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bbssttrraacctt  

 

Throughout this thesis we have sought to demonstrate the broad applicability of 

fluorine and fluorinated groups as tools to promote enhanced conformational 

preferences in α-peptoids. To this purpose, a range of new fluorinated peptoid monomers have been 

designed and synthetized, including non-bulky fluoro-alkyl, fluoroheteroaromatic, α-

trifluoromethyl, perfluoro-(hetero)aryl and pentafluoro-sulfanylphenyl (NSF5Ph) based monomers. 

The effects that fluorine can impart on peptoid cis/trans amide bond preferences have been studied 

in simple model systems using both NMR and X-ray analysis.  Through these studies fluorine has 

been found to exert a considerable effect over peptoid bond conformational preferences either as a 

result of direct amide Cα-carbon polarization as in the non-chiral aliphatic systems studied 

(Chapter 2), or by a combination of enhanced steric and inductive factors as in the case of α-

trifluoromethyl peptoid residues examined (Chapter 3). In addition, a novel strategy based on the 

use of SNAr reactions for the synthesis of novel N-perfluoro and N-perfluoroheteroaryl model 

peptoid systems is described.  Unlike N-alkyl type peptoids, N-aryl monomers have been shown to 

have a strongly defined preference for trans-amide configurations. As part of our work in this area 

we report the first ever example of a completely stable cis-amide N-aryl peptoid building block 

(Chapter 4). The NMR, X-ray and IR studies carried out to investigate the cause of such an 

exceptional conformational preference provided strong evidence that it arises due to a side-chain 

induced amide nitrogen sp3 pyramidalization and amide N-CO bond twisting. Finally, we have 

explored the synthesis, and properties of novel NSF5Ph peptoid monomers (Chapter 5). Structural 

analysis of different SF5Ph containing model systems revealed how the steric properties and the 

repulsive effects between SF5- groups promote significant deviations in the geometry of the inter-

residue π-stacking interactions, which are critical for peptoid folding.  The fine tuning of these 

long-range interactions may open the door for the design of new foldameric peptoid structures. The 

comparative CD analysis of non-fluorinated NPh based peptoids and the first oligomers ever 

synthetized carrying NSF5Ph residues gave further support to this hypothesis, and demonstrated 

that SF5- groups can indeed influence peptoid folding in extended sequences.        
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hhaapptteerr  11  

  

  

IInnttrroodduuccttiioonn  ttoo  PPeeppttooiiddss  aass  NNoovveell  CCaannddiiddaatteess  iinn  DDrruugg        

DDiissccoovveerryy  

1.1 Peptides as candidates for therapeutic intervention 

Proteins are naturally occurring oligomers assembled from alpha amino acids, linked by an amide 

bond. In nature, peptides are typically assembled from 20 standard amino acids which are 

distinguished by the different nature of the functionality located at the α-carbon. In proteins, a vast 

structural diversity is enabled by programming the specific sequence in which the amino acids are 

assembled (primary sequence) and, to some extent, by modulating the length of the final oligomer. 

Arbitrarily, within the community peptides are considered to be small proteins or protein fragments 

of less than 50 amino acids. Proteins play several key roles in all living organism, in general 

controlling and regulating a broad variety of the cellular functions. For most proteins, their 

functionality is intimately linked to their ability to adopt a discrete and specific three-dimensional 

structure that is encoded through its primary sequence. Extensive research efforts have been 

directed towards understanding the relationship between protein sequence, protein folding 

(secondary and tertiary structure) and biological function.[1–3]  

1.1.1 Antimicrobial peptides  

Given the urgent need for the development of new anti-infectives one of the most well studied 

classes of naturally occurring peptides are antimicrobial peptides (AMPs). AMPs are genetically 

encoded peptides present in almost all living organisms. They form a key part of the innate immune 

response which acts as an  organisms front line of defence against infection.[4]    

Regardless of their structural differences, AMPs share some common physical properties and 

chemical features. Most natural AMPs are relatively small in size, commonly between 10 to 50 
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amino acids, and they display an overall cationic character due to the presence of multiple Arginine 

and/or Lysine positively charged residues (typically from +2 to +11). AMPs are also often found to 

contain extensive regions of hydrophobic amino acids, constituting up to a 50% of their total linear 

sequence.[5–7] This combination of high positive charge and hydrophobicity means that AMPs 

display a strong amphipathic character in their active folded state, which is in fact a critical 

requirement in order to perform their corresponding biological functions. Due to their small size, 

many AMPs do not possess a specific intrinsic secondary structure in solution, but once they are in 

contact with a plasma membrane, or exposed to a lipophilic environment, they can acquire a well-

defined “active” amphipathic structure, in many cases an α-helical.[8] Four major classes of active 

secondary structures have been reported for AMPs, allowing their classification into distinct 

groups:[7,9] 

a). Linear peptides with a helical structure: Constitutes the most widely studied and extensive 

group, having a disordered structure in solution but able to adopt an α-helical structure upon 

interaction with hydrophobic solvents or lipidic environments. Model peptides in this group 

are magainin, cecropins and the temporins. Figure 1.1a. 

b). Peptides rich in cysteine with β-sheet structures: Due to the presence of cysteine residues 

one or multiple di-sulfide bridges can be present within the peptide, resulting in cyclic and 

more globular structures.[5] As the disulphide bridges stabilize and rigidify the peptide 

conformation, the β-sheet structure is observed in aqueous solution as well as in lipidic 

interfaces, undergoing less structural changes upon membrane interaction.[6] Some examples 

into this group are α-defensins isolated from humans and thionins isolated from plants. 

Figure 1.1b.  

c). Peptides with a mixed α/β structure: These peptides have a combination of both, α and β 

folded domains packed into a higher order amphipathic structure. An example of this class 

of AMP includes the peptide human β-defensin 1.  

d). Linear peptides with extended/random coil structure (also known as non-αβ): Constitutes a 

relatively small subgroup, containing peptides which lack a proper secondary structure due 

to the presence of a high content of amino acids such as proline and glycine (in insect) or 

histidine and tryptophan (in mammals).[9,10] As α-helical peptides, extended AMPs fold into 

amphipathic structures upon interaction with the membrane.[9] The most widely studied 

example in this group is indolicin. Some authors also consider into this group peptides with  
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a lasso structure or β-turns, as they frequently exhibit a high content of proline and arginine 

residues. Figure 1.1c.  

 

Figure 1.1: Representative secondary structures in AMPs. (a) α-helical conformation of peptide LL37 in 
SDS micelles as based in NMR analysis (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES); (b) 
NMR-based β-turn/sheet conformation of protegin-1 (RGGRLCYCRRRFCVCVGR) in solution; (c) XRD 
α/β structure of human β-defensin 2 (GIGDPVTCLKSGAICHPVFCPRRYKQIGTCGLPGTKCCKKP) and 
(d) NMR based membrane-associated extended conformation of indolicin (ILPWKWPWWPWRR). 
Disulfide bonds within the structures are represented by yellow sticks. Image adapted and reprinted with 
permission from the Royal Society of Chemistry.*, [11] 

Even though there is still no full agreement on  a single mode of action for all AMPs, it is generally 

accepted that linear peptides with an α-helical structure act by selectively inducing the disruption of 

the cellular membrane either by forming peptido(lipidic) pores or by peptide/lipid displacement.[12] 

The increased permeability originated by the presence of the peptides within the membrane 

ultimately leads to the cell rupture by osmotic lysis. The initial interaction of model AMPs with the 

bacterial membrane has been proposed to be in all cases largely driven by the electrostatic 

attraction between the positively charged amino acids present in the peptide and the negatively 

charged phosphate head groups of the lipids in the membrane. In a second step, the peptide folds 

into an amphipathic structure that favours to establish also hydrophobic interactions between the 

non-polar domains of the peptide, now all exposed on the same face of the molecule, and the 

hydrocarbon lipid chains (Figure 1.2). This hydrophobic interaction promotes further peptide 

                                                      

* Image reproduced from M. Zhang, J. Zhao, J. Zheng, Soft Matter 2014, 10, 7425–7451. 
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translocation and insertion into the membrane, causing the subsequent loss of the lipid packing 

integrity. The ability of peptides to adopt an amphiphilic conformation results this way critical in 

order to complete the membrane disruption process. 

 

Figure 1.2: NMR amphipathic structure of magainin-2 in DPPC micelles: Parallel (a) and perpendicular 
(b) to its helical axis. Residues are colour coded: cationic, blue; hydrophobic, orange; all others, grey. Image 
adapted and reprinted with permission from the National Academy of Sciences (U.S.).†, [13] 

Not all AMPs act by directly targeting the bacterial membrane. This is well represented by the fact 

that for some AMPs activity has been found at concentration levels at which membrane 

depolarization is not observed. For these cases, it has been suggested that other factors aside from 

the direct peptide/membrane interaction may be involved in cell death, such as peptide 

translocation followed by interaction with other specific intracellular targets. A generic overview 

summarizing the different processes and mechanisms that have been described to explain the 

biological activity of a broad range of AMPs is given in Figure 1.3. It is relevant to note that all the 

proposed mechanisms have in common the initial adsorption of the peptide at the membrane as the 

key event triggering the cell lysis process. 

                                                      

† Image reproduced from N. P. Chongsiriwatana, J. A. Patch, A. M. Czyzewski, M. T. Dohm, A. Ivankin, D. Gidalevitz, R. N. 
Zuckermann, A. E. Barron, Proc. Natl. Acad. Sci. 2008, 105, 2794–2799. 
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Figure 1.3: AMPs modes of action. Events occurring at the bacterial cytoplasmic membrane following 
initial antimicrobial peptide (AMP) adsorption. These events are not necessarily exclusive of each other. 
Image adapted and reprinted with permission from Elsevier.‡, [9] 

1.1.2 Peptides as tools for modulating protein-protein interactions 

Protein-protein interactions (PPIs) are crucial for controlling a wide range of cellular functions. 

These interactions have been shown to rely in the presence of highly specific and paired contact 

sites, or “hot-spots”, that are three-dimensionally located along the interface between the two 

interacting proteins (or protein complexes). [14] Although “hot-spots” integrate, in general, less than 

the 50% of the global contact surface area, they represent the major contribution to the binding 

affinity between the two proteins. Given this, considerable efforts have been made towards the 

rational design of small peptides that can target the binding “hot-spots” of medically relevant 

proteins, by mimicking the contact surface of their natural counterparts. Peptides have the 

advantage of providing a highly conserved and complex set of functions that often cannot be 

reproduced in a small molecule.[15] However, the use of protein segments as PPI modulators has 

some important limitations: short synthetic peptide fragments disorganize once removed from the 

                                                      

‡ Image reproduced from L. T. Nguyen, E. F. Haney, H. J. Vogel, Trends Biotechnol. 2011, 29, 464–472. 
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context of their parent proteins and tend to adopt only random conformations in solution. This in 

turn retards the interaction to the target proteins leading to poor binding specificities and 

efficiencies.[16] To reduce the higher flexibility observed in small peptide fragments, without 

changing the nature of the amide backbone, different approaches have been developed based in the 

introduction of chemical modifications that can impose additional conformational constrains. 

Peptide head to tail cyclization, side chain to side chain stapling, site directed disulphide bridging 

and other similar cyclization methodologies have been employed in recent years and applied with a 

remarkable degree of success for the stabilization of peptide helices. Some of the reported 

strategies for α-helical structure stabilization by cyclization applied to peptides are briefly 

illustrated in Figure 1.4.[17] 

 

Figure 1.4: α-helix stabilization strategies. (a) Schematics illustrating different approaches for covalent 
helix stabilization (helix faces are coloured purple, blue and green), with white faces indicating that the 
covalent stabilization interferes with molecular recognition of that face). (b) Mcl-1 and a stapled peptide in 
the binding cleft. (c) hDM2 and a stapled peptide in its binding cleft. (d) Stapled peptide in the binding cleft 
of ERα. Image adapted and reprinted with permission from Springer Nature.§, [17]  

                                                      

§ Image reproduced from V. Azzarito, K. Long, N. S. Murphy, A. J. Wilson, Nat. Chem. 2013, 5, 161–173. 
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1.1.3 Limitations of peptide Therapeutics    

As discussed, due to their ability to selectively target and disrupt pathogen membranes and mediate 

PPIs, an increasing focus is being directed towards the development of peptide therapeutics. 

However, despite the high specificities and potent biological activities shown, there are still some 

major hurdles that have prevented many promising peptides from reaching therapeutic applications, 

the most common being their intrinsic low metabolic stability. Peptides, in general, have low oral 

bioavailability and also tend to have low mucosal permeability. Both factors make it challenging to 

utilise an oral administration route.[18,19] Intravenous administration also leads to rapid peptide 

degradation due the high concentrations of enzymes present in blood plasma.  Similarly, even when 

transdermal administration is used, skin proteases dramatically reduce the half-lives of peptides.[20]  

Given the aforementioned factors it is not surprising that the development of new synthetic peptide 

analogues, or peptidomimetics, that could be used to reproduce peptide functionality and structure 

but having superior properties in terms of metabolic stability and bio-availability is becoming an 

area of increasing research activity.[21,22] Common approaches/strategies for the design of these 

peptidomimetics include, at the moment, the tactical incorporation of a limited number of minor 

structural modifications to stabilize the peptide active conformation, such as D- or β-amino acids, 

peptide stapling and peptide cyclization (known as class A peptidomimetics,[23] Figure 1.5); or they 

can also involve the presence of more extensive and drastic alterations in the peptide side chains 

and/or backbone structure, including the incorporation of small-molecule building blocks (i.e. 

lipidation,[24] N-methylation[25,26] or PEGylation[27]; known as class B peptidomimetics).[23] An 

example also into this latest category are the so called “foldamers”, which are peptide analogues 

that are built with a range of different unnatural non-peptidic backbone chemical structures.[28,29] 

Some examples of these modified backbones/ frameworks are given in Figure 1.6.  
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Figure 1.6: Examples of some common foldamer frameworks.[29] 

α-Peptoids, in particular, constitute one of the more successful foldamer frameworks developed to 

date, overcoming all the main bio-stability problems that are intrinsic to peptides.[30] They also 

offer some key additional advantages when compared with peptides and other related backbone 

structures: peptoids can be built up using an almost unlimited pool of commercially available 

amines as potential side chains (higher molecular diversity), they can be also assembled using solid 

phase synthetic protocols avoiding the need of expensive N-protected building blocks (lower 

synthetic complexity) and they have significantly reduced production costs (higher commercial 

impact). 

1.2 Peptoids: peptide mimetics with enhanced pharmacological 

properties  

Peptoids are peptidomimetics comprised of N-substituted glycine repeating units.[30,31] As the alkyl 

(or aryl) side chains are not located at the α-carbon, as in peptides, but on the amide nitrogen, 

peptoids have been shown to be highly resistant towards naturally occurring proteases (Figure 

1.7).[32]  

 
Figure 1.7: Peptoid vs. peptide architecture. In contrast to peptides, peptoids feature an achiral backbone 
with side chain groups presented on the nitrogen atom. Peptoid flexibility arises from rotation along the axis 
ω, ϕ, ψ, χ1.  
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Other major structural consequences arise from the different location of the side chains in peptoids 

when compared with peptides. The first one is that peptoids do not have any stereocenters at their 

backbone, and thus they are intrinsically achiral. In addition, in peptides the natural (L)-

configuration of the amino acids favours the displacement of the amide cis/trans equilibrium to a 

preferred trans configuration, while in peptoids such stereogenic preference is lost. Moreover, as in 

peptoids the amide bonds are tertiary, the amide bond cis/trans isomerization process is especially 

prone to happen.[33] The second major consequence arising from the backbone modification is that 

peptoids do not have a canonical peptide bond with free N-H positions that may act as H-donors, 

being occupied by the alkyl (or aryl) residues. Accordingly, in peptoids there is no possibility to 

establish intramolecular hydrogen bonding interactions between peptoid amide bonds, and thus this 

prevents the oligomers from achieving further structural stabilization by this means.  

As peptoids lack the two main intramolecular forces that help to stabilize the secondary structure in 

peptides, when compared to them peptoids have been found to exhibit relatively less defined and 

more loosed structures. Furthermore, because of their intrinsic lack of backbone chirality, in the 

absence of chiral side chains right- and left-handed secondary structures become energetically 

equivalent. While for some processes that involve less specific interactions, such as 

peptoid/membrane interactions, the higher conformational flexibility of peptoids does not seem to 

greatly hamper their applicability (i.e. AMP peptoid analogues that target the pathogen cell 

membrane),[13] for targeting highly specific site directed PPIs peptoids with a well-defined 

conformation and handedness are unambiguously required.[34] To address this issue, a large number 

of different approaches have been developed to date aiming to study, predict and gain control over 

the peptoid folding properties. Such approaches include the construction of peptoid libraries for the 

study of their sequence/structure correlations,[35] computational methods for peptoid structure 

prediction,[33] introduction of additional conformational constrains (i.e. cyclization, stapling)[36] and 

more recently the rational design of peptoid monomers that are able to induce secondary structure 

by affecting the amide cis/trans equilibrium in the basis of non-covalent side chain promoted 

interactions.[37] As result of all these efforts, different peptoid secondary structures showing good 

structural analogy to those observed in naturally occurring peptides have been reported in the 

literature.  
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1.2.1 Peptoid helices 

The systematic computational analysis of the conformational preferences exhibited by trans (ω 

=180º) and cis (ω = 0º) conformers of the N,N-acetylmethylglycine-N’,N’dimethylamide model 

peptoid unit 1 (1a and 1b, shown in Table 1.1) gave an early prediction regarding the helical 

structural landscape that is available for α-peptoid oligomers.[38–40] The most stable conformation 

for 1 in the trans-amide geometry, 1a, was found to correspond the αD configuration, that even in 

the absence of H-bonding interactions oligomerized into a stable αD helix showing similar 

characteristics to that of a PPII in peptides (Figure 1.8). The minimum energy in the cis-amide 

conformation, 1b, was also found in the local αD side chain configuration, but in this case expanded 

adopting a secondary structure resembling the peptide PPI type one helix, having only cis-amide 

peptide bonds. The study revealed that the helical folding propensity in peptoids is dominated by 

the conformational preferences exhibited by each one of the individual residues in the sequence. 

Remarkably, the analysis of solvent induced effects in these systems also indicated that both 

peptoid helices would retain their structural properties in a broad variety of different conditions. 

This contrasts with what is observed in peptide helices which denature in the presence of H-bond 

disrupting salts or solvents.  

Table 1.1. Structure of blocked conformers from N,N-acetylmethylglycine-N’,N’dimethylamide.a  

 
Conformer ω Φ ψ ω2 ΔG 

trans (1a)      

αD -171.1 79.2 -174.6 174.3 0.0 

C7β -171.8 -128.4 79.8 -177.8 5.2 

Α 172.1 -60.0 -42.7 174.4 26.6 

cis (1b)      

αD -15.9 -76.9 -171.1 8.0 7.2 

C7β 17.5 -153.1 59.1 16.7 18.5 

Α -17.7 67.2 48.7 10.5 21.8 

 a   Torsion values are given in degrees; ΔG energy values are given in KJ mol-1. 
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Pioneering work led by the Zuckerman group has since experimentally corroborated the accuracy 

of the predicted peptoid helix features. They have shown that the backbone cis/trans 

conformational preference in peptoids systems can be modulated through the careful selection of 

the side chains located at the amide nitrogen of each peptoid bond. In particular, the presence of 

bulky chiral side chains, able to induce enhanced cis-amide preferences, has been proved to 

promote the formation of stable peptoid helical oligomers even in sequences as short as 5 residues 

long.[41,42] By using peptoid homo-oligomers constituted entirely of this bulky chiral side chains, 

such as 2-5, they were able to characterize some of the first examples of peptoid helices, both in the 

solid state or in solution (Figures 1.9-1.10).  

 

 Figure 1.9: α-chiral aromatic peptoid residues. Common bulky α-chiral peptoid monomers used to induce 
a helical secondary structure in peptoid oligomers. 

As an example, when analysed, the structure of (Nspe)10 peptoid helix 6 was found to perfectly 

agree with the αD helical structure as previously proposed by Mohe et. al.[38,39] This structure is 

similar in nature to that of the poly-proline type I helix of peptides where all the residues have a 

cis-amide configuration (Figure 1.10).  The structures also share some other general features, both 

having approximately 3 residues per turn and a pitch of about 6 Å.[43] The chirality of the Nspe side 

chains incorporated clearly directs the global right handedness of the peptoid helix.  

It is generally accepted that the peptoid PPI helix conformation is largely controlled by the steric 

repulsion generated between aromatic side chains and also by the electronic properties of the α-

chiral aromatic monomers present (intrinsically related to the peptoid monomer’s cis/trans 

preference). To date, the most stable peptoid helix is one that is completely composed of the most 

sterically demanding Ns1npe residues (5, Figure 1.9).[44] Commonly, enhanced helicities have been 

shown in peptoids containing higher ratios of these bulky residues, in special when they are 

allocated at relative (i, i+3) positions. Also, some peptoid hetero-oligomers may exhibit this 

secondary structure provided that their sequences contain at least a 50% content in α-chiral 

aromatic residues, what seems to be the minimum structural requirement needed in order to 
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stabilize the all-cis helix conformation. Moreover, enhanced helical properties have also been 

observed when a chiral aromatic residue is specifically placed at C-terminal position of the peptoid 

oligomer.[43,45] In general, the peptoid helix stability also increases significantly while increasing 

the peptoid oligomer length. 

 

Figure 1.10: The peptoid all-cis αD helix. Helical structure of model peptide 6, (Nspe)10, generated in the 
basis of MD data. The peptoid backbone is represented highlighted in green. Image adapted and reprinted 
with permission from the Royal Society of Chemistry.**, [46]    

More recently, Kirshembaum and co-workers have demonstrated that it is also possible to stabilize 

the poly-proline type II like helix in peptoids if the local trans-amide geometry of all the amide 

bonds is enforced by using N-Aryl substituted glycine monomers (Figures 1.11-1.12; Table 1.2). 

In this case, the greater steric clash and repulsion between the aryl side chains and the peptoid 

carbonyl groups in the cis conformation seems to be the cause for the enhanced stability of the 

repeated individual trans-amide bonds. The modelled all-trans αD helix has roughly 3.1 residues 

per turn and a helical pitch of approximately 9 Å per turn, as shown in Figure 1.12.[47]  

                                                      

** Image reproduced from S. A. Fowler, H. E. Blackwell, Org. Biomol. Chem. 2009, 7, 1508–1524. 
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 Figure 1.11: N-Aryl peptoids. Example of common N-aryl side chains able to stabilize a preferred trans-
amide configuration of the peptoid bond. 

Table 1.2. The cis/trans equilibrium in N-methyl acetanilides.a    

Compound R= Kcis/trans ΔGcis-trans( kcal/mol) 

7 Nph 0.003 3.43 
8 N3,4mph 0.002 3.52 
9 N4nph 0.102 1.35 
10 N4fph 0.005 3.05 

 a  Values calculated in the basis of ab initio quantum mechanics methods.[47] 

 
Figure 1.12: The peptoid all-trans αD helix. (a) Chemical structure of peptoid 11. X-ray crystal structure of 
the same molecule showing views of the all-trans α-helix conformation along its longitudinal (b) and axial 
axis (c). Image adapted with permission, copyright (2008), from the American Chemical Society. ††, [47] 

                                                      

†† Image reproduced from N. H. Shah, G. L. Butterfoss, K. Nguyen, B. Yoo, R. Bonneau, D. L. Rabenstein, K. Kirshenbaum, 
J. Am. Chem. Soc. 2008, 130, 16622–16632. 
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1.2.2 The “threaded” loop conformation 

Interestingly, the CD spectra analysis of a series of Nspe based homo-oligomers with a varying 

number of residues revealed the presence of quite unusual features in the corresponding peptoid 

nonamer. These results suggested the formation of a second kind of stable and defined peptoid 

secondary structure: the threaded loop (12, (Nspe)9, Figure 1.13).[48] In contrast to the expected 

peptoid helix, where all the amide bonds are cis, the threaded loop conformation is comprised of 

four cis and four trans amide bonds, and it is unique to peptoid nonamers with α-chiral side groups. 

The structure is stabilized by means of four intramolecular hydrogen bonds between the backbone 

carbonyls of residues 2, 5, 7 and 9 and the amino groups of both the N-terminus and the C-terminal 

amide (highlighted in blue in Figure 1.13). These H-bonding interactions are critical to maintain 

the loop, as demostrated by the peptoid conformational conversion to an α-helix structure upon 

titration of the sample with polar protic solvents, able to disrupt the intramolecular H-bonds that 

hold the structure together. 

 

Figure 1.13: The peptoid threaded loop conformation. NMR structure of peptoid nonamer 12 as found in 
CDCl3.[48] Highlighted in blue are the H-bonding interactions that stabilize the loop conformation. For clarity, 
peptoid residue numeration is given from Nt to Ct. Image adapted and reprinted with permission from the 
Royal Society of Chemistry.‡‡, [46]  

                                                      

‡‡ Image reproduced from S. A. Fowler, H. E. Blackwell, Org. Biomol. Chem. 2009, 7, 1508–1524. 
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1.2.3 Peptoid turn structures 

β-turn structures in peptoids are relatively uncommon, as they require the introduction of different 

conformational constrains into the peptoid backbone to stabilize the turn region. Two independent 

groups have given examples of these structures by using different approaches, such as peptoid 

macrocyclization[36] or the introduction of turn inducing amino acids in the peptoid sequence.[49] In 

both cases, the conformational restrictions imposed by the modifications played a key role in 

leading and stabilizing the final structure.  

As reported by Kirshenbaum and co-workers, head-to-tail cyclization of linear peptoid hexamers 

and octamers renders cyclic peptoids with structures similar to those of natural peptide β-turns 

(Figure 1.14). The X-ray analysis of a model cyclic peptoid hexamer, 13, revealed a characteristic 

roughly rectangular structure composed of four cis-amide and two trans-amide bonds in a specific 

tcctcc pattern, with the cis-amide residues located at the vertices (as shown in Figure 1.14b). The 

superimposition of the backbone structure of cyclic peptoid 13 with the idealized type I or type III 

canonical β-turns of peptides showed only minimal deviations. In addition, it was observed that 

when the peptoid oligomer is comprised of alternated aromatic and polar alkyl monomers, 

hydrophobic and hydrophilic residues segregate to opposed faces of the macrocycle, further 

enhancing the amphipathic character of the structure. 
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Figure 1.14: The turn structure in cyclic peptoids. Shown is the chemical (a) and X-ray crystal structure 
(b) of cyclic peptoid 13, having alternated hydrophobic and hydrophilic side chains.[36] (c) Superposition of 
the cyclic peptoid backbone of 13 with peptide type I (left) and type III (right) β-turns, both shown in grey. 
In all the figures, the peptoid backbone is shown in green. For clarity, lateral chains have been omitted in (c). 
Image adapted and reprinted with permission from the Royal Society of Chemistry.§§, [46]  

In contrast, Blackwell and co-workers have been able to stabilize β-turn structures in linear peptoid 

sequences, by incorporating constrained triazole based amino-acids that force geometrically the 

backbone into a turn (14, Figure 1.15a-b). Moreover, by using hydroxyl N-aryl peptoid monomers 

capable of H-bonding they have also succeeded in stabilizing a special reverse-turn structure 

composed entirely of trans-amide bonds in a peptoid trimer (15, Figure 1.15c-d).  The analysis of 

15, both in solution and in the solid state, confirmed the presence of two critical H-bonds 

stabilizing this reverse-turn motif.[50]  

                                                      

§§ Image reproduced from S. A. Fowler, H. E. Blackwell, Org. Biomol. Chem. 2009, 7, 1508–1524. 
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Figure 1.15: β-turn structures in linear peptoids. Chemical (a) and X-ray crystal structure (b) of peptoid 
14, showing a β-turn conformation induced by the presence of a triazole-based amino-acid in the 
backbone.[49] (c) Chemical structure of peptoid trimer 15, showing in red the H-bonding intramolecular 
interactions within. (d) Crystallographic structure of 15, showing its reverse turn conformation. H-bonds are 
shown highlighted in green.[50] Image (b) adapted and reprinted with permission from the Royal Society of 
Chemistry.***, [46] Figure (d) adapted and reprinted with permission, copyright (2010), from the American 
Chemical Society. †††, [50] 

1.2.4 Peptoid Sheets 

Recent work by the Zuckermann and Blackwell groups has also shown that peptoids are able to 

adopt β-sheet secondary structures by self-assembly in aqueous solution.  

The first example of a peptoid nanosheet was reported by the Zuckermann group, who designed a 

self-assembling peptoid bilayer constituted by two independent and orthogonally charged 

amphiphilic peptoids (16, 17; Figure 1.16). When the film was further characterized it was shown 

that the peptoid arrangement within the bilayer highly resembles that typical of lipid bilayers, 

where the hydrophobic residues are deeply buried at the core and the polar charged side chains 

exposed to the water/air interfaces. However, as peptoids can’t establish H-bonding interactions 

                                                      

*** Image reproduced from S. A. Fowler, H. E. Blackwell, Org. Biomol. Chem. 2009, 7, 1508–1524. 
††† Image reproduced from J. R. Stringer, J. A. Crapster, I. A. Guzei, H. E. Blackwell, J. Org. Chem. 2010, 75, 6068–6078. 
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through their backbones, the structure is maintained together via side chain to side chain 

hydrophobic and ionic electrostatic interactions, being relatively unstable in organic solvents (i.e. 

acetonitrile).[51] 

      

Figure 1.16: The peptoid amphiphilic nanosheet. (a) AFM height image of the peptoid nanosheet as 
reported by Zuckerman and collaborators. (b) 3D structure of the same peptoid nanosheet, as based in 
molecular modelling. Colour code: all oxygen atoms are shown in red, nitrogen in blue and carbon in yellow. 
(c) Chemical structure of the two orthogonally charged peptoids, 16 and 17, that constitute the film. Images 
a-b adapted and reprinted with permission from Springer Nature.‡‡‡, [51] 

In Blackwell’s approach the introduction of hydroxyl groups at the amide nitrogen was enough to 

achieve monodisperse sheet-like structures that were held together via intermolecular side chain-to 

side chain hydrogen bonding.[52] The crystal structure of peptoid 18 shows a characteristic 

antiparallel alignment between neighbouring peptoid backbones in the sheet, with each individual 

molecule crosslinked through 4 intermolecular H-bridges with the vicinal molecules. This sheet 

structure is exemplified in Figure 1.17. 

                                                      

‡‡‡ Image reproduced from K. T. Nam, S. A. Shelby, P. H. Choi, A. B. Marciel, R. Chen, L. Tan, T. K. Chu, R. A. Mesch, B.-C. 
Lee, M. D. Connolly, et al., Nat. Mater. 2010, 9, 454–460. 
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Figure 1.17: Monodisperse peptoid antiparallel sheet. (a) Chemical structure of peptoid trimer 18. (b) 
Crystal structure showing 4 molecules of the same peptoid and their relative configuration in an antiparallel 
β-sheet structure. H-bonds within molecules are highlighted in green. Image (b) adapted and reprinted with 
permission, copyright 2011, from John Wiley and Sons.§§§, [52]  

1.2.5 The Peptoid ribbon 

Unlike other approaches, the Blackwell peptoid sheet structure was the result of the rational design 

of discretely folded peptoids using monomers with defined amide cis/trans conformational 

preferences (Figure 1.18, Table 1.3). This “monomer approach” uses a strategy based on the initial 

synthesis of model N-substituted acetamides in which the side chain effect over the cis/trans 

isomerization process can be evaluated prior to their real incorporation into an oligomeric 

sequence. The use of monomers with side chains able to stabilize individually the cis- and trans-

amide geometries, while precluding hydrogen bond formation, led to the discovery of a new 

secondary structure: the ribbon structure (Figure 1.19).[53]  

 

 Figure 1.18: Piperidinyl acetamides as model systems to study the peptoid amide bond. Example of 
some model piperidinyl di-peptoids synthetized by Blackwell and co-workers to explore the effect of 
different side chains over the amide bond cis/trans equilibrium.  

                                                      

§§§ Image reproduced from J. A. Crapster, J. R. Stringer, I. A. Guzei, H. E. Blackwell, Biopolymers 2011, 96, 604–616. 
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Table 1.3. Cis/trans properties of some piperidinyl-based peptoid model systems.a  

Compound R1= Kcis/trans ΔG(kcal/mol) 

19 Ns1npe 2.60 -0.56 

20 N3,5mph >0.05 >1 

21 N2,6mph >0.05 >1 

22 N4fph >0.05 >1 

 a  All values as measured in CDCl3. 

 

Figure 1.19: The peptoid ribbon. (a) Sequence of model hexapeptoid 23, having a ribbon conformation. 
NMR structure for the same peptoid represented through its longitudinal (b) and axial axis (c). The left 
handedness of the helix is indicated by a solid arrow. Image adapted and reprinted with permission, copyright 
2013, from John Wiley and Sons.****, [53]  

The peptoid ribbon structure is comprised of a succession of discretely folded [cis-trans-cis-trans] 

amide turn units, generated by the alternation of highly cis-amide inducting Ns1npe residues and 

highly trans-amide preferred N-aryl monomers (Figure 1.19, Table 1.3). As there is no possibility 

to establish hydrogen bonding interactions within the peptoid backbone, the peptoid structure 

extends in one dimension adopting an overall left-handled spiral configuration, similar to that 

                                                      

**** Image reproduced from J. A. Crapster, I. A. Guzei, H. E. Blackwell, Angew. Chem. Int. Ed. 2013, 52, 5079–5084. 
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found in peptide LD and β-ribbons (Figure 1.19b). However, it is worth noting that in peptides 

such secondary structures have all trans-amide bonds, so the peptoid ribbon cis/trans configuration 

is unique to this specific class of peptoid oligomers. Based in the twisting angle between planes in 

23, of 34ᵒ, it is estimated that it would take 10.6 turn motifs to complete a full helical turn in this 

structure (about 40 peptoid residues, Figure 1.19c). As in preceding structures, the handedness of 

the helix is presumably controlled by the chirality of the (naphtyl)ethyl Ns1npe residues.  

1.2.6 Novel peptoid folding motifs. 

Contrary to what is observed when using other foldamers, the higher conformational flexibility of 

peptoids represents a significant advantage for their application in areas related with the design of 

novel biocompatible materials. In particular, significant efforts have been made in the pursuit of 

non-peptide like peptoid architectures, as they are expected to display novel and rather unpredicted 

chemical and physical properties. Encouraging results have been achieved recently that 

demonstrate that peptoids can actually fold adopting secondary structures that are completely 

unique to this kind of polymers.  

While exploring the properties of different sheet assemblies, Zuckerman and co-workers 

discovered the first of these non-peptide-like novel secondary structures: the peptoid Σ-sheet 

(Figure 1.20).[54] Unlike previous peptide-like β-sheets, the peptoid Σ-sheet is constituted by 

discretely folded peptoid Σ-strands, having a distinctive linear structure in zig-zag generated by the 

alternation of trans amide bonds  (ω=180º) with opposed rotational i and j (ψ, ϕ) configurations 

(Figure 1.20b-c).  

Also, a novel recently discovered folding motif is the peptoid ω-strand, having a resembling 

secondary structure in zig-zag to that of the Σ-strands, but in this case completely comprised of cis-

amide bonds (ω=0º).[55] The alternated opposed backbone ψ, ϕ dihedral angles were generated by 

using a succession of enantiomeric Ns1npe/Nr1npe residues, as shown in Figure 1.21.   
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Figure 1.20: The peptoid Σ-Sheet. (a) General structure of the peptoid Σ-sheet as predicted by MD. (b) 
Structure of a single Σ-strand showing the relative opposed values of the backbone dihedral angles ϕ and ψ at 
three consecutive residues. (c). Ramachandran plot as calculated by MD showing the two alternated 
backbone rotational (ϕ, ψ) states that constitute the peptoid Σ-strand: i(-90º,120º) and j(-120º, 90º). Image 
adapted and reprinted with permission from Springer Nature.††††, [54]  

 

Figure 1.21: The peptoid ω-Sheet. (a) Chemical structure of peptoid trimer 24, having an alternated 
sequence of enantiomeric Ns1npe and Nr1npe residues. (b) X-ray structure of peptoid 30, exemplifying the 
ω-strand conformation in zig-zag. Image adapted with permission, copyright (2016), from the American 
Chemical Society. ‡‡‡‡, [55]  

                                                      

†††† Image reproduced from R. V. Mannige, T. K. Haxton, C. Proulx, E. J. Robertson, A. Battigelli, G. L. Butterfoss, R. N. 
Zuckermann, S. Whitelam, Nature 2015, 526, 415–420. 

‡‡‡‡ Image reproduced from B. C. Gorske, E. M. Mumford, R. R. Conry, Org. Lett. 2016, 18, 2780–2783. 
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Lastly, the synergistic control of ω and ϕ backbone dihedral angles has enable the rational design of 

even more complex secondary structures, as the peptoid η-helix (Figure 1.22).[56] This roughly 

square shaped structure is ensembled from a sequence of consecutive trans-cis-trans turns of 90º 

that completely reverse the direction of the backbone. The structure is stabilized by hydrophobic 

interactions that enable the parallel configuration of the residues located along the “square” sides, 

and an antiparallel relative orientation between the residues located at the vertices.   

 

Figure 1.22: The peptoid η-helix. (a) Chemical structure of model peptoid 25, having an alternated 
sequence of cis (N1npe) and trans-amide (N-aryl) inducting side chains. (b) X-ray structure of the same 
peptoid showing the “square” structure and the general features of the η-helix conformation. Image adapted 
with permission, copyright (2017), from the American Chemical Society. §§§§, [56]  

1.2.7 Peptoids as candidates in drug development  

As we have highlighted previously, the two intrinsic properties that make peptoids stand out from 

other possible peptide mimetics are their enhanced bio-stabilities and in second term their increased 

abilities to permeate cell membranes. Initial studies dedicated to explore and compare the 

metabolic bio-stability of diverse peptide mimetics were provided by Miller and co-workers, who 

characterized the pharmacological properties of a limited set of homologous L-peptides, D-peptides 

and the corresponding N-alkyl substituted peptoids.[57] The qualitative assessment of the stability 

exhibited by these compounds against a broad series of the most relevant proteases present in vivo 

                                                      

§§§§ Image reproduced from B. C. Gorske, E. M. Mumford, C. G. Gerrity, I. Ko, J. Am. Chem. Soc. 2017, 139, 8070–8073. 
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clearly evidenced that in most cases, unlike peptides, peptoids do not undergo enzymatic 

degradation. This result was not entirely unexpected: as peptoids do not have canonical peptide 

bonds (e.g. secondary amides) they are not recognized and processed by proteases. Studies, 

including those performed within the Cobb group, have confirmed that this behaviour is an intrinsic 

general property of peptoids, independent of their specific composition, sequence and length.[32]  

Regarding their cell penetration properties, during the analysis of a series of tetrapeptide analogues 

from D-phenylalanine, Conradi et. al. reported that alkylation of the amide groups in peptides  was 

an effective way to improve their passive absorption potential.[58] A more detailed study comparing 

the cell penetration abilities of various homologous peptides vs. peptoids sequences was carried out 

by Kwon et al., who performed a quantitative analysis of their cellular uptakes in vivo.[59] In 

agreement with the previously predicted behaviour, peptoids displayed cell permeabilities up to 26-

fold higher that the corresponding α-peptides. These results were further corroborated by analysis 

of a complete peptide/peptoid library composed of 350 different sequences. Collectively all 

peptoids were shown to have enhanced cell permeabilities, being especially high for peptoids with 

a defined proportion between hydrophobic and hydrophilic residues of 1:2. Relevantly, it was also 

noted that peptoids were in general slightly less lipophilic (lower octanol-water partition 

coefficients, LogP) than α-peptides, despite the lower polarity of the tertiary peptoid bonds and the 

higher cell penetrations observed. This result was partially attributed to the lower solvent accessible 

polar area present in peptoids, which reduces the hydration shell around the molecules and allows 

peptoids a better mobility across the membrane.[59,60]   

Due to the significant combination of these two aforementioned properties, peptoids have been 

tested for a wide variety of biomedical applications that includes their use as: inhibitors/activators 

of protein-protein interactions,[61–64] nucleic acid binders,[65,66] design of biomimetic/biocompatible 

materials,[51,54,67–71] novel molecular drug delivery systems,[72,73] molecular scaffolds,[69,74] lung 

surfactant protein mimics[75] and also amylin mimics[76]. It is clear that peptoid potential 

applicability is extensive, spanning in fact multidisciplinary research areas.  Examples of different 

peptoids and their applications are given in Figure 1.23.  
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Figure 1.23: Selection of novel peptoids and their biomedical applications.  
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The area where most considerable research efforts have been made is related to the potential use of 

peptoids as direct antimicrobial, antifungal and antiparasistic agents. For such applications it has 

been shown that a well-defined specific secondary structure is not required. This is well 

represented by the results shown by Barron and co-workers who performed the first SAR studies 

using an extensive library of peptoid oligomers against different bacteria.[13] A selection of some of 

the peptoid used and their minimum inhibitory concentrations (MIC) against E. Coli are given in 

Table 1.4. The most active sequences (lower MIC values) found were not necessarily those with 

the highest helical contents but rather those in which the sequence offers an optimum balance 

between hydrophobicity (i.e. chiral aromatic side chains) and hydrophilicity (i.e. positively charged 

NLys residues). In fact, peptoids displaying only weak mean molar ellipticities were found to have 

relevant antimicrobial activities, while peptoids with enhanced helical properties were observed to 

induce higher toxicities. In addition, the peptoid handedness did not significantly affect the 

antimicrobial activity, as can be confirmed by comparing peptoids 36 and 38.  

Table 1.4. Selection of antimicrobial peptoids designed by Barron and co-workers.[13]  

Oligomer Variant Sequence (Nt to Ct) E. coli 
MICb 

SRc 

 

35a Control GIGKFLKKAKKFGKAFVKILKK 3.1 24 

36 Basic H-(NLys-Nspe-Nspe)4-NH2 3.5 6.0 

37 Aliphatic core H-(NLys-Nssb-Nspe)4-NH2 31 >3.9 

38 Chirality H-(NLys-Nrpe-Nspe)4-NH2 3.5 4.6 

39 Length H-(NLys-Nspe-Nspe)2-NH2 27 >8.1 

40 Lipophilicity H-(NLys-Nsmb-Nspe)4-NH2 7.4 >16 

41 Charge H-(NGlu-Nspe-Nspe)4-NH2 >219 N/A 

42 Amphipathicity H-(NLys)4-(Nspe)4-NH2 6.9 2.6 

 a  Pexiganan, AMP analog of magainin-2, was used as a control. b MIC (μM) c SR: selectivity ratio = 10% haemolytic dose/E.Coli MIC. 

It is worth to note also the relevant space that cyclopeptoids have gained in this area, as they have 

been shown to exhibit enhanced biological activities when compared with their homologous linear 

sequences. Amphipathicity plays a critical role modulating the biological properties of peptoids, as 

demonstrated by Kirschembaum and co-workers who designed especially potent cyclopeptoids 

using sequences where polar and hydrophobic residues are sequentially alternated. Self-segregation 

of polar and aromatic residues to opposed sides of the macrocycle greatly enhances the 
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amphipathic character of these molecules facilitating their interaction with the membrane and 

promoting peptoid adsorption. Different examples are given in Table 1.5.[77]   

Table 1.5. Selection of antimicrobial peptoids designed by Kirschenbaum and co-workers.[77]  

 

Oligomer Sequence (Nt to Ct) S. Aureus 
MICa 

E. coli 
MICa 

 

43 Ac-(Nap-Nphe)3 62.5 31.3 

44 cyclic (Nap-Nphe)3 7.8 7.8 

45 Ac-(Nap-Ndp)3 15.6 15.6 

46 cyclic (Nap-Ndp)3 7.8 15.6 

47 Ac-(Nap-Nnap)3 12.5 62.5 

48 cyclic (Nap-Nnap)3 31.3 31.3 

a  MIC values in μM 

Lastly, but not less important, it is also worth to highlight the important role that peptoids are 

acquiring as antiparasistic drugs, in especial for the treatment and prevention of neglected tropical 

diseases such as cutaneous leishmaniasis. Cobb and co-workers have contributed over the last years 

with the largest library of antiparasistic peptoids reported to date. They have performed also 

exhaustive SAR studies that have led to the design of peptoids such as 49, showing potent activity 

against Leishmania mexicana, the causative agent of cutaneous leishmaniasis. Additionally, some 

peptoids active against intracellular parasites were also found. An example is peptoid 50, having an 

ED50 as low as 1.6 μM.[78,79] 
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Figure 1.24: Antiparasistic peptoids. Selection of two peptoids designed within the Cobb group showing 
potent antiparasistic activity.  

Cobb et al. have also reported some sequences that are active against a wide variety of protozoa 

responsible for different diseases. In special, peptoids 51 (NLysNspe)6 and 52 (NaeNspe)6 display 

high anti-plasmodial activity (IC50 of 2.68 μM and 0.68 μM respectively), low toxicity and almost 

negligible haemolytic activities.  

 

Figure 1.25: Anti-plasmodial peptoids. Selection of two peptoids designed within the Cobb group showing 
potent activity against protozoa.  

1.3 Fluorine: an interesting element with unusual properties 

Due to its electronic 1s2s22p5 electronic configuration fluorine is the most electronegative atom in 

the periodic table. At the same time, its valence electrons are held tightly close to the nuclei, due to 

the high positive nuclear charge arising from the nine protons present. Given its electronic 

structure, when compared to a hydrogen atom fluorine’s van der Waals radius is only 

approximately a 20% larger. Based in this, it is widely assumed that H to F substitutions within a 

molecule produce little steric impact.  
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Table 1.6. Representative physicochemical properties of selected elements and bonds.[80] 

 Element (X) 

 H C O F Cl Br 

Electronegativity 2.20 2.55 3.44 3.98 3.16 2.96 

Van der Waals radius (Å) 1.20 1.70 1.52 1.47 1.75 1.85 

H3C-X bond length (Å) 1.087 1.535a 1.425b 1.382 1.785 1.933 

H3C-X dissociation energy 
(kcal/mol) 

 103.1 88.0a 90.2b 108.1 81.1 67.9 

Ionization potential (kcal.mol-1) 313.9 259.9 314.3 402.2 299.3 272.7 

Electron affinity (kcal.mol-1) 17.42 29.16 3.73 78.52 83.40 77.63 

a X=CH3. b X=OH. 

 

The C-F bond is the strongest bond found in organic chemistry, being 5 kcal.mol-1 stronger than a 

C-H bond and having a dissociation energy of 108 kcal/mol (Table 1.6). Due to the high 

electronegativity, small size and low polarizability of the fluorine atom, the electron charge density 

in the C-F bond is remarkably displaced from the sp3 carbon (δ+) to the fluorine atom (δ-), being in 

consequence strongly polarized. It is generally accepted that the C-F bond is especially strong, 

when compared to that formed by other elements, due to the presence of a significant degree of 

electrostatic attraction between the partially charged Cδ+ and Fδ- atoms, having thus an important 

enhanced ionic/polar character.  In fact, the positive charge of the carbon has been calculated to 

increase as much as 0.5δ+ charge units per fluorine atom introduced into the molecular series that 

ranges from methane to tetrafluoromethane. The negative charge at every F atom was found to 

remain constant in about 0.6 δ- negative charge units. Increasing the number of fluorine atoms 

clearly enhances the positive character of the carbon and reinforces the C/F electrostatic 

interaction, a fact that is further supported by the progressive reduction in the C-F bond lengths 

experimentally observed in these systems (Table 1.7).  

Table 1.7. Main structural properties of fluoromethanes.[81] 

 

     
 CH4 CH3F CH2F2 CF3H CF4 

C-F bond length (Å) - 1.39 1.36 1.33 1.32 

C-F bond energy 
(kcal.mol-1) 

- 107 109.6 114.6 116 

Boiling point  (ºC) -161 -78 -52 -83 -128 

Dipole moment μ (D)  0.0 1.85 1.97 1.65 0 
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The strong polarization of the C-F bond  leads also to significant changes in the angular geometric 

properties of hydrocarbons.[81,82] In methane, all the H-C-H bonds angles are 109.5º. Against what 

could be expected in the basis of lone pair electronic repulsion and steric effects, fluoromethane 

exhibits significantly widened H-C-H angles and narrower H-C-F angles. This structural change is 

more acute in the difluomethane molecule, showing even wider H-C-H angles of 113.8º and more 

compressed F-C-F angles of 108.4º. Significantly, β-fluorination reinforces considerably the 

strength of the adjacent C-H bonds. This is well represented by the stability of the C-H bond in 

(CF3)3CH, being about 15 kcal.mol-1 stronger that the homologous bond in the non-fluorinated 

(CH3)3CH.  

Table 1.8. C-X bond dissociation energies of haloethanes.[83] 

 Dº (C-X) (kcal/mol) 

X= CH3CH2-X CH3CF2-X CF3CH2-X CF3CF2-X 

H 100.1 99.5 106.7 102.7 

F 107.9 124.8 109.4 126.8 

Cl 83.7 - - 82.7 

Br 69.5 68.6 - 68.7 

I  55.3 52.1 56.3 52.3 

 

The higher dissociation energies of the adjacent CH, C-F and also C-O bonds that results from 

either α-fluorination or β-fluorination gives fluoro-organic compounds, in general, improved 

thermal, chemical and enzymatic stabilities. In particular, perfluorinated polymers have been 

shown to be highly stable and relatively inert materials, being currently exploited for the design of 

biocompatible resistant materials. The greater stability of fluorinated compounds when compared 

to hydrocarbons is also a valuable tool in the design of small bio-active compounds, where it can 

help to decrease the degradation rate of the therapeutic agents increasing the bio-availabilities of 

the corresponding pharmacophores.      

The electronic properties of fluorine atoms have also a considerable impact on the reactivity of 

other functional groups and in the general structural properties of the molecules in which they are 

incorporated. Accounting for the fact that fluorine is the most electronegative element in the 

periodic table it is not surprising then that fluorine atoms and fluoroalkyl groups always behave as 

potent electron-withdrawing substituents via inductive effects (σI > 0, Table 1.9). Aside of its 

general inductive electron-withdrawing properties, fluorine can also act as an electron-donor 
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substituent by resonance when bonded to unsaturated systems (σR < 0, Table 1.9). Perfluoro-allyl 

groups are also, in general, always electron-withdrawing groups (Figure 1.26). 

 

Figure 1.26: Inductive and resonant electronic effects in fluorinated systems.[83] 

Table 1.9. Hammet’s electronic parameters of selected fluorinated substituents.[83,84]  

Substituent σ σI σR Substituent σ σI σR 

F 3.10 0.52 -0.46 CF3CH2 0.90 0.14 -0.05 

CH3 2.59 0.04 -0.15 CF3CF2  0.41 0.11 

CH2F- 1.17   C6H5 0.60 0.08 -0.1 

CH2F2- 2.0   F-C6H4- 0.63   

CF3-  2.60 0.42 0.10 CF3-C6H4- 0.96   

CH3CH2  0.05 -0.11 C6F5 1.50 0.25 0.02 
   

Besides from the merely resonant and inductive effects that F and fluorinated groups impose, the 

presence of strongly polarized C-F bonds also enables their participation in electrostatic 

interactions that are more characteristic of “polar” functional groups, such as dipole-dipole 

interactions, dipole-charge interactions and H-bonding interactions. At the same time, it also allows 

the C-F bond to take part in possible favourable hyper-conjugative interactions with vicinal groups. 

It is by means of this variety of more sophisticated interactions that fluorine atoms are able to cause 

a broad range of different structural effects in organic molecules, making of F-atoms a powerful 

source of conformational control. 
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1.3.1 Dipolar interactions in fluorinated systems:  

1.3.1.1 H-bonding interactions   

Despite its high electronegativity and the presence of three lone pairs of electrons available for 

bonding, the fact is that fluorine acts as a poor hydrogen bond acceptor.[85] There are only a few 

crystallographic examples reported to date where such interactions are found to be undoubtedly 

present, showing a C-F--H-X contact distance in the range of the sum of their individual van der 

Waals atomic radii (~2.0-2.3Å, Figures 1.27 and 1.28).[86]  Calculations also confirm that, in any 

case, these F--HX hydrogen bonds would be between 2 and 4 times weaker that the corresponding 

most common O--HX bonds.[87] Therefore, fluorine mediated H-bonding interactions are expected 

to have poorly stabilizing effects, being easily overridden by other more energetically favourable 

electronic or dipolar interactions.  

 

Figure 1.27: The C-F bond. Comparative strength of C(sp3)-F---HO and C(sp2)-F---HO hydrogen bonds.[87]  

 

Figure 1.28: Fluorine as a hydrogen bond acceptor. Representative examples of intramolecular and 
intermolecular fluorine CF---HX hydrogen bonds.[88]  
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Crystallographic examples of C-F--HX interactions at longer distances, between 2.5-3Å, are in 

general far more common (X= O, N, S). Unluckily, as these interactions are just on the limit value 

of the estimated van de Waals contact distance between both atoms (~2.6 Å), it is difficult to 

discern whether or not they are truly hydrogen bonding interactions or weak electrostatic (Cδ+-Fδ-)--

(Hδ+-Xδ-) attractions through the space.       

1.3.1.2 Dipole-dipole interactions 

In comparison with H-bonding interactions, F induced dipole-dipole interactions are at the present 

far more better characterized. In fact, it has been found that such dipolar interactions play a critical 

role in defining the conformational preferences of some fluoro-organic compounds, where fluorine 

is located in α to a polar functional group. Such is the case of α-fluoroamides, esters, aldehydes and 

α-fluoroketones. For these molecules, a strong conformational preference of the fluorine atom to 

arrange in a carbonyl anti-periplanar orientation, opposing its C-F dipole to that of the C=O group, 

has been observed (as shown in Figure 1.29).[89–92] The effect shows, as expected, a good 

correlation with the dipolar character of the functional group present. Amides and esters, where the 

electronic charge density of the heteroatom delocalizes into the carbonyl group show increased 

conformational preference values, in the range of 4-7 kcal.mol-1. The effect is of quite lower 

magnitude in aldehydes and ketones, having progressively weaker dipoles (1.5-2.5 kcal mol-1). 

 

Figure 1.29: Conformational preference of vicinal fluoro/carboxylic functional groups.      

A broad range of intermolecular dipolar interactions involving the presence of fluorine atoms have  

been found upon analysis of the X-ray structures of drug-protein complexes reported in the Protein 

(PDB) and Cambridge Structural databases (CSD).[93] The results obtained by Muller, Dietrich et 

al. have shown that while it is true that fluorine may act as a poor H-bonding acceptor, it is 

relatively prone to establish dipolar interactions with other polarizable groups such as amides (C-F-

-C=O) or nitriles (C-F--C=N).[93–95] In these cases, fluorine has been shown to orientate either 
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parallel or most frequently orthogonal to the carbonyl plane, following a Burgi-Dunitz type 

resembling trajectory, with a C-F-- C=X contact distance shorter than the sum of their van der 

Waals radiis and a [F---C-X] angle in the range of 90-120º. An example is given in Figure 1.30, 

showing the interaction of the fluorine atom present in tricyclic thrombin inhibitor 54 with the 

carbonyl group of Asn98 at the D-pocket of the corresponding enzyme.  

 

Figure 1.30: Fluorine to carbonyl orthogonal dipolar interactions. Schematic representation of the 
orthogonal multipolar C-F---C=O observed between tricyclic thrombin inhibitor 54 and the carbonyl 
functionality of Asn98 at the D binding pocket of the enzyme. [96] 

It is remarkable to note that orthogonal multipolar interactions seem to be relatively frequent 

between C-F bonds and the backbone amide N-H functionalities of proteins (C-F---N-H), and the 

CαH groups of amino-acids (C-F---Cα-H).[93]  It is the case of thrombin inhibitor 55, able to 

establish a dipolar C-F---N-H interaction in its complex with the enzyme at a distance of 3.5 Å 

(Figure 1.31).[97] It is also worth noting that due to the presence of fluorine induced dipolar 

interactions, the ligand-enzyme complex undergoes significant conformational changes that result 

in the higher inhibition potency of 55 when compared to its non-fluorinated analogue.   
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Figure 1.31: Fluorine to amide -NH orthogonal dipolar interactions. Schematic representation of the 
dipolar C-F---NH interaction between thrombin inhibitor 55 and the Glycine216 amide functionality within 
the enzyme. Note that contact distance is far beyond the threshold value for a hydrogen bonding interaction.   

Recently, intramolecular favourable orthogonal dipolar C-F---C=O interactions have been found to 

take place also between -CF3 substituents and close in space amide groups in extended indole 

torsion balances, such as 56 (Figure 1.32).[98] The free interaction enthalpy between C-F and C=O 

dipoles in this systems has been quantified to be approximately of -0.81 to -1.2 kJ mol-1, laying 

thus in the same range as aromatic-aromatic CH---π and π---π interactions.[99,100] These results 

clearly highlight the relevance and broad applicability of fluorine induced dipolar interactions for 

the conformational control of small molecules and its potentiality as a novel route to achieve 

efficient secondary structure induction in peptide and peptidomimetic systems.  

 
Figure 1.32: Schematic representation of the indole-extended molecular torsion balance 56. 
Atropoisomerism around the biaryl-like bond interconverts folded and unfolded states. Highlighted in green 
is the presence of a C-F---C=O dipolar interaction stabilizing the folded state.  
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1.3.1.3 Dipole-charge interactions   

The strongest C-F dipolar interactions are observed in the presence of close in space formal 

positive charges. This is well evidenced by the exceptionally high fluorine axial preference 

observed by Lankin, Snyder et al. in positively charged 3-fluoropiperidinium rings (Figure 

1.33).[101] As they rationalized, in these systems the presence of short range NH---FC charge-dipole 

interactions is enough to counterbalance the di-axial steric compression generated by the fluorine 

substituent. The axial fluorine conformations of 57 and 58 have been estimated to be between 4-6 

kcal mol-1 more favourable than the equatorial ones, showing that the electrostatic NHδ+--- δ-FC (or 

CH δ+--- δ-FC) interaction is similar in energetic terms to that of a hydrogen bond.  

 

Figure 1.33: The conformational preference of 3-fluoropiperidinium systems.  

This structural preference also extends to other small acyclic compounds and tertiary amines, such 

as 59 and 60, where the fluorine/heteroatom gauche conformation largely prevails over the trans-

planar anti configuration in order to minimize the electrostatic F--X+ contact distance.  

 

Figure 1.34: The conformational preference of acyclic β-fluoroamines and β-fluoroalcohols.   
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As in the case of dipole-dipole interactions, orthogonal intermolecular C-F--X+ charge-dipole 

interactions have also been observed between some fluorinated drugs, such as atorvastatin (61), and 

positively charged arginine (Arg) amino-acids present in their target receptor proteins. In many of 

these protein-drug complexes the C-F bond has been found to be unambiguously pointing towards 

the arginine side chain, orientating either parallel or orthogonal to the guanidinium plane in which 

the positive charge is delocalized (Figure 1.35). In the proposed example the C-F---C(NH2)(=NH) 

contact distance was found to be remarkably short, at 2.9Å.[102,103] 

 

Figure 1.35: Fluorine charge-dipole interactions. Schematic representation of the binding interactions 
between fluorinated atorvastatin (61) in the binding pocket of its receptor HMGR enzyme.[93]  

1.3.2 Hyperconjugative σ*C-F interactions and stereoelectronic effects 

One of the major electronic consequences of the strong polarization of the C-F bond is the presence 

of a correspondingly low energy lying σ*
C-F antibonding orbital. This implies that the σ*

C-F orbital is 

accessible for interacting with other electron rich orbitals that are properly stereoelectronically 

aligned to enable the transfer of their electronic charge density to the deficient C-F bond by 

hyperconjugation (i.e. σC-H bonds or heteroatom lone pair p orbitals). The overall molecular 

stabilization caused by hyperconjugation has deep implications in the conformational preferences 

exhibited by some fluorinated systems, as it is only achieved when the donor and the acceptor σ*
C-F 

orbitals meet in a parallel relative orientation. The two most widely studied examples of these 

fluorine induced stereoelectronic structural effects are regarded as the anomeric effect and the 

gauche effect. 
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1.3.2.1 The anomeric effect 

The anomeric effect describes the general axial preference exhibited by electronegative substituents 

placed at position 2 within a 5 or a 6-membered heterocyclic ring (position 1 in a pyranose ring is 

also known as the anomeric position, from where the effect takes name). As represented in Figure 

1.36 in its most basic example, the methoxy group in a cyclohexane ring (62) largely prefers to 

locate in an equatorial orientation. This agrees with the expected steric and repulsive effect of the 

substituent if placed in the axial position, where it causes unfavourable 1,3-diaxial interactions. In 

contrast, the methoxy group of 2-methoxypyran 63 has been found to prefer the axial conformation 

rather than the equatorial one, in spite of the increased steric stress that is generated. A similar 

effect is observed when comparing the conformational preference found in the fluorocyclohexane 

system (64) with that of the 2-fluoropyranose ring 65. While in the first case the fluorine atom 

shows a slight bias to the most sterically favoured equatorial orientation (0.2-0.3 kcal mol-1), the 

axial disposition in 65 largely prevails by 2.8-2.9 kcal mol-1.[104]   

 

Figure 1.36: The anomeric effect. Schematic comparison between the conformational preference observed 
in substituted cyclohexanes (62, 64), and oxocyclohexanes (63, 65). Corresponding ΔG values between axial 
and equatorial substituted conformations as calculated by Trapp et. al. [104] 

The observed axial preference exhibited by electronegative groups in heterocycles has been 

rationalized as the result of at least two hyperconjugative interactions involving the non-bonding 

electronic pairs of the substituent and the heteroatom. The first one takes place between the donor 

lone pair n orbital of the heteroatom (HOMO) and the vicinal acceptor low lying σ*CX of the 

substituent (LUMO). The stabilizing effect of this interaction, known as endo-anomeric effect, is 

maximized when donor and acceptor orbitals are properly stereoelectronically aligned lying 

parallel one to each other, optimizing the overlap between them both. Therefore, conformational 
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stabilization by means of this hyperconjugative interaction is only achieved when the substituent is 

placed at an axial position (Figure 1.37).   

 

Figure 1.37: Schematic representation of endo- and exo-anomeric stereo-electronic effects. 

Simultaneously, a second hyperconjugative interaction where the substituent acts as a donor also 

takes place within the system, involving the transfer of electronic charge density from a lone pair n 

orbital in the substituent to an acceptor σ*CO orbital within the ring. This second stabilizing effect, 

known as exo-anomeric effect, takes place regardless the specific axial/equatorial orientation of the 

substituent. As could be expected from the high electronegativity of the F-atom and its poor donor 

properties, in the 2-fluoropyranose ring the nF→σ*CO interaction has been calculated to be 

relatively weak when compared to the nO→σ*CF one, contributing approximately only in 1/3 to the 

overall energetic axial preference observed.[104]  

 

Figure 1.38: Orbital overlap in the conformers of 65. Fragment molecular orbital interactions in the axial 
and equatorial conformers of 65 illustrating the endo-anomeric (nO→σ*CF) and exo-anomeric (nF→σ*CO) 
effects. Note that in the equatorial conformer the endo interaction takes place through the subjacent sp-type n 
orbital of the O-atom. Image adapted with permission from NRC Research Press. *****,  [104]  

                                                      

***** Image reproduced from M. L. Trapp, J. K. Watts, N. Weinberg, B. M. Pinto, Can. J. Chem. 2006, 84, 692–701. 
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1.3.2.2 The gauche effect 

The gauche effect describes the experimental preference found in difluoroalkanes to adopt a 

relative 60º angle gauche-conformation rather than the less repulsive expected 180º anti-

conformation. This was initially investigated in the 1,2-difluoroethane molecule (66), where 

calculations in the gas phase supported that the F/F gauche conformation is ~ 0.8 kcal mol-1 more 

stable than the corresponding anti configuration. The gauche effect is in fact of a broader nature, 

not being only ascribed to vicinal difluorinated compounds. Other monofluorinated molecules, 

bearing vicinal electron-withdrawing substituents have been shown to follow this general trend to a 

more or less extend, including N-β-fluoroethylamides,[105] O-β-fluoroesters[106] or recently reported 

β-fluorosulfides/sulfones and sulfoxides.[107] In a more extended context we can then generalize this 

principle in the experimental observation that fluorine atoms located in β- to electron-withdrawing 

groups arrange in a preferred gauche to each other conformation (or gauche effect, Figure 1.39). 

 

Figure 1.39: The gauche effect. Schematic representation of the conformational preference of fluorine 
atoms when located in β to an electron-withdrawing functional group. Corresponding energy gaps between 
isomers, ΔGgauche/anti, for a representative selection of different substituents. 

This intrinsic structural preference in α-substituted fluoro-organic compounds has also been 

rationalized in the basis of the hyperconjugation model explained above, in terms of the better 

donor properties of the σCH orbital when compared to those of σCX bonds (being X an 

electronegative atom, i.e. X= O, N). Following this, fluorine atoms arrange in anti to the better 

donor σCH bond (HOMO), aligning in parallel its σ*
CF acceptor orbital (LUMO), allowing the 

hyperconjugative electron transfer process to be maximized (shown in Figure 1.40).  



Ch. 1: Introduction                                                                   

| 43 | 

 

 

Figure 1.40: Molecular orbital overlaps in conformers of 66. Anti C-H/C-F* (a) and cis C-H/C-F* (b) 
fragment molecular orbitals, showing the greater overlap of the main lobe of the anti orbital C-H bond with 
the back lobe of the antibonding C-F*. Orbital contours are shown in the [C-C-F] plane. Image adapted with 
permission, copyright (2005), from the American Chemical Society. †††††, [108] 

As hydrogen atoms are placed preferably anti to fluorine atoms, other more electronegative 

substituents are forced to the vacant gauche positions. It is clear in the basis of the energetic gaps 

determined between gauche and anti-conformers in these systems, ΔGanti/gauche, that the molecular 

stabilization gained by hyperconjugation largely overrides other steric and repulsive factors that 

may arise from the closer proximity between substituents. Significantly, the gauche effect has been 

seen to be especially strong in α-fluoroamides, where |ΔGanti/gauche| values as high as 1.8 kcal.mol-1 

have been observed (70, highlighted in Figure 1.39).  In a recent work, Wiberg et al. have also 

noted that other fluorine induced geometric effects could be further assisting to the observed 

overstabilization of the gauche-conformer when compared to the anti.[109,110] It was postulated that 

due to the asymmetric distribution of the electronic charge density in the polarized C-F bond, the 

vicinal electron rich C-H and C-C bonds could plausibly be slightly bended towards the fluorine 

atoms. The geometrical distortion of the fluorine adjacent bonds would in fact lead to poor Csp3-Csp3 

overlap in the anti-conformation as the orbitals would bend toward opposite directions, as 

schematized in Figure 1.41.  

 

Figure 1.41: “Bent bond” model. Schematic representation of the Csp3-Csp3 bond distortion proposed by 
Wiberg et al. in order to explain the gauche preference observed in 1,2-difluoroethane (66).  

                                                      

††††† Image adapted from L. Goodman, H. Gu, V. Pophristic, J. Phys. Chem. A 2005, 109, 1223–1229. 
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Nowadays, it is generally accepted that even though both effects might be taking place 

simultaneously, it is the hyperconjugative component which does the highest contribution to the 

gauche-isomer stabilization.[108]    

1.3.3 Steric effects in fluorinated systems  

As we have previously discussed, fluorine is considered to be the most conservative H-atom 

replacement that can be made from a steric point of view. But this has to be put into its proper 

context. While it is true that fluorine has the most resembling Van der Waals radii to that of the 

hydrogen atom, it is also true that its volume is closer to that of an O-atom than that of the 

hydrogen itself. There is also a significant difference between the size of a given atom (an intrinsic 

atomic property exemplified by its ideal van de Waal radii) and what is called the steric size: the 

sphere of steric influence of that defined atom (a phenomenon and not a property). This latest is 

more acutely represented by using experimentally assessed parameters, such as Taft,[111] 

Chalton[112] or A[113] steric constants. These parameters allow a more realistic comparison between 

the true steric pressure caused by different atoms and groups when placed in a real molecular 

environment (Table 1.10). 

Table 1.10. Steric parameters of fluorinated substituents.[80,111–115] 

 -Es
a -E’s

a υb Ac 

-H 0.00 0.00 0.00 0.00 

-F 0.46 0.55 0.27 0.15 

-CH3 1.24 1.12 0.52 1.70 

-CH2CH3 1.31 1.20 056 1.75 

-CH2F 1.48 1.32 0.62 1.59d 

-CH2F2 1.91 1.47 0.68 1.85d 

-CH(CH3)2 1.71 1.60 0.76 2.15 

-CF3 2.40 1.90 0.91 2.37e 

-CH2CH(CH3)2 2.17 2.05 0.98 - 

-C(CH3)3 2.78 2.55 1.24 4.89d 

a  Ref.[111]; b  Ref.[112]; c  Ref.[113]; d  Ref.[114]; e  Ref.[115] 

As can be concluded from Table 1.10 fluorine/hydrogen substitution always increases the steric 

volume of a hydrocarbon (higher steric constants). The steric size increases progressively from 

mono-fluorination to tri-fluorination, where we can find that a -CF3 group is at least as bulky as 

either isopropyl or isobutyl groups. Single fluorination of a methyl group increases its steric bulk in 
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~20%. Introduction of a second fluorine atom leads to an overall increase in the steric size of the 

group in ~30-50%, and trifluoromethylation leads to increases in the range of 70-90%. Here it must 

be noted that, not surprisingly, parametrization of the steric effects leads to different results for 

different processes. While Taft (Es and E’
s) and Chalton (ѵ) parameters show in general good 

agreement, both being calculated in the basis of the observed rates of acid-catalysed esterification 

reactions (Figure 1.42a), a different progression is obtained for the corresponding A values, which 

are based in the assessed axial/equatorial ratios determined in mono-substituted cyclohexane rings 

(Figure 1.42b).  The bulkiness of the -CF3 group has also been recently assessed by means of the 

rotational energic barriers observed in 1,1’ disubstituted biphenyl systems (also referred as 

interference values, Figure 1.42c), where it was corroborated that the group imposed a similar 

steric effect to that induced by an isopropyl substituent.[116,117] 

 

Figure 1.42: Molecular model systems for the evaluation of steric effects. Example of some model 
systems that have been employed to evaluate the steric effects imposed by a given substituent.  

1.3.4 Lipophilicity and hydrophobicity of fluorinated systems 

Not surprisingly, the high polarization of the C-F bond confers a significant polar character to 

fluorinated molecules when compared to their corresponding hydrocarbons. This notion is well 

correlated to the fact that in general, fluorine introduction into aliphatic compounds has been 

shown to decrease the lipophilicity, rather than enhancing it (Table 1.13). This effect seems to be 

especially relevant in fluoromethyl and trifluoromethyl compounds, having the strongest partial 

CH2-F and -CF3 dipolar moments. This way for example, based in their corresponding 

octanol/water partition coefficients (log P), fluoropentane is found to be significantly less 

hydrophobic (log P = 2.33) than non-fluorinated pentane (log P = 3.11). In linear molecules having 

other functional groups (i.e. alcohols, amines, carboxylic acids), the interpretation of general 
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predictive rules becomes more complex. In alcohols and amines, for example, a general increase in 

the hydrophobicity is observed upon trifluoromethylation, but the effect is found to be remarkably 

dependent of the specific position where the substitution is made. α-fluorination greatly enhances 

the log P (hydrophobicity) values as a result of decreasing the basicity of the functional NH/OH 

groups due to fluorine inductive effect, but this propensity is progressively attenuated as we move 

the fluorine atom to more remote positions. In 5,5,5-trifluoropentanol, we can find that, in fact, the 

lipophilicity is again lower than that of its corresponding non-fluorinated analogue (Table 1.11).  

Table 1.11. Octanol/water partition coefficients in aliphatic compounds (Log P).[118,119,83]  

Compound  Log P Compound  Log P  

CH3―CH3 1.81 CH3―CHCl2 1.78  

  CH3―CHF2 0.75  

CH3(CH2)3CH3 3.11 CH3(CH2)3CH2F 2.33  

Compound  Log P Compound  Log P Δ (Log P) 

CH3―CH2OH -0.32 CF3―CH2OH 0.36 0.68 

CH3―(CH2)2OH 0.34 CF3―(CH2)2OH 0.39 0.05 

CH3―(CH2)3OH 0.88 CF3―(CH2)3OH 0.90 0.02 

CH3―(CH2)4OH 1.40 CF3―(CH2)4OH 1.15 -0.04 

CH3―(CH2)5OH 1.64 CF3―(CH2)5OH 1.36 -0.28 

 

Aromatic compounds exhibit in comparison more easily predictable properties. Hansch 

hydrophobicity parameters (πx), also based in experimental log P (octanol/water) data, show that in 

all cases fluorine incorporation into an aromatic system increases the lipophilicity of the molecules 

(Table 1.12).[120] Fluorobenzene is slightly more lipophilic than benzene and 

trifluoromethylbenzene is significantly more lipophilic than toluene. Likewise, enhanced 

hydrophobicities have been found when fluorine atoms are introduced adjacent to other polar 

functional groups, as they interfere with their H-bonding abilities via inductive effect (i.e. 

trifluoromethylesters or ethers).    

Table 1.12. Hansch hydrophobicity constants in substituted benzenes (πx). a [120,121,81]  

C6H5―X πx C6H5―X πx C6H5―X πx 

―F 0.14 ―OCH3 -0.02 CH3C(O)NH― -1.63 

―Cl 0.71 ―OCF3 1.04 CF3C(O)NH― 0.55 

―OH -0.67 CH3C(O)― -1.27 CH3SO2― -1.63 

―CH3 0.56 CF3C(O)― 0.08 CF3SO2― 0.55 

―CF3 0.88     
a  πx: Log Px – Log PH (octanol-water). 



Ch. 1: Introduction                                                                   

| 47 | 

 

1.4 Fluorine applications in peptide and peptoid chemistry 

1.4.1 Fluorine as a tool for controlling secondary structure  

Examples of strategies where fluorine has been rationally employed with the aim to control the 

secondary structure of peptides are significantly varied and remarkably versatile. Fluorine induced 

stereolectronic effects, fluorine induced changes in the hydrophobic profile of peptides and proteins 

and fluorine induced dipolar interactions have all been used with an impressive degree of success 

to modulate the structural properties of these systems.  

Collagen consists of three polypeptide chains that fold into a triple helix. Each individual peptide 

chain is composed of multiple [Xaa-Ybb-Gly] repeating units, in which Xaa and Ybb are 

commonly proline or hydroxyproline residues (schematized in Figure 1.43). MD dynamic studies 

have revealed that proline residues located at both positions do not show an equivalent 

conformational preference: while the pyrrolidine ring of proline residues at position Xaa adopt 

preferentially a Cɤ-endo pucker conformation the Cɤ-exo pucker conformation is preferred at 

positions Ybb.[122] Based on this, Raines and co-workers demonstrated that the overall stability of 

the collagen triple helix can be modulated and even enhanced by using fluorine to control the 

proline pucker conformational preference at both positions.  

 

Figure 1.43: Stereoelectronic effects in the structure of collagen triple helix. (a) Molecular model of the 
collagen triple helix structure. (b) Conformational preference and gauche effect in 4-fluoroprolines 71 and 
72. Image adapted and reprinted with permission from the Royal Society of Chemistry.‡‡‡‡‡, [123]  

                                                      

‡‡‡‡‡ Image reproduced from R. W. Newberry, B. VanVeller, R. T. Raines, Chem Commun 2015, 51, 9624–9627. 
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Unlike natural proline, the presence of a fluorine atom at position 4 favours the adoption of a Cɤ-

exo conformation in the R-isomer (2S,4R)-4-fluoroproline (71, FPro) due to an especially strong 

fluorine/amide stereoelectronic gauche effect (Figure 1.43b). The Cɤ-exo pucker conformation of 

FPro also reinforces the adoption of a trans-amide bond at the Yaa position, helping to pre-

organize the individual peptide’s strands and causing a general increase in the triple helix stability. 

Due to the same gauche effect, the opposed Cɤ-endo pucker conformation is over-stabilized in the 

enantiomeric 4S configuration of the substituent ((2S,4S)-4-fluoroproline, 72, fPro, Figure 1.43b), 

leading to the triple helix destabilization if placed the Yaa position. Replacement of proline 

residues at Xbb positions shows the opposed reciprocity: fPro enhances the triple helix stability by 

reinforcing the preferred Cɤ-endo pucker conformation, while FPro incorporation inhibits 

completely helix formation.[124,125] 

Other fluorine induced non-stereoelectronic effects have also been used to increase the stability of 

coiled-coil proteins and peptides. For example, incorporation of fluorinated non-natural amino-

acids, such as trifluoroleucine[126] and trifluorovaline,[127] at the hydrophobic core of the yeast 

transcription factor GCN4  protein has been shown to largely increase the thermal stability of its 

coiled-coil structure when compared to that of parent non-fluorinated natural analogue. Similarly, 

incorporation of hexafluoroleucine amino-acids (HFLeu) in the model peptide α4-H, having a 

tetrameric 4-helix bundle structure, has been shown to stabilize the tertiary structure by as much as 

0.25 kcal mol-1 per hFLeu introduced (shown in Figure 1.45).[128] The fluorinated analogue, α4-F2, 

was also found to be significantly more resistant to chemical denaturalization. Furthermore, 

posterior studies have also revealed that fluorine incorporation confers the analogues enhanced bio-

stabilities against enzymatic proteolysis.[129]  

 

Figure 1.44: Most commonly employed fluorinated amino-acids. Example of different fluorinated amino-
acids derived from valine (Val), leucine (Leu), isoleucine (Ile) and phenylalanine (Phe). 
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Figure 1.45: The 4-helix bundle structure of model peptide α4-H. (a) Helical wheel diagram for the three 
heptad repeating units of the model peptide α4-H. (b) Model showing the packing of hFLeu in the central two 
layers of α4-F2 (fluorine atoms are coloured dark green). Image adapted with permission, copyright (2004), 
from the American Chemical Society. §§§§§, [128] 

 It has been suggested that at least in these coiled-coil systems, the improved thermal and chemical 

properties engendered are due to the global increase in hydrophobicity generated upon fluorine 

incorporation. This allows for the formation of highly stable secondary and quaternary structures in 

aqueous solutions where the fluorinated interfaces can self-segregate.[130],[131] Results based on the 

comparison of the crystallographic structures exhibited by the parent α4-H peptide with those of 

some fluorinated analogues seem to support this hypothesis, as they evidence that fluorine atoms 

remain tightly packed at the hydrophobic core of the helix bundle, inducing only minor steric 

perturbations to the general bundle structure.[132] The minimization of the hydrophobic surface area 

exposed to the water environment in the folded state seems to be then critically responsible for the 

additional thermodynamic stability of the quaternary structure in these fluorinated proteins, as 

represented in Figure 1.46. As an example, the free energy of hydration of hexafluoroleucine is 1.1 

kcal mol-1 lower than that of leucine; this energetic solvation penalty in the free monomer state 

provides the driving force for coiled-coil structure formation. 

Similarly, other studies have also demonstrated that fluorine can exert also a considerable 

destabilizing effect in the context of a single α-helix strand.[133] Using a model alanine based 

peptide the secondary structure of different analogues has been evaluated after replacement of the  

                                                      

§§§§§ Image adapted from K.-H. Lee, H.-Y. Lee, M. M. Slutsky, J. T. Anderson, E. N. G. Marsh, Biochemistry (Mosc.) 2004, 
43, 16277–16284. 
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Figure 1.46: Fluorine accommodation in coiled-coil proteins. (Top): Electron density maps for model 
peptide α4-H, and upon substitution of all available positions with hexafluoroleucine (α4F3a) or 
trifluoroethylglycine (α4F3af3d). (Bottom): Space-filling representations of the hydrophobic core illustrating 
how fluorination conserves the tight packing of side chains. Fluorine atoms are coloured purple. Image 
adapted with permission, copyright (2014), from the American Chemical Society. ******, [132] 

central position with a variety of carbon and fluorocarbon side chains (i.e. ethylglycine vs. 

trifluoroethylglycine). All the fluorinated versions were found to be significantly less helical than 

their non-fluorinated counterparts. Still, allocation of fluorinated resides in the context of  β-sheets 

has been proved to stabilize the folded conformation if the modifications are placed specifically in 

solvent-exposed regions.[134] All the these examples evidence that given the proper context, fluorine 

induces an increase in the hydrophobic volume of peptides and proteins. This can be rationally used 

to modulate their secondary structure. In addition, molecular dynamics and free energy simulations 

have suggested that in some cases fluorination can also electrostatically stabilize the formation of 

intermolecular coiled-coil salt bridges. Furthermore, the same structural studies have revealed 

significant differences in the side chain rotamer populations for leucine and hexafluoroleucine 

residues when located at the hydrophobic core of coiled-coil structures, evidencing that different 

conformations may be indeed preferred.[135]  

In a completely different approach, the special quadrupolar properties that fluorine atoms are able 

to impose in aromatic systems have also been studied as a means to modulate the structure of 

proteins (Figure 1.47). Aromatic and perfluoroaromatic systems show a high tendency to associate 

                                                      

****** Image adapted from E. N. G. Marsh, Acc. Chem. Res. 2014, 47, 2878–2886. 
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with each other, due to the electrostatic attraction that is induced between their reversed 

quadrupoles: while the phenyl ring has an electron-rich centre surrounded by an electron-poor H-

atom periphery the high electronegativity of fluorine atoms polarizes the ring σ-bond backbone 

resulting in an electron poor C-C core surrounded by electron rich F atoms. The π-stacking 

stabilization energy between Phe and pentafluorophenyl rings (5FPhe) has been estimated to be in 

the order of 3.7 kcal mol-1 in the gas phase, and strong enough to induce and direct selective 

protein-protein interactions in aqueous solution as demonstrated by Zheng and Gao.[136] To probe 

the applicability of such interactions in protein folding they studied peptide α2D, designed to have a 

homo-dimeric structure supported by intermolecular Phe-Phe π-stacking interactions between the 

two helices (represented in Figure 1.47). The replacement of the Phe residues by their 

perfluorinated 5FPhe analogues led to a dimer showing a highly stabilized structure (i.e. TM = 80 ºC 

vs. TM = 30ºC in the parent peptide). Interestingly, upon mixing both Phe and 5FPhe based peptides 

a single and stable hetero-dimer structure was specifically produced. Both, dipole-dipole coupling 

and hydrophobic factors contribute to the general stabilization of the final heterooligomer structure, 

being the quadrupolar interaction the responsible for the specificity in the complex formation, 

adding an extra stabilization of ΔGquad= -1 kcal mol-1 per pair of interacting Phe/5FPhe residues.    

 
Figure 1.47: Dimeric structure of α2D. The phenylalanine residues involved in the π-stacking interaction 
are highlighted in green (Phe10) and blue (Phe29) respectively. Right: space-filling models of stacked Phe and 
5F-Phe, with the electrostatic potential mapped on their surface (blue: positive, red: negative). Image adapted 
and reprinted with permission, copyright 2010, from John Wiley and Sons.††††††, [136] 

                                                      

†††††† Image reproduced from H. Zheng, J. Gao, Angew. Chem. Int. Ed Engl. 2010, 49, 8635–8639. 
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In a novel application to collagen mimetic peptides (CMPs), this attractive electrostatic interaction 

between Phe and perfluorophenyl aromatic systems has been proved to be also useful to achieve 

the specific end-to-end stacking of (GlyProHyp)10 peptides. By attaching Phe and 5FPhe moieties 

to the N- and C-termini of the model peptide, the structure was “forced” to propagate forming 

fibrils closely resembling those of the natural collagen.[137] 

In summary, the application of fluorine and fluorine induced effects offers a broad range of 

different tools by which to influence the structural properties of peptides. We hypothesize that such 

fluorine induced structural effects may be of special relevance in the specific context of peptoids, 

due to their intrinsic lower conformational preferences. As will be discussed in Chapter 2, the 

presence of fluorinated building blocks and their application in peptoid chemistry can be 

considered to be so far merely anecdotic and is largely restricted to just a couple of examples. No 

systematic study has been performed to date aimed to explore how fluorine atoms could affect the 

structure of these more “loosely folded” systems.  

1.5 Aims of the project: 

As highlighted, it is already well-established within the field that α-chiral substituents can induce 

helicity in α-peptoids. However, the requirement of having to design peptoid oligomers with a high 

content in these bulky aromatic residues places serious limitations to their applicability and restricts 

the chemical space of these molecules. Furthermore, it greatly hinders many peptoid potential 

applications, in particular in those areas where a high level of specificity in the primary and 

secondary structures is needed, such as PPI modulation and protein targeting. Given this, there is a 

clear need in the field to develop new peptoid building blocks with enhanced amide bond cis/trans 

preferences that can be used to stabilize the peptoid secondary structure into well-defined helical 

structures. Ideally newly designed peptoid monomers should aim to be either non-chiral to reduce 

the reliance on bulky and expensive residues, or be non-aromatic to allow the incorporation of 

aliphatic and less hydrophobic new “peptide-like” functionalities. 

As reviewed, fluorine has been found to show a great ability to induce a broad range of structural 

effects in its molecular surroundings, through highly versatile electronic, steric and hydrophobic 

interactions. These effects have been shown to be especially relevant when amide bonds are 
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present, suggesting that α-peptoids may be especially sensitive to fluorine imposed conformational 

restrains.  

This research project will aim to study the impact of fluorine incorporation in peptoid systems. As 

the cis/trans isomerization process of the peptoid amide bonds constitutes the most relevant factor 

contributing to the conformational heterogeneity in peptoid oligomers, this work will focus in 

particular on the synthesis and development of novel fluorinated peptoid building blocks with 

enhanced cis/trans preferences. A special relevance will be given to the analysis of the specific 

fluorine induced interactions that take place in model peptoid systems, as a route to understand and 

decipher the causes that might rule their effect in peptoid folding. We will also explore in detail 

their potential applicably as new tools for the induction of stable secondary structures in longer 

poly-peptoid sequences.  

Our overall goal is to develop new approaches by which to enhance the conformational stability of 

α-peptoids, by increasing the pool of monomers and tuneable interactions that might be valuable 

for the design of novel peptoid architectures. 
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hhaapptteerr  22  

  

  

SSttaabbiilliissiinngg  αα--PPeeppttooiidd  HHeelliicceess  UUssiinngg  NNoonn--CChhiirraall  FFlluuoorroo--AAllkkyyll  

MMoonnoommeerrss  

2.1 Introduction: 

Due to the fact that a peptoid’s secondary structure is intrinsically related to its potential function, 

considerable efforts have been directed towards understanding the general relationships between 

peptoid primary sequence and structure. Developing an understanding of this relationship is key to 

the rational design of robust and conformationally homogeneous peptoid architectures. As the 

cis/trans isomerization of the tertiary amide bond constitutes the major cause of conformational 

heterogeneity in peptoid oligomers,[1] different approaches have been developed in order to restrict 

this process. Aside from cyclization,[2] the most relevant strategy that has been utilised so far 

involves the use of monomers with specific side chains that are able to influence the Kcis/trans 

equilibria in a predictable manner, aiming to enforce either an all-cis or an all-trans-amide 

configuration of the peptoid bond (Figure 2.1a).[3] Zuckerman and Barron, pioneered the 

application of α-chiral aromatic residues, such as the Nspe (2), as a means to stabilize a preferred 

peptoid cis-amide configuration. The effects of 2 are presumed to be induced by a combination of 

steric and electronic factors, which ultimately leads to the formation of stable polyproline type I 

(PPI) helices (Figure 2.1a-b).[4]  More recently, Gorske and Blackwell have systematically 

explored the effect of using other non-covalent interactions to enhance the levels of cis/trans 

selectivity, such as hydrogen bonding or amide to side chain electron transfer interactions 

(n→π*).[5] Other groups have also explored ionization and steric based effects.[6,7] As a result of 

these efforts, novel monomeric folding units as 5, 89 and 90 showing improved Kcis/trans values have 

been recently developed (Figure 2.1a).  Significantly, all these later findings have relied in the use 

of a modular approach to design small molecules mimicking the amide bond present in peptoids to 

elucidate and rationalize the side chain effect and the overall interactions that affect the cis to trans 

equilibrium.[5,8] 
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Figure 2.1. Chemical structures. (a) Scheme of the peptoid tertiary amide cis/trans isomerization equilibria. 
Preference for the cis conformation has been observed when placing α-methyl chiral aromatic side chains as 
2 and 5, strongly sterically demanding t-Bu groups 73 or positively charged triazolium monomers as 74. (b) 
Example of a mixed NArg/NLys peptoid oligomer meeting the general requirements for having a stable α-
helical secondary structure.  

2.1.1 Model systems for the systematic analysis of Kcis/trans 

The role of non-covalent n→π* interactions in the amide bond isomerism of peptides was firstly 

explored by Hodges and Raines.[9] They hypothesized that aside from hydrophobic and hydrogen 

bonding interactions, other non-covalent interactions between residues could be utilized to enforce 

a defined backbone cis/trans preference. They proposed that an example of such an interaction 

would be a n→π* electron transfer between the oxygen of a peptide bond and the unoccupied π*C=O 

of the preceding amide, being possible only if the peptide is in the trans-amide conformation 

(Figure 2.2). To probe the presence of these interactions, they explored how different substituents 

influenced the conformational equilibrium of model N-formylproline phenylesters, finding a linear 

correlation between the electron withdrawing ability of the remote substituents, σp, and the 

observed values of Kcis/trans.[10] These results demonstrated the potential applicability of small 

molecules as model systems for the characterization of non-covalent n→π* interactions in peptides 

and also the potential use of the side chain properties to influence the amide bond cis/trans 

equilibrium. 
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Figure 2.2. Model system employed for the Ktrans/cis determination in N-formylproline phenylesters. 
Shown also is the linear relationship found between the trans/cis ratios and the electron-withdrawing 
properties of the substituent X (σp). Values of KX are from experimental data. Image adapted with 
permission, copyright (2014), from the American Chemical Society.*, [9] 

By adopting a similar approach, Blackwell and co-workers have expanded the use of small 

molecular model systems for the systematic study of the Kcis/trans equilibrium in peptoids.[5] In 

particular, the use of model N,N disubstituted acetamides has been shown to be very well suited for 

the analysis and characterization of the effects imposed by a broad range of different peptoid side 

chains. Some of the most common examples of these peptoid model systems are represented in 

Figure 2.3.  

 
Figure 2.3. Model peptoid systems for the analysis of Kcis/trans. Schematic representation of the different 
peptoid frameworks developed for the determination of the amide cis/trans equilibrium. 

Of all the systems that have been developed, piperidinyl based model peptoid monomers are among 

the most commonly employed (R1= pip; Figure 2.3), as they prevent the cis/trans ratios to be 

biased due to poor or asymmetric backbone substitution. For example, when compared with the 

corresponding N-methyl acetamides (R1= Me; Figure 2.3), they replicate more accurately the basic 

steric and electronic interactions that would arise from the previous peptoid amide bond. Thus, 

piperidinyl-based acetamides allow the evaluation of the peptoid bond cis/trans ratios in a more 

realistic molecular context. In addition, their use has the extra advantage of enabling a relatively 

                                                      

* Image adapted from J. A. Hodges, R. T. Raines, Org. Lett. 2006, 8, 4695–4697. 
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easy numerical evaluation of the Kcis/trans values by NMR spectroscopy without introducing a large 

degree of signal complexity. As the acetamide group in these systems shows a characteristic 

diasterotopic behaviour, 1H-NMR signals for the nuclei within each cis and trans-isomers appear at 

non-equivalent and distinguishable chemical shifts. Simultaneously, due to their different 

geometry, both isomers exhibit well-defined and specific 1H-1H Nuclear Overhauser Effect 

correlation patterns (NOE), what ultimately enables the unequivocal assignation of each signal as 

belonging to the cis or the trans rotamer, as shown schematically in Figure 2.4. The Kcis/trans values 

can be determined directly as the integrated ratios between the 1H-NMR cis/trans signals for each 

nuclei ([Acis,n/Atrans,n]; Figure 2.5). If needed, further analysis by bi-dimensional 1H-1H Correlation 

Spectroscopy (COSY) can be employed to fulfil the assignment of all the signals present. An 

example of a model 1H-1H NOE spectra showing the main experimental correlations characteristic 

for each structure and main signal assignation is shown in Figure 2.5. 

 

Figure 2.4. 1H-1H NOE spatial correlations in peptoid model systems. Schematic representation of the 
peptoid cis/trans equilibrium showing the 1H-1H NOE correlations that are characteristic of each specific 
amide geometry. 

 

Figure 2.5. cis/trans isomers identification and Kcis/trans evaluation. Representative 1H-1H NOE spectra 
showing the experimental spatial correlations within each cis/trans isomer, the assignation of the main 1H 
nuclei present, and how they are related to each specific isomer configuration. 
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2.1.2 Factors controlling the cis/trans equilibrium in model peptoid systems: 

Results within the Blackwell group have demonstrated that there is a minimum of three different 

non-covalent interactions which play a crucial role in controlling the amide bond isomerism (and 

by extension also in controlling peptoid folding).[8]  

 Side chain to backbone steric interactions:  

In general, increasing the steric bulk of the peptoid side chain has been associated with an increase 

in the expected ratio of the cis-isomer present. This is especially true in the case of bulky branched 

α-methyl side chains, which steric crowding can be more effectively accommodated in the 

proximities of the small carbonyl group, rather than close to the bigger methyl-acetamide group (as 

shown in Figure 2.6). Depending on the sub-monomer, α-methylation has been calculated to 

stabilize the cis-isomer conformation by approximately 0.2-0.4 kcal mol-1. Increasing further the 

steric pressure at this position, for example by using NtBu residues, leads to a complete preference 

for the cis-amide geometry (80, Figure 2.6). The cis-amide inducting effect becomes significantly 

weaker or negligible if the side chain steric crowding is grown at more remote positions from the 

acetamide group, such as the Cβ carbon (i.e. model peptoids 78, 79). In consequence α-methylation 

is widely considered to be a general pre-requisite to achieve a significant degree of cis-amide 

preference in peptoid systems. 
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Compound R1= Kcis/trans ΔGcis/trans (kcal mol-1) 

75 NMe 0.15 1.10 

76 NEt 0.17 1.05 

77 Nip 0.40 0.54 

78 Nsb 0.33 0.66 

79 Nipe 0.33 0.66 

80 NtBu >19 < -1 

a  All values as measured in CDCl3. 

Figure 2.6: Steric factors in model peptoid systems. Selection of some N-alkyl model piperidinyl peptoid 
monomers and their corresponding Kcis/trans values illustrating the effect of increasing the steric bulk of the 
peptoid side chain.  

  Side chain to backbone n→π* interactions: 

As represented in Figure 2.6, peptoids based in aliphatic monomers have been shown to exhibit a 

well-defined trans-amide preference that is retained, in general, even when the side chains are 

branched/α-methylated (i.e. Nip or Nipe monomers). This preference has been found to arise due to 

the presence of intramolecular n→π*C=O interactions that stabilize specifically the trans-amide 

isomer, similar to those that are observed in peptide systems. In contrast, when the peptoid side 

chains are aromatic, a second alternative route of stabilization via competitive n→π*Ar interactions 

between the backbone carbonyls and the aromatic groups is engendered. Unlike the intrinsic 

backbone-to-backbone n→π*C=O interactions that reinforce the trans-amide preference, backbone-

to-side chain n→π*Ar interactions exclusively stabilize the opposed cis-isomer, as shown in Figure 

2.7. In this way, the balance between these two competing non-covalent interactions enables to 

control the overall Kcis/trans in aromatic systems. To date, aromatic peptoid monomers constitute the 

most widely studied and exploited group in peptoid chemistry, in particular α-methylated side 

chains. Due to their intrinsic relevance within the field and for this work, n→π* interactions and 
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aromatic peptoid monomers will be review and discussed in more detail in Chapter 3: Enhancing 

the cis-amide preference of aromatic peptoid monomers.  

 

Figure 2.7: n→π* interactions in aromatic model peptoid systems. Schematic representation of the 
cis/trans equilibrium in aromatic peptoid systems showing the competition between the nO→π*C=O 
interaction stabilizing the trans-amide isomer and the nO→π*Ar interaction stabilizing the cis-amide isomer.  

  Side chain and backbone hydrogen bonding:  

Preliminary data in model systems has shown that the presence of intramolecular H-bonding 

interactions involving H-donor groups placed at the side chain does not significantly affect the 

overall Kcis/trans isomer ratios.[8] This is due to the fact that any possible direct hydrogen bonding 

interaction between the side chain and its own amide carbonyl group, that would benefit 

specifically the cis-isomer conformation, would also prevent simultaneously the same carbonyl 

group from participating in other more favourable n→π* interactions available (Figure 2.8a). As 

shown in Figures 2.8b-c, other possible alternative H-bonding interactions between two 

consecutive residues would be unspecific of the acetamide bond configuration, and thus they are 

considered to act only as secondary factors influencing (rather that defining) the relative energic 

gaps between cis/trans isomers, presumably by reinforcing/facilitating to different extensions the 

main backbone-to-side chain and backbone-to-backbone n→π* competing interactions present.  
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Figure 2.8: Possible hydrogen bonding interactions in model peptoid systems. (a) Direct acetamide to 
side chain H-bond. (b-c) H-bonding interaction between the side chain of a peptoid monomer and the 
preceding peptoid bond (here noted as position i-1). This H-bonding mode enables stabilization of both cis 
(b) and trans-isomers (c) through favourable n→π* interactions.  

2.2 Aims 

In the design of peptoids that are to be used in biological applications chiral aromatic residues such 

as Nspe (2) and Ns1pe (5), or bulky NtBu groups (74) are not ideal. From the drug discovery 

standpoint, the sole use of such monomers to generate peptoid helices imposes severe limitations in 

terms of chemical diversity and applicability, due to their high hydrophobic character. Given this, 

there is an urgent need within the field to develop new strategies by which to engineer non-bulky, 

non-aromatic and ideally non-chiral aliphatic cis-amide peptoid monomers. Such novel peptoid 

building blocks should also aim to be compatible with the future presence of other peptoid side 

chain functionalities.    

We reasoned that in this context, the application of fluorine could constitute a valuable tool in order 

to stabilize and restrict the peptoid amide conformation. As highlighted previously, fluorine is a 

relatively small atom, close in size to hydrogen, that has been shown to introduce little steric stress 

where incorporated.[11] However, from the electronic point of view, it has been shown to impact 

significantly the structural properties of small organic compounds, in especial when located in 

proximity of other functional groups. This influence arises from the intrinsic large electronegativity 

of the fluorine atom, resulting in the high polarization of the C-F bond.  As we have discussed this 

property enables C-F bonds to participate in electrostatic charge-dipole/dipole-dipole interactions 

with vicinal polar groups, and/or also in stereo-electronic based hyperconjugative interactions with 

neighbouring C-H bonds (σ(CH)→σ*(CF)).[12] As highlighted through the introduction, in 

particular O’Hagan and co-workers have found the fluorine-amide gauche effect to be especially 

pronounced, indicating that amide bonds are particularly sensitive to fluorine induced structural 

effects.[13] Furthermore, promising evidence has been reported suggesting the potential application 
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of fluorine imposed stereo-electronic effects in order to modulate the folding properties of longer 

amide-based oligomers, as α- and β-polypeptides, where it has been shown to exert a considerably 

effect.[14,15] Given this, we hypothesised that fluorine incorporation could offer a new avenue to 

modulate the conformational preference of the amide bond in peptoids. Moreover, we hypothesized 

that the use of fluorine could enable to develop new non-bulky and non-chiral alkyl peptoid 

monomers with a defined cis-amide preference. A schematic representation outlining how 

fluorinated peptoid monomers will be employed in peptoid model systems through this Chapter is 

given in Figure 2.9.   

 

Figure 2.9. Fluorine and fluorine induced effects in model peptoid systems. Schematic showing how 
fluorinated monomers can be used in peptoid model systems. Also shown are some basic fluorine and 
fluorine induced effects that we hypothesized could help to promote cis/trans-isomer selectivity. 

2.3 Results and discussion 

2.3.1 Design and synthesis of model peptoid monomers 

Inspired by the idea that the incorporation of fluorine atoms, specifically allocated in β to the amide 

bond, could be used to enforce the stabilization of the cis-amide configuration in the basis of a 

plausible gauche effect, we firstly aimed to explore how fluorine influences the cis/trans 

equilibrium in small well-established model peptoid systems (Figure 2.10). We anticipated that the 

aliphatic NEt peptoid monomer 82 would offer an ideal starting platform in order to assess fluorine 
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induced effects, as it is unable to impose other steric, polar or π based electronic interactions over 

the amide bond. This lack of influencing factors means that, by default, ethylamine based peptoids 

systems have a strong trans-amide preference that is retained even if the steric bulky at the Cβ 

position is increased (i.e. methyl, ethyl substituents, Figure 2.6). We then proceeded to increase 

sequentially the number of fluorine atoms present at the β-carbon by replacing the NEt monomer 

by either 2-fluoroethylamine (N1fEt, 83), 2,2-difluoroethylamine (N2fEt, 84) or 2,2,2-

trifluoroethylamine monomers (N3fEt, 85). As previously commented, all peptoid model systems 

were designed based in the C-terminus piperidinyl capping group to prevent any bias on the 

conformational cis/trans ratios not directly arising due to fluorine induced factors.  

 

Figure 2.10. Synthesis of model peptoid monomers. (a) Outline of the general synthetic route employed 
for the synthesis of model piperidinyl acetamides 76, 87-90. (b) β-fluoroethylamines, having an increased 
number of fluorine atoms (83-85) were used in substitution of either the trans-inducting ethylamine (82) and 
the cis-inducting Nrpe (86) peptoid monomers. (c) Non-fluorinated model peptoid systems (76: Ac-NEt-pip; 
90: Ac-Nrpe -pip) and fluorinated peptoid model systems (87: Ac-N1fEt-pip; 88: Ac-N2fEt-pip and 89: Ac-
N3fEt-pip)). Final overall synthetic yields as based in the mass of isolated pure compounds. 

Model peptoids 76, 87-90 were then synthetized in solution, by direct bromine displacement of the 

2-bromo piperidinyl ethanone (81) by the corresponding fluorinated and control amines 82-86, 

followed by acetylation (Figure 2.10a-c). Despite the more attenuated nucleophilic character 

intrinsic to β-fluoroamines, final purification of the mixtures led to the desired products in relative 

good yields, similar to those obtained when using non-fluorinated building blocks (82, 86). Purities 

for all compounds were found to be in all cases ≥ 95%, as assessed by LC/MS and NMR (Figure 
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2.10c). Complete sample characterization and experimental details are given in the Experimental 

section of this thesis.     

2.3.2 NMR analysis: The effect of novel fluoro-ethylamine based side chains over the 

peptoid amide bond cis/trans conformational equilibrium 

2.3.2.1 NMR determination of the amide cis/trans ratios and Kcis/trans 

The impact of our novel fluorinated side chains on the amide bond cis/trans equilibrium was 

analysed next using NMR spectroscopic methods.[5,8,9] Initially we explored the possibility that 

fluorine could influence the conformational cis-amide ratios observed either as a direct 

consequence of increasing the Cα-N bond polarization due to fluorine inductive effect or by a 

structural gauche effect over the amide functionality (Table 2.1). 

Table 2.1. Model peptoid systems cis/trans amide bond ratios. 

 
Product 

Kcis/trans
 a 

(CD3CN) 
 

ΔGcis/trans
 b 

(kcal mol-1) 

Kcis/trans
 a 

(CD3OD) 
 

ΔGcis/trans
 b 

(kcal mol-1) 

Kcis/trans
 a 

(CDCl3) 
 

ΔGcis/trans
 b 

(kcal mol-1) 1H-NMR 1H-NMR 1H-NMR 

76 0.66±0.07 0.28±0.08 0.51±0.04 0.43±0.05 0.19±0.01  0.97±0.01 c 

87 1.15±0.09 -0.09±0.04 0.74±0.07 0.16±0.05 0.76±0.03 0.16±0.02 c 

88 2.05±0.12 -0.42±0.04 1.17±0.04 -0.09±0.02 1.28±0.08 -0.16±0.03 

89 2.24±0.12 -0.48±0.03 c 1.23±0.03 -0.13±0.01 0.54±0.06 0.35±0.007 c 

90 2.08±0.12 -0.43±0.04 1.35±0.04 -0.18±0.02 0.94±0.05 0.05±0.04 

 a Average Kcis/trans values determined in fluorinated and not fluorinated acetamides 76, 87-90 in the basis of 
1H-NMR spectroscopy. b From each replica, ΔG calculated as –RTLn(Kcis/trans) at 25ºC. Corresponding 
averages and standard deviation values are given for n= 6. c Due to peak overlap n= 4. 

As was expected, control model peptoid monomer 76 exhibited a cis/trans equilibrium highly 

displaced to the corresponding trans-isomer in MeCN (Kcis/trans= 0.66, Table 2.1). In comparison 

with this result, when the fluorinated analogues (87-89) were analysed, an unprecedented 

enhancement in the cis-amide preference was found upon fluorine incorporation (Figure 2.11-

2.12). From the NMR analysis of 87 (CD3CN, Figure 2.11), we were able to confirm that even the 

introduction of a single fluorine atom, β to the peptoid amide bond, was enough to cause a 

considerable effect over the cis/trans conformational preference. In fact, incorporation of just one 

fluorine atom completely shifted the high trans-amide preference exhibited by the N-alkyl ethyl 



Ch. 2: Stabilizing α-peptoid helices using of non-chiral fluoro-alkyl monomers 

| 70 | 

 

monomer to such an extent that no preference was observed in 87 (e.g. the mono-fluorinated 

peptoid monomer 87 showed actually a slight preference for the cis isomer, ΔGcis/trans = -0.09 kcal 

mol-1; Kcis/trans= 1.15; Table 2.1). In energetic terms the impact of the fluorine substituent was 

found to be impressive: fluorine incorporation favours the cis-amide geometry of the peptoid bond 

in 87 by 0.37 kcal mol-1 when compared to the non-fluorinated ethyl group present in 76.  

 

Figure 2.11: 1H-1H NOESY and 19F-NMR traces of model peptoid 87. 1H-1H NOESY correlations and 
19F-NMR traces of compound 87 showing cis/trans-isomer identification and their relative integrated ratios. 

When a second fluorine atom was introduced, also β- to the amide bond, we found a consistent and 

proportional increase in the degree of cis-amide ratio enhancement observed. N2fEt based model 

system 88 showed indeed a strong cis-amide preference in solution, exhibiting a 4 times higher 

Kcis/trans than the non-fluorinated analogue 76 (MeCN, Kcis/trans= 2.05; Table 2.1) and twice the value 

achieved when incorporating a N1fEt side chain (Figure 2.12b). It is worth to note that this 

behaviour anticipated the presence of a linear correlation between the ΔGcis/trans values observed 

and the electron-withdrawing character of the substituent group placed at the Cα carbon, 

exemplified by their corresponding Field/Inductive parameters (σI), from the non-fluorinated 

analogue to the di-fluorinated one (Figure 2.12c,e).[16] The overall net energetic shift in the 

cis/trans equilibrium imposed upon di-fluorination of 76, |ΔGcis/trans|88-76, which favours the cis-

amide geometry by 0.7 kcal mol-1, led an unprecedented result for a linear aliphatic side chain. 

Even more, the Kcis/trans value engendered by using the N2fEt monomer in 88 was found to be in the 

same range than those achieved when placing some well-known cis-inducting chiral side chains 

based in bulky and/or electron deficient aromatic rings, as the commonly employed Nrpe/Nspe 

residues (90, Kcis/trans= 2.08). The substitution of two hydrogens by fluorine atoms constitutes, in 
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comparison, a relative small structural change able to induce efficiently a similar degree of cis-

amide preference in the complete absence of stabilizing n→π*Ar interactions.  

 

Figure 2.12: cis/trans preferences of model fluorinated peptoid monomers. (a) General scheme of the 
preferred cis/trans-amide geometry exhibited by model peptoids 76, 87-89, as observed in CD3CN. (b) 
Experimental progression observed between the average Kcis/trans values and the number of fluorine atoms 
present (nf). (c) Experimental correlation between ΔGcis/trans and the Cα substituent field/inductive constant 
(σI). aσI: Modified Swain-Lupton field/inductive constant (F= σI).[16]  

Significantly, when trifluorinated model peptoid monomer 89 was analysed, a maximum value of 

Kcis/trans was reached (Kcis/trans= 2.24), corresponding to a still higher but lower than expected cis-

amide content of 69% (Figure 2.13). Unlike what could be expected from previous examples, this 

result seems to confirm the presence of a threshold level in the degree of cis-amide induction that 

can be obtained by consecutive fluorination at the same position of the side chain. 
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Figure 2.13: 1H-1H NOESY and 19F-NMR traces of model peptoid 89. 1H-1H NOESY correlations and 
19F-NMR traces of compound 89 showing cis/trans-isomer identification and their relative integrated ratios. 

2.3.2.2 Effect of solvent polarity over Kcis/trans ratios 

To gain further evidence regarding the nature of the interactions that take place within our systems, 

and specifically regarding the unexpected behaviour of 89, we looked to explore how the solvent 

polarity influenced the cis/trans equilibriums. The analysis of the Kcis/trans values in polar protic 

MeOD led to a similar ΔGcis/trans vs. σI trend between compounds, evidencing that hydrogen 

bonding interactions were not critically involved in the relative cis-isomer stabilization observed, 

not even within 89 (Figures 2.12b-c, shown in purple).  

More significant were the changes found when the solvent was replaced by non-polar chloroform 

(CDCl3). The use of CDCl3 as a solvent resulted in a significant decrease in the cis-isomer 

preferences of all model systems (Table 2.1, Figures 2.12b-c, shown in red). These results aligned 

well with previously reported work on other model peptoids where a similar downturn in the 

Kcis/trans values is generally seen when employing this solvent.[5] Despite the decrease in the Kcis/trans 

values determined, peptoids 87 (Ac-N1fEt-pip) and 88 (Ac-N2fEt-pip) were still found to have 

greater cis-amide preferences than that of non-fluorinated control peptoid 76. On moving from no 

fluorine atoms (76) to either one fluorine (87) or two fluorine atoms (88), relative changes in free 

energy of |ΔGcis/trans|87-76 = 0.81 kcal mol-1 and |ΔGcis/trans|88-76 = 1.13 kcal mol-1 were respectively 

produced.  Relevantly, these relative changes in ΔGcis/trans are larger in CDCl3 (non-polar) than 

those found in CD3CN or CD3OD (polar), which provided further evidence supporting the 

electronic nature of the fluorine induced effects. Remarkably, even in CDCl3 di-fluorinated peptoid 

88 was found to retain some degree of preference for the cis-amide geometry (ΔGcis/trans= -0.16 kcal 

mol-1), while in comparison the chiral aromatic Nrpe analogue 90 showed essentially no significant 
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conformational bias (ΔGcis/trans= 0.05 kcal mol-1, Table 2.1). Out of the general trend observed for 

model peptoids 87 and 88, N3fEt peptoid 89 was found to be very strongly affected by the solvent 

properties. Indeed, a complete shift from its prior cis-isomer preference (in both CD3CN and 

CD3OD) to a trans-isomer preference (in CDCl3) was observed (Figures 2.12b-c, Table 2.1). We 

theorise that the energetic penalty that 89 experiences in the cis-conformation could be due to an 

increased solvation barrier over the trans-isomer. Non-polar solvents, such as CHCl3, are well-

known to disfavour structures where large dipolar moments or charges are present. As illustrated in 

Figure 2.14 the overall dipolar moment within the cis-isomer of 89 is likely to be larger than that 

present within the trans-isomer, where the dipoles of the carbonyl and the side chain are opposed. 

In addition, due to the relative dipole strengths of the side chains, the negative effect of solvation 

would be of especial magnitude in 89 when compared to that in peptoids 87 and 88. 

 
Figure 2.14: Proposed model for peptoid cis-amide isomer stabilization due to side chain inductive 
factors. Also shown are the inductive properties of fluorinated and non-fluorinated α-substituents. aσI: 
Modified Swain-Lupton field/inductive constant (F= σI).[16]  

Overall the data collected supports the presence of a strong correlation between the degree of 

positive polarization generated at the Cα carbon by the substituent (σI), and the peptoid backbone 

preference to adopt specifically a cis-isomer configuration. While it is true that in non-polar 

solvents secondary dipolar effects seem to hamper the cis-conformation of 89, it is remarkable that 

the values of Kcis/trans induced by fluorinated ethylamine monomers 88 (N2fEt) and 89 (N3fEt) in 

polar solvents are in the same range or even higher than those produced by chiral and bulky 

aromatic systems, such as 90 (Nrpe). These results indicate that both fluorinated side chains are 

able to induce in peptoids at least similar levels of preference for their corresponding cis-

conformations. 

2.3.2.3 Side chain configuration: Analysis of vicinal 3JHF NMR coupling constants 

In order to further explore the orientation of the fluorine atoms within the side chains of 87-89 

relative to the amide bonds, additional analysis of the vicinal 3JHF coupling constants was carried 
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out. In particular, this analysis was performed to explore the role that fluorine-amide gauche 

interactions could be playing in enhancing the cis-isomer preferences of our fluorinated 

systems.[17,18] It also provided useful evidences regarding a possible different arrangement of the 

side chains within cis and trans conformers of peptoid monomers 87-89. The results for this 

analysis are summarized in Table 2.2 and Figure 2.15. 

Table 2.2. Vicinal 3JHF coupling constants in peptoid monomers 87-89.a 

 3JH-F (CD3CN) Hz 3JH-F (CD3OD) Hz 3JH-F (CDCl3) Hz 

 1H-psyche 19F-NMR 1H-psyche 19F-NMR 1H-psyche 19F-NMR 

Product cis trans cis trans cis trans cis trans cis trans cis trans 

87 25.57 25.83 25.68 25.89 26.17 26.12 26.11 26.13 28.78 25.79 28.80 25.78 

88 14.83 14.82 14.87 14.82 14.49 14.76 14.49 14.77 14.17 14.60 14.26 14.64 

89 9.56 9.06 9.57 9.04 9.30 8.85 9.33 8.87 n/d n/d 9.28 8.75 

 a Side chain experimental vicinal coupling constants, 3JHF,obs, determined for cis and trans-isomers of model 
acetamides 87-89, in each corresponding solvent. For its comparison, the evaluation in the basis of 1H-NMR 
(psyche) and 19F-NMR signals are given separately.[19,20] 

 

Figure 2.15: Fluorine/amide-bond side chain configuration. Experimental NOE contacts (black arrows) 
and theoretical vs. experimental vicinal 3JH-F coupling constants observed within fluorinated model 
acetamides 87 (a), 88 (b) and 89 (c) in their preferred cis-conformations (CD3CN). Limit values for 3JHF used 
are 32 Hz for a HF coupling in anti and 8 Hz for a coupling in gauche.[18]  
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Using the values proposed by O’Hagan and co-workers in related systems, where 3JHF,anti= 32 Hz 

and 3JHF,gauche= 8 Hz, we were able to calculate the theoretical average coupling constants of the 

fluoroethyl side chain in both conformers of 87 (3JHF,calc, Figure 2.15a). A value of 20 Hz was 

calculated for an ideal fluorine/amide gauche conformation, and a significantly lower value of 8 Hz 

was calculated for the alternative fluorine/amide anti configuration. The observed value found 

within the major cis-isomer of 87 was 3JHF,obs= 25.7 Hz. This value gives a strong indication of an 

overall gauche-amide preferred orientation of the fluorine atom within the side chain. A similar 
3JHF,obs value was found upon analysis of the trans-isomer, indicating that the same fluorine/amide 

gauche orientation takes place in both conformers regardless their amide bond configuration. Two 

possible staggered conformations were also possible in N2fEt peptoid 88 (Figure 2.15b). A 

fluorine to amide +gauche/-gauche structure with a predicted 3JHF,calc= 20 Hz and a fluorine to 

amide anti/(+/-)gauche conformation with a theoretical 3JHF,calc= 14 Hz. The observed value in the 

preferred cis-isomer of 88 was 3JHF,obs= 14.9 Hz. This coupling constant shows thus perfect 

agreement with an anti/(+/-)gauche conformation, demonstrating that only one fluorine atom may 

be actually located in gauche to the peptoid amide bond. Similarly to what was observed for 87, in 

88 there was no significant variation in the experimental 3JHF,obs values between cis- and trans-

isomers, again indicating that the same fluorine to amide bond configuration is present in both 

isomers. It is important to note that no significant changes in the observed coupling constants were 

either seen when the NMR solvents were changed (as shown in Table 2.2). This suggests that the 

relative configuration of the fluorine atom(s) is not only maintained within each cis/trans pair, but 

that is also highly conserved regardless of the solvent polarity. In peptoid 89 we observed, as could 

be expected, fast rotation of the trifluoromethyl group through the CF3-Cα bond. This is well 

evidenced by the experimental 3JHF,obs coupling constants, which were significantly deviated from 

the calculated values which assume a static fluorine amide arrangement (ie. due to increased 

participation of other conformations as for example eclipsed ones, Figure 2.15c).  

Altogether, these results present strong evidence that a fluorine gauche effect is not the major 

factor responsible for the strong cis-amide enhancement observed, at least when comparing 

monomers 87 and 88. In fact, these findings seem to support the hypothesis that the cis-amide 

enhancement observed is due to the inductive effect of fluorine atoms. As the positive polarization 

at the Cα carbon increases the peptoid preference to adopt a cis-amide geometry also increases, as 

the δ+ polarized Cα carbon can form a stabilising interaction with the oxygen of the amide carbonyl 

group (exemplified in Figure 2.14).   
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2.3.3 Single Crystal X-ray Analysis of fluorinated model peptoids 88 and 89 

To lend further experimental support to the theoretically predicted configurations of the fluoroalkyl 

side chains within our model peptoid monomers, we looked to gather further structural data. 

Satisfyingly, we were able to crystallize peptoids 88 and 89 by slow solvent evaporation of their 

AcOEt saturated solutions. Then, diffraction quality crystals were selected and their 3D structures 

determined by single-crystal X-ray crystallography. Gratifyingly, perfect agreement between the 

solid-state structure and that what was predicted by NMR analysis was obtained for 88, as shown in 

Figure 2.16. Complete crystallographic data and further representations are given in the 

corresponding experimental section of this work. 

.  

Figure 2.16: X-ray crystal structure of model peptoid 88. Ball-and-Stick representation of the crystal 
structure found in model acetamide 88. Note that two possibilities were found for the spatial orientation of 
the side chain (solid and dashed lines), showing in both cases a fluorine-to-amide anti/-gauche configuration. 
Color code: C-atoms depicted in grey, N-atoms in blue, O-atoms in red, F-atoms in green and Hydrogens in 
white. All representations were generated with Olex2 software.[21] 

Table 2.3. Solid-state dihedral angles in model peptoid systems 88 and 89. 

 
 

Product 
ω 

[C9-C8-N2-C10] 
ψ 

 [C8-N2-C7-C6] 
  

[N2-C7-C6-N1] 
χ1 

[C7-N2-C10-C11] 

 88a -0.8(7)/46.3(14) 93.0(5)/50.2(16) -176.5(3)/-176.7(8) -86.7(5)/73.2(19)  

89 -13.50(13) -70.91(12) 178.25(9) 97.75(10) 

 a Values given for both independent structures found in the unit cell.  
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Model peptoid monomer 88 in the crystal structure was found to be constituted by two non-

equivalent cis-amide molecules, differing in the side chain spatial orientation, where fluorine atoms 

were adopting an anti/-gauche configuration in relation to the amide nitrogen. Interestingly, these 

conformers were found not to be related by side chain rotation through the N-Cα bond, but showed 

instead mirror-like configurations (shown in Figure 2.16). Cis-amide bonds in 88 were found to be 

close to planarity in the major conformation and significantly more distorted in the minor structure 

(ω88= -0.8º and ω88A= 46.3º; Table 2.3). The side chains were also found to have a well-defined 

orthogonal orientation regarding the main amide bond plane, leaving in both cases the fluorinated 

group in torsion angles close to 90 degrees but orientated to opposite directions. Relevantly, 

contrary to the more intuitive configuration where the two fluorine atoms would allocate gauche to 

the amide bond (+g/-g), thus benefitting from two favourable hyperconjugative σCH→σ*CF 

interactions, only one fluorine atom was found to have this relative configuration. Interestingly, this 

atom seems to be specifically orientated to the carbonyl acetamide extreme instead of facing the 

backbone methylene group where the electronic repulsion would be largely minimized. We 

hypothesize that, in the absence of other steric or repulsive interactions within the molecule, the 

preferred side chain conformation in 88 may be feasibly optimized to maximize the alignment 

between the difluoro-ethylamine and the amide bond partial dipoles, as this can only be achieved in 

such specular fluorine-to-amide (-g/a) relative orientations where the gauche fluorine atom is 

specifically directed to the acetyl extreme.  

In comparison with 88, when single crystals arising from the trifluoro-ethylamine peptoid 

monomer 89 were analysed a single cis-amide structure was found. As in the previous example, the 

amide bond in compound 89 showed a well-defined cisoid geometry, showing a dihedral angle of 

ω89= -13.5(2)º (Table 2.3). The fluorinated side chain was also found to maintain the observed 

orthogonal orientation regarding the amide bond plane as found in 88, leaving the trifluoromethyl 

group with a relative slightly deviated torsion angle of χ89= 97.75(10)º. As could be expected, the 

three fluorine atoms present within the side chain were found to be located in the most 

energetically favourable +gauche/anti/-gauche arrangement regarding the amide nitrogen, as 

shown in Figure 2.17. 
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Figure 2.17: X-ray crystal structure of model peptoid 89. Ball-and-Stick representation of the crystal 
structure found in model acetamide 89. A single configuration was found for the spatial orientation of the 
side chain, being perpendicular to the amide-bond plane and having the fluorine atoms located in 
anti/+gauche/-gauche (a, +g, -g) to the tertiary C-N bond. Color code: C-atoms depicted in grey, N-atoms in 
blue, O-atoms in red, F-atoms in green and Hydrogens in white. All representations were generated with 
Olex2 software.[21] 

Overall it is worth highlighting that, based on the analysis of the crystal structures of 88 and 89, 

neither fluorine-oxygen repulsive interactions, nor unfavourable steric clashes would appear to 

contribute significantly to the cis/trans conformation preferences observed in these systems. 

2.3.4 Effect of fluorine in the secondary structure of model peptoid oligomers 

Encouraged by the high cis/trans ratios observed upon fluorine substitution within the NEt based 

monomer, in especial after di- and tri-fluorination, we looked to analyse whether or not this 

propensity was maintained when the residues were located into longer oligomers. Furthermore, 

considering that their cis preferences were similar to those exhibited by the chiral aromatic Nspe 

motif, we envisioned that our novel fluorinated side chains would potentially help to engender 

more defined peptoid secondary helical structures.  

2.3.4.1 Design and synthesis of model full length peptoids 

With this in mind, we designed a model 15-mer peptoid oligomer, 91, based in ethylamine side 

chains [NLys-NEt-Nspe][ NLys-NEt-NEt]4, from which two groups of fluorinated peptoids were 

designed (represented in Figure 2.18). In the first group we introduced a single ethylamine 
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replacement at the centre of each repeating triad by a fluorinated analogue (group 1, [NLys-X- 

Nspe][NLys-X-NEt]4, peptoids 92-94). In the second group we replaced all the NEt residues present 

in peptoid 91, in order to explore if there was an accumulative behaviour upon increasing even 

further the number of fluoro-residues, or even a plausible cooperative effect between replacements 

made at consecutive positions of the primary sequence (group 2, [NLys-X-Nspe][NLys-X-X]4, 

peptoids 95-97).  
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All of the target peptoids (91-97) were prepared manually using the well-established sub-monomer 

solid phase synthesis method.[22] Briefly, in the sub-monomer synthesis strategy the peptoid chain 

is grown sequentially from a Rink-amide resin by applying repeated cycles of amine 

bromoacetylation followed by the subsequent displacement of the Br atom by a second primary 

amine. A schematic representation of the procedure is given in Figure 2.19. Each displacement 

reaction allows the incorporation of a different peptoid monomer (R-NH2), enabling the generation 

of peptoid side chain diversity.  

 

Figure 2.19: The submonomer strategy for solid phase peptoid synthesis (SPPS). i. Rink amide resin 
deprotection; ii. Bromoacetylation step; iii. Bromine displacement using a primary amine (R-NH2); Steps ii 
and iii are iterated for peptoid elongation; iv. Acidic cleavage from the resin using TFA. Note that when 
amines employed have other sensitive functional groups (i.e. nucleophilic -NH2, -OH, -SH functionalities) 
monomers used are protected by a suitable protecting group.  

N-Boc-1,4-diaminobutane (98) was employed for the incorporation of the “Lysine like” peptoid 

monomer (NLys, 99), freeing the corresponding amino functionality after the final acidic cleavage 

(Figure 2.20). A detailed description of the experimental procedures used for the synthesis of these 

peptoids and their characterization data can be found in the Experimental Chapter 7, sections 7.5 

and 7.8.4. In all cases peptoids were obtained at purities > 95%, as confirmed by analytical RP-

HPLC. 

 

Figure 2.20: SPSS incorporation and deprotection of Boc-protected NLys peptoid monomers.  
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Evaluation of the real peptoid concentration in the samples prepared for CD spectroscopy is a 

critical step to guarantee reproducibility and accuracy of the measures performed. In general 

peptide concentration can be easily evaluated in the basis of the UV-Vis absorption properties of 

the aromatic Tyrosine, Phenylalanine or Tryptophan residues present, which exhibit well known 

molar extinction coefficients in aqueous solution. However, we found that this methodology was 

hardly applicable to assess the real concentration of our peptoid oligomers stock solutions. On one 

side, model peptoids 91-97 exhibited only weak absorption properties in the UV region, due to the 

presence of a single aromatic residue in the sequence. At the same time, low peptoid solubility also 

imposed severe restrictions to the analysis. As can be observed in Figure 2.21, in particular the 

presence of a shoulder absorption maxima located at 280 nm, showing a variable intensity between 

samples, evidenced that in most cases the environment of the Nspe residue was in fact 

heterogeneous, most likely indicating peptoid aggregation/assembly at the minimum concentrations 

required for this analysis (~2 mg ml-1).  Further dilution of the samples led to poor signal-to-noise 

ratios within the recorded spectra. 

 
Figure 2.21: UV-Vis spectra of peptoids oligomers 91-97.  

We then chose to evaluate the TFA content in each sample by NMR spectroscopy, which allowed 

to assess the relative peptoid/TFA ratio by direct integration of their corresponding 19F-NMR 

signals. Quantification of the TFA content in the non-fluorinated peptoid 91 stock solution was 

achieved by spiking into the sample 5μl of a reference hexafluorobenzene solution (1% v/v in 
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CD3CN).  For all samples, the results of this analysis identified a total number of 6 TFA 

counterions per peptoid molecule, showing thus perfect agreement with the expected presence of 6 

positive charges in each sequence. 19F-NMR traces for each peptoid and the corresponding 

evaluation of the peptoid/TFA relative content is given in Figure 2.22. 
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2.3.4.2 Secondary structure of fluorinated peptoids in aqueous media 

A detailed characterization of the secondary structure exhibited by our novel fluorinated peptoids 

was next performed by Circular Dichroism (CD) in aqueous solution. The substitution of non-chiral 

NEt residues by any of the proposed fluorinated analogues clearly enhanced the CD minima at 218 

nm (Mθ,218), characteristic of the helical structure content (shown in Table 2.4, Figure 2.23). 

Table 2.4 Main CD spectra parameters of peptoid oligomers 91-97. 

Peptoid a Mθ,218 *10-3             

(deg cm2 dmol-1) 

b ΔMθ,218/nf *10-3          

(deg cm2 dmol-1) 

c Mθ,218,RES*10-3                         

(deg cm2 dmol-1 residue-1) 

91 -9.63±0.45 0.000 0.64±0.03 

92 -16.29±1.04 1.33±0.23 1.09±0.07 

93 -22.27±2.45 2.53±0.50 1.48±0.16 

94 -26.63±1.56 3.40±0.32 1.76±0.10 

95 -23.56±0.47 1.55±0.07 1.57±0.03 

96 -35.09±1.10 2.83±0.13 2.34±0.07 

97 -33.69±1.14 2.67±0.14 2.25±0.08 

Average main CD spectra parameters as determined for peptoids 91-97 from three different concentrations in 
H2O. a Mθ,218: Molar ellipticity; 

b Mθ,218/nf: Increase in molar ellipticity per fluorinated residue incorporated; c 

Mθ,218,RES: per amide mean molar ellipticity. Corresponding standard deviation given in all cases in the basis 
of n= 3 with sample concentrations in the range [250-30] μM.  nf = number of ethylamine residues replaced.  

When 5 replacements where done in non-consecutive positions (group 1, peptoids 92-94, nf= 5), 

the overall increase in molar ellipticity was found to be proportional to the number of fluorine 

atoms incorporated, from the non-fluorinated peptoid to the N1fEt based analogue (ΔMθ,218/nf = 

1331 deg cm2 dmol-1) and the N2fEt di-fluorinated version (~2X increase, ΔMθ,218/nf = 2553 deg cm2 

dmol-1), following thus the general trend that could be anticipated from previous NMR analysis in 

small systems. Also, in agreement, the N3fEt based peptoid exhibited a relative increase in the 

Mθ,218 signal slightly lower than the expected in the basis of the three fluorine atoms present at the 

side chain, each residue exerting an effect only 2.6 times higher than that imposed by the N1fEt 

residue (ΔMθ,218/nf = 3399 deg cm2 dmol-1).  
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Figure 2.23: CD spectra traces of novel fluoro-peptoids 92-94 in H2O. (a) Average CD spectrums of 
peptoid oligomers from group 1, having a single NEt residue substituted per repeating unit: nf= 5, 92-94. (b) 
Absolute increases in Mθ,218 per number of residues replaced (ΔMθ,218/nf). In all cases mean values and 
corresponding standard deviations are given in the basis of 3 independent samples (n= 3) with molar 
concentrations in the range [250-30] μM. Color code: in blue: 1fEt-peptoids, in green: 2fEt-peptoids and in 
red: 3fEt based peptoids. Non-fluorinated control NEt peptoid 91 shown in black.  

When the more fluoro-substituted peptoids in group 2 were analysed (95-98, nf= 9), higher values 

of Mθ,218 were observed in all cases, indicating that the secondary structure enhancement caused by 

the incorporation of fluorinated side chains has an overall accumulative behaviour. Even more, the 

net ΔMθ,218 induced by each N1fEt and N2fEt residue in peptoids from the group 2 were in general 

higher than those observed when only 5 replacements were made, evidencing the presence of a 
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rather slightly cooperative effect between fluorinated side chains placed at neighbouring positions 

of the sequence (95: 1fEt: and 96: 2fEt vs. 92: 1fEt and 93: 2fEt; Table 2, Figure 2.24).  

 

Figure 2.24: CD spectra traces of novel fluoro-peptoids 95-98 in H2O. (a) Average CD spectrums of 
peptoid oligomers from group 2, where all the NEt residues present have been replaced per fluorinated 
monomers: nf= 9, peptoids 95-98. (b) Absolute increases in Mθ,218 per number of residues replaced 
(ΔMθ,218/nf). In all cases mean values and corresponding standard deviations are given in the basis of 3 
independent samples (n= 3) with molar concentrations in the range [250-30] μM. Color code: in blue: 1fEt-
peptoids, in green: 2fEt-peptoids and in red: 3fEt based peptoids. Non-fluorinated control NEt peptoid 91 
shown in black.  

Interestingly, this cooperative effect was not observed in the N3fEt based peptoid 97, as it showed 

relative increases in Mθ,218 per fluorinated residue significantly lower than those observed when 5 

only replacements were made (peptoid 94: nf= 5, ΔMθ,218/nf= 3399 deg cm2 dmol-1; peptoid 97: nf= 
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9, ΔMθ,218/nf= 2670 deg cm2 dmol-1). We hypothesize that this behaviour may be potentially related 

to the enhanced steric hindrance and electronic repulsion that the trifluoromethyl group can impose 

due to its larger effective volume. Calculations based our crystal data allowed us to determine the 

volume of the terminal di-fluoromethyl and tri-fluoromethyl groups, being 29.63 and 40.47 Å3 

respectively. It is possible that the introduction of a second row of more sterically demanding and 

repulsive neighbouring tri-fluorinated side chains in peptoid 97 may be enhancing the formation of 

helical structures individually more distorted that the ones formed when only 5 well-spaced 

residues are present, explaining thus the non-cooperative effect and the lower than expected values 

in molar helicity observed for oligomer 97. From the data obtained it is clear that, in any case, the 

balance between inductive and steric effects is optimum upon incorporation of di-fluorinated N2fEt 

monomers and not for the tri-fluorinated N3fEt ones, at least in the case of highly consecutive 

substituted sequences (e.g. peptoid 96 vs. 97). Overall, we consider these results unprecedented 

accounting for the fact that the proposed fluorinated side chains are not chiral, aromatic or even 

bulky, and that the effect observed upon fluorine introduction has been shown to be of a weak 

inductive nature. 

2.3.4.3 Thermal stability of fluoro-alkyl peptoids:  

The changes in the CD spectra as a function of the temperature, at the wavelength characteristic of 

a defined secondary structure, can be used to follow the progression of its unfolding process 

(thermal denaturalization profile). It also allows to characterize the main thermodynamic 

parameters involved in the peptoid folded-to-unfolded transition (change of state), such as the Van’t 

Hoff enthalpy (ΔH), the entropy  (ΔS), the free  energy (ΔG) of the process and the temperature at 

the midpoint  of  the  transition (also known as melting temperature, TM).[23] In general, is this latest 

parameter which is preferred to exemplify and compare the thermal stability of a given secondary 

structure. To assess the effect of fluorine incorporation on the stability of our model peptoids 

helices, we performed the corresponding temperature induced denaturalization experiments by 

monitoring the Mθ,218 variations from 22 to 96 ºC in aqueous media. The CD spectra at varying 

temperatures and the derived unfolding profiles for each peptoid are given in Figures 2.25 and 

2.26. Main parameters measured are reported for their comparison in Table 2.5. 

In general, no significant differences were observed in the unfolding profiles of the fluorinated 

peptoids when compared to those obtained for the non-fluorinated control peptoid 91 (shown in 

Figures 2.25 and 2.26). In agreement with the general high thermal stability that display, in 
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general, most peptoid oligomers, the fluorinated analogues showed only minimal structural changes 

upon heating. In fact, none of them was able to undergo the complete transition between folded-

unfolded states within the range of temperatures tested. The calculated fractions of peptoid that 

remained helically folded at 96 ºC, fN, were for all analogues around 0.8, similar or slightly higher 

than that observed in peptoid 91 (fN= 0.78; Table 2.5). In the same sense, comparison of the 

predicted apparent melting temperatures as based in an ideal two-state transition process, TM, 

showed almost negligible variations between analogues. Both results shown here clearly 

corroborate that fluorine incorporation does not lead to poorly or less thermodynamically stable 

peptoid helices.  

Table 2.5 Thermal denaturalization of peptoids 91-97.a 

Peptoid  Mθ,218 (22 ºC)           
*10-3 (deg cm2 dmol-1) 

 Mθ,218 (96 ºC)           
*10-3 (deg cm2 dmol-1) 

folded fraction    
fN (96ºC) 

ΔH          
(kcal mol-1) 

TM 

91 -9.33 -7.25 0.78 8.4±1.3 174± 39 

92 -17.76 -14.57 0.82 6.8±0.7 160±15 

93 -21.52 -18.10 0.84 9.3±1.1 161± 16 

94 -26.33 -20.66 0.78 8.3±1.3 162± 21 

95 -26.21 -22.10 0.84 8.5±1.2 161± 15 

96 -36.07 -28.55 0.79 10.9±1.5 147± 14 

97 -36.13 29.29 0.81 7.3±0.5 161± 9 

a Average main CD spectra parameters and corresponding standard deviation given in all cases in the basis of 
n= 3 using sample concentrations in the range [200-100] μM. More details regarding the numerical 
evaluation of the parameters are given in the experimental section of this work (Chapter 7).  
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Figure 2.25: Thermal denaturalization of fluorinated peptoids from group 1. Left panels showing the 
variations in the CD spectra of peptoids 91-94 with increased temperatures. Right panels showing the 
denaturalization fN vs T profiles for each sample. All data shown as measured in H2O. 
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Figure 2.26: Thermal denaturalization of fluorinated peptoids from group 2. Left panels showing the 
variations in the CD spectra of peptoids 91, 95-97 with increased temperatures. Right panels showing the 
denaturalization fN vs T profiles for each sample. All data shown as measured in H2O. 
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2.3.4.4 Secondary structure in polar aprotic solvents: acetonitrile (CH3CN) 

Peptoids helices containing chiral aromatic residues have been found to be highly stable to solvent 

induced effects, as steric interactions greatly dominate in their secondary structure 

stabilization.[24,25] Taking into account that none of the proposed fluorinated peptoid monomers 83-

85 are significantly bulky and that our preceding results indicate that their effect is exerted by 

means of weak dipolar interactions we considered interesting to explore to which extension this 

characteristic remains true in fluorinated peptoid helices.  

Acetonitrile has become the preferred solvent to perform CD spectra analyses in peptoids, in 

especial for the study of sequences that contain a high number of hydrophobic chiral aromatic 

residues. In fact, in some specific cases, acetonitrile has been shown to slightly favour peptoid 

folding when compared to the use of aqueous solutions. This folding enhancing effect was also 

found upon CD spectra analysis of the fluorinated oligomers from group 1, 92 and 93. An example 

of such behaviour is given for peptoid 93 in Figure 2.27. 

 
Figure 2.27: CD spectra of peptoid 93 at increased CH3CN : H2O solvent ratios. Smoothed CD spectra 
of peptoid 93 as measured at 22 ºC, at the solvents stated and at known concentrations in the range [76.2-
152.4] μM.  

All peptoids from group 1, including reference peptoid oligomer 91, were found to exhibit the 

general spectroscopic features associated with the presence of helically folded peptoids, showing a 

strong positive maximum at ~185 nm, and two clear minima at λ values of 198 and 220 nm. This 

last peak was found to appear slightly red shifted in 2 nm from its previous position in water (λ= 
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218 nm). For peptoids 92-93, the mean molar ellipticities values were found to be significantly 

higher than those previously determined in aqueous solution, indicating an increase in either the 

global helical content and/or the individual helix order (Table 2.6, Figure 2.28a)). From this trend, 

the effect of the solvent was found to be the opposed when analysing peptoid 94, based in the 

N3fEt peptoid monomer 85. This peptoid oligomer showed a relatively weak molar ellipticity at 

220 nm being, in fact, slightly attenuated when compared to those values previously found in water 

(23.4 vs. 26.6x103 deg cm2 dmol-1; Tables 2.6 and 2.4).     

Table 2.6 CD spectra main average parameters for peptoid oligomers 91-97 in CH3CN. 

Peptoid a Mθ,220 *10-3           

(deg cm2 dmol-1) 

a Mθ,198 *10-3                  

(deg cm2 dmol-1) 

b ΔMθ,220/nf *10-3           

(deg cm2 dmol-1) 

91 -14.11±0.24 -9.63±0.88 0.000 

92 -22.03±1.05 c -19.83±1.05 2.52±0.23 

93 -33.91±0.78 -30.48±2.09 4.90±0.18 

94 -23.41±0.51 -17.71±1.75 2.80±0.14 

95 -17.49±0.8 c -12.98±3.45 c 0.90±0.10 c 

96 -23.19±1.78 -15.06±0.58 1.53±0.20 

97 -21.48±1.29 -9.79±2.12 1.34±0.15 

a Mθ,220 and Mθ,198 : Molar ellipticities at the absorption minima; 
b ΔMθ,220/nf: Increase in molar ellipticity per 

fluorinated residue incorporated (nf ). Corresponding standard deviation given in the basis of n= 3. c Standard 
deviation for n=2. All samples measured at known molar concentrations in the range [250-30] μM. 
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Figure 2.28: CD spectra of peptoids 91- 97 in CH3CN. Average CD spectrums determined for fluorinated 
and non-fluorinated ethylamine based peptoids in CH3CN. (a) Peptoids in group 1, having a single NEt 
residue substituted per repeating unit: nf= 5, 92- 94; (b) Neat values of Mθ,220 for each peptoid as a function 
of the fluorinated residue incorporated. (c) Shown are peptoids in group 2, where all the NEt residues present 
were replaced per fluorinated monomers: nf= 9, 95- 97. (d) Neat values of Mθ,218 for each peptoid as a 
function of the fluorinated monomer incorporated. In all cases mean values and corresponding standard 
deviations are given in the basis of 3 independent samples (n= 3) with molar concentrations in the range 
[250-30] μM.. Color code: in blue: 1fEt-peptoids, in green: 2fEt-peptoids and in red: 3fEt based peptoids. 
Non-fluorinated control NEt peptoid 91 shown in black.  

Relevantly, the relative general trend imposed upon fluorine incorporation was found to be 

maintained within the group (Figure 2.27b). Substitution of non-fluorinated NEt residues by 

monofluorinated N1fEt produced a significant overall increase in the peptoid Mθ,220, in the order of 

2.5x103 deg cm2 dmol-1 per each residue replaced. Substitution of the same residues by the di-

fluorinated building block produced approximately a two-fold higher increase in this value 

(4.9x103 deg cm2 dmol-1, Table 2.6). This linear correlation did not extend to N3fEt residues in 

oligomer 94, which relative increases in Mθ,220 per NEt group replaced are similar to those achieved 

when placing monofluorinated N1fEt side chains.           
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Interestingly, in the presence of CH3CN the more fluorinated peptoids in group 2 showed different 

spectral features to those of group 1 (Figure 2.28c). The spectra signature of peptoid oligomers 95-

97 shows striking changes that are especially evident at the 200 nm region, where the intensity of 

the CD minima corresponding to the more disordered state appears strongly attenuated. The values 

of Mθ,220 determined in MeCN for all peptoids within the group were in general lower than those 

previously observed in water but still, all of them exhibited significant CD signals at 220 nm, in the 

range of 20x103 deg cm2 dmol-1, indicative of helically folded conformations. As observed in group 

1, the substitution of non-fluorinated NEt residues by the monofluorinated N1fEt monomer 

produced an overall increase in the peptoid Mθ,220 (Figure 2.27d). Higher increases were also 

observed when consecutive replacements are made using the di-fluorinated building block N2fEt. 

Again, this correlation did not extend to the incorporation of N3fEt residues in oligomer 97, 

showing lower than expected values of Mθ,220 in the basis of a linear relationship with the number 

of fluorine atoms present.           

It is worth highlighting that the mean Mθ,220 values for all peptoids within group 2 were found to be 

lower than those of their corresponding variants in group 1 (peptoid 108 vs. 111, 109 vs. 112 and 

110 vs. 113), most likely evidencing the presence of a structural change between both groups. 

Recent results within the Cobb group have demonstrated that a similar CD spectra signature is 

observed when some non-fluorinated peptoids are partitioned to membrane-like environments such 

as octanol.[26] We hypothesize that peptoids from group 2 in CH3CN may be undergoing a similar 

conformational change. However, so far, such secondary structure remains widely uncharacterized. 

2.3.4.5 Secondary structure in fluorinated solvents: 2,2,2-trifluroethanol (TFE)  

We wished to further investigate the secondary structure of our model peptoid oligomers in 

fluorinated solvents. In particular, due to its lipophilic properties, 2,2,2-trifluoroethanol (TFE) has 

been broadly used as a membrane-like environment that enables the study of the conformational 

changes that are induced in peptides and related biomolecules upon interaction with lipidic 

environments.[27] 

In peptide systems the hydrophobic effect exerted by the presence of fluorinated residues in 

aqueous media accounts as the major driving force contributing to the peptide folding process 

(Chapter 1, section 1.4.1). The minimization of the peptide hydrophobic surface area exposed to 

the polar solvent, achieved by burying the fluorinated residues in the core region of the folded state, 
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greatly increases the solvent entropy allowing the folding process to proceed in such a way that the 

Gibbs free energy decreases. We hypothesized that this effect could be feasibly be reversed in the 

presence of fluorinated solvents, where the peptoid fluorinated residues would exert a greater 

stabilization if directly exposed to the more lipophilic TFE environment. We expected that 

significant, but not random changes in the secondary structures of our peptoids could be this way 

produced. An example of the CD spectra changes observed upon increasing the TFE solvent ratio 

from 100% water to 100% TFE is given for peptoid oligomer 93 in Figure 2.29. The main spectral 

parameters determined for all peptoids 92-97 in TFE are given in Table 2.7. 

 

Figure 2.29: CD spectra of peptoid oligomer 93 at increased TFE : H2O solvent ratios. Smoothed CD 
spectra of samples measured at 22ºC, at the solvent mixture stated, at known concentrations in the range 
[76.2-152.4] μM.  

Table 2.7 CD spectra main average parameters in TFE.a 

Peptoid b Mθ,216 *10-3           

(deg cm2 dmol-1) 

b Mθ,198 *10-3                

(deg cm2 dmol-1) 

c ΔMθ,216/nf *10-3      

(deg cm2 dmol-1) 

91 -5.26±0.73 -9.73±0.73 0.000 

92 -17.34±0.67 -31.62±0.67 2.42±0.16 

93 -30.15±3.97 -47.22±3.96 4.98±0.80 

94 -28.06±0.72 -42.10±0.72 4.56±0.17 

95 -14.37±1.08 d -14.37±1.08 c 1.01±0.13 c 

96 -24.52±1.42 -24.53±1.42 2.14±0.17 

97 -24.04±0.86 -24.04±0.86 2.09±0.11 

aAverage main CD spectra parameters as determined for peptoids oligomers 91-97 in TFE. b Mθ,216, Mθ,198 : 
Molar ellipticities at the absorption minima; 

c Mθ,216/nf: Increase in molar ellipticity per fluorinated residue 
incorporated (nf ). Corresponding standard deviation given in the basis of n= 3. dStandard deviation for n= 2. 
All samples measured at known molar concentrations in the range [250-30] μM. 
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In general, for all peptoids in group 1, we could observe significant changes in their CD spectra 

profiles as a consequence of the solvent replacement (Figure 2.30). Interestingly, the position of 

the CD minima associated with the secondary helical structure was found to be in this case clearly 

blue shifted in approximately 2-3 nm regarding that observed in water, from 218 nm to 215-216 

nm. All peptoids in the series showed increased ellipticity values at both minima when compared to 

those determined previously in water (Table 2.7). These results showed poor correlation with a 

possible denaturalization of the peptoids into more globular or random-coil structures, as in 

peptoids this structural change proceeds in general causing a significant or even complete depletion 

of the CD signals. Also, as previously observed in other solvents, when compared to the non-

fluorinated control peptoid 91, we found a linear correlation in the mean molar ellipticities that are 

induced upon introduction of N1fEt and N2fEt residues evidencing that, regardless the 

conformational effect imposed by the solvent, fluorine-based monomers induce a general 

stabilization of the peptoid secondary structure. This is well reflected by the fact that under the 

same conditions, non-fluorinated oligomer 91 does not show any characteristic secondary structure. 

It is relevant to note that the presence of such a linear correlation does further support the formation 

of non-randomly folded secondary structures.   

 

Figure 2.30: CD spectra of peptoids Pep.91-Pep.94 in TFE. (a) Average CD spectrums determined for 
fluorinated and non-fluorinated ethylamine based peptoids in TFE. (b) Neat values of Mθ,218 for each peptoid 
as a function of the fluorinated monomer incorporated. In all cases mean values and corresponding standard 
deviations are given in the basis of 3 independent samples (n= 3) using peptoid concentrations in the range 
[250-30] μM. Color code: in blue: 1fEt-peptoids, in green: 2fEt-peptoids and in red: 3fEt based peptoids. 
Non-fluorinated control NEt peptoid 91 shown in black.  

The more fluorinated peptoids in group 2 showed in general similar spectral features to those 

abovementioned for peptoids in group 1, but unexpectedly they were found to exhibit significantly 
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attenuated ellipticities at both minima, as shown in Figure 2.31. This result evidenced that, 

contrary to the general trend found in water, in the presence of TFE more ordered secondary 

structures are achieved when fluorinated residues are placed at not consecutive relative (i, i+3) 

positions. This global behaviour seems to reinforce the hypothesis that a non-random, defined and 

ordered secondary structure is being produced for the fluoro-peptoids in TFE, being sensitive to 

sequence composition/residue distribution and most likely also to steric crowding effects. 

 

Figure 2.31: CD spectra of peptoids 95- 97 in TFE. (a) Average CD spectrums determined for fluorinated 
and non-fluorinated ethylamine based peptoids 91, 95-97 in TFE. (b) Neat values of Mθ,218 for each peptoid 
as a function of the peptoid monomer incorporated. In all cases mean values and corresponding standard 
deviations are given in the basis of 3 independent samples (n= 3) with peptoid concentrations in the range 
[250-30] μM. Color code: in blue: 1fEt-peptoids, in green: 2fEt-peptoids and in red: 3fEt based peptoids. 
Non-fluorinated control NEt peptoid 91 shown in black.  

To further corroborate whether or not the solvent induced conformational changes observed were 

specifically due to the presence of fluorinated residues, we added peptoid oligomer 100 to the 

study, which has a similar sequence to that of peptoid oligomers 92-94 but contains the chiral 

aromatic Nspe residue (Figure 2.32a). In agreement with previous observations in related 

oligomers, peptoid 100 in aqueous solution shows a well-defined helical structure, greatly 

stabilized by hydrophobic interactions between the side chains aromatic rings (Figure 2.32b). In 

contrast to the behaviour shown for the fluoro-peptoids, when this non-fluorinated analogue was 

analysed in TFE we could confirm that the use of this solvent does not significantly alter its 

structural preference. This result implies that the conformational changes induced by TFE in 

peptoids 92-97 does specifically arise due to the presence of the fluorine atoms in their sequences.  
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Figure 2.32: CD spectra of Nspe based control peptoid oligomer 100 in H2O and TFE. (a) Structure of 
Nspe based peptoid oligomer 100. (b) Average CD spectra of 100 as analysed in H2O (black solid line) and 
in TFE (grey solid lines). Both samples measured as by triplicate (n= 3) using peptoid concentrations in the 
range [50-12.5] μM 

We noted that the CD spectra signature of the fluorinated peptoids in TFE closely resembles that 

found for some structurally irregular proteins, such as aprotinin.[28] We hypothesized that this 

behaviour would be in good agreement with the higher conformational variety that would arise if 

TFE was causing the disruption of the fluorine induced hydrophobic interactions present. However, 

this rather disordering effect of the solvent would hardy explain the clear increases in molar 

ellipticities observed for the peptoids within group 1, and the correlation found within both groups 

between the CD spectra minima, Mθ,216, and the nature of the fluorinated residues placed. It is 

obvious that the possibility of a peptoid rearrangement into a different and unique secondary 

structure, having a characteristic CD profile matching the ones observed, would show in general a 

better agreement with the results found. This possibility cannot be discarded on the basis of our 

data. In fact, the CD spectra signature found for several cyclic peptoid and related peptoid-mimetic 

structures, including the Blackwell’s “peptoid loop” but in particular head-to-tail cyclic α,β-

peptoids, perfectly match the general spectral features obtained here.[29,30] It is possible that, in fact, 

a more or less related secondary structure is being stabilized for our model fluorinated peptoids in 

TFE.  

It would be particularly attractive to expand further the structural study of peptoids from the group 

1, which undergo the most significant conformational changes in organic solvents, as indicated by 
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the clear enhancement observed in their molar ellipticities in MeCN and TFE. Furthermore, our CD 

spectra data suggest that these fluorinated peptoids are able to adopt a distinctive secondary 

structure in TFE, contrary to what is observed in other linear non-fluorinated peptoid oligomers, 

such as the NEt based oligomer 91 and Nspe based peptoid 100.   

2.3.4.6 Enantiomeric Nspe/Nrpe based fluorinated peptoid oligomers 

The author would like to acknowledge the contribution to this part of the work performed by Mr 

Jaimie B. Taylor in the Cobb research group, who carried out the synthesis, purification and CD 

spectra characterization of peptoid 103.   

One significant property that characterize dipolar interactions is that they are extremely sensitive to 

their local environment, being highly specific and site-directed interactions. We hypothesized 

whether or not the presence of fluorine induced dipolar interactions within our peptoid helices 

could feasible lead to significant changes regarding the global preference of our peptoids to fold 

into right or left handle helical structures. We expected that if fluorinated achiral monomers have 

any kind of intrinsic predilection for a defined handedness, it would be evidenced upon CD spectra 

analysis and comparison of enantiomeric Nrpe and Nspe based fluoro-peptoid pairs. With that 

purpose we selected model peptoid oligomers 96 and 97, showing the highest molar ellipticities in 

aqueous media, and synthetized their enantiomeric analogues peptoids 101 and 102, having 

identical sequences but containing a chiral aromatic Nrpe in replacement of the Nspe monomer 

present (Figure 2.33a).  

When the CD spectra of the Nrpe based peptoid oligomers 101 and 102 was analysed, we found 

them to be clearly non-equivalent to those previously determined for their corresponding analogues 

96 and 97. As shown in Figure 2.33b-c and in general, Nrpe analogues were found to maintain the 

characteristic profile of helical peptoids, showing a well conserved CD maximum at 200 nm and a 

slightly blue-shifted maximum at 217 nm. The positive intensities at both peaks evidenced the 

global left handedness of their helical secondary structures (as expected from the opposed absolute 

configuration of the chiral Nrpe peptoid monomer). However, peptoids 101 and 102 show striking 

changes in the relative intensity between both maxima when compared to those of the Nspe 

peptoids, exhibiting significantly attenuated molar ellipticities at 217 nm (Figure 2.33b-c, Table 

2.8). The changes in the CD patterns between Nrpe /Nspe peptoids are especially obvious in the 

range of 190 nm, where a non-zero isodichroic point is observed for both samples. 
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Figure 2.33: CD spectra of enantiomeric fluorinated peptoids in H2O. (a) Structures of Nrpe based 
peptoid oligomers 101 and 102 and their corresponding Nspe analogues 96 and 97. (b) Average CD spectra 
of Nrpe peptoid 101 (red solid line) and its enantiomeric Nspe based analogue 96 (blue solid line). (c) 
Average CD spectra of Nrpe peptoid 102 (red solid line) and its Nspe based analogue 97 (blue solid line). All 
samples measured at known concentrations in the range [250-30] μM. 

Table 2.8 CD spectra parameters of enantiomeric Nrpe/Nspe peptoid pairs.a 

Peptoid b |Mθ,218| *10-3  

(deg cm2 dmol-1) 
%(Δ|Mθ,218|)       

(deg cm2 dmol-1) 

b Mθ,198 *10-3            

(deg cm2 dmol-1) 
%(Δ|Mθ,198|)    

(deg cm2 dmol-1) 

96 35.09 ± 1.10 0 28.93 ± 4.10 0 

101 29.83 ± 1.57 -15 ± 7 34.33 ± 2.34 19 ± 25 

97 33.69 ± 1.14 0 30.81 ± 2.22 0 

102 28.95 ± 0.8 -14 ± 4 32.13 ± 2.17 4 ± 11 

aAverage main CD spectra parameters as determined for peptoids oligomers in H2O. b Mθ,218, Mθ,198 : Molar 
ellipticities at the absorption minima; 

c From the average values: percentage relative increase in Mθ [%(Δ|Mθ|)] 
as referred to Nspe peptoids 96 and 97. All samples measured at concentrations in the range [250-30] μM. 
Corresponding standard deviations are given in the basis of n= 3.  

This behaviour seems to be in strong opposition to other peptoids systems, where sequences based 

in enantiomeric residues have been found to show mirror-image CD spectra.[23] In order to confirm 
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that the changes observed between fluorinated analogues where not arising from slight differences 

in the enantiomeric purities of the stock Rpe/Spe amine solutions employed or other similar 

external factors, we then synthetized the Nrpe version of previous control peptoid 100 (peptoid 113, 

Figure 2.34a). When both peptoids were analysed and compared, completely superimposable CD 

spectra were obtained, proving the equivalence and opposed handedness of their secondary 

structures. The comparative CD spectra of both peptoids is shown in Figure 2.34b.   

 

Figure 2.34: CD spectra of enantiomeric non-fluorinated control peptoids 100 and 103 in H2O. (a) 
Structure of both peptoids. (b) CD spectra of Nrpe peptoid 103 (red solid line) and its enantiomeric Nspe 
based analogue 100 (blue solid line). To prevent concentration dependent effects observed at high 
concentrations both spectra are given as non-averaged spectra measured at similar concentrations of 20-
25μM.  

From the obtained data it is clear that the different behaviour observed between Nspe and Nrpe 

fluorinated analogues does not seem to arise from synthetic factors, being likely an intrinsic 

property of the oligomers. It is possible, even though unlikely, that such behaviour is related to 

different aggregation states in both samples, as no significant variations were found in the CD 

spectra of these oligomers when tested at a broad range of different concentrations. In particular, 

the fact that fluorinated oligomers 101 and 102 show different retention times upon analytical 

HPLC analysis when compared to those of peptoids 96 and 97 seems to confirm that both 

sequences are by no means equivalent. These preliminary results are in fact highly exciting, but a 

more specific and extensive analysis including more fluorinated sequences is required. Also, 
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analysis of the peptoids by other techniques such as SAXS would provide relevant and independent 

information regarding the oligomerization state of the samples, allowing to assess if there are 

significant differences that may account for the inequalities observed.   

2.4 Chapter Summary 

We have shown for the first time the direct application of fluorine to enhance the helical properties 

of α-peptoids. Fluorine’s effect over the peptoid amide bond has been initially explored in small 

model peptoid systems, where it has been shown to induce a remarkable degree of cis-amide 

preference, comparable to that achieved when chiral and bulky aromatic side chains, as the 

Nrpe/Nspe, are employed. A more detailed analysis based in solvent effects, NMR vicinal 3JHF 

coupling constants and X-ray crystallographic data has also been performed. This approximation 

has allowed us to identify the cause of such behaviour as arising from the fluorine atoms polarizing 

properties, discarding other plausible gauche, steric and H-bonding effects. In fact, a good overall 

correlation has been found between the degree of cis-isomer enhancement observed and the 

inductive properties of the Cα substituent (represented by their corresponding inductive parameters 

σI). Furthermore, we have confirmed that the fluorine cis-amide inducting effect is retained even 

when small fluoroalkyl monomers are placed in longer poly-peptoids, where it has been shown to 

enhance the formation of more defined helical structures in sequences containing a minimal ratio of 

chiral aromatic residues (1:15). Significantly, no detriment in the thermal stabilities exhibited by 

these oligomers has been observed. A complete analysis of the secondary structure of these 

molecules has also been performed in a broad range of solvents. Significant changes have been 

observed in the behaviour of the fluorinated oligomers in organic solvents when compared to that 

of their non-fluorinated analogues. In particular, the analysis of some peptoids in fluorinated 

solvents, such as TFE, seems to suggest the formation of a unique and defined secondary structure 

different to that observed for either NEt and Nspe analogues. Furthermore, unlike non-fluorinated 

peptoid oligomers, which have been shown to have strongly conserved secondary structures 

regardless the environmental polarity, fluorinated peptoids seem to be more sensitive to these 

factors. Tunability of the peptoid secondary structure in the basis of the environmental properties 

and/or solvent induced effects may be indeed a key property to improve the potential of these 

molecules as future therapeutic candidates (i.e. enhanced selectivity towards specific targets).  

In summary, we have demonstrated that fluorine can be successfully applied as a novel route to 

control the amide bond isomerism in peptoids. This is achieved via application of inductive factors, 
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over riding the need for other steric factors (i.e bulky/chiral residues) and/or electronic n→π 

interactions (aromatic neutral/charged residues). Proper positioning of the aliphatic side chains in a 

three-dimensional helix constitutes so far, a challenge in peptoid chemistry, due to the intrinsic lack 

of cis-amide preference exhibited by small alkyl residues. Nevertheless, its control results critical 

for the potential therapeutic application of peptoids as peptide/protein surrogates, as in many cases 

their biological functions are strongly regulated by specific 3D-structure recognition processes (i.e. 

protein-protein interactions). We consider that the use of small aliphatic fluorine scaffolds with 

enhanced cis-amide preferences, such as the ones herein developed, will help in the design of 

accurate 3-dimensional peptide analogues and related novel bio-compatible materials. 

2.5 References  

[1] P. Armand, K. Kirshenbaum, A. Falicov, R. L. Dunbrack, K. A. Dill, R. N. Zuckermann, F. E. 
Cohen, Fold. Des. 1997, 2, 369–375. 

[2] S. B. Y. Shin, B. Yoo, L. J. Todaro, K. Kirshenbaum, J. Am. Chem. Soc. 2007, 129, 3218–3225. 
[3] N. H. Shah, G. L. Butterfoss, K. Nguyen, B. Yoo, R. Bonneau, D. L. Rabenstein, K. 

Kirshenbaum, J. Am. Chem. Soc. 2008, 130, 16622–16632. 
[4] C. W. Wu, K. Kirshenbaum, T. J. Sanborn, J. A. Patch, K. Huang, K. A. Dill, R. N. Zuckermann, 

A. E. Barron, J. Am. Chem. Soc. 2003, 125, 13525–13530. 
[5] B. C. Gorske, B. L. Bastian, G. D. Geske, H. E. Blackwell, J. Am. Chem. Soc. 2007, 129, 8928–

8929. 
[6] O. Roy, C. Caumes, Y. Esvan, C. Didierjean, S. Faure, C. Taillefumier, Org. Lett. 2013, 15, 

2246–2249. 
[7] C. Caumes, O. Roy, S. Faure, C. Taillefumier, J. Am. Chem. Soc. 2012, 134, 9553–9556. 
[8] B. C. Gorske, J. R. Stringer, B. L. Bastian, S. A. Fowler, H. E. Blackwell, J. Am. Chem. Soc. 

2009, 131, 16555–16567. 
[9] J. A. Hodges, R. T. Raines, Org. Lett. 2006, 8, 4695–4697. 
[10] Q. Sui, D. Borchardt, D. L. Rabenstein, J. Am. Chem. Soc. 2007, 129, 12042–12048. 
[11] J. T. Welch, S. Eswarakrishnan, Fluorine in Bioorganic Chemistry, Wiley-Interscience, New 

York, 1991. 
[12] L. Hunter, Beilstein J. Org. Chem. 2010, 6, 38. 
[13] D. O’Hagan, C. Bilton, J. A. K. Howard, L. Knight, D. J. Tozer, J. Chem. Soc. Perkin Trans. 2 

2000, 605–607. 
[14] R. I. Mathad, F. Gessier, D. Seebach, B. Jaun, Helv. Chim. Acta 2005, 88, 266–280. 
[15] L. E. Bretscher, C. L. Jenkins, K. M. Taylor, M. L. DeRider, R. T. Raines, J. Am. Chem. Soc. 

2001, 123, 777–778. 
[16] C. Hansch, A. Leo, R. W. Taft, Chem. Rev. 1991, 91, 165–195. 
[17] A. M. Ihrig, S. L. Smith, J. Am. Chem. Soc. 1972, 94, 34–41. 
[18] D. O’Hagan, H. S. Rzepa, M. Schüler, A. M. Slawin, Beilstein J. Org. Chem. 2006, 2, 19. 
[19] J. A. Aguilar, G. A. Morris, A. M. Kenwright, RSC Adv. 2014, 4, 8278. 
[20] M. Foroozandeh, R. W. Adams, N. J. Meharry, D. Jeannerat, M. Nilsson, G. A. Morris, Angew. 

Chem. Int. Ed. 2014, 53, 6990–6992. 
[21] O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. a. K. Howard, H. Puschmann, J. Appl. 

Crystallogr. 2009, 42, 339–341. 



Ch. 2: Stabilizing α-peptoid helices using of non-chiral fluoro-alkyl monomers 

| 105 | 

 

[22] R. N. Zuckermann, J. M. Kerr, S. B. Kent, W. H. Moos, J. Am. Chem. Soc. 1992, 114, 10646–
10647. 

[23] K. Kirshenbaum, A. E. Barron, R. A. Goldsmith, P. Armand, E. K. Bradley, K. T. Truong, K. A. 
Dill, F. E. Cohen, R. N. Zuckermann, Proc. Natl. Acad. Sci. 1998, 95, 4303–4308. 

[24] T. J. Sanborn, C. W. Wu, R. N. Zuckermann, A. E. Barron, Biopolymers 2002, 63, 12–20. 
[25] C. W. Wu, T. J. Sanborn, R. N. Zuckermann, A. E. Barron, J. Am. Chem. Soc. 2001, 123, 2958–

2963. 
[26] H. L. Bolt, C. E. J. Williams, R. V. Brooks, R. N. Zuckermann, S. L. Cobb, E. H. C. Bromley, 

Biopolymers 2017, 108, e23014. 
[27] G. Jung, H.-G. Sahl, Nisin and Novel Lantibiotics, Springer Science & Business Media, 1991. 
[28] J. G. Lees, A. J. Miles, F. Wien, B. A. Wallace, Bioinforma. Oxf. Engl. 2006, 22, 1955–1962. 
[29] T. Hjelmgaard, S. Faure, C. Caumes, E. De Santis, A. A. Edwards, C. Taillefumier, Org. Lett. 

2009, 11, 4100–4103. 
[30] E. De Santis, T. Hjelmgaard, S. Faure, O. Roy, C. Didierjean, B. D. Alexander, G. Siligardi, R. 

Hussain, T. Jávorfi, A. A. Edwards, et al., Amino Acids 2011, 41, 663–672. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Ch. 2: Stabilizing α-peptoid helices using of non-chiral fluoro-alkyl monomers 

| 106 | 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Ch. 3: Enhancing the cis-amide preference of aromatic peptoid monomers 

| 107 | 

 

hhaapptteerr  33  

  

  

EEnnhhaanncciinngg  tthhee  cciiss--aammiiddee  PPrreeffeerreennccee  ooff  AArroommaattiicc  PPeeppttooiidd  

MMoonnoommeerrss  

3.1 Introduction: 

As discussed in Chapter 2, within aromatic peptoid monomers the presence of backbone-to-side 

chain n→π*Ar interactions offers a route for the stabilization of a cis-amide geometry. This can be 

achieved by modulating the energetic balance between the two competing non-covalent 

interactions present, the backbone-to-backbone n→π*C=O (favouring the trans-amide isomer) and 

the backbone-to-side chain n→π*Ar (favouring the cis-amide isomer). Increasing the acceptor 

character of the aromatic system, using electron-withdrawing substituents, reinforces specifically 

the  n→π*Ar interaction and promotes in consequence enhanced Kcis/trans ratios.[1–3] However, it is 

relevant to note that the aforementioned n→π*Ar interactions are relatively weak interactions in 

energetic terms, and they are unable, on their own, to induce a complete shift in the amide bond 

cis/trans preference. As an example, the overall cis-amide stabilization that it is achieved upon 

incorporation of a phenyl group in model peptoid 76 is of approximately only 0.2 kcal mol-1 (76 vs. 

104, Figure 3.1). In fact, both 76 and 104 display a remarkable trans-amide preference.  

It is, in general, the cooperative use of n→π*Ar interactions and other synergistic steric factors what 

renders peptoid monomers in which significant degrees of cis-amide preference are found. It is the 

case, for example, of chiral aromatic Npe, Nfe and N1npe residues, in which the cis-isomer 

conformation benefits simultaneously from more energetically favoured n→π*Ar interactions and 

from the increased steric bulk at the Cα carbon. 
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  CDCl3 CD3OD 

Compound R= Kcis/trans ΔGcis/trans (kcal mol-1) Kcis/trans ΔGcis/trans (kcal mol-1) 

76 NEt 0.17 1.05 0.47 0.45 

104 Npm 0.24 0.84 0.62 0.28 

105 Npe 0.70 0.21 1.26 -0.14 

106 Nfe 1.60 -0.28 2.46 -0.53 

19 N1npe 2.60 -0.56 4.63 -072 

Figure 3.1: Effect of non-covalent n→π*Ar electronic interactions in aromatic peptoid systems. 
Selection of model aromatic piperidinyl based monomers synthetized by Blackwell and co-workers to 
explore the effect of non-covalent interactions over the amide bond cis/trans equilibrium.[2]  

The most relevant exception to this general trend is represented by the family of aromatic peptoid 

monomers designed by Taillefumier and co-workers, who employed charged triazolium-based side 

chains to lock entirely the amide bond conformation into the cis-geometry (Figure 3.2).[4,5] The 

impressive level of cis/trans control achieved through the incorporation of triazolium monomers 

has been shown to rely on the cooperative combination of steric factors and the greatly enhanced 

n→π*Ar interactions promoted by the positively charged heteroaromatic ring. The cis-amide 

conformation in these peptoids is also reinforced in non-protic solvents (CDCl3) by a relatively 

strong non-classical intramolecular H-bond between the triazolium aromatic hydrogen and the 

amide carbonyl group (dH--O = 2.7 Å, exemplified in Figure 3.3). Of all the cis-stabilizing factors 

present (i.e sterics, electronics and H-bonding) it is the triazolium positive charge, fostering the 

electron-deficient character of the aromatic ring, which results determinant for the complete cis-

preference of the amide bond (charged systems 108, 110 and 112 vs. uncharged systems 107, 109 

and 111, Figure 3.2). 
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  CDCl3 CD3OD 

Compound R1= Kcis/trans ΔGcis/trans (kcal/mol) Kcis/trans ΔGcis/trans (kcal/mol) 

107 Nbte 2.06 -0.43 1.45 -0.22 

108 Nbte+ >19 < -1 11.12 -1.42 

109 Nbtm 1.10 -0.006 1.03 -0.002 

110 Nbtm+ >19 < -1 8.67 -1.27 

111 Nchtm 1.12 -0.07 1.00 0.00 

112 Nchtm+ >19 < -1 9.03 -1.30 

Figure 3.2: Charged aromatic triazole and triazolium model peptoids. Selection of model aromatic 
triazole and triazolium based peptoid monomers synthetized by Taillefumier and co-workers.[4]  

 

Figure 3.3: Stabilizing interaction in triazolium based peptoids. (a) Calculated lowest energy 
conformation of a model peptoid bearing a Nbtm+ monomer. (b) Orbital overlaps showing the stabilizing 
n→π*Ar interaction and (c) the intramolecular H-bonding interaction (n→σ*). Image adapted with 
permission, copyright (2012), from the American Chemical Society.*,[4] 

As evidenced by the high Kcis/trans values found in model Nbtm+
 (110) and Nchtm+

 (112) based 

peptoids, the use of positively charged aromatic side chains greatly surpasses in energetic terms the 

effects seen when only steric and weaker n→π*Ar contributions are used. Both monomers, Nbtm+ 

and Nchtm+
, are indeed highly remarkable, as they are the only examples known to date of non-

chiral aromatic but cis-amide inducting peptoid building blocks. The cis/trans preferences seen in 

                                                      

* Image adapted from C. Caumes, O. Roy, S. Faure, C. Taillefumier, J. Am. Chem. Soc. 2012, 134, 9553–9556. 
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the non-charged triazole analogues are, in comparison, quite modest (Figure 3.3). Indeed, the non-

chiral uncharged monomers 109 and 111 show no cis/trans conformational bias in any solvent.  

3.2 Aims and approach: 

The cis/trans equilibria of a peptoid backbone has been shown to be sensitive to the electronic 

properties of the aromatic monomers used.[1–3] For example, monomers that have aromatic rings 

with electron withdrawing groups (such as NO2), show enhanced cis-isomer preferences over the 

corresponding unsubstituted aromatic systems. While some work has been carried out to exploit 

fluorinated monomers in this area (e.g. design of Nfe, 106), we were keen to expand this work and 

explore if fluorine could be used as a tool to design a non-chiral cis-inducing monomer. In 

particular, we were interested in the application of perfluoro-heteroaromatic groups, such as the 

tetrafluoropyridine moiety. Our interest was based in the rationale that pyridine is more 

electronegative than the corresponding benzene system, and, fluoropyridine is even more 

electronegative.[6] We considered that by using such a highly electron-deficient system the n→π*Ar 

interaction could be enhanced to such an extent that the cis-isomer would become predominant. 

This strategy could enable to design cis-amide peptoid monomers, that would overcome the need 

for a positive formal charge within the aromatic group, or the presence of other steric assistants 

(Figure 3.4c).  

Also, following on from our previous results in Chapter 2, we considered it relevant to probe the 

effect that β-fluorine atoms could potentially impart in chiral aromatic monomers. As previously 

discussed, α-methyl peptoid monomers, such as the Nspe (2), are currently in use within the 

peptoid field to design helical structures, as they exhibit enhanced cis-isomer preferences. We 

anticipated that incorporation of a trifluoromethyl group at this position might allow the tandem use 

of both, electronic and steric factors, to generate systems in which the cis-isomer is completely 

favoured. We hypothesised that the additional stability for the cis-isomer would be gained via the 

strong inductive effect that the CF3- group would impose over the neighbouring amide Cα carbon 

(as in previous non-chiral ethylamine-based systems). This could give rise to favourable non-

covalent dipolar interactions and/or enhanced n→π*Ar interactions within the system (Figure 3.4d). 
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Figure 3.4: Novel strategies to enhance the electronic contributions in aromatic model peptoids. (a) 
Scheme of the cis/trans equilibrium in piperidinyl based model peptoids. (b) Examples of aromatic peptoid 
monomers that are able to enhance the cis-amide isomer preference by steric and n→π*Ar electronic transfer 
interactions; (c) Examples of non-chiral monomers able to enhance the cis-amide preference in model 
peptoids by steric and inductive effects. All equilibrium constants values (Kcis/trans) as determined in CD3CN. 
(d) Schematic showing the two novel strategies herein proposed to enhance the cis-isomer preference in 
neutral aromatic peptoids. 

3.3 Results and Discussion 

3.3.1 Design and synthesis of model peptoid monomers 

To investigate the application of the strongly electron withdrawing fluoropyridine group in the 

design of new monomers, three model peptoid systems were prepared for their analysis using: 

benzylamine (Ac-Npm-pip, 104), pyridinylmethanamine (Ac-Npym-pip, 117), and 

(tetrafluoropyridinyl)methanamine (Ac-N4fpym-pip, 118) (Figure 3.5b-c). This way, the individual 

effects due to the heteroatom substitution and due to fluorine incorporation can be assessed and 

evaluated independently and further compared. 
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Figure 3.5: Synthesis of model fluorinated neutral aromatic peptoid systems. (a) Outline of the general 
synthetic route employed to access the model peptoid systems 104, 117-119; (b) Peptoid monomers 
employed; (c) structures of the non-chiral model peptoids prepared; (d) structures of the chiral model 
peptoids prepared. Note that overall yields for all compounds is based on the isolated final product. Further 
details are given through the experimental Chapter 7. 

On the other hand, to explore the effect of swapping the Cα-methyl group in a chiral peptoid by a 

CF3- substituent, we also prepared the α-trifluoromethyl model peptoid 119 (Ac-NCF3rpe-pip), and 

its corresponding non-fluorinated analogue 90 (Ac-Nrpe-pip) (Figure 3.5d). The synthetic route 

employed to access all of the model peptoids, was adapted from that previously discussed in 

Chapter 2 and is schematically shown in Figure 3.5a.[2,3] 

3.3.2 NMR analysis: The effect of novel fluorinated aromatic side chains over the 

peptoid amide bond cis/trans conformational equilibrium 

To characterize the cis/trans equilibrium in this set of novel peptoids, we followed a similar 

approach to that previously described in Chapter 2, where 1H-NMR and 1H-1H-NOESY 

experiments were employed to evaluate the isomeric ratios present in each sample.[7,8] The spatial 

NOE correlations between the acetyl-methyl group and either the backbone or the side chain 

methylene protons, are also highly specific and easily distinguishable for each of the trans and cis 

geometries seen in aromatic systems (Figure 3.6).[2,3,9]  
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Figure 3.6: 1H-1H NOE correlations in aromatic peptoid model systems. Schematic representation of the 
peptoid cis/trans equilibrium showing the 1H-1H NOE correlations that are characteristic of each specific 
amide geometry in aromatic systems. 

The effect of changing the solvent polarity was also investigated, as a mean to explore the possible 

formation of H-bonding interactions within the novel fluorinated systems. We hypothesized that 

such interactions could feasibly arise as a consequence of fluorine induced bond/molecular 

polarization, which increases in particular the acidity of the Cα hydrogens. Interesting data was 

obtained regarding all these concerns, as will be further discussed through this chapter. 

3.3.2.1 Effect of non-chiral perfluoroheteroaromatic based side chains 

Analysis of the NMR data obtained for reference compound 104 showed a complete agreement 

with its previously reported equilibrium values (Table 3.1).[3] As expected, the aromatic benzyl 

side chain induced a variable conformational preference, which had a strong dependence on the 

solvent polarity. In non-polar solvents, such as CDCl3, the trans-amide conformation of 104 was 

found to be energetically favoured by 0.75 kcal mol-1, when compared to the cis-amide. In the 

presence of polar and polar protic solvents this conformational preference was found to be strongly 

attenuated. In fact, the ΔGcis/trans values calculated in these latest solvents, close to 0, evidenced that 

the Npm monomer is unable to induce any significant cis/trans bias under both conditions.  

Table 3.1. Peptoid cis/trans amide bond ratios in non-chiral aromatic systems.a 

aAverage Kcis/trans values determined for non-chiral peptoid monomers 104, 117-118 (n= 6). Average ΔG 
calculated as –RTln (Kcis/trans) at 25 ºC (n=6). b Due to signal overlap assessed for n= 5. 

Product 

 

Kcis/trans  (CDCl3) ΔGcis/trans  

(kcal mol-1) 

 Kcis/trans (CD3CN) ΔGcis/trans  

(kcal mol-1) 

Kcis/trans (CD3OD) ΔGcis/trans  

(kcal mol-1) 1H-NMR 1H-NMR 1H-NMR 

104 0.27±0.01 0.786±0.032 1.20±0.06 -0.108±0.032 0.71±0.03b 0.205±0.031b 

117 0.47±0.01 0.455±0.016 1.66 ±0.06 -0.299±0.021 1.15±0.02 -0.084±0.012 

118 1.41±0.16 -0.200±0.079 3.22±0.12 -0.692±0.025 2.22±0.04 -0.473±0.011 
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When compared, the substitution of the aromatic ring in the Npm based model peptoid monomer 

(104) by the hetero-aromatic pyridine ring present in 117, led to a significant increase of the cis-

isomer ratios produced. Indeed, model peptoid 117 showed, even in CDCl3, an almost two-fold 

higher value of Kcis/trans than that seen for 104 (Kcis/trans= 0.47, Table 3.1). These values demonstrate 

that the increased electron-withdrawing properties of the Npym system in 117 produces a cis-

isomer that is 0.33 kcal mol-1 more favoured than that of the Npm peptoid. A similar change in the 

cis/trans balance between compounds 104 and 117 was also observed in both polar solvents, where 

the cis-isomer was found to become slightly predominant (Δ[ΔGcis/trans (MeOD)]Npm-Npym= -0.28 kcal 

mol-1, Δ[ΔGcis/trans (MeCN)]Npm-Npym= -0.20 kcal mol-1, Table 3.1). Still, it is worth to highlight that 

the effect imposed by the Npym monomer, although significant in energetic terms, did not suffice 

to produce highly biased cis-amide populations (i.e. 21% vs. 32% of cis-amide content for Npm 

and Npym monomers in CDCl3). The overall cis-amide ratios achieved were still relatively small, 

in the range of those produced when using some other non-chiral α-methyl side chains (i.e. 

isopropyl Kcis/trans= 0.40 or trimethylsilyl peptoid monomers Kcis/trans= 0.48).[3] 

In contrast, when the electron-withdrawing character of the aromatic ring was further increased, by 

incorporating a tetrafluoropyridine group, an impressive increase in Kcis/trans values was seen (118, 

Figure 3.7). The N4fpym based model system 118 showed a 3-fold higher Kcis/trans value in CDCl3 

than its non-fluorinated analogue 117 (Kcis/trans= 1.41 vs. 0.47, Table 3.1). This relative shift in the 

Kcis/trans values between compounds 117 and 118 evidenced that fluorine incorporation deeply 

affected the energetic difference between cis- and trans-isomers, overall stabilizing the cis-

conformation by as much as 0.66 kcal mol-1. Moreover, the cis/trans ratios achieved upon 

application of the N4fpym monomer were even further enhanced in the presence of polar protic 

(CD3OD) and aprotic solvents (CD3CN). In both cases, highly biased cis-amide populations were 

now produced (Kcis/trans(CD3CN)= 3.22, 76% cis-amide content; Kcis/trans (CD3OD)= 2.22, 69% cis-

amide; Table 3.1).  
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Figure 3.7: The cis/trans equilibrium in non-chiral model peptoids 104, 117-118.  (a) Schematic 
representation showing the preferred amide geometry and Kcis/trans values determined in non-chiral systems 
104, 117-118. (b) Schematic representation of the experimental 1H-1H NOESY spatial correlations found 
within each conformer of 118. (c) Selection of previously reported monomers that are able to stabilize the 
cis-isomer conformation in piperidinyl based model systems. The selection shows the highest values reported 
for Kcis/trans. All data as determined in CDCl3.[3] 

Further analysis of the secondary spatial NOE correlations within the predominant cis-isomer of 

118 gave indications of the cause for such a high degree of cis-amide preference. The particularly 

intense NOESY peak observed between the backbone and side chain protons in the cis-

conformation supports that the heteroaromatic ring is located facing the N-terminal carbonyl group, 

sitting thus in an orientation where the stabilizing n→π*Ar interaction between groups is maximum 

(Figure 3.7b, Figure 3.8).  
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Figure 3.8: 1H-1H NOESY spectra of fluorinated model peptoid 118 in CDCl3. Upper panel showing the 
relative abundance between isomers as based in each of the nuclei involved in the cis/trans equilibrium. 
Lower insets showing the observed spatial contacts and their relative intensity.  
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Overall, the Kcis/trans values here achieved in 118 are among the highest ever reported in a 

piperidinyl based peptoid model system (for a neutral monomer). What is more remarkable is that 

despite being a non-chiral monomer the cis-isomer preference imposed by the N4fpym side chain is 

comparable, and in some cases even greater, than those produced by other widely utilised peptoid 

monomers which contain chiral α-methyl groups (e.g. Figure 3.7c). Moreover, the N4fpym 

monomer represents the first ever example where a non-charged and non-chiral monomer has been 

shown to stabilize the cis-isomer conformation to such degree that it becomes the predominant 

species even in non-polar solvents, such as CDCl3. This result is important as it challenges the 

current thinking within the peptoid field which assumes that high levels of cis-amide preference 

can only be achieved by combining electronic factors with steric (e.g. the presence of α-methyl 

groups) or H-bonding interactions (e.g. 1-2-3-triazolium based side chains).[5] The behaviour 

shown here for the N4fpym monomer in peptoid 118 proves that the pre-requisite of placing 

secondary interactions, other than the ones due to the own aromatic ring electron-withdrawing 

properties, can be overcome by harnessing the electronic properties that perfluoro-hetero-aromatic 

systems offer.     

3.3.2.2 Effect of trifluoromethylation at the Cα- position 

Encouraged by our initial results, we then turned our attention to the potential effect that fluorine 

could impart at the α-methyl position of the peptoid residues. As stated previously, we 

hypothesised that placing a CF3- group at the Cα carbon could be used as a route by which to affect 

the amide conformational preference, due to the simultaneous application of steric and electronic 

factors. To investigate our hypothesis, model peptoid monomers 90 (Ac-Nrpe-pip) and 119 (Ac-

NCF3rpe-pip) were analysed and compared (Table 3.2). 

Table 3.2. Peptoid monomer cis/trans amide bond ratios in chiral aromatic systems 90, 119.a 

aAverage Kcis/trans values determined in α-methyl acetamides 90 and 119 (n=6). From each replica ΔG 
calculated as –RTln (Kcis/trans) at 25 ºC. b Due to signal overlap n= 3. c Note that the major isomer has been 
assigned as cis, in agreement with MD data. 

 

Product 

 

Kcis/trans (CDCl3) ΔGcis/trans                 

(kcal mol-1) 

Kcis/trans (CD3CN) ΔGcis/trans       

(kcal mol-1) 

Kcis/trans (CD3OD) ΔGcis/trans 

(kcal mol-1) 1H-NMR 1H-NMR 1H-NMR 

90 0.94±0.05 0.047±0.039 2.07±0.12 0.431±0.029 1.35±0.04 -0.180±0.018 

119b,c 5.17±1.25 -0.954±0.195 5.82±0.23 -1.044±0.029 6.41±0.13 -1.101±0.017 
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A complete agreement with the literature was obtained upon analysis of the reference Nrpe based 

monomer 90 (Table 3.2).[3] As expected, and despite having a α-methyl group, peptoid 90 

exhibited almost no significant cis/trans preference in CDCl3, showing a Kcis/trans value close to 1. 

In more polar solvents, as generally observed, this preference was found to shift in favour of the 

cis-isomer, in particular when employing aprotic CD3CN (Kcis/trans(CD3CN) = 2.07, 67% cis-amide; 

Kcis/trans(MeOD) = 57% cis content; Table 3.2). In stark contrast to this behaviour, when a 

trifluoromethyl group was incorporated in place of the α-methyl group (NCF3rpe, 119), an 

impressive effect over the cis/trans equilibrium was observed (Figure 3.9).  

 

Figure 3.9: Effect of α-trifluorination in chiral model peptoids. (a) Scheme of the main geometry and the 
Kcis/trans values determined in α-substituted peptoid monomers 104, 90 and 119 in CDCl3. (b)  Comparison 
between the main structural, steric and inductive properties of fluorinated and non-fluorinated α-substituents: 
a Van der Waals volume,[10] b Charton steric parameter,[11] c E0

S: Modified taft steric constant (E0
S(H) =0),[12] d 

EN: Electronegativity,[13] e σI: Modified Swain-Lupton field/inductive constant (F= σI)[14] , and f μ: Cδ+→Xδ- 
dipolar moment.[15]  

As evidenced by 1H-NMR analysis, the amide-bond equilibrium in 119 was found to be almost 

completely displaced to one single isomer (e.g. ≥85%, CDCl3). 19F-NMR analysis of the sample 

also agreed with the presence of a highly predominant isomer in solution, with a Kmajor/minor= 5.17 

(Figure 3.10). Both NMR experiments proved that in 119 the cis/trans amide bond equilibrium is 

virtually completely displaced to favour one single conformation.  
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Figure 3.10: The cis/trans equilibrium in α-trifluoromethyl model peptoid 119. 19F-NMR (CDCl3) trace 
of compound 119 showing the presence of two isomers (doublets) in solution. Each isomer showed a 
characteristic 3JHF coupling constant between the α-substituents: 3JHF, major= 8.2 Hz; 3JHF, minor= 7.2 Hz. Inset 
showing the presence in the proton-decoupled 1H-psyche spectra of two quadruplets, corresponding to the 
side chain methine proton within each isomer. Good agreement was observed in the 3JH-F coupling constants 
between experiments.  

Unfortunately, overlapping of the 1H-NMR signals arising from the major and minor isomers was 

inferred in both, the methyl-acetyl and the backbone methylene regions (Figure 3.11). Even more, 

we could not detect the presence of any of the expected characteristic cis/trans 1H-1H NOE spatial 

correlations within model peptoid 119, which precluded us from assigning the specific 

configuration of each isomer from these experiments. 
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Figure 3.11: 1H-1H NOESY spectra of α-trifluoromethyl peptoid monomer 119 (CDCl3). Upper panel 
showing the proton decoupled 1H-psyche traces corresponding to the methine side chain proton (yellow), 
backbone methylene (orange) and methyl-acetyl groups (red). Note that no NOE spatial correlations between 
these groups were found.     

However, despite the lack of NOESY correlations found, it is worth to note that both isomers of 

119 exhibited highly specific and conserved 3JHF coupling constants. This allowed us to evaluate 

the cis/trans equilibrium across the rest of the solvents explored, looking for further evidences to 

support the cis or trans geometry of the main isomer present (Figure 3.11). In good agreement with 

a main cis-amide population in 119, the conformational preference observed in non-polar CDCl3 

was clearly enhanced in both polar solvents, being in all cases ≥ 85% (Table 3.2).[2,3] Remarkably, 

the especially high Kcis/trans value found in protic MeOD seemed to preclude also the possibility that 

a hypothetical intramolecular H-bonding interaction, involving the now more acidic side chain α-

proton, was taking place within 119. Overall, the high degree of conformational control and cis-
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amide induction achieved by using the α-trifluoromethyl NCF3rpe monomer (116) resulted 

unprecedented and, the Kcis/trans values obtained significantly higher than those previously reported 

for any related neutral aromatic monomer bearing a chiral α-methyl group (e.g. Figure 3.7c).[3,16] 

Further efforts were also made to obtain the structural characterization of peptoid 119 by X-ray 

crystallography. However, rearrangement and cleavage of the molecule was observed upon 

crystallization (Figure 3.12). Therefore, in order to gain further evidences to support the cis-amide 

preference of the NCF3rpe based peptoid monomer, a more detailed study based in molecular 

dynamics (MD) was performed.  

 

Figure 3.12: Ball-and-stick representation of the crystal structure of piperidinyl-depleted peptoid 119.  
Color code: C-atoms depicted in grey, N-atoms in blue, O-atoms in red, F-atoms in green and Hydrogens in 
white. All representations were generated with Olex2 software.[17]  

3.3.3 Computational characterization of model peptoid system 119 (Ac-NCF3rpe-pip) 

Computational analysis of model peptoid monomer 119 was undertaken in collaboration with 

Dr.Vincent Voelz (Associate professor, Temple University, Pennsylvania) and were performed by 

Guangfeng Zhou  under his supervision (PhD student). We would like to acknowledge their 

participation and contribution to this work. 

To better understand the conformational preferences exhibited by 119, computational studies were 

performed using both ab initio QM and replica exchange molecular dynamics (REMD). Scans of 

side chain and backbone dihedral angles were performed using DFT at the B3LYP/6-

311G+(2d,p)//HF/6-31G(p) level of theory.  
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To identify side chain conformational minima, χ1 and χ2 angles were first scanned from 0˚ to 360˚ 

in 30˚ intervals starting from known backbone conformations typical of peptoids: cis-amide αD  

(φ,ψ = -90˚,180˚), trans-amide αD  (φ,ψ = -90˚,180˚), and trans-amide C7β (φ,ψ = -130˚,80˚), with 

all remaining dihedral angles unrestrained during geometry optimization (Figure 3.13 and Table 

3.3).  αD minima (φ,ψ = ±90˚,180˚) are typical of polyproline-like peptoid conformations, while C7β 

minima (near ±130, ±80˚) are only significantly populated for trans-amides (particularly for cyclic 

peptoids). The results show for peptoid 119 a preference for χ1, χ2 near (-90˚, +15˚) in cis-amide 

structures, and a mixture of (-90˚, +15˚) and (+90˚, +15˚) preferences in trans-amide structures, 

consistent with similar work for related molecules.[18]  

 

Figure 3.13: Energy surfaces from side chain χ1 and χ2 angle scans in 119. Scans initiated from (a) a cis-
amide αD (φ,ψ = -90˚,180˚) backbone structure, (b) a trans-amide αD  (φ,ψ = -90˚,180˚) backbone structure, 
and (c) a trans-amide C7β (φ,ψ = -130˚,80˚) backbone structure. 
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Table 3.3. Lowest-energy minima in side chain χ1 and χ2 angle scans of 119.a 

Backbone 
conformation 

Energy minimum 
(kcal mol-1) 

χ1 minima  χ2 minima 

cis αD 0.00 -90˚  +15˚ 

trans αD 1.67 -90˚, +90˚  +15˚ 

trans C7β 1.76 -90˚, +90˚  +15˚ 

a Lowest-energy minima identified in side chain χ1 and χ2 angle scans of 119 initiated from backbone 
conformations typical of peptoids: cis-amide αD  (φ,ψ = -90˚,180˚), trans-amide αD  (φ,ψ = -90˚,180˚), and 
trans-amide C7β (φ,ψ = -130˚,80˚). 

After identifying χ1, χ2 near (±90˚, +15˚) as the main minima, next full backbone dihedral scans of 

φ and ψ angles (15˚ intervals) were performed starting from cis-amide and trans-amide isomers 

with -90˚ and +90˚ χ1 angles, with all dihedral angles except φ and ψ unrestrained during 

optimization. Energy surfaces resulting from these scans are shown in Figure 3.14 and summarized 

in Table 3.4.  

Table 3.4. Lowest-energy minima found in φ, ψ backbone dihedral scans of 119.a 

 

Initial Final  

ω χ1 ω χ1 
Energy minimum 

(kcal mol-1) 

0˚ (cis) -90˚ 11.2˚ -85.4˚ 0.00 

0˚ (cis) +90˚ 9.1˚  92.3˚ 4.66 

180˚ (trans) -90˚ -173.0˚ -82.9˚ 1.26 

180˚ (trans) +90˚ -173.8˚ 87.7˚ 2.50 

a Lowest-energy minima found in φ, ψ backbone dihedral scans started from cis- and trans-amide 
conformations with side chain orientations χ1 = -90˚ and +90˚. 
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Figure 3.14: Energy surfaces from φ,ψ backbone dihedral scans. Scans started from (a) cis-amide states 
with χ1, χ2 = -90˚, +15˚ or +90˚, +15˚, (b) trans-amide states with χ1, χ2 = -90˚, +15˚ or +90˚, +15˚. Dihedral 
plots are shown in the range of 0−360° for ease of viewing (negative φ appearing as values greater than 
180°). 

From these studies, the cis-amide energy minimum was found to be 1.26 kcal mol-1 lower than the 

trans-amide, in excellent agreement with the experimental Kcis/trans values observed (119, Table 

3.2).  In comparison, similar calculations for Nspe/Nrpe monomers show a cis/trans energy minima 

gap of only 0.2 kcal mol-1.[19] These results, in combination with the experimental results shown 

above, strongly evidence that the single isomer seen experimentally in 119 corresponds to the cis-

amide conformation (Figure 3.15). 
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Figure 3.15: Final lowest-energy conformation of peptoid monomer 119. Also shown are the dihedral 
angle definitions used in DFT scans: ω [Cα′-C′-N- Cα], φ [C′-N-Cα-C], ψ [N-Cα-C-N′], χ1 [C2-C1-N-Cα], and 
χ2 [C4-C3-C1-C2]. The minimized structure has a cis-amide (ω=11.2˚), backbone dihedrals φ,ψ = 75.0˚,164.9˚, 
and side chain dihedrals χ1, χ2 = -85.4˚, 21.1˚. 

The computed backbone dihedral (φ,ψ) landscape of 119 resembles that of the Nspe monomer,[18,19] 

but unlike Nspe, which favours a negative backbone φ-angle (near -90˚) by ~1 kcal mol-1 over the 

positive angle (near +90˚), fluorinated NCF3rpe favours the positive angle by ~0.8 kcal mol-1 (see 

Figure 3.14).  This may partly be due to disfavorable proximity (3.1 Å) of the carbonyl oxygen to 

the nearest fluorine in the electronegative CF3- group for the cis-amide negative φ-angle 

conformation (5.2 Å for the positive φ-angle conformation). 

A negative backbone φ-angle preference enhances the ability of larger oligomers of Nspe to fold 

into well-structured right-handed peptoid helices (left-handed for Nrpe). To predict the 

conformational preferences of NCF3rpe oligomers, we performed replica exchange molecular 

dynamics (REMD) simulations[19,20] of 119 as well as the related dimer, trimer, tetramer and 

pentamer species, i.e. Ac-[(R)-2,2,2 trifluoromethylphenylethylamine]n-Pip for n=1,2,3,4,5.  The 

simulations agree with QM studies, predicting cis-amide populations above 95% for all residues.  

Strikingly, simulations predict also that larger oligomers will be increasingly prone to form stable 

right-handed helices, with NCF3rpe pentamers displaying cis-amide helix populations of nearly 

100% (Figure 3.16a).  These results likely stem from the large Kcis/trans value for 119, which is 

additionally rewarded by the excellent side chain packing achieved in the helical conformation 

(Figure 3.16b-d).   
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Figure 3.16: REMD simulations of oligomeric analogs of NCF3rpe. (a) Ac-[(R)-2,2,2 trifluoromethyl-
phenylethylamine]n-pip (n=1,2,3,4,5) peptoids show an increasing preference for right-handed cis-amide 
peptoid helices as the chain length grows. (b) A space-filling model of the predicted n=5 pentamer structure 
shows well-packed side chains. Ball-and-stick longitudinal (c) and axial views (d) of a representative frame 
of the oligomer from the lowest temperature replica (300 K). 
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3.3.4 Effect of chiral α-trifluoromethyl NCF3rpe residues in the secondary structure of 

model peptoid oligomers 

In order to assess experimentally if, as predicted, the cis-inducting effect observed upon direct 

fluorination at the key α-methyl position in small systems could be extrapolated to longer 

sequences, helping to engender more defined secondary structures, different families of peptoids 

oligomers containing either the non-fluorinated Nrpe or fluorinated NCF3rpe residues were designed 

and synthetized for their CD spectra characterization. 

3.3.4.1 Design of NCF3rpe based oligomers: 

Two initial model peptoid sequences were designed in the basis of 4 repeating [NLys-Nrpe-NEt] 

triads, flanked by a single NEt residue located at the C-terminus to prevent coupling of poorly 

nucleophilic residues in position 2 (peptoids 120 and 121, shown in Figure 3.17). It must be noted 

that these model peptoid sequences did not meet the general criteria of having at least a 50% 

content in chiral aromatic residues, for which only a moderate helical propensity was expected, at 

least in the parent Nrpe control peptoid. We hypothesized that in comparison with peptoid 120, the 

substitution of the Nrpe residues present within the sequence by α-trifluoromethyl NCF3rpe units, 

having a complete cis-amide preference, would lead to a significant increase in the helicity 

exhibited by peptoid oligomer 121.      

 

Figure 3.17: Peptoid hetero-oligomers 120-121. Structure of peptoid 13-mers based either in the weakly 
cis-amide inducting chiral α-methyl Nrpe (120) or in highly cis-amide α-trifluoromethyl NCF3rpe residues 
(121).  
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Also, in order to gain more experimental data to complement the results obtained from the REMD 

calculations performed, we designed a second set of peptoids exhibiting a central [Nrpe]5 core, 

which units were alternatively or totally replaced by NCF3rpe residues (pep.122-124, Figure 3.18). 

The sequences were flanked in this case by a [NEt-NLys] dimer at the C-terminus, in anticipation 

for the poor solubility that the naked pentamers might exhibit in polar solvents. The synthesis of 

peptoids 122-124 also enabled us to test if the consecutive coupling of deactivated NCF3rpe 

monomers could be feasibly achieved. 

 

Figure 3.18: NCF3rpe and Nrpe based model peptoid heptamers. Structure of model peptoid heptamers 
122-124, having either: a homo-oligomeric [Nrpe]5 (122), a [NCF3rpe]5 (124) or a mixed Nrpe/NCF3rpe 
hydrophobic core (123). 

Finally, to complete the analysis of how fluorinated NCF3rpe monomers affect the secondary 

structure of peptoid oligomers, in particular regarding their predicted increasing propensity to form 

right-handed helices as the peptoid grows in length, two further sequences were designed for their 

comparison with peptoid 124: peptoid 125 showing a shorter hydrophobic core based in only 4 

consecutive NCF3rpe residues, and peptoid 126 showing a longer core of 6 NCF3rpe units (Figure 

3.19).  
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Figure 3.19: Structure of model peptoid oligomers 124-126. Model peptoids containing a [NCF3rpe]n 
homo-oligomeric hydrophobic domain with sequentially increased number of NCF3rpe residues: peptoid 125, 
n= 4; peptoid 124, n= 5 and peptoid 126, n= 6.  

We expected that the detailed CD spectra analysis of the sequences proposed would bring strong 

evidence supporting the expected higher ability of fluorinated NCF3rpe residues to enforce the local 

organization of the peptoid oligomers into more ordered helical structures.  

3.3.4.2 Synthesis of NCF3rpe based oligomers: 

The synthesis of the NCF3rpe based peptoids was found not to be trivial. The poorly nucleophilic 

NCF3rpe residues showed low coupling efficiencies at room temperature, regardless of the reaction 

time employed. Further attempts to couple the NCF3rpe using KI as an activator were also found to 

be unsuccessful.[21,22] We then moved our attention to increasing the reaction temperature as a route 

to promote enhanced coupling ratios. When the substitution reactions were carried out at 65 ºC 

during 4 h, complete coupling of the poorly nucleophilic fluorinated residues was finally achieved, 

as verified by HPLC and LC/MS analysis of different test samples (Figure 3.20a).  

The bromoacetylation step also proved to be challenging. Initial attempts to elongate the sequence 

by using a solution of BAA/DIC 0.6 M during 2 h resulted in only a ~50% yield of the expected 

product being produced (Figure 3.20b). We decided then to increase the reaction time to 4 h, by 

performing 4 consecutive bromoacetylation steps of 1h to refresh the reagents. Simultaneously, we 
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also increased the concentration of the BAA/DIC solution to 1 M, instead of using a 0.6 M 

solution. Under these conditions, complete bromoacetylation and elongation of the sequences could 

be finally accomplished (Figure 3.20c).    

 
Figure 3.20: HPLC traces (λ= 220 nm) showing the effect of increasing the bromoacetylation reaction time 
during the elongation of fluorinated NCF3rpe based peptoid 121.  

Similar results were found when the abovementioned conditions were initially applied to the 

consecutive coupling of NCF3rpe residues in peptoid 124. As evidenced in Figure 3.21, HPLC 

traces from test cleavages performed during the elongation of this peptoid indicated high initial 

yields of monomer coupling and also quantitative bromoacetylation of the growing chain (Figure 

3.21b). However, it is remarkable that upon peptoid elongation of the sequence the 

bromoacetylation step became increasingly difficult, leading to a mixture of coupled and uncoupled 

products from the NCF3rpe residue number 3 and so on (Figure 3.17c).  
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Figure 3.21: HPLC traces (λ= 220 nm) from test-cleavage samples taken during elongation of peptoid 124: 
after coupling of the first (a), second (b) and third consecutive NCF3rpe residues (c).  

In stark contrast, this effect was not observed during the synthesis of mixed peptoid 123, where the 

NCF3rpe residues were alternated with non-fluorinated Nrpe monomers. As shown in Figure 3.22, 

the HPLC trace of crude peptoid 123 after coupling of the mixed NCF3rpe/ Nrpe hydrophobic core 

showed a well-defined main single peak at 220 nm, corresponding to the expected target product. 

This result evidenced good displacement and bromoacetylation yields in all the individual coupling 

steps performed. 

 

Figure 3.22: HPLC trace (λ= 220 nm) of crude peptoid 123.  
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3.3.4.3 Effect of Nrpe/NCF3rpe replacement in non-fully helical hetero-oligomer pep.120  

We aimed to start our study by comparing the individual abilities that have the Nrpe and the 

NCF3rpe residues to promote the formation of helical secondary structure in peptoid hetero-

oligomers. As commented through the discussion of previous chapters, the potential applicability of 

peptoids as improved peptide surrogates is in many aspects hindered by their poor propensity to 

adopt well-defined secondary structures, in particular α-helices. The development of cis-amide 

peptoid monomers that can induce enhanced levels of helical structure in sequences that contain a 

high number of aliphatic residues (i.e. lysine like monomers), being intrinsically prone to adopt a 

trans-amide configuration, still constitutes a challenge for the design of pharmacologically active 

peptoids. With this in mind, we proceeded to analyse the secondary structure of the model peptoids 

120 and 121 (Table 3.5). 

Table 3.5. CD spectra analysis of peptoid hetero-oligomers 120 and 121.a,b 

Solvent Peptoid |MREθ,218|           
(deg cm2 dmol-1) 

|MREθ,202|     
(deg cm2 dmol-1) 

%(ΔMREθ,218) %(ΔMREθ,202) 

MeCN 
120 12.89±0.53 14.85±0.77 - - 

121 18.30±1.09 24.86±0.81 42 ± 14 64 ± 14 

MeCN:H2O 

50:50 

120 14.22±0.49 15.12±0.51 - - 

121 16.37±0.59 21.56±0.47 15 ± 8 43 ± 8 

H2O 
120 12.46±0.12 16.30±0.33 - - 

121 14.62±0.27 22.73±0.41 17 ± 3 40 ± 5 

H2O:TFE 

50:50 

120 14.81±0.50 16.62±0.72 - - 

121 18.35±0.39 27.58±0.41 24 ± 7 66 ± 10 

TFE 
120 15.30±0.13 19.19±0.53 - - 

121 18.18±0.58 27.62±0.61 19 ± 5 40 ± 5 

aAverage Mean Molar ellipticity per residue (MREθ) as measured at the maxima/minima located at ~218 nm 
and ~202 nm (± 1 nm). Note that in TFE and TFE solvent mixtures the CD bands are shifted to 215/198 nm 
(± 1 nm). All values assessed for each sample in the basis of at least three different concentrations (n= 3) in 
the range of [10-46] μM. b From the average values: % increment in MREθ,218 [%(ΔMREθ)] as referred to 
peptoid 120. Corresponding deviations calculated in the basis of error propagation theory. 

When analysed by CD, both peptoids showed the characteristic double peak at wavelengths of 

~220 and ~200 nm that constitutes the signature of helically folded peptoids (Figure 3.23). 

However, the CD spectra of fluorinated analogue pep.121 was found to be more defined than that 

of non-fluorinated 120, showing better resolved and shaped individual local minima. A broad 

inspection confirmed also that, despite having the same absolute (R)-configuration, the handedness 
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of the helices induced by both monomers are in fact opposed. Peptoid 120 was found to be left-

handed (positive values of MRE and local maxima) while the NCF3Nrpe based oligomer was found 

to be right-handed (negative MRE values and local minima). When the net ellipticity values at λ= 

218 nm were analysed, being directly proportional to the helical content in each sample, an 

impressive enhancement in the intensity of the signal was found in the fluorinated analogue 121, 

showing a 42% higher MREθ,218 than that of the non-fluorinated analogue 120 (%(ΔMREθ,218), Table 

3.5).  

 

 

Figure 3.23: CD spectra of peptoids 120 and 121. Structure and average CD spectra of peptoid oligomers 
based in Nrpe (120, shown in blue) and NCF3rpe (121, shown in red). All measures in MeCN at peptoid 
concentrations 10-46 μM. 

This result evidenced that, as predicted, substitution of the non-fluorinated Nrpe monomers with 

the α-trifluoromethyl NCF3rpe residues has indeed a major impact in the secondary structure of long 

peptoids oligomers. The general effect is that a stabilization of the peptoid helical conformation is 
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seen. Furthermore, the enhancement in the helical content observed in 121 was also found to persist 

and be consistent in a broad range of solvents and solvent combinations, including polar protic 

solvents, where in general lower cis/trans preferences were observed (i.e. water and more lipophilic 

TFE, Figure 3.24).  Even in these cases, general relative increases of MREθ,218 between fluorinated 

and non-fluorinated peptoids in the range of 20% were measured (Table 3.5). 

 

Figure 3.24: Solvent effects in the CD spectra of peptoids 120 and 121. Structure and average CD spectra 
of peptoid oligomers 120 (blue solid line) and 121 (red solid line) in H2O/MeCN 50:50 (a), H2O (b), 
H2O/TFE 50:50 (c), TFE (d). All measures performed at known peptoid concentrations in the range [10-46] 
μM. 

It is clear from the data gathered that the presence of fluorinated NCF3rpe residues, when compared 

to their non-fluorinated Nrpe analogues, reinforces the preference of the corresponding peptoid 

oligomers to adopt a stable secondary helical structure. These results taken together seem in perfect 

agreement with the behaviour found upon NMR analysis of model peptoid monomer 121 in the 

different solvents tested. The presence of a higher energetic barrier to the cis/trans-amide bond 

conformational interconversion at the fluorinated residues, in the range of 1 kcal mol-1 in all 

solvents explored, is likely to be responsible for the enhanced folding ability of the peptoid 
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oligomer, overall helping to restrict and prevent the peptoid backbone rotation along the NCF3rpe 

amide bonds and, thus, reducing its general conformational motion.    

Unlike peptides, peptoid oligomers have also been found to exhibit enhanced thermal stabilities, 

constituting an intrinsic characteristic that makes them especially valuable in the field of material 

sciences. We expected the fluorinated NCF3rpe-based peptoid helices to share this common 

property. To explore this in more detail, we performed a comparative thermal denaturalization 

assay on sequences 120 and 121. Through these experiments we were able to characterize the 

stability of both peptoid helices. The results are summarized in Figure 3.25a-d. 

As expected, both peptoids were found to show only minor variations in their corresponding folded 

fractions, fN, upon increasing the temperature from 20 to 85 ºC.  Furthermore, no significant 

changes in their relative thermal stabilities were observed, as both of them retained a similar 85-

90% of the initial helical content still folded after heating (fN, Figure 3.25d-e). These results, in 

combination with the CD spectra analysis previously shown, clearly support that the incorporation 

of NCF3rpe residues in substitution of non-fluorinated Nrpe units promotes and enhances the 

formation of stable peptoid helices that are (at least) equally resistant to thermal degradation and 

thermal unfolding.  
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Figure 3.25: Thermal denaturalization analysis of peptoids 120 and 121. Surface maps (a, b) and contour 
plots (c, d) showing the effect of increasing the temperature in the CD spectra of peptoids 120 (a, c; left 
panels) and 121 (b, d; right panels). (e, f) Evolution in the helical folded fraction (fN) as a function of the 
increased temperature. Shown in blue is peptoid 120, and in red fluorinated peptoid 121. All measures 
performed in H2O at a peptoid concentration of 0.1 mg ml-1.  
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3.3.4.4 Effect of Nrpe/NCF3rpe replacement in the helical homo-oligomeric domain of 

peptoid 122  

We started our analysis by comparing the completely substituted sequences 122 and 124. When 

both peptoids, based in a consecutive sequence of chiral Nrpe or NCF3rpe residues were analysed, 

we could confirm that both peptoids had a similar degree of secondary helical structure. This result 

was in fact anticipated, as peptoids oligomers constituted by at least a 50% of aromatic chiral 

residues have been shown to fold into well-defined helical (and proto-helical) structures from 

lengths as short as 5 residues.[23–25]  As shown in Figure 3.26, the lack of significant differences in 

the MREθ,218 values measured between fluorinated and non-fluorinated peptoids 122 and 124 

confirmed experimentally that both oligomers are similarly folded, showing probably the highest 

helical content possible for the proposed consensus sequence ([NX]5NEtNLys, where X is a chiral 

aromatic residue), at least in acetonitrile.  

 
Figure 3.26: CD spectra of peptoid oligomers 122-124. Structure and average CD spectra of peptoid 
heptamers based in Nrpe (122, shown in blue), NCF3rpe residues (124, shown in red) or a Nrpe/ NCF3rpe 
combination (123, shown in black). All measures in MeCN at peptoid concentrations [10-75] μM. 
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Table 3.6. CD spectra analysis of peptoid homo-oligomers 122, 124 and mixed hetero-oligomer 123.a,b 

Solvent Peptoid MREθ,218        
(deg cm2 dmol-1) 

MREθ,202       
(deg cm2 dmol-1) 

%(Δ|MREθ,218|) %(|ΔMREθ,202|) 

MeCN 

122 20.86±1.08 18.75±1.21 - - 

124 -20.39±0.76 -19.26±0.42 -2 ± 9 3 ± 9 

123 -11.14±0.77 -8.19±0.30 -47 ± 6 -56 ± 4 

MeCN:H2O 
50:50 

122 21.29±0.09 17.38±0.78 - - 

124 -22.33±1.16 -20.39±1.25 5 ± 6 15 ± 10 

123 -11.36±0.46 -8.52±0.14 -47 ± 2 -52 ± 2 

H2O 

122 21.43±0.39 17.57±0.22 - - 

124 24.02±1.58 -20.59±2.12 12 ± 9 17 ± 14 

123 -12.14±0.84 -6.95±0.55 -43 ± 5 -7 ± 4 

H2O:TFE 
50:50 

122 19.37±0.53 20.43±0.75 - - 

124 -23.87±1.85 -28.43±2.52 23 ± 13 39 ± 17 

123 -16.73±1.85 -13.22±1.51 -14 ± 12 -10 ± 10 

TFE 

122 19.88±0.66 24.87±1.11 - - 

124 -23.30±1.03 -31.07±0.77 17 ± 9 25 ± 9 

123 -20.04±0.25 -13.73±1.02 1 ± 5 -45 ± 7 

aAverage Mean Molar ellipticity per residue (MRE) as measured at 218 and ~202 nm (± 1nm). Note that in 
TFE and TFE mixtures the absorptions are shifted to 215/198 nm (± 1nm). All values assessed for each 
sample in the basis of at least three different concentrations in the range [10-75] μM (n= 3). b From the 
average values: neat % increment in MRE [%(Δ|MREθ|)] as referred to peptoid 122. Corresponding deviation 
calculated in the basis of error propagation theory. 

However, when using polar protic solvents (i.e. water, TFE and water/TFE mixtures) we could 

observe a relatively small but clear increase in the corresponding MREθ,218 values as measured at 

both minima. This indicated a slightly more favoured helical structure for the fluorinated analogue 

in these solvents, when compared to the non-fluorinated peptoid (Table 3.6, Figure 3.27). This 

propensity resulted especially evident when employing a mixture of TFE: H2O 50:50, which 

seemed to enhance the differences between both peptoids (Figure 3.27c).  
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Figure 3.27: Solvent effects in the CD spectra of peptoids 122-124. Average CD spectra of peptoid 
heptamers 122 (blue solid line), 124 (red solid line) and 123 (black solid line) in different solvents and 
solvent mixtures: (a) H2O/MeCN 50:50, (b) polar protic H2O, (c) H2O/TFE 50:50 and (d) TFE. Peptoid 
concentrations were for all samples in the range [10-75] μM. 

In comparison with both homo-oligomeric parent peptoid sequences, mixed NCF3rpe/Nrpe peptoid 

oligomer 123 was found to exhibit attenuated MREθ,218 values at both minima, clearly indicating the 

presence of a non-cooperative effect between these residues when placed at consecutive positions 

within the main chain (Table 3.6).  It is feasible to infer that the opposite handedness exhibited by 

both monomers (regardless their common (R)-absolute configuration) may be the major cause for 

such behaviour, precluding the proper alignment of the aromatic side chains at the hydrophobic 

interface and thus preventing the stabilization of the helical structure via π-stacking interactions 

between close-in-space residues.  

It is interesting to note the effect that the use of fluorinated solvents had on the CD spectra of 

peptoid 123 (Figure 3.27c-d). The molar ellipticities at 218 nm for pep.123 were found to be 

highly sensitive to the percentage of TFE added as a solvent, in general inducing a progressive 

absolute increase in its values (i.e. MREθ,218 (H2O)= -12.1, MREθ,218 (H2O:TFE)= -16.7, MREθ,218 
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(TFE)= -20, Table 3.6). Furthermore, the major changes observed in the CD spectra signature of 

peptoid 123 when compared to those of peptoids 122 and 124 in TFE may be suggesting a 

plausible different conformation for peptoid 123 in this solvent. In particular, the relative changes 

in the intensities at both minima and the presence of a clear red shift in their position seem to 

support this hypothesis (Figure 3.27d).   

Relevantly, recent studies have revealed that the tandem incorporation of equivalent enantiomeric 

residues having a strong cis-amide preference can promote the formation of conformationally 

restricted non-helical structures, such as ω-strands, where consecutive cis-amide bonds adopt a 

relative extended configuration in “zig-zag”.[26] Formation of these ω-strands motifs (or “altoids”), 

has been shown to be especially favoured in small short sequences between 3 and 5 residues. We 

hypothesize that formation of such non-helical structural domains, or related, may be also taking 

place in our system but in a much lesser extension, due to the presence of the non-fluorinated Nrpe 

residues. In fact, in good correlation with its especially low cis/trans preference, alternation of 

enantiomeric Nrpe/Nspe residues has been shown to be insufficient to promote by itself the 

formation of a homogeneous population of such all-cis ω-strands. 

The higher conformational heterogenicity of mixed peptoid 123, when compared to the fully 

NCF3rpe based analogue 124, was found to be evident upon 19F-NMR analysis of both oligomers in 

MeCN (Figure 3.28).  
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Figure 3.28: 19F-NMR traces of peptoids 123 (upper panel, a) and 124 (lower panel, b) in CD3CN.  

While the completely substituted NCF3rpe peptoid 124 exhibited a single main broad peak 

indicating the presence of a single structural family of conformers that is highly populated (δ(19F-

NMR)= -70.5 ppm, Figure 3.28b), the mixed peptoid 123 was found to have at least three different 

and also broad NMR peaks. This was indicative of the presence of at least 3 independent families 

of conformers in the sample distribution of 123. Remarkably none of them was found to prevail in 

this solvent (δ(19F-NMR)= -[67.5-71.5] ppm, Figure 3.28a). It is plausible to conclude that, as 

suggested, different conformational families of 123 might be stabilized to different extensions in 

dependence with the solvent properties, as observed in TFE. 

3.3.4.5 Chain length effect on the secondary structure of NCF3rpe based helical homo-

oligomeric domains. 

Interestingly, studies based in homo-oligomeric Nrpe sequences displaying a growing number of 

chiral residues, have revealed a progressive increase in the ellipticity as the peptoid length rises 

from 3 to 5 residues. For the pentamer, a relative maximum in the percentage content of helical 
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[Nrpe]n conformers present is observed.[27] Further elongation of the peptoid chain from 6 to 8 

residues leads, however, to a significant and progressive self-consistent decrease in the intensity of 

the CD spectra. This effect is also accompanied by the presence of a isodichroic point between 

oligomers at ~200 nm, indicative of a two-state helix-to-coil transition.[28] A similar general trend 

was found when NCF3rpe based peptoids 124-126 were analysed and compared (Figure 3.29a-d; 

Table 3.7).  

Despite the fact that our model sequences, [NCF3rpe]n[NEt-NLys], have a non-chiral aliphatic 

dimeric motif located at the C-terminus, the highest MREθ,218 values associated with the higher 

helical contents were found upon analysis of peptoid 124, constituted by a hydrophobic core of 5 

NCF3rpe residues (Figure 3.29, red solid lines). Significantly, lower ellipticities were observed for 

peptoid 125 having a shorter NCF3rpe homo-oligomeric domain of 4 residues, thus confirming its 

expected weaker helical character in all the solvent tested (shown in Figure 3.29, blue solid lines). 

A decrease in the intensity of the CD signals was also found when a sixth NCF3rpe residue was 

added to the sequence, in good correlation to what was observed in the Nrpe homo-oligomeric 

series (peptoid 126, Figure 3.29, black solid lines). 
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Figure 3.29: CD spectra of peptoids 124-126. Comparative average CD spectra of peptoid oligomers 124 
(red solid lines), 125 (blue solid lines) and 126 (black solid lines) in different solvent mixtures, showing the 
effect of increasing the length of the hydrophobic [NCF3rpe]n domain. All spectra in (a) MeCN, (b) 
MeCN:H2O 50:50, (c) H2O and (d) TFE:H2O 50:50. Peptoid concentrations were for all samples in the range 
[10-75] μM.  
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Table 3.7. CD spectra analysis of peptoid oligomers 124-126.a,b 

Solvent Peptoid   MREθ,218     
(deg cm2 dmol-1) 

MREθ,202         
(deg cm2 dmol-1) 

%(Δ|MREθ,218|) %(Δ|MREθ,202|) 

MeCN 

124 -20.39±0.76 -19.26±0.42 - - 

125 -17.16±0.13 -19.00±0.42 -14 ± 3 1 ± 4 

126 -14.61±1.97 -10.81±0.80 -28 ± 12 -44 ± 11 

MeCN:H2O 
50:50 

124 -22.33±1.16 -20.39±1.25 - - 

125 -18.08±0.20 -18.94±0.38 -19 ± 5 -7 ± 8 

126 -15.45±0.52 -10.80±0.68 -31 ± 6 -47 ± 7 

H2O 

124 24.02±1.58 -20.59±2.12 - - 

125 -17.56±1.55 -16.49±1.69 -29 ± 11 20 ± 16 

126 -9.15±1.24 -8.83±0.98 -62 ± 8 -57 ± 9 

H2O:TFE 
50:50 

124 -23.87±1.85 -28.43±2.52 - - 

125 -19.12±0.83 -24.81±0.47 -20 ± 10 -13 ± 9 

126 -16.05±1.16 -14.82±1.13 -33 ± 10 -48 ± 9 

TFE 

124 -23.30±1.03 -31.07±0.77 - - 

125 -21.61±0.63 -31.43±1.63 -7 ± 9 1 ± 8 

126 -19.56±1.50 -20.88±1.31 -16 ± 10 -33 ± 6 

aAverage Mean Molar ellipticity per residue (MRE) as measured at the maxima/minima located at ~218 and 
~202 nm (± 1nm). Note that in TFE and TFE mixtures the absorptions are shifted to 215/198 nm (± 1nm). All 
values assessed for each sample in the basis of at least three different concentrations (n= 3) in the range [10-
75] μM.. b From the average values: percentage relative increase in MREθ [%(Δ|MREθ|)] as referred to peptoid 
124. Corresponding deviation calculated in the basis of error propagation theory. 

These results seem to evidence that the chain length dependent helix/coil transition observed in 

Nrpe homo-oligomeric peptoids, that starts upon incorporation of the 6th residue, actually starts 

after the addition of the 8th monomer in our NCF3rpe based peptoids.  This result seems to evidence 

that the structural change observed upon peptoid elongation is likely to rely on the neat length of 

the homo-oligomeric domain rather than in the complete peptoid length. Previous studies have 

suggested the possibility that such transition may arise from the isomerization of at least one of the 

preferred cis-amide bonds to a trans-amide configuration. This amide-bond interconversion would 

be increasingly favoured as the chain length grows, and it would generate a second structural 

family of non-fully all-cis helical conformers. In particular, certain predisposition of the second-to-

last residue on the C-terminus extreme to adopt a trans-amide configuration has been previously 

reported and suggested to be involved in this process (here residue 2 in Figure 3.29).[27,29] While it 

is feasible that, as suggested, the isomerization of this specific residue in a [Nrpe]n sequence may 

be part of the cause for the observed shift in the helical population in this type of oligomers, we 

find hard to explain why the same effect is achieved in our model [Nrpe]n[NEt-NLys] sequences 

having an already extremely highly preferred trans-amide NEt residue in this position 

(Kcis/trans~0.29, as reported in Chapter 2) and why it takes place at the same residue number into the 
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homo-oligomeric sequence, unless this specific unit is also involved. We consider that, at least in 

peptoid 126, the downturned ellipticities may be more likely related to the interaction of the last 

residue with one or more of the previous ones, causing isomerization of this specific amide-bond 

and a twist in the growing helix. We presume that such structural distortion would be maintained 

upon further elongation of the sequence.  

3.4 Chapter Summary 

Our initial hypothesis was that fluorine could be used as a tool to design novel peptoid monomers 

that had the ability to modulate the cis/trans conformational equilibrium. When fluorine was 

incorporated directly into the aromatic residues, (e.g. tetrafluoropyridine based monomer 115), it 

acted to enhance cis-isomer stabilization. In agreement with other authors, we can rationalize that 

the strongly enhanced Kcis/trans observed in the presence of fluoropyridine is mainly driven by the 

specific cis-isomer stabilization through nC=O to π*Ar electron density transfer. The extremely high 

electronic deficient character of perfluoro-aromatic systems increased dramatically the energy gap 

between isomers, displacing the equilibrium to a situation where the cis geometry largely prevails. 

As observed in previous reported works, general values for Kcis/trans are enhanced in more polar 

solvents, in especial aprotic acetonitrile. Regardless of this general behaviour, the calculated 

relative cis-isomer stabilization that is gained between fluorinated and non-fluorinated systems was 

found to be higher in CDCl3 than in polar solvents, revealing the mainly electronic nature of the 

interaction (Δ[ΔGcis/trans (CDCl3)]Npym-N4fpym= 0.65 kcal mol-1). It is worth noting that the observed 

values of Kcis/trans for this monomer are among the highest ever reported, regardless of the solvent. 

Moreover, the values are even more impressive if we take into account that this residue is not chiral 

or α-substituted, proving that the conformational equilibrium in model peptoids can be tuned by 

means of only electronics effects, unlike what was so far commonly accepted. Perfluoroaromatic 

building blocks, relatively less expensive that chiral bulky electron-withdrawing monomers, seem 

to constitute in the basis of this report, an unexplored and promising route in order to design 

oligomers with enhanced helical properties.  

Also, in agreement with our expectations, a virtually complete displacement of the Kcis/trans 

equilibrium to one single isomer was found when fluorine was incorporated through a 

trifluoromethyl group in the NCF3rpe monomer (116). Even more, the high conformational 

preference imposed by the trifluoromethyl group was found to persist regardless of the solvent 

polarity, as in all solvent tested the proportion of the major isomer present was found to be ≥ 83-
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87%. Despite the fact that proper conformer assignation could not be achieved by NMR or X-ray 

crystallography, molecular dynamic simulations support that the fluorinated version of the chiral 

Nrpe side chain exhibits a strong preference for the cis-isomer. In the basis of the estimated energy 

gap between isomers, equal or higher than 1 kcal mol-1, this last result may represent the one of the 

few examples to date of full cis control in a peptoid system.  

In addition, we have also designed and prepared a set of model peptoid oligomers using this 

fluorinated residue, and we have characterized their secondary structural properties. Our results 

seem to corroborate the ability of the fluorinated NCF3rpe side chains to impart a conformational 

stability on poly-peptoid sequences. The highest levels of secondary structure stability were found 

when the NCF3rpe residues are placed in peptoid oligomers that do not have a strong intrinsic 

propensity to fold into stable helical structures, as peptoid 121, having less than a 50 % content in 

chiral aromatic residues. In particular, when compared to the widely employed Nrpe monomer, this 

newly designed peptoid building block was found to increase the helicity of the poly-peptoid up to 

a 40%. Higher molar ellipticities were also observed in a broad range of solvents, demonstrating 

that the effect imposed by the NCF3rpe monomer is robust in this kind of sequences. No detriment in 

the folding properties was observed when NCF3rpe was placed in consecutive homo-oligomeric 

domains, where inter-residue repulsive effects or steric clashes could have hampered secondary 

structure formation. Further efforts are currently taking place in order to crystallize some of the 

sequences reported to enable their analysis by X-ray crystallography and the characterization of 

their structures at the atomic level. These studies would be especially relevant in the case of 

peptoid oligomer 124 and mixed NCF3rpe/Nrpe peptoid 123, where a different CD spectra signature 

upon CD analysis has been observed. 

3.5 References  

[1] B. C. Gorske, H. E. Blackwell, J. Am. Chem. Soc. 2006, 128, 14378–14387. 
[2] B. C. Gorske, B. L. Bastian, G. D. Geske, H. E. Blackwell, J. Am. Chem. Soc. 2007, 129, 8928–

8929. 
[3] B. C. Gorske, J. R. Stringer, B. L. Bastian, S. A. Fowler, H. E. Blackwell, J. Am. Chem. Soc. 

2009, 131, 16555–16567. 
[4] C. Caumes, O. Roy, S. Faure, C. Taillefumier, J. Am. Chem. Soc. 2012, 134, 9553–9556. 
[5] H. Aliouat, C. Caumes, O. Roy, M. Zouikri, C. Taillefumier, S. Faure, J. Org. Chem. 2017, 82, 

2386–2398. 
[6] S. R. Salman, Chem. Mater. Res. 2014, 6, 53–59. 
[7] J. A. Hodges, R. T. Raines, Org. Lett. 2006, 8, 4695–4697. 
[8] Q. Sui, D. Borchardt, D. L. Rabenstein, J. Am. Chem. Soc. 2007, 129, 12042–12048. 



Ch. 3: Enhancing the cis-amide preference of aromatic peptoid monomers 

| 147 | 

 

[9] N. H. Shah, G. L. Butterfoss, K. Nguyen, B. Yoo, R. Bonneau, D. L. Rabenstein, K. 
Kirshenbaum, J. Am. Chem. Soc. 2008, 130, 16622–16632. 

[10] S. Banerjee, Handbook of Specialty Fluorinated Polymers: Preparation, Properties, and 
Applications, William Andrew, 2015. 

[11] R. Gallo, in Prog. Phys. Org. Chem. (Ed.: R.W. Taft), John Wiley & Sons, Inc., 1983, pp. 115–
163. 

[12] C. Hansch, A. Leo, D. H. Hoekman, Exploring QSAR.: Fundamentals and Applications in 
Chemistry and Biology, American Chemical Society, 1995. 

[13] H. H. Coenen, J. Mertens, B. Mazière, Radioionidation Reactions for Pharmaceuticals: 
Compendium for Effective Synthesis Strategies, Springer Science & Business Media, 2006. 

[14] C. Hansch, A. Leo, R. W. Taft, Chem. Rev. 1991, 91, 165–195. 
[15] B. E. Smart, J. Fluor. Chem. 2001, 109, 3–11. 
[16] J. R. Stringer, J. A. Crapster, I. A. Guzei, H. E. Blackwell, J. Am. Chem. Soc. 2011, 133, 15559–

15567. 
[17] O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. a. K. Howard, H. Puschmann, J. Appl. 

Crystallogr. 2009, 42, 339–341. 
[18] G. L. Butterfoss, P. D. Renfrew, B. Kuhlman, K. Kirshenbaum, R. Bonneau, J. Am. Chem. Soc. 

2009, 131, 16798–16807. 
[19] S. Mukherjee, G. Zhou, C. Michel, V. A. Voelz, J. Phys. Chem. B 2015, 119, 15407–15417. 
[20] V. A. Voelz, K. A. Dill, I. Chorny, Biopolymers 2011, 96, 639–650. 
[21] H. Finkelstein, Berichte Dtsch. Chem. Ges. 1910, 43, 1528–1532. 
[22] T. S. Burkoth, A. T. Fafarman, D. H. Charych, M. D. Connolly, R. N. Zuckermann, J. Am. Chem. 

Soc. 2003, 125, 8841–8845. 
[23] K. Kirshenbaum, A. E. Barron, R. A. Goldsmith, P. Armand, E. K. Bradley, K. T. Truong, K. A. 

Dill, F. E. Cohen, R. N. Zuckermann, Proc. Natl. Acad. Sci. 1998, 95, 4303–4308. 
[24] C. W. Wu, K. Kirshenbaum, T. J. Sanborn, J. A. Patch, K. Huang, K. A. Dill, R. N. Zuckermann, 

A. E. Barron, J. Am. Chem. Soc. 2003, 125, 13525–13530. 
[25] C. W. Wu, T. J. Sanborn, K. Huang, R. N. Zuckermann, A. E. Barron, J. Am. Chem. Soc. 2001, 

123, 6778–6784. 
[26] B. C. Gorske, E. M. Mumford, R. R. Conry, Org. Lett. 2016, 18, 2780–2783. 
[27] C. W. Wu, T. J. Sanborn, R. N. Zuckermann, A. E. Barron, J. Am. Chem. Soc. 2001, 123, 2958–

2963. 
[28] M. E. Holtzer, A. Holtzer, Biopolymers 1992, 32, 1675–1677. 
[29] P. Armand, K. Kirshenbaum, R. A. Goldsmith, S. Farr-Jones, A. E. Barron, K. T. Truong, K. A. 

Dill, D. F. Mierke, F. E. Cohen, R. N. Zuckermann, et al., Proc. Natl. Acad. Sci. 1998, 95, 4309–
4314. 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Ch. 3: Enhancing the cis-amide preference of aromatic peptoid monomers 

| 148 | 

 

 
 

 



Ch. 4: Perfluoro-aryl peptoids: from all-trans to all-cis amide bond preference  

| 149 | 

 

hhaapptteerr  44  

  

  

PPeerrfflluuoorroo--AArryyll  PPeeppttooiiddss::  ffrroomm  aallll--ttrraannss  ttoo  aallll--cciiss  AAmmiiddee  BBoonndd  

PPrreeffeerreennccee  

4.1 Introduction: 

A relatively unexplored class of peptoid monomers that have been found to be useful in the design 

of conformationally restricted peptoid oligomers are the N-aryl glycines (also known as N-aryl 

peptoids). Unlike most N-alkyl residues, which show almost isoenergetic cis/trans amide 

conformers, N-aryl peptoids adopt a highly energetically favoured trans-amide local geometry, 

which yields to predictable sequence/structure relationships.[1–7] Due their reliable structural 

properties, these peptoids have gained an increased relevance in the field as a mean to develop 

novel and more sophisticated peptoid architectures. Individually, trans-amide N-aryl peptoid 

monomers have enabled the rational design of reverse turns, square helix motifs and peptoid 

ribbons. Collectively, computational studies suggest that peptoid oligomers fully comprised by aryl 

monomers will adopt secondary structures resembling  that of the poly-proline type II helix, 

characteristic of some proline-rich peptides.[1]  

Early work carried out by Pedersen et al. explored the cis/trans preference of the small N-

methylacetanilide system (127). They concluded that in its most stable structure, 127 adopted a 

trans-amide configuration in which the phenyl ring was specifically orientated perpendicular to the 

amide bond plane (χ1= 90º), as shown in Figure 4.1.[8,9] This conformational preference was found 

to be retained both in solution and in the solid-state, what suggested that the trans-planar 

configuration in 127 was indeed highly energetically favoured.[9] In later work, Itai and co-workers 

evaluated the energetics of the cis/trans equilibrium in acetanilide systems using computational 

methods. Their results fully supported Pedersen’s observations, as the conformational trans-

preference of 127 was found to reach a value as high as ΔGcis/trans = 3.5 kcal mol-1.[10]  
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Figure 4.1: The cis/trans equilibrium in the model N-methylacetanilide molecule. Schematics showing 
the configuration of cis and trans isomers of 127. Carbonyl to aryl group repulsion is only observed in the 
cis-amide configuration (highlighted in blue).  

The high level of trans-amide preference in acetanilide system 127, was proposed to be the result 

of strong repulsive interactions between the electron rich aromatic system and the acetamide 

carbonyl group in the cis-isomer conformation (highlighted in blue in Figure 4.1). In fact, MD 

calculations predicted that a considerable twist in the orthogonal orientation of the aryl group 

would be produced in the hypothetical cis-isomer conformation due to such repulsion (χ1= 55º; 

Figure 4.1).[10,11]  

As could be expected from previous results, and with no exceptions, aryl moieties have been shown 

to confer peptoids a strong preference for the trans-amide local geometry, in most cases reflected in 

ΔGcis/trans values between isomers in the range of 1-3 kcal mol-1, as evaluated both by NMR and 

QM computational methods.[1,2,12] Thereby, it is broadly assumed that N-aryl peptoids will adopt a 

highly favoured trans-amide geometry, regardless the specific nature of the aromatic ring 

.[1,2,4,6,12,13] However, in a recent study, Zuckermann et al. have revealed that the amide bond 

isomerism in N-aryl peptoids can be influenced by tuning the electronic properties of the aromatic 

group (Figure 4.2). Subtle but consistent increases in the cis-isomer ratios were observed when 

electron-withdrawing groups, such as fluorine, were present at the aromatic ring.[1,14] Similarly, 

placing electron-donating groups on the aryl ring further enhanced the peptoid bond trans-amide 

preference (i.e methyl substituents in 7, as shown in Figure 4.2). It is relevant to note that model 

peptoid systems such as 128 and 129, based in highly electron-withdrawing poly-fluorinated aryl 

monomers, could not be synthetically accessed for the study. However, the ΔGcis/trans values 

calculated using computational methods indicated that fluorine atoms would have had a significant 

impact in the amide bond cis/trans preference of peptoids 10, 128-129. Indeed, a progressive 

stabilization of the cis-isomer was predicted to take place as the number of fluorine substituents is 

increased. In particular, the introduction of a completely fluorinated pentafluorophenyl aryl group 

(129) was anticipated to reduce the energy gap between isomers to only ~1 kcal mol-1.    
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Compound R= ΔGcis/trans (kcal mol-1) 
HF level of theory 

ΔGcis/trans (kcal mol-1) 
1H-NMR MeOD 

7 Nph 3.43 1.52 

8 N3,4-mph 3.52 1.96 

9 N4-nph 1.35 n/d 

10 N4-fph 3.05 1.44 

128 N3,4,5-fph 2.02 n/d 

129 NpfPh 1.05 n/d 

Figure 4.2: Effect of the substituents in N-aryl peptoid systems. Selection of model N-aryl acetanilides 
synthesized by Zuckermann and co-workers to explore the effect of ring substitution over the amide bond 
cis/trans equilibrium.[1]  

4.2 Aims  

Following the results obtained by Zuckermann and co-workers, we hypothesized that the 

introduction of perfluoro-(hetero)aromatic peptoid monomers, with enhanced electron-withdrawing 

properties, could be exploited to design N-aryl systems where the cis-isomer is preferred. The 

major issue regarding the potential application of perfluoroaromatic anilines as building blocks in 

peptoid chemistry arises from their intrinsic poor nucleophilic properties.[16–18] In fact, preliminary 

attempts to couple either amino-tetrafluoropyridine (130) or amino-pentafluorobenzene (131) to 81 

using the sub-monomer methods available resulted infructuous. Moreover, even by using AgClO4, 

a recently reported SN2 activating agent,[18] and after reaction periods as long as 1 week, we could 

completely recover the uncoupled starting materials (Figure 4.3). 
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Figure 4.3: Attempted SN2 bromine displacement reactions using perfluoro (heteroaromatic) anilines.  

Based in these results, we hypothesised that a reaction pathway involving an aromatic substitution 

reaction (SNAr) could be more suitable to obtain the desired products. SNAr reactions are already 

known to be highly activated in fluorinated aromatic systems, and have been shown recently to 

happen with optimum regioselectivity, and almost quantitatively when applied to the arylation of 

amino, hydroxyl or thiol functionalities in model peptides.[19,20] 

 

Figure 4.4: SNAr synthetic strategy for the synthesis of peptoid piperidinyl model acetanilides. (i) SNAr 
coupling of a generic perfluoroaromatic reagent. (ii) acetylation step.  

4.3 Results and discussion 

4.3.1 Design and synthesis of model peptoid systems 

To test the applicability of the proposed synthetic route, we started our study by screening the SNAr 

reactivity profile of a broad range of perfluoroaromatic systems (Figure 4.5).  To that purpose 

model piperidinyl glycine monomer 132, obtained by direct amination of the corresponding 

bromide 81, were reacted in the presence of a range of different perfluoro- and perfluoro-

heteroaromatic reagents (133-144).  



Ch. 4: Perfluoro-aryl peptoids: from all-trans to all-cis amide bond preference  

| 153 | 

 

 

Figure 4.5: Synthesis of perfluoro-(hetero)aromatic acetanilides. (a) Reaction scheme employed for the 
synthesis of N-perfluoroaryl anilines. (b) The perfluoroaromatics explored through small scale reactions 
included: pyridazine 133, pyridines 136-139, quinoline 135, biphenyl 141, pyrimidine 142, naphthalene 144 
and hexafluorobenzene 140. (c) Qualitative conversions to the corresponding N-alkyl perfluoro-
(hetero)anilines as based in the LC/MS traces of the crude reactions (λ= 220 nm). n/d: Due to LC/MS peak 
overlapping conversions were not determined. * Two regioisomers formed, as analysed by 1H-NMR.  

In the presence of 5 equivalents of the electrophile, and under relatively mild conditions (250 mM 

DIPEA/DMF, rt, 4.5h), we could observe the conversion of the starting glycine derivative 132 into 

the desired N-piperidinyl anilines (145-156) in qualitative good yields (as analysed by LC/MS, 

Figure 4.5). The only exception to this behaviour was found when employing hexafluorobenzene 

(140), which showed no LC/MS trace corresponding to the formation of the expected aniline 152. 

In general, the highest conversions were observed in those cases when more reactive N-based 

perfluoro-heteroaromatics were used (i.e. perfluoropyridine 143). We could not observe species 

arising from multiple fluorine replacements within the same aromatic system. This was especially 

relevant when employing perfluoronaphtyl (144) and perfluoroquinolyl systems (135), which could 

have shown multiple activated F-atoms. We hypothesized that the electron donor character of the 

N-alkyl substituent introduced, which deactivates the system, efficiently prevented further 

substitutions to take place within the same aromatic ring. Overall, these examples demonstrated the 
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high applicability of SNAr reactions in order to obtain N-alkyl substituted perfluoro-(hetero)anilines 

for peptoid synthesis.   

With the ability of the different perfluoroaromatics to undergo the key SNAr step established, we 

then selected a variety of aromatic systems for the analysis of their cis/trans properties. Pyridines 

138, 139 and 143 were selected on the basis of their high content but decreasing number of fluorine 

atoms, while pyrimidine 142, biphenyl 141, quinoline 135 and naphthalene 144 were chosen due to 

the different nature of the heteroaromatic ring (Figure 4.6). We hypothesized that such selection of 

fluorinated systems would enable us to draw strong conclusions regarding how perfluoro-

(hetero)aryl side-chains affect the cis/trans isomerism in peptoid systems. 

We then focussed our attention on the acylation of the selected N-piperidinyl anilines (147, 150-

151, 153-156; Figure 4.6). Due to their strongly attenuated nucleophilic character, acetylation of 

these compounds could only be accomplished by using a mixture of AcCl/DIPEA in DMF and long 

reactions times. While in general all of the anilines (156, 150-151, 153, 155-156) showed 

quantitative acetylation yields after periods between 36 h - 40 h (as evaluated by TLC, NMR and 

LC/MS), the less reactive perfluoro-pyrimidine derivative (154, Figure 4.6), having two aromatic 

nitrogen-atoms, showed only partial conversion. In addition, decomposition of the final product 

(160) also occurred during silica flash chromatography. Due to its observed instability, no further 

efforts were made in order to isolate this model peptoid system.  
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Figure 4.6: Synthesis of perfluoro (hetero)aromatic acetanilides. (a) Complete reaction scheme employed 
for the synthesis of model N-perfluoroaryl peptoid systems. (b) Perfluoroaromatics selected for the study of 
their potential effect over the cis/trans equilibrium.  (c) Final model peptoids monomers synthesized, 157-
163, for the NMR spectroscopic evaluation of their amide cis/trans properties. Note that the final overall 
yields are reported in the basis of the isolated mass for each compound. n/d Not determined due to compound 
instability. a One single regioisomer isolated.  

We could obtain useful information regarding the region-selectivity of the SNAr reactions from the 
1H-NMR analysis of the crude reactions, as shown in Figure 4.7. In general, all crude reactions 

showed the presence of a single NMR signal in the backbone methylene region (either singlet or a 

double doublet), which indicated that only one regio-isomer had been produced. The only 

exception to this behaviour was the reaction of 132 with hexafluoroquinoline 135, upon using 

which formation of two different regioisomers was found (denoted as 163 and 163’ in Figure 

4.7b). We hypothesized that these regio-isomers arose from the substitution of the F-atoms at 

position 2 (singlet, 4.82 ppm) and 4 (double doublet, 4.57 ppm) of the heteroaromatic ring. Of 

these two isomers formed, 163 and 163’, unfortunately only the first one could be isolated in 

enough amount and purity to be completely characterized.§  

                                                      

§ Based on the LC/MS analysis of the final isolated compound 163, we could also confirm that some marginal degree of a 

second F/Cl replacement took place under the drastic acetylation conditions employed. This second compound, 

overlapped with the target molecule, could not be completely removed from the sample (~6%, [M+H]+: 436 Da). 
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Figure 4.7: Comparative 1H NMR traces of crude products 157 and 163. (Left panel) 1H NMR trace of 
crude compound 157 showing only one main regio-isomer. (Right panel) 1H NMR trace of crude compound 
163 showing that two different regio-isomers were produced.  

4.3.2 NMR analysis: The effect of perfluoroaryl side chains over the amide cis/trans 

equilibrium   

The impact of the novel perfluoro-aryl side chains over the amide conformational cis/trans 

equilibrium was analysed using NMR.[1,4,13,15,21,22] Specifically, in these particular systems, the 

distance between the backbone methylene protons and the methyl acetyl group has been proposed 

to be in the range of [3.0 - 3.5 Å] in the cis geometry and between [4.5 - 5.0 Å] in the trans 

geometry.[1]** The presence of a trans-amide bond in perfluoroaryl acetanilides is thus 

characterized by the lack of a significant spatial NOE correlation between the methyl-acetyl group 

and the backbone methylene hydrogens. As there are no aromatic 1H nuclei, no further 1H-1H 

correlations arising from this group can be expected to take place within the system (Figure 4.8). 

In general, all perfluoroaryl acetanilides were found to show a strong and well defined trans-amide 

preference in solution, with the remarkable exception of 163, for which an unprecedented cis-

amide predilection was found. 

                                                      

** Notably, the X-ray analysis of the different peptoid systems synthesized for this thesis shows that these distances are 

indeed significantly lower, of approx. 3.8-4 Å in the trans-amide configuration and in the range of 2.3-2.8 Å in the cis-

amide isomer.  
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Figure 4.8: Schematic representation of the amide-bond cis/trans equilibrium in aryl-peptoids. While 
NOE correlations are expected between the highlighted protons in the cis geometry, none is expected in the 
trans-isomer. Note that experimental inter-proton distances for the cis and the trans conformers are based in 
the crystallographic data herein reported.** 

4.3.2.1 Amide-bond cis/trans ratios and Kcis/trans in pyridine based systems: 

When the tetrafluoropyridine model peptoid system (157) was analysed by 1H-NMR, unexpectedly 

broad signals arising from the backbone methylene and acetyl methyl protons were observed 

(CDCl3). This was indicative of a fast exchange/average interconversion process between cis and 

trans rotamers, what also prevented the spectroscopic evaluation of the equilibrium based in these 

nucleus (Figure 4.9a). Regardless of this, a detailed analysis of the product by 1H-1H NOESY 

revealed the lack of a spatial correlation between these broad averaged signals, suggesting that the 

exchanging population was highly displaced to the expected trans-amide conformation (Figure 

4.9b-c). The fluorine atoms, located at more remote positions of the side chain, and thus not 

directly involved in the amide bond interconversion process, proved to be useful to estimate the 

isomeric cis/trans ratio present in the sample (Figure 4.9b). The analysis of 157 by 19F-NMR in 

CDCl3 showed the presence of two pairs of signals for each ortho- and meta- fluorine atoms, 

having an integrated ratio of 1:0.08. This allowed us to evaluate a Kmajor/minor= 12.5, which proved 

that the cis/trans equilibrium in 157 was virtually completely displaced to one single isomer in this 

solvent. 
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Figure 4.9: (a) 1H-NMR spectra of compound 157 showing the presence of broad exchange/averaged signals 
for backbone methylene and methyl-acetyl protons. (b) In comparison, 19F-NMR trace showed well resolved 
signals for both isomers, allowing the numerical evaluation of Kcis/trans. (c) 1H-1H NOESY spectra showing 
the absence of spatial correlation between averaged signals and solvent induced effects support the presence 
of a major trans population in the sample. All data as obtained in CDCl3. 
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When more polar solvents where employed (e.g. CD3CN and CD3OD), the 1H NMR signals 

observed became even broader. However, this effect was also accompanied by a significant 

increase in the minor isomer ratio, which indicated the destabilization of the major isomer observed 

in chloroform. Accounting for the fact that trans-isomers have been widely shown to be largely 

stabilized by intramolecular H-bonding interactions, the disrupting effect caused by polar solvents 

evidenced the trans-conformation of the main isomer present. In agreement, the prevalent isomer 

was assigned to have a trans-amide geometry (Kcis/trans(CD3CN)= 0.50; Kcis/trans(CD3OD)= 0.49; 

Table 4.1). Posterior X-ray analysis of the sample completely agreed with the assignation made. 

Table 4.1. NMR spectroscopic analysis of the amide cis/trans equilibrium in perfluoro-pyridinyl based 
acetanilides 157-159.a 
 
Product 

Kcis/trans (CDCl3) ΔGcis/trans 

(kcal mol-1) 

Kcis/trans (CD3CN) ΔGcis/trans 

(kcal mol-1) 

Kcis/trans (CD3OD) ΔGcis/trans 

(kcal mol-1) 1H-NMR 19F-NMR 1H-NMR 19F-NMR 1H-NMR 19F-NMR 

157 n/d 0.08±0.01 1.50±0.02 n/d 0.50±0.01     0.41±0.01 n/d 0.49±0.01 0.42±0.01 

158 0.10±0.01 0.08±0.01 1.50±0.05 0.40±0.02 0.38±0.01     0.58±0.01 0.36±0.02 0.35±0.01 0.62±0.01 

159 0.06±0.01 0.06±0.01 1.66±0.01 0.30±0.02 0.27±0.01     0.76±0.01 0.23±0.01 0.22±0.01 0.91±0.01 

a 1H-NMR Kcis/trans average values and corresponding standard deviation as estimated from three spectra (n= 
6). 19F-NMR evaluation as calculated from all the available fluorine atoms present (n= variable). From each 
replica ΔGcis/trans calculated as –RTLn (Kcis/trans) at 25 ºC as based in the 19F-NMR values. n/d: not determined.    

A more complex behaviour was observed within the asymmetrically chlorine substituted pyridinyl 

system 158, due to the presence of a chiral axis along the aryl group. The π system, that in this case 

might not be freely rotating along the N-CAr bond, led to the observation of different atropisomers 

within the cis/trans pair, where the acetyl group may be facing either the chlorine or the fluorine 

non-equivalent faces of the aromatic system (Figure 4.10).[4,13,23] The diasteroisomeric behaviour 

of 158 was demonstrated by the presence of magnetically non-equivalent geminal backbone 

protons, which appeared as two independent and strongly coupled doublets (also showing NOE 

spatial correlation, 2JHH,trans= 16.4 Hz, 2JHH,cis= 18.0 Hz, Figure 4.10a). Two methyl-acetyl 1H 

signals were also found for each cis/trans isomer present, as these nuclei are too sensitive to the 

aromatic ring specific configuration (Figure 4.10b-c). Each signal identified a possible specific 

atropisomeric P/M configuration, as further evidenced by their 1H-13C HSQC-NMR correlation 

with independent carbons and cross-exchange NOESY peaks.   
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Figure 4.10: Atropisomeric behaviour in asymmetrically substituted N-pyridinyl peptoid 158. (a) 1H-
NMR trace of 158 showing the presence of non-equivalent geminal backbone protons in the methylene 
region (Ha, Hb). (b) Scheme of the diasteroisomeric relationships within 158. (c) 1H-NMR trace at the 
methyl-acetyl region showing the presence of two singlets for each cis and trans conformer, confirming thus 
the presence of P and M atropisomers. All NMR data shown as collected in CD3CN. 

The analysis of the major isomer of 158 present in CDCl3, regardless of its specific P/M 

configuration, showed a complete absence of specific NOE spatial correlations between the 

methylene-backbone and methyl-acetyl groups. This result evidenced its clear trans-amide 

geometry (Kcis/trans(CDCl3)= 0.08, Table 4.1). In polar solvents, such as MeOD and CD3CN, the 

equilibrium significantly displaced to higher Kcis/trans values, as generally observed 

(Kcis/trans(CD3CN)= 0.38, Kcis/trans(CD3OD)= 0.353, Table 4.1).  
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In model piperidinyl acetanilide 159 the aromatic system is symmetrically substituted, and hence it 

lacks axial chirality. Consistent with this, it exhibited similar NMR spectroscopic properties to 

those observed in the tetrafluoropyridine analogue 157, and a high level of trans-amide preference 

was seen (Table 4.1). Overall, the Kcis/trans values measured in these pyridine-based compounds 

(157-159) evidenced that fluorine replacement by less electron withdrawing chlorine had little 

effect over the peptoid bond preference, at least in non-polar solvents. In more polar environments, 

compounds 157-159 showed a good linear correlation with a move to higher Kcis/trans values as the 

number of fluorine atoms is increased. We could calculate that each F-atom stabilizes the cis-

isomer conformation roughly by 0.2 kcal mol-1 when compared to a less electronegative Cl-atom 

(Figure 4.11). Taken as a whole, these results show that the energetic effect imposed by fluorine is 

clearly insufficient to overturn the general trans-amide preference intrinsic to N-aryl peptoids, at 

least when using pyridine-based monomers.  

 
Figure 4.11: Effect of Fluorine/Chlorine replacement in pyridine-based model peptoids. Increase in the 
ΔGcis/trans values as a function of the number of fluorine present (nf), as observed in model perfluoro-pyridine 
based acetanilides 157-159 in the different solvent tested (in black: CDCl3, red: CD3CN and blue: CD3OD). 

4.3.2.2 Perfluoro-biphenyl, naphthyl and quinolyl systems: 

Based on our previous results, we hypothesized that a further expansion of the fluorinated system 

could enable to promote increased cis-isomer ratios. In addition, we also considered possible that 

by simultaneously increasing the number of fluorine atoms present and the steric bulk of the aryl 

system we could promote other steric and/or repulsive effects with unknown consequences over the 

cis/trans equilibrium. Steric effects in N-aryl peptoids have never been systematically explored, as 
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only few examples of bulky side-chains can be found (i.e. naphtyl monomers).[4] Analysis of the 

effect caused by introducing a polycyclic perfluoro-biphenyl residue in 161, and also more 

constrained perfluoro-naphthyl and quinolyl aromatic systems (162 and 163) led to interesting 

results regarding this concern (Figure 4.12, Table 4.2). 

 

Figure 4.12: The amide bond in N-aryl peptoids having extended aromatic systems, 161-163. Structure 
and main amide geometry found in model perfluoro-biphenyl (161), perfluoro-naphthyl (162) and perfluoro-
quinolyl (163) based acetanilides.  

Table 4.2. NMR spectroscopic analysis of the amide cis/trans equilibrium in extended perfluoro-aryl 
acetanilides 161-163a 

 
Product 

Kcis/trans (CDCl3) ΔGcis/trans 

(kcal mol-1) 

Kcis/trans (CD3CN) ΔGcis/trans 

(kcal mol-1) 

Kcis/trans (CD3OD) ΔGcis/trans 

(kcal mol-1) 1H-NMR 19F-NMR 1H-NMR 19F-NMR 1H-NMR 19F-NMR 

161 0.08±0.01 0.08±0.01 1.49±0.06 0.42±0.02 0.37±0.02     0.59±0.03 0.36±0.02 0.34±0.01 0.63±0.01 

162 0.06±0.02 0.07±0.01 1.58±0.09 0.34±0.04 0.32±0.01     0.67±0.01 0.23±0.01 0.21±0.02 0.93±0.07 

163 all-cis all-cis n/d all-cis all-cis     n/d all-cis all-cis n/d 

a 1H-NMR Kcis/trans average values and corresponding standard deviation as estimated from three spectra (n= 
6). 19F-NMR evaluation as calculated from all the available fluorine atoms present (n= variable). From each 
replica ΔGcis/trans calculated as –RTLn (Kcis/trans) at 25 ºC in the basis of 19F-NMR. n/d: absence of the trans-
isomer does not allow numeric estimation.  

In the nonafluoro-biphenyl based acetanilide, 161, the initial 19F-NMR study showed that 5 coupled 

multiplets with an integration ratio of 2:2:2:2:1 were present. This identified the peptoid amide 

bond relative position as para- to the biphenyl group.[24,25] By using the positive 1H-NOESY cross-

exchange/average peaks at the methyl-acetyl and methylene region, cis and trans-isomers were 

identified and their signals assigned. The absence of spatial NOE correlations between these groups 

in the predominant isomer present, proved again its trans-amide configuration in all the solvents 

tested (Table 4.2). The overall behaviour found in the biphenyl system led to Kcis/trans values close 

to those observed for the fluorinated pyridine derivatives 158-159. This result indicated that 

increasing the number of fluorine atoms by means of non-sterically demanding aromatic systems 

had no impact on the amide bond configuration.  
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We then focussed our attention on more extended aromatic systems, such as the perfluoro-naphthyl 

derivative 162, where the steric bulk is closer to the amide centre and the side-chain rotation might 

be more restricted. The 19F-NMR spectra of 162, where 4 fluorine atoms were found to be paired 

by strong peri couplings (4JF4-F5= 58 Hz, 4JF1-F8= 67 Hz), proved unequivocally the amide bond 

position at position 2 of the perfluoronaphtalene ring (Figure 4.13).[24,26,27] When the amide 

cis/trans equilibrium was analysed by 1H-NOESY, we could confirm that a single isomer was 

present in solution, corresponding as expected to the trans-isomer. Remarkably, 162 was also 

found to exhibit atropisomeric behaviour, showing characteristic non-equivalent methylene 

backbone protons (2JHH,trans= 16 Hz, Figure 4.13b-c). This behaviour was found to be in high 

contrast to previous reports based in its non-fluorinated analogue, where no atropisomeric 

behaviour could be observed.[4] Our results support that, as predicted, fluorine atoms are able to 

induce a clear energetic barrier to the aryl group rotation in this particular system, becoming slow 

enough to allow the backbone protons to resolve their non-equivalent molecular environments. 

Furthermore, due to the relatively small size of the fluorine atoms, it is possible to infer that in 162 

the energetic barrier to the aryl group rotation might not be arising from steric factors, as seen in 

158, but most likely from specific fluorine-carbonyl repulsive interactions. Remarkably, this data 

seemed to suggest a novel way of creating atropoisomerism through the sole use of electronic 

factors, as opposed to the widely-exploited approach of placing hindering ortho substituents as 

Iodine or tBu groups.[4,13,23] 
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Figure 4.13: The amide bond in heptafluoronaphtyl aryl-peptoid 162. (a) Structure and main amide 
geometry of 162. (b) 1H-NMR trace showing the presence of non-equivalent backbone protons Ha and Hb. 
(c) 1H-1H NOESY trace showing the spatial correlations between methylene protons within the same isomer 
(highlighted in red) and the “negative” cross-exchange correlations between diasterosiomeric protons of 
cis/trans conformers (highlighted in blue). (d) Expansion of the same spectra showing the absence of spatial 
correlation between the methyl-acetyl and methylene backbone protons characteristic of the trans-isomer 
conformation.  

As discussed, our initial attempts to increase the cis-isomer ratios by increasing the size and of the 

aromatic system and the number of fluorine atoms present led to no substantial changes in the 

general amide bond cis/trans preferences observed (Table 4.2, 161 and 162). Broadly, similar 

Kcis/trans values to those previously found were obtained when larger N-perfluoro-biphenyl (141) or 

constrained N-perfluoronaphtyl (144) side-chains were introduced into the peptoids. However, in 

high contrast to all the results obtained so far, when the effect of further increasing the electron-

withdrawing character of the side chain was explored, by introducing a perfluoro-heteroaromatic 

quinoline residue (135), an unprecedented effect was found (163, Table 4.2).  
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As highlighted previously, of the two products that were produced in the SNAr reaction of 135 with 

the model glycine derivative (132), only the one showing a 1H-NMR singlet at the methylene 

region could be isolated (shown in Figure 4.7). The 19F-NMR analysis of this regioisomer, 163, 

revealed the presence of a single cis/trans isomer in solution, showing a characteristic peri 

coupling between fluorine atoms F2 and F3 (4JFF ≥ 40 Hz, Figure 4.14a). The assignation of all the 

F-atoms within the molecule, based on the corresponding ortho and para couplings, allowed to 

confirm the predicted position of the amide group in 163 as ortho- to the aromatic ring N-atom 

(3JFF,ortho= 17-19 Hz, 3JFF,para= 15-17 Hz, 3JFF,meta= 1-3 Hz).[28,29] Interestingly, broad signals were 

observed for the fluorine atoms located at the heteroaromatic ring, F1 and F2, indicating the 

presence of some dynamic process involving these positions (shown schematically in Figure 4.14).  

Both, the 1H and the 13C-NMR data completely agreed and supported the presence of a single 

cis/trans conformer of 163 in solution, as only one set of signals was observed for both. However, 

two close and almost overlaid independent singlets were observed for the methyl-acetyl group 

(δ1H: 2.23, 2.22, δ13C: 22.33, 22.30 ppm; insets shown in Figure 4.14a). The lack of the 

corresponding pairs of cis/trans signals for any other atom in the molecule discarded the possibility 

of a cis/trans relationship between these two acetyl groups, been most probably engaged into the 

same dynamic process that was observed at the vicinal fluorine atoms. Regardless their specific 

relationship, the close and similar NMR shifts found for both 1H signals evidenced a shared 

cis/trans geometry at the amide bond.†† 

                                                      

†† In the light of the posterior X-ray analysis, we hypothesize that these signals may likely arise due to a slow pyramidal 

N-atom inversion process. 
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Figure 4.14: (a) 19F-NMR spectrum of model acetanilide 163, showing a single set of multiplets, 
characteristic of a strongly displaced Kcis/trans equilibrium. Broad signals observed for vicinal F1 and F2 
indicated that an exchange/average dynamic process is taking place within the structure, also involving 
specifically the methyl-acetyl protons (insets). Further analysis discarded this process as a cis/trans rotational 
interconversion. (b) Observed spatial 1H-1H NOE correlations between the backbone hydrogens and the 
methyl-acetyl group, corroborating the cis-amide geometry of the unique isomer found. For comparison, 
other intrinsic NOE signals and their typical crystallographic distances according to our previous data are 
also given.** 
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When the spatial 1H-NOESY contacts within 163 were analysed, the unprecedented characteristic 

pattern of a cis-amide isomer was found (Figure 4.14b). The presence of a strong NOE correlation 

between the methyl-acetyl and the backbone methylene protons proved the close spatial proximity 

between both groups. Such a degree of proximity, as confirmed by prior examples, is only 

achievable when the amide bond exhibits a cis local geometry. The behaviour found in the 

hexafluoroquinolyl acetanilide 163 constitutes the first example ever reported of cis-amide 

induction in a N-aryl peptoid system. Moreover, the analysis of the cis/trans equilibrium within 163 

in more polar environments showed that in all the solvents tested the cis-isomer is the only isomer 

present (Table 4.2). The complete displacement of the amide equilibrium to the cis-isomer 

indicates that the energy gap between both conformers may be at least in the same range, or higher, 

than those measured in the other aryl systems but uncommonly forcing the stabilization of the 

opposite configuration (cis-isomer ≥ 95%, |ΔGcis/trans| ≥ 1.7 kcal mol-1). It is obvious then, if we 

compare the behaviours of compounds 162 and 163, that placing an ortho aromatic nitrogen 

induces a complete turn in the cis/trans equilibrium, from a highly favoured all-trans to an equally 

strongly preferred all-cis amide conformation. 

4.3.3 Single crystal X-ray analysis: Structural properties of cis and trans amide bonds 

in N-aryl peptoids 

Single crystal X-ray crystallography was used to determine the structure of our peptoid monomers 

at the atomic level and complement the NMR results obtained in solution. Crystallization of model 

trans-amides 157-158 and model cis-amide 163 enabled us perform a detailed comparative 

analysis of their structural properties, allowing us investigate the factors critically 

contributing to the unprecedented cis/trans preference found in 163.  

4.3.3.1 Characterization of model trans-amide peptoid monomers 157 and 158: 

When single crystals of model trans-amide peptoids 157 and 158 were analysed, a complete 

agreement to that what was inferred by NMR analysis was observed. A selection of the main 

structural parameters of both compounds is summarized in Table 4.3 for its comparison.  
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Table 4.3. Selected structural parameters determined in the crystal structures of trans-157 and 158. 

 trans-N(4F)Pyr                   
157a 

trans-N(Cl,3F)Pyr                   
158b 

Bond/atom distances (Å) 

N1-[C1-C3-C2]  0.0445(14) / 0.0535(16) 0.064(2) / 0.014(3) 

N1-C1 1.3885(18) / 1.3755(19) 1.377(3) / 1.386(3) 

C1-O1  1.2160(17) / 1.2218(8) 1.217(3) / 1.218(3) 

N1-C10  1.4044(18) / 1.4116(18) 1.416(4) / 1.409(3) 

N1-C3 1.4609(17) / 1.4641(17) 1.465(4) / 1.467(2) 

F1-O2 3.321(14) / 2.9116(14) 2.910(4) / 3.242(3) 

F1-C2 2.899(2) / 3.1247(18) 3.011(3) / 3.102(3) 

Torsion angles (º) 

C2-C1-N1-C3 168.48(13) / 173.77(13) 172.28(16) / -163.9(2) 

O1-C1-N1-C3 -8.94(17) / -2.70(18) -3.9(3) / 5.20(15) 

O1-C1-N1-C10 170.95(14) / 169.51(14) 167.0(3) / -166.8(2) 

C10-N1-C1-C2 -11.64(16) / -14.03(16) -16.9(3) / 18.1(3) 

C11-C10-N1-C3 116.43(15) / 111.23(15) 113.7(4) / 123.86(19) 

C11-C10-N1-C1 53.45(17) / 61.21(16) 57.2(4) / 54.2(3) 

a Values given for each independent molecule of 157 in the unit cell. b Values given for the two main 
independent atropoisomers of 158 found in the unit cell. 

The crystal structure of 157 was found to be composed of two different and non-equivalent 

molecules, packed on the asymmetric unit cell (shown in Figure 4.15, Table 4.3). As expected, 

almost completely planar trans-amide bonds were observed in both structures, showing 

characteristic amide bond dihedral angles close to 180º (ω157,a=168.48º, ω157,b=173.47º (C3-N1-C1-

C2), Figure 4.15). These highly planar trans-amide bonds are enabled due to the well-defined 

planar trigonal sp2 hybridization of the amide N-atoms, which allowed to minimize the steric 

pressure between residues and maximize the nN→π*C=O stabilizing electronic interaction (N1-[O1-

C1-C2], Table 4.3).  Consistent with this, the amide bond in 157 was found to have a clear partial 

double bond character, showing especially short N-C(O) bonds and relatively large CO lengths 

(1.388/1.377Å, C1-N1; 1.216/1.222, C1-O1).  
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Figure 4.15: X-ray structure of trans-amide peptoid 157. (a) Ball-and-stick representation and atom 
numbering scheme of one molecule of tetrafluoropyridine-based trans-acetanilide 157. (b) Schematic 
superimposition of the two independent trans-157 structures found in the unit cell. C-atoms depicted in grey, 
N-atom in blue, O-atoms in red, F-atoms in green and Hydrogens in white. All pictures were generated with 
Olex2 software.[30] 

The N-aryl group was found to show a slightly deviated orthogonal orientation regarding the amide 

bond plane, having dihedral angles of χ1157a= 53.45º and χ1,157b= 61.21º (C1-N1-C10-C11). As the 

electron charge density from the N-atom is transferred to the carbonyl group and not to the 

aromatic system, the aryl group arrangement in the crystal structure is optimized to prevent not 

only the steric hindrance arising from the close in space trans-amide methyl-acetyl group, but also 

the electronic repulsion between the ortho- fluorine atoms and the piperidinyl carbonyl group. As a 

consequence of the balance between these two-combined steric and repulsive interactions at both 

sides of the molecule, the complete aryl group deviated from its expected staggered 90º angle 

regarding the amide plane, allowing to maximize the F1-O2 distance (Table 4.3). We also noticed 

that this relative twisting between the aryl and amide planes further enabled a close proximity 

between fluorine F4 and the backbone hydrogen H3. This seems to suggest that an intramolecular 

H-F dipolar interaction could be plausibly assisting to stabilize the resulting conformation of 157 

(F4-H3: 2.3071(17)/2.5100(17) Å; Table 4.3). 

A more complex situation was found within peptoid system 158. This peptoid showed a unit cell 

constituted by two independent molecules for which, fortuitously, both possible P/M atropisomeric 

configurations could be observed (shown in Figure 4.16a-b). Similar geometric properties to those 

observed in 158 were found when their structures were analysed (Figure 4.16). 
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Figure 4.16: X-ray structure of trans-amide peptoid 158 (a) Ball-and-stick representation and atom 
numbering scheme of one molecule of (2,4,5)-trifluoro,chloropyridine trans-acetanilide 158, showing the 
presence of both P and M atropisomeric configurations. (b) Schematic superimposition of the two trans-158 
independent structures found in the unit cell (highlighted in orange and purple), each one showing also its 
corresponding atropisomeric pairs. C-atoms depicted in grey, N-atom in blue, O-atoms in red, F-atoms in 
green, Cl-atom in deep green and Hydrogens in white. All pictures were generated with Olex2 software.[30] 

Regardless of their specific P/M configuration, all molecules of 158 seen in the crystal structure 

showed the expected trans-amide geometry, exhibiting main ω torsion angles close to those found 

in 157 (C2-C1-N1-C3, Table 4.3).  The amide N-atoms were also found to conserve the well-

defined sp2 planar geometry previously observed, deviating from the substituent trigonal plane in 

less than 0.1 Å (N1 atom to [C1-C3-C10] plane). The N-atom planar geometry in 158 also enabled 

a good coplanar alignment with the acetyl group, allowing optimum orbital overlapping and 

maximizing the nN→π*CO interaction between groups. Accordingly, similarly short N-C(O) lengths 

and long carbonyl CO bond distances were determined within 158, when compared to those seen in 

157 (N1-C1: 1.377/1.386 Å; O1-C1: 1.217/1.218 Å, Table 4.3). 

The aromatic system was found to maintain the relative orthogonal orientation relative to the amide 

plane that was previously observed within 157, minimizing the aryl group steric hindrance and 

repulsive effect over the rest of the molecule. The similar twisting angles measured between the 

amide and the aryl planes in both pyridine-based molecules, between 55-60º, may be feasibly an 

intrinsic characteristic induced by these perfluorinated side chains, where minimization of fluorine 

induced repulsive interactions is needed to optimize the crystal packaging (C11-C10-N1-C1, Table 

4.3). It is clear from the crystal structures and the NMR data gathered for compounds 157 and 158, 

that a hypothetical cis-amide conformation would be highly energetically disfavoured in both 

peptoid systems. In agreement with previous suggestions,[1,2,4,6,11–13] we observe that the cis-amide 
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configuration would increase significantly the repulsive effect between the π orbitals of the 

aromatic system and those of the carbonyl group. We consider that the lack of this repulsive 

interaction in the trans-amide conformation, altogether with the minimal steric hindrance imposed 

by the methyl-acetyl group over the orthogonal aromatic ring, gives explanation to the general high 

trans-isomer preference observed in these peptoid systems.  

4.3.3.2 Characterization of model cis-amide peptoid monomer 163: 

Single crystals from 163 were found to exhibit a single structural motif in the unit cell, 

corresponding to the expected hexafluoroquinolyl peptoid monomer (Figure 4.17).‡‡ In comparison 

to the characteristic features found in the trans N-aryl peptoids 157 and 158, N-perfluoroquinolyl 

model peptoid 163 showed the well-defined structural properties of a cis-isomer.  

 

Figure 4.17: X-ray structure of cis-amide peptoid 163. Ball-and-stick representation and atom numbering 
scheme of model peptoid monomer 163, showing a cis-amide geometry. Color code: C-atoms in grey, N-
atoms in blue, O-atoms in red, F-atoms in green and Hydrogens shown in white. All pictures were generated 
with Olex2 software.[30] 

                                                      

‡‡ Occasional replacement of some 163 molecules in the unit cell by a resembling chlorine substituted by-product was 

also detected. Both molecules are shown together in the specific Experimental section of this chapter. Individual analysis 

by LC/MS of a crystal sample indicated that this by-product was more concentrated in the crystals (12 % content) than in 

the corresponding solution prior to crystallization (6 % content).  
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However, when the structure was analysed in detail and contrary to our expectations, we found that 

the amide bond in compound 163 was highly distorted from having the normal planar 

configuration, and instead it showed the characteristic structural properties of a “twisted” amide (ω 

= -32.5ᵒ; Figure 4.17, Table 4.4). Twisted amides are rare examples of non-planar systems, where 

the acetyl and nitrogen planes are twisted due to the amide C(O)-N bond rotation (τ). As the 

twisting angle increases, the amide double bond character progressively weakens producing, in 

consequence, significant levels of N-atom and/or carbonyl-carbon pyramidalization (described by 

χN and χC, schematically shown in Figure 4.18).[31–34] 

Table 4.4. Selected structural parameters determined in the crystal structure of cis-163.a 

 cis-N6FQnl                                                                                                                                
(163) 

Bond/atom distances (Å) Torsion angles (º) 

N1-[C1-C3-C10]  0.2328(15) C2-C1-N1-C3 -32.49(18) 

N1-C1 1.4151(18) O1-C1-N1-C3 150.45(14) 

C1-O1  1.2086(18) O1-C1-N1-C10 2.362 

N1-C10  1.4004(18) C10-N1-C1-C2 179.43(12) 

N1-C3 1.4626(18) N3-C10-N1-C3 17.21(18) 

Bond angles (º) C11-C10-N1-C1 51.27(18) 

C10-N1-C1 116.95(12) To amide [C1-C3-C10] plane normal angles (º) 

C10-N1-C3  116.37(12) [O1-C1-C2]  16.48(10) 

C1-N1-C3 118.84(11) [N3(C14)-C10-C11-C12-
C13(N3)-C18]  

36.02(6) 
N1-C1-O1 120.47(13) 

Amide Bond Distortion parameters (º)  

CO-N Twisting angle (τ)  15.04 

N-pyramidalization (χN)  31.92 

C-pyramidalization (χC) 2.9 

a Amide bond distortion parameters as evaluated according to F. K. Winkler and J. D. Dunitz, 1971.[33]  

 

Figure 4.18:  Schematic representation and Winkler-Dunitz description of the possible out-of-plane 
distortions of the amide bond. Note that: 0º ≤ |τ| ≤ 90º; 0º ≤ |χN|,|χC| ≤ 60º.[33] 
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Figure 4.19: Side view of one cis-163 molecule showing schematically the pyramidal properties of the amide 
Nitrogen (χN) and the twisting angle along the CO-N bond (τ). For its comparison, the amide N-atom 
substituent’s plane and its normal vector are highlighted in blue ([C10-C1-C3]), while the acetyl group main 
plane and its normal axis are highlighted in red ([O1-C1-C2]). Color code: C-atoms in grey, N-atoms in blue, 
O-atoms in red, F-atoms in green and Hydrogens shown in white. All pictures were generated with Olex2 
software.[30] 

Molecules of compound 163 in the crystal structure showed indeed significant levels of twisting 

through the amide C(O)-N bond axis, as quantified by the corresponding Winkler-Dunitz parameter 

τ= 15.06º. This magnitude seemed to be intrinsically related with the spatial orientation of the 

aromatic ring within the molecule, as it allows to align the bulky methyl-acetyl extreme in anti to 

the aryl group axis, minimizing thus the steric crowding and hindrance between these residues 

(179.43º: C10-N1-C1-C2; Table 4.4). Further analysis also revealed the particularly high sp3 

character of the amide N-atom, showing a pyramidalization value of χN= 31.91ᵒ and protruding out 

of the trigonal substituent plane by 0.23 Å (N1-[C1-C3-C10] atom to plane distance). Remarkably, 

such a degree of simultaneous amide bond twisting and N-atom pyramidalization results highly 

unprecedented in a non-constrained N-aryl acetanilide. As an example, Gilli and co-workers 

showed that the highest distortion values found in non-planar linear amides (and thioamides) lay in 

the range of χN= [0-(±)17.5]ᵒ and τ= [0-(±)12.5]ᵒ, only occasionally reaching higher values.[35,36] 

Close to these values are several distorted N-alkyl amide-bonds observed in highly constrained 

cyclic poly-peptoids (χN=1.6-20.9ᵒ; τ=1.3-7.5ᵒ)[7] and compressed N1snpe proto-helices (i.e. 

χN=16.9ᵒ; τ=8.5ᵒ),[37] where the increased steric congestion between residues forces the amide bond 

distortions. Acetanilide 163 shows, in comparison, higher levels of amide bond twisting and N-

atom pyramidalization even in the absence of such additional steric strains, being intrinsically 

distorted.  
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Consistent with the partial sp2→sp3 rehybridization of the N-atom in 163, we found a large increase 

in the amide C(O)-N bond length when compared to those observed in trans peptoids 157 and 158. 

This result further corroborated the weakness of the donor–acceptor nN→π*CO interaction within 

this system (1.415 Å, Table 4.4) and the poor double bond character of the amide group. It is also 

worth highlighting that overall the amide bond distortions found within 163 caused only small 

variations in the amide CO bond length, as elsewhere observed.[34,38–40] In fact, the acetyl group was 

found to maintain its planar geometry, showing an almost neglectable pyramidalization value of 

χC= 2.9º. Both findings align well with previous observation made by other authors which support 

that the CO sp2 carbon is less prone to suffer out-of-plane bending deformations than the amide N-

centre.[39]  

Significantly, the distance between the amide nitrogen atom and the aryl group in 163 was found to 

be similar to those previously measured in systems 157 and 158, revealing that a conjugative 

nN→π*Ar interaction did not take place at the expense of the disrupted nN→π*CO electronic transfer 

(1.40 Å, N1-C10; Table 2). Nevertheless, the N-atom pyramidalization in 163 produced 

considerable changes in the local configuration adopted by the aromatic group within the molecule. 

Contrary to that what was observed in both trans peptoids, the fluoroquinoline group in 163 was 

now found to align broadly parallel to the backbone axis, and not orthogonal as in previous 

examples (χ1= 17.21ᵒ, Figure 4.20). In comparison, the torsion angle with the acetyl group was 

found to be conserved, being similar to those previously found in both trans-amide peptoids (χ2= 

51º, N3-C10-N1-C1, also shown in Figure 4.20). This side-chain orientation offers, indeed, an 

optimum balance in the distances between the fluorine/quinoline heteroatoms and the carbonyl 

groups at both sides of the molecule, minimizing their potential repulsive effects (F1-O1: 

2.6129(14) Å, N3-O2: 3.3881(16) Å). We presume that such a compromised equilibrium between 

steric and repulsive electronic interactions would be strongly disfavoured in the trans-amide 

conformation, due to the increased steric hindrance that the methyl-acetyl group would impose over 

the aryl system.  
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Figure 4.20: Upper view representation showing the differing spatial orientation of the perfluoroaromatic 
side chain in cis-163 and trans-157. Color code: C-atoms in grey, N-atoms in blue, O-atoms in red, F-atoms 
in green and Hydrogens shown in white. All pictures were generated with Olex2 software.[30] 

In addition, the analysis of the crystal structure of 163 strongly suggests that repulsion between F-

atoms and both carbonyl groups may considerably restrict the aryl group rotation through the N1-

C10 axis. A similar conclusion can be drawn regarding the cis/trans isomerization process via C1-

N1 bond rotation, that either increases F1 to carbonyl O1 repulsion or quinoline to methyl-acetyl 

steric clash. We hypothesize that the combination of these two rotational barriers is what drives the 

large energetic gap between isomers found. Furthermore, while the quinoline heteroatomic N-atom 

seems to be without a doubt the ultimate cause of the cis-amide preference observed, via amide 

bond twisting and nitrogen pyramidalization, fluorine induced repulsive interactions seem to be 

playing a critical role in stabilizing the final twisted cis-amide structure. 

4.3.4 IR spectroscopy: Stability of the amide bond twisting in peptoid 163 

The infrared C=O stretching frequencies of amide bonds, νC=O, have been found to be especially 

sensitive to small changes in the magnitude of the resonant interaction between the nN and π*CO 

orbitals. As the planarity of the amide bond becomes increasingly distorted, the stabilization gained 

by the contribution of the planar zwitterionic resonant structure (II) also becomes increasingly 

limited (Figure 4.21a). Given this, twisted amides are in general characterized by an increase in 

their νC=O values when compared to that of planar-amides. Depending on the degree of the amide-

bond distortion, the νC=O stretching frequencies observed in twisted amides span the IR region that 



Ch. 4: Perfluoro-aryl peptoids: from all-trans to all-cis amide bond preference  

| 176 | 

 

goes from more “classical” planar-amides (1640-1650 cm-1) to what could be considered “normal” 

saturated ketones (1705-1725 cm-1). As an example of some limit behaviours, the carbonyl groups 

of two of the most distorted bridged and linear amides reported to date show characteristic “ketone-

like” νC=O frequency wavenumbers of 1732 and 1726 cm-1 respectively (164, τ = 90º; 165, τ = 74.3º; 

Figure 4.19b).[34,41]  

 
Figure 4.21: Resonance structures of the amide bond. Shown also are two selected examples of highly 
distorted amides and their experimental IR carbonyl frequencies (b). 

To further confirm that the twisted-amide bond conformation observed within 163 was not due to 

crystallographic packaging factors, but that it is stable and also corresponds to the structure 

observed in solution, we made a comparative analysis of model peptoid 163 by using ATR-FTIR in 

both states. Model peptoid monomer 76 (Ac-NEt-pip) was also analysed to reference the position 

of the piperidinyl C-terminus amide bond and the behaviour of a completely unconstrained “amide-

like” system. As shown in Figure 4.22a, while control peptoid dimer 76 exhibits a single IR νC=O 

band at 1635 cm-1, centred in the region typically ascribed to canonical amide bonds, peptoid 163 

in the solid state showed two characteristics and well resolved carbonyl bands, one of them 

strongly displaced to the “ketone-like” region (νC=O = 1709 cm-1). Comparison with peptoid 76 

allowed us to identify this high frequency carbonyl band as the one arising from the acetamide 

carbonyl group, bearing the N6FQnl motif.  The high value of νC=O found for this carbonyl group in 

163 confirmed experimentally that the interaction between the nN and π*C═O orbitals is particularly 

weak in this peptoid system, which is fully consistent with the presence of a substantial degree of 

amide-bond distortion. 
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When both samples were measured in solution (MeCN), their general spectroscopic features were 

maintained (Figure 4.22b). Only minor changes were found in the IR spectra of 163, showing two 

broadened νC=O bands at closely similar positions as those previously found. In particular the 

frequency value observed for the acetamide carbonyl group, only slightly downshifted to 1697 cm-1 

despite of the increased conformational motion of the sample, confirmed the still high ketone-like 

character of the amide bond in this solvent. These results provide good evidence that the amide 

distortions found in 163 in the solid state (i.e. CO-N twisting and N-pyramidalization) are stable 

and retained in solution.      

4.4 Chapter Summary 

Through this chapter, we have developed a new methodology, based in the introduction of a key 

SNAr coupling reaction, allowing the efficient synthesis of novel perfluoro-aryl peptoid monomers. 

The potential application of these relatively unexplored perfluorinated side-chains as possible cis-

amide inductors has been probed using NMR and X-ray crystal structure analysis. We have shown 

that while it is true that in general aryl amides show an extraordinary high conformational trans 

preference, the specific nature of the aromatic ring and the substituents present may still play a key 

role on directing the preference of the amide bond to one or the other specific isomer. This is 

demonstrated by the Ac-N(6F)Qnl-pip acetanilide 163, constituting so far the first example 

reported of a completely stable cis-aryl amide peptoid bond. Our results suggest that the 

combination of both, fluorine atoms substituents and the key aromatic nitrogen in ortho to the 

amide position are critically involved in turning completely the equilibrium to a strongly preferred 

cis geometry, by inducing and stabilizing the structural pyramidalization of the theoretical amide 

sp2 N-atom. Twisted amides are uncommon and evasive structural motifs, in general showing poor 

stability when not covalently ensembled into bridged/constrained rings or coordinated to metals, as 

they do not benefit from the strongly favourable resonant amide nN→π*co electronic interaction. 

Nevertheless, we observe that the perfluoroquinoline cis-amide peptoid bond is completely stable 

in solution, regardless of the solvent polarity. We hypothesize that this behaviour may be extended 

to other heteroatoms and fluorinated aromatic rings, allowing for the rational design of robust cis 

inducting N-aryl side chains via tetrahedral amide distortion. Also, out-of-plane deformations have 

deep implications in the physical,[35,39,42] chemical[43] and biological[38,44] properties of the amide 

group, for which we foresee that our presented work will be of relevance for the synthesis and 

design of new peptoid architectures. Moreover, the unprecedented behaviour found for the N(6F)-
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Qnl residue may be of especial relevance due to the intrinsic pharmacological properties exhibited 

by a broad range of quinoline based drugs, ranging from antimalarics[45–47] or antimicrobials[48,49] to 

potential scaffolds for cancer drug development.[50] 

An improvement in the reaction parameters will be needed in order to achieve a more economic 

and efficient synthetic route in especial for the production of the oligomeric products, but we 

consider these initial results a promising and exciting proof-of-concept. So far, our preliminary 

efforts to couple these perfluoroaryl groups using the sub-monomer synthetic approach have led to 

poor results. However, we have been able to identify that it is the bromoacetylation step after 

perfluoroaniline SNAr coupling the source of the synthetic failure. We expect to carry out in the 

future a more detailed study aimed to establish a reliable synthetic route based on the 

corresponding solid-phase coupling of the complete peptoid monomer, similar to the strategy that is 

commonly employed in the synthesis of peptides.  
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hhaapptteerr  55  

  

  

PPeennttaafflluuoorroossuullffaannyyll--pphheennyyll  AArryyll  PPeeppttooiiddss::  TTuunniinngg  tthhee  GGeeoommeettrryy  

ooff  ππ--SSttaacckkiinngg  IInntteerraaccttiioonnss  

5.1 Introduction 

We have shown that the amide isomerism in N-alkyl-peptoids can be strongly influenced by the 

presence of fluorine atoms. This influence may arise either from direct inductive effects, as in the 

case of fluorinated ethylamine-based side chains (Chapter 2; Figure 5.1a), or from 

stereoelectronic effects as in the case of the N4fpym motif (Chapter 3; Figure 5.1b). Notably, we 

have also found that a complete control over the amide bond cis/trans equilibrium can be gained by 

placing trifluoromethyl groups at the chiral Cα-position (Chapter 3; Figure 5.1c).  

 

Figure 5.1: Selected fluorine induced effects in the peptoid amide bond isomerism.  
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N-aryl peptoids, in comparison, have been shown to have strong preferences for the trans-amide 

geometry, even when highly electron-withdrawing perfluoro-(hetero)aryl monomers were 

incorporated. Modulation of the electronic and inductive effects of the peptoid aromatic residues in 

these systems has been shown not to be a suitable route to tune the conformational equilibrium in 

favour of the cis-isomer. Moreover, the discovery of the perfluoroquinoline cis-aryl-peptoid 

indicated that only by disrupting the partial double bond character of the amide group it may be 

possible to induce a complete conformational shift in these systems that, otherwise, may acquire a 

strongly desirable conformational homogeneity. As an example, all trans-amide N-aryl peptoids 

can be used to engineer highly stable oligomers with  secondary structures similar to that of the 

polyproline type II helix,[1–3] of especial relevance in the fields of material sciences (i.e as 

biocompatible collagen mimics polymers).  

Due to the fact that aliphatic pentafluorosulfanyl (SF5) chemistry is still highly under-developed,[4] 

it is in the context of trans-amide N-aryl peptoids where the incorporation of SF5 substituents could 

play an important role for the design of novel conformationally stable secondary structures. The 

pentafluorosulfanyl group has been shown to be a highly electronegative group, due to the 

hypervalent character of its S-atom centre (Figure 5.2).[4,5] The distribution of charge in the SF5- 

group settles in a square octahedral pyramidal environment, which greatly differs from the inverted 

cone-shape geometry presented, for example, by the CF3-group.[6] This functionality has also 

significant steric properties, being close in size to a tert-butyl group, and hence much bigger than 

the CF3 group (V= Vsubst – Vtert-Bu, V(tert-Bu)= 0 Å3 > V(SF5)= -11.1 Å3 > V(CF3)= -39.9 Å3). 

Pentafluorosulfanylated derivatives also show a considerably strong dipolar moment, due to the 

high electron-withdrawing effect of the SF5 moiety.[7,8] In terms of lipophilicity, the Hansch 

constants measured for CF3- and SF5- substituents prove the higher lipophilic character of this latter 

one (π(CF3)= 1.09 and π(SF5)= 1.51). This parameter indeed suggests high potential for 

bioaccumulation and cell penetration.[9,10] SF5-derivatives exhibit, in general, extraordinary 

chemical[11] and thermal stability.[8] They tolerate strong Brønsted acids and bases, metal-catalysed 

hydrogenation conditions or C-C coupling reactions. However, pentafluorosulfanyl derivatives are 

sensitive towards strong Lewis acids[12] and organometallics,[13] giving reduction products. Lithiation 

for example is only achieved by using tert-butyllithium. 
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Figure 5.2. The pentafluorosulfanyl (SF5) group. Schematic representation of a pentafluorosufanyl-phenyl 
group and its most relevant physicochemical properties. 

The unique properties of the SF5 group have drawn attention to their potential utility for 

materials/polymers sciences,[13,14] agrochemistry[15,16] and pharmaceutical applications. Some 

examples are given in Figure 5.3.[17,18] In general, the introduction of the SF5 moiety into these 

organic molecules has been found to dramatically change their properties, and it has been widely 

compared to the trifluoromethyl function. However, the study of biologically active molecules such 

as 166-168 has revealed that, in spite of their similarities, CF3- and SF5- groups confer very 

different biological properties. As an example, the SF5- analogue of fluoxetine (Prozac, 166) shows 

enhanced selectivity and potency than the CF3- analogue. The 8-SF5 substituted antimalarial 

mefloquine (167) shows also higher activity and longer half-life than the parent active CF3- 

compound, and the SF5- analogue of trifluralin (168) was found to have a 5-fold greater herbicidal 

potency than trifluralin itself.   

 
Figure 5.3: Selection of some relevant SF5 containing compounds and their proposed application. 

From the structural point of view, reports on pentafluorosulfanyl compounds are still rare and 

extremely uncommon. Only 96 molecules containing a SF5- substituent have been reported to date 

to the crystallographic CSD, out of which approx. one half contain an aromatic 
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(pentafluorosulfanyl)phenyl group (SF5Phe). The number decreases dramatically to 10 if (4-

SF5)Phe substituted systems are excluded. Also, a similarly scarce number of structures is found 

when looking for the combined presence of SF5- groups and any other N-based functionality, 

including: anilines (4), amides (3), ureas (2), azides (2) or nitro (2) derivatives. Relevantly, none of 

the structures exemplifies a peptoid amide bond.  

5.2 Aims  

Within the framework of the Fluor21 International Training Network, in which this research project 

is included, recent advances in the SF5- group chemistry led by Dr. Pter Beier (Institute of Organic 

Chemistry and Biochemistry ASCR, Czech Republic), has enabled the high scale synthesis of 

novel pentafluorosulfanyl-phenyl scaffolds that can be used as basic building blocks for peptoid 

synthesis.[19,20] The previous lack of such precursors has hampered for long the investigation of 

their potential applications, in particular in those fields where synthetically large excess of reactants 

are needed (i.e peptide and peptoid SPPS chemistry).  

 

Figure 5.4: Selected examples of novel routes for the synthesis of nucleophilic pentafluorosulfanyl-
phenyl based scaffolds. (a) via aromatic nucleophilic substitution. (b) via vicarious nucleophilic 
substitution. (i) For the corresponding aniline derivative: NuH= NH4OH, DMSO, 135 ºC, 5h; (ii) For the 
corresponding aniline: XNuH= I-Me3N+NH2, DMSO, rt, 5 min.[20]  

We expected that novel peptoid structures could be generated through exploiting the SF5 group’s 

electronic, steric and geometrical properties. We initially aimed for the possibility that these 

differences could have a relevant impact over the peptoid supramolecular arrangement. As 

previously shown in Chapter 4, N-aryl peptoids have a strongly defined preference for the trans-

amide local geometry. Thus, in the basis of these observations, we considered possible that the use 

of SF5Phe based scaffolds would actually have poor effect over the peptoid cis/trans 
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conformational preference. However, we hypothesized that the tandem application of steric and 

repulsive interactions between SF5- groups could potentially enable the design of conformationally 

restricted but not necessarily helical all-trans peptoid oligomers.  

5.3 Results and discussion 

The synthesis of the starting SF5-Phe based anilines used in this chapter, 171-174, was undertaken 

in collaboration with Dr. Pter Beier (Institute of Organic Chemistry and Biochemistry ASCR, 

Czech Republic) and were performed by Javier Ajenjo under his supervision (PhD student). We 

would like to acknowledge their critical participation and contribution to this work. 

5.3.1 Design and synthesis of model peptoid systems 

In order to explore the effect of SF5Phe based aryl groups over the peptoid amide bond cis/trans 

preference, we designed and synthetized the corresponding piperidinyl-based peptoids as model 

systems. As discussed in previous chapters, all compounds were obtained from the 2-bromo-1-

piperidinyl ethanone (81), by direct bromine displacement using SF5-based anilines 171-174 

(Figure 5.5). Optimized reaction conditions were applied in each case, by varying the temperature, 

in order to increase the reactivity of the less nucleophilic nitro-aromatic compounds 173-174. 

Relatively good conversions were achieved for the coupling of the different aniline versions, 

following the overall reactivity trend that could be expected in the basis of the number and position 

of the substituents present. For the poorly nucleophilic nitro-substituted aniline 173 a modest 

conversion of ~30% was observed. For the extremely unreactive and hindered aniline 174, a low 

but still useable conversion in the range of ~16% could be achieved (as based in the mass of 

isolated products 175-178, Figure 5.5c).  
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Figure 5.5: Synthesis of SF5-Phe based peptoid model systems. (a) General reaction pathway employed 
for the synthesis of SF5 containing peptoid monomers. (b) Pentafluorosulfanyl-phenyl anilines explored as 
peptoid monomers in this work, 171-174. (c) Intermediate N-alkyl anilines, 175-178, obtained after bromine 
displacement reaction. (d) Final SF5-based model peptoid monomers, 179-182. All reported yields as based 
in the isolated mass for each compound regarding the starting amount of primary amine employed. 

Acetylation of the intermediate piperidinyl-anilines (175-178) was accomplished by overnight 

AcCl/DIPEA treatment in DCM. The final model peptoids were then purified by preparative TLC 

to prevent material losses, yielding the desired piperidinyl-acetamides 179-182 with purities ≥ 96% 

(as assessed by LC/MS, 1H-NMR and 19F-NMR). Further experimental details and the complete 

characterization for each product is given in the corresponding experimental Chapter 7 (Sections 

7.3.4 and 7.11). 

5.3.2 X-ray Crystal Structure Analysis of N-piperidinyl anilines 175-178 

As discussed previously, only a handful of examples have been reported in the CSD regarding 

pentafluorosulfanyl-phenyl anilines and, relevantly, none of them exemplifying N-alkyl 

substitution. Even more, only 1 single structure has been reported to date where the aromatic ring is 

found to be poly-substituted,[21] so the potential impact of other substituents over the SF5- group 

structural properties remains, in this context, widely unexplored. Gratifyingly, pentafluorosulfanyl-
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phenyl piperidinyl anilines 175-178 were found to crystallize from their Hexane/AcOEt solutions 

after silica column purification. This gave us the opportunity to characterize their solid-state 

structures using single-crystal X-ray technics. In general, all our novel N-alkyl anilines were found 

to arrange forming dimeric units, stabilized by the presence of specific hydrogen bonding 

interactions. In agreement with this observation, all the crystals of compounds 175-178 were found 

to be unstable to prolonged air exposure at room temperature, a consequence of ambient water 

incorporation and disruption of the intermolecular network of H-bonds. A strong modulation of 

these key intra-dimer hydrogen bonding interactions, affecting the molecular packing of the dimers, 

was found in correlation with the specific position, electronic and steric properties of the different 

substituents present at the aromatic ring. For its comparison, the main crystallographic and 

refinement parameters gathered for compounds 175-178 are summarized in Table 5.1. A selection 

of their most relevant crystallographic bond distances and angles is also given in Table 5.2.  
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Table 5.1. Crystal data and main refinement parameters obtained in N-alkyl anilines 175-178.a 

Compound 175 176 177 178 

Empirical formula  C13H17F5N2OS C13H17F5N2OS C13H16F5N3O3S C13H15F6N3O3S 

Formula weight  344.34 344.34 389.35 407.34 

Temperature/K  120.0 120.0 120.0 120.0 

Crystal system  monoclinic monoclinic triclinic triclinic 

Space group  C2/c C2/c P-1 P-1 

a/Å  27.4757(16) 28.875(2) 6.0644(6) 10.7233(9) 

b/Å  5.7393(3) 6.1089(5) 9.8827(9) 10.7356(9) 

c/Å  20.4245(12) 17.2505(14) 13.6556(12) 14.0841(12) 

α/°  90 90 73.767(4) 99.396(3) 

β/°  115.215(2) 109.830(3) 83.209(4) 90.151(3) 

γ/°  90 90 79.046(4) 97.806(3) 

Volume/Å3  2913.9(3) 2862.4(4) 769.63(12) 1584.3(2) 

Z  8 8 2 4 

ρcalc  g/cm3  1.570 1.598 1.680 1.708 

μ/mm-1  0.280 0.285 0.287 0.292 

F(000)  1424.0 1424.0 400.0 832.0 

2Θ range /°  4.226 to 59.992 4.898 to 57.988 4.636 to 57.996 3.834 to 59 

Index ranges  
-38 ≤ h ≤ 38, 

-8 ≤ k ≤ 8, 
-28 ≤ l ≤ 28 

-39 ≤ h ≤ 39, 
-8 ≤ k ≤ 8, 

-23 ≤ l ≤ 23 

-8 ≤ h ≤ 8, 
-13 ≤ k ≤ 13, 
-18 ≤ l ≤ 18 

-14 ≤ h ≤ 14, 
-14 ≤ k ≤ 14, 
-19 ≤ l ≤ 19 

Reflections collected  30437 28288 15800 33820 

Independent 
reflections  

4230 
[Rint = 0.0389, 
Rsigma = .0253] 

3804 
[Rint = 0.0781, 
Rsigma = .0563] 

4094 
[Rint = 0.0603, 
Rsigma = .0760] 

8812 
[Rint = 0.0314, 

Rsigma = 0.0291] 

Goodness-of-fit on F2 1.045 1.036 1.021 1.027 

Final R indexes 
[I>=2σ (I)]  

R1 = 0.0351, 
wR2 = 0.0853 

R1 = 0.0489, 
wR2 = 0.0961 

R1 = 0.0543, 
wR2 = 0.1005 

R1 = 0.0342, 
wR2 = 0.0853 

Final R indexes       
[all data]  

R1 = 0.0475, 
wR2 = 0.0911 

R1 = 0.0863, 
wR2 = 0.1074 

R1 = 0.1035, 
wR2 = 0.1149 

R1 = 0.0458, 
wR2 = 0.0911 

Largest 
diff.peak/hole/ e Å-3  

0.43/-0.43 0.40/-0.45 0.62/-0.51 0.41/-0.41 

a All structures were solved using Olex2,[22] with SHELXS solution program,[23] and refined with 
SHELXL refinement package using full-matrix Least Squares minimisation.[24] Further details are 
given through the experimental section.  
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Table 5.2. Selection of the main bond distances, angles and plane to plane relative angles determined in 
model N-alkyl anilines 175-178 

 175 176 177 178a 

Bond lengths (Å) 

N1-H1 0.806(18) 0.83(3) 0.8801(16) 
0.813(19)/ 

0.79(2) 

N1-C1 1.364(2) 1.367(2) 1.365(3) 
1.3454(16)/ 
1.3429(17) 

N1-C7 1.4363(18) 1.431(2) 1.436(2) 
1.4531(16)/ 
1.4523(16) 

CAr-S1 1.7870(17) 1.8084(18) 1.8047(19) 
1.7926(14)/ 
1.7869(13) 

S1-Fax 1.5955(14) 1.5950(11) 1.5801(14) 
1.5831(9)/ 
1.5926(9) 

S1-Feq 

1.5864(8), 
1.5911(9), 
1.5876(8),      

           1.5928(9) 

1.5814(16), 
1.5776(14), 
1.5854(16), 
1.5802(14) 

1.5782(19), 
1.5798(15), 
1.5873(17), 
1.5771(15) 

1.5924(9),1.5829(9) 
1.5726(9),1.5883(9)/ 
1.5858(9),1.5791(9) 
1.5787(8),1.5832(9) 

Bond angles (º) 

C1-N1-C7 122.57(11) 121.13 (17) 120.21(17) 
127.62(12)/ 
127.86(12) 

C7-N1-H1 117.8(16) 117.6 (13) 119.87(18) 
114.2(14)/ 
111.8(15) 

C1-N1-H1 117.5(16) 121.3(13) 119.92(17) 
118.1(13)/ 
120.2(15) 

CAr-S1-Feq 
93.38(6),92.69(6) 
93.03(6),93.21(4) 

93.21(9),93.26(8)                 
92.46(9),92.84(8) 

92.19(9),91.99(9) 
92.20(10),93.77(10) 

91.79(5),92.64(6), 
92.67(5),92.00(5)/ 
92.65(5),92.98(5), 
92.60(5),92.15(5) 

Fax-S1-Feq 
86.91(6),87.17(6) 
86.68(5),86.93(6) 

87.21(7),86.99(7) 
87.13(7),86.91(7) 

88.15(8),88.37(8) 
87.67(8),87.64(8) 

87.46(5),87.55(5), 
88.07(5),87.79(6)/ 
87.24(5),87.42(5), 
87.62(5),87.43(5) 

To aryl [C1-C2-C3-C4-C5-C6] plane normal angles (º) 

[C1-N1-H1-C7] 
plane 

4.2(4) 10.8(6) 8.19(10) 
3.66(17)/ 

4.7(3) 

CAr-S1 bond 87.73(5) 91.60(12) 88.42(13) 
93.93(6)/ 
91.34(6) 

Torsion angles (º) 

CAr’-CAr-S1-Feq 

33.48(9), 
56.51(9), 
123.76(9), 
146.36(9) 

35.86(14), 
54.35 (14), 
126.00(19), 
144.12(14) 

36.1(2), 
53.8(2), 

126.6(2), 
143.1(2) 

41.09(10),48.46(10) 
138.11(10), 131.81(10)/ 

42.99(10),46.69(10) 
133.15(10), 136.78(10) 

a Data as determined for the two independent molecules present in the unit cell. All data has been calculated 
using Olex2 software.[22] 
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5.3.2.1 Crystal structure of mono-substituted anilines 175-176 

The less substituted and hindered aniline 175, having the SF5 substituent located in the para 

position, was observed to have a characteristic extended conformation in zig-zag through the 

aliphatic backbone, allowed by the sp2 hybridized aniline N-atom (N1, Figure 5.6a). This nitrogen 

planar hybridization allows to maximize the nN→π*Ar electronic delocalization of the lone pair into 

the deficient aromatic system, as corroborated by the short N-CAr bond length measured (1.364 Å), 

and the almost coplanar alignment observed between the aniline and aryl planes (4.2º, plane normal 

[C1-C2-C3-C4-C5-C6] to plane normal [C1-C7-H1-N1], see Table 5.2 for selected bond and 

angles). As a consequence of the planar trigonal geometry imposed at this centre, the N-alkyl, the 

N-aryl and the aniline proton substituents were found to be extended sharing virtually the same 

molecular plane, minimizing the steric repulsion between the crowded/rigid piperidinyl and aryl 

groups (0.82 Å N1-H1; 1.436 Å N1-C7). This key extended conformation of the molecules further 

enabled their organization into almost coplanar dimeric structures, stabilized by hydrogen bonding 

interactions between the piperidinyl carbonyl group of one unit and both, the free aniline proton 

and the aromatic hydrogen in ortho of the paired structure (O1-N1: 2.52 Å, O1-H6: 2.45 Å; as 

represented in Figure 5.6a).  

Figure 5.6: Crystal structure of 175. Ball-and-stick representation and atom numbering scheme of the 
crystal structures of N-piperidinyl aniline 175 (a). Main O-H hydrogen bonding interactions and distances are 
highlighted in red. (b) Side view of the relative crystal packing between two dimer units of 175 showing the 
presence of intermolecular long-distance H-F contacts (highlighted in green). C-atoms depicted in grey, N-
atom in blue, O-atoms in red, S in yellow, F-atoms in green and Hydrogens in white. All pictures were 
generated with Olex2 software.[22] 
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The dimer structure of 175 was also found to be centrosymmetric, as a consequence of its non-

chiral nature, opposing the bulky hydrophobic SF5- residues to achieve an optimum 

crystallographic packing. The para-SF5 group was found to exhibit the expected square-based 

pyramidal geometry, showing octahedral coordination, with the axial fluorine atom at 1.596 Å from 

the sulphur centre (Fax-S1, Table 5.2). Similar distances to the S-atom were determined for all the 

equatorial fluorine atoms, showing also well-conserved Fax-S-Feq angles close to 90º (S1-Feq: 1.586-

1.593 Å; Table 5.2). The complete SF5- group was found to be slightly expelled out from the aryl 

plane, showing a plane normal [C1-C2-C3-C4-C5-C6] to C4-S1 bond angle of β=87.7 degrees (as 

represented in Figure 5.7). Interestingly, contrary to what has been previously observed in the 

unsubstituted aniline, the equatorial fluorine atoms were found to deviate considerably from their 

expected 45º angle staggered conformation, where electronic repulsion would be minimal.[25] The 

experimental C3-C4-S1-Feq torsion angles, of 33.5º, 56.5º, 123.8º and 146.4º, gives evidence of an 

overall rotation of the SF5 motif through the C4-S1 bond of ~10º out from its theoretical 

configuration. We consider that it is likely that such distortion arises from secondary intra-dimer 

steric factors or most probably due to participation of the equatorial fluorine F4 in a long distance 

dipolar interaction with the piperidinyl group of another dimeric unit (2.63 Å, F4-H11, Figure 

5.6b).   

 

Figure 5.7: Schematic representation of the SF5 to aryl plane twisting angles α and β. While β accounts 
for the complete group deviation from coplanarity with the aromatic ring, α gives measure of the degree in 
which the equatorial fluorine atoms are observed to expel out from the theoretical square sulphur centred 
plane.  

The crystallographic analysis of 175 also allowed us to confirm the presence of a twist in the 

position of the equatorial fluorine atoms, (α), which protruded out of the equatorial plane in 3.14º 

(average α, Figure 5.7). This deviation is similar to that previously found in the unsubstituted 

compound. Noteworthy, the magnitude of the CAr-S-Feq twisting angle α has been proposed to be 

intimately related to the high molecular dipolar moment exhibited by aromatic SF5 compounds, as 

it enables the equatorial atoms to contribute and increase the main S-Fax dipolar moment.[13] In 

agreement, the similar α values observed before and after N-alkyl substitution evidences that 

aliphatic groups do not change significantly the overall molecular dipolar moment. In comparison, 
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when other more polarizing groups have been incorporated lower values of α have been found (i.e. 

N-acetyl instead of N-alkyl, α = 92.3-92.4º Å).[11,26] Importantly, the analysis of the supramolecular 

structure of 175 in the solid-state revealed that electronic repulsion and steric clash between SF5- 

groups prevents the dimers from adopting a relative parallel π-stacked conformation (Figure 5.6b). 

π-stacking between aromatic residues has been shown to play a critical role in stabilizing the 

crystal structure of many aromatic compounds, as it promotes the formation of favourable 

intermolecular πAr-πAr interactions. It seems evident that in 175, while H-bonding interactions 

control dimer formation, repulsive and steric effects between SF5 groups, and not πAr-πAr 

interactions, dominate the intermolecular organization of the molecules.  

When the effect of placing the bulky SF5 group into the more sterically demanding meta positions 

was analysed, as in compound 176, significant structural changes were found (Figure 5.8a-b). As 

seen in 175, the aniline N-centre in 176 (N1) exhibited planar geometry due to its sp2 hybridization. 

Significantly, similar N1-C1 bond lengths were found in both compounds, 175 and 176, despite the 

lower electron-withdrawing effect expected to arise from the meta-SF5 group (1.367 Å, Table 5.2). 

The aniline and the aryl planes in the crystal structure of 176 showed a significant deviation from 

being both coplanar, arranging at a relative angle of roughly 11º (plane normal-plane normal, ([C1-

C2-C3-C4-C5-C6], [C1-C7-N1-H1]). This twisting between the aryl/aniline planes in 176 seemed 

to arise specifically from the steric effects caused by the SF5 groups within the dimer structure (and 

thus to the hydrogen bonding interactions present, all of which were found to be considerably 

altered).  

 

Figure 5.8: Crystal structure of 176. Ball-and-stick representation and atom numbering scheme of the 
crystal structure of N-piperidinyl aniline 176 showing its dimeric configuration (a). Main O---H hydrogen 
bonding interactions and distances are highlighted in red. (b) View of the relative crystal packing between 
two dimers of 176 showing the presence of intermolecular long-distance H---F contacts (highlighted in 
green). C-atoms depicted in grey, N-atom in blue, O-atoms in red, S in yellow, F-atoms in green and 
Hydrogens in white. All pictures were generated with Olex2 software.[22] 
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As we could confirm, the analysis of the crystal structure of 176 revealed that the dimer 

configuration in the meta derivative is more stable when the aryl to carbonyl H-bond takes place 

through the aniline ortho-H2 hydrogen, rather than the alternative more intuitive conformation 

where the interaction is placed through the less hindered aromatic proton H6 (that would leave the 

pentafluorosulfanyl group in a non-sterically restricting position). This preference, that can be 

explained in the basis of the better acceptor character of H2, due to the electronic/inductive effect 

of the vicinal SF5 group, had a major impact in the dimer packing. As the two molecules 

constituting the dimers interact through their most hindered aryl group side, their relative 

orientation displaces from facing each other laying extended in the same molecular plane (as in 

175), to adopt a relative angle of 152.1 degrees. This allows to reinforce the central carbonyl-

aniline hydrogen bond to a shorter O1-H1 distance of 2.25 Å. The reinforcement of this interaction 

seems to compensate partially the destabilizing effect that the bulky SF5 group imposes over the 

vicinal ortho proton to carbonyl hydrogen bond (O1-H2, Figure 5.8a). This interaction was indeed 

found to take place at a slightly enlarged length of 2.76 Å, as needed to prevent the steric repulsion 

between the close SF5 and piperidinyl groups. It is likely that avoiding such steric clash between 

groups originates also the relative twisting of the aryl/amine planes observed. The crystal 

packaging of 176 was found to also be stabilized by two intermolecular long-distance F-H contacts, 

the strongest one between the also acceptor aromatic proton H4 and the equatorial fluorine F2 (2.41 

Å, Figure 5.8b). Notably, such interaction was not present in 175 due to the higher planarity of its 

dimer structure. 

 Only minimal changes were observed in the SF5- group structural properties within 176 when 

compared to those in 175.  The most significant variation was a decrease in the twisting angle of 

the equatorial fluorine atoms to a value of α = 92.9º (average α, see Table 5.2). The smaller 

magnitude of the α angle in 176 seems to correlate well with the expectable lower dipolar moment 

of the aryl group when having the substituent in meta, out of the long molecular main axis. 

Notably, also a better alignment between the SF5- group and the aryl plane was found in 176, 

showing only a minimal deviation of β= 1.6º from being both coplanar. 

5.3.2.2 Crystal structure of poly-substituted anilines 177-178 

Piperinidyl anilines 177 and 178, showing two molecules in their asymmetric unit cells, were found 

to crystallize in the triclinic crystal system (Table 5.1, Figures 5.9 and 5.10). In the solid-state 177 

displayed an aniline C1-N1 bond length perfectly matching the values exposed so far, indicating 
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that the introduction of the strongly electron-withdrawing NO2 group had little effect over the 

nN→π*Ar electron transfer process, most probably due to its non-electronically conjugated meta 

position (1.365 Å, Figure 5.9a). A broad inspection of the structure of 177 early revealed that, as 

seen in 176, the aryl and aniline planes kept a relative twisted angle of 8.2º ([C1-C2-C3-C4-C5-C6] 

plane normal to [C1-C7-N1-H1] plane normal, Table 5.2).  

 

Figure 5.9: Crystal structure of 177. Ball-and-stick representation and atom numbering scheme of the 
crystal structure of N-piperidinyl aniline 177 (a) Main stabilizing O---H hydrogen bonding interactions and 
corresponding distances are highlighted in red; intramolecular H---F dipolar contacts are highlighted in 
green. On the right panel, view of the crystal packing of two dimers (b). C-atoms depicted in grey, N-atom in 
blue, O-atoms in red, S in yellow, F-atoms in green and Hydrogens in white. All pictures were generated with 
Olex2 software.[22] 

This deviation from coplanarity was indicative of the formation of dimer structures where H-

bonding interactions are strongly influenced by the steric and repulsive interactions originated by 

the SF5- groups. In good agreement with this suggestion, 177 was found to form centrosymmetric 

dimers where the two molecules had a non-coplanar relative arrangement, lying extended at 165.6º 

one to each other (as revealed by the main C8-O1-H1 aniline H-bond angle). The secondary O1-H2 

hydrogen bonding interaction was found to be considerably reinforced when compared to those in 

systems 175-176, showing a shorter length of 2.57 Å. This effect may be ascribed to the overall 

enhanced acceptor character of H2 in 177, due to the electron-withdrawing effect of the NO2 group 

in para. As this H-bond becomes stronger, it also forces into a higher proximity the piperidine and 

the SF5 groups of both molecules, which steric and repulsive effect is again compensated by 

twisting the aryl ring away. Interestingly, we also observed a weak F4-H9 contact at a relative 

distance of 2.45 Å, what might be further contributing to the dimer stabilization (highlighted in 

green in Figure 5.9a-b). However, in contrast to what was observed in 175 and 176, no 

intermolecular H-F contacts were observed between vicinal dimers. The supramolecular packaging 
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of 177 is, in fact, stabilized by a network of Van der Walls interactions between the nitro groups of 

each molecule and the piperidinyl protons H12 of vicinal dimers (within the same crystallographic 

layer). The NO2 groups also interacted with other hydrogens from dimers in the upper and lower 

crystal layers (2.60 Å, O2-H12; 2.59 Å, O3-H7 Å). Aligning well with the expected lower dipolar 

moment along the SF5- group axis in 177, due to NO2 group dipole at 120º, we measured a smaller 

twisting angle α of 92.29º (average C3-S1-Feq, Table 5.2).  

A very different situation was observed in the crystal structure of tri-substituted aniline 178, where 

two similar but not identical independent molecules were found in the asymmetric unit cell (Figure 

5.10).  In both molecules, the NO2 group and the aniline proton, having a syn configuration, were 

found to stablish a relatively strong intramolecular hydrogen bonding interaction, as evaluated from 

the experimentally assessed O(2/2A)-H(1/1A) distances of 2.05-2.02 Å. This interaction is enabled 

due to the high co-planarity found between the sp2 aniline N-atom, the aromatic ring and the planar 

trigonal NO2 group. The presence of such H-bond also accounts for the fact that the opposite 

configuration of the π-system, in which the fluorine atom would be syn to the aniline proton, was 

not observed.  

 

Figure 5.10: Crystal structure of 178. Ball-and-stick representation and atom numbering scheme of the 
crystal structure of N-piperidinyl aniline 178 (a). Main stabilizing H-bonding interactions and corresponding 
distances are highlighted in red; intramolecular H---F dipolar contacts are highlighted in green. On the right 
panel, view of the crystal packing of two dimers showing the intermolecular long-distance interactions found 
within (b). C-atoms depicted in grey, N-atom in blue, O-atoms in red, S in yellow, F-atoms in green and 
Hydrogens in white. All pictures were generated with Olex2 software.[22] 

In 178 it resulted especially evident the strong electron-withdrawing properties of the aryl system. 

This was well exemplified by the short aniline C(1/1A)-N(1/1A) bonds (1.345 /1.343 Å), and the 

long ortho C(1/1A)-C(2/2A) distances measured (1.426/1.424 Å, Table 5.2). The bond between the 
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NO2 group and the aromatic ring was also found to be significantly reinforced when located at the 

ortho position in 178 (1.453/1.448 Å; C(2/2A)-N(2/2A)), when compared to that in meta within 

177 (1.474 Å, C5-N3). It was then feasible to infer that the aniline N-atom charge density in 178 is 

transferred predominantly to the NO2 group, and not the SF5 substituent (which S-CAr bond length 

remained constant; Table 5.2).  

The individual molecules of 178 further arranged in the solid-state forming non-symmetric dimers, 

composed by one unit of each independent structure (as noted in Figure 5.10a). Unlike previous 

systems 175-177, dimers of 178 were stabilized by only one hydrogen bonding interaction between 

the piperidinyl carbonyl group and the aromatic hydrogen H5A, located in ortho to both the SF5 

and the F1 substituents (2.50 Å, O1-H5A). The aniline proton did not contribute to the dimer 

stabilization in this case, being engaged in the main NH/NO2 intramolecular H-bond. The NO2 

groups participated, in comparison, to a broad network of long-distance VdW interactions with 

vicinal dimeric units, stabilizing the packing between layers (2.48 Å, O3-H7A, Figure 5.10b).  

No significant changes were observed in the structural properties of the SF5 group within 178. In 

general, we have found that this group adopts well-conserved and predictable structural features, 

regardless of the number and nature of the other substituents present at the aromatic ring. Overall, 

the most remarkable differences found in the SF5 group structural properties arise from secondary 

subtle parameters such as the twisting angle of the fluorine equatorial atoms (α), the degree in 

which the group is expelled out from the aryl plane (β), and some observed predisposition to distort 

from its theoretical staggered 45º conformation. On the other hand, it is clear that the overall 

impact of the group is great in terms of intra- and intermolecular crystal arrangement. Both, 

prevention of the SF5-SF5 strong repulsive interactions and minimization of the imposed SF5 steric 

pressure over its molecular local environment have been proved to be main forces driving the 

supramolecular assembly of anilines 175-178. 

5.3.3 NMR analysis: Effect of pentafluorosulfanyl side chains over the amide cis/trans 

equilibrium 

Following the strategy of analysis employed in preceding Chapters 2 and 4, the impact of novel 

pentafluorosulfanyl-phenyl based peptoid monomers over the amide bond cis/trans equilibrium 

was analysed in the basis of its NMR spectroscopic properties.[27]  
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As observed previously, in N-aryl peptoids the presence of a cis-amide bond results in a substantial 

NOE correlation between the methyl-acetyl group and the methylene protons of the adjacent 

residue. In addition, when available, the trans-amide conformation should enable the methyl-acetyl 

group to stablish a spatial NOE correlation with the aromatic ring ortho- hydrogens, as shown in 

Figure 5.11. The use of this two specific NOE correlations, characterizing each amide 

configuration, allowed the determination of the cis/trans ratios present in solution.[1,28–30] A 

summary of the experimental NMR Kcis/trans values measured in piperidinyl acetanilides 179-182 is 

given in Table 5.3, for each solvent tested.  

 

Figure 5.11: 1H-1H NOE correlations in SF5-Phe model aryl peptoids. (a) Acetylation of N-alkyl anilines 
175-178 led to the corresponding N-alkyl acetanilides 179-182, having a model peptoid amide bond. (b) 
Schematic representation of the amide bond cis/trans equilibrium, and the main NMR 1H-1H NOE 
correlations that characterize each specific geometry.   

Table 5.3.  NMR spectroscopic analysis of the amide bond cis/trans equilibrium in model SF5-Phe 
based peptoid systems 179-182. 

Compound Kcis/trans
a
    

(CDCl3) 
ΔGcis/trans

b         

(kcal mol-1) 
Kcis/trans

a  

(CD3OD) 
ΔGcis/trans

b       

(kcal mol-1) 

179 all-trans n/d all-trans  n/d 

180 all-trans n/d 0.11±0.01 1.32±0.04 

181 all-trans c n/d 0.25±0.04 c    0.81±0.12 c 

182 0.11±0.02 1.30±0.10 0.36±0.04 0.61±0.06 

a Average Kcis/trans values and corresponding standard deviation estimated for model piperidinyl acetamides 
179-182 as calculated from 1H-NMR (n=6). b Corresponding average ΔG calculated as –RTLn (Kcis/trans) at 25 
ºC. c Due to broad 1H proton exchanged/averaged signals, values as based in 19F-NMR analysis (n= 2).   
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When the p-pentafluorosulfanyl acetanilide 179 was analysed by 1H-NMR only one set of NMR 

signals was found. These signals corresponded to the expected trans-isomer, indicating the 

complete prevalence of this amide conformation in solution. This extreme was corroborated not 

only by the acetyl group chemical shift, slightly lower than 2 ppm and characteristic of trans 

isomers,[1,2] but also by the presence of a relatively strong NOESY correlation between the methyl-

acetyl group and the aryl ortho-hydrogens (Figure 5.12a-b).  

 
Figure 5.12: The cis/trans equilibrium in model peptoid system 179. (a) 1H-NMR trace and signal 
assignment of peptoid model system 179. (b) 1H-1H NOESY correlations identifying the trans-amide 
conformation of the single isomer present. (c) 19F-NMR spectra of 179 showing the characteristic quintet for 
the axial SF5- group fluorine atom and a doublet for the equivalent equatorial ones.  
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Significantly, a weak NOE spatial correlation was also found between the acetyl and the backbone 

methylene protons. In general, such interaction has also been shown to be characteristic of the cis-

isomer, as this cis-geometry enables a close structural proximity between both groups (schematized 

in Figure 5.11). Despite this fact, the relative intensity between the different NOE contacts 

observed within 179, being remarkably stronger between methyl acetyl and the aromatic protons, 

evidenced in this case the non-cis but trans configuration of the main isomer present (Figures 

5.12b). We hypothesized that such a weak positive NOESY correlation could be arising from a 

long-distance spatial correlation, secondary intermolecular contacts or due to some magnetization 

transfer between nuclei. The total displacement of the conformational equilibrium in 179 to one 

isomer was also supported by 19F-NMR analysis of the sample, showing only one set of signals 

arising from the pentafluorosulfanyl group:  a quintet centred at 83.68 ppm for the axial fluorine 

atom and a doublet at 63.04 ppm corresponding to the equatorials ones (Table 5.4, see also Figure 

5.12c). A similar general behaviour was found for the meta substituted model peptoid system 180, 

for which only negligible trace amounts of the cis-isomer could be identified.  

Table 5.4. 19F-NMR spectroscopic parameters exhibited by the SF5- functional group in cis/trans 
acetamides 179-182.a 

 
Product 

19F-NMR δ (CDCl3)                             
Fax / Feq

b  

19F-NMR δ (CD3OD)                                  
Fax / Feq

b  

trans-amide cis-amide  trans-amide cis-amide 

179 83.68/63.04  - 82.29/61.57 - 

180 83.33/63.08 - 81.93/61.38 82.59 

181 80.22/63.08 - 79.14/61.56 79.67 

182 79.20/63.00 79.71 78.01/61.50 78.52 

a All ẟ values in ppm. b Due to signal overlap, equatorial fluorine atoms are given only for the major 
trans-amide corresponding isomers. 
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Notably, the nitro- substituted peptoid derivative 181 was found to exhibit significantly broadened 
1H-NMR signals, especially for the methyl-acetyl protons, suggesting fast exchange/average of the 

cis/trans resonances (further supported by the corresponding broadened chemical-exchange cross 

peaks seen upon NOESY analysis, Figures 5.13a-b). Despite this, the conserved chemical shift 

observed for the broad methyl-acetyl signal (1.99 ppm) and its strong NOE spatial correlation with 

the aromatic hydrogens seemed to confirm, as in previous examples, the main trans-configuration 

of the exchanging population in 181. The SF5 group, not directly involved in the amide bond 

interconversion process, proved to be useful to estimate the cis/trans ratio in this sample. Based on 

the 19F-NMR analysis of 181, showing a single quintet for the Feq atoms, we corroborated a broadly 

completely displaced cis/trans equilibrium to the trans structure (Tables 5.3 and 5.4, Figure 

5.13c). 

 

Figure 5.13:  The cis/trans equilibrium in model peptoid monomer 181. (a) Expansion of the NOESY 
spectra of 181 in the methyl acetyl (a) and aromatic regions (b). Fast exchanged/averaged resonances were 
found, as evidenced by the presence of the corresponding broad cross-exchange peaks. (c) In comparison, 
19F-NMR spectrum of compound 181 showed neatly the presence of a single isomer in solution. 
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The NMR behaviour of model peptoid monomer 182 was in comparison remarkably different to 

those of acetamides 179-181, showing a clear atropisomeric behaviour induced by the chiral axis 

present at the aryl group.[31,32] In agreement with this behavior, the non-equivalent backbone 

methylene protons, showing a geminal coupling, were resolved as two independent doublets rather 

than the commonly observed singlet (Figure 5.14a).[33,34] 1H-NMR and NOESY analysis evidenced 

the presence of two set of signals at the backbone and methyl acetyl regions, correlated by strong 

cross-exchange peaks. This result proved that in 182 both isomers were present in solution 

(Figures 5.14a-b). In the basis of the similar intensity found for the backbone-methyl acetyl NOE 

spatial contacts within both isomers, regardless their different isomeric ratios (~10:90), we 

concluded that the minor conformer present corresponded to the cis isomer, having the shortest 

contact distance and thus the more intense NOE between groups (schematized in Figure 5.14c). 

The 1H-NMR signal integration allowed us to evaluate a Kcis/trans of 0.1, representing a value of 

ΔGcis/trans = 1.36 kcal mol-1 (Table 5.3). 19F-NMR analysis of 182, gave further confirmation of the 
1H-NMR estimated values. The signals arising from the SF5 equatorial fluorine atoms from the cis-

isomer could not be identified, appearing overlapped with those of the main trans-isomer. We find 

worth to note that, in general, the chemical shift of the equatorial fluorine atoms of the SF5- group 

have been found to be poorly sensitive to the molecular environment and the specific vicinal 

substituents present at aromatic system (see Table 5.4). 
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Figure 5.14. The cis/trans equilibrium in model peptoid monomer peptoid 182. (a) Expansion of the 
NOESY spectra of 182 showing the presence of two independent resonances for the backbone methylene 
protons and the methyl acetyl group (b). Cross- correlations between peaks confirmed their relationship as 
structural isomers (c) The relative integrated areas for each isomer present identified the minor conformer as 
the cis-isomer. 

In polar solvents (MeOD), we found a small but clear general increase in the cis-isomer ratios, in 

especial for the nitro-substituted compounds 181 and 182, where the highest Kcis/trans values were 

observed. Peptoid monomer 179 constituted the only exception to this overall trend, showing a 

complete displacement to the trans-isomer regardless the solvent employed. We also found a clear 

correlation between the presence of highly electron-withdrawing groups and the magnitude of the 

Kcis/trans values observed, slightly enhancing the cis-isomer ratios as the electron deficient character 

of the aromatic ring increases, in good agreement with previous reported literature.[1] Overall, the 

experimental Kcis/trans values determined for all pentafluorosulfanyl-phenyl based monomers fall in 

the range of those induced by other strongly electron deficient aryl side chains (Kcis/trans (MeOD)= 

~0.2-0.35).[1,2] Our data proves that the steric and electronic effects imposed by the SF5- group are 

not strong enough to cause any significant disruption of the conformational equilibrium in N-aryl 

peptoids, with the energy gap between isomers still beyond 1 kcal mol-1. 
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5.3.4 X-Ray Crystal Structure Analysis of peptoid monomer 179 

Satisfyingly, we were also able to obtain single crystals from model peptoid monomer 179. When 

analysed, molecules of 179 were found to exhibit a regular and highly ordered trans-amide 

configuration, characterized by a main amide torsion angle of ω=176.87º (C15-C14-N1-C7, as 

illustrated in Figure 5.15a). The crystal structure found for 179 showed thus, a complete agreement 

to all what was inferred from previous NMR analysis of the sample. 

 

Figure 5.15. Crystal structure of model peptoid monomer 179 (a) Ball-and stick representation and atom 
scheme labelling of the crystal structure of peptoid monomer 179, showing a well-defined trans-amide 
geometry induced by the p-SF5 phenyl side chain.  (b) Frontal view of the crystal packaging showing the 
crystallographic arrangement of 4 molecules of 179 and the long distance intermolecular interactions 
observed within (red dashed bonds). Note that SF5 rich surfaces create well defined lipophilic regions 
segregated from those formed by the more polar and hydrogen bonded amide carbonyl rich cores. (c) Top 
view of the crystal packing showing the relative orientation between aromatic rings, being stacked at ~60º 
(main aromatic plains and centroids highlighted in black). C-atoms depicted in grey, N-atom in blue, O-
atoms in red, S in yellow, F-atoms in green and Hydrogens in white. All pictures were generated with Olex2 
software.[22] 

As noted, the amide bond in 179 was found to be highly planar, showing a deviation between the 

acetyl and the trigonal aniline planes of less than 2º (1.65º; [C15-C14-O2] plane normal to [C1-C7-

N1-C14] plane normal). This result evidenced that in the crystal structure the local geometry of 179 
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is optimized to maximize the stabilizing amide-bond nN→π*CO electronic interaction. In good 

agreement with this, the amide N1-C14 bond was found to be especially short (1.363 Å), while the 

N-atom bond distance to the aromatic ring was found to be longer than those observed in N-alkyl 

anilines 175-176 (1.440 Å, N1-C1). These results proved that the high double bond character of the 

amide bond is, indeed, gained at expenses of the nN→π*Ar electronic interaction. The aryl group 

was also found to orientate perpendicular to the amide bond plane, showing a dihedral angle close 

to 90º regarding both, the acetyl extreme and the backbone methylene group (94.35º, C6-C1-N1-

C14; 95.60º, C6-C1-N1-C7). This relative geometry gave further evidences supporting that the N-

atom charge density is not transferred to the aromatic system. As the electronic transfer between 

these groups is minimal, the specific orientation that the aryl group adopts is the optimum to avoid 

the steric hindrance that could arise due to the close in space trans-amide methyl-acetyl group. This 

leads to the observed broken extended conformation between the N-alkyl and N-aryl substituents. It 

can also be inferred from the crystal structure of 179, that the corresponding cis-amide 

configuration of the acetyl group would lead to a significant degree of repulsion between the π 

orbitals of the aromatic system and those of the amide carbonyl group. This arrangement would be 

highly energetically disfavoured when compared to the one observed in the solid-state trans-

structure. 

The SF5- group in 179 was seen to adopt a well-defined staggered conformation relative to the aryl 

and amide-bond planes, with all the equatorial fluorine atoms orientated at 45ᵒ (45.03º, average 

angle S1-Feq to plane normal [C1-C2-C3-C4-C5-C6]; 44.13º average angle S1-Feq to plane normal 

[C1-C7-N1-C14]). The SF5- group bond distance with the aromatic ring (S1-C4) was found to be 

slightly larger than that determined in the non-acetylated product 175 (1.805 vs. 1.787 Å). We 

could also confirm a decrease in the twisting angle (α) in which the equatorial fluorine atoms 

decline away from their theoretical plane to 92.33º (average C4-S1-Feq), as compared to the 93.14º 

angle measured in the reference N-alkyl aniline 175. Probably this is due to the opposed 

orientations of the acetamide CO and the SF5 group dipoles, what reduces the overall molecular 

dipolar moment through the aromatic ring main axis. Altogether, these observations seem to 

confirm the effect observed by Bowden et al,[11] and the intrinsic relationship between the 

magnitude of the distortion angle α and the molecular dipole moment of the SF5 containing 

aromatic group, as proposed by Kirsh et al.[13] The rest of individual structural parameters of the 

SF5- group were found to be strongly defined and conserved, all being similar to those found in 

compounds 175-178.  
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When we analysed in more detail the crystal packaging of 179, we could confirm the primary role 

of the SF5 group as a driven force for the peptoid intermolecular organization. Molecules of model 

peptoid 179 were found to assembly in the 3D structure maximizing in all the axis the distance 

between vicinal hydrophobic SF5- groups (Figures 5.15b-c). The acetamide carbonyl O2 was 

found to participate in stabilizing this general organization, by means of a hydrogen bonding 

interaction with aromatic protons H3 of vicinal units (2.41 Å). This arrangement led to the 

formation of fluorine rich surfaces that secluded from those were more polar amide groups are 

located (Figure 5.15b). This structural segregation of polar and hydrophobic regions promoted the 

formation of other stabilizing intermolecular H-bonding interactions between different 

crystallographic layers. Moreover, it also enabled to stablish favourable π-stacking interactions 

between close in space aromatic groups. Significantly, these electronic interactions between aryl 

groups were found to occur at a relative angle of 61.3º, to avoid the repulsion and steric pressure 

generated by the SF5- substituents present ([C1-C2-C3-C4-C5-C6] plane normal to plane normal, 

highlighted in Figure 5.15c). Relevantly, parallel π-stacking interactions between aromatic side-

chains have been shown to be critical for stabilizing the secondary structure of many peptides and 

peptoids. Being so, we considered that a distortion in the angle in which they occur could have 

deep consequences over the folding pattern of long poly-peptoids, as it would highly affect the 

relative configuration between side-chains. Moreover, we hypothesized that such unusual stacking 

between aromatic residues in a peptoid oligomer would feasibly engender not one, but two 

hydrophobic surfaces where the exposed pyramidal charge densities of the SF5 groups would be 

distributed at a relative 60º angle. We thought that the potential impact of such interactions, which 

have never been explored so far, could lead to new pathways in peptoid secondary structure 

induction and design. 

5.3.5 Effect of pentafluorosulfanyl-phenyl monomers in model peptoid oligomers 

In order to investigate further if as hypothesized the substitution of non-fluorinated aryl residues by 

more sterically restricting SF5-Phe groups affected the secondary structure of longer peptoids, we 

afforded the synthesis of two model oligomers: peptoids 183 and 184 (Figure 5.16).  
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Figure 5.16: Structure of N-aryl peptoid oligomers 183 and 184.  

Final characterization of peptoid oligomer 184 proved to be complex. Unlike what is most 

common, we could not observe the formation of the expected molecular ion of 184 either by using 

QTOF-LC/MS or Maldi-ToF, but rather formation of a positive ion with a lower than expected 

mass of 1274 Da, not corresponding to a single residue depletion. We employed then accurate mass 

spectrometry in order to analyse at least the elemental composition of the main ion formed. The 

results for this analysis, showing perfect agreement with a main molecular ion with composition 

[C54H80F7N13O9S2+Na], suggested that the complete elimination of a SF5Phe group was being 

produced upon ionization, as well as multiple F ion losses. This result was certainly not completely 

unexpected, as previous work has shown that the unique mass spectrometric behaviour of SF5Phe 

compounds (and other polyfluorinated reagents) may include: F-atom migration, double F-atom 

migration, F-atom ring walk, migration of a F atom followed by SF4 expulsion and even SF5- and 

SF5Phe- group excision. Also formation of SF3Phe species has been observed.[35]  

Further analysis based in tandem MS/MS allowed to identify different fragments arising from the 

main molecular ion formed, all together confirming the proposed peptoid sequence at the backbone 

and the instability of the SF5Phe residues under the ionizing ESI/MS conditions (Figure 5.17). 
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Figure 5.17. Site directed tandem MS/MS spectra of peptoid 184.  

Finally, in order to completely corroborate that all the N(4-SF5)Ph residues placed within the 

peptoid oligomer 184 were indeed stable in solution, we performed a 19F-NMR analysis of the 

sample (CD3CN). As shown in Figure 5.18 the 19F-NMR trace of peptoid 184 evidenced that two 

non-equivalent SF5Phe groups were present in the sample, each one showing a characteristic 

doublet for the F equatorial atoms (2JFF~ 149 Hz). The integrated ratio between both signals, of 

8F:4F, confirmed a total number of 3 N(4-SF5)Ph peptoid residues, two of which exhibit a similar 

molecular environment and the third one being slightly different. We consider possible that this last 

signal corresponds to the N-terminus SF5Phe peptoid monomer, as it is vicinal to a Nspe residue 

instead of a NEt one.  
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Figure 5.18: 19F-NMR trace of peptoid oligomer 184 in CD3CN.   

When peptoids oligomers 183 and 184 were analysed by CD spectroscopy, we could observe that 

swapping the NPh residues present in 183 by the corresponding N(4-SF5)Ph  peptoid monomers in 

184 had indeed a deep effect in the peptoid oligomer secondary structure (shown in Figure 5.19). 

While the control NPh peptoid 183 showed the typical CD spectra pattern of a helically folded 

peptoid, likely a trans-amide PPII helix, peptoid oligomer 184 did not show any characteristic 

secondary structure.  

 

Figure 5.19: Average CD spectra of peptoid oligomers 183 and 184 in H2O. All data as assessed for each 
peptoid in the basis of at least three independent samples using peptoid concentrations in the range [170-40] 
μM (n= 3). No significant differences in the CD profiles were found between experiments.  
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This behaviour can be indicative of either the lack of a defined handedness in the peptoid folding of 

184 or the formation of random coil globular structures.  As the sequence proposed has a chiral 

aromatic Nspe residue we consider that the lack of global handedness in 184 may not be a feasible 

reason for the behaviour observed. It is most likely that it is related to the possible misfolding the 

peptoid oligomer. It might be possible, indeed, that in the design of model peptoid 184 we have 

underestimated the repulsive effect and the steric hindrance that takes place between spatially close 

SF5Phe groups (schematically shown in Figure 5.20). Based on MD calculations, peptoids with an 

all trans-amide helical structure have been suggested to have an ideal helical pitch of 

approximately 9 Å per turn.[36] If we consider the crystallographic axial length found for the N(4-

SF5)Ph side chain in 179, we can roughly estimate that the complete aryl groups in peptoid 184 

would protrude in about 7.5 Å from the backbone structure. They would also occupy a considerable 

volume of approximately 134 Å3 each, almost twice that of the NPh group (~83 Å3). The effective 

steric volume of the N(4-SF5)Ph residues might be even greater, if we take into account that the 

aromatic rings do not seem to be able to adopt a relative parallel stacked orientation due the 

electronic repulsion between proximal fluorinated groups. 

 

Figure 5.20: Schematic representation of the possible steric and repulsive interactions that may be 
hampering proper folding of peptoid oligomer 184. 

Further efforts will be needed in the future in order to completely explain the behaviour observed 

and clarify its causes. In particular, the synthesis of new peptoid oligomers having progressively 

increased spacing between the aryl residues could be used to confirm if the effect observed is either 

steric and/or repulsive. A detailed analysis of such sequences, enabling the elucidation of the 

minimum and optimum spacing distances that are needed to achieve the effective folding of these 

oligomers would also be highly recommendable.     
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5.4 Chapter Summary 

In this chapter we have synthetized and characterized the first set of (pentaflurorosulfanyl)-phenyl 

based peptoid monomers ever reported. The structural features of their corresponding intermediate 

N-alkyl anilines have been assessed by means of single crystal X-ray crystallography, allowing to 

explore and expand the valuable knowledge regarding how the position and number of different 

functional groups affects the properties of the pentafluorosulfanyl group. All SF5-Phe based 

anilines have been found to arrange in the crystal structure forming characteristic dimeric 

structures, stabilized by key hydrogen bonding interactions. We have observed these intra-dimer 

hydrogen bonds to be highly sensitive to the specific position, electronic and steric properties of the 

different substituents present at the aryl group. The results provided demonstrate that while 

hydrogen bonding interactions constitute the main force causing dimer formation, repulsion and 

steric hindrance between SF5 groups dictates the intermolecular crystal arrangement. A remarkable 

consequence of this observation is that hydrophobic πAr-πAr stacking interactions are seen to be 

strongly affected by the presence of the SF5 groups in all the crystals analysed. The comparison of 

the structures observed in these novel analogues has allowed us to assess the impact of other 

substituents over the pentafluorosulfanyl group structural parameters, that were found to be 

extraordinary robust and conserved. We have confirmed the intrinsic apparent relationship between 

the molecular dipolar moment and the twisting angle of the equatorial fluorine atoms (α). We have 

also probed that upon amide bond formation, the conformational trans-amide preference of these 

aryl-peptoids is retained, showing values for ΔGcis/trans beyond 1 kcal mol-1. The first crystal 

structure ever reported of a SF5-containing peptoid monomer was obtained. Analysis allowed us to 

confirm the primary role of the SF5 group in leading the crystal structure supramolecular 

organization. The crystal packaging observed for the para-(pentafluorosulfanyl)-phenyl based 

peptoid, 179, shows how these groups are able to segregate into SF5 rich surfaces, creating well 

differentiated lipophilic regions that seclude from the polar areas containing the amide carbonyl 

groups. Furthermore, we have observed how the repulsion and steric clash between vicinal SF5 

groups hampers a parallel stacking between the π systems, forcing the π rings into a distorted and 

non-parallel 60º relative angle. Altogether, these observations indicate that perturbations of the 

packing forces, arising from the incorporation of key SF5 groups, can significantly impact the 

structural properties of longer oligomers, in particular by restricting the relative orientation 

between consecutive or even close in space peptoid residues. To further investigate this possibility, 

two peptoid oligomers based in either NPh or N(4-SF5)Ph monomers were designed and 

synthetized. The analysis of their secondary structure by means of CD spectroscopy showed 
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striking differences between both peptoids which suggest that, unlike the parent peptoid, the N(4-

SF5)Ph based oligomer 184 adopts a random conformation.  At the moment, our working 

hypothesis is that the steric bulk generated by the pentafluorosulfanyl-phenyl aryl group (close in 

size to a biphenyl system) may be responsible for this behaviour. We expect to perform in the 

future a more detailed analysis of novel peptoid oligomers based in this residue, but having a 

longer spacing between aryl monomers (i.e residues at relative i, i+4 or i, i+6 positions instead of 

the i, i+3 here employed), what would enable to gather more evidences regarding this concern.   
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As we have highlighted, it is already well established that α-chiral aromatic residues enhance the 

helical properties of α-peptoids. Still, the general requirement of having to have at least a 50% 

sequence content with bulky side-chains imposes severe limitations in terms of peptoid versatility 

and design. Indeed, the impossibility to use non-covalent interactions to stabilize the cis-amide 

conformation in aliphatic peptoid monomers has meant that the chemical space of these foldamers 

is largely dominated by the use of chiral aromatic building blocks. However, from the drug-

discovery standpoint, the use of such monomers greatly hinders many peptoid applications, as they 

are highly hydrophobic. This is especially problematic when using peptoids in those areas where a 

high level of specificity in the primary (adequate chemical functionalities) and secondary structure 

(adequate folding) is needed. One example is PPI regulation.  

Given this, we sought to investigate and develop novel strategies by which to design less 

hydrophobic, less bulky and ideally non-chiral stable cis-amide aliphatic peptoid monomers. Such a 

step-forward would dramatically increase the potential applicability of peptoids in terms of peptide 

folding mimics, enabling the rational design of other cis-amide “peptide-like” alkyl residues, such 

as NLys or NSer. We anticipated that due to is unique properties the application of fluorine atoms 

and fluorine induced effects could enable to design peptoid monomers which meet the proposed 

criteria.   

In this context, as described in Chapter 2, we have probed the applicability of fluorine in the 

design of non-bulky and non-chiral N-alkyl monomers that exhibit significant levels of cis-amide 

preference. The work carried out to study the cis/trans preference imparted by N-β-fluoroethyl 

(83), N-β-difluoroethyl (84) and N-β-trifluoroethyl (85) peptoid monomers demonstrated an 

unprecedented conformational shift in favour of the cis-geometry upon fluorine incorporation into 

these positions (Chapter 2, Sections 2.3.1-2.3.2). In some cases, the cis-amide preferences found 

for these fluorinated building blocks have been proved to be comparable to those that are achieved 

when chiral and bulky aromatic side chains, as the Nrpe/NSpe, are employed. Further studies 
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looking at solvent effects, NMR vicinal 3JHF coupling constants and X-ray crystallography were 

also employed to probe the underlying effects that govern the unusual cis-amide preference found 

in these fluorinated systems (Chapter 2, Sections 2.3.2 and 2.3.3). All results gathered support that 

the inductive effects imparted by the fluorine(s) atom (and not gauche, steric or H-bonding effects) 

cause the specific stabilization of the cis-isomer conformation. Moreover, a good correlation was 

found between the cis-isomer preferences of the di-peptoid systems (ΔGcis/trans) and the magnitude 

of the δ+ve charge engendered at the Cα carbon. These results seem to suggest that the cis-isomer 

configuration might be specifically stabilized by means of a plausible in-plane Cα
δ+--δ-O(C) dipolar 

interaction between the polarized Cα carbon and the vicinal δ-ve peptoid carbonyl group. Our data 

also demonstrates that the introduction of a CF2- group in β- to the amide bond is enough, in 

energetic terms, to produce highly biased peptoid cis-amide populations. We consider this result 

especially promising, as it would enable the synthesis of other N-alkyl cis-amide peptoid 

functionalities, potentially analogous to those of peptoids, but in some cases still being non-chiral. 

Based on this work potentially interesting novel peptoids monomers for future investigations are 

proposed in Figure 6.1  

 

Figure 6.1. Structure of potentially relevant fluorinated peptoid monomers.  

Importantly, our results have demonstrated that the strategic incorporation of fluorine atom(s) 

indeed offers a new route for controlling the amide bond isomerism in peptoids, which overcomes 

the need for steric bulk and/or side-chain chirality.  

Going further, we also applied these novel fluorinated building blocks to access linear peptoid 

hetero-oligomers with enhanced and stable helical secondary structures (Chapter 2, Section 2.3.4). 

As evidenced by the CD spectra analysis of model peptoid oligomers 92-94, the introduction 

fluorinated monomers induced in all cases a consistent and proportional increase in the molar 

ellipticities seen at 218 nm. These observations evidenced that fluorinated peptoids have indeed 

higher helical contents than their non-fluorinated analogues. Through the analysis of a second set 
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of peptoid oligomers in which the fluorine content was increased, 95-97, we confirmed that the 

enhancing effect produced by fluorine incorporation is, in fact, accumulative and well-conserved in 

N1fEt and N2fEt based oligomers. Interestingly, steric/repulsive effects were found to take place 

when N3fEt residues were introduced in neighbouring positions of the sequence, indicating that the 

balance between inductive and steric effects is optimum when di-fluorinated N2fEt monomers are 

employed. When we explored the secondary structure of these novel fluorinated peptoid oligomers 

in different solvents, as MeCN and TFE, we could observe significant variations in their CD 

spectra signatures (Chapter 2, Sections 2.3.4.4 and 2.3.4.5). It has been found that the CD spectra 

profile of well-characterized helical peptoids might differ significantly from those of typical α-

helical peptides. In some cases, these variations can be evidenced in the form of an uneven ratio 

between the CD transition minima at ~200 nm and ~220 nm.[1–5] These results suggest that when 

compared to peptides, peptoids might potentially adopt different helical conformations, presumably 

having slightly different helical pitches. We considered that the differences found upon analysis of 

our fluorinated peptoids oligomers 92-97 might be indicative of different conformations being 

adopted. However, so far, the lack of cis-amide preference exhibited by N-alkyl peptoid monomers 

has prevented the design of properly helically folded peptoid oligomers not constructed in the basis 

of α-chiral aromatic residues. This implies that these fluorinated peptoids may be among the first 

examples of helically folded oligomers whose structure does not completely rely in the 

hydrophobic πAr-πAr stacking interactions present, but in more tuneable dipole-dipole interactions. 

At the present moment, due to lack of reported examples, the comparison of the CD spectra 

obtained in our sequences with other well characterized peptoid secondary structures results 

impossible. Still, strong efforts are being made at the moment within the Cobb group to gather 

further structural details of these oligomers by means of X-ray crystallography.   

In Chapter 3, we moved further to explore in detail how fluorine could be used to enhance the 

conformational stability of aromatic peptoids. When perfluoroheteroaromatic systems were 

employed, such as the fluoropyridine based monomer N4fPym (118), an unprecedented 

displacement of the cis/trans equilibrium to the cis-amide conformation was seen (Chapter 3, 

Section 3.3.2.1). Remarkably, such a preference was found even in the absence of other steric cis-

supporting effects. Further data analysis provided strong evidences in support of a nN→π*C=O 

mechanism for the cis-amide stabilization observed. Worth to note is that Kcis/trans values found for 

this novel tetrafluoropyridine monomer are among the highest ever reported for a neutral monomer. 

Indeed, the novel fluorinated N4fpym peptoid monomer is so far one of the few existing examples 

of a non-chiral aromatic building block showing cis-amide preference. 
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Our systematic study of fluorinated scaffolds has also revealed that a virtually complete cis-amide 

control of the amide bond isomerism in aromatic systems can be achieved by the tandem use of 

fluorine induced inductive and steric factors (Chapter 3, Section 3.3.2.2). As shown in this thesis 

for the NCF3rpe monomer (119), α-trifluoromethylation of aromatic monomers abolished almost 

completely the presence of the trans-amide conformer, unlike what is observed when using non-

fluorinated α-methyl chiral assistants. These results were further investigated by computational MD 

analysis, which confirmed for the monomer a cis-preference equal or higher than 1 kcal mol-1 

(Chapter 3, Section 3.3.3). Furthermore, MD simulations predicted the formation of highly stable 

peptoid helices that would retain a high degree of cis-amide conformational preference through all 

of the individual peptoid bonds present. To test this hypothesis, we designed and synthetized a 

novel set of peptoid oligomers based in this fluorinated residue (Chapter 3, Section 3.3.4). The 

characterization of their secondary structure by means of CD spectroscopy proved the 

unprecedented ability of the fluorinated NCF3rpe monomer to impart conformational stability to 

long poly-peptoids (Chapter 3, Section 3.3.4.3 to 3.3.4.5). It is especially relevant to note that the 

highest levels of secondary structure induction effects were found when these residues were 

employed to stabilize the helical structure of oligomers having less than a 50% content in chiral 

aromatic residues. In particular, when compared to the widely employed Nrpe monomer, the novel 

NCF3rpe building block in peptoid 121 was found to increase the helicity of the poly-peptoid chain 

by as much as a 40% (Chapter 3, Section 3.3.4.3). Consistent increases in the molar ellipticities 

were also observed in a broad range of solvents, what demonstrated that the effect imposed by the 

NCF3rpe monomer is robust in this kind of sequences. We expect, in the future, to test the effect of 

α-trifluoromethylation in other “peptide like” peptoid monomers, where we believe that a similar 

effect might be produced. This strategy would in fact enable a straightforward methodology to 

access highly stable cis-amide peptoid monomers that could replicate perfectly all of the 

functionalities present in peptides. This would ultimately allow the design of highly helical peptoid 

hetero-oligomers, without the restrictions imposed by the peptoid side-chain specific chemical 

nature (i.e. aromatic, charged, chiral, bulky...).  

Following on from our previous observations, we sought further to expand the library of 

fluorinated peptoid monomers to include novel N-perfluoroaryl (Chapter 4) and N-

pentafluorosulphanyl-phenyl functionalities (Chapter 5). Both, perfluoro-aryl and 

pentafluorosulfanyl-phenyl peptoid residues were found to impose severe steric and electronic 

restrictions that had a deep impact in the amide bond structural properties. Furthermore, we have 

demonstrated that the amide bond isomerism in N-aryl peptoids can be completely shifted to 

produce a stable cis-inducting folding monomer, as demonstrated by the N-hexafluoroquinoline 
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monomer, which led to the first ever example of a N-aryl-peptoid building block having a complete 

cis-preference (Chapter 4, Section 4.3.2).[6,7] In addition, our results demonstrated that this 

unprecedented preference for the cis-amide geometry arose from the out-of-plane distortion of the 

peptoid bond, which exhibited the structural properties of a non-planar twisted amide, as revealed 

by X-ray and IR spectroscopy analysis (Chapter 4, Sections 4.3.3 and 4.3.4). These results 

represent the first example of a stable N-atom pyramidal twisted peptoid monomer. Bending 

deformations have a critical impact in the biophysical and chemical properties of the amide group, 

being also inherently relevant to peptoid secondary structure formation. Moreover, amide bond 

bending deformations seem to be intimately involved in stabilizing different peptoid secondary 

structures, as turns[8] and helices.[5] We envision that the use of tetrahedrally distorted peptoid 

building blocks, as the N6FQnl (163), will be of future application for in the design of novel 

secondary structures and other supramolecular assemblies. In this regard, it would be especially 

interesting to study if the observed behaviour can be reproduced in other related perfluoro-

heteroaromatic systems. Such building blocks would add versatility to peptoid design and enable 

the rational design of peptoid oligomers with secondary structures still not accessible to this 

foldamers.  

Finally, the structural analysis of the pentafluorosulfanyl-phenyl based peptoid model systems 

within the library (and related anilines), has also demonstrated their potential applicability in 

promoting inter-residue SF5Phe--- SF5Phe π-stacking interactions at an uncommon relative angle of 

60º (Chapter 5, Section 5.3). The preliminary analysis performed in this thesis of the first peptoid 

oligomer carrying this SF5Phe functionality, 184, has revealed a complete change in its secondary 

structure when compared to the use of non-fluorinated NPh building blocks (Chapter 5, Section 

5.3.5). Unfortunately, it is likely that underestimation of the steric restrictions imposed by these 

novel N(4-SF5)Ph monomers has prevented us from drawing further conclusions. A more detailed 

analysis based on sequences having different spacing between aryl monomers (i.e residues at 

relative i, i+4 or i, i+6 positions instead of the i, i+3 here employed), will be needed to establish at 

least the minimal structural requirements that are needed to allow the proper folding of these 

especial peptoid oligomers. The minimal requirements could then be used as a starting point for 

sequence optimization, aiming to investigate if by changing the geometry of the π-stacking 

interactions present, using N(4-SF5)Ph residues, novel foldameric structures can indeed be 

produced.  

In summary the results achieved during this project have mapped exceptionally well against the 

initial aims, and we have been able to demonstrate a clear application for fluorine within the field 
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of peptoid chemistry. Specifically, we have evidenced the suitability and versatility of fluorine and 

fluorine induced effects as new tools for the control of the secondary structure in peptoids. 

As the field of peptoid science expands, an increasing number of new peptoid secondary structures 

are being reported and more insights into the links between peptoid sequence and peptoid structure 

are being established. However, with regards to the potential applications of peptoids, it is still 

unknown whether or not these peptidomimetics will offer new avenues to novel (and much needed) 

potent therapeutic agents that can replace or partially substitute most of the currently used drugs. 

To undertake this challenge, the field needs to combine in silico (peptoid structure prediction and 

sequence optimization), in vitro (peptoid synthesis and peptoid structural characterization) and in 

vivo research activities (peptoid bioactivity and peptoid SAR). Only by adopting such a 

multidisciplinary approach can the therapeutic potential of peptoids be developed in full. The 

implementation of new biophysical tools for the characterization of multiple peptoid secondary 

structures (i.e. CD spectra models), supported by more extensive X-ray crystallographic data, 

would also represent an enormous step-forward for the field. .  

Furthermore, due to their chemical versatility and stability, peptoids are also becoming increasingly 

important in other scientific research fields, such as material (biomaterial) sciences, supramolecular 

chemistry, and organo-catalyst design. In addition, the potential of peptoids to lead to de novo 

secondary and even tertiary structures not accessible to peptides opens up the real possibility of 

designing new molecules that can compete with biological macromolecules (e.g. enzymes) in terms 

of properties and functions.  What is clear is that there is no doubt that interest in the applications 

of peptoids will continue to increase in the years to come.  

6.1 References 

[1] C. W. Wu, T. J. Sanborn, K. Huang, R. N. Zuckermann, A. E. Barron, J. Am. Chem. Soc. 2001, 
123, 6778–6784. 

[2] C. W. Wu, K. Kirshenbaum, T. J. Sanborn, J. A. Patch, K. Huang, K. A. Dill, R. N. Zuckermann, 
A. E. Barron, J. Am. Chem. Soc. 2003, 125, 13525–13530. 

[3] K. Kirshenbaum, A. E. Barron, R. A. Goldsmith, P. Armand, E. K. Bradley, K. T. Truong, K. A. 
Dill, F. E. Cohen, R. N. Zuckermann, Proc. Natl. Acad. Sci. 1998, 95, 4303–4308. 

[4] N. P. Chongsiriwatana, J. A. Patch, A. M. Czyzewski, M. T. Dohm, A. Ivankin, D. Gidalevitz, R. 
N. Zuckermann, A. E. Barron, Proc. Natl. Acad. Sci. 2008, 105, 2794–2799. 

[5] J. R. Stringer, J. A. Crapster, I. A. Guzei, H. E. Blackwell, J. Am. Chem. Soc. 2011, 133, 15559–
15567. 

[6] N. H. Shah, G. L. Butterfoss, K. Nguyen, B. Yoo, R. Bonneau, D. L. Rabenstein, K. 
Kirshenbaum, J. Am. Chem. Soc. 2008, 130, 16622–16632. 



Ch. 6: Conclusions and Future Work  

| 221 | 

 

[7] B. Paul, G. L. Butterfoss, M. G. Boswell, P. D. Renfrew, F. G. Yeung, N. H. Shah, C. Wolf, R. 
Bonneau, K. Kirshenbaum, J. Am. Chem. Soc. 2011, 133, 10910–10919. 

[8] S. B. Y. Shin, B. Yoo, L. J. Todaro, K. Kirshenbaum, J. Am. Chem. Soc. 2007, 129, 3218–3225. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Ch. 6: Conclusions and Future Work  

| 222 | 

 

 



Ch. 7: Experimental  

| 223 | 

 

 

7.1 Materials and Reagents 

All reagents that have been used in this project were purchased from commercial sources and were 

used without further purification, unless otherwise specified. Amines employed in the synthesis of 

either peptoid model systems or submonomer peptoid synthesis were purchased from Sigma Aldrich 

(Gillingham, UK), TCI Europe (Zwijndrecht, Belgium) or from Fluorochem Ltd. (Glossop, UK). 

When chiral reagents have been employed they were purchased as single enantiomers. All solvents 

used for model peptoid synthesis and purification were purchased from Fisher Scientific Ltd, 

(Loughborough, UK) and used without further purification. DMF used for peptoid solid phase 

synthesis was HPLC grade and bought from the same supplier. Rink amide resin for solid phase 

peptoid synthesis was obtained from Novabiochem by Merck (Darmstadt, Germany). Bromoacetic 

Acid (BBA) and N,N′-Diisopropylcarbodiimide (DIC) were purchased from Sigma Aldrich and Alfa 

Aesar GmbH (Karlsruhe, Germany) respectively. As reaction vessels, 20 mL polypropylene Bond 

Elut solid phase cartridges from Crawford Scientific were employed. Finally, flash column 

chromatography was carried out using Fluorochem Silicagel LC60A (40-63 micron) and for thin 

layer chromatography (TLC) pre-coated silica plates from Macherey-Nagel were employed (Duren, 

Germany). All NMR solvents were purchased from Cambridge Isotopes Inc., and supplied by Goss 

Scientific (Crewe, UK). 
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7.2 General Methods 

7.2.1 Liquid chromatography electrospray ionisation mass spectrometry  

Liquid chromatography (LC)-mass spectrometry (ESI-MS) analyses were performed on a Acquity 

UPLC BEH C18 1.7μm (2.1 mm x 50 mm) column using a Waters Acquity UPLC system equipped 

with a photodiode array detector, providing absorbance data from 210 nm to 400 nm. A gradient with 

eluent A (0.1% HCOOH in water) and eluent B (0.1% HCOOH in acetonitrile) rising linearly from 

5 to 95% of B in 3.8 min was applied at a flow rate of 0.6 mL min−1. The continuous exit flow is then 

directed into the electrospray source of the mass spectrometer and analysed. 

7.2.2 Quadrupole time-of-flight mass spectrometry  

QToF-LC/MS analyses were performed on a Acquity UPLC BEH C18 1.7μm (2.1mm x 50mm) 

column using a Waters Acquity UPLC system coupled to Micromass QToF Premier mass 

spectrometer, also equipped with a photodiode array detector providing absorbance data from 210 

nm to 400 nm. A gradient with eluent A (0.1% HCOOH in water) and eluent B (0.1% HCOOH in 

acetonitrile) rising linearly from 0 to 99% of II during t= 0.0–5.0 min was applied at a flow rate of 

0.6 mL min−1. The solvent flow from the UPLC was injected into a flow of acetonitrile which was 

introduced into the electrospray ion source. QToF MS/MS (ES+ ToF-ToF) was performed using the 

same equipment, enabling the detection of the fragmentation product ions that result from high 

energy sample ionization. 

7.2.3 Matrix-assisted laser desorption/ionisation mass spectrometry  

MALDI-ToF analysis was obtained using an Autoflex II ToF/ToF mass spectrometer (Bruker 

Daltonik GmBH) equipped with a 337 nm nitrogen laser. The sample solution (~1 mg mL-1) was 

mixed with the matrix solution, typically α-cyano-4-hydroxycinnamic acid (~ 50 mg mL-1) and 1 μL 

of the matrix/sample mixture was spotted to the MALDI target. The samples were analysed in 

positive detection mode with reflectron enhanced mass resolution for m/z between 500 and 5000 Da.  
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7.2.4 Nuclear magnetic resonance spectroscopy 

NMR spectra studies were recorded on a Varian VNMRS-700 NMR spectrometer at 298 K. 

Depending on the sample, 1H-NMR spectroscopic data was obtained at 600 or 700 MHz using 2-8 

scans with a relaxation delay of 10 s between them. 13C-NMR spectroscopic data was obtained at 

151 or176 MHz (1000-1208 repetitions, 2.5-3.0 s of relax. delay) and bi-dimensional 1H-1H NOESY 

experiments were run with a minimum mixing time of 150 ms, a spectral width between 6,000-8,000 

Hz in both dimensions and a minimum of 2 transients with 2 x 256 increments. Final minimum FT 

size = 4096 x 2048 points. Independent 19F-NMR spectra were recorded at 376 MHz using a Bruker 

Advance III spectrometer. Data was processed using Mestrenova 11® software, and chemical shifts 

are reported in ppm., relative to residual solvent peaks as internal standards (CDCl3: δ1H = 7.26 ppm, 

δ13C = 77.1 ppm; CD3CN δ1H = 1.94 ppm, δ13C = 1.32 ppm; CD3OD: δ1H = 3.34 ppm, δ13C = 

49.00 ppm.). J couplings are given in Hertz (Hz). Multiplicities are given following the general 

accepted notation: s = singlet, d =doublet, dd = doublet of doublets, ddd = doublet of doublet of 

doublets, dt, doublet of triplets, m = multiplet, t = triplet, q = quartet, quint = quintet, bs = broad 

singlet. 

7.2.5 IR Spectroscopy 

IR spectra were recorded on a Perkin Elmer Spectrum RX1 fitted with an ATR attachment. Typically, 

approx. 1-2 mg of the dried solid or oily compounds were employed in each case. Alternatively, 

measurements in the liquid state were performed by depositing of one drop of the corresponding 

saturated solutions in MeCN. All absorption frequencies are reported in cm-1. 

7.2.6 Single Crystal X-Ray 

For X-Ray crystallography, suitable single crystals were selected and analysed on a Bruker D8 

Venture diffractometer (Photon100 CMOS detector, IμS-microsource, focusing mirrors) equipped 

with a Cryostream (Oxford Cryosystems) open-flow nitrogen cryostat at the temperature 120.0(2)K. 

All structures were solved by direct methods and refined by full-matrix least squares on F2 for all 

data using Olex2[1] and SHELXTL[2] software. Complete details regarding crystallization procedures 

and crystal determination and refinement parameters are given in their corresponding sections.  
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7.2.7 Ultraviolet-visible spectroscopy (UV-Vis) 

UV/Vis absorbance spectra were measured with a Unicam UV2-300 spectrometer using quartz 

cuvettes with 1 cm pathlength. All peptoids were measured at different concentrations ranging from 

1-2 mg mL-1 in the Abs mode, between 190-400 nm using a scan speed of 30 nm min-1 (3 

accumulations, 2 nm bandwidth). To every recorded spectrum the signal arising from the solvent has 

been subtracted. 

7.3 Chemical Synthesis of peptoid model systems 

7.3.1 Synthesis of 2-Bromo-1-(piperidin-1-yl)ethanone (81) 

A solution of bromoacetyl bromide (0.5 g, 2.73 mmol) in anhydrous 

DCM (5 mL) was added dropwise over a period of 1h to a solution of 

piperidine (0.9 mol equivalents, 2.48 mmol) in dry DCM (20 mL) 

cooled on ice, under an argon atmosphere. Once the addition was 

completed the reaction mixture was allowed to warm to room 

temperature for 1h while stirring. The solution was then washed with H2O (20 mL), a 10 wt% citric 

acid solution (20 mL) and finally with NaHCO3 sat. (20 mL). Solvent evaporation under reduced 

pressure of the organic layer, after drying over sodium sulphate, led to the desired 2-Bromo-1-

(piperidin-1-yl)ethanone 81 as a dark brown oil (407 mg, 80% yield over 1 step). The intermediate 

was further characterized by 1H-NMR, 13C-NMR and LC/MS. No further purification was done 

before the next step. 1H-NMR (400 MHz, CDCl3): δ 3.86 (s, 2H, H4), 3.59 – 3.41 (m, 4H, H3), 1.76 

– 1.52 (m, 6H, H1+H2). 13C-NMR (101 MHz, CDCl3): δ 165.24, 48.08, 43.44, 26.33, 26.22, 25.50, 

24.40. LC/MS (ESI+): m/z: 205.98, 207.96 [M+H]+. 



Ch. 7: Experimental  

| 227 | 

 

7.3.2 Synthesis of fluoro-alkyl and fluoro-aromatic model peptoid monomers. 

7.3.2.1 Bromine displacement and monomer acetylation: 

 2-Bromo-1-piperidinyl ethanone (300 mg, 1.40 mmol) was dissolved in anhydrous MeCN (20 mL) 

and the solution cooled to 0 ºC under an argon atmosphere. To this solution was added 1.2 equivalents 

of the desired amines in the same solvent (82-86 and 113-116, 1.75 mmol, 10 mL) dropwise slowly. 

Once the addition was completed the mixture was allowed to warm up to room temperature and left 

to react overnight. When peptoid monomers were employed as hydrochloride salts (i.e. 83), 

triethylamine was added to their solutions to free-base the corresponding amino functionality (Et3N, 

3.5 mmol). Once accomplished, MeCN and volatiles where evaporated under reduced pressure and 

the presence of the target products verified by LC/MS prior to the acetylation step. 

7.3.2.2 Final Acetylation.  

The oily residues from the previous step (7.3.2.1) were dissolved in 10 mL of anhydrous DCM. Then, 

0.5 mL of acetic anhydride (5.28 mmol) and 0.475 mL of N,N-diisopropylethylamine ((i-Pr)2EtN, 

2.77 mmol) were added and the mixture left to react for 30 minutes. Conversion of the starting 

materials to the corresponding acetylated derivatives was followed by TLC until complete 

consumption of the reactants was observed. Once accomplished, each mixture was washed with 10 

wt% citric acid (2 x 15 mL), NaHCO3 sat. (2 x 15 mL) and dried over MgSO4. Removal of the 

solvents under reduced pressure yielded yellow-to-brown oils that were directly deposited on silica 

for purification. 

7.3.2.3 Product purification 

Final purification of the desired products was achieved by silica gel flash chromatography using a 

gradient of AcOEt in Hexane from 0-100%. Column elution was followed by TLC chromatography. 

Fractions containing single spots corresponding to the same Rf were combined, evaporated under 

reduced pressure and analysed by (QToF)-LC/MS, 19F-NMR and 1H-NMR in order to verify their 

identity and purity. For each compound, between 25 and 60 mg of product were isolated in purities 

≥ 95% (as analysed by LC/MS, λ= 220 nm) and further employed for the analysis of Kcis/trans.  
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7.3.3 Synthesis of perfluoro-(hetero)aryl model peptoids 157-173 

7.3.3.1 Synthesis of 2-amino-1-(piperidin-1-yl)ethanone 132 

 2-Bromo-1-piperidinyl ethanone 81 (2.00 g, 1.45 mmol) was 

dissolved in anhydrous MeCN (40 mL) and the solution placed in a 

compensation funnel under argon. The solution was then added 

dropwise into 250 mL of NH3(aq) while vigorously stirring. Once the 

addition was completed, volatiles in the final reaction mixture were 

evaporated under reduced pressure and the aqueous phase extracted with DCM (3 x 50 mL). The 

organic layers were combined, washed with NaHCO3 sat, dried over MgSO4 and finally concentrated 

under reduced pressure. Depending on the batch, typically approx. 1.25 g of a dark brown oil was 

recovered containing a mixture of the desired amine ([M+H]+ = 143.122 Da, 76-88 mol/mol%) plus 

other products derived from ammonia di-alkylation ([M+H]+ = 269.085 Da, 1-10 mol/mol %) and 

tri-alkylation ([M+H]+ = 393.370 Da, 4-20 mol/mol%), as confirmed and analysed by LC/MS. 

Identity of 132 was further confirmed by HRMS (ESI+): calculated for C7H15N2O+ 143.1184 

[M+H]+, found: 143.1174 Da. The product mixture was used without further purification.    

7.3.3.2 Aromatic Nucleophilic Substitution (small scale reactions).  

The starting amine 132 (2 mg, 0.015 mmol) was dissolved in 1 mL of dry DMF with 250 mM in 

DIPEA, to which 2.5 molar equivalents of the desired perfluoroaromatic (133-144) were added. The 

reaction mixture was allowed to react for 4h at room temperature while stirring. After this time the 

DMF and volatiles were evaporated under reduced pressure. The residue was then re-dissolved in 

H2O/MeCN 50 : 50% v/v to a final concentration of ~0.5 mg mL-1 for analysis. When clear samples 

could not be achieved, further addition of DMF was employed in order to solubilize the mixtures. 

The conversion of the starting material 132 into the corresponding products was verified and 

evaluated qualitatively by LC/MS (λ= 220nm). In most cases conversion of 132 was found to be 

complete, leading to the corresponding perfluoroaryl secondary amines 145-156.  

 

O

N

H2N

132
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7.3.3.3 Aromatic Nucleophilic Substitution (large scale reactions).  

Depending on the specific batch approx. 300-400 mg of starting crude 132 was dissolved in 20 mL 

of dry DMF with 250 mM in DIPEA, to which 2.5 molar equivalents of the desired perfluoroaromatic 

were added. The reaction mixture was allowed to react overnight at room temperature while stirring. 

After this period, the DMF and volatiles were co-evaporated with toluene under reduced pressure. 

Formation of the target perfluoroanilines (145-156) was verified by LC/MS and the crude material 

used without further purification. 

7.3.3.4 Final Acetylation.  

In order to obtain the corresponding acetylated products 157-163, the reaction mixtures from the 

preceding step (7.3.3.3) were re-dissolved in dry DMF (5 mL) and placed under a nitrogen 

atmosphere in an ice bath. Acetyl-chloride (20 mL) and DIPEA (5 mL) were added and the mixture 

left to react between 24-40h until no further evolution in the products was observed by TLC). The 

volatiles and DMF were co-evaporated under reduced pressure with toluene, leading to a red-black 

solid precipitate that was extracted with Et2O (3 x 50 mL). The combined organic layers were washed 

using a 5 v/v% HCl aqueous solution (3 x 50 mL) and saturated NaCl (50 mL) before been dried over 

MgSO4 and filtered. Evaporation under reduced pressure led in all cases to dark yellow-orange oils 

that contained primarily the desired acetylated products 157-173, as analysed by LC/MS and 1H-

NMR. 

7.3.3.5 Product purification.  

Purification of the desired perfluoro-(hetero)aryl peptoids was achieved from each reaction mixture 

by silica gel flash chromatography using a gradient of AcOEt in Hexane from 0-50 v/v%. Column 

elution was followed by TLC chromatography. Fractions containing single spots corresponding to 

the same Rf were combined together, evaporated under reduced pressure and analysed by high 

resolution QToF-LC/MS, 19F-NMR and 1H-NMR in order to verify their identity and purity. All 

compounds were found to have purities ≥ 94% as analysed by LC/MS (λ= 220 nm) and 1H-NMR. 
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7.3.4 Synthesis of pentafluorosulfanyl-phenyl model peptoids 179-182 

7.3.4.1 Synthesis of N-alkyl anilines 175-178: Bromine Nucleophilic Substitution of 81 by 

pentafluorosulfanyl-phenyl anilines 171-174.  

All reactions were optimized in order to prevent formation of undesired by-products. This allowed 

the recovery of the unreacted starting products. For the coupling of deactivated aryl-amines 171-174 

150 mg of the primary anilines were dissolved in 2 mL of dry MeCN and placed in a thermostatic 

shaker. 1 mL of DIPEA was added and the mixture left to reach the desired final temperature: 171: 

65 ºC, 172: 50 ºC, 173-174: 80 ºC. While these reactions were reaching temperature 1 equivalent of 

the piperinidyl bromide was dissolved in 2 mL of dry MeCN, placed under ice and then slowly added 

to their corresponding amine solutions. Once addition was completed, the reaction mixtures were 

allowed to react for 24-48 h until no further formation of the products was detected by TLC 

chromatography (Hexane : AcOEt 70 : 30 v/v%). MeCN, DIPEA and volatiles were evaporated under 

reduced pressure and the presence of the expected products verified by LC/MS (λ = 280 nm). 

Residues were then deposited in silica for further purification by flash chromatography. All 

compounds were purified by using a linear gradient of AcOEt in Hexane from 0 to 40% v/v. All 

fractions containing the target products (as assessed by TLC) were combined and concentrated under 

reduced pressure leading to the desired compounds in relative good yields, as based in the mass of 

the isolated products. No further purification of the mixtures was attempted before the acetylation 

step.   

7.3.4.2 Final Acetylation.  

In order to obtain the corresponding acetylated peptoid monomers 179-182, the products from the 

preceding step (175-178) were dissolved in dry DCM (5 mL) and placed under nitrogen in an ice 

bath. 2 molar equivalents of acetyl-chloride and DIPEA were then added and the mixtures left to 

react until no further product formation was observed, as assessed by TLC (~18-48 h). The solvent 

and volatiles were evaporated under reduced pressure and the oily residues dissolved in DCM (10 

mL), washed with H2O (10 mL), 5 v/v% AcOH (10 mL) and saturated aqueous NaHCO3 (10 mL) 

before been dried over MgSO4. Evaporation under reduced pressure led to off-white solid or oils 

containing primary the target acetylated products. 



Ch. 7: Experimental  

| 231 | 

 

7.3.4.3 Product purification 

Purification of the final compounds after acetylation was accomplished by prep-TLC 

chromatography (Analtech, silica matrix, 20 x 20 cm, 1.500 μm). Typically, 30 mg of the crude 

compounds or mixtures were loaded per plate and the product raised using a mixture of Hexane : 

AcOEt 80 : 20 v/v%. UV absorbing bands corresponding to single products were scratched from the 

plate, extracted with AcOEt : MeOH 95 : 5 v/v% (10 mL), the mixture filtered and the organic layer 

concentrated under reduced pressure. Final compounds were analysed by HR QToF-LC/MS, 19F-

NMR and 1H-NMR in order to verify their identity and purity. All compounds were found to have 

purities ≥ 95% as analysed by LC/MS (λ= 220 nm) and 1H-NMR. 

7.4 General procedure for the numerical analysis of Kcis/trans 

For NMR analysis and numerical evaluation of Kcis/trans typically between 20-35 mg of the pure 

compounds were dissolved in 0.65-0.70 mL of the corresponding deutered solvent, CDCl3, CD3CN 

or CD3OD and then filtered. All samples were degassed by prior to analysis (3 x freeze/thaw cycles). 

For each sample a full set of experiments was carried out, 1H, 1H-1H NOESY, 1H-1H COSY and 1H-

psyche were used in order to assign independently the proton signals arising from the cis and the 

trans isomers, as well as for the analysis of the spatial correlations. In fluorinated systems 19F-NMR 

was also employed to obtain a second independent estimation of Kcis/trans. Characterization for both 

isomers was completed by 13C-NMR, 1H-13C HSQCAD and where needed 1H-13C HMBCAD 

employed in order to achieve full carbon assignation. 

The reported values of Kcis/trans have been in all cases determined from at least two 1H-NMR 

spectrums (8 scans, relaxation delay of 10 s), as the average value of the ratio between the cis and 

trans pairs of signals arising from the available main protons involved in the isomerization process: 

the backbone methylene group, the methyl-acetyl hydrogens and the side chain methylene/methine 

groups. Unless otherwise stated the average value and corresponding standard deviation is given in 

the basis of n = 6. For each sample ΔGcis/trans has been calculated according to the general equation 

7.1: 

∆𝐺 / = −𝑅𝑇 ln 𝐾 /                                                                                (Eq. 7.1) 

where R = 1.9872036(11)×10−3 kcal K-1 mol-1, and T = 298 K. 
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Independent 19F-NMR Kcis/trans values were obtained, depending on the systems, on the basis of one 

(fluoroalkyl and fluoroaromatic systems) or two independent spectra (perfluoro-(hetero)aryl and 

pentafluorosulfanyl-phenyl systems). All values are reported separately for comparison and 

verification purposes only. Good agreement was observed in all cases. 

7.5 Solid Phase Synthesis Methods 

7.5.1 General Solid phase peptoid synthesis 

All peptoids were synthetized using the well described sub-monomer approach.[3] Fmoc-protected 

Rink Amide resin (typically 60 mg, loading 0.84 mol g-1, 0.05 mmol scale) was placed in a 20 mL 

polypropylene syringe fitted with two polyethylene frits and swollen in DMF for 30 minutes. 

Afterwards, the resin was Fmoc de-protected by using piperidine at room temperature (20% in DMF 

v/v, 2 mL, 1 x 15 minutes + 1 x 5 minutes). The resin was then thoroughly washed (3 x DMF, 2 min) 

and treated with bromoacetyl bromide (1 mL, 0.6 M in DMF) and DIC (0.2 mL, 50% v/v in DMF) 

for 30 minutes at room temperature while shaking at 375 rpm. The resin was washed again with DMF 

(4 x 2 mL) before addition of the desired amine sub-monomer (1 mL, 1.2 M in DMF) and the mixture 

allowed to react for 60-120 minutes on the rotary shaker at room temperature. Once the bromine 

displacement step was completed, the resin was washed again (DMF, 4 x 2 mL) and the 

bromoacetylation and bromine displacements repeated until the target sequence was achieved. Upon 

completion of the synthesis the resin was additionally washed with MeOH (3 x 20 mL), DCM (3 x 

20 mL) and Et2O (3 x 20 mL) before been finally dried under reduced pressure.  

7.5.1.1 General procedures for the incorporation of poorly nucleophilic CF3rpe peptoid 

monomers  

Optimization of the general displacement and bromoacetylation conditions was needed in order to 

achieve efficient coupling of NCF3rpe residues and posterior peptoid elongation. 

For the coupling of non-consecutive NCF3rpe sequences, bromine displacement of the preceding 

residue was allowed to proceed for 4h at 65 ºC on the rotary shaker (1 mL of amine, 2M in DMF). 

Subsequent bromoacetylation was carried out using a solution 1.2 M in BBA and DIC for 1 h at room 
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temperature. This step was repeated 2 times. No further difficulties were found in the coupling of the 

next peptoid monomers and thus the protocol previously described (7.5.1) was used.  

For the coupling of consecutive NCF3rpe residues a 4h bromine displacement reaction of the previous 

residue was employed (2 M in DMF), again performing the reaction in a thermostated orbital shaker 

at 65 ºC. Bromoacetylation of the growing chain was found to be in all cases the limiting step for 

peptoid elongation and was achieved by performing 4 iterative reactions of 1 h using BBA/DIC 1.2 

M in DMF using fresh reagents each time.     

7.5.1.2 General procedure for the incorporation of N-aryl peptoid monomers 

To ensure the maximun coupling yield of weakly nucleophilic N-aryl residues, and in particular that 

of the N(4-SF5)Ph peptoid monomer, a modification of the procedure described by Shah et. al. was 

applied,[4] where overnight bromine displacement reactions at 65 ºC were employed for the solid 

phase coupling of N-Aryl residues to the growing sequences (2 M in DMF, 2 mL). Subsequent 

bromoacetylation of the N-aryl residues was achieved by performing two iterative treatments using 

BBA/DIC for 1 h at room temperature (1.2 M, 2 mL).     

7.5.2 Cleavage protocol from Rink-Amide acid-labile resin 

Final peptoids were cleaved off the resin by treatment at room temperature with 1 mL of TFA : TIPS 

: H2O solution  ( 95 : 2.5 : 2.5% v/v ). All cleavage reactions were carried out for 15 minutes with the 

products placed in the rotary shaker (375 r.p.m). Once completed, the cleavage cocktail was filtered 

with Et2O (15 mL) and the mixture left to precipitate overnight at 20 °C. The crude precipitated 

peptoids were obtained by decanting the ether layer and then additionally washed using chilled Et2O 

(2 x 7.5 mL) prior to be dissolved in a mixture of H2O/MeCN and lyophilised.  

When needed, test cleavages were performed by reacting a small number of peptoid-resin beads 

placed in a small glass vial in the presence of 200 μL of cleavage cocktail following the same 

directions stated previously. After 15 minutes the beads were allowed to deposit on the bottom of the 

vial and 25-50 μL of the supernatant were transferred to an Eppendorf tube with 1 mL of H2O :  

MeCN 90 : 10% v/v. The samples were centrifugated to deposit any remaining bead/aggregate and 

an aliquot of the solution analysed by LC/MS spectrometry.  
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7.6 Peptoid oligomers purification protocols  

7.6.1 Preparative high-performance liquid chromatography  

Crude peptoids were dissolved into ~10 mL (95 % H2O, 5 % MeCN, 0.1 % TFA v/v) and purified by 

preparative RP-HPLC on a Discovery Bio wide pore C18-5 column from Supelco (5 μm, 25 cm × 

10 mm), using a Perking-Elmer 200 lc pump coupled to a Waters 486 tuneable absorbance detector 

recording at λ = 220 nm. An initial typical linear gradient was commonly employed where eluent A 

rose linearly from 0-100% of solvent B at a flow rate of 2 mL min−1 over a period of 60 minutes. 

Then the flow was maintained isocratically for 5 minutes at 100% of solvent B before returning to 

initial conditions (solvent A = 95 : 5 : 0.1 v/v% H2O : MeCN : TFA; solvent B = 5 : 95 : 0.1 v/v % 

H2O:MeCN:TFA). When needed and depending on the sequence, further optimization of the 

purification conditions was performed by either applying longer gradient times (0-100 v/v % solvent 

B over 90 minutes) or ideally by adjusting the gradient window to the product elution conditions (i.e. 

0-50 v/v% solvent B in 60 minutes). Fractions corresponding to a single chromatographic peak were 

collected together, lyophilised and their identity and purity analysed by QToF-LC/MS and analytical 

HPLC. 

7.6.2 Analytical high-performance liquid chromatography 

Samples from the different fractions collected from preparative HPLC were dissolved in H2O : 

MeCN : TFA 90 : 10 : 0.1 v/v% to approx. 1 mg mL-1 and their purities assessed by analytical HPLC. 

This analysis was performed on a X-Bridge C18 column (5.3µm, 4.6 x 100 mm, 40 °C) using a 

Perking-Elmer 200 series lc system supplied with auto-sampler, UV/Vis detector and a Peltier 

column oven. A linear gradient rising from solvent A (95 : 5 : 0.05 v/v% H2O : MeCN : TFA) to 

100% of solvent B (5 : 95 : 0.03% v/v H2O : MeCN : TFA) over 30 min was applied at a flow rate of 

1 mL min−1.  Detection was performed in all cases at λ= 220 nm.  

7.7 Peptoid analysis by Circular Dichroism  

Circular dichroism (CD) was employed to explore and characterize the secondary structure of novel 

fluorinated and non-fluorinated peptoid oligomers synthesised within this work.  
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All CD spectra studies were performed using a Jasco J-1500 spectrometer, fitted with a Jasco MCB-

100 mini circulation bath. All samples were recorded as the average of 2 accumulations (1.00 nm 

data pitch, continuous scanning mode, 50 nm min−1 scanning speed, 3 nm bandwidth) using a QS 

high precision cell with 0.1 cm of path length from Hellma Analytics. For CD measurement, typically 

2 mg mL-1 stock solutions of the peptoids in each corresponding solvent were made and their 

individual concentrations corrected on the basis of the amount of trifluoroacetate present. Then, 

multiple samples in the range of 250-1.5 μM were prepared for each compound by doing progressive 

dilutions of the stock. To every raw recorded spectrum, the signal arising from the solvent was 

subtracted and the resulting data in ellipticity units (θ, mdeg) normalized to the corresponding molar 

ellipticity units Mθ (deg cm2 dmol−1) or per amide mean molar ellipticity MREθ (deg cm2 dmol-1 

residue-1) following the equations: 

𝑀 =  
   

   
 ;   𝑀𝑅𝐸 =  

  

    
                                (Eq. 7.2) 

where θobs is the experimentally measured ellipticity (º), c is the peptoid molar concentration (mol 

L-1), l is the cell path length (cm) and N is the number of amide bonds present.    

Finally, all curves were smoothed using Origin® software (second order polynomial Savitzky-Golay 

filter). All numerical data is reported as the average value from at least three different concentrations 

for each peptoid to avoid concentration-dependence effects; corresponding standard deviations are 

given for a sampling number of n = 3. Standard deviation for derived parameters (i.e. ΔMθ,218/nf) 

have been calculated according to the error propagation theory. All conditions where peptoid 

aggregation has been observed have been obviated from the analysis. For representation purposes 

through this thesis, the average curve from the three measurements has been employed. 

7.7.1 Thermal denaturalization assays: 

Thermal denaturation curves were measured by monitoring the Mθ,218 (molar ellipticity at 218 nm) at 

various increased temperatures ranging from 22 ˚C to 96 ˚C. A general temperature gradient of 1 ˚C 

min-1 was applied and each sample equilibrated at the target temperatures for 10 s prior to the next 

measurement. A complete CD spectra scan from 185-260 nm was performed at regular intervals of 

2 ºC (2 accumulations, 1.00 nm data pitch, continuous scanning mode, 50 nm min−1 scanning speed). 

All data was corrected by subtracting the signal of the solvent and processed individually to molar 

ellipticity units as previously described. The theoretical basis for the numerical analysis is given next: 
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Assuming that the peptoid unfolding process is completely reversible, and that the peptoids are at 

equilibrium at each measured temperature it is possible to state that: 

𝐾 =
[ ]

[ ]
                                                      (Eq. 7.3) 

where the concentration of folded and unfolded peptoid at each temperature can be expressed on the 

basis of the peptoid folded fraction, fN, and the total peptoid concentration as: 

[𝐹𝑜𝑙𝑑𝑒𝑑] = [𝑃𝑒𝑝𝑡𝑜𝑖𝑑] 𝑥 𝑓                                           (Eq. 7.4) 

[𝑈𝑛𝑓𝑜𝑙𝑑𝑒𝑑] = [𝑃𝑒𝑝𝑡𝑜𝑖𝑑] 𝑥 (1 − 𝑓 )                                    (Eq. 7.5) 

The thermodynamics of the denaturalization process can be evaluated in terms of the corresponding 

Gibbs free energy, ΔGD, as: 

∆𝐺 = −𝑅𝑇 ln 𝐾                                                                                (Eq. 7.6) 

Where additionally: 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆                                                 (Eq. 7.7) 

Using equations 7.3-7.7 we can express: 

𝐿𝑛 𝐾 = 𝐿𝑛 =  −
∆

𝑥
 
+  

∆
                               (Eq. 7.8) 

Assuming an ideal behaviour where the helical content is maximun at room temperature and that the 

peptoid will eventually unfold completely at an unknown temperature, the folded peptoid fraction at 

each temperature can be evaluated by CD spectroscopy from the molar ellipticities at 218 nm as: 

𝑓 = ,

, ᵒ
                                                (Eq. 7.9) 

Where 𝑀 ,  stands for the molar ellipticity measured at 218 nm at any given temperature T and 

𝑀 , ℃ stands for the initial molar ellipticity of the peptoid before any heating has been applied.  

Since fN and T are known, by using Eq. 7.8 the ΔHD value can be found from the slope of a Van’t 

Hoff graph Ln((1 − 𝑓 ) 𝑓⁄ ) vs. − 1
𝑇 , and the ΔSD value from the intercept. In addition, when 
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the peptoid is half unfolded, 𝑓 = (1 − 𝑓 ) = 0.5 and KD = 1 in Eq. 7.9. This allows the 

determination of the characteristic temperature at the mid-point of the transition, TM, as: 

𝑇 =  
∆

∆
                                                          (Eq. 7.10) 
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7.8 Characterization data Chapter 2: 

7.8.1 Characterization data of Model N-fluoroalkyl and control peptoid systems 76, 87-

90: 

N-ethyl-N-(2-oxo-2-(piperidin-1-yl)ethyl)acetamide (76): 

2-Bromo-1-piperidinyl ethanone 81 (300 mg, 1.4 mmol) was 

reacted overnight in the presence of 1.2 molar equivalents of 

ethylamine 82 (875 μL 2 M in THF, 1.75 mmol) following the 

general protocol described in section 7.3.2.1. The reaction 

mixture was then concentrated under reduced pressure and 

acylated using the protocol described in section 7.3.2.2. 

Purification of the crude material by silica gel flash chromatography (Hexane/AcOEt; section 

7.3.2.3) led to the N-ethyl-N-(2-oxo-2-(piperidin-1-yl)ethyl)acetamide 76 as a pale off white oil (37 

mg, 17% yield over 2 steps). HRMS (ESI+): calculated for C11H21N2O2
+ 213.1603 [M+H]+, found: 

213.1616 Da. 

1H NMR (700 MHz, CDCl3): Rotamer trans: δ 1H NMR: 4.13 (s, 2H, H4,trans), 3.52-3.48 (m, 2H, 

H3,eq,trans), 3.44-3.38 (m, 2H, H5,trans), 3.38-3.34 (m, 2H, H3,ax,trans), 2.13 (s, 3H, H6,trans), 1.63-1.49 (m, 

6H, H1-2,ax+eq,trans), 1.15 (t, J= 7.2 Hz, 3H, H7,trans); Rotamer cis: δ 1H NMR: 4.01 (s, 2H, H4,cis), 3.52-

3.48 (m, 2H, H3,eq,cis), 3.44-3.38 (m, 2H, H5,cis), 3.38-3.34 (m, 2H, H3,ax,cis),  1.96 (s, 3H, H6,cis),  1.63-

1.49 (m, 6H, H1-2,ax+eq,cis), 1.06 (t, J= 7.2 Hz, 3H, H7,cis).13C NMR (176 MHz, CDCl3): Rotamer trans: 

δ 13C NMR: 46.11, 43.18 (CH2, C3,trans); 46.02 (CH2, C4,trans), 44.05 (CH2, C5,trans); 26.37, 25.54, 24.53 

(CH2, C1-2,trans); 21.05 (CH3, C6,trans); 13.6 (CH3, C7,trans); Rotamer cis: δ 13C NMR: 49.61 (CH2, C4,cis), 

45.84, 43.48 (CH2, C3, cis
 ); 42.17 (CH2, C5,cis); 26.58, 25.62, 24.43 (CH2, C1-2,cis); 21.67 (CH3, C6,cis); 

12.81 (CH3, C7,cis); Quaternary carbons: δ 13C NMR: 171.11 (CO-CH3,cis), 170.62 (CO-CH3,trans), 

166.51(CO-pip,trans), 165.82(CO-pip,cis). 

1H NMR (700 MHz, CD3CN): Rotamer trans: δ 1H NMR: 4.09 (s, 2H, H4,trans), 3.51-3.36 (m, 4H, 

H3,ax+eq,trans), 3.33 (q, J = 7.2 Hz, 2H, H5,trans), 2.04 (s, 3H, H6,trans),  1.66-1.43 (m, 6H, H1-2,ax+eq,trans), 

1.12 (t, J= 7.2 Hz, 3H, H7,trans); Rotamer cis: δ 1H NMR: 4.10 (s, 2H, H4,cis), 3.51-3.36 (m, 4H, 

H3,ax+eq,cis), 3.27 (q, J = 7.2 Hz, 2H, H5,cis), 1.84 (s, 3H, H6,cis),  1.66-1.43 (m, 6H, H1-2,ax+eq,cis), 1.00 (t, 

J= 7.2 Hz, 3H, H7,cis). 13C NMR (176 MHz, CD3CN): Rotamer trans: δ 13C NMR: 46.37, 43.50 (CH2, 
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C3,trans); 46.93 (CH2, C4,trans), 44.80 (CH2, C5,trans); 27.02, 26.40, 25.19 (CH2, C1-2,trans); 21.26 (CH3, 

C6,trans); 13.88 (CH3, C7,trans); Rotamer cis: δ 13C NMR: 50.35(CH2, C4,cis), 46.28, 43.79 (CH2, C3,cis), 

42.47 (CH2, C5,cis); 27.07, 26.44, 25.13 (CH2, C1-2,cis); 21.86 (CH3, C6,cis); 13.12 (CH3, C7,cis); 

Quaternary carbons: δ 13C NMR: 171.71 (CO-CH3,cis), 170.84 (CO-CH3,trans), 167.31 (CO-pip,trans), 

167.25 (CO-pip,cis).  

1H NMR (600 MHz, CD3OD): Rotamer trans: δ 1H NMR: 4.21 (s, 2H, H4,trans), 3.57-3.45 (m, 4H, 

H3,ax+eq,trans), 3.43 (q, J = 7.2 Hz, 2H, H5,trans), 2.16 (s, 3H, H6,trans),  1.76-1.52 (m, 6H, H1-2,ax+eq,trans), 

1.19 (t, J= 7.2 Hz, 3H, H7,trans); Rotamer cis: δ 1H NMR: 4.30 (s, 2H, H4,cis), 3.57-3.45 (m, 4H, 

H3,ax+eq,cis), 3.37 (q, J = 7.3 Hz, 2H, H5,cis), 1.96 (s, 3H, H6,cis),  1.76-1.52 (m, 6H, H1-2, ax+eq,cis), 1.09 

(t, J= 7.2 Hz, 3H, H7,cis).13C NMR (151 MHz, CD3OD): Rotamer trans: δ 13C NMR: 47.65 (CH2, 

C4,trans), 46.99, 44.34 (CH2, C3,trans), 45.84 (CH2, C5,trans), 27.25, 26.63, 25.40 (CH2, C1-2,trans), 20.88 

(CH3, C6,trans), 13.67 (CH3, C7,trans); Rotamer cis: δ 13C NMR: 50.87 (CH2, C4,cis), 46.84, 44.52 (CH2, 

C3,cis), 43.65 (CH2, C5,cis), 27.44, 26.74, 25.34 (CH2, C1-2,cis), 21.49 (CH3, C6,cis), 12.87 (CH3, C7,cis); 

Quaternary carbons: δ 13C NMR: 174.14 (CO-CH3,cis), 173.40 (CO-CH3,trans), 168.30 (CO-pip,trans), 

168.16 (CO-pip,cis) ppm. 

 

N-(2-fluoroethyl)-N-(2-oxo-2-(piperidin-1-yl)ethyl)acetamide (87): 

 
 2-Bromo-1-piperidinyl ethanone 81 (300 mg, 1.4 mmol) was 

reacted overnight in the presence of 1.2 molar equivalents of 2-

fluoroethylamine hydrochloride 83 (183 mg, 1.75 mmol) 

following the general protocol described in section 7.3.2.1. The 

reaction mixture was then concentrated under reduced pressure 

and acylated using the protocol described in section 7.3.2.2. 

Purification of the crude material by silica gel flash 

chromatography (Hexane/AcOEt; section 7.3.2.3) led to the N-(2-fluoroethyl)-N-(2-oxo-2-

(piperidin-1-yl)ethyl)acetamide 87 as a pale off white oil (44 mg, 12% yield over 2 steps). HRMS 

(ESI+): calculated for C11H20FN2O2
+ 231.1509 [M+H]+, found: 231.1525 Da. 

 

1H NMR (700 MHz, CDCl3): Rotamer trans: δ 1H NMR: 4.53 (dt, J= 47.2, 5.0 Hz, 2H, H7,trans), 4.19 

(s, 2H, H4,trans), 3.68 (dt, J = 25.9, 5.0 Hz, 2H, H5,trans), 3.54-3.27 (m, 4H, H3,ax+eq,trans),  2.12 (s, 3H, 

H6,trans),  1.74-1.37 (m, 6H, H1-2,ax+eq,trans); Rotamer cis: δ 1H NMR: 4.54 (dt, J = 47.2, 5.0 Hz, 2H, 
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H7,trans), 4.14 (s, 2H, H4,cis), 3.62 (dt, J = 25.9, 5.0 Hz, 2H, H5,cis), 3.54-3.27 (m, 4H, H3,ax+eq,cis),  1.97 

(s, 3H, H6,cis),  1.74-1.37  (m, 6H, H1-2, ax+eq,cis).13C NMR (176 MHz, CDCl3): Rotamer trans: δ 13C 

NMR: 81.79 (d, J = 170.4 Hz, CH2, C7,trans); 49.56 (d, J = 20.3 Hz, CH2, C5,trans), 46.82 (CH2, C4,trans), 

45.98, 43.13 (CH2, C3,trans), 26.26, 25.46, 24.42 (CH2, C1-2,trans), 21.31 (CH3, C6,trans); Rotamer cis: δ 
13C NMR: 83.84 (d, J = 165.5 Hz, CH2, C7,cis), 51.52 (CH2, C4,cis), 47.97 (d, J = 19.0 Hz, CH2, C5,cis), 

45.75, 43.43, (CH2, C3,cis), 26.41, 25.55, 24.36 (CH2, C1-2,cis), 21.35 (CH3, C6,cis); Quaternary carbons: 

δ 13C NMR: 171.80 (CO-CH3,cis), 171.18 (CO-CH3,trans), 166.14 (CO-pip,trans), 165.63 (CO-pip,cis).19F 

NMR (376 MHz, CDCl3): Rotamer trans: δ: -222.12 (tt, J = 47.1, 25.8 Hz, 1F); Rotamer cis: δ: -

221.42 (tt, J = 47.6, 28.8 Hz, 1F). 

1H NMR (700 MHz, CD3CN): Rotamer trans: δ 1H NMR: 4.55 (dt, J= 47.3, 5.0 Hz, 2H, H7,trans), 

4.15 (s, 2H, H4,trans), 3.63 (dt, J = 25.9, 5.0 Hz, 2H, H5,trans), 3.47-3.34 (m, 4H, H3,ax+eq,trans),  2.07 (s, 

3H, H6,trans),  1.74-1.37 (m, 6H, H1-2,ax+eq,trans); Rotamer cis: δ 1H NMR: 4.48 (dt, J = 47.5, 5.2 Hz, 

2H, H7,cis), 4.19 (s, 2H, H4,cis), 3.55 (dt, J = 25.6, 5.2 Hz, 2H, H5,cis), 3.51-3.30 (m, 4H, H3,ax+eq,cis),  

1.89 (s, 3H, H6,cis),  1.74-1.37  (m, 6H, H1-2, ax+eq,cis).13C NMR (176 MHz, CD3CN): Rotamer trans: δ 
13C NMR: 83.06 (d, J = 166.3 Hz, CH2, C7,trans); 50.31 (d, J = 20.3 Hz, CH2, C5,trans), 47.70 (CH2, 

C4,trans), 46.33, 43.54 (CH2, C3,trans), 26.98, 26.38, 25.16 (CH2, C1-2,trans), 21.59 (CH3, C6,trans); Rotamer 

cis: δ 13C NMR: 83.46 (d, J = 164.7 Hz, CH2, C7,cis), 51.94 (CH2, C4,cis), 48.22 (d, J = 21.0 Hz, CH2, 

C5,cis), 46.26, 43.83 (CH2, C3,cis), 27.01, 26.41, 25.1 (CH2, C1-2,cis), 21.69(CH3, C6,cis); Quaternary 

carbons: δ 13C NMR: 172.70 (CO-CH3,cis), 171.66 (CO-CH3,trans), 167.02 (CO-pip,trans), 166.99 (CO-

pip,cis).19F NMR (376 MHz, CD3CN): Rotamer trans: δ: -223.21 (tt, J = 47.3, 25.9 Hz, 1F); Rotamer 

cis: δ: -222.72 (tt, J = 47.5, 25.7 Hz, 1F). 

1H NMR (700 MHz, CD3OD): Rotamer trans: δ 1H NMR: 4.60 (dt, J = 47.3, 4.9 Hz, 2H, H7,trans), 

4.29 (s, 2H, H4,trans), 3.72 (dt, J = 26.1, 4.8 Hz, 2H, H5,trans), 3.55-3.43 (m, 4H, H3,ax+eq,trans),  2.18 (s, 

3H, H6,trans),  1.74-1.51 (m, 6H, H1-2,ax+eq,trans); Rotamer cis: δ 1H NMR: 4.53 (dt, J = 47.5, 5.0 Hz, 2H, 

H7,cis), 4.40 (s, 2H, H4,cis), 3.65 (dt, J = 26.1, 5.0 Hz, 2H, H5,cis), 3.58, 3.42 (m, 4H, H3,ax+eq,cis),  2.00 

(s, 3H, H6,cis),  1.74-1.51(m, 6H, H1-2, ax+eq,cis). 13C NMR (176 MHz, CD3OD): Rotamer trans: δ 13C 

NMR: 82.95 (d, J = 167.8 Hz, CH2, C7,trans); 51.18 (d, J = 20.0 Hz, CH2, C5,trans), 48.29 (CH2, C4,trans), 

46.96, 44.34 (CH2, C3,trans), 27.22, 26.61, 25.39 (CH2, C1-2,trans), 21.34 (CH3, C6,trans); Rotamer cis: δ 
13C NMR: 83.51 (d, J = 166.0 Hz, CH2, C7,cis), 52.46 (CH2, C4,cis), 49.16 (d, J = 20.6 Hz, CH2, C5,cis), 

46.83, 44.55 (CH2, C3,cis), 27.35, 26.71, 25.33 (CH2, C1-2,cis), 21.27 (CH3, C6,cis); Quaternary carbons: 

δ 13C NMR: 174.90 (CO-CH3,cis), 174.17 (CO-CH3,trans), 168.07 (CO-pip,trans), 167.95 (CO-pip,cis). 19F 

NMR (376 MHz, CD3OD): Rotamer trans: δ: -224.24 (tt, J = 47.4, 26.1 Hz, 1F); Rotamer cis: δ: -

223.51 (tt, J = 47.4, 26.1 Hz, 1F). 
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N-(3,5-dichloro-2,6-difluoropyridin-4-yl)-N-(2-oxo-2-(piperidin-1-yl)ethyl)acetamide (88): 

2-Bromo-1-piperidinyl ethanone 81 (300 mg, 1.4 mmol) was 

reacted overnight in the presence of 1.2 molar equivalents of 

ethylamine 84 (142 mg, 1.75 mmol) following the general 

protocol described in section 7.3.2.1. The reaction mixture was 

then concentrated under reduced pressure and acylated using 

the protocol described in section 7.3.2.2. Purification of the 

crude material by silica gel flash chromatography (Hexane/AcOEt; section 7.3.2.3) led to the N-(2,2-

difluoroethyl)-N-(2-oxo-2-(piperidin-1-yl)ethyl)acetamide 88 as a pale off white oil (54 mg, 14% 

yield over 2 steps). HRMS (ESI+): calculated for C11H19F2N2O2
+ 249.1415 [M+H]+, found: 249.1424 

Da. 

1H NMR (600 MHz, CDCl3): Rotamer trans: δ 1H NMR: 5.92 (ddt, J = 55.1, 53.6, 3.6 Hz, 1H, 

H7,trans), 4.16 (s, 2H, H4,trans), 3.69 (td, J = 14.5, 3.5 Hz, 2H, H5,trans), 3.46-3.28 (m, 4H, H3,ax+eq,trans),  

2.11 (s, 3H, H6,trans),  1.64-1.41 (m, 6H, H1-2,ax+eq,trans); Rotamer cis: δ 1H NMR: 5.86 (ddt, J = 56.2, 

54.2, 4.3 Hz, 1H, H7,cis), 4.09 (s, 2H, H4,cis), 3.60 (td, J = 14.4, 4.6 Hz, 2H, H5,cis), 3.50-3.23 (m, 4H, 

H3,ax+eq,cis),  1.94 (s, 3H, H6,cis),  1.64-1.41  (m, 6H, H1-2, ax+eq,cis). 13CNMR (151 MHz, CDCl3): 

Rotamer trans: δ 13C NMR: 114.30 (t, J = 243.0 Hz, CH, C7,trans); 51.55 (t, J = 25.5 Hz, CH2, C5,trans), 

47.73 (CH2, C4,trans), 45.81, 43.07 (CH2, C3,trans), 26.14, 25.34, 24.29 (CH2, C1-2,trans), 21.16 (CH3, 

C6,trans); Rotamer cis: δ 13C NMR: 114.45 (t, J = 241.6 Hz, CH, C7,cis), 51.29 (CH2, C4,cis), 49.78 (t, J 

= 26.9 Hz, CH2, C5,cis), 45.64, 43.37 (CH2, C3,cis), 26.31, 25.44, 24.21 (CH2, C1-2,cis), 21.08 (CH3, C6,cis); 

Quaternary carbons: δ 13C NMR: 172.34 (CO-CH3,cis), 171.45 (CO-CH3,trans), 165.73 (CO-pip,trans), 

165.13 (CO-pip,cis).19F NMR (564 MHz, CDCl3): Rotamer trans: δ 19F NMR: -121.47 (dt, J = 55.0, 

14.6 Hz, 2F); Rotamer cis: δ: -120.76 (dt, J = 56.2, 14.3 Hz, 2F). 

1H NMR (700 MHz, CD3CN): Rotamer trans: δ 1H NMR: 6.05 (tt, J = 55.3, 3.9 Hz, 1H, H7,trans), 

4.17 (s, 2H, H4,trans), 3.72 (td, J = 14.8, 3.9 Hz, 2H, H5,trans), 3.52-3.28 (m, 4H, H3,ax+eq,trans),  2.09 (s, 

3H, H6,trans),  1.68-1.43 (m, 6H, H1-2,ax+eq,trans); Rotamer cis: δ 1H NMR: 5.93 (tt, J = 56.3, 4.3 Hz, 1H, 

H7,cis), 4.22 (s, 2H, H4,cis), 3.61 (td, J = 14.8, 4.3 Hz, 2H, H5,cis), 3.52-3.28 (m, 4H, H3,ax+eq,cis),  1.91 

(s, 3H, H6,cis),  1.68-1.43  (m, 6H, H1-2, ax+eq,cis). 13C NMR (176 MHz, CD3CN): Rotamer trans: δ 13C 

NMR: 116.04 (t, J = 240.8 Hz, CH, C7,trans); 52.21 (t, J = 25.8 Hz, CH2, C5,trans), 48.89 (CH2, C4,trans), 

46.29, 43.58 (CH2, C3,trans), 26.93, 26.33, 25.12 (CH2, C1-2,trans), 21.58 (CH3, C6,trans); Rotamer cis: δ 
13C NMR: 115.94 (t, J = 240.3 Hz, CH, C7,cis), 52.28 (CH2, C4,cis), 50.27 (t, J = 27.1 Hz, CH2, C5,cis), 

46.23, 43.84 (CH2, C3,cis), 26.96, 26.37, 25.06 (CH2, C1-2,cis), 21.50 (CH3, C6,cis); Quaternary carbons: 
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δ 13C NMR: 173.47 (CO-CH3,cis), 172.12 (CO-CH3,trans), 166.81 (CO-pip,trans), 166.66 (CO-pip,cis).19F 

NMR (376 MHz, CD3CN): Rotamer trans: δ 19F NMR: -123.18 (dt, J = 55.3, 14.8 Hz, 2F); Rotamer 

cis: δ: -121.92 (dt, J = 56.3, 14.9 Hz, 2F). 

1H NMR (700 MHz, CD3OD): Rotamer trans: δ 1H NMR: 6.12 (tt, J = 55.2, 3.7 Hz, 1H, H7,trans), 

4.31 (s, 2H, H4,trans), 3.81 (td, J = 14.8, 3.8 Hz, 2H, H5,trans), 3.53-3.41 (m, 4H, H3,ax+eq,trans),  2.20 (s, 

3H, H6,trans),  1.75-1.48 (m, 6H, H1-2,ax+eq,trans); Rotamer cis: δ 1H NMR: 5.95 (tt, J = 56.2, 4.3 Hz, 1H, 

H7,cis), 4.41 (s, 2H, H4,cis), 3.70 (td, J = 14.5, 4.3 Hz, 2H, H5,cis), 3.57-3.41 (m, 4H, H3,ax+eq,cis),  2.02 

(s, 3H, H6,cis),  1.75-1.48 (m, 6H, H1-2, ax+eq,cis).13C NMR (176 MHz, CD3OD): Rotamer trans: δ 13C 

NMR: 116.01 (t, J = 241.2 Hz, CH, C7,trans); 52.71 (t, J = 25.6 Hz, CH2, C5,trans), 49.39 (CH2, C4,trans), 

46.93, 44.35 (CH2, C3,trans), 27.19, 26.59, 25.36 (CH2, C1-2,trans), 21.28 (CH3, C6,trans); Rotamer cis: δ 
13C NMR: 115.81 (t, J = 240.8 Hz, CH, C7,cis), 52.56 (CH2, C4,cis), 50.92 (t, J = 27.4, CH2, C5,cis), 46.78, 

44.35 (CH2, C3,cis), 27.33, 26.68, 25.30 (CH2, C1-2,cis), 21.20 (CH3, C6,cis); Quaternary carbons: δ 13C 

NMR: 175.44 (CO-CH3,cis), 174.44 (CO-CH3,trans), 167.84 (CO-pip,trans), 167.67 (CO-pip,cis). 19F 

NMR (376 MHz, CD3OD): Rotamer trans: δ 19F NMR: -123.77 (dt, J = 55.2, 14.8 Hz, 2F); Rotamer 

cis: δ: -122.36 (dt, J = 56.2, 14.5, 2F). 

 

N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-(2,2,2-trifluoroethyl)acetamide (89): 

2-Bromo-1-piperidinyl ethanone 81 (300 mg, 1.4 mmol) was 

reacted overnight in the presence of 1.2 molar equivalents of 

2,2,2-trifluoroethylamine 85 (173 mg, 1.75 mmol) following 

the general protocol described in section 7.3.2.1. The reaction 

mixture was then concentrated under reduced pressure and 

acylated using the protocol described in section 7.3.2.2. 

Purification of the crude material by silica gel flash chromatography (Hexane/AcOEt; section 

7.3.2.3) led to the N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-(2,2,2-trifluoroethyl)acetamide 89 as a pale 

off white oil (49 mg, 12% yield over 2 steps). HRMS (ESI+): calculated for C11H18F3N2O2
+ 267.1320 

[M+H]+, found: 267.1344 Da.  

 

1H NMR (600 MHz, CDCl3): Rotamer trans: δ 1H NMR: 4.28 (s, 2H, H4,trans), 4.02 (q, J = 9.2 Hz, 

2H, H5,trans), 3.54-3.35 (m, 4H, H3,ax+eq,trans),  2.21(s, 3H, H6,trans),  1.72-1.49 (m, 6H, H1-2,ax+eq,trans); 
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Rotamer cis: δ 1H NMR: 4.19 (s, 2H, H4,cis), 4.05 (q, J = 9.2 Hz, 2H, H5,cis), 3.60-3.32 (m, 4H, 

H3,ax+eq,cis),  2.04 (s, 3H, H6,cis),  1.72-1.49 (m, 6H, H1-2, ax+eq,cis).13C NMR (151 MHz, CDCl3): Rotamer 

trans: δ 13C NMR: 50.54 (q, J = 33.1 Hz, CH2, C5,trans), 46.94 (CH2, C4,trans), 45.99, 43.31 (CH2, C3,trans), 

26.35, 25.53, 24.49 (CH2, C1-2,trans), 21.17 (CH3, C6,trans); Rotamer cis: δ 13C NMR: 50.30 (CH2, C4,cis), 

46.91 (q, J = 33.3 Hz, CH2, C5,cis), 45.85, 43.61 (CH2, C3,cis), 26.58, 25.65, 24.41 (CH2, C1-2,cis), 21.23 

(CH3, C6,cis); Quaternary carbons: δ 13C NMR: 124.91 (q, J = 280.1 Hz, C7,cis), 124.64 (q, J = 280.5 

Hz, C7,trans), 172.19 (CO-CH3,cis), 171.87 (CO-CH3,trans), 165.67 (CO-pip,trans), 164.91 (CO-pip,cis).19F 

NMR (376 MHz, CDCl3): Rotamer trans: δ 19F NMR: -70.72 (t, J = 8.7 Hz, 3F); Rotamer cis: δ: -

70.16 (t, J = 9.3 Hz, 3F). 

1H NMR (700 MHz, CD3CN): Rotamer trans: δ 1H NMR: 4.20 (s, 2H, H4,trans), 4.05 (q, J = 9.1 Hz, 

2H, H5,trans), 3.47-3.31 (m, 4H, H3,ax+eq,trans),  2.12 (s, 3H, H6,trans), 1.67-1.41 (m, 6H, H1-2,ax+eq,trans); 

Rotamer cis: δ 1H NMR: 4.25 (s, 2H, H4,cis), 3.99 (q, J = 9.5 Hz, 2H, H5,cis), 3.51-3.31 (m, 4H, 

H3,ax+eq,cis),  1.94 (s, 3H, H6,cis),  1.67-1.41 (m, 6H, H1-2, ax+eq,cis). 13C NMR (151 MHz, CD3CN): 

Rotamer trans: δ 13C NMR: 50.92 (q, J = 32.6 Hz, CH2, C5,trans), 48.60 (CH2, C4,trans), 46.26, 43.61 

(CH2, C3,trans), 26.94, 26.35, 25.13 (CH2, C1-2,trans), 21.43 (CH3, C6,trans); Rotamer cis: δ 13C NMR: 51.74 

(CH2, C4,cis), 47.58 (q, J = 33.1 Hz, CH2, C5,cis), 46.24, 43.88 (CH2, C3,cis), 26.95, 26.38, 25.07 (CH2, 

C1-2,cis), 21.45 (CH3, C6,cis); Quaternary carbons: δ 13C NMR: 126.17 (q, J = 279.5, C7,cis), 126.02 (q, 

J = 280.0 Hz, C7,trans), 173.60 (CO-CH3,cis), 172.48 (CO-CH3,trans), 166.36 (CO-pip,cis), 166.31 (CO-

pip,trans). 19F NMR (376 MHz, CD3CN): Rotamer trans: δ 19F NMR: -71.72 (t, J = 9.0 Hz, 3F); 

Rotamer cis: δ: -71.30 (t, J = 9.6 Hz, 3F). 

1H NMR (700 MHz, CD3OD): Rotamer trans: δ 1H NMR: 4.31 (s, 2H, H4,trans), 4.19 (q, J = 8.9 Hz, 

2H, H5,trans), 3.54-3.39 (m, 4H, H3,ax+eq,trans),  2.21 (s, 3H, H6,trans), 1.75-1.49 (m, 6H, H1-2,ax+eq,trans); 

Rotamer cis: δ 1H NMR: 4.45 (s, 2H, H4,cis), 4.08 (q, J = 9.3 Hz, 2H, H5,cis), 3.58-3.39 (m, 4H, 

H3,ax+eq,cis),  2.03 (s, 3H, H6,cis),  1.75-1.49 (m, 6H, H1-2, ax+eq,cis). 13C NMR (176 MHz, CD3OD): 

Rotamer trans: δ 13C NMR: 51.35 (q, J = 33.0 Hz, CH2, C5,trans), 49.85 (CH2, C4,trans), 46.94, 44.41 

(CH2, C3,trans), 27.19, 26.59, 25.38 (CH2, C1-2,trans), 21.11 (CH3, C6,trans); Rotamer cis: δ 13C NMR: 52.00 

(CH2, C4,cis), 48.15 (q, J = 33.5 Hz, CH2, C5,cis), 46.79, 44.56 (CH2, C3,cis), 27.32, 26.68, 25.31 (CH2, 

C1-2,cis), 21.14 (CH3, C6,cis);  Quaternary carbons: δ 13C NMR: 126.21 (q, J = 279.5, C7,cis), 126.17 (d, 

J = 279.8 Hz, C7,trans), 175.49 (CO-CH3,cis), 174.66 (CO-CH3,trans), 167.50 (CO-pip,trans), 167.40 (CO-

pip,cis).19F NMR (376 MHz, CD3OD): Rotamer trans: δ 19F NMR: -72.46 (t, J = 8.9 Hz, 3F); Rotamer 

cis: δ: -72.01 (t, J = 9.3 Hz, 3F). 
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(R)-N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-(1-phenylethyl)acetamide (90): 

2-Bromo-1-piperidinyl ethanone 81 (300 mg, 1.4 mmol) was 

reacted overnight in the presence of 1.2 molar equivalents of 

(R)-phenylethylamine 86 (211 mg, 1.75 mmol) following the 

general protocol described in section 7.3.2.1. The reaction 

mixture was then concentrated under reduced pressure and 

acylated using the protocol described in section 7.3.2.2. 

Purification of the crude material by silica gel flash 

chromatography (Hexane/AcOEt; section 7.3.2.3) led to the (R)-N-(2-oxo-2-(piperidin-1-yl)ethyl)-

N-(1-phenylethyl)acetamide 90 as a pale off white oil (59 mg, 13% yield over 2 steps). HRMS 

(ESI+): calculated for C17H25N2O2
+ 289.1916 [M+H]+, found: 289.1928  

1H NMR (700 MHz, CDCl3): Rotamer trans: δ 1H NMR:  7.35-7.18 (m, 5H, H8-10,trans), 5.13 (q, J = 

6.9 Hz, 1H, H5,trans), 4.37, 3.34 (AB peak, J = 15.9 Hz, 2H, H4,trans), 3.53-3.07 (m, 4H, H3,ax+eq,trans), 

2.20 (s, 3H, H6,trans),  1.60-1.40 (m, 6H, H1-2,ax+eq,trans), 1.60 (d, J = 7.0 Hz, 3H, H7,trans). Rotamer cis: 

δ 1H NMR: 7.35-7.18 (m, 5H, H8-10,trans), 6.07 (q, J = 7.0 Hz, 1H, H5,cis), 3.81, 3.62 (AB peak, J = 

17.7 Hz, 2H, H4,cis), 3.53-3.07 (m, 4H, H3,ax+eq,cis), 2.02 (s, 3H, H6,cis),  1.60-1.40 (m, 6H, H1-2, ax+eq,cis), 

1.39 (d, J = 7.1 Hz, 3H, H7,cis). 13C NMR (176 MHz, CDCl3): Rotamer trans: δ 13C NMR: 128.63, 

127.42, 126.38 (CH, C8-10,trans), 56.25 (CH, C5,trans), 45.63, 43.28 (CH2, C3,trans), 43.59 (CH2, C4,trans), 

26.15 25.39, 24.36 (CH2, C1-2,trans), 21.62 (CH3, C6,trans), 18.16 (CH3, C7,trans); Rotamer cis: δ 13C NMR: 

128.26, 127.61, 127.24 (CH, C8-10,cis), 50.84 (CH, C5,cis), 45.89, 43.15 (CH2, C3,cis), 45.02 (CH2, C4,cis), 

26.07, 25.32, 24.18 (CH2, C1-2,cis), 21.96 (CH3, C6,cis), 15.93 (CH3, C7,cis); Quaternary carbons: δ 13C 

NMR: 171.66 (CO-CH3,cis), 170.76 (CO-CH3,trans), 166.09 (CO-pip,trans), 165.86 (CO-pip,cis), 140.99 

(CAr,trans), 140.60 (CAr,cis).  

1H NMR (700 MHz, CD3CN): Rotamer trans: δ 1H NMR:  7.38-7.22 (m, 5H, H8-10,trans), 5.19 (q, J = 

7.0 Hz, 1H, H5,trans), 4.29, 3.54 (AB peak, J = 16.3 Hz, 2H, H4,trans), 3.50-3.15 (m, 4H, H3,ax+eq,trans), 

2.12 (s, 3H, H6,trans),  1.63-1.42 (m, 6H, H1-2,ax+eq,trans), 1.54 (d, J = 7.0 Hz, 3H, H7,trans). Rotamer cis: 

δ 1H NMR: 7.38-7.22 (m, 5H, H8-10,trans), 5.87 (q, J = 7.2 Hz, 1H, H5,cis), 4.03, 3.78 (AB peak, J = 

18.0 Hz, 2H, H4,cis), 3.50-3.15 (m, 4H, H3,ax+eq,cis), 1.93 (s, 3H, H6,cis),  1.63-1.42 (m, 6H, H1-2,ax+eq,cis), 

1.37 (d, J = 7.2 Hz, 3H, H7,cis). 13C NMR (176 MHz, CD3CN): Rotamer trans: δ 13C NMR: 129.47, 

128.20, 127.70 (CH, C8-10,trans), 57.14 (CH, C5,trans), 46.42, 43.65 (CH2, C3,trans
 ), 44.48 (CH2, C4,trans), 

26.97, 26.39, 25.19 (CH2, C1-2,trans), 22.11 (CH3, C6,trans), 18.97 (CH3, C7,trans); Rotamer cis: δ 13C NMR: 

129.20, 128.32, 127.98 (CH, C8-10,cis), 52.00 (CH, C5,cis), 46.33, 43.90 (CH2, C3,cis
 ), 46.29 (CH2, C4,cis), 
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26.97, 26.39, 25.08 (CH2, C1-2,cis), 22.44 (CH3, C5,cis), 16.97 (CH3, C7,cis); Quaternary carbons: δ 13C 

NMR: 172.36 (CO-CH3,cis), 171.12 (CO-CH3,trans), 167.33 (CO-pip,cis), 167.15 (CO-pip,trans), 142.92 

(CAr,trans), 142.69 (CAr,cis).  

1H NMR (700 MHz, CD3OD): Rotamer trans: δ 1H NMR:  7.40-7.23 (m, 5H, H8-10,trans), 5.27 (q, J = 

7.0 Hz, 1H, H5,trans), 4.37, 3.73 (AB peak, J = 16.3 Hz, 2H, H4,trans), 3.57-3.19 (m, 4H, H3,ax+eq,trans), 

2.23 (s, 3H, H6,trans),  1.70-1.31 (m, 6H, H1-2,ax+eq,trans), 1.59 (d, J = 7.0 Hz, 3H, H7,trans). Rotamer cis: 

δ 1H NMR: 7.40-7.23 (m, 5H, H8-10,trans), 5.93 (q, J = 7.1 Hz, 1H, H5,cis), 4.16, 3.90 (AB peak, J = 

18.0 Hz, 2H, H4,cis), 3.59-3.17 (m, 4H, H3,ax+eq,cis), 2.04 (s, 3H, H6,cis),  1.70-1.31 (m, 6H, H1-2,ax+eq,cis), 

1.44 (d, J = 7.2 Hz, 3H, H7,cis). 13C NMR (176 MHz, CD3OD): Rotamer trans: δ 13C NMR: 129.78, 

128.63, 127.79 (CH, C8-10,trans), 57.99 (CH, C5,trans), 46.99, 44.42 (CH2, C3,trans
 ), 44.83 (CH2, C4,trans), 

27.15, 26.56, 25.37 (CH2, C1-2,trans), 21.73 (CH3, C6,trans), 18.86 (CH3, C7,trans); Rotamer cis: δ 13C NMR: 

129.47, 128.89, 128.57 (CH, C8-10,cis), 52.98 (CH, C5,cis), 46.80, 44.49 (CH2, C3,cis
 ), 46.34 (CH2, C4, cis), 

27.19, 26.61, 25.23 (CH2, C1-2,cis), 22.19 (CH3, C6,cis), 16.62 (CH3, C7,cis); Quaternary carbons: δ 13C 

NMR: 174.60 (CO-CH3,cis), 173.64 (CO-CH3,trans), 168.04 (CO-pip,trans), 167.91 (CO-pip,cis), 142.33 

(CAr,cis), 141.48 (CAr,trans). 

7.8.2 Numerical analysis of Kcis/trans 

Following the general procedure outlined in section 7.4, 20 mg of pure compounds 76, 87-90 were 

dissolved in 0.7 mL of the corresponding deutered solvent, CDCl3, CD3CN or CD3OD, and then 

filtered and degassed prior to analysis (peptoid concentration ~ 0.12 M). All reported values of 

Kcis/trans have been determined using two 1H-NMR spectrums, as the average value of the ratio 

between the cis and trans pairs of signals arising from the three main protons involved in the 

isomerization process: the backbone methylene group (generically denoted in these systems as H4), 

the methyl-acetyl hydrogens (denoted as H6) and the side chain methylene group (noted as H5). 

Unless otherwise stated the average value and corresponding standard deviation is given in the basis 

of n = 6.  Independently evaluated 19F-NMR based Kcis/trans values were obtained on the basis of one 

single spectra. These values are reported separately for comparison and verification purposes only. 

Detailed data is given in the following Tables 7.1-7.3. 
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7.8.3 Single crystal X-ray analysis of model peptoids 88 and 89  

7.8.3.1 Sample crystallization 

20 mg of the purified peptoids 88 and 89 were dissolved using a minimum amount of AcOEt. Hexane 

was then added dropwise until precipitation was observed. Then a few drops of AcOEt or DCM were 

added to clear the solutions and the final samples were left for slow evaporation at room temperature. 

7.8.3.2 Sample analysis: 

The X-ray single crystal data for model peptoid monomers 88 and 89 was collected using a MoKα 

radiation source with a λ = 0.71073 nm. All structures were solved by direct method and refined by 

full-matrix least squares on F2 for all data using Olex2[1] and SHELXTL[2] software. All non-

disordered non-hydrogen atoms were refined anisotropically, hydrogen atoms were placed in the 

calculated positions and refined in riding mode. Disordered atoms of minor disorder component in 

structure cis-88 were refined isotropically. Occupation factors of atoms of disordered fragments were 

fixed as 0.8 and 0.2 and the structure cis-88 refined as a merohedral twin (0 1 0 1 0 0 0 0 -1). Crystal 

data and parameters of refinement are listed in following Tables 7.4 and 7.5. Crystallographic data 

for the structures has been deposited with the Cambridge Crystallographic Data Centre as 

supplementary publications CCDC-1567326 and CCDC-1567327. 

 

 



Ch. 7: Experimental  

| 248 | 

 

7.8.3.3 Crystal structure determination of compound 88: 

 

Figure 7.1: Crystal structure of peptoid 88 (CCDC-1567326) with thermal ellipsoids drawn at the 50 % 
probability level. 

Table 7.4. Crystal data and structure refinement parameters of peptoid 88 

Empirical formula C11H18F2N2O2 μ/mm-1 0.113 

Formula weight 248.27 F(000) 528.0 

Temperature/K 120.0 Crystal size/mm3 0.29 × 0.28 × 0.12 

Crystal system tetragonal Radiation MoKα (λ = 0.71073) 

Space group P41 2Θ range for data collection/° 4.56 to 57 

a/Å 8.9275(4) Index ranges 
-11 ≤ h ≤ 11, -11 ≤ k ≤ 11, -20 ≤ l 

≤ 20 

b/Å 8.9275(4) Reflections collected 24571 

c/Å 15.3498(8) Independent reflections 
1600 [Rint = 0.0394, Rsigma = 

0.0172] 

α/° 90.00 Data/restraints/parameters 1600/11/172 

β/° 90.00 Goodness-of-fit on F2 1.076 

γ/° 90.00 Final R indexes [I>=2σ (I)] R1 = 0.0546, wR2 = 0.1417 

Volume/Å3 1223.38(10) Final R indexes [all data] R1 = 0.0562, wR2 = 0.1432 

Z 4 Largest diff. peak/hole / e Å-3 0.43/-0.28 

ρcalcg/cm3 1.348   
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7.8.3.4 Crystal structure determination of compound 89: 

 

Figure 7.2: Crystal structure of peptoid 89 (CCDC-1567327) with thermal ellipsoids drawn at the 50 % 
probability level.  

Table 7.5. Crystal data and structure refinement parameters of peptoid 89 

Empirical formula C11H17F3N2O2 μ/mm-1 0.121 

Formula weight 266.26 F(000) 560.0 

Temperature/K 120 Crystal size/mm3 0.361 × 0.257 × 0.056 

Crystal system monoclinic Radiation MoKα (λ = 0.71073) 

Space group P21/c 2Θ range for data collection/° 4.994 to 60.18 

a/Å 11.6819(5) Index ranges 
-16 ≤ h ≤ 16, -16 ≤ k ≤ 16, -13 ≤ l 

≤ 13 

b/Å 11.6693(5) Reflections collected 26521 

c/Å 9.8470(4) Independent reflections 
3857 [Rint = 0.0361, Rsigma = 

0.0261] 

α/° 90 Data/restraints/parameters 3857/0/165 

β/° 102.4584(16) Goodness-of-fit on F2 1.025 

γ/° 90 Final R indexes [I>=2σ (I)] R1 = 0.0390, wR2 = 0.0967 

Volume/Å3 1310.73(10) Final R indexes [all data] R1 = 0.0510, wR2 = 0.1037 

Z 4 Largest diff. peak/hole / e Å-3 0.35/-0.29 

ρcalcg/cm3 1.349   
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7.8.4 Synthesis of Peptoid oligomers 91-97, 100-103 

All peptoids were synthesised using the solid phase submonomer method of synthesis on Rink Amide 

resin (typical loading 0.82 mmol g-1, 0.05 mmol scale) as outlined in section 7.5.1 and cleaved from 

the resin using protocol 7.5.2 to afford the crude NLys deprotected sequences. The samples where 

then purified by semipreparative RP-HPLC using procedure 7.6.1 and the pure fractions combined 

together and lyophilized to yield the peptoids as solid white powders. The characterisation data 

obtained for each sequence is given in the following Table 7.6. 

 

 

Figure 7.3: Peptoid oligomers 91-97, 100-103. 
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7.9 Experimental data to Chapter 3: 

7.9.1 Synthesis of 4-(aminomethyl) 2,3,5,6-tetrafluoropyridine (115): 

Non-commercially available 4-(aminomethyl) 2,3,5,6-tetrafluoropyridine 

115 was obtained by hydrogenation of the corresponding carbonitrile 

derivative (Sigma-Aldrich). To achieve this, 2,3,5,6-tetrafluoro-4-

cyanopiridine (1.00 g, 9.6 mmol) was dissolved in 20 mL of methanol/HCl 

95:5. 0.30 g of 10% Pd/C catalyst (5% mol) was then added and the solution 

placed in a Parr hydrogenator (H2, 45 psi). After 24h the solution was 

filtered through celite, concentrated under reduced pressure and the solid residue washed with cold 

ethyl acetate (250 mL) to yield the corresponding 4-(aminomethyl) 2,3,5,6-tetrafluoropyridine 

hydrochloride as a pale white powder (1.68 g, 81% yield over 1 step). 1H NMR (400 MHz, CDCl3): 

δ 4.04 (t, J = 1.2 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 143.46 (dddd, J = 245.7, 16.7, 12.7, 2.7 

Hz), 141.88 – 138.77 (m), 135.35 (tt, J = 16.5, 2.0 Hz), 34.94 (p, J = 1.7 Hz). 19F NMR (376 MHz, 

CDCl3) δ -90.83 (dq, J = 29.3, 13.6 Hz, 2F), -146.30 – -146.52 (m, 2F). HRMS (ESI+): calculated 

for C6H5F4N2
+ 181.0381 [M+H]+, found: 181.0395 Da. 

7.9.2 Characterization data of model N-fluoroaromatic and control peptoids 104, 117-

119: 

N-benzyl-N-(2-oxo-2-(piperidin-1-yl)ethyl)acetamide (104): 

2-Bromo-1-piperidinyl ethanone 81 (300 mg, 1.4 mmol) was 

reacted overnight in the presence of 1.2 molar equivalents of 

benzylamine 113 (187 mg, 1.75 mmol) following the general 

protocol described in section 7.3.2.1. The reaction mixture was 

then concentrated under reduced pressure and acylated using 

the protocol described in section 7.3.2.2. Purification of the 

crude material by silica gel flash chromatography 

(Hexane/AcOEt; section 7.3.2.3) the N-benzyl-N-(2-oxo-2-(piperidin-1-yl)ethyl)acetamide 104 as a 

pale off white oil (59 mg, 15% yield over 2 steps). HRMS (ESI+): calculated for C16H23N2O2
+ 

275.1760 [M+H]+, found: 275.1773 Da. 

NH2

N

F

F

F

F

115
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1H NMR (400 MHz, CDCl3): Rotamer trans: δ 1H NMR:  7.43-7.12 (m, 5H, H7-9,trans), 4.67 (s, 2H, 

H5,trans), 4.13 (s, 2H, H4,trans), 3.60-3.24 (m, 4H, H3,eq+ax,trans),  2.21 (s, 3H, H6,trans),  1.68-1.41 (m, 6H, 

H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR: 7.43-7.12 (m, 5H, H7-9,cis), 4.64 (s, 2H, H5,cis), 3.91 (s, 2H, 

H4,cis), 3.60-3.24 (m, 2H, H3,eq+ax,cis), 2.08 (s, 3H, H6,cis),  1.68-1.41 (m, 6H, H1-2, ax+eq,cis). 13C NMR 

(176 MHz, CDCl3): Rotamer trans: δ 13C NMR: 129.01, 127.75, 125.76 (CH, C7-9,trans), 52.83 (CH2, 

C5,trans), 46.05 (CH2, C4,trans), 45.97, 43.18 (CH2, C3,trans), 26.31, 25.54, 24.53 (CH2, C1-2,trans), 21.47 

(CH3, C6,trans); Rotamer cis: δ 13C NMR: 128.68, 128.50, 127.51 (CH, C7-9,cis), 49.54 (CH2, C5,cis), 48.42 

(CH2, C4,cis), 46.34, 43.48 (CH2, C3,cis), 26.49, 25.73, 24.53 (CH2, C1-2,cis), 21.59 (CH3, C6,cis); 

Quaternary carbons: δ 13C NMR: 171.72 (CO-CH3,cis), 171.68 (CO-CH3,trans), 166.25 (CO-pip,trans), 

165.53 (CO-pip,cis), 137.46 (CAr,cis), 136.72 (CAr,trans).  

1H NMR (700 MHz, CD3CN): Rotamer trans: δ 1H NMR:  4.42-7.19 (m, 5H, H7-9,trans), 4.58 (s, 2H, 

H5,trans), 4.08 (s, 2H, H4,trans), 3.52-3.2 (m, 4H, H3,eq+ax,trans),  2.08 (s, 3H, H6,trans),  1.68-1.40 (m, 6H, 

H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR: 4.42-7.19 (m, 5H, H7-9,cis), 4.48 (s, 2H, H5,cis), 4.04 (s, 2H, 

H4,cis), 3.52-3.20 (m, 4H, H3,eq+eq,cis), 1.96 (s, 3H, H6,cis),  1.68-1.40 (m, 6H, H1-2,ax+eq,cis). 13C NMR 

(176 MHz, CD3CN): Rotamer trans: δ 13C NMR: 129.67, 129.26, 127.90 (CH, C7-9,trans), 53.44 (CH2, 

C5,trans), 47.42 (CH2, C4,trans), 46.26, 43.35 (CH2, C3,trans), 27.09, 26.44, 25.09 (CH2, C1-2,trans); 21.70 

(CH3, C6,trans); Rotamer cis: δ 13C NMR: 129.37, 128.81, 128.01 (CH, C7-9,cis), 50.43 (CH2, C5,cis), 50.15 

(CH2, C4,cis), 46.91, 43.81 (CH2, C3,cis), 26.96, 26.40, 25.15 (CH2, C1-2,cis); 21.74 (CH3, C6,cis); 

Quaternary carbons: δ 13C NMR: 172.51 (CO-CH3,cis), 171.82 (CO-CH3,trans), 166.97 (CO-pip,trans), 

166.79 (CO-pip,cis), 139.20 (CAr,cis), 138.53 (CAr,trans).  

1H NMR (700 MHz, CD3OD): Rotamer trans: δ 1H NMR:  7.41-7.22 (m, 5H, H7-9,trans), 4.65 (s, 2H, 

H5,trans), 4.19 (s, 2H, H4,trans), 3.54-3.35 (m, 4H, H3,eq+ax,trans),  2.19 (s, 3H, H6,trans),  1.69-1.47 (m, 6H, 

H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR: 7.41-7.22 (m, 5H, H7-9,cis), 4.57 (s, 2H, H5,cis), 4.19 (s, 2H, 

H4,cis), 3.54-3.35 (m, 4H, H3,eq+eq,cis), 2.07 (s, 3H, H6,cis),  1.69-1.47 (m, 6H, H1-2, ax+eq,cis). 13C NMR 

(176 MHz, CD3OD): Rotamer trans: δ 13C NMR: 129.98, 128.78, 128.03 (CH, C7-9,trans), 54.26 (CH2, 

C5,trans), 50.01 (CH2, C4,trans), 46.96, 44.35 (CH2, C3,trans), 27.44, 26.61, 25.33 (CH2, C1-2,trans); 21.42 

(CH3, C6,trans); Rotamer cis: δ 13C NMR: 129.64, 129.31, 128.55 (CH, C7-9,cis), 51.05 (CH2, C5,cis), 47.98 

(CH2, C4,cis), 47.57, 44.06 (CH2, C3,cis), 27.18, 26.75, 25.36 (CH2, C1-2,cis); 21.47 (CH3, C6,cis); 

Quaternary carbons: δ 13C NMR: 174.72 (CO-CH3,cis), 174.31 (CO-CH3,trans), 168.00 (CO-pip,trans), 

167.67 (CO-pip,cis), 138.24 (CAr,cis), 137.85 (CAr,trans).  
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N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-(pyridin-4-ylmethyl)acetamide (117): 

 
2- Bromo-1-piperidinyl ethanone 81 (300 mg, 1.4 mmol) was 

reacted overnight in the presence of 1.2 molar equivalents of 4-

(aminomethyl)pyridine 114 (189 mg, 1.75 mmol) following the 

general protocol described in section 7.3.2.1. The reaction 

mixture was then concentrated under reduced pressure and 

acylated using the protocol described in section 7.3.2.2. 

Purification of the crude material by silica gel flash 

chromatography (Hexane/AcOEt; section 7.3.2.3) led to the N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-

(pyridin-4-ylmethyl)acetamide 117 as a pale off white oil (49 mg, 12% yield over 2 steps). HRMS 

(ESI+): calculated for C15H22N3O2
+ 267.1712 [M+H]+, found: 267.1726 Da. 

1H NMR (700 MHz, CDCl3): Rotamer trans: δ 1H NMR: 8.61-8.59 (m, 2H, H8,trans), 7.18-7.14 (m, 

2H, H7,trans), 4.70 (s, 2H, H5,trans), 4.15 (s, 2H, H4,trans), 3.53-3.30 (m, 4H, H3,eq+ax, trans),  2.16 (s, 3H, 

H6,trans),  1.68-1.48 (m, 6H, H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR: 8.55-8.53 (m, 2H, H8,cis), 7.21-

7.19 (m, 2H, H7,cis), 4.65 (s, 2H, H5,cis), 3.98 (s, 2H, H4,cis), 3.58-3.24 (m, 4H, H3,eq+ax,cis), 2.11 (s, 3H, 

H6,cis),  1.68-1.48 (m, 6H, H1-2, ax+eq,cis). 13C NMR (176 MHz, CDCl3):  Rotamer trans: δ 13C NMR: 

150.31 (CH, C8,trans), 121.66 (CH, C7,trans), 52.12 (CH2, C5,trans), 46.53 (CH2, C4,trans), 46.07, 43.29 (CH2, 

C3,trans), 26.37, 25.54, 24.49 (CH2, C1-2,trans), 21.41 (CH3, C6,trans); Rotamer cis: δ 13C NMR: 149.48 

(CH, C8,cis), 123.16 (CH, C7,cis), 49.44, 49.43 (CH2, C5,cis + C4,cis), 45.88, 43.59 (CH2, C3,cis
 ), 26.58, 

25.63, 24.39 (CH2, C1-2,cis), 21.23 (CH3, C6,cis); Quaternary carbons: δ 13C NMR: 172.05 (CO-CH3,cis), 

171.75(CO-CH3,trans), 165.95 (CO-pip,trans), 165.13 (CO-pip,cis), 149.64 (CAr,cis), 146.47 (CAr,trans).   

1H NMR (700 MHz, CD3CN): Rotamer trans: δ 1H NMR: 8.55-8.53 (m, 2H, H8,trans), 7.26-7.24 (m, 

2H, H7,trans), 4.61 (s, 2H, H5,trans), 4.11 (s, 2H, H4,trans), 3.53-3.24 (m, 4H, H3, ax+eq,trans), 2.03 (s, 3H, 

H6,trans),  1.69-1.42 (m, 6H, H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR: 8.50-8.47 (m, 2H, H8,cis), 7.23-

7.20 (m, 2H, H7,cis), 4.49 (s, 2H, H5,cis), 4.12 (s, 2H, H4,cis), 3.53-3.54 (m, 4H, H3,ax+eq,cis), 1.98 (s, 3H, 

H6,cis),  1.69-1.42 (m, 6H, H1-2, ax+eq,cis). 13C NMR (176 MHz, CD3CN):  Rotamer trans: δ 13C NMR: 

150.80 (CH, C8,trans), 122.85 (CH, C7,trans), 52.74 (CH2, C5,trans), 47.98 (CH2, C4,trans), 46.31, 43.53 (CH2, 

C3,trans), 26.94, 26.36, 25.13 (CH2, C1-2,trans), 21.60 (CH3, C6,trans); Rotamer cis: δ 13C NMR: 150.33 

(CH, C8,cis), 123.54 (CH, C7,cis), 51.01 (CH2, C4,cis), 50.18 (CH2, C5,cis), 46.24, 43.82 (CH2, C3,cis), 26.96, 

26.39, 25.07 (CH2, C1-2,cis), 21.60 (CH3, C6,cis); Quaternary carbons: δ 13C NMR: 172.90 (CO-CH3,cis), 

172.01(CO-CH3,trans), 166.84 (CO-pip,trans), 166.69 (CO-pip,cis), 148.90 (CAr,cis), 148.08 (CAr,trans).   
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1H NMR (600 MHz, CD3OD): Rotamer trans: δ 1H NMR: 8.55-8.52 (m, 2H, H8,trans), 7.40-7.35 (m, 

2H, H7,trans), 4.75 (s, 2H, H5,trans), 4.27 (s, 2H, H4,trans), 3.56-3.37 (m, 4H, H3,eq+ax,trans), 2.13 (s, 3H, 

H6,trans),  1.71-1.46 (m, 6H, H1-2, ax+eq). Rotamer cis: δ 1H NMR: 8.50-8.45 (m, 2H, H8,cis), 7.4-7.35 

(m, 2H, H7,cis), 4.62 (s, 2H, H5,cis), 4.36 (s, 2H, H4,cis), 3.56-3.37 (m, 4H, H3,eq+ax,cis), 2.09 (s, 3H, 

H6,cis),  1.71-1.46 (m, 6H, H1-2, ax+eq,cis). 13C NMR (151 MHz, CD3OD): Rotamer trans: δ 13C NMR: 

150.39 (CH, C8,trans), 123.51 (CH, C7,trans), 53.45 (CH2, C5,trans), 48.79 (CH2, C4,trans), 46.96, 44.37 (CH2, 

C3, trans), 27.20, 26.60, 25.36 (CH2, C1-2,trans); 21.30 (CH3, C6,trans); Rotamer cis: δ 13C NMR: 149.68 

(CH, C8,cis), 124.41 (CH, C7,cis), 51.50 (CH2, C4,cis), 51.14 (CH2, C5,cis), 46.82, 44.53 (CH2, C3,cis), 27.34, 

26.68, 25.29 (CH2, C1-2,cis); 21.27(CH3, C6,cis); Quaternary carbons: δ 13C NMR: 175.13 (CO-CH3,cis), 

174.46 (CO-CH3,trans), 167.87 (CO-pip,trans), 167.63 (CO-pip,cis), 150.17 (CAr,cis), 149.33 (CAr,trans).   

N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-((perfluoropyridin-4-yl)methyl)acetamide (118): 

2-Bromo-1-piperidinyl ethanone 81 (300 mg, 1.4 mmol) was 

reacted overnight in the presence of 1.2 molar equivalents of 

4-(aminomethyl)2,3,5,6-tetrafluoropyridine hydrochloride 

115 (378 mg, 1.75 mmol) following the general protocol 

described in section 7.3.2.1. The reaction mixture was then 

concentrated under reduced pressure and acylated using the 

protocol described in section 7.3.2.2. Purification of the 

crude material by silica gel flash chromatography 

(Hexane/AcOEt; section 7.3.2.3) led to the N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-((perfluoropyridin-

4-yl)methyl)acetamide 118 as a pale yellow oil (57 mg, 11 % yield over 2 steps). HRMS (ESI+): 

calculated for C15H18F4N3O2
+ 348.1335 [M+H]+, found: 348.1331 Da. 

1H NMR (700 MHz, CDCl3): Rotamer trans: δ 1H NMR:  4.82 (s, 2H, H5,trans), 4.12 (s, 2H, H4,trans), 

3.52-3.30 (m, 4H, H3,eq+ax,trans),  2.30 (s, 3H, H7,trans), 1.72-1.49 (m, 6H, H1-2, ax+eq,trans). Rotamer cis: δ 
1H NMR: 4.69 (s, 2H, H5,cis), 4.17 (s, 2H, H4,cis), 3.57-3.30 (m, 4H, H3,eq+ax,cis), 2.00 (s, 3H, H6,cis),  

1.72-1.49 (m, 6H, H1-2, ax+eq,cis). 13C NMR (176 MHz, CDCl3): Rotamer trans: δ 13C NMR: 144.49-

142.78 (m, CF, C8,trans), 141.64-139.92 (m, CF, C7,trans), 46.20 (CH2, C4,trans), 45.91, 43.61 (CH2, 

C3,trans), 42.28 (CH2, C5,trans), 26.33, 25.55, 24.50 (CH2, C1-2,trans), 21.21 (CH3, C6,trans); Rotamer cis: δ 
13C NMR: 144.22-142.53 (m, CF, C8,cis), 141.78-140.07 (m, CF, C7,cis), 50.95 (CH2, C4,cis), 46.05, 43.37 

(CH2, C3,cis), 40.74 (CH2, C5, cis), 26.51, 25.61, 24.39 (CH2, C1-2,cis); 21.31 (CH3, C6,cis); Quaternary 

carbons: δ 13C NMR: 171.69 (CO-CH3,cis), 171.14 (CO-CH3,trans), 165.53 (CO-pip,trans), 164.98 (CO-

pip,cis), 130.55 (tt, J= 15.3, 2.7 Hz, CAr,cis), 129.34 (tt, J= 15.5, 1.9 Hz, CAr,trans). 19F NMR (376 MHz, 
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CDCl3): Rotamer trans: δ 19F NMR: -89.45 (m, 2F, F1), -143.32 (m, 2F, F2); Rotamer cis: δ: -91.22 

(m, 2F, F1), -143.09 (m, 2F, F2). 

1H NMR (700 MHz, CD3CN): Rotamer trans: δ 1H NMR:  4.78 (s, 2H, H5,trans), 4.06 (s, 2H, H4,trans), 

3.44-3.29 (m, 4H, H3,eq+ax,trans),  2.22 (s, 3H, H6,trans),  1.67-1.46 (m, 6H, H1-2,ax+eq,trans). Rotamer cis: 

δ 1H NMR: 4.65 (s, 2H, H5,cis), 4.20 (s, 2H, H4,cis), 3.49-3.29 (m, 4H, H3,eq+ax,cis), 1.90 (s, 3H, H6,cis),  

1.67-1.46 (m, 6H, H1-2,ax+eq,cis). 13C NMR (176 MHz, CD3CN): Rotamer trans: δ 13C NMR: 144.9-

143.16 (m, CF, C8,trans), 143.03-141.21(m, CF, C7,trans), 46.91 (CH2, C4,trans), 46.35, 43.60 (CH2, C3,trans), 

43.06 (CH2, C5,trans), 26.62, 26.38, 25.10 (CH2, C1-2,trans); 21.44 (CH3, C6,trans); Rotamer cis: δ 13C NMR: 

144.9-143.16 (m, CF, C8,cis), 143.03-141.21 (m, CF, C7,cis), 51.36 (CH2, C4,cis), 46.30, 43.85 (CH2, 

C3,cis), 40.59 (CH2, C5,cis), 27.00, 26.41, 25.06 (CH2, C1-2,cis); 21.51 (CH3, C6,cis); Quaternary carbons: 

δ 13C NMR: 172.72 (CO-CH3,cis), 171.59 (CO-CH3,trans), 166.47 (CO-pip,cis), 166.38 (CO-pip,trans), 

132.37 (tt, J = 15.6, 2.5 Hz, CAr,cis), 131.04 (tt, J = 15.5, 2.1 Hz, CAr,trans). 19F NMR (376 MHz, 

CD3CN): Rotamer trans: δ 19F NMR: -93.77 (m, 2F, F1), -145.10 (m, 2F, F2); Rotamer cis: δ: -

94.71(m, 2F, F1), -144.66 (m, 2F, F2).  

1H NMR (600 MHz, Methanol-d4): Rotamer trans: δ 1H NMR:  4.90 (s, 2H, H5,trans), 4.21 (s, 2H, 

H4,trans), 3.52-3.39 (m, 4H, H3,eq+ax,trans), ,  2.32 (s, 3H, H6,trans),  1.74-1.48 (m, 6H, H1-2,ax+eq,trans). 

Rotamer cis: δ 1H NMR: 4.74 (s, 2H, H5,cis), 4.46 (s, 2H, H4,cis), 3.56-3.42 (m, 4H, H3,eq+ax,cis), 2.00 

(s, 3H, H6,cis),  1.74-1.48 (m, 6H, H1-2, ax+eq,cis). 13C NMR (151 MHz, CD3OD):  Rotamer trans: δ 13C 

NMR: 145.49-143.55 (m, CF, C8,trans), 143.30-141.19 (m, CF, C7,trans), 47.74 (CH2, C4,trans), 46.97, 

44.40 (CH2, C3,trans), 43.50 (CH2, C5,trans), 27.24, 26.65, 25.36 (CH2, C1-2,trans); 21.19 (CH3, C6,trans); 

Rotamer cis: δ 13C NMR: 145.49-143.55 (m, CF, C8,cis), 143.30-141.19 (m, CF, C7,cis), 52.17 (CH2, 

C4,cis), 46.86, 44.55 (CH2, C3,cis), 41.50 (CH2, C5,cis), 27.33, 26.70, 25.30 (CH2, C1-2,cis); 21.21 (CH3, 

C6,cis); Quaternary carbons: δ 13C NMR: 174.82 (CO-CH3,cis), 173.81 (CO-CH3,trans), 167.53 (CO-

pip,cis), 167.44 (CO-pip,trans), 132.00 (tt, J = 15.7, 2.3 Hz, CAr,cis), 130.61 (tt, J = 15.5, 2.7 Hz, CAr,trans). 
19F NMR (376 MHz, CD3OD): Rotamer trans: δ 19F NMR: -93.81 (m, 2F, F1), -145.83 (m, 2F, F2); 

Rotamer cis: δ: -94.90 (m, 2F, F1), -145.08 (m, 2F, F2).  
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(R)-N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-(2,2,2-trifluoro-1-phenylethyl)acetamide 

(119): 

2-Bromo-1-piperidinyl ethanone 81 (300 mg, 1.4 mmol) was 

reacted overnight in the presence of 1.2 molar equivalents of 

(R)-2,2,2-trifluoro-1-phenylethylamine 116 (306 mg, 1.75 

mmol) following the general protocol described in section 

7.3.2.1. The reaction mixture was then concentrated under 

reduced pressure and acylated using the protocol described in 

section 7.3.2.2. Purification of the crude material by silica gel 

flash chromatography (Hexane/AcOEt; section 7.3.2.3) led to the (R)-N-(2-oxo-2-(piperidin-1-

yl)ethyl)-N-(2,2,2-trifluoro-1-phenylethyl)acetamide 119 as a pale off white oil (57 mg, 11 % yield 

over 2 steps). HRMS (ESI+): calculated for C17H22F3N2O2
+ 343.1633 [M+H]+, found: 343.1651 Da. 

Due to the low intensity of the minor isomer, only the signals arising from the main cis-rotamer are 

reported. Note that isomer identity has been assigned in the basis of MD computational data.  

1H NMR (400 MHz, CDCl3): Rotamer cis: δ 1H NMR:  7.46-7.36 (m, 5H, H8-10,cis), 5.71 (m, 1H, H5, 

cis), 3.84 (s, 2H, H4, cis), 3.60-3.49 (m, 2H, H3,eq, cis), 3.46-3.38 (m, 2H, H3,ax, cis), 2.05 (s, 3H, H6, cis),  

1.67-1.49 (m, 6H, H1-2,ax+eq, cis). 13C NMR (176 MHz, CDCl3): Rotamer cis: δ 13C NMR: 129.17, 

128.90, 128.13 (CH, C8-10, cis), 124.67 (q, J = 281.7 Hz, CF3, C7, cis), 54.27 (q, J = 31.2 Hz, CH, C5, cis), 

48.00, 43.34 (CH2, C3, cis
 ), 26.21 (CH2, C4, cis), 26.25, 25.43, 24.32 (CH2, C1-2, cis), 23.02 (CH3, C6, cis); 

Quaternary carbons: δ 13C NMR: 169.93 (CO-CH3, cis), 165.11 (CO-pip, cis), 133.10 (CAr, cis). 19F NMR 

(376 MHz, CDCl3): Rotamer cis: δ 19F NMR: -73.69 (d, J = 8.2 Hz, 3F); Rotamer trans: δ: -74.09 

(d, J = 7.2 Hz, 3F).  

1H NMR (700 MHz, CD3CN):Rotamer cis: δ 1H NMR:  7.51-7.39 (m, 5H, H8-10,cis), 5.73 (m, 1H, 

H5,cis), 3.94 (s, 2H, H4,cis), 3.50-3.46 (m, 2H, H3,eq,cis), 3.45-3.40 (m, 2H, H3,ax,cis), 1.98 (s, 3H, H6,cis),  

1.66-1.47 (m, 6H, H1-2, ax+eq,cis). 13C NMR (176 MHz, CD3CN): Rotamer cis: δ 13C NMR: 130.09, 

129.79, 128.35 (CH, C8-10,cis), 125.96 (q, J = 280.9 Hz, CF3, C7,cis), 54.86 (q, J = 30.7 Hz, CH, C5,cis), 

48.42, 43.72 (CH2, C3,cis), 28.20(CH2, C4,cis), 26.96, 26.31, 24.97 (CH2, C1-2,cis), 22.83 (CH3, C6,cis); 

Quaternary carbons: δ 13C NMR:, 170.63 (CO-CH3,cis), 165.69 (CO-pip,cis), 134.42 (CAr,cis). 19F NMR 

(376 MHz, CD3CN): Rotamer cis: δ 19F NMR: -74.44 (d, J = 8.5 Hz, 3F); Rotamer trans : δ: -74.78 

(d, J = 7.8 Hz, 3F). 
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1H NMR (700 MHz, CD3OD) : Rotamer cis: δ 1H NMR:  7.50.7.36 (m, 5H, H8-10, cis), 5.69 (q, J = 8.4 

Hz, 1H, H5, cis), 3.99 (s, 2H, H4, cis), 3.56-3.52 (m, 2H, H3,eq, cis), 3.52-3.49 (m, 2H, H3,ax, cis), 2.04 (s, 

3H, H6, cis),  1.71-1.52 (m, 6H, H1-2,ax+eq, cis). 13C NMR (176 MHz, CD3OD): Rotamer cis: δ 13C NMR: 

130.11, 129.34, 129.77 (CH, C8-10, cis), 126.07 (q, J = 280.8 Hz, CF3, C7, cis), 55.56 (q, J = 31.1 Hz, CH, 

C5, cis), 49.01, 44.37 (CH2, C3, cis
 ), 26.80 (CH2, C4, cis), 27.27, 26.52, 22.33 (CH2, C1-2, cis), 22.33 (CH3, 

C8, cis); Quaternary carbons: δ 13C NMR: 172.81.63 (CO-CH3, cis), 167.52 (CO-pip, cis), 134.44 (CAr, 

cis). 19F NMR (376 MHz, CD3OD): Rotamer cis: δ 19F NMR: -73.69 (d, J = 8.2 Hz, 3F); Rotamer 

trans: δ: -74.09 (d, J = 7.2 Hz, 3F).  

7.9.3 Numerical analysis of Kcis/trans 

Following the general procedure outlined in section 7.4 and employed previously, 20 mg of the pure 

compounds 120, 133-135, were dissolved in 0.7 mL of the corresponding deutered solvent, CDCl3, 

CD3CN or CD3OD, and then filtered and degassed prior to analysis (peptoid concentration ~ 0.1 M). 

All reported values of Kcis/trans have been determined using two 1H-NMR spectrums, as the average 

value of the ratio between the cis and trans pairs of signals arising from the three main protons 

involved in the isomerization process: the backbone methylene group (also denoted in these systems 

as H4), the methyl-acetyl hydrogens (denoted as H6) and the side chain methylene group (noted as 

H5). Unless otherwise stated the average value and corresponding standard deviation is given in the 

basis of n = 6.  Independently evaluated 19F-NMR based Kcis/trans values were obtained in the basis of 

one single spectra. A detail of the numerical characterization and Kcis/trans evaluation is given in 

Tables 7.7-7.9. 
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7.9.4 Computational Methods for the Analysis of model peptoid 119 

Computational analysis of model peptoid monomer 119 was performed in collaboration with 

Dr.Vincent Voelz (Associate professor, Temple University, Pennsylvania ) and were carried out by 

Guangfeng Zhou  under his supervision (PhD student). The following methods and procedures for 

sample analysis have been provided by Dr Vincent Voelz. 

7.9.4.1 Ab initio QM calculations for compound 119 

DFT calculations were performed using Gaussian0.9.[5] Conformations were first optimized at the 

HF/6-31G(p) level, followed by single-point calculations at the B3LYP/6-311G+(2d,p) level to 

obtain final energy estimates.  Initial χ1 and χ2 angle scans were performed in 30˚ increments starting 

from cis-amide αD, trans-amide αD , and trans-amide C7β backbone conformations, with all remaining 

dihedral angles unrestrained during geometry optimization. Energy surfaces from these scans have 

been shown in Chapter 3, Figure 3.13 with results summarized in Table 3.3. After identifying the  

χ1, χ2 main energy minima, backbone dihedral φ and ψ angles were scanned in 15° intervals from 0˚ 

to 360˚ starting from four different backbone conformations: cis- and trans-amide states with χ1 = 

±90˚.  Energy surfaces resulting from these scans can be also found at the corresponding section of 

Chapter 3, in Figure 3.14 and results summarized in Table 3.4. 

7.9.4.2 Replica Exchange Molecular Dynamics (REMD) simulations for NCF3rpe 

oligomers 

System preparation. Residue topologies for capped (acetyl and piperidinyl) and uncapped (R)-2,2,2 

trifluoromethylphenylethylamine monomers were constructed in UCSF Chimera[6] and 

parameterized using the AmberTools[7] package, with oligomers Ac-[(R)-2,2,2 

trifluoromethylphenylethylamine]n-Pip for n = 1,2,3,4,5 constructed using tleap . The General Amber 

Force Field (GAFF)[8] was used with partial charges from AM1-BCC.[9] Conversion from AMBER 

to GROMACS input files was performed using ACPYPE.[10] 

REMD simulation.  All simulations were performed with the GROMACS 4.6 molecular dynamics 

package, using the OBC GBSA implicit solvent model.[11,12] Twenty-four temperature replicas were 

used, ranging from 300 K to 800 K, with temperatures exponentially spaced.  As demonstrated in 
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previous work, high-temperature replicas in implicit solvent are necessary to overcome cis/trans 

barriers for peptoid amides in order to properly sample equilibrium populations.  Trajectory lengths 

were 1 μs (× 24 temperature replicas).  Swaps between adjacent replicas were attempted every 10 ps, 

with acceptance ratios ranging from 0.65 to 0.75. Stochastic integration (Langevin dynamics) was 

used with a 2 fs time step and water-like viscosity. Trajectory snapshots and energies were written 

every 10 ps.  The initial starting structure of each replica was a right-handed helical conformation 

with all residues in a cis-amide state. 

As described by Mukherjee et al.,[13] simulations of Nspe monomers and oligomers using GAFF do 

not reproduce the correct φ-angle populations; therefore we re-parameterized torsions Nspe in GAFF 

(“GAFF+φ”) using a torsion correction restraint.  Anticipating similar results for 119, initial 

benchmark simulations with φ-restraint values of 0, 0.5, 0.75, 1.0, 1.5 and 2.0 kcal/mol were 

performed. The results showed that GAFF with no torsion modification gives the best agreement 

with QM results and experiment. Therefore, all subsequent simulations and analysis used the 

unaltered GAFF force field. 

Table 7.10. cis- vs. trans-amide populations in 119 

 cis-amide population  ∆Gcis→trans (kcal/mol) ∆Gφ-→φ+* (kcal/mol) 

QM 0.89 1.26 -0.76 

GAFF 0.98 2.3 -0.37 

experiment 0.83–0.87 1–1.2 -- 

Comparison of 119 cis- vs. trans-amide populations and negative vs. positive φ-angle poplulations predicted 
from QM and REMD studies in unmodified GAFF.  REMD values shown are calculated from the lowest-
temperature replica (300 K).  

Convergence of REMD simulations.  Because cis/trans-amide barriers are large for peptoids, it is 

important that REMD trajectories are long enough to achieve converged sampling. Analysis of 

NCF3rpe oligomer simulation trajectories showed this to be the case. Random walks in temperature 

for each replica traverse the entire temperature range on the time scale of nanoseconds (Figure 7.4), 

and cis/trans isomerization of peptoid amides occur on the ~50 ns timescale (Figures 7.4b and 7.4c). 

Since the simulations performed were ~20x longer than this time scale, we can be reasonably sure 

that ω-angle populations are well sampled. 
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Figure 7.4:  Example simulation trajectory analysis for a NCF3rpe pentamer.  (a) Temperature indices over the 
first 10 ns of one of the replicas show a random walk in temperature space that traverses the entire temperature 
range in nanoseconds. (b) The slowest barrier crossings in the system involve the backbone amide ω-angle. 
Plots of ω-angle vs. time over the first 120 ns for all five residues show cis/trans transitions on the ~50 ns 
timescale.  (c) Computed autocorrelation functions <f(ω(t)) f(ω(t+τ))>, where f(ω) = 0 for cis amides and f(ω)= 
1 for trans amides, show decorrelation times of ~50 ns.  Dotted lines are single exponential fits to each 
autocorrelation curve, from which the autocorrelation time for each residue is extracted.   
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7.9.5 Single crystal X-ray analysis of cleaved model peptoid 119  

7.9.5.1 Sample crystallization 

20 mg of purified peptoid 119 was dissolved using a minimum amount of AcOEt. Hexane was then 

added dropwise until precipitation was observed. Then a few drops of AcOEt were added to clear 

the solution and the sample was left for slow evaporation at room temperature. Formation of suitable 

colourless crystals was observed within a few days. Similar crystals as those previously found were 

formed when employing DCM instead of AcOEt. Analysis of both samples led to the same 

crystallographic structure, showing fragmentation/arrangement of the molecule upon crystallization.  

7.9.5.2 Sample analysis: 

The X-ray single crystal data for “depleted 119” was collected using λCuKα radiation with a λ = 

1.54178Å at the temperature 120.0(2)K. The structure was solved by directs method and refined by 

full-matrix least squares on F2 for all data using Olex2[1] and SHELXTL[2] software. All non-

hydrogen atoms were refined anisotropically while hydrogen atoms were refined isotropically. 

Crystal data and parameters of refinement are listed following Table 7.11. Crystallographic data for 

the structure has been deposited within the Cambridge Crystallographic Data Centre as 

supplementary publication CCDC-1567304. 
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7.9.5.3 Crystal structure of piperidine “depleted” peptoid 119: 

 

Figure 7.5: Crystal structure of piperinidyl group “depleted” peptoid 119 (CCDC-1567304) with thermal 
ellipsoids drawn at the 50 % probability level.  

 

Table 7.11. Crystal data and structure refinement parameters of “depleted” peptoid 119. 

Empirical formula C10H10F3NO  μ/mm-1 1.153  

Formula weight 217.19  F(000) 448.0  

Temperature/K 120.0  Crystal size/mm3 0.3 × 0.16 × 0.11  

Crystal system orthorhombic  Radiation CuKα (λ = 1.54178)  

Space group P212121  2Θ range for data collection/° 7.56 to 144.92  

a/Å 4.93450(10)  Index ranges 
-5 ≤ h ≤ 5, -10 ≤ k ≤ 8, -27 ≤ l ≤ 
27  

b/Å 8.6504(2)  Reflections collected 11536  

c/Å 23.3738(6)  Independent reflections 
1865 [Rint = 0.0238, Rsigma = 
0.0144]  

α/° 90.00  Data/restraints/parameters 1865/0/177  

β/° 90.00  Goodness-of-fit on F2 1.086  

γ/° 90.00  Final R indexes [I>=2σ (I)] R1 = 0.0220, wR2 = 0.0572  

Volume/Å3 997.72(4)  Final R indexes [all data] R1 = 0.0223, wR2 = 0.0576  

Z 4  Largest diff. peak/hole / e Å-3 0.18/-0.14  

ρcalcg/cm3 1.446    
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7.9.6 Synthesis of NCF3rpe Peptoid oligomers 120-126 

All peptoids were synthesised using the solid phase submonomer method of synthesis on Rink Amide 

resin (typical loading 0.82 mmol g-1, 0.05 mmol scale) following the specific procedure detailed in 

section 7.5.1.1. Once completed, the peptoids were cleaved from the resin using protocol 7.5.2 to 

afford the crude NLys deprotected sequences. The samples were then purified by semi-preparative 

RP-HPLC using standard procedure 7.6.1 and the pure fractions combined together and freeze-dried 

to yield the peptoids as solid white powders. Characterisation data for each sequence is given in 

following Table 7.12. 

 

Figure 7.6: Structure of peptoid oligomers 120-126. 
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24.1 

[M
+

H
] +, 1600.0143 

1600.0109 

121 
[N

L
ys-N

C
F

3rpe-N
E

t]4 [N
E

t] 
22.27 

≥ 95%
 

16.0 
17.6 

[M
+2H

] 2+, 908.4545 
908.4545 

122 
[N

rpe]5 [N
E

t-N
L

ys] 
24.39 

≥ 95%
 

10.0 
19.4 

[M
+

H
] +, 1036.6024 

1036.5997 

123 
[N

C
F

3rpe-N
rpe-N

C
F

3rpe-N
rpe-N

C
F

3rpe]-[N
E

t-N
L

ys] 
31.09 

≥ 95%
 

8.8 
14.7 

[M
+

H
] +, 1198.5176 

1198.5197 

124 
[N

C
F

3rpe]5 [N
E

t-N
L

ys] 
34.48 

≥ 95%
 

5.4 
8.3 

[M
+

H
] +, 1306.4611 

1306.4625 

125 
[N

C
F

3rpe]4 [N
E

t-N
L

ys] 
30.93 

≥ 95%
 

7.0 
12.9 

[M
+

H
] +, 1091.4053 

1091.4036 

126 
[N

C
F

3rpe]6 [N
E

t-N
L

ys] 
37.37 

≥ 95%
 

5.2 
6.9 

[M
+

H
] +, 1521.5168 

1521.5170 

 



Ch. 7: Experimental  

| 267 | 

 

7.10 Experimental data to Chapter 4: 

7.10.1 Characterization data of Model N-perfluoro (hetero)aryl peptoid systems 157-

163: 

N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-(tetrafluoropyridin-4-yl)acetamide (157): 

 2-amino-1-piperidinyl ethanone 132 (200 mg, 1.41 mmol) was 

reacted overnight in the presence of 2.5 molar equivalents of 

pentafluoropyridine 140 (596 mg, 3.5 mmol) following the 

general protocol described in section 7.3.3.3. The reaction 

mixture was then concentrated under reduced pressure and 

acylated using the protocol described in section 7.3.3.4. 

Purification of the crude material by silica gel flash 

chromatography (Hexane/AcOEt; section 7.3.3.5) led to the N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-

(tetrafluoropyridin-4-yl)acetamide 157 as a pale yellow oil (244 mg, 52% over 2 steps). HRMS 

(ESI+): calculated for C14H16F4N3O2
+ 334.1179 [M+H]+, found: 334.1168 Da. 

1H NMR (400 MHz, CDCl3): Rotamers cis+trans: δ 1H NMR: 4.61 (broad s, 2H, H4,trans), 3.58-3.31 

(m, 2H, H3,ax+eq,trans),  2.10 (broad s, 3H, H5,trans),  1.71-1.45 (m, 6H, H1-2,ax+eq,trans). 13C NMR (176 

MHz, CDCl3): Rotamer trans: δ 13C NMR: 47.81 (CH2, C4,trans), 46.22, 43.38 (CH2, C3,trans), 26.40, 

25.44, 24.40 (CH2, C1-2,trans), 21.19 (CH3, C5,trans); Main quaternary carbons: 169.34 (CO-CH3,trans), 

164.80 (CO-pip,trans), 144.01 (dt, J= 244.96, 13.79 , CF1,Ar), 139.54 (m, CF2,Ar), 134.10 (CF1,Ar). 19F 

NMR (376 MHz, CDCl3): Rotamer trans: δ 19F NMR: -88.76 (s, 2F, F1), -143.69 (s, 2F, F2); Rotamer 

cis: δ: -90.42 (s, 2F, F1), -141.88 (s, 2F, F2).  

1H NMR (700 MHz, CD3CN): Rotamers cis+trans: δ 1H NMR: 4.53 (broad s, 2H, H4,trans), 3.53-3.28 

(m, 2H, H3,ax+eq,trans),  2.06 (broad s, 3H, H5,trans),  1.69-1.38 (m, 6H, H1-2,ax+eq,trans). 13C NMR (176 

MHz, CD3CN): Rotamer trans: δ 13C NMR: 49.19 (CH2, C4,trans), 46.39, 43.68 (CH2, C3,trans), 26.90, 

26.28, 25.02 (CH2, C1-2,trans), 21.42 (CH3, C5,trans); Main quaternary carbons: 170.08 (CO-CH3,trans), 

165.55 (CO-pip,trans), 145.94-143.46 (m, CF1,Ar), 141.02-138.77 (m, CF2,Ar) 135.14 (CAr). 19F NMR 

(376 MHz, CD3CN): Rotamer trans: δ 19F NMR: -92.15 (s, 2F, F1), -143.98 (s, 2F, F2); Rotamer cis: 

δ: -93.43 (s, 2F, F1), -142.56 (s, 2F, F2). 
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1H NMR (700 MHz, CD3OD): Rotamers cis+trans: δ 1H NMR: 4.65 (broad s, 2H, H4,trans), 3.62-3.37 

(m, 2H, H3,ax+eq,trans),  2.11 (broad s, 3H, H5,trans),  1.73-1.47 (m, 6H, H1-2,ax+eq,trans). 13C NMR (176 

MHz, CD3OD): Rotamer trans: δ 13C NMR: 49.68 (CH2, C4,trans), 47.09, 44.43 (CH2, C3,trans), 27.24, 

26.58, 25.29 (CH2, C1-2,trans), 21.13 (CH3, C5,trans); Main quaternary carbons: 170.43 (CO-CH3,trans), 

166.85 (CO-pip,trans), 144.16-143.93 (m, CF1,Ar), 141.13-139.03 (m, CF2,Ar), 135.31 (CAr). 19F NMR 

(376 MHz, CD3OD): Rotamer trans: δ 19F NMR: -91.05 (s, 2F, F1), -144.28 (s, 2F, F2); Rotamer cis: 

δ: -2.67 (s, 2F, F1), -142.62 (s, 2F, F2). 

 

N-(3-chloro-2,5,6-trifluoropyridin-4-yl)-N-(2-oxo-2-(piperidin-1-yl)ethyl)acetamide 

(158): 

2-amino-1-piperidinyl ethanone 132 (303 mg, 2.14 mmol) was 

reacted overnight in the presence of 2.5 molar equivalents of 3-

chloro-2,4,5,6-tetrafluoropyridine 139 (980 mg, 5.3 mmol) 

following the general protocol described in section 7.3.3.3. The 

reaction mixture was then concentrated under reduced pressure 

and acylated using the protocol described in section 7.3.3.4. 

Purification of the crude material by silica gel flash 

chromatography (Hexane/AcOEt; section 7.3.3.5) led to the N-(3-chloro-2,5,6-trifluoropyridin-4-yl)-

N-(2-oxo-2-(piperidin-1-yl)ethyl)acetamide 158 as a pale off white oil (312 mg, 42% over 2 steps). 

HRMS (ESI+): calculated for C14H16ClF3N3O2
+ 350.0883 [M+H]+, found: 350.0881 Da. 

1H NMR (700 MHz, CDCl3) Rotamer trans: δ 1H NMR: 4.95, 4.29 (AB peak, J = 16.0 Hz, 2H, 

H4,trans), 3.55-3.36 (m, 2H, H3,ax+eq,trans), 2.02 (overlaid P+M atropisomers, s, 3H, H5,trans(P+M)),  1.67-

1.52 (m, 6H, H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR: 4.56, 4.41 (AB peak, J = 17.5 Hz, 2H, H4,cis), 

3.55-3.36 (m, 2H, H3,ax+eq,cis), 2.27 (overlaid P+M atropisomers, s, 3H, H5,cis(P+M)),  1.67-1.52 (m, 6H, 

H1-2,ax+eq,cis).13C NMR (176 MHz, Chloroform-d): Note that due to the small proportion of cis-isomer 

present on the sample in this solvent, only the 13C-NMR signals from the major trans-isomer are 

reported. Rotamer trans: δ 13C NMR: 47.46 (CH2, C4,trans), 46.61, 43.35 (CH2, C3,trans), 26.48, 25.47, 

24.47 (CH2, C1-2,trans), 21.53, 21.51 (P+M atropisomers, CH3, C5,trans(P+M)); Quaternary carbons: 

169.12 (CO-CH3,trans), 164.87 (CO-pip,trans), 152.52-150.60 (m, CF1’,Ar), 147.88 (dd, J= 233.10, 16.63 

Hz, CF1,Ar), 143.03-142.83(m, CAr), 140.44 (dd, J= 270.54, 26.8 Hz, CF2,Ar), 112.68-112.45(m, 

CClAr).  19F NMR (376 MHz, CDCl3): Rotamer trans: δ 19F NMR: -70.92 (dd, J = 26.38, 13.58 Hz, 
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1F, F1’), -85.78 (dd, J = 21.52, 13.69 Hz, 1F, F1), -141.80 (m, , 1F, F2); Rotamer cis: δ: -72.54 (dd, J 

= 26.42, 13.66 Hz, 1F, F1’), -87.32 (dd, J = 21.77, 13.62 Hz, 1F, F1), -139.25 (m, 1F, F2).  

1H NMR (700 MHz, CD3CN): Rotamer trans: δ 1H NMR: 4.80, 4.20 (AB peak, J = 16.4 Hz, 2H, 

H4,trans), 3.49-3.30 (m, 2H, H3,ax+eq,trans), 1.96 (overlaid P+M atropisomers, 3H, H5,trans(P+M)),  1.61-

1.45 (m, 6H, H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR: 4.67, 4.40 (AB peak, J = 17.9 Hz, 2H, H4,cis), 

3.49-3.30 (m, 2H, H3,ax+eq,cis), 2.08 (overlaid P+M atropisomers, 3H, H5,cis(P+M)),  1.61-1.45 (m, 6H, 

H1-2,ax+eq,cis). 13C NMR (176 MHz, CD3CN): Rotamer trans: δ 13C NMR: 48.92 (CH2, C4,trans), 46.67, 

43.59 (CH2, C3,trans), 26.96, 26.29, 25.07 (CH2, C1-2,trans), 21.67, 21.65 (P+M atropisomers, CH3, 

C5,trans(P+M)); Main quaternary carbons: δ 13C NMR: 170.10 (CO-CH3,trans), 165.55 (CO-pip,trans).  

Rotamer cis: δ 13C NMR: 51.79 (CH2, C4, cis), 46.42, 43.88 (CH2, C3, cis), 26.94, 26.35, 25.01 (CH2, C1-

2, cis), 21.64 (broad P+M atropisomers, CH3, C5, cis (P+M)); Main quaternary carbons: δ 13C NMR: 171.89 

(CO-CH3, cis), 165.46 (CO-pip, cis).  19F NMR (376 MHz, Acetonitrile-d3): Rotamer trans: δ 19F NMR:-

75.45 (dd, J = 26.18, 13.88 Hz, 1F, F1’), -89.68 (dd, J = 21.78, 13.88 Hz, 1F, F1), -144.41 (dd, J = 

26.18, 21.73 Hz, 1F, F2); Rotamer cis: δ: -74.45 (dd, J = 26.18, 13.88 Hz, 1F, F1’), -89.68 (dd, J = 

21.78, 13.88 Hz, 1F, F1), -142.48 (broad dd, J = 26.00, 21.37 Hz, 1F, F2). 

1H NMR (600 MHz, CD3OD): Rotamer trans: δ 1H NMR: 4.88, 4.32 (AB peak, J = 16.2 Hz, 2H, 

H4,trans), 3.58-3.41 (m, 2H, H3,ax+eq,trans), 2.02 (overlaid P+M atropisomers, 3H, H5,trans(P+M)),  1.67-

1.53 (m, 6H, H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR: 4.91, 4.63 (AB peak, J = 18.0 Hz, 2H, H4,cis), 

3.58-3.41 (m, 2H, H3,ax+eq,cis), 2.25 (overlaid P+M atropisomers, 3H, H5,cis(P+M)), 1.67-1.53 (m, 6H, 

H1-2,ax+eq,cis). 13C NMR (176 MHz, CD3OD):  Rotamer trans: δ 13C NMR: 49.37 (CH2, C4,trans), 47.5, 

44.37 (CH2, C3,trans), 27.29, 26.54, 25.33 (CH2, C1-2,trans), 21.41, 21.39 (P+M atropisomers, CH3, 

C5,trans(P+M)); Main quaternary carbons: δ 13C NMR: 171.49 (CO-CH3,trans), 166.80 (CO-pip,trans), 

152.81 (ddd, J= 241.71, 14.62, 3.39 Hz, CF1’,Ar), 149.28 (dt, J= 245.00, 15.97 Hz, CF1,Ar), 143.94-

143.72(m, CAr), 141.79 (ddd, J= 261.21, 27.13, 7.53 Hz, CF2,Ar), 114.15 (ddd, J= 33.97, 7.14, 3.02 

Hz, CClAr).  Rotamer cis: δ 13C NMR: 52.10 (CH2, C4, cis), 46.96, 44.55 (CH2, C3, cis), 27.29, 26.65, 

25.26 (CH2, C1-2, cis), 21.28 (broad P+M atropisomers, CH3, C5, cis (P+M)); Main quaternary carbons: δ 
13C NMR: 173.72 (CO-CH3, cis), 166.66 (CO-pip, cis). 19F NMR (376 MHz, CD3OD): Rotamer trans: 

δ 19F NMR: -74.77 (dd, J = 25.70, 13.97 Hz, 1F, F1’), -90.18 (dd, J = 21.83, 13.97 Hz, 1F, F1), -

143.12 (broad dd, J = 25.65, 21.90 Hz, 1F, F2); Rotamer cis: δ: -75.81 (dd, J = 25.57, 14.09 Hz, 1F, 

F1’), -91.65 (dd, J = 21.47, 14.03 Hz, 1F, F1), -141.51 (dd, J = 25.63, 21.45 Hz, 1F, F2). 
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N-(3,5-dichloro-2,6-difluoropyridin-4-yl)-N-(2-oxo-2-(piperidin-1-yl)ethyl)acetamide 

(159): 

2-amino-1-piperidinyl ethanone 132 (303 mg, 2.14 mmol) was 

reacted overnight in the presence of 2.5 molar equivalents of 

3,5-dichloro-2,4,6-trifluoropyridine 138 (1.07g mg, 5.3 mmol) 

following the general protocol described in section 7.3.3.3. The 

reaction mixture was then concentrated under reduced pressure 

and acylated using the protocol described in section 7.3.3.4. 

Purification of the crude material by silica gel flash 

chromatography (Hexane/AcOEt; section 7.3.3.5) led to the N-(3,5-dichloro-2,6-difluoropyridin-4-

yl)-N-(2-oxo-2-(piperidin-1-yl)ethyl)acetamide 159 as a pale off white solid (365 mg, 47% over 2 

steps). HRMS (ESI+): calculated for C14H16Cl2F2N3O2
+ 366.0588 [M+H]+, found: 366.0597 Da. 

1H NMR (700 MHz, CDCl3): Rotamer trans: δ 1H NMR: 4.60 (s, 2H, H4,trans), 3.60-3.44 (m, 4H, 

H3,ax+eq,trans),  1.94 (s, 3H, H5,trans),  1.65-1.50 (m, 6H, H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR: 4.60 (s, 

2H, H4,cis), 3.60-3.44 (m, 4H, H3,ax+eq,cis),  2.32 (s, 3H, H5,cis),  1.68-1.51 (m, 6H, H1-2,ax+eq,cis).13C NMR 

(176 MHz, CDCl3): Note that due to the small proportion of cis-isomer present on the sample in this 

solvent, only the 13C-NMR signals from the major trans-isomer are reported.  Rotamer trans: δ 13C 

NMR: 47.34 (CH2, C4,trans), 47.18, 43.31 (CH2, C3,trans), 26.58, 25.46, 24.50 (CH2, C1-2,trans), 21.85 (CH3, 

C5,trans); Quaternary carbons: 168.72 (CO-CH3,trans), 164.66 (CO-pip,trans), 155.52 (dd, J= 248.03, 

16.2 Hz, CFAr), 152.16 (t, J= 2.84 Hz, CAr), 115.57 (m, CClAr). 19F NMR (376 MHz, CDCl3): Rotamer 

trans: δ 19F NMR: -68.27 (s, 2F); Rotamer cis: δ: -69.75 (s, 2F).  

1H NMR (700 MHz, CD3CN): Rotamer trans: δ 1H NMR: 4.46 (s, 2H, H4,trans), 3.49-3.26 (m, 4H, 

H3,ax+eq,trans),  1.90 (s, 3H, H5,trans),  1.65-1.42 (m, 6H, H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR: 4.49 (s, 

2H, H4,cis), 3.49-3.26 (m, 4H, H3,ax+eq,cis),  2.20 (s, 3H, H5,cis),  1.65-1.42 (m, 6H, H1-2,ax+eq,cis). 13C 

NMR (176 MHz, CD3CN): Rotamer trans: δ 13C NMR: 48.48 (CH2, C4,trans), 46.61, 43.84 (CH2, 

C3,trans), 26.97, 26.32, 24.98 (CH2, C1-2,trans), 21.75 (CH3, C5,trans); Quaternary carbons: 169.64 (CO-

CH3,trans), 165.23 (CO-pip,trans), 156.24 (dd, J= 243.67, 16.78 Hz, CFAr,trans), 153.59 (s, CAr).  Rotamer 

cis: δ 13C NMR: 51.48 (CH2, C4,cis), 47.12, 43.52 (CH2, C3,cis), 27.01, 26.22, 25.04 (CH2, C1-2,cis), 21.94 

(CH3, C5,cis); Main quaternary carbons: 172.02 (CO-CH3,cis), 163.35 (CO-pip,cis), 155.10 (s, CAr,cis).  
19F NMR (376 MHz, CD3CN): Rotamer trans: δ 19F NMR: -71.66 (s, 2F); Rotamer cis: δ: -73.13 (s, 

2F). 
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1H NMR (600 MHz, CD3OD): Rotamer trans: δ 1H NMR: 4.52 (s, 2H, H4,trans), 3.68-3.38 (m, 4H, 

H3,ax+eq,trans),  1.95 (s, 3H, H5,trans),  1.76-1.51 (m, 6H, H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR: 4.72 (s, 

2H, H4,cis), 3.68-3.38 (m, 4H, H3,ax+eq,cis),  2.29 (s, 3H, H5,cis),  1.76-1.51 (m, 6H, H1-2,ax+eq,cis). 13C 

NMR (176 MHz, CD3OD): Rotamer trans: δ 13C NMR: 48.96 (CH2, C4,trans), 48.08, 44.34 (CH2, 

C3,trans), 27.39, 26.50, 25.32 (CH2, C1-2,trans), 21.72 (CH3, C5,trans); Quaternary carbons: 171.07 (CO-

CH3,trans), 166.57 (CO-pip,trans), 156.83 (dd, J= 245.43, 16.61 Hz, CFAr), 153.32-153.08 (m, CAr), 

116.26-115.95 (m, CClAr).  Rotamer cis: δ 13C NMR: 51.81 (CH2, C4,cis), 47.20, 44.54 (CH2, C3,cis), 

27.35, 26.65, 25.27 (CH2, C1-2,cis), 21.46 (CH3, C5,cis); Quaternary carbons: 174.06 (CO-CH3,cis), 

166.50 (CO-pip,cis).  19F NMR (376 MHz, CD3OD): Rotamer trans: δ 19F NMR: -71.66 (s, 2F); 

Rotamer cis: δ: -73.13 (s, 2F). 

N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-(perfluoro-[1,1'-biphenyl]-4-yl)acetamide (161): 

2-amino-1-piperidinyl ethanone 132 (260 mg, 1.83 mmol) was 

reacted overnight in the presence of 2.5 molar equivalents of 

decafluoro-1,1'-biphenyl 141 (1.53 g, 4.6 mmol) following the 

general protocol described in section 7.3.3.3. The reaction 

mixture was then concentrated under reduced pressure and 

acylated using the protocol described in section 7.3.3.4. 

Purification of the crude material by silica gel flash 

chromatography (Hexane/AcOEt; section 7.3.3.5) led to the N-

(2-oxo-2-(piperidin-1-yl)ethyl)-N-(perfluoro-[1,1'-biphenyl]-4-

yl)acetamide 161 as an off white/pale yellow oil (266 mg, 29% 

over 2 steps). HRMS (ESI+): calculated for C21H16F9N2O2
+ 499.1068 [M+H]+, found: 499.1055 Da. 

1H NMR (700 MHz, CDCl3): Rotamer trans: δ 1H NMR:  4.60 (s, 2H, H4,trans), 3.59-3.36 (m, 4H, 

H3,ax+eq,trans), 2.10 (s,   3H, H5,trans),  1.65-1.55 (m, 6H, H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR: 4.49 

(s, 2H, H4,cis), 3.59-3.36 (m, 4H, H3,ax+eq,cis), 2.28 (s, 3H, H5,cis),  1.65-1.55 (m, 6H, H1-2, ax+eq,cis).13C 

NMR (176 MHz, CDCl3): Note that due to the small proportion of cis-isomer present on the sample 

in this solvent, only the 13C-NMR signals from the major trans-isomer are reported. Rotamer trans: 

δ 13C NMR: 48.38 (CH, C4,trans), 46.38, 43.38 (CH2, C3,trans), 26.44, 25.49, 24.50 (CH2, C1-2,trans), 21.26 

(CH3, C5,trans); Quaternary carbons: 170.03 (CO-CH3,trans), 165.24 (CO-pip,trans). 19F NMR (376 MHz, 

CDCl3): Rotamer trans: δ 19F NMR: -136.55--137.26 (m, 2F, F4), -136.87--137.08 (m, 2F, F3), -

141.56--141.73 (m, 2F, F2), -149.51 (tt, J = 20.97, 2.85 Hz, 1F, F6), -159.93--160.39 (m, 2F, F5); 
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Rotamer cis: δ: -136.21--137.68 (m, 2F, F4), -138.41--138.58 (m, 2F, F3), -140.18--140.46 (m, 2F, 

F2), -150.27 (t, J = 2.17 Hz, 1F, F6), -160.36--160.95 (m, 2F, F5).  

1H NMR (700 MHz, CD3CN): Rotamer trans: δ 1H NMR:  4.53 (s, 2H, H4,trans), 3.55-3.29 (m, 4H, 

H3,ax+eq,trans), 2.03 (s,   3H, H5,trans), 1.72-1.40 (m, 6H, H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR: 4.57 (s, 

2H, H4,cis), 3.55-3.29 (m, 4H, H3,ax+eq,cis), 2.17 (s, 3H, H5,cis), 1.72-1.40 (m, 6H, H1-2, ax+eq,cis). 13C NMR 

(176 MHz, CD3CN): Rotamer trans: δ 13C NMR: 49.33 (CH, C4,trans), 46.47, 43.49 (CH2, C3,trans), 

26.90, 26.27, 25.06 (CH2, C1-2,trans), 21.36 (CH3, C5,trans); Main quaternary carbons: δ 13C NMR: 170.74 

(CO-CH3,trans), 165.88 (CO-pip,trans). Rotamer cis: δ 13C NMR: 52.39 (CH, C4,cis), 46.33, 43.81 (CH2, 

C3,cis), 26.83, 26.34, 25.02 (CH2, C1-2,cis), 21.53 (CH3, C5,cis); Main quaternary carbons: δ 13C NMR: 

171.97 (CO-CH3,cis), 165.75 (CO-pip,cis).19F NMR (376 MHz, CD3CN): Rotamer trans: δ 19F NMR: 

-139.20--139.60 (m, 2F, F4), -140.28--140.39 (m, 2F, F3), -142.79--143.02 (m, 2F, F2), -152.51 (tt, J 

= 20.21, 3.29 Hz, 1F, F6), -162--163.09 (m, 2F, F5); Rotamer cis: δ: -139.43--139.87 (m, 2F, F4), -

141.45 (dq, J = 16.9, 8.9, 7.9 Hz, 2F, F3), -141.82--142.01 (m, 2F, F2), -152.75 (tt, J = 20.32, 3.05 

Hz, 1F, F6), -162.73--163.09 (m, 2F, F5). 

1H NMR (700 MHz, CD3OD): Rotamer trans: δ 1H NMR:  4.64 (s, 2H, H4,trans), 3.60-3.39 (m, 4H, 

H3,ax+eq,trans), 2.09 (s,   3H, H5,trans), 1.73-1.50 (m, 6H, H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR: 4.80 (s, 

2H, H4,cis), 3.60-3.39 (m, 4H, H3,ax+eq,cis), 2.26 (s, 3H, H5,cis), 1.73-1.50 (m, 6H, H1-2, ax+eq,cis). 13C NMR 

(176 MHz, CD3OD): Rotamer trans: δ 13C NMR: 50.08 (CH, C4,trans), 73.30, 44.87 (CH2, C3,trans), 

27.26, 26.57, 25.35 (CH2, C1-2,trans), 21.12 (CH3, C5,trans); Main quaternary carbons: δ 13C NMR: 172.34 

(CO-CH3,trans), 167.14 (CO-pip,trans). Rotamer cis: δ 13C NMR: 52.80 (CH, C4,cis), 46.93, 44.56 (CH2, 

C3,cis), 27.32, 26.67, 25.29 (CH2, C1-2,cis), 21.22 (CH3, C5,cis); Main quaternary carbons: δ 13C NMR: 

174.02 (CO-CH3,cis), 166.99 (CO-pip,cis). 19F NMR (376 MHz, CD3OD): Rotamer trans: δ 19F NMR: 

-139.73--140.39 (m, 4F, F4+ F3),  -143.90 (dd, J = 21.01, 9.34 Hz, 2F, F2), -152.97 (t, J = 19.77 Hz, 

1F, F6), -163.52--163.96 (m, 2F, F5); Rotamer cis: δ: -139--140.39 (m, 2F, F4), -141.73 (dd, J = 19.62, 

8.49 Hz, 2F, F3), -142.72 (dd, J = 20.86, 9.02 Hz, 2F, F2), -153.52 (t, J = 20.01 Hz, 1F, F6), -163.52-

-163.96 (m, 2F, F5). 
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N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-(perfluoronaphthalen-2-yl)acetamide (162): 

2-amino-1-piperidinyl ethanone 132 (261 mg, 1.84 mmol) was 

reacted overnight in the presence of 2.5 molar equivalents of 

octafluoronaphthalene 144 (1.25 g, 4.6 mmol) following the 

general protocol described in section 7.3.3.3. The reaction 

mixture was then concentrated under reduced pressure and 

acylated using the protocol described in section 7.3.3.4. 

Purification of the crude material by silica gel flash 

chromatography (Hexane/AcOEt; section 7.3.3.5) led to the N-

(2-oxo-2-(piperidin-1-yl)ethyl)-N-(perfluoronaphthalen-2-yl)acetamide 162 as an off-white oil (314 

mg,  39% over 2 steps). HRMS (ESI+): calculated for C19H16F7N2O2
+ 437.1100 [M+H]+, found: 

437.1107 Da. 

1H NMR (700 MHz, CDCl3): Rotamer trans: δ 1H NMR: 4.80, 4.52 (AB peak, d, J= 16.00 Hz, 2H, 

H4,trans), 3.54-3.40 (m, 4H, H3,ax+eq,trans), 2.04 (s, 3H, H5,trans), 1.73-1.45 (m, 6H, H1-2,ax+eq,trans). 

Rotamer cis: δ 1H NMR: 4.85, 4.57 (AB peak, d, J= 15.57 Hz, 2H, H4,cis), 3.54-3.40 (m, 4H, 

H3,ax+eq,cis), 2.30 (s, 3H, H5,cis),  1.73-1.45 (m, 6H, H1-2, ax+eq,cis). 13C NMR (176 MHz, CDCl3): Note 

that due to the small proportion of cis-isomer present on the sample in this solvent, only the 13C-

NMR signals from the major trans-isomer are reported. Rotamer trans: δ 13C NMR: 48.08 (CH, 

C4,trans), 46.48, 43.25 (CH2, C3,trans), 26.45, 25.48, 24.50 (CH2, C1-2,trans), 21.34 (CH3, C5,trans); Main 

Quaternary carbons: 170.08 (CO-CH3,trans), 165.35 (CO-pip,trans). 19F NMR (376 MHz, Chloroform-

d): Rotamer trans: δ 19F NMR: -128.02 (ddt, J= 67.20, 16.89, 4.06 Hz, 1F, F1), -138.05 (d, J= 17.88 

Hz, 1F, F3), -143.07 (dtt, J= 67.45, 16.76, 3.69 Hz, 1F, F8), -145.23 (dtdt, J= 58.91, 17.02, 4.66, 2.64 

Hz, 1F, F5), -145.89 (dtt, J= 58.77, 17.51, 4.08 Hz, 1F, F4), -151.83 (tdt, J= 18.20, 6.68, 2.82 Hz, 

1F, F6), -154.14 (t, J= 18.44 Hz, 1F, F7); Rotamer cis: δ: -123.16--123.44 (m, 1F, F1), -134.80--

134.95 (m, 1F, F3), -143.77--144.19 (m, 1F, F8), -147.19--147.56 (m, 1F, F4), -153.21--15.31 (m, 1F, 

F6), 155.39--155.60 (m, 1F, F7).  

1H NMR (700 MHz, CD3CN): Rotamer trans: δ 1H NMR:  4.66, 4.48 (AB peak, d, J= 16.50 Hz, 2H, 

H4,trans), 3.51-3.30 (m, 4H, H3,ax+eq,trans), 1.97 (s, 3H, H5,trans),  1.65-1.40 (m, 6H, H1-2,ax+eq,trans). 

Rotamer cis: δ 1H NMR: 4.64, 4.53 (AB peak, d, J= 18.04 Hz, 2H, H4,cis), 3.51-3.30 (m, 4H, 

H3,ax+eq,cis), 2.19 (s, 3H, H5,cis),  1.65-1.40 (m, 6H, H1-2, ax+eq,cis). 13C NMR (176 MHz, CD3CN): 

Rotamer trans: δ 13C NMR: 49.33 (CH, C4,trans), 46.54, 43.45 (CH2, C3,trans), 26.91, 26.25, 25.04 (CH2, 

C1-2,trans), 21.38 (CH3, C5,trans); Main quaternary carbons: δ 13C NMR: 170.89 (CO-CH3,trans), 165.98 



Ch. 7: Experimental  

| 274 | 

 

(CO-pip,trans). Rotamer cis: δ 13C NMR: 52.50 (CH, C4,trans), 46.35, 43.77 (CH2, C3,cis), 26.91, 26.32, 

25.00 (CH2, C1-2,cis), 21.54 (CH3, C5,cis); Main quaternary carbons: δ 13C NMR: 172.26 (CO-CH3,cis), 

165.84 (CO-pip,cis). 19F NMR (376 MHz, CD3CN): Rotamer trans: δ 19F NMR: -123.47 (dd, J= 

68.21, 16.82 Hz, 1F, F1), -139.37 (ddd, J= 15.24, 6.62, 2.50 Hz, 1F, F3), -146.19 (dt, J= 68.25, 16.15 

Hz, 1F, F8), -148.28 (dtdt, J= 58.50, 15.39, 4.50, 2.10 Hz, 1F, F5), -149.64 (dttd, J= 58.78, 17.20, 

4.50, 1.30 Hz, 1F, F4), -155.06 (tdt, J= 17.06, 8.20, 4.20 Hz, 1F, F6), -157.19--157.40 (m, 1F, F7); 

Rotamer cis: δ: -124.14 (dd, J= 69.02, 16.28 Hz, 1F, F1), -136.96--137.16 (m, 1F, F3), -146.74 (dt, 

J= 68.11, 16.76 Hz, 1F, F8), -148.44--148.71 (m, 1F, F5), -151.07--151.38 (m, 1F, F4), -156.25 (t, J= 

17.99 Hz, 1F, F6), 158.11--158.29 (m, 1F, F7). 

1H NMR (700 MHz, CD3OD): Rotamer trans: δ 1H NMR:  4.72, 4.58 (AB peak, d, J= 16.31 Hz, 2H, 

H4,trans), 3.72-3.38 (m, 4H, H3,ax+eq,trans), 2.04 (s, 3H, H5,trans),  1.77-1.48 (m, 6H, H1-2,ax+eq,trans). 

Rotamer cis: δ 1H NMR: 4.86, 4.75 (AB peak, d, J= 18.01 Hz, 2H, H4,cis), 3.72-3.38 (m, 4H, 

H3,ax+eq,cis), 2.28 (s, 3H, H5,cis),  1.77-1.48 (m, 6H, H1-2, ax+eq,cis). 13C NMR (176 MHz, CD3OD,): 

Rotamer trans: δ 13C NMR: 50.09 (CH, C4,trans), 47.40, 44.33 (CH2, C3,trans), 27.27, 26.55, 25.22 (CH2, 

C1-2,trans), 21.17 (CH3, C5,trans); Main quaternary carbons: δ 13C NMR: 172.61 (CO-CH3,trans), 167.19 

(CO-pip,trans). Rotamer cis: δ 13C NMR: 52.91 (CH, C4,cis), 46.95, 44.54 (CH2, C3,cis), 27.33, 26.66, 

25.27 (CH2, C1-2,cis), 21.22 (CH3, C5,cis); Main quaternary carbons: δ 13C NMR: 174.38 (CO-CH3,cis), 

167.03 (CO-pipcis). 19F NMR (376 MHz, CD3OD): Rotamer trans: δ 19F NMR: -124.25 (ddt, J= 

68.07, 17.37, 4.42 Hz, 1F, F1), -141.16 (m,  1F, F3), -146.38 (dtt, J= 68.28, 15.39, 3.76 Hz, 1F, F8), 

-148.54 (dtdt, J= 58.80, 16.34, 4.07, 1.98 Hz, 1F, F5), -149.39 (dtt, J= 58.94, 16.76, 3.62 Hz, 1F, 

F4), -155.76 (tdt, J= 17.58, 8.08, 4.26 Hz, 1F, F6), -158.07 (t, J= 16.71, 1F, F7); Rotamer cis: δ: -

124.45--124.72 (m, 1F, F1), -138.12—138.28 (m, 1F, F3), -1467.02 (dt, J= 67.68, 16.29 Hz, 1F, F8), 

-148.98 (dt, J= 59.27, 15.93, 1F, F5), -151.28 (dt, J= 58.92, 16.32, 1F, F4), -156.68 (t, J= 18.13, 1F, 

F6), 158.93 (t, J= 18.57, 1F, F7). 
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N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-(perfluoroquinolin-2-yl)acetamide (163): 

2-amino-1-piperidinyl ethanone 132 (261 mg, 1.84 mmol) 

was reacted overnight in the presence of 2.5 molar equivalents 

of heptafluoroquinoline 135 (1.17 g, 4.6 mmol) following the 

general protocol described in section 7.3.3.3. The reaction 

mixture was then concentrated under reduced pressure and 

acylated using the protocol described in section 7.3.3.4. 

Purification of the crude material by silica gel flash 

chromatography (Hexane/AcOEt; section 7.3.3.5) led to the 

N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-(perfluoroquinolin-2-yl)acetamide 163 as an off-white solid 

(216 mg,  28% over 2 steps). HRMS (ESI+): calculated for C18H16F6N3O2
+ 420.1147 [M+H]+, found: 

420.1166 Da. 

1H NMR (600 MHz, CDCl3): Rotamer cis: δ 1H NMR:  4.96 (s, 2H, H4,cis), 3.55-3.37 (m, 4H, 

H3,ax+eq,cis), 2.22, 2.23 (double signal, s, 3H, H5,cis), 1.72-1.47 (m, 6H, H1-2,ax+eq,cis). 13C NMR (176 

MHz, CDCl3): Rotamer cis: δ 13C NMR: 49.10 (CH, C4,cis), 46.29, 43.50 (CH2, C3,cis), 26.42, 25.49, 

24.49 (CH2, C1-2,cis), 22.33, 22.30 (double signal, CH3, C5,cis+cis’); Main quaternary carbons: δ 13C 

NMR: 170.38 (CO-CH3,cis), 165.50 (CO-pip,cis). 19F NMR (376 MHz, CDCl3): Rotamer cis: δ 19F 

NMR: -128.70 (d, J = 41.64 Hz, 1F, F4), -143.86 (broad s, 1F, F3), -146.28 (dddd, J = 43.94, 17.29, 

16.31, 6.71 Hz, 1F, F5), -148.95 (t, J = 16.25 Hz, 1F, F8), -152.16 (t, J = 16.97 Hz, 1F, F7), -154.48 

(t, J = 17.96 Hz, 1F, F6).  

1H NMR (700 MHz, CD3CN): Rotamer cis: δ 1H NMR:  4.81 (s, 2H, H4,cis), 3.45 (dt, J = 19.67, 5.52 

Hz, 4H, H3,ax+eq,cis), 2.204, 2.202 (double signal, s, 3H, H5, cis+cis’), 1.70-1.45 (m, 6H, H1-2,ax+eq, cis). 13C 

NMR (176 MHz, CD3CN): Rotamer cis: δ 13C NMR: 50.50 (CH, C4,cis), 46.68, 43.91 (CH2, C3,cis), 

26.98, 26.34, 25.12 (CH2, C1-2,cis), 22.80, 22.78 (double, CH3, C5,cis+cis’); Main quaternary carbons: δ 
13C NMR: 172.17, 166.35 (CO-CH3,cis), 166.35 (CO-pip,cis). 19F NMR (376 MHz, CD3CN): Rotamer 

cis: δ 19F NMR: -133.45 (d, J = 39.06 Hz, 1F, F4), -145.13 (broad s, 1F, F3), -149.20 (ddddd, J = 

44.60, 17.83, 6.59, 14.87, 1.05 Hz, 1F, F5), -151.87 (dd, J = 17.28, 14.94 Hz, 1F, F8), -155.48 (t, J = 

17.43 Hz, 1F, F7), -158.30 (t, J = 17.63 Hz, 1F, F6). 

1H NMR (700 MHz, CD3OD): Rotamer cis: δ 1H NMR:  4.94 (s, 2H, H4,cis), 3.54 (dq, J = 5.66, 2.94 

Hz, 4H, H3,ax+eq,cis), 2.279, 2.277 (double signal, s, 3H, H5, cis+cis’), 1.76-1.53 (m, 6H, H1-2,ax+eq, cis). 13C 

NMR (176 MHz, CD3OD): Rotamer cis: δ 13C NMR: 50.67 (CH, C4,cis), 47.30, 44.68 (CH2, C3,cis), 

27.34, 26.63, 25.42 (CH2, C1-2,cis), 22.54, 22.53 (double, CH3, C5,cis+cis’); Main quaternary carbons: δ 
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13C NMR: 173.71, (CO-CH3,cis), 167.72 (CO-pip,cis). 19F NMR (376 MHz, CD3OD): Rotamer cis: δ 
19F NMR: -133.33 (broad s, 1F, F4), -146.11 (broad s, 1F, F3), -149.52 (dddd, J = 44.92, 17.82, 

14.92, 6.52 Hz, 1F, F5), -152.16 (t, J = 16.10 Hz, 1F, F8), -156.32 (t, J = 17.06 Hz, 1F, F7), -158.62 

(t, J = 17.51 Hz, 1F, F6). 

7.10.2 Numerical analysis of Kcis/trans 

35 mg of the dried pure compound were dissolved in 0.65 mL of the corresponding deuterated solvent 

(CDCl3, CD3CN or CD3OD) and then filtered and degassed prior to its analysis. (peptoid 

concentration ~ 0.1-0.16 M) When poor solubility of the compounds was found saturated solutions 

were employed. In this case, the reported values of Kcis/trans have been determined in the basis of three 
1H-NMR spectrums using the two main protons involved in the isomerization process: the backbone 

methylene group (here generally denoted as H4) and the methyl-acetyl hydrogens (denoted as H5). 

Unless otherwise stated the average value and corresponding standard deviation is given in the basis 

of n = 6. Independently evaluated 19F-NMR based Kcis/trans values were obtained in the basis of all the 

available nucleus present (n = variable) using a minimum of two independent spectra. Both calculated 

values are given separately for comparison. All data has is summarized in Tables 7.13-7.15. 
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7.10.3 Single crystal X-ray analysis of model peptoids 157-158, 163  

7.10.3.1 Sample crystallization 

20 mg of the purified compounds were dissolved using a minimum amount of AcOEt. Hexane was 

then added dropwise until precipitation was observed, when a few drops of AcOEt or DCM were 

added to clear the solutions. The final samples were left for slow evaporation at room temperature. 

7.10.3.2 Sample analysis: 

For X-Ray crystallography, suitable single crystals were selected and analysed at the temperature 

120.0(2)K. Data was collected using a MoKα radiation source with a λ= 0.71073 nm. All structures 

were solved by direct method and refined by full-matrix least squares on F2 for all data using Olex2[1] 

and SHELXTL[2] software. All non-hydrogen atoms were refined anisotropically, hydrogen atoms 

were refined isotropically. In structures 158 and 163 all non-disordered non-hydrogen atoms were 

refined anisotropically, hydrogen atoms were placed in the calculated positions and refined in riding 

mode. Disordered atoms of minor disorder components in structures 158 and 163 were refined 

isotropically. Occupation factors of atoms of disordered fragments were fixed as 0.6 and 0.4 in 

peptoid 158. In peptoid 163 the occupation factors were fixed at 0.9 and 0.1. Crystal data and 

corresponding refinement parameters are listed in following Tables 7.16-7.18. Also, the 

crystallographic data for the structures has been deposited with the Cambridge Crystallographic Data 

Centre as supplementary publications CCDC-1588936 to CCDC-1588938. 
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7.10.3.3 Crystal structure determination of compound 157: 

 

Figure 7.7: Crystal structure of peptoid 157 (CCDC-1588936) with thermal ellipsoids drawn at the 50 % 
probability level.  

Table 7.16. Crystal data and structure refinement parameters of peptoid 157 

Empirical formula C14H15F4N3O2 μ/mm-1 0.139 

Formula weight 333.29 F(000) 688.5 

Temperature/K 120.0 Crystal size/mm3 0.544 × 0.106 × 0.066 

Crystal system triclinic Radiation Mo Kα (λ = 0.71073) 

Space group P-1 2Θ range for data collection/° 4.36 to 60 

a/Å 10.2051(4) Index ranges 
-14 ≤ h ≤ 14, -16 ≤ k ≤ 16, -20 ≤ l 
≤ 20 

b/Å 11.4276(4) Reflections collected 25814 

c/Å 14.3171(5) Independent reflections 
8377 [Rint = 0.0536, Rsigma = 
0.0702] 

α/° 111.4042(13) Data/restraints/parameters 8377/0/418 

β/° 107.7725(15) Goodness-of-fit on F2 1.021 

γ/° 95.8021(16) Final R indexes [I>=2σ (I)] R1 = 0.0480, wR2 = 0.1060 

Volume/Å3 1437.17(9) Final R indexes [all data] R1 = 0.0805, wR2 = 0.1202 

Z 4 Largest diff. peak/hole / e Å-3 0.48/-0.49 

ρcalcg/cm3 1.5402   
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7.10.3.4 Crystal structure determination of compound 158: 

 

Figure 7.8: Crystal structure of peptoid 158 (CCDC-1588937) with thermal ellipsoids drawn at the 50 % 
probability level.  

Table 7.17. Crystal data and structure refinement parameters of peptoid 158 

Empirical formula C14H15ClF3N3O2 μ/mm-1 0.300 

Formula weight 349.74 F(000) 720.0 

Temperature/K 120.0 Crystal size/mm3 0.51 × 0.16 × 0.08 

Crystal system triclinic Radiation MoKα (λ = 0.71073) 

Space group P-1 2Θ range for data collection/° 4.24 to 56 

a/Å 10.3881(6) Index ranges 
-13 ≤ h ≤ 13, -15 ≤ k ≤ 15, -19 ≤ l 
≤ 19 

b/Å 11.5340(7) Reflections collected 29083 

c/Å 14.5116(9) Independent reflections 
7241 [Rint = 0.0314, Rsigma = 
0.0295] 

α/° 110.783(2) Data/restraints/parameters 7241/9/442 

β/° 108.886(2) Goodness-of-fit on F2 1.022 

γ/° 94.526(2) Final R indexes [I>=2σ (I)] R1 = 0.0533, wR2 = 0.1236 

Volume/Å3 1500.72(16) Final R indexes [all data] R1 = 0.0711, wR2 = 0.1332 

Z 4 Largest diff. peak/hole / e Å-3 0.87/-1.00 

ρcalcg/cm3 1.548   
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7.10.3.5 Crystal structure determination of compound 163: 

 

Figure 7.9: Crystal structure of peptoid 163 (CCDC-1588938) with thermal ellipsoids drawn at the 50 % 
probability level.  

Table 7.18. Crystal data and structure refinement parameters of peptoid 163 

Empirical formula C18H15Cl0.1F5.9N3O2 μ/mm-1 0.163 

Formula weight 420.97 F(000) 860.0 

Temperature/K 120.0 Crystal size/mm3 0.4 × 0.09 × 0.05 

Crystal system monoclinic Radiation Mo Kα (λ = 0.71073) 

Space group P21/n 2Θ range for data collection/° 4.18 to 58 

a/Å 5.1541(2) Index ranges 
-7 ≤ h ≤ 7, -14 ≤ k ≤ 14, -47 ≤ 
l ≤ 47 

b/Å 10.1799(4) Reflections collected 37333 

c/Å 33.4215(14) Independent reflections 
4639 [Rint = 0.0610, Rsigma = 
0.0519] 

α/° 90 Data/restraints/parameters 4639/0/266 

β/° 93.6834(15) Goodness-of-fit on F2 1.062 

γ/° 90 Final R indexes [I>=2σ (I)] R1 = 0.0455, wR2 = 0.0934 

Volume/Å3 1749.94(12) Final R indexes [all data] R1 = 0.0706, wR2 = 0.1030 

Z 4 
Largest diff. peak/hole / e  

Å-3 
0.43/-0.44 

ρcalcg/cm3 1.5977   
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7.11 Experimental data to Chapter 5: 

The synthesis of the starting SF5-Phe based anilines used in this chapter, 171-174, was undertaken 

in collaboration with Dr. Pter Beier (Institute of Organic Chemistry and Biochemistry ASCR, Czech 

Republic) and were performed by Javier Ajenjo (PhD student) under his supervision. Corresponding 

characterization data for these compounds is reported below as provided. Synthetic procedures 

employed for their synthesis can be found in selected publications by Iakobson and Beier (2012) and 

Ajenjo et. al., (2016). [14,15] 

7.11.1 Characterization data of pentafluorosulfanyl-phenyl peptoid monomers 171-

174: 

Compound 171: 4-(pentafluorosulfanyl)aniline:. 1H NMR (400 MHz, CDCl3) δ 7.55 – 7.49 (m, 

2H), 6.70 – 6.51 (m, 2H), 3.99 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 149.05, 144.90 – 144.24 (m), 

127.58 (quint, 3JCF = 4.5 Hz), 113.53. 19F NMR (377 MHz, CDCl3) δ 87.94 – 86.24 (m), 64.00 (d, 
2JFF = 150.0 Hz). MS (ESI+): m/z (%) 219 [M+].  

Compound 172: 3-(pentafluorosulfanyl)aniline: 1H NMR (400 MHz, CDCl3) δ 7.21 (tt, 3JHH = 8.1, 
4JHH =  1.0 Hz, 1H), 7.12 (ddd, 3JHH = 8.2, 4JHH = 2.1, 4JHH = 0.8 Hz, 1H), 7.04 (t, 4JHH = 2.2 Hz, 1H), 

6.77 (dd, 3JHH = 8.0, 5JHH = 2.1 Hz, 1H), 3.86 (s, 1H); 13C NMR (101 MHz, CDCl3) δ 155.03 (m), 

146.80, 129.47, 117.81, 115.85 (quint, 3JCF = 4.8 Hz), 112.33 (quint, 3JCF = 4.7 Hz); 19F NMR (377 

MHz, CDCl3) δ 61.96 (d, 2JFF = 149.7 Hz, 4F). MS (ESI+): m/z (%) 219 [M+].  

Compound 173: 3-nitro-5-(pentafluorosulfanyl)aniline: 1H NMR (400 MHz, C3D6O) δ 7.74 (d, 
4JHH = 2.1 Hz, 2H), 7.55 (t, 4JHH = 2.1 Hz, 1H), 5.94 (s, 2H); 13C NMR (126 MHz, C3D6O) δ 155.14 

(quint, 2JCF = 18.1 Hz), 151.51, 149.81, 116.89 (quint, 3JCF = 4.7 Hz), 111.58, 108.37 (quint, 3JCF = 

5.1 Hz); 19F NMR (377 MHz, C3D6O) δ 85.29–82.19 (m, 1F), 62.77 (d, 2JFF = 148.8 Hz, 4F). MS 

(ESI+): m/z (%) 264 [M+]. 

Compound 174: 2-fluoro-6-nitro-4-(pentafluorosulfanyl)aniline: 1H NMR (400 MHz, CDCl3) δ 

8.42 (t, 4JHH = 2.2 Hz, 1H), 7.63 (dd, 3JHF = 10.8 Hz, 4JHH = 2.5 Hz, 1H), 6.49 (s, 2H); 13C NMR (101 

MHz, CDCl3) δ 150.50 (d, 1JCF = 247.0 Hz), 140.68 – 139.14 (m), 137.23 (d, 2JCF = 15.5 Hz), 130.90–

130.85 (m), 120.65–120.36 (m), 117.46 (dquint, 3JCF = 23.7 Hz, 4JCF = 4.3 Hz); 19F NMR (377 MHz, 
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CDCl3) δ 83.26–81.62 (m, 1F), 63.70 (d, 2JFF = 151.3 Hz, 4F), –129.50 (s, 1F). MS (ESI+): m/z (%) 

282 [M+].  

7.11.2 Characterization data of Model N-alkyl pentafluorosulfanylphenyl anilines 175-

178: 

2-((4-(pentafluoro-λ6-sulfanyl)phenyl)amino)-1-(piperidin-1-yl)ethan-1-one (175): 
 

Aniline 171 (150 mg, 0.69 mmol) was reacted at 65 ºC in the presence 

of 1 molar equivalent of 2-bromo-1-piperidinyl ethanone 81 (140 mg, 

0.69 mmol) and DIPEA (1 mL, 5.7 mmol) following the procedure 

described in section 7.3.4.1. Purification of the crude material by 

silica gel flash chromatography using a linear gradient of AcOEt in 

Hexane (0 to 40% v/v) led to the corresponding product 175 as a bright 

yellow/orange solid (92 mg, 39 % yield over 1 step). HRMS (ESI+): 

calculated for C14H16F4N3O2
+ 345.1060 [M+H]+, found: 345.1075 Da. 

1H NMR (700 MHz, CDCl3): δ 7.53 (m, 2H), 6.53 (d, J = 8.74 Hz, 2H), 5.37 (broad s, NH), 3.86 (s, 

2H), 3.64-3.37 (m, 4H), 1.72-1.57 (m, 6H); 13C NMR (176 MHz, CDCl3): δ 166.18, 149.19, 143.564 

(m), 127.49 (quint, J= 4.36 Hz), 111.30, 45.43, 44.45, 43.47, 26.39, 25.56, 24.5; 19F-NMR (376 MHz, 

CDCl3): δ 88.16 (quint, J= 150.00, 150.00, 149.60, 148.89 Hz, 1F, Fax), 64.87 (d, J= 150.01 Hz, 4F, 

Feq).  

 
2-((3-(pentafluoro-λ6-sulfanyl)phenyl)amino)-1-(piperidin-1-yl)ethan-1- one (176): 
 

Aniline 172 (150 mg, 0.69 mmol) was reacted at 50 ºC in the 

presence of 1 molar equivalent of 2-bromo-1-piperidinyl 

ethanone 81 (140 mg, 0.69 mmol) and DIPEA (1 mL, 5.7 mmol) 

following the procedure described in section 7.3.4.1. Purification 

of the crude material by silica gel flash chromatography using a 

linear gradient of AcOEt in Hexane (0 to 40% v/v) led to the 

corresponding product 176 as a bright yellow/orange solid (151 
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mg, 64 % yield over 1 step). HRMS (ESI+): calculated for C14H16F4N3O2
+ 345.1060 [M+H]+, found: 

345.1066 Da. 

1H NMR (700 MHz, CDCl3): δ 7.22 (ddt, J= 8.10, 6.96, 1.16 Hz, H), 7.06 (ddt, J= 8.19, 2.18, 0.82 

Hz, 1H), 6.91 (t, J= 2.20 Hz, 1H), 6.73 (dd, J= 8.18, 2.23 Hz, 1H), 5.27 (broad s, NH), 3.85 (s, 2H), 

3.68-3.34 (m, 4H), 1.76-1.56 (m, 6H); 13C NMR (176 MHz, CDCl3): δ 166.37, 155.24 (m), 147.55, 

129.27, 116.12, 114.58 (m), 109.58 (m), 45.49, 44.79, 43.46, 26.41, 25.58, 24.53; 19F-NMR (376 

MHz, CDCl3): δ 85.65 (quint, J= 150.98, 150.74, 148.40 Hz, 1F, Fax), 62.51 (d, J= 149.64 Hz, 4F, 

Feq).  

2-((3-nitro-5-(pentafluoro-λ6-sulfanyl)phenyl)amino)-1-(piperidin-1-yl)ethan-1-one (177): 
 

Aniline 173 (150 mg, 0.57 mmol) was reacted at 80 ºC in the 

presence of 1 molar equivalent of 2-bromo-1-piperidinyl ethanone 

81 (117 mg, 0.57 mmol) and DIPEA (1 mL, 5.7 mmol) following 

the procedure described in section 7.3.4.1. Purification of the 

crude material by silica gel flash chromatography using a linear 

gradient of AcOEt in Hexane (0 to 40% v/v) led to a mixture of the 

corresponding product 177 and unreacted amine 173 (78.4mg, 

33% mol/mol in 173 as evaluated by 1H-NMR, 29% yield over 1 step). HRMS (ESI+): calculated 

for C13H17F5N3O3S+ 390.0911 [M+H]+, found: 390.0925 Da. 

1H NMR (700 MHz, CDCl3): δ 7.88 (dd, J = 1.88 Hz, 1H), 7.48 (dd, J = 2.12 Hz, 1H), 7.25 (dd, J = 

2.14 Hz, 1H), 5.86 (broad s, NH), 3.91 (s, 2H), 3.66-3.41 (m, 4H), 1.71-1.58 (m, 6H); 13C NMR (176 

MHz, CDCl3): δ 165.36, 154.91 (m), 148.98, 148.12, 115.94 (m), 110.77 (m), 109.42, 45.58, 44.56, 

43.63, 26.41, 25.55, 24.45; 19F-NMR (376 MHz, CDCl3): δ 82.41 (quint, J = 152.64, 149.38, 149.38 

Hz, 1F, Fax), 62.54 (d, J = 150.62 Hz, 4F, Feq). 
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2-((2-fluoro-6-nitro-4-(pentafluoro-λ6-sulfanyl)phenyl)amino)-1-(piperidin-1-yl)ethan-1-one 
(178): 

 Aniline 174 (150 mg, 0.53 mmol) was reacted at 80 ºC in the 

presence of 1 molar equivalent of 2-bromo-1-piperidinyl ethanone 81 

(109 mg, 0.53 mmol) and DIPEA (1 mL, 5.7 mmol) following the 

procedure described in section 7.3.4.1. Purification of the crude 

material by silica gel flash chromatography using a linear gradient of 

AcOEt in Hexane (0 to 40% v/v) led to a mixture of the corresponding 

product 178 and unreacted bromide 81 (40 mg, 30% mol/mol in 81 

as evaluated by 1H-NMR, 16% yield over 1 step). HRMS (ESI+): 

calculated for C13H16F6N3O3S+ 408.0817 [M+H]+, found: 408.0809 Da. 

1H NMR (700 MHz, CDCl3): δ 9.24 (broad s, NH), 8.43 (dd, J = 2.69, 1.71 Hz, 1H), 7.55 (dd, J = 

13.79, 2.69 Hz, 1H), 4.42, 4.40 (AB peak, d, J = 4.62 Hz, 2H), 3.66-3.30 (m, 4H), 1.75-1.51 (m, 6H); 
13C NMR (176 MHz, CDCl3): δ 165.36, 165.31, 150.82 (d, J = 246.10 Hz), 138.97 (m), 137.43 (d, J 

= 12.60 Hz), 132.61, 132.57, 125.50 (m), 119.07 (m), 46.78, 46.70, 45.45, 43.67, 23.34, 25.49, 24.43; 
19F-NMR (376 MHz, CDCl3): δ 83.36 (quint, J= 153.33, 152.40, 149.84 Hz, 1F, SFax), 64.18 (d, J = 

151.50 Hz, 4F, SFeq), -124.55 (m, 1F, CF). 

7.11.3 Single crystal X-ray analysis of model N-pentafluorosulfanylphenyl anilines 175-

178: 

7.11.3.1 Sample crystallization 

Crystallization of anilines 175 and 176 was accomplished directly by slow solvent evaporation from 

the pure fractions eluted after silica gel column purification:   175: AcOEt : Hexane 28 : 72 v/v%; 

176: AcOEt : Hexane 32 : 68 v/v%. Formation of some suitable crystals was also accomplished by 

slow solvent evaporation from the eluted mixtures of 177 (AcOEt : Hexane = 36 : 64 v/v%) and 178 

(AcOEt : Hexane = 22 : 78 v/v%). All crystallizations were performed at room temperature. As noted 

through Chapter 5, all samples were found to be air and moisture sensitive. 
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7.11.3.2 Sample analysis: 

For X-Ray crystallography, suitable single crystals of compounds 175-178 were selected and 

analysed at the temperature 120.0(2)K. Data was collected using a MoKα radiation source with a λ= 

0.71073 nm. All structures were solved by direct method and refined by full-matrix least squares on 

F2 for all data using Olex2[1] and SHELXTL[2] software. All non-H atoms were refined 

anisotropically, the H atoms using a riding model, except the N-H which were generally refined 

freely. Crystal data and corresponding refinement parameters are listed in following Tables 7.19-

7.22. Structures can be also found the Cambridge Crystallographic Data Centre as supplementary 

publications CCDC-1588990 to CCDC-1588993. 
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7.11.3.3 Crystal structure determination of compound 175: 

 

Figure 7.10: Crystal structure of pentafluorosulfanyl-phenyl aniline 175 (CCDC-1588990) with thermal 
ellipsoids drawn at the 50 % probability level.  

Table 7.19. Crystal data and structure refinement parameters of peptoid 175 

Empirical formula C13H17F5N2OS  μ/mm-1 0.280  

Formula weight 344.34  F(000) 1424.0  

Temperature/K 120.0  Crystal size/mm3 0.26 × 0.14 × 0.06  

Crystal system monoclinic  Radiation MoKα (λ = 0.71073)  

Space group C2/c  2Θ range for data collection/° 4.226 to 59.992  

a/Å 27.4757(16)  Index ranges 
-38 ≤ h ≤ 38, -8 ≤ k ≤ 8, -28 ≤ l ≤ 
28  

b/Å 5.7393(3)  Reflections collected 30437  

c/Å 20.4245(12)  Independent reflections 
4230 [Rint = 0.0389, Rsigma = 
0.0253]  

α/° 90  Data/restraints/parameters 4230/0/267  

β/° 115.215(2)  Goodness-of-fit on F2 1.045  

γ/° 90  Final R indexes [I>=2σ (I)] R1 = 0.0351, wR2 = 0.0853  

Volume/Å3 2913.9(3)  Final R indexes [all data] R1 = 0.0475, wR2 = 0.0911  

Z 8  Largest diff. peak/hole / e Å-3 0.43/-0.43  

ρcalcg/cm3 1.570    
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7.11.3.4 Crystal structure determination of compound 176: 

 

Figure 7.11: Crystal structure of pentafluorosulfanyl-phenyl aniline 176 (CCDC-1588991) with thermal 
ellipsoids drawn at the 50 % probability level. 

Table 7.20. Crystal data and structure refinement parameters of peptoid 176 

Empirical formula C13H17F5N2OS  μ/mm-1 0.285  

Formula weight 344.34  F(000) 1424.0  

Temperature/K 120.0  Crystal size/mm3 0.24 × 0.15 × 0.01  

Crystal system monoclinic  Radiation MoKα (λ = 0.71073)  

Space group C2/c  2Θ range for data collection/° 4.898 to 57.988  

a/Å 28.875(2)  Index ranges 
-39 ≤ h ≤ 39, -8 ≤ k ≤ 8, -23 ≤ l ≤ 
23  

b/Å 6.1089(5)  Reflections collected 28288  

c/Å 17.2505(14)  Independent reflections 
3804 [Rint = 0.0781, Rsigma = 
0.0563]  

α/° 90  Data/restraints/parameters 3804/0/203  

β/° 109.830(3)  Goodness-of-fit on F2 1.036  

γ/° 90  Final R indexes [I>=2σ (I)] R1 = 0.0489, wR2 = 0.0961  

Volume/Å3 2862.4(4)  Final R indexes [all data] R1 = 0.0863, wR2 = 0.1074  

Z 8  Largest diff. peak/hole / e Å-3 0.40/-0.45  

ρcalcg/cm3 1.598    
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7.11.3.5 Crystal structure determination of compound 177: 

 

Figure 7.12: Crystal structure of pentafluorosulfanyl-phenyl aniline 177 (CCDC-1588992) with thermal 
ellipsoids drawn at the 50 % probability level. 

 

Table 7.21. Crystal data and structure refinement parameters of peptoid 177 

Empirical formula C13H16F5N3O3S  μ/mm-1 0.287  

Formula weight 389.35  F(000) 400.0  

Temperature/K 120.0  Crystal size/mm3 0.19 × 0.06 × 0.01  

Crystal system triclinic  Radiation MoKα (λ = 0.71073)  

Space group P-1  2Θ range for data collection/° 4.636 to 57.996  

a/Å 6.0644(6)  Index ranges 
-8 ≤ h ≤ 8, -13 ≤ k ≤ 13, -18 ≤ l ≤ 
18  

b/Å 9.8827(9)  Reflections collected 15800  

c/Å 13.6556(12)  Independent reflections 
4094 [Rint = 0.0603, Rsigma = 
0.0760]  

α/° 73.767(4)  Data/restraints/parameters 4094/0/226  

β/° 83.209(4)  Goodness-of-fit on F2 1.021  

γ/° 79.046(4)  Final R indexes [I>=2σ (I)] R1 = 0.0543, wR2 = 0.1005  

Volume/Å3 769.63(12)  Final R indexes [all data] R1 = 0.1035, wR2 = 0.1149  

Z 2  Largest diff. peak/hole / e Å-3 0.62/-0.51  

ρcalcg/cm3 1.680    
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7.11.3.6 Crystal structure determination of compound 178: 

 

Figure 7.13: Crystal structure of pentafluorosulfanyl-phenyl aniline 178 (CCDC-1588993) with thermal 
ellipsoids drawn at the 50 % probability level. 

Table 7.22. Crystal data and structure refinement parameters of peptoid 178 

Empirical formula C13H15F6N3O3S  μ/mm-1 0.292  

Formula weight 407.34  F(000) 832.0  

Temperature/K 120.0  Crystal size/mm3 0.41 × 0.38 × 0.17  

Crystal system triclinic  Radiation MoKα (λ = 0.71073)  

Space group P-1  2Θ range for data collection/° 3.834 to 59  

a/Å 10.7233(9)  Index ranges 
-14 ≤ h ≤ 14, -14 ≤ k ≤ 14, -19 ≤ l 
≤ 19  

b/Å 10.7356(9)  Reflections collected 33820  

c/Å 14.0841(12)  Independent reflections 
8812 [Rint = 0.0314, Rsigma = 
0.0291]  

α/° 99.396(3)  Data/restraints/parameters 8812/0/477  

β/° 90.151(3)  Goodness-of-fit on F2 1.027  

γ/° 97.806(3)  Final R indexes [I>=2σ (I)] R1 = 0.0342, wR2 = 0.0853  

Volume/Å3 1584.3(2)  Final R indexes [all data] R1 = 0.0458, wR2 = 0.0911  

Z 4  Largest diff. peak/hole / e Å-3 0.41/-0.41 

ρcalcg/cm3 1.708   0.292  
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7.11.4 Characterization data of Model N-pentafluorosulfanylphenyl peptoid systems 

179-182: 

N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-(4-(pentafluoro-λ6-sulfanyl)phenyl)acetamide (179): 

Compound 175 (92 mg, 0.27 mmol) was dissolved in DCM (5 mL) 

and reacted in the presence of 2 molar equivalents of acetyl 

chloride (40 μL, 0.56 mmol) and DIPEA (100 μL, 0.57 mmol) 

following the procedure previously described in section 7.3.4.2. 

Once the reaction was completed (as assessed by TLC 

chromatography), the volatiles and solvents were evaporated 

under reduced pressure and the mixture worked up also as 

indicated. Purification using preparative TLC chromatography, as 

outlined in protocol 7.3.4.3, led the corresponding N-(2-oxo-2-

(piperidin-1-yl)ethyl)-N-(4-(pentafluoro-λ6-sulfanyl)phenyl)acetamide 179 as an off-white 

solid (69 mg , 26% overall synthetic yield over 2 steps). HRMS (ESI+): calculated for 

C15H20F5N2O2S+ 387.1166 [M+H]+, found: 334.1165 Da. 

1H NMR (700 MHz, CDCl3): Rotamer trans: δ 1H NMR:  7.77 (d, J = 8.64 Hz, 2H, H7,trans), 7.54 (d, 

J = 8.39 Hz, 2H, H6,trans), 4.44 (s, 2H, H4,trans), 3.60-3.25 (m, 4H, H3,ax+eq,trans), 1.96 (s, 3H, H5,trans),  

1.68-1.48 (m, 6H, H1-2,ax+eq,trans). 13C NMR (176 MHz, CDCl3): Rotamer trans: δ 13C NMR: 170.35 

(CO-CH3,trans), 165.50 (CO-pip,trans), 158.84 (m, C-SF5,trans), 146.64 (CAr,trans), 128.73 (CH, C6,trans), 

127.50 (CH, C7,trans), 50.96 (CH2, C4,trans), 45.99, 43.41 (CH2, C3, trans), 26.31, 25.49, 24.46 (CH2, C1-

2,trans), 22.50 (CH3, C5,trans). 19F NMR (376 MHz, CDCl3): Rotamer trans: δ 19F NMR: 83.68 (quint, J 

= 150.41, 149.10 Hz, 1F, Fax), 63.04 (d, J = 150.16 Hz, 4F, Feq). 

1H NMR (700 MHz, CD3OD): Rotamer trans: δ 1H NMR:  7.91 (d, J = 8.30 Hz, 2H, H7,trans), 7.63 

(d, J = 8.42 Hz, 2H, H6,trans), 4.57 (s, 2H, H4,trans), 3.62-3.38 (m, 4H, H3,ax+eq,trans), 1.97 (s, 3H, H5,trans), 

1.74-1.48 (m, 6H, H1-2,ax+eq,trans). 13C NMR (176 MHz, CD3OD): Rotamer trans: δ 13C NMR: 172.68 

(CO-CH3,trans), 167.58 (CO-pip,trans), 153.88 (m, C-SF5,trans), 147.84 (CAr,trans), 129.74 (CH, C6,trans), 

128.55 (CH, C7,trans), 52.10 (CH2, C4,trans), 47.00, 44.45 (CH2, C3, trans), 27.23, 26.60, 25.33 (CH2, C1-

2,trans), 22.42 (CH3, C5,trans). 19F NMR (376 MHz, CD3OD): Rotamer trans: δ 19F NMR: 82.29 (quint, 

J = 148.19 Hz, 1F, Fax), 61.57 (d, J = 148.05 Hz, 4F, Feq). 
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N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-(3-(pentafluoro-λ6-sulfanyl)phenyl)acetamide (180): 

Compound 176 (151 mg, 0.44 mmol) was dissolved in DCM (5 

mL) and reacted in the presence of 2 molar equivalents of acetyl 

chloride (65 μL, 0.96 mmol) and DIPEA (164 μL, 0.93 mmol) 

following the procedure previously described in section 7.3.4.2. 

Once the reaction was completed (as assessed by TLC 

chromatography), the volatiles and solvents were evaporated 

under reduced pressure and the mixture worked up also as 

indicated. Purification using preparative TLC chromatography, as 

outlined in protocol 7.3.4.3, led to the corresponding N-(2-oxo-2-(piperidin-1-yl)ethyl)-N-(3-

(pentafluoro-λ6-sulfanyl)phenyl)acetamide 180 as an off-white oil (120 mg , 46% overall 

synthetic yield over 2 steps). HRMS (ESI+): calculated for C15H20F5N2O2S+ 387.1166 [M+H]+, 

found: 334.1169 Da. 

1H NMR (700 MHz, CDCl3): Rotamer trans: δ 1H NMR:  7.79 (s, 1H, H6’,trans), 7.71 (d, J = 8.18 Hz, 

1H, H8,trans), 7.69 (d, J = 8.36 Hz, 1H, H6,trans), 7.50 (t, J = 8.17 Hz, 1H, H7,trans), 4.44 (s, 2H, H4,trans), 

3.60-3.28 (m, 4H, H3,ax+eq,trans), 1.92 (s, 3H, H5,trans),  1.66-1.48 (m, 6H, H1-2,ax+eq,trans). 13C NMR (176 

MHz, CDCl3): Rotamer trans: δ 13C NMR: 170.47 (CO-CH3,trans), 165.52 (CO-pip,trans), 154.41 (m, 

C-SF5,trans), 144.26 (CAr,trans), 132.19 (CH, C6,trans), 129.90 (CH, C7,trans), 126.23 (m, C6’,trans), 125.58 

(m, C8,trans), 51.07 (CH2, C4,trans), 46.03, 43.40 (CH2, C3, trans), 26.30, 25.47, 24.46 (CH2, C1-2,trans), 22.46 

(CH3, C5,trans). 19F NMR (376 MHz, CDCl3): Rotamer trans: δ 19F NMR: 83.32 (quint, J = 151.89, 

151.17, 149.48, 148.76 Hz, 1F, Fax), 62.86 (d, J = 150.26 Hz, 4F, Feq). 

1H NMR (700 MHz, CD3OD): Rotamer trans: δ 1H NMR:  8.02 (t, J = 2.09 Hz, 1H, H6’,trans), 7.87 

(dd, J = 8.26, 1.01 Hz, 1H, H8,trans), 7.72 (dd, J = 8.31, 1.60 Hz, 1H, H6,trans), 7.66 (t, J = 8.14 Hz, 1H, 

H7,trans), 4.57 (s, 2H, H4,trans), 3.56-3.41 (m, 4H, H3,ax+eq,trans), 1.92 (s, 3H, H5,trans),  1.70-1.51 (m, 6H, 

H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR:  7.83-7.80 (m, 1H, H6’,cis), 7.74-7.72 (m, 1H, H8,cis), 7.60-7.49 

(m, 2H, H6/7,cis), 4.70 (s, 2H, H4,cis), 3.56-3.41 (m, 4H, H3,ax+eq,cis), 2.18 (s, 3H, H5,cis),  1.70-1.51 (m, 

6H, H1-2,ax+eq,cis). 13C NMR (176 MHz, CD3OD): Rotamer trans: δ 13C NMR: 172.78 (CO-CH3,trans), 

167.63 (CO-pip,trans), 155.35 (m, C-SF5,trans), 145.37 (CAr,trans), 133.17 (CH, C6,trans), 131.38 (CH, 

C7,trans), 127.32 (m, C6’,trans), 126.86 (m, C8,trans), 52.20 (CH2, C4,trans), 47.03, 44.45 (CH2, C3, trans), 

27.23, 26.60, 25.33 (CH2, C1-2,trans), 22.36 (CH3, C5,trans).19F NMR (376 MHz, CD3OD): Rotamer 

trans: δ 19F NMR: 81.93 (quint, J = 149.45, 148.36, 146.91 Hz, 1F, Fax), 61.38 (d, J = 148.27 Hz, 4F, 

Feq). 
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N-(3-nitro-5-(pentafluoro-λ6-sulfanyl)phenyl)-N-(2-oxo-2-(piperidin-1-yl)ethyl)acetamide 
(181) 

Compound 177 (78 mg, 0.19 mmol) was dissolved in DCM (5 mL) 

and reacted in the presence of 2 molar equivalents of acetyl 

chloride (28 μL, 0.40 mmol) and DIPEA (71 μL, 0.40 mmol) 

following the procedure previously described in section 7.3.4.2. 

Once the reaction was completed (as assessed by TLC 

chromatography), the volatiles and solvents were evaporated 

under reduced pressure and the mixture worked up also as 

indicated. Purification using preparative TLC chromatography, as 

outlined in protocol 7.3.4.3, led to the corresponding N-(3-nitro-5-(pentafluoro-λ6-

sulfanyl)phenyl)-N-(2-oxo-2-(piperidin-1-yl)ethyl)acetamide 181 as an off-white/yellowish 

oil (51 mg , 21 % overall synthetic yield over 2 steps). HRMS (ESI+): calculated for C15H19F5N3O4S+ 

432.1016 [M+H]+, found: 334.1017 Da. 

1H NMR (700 MHz, CDCl3): Rotamer trans: δ 1H NMR:  8.58 (s, 1H, H7,trans), 8.51 (s, 1H, H6,trans), 

8.25 (s, 1H, H8,trans), 4.50 (s, 2H, H4,trans), 3.65-3.30 (m, 4H, H3,ax+eq,trans), 1.99 (s, 3H, H5,trans),  1.70-

1.46 (m, 6H, H1-2,ax+eq,trans). 13C NMR (176 MHz, CDCl3): Rotamer trans: δ 13C NMR: 169.84 (CO-

CH3,trans), 165.12 (CO-pip,trans), 154.44 (m, C-SF5,trans), 148.42 (CAr,trans), 145.64 (C-NO2,trans), 132.42 

(CH, C8,trans), 126.75 (CH, C6,trans), 120.98 (m, C7,trans), 51.00 (CH2, C4,trans), 46.16, 43.58 (CH2, C3, trans), 

26.39, 25.50, 24.44 (CH2, C1-2,trans), 22.59 (CH3, C5,trans). 19F NMR (376 MHz, CDCl3): Rotamer trans: 

δ 19F NMR: 80.21 (quint, J = 152.04, 150.34 Hz, 1F, Fax), 63.08 (d, J = 151.27 Hz, 4F, Feq). 

1H NMR (700 MHz, CD3OD): Rotamer trans: δ 1H NMR:  8.66 (s, 1H, H7,trans), 8.63 (s, 1H, H6,trans), 

8.47 (s, 1H, H8,trans), 4.64 (s, 2H, H4,trans), 3.62-3.41 (m, 4H, H3,ax+eq,trans), 1.98 (s, 3H, H5,trans),  1.76-

1.48 (m, 6H, H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR:  8.56 (s, 1H, H7,trans), 8.42 (s, 1H, H6,trans), 8.25 

(s, 1H, H8,trans), 4.79 (s, 2H, H4,trans), 3.62-3.41 (m, 4H, H3,ax+eq,trans), 1.21 (s, 3H, H5,trans),  1.76-1.48 

(m, 6H, H1-2,ax+eq,trans). 13C NMR (176 MHz, CD3OD): Rotamer trans: δ 13C NMR: 172.45 (CO-

CH3,trans), 167.60 (CO-pip,trans), 154.87 (m, C-SF5,trans), 149.96 (CAr,trans), 146.58 (C-NO2,trans), 133.30 

(CH, C8,trans), 128.18 (CH, C6,trans), 121.87 (m, C7,trans), 52.06 (CH2, C4,trans), 47.06, 44.52 (CH2, C3, trans), 

27.25, 26.64, 25.31 (CH2, C1-2,trans), 25.31 (CH3, C5,trans). 19F NMR (376 MHz, CD3OD): Rotamer 

trans: δ 19F NMR: 79.15 (quint, J = 149.61, 149.05 Hz, 1F, Fax), 63.08 (d, J = 149.53 Hz, 4F, Feq). 
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N-(2-fluoro-6-nitro-4-(pentafluoro-λ6-sulfanyl)phenyl)-N-(2-oxo-2-(piperidin-1-
yl)ethyl)acetamide (182) 

 Compound 178 (40 mg, 0.11 mmol) was dissolved in DCM 

(5 mL) and reacted in the presence of 2 molar equivalents of 

acetyl chloride (16 μL, 0.23 mmol) and DIPEA (41 μL, 0.23 

mmol) following the procedure previously described in 

section 7.3.4.2. Once the reaction was completed (as assessed 

by TLC chromatography), the volatiles and solvents were 

evaporated under reduced pressure and the mixture worked 

up also as indicated. Purification using preparative TLC 

chromatography, as outlined in protocol 7.3.4.3, led to the 

corresponding N-(2-fluoro-6 nitro-4-(pentafluoro-λ6-sulfanyl)phenyl)-N-(2-oxo-2-

(piperidin-1-yl)ethyl)acetamide 182 as a pale yellowish oil (29 mg , 12 % overall synthetic yield 

over 2 steps). HRMS (ESI+): calculated for C15H18F6N3O4S+ 450.0922 [M+H]+, found: 450.0932 Da. 

1H NMR (700 MHz, CDCl3): Rotamer trans: δ 1H NMR:  8.24 (dd, J = 2.46, 1.63 Hz, 1H, H6,trans), 

7.87 (dd, J = 8.76, 2.50 Hz, 1H, H7,trans), 4.74, 4.27 (AB peak, d, J = 16.01 Hz, 2H, H4,trans), 3.60-3.27 

(m, 4H, H3,ax+eq,trans), 2.01 (s, 3H, H5,trans),  1.65-1.42 (m, 6H, H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR:  

8.19 (m, 1H, H6,cis), 7.80 (dd, J = 9.22, 2.51 Hz, 1H, H7,cis), 4.60, 4.25 (AB peak, d, J = 17.52 Hz, 2H, 

H4,cis), 3.60-3.27 (m, 4H, H3,ax+eq,cis), 2.25 (s, 3H, H5,cis),  1.65-1.42 (m, 6H, H1-2,ax+eq,cis). 13C NMR 

(176 MHz, CDCl3): Rotamer trans: δ 13C NMR: 169.94 (CO-CH3,trans), 165.19 (CO-pip,trans), 158.48 

(d, J = 257.82 Hz, C-F,trans), 152.79 (m, C-SF5,trans), 148.03 (C-NO2,trans), 128.98 (d, J = 16.17 Hz, 

CAr,trans), 119.67 (m, CH, C7,trans), 119.48 (m, CH, C6,trans), 47.94 (CH2, C4,trans), 46.53, 43.20 (CH2, C3, 

trans), 26.44, 25.40, 24.42 (CH2, C1-2,trans), 22.06 (CH3, C5,trans). Rotamer cis: δ 13C NMR: 171.62 (CO-

CH3, cis), 164.12 (CO-pip, cis), 51.81 (CH2, C4, cis), 46.18, 43.63 (CH2, C3, cis), 26.58, 25.55, 24.37 (CH2, 

C1-2, cis), 21.62 (CH3, C5,cis). 19F NMR (376 MHz, CDCl3): Rotamer trans: δ 19F NMR: 79.20 (quint, J 

= 153.30, 152.43, 152.00, 150.49 Hz, 1F, Fax), 63.00 (d, J = 151.79 Hz, 4F, Feq), -109.49 (d, J = 8.79 

Hz, 1F, FAr). Rotamer cis: δ 19F NMR: 79.66 (quint, J = 153.80, 152.78, 150.40, 150.40 Hz, 1F, Fax), 

63.00 (d, J = 151.79 Hz, 4F, Feq), -107.14 (d, J = 9.18 Hz, 1F, FAr). 

1H NMR (700 MHz, CD3OD): Rotamer trans: δ 1H NMR:  8.45 (dd, J = 2.53, 1.75 Hz, 1H, H6,trans), 

8.34 (dd, J = 9.26, 2.54 Hz, 1H, H7,trans), 4.73, 4.32 (AB peak, d, J = 16.03 Hz, 2H, H4,trans), 3.64-3.33 

(m, 4H, H3,ax+eq,trans), 2.01 (s, 3H, H5,trans),  1.78-1.46 (m, 6H, H1-2,ax+eq,trans). Rotamer cis: δ 1H NMR:  

8.33 (m, 1H, H6,cis), 8.22 (dd, J = 9.88, 2.51 Hz, 1H, H7,cis), 4.86, 4.67 (AB peak, d, J = 18.00 Hz, 2H, 

H4,cis), 3.64-3.33 (m, 4H, H3,ax+eq,cis), 2.22 (s, 3H, H5,cis),  1.78-1.46 (m, 6H, H1-2,ax+eq,cis). 13C NMR 
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(176 MHz, CD3OD): Rotamer trans: δ 13C NMR: 172.50 (CO-CH3,trans), 167.05 (CO-pip,trans), 159.78 

(d, J = 256.40 Hz, C-F,trans), 153.88 (m, C-SF5,trans), 149.25 (C-NO2,trans), 129.55 (d, J = 16.80 Hz, 

CAr,trans), 121.39 (m, CH, C7,trans), 120.99-120.90 (m, CH, C6,trans), 49.77 (CH2, C4,trans), 47.65, 44.25 

(CH2, C3, trans), 27.27, 26.45, 25.30 (CH2, C1-2,trans), 22.02 (CH3, C5,trans). Rotamer cis: δ 13C NMR: 

175.20 (CO-CH3,cis), 166.85 (CO-pip,cis), 159.21 (d, J = 257.92 Hz, C-F,cis), 152.49 (m, C-SF5,cis), 

148.46 (C-NO2,cis), 129.88 (d, J = 16.48 Hz, CAr,cis), 120.99-120.90 (m, CH, C7,cis), 120.01 (m, CH, 

C6,cis), 52.83 (CH2, C4,cis), 47.08, 44.59 (CH2, C3, cis), 27.33, 26.68, 25.30 (CH2, C1-2,cis), 21.62 (CH3, 

C5,cis). 19F NMR (376 MHz, CD3OD): Rotamer trans: δ 19F NMR: 78.01 (quint, J = 151.56, 150.63, 

149.69, 147.51 Hz, 1F, Fax,trans), 61.50 (d, J = 149.78 Hz, 4F, Feq,trans), -111.67 (d, J = 9.20 Hz, 1F, 

FAr,trans). Rotamer cis: δ 19F NMR: 78.52 (quint, J = 151.56, 150.94, 149.38, 148.44 Hz, 1F, Fax,cis), 

61.64 (d, J = 149.63 Hz, 4F, Feq,cis), -110.39 (d, J = 9.96 Hz, 1F, FAr,cis). 

7.11.5 Numerical analysis of Kcis/trans 

As outlined in section 7.4, 35 mg of the dried pure compounds 179-182 were dissolved in 0.65 mL 

of the corresponding deuterated solvent (CDCl3 or CD3OD) and filtered and degassed prior to its 

analysis (peptoid concentration ~ 0.15 M). When poor solubility of the compounds was found 

saturated solutions were employed. Poor solubility of the compounds was found in polar MeOD, 

where saturated solutions were employed. In this case, the reported values of Kcis/trans have been 

determined in the basis of three 1H-NMR spectrums using the two main protons involved in the 

isomerization process: the backbone methylene group (here generally denoted as H4) and the methyl-

acetyl hydrogens (denoted as H5). Unless otherwise stated the average value and corresponding 

standard deviation is given in the basis of n = 6. When direct evaluation by 1H-NMR has not been 

possible due to the presence of fast exchange/interconversion, the corresponding reported 

value has been obtained as based in the 19F-NMR analysis of the signals of the SF5 group 

(axial fluorine), using a minimum of 2 spectrums (16 scans, relaxation delay of 1s). Individual 

values are summarized in following Tables 7.23-7.24.  
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n/d 
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all trans 

all trans 
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all trans 
all trans 

all trans 
n/d 

n/d 
all rans 

all rans 
all rans 

n/d 
n/d 

181 
all trans 

all trans 
all trans 

all trans 
all trans 

all trans 
n/d 

n/d 
all rans 

all rans 
all rans 

n/d 
n/d 

182 
0.10 

0.10 
0.10 

0.14 
0.10 

0.13 
0.11±0.02 

1.30±0.10 
0.08 

0.09 
0.08 

0.08±0.01 
1.50±0.05 
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0.49 
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180 
0.10 

0.12 
0.11 

0.11 
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0.10 
0.11±0.01 

1.32±0.04 
0.35 

0.36 
0.35 
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all trans 
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0.30 
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0.81±0.12 
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0.33 
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0.36 
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0.34 

0.34 
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7.11.6 Single crystal X-ray analysis of model peptoid 182  

7.11.6.1 Sample crystallization 

Single crystals of model peptoid 182 were obtained by slow solvent evaporation at room temperature 

from a saturated solution from DCM. 

7.11.6.2 Sample analysis: 

For X-Ray crystallography, suitable single crystals of 182 were selected and analysed at the 

temperature 120.0(2)K. Data was collected using a MoKα radiation source with a λ= 0.71073 nm. 

All structures were solved by direct method and refined by full-matrix least squares on F2 for all data 

using Olex2[1] and SHELXTL[2] software. All non-hydrogen atoms were refined anisotropically, 

hydrogen atoms were refined isotropically. Crystal data and corresponding refinement parameters 

are listed in following Table 7.25. Crystallographic data for this structure has been deposited with 

the Cambridge Crystallographic Data Centre as supplementary publications CCDC-1588994. 
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7.11.6.3 Crystal structure determination of compound 182: 

 

Figure 7.14: Crystal structure of pentafluorosulfanyl-phenyl peptoid 182 (CCDC-1588994) with thermal 
ellipsoids drawn at the 50 % probability level. 

  

Table 7.25. Crystal data and structure refinement parameters of peptoid 182 

Empirical formula C15H19F5N2O2S  μ/mm-1 0.255  

Formula weight 386.38  F(000) 1600.0  

Temperature/K 120.0  Crystal size/mm3 0.52 × 0.18 × 0.15  

Crystal system orthorhombic  Radiation MoKα (λ = 0.71073)  

Space group Pbca  2Θ range for data collection/° 4.44 to 58  

a/Å 12.7282(6)  Index ranges 
-17 ≤ h ≤ 17, -13 ≤ k ≤ 13, -36 ≤ l 
≤ 36  

b/Å 10.0366(5)  Reflections collected 60208  

c/Å 26.4582(13)  Independent reflections 
4483 [Rint = 0.0733, Rsigma = 
0.0315]  

α/° 90  Data/restraints/parameters 4483/0/227  

β/° 90  Goodness-of-fit on F2 1.082  

γ/° 90  Final R indexes [I>=2σ (I)] R1 = 0.0471, wR2 = 0.1094  

Volume/Å3 3380.0(3)  Final R indexes [all data] R1 = 0.0603, wR2 = 0.1161  

Z 8  Largest diff. peak/hole / e Å-3 0.42/-0.40  

ρcalcg/cm3 1.519    
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7.11.7 Synthesis of Peptoid oligomers 183-184 

N(4-SF5)Ph peptoid 184 and control NPh based peptoid 183 were synthesised using the solid phase 

submonomer method of synthesis on Rink Amide resin (typical loading 0.82 mmol g-1, 0.05 mmol 

scale) following  the specific procedure outlined in section 7.5.1.2 for the coupling of N-Aryl 

residues. Both peptoids were cleaved from the resin using protocol 7.5.2 to afford the crude NLys 

deprotected sequences. The samples where then purified by semipreparative RP-HPLC according to 

the method described in 7.6.1 and the pure fractions combined together and freeze-dried to yield the 

peptoids as solid white powders. Characterisation data for each sequence is given in following Table 

7.25 
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Appendices 

A.1 Peptoid Nomenclature 

In the absence of a unified criteria within the community for the naming of pre-existing or novel 

peptoid monomers we have adopted the following conventions: All peptoid monomers, when 

possible, have been named in the basis of the amine from which they are derived. However, as 

generally employed within the field, peptoid monomers bearing side chains that are homologous to 

those of natural aminoacids have been labelled after them (e.g. NLys instead of Nab). When 

referring to previously reported peptoid monomers that are shown only for discussion purposes we 

have honoured their names as given by their corresponding authors and their structure has been 

represented to avoid confusion (i.e in introduction sections). In some of our novel poly-substituted 

N-aryl peptoids the application of a straightforward letter code has been impossible. In an effort to 

use at least some homogeneous nomenclature within each chapter, completely fluorinated N-aryl 

systems have been named after their corresponding anilines indicating the number of fluorine atom 

substituents in superscript. For more complex systems the different substituents in the aromatic ring 

and their position have been noted in alphabetical order following the general nomenclature rules 

of aromatic systems (i.e. N(2-F, 6-NO2, 4-SF5)Ph). A summary of the peptoid monomers used in 

this thesis and their abbreviated codes is given in Table A1. 

Table A.1. Peptoid monomers synthetized and/or used in this thesis and their corresponding amine 
sub-monomers. 

Petoid Monomer Structure Amine sub-monomer 

NEt 
N-(ethyl) glycine 

 

 
Ethylamine 

N1fEt 
N-(2-fluoroethyl) glycine 

 

 
2-fluoroethylamine 

N2fEt 
N-(2,2-difluoroethyl) glycine 

 

 
2,2-difluoroethylamine 
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N3fEt 
N-(2,2,2-trifluoroethyl) glycine 

 

 
2,2,2-trifluoroethylamine 

Nrpe 
N-(R)-(1-phenylethyl) glycine 

 

 
(R)-(+)-α-methylbenzylamine 

Nspe 
N-(S)-(1-phenylethyl) glycine 

 

 
(S)-(-)-α-methylbenzylamine 

NLys/Nab 
N-(4-aminobutyl) glycine 

 

 
N-Boc-1-4-diaminobutane 

Npm 
N-(phenylmethyl) glycine 

 

 
benzylamine 

Npym 
N-(pyrinidylmethyl) glycine 

 

 
4-(aminomethyl)pyridine 

N4Fpym 
N-(tetrafluoropyrinidylmethyl) glycine 

 

 
4-(tetrafluoropyridyl)methananime 

NCF3rpe 
N-(R)-(2,2,2-trifluorophenylethyl) glycine 

 

 
(R)-2,2,2-trifluorophenylethylamine 

N4FPyr 
N- (tetrafluoropyridin-4-yl) glycine 
N- 4-(tetrafluoropyridyl) glycine 

 

 
ArF= 
pentafluoropyridine 

N(2-Cl- 3,5,6-F)Pyr 
N- (2-chloro-3,5,6-trifluoropyridin-4-yl) 
glycine / N- 4-(2-chloro-3,5,6-
trifluoropyridyl) glycine 

 

 
ArF= 
2-chloro-3,4,5,6-tetrafluoropyridine 

N(2,6-Cl- 3,5-F)Pyr 
N- (2,6-dichloro-3,5-difluoropyridin-4-yl) 
glycine / N- 4-(2,6-dichloro-3,5-
difluoropyridyl) glycine 

 

 
ArF= 
2,6-dichloro-3,4,5-trifluoropyridine 
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N9FBph 
N- (nonafluoro-[1,1'-biphenyl]-4-yl) 
glycine / N- 4-(nonafluorobiphenyl) 
glycine 

 

 
ArF= 
decafluorobiphenyl 

N7FNph 
N- (heptafluoronaphthalen-2-yl) glycine 
N- 2-(heptafluoronaphthyl) glycine 

 

 
ArF= 
octafluoronaphtalene 

N6FQnl 
N- (hexafluoroquinolin-2-yl) glycine 
N- 2-(hexafluoroquinolyl) glycine 

 

 
ArF= 
heptafluoroquinoline 

N(4-SF5)Ph 
N- 4-(pentafluorosulfanyl)phenyl glycine 

 

 
4-(pentafluorosulfanyl)aniline 

N(3-SF5)Ph 
N- 3-(pentafluorosulfanyl)phenyl glycine 

 

 
3-(pentafluorosulfanyl)aniline 

N-(3-NO2, 5-SF5)Ph 
N- (3-nitro-5-(pentafluorosulfanyl)phenyl) 
glycine 
 

 

 
3-nitro-5-(pentafluorosulfanyl)aniline 

N(2-F,6-NO2, 4-SF5)Ph 
N- (2-fluoro-6-nitro-4-
(pentafluorosulfanyl)phenyl) glycine 
 

 

 
2-fluoro-6-nitro-4-
(pentafluorosulfanyl)aniline 
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A.2 Extended examples of 1H and 1H-1H NOESY spectra of fluoroalkyl 

peptoids in Chapter 2 

 

Figure A.1. Selected 1H and 1H-1H NOESY traces of peptoid 76 in CD3CN. 
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Figure A.2. Selected 1H and 1H-1H NOESY traces of peptoid 87 in CD3CN. 
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Figure A.3. Selected 1H and 1H-1H NOESY traces of peptoid 88 in CD3CN. 
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Figure A.4. Selected 1H and 1H-1H NOESY traces of peptoid 89 in CD3CN. 
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Figure A.5. Selected 1H and 1H-1H NOESY traces of peptoid 90 in CD3CN. 
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A.3 Extended examples of 1H and 1H-1H NOESY spectra of aromatic 

peptoids in Chapter 3 

 

 

Figure A.6. Selected 1H and 1H-1H NOESY traces of peptoid 104 in CDCl3. 
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Figure A.7. Selected 1H and 1H-1H NOESY traces of peptoid 117 in CDCl3. 
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Figure A.8. Selected 1H and 1H-1H NOESY traces of peptoid 118 in CDCl3. 
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Figure A.9. Selected 1H and 1H-1H NOESY traces of peptoid 119 in CDCl3. 
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A.4 Additional information to Chapter 4 

A.4.1 Synthesis of N-Aryl model peptoid systems 

The following data gives an illustration of the different reaction steps that have been employed for 

the synthesis of N-Aryl peptoid systems in Chapter 4, and also it gives a general overview of the 

product mixtures obtained. The synthesis was monitored via TLC, and the product formation 

verified after each synthetic step was completed. As a representative case, the synthesis of N-aryl 

peptoid 162 is illustrated next. 

 

Figure A.10. Selected example illustrating the synthesis of N-perfluoroaryl peptoid 162. 

(a) Example of a crude piperinidyl glycine mixture (132). Note that a low yield sample has been 

selected to show all the by-products found in the mixture. 
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(b) Crude reaction mixture after large scale reaction using octafluoronaphtalene 144. 

 

(c) Same reaction mixture after acetylation using acetyl chloride and DIPEA. 

 



Appendices  

| XVI | 

 

A.4.2 Extended examples of 19F and 1H-1H NOESY spectra of N-perfluoroaryl 
peptoids in Chapter 4 

 

 

 

Figure A.11. Selected 19F-NMR and 1H-1H NOESY traces of peptoid 157 in CDCl3. 
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Figure A.12. Selected 19F-NMR and 1H-1H NOESY traces of peptoid 158 in CDCl3. 
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Figure A.13. Selected 19F-NMR and 1H-1H NOESY traces of peptoid 159 in CDCl3. 

 

 



Appendices  

| XIX | 

 

 

 

Figure A.14. Selected 19F-NMR and 1H-1H NOESY traces of peptoid 161 in CDCl3. 
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Figure A.15. Selected 19F-NMR and 1H-1H NOESY traces of peptoid 162 in CDCl3. 



Appendices  

| XXI | 

 

 

Figure A.16. Selected 19F-NMR and 1H-1H NOESY traces of peptoid 163 in CDCl3. 
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A.5 Extended examples of 1H and 1H-1H NOESY spectra of N-(SF5Ph)  

peptoids in Chapter 5 

 

 

Figure A.17. Selected 1H-NMR and 1H-1H NOESY traces of peptoid 179 in CDCl3. 
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Figure A.18. Selected 1H-NMR and 1H-1H NOESY traces of peptoid 180 in CDCl3. 
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Figure A.19. Selected 1H-NMR and 1H-1H NOESY traces of peptoid 181 in CDCl3. 
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Figure A.20. Selected 1H-NMR and 1H-1H NOESY traces of peptoid 182 in CDCl3. 
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A.6 Additional publications 

A.6.1 The application of perfluoroheteroaromatic reagents in the preparation of 
modified peptide systems 

During the progression of this thesis, additional work was carried out to investigate the potential 

application of perfluoro- and perfluoro-heteroaromatic reagents for the selective arylation of 

peptide nucleophilic residues, such as lysine, tyrosine and serine amino-acids. We also 

demonstrated how this one-step peptide-modification using perfluoro-heteroaromatics can deliver 

enhanced proteolytic stability in pharmaceutically-relevant peptides such as oxytocin (Figure 

A.21).     

 

Figure A.21. Novel perfluoro-arylated analogue of Oxytocin cyclo-peptide. 

 
 
 
The following publication describes in detail the work performed and the results found. 
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A.6.2 2,2,2-Trifluoroethanol as a solvent to control nucleophilic peptide arylation 

The SNAr arylation of peptides with perfluoroaromatics provides a route by which to install a 

useful chemical handle that enables both 19F-NMR analysis and further chemical modification. 

However, chemo-selective arylation in peptides containing multiple nucleophilic side chains 

currently presents a challenge to the field. Following our research program in the use of perfluoro-

heteroaromatic reagents in peptide chemistry, we also demonstrated that employing 2,2,2-

trifluoroethanol (TFE) as a solvent in peptide SNAr reactions significantly improves nucleophile-

selectivity when compared to other more extensively used solvents such as N,N′-

dimethylformamide (DMF) (Figure A.22).     

 

Figure A.22. Selective peptide nucleophilic arylation in the presence of 2,2,2-trifluoroethanol. 

 
 
 
The following publication describes in detail the work performed and the results found. 
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