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Abstract 

Determining the strength of H-bonds in solution can be challenging due to competing 

solvent interactions, especially in biologically relevant polar solvents such as water. In 

this thesis, various molecular balance designs are used to quantify the strength of H-

bonds in solution.  

Chapter 1 presents a literature review on optimising H-bond interactions, with a focus 

on experimental systems previously used to quantify the strength of H-bonds in 

different solvents.  

Chapter 2 investigates the effectiveness of implicit solvation models for predicting the 

thermodynamic behaviour of different solvents using a simple series of molecular 

balances. Computationally determined equilibrium energies are compared with 

experimental values. Generally, the implicit solvation models are found to have good 

correlations in non-polar solvents, but poorer results are observed when moving onto 

more polar solvents.  

Chapter 3 provides an experimental study of organic and aqueous solvent effects on 

intramolecular H-bonding between amide and anilines. Several series of compounds 

are investigated, where both H-bond geometry and conformational flexibility are 

varied. Thermodynamic information is derived from the balances and the experimental 

data examined further by plotting against computational results and fitting with a semi-

empirical solvation model.  

Chapter 4 presents a study on solvent effects on H-bond cooperativity. A phenol, 

catechol and pyrogallol molecular balance series are synthesised and experimental 

energies are derived. Three different types of behaviour are observed depending on the 

acceptor ability of the solvent.  
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Lay Summary 

Hydrogen bonds (H-bonds) are prevalent non-covalent interactions in biology, 

supramolecular polymer chemistry and molecular recognition. In biology and 

chemistry, H-bonds are often solvated and therefore the extent to which individual 

interactions contribute is hard to quantify. Understanding fundamental H-bond 

interactions is important to determine how these processes work and also to aid rational 

drug design.  

The research presented in this thesis aims to quantify H-bond interactions in solution 

through the use of molecular torsion balances. A molecular torsion balance adopts two 

distinct conformations and allows the measurement of weak interactions which is 

useful when studying H-bonds in competitive solvents. Several designs of molecular 

balances are synthesised to probe electronic, distance and solvent effects on the 

strength of H-bonds. Computational and experimental methods are used to analyse the 

systems.  

The results of this thesis may have important implications in understanding protein-

ligand binding, and could be of use in the agrochemical and medicinal industries. The 

experimentally determined values could be used as benchmarks to improve current 

computational solvation methods.  
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Chapter 1 

 

Quantifying H-Bond Interactions 

  

 

Abstract 

Hydrogen bonds are ubiquitous in nature. In biological systems, water competes 

strongly with H-bonds therefore the extent to which H-bonds regulate molecular 

interactions is difficult to quantify. Thus, various experimental model systems have 

been developed to probe H-bonds in solution. The following chapter provides an 

introduction into the energetics of H-bonding interactions in solution. A variety of 

different systems are reported. The focus has been on studies where quantitative 

binding energies in H-bonded systems have been determined in both non-polar and 

polar solvents.  

 

 

 

 

 

Contributions: This chapter is a literature review complied by Nicole Yvette Meredith 

(NYM). 
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1.1 Introduction 

The hydrogen bond was first discovered over 100 years ago.1,2,3  From the 1920’s 

onwards, Latimer and Rodebush,1 Huggins3 and Pauling4,2 all played pioneering roles 

in developing the classical view of the hydrogen bond. The classical view stated that 

H-bonds were directional, attractive interactions X-H–A formed by strongly 

electropositive atoms on one side, and electronegative atoms on the other (X= O, N, 

halogen; A = O, N, S, halide etc.).  Over a century later, further research highlighted 

that the hydrogen bond was a much broader phenomenon. H-bonds are now known 

that are so strong that they resemble covalent character, whereas others are so weak 

that they are hard to distinguish from van der Waals interactions.5 Jeffery defined H-

bonds as weak, strong, and in between depending on the distance and directionality of 

the H-bond.6 Advancements in diffraction techniques allowed the geometry and 

directionality of N−H···O=C H-bonds to be analysed in a large data set of crystals.7-8 

Taylor9 found that there was a statistical significant tendency for H-bonds to occur in 

the directions of the sp2 lone pairs, and this directionality became more pronounced as 

the H-bond distance decreased. Whilst techniques such as X-ray crystallography 

provide useful insights into H-bond geometry and directionality,10 the study of H-

bonds in solution is complicated by solvent effects which can significantly change the 

nature of these interactions.   

In nature, H-bonds are solvated. H-bonds play key roles in DNA base pairing,11 

protein interactions,12,13 enzyme catalysis,14,15 protein-ligand binding,16 and in 

determining the properties of bulk liquids.17 Using various computational18 and 

experimental systems, the energetic contributions to H-bonding can be derived to 

further our understanding of these biologically important associations. Quantifying the 

binding energies of H-bonds is also key for the design and optimisation of application-

oriented systems. In the following sections, various different strategies are described 

to quantify the H-bond interaction energy values from synthetic and protein-based 

supramolecular complexes.  
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1.2 H-Bond Energies in Small Molecules  

Thousands of H-bond binding constants between small molecules have been 

measured in organic solvents using spectroscopic techniques. Laurence19 determined 

the binding constants for primary amine acceptors using 4-fluorophenol as a reference 

H-bond donor in carbon tetrachloride. However, it was Abraham and Raevsky who 

carried out the most comprehensive investigation of H-bond energies between small 

molecules. Abraham20-21 studied intermolecular H-bonding between a wide range of 

different compounds against a reference H-bond donor, e.g. 4-nitrophenol, and a 

reference H-bond acceptor molecule, e.g. N-methylpyrrolidone, in non-polar solvents 

such as carbon tetrachloride. NMR titrations were carried out between the 

donor/acceptor molecules with the solute to measure the 1:1 association constants. 

This enabled the determination of H-bond donor and acceptor parameters, 𝛼2
𝐻 and 𝛽2

𝐻 

using equation 1.1. 

log𝐾 = 𝑐𝛼2
𝐻𝛽2

𝐻 + 𝑐′                                                                                                       (1.1) 

where K is the association constant for the formation of a 1 : 1 complex, and c and c’ 

are constants that depend on the solvent.  

Hunter22 used Abrahams work to develop an electrostatic solvent competition 

model describing solvent effects on intermolecular H-bonding. Abraham’s 𝛼2
𝐻 and 𝛽2

𝐻 

constants were plotted against the calculated maximum and minimum on the molecular 

electrostatic potential surfaces respectively, showing reasonable linear correlations 

despite the low-level Austin Model 1 (AM1) semi-empirical method used to calculate 

the electrostatic potentials (Figure 1.1).  
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Figure 1.1: Hunter plotted the Austin Model 1 (AM1) calculated molecular electrostatic 
potential surfaces, maxima (Emax) and minima (Emin), of a range of simple molecules containing 
only one functional group against the corresponding experimentally determined values of 

𝛼2
𝐻 and 𝛽2

𝐻 constants.22 For simple functional groups, the primary mode of interaction is 
hydrogen-bond contacts between the maxima (blue) and minima (red) in the electrostatic 
potential surfaces of the molecules.  

A higher Emax corresponds to a stronger H-bond donor, whereas a lower Emin 

value corresponds to a stronger H-bond acceptor. The  and  values were therefore 

derived for any molecule from the corresponding calculated electrostatic surface 

potentials, or determined experimentally by carrying out NMR titrations. This 

suggested that a simple electrostatic model provided a good quantitative description of 

the thermodynamic properties of H-bonds in solution. It is important to note that the 

correlation intersected the Emax axis at 100 kJ mol−1, which was the calculated Emax 

value for carbon tetrachloride. This means that the solute H-bond scales have origins 

that are determined by the solvent used to make the measurements. From Figure 1.1, 
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it is implicated that for equilibria in solution, there is a competition between solute-

solute and solvent-solute interactions. This led to Hunter proposing Equation 1.2: 

G = −( – s)( – s) + 6 kJ mol−1                                                                                                                   (1.2) 

Where  and  are the H-bond donor and acceptor constants of the H-bond donor and 

acceptor respectively, and s and s are the H-bond donor and acceptor constants of 

the solvent. The equation was used to produce a generalised functional group 

interaction profile that describes whether a non-covalent interaction between two 

solutes is favourable or not in a given solvent (Figure 1.3). In zone A, solute-solvent 

interactions are shown to dominate, and therefore the equilibrium lies towards the 

reactants, and the interaction between solutes is not favourable. However, in zone B, 

solute-solute interactions are favourable. The top right square corresponds to 

interactions where the  term dominates, whereas zone C represents the solvophobic 

zone, where solvent-solvent interactions dominate the position of the equilibrium. 

Figure 1.4A gives an indication of the strengths of different organic H-bond acceptors, 

whereas Figure 1.4B represents the magnitudes of different H-bond donor organic 

molecules.  

 

Figure 1.2: Intermolecular H-bond interactions in solution are a competition between solute–
solvent interactions in the free state, and solute–solute and solvent–solvent interactions in 
the bound state.22  
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Figure 1.3: Generalised interaction profile illustrating how the free energy of interaction 

between two functional groups varies as a function of their H-bond parameters,  and . In 
zone A, solvent-solute interactions dominate and solute-solute interactions are 
unfavourable. In zone B, solute-solute interaction dominate. In zone C, solvent-solvent 
interactions dominate leading to attractive solute-solute interactions. The values of the H-

bond parameters for the solvent, s and s set the boundaries between four different 
quadrants.22 
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Figure 1.4: A H-bond acceptor constants for a range of functional groups. B H-bond donor 
constants for a range of H-bond donors.  

Hunter carried out further investigations on intermolecular H-bonding between small 

molecules in organic solvents and solvent mixtures, where Equation 1.2 was 

experimentally validated.23-24  NMR titrations were used to determine H-bond energies 

between an exceptionally strong H bond donor, per-fluoro-tert-butyl alcohol, and a 

strong acceptor, tri-n-butlyphosphine (Figure 1.5A). This donor and acceptor did not 

self-associate and formed a 1:1 complex featuring a single well-defined H-bond 

between the phenol and P=O group. Large changes were observed in the 31P chemical 

shift which allowed complexation to be monitored readily (Figure 1.5B), it was also 

possible to measure complexation in polar solvents due to the exceptional strength of 

the donor and acceptor.  
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Figure 1.5: A Intermolecular H-bonding system used by Hunter et al25 to investigate H-
bonding between a strong H-bond donor, per-fluoro-tert-butyl alcohol, and a strong H-bond 
acceptor, tri-n-butlyphosphine in a variety of solvents. B An example binding curve obtained 
from 31P NMR titration experiments. A plot of the concentration of tri-n-butlyphosphine 
against the change in 31P chemical shift allows the binding constant between the H-bond 
donor and H-bond acceptor to be obtained.  

Intermolecular H-bonding between perfluoro-tert-butyl alcohol and tri-n-

butylphosphine oxide was also investigated in solvent mixtures.25 Association 

constants were determined in solvent mixtures of chloroform and tetrahydrofuran, the 

stability of the complex was found to be highest in pure chloroform (K = 250 M−1) and 

lowest in a 2:1 mixture of chloroform and tetrahydrofuran (K = 15 M−1). This finding 

implicated that the addition of a less polar solvent (chloroform) to a more polar solvent 

(tetrahydrofuran) produced a significantly more polar mixture. This behaviour was 

explained using Hunter’s simple solvent-competition model (Equation 1.2), the 

equation was based on the relative H-bond donor/acceptor abilities of the solvent and 

solute. Therefore, as chloroform ( = 2.2,  = 0.8) and tetrahydrofuran ( = 0.9,  = 

5.3) had very different H-bond donor/acceptor constants, perfluoro-tert-butyl alcohol 

(good donor) was preferentially solvated by tetrahydrofuran (good acceptor) and tri-

n-butylphosphine oxide (good acceptor) was solvated by chloroform (good donor). 

Using Equation 1.2 a log K value was determined that compared well with the 

experimental results.  

Further intermolecular H-bonding interactions were studied between 4-phenyl 

azophenol (Figure 1.6) and tri-n-butylphosphine oxide in polar liquids.26 Association 

constants of complexation between donor and acceptor were measured in n-octane/n-
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decanol, n-octane/n-hexanoic acid, and n-octane/2-ethylhexyl acetamide solvent 

mixtures. It was found that the polar solvents associated differently in alkanes. 

Carboxylic acids formed dimers in concentrated solution, secondary amides formed 

linear polymers and the alcohols formed cyclic tetramers at concentrations above 1 

mM. The association of the polar liquids in alkanes then interact with the donor and 

acceptor solutes differently (Figure 1.6). The carboxylic acid and secondary amide 

dimers have no hydrogen-bond acceptor groups free to bind to the hydrogen bond 

donor, resulting in a lower polarity solvent. The alcohols associate in a cyclic tetramer, 

therefore the oxygen sites are able to hydrogen bond to a competing hydrogen-bond 

acceptor group resulting in a higher polarity solvent mixture.  

 

Figure 1.6: H-bond solvation modes of 4-phenyl azophenol in different alkane solvent 
mixtures, studied by Hunter et al.26  4-phenyl azophenol bonds to A n-hexanoic acid, B 2-
ethylhexyl acetamide and C n-decanol. 

 

Equation 1.3 has also been used to determine the  constants for both metal 

fluoride complex H-bond acceptors27 and various anionic H-bond acceptors in organic 

solvents.28  For the metal fluoride complexes, it was found that group 10 metal 

fluorides exhibit exceptionally strong H-bond character, the strongest H-bond acceptor 

is nickel fluoride with R = Et ( = 12.1), and palladium fluoride with R = Cy ( = 

11.6). These group 10 metal fluorides have similar strength to the strongest organic H-

bond acceptors (Figure 1.7) such as trimethylphosphine ( = 10.7), this strength was 

attributed to the polarity of the M−F bonds. The group 4 metal difluorides were found 

to be weaker H-bond acceptors relative to the group 10 metal fluorides. The Cp* ( = 

6.9−5.4) series displayed slightly stronger H-bond acceptor ability, compared to the 

Cp series ( = 4.7−5.8), due to the electron releasing nature of Cp*.  
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Figure 1.7: The phenols used by Hunter27 to determine the  values of A group 10 metal 

fluoride H-bond acceptors and B anion acceptors. C A scale showing the range of  values 
determined for organic H-bond acceptors, metal fluoride H-bond acceptors and anion H-
bond acceptors. 

For the PF6
−, Cl− and RCO2

− anions investigated (Figure 1.7), the carboxylates 

were found to be the strongest H-bond acceptors ( = ), with strengths greater than 

those of all previously studied neutral species, whereas PF6
− was found to be the 

weakest anion (  = ). Sulfonate anions were also investigated where the 

 constants were found to vary (  =  − ) showing that the electronic effects 

of substituents are similar to the neutral H-bond acceptors. The counter cations were 

systematically varied to investigate the influence on ion pairing on the measured  

values, and ion pairing was found to only compete with H-bond formation for small 

polar countercations (tetraethylammonium) in less polar solvents such as chloroform.  

Other groups have used pKa values to evaluate the strength of H-bonds between 

complexes.10  The strength of a D-H⋯A bond (where D corresponds to an H-bond 
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donor and A corresponds to an H-bond acceptor) bond has been suggested to increase 

with decreasing pKa. Where pKa is defined using Equation 1.3: 

pKa = pKa (D−H) − pKa (A−H+)                                                                                      (1.3)  

Gilli et al published a paper on predicting H-bond strengths based on the pKa values 

of H-bond donor and acceptors. It was confirmed experimentally that the strength of 

the H-bond increases as pKa approaches zero.10 Intramolecular H-bonds in a series of 

substituted salicylate molecules were studied as a function of pKa in DMSO and 

water.29 A strong linear relationship was found on plotting logK values against pKa 

values, steeper slopes were found for DMSO relative to water which indicate that 

hydrogen bonds undergo larger changes in organic media as the charge density on the 

donor or acceptor atom increases (Figure 1.8).  

 

Figure 1.8: Logarithms of stability constants of intramolecular H-bonds in a series of salicylate 
molecules in DMSO and H2O plotted against differences of pKa values of donor and acceptor 
molecules.29 

 

The preceding section, described the determination of  and  for different H-

bond donor and acceptor molecules, as well as the effects of solvation on specific 

binding events. Other research groups have studied steric and electronic effects on H-

bonding energies in CDCl3. To investigate electronic effects, Pluth30 synthesised a 

number of H-bond donors with differing electronic groups and carried out binding 

studies with the H-bond acceptor diethyl barbital (Figure 1.9). Binding energies were 
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found to be higher for compounds bearing electron-withdrawing groups relative to 

those containing electron-donating groups, since pulling electronic density away from 

the H-bond donor makes a proton more electropositive and therefore a better H-bond 

donor. The binding energies were then plotted against the corresponding p values to 

give a curved Hammett plot. The authors partitioned the curve into regions with 

different positive slopes with ρ values of 1.08 ± 0.08 for the compounds bearing 

electron-donating groups and 0.37 ± 0.02 for those bearing the electron-withdrawing 

groups. This change in gradient suggested a structural change in the binding 

conformation, which was supported using B3LYP/6-31G* calculations that employed 

the IEF-PCM implicit solvation model for CHCl3. This study revealed how electronic 

changes not only affect the thermodynamics of H-bonds but also structural changes 

too.30  

 

Figure 1.9: A H-bond donor and acceptor used by Pluth30 to investigate H-bond binding. 
Effects of electron donating (EDG) and withdrawing (EWG) groups on the electron density of 
2,6-diamidopyridine receptors. B Hammett plot of H-bond donors 2a-f binding to H-bond 
acceptor diethyl barbital. Donors 2a-f are shown above with varying X groups.  

1.3 Host-Guest Interactions 

Many groups have studied H-bond interaction energies in solution using 

supramolecular complexes. In contrast to binding between small molecules, 

supramolecular complexes often involve multiple interaction sites.  

C–O⋯H+ Hydrogen Bonding 

Cationic H-bonding between crown ether-ammonium complexes has been 

studied. Schneider31 measured the binding energies between 18-crown-6 complexes 
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and ammonium cations in a series of solvents using titration calorimetry. The binding 

energies were found to have large entropic contributions, counteracting the enthalpy 

of complexation. A strong correlation was found between the binding energy with the 

number of available +N-H bonds. Solvent effects on the system were also investigated. 

Binding constants were obtained in polar solvents such as water, 2-propanol, t-butyl 

alcohol, n-octanol, DMF, DMSO, and pyridine and were found to vary by factors of 

up to 1000. These solvent effects on the association constants were described as a 

linear function of the accepting ability of the solvent molecules, . These results 

highlighted the predictive ability of simple solvent parameters (Figure 1.10).  

Figure 1.10: A Cationic binding between crown ether ammonium complexes. R group 
corresponds to benzyl ammonium chloride. B Solvent effect on lg K values of H-bond 
between 18-crown-6 and benzyl ammonium chloride against the solvent basicity parameter 

 of the solvent.31  
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C–H⋯A−  Hydrogen Bonding 

Various supramolecular structures have been designed to study anionic H-

bonding.32-33 Luminescent and colorimetric sensors have also been investigated to 

study anions in organic and aqueous media using H-bonds.34-35Johnson and Haley 

investigated substituent effects on aryl CH hydrogen bonding by synthesising 

supramolecular structures (Figure 1.11).36 The methoxy-substituted phenylureas acted 

as hydrogen bond donors to direct the anion into the binding site, whereas the t-butyl 

groups were incorporated to provide solubility in organic solvents. The R-groups were 

then systematically varied with electron withdrawing/donating groups. 

 

Figure 1.11: A Supramolecular complex designed by Johnson and Haley35 used to study H-
bonding between ureas and anions. B Sessler36 synthesised a pyrrole-based triazolium-phane 
receptor used to study H-bonding between anions and NH bonds.  

 

The binding of anions into the receptors was investigated in water saturated 

CDCl3 mixtures using NMR and UV/vis titrations. It was found that the resonance 

contribution of a substituent played a role in dictating the H-bond strength: the more 

electron withdrawing the R group, the stronger the binding to the anion. The strength 

of the CH hydrogen bonds was tunable across a range of 4.3-5.1 kJ mol−1 by altering 

the R group. Also, the selectivity of the receptors for the anions followed the trend of 

Cl− > NO3
− > Br− >>I− for all hosts. The results provided important insights into 

accomplishing CH hydrogen bond optimisation.  
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Sessler33 and co-workers synthesised a pyrrole-based triazolium-phane 

receptor that bound anions via NH and CH hydrogen bonds. The receptor was shown 

to display a highly solvent-dependent selectivity for tetrahedral oxyanions in 

comparison to monoanions and trigonal planar anions; e.g. ΔG = −40 kJ mol−1 for 

HSO4
−, and 36 kJ mol−1 for chloride binding in acetonitrile. The complexation energy 

of HSO4
− was weakened to −31 kJ mol−1 in the more competitive acetone/water (2:3) 

solvent mixture, while chloride binding was no longer detectable.  

The Hunter group synthesised a water-soluble supramolecular complex that 

bound cyclic dipeptides in water (Figure 1.12).37 NMR titrations were carried out to 

determine the binding energies with various guests, the values were then compared 

against previously determined H-bond energies in chloroform using an organic 

analogue (where R = CH2 in Figure 1.12). The binding energies in water were found 

to be substantially smaller than in chloroform, this was consistent with an increase in 

solvent competition for the hydrogen-bonding sites. It was also found that there was 

not a uniform change in selectivity across the guests studied. It was found that the 

energy penalty for desolvation upon complexation was greatest for the most polar 

guest molecules. 

  

Figure 1.12: Water soluble (R=N+Me2Cl−) and organic (R=CH2) supramolecular structures used 
by Hunter et al. 37  

Both organic and water soluble receptors have been designed that effectively 

bind to carbohydrates via H-bonds and CH⋯ interactions.38-39 Mazik et al38 
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synthesised carbohydrate receptors involving a macrocyclic building block and two 

flexible side arms (Figure 1.13). These receptors bound to the sugars via a multitude 

of interactions involving H-bonds and CH⋯ interactions. The sugars were extracted 

from aqueous solution into organic media and experimental binding energies 

determined using 1H NMR and fluorescence spectroscopy. Binding energies were also 

determined in homogeneous organic media. Very strong 1:1 complexes were found 

with -glucoside, where the binding energy was determined to be −28.5 kJ mol−1. 

Meanwhile, the Davis40 group managed to synthesise water-soluble synthetic lectins 

that bound glucose molecules in water; the structure and binding studies of these 

complexes are detailed in Chapter 4.  

 

Figure 1.13: Artificial receptor synthesised by Mazik et al38 used to bind carbohydrate 
molecules.  

1.4 H-bonding in Proteins 

Encouraged by the pharmaceutical and agrochemical industries, many groups 

have researched H-bonding binding energies from protein complexes to aid rational 

drug design.41,42,43 X-ray crystallography has been used to shed light on biological 

structures whereas thermodynamic information has been extracted using affinity 

screening.44,45 Computational efforts to understand H-bond energetic contributions to 

protein folding and protein-ligand binding have also been carried out.46,47  

Kelly48 investigated the dependence of hydrogen bond strength on the polarity 

of the microenvironment using protein backbone and side chain mutagenesis (Figure 

1.14). Amide-to-ester mutation of the backbone perturbed hydrogen bonding, whereas 
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altering the side chain groups perturbed the microenvironment polarity. A 

thermodynamic cycle revealed that hydrogen bonds were stronger by up to 5.1 kJ 

mol−1 in hydrophobic surroundings compared to when they were exposed to solvent. 

This finding has important implications on the forces driving protein folding.  

Raines has carried out studies on carbonyl-carbonyl interactions49 and H-bond 

interactions in proteins.50  H-bond interactions in proteins were studied using quantum 

mechanical calculations, IR spectroscopy and 1H NMR spectroscopy. Density 

functional theory (DFT) calculations were carried out on a peptide backbone model, 

followed by natural bond orbital (NBO) analysis to show that the C5 H-bond 

interaction could make a significant contribution to the stability of these conformations 

(Figure 1.14).   

 

Figure 1.14: Peptides studied by Raines showing the putative C5 hydrogen bond, 

characterised by overlap of the p-type carbonyl lone pair and N-H sigma star orbital.50  

Experimental studies were then performed on diethylglycine residues to probe 

the C5 hydrogen bond. Infrared spectroscopy and nuclear magnetic resonance 

spectroscopy were used to show that the C5 hydrogen bond in the AcDegNHMe 

residue was stronger relative to the AcDegOMe residue, which was consistent with the 

predicted NBO analysis. D2O exchange rate experiments also confirmed that both 

residues were forming the C5 H-bonding geometry. H-bonding was also investigated 

in -sheets, where biophysical analyses demonstrated that selective attenuation or 

enhancement of the C5 H-bonds affected the stability. It was therefore found that these 

interactions provided conformational stability to a typical protein.50    

Using high resolution protein crystal structures, Raines51 investigated the 

contributions of H-bonds and carbonyl-carbonyl n→π* interactions in asparagine 

residues (Figure 1.15). These residues were capable of accepting a hydrogen bond 

from a donor and also capable of donating an n→π* interaction to a carbonyl group. 
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Natural bond orbital (NBO) analysis was carried out to determine the relative energetic 

contributions of the H-bonds and the n→π* interactions to these residues. 

Unsurprisingly, H-bonds were found to be the stronger interaction. The n→π* 

interactions were determined to be worth ∼5−25% of a hydrogen bond and the stronger 

hydrogen bonds tended to obscure the n→π* interactions. In contrast, weaker H-bonds 

correlated with stronger n→π* interactions. It was therefore concluded that both these 

interactions contribute to the stability of protein backbones, and that n→π* 

interactions should be included in force fields for biomolecular modelling.  

 

Figure 1.15: Interactions studied by Raines52. Parameters defining A n→π* interactions and 
B hydrogen bonds in asparagine side chain systems. 

N−H···N hydrogen bonds have been investigated in proteins by Romesberg53 

using deuterated variants of proline. Experimentally, IR spectroscopy was carried out 

to reveal blue shifts in C−D bonds due to hyperconjugation with N electron density. 

Computational studies on dipeptide mimics supported the experimental finding that H-

bonds were forming; as DFT and NBO analysis showed orbital overlap, indicative of 

n → σ* interactions expected for H-bond formation between N−H···N bonds. These 

results suggested that these interactions contribute to the stability of proteins and 

should not be overlooked.  

Raines has studied the competition between H-bonding and n→π* carbonyl-

carbonyl interactions by designing and synthesising a model system based around the 

amino acid proline (Figure 1.16).52 The keto and enol forms of the structures 

synthesised interconverted slowly enough on the NMR timescale so that they could be 

easily distinguished. The proton highlighted in red was easily assigned in conformers 

where either an intramolecular H-bond or proposed n→π* carbonyl-carbonyl 
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interaction was present. It was found that the population of the trans enol species 

decreased upon an improved n→π* interaction. It was therefore concluded that an 

increase in n→π* energy of 2.9 kJ mol−1 resulted in the ∼20% decrease in the 

population of the hydrogen-bonded tautomer. This suggested a substantial electron 

density competition between n→π* interactions and hydrogen bonds. These results 

impacted current thought on the folding and stability of proteins.  

 

Figure 1.16: Keto and enols designed by Raines52 to study the competition between H-bonds 

and n→π* interactions. 

1.5 H-bonding in Nucleic Acids and H-bond Arrays 

Inspired by the naturally occurring H-bond arrays in nucleic acids, DNA and 

RNA (Figure 1.17),11 chemists have explored the binding thermodynamics of synthetic 

compounds that incorporate arrays of H-bonds. Many triple H-bonded complexes have 

been synthesised, where the arrangement of donor and acceptor groups affected the 

stability of the complexes.  
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Figure 1.17: Complementary H-bonding in DNA and RNA base pairs.11 

It was proposed by Jorgensen54 that the strongest complexes would be those 

containing only attractive secondary interactions and experimental binding studies in 

numerous complexes were consistent with this proposal. For example, the triple H-

bond guanine-cystosine complex (Figure 1.18B) has a AAD-DDA arrangement of 

donors (D) and acceptors (A) and has been found to have stronger binding constant 

(Ka = 104 M−1 in chloroform) relative to uracil-2,6-diaminopyrdine (Figure 1.18A), 

which has a ADA-DAD arrangement and lower binding constant (Ka = 1.7 x 102 M−1 

in chloroform). This added stability was attributed to additional stabilisation from 

secondary attractive interactions. Complexes that had AAA-DDD were found to have 

the highest stabilities with binding constants determined to be Ka > 105 M−1 in 

chloroform (Figure 1.18C). 
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Figure 1.18: A Jorgensen54 investigated ADA-DAD and B AAD-DDA arrangements of H-bond 
acceptor and donor groups in nucleobase pairing. C Zimmerman synthesised a triply H-
bonded AAA-DDD module.56 

 

Quadruple H-bonded complexes have been investigated by Meijer,55 who 

reported ureidopyrimidinone, which forms AADD-AADD complexes with a high 

binding constant of Ka = 6 x 107 M−1 in chloroform (Figure 1.19). Similarly, 

Zimmerman56,57 reported the synthesis of a quadryuply H-bonded complex with an 

ADDA-DAAD arrangement of groups and high association constant were found in 

chloroform (Ka ~ 107 M−1), the high stability of these arrays allowed them to be utilised 

in alternating multiblock copolymers.58 However, consistent with Jorgensen’s above 

noted proposal, the strongest quadruple H-bonds were found for the complexes that 

only exhibited primary and secondary attractive interactions (Figure 1.19A and B). 

Leigh et al59 synthesised a complex that formed a quadruple AAAA-DDDD H-bond 

array and exhibited exceptionally strong binding in non-polar dichloromethane (Ka > 

3 × 1012 M–1). This complex was also stable in polar solvents acetonitrile (Ka = 1.5 × 

106 M–1) and 10% (v/v) DMSO/CHCl3 (Ka = 3.4 × 105 M–1).  
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Figure 1.19: A Quadruple H-bond module synthesised by Meijer55 B H-bond complex 
designed by Zimmerman56,57 C Quadruple H-bond complex synthesised by Leigh et al, 
exceptionally strong association constants were determined even in polar solvents.59 

Gong60 reported an even larger molecular duplex that contained six H-bonds 

that was found to be highly stable (Ka = 1.3 ± 0.7 × 109 M−1) in CDCl3, where 

intramolecular H-bonds played a key role in the preorganised, planar arrangement of 

the amide groups (Figure 1.20). The duplexes were also investigated in aqueous 

solution on addition of competing H-bonding groups.61 This sextuple H-bonded motif 

was incorporated into the chain ends of poly(styrene) (PS) and poly(ethylene glycol) 

(PEG) to form complementary homopolymers that could then self-assemble to form a 

AB diblock copolymer.62 Such polymers provide the possibility of responsiveness to 

external stimuli, such as pH and solvent. 
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Figure 1.20: H-bonded molecular duplex synthesised by Gong et al,60 containing six H-bonds.  

  H-bonding arrays have also been exploited for anion recognition. Schmuck63 

synthesised a series of guanidiniocarbonyl pyrrole receptors (Figure 1.21) that bound 

carboxylates by ion pairing and multiple H-bonds. The binding energies were 

determined in 40% (v/v) water/DMSO using NMR titration studies. The strongest 

association constants were found to be Ka ≈ 103 M−1. The receptor structure was varied, 

allowing estimates for the energetic contributions of individual binding interactions to 

be derived. It was found that each H-bond differed significantly in their energetic 

contribution to the overall complexation process. 

 

Figure 1.21: Guanidiniocarbonyl pyrrole receptors synthesised by Schmuck63 that bound 
carboxylates by H-bonding in 40% water/DMSO (v/v). 

Schmuck64 also designed and synthesised a cationic receptor that bound 

dipeptides and amino acids via hydrogen bonds (Figure 1.22). The binding energies 

with various substrates were studied by UV titration in water (and small amounts of 
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DMSO for solubility purposes). The receptor bound carboxylates very effectively in 

water with association constants of Ka > 104 M−1. This binding was an order of 

magnitude stronger than the receptor binding to simple amino acids (Ka ≈ 5-7 × 103 

M−1). It was also found that complex stability depended on the side chains present, in 

the order Gly < Ala < Val. 

 

Figure 1.22: Cationic receptor synthesised by Schmuck64 that bound to dipeptides in water.  

1.6 Dissecting H-bond Energies Using 
Thermodynamic Cycles 

Sometimes it is possible for the specific contributions of H-bonding interactions 

to be dissected from a background of other contributing aspects using thermodynamic 

cycles. Fersht and co-workers first proposed a thermodynamic cycle known as a 

double-mutant cycle for dissecting interactions as shown in Figure 1.23.65 The 

differences in the thermodynamic binding parameters are measured between the 

interaction of interest (X−Y), and three control compounds: control X’, Y’ and XY’, 

which therefore leads to Equation 1.4 for the double mutant cycle: 

GX-Y = GXY→X’Y − GXY’→X’Y’ 

            = GXY→XY’ − GX’Y→X’Y’                                                                                   (1.4) 
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Figure 1.23: Double mutant cycle for the measurement of the X-Y interaction. The bold 
dashed lines represent the main non-covalent interactions whereas the thinner lines 
represent the secondary interactions.65  

Double mutant cycles provide a general strategy for the dissection and 

quantification of a specific interaction of interest in a complex system containing 

multiple secondary interactions. Accordingly, the approach can also be applied to 

gaining understanding of molecular recognition processes in chemical systems.66 

Indeed, many H-bonded supramolecular systems have used this method for the 

quantification of chelate cooperativity in multiply H-bonded complexes.67,68 Binding 

cooperativity in a supramolecular system is defined as occurring when the complex is 

more stable than the sum of the individual interactions. The effective molarity of a 

system (EM) is the parameter used to quantify cooperativity, and can be determined 

experimentally through the use of double mutant cycles. A high EM value corresponds 

to favourable intramolecular interactions with respect to intermolecular interactions.  

Double mutant cycles have been used on various H-bonded supramolecular 

metalloporhyrins with pyridine ligands to investigate chelate cooperativity in polar 

solvents,69 as well as the effects of non-covalent preorganisation and conformational 

restriction on supramolecular effective molarities.70,71 The influence of non-covalent 

preorganisation on supramolecular effective molarities for formation of intramolecular 

H-bonds was investigated using complexes of the type shown in Figure 1.24. 
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Figure 1.24: A Structure of zinc porphyrin-pyridine complex investigated by Hunter70 that 
formed an ‘intramolecular’ H-bond to a carbonyl group. B Rigid linker also studied by 
Hunter71 to investigate the effects of conformational flexibility on effective molarities.  

The pyridine linkers formed intramolecular H-bonds with the phenol H-bond 

donor groups. Different acceptor linker groups (esters and amides) were used to vary 

the degree of preorganisation, the amide linkers were more preorganised (90-100% 

populated the H-bonded state) compared to the ester linkers (60-70% populated the H-

bonded state). UV/vis absorption and fluorescence titrations were carried out in 

toluene and trichloroethylene to determine association constants. Effective molarities 

were then calculated using double mutant cycles (Figure 1.25) to reveal that the 

terminal intramolecular H-bond acceptors were independent of the nature of the linker 

indicating the preorganisation had no effect on chelate cooperativity. The same zinc-

porphyrin structure was investigated with a more rigid linker that had one degree less 

torsional freedom (Figure 1.24B).71 The effective molarities were found to be an order 

of magnitude lower for the flexible linker compared to the rigid linker. This indicated 

that intramolecular H-bonds were stronger for the rigid-linker complexes and that the 

cost of freezing a rotor in supramolecular complexes is of the order of 5 kJ mol−1.  
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Figure 1.25: Chemical double mutant cycle (DMC) used by Hunter69 to determine the free 
energy contribution of an intramolecular H-bond to the stability of A.  

The effects of conformational flexibility on intramolecular H-bonding between 

a phenol donor and amide acceptor were also investigated by Cockroft using a 

thermodynamic cycle (Figure 1.26).72 Due to fast exchange of the conformers on the 

NMR timescale, the interaction energies between the phenol donor groups and the 

amide acceptor groups were determined via competitive binding experiments. The 

energy of the intramolecular H-bond was determined from the weakening effect that 

the internal H-bond had on a competing intermolecular interaction. The determined 

energies were then compared to the number of rotatable bonds. It was found that 

compounds with up to five rotatable bonds between the donor and acceptor contained 

strong hydrogen bonds (−5 to −9 kJ mol−1), however H-bonds were worth less than −1 

kJ mol−1 when the donor and acceptor groups were separated by >6 rotating bonds. 

Effective molarities of internal H-bonds were determined to be <3 M which was below 

the ~10−100 M upper limit proposed for non-covalent interactions.73 Overall, it was 

concluded that only extremely strong acceptors were able to compete with the strong 

internal H-bonds. 
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Figure 1.26: Intramolecular H-bonding between phenol and amide used to investigate 
conformational flexibility by Cockroft.72 

 

Gellman et al also investigated the relative stability of H-bonds in flexible 

molecules. Specifically, the strength of H-bond conformers in triamides were studied 

in DCM (Figure 1.27). They carried out variable-temperature NMR experiments, 

followed by van’t Hoff analysis, to determine the entropic and enthalpic contributions 

to folding. They found that the most enthalpically stable conformer did not maximize 

the number of H-bonds, this contradicted what was often presumed, and it could be 

reasoned this was due to a more favourable H-bond geometry in the larger ring.74,75 
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Figure 1.27: Structures used by Gellman74,75  to study H-bonding between triamides in DCM.  

1.7 Foldamers and Molecular Balances 

An alternative method for quantifying non-covalent interactions, such as H-

bonds, is by using molecular balances. A molecular balance is a molecule that can 

adopt two clearly distinguishable conformations (Figure 1.28), usually via restricted 

rotation about a single bond that allows distinct conformational populations to be 

directly quantified by NMR spectroscopy.76 

 

Figure 1.28: Molecular torsion balance equilibrium. A The unfolded conformation interacts 
with the solvent. B The folded conformation of the molecular balance forming intramolecular 
interactions.  

The rotational barrier about the single bond, G‡, and the differences in ground 

state conformational energies, G, are illustrated in Figure 1.29. The ground state free 

energies are determined by taking the integrals of the two distinct conformer peaks on 

the NMR spectrum to calculate the equilibrium constant, K, and then using equation 

G = −RTlnK allows for the determination of the Gibbs free energies.76 

The molecular balance approach to studying non-covalent interactions offers 

advantages over the other approaches as the geometry of the interaction of interest can 

be controlled. Also, weak interactions that are too small to overcome the entropic 

penalty associated with intermolecular interactions can often be measured more 

accurately by measuring the position of a conformational equilibrium compared to 

titration-based methods.76 
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Figure 1.29: A folding energy profile for a molecular balance showing the rotational energy 

barrier (G‡) and the folding free energy (G).  

Molecular balances have been used to study a wide range of interactions76, 

including van der Waals interactions,77 solvophobic effects,78 stacking interactions,79 

CH∙∙∙aryl interactions,80-81 and chalcogen-bonding.82 Highlighted below is a summary 

of molecular balance systems designed to quantify H-bonds interactions.  

Functional Group⋯ Interactions 

Cornago and Elguero studied NH⋯ interactions using molecular balances 

shown in Figure 1.30. The percentage of A and B in dichloromethane, 

hexamethylphosphoramide, dimethyl sulfoxide and chloroform was determined using 

1H NMR spectroscopy. Substituent effects were analysed with Hammett substituent 

constants, for 5-(2-benzylphenyl) groups, the strength of the NH⋯ hydrogen bond 

depended on the electronic effect of the R-substituent.83 

 

Figure 1.30: Molecular balances synthesised by Cornago and Elguero83 to study 

NH⋯ interactions. 
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Motherwell et al84 designed a dibenzobicyclo[3,2,2]nonane scaffold to study 

intramolecular H-bonding with  systems, amongst other interactions (Figure 1.31). 

The interconversion between the two states was fast on the NMR timescale, therefore 

accurate population ratios were determined from the 1H-NMR J-couplings of the 

conformers. When Y = Me and Z = OH, the  intramolecular hydrogen bond 

dominated in non-polar solvents such as chloroform and benzene. However, on 

shifting to solvents that acted as good H-bond acceptors (pyridine, methanol), the 

solvent competed with the hydrogen bond and the equilibrium was shifted more 

towards the other conformation. When Z = NH2, smaller populations of the hydrogen 

bonded conformer were observed in all solvents indicating a weaker interaction 

relative to the OH⋯ interaction. 

 

Figure 1.31: Molecular balances synthesised by Motherwell et al84 used to study OH⋯ arene 
interactions.  

The same scaffold was used to compare OH⋯ interactions in arenes against 

alkenes.85 It was found that the -facial intramolecular H-bond from a hydroxy group 

to an arene was stronger (by 1.2 kJ mol−1) than that to an alkene. Also, the stability 

trend in the hydrocarbon∙∙∙aryl interactions was sp3< sp2< sp(alkyne) < sp(CN), the 

latter being consistently more stable than the OH∙∙∙aryl interaction. The results 

revealed similar solvent effects to that shown previously; the folding energies 

depended on the H-bond acceptor parameter,  

The design was modified to investigate the non-covalent interaction of a 

hydroxy group with -deficient pyrazine and quinoxaline unit86 (Figure 1.31). The 

hydroxy group on the top-pan balance was shown to interact with heteroaromatic ring 
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in every solvent. This solvent independent behaviour was attributed to a lone 

pair∙∙∙heteroaryl interaction, rather than a hydrogen bond. Similar results were 

observed with dimethoxy balance (that cannot form an H-bond), further confirming 

that this was a lone pair∙∙∙heteroaryl interaction. A strong attractive interaction between 

an alkyne and quinoxaline was also observed, that outweighed the intramolecular H-

bond.   

Shimizu et al.87 designed a molecular balance to investigate solvent OH⋯ 

interactions between protic solvents and aromatic surfaces (Figure 1.32). A system 

was designed where there was competition between the CH⋯ interactions in the 

folded state against OH⋯ interactions in the unfolded state. 

  

 

Figure 1.32: Molecular balance designed by Shimizu used to study OH-aryl interactions.87  

Folding energies were determined in protic and aprotic solvents and it was found that 

the folding energies increased with increasing solvent polarity which was in agreement 

with other studies. Plots of the folding energies against the cohesive energy density, 

Ced, solvent parameter revealed two distinct trendlines for the protic and aprotic 

solvents. Also, surprisingly, the gradient of the protic solvent trendline was shallower 

compared to the apolar solvents. These weaker than expected solvophobic effects were 

attributed to the formation of OH⋯ interactions between the solvent and exposed 

aromatic surfaces in the unfolded conformer. This was further confirmed by a strong 

linear fit on plotting the experimental data against energies calculated using a two-

parameter model,  –G = a(ced) + b(M) + c where a, b, and c are fitting coefficients 

and ced and M are the solvent parameters describing solvophobicity and solvent-solute 

hydrogen bonding respectively. 
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In an early example, OH⋯F hydrogen bonding was investigated by Abraham et al 

using the conformational equilibria shown in Figure 1.33.88 The conformers shown in 

the equilibria were directly observed in non-polar and polar solvents using low 

temperature 1H NMR spectroscopy. In non-polar solvents CCl4, the Gibbs free energy 

was determined to be 6.5 kJ mol−1, and in polar solvent acetone it was determined to 

be 5.0 kJ mol−1. The eq-eq conformer proposed to be found to be the most stable form 

due to H-bond formation. Gibbs free energies were also determined for mono-

substituted cyclohexanes, and comparison with trans-2-fluorocyclohexanol gave the 

OH⋯F hydrogen-bonding attraction in the eq,eq conformer a free energy of 6.5 kJ 

mol−1. However, it should be noted that orbital interactions, or repulsion between the 

oxygen and fluorine lone pair electrons may also contribute to the observed 

conformational preferences. 

 

Figure 1.33: Conformational equilibria in A trans-2-fluorocyclohexanol and B the methyl 
ether used to study OH⋯F hydrogen bonding.88 
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NH∙∙∙CO interactions 

Wilcox et al designed a molecular balance to investigate intramolecular H-

bonding between amino acids in an antiparallel −sheet motif.89 Slow rotation about 

an N-aryl bond resulted in two distinct conformations (Figure 1.34) visible on the 

NMR spectra. The design was therefore a useful system for measuring H-bond stability 

between two competing sequences. Molecular balances were synthesized that 

incorporated bromine substituents ortho to the upper side chains, in order to 

preorganise and promote the side chains for hydrogen bonding. A comparison was 

made against a control molecular balance with no bromine atoms, and it was found 

that H-bond alignment was improved with the addition of the bromine atoms. 

Conformational analysis was carried out on the molecular balance in chloroform and 

dichloromethane, using 1H NMR spectroscopy. The H-bonded conformer was found 

to be the major conformer relative to the unbound conformation (96:4), due to the H-

bond stabilizing the structure. This study was limited as no thermodynamic 

information was derived from the system and the strength of the H-bonds were not 

quantified.   

 

 

Figure 1.34: Molecular torsion balance designed by Wilcox89 to investigate H-bonding 
between amides.  

A. D. Hamilton and S. Thompson90 also used synthetic molecular torsion 

balances to investigate H-bond stability in amides (Figure 1.35). In this design, two 

amide donors competed for a single acceptor group, in which the populations of the 

conformations were determined by the relative H-bond donor ability of the two 

benzamide NHs. The R groups, R1 and R2, were varied to probe steric and electronic 
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effects. Since the conformers in which the H-bond of interest was either broken or 

formed were not in slow exchange on the NMR timescale, the position of the 

conformational equilibria was instead estimated by comparing the 1H NMR amide NH 

resonances with control compounds in chloroform. Experimental conformational free 

energies were found in the range of −0.7 – +2.5 kJ mol−1, and they were found to 

correlate well with Hammett substituent constants. However, this study was limited to 

non-polar organic solvents and involved lengthy synthetic routes.  

 

 

 

Figure 1.35: Molecular balance used by A. D. Hamiliton and S. Thompson90 to investigate the 
relative H-bond strength between amides.  

 

N,N-di-arylformamide molecular balances 

The Cockroft91 group have used simple molecular torsion balances (Figure 

1.36) to study solvent effects on non-covalent interactions. A para and ortho series of 

molecular balances were synthesised with varying X substituents and energies were 

determined in a range of solvents. Significant changes in the experimentally 

determined free energies were seen across the solvents investigated, balances bearing 

an electron withdrawing group in the para position showed an increased preference 

for the H-conformer in polar solvents, whereas the opposite trend was observed for the 

ortho series. Hunter’s solvation model was adapted for the molecular balances and 

applied to the system (Equation 1.5). 

ΔGexp = ΔE + βsΔα + αsΔβ                                                                                            (1.5) 

Where αs and βs are the hydrogen bond donor and acceptor constants respectively. 

Using linear regression, values for ΔE, Δα and Δβ were determined which gave 

information on the differences in intramolecular interactions and the changes in 

solvation on the donor and acceptor parts of the balance. This approach provided a 
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high-quality fit against experimental data (R2 = 0.96) and the derived ΔE values, which 

described the intramolecular interactions correlated well with conformational energies 

calculated at the DFT/B3LYP/6-31G* level of theory.  

 

Figure 1.36: Simple molecular torsion balances used to study solvent effects on non-covalent 
interactions.91  

 

A similar series of para-substituted molecular balances was used to study the 

electrostatic modulation of aromatic rings via explicit solvation of the substituents.92 

Energies were determined in non-polar solvents, CDCl3, DCM and C6D6 and it was 

observed that the carbonyl oxygen preferred to be above the most electron-deficient 

ring. Electrostatic surface potentials (ESPs) were calculated (DFT/B3LYP/6-31G*) at 

the ortho position relative to the formamide and plotted against the experimentally 

determined energies, G, to give strong linear correlations. The correlations were 

improved using an explicit solvation model that included a single solvent molecular 

on the substituent (R2 = 0.99).  

H-bonding was also investigated using the N,N-di-arylformamide molecular 

balances.93 Phenol, catechol and pyrogallol molecular balances were synthesised and 

used to study cooperative H-bonding (Figure 1.37).  

Figure 1.37: Molecular balances synthesised by Cockroft to study cooperative H-bonding.93  

The position of the conformational equilibrium in these phenol balances enabled the 

measurement of the energy of the H-bond at the end of a linear chain of one, two or 
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three H-bonds. The phenol balance was found to have a strong preference for the 

folded conformer in CDCl3, G = −4.2 kJ mol−1. The strength of the H-bond 

approximately doubled in magnitude for the catechol molecular balance, G = −8.1 kJ 

mol−1. However, on addition of an H-bond to the system, the strength of the H-bond 

slightly decreased. These trends persisted in solvent mixtures of CDCl3 with small 

amounts of CD3CN. Experimental controls and computation confirmed that the 

observed binary energetic behaviour depends entirely on whether a chain of (two or 

more) H-bonds was present, and ruled out significant through-bond substituent effects. 

This molecular balance design is studied further in chapter five.      

Foldamers 

An alternative approach to studying H-bonding is to design and synthesise 

larger folding molecules known as foldamers. Foldamers can adopt discrete secondary 

structures based on different types of H-bonding such as F···H−N H-bonds,94 O···H−N 

H-bonds95 and pyridine-N···H−N hydrogen-bonds.96 Foldamers can also adapt their 

conformation in response to environmental triggers, and can therefore be used in a 

catalogue of applications. 

Clayden et al synthesised peptide-like foldamers, global conformational 

changes were observed by either insertion or deletion of a single H-bond induced by 

changes in pH or by photochemical deprotection.97 Oligourea foldamers were also 

synthesised (Figure 1.38) that formed hydrogen bonds, two different conformations 

were visible on the NMR timescale and the barrier to conversion was investigated in 

various solvents using variable temperature NMR experiments. The barrier to rotation 

was determined to be G‡
298= 70 kJ mol−1 in chloroform.98 The relative population of 

the two conformers was determined by the competing hydrogen-bonding properties of 

the terminal groups. 
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Figure 1.38: H-bonded foldamer designed by Clayden et al which showed a 70 kJ mol−1 barrier 
to rotation between opposite helical conformations.98 

1.8 Conclusion 

Hydrogen bonds are prevalent interactions in nature, where they play important roles 

in molecular recognition. The study of inter/intra molecular hydrogen bonds between 

donor and acceptor groups in solution is often complicated by solvent effects, where 

the solvent competes for H-bond interaction sites. Many experimental models have 

been developed to quantify H-bond interactions in solution. Molecular balances offer 

advantages as they can be carefully designed to allow for the quantification of specific 

H-bonds, including those too weak to measure using intermolecular techniques. 

Therefore, H-bond energies can be determined in polar solvents allowing us to further 

our understanding of fundamental H-bond interactions in biology.  
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Chapter 2 

 

 

Limitations of Implicit Solvation Models 

 

 

Abstract 

Most biological and chemical systems are solvated. Modelling solvation 

computationally is important for drug development and agrochemical development as 

potential candidates need to meet the required solubility criteria. Low solubility leads 

to low bio-availability, reducing effectiveness. Herein, the computational predictions 

provided by implicit solvation models are compared with experimentally determined 

conformational equilibria. Strong linear correlations are found in non-polar solvents 

such as benzene, however, poorer correlations are found for polar solvents such as 

methanol. The polarisable continuum model (PCM) method was shown to perform the 

best in all solvents compared with the solvation mode based on density (SMD), 

solvation model 8 (SM8) and solvation model 12 (SM12).  

 

 

Full computational and supplementary details are given in Supporting Information A, 

pages 126-135. 

Contributions: The computational results presented in this chapter were obtained by 

Nicole Yvette Meredith (NYM). The synthesis and experimental free energies of the 

para molecular balance series were previously determined.1,2 
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2.1 Introduction 

Understanding the complicated influence of solvents on the behaviour of 

biological and chemical systems remains a challenge. Solvation is important in 

protein-ligand binding,3 catalysis,4 photochemistry,5 and in determining the rates of 

reactions.6,7 It is also important in determining the position of supramolecular and 

conformational equilibria.1,8,9,10 The following chapter describes methods used to 

model solvation computationally, with a focus on implicit solvation models. A good 

solvation model should be able to balance accuracy and efficiency to provide a realistic 

description of the solvation behaviour; a good model can therefore then be directly 

used for experimental testing and/or validation. 

Explicit solvation modelling 

Explicit solvation models have been developed that treat each solvent molecule 

individually (Figure 2.1A). The explicit treatment of the solvent should provide the 

most descriptive, realistic and accurate model for the investigation of solvation, 

however such modelling is associated with a large number of degrees of freedom and 

is therefore computationally expensive.  Explicit solvation models consider solvation 

in terms of free energy calculations and typically use molecular dynamics or Monte 

Carlo statistical methods. Explicit solvation has been used to determine the solvation 

energies of solutes,11,12 pKa values,13,14  to study the conformations of cyclodextrins15 

and in the solvation of biomolecules.16,17 

Meirovitch16 performed molecular dynamic simulations of protein surface 

loops using explicit solvent water molecules. They found that the loop backbone was 

stabilised with a surprisingly small number of water molecules, at this hydration level, 

computational times compared well with an implicit solvation model. Thus, using 

minimalist explicit models could result in a more accurate description of protein loops 

of this type. 
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Figure 2.1: A Schematic of an explicit solvation model where each solvent molecule is treated 
individually. B Implicit solvation model where the solvent is treated as a continuous 

polarisable medium with a fixed dielectric constant, . C Hybrid solvation model where 
solvent molecules in the inner solvation sphere are treated individually, and solvent 
molecules in the outer sphere are treated as a continuous polarisable medium with a fixed 

dielectric constant,  

 

Cockroft2 used a simple explicit solvation model to study how solvation of 

substituents affects the electrostatic potential of aromatic rings (Figure 2.2). Synthetic 

molecular torsion balances were synthesised and experimental energies of the 

conformational equilibria determined in non-polar solvents using 19F NMR 

spectroscopy. The experimental energies were then plotted against the calculated 

electrostatic surface potential meta to the substituent. The electrostatic surface 

potentials were measured both in the gas phase and with an explicit chloroform and 

benzene molecule included (Figure 2.2A). Strikingly, it was found that incorporation 

of the non-polar solvent molecules improved the linear correlations. This study also 

included the implicit solvation model, SM8 (see below), however in all the solvents 

tested the correlations were found to be weaker relative to even the gas phase 

calculations. Whilst this study found stronger correlations for the simple explicit 

solvation model, it was limited to non-polar solvents and therefore lacked biological 

relevance.  
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Figure 2.2: A Molecular balances used by Cockroft2 to investigate solvation on substituents 
and the effects on the electrostatic surface potential of aromatic rings. B Correlation of the 
experimentally determined Gibbs free energies plotted against B3LYP/6-31G* electrostatic 
surface potentials taken meta to the substituent. The open circles correspond to gas phase 
calculations whilst the black circles correspond to calculations involving chloroform 
molecules.  C Correlation of the experimentally determined Gibbs free energies plotted 
against B3LYP/6-31G* electrostatic surface potentials taken meta to the substituent. The 
open circles correspond to gas phase calculations whilst the black circles correspond to 
calculations involving benzene molecules.   

 

Implicit solvation modelling 

In contrast to explicit models, implicit solvation models treat the solvent as a 

continuous medium (Figure 2.1B). The solvent is considered as a uniform polarizable 

medium of fixed dielectric constant  Inside the solvent, a solute molecule is treated 

quantum mechanically and placed in a suitably shaped cavity. Implicit solvation 

models differ depending on factors such as the size and shape of the cavity.18,19 The 

solute has a charge distribution which causes electric polarization of the surrounding 

solvent. The polarized solvent then exerts a field called the reaction field on the solute.  
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Implicit solvation models are generally considered as computationally inexpensive 

relative to explicit solvation methods, and a good approximation where it models 

isotropic and bulk solvent. Implicit solvation models have been used in biomolecular 

simulations as reported by Kleinjung,20-21 protein surface interfaces22 and also to 

calculate small molecule hydration energies.23  

Examples of implicit solvation models include the Polarisable Continuum 

Model (PCM),24 solvation model 8 (SM8),25  solvation model 12 (SM12),26 and the 

Solvation Model based on Density (SMD).27 

 

Polarisable Continuum Model (PCM) 

The polarisable continuum model (PCM)28−29 and conductor-like PCM (C-

PCM)30 are generally regarded as the most successful implicit solvation models. As 

mentioned above, a solute molecule placed in a cavity interacts with the surrounding 

solvent with constant dielectric constant, . C-PCM and PCM define the cavities as 

envelopes of spheres centred on atoms or atomic groups. The PCM model is based on 

the Poisson-Boltzmann equation. Houk benchmarked the C-PCM for aqueous 

solvation free energies of neutral and ionic organic molecules31 and found that the 

mean absolute deviations from experiment were 10.9 kJ mol−1. Truhlar and Cramar 

also investigated the aqueous and organic solvation free energies of solutes using PCM 

and compared the accuracy against other implicit solvation models.32 PCM has been 

used to model solvation in a number of different systems. It has been used in the pKa 

determination of thiols,13 to study solvent effects on both the optical rotations of chiral 

molecules,33 and also on the excited-state double proton transfer mechanism.34   

Solvation model based on Density (SMD) 

The universal solvation model based on electron density, SMD, also solves the 

Poisson-Boltzmann equation, similar to the PCM implicit solvation model mentioned 

above.27 However, the model treats the cavity with a set of specifically parameterised 

radii and is therefore more refined relative to the PCM method. Schlegel et al used the 

SMD solvation model with explicit water molecules to calculate the pKa values of 

selenols in aqueous solution. The pKa values were calculated using different 

functionals (ωB97XD, B3LYP, and M06-2X) and basis sets (6-31+G(d,p) and 6-
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311++G(d,p)). The best results for SMD/M06-2X/ 6-31+G(d,p) were found using one 

explicit water molecule, whereas it was found that the best results for ωB97XD and 

B3LYP with 6-31+G(d,p) were determined using three explicit waters. Using these 

parameters, the SMD solvation model was effectively used to produce reliable pKa 

values for the substituted selenols.14  

Solvation model 8 (SM8) 

Solvation model 8 (SM8) is a universal solvation model; it can be employed to 

model any liquid condensed phase for which bulk properties are available.25 The 

reaction field generated by a charge distribution contained within a cavity placed in 

the surrounding continuous medium with fixed , is related to the quantum mechanical 

charge distribution by the generalised born equation. The quantum mechanical charge 

distribution is represented by atom centred monopoles. SM8 was used to effectively 

compute solvation free energies, partition coefficients, pKa values and oxidation and 

reduction potentials.35   

Solvation model 12 (SM12) 

Similar to the SM8 method, solvation model 12 (SM12)26 is a self-consistent 

reaction field (SCRF) implicit solvation model that employs the generalised Born 

approximation for the bulk electrostatic contribution to the free energy of solvation. It 

offers advantages over the earlier model as it can be used with extended basis sets, is 

parameterised against a more diverse training set and has been also defined for the 

entire periodic table. The SM8, SMD and C-PCM implicit solvation models outlined 

above were used in one study to predict the aqueous oxidation potentials of neutral 

organic compounds.35,36   

Hybrid solvation models 

The thermodynamic properties of liquids can also be approximated using hybrid 

methodologies. These models involve elements of implicit and explicit techniques 

with the aim of minimising computational cost whilst retaining some spatial resolution 

of the solvent. Quantum mechanics and molecular mechanics models are generally 

used for hybrid solvation methods. Free energies of solvation were investigated by Da 

Silva37 by explicitly representing solvent molecules in the first solvation shell within 

continuum solvation calculations. Calculations were determined for 60 ionic species 
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and the unsigned average errors were calculated to be 8.8 kJ mol−1 for anions and 11.7 

mol−1 for cations.37  

2.2 Aims 

Limited work has been done to assess and compare the performance of implicit 

solvation models for the computation of conformational equilibrium energies. Herein, 

solvent effects on conformational equilibria were studied computationally using 

simple molecular torsion balances. Four different implicit solvation models: PCM, 

SMD, SM8 and SM12 were employed, in a range of different solvents, and the results 

were compared against experimental conformational energies to evaluate their 

predictive capacity.  
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2.3 Results and discussion 

Molecular balances, as reviewed in Chapter 1, are molecules that can adopt two 

distinct states that are distinguishable by NMR spectroscopy, usually via restricted 

rotation about a single bond.8 The Cockroft1-2 group have designed and synthesised a 

series of simple ortho and para molecular torsion balances (Figure 2.3), and 

investigated solvent effects on the conformational equilibrium experimentally. Due to 

slow rotation about the formyl group, two peaks appear on the NMR spectrum. 19F 

NMR spectroscopy was therefore used to integrate peaks and determine the 

equilibrium constant K, using K = [H conformer]/[O conformer] from which the 

experimental energies were calculated using G = −RTlnKa.
1-2  

Figure 2.3: Previously synthesised para molecular balance series used in the present 
computational study. 

The conformational energies can also be calculated computationally in the gas 

phase and in the solution phase by employing solvation models. As mentioned above, 

Cockroft2 previously used a simple explicit solvation model and implicit solvation 

model SM8 to investigate the solvation effects of substituents on the electrostatic 

surface potentials of aromatic rings. This study was limited to non-polar solvents: 

benzene, chloroform and dichloromethane. In the following work, a similar molecular 

balance series was used to investigate the effectiveness and accuracy of implicit 

solvation models: SM8, SM12, SMD and PCM by direct comparison of the 

computational and experimental Gibbs free energies.   

The relative computationally inexpensive nature of the calculations employed 

allowed calculations to be readily performed in a multitude of solvents with varied 

polarities. For the present study, the simple para-substituted molecular balance series 

shown in Figure 2.3 were chosen to investigate solvent effects computationally. 
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Calculations that employed PCM, SMD, SM8 and SM12 implicit solvation models 

were performed on the ‘O’ and ‘H’ conformers that had been geometry optimised at 

the DFT/B3LYP/6-31G* level of theory. The calculated conformational energies were 

then determined using Equation 2.1 for solvents, benzene, acetone, acetonitrile, carbon 

tetrachloride, chloroform, DCM, ethanol, ethyl acetate, methanol and THF. 

E = ‘EH conformer’ – ‘EO conformer’                                                                                               (2.1) 

 

Figure 2.4: Calculated conformational energies employing implicit solvation models PCM, 
SMD, SM8 and SM12 using DFT/6-31G*/B3LYP. 

The calculated conformational energies were then plotted against the 

previously determined experimental energies to evaluate the quality of each implicit 

solvation model (Figure 2.5). Figure 2.5 spans over three pages and shows data for ten 

different solvents with varying polarity. From the plots, R2 values and gradients were 

derived to evaluate the effectiveness of each solvation model. A high R2 value 

corresponded to a strong linear correlation and meant the implicit solvation models 

were predicting the general trends of the experimental conformational energies well. 

The closer the value of the gradient was to 1, the better the computational method was 

at predicting the absolute Gibbs free experimental energies. Generally, the strongest 

correlations (highest R2 values) were found in non-polar solvents. For example, an R2 

value of 0.998 was observed in benzene employing PCM, this was a marginally 

stronger correlation than that found in the gas phase (R2 = 0.995).  
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Graphs of experimental energies plotted against computationally 

derived values  
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The R2 values were found to be weaker when moving to polar solvents such as 

ethanol and methanol. SM8 and SMD gave very poor R2 values of 0.36 and 0.01 

respectively. However, PCM still showed strong linear correlations in polar solvents 

with R2 values of 0.97 and 0.98 in methanol and ethanol respectively. The R2 values 

from the graphs above of the calculations performed in the gas phase and employing 

the implicit solvation models were plotted for every solvent investigated (Figure 2.6). 

Here, it can be clearly observed that PCM was the best implicit solvation model for 

predicting the general trends across all the solvents investigated.  

Figure 2.5: Graphs of experimentally determined Gibbs free energies plotted against 
computationally derived values calculated using DFT/B3LYP/6-31G* in the gas phase (black) 
and also employing implicit solvation models: SMD (purple), PCM (red), SM8 (green) and 
SM12 (blue) for ten different solvents.  
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Figure 2.6: Plots of R2 values determined by plotting the computationally derived energies in 
the gas (black) and solution phase calculated using DFT/B3LYP/6-31G* and employing implicit 
solvation models SMD (purple), PCM (red), SM8 (green) and SM12 (blue) against the 
experimentally determined Gibbs free energies in the ten solvents investigated.  

On analysis of the gradients, the results were more varied (Figure 2.7). In 

general, the Gibbs free energies determined using the implicit solvation models were 

underpredicted (m < 1) compared to the experimental data. The only exception was 

SMD in acetonitrile, which over predicted the experimental results (m = 1.2). The most 

ideal gradients were found for ethyl acetate and THF using SMD (m = 1.04) and PCM 

(m = 0.87). In ethyl acetate, a gradient of 0.96 was obtained for the SMD data, while 

0.85 was determined using PCM. It is unclear why these solvents gave the most ideal 

gradient values, though this presumably arises from better parameterisation of these 

solvents in the respective models. Surprisingly, even in polar solvent ethanol, a 

reasonably high gradient value of 0.72 was obtained when the PCM implicit solvation 

model was employed. To observe these trends more clearly, bar graphs were plotted 

of the gradient values determined in the gas phase and solution phase using each 

implicit solvation model (Figure 2.7).  
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Taking into account the R2 and gradient values, it was therefore concluded that 

the PCM implicit solvation model was the most effective implicit solvation method at 

modelling solvent effects on conformational equilibria. This study also highlighted the 

limitations of implicit solvation models: SMD, SM8 and SM12 when investigating 

polar solvent effects on conformational equilibria. It is important to note that these 

calculations were carried out on a very simple system, this highlighted the importance 

of carrying out further investigations experimentally on more complex systems in 

order to understand fundamental non-covalent interactions in solution. 

2.4 Conclusion 

To conclude, solvent effects on conformational equilibria were investigated 

computationally using a simple para-substituted molecular balance series. 

Calculations were performed at the DFT/B3LYP/6-31G* level of theory in the gas 

phase in combination with the implicit solvation models PCM, SMD, SM8 and SM12. 

The derived Gibbs free energies were then plotted against previously determined 

Figure 2.7: Plots of gradients determined by plotting the computationally derived energies in 
the gas (black) and solution phase calculated using DFT/B3LYP/6-31G* and employing implicit 
solvation models SMD (purple), PCM (red), SM8 (green) and SM12 (blue) against the 
experimentally determined Gibbs free energies in the ten solvents investigated.  
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experimental values. In general, strong R2 values were found in all solvents with the 

exception of methanol and ethanol using the SMD implicit solvation model. This 

meant these computational methods were good at predicting the general trends of 

solvent effects on conformational equilibria. The gradients of the data across the 

compound series indicated that the absolute magnitudes of the energy predictions were 

often much less reliable. The PCM solvation model was consistently the most accurate 

method at predicting experimental behaviour, even in polar solvents. SMD was shown 

to be the poorest model for predicting the absolute values in ethanol and methanol. If 

implicit solvation models were to be used in biomolecular simulations, water would 

need to be modelled, therefore the above study highlighted the limitations of implicit 

solvation models for understanding behaviour in polar protic solvents. Therefore, more 

experiments are needed to fully understand solvent effects on conformational 

equilibria, which might contribute to the development of improved solvent models in 

the future.  
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Chapter 3 

 

Examining Solvent and Geometric Effects on H-

Bonding 

 

 

Abstract 

Hydrogen bonding is ubiquitous in nature where it plays key roles in DNA base 

pairing1 and molecular recognition in protein-ligand interactions.2 Here, we have used 

three series of synthetic molecular balances to measure solvent and substituent effects 

on the positions of conformational equilibria in both organic and aqueous solvents. 

Initially, plots of computational conformational energies against experimental results 

revealed that solute-solvent interactions dominated the energetic trends. Therefore, 

Hunter’s solvent model was used to dissect away the solvent effects and provide 

insight on the individual intramolecular interactions and solute-solvent interactions. 

Following energetic dissection using the solvation model, a strong correlation was 

found between a constant solvent independent term and the calculated electrostatic 

potential over the H-bond donor. The finding confirmed that it is possible to reveal H-

bond energies even in the presence of strong competing solvent effects.  

 

Full experimental, computational and supplementary details are given in Supporting 

Information B, pages 137-250. 

Contributions: The experimental, and computational results presented in this chapter 

were obtained by Nicole Yvette Meredith (NYM).   
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3.1 Introduction 

 

H-bonds are fundamental non-covalent interactions. In biological systems, water 

competes strongly with H-bonds therefore the extent to which H-bonds regulate 

molecular interactions is difficult to quantify. Solvation is a complex phenomenon, 

where computational efforts to model it remain at a limited level as was illustrated in 

Chapter 2. Therefore, more experiments are necessary to further our understanding of 

solvent effects on non-covalent interactions such as H-bonding. Hydrogen bonding 

between solutes is favoured in non-polar solvents, and disfavoured in polar solvents 

that contain competing H-bonding donor and acceptor groups.  Therefore, the majority 

of intermolecular H-bond studies have taken place in non-polar solvents. Abraham3,4  

and Hunter quantified various donor and acceptor groups in CCl4, and defined H-

bonding donor and acceptor coefficients,  and  of different functional groups. In 

solution phase, Hunter proposed that H-bonding energies could be predicted using 

Equation 3.1.5 

ΔGH-bond = − (α−αs) (β−βs) + 6 kJ mol−1                                                                                    (3.1) 

 Binding constants were also obtained in more competitive solvents such as 

DMSO and methanol, however, these studies required an exceptionally strong H-bond 

donor, perfluoro-tert-butanol (α = 4.9), with a strong acceptor, tri-n-butylphosphine 

oxide ( = 9.9).6 
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H-Bonding in Aqueous Solution 
 

In nature, biomolecules contain H-bonds that interact in aqueous solution. 

Studying H-bonds in aqueous solution is important for optimising the activity of 

agrochemicals and pharmaceuticals, however, quantifying the strength of H-bonds in 

aqueous solution is difficult due to strong competing solvent effects. Experimental H-

bond binding energies in aqueous solution have been investigated by supramolecular 

chemists. Davis and co-workers synthesised artificial amphiphilic macropolicyclic 

receptors for carbohydrate recognition (Figure 3.1).7,8,9 The sugar OH groups from the 

substrate molecule formed H-bonds with the amide linkages on the pillars of the 

structure. The substrate molecules also bound to the receptor through hydrophobic CH-

 interactions. Binding of the disaccharide cellobiose to the receptor in water was 

determined to be 650 M−1, dominated by an enthalpic change of H = −13 kJ mol−1 

and an entropic disadvantage of –TS = −2.5 kJ mol−1. The binding strength was found 

to be due to the interactions between the axial cellobiose C-H bonds and the arene 

sidewalls and also due to hydrophobic forces.   

 

 

 

  

Figure 3.1: Carbohydrate receptor synthesised by Davis and coworkers7 for binding cellobiose 
substrate in water.  
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 K. Kim et al also found high affinity binding of amino sugars to non-charged 

cucurbit[7]uril hosts (K up to 104 M−1) in water (Figure 3.2A).10 These receptors did 

not contain C−H--π bonds and ion pairs, however, the observed binding enthalpy of 

−14 kJ mol−1 was strikingly close to the binding of cellobiose to Davis’ receptor. This 

value was unusually small for typical CB[7] receptor-binding interactions. The main 

driving forces for amino sugars binding to Kim’s CB[7] receptor were ion-dipole 

interactions between ammonium-carbonyl groups and high-energy cavity water. The 

latter may also occur in Davis’ receptor (Figure 3.1), where there was a hydrophobic 

cavity. The binding of sugars to the CB7 receptor and the amphiphilic macropolicyclic 

receptor were strongly entropically favoured (−TS from −2.8 to −10 kJ mol−1), and it 

was therefore deduced that the desolvation of the sugar contributed a favourable 

entropic component to binding, but also reduced the enthalpy in water.  

 

 P. Ballester and co-workers11 studied H-bonding in aqueous solution by 

synthesising water soluble aryl extended calix[4]pyrroles (Figure 3.2B). The hosts 

contained deep aromatic cavities which protected strong donor sites from the 

competing water interactions and therefore allowed hydrogen bonding between the 

four pyrrole NHs and a series of pyridine N-oxides. Isothermal titration calorimetry 

experiments were used to calculate the Gibbs free energy range between G = −25 to 

35 kJ mol−1.  

Figure 3.2: A Calix[4]pyrrole synthesised by P. Ballester et al11 to investigate binding with 
sugars in water. B Molecular structures of cucurbit[7]uril (CB[7]) synthesised by K.Kim10 for 
encapsulation of amino saccharides in water. 
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Molecular Balances Used to Investigate H-bonding in Amides 
 

As was highlighted in the above section, H-bond energies in water have 

frequently been measured within cavities (analogous to protein-receptors), rather than 

in truly solvent-exposed systems due to the strong competing effects of water. 

Molecular balances offer an alternative method of studying H-bond interactions in 

solution.12 The positions of conformational equilibria are determined by 

intramolecular interactions and solvent effects. Previous examples of molecular 

balances designed to study H-bonding in amides are outlined below.  

 Wilcox et al designed a molecular balance to investigate intramolecular H-

bonding between amino acids in an antiparallel −sheet motif (Figure 3.3).13 Slow 

rotation about an N-aryl bond resulted in two distinct conformer peaks visible on the 

NMR spectra. The design was used to investigate H-bond stability in bioinspired 

systems as was described in full detail in Chapter 1. 

 

Figure 3.3: Molecular torsion balance designed by Wilcox13 to investigate H-bonding between 
amides.  

A. D. Hamilton and S. Thompson used synthetic diphenylacetylene molecular 

balances to investigate the H-bond strength between variously functionalized amides 

(Figure 3.4).14 This design was introduced in Chapter 1 and it was found that the study 

was limited to non-polar organic solvents.  
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Figure 3.4: Molecular balance used by A. D. Hamiliton and S. Thompson14 to investigate the 
relative H-bond strength between amides.  

 

 The Cockroft group have previously used simple molecular torsion balances to 

study solvent and substituent effects on intramolecular interactions (Figure 3.5).15 The 

molecular balance design incorporated a formyl group which rotated slowly enough 

on the NMR timescale that two conformers were observed on the 19F NMR spectra. 

Experimental energies were therefore determined in various solvents, and application 

of Hunter’s solvation model allowed the authors to see through solvent effects to gain 

further insight into the behavior of the system. More recently, the same molecular 

balance design was used to directly measure the strength of an intramolecular H-bond 

and to study cooperativity in H-bond chains in an organic solvent.16  

 
Figure 3.5: Simple molecular torsion balances used by Cockroft15 to study solvent and 
substituent effects on the position of conformational equilibria. 

3.2 Aims and scope of this investigation 

Herein, intramolecular H-bonding between biologically relevant amides/amines 

was investigated in various non-competitive and competitive solvents using molecular 

torsion balances based on the previous designs outlined above. The effects of varying 

the H-bond donors along with the conformational flexibility and distance of the system 

were studied. The systems described below were identified as useful models as they 
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allowed the quantifiable examination of H-bond interactions that would not be possible 

using intermolecular techniques due to the entropic penalty of bringing two molecules 

together.  

 New designs of H-bonding formamide molecular balances were proposed that 

were based on previous designs (Figure 3.6). The molecular balances adopted distinct 

folded and unfolded states due to restricted rotation about the formyl group. Methylene 

and ethylene linkers were incorporated into the molecular balances to allow for H-

bonds to form between the donor and acceptor groups in the folded conformations. In 

the unfolded conformations, the H-bonds were broken, and the H-bond donor and 

acceptor groups were exposed to the solvent. Thus, the formation of an intramolecular 

H-bond was in competition with the formation of H-bonds from the molecular balance 

with the solvent. Therefore, these designs allowed the quantification of weaker H-

bonds in competitive solvents to be determined. 

 

 

Figure 3.6: A Methylene linker molecular balance series (compounds 8-18, green) substituted 

with amine and amide hydrogen bond donors. B Ethylene linker molecular balance series 

(compounds 19-29, blue) substituted with amine and amide hydrogen bond donors.  
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 In addition, the incorporation of a fluorine tag allowed the analysis to be carried 

out using 19F NMR spectroscopy. This offered the following practical advantages: 

1) Clear separation of the folded and unfolded peaks. 

2) Simple spectra, with the absence of additional solvent peaks. 

3) The use of non-deuterated solvents, this was advantageous as it allowed an 

extension of the number of solvent and solvent mixtures used. Non-

deuterated solvents were also cheaper relative to deuterated solvents.  

3.3 Synthesis of molecular torsion balances 

 

Molecular balances were synthesised according to the schemes outlined below 

(full synthetic details are provided in Supporting Information B).  

 

Figure 3.7: Synthesis of aniline molecular balances 8, 19, 34 and 35. Full details of the 
synthesis can be found in Supporting Information B. 

 

 

Figure 3.8: Synthesis of amine donor molecular torsion balances for both the methylene and 
ethylene series. 
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Figure 3.9: Synthesis of amide donor molecular torsion balances for the methylene and 
ethylene series. A Coupling with acid chloride B Coupling with acids.  

 

 The syntheses of the nitro-substituted balances, 36 and 38, were achieved via 

a nucleophilic substitution (SN2) reaction between N-(4-fluorophenyl)formamide and 

2-nitrobenzyl bromide. Balances 36 and 38 were then reduced using palladium on 

carbon under a hydrogen environment to yield the aniline molecular balance 8 and 19 

in good yield. Balances 8 and 19 were then either coupled with an aryl halide in a 

Buchwald-Hartwig amination to yield the aniline donor molecular balances 9-11 and 

20-22, or alternatively coupled with the corresponding acid or acid chloride to yield 

the amide donor molecular balances 12-18 and 23-29. 
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3.4 Conformational characterisation of the molecular 
balances 

The equilibrium geometries of the folded and unfolded conformations of the 

molecular balances were calculated by running conformer distribution searches at the 

DFT/B3LYP/6-31G* level of theory (Figure 3.11 and Supporting Information B, 

Figure S3.10). The folded conformers of molecular balances 8−18 were found to 

contain intramolecular H-bonds (Figure 3.11 and Supporting Information B, S3.10). 

The difference in energy between the folded and unfolded conformers gave the 

computational conformational equilibrium energies in the absence of solvent, Ecalc 

(see Supporting Information B, Table 3.32 and Table S3.33), which were later 

compared against experimental values obtained in solution (see Supporting 

Information B, Figure S3.11).  

 An X-ray crystal structure was obtained for balance 12 (Figure 3.10 and 

Supporting Information B, Tables S3.35-S3.41). The balances crystallised in the 

folded conformation and the geometry and distance of the intramolecular H-bond 

compared well with the calculated structure, using DFT/B3LYP/6-31G*, which 

confirmed the suitability of the balance to form and measure H-bonds. It also 

confirmed that DFT/B3LYP/6-31G* was an appropriate level of theory to model the 

compounds. The H-bond in the crystallised structure measured 2.0 Å, with an angle of 

162.2°. Whereas the calculated structure the H-bond had a distance of 1.9 Å, and an 

angle of 164.1° (Figure 3.10).  

 

 

 

Figure 3.10: A Calculated structure of folded conformer of molecular balance 12 
(DFT/B3LYP/6-31G*). B Obtained crystal structure of compound 12. 
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Figure 3.11: Calculated structures of the folded and unfolded conformers of the methylene 
molecular balance series using DFT/B3LYP/6-31G*. The calculated structures of the ethylene 
molecular balance series can be found in Supporting Information B, Figure S3.10. 

 

 An energy profile calculation was performed on molecular balance 8, using the 

DFT/B3LYP/6-31G* level of theory, to determine the energy of the rotation barrier 

between the folded and unfolded states (Figure 3.12). The barrier to rotation was 

calculated at 91 kJ mol−1. 

 

Figure 3.12: Determination of the barrier to rotation by performing an energy profile 
calculation at the DFT/B3LYP/6-31G* level of theory for molecular balance 8 (See supporting 
Information B, Table S3.34). 

 

 Consistent with this calculation, exchange between the formyl conformers was 

found to be slow enough on the NMR timescale that two peaks were observed on the 

19F spectra, corresponding to the folded and unfolded states. The equilibrium 

constants, Kfold, were determined by integration of the 19F NMR peaks corresponding 
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to each conformer (Figure 3.13). Conformational free energy differences were then 

calculated using the equation, ∆GH-bond = −RTlnKfold.  

 

Figure 3.13: A Molecular torsion balance conformational equilibrium used to 

determine GH-bond. B Control para-aniline molecular balances used to determine 

Gcontrol. The H-bond strength (GH-bond) was then estimated using Equation 3.2. 

 

 From a comparison of the 2D NMR spectra (full details are provided in 

Supporting Information B, S3.5-S3.9), it was determined that every molecular balance 

favoured the H-bonded conformation in every solvent studied. To determine whether 

the bias towards the ‘folded’ conformer was due to differences in repulsion between 

the carbonyl and aryl groups, balances 34 and 35 were synthesised with the NH2 group 

in the para position (Figure 3.13). The NH2 groups in the para positions in balances 

34 and 35 did not form intramolecular H-bonds, however the experimental free 

energies in every solvent indicated a conformational preference towards the ‘folded’ 

conformer (Table 3.1).  

 The dissection of the H-bond strengths were calculated using Equation 3.2. 

Where GH-bond is the equilibrium energy of the ortho substituted molecular balances 

8 and 19 that formed H-bonds, and Gcontrol is the Gibbs free energy of the para 

substituted control molecular balances that do not form H-bonds. 

H-bond strength = GH-bond = GH-bond- Gcontrol                                                                                       (3.2)         
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Table 3.1: Dissection of H-bond strengths for the aniline molecular torsion balances. 
Experimental energies for molecular balances 8, 34, 19 and 35 can be found in Supporting 

Information B. Errors in GH-bond were calculated using 𝛿∆∆𝐺𝐻−𝑏𝑜𝑛𝑑 =

√(δ∆𝐺𝐻−𝑏𝑜𝑛𝑑)2 + (δ∆𝐺𝑐𝑜𝑛𝑡𝑟𝑜𝑙)2. Full details of error analysis can be found in Supporting 
Information B. 

  

GH-bond/ kJ 

mol−1 GH-bond 

/ kJ mol-1 

Gcontrol/ kJ mol−1 
GH-bond 

/ kJ mol-1 
  8 34 19 35 

Chloroform-d −a −  − (+ −) − − − (+ −) 

Acetone-d6 − − − (+ −) − − − (+ −) 

CD3CN − − − (+ −)  − − − (+ −) 

Ethyl acetate n.d.b − n.d.b − − − (+ −) 

THF − − − (+ −) − − − (+ −) 

DCM - a − − (+ −) − − − (+ −) 

Ethanol − − − (+ −) − − − (+ −) 

Methanol-d4 − − − (+ −) − − − (+ −) 

DMSO-d6 − − − (+ −) − − − (+ −) 
aOnly one peak observed in NMR spectrum that was assigned to the folded 

conformer. 

bNot determined due to peak overlap in the NMR spectrum. 

 

 The observation of only a single conformer for the H-bonded balances in 

chloroform and DCM confirmed that the strongest H-bonds were formed in these 

solvents (GH-bond <−5 kJ mol−1), while the next strongest H-bond was formed in 

THF (GH-bond = −4.6 kJ mol−1) and the weakest in DMSO-d6 (G = −1.9 kJ mol−1), 

which followed the expected trend. For the ethylene molecular balance 19, a similar 

expected trend of H-bond strength was found on increasing the polarity of the solvent. 

 The H-bond strengths for the ethylene series were found to be lower by 1.3− 

kJ mol−1 relative to the methylene series, indicating weaker intramolecular H-bonds 

between the aniline/amide donor and the carbonyl acceptor group. To further 

investigate the energetic influence of flexibility, a comparative van’t Hoff analysis was 

carried out on molecular balances 15 and 26 in DMSO to dissect the entropic and 

enthalpic contributions on going from a methylene to a more flexible ethylene linker 

(Supporting Information B, Tables 3.28 and 3.29 and Figures S3.3 and S3.4). The 

analyses revealed that the observed trends in behaviour had an enthalpic origin, with 

negligible entropic effects. This was evident as both the dissected enthalpic term (H) 
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and the experimental Gibbs free energies decreased with increasing linker length, 

whilst the entropic term was similar in both compounds. 

Table 3.2 Dissection of H and TS at 300 K. 

Balance −TS/ kJ mol−1 H/ kJ mol−1 G/ kJ mol−1 

15 −1.5 (+1.1, −1.2) −3.1 ± 1.0 −4.6 (+0.4, −0.5) 

26 −2.1 ± 0.3  −1.0 ± 0.1 −3.2 ± 0.3 
 

3.5 Dissecting solvent and substituent effects on H-
bonded molecular balances 

Having gained a basic understanding of the conformational characteristics of 

these H-bonding molecular balances, the experimental conformational energies were 

measured for a more diverse range of balances in nine solvents (CDCl3, CH2Cl2, THF, 

ethyl acetate, CD3CN, acetone-d6, DMSO-d6, EtOH, and MeOD, Figure 3.14). The 

conformer ratios were determined at molecular balance concentrations of 3.5 mM and 

were found to be independent of concentration in the range of 1−4 mM, indicating that 

intermolecular H-bonding between the molecular balances did not perturb the data 

(Supporting Information B, Table S3.1).  

 The experimental results were then plotted against the computationally derived 

folding energies (Supporting Information B, Figure S3.11), determined using Equation 

3.3: 

Ecalc = Efolded conformer – Eunfolded conformer                                                                                                                (3.3)                                                                                 

The computationally optimised energies of the folded and unfolded conformers were 

determined by carrying out conformer distribution searches in the gas phase at the 

DFT/B3LYP/6-31G* level of theory (Figure 3.11). The plots revealed good 

correlations between the experimental and computed gas-phase data in non-polar 

solvents such as THF for the methylene series (R2 = 0.85), but poorer correlations for 

the ethylene series (R2 = 0.58). The poorer correlation for the longer series, throughout 

the solvents investigated, was attributed to the increase in conformational flexibility 

on increasing the linker length. In contrast, the correlations were weak to non-existent 
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in polar solvents such as methanol (R2 = 0.52 and 0.23) for the methylene and ethylene 

linker series respectively. These findings were unsurprising given that the calculated 

conformational free energies did not include solvent effects. Calculations performed 

in the solution phase employing implicit solvation models, on a simpler molecular 

balance series, were also shown to reveal poor correlations (Chapter 2). 
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Figure 3.14: A Molecular torsion balance equilibrium. B Amine donor R groups.  Experimental 
energies for C Methylene linker series and D Ethylene linker series. Colours in C and D 
correspond to the amine donor R groups. Secondary intramolecular H-bonds are highlighted 
in red. The absence of an experimental energy for molecular balance 9 in THF was due to 
overlapping conformer peaks. Where the conformational equilibrium constant, K > 20, 

conformational energies are plotted at −9.7 kJ mol−1 with error bars truncated beyond −10.0 

kJ mol−1. All data and errors are tabulated in Supporting Information B. 
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Figure 3.15: A Molecular torsion balance equilibrium. B Amine donor R groups.  Experimental 
energies for C Methylene linker series and D Ethylene linker series. Colours in C and D 
correspond to the amide donor R groups. Secondary intramolecular H-bonds are highlighted 
in red. The absence of an experimental energy for molecular balance 29 in ethyl acetate was 
due to overlapping conformer peaks. Where the conformational equilibrium constant, K > 

20, conformational energies are plotted at -9.7 kJ mol−1 with error bars truncated beyond 

−10.0 kJ mol-1. All data and errors are tabulated in Supporting Information B. 
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 A preliminary analysis of the data found that the experimental folding energies 

decreased with increasing solvent polarity, as measured using the empirical ET(30) 

polarity scale (See Supporting Information B, Figure S3.2). This finding could be 

rationalised as arising from the more polar solvents competing with the intramolecular 

H-bond, resulting in an increased population of the unfolded conformer. 

 To gain further insight into the system, a simple solvation model was applied 

to dissect away the solvent effects. Hunter’s solvation model was previously adapted 

and to study solvent effects on simple molecular balances.3  Two parameters were used 

to describe solvent polarity (αs and βs, which were the H-bond donor and acceptor 

constants of the solvent respectively). Due to the small size of the balances, the 

solvent-solvent interaction contributions to the equilibrium (i.e. the solvophobic term) 

was omitted. The same adapted solvation model was applied to the present data to 

model the folding energies of molecular balances 8-29 as a function of the solvents αs 

and βs parameters with ΔE, Δβ and Δα being determined as fitting coefficients. ΔE is 

a solvent independent term describing the contribution of intramolecular interactions 

to the position of the conformational equilibrium, whereas the Δα and Δβ coefficients 

encode the changes in solvation energies of the H-bond donor and acceptors within 

each balance (Figure 3.16). 
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The iterative linear regression fitting of coefficients ΔE, Δβ and Δα gave strong linear 

correlations between the experimental energies (GH-bond) and the modelled energies 

determined using Hunter’s solvation model (G/ model) for both molecular balance 

series (R2 = 0.89 and 0.84 for the methylene and ethylene series, respectively) with a 

gradient of y = x (Figure 3.17). These high-quality correlations proved the excellent 

overall applicability of the α/β solvation model to dissecting solvent effects in these 

molecular balances. More scatter was observed for the most extreme conformational 

energies, which is due to higher errors associated with the measurement of equilibrium 

constants with the most extreme conformational populations. The fitting provided 

values of ΔEexp, Δα and Δβ for each molecular balance, which gave additional 

information on the individual interactions contributing to the experimental 

conformational free energies (Table 3.3). 

Figure 3.16: Hunter's solvation model adapted for this molecular balance series. EFold and 
Eunfold correspond to the intramolecular steric and electronic effects in the folded and 

unfolded conformers respectively.  and  are the H-bond donor and acceptor constants of 

the molecular balance and s and s are the H-bond donor and acceptor constants of the 
solvent respectively.  
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Figure 3.17: Correlation between experimentally determined conformational free energies 

(GH-bond) and the values predicted from the  model (G/ model) for methylene and 
ethylene molecular balances series in nine different solvents. Black and blue data points 
represent the methylene and ethylene linker series, respectively. Error bars have been 
omitted for clarity (see SI for full error analysis and data tables).  
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Table 3.3: E,  and  determined for molecular balances by fitting experimental 
conformational free energies to the model shown in Figure 3.16. 

Compound E/ kJ mol−1   

8 −         

9 −         

10 −         

11 −         

12 −         

13 −         

14 −         

15 −         

16 −         

17 −         

18 −         

19 −         

20 −         

21 −         

22 −         

23 −         

24 −         

25 −         

26 −         

27 −         

28 −          

29 −         
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The ΔE coefficient is a solvent independent term describing the intramolecular 

interactions of the equilibrium. A strong correlation was found for the methylene linker 

series (R2 = 0.95) on plotting the determined ΔE values against the calculated 

electrostatic surface potential (ESPN-H) along the N-H of simple molecules 

corresponding to the donors of balances 8-29 (Figure 3.18). This finding confirmed 

that when the solvent was dissected away, the conformational equilibrium energy was 

dependent on the H-bond donor ability of the balance. A weaker correlation was found 

for the ethylene linker molecular balance series (R2 = 0.75), this was attributed to the 

influence of the increased conformational flexibility on the intramolecular H-bonds.  

 

The calculated Δα and Δβ coefficients derived from Equation 3.4 (Table 3.3) 

provide insight into solvent effects on the molecular balances and the strength of the 

Figure 3.18: A Calculated electrostatic surface potential along the N-H bond of amine donors. 
B Calculated electrostatic surface potential along the N-H bond of amide donors C Correlation 

between the solvent independent E term dissected using the model in Figure 3.16 against 
the calculated electrostatic surface potential (ESPN-H) along the N-H bond of simple molecules 
corresponding to the H-bond amine and amide donors. Black data points represent 
methylene linker series. Blue data points represent ethylene linker series.  



SOLVENT EFFECTS ON HYDROGEN BONDING 

SOLVENT EFFECTS ON HYDROGEN BONDING                     91 

intramolecular H-bonds. The Δα term corresponds to the change in H-bond donor 

ability of the unfolded conformation relative to the folded conformation, while the Δβ 

value corresponds to the accompanying change in the acceptor constant of the balance. 

The Δα and Δβ values for all molecular balances are positive, since the balance-solvent 

interactions favoured the unfolded conformer, which were strongest in the unfolded 

conformation where the H-bond donor and acceptor sites were most exposed to the 

solvent. It was harder for the solvent to access these sites in the folded conformation 

in which intramolecular H-bond interactions were formed between the major 

amine/amide donor and the formyl oxygen sites. Accordingly, the Δα and Δβ values 

were most positive for balances 8, 9, 11, 12, 13, 14, 15, 16 in the methylene linker 

series and 19, 20, 22, 23, 24, 25, 26, 27 in the ethylene linker series, in which there are 

no competing additional secondary interactions (Figure 3.19A). 

 

Figure 3.19: Proposed H-bond interactions contributing to the change in solvation of the 
molecular balances. A Solvation on molecular balance 12 in the folded and unfolded states 
without a competing acceptor group. B Solvation on molecular balance 17 in the folded and 

unfolded states with a competing acceptor group.  
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In contrast, the Δα and Δβ terms were found to be lower for molecular balances 10, 17 

and 18 in the methylene linker series and 21, 28 and 29 for the ethylene linker series. 

This was consistent with the presence of additional H-bond acceptors competing with 

the intramolecular H-bond between the amine/amide donor and the formyl oxygen 

acceptor (Figure 3.20). Thus, the solvation of the donor and acceptor is similar in both 

the folded and unfolded conformers for molecular balances 10, 17, 18, 21, 28 and 29 

due to the secondary, competing interactions that are present in both the open and 

closed conformers (Figure 3.20).  
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Figure 3.20: Methylene and ethylene molecular torsion balance substituents showing the 

secondary intramolecular H-bond interactions.  



SOLVENT EFFECTS ON HYDROGEN BONDING 

SOLVENT EFFECTS ON HYDROGEN BONDING                     94 

3.6 Determining H-bond energies in aqueous media 

The above sections investigated electronic and distance effects on the strength 

of hydrogen bonds between amide acceptors and amide/aniline hydrogen bond donors 

in organic solvents. However, biomolecules within cellular environments interact in 

water solutions containing ions, proteins, lipids and sugars. Water is important in 

mediating protein-ligand interactions, protein-folding stability as well as catalytic 

processes. Therefore, carrying out investigations in water is important to understand 

the fundamental nature of these processes. In this section, experimental energies were 

determined in 16 different biologically relevant (aqueous) solvents mixtures for water-

soluble molecular balances. 

 

Figure 3.21: PEGylated water soluble molecular balance series (compounds 30-32). 
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Synthesis of water-soluble balances 
 

Figure 3.22: Synthesis of molecular balances 30, 32 and 31.  

The first synthetic step involved a reductive amination reaction between the 

PEGylated aniline and the appropriately substituted nitro functionalised aldehyde to 

yield the amine compounds 42 and 44. Formylation was subsequently performed by 

refluxing overnight in neat formic acid. The resulting nitro molecular balances 43 and 

45 were reduced using palladium on carbon under a hydrogen environment to 

synthesise molecular balances 30 and 32. Finally, the ortho-substituted aniline 

molecular balance 30 was then used to synthesise a water-soluble amide molecular 

balance, 31 (Figure 3.22). The aniline compound was reacted with acetyl chloride 

using trimethylamine as the base to yield molecular balance 31 in good yield.  

 19F NMR spectra were obtained for molecular balances 30-32 in organic 

solvents, D2O, saline solutions and buffer solutions to investigate the effect of organic 

and biologically relevant solvents on the conformational Gibbs free energies (Figure 

3.23). Molecular balances 30-32 were found to favour the ‘folded’ conformations in 

every solvent studied (See Supporting Information B, Figures S3.5-S3.9, for full 2D 

assignment). The experimental conformational free energies were found to be most 

negative in organic solvents, and weakest in aqueous solvents, due to strong competing 
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effects from the water molecules. The ortho-substituted molecular balances 30 and 31 

had the strongest preference for the folded conformation, due to H-bond formation 

(analogous to the methylene linker molecular balances described above). Molecular 

balance 30 was found to have the strongest preference for the folded conformer in 

every organic and aqueous solution studied relative to the amide 31 H-bond donor. 

 To estimate the strength of the H-bond energy, the experimental Gibbs free 

energy (Gcontrol) of the para-substituted control molecular balance 32 was subtracted 

from the experimental Gibbs free energies of molecular balances 30 and 31 that formed 

H-bonds (Equation 3.5).  

GH-bond = GH-bond − G control                                                                                           (3.5)   
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Figure 3.23: Molecular torsion balance equilibrium between the folded and unfolded 
conformers of the water soluble molecular balances. A Bar graph showing the experimental 
Gibbs free energies measured in solution at 298 K for molecular torsion balances 30 and 31. 

B Dissected energies estimated using H-bond strength = GH-bond – Gcontrol. Solvent mixtures 
are quoted in % v/v. FBS is an abbreviation of fetal bovine serum. PBS is an abbreviation of 
phosphate-buffered solution. The cell lysate was HeLa cells in 5 mL of deionised water.  
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The estimated H-bond strengths for the aniline and amide H-bond donor 

molecular balances are plotted together with the experimental Gibbs free energies in 

Figure 3.23. It was found that the aniline molecular balance, 30, had the most 

favourable H-bond interactions in every solvent. For example, in aqueous solution, the 

estimated dissected H-bond strength in aqueous solution for aniline donor molecular 

balance 30 was determined to be −1.8 kJ mol−1 whereas the H-bond strength was found 

to be −0.5 kJ mol−1 for amide donor molecular balance 31. Previous research suggested 

that amides ( = 2.9,  = 8.3) were stronger H-bond donor and acceptors than anilines 

( = 2.1,  = 5.3).5 It was proposed here that the enhanced stability of the aniline H-

bond, in this system, was due to a polarisation effect from the solvent. 

 

Figure 3.24: A H-bonded folded conformer of aniline donor water soluble molecular balance, 
30, interacting with water. B H-bonded folded conformer of amide donor molecular balance, 
31, interacting with water. 

The gas phase calculations (DFT/B3LYP/6-311G*) performed on structurally 

analogous organic soluble molecular balances 8 and 12 (aniline and amide donors 

respectively) revealed that the amide donor molecular balance, 12, had the strongest 

H-bond interaction (Ecalc for amide molecular balance 12 = −33.7 kJ mol−1, and Ecalc 

for aniline molecular balance 8 = −25.7 kJ mol−1.) This finding supported the 

hypothesis proposed above that the additional stability seen for the water soluble 

aniline donor molecular balance, 30, was due to a solvation effect. 

The experimental Gibbs free energies for molecular balances 30 and 31 in the 

different aqueous solutions were determined to be the same value (Figure 3.23). An 

energy of −3.9 kJ mol−1 was found for molecular balance 30 and −2.7 kJ mol−1 for 
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compound 31. This was unsurprising considering the ions were in bulk water solutions, 

however, it did show that ions and proteins did not interfere with the intramolecular 

H-bonds.  

3.7 Conclusion 

In summary, H-bonding between anilines and amides has been investigated in 

competitive solvents using molecular torsion balances. Using control molecular 

balances, H-bond strengths were dissected out in various organic solvents. The solvent 

effects were further analysed and understood by applying Hunter’s solvation model, 

where a strong linear correlation was found between a solvent independent term and 

the electrostatic potential of the H-bond donor of the methylene linker molecular 

balances. Weaker correlations were found for the ethylene linker molecular balance 

series, this was attributed to the increased conformational flexibility. The application 

of this solvation model showed that it was possible to dissect out H-bond energies 

against a background of strongly competing polar solvents, to correlate against gas-

phase physiochemical properties. Before application of the solvation model, the raw 

experimental data in polar solvents was poorly predicted by computational methods. 

A water soluble molecular balance series was also synthesised and allowed the 

determination of H-bond strengths in biologically relevant solvents. These results have 

implications for the fundamental understanding of H-bonds between biologically 

relevant amides in molecular recognition, and these experimental results could be used 

to test theoretical models of solvation.  
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Chapter 4 

 

 

Solvent Effects on Cooperativity in H-Bond 

Chains 
 

Abstract 

The energetics of cooperativity in hydrogen bonding are complicated by solvent 

effects. Here, we have used a series of synthetic molecular balances to investigate H-

bond cooperativity in 19 different solvent and solvent mixtures. The trend in the 

experimental folding energies on adding a second and third H-bond donor to form 

chains revealed three different classes of cooperative behaviour. A positive 

cooperative effect was found in solvents with weak H-bond acceptor properties, 

mirroring gas phase computations. In solvents with stronger H-bond acceptor 

properties, negative cooperativity was observed. Protic solvents showed an 

intermediate behaviour in which a catechol molecular balance formed the strongest 

intermolecular interactions. These results have implications for the fundamental 

understanding of H-bond chain cooperativity in molecular recognition.   

 

Full computational and supplementary details are given in Supporting Information C, 

pages 252-297 

Contributions: The experimental and computational results presented in this chapter 

were obtained by NYM. Molecular balances 1H, 2H and 3H were synthesised 

previously1 but experimental free energies were determined by Nicole Yvette 

Meredith (NYM). 



SOLVENT EFFECTS ON HYDROGEN BONDING 

SOLVENT EFFECTS ON HYDROGEN BONDING                     103 

4.1 Introduction 

Hydrogen bonding is a fundamental interaction in biology and chemistry. It is 

responsible for the unique properties of water, and it has key roles in understanding 

molecular recognition and supramolecular self-assembly. Hydrogen bonds exhibit 

non-additive character, where two hydrogen bonds may either strengthen or weaken 

each other. These two phenomena are commonly referred to as positive cooperativity 

and negative, or anti-cooperativity, respectively. Many theoretical and experimental 

attempts have been made to study H-bond cooperativity and anti-cooperativity in water 

clusters.2-3  H-bond cooperativity has been shown to be important in catalysis4 and it 

has also been studied in a wide range of supramolecular5-6 and biomolecular systems.7,8 

H-bond interactions are typically thought to be primarily electrostatic in nature, 

however, the role of quantum mechanical phenomena such as covalency, charge 

transfer and electron resonance have also been investigated in H-bond formation.9,10 

Studies have extended into the origin of cooperativity in H-bonding, where research 

has suggested cooperativity arises from mutual polarisation of groups,11 charge flow 

through  bonds, or from many body interactions.12 In the solution phase, the 

energetics of H-bond cooperativity are complicated by solvent effects, particularly in 

polar solvents that strongly compete for the intramolecular H-bonds.   

Solvent effects on H-bonding were studied by Hunter as shown by the 

desolvation equilibrium (Figure 4.1).13-14-15 The H-bond interaction between solute 

molecules is in direct competition with solute-solvent interactions. If the solute-solute 

interactions are favoured, the equilibrium lies to the right. If the solute-solvent 

interactions are favoured the equilibrium lies to the left. Hunter proposed that H-

bonding energies in solution could be predicted using Equation 4.1 where  and  are 

the H-bond coefficients of the H-bond donor and acceptor solutes, and S and S are 

the H-bond donor and acceptor coefficients of the solvent which relate to the relative 

H-bond donor and acceptor abilities defined previously by Hunter.16-17-18 

ΔGH-bond = − (α−αs) (β−βs) + 6 kJ mol−1                                                                      (4.1) 
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Figure 4.1: H-bonding equilibrium in solution. 

 

Cooperativity in H-bond chains 
 

Dannenberg and coworkers studied cooperativity in linear chains 

computationally;8,19,20 Hartree-Fock (HF), density functional theory (DFT) and second 

order Møller-Plesset perturbation theory (MP2) calculations were performed to reveal 

a strong cooperative effect in formamide chains, with lower cooperative effects found 

for urea chains. The large cooperative effect in formamide chains was rationalised by 

considering pairwise electrostatic interactions, non-pairwise short-range polarisation 

and resonance assisted hydrogen bonding. For the two latter electronic effects, the 

strength of the hydrogen bonds increases as the electron density is redistributed along 

the chain. It was found that the contribution of these non-pairwise electronic 

interactions made up 75% of the total hydrogen-bond cooperativity. Similarly, Baker 

performed DFT calculations to study cooperativity of hydrogen-bond interactions in 

model systems for  helix formation, it was found that non-pairwise electronic effects 

accounted for half of the total cooperativity of these model systems.21 Pidko and Greef 

carried out DFT calculations on H-bonded supramolecular polymers and showed that 

the cooperative growth of the polymers was caused by electrostatic interactions and 

non-additive effects brought about by redistribution of the electron density with 

aggregate length.22 More recently, Ireta et al investigated cooperativity in H-bonded 

hydrogen cyanide, 4-pyridone and formamide linear chains. DFT calculations were 

performed to assess cooperativity in infinitely long H-bonded chains, and compared 

against the strengthening of the dipole-dipole interaction upon the formation of an 

infinite chain of effective point dipoles. The magnitude of H-bond cooperativity could 

be estimated by a pairwise addition of effective point dipoles, and was therefore 

concluded to be primarily electrostatic in origin.23   
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Karplus et al used Hartree-Fock calculations at the 6-31G and 6-31G* levels 

of theory to investigate solvent effects on H-bond cooperativity between amides.24 The 

effects of trifluoroethanol, ethylene glycol, ethanol and water were investigated. It was 

found that addition of an H-bond donor solvent substantially increased the strength of 

interaction between the amides due to induced polarisation of the molecule, with 

ethylene glycol and trifluoroethanol having larger stabilising effects than water.  

 Cockroft1 studied H-bonding cooperativity in H-bond chains experimentally 

using N,N-di-arylformamide molecular balances. Phenol, catechol and pyrogallol 

molecular balances were synthesised and used to study cooperative H-bonding (Figure 

4.2).     

Figure 4.2: Molecular balances synthesised to study cooperative H-bonding. 

The position of the conformational equilibrium in these phenol balances enabled the 

measurement of the energy of the H-bond at the end of a linear chain of one, two or 

three H-bonds. The phenol balance was found to have a strong preference for the 

folded conformer in CDCl3, G = −4.2 kJ mol−1. The strength of the H-bond 

approximately doubled in magnitude for the catechol molecular balance, G = −8.1 kJ 

mol−1. However, on addition of a third H-bond to the system, the strength of the H-

bond slightly decreased. These trends persisted in solvent mixtures of CDCl3 with 

small amounts of CD3CN. Experimental controls and computations confirmed that the 

observed binary energetic behaviour depended entirely on whether a chain of (two or 

more) H-bonds was present, and ruled out significant through-bond substituent effects.  

4.2 Preliminary findings and new balance design 

Previously, we reported the synthesis and study of molecular balances that 

directly measured the effect of H-bond chain length on the strength of H-bonding 

interactions in CDCl3 solution. It was found that adding a second H-bond donor to a 
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form a chain doubled the strength of the terminal H bond but that further extension of 

the chain had little effect. These studies were limited to non-polar solvents chloroform 

and chloroform/acetonitrile solvent mixtures. In the present work, solvent effects on 

these molecular balances were expanded to include a wider range of solvents (Figure 

4.3). Conformational energies measured in dichloromethane showed a similar trend to 

that reported previously in chloroform and chloroform/acetonitrile mixtures. However, 

as more polar solvents were investigated, this system proved not to be suitable for 

examining H-bond cooperativity due to the very small conformational free energies 

observed. All of the experimental energies determined in various polar solvents can be 

found in Supporting Information C.  

 

Figure 4.3: A Molecular balances used in the present investigation. B Experimental energies 
determined for molecular balances 1H, 2H and 3H in DCM, acetone, methanol and DMSO.  
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Figure 4.4: A Synthetic molecular balances 51, 52, 53, 54 employed in the front investigation 
B Calculated conformational energies determined using DFT/B3LYP/6-311G*. 

 

Due to the small conformational energies found in polar solvents using the 

molecular balances shown in Figure 4.3, an alternative molecular torsion balance 

series was proposed to examine cooperative effects in polar solvents (Figure 4.4). This 

new series of H-bonding formamide molecular balances were based on the design 

introduced in Chapter 3 that incorporated a methylene linker group. Conformer 

distribution searches were performed on molecular balance designs 51-54 at the 

B3LYP/DFT/6-311G* level of theory to determine the energetic minima for the folded 

and unfolded conformations of molecular balances 51-54. The optimised structures of 

the folded conformations were shown to form intramolecular H-bonds for balances 51, 

52 and 53 (Supporting Information C, Figure S4.17). The energies of the optimised 

structures of the folded and unfolded conformers were then used to calculate the 

conformational equilibrium energies for molecular balances 51-54 (Equation 4.2). 

Ecalc =  Efolded conformer – Eunfolded conformer                                                                     (4.2) 

The methylene linker group increased the preference for the H-bond containing 

conformer, which made the system suitable for the examination of H-bond strengths 

in highly competitive polar solvents. The trend in the calculated conformational free 

energies were shown to exhibit a positive cooperative effect as the length of the H-

bond was extended in the absence of any solvent (Figure 4.4). This pattern was similar 
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to the short-range positive cooperativity found both in the gas-phase calculations and 

in chloroform and chloroform/acetonitrile solvent mixtures using molecular balances 

1H, 2H, 3H.1 

4.3 Synthesis of molecular torsion balances 

 

 

 

Figure 4.5: Generalised scheme showing synthesis of phenol molecular torsion balances 52, 
53 and 54. Full details are provided in Supporting Information C. 

 

The first step involved a reductive amination reaction between 4-fluoroaniline 

and the appropriately substituted methyl ether aldehyde to yield the amine products in 

good yield. The amine products were then formylated by refluxing overnight in neat 

formic acid. Finally, the methoxy products were deprotected using a solution of boron 

tribromide in DCM to yield the hydroxy molecular balances 52, 53 and 54. The initial 
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formylation of amine 60 where n = 3 using neat formic acid, resulted in decomposition. 

Therefore, gentler conditions were used where the amine was coupled with formic acid 

at room temperature using trimethylamine as the base and propylphosphonic 

anhydride solution as an activating agent to yield the product in good yield. A control 

molecular balance 51 that lacked the ability to form intramolecular H-bonds was 

synthesised in an 81% yield via the one step reaction shown below (Figure 4.6). 

 

Figure 4.6: Synthesis of control molecular balance 51. Full details are provided in Supporting 

Information C. 

4.4 Experimental analysis 

After the synthesis of molecular torsion balances, conformational free energies 

were determined in 19 different solvent and solvent mixtures. Experimental 

measurements were shown to be independent of concentration in the range 1−4 mM, 

discounting the influence of any intermolecular H-bonding (Supporting Information 

C, Table S4.2). Therefore, all energies were determined at a low concentration of 3.5 

mM using 19F NMR spectroscopy. Molecular balances, 51, 52, 53 and 54, adopted 

distinct folded and unfolded conformations due to restricted rotation about the C-N 

bond. These two distinct conformations appeared as two separate peaks on the 19F 

NMR spectra as the restricted rotation was slow enough on the NMR timescale. In the 

folded conformer, an H-bond was formed between the oxygen in the formyl group and 

the hydrogen in the phenol group. In the unfolded state, the C=O∙∙∙HO and HO∙∙∙HO 

bonds were broken and the donor and acceptor groups were exposed to the solvent. 

Therefore, the formation of an intramolecular H-bond was in direct competition with 

H-bond interactions with the solvent. Equilibrium constants, Kfold, were determined by 

taking the integral of each peak, and the experimental conformational energies 

calculated using GH-bond = − RTlnKfold. The conformer assignment of the two peaks 
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was performed using 2D spectroscopy (see Supporting Information C). The H-bond in 

balances 52-54 in chloroform ( = 2.2 and  = 0.9) and dichloromethane ( = 1.9,  = 

1.1) were found to be so strong that only the H-bond folded state was observed in the 

19F spectrum (characterised using 2D spectroscopy). This was different to the 

previously synthesised molecular balances 1H, 2H and 3H where the experimental 

energies were determined to be −4.3 kJ mol−1 for the phenol molecular balance, 1H, 

−8.1 kJ mol−1 for the catechol molecular balance, 2H, and −7.3 kJ mol−1 for the 

pyrogallol molecular balance 3H. The methylene linker molecular balances 52-54 

were asymmetrical, therefore the added stability of the balances towards the folded 

conformer was due to both the H-bond strength and an inherent bias towards the folded 

state. To account for this bias, a control molecular balance, 51, was synthesized (Figure 

4.6) that lacked the ability to form an intramolecular H-bond and experimental 

energies were then determined in the same 19 solvent and solvent mixtures. The 

estimated H-bond energy strengths were then determined using Equation 4.3. 

H-bond strength (GH-bond) =GH-bond − Gcontrol                                                                                               

(4.3) 

The trend in the folding energies of molecular balances 52, 53 and 54 in the 

other solvents studied revealed three different types of behaviour (Figure 4.8A). In the 

aprotic solvents ethyl acetate, CDCN3, THF and (CD3)2CO, the experimental energies 

became more favourable as the number of OH groups in the chain increased. This 

indicated a positive cooperative effect arising from the formation of a linear 

intramolecular H-bond network between the OH groups. This positive cooperative 

pattern was consistent with the trend of experimental Gibbs free energies measured for 

molecular balances 1H, 2H and 3H in chloroform and chloroform/acetonitrile solvent 

mixtures.1 This positive cooperative effect was also observed in the gas phase for the 

molecular balances 1H, 2H, 3H.1 In addition to this, the same pattern was observed in 

the gas phase calculations for molecular balances 52, 53 and 54 (Figure 4.4). It was 

important to note that the experimental free energies were a lot lower than the gas 

phase calculations due to competing solvent effects. 

The H-bond energies estimated using Equation 4.3 in aprotic solvents ethyl 

acetate, CDCN3, THF and (CD3)2CO revealed the H-bond strengths (Figure 4.7B). The 
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H-bonds were found to be strongest in acetonitrile due to molecular balances 52-54 all 

having negative G values. For ethyl acetate and acetone, the intramolecular H-bond 

interactions in molecular balance 52 were found to be unfavourable as the solvent 

outcompeted the energetics of any intermolecular H-bond cooperativity. On addition 

of a second OH group, the energies became favourable, resulting in stronger H-bond 

interactions. Molecular balance, 54, which contained a chain of three H-bonds gave 

the strongest terminal H-bond energies in aprotic solvents ethyl acetate, CDCN3, THF 

and (CD3)2CO. The H-bonds in molecular balances 52, 53 and 54 in THF were all 

found to be unfavourable. 
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Figure 4.7: A Bar graph showing the experimental Gibbs free energies (GH-bond) measured in 
solution at 298 K for molecular torsion balances 52-54. B Dissected energies estimated using 

H-bond strength (GH-bond) = GH-bond− GControl. Deuterated methanol was used. Solvent 
mixtures are quoted in % v/v. Dashed coloured bars represent extrapolated numbers. See 
Supporting Information C for full details.  
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In aprotic solvents DMSO-d6, DMF and in a 0.92 M solution of tributylphosphine 

oxide in THF, a different trend was observed. The experimental energies were found 

to be similar for the phenol and catechol molecular balances, however, on addition of 

a third OH group the energies were found to decrease (Figure 4.7A). This was 

indicative of a negative cooperative effect. The H-bond energies estimated using 

Equation 4.3 for molecular balances 52-54 in these solvents revealed unfavourable H-

bond interactions.  

These two opposing classes of cooperativity in different solvent classes can be 

explained by considering the  values of the formamide group and the s values of the 

solvent molecules. The  values describe the H-bond acceptor properties of the formyl 

group on the molecular balance and the s values describe the H-bond acceptor 

properties of the solvent. The s and  values can either be derived from experiment 

or computationally, from calculated electrostatic surface potentials (ESPs).13  

Solvents ethyl acetate ( = 5.3), CDCN3 ( = 5.1), THF ( = 5.9) and (CD3)2CO 

( = 5.8) are all good H-bond acceptors with similar  values. The  value of the 

oxygen on the formamide on the balance (  ≈ 7) is a stronger acceptor than the 

aforementioned solvents, and therefore the intramolecular H-bond outcompetes the 

solvent to form an intramolecular hydrogen bond to phenol allowing a positive 

cooperative effect to be manifested as the length of the H-bond chain increases. 

However, a different trend was observed for DMSO-d6 ( = 8.7), DMF ( = 7.7) and 

phosphine oxide ( = 9.9) as they are all strong H-bond acceptors with higher  values 

than the formamide oxygen. Thus, these solvents outcompete the formamide group to 

solvate the phenol hydroxyl groups, which resulted in decreased experimental energies 

and a negative cooperative effect as the number of hydroxyl groups increased. 

Experimental energies were also determined in more biologically relevant 

protic solvents: ethanol, methanol and THF/water mixtures (Figure 4.7A). As the 

concentration of water in THF increased, the experimental energies decreased, which 

was consistent with increased disruption of the H-bond networks. The catechol 

molecular balance 53 was shown to have the strongest H-bond interactions in the 

majority of solvent mixtures measured. The H-bond energies estimated using equation 

4.3 revealed that the unfolded conformer was favoured and that the intramolecular H-
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bonds were switched off in these competitive, protic solvents. The observation that 

catechol had the strongest interactions in water solutions relative to analogous phenol 

and pyrogallol compounds was consistent with the finding that catechols (not 

pyrogallols) are predominately found in nature in proteins with adhesive 

properties.25,26 

The percentage of water in THF was plotted against the experimentally 

determined free energies for molecular balances 52-54 (see Supporting Information C, 

Figure 4.2) and used to extrapolate the experimental free energies in 100% water 

(Figure 4.7A). The extrapolated Gibbs free energy for molecular balance 52 was 

determined to be −0.8 kJ mol−1, for molecular balance 53 the energy was calculated at 

−1.6 kJ mol−1 and for molecular balance 54 it was found to be −0.5 kJ mol−1. The 

control molecular balance, 51, had a calculated Gibbs free energy of −2.3 kJ mol−1.  

4.5 Dissection of thermodynamic parameters: van’t 
Hoff analyses  

Van’t Hoff analyses was carried out on molecular balances 51-54 in DMSO, 

EtOAc, MeCN and 80% (v/v) water/THF mixtures to dissect out the entropic and 

enthalpic contributions to the experimental conformational free energies (See 

Supporting Information C, Tables S4.10-S4.14 and Figures S4.3-4.17). These solvents 

were chosen as they each represented a different pattern of the observed behaviour. 

These solvents also had high enough boiling points to enable Van’t Hoff analysis to 

be carried out. As this series of molecular balances had more conformational flexibility 

to those investigated previously, it was important to determine whether any entropic 

effects were responsible for the observed differences in the cooperativity patterns in 

different solvents.  

The results of the dissection are shown below in Tables 4.1-4.3 and in Figure 

4.8A-C for solvents DMSO, CD3CN and EtOAc. Unfortunately, the 19F NMR peaks 

coalesced for balance 54 in the 80% water/THF solvent mixture. This meant that 

integrals were not measured at 320-330 K. Therefore, experimental Gibbs free 

energies were not measured at these temperatures and consequentially enthalpic and 
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entropic terms were not reported. See Supporting Information C, Table S4.13-S4.14, 

for the data that was measured for this solvent system.  

Table 4.1: Dissection of H and TS at 300 K in DMSO-d6. 

Balance −TS/ kJ mol−1  H/ kJ mol−1 G/ kJ mol−1 

51 −1.3 −3.0 −4.3 

52 −0.9 −1.9 −2.8 

53 −1.1 −1.7 −2.8 

54 −1.4 −0.8 −2.2 

 

Table 4.2: Dissection of H and TS at 300 K in CD3CN. 

Balance −TS/ kJ mol−1  H/ kJ mol−1 G/ kJ mol−1 

51 +0.2 −4.7 −4.4 

52 −6.3 +1.4 −4.9 

53 −4.4 −1.6 −6.1 

54 −4.1 −2.3 −6.4 

 

Table 4.3: Dissection of H and TS at 300 K in EtOAc. 

Balance −TS/ kJ mol−1  H/ kJ mol−1 G/ kJ mol−1 

51 −3.7 −1.9 −5.6 

52 −5.2 −0.9 −6.1 

53 −5.8 −1.4 −7.2 

54 −2.6 −5.0 −7.6 
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Figure 4.8: A The experimental Gibbs free energies of molecular balances 52, 53 and 54 in 
different solvents measured at 300 K. B Enthalpic contributions to the experimental 
conformational energies. C Entropic contributions to the experimental conformational free 
energies. See Supporting Information C for full details of error analysis.     

 

On analysis of the above results, it was concluded that the conformational free 

energies of molecular balances 52-54 were enthalpically driven in DMSO, CD3CN and 

EtOAc. In DMSO, on increasing the number of phenol groups, the experimental free 

energies decreased, in line with the enthalpic contributions to the conformational free 

energies, but opposed by the entropic contributions due to enthalpy-entropy 

compensation.27 However, in CD3CN and EtOAc, the Gibbs free energies increased 

with increasing number of phenol groups. Again, this trend was mirrored in the 

dissected enthalpic terms, and opposed by entropy contributions. These findings 

showed that the behaviour of these systems were enthalpically driven, which might be 

expected due to the intramolecular nature of the H-bond formed in the molecular 

balances. 
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4.6 Implicit modelling of solvent effects 

The calculated conformational energies were determined in DMSO and 

methanol employing the polarizable continuum model (PCM) implicit solvation 

model. However, the computational results did not predict the experimental behaviour 

(Figure 4.9). Positive cooperative effects were still predicted in DMSO and methanol, 

contradicting what was observed in the experiments. These findings highlighted the 

inability of the PCM implicit solvation model to even predict a general pattern of 

behaviour in a very simple intramolecular system. Improved computational 

approaches are required to properly model solvent effects, particularly for polar and 

biologically relevant aqueous solutions. 

 

Figure 4.9: Graphs of calculated conformational energies employing the PCM solvation 
model using DFT/B3LYP/6-311G*. A calculated in DMSO B calculated in MeOH. 
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4.7 Conclusion 

In summary, we have designed and synthesised a series of molecular balances 

to investigate solvent effects on cooperativity in H-bond chains. Experimental energies 

were determined in a range of different solvents with varying properties and three 

different types of behaviour were found. Solvents with weak  values were shown to 

exhibit positive cooperativity on increasing the length of the H-bond chain. In contrast 

solvents with high H-bond acceptor  abilities strongly disrupted the H-bond chains, 

resulting in negative cooperativity as the H-bond chain length was increased. Folding 

energies obtained in protic solvent and solvent mixtures showed that the catechol-

containing molecular balance, 53, was able to form the most favorable terminal H-

bond interactions, perhaps providing an explanation of why such groups have evolved 

as the active components in the biological adhesives that mussels secrete to cling to 

surfaces.25-26 Simple implicit solvent modelling performed using PCM failed to 

reproduce the experimental trends, highlighting the limitations of current 

computational solvent models. These results have implications for the fundamental 

understanding of H-bonds in molecular recognition, and these experimental results 

could be used to help develop and benchmark new theoretical models of solvation. 
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Final Remarks 

Overall conclusions and future work 

Many molecular balance designs have been used to study intramolecular 

interactions in solution. Wilcox,1 A.D Hamilton,2 and Cockroft3,4 have all designed 

molecular torsion balances to specifically study hydrogen bonds in solution. The 

research in this thesis involves the design of systems that were used to measure the 

strength of H-bonds in competitive solvents. The focus was to investigate solvation 

computationally, to study the strength of H-bonds between amides and anilines (H-

bonds that are ubiquitous in nature: in amino acids, and in the secondary and tertiary 

structures of proteins) and to investigate H-bond co-cooperativity between phenol 

groups. The motivation was to quantify H-bond energies in biologically relevant 

environments, to therefore gain a deeper understanding of fundamental interactions 

and phenomena.  

More specifically, in chapter two, work was carried out to determine how 

effective current implicit solvation models (SMD, PCM, SM8 and SM12) are at 

predicting the experimental conformational free energies of a simple molecular 

balance design. Experimental conformational energies were plotted against the 

computationally calculated energies to show poor correlations for polar solvents and 

improved correlations for non-polar solvents. PCM was shown to give the best 

correlations throughout this study, even in polar solvents. These results highlighted the 

limitations of using implicit solvation models to model solvation on conformational 

equilibria. 

In chapter three, the rational design and synthesis of H-bond molecular balance 

systems were studied to measure the strength of H-bonds in competitive solvents, 

where previous research had focused on the measurement of H-bonds in non-polar 

solvents.  The electronics of the hydrogen bond donors were systematically varied to 

incorporate both electron donating/withdrawing groups into the model systems, 

therefore varying the H-bond donor ability of the model systems. The H-bond distance 

and conformational flexibility of the systems were also probed, through incorporation 
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of different linker groups. Experimental energies were determined on these systems to 

measure the strength of H-bonds in solution and, on analysis of the results, it was 

shown that the solvent-solute interactions dominated over solute-solute interactions. 

A solvation model was applied to these data to gain further information on the system; 

a solvent-independent coefficient showed a linear relationship with the hydrogen bond 

donor ability of the balances, whereas the other coefficients gave insight into the 

changes of solvation on the donor and acceptor parts of the balance. Energies were 

also determined for a water soluble molecular balance series and energies determined 

using 19F NMR spectroscopy in aqueous solvents.  

In chapter four, molecular balances incorporating a methylene linker were 

designed to investigate cooperative H-bonds between phenol, catechol and pyrogallol 

groups. Experimental energies were determined in organic and aqueous/organic 

solvent mixtures and three different classes of behaviour were observed in the solvents 

tested. In solvents with good H-bond acceptor ability, a negative cooperative effect 

was observed, whereas in solvents with poor H-bond acceptor ability, a positive 

cooperative effect was observed. An intermediate behaviour was found for the aqueous 

solvent mixtures.  

Future work could involve using IR spectroscopy, to characterise the molecular 

balances and to investigate the shifts in the N-H and O-H peaks. The methylene linker 

molecular balance design principle could be used to investigate the effect of 

systematically varying the acceptor on the H-bond strength. Other synthetic future 

work could involve incorporating amino acids into the molecular balance designs, to 

investigate the strength of H-bonds in systems that more closely resemble H-bonds in 

biology. Further computational work could involve modelling the methylene linker 

molecular balance using the implicit solvation models (SMD, PCM, SM8 and SM12) 

described in Chapter two. The computational results could then be correlated against 

the experimental determined Gibbs free energies, to assess how accurately the H-bond 

strengths are predicted computationally. Computationally, NBO analysis could also be 

carried out to further analyse the nature of the H-bonds. 
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Molecular torsion balances studied 

 

 

Figure S2.1: Structures of molecular torsion balances used in the present study.  

Experimental thermodynamic data 

All molecular balances were characterised in CDCl3 by 1H and 13C-NMR, and the O 

and H conformers were identified using 2D NMR methods.1,2 

The ratios of the 19F-NMR peak integrations were used to calculate the free energy 

difference between the two conformers, ΔGexp in the 11 solvents below, at 298 K. The 

conformational ratios were shown not to vary with the changes of the concentrations 

within the range used for the NMR study.1,2 

∆𝐺𝑒𝑥𝑝 = −𝑅𝑇𝑙𝑛𝐾 = −𝑅𝑇𝑙𝑛
["H conformer"]

["O conformer"]
  

The error in the experimental energies were previously determined to be 0.12 kJ mol−1. 

1,2 
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Table S2.1: Conformational free energies, ΔGexp, measured in 11 solvents (values 

given in kJ mol-1). Blanks in the data were due to solubility issues.  

 

  ΔGexp/ kJ mol−1 

Solvents (1) p-NEt2 (2) p-OMe (3) H (4) Ph (5) Br (6) CN (7) NO2 

Benzene − − − −    

Carbontet − − − n.d.a    

Chloroform − − − −    

DCM − − − −    

Diethylether − − − n.d.a    

Ethylacetate − − − −    

THF − − − −    

Acetone − − − −    

Acetonitrile − − − − − −  

Ethanol − − − − −   

Methanol − − − n.d.a −   
aNot determined as insoluble 

Computational methods and data 

Calculations were performed in Spartan ’14, Spartan ‘16 and Gaussian 09. The 

geometries were fully optimised at the DFT/B3LYP level of theory using the 6-31G* 

basis set in the gas phase. 

Structures were also optimised in the solution phase. Calculations were ran employing 

the polarizable continuum model (PCM) and the solvation model on density (SMD) as 

implemented in Gaussian 09 using DFT/B3LYP/6-31G*.  

Structures were also optimised employing the SM8 and SM12 continuum solvation 

models in Spartan ’14 and Spartan ’16 respectively, using DFT/B3LYP/6-31G*. 

Frequencies were obtained for all optimised structures to ensure the absence of 

imaginary frequencies in the minima.  
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Gas Phase 

Table S2.2: Calculated energies determined for 7 molecular balances in the gas phase 

using DFT/B3LYP/6-31G*. 

 

  Gas phase 

Balance H conformer O conformer E/ kJ mol−1 

(1) p-NEt2 − − − 

(2) p-OMe − − − 

(3) H − − − 

(4) Ph − − − 

(5) Br − −  

(6) CN − −  

(7) NO2 − −  

 

  
Gas phase 

Balance H conformer O conformer E/ kJ mol−1 

(1) p-NEt2 − − − 

(2) p-OMe − − − 

(3) H − − − 

(4) Ph − − − 

(5) Br − −  

(6) CN − −  

(7) NO2 − −  

 

  

  Gas phase 

Balance H conformer O conformer E/ kJ mol−1 

(1) p-NEt2 − − − 

(2) p-OMe − − − 

(3) H − − − 

(4) Ph − − − 

(5) Br − −  

(6) CN − −  

(7) NO2 − −  
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PCM 

Table S2.3: Calculated energies determined for 7 molecular balances in 10 different 

solvents employing the PCM implicit solvation model using DFT/B3LYP/6-31G*. 

 

  Chloroform DCM 

Balance H conformer O conformer E/ kJ mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − − − − − − 

(4) Ph − − − − − − 

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  

 

  

Acetone Acetonitrile 

Balance H conformer O conformer 

E/ kJ 

mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − − − − − − 

(4) Ph − − − − − − 

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  

  

THF Ethyl acetate 

Balance H conformer O conformer 

E/ kJ 

mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − − − − − − 

(4) Ph − − − − − − 

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  

 

  Benzene Carbon tetrachloride 

Balance H conformer O conformer 

E/ kJ 

mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − − − − − − 

(4) Ph − − − − − − 

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  
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Ethanol Methanol 

Balance H conformer O conformer 

E/ kJ 

mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − − − − − − 

(4) Ph − − − − − − 

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  

 

SMD 

Table S2.4: Calculated energies determined for 7 molecular balances in 10 different 

solvents employing the SMD implicit solvation model using DFT/B3LYP/6-31G*. 

  Benzene Carbon tetrachloride 

Balance H conformer O conformer E/ kJ mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − − − − − − 

(4) Ph − − − − − − 

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  

 

  Chloroform DCM 

Balance H conformer O conformer E/ kJ mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − − − − − − 

(4) Ph − − − − − − 

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  
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Ethanol Methanol 

Balance 
H conformer O conformer 

E/ kJ 

mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − −  − −  

(3) H − − − − − − 

(4) Ph − − − − − − 

(5) Br − − − − − − 

(6) CN − − − − − − 

(7) NO2 − − − − − − 

 

  

  Acetone Acetonitrile 

Balance H conformer O conformer 

E/ kJ 

mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − − − − − − 

(4) Ph − − − − − − 

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  

  THF Ethyl acetate 

Balance 
H conformer O conformer 

E/ kJ 

mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − − − − − − 

(4) Ph − − − − − − 

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  
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SM8 

Table S2.5: Calculated energies determined for 7 molecular balances in 10 different 

solvents employing the SM8 implicit solvation model using DFT/B3LYP/6-31G*. 

 

 

  Acetone Acetonitrile 

Balance 
H conformer O conformer 

E/ kJ 

mol−1 
H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − −  − −  

(4) Ph − −  − −  

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  

  
THF Ethyl acetate 

Balance H conformer O conformer 
E/ kJ 

mol−1 
H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − −  − −  

(4) Ph − −  − −  

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  

 

  Benzene Carbon tetrachloride 

Balance H conformer O conformer E/ kJ mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − − − − − − 

(4) Ph − −  − −  

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  

  Chloroform DCM 

Balance H conformer O conformer E/ kJ mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − −  − −  

(4) Ph − −  − −  

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  
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  Ethanol Methanol 

Balance H conformer O conformer 
E/ kJ 

mol−1 
H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − −  − −  

(3) H − −  − −  

(4) Ph − −  − −  

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  

 

SM12 

Table S2.6: Calculated energies determined for 7 molecular balances in 10 different 

solvents employing the SM12 implicit solvation model using DFT/B3LYP/6-31G*. 

  Chloroform DCM 

Balance 
H conformer O conformer E/ kJ mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − − − − − − 

(4) Ph − −  − −  

(5) Br − −  − − − 

(6) CN − −  − −  

(7) NO2 − −  − −  

  

Acetone Acetonitrile 

Balance 
H conformer O conformer E/ kJ mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − −  − −  

(4) Ph − −  − −  

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  

 

  Benzene Carbon tetrachloride 

Balance 
H conformer O conformer E/ kJ mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − − − − − − 

(4) Ph − − − − −  

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  
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THF Ethyl acetate 

Balance 
H conformer O conformer E/ kJ mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − −  − −  

(4) Ph − −  − −  

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  

 

  

Ethanol Methanol 

Balance 
H conformer O conformer E/ kJ mol−1 H conformer O conformer 

E/ kJ 

mol−1 

(1) p-NEt2 − − − − − − 

(2) p-OMe − − − − − − 

(3) H − − − − − − 

(4) Ph − −  − −  

(5) Br − −  − −  

(6) CN − −  − −  

(7) NO2 − −  − −  

Table of R2 values 

Table S2.7: R2 values determined from plots of the experimental Gibbs free energies 

against the calculated conformational free energies in the gas phase and also in the 

solution phase employing implicit solvation models SMD, PCM, SM8 and SM12 

using DFT/B3LYP/6-31G*.  

Solvent 

  R2  Values   

Gas 
phase 

SMD PCM SM8 SM12 

Benzene      

Carbon 
tetrachloride      

Chloroform      

DCM      

Acetone      

Acetonitrile      

THF      

Ethylacetate      

Ethanol      

Methanol      
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Table of gradient values 

 

Table S2.8: Gradient values determined from plots of the experimental Gibbs free 

energies against the calculated conformational free energies in the gas phase and also 

in the solution phase employing implicit solvation models SMD, PCM, SM8 and 

SM12 using DFT/B3LYP/6-31G*.  

Solvent 
  Gradient   

Gas 
phase 

SMD PCM SM8 SM12 

Benzene      

Carbon 
tetrachloride      

Chloroform      

DCM      

Acetone      

Acetonitrile      

THF      

Ethylacetate      

Ethanol      

Methanol      
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Molecular torsion balances studied 

 

 

Figure S3.1: A Methylene linker molecular balance series (compounds 8-18, green) 

substituted with amine and amide hydrogen bond donors. B Ethylene linker molecular 

balance series (compounds 19-29, blue) substituted with amine and amide hydrogen 

bond donors.  

 

Determination of experimental conformational free 

energies, GEXP  

All molecular torsion balances were fully characterized in DMSO-d6 by 1H and 13C-

NMR, prior to the determination of experimental conformational free energies (see 

Conformer Characterisation section below). The NMR peaks corresponding to the 

folded and unfolded conformers were assigned using 2D NMR methods as detailed in 

the conformer assignment section below. NMR spectra used for conformational free 

energy calculation were determined by 19F NMR spectroscopy using a Bruker 

Ultrashield 500 MHz, heteronuclear (512 scans). Conformer ratios were determined at 
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balance concentrations of 3.5 mM and were found to be independent of concentration 

in a range of 1 – 4 mM (Table S3.1) The conformational free energy differences 

measured in a range of solvents are provided in Tables S3.2-S3.26. 

 

∆𝐺𝐸𝑋𝑃 = −𝑅𝑇𝑙𝑛𝐾 = −𝑅𝑇𝑙𝑛
[Folded]

[Unfolded]
   

 

 

 

A conservative 3% estimate of the error in the integral of the minor conformer NMR 

peak was applied (e.g. the integration ratio was [∫major conformer = 1] / [∫minor 

conformer ± 0.03]), resulting in asymmetric ΔGEXP error margins as listed in Tables 

S3.2-S3.26. All 19F NMR measurements were carried out once to determine the 

integration ratio and therefore the Gibb’s free energies.  

 

Table S3.1: Concentration study of molecular balances 10, 12, 18. 

Compound c/ mM MeOD Gexp/ kJ mol-1 CDCl3 Gexp/ kJ mol-1 

10 1 − − 

 2 − − 

 4 − − 

12 1 −  −  

 2 −  −  

 4 −  −  

18 1 − − 

 2 − − 

  4 − − 
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Methylene linker series 

Table S3.2: Experimental conformational free energy differences of molecular 

balance 8, GEXP measured in various solvents at 298 K. 

8 

  Error 

 G / kJ mol-1 − + 

Chloroform-d  − a − − 

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate n.d.b n.d.b n.d.b 

Tetrahydrofuran −   

Dichloromethane  − a − − 

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
aOnly one peak observed in NMR spectrum that was assigned to the folded conformer. 

bNot determined due to peak overlap in the NMR spectrum. 

 

Table S3.3: Experimental conformational free energy differences of molecular 

balance 9, GEXP measured in various solvents at 298 K. 

9 

  Error 

 G / kJ mol-1 − + 

Chloroform-d  − a − − 

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran n.d.b n.d.b n.d.b 

Dichloromethane  − a − − 

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
aOnly one peak observed in NMR spectrum that was assigned to the folded conformer. 

bNot determined due to peak overlap in the NMR spectrum. 
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Table S3.4: Experimental conformational free energy differences of molecular 

balance 10, GEXP measured in various solvents at 298 K. 

10 

  Error 

 G / kJ mol-1 − + 

Chloroform-d −   

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane −   

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
aOnly one peak observed in NMR spectrum that was assigned to the folded conformer. 

bNot determined due to peak overlap in the NMR spectrum. 

 

Table S3.5: Experimental conformational free energy differences of molecular 

balance 11, GEXP measured in various solvents at 298 K. 

11 

  Error 

 G / kJ mol-1 − + 

Chloroform-d −   

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane −   

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
aOnly one peak observed in NMR spectrum that was assigned to the folded conformer. 

bNot determined due to peak overlap in the NMR spectrum. 
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Table S3.6: Experimental conformational free energy differences of molecular 

balance 12, GEXP measured in various solvents at 298 K 

12 

  Error 

 G / kJ mol-1 − + 

Chloroform-d  − a − − 

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane  − a − − 

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
aOnly one peak observed in NMR spectrum that was assigned to the folded conformer. 

 

Table S3.7: Experimental conformational free energy differences of molecular 

balance 13, GEXP measured in various solvents at 298 K 

13 

  Error 

 G / kJ mol-1 − + 

Chloroform-d  − a − − 

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane  − a − − 

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
aOnly one peak observed in NMR spectrum that was assigned to the folded conformer. 
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Table S3.8: Experimental conformational free energy differences of molecular 

balance 14, GEXP measured in various solvents at 298 K. 

14 

  Error 

 G / kJ mol-1 − + 

Chloroform-d  − a − − 

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane  − a − − 

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
aOnly one peak observed in NMR spectrum that was assigned to the folded conformer. 

 

Table S3.9: Experimental conformational free energy differences of molecular 

balance 15, GEXP measured in various solvents at 298 K. 

15 

  Error 

 G / kJ mol-1 − + 

Chloroform-d  − a − − 

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate n.d.b n.d.b n.d.b 

Tetrahydrofuran −   

Dichloromethane  − a − − 

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
aOnly one peak observed in NMR spectrum that was assigned to the folded conformer. 

bNot determined due to peak overlap in the NMR spectrum. 
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Table S3.10: Experimental conformational free energy differences of molecular 

balance 16, GEXP measured in various solvents at 298 K. 

16 

  Error 

 G / kJ mol-1 − + 

Chloroform-d  − a − − 

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate n.d.b n.d.b n.d.b 

Tetrahydrofuran −   

Dichloromethane  − a − − 

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
aOnly one peak observed in NMR spectrum that was assigned to the folded conformer. 

bNot determined due to peak overlap in the NMR spectrum. 

 

Table S3.11: Experimental conformational free energy differences of molecular 

balance 17, GEXP measured in various solvents at 298 K. 

17 

  Error 

 G / kJ mol-1 − + 

Chloroform-d −   

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane −   

Ethanol n.d.a n.d.a n.d.a 

Methanol-d4 −   

DMSO-d6 −   
aNot determined due to peak overlap in the NMR spectrum. 
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Table S3.12: Experimental conformational free energy differences of molecular 

balance 18, GEXP measured in various solvents at 298 K. 

18 

  Error 

 G / kJ mol-1 − + 

Chloroform-d −   

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane −   

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   

 

Ethylene linker series 

Table S3.13: Experimental conformational free energy differences of molecular 

balance 19, GEXP measured in various solvents at 298 K. 

 

 

 

 

 

 

 

 

 

  

19 

  Error 

 G / kJ mol-1 - + 

Chloroform-d −   

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane −   

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
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Table S3.14: Experimental conformational free energy differences of molecular 

balance 20, GEXP measured in various solvents at 298 K. 

20 

  Error 

 G / kJ mol-1 − + 

Chloroform-d −   

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane −   

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   

 

Table S3.15: Experimental conformational free energy differences of molecular 

balance 21, GEXP measured in various solvents at 298 K. 

21 

  Error 

 G / kJ mol-1 - + 

Chloroform-d −   

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane −   

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
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Table S3.16: Experimental conformational free energy differences of molecular 

balance 22, GEXP measured in various solvents at 298 K. 

22 

  Error 

 G / kJ mol-1 − + 

Chloroform-d −   

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate n.d.a n.d.a n.d.a 

Tetrahydrofuran −   

Dichloromethane −   

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
aNot determined due to peak overlap in the NMR spectrum. 

 

Table S3.17: Experimental conformational free energy differences of molecular 

balance 23, GEXP measured in various solvents at 298 K. 

23 

  Error 

 G / kJ mol-1 − + 

Chloroform-d  − a − − 

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane  − a − − 

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
aOnly one peak observed in NMR spectrum that was assigned to the folded conformer. 
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Table S3.18: Experimental conformational free energy differences of molecular 

balance 24, GEXP measured in various solvents at 298 K. 

24 

  Error 

 G / kJ mol-1 − + 

Chloroform-d  − a − − 

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane  − a − − 

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
aOnly one peak observed in NMR spectrum that was assigned to the folded conformer. 

 

 

Table S3.19: Experimental conformational free energy differences of molecular 

balance 25, GEXP measured in various solvents at 298 K. 

25 

  Error 

 G / kJ mol-1 - + 

Chloroform-d −   

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane −   

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
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Table S3.20: Experimental conformational free energy differences of molecular 

balance 26, GEXP measured in various solvents at 298 K. 

26 

  Error 

 G / kJ mol-1 − + 

Chloroform-d −   

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane −   

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   

 

Table S3.21: Experimental conformational free energy differences of molecular 

balance 27, GEXP measured in various solvents at 298 K. 

27 

  Error 

 G / kJ mol-1 - + 

Chloroform-d −   

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane −   

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
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Table S3.22: Experimental conformational free energy differences of molecular 

balance 28, GEXP measured in various solvents at 298 K. 

28 

  Error 

 G / kJ mol-1 − + 

Chloroform-d −   

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate n.d.a n.d.a n.d.a 

Tetrahydrofuran −   

Dichloromethane −   

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
aNot determined due to peak overlap in the NMR spectrum. 

 

Table S3.23: Experimental conformational free energy differences of molecular 

balance 29, GEXP measured in various solvents at 298 K. 

29 

  Error 

 G / kJ mol-1 - + 

Chloroform-d −   

Acetone −   

Acetonitrile-d3 −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane −   

Ethanol −   

Methanol-d4 −   

DMSO-d6 −   
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Water soluble series 

 

Table S3.24: Experimental conformational free energy differences of molecular 

balance 30, GEXP measured in various solvents at 298 K. 

30 

  Error 

 G/ kJ mol-1 − + 

Chloroform  − a − − 

Ethyl acetate  − a − − 

Tetrahydrofuran  − a − − 

Dichloromethane  − a − − 

Ethanol −   

Acetone  − a − − 

Methanol −   

Acetonitrile −   

DMSO −   

Water −   

100 mM NaCl −   

PBS pH 7.4 −   

1 % FBS/PBS pH 7.4 −   

10 % FBS/PBS pH 7.4 −   

50 % FBS/PBS pH 7.4 −   

Cell Lysate −   
aOnly one peak observed in NMR spectrum that was assigned to the folded conformer. 
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Table S3.25: Experimental conformational free energy differences of molecular 

balance 31, GEXP measured in various solvents at 298 K. 

31 

  Error 

 G/ kJ mol-1 − + 

Chloroform  − a − − 

Ethyl acetate  − a − − 

Tetrahydrofuran  − a − − 

Dichloromethane  − a − − 

Ethanol −   

Acetone −   

Methanol −   

Acetonitrile −   

DMSO −   

Water −   

100 mM NaCl −   

PBS pH 7.4 −   

1 % FBS/PBS pH 7.4 −   

10 % FBS/PBS pH 7.4 −   

50 % FBS/PBS pH 7.4 −   

Cell Lysate −   
aOnly one peak observed in NMR spectrum that was assigned to the folded conformer. 
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Table S3.26: Experimental conformational free energy differences of molecular 

balance 32, GEXP measured in various solvents at 298 K. 

32 

  Error 

 G/ kJ mol-1 − + 

Chloroform −   

Ethyl acetate −   

Tetrahydrofuran −   

Dichloromethane −   

Ethanol −   

Acetone −   

Methanol −   

Acetonitrile −   

DMSO −   

Water −   

100 mM NaCl −   

PBS pH 7.4 −   

1 % FBS/PBS pH 7.4 −   

10 % FBS/PBS pH 7.4 −   

50 % FBS/PBS pH 7.4 −   

Cell Lysate −   
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Experimental energies plotted against solvent polarity 
parameter 

 

 

 

 

Figure S3.2: Correlation of Gexp vs ET(30). 
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Figure S3.2(cont): Correlation of Gexp vs ET(30). 
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Figure S3.2 (cont): Correlation of Gexp vs ET(30). 

Van’t Hoff analyses of compounds 15 and 26 

Van’t Hoff analysis was carried out on ~3.5 mM samples of compounds 15 and 26 in 

DMSO. Samples were prepared and placed in an air-tight Wilmad-cap NMR tube. 

Spectra were obtained at a minimum of seven temperatures, beginning with the 

coldest. Samples were equilibrated at each temperature for 30 minutes within the 

spectrometer. Results are shown in Table S3.28-S3.29 and Figures S3.3-3.4 showing 

the derivation of thermodynamic parameters from the gradient and intercept according 

to the equation ΔG = ΔH − TΔS. 

Table S3.28: Van’t Hoff analysis (15 and 26).  

T/ K 1/T 15 26 

300 0.00333 1.845 1.277 

305 0.00328 1.808 1.273 

310 0.00323 1.766 1.266 

315 0.00317 1.760 1.259 

320 0.00313 1.772 1.248 

325 0.00308 one peak 1.241 

330 0.00303 one peak 1.245 
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Table S3.29: Dissection of H and TS at 300 K 

Balance −TS/ kJ mol−1 H/ kJ mol−1 G/ kJ mol−1 

15 −1.5 (+1.1, −1.2) −3.1 ± 1.0 −4.6 (+0.4, −0.5) 

26 −2.1 ± 0.3  −1.0 ± 0.1 −3.2 ± 0.3 
 

 

Figure S3.3: van’t Hoff analysis for compound 15. 

 

Figure S3.4: Van’t Hoff analysis for compound 26. 
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Linear regression to obtain modelled free energies 

(G model) 

Multiple linear regression was performed in Origin v8.5.1 for each data set for each 

balance in all solvents (using the constants listed in Table S30) to obtain the values of 

E   and  quoted in the main text. Errors in G model (G) were calculated as 

follows:  

𝛿∆𝐺 = √(δ∆𝐸)2 + (δ∆𝛼)2 + (δ∆𝛽)2   

where E  and  are the fitting errors in   and   as output by Origin. 

G model values are reported in Table S3.31. 

 

Table S3.30: s and s values used in linear regressions  

Solvent s s 

Chloroform 2.2 0.9 

Acetone 1.5 5.8 

Acetonitrile 1.7 5.1 

Ethyl acetate 1.5 5.3 

THF 0.9 5.9 

DCM 1.9 1.1 

Ethanol 2.7 5.3 

Methanol 2.7 5.3 

DMSO 2.2 8.7 

 

Table S3.31: Predicted energies of methylene (8-18) and ethylene (19-29) molecular 

balances series, with error analysis. 

Compound Solvent ΔGexp/kJ mol-1 ΔGα/β model /kJ mol-1 δΔG/kJ mol-1 

8 Chloroform-d  − a − − 

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate n.d.b n.d.b n.d.b 

 Tetrahydrofuran − −  

 Dichloromethane  − a − − 

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

9 Chloroform-d  − a − − 

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  

 Tetrahydrofuran  − a − − 
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 Dichloromethane  − a − − 

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

10 Chloroform-d − −  

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  

 Tetrahydrofuran − −  

 Dichloromethane − −  

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

11 Chloroform-d − −  

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  

 Tetrahydrofuran − −  

 Dichloromethane − −  

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

12 Chloroform-d  − a − − 

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  

 Tetrahydrofuran − −  

 Dichloromethane  − a − − 

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

13 Chloroform-d  − a − − 

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  

 Tetrahydrofuran − −  

 Dichloromethane  − a − − 

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

14 Chloroform-d  − a − − 

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  
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 Tetrahydrofuran − −  

 Dichloromethane  − a − − 

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

15 Chloroform-d  − a − − 

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate n.d.b n.d.b n.d.b 

 Tetrahydrofuran − −  

 Dichloromethane  − a − − 

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

16 Chloroform-d  − a − − 

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate n.d.b n.d.b n.d.b 

 Tetrahydrofuran − −  

 Dichloromethane  − a − − 

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

17 Chloroform-d − −  

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  

 Tetrahydrofuran − −  

 Dichloromethane − −  

 Ethanol n.d.b n.d.b n.d.b 

 Methanol-d4 − −  

  DMSO-d6 − −  

18 Chloroform-d − −  

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  

 Tetrahydrofuran − −  

 Dichloromethane − −  

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

19 Chloroform-d − −  

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  
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 Tetrahydrofuran − −  

 Dichloromethane − −  

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

20 Chloroform-d − −  

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  

 Tetrahydrofuran − −  

 Dichloromethane − −  

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

21 Chloroform-d − −  

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  

 Tetrahydrofuran − −  

 Dichloromethane − −  

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

22 Chloroform-d − −  

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate n.d.b n.d.b n.d.b 

 Tetrahydrofuran − −  

 Dichloromethane − −  

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

23 Chloroform-d  − a − − 

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  

 Tetrahydrofuran − −  

 Dichloromethane  − a − − 

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

24 Chloroform-d  − a − − 

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  

 Tetrahydrofuran − −  

 Dichloromethane  − a − − 

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

25 Chloroform-d − −  
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 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  

 Tetrahydrofuran − −  

 
Dichloromethane − −  

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

26 Chloroform-d − −  

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  

 Tetrahydrofuran − −  

 Dichloromethane − −  

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

27 Chloroform-d − −  

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  

 Tetrahydrofuran − −  

 Dichloromethane − −  

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

28 Chloroform-d − −  

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate n.d.b n.d.b n.d.b 

 Tetrahydrofuran − −  

 Dichloromethane − −  

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

29 Chloroform-d − −  

 Acetone − −  

 Acetonitrile-d3 − −  

 Ethyl acetate − −  

 Tetrahydrofuran − −  

 Dichloromethane − −  

 Ethanol − −  

 Methanol-d4 − −  

  DMSO-d6 − −  

     
aOnly one peak observed in NMR spectrum that was assigned to the folded conformer. 

bNot determined due to peak overlap in the NMR spectrum. 
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Conformer assignment by NMR spectroscopy 

 

The following figures present the NMR spectra (1H, 13C, HSQC, COSY, NOESY and 

HMBC) of N-[2-[(4-fluoro-N-formyl-anilino)methyl]phenyl]-2,2-dimethyl-

propanamide (compound 14) in DMSO-d6, showing the full spectral assignment for 

both conformers. The proton resonances have been labelled numerically and carbon 

resonances alphabetically. Red peaks with prime notation (’) denotes a minor 

conformer, while blue indicates the major conformer.   

 

 

 

The major and minor conformers were unambiguously distinguished by analysing the 

HMBC spectra (Figure S3.7); H-C correlation through multiple bonds. The formyl 

proton has a cross peak with the trans-CH2 carbon in the H-bonded conformer, whereas 

in the unbound conformer the formyl proton has a trans-cross peak with trans-

quaternary aromatic carbon.  
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Figure S3.5: 1H NMR spectrum of compound 14 in DMSO-d6. 

 

Figure S3.6: 13C NMR spectrum of compound 14 in DMSO-d6. 
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Figure S3.7:19F NMR spectrum of compound 14 in DMSO-d6. 
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Figure S3.8: HSQC spectrum compound 14 in DMSO-d6. 

In the example depicted in Figure S7, the major formyl proton 1 couples to carbon B, 

and the minor formyl proton 1’ couples with I’.  
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Figure S3.9: HMBC NMR spectrum compound 14 in DMSO-d6. 
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Computational methods and data 

Geometry minimization and calculated conformational energies 

Conformer distribution searches were performed on full molecular balances using 

Spartan ’14 with DFT/B3LYP/6-31G* to obtain the minimised geometries of the 

unfolded and folded conformers. The resulting gas phase energies and corresponding 

energy differences, GDFT in each conformer are reported in Tables S3.32 and Table 

S3.33. The minimized B3LYP/6-31G* geometries of the folded and unfolded are 

presented in Figures S3.11.  

 

Table S3.32: Calculated energies of methylene molecular balance series using 

DFT/B3LYP/6-31G*. 

Compound 
Energy folded 

conformer/ kJ mol-1 
Energy unfolded 

conformer/ kJ mol-1 
ΔGDFT/ kJ mol-1 

ESPN-H/kJ 
mol-1 

8 − − −  

9 − − −  

10 − − −  

11 − − −  

12 − − −  

13 − − −  

14 − − −  

15 − − −  

16 − − −  

17 − − −  

18 − − −  

Table S3.33: Calculated energies of ethylene molecular balance series using 

DFT/B3LYP/6-31G*. 

Compound 
Energy folded 

conformer/ kJ mol-1 
Energy unfolded 

conformer/ kJ mol-1 
ΔGDFT/ kJ mol-1 ESPN-H/kJ mol-1 

19 − − −  

20 − − −  

21 − − −  

22 − − −  

23 − − −  

24 − − −  

25 − − −  

26 − − −  

27 − − −  

28 − − −  

29 − − −  
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Optimised geometries of ethylene molecular balance series (19-29).  
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Figure S3.10: DFT/B3LYP/6-31G* minimised structures of balances (19-29) both the 

folded and unfolded conformers. 
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Barrier to rotation calculation 

Table 3.34: Energy profile calculation performed for molecular balance 8 at the 

DFT/B3LYP/6-31G* level of theory.  

Relative energy/ kJ mol-1 Dihedral/° 

0.0 -2.0 

1.5 8.3 

6.5 18.6 

14.6 28.9 

25.7 39.2 

39.8 49.5 

56.1 59.8 

73.7 70.1 

90.8 80.3 

105.8 90.6 

116.9 100.9 

123.4 111.2 

67.1 121.5 

57.7 131.8 

49.5 142.1 

43.0 152.3 

39.0 162.6 

36.3 172.9 

25.9 -176.8 

26.6 -166.5 

29.9 -156.2 

35.5 -146.0 

43.1 -135.7 

52.4 -125.4 

62.8 -115.1 

73.4 -104.8 

83.5 -94.5 

92.0 -84.2 

98.0 -74.0 

99.6 -63.7 

57.0 -53.4 

43.9 -43.1 

33.1 -32.8 

25.3 -22.5 

20.1 -12.2 

18.3 -2.0 
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Experimental energies plotted against computational 
energies 
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Figure S3.11. Experimental energies of molecular balances 8-29 in nine different 

solvents plotted against computationally derived equilibrium energies. 
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Crystallographic data 

Experimental. Single colourless block-shaped crystals of (Compound 12) were 

recrystallised from DCM by slow evaporation. A suitable crystal 

(0.34×0.16×0.05) mm3 was selected and mounted on a MITIGEN holder in Paratone 

oil on a Rigaku Oxford Diffraction SuperNova diffractometer. The crystal was kept at 

T = 120.0 K during data collection. Using Olex2 (Dolomanov et al., 2009), the 

structure was solved with the ShelXS (Sheldrick, 2008) structure solution program, 

using the Direct Methods solution method. The model was refined with version 2016/6 

of ShelXL (Sheldrick, 2015) using Least Squares minimisation. 

 

Crystal Data. C16H15FN2O2, Mr = 286.30, triclinic, P-1 (No. 2), a = 7.7752(4) Å, b = 

9.3986(5) Å, c = 10.6511(7) Å,  = 101.842(5)°,  = 102.717(5)°,  = 108.474(5)°, V = 

687.59(8) Å3, T = 120.0 K, Z = 2, Z' = 1, (MoK) = 0.102, 12391 reflections 

measured, 3454 unique (Rint = 0.0392) which were used in all calculations. The final 

wR2 was 0.1079 (all data) and R1 was 0.0516 (I > 2(I)). 

Figure S3.12: The molecular structure of compound 12. Displacement ellipsoids are 

at the 50% probability level. 
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Table 3.35: Crystallographic data for molecular balance 12. 

Compound  12 
    
Formula  C16H15FN2O2  
Dcalc./ g cm-3  1.383  

/mm-1  0.102  

Formula Weight  286.30  
Colour  colourless  
Shape  block  
Size/mm3  0.34×0.16×0.05  
T/K  120.0  
Crystal System  triclinic  
Space Group  P-1  
a/Å  7.7752(4)  
b/Å  9.3986(5)  
c/Å  10.6511(7)  

/°  101.842(5)  

/°  102.717(5)  

/°  108.474(5)  

V/Å3  687.59(8)  
Z  2  
Z'  1  
Wavelength/Å  0.71073  
Radiation type  MoK  

min/°  3.516  

max/°  29.678  

Measured Refl.  12391  
Independent Refl.  3454  
Reflections Used  2726  
Rint  0.0392  
Parameters  195  
Restraints  0  
Largest Peak  0.246  
Deepest Hole  -0.253  
GooF  1.064  
wR2 (all data)  0.1079  
wR2  0.0992  
R1 (all data)  0.0695  
R1  0.0516  
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Table S3.36: Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for 12. Ueq is defined as 1/3 of the trace of the orthogonalised Uij. 

Atom x y z Ueq 

F1 9355.9(16) -152.6(13) 6221.0(11) 35.0(3) 
O1 2905.5(17) 4353.0(14) 5526.4(12) 23.5(3) 
O2 3266.6(17) 8213.2(14) 9718.9(12) 26.3(3) 
N1 4699.6(19) 3201.4(15) 6616.7(13) 18.4(3) 
N2 3862(2) 6734.3(17) 8016.7(15) 21.2(3) 
C1 3879(2) 3543.5(18) 5532.0(16) 19.0(3) 
C2 4428(2) 3788.0(19) 7929.3(16) 19.3(3) 
C3 5928(2) 5378.3(18) 8763.6(15) 17.4(3) 
C4 7666(2) 5469(2) 9563.9(16) 20.2(3) 
C5 9068(2) 6896(2) 10372.9(17) 22.4(4) 
C6 8747(2) 8267(2) 10393.3(17) 21.7(4) 
C7 7032(2) 8216.1(19) 9618.2(16) 20.7(3) 
C8 5622(2) 6777.4(19) 8805.4(15) 18.3(3) 
C9 2796(2) 7461.2(19) 8535.8(17) 20.5(3) 
C10 975(3) 7262(2) 7521.7(19) 30.6(4) 
C11 5927(2) 2352.0(18) 6528.8(15) 17.9(3) 
C12 7403(2) 2832.3(19) 5984.9(16) 20.7(3) 
C13 8559(2) 1980(2) 5864.0(17) 23.8(4) 
C14 8218(3) 681(2) 6318.1(17) 24.2(4) 
C15 6795(3) 195(2) 6886.3(16) 23.3(4) 
C16 5631(2) 1036.0(19) 6986.9(16) 20.7(3) 

Table S3.37: Anisotropic Displacement Parameters (×104) 12. The anisotropic displacement 
factor exponent takes the form: -22[h2a*2 × U11+ ... +2hka* × b* × U12] 

Atom U11 U22 U33 U23 U13 U12 

F1 45.9(7) 42.9(7) 32.3(6) 14.2(5) 15.4(5) 33.4(6) 
O1 25.0(6) 24.2(6) 21.9(6) 6.0(5) 5.2(5) 12.0(5) 
O2 28.7(7) 24.2(6) 26.3(7) 3.6(5) 10.2(5) 11.9(6) 
N1 22.0(7) 16.6(6) 16.8(7) 4.3(5) 7.0(6) 7.3(6) 
N2 24.7(8) 21.7(7) 17.5(7) 3.9(6) 3.9(6) 12.2(6) 
C1 19.8(8) 17.3(8) 17.1(8) 4.0(6) 6.0(6) 4.1(7) 
C2 25.0(9) 18.1(8) 17.4(8) 5.7(6) 10.8(7) 8.3(7) 
C3 21.4(8) 18.3(8) 15.4(8) 6.1(6) 9.9(6) 7.7(7) 
C4 26.1(9) 21.7(8) 19.7(8) 7.9(7) 11.0(7) 14.4(7) 
C5 20.4(8) 29.1(9) 19.8(8) 7.2(7) 7.4(7) 11.3(7) 
C6 21.4(8) 22.3(8) 18.2(8) 4.6(7) 7.5(7) 3.8(7) 
C7 27.4(9) 17.3(8) 20.2(8) 7.7(6) 9.7(7) 9.3(7) 
C8 20.7(8) 21.4(8) 14.8(8) 6.0(6) 7.3(6) 9.0(7) 
C9 24.0(9) 18.0(8) 23.5(9) 10.1(7) 8.8(7) 9.6(7) 
C10 29.6(10) 40.8(11) 30.3(10) 15.2(8) 10.4(8) 20.8(9) 
C11 20.0(8) 15.7(7) 13.9(8) 0.8(6) 2.4(6) 5.7(7) 
C12 22.7(8) 19.5(8) 18.2(8) 5.5(6) 5.0(7) 6.6(7) 
C13 23.0(9) 30.4(9) 18.2(8) 6.3(7) 6.5(7) 11.0(8) 
C14 29.7(9) 27.0(9) 18.3(8) 3.5(7) 4.3(7) 18.2(8) 
C15 34.1(10) 18.5(8) 16.4(8) 4.4(6) 5.3(7) 10.8(8) 
C16 24.7(9) 18.3(8) 16.3(8) 3.3(6) 6.4(7) 5.5(7) 

 

Table S3.38: Bond Lengths in Å for 12. 

Atom Atom Length/Å 

F1 C14 1.3616(19) 
O1 C1 1.2315(19) 
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Atom Atom Length/Å 

O2 C9 1.220(2) 
N1 C1 1.343(2) 
N1 C2 1.480(2) 
N1 C11 1.431(2) 
N2 C8 1.423(2) 
N2 C9 1.365(2) 
C2 C3 1.509(2) 
C3 C4 1.397(2) 
C3 C8 1.402(2) 
C4 C5 1.384(2) 
C5 C6 1.385(2) 
C6 C7 1.386(2) 
C7 C8 1.393(2) 
C9 C10 1.511(2) 
C11 C12 1.388(2) 
C11 C16 1.392(2) 
C12 C13 1.390(2) 
C13 C14 1.374(2) 
C14 C15 1.374(3) 
C15 C16 1.384(2) 
 

Table S3.39: Bond Angles in ° for 12. 

Atom Atom Atom Angle/° 

C1 N1 C2 119.84(13) 
C1 N1 C11 120.30(13) 
C11 N1 C2 119.76(13) 
C9 N2 C8 123.18(14) 
O1 C1 N1 125.19(15) 
N1 C2 C3 112.90(13) 
C4 C3 C2 119.23(14) 
C4 C3 C8 118.25(15) 
C8 C3 C2 122.48(14) 
C5 C4 C3 121.44(15) 
C4 C5 C6 119.49(16) 
C5 C6 C7 120.48(16) 
C6 C7 C8 119.88(15) 
C3 C8 N2 120.01(15) 
C7 C8 N2 119.54(14) 
C7 C8 C3 120.46(15) 
O2 C9 N2 123.16(15) 
O2 C9 C10 122.40(15) 
N2 C9 C10 114.44(15) 
C12 C11 N1 120.27(14) 
C12 C11 C16 120.03(15) 
C16 C11 N1 119.69(15) 
C11 C12 C13 120.21(16) 
C14 C13 C12 118.15(16) 
F1 C14 C13 118.72(16) 
F1 C14 C15 118.27(15) 
C15 C14 C13 123.00(15) 
C14 C15 C16 118.56(15) 
C15 C16 C11 120.02(16) 
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Table S3.40: Torsion Angles in ° for 12. 

Atom Atom Atom Atom Angle/° 

F1 C14 C15 C16 -
179.94(15) 

N1 C2 C3 C4 -84.22(18) 
N1 C2 C3 C8 98.06(17) 
N1 C11 C12 C13 -

178.13(14) 
N1 C11 C16 C15 179.02(14) 
C1 N1 C2 C3 -89.90(18) 
C1 N1 C11 C12 50.4(2) 
C1 N1 C11 C16 -

129.38(17) 
C2 N1 C1 O1 1.3(2) 
C2 N1 C11 C12 -

125.91(16) 
C2 N1 C11 C16 54.3(2) 
C2 C3 C4 C5 -

178.34(15) 
C2 C3 C8 N2 -1.5(2) 
C2 C3 C8 C7 178.31(14) 
C3 C4 C5 C6 0.0(2) 
C4 C3 C8 N2 -

179.28(14) 
C4 C3 C8 C7 0.6(2) 
C4 C5 C6 C7 0.4(2) 
C5 C6 C7 C8 -0.4(2) 
C6 C7 C8 N2 179.73(15) 
C6 C7 C8 C3 -0.1(2) 
C8 N2 C9 O2 0.2(3) 
C8 N2 C9 C10 -

179.86(15) 
C8 C3 C4 C5 -0.5(2) 
C9 N2 C8 C3 129.03(17) 
C9 N2 C8 C7 -50.8(2) 
C11 N1 C1 O1 -

175.00(15) 
C11 N1 C2 C3 86.40(17) 
C11 C12 C13 C14 -1.2(2) 
C12 C11 C16 C15 -0.7(2) 
C12 C13 C14 F1 -

179.18(14) 
C12 C13 C14 C15 -0.2(3) 
C13 C14 C15 C16 1.1(3) 
C14 C15 C16 C11 -0.6(2) 
C16 C11 C12 C13 1.6(2) 
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Table S3.41: Hydrogen Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for 12. Ueq is defined as 1/3 of the trace of the 
orthogonalised Uij. 

Atom x y z Ueq 

H2 3360(30) 6060(30) 7180(20) 36(6) 
H1 4063.94 3128.05 4703.23 23 
H2A 4455.66 3025.62 8443.91 23 
H2B 3156.79 3856.38 7767.35 23 
H4 7890.46 4530.89 9552.75 24 
H5 10242.16 6934.67 10910.22 27 
H6 9709.01 9249.56 10942.68 26 
H7 6817.63 9160.26 9640.88 25 
H10A 1057.25 8280.86 7390.44 46 
H10B -103.52 6853.63 7855.26 46 
H10C 791.07 6523.09 6661.55 46 
H12 7622.72 3746.52 5694.35 25 
H13 9558.37 2286.81 5478.14 29 
H15 6612.96 -699.37 7203.34 28 
H16 4630.85 715.17 7368.73 25 

Table S3.42: Hydrogen Bond information for 12. 

D  H  A  d(D-H)/Å  d(H-A)/Å  d(D-A)/Å  D-H-A/deg  

N2 H2 O1 0.90(2) 2.00(2) 2.8702(19) 162.5(19) 
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Experimental 

 
General procedures 

All chemicals were obtained from commercial sources and used as received. All 

reactions were carried out under a nitrogen atmosphere. Analytical TLC was carried 

out on Merck aluminium sheets coated with silica gel 60F and visualised using UV 

light (254 nm). Flash chromatography was carried out on silica gel 60. Solvent ratios 

have been indicated in brackets. Mass spectrometry was performed by the University 

of Edinburgh technician-supported mass spectrometry service, using a 

ThermoElectron MAT XP spectrometer for EI-HRMS. Melting points were measured 

in a Gallenkamp melting point apparatus and are uncorrected. 1H and 13C NMR spectra 

were recorded on either 400 or 500 or 600 MHz Bruker Avance III spectrometer. 19F 

NMR spectra were recorded on a 400 or 500 MHz Bruker Avance III spectrometer. 

NMR chemical shifts are reported in parts per million (δ) relative to trimethylsilane ( 

= 0) or CDCl3 (
1H δ = 7.26 and 13C δ = 77.16) as an internal reference. Both major and 

minor conformer chemical shifts were recorded for all balances where unambiguous 

assignment was possible. Minor conformers are denoted by prime notations (‘). 

Coupling constants, J, are reported in Hertz. Signal splitting patterns in 1H NMR 

spectra could not be determined in cases where conformer signals resulted in 

overlapping peaks. The chemical shifts of aromatic protons were often identified using 

HSQC/HMBC spectra and the signals are recorded as multiplets (m).  
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Methylene linker series 

Scheme summary 

 

 

N-(4-fluorophenyl)-N-[(2-nitrophenyl)methyl]formamide (36)  

 

To a flask under a nitrogen atmosphere was added a 

solution of N-(4-fluorophenyl) formamide (870 mg, 6.25 

mmol), in dry DMF (30 mL), 2-nitrobenzyl bromide (1.35 

g, 6.25 mmol) was then added and the mixture cooled to 0 

°C. Sodium hydride (300 mg, 7.50 mmol) was then carefully added and the mixture 

allowed to warm to room temperature. The reaction mixture was stirred overnight, 

diluted with DCM (10 mL) and quenched with water (10 mL). The organics were then 

reduced in vacuo, dried with MgSO4 and purified using column chromatography (30 

% EtOAc/n-Hex) to yield a white solid (800 mg, 2.91 mmol, 50 %).  

1H NMR (500 MHz, CHCl3-d) δ 8.61 (1, s, 1H), 8.52 (1’, s, 1H), 8.10 (3’, dd, J = 8.2, 

1.4 Hz, 1H), 8.05 (3, dt, J = 7.6, 1.2 Hz, 1H), 7.65 – 7.60 (5, m, 1H), 7.53 – 7.49 (4’, 
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m, 1H), 7.48 – 7.44 (5’, 6, 4, m, 3H), 7.41 (6’, m, 1H), 7.26 – 7.22 (7’, m, 2H), 7.15 – 

7.06 (7, 8, m, 4H), 7.05 – 7.01 (8’, m, 2H), 5.39 (2, s, 2H), 5.29 (2’, s, 2H). 

13C NMR (126 MHz, CHCl3-d) δ 162.99 (A’, s), 162.46 (A, s), 161.41 (L, d, J = 247.8 

Hz), 148.30 (D, s), 148.10 (D’, s), 136.75 (I, d, J = 3.1 Hz), 134.29 (I’, d, J = 3.3 Hz), 

133.87 (G’, s), 133.75 (G, s), 131.97 (C’, s), 131.78 (C, s), 129.81 (H’, s), 129.22 (F’, 

s), 129.03 (H, s), 128.47 (F, s), 126.82 (J’, d, J = 8.4 Hz), 125.63 (E’, s), 125.43 (J, d, 

J = 8.5 Hz), 125.30 (E, s), 116.79 (K, d, J = 22.9 Hz), 116.19 (K’, d, J = 22.6 Hz), 

51.10 (B’, s) 46.67 (B, s). 

19F NMR (471 MHz, CHCl3-d) δ -114.02 (major), -114.24 (minor). 

EI HRMS: obtained m/z 274.07607 M+ (expected m/z 274.07482 M+). 

MP: 115 – 116 °C. 
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N-[2-(2-aminophenyl)ethyl]-N-(4-fluorophenyl)formamide (8) 

 

To a reaction flask under a nitrogen atmosphere was added 

a solution of N-(4-fluorophenyl)-N-[(2-

nitrophenyl)methyl]formamide (200 mg, 0.730 mmol) in 

THF (10 mL) and EtOH (10 mL). Palladium on carbon (10 

wt %) was then added and the reaction mixture placed 

under a hydrogen environment. The reaction mixture was monitored to completion via 

TLC and then filtered through Celite. The crude mixture was reduced under pressure 

and purified using column chromatography (2 % MeOH/DCM) to yield a white solid 

(140 mg, 79%). 

 

1H NMR (601 MHz, DMSO-d6) δ 8.54 (1’, s, 1H), 8.51 (1, s, 1H), 7.35-7.31 (8, m, 

2H), 7.30-7.28 (8’, m, 2H) 7.24-7.19 (9, m, 2H), 7.17-7.13 (9’, m, 2H), 6.96-6.95 (6’, 

m, 1H), 6.94-6.90 (6, m, 1H), 6.81-6.80 (7’, m, 1H), 6.79-6.76 (7, m, 1H), 6.64-6.65 

(4’, m, 1H), 6.63-6.61 (4, m, 1H), 6.47-6.44 (5’, m, 1H), 6.43-6.39 (5, m, 1H), 5.05 (3, 

s, 2H), 5.03 (3’, s, 2H), 4.82 (2, s, 2H), 4.79 (2’, s, 2H). 
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13C NMR (151 MHz, DMSO-d6) δ 163.66 (A’, s), 163.14 (A, s), 160.75 (L, d, J = 

243.2 Hz), 146.68 (D’, s), 146.60 (D, s), 137.33 (I, d, J = 2.7 Hz), 135.77 (I’, d, J = 

3.0 Hz), 129.46 (H, s), 128.93 (H’, s), 128.66 (G’, s), 128.60 (G, s), 127.70 (J’, d, J = 

8.5 Hz), 126.24 (J, d, J = 8.5 Hz), 116.52 (K, d, J = 22.7 Hz), 116.65 (F’, s), 116.46 

(K’, d, J = 22.7 Hz), 116.28 (F, s), 115.81 (E’, s), 115.24 (E, s), 120.08 (C’, s), 119.10 

(C, s) 49.49 (B’, s), 44.67 (B, s). 

19F NMR (471 MHz, DMSO-d6) δ -116.18 (major + minor overlapping). 

EI HRMS: obtained m/z 244.10012 M+ (expected m/z 244.10064 M+). 

MP: 72 – 74 °C.  
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N-(4-fluorophenyl)-N-[(4-nitrophenyl)methyl]formamide (37) 

 

To a flask under a nitrogen atmosphere was added a 

solution of N-(4-fluorophenyl) formamide (400 mg, 

2.88 mmol), in dry DMF (10 mL), 4-nitrobenzyl 

bromide (621 mg, 2.88 mmol) was then added and the 

mixture cooled to 0 °C. Sodium hydride (138 mg, 3.46 mmol) was then carefully added 

and the mixture allowed to warm to room temperature. The reaction mixture was 

stirred overnight, diluted with DCM (10 mL) and quenched with water (10 mL). The 

organics were then reduced in vacuo, dried with MgSO4 and purified using column 

chromatography (30 % EtOAc/n-Hex) to yield a white solid (513 mg, 65%). 

 

1H NMR (500 MHz, Chloroform-d) δ 8.50 (1, s, 1H), 8.23 – 8.14 (4, m, 2H), 7.46 – 

7.38 (3, m, 2H), 7.13 – 7.05 (5, 6, m, 4H), 5.06 (2, s, 2H). 
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N-[(4-aminophenyl)methyl]-N-(4-fluorophenyl)formamide (34) 

 

 To a reaction flask under a nitrogen atmosphere was 

added a solution of N-(4-fluorophenyl)-N-[(2-

nitrophenyl)methyl]formamide (500 mg, 1.82 mmol) 

in THF (5 mL) and EtOH (5 mL). Palladium on carbon 

(10 wt %) was then added and the reaction mixture 

placed under a hydrogen environment. The reaction mixture was monitored to 

completion via TLC and then filtered through Celite. The crude mixture was reduced 

under pressure and purified using column chromatography (2 % MeOH/DCM) to yield 

a white solid (329 mg, 74 %). 

 

1H NMR (601 MHz, DMSO) δ 8.53 (1’, s, 1H), 8.47 (1, s, 1H), 7.33 – 7.28 (8, m, 2H), 

7.27 – 7.24 (8’, m, 2H), 7.22 – 7.17 (9, m, 2H), 7.16 – 7.12 (9’, m, 2H), 6.85 (7’, 3’, 

m, 2H), 6.83 (7, 3, m, 2H), 6.46 (6’, 4’, m, 2H), 6.45 – 6.42 (6, 4, m, 2H), 5.01 (5’, s, 

2H), 4.96 (5, s, 2H), 4.79 (2, s, 2H), 4.72 (2’, s, 2H). 

 

13C NMR (126 MHz, DMSO) δ 163.18 (s), 162.61 (s), 160.61 (d, J = 243.2 Hz) 160.26 

(d, J = 243.2 Hz), 148.56 (s), 148.25 (s), 137.62 (d, J = 2.7 Hz), 135.64 (d, J = 2.5 Hz), 

129.00 (s), 128.97 (s), 128.11 (d, J = 8.4 Hz), 126.22 (d, J = 8.5 Hz), 123.95 (s), 123.90 

(s), 116.45 (d, J = 22.6 Hz), 115.80 (d, J = 22.4 Hz), 114.29 (s), 114.26 (s), 52.81 (s), 

47.13 (s). 
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19F NMR (376 MHz, DMSO) δ -116.10 – -116.19 (minor, m), -116.50 – -116.58 

(major, m). 

 

EI HRMS: obtained m/z 244.10072 M+ (expected m/z 244.10064 M+). 

MP: 64-67 °C 
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Buchwald-Hartwig couplings 

 

General Method: 

 

To a flask under a nitrogen atmosphere was added a solution of N-[2-(2-

aminophenyl)ethyl]-N-(4-fluorophenyl)formamide in degassed dioxane (10 mL). The 

appropriately substituted iodobenzene was then added along with caesium carbonate, 

XPhos and Pd2(dba)3. The reaction mixture was then refluxed overnight, and filtered 

through celite. Water was added and then the reaction mixture was extracted with 

DCM (2 x 10 mL), dried over MgSO4, concentrated under reduced pressure and 

purified by column chromatography.  

 

N-[(2-anilinophenyl)methyl]-N-(4-fluorophenyl)formamide (9) 

 

Prepared according to general method: Dioxane (10 

mL), N-[2-(2-aminophenyl)methyl]-N-(4-

fluorophenyl)formamide (200 mg, 0.819 mmol), 

iodobenzene (284 mg, 155 µL, 1.39 mmol), 

Cs2CO3 (800 mg, 2.46 mmol), XPhos (39.0 mg, 

0.0820 mmol) and Pd2(dba)3 (0.0450 mg, 0.0491 

mmol). Purification with column chromatography (1:1 EtOAc: n-Hex) yielded a 

yellow solid (163 mg, 62%).   

 

1H NMR (500 MHz, DMSO-d6) δ 8.58 (1, s, 1H), 8.46 (1’, s, 1H), 7.57 (9, s, 1H), 7.36 

– 7.31 (7, m, 2H), 7.27 – 7.23 (7’, m, 2H), 7.23 – 7.09 (8, m, 2H, 8’, m, 2H, 3, m, 1H, 

3’, m, 1H, 14, 10, m, 2H, 14’, 10’, m, 2H), 7.08 – 7.04 (6, m, 1H, 6’, m, 1H), 6.96 – 
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6.85 (5, m, 1H, 5’, m, 1H, 11, 13, m, 2H, 11’, 13’, m, 2H), 6.83 – 6.75 (12, m, 1H, 12’, 

m, 1H), 4.97 (2, s, 2H), 4.94 (2’, s, 2H). 

13C NMR (126 MHz, DMSO) δ 163.43 (s), 163.27 (s), 160.67 (d, J = 243.2 Hz), 145.54 

(s), 145.00 (s), 141.55 (s), 141.35 (s), 137.53 (d, J = 2.8 Hz), 135.52 (d, J = 2.5 Hz), 

129.81 (s), 129.61 (s), 129.42 (s), 128.96 (s), 128.89 (s), 128.44 (s), 128.27 – 128.14 

(m), 127.77 (s), 127.72 (s), 125.81 (d, J = 8.5 Hz), 122.99 (s), 122.24 (s), 122.06 (s), 

120.32 (s), 119.82 (s), 119.44 (s), 116.73 (s), 116.56 (d, J = 22.6 Hz), 116.11 (s), 

115.77 (d, J = 22.3 Hz), 49.52 (s), 44.59 (s). 

19F NMR (471 MHz, DMSO-d6) δ -116.11 (minor), -116.30 (major). 

EI HRMS: obtained m/z 320.13189 M+ (expected m/z 320.13194 M+). 

MP: 97-99 °C 
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N-(4-fluorophenyl)-N-[[2-(2-methoxyanilino)phenyl]methyl]formamide (10) 

 

Prepared according to general method: Dioxane (10 

mL), N-[2-(2-aminophenyl)methyl]-N-(4-

fluorophenyl)formamide (200 mg, 0.819 mmol), 2-

methoxyiodobenzene (325 mg, 182 µL, 1.39 

mmol), Cs2CO3 (800 mg, 2.46 mmol), XPhos (39.0 

mg, 0.0820 mmol) and Pd2(dba)3 (0.0450 mg, 

0.0491 mmol). Purification with column chromatography (1:1 EtOAc: n-Hex) yielded 

a brown oil (278 mg, 76%) 

 

1H NMR (500 MHz, DMSO-d6) δ 8.54 (1, s, 1H), 8.47 (1’, s, 1H), 7.35 – 7.30 (7, m, 

2H), 7.28 – 7.24 (7’, m, 2H), 7.23 – 7.17 (8, m, 2H), 7.16 – 7.09 (8’, m, 2H, 6’, m, 1H, 

4, m, 1H, 4’, m, 1H), 7.08 – 7.04 (6, m, 1H), 7.04 – 6.98 (3, m, 1H, 3’, m, 1H, 10, m, 

1H, 10’, m, 1H), 6.95 – 6.95 – 6.77 (5, m, 1H, 13, m, 1H, 11, m, 1H, 12, m, 1H, 5’, m, 
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1H, 13’, m, 1H, 11’, m, 1H, 12’, m, 1H), 6.70 - 6.67 (13’, m, 1H), 4.97 (2, s, 2H), 4.96 

(2,’ s, 2H), 3.84 (14’, s, 1H), 3.83 (14, s, 3H). 

 

13C NMR (126 MHz, DMSO) δ 163.41 (s), 163.10 (s), 160.74 (d, J = 243.3 Hz), 160.27 

(d, J = 243.2 Hz), 149.70 (s), 149.01 (s), 141.84 (s), 137.34 (d, J = 2.8 Hz), 135.39 (d, 

2.5 Hz), 134.16 (s), 133.62 (s), 130.17 (s), 129.74 (s), 128.91 (s), 128.84 (s), 128.54 

(s), 127.91 (d, J = 8.5 Hz), 127.14 (s), 126.21 (d, J = 8.6 Hz), 122.67 (s), 121.85 (s), 

121.77 (s), 121.15 (s), 121.10 (s), 120.97 (s), 120.32 (s), 119.91 (s), 116.81 (s), 116.54 

(d, J = 22.6 Hz), 115.76 (d, J = 22.5 Hz), 115.39 (s), 111.90 (s), 111.71 (s), 56.03 (s), 

49.91 (s), 44.68 (s). 

 

19F NMR (471 MHz, DMSO-d6) δ -116.05 (minor), -116.16 (major). 

EI HRMS: obtained m/z 350.14288 M+ (expected m/z 350.14251 M+). 
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N-[[2-(2-cyanoanilino)phenyl]methyl]-N-(4-fluorophenyl)formamide (11) 

 

Prepared according to general method: Dioxane (10 

mL), N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (200 mg, 0.819 mmol), 2-

iodobenzonitrile (318 mg, 1.39 mmol), Cs2CO3 

(800 mg, 2.46 mmol), XPhos (39.0 mg, 0.0820 

mmol) and Pd2(dba)3 (0.0450 mg, 0.0491 mmol). 

Purification with column chromatography (1:1 EtOAc: n-Hex) yielded a brown oil 

(206 mg, 73%). 

 

1H NMR (500 MHz, DMSO-d6) δ 8.54 (1, s, 1H), 8.40 (1’, s, 1H), 8.02 (9’, s, 1H), 

7.98 (9, s, 1H), 7.63 – 7.60 (13, m, 1H, 13’, m, 1H), 7.43 – 7.35 (11, m, 1H, 11’, m, 

1H), 7.33 – 7.28 (7, m, 2H, 7’, m, 2H), 7.28 – 7.23 (4, m, 2H, 4’, m, 2H), 7.20 – 7.06 

(6, m, 1H, 8, m, 2H, 5, m, 1H, 3, m, 1H, 6’, m, 1H, 8’, m, 2H, 5’, m, 1H, 3’, m, 1H), 

6.91 – 6.85 (12, m, 1H, 12’, m, 1H), 6.61 – 6.58 (10, m, 1H), 6.48 – 6.46 (10’, s, 1H), 

4.95 (2, s, 2H), 4.93 (2’, s, 2H). 
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13C NMR (126 MHz, DMSO) δ 163.21 (s), 163.09 (s), 160.62 (d, J = 243.2 Hz), 160.20 

(d, J = 243.2 Hz), 149.19 (s), 148.91 (s), 139.77 (s), 139.53 (s), 137.52 (d, J = 2.7 Hz), 

135.40 (d, 2.5 Hz), 134.66 (s), 134.26 (s), 134.23 (s), 132.47 (s), 131.34 (s), 130.10 

(s), 129.26 (s), 129.21 (s), 128.78 (s), 127.73 (d, J = 8.5 Hz), 126.22 (s), 125.76 (s), 

125.63 (d, J = 8.5 Hz), 125.31 (s), 125.04 (s), 119.66 (s), 119.41 (s), 118.20 (s), 118.10 

(s), 116.52 (d, J = 22.7 Hz), 116.20 (s), 115.87 (s), 115.75 (d, J = 22.5 Hz), 98.93 (s), 

98.31 (s), 49.43 (s), 44.44 (s). 

 

19F NMR (471 MHz, DMSO-d6) δ -116.10 (minor), -116.42 (major). 

EI HRMS: obtained m/z 345.12864 M+ (expected m/z 345.12719 M+). 

MP: 90 – 92 °C. 
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Amide Couplings 

General Method:  

 

To a solution of aniline in dry DCM was added an appropriately substituted acid 

chloride. Triethylamine was then added and the reaction mixture heated to reflux. The 

reaction mixture was monitored to completion via TLC and then diluted with DCM 

and washed with saturated Na2HCO3. The aqueous phase was extracted with DCM 

and the combined organic phases were then washed with water and brine, dried over 

MgSO4 and concentrated in vacuo. The crude product was then purified by column 

chromatography.  
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General Method:  

 

 

To a solution of aniline in dry DMF was added an appropriately substituted acid. 

Propylphosphonic anhydride solution was then added followed by triethylamine. The 

reaction mixture was stirred overnight at room temperature and then extracted with 

DCM, washed with 2M HCl, water and brine. The combined organic phases were then 

dried over MgSO4 and concentrated in vacuo. The crude product was then purified by 

column chromatography.  

 

N-[2-[(4-fluoro-N-formyl-anilino)methyl]phenyl]acetamide (12) 

 

Prepared according to general method: DCM (10 mL), 

N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (670 mg, 2.74 mmol), acetyl 

chloride (290 µL, 4.12 mmol) and triethylamine (770 

µL, 5.49 mmol). Purification with column 

chromatography (1:1 EtOAc: n-Hex) yielded a white solid (490 mg, 62 %).   

 

1H NMR (601 MHz, DMSO-d6) δ 9.58 (9’, s, 1H) 9.49 (9, s, 1H), 8.55 (1, s, 1H), 8.49 

(1’, s, 1H), 7.40 (3, d, J = 7.9 Hz, 1H), 7.37 – 7.32 (7, m, 2H), 7.28 – 7.25 (7’, m, 2H), 

7.24 – 7.19 (8, 2H, 5, 1H, 3’, 1H, 5’, 1H), 7.15-7.10 (8’, m, 2H, 6’, m, 1H, 4’, m, 1H), 

7.05-7.09 (6, 1H, 4, 1H), 4.95 (s, 2, 2H), 4.90 (s, 2’, 2H), 2.05 (10, s, 3H), 2.05 (10’, 

s, 3H). 
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13C NMR (126 MHz, DMSO-d6) δ 168.89 (M, s), 163.42 (A’, s), 163.19 (A, s), 160.70 

(L, d, J = 243.2 Hz), 160.27 (L’, d, J = 244.4 Hz), 137.48 (I, d, J = 2.9 Hz), 136.49 

(D’, s), 136.45 (D, s), 135.44 (I, d, J = 2.5 Hz), 131.81 (C’, s), 130.48 (C, s), 129.16 

(H’, s), 128.53 (H, s), 128.33 (G’, s), 127.97 (G, s) 127.88 (J’, d, J = 8.4 Hz), 126.95 

(E’, s), 126.10 (F’, s), 125.95 (J, d, J = 8.5 Hz), 125.68 (E, s) 125.54 (F, s) 116.56 (K, 

d, J = 22.6 Hz) 115.80 (K’, d) 50.02 (B’, s), 44.69 (B, s), 23.78 (N, s), 23.54 (N’, s). 

19F NMR (471 MHz, DMSO-d6) δ -116.02 (minor), -116.27 (major). 

EI HRMS: obtained m/z 309.10150 M+ (expected m/z 309.10098 M+). 

MP: 106 – 108 °C. 
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2,2,2-trifluoro-N-[2-[(4-fluoro-N-formyl-anilino)methyl]phenyl]acetamide (13) 

 

Prepared according to general method A: DCM (5 mL), 

N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (240 mg, 0.982 mmol), 

trifluoroacetic anhydride (140 µL, 1.47 mmol) and 

triethylamine 140 µL, 1.94 mmol). Purification with 

column chromatography (1:1 EtOAc: n-Hex) yielded a white solid (180 mg, 55 %).   

 

1H NMR (601 MHz, DMSO-d6) δ 11.08 (9, s, 1H), 8.50 (1, s, 1H), 8.46 (1’, s, 1H), 

7.36 – 7.31 (7, m, 2H, 3, m, 1H, 5, m, 1H, 3’, m, 1H), 7.30 – 7.18 (8, m, 2H, 6, m, 1H, 

4, m, 1H, 6’, m, 1H, 4’, m, 1H), 7.15-7.12 (8’, m, 2H), 4.95 (2, s, 2H), 4.93 (2’, s, 2H). 

 

13C NMR (126 MHz, DMSO-d6) δ 163.23 (A’, s), 163.04 (A, s), 160.80 (L, d, J = 

243.4 Hz), 160.39 (L’, d, J = 243.2 Hz), 155.94 (q, J = 36.8 Hz), 137.26 (I, d, J = 2.8 

Hz), 135.15 (I’, d, J = 3.7 Hz), 133.66 (D’, s), 133.40 (D, s), 132.97 (C’, s), 132.59 (C, 

s),  
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129.90 (s), 129.23 (s), 128.91 (s), 128.55 (s), 128.15 (s), 128.07 (s), 127.99 (s), 127.92 

(s), 127.41 (s), 126.24 (J, d, J = 8.5 Hz), 119.90 (s), 117.61 (s), 116.58 (d, J = 22.7 

Hz), 115.88 (d, J = 22.5 Hz), 115.31 (s), 113.02 (s), 49.60 (s), 44.38 (s). 

19F NMR (471 MHz, DMSO-d6) δ -73.71 (CF3’, minor), -73.87 (CF3 major), -115.84 

(CF minor), -116.09 (CF major) tt, J = 9.1, 4.9 Hz). 

EI HRMS: obtained m/z 340.08245 M+ (expected m/z 340.08294 M+). 

MP: 130 – 132 °C. 
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N-[2-[(4-fluoro-N-formyl-anilino)methyl]phenyl]-2,2-dimethyl-propanamide 

(14) 

 

Prepared according to general method A: DCM (10 

mL), N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (700 mg, 2.87 mmol), 

trimethylacetyl chloride (530 µL, 4.31 mmol) and 

triethylamine (800 µL, 5.73 mmol). Purification 

with column chromatography (1:1 EtOAc: n-Hex) yielded a white solid (850 mg, 90 

%).   

 

1H NMR (601 MHz, DMSO-d6) δ 9.24 (9, s, 1H), 9.15 (9’, s, 1H), 8.57 (1, s, 1H), 8.46 

(1’, s, 1H), 7.36 – 7.32 (7, m, 2H), 7.30 – 7.21 (8, m, 2H, 7’, m, 2H, 3, m, 1H, 4, m, 
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1H, 3’, m, 1H), 7.17-7.09 (8’, m, 2H, 6’, m, 1H, 4’, m, 1H, 5, m, 1H, 5’, m, 1H), 7.05-

7.04 (6, m, 1H), 4.87 (2, s, 2H), 4.84 (2’, s, 2H), 1.27 (10, s, 9H), 1.25 (10’, s, 9H). 

 

13C NMR (126 MHz, DMSO-d6) δ 177.37 (M’, s), 177.19 (M, s), 163.54 (A’, s), 

163.22 (A, s), 160.71 (L, d, J = 243.2 Hz), 137.66 (I, d, J = 2.6 Hz), 136.79 (D’, s), 

136.48 (D, s), 135.57 (I’, d, J = 2.5 Hz), 133.23 (C’, s), 131.80 (C, s), 128.74 (H’, s), 

128.17 (E’, s), 128.00 (H, s), 127.93 (G’, s), 127.77 (F, s), 127.64 (J, d, J = 8.4 Hz), 

127.21 (E, s), 126.49 (F’, s), 126.01 (G, s), 125.82 (J, d, J = 8.5 Hz), 116.62 (K, d, J = 

22.7 Hz), 115.82 (K’, d, J = 22.5 Hz), 49.86 (B’, s), 44.74 (B, s), 39.30 (N, s), 39.16 

(N’, s), 27.81 (O’, s), 27.79 (O, s). 

19F NMR (471 MHz, DMSO-d6) δ -116.11 (minor), -116.30 (major). 

EI HRMS: obtained m/z 328.15717 M+ (expected m/z 328.15816 M+). 

MP: 160 – 161 °C. 
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N-[2-[(4-fluoro-N-formyl-anilino)methyl]phenyl]benzamide (15) 

 

Prepared according to general method A: DCM 

(10 mL), N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (1.03 g, 4.21 mmol), 

benzoyl chloride (730 µL, 6.33 mmol) and 

triethylamine (1.18 mL, 8.40 mmol). Purification 

with column chromatography (1:1 EtOAc: n-Hex) yielded a white solid (840 mg, 57 

%).   

 

1H NMR (601 MHz, DMSO-d6) δ 10.12 (9, s, 1H), 8.54 (1, s, 1H), 8.40 (1’, s, 1H), 

8.03 – 8.00 (10’, m, 1H), 8.00 – 7.98 (10’, m, 2H), 7.63 – 7.59 (12, m, 1H, 12’, m, 

1H), 7.57 – 7.52 (11, m, 2H, 11’, m, 2H), 7.43 (3, m, 1H), 7.39 – 7.34 (7, m, 2H), 7.32 

– 7.27 (5, m, 1H, 7’, m, 2H), 7.23 – 7.10 (8, m, 2H, 4, m, 1H, 6, m, 1H, 6’, m, 1H, 8’, 

m, 2H, 4’, m, 1H), 5.01 (2, s, 2H), 4.97 (2’, s, 2H). 
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13C NMR (151 MHz, DMSO-d6) δ 166.01 (M, s), 163.31 (A’, s), 163.18 (A, s), 160.69 

(L, d, J = 243.2 Hz), 137.63 (I, d, J = 2.7 Hz), 136.28 (D, s), 134.72 (N, s), 132. 10 (Q, 

s), 131.95 (C, s), 128.89 (s), 128.83 (P, s), 128.42 (s), 128.39 (F, s), 128.22 (O, s), 

127.96 (G, s), 127.84 (J’, d, J = 8.4 Hz), 127.14 (E, s), 126.32 (H, s), 125.95 (J, d, J = 

8.5 Hz), 116.57 (K, d, J = 22.6 Hz), 115.80 (K’, d, J = 22.4 Hz), 44.91 (B, s), 40.55 

(B’, s). 

19F NMR (471 MHz, DMSO-d6) δ -116.06 (minor), -116.30 (major). 

EI HRMS: obtained m/z 348.12830 M+ (expected m/z 348.12686 M+). 

MP: 183 – 185 °C. 
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N-[2-[(4-fluoro-N-formyl-anilino)methyl]phenyl]-4-methoxy-benzamide (16) 

 

Prepared according to general method A: 

DCM (15 mL), N-[2-(2-aminophenyl)ethyl]-

N-(4-fluorophenyl)formamide (700 mg, 2.87 

mmol), 4-methoxybenzoyl chloride (730 g, 

4.28 mmol) and triethylamine (430 µL, 3.44 

mmol). Purification with column chromatography (4 % MeOH/ DCM) yielded a white 

solid (800 mg, 74 %).   

 

1H NMR (601 MHz, DMSO-d6) δ 9.98 (9, s, 1H), 8.54 (1, s, 1H), 8.38 (1’, s, 1H), 8.01 

- 7.97 (10, m, 2H, 10’, m, 2H), 7.43 – 7.42 (3, m, 1H), 7.38 – 7.34 (7, m, 2H), 7.31- 

7.26 (4, m, 1H, 7’, m, 2H, 3’, m, 1H), 7.23 – 7.18 (8, m, 2H, 6’, m, 1H, 4’, m, 1H), 

7.17 – 7.11 (8’, m, 2H, 6, m, 2H, 5, m, 1H, 5’, m, 1H), 7.10 – 7.05 (11, m, 2H, 11’, m, 

2H), 4.99 (2, s, 1H), 4.95 (2’, s, 1H), 3.86 (12’, s, 3H), 3.85 (12, s, 3H).  
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13C NMR (126 MHz, DMSO-d6) δ 165.58 (M’, s), 165.41 (M, s), 163.27 (A’, s), 

163.18 (A, s), 162.46 (Q’, s), 162.43 (Q, s), 160.69 (L, d, J = 243.2 Hz), 160.25 (L’, 

d, J = 243.2 Hz), 137.63 (I, d, J = 2.8 Hz), 136.73 (D’, s), 136.48 (D, s), 135.54 (I’, d, 

J = 2.5 Hz), 133.19 (C’, s), 131.81 (C, s), 130.14 (O, s), 129.11 (O’, s), 128.38 (H’, s), 

128.36 (H, s), 127.95 (F’, s), 127.92 (F, s),  127.83 (J, d, J = 8.4 Hz), 127.07 (E, s), 

126.84 (N, s), 126.67 (E’, s), 126.62 (G’, s), 126.10 (G, s), 125.93 (J, d, J = 8.5 Hz), 

116.57 (K, d, J = 22.6 Hz), 115.78 (K’, d, J = 22.5 Hz), 114.11 (P’, s), 114.05 (P, s), 

55.91 (R, s), 55.38 (R’, s), 50.28 (B’, s), 44.96 (B, s). 

 

19F NMR (471 MHz, DMSO-d6) δ - 116.08 (minor), -116.30 (major) 

EI HRMS: obtained m/z 378.13921 M+ (expected m/z 378.13742 M+). 

MP: 176 – 177 °C. 
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N-[2-[(4-fluoro-N-formyl-anilino)methyl]phenyl]pyridine-2-carboxamide (17) 

 

Prepared according to general method: DMF (4 

mL), N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (200 mg, 0.819 mmol), 

2-picolinic acid (100 mg, 0.819 mmol), 

propylphosphonic anhydride (50 % mass) in 

ethyl acetate (540 µL, 0.900 mmol), triethylamine (100 mg, 140 µL, 0.983 mmol). 

Purification with column chromatography (1:1 EtOAc: n-Hex) yielded a white solid 

(49.0 mg, 17%). 

 

1H NMR (601 MHz, DMSO-d6) δ 10.55 (9’, s, 1H), 10.53 (9, s, 1H), 8.76 – 8.73 (10, 

m, 1H, 10’, m, 1H), 8.56 (1, s, 1H), 8.50 (1’, s, 1H), 8.17-8.13 (13, m, 1H, 13’, m, 1H), 

8.10-8.06 (12, m, 1H, 12’, m, 1H), 7.72-7.67 (11, m, 1H, 11’, m, 1H), 7.64 – 7.59 (3, 

m, 1H, 3’, m, 1H), 7.38 – 7.34 (7, m, 2H), 7.33 - 7.25 (4, m, 1H, 7’, m, 2H, 4’, m, 1H), 

7.22-7.20 (6, m, 1H, 6’, m, 1H), 7.19 – 7.14 (8, m, 2H, 5, m, 1H, 5’, m, 1H), 7.11 – 

7.07 (8’, m, 2H), 5.07 (2’, s, 2H), 5.04 (2, s, 2H). 
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13C NMR (151 MHz, DMSO-d6) δ 163.39 (A’, s), 163.18 (M, s), 163.11 (A, s), 160.62 

(L, d, J = 243.2 Hz), 150.11 (s), 149.94 (s),  

148.94 (O, s), 138.63 (Q’, s), 138.49 (Q, s), 137.54 (I, d, J = 2.7 Hz), 136.39 (s), 135.96 

(s), 130.87 (s), 128.79 (H, s), 128.05 (F, s), 127.40 (P, s), 126.08 (G’, s), 126.06 (G, 

s), 125.91 (E, s), 125.83 (J, d, J = 8.5 Hz), 122.81 (R’, s), 122.79 (R, s), 116.52 (K, d, 

J = 22.6 Hz), 115.79 (K’, d, J = 22.1 Hz), 50.29 (B’, s), 44.88 (B, s). 

EI HRMS: obtained m/z 349.12148 M+ (expected m/z 349.12211 M+). 

MP: 79 – 80 °C. 
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5-fluoro-N-[2-[(4-fluoro-N-formyl-anilino)methyl]phenyl]pyridine-2-

carboxamide (18) 

 

Prepared according to general method B: DMF 

(4 mL), N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (200 mg, 0.819 mmol), 

5-fluoro-2-pyridinecarboxylic acid (110 mg, 

0.819 mmol) propylphosphonic anhydride (50 % 

mass) in ethyl acetate (540 µL, 0.900 mmol), triethylamine (100 mg, 140 µL, 0.983 

mmol). Purification with column chromatography yielded a white solid (63.0 mg, 21 

%).   

 

1H NMR (601 MHz, DMSO-d6) δ 10.47 (9, s, 1H, 9’, s, 1H), 8.74-8.73 (10, m, 1H, 

10’, m, 1H), 8.53 (1, s, 1H), 8.46 (1’, s, 1H), 8.23-8.19 (12, m, 1H, 12’, m 1H), 8.01-

7.96 (11, m, 1H, 11’, m, 1H), 7.55 – 7.52 (3, m, 1H, 3’, m, 1H), 7.37 – 7.33 (7, m, 2H), 
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7.33 – 7.24 (4, m, 1H, 6, m, 1H, 7’, m, 2H), 7.24 – 7.14 (8, m, 2H, 5, m, 1H, 5’, m, 

1H, 4’, m, 1H, 6’, m, 1H), 7.11 – 7.07 (8’, 2H), 5.04 (2’, s, 2H), 5.02 (2, s, 2H). 

 

13C NMR (126 MHz, DMSO-d6) δ 163.34 (s), 163.09 (s), 162.36 (s), 162.31 (s), 161.58 

(s), 160.31 (s), 159.65 (s), 146.92 (d, J = 3.6 Hz), 146.78 (d, 2.5 Hz), 137.59 (d, J = 

2.8 Hz), 137.42 (s), 137.22 (s), 136.25 (s), 135.89 (s), 135.33 (d, J = 3.8 Hz), 131.60 

(s), 131.30 (s), 129.75 (s), 128.82 (s), 128.57 (s), 128.06 (s), 128.04 (s), 127.99 (s), 

126.74 (s), 126.32 (s), 126.24 (s) 125.85 (d, J = 8.5 Hz), 125.33 (s), 125.13 (s), 125.07 

(s), 125.04 (s), 116.51 (d, J = 22.6 Hz), 115.78 (d, J = 22.5 Hz), 50.27 (s), 44.93 (s). 

19F NMR (471 MHz, DMSO-d6) δ -115.97 (minor), -116.41 (major), -122.26 (minor), 

-122.48 (major). 

EI HRMS: obtained m/z 367.11162 M+ (expected m/z 367.11268 M+). 

MP: 79 – 80 °C. 
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Ethylene linker series 
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N-(4-fluorophenyl)-N-[2-(2-nitrophenyl)ethyl]formamide (38) 

 

To a flask under a nitrogen atmosphere was added a 

solution of N-(4-fluorophenyl) formamide (200 mg, 

1.44 mmol) in dry DMF (10 mL), 2-nitrophenethyl 

bromide (333 mg, 1.43 mmol) was then added and the 

mixture cooled to 0 °C. Sodium hydride (69.0 mg, 1.73 mmol) was then carefully 

added and the mixture allowed to warm to room temperature. The reaction mixture 

was stirred overnight, diluted in DCM (10 mL) and quenched with water (10 mL). The 

organics were then reduced in vacuo, dried with MgSO4 and purified using column 

chromatography to yield a white solid (274 mg, 66 %). 

 

1H NMR (500 MHz, Chloroform-d) δ 8.34 (1, s, 1H), 8.23 (1’, s, 1H), 7.99 (7’, m, 

1H), 7.92 (7, m, 1H), 7.55 (5, 5’, m, 2H), 7.44 (4, 4’, m, 2H), 7.39 (6, m, 1H), 7.35 – 

7.31 (6’, m, 1H), 7.15 – 7.06 (8, 9, 8’, 9’, m, 8H), 4.14 – 4.09 (2, m, 2H), 4.06 – 4.01 

(2’, m, 2H), 3.21 – 3.16 (3, m, 2H), 3.13 – 3.08 (3’, m, 2H). 

 

  



SOLVENT EFFECTS ON HYDROGEN BONDING 

SOLVENT EFFECTS ON HYDROGEN BONDING                     212 

N-[2-(2-aminophenyl)ethyl]-N-(4-fluorophenyl)formamide (19) 

 

To a reaction flask under a nitrogen atmosphere was 

added a solution of N-(4-fluorophenyl)-N-[2-(2-

nitrophenyl)ethyl]formamide (150 mg, 0.581 mmol) in 

EtOH (10 mL). Palladium on carbon (10 wt %) was 

then added and the reaction mixture placed under a 

hydrogen environment. The reaction mixture was monitored to completion via TLC 

and then filtered through Celite. The crude mixture was reduced under pressure and 

purified using column chromatography (1:4 EtOAc: n-Hex) to yield a white solid (120 

mg, 86 %). 

 

1H NMR (601 MHz, DMSO-d6) δ 8.38 (1, s, 1H), 8.10 (1’, s, 1H), 7.43 – 7.40 (9’, m, 

1H), 7.38 – 7.34 (9, m, 2H), 7.28 – 7.24 (10, m, 2H, 10’, m, 2H), 6.94 – 6.90 (6, m, 

1H, 6’, m, 1H), 6.87 (4, dd, J = 7.4, 1.6 Hz, 1H), 6.77 (4’, dd, J = 7.5, 1.6 Hz, 1H), 

6.64 – 6.60 (7, m, 1H, 7’, m, 1H), 6.49 – 6.45 (5, m, 1H, 5’, m, 1H), 4.97 (8, s, 2H), 

4.92 (8’, s, 1H), 3.89 – 3.87 (2’, m, 2H), 3.86 – 3.82 (2, m, 2H), 2.72 – 2.67 (3, m, 2H), 

2.63 – 2.61 (3’, m, 2H). 

13C NMR (151 MHz, DMSO-d6) δ 162.92 (A’, s), 162.90 (A, s), 160.76 (M, d, J = 

243.11 Hz), 160.39 (M’, d, J = 243.11 Hz), 146.85 (I, s), 138.03 (J, d, J = 2.7 Hz), 

135.60 (J’, d, J = 2.8 Hz), 130.45 (E’, s), 130.11 (E, s), 128.13 (K, d, J = 7.6 Hz), 

127.76 (G’, s), 127.71 (G, s), 126.13 (K’, d, J = 8.5 Hz), 121.82 (D, s), 121.44 (D’, s), 

116.59 (L, d, J = 22.7 Hz), 116.65 (F, s), 116.65 (F’, s), 116.07 (L’, d, J = 22.5 Hz), 

115.39 (H’, s), 115.13 (H, s), 48.12 (B’, s), 44.83 (B, s), 30.93 (C’, s), 29.72 (C, s). 

EI HRMS: obtained m/z 258.11552 M+ (expected m/z 258.11629 M+). 

MP: 81 – 83 °C. 
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2-(4-nitrophenyl)acetaldehyde (39) 

To a mixture of 2-(4-nitrophenyl)ethanol (1 g, 5.98 mmol) in 

acetonitrile (10 mL) was added iodoxybenzoic acid (8.4 g, 14.95 

mmol). The reaction mixture was then refluxed for 2 hours. It 

was then filtered through Celite, washed with 1M NaOH (10 mL) and extracted with 

DCM ( 2 x 10 mL). The reaction was monitored to completion using TLC and used 

without further purification to yield an orange oil (612 mg, 62%).  

4-fluoro-N-[2-(4-nitrophenyl)ethyl]aniline (40) 

 

To a solution of 4-fluoroaniline (480 mg, 4.32 mmol) 

in dry methanol (10 mL) was added 2-(4-

nitrophenyl)acetaldehyde (720 mg, 4.36 mmol) and 

sodium cyanoborohydride (360 mg, 5.67 mmol). 

Acetic acid (1.31 g, 1.31 mL, 0.022 mmol) was then added dropwise and the mixture 

heated to reflux overnight. The reaction mixture was then reduced under pressure and 

dissolved in ethyl acetate (10 mL), washed with water (10 mL) and brine (10 mL). The 
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reaction mixture was then concentrated, dried with MgSO4 and purified using column 

chromatography (30 % EtOAc/n-Hex) to yield a yellow solid (866 mg, 77%). 

 

1H NMR (500 MHz, Chloroform-d) δ 8.23 – 8.18 (5, m, 2H), 7.42 – 7.37 (4, m, 2H), 

6.96 – 6.89 (7, m, 2H), 6.60 – 6.54 (6, m, 2H), 3.55 (1, s, 1H), 3.45 (2, t, J = 6.9 Hz, 

1H), 3.04 (3, t, J = 6.9 Hz, 1H). 

 

 

 

N-(4-fluorophenyl)-N-[2-(4-nitrophenyl)ethyl]formamide (41) 

 

To a solution of 4-fluoro-N-[2-(4-

nitrophenyl)ethyl]aniline (300 mg, 1.153 mmol) in 

dry DCM (10 mL) was added formic acid (53 mg, 43 

µL, 1.153 mmol). Propylphosphonic anhydride 

solution (808 mg, 755 µL, 1.268 mmol) was then 

added followed by trimethylamine (140 mg, 0.193 µL, 1.384 mmol). The reaction 
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mixture was stirred overnight at room temperature and then extracted with DCM (10 

mL), washed with 2M HCl (10 mL), water (10 mL) and brine (10 mL). The combined 

organic phases were then dried over MgSO4 and concentrated in vacuo. The crude 

product was then purified using column chromatography (1:1 EtOAc: n-Hex) to yield 

a yellow solid (288 mg, 87%).  

1H NMR (400 MHz, Chloroform-d) δ 8.30 (1, s, 1H), 8.18 – 8.14 (5, m, 2H), 7.38 – 

7.33 (4, m, 2H), 7.16 – 7.05 (6, 7, m, 4H), 4.13 – 4.06 (2, m, 2H), 3.03 – 2.97 (3, m, 

2H). 
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N-[2-(4-aminophenyl)ethyl]-N-(4-fluorophenyl)formamide (35) 

 

To a reaction flask under a nitrogen atmosphere was 

added a solution of N-(4-fluorophenyl)-N-[2-(2-

nitrophenyl)ethyl]formamide (200 mg, 0.694 mmol) 

in EtOH (10 mL). Palladium on carbon (10% wt) was 

then added and the reaction mixture placed under a 

hydrogen environment. The reaction mixture was monitored to completion via TLC 

and then filtered through Celite. The crude mixture was reduced under pressure and 

purified using column chromatography (1:4 EtOAc: n-Hex) to yield a white solid (132 

mg, 74%). 

1H NMR (500 MHz, DMSO-d6) δ 8.32 (1, s, 1H), 8.07 (1’, s, 1H), 7.40 – 7.37 (7’, m, 

2H), 7.36 – 7.31 (7, m, 2H), 7.29 – 7.24 (8’, 8, m, 4H), 6.82-6.79 (4, 4’, m, 4H), 6.52 

– 6.48 (5’, m, 2H), 6.48 – 6.44 (5, m, 2H), 4.90 (6’, s, 2H), 4.87 (6, s, 2H), 3.91 – 3.83 

(2, 2’, m, 4H), 2.59 – 2.53 (3, 3’, m, 4H). 

13C NMR (126 MHz, DMSO-d6) δ 162.85 (s), 162.42 (s), 160.72 (d, J = 243.2 Hz), 

160.41 (d, J = 244.4 Hz),  147.50, 147.42, 137.72 (d, J = 2.6 Hz), 135.43 (d, J = 2.9 

Hz), 129.71, 129.48, 128.21 (d, J = 8.5 Hz), 126.30 (d, J = 8.5 Hz), 125.62, 125.11, 

116.63 (d, J = 22.5 Hz), 116.10 (d, J = 22.4 Hz), 114.48, 114.44, 51.05, 46.46, 33.98, 

32.80. 

19F NMR (471 MHz, DMSO-d6) δ -115.90 – -115.96 (minor, m), -116.39 – -116.44 

(major, m). 

EI HRMS: obtained m/z 258.11722 M+ (expected m/z 258.11629 M+). 

MP: 84 – 86 °C. 
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Buchwald-Hartwig couplings 

General Method: 

 

To a flask under a nitrogen atmosphere was added a solution of N-[2-(2-

aminophenyl)ethyl]-N-(4-fluorophenyl)formamide in degassed dioxane (10 mL). The 

appropriately substituted iodobenzene was then added along with caesium carbonate, 

XPhos and Pd2(dba)3. The reaction mixture was then refluxed overnight, and filtered 

through celite. Water was added and then the reaction mixture was extracted with 

DCM (2 x 10 mL), dried over MgSO4, concentrated under reduced pressure and 

purified by column chromatography.  

N-[2-(2-anilinophenyl)ethyl]-N-(4-fluorophenyl)formamide (20) 

 

Prepared according to general method: Dioxane 

(10 mL), N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (300 mg, 1.16 mmol), 

iodobenzene (400 mg, 224 µL, 1.97 mmol), 

Cs2CO3 (1.14 g, 3.48 mmol), XPhos (55.3 mg, 

0.116 mmol) and Pd2(dba)3 (63.8 mg, 0.0697 mmol). Purification with column 

chromatography (1:1 EtOAc: n-Hex) yielded a yellow solid (91 mg, 23%). 

 

1H NMR (500 MHz, DMSO-d6) δ 8.36 (1, s, 1H), 8.08 (1’, s, 1H), 7.47 (8, s, 1H), 7.45 

(8’, s, 1H), 7.35 – 7.30 (12’, m, 2H), 7.27 – 7.22 (12, m, 2H), 7.21 – 7.13 (13, m, 2H, 

13’, m, 2H, 4, m, 1H, 4’, m, 1H, 6, m, 1H, 6’, m, 1H, 5, m, 1H, 5’, m, 1H), 6.99 (7’, 

m, 1H), 6.95 (7, m, 1H), 6.84 – 6.70 (9, m, 2H, 9’, m, 2H, 11, m, 1H, 11’, m, 1H, 10, 

m, 1H, 10’, m, 1H), 3.91 – 3.88 (2, 2’, m, 4H), 2.88 – 2.81 (3, m, 2H), 2.79 – 2.76 (3’, 

m, 2H). 
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13C NMR (126 MHz, DMSO-d6) δ 162.75, 160.64 (d, J = 243.2 Hz), 160.30 (d, J = 

243.2 Hz), 146.03, 145.72, 141.63, 141.58, 137.85 (d, J = 2.8 Hz), 135.41 (d, J = 3.1 

Hz), 131.42, 131.39, 131.17, 131.00, 129.54, 129.48, 127.99, 127.89, 127.83, 125.82 

(d, J = 8.5 Hz), 123.33, 122.86, 122.72, 121.50, 119.20, 119.04, 116.53 (d, J = 22.5 

Hz), 116.13, 115.96 (d, J = 22.4 Hz), 115.82, 49.07, 45.18, 31.36, 29.88. 

19F NMR (471 MHz, DMSO-d6) δ -116.09 (minor), -116.58 (major). 

EI HRMS: obtained m/z 334.14816 M+ (expected m/z 334.14759 M+) 

MP: 86-87 °C. 
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N-(4-fluorophenyl)-N-[2-[2-(2-methoxyanilino)phenyl]ethyl]formamide (21) 

 

 Prepared according to general method: Dioxane 

(10 mL), N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (300 mg, 1.16 mmol), 

2-iodoanisole (462 mg, 257 µL, 1.97 mmol), 

Cs2CO3 (1.14 g, 3.48 mmol), XPhos (55.3 mg, 

0.116 mmol) and Pd2(dba)3 (63.8 mg, 0.0697 

mmol). Purification with column chromatography (1:1 EtOAc: n-Hex) yielded a 

brown oil (110 mg, 26 %). 

 

1H NMR (500 MHz, DMSO-d6) δ 8.35 (1, s, 1H), 8.09 (1’, s, 1H), 7.35 – 7.30 (14’, m, 

1H), 7.27 – 7.21 (14, m, 2H, 15’, m, 2H), 7.21 – 7.13 (15, m, 2H, 5, m, 1H, 5’, m, 1H), 

7.04 – 7.00 (7, m, 1H, 7’, m, 1H), 7.00 – 6.94 (5, m, 1H, 5’, m, 1H, 6, m, 1H, 6’, m, 

1H), 6.81 – 6.72 (9, m, 1H, 9’, m, 1H, 11, m, 1H, 11’, m, 1H), 6.66 – 6.58 (12, m, 1H, 

12’, m, 1H, 10, m, 1H, 10’, m, 1H), 3.93 – 3.87 (2, m, 2H, 2’, m, 2H), 3.81 (13, s, 3H, 

13’, s, 3H), 2.83 – 2.77 (3, m, 2H), 2.74 (3’, m, 2H). 

13C NMR (126 MHz, DMSO-d6) δ 162.82 (s), 162.60 (s), 160.61 (d, J = 242.9 Hz), 

149.03 (s), 148.93 (s), 141.77 (s), 137.76 (d, J = 2.6 Hz), 135.38 (d, J = 3.0 Hz), 134.91 
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(s), 134.67 (s), 131.46 (s), 131.33 (s), 131.16 (s), 130.85 (s), 127.98 (s), 127.84 (s), 

127.76 (s), 125.77 (d, J = 8.5 Hz), 123.31 (s), 123.08 (s), 123.00 (s), 122.01 (s), 121.17 

(s), 121.10 (s), 120.03 (s), 119.94 (s), 116.51 (d, J = 22.5 Hz), 115.95 (d, J = 22.4 Hz), 

115.46 (s), 115.28 (s), 111.59 (s), 111.54 (s), 55.99 (s), 55.95 (s), 48.95 (s), 45.03 (s), 

31.32 (s), 29.78 (s). 

19F NMR (471 MHz, DMSO-d6) δ -116.11 (minor), -116.60 (major). 

EI HRMS: obtained m/z 364.15891 M+ (expected m/z 364.15816 M+). 
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N-[2-[2-(2-cyanoanilino)phenyl]ethyl]-N-(4-fluorophenyl)formamide (22). 

 

 Prepared according to general method: Dioxane 

(10 mL), N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (300 mg, 1.16 mmol), 

2-iodobenzonitrile (453 mg, 1.98 mmol), Cs2CO3 

(1.14 g, 3.48 mmol), XPhos (55.3 mg, 0.116 

mmol) and Pd2(dba)3 (63.8 mg, 0.0697 mmol). 

Purification with column chromatography (1:1 EtOAc: n-Hex) yielded a yellow solid 

(337 mg, 81%). 

 

1H NMR (601 MHz, DMSO-d6) δ 8.32 (1, s, 1H), 8.14 (1’, s, 1H), 7.96 (8’, s, 1H), 

7.90 (8, s, 1H), 7.60 – 7.54 (12, m, 1H, 12’, m, 1H), 7.38 – 7.09 (15, m, 2H, 15’, m, 

2H, 14, m, 2H, 14’, m, 2H, 6, m, 1H, 6’, m, 1H, 5, m, 1H, 5’, m, 1H, 4, m, 1H, 11, m, 

1H, 11’, m, 1H, 10, m, 1H, 10’, m, 1H, 9, m, 1H, 9’, m, 1H), 6.85 – 6.80 (5, m, 1H, 

5’, m, 1H), 6.47 – 6.44 (7, m, 1H, 7’, m, 1H), 3.92 – 3.86 (2, m, 2H, 2’, m, 2H), 2.76-

2.73 (3, m, 2H), 2.70-2.67 (3’, m, 2H). 

13C NMR (126 MHz, DMSO-d6) δ 162.81 (s), 162.49 (s), 160.60 (d, J = 243.0 Hz), 

149.60 (s), 149.54 (s), 139.84 (s), 139.79 (s), 137.53 (d, J = 2.9 Hz), 135.23 (s), 134.72 

(s), 134.70 (s), 134.60 (s), 134.24 (s), 134.18 (s), 134.13 (s), 131.45 (s), 131.11 (s), 

128.45 (s), 128.30 (s), 127.79 (d, J = 8.4 Hz), 126.48 (s), 126.36 (s), 126.07 (s), 126.02 

(s), 125.71 (d, J = 8.5 Hz), 119.12 (s), 119.00 (s), 118.22 (s), 118.18 (s), 116.58 (d, J 

= 22.5 Hz), 116.04 (d, J = 22.5 Hz), 115.68 (s), 115.55 (s), 98.04 (s), 97.99 (s), 49.26 

(s), 44.87 (s), 31.27 (s), 29.75 (s). 

EI HRMS: obtained m/z 359.14277 M+ (expected m/z 359.14284 M+). 

MP: 102 – 104 °C. 

 



SOLVENT EFFECTS ON HYDROGEN BONDING 

SOLVENT EFFECTS ON HYDROGEN BONDING                     224 
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Amide Couplings 

General Method:  

 

 

 

To a solution of aniline in dry DMF was added an appropriately substituted acid. 

Propylphosphonic anhydride solution was then added followed by triethylamine. The 

reaction mixture was stirred overnight at room temperature and then extracted with 

DCM, washed with 2M HCl, water and brine. The combined organic phases were then 

dried over MgSO4 and concentrated in vacuo. The crude product was then purified by 

column chromatography.  

N-[2-[2-(4-fluoro-N-formyl-anilino)ethyl]phenyl]acetamide (23) 

 

Prepared according to general method: DMF (4 mL), N-

[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (200 mg, 0.774 mmol), acetic 

acid (46.5 mg, 44.3 µL, 0.774 mmol), 

propylphosphonic anhydride (50%) in ethyl acetate 

(542 mg, 507 µL, 0.852 mmol), triethylamine (94.0 mg, 

130 µL, 0.929 mmol). Purification with column chromatography (1:1 EtOAc: n-Hex) 

yielded a white solid (160 mg, 69%). 

 

1H NMR (601 MHz, DMSO-d6) δ 9.35 (8, s, 1H), 8.37 (1, s, 1H), 8.14 (1’, s, 1H), 7.41 

– 7.34 (10, m, 2H, 10’, m, 2H, 7, m, 1H, 7’, m, 1H), 7.30 – 7.25 (11, m, 2H, 11’, m, 

2H), 7.23 – 7.18 (4, m, 1H, 4’, m, 1H, 6, m, 1H, 6’, m, 1H), 7.17 – 7.09 (5, m, 1H, 5’, 
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m, 1H), 3.89 – 3.80 (2, m, 2H, 2’, m, 2H), 2.81 – 2.76 (3, m, 2H), 2.72 (3’, t, J = 7.5 

Hz, 2H), 2.01 (9, s, 3H), 1.96 (9, s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 169.07 (J, s), 162.84 (A’, s), 162.70 (A, s), 160.79 

(O, d, J = 243.18 Hz), 160.45 (O’, d, J = 243.18 Hz), 137.76 (L, d, J = 2.5 Hz), 136.94 

(I, s), 136.78 (I’, s), 135.35 (L’, d, J = 2.9 Hz), 133.44 (D’, s), 133.11 (D, s), 130.67 

(E’, s), 130.39 (E, s), 128.10 (M’, d, J = 8.5 Hz), 127.39 (G’, s), 127.31 (G, s), 126.48 

(H, s), 126.25 (F’, s), 126.15 (M, d, J = 8.5 Hz), 125.96 (F, s), 116.65 (N, d, J = 22.6 

Hz), 116.10 (N’, d, J = 22.5 Hz), 49.40 (B’, s), 45.52 (B, s), 31.27 (C’, s), 29.86 (C, s), 

23.62 (K, s), 23.48 (K’, s). 

19F NMR (471 MHz, DMSO-d6) δ -115.95 (minor), -116.36 (major). 

EI HRMS: obtained m/z 300.12757 M+ (expected m/z 300.12686 M+). 

MP: 110 – 113 °C 
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2,2,2-trifluoro-N-[2-[2-(4-fluoro-N-formyl-anilino)ethyl]phenyl]acetamide (24) 

 

Prepared according to general method: DMF (4 mL), 

N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (200 mg, 0.774 mmol), 

trifluoroacetic acid (88.3 mg, 59.3 µL, 0.774 mmol), 

propylphosphonic anhydride (50%) in ethyl acetate 

(542 mg, 507 µL, 0.852 mmol), triethylamine (94.0 

mg, 130 µL, 0.929 mmol). Purification with column chromatography (1:1 EtOAc: n-

Hex) yielded a white solid (195 mg, 71%). 

1H NMR (601 MHz, DMSO-d6) δ 10.93 (8, s, 1H), 8.32 (1, s, 1H), 8.16 (1’, s, 1H), 

7.38 – 7.29 (9, m, 2H, 9’, m, 2H, 7, m, 1H, 4, m, 1H, 7’, m, 1H, 6, m, 1H, 6’, m, 1H), 

7.29 – 7.22 (10, m, 2H, 10’, m, 2H, 5, m, 1H, 5’, m, 1H), 3.90 – 3.83 (2, m, 2H, 2’, m, 

2H), 2.76 – 2.71 (3, m, 2H), 2.70 – 2.65 (3’, m, 2H). 

13C NMR (126 MHz, DMSO-d6) δ 162.77 (s), 162.48 (s), 160.82 (d, J = 243.3 Hz), 

160.57 (d, J = 243.18 Hz), 156.20 (q, J = 36.6 Hz), 137.56 (d, J = 2.9 Hz), 135.34 (s), 

135.13 (d, J = 3.0 Hz), 134.87 (s), 133.83 (s), 131.01 (s), 130.74 (s), 128.44 (s), 128.23 
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(d, J = 8.5 Hz), 128.07 (s), 127.96 (s), 127.83 (s), 126.34 (d, J = 8.5 Hz), 119.92 (s), 

117.63 (s), 116.61 (d, J = 22.6 Hz), 116.11 (d, J = 22.5 Hz), 115.33 (s), 113.04 (s), 

49.39 (s), 45.30 (s), 30.93 (s), 29.42 (s). 

19F NMR (471 MHz, DMSO-d6) δ -73.95 (CF3, major), -74.00 (CF3, minor), -115.89 

(minor), -116.35 (major). 

EI HRMS: obtained m/z 354.09803 M+ (expected m/z 354.09859 M+). 

MP: 125 – 127 °C. 
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N-[2-[2-(4-fluoro-N-formyl-anilino)ethyl]phenyl]-2,2-dimethyl-propanamide 

(25) 

 

 Prepared according to general method: DMF (4 mL), 

N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (200 mg, 0.774 mmol), 

trimethylacetic acid (79 mg, 88.9 µL, 0.774 mmol), 

propylphosphonic anhydride (50%) in ethyl acetate 

(542 mg, 507 µL, 0.852 mmol), triethylamine (94.0 

mg, 130 µL, 0.929 mmol). Purification with column 

chromatography (1:1 EtOAc: n-Hex) yielded a white solid (217 mg, 82%). 

 

1H NMR (500 MHz, DMSO-d6) δ 8.95 (8’, s, 1H), 8.87 (8, s, 1H), 8.31 (1, s, 1H), 8.14 

(1’, s, 1H), 7.38 – 7.32 (10, m, 2H, 10’, m, 2H), 7.28 – 7.09 (11, m, 2H, 11’, m, 2H, 4, 

m, 1H, 4’, m, 1H, 5, m, 1H, 5’, m, 1H, 6, m, 1H, 6’, m, 1H, 7, m, 1H, 7’, m, 1H), 3.90 

– 3.84 (2, m, 2H, 2’, m, 2H), 2.71 – 2.63 (3, m, 2H, 3’, m, 2H), 1.12 (9, s, 9H, 9’, s, 

9H). 

13C NMR (126 MHz, DMSO-d6) δ 177.42 (s), 177.35 (s), 162.90 (s), 162.46 (s), 160.91 

(d, J = 243.18 Hz), 160.63 (d, J = 243.18 Hz), 137.66 (d, J = 2.8 Hz), 137.09 (s), 

135.37 (s), 135.28 (s), 130.44 (s), 130.08 (s), 128.70 (s), 128.62 (s), 128.55 (s), 128.28 

(s), 127.33 (s), 127.15 (s), 126.87 (d, J = 8.5 Hz), 126.73 (s), 116.62 (d, J = 22.4 Hz), 

116.16 (d, J = 22.7 Hz), 67.49 (s), 56.50 (s), 49.52 (s), 45.54 (s), 38.99 (s), 31.31 (s), 

29.57 (s), 27.66 (s), 25.60 (s), 19.03 (s). 

19F NMR (471 MHz, DMSO-d6) δ -115.80– -115.86 (minor, m), -116.17 – -116.23 

(major, m). 

EI HRMS: obtained m/z 342.17408 M+ (expected m/z 342.17381 M+). 

MP: 122 – 125 °C 
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N-[2-[2-(4-fluoro-N-formyl-anilino)ethyl]phenyl]benzamide (26) 

 

Prepared according to general method: DMF (4 

mL), N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (200 mg, 0.774 mmol), 

benzoic acid (94.5 mg, 0.774 mmol), 

propylphosphonic anhydride (50%) in ethyl acetate 

(542 mg, 507 µL, 0.852 mmol), triethylamine (94.0 

mg, 130 µL, 0.929 mmol). Purification with 

column chromatography (1:1 EtOAc: n-Hex) 

yielded a white solid (205 mg, 73%). 

 

1H NMR (601 MHz, DMSO-d6) δ 9.92 (8’, s, 1H), 9.89 (8, s, 1H), 8.31 (1, s, 1H), 8.17 

(1’, s, 1H), 7.91 – 7.84 (9, m, 2H, 9’, m, 2H), 7.64 – 7.58 (11, m, 1H, 11’, m, 1H), 7.54 

– 7.49 (10, m, 2H, 10’, m, 2H), 7.34 – 7.21 (12, m, 2H, 12’, m, 2H, 4, m, 1H, 4’, m, 

1H, 7, m, 1H, 7’, m, 1H, 6, m, 1H, 6’, m, 1H, 5, m, 1H, 5’, m, 1H), 7.04 – 6.99 (13, m, 

2H, 13’, m, 2H), 3.92 – 3.86 (2, m, 2H, 2’, m, 2H), 2.82 – 2.73 (3, m, 2H, 3’, m, 2H). 

 

13C NMR (126 MHz, DMSO-d6) δ 166.35 (J, s), 162.83 (A’, s), 162.43 (A, s), 160.61 

(R, d, J = 244.44 Hz), 160.32 (R’, d, J = 243. 18 Hz), 137.49 (O, d, J = 2.6 Hz), 136.81 

(I, s), 136.78 (I’, s), 135.35 (D, s), 135.18 (O, d, J = 1.9 Hz), 134.75 (K, s), 134.60 (K’, 

s), 132.06 (N’, s), 131.95 (N, s), 130.81 (H’, s), 130.47 (H, s), 128.82 (M’, s), 128.74 

(M, s), 128.62 (F’, s), 128.34 (F, s), 128.09 (L, s), 127.96 (L’, s), 127.58 (G’, s), 127.44 

(G, s), 127.14 (E, s), 127.11 (E’, s), 126.09 (P, d, J = 8.5 Hz), 116.45 (Q, d, J = 22.6 

Hz), 115.94 (Q’, d, J = 22.5 Hz), 49.57 (B’, s), 45.37 (B, s), 31.57 (C’, s), 29.91 (C, 

s).  

19F NMR (471 MHz, DMSO-d6) δ -115.90 (minor), -116.36 (major). 

EI HRMS: obtained m/z 362.14178 M+ (expected m/z 362.14251 M+). 

MP: 128 – 130 °C. 
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N-[2-[2-(4-fluoro-N-formyl-anilino)ethyl]phenyl]-4-methoxy-benzamide (27) 

 

Prepared according to general method: DMF (4 mL), 

N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (200 mg, 0.774 mmol), 4-

methoxybenzoic acid (118 mg, 0.774 mmol), 

propylphosphonic anhydride (50%) in ethyl acetate 

(542 mg, 507 µL, 0.852 mmol), triethylamine (94.0 

mg, 130 µL, 0.929 mmol). Purification with column 

chromatography (1:1 EtOAc: n-Hex) yielded a white solid (156 mg, 51 %). 

 

1H NMR (601 MHz, DMSO-d6) δ 9.77 (8’, s, 1H), 9.73 (8, s, 1H), 8.31 (1, s, 1H), 8.15 

(1’, s, 1H), 7.89 – 7.84 (9, m, 2H, 9’, 2H), 7.32 – 7.20 (12’, m, 2H, 12, m, 2H, 4, m, 

1H, 5, m, 1H, 6, m, 1H, 7, m, 1H, 4’, m, s, 5’, m, s, 6’, m, s, 7’, m, s), 7.06 – 6.99 (13, 

m, 2H, 13’, m, 2H, 10, m, 2H, 10’, m, 2H), 3.90 – 3.85 (2, m, 2H, 11, m, 3H, 2’, m, 

2H, 11’, m, 3H), 2.81 – 2.72 (3, m, 2H, 3’, m, 2H). 

13C NMR (126 MHz, DMSO-d6) δ 165.77 (J’, s), 165.74 (J, s), 162.82 (A’, s), 162.42 

(A, s), 162.38 (N’, s), 162.32 (N, s), 160.61 (S, d, J = 243.18 Hz), 160.32 (S’, d, J = 

243.18 Hz), 137.48 (P, d, J = 2.5 Hz), 137.01 (I, s), 136.99 (I’, s), 135.34 (D, s), 135.21 

(D’, s), 135.18 (P’, d, J = 2.5 Hz), 130.77 (H’, s), 130.42 (H, s), 129.99 (L, s), 129.93 

(L’, s), 128.68 (F’, s), 128.36 (F, s), 127.97 (Q’, d, J = 8.4 Hz), 127.53 (G’, s), 127.38 

(G, s), 126.99 (E’, s), 126.94 (E, s), 126.87 (K, s), 126.72 (K’, s), 126.06 (Q, d, J = 8.5 

Hz), 116.45 (R, d, J = 22.5 Hz), 115.95 (R’, d, J = 22.5 Hz), 114.03 (M’, s), 113.95 

(M, s), 55.90 (O’, s), 55.89 (O, s), 49.56 (B’, s), 45.38 (B, s), 31.64 (C’, s), 29.93 (C, 

s). 

19F NMR (471 MHz, DMSO-d6) δ -115.92 (minor), -116.40 (major). 

EI HRMS: obtained m/z 392.15346 M+ (expected m/z 392.15307 M+). 

MP: 136 – 138 °C. 
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N-[2-[2-(4-fluoro-N-formyl-anilino)ethyl]phenyl]pyridine-2-carboxamide (28) 

 

Prepared according to general method: DMF (4 

mL), N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (200 mg, 0.774 mmol), 2-

picolinic acid (95.3 mg, 0.774 mmol), 

propylphosphonic anhydride (50%) in ethyl acetate 

(542 mg, 507 µL, 0.852 mmol), triethylamine (94.0 

mg, 130 µL, 0.929 mmol). Purification with 

column chromatography (1:1 EtOAc: n-Hex) yielded a white solid (104 mg, 37%). 

 

1H NMR (601 MHz, DMSO-d6) δ 10.31 (8’, s, 1H), 10.30 (8, m, 1H), 8.70 – 8.65 (9, 

m, 1H, 9’, m, 1H), 8.30 (1, s, 1H), 8.18 (1’, s, 1H), 8.12 – 8.04 (11, m, 1H, 11’, m, 1H, 

12, m, 1H, 12’, m, 1H), 7.72 – 7.68 (10, m, 1H, 10’, m, 1H), 7.60 – 7.55 (7, m, 1H, 7’, 

m, 1H), 7.34 – 7.18 (13, m, 2H, 13’, m, 2H, 6, m, 1H, 6’, m, 1H, 4, m, 1H, 5, m, 1H, 

4’, m, 1H, 5’, m, 1H), 7.03 – 6.99 (14, m, 2H, 14’, m, 2H), 3.96 – 3.89 (2, m, 2H, 2’, 

m, 2H), 2.86 – 2.77 (3, m, 2H, 3’, m, 2H). 

 

13C NMR (126 MHz, DMSO-d6) δ 163.25 (J’, s), 163.17 (J, s), 162.88 (A’, s), 162.43 

(A, s), 160.55 (S, d, J = 243.18 Hz), 160.25 (S’, d, J = 243. 18 Hz), 150.04 (L’, s), 

148.88 (L, s), 138.54 (O’, s), 138.50 (O, s), 137.36 (P, d, J = 2.9 Hz), 136.37 (I, s), 

135.10 (P’, d, J = 3.0 Hz), 133.45 (K, s), 133.20 (K’, s), 130.78 (E’, s), 130.53 (E, s), 

127.87 (Q’, d, J = 8.5 Hz), 127.64 (F’, s), 127.53 (F, s), 127.38 (M’, s), 127.33 (M, s), 

126.50 (G, s), 126.22 (H, s), 125.95 (Q, d, J = 8.5 Hz), 122.72 (N’, s), 122.68 (N, s), 

116.38 (R, d, J = 22.8 Hz), 115.86 (R’, d, J = 22.4 Hz), 49.35 (B’, s), 44.85 (B, s), 

31.41 (C’, s), 29.80 (C, s). 

19F NMR (471 MHz, DMSO-d6) δ -115.94 (minor), -116.39 (major). 

EI HRMS: obtained m/z 363.13657 M+ (expected m/z 363.13665 M+). 

MP: 85 – 86 °C. 
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5-fluoro-N-[2-[2-(4-fluoro-N-formyl-anilino)ethyl]phenyl]pyridine-2-

carboxamide (29) 

 

Prepared according to general method: DMF (4 

mL), N-[2-(2-aminophenyl)ethyl]-N-(4-

fluorophenyl)formamide (200 mg, 0.774 mmol), 5-

fluoro-2-pyridinecarboxylic acid (109 mg, 0.774 

mmol), propylphosphonic anhydride (50%) in ethyl 

acetate (542 mg, 507 µL, 0.852 mmol), 

triethylamine (94.0 mg, 130 µL, 0.929 mmol). 

Purification with column chromatography (1:1 EtOAc: n-Hex) yielded a white solid 

(100 mg, 34 %). 

 

1H NMR (601 MHz, DMSO-d6) δ 10.22 (8’, s, 1H), 10.21 (8, s, 1H), 8.65 (9, m, 1H, 

9’, m, 1H), 8.28 (1, s, 1H), 8.20 – 8.09 (11, m, 1H, 11’, m, 1H), 8.03 – 7.93 (10, m, 

1H, 10’, m, 1H), 7.53 – 7.44 (7, m, 1H, 7’, m, 1H), 7.33 – 7.26 (12’, m, 2H, 6, m, 1H, 

6’, m, 1H, 5, m, 1H, 5’, m, 1H), 7.26 – 7.19 (12, m, 2H, 4, m, 1H, 4’, m, 1H), 7.05 – 

7.00 (13, m, 2H, 13’, m, 2H), 3.96 – 3.80 (2, m, 2H, 2’, m, 2H), 2.86 – 2.68 (3, m, 2H, 

3’, m, 2H). 

13C NMR (126 MHz, DMSO-d6) δ 162.85, 162.43, 162.40, 162.36, 160.58 (S, d, J = 

243.18 Hz), 160.31, 160.29, 160.26 (S’, d, J = 244.44 Hz),  

146.82 (d, J = 3.8 Hz), 137.36, 137.34, 137.13, 136.31, 135.11 (d, J = 3.0 Hz), 133.99, 

133.79, 130.75, 130.51, 127.96 (d, J = 8.5 Hz), 127.60, 127.50, 127.07, 126.78, 126.74, 

126.13 (d, J = 8.5 Hz), 125.21, 125.16, 125.06, 124.98, 124.93, 116.38 (R, d, J = 22.8 

Hz), 115.86 (R’, d, J = 22.5 Hz), 49.47 (B’, s), 45.02 (B, s), 31.37 (C’, s), 29.79 (C, s). 

EI HRMS: obtained m/z 381.12593 M+ (expected m/z 381.12451 M+). 

MP: 95 – 96 °C. 
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Water Soluble Series 

General Scheme 

3-fluoro-4-[2-[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]ethoxy]-N-[(2-

nitrophenyl)methyl]aniline (42) 

To a solution of 3-

fluoro-4-[2-[2-[2-(2-

methoxyethoxy)ethoxy]ethoxy]ethoxy]aniline (1.00 mL, 3.15 mmol) in dry methanol 

(10 mL) was added 2-nitrobenzaldehyde (619 mg, 4.10 mmol) and sodium 

cyanoborohydride (258 mg, 4.10 mmol). Acetic acid (946 mg, 902 µL, 15.8 mmol) 

was then added dropwise and the mixture heated to reflux overnight. The reaction 

mixture was then reduced under pressure and dissolved in diethyl ether (10 mL), 

washed with water (10 mL) and brine (10 mL). The reaction mixture was then 

concentrated, dried with MgSO4 and purified using column chromatography (100% 

EtOAc) to yield a yellow oil (550 mg, 39%).  

1H NMR (500 MHz, Chloroform-d) δ 8.09 (3, m, 1H), 7.65 (5, m, 1H), 7.61 (6, m, 

1H), 7.48 – 7.43 (4, m, 1H), 6.86 (7, m, 1H), 6.36 (8, m, 1H), 6.27 (9, m, 1H), 4.71 – 

4.65 (2, m, 2H), 4.24 (1, s, 1H), 4.18 – 4.08 (10, m, 3H), 3.84 – 3.79 (11, m, 2H), 3.75 

– 3.64 (13, 12, m, 10H), 3.59 – 3.54 (14, m, 2H), 3.39 (15, s, 3H). 
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N-[3-fluoro-4-[2-[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]ethoxy]phenyl]-N-[(2-

nitrophenyl)methyl]formamide (43) 

 

 Formic acid was 

added to 3-fluoro-4-

[2-[2-[2-(2-

methoxyethoxy)ethoxy]ethoxy]ethoxy]-N-[(2-nitrophenyl)methyl]aniline (500 mg, 

1.11 mmol) and the mixture was refluxed overnight. The reaction mixture was then 

extracted with diethyl ether (10 mL), quenched with Na2CO3 (10 mL), washed with 

water (10 mL), concentrated in vacuo and then dried with MgSO4 and purified using 

column chromatography (100% EtOAc) to yield a colourless oil (330 mg, 66%).  

 

1H NMR (500 MHz, Chloroform-d) δ 8.60 (1, s, 1H), 8.06 (3, m, 1H), 7.62 (5, m, 1H), 

7.49 – 7.42 (6, 4, m, 2H), 7.00 (7, m, 1H), 6.95 – 6.84 (8, 9, m, 2H), 5.36 (2, s, 2H), 

4.21 – 4.18 (10, m, 2H), 3.90 – 3.84 (11, m, 2H), 3.75 – 3.72 (12, m, 2H), 3.71 – 3.64 

(13, m, 8H), 3.58 – 3.55 (14, m, 2H), 3.39 (15, s, 3H). 
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N-[(2-aminophenyl)methyl]-N-[3-fluoro-4-[2-[2-[2-(2-

methoxyethoxy)ethoxy]ethoxy]ethoxy]phenyl]formamide (30) 

 

To a reaction flask 

under a nitrogen 

atmosphere was added 

a solution of N-[3-

fluoro-4-[2-[2-[2-(2-

methoxyethoxy)ethoxy]ethoxy]ethoxy]phenyl]-N-[(2-nitrophenyl)methyl]formamide 

(300 mg, 0.624 mmol)  in EtOH (10 mL). Palladium on carbon (10 wt %) was then 

added and the reaction mixture placed under a hydrogen environment. The reaction 

mixture was monitored to completion via TLC and then filtered through Celite. The 

crude mixture was then reduced under pressure and purified using column 

chromatography (2% MeOH/EtOAc) to yield a colourless oil (230 mg, 82%). 

 

1H NMR (601 MHz, DMSO-d6) δ 8.52 (1’, s, 1H), 8.49 (1, s, 1H), 7.32 (8, dd, J = 12.6, 

2.7 Hz, 1H), 7.24 (8’, dd, J = 13.0, 2.5 Hz, 1H), 7.17 – 7.13 (10, s, 1H), 7.12 – 7.08 

(10’, s, 1H), 7.03 – 6.99 (9, m, 1H, 9’, m, 1H), 6.96 – 6.90 (5, m, 1H, 5’, m, 1H), 6.82 

– 6.76 (7, m, 1H, 7’, m, 2H), 6.65 – 6.59 (4, m, 1H, 4’, m, 1H), 6.48 – 6.45 (6’, m, 

1H), 6.43 – 6.39 (6, m, 1H), 5.03 (3, s, 2H, 3’, s, 2H), 4.80 (2, s, 2H), 4.77 (2’, s, 2H), 

4.15 – 4.11 (11, m, 2H, 11’, m , 2H), 3.75 – 3.71 (12, m, 2H, 12’, m, 2H), 3.60 – 3.56 

(13, m, 2H, 13’, m, 2H), 3.54 – 3.48 (14, m, 8H, 14’, m, 8H), 3.44 – 3.39 (15, m, 2H, 

15’, m, 2H), 3.23 (16, s, 3H, 16’, s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 163.63 (s), 163.13 (s), 151.76 (d, J = 244.9 Hz), 

151.27 (d, J = 244.9 Hz), 146.62, 145.24 (d, J = 10.5 Hz), 134.05 (d, J = 8.6 Hz), 

129.57, 128.80, 128.61, 121.57, 120.48 (d, J = 3.4 Hz), 120.10, 119.14, 116.72, 116.30, 

115.81, 115.66 (d, J = 2.7 Hz), 115.25, 115.00, 113.75, 113.58, 112.66, 112.50, 71.74, 

70.40, 70.27, 70.24, 70.03, 69.22, 68.98, 68.88, 67.49, 58.50, 49.26, 44.46, 25.60. 
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19F NMR (376 MHz, DMSO-d6) δ -132.48 – -132.60 (major), -133.60 – -133.69 

(minor). 

EI HRMS: obtained m/z 450.21457 M+ (expected m/z 450.21607 M+). 
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N-[2-[[3-fluoro-N-formyl-4-[2-[2-[2-(2-

methoxyethoxy)ethoxy]ethoxy]ethoxy]anilino]methyl]phenyl]acetamide (31) 

 

 To a solution of N-

[(2-

aminophenyl)methyl]-N-[3-fluoro-4-[2-[2-[2-(2-

methoxyethoxy)ethoxy]ethoxy]ethoxy]phenyl]formamide (300 mg, 0.666 mmol) in 

dry DCM (7 mL) was added acetyl chloride (62.7 mg, 57.0 µL, 0.799 mmol). 

Triethylamine (135 mg, 186 µL, 1.33 mmol) was then added and the reaction mixture 

heated to reflux. The reaction mixture was monitored to completion via TLC and then 

diluted with diethyl ether (10 mL) and washed with saturated Na2HCO3 (10 mL). The 

aqueous phase was extracted with diethyl ether (2x10 mL) and the combined organic 

phases were then washed with water (10 mL) and brine (10 mL), dried over MgSO4 

and concentrated in vacuo. The crude product was then purified by column 

chromatography (2% MeOH/EtOAc) to yield a colourless oil (280 mg, 71%).  

 

1H NMR (601 MHz, DMSO-d6) δ 9.59 (3’, s, 1H), 9.48 (3, s, 1H), 8.53 (1, s, 1H), 8.47 

(1’, s, 1H), 7.42 – 7.39 (5, m, 1H, 5’, m, 1H), 7.34 – 7.30 (7, m, 1H, 7’, m, 1H), 7.24 

– 7.02 (11, m, 1H, m, 11’, 1H, 9, m, 1H, 9’, m, 1H, 10, m, 1H, 10’, m, 1H, 8, m, 1H, 

8’, m, 1H, 6, m, 1H, 6’, m, 1H), 4.92 (2, s, 2H), 4.88 (2’, s, 2H), 4.15 – 4.10 (12, m, 

2H, 12’, m, 2H), 3.75 – 3.71 (13, m, 2H, 13’, m, 2H), 3.59 – 3.56 (14, m, 2H, 14’, m, 

2H), 3.54 – 3.48 (15, m, 8H, 15’, m, 8H), 3.43 – 3.40 (16, m, 2H, 16’, m, 2H), 3.23 

(17, s, 3H, 17’, s, 3H), 2.05 (4, s, 3H, 4’, s, 3H). 
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13C NMR (126 MHz, DMSO-d6) δ 168.89, 163.18, 151.80 (d, J = 244.9 Hz), 145.23, 

145.15, 136.48, 134.23, 134.16, 131.86, 130.45, 129.06, 128.60, 128.31, 127.98, 

126.14, 125.64, 125.53, 120.23, 115.75 (d, J = 2.6 Hz), 112.48, 112.31, 71.74, 70.40, 

70.27, 70.24, 70.03, 69.22, 69.02, 58.50, 44.51, 23.80, 23.54. 

19F NMR (471 MHz, DMSO-d6) δ -132.39 (major), -133.52 (minor). 

EI HRMS: obtained m/z 492.22734 M+ (expected m/z 492.22663 M+). 
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General Scheme 

 

3-fluoro-4-[2-[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]ethoxy]-N-[(4-

nitrophenyl)methyl]aniline (44) 

 

To a solution of 3-

fluoro-4-[2-[2-[2-

(2-

methoxyethoxy)ethoxy]ethoxy]ethoxy]aniline (1.00 mL, 3.15 mmol) in dry methanol 

(10 mL) was added 4-nitrobenzaldehyde (619 mg, 4.10 mmol) and sodium 

cyanoborohydride (258 mg, 4.10 mmol). Acetic acid (946 mg, 902 µL, 15.8 mmol) 

was then added dropwise and the mixture heated to reflux overnight. The reaction 

mixture was then reduced under pressure and dissolved in diethyl ether (10 mL), 

washed with water (10 mL) and brine (10 mL). The reaction mixture was then 

concentrated, dried with MgSO4 and purified using column chromatography (100 % 

EtOAc) to yield a yellow oil (600 mg, 42%).  
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N-[3-fluoro-4-[2-[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]ethoxy]phenyl]-N-[(4-

nitrophenyl)methyl]formamide (45) 

Formic acid (10 

mL) was added to 

3-fluoro-4-[2-[2-

[2-(2-

methoxyethoxy)ethoxy]ethoxy]ethoxy]-N-[(4-nitrophenyl)methyl]aniline (500 mg, 

1.11 mmol) and the mixture was refluxed overnight. The reaction mixture was then 

extracted with diethyl ether (10 mL), quenched with Na2CO3 (10 mL), washed with 

water (10 mL), concentrated in vacuo and then dried with MgSO4 and purified using 

column chromatography (100% EtOAc) to yield a colourless oil (450 mg, 84%).  

 

1H NMR (400 MHz, Chloroform-d) δ 8.44 (d, J = 0.7 Hz, 1H), 8.12 (4, m, 2H), 7.40 

– 7.33 (3, m, 2H), 6.94 (7, m, 1H), 6.85 (5, m, 1H), 6.76 (6, m, 1H), 4.99 (2, s, 2H), 

4.14 (8, m, 2H), 3.86 – 3.79 (9, m, 2H), 3.71 – 3.57 (10, 12, m, 10H), 3.54 – 3.47 (13, 

m, 2H), 3.33 (14, m, 3H). 
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N-[(4-aminophenyl)methyl]-N-[3-fluoro-4-[2-[2-[2-(2-

methoxyethoxy)ethoxy]ethoxy]ethoxy]phenyl]formamide (32) 

 

To a reaction flask 

under a nitrogen 

atmosphere was added 

a solution of N-[3-

fluoro-4-[2-[2-[2-(2-

methoxyethoxy)ethoxy]ethoxy]ethoxy]phenyl]-N-[(4-nitrophenyl)methyl]formamide 

(400 mg, 0.832 mmol)  in EtOH (10 mL). Palladium on carbon (10 wt %) was then 

added and the reaction mixture put under a hydrogen environment. The reaction 

mixture was monitored to completion via TLC and then filtered through Celite. The 

crude mixture was then reduced under pressure and purified using column 

chromatography (2% MeOH/EtOAc) to yield a colourless oil (300 mg, 80%). 

1H NMR (500 MHz, DMSO-d6) δ 8.51 (1’, s, 1H), 8.46 (1, s, 1H), 7.30 – 7.25 (8, m, 

1H) 7.22 – 7.18 (8’, m, 1H), 7.16 – 7.07 (6, m, 1H, 6’, m, 1H), 7.02 – 6.98 (7, m, 1H, 

7’, m, 1H) 6.94 – 6.87 (3’, m, 2H, 3, m, 2H), 6.47 – 6.41 (4’, m, 2H, 4, m, 2H), 4.78 

(2, s, 2H), 4.72 (2’, s, 2H), 4.15 – 4.11 (9, m, 2H, 9’, m, 2H), 3.75 – 3.71 (10, m, 2H, 

10’, m, 2H), 3.59 – 3.56 (11, m, 2H, 11’, m, 2H), 3.55 – 3.47 (12, m, 6H, 12, m, 6H), 

3.44 – 3.39 (13, m, 2H, 13’, m, 2H), 3.23-3.22 (15, s, 3H, 15’, s, 3H), 2.99 – 2.93 (14, 

m, 2H, 14’, m, 2H). 

13C NMR (126 MHz, DMSO-d6) δ 163.17 (s), 162.59 (s), 151.80 (d, J = 244.8 Hz), 

148.88 (s), 148.63 (s), 145.06 (s), 144.98 (s), 134.44 (d, J = 8.8 Hz), 129.05 (s), 128.93 

(s), 123.73 (s), 123.69 (s), 122.01 (d, J = 3.4 Hz), 120.38 (d, J = 3.3 Hz), 115.68 (d, J 

= 2.6 Hz), 115.00 (s), 114.04 (s), 113.88 (s), 112.60 (s), 112.43 (s), 112.28 (s), 112.25 

(s), 71.74 (s), 70.40 (s), 70.27 (s), 70.24 (s), 70.03 (s), 69.24 (s), 68.98 (s), 68.86 (s), 

58.50 (s), 52.57 (s), 46.92 (s), 37.75 (s), 14.86 (s). 

19F NMR (471 MHz, DMSO-d6) δ -132.57 (major), -133.63 (minor). 

EI HRMS: obtained m/z 492.22473 M+ (expected m/z 492.22663 M+). 
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Molecular torsion balances studied 

 

Figure S4.1. A Molecular balances without a linker group studied. B Methylene 

linker molecular balances studied. 

s and s values of the solvents studied 

Table S4.1. alpha and beta values of the solvents studied 

Solvent s s 

Chloroform-d 2.2 0.9 
Ethyl acetate 1.5 5.3 

Dichloromethane 1.9 1.1 
Ethanol 2.7 5.3 
Acetone 1.5 5.8 

Methanol-d4 2.7 5.3 
Acetonitrile-d3 1.7 5.1 

DMSO-d6 2.2 8.7 
DMF  7.7 
THF 0.9 5.9 

10 % H2O/THF 1.1 5.8 
20 % H2O/THF 1.3 5.6 
30 % H2O/THF 1.5 5.5 
40 % H2O/THF 1.7 5.3 
50 % H2O/THF 1.9 5.2 
60 % H2O/THF 2.0 5.1 
70 % H2O/THF 2.2 4.9 
80 % H2O/THF 2.4 4.8 

P=O/THF  9.9 

Concentration study 
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Table S4.2. Concentration study of molecular balances 

Compound c/ mM MeOH G/ kJ mol−1 EtOAc G/ kJ mol-1 

52 

1 -2.0 -6.0 

2 -2.0 -6.0 

4 -2.0 -6.0 

53 

1 -2.1 -7.0 

2 -2.1 -7.0 

4 -2.1 -7.0 

54 

1 -2.1 -7.4 

2 -2.1 -7.4 

4 -2.1 -7.4 

Determination of experimental conformational free 

energies, GEXP  

All molecular torsion balances were fully characterized in DMSO-d6 by 1H and 13C-

NMR, prior to the determination of experimental conformational free energies (see 

Conformer Characterisation section below). The NMR peaks corresponding to the 

folded and unfolded conformers were assigned using 2D NMR methods as detailed in 

the conformer assignment section below. NMR spectra used for conformational free 

energy calculation were determined by 19F NMR spectroscopy using a Bruker 

Ultrashield 500 MHz, heteronuclear (512 scans). Conformer ratios were determined at 

balance concentrations of 3.5 mM and were found to be independent of concentration 

in a range of 1 – 4 mM (Figure). The conformational free energy differences measured 

in a range of solvents are provided in Tables  

 

∆𝐺𝐸𝑋𝑃 = −𝑅𝑇𝑙𝑛𝐾 = −𝑅𝑇𝑙𝑛
[Folded]

[Unfolded]
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A conservative 3% estimate of the error in the integral of the minor conformer NMR 

peak was applied (e.g. the integration ratio was [∫major conformer = 1] / [∫minor 

conformer ± 0.03]), resulting in asymmetric ΔGEXP error margins as listed in Tables 

S4.3-S4.9. All 19F NMR measurements were carried out once to determine the 

integration ratios and the Gibbs free energies. 

Table S4.3. Conformational free energies Gexp of molecular balance 1H determined 
at 298 K in various solvents. 

1H 

  Error 

 G / kJ mol-1 - + 

Chloroform-d −   

Acetone    

Acetonitrile-d3 −   

Ethyl acetate    

Tetrahydrofuran    

Dichloromethane −   

Ethanol    

Methanol-d4    

DMSO-d6    

 

Table S4.4. Conformational free energies Gexp of molecular balance 2H determined 
at 298 K in various solvents. 

2H 

  Error 

 G / kJ mol-1 - + 

Chloroform-d −   

Acetone    

Acetonitrile-d3 −   

Ethyl acetate    

Tetrahydrofuran    

Dichloromethane −   

Ethanol − − − 

Methanol-d4    

DMSO-d6    
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Table S4.5. Conformational free energies Gexp of molecular balance 3H determined 
at 298 K in various solvents. 

3H 

  Error 

 G / kJ mol-1 - + 

Chloroform-d −   

Acetone    

Acetonitrile-d3    

Ethyl acetate    

Tetrahydrofuran    

Dichloromethane −   

Ethanol    

Methanol-d4    

DMSO-d6    

Table S4.6. Conformational free energies Gexp of molecular balance 51 determined 
at 298 K in various solvents. 

51 

  Error 

 G / kJ mol-1 − + 

Chloroform-d −   

Ethyl acetate −   

Dichloromethane −   

Ethanol −   

Acetone −   

Methanol-d4 −   

Acetonitrile-d3 −   

DMSO-d6 −   

DMF −   

THF −   

10 % H2O/THF −   

20 % H2O/THF −   

30 % H2O/THF −   

40 % H2O/THF −   

50 % H2O/THF −   

60 % H2O/THF −   

70 % H2O/THF −   

80 % H2O/THF −   

P=O/THF −   
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Table S4.7. Conformational free energies Gexp of molecular balance 52 determined 
at 298 K in various solvents. 

52 

  Error 

 G / kJ mol-1 − + 

Chloroform-d < − − − 

Ethyl acetate −   

Dichloromethane < − − − 

Ethanol −   

Acetone −   

Methanol-d4 −   

Acetonitrile-d3 −   

DMSO-d6 −   

DMF −   

THF −   

10 % H2O/THF −   

20 % H2O/THF −   

30 % H2O/THF −   

40 % H2O/THF −   

50 % H2O/THF −   

60 % H2O/THF −   

70 % H2O/THF −   

80 % H2O/THF −   

P=O/THF −   
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Table S4.8. Conformational free energies Gexp of molecular balance 53 determined 
at 298 K in various solvents. 

53 

  Error 

 G / kJ mol-1 − + 

Chloroform-d < − − − 

Ethyl acetate −   

Dichloromethane < − − − 

Ethanol −   

Acetone −   

Methanol-d4 −   

Acetonitrile-d3 −   

DMSO-d6 −   

DMF −   

THF −   

10 % H2O/THF −   

20 % H2O/THF −   

30 % H2O/THF −   

40 % H2O/THF −   

50 % H2O/THF −   

60 % H2O/THF −   

70 % H2O/THF −   

80 % H2O/THF −   

P=O/THF −   
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Table S4.9. Conformational free energies Gexp of molecular balance 54 determined 
at 298 K in various solvents. 

54 

  Error 

 G / kJ mol-1 − + 

Chloroform-d < − − − 

Ethyl acetate −   

Dichloromethane < − − − 

Ethanol −   

Acetone −   

Methanol-d4 −   

Acetonitrile-d3 −   

DMSO-d6 −   

DMF −   

THF −   

10 % H2O/THF −   

20 % H2O/THF −   

30 % H2O/THF −   

40 % H2O/THF −   

50 % H2O/THF −   

60 % H2O/THF −   

70 % H2O/THF −   

80 % H2O/THF −   

P=O/THF −   

 

 

Figure S4.2. Percentage of water plotted against experimentally determined Gibbs 

free energies for molecular balances 51-54.   



SOLVENT EFFECTS ON HYDROGEN BONDING 

SOLVENT EFFECTS ON HYDROGEN BONDING                     259 

Van’t Hoff analyses of compounds 51, 52, 53 and 54 

Van’t Hoff analysis was carried out on ~3.5 mM samples of compounds 51-54 in 

EtOAc, MeCN, DMSO and 80% water/THF solvents. Samples were prepared and 

placed in an air-tight Wilmad-cap NMR tube. Spectra were obtained at a minimum of 

seven temperatures, beginning with the coldest. Samples were equilibrated at each 

temperature for 30 minutes within the spectrometer. Results are shown in Table S4.10-

S4.14 and Figures S4.3-4.17 showing the derivation of thermodynamic parameters 

from the gradient and intercept according to the equation ΔG = ΔH − TΔS. 

 

EtOAc 
 
Table S4.10: Van’t Hoff analysis for compounds 51-54 in EtOAc.  

T/ K 1/ T ln K51 ln K52 ln K53 ln K54 

300 0.00333 2.244 2.442 2.442 3.037 

305 0.00328 2.226 2.419 2.419 2.957 

310 0.00323 2.235 2.430 2.430 2.957 

315 0.00317 2.216 2.419 2.419 2.957 

320 0.00313 2.198 2.397 2.375 2.882 

325 0.00308 2.180 2.397 2.397 2.865 

330 0.00303 2.180 2.419 2.397 2.847 

 
MeCN 
Table S4.11: Van’t Hoff analysis for compounds 51-54 in MeCN. 

T/ K 1/ T ln K51 ln K52 ln K53 ln K54 

300 0.00333 1.778 1.973 2.430 2.564 

305 0.00328 1.749 1.959 2.419 2.513 

310 0.00323 1.709 1.981 2.430 2.526 

315 0.00317 1.715 1.973 2.408 2.513 

320 0.00313 1.645 1.973 2.386 2.526 

325 0.00308 1.645 1.981 2.386 2.465 

330 0.00303 1.604 2.040 2.375 2.465 
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DMSO 
 
Table S4.12: Van’t Hoff analysis for compounds 51-54 in DMSO. 

T/ K 1/ T ln K51 ln K52 ln K53 ln K54 

300 0.00333 1.715 1.139 1.136 0.899 

305 0.00328 1.677 1.127 1.118 0.892 

310 0.00323 1.687 1.121 1.109 0.887 

315 0.00317 1.645 1.094 1.091 0.872 

320 0.00313 1.630 1.088 1.079 0.875 

325 0.00308 1.614 1.085 1.076 0.875 

330 0.00303 1.604 1.070 1.076 0.872 

 
80% water/THF 
 
Table S4.13: Van’t Hoff analysis for compounds 51-54 in 80% water/THF. 

T/ K 1/ T ln K51 ln K52 ln K53 ln K54 

300 0.00333 1.287 0.587 0.799 0.751 

305 0.00328 1.306 0.603 0.823 0.781 

310 0.00323 1.313 0.631 0.842 0.770 

315 0.00317 1.324 0.660 0.853 0.753 

320 0.00313 1.321 0.673 0.879 - 

325 0.00308 1.324 0.705 0.870 - 

330 0.00303 1.336 0.722 0.901 - 

 
80% water/THF 
 
Table S4.14: Dissection of H and TS at 300 K for compounds 51-54 in 80% water/THF 

solvent system. 

Balance −TS/ kJ mol−1  H/ kJ mol−1 G/ kJ mol−1 

51 -4.3 1.10 -3.21 
52 -5.3 3.80 -1.46 
53 -4.6 2.60 -1.99 
54 -  -  -1.87 
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EtOAc 

 
Figure S4.3: Van’t Hoff analysis of compound 51 in EtOAc 

 
Figure S4.4: Van’t Hoff analysis of compound 52 in EtOAc 

 
Figure S4.5: Van’t Hoff analysis of compound 53 in EtOAc. 
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Figure S4.6: Van’t Hoff analysis of compound 54 in EtOAc. 

  

MeCN 

 
Figure S4.7: Van’t Hoff analysis of compound 51 in MeCN. 

 
Figure S4.8: Van’t Hoff analysis of compound 52 in MeCN. 
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.  
Figure S4.9: Van’t Hoff analysis compound 53 in MeCN. 

 
Figure S4.10: Van’t Hoff analysis compound 54 in MeCN. 

 
DMSO 

 
Figure S4.11: Van’t Hoff analysis of compound 51 in DMSO. 
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Figure S4.12: Van’t Hoff analysis of compound 52 in DMSO.  

 
Figure S4.13: Van’t Hoff analysis of compound 53 in DMSO. 

 
Figure S4.14: Van’t Hoff analysis of compound 54 in DMSO. 
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80% water/THF 

 
Figure S4.15: Van’t Hoff analysis of compound 51 in 80% water/THF.  

 
Figure S4.16: Van’t Hoff analysis of compound 52 in 80% water/THF. 

 
Figure S4.17: Van’t Hoff analysis of compound 53 in 80% water/THF.  
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 Computational methods and data  

 

Geometry minimization and calculated conformational energies 

 

Conformer distribution searches were performed on full molecular balances using 

Spartan ’14 with DFT/B3LYP/6-311G* to obtain the minimised geometries of the 

unfolded and folded conformers. The resulting gas phase energies and corresponding 

energy differences, GDFT in each conformer are reported in Table S4.15. The 

minimized B3LYP/6-311G* geometries of the folded and unfolded are presented in 

Figure S4.17.  

Table S4.15. Calculated energies of folded and unfolded conformers and the 

calculated conformational free energy, GDFT, performed using DFT/B3LYP/6-311G*. 

Compound 
Energy folded 

conformer/ kJ mol-1 
Energy unfolded 

conformer/ kJ mol-1 
ΔGDFT/ kJ mol-1 

51 − − − 

52 − − − 

53 − − − 

54 − − − 
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Calculated conformational energies employing polarizable continuum 

model (PCM) implicit solvation model 

Table S4.16. Calculated conformational energies (DFT/B3LYP/6-311G*) in DMSO 
employing the PCM solvation model. 

Compound 
Energy folded 

conformer/ kJ mol-1 
Energy unfolded 

conformer/ kJ mol-1 
ΔEDMSO/ kJ mol-1 

52 − − − 

53 − − − 

54 − − − 

 

  

Figure S4.17. Calculated optimised geometries of ‘unfolded’ and ‘folded’ conformers using 
DFT/6-311G*/B3LYP. 
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Table S4.17. Calculated conformational energies (DFT/B3LYP/6-311G*) in MeOH 
employing the PCM solvation model. 

Compound 
Energy folded 

conformer/ kJ mol-1 
Energy unfolded 

conformer/ kJ mol-1 
ΔEMEOH/ kJ mol-1 

52 − − − 

53 − − − 

54 − − − 

 

 

Conformer assignment by NMR spectroscopy 

 

The following figures present the NMR spectra (1H, 13C, HSQC, COSY, NOESY and 

HMBC) of N-[2-[(4-fluoro-N-formyl-anilino)methyl]phenyl]-2,2-dimethyl-

propanamide in DMSO-d6, showing the full spectral assignment for both conformers. 

The proton resonances have been labelled numerically and carbon resonances 

alphabetically. Red peaks with prime notation (’) denotes a minor conformer, while 

blue indicates the major conformer.   
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Figure S4.18. Equilibrium of molecular balance, 52, in DMSO-d6 

 

Figure S4.19: 1H NMR spectrum of molecular balance 52 in DMSO-d6. 
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Figure S4.20: 13C NMR spectrum of molecular balance 52 in DMSO-d6. 

 

Figure S4.21: 19F NMR spectrum of molecular balance 52 in DMSO-d6. 
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Figure S4.22: HSQC spectrum of molecular balance 52 in DMSO-d6.  

 

The major and minor conformers were unambiguously distinguished by analysing the 

HMBC spectra (Figure 4.23); H-C correlation through multiple bonds. The formyl 

proton has a cross peak with the trans-CH2 carbon in the H-bonded conformer, whereas 

in the unbound conformer the formyl proton has a trans-cross peak with trans-

quaternary aromatic carbon.  

 

Figure S4.23: Coupling of the formyl proton 1 to carbon B in the major conformer. 
Coupling of formyl proton 1' to carbon I in the minor conformer. 

In the example depicted in Figure S4.24, the major formyl proton 1 couples to carbon 

B, and the minor formyl proton 1’ couples with I’. 
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Figure S4.24: HMBC spectrum of molecular balance 52 in DMSO-d6. 
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Experimental  

Synthesis of N-benzyl-N-(4-fluorophenyl)formamide (51) 

                                                        

To a flask under a nitrogen atmosphere was added a 

solution of N-(4-fluorophenyl) formamide (200 mg, 1.44 

mmol), in dry DMF (5 mL), benzyl bromide (171 µL, 1.44 

mmol) was then added and the mixture cooled to 0 °C. 

Sodium hydride (0.070 mg, 1.73 mmol) was then carefully added and the mixture 

allowed to warm to room temperature. The reaction mixture was stirred overnight, 

diluted with DCM (5 mL) and quenched with water (5 mL). The organics were then 

reduced in vacuo, dried with MgSO4 and purified using column chromatography (30 

% EtOAc/n-Hex) to yield a colourless oil (267 mg, 81%).  

 

1H NMR (601 MHz, DMSO-d6) δ 8.60 (1’, s, 1H), 8.57 (1, s, 1H), 7.39 – 7.36 (9, m, 

2H, 9’, m, 2H), 7.35 – 7.27 (6, m, 1H, 6’, m, 1H, 4, m, 1H, 4’, m, 1H), 7.26 – 7.13 (8, 

m, 2H, 8’, m, 2H, 7, m, 1H, 7’, m, 1H, 3, m, 1H, 3’, m, 1H, 5, m, 1H, 5’, m, 1H), 5.01 

(2, s, 2H), 4.96 (2’, s, 2H). 

13C NMR (151 MHz, DMSO-d6) δ 163.48, 162.89, 160.62 (d, J = 243.0 Hz), 160.62 

(d, J = 243.1 Hz), 137.54 (d, J = 2.6 Hz), 137.23, 135.47, 129.02, 128.94, 128.50, 

127.99, 127.86, 127.80, 127.61, 127.08, 126.88, 125.82 (d, J = 8.6 Hz), 116.59 (d, J = 

22.7 Hz), 115.90 (d, J = 22.4 Hz), 52.72, 47.39. 

19F NMR (471 MHz, DMSO-d6) δ -116.00 (minor), -116.46 (major). 

EI HRMS: obtained 229.09078 m/z M+ (expected m/z 229.08974 M+). 
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Synthesis of N-(4-fluorophenyl)-N-[(2-hydroxyphenyl)methyl]formamide 

 

4-fluoro-N-[(2-methoxyphenyl)methyl]aniline (55) 

 

To a solution of 4-fluoroaniline (1.00 mL, 10.5 mmol) in dry 

methanol (10 mL) was added methoxybenzaldehyde (1.86 

g, 13.7 mmol) and sodium cyanoborohydride (860 mg, 13.7 

mmol). Acetic acid (3.00 mL, 52.6 mmol) was then added 

dropwise and the mixture heated to reflux overnight. The reaction mixture was then 

reduced under pressure and dissolved in ethyl acetate (10 mL), washed with water (10 

mL) and brine (10 mL). The reaction mixture was then concentrated, dried with 

MgSO4 and purified using column chromatography (30 % EtOAc/n-Hex) to yield a 

white solid (1.67 g, 69 %).  

 

N-(4-fluorophenyl)-N-[(2-methoxyphenyl)methyl]formamide (56) 

 

Formic acid (10 mL) was added neat to 4-fluoro-N-[(2-

methoxyphenyl)methyl]aniline (1.67 g, 7.22 mmol) and the 

reaction mixture refluxed overnight. The mixture was then 

diluted in DCM (10 mL) and quenched with saturated 

Na2CO3 (10 mL), washed with water (5 mL) and brine (5 mL), dried over MgSO4, 

concentrated under reduced pressure and purified using column chromatography (1:1 

EtOAc:n-Hex) to yield a white solid (630 mg, 34 %).  
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1H NMR (601 MHz, Chloroform-d) δ 8.56 (1’, s, 1H), 8.51 (1, s, 1H), 7.26 – 7.19 (5, 

5’, 6, 6’, m, 4H), 7.14 – 7.08 (7, 7’, m, 4H), 7.05 – 6.99 (8, 8’, m, 4H), 6.90 (4, 4’, m, 

2H), 6.88 – 6.81 (3, 3’, m, 1H), 5.02 (2, s, 2H), 4.79 (2’, s, 2H), 3.86 (9’, s, 3H), 3.73 

(9, s, 3H). 

 

 

N-(4-fluorophenyl)-N-[(2-hydroxyphenyl)methyl]formamide (52) 

 

To a flask under a nitrogen atmosphere was added a 

solution of N-(4-fluorophenyl)-N-[(2-

methoxyphenyl)methyl]formamide (700 mg, 2.70 mmol) 

in DCM (10 mL). The reaction mixture was cooled to -78 

°C and boron tribromide (33 % wt. 1.56 mL, 16.2 mmol) 

in DCM was carefully added dropwise. The reaction mixture was then allowed to 

warm to room temperature and stirred overnight. The reaction mixture was quenched 

with water (10 mL) and extracted with DCM (2 x 10 mL), dried over MgSO4, 
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concentrated under reduced pressure and purified by column chromatography (1:4 

EtOAc:n-Hex) to yield a white solid (310 mg, 47%). 

1H NMR (601 MHz, DMSO-d6) δ 9.71 (9’, s, 1H), 9.56 (9, s, 1H), 8.58 (1, s, 1H), 8.52 

(1’, s, 1H), 7.39 – 7.34 (7, m, 2H), 7.29 – 7.26 (7’, m, 2H), 7.23 – 7.18 (8, m, 2H), 

7.16 – 7.12 (8’, m, 2H), 7.08 – 7.01 (4, m, 2H, 4’, m, 2H), 7.01 – 6.98 (6, m, 1H), 6.97 

– 6.94 (6’, m, 1H), 6.81 – 6.76 (3, m, 1H, 3’, m, 1H), 6.72 – 6.65 (5, m, 1H, 5, m, 1H), 

4.90 (2, s, 2H), 4.83 (2’, s, 1H). 

13C NMR (126 MHz, DMSO-d6) δ 163.79 (A’, s), 162.93 (A, s), 160.55 (L, d, J = 

243.18 Hz), 160.23 (L’, d, J = 243.32 Hz), 156.03 (D’, s), 155.34 (D, s), 137.91 (I, d, 

J = 2.7 Hz), 135.66 (I’, d, J = 3.1 Hz), 130.03 (H’, s), 129.29 (F’, s), 128.52 (H, s), 

128.52 (F, s), 127.96 (J’, d, J = 8.4 Hz), 125.55 (J, d, J = 8.5 Hz), 123.12 (C’, s), 122.85 

(C, s), 119.34 (G, s), 119.24 (G’, s), 116.47 (K, d, J = 22.5 Hz), 115.80 (K’, d, J = 22.4 

Hz), 115.63 (E’, s), 115.47 (E, s), 48.95 (B’, s), 42.99 (B, s). 

19F NMR (471 MHz, DMSO-d6) δ -116.19 (minor), -116.72 (major). 

EI HRMS: obtained m/z 245.08539 M+ (expected m/z 245.08466 M+). 

MP: 91 – 93 °C. 
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Synthesis of N-[(2,3-dihydroxyphenyl)methyl]-N-(4-fluorophenyl)formamide 

 

N-[(2,3-dimethoxyphenyl)methyl]-4-fluoro-aniline (57) 

To a solution of 4-fluoroaniline (1.00 mL, 10.5 mmol) 

in dry methanol (10 mL) was added 2,3-

dimethoxybenzaldehyde (2.28 g, 13.7 mmol), and 

sodium cyanoborohydride (860 mg, 13.7 mmol). 

Acetic acid (3.00 mL, 52.6 mmol) was then added dropwise and the mixture heated to 

reflux overnight. The reaction mixture was then reduced under pressure and dissolved 

in ethyl acetate (10 mL), washed with water (10 mL) and brine (10 mL). The reaction 

mixture was then concentrated, dried with MgSO4 and purified using column 

chromatography (30 % EtOAc/n-Hex) to yield a colourless oil (2.03 g, 86 %). 

 

1H NMR (500 MHz, Chloroform-d) δ 7.04 (5, m, 1H), 6.96 – 6.94 (4, m, 1H), 6.92 – 

6.87 (7, 3, m, 3H), 6.63 – 6.59 (6, m, 2H), 4.34 (2, s, 2H), 4.01 (1, s, 1H), 3.90 (8, 9, 

s, 6H) 
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N-[(2,3-dimethoxyphenyl)methyl]-N-(4-fluorophenyl)formamide (58) 

 

Formic acid (10 mL) was added neat to amine (1.67 g, 

7.22 mmol) and the reaction mixture refluxed 

overnight. The mixture was then diluted in DCM (10 

mL) and quenched with saturated Na2CO3 (10 mL), 

washed with water (5 mL) and brine (5 mL), dried over 

MgSO4, concentrated under reduced pressure and purified using column 

chromatography (40 % EtOAc:n-Hex) to yield a colourless oil (1.32 g, 60%).  

1H NMR (601 MHz, Chloroform-d) δ 8.56 (1’, s, 1H), 8.50 (1, s, 1H), 7.19 – 7.15 (6’, 

m, 2H), 7.12 – 7.07 (6, m, 2H), 7.03 – 6.95 (5, 4, 3, 4’, 7’, m, 6H), 6.88 (3’, m, 1H), 

6.85 – 6.80 (7, m, 2H), 6.67 – 6.64 (5’, m, 1H), 5.06 (2, s, 2H), 4.82 (2’, s, 2H), 3.86 

(8’, s, 3H), 3.83 (8, s, 3H), 3.81 (9’, s, 3H), 3.72 (9, s, 3H). 
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N-[(2,3-dihydroxyphenyl)methyl]-N-(4-fluorophenyl)formamide (53) 

 

To a flask under a nitrogen atmosphere was added a 

solution of N-(4-fluorophenyl)-N-[(2,3,4-

trimethoxyphenyl)methyl]formamide (700 mg, 2.41 

mmol) in DCM (10 mL). The reaction mixture was 

cooled to -78 °C and boron tribromide (wt. 33 %. 1.39 

mL, 14.5 mmol) in DCM was carefully added dropwise. The reaction mixture was then 

allowed to warm to room temperature and stirred overnight. The reaction mixture was 

then quenched with water and extracted with DCM (2 x 10 mL), dried over MgSO4, 

concentrated under reduced pressure and purified by column chromatography (1:4 

EtOAc:n-Hex)  to yield a white solid (0.60 g, 95 %). 

1H NMR (601 MHz, DMSO-d6) δ 8.57 (1, s, 1H), 8.51 (1’, s, 1H), 7.36 – 7.32 (6, m, 

2H), 7.30 – 7.27 (6’, m, 1H), 7.22 – 7.18 (7, m, 2H), 7.16 – 7.12 (7’, m, 2H), 6.67 (3’, 

dd, J = 7.9, 1.6 Hz, 1H), 6.64 (3, dd, J = 7.8, 1.6 Hz, 1H), 6.54 – 6.49 (4, m, 2H, 4’, m, 

2H), 6.46 (5, dd, J = 7.8, 1.5 Hz, 1H), 6.43 (5’, dd, J = 7.7, 1.5 Hz, 1H), 4.90 (2, s, 2H), 

4.82 (2’, s, 1H). 

13C NMR (126 MHz, DMSO-d6) δ 163.74 (A’, s), 162.92 (A, s), 160.54 (L, d, J = 

243.18 Hz), 160.20 (L’, d, J = 243.18 Hz), 145.51 (E, s), 145.50 (E’, s), 144.16 (D’, 

s), 143.50 (D, s), 137.90 (I, d, J = 2.8 Hz), 135.77 (I’, d, J = 3.0 Hz), 127.83 (J’, d, J = 

8.5 Hz), 125.49 (J, d, J = 8.6 Hz), 123.94 (C’, s), 123.72 (C, s), 120.14 (H’, s), 119.24 

(G, s), 119.09 (G’, s), 118.79 (H, s), 116.45 (K, d, J = 22.5 Hz), 115.76 (K’, d, J = 22.4 

Hz), 115.31 (F’, s), 114.65 (F, s), 48.87 (B’, s), 42.95 (B, s). 

19F NMR (471 MHz, DMSO-d6) δ -116.28 (minor), -116.75 (major). 

EI HRMS: obtained m/z 261.07893 M+ (expected m/z 261.07957 M+). 

MP: 155 – 157 °C. 
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Synthesis of N-[(2,3-dihydroxyphenyl)methyl]-N-(4-fluorophenyl)formamide 

 

 

 

4-fluoro-N-[(2,3,4-trimethoxyphenyl)methyl]aniline (59) 

To a solution of 4-fluoroaniline (1.00 mL, 10.5 mmol) 

in dry methanol (10 mL) was added 2,3,4-

trimethoxybenzaldehyde (2.69 g, 13.7 mmol), and 

sodium cyanoborohydride (860 mg, 13.7 mmol). 

Acetic acid (3.00 mL, 52.6 mmol) was then added dropwise and the mixture heated to 

reflux overnight. The reaction mixture was then reduced under pressure and dissolved 

in ethyl acetate (10 mL), washed with water (10 mL) and brine (10 mL). The crude 

product yielded a white solid (2.26 g, 74 %) that was used without further purification.   

1H NMR (500 MHz, Chloroform-d) δ 7.00 (4, m, 1H), 6.92 – 6.88 (6, m, 2H), 6.66 – 

6.59 (5, 3, m, 3H), 4.24 (2, s, 2H), 3.95 (7, s, 3H), 3.91 (8, s, 4H), 3.87 (9, s, 3H). 
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N-(4-fluorophenyl)-N-[(2,3,4-trimethoxyphenyl)methyl]formamide (60) 

 

 To a solution of 4-fluoro-N-[(2,3,4-

trimethoxyphenyl)methyl]aniline (400 mg, 1.37 

mmol) in dry DCM (10 mL) was added formic acid 

(63.2 mg, 51.8 µL, 1.37 mmol). Propylphosphonic 

anhydride solution (960 mg, 897 µL, 1.51 mmol) was then added followed by 

trimethylamine (166 mg, 229 µL, 1.64 mmol). The reaction mixture was stirred 

overnight at room temperature and then extracted with DCM (10 mL), washed with 

2M HCl (10 mL), water (10 mL) and brine (10 mL). The combined organic phases 

were then dried over MgSO4 and concentrated in vacuo. The crude product yielded a 

colourless oil (200 mg, 64%) and was used further without purification.   

1H NMR (500 MHz, Chloroform-d) δ 8.55 (1’, s, 1H), 8.45 (1,  s, 1H), 7.15 – 6.99 (5, 

6, 5’, 6’, m, 8H), 6.92 (4, m, 1H), 6.67 (4’, m, 1H), 6.60 (3, m, 1H), 6.55 (3’, m, 1H), 

4.96 (2, s, 2H), 4.73 (2’, s, 2H), 3.90 (7’, s, 3H), 3.86 (8’, s, 3H), 3.85 (9’, s, 3H), 3.84 

(7, s, 3H), 3.82 (8, s, 3H), 3.74 (9, s, 3H). 
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N-(4-fluorophenyl)-N-[(2,3,4-trihydroxyphenyl)methyl]formamide (54) 

 

 To a flask under a nitrogen atmosphere was added a 

solution of (200 mg, 0.626 mmol) in DCM (10 mL). 

The reaction mixture was cooled to -78 °C and boron 

tribromide (wt. 33 %. 1.88 g, 723 µL, 7.52 mmol) in 

DCM was carefully added dropwise. The reaction 

mixture was then allowed to warm to room temperature and stirred overnight. The 

reaction mixture was then quenched with water (5 mL) and extracted with DCM (2 x 

10 mL), dried over MgSO4, concentrated under reduced pressure and purified by 

column chromatography (1:1 EtOAc:n-Hex)  to yield a white solid (90.0 mg, 52 %). 

1H NMR (500 MHz, DMSO-d6) δ 8.51 (1, s, 1H), 8.47 (1’, s, 1H), 7.33 – 7.28 (5, m, 

2H), 7.26 – 7.22 (5’, m, 2H), 7.21 – 7.16 (6, m, 2H), 7.15 – 7.11 (6’, m, 2H), 6.29 (4, 

d, J = 8.3 Hz, 1H), 6.24 (4’, d, J = 8.3 Hz, 1H), 6.18 (3, d, J = 8.3 Hz, 1H), 6.15 (3’, 

d, J = 8.2 Hz, 1H), 4.81 (2, s, 2H), 4.71 (2’, s, 1H). 



SOLVENT EFFECTS ON HYDROGEN BONDING 

SOLVENT EFFECTS ON HYDROGEN BONDING                     287 

13C NMR (126 MHz, DMSO-d6) δ 163.59 (s), 162.89 (s), 160.56 (d, J = 243.23 Hz), 

160.21 (d, J = 243.15 Hz), 146.29 (s), 145.70 (s), 145.41 (s), 144.70 (s), 137.84 (d, J 

= 2.8 Hz), 135.82 (s), 133.41 (s), 133.39 (s), 128.08 (d, J = 8.5 Hz), 125.85 (d, J = 8.5 

Hz), 119.85 (s), 118.66 (s), 116.36 (d, J = 22.7 Hz), 115.69 (d, J = 22.1 Hz), 114.86 

(s), 114.55 (s), 107.01 (s), 106.68 (s), 49.14 (s), 42.88 (s). 

19F NMR (471 MHz, DMSO-d6) δ -116.34 (minor), -116.70 (major). 

EI HRMS: obtained m/z 277.07314 M+ (expected m/z 277.07449 M+). 

MP: 155 – 156 °C. 
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