy by monitoring 

proton shifts. Terminal amide NH signals of the double helix appear upfield in comparison to 

the spectrum of monomer (Table 3).52 
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Table 3. 1H NMR peaks of trimer’s and heptamer’s protons52 

 

n = 1, trimer 55 
n = 3, heptamer 56 

 
foldamer Terminal CH2CONH signals (ppm) aromatic protons (ß/ß’) (ppm) 

Trimer 55 2.39 and 8.42 7.40 and 7.88 

Heptamer 56 1.97 and 7.54 7.92 

 

Dimerization can be facilitated by lowering the temperature of the environment. The change 

of the spectrum of AOA with temperature is shown in Figure 16. High-temperature 

experiments caused proton peaks broadening,46 associated with slow conformational 

changes within a double helix or equilibration with larger aggregates.46 At lower temperature 

(25 °C), sharp peaks with precise splitting were observed. New peaks appeared upon 

temperature increase, while decreasing temperature led to the original spectra. This 

experiment shows that the same compound can have various conformations, which may 

associate with aggregation at higher temperatures. For example, at 25-35 °C strong signals 

appear and correspond to double helix, upon temperature increase, 45-55 °C monomer 

species appear, and signals coalesce, at T higher than 55 °C single helix ratio increase, and 

peaks start to sharpen until double helix completely disappears (Figure 16).  

 

 

 

N N
H

N

OC10H21

N
H

C9H19

O

N
H

OO

N N
H

C9H19

O

n

H H



64 
 

 

 

 

Figure 16. NMR Interconversion between double and single helices upon temperature 

change.46 Formation and interconversion of double helices described by 400-MHz 
1
H spectra (8.2 mM in C2D2Cl4 at various temperatures). Filled circles indicate peaks 

describing double helix, and unfilled circles indicate single helix. The bottom scheme 

represents the interconversion between two identical double helices by a sliding motion 

and their dissociation into two single helices 
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Based on the previous research described above, our synthetic design relied on simplified 

literature procedure (1) by using commercially available unsubstituted starting amine to avoid 

using toxic ammonia gas and bromine, but (2) by increasing the length of the foldamer to 

maximize supramolecular interactions and consequently, dimerization constant (Scheme 25).  

 

 

Scheme 25. Model foldamer 

 

As starting materials, we chose chelidamic acid to be transformed into alkoxy pyridine and 

diaminopyridine (Scheme 26). The research above shows that alternating pattern with alkoxy 

substituents has a lower degree of dimerization compared to all substitution patterns of 

aromatic rings, while the later system’s dimerization constant reaches a maximum at a certain 

length. Based on this conclusion, we decided to synthesize longer oligomers with alternating 

substitution patterns to control better the dimerization related to the length of the foldamer.  

 

The retrosynthesis of the foldamer series is shown below: 

 

Scheme 26. Retrosynthesis of model foldamer 
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3.1.2. Previous work on the synthesis of the double helices 
 
Successful syntheses of foldamers rely on a convergent approach. The main challenge in the 

synthesis of foldamers is their tendency to fold into helices, which reduces yields of coupling 

due to steric inaccessibility of the terminal amine groups that are sequestered inside the helix 

and complicates purification. To overcome these problems including possible side reactions 

such as chlorination and hydroxylation of the backbones, a chromatography-free scalable 

protocol yielded a quinoline-based octamer.5 Researchers replaced the use of SOCl2 with 

oxalyl chloride as SOCl2 caused overchlorination of long aromatic oligomers, and acid-

sensitive foldamers found that Ghosez’s reagent is the best as well as proposed optimized 

ratios of reagents for each reaction step towards octamer formation to avoid purification by 

chromatography.5 

 

3.2. Synthesis of foldamers  

Synthesis of aromatic foldamers adapted the strategy of doubling the segment using the 

guidance of chromatography-free synthetic protocol5 by using chelidamic acid and tert-butyl 

(6-aminopyridin-2-yl)carbamate as starting monomer units (Scheme 27). The route was based 

on coupling acid chloride with the amine in the presence of DIPEA as a base. Activation of 

acids was essential due to the poor nucleophilic nature of aromatic amines. 
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Scheme 27. Proposed synthesis of foldamers 

 

First, chelidamic acid was transformed into diester 61 using a chlorinating agent in a 

quantitative yield (Scheme 28) to avoid side reactions in the next step.  

 

Scheme 28. Synthesis of diester 61 

 

Next, etherification reaction with tert-butyl iodide under basic conditions in DMF provided 

the desired product 57 in 97% yield (Scheme 29).  

 

Scheme 29. Preparation of compound 57 
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Before the coupling step, compound 57 was converted to monoester 62 using 1 equivalence 

of NaOH in MeOH/THF mixture or diacid 63 using an excess of base (Scheme 30). 

 

Scheme 30. Deprotection of compound 57 
 

The second monomer, tert-butyl (6-aminopyridin-2-yl)carbamate 13, was prepared in 75% 

yield by treating 2,6-diaminopyridine 12 with 1 equivalent of Boc-anhydride (Scheme 31). 

 

 

Scheme 31. Formation of monoamine 13 

 

Using coupling reactions, the corresponding dimer 66, trimer 58 were obtained in high yields 

(Scheme 32 and Scheme 33) via chloride intermediate in 67% and 74% yields, respectively.  

 
Scheme 32. Synthesis of dimer 66 
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Scheme 33. Synthesis of trimer 58 

The next step was a saponification reaction in MeOH/THF mixture to obtain dimer acid 68 in 

a quantitative yield (Scheme 34) 

 

 
 

Scheme 34.Saponification of compound 66 

Boc deprotection reaction of trimer 58 in the presence of TFA afforded trimer-diamine 67 in 

96% yield (Scheme 35). 

 

Scheme 35. Synthesis of compound 67 

 

An alternative approach, coupling monoester 62 and diamine 12 (Scheme 36) using EDC as 

the coupling reagent was low yielding and difficult to extend to longer oligomers. 

 

Scheme 36. Low-yielding coupling of monoester and diamine 
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Treatment of acid 68 with oxalyl chloride to form acyl chloride 71, followed by the addition 

to the solution of diamine 67 and DIPEA did not lead to the formation of desired heptamer 

59 (Scheme 37). One of the possible reasons could be the sensitivity to acidic conditions as 

HCl is generated as the by-product.  

  
Scheme 37. Failed trial of heptamer formation using oxalyl chloride as the activating reagent 

 

According to the literature, sensitivity to acid increases with the length of foldamers, and 

oligomers prefer activation by neutral Ghosez’s reagent (Scheme 38).  Heptamer 59 was 

formed in a 60% yield over two steps (Scheme 39). 1H NMR spectrum of compound 59 is 

shown in Figure 19. 

 

Scheme 38. Chlorination reaction using Ghosez’s reagent 
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Scheme 39. Synthesis of heptamer. Use of oxalyl chloride was unsuccessful towards 

heptamer formation and was replaced by neutral Ghosez’s reagent to afford 59 in 60% yield 

over two steps 

 
In the next step, one of the Boc groups of 59 was selectively removed using TMSI, followed 

by reflux in MeOH to obtain heptamer-monoamine 72, which was treated with dichloride 64 

to afford pentadecamer 60 (Scheme 40). 

 

Scheme 40. Synthesis of pentadecamer using selective deprotection procedure. 

 

All intermediates, except for 72 due to the purification difficulties, and final products 59 and 

60 were characterized by 1H NMR spectroscopy and confirmed by MS analysis.  
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The characterization of the helical structure was determined according to the shifts of amide 

signals. From the previous studies, strong signals of double-helical amide hydrogens (9.2 – 10 

ppm) shift upfield compared to single helical hydrogens (10 – 11 ppm) as the length of 

foldamer increases due to the π-π stacking interactions, which increase ring current effects. 

Thus, upfield shifts of 15mer indicate the formation of double-helical conformation (Figure 

17), and the observed signal at ~ 10 ppm for heptamer indicates that double helix is formed 

at a concentration higher than 13 mM (Figure 18).  

 

 

Figure 17. 1H NMR spectra (500 MHz, CDCl3) showing amide NH region of a) pentadecamer 

60 (4 mM) and b) heptamer 59 (5.5 mM), peaks of the single helix are indicated by unfilled 

circles; filled circles indicate peaks of the double helix 
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Figure 18. 1H NMR spectra of heptamer at a) 5.5 mM and b) 13.4 mM (CDCl3, RT) 

 

1H NMR measurements of 59 and 60 are shown in Figure 19 and Figure 20, respectively. In 

the aromatic region (7.00 – 8.50 ppm), peaks of both foldamers lie in the same range, while 

proton peaks of amides NH are in a different range. Amide protons of heptamer confirm the 

symmetrical structure of the foldamer, while amide protons of 15mer shifted upfield and non-

equivalent. Peaks of the aliphatic chains of both compounds are observed in the same region. 

The peak at 2 ppm on heptamer’s spectrum may arise from impurity. This peak disappears on 

the 15mer’s spectrum. HRMS of compound 60 confirms the purity of the product (Figure 21). 

Overall, integration values match the expected number of hydrogens which suggest that 

species exist in single conformation under identified conditions: 5.5 mM (CDCl3) for heptamer, 

4 mM (CDCl3) for 15mer. 
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Figure 19. 1H NMR of heptamer 59 (5.5 mM, CDCl3) 

 

Figure 20. 1H NMR of 15mer 60 (4 mM, CDCl3) 
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Figure 21. HRMS of 60 

 
3.3. Analysis of the dimerization 

We note an important difference between proton signals of heptamer and 15mer, specifically 

interstrand amides NH. First, the location of peaks of 15mer is shifted upfield compared to 

heptamer, which is a characteristic of a double helix based on the literature. Looking at Figure 

17 and Figure 18 above, it is apparent that heptamer 59 in CDCl3 shows that the foldamer is 

largely dimerized at concentration >13 mM, but signals of the single helix are still present. 

However, 15mer 60 is fully hybridized into a double helix at a much lower concentration ~3 

mM.  

 

The previous study involving oligoimides of pyridine derivatives showed that dimerization 

could occur up to a certain length of a foldamer, after which the dimerization constant 

drastically decreases.49 In this work, dimerization constants for 7mer and 15mer in CDCl3 were 

determined as 37 L/mol and >105 L/mol, respectively, by integrating 1H NMR peaks of single 

and double helices (Figure 22 and  Figure 23) and using the equation below: 
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𝐾𝑑𝑖𝑚 = 	
[𝑑𝑜𝑢𝑏𝑙𝑒	ℎ𝑒𝑙𝑖𝑥]
[𝑠𝑖𝑛𝑔𝑙𝑒	ℎ𝑒𝑙𝑖𝑥]! 

 

 

Figure 22. 1H NMR of 7mer in CDCl3, concentration = 13.4 mM. The ratio of protons between 

the double helix and single helix is 1 to 2.02. Kdim = 37 L/mol 

 

 Figure 23. 1H NMR of 15mer in CDCl3, concentration = 4 mM. The ratio of protons between 

the double helix and single helix is 1 to 0.09. Kdim > 105 L/mol 

 

Another difference is the non-equivalent environment of aromatic rings in the double-helical 

15mer 60 in CDCl3. In the hydrogen-bonded amide region (9.75 – 10.30 ppm) 13 sharp peaks 

are observed instead of 7 peaks, which can be explained by asymmetrical double helical 

structures with non-equivalent ends of each single strand. When two individual strands slide 
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along in a spiralling motion without dissociation, the ends of each strain experience different 

states and environments.46 Additionally, the temperature variation experiments indicated 

that the proportions of signals remained the same. Temperature change experiments using 

foldamer 60 in CDCl3 are summarized in Figure 24. At 25 °C, the overlap of some signals is 

observed, while at 40 °C, signals were splitted better, while at 50 °C, all peaks were split apart. 

As peaks did not shift downfield at elevated temperature, variable-temperature NMR 

experiments confirm the robustness of 15mer as a double helix (Figure 24).  

 

Figure 24. Effect of T on double helix stability. 4 mM, CDCl3, T = 25 – 50 °C 

 

Despite changing the solvent to polar in DMSO, decreasing the concentration up to 4 mM, 

and increasing temperature up to 50 °C, 15 pyridine units containing (60)2 remain ~75% in a 

mixture (Figure 25).  
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Figure 25. Effect of solvent and concentration on 15mer (60)2. In polar DMSO-d6 at low 

concentration, the major species is a double helix. The integration ratio between amide 

protons NH of single vs. double helices is 1:4. 

 

In summary, a foldamer-based mechanophore was successfully synthesized as 15 pyridine 

units containing an amide oligomer.  The prepared oligomer consisted of two alternating 

units, diaminopyridine and tert-butoxypyridine. Dimerization constant of heptamer matches 

previously reported values of foldamers with alternating substitution pattern of alkoxy 

groups. 

 
Doubling 7mer into 15mer allowed to drastically increase the dimerization constant from 37 

L/mol to >105 L/mol. 15mer exists as a double helix with non-equivalent ends due to the 

sliding motion of strands. It has a high potential to be employed as a supramolecular 

50 °C, CDCl3, 4 mM 

50 °C, DMSO, 4.2 mM 
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mechanophore in a polymer due to the robustness of a double helix as it is not sensitive to 

the solvent environment and variations of temperature and concentration.  

 

Characterization of foldamers was done by NMR analysis. Due to the complex architecture 

and aggregation, 7mer and 15mer were assigned partially and preliminary. Literature used 

NMR and X-ray to characterize complex foldamers fully. In this project, crystallization did not 

work for newly synthesized 7mer and 15mer as they were liquid. The best result was a 

dendrimer 7mer obtained by slow evaporation of CDCl3 solvent from the NMR tube but 

unsuitable for X-ray. These results will allow us to accurately determine the 3D structure of 

foldamers with the exact location of H-bonding and stacking interactions and their distances. 

This data helps to determine the symmetry and modeling of further steps of coupling 

foldamers with polymers. 

 

3.4. Experimental 

Synthesis of dimethyl 4-oxo-1,4-dihydropyridine-2,6-dicarboxylate 

 

A known compound 61 was synthesized using the literature procedure.122 

To a solution of chelidamic acid monohydrate (2 g, 9.95 mmol) in MeOH (10 mL), thionyl 

chloride (2 mL) was added at 0 °C. The reaction was left to stir at RT overnight, followed by 

reflux for additional 2 h. The reaction mixture was concentrated to afford 61 as a white solid 

(2.10 g, quant yield), which was further used in the next without purification.  
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IR: 3230, 2420, 1741, 1609, 1259; 1H NMR (500 MHz, MeOD): 3.63 (s, 6H), 7.89 (br s, 2H); 13C 

NMR (125 MHz, MeOD): 56.3, 118.0, 145.0, 160.8, 174.2.  

 

Synthesis of tert-butyl (6-aminopyridin-2-yl)carbamate 

 

A known compound 13 was synthesized using the literature procedure.123 

Di-tert-butylcarbonate (1.0 g, 4.58 mmol) was added to a solution of 2-6 diaminopyridine (0.5 

g, 4.58 mmol) in THF (12 ml). The resulting solution was stirred a 60 °C overnight. After cooling 

the solvent was removed under vacuum and purified using CombiFlash to afford 13 as a white 

solid (75% yield). 

IR: 3417, 3386, 1697, 1152; 1H NMR (500 MHz, CDCl3): 1.50 (s, 9H), 4.39 (br s, 2H), 6.15 (d, J = 

8.0 Hz, 1H), 7.21 (d, J = 8.0 Hz, 1H), 7.40 (t, J = 8.0 Hz, 1H), 7.56 (br s, 1H); 13C NMR (125 MHz, 

CDCl3): 28.3 (C, 3xCH3), 80.7 (C, CCH3), 101.7 (C, H2NC=C), 102.9 (C, CC(NH), 139.9 (C, CCC(NH), 

150.6 (C, HNC=N), 152.4 (C, C=O), 157.2 (C, CNH2). 

 

Synthesis of dimethyl 4-isobutoxypyridine-2,6-dicarboxylate 

 

A known compound 57 was synthesized using the literature procedure.122 

A solution of diester 61 (2 g, 7.48 mmol) and K2CO3 (3.27 g, 23.68 mmol) in DMF (12 mL) was 

refluxed for 2 h, followed by the addition of 1-iodo-2-methylpropane (2.61 g, 14.21 mmol) at 
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0 °C and the reaction mixture was left to reflux for 12 h; concentrated; purified using flash 

chromatography. White solid 57 was formed in 97% yield (2 g). 

IR: 2963, 1752, 1714, 1104; 1H NMR (500 MHz, CDCl3): 1.05 (d, J = 6.7 Hz, 6H), 2.15 (septet, J 

= 6.7 Hz, 1H), 3.89 (d, J = 6.5 Hz, 2H), 4.01 (s, 6H), 7.80 (s, 2H); 13C NMR (125 MHz, CDCl3): 19.0, 

28.0, 53.2, 75.2, 114.5, 149.7, 165.2, 167.2. 

 

Synthesis of 4-isobutoxypyridine-2,6-dicarboxylic acid 

 

A new compound 63 was synthesized using the procedure below. 

To a solution of diester 57 (2 g, 7.48 mmol) in MeOH/THF (1:5), NaOH (0.9 g, 22.45 mmol) was 

added in 3 portions at RT. The reaction was monitored by TLC until the starting material is 

fully consumed. The reaction was acidified with 1 M HCl solution, concentrated under 

reduced pressure, and dried under high vacuum overnight to afford 63 as a white solid in 

quantitative amount (1.81 g). 

IR: 3396, 1702, 1584, 1035; 1H NMR (500 MHz, MeOD): 1.07 (d, J = 6.7 Hz, 6H, 2xCH3), 2.14 

(septet, J = 6.6 Hz, 1H, CH(CH3)2), 3.98 (d, J = 6.4 Hz, 2H, OCH2), 7.79 (s, 2H, 2xCHAr); 13C NMR 

(125 MHz, MeOD): 19.2 (2xCH3), 29.2 (CHCH3), 77.6 (OCH2), 115.8 (CHAr), 148.3 (2xCC(=O)OH), 

164.7 (COCH2), 171.9 (COOH).  

 

 

 

N

O

COOMeMeOOC N

O

COOHHOOC
57 63



82 
 

Synthesis of di-tert-butyl (((4-isobutoxypyridine-2,6-dicarbonyl)bis(azanediyl))bis(pyridine-

6,2-diyl))dicarbamate 

 

A new compound 58 was synthesized using the procedure below. 

To a diacid 63 (434 mg, 1.82 mmol, 0.27 mmol) in DCM, oxalyl chloride (0.2 mL) was added at 

0 °C stirred for 12 h at RT. The mixture was concentrated without heating water bath and put 

under high vac for 5 h. 

The residue was dissolved in dry DCM (10 mL) and was added via cannula to a previously 

prepared solution of tert-butyl (6-aminopyridin-2-yl)carbamate (0.082 g, 0.39 mmol)  in dry 

DCM (10 mL) and diisopropylethylamine (1.08 mL, 0.98 mmol) at 0 °C. The reaction mixture 

was stirred at RT for 24 h. The solvent was removed, and the residue was purified by flash 

chromatography to yield the white solid 58 (179 mg, 74%). 

1H NMR (500 MHz, CDCl3): 1.07 (d, J = 8.4 Hz, 6H, 2xCH3), 1.53 (s, 18H, 2xC(CH3)3), 2.17 (septet, 

J = 8.3 Hz, 1H, CH(CH3)2), 3.91 (d, J = 8.2 Hz, 2H, OCH2), 7.65-7.68 (m, 4H, 2xCHArCHArCHAr), 

7.73 (br s, 2H, 2xNHBoc), 7.88 (s, 2H, 2xOCCHAr), 7.96 (t, 2H, 2xCHArCHArCHAr), 9.96 (s, 2H, 

2xNHC(=O)CN); 13C NMR (125 MHz, CDCl3): 19.0 (CH(CH3)2), 28.0 (CH(CH3)2), 28.2 (C(CH3)3), 

75.3 (OCH2), 81.1 (OC(CH3)3), 108.6 (CHArCHArCHAr), 109.0 (CHArCHArCHAr), 112.1 (CHArCCHAr), 

140.5 (CHArCHArCHAr), 148.9 (NCC(=O)NH), 150.6 (C(=O)OC(CH3)3), 150.7 (NCC(=O)NH), 152.3 

(COCH2), 161.7 (NCNHC(=O)O), 168.2 (HNC(=O)CN); HRMS (ESI, [M+Na]): 644.2791, calcd. 

644.2809. 
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Synthesis of trimer-diamine 67 

 

A new compound 67 was synthesized using the procedure below. 

To a solution of 3mer 58 (1.5 g, 2.41 mmol) in DCM (2 mL), TFA/DCM mixture 10 mL (1:1) was 

added at 0 °C, the whole mixture was allowed to stir for 6 h at RT until completion of starting 

material. The reaction mixture was adjusted to pH about 8-10 using saturated solution of 

NaHCO3, the product was extracted with DCM and purified using flash chromatography to 

afford diamine 67 as a white solid in 96% yield (0.98 g). 

IR: 3315, 3209, 1726, 1464; 1H NMR (500 MHz, CDCl3): 1.06 (d, J = 6.7 Hz, 6H, 2xCH3), 2.16 

(septet, J = 6.6 Hz, 1H, CH(CH3)2), 3.96 (d, J = 6.5 Hz, 2H, OCH2), 4.75 (br s, 4H, 2xNH2),  6.33 

(d, J = 8.0 Hz, 2H, H2NCCHAr), 7.52 (t, J = 8.0 Hz, 2H, 2xCHArCHArCHAr), 7.76 (d, J = 7.9 Hz, 2H, 

H2NCHArHArCHAr), 7.94 (s, 2H, 2xCHArCCHAr), 10.12 (br s, 2H, 2xNHC=O); 13C NMR (125 MHz, 

CDCl3): 19.0 (CH(CH3)2), 28.0 (CH(CH3)2), 75.3 (OCH2), 103.7 (CHArCHArCHAr), 105.0 

(CHArCHArCHAr), 140.3 (CHArCCHAr), 140.3 (CHArCCHAr), 149.3, 150.5, 157.4, 161.4 (), 168.4 

(HNC(=O)CN). 

 

Synthesis of compound 62 

 

A new compound 62 was synthesized using the procedure below. 
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To a solution of diester 57 (0.3 g, 1.12 mmol) in MeOH/THF (1:5), NaOH (45 mg, 1.12 mmol) 

was added in 3 portions at RT. The reaction was monitored by TLC until the starting material 

is fully consumed. The reaction was acidified with 1 M HCl solution, concentrated under 

reduced pressure, and dried under high vacuum overnight to afford monoacid 62 as a white 

solid (0.28 g, 88%). 

IR: 3217, 1962, 1720, 1698, 1597, 1030; 1H NMR (500 MHz, CDCl3): 1.05 (d, J = 6.7 Hz, 6H, 

2xCH3), 2.15 (septet, J = 6.7 Hz, 1H, CH(CH3)2), 3.91 (d, J = 6.5 Hz, 2H, OCH2), 4.00 (s, 3H, 

COOCH3), 7.81 (br s, 1H, CHAr), 7.84 (br s, 1H, COOH); 13C NMR (125 MHz, CDCl3): 19.0 

(CH(CH3)2), 28.0 (CH(CH3)2), 53.1 (COOCH3), 75.6 (OCH2), 112.2 (CHArCCOOCH3), 115.8 

(CHArCCOOH), 148.0 (NCC=O), 163.7 (COCH2), 164.5 (COOCH3), 168.1 (COOH). 

 

Synthesis of methyl 6-((5-((tert-butoxycarbonyl)amino)pyridin-3-yl)carbamoyl)-4-

isobutoxypicolinate 66  

 

A new compound 66 was synthesized using the procedure below. 

To a monoacid 62 (0.2 g, 0.8 mmol) in DCM, oxalyl chloride (0.2 mL) was added at 0 °C stirred 

for 2 h at RT. The mixture was concentrated without heating water bath and put under high 

vacuum for 5 h. 

The residue was dissolved in dry DCM (10 mL) and was added via cannula to a previously 

prepared solution of tert-butyl (6-aminopyridin-2-yl)carbamate (0.14 g, 0.65 mmol)  in dry 

DCM (10 mL) and diisopropylethylamine (1.5 mL) at 0 °C. The reaction mixture was stirred at 
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RT for 24 h. The solvent was removed, and the residue was purified by flash chromatography 

to yield the white solid 66 (0.2 g, 67%) 

1H NMR (500 MHz, CDCl3): 1.05 (d, J = 6.8 Hz, 6H, CH(CH3)2 ), 1.53 (s, 9H, C(CH3)3), 2.16 (septet, 

J = 6.7 Hz, 1H, CH(CH3)2), 3.92 (d, J = 6.5 Hz, 2H, OCH2), 4.02 (s, 3H, OCH3), 7.21 (s, 1H, CHAr), 

7.69-7.75 (m, 2H, NHBoc, CHAr), 7.76 (d, J = 2.5 Hz, 1H, CHAr), 7.92 (d, J = 2.5 Hz, 1H, CHAr), 8.01 

(d, J = 7.7 Hz, 1H, CHAr), 10.25 (s, 1H, CNHC(=O)CN); 13C NMR: 19.0 (C, CH(CH3)2), 28.0 (C, 

CH(CH3)2), 28.2 (C, 3xCH3), 53.0 (C, COOCH3), 75.3 (C, OCH2), 81.1 (C, OC(CH3)3), 108.1 (C, 

HNCCHArCNH), 108.3 (C, HNC(=O)CCHAr), 111.1 (C, CHArCOCH2), 114.9 (C, NCHArCN), 140.5 

114.9 (C, NCHArCN), 148.3 (C, OC(=O)NHCCHArN), 149.1 (C, OC(=O)NHCCHArCNH), 150.5 (C, 

CCOOCH3), 151.4 (C, COCH2), 152.2 (C, NCC(=O)NH), 161.7 (C, COOC(CH3)3), 165.0  (C, 

HNC(=O)CN), 167.7 (C, COOCH3); HRMS (ESI, [M+Na]): 467.1910, calcd. 467.1907. 

 

Synthesis of 6-((6-((tert-butoxycarbonyl)amino)pyridin-2-yl)carbamoyl)-4-

isobutoxypicolinic acid 68 

 

 

A new compound 68 was synthesized using the procedure below. 

Methyl 6-((6-((tert-butoxycarbonyl)amino)pyridin-2-yl)carbamoyl)-4-isobutoxypicolinate 

(0.65 g, 1.462 mmol) in 25 mL dioxane was added sodium hydroxide (0.117 g, 2.92 mmol) in 

2 mL water. The resulting mixture was stirred at 40 °C for 3 h. The solution was acidified by 

(0.5 M) HCl and extracted with DCM to give dimer 68 (0.57 g) in quantitative amount.  
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1H NMR (500 MHz, CDCl3): 1.06 (d, J = 6.7 Hz, 6H, CH(CH3)2), 1.55 (s, 9H, CH(CH3)3), 2.16 

(septet, J = 6.6 Hz, 1H, CH(CH3)2), 3.92 (d, J = 6.4 Hz, 2H, OCH2), 7.71-7.85 (m, 4H, 4xCHAr), 7.87 

(d, J = 2.1 Hz, 1H, CHAr), 7.96 (d, J = 2.1 Hz, 1H, CHAr), 8.07 (d, J = 7.7 Hz, 1H, CHAr), 10.8 (br s, 

1H, C(=O)NHC); 13C NMR (500 MHz, CDCl3): 19.0 (CH(CH3)2), 28.0 (СH(CH3)2), 28.2 (C(CH3)2), 

75.3 (OCH2), 81.4 (OC(CH3)3), 108.6 (HNCCHArCNH), 108.9 (C, OCCHArCC(=O)), 112.4 (C, 

OCCHArCC(=O)NH), 114.3 (C, 2xNCHAr), 141.4 (CNHC(=O)O), 148.1 (HNCCHArCNHC(=O)O), 

148.9 (C, HOOCC), 150.8 (C, CC(=O)NH), 152.1 (COCH2), 161.9 (COOC(CH3)3), 166.2 

(NCC(=O)NH), 168.1 (COOH). 

 

Synthesis of heptamer 59 

 

A new compound 59 was synthesized using the procedure below. 

1-Chloro-N,N,2-trimethylpropenylamine (5.6 mmol, 0.74 g) was added to dimer acid 68 (1 g, 

2.32 mmol) dissolved in dry CH2Cl2 (5 mL) under a nitrogen atmosphere. The mixture was 

stirred for 12 h at 25 °C. Excess chloroenamine was removed under reduced pressure. The 

residue obtained was dissolved in dry CH2Cl2 (2 mL) and added dropwise to a previously 

prepared solution of monomer di-amine 67 (0.39 g, 0.93 mmol) in dry CH2Cl2 (5 mL) and 

diisopropylethylamine (0.72 g, 5.6 mmol) at 25 °C. The mixture was stirred at ambient 
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temperature for 12 h. The solvent was removed, and the residue was purified by flash 

chromatography to yield the product 59 in 60.4%.  

NMR peaks at aromatic region were assigned partially and preliminary due to the complexity 

of 3D structure and overlapping of signals of single and double helices. 

1H NMR (500 MHz, CDCl3): 1.13 (d, J = 6.7 Hz, 6H, 2xCH(CH3)2), 1.19 (d, J = 6.7 Hz, 12H, 

4xCH(CH3)2), 1.34 (s, 18H, 2xC(CH3)3), 2.19-2.30 (m, 3H, 3xCH(CH3)2), 4.04 (d, J = 6.1 Hz, 6H, 

3xOCH2), 6.94 (s, 2H, 2xNHterminal), 7.37 – 7.42 (m, 4H + impurity), 7.61 (t, J = 8.0 Hz, 

2H+impurity), 7.77 (t, J = 7.6 Hz, 2H), 7.85-7.90 (m, 6H), 8.10 (s, 2H), 8.23 (d, J = 7.6 Hz, 2H), 

10.31 (br s, 2H, NCNHC(=O)C), 10.51 (br s, 2H, NCNHC(=O)C), 10.93 (br s, 2H, NCNHC(=O)C); 

13C NMR (125 MHz, CDCl3): 19.1 (CH(CH3)2), 27.7 (C(CH3)3), 27.9 (CH(CH3)2), 75.4 (OCH2), 81.1 

(OC(CH3)3), 108.0, 108.1, 110.1, 110.2, 111.6, 112.1, 112.2, 140.9, 141.2, 148.4, 149.0, 149.1, 

149.2, 149.8, 150.1, 151.4 (COCH2), 160.4, 161.1 (NCC(=O)NH), 161.3 (COOC(CH3)3), 168.1 

(NC(=O)OC(CH3)3); HRMS (FTMS+pNSI, [M+Na]): 1268.5266, calcd. 1268.5248. 

 

Synthesis of heptamer-monoamine 72 

  

A new compound 72 was synthesized using the procedure below. 

 To the solution of 7mer 59 (162 mg, 0.13 mmol) in DCM (12 mL), 0.9 mL of 0.2 M TMSI 

solution in DCM (stock solution: 1 mL of TMSI in 5 mL DCM) added at 0 °C and the reaction 

mixture was stirred at RT for 2 h. Then, DCM was evaporated, and the concentrated mixture 

was redissolved in 12 mL of MeOH and refluxed for 4 h, followed by evaporation and 
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purification by column chromatography.  In the next step, the reaction mixture was 

concentrated and purified using CombiFlash to afford a colorless oil in 64% yield. 

NMR peaks at aromatic region were assigned preliminary due to the complexity of 3D 

structure and overlapping of signals of single and double helices. 

1H NMR (500 MHz, CDCl3): 0.84 – 2.35 (m, 36 aliphatic Hs + impurities), 3.99 (m, (OCH2)x3), 

5.38 (br s, 1H, NHH), 5.85 (br s, 1 H, NHH), 6.96 (br s, 1H, NH), 7.39 – 8.27 (m, 18H, HAr), 10.23 

(br s, 1H, NH), 10.37 (br s, 1H, NH), 10.56 – 10.58 (m, 2H, 2xNH), 10.91 (br s, 1H, NH), 10.98 

(br s, 1H, NH); HRMS (ESI, [M+H]): 1146.4862, calcd. 1146.4904; IR: 3348, 3350, 2921, 1692, 

1455. 

 

Synthesis of pentadecamer 60 

  

A new compound 60 was synthesized using the procedure below. 

Diacid 21 (104 mg, 0.44 mmol) in oxalyl chloride (0.1 mL) was stirred at RT for 1 h. 

Concentrated, extra oxalyl chloride was removed under high vacuum. The crude product 22 

was dissolved in DCM (10 mL) and added to a solution of monoamine 29 (0.5 g, 0.44 mmol) 

in DCM (5 mL) and DIPEA (1 mL) at RT. The mixture was stirred at RT overnight. Concentrated 

and purified using column chromatography to afford white solid (520 mg) in 48% yield.  

NMR peaks at aromatic region were assigned preliminary due to the complexity of 3D 

structure and overlapping of signals of single and double helices. 
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1H NMR (500 MHz, CDCl3): 1.09-1.30 (m, 60 aliphatic H + impurities), 2.15-2.33 (m, 7H, 

7xCH(CH3)2), 3.92-4.14 (m, 14H, 7xOCH2), 6.34 (s, 1H, NH), 6.41 (s, 1H, NH), 7.11-7.88 (m, 39 

H, 38x CHAr, NH), 9.80 (s, 1H, NH), 9.87 (s, 1H, NH),  9.92(s, 1H, NH), 9.95 (s, 1H, NH), 10.00 (s, 

1H, NH), 10.03 (s, 1H, NH), 10.10 (s, 1H, NH), 10.14 (s, 1H, NH), 10.15 (s, 1H, NH), 10.18 (s, 1H, 

NH), 10.21 (s, 1H, NH), 10.22 (s, 1H, NH), 10.24 (s, 1H, NH); HRMS (ESI, [M+H]): 2496.0277, 

calcd. 2496.0318. 

 
 

CHAPTER 4. Synthesis of polymers  

4.1. Overview 

The multiscale nature of polymer mechanochemistry makes it challenging and an attractive 

area to create mechanically functional materials, which requires a synthetic effort to embed 

desired force-responsive functional moieties within a bulk material. Four mechanophores and 

mechanochromic force probes mainly dominate the polymer mechanochemistry: 

dicyclohalopropane,16, 124 stiff-stilbene,13, 124 azobenzene12, 124 and spiropyran.10, 11, 18, 124 

Mechanochemically active polymers can be synthesized either by coupling a mechanophore 

to a pair of polymer chains (Scheme 41a) or by polymerizing a mechanophore containing 

monomer (Scheme 41b). The former yields chains containing a single mechanophore per 

chain, while the latter creates multi-mechanophore polymers. 2, 125 

 

 
Scheme 41. General overview of mechanophore incorporation into a polymer chain  

+

mechanophore polymer chain

a)

b)
n
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(a – chain-centred mechanophore polymer; b – mechanophore rich polymer) 

 

The development of new mechanically active polymers yields smart materials2 such as self-

strengthening and self-healing through bond formation mechanisms such as cross-linking as 

a response to the applied force. 

 

Previous chapters of this thesis provided information about the architecture and synthesis of 

potential mechanophores with allosteric and supramolecular properties. This Chapter reports 

the polymerization of 54 (Scheme 42), whose synthesis and properties are described in 

Chapter 2 and end-derivatization of polystyrene with foldamers, whose structure, synthesis, 

and properties are reported in Chapter 3 (Scheme 43).  

 

Scheme 42. ROMP of the stiff-stilbene macrocycle 
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Scheme 43. End-derivatization of polystyrene with foldamers 

 

4.2. Ring-Opening Metathesis Polymerization 

Ring-opening metathesis polymerization is a powerful technique to polymerize strained 

olefinic monomers,64, 126-128 usually small cycles from three to eight atoms. The driving force 

for these monomers' polymerization is either the ring or angular strain.126-128 Common ROMP 

catalysts are Grubbs II and III (Figure 26), where Grubbs III manifests greater functional group 

tolerance, air-stability, and fast initiation and propagation rates.129, 130  

 

Figure 26. Structures of the Grubbs II and Grubbs III generation catalysts 

 

Even though this methodology is limited as macrocycles (ring size >14) usually have a little or 

no strain,131 successful entropy-driven ROMP has been achieved by effective design of olefinic 

macrocycles, catalyst choice, and reaction conditions.127  For example, Shimizu and co-

workers132 reported successful ROMP of 30-membered stilbene-containing macrocycle in a 1 

M solution with Grubbs II generation catalyst, and catalyst loading 1 mol% at T = 60 °С to 

achieve Mn = 45 kDa (Scheme 44a). UV-Vis analysis of the product provided the unexpected 

result of isomerization of starting cis-stilbene into trans isomer. Other examples of 
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entropically-driven ROMP of macrocycles include preparation of spiropyran and gem-

dichlorocyclopropane (gDCC) polymers (Scheme 44b)18 Co-polymerization with 9-

oxabicyclo[6.1.0]non-4-ene of 0.3 M toluene solutions used 10 mol% Grubbs II catalyst. A final 

noteworthy example is the preparation of poly-catenated polymers by ROMP (Scheme 44c)133 

of a macrocyclic catenane and gem-dicyclopropane derivative under Grubbs III catalysis (1.5 

mol%) in DCM to afford 211 kDa polymer. 
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Scheme 44. Examples of ROMP of macrocycles (SP – spiropyran) 

 

These examples encouraged us to search for conditions to enable ROMP of macrocycle 54 

(Scheme 42) by screening the two Grubbs catalysts, two solvents and a range of 

concentrations of the monomer (0.3 – 1 M), the catalyst loading (1-10 mol%), and 

temperature (RT - 60 °С). 
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4.2.1. Synthesis of the allosteric stiff-stilbene polymer 

Twelve ROMP experiments were performed under standards conditions (DCM, RT, N2 

atmosphere) by varying catalyst, catalyst loading, and monomer’s concentration (Table 4). 

The crude products were analyzed by analytical SEC, and the chromatogram is shown in Figure 

28. 

 

Table 4. ROMP trials and results 

# catalyst Conditions/catalyst loading Results (kDa) 

1 Grubbs II DCM, RT, 1 M, N2/1 mol% 3-25 

2 Grubbs II DCM, 50 °С, 1 M, N2/1 mol% 3-25 

3 Grubbs II DCM, RT, 0.1 M, N2/1 mol% No polymer was formed 

4 Grubbs II DCM, RT, 0.1 M, N2/2 mol%  3-25 

5 Grubbs II DCM, RT, 5 M, N2/1 mol% 3-25 

6 Grubbs II DCM, RT, 5 M, N2/10 mol% 2 (dimer) 

7 Grubbs II DCM, RT, 5 M, N2/0.1 mol% No polymer was formed 

8 Grubbs II DCM, RT, 1 M, N2/0.1 mol% No polymer was formed 

9 Grubbs III DCM, RT, 1 M, N2/0.5 mol%  No polymer was formed 

10 Grubbs III DCM, RT, 5 M, N2/0.5 mol%  No polymer was formed 

11 Grubbs III DCM, RT, 5 M, N2/1.5 mol%  No polymer was formed 

12 Grubbs III DCM, RT, 5 M, N2/2.5 mol% No polymer was formed 

 

The polymerization of monomer 54 was investigated using Grubbs II and III generation 

catalysts (0.1 – 10 mol%) in CH2Cl2 (Scheme 42). Grubbs II catalyst yielded polymer 73 with 
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nominal MW ranging from 2 to 25 kDa (nominal Mp = 6 kDa) (Figure 29) as determined by 

SEC (Figure 28) calibrated against polystyrene mass standards.  

 

ROMP using Grubbs III catalyst did not result in any polymer formation. This result was 

unexpected as Grubbs III, due to the faster initiation activity than Grubbs II should at least 

provide narrow dispersity ROMP product between 3 – 25 kDa. Change of concentration and 

catalyst loading did not result in any improvement, suggesting that the initiation rate does 

not affect the ED ROMP of the macrocycle.  Roles of Grubbs II and Grubbs III can differ in 

properties in ED-ROMP reactions compared to ROMP of strained systems.134 This result needs 

to be further investigated. 

 

The general 1H NMR of the ROMP mixture is shown below. The purification of the ROMP 

product was done by recrystallization using DCM/MeOH mixture. Upon MeOH addition (1 

drop), polymer precipitated, filtered, and dried. 1H NMR spectrum of product mixture (Figure 

27) shows the disappearance of monomer’s alkene peaks at 5 ppm forming new signals 

around 5.5 and 5.8 ppm. 
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Figure 27. Comparison of 1H NMR spectra of ROMP products (blue dot – starting monomer’s 

peaks, red dot – product’s peaks) before and after purification by crystallization. 

 

Compounds 53 and 54 have high solubility in DCM, but polar solvents like MeOH start to 

precipitate, which causes difficulties during MS characterization.  A mixture of DCM and 

NH4OAc allowed running HRMS on the monomer 54. However, it did not work for polymer 

73. Polymer 73 was characterized using SEC calibrated against PS standards. 

 

Before recrystallization 

After recrystallization 
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Figure 28. SEC of ROMP of stiff-stilbene macrocycle 54. Calibration against PS standards. 

 

 

Figure 29. Mass distribution of the stiff-stilbene polymer 

 
UV-Vis analysis of product mixture shows the presence of cis-stiff-stilbene as the major 

isomer with characteristic absorbance at 358 nm (Figure 30).  
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Figure 30. Left: UV-Vis spectra extracted from SEC data (PDA detector) of compound 73 at 

nominal Mp = 6 kDa vs standard cis- and trans-stiff-stilbene. Right: Reference UV-Vis spectra 

of stiff-stilbene isomers 

 
ROMP of model compound 41 (Scheme 5) resulted in Mp <1 kDa, which correspond to 5 

monomer units only (Figure 31). SEC and extracted UV-Vis data are shown below (Figure 31). 

SEC spectra of both model and macrocyclic compounds show several peaks, corresponding 

for monomer (reagent) and polymer (product). The product peak is very broad, which means 

a wide distribution of polymer molecular weight. 
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Figure 31. Left: SEC spectra of ROMP of the model compound and macrocycle. Right: UV-Vis 

spectra of model compound and macrocycle at Mp 

 
4.2.2. Discussion 

Polymerization of macrocycle yielded the product with Mp = 5 kDa, confirming that the 

macrocyclic monomer can be opened with ED-ROMP approach. 

 

The main approaches in the literature to increasing ED-ROMP efficiency including identifying 

a better catalyst, such as Grubbs III, increasing the monomer concentration, increasing the 

temperature, and optimizing catalyst loadings. The reaction of ROMP using standard 

conditions (Grubbs II, DCM) allowed to achieve Mp = 5 kDa. However, when the catalyst was 

changed from Grubbs II to Grubbs III, the reaction failed despite superior polymerization 

properties of Grubbs III, which is unexpected as Grubbs III catalyst showcase better efficiency 

in other ED-ROMP cases than Grubbs II due to the faster initiation properties. A possibility 

that Grubbs III has degraded is excluded as it worked for control polymerization reactions 

using cyclooctene. A potential explanation can be the different coordination sites of two 

polymers. As Grubbs II was effective for the opening reaction, it possibly was coordinated by 
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oxygen functional groups, while Grubbs III may have a higher stacking with stiff-stilbenes that 

resulted in no reaction. The short, stiff linker in the monomer can be an additional constraint 

for ineffective Grubbs-III catalyzed ED-ROMP.128 Changing the linker to a more flexible 

alternative may provide insight if the reactivity of polymerization increases using Grubbs III.  

 

 

Figure 32. Potential coordination complexes between macrocycle 54 and Grubbs catalysts. 

Top: Grubbs II is coordinated by oxygens over the double bond. Bottom: Grubbs III has two 

pyridine rings that can stack over stiff-stilbene but are directed away from the double bond 

due to bulky Mesityl group. 

The above results suggest that changes in the concentration of the monomer and the reaction 

temperature did not affect the resulting product 73, while the catalyst loading was an 

essential factor in obtaining polydisperse polymer or resulting in no or short-chain products. 

It is necessary to run the reaction (Scheme 42) in the interval of catalyst loading from 0.5 – 1 

mol% under the same ROMP conditions since it was unsuccessful below 0.5 mol% and catalyst 
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loading above 1 mol% did not lead to better polymerization results (Table 4). Perhaps a 

specific loading will allow shifting Mp to the higher MW. 

 

NMR analysis of the produced polymer suggests the formation of linear chain oligomer over 

a macrocyclic stiff-stilbene analog due to the shift of alkene peaks from 5 ppm (Scheme 42, 

Ha) to 5.5 and 5.8 ppm (Scheme 42, Hb) region, which implies structural changes associated 

with the macrocycle’s opening into a chain. This result is a good indication of desired linear 

polymer chain formation but not a side product. 

 

Experimental data on polymerization of macrocycle into allosteric polymer allowed to achieve 

a product with Mp = 5 kDa confirming the possibility of opening monomers with a macrocycle-

like design using the ED-ROMP approach. 

 

The literature suggests various tools to increase ED-ROMP efficiency with a superior catalyst, 

such as Grubbs III, higher monomer concentration, elevated temperature, and various 

catalyst loadings. The reaction of ROMP using standard conditions (Grubbs II, DCM) allowed 

to achieve Mp = 5 kDa. However, when the catalyst was changed from Grubbs II to Grubbs III, 

the reaction did not produce superior polymerization properties, which is unexpected as 

Grubbs III catalyst showcase better efficiency in other ED-ROMP cases than Grubbs II due to 

the faster initiation properties. A possibility that Grubbs III has degraded is excluded as it 

worked for other polymerization reactions in the group. A potential explanation can be the 

different coordination sites of two polymers. As Grubbs II afforded the opening reaction, it 

was coordinated by oxygen functional groups, while Grubbs III may have a higher stacking 

with stiff-stilbenes that resulted in no reaction. The robust linker in the monomer can be an 
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additional constraint, explaining ineffective Grubbs-III catalyzed ED-ROMP.128 Changing the 

linker to a more flexible alternative may provide insight if the reactivity of polymerization 

increases using Grubbs III. 

 

The above data suggest that changes in the solution’s concentration and the temperature did 

not affect the resulting product, while the catalyst loading was an essential factor in obtaining 

polydisperse polymer or resulting in no or short-chain products. It is necessary to put the 

reaction in the interval under the same ROMP conditions since it was unsuccessful below 0.5 

mol% and catalyst loading above 1 mol% did not lead to better polymerization results. 

Perhaps a specific loading will allow shifting Mp to the higher MW, which is possible due to 

the broad polymer molecular weight distribution. 

 

NMR analysis of the produced polymer suggests the formation of linear chain oligomer over 

a macrocyclic analog due to the shift of alkene peaks from 5 ppm (Scheme 42, Ha) to 5.5 and 

5.8 ppm (Scheme 42, Hb) region, which implies structural changes associated with the 

macrocycle’s opening into a chain. This result is a good indication of desired linear polymer 

chain formation but not a side product. 

 

4.3. ATTEMPTED SYNTHESIS OF FOLDAMERS – POLYSTYRENE SYSTEMS  

The second part of this chapter is devoted to incorporating supramolecular bonds into 

polymer chain via amine-carboxylic acid coupling synthesis to study the strength of weak 

supramolecular bonds vs strong covalent bonds under force conditions. Coupling amine and 

carboxylic acid to form an amide linkage is one of the most popular synthetic reactions135 with 

applications in drug discovery, peptide synthesis and polymer synthesis. 



103 
 

 

This work will focus on four coupling methods between amine- and carboxylic acid terminated 

reagents (Scheme 45) and discuss their advantages and disadvantages towards foldamer-

polystyrene systems formation. 

  

Scheme 45. The general strategy of connecting polymer and foldamer (wiggly line 

represents a spacer with a specific functional group) 

 

The first approach is the direct amidation, which can be achieved with peptide coupling 

reagents such as PyBOP,136, 23 DCC,137 EDC,138 etc., where DCC and EDC in apolar solvents 

(DCM), and PyBOP requires an organic base in a polar aprotic organic solvent (DMF). These 

reactions produce ureas as by-products (Scheme 46). 
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Scheme 46. Mechanism of the amine and carboxylic acid coupling under DCC conditions 

 

The literature provides a successful example of such coupling136 between a single helical 

foldamer and a commercial polyethylene glycol in the presence of PyBOP and DIPEA. The 

reaction was performed overnight to produce a polymer 78 in 40% (Scheme 47).  

 

Scheme 47. Amide formation using PyBOP. Conditions: a) NaOH, THF/MeOH, r.t., 0.5 h to 

overnight; b) PEG-NH2, PyBOP, DIPEA, CHCl3, RT, overnight 

 

The second method is the esterification of carboxylic acid by SN2 reaction. It is a direct 

approach of coupling amine bromide and carboxylic acid to afford a corresponding ester via 
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weight gelators in the form of hybrid amide-esters (Scheme 48). First, starting amine was 

converted into bromo amide using bromo-acetyl chloride or bromide, followed by carboxylic 

acid with various side chains. 

 

Scheme 48. Synthesis of hybrid amide and ester derivatives 

 

The third method is coupling a small molecule and polymer using “click”-like reactions, i.e. 

azide-alkyne cycloaddition under organometallic catalyst.138, 140 The CuI-catalyzed 

azide/alkyne cycloaddition (CuAAC) reaction proved its efficiency in polymer systems by 

forming a triazole ring as a product with polymers (Scheme 49).23  However, this method has 

the main disadvantage as the reaction requires an aqueous environment, unfavorable for 

foldamer dimerization.  

 

Scheme 49. Example of CuAAC reaction 
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The fourth alternative approach can be a robust Sonogashira cross-coupling. Both foldamer 

and polystyrene have to be transformed in its alkyne and halide derivatives to perform this 

reaction.  

 

4.3.1. Synthesis of foldamer-terminated polystyrenes 

The scheme below shows a general research design of coupling double helical foldamer with 

commercial polystyrene (Scheme 50). Coupling should provide a system of Foldamer-PS 80, 

which can be characterized using SEC or GPC with the appearance of a new peak 

corresponding to a molecular mass twice larger than the starting PS. To confirm the 

supramolecular nature of the coupling product, the dilution experiment should break 

supramolecular bonds of the double helix with the self-healing ability upon concentration. 

Still, the addition of water to the system should completely break non-covalent interactions 

(Scheme 50). 

 

Scheme 50. A general research design of coupling double-helical foldamer with PS, where X 

and Y are end groups. Using dilution/reconcentration and water addition experiments 

should confirm the proposed product 80. Dilution experiment should result in partial or 

complete decomposition 80 into single helix Foldamer-PS with self-healing ability into 

double helix upon reconcentration. At the same time, water addition should completely 

break supramolecular bonds. 
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Before we attempted the synthesis of dihelical foldamer 60 and polystyrene, we tested our 

coupling hypothesis on the model foldamer. For the model study, we chose a simple foldamer 

containing 3 pyridine units, 3mer (Figure 33), to perform the proposed end-derivatization of 

polystyrene experiments shown on Scheme 51. 

 

 

Figure 33. Structures of double-helical foldamer 60 and model compounds 67 and 79.  
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Scheme 51. Proposed coupling of model systems with monocarboxylic acid terminated 

polystyrene (PS-COOH). Products can be differentiated using UV-Vis analysis of SEC peaks by 

calculating the ratio of foldamer to a polymer chain. 

 
To characterize the foldamer-polystyrene systems (Scheme 51), the following formula was 

used (Figure 34 bottom). The calculation of all extracted SEC peaks foldamer per polymer 

chain ratio was performed by automated MatLab function, which extracted absorbance 

values at 303 nm for a foldamer and 260 nm for PS (Figure 34 top).  
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Figure 34. Left top: SEC spectra of the coupling reaction between 3mer 

 and PS. Right top: extracted UV-Vis spectra of each peak. 8.12 min corresponds to 26 kDa 

and 8.72 min corresponds to 13 kDa. Bottom: formula used to calculate ratio of foldamer 

per polystyrene chain. Absorbance at 260 nm is characteristic for PS and absorbance at 303 

nm corresponds to foldamer. 

 
The first direct coupling trials between polystyrene with a mass of 13 kDa and foldamer 67 

was achieved using DCC as a coupling agent in D<F and afforded polymeric products of 26 kDa 

and 13 kDa in 12 h at RT (Figure 37). 26 kDa peak was a major product with a foldamer to 

polymer chain ratio 2:1, but 13 kDa peak also contained a foldamer with a ratio of 1:1 

(foldamer:PS). This unexpected result of 26 kDa implies that supramolecular forces bound 

two systems of foldamer-PS, or a covalent PS-Foldamer-PS system is connected to the second 

foldamer by non-covalent interactions (Figure 35). 
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Figure 35.  Coupling reaction between 67 and PS-COOH. Products with molecular weights of 

26 and 13 kDa were produced. Hash lines represent supramolecular interactions. 

 

 

Figure 36. Left: SEC data of coupling between 3mer-diamine 67 (orange) in DMF. Right: UV-

Vis spectra of peak 1 (26 kDa, 7.25 min, blue) and peak 2 (13 kDa, 7.75 min, orange, 

standardized to match absorbance values of peak 1).  

 

Changing solvent from DMF to DCM did not result in the mechanophore-active polymer 

(Table 5, entry 5). Other trials using carboxylic acid activating chlorinating agents, PyBOP, EDC 

(Table 5, entries 1,2, 3) did not afford desired products.  

 

Table 5. Coupling trials of foldamer and PS and results 
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1 NH2-3mer-NH2 67 
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DCM, DIPEA 
0 to RT, 24 h 

No reaction 

2 NH2-3mer-NH2 67 
PS-COOH (13 kDa) 

DCM, PyBOP, DIPEA, 
RT, 24 h 

No reaction 

3 NH2-3mer-NH2 67 DCM, EDC, RT, 24 h No reaction 
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PS-COOH (13 kDa) 
4 NH2-3mer-NH2 67 

PS-COOH (13 kDa) 
DMF, DCC, DMAP, RT, 
12 h 

• Dimer 26 kDa (major, 
foldamer/chain = 2) 

• Monomer 13 kDa (minor, 
foldamer/chain = 1) 

5 NH2-3mer-NH2 67 
PS-COOH 13 kDa 

DCM, DCC, DMAP RT, 
36 h 

• Dimer 26 kDa (minor, 
foldamer/chain = 0) 

• Monomer 13 kDa (major, 
foldamer/chain = 0) 

6 Control: 
PS-COOH 13 kDa 

DMF, DCC, DMAP, 24 h No reaction 

7 Control: 
PS-COOH 13 kDa 

DCM, DCC, DMAP, 24 h No reaction 

 

To confirm that DCC is essential, a control reaction was performed by mixing 67, and PS did 

not result in any reaction. The optimized direct coupling conditions were based on mixing 67 

(2 equivalence), PS (1 equivalence), DCC (2 equivalence), DMAP (0.1 equivalence) and 1 mL 

of DMF per 1 g of PS in the DryBox. 

 

Coupling of 3mer-monoamine 79 with a 13 kDa polystyrene (Scheme 52) was performed 

under optimized conditions described above using DCC and DMAP to afford 26 kDa and 13 

kDa products with a foldamer to polystyrene ratios of 1.6:1 and 0.9:1, respectively. Coupling 

of foldamer-monoamine system with PS excludes forming a PS – Foldamer – PS system due 

to the Boc protection of one terminal amine. 

 

 

Scheme 52. Coupling of 79 and PS-COOH (13 kDa). 
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Figure 37. Left: SEC data of couplings between 3mer-diamine 67 (orange) and 3mer-

monoamine 79 and PS (13 kDa) coupling (blue). Right: UV-Vis spectra of peak 1 (26 kDa, 7.25 

min, orange) and peak 2 (13 kDa, 7.75 min, blue). 

 

The reaction between heptamer and PS required a longer reaction time to afford a 26 kDa 

product. The formed product had a 0.7 ratio of foldamer to PS chain, suggesting that the 

polymer chain quenches the absorbance value and requires a longer time to observe the 

chromophore. The repeated analysis confirmed the hypothesis after 30 days. The ratio of 

foldamer to PS was increased up to almost 2.  

 

Unfortunately, no reaction was observed by mixing 15mer 60 with PS in the presence of DCC 

and DMAP in 7 days, even at elevated temperature. 

 

Table 6. Summary of coupling reactions between foldamers with one amine group and PS-

COOH 

entry reagents Products Foldamer/PS ratio 
1 Boc-3mer-NH2 79  • 26 kDa product (minor) • 1.6 
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PS-COOH 13 kDa • 13 kDa product (major) • 0.9 
2 Boc-7mer-NH2 72 

PS-COOH 13 kDa 
3 days: 
• 26 kDa product (minor) 
• 13 kDa product (major) 
3 days: 
• 26 kDa product (minor) 
• 13 kDa product (major) 

3 days: 
• 0.7 
• 0.2 
30 days: 
• 1.8 
• 0.9 

3 Boc-15mer-NH2 

PS-COOH 13 kDa  
(7 days, RT to 50) 

No reaction No reaction 

 

 

Figure 38. Left: SEC analysis of the DCC coupling between 7mer and PS 13 kDa (blue – 

reaction time = 3 days, orange – reaction time = 30 days). Right: UV-Vis of 30 days reaction 

time of peak 1 (26 kDa, 7.25 min) 

 
The change of polymer’s mass from 13 to 50 kDa, resulted in unexpected products. The SEC 

analysis provided the spectra of the dimer (100 kDa) and monomer (50 kDa); upon storage, 

these peaks shifted to hexamer (300 kDa) and trimer (150 kDa), while the foldamer’s peak’s 

intensity decreased (9.25 min) (Figure 39).  
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Figure 39. Left: SEC analysis of the coupling between 3mer-monoamine 79 and PS 50 kDa 

(orange 50 kDa 6.87 min, yellow 6.14 min, blue 6.35, green 5.56). Right: extracted UV-Vis of 

SEC spectra at peaks 1-4 (300, 150, 100, 50 kDa, respectively). 

 

The second synthetic approach relied on SN2 reaction. First, bromoacetyl bromide was added 

to 3mer to form the corresponding 3mer 81, which was further added to a PS-COOH solution 

in the presence of a base. An inorganic base K2CO3 led to the decomposition of 81, while an 

organic DIPEA base afforded the mixture of polymer (26 and 13 kDa) (Scheme 48). 

 

Scheme 53. Coupling of trimer halide and PS in the presence of DIPEA 

 

When the reaction’s solvent was DMF, the foldamer to polymer chain ratio was calculated 

around 2.5 for the dimer, while the foldamer to polymer chain ratio in DCM was 0 (Figure 40). 

This reaction could not be performed on longer foldamers as the synthesis of 7mer and 

bromoacetyl bromide was unsuccessful due to heptamer's sensitivity to acidic medium. 
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Figure 40. Left: SEC data of the coupling between 81 and PS 13 kDa in DCM and DMF. 

Right: extracted UV-Vis spectra of dimer peak at 7.29 min, 26 kDa (blue – reaction solvent 

DCM, orange – reaction solvent DMF) 

 

To synthesize foldamer-terminated polystyrene by a cross-coupling reaction, I performed two 

model reactions. The first trial of coupling bromophenyl-terminated polystyrene 83 and 

alkyne 84 was successful (Scheme 54). 

 

 

Scheme 54. Cross-coupling using 1,7-octadiyne 
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The second model was synthesized from diacid 63 to afford dialkyne 84 in 82% yield using 

EDC as the coupling reagent.  

 

Scheme 55. Preparation of dialkyne 84 

 

 Cross-coupling between dialkyne 84 and the bromophenyl terminated polystyrene failed, so 

further experiments did not proceed (Scheme 56). 

 

 

Scheme 56. Cross-coupling trial between 84 and PS-Ph-Br  

 

4.3.2. Effects of moisture and concentration 

The following experiments of dilution/reconcentration and water addition were performed 

to study the presence of supramolecular interactions within foldamer-PS systems. 

 

The coupling of 3mer-diamine 67 + PS (Figure 35) afforded an unexpected peak at 26 kDa, 

which can be formed either by supramolecular bonding of two foldamer-PS systems or by 
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polymer), we observed that peak 1 (26 kDa) decreased in its intensity. In contrast, the 

intensities of peak 1 (13 kDa) and foldamer’s peak at 9.16 min increased. Upon storage for 

several days no changes were observed, which implies that product is PS-67-PS + 67 likely to 

be formed as the major product due to the observed intensity of the foldamer’s peak, but 

minor product in the form of (PS-67)2 is also present due to the partial dissociation into peak 

2 (13 kDa) (Figure 42, orange). The addition of water did not change the diluted system, which 

also confirms the covalent bond formation between 2 PS and 67. 

 

The reconcentration step did not result in the original spectra (Figure 42, blue), which can 

explain that foldamers are highly sensitive to air and moisture and need highly inert 

conditions to afford dynamic behavior.  

 

 

Figure 41. Experimental outline to study the supramolecular behavior of Foldamer-PS 

systems. A) (PS-3mer)2.of 26 kDa upon dilution should dissociate into 13 kDa PS-3mer 

system and reform into original 26 kDa system, while water addition should break 
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completely supramolecular bonds. B) PS-3mer-PS + 3mer of 26 kDa should break non-

covalent bond without changes of 26 kDa peak 

 

Figure 42. Left: SEC of the dilution effect on the products mixture of 3mer 79 and PS 13 kDa 

coupling (blue – original mixture, orange – diluted mixture). Right: UV-Vis data: blue – 

original peak 1, orange – original peak 2, grey – diluted peak 1, yellow – diluted peak 2.  

 

Using the methodology described above, systems of monoamine 3mer 79 and 7mer 72 and 

bromo derivative of 3mer 81 attached to PS were analyzed using dilution/reconcentration 

and water addition experiments.  

 

Table 7. Results of the dilution and water addition experiments 
 

entry mixture Effect of 
dilution/reconcentration 

Effect of moisture 

1 67 + PS 13 Partial 26 kDa peak dissociation associated with 
the increase in the intensities of the 13 kDa peak 

and foldamer’s peak. 
2 79 + PS 13 Partial 26 kDa peak dissociation associated with 

the increase in the intensities of the 13 kDa peak 
and foldamer’s peak. 

3 79 + PS 50 No change 
4 72 + PS Complete 26 kDa peak dissociation associated 

with the increase in the intensity of the 13 kDa 
peak. 
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5 81 + PS/DMF Appearance of new EOR 
peak 

Appearance of 6.5 
kDa peak, 0.5 

monomer 
 

Dilution experiments showed partial or complete dissociation of 26 kDa peak, but no 

reversibility upon concentration was observed. End of run peaks spectra changed, which may 

confirm the hypothesis of the amine sensitivity to air and moisture that does not allow the 

self-healing process to occur.  

 

Interestingly, the product mixture of the 81 and PS 13 kDa reaction upon addition of 1 drop 

of water to 1 mL solution produced a new peak with MW of half of the starting monomer in 

3 days (Figure 43). This new product peak is only possible if the polymer chain breaks precisely 

in the middle (ratio of foldamer per polymer chain = 0.5). During the water addition 

experiment, the end-of-run (EOR) peak at 9.5 min increased in intensity, and new EOR peaks 

appeared. As new EOR peaks do not exhibit characteristics for foldamer UV-Vis spectra, their  

appearance can be associated with the decomposition of one or several of the reaction 

species. 
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Figure 43. Left: SEC analysis of the effect of water on polymer-foldamer (81) mixture. Dark 

blue – control, no water; orange – solution with water; grey – after 12 h; yellow – after 36 h; 

light blue – after 3 days. Right: UV-Vis dark blue – 39 kDa control no water; orange – 26 kDa 

no water; grey – 13 kDa no water; yellow – 26 kDa 3 days; light blue – 13 kDa 3 days; yellow 

– 6.5 kDa 3 days 

 

To highlight, no change was observed in the mixture of 50 kDa PS and 3mer, which suggests 

that the formation of higher assemblies (150 and 300 kDa moieties) is based on covalent 

bonds. 

 

4.3.3. Discussion 

Among the four methods for coupling of a foldamer to a polystyrene tested, only two yielded 

detectable products. Both direct couplings using DCC and SN2 esterification reaction in DMF 

produced dimers with the expected foldamer to polystyrene ratio of 2. This ratio was 

calculated by comparing absorbance values at 260 nm and 303 nm (Figure 34). 

 

0

0.2

0.4

6.5 7.5 8.5 9.5

ab
so

rb
an

ce

retention time (min)

3mer-PS: DMF +H2O

39 kDa

26 kDa

13 kDa

0

0.05

0.1

0.15

0.2

0.25

0.3

240 290 340 390

ab
so

rb
an

ce

Wavelength

UV-Vis spectra



121 
 

When conducting experiments in various solvents, it was noticed that mechanophore is UV-

Vis active at 303 nm in DMF but not in DCM. Foldamers within a structure of dimer (Figure 

35) formed as a reaction product in polar DMF, absorbed at ~303 nm. Coupling reactions in 

DCM afforded dimers, which did not show any additional absorption compared to pure 

polystyrene. This behavior may correlate with the sensitivity of foldamers to the polarity of 

solvents. Compared to the inert DCM, DMF may facilitate the reaction of a foldamer and 

polystyrene with a potential intermediate foldamer-DMF complex using H-bonding, which 

can catalyze the reaction. At the same time, DMF may decompose to NH(CH3)2 and CO during 

the foldamer-DMF-PS-COOH reaction, resulting in the increased intensity of end-of-run peaks 

as was observed in the experiment. 

 

To check if the formed dimer is supramolecular or covalent, dilution tests were performed. 

Upon dilution, the product mixture changed as the major component was a single helical 

product with associate increase in monomer’s peak intensity in SEC (Figure 42), but upon 

concentration, no change in chromatograms was observed, which can suggest that either 

foldamers are highly sensitive to air as the SEC experiment introduces air into the system or 

that couplings occurred via covalent bonds rather than supramolecular due to the potential 

epimerization, base-catalyzed over-coupling or intramolecular rearrangements.141 To check 

the hypothesis of air-sensitivity, two samples should be subjected to the 

dilution/concentration cycle: one in air and the other under N2.  

 

Unexpected peak in a SEC at Mp ~6.5 KDa was observed upon the addition of water to the 

solution (Figure 43). UV-Vis analysis of newly formed peak of 6.5 kDa showed the presence of 

both foldamer and polystyrene with a ratio of 1:1, which can imply the breakage of covalent 
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bond in the middle of polystyrene chain to form the third peak of 6.5 kDa molecular weight 

in the form of Foldamer-PS (6.5 kDa) + PS (6.5 kDa).  

 

However, it is highly doubtful that the covalent bond in the hydrocarbon polymer chain 

breaks upon the water addition. There could be several explanations for such behavior. The 

first may associate with a reagent bottle containing 13 kDa PS-COOH. It is possible if during a 

polymer preparation using template synthesis, which includes the usage of an organometallic 

catalyst,142, 143 the polymer product of 13 kDa contains intermediate with a part of scissile 

organometallic catalyst in the middle that may easily dissociate upon the addition of water. 

A simple experiment should be done to approve this hypothesis. A sample from the reagent 

bottle should be dissolved in DMF, analyzed by SEC, followed by the addition of water to the 

sample, and again analyzed by SEC. If a peak of 6.5 kDa is observed, then the reagent bottle 

contains impurities. If no peak with 6.5 kDa is observed, a foldamer can be a reason for forcing 

a polymer chain in a strained configuration by weakening it precisely in the middle. If the 

scenario with a damaged jar is not confirmed, then an exciting question arises from a scientific 

point of view on the rupture of strong covalent chains by adding supramolecular structures 

that have the functions of coordinating inert polymer chains with the weakening of a specific 

point in the chain. 
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Experimental 

Synthesis of polymer 73 

 

A new compound 73 was prepared using the procedure below.141 

0.1 M solution of the macrocycle 54 (100 mg, 0.01 mmol) in dry, degassed CDCl3 were 

prepared under an atmosphere of N2, followed by the addition of Grubbs II (0.08 mg, 1 mol%) 

under inert conditions. Reaction was left for stirring until completion, followed by quenching 

with water and extraction with DCM. The polymer was cha 

1H NMR (CDCl3): 1.73 – 1.84 (CH2CH2CH2O), 2.11 – 2.19 (CH2CH2CH2O), 2.78 – 2.98 

(CH2CH2C=C), 4.12 – 4.37 (OCH2), 5.39 – 5.54 (br m, CH=CH), 6.34 – 6.44, 6.72 – 6.85, 6.99 – 

7.04 (br s, CHAr), 7.14 – 7.21 (br m, CHAr), 7.34 – 7.42 (br m, CHAr), 7.70 – 7.81 (br m, CHAr).  

 

 

Synthesis of compound 84 
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A new compound 84 was prepared using the procedure below. 

A mixture of 2-methylbut-3-yn-2-amine (70 mg, 0.84 mmol), 4-isobutoxypyridine-2,6-

dicarboxylic acid (100 mg, 0.42 mmol), DMAP (5 mg, 0.042 mmol) and EDC (160 mg, 0.84 

mmol) were mixed in DCM (5 mL) under N2 atmosphere and stirred at RT for 18 h. Upon 

completion, the reaction mixture was filtered, concentrated and purified using column 

chromatography to give a yellow solid in 82%. 

1H NMR (CDCl3): 1.04 (d, 6H, CH(CH3)2), 1.81 (s, 12H, 2xC(CH3)2), 2.14 (m, 1H, OCH2CH) 2.42 

(s, 2H, 2xCCH), 3.91 (d, 2H, OCH2), 7.83 (s, 2H, 2xCHAr), 7.86 (br s, 2H, 2xNH). 

 

Synthesis of trimer-monoamine 79 

 

A new compound 79 was prepared using the procedure below. 

To a solution of 3mer (0.35 g, 0.56 mmol) in THF (5 mL), LiHMDS (0.2 g. 1.13 mmol) was added 

dropwise over 10 min at 0 ⁰C under N2 atm. The solution was stirred at RT for additional 15 

min, followed by the addition of (Boc)2O (0.11 g, 0.51 mmol) in 3 mL THF at 0 ⁰C under N2 

atm. The reaction mixture was monitored by TLC. Upon completion, the reaction mixture was 

quenched by water and extracted with EtOAc three times, followed by the purification using 

Flash Chromatography. The product was formed in 75% yield as a white solid. 

1H NMR (CDCl3): 1.10 (d, J = 6.75 Hz, 6H, CH(CH3)2), 1.55 (s, 9H, OC(CH3)3), 2.20 (m, 1H, 

CH(CH3)2), 3.97 (d, J = 6.5 J, 2H, OCH2), 6.28 (d, J = 8Hz, 1H, CHArCHArCHAr), 6.48 (d, J = 6Hz, 1 

H, CHArCHArCHAr), 7.21 – 8.02 (m, 10H, 10xCHAr), 10.43 (s, 1H, NHC(=O)C), 10.69 (s, 1 H, 

NHC(=O)C); 13C NMR (CDCl3): 19.1 (C, 2xCH3), 23.9 (C, CHCH3), 28.3 (C, 3xCH3), 40.9 (C, 
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C(CH3)3), 75.4 (C, OCH2), 101.0 (C, CHAr), 103.3 (C, CHAr), 105.6 (C, CHAr), 108.4 (C, CHAr), 108.8 

(C, CHAr), 112.1 (C, CHAr), 140.5 (C, CHAr), 141.9 (C, CHAr), 149.2 (C, CAr), 150.1 (C, CAr), 150.4 (C, 

CAr), 150.6 (C, CAr), 152.3 (C, CAr), 155.5 (C, CAr), 156.1 (C, CAr), 161.7 (C, CAr), 168.3 (C, CAr). 

 
Synthesis of compound 77 
 

 

To a solution of N2, N6-bis(6-aminopyridin-2-yl)-4-isobutoxypyridine-2,6-dicarboxamide (82 

mg, 0.2 mmol) in DCM (5 mL), DIPEA (40.8 uL, 0.23 mmol) and bromoacetyl bromide (13.54 

uL, 0.16 mmol) were added at 0 °C under N2 atmosphere. The solution was stirred for 6 h at 

RT. Then, the reaction was washed with water and extracted with DCM. Purification by flash 

chromatography afforded a yellow oil in 85% yield. 

1H NMR (CDCl3): 1.08 (d, J = 6.7 Hz, 6H, CH(CH3)2), 2.14 – 2.22 (m, 1H, CH(CH3)2), 3.96-4.08 (m, 

4H, OCH2, CH2Br), 6.25 (d, J = 8Hz, 1H), 6.45 (d, J = 6Hz, 1 H), 7.29 – 7.99 (m, 10H, CHAr, 2xNH), 

10.40 (s, 1H, NHC(=O)N), 10.66 (s, 1 H, NHC(=O)N). 

 

UV-Vis spectra of extinction coefficients (260-360 nm) 
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compound Extn coefficient at 303 nm 
58 (blue) 13640  
59 (orange) 30472 
60 (grey) 60818 

 

 

UV-Vis of polystyrene (240 – 300 nm) 

 

 

Chapter 5. Conclusion and outlook 

In summary, this work answered two key questions to develop further a framework of 

polymer mechanochemistry: first – if the macrocycle 54 is polymerizable into allosteric 

polymers; second – if a synthesis of robust double-helical supramolecular structures as 

potential mechanophores is possible.  

 

Based on previous knowledge, this project focused on synthesizing allosteric and 

supramolecular polymers. At the current stage, this work developed general synthetic 

pathways for two mechanophores with allosteric and self-healing properties to attempt 

polymerization reactions using ROMP or direct coupling with commercial PS. The design of 

the first mechanophore was inspired by the allostery to develop a stiff-stilbene-containing 

macrocycle, switching from Z (R state) to E (T) state conformations. The second 
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supramolecular mechanophore was designed as a double helix using abiotic aromatic 

foldamers due to their robust properties, predictability, and ease of synthesis.  

 

In chapter 2, the synthesis of the bis-stiff-stilbene macrocycle was described. The starting 

material of the synthetic route was the indanone ring, followed by two McMurry coupling 

reactions to couple two indanone rings and RCM as a precursor for ROMP polymerizations. 

The second McMurry provided a macrocycle as a mixture of E: Z stiff-stilbenes in 1:4 ratio and 

RCM reaction afforded a closed ring as cis isomer exclusively. The synthetic route consisted 

of 10 steps with an overall yield of 37%. The main challenge of the synthesis was the RCM 

step as standard conditions (Grubbs II, DCM) did not work even at high-temperature 

conditions. Based on performed experiments, CsCl was the essential additive to coordinate 

oxygens in the macrocycle and afford the desired compound as a mixture of isomers. As the 

outlook, it is recommended to optimize the RCM step to control the formation of isomers, 

specifically cis and trans. Producing a single isomer exclusively will allow quantifying the 

isomerization response in the next ROMP step. Additionally, it is recommended to build 

several models of macrocycles with various linkers to compare the effect of the linker (size, 

flexibility, functional groups, etc.) towards metathesis reactions. 

 

The synthesis of foldamers, in chapter 3, involved a doubling segment strategy involving 

chelidamic acid and diaminopyridine as starting materials. A series of 3mer, 7mer, and 15mer 

foldamers were prepared, but only 15mer with Kdim > 105 showed the robustness of a double 

helix despite dilution (4 mM), changes of solvent (CHCl3, DMSO), and elevated temperature 

(50 °C). The challenge was the purity of obtained foldamers and their characterization. The 

analysis of double versus single helices was relied on the 1H NMR to quantify the fractions of 
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the monomeric versus dimeric helices because the two have distinct chemical shifts of the 

NH protons. Further work can be done by crystallizing 7mer and 15mer to obtain a single 

crystal X-Ray data, which will be helpful to see the exact 3D structure of foldamers and model 

reactions with different polymers in various solvents.  

 

Chapter 4, described my attempt to polymerize the macrocyclic bis-stiff stilbene monomer or 

attach the foldamer to a terminus of commercial polystyrene.  Polymerization of the 

macrocycle yielded the product with a nominal MW ranging from 2 to 25 kDa (Mp of 5 kDa), 

according to the SEC calibration against PS standards, under ROMP with Grubbs II catalysis. 

Modifying the monomer linker may increase the achievable degree of polymerization. The 

positive aspect is that the UV analysis confirmed that polymerization conditions did not cause 

distinct conformations changes from Z to E form.  

  

The end-derivatization of polystyrene experiments using model foldamer resulted in forming 

dimer systems with expected ratios of foldamer to a polymer chain. However, dilution and 

reconcentration experiments did not provide the expected dissociation and reassociation 

mechanism potentially due to humidity coming from the air. Further control experiments 

need to be continued to understand the effect of external environmental factors. An 

alternative to studying this system is to synthesize a double-helical foldamer in aqueous 

media to perform a “click” chemistry with PEG. 
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Appendix 
NMR SPECTRA 
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