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                              Abstract    

 

The study of natural biological systems where covalent and non-covalent molecular 

interactions between unique units in their sequence aid folding into a well-defined 

three-dimensional structure inspired the field of foldamer chemistry. In this work, 

two different aromatic oligoamide foldamers were synthesized and characterized by 
1H NMR, UV-Visible spectroscopy. The plan was to synthesize π-electron rich 

foldamers in which conformational preferences can be induced through different 

covalent and non-covalent interactions (for example, hydrogen bonding). The target 

polymer POLY 11 consists of donor group 1, 5-diaminonapthalene, and monomer 

hydroxyl substituted chelidamic acid, i.e., a potential candidate to facilitate 

intramolecular hydrogen bonding; predicted that this would induce a random coil 

structure into a well-organized foldameric system. All of the backbone's structural 

features are designed to aid in the folding process. The primary outcome of work is 

after post-polymerization modification that helps in solubility of the polymer in 

different organic solvents. Conclusions regarding stable folded conformations along 

the polymer chain were inferred from NMR and UV-Vis spectroscopy. 
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                                Chapter 1 

                                  Introduction 

 

Despite the small number of amino acids they are composed of, proteins perform a 

wide range of roles within nature. In biological chemistry, a well-established theory 

is that the structure and conformation of large, complex biomolecules are crucial to 

perform a function. The vast range of chemical functions emerging from 

biopolymers has inspired chemists to design synthetic systems that can mimic these 

elegant long-chain molecules' structural and functional features1. Chemists have a 

huge opportunity to learn and adapt biological molecules for chemical applications 

because of their extensive abilities. While attempts to mimic molecular recognition, 

catalysis, and other functions have resulted in the creation of molecular-imprint 

polymers2. The attempt to understand these structural features and mimic the 

biological system gives rise to the area of foldamers5. The motivation behind this is 

to generate spatially well-organized complex structures by direct folding through 

covalent and non-covalent interactions. The desire to emulate the elegance of nature 

while at the same time expecting that this would allow bridging the gap between the 

molecular and macroscopic scale in terms of structural evolution3. 

 

1.1 Foldamers 

 

1.1.1 Definition and Background  

S.H Gellman was the first to introduce the term foldamer in 1996. There has been a 

various definition of foldamers, but the most detailed definition is outlined by J.S 

Moore et al. where they described the foldamer as "any oligomer that folds into a 

conformationally ordered state in solution, the structure of which is stabilized by the 

collection of non-covalent interactions between non-adjacent monomer units."4 

These molecules are designed to mimic biopolymer’s structure and interactions and 

to fold into well-defined conformations5. It is well known that the functioning of 

biomolecules is controlled by conformation. But the control of polymer 

conformations in solution is extremely challenging. Conformational control is 
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achieved through several intramolecular non-covalent interactions that provide 

enthalpic contribution to overcome the folding process's entropic barrier. The critical 

concern in foldamer science is how the primary oligomeric sequence folds into 

conformationally ordered structures and how individual subunits self-associate into 

assemblies. According to the term foldamers description, one main criterion is a 

dynamic conformation needed to classify an oligomer as a foldamer. Therefore, 

static oligomers with pre-determined conformations, or oligomers with well-ordered 

conformations through their torsional potential energy surface, are not considered 

foldamers. Examples include Helicenes6,7, oligonapthalenes8, polyisocyanates9, 

polyprolines10, and polyaldehydes11. 

  

 
Figure 1: Static oligomers that adapt a well-defined conformation without folding 

reaction. a) Helicenes, b) oligonapthalenes, c) polyprolines, and d) polyisocyanates.4 

 

1.1.2 Thermodynamics of folding  

When designing a molecular structure to adopt a folded conformation, it is necessary 

to consider the thermodynamic and kinetic parameters involved in the folding 

process. To continue folding, the process must be energetically favorable. When 

folding occurs, there is a loss in entropy due to decrease in randomness. Therefore, 

the resulting conformation has to compensate for the loss in entropy by the gain in 

enthalpy through structurally stabilizing non-covalent interactions.  
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Folding of Helices 

This can be explained by using statistical thermodynamics to describe the transition 

from higher energy unfolded state to stable lower energy folded conformation. Zimm 

and Bragg first described this as a one-dimensional problem12. This includes 

cooperative-phase transitions and can be described in terms of the 

nucleation/propagation model13. Initially, when an oligomeric chain starts to fold 

into a helix structure, there is a loss of entropy without energy gain; this is called 

nucleation of helix formation. Once this coil to helix nucleation has occurred, there 

will be a loss of conformational entropy and gain in energy on each conversion step. 

This net energy gain results from interaction energy of stabilizing non-adjacent 

monomers' interactions, which can only be achieved after the initiation of helix 

formation. This stage of coil to helix transition is called 'propagation.' Initially, 

helical folding is unfavorable due to loss in entropy until it reaches a chain length at 

which the enthalpic gain of interaction surpasses that loss, followed by cooperative 

transition when the change in free energy between coil and helix becomes negative 

at the folding temperature4. 

Kinetic parameters are generally negligible when we design a helical foldamer. 

Helices have been experimentally shown to fold on a time scale of milli-to 

microseconds14. Folding is so fast enough that any small structural change to the 

chain doesn't make any significant difference to the rate of folding as long as the 

thermodynamic propensity of small helices to fold is retained4. Therefore, 

thermodynamic parameters, conformational entropy, and the overall energetic 

difference between unfolded and folded oligomeric chains are the primary concern 

to achieve foldameric properties4. 

 

Figure 2: Helix-coil transition model: Initiation of helical folding, followed by 

propagation steps to form a helix from the coil.4 
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Both internal and external factors have significant influences on the folding of 

helices and foldamers. The internal factors to be considered are rigidity of the 

backbone, configuration of the molecule, non-covalent interactions to stabilize its 

conformation, type of linkage between its monomers, and orientation. External 

factors to be considered for the process of folding are solvent-dependent 

hydrophobic effects, host-guest complexation. 

 

1.1.3 Folding interactions  

The main features of folding in foldamers like change in conformation, ability to 

unfold, and continuity of effect of the folding motif in long-chain molecules or the 

consequences which allow the formation of stable oligomeric structures. This is 

achieved through various non-covalent interactions. Hydrogen-bonding15 is the most 

common among them, further supported by л-л interaction, metal-ion 

coordination16, host-guest interaction17, charge-transfer complexation18, and 

solvophobic effect19. Some of them are discussed in the following section.  

Hydrogen-bonding: While hydrogen bonds are not as stable and rigid as 

covalent bonds, their directionality, stabilizing power, and ability to organize 

molecules in a solution state cannot be overstated. The folding of oligomers is firmly 

guided by the directionality and stability of hydrogen bonds. 

The amide bond is the most common hydrogen bonding group used in foldamer 

design. Since the amide bond has both a donor and an acceptor group, it can be used 

to build a hydrogen bond network in foldamers20. The partial double bond character 

of the carbonyl group's nitrogen and carbon atoms makes it rigid, brings planarity, 

and creates a significant energy barrier for bond flipping which stabilizes the folded 

structure.  

In 1994 Hamilton et al. were the first to discover the series of secondary helical 

structures of aromatic amide oligomers stabilized by an intramolecular three-

centered hydrogen bonding network. Zhang and coworkers developed a series of 

foldamers that consists of benzene and pyridine segments21. The selected backbone, 

as shown in the structure below, is relatively short and produces no cavity.  
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The backbones other than the amide-derived backbone have also led to considerable 

success. 

 

                                                                                              

 

 

 

 

(a)                                                                  

 

 

 

 

 

 

                                                            

                                                   (b) 

a.) Zhan and Yao, and coworkers reported that imide-pyridine-linked oligomers 

were forced to show helical conformation of large curvature due to N-H---N 

intramolecular hydrogen bonding21. 

.  

. 
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b.) Gong and group reported aromatic oligoureas composed of aromatic rings and 

connected through the urea functionalities. In this case, also intramolecular hydrogen 

bonding enforces the process of folding22. 

 

π-π Stacking: In the 1990s, Hunters and Sanders were the first to propose a model 

that predicts aromatic stacking geometry that centered on the overall polarization of 

aromatic л-electron cloud23. Molecules can be assembled in various ways among 

them; one is the л-stacked assembly in which planar aromatic molecules align 

closely in a parallel, cofacial manner. The assemblance of molecules due to л-

stacking often shows characteristic physical properties like excimer formation on 

photoexcitation and charge transport. For example,  

                                                                                                                                                                                                                     

                    (a)                                                            (b) 

a.) Oligomeric m-phenylene ethylenes are stabilized by л-stacking interactions of 

similar nature aromatic rings. Here the driving force for folding is л-л interaction 

and solvophobic interaction in polar solvents24. 

b.) Poly dibenzofulvene (poly DBF) is an example of a л-stacked stabilized polymer. 

In poly (DBF), the side-chain aromatic groups are tightly stacked on top of each 

other along the almost all-trans main chain25.                                                                                                                                   

      

Solvophobic effects: Aromatic interactions are strongly solvent-dependent. The 

utilization of the solvophobic effect requires the proper positioning of both 

hydrophobic and hydrophilic groups to ensure foldamer design folding. In weakly 
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interacting solvents (non-polar), the electrostatic force between electron-rich and 

electron-deficient groups dominates, while in strongly interacting solvents (polar), 

the solvophobic effect dominates over the other. So, the stacking of aromatic 

molecules in solutions is according to the dominant among both electrostatic and 

solvophobic effect, which will ensure the folding process26.  

 

Donor-Acceptor charge transfer mediated folding: Various foldamers 

exploit interactions between aromatic units to drive their assembly into a predictable 

fashion. Here, they describe the synthesis of molecules that fold into a pleated 

structure due to interaction between electron-rich unit DAN (1, 5-

dialkoxynaphthalene) and electron-deficient NDI (1, 4, 5, 8-naphthalene 

tetracarboxylic diimide) in solution. These aromatic units are linked together with a 

flexible peptide linker. As depicted in figure 3, they used glutamic acid residues to 

impart water solubility. Prevent aggregation. Along with that, folding is also assisted 

with solvophobic interaction in the water18.  

 

 

 

 

 

 

Figure 3: Molecular structure of folded conformation due to donor-acceptor charge 

transfer complex26. 
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1.1.4 Foldamer secondary structure 

Foldamer's secondary structure follows the same rules as that of protein's secondary 

structure. The helix is the most important secondary folding motif in both proteins 

and foldamers. The chirality of the molecule will determine whether a helix will be 

right-handed or left-handed. The secondary structural propensity (SSP) of an amino 

acid is the significant determinant of protein conformation. The structure of each 

monomer creates a thermodynamic driving force that causes it to occupy a specific 

secondary structural environment27. One method for controlling conformation is to 

take advantage of non-covalent interactions between adjacent monomers.  

 

1.1.5 Aromatic oligoamide foldamers 

Aromatic oligoamide foldamers are a versatile class of synthetic oligomers that 

adapt highly stable and predictable folded conformations in a solution as a result of 

stabilizing intramolecular interactions between adjacent monomer units28. For 

example, Huc et al. have extensively investigated quinoline-based foldamers and 

quinoline-pyridine foldamers. Intramolecular hydrogen bonding between the amide 

hydrogen and adjacent quinoline nitrogens is expected to stabilize a bent shape, 

eventually giving rise to a helix for strands as short as a trimer29. By placing the 

amide bond's substitutes at a roughly 60° angle to each other, the quinoline unit was 

designed to produce relatively sharp turns in the helical structure, as depicted in 

figure 4. This enables efficient folding without the use of turn units. The amide bonds 

face the inside of the molecule, shielding it from solvent molecules and filling the 

molecular fold's inner part.  

 

 

 

 

 

Figure 4: A Quinoline foldamer29. 
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1.2 Copper-catalyzed azide-alkyne cycloaddition (CuAAc) 

Click reaction:  

Before the Copper being used in the reaction, Huisgen and coworkers studied azide-

alkyne cycloaddition. Huisgen cycloaddition refers to the non-catalyzed 

cycloaddition reaction between azide and alkyne to produce a 5-membered triazole 

ring. This kind of reaction's major drawbacks is the lack of selectivity between 1, 4, 

and 1, 5-disubstituted 1, 2, 3-triazole regioisomer being formed, high reaction 

temperature, and slower kinetics. K. Barry Sharpless and Meldal introduce the 

concept of Copper-catalyzed azide-alkyne cycloaddition click reaction in 2001. 

Using Copper as a catalyst for this reaction solved the problems described above 

associated with these reactions. The reaction proceeds at a faster rate and an ambient 

temperature by using Copper as a catalyst with complete conversion to the 1,4-

disubstituted 1,2,3-triazole product30,31.  

 

 

                                Huisgen cycloaddition 

           

           

 

 

                

               Copper-catalyzed azide-alkyne cycloaddition (CuAAc) 

 

 

+ 
Cu (I) 

Solvent 

+ 

 

+ 

 

Heating  

 100oC 
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1.3 Motivation and Objectives: 

This project's motivation is from the reported 2, 6 pyridine oligoamide foldamers in 

which folding is mainly directed by intramolecular hydrogen bonding between 

consecutive units along with a weak π-stacking interaction between two distant 

aromatic units (i & i+3) 32. They have synthesized an oligomeric molecular strand 

composed of alternating 2, 6 diaminopyridine, and 2, 6 pyridinedicarbonyl units. 

These are designed such that they self-organize themselves into single-stranded 

helical structures by utilizing the non-covalent interactions mentioned 

previously32,33. As depicted in figure 5, the nitrogen atom present in the 2, 6 

dicarboxamide series is expected to engage in an extended intramolecular hydrogen 

bonding with neighboring amide hydrogens throughout the oligomeric strand. So, 

the presence of such extensive intramolecular hydrogen bonding interactions within 

a single chain stabilized those oligoamides into a well-defined helical conformation. 

 

                                    

 

                                                   (a)                          

                                           

 

 

        

 

 

                                                    (b) 

Figure 5: a.) Structure of molecular strand (intramolecular hydrogen bonds leads to 

the folding) b.) Helical structure of above molecular strand32. 

 

In a similar study from the same group, the alternate 2, 6 pyridinedicarbonyl was 

replaced by isophthalic acids such that the extensive H-bonding within the 
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oligomeric strand was no longer available (Figure 6). In such a situation, carbonyl 

bonds have a low energy barrier, so rotation around this occurs and leads to different 

rotamers formation, and hence conformation control was not achieved. Interestingly, 

a well-defined secondary structure was accomplished by introducing cyanurate as a 

template wherein the pyridyl amide moieties of the oligomeric backbone engaged 

into a six-point H-bonding with the external cyanurate derivatives32,34as shown in 

Figure 6. 

  

                                                  (a)  

                                   (b)                                      (c)  

Figure 6: a) Structure of heptameric molecular strand. b) Cyanurate template. c) 

Stabilization after binding to the template32,34.  

In an extension of the previous work, we have replaced isophthalic units with π 

electron-rich naphthalene units such that π-stacking interaction plays an important 

role in stabilizing the conformation-controlled folded structure without the use of 

any external template. In order to understand the role of intramolecular H-bonding 

on the folded configuration, we have prepared another polymer that cannot form any 

intramolecular H-bonding, as shown in Figure 7.  
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Figure 7: (a) Molecular strand stabilized by both intramolecular hydrogen bonding 

and π-π stacking (POLY 11). (b) Molecular strand stabilized by π-π stacking (POLY 

10).  

As mentioned earlier, Huc et al. group reported the oligopyridine-dicarboxamide 

based foldamers; it was synthesized by using a stepwise approach method employing 

monomers 2, 6-diaminopyridine, and 2, 6-pyridinedicarbonyl with substitution at the 

4th position to enhance the solubility of these compounds in common organic 

solvents. Based on the research outlined in section 1.3, this project focuses on 

creating two different types of aromatic oligoamide foldamers, varying the extent of 

non-covalent interactions and their cooperativity to explore and exert 

conformational control. As shown in Figure 7, among the two possible 

conformations of amide units in equilibrium, it was anticipated Poly 11 would 

stabilize in the folded conformation (right side) due to the cooperative non-covalent 

interactions as π-stacking and H-bonding. In order to test our hypothesis, I have used 

UV-Visible and NMR spectroscopy as a tool to monitor the folding propensity of 

these polymers at various solvents. Mainly, we are interested in knowing whether 

previously mentioned non-covalent interactions work in a cooperative manner to 

stabilize the folded structure or pose an orthogonal relationship to each other. For 

example, does the intramolecular H-bonding enhance the π-stacking interactions 

between naphthalene units? Similarly, does the π-stacking interactions between 

naphthalene units automatically lead to better intramolecular H-bonded structure? 
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1.4 Design of the folded structure: 

This work aims to synthesize and analyze two polymer's folding behavior that differs 

in constituent monomer units. Here we choose π electron-rich 1, 5-

diaminonapthalene in both the polymers and hydroxyl-substituted chelidamic acid 

as a linker. The isophthalic one is analogues of this as a linker to compare these two 

polymer’s folding propensity. Both linkers are substituted with the Propargyl group, 

thereby giving a reactive handle for post-polymerization modification to improve 

the polymer's solubility.  

We predict that POLY 10 (comprising 1, 5 diaminonapthalene and substituted 

isophthalic unit) will prefer to stay in an entropy-driven less-folded structure. While 

introducing another monomer unit in the system, conformational changes can occur 

predictably. The predicted conformation is adapted in the target polymer due to the 

driving force intramolecular hydrogen-bonding between the amide and substituted 

monomer moiety (figure 8), i.e., POLY 11 (comprises 1, 5 diaminonapthalene and 

hydroxyl-substituted chelidamic unit). 

 

 

  

  

 

 

 

 

 

 

 

Monomer units 
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Figure 8: Structure of target POLY 11 assisted by intramolecular hydrogen 

bonding. 

To compare the folding properties of POLY 11, we synthesized an analogous 

polymer POLY 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Structure of target polymer POLY 10. 
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unit 
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Post-polymerization modification was done at the Propargyl group, acting as a 

reactive handle. CuAAc is a very promising click reaction between an azide and 

terminal alkynes. Modification at the polymer's molecular structure is typically done 

to give the manufactured material better properties like reactivity, thermal stability, 

and solubility, etc. We anticipated that such modifications would render the polymer 

to soluble in common organic solvents such that folding studies can be done in 

various solvents, including in water.  

 

     

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Structure of POLY 11 after post-polymer modification.
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                                                        Chapter 2  

                       Results and discussion  

 

2.1 Synthesis  

We commenced our project with the aim of synthesizing monomer candidates to 

yield two different polymers with different folding behavior. The POLY 10 and 

POLY 11 have been considered as the target polymer for comparing these two 

polymer’s folding propensity in this thesis. In this regard, two monomers A and B, 

with different intrinsic properties, have been synthesized as shown in scheme 1 to 

prepare POLY 10 and POLY 11, respectively.  

                                           

 

Scheme 1: General synthesis scheme for monomers A and B 
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Scheme 2: Synthesis scheme for the preparation of POLY 10 and POLY 11.  

 

Finally, the target polymers were synthesized, as shown in the scheme. Herein, 

DMSO is not used as a solvent because oxalyl chloride and DMSO can give side 

reactions like swern oxidation. To avoid the side reaction, HMPA 

(hexamethylphosphoramide) and NMP (N-Methyl-2-Pyrrolidone) are used as a 

solvent, as these are well-known solvents for dissolving polyamides. These solvents 

are highly basic in nature to neutralize the formed HCl in the reaction to attain the 

equilibrium between the monomer and the polymer units in the forward direction. 

The polymer's solubility was tested and found to be insoluble in most of the common 

organic solvent systems except DMSO. The low molecular weight polymers were 

then removed from the system by continuous precipitation from the DMSO by 

adding solvent chloroform. Figure 11 (a) depicts the 1H NMR spectra of POLY 11 

with the characteristic signal of amide protons 11.5 ppm. The aromatic region of 1, 

5 diaminonapthalene and monomer B shows peaks in the range of 7.5-8.6 ppm. The 

peaks at 5.2 ppm and 3.6 ppm correspond to the methylene (-CH2) group and 

terminal hydrogen (-CH) of propargylic group protons. Figure 11 (b) depicts the 1H 

NMR spectrum of POLY  10 with the characteristic signal of amide protons at 10.5 
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ppm, the aromatic region of 1,5-diaminonapthalene, and monomer A shows a peak 

in the range of 7.5-8.6 ppm. The peaks at 4.99 ppm and 3.69 ppm correspond to the 

methylene (-CH2) group and terminal hydrogen (-CH) of propargylic group protons. 
1H NMR spectroscopic studies of the polymer provide evidence of the formation of 

intramolecular hydrogen bonding between monomer units in DMSO solvent. It is 

observed that amide proton (-NH) undergoes a considerable downfield shift due to 

the formation of intramolecular hydrogen bonding in the case of POLY 11.    

 

 

 

       (a) 
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Figure 11: 1H NMR spectra of POLY 11 and POLY 10 in DMSO.  

 

After developing a novel method for synthesizing these two polymers, the post-

polymerization modification was done at the Propargyl group, acting as a reactive 

handle for further solubility improvement. However, to proceed with further studies, 

the polymers should be dissolved completely in a suitable organic solvent. From that 

point forward, we focused more on polymer solubility and ways to improve it. We 

perform a Copper-catalyzed azide-alkyne cycloaddition click reaction between the 

Propargyl groups and various monosubstituted long oxy ethyl chain azides to 

increase the solubility. The 1H NMR spectrum of the polymer after click reaction is 

shown in the figure below. Figure 12 (a) shows the spectra of POLY 11 (PEG550) 

      (b) 
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with the amide proton signal at 11.5-11.7 ppm. The aromatic region of 1, 5-

diaminonapthalene, and monomer B are in the range of 7.6-8.7 ppm. The 

disappearance of propargylic protons peak at 5.2 ppm indicates the complete 

occurrence of the CuAAc click reaction. The remaining peaks in the range of 3.3-

3.8 ppm are from PEG550-N3. Figure 12 (b) shows the spectra of POLY 10 

(PEG550) with the amide proton signal at 10.8-11.0 ppm. The aromatic region of 1, 

5-diaminonapthalene, and monomer A are in the range of 7.5-8.7 ppm. The 

complete disappearance of the methylene group's peak at 4.99 ppm indicates that the 

CuAAc click reaction has occurred. The rest of the peaks in the range of 3.2-3.7 ppm 

are from PEG550-N3. 

  

       (a) 
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Figure 12: 1H NMR of POLY11 and POLY 10 after CuAAc Click reaction in 

DMSO. 

 

2.2 UV-Visible spectroscopic studies:  

The UV-Vis absorption spectra of all compounds have been measured in DMSO and 

TCE solvent. How and where the molecule absorbs and emits light is influenced by 

molecule-solution and intermolecular interaction. When performing spectroscopic 

analysis, it's also crucial to be aware of the solution molarity. A molecule can have 

both intramolecular and intermolecular interactions. To reduce the possibility of 

intermolecular interactions between molecules, a low concentration solution is used 

for folding studies. For this reason, a low concentration solution is used, and 

spectroscopic analysis in a single-molecule state are carried as detailed below. All 

(b) 
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the analysis of the POLY 10 and POLY 11 before and after post-polymerization 

modification are carried at 6.25 μM concentration. The absorption spectra for the 

polymers at different concentrations in both solvents are displayed below. The 

linearity was determined by plotting concentration against the corresponding 

absorbance at wavelength 317 nm. The calibration curve showed linearity over a 

concentration range from 100 μM to 1.56 μM in both solvents TCE and DMSO. 

Here, the linearity clear indicates the whatever the concentration we are working is 

for the single-molecule phenomenon.  

 

  

Figure 13: Absorption spectra of POLY 10 (PEG 550) and POLY 11 (PEG550) 

in TCE. Inset: The variation of absorbance vs. concentration follows Beer-Lamberts 

law. 
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Figure 14: Absorption spectra of polymers POLY 10(PEG 550) and POLY 

11(PEG 550) in DMSO. Inset: Calibration curve follows Beer-Lambert law. 

  

2.2.1 Gradual addition of TFA  

Trifluoroacetic acid (TFA) has the tendency to break the hydrogen bond and π-π 

stacking in polymers. Modification in polymer by clicking with monosubstituted 

azide resulted in changes in polymer properties. The conformation of the polymer's 

chain in the solution state is pH-responsive. Increasing TFA concentration to the 

solution weakened the hydrogen bonds, causing the main chain to break or a folded 

structure into a relatively unfolded structure. POLY 11 is a more folded structure 

than POLY 10 because of intramolecular hydrogen bonding between amide proton 

& monomer moiety and π-π stacking interactions. POLY 10 is a folded structure 

because of only π-π stacking. A significant shift of approx. 10 nm in POLY 11 on 

the addition of TFA to it is due to the breakdown of a folded conformation of 

polymer, stabilized by non-covalent interactions (intramolecular hydrogen bonding, 

л-л stacking) into a relatively unfolded structure as compared to POLY 10. The 

below figure depicts the more left-handed shift in POLY 11 compared to POLY 10  

absorption spectra on the addition of TFA.  
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Figure 15: POLY11 (PEG550) and POLY 10 (PEG 550) on the addition of TFA.  
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2.2.2 Gradual addition of water to POLY 10(PEG 550) and 

POLY 11(PEG550) in DMSO 

The solvent effect plays an important role in the folding properties of a polymer. In 

these studies, polymers are dissolved in different DMSO and water ratios, and the 

shifts of their peak in UV-Vis absorption, wavelength maximum, are exploited to 

extract useful information. For instance, the formation of hydrogen bonds with 

solvent molecules. The UV−Vis peak absorption wavelengths of these polymers in 

different DMSO and water ratios are recorded at a concentration of 3.125 μM to 

elucidate the nature of solvent and polymers interactions. This compound contains 

two parts; one is PEG 550, which is hydrophilic, and the other part is hydrophobic. 

The gradual addition of water to the hydrophilic part attracts the water molecule. 

The hydrophobic portion of the compound collapses into a more folded structure on 

the addition of water, i.e., the solvophobic effect. In POLY11 (PEG550), the 

nitrogen introduced is expected to hydrogen bond to the neighboring amide 

hydrogens, i.e., more folded structure than POLY 10 (PEG550). There is a 

combined effect (of intramolecular hydrogen bonding, л-л stacking, and 

solvophobic effect) in POLY 11 (PEG550). In POLY 10 (PEG550), conformation 

is achieved only due to л-л stacking and solvophobic effect. Equilibrium is attained 

at a higher concentration of water. The shift of peak on a higher water concentration 

to the right-hand side is due to the stable folded conformation achieved by a polymer.  
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Figure 16: Absorption spectra of POLY10 (PEG550) and POLY11 (PEG550) in 

different DMSO and water ratios. 

 

2.2.3 Addition of Maleimide to POLY10 (PEG550) and 

POLY 11 (PEG 550) in TCE. 

Maleimide is an unsaturated imide and an essential building block in organic 

synthesis. Here the polymer acts as a receptor that will accurately recognize a target 

guest molecule. The most crucial factor is that these two molecules should be 

structurally complementary to each other. POLY 11 (PEG550) has characteristic 

UV-Vis absorption spectra in the range of 300-500 nm (figure 17) with maxima 

around 323 nm. This peak corresponds to the absorbance band of the aromatic 

chromophore, and the band arises due to л-л* transitions of the molecule. Maleimide 

group contains NH donor, CO acceptor, NH donor  (DAD) type, and POLY 11 has 

CO acceptor, NH donor, CO acceptor (ADA) type, i.e., both are complementary to 

each other. Maleimide is expected to bind with POLY11 (PEG550) and fits into the 

hydrophobic cavity. Here, Maleimide is used as a template, and due to its 

complementary nature, it binds with POLY 11. The complexation of Maleimide to 

POLY11 (PEG550) causes a blue shift. And these spectral changes are not 

significantly shown in the case of POLY10 (PEG550) as the guest molecule 

Maleimide does not perfectly bind to it. These spectral changes result essentially 

from the interaction between the host and the guest molecule Maleimide, suggesting 
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the host-guest complex's formation. Mr.Subhendu Samanta has carried out this 

work.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Absorption of Host-guest complexation of POLY 10 (PEG550) and 

POLY11 (PEG550) with Male 
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                                                 Chapter 3 

                   Summary and Outlook  

Table 1: Summary of the work. 

    Monomer A 

 

 

 

 

 

   Monomer B 

 

 

 

 

 

   Donor 
 

 POLY 10 

 Absence of 

intramolecular 

hydrogen bonding. 

 Predicted to be a 

random coil 

structure. 

After click reaction 

with PEG 550  

 Shows minor shift 

on the addition of 

TFA. 

 Host-guest 

complexation doesn't 

occur on the addition 

of Maleimide as a 

guest. 

 

 POLY 11 

 Presence of 

intramolecular 

hydrogen bonding.  

 Predicted to be a 

stable folded 

structure. 

After click reaction 

with PEG 550 

 Shows more shift on 

the addition of TFA.  

 Host-guest 

complexation 

happens on the 

addition of 

Maleimide as a 

guest. 
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The two different polymers, POLY 10 and POLY 11, were successfully synthesized 

and characterized by 1H NMR, and photo physical properties were characterized by 

UV-Vis spectroscopy. POLY 10 shows a prominent shift on the addition of TFA, 

which is lesser compared to POLY 11. The predicted folding properties of POLY 

11 are proved by the TFA experiment, the gradual addition of water in DMSO 

solution, Maleimide addition shows host-guest complexation because of 

intramolecular hydrogen bonding. The present results provide an efficient approach 

to generating helical superstructures through intramolecular conformational features 

induced by non-covalent interactions. In particular, the hydrogen bonding present in 

the structure leads to folding. Further, chirality can be induced in the foldamer design 

by adding a chiral fragment to it.  
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                                    Chapter 4 

                      Experimental section  

 

General information:  

4.1 Materials: 

All the solvents and reagents used were purchased from commercial chemical 

suppliers Sigma Aldrich, Merck, TCI, avra and were used with further purification 

if needed. Solvents like DCM and methanol were distilled using standard distillation 

set up while HMPA and NMP were purified using kugelrohr apparatus. THF was 

dried over sodium and benzophenone as an indicator and distilled prior to use. 

Methanol and acetone were dried over K2CO3, DCM dried over phosphorous 

pentoxide, and distilled before use. HMPA, NMP were dried over calcium hydride 

and distilled using kugelrohr before use. DMF was dried over calcium sulfate and 

distilled under reduced pressure prior to use. Purification of products carried out by 

column chromatography using silica gel of mesh size 100-200 μm. Thin-layer 

chromatography (TLC) was carried out on pre-coated plates. For visualization, UV 

light (254 nm) and ninhydrin stain used for nitrogen-containing compounds. 

Anhydrous sodium sulfate was used to dry the organic extracts, and solvents were 

removed by rotary evaporation under reduced pressure.  

4.2 Measurements: 

The 1H NMR spectra were recorded on a 400 MHz Bruker Biospin Avance III FT-

NMR spectrometer, respectively, with TMS as a standard at room temperature. The 

solvents used were CDCl3, DMSO-d6. Chemical shift values (δ) are reported in parts 

per million (ppm), and Coupling constants (J) are reported in Hz. All spectra were 

calibrated using their residual solvent peak as internal reference: CDCl3 at 7.26 ppm, 

d6-DMSO at 2.50 ppm. NMR data were processed using MestReNova software. 

UV-Vis was recorded on an Agilent Cary 5000 UV-Vis NIR spectrophotometer 

using quartz cuvettes of 1mm path length at 25oC. Molecular structures and reaction 

schemes were drawn using Chemdraw Professional 15.0.  
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4.3 Synthesis: 
 

4.3.1 Synthesis of Propargyl p-toluene sulphonate: 

 

            

                    

 

Propargyl alcohol ( 5 ml, 85.96 mmol), tosyl chloride (21.30 gm, 111.72 mmol) was 

dissolved in diethyl ether (90 ml) under N2 atmosphere, and the solution was cooled 

to 0o C in an ice bath. Then NaOH pellets (17.89 gm, 448.3 mmol) were added in 6 

portions. The reaction mixture was stirred at room temperature overnight. The 

suspension was poured into cold water (60 ml). Then aqueous layer was extracted 

with ether (2 times with 100 ml). The organic phase dried over anhydrous Na2SO4. 

The solvent was evaporated to give Propargyl tosylate as a dark color liquid.  

Yield, 16 gm (88.8 %).  

1H NMR (400 MHz, CDCl3): 7.8 (d, J = 14 Hz, 2 H), 7.4 (d, J = 14 Hz, 2 H), 4.8 

(d, J = 21 Hz, 2 H), 2.5 (t, J = 23 Hz, 1 H), 2.4 (s, 3 H). 

 

 

4.3.2 Synthesis of dimethyl 5-hydroxyisophthalate35: 

 

 

 

Diethyl ether 

NaOH, N2 atm 

     R.T 

Dry methanol, 

Conc.H2SO4 

70o C, 12hrs 
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5-hydroxyisophthalic acid (10 gm, 54.91 mmol) dissolved in dry methanol (100 ml) 

with conc. H2SO4 (1 ml). The reaction mixture was stirred at 70o C for 12 hours. 

Methanol was removed using a rotary evaporator. The obtained residue was 

dissolved in 100 ml 10% NaHCO3 solution + 30 ml H2O and extracted with 200 ml 

ethyl acetate. Repeat the process three times. The separated organic layer was passed 

through anhydrous Na2SO4 and dried thoroughly.  

Yield, 10 gm (87 %). 

1H NMR (400 MHz, CDCl3): 8.25 (t, J = 14 Hz, 1 H), 7.79 (d, J = 14 Hz, 2 H), 6.17 

(s, 1 H), 3.95 (s, 6 H).  

 

 

4.3.3 Synthesis of dimethyl 5-(prop2-yn-1-yloxy) isophthalate36: 

 

                      (a) 

Compound a (4 gm, 19 mmol), Propargyl tosylate (5.84 gm, 27.78 mmol) was 

dissolved in dry DMF (100ml) and made the atmosphere inert through nitrogen 

purging. Then activated K2CO3 (5.1 gm, 36.96 mmol) was added, heated the reaction 

mixture at 70o C for 4 hours, and then stirred at room temperature overnight. After 

that, the solution was filtered to remove excess K2CO3; the filtrate was added 

dropwise to chilled water with vigorous stirring. Filtered the precipitate formed and 

dried thoroughly. The dried residue was dissolved in a minimum amount of 

chloroform and added dropwise to hexane in cold conditions. Then filtered and 

washed several times with hexane and dried.  

Yield, 3.5 gm (74.5 %) 

1H NMR (400 MHz, CDCl3): 8.35 (t, J = 14 Hz, 1 H), 7.86 (t, J = 14 Hz, 2 H), 4.81 

(d, J = 24 Hz, 2 H), 3.97 (s, 6 H), 2.57 (t, J = 24 Hz, 1 H).  

Propargyl tosylate, 

Dry DMF,  

Activated 

K2CO3  
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4.3.4 Synthesis of 5-(prop-2yn-1yloxy) isophthalic acid36: 

    

 

Into a 100 mL single-necked round bottom flask equipped with a magnetic stirring 

bar and a reflux condenser were charged with dimethyl-5-

(propargyloxy)isophthalate (1 gm, 4.032 mmol), THF (8 ml), sodium hydroxide 

(0.806 gm, 20.16 mmol), water (8 mL), methanol (8 mL), and the reaction mixture 

was stirred at 70o C for 3hrs. The solution was cooled to room temperature and 

acidified with concentrated HCl. The product was isolated by filtration, washed with 

water, and dried at 80 °C under vacuum for 12 hrs. 

Yield, 0.62 gm (69.87%) 

1H NMR (400 MHz, DMSO): 13.37 (s, 2 H), 8.11 (t, J = 13 Hz, 1 H), 7.72 (d, J = 

13 Hz, 2 H), 4.96 (d, J = 23 Hz, 2 H), 3.66 (t, J = 23 Hz, 1 H). 

 

 

4.3.5 Synthesis of 5-(prop-2-yn-1yloxy) isophthalyol dichloride: 

 

 

 

 

 

 

 

(b) 

 

(c) 

Dry DCM, Oxalyl 

chloride  

DMF 

NaOH, THF, 

 
MeOH, H2O, 70OC 
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Compound c (200 mg, 0.92 mmol) was dissolved in dry DCM (16 ml) after nitrogen 

purging. Oxalyl chloride (0.6 ml, 4.60 mmol), dry DMF (3 drops) were added to the 

reaction mixture. The reaction mixture was stirred for 4hrs. The solvent was 

removed under reduced pressure.  

Quantitative yield.  

 

 

4.3.6 Synthesis of POLY 10: 

 

 

                           

+                         

 

 

                                                                                        

 

 

 

 

 

 

 

 

 

HMPA + NMP, 

-78OC     0OC     R.T 

 

Monomer A 

POLY 10 

Monomer C 
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Monomer A (238.14 mg, 0.926 mmol) obtained as a quantitative yield was dissolved 

in 3 ml DCM. 1, 5-diaminonapthalene (144.59 mg, 0.914 mmol) was dissolved in 

1.4 ml NMP, 2.7 ml HMPA, and the solution was freeze to -78o C. In this frozen 

condition, the monomer A solution was transferred through a cannula to the previous 

one. After addition, the reaction mixture was stirred in ice-cold conditions for 4 hrs, 

followed by stirring at room temperature for 24 hrs. Later on, it was poured into 40 

ml of water, and the yellowish precipitate formed immediately. The precipitate was 

filtered out using the Buchner apparatus and washed with water, acetone, and dried 

under vacuum. Then the dried polymer was dissolved in DMSO and precipitate out 

in chloroform. Then simple filtration was done, dried, and repeated three times.   

Yield, 320 mg (35.9 %). 

1H NMR (400 MHz, DMSO): 10.66 (s, J = 12.1 Hz, 2 H), 8.43 (t, J = 18.6 Hz, 1 H), 

8.00 (d, J = 8.1 Hz, 2 H), 7.89 (d, J = 15.0 Hz, 2 H), 7.61 (ddd, J = 30.3, 19.3, 9.7 

Hz,4 H), 4.99 (d, J = 17.5 Hz, 2 H), 3.67 (t, J = 8.2 Hz, 1 H) 

 

 

4.3.7 Synthesis of Dimethyl 4-hydroxy pyridine-2, 6-dicarboxylate37: 

 

 

 

 

 

Chelidamic acid (2.5 gm, 13.65 mmol) dissolved in dry methanol (100 ml). N2 

purging was done for 10 minutes, and the solution was cooled down to 0o C in an ice 

bath. Thionyl chloride (SOCl2) (2.5 ml) was added to the solution in ice-cold 

conditions. The reaction mixture was stirred at 60o C overnight. The solvent was 

evaporated and quenched with chilled water. Extraction was done three times with 

chloroform (70 ml, 50 ml, and 50 ml). The combined organic layer was washed with 

brine solution and dried over anhydrous Na2SO4. The solvent was evaporated with a 

rotary evaporator to give a white color solid.  

Dry methanol 

SOCl2, 60oC 
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Yield, 2.27 gm (78.8 %).  

1H NMR (400 MHZ, DMSO-d6):  11.62 (s, 1 H), 7.59 (s, 2 H), 3.93 (m, 6 H) 

 

  

4.3.8 Synthesis of Dimethyl 4-(prop-2-yn-1yloxy) pyridine-2,6-

dicarboxylate38: 

  

 

 

 

 

 

Compound d (2 gm, 9.47 mmol), Propargyl tosylate (2.39 ml, 13.82 mmol) were 

dissolved in dry DMF (50 ml). After that, activated K2CO3 was added to the reaction 

mixture. The solution was stirred at 90o C for four hours then stirred at room 

temperature overnight. Dropwise add the reaction mixture to chilled water to 

precipitate out the compound. The obtained solution was filtered and dried. The 

compound was dissolved in chloroform (suitable solvent) for crystallization, and 

then excess hexane was added to precipitate the compound. Then obtained solution 

was filtered and the obtained precipitate dried in the oven. 

 Yield, 1.62 gm (68.8%). 

 1H NMR (400MHz, DMSO-d6): 7.8 (s, 2 H), 5.2 (d, J = 14 Hz, 2 H), 3.8 (s, 6 H), 

3.68 (s, 1 H). 

 

 

 

 

K2CO3, Dry DMF 
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4.3.9 Synthesis of 4-(prop-2yn-1-yloxy) pyridine-2, 6-dicarboxylic 

acid39: 

  

                    (e) 

Compound e (1.7 gm, 6.82 mol), KOH (1.53 gm, 27.308 mol) were dissolved in 

ethanol (50 ml). The reaction mixture was stirred at 90o C for 1 hour. Ethanol was 

removed completely using a rotary evaporator. Then the residue was dissolved in a 

minimal amount of water and acidified by 1N HCl solution. The solution was 

filtered, and the obtained residue was dried thoroughly. 

Yield, 1.12 gm (72.9%). 

1H NMR (400MHz, DMSO-d6): 13.40 (s, 1 H), 7.79 (s, 2 H), 5.11 (d, 2 H, J = 21 

Hz), 3.76 (s, 1 H).   

 

 

4.3.10 Synthesis of 4-(prop-2yn-1-yloxy) pyridine-2, 6-dicarbonyl 

dichloride:  

 

 

Compound f (200 mg, 0.92 mmol) was dissolved in dry DCM (16 ml) after nitrogen 

purging. Oxalyl chloride (0.6 ml, 4.601 mmol), dry DMF (3 drops) were added to 

EtOH, KOH  

90oC 

Oxalyl chloride, 

DCM, DMF 

R.T  

(f) 
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the reaction mixture. The reaction mixture was stirred at room temperature for 4hrs. 

The solvent was removed under reduced pressure.  

Quantitative yield.  

 

 

4.3.11 Synthesis of POLY 11:  

                                                                                                                      

 

       

 

 

 

 

 

 

 

+ 

HMPA + NMP, 

-78OC       0OC        R.T 

 

Monomer B Monomer C 

POLY 11 



44 
 

Monomer B (238.14 mg, 0.926 mmol) obtained as a quantitative yield was dissolved 

in 3 ml DCM. 1, 5-diaminonapthalene (144.59 mg, 0.914 mmol) was dissolved in 

1.4 ml NMP, 2.7 ml HMPA, and the solution was freeze to -78o C. In this frozen 

condition, the monomer A solution was transferred through a cannula to the previous 

one. After addition, the reaction mixture was stirred in ice-cold conditions for 4hrs, 

followed by stirring at room temperature for 24 hrs. Later on, it was poured into 40 

ml of water, and the yellowish precipitate formed immediately. The precipitate was 

filtered out using the Buchner apparatus and washed with water, acetone, and dried 

under vacuum. Then the dried polymer was dissolved in DMSO and precipitate out 

in chloroform. Then simple filtration was done, dried, and repeated three times.   

Yield, 300 mg (34 %). 

1H NMR (400 MHz, DMSO): 11.5 (s, J = 12.1 Hz, 2 H), 8.43 (d, J = 8.1 Hz, 2 H), 

7.89 (d, J = 15.0 Hz, 2 H), 7.61 (ddd, J = 30.3, 19.3, 9.7 Hz, 4 H), 5.2 (d, J = 17.5 

Hz, 2 H), 3.67 (t, J = 8.2 Hz, 1 H) 

 

 

4.3.12 Synthesis of PEG550-tosylate: 

 

 

PEG550 (10 gm, 18.18 mmol) was dissolved in 15 ml THF. Then the solution of 

NaOH was added dropwise to the mixture in ice-cold conditions. P-toluenesulphonyl 

chloride (5.2 gm, 27.27 mmol) was dissolved in 10 ml THF and added to the reaction 

mixture for 1 hr dropwise. The reaction mixture was stirred at room temperature 

overnight. The organic layer was separated, and then the aqueous layer was washed 

with diethyl ether three times. Then combined organic layer was washed with 10% 

NaOH solution and dried over anhydrous Na2SO4. The yellowish color liquid 

product was obtained.   

Yield, 5.1 gm (39.8 %). 

NaOH, THF, H2O 

R.T 
n=13  
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1H NMR (400MHz, CDCl3):  7.79 (d, J = 8.3 Hz, 1 H), 7.34 (d, J = 8.1 Hz, 1 H), 

4.16 (dd, J = 10.1, 5.4 Hz, 1 H), 3.83 – 3.47 (m, 24 H), 3.42 (d, J = 36.3 Hz, 2 H), 

2.45 (s, 3 H). 

 

4.3.13 Synthesis of PEG550-N3: 

  

PEG550-OTs (5.1 gm, 7.24 mmol) was dissolved in 130 ml acetonitrile and N2 

purged through condenser 3-4 times. Then NaN3 (1.82 gm, 28.96 mmol) was added 

and stirred at 65o C for two days. The solvent was removed using a rotary evaporator. 

The organic layer separated using diethyl ether and dried over anhydrous Na2SO4. 

The whitish liquid product was obtained.  

Yield, 1.5 gm (36.4 %)  

1H NMR (400MHz, CDCl3):  3.77 – 3.60 (m, 1H), 3.61 – 3.49 (m, 1H), 3.42 – 3.26 

(m, 1H).  

4.3.14 Synthesis of click reaction of POLY10 and PEG550-N3.  

 

NaN3, acetonitrile  

65oC 
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4.3.15 Synthesis of click reaction of POLY 11 and PEG550-N3.  
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                                                        Appendix  

 

Propargyl p-toluene sulphonate, 1H NMR (400 MHz, CDCl3):  

 

 

 

 

 

 

 

 

 

 

Dimethyl 5-hydroxyisophthalate, 1H NMR (400 MHz, CDCl3): 
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Dimethyl 5-(prop2-yn-1-yloxy) isophthalate, 1H NMR (400 MHz, CDCl3):  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5-(prop-2yn-1yloxy) isophthalic acid, 1H NMR (400 MHz, DMSO): 
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POLY 10, 1H NMR (400MHz, DMSO): 

 

 

 

 

 

 

 

 

 

 

Dimethyl 4-hydroxy pyridine-2, 6-dicarboxylate, 1H NMR (400MHz, CDCl3): 
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Dimethyl 4-(prop-2-yn-1yloxy) pyridine-2, 6-dicarboxylate (1H NMR (400MHz, 

CDCl3):  

 

 

 

 

 

 

 

 

 

 

 

4-(prop-2yn-1-yloxy) pyridine-2, 6-dicarboxylicacid (1HNMR, 400MHz, 

DMSO):  
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POLY 11, 1H NMR (400MHz, DMSO):  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PEG550-tosylate, 1H NMR (400MHz, CDCl3):  
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PEG550-N3, 1H NMR (400MHz, CDCl3):   

 

 

 

 

 

 

 

 

 

 

 

 

POLY 10 (PEG550-N3), 1H NMR (400MHz, DMSO): 

 

  



57 
 

POLY 11 (PEG550-N3), 1H NMR (400MHz, DMSO):  


