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ABSTRACT

 The main focus of this dissertation is on the quantification of non-covalent 

interactions using molecular rotors and balances. While molecular rotors were used to 

measure kinetic effects of weak non-covalent interactions, molecular balances were used 

to measure their thermodynamic effects. Chapters 1 and 2 focus on the use of molecular 

rotors in measuring and studying the kinetic effects of the hydrogen bonding interaction on 

the bond rotation transition states. Chapters 3 and 4 focus on the quantification of lone pair 

– lone pair and sp2-CH/π interactions respectively, using molecular balances. These studies 

were carried out in the ground state. 



   

 

vi 

TABLE OF CONTENTS

Dedication .......................................................................................................................... iii 

Acknowledgements ............................................................................................................ iv 

Abstract ................................................................................................................................v 

List of Tables .................................................................................................................... vii 

List of Figures .................................................................................................................. viii 

List of Schemes ..................................................................................................................xv 

List of Abbreviations ....................................................................................................... xvi 

Chapter 1: Introduction to Hydrogen Bonding ....................................................................1 

Chapter 2: Sterically Compressed Hydrogen Bond ...........................................................15 

Chapter 3: sp2-CH/π Interaction ........................................................................................82 

Chapter 4: Lone Pair – Lone Pair (LP-LP) Interaction ....................................................133 

Chapter 5: Future Work ...................................................................................................160 

References ........................................................................................................................171 

Appendix A Empirical Parameter ....................................................................................185



   

 

vii 

LIST OF TABLES

Table 2.1 Results of experimental and calculated rotational barriers of rotors and 

pKa of their corresponding R-groups ....................................................................27 

Table 2.2 Experimentally measure (∆G‡
Expt., kcal/mol), calculated (∆G‡

Calc., kcal/mol) 

rotational barriers for 1 - 6 (R) with various R-groups at 25 °C, 

experimentally quantified TS stabilization (∆∆G‡
Expt., kcal/mol) ..........................62 

Table 2.3 Experimental rotational barriers for rotors 1 - 8 via EXSY NMR.....................65 

Table 3.1 Hammett parameters, ESP values, folded (F), unfolded (U) and 

folding ratio (F/U) values of balances 1 – 8 ..........................................................88 

 

Table 3.2 Total and individual FI-SAPT energies .............................................................90 

 

Table 4.1 B-values experimental and calculated rotational barriers of molecular 

rotors ....................................................................................................................158



   

 

viii 

LIST OF FIGURES

Figure 1.1 Different geometries of hydrogen bond showing how the donor and 

the lone pair acceptor are aligned ............................................................................4 

Figure 1.2 Different Schematic representations of the four types of model 

systems: bimolecular thermodynamic (a), unimolecular thermodynamic (b), 

bimolecular kinetic (c), and unimolecular kinetic (d). .............................................6 

Figure 1.3 Pictorial representation of TS stabilization. .......................................................8 

Figure 1.4 Interconversion of molecular rotor from syn- to anti- conformer ......................9 

Figure 1.5 Eyring’s and Gibb’s Free Energy equations .......................................................9 

Figure 1.6 ESP map of a molecular rotor 3 (NHCOCF3) ..................................................10 

Figure 2.1 Molecular rotor showing TS structure and interconverting syn- 

and anti-conformations ..........................................................................................16 

Figure 2.2 Enhancing net interaction by reducing the repulsive components ...................18 

Figure 2.3 Enhancing net interaction energy by enhancing the attractive components. ....19 

Figure 2.4 Hydrogen bond between two water molecules showing the internuclear 

distance(1.8 Å) between hydrogen (white, vdW radius 1.2 Å) 

and oxygen (red, vdW radius 1.5 Å) was less than their summed vdW radii 

(2.7 Å). Also, the oxygen atoms internuclear distance (red, 2.8 Å) is less than 

their summed vdW radii, 3.0 Å  .............................................................................20 

Figure 2.5 Reduction of steric repulsion in proton sponge by the strain in the 

unprotonated proton sponge ...................................................................................21 

Figure 2.6 Increasing the R-group will lead to compression of the two oxygen 

atoms thereby resulting in an enhanced hydrogen bond strength ..........................21 

Figure 2.7 The preformed sterics in the dianion is the reason for the high 

proton affinity ........................................................................................................22 

 



   

 

ix 

Figure 2.8 TS structures of our hydrogen bonding phenol rotor (left) and control; 

non-hydrogen bonding rotor (right ........................................................................22 

Figure 2.9 Control and HB rotors design to measure the kinetic effects of 

C=O•••HN ..............................................................................................................23 

Figure 2.10 3D model TS structure of rotor 5 ...................................................................25 

Figure 2.11 Correlation between FI-SAPTtotal and experimentally measured barriers ......28 

Figure 2.12 Plots showing (A) varying of electrostatic component by electron- 

withdrawing groups and (B) correlation between HB strength and TS 

stabilization ............................................................................................................29 

Figure 2.13 (A) Structures of HB and non-HB of non-compressed and compressed 

systems and (B) FI-SAPTtotal energies in non-compressed and compressed 

systems ...................................................................................................................32  

Figure 2.14 Molecular rotors used for the study ................................................................33 

Figure 2.15 1H NMR spectra of rotor 1(NH2) (400 MHz, chloroform-d) .........................41 

Figure 2.16 13C NMR spectra of rotor 1(NH2) (100 MHz, chloroform-d) ........................42 

Figure 2.17 1H spectra of rotor 2(NHCOCH3) (300 MHz, chloroform-d) ........................43 

Figure 2.18 13C spectra of rotor 2(NHCOCH3) (100 MHz, dimethyl sulfoxide-d6) .........44 

Figure 2.19 1H spectra of rotor 3 (NHCOCF3) (500 MHz, dichloromethane-d2) .............45 

Figure 2.20 13C NMR spectra of rotor 3 (NHCOCF3) (100 MHz, chloroform-d) .............46 

Figure 2.21 19F NMR spectra of rotor 3 (NHCOCF3) (282 HMz, chloroform-d) .............47 

Figure 2.22 1H NMR spectra of rotor 4(NHCOCHF2) (300 MHz, chloroform-d) ............48 

Figure 2.23 13C NMR spectra of rotor 4(NHCOCHF2) (100 MHz, chloroform-d) ..........49 

Figure 2.24 19F NMR spectra of rotor 4(NHCOCHF2) (282 MHz, chloroform-d) ...........50 

Figure 2.25 1H NMR spectra of rotor 5(NHCOC6H6) (300 MHz, chloroform-d) .............51 

Figure 2.26 1H NMR spectra of rotor 6(NHCH3) (400 MHz, chloroform-d) ....................52 

Figure 2.27 13C NMR spectra of rotor 6(NHCH3) (100 MHz, chloroform-d) ...................53 



   

 

x 

Figure 2.28 1H spectra of rotor 7(NHC6H5) (500 MHz, chloroform-d) .............................54 

Figure 2.29 13C spectra of rotor 7(NHC6H5) (100 MHz, chloroform-d) ...........................55 

Figure 2.30 1H NMR spectra of rotor 8 N(CH3)6 

(500 MHz, 1,1,2,2 - tetrachloroethane-d2) ............................................................56 

Figure 2.31 13C NMR spectra of rotor 8 N(CH3)2 (100 MHz, chloroform-d) ...................57 

Figure 2.32 High resolution mass spec of rotor 1 (NH2) ..................................................58 

Figure 2.33 High resolution mass spec of rotor 2 (NHCOCH3) ........................................58 

Figure 2.34 High resolution mass spec of rotor 3 (NHCOCF3) .........................................59 

Figure 2.35 High resolution mass spec of rotor 4 (NHCOCHF2) ......................................59 

Figure 2.36 High resolution mass spec of rotor 5 (NHCOC6H6) .......................................60 

Figure 2.37 High resolution mass spec of rotor 6 (NHCH3)..............................................60 

Figure 2.38 High resolution mass spec of rotor 7 (NHC6H5) ............................................61 

Figure 2.39 High resolution mass spec of rotor 8 (N(CH3)2) ............................................61 

Figure 2.40 Eyring and Gibb’s Free Energy equations......................................................63 

Figure 2.41 Eyring’s plot for 3(NHCOCF3) ......................................................................64 

Figure 2.42 of the calculated (ΔG‡
calc) and experimental (ΔG‡

exp) rotational 

barriers for 1(R). Structures were calculated at the B3LYP-D3(0)/6-311G* 

level of theory with thermodynamic corrections ...................................................66 

Figure 2.43 3D model of rotor 1 ........................................................................................75 

Figure 2.44 3D model of rotor 2 ........................................................................................75 

Figure 2.45 3D model of rotor 3 ........................................................................................76 

Figure 2.46 3D model of rotor 4 ........................................................................................76 

Figure 2.47 3D model of rotor 5 ........................................................................................77 

Figure 2.48 3D model of rotor 6 ........................................................................................77 

Figure 2.49 3D model of rotor 7 ........................................................................................78 



   

 

xi 

Figure 2.50 3D model of rotor 8 ........................................................................................78 

Figure 2.51 EXSY spectra of rotor 4 at 10° .......................................................................79 

Figure 2.52 EXSY spectra of rotor 4 at 15° .......................................................................79 

Figure 2.53 EXSY spectra of rotor 4 at 20° .......................................................................80 

Figure 2.54 EXSY spectra of rotor 4 at 25° .......................................................................80 

Figure 2.55 EXSY spectra of rotor 4 at 30° .......................................................................81 

Figure 2.56 EXSY spectra of rotor 4 at 35° .......................................................................81 

Figure 3.1 Molecular balance structure showing the alkene hydrogen atoms  

in a syn-conformation with the para-substituted benzene ring ..............................83 

Figure 3.2 Quantifying the ration of conformational isomers. (A) folded and 

unfolded conformers with EDGs X = 1 H, 2 OMe, 3 t-Bu, 4 Ph and  

EWGs X = 5 F, 6 CF3, 7 CN, 8 NO2 (B) 1H-NMR spectra of alkene 

region of 5 in CDCl3 ..............................................................................................85 

Figure 3.3 2-D TLC of equilibrating conformers of t-Bu balance 3 in ethyl  

acetate/hexanes (1/4) solvent system at different times .........................................87 

Figure 3.4 Plots of folding ratio (K) vs sigma meta (σm) in chloroform and benzene .......89 

Figure 3.5 Folding ratios in chloroform vs benzene (left) and folding ratio vs ESP .........90 

Figure 3.6 EDG- and EWG-trends in CDCl3 (left) and FI-SAPT total energy 

ln(F/U) in CDCl3 vs (right). ...................................................................................91 

Figure 3.7 FI-SAPT showing total and individual interaction energies in  

balances 1 – 8 .........................................................................................................92 

Figure 3.8 Comparison of total and individual components of FI-SAPT energies in  

3 t-Bu (orange) and 10 NO2 (blue). The net interaction is stabilizing  

in 3 t-bu but destabilizing in 10 NO2 .....................................................................93 

Figure 3.9 Comparison of FI-SAPT energies in 3 t-bu (red) versus 10 NO2.....................93 

Figure 3.10 Crystal structures of balances 6(CF3) A, 3(t-Bu) B, 8(NO2) C 

and 2(OMe) D ........................................................................................................95 

Figure 3.11 1H NMR spectra of balance 1 (300 MHz, CDCl3) .......................................110 



   

 

xii 

Figure 3.12 13C NMR spectra of balance 1 (100 MHz, CDCl3) ......................................111 

Figure 3.13 1H NMR spectra of precursor for balance 2 (300 MHz, chloroform-d) .......112 

Figure 3.14 1H NMR spectra of balance 2 (300 MHz, CDCl3) .......................................113 

Figure 3.15 13C NMR spectra of balance 2 (100 MHz, CDCl3) ......................................114 

Figure 3.16 1H NMR spectra of precursor for balance 3 (300 MHz, chloroform-d) .......115 

Figure 3.17 1H NMR spectra of balance 3 (300 MHz, CDCl3) .......................................116 

Figure 3.18 13C NMR spectra of balance 3 (100 MHz, CDCl3) ......................................117 

Figure 3.19 1H NMR spectra of precursor for balance 4 (300 MHz, chloroform-d) .......118 

Figure 3.20 1H NMR spectra of balance 4 (300 MHz, CDCl3) .......................................119 

Figure 3.21 13C NMR spectra of balance 4 (100 MHz, CDCl3) ......................................120 

Figure 3.22 1H NMR spectra of precursor for balance 5 (300 MHz, chloroform-d) .......121 

Figure 3.23 1H NMR spectra of balance 5 (300 MHz, chloroform-d) .............................122 

Figure 3.24 1H NMR spectra of precursor for balance 6 (300 MHz, chloroform-d) .......123 

Figure 3.25 1H NMR spectra of balance 6 (300 MHz, CDCl3) .......................................124 

Figure 3.26 13C NMR spectra of balance 6 (100 MHz, CDCl3) ......................................125 

Figure 3.27 19F NMR spectra of balance 6 (300 MHz, CDCl3) .......................................126 

Figure 3.28 1H NMR spectra of precursor for balance 7 (300 MHz, CDCl3)..................127 

Figure 3.29 1H NMR spectra of balance 7 (300 MHz, chloroform-d) .............................128 

Figure 3.30 1H NMR spectra of balance 7 (100 MHz, chloroform-d) .............................129 

Figure 3.31 1H NMR spectra of precursor for balance 8 (300 MHz, chloroform-d) .......130 

Figure 3.32 1H NMR spectra of balance 8 (300 MHz, CDCl3) .......................................131 

Figure 3.33 13C NMR spectra of balance 8 (100 MHz, CDCl3) ......................................132 

Figure 4.1 Lp-lp interaction influencing (A) the shape of the water molecule  

and (B) basicity of proton sponge ........................................................................135 



   

 

xiii 

Figure 4.2 (A) lp rotor: 12(F), 13(OCF3), 14(OMe), 15(NMe2), 16(Cl), 17(Br),  

18(SMe), 19(I), 20(CF3). (B) control: 1(2-fluorenyl), 2(-CH2)3-,  

3(C=CH2)Me, 4(Me), 5(Ph), 6(2-propyl), 7(Et), 8(2,3-diMe), 9-(CH2)4-,  

10(i-Pr), 11(1-naphthyl ........................................................................................136 

Figure 4.3 Mazzanti’s biphenyl system ...........................................................................137 

Figure 4.4 Energy barrier comparison of lone pair (lp) rotor series and control 

rotor series as a function of B-value ....................................................................138 

Figure 4.5 Correlation between experimental and calculated barriers ............................139 

Figure 4.6 1H NMR spectra of rotor 1 (300 MHz, chloroform-d) ...................................146 

Figure 4.7 13C NMR spectra of rotor 1 (100 MHz, chloroform-d) ..................................147 

Figure 4.8 1H NMR spectra of rotor 5 (300 MHz, chloroform-d) ...................................148 

Figure 4.9 13C NMR spectra of rotor 5 (100 MHz, chloroform-d) ..................................149 

Figure 4.10 1H NMR spectra of rotor 6 (300 MHz, chloroform-d) .................................150 

Figure 4.11 13C NMR spectra of rotor 6 (100 MHz, chloroform-d) ................................151 

Figure 4.12 1H NMR spectra of rotor 8 (300 MHz, chloroform-d) .................................152 

Figure 4.13 13C NMR spectra of rotor 8 (100 MHz, chloroform-d) ................................153 

Figure 4.14 1H NMR spectra of rotor 11 (300 MHz, chloroform-d) ...............................154 

Figure 4.15 13C NMR spectra of rotor 11 (100 MHz, chloroform-d) ..............................155 

Figure 4.16 1H NMR spectra of rotor 15 (500 MHz, 1,1,2,2 - tetrachloroethane-d2) .....156 

Figure 4.17 13C NMR spectra of rotor 15 (and 100 MHz, chloroform-d) .......................157 

Figure 4.18 Eyring and Gibb’s Free Energy equations....................................................159 

Figure 4.19 Eyring’s plot for rotor 8(2,3-diMe) ..............................................................159 

Figure 5.1 Molecular rotors to be synthesized and used for the  

lone pair – lone pair measurement .......................................................................161 

Figure 5.2 1H NMR spectra of rotor 21 (300 MHz, chloroform-d) .................................165 

Figure 5.3 13 C NMR spectra of rotor 21 (133 MHz, chloroform-d) ...............................166 



   

 

xiv 

Figure 5.4 1H NMR spectra of rotor 22 (300 MHz, chloroform-d) .................................167 

Figure 5.5 13C NMR spectra of rotor 22 (133 MHz, chloroform-d) ................................168 

Figure 5.6 1H NMR spectra of rotor 23 (300 MHz, chloroform-d) .................................169 

Figure 5.7 13C NMR spectra of rotor 23 (133 MHz, chloroform-d) ................................170



   

 

xv 

LIST OF SCHEMES 

 

Section 2.1 Synthesis of molecular rotors 1 – 7 and control .............................................24 

Scheme 2.2 Molecular rotor 1 ............................................................................................33 

Scheme 2.3 Preparation of rotor 2 .....................................................................................34 

Scheme 2.4 Preparation of rotor 3 .....................................................................................35 

Scheme 2.4 Preparation of rotor 4 .....................................................................................36 

Scheme 2.6 Preparation of rotor 5 .....................................................................................37 

Scheme 2.7 Preparation of rotor 6 .....................................................................................38 

Scheme 2.8 Preparation of rotor 7 .....................................................................................39 

Scheme 2.9 Preparation of rotor 8 .....................................................................................40 

Scheme 3.1 General synthesis of the molecular balances..................................................86 

Scheme 3.2 Synthesis of balance 1 ....................................................................................96 

Scheme 3.3 Synthesis of precursor for balance 2 ..............................................................97 

Scheme 3.4 Synthesis of balance 2 ....................................................................................98 

Scheme 3.5 Synthesis of precursor for balance 3 ..............................................................99 

Scheme 3.6 Synthesis of balance 3 ..................................................................................100 

Scheme 3.7 Synthesis of precursor for balance 4 ............................................................101 

Scheme 3.8 Synthesis of balance 4 ..................................................................................102 

Scheme 3.9 Synthesis of precursor for balance 5 ............................................................103 

Scheme 3.10 Synthesis of balance 5 ................................................................................104 



   

 

xvi 

Scheme 3.11 Synthesis of precursor for balance 6 ..........................................................105 

Scheme 3.12 Synthesis of balance 6 ................................................................................106 

Scheme 3.13 Synthesis of precursor for balance 7 ..........................................................107 

Scheme 3.14 Synthesis of balance 7 ................................................................................108 

Scheme 3.15 Synthesis of precursor for balance 8 ..........................................................109 

Scheme 3.16 Synthesis of balance 8 ................................................................................110 

Scheme 4.1 General synthesis of molecular rotors ..........................................................140 

Scheme 4.2 Synthesis of rotor 1 ......................................................................................142 

Scheme 4.3 Synthesis of rotor 5 ......................................................................................142 

Scheme 4.4 Synthesis of rotor 6 ......................................................................................143 

Scheme 4.5 Synthesis of rotor 8 ......................................................................................144 

Scheme 4.6 Synthesis of rotor 11 ....................................................................................145 

Scheme 4.7 Synthesis of rotor 15 ....................................................................................146 

Scheme 5.1 Synthesis of rotor 21 ....................................................................................163 

Scheme 5.2 Synthesis of rotor 22 ....................................................................................163 

Scheme 5.3 Synthesis of rotor 23 ....................................................................................164



   

 

xvii 

LIST OF ABBREVIATIONS

ΔΔG‡ ........................................................................................Transition State stabilization  

ΔG‡ ............................................................................................................. Reaction barriers 

ΔH‡ ..................................................... Difference in enthalpy between GS and TS energies 

ΔS‡ ....................................................... Difference in entropy between GS and TS energies 

DFT ............................................................................................ Density Functional Theory 

FI-SAPT ...................... Fragment Intramolecular-Symmetry-Adapted Perturbation Theory 

GS .................................................................................................................... Ground State 

HB ................................................................................................................ Hydrogen Bond 

kB ........................................................................................................ Boltzmann’s Constant 

kc ................................................................................................................................................................ Exchange rate at Tc 

NBO .......................................................................................................Natural Bond Order 

R ....................................................................................................................... Gas Constant 

T ........................................................................................................................ Temperature 

TS ................................................................................................................. Transition State 



   

 

1 

CHAPTER 1 

INTRODUCTION TO HYDROGEN BONDING 
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1.1 ABSTRACT 

Chapter 1 introduces the concept of hydrogen bonding as a non-covalent interaction 

and the justifications for studying the interaction. This is followed by a discussion of the 

methods used in the quantification of the hydrogen bonding interaction strengths. 

Experimental measurements of rotational barriers are then correlated with empirical 

parameters to observe trends. Based on the observed trends, inferences can then be made 

regarding which fundamental forces are important in hydrogen bonding interaction. 

Finally, fundamental forces such as electrostatics, repulsion, dispersion, and charge 

transfer (orbital – orbital interaction) shown to contribute to the hydrogen bonding 

interaction will be introduced.  

1.2 OVERVIEW OF HYDROGEN BONDING 

Hydrogen bonding is a non-covalent interaction that plays a crucial role in many 

biological processes, including protein folding, DNA structure, and enzyme 

activity.1,2,3,4,5,6 Hydrogen bonds are attractive interactions between a hydrogen atom 

covalently bonded to a highly electronegative atom, such as oxygen, nitrogen or halogen, 

and an unshared electron pair of an electronegative atom in the same or another molecule. 

The interaction results in a strong and directional interaction that can be observed in a wide 

range of systems, including small molecules, macromolecules, and biological systems. The 

concept of hydrogen bonding was first introduced by Linus Pauling in the 1930s, who 

proposed that hydrogen bonds were a major contributing factor in the stability of proteins 

and other biological molecules.7 Since then, the study of hydrogen bonding has been a 

major area of research in the fields of chemistry, biochemistry, and materials science. The 
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huge interest in hydrogen bonding is due to the importance of hydrogen bonding in a 

variety of systems such as the formation of water clusters,8 the stability of DNA9,10, and 

the function of enzymes.11   

1.3 CHARACTERISTICS OF HYDROGEN BONDS 

1.3.1 STRENGTH 

Hydrogen bonds are one of the stronger non-covalent interactions, leading to 

relatively short distances between interacting atoms. For example, the hydrogen bond O∙∙∙O 

distance in water is typically around 2.82 Å,12 which is much shorter than the typical van 

der Waals interaction of around 3.2 Å.13 This strength is attributed to the highly polar nature 

of the hydrogen atom, which is capable of forming a strong dipole-dipole interaction with 

an electronegative atom. Hydrogen bonds can be classified based on their strengths as 

strong, moderate, and weak. Weak hydrogen bond interactions are the most common with 

bond energies value between −0.5 and −4.0 kcal/mol. For example, the majority of 

hydrogen bonds found in catalytic and biological systems fall in the weak category. 

Moderate hydrogen bonding interactions have a bond energy in the range −4.0 to 

−15.0 kcal/mol while strong hydrogen bonds have bond energy values in the range of −15.0 

to −60.0 kcal/mol.14 Moderate and strong interactions are usually charge-assisted hydrogen 

bonds where the heavy atom attached to the proton is positively charged or the acceptor 

heavy atom is negatively charged (Figure 1.1). Examples are NH3
+−H•••OH2 and F-

••••H−F. The charges enhance the electrostatic component of the hydrogen bonding 

interaction.  
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1.3.2 DIRECTIONALITY 

Directionality is another important feature of hydrogen bonds. Unlike van der 

Waals forces, which are isotropic, hydrogen bonds are highly directional. Hydrogen 

bonding interactions prefer a geometry where the hydrogen bond donor, hydrogen bond 

Figure 1.1. Different geometries of hydrogen bond showing how the 

donor and the lone pair acceptor are aligned. 
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acceptor, and hydrogen bond donor atoms are linear. The directionality is due to the 

electrostatic component of hydrogen bonding interaction and the bond strength is 

maximized when the charges are aligned. A component of the directionality is the 

minimization of the electrostatic repulsion between the heavy atoms.15,16,17,18 Strong 

hydrogen bonds are more directional than the weak ones. For an interaction to be classified 

as a classical hydrogen bond, the bond angle must be greater than 110°.19 Directionality is 

particularly important in the formation of hydrogen-bonded networks, such as those found 

in water and ice, as well as in the stability of macromolecules, such as proteins and DNA. 

1.3.3 JUSTIFICATION FOR STUDYING HYDROGEN BONDING 

Since enzymes make use of hydrogen bond in their active sites to speed up reactions 

by stabilizing transition states, an in-depth understanding of hydrogen bonding can provide 

insight into the mechanisms of enzymes and into the development of efficient organo-

catalysts. Furthermore, due to the fact that hydrogen bonding is a critical component of 

many protein-ligand interactions, a good understanding of hydrogen bonding could help in 

drug design. Additionally, a better understanding of hydrogen bonding could help in the 

design of new materials with improved properties such as durability and thermal stability.20 

Lastly, studying hydrogen bonding is important in predicting and controlling chemical 

reactions.  
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1.3.4 FUNDAMENTAL INTERACTIONS GOVERNING HYDROGEN BONDING 

Hydrogen bonding is governed by multiple fundamental interactions such as 

electrostatics, repulsion, orbital-orbital (charge-transfer), and dispersion. Electrostatics are 

the primary fundamental interaction that govern hydrogen bonding, but orbital-orbital, 

dispersion, and repulsion also contribute.21 Understanding the roles and contributions of 

these fundamental interactions is essential in understanding and predicting the properties 

and behavior of many chemical and biological systems. Electrostatics is responsible for the 

attraction between the hydrogen bonding proton and the heavy atom in the hydrogen bond 

acceptor. The strength of this electrostatic attraction is determined by the distance between 

the hydrogen bonding proton and the heavy atom as well as their respective charges. 

Several studies have confirmed that electrostatics is the dominant contributor to hydrogen 

bonding.21,22,23 

 

 

 

 

Several methods can be used to quantify hydrogen bonding interactions. These 

methods can be grouped into four broad categories based on the types of model systems: 

(a) thermodynamic bimolecular, (b) thermodynamic unimolecular, (c) kinetic bimolecular, 

Figure 1.2. Different Schematic representations of the four types of model 

systems: bimolecular thermodynamic (a), unimolecular thermodynamic (b), 

bimolecular kinetic (c), and unimolecular kinetic (d). 
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and (d) kinetic unimolecular (Figure 1.2).24 However, I will focus on kinetic unimolecular 

(molecular rotor) and thermodynamic unimolecular (molecular balance) methods. The 

measurement of hydrogen bonding interactions can be challenging due to the difficulty in 

separating the contributions of the hydrogen bond from other interactions and biases in a 

system. A molecular rotor can be used to overcome these difficulties, by separating the 

hydrogen bonding interactions from the other forces involved. The molecular rotor is 

designed on the premise that, in a typical chemical process, the transition state must be 

traversed, even in cases of bond rotation, when transitioning from starting materials to final 

products. 

The molecular rotor method offers a number of advantages over the bimolecular 

measurement methods. First, bond rotation is a zero-order kinetic process, which allows 

for easy measurement and analysis of the rate of rotation by dynamic NMR methods. 

Second, the bond rotation transition states are simple and well defined, and as such, can be 

easily and accurately modeled using DFT calculations. Third, these rotors are easy to 

synthesize, and modulation of the hydrogen bond strength can be easily accomplished. 

1.3.5 MOLECULAR ROTOR DESIGN 

The molecular rotors were designed on the premise that the bond rotation process 

is similar to a typical chemical reaction going from starting material to product through a 

transition state (Figure 1.3). The molecular rotors interconvert between a syn-conformation 

and an anti-conformation via a planar transition state, where the ortho-R-group and imide 

carbonyl oxygen are close together forming stabilizing non-covalent and destabilizing 

steric interactions (Figure 1.4). The N-arylimide based molecular rotors offered a simple 

and reliable method for quantifying the strength of hydrogen bonding interactions. The N-
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arylimide rotors were constructed and equipped with hydrogen bond donor (RNH) and 

acceptor (C=O). These rotors were used to quantify the strength of the TS hydrogen bonds.  

A control series which only forms the destabilizing steric interactions was also designed to  

isolate the HB interactions.  

 

 

 

The N-phenylimide framework is designed in such a way that a substituted benzene 

ring is connected to a 5-membered succinimide ring through a Caryl-Nimide bond (Figure 

1.4). The hydrogen bonding functionally is the R-group attached to the ortho-position of 

the N-phenyl unit and the oxygen of the succinimide C=O group. A strong TS hydrogen 

bond will lower the rotational barrier and lead to faster rotation while a weak interaction 

will lead to slow rotation. The R′NH•••O=C strengths were modulated by varying the 

electronic nature of the R′-group attached to the nitrogen. 

Figure 1.3. Pictorial representation of TS stabilization. 
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Dynamic NMR (EXSY) experiments were performed to ascertain the rate of 

interconversion (kex) from syn-to-anti and anti-to-syn. A graph of the exchange rates per 

temperature vs inverse temperature fitted to Eyring’s equation provides the energy 

parameters, ΔH‡ and ΔS‡ which will ultimately be used in determining ΔG‡ (Figure 1.5). 

 

 

 

The difference in ΔG‡ between the hydrogen bonding and non-hydrogen bonding control 

rotors gives the TS stabilizing effect (ΔΔG‡) of the hydrogen bonding interaction. To 

investigate the fundamental forces governing the hydrogen bonding interaction in the 

transition state, ΔΔG‡ is correlated with parameters such as electrostatics, charge-transfer, 

dispersion and induction.  

1.4 HYDROGEN BOND DESCRIPTORS 

Hydrogen bond descriptors are parameters used to quantitatively describe the 

strength and properties of hydrogen bonds. These descriptors allow us to predict and 

Figure 1.4. Interconversion of molecular rotor from syn- to anti- conformer 

 

 

 

Figure 1.5. Eyring’s and Gibb’s Free Energy equations. 
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analyze the strength of hydrogen bonds and their effects on molecular properties such as 

reactivity and structure. By correlating these descriptors with experimentally measured 

data, we can gain insights into the origins of hydrogen bonds. Some common hydrogen 

bond descriptors used to investigate hydrogen bonding interactions include electrostatic 

potential (ESP), pKa, α-value, β-value, Hammett sigma parameter (σ). 

1.4.1 ELECTROSTATIC POTENTIAL SURFACE (ESP) 

ESP values can be measured from quantum chemical calculations of the 

electrostatic potential (ESP) at various points in space around a molecule.25 This is 

typically done by dividing the molecule into small regions, called grid points, and 

calculating the electrostatic potential at each grid point. The resulting ESP map can be 

visualized as a surface or contour plot, with regions of positive electrostatic potential (blue) 

and negative electrostatic potential (red) (Figure 1.6). ESP calculations can be used to 

probe the contribution of electrostatics in a hydrogen bonding interaction by identifying 

the regions of positive and negative electrostatic potential around the hydrogen bond 

acceptor and donor atoms.26,27 The magnitude of the electrostatic potential (ESP) will be 

measured at the point on the surface of the R-group nearest to the imide C=O oxygen. This 

measurement will be correlated to the rotational barrier of the molecular rotor. A good 

correlation between rotational barrier and ESP suggests that electrostatics is important in 

the hydrogen bonding interaction. 

 

 
Figure 1.6. ESP map of a 

molecular rotor 3 (NHCOCF3) 
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1.4.2 pKa 

The pKa of the hydrogen bond donor has been shown to correlate with the strength of the 

hydrogen bond. This parameter can provide insight into how well a functional group can 

act as a proton donor in hydrogen bonding. Groups with low pKa are expected to form a 

stronger hydrogen bond while groups with high pKa are expected to form a weaker 

hydrogen bond.28 The strength of hydrogen bond can be modulated by varying the pKa of 

the hydrogen bond donor group. 

1.4.3 α-VALUE  

This is an empirical measure of the hydrogen bond donor ability of a functional group in a 

molecule.21 α-value is a dimensionless constant that can be used to quantify the donating 

ability of a hydrogen bond donor group in a molecule. A higher α-value indicates a strong 

hydrogen bond donor character while a low α-value indicates a weak hydrogen bond donor 

character.21 

1.4.4 β-VALUE  

The beta value provides an empirical measurement of the hydrogen bond acceptor ability, 

with higher values indicating a stronger ability to act as an acceptor in hydrogen bonding 

interactions.  

1.4.5 HAMMETT SIGMA PARAMETER (σ) 

This parameter is a measure of the electrostatic effects of substituents on a benzene ring. 

A substituent can alter the phenyl ring’s ability to donate or withdraw electrons relative to 

the benzene when attached to the para- or meta- positions. The Hammett substituent 

parameters can be used in non-benzene systems such as the R′s of the ortho R′NH groups 
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in our hydrogen bonding rotors. Hence, Hammett sigma parameter can be correlated with 

energy barrier to ascertain electrostatic contributions in a hydrogen bonding interaction. 

1.5 PAULI REPULSION 

Pauli Repulsion is not an electrostatic parameter but rather a steric parameter that derives 

from the Pauli exclusion principle, which states that no two electrons can have identical 

quantum numbers.29 In other words, identical electrons (i.e., electrons with the same spin) 

cannot be in the same orbital. This forms the fundamental basis for repulsive steric 

interactions. During a hydrogen bond formation, the filled shells of the hydrogen bond 

donor and acceptor heavy atoms encroach on each other’s space, thereby leading to 

significant Pauli repulsion. Squeezing a hydrogen bonding proton between the heavy atoms 

further increases the repulsive effect. This repulsive term must be overcome by attractive 

terms to form a stable HB. SAPT will be utilized to decompose the total interaction energy 

into individual components including Pauli repulsion.30  

1.6 CHARGE TRANSFER (ORBITAL – ORBITAL INTERACTION) 

Charge transfer is a stabilizing interaction in which electron density is transferred from one 

orbital (HOMO) to another (LUMO) in different atoms. In the formation of hydrogen bond, 

charge is transferred from the bonding orbital of the heavy atom of the hydrogen bond 

acceptor to the σ*-orbital of the hydrogen bond donor.31,32 Larger orbitals and smaller 

differences in orbital energies can enhance orbital – orbital interactions. The former is 

largely dependent on the orientation or geometry of the hydrogen bond donor and acceptor, 

while the latter can be modulated by attaching and varying the substituents on the hydrogen 

bonding system.25 Natural Bond Order (NBO) can be used to estimate the contribution of 

charge transfer to hydrogen bonding. A good correlation between rotational barriers and 



 

13 
 

NBO energies suggests that charge transfer is an important component of the hydrogen 

bonding interaction. 

1.7 DISPERSION 

Dispersion forces are caused by the temporary and fluctuating polarization of the electrons 

within a molecule or atom, which creates a local dipole moment. When two such dipoles 

approach each other, the attractive forces between the positive and negative ends of the 

dipoles give rise to dispersion forces. These forces are usually the weakest term in 

hydrogen bonding interactions.33 We will not correlate rotational barrier to dispersion 

parameters because of their minor contribution to hydrogen bonding interactions. 

1.8 INDUCTION 

Induction occurs when an electron withdrawing group that is connected to a hydrogen 

bonding system pulls electron density from the hydrogen bonding proton in that system, 

thereby creating a positive charge on the proton. This positive charge then engenders a 

temporary attractive interaction with the heavy atom of the hydrogen bond acceptor. Like 

dispersion, induction is a minor contributing term in hydrogen bonding interactions.21 

Hence, we will not be correlating rotational barrier induction parameter.
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CHAPTER 2 

STERICALLY COMPRESSED HYDROGEN BOND 
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2.1 ABSTRACT 

Sterically compressed hydrogen bonds are defined as hydrogen bonds where the 

repulsive component has been reduced as a result of a structural constraint.34 This study 

demonstrates that targeting the repulsive term of the hydrogen bonding interaction can lead 

to substantial enhancements in interaction energies. This method can significantly decrease 

transition states and enhance reaction rates. The approach involves forming sterically 

compressed hydrogen bonds by holding the donor and acceptor heavy atoms close together 

prior to bond formation. We designed a molecular rotor with a rigid framework that enables 

the formation of short intramolecular hydrogen bonds in the bond rotation transition state 

(Figure 2.1). The resulting hydrogen bonds strongly stabilized the transition states, leading 

to remarkable increases in the rotation rate. We synthesized a series of rotors to test whether 

the observed kinetic effects were due to steric compression. Our findings suggest that steric 

compression was the primary factor responsible for the larger-than-expected transition 

state hydrogen bond stabilization. Therefore, we conclude that steric compression is an 

effective means of enhancing the strength of hydrogen bonds in transition states that is 

complementary to the traditional strategies of enhancing the attractive components. 

Δ
G

 

Figure 2.1. Molecular rotor showing TS 

structure and interconverting syn- and anti-

conformers. 
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2.2 ENHANCING HYDROGEN BOND STRENGTH THROUGH STERIC 

COMPRESSION 

Systems where the heavy atoms are already compressed experience unusually large 

interaction energies (Figure 2.2).21,52,53,55 This is because a framework holds the hydrogen 

bond donor and acceptor atoms closer than the sum of their vdW radii, prestressing the 

systems and reducing the steric penalty for HB formation (Figure 2.3 B). Hydrogen bonds 

have received a lot of attention because of the role they play in determining the properties 

of water and many biological processes.1,2,3,4,5,6 For example, enzymes use hydrogen bonds 

in their active sites to stabilize transition states and catalyze biochemical transformations. 

Similarly, organo-catalysts have been designed to use hydrogen bonds to catalyze synthetic 

reactions.35,36,37,38,39,40,41 The traditional strategy for enhancing hydrogen bond strength 

involves enhancing the attractive component of hydrogen bonds such as electrostatics and 

orbital-orbital interactions.42,43,44,45 For example, electron withdrawing groups on the HB 

donor and electron-donating groups on the hydrogen bond acceptor have been shown to 

enhance the strength of hydrogen bonds. In this work, we demonstrate that large 

enhancements of hydrogen bonding interaction energies can be derived from targeting the 

repulsive component of the hydrogen bonding interaction and demonstrate that this 

approach can be applied to dramatically lower transition states and increase rates of 

reactions. 

All bonding interactions, including non-covalent interactions, are composed of 

opposing attractive and repulsive components that are individually much larger than the 

overall bonding interaction strength. For example, in Figure 2.3, the relative magnitudes of 

the attractive (green) and repulsive (red) forces are of similar magnitude and so they almost 
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cancel, leaving a small net interaction energy (blue). The net interaction energy can be 

increased by either strengthening the attractive component (Figure 2.3B) or reducing the 

repulsive component (Figure 2.3B). While the former is a common method of enhancing 

the net interaction energy, we will examine the viability and potential of the second method 

in this work. Since the repulsive component is large, even a small reduction can lead to 

large enhancements in the net interaction energies. An example is shown in Figure 2.3B. 

The energies of the attractive (green) and repulsive (red) components are more than the net 

interaction energy (blue).46 

 

  

 

 

To target the repulsive term, a good understanding of the origins of the component 

in hydrogen bonds is paramount. Hydrogen bonds position the interacting atoms at 

distances considerably shorter than the sum of their vdW radii.47,48,49 For example, in 

crystallography, hydrogen bonds are commonly identified as protons between 

Figure 2.2. Enhancing net interaction by 

reducing the repulsive components. 
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electronegative atoms which are closer than the sum distance of their van der Waal 

radii.47,48,49 An example is shown in Figure 2.4 of the water dimer. Not only is the hydrogen 

bonding proton within the vdW radii of the heavy  

 

 

 

 

 

atom of the hydrogen bond acceptor (< 2.7 Å) but the two oxygen atoms of the HB donor 

and acceptor are also within each other’s vdW radii (< 3.0 Å).50,51 Thus, there is significant 

vdW repulsion that must be overcome to form a stabilizing hydrogen bond. 

Figure 2.3. Enhancing net interaction energy 

by enhancing the attractive components. 
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Examples of the large enhancements in HB strength that are possible from targeting 

the repulsive component are proton sponge and analogs,52,53,54,55 which are known for their 

unusually high predilection for protons. Their proton affinity is due to the strain in the 

system prior to the hydrogen bond formation from the rigid naphthalene framework 

holding the diamine groups at a very close proximity. In the proton sponge, the nitrogen 

heavy atoms are at distances less than the sum of their vdW radii prior to protonation. In 

Figure 2.5 for instance, the N•••N distance (2.75 Å) for the unprotonated proton sponge is 

less than the sum of the vdW radii (3.10 Å).54 This steric compression of the heavy atoms 

reduces the additional steric interactions needed to form the HB on protonation. This 

ultimately leads to enhanced basicity for the proton sponge.  

Figure 2.4. Hydrogen bond 

between two water molecules 

showing the internuclear 

distance (1.8 Å) between 

hydrogen (white, vdW radius 

1.2 Å) and oxygen (red, vdW 

radius 1.5 Å) was less than their 

summed vdW radii (2.7 Å). 

Also, the oxygen atoms 

internuclear distance (red, 2.8 

Å) is less than their summed 

vdW radii, 3.0 Å. 
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Hansen used NMR chemical shifts to study and measure intramolecular HB 

interaction strengths.34 He observed that hydrogen bond strength can be greatly enhanced 

when the heavy atoms are forced together within their summed vdW radii. He found out 

that as the phenolic and aldehyde oxygen atoms distance was reduced, the hydrogen bond 

strength increased. He was able to systematically push the hydrogen bonding oxygen atoms 

closer toward each other. By increasing the steric size of the adjacent R-groups, the rigid 

covalent framework helps overcome the sterics of the system. He confirmed this pre-

stressed sterics of the system by monitoring the O•••O distances. Thus, the hydrogen bond 

does not need to take on the full repulsive component. The shorter the O•••O distance, the 

greater the reduction in HB repulsive component, and the greater the HB strength. A large 

enhancement, 9.4 kcal/mol, was observed. 

 

Figure 2.6. Increasing 

the R-group will lead to 

compression of the two 

oxygen atoms thereby 

resulting in an enhanced 

hydrogen bond strength. 

Figure 2.5. Reduction of steric repulsion in proton sponge 

by the strain in the unprotonated proton sponge. 
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Similarly, Perrin showed that the high proton affinity of the (±)-α,α′-di-tert-

butylsuccinate is the result of a reduction in the repulsive component of the strong 

hydrogen bond formed by protonation of the dianion (Figure 2.7).56 In the unprotonated 

form, repulsion of the heavy atoms is pre-formed due to the constraining of the oxygen 

anions in close proximity to each other, thereby, resulting in an enhanced net interaction.  

.  

 

 

Whereas all the aforementioned examples measured the thermodynamic effects of 

sterically compressed HBs, we want to test whether we can use sterically compressed HBs 

to effect kinetics and reaction rates. Our approach was to examine the kinetic effects of 

HBs on the bond rotation TS of our molecular rotors. In our earlier publication, we 

investigated the kinetic effects of HBs (OH•••O=C) using phenolic molecular rotors and 

observed much larger than expected rate enhancements due to the formation of a HB in the 

bond rotation TS (Figure 2.8).46 We hypothesized that these were due to a reduction in the 

repulsive component of the hydrogen bond. 

 

 
Figure 2.8. TS structures of our hydrogen bonding phenol 

rotor (left) and control; non-hydrogen bonding rotor (right). 

 

Figure 2.7. The preformed sterics in the dianion 

is the reason for the high proton affinity. 
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Our goal, therefore, was to confirm that the reason for the larger than expected TS 

hydrogen bond stabilization in our rotors is due the formation of a sterically compressed 

hydrogen bond and to demonstrate that steric compression can be used to enhance the 

strength of hydrogens in TS and affect reaction rates. To test this hypothesis, we first 

examined the alternative explanation that the unusually strong HB in our rotors was due to 

an increase in the attractive component. We found that enhancements in the attractive 

component were insufficient to explain kinetic HB effects in our rotors. 

 

 

 

Our studies began with the design of a new rotor which can modulate the attractive 

electrostatic component over a wider dynamic range. In our previous OH rotor system, we 

could not completely rule out electrostatic effects because of the limited range of values 

for the electrostatic component. In the OH rotors, the electron-withdrawing groups could 

not be directly connected to the hydrogen bond donor OH group. To address this challenge, 

we switched to an RNH•••O=C hydrogen bonding system where electron-withdrawing and 

electron-donating substituents (R) could be attached directly to the hydrogen bond donor 

nitrogen atom. (Figure 2.9). In control rotor 8, two methyl groups were attached to the 

Figure 2.9. Control and HB rotors design to 

measure the kinetic effects of C=O•••HN. 
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nitrogen atom. Thus, the rotor lacked a hydrogen bonding proton preventing the formation 

of HB in the TS. The synthesis of rotors 2 – 5 is a 2-step process (Scheme 1). First, 1,2-

Dibromobenzene (10) was reacted with norbornene anhydride, 9, and the resulting aniline 

rotor 1 was reacted with a variety of acetylating agents to give rotors 2 - 5. The synthesis 

of rotors 6 and 7 involves a one-step thermal condensation of norbornene anhydride (9) 

with a corresponding ortho-substituted aniline (10a and 10b). Lastly, the synthesis of the 

control rotor 8 is a one-step thermal condensation of norbornene anhydride (9) and aniline 

(10c). 

 

Scheme 2.1 Synthesis of molecular rotors 1 – 7 and control 8 

 

DFT calculations of the bond rotation TS structures were carried out at B3LYP-D3 

level of theory and 6-311G* basis set using the Spartan18 program. The presence of the 

hydrogen bonding proton between the C=O group and the nitrogen atom suggests that a 

compressed HB is formed in the TS (Figure 2.10). The OHN bond angle of 163° and Oー

N internuclear distance of 2.58 Å are consistent with literature reports of similar 
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compressed hydrogen bonding systems.45,57,58 Normal hydrogen bonds have O-to-N 

internuclear distances of 2.6 – 3.2 Å. Additionally, the O•••H distance of 1.61 Å was well 

within the sum of the van der Waal radii of O and H (1.52 + 1.20 = 2.72 Å).59,60 This further 

suggests the formation of a compressed hydrogen bond. 

The rotational barriers of the rotors in tetrachloromethane (TCE) and 

dichloroethane (DCE) were measured (Table 2.1) using EXSY 1H-NMR and showed good 

correlation with the calculated barriers suggesting that the calculated barriers were 

accurate. The rotor with the most electron-withdrawing group (R = COCF3) formed the 

strongest HB, lowering the barrier by 6.4 kcal/mol. These kinetic effects were about 13 to 

4 times larger than the 0.5 – 1.5 kcal/mol stabilization observed for similar hydrogen bonds 

in non-compressed systems.46,61 

 

Figure 2.10. 3D model TS structure of rotor 5 

 

The magnitude of the TS stabilization was correlated with the expected hydrogen 

bond strengths based on the pKa of the NH groups. Hydrogen bond strengths show good 

agreement with pKa of HB rotors.62 The change in rotational barrier (ΔΔG) of each of the 

rotors was determined by subtracting the rotational barrier of a hydrogen bonding rotor 
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from that of the non-hydrogen bonding control 8 and plotted against the pKa of the NH 

group (Figure 2.12B). Although the pKa was varied by 18 orders of magnitude, changes in 

rotational barriers only varied over a narrow range of less than 2 kcal/mol (Figure 2.12B). 

Even rotor 1 with R = NH2, which normally forms a very weak hydrogen bond, showed 

significant TS stabilization relative to the non-hydrogen bonding control rotor 8. This 

suggests that the main source of the TS stabilization is not the strengthening of the 

electrostatic component as electrostatics have good correlation with pKa.21 

To show that the large TS stabilization is mainly due to repulsion, we employed 

Fragment Intramolecular-Symmetry Adaptation Perturbation Theory (FI-SAPT). FI-SAPT 

is a computational method utilized for examining interactions between different fragments 

within a molecule. By dividing the molecule into separate fragments and applying 

perturbation theory, FI-SAPT calculates the interaction energy between these fragments. 

We applied FI-SAPT to determine the interaction energy of the intramolecular 

C=O•••HNR interaction in the TS of our rotors.63,64 To validate that the FI-SAPT 

calculations were accurately reproducing the intramolecular TS interactions, FI-SAPTtotal 

(jun-cc-pvdz) energies were shown to strongly correlate with the experimentally measured 

barriers (Figure 2.11, R2 = 0.81). This suggests that the variations in the rotational barriers 

are due to variations in the TS structures and that we can largely ignore variations in the 

GS structures. 
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Table 2.1. Results of experimental and calculated rotational  

barriers of rotors and pKa of their corresponding R-groups.  

  

Rotor R-group 

 

 

Experimental 

Rotational 

Barrier 

(kcal/mol) 

Rotational 

Barrier from 

Computation 

(kcal/mol) 

pKa of R-group 

(DMSO)65 

1 H 16.4 15.3 30.6 

2 COCH3 16.5 15.0 21.5 

3 COCF3 15.6 16.0 12.6 

4 COCHF2 14.9 17.6 13.8 

5 COC6H6 16.8 17.3 18.8 

6 CH3 17.5 15.8 29.5 

7 C6H5 17.7 17.1 25.0 

8 N(CH3)2 22.0 21.1 -- 
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Figure 2.11. Correlation between FI-SAPTtotal 

and experimentally measured barriers. 
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A 

 

 

B 

 

 

 
Figure 2.12. Plots showing (A) varying of electrostatic 

component by electron-withdrawing groups and (B) 

correlation between HB strength and TS stabilization. 

 



 

30 
 

Next, FI-SAPT calculations were conducted on both the non-HB and HB structures 

of our compressed system and a comparable non-compressed system (Figure 2.13 A). The 

attractive and repulsive components in both systems were compared against each other to 

ascertain the source of the large TS stabilization. In order to isolate the effects of HB, the 

FI-SAPTtotal energy of the non-HB was subtracted from that of the HB, and the resulting 

energy difference was compared between the two systems. Furthermore, the energy 

difference between the attractive components of the non-HB and HB was calculated by 

subtracting the FI-SAPT energy of the non-HB from that of the HB, and this difference 

was compared in both systems. Likewise, the energy difference between the repulsive 

components of the non-HB and HB was determined by subtracting the FI-SAPT energy of 

the non-HB from that of the HB, and this difference was also compared in both systems. 

The structures of the non-compressed system depicted in Figure 2.13A (top) represent an 

equilibrium system in which hydrogen bonding occurs between similar functional groups 

on separate aniline and N-succinimide molecules. When the molecules are positioned close 

together (O•••N = 2.6 Å) on the right-hand side of the equilibrium, hydrogen bonding 

interactions are formed, while on the left-hand side, the molecules are too far apart (O•••N 

= 6.0 Å), and no such interactions occur. Consequently, the difference in FI-SAPTtotal 

energies between the two sides of the equilibrium accounts for both attractive and repulsive 

components of the hydrogen bonding interaction. 

In contrast, the structures illustrated in Figure 2.13A (bottom) correspond to the 

kinetic structures of our molecular rotor, which exemplifies a compressed system. In this 

rotor, the interacting groups are held closely together by the rigid N-phenylimide 

framework. Although the right structure (HB) of the compressed system (Figure 2.13 A, 
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bottom) forms similar hydrogen bonding interactions as the top non-compressed system, 

the left control (non-HB) structure does not. However, because the interacting groups 

remain in close proximity due to the rigid framework of the rotor, significant repulsive 

interactions still occur. The carbonyl oxygen and the amine nitrogen are located closer to 

each other (O•••N = 2.6 Å) than the sum of their vdW radii (3.07 Å). Thus, the △FI-

SAPTtotal includes all the attractive components of the hydrogen bond but only a fraction 

of the repulsive components. As a result, the energy difference in the compressed system 

may be substantially greater than that of the non-compressed system. 

The FI-SAPT energies of the attractive components were comparable in both the 

non-compressed and compressed systems, although the non-compressed systems exhibited 

a slightly higher FI-SAPT energy. This discrepancy can be attributed to the absence of 

stabilizing dispersion and induction forces within the non-HB component of the non-

compressed system, resulting from the large separation between the carbonyl group and 

nitrogen atom. In contrast, the compressed system benefits from the presence of these 

dispersion and inductive forces within its non-HB component due to the proximity of the 

interacting groups. These additional attractive forces in the non-HB component of the 

compressed system contribute to the slightly reduced attractive component observed in the 

compressed system. 
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A        B  

 

 

 

By comparing the FI-SAPTtotal energies of the non-compressed and compressed 

systems (Figure 2.13 B), it is evident that the compressed system exhibits a significantly 

greater stabilization of 13.4 kcal/mol (red bar) in contrast to the non-compressed system of 

only 0.8 kcal/mol (blue bar). The significant stabilization in the compressed system is 

mainly due to the considerable reduction in the repulsive term, indicating that repulsion is 

primarily responsible for the large TS stabilization observed in our molecular rotor system. 

This is because the large attractive component overcomes minimal repulsion resulting in 

substantial TS stabilization. Conversely, the FI-SAPTtotal energy in the non-compressed 

system is marginal indicating a weak stabilization. This weak stabilization is a consequent 

of the large repulsive component nearly canceling out the attractive component in the non-

compressed system. In conclusion, reduction in repulsion is the reason for the larger than 

expected TS hydrogen bond stabilization in our molecular rotor system. We have also 

Figure 2.13. (A) Structures of HB and non-HB of non-compressed and compressed 

systems and (B) FI-SAPTtotal energies in non-compressed and compreesed systems. 
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demonstrated that steric compression can be used to enhance the strength of hydrogen 

bonds.  

 

2.3 SUPPLEMENTAL INFORMATION 

2.3.1 GENERAL EXPERIMENTAL INFORMATION 

NMR spectra were recorded on Bruker 500 MHz and Bruker 400 MHz 

spectrometers. Chemical shifts are reported in ppm (δ) referenced to the solvent residue. 

All spectra given for characterization purposes were taken at room temperature. All 

chemicals and solvents were purchased from commercial suppliers and used as received. 

Flash chromatography was performed using silica gel from Sorbent Technologies (60 Å, 

200 – 400 mesh). 

2.3.2 SYNTHESIS 

 

 

 

Figure 2.14. Molecular rotors used for the study 

 

Scheme 2.2. Molecular rotor 1 
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cis-5-norbornene-endo-2,3-dicarboxylic anhydride 9 (200 mg, 1.22 mmol) and 

benzene-1,2-diamine 10 (145 mg, 1.34 mmol) were added to a 20-dram vial along with a 

magnetic stir bar. The vial was then capped and heated to 120 °C in a silicon oil bath for 

15 hours while stirring. After letting the vial cool to room temperature, the crude material 

was purified by column chromatography (ethyl acetate/hexanes = 4:1, v/v) to give a brown 

solid product 1 (170 mg, 55 %). 1H NMR (400 MHz, CDCl3) δ 7.26 - 7.16 (m, 1 H), 6.91 

- 6.77 (m, 3 H), 6.35 (s, 2 H major), 6.27 (s, 2 H minor), 3.76 (br, s, 2 H), 3.50 - 3.42 (m, 

4 H), 1.82 (d, J = 8.8 Hz, 1 H major), 1.76 (d, J = 8.8 Hz, 1 H minor), 1.63 (dd, J = 8.8 Hz, 

1 H major), 1.57 (dd, J = 8.8 Hz, 1 H minor). 13C NMR (101 MHz, CDCl3) δ 177.09, 

176.53, 142.68, 135.53, 134.65, 130.31, 130.17, 128.92, 128.44, 119.72, 119.00, 118.26, 

117.89, 117.14, 52.69, 52.34, 46.64, 45.89, 45.58, 45.31. 

 

Scheme 2.3. Preparation of rotor 2 

 

Amine rotor 1 (100 mg, 0.39 mmol), acetic anhydride (7 mL, 74.04 mmol) and 

pyridine (7 mL, 86.9) were added to a 100 mL round bottom flask along with a magnetic 

stir bar and refluxed for 15 hours. After letting the round bottom flask cool to room 

temperature, cold finger technique was then used to remove unreacted acetic anhydride and 
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the crude material was purified by column chromatography (ethyl acetate/hexanes = 30:1, 

v/v) to give an off-white solid product 2 (50 mg, 43 %). 1H NMR (300 MHz, CDCl3) δ 

8.12 (d, J = 8.2 Hz, 1 H major), 7.83 (d, J = 8.2 Hz, 1 H minor), 7.40 (dd, J = 7.1 and 6.8 

Hz, 1 H), 7.20 (dd, J = 8.2 and 7.9 Hz, 1 H), 7.06 (d, J = 7.4 Hz, 1 H major), 6.99 (d, J = 

7.4 Hz, 1 H minor), 6.36 (s, 2 H major), 6.28 (s, 2H minor), 5.34 (s, br, 1 H), 3.54 (s, 4 H 

major), 3.48 (s, 4 H minor), 1.90 - 1.78 (m, 1 H), 1.73 - 1.60 (m, 1 H), 1.58 (s, 3 H). 13C 

NMR (101 MHz, DMSO) δ 177.27, 168.78, 136.03, 135.34, 135.10, 129.40, 129.12, 

124.25, 123.52, 52.29, 46.34, 45.21, 24.38. 

 

Scheme 2.4. Preparation of rotor 3 

 

(3aR,4S,7R,7aS)-2-(2-aminophenyl)-3a,4,7,7a-tetrahydro-1H-4,7-

methanoisoindole-1,3(2H)-dione, 1 (150 mg, 0.59 mmol), 2,2,2-trifluoroacetic anhydride 

(7 mL, 0.05 mmol), sodium acetate (200 mg, 2.43 mmol) and dichloromethane (30 mL) 

were added to a 250 mL round bottom flask vial along with a magnetic stir bar and refluxed 

for 15 hours. The mixture was washed with deionized water (40 mL) and the solid off-

white product 3 (92.8 mg, 45 %) was subsequently extracted and purified by column 

chromatography (ethyl acetate/hexanes = 2:1, v/v). 1H NMR (500 MHz, CD2Cl2) δ 8.34 
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(br s, 1 H major),  8.22 (br s, 1 H minor), 7.90 (d, J = 7.4 Hz, 1 H major), 7.72 (d, J = 6.7 

Hz, 1 H minor), 7.48 (dd, J = 7.7 and 7.7 Hz, 1 H major), 7.35 (dd, J = 7.8 and 7.8 Hz, 1 

H minor), 7.20 (d, J = 7.3 Hz, 1 H major), 7.10 (d, J = 6.6 Hz, 1 H minor), 6.25 (s, 2 H), 

3.58 - 3.42 (m, 4 H), 1.87 - 1.73 (m, 1 H), 1.69 - 1.59 (m, 1 H), 1.54 (s, 2 H), 1.25 (s, 1 H). 

13C NMR (101 MHz, CDCl3) δ 176.90, 135.01, 134.69, 130.74, 130.51, 129.83, 128.54, 

128.08, 127.48, 127.20, 125.98, 125.21, 124.56, 120.05, 117.18, 114.31, 52.97, 52.48, 

46.73, 45.83, 45.21, 31.60, 14.14, 0.01. 19F NMR (282 MHz, CDCl3) δ -75.49, -75.82. 

 

Scheme 2.5. Preparation of rotor 4 

 

A 100 mL round bottom flask containing (3aR,4S,7R,7aS)-2-(2-aminophenyl)-

3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione, 1 (73.2 mg, 0.29 mmol) 

was placed in an ice bath followed by the addition of dichloromethane (10 mL). 

Difluoroacetic anhydride (0.04 mL, 0.32 mmol) was added dropwise, followed by 

triethylamine (0.05 mL, 0.36 mmol), and the mixture was stirred for 30 minutes with the 

aid of a magnetic stir bar. The mixture was then removed from the ice bath and allowed to 

stir continuously at room temperature for 12 hours. The mixture was washed with 

deionized water (70 mL) and the off-white solid product 4 (47 mg, 49 %) was subsequently 
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extracted, purified by column chromatography (ethyl acetate/hexanes = 3:2, v/v) and dried 

under vacuo. 1H NMR (300 MHz, CDCl3) δ 8.23 (br, s, 1 H major), 8.06 (br, s, 1 H minor), 

8.02 (d, J = 8.33 Hz, 1 H major), 7.81(d, J = 8.3 Hz, 1 H minor), 7.43 (t, J = 7.9 Hz, 1 H), 

7.29 (t, J = 7.7 Hz, 1 H), 7.15 (d, J = 7.7 Hz, 1 H major), 7.06 (d, J = 7.7 Hz, 1 H minor), 

6.32 (s, 2 H major), 6.27 (s, 2 H minor), 6.20 - 5.78 (m, 1 H major & minor), 3.51 (s, 4H 

major), 3.45 (s, 4H minor), 1.82 (dd, J = 9.1 and 9.0 Hz, 1 H), 1.62 (dd, J = 9.1 and 9.0 Hz, 

1 H). 13C NMR (100 MHz, chloroform-d) δ 176.85, 135.12, 134.68, 131.56, 131.19, 

129.84, 128.60, 128.08, 126.98, 126.65, 125.72, 124.78, 124.11, 74.20, 73.84, 52.90, 

52.46, 46.74, 45.82, 45.21. 

 

Scheme 2.6. Preparation of rotor 5 

 

Triethylamine (0.028 mL, 0.20 mmol) was added to a 100 mL round bottom flask 

containing 1 (0.046 g, 0.18 mmol), followed by the addition of dichloromethane (10 mL) 

and benzoyl chloride (0.030 mL, 0.26 mmol). The mixture was then mixed with the aid of 

a magnetic stir bar for 24 hours and subsequently washed three times with saturated 

NaHCO3 (40 mL), dichloromethane (50 mL) and saturated NaCl (50 mL) respectively. The 

organic layer was then dried over anhydrous MgSO4, filtered and concentrated, first, under 

nitrogen line, then, under vacuo. Purification via column chromatography (ethyl 
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acetate/hexanes = 3:2, v/v) gives a brown solid product 5 (20.6 mg, 31.8 %). 1H NMR (300 

MHz, CDCl3) δ 8.10 (s, 1 H minor), 8.01 (d, J = 7.84 Hz, 1 H major), 7.95 (d, J = 7.84, 1 

H minor), 7.85 (s, 1 H major), 7.82 (d, J = 7.23, 2 H), 7.62 - 7.59 (m, 1 H), 7.56 - 7.48 (m, 

3 H), 7.31 (dd, J = 7.66 & 7.61 Hz, 1 H), 7.19 (d, J = 7.66 Hz, 1 H major), 7.07 (d, J = 7.66 

Hz, 1 H minor), 6.30 (s, 2 H, minor), 5.69 (s, 2 H major), 3.49 (dd, J = 19.79 & 19.04 Hz, 

3 H), 3.38 (s, 1 H), 1.69 - 1.68 (m, 1 H), 1.29 (dd, J = 4.49 & 8.34 Hz, 1 H). 

 

Scheme 2.7. Preparation of rotor 6 

 

cis-5-norbornene-endo-2,3-dicarboxylic anhydride 9 (103.5 mg, 0.63 mmol) and 

N1-methylbenzene-1,2-diamine 10 a (107.5 mg, 0.88 mmol) and were added to a 20-dram 

vial along with a magnetic stir bar. The vial was then capped and heated to 120 °C in a 

silicon oil bath for 15 hours while stirring. After letting the vial cool to room temperature, 

the crude material was purified by column chromatography (ethyl acetate/hexanes = 1:1, 

v/v) to give a brown solid 6 (268.3 mg, 97 %). 1H NMR (400 MHz, CDCl3) δ 7.29 (d, J = 

6.1, 1 H), 6.78 - 6.71 (m, 3 H), 6.37 (s, 2 H major), 6.27 (s, 2 H minor), 3.50 (s, 4 H minor), 

3.47 (s, 4 H major), 3.40 (s, 1 H), 2.94 (s, 3 H minor), 2.79 (s, 3 H major), 1.79 (dd, J = 

26.8 & 9.4 Hz, 1 H), 1.60 (dd, J = 27.3 & 8.8 Hz, 1 H) 13C NMR (100 MHz, chloroform-
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d) δ 177.44, 176.77, 144.93, 135.62, 134.73, 130.74, 130.64, 128.80, 128.49, 118.42, 

117.74, 117.45, 117.10, 112.47, 111.38, 52.83, 52.37, 46.76, 45.96, 45.64, 45.46, 30.81, 

30.43. 

 

Scheme 2.8. Preparation of rotor 7 via thermal condensation. 

 

cis-5-norbornene-endo-2,3-dicarboxylic anhydride 9 (112.3 mg, 0.68 mmol) and 

N-phenyl-o-phenylenediamine 10 b (113.4 mg, 0.62 mmol) were added to a 20-dram vial 

along with a magnetic stir bar. The vial was then capped and heated to 120 °C in a silicon 

oil bath for 15 hours while stirring. After letting the vial cool to room temperature, the 

crude material was purified by column chromatography (ethyl acetate/hexanes = 1:1, v/v) 

to give a brown solid 7 (198.3 mg, 97 %). 1H NMR (500 MHz, 1,1,2,2-tetrachloroethane-

d2) δ 7.41 (dd, J =  7.5 and 7.6 Hz, 1 H), 7.34 (dd, J = 7.5 and 8.0 Hz, 1 H), 7.29 - 7.23 (m, 

2 H), 7.09 - 6.91 (m, 5 H), 6.28 (s, 2 H major), 6.20 (s, 2 H minor), 5.60 (s, br, 1 H major), 

5.38 (s, 1 H minor), 3.50 - 3.48 (m, 3 H), 3.35 - 3.34 (m, 1 H), 1.80 (dd, J = 9.3 and 9.2 

Hz, 1 H), 1.60 - 1.58 (m, 1 H). 13C NMR (100 MHz, CDCl3) δ 177.10, 176.89, 143.20, 

142.75, 139.98, 139.75, 135.23, 134.66, 130.11, 129.92, 129.51, 129.33, 129.26, 128.85, 

123.55, 122.61, 122.39, 121.94, 121.43, 121.26, 121.11, 119.68, 118.17, 117.91, 77.53, 

52.64, 52.35, 46.62, 45.86, 45.48, 45.37.  
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Scheme 2.9. Preparation of rotor 8 

 

cis-5-norbornene-endo-2,3-dicarboxylic anhydride 9 (100 mg, 0.61 mmol) and 

N1,N1-dimethylbenzene-1,2-diamine 10 c (126.2 mg, 0.93 mmol) were added to a 20-dram 

vial along with a magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a 

silicon oil bath for 15 hours with mild stirring. After letting the vial cool to room 

temperature, the crude material was purified by column chromatography (ethyl 

acetate/hexanes = 3:1, v/v) to give a brown liquid 8 (96 mg, 56 %). 1H NMR (500 MHz, 

TCE) δ 7.43 – 7.32 (m, 1H), 7.19 - 7.13 (m, 1 H), 7.02 (dd, J = 15.2 & 7.51 Hz, 1 H), 6.82 

(d, J = 7.7 Hz, 1 H), 6.30 (s, 2 H major), 6.26 (s, 2 H minor), 3.49 – 3.42 (m, 4 H), 2.68 (s, 

6 H major), 2.56 (s, 6 H minor), 1.83 (d, J = 8.7 Hz, 1 H), 1.63 (d, J = 8.7 Hz, 1 H). 13C 

NMR (101 MHz, CDCl3) δ 177.15, 176.81, 151.13, 134.70, 134.60, 130.32, 130.18, 

129.37, 129.27, 125.52, 124.97, 122.60, 122.54, 120.19, 52.69, 52.34, 46.88, 45.98, 45.70, 

45.35, 45.19, 43.87, 0.01. 
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2.3.3 1H and 13C NMR spectra 

 

   

 Figure 2.15. 1H NMR spectra of rotor 1(NH2) (400 MHz, chloroform-d) 
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Figure 2.16. 13C NMR spectra of rotor 1(NH2) (100 MHz, chloroform-d) 
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 Figure 2.17. 1H spectra of rotor 2(NHCOCH3) (300 MHz, chloroform-d) 
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 Figure 2.18. 13C spectra of rotor 2(NHCOCH3) (100 MHz, dimethyl sulfoxide-d6) 
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 Figure 2.19. 1H spectra of rotor 3 (NHCOCF3) (500 MHz, dichloromethane-d2) 
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Figure 2.20. 13C NMR spectra of rotor 3 (NHCOCF3) (100 MHz, chloroform-d) 
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Figure 2.21. 19F NMR spectra of rotor 3 (NHCOCF3) (282 HMz, chloroform-d) 



 

48 
 

 

 

 

Figure 2.22. 1H NMR spectra of rotor 4(NHCOCHF2) (300 MHz, chloroform-d) 
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Figure 2.23. 13C NMR spectra of rotor 4(NHCOCHF2) (100 MHz, chloroform-d) 
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Figure 2.24. 19F NMR spectra of rotor 4(NHCOCHF2) (282 MHz, chloroform-d) 
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Figure 2.25. 1H NMR spectra of rotor 5(NHCOC6H6) (300 MHz, chloroform-d) 



 

52 
 

 

 
Figure 2.26. 1H NMR spectra of rotor 6(NHCH3) (400 MHz, chloroform-d) 
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Figure 2.27. 13C NMR spectra of rotor 6(NHCH3) (100 MHz, chloroform-d) 
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 Figure 2.28. 1H spectra of rotor 7(NHC6H5) (500 MHz, chloroform-d) 
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Figure 2.29. 13C spectra of rotor 7(NHC6H5) (100 MHz, chloroform-d) 
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Figure 2.30. 1H NMR spectra of rotor 8 N(CH3)2 (500 MHz, 1,1,2,2 - 

tetrachloroethane-d2) 
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  Figure 2.31. 13C NMR spectra of rotor 8 N(CH3)2 (100 MHz, chloroform-d) 



 

58 
 

2.3.4 HIGH RESOLUTION MASS SPEC. 

 

 

 

Figure 2.32. High resolution mass spec of rotor 1 (NH2)  

Figure 2.33. High resolution mass spec of rotor 2 (NHCOCH3)  
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Figure 2.34. High resolution mass spec of rotor 3 (NHCOCF3)  

Figure 2.35. High resolution mass spec of rotor 4 (NHCOCF2)  
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Figure 2.36. High resolution mass spec of rotor 5 (NHCOC6H6)  

Figure 2.37. High resolution mass spec of rotor 6 (NHCH3)  
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Figure 2.38. High resolution mass spec of rotor 7 (NHC6H5)  

Figure 2.39. High resolution mass spec of rotor 8 (N(CH3)2)  
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2.3.5 ADDITIONAL TABLES AND FIGURES 

Table 2.2. Experimentally measured (∆G‡
Expt., kcal/mol), calculated (∆G‡

Calc., kcal/mol) 

rotational barriers for rotors 1 - 6 (R) with various R-groups at 25 °C, experimentally 

quantified TS stabilization (∆∆G‡
Expt., kcal/mol). 

Rotor 

∆G‡
Expt.

 

(kcal/mol) 

∆G‡
Calc. 

(kcal/mol) 

∆∆G‡
Expt. 

(kcal/mol) 

pKa (in DMSO) 

of 

Corresponding 

Amine/Amide 

1 NH2 16.4 15.3 5.6 30.6 

2  NHCOCH3 16.5 15.0 5.5 21.5 

3 NHCOCF3 15.6 16.0 6.4 12.6 

4 NHCOCHF2 14.9 17.6 7.1 13.8 

5 NHCOC6H5 16.8 17.3 5.2 18.8 

6 NHCH3 17.5 15.8 4.5 29.5 

7 NHC6H5 17.7 17.1 4.3 25.0 

8 N(CH3)2 22.0 21.1 0.0 -- 
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Error in the EXSY rotational barriers was ± 0.1 kcal/mol; B3LYP-D3/6-311G* 

 

2.3.6 EXPERIMENTAL DETERMINATION OF ROTATIONAL BARRIERS 

The rotational barriers (Table 2) were determined via exchange spectroscopy (EXSY) 

NMR experiments. (EXSY) NMR is observable by running nuclear Overhauser effect 

spectroscopy (NOESY) NMR experiments. In the spectra obtained from the NOESY 

experiments, out-of-phase signals off the diagonal of the 2D spectra originate from the 

nuclear Overhauser effect, while in-phase signals off the diagonal originate from exchange 

dynamics.66 Integration of the signals were performed using Topspin software, and rate 

constants were obtained using the EXSYCalc software. The rotational barrier for each rotor 

were extrapolated to the room temperature for consistency. The TS enthalpy (ΔH‡) and TS 

entropy (ΔS‡) were obtained from the Eyring plots (Figure S1) following Equation S1. The 

rotation barriers were determined by plugging the TS enthalpy and entropy along with a 

temperature into Equation S2. 

 

 

 

 Figure 2.40. Eyring and Gibb’s Free Energy equations  
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Due to the wide temperature range needed for rotational barrier determination two solvents 

(dichloromethane and tetrachloroethane) with similar chemical properties but different 

melting/boiling temperatures were chosen. Dichloromethane-d2 (melting point = -95 °C, 

boiling point = 40 °C) is an appropriate choice for the rotors that requires a temperature 

range below 25 °C. Meanwhile, tetrachloroethane-d2 (melting point = -45 °C, boiling point 

= 145 °C) was an appropriate choice for the rotors that requires a temperature range above 

25 °C. 

 

Figure 2.41. Eyring’s plot for 3(NHCOCF3) 
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Table 2.3. Experimental rotational barriers for rotors 1 - 8 via EXSY NMR 

 rotational barrier (kcal/mol) Temperature 

range (⁰C) 

 syn → anti anti → syn average 

ΔGⱡ 

Rotor ΔGⱡ ΔHⱡ TΔSⱡ ΔGⱡ ΔHⱡ TΔSⱡ 

1 16.43 18.79 2.36 16.33 16.99 0.66 16.38 -5 - 20 

2 16.45 11.50 -4.95 16.46 11.51 -4.95 16.46 0 - 20 

3 15.6 16.66 1.07 15.71 16.17 0.48 15.65 0 - 20 

4 14.91 11.63 -3.28 14.90 11.02 -3.88 14.91 0 - 20 

5 16.65 13.58 -3.07 16.93 13.92 -3.01 16.79 0 - 20 

6 17.49 12.65 -4.84 17.55 12.45 -5.10 17.52 30 - 55 

7 17.67 12.33 -5.34 17.71 12.55 -5.16 17.69 30 - 55 

8 21.47 20.16 -1.31 22.55 21.83 -0.72 22.01 30 - 55 
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2.3.7 CALCULATION OF ROTATIONAL BARRIERS, TS AND GS GEOMETRIES 

Following instructions from a benchmark study on the accuracy of different levels of theory 

for rotational barrier calculation, we optimized the ground state (GS) and transition state 

(TS) for our rotors using B3LYP-D3(0)/6-311G* and corrected for thermodynamic 

contributions66. All calculations were performed using Spartan’18. Convergence criteria 

were 10-4 Hartree and 10-4 atomic units as the maximum norm of the cartesian gradient. 

Vibrational analysis was also carried out at B3LYP-D3(0)/6-311G* and at 25 °C. To 

reduce error, the calculated GS energies for the syn- and anti- conformers were averaged. 

With thermodynamic corrections, the calculated barriers (∆G‡calc) reproduced the 

experimental barriers (∆G‡exp) with an accuracy of ±1.15 kcal/mol (Table S1 and Figure 

S29), suggesting that the calculated TS and GS geometries (Tables S4-33) were also 

accurate. 

 

 

  

Figure 2.42. Correlation of the calculated (ΔG‡
calc) and 

experimental (ΔG‡
exp) rotational barriers for 1(R). 

Structures were calculated at the B3LYP-D3(0)/6-

311G* level of theory with thermodynamic corrections. 
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2.3.8 TS XYZ COORDINATES OF ROTORS 

    ROTOR 1 TS XYZ COORDINATES  

     1   0.996425000  -3.617472000  -2.377931000  

     6   1.205503000  -3.342876000  -1.339019000  

     6   1.928679000  -1.981349000  -1.190297000  

     6   1.778529000  -1.757073000   0.305755000  

     6   0.608061000  -2.285575000   0.678712000  

     6  -0.046412000  -2.878769000  -0.557624000  

     1   1.734988000  -4.159629000  -0.844941000  

     1   2.930779000  -1.881638000  -1.602781000  

     1   2.448042000  -1.158491000   0.910786000  

     1   0.132922000  -2.207097000   1.648753000  

     1  -0.846172000  -3.598309000  -0.393125000  

     6  -0.473767000  -1.678372000  -1.503877000  

 

      1  -1.084352000  -2.050920000  -2.326490000  

     6   0.859138000  -1.065337000  -1.919465000  

     1   1.042045000  -1.056130000  -2.994298000  

     6  -1.215557000  -0.566636000  -0.811974000  

     6   0.806157000   0.352394000  -1.413466000  

     8   1.602109000   1.202614000  -1.718803000  

     8  -2.405952000  -0.629641000  -0.589320000  

     7  -0.331540000   0.503542000  -0.544030000  

     6  -0.468979000   1.620151000   0.401124000  

     6  -0.430289000   3.832709000   2.179952000  

     6  -1.611048000   1.898430000   1.214922000  

     6   0.666104000   2.436867000   0.574067000  

     6   0.702205000   3.519668000   1.436038000  

     6  -1.545667000   3.032973000   2.059349000  

     1   1.546887000   2.239714000  -0.008020000  

     1   1.607970000   4.110679000   1.510468000  

     1  -2.423541000   3.249006000   2.662740000  

     1  -0.443574000   4.684592000   2.852465000  

     7  -2.751474000   1.133636000   1.340012000  

     1  -3.533463000   1.604666000   1.765814000  

     1  -2.984756000   0.493673000   0.594505000  

 

    ROTOR 2 TS XYZ COORDINATES 

     1   1.378946000  -3.839265000  -2.709487000 

     6   1.613066000  -3.516140000  -1.690182000 
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     6   2.333161000  -2.147200000  -1.621168000 

     6   2.220802000  -1.857685000  -0.132429000 

     6   1.062207000  -2.372358000   0.293116000 

     6   0.378731000  -3.022292000  -0.898399000 

     1   2.159044000  -4.307234000  -1.173031000 

     1   3.323870000  -2.062448000  -2.063176000 

     1   2.908232000  -1.238168000   0.430002000 

     1   0.614696000  -2.260398000   1.272968000 

     1  -0.413130000  -3.736336000  -0.681416000 

     6  -0.079745000  -1.871702000  -1.890729000 

     1  -0.700340000  -2.291066000  -2.682421000 

     6   1.241319000  -1.267103000  -2.362552000 

     1   1.398240000  -1.300762000  -3.440982000 

     6  -0.824718000  -0.732536000  -1.249507000 

     6   1.196741000   0.168713000  -1.909675000 

 

      8   1.978946000   1.016400000  -2.251734000 

 

 

   8  -2.014220000  -0.760362000  -1.043128000 

     7   0.075269000   0.345730000  -1.023926000 

     6  -0.038647000   1.487704000  -0.126477000 

     6   0.021061000   3.813934000   1.506931000 

     6  -1.193137000   1.877624000   0.614571000 

     6   1.132254000   2.243013000   0.073204000 

     6   1.176512000   3.370109000   0.879237000 

     6  -1.135047000   3.071458000   1.354621000 

     1   2.036521000   1.958659000  -0.433085000 

     1   2.113914000   3.904649000   0.986318000 

     1  -2.054052000   3.401480000   1.821748000 

     1   0.013327000   4.721419000   2.100714000 

     7  -2.400344000   1.164523000   0.698392000 

     1  -2.679742000   0.622496000  -0.110869000 

     6  -3.074589000   0.747599000   1.839614000 

     8  -4.094056000   0.094950000   1.727876000 

     6  -2.505705000   1.083544000   3.208269000 

     1  -1.418427000   1.165163000   3.224094000 

     1  -2.832732000   0.297110000   3.887328000 

     1  -2.918227000   2.026778000   3.575368000 

 

    ROTOR 3 TS XYZ COORDINATES 

     1   0.968458000  -3.445317000  -3.256198000 

     6   1.549198000  -3.332060000  -2.334794000 



 

69 
 

     6   2.301732000  -1.981894000  -2.235581000 

     6   2.715607000  -2.007240000  -0.770498000 

     6   1.755726000  -2.642534000  -0.088580000 

     6   0.679282000  -3.056648000  -1.083098000 

     1   2.207291000  -4.193730000  -2.211864000 

     1   3.083688000  -1.773595000  -2.962315000 

     1   3.579940000  -1.494029000  -0.368809000 

     1   1.675902000  -2.757153000   0.984947000 

     1  -0.017147000  -3.826326000  -0.757863000 

     6  -0.025081000  -1.733416000  -1.569040000 

     1  -0.919296000  -1.964209000  -2.152070000 

     6   1.066775000  -1.006558000  -2.339787000 

     1   0.823595000  -0.797698000  -3.383806000 

     6  -0.412539000  -0.802038000  -0.454272000 

 

      6   1.249822000   0.304773000  -1.621141000 

     8   2.142358000   1.069194000  -1.870513000 

     8  -1.143433000  -1.173279000   0.440846000 

     7   0.225406000   0.449540000  -0.598022000 

     6   0.053598000   1.686710000   0.190270000 

     6   0.012548000   4.189805000   1.544902000 

     6  -0.810698000   1.896436000   1.314169000 

     6   0.802675000   2.797560000  -0.238045000 

     6   0.787163000   4.023033000   0.409443000 

     6  -0.772435000   3.136417000   1.975640000 

     1   1.442346000   2.702117000  -1.093071000 

     1   1.396141000   4.830599000   0.018338000 

     1  -1.413657000   3.264875000   2.832627000 

     1   0.000976000   5.127754000   2.089037000 

     7  -1.729762000   0.944283000   1.796420000 

     1  -1.579243000  -0.011653000   1.471477000 

     6  -2.863495000   1.166272000   2.513800000 

     6  -3.690145000  -0.142620000   2.680114000 

     8  -3.296555000   2.198877000   2.975105000 

     9  -2.906534000  -1.215581000   2.932873000 

     9  -4.372998000  -0.403304000   1.543467000 

     9  -4.567212000  -0.027363000   3.675892000 

 

    ROTOR 4 TS XYZ COORDINATES 

     1   1.093336000  -3.622344000  -3.031018000 

     6   1.566564000  -3.512455000  -2.049768000 
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     6   2.391140000  -2.210391000  -1.899214000 

     6   2.625218000  -2.207907000  -0.394626000 

     6   1.550735000  -2.755401000   0.184176000 

     6   0.575489000  -3.136622000  -0.921586000 

     1   2.146046000  -4.409302000  -1.823922000 

     1   3.267251000  -2.080526000  -2.530750000 

     1   3.467209000  -1.734831000   0.094407000 

     1   1.334245000  -2.822806000   1.242680000 

     1  -0.205910000  -3.847391000  -0.662200000 

     6   0.023216000  -1.788324000  -1.528022000 

     1  -0.809992000  -1.983800000  -2.206103000 

     6   1.245349000  -1.164444000  -2.183705000 

     1   1.144853000  -0.983361000  -3.255978000 

     6  -0.429713000  -0.788803000  -0.499688000 

 

      6   1.431739000   0.161240000  -1.492807000 

     8   2.393995000   0.858066000  -1.675062000 

     8  -1.302623000  -1.066825000   0.295042000 

     7   0.318747000   0.406458000  -0.591801000 

     6   0.146652000   1.678763000   0.142654000 

     6   0.133309000   4.228683000   1.408591000 

     6  -0.832706000   1.992176000   1.143074000 

     6   1.032352000   2.712675000  -0.211832000 

     6   1.034260000   3.959722000   0.392611000 

     6  -0.780257000   3.254106000   1.763702000 

     1   1.765779000   2.536103000  -0.973098000 

     1   1.753044000   4.701947000   0.062902000 

     1  -1.515875000   3.464051000   2.522940000 

     1   0.123702000   5.186067000   1.918145000 

     7  -1.871350000   1.130263000   1.541116000 

     1  -1.780170000   0.159946000   1.238779000 

     6  -3.030303000   1.436739000   2.185790000 

     8  -3.409577000   2.507292000   2.624429000 

     6  -3.973569000   0.226370000   2.320384000 

     1  -4.714477000   0.416925000   3.098030000 

     9  -4.617503000   0.018347000   1.131563000 

     9  -3.290204000  -0.920406000   2.620162000 

 

    ROTOR 5 TS XYZ COORDINATES 

     1  -1.663208336   0.280230011   4.518676136 

     6  -0.722666119   0.229827203   3.960258565 
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     6  -0.488177008  -1.131500663   3.259383709 

     6   0.682720281  -0.769984253   2.355593839 

     6   0.537450471   0.507866955   1.990342252 

     6  -0.740248285   1.027053047   2.633728646 

     1   0.104566303   0.514679350   4.612438986 

     1  -0.368172172  -2.015479983   3.882759846 

     1   1.423374215  -1.473881484   1.997240795 

     1   1.140202524   1.060889960   1.281872965 

     1  -0.855756636   2.107811811   2.685567066 

     6  -1.950749122   0.299246446   1.925998706 

     1  -2.896258772   0.750483571   2.233580246 

     6  -1.784517250  -1.169211274   2.362882324 

     1  -2.626865133  -1.562651168   2.935143956 

     6  -1.887166071   0.274971182   0.416238775 

     6  -1.656972223  -1.960290017   1.080152330 

 

      8  -1.514695918  -3.147227818   0.964608445 

     8  -1.914846137   1.241649179  -0.319758321 

     7  -1.739338158  -1.045901861  -0.006434248 

     6  -1.649146521  -1.493210623  -1.368251721 

     6  -1.405971505  -2.583496021  -3.918869431 

     6  -0.668056777  -0.999025985  -2.246622258 

     6  -2.515141446  -2.503335403  -1.786509922 

     6  -2.397861886  -3.049201608  -3.057945610 

     6  -0.552955926  -1.562602424  -3.521382090 

     1  -3.260935288  -2.877818347  -1.096598498 

     1  -3.071526185  -3.839640694  -3.370374437 

     1   0.220167139  -1.196330923  -4.182059645 

     1  -1.300281817  -3.010607144  -4.910699610 

     7   0.157804988   0.060208567  -1.832140995 

     1  -0.312410544   0.768397244  -1.288069132 

     6   1.504412976   0.186417527  -2.074473446 

     8   2.153817445  -0.619793487  -2.717871885 

     6   2.142323118   1.382093636  -1.417758857 

     6   3.464711224   3.480944794  -0.121995825 

     6   1.435671055   2.522140360  -1.013910975 

     6   3.519636042   1.315838101  -1.186162649 

     6   4.175417366   2.353954830  -0.533679871 

     6   2.096452384   3.566533397  -0.372482225 

     1   0.371702701   2.619391672  -1.202152329 

     1   4.054403627   0.435396779  -1.522406687 
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     1   5.242028521   2.284956916  -0.346255782 

     1   1.539660963   4.447325766  -0.069704530 

     1   3.976047196   4.292276661   0.386104614 

 

    ROTOR 6 TS XYZ COORDINATES 

     1   1.215254000  -3.673090000  -2.739322000 

     6   1.540365000  -3.369780000  -1.738870000 

     6   2.196958000  -1.967270000  -1.695743000 

     6   2.231514000  -1.732152000  -0.194305000 

     6   1.150814000  -2.318067000   0.332458000 

     6   0.374053000  -2.961946000  -0.804479000 

     1   2.173534000  -4.147404000  -1.308421000 

     1   3.128568000  -1.816685000  -2.237721000 

     1   2.942393000  -1.092790000   0.313933000 

     1   0.803978000  -2.252894000   1.356246000 

     1  -0.355286000  -3.722466000  -0.531584000 

     6  -0.239342000  -1.806166000  -1.697900000 

     1  -0.921908000  -2.230134000  -2.434450000 

     6   0.990071000  -1.120370000  -2.279072000 

     1   1.030834000  -1.103292000  -3.368611000 

     6  -0.957419000  -0.731600000  -0.928749000 

 

      6   0.919576000   0.294485000  -1.765732000 

     8   1.623101000   1.184916000  -2.167818000 

     8  -2.111478000  -0.863022000  -0.574626000 

     7  -0.110285000   0.387530000  -0.760502000 

     6  -0.179756000   1.494056000   0.209859000 

     6   0.007653000   3.673464000   2.016558000 

     6  -1.209038000   1.692419000   1.196371000 

     6   0.912879000   2.376275000   0.223952000 

     6   1.024367000   3.445010000   1.101431000 

     6  -1.074639000   2.815713000   2.049144000 

     1   1.701662000   2.245002000  -0.492600000 

     1   1.896184000   4.087225000   1.048973000 

     1  -1.854803000   2.999214000   2.774536000 

     1   0.050088000   4.510860000   2.706046000 

     7  -2.271303000   0.854466000   1.415482000 

     1  -2.498074000   0.203311000   0.678245000 

     6  -3.315086000   1.121738000   2.377906000 

     1  -2.924705000   1.157279000   3.401079000 

     1  -4.035880000   0.304539000   2.328249000 
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     1  -3.854845000   2.061624000   2.190035000 

 ROTOR 7 TS XYZ COORDINATES 

  1   1.661660000  -3.590035000  -3.456440000 

  6   1.911129000  -3.361735000  -2.415497000 

  6   2.729304000  -2.058834000  -2.244219000 

  6   2.627273000  -1.870282000  -0.739330000 

  6   1.431345000  -2.327673000  -0.353603000 

  6   0.710867000  -2.837201000  -1.591116000 

  1   2.393042000  -4.227101000  -1.957017000 

  1   3.726607000  -2.015518000  -2.677429000 

  1   3.351879000  -1.340589000  -0.133688000 

  1   0.983113000  -2.246400000   0.628964000 

  1  -0.132630000  -3.505153000  -1.427620000 

  6   0.345856000  -1.583468000  -2.493474000 

  1  -0.305464000  -1.891358000  -3.311474000 

  6   1.709457000  -1.049827000  -2.923228000 

  1   1.868901000  -1.020817000  -4.001355000 

  6  -0.303394000  -0.444901000  -1.755462000 

 

   6   1.767549000   0.350299000  -2.371521000 

  8   2.605360000   1.161591000  -2.668499000 

  8  -1.493599000  -0.414230000  -1.530448000 

  7   0.669754000   0.542833000  -1.458398000 

  6   0.677582000   1.581846000  -0.424139000 
 

 6   1.016138000   3.558550000   1.588083000 

  6  -0.401057000   1.907802000   0.450736000 

  6   1.899268000   2.253564000  -0.221102000 

  6   2.080260000   3.210085000   0.763643000 

  6  -0.193195000   2.919241000   1.411772000 

  1   2.734693000   2.034863000  -0.860025000 

  1   3.049629000   3.685151000   0.866258000 

  1  -1.042894000   3.184705000   2.029103000 

  1   1.120075000   4.327434000   2.346457000 

  7  -1.668271000   1.329653000   0.434944000 

  1  -1.917856000   0.848747000  -0.419118000 

  6  -2.365248000   0.861483000   1.561195000 

  6  -3.867475000  -0.162296000   3.712232000 

  6  -1.764027000   0.629758000   2.807810000 

  6  -3.729942000   0.565685000   1.409830000 

  6  -4.465854000   0.052968000   2.470874000 

  6  -2.514178000   0.129773000   3.868019000 
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 ROTOR 8 TS XYZ COORDINATES 

  1   1.402246000  -3.492534000  -2.981051000 

  6   1.808543000  -3.107486000  -2.040221000 

  6   2.274151000  -1.634625000  -2.120817000 

  6   2.468212000  -1.331300000  -0.643268000 

  6   1.547465000  -2.024673000   0.034999000 

  6   0.727552000  -2.814010000  -0.972544000 

  1   2.590017000  -3.778565000  -1.678672000 

  1   3.101424000  -1.390487000  -2.784265000 

  1   3.137579000  -0.576546000  -0.250075000 

  1   1.323225000  -1.954311000   1.092160000 

 

   1   0.147165000  -3.649914000  -0.585918000 

  6  -0.145579000  -1.788939000  -1.811717000 

  1  -0.839370000  -2.335097000  -2.450970000 

  6   0.902162000  -0.967825000  -2.558539000 

  1   0.801937000  -0.977592000  -3.644266000 

  6  -0.930269000  -0.783250000  -1.005158000 

  6   0.740271000   0.439622000  -2.041593000 

  8   1.308460000   1.393466000  -2.516286000 

  8  -2.041028000  -0.982167000  -0.604663000 

  7  -0.153170000   0.437583000  -0.928093000 

  6  -0.074115000   1.435364000   0.133102000 

  6   0.520274000   3.228867000   2.258155000 

  6  -0.857878000   1.428718000   1.322359000 

  6   0.943202000   2.402844000   0.038391000 

  6   1.243151000   3.276223000   1.076105000 

  6  -0.525303000   2.323626000   2.350584000 

  1   1.524035000   2.472655000  -0.863231000 

  1   2.053630000   3.985386000   0.944685000 

  1  -1.133518000   2.306906000   3.247322000 

  1   0.743732000   3.897604000   3.083032000 

  7  -1.962311000   0.565733000   1.507146000 

  1  -0.707637000   0.828811000   2.938939000 

  1  -4.204203000   0.747959000   0.450422000 

  1  -5.519097000  -0.169277000   2.328949000 

  1  -2.028241000  -0.043264000   4.823610000 

  1  -4.446478000  -0.552843000   4.542361000 
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  6  -2.175550000   0.008564000   2.827300000 

  1  -1.224380000  -0.306540000   3.259511000 

  1  -2.815190000  -0.874527000   2.733948000 

  1  -2.668080000   0.696688000   3.537833000 

  6  -3.196793000   1.030632000   0.886281000 

  1  -3.659461000   1.851100000   1.462194000 

  1  -3.905421000   0.204186000   0.810572000 

  1  -3.001017000   1.384621000  -0.124336000 

 

2.3.9 TRANSITION STATE AND GROUND STATE STRUCTURES OF ROTORS 

 

TS                 GS syn-conformer            GS anti-conformer 

 

 

TS                            GS syn-conformer                    GS anti-conformer 

 

 

Figure 2.43. 3D model of rotor 1 

Figure 2.44. 3D model of rotor 2 
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TS                            GS syn-conformer                    GS anti-conformer 

 

 

 

TS                            GS syn-conformer                    GS anti-conformer 

 

  

Figure 2.45. 3D model of rotor 3 

Figure 2.46. 3D model of rotor 4 
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TS                             GS syn-conformer                    GS anti-conformer 

 

 

 

TS                             GS syn-conformer                    GS anti-conformer 

 

 

Figure 2.47. 3D model of rotor 5 

Figure 2.48. 3D model of rotor 6 
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TS                            GS syn-conformer                    GS anti-conformer 

  

 

 

TS                             GS syn-conformer                GS anti-conformer  

 

  

Figure 2.49. 3D model of rotor 7 

Figure 2.50. 3D model of rotor 8 
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2.3.10 EXSY Spectra of Rotor 4 

 

  

 

 

Figure 2.51. EXSY spectra of rotor 4 at 10° 

Figure 2.52. EXSY spectra of rotor 4 at 15° 
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Figure 2.53. EXSY spectra of rotor 4 at 20° 

Figure 2.54. EXSY spectra of rotor 4 at 25° 
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Figure 2.55. EXSY spectra of rotor 4 at 30° 

Figure 2.56. EXSY spectra of rotor 4 at 35° 
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CHAPTER 3 

SP2-CH/Π INTERACTION 
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3.1 ABSTRACT 

The sp2-CH/π interaction is a crucial factor influencing the structures and properties 

of biopolymers, molecular crystals, and liquids. Despite extensive research on the sp3-CH/π 

interaction, limited information is available on the sp2-CH/π interaction. Therefore, the aim 

of this study was to investigate the extent to which electrostatics govern the sp2-CH/π 

interaction. To achieve this objective, a molecular balance was designed based on a N-

biphenylimide framework with one of the phenyl rings capable of forming an 

intramolecular CH/π interaction. Subsequently, electron-withdrawing and electron-

donating substituents (X) were attached to the para-position of the phenyl ring that can 

form the CH/π interaction to modulate its π-system (Figure 3.1). The folding ratio was 

measured in CDCl3 and varied with the Hammett parameter, sigma-meta (σm). Our findings 

suggest that electrostatics play a relatively minor role in the sp2-CH/π interaction. 

 

 

  

Figure 3.1. Molecular 

balance structure showing 

the alkene hydrogen atoms 

in a syn-conformation with 

the para-substituted benzene 

ring. 
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3.2 ELECTROSTATIC CONTRIBUTIONS IN SP2-CH/Π INTERACTIONS 

Liquids, molecular crystals, and biopolymers have structures and properties that are 

largely governed by inter- and intramolecular non-covalent interactions.67,68,69 One such 

interaction is the CH/π interaction. This interaction involves the attraction between a 

hydrogen bonded to a carbon and aromatic surface.70,71 CH/π interactions have garnered 

significant attention because of the role they play in regulating crystal packing,72,73,74,75,76 

biological molecule architectures77,78,79 and molecular recognition processes.80,81,82,83,84,85 

Experimental73,79,80,84,85 and theoretical studies86,87,88,89 have been carried out to 

characterize and study the origins of CH/π interactions. While most of these studies focused 

on the sp3 – CH/π interaction, few have focused on sp2-CH/π interactions.  

Experimental observation of electrostatic trends in a CH/π interactions is extremely 

difficult because the CH/π interaction is a very weak non-covalent interaction. In the gas 

phase at MP2/cc-pVTZ level and CCSD(T) basis set, the estimated strength of the sp2-

CH/π interaction is around 1.4 kcal/mol, while in solution it is generally less than this 

value.90,91,92,93  While the electrostatic component has been found to be insignificant in the 

sp3 – CH/π interaction, it remains unclear whether this holds true for the sp2-CH/π 

interaction, given the higher polarizability of the sp2-CH bond compared to the sp3-CH 

bond. The goal of this study, therefore, is to examine whether sp2-CH/π interaction is 

primarily driven by electrostatics. Answering this question is significant because 

understanding the fundamental force governing this interaction could aid in developing an 

accurate predictive model.  

Our strategy for studying the sp2-CH/π interactions was to systematically attach 

electron-withdrawing and electron-donating substituents to the para-position of the phenyl 
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ring that contains the π-system that can form an intramolecular CH/π interaction (Figure 

3.2 A). We opted for the para-position as the optimal point of attachment of these 

substituents. While allowing for modulation of the electrostatics of the π-system, the 

substituents cannot directly form interactions with the CH groups. 

 
 

 

 

Our model system offers a number of advantages over the previous bimolecular 

systems. Having both interacting groups attached to the same framework increases the 

effective molarity of the groups forming the CH/π interaction, thus enabling the balance to 

overcome the complexation entropy. Furthermore, our system offers better control of the 

geometry of the interaction due to the rigid N-phenyl imide framework. Lastly, the 

molecular balances are easy to make. The synthesis of the molecular balances was a two-

step process. The first step involved an air-sensitive Suzuki coupling reaction of 2- 

aminophenylboronic ester with a para-substituted bromobenzene to form the 2-amino-

biphenyl product (Scheme 3.1). In the second step, the 2-amino-biphenyl product was 

thermally condensed with norbornene anhydride to form the desired N-phenylimide 

Figure 3.2 Quantifying the ration of conformational isomers. (A) folded and unfolded 

conformers with EDGs X = 1 H, 2 OMe, 3 t-Bu, 4 Ph and EWGs X = 5 F, 6 CF3, 7 

CN, 8 NO2 (B) 1H-NMR spectra of alkene region of 5 in CDCl3 
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molecular balance. A series of 8 sp2-CH/π balances with varying X-substituents were 

synthesized and used for this study. 

 

Scheme 3.1 General synthesis of the molecular balances 

 

The molecular balance was designed such that the system forms discrete unfolded 

and folded conformers as a result of restricted rotation of the C(phenyl)-N(imide) single bond. 

The proximity of the sp2-hydrogens to the π-surface of the benzene ring at the ortho 

position of the N-phenyl balance in the folded conformation is expected to form an 

attractive intramolecular interaction between the two groups. The rigid bicyclic framework 

keeps the interacting species apart in the unfolded conformer, The conformers reached 

equilibrium after 60 minutes and the interconversion was slow on the NMR timescale, 

allowing measurement of the folding equilibrium ratio by integration. The equilibration 

time was determined using 2-D TLC (Figure 3.3). A sample of the molecular balance was 

spotted onto one corner of a squared two-dimensional thin-layer chromatography (2-D 

TLC) plate. An ethyl acetate/hexanes (1/4) solvent system was used to develop the plate in 

one direction, which facilitated the separation of the sample spot into two distinct 

conformers. Subsequently, the TLC plate was removed from the developing chamber and 

left dry at ambient temperature for varying length of time. Then, the dry TLC plate was 

reintroduced into the same solvent mixture and developed perpendicularly to the first 
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development direction. This procedure was repeated at various time intervals, and the spot 

positions and intensities of the two conformers were analyzed and compared to establish 

the equilibrium time of the molecular system. 

 

 

 

To confirm the time needed to reach equilibrium, 1H-NMR spectroscopy was 

employed. The folding ratios of the molecular balance were measured at different times, 

and a comparison was made. The folding ratios remained constant after 60 minutes, 

signifying the establishment of equilibrium. The folding ratio is the ratio of the folded 

conformer to the unfolded conformer and is an indicator of CH/π interaction strength. 

Subsequently, the folding ratios were correlated with the Hammett parameter, sigma-meta 

(σm), to probe if electrostatics is the driving force in a CH/π interaction. The Hammett 

Figure 3.3. 2-D TLC of equilibrating conformers 

of t-Bu balance 3 in ethyl acetate/hexanes (1/4) 

solvent system at different times. 
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parameter (σm) is an electrostatic parameter utilized to quantify the electron-donating or 

electron-withdrawing nature of substituents present on an aromatic ring.42 

Table 3.1. Hammett parameters, ESP values, folded (F), unfolded (U) and folding ratio 

(F/U) values of balances 1 – 8  

Balance σm 

ESP 

(KJ/mol) 

U/ 

CDCl3 

F/ 

CDCl3 

ln(F/U) 

CDCl3 

U/ 

(C6D6) 

F/ 

(C6D6) 

ln(F/U) 

(C6D6)  

1(H) 0 -84.2 1.27 0.79 -0.47 1.28 0.65 -0.68  

2(OMe) 0.12 -90.1 1.37 0.55 -0.91 1.42 0.52 -1.00  

3(t-Bu) -0.1 -88.9 1.07 0.85 -0.23 1.1 0.77 -0.36  

4(Ph) 0.06 -77.2 1.29 0.66 -0.67 1.25 0.62 -0.70  

(F) 0.34 -52.1 1.22 0.6 -0.71 1.32 0.56 -0.86  

6(CF3) 0.43 -37.5 1.29 0.66 -0.67 1.27 0.66 -0.65  

7(CN) 0.56 -15 1.34 0.6 -0.80 1.33 0.64 -0.73  

8(NO2) 0.71 -3.5 1.43 0.53 -0.99 1.4 0.52 -0.99  
 

NMR spectroscopy was used to identify the two conformers in chloroform solution. 

The highlighted protons (Figure 3.2 A) were used to assign the folded and unfolded 

conformers in the 1H-NMR spectra. In the folded conformer, the highlighted protons 

experienced a shielding effect from the proximity of the benzene ring relative to the 

unfolded conformer. This shielding effect is due to anisotropy effects of the benzene π-

system. Consequently, the alkene 1H-NMR peak at 5.25 ppm (Figure 3.2 B) was assigned 

the folded conformer while the peak at 5.9 ppm was assigned the unfolded conformer. Both 

peaks were integrated and the natural log of the folded to unfolded conformer ratio [ln(F/U) 

or ln(K)], was plotted against sigma-meta (σm) (Figure 3.4, left). 
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A weak correlation (0.55) was observed between ln(K) and sigma meta (σm). To 

probe this observation, a graph of folding ratio versus sigma meta (σm) in benzene was also 

measured (Figure 3.4, right), and a similar trend was observed. The folding ratios in 

chloroform and benzene showed good agreement (R2 = 0.9, Figure 3.5, left) suggesting the 

accuracy and consistencies of our experimental measurements. The poor correlation with 

sigma meta (σm) suggests that electrostatics is not a primary component of the alkene CH/π 

interaction. To further test the importance of electrostatics in CH/π interaction, the folding 

ratio was correlated with the electrostatic potential (ESP) of the benzene π-system (Figure 

3.5, right).21,94 The ESP was determined by first optimizing the geometry of the folded 

conformation using the B3LYP-D3-6-311G** functional and basis set, followed by 

generating electrostatic potential surfaces of the optimized structures. Subsequently, we 

identified the most positive value (kcal/mol) of the electrostatic potential surface at the 

center of the benzene ring. However, our findings revealed only a weak correlation (R2 = 

0.34) between the folding ratio and the ESP of the benzene π-system, further suggesting 

that electrostatics may not be a significant contributing term in CH/π interactions. 

Figure 3.4. Plots of folding ratio (K) vs sigma meta (σm) in chloroform and benzene. 
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However, on a closer look at the folding ratio vs σm plot (Figure 3.6), the EWG and 

EDG each appear to have separate trendlines with the EDGs having a better correlation (R2  

  

Table 3.2. Total and individual FI-SAPT energies 

balances 
electrostatics 

(kcal/mol) 
exchange 
(kcal/mol) 

induction 
(kcal/mol) 

dispersion 
(kcal/mol) 

total 
(kcal/mol) 

1(H) -0.3 12.2 -2.1 -4.3 5.5 

2(OMe) 0.1 12.2 -2.1 -4.7 5.4 

3(t-Bu) -1.3 2.6 -0.6 -1.5 -0.8 

4(Ph) -0.8 14.1 -2.4 -5.7 5.1 

5(F) 1.8 8.5 -1.5 -4.0 4.9 

6(CF3) -0.7 12.0 -1.9 -4.6 4.8 

7(CN) -1.5 11.6 -1.9 -4.3 8.2 

8(NO2) 0.2 8.8 -1.4 -4.3 3.3 

Figure 3.5. Folding ratios in chloroform vs benzene (left) and folding 

ratio vs ESP (right). 
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= 0.99) than the EWGs (R2 = 0.86) (Figure 3.6). We posit that there may be other equally 

influential energy components at play, such as dispersion of the substituent with the CH 

group. To confirm that electrostatics were only a minor component of the alkene CH/π 

interaction, we turned to FI-SAPT as implemented in psi4.95 FI-SAPT is a computational 

tool, which offers valuable insights into the interactions between various fragments within 

a molecule. By separating the molecule into distinct fragments and employing perturbation 

theory, FI-SAPT can accurately compute the interaction energy between them.64 The 

energy deconvolution analysis (JUN-CC-PVDZ) was performed on the C=O and 

substituted phenyl group fragments of molecular balances 1 through 8. The FI-SAPT total 

interaction energies show poor correlation with the experimental folding ratios (Figure 3.6, 

right), further suggesting the weak contribution of electrostatics in sp2-CH/π interactions. 

 

 

 

  

Figure 3.6. EDG- and EWG-trends in CDCl3 (left) 

and FI-SAPT total energy ln(F/U) in CDCl3 vs (right). 
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The total interaction energies within the transition state (TS) interactions of the 

balances were then decomposed into distinct physical components, namely electrostatics, 

repulsion, induction, and dispersion (Figure 3.7). Among the attractive components, 

electrostatics appeared to have the least contribution (blue bar) across all molecular 

balances, while dispersion was found to be more influential than electrostatics and 

induction. Notably, even when we introduced strong electron-withdrawing group 8(NO2) 

and electron-donating group 3(t-Bu) at the para-position, the electrostatic term only 

changed marginally (Figure 3.8). 

Figure 3.7. FI-SAPT showing total and individual 

interaction energies in balances 1 – 8. 
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In contrast, repulsion (red bar) emerged as the major contributing term in all the balances, 

resulting in a predominantly destabilizing net interaction (green bar, Figure 3.7). Only 

balance 3 (t-Bu) displayed a stabilizing interaction. We hypothesize that the tert-butyl 

group in balance 3 makes the para-substituted benzene ring more electron-rich by donating 

electron via positive inductive effect. This leads to the formation of a stabilizing interaction 

with the alkene sp2-hydrogen (Figure 3.9). Conversely, the NO2-group in balance 8 makes 

the benzene ring more electron-poor, leading to a destabilizing interaction with the alkene 

sp2-hydrogen. This explains the high folding ratio observed in balance 3(t-Bu) and the low 

folding ratio in balance 8(NO2) (Figure 3.4). Despite balance 3(t-Bu) exhibiting the highest 

folding ratio, the stabilizing interaction was relatively weak (< -1.0 kcal/mol, Figure 3.8). 

 

 

Figure 3.8. Comparison of total and individual 

components of FI-SAPT energies in 3 t-Bu 

(orange) and 10 NO2 (blue). The net interaction is 

stabilizing in 3 t-bu but destabilizing in 10 NO2. 

 

Figure 3.9. Comparison of FI-

SAPT energies in 3 t-bu (red) 

versus 10 NO2 
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To further test the hypothesis that repulsion is the major contributing term in sp2-CH/π 

interactions, crystallography was utilized to examine the crystal structures of balances 

2(OMe), 3(t-Bu), 6(CF3) and 8(NO2). Balances 2(OMe), 3(t-Bu), and 6(CF3) crystalized in 

the unfolded conformation, suggesting that repulsion plays a dominant role in governing 

sp2-CH/π interactions. 8(NO2), on the other hand, crystallized in the folded conformation. 

To eliminate the possibility that repulsion is a minor contributing term relative to the 

attractive forces in balance 8(NO2), the internuclear distance of the alkene sp2-hydrogen 

(H8) and the closest point on the benzene ring (C18) was measured (Figure 3.10C). The 

internuclear distance between H8 and C18 was found to be 2.92 Å, which falls outside the 

sum of the vdW radii of H8 and C19 (2.90 Å). This suggests that the crystallization of 

8(NO2) in the folded conformation could be due to other factors like crystal packing but 

not repulsion.  
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Comparing the attractive forces in all the balances revealed that dispersion was the most 

stabilizing, followed by induction and electrostatics, in that order (Figure 3.7). This trend 

was consistent across all the balances. Despite the inability of these balances to form a 

stabilizing interaction, we were able to establish that dispersion, rather than electrostatics, 

is the fundamental attractive force governing CH/π interactions, while repulsion stands as 

the most significant contributing term in alkene sp2-CH/π interactions. 

 

3.3 SUPPORTING INFORMATION 

3.3.1 GENERAL EXPERIMENTAL INFORMATION 

NMR spectra were recorded on Bruker 300 MHz spectrometer. Chemical shifts are 

reported in ppm (δ) referenced to the solvent residue. All spectra given for characterization 

purposes were taken at 25 ⁰C. All chemicals and solvents were purchased from commercial 

Figure 3.10. Crystal structures of balances 

6(CF3) A, 3(t-Bu) B, 8(NO2) C and 2(OMe) D 
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suppliers and used as received. Flash chromatography was performed using silica gel from 

Sorbent Technologies (60 Å, 200 – 400 mesh). 

3.3.2 SYNTHESIS OF COMPOUNDS 

[1,1'-Biphenyl]-2-amine (154.6 mg, 0.91 mmol) and cis-5-norbornene-endo-2,3-

dicarboxylic anhydride (101 mg, 0.61 mmol) were added to a 20-dram vial along with a 

magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a silicon oil bath for 

12 hours with mild stirring. After letting the vial cool to room temperature, the crude 

material was purified by column chromatography (ethyl acetate/hexanes = 1:4, v/v) to give 

a brown crystalline solid 1 (17.2 mg, 90 %). 1H NMR (300 MHz, CDCl3) δ 7.49 – 7.30 (m, 

6 H), 7.24 - 7.18 (m, 2 H), 7.07 – 6.99 (m, 1 H), 6.27 (s, 2 H major), 5.28 (s, 2 H minor), 

3.40 – 3.14 (m, 4 H), 1.73 (d, J = 8.7 Hz, 1 H major), 1.58 (d, J = 8.7 Hz, 1 H minor), 1.50 

(d, J = 8.7 Hz, 1 H major), 1.45 (d, J = 8.7 Hz 1 H minor). 13C NMR (100 MHz, chloroform-

d) δ 176.95, 176.72, 141.96, 141.12, 138.90, 138.58, 134.64, 134.41, 131.31, 130.73, 

130.38, 130.01, 129.59, 129.38, 129.10, 128.71, 128.63, 128.48, 128.44, 128.32, 128.23, 

127.77, 127.66, 127.62, 52.50, 52.28, 46.67, 45.66, 45.22, 44.72. 

 

Scheme 3.2. Synthesis of balance 1 
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2-Aminophenylboronic acid pinacol (101.0 mg, 0.46 mmol), 1-bromo-4-

methoxybenzene (256.0 mg, 1.37 mmol), tetrakis(triphenylphosphine) palladium (0) (51.8 

mg, 0.02 mmol), and potassium carbonate (340.6 mg, 2.46 mmol) were added to a round-

bottom flask, which was then connected to a dual manifold Schlenk line. The round-bottom 

flask was evacuated and purged with N2 gas three times by manipulating the manifold 

valve. Deionized H2O, which had been bubbled with N2 gas, was mixed with THF in a 2:1 

ratio, and 4 mL of the THF/H2O mixture was added to the purged round-bottom flask. The 

mixture was then heated at 75 °C for 36 hours under a nitrogen atmosphere. After cooling 

the flask to room temperature, the product was isolated by liquid-liquid extraction using 50 

mL of brine and 10 mL of ethyl acetate, which was carried out three times. The organic 

layer was dried over anhydrous magnesium sulfate, and the solvent was removed using a 

rotary evaporator. The crude material was purified by column chromatography (ethyl 

acetate/hexanes = 1:6, v/v) to give an off-white powder 4'-methoxy-[1,1'-biphenyl]-2-

amine (41.6 mg, 45%). 1H NMR (300 MHz, CDCl3) δ 7.39 (d, 8.7, 2 H), 7.18 – 7.11 (m, 2 

H), 6.99 (d, J = 8.7 Hz, 2 H), 6.87 – 6.78 (m, 2 H), 3.85 (s, 3 H), 3.85 (s, br, 2 H). 

 

Scheme 3.3. Synthesis of precursor for balance 2 

4'-Methoxy-[1,1'-biphenyl]-2-amine (29.9 mg, 0.2 mmol) and cis-5-norbornene-

endo-2,3-dicarboxylic anhydride (17.0 mg, 0.1 mmol) were added to a 20-dram vial along 
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with a magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a silicon oil bath 

for 25 hours with mild stirring. After letting the vial cool to room temperature, the crude 

material was purified by column chromatography (ethyl acetate/hexanes = 1:4, v/v) to give 

a white crystalline solid 2 (23.2 mg, 64.83 %). 1H NMR (300 MHz, CDCl3) δ 7.44 – 7.29 

(m, 3 H), 7.15 (d, J = 8.4, 2 H major), 7.10 (d, 8.4, 2 H minor), 7.05 – 6.96 (m, 1 H),  6.88 

(t, J = 8.5 Hz, 2 H), 6.27 (s, 2 H major), 5.38 (s, 2 H), 3.83 (s, 3 H minor), 3.81 (s, 3 H 

major), 3.40 – 3.16 (m, 4 H), 1.74 – 1.61 (m, 1 H), 1.52 – 1.45 (m, 1 H). 13C NMR (100 

MHz, chloroform-d) δ 177.01, 176.74, 159.33, 159.10, 140.81, 134.62, 134.38, 131.67, 

131.34, 130.96, 130.81, 130.46, 130.07, 129.55, 129.09, 128.63, 128.45, 128.40, 128.10 

113.65, 113.18, 55.41, 55.22, 52.50, 52.28, 46.68, 45.68, 45.21, 44.72. 

 

Scheme 3.4. Synthesis of balance 2 

2-Aminophenylboronic acid pinacol (105.2 mg, 0.48 mmol), 1-bromo-4-(tert-

butyl) benzene (295 mg, 1.38 mmol), tetrakis(triphenylphosphine) palladium (0) (28 mg, 

0.02 mmol), and potassium carbonate (342.9 mg, 2.48 mmol) were added to a round-

bottom flask, which was then connected to a dual manifold Schlenk line. The round-bottom 

flask was evacuated and purged with N2 gas three times by manipulating the manifold 

valve. Deionized H2O, which had been bubbled with N2 gas, was mixed with THF in a 2:1 

ratio, and 4 mL of the THF/H2O mixture was added to the purged round-bottom flask. The 
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mixture was then heated at 75 °C for 36 hours under a nitrogen atmosphere. After cooling 

the flask to room temperature, the product was isolated by liquid-liquid extraction using 50 

mL of brine and 10 mL of ethyl acetate, which was carried out three times. The organic 

layer was dried over anhydrous magnesium sulfate, and the solvent was removed using a 

rotary evaporator. The crude material was purified by column chromatography (ethyl 

acetate/hexanes = 1:6, v/v) to give a brown solid 4'-(tert-butyl)-[1,1'-biphenyl]-2-amine 

(101.2 mg, 93 %). 1H NMR (300 MHz, CDCl3) δ 7.50 (d, J = 8.3 Hz, 2 H), 7.42 (d, J = 8.3 

Hz, 2 H), 7.20 – 7.15 (m, 2 H), 6.87 – 6.77 (m, 2 H), 3.80 (s, br, 2 H), 1.40 (s, 9 H). 

 

Scheme 3.5. Synthesis of precursor for balance 3 

 

4'-(tert-Butyl)-[1,1'-biphenyl]-2-amine (50.5 mg, 0.2 mmol) and cis-5-norbornene-

endo-2,3-dicarboxylic anhydride (25.2 mg, 0.2 mmol) were added to a 20-dram vial along 

with a magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a silicon oil bath 

for 25 hours with mild stirring. After letting the vial cool to room temperature, the crude 

material was purified by column chromatography (ethyl acetate/hexanes = 1:4, v/v) to give 

a brown crystalline solid 3 (39.4 mg, 71 %). 1H NMR (300 MHz, CDCl3) δ 7.47 – 7.28 (m, 

5 H), 7.16 (d, J = 8.4 Hz, 2 H major), 7.11 (d, J = 8.4 Hz, 2 H minor), 7.06 – 6.97 (m, 1 H), 

6.27 (s, 2 H major), 5.26 (s, 2 H minor), 3.40 – 3.15 (m, 4 H), 1.73 (d, J = 8.9 Hz, 1 H 
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minor), 1.57 (d, J = 8.9 Hz, 1 H major), 1.52 (d, J = 8.9 Hz, 1 H minor), 1.44 (d, J = 8.9 

Hz, 1 H major), 1.35 (s, 9 H minor), 1.32 (s, 9 H major). 13C NMR (100 MHz, chloroform-

d) δ 177.04, 176.76, 150.53, 150.44, 142.06, 141.06, 135.89, 135.53, 134.65, 134.30, 

131.35, 130.88, 130.52, 129.96, 129.56, 129.09, 128.97, 128.59, 128.49, 128.42, 128.18, 

127.92, 125.13, 124.64, 52.44, 52.26, 46.67, 45.68, 45.19, 44.70, 34.58, 31.40, 31.36, 

29.72. 

 

Scheme 3.6. Synthesis of balance 3 

 

2-Aminophenylboronic acid pinacol (103.9 mg, 0.47 mmol), 4-bromo-1,1'-

biphenyl (326.0 mg, 1.40 mmol), tetrakis(triphenylphosphine) palladium (0) (27.5 mg, 

0.02 mmol), and potassium carbonate (393.2 mg, 2.84 mmol) were added to a round-

bottom flask, which was then connected to a dual manifold Schlenk line. The round-bottom 

flask was evacuated and purged with N2 gas three times by manipulating the manifold 

valve. Deionized H2O, which had been bubbled with N2 gas, was mixed with THF in a 2:1 

ratio, and 4 mL of the THF/H2O mixture was added to the purged round-bottom flask. The 

mixture was then heated at 75 °C for 36 hours under a nitrogen atmosphere. After cooling 

the flask to room temperature, the product was isolated by liquid-liquid extraction using 50 

mL of brine and 10 mL of ethyl acetate, which was carried out three times. The organic 
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layer was dried over anhydrous magnesium sulfate, and the solvent was removed using a 

rotary evaporator. The crude material was purified by column chromatography (ethyl 

acetate/hexanes = 1:6, v/v) to give a brown solid [1,1':4',1''-terphenyl]-2-amine (43.9 mg, 

38 %). 1H NMR (300 MHz, CDCl3) δ 7.71 – 7.65 (m, 4 H), 7.56 (d, J = 8.1 Hz, 2 H), 7.49 

(t, J = 7.2 Hz, 2 H), 7.38 (t, J = 7.2 Hz, 1 H), 7.19 (t, J = 7.4 Hz, 2 H), 6.90 – 6.80 (m, 2 H), 

3.76 (s, br, 2 H) 

 

Scheme 3.7. Synthesis of precursor for balance 4 

 

[1,1':4',1''-terphenyl]-2-amine (45.6 mg, 0.2 mmol) and cis-5-norbornene-endo-

2,3-dicarboxylic anhydride (21.9 mg, 0.1 mmol) were added to a 20-dram vial along with 

a magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a silicon oil bath for 

12 hours with mild stirring. After letting the vial cool to room temperature, the crude 

material was purified by column chromatography (ethyl acetate/hexanes = 1:4, v/v) to give 

a brown solid 4 (44.2 mg, 91.36 %). 1H NMR (300 MHz, CDCl3) δ 7.64 - 7.58 (m, 4 H), 

7.50 – 7.26 (m, 8 H), 7.10 – 7.01 (m, 1 H), 6.29 (s, 2 H major), 5.37 (s, 2 H minor), 3.42 – 

3.18 (m, 4 H), 1.74 (d, J = 8.9 Hz, 1 H major), 1.58 (d, J = 8.9 Hz, 1 H minor), 1.51 (d, J = 

8.9 Hz, 1 H major), 1.46 (d, J = 8.9 Hz, 1 H minor). 13C NMR (100 MHz, chloroform-d) δ 



 

102 
 

177.05, 176.74, 141.61, 140.84, 140.77, 140.71, 140.52, 140.32, 137.87, 137.56, 134.65, 

134.43, 131.27, 130.76, 130.45, 130.00, 129.83, 129.65, 129.18, 128.89, 128.85, 128.74, 

128.53, 128.51, 127.47, 127.12, 127.04, 126.92, 126.50, 52.55, 52.30, 46.72, 45.71, 45.24, 

44.76. 

 

Scheme 3.8. Synthesis of balance 4 

 

2-Aminophenylboronic acid pinacol (106.2 mg, 0.48 mmol), 1-bromo-4-

fluorobenzene (239.4 mg, 1.37 mmol), tetrakis(triphenylphosphine) palladium (0) (30.4 

mg, 0.02 mmol), and potassium carbonate (341.2 mg, 2.47 mmol) were added to a round-

bottom flask, which was then connected to a dual manifold Schlenk line. The round-bottom 

flask was evacuated and purged with N2 gas three times by manipulating the manifold 

valve. Deionized H2O, which had been bubbled with N2 gas, was mixed with THF in a 2:1 

ratio, and 4 mL of the THF/H2O mixture was added to the purged round-bottom flask. The 

mixture was then heated at 75 °C for 36 hours under a nitrogen atmosphere. After cooling 

the flask to room temperature, the product was isolated by liquid-liquid extraction using 50 

mL of brine and 10 mL of ethyl acetate, which was carried out three times. The organic 

layer was dried over anhydrous magnesium sulfate, and the solvent was removed using a 



 

103 
 

rotary evaporator. The crude material was purified by column chromatography (ethyl 

acetate/hexanes = 1:6, v/v) to give a brown solid 4'-fluoro-[1,1'-biphenyl]-2-amine (29.9 

mg, 33 %). 1H NMR (300 MHz, CDCl3) δ 7.43 (dd, J = 8.1 & 5.6 Hz, 2 H), 7.20 – 7.10 (m, 

4 H), 6.86 – 6.76 (m, 2 H), 3.69 (s, br, 2 H). 

 

Scheme 3.9. Synthesis of balance 5 precursor 

 

4'-Fluoro-[1,1'-biphenyl]-2-amine (25.4 mg, 0.1 mmol) and cis-5-norbornene-

endo-2,3-dicarboxylic anhydride (17.5 mg, 0.1 mmol) were added to a 20-dram vial along 

with a magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a silicon oil bath 

for 12 hours with mild stirring. After letting the vial cool to room temperature, the crude 

material was purified by column chromatography (ethyl acetate/hexanes = 1:4, v/v) to give 

a light brown solid 5 (25.4 mg, 73 %). 1H NMR (300 MHz, CDCl3) δ 7.49 – 7.36 (m, 3 H), 

7.22 – 7.14 (m, 2 H), 7.08 – 6.97 (m, 3 H), 6.27 (s, 2 H major), 5.36 (s, 2 H minor), 3.41 – 

3.15 (m, 4 H), 1.74 (d, J = 8.9 Hz, 1 H major), 1.62 (d, J = 8.9 Hz, 1 H minor), 1.53 – 1.46 

(m, 1 H). 
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Scheme 3.10. Synthesis of balance 5 

 

2-Aminophenylboronic acid pinacol (100.3 mg, 0.48 mmol), 1-bromo-4-

(trifluoromethyl) benzene (305 mg, 1.36 mmol), tetrakis(triphenylphosphine) palladium 

(0) (27 mg, 0.02 mmol), and potassium carbonate (316.4 mg, 2.29 mmol) were added to a 

round-bottom flask, which was then connected to a dual manifold Schlenk line. The round-

bottom flask was evacuated and purged with N2 gas three times by manipulating the 

manifold valve. Deionized H2O, which had been bubbled with N2 gas, was mixed with 

THF in a 2:1 ratio, and 4 mL of the THF/H2O mixture was added to the purged round-

bottom flask. The mixture was then heated at 75 °C for 36 hours under a nitrogen 

atmosphere. After cooling the flask to room temperature, the product was isolated by 

liquid-liquid extraction using 50 mL of brine and 10 mL of ethyl acetate, which was carried 

out three times. The organic layer was dried over anhydrous magnesium sulfate, and the 

solvent was removed using a rotary evaporator. The crude material was purified by column 

chromatography (ethyl acetate/hexanes = 1:6, v/v) to give an off-white solid 4'-

(trifluoromethyl)-[1,1'-biphenyl]-2-amine (49.0 mg, 45 %). 1H NMR (300 MHz, CDCl3) δ 

7.74 (d, J = 8.3 Hz, 2 H), 7.63 (d, J = 8.3 Hz, 2 H), 7.27 – 7.21 (m, 1 H), 7.16 (d, J = 7.6 

Hz, 1 H), 6.90 (t, J = 7.7 Hz, 1 H), 6.83 (d, J = 7.8 Hz, 1 H), 3.86 (s, br, 2 H) 
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Scheme 3.11. Synthesis of precursor for balance 6 

 

4'-(Trifluoromethyl)-[1,1'-biphenyl]-2-amine (47.9 mg, 0.2 mmol) and cis-5-

norbornene-endo-2,3-dicarboxylic anhydride (22.3 mg, 0.1 mmol) were added to a 20-

dram vial along with a magnetic stir bar. The vial was then capped and heated to 120 ⁰C in 

a silicon oil bath for 12 hours with mild stirring. After letting the vial cool to room 

temperature, the crude material was purified by column chromatography (ethyl 

acetate/hexanes = 1:4, v/v) to give a white crystalline solid 6 (31.8 mg, 62 %). 1H NMR 

(300 MHz, CDCl3) δ 7.65 – 7.59 (t, J = 8.8 Hz, 2 H), 7.52 – 7.28 (m, 5 H), 7.10 – 7.01 (m, 

1 H), 6.28 (s, 2 H major), 5.25 (s, 2 H minor), 3.42 – 3.17 (m, 4 H), 1.74 (d, J = 8.9 Hz, 1 

H major), 1.62 (d, J = 8.9 Hz, 1 H minor), 1.52 (d, J = 8.9 Hz, 1 H major), 1.47 (d, J = 8.9 

Hz, 1 H minor). 13C NMR (100 MHz, chloroform-d) δ 176.89, 176.58, 142.55, 142.26, 

140.46, 139.74, 134.64, 134.32, 130.83, 130.54, 129.88, 129.74, 129.29, 129.19, 128.89, 

128.75, 128.66, 125.27, 125.23, 125.19, 125.16, 124.70, 124.67, 124.63, 52.74, 52.31, 

46.73, 45.64, 45.32, 44.72. 
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Scheme 3.12. Synthesis of balance 6 

 

2-Aminophenylboronic acid pinicol (102.3 mg, 0.47 mmol), 4-bromobenzonitrile 

(249.3 mg, 1.37 mmol), tetrakis(triphenylphosphine) palladium (0) (51.8 mg, 0.02 mmol), 

and potassium carbonate (343.7 mg, 2.49 mmol) were added to a round-bottom flask, 

which was then connected to a dual manifold Schlenk line. The round-bottom flask was 

evacuated and purged with N2 gas three times by manipulating the manifold valve. 

Deionized H2O, which had been bubbled with N2 gas, was mixed with THF in a 2:1 ratio, 

and 4 mL of the THF/H2O mixture was added to the purged round-bottom flask. The 

mixture was then heated at 75 °C for 36 hours under a nitrogen atmosphere. After cooling 

the flask to room temperature, the product was isolated by liquid-liquid extraction using 50 

mL of brine and 10 mL of ethyl acetate, which was carried out three times. The organic 

layer was dried over anhydrous magnesium sulfate, and the solvent was removed using a 

rotary evaporator. The crude material was purified by column chromatography (ethyl 

acetate/hexanes = 1:5, v/v) to give a brown solid 2'-amino-[1,1'-biphenyl]-4-carbonitrile 

(18.8 mg, 21 %). 1H NMR (300 MHz, CDCl3) δ 7.73 (d, J = 8.3 Hz, 2 H), 7.60 (d, J = 8.3 

Hz, 2 H), 7.21 (t, J = 8.1 Hz, 1 H), 7.10 (d, J = 7.6 Hz, 1 H), 6.88 – 6.78 (m, 2 H), 3.75 (s, 

br, 2 H). 
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Scheme 3.13. Synthesis of precursor for balance 7 

 

2'-amino-[1,1'-biphenyl]-4-carbonitrile (15.9 mg, 0.1 mmol) and cis-5-norbornene-

endo-2,3-dicarboxylic anhydride (10.9 mg, 0.1 mmol) were added to a 20-dram vial along 

with a magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a silicon oil bath 

for 12 hours with mild stirring. After letting the vial cool to room temperature, the crude 

material was purified by column chromatography (ethyl acetate/hexanes = 1:2, v/v) to give 

a white powder 7 (15.4 mg, 72 %). 1H NMR (300 MHz, CDCl3) δ 7.65 (t, J = 8.9 Hz, 2 H), 

7.53 – 7.44 (m, 2 H), 7.39 – 7.31 (m, 3 H), 7.11 – 7.01 (m, 1 H), 6.27 (s, 2 H major), 5.29 

(s, 2 H minor), 3.43 – 3.16 (m, 4 H), 1.75 (d, J = 8.9 Hz, 1 H major), 1.65 (d, J = 8.9 Hz, 1 

H minor), 1.54 – 1.48 (m, 1 H). 13C NMR (100 MHz, chloroform-d) δ 176.83, 176.53, 

143.75, 143.40, 139.89, 139.25, 134.64, 134.52, 132.08, 131.57, 130.69, 130.37, 130.29, 

130.02, 129.82, 129.80, 129.59, 129.55, 129.40, 129.18, 129.03, 128.74, 118.63, 111.66, 

111.65, 52.78, 52.35, 46.74, 45.64, 45.38, 44.76, 29.72. 
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Scheme 3.14. Synthesis of balance 7 

 

2-Aminophenylboronic acid pinacol (114.8 mg, 0.52 mmol), 1-bromo-4-

nitrobenzene (295.1 mg, 1.46 mmol), tetrakis(triphenylphosphine) palladium (0) (27 mg, 

0.02 mmol), and potassium carbonate (332.8 mg, 2.41 mmol) were added to a round-

bottom flask, which was then connected to a dual manifold Schlenk line. The round-bottom 

flask was evacuated and purged with N2 gas three times by manipulating the manifold 

valve. Deionized H2O, which had been bubbled with N2 gas, was mixed with THF in a 2:1 

ratio, and 4 mL of the THF/H2O mixture was added to the purged round-bottom flask. The 

mixture was then heated at 75 °C for 36 hours under a nitrogen atmosphere. After cooling 

the flask to room temperature, the product was isolated by liquid-liquid extraction using 50 

mL of brine and 10 mL of ethyl acetate, which was carried out three times. The organic 

layer was dried over anhydrous magnesium sulfate, and the solvent was removed using a 

rotary evaporator. The crude material was purified by column chromatography (ethyl 

acetate/hexanes = 1:6, v/v) to give a brown solid 4'-nitro-[1,1'-biphenyl]-2-amine (47.1 mg, 

42 %). 1H NMR (300 MHz, CDCl3) δ 8.30 (d, J = 8.7 Hz, 2 H), 7.67 (d, J = 8.6 Hz, 2 H), 
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7.22 (t, J = 7.7 Hz, 1 H), 7.13 (d, J = 7.7 Hz, 1 H), 6.87 (t, J = 7.7 Hz, 1 H), 6.80 (d, J = 7.8 

Hz, 1 H), 3.79 (s, br, 2 H). 

 

Scheme 3.15. Synthesis of precursor for balance 8 

 

4'-nitro-[1,1'-biphenyl]-2-amine (38.0 mg, 0.2 mmol) and cis-5-norbornene-endo-

2,3-dicarboxylic anhydride (19.7 mg, 0.1 mmol) were added to a 20-dram vial along with 

a magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a silicon oil bath for 

12 hours with mild stirring. After letting the vial cool to room temperature, the crude 

material was purified by column chromatography (ethyl acetate/hexanes = 1:4, v/v) to give 

a light brown powder 10 (38 mg, 88 %). 1H NMR (300 MHz, CDCl3) δ 8.22 (t, J = 7.8 Hz, 

2 H), 7.52 – 7.27 (m, 5 H), 7.13 – 7.03 (m, 1 H), 6.27 (s, 2 H major), 5.31 (s, 2 H minor), 

3.43 – 3.17 (m, 4 H), 1.74 (d, J = 8.9 Hz, 1 H major), 1.63 (d, J = 8.9 Hz, 1 H minor), 1.53 

– 1.47 (m, 1 H major). δ 176.80, 176.49, 147.57, 147.40, 145.65, 145.36, 139.51, 138.86, 

134.65, 134.56, 130.64, 130.56, 130.29, 129.82, 129.70, 129.41, 129.36, 129.09, 128.79, 

123.54, 122.94, 52.81, 52.34, 46.75, 45.65, 45.40, 44.76,  
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Scheme 3.16. Synthesis of balance 8 

 

3.3.3. 1H NMR and 13C NMR Spectra 

 

Figure 3.11. 1H NMR spectra of balance 1 (300 MHz, CDCl3) 
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Figure 3.12. 13C NMR spectra of balance 1 (100 MHz, CDCl3) 
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Figure 3.13. 1H NMR spectra of precursor for balance 2 (300 MHz, chloroform-d) 
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Figure 3.14. 1H NMR spectra of balance 2 (300 MHz, CDCl3) 
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Figure 3.15. 13C NMR spectra of balance 2 (100 MHz, CDCl3) 
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Figure 3.16. 1H NMR spectra of precursor for balance 3 (300 MHz, chloroform-d) 
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Figure 3.17. 1H NMR spectra of balance 3 (300 MHz, CDCl3) 
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Figure 3.18. 13C NMR spectra of balance 3 (100 MHz, CDCl3) 
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Figure 3.19. 1H NMR spectra of precursor for balance 4 (300 MHz, chloroform-d) 
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Figure 3.20. 1H NMR spectra of balance 4 (300 MHz, CDCl3) 
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Figure 3.21. 13C NMR spectra of balance 4 (100 MHz, CDCl3) 
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Figure 3.22. 1H NMR spectra of precursor for balance 5 (300 MHz, chloroform-d) 
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Figure 3.23. 1H NMR spectra of balance 5 (300 MHz, chloroform-d) 
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Figure 3.24. 1H NMR spectra of precursor for balance 6 (300 MHz, chloroform-d) 
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Figure 3.25. 1H NMR spectra of balance 6 (300 MHz, CDCl3) 
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Figure 3.26. 13C NMR spectra of balance 6 (100 MHz, CDCl3) 
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Figure 3.27. 19F NMR spectra of balance 6 (300 MHz, CDCl3) 
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Figure 3.28. 1H NMR spectra of precursor for balance 7 (300 MHz, CDCl3) 
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Figure 3.29. 1H NMR spectra of balance 7 (300 MHz, chloroform-d) 
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Figure 3.30. 1H NMR spectra of balance 7 (100 MHz, chloroform-d) 
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Figure 3.31. 1H NMR spectra of precursor for balance 8 (300 MHz, chloroform-d) 
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Figure 3.32. 1H NMR spectra of balance 8 (300 MHz, CDCl3) 
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Figure 3.33. 13C NMR spectra of balance 8 (100 MHz, , CDCl3) 
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CHAPTER 4 

LONE PAIR – LONE PAIR (LP-LP) INTERACTION 
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4.1 ABSTRACT 

This study aims to quantify the strength of through-space lone pair-lone pair (lp-lp) 

interactions and compare their strength to the geminal lp-lp interaction. Through-space lp-

lp interaction is crucial in determining a molecule's properties, reactivity, and shape. To 

achieve our objectives, we designed two sets of molecular rotors: one capable of forming 

repulsive lp-lp interactions in the bond rotation transition state, and another acting as a 

control, which cannot form lp-lp interactions. We measured the rotational barriers of both 

rotor sets in TCE-d2 using EXSY 1H NMR and plotted the data against Mazzanti's steric 

parameter, B-values, to isolate the steric component in the rotor system. Our findings reveal 

that through-space lp-lp interaction has a strength of approximately +1.1 kcal/mol, 

indicating that this type of interaction is relatively weak. 
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4.2 QUANTIFICATION OF LONE PAIR – LONE PAIR INTERACTION 

A lone pair are defined as two valence electrons that are localized on an atom and 

do not participate in chemical bonding.96 The presence of a lone pair on an atom can 

influence the shape, reactivity, and properties of a molecule.97 For example, strong 

repulsive geminal lp-lp interactions are used in VSEPR theory to predict bond 

angles,98,99,100 providing the rationale for why the water molecule has a bond angle of 

104.5°, which is smaller than the ideal tetrahedral bond angle of 109.5° (Figure 4.1A). 

Furthermore, repulsive through-space lp-lp interactions have been cited to explain the 

enhanced acidity and structure of proton sponge (Figure 4.1B).55 

 

  

 

Because of the significant role lp-lp interactions play in describing the structure and 

reactivity of molecules, we must address the following questions: (a) Is the through-space 

lp-lp interaction a strong repulsive interaction comparable to the geminal lp-lp interaction? 

(b) Can we measure the magnitude of the lp-lp interaction? Quantifying the interaction 

between lone pairs is crucial to obtaining a better understanding of the behavior and 

properties of molecules. Knowledge of the magnitude and direction of the lone pair-lone 

pair interaction can help in designing new molecules and materials. For instance, in 

Figure 4.1. Lp-lp interaction influencing 

(A) the shape of the water molecule and 

(B) basicity of proton sponge. 
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developing new drugs, it is essential to understand how the lone pairs in various functional 

groups will interact with each other and with the target molecule. Despite the crucial role 

that lone pair-lone pair interactions play, only a few studies have focused on investigating 

these interactions. This scarcity of research can be attributed to the challenges associated 

with measuring through-space lone pair-lone pair interactions in solution, primarily due to 

their inherently weak nature. 

 

 

 

 

To address this issue, we designed a molecular rotor based on a rigid N-phenylimide 

framework (Figure 4.2). The rotor interconverts between folded and unfolded 

conformations through a bond rotation transition state. We incorporated an R-group onto 

the framework, which can form a lone pair-lone pair interaction with the carbonyl oxygen 

of the succinimide. The first atom of the R-group possesses a lone pair, enabling the 

formation of the desired lone pair-lone pair interaction (Figure 4.2A). In the transition state, 

the rigid framework brings the carbonyl oxygen and the R-group into close proximity, 

forming a destabilizing intramolecular lone pair-lone pair interaction. Our model system 

presents a simple and reliable method for quantifying the strength of lone pair – lone pair 

Figure 4.2. (A) lp rotor: 12(F), 13(OCF3), 14(OMe), 

15(NMe2), 16(Cl), 17(Br), 18(SMe), 19(I), 20(CF3) 

 

(B) control: 1(2-fluorenyl), 2(-CH2)3-, 3(C=CH2)Me, 

4(Me), 5(Ph), 6(2-propyl), 7(Et), 8(2,3-diMe), 9-

(CH2)4-, 10(i-Pr), 11(1-naphthyl) 
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interactions. By connecting both the R-group and carbonyl group to the same framework, 

our rotor provides precise control over interaction distances and geometries, due to the 

rigid N-phenylimide framework. Additionally, the synthesis of our rotors is 

straightforward. 

Exchange spectroscopy was then utilized to measure the rotational barriers of the 

rotors in TCE-d2 using EXSY 1H NMR.66 These measurements were performed in the 

slow exchange regime (0 – 90 °C), resulting in two separate peaks for the folded and 

unfolded conformers. The Eyring plot was used to generate the enthalpy and entropy of the 

rotational barriers, which were then employed to calculate the Gibb’s free energy (∆G‡
exp) 

at 25 °C for all the rotors. Since the rotational barrier of the rotors is primarily governed 

by sterics, a control rotor set was introduced to examine the lone pair-lone pair interaction 

in the transition state (Figure 4.2B). The control rotor set consists of R-groups that lack 

lone pairs, preventing the formation of lone pair-lone pair interactions. In contrast, the first 

rotor set is designed to form repulsive lp-lp interactions during bond rotation transition 

states. By selecting R-groups without lone pairs for the control set, we can compare the 

rotational barriers between the two sets and assess the strength of lone pair-lone pair 

interactions. 

 

 

We measured the rotational barriers of both rotor sets and plotted the data against 

Mazzanti's steric parameter, B-values (Figure 4.3).101 We chose Mazzanti's B-values 

Figure 4.3. Mazzanti’s biphenyl system 
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because they are based on the rotational barriers of similar biaryl rotors.101 This parameter 

quantifies the steric hindrance exhibited by the R-group during the aryl-aryl bond rotation 

within the biphenyl framework. Mazzanti's biaryls cannot form lp-lp interactions with the 

R-groups, providing a direct measure of the steric component of the rotational barriers. We 

verified the ability of B-value to accurately predict the steric interactions in our N-

phenylimide rotor system by analyzing the rotational barrier trends for a series of rotors.102 

Excellent agreement was observed between ΔG‡
expt and B-values for the control rotors 

(Figure 4.4), indicating that the B-values accurately predict the energy barriers in our rotor 

system.102 We determined the strength of the lp-lp interaction by examining the barrier 

difference between the control and lone pair rotor trend lines on the plot (Figure 4.4).  

 

 

Figure 4.4. Energy barrier comparison of lone pair (lp) rotor series 

and control rotor series as a function of B-value 
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To obtain this barrier difference, we extended the uppermost and lowermost regions 

of the lone pair (lp) and control trend lines horizontally to the vertical axis of the linear free 

energy relationship plots. The resulting barrier difference on the vertical axis provides 

valuable insights into the strength of the lone pair-lone pair interaction, spanning a range 

of values from 0.8 to 2.8 kcal/mol. Additionally, we validated the accuracy of the 

experimentally measured barriers by establishing a correlation with the calculated barriers. 

DFT calculations of the transition state structures of the molecular rotor system were 

performed using the Spartan 18 program at the B3LYP-D3 level of theory and 6-311G* 

basis set. The correlation demonstrated a high level of agreement between the measured 

and calculated barriers (Figure 4.5). 

 

 

 

 

Figure 4.5. Correlation between experimental 

and calculated barriers 
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The synthesis of the rotors was achieved through a simple one-step thermal condensation 

process involving norbornene anhydride and the corresponding aniline (Scheme 4.1). 

Detailed information on the syntheses of the individual rotors can be found in the 

experimental section. 

 

Scheme 4.1. General synthesis of molecular rotors. 

To test whether through-space lone pair-lone pair (lp-lp) interactions could form in 

our rotor system, we monitored the energy barriers of lp rotors with varying R-groups. We 

hypothesized that lp rotors with R-groups having low electron density would exhibit low 

barriers, while those with high electron density would display higher barriers. This 

assumption was based on the idea that R-groups with high electron density would 

experience stronger repulsive interactions with the carbonyl oxygen of the succinimide, 

resulting in higher barriers. On the other hand, R-groups with low electron density would 

encounter weaker repulsive interactions with the carbonyl oxygen of the succinimide, 

leading to relatively lower barriers. Figure 4.4 illustrates that the observed trends were 

consistent with our hypothesis, suggesting that through-space lp-lp interactions could form 

in the lp rotors. In summary, we have successfully determined the strength of the through-

space lp-lp interaction to be approximately 0.8 - 2.8 kcal/mol. However, it is important to 

note that the barriers considered in this study range from 15 to 24 kcal/mol. To validate the 

accuracy of the measured lp-lp interaction strength, further investigation is required with 

barriers below 15 kcal/mol. 
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4.3 SUPPORTING INFORMATION 

4.3.1 GENERAL EXPERIMENTAL INFORMATION 

NMR spectra were recorded on Bruker 300 MHz spectrometer. Chemical shifts are 

reported in ppm (δ) referenced to the solvent residue. All spectra given for characterization 

purposes were taken at 25 ⁰C. All chemicals and solvents were purchased from commercial 

suppliers and used as received. Flash chromatography was performed using silica gel from 

Sorbent Technologies (60 Å, 200 – 400 mesh). 

4.3.2 SYNTHESIS OF COMPOUNDS 

Rotors 2, 3, 4, 5, 7, 9, 10, 12 – 14 and 16 – 20 will not be reported here as they have been 

previously reported.103 

1-Aminonofluorene (45.2 mg, 0.25 mmol) and cis-5-norbornene-endo-2,3-

dicarboxylic anhydride (36.8 mg, 0.22 mmol) were added to a 20-dram vial along with a 

magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a silicon oil bath for 

12 hours with mild stirring. After letting the vial cool to room temperature, the crude 

material was purified by column chromatography (ethyl acetate/hexanes = 1:3, v/v) to give 

a brown powder 1 (53.1 mg, 72 %). 1H NMR (300 MHz, CDCl3) δ 7.80 (t, d = 8.4 Hz, 2 

H), 7.52 – 7.29 (m, 4 H), 7.04 – 6.94 (m, 1 H), 6.41 (s, 2 H), 3.73 – 3.65 (m, 2 H), 3.54 – 

3.50 (m, 4 H), 1.84 (d, J = 8.3 Hz, 1 H), 1.64 (d, J = 8.6 Hz, 1 H). 13C NMR (100 MHz, 

chloroform-d) δ 176.31, 143.74, 142.60, 140.99, 140.37, 135.07, 134.84, 129.00, 127.97, 

127.34, 126.87, 125.83, 124.96, 120.63, 120.18, 52.50, 46.49, 46.08, 45.41, 36.30, 35.48, 

29.74. 
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Scheme 4.6. Synthesis of rotor 1 

 

1-Aminonaphthalene (97.8 mg, 0.68 mmol) and cis-5-norbornene-endo-2,3-

dicarboxylic anhydride (101.1 mg, 0.62 mmol) were added to a 20-dram vial along with a 

magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a silicon oil bath for 

12 hours with mild stirring. After letting the vial cool to room temperature, the crude 

material was purified by column chromatography (ethyl acetate/hexanes = 1:3, v/v) to give 

a light brown crystalline solid 5 (0.1604 mg, 90 %). 1H NMR (300 MHz, CDCl3) δ 7.9 (t, 

d = 8.5 Hz, 2 H), 7.63 – 7.48 (m, 4 H), 7.24 - 7.12 (m, 1 H), 6.55 (s, 2 H minor), 6.38 (s, 2 

H major), 3.58 – 3.57 (m, 4 H), 1.89 (d, J = 8.8 Hz, 1 H minor), 1.83 (d, J = 8.8 Hz, 1 H 

major), 1.70 – 1.64 (m, 1 H). 13C NMR (100 MHz, chloroform-d) δ 176.22, 175.91, 134.66, 

133.70, 133.30, 128.85, 128.82, 128.48, 128.09, 127.83, 127.53, 127.50, 126.03, 125.81, 

125.48, 121.67, 121.01, 51.89, 51.33, 45.92, 44.92, 44.55, 44.26.  

 

Scheme 4.5. Synthesis of rotor 5 
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2-Propylaniline (115.2 mg, 0.85 mmol) and cis-5-norbornene-endo-2,3-

dicarboxylic anhydride (118.7 mg, 0.72 mmol) were added to a 20-dram vial along with a 

magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a silicon oil bath for 

12 hours with mild stirring. After letting the vial cool to room temperature, the crude 

material was purified by column chromatography (ethyl acetate/hexanes = 1:3, v/v) to give 

a brown film 6 (143.4 mg, 70 %). 1H NMR (300 MHz, CDCl3) δ 7.42 – 7.26 (m, 3 H), 7.01 

(d, J = 7.8 Hz, 1 H major), 6.9 (d, J = 7.9 Hz, 1 H minor), 6.37 (s, 2 H), 3.54 – 3.50 (m, 4 

H), 2.46 – 2.36 (m, 2 H), 1.84 (t, J = 8.5 Hz, 1 H), 1.67 – 1.49 (m, 3 H), 1.03 – 0.94 (m, 3 

H). 13C NMR (100 MHz, chloroform-d) δ 176.63, 178.34, 141.99, 141.69, 136.54, 136.01, 

132.29, 131.37, 131.30, 130.90, 130.82, 130.07, 129.70, 128.28, 128.21, 79.05, 78.98, 

78.73, 78.66, 78.41, 78.34, 54.36, 53.71, 48.21, 47.13, 46.84, 46.55, 34.87, 34.55, 24.97, 

24.42, 15.58.  

 

Scheme 4.2. synthesis of rotor 6 

 

2,3-Dimethylaniline (99.3 mg, 0.82 mmol) and cis-5-norbornene-endo-2,3-

dicarboxylic anhydride (103.2 mg, 0.63 mmol) were added to a 20-dram vial along with a 

magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a silicon oil bath for 

12 hours with mild stirring. After letting the vial cool to room temperature, the crude 

material was purified by column chromatography (ethyl acetate/hexanes = 1:3, v/v) to give 
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an off-white powder 8 (0.0664 mg, 40 %). 1H NMR (300 MHz, CDCl3) δ 7.20 – 7.10 (m, 

2 H), 6.82 (d, J = 7.4 Hz, 1 H minor), 6.7 (d, J = 7.4 Hz, 1 H major), 6.32 (s, 2 H minor), 

6.30 (s, 2 H major), 3.51 – 3.46 (m, 4 H), 2.29 (s, 3 H), 1.99 (s, 3 H major), 1.98 (s, 3 H 

minor), 1.83 – 1.78 (m, 1 H), 1.65 – 1.60 (m, 1 H). 13C NMR (100 MHz, chloroform-d) δ 

177.32, 177.08, 176.14, 176.07, 140.49, 140.15, 135.20, 134.67, 130.90, 130.84, 130.18, 

130.04, 129.92, 129.81, 129.49, 129.45, 128.56, 128.19, 127.78, 127.06, 126.96, 126.85, 

52.98, 52.34, 48.32, 47.75, 47.31, 46.86, 45.79, 45.46, 45.18, 39.61, 39.29, 33.52, 33.25, 

29.61, 23.68, 23.06, 14.12, 14.10. 

 

Scheme 4.3. Synthesis of rotor 8 

1-Methylnaphthalen-2-amine (100.0 mg, 0.52 mmol) and cis-5-norbornene-endo-

2,3-dicarboxylic anhydride (56.5 mg, 0.34 mmol) were added to a 20-dram vial along with 

a magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a silicon oil bath for 

12 hours with mild stirring. After letting the vial cool to room temperature, the crude 

material was purified by column chromatography (ethyl acetate/hexanes = 1:3, v/v) to give 

a light brown powder 11 (48.3 mg, 46 %). 1H NMR (300 MHz, CDCl3) δ 8.04 – 8.03 (m, 

1 H), 7.63 – 7.48 (m, 3 H), 7.37 – 7.33 (m, 1 H)  7.14 (d, J = 7.5 Hz, 1 H minor), 7.02 (d, 

J = 7.4 Hz, 1 H major), 6.55 (s, 2 H minor), 6.37 (s, 2 H major), 3.58 – 3.57 (m, 4 H), 2.71 

(s, 3 H), 1.89 (d, J = 8.9 Hz, 1 H minor), 1.83 (d, J = 8.9 Hz, 1 H major), 1.70 – 1.65 (m, 1 

H). 13C NMR (100 MHz, chloroform-d) δ 177.42, 177.12, 136.69, 135.74, 134.74, 133.37, 
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129.40, 127.46, 127.16, 126.72, 126.47, 126.37, 126.28, 126.17, 126.12, 126.05, 125.63, 

124.91, 124.86, 123.20, 122.50, 52.94, 52.38, 46.96, 45.94, 45.59, 45.32, 19.57 

 

Scheme 4.4. Synthesis of rotor 11 

 

N-phenyl-o-phenylenediamine (113.4 mg, 0.62 mmol) and cis-5-norbornene-endo-

2,3-dicarboxylic anhydride (112.3 mg, 0.68 mmol) were added to a 20-dram vial along 

with a magnetic stir bar. The vial was then capped and heated to 120 °C in a silicon oil bath 

for 15 hours while stirring. After letting the vial cool to room temperature, the crude 

material was purified by column chromatography (ethyl acetate/hexanes = 1:1, v/v) to give 

a brown solid 15 (198.3 mg, 97 %). 1H NMR (500 MHz, 1,1,2,2-tetrachloroethane-d2) δ 

7.41 (dd, J =  7.5 and 7.6 Hz, 1 H), 7.34 (dd, J = 7.5 and 8.0 Hz, 1 H), 7.29 - 7.23 (m, 2 H), 

7.09 - 6.91 (m, 5 H), 6.28 (s, 2 H major), 6.20 (s, 2 H minor), 5.60 (s, br, 1 H major), 5.38 

(s, 1 H minor), 3.50 - 3.48 (m, 3 H), 3.35 - 3.34 (m, 1 H), 1.80 (dd, J = 9.3 and 9.2 Hz, 1 

H), 1.60 - 1.58 (m, 1 H). 13C NMR (100 MHz, CDCl3) δ 177.10, 176.89, 143.20, 142.75, 

139.98, 139.75, 135.23, 134.66, 130.11, 129.92, 129.51, 129.33, 129.26, 128.85, 123.55, 

122.61, 122.39, 121.94, 121.43, 121.26, 121.11, 119.68, 118.17, 117.91, 77.53, 52.64, 

52.35, 46.62, 45.86, 45.48, 45.37. 
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Scheme 4.5. Synthesis of rotor 15 

 

4.3.3. 1H NMR and 13C NMR Spectra 

 

Figure 4.6. 1H NMR spectra of rotor 1 (300 MHz, chloroform-d) 
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Figure 4.7. 1H 13C NMR spectra of rotor 1 (100 MHz, chloroform-d) 
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Figure 4.8. 1H NMR spectra of rotor 5 (300 MHz, chloroform-d) 
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Figure 4.9. 13C NMR spectra of rotor 5 (100 MHz, chloroform-d) 
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Figure 4.10. 1H NMR spectra of rotor 6 (300 MHz, chloroform-d) 

  



 

151 

 

 

Figure 4.11. 13C NMR spectra of rotor 6 (100 MHz, chloroform-d) 
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Figure 4.12. 1H NMR spectra of rotor 8 (300 MHz, chloroform-d) 
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Figure 4.13. 13C NMR spectra of rotor 8 (100 MHz, chloroform-d) 
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Figure 4.14. 1H NMR spectra of rotor 11 (300 MHz, chloroform-d) 
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Figure 4.15. 13C NMR spectra of rotor 11 (100 MHz, chloroform-d) 
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Figure 4.16. 1H NMR spectra of rotor 15 (500 MHz, 1,1,2,2 - tetrachloroethane-d2) 
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Figure 4.17. 13C NMR spectra of rotor 15 (and 100 MHz, chloroform-d) 
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4.3.4. Table showing data for different rotors 

Table 4.1. B-values, experimental and calculated rotational 

barriers of molecular rotors. 

rotor 

number 
substituent 

ΔG‡
expt 

(kcal/mol) 

ΔG‡calc 

(kcal/mol) 

B-value 

(kcal/mol) 

1 2-fluorenyl 15.43 13.32 4.34 

2 -(CH2)3- 16.9 15.7 5.7 

3 (C=CH2)CH3 19.54 19.63 7.11 

4 Me 21.71 20.2 7.4 

5 Ph 21.48 20.85 7.5 

6 2-propyl 22.11 22.01 8.6 

7 Et 21.96 22.4 8.7 

8 2,3-diMe 24.02 23.38 9.6 

9 -(CH2)4- 24.2 23.1 10.5 

10 iPr 23.66 24.4 11.1 

11 1-naphthyl 22.41 22.22 11.65 

12 F 15.6 15.41 4.4 

13 OCF3 18 16.58 5.5 

14 OMe 20.2 19.5 5.6 

15 N(CH3)2 22 22.21 6.9 

16 Cl 22.1 22.5 7.7 

17 Br 23.1 24.2 8.7 

18 SMe 22.54 24.8 8.6 

19 I 24.2 25.1 10 

20 CF3 23.7 25.6 10.5 

Error in the EXSY rotational barriers was + 0.1 kcal/mol: B3LYP-D3/6-311G* 

4.3.5. EXPERIMENTAL DETERMINATION OF ROTATIONAL BARRIERS 

The rotational barriers (Table 4.1) were determined via exchange spectroscopy (EXSY) 

NMR experiments. (EXSY) NMR is observable by running nuclear Overhauser effect 

spectroscopy (NOESY) NMR experiments. In the spectra obtained from the NOESY 

experiments, out-of-phase signals off the diagonal of the 2D spectra originate from the 

nuclear Overhauser effect, while in-phase signals off the diagonal originate from exchange 

dynamics.66 Integration of the signals were performed using MestreNova software, and rate 
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constants were obtained using the EXSYCalc software. The rotational barrier for each rotor 

was extrapolated to the room temperature for consistency. The TS enthalpy (ΔH‡) and TS 

entropy (ΔS‡) were obtained from the Eyring plots (Figure S1) following Equation S1. The 

rotation barriers were determined by plugging the TS enthalpy and entropy along with a 

temperature into Equation S2. 

 

 

Due to the wide temperature range needed for rotational barrier determination two solvents 

(dichloromethane and tetrachloroethane) with similar chemical properties but different 

melting/boiling temperatures were chosen. Dichloromethane-d2 (melting point = -95 °C, 

boiling point = 40 °C) is an appropriate choice for the rotors that requires a temperature 

range below 25 °C. Meanwhile, tetrachloroethane-d2 (melting point = -45 °C, boiling point 

= 145 °C) was an appropriate choice for the rotors that requires a temperature range above 

25 °C. 

 

 

Figure 4.18. Eyring and Gibb’s Free Energy equations  

Figure 4.19. Eyring’s plot for rotor 8(2,3-diMe) 
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CHAPTER 5 

FUTURE WORK 
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5.1. VALIDATION OF THE ACCURACY OF LP – LP INTERACTION STRENGTH 

The objective of this chapter is to generate additional data to validate the 

quantification of the interaction between lone pairs, which was initiated in chapter 4 of this 

dissertation. Molecular rotors 21 - 23 have already been synthesized and characterized, and 

detailed information about these rotors can be found in the supplemental information 

section of this chapter. The next step involves experimentally measuring the rotational 

barriers of rotors 21 - 23, while also synthesizing rotors 24 – 26 and measuring their barriers 

experimentally.  

 

 

More molecular rotors need to be identified and their rotational barriers 

experimentally measured. The focus should be on identifying rotors with barriers below 15 

kcal/mol since sufficient data points within the range of 15 – 25 kcal/mol have already been 

obtained. The method for experimentally measuring the barriers and quantifying the lone 

pair – lone pair interaction have been discussed in chapter 4 of this dissertation. 

Additionally, conducting experimental measurements for barriers below 6 kcal/mol would 

be challenging. Therefore, the strategy is to develop an effective theoretical method for 

calculating such barriers. This represents the next progression in the lone pair – lone pair 

project initiated in chapter 4 of this dissertation. 

Figure 5.1. additional molecular rotors to be synthesized 

and used for the lone pair – lone pair measurement. 
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5.2 SUPPORTING INFORMATION 

5.2.1 GENERAL EXPERIMENTAL INFORMATION 

NMR spectra were recorded on Bruker 300 MHz spectrometer. Chemical shifts are 

reported in ppm (δ) referenced to the solvent residue. All spectra given for characterization 

purposes were taken at 25 ⁰C. All chemicals and solvents were purchased from commercial 

suppliers and used as received. Flash chromatography was performed using silica gel from 

Sorbent Technologies (60 Å, 200 – 400 mesh). 

5.2.2 SYNTHESIS OF COMPOUNDS 

1-Methyl-1H-indol-4-amine (92.7 mg, 0.63 mmol) and cis-5-norbornene-endo-2,3-

dicarboxylic anhydride (86.5 mg, 0.53 mmol) were added to a 20-dram vial along with a 

magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a silicon oil bath for 

12 hours with mild stirring. After letting the vial cool to room temperature, the crude 

material was purified by column chromatography (ethyl acetate/hexanes = 1:1, v/v) to give 

a black crystalline solid 20 (135.9 mg, 89 %). 1H NMR (300 MHz, CDCl3) δ 7.39 – 7.26 

(m, 2 H), 7.08 (d, J = 3.0 Hz, 1 H), 6.91 – 6.89 (m, 1 H), 3.78 (s, 3 H), 3.56 – 3.52 (m, 4 

H), 1.86 – 1.83 (m, 1 H), 1.67 – 1.64 (m, 1 H). 13C NMR (100 MHz, chloroform-d) δ 

176.79, 137.94, 134.94, 129.73, 125.18, 124.12, 121.48, 118.56, 110.31, 88.91, 52.45, 

46.24, 45.39, 33.06. 
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Scheme 5.1. Synthesis of rotor 21 

 

2,3-Dihydrobenzofuran-7-amine (115.7 mg, 0.86 mmol) and cis-5-norbornene-

endo-2,3-dicarboxylic anhydride (119.6 mg, 0.73 mmol) were added to a 20-dram vial 

along with a magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a silicon 

oil bath for 12 hours with mild stirring. After letting the vial cool to room temperature, the 

crude material was purified by column chromatography (ethyl acetate/hexanes = 3:4, v/v) 

to give an off-white solid 18 (145.0 mg, 71 %). 1H NMR (300 MHz, CDCl3) δ 7.20 – 7.17 

(m, 1 H), 6.85 – 6.72 (m, 2 H), 6.26 (s, 2 H), 4.61 (t, J = 8.7 Hz, 2 H), 3.47 – 3.40 (m, 4 

H), 3.23 (t, J = 8.7 Hz, 2 H), 1.77 – 1.75 (m, 1 H), 1.60 – 1.58 (m, 1 H). 13C NMR (100 

MHz, chloroform-d) δ 176.41, 155.48, 134.61, 129.23, 127.05, 126.81, 125.73, 120.69, 

114.41, 72.06, 52.26, 51.80, 46.26, 46.01, 45.35, 39.47, 29.84 

 

Scheme 5.2. Synthesis of rotor 22 
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2-methylbenzofuran-7-amine (122.5 mg, 0.83 mmol) and cis-5-norbornene-endo-

2,3-dicarboxylic anhydride (101.8 mg, 0.62 mmol) were added to a 20-dram vial along 

with a magnetic stir bar. The vial was then capped and heated to 120 ⁰C in a silicon oil bath 

for 12 hours with mild stirring. After letting the vial cool to room temperature, the crude 

material was purified by column chromatography (ethyl acetate/hexanes = 2:3, v/v) to give 

a brown powder 20 (146.4 mg, 80 %). 1H NMR (300 MHz, CDCl3) δ 7.47 (d, J = 7.8 Hz, 

1 H), 7.19 (t, J = 7.8 Hz, 1 H), 6.92 – 6.91 (m, 1 H), 6.38 (s, 1 H), 6.33 (s, 2 H), 3.52 (s, 4 

H), 2.42 (s, 3 H), 1.82 – 1.79 (m, 1 H), 1.65 – 1.62 (m, 1 H). 13C NMR (100 MHz, 

chloroform-d) δ 176.40, 156.18, 149.29, 134.74, 131.10, 122.74, 122.18, 121.17, 115.53, 

103.04, 52.10, 46.26, 45.50, 14.05. 

 

Scheme 5.3. Synthesis of rotor 23 
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5.2.3 1H NMR and 13C NMR Spectra 

 

Figure 5.2. 1H NMR spectra of rotor 21 (300 MHz, chloroform-d) 
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Figure 5.3. 13 C NMR spectra of rotor 21 (133 MHz, chloroform-d) 
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Figure 5.4. 1H NMR spectra of rotor 22 (300 MHz, chloroform-d) 
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Figure 5.5. 13 C NMR spectra of rotor 22 (133 MHz, chloroform-d) 
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Figure 5.6. 1H NMR spectra of rotor 23 (300 MHz, chloroform-d) 
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Figure 5.7. 13 C NMR spectra of rotor 23 (133 MHz, chloroform-d)
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APPENDIX A EMPIRICAL PARAMETERS 

Empirical parameters used to model electrostatics 

for common substituents 

R σm σp F R 

CH3 -0.07 -0.17 0.01 -0.18 

CH2CH3 -0.07 -0.15 0 -0.15 

CH(CH3)2 -0.04 -0.15 0.04 -0.19 

C(CH3)3 -0.1 -0.2 -0.02 -0.18 

CCH 0.21 0.23 0.22 0.01 

CN 0.56 0.66 0.51 0.15 

Ph 0.06 -0.01 0.12 -0.13 

Ph-F5 0.26 0.27 0.27 0 

CHCH2 0.06 -0.04 0.13 -0.17 

CHO 0.35 0.42 0.33 0.09 

COCH3 0.38 0.5 0.33 0.17 

COPh 0.34 0.43 0.31 0.12 

COOH 0.37 0.45 0.34 0.11 

COOCH3 0.37 0.45 0.34 0.11 

OH 0.12 -0.37 0.33 -0.7 

OCH3 0.12 -0.27 0.29 -0.56 

OCF3 0.38 0.35 0.39 -0.04 

OPh 0.25 -0.03 0.37 0.4 

SH 0.25 0.15 0.3 -0.15 

SCH3 0.15 0 0.23 -0.23 

SCF3 0.4 0.5 0.36 0.14 

SPh 0.23 0.07 0.3 -0.23 

NH2 -0.16 -0.66 0.08 -0.74 

NHCH3 -0.21 - -0.7 0.03 -0.73 

NHPh -0.02 -0.56 0.22 -0.78 

NHCOCH3 0.21 0 0.31 -0.31 

N(CH3)2 -0.16 -0.83 0.15 -0.98 

N(Ph)2 0 -0.22 0.12 -0.34 

NO2 0.71 0.78 0.65 0.13 

F 0.34 0.06 0.45 -0.39 

Cl 0.37 0.23 0.42 -0.29 

Br 0.39 0.23 0.45 -0.22 

I 0.35 0.18 0.42 -0.24 

CF3 0.43 0.54 0.38 0.16  
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