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GENERAL REMARKS 

 

 1H NMR and 13C NMR were calculated on a Bruker DPX 300 MHz and 

Bruker DRX 600 MHz NMR instrument. Generally, DMSO-d6, CDCl3 and 

MeOD have been used for NMR sample solution preparation. Chemical 

shifts (δ) were expressed in parts per million (ppm), using tetramethylsilane 

(δ = 0.00) as the reference compound. The standard abbreviations s, d, t, q, 

m, and J refer to singlet, doublet, triplet, quartet, multiplet, and the coupling 

constant respectively. ESI mass spectral analysis was performed using LCQ-

ORBITRAP-XL instrument. EI mass spectral analysis was performed using 

High Resolution Mass Spectrometer JEOL Japan. 

 Analytical thin layer chromatography (TLC) was obtained via standard 

Merck TLC silica gel 60 F254 aluminium sheets. Visualization of the spots 

on TLC plate was achieved through exposure to UV light, iodine vapour, etc. 

Progress of the reaction was monitored via TLC checking. Moisture 

sensitive reactions were carried out using standard syringe-septum 

techniques. Column chromatography was performed using silica gel of 60-

120 or 100-200 mesh. For column chromatography, ethylacetate:hexane and 

methanol:dichloromethane solvent partners were used as eluent. All reagents 

and solvents were purified and dried by conventional protocol. All 

evaporation of solvents was done under reduced pressure in Heidolph Rotary 

Evaporator of Cat. No: P/N Hei-VAP Value/G3: 560-01300-001. Peroxide 

test kit (cat no: 1.10337, colorimetric, 100-1000 mg/L (H2O2), MQuant) was 

purchased from Sigma-Aldrich. 
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Summary 

Developing mild, cost-effective, and selective oxidation methods to convert low-cost and 

valuable hydrocarbons into useful oxidative compounds is still a major challenge in organic 

synthesis. In organic chemistry and chemical biology, transition metal catalysts, or 

metalloenzymes, are typically required for most oxidation reactions. Among various 

oxidation strategies, the use of dioxygen (O2) is acknowledged as a highly effective reagent. 

This thesis explores the detailed study of the transition metal-free oxygen (O2) activation 

process using ionic liquids for selective oxidation reactions. This thesis shows an efficient, 

cost-effective, and green protocol to transform hydrocarbons (benzylamine and alcohols) into 

useful oxidized compounds that are oxygenated (amide) and non-oxygenated (aldehyde, 

imine, and aromatic heterocycle). These compounds can be used as fine chemicals or as 

building blocks for chemical synthesis in the lab or in industry. This thesis's research 

describes first-principles calculations using Density Functional Theory (DFT), revealing that 

the various reaction coordinates and transition state spin densities demonstrate a unique spin 

conversion of triplet oxygen to singlet products via a minimum energy crossing point, 

without the assistance of transition metal ions. It talks about how quaternary 

alkylammonium-based ionic liquids make the π* orbital of oxygen more stable, which makes 

it succeptable for hydrogen atom transfer from desired organic molecule in a mild, metal-free 

condition. This research elucidates the mechanism of O2 activation using molecular orbital 

(MO) theory. The partial density of states (pDOS) calculations suggests a new approach for 

O2 activation using quaternary alkylammonium-based ionic liquids instead of metal-based 

catalysts. 

The thesis, entitled “Transition Metal-Free Oxygen Activation by Ammonium-Based 

Ionic Liquids for Selective Oxidation Reactions: Experimental and Theoretical 

Studies,” is structured into three chapters: 

 Chapter 1 discusses the chemistry of the oxygen molecule and its reactivity in the 

presence of a transition metal catalyst. 

 Chapter 2 describes the efficient strategy for oxygen activation using quaternary 

alkylammonium-based ionic liquids, leading to the synthesis of valuable oxidized 

compounds from benzylamines and alcohols. 

 Chapter 3 presents a detailed mechanistic study of oxygen activation using 

quaternary alkylammonium-based ionic liquids. 
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Chapter 1 

A Concise Overview of Oxygen: Stability 

and Reactivity 

This chapter provides a concise overview of the chemistry of oxygen molecules, 

focusing on their stability and reactivity. It explores the unique characteristics of 

dioxygen, such as its triplet diradical ground state, through molecular orbital 

theory explanations. Despite its simplicity, oxygen stands as a remarkable 

molecule, constituting a significant percentage of Earth's atmosphere. This 

chapter describes its stability, which is attributed to its high resonance energy 

and adherence to the spin selection rule, rendering it inert under normal 

conditions. In this chapter, the significance of transition metals in altering the 

spin multiplicity of oxygen, thus enabling reactions to proceed, is highlighted. It 

gives an outline of how transition metal complexes are promising candidates for 

regulated oxygen activation and diverse reactive moods with oxygen, 

facilitating the synthesis of diverse and structurally important molecules 

through selective oxidation reactions. 
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1. Introduction 

1.1 Photosynthetic Oxygen Production:  

Plants play a critical role in the synthesis of oxygen through a process called 

photosynthesis. The process by which plants, algae, and some microorganisms 

transform solar light energy into chemical energy is known as photosynthesis. 

During this process, plants take in carbon dioxide from the air and emit oxygen 

as a by-product. 

Here is a short overview of photosynthesis: 

1.1.1 Absorption of Light:  

Sunlight absorbtion is the first stage of photosynthesis, a critical event where a 

variety of pigments work together to complete the complex process of utilizing 

solar energy. These include phycobilins (phycoerythrin, phycocyanin), 

carotenoids (carotenes, xantophylls, and carotenoic acid), chlorophylls (a, b, c, 

and d typical for various taxonomic groups), and phycobilins (phycoerythrin, 

phycocyanin). Each of them has a unique light absorption pattern over the 

radiation spectrum.1 The pigments are located within the chloroplasts, which 

serve as the sites of photosynthesis in plant cells. In this process, some of these 

pigments serve as "auxiliary" pigments, receiving energy and transmitting it to 

the "main" pigments, which carry out the most crucial photosynthetic reactions.  

1.1.2 Conversion of Light Energy:  

During photosynthesis, solar energy is absorbed by light-harvesting complexes, 

which consist of chlorophyll "a", auxiliary pigments such as carotenoids, 

phycobilins, and chlorophyll "b". This absorbed energy then activates electrons 

inside the chlorophyll molecules. Through light-dependent reactions, these 

excited electrons enable the synthesis of ATP (adenosine triphosphate) and 

NADPH (nicotinamide adenine dinucleotide phosphate), resulting in the 
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formation of energy-rich molecules that are crucial for subsequent biological 

activities.2  

1.1.3 Splitting of Water:  

The oxidation of water (H2O), known as the photolysis process, is driven by 

absorbed solar energy. In this process, water molecules (H2O) are split into 

hydrogen ions (H+), electrons (e-), and oxygen (O2) as part of the light-

dependent reactions. As a by-product, the released oxygen diffuses into the 

atmosphere.3 

1.1.4 Calvin Cycle (Light-Independent Reactions):  

The Calvin cycle, sometimes referred to as the light-independent reactions or 

the dark reactions, uses the ATP and NADPH produced in the light-dependent 

reactions. As a result of a series of enzyme processes that incorporate CO2 from 

the air, glucose (C6H12O6) and oxygen is produced in this phase (Figure 1).4 

    

Figure 1. The process of photosynthesis is expressed by above equation, in 

which carbon dioxide and water combine to form sugar and oxygen, absorbing 

energy obtained through sunshine. 

 

1.1.5 Oxygen Release:  

As a by-product of the Calvin cycle, oxygen is produced. Through the stomata, 

it diffuses out of the plant and is discharged into the atmosphere. 

Overall, a considerable amount of the oxygen produced by the Earth is due to 

plants. Through the process of photosynthesis, they contribute to the 
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equilibrium of atmospheric gases by absorbing carbon dioxide and releasing 

oxygen. For this reason, plants are frequently called as the "lungs of the Earth." 

1.2 Discovery of Oxygen by the Scientific Community: 

Even though the process of photosynthesis has been there since the beginning of 

time, nobody knew it even existed. This significant natural phenomenon wasn't 

just discovered by one scientist; rather, it was discovered by several scientists 

over more than 200 years. Belgian chemist, physiologist, and physician Jan 

Baptista van Helmont made some progress in understanding photosynthesis in 

the 1600s. Helmont conducted a 5-year experiment in which he placed a willow 

tree in a pot filled with soil and maintained it in a controlled environment. Over 

the five years, the willow tree was watered carefully. After completing his 

experiment, Helmont concluded that the tree's growth was not due to the soil but 

rather to the nutrients it had absorbed from the water. Helmont's conclusion was 

incorrect, but his experiment demonstrated that water is a factor in plant growth. 

Another scientist who contributed to the understanding of photosynthesis was 

Joseph Priestley. He was born in 1733 and later worked as a chemist, preacher, 

natural philosopher, teacher, and political theorist in addition to other 

professions. He conducted tests by lighting a candle and sealing a jar. Priestley 

observed that the flame vanished fast and that the air in the jar had been 

"injured". Similar experiments were conducted on mice, leading him to the 

conclusion that the mice had similarly caused harm to the atmosphere. Later, 

Priestley discovered that the air that the candle and the mice "injured" could be 

repaired by plants. Priestley's research findings were made public in 1774 with 

the publication of "Experiments and Observations of Different Kinds of Air, 

Volume I." Priestley's investigations demonstrated that air includes oxygen, 

even though he was unaware of this at the time. 

Three chemists—an Englishman, a Swede, and a Frenchman—share credit for 

the discovery of oxygen. The first account of oxygen was written by Joseph 
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Priestley, who discovered it in 1774 by shining sunlight through mercuric oxide 

(HgO) and collecting the gas that resulted. He noticed that a candle burned 

brighter in it and that it was more comfortable to breathe in. Carl Wilhelm 

Scheele had discovered oxygen in June 1771, but Priestly was unaware of this. 

He had documented an account of his discovery but it wasn't published until 

1777. Since French chemist Antoine-Laurent Lavoisier initially believed that 

oxygen was an acid maker since he was able to produce acids by burning 

phosphorus and sulfur and dissolving them in water, the name derives from the 

Greek words oxy for "acid" and genes for "forming." Both the English 

clergyman and chemist Joseph Priestly and the Swedish pharmacist and 

physicist Carl-Wilhelm Scheele independently discovered oxygen in the years 

1771 and 1774, respectively. Since Priestly published first and Scheele's 

"Chemical Treatise on Air and Fire" didn't appear until 1777, Priestly is given 

credit for the discovery.5  

 

Figure 2. Existence of oxygen in the atmosphere, lithosphere, biosphere, and 

hydrosphere. 
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1.3 Electronic Structure of Oxygen: 

So the plant created the most prevalent element by mass in the Earth's crust, 

hydrosphere, and biosphere is dioxygen O2, which has the atomic number 8. 

Minerals (such as silicates, oxides, carbonates, sulfates, phosphates, and 

nitrates), water, and biomolecules (carbohydrates, lignin, proteins, and lipids) 

all include a significant amount of bonded oxygen (Figure 2).6 All major 

elements of the world's biogeochemical cycles, including carbon, nitrogen, 

phosphorus, and sulfur, are oxygenated species.7 Although each of these 

molecules undoubtedly holds considerable importance, ozone stands out as the 

most mobile and widely dispersed component of the oxygen family. There are 

various forms of elemental oxygen, the most significant of which is molecular 

dioxygen O2 (here simply referred to as oxygen), which comprises 21% of the 

Earth's atmosphere.8  

Due to its exceptional stability, it displays some attractive peculiar 

characteristics in terms of its magnetic behavior, energy transfer capabilities, 

chemical reactions toward different molecules, and existence in nature. The 

Lewis structure for the oxygen molecule O2 is shown below. 

 

Figure 3. Lewis bond structure of dioxygen. 

 

This electronic structure complies with every requirement of Lewis’s theory. 

Every oxygen atom is surrounded by eight electrons, and in order to complete 

the octate configuration (Figure 3), an O=O double bond is formed. This figure, 

however, conflicts with oxygen's magnetic properties. O2 is not magnetic on its 

own, but it is drawn to magnetic fields. As a result, when liquid oxygen is 
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passed through a powerful magnet, it gathers between the magnet's poles and 

resists gravity. Paramagnetism, a type of attraction to a magnetic field, develops 

in molecules with unpaired electrons. The eminent English scientist and 

physicist Michael Faraday originally established that oxygen is paramagnetic, or 

attracted to a magnetic field, in the 1840s. The "molecular orbital theory" (also 

known as Hund-Mulliken theory after its creators), developed sixty years later 

by American chemist and physicist Robert Mulliken, explained for this 

property.  Nevertheless, the Lewis structure of O2 shows that every electron is 

coupled.  

 

Figure 4. Molecular orbital diagram of dioxygen. 

 

It was required to completely understand oxygen's electronic structure using 

molecular orbital theory to look into these peculiar characteristics of oxygen. 

The molecular orbitals of O2 are filled with sixteen electrons by the Aufbau 

principle, which dictates that orbitals are filled starting from the lowest energy 

levels. The Pauli Exclusion Principle ensures that no two electrons can have the 
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same set of quantum numbers. As a result, six electrons are spread out between 

lower two π orbitals and higher two π* orbital, both of which are degenerate 

(see Figure 4). Following Hund's rule, the arrangement ensures that degenerate 

orbitals are filled with two electrons of the same spin before pairing them in a 

single orbital, thereby minimizing energy (see Figure 4).9 The stable electronic 

configuration of oxygen gives rise to its diradical nature, paramagnetic 

characteristics, and triplet spin, despite the presence of several electronic states. 

A diradical is defined as a characteristic in which two electrons in a molecule 

(or atom) occupy two orbitals, Ψx and Ψy, that are either identical (degenerate) 

or nearly identical (pseudo-degenerate) in terms of energy levels.9,10  

1.4 Various Electronic States of Oxygen: 

The presence of degenerate orbitals is responsible for the distinctive triplet spin 

states observed in oxygen. Although a diradical can exist in multiple electronic 

states, it's crucial to examine the factors behind oxygen's preference for 

occupying particular degenerate orbitals. This section aims to provide a concise 

and lucid expression of the problem at hand. There are six distinct arrangements 

that allow for the allocation of two electrons among two orbitals (Figure 5). 

Configurations (a) and (b) are both called as singlets. These configurations are 

termed spin restricted closed-shell configurations and can be combined (±) to 

produce the symmetry-adapted two-configuration (TC) singlet states: 

 𝜓𝑆𝑇𝐶±
=

|𝜓𝑥
𝛼(1)𝜓𝑥

𝛽
(2)〉 ±|𝜓𝑦

𝛼(1)𝜓𝑦
𝛽

(2)〉

√2
 = 

|𝜓𝑥
2〉 ± |𝜓𝑦

2〉

√2
                                    Equation 1 
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Figure 5. All Possible electronic configurations are considered, achieved by 

distributing two electrons across two degenerate orbitals labeled as Ψx and Ψy. 

                                        

The Dirac ket represents a solitary Slater determinant. On the contrary, 

configurations (c) and (d) correspond to the MS = ±1 components of a triplet 

(T): 

 𝜓𝑇+1
=  |𝜓𝑥

𝛼(1)𝜓𝑦
𝛼(2)〉                                                                    Equation 2 

  𝜓𝑇−1
=  |𝜓𝑥

𝛽(1)𝜓𝑦
𝛽(2)〉                                                                     Equation 3 

The last two configurations, labeled as (e) and (f), represent mixed spin states. 

Rather, their linear combinations yield the MS=0 triplet component (𝜓𝑇0
) and 

the open-shell (OS) singlet ( 𝜓𝑆𝑜𝑠
): 

 

𝜓𝑇0
=

|𝜓𝑥
𝛼(1)𝜓𝑦

𝛽
(2)〉 +|𝜓𝑥

𝛽
(1)𝜓𝑦

𝛼(2)〉

√2
 

      =
[𝜓𝑥(1) 𝜓𝑦(2)− 𝜓𝑦(1) 𝜓𝑥(2) ] [𝛼(1)𝛽(2)+𝛼(2)𝛽(1)]

2
                                Equation 4 

𝜓𝑆𝑜𝑠
=

|𝜓𝑥
𝛼(1)𝜓𝑦

𝛽
(2)〉−|𝜓𝑥

𝛽
(1)𝜓𝑦

𝛼(2)〉

√2
 

       = 
[𝜓𝑥(1) 𝜓𝑦(2)+ 𝜓𝑦(1) 𝜓𝑥(2) ] [𝛼(1)𝛽(2)−𝛼(2)𝛽(1)]

2
                              Equation 5 
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Unrestricted wavefunctions allow different spatial distribution for electrons with 

𝛼 spins and 𝛽 spins therefore can describe spin polarization. Spin polarization 

occurs due to exchange-correlations effects via the interactions of the electrons 

of the same spin as an unpaired electron in the open shell (e.g. radical) system. 

Unrestricted wavefunctions do not have the proper and well defined value of 

spin, i.e. are not eigenfunctions of 𝑆2̂. They suffer from the spin contamination 

by states with higher spin. For example, open shell singlet states will be 

contaminated (have an admixture) of triplet, quintet etc. 

In the absence of an external magnetic field, the three components of the triplet 

state are degenerate, and the spin-orbit coupling and the minor spin-dipole 

coupling between the unpaired electrons are not considered. The energy 

associated with this particular condition is followed according to Equation 6. 

ET=hx+hy+Jxy–Kxy                                                                                                                        Equation 6                                                                                                                                                            

The values of hx and hy represent the individual energies of 𝜓𝑥 and 𝜓𝑦 orbitals, 

respectively. Additionally, Jxy and Kxy denote the corresponding Coulomb and 

exchange integrals. 

For degenerate 𝜓𝑥 and 𝜓𝑦, hx = hy. The antisymmetric spatial function in the 

triplet state essentially reduces the chance of both electrons being present at the 

same place at the same time. The interelectron interaction is decreased by a 

positive quantity denoted as Kxy.
11  

The energy associated with the singlet wave function 𝜓𝑆𝑜𝑠
 reads 

𝐸𝑆𝑂𝑆
=hx+hy+Jxy+Kxy                                                                                                                       Equation 7                                                                                                                                                           

Compare to the triplet state, the singlet state exhibits a symmetric spatial 

function that enhances the likelihood of both electrons occupying the same 

spatial area. Consequently, this leads to an increase in the singlet energy by the 

value of Kxy. 
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Equations 6 and 7 demonstrate that when the optimum molecular orbitals 

(MOs) for the triplet and open-shell singlet states are the same, the triplet state's 

energy decreases by 2Kxy compared to the open-shell singlet state. This 

reduction is due to Pauli repulsion, which hinders electrons with parallel spin 

proximity, reducing overall electrostatic repulsion energy. This phenomenon is 

fundamental to Hund's rule principles and can occur when there is a difference 

between MOs in singlet and triplet states.9 

The energy associated with the pair of closed-shell singlet wave functions is 

provided by 

𝐸𝑆𝑇𝐶±
=  ℎ𝑥 + ℎ𝑦 + 

𝐽𝑋𝑋+ 𝐽𝑌𝑌 

2
 ±  𝐾𝑥𝑦                                                                            Equation 8 

According to Equation 8, the corresponding energy of the 𝜓𝑆𝑇𝐶−
 wave function 

is 2Kxy lower than that of the 𝜓𝑆𝑇𝐶+
 wave function. Subsequently, the difference 

in energy levels between the lower closed-shell singlet and the open-shell 

singlet is calculated by Equation 9. 

𝐸𝑆𝑂𝑆
− 𝐸𝑆𝑇𝐶−

=  𝐽𝑥𝑦 − 
𝐽𝑋𝑋+ 𝐽𝑌𝑌 

2
+ 2𝐾𝑥𝑦                                                                  Equation 9 

It can be concluded that when two electrons occupy two degenerate orbitals, 𝜓𝑥 

and 𝜓𝑦, can be classified into two pairs. They form four states grouped into two 

pairs. Each pair shows a consistent spacing of 2Kxy. Equation 9 dictates how 

these pairs are arranged relative to each other, determining the final sequence of 

the spectroscopic states. 
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Figure 6. The relative energy levels of the four states formed by distributing 

two electrons across two orbitals. The spatial arrangement of these state pairs is 

dictated by Equation 9. The scenario depicted corresponds to a condition where 

the value on the right-hand side of the equation equals zero. 

 

Molecular oxygen, denoted as O2, exhibits three spectroscopic states, namely 

one triplet state and two singlet states. Specifically, the bottom closed-shell 

singlet state and the open-shell singlet state possess the same energy level, 

resulting in a degenerate singlet state. This degenerate singlet state corresponds 

to the middle panel seen in Figure 6.12 It is worth noting that Equation 9 

reveals the presence of degeneracy between the wave function 𝜓𝑆𝑜𝑠
 and 𝜓𝑆𝑇𝐶−  

If   
𝐽𝑥𝑥+𝐽𝑦𝑦

2
= 𝐽𝑥𝑦 + 2𝐾𝑥𝑦. This equality comes usually induced by symmetry. 

In the context of D∞h symmetry, the three spectroscopic term symbols 

representing the three low-lying states of O2 are as follows: 3Σg−, 1Δg, 
1Σg+ states; 

The order of energy is depicted in Figure 7. 
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Figure 7. The energy ordering of the low-lying states of molecular oxygen (O2). 

The state 1Δg is a double degenerate nature.  

 

Valence bond theory (VBT) and molecular orbital theory analysis indicate that 

the 1Δg state is characterised by both an open-shell component and a closed-

shell component.13,14 In addition, the conclusion was further validated using 

point group analysis. Figure 7 illustrates that the 1Δg representation in the D∞v 

point group splits into two distinct irreducible representations in its point 

subgroup of C2v. In this subgroup, the open-shell (OS) and closed-shell (CS) 

determinants correspond to A2 and A1 symmetries, respectively. Therefore, the 

configurations in the 1Δg state were formed by combining two open-shell 

determinants |𝜓𝑥
𝛼(1)𝜓𝑦

𝛽
(2)〉  +| 𝜓𝑥

𝛽(1)𝜓𝑦
𝛼(2)〉 and two closed-shell 

determinants |𝜓𝑥
2〉 − |𝜓𝑦

2〉 and the configuration of the 1Σg+ state was 

characterized as the combination of the two closed-shell determinants with the 

same sign. The 1Σg+ state is characterized by the wavefunction 𝜓𝑆𝑇𝐶+  as seen in 

Figures 6 and 7. 



 14 

The 3Σg− of O2 is roughly 2Kxy = 23 kcal/mol lower than that of the degenerate 

singlet state characterized as "open-shell" or "closed-shell" 1Δg and the second 

singlet 1Σg+ state, which is at a higher energy level, is approximately 38 

kcal/mol above the ground state 3Σg−, were calculated by using absorption 

experiments.15 The 1Σg+ state has a short lived and rapidly undergoes decay to 

the 1Δg state through a spin-allowed transition between the two singlet levels. 

But the transition from the 1Δg state to the 3Σg− state is not allowed due to spin 

restrictions, and the duration of the 1Δg state is approximately 106 seconds. The 

1Δg state has been identified as the metastable O2 species, generally referred to 

as "singlet oxygen". 

In the 3Σg− electronic state of O2, the presence of parallel spins among the 

electrons prevents their simultaneous occupation within specific spatial areas. 

While oxygen can be classified as a diradical based on the previous definition, it 

is important to emphasize the exceptional nature of its features. The remarkable 

stability of O2 can be attributed mostly to its remarkable resonance stability, 

despite its diradical character. 

1.5 Stability of Triplet Oxygen (3O2) 

1.5.1 Resonance Stabilization of Oxygen: 

Figure 8 shows the four resonance configurations are formed when six 

electrons, four with α-spin and two with β-spin, are placed in the four 2px and 

2py π atomic orbitals in the triplet ground state oxygen molecule's. In each 2p-

πAO, there's one α-spin electron. Meanwhile, the β-spin electron in each of the 

two perpendicular π systems spreads across the 2p-π atomic orbitals of both 

oxygen atoms. 

Zwitterionic structures B and C show how the β-spin electrons spread across the 

two perpendicular π systems, similar to the second resonance structure for the 

peroxyl radical in Figure 8b. If resonance structures A, B, and C accurately 

represent the wave function of •OO•, it's expected that electron delocalization in 
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•OO• would provide a stability level akin to that observed in the two peroxyl 

radicals (Figure 8). 

 

Figure 8. (a) The probable arrangements, labeled as A to D, depict how the two 

β-spin electrons are positioned within the two perpendicular π systems of the 

triplet •OO•. Meanwhile, the four α-spin electrons occupy the four 2p-π atomic 

orbitals. This results in delocalization solely among the β-spin electrons, as 

illustrated in resonance structures A to D. (b) Resonance stabilization of the 

hydroperoxyl radical through three-electron, two-center bonding. In this and 

following figures, α-spin electrons are represented in red, while β-spin electrons 

are depicted in black. 

 

With two •OOH radicals as the reference, reaction C from Table 1 would yield 

a resonance energy of 37–38 kcal/mol for •OO•. The delocalization energy of 

•OO• increases by 37-38 kcal/mol due to the contribution from resonance 

structure D in Figure 8b, surpassing the delocalization energy of two molecules 



 16 

of •OOH. Structures A and D exhibit a lack of charge separation compared to 

resonance structures B and C. Therefore, resonance structures A and D in 

Figure 8 are anticipated to be the main contributors to the wavefunction 

governing the behavior of electrons in the two perpendicular π systems. The 

bonding in O2 shown in Figure 8 is explained using valence bond (VB) theory. 

At first, it looks like it is not linked to the molecular orbital (MO) representation 

of the triplet state of the O2 molecule. The connection between the valence bond 

(VB) and molecular orbital (MO) representations will be explained in the 

following section.16 

1.5.2 Understanding the Thermodynamic Stability of the Triplet •OO• 

Diradical: A Valence Bond Approach 

The VB hypothesis, similar to the MO theory, concludes that O2 possesses a 

diradical character, exhibiting a triplet ground state.17,18 The connection between 

MO theory and valence bond theory may be shown through the Generalized 

Valence Bond (GVB) theory, which was first developed by Goddard and 

colleagues.19 How does the valence bond theory explain the 37-38 kcal/mol 

increase in stability due to electron delocalization in the triplet •OO• compared 

to two molecules of •OOH? The four structures seen in Figure 8 are considered 

to be the primary resonance structures for the triplet •OO•. The VB 

computations performed by McWeeny are of particular academic interest,20  

found that the most favourable VB wave function is followed by Equation 10. 

Ψ(VB)=0.59(A+D)-0.23(B+C)                                                                  Equation 10                                             

Non-zwitterionic structures A and D carry more weight in the overall wave 

function compared to zwitterionic structures B and C. This is because structures 

B and C involve the relocation of a single electron, while structures A and D 

involve the relocation of two electrons. The interaction between structures A 

and D with structures B and C results in more resonance energy than the 
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interaction between structures A and D alone.21 The limited VB wave function 

has a higher energy than the optimized VB wave function. 

Table 1. Reaction Enthalpies ΔH (298.15 K), in kcal/mol, calculated from 

Experimental Heats of Formation, ΔfH° (298.15 K), and G4 Calculations 

ΔH (298.15 K)  

               ΔH(298.15 K) 

Reaction label Reaction G4 value ATcT 

value 

A •OH + H2O2 → H2O + •OOH −31.6 −31.0 

B •OH + •OOH → H2O + •OO• −69.0 −69.2 

C 2•OOH → HOOH + •OO• −37.4 −38.2 

D 2•OH + HOOH → 2H2O + •OO• −100.6 −100.2 

 

Harcourt studied the energy linked with the wave function in the valence bond 

framework, considering structures A-C and omitting structure D, to relate to an 

•OO• molecule. The energy difference between the incomplete VB wave 

function was 25.6 kcal/mol, which is 11-12 kcal/mol lower than the 

experimental and G4 enthalpies of reaction C Table 1. The delocalization 

energy in triplet •OO• is 37-38 kcal/mol higher than that in two molecules of 

•OOH. Harcourt compared the energy of the wave function in the valence bond 

model to the energy calculated for structure A, which lacks resonance 

stabilization. Su et al. found a lower energy of 102.6 kcal/mol for a valence 

bond wave function comprising structures A-D compared to structure A alone. 

1.5.3 Resonance energy of Triplet Oxygen: 

Summing reactions A and B in Table 1 gives  

2•OH+HOOH→2H2O+•OO•                                                                      Equation 11 
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The reaction labeled D in Table 1 has an enthalpy of -100.6 kcal/mol, according 

to calculations using the G4 method. Moreover, experimental data gives a value 

of -100.2 kcal/mol for the enthalpy. This reaction releases a lot of heat because 

two unpaired electrons from two hydroxyl radicals join together to form a two-

center, three-electron bond in an oxygen molecule. This makes the reaction very 

exothermic. So, Equation 11 (also known as reaction D in Table 1) seems to 

describe well how the energy is spread out or shared within O2. 

Using reaction C from Table 1 instead of reaction D would yield a resonance 

energy of 37-38 kcal/mol for •OO•, with two •OOH radicals as the reference.  

Reaction A shows that each •OOH radical has resonance stabilization energy of 

about 31−32 kcal/mol. The resonance stabilization energy of •OO•, which is 

100 kcal/mol, includes the combined effects of the stabilization provided by 

each of the two three-electron bonds in this diradical. There's extra stabilization 

because both three-electron bonds are in the same molecule at the same time. 

The Equation 11 (reaction D of Table 1) as a reliable indicator of the 

resonance stabilization of the oxygen molecule implies that the resonance 

energy of triplet •OO•, at 100 kcal/mol, is roughly three times greater than 

Kistiakowski's reported value of 36.5 kcal/mol for the resonance energy of 

benzene concerning the double bonds present in three molecules of 

cyclohexene.22 The presence of high resonance energy renders oxygen molecule 

unreactive, or kinetically inert, in the absence of any catalyst. 

1.5.4 Spin Rule Violation of Oxygen:  

Due to its significant resonance energy, triplet oxygen exhibits a lack of 

reactivity towards a wide range of chemical entities, without a catalyst. The 

triplet ground state of molecular oxygen consists two unpaired electrons 

exhibiting parallel spins, resulting in the spectroscopic term 3Σg-.
23 The 

involvement of triplet oxygen in oxidation processes in organic substrates, 

including oxygen insertion into hydrocarbon structures and oxidative 
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dehydrogenation, is a significant process. Organic substrates, such as 

hydrocarbons, alcohols, ketones, and acids, exhibit closed-shell electronic 

structures in their ground state, resulting in a singlet spin state. When a 

chemical reaction occurs between reactants (triplet oxygen and singlet organic 

molecule) with different spin states and the formation of products exclusively in 

the singlet state is prohibited, this is in accordance with Wigner's spin selection 

rule.24 To provide a comprehensive understanding of this crucial process, let us 

examine the general oxidation process of a hydrocarbon, namely an alkane (R-

H), is reacted with ground state oxygen, O2 (3Σg-), leading to formation of a 

ketone (K=O) and water (as seen in Equation 14 and Table 2). 

R-H+O2 (
3Σg-) → K=O+H2O                                              Equation 12   Table 2                                                                     

It is necessary for the transition state [R-H⋅⋅⋅O2]
‡ to possess a total spin 𝑆RH⋅⋅⋅O2‡ 

dictated by the spin selection rules. This total spin can be achieved by either an 

algebraic combination of 𝑆R-H and  𝑆3𝑂2
 (representing the reagents) or through 

𝑆K=O and 𝑆H2O (representing the products), with a minimum shared sum. The 

angular momenta are combined vectorially, and in the given reaction, the spins 

of the reactants are denoted as 𝑆R-H = 0 and 𝑆3𝑂2
 = 1. 

These spins are combined to get a total spin of 𝑆Reactants = 1. While the singlet 

products 𝑆K=O = 0 and 𝑆H2O= 0 may only result in a sum of 𝑆Products = 0. The 

reaction is prohibited by spin due to the inequality between the spin states 

(𝑆Reactants ≠ 𝑆Products) of the reactants and products.  

1.6 Natural Oxidative Process using Atmospheric Oxygen: 

At normal conditions, atmospheric oxygen is a colorless, odorless gas; 

nevertheless, it has a blueish color when it is liquid (b.p.: 183 °C) or solid (m.p.: 

218 °C).7  Although triplet oxygen exhibits kinetic persistence in its interactions 

with the majority of molecules, it becomes very reactive when it interacts with 

other radicals. Under the same reaction conditions where the more reactive 
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peroxyl radicals ROO* readily engage in such H atom transfer (HAT), triplet 

oxygen does not readily extract hydrogen atoms to produce HOO*. This is due 

to the exceptionally high resonance stabilization energy of 3O2, which 

influences strong bonds and is already accounted for by the valence bond (VB) 

and molecular orbital theories.16 Because of its diradical nature, oxygen reacts 

with almost everything on Earth's surface, releasing energy that favors the 

reaction process. High activation barriers, however, greatly slow down its 

reactivity, meaning it typically reacts slowly despite its high bond energy. 

 

Table 2. In the following table, a general reaction is depicted. A typical 

organic compound with the molecular formula R-H is considered as the 

substrate, reacting with triplet ground state oxygen to yield singlet R=O 

and water via a transition state. In this specific case, when the number of 

reactants with spin (𝑺Reactants) equals 1 and the number of products with 

spin (𝑺Products) equals 0, the only feasible combination is 1 ≠ 0. Consequently, 

the reaction is restricted due to spin rule violation. 

 Reactants Transition state Products 

 R-H + O2 (3Σg-)    

Equation 12 

R-H⋅⋅⋅O2‡            

Equation 13 

K=O + H2O           

Equation 14 

Spin 𝑆R-H = 0        𝑆𝑂2
= 1 Requires:|𝑆R-H± 

𝑆𝑂2
|=|𝑆K=O±𝑆H2O| 

𝑆K=O=0       𝑆H2O = 0 

Multiplicity of 

spin 2S + 1 

1                            3      1                            1       

Spin state Singlet        Triplet               Singlet        Singlet         

 

The hydrogen balloon won't explode until there is activation energy in the form 

of a spark. Likewise, paper doesn't spontaneously catch fire in the air until it 

reaches a temperature of roughly 230°C. Organic substances burn through 

several exothermic radical processes.25,26 Due to their extremely high surface 



 21 

area, fine dispersion of flammable substances in O2/air (such as flour, coal dust, 

organic solvent vapors, etc.) can result in explosive combinations. The blazing 

splint test, employed in school laboratories to detect oxygen (or other oxidizing 

gases), makes use of the fact that flames burn more intensely in pure oxygen 

than in air. Even larger reactivities are seen in liquid oxygen; for instance, 

trinitrotoluene (TNT) and liquid oxygen together produce an explosive.6 When 

handled with liquid 3O2, several relatively common compounds, such as auto 

gasoline or other hydrocarbons, transform into extremely potent explosives.27  

Throughout millions of years, photosynthesis has oxidized water, resulting in 

the oxygen that makes up the Earth's atmosphere. The continuous supply of 

oxygen is directly necessary for all higher living forms on earth. Adenosine 

triphosphate (ATP), the cellular "energy currency" that powers numerous 

processes in living cells, is produced during the aerobic respiration process as a 

result of the reduction of 3O2 to water, which is a crucial stage in the process. 

The transfer of oxygen into the cells of virtually all vertebrates occurs via the 

reversible binding to the iron-containing protein hemoglobin28 in red blood cells 

(Figure 9), which is a closely analogous interaction of oxygen with an iron 

atom.29 Additionally, oxygen plays a crucial role in a variety of enzyme- 

catalyzed biosynthetic pathways that change molecules for energy and heat 

release, digestion, detoxification, signaling pathways, and other processes. 3O2 

is used by oxidases, monooxygenases, and dioxygenases as an oxidant and a 

source for adding one or two oxygen atoms to proteins. Enzymatic 

hydroxylations and epoxidations are among the most common oxidative 

mechanisms.30,31 The function of 3O2 in the blinking of fireflies is a particularly 

unique application (Figure 9). The dioxetane intermediate, an unstable four-

membered ring, is formed when the enzyme luciferase catalyzes the interaction 

between molecular oxygen and luciferin. Oxyluciferin is produced when CO2 is 

eliminated in a thermally excited condition. The emission of a photon occurs 
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simultaneously with the transition into the ground state. The firefly therefore 

sparkles. Similar oxygen-dependent bioluminescence mechanisms are also 

present in bacteria, algae, jellyfish, and squids, among other organisms.32 

Another real-world example of redox reactions is the process of corrosion. 

Some of the oxygen molecules in water oxidize iron (or the metal) when they 

come into touch with metal, like an iron door. 

 

Figure 9. The figure illustrates multiple reaction routes involving oxygen. 

 

Furthermore, carbon, hydrogen, and oxygen make up the bulk of all biological 

things in nature. Any living thing that dies causes its organic components to 

begin interacting with oxygen.  

The involvement of diradical oxygen molecules is significant in autoxidation 

reactions,33 as well as combustion processes. These reactions can yield a range 

of compounds, often exhibiting non-selective branching or oxidation states.34 

The oxidation of organic substrates by ground-state molecular oxygen O2 (
3Σg-) 

a

cb

erythrocites hemoglobin Fe-heme complex
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occurs at an exceptionally slow rate when catalysts are absent.35 This suggests 

that the presence of a catalyst is necessary for rapid oxidation processes, 

including oxygen activation, in addition to modifying the oxygen's multiplicity 

of spin to facilitate the reaction. In order to bind and activate oxygen, a metal 

must have the appropriate spin, despite the fact that spin selection principles are 

typically regarded as a possible explanation for low catalyst reactivity.  

1.7 Transition Metal Catalyzed Oxygen Activation Pathways 

1.7.1 Oxygen Activation by a Metal: 

In consideration of these properties, different strategies are applied to activate 

oxygen in order to modify its spin state and control the resulting reactivity of 

activated oxygen species. Usually, spin selection restrictions can be avoided by 

activating paramagnetic ground state oxygen with another paramagnetic center, 

which is a transition metal M in the appropriate oxidation state n.36,37 When 

triplet oxygen encounters a reaction with a transition metal Mn, which donates 

one electron to oxygen in its triplet state, it forms the oxygen superoxide O2
•- (or 

O2
-).38 

Mn+•OO•→Mn+1−O2
•-                                                                         Equation 15                                                                                            

The initial metal center Mn must be paramagnetic, or possess unpaired electrons, 

for the metal to be in an appropriate oxidation state. This allows for reactions 

with O2 (3Σg-). The most often employed transition metals in catalysis are 

Mo3+,5+, Fe2+,3+, Co2+, 3+, Ni1+, 2+, 3+, Mn2+, 3+, 4+  and Cu2+.39 Once the superoxide 

radical (Mn+1 −O2
•-) is formed, a range of metal-oxygen species, including metal 

peroxo monomer (Mn+2 −O2
2-) and metal peroxide dimer species (Mn+1 −O2

2- 

−Mn+1), often referred to as η-peroxo and µ-peroxo complexes, can be generated 

(Scheme 1).40 These η-peroxo and µ-peroxo complexes form as reactive 

intermediates when metals like Mo or V catalyze the oxidation of alkanes in the 

presence of oxygen donors41,42, as well as the epoxidation of alkenes by W, Cr, 
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and Mo.43 The peroxo species can subsequently go forward into two oxo-metal 

(Mn+2=O) centers or a single dioxo-metal center (Mn+4=O2) (Scheme 1).44 

In the last stage of both methods, four electrons are donated to molecular 

oxygen by a process called a metal-centered oxygen transfer reaction (Scheme 

2). This happens regardless of whether the metal forms two oxo units or a single 

dioxo species as a result of the oxygen addition.45 A possible pathway for the 

following metals: Os, Ru, Ti, V, Cr, Ir, Mn, Ta, Nb, Mo, and W.46,47 Thus, a 

process of metal-induced electron transfers can activate ground-state triplet 

oxygen, resulting in the formation of oxide, superoxide, peroxide, species. 

 

Scheme 1. This scheme illustrates the reaction of a transition metal Mn, with 

oxygen, leading to the initial formation of a superoxo species (Mn+1 −O2
•-). This 

species can further proceed through η-superoxo and µ-peroxo complexes, 

ultimately resulting in either a single metal dioxo species (Mn+4=O2) or two 

metal oxo species (Mn+2=O). 

 

The formation of singlet oxygen by irradiation of the photocatalyst, followed by 

inter-system crossing, as well as the dissociation of molecular oxygen into 

atomic oxygen, are other ways that activation can take place without the transfer 

of electrons. 
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Scheme 2. This scheme outlines molecular oxygen reduction pathways based 

on the number of electrons involved. Through successive electron transfers, 

ground-state triplet oxygen can be activated to form superoxide, peroxide, and 

oxide species. Alternatively, singlet oxygen formation can occur via irradiation 

and inter-system crossing without requiring electron transfer. 

 

However, η-peroxo species don't always need to develop into oxo-metal 

species; they can alternatively be reactive species on their own. For example, in 

the Sharpless process for alkenes48 epoxidation, one of the initial molecular 

oxygen atoms finds itself in the oxidation product, while the other oxygen atom 

forms a single oxo-metal species (Scheme 3).49  

Among these metal-oxygen species, scientists and studies often focus the most 

on metal superoxo complexes (Mn+1 − O2
•-) and metal oxo species (Mn+2=O).50 

Recently, there has been a lot of interest in metal-superoxo species for fine 

chemical applications, as FeIII-superoxo or CuII-superoxo intermediates are 

believed to be crucial in oxygenation processes by non-heme iron enzymes. In 

mild conditions, these superoxo complexes may oxidize industrially important 

substrates like cyclohexene and cyclooctene to produce allylic oxidation 

products (Figure 10). 
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Scheme 3. In the Sharpless mechanism, alkenes undergo epoxidation. The 

molybdenum peroxo complex MoO(O2)L1L2, where L1 is 

hexamethylphosphoramide (HMPA) and L2 is water, facilitates this reaction. 

Through the addition of one oxygen atom to the substrate and simultaneous 

formation of an oxo-metal species, the η-peroxo reagent induces the epoxidation 

of the alkene. 

 

 

 

Figure 10. This figure depicts the production of superoxide (TMC)-FeII(O2
-) 

and oxygen activation by the (TMC)-FeII complex. The resulting metal 

hydroperoxide species, (TMC)-FeIII-OOH, plays a role in the conversion of 

cyclohexene to cyclohexenol. The term TMC refers to Tetramethyl-1,4,8,11-

tetraazacyclotetradecane. 
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1.7.2 Heterolytic Oxygen Activation Mechanisms:                                                                                                                                                                                                                                                                                                                                                                                                  

One notable characteristic of heterolytic oxygen activation is that it proceeds 

without the need of free radicals as intermediaries. A metal center with a high 

oxidation state, like Mn+2, oxidizes the organic substrate in a two-electron 

process. This makes the substrate oxidized and the metal center reduced to the 

oxidation state of Mn. Then, using an electron transfer mediator51, which may be 

another metal or, better yet, oxygen (as in the Mars and van Krevelen process), 

the reduced form of the metal is reoxidized to Mn+2. The Wacker oxidation 

process for oxidizing alkenes to aldehydes is one of the most known examples 

of this pathway that emphasizes the metal's oxidation/reduction cycle as well as 

the function of the electron transfer mediator.52 The active catalyst in the system 

is PdCl2. PdII reduces to Pd0 after oxidizing an alkene to an aldehyde. However, 

because molecular oxygen is notoriously bad at reoxidizing Pd0 to PdII, the 

reoxidation is accomplished via a CuII/CuI pair (Scheme 4a). 

The substrate-selective redox catalyst in this model is PdCl2, and the electron 

transfer mediator is CuCl2. Roger A. Sheldon et al. intentionally avoid the 

requirement for a co-catalyst in the above mentioned procedure. Instead of 

using PdCl2, they synthesized a bathophenanthroline ligand and incorporated it 

into a Pd metal to produce a modified Pd catalyst. Consequently, a water-

soluble palladium (II)-bathophenanthroline complex was formed. This complex 

reacts with alcohols, converting Pd(II) into Pd(0) and alcohols into aldehydes. 

In the above procedure, CuCl2 assists in the reoxidation of the Pd(0) complex 

back to its initial state, Pd (II) (Scheme 4a). Notably, the modified palladium(0) 

complex is capable of forming the modified palladium (II)-bathophenanthroline 

complex (Scheme 4b) solely using oxygen, without the need for an additional 

metal.53  
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Scheme 4. In the Wacker method, ethylene is transformed into acetaldehyde. 

The primary metal responsible for substrate oxidation is Pd0/PdII, with CuI/CuII 

serving as an electron transfer mediator, facilitating the reoxidation of Pd0 to 

PdII. 

 

Another class of enzymes known as monooxygenases is thought to exhibit the 

heterolytic process.54,55 When monooxygenases are active, oxygen is transferred 

from a metal center that is highly oxidized to the substrate. Common metal 

centers are Fe or Cu and a co-factor like flavin can be used to transport 

electrons (Scheme 5).56,57 

In this chemical process, a reduced flavin molecule undergoes electron loss, 

subsequently transferred to triplet oxygen, generating a radical pair. This 

resulting diradical species undergoes spin flipping, leading to the formation of 

flavin hydroperoxide (Scheme 5). 
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Scheme 5. Reaction of Reduced flavin (FADH2) with Oxygen. After interacting 

with oxygen, spin inversion causes the creation of a superoxide species, which 

is immediately followed by an unstable hydroperoxide intermediate 

(FADHOOH). FADHOOH carries out the oxygen transfer to an organic 

substrate as well as the production of flavin in oxidized form (FAD). NADPH is 

used in the catalytic cycle stoichiometrically and acts as a reductant for flavin 

regeneration. 

 

While the final intermediate is unstable in an aqueous solution, it undergoes 

heterolytic dissociation to yield H2O2 and oxidized flavin. To restore the 

cofactor to its original reduced state, a reducing agent such as NADPH 

(nicotinamide adenine dinucleotide phosphate) is typically employed in 

conjunction with flavin-based enzymes. Upon oxygen rebinding, the catalytic 

cycle can start again.58 A great example of this mechanism, important in 

industries, is seen in the Baeyer-Villiger oxidation. It converts cyclohexanone to 

ε-caprolactone using acinetobacter that carries flavin (See Figure 11). 

Although it may appear contradictory, a reducing agent is required to carry out 

the above oxidation reaction in the same way that the active metal center is in a 

reduced state at the start of the cycle rather than an oxidized one (as in the Mars 

and van Krevelen mechanism or the Wacker process). 
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Figure 11. The Baeyer-Villinger reaction transforms cyclohexanone into ε-

caprolactone using an acinetobacter with flavin. After flavin (FADH2) activates 

oxygen, cyclohexanone acquires one oxygen atom from the intermediate 

FADHOOH. The oxidized flavin (FAD) is subsequently reduced using a 

stoichiometric amount of NADP. 

 

It has not yet been able to recreate these systems on a wide scale because the 

reducing agent NADPH is used stoichiometrically. Transition metals as well as 

flavin also promote extremely elegant and very selective oxidation reactions 

using oxygen in nature. 
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Chapter 2 

Transition Metal-Free Molecular Oxygen 

Activation by Ionic Liquid for Selective 

Oxidation Reactions 

 

This chapter presents an efficient strategy for oxygen activation, leading to the 

synthesis of valuable oxidized compounds from readily available organic 

compounds. It demonstrates the optimization of oxygen activation conditions 

using Triton B ionic liquid and benzylamine as an oxidizing compound. The 

chapter explores the application of the O2 activation protocol in 

benzylamine/alcohols oxidation reactions employing simple quaternary amine-

based ionic liquids. Various oxidation products, including amide, aldehyde, 

imine, and aromatized products, are produced under these optimized conditions. 

Moreover, the chapter provides insights into the reaction mechanism through 1H 

NMR analysis and various control experiments, elucidating the conversion of 

molecular oxygen into a hydroperoxyl radical via a proton-coupled electron 

transfer process. The detection of hydrogen peroxide in the reaction medium 

using colorimetric analysis supports the proposed mechanism of oxygen 

activation. 

O2
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2.1 Introduction 

Oxidation is a fundamentally important chemical conversion in organic 

chemistry. In recent years, there has been a significant increase in interest in the 

synthesis of valuable oxidative products through the mild and selective 

oxidation of readily available and inexpensive hydrocarbons. This attention 

arises from the desire to transform these hydrocarbons into valuable oxygenated 

products, serving as versatile building blocks or fine chemicals in both 

laboratory and industrial chemical synthesis.59 To function properly, a selective 

oxidation approach requires a large number of basic variables to work together 

in a synergistic manner. These include oxidants, catalysts, raw materials, 

solvents, and the right reaction mechanisms and conditions.60 Because of its 

complexity, there is a lot of potential for development in terms of designing 

diverse oxidation methods from different angles in order to meet the 

requirements of a state-of-the-art reaction. In recent times, this domain has 

witnessed numerous innovative scientific breakthroughs, driven by an 

increasing awareness of environmental issues. The focus was on minimizing the 

use of toxic chemicals, reducing energy consumption, and curbing waste 

production.  

However, there is a clear need for improvement in oxidation methodologies to 

address environmental and economic concerns.61,62 Among the different 

oxidation methods, the utilization of di-oxygen has been recognized as a highly 

effective protocol, supported by natural processes.63,64 The replacement of 

conventional stoichiometric oxidants65 such as chromium(VI) oxide, 

permanganates, and selenium dioxide, by molecular oxygen,66–69 is considered 

one of the attractive protocols in terms of environment and economic aspects.  

The participation of molecular oxygen in reactions has positive impacts on a 

"green" process, improving sustainability, promoting environmental 

friendliness, and enhancing economic appeal.70 
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Molecular dioxygen is the sole abundantly paramagnetic molecule in our 

environment, which has a triplet ground state. In fact, this triplet O2 diradical 

makes up 20.94% of all the gases in earth's atmosphere and is very important 

for life.16 For this reason, oxygen could be considered a "stable" molecule in 

earth's atmosphere despite its diradical nature. The 100 kcal/mol resonance 

energy provides stabilization of triplet ·O=O· diradical, renders it kinetically 

inactive for hydrogen atom abstraction, and can be considered one of the 

reasons why O2 is so abundant in the earth's atmosphere.16 Despite the 

literature's recognition of molecular oxygen as a promising oxidant, the Wigner 

spin conservation rule71 limits its direct use due to its triplet spin, particularly in 

the selective oxidation of singlet oxidizing compounds, which necessitates 

activation steps.60 Over the past few decades, there has been significant progress 

in the development of superior catalysts for the activation of oxygen and the 

production of reactive oxygen species (Figure 12).72–75 

 

Figure 12. Transition metal-catalyzed oxygen activation leading to the 

generation of reactive oxygen species. 

 

As a result, oxygen reduction reactions (ORR) have been a focus of research for 

a long time. Reactive oxygen species (ROS) are promising green oxidants76,77 

and numerous efficient strategies for producing ROS have been reported. 
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Transition-metal salts,63,78 N-hydroxyphthalimide,79,80 enzymatic catalysts,81,82 

biomimetic catalysts,83,84  dye-related catalysts,85,86  halogen-based catalysts,87,88 

and so on are examples of homogeneous catalysts, whereas heterogeneous 

catalysts include graphitic carbon nitrides (g-C3N4),
89 hetero atoms doped 

graphenes,90 graphene sheet/polymeric carbon nitride nanocomposites 

(GSCNs),91 carbon nanotubes (CNTs),92 and mesoporous carbon nitrides.93 In 

many oxidation processes involving molecular oxygen, metal-free 

organocatalytic methods have attracted considerable interest in recent years.94 

Compared to metallic or organometallic catalysis, these oxidation techniques 

have demonstrated remarkable performance and other undeniable benefits in 

green chemistry from a long-term perspective.95 There are many ways that O2 

can be reduced, such as through electrochemical reactions, the breakdown of 

peroxide, chemical reactions, photochemical reactions, photocatalytic 

reactions, and one-electron reduction reactions involving singlet oxygen.96  

Most metal-based catalytic systems and photocatalytic procedure suffer from 

low availability, high noble metal prices, high purification costs, high product 

and waste disposal costs, and despite their high efficiency.97 Therefore, the 

development of low-cost metal-free catalysts with comparable or even superior 

efficacy is both desirable and difficult.98 

Following a thorough review of the relevant literature, the current studies focus 

on the activation of molecular oxygen and the conversion of O2 into reactive 

oxygen species (ROS). These reactive oxygen species (ROS) play a crucial role 

in various transformations, such as converting amines to amides, alcohols to 

aldehydes, and inducing the aromatization of saturated systems.94,99  

Amides are a very important group of chemicals in both chemistry and biology. 

They are used as building blocks for peptides and proteins, to boost the smell of 

things, as anti-blocking agents, ink pigments, detergents, and lubricants (Figure 

13).100,101  
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Figure 13. Some selected drug molecules containing prominent amide bond. 

 

The synthesis of amides primarily depends on the use of carboxylic acids as the 

main substrates. The direct condensation of carboxylic acids with amines is a 

very efficient method that is recommended due to its ability to produce water as 

the only by-product. However, this approach requires high temperatures without 

the use of catalysts, additives, or coupling reagents to overcome the energy 

barrier caused by simultaneous acid-base reactions, which often leads to the 

undesired formation of ammonium carboxylate salts. The use of coupling 

reagents facilitates the activation of carboxylic acids by converting the -OH 

group into a good leaving group prior to treatment with the amine to synthesis 

amide (Scheme 6).102–105 Despite some disadvantages of coupling reagents, such 

as their expensive nature and the formation of hazardous stoichiometric by-

products, couplings continue to be widely used in both academia and industry.  
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Scheme 6. Synthesis of amide molecules from carboxylic acid derivatives via 

various coupling reactions. 

 

Different suitable organic compounds are also considered as efficient carboxylic 

acid surrogates in amide formation, including nitrile, acid chlorides, anhydrides, 

and esters (Scheme 7). Alternatively, acid-catalyzed rearrangements of 

ketoximes have produced amides.106 Hydration of nitriles107,108 and the 
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Beckmann rearrangement have proven beneficial in the production of industrial 

chemicals on a large scale. However, these procedures require stoichiometric 

quantities of toxic or hazardous reagents and generate a substantial amount of 

waste compounds or by-products. In the past ten years, chemists have made 

significant efforts to develop environmentally benign processes. In this context, 

the development of new methodologies for amide bond formation represents a 

significant challenge for the chemical industry and academic research groups.  

 

 

Scheme 7. Synthesis of amide molecules from various starting materials. 

 

Therefore, it is highly desirable to develop novel and environmentally friendly 

methods for amide synthesis. Recent amide synthesis techniques have centered 

on the direct oxidation of primary/secondary/tertiary amines to the 

corresponding amides (Scheme 8).109–112 Most reported methods require 

expensive metal complexes or stoichiometric oxidants, including iodine, RuO4, 

tBuOOH, iodobenzene, and PhCO3
tBu (Scheme 8).100,113–116 In recent times, in 

contrast to transition-metal catalysts, metal-free approaches have been utilized 
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to synthesize secondary or tertiary benzamide products utilizing the concept of 

singlet oxygen generation induced by photocatalysts (Scheme 8).117 Recently, 

the synthesis of primary benzamide has been achieved using organic ionic 

liquids, with nitrile and primary benzylamine as the key components.118,119  

Unlike transition-metal catalysts, metal-free methods that use oxygen to change 

amines to amides are environmentally friendly and long-lasting. This is because 

oxygen from air is a great source for oxidative transformations, is found in large 

amounts in nature, and produces water or hydrogen peroxide as a by-product.  

Nevertheless, conventional methods often yield significant amounts of toxic 

chemicals as by-products. Therefore, there is a pressing need to develop 

efficient procedures for amide synthesis that minimize the wasteful use of 

stoichiometric reagents and acidic or basic media, posing a challenging task in 

modern organic synthesis.120–122 In general, oxygenating the methylene groups 

of amines to the corresponding amides is extremely difficult.123  

In the present study, ionic liquids (ILS) were used to activate molecular oxygen. 

Ionic liquids are very important in environmental and green chemistry. They are 

known for not evaporating, being thermally stable, not exploding, having a high 

polarity, mixing with water at different temperatures, being tensile in almost 

any way, and being very easy to dissolve.124–126 As a result, ILs have attracted a 

lot of interest and are acknowledged as sustainable alternatives to catalysts and 

volatile organic solvents.127 The ability of ILs to replace traditional industrial 

solvents, which are frequently volatile organic compounds (VOCs), is a major 

factor in their development. Using relatively non-volatile ionic liquids instead 

of traditional volatile solvents could potentially mitigate atmospheric pollution 

resulting from VOC emissions.127 Hence, the development of novel ionic liquids 

(ILs)-mediated aerobic cascade catalysis reactions involving the activation of 

molecular oxygen under mild conditions is exceptionally attractive. 
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Scheme 8. Synthesis of amide derivatives from corresponding amine molecules. 

 

Oxygen activation by ionic liquids and its application to the synthesis of 

benzylamine oxidation -NH2 functionalized benzylic position was used as a 
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hydrogen atom donor (C-H bond dissociation energy is approximately 90 

kcal/mol) in order to activate oxygen by ionic liquids.128,129 This research will 

open up new avenues for general oxidation chemistry using natural oxygen and 

synthetic organic chemistry to convert low-cost hydrocarbons into oxidative 

value-added products.130–132 This investigation will also aid in the future 

development of a metal-free selective oxidation route for expensive, valuable 

organic compounds. 

 

Scheme 9. Diffrent types of ionic liquids. 

 

In the literature, various types of ionic liquids are documented, such as 

imidazolium-based, pyridinium-based, ammonium-based, and phosphonium-

based ionic liquids (Scheme 9). Among these, quaternary alkyl ammonium-

based ionic liquids stand out as a versatile class increasingly utilized across 

diverse fields due to their unique properties.124 These compounds, characterized 

by organic cations with four alkyl groups attached to a central nitrogen atom, 

offer tunable physicochemical properties, enabling customization of viscosity, 

polarity, and solubility for specific applications like catalysis, separation 

processes, and electrochemistry. Despite their potential properties, quaternary 

alkylammonium-based ionic liquids have not been explored for oxygen 

activation. These ILs offer a cost-effective solution as they serve multiple 

purposes, acting as oxygen activators, solvents, and bases simultaneously. By 

eliminating the need for transition metal catalysts, external bases, and extra 

solvents, they not only reduce chemical exposure but also enhance the eco-

friendliness of the process.94,99,133,134  
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2.2 Results and Discussion 

2.2.1 Stability Measurement of Triton B using 1H NMR Studies: 

Before going for optimization studies of oxygen activation using quaternary 

alkylammonium-based ionic liquids, there was a specific focus on assessing the 

stability of ionic liquids. This indicates a preliminary step in the experimental 

optimization process to ensure the thermal stability of the ionic liquid before 

further optimization efforts were undertaken. The thermal stability measurement 

could involve evaluating the ionic liquid's resistance to degradation over heating 

conditions, changes in physical properties, or potential side reactions. This 

careful assessment was crucial to establishing a robust foundation for 

subsequent optimization studies in an experimental context. 

The structurally crucial quaternary alkylammonium-based ionic liquid, Triton B 

(40% w/w in methanol), was selected for thermal stability assessment using 1H 

NMR. The assessment considered both temperature and time variables. To a 

solution of Triton B was heated in a properly sealed 5-ml round-bottom flask 

under four different conditions. After following experimental periods, 

mesitylene served as the 1H NMR reference compound, mixed with Triton B in 

MeOD solvent at a 1:1 ratio for analysis. The quaternary methyl groups within 

Triton B were identified as its most sensitive part of Triton B molecule. Their 

1H NMR peak ratio was compared to that of standard mesitylene. Analysis 

under Condition 1 (70°C, 4 hours) revealed a degradation of only 4.7% of 

Triton B over the specified time (Figure 14A). Similarly, under Condition 2 

(70°C, 12 hours), Triton B degradation was observed to be only 7.4% over the 

12-hour duration (Figure 14B). Notably, heating Triton B at 90°C for 4 hours 

resulted in approximately 19.53% degradation within the same timeframe 

(Figure 14C). Based on stability studies of Triton B using 1H NMR 

experiments, it is concluded that Condition 1 (70°C for 4 hours) optimizes both 

the stability and reactivity of Triton B. 
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Figure 14. (A) represents 1H NMR of Triton B at 70°C for 4 hours. (B) 

represents 1H NMR of Triton B at 70°C for 12 hours. (C) represents 1H NMR of 

Trion B at 90°C for 4 hours. (D) represents 1H NMR of Triton B at 120°C for 4 

hours. 
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Scheme 10. General scheme for benzylamine oxidation using ionic liquid.  

 

2.2.2 Reaction Optimization: 

In the present study, different types of quaternary alkylammonium-based ionic 

liquids were used for oxygen activation, followed by the oxidation of 

benzylamine to obtain the oxidizing product (benzamide) (Scheme 10). The 

activation of molecular oxygen and the subsequent oxidation of benzylamine 

were successfully achieved using these ionic liquids (Table 3). In order to get 

the best reaction conditions, optimization experiments were carried out by 

routine screening of various quaternary alkylammonium-based ionic liquids, 

adjusting temperature, and adding additives and solvents (Table 3). In a 5 ml 

round bottom flask (RB) with an oxygen balloon at 70°C for 12 hours, 

benzylamine (1a) was involved in oxidative amidation with Triton B in 

methanol (0.1 eq and 0.25 eq, respectively, entries 1 and 3), yielded 49% and 

60% of the oxidative product (2a), respectively. Moreover, the reaction time 

was monitored using TLC. It was observed that when the reaction was carried 

out at 70°C for 4 hours, a better yield was obtained compared to the 12-hour 

reaction time (entry 2 and entry 4). This observation was further corroborated 

by performing above 1H NMR experiments.  
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Table 3. Optimization of oxygen activation followed by oxidative product 

yielda 

Sl No IL Equiv Solvent T°C O2/ Air Time Isolated 

Yield (2a) 

1 Triton B (40% w/w 

methanol) 

0.10 Neat 70°C O2 12hr 49% 

2 Triton B (40% w/w 

methanol) 

0.10 Neat 70°C O2 4hr 55% 

3 Triton B (40% w/w 

methanol) 

0.25 Neat 70°C O2 12hr 60% 

4 Triton B (40% w/w 

methanol) 

0.25 Neat 70°C O2 4hr 68% 

5 Triton B (40% w/w 

methanol) 

0.50 Neat 70°C O2 4hr 76% 

6 Triton B (40% w/w 

methanol) 

0.75 Neat 70°C O2 4hr 81% 

7 Triton B (40% w/w 

methanol) 

1 Neat 70°C O2 4hr 90% 

8 Triton B (40% w/w 

methanol) 

1 Neat 70°C Air 4hr 48% 

9 TMAH (25% w/w 

methanol) 

1 Neat 70°C O2 4hr 82% 

10 Triton B (40% w/w 

methanol) 

1 Neat 90°C O2 4hr 75% 

11 Triton B (40% w/w 

methanol) 

1 Neat 120°C O2 4hr 51% 

12 Triton B (40% w/w 

water) 

1 Neat 70°C O2 4hr 59% 

13 Triton B (40% w/w 

methanol) 

1 0.25 ml 

MeOH 

70°C O2 4hr 72% 

14 Triton B (40% w/w 

methanol) 

1 0.5 ml MeOH 70°C O2 4hr 51% 

15 Triton B (40% w/w 

methanol) 

1 1 ml MeOH 70°C O2 4hr 26% 

16 Triton B (40% w/w 

methanol) 

1 2 ml MeOH 70°C O2 4hr 0% 

17 TBAOH (10% w/w 

methanol) 

1 Neat 70°C O2 4hr 0% 

 
aReaction conditions. Ionic liquid (1 eq with respect to the cation) and 

benzylamine (1 eq) were heated at the appropriate temperature under an 

oxygen/open atmosphere. Triton B (40%), trimethylbenzylammonium 

hydroxide; TMAH, tetramethylammonium hydroxide; TBAOH, 

tetrabutylammonium hydroxide.  
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It revealed that Triton B degraded more over the course of 12 hours at 70°C 

than 4 hours, indicating that temperature and time parameter for the present 

reaction is best for Triton B stability and reactivity (Figure 14). An increase in 

Triton B equivalence resulted in a corresponding improvement in product 

yields. As a result, the amount of Triton B increased from 0.50 to 1 eq (entry 5-

7) in order to achieve an optimized yield of 90% (entry 7 Table 3) of the 

intended product. Moreover, when the same reaction was carried out in open 

air, 2a was obtained in only 48% yield (entry 8 Table 3). The low yield of 

product suggested that positive oxygen pressure was necessary to produce a 

good yield of oxidizing product. When benzylamine (1a ) was performed with 

another quaternary alkylammonium-based ionic liquid, TMAH (25 percent w/w 

methanol) under optimized conditions, an 82% oxidizing product (entry 9 

Table 3) was obtained. A thorough examination of the experimental entries in 

Table 3 revealed several interesting insights worth mentioning here. Using 1 eq 

Triton B in water produced compound 2a with a 59% yield at 70°C for 4 hours 

(entry 12). The yield of the oxidizing product was gradually decreased (entries 

from 13 to 16) with the addition of an external MeOH solvent (from 6 eq to 49 

eq) to the reaction mixture under the optimized conditions. No reaction ensued 

(0% yield) when a substantial amount of MeOH (49 eq) was mixed with the 

reaction mixture. Similarly, when tetrabutylammonium hydroxide (10% w/w 

methanol) was employed under the same conditions, no desired product was 

obtained as expected (entry 17 Table 3). 

 

2.2.3 Substrate Scope: 

Under the optimized conditions, the broad substrate scope and viability of this 

one-pot technique were assessed by employing various benzylamine derivatives 

and benzyl ammonium chloride (HCl salt of benzylamine). Gratifyingly, this 

process yielded the corresponding oxidized amides in moderate to good yields 

(Figure 15). Successfully implementing this method on a set of nineteen (19) 
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different derivatives (1a–s) of benzylamine is shown in Figure 15.  

Interestingly, para-substituted derivatives of benzylamines, encompassing both 

electron-donating and electron-withdrawing groups, produced better yields. 

Heterocycles containing primary amines such as pyridin-2-ylmethanamine (1b), 

furan-2-ylmethanamine (1c), and piperolylamine (1e) were also subjected to the 

standard condition, resulting in the formation of the corresponding heteroamides 

(2b, 2c, and 2e) with moderate-to-good yields. 

2.2.4 Scope of Secondary Benzylamine Oxidation: 

To examine the impact of the one-pot oxidation methodology on secondary 

benzylamine substrates, the substrate scope was expanded from primary 

benzylamine to include secondary benzylamine. In addition, N-Bocbenzylamine 

(3a) was subjected to the optimized reaction condition. Only benzamide (2a) 

under an oxygen environment and benzylamine (1a) under a nitrogen 

environment were obtained as major products. To the best of the knowledge, 

only a few studies have been published on the Boc-deprotection of amines using 

an ionic liquid under benign conditions.135,136 Dibenzylamine (3b) and N-

benzylbenzamide (3c) were also treated under optimized conditions, but no 

desirable product was observed. This unexpected result may be attributed to 

steric hindrance around the nitrogen atom. The optimized conditions were 

applied to the less hindered cyclic secondary benzylamines 3d and 3e to 

determine whether the steric effect was a major factor (Figure 16) in the case of 

3b and 3c secondary benzylamines. As expected, dehydrogenated amines (β-

carboline and isoquinoline) were produced in good to moderate yields. 

Oxidative dehydrogenation reactions of saturated heterocycles are widely 

employed for the synthesis of heteroarenes. These heteroarenes, in turn, are 

commonly utilized in the development of drug candidates, natural goods, and 

manufactured materials.137,138 These reactions were frequently mediated by 

either a stoichiometric oxidant, such as DDQ,139 IBX,140 sulfur,141 or SeO2
142, or 
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a catalytic amount of a transition metal (e.g., Cu, Rh, Au, or Pt) in the presence 

of oxygen.143,144 

 

 

Figure 15. Scope of the Benzylamine oxidation using optimized conditions.  

All reactions used 1 mmol of benzylamine derivatives, 1 mmol of Triton B (40 

w/w in methanol, 454 µl), 70°C, and an O2 atmosphere; isolated yields. 
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Figure 16. Scope of Secondary Benzylamine. All reactions were carried out 

with N-benzylamine derivatives (1 mmol), Triton B (1 mmol, 40% w/w in 

methanol, 454µl), 70°C, O2 balloon, and isolated yields. 

 

Recently, the elegant synthesis of these heteroarenes was accomplished using 

metal-catalyzed (iridium, ruthenium, nickel, iron, and cobalt) dehydrogenation 

reactions of N-heterocycles.144–147 Even, these synthetic protocols are very 

atom-efficient but costly and hazardous for the environment. As a result, a 

straightforward catalytic system with a high yield that can be employed under 

ambient conditions was always needed. After a thorough study of the literature, 

it appeared that Triton B-mediated ionic liquid dehydrogenation techniques 

would become a viable green option. 
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2.2.5 Benzyl Alcohol Oxidation: 

Motivated by the above findings of the aerobic oxidation of benzylamine using 

Triton B, further investigation into the oxidation of benzyl alcohol under the 

same conditions was considered.94 Under optimized conditions (Table 3), 

several benzyl alcohol derivatives were exposed, and the corresponding 

benzaldehyde derivatives (Figure 17) were produced as main products with 

lower yields than the corresponding benzamide (Figure 15). But the yields of 

benzyl alcohols with electron-donating groups (-Me, -OMe, -Br, etc.) were 

higher than those with electron-withdrawing groups (-CF3, 3,5-dinitro). Triton 

B-mediated control oxidation of benzyl alcohol to benzaldehyde derivatives was 

particularly challenging due to the presence of hydroxide ions. Triton B has a 

hydroxide ion that made it difficult to control the oxidation process of benzyl 

alcohol to benzaldehyde derivatives. The presence of hydroxide anion in Triton 

B may have contributed to the low yield of benzaldehyde derivatives, which 

were subsequently oxidized to benzoic acid. To prevent the formation of acid, 

another hydroxide-free quaternary alkylammonium ionic liquid (TBAB) was 

used. TBAB was utilized to generate various benzaldehyde derivatives (5a-5j) 

under identical optimized conditions, resulting in a higher yield compared to 

Triton B (Figure 17). Hence, it is rational to consider TBAB as a potential 

alternative reagent for the oxidation of benzyl alcohol, owing to its ability to 

activate molecular oxygen and C-H bonds in an environmentally sustainable 

manner.99,148,149 
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Figure 17. Scope of the Benzyl Alcohol reaction using Triton B and TBAB.  

All reactions were conducted with 1 mmol benzyl alcohol derivatives using 1 

mmol Triton B (1 mmol, 40% w/w in methanol, 454µl) and TBAB (1 mmol 

322.36mg) under O2 atmosphere; TBAB, tetrabutylammonium bromide. 
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Figure 18. Control Experiment. All control experiments were carried out to 

know the most possible intermediate of benzylamine oxidation as well as the 

role of a quaternary ammonium salt. All reagents used 1:1 stoichiometric ratio 

otherwise mentioned. The standard condition corresponds to 4 hours, 70°C 

under an oxygen atmosphere.  

 

2.2.6 Control Experiments for Mechanistic Studies: 

To investigate the most likely reaction mechanism and the most possible 

reactive intermediates of oxidative products (Figure 18), several control 

experiments were carried out. The presence of any transition metal ion 

contamination in the reagents was examined by ICP-AES (Table 4). The results 

from the ICP-AES experiment confirmed that no significant amount of 

transition metal ion contamination was present in Triton B, TBAB, and 

benzylamine. However, a significant amount of Na+ and K+ ions were detected 

in the Triton B reagents. The control experiment was conducted to investigate 

whether the presence of Na+ and K+ ions in Triton B as impurities played a role 

in oxygen activation. In the Control 1 experiment, the alkali metal salts 
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saturated NaOH (condition A) or saturated KOH (condition B) in dry methanol 

were treated with benzylamine at optimized condition. As a result, no intended 

product was obtained. Next, to explore the formation of oxidative products via 

benzylimine intermediate, benzylamine was treated with 1 equivalent of 

hydrated TBAB, leading to the exclusive formation of benzaldehyde (6a) as the 

sole product (control 2 in Figure 18).150 Surprisingly, when benzylamine was 

treated with 1 eq of anhydrous TBAB at the above mentioned conditions, (E)-

N-benzyl-1-phenylmethanimine (7a) was produced as a sole product with 

hydrogen peroxide (control 3).151–153 Here, in the presence of TBAB, 

benzylamine initially generated a benzylimine intermediate, which was 

subsequently converted into benzaldehyde in the presence of water (control 2). 

In the absence of water, a second molecule of benzylamine reacted with 

benzylimine intermediate to produce (E)-N-benzyl-1-phenylmethanimine 

(control 3 in Figure 18). To investigate the potential radical pathway, Tempo 

(2,2,6,6-tetramethylpiperidine-1-oxyl) was employed at 1.2 equivalents, 

resulting in a significant reduction in the yield of benzamide, as expected 

(control 4). When, the counter anion of the ionic liquid was altered from −OH 

(Triton B) to Br− (TBAB), benzamide product did not observe. Instead, a 

different oxidized product was obtained, as observed in controls 2 and 3. This 

indicates that the hydroxide anion in Triton B played a crucial role in the 

conversion of benzylamine to benzamide. For additional validation, when 

benzylamine was treated with Triton B in the presence of phenylboronic acid 

(1.1 equiv) at standard conditions, only (E)-N-benzyl-1-phenylmethanimine 

(7a) and benzaldehyde (6a) were formed as the main products (control 5 in 

Figure 18). This indicates that phenylboronic acid reacted with OH− ions 

present in Triton B and directed the formation of (E)-N-benzyl-1-

phenylmethanimine (7a) and benzaldehyde (6a) instead of benzamide 

formation. The absence of any desired product (2a, 6a, 7a) under nitrogen



 

54 

Table 4. ICP-AES analysis of reactants (Benzylamine, Triton B, TBAB). Values are given in ppm. 
 

Sample Na K Mg Ca Sr Ba Ti Zr Cr Mn Fe Co Ni Pb Cu Zn Cd Al Pd 

Sigma Triton  B 

(1) 

30.82 > 2806 0.80 0.94 < dl < dl 0.026 < dl 0.56 < dl 0.17 0.73 0.05 < dl < dl 0.64 0.28 < dl < dl 

Sigma Triton B 

(2) 

16.86 >1893 0.69 0.53 < dl < dl 0.026 < dl 0.16 < dl 0.10 0.94 < dl < dl < dl 0.48 0.06 < dl < dl 

Sigma TBAB 

(1) 

< dl 4.12 < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl 

Sigma TBAB 

(2) 

< dl 2.53 < dl < dl < dl < dl < dl < dl < dl < dl < dl 

 

< dl < dl < dl < dl < dl < dl < dl < dl 

Benzylamine (1) 

Sigma 

< dl 0.95 < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl <dl < dl 

Benzylamine (2) 

Sigma 

< dl 0.80 < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl < dl 

TCI Triton B (1) > 6390 10.25 0.63 0.95 < dl < dl < dl < dl 0.55 < dl 0.40 < dl < dl < dl < dl < dl < dl < dl < dl 

TCI Triton B (2) > 6176 7.00 0.85 0.82 < dl < dl < dl < dl 0.80 < dl 0.29 < dl < dl < dl < dl < dl < dl < dl < dl 
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environment (control 6 in Figure 18) established the major role of oxygen in 

this reaction. The importance of the quaternary alkylammonium cation was 

evident in the above reactions, played a crucial role. The activation of oxygen in 

the reaction was further confirmed by calorimetric detection of H2O2 resulting 

from the reaction of benzylamine with hydroxide-free ionic liquid TBAB 

(control 7). However, the absence of H2O2 from the reaction mixture of 

benzylamine with Triton B suggests that hydroxide ions reacted in situ to 

generate H2O2, leading to the formation of benzamide product rather than (E)-

N-benzyl-1-phenylmethanimine (7a) (control 8 in Figure 18). In order to 

understand the involvement of the quaternary alkylammonium cation in the 

reaction mixture, a control experiment (control 9) was carried out at 70°C in the 

presence of oxygen, excluding any quaternary alkylammonium-based ionic 

liquid. However, no oxidized compounds were obtained under this condition. 

As a control, Triton B was treated with benzylamine at room temperature 

without heating it to 70°C to see what effect temperature had. It signified that 

thermal energy was necessary to carry forward a reaction to form oxidative 

products as quickly as possible (control 10 in Figure 18).  

2.2.7 Oxygen Activation and H2O2 By-product in the Reaction 

Mixture: 

When oxygen participates in a reaction, hydrogen peroxide emerges as the 

primary oxidized by-product. The detection of hydrogen peroxide within the 

reaction medium serves as a crucial indicator for confirming the activation of 

oxygen. This detection not only verifies the involvement of oxygen in the 

chemical process but also underscores its role as an oxidizing agent. 

Consequently, the identification of hydrogen peroxide within the reaction 

system was an essential step in understanding the mechanisms and outcomes of 

oxygen-mediated reactions. When benzylamine was treated with 1 eq of 

anhydrous TBAB at the above-mentioned conditions, (E)-N-benzyl-1-
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phenylmethanimine (7a) was produced as a sole product with hydrogen 

peroxide (control 3 in Figure 18).151–153  

The detection of hydrogen peroxide in the reaction mixture was confirmed 

using the KI test as well as H2O2 detection strips (Figures 19 and 20).154 

However, when benzylamine in the presence of Triton B reacted with oxygen to 

produce the benzamide product under standard conditions, hydrogen peroxide 

was not detected in the corresponding reaction mixture (control 8 in Figure 

18). This observation may suggest that hydrogen peroxide played a crucial role 

in producing the benzamide product from the benzylimine intermediate. The 

presence of OH- ions in Triton B reacted with H2O2 to form the hydrogen 

peroxide anion, which then further reacted as a strong nucleophile with the 

benzylimine intermediate to produce benzamide. 

 
Figure 19. Detection of hydrogen peroxide using KI reaction. 

 

2.2.8 Detection of H2O2 in Reaction Mixture using KI 

2.2.8.1 Detection of H2O2 in Reaction Mixture (Benzylamine + O2 + TBAB) 

using KI: 

To a solution of Benzylamine (2 mmol), TBAB (2 mmol) were added in a 5 mL 

RB. The reaction mixture was stirred at 100°C for 14 hours under oxygen 

atmosphere. After completion of the reaction, 1 mL of water was added to the 

reaction mixture, followed by 1 mL of ethyl acetate. The total volume of the 



 57 

resulting mixture was 2.7 mL, with a pH of 8.5. The organic yellow product 

(upper layer) was isolated through a workup procedure using ethyl acetate (1 

mL, three times). Following the workup process, the pH of the aqueous phase 

was adjusted to 2-3 using 6N HCl, resulting in a total volume of approximately 

2 mL for the aqueous phase. Subsequently, the aqueous phase was treated with 

KI (2% w/v) at a volume of 20 µl, which changed the light yellow reaction 

mixture to transition to an intense yellow color, indicating the liberation of 

iodine (Figure 19). 

2.2.8.2 Control Experiment for H2O2 Detection: 

To a solution of Benzylamine (2 mmol), were added TBAB (2 mmol) in a 5 mL 

RB and reaction mixture was stirred at 100°C for 14 hours under nitrogen 

atmosphere.  Two distinct layers formed as a result of adding 2 mL of water and 

2 mL of ethyl acetate to the mixture after the reaction time. The organic phase 

(upper layer) was separated from the aqueous phase using ethyl acetate workup 

procedure (1 mL, three times). The addition of 6N HCl subsequently changed 

the pH to 2-3. After pH adjustment, the total volume of the aqueous phase was 

approximately 2 mL. Treatment of the aqueous phase with 20 µl of KI (2% 

w/v), followed by an additional 20 µl, did not result in any observable color 

change (Figure 19). 

2.2.9 Detection of H2O2 in Reaction Mixture using H2O2 Detection 

Strips 

2.2.9.1 Detection of H2O2 in Reaction Mixture (Benzylamine + O2 + TBAB) 

using H2O2 Detection Strips: 

To a solution of Benzylamine (2 mmol), TBAB (2 mmol) were added in a 5 mL 

RB. The reaction mixture was stirred at 100°C for 14 hours under oxygen 

atmosphere. It was then cooled to room temperature, diluted with 1 mL of water 

and 1 mL of ethyl acetate. The pH of the reaction mixture was 8.5, and its total 
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volume was 2.7 mL. In order to eliminate the organic yellow product (upper 

portion), a workup procedure was executed using ethyl acetate (1 mL three 

times). 6N HCl (80–100µl) was added to change the pH of the aqueous solution 

to 6.5. 2 mL was the entire volume of the aqueous part. After that, the strip was 

dissolved in a colorless aqueous solution for thirty seconds. The turning yellow 

of the colorless lower part of the detection strip signifies the existence of 

hydrogen peroxide (Figure 20). 

 

Figure 20: Hydrogen peroxide detection using H2O2 detection strips 

 

2.2.9.2 Detection of H2O2 in Control Experiment (Benzylamine + N2 + 

TBAB) using H2O2 Detection Strips: 

To a solution of Benzylamine (2 mmol), were added TBAB (2 mmol) in a 5 mL 

RB and reaction mixture was stirred at 100°C for 14 hours under nitrogen 

atmosphere. It was then cooled to room temperature, diluted with 2 mL of water 

followed by the addition of 2 mL of ethyl acetate. The organic part was 
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separated. The remaining organic parts from the aqueous phase were eliminated 

using a workup procedure with the addition of ethyl acetate (1 mL, three times). 

The pH of the aqueous solution was adjusted to 6.5 by adding 6N HCl (80–

100µl). The combined volume of the liquid part was 2 mL. The strip was placed 

in a transparent aqueous solution for duration of 30 seconds. No alteration in 

color was seen on the lowest part of the strip (Figure 20). 

2.2.9.3 Detection of H2O2 in Reaction Mixture (Benzylamine + O2 + Triton 

B) using H2O2 Detection Strips: 

To a solution of Benzylamine (2 mmol), were added Triton B (2 mmol) in a 5 

mL RB. The reaction mixture was stirred at 70°C for 4 hours under oxygen 

atmosphere. It was then cooled to room temperature, diluted with 1 mL of water 

and 1 mL of ethyl acetate, resulting in the formation of two distinct layers. The 

organic light yellow product (upper layer) was separated through a workup 

procedure using ethyl acetate (1 mL, three times). Subsequently, the pH of the 

aqueous solution was adjusted to 6.5 using 6N HCl. Dissolving the strip in a 

colorless aqueous solution for 30 seconds did not result in a color change in the 

previously colorless lower part of the detection kit, indicating the absence of 

hydrogen peroxide (Figure 20). 

2.2.10 Time-dependent Proton Nuclear Magnetic Resonance (1H 

NMR) Study for Understanding Oxidation Reaction Mechanisms: 

Time-dependent proton nuclear magnetic resonance (1H NMR) studies are 

crucial for understanding organic reaction mechanisms. By monitoring chemical 

shifts and peak intensities over time, 1H NMR spectroscopy provides insights 

into dynamic transformations, intermediate formation, reaction pathways, and 

reaction progress rate. It also enables the detection of transient species and 

intermediates, advancing our understanding of chemical processes and the 

intricate details of organic reactions, such as the role of reagents via covalent or 

non-covalent interaction. It was crucial to determine whether Triton B or 
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TBAB, when reacted with benzylamine under standard conditions, played a 

covalent or non-covalent role. To understand the covalent or non-covalent roles 

of Triton B and TBAB with benzylamine or oxygen, a time-dependent 1H NMR 

experiment was conducted. Five sets of reactions were performed to collect 1H 

NMR data from t = 0 hr to t = 4 hr at 1 hr intervals using Triton B (1 eq) and 

benzylamine (1 eq) under standard reaction conditions. 

Based on the 1H NMR data, the proton attached to the benzyl group in 

benzylamine gradually vanished over a period of 4 hours. As a result, a new set 

of protons appeared in the aromatic region, indicating that Triton B was present 

throughout the production of benzamide compounds (as shown in Figure 21a). 

Following the process, Triton B's characteristic peaks remained unchanged, 

indicating that it interacts with benzylamine and oxygen through non-covalent 

rather than covalent interactions. 

The presence of methanol in Triton B led to the absence of detectable amine 

protons in benzylamine, as evidenced by the 1H NMR analysis. To ascertain 

which proton, either the benzylic or the amine proton, disappeared first, a 1H 

NMR experiment was conducted using TBAB with benzylamine in CDCl3. Six 

sets of reactions were performed to collect 1H NMR data from t = 0 hr to t = 10  

hr at 2 hr intervals using TBAB (1 eq) and benzylamine (1 eq) under standard 

reaction conditions. The 1H NMR data (Figure 21b) clearly showed that the 

benzylic and amine protons were gradually disappearing and giving rise to new 

aromatic and benzylic proton configurations of the (E)-N-benzyl-1-

phenylmethanimine (7a). The benzylic proton (δ=3.76ppm, 0.73H at 8h) 

consistently exhibited lower integration value relative to the amine protons 

(δ=1.87ppm, 1.57H at 8h) during the entire reaction period. This indicates that 

the benzylic protons exhibit a greater tendency to migrate towards oxygen 

before the amine protons. A probable reaction mechanism for the oxidative 

coupling of benzylamine and benzyl alcohol with quaternary alkyl ammonium-
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based ionic liquid was hypothesized based on the aforementioned studies and is 

depicted in Figure 22. 
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Figure 21. Time dependent 1H NMR. (a) Time dependent 1H NMR was 

recorded with one hour interval to four hours from the reaction mixture of 

benzylamine (1 eq) with Triton B (40% w/w methanol) (1 eq). The reaction was 

carried out at 70°C under oxygen. All 1H NMR data was taken in DMSO(d6) 

solvent. 1H NMR of Triton B was recorded in MeOD solvent. (b) to understand 

the involvement of –NH2 proton in reaction mechanism, time dependent 1H 

NMR was recorded with two hour intervals upto ten hours from reaction 

mixture of benzylamine (1 eq) with TBAB (1 eq). The reaction was carried out 

at 100°C under oxygen. All 1H NMR data was taken in CDCl3 solvent.  

 

2.2.11 Plausible Reaction Mechanism: 

In the presence of a quaternary alkylammonium-based ionic liquid, benzylamine 

and oxygen form a stable complex. Compared to benzylamine, the quaternary 

alkylammonium-based ionic liquid exhibits a more favorable interaction with 

oxygen, and this interaction promotes oxygen activation. This favorable 

interaction facilitates the transfer of a hydrogen atom from the benzylic position 

of benzylamine (1ab, Figure 22a) to activated oxygen, resulting in the 

formation of a hydroperoxyl radical (1ac, Figure 22a). Due to its high 

reactivity, the hydroperoxyl radical (HO2∙) can remove a hydrogen atom from 

the -NH2 group of 1ac (Figure 22a). 

This process leads to the formation of intermediate 1ad (Figure 22a) and 

hydrogen peroxide through intramolecular radical coupling (Figure 22a). In the 

presence of methanol and hydroxide ions, in situ generated hydrogen peroxide 

is converted into an activated nucleophile. The hydroperoxide anion reacts with 

the benzylimine intermediate of complex 1ad (Figure 22a) to produce complex 

1ae (Figure 22a) through nucleophilic addition. This is followed by an 

intramolecular proton transfer from the benzylic position to nitrogen, resulting 

in the regeneration of the hydroxide anion and the formation of the product 

benzamide (2a, Figure 22a) in the reaction medium (Figure 22a). 

However, in the case of benzyl alcohol, the reaction mechanism follows almost 

identical paths to the reaction mechanism of benzylamine. It forms the benzyl 
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alcohol radical (5ac, Figure 22b), which is further oxidized in the presence of 

the hydroperoxyl radical to produce benzaldehyde (6a, Figure 22b) and 

hydrogen peroxide (Figure 22b). 

 

 

Figure 22. Mechanism of Benzylic amine & alcohol Oxidation. (a) catalytic 

pathway of benzylamine oxidation to benzamide using quaternary ammonium 

salt. A brown arrow indicates the formation of 7a in presence of anhydrous 

TBAB. (b) catalytic pathway of benzyl alcohol oxidation to benzaldehyde 

formation using quaternary ammonium ions.  

 

2.3 Conclusion 

In this chapter, the optimize reaction conditions that were employed for the 

oxidation of benzylamine in order to get a high yield of the desired product. 

Upon further examination of the experimental data presented in the optimization 

table, numerous significant findings have emerged. Notably, it has been 

observed that the product yield exhibits variation in response to the solvent 

percentage present in the ionic liquid. In this section, quaternary 

alkylammonium-based ionic liquid systems have been effectively employed 

with O2 as an oxidizing agent, enabling the oxidation of primary benzylamine 

and secondary cyclic benzylamine. The oxidation process of benzyl alcohol to 
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yield benzaldehyde has been effectively managed by employing a modified 

ionic liquid system TBAB. By subjecting benzylamine to the reaction 

conditions including both hydrated TBAB and anhydrous TBAB, a variety of 

distinct compounds have been obtained from benzylamine. Many control 

reactions have been examined in order to elucidate the potential reaction 

mechanism of this oxidation process. The preceding section has discussed the 

absence of transition metal ions in ionic liquids, as confirmed through an 

inductively coupled plasma (ICP) experiment. Additionally, it has been 

demonstrated that the transfer of a hydrogen atom yields a stable singlet 

oxidative product from triplet oxygen, a process that was previously hindered 

by the spin forbidden rule. A multifunctional (solvent, oxidant, and base) high-

performance alternative to the often used metal-based oxidants (AgNO3, 

Cu(OAc)2, AgOAc, Ag2CO3, Pd(OAc)2/DMSO) may be possible with 

molecular oxygen and ammonium-based ionic liquid.  
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2.4 Characterization of Spectral Data 

 

2.4.1 Spectral data of primary benzylamine oxidation: 

 

Benzamide (2a) 

 

Rf =0.28 (30% ethylacetate/hexane with 5% triethylamine) 

Yield (109.00 mg, 90% yield, white solid), Column chromatography (SiO2, 

eluting with 40% ethyl acetate/hexane). 1H NMR (600 MHz, DMSO-d6) δ 7.98 

(s, 1H), 7.89 – 7.86 (m, 2H), 7.53 – 7.49 (m, 1H), 7.46 – 7.42 (m, 2H), 7.37 (s, 

1H). 

13CNMR (151 MHz, DMSO-d6) δ 167.89, 134.26, 131.21, 128.20, 127.45. 

HRMS (EI) m/z: [M] Calcd for C7H7NO: 121.0528; Found 121.0518. 

 

Picolinamide (2b) 

 

Rf =0.90 (5% methanol/DCM with 5% triethylamine) 

Yield (63 mg, 52% yield, white solid), Column chromatography (SiO2, eluting 

with 75% ethyl acetate/hexane).1H NMR (400 MHz, DMSO-d6) δ 8.61 – 8.56 

(m, 1H), 8.07 (s, 1H), 8.02 – 7.98 (m, 1H), 7.96 – 7.91 (m, 1H), 7.60 (s, 1H), 

7.56 – 7.52 (m, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 166.02, 150.29, 148.43, 137.87, 126.42, 

121.88. HRMS (EI) m/z: Calcd for C6H6N2O 122.0480; Found 122.0461 

Furan-2-carboxamide (2c) 
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Rf =0.24 (30% ethylacetate/hexane with 5% triethylamine) 

Yield (87 mg, 78% yield, white solid), Column chromatography (SiO2, eluting 

with 35% ethyl acetate/hexane).1H NMR (400 MHz, DMSO-d6) δ 7.81 – 7.65 

(m, 2H), 7.31 (s, 1H), 7.09 – 7.01 (m, 1H), 6.62 – 6.51 (m, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 159.39, 148.04, 144.99, 113.58, 111.76. 

HRMS (EI) m/z: Calcd for C5H5NO2111.0320 found 111.0211 

 

4-(trifluoromethyl)benzamide (2d) 

 

Rf =0.10 (20% ethylacetate/hexane with 5% triethylamine) 

Yield (142.00 mg, 75% yield, white solid), Column chromatography (SiO2, 

eluting with 50% ethyl acetate/hexane).1H NMR (400 MHz, DMSO-d6) δ 8.15 

(s, 1H), 8.02 (d, J = 8.0 Hz, 2H), 7.79 (d, J = 8.0 Hz, 2H), 7.57 (s, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 167.25, 138.62, 131.68 (q, J=31.3Hz), 

128.84, 125.78 (q, J=4.04 Hz), 123.13 

HRMS (ESI) (M+H+) m/z: Calcd for C8H7F3NO+: 190.0474, Found: 190.0482. 

 

1,3-benzodioxole-4-carboxamide (2e) 

 

Rf =0.28 (30% ethylacetate/hexane with 5% triethylamine) 

Yield (132.00 mg, 80% yield, white solid), Column chromatography (SiO2, 

eluting with 40% ethyl acetate/hexane).1H NMR (600 MHz, DMSO-d6) δ 7.83 

(s, 1H), 7.48 – 7.45 (m, 1H), 7.41 – 7.39 (m, 1H), 7.25 (s, 1H), 6.96 (d, J = 12 

Hz, 1H), 6.08 (s, 2H). 
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13C NMR (151 MHz, DMSO-d6) δ 166.90, 149.58, 147.14, 128.16, 122.40, 

107.63, 107.44, 101.49. HRMS (ESI) ([M+H]+) m/z: Calcd for  C8H8NO3
+ 

166.0499; Found 166.0517 

 

2-nitrobenzamide (2f) 

 

Rf =0.25 (50% ethylacetate/hexane with 5% triethylamine) 

Yield (78 mg, 47% yield, white solid), Column chromatography (SiO2, eluting 

with 60% ethyl acetate/hexane).1H NMR (400 MHz, DMSO-d6) δ 8.10 (s, 1H), 

7.97 – 7.93 (m, 1H), 7.75 – 7.70 (m, 1H), 7.66 – 7.57 (m, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 167.72, 147.75, 133.87, 133.09, 131.15, 

129.36, 124.46. HRMS (EI) m/z: Calcd for C7H6N2O3 166.0378; Found 

166.0349 

 

4-methoxybenzamide (2g) 

 

Rf =0.25 (30% ethylacetate/hexane with 5% triethylamine) 

Yield (128.00 mg, 85% yield, white solid), Column chromatography (SiO2, 

eluting with 45% ethyl acetate/hexane). 1H NMR (600 MHz, DMSO-d6) δ 7.87 

– 7.81 (m, 3H), 7.18 (s, 1H), 6.97 (d, J = 12 Hz, 2H), 3.80 (s, 3H). 

13C NMR (151 MHz, DMSO-d6) δ 167.42, 161.57, 129.35, 126.50, 113.38, 

55.31. HRMS (EI) m/z: Calcd for C8H9NO2: 151.0633, Found: 151.0624. 
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4-bromobenzamide (2h) 

 

Rf =0.10 (30% ethylacetate/hexane with 5% triethylamine) 

Yield (165.00 mg, 83% yield, white solid), Column chromatography (SiO2, 

eluting with 70% ethyl acetate/hexane).1H NMR (400 MHz, DMSO-d6) δ 8.00 

(s, 1H), 7.79 – 7.75 (m, 2H), 7.64 – 7.60 (m, 2H), 7.41 (s, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 166.94, 133.40, 131.23, 129.60, 125.01. 

HRMS (EI) m/z: Calcd for C7H6BrNO 198.9633; Found 198.9624 

 

3,5-dimethoxybenzamide (2i) 

 

Rf =0.30 (50% ethylacetate/hexane with 5% triethylamine) 

Yield (141.00 mg, 78% yield, white solid), Column chromatography (SiO2, 

eluting with 50% ethyl acetate/hexane).1H NMR (400 MHz, DMSO-d6) δ 7.91 

(s, 1H), 7.32 (s, 1H), 7.00 (d, J = 2.0 Hz, 2H), 6.59 (t, J = 2.4 Hz, 1H), 3.73 (s, 

6H). 

13C NMR (101 MHz, DMSO-d6) δ 167.98, 160.80, 136.91, 105.93, 103.68, 

55.89. HRMS (ESI) ([M+H]+) m/z: Calcd for C9H12NO3
+: 182.0817, Found: 

182.0815. 

 

4-nitrobenzamide (2j) 

 

Rf =0.14 (40% ethylacetate/hexane with 5% triethylamine) 

Yield (113.00 mg, 68% yield, white solid), Column chromatography (SiO2, 

eluting with 75% ethyl acetate/hexane).1H NMR (400 MHz, DMSO-d6) δ 8.26-
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8.24 (m, 3H), 8.07-8.05(m, 2H), 7.68 (s, 1H).13C NMR (101 MHz, DMSO-d6) δ 

166.75, 149.58, 140.51, 129.45, 123.96. 

HRMS (EI) m/z: Calcd for C7H6N2O3 166.0378; Found: 166.0368. 

 

2,4-dimethoxybenzamide (2k) 

 

Rf =0.17 (30% ethylacetate/hexane with 5% triethylamine) 

Yield (148.00 mg, 82% yield, white solid), Column chromatography (SiO2, 

eluting with 55% ethyl acetate/hexane).1H NMR (600 MHz, DMSO-d6) δ 7.85 

(d, J = 12 Hz, 1H), 7.51 (s, 1H), 7.38 (s, 1H), 6.64 – 6.59 (m, 2H), 3.89 (s, 3H), 

3.81 (s, 3H). 

13C NMR (151 MHz, DMSO-d6) δ 165.68, 162.99, 158.92, 132.74, 114.61, 

105.55, 98.35, 55.92, 55.47. HRMS (ESI) ([M+H]+) m/z: Calcd for C9H12NO3
+: 

182.0817, Found: 182.0818. 

 

3-(trifluoromethyl)benzamide (2l) 

 

Rf =0.22 (20% ethylacetate/hexane with 5% triethylamine) 

Yield (132.00 mg, 70% yield, white solid), Column chromatography (SiO2, 

eluting with 32% ethyl acetate/pet ether).1H NMR (400 MHz, DMSO-d6) δ 8.22 

– 8.11 (m, 3H), 7.85 (d, J = 8 Hz, 1H), 7.67 (t, J = 8 Hz, 1H), 7.57 (s, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 166.89, 135.68, 132.03, 130.10, 129.66 (q, 

J=32.32 Hz), 128.36 (q, J=4.04 Hz), 124.53 (q, J= 273.71 Hz), 124.60 (q, 

J=4.04Hz) 

HRMS (ESI) ([M+H]+) m/z: Calcd for C8H7NOF3
+ : 190.0480, Found: 190.0477 
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3-methoxybenzamide (2m) 

 

Rf =0.23 (30% ethylacetate/hexane with 5% triethylamine) 

Yield (113.00 mg, 75% yield, white solid), Column chromatography (SiO2, 

eluting with 45% ethyl acetate/hexane).1H NMR (400 MHz, DMSO-d6) δ 7.92 

(s, 1H), 7.44 – 7.37 (m, 2H), 7.35 – 7.28 (m, 2H), 7.07 – 6.99 (m, 1H), 3.75 (s, 

3H). 

13C NMR (101 MHz, DMSO-d6) δ 167.61, 159.12, 135.72, 129.29, 119.67, 

117.04, 112.62, 55.20. HRMS (EI) m/z: Calcd for C8H9NO2 : 151.0633, Found: 

151.0644. 

 

4-chlorobenzamide (2n) 

 

Rf =0.20 (30% ethylacetate/hexane with 5% triethylamine) 

Yield (118.00 mg, 76% yield, white solid), Column chromatography (SiO2, 

eluting with 50% ethyl acetate/hexane).1H NMR (400 MHz, DMSO-d6) δ 8.00 

(s, 1H), 7.85 (d, J = 8.0 Hz, 2H), 7.48 (d, J = 8.0 Hz, 2H), 7.41 (s, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 166.87, 136.11, 133.04, 129.42, 128.32. 

HRMS (ESI) ([M+H]+) m/z: calcd for C7H7NOCl+ : 156.0216, Found 156.0215 

 

4-(tert-butyl)benzamide (2o) 

 

Rf =0.18 (30% ethylacetate/hexane with 5% triethylamine) 

Yield (138.00 mg, 78% yield, white solid), Column chromatography (SiO2, 

eluting with 55% ethyl acetate/hexane).1H NMR (600 MHz, DMSO-d6) δ 7.89 
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(s, 1H), 7.80 (d, J = 6.0 Hz, 2H), 7.45 (d, J = 12 Hz, 2H), 7.27 (s, 1H), 1.28 (s, 

9H). 

13CNMR (151 MHz, DMSO-d6) δ 167.68, 153.81, 131.41, 127.19, 124.81, 

34.44, 30.81. HRMS (ESI) ([M+H]+) m/z: Calcd for C11H16NO+: 178.1232, 

Found: 178.1237. 

 

2-aminobenzamide (2p) 

 

Rf =0.17 (30% ethylacetate/hexane with 5% triethylamine) 

Yield (54.00 mg, 40% yield, white solid), Column chromatography (SiO2, 

eluting with 55% ethyl acetate/hexane).1H NMR (400 MHz, DMSO-d6) δ 7.67 

(s, 1H), 7.51 – 7.47 (m, 1H), 7.11 – 7.06 (m, 1H), 7.00 (s, 1H), 6.66 – 6.62 (m, 

1H), 6.51 (s, 2H), 6.46 – 6.40 (m, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 171.30, 150.18, 131.88, 128.75, 116.40, 

114.37, 113.69. HRMS (EI) m/z: Calcd for C7H8N2O 136.0637; Found 

136.0622 

 

2-(trifluoromethyl)benzamide (2q) 

 

Rf =0.10 (20% ethylacetate/hexane with 5% triethylamine) 

Yield (121.00 mg,64% yield, white solid), Column chromatography (SiO2, 

eluting with 30% ethyl acetate/hexane).1H NMR (400 MHz, DMSO-d6) δ 7.90 

(s, 1H), 7.74 – 7.71 (m, 1H), 7.69 – 7.64 (m, 1H), 7.61 – 7.53 (m, 2H), 7.52 – 

7.48 (m, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 169.60, 137.38 (q, J=3.03 Hz), 132.87, 

129.98, 128.78, 126.67 (q, J=5.05 Hz), 126.16 (q, J=32.32 Hz), 124.33 (q, 
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J=275.73 Hz). HRMS (EI) m/z: Calcd for C8H6NOF3 : 189.0401, Found: 

189.0393 

 

1-naphthamide (2r) 

 

Rf =0.20 (30% ethylacetate/hexane with 5% triethylamine) 

Yield (150.00 mg, 88% yield, white solid), Column chromatography (SiO2, 

eluting with 50% ethyl acetate/hexane).1H NMR (600 MHz, DMSO-d6) δ 8.33 – 

8.29 (m, 1H), 8.02 – 7.95 (m, 3H), 7.66 – 7.63 (m, 1H), 7.61 – 7.51 (m, 4H). 

13C NMR (151 MHz, DMSO-d6) δ 170.59, 134.66, 133.20, 129.77, 129.71, 

128.18, 126.61, 126.13, 125.58, 125.13, 124.94. HRMS (EI) m/z: Calcd for 

C11H9NO : 171.0684, Found: 171.0682 

 

4-flurobenzylamine (1s) to 4-methoxybenzamide (2g) 

 

 

Rf =0.25 (30% ethylacetate/hexane with 5% triethylamine) 

Yield (107.00 mg, 71% yield, white solid), Column chromatography (SiO2, 

eluting with 45% ethyl acetate/hexane).1H NMR (600 MHz, DMSO-d6) δ 7.87 – 

7.81 (m, 3H), 7.18 (s, 1H), 6.97 (d, J = 12 Hz, 2H), 3.80 (s, 3H). 

13C NMR (151 MHz, DMSO-d6) δ 167.42, 161.57, 129.35, 126.50, 113.38, 

55.31. HRMS (ESI)  ([M+H]+) m/z: Calcd for C8H10NO2
+: 152.0706, Found: 

152.0712. 
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2.4.2 Spectral data of secondary benzylamine: 

 

Benzylamine (1a) 

 

Rf =0.40 (30% ethylacetate/hexane with 5% triethylamine). 

Yield (87.00 mg, 81% yield, colourless liquid), Column chromatography (SiO2, 

eluting with 30% ethyl acetate/hexane with 5% triethylamine).1H NMR (400 

MHz, Chloroform-d) δ 7.36 – 7.28 (m, 4H), 7.26 – 7.21 (m, 1H), 3.86 (s, 2H), 

1.52 (s, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 143.43, 128.64, 127.16, 126.88, 46.62 

 

Benzamide (2a) 

 

Rf =0.28 (30% ethylacetate/hexane with 5% triethylamine). 

Yield (87.00 mg, 72% yield, white solid), Column chromatography (SiO2, 

eluting with 40% ethyl acetate/hexane).1H NMR (600 MHz, DMSO-d6) δ 7.98 

(s, 1H), 7.89 – 7.86 (m, 2H), 7.53 – 7.49 (m, 1H), 7.46 – 7.42 (m, 2H), 7.37 (s, 

1H). 

13C NMR (151 MHz, DMSO-d6) δ 167.89, 134.26, 131.21, 128.20, 127.45 

HRMS (EI) m/z: Calcd for C7H7NO: 121.0528; Found 121.0518. 

 

Norharmane (4d) 

 

Rf =0.20 (5% methanol/DCM). 
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Yield (81.00 mg, 48% yield, yellow solid), Column chromatography (SiO2, 

eluting with 2.5% methanol/DCM with 5% triethylamine).1H NMR (600 MHz, 

DMSO-d6) δ 11.61 (s, 1H), 8.89 (s, 1H), 8.37 – 8.19 (m, 2H), 8.15 – 8.05 (m, 

1H), 7.65 – 7.50 (m, 2H), 7.29 – 7.19 (m, 1H). 

13C NMR (151 MHz, DMSO-d6) δ 140.52, 140.11, 138.11, 134.03, 128.11, 

127.43, 122.11, 121.79, 119.25, 114.66, 111.95.HRMS (EI) m/z: Calcd for 

C11H8N2: 168.0687, Found: 168.0685. 

 

Isoquinolene (4e) 

 

Rf =0.45 (20% ethylacetate/hexane). 

Yield (105.00 mg, 82% yield, colourless liquid), Column chromatography 

(SiO2, eluting with 7% ethyl acetate/hexane with 5% triethylamine).1H NMR 

(600 MHz, DMSO-d6) δ 9.32 (s, 1H), 8.50 (d, J = 6 Hz, 1H), 8.14 – 8.10 (m, 

1H), 7.98 – 7.94 (m, 1H), 7.83 – 7.76 (m, 2H), 7.71 – 7.66 (m, 1H). 

13C NMR (151 MHz, DMSO-d6) δ 152.34, 142.87, 135.18, 130.57, 128.24, 

127.58, 127.49, 126.43, 120.34. HRMS (EI) m/z: Calcd for C9H7N : 129.0578, 

Found: 129.0570. 

 

2.4.3 Spectral data of benzylalcohol oxidation 

 

Benzaldehyde (6a) 

 

Rf =0.60 (5% ethylacetate/hexane). 

Yield (31.00 mg, 30% yield, using Triton B, colourless liquid), Yield (53.00 

mg, 50% yield, using TBAB, colourless liquid), Flash Column chromatography 

(SiO2, eluting with 1.5% ethyl acetate/hexane).1H NMR (400 MHz, 
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Chloroform-d) δ 10.01 (s, 1H), 7.89 – 7.86 (m, 2H), 7.64 – 7.60 (m, 1H), 7.54 – 

7.50 (m, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 192.98, 137.03, 135.06, 130.35, 129.61 

 

4-methoxybenzaldehyde (6b) 

 

Rf =0.30 (5% ethylacetate/hexane) 

Yield (53.00 mg, 33% yield, using Triton B, colourless liquid), Yield (63.00 

mg, 47% yield, using TBAB, colourless liquid), Flash Column chromatography 

(SiO2, eluting with 2.5% ethyl acetate/hexane).1H NMR (400 MHz, 

Chloroform-d) δ 9.87 (s, 1H), 7.84 – 7.80 (m, 2H), 7.01 – 6.97 (m, 2H), 3.88 (s, 

3H). 

13C NMR (101 MHz, Chloroform-d) δ 189.80, 163.60, 130.97, 128.96, 113.27, 

54.57. HRMS (ESI) ([M+H]+) m/z: Calcd for C8H9O2
+: 137.0597, Found: 

137.0609. 

 

3-methoxybenzaldehyde (6c) 

 

Rf =0.60 (5% ethylacetate/hexane). 

Yield (54.00 mg, 40% yield, using Triton B, colourless liquid), Yield (82.00 

mg, 61% yield, using TBAB, colourless liquid), Flash Column chromatography 

(SiO2, eluting with 1.4% ethyl acetate/hexane).1H NMR (400 MHz, 

Chloroform-d) δ 9.96 (s, 1H), 7.45 – 7.42 (m, 2H), 7.39 – 7.37 (m, 1H), 7.18 – 

7.15 (m, 1H), 3.85 (s, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 192.24, 160.25, 137.90, 130.12, 123.64, 

121.63, 112.13, 55.55. 
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2-methoxybenzaldehyde (6d) 

 

Rf =0.35(10% ethylacetate/hexane). 

Yield (38.00 mg, 28% yield, using Triton B, colourless liquid), Yield (75.00 

mg, 55% yield, using TBAB, colourless liquid), Flash Column chromatography 

(SiO2, eluting with 2.3% ethyl acetate/hexane)1H NMR (400 MHz, Chloroform-

d) δ 10.46 – 10.45 (m, 1H), 7.83 – 7.79 (m, 1H), 7.56 – 7.51 (m, 1H), 7.03 – 

6.96 (m, 2H), 3.91 (s, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 189.91, 161.93, 136.02, 128.64, 124.94, 

120.75, 111.71, 55.71. HRMS (ESI) ([M+H]+) m/z: Calcd for C8H9O2
+: 

137.0597, Found: 137.0607. 

 

4-bromobenzaldehyde (6e) 

 

Rf =0.60 (5% ethylacetate/hexane). 

Yield (48.00 mg, 26% yield, using Triton B, white solid), Yield (93.00 mg, 50% 

yield, using TBAB, white solid), Flash Column chromatography (SiO2, eluting 

with 1.5% ethyl acetate/hexane).1H NMR (400 MHz, Chloroform-d) δ 9.96 (s, 

1H), 7.75 – 7.72 (m, 2H), 7.69 – 7.66 (m, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 191.13, 135.16, 132.53, 131.05, 129.86. 

 

4-chlorobenzaldehyde (6f) 

 

Rf =0.50 (5% ethylacetate/hexane ). 
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Yield (41.00 mg, 29% yield, using Triton B, white solid), Yield (77.00 mg, 55% 

yield, using TBAB, white solid), Flash Column chromatography (SiO2, eluting 

with 1.6% ethyl acetate/hexane).1H NMR  

(400 MHz, Chloroform-d) δ 9.97 (s, 1H), 7.83 – 7.78 (m, 2H), 7.53 – 7.48 (m, 

2H).13C NMR (101 MHz, Chloroform-d) δ 190.99, 141.11, 134.86, 131.05, 

129.60. 

 

4-(trifluoromethyl) benzaldehyde (6g) 

 

Rf =0.50(5% ethylacetate/hexane). 

Yield (35.00 mg, 20% yield, using Triton B, colourless liquid), Yield (49.00 

mg, 28% yield, using TBAB), Flash Column chromatography (SiO2, eluting 

with 1.8% ethyl acetate/hexane).1H NMR (400 MHz, Chloroform-d) δ 10.09 (s, 

1H), 8.02 – 7.97 (m, 2H), 7.82 – 7.77 (m, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 191.14, 138.74, 135.69 (q, J=33.33), 

129.99, 126.19 (q, J=4.04), 123.5(q, J=274.72) 

 

4-methylbenzaldehyde (6h) 

 

Rf =0.55 (5% ethylacetate/hexane). 

Yield (62.00 mg, 52% yield, using Triton B, colourless liquid), Yield (76.00 

mg, 63% yield, using TBAB, colourless liquid), Flash Column chromatography 

(SiO2, eluting with 1.6% ethyl acetate/hexane).1H NMR (400 MHz, 

Chloroform-d) δ 9.95 (s, 1H), 7.78 – 7.74 (m, 2H), 7.34 – 7.29 (m, 2H), 2.42 (s, 

3H). 13C NMR (101 MHz, Chloroform-d) δ 192.16, 145.72, 134.39, 129.93, 

129.79, 22.06. 

 

https://en.wikipedia.org/wiki/4-Methylbenzaldehyde
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4-(benzyloxy)-3-methoxybenzaldehyde (6i) 

 

Rf =0.30 (5% ethylacetate/hexane). 

Yield (58.00 mg, 24% yield, using Triton B, white solid), Yield (83.00 mg, 36% 

yield, using TBAB, white solid), Flash Column chromatography (SiO2, eluting 

with 4.1% ethyl acetate/hexane). 1H NMR (400 MHz, Chloroform-d) δ 9.83 (s, 

1H), 7.45 – 7.41 (m, 3H), 7.40 – 7.35 (m, 3H), 7.34 – 7.29 (m, 1H), 6.98 (d, J = 

8.2 Hz, 1H), 5.24 (s, 2H), 3.94 (s, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 191.07, 153.76, 150.25, 136.16, 130.46, 

128.88, 128.37, 127.35, 126.74, 112.56, 109.53, 71.04, 56.22. 

 

2.4.4 Spectral data of control experiments 

 

Control 2 

Benzaldehyde (6a) 

 

Column chromatography (SiO2, eluting with 2% ethyl acetate/hexane).1H NMR 

(400 MHz, Chloroform-d) δ 10.02 (s, 1H), 7.90 – 7.86 (m, 2H), 7.65 – 7.60 (m, 

1H), 7.55 – 7.50 (m, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 192.51, 136.56, 134.59, 129.87, 129.14. 

 

Control 3 

(E)-N-benzylidene-1-phenylmethanamine (7a) 

 

Column chromatography (SiO2, eluting with 2% ethyl acetate/hexane with 5% 

triethylamine). 1H NMR (400 MHz, Chloroform-d) δ 8.40 (s, 1H), 7.81 – 7.76 
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(m, 2H), 7.44 – 7.39 (m, 3H), 7.37 – 7.32 (m, 4H), 7.29 – 7.27 (m, 1H), 4.83 (s, 

2H). 

13C NMR (101 MHz, Chloroform-d) δ 162.11, 130.89, 129.90, 129.16, 128.75, 

128.64, 128.44, 128.14, 127.13, 65.20.  HRMS (EI) m/z: Calcd for C14H13N: 

195.1048, Found: 195.1047 

 

Control 5 

 

Column chromatography (SiO2, eluting with 2% ethyl acetate/hexane with 5% 

triethylamine).1H NMR (400 MHz, Chloroform-d) δ 10.02 (s, 0.42H), 8.40 – 

8.39 (m, 1H), 7.90 – 7.87 (m, 0.86H), 7.80 – 7.76 (m, 2H), 7.66 – 7.61 (m, 

0.43H), 7.56 – 7.51 (m, 0.90H), 7.43 – 7.40 (m, 3H), 7.35-7.34 (m, 4H), 7.28 – 

7.25 (m, 1H), 4.83 – 4.82 (m, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 192.46, 162.08, 139.38, 136.52, 136.25, 

134.54, 130.85, 129.83, 129.09, 128.69, 128.58, 128.37, 128.07, 127.07, 65.13. 
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NMR spectral data of primary benzylamine oxidation 

 
1H NMR in DMSO (d6) 600 MHz (2a) 

 

 
 

13C NMR in DMSO (d6) 151 MHz (2a) 
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1H NMR in DMSO (d6) 400 MHz (2b) 

 

 
13C NMR in DMSO (d6) 101 MHz (2b) 
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1H NMR in DMSO (d6) 400 MHz (2c) 

 

 
 
13C NMR in DMSO (d6) 101 MHz (2c) 
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1H NMR in DMSO (d6) 400 MHz (2d) 

 

 
13C NMR in DMSO (d6) 101 MHz (2d) 
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1H NMR in DMSO (d6) 600 MHz (2e) 

 

 
 
13CNMR in DMSO (d6) 151 MHz (2e) 
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1H NMR in DMSO (d6) 400 MHz (2f) 

 

 
 
13C NMR in DMSO (d6) 101 MHz (2f) 
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1H NMR in DMSO (d6) 600 MHz (2g) 

 

 
 
13CNMR in DMSO (d6) 151 MHz (2g) 
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1H NMR in DMSO (d6) 400 MHz (2h) 

 

 
 
13C NMR in DMSO (d6) 101 MHz (2h) 
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1H NMR in DMSO (d6) 400 MHz (2i) 

 

 
 
13C NMR in DMSO (d6) 101 MHz (2i) 
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1H NMR in DMSO (d6) 400 MHz (2j) 

 

 
 
13C NMR in DMSO (d6) 101 MHz (2j) 
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1H NMR in DMSO (d6) 600 MHz (2k) 

 

 
13C NMR in DMSO (d6) 151 MHz (2k) 
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1H NMR in DMSO (d6) 400 MHz (2l) 

 

 
13C NMR in DMSO (d6) 101 MHz (2l) 

 



 92 

1H NMR in DMSO (d6) 400 MHz (2m) 

 

 
 
13C NMR in DMSO (d6) 101 MHz (2m) 
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1H NMR in DMSO (d6) 400 MHz (2n) 

 

 
 
13C NMR in DMSO (d6) 101 MHz (2n) 
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1H NMR in DMSO (d6) 600 MHz (2o) 

 

 
 
13C NMR in DMSO (d6) 151 MHz (2o) 
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1H NMR in DMSO (d6) 400 MHz (2p) 

 

 
 
13C NMR in DMSO (d6) 101 MHz (2p) 
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1H NMR in DMSO (d6) 400 MHz (2q) 

 

 
 
13C NMR in DMSO (d6) 101 MHz (2q) 
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1H NMR in DMSO (d6) 600 MHz (2r) 

 

 
 
13C NMR in DMSO (d6) 151 MHz (2r) 
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1H NMR in DMSO (d6) 600 MHz (2g) from 1s substrate 

 

 
 
13C NMR in DMSO (d6) 151 MHz (2g) 
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NMR spectral data of secondary benzylamine substrate 
1H NMR in CDCl3 400 MHz (1a) 

 

 
13C NMR in CDCl3 101 MHz 
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1H NMR in DMSO (d6) 600 MHz (2a) 

 

 
13C NMR in DMSO (d6) 151 MHz 
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1H NMR in DMSO (d6) 600 MHz (4e) 

 

 
13C NMR in DMSO (d6) 151 MHz 
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1H NMR in DMSO (d6) 600 MHz (4d) 

 

 
13C NMR in DMSO (d6) 151 MHz 

 
 



 103 

NMR spectral data of benzyl alcohol oxidation 
1H NMR in CDCl3 400 MHz (6a) 

 

 
 
13C NMR in CDCl3 101 MHz 
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1H NMR in CDCl3 400 MHz (6b) 

 

 
 
13C NMR in CDCl3 101 MHz 
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1H NMR in CDCl3 400 MHz (6c) 

 

 

 

13C NMR in CDCl3 101 MHz 
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1H NMR in CDCl3 400 MHz (6d) 

 

 
 
13C NMR in CDCl3 101 MHz 
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1H NMR in CDCl3 400 MHz (6e) 

 

 
 
13C NMR in CDCl3 101 MHz 
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1H NMR in CDCl3 400 MHz (6f) 

 

 
 
13C NMR in CDCl3 101 MHz 
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1H NMR in CDCl3 400 MHz (6g) 

 

 
 
13C NMR in CDCl3 101 MHz 
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1H NMR in CDCl3 400 MHz (6h) 

 

 
 
13C NMR in CDCl3 101 MHz 
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1H NMR in CDCl3 400 MHz (6i) 

 

 
13C NMR in CDCl3 101 MHz 
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NMR spectral data of Control Experiment 

Control 2: 1H NMR in CDCl3 400 MHz (6a)  

 

 
 
13C NMR in CDCl3 101 MHz 
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Control 3: 1H NMR in CDCl3 400 MHz (7a)  

 

 
 
13C NMR in CDCl3 101 MHz 
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Control 5: 1H NMR in CDCl3 400 MHz (7a+6a)  

 

 
13C NMR in CDCl3 101 MHz 
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Chapter 3 

Oxygen Activation by Ionic Liquid: A 

Detail Mechanistic Study 

 

The importance of theoretical mechanistic studies over experimental ones is 

highlighted in the opening of this chapter. It presents a detailed study of 

molecular dynamics (MD) and systematically modified density functional 

theory (DFT) to validate the experimental oxygen activation protocol and 

conduct an in-silico mechanistic investigation of benzylamine oxidation. The 

MD studies describe the presence of a unique microenvironment in the Triton B 

ionic liquid. Moreover, the chapter offers a comparative analysis of energy 

profiles for benzylamine oxidation with and without the Triton B catalyst, using 

various quantum chemical models and methods. The study reveals that the 

entropy term and dispersion correction in the free energy profile clearly indicate 

Triton B plays a catalytic role in activating oxygen. Thie chapter clarifies the 

mechanism of hydrogen atom abstraction from benzylamine to oxygen, 

highlighting proton-coupled electron transfer (PCET) over hydrogen atom 

transfer (HAT). Finally, it presents a unique study of the most valuable and 

fundamental orbital calculation (pDOS) of oxygen activation by the ionic liquid. 
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3.1 Introduction 

Experimental organic reactions play a crucial role in advancing the field of 

organic chemistry. They have numerous applications and advantages that 

contribute to our understanding of chemical reactions and the development of 

new compounds and materials. Organic reactions are used to synthesize a wide 

range of compounds, including pharmaceuticals, agrochemicals, dyes, 

polymers, and other functional materials. These reactions enable the synthesis 

of novel substances with desirable properties and functionalities. As well as 

organic reactions play a vital role in medicinal chemistry, where researchers 

design and synthesize potential drug candidates.155 Experimental studies help 

identify bioactive molecules and optimize their pharmacological properties and 

also many natural products with important biological activities are challenging 

to obtain from natural sources in sufficient quantities. Experimental organic 

reactions enable the synthesis of these compounds, facilitating further studies on 

their medicinal, ecological, and other applications. By modifying the structure 

of organic compounds through various reactions, researchers can study the 

relationship between the molecular structure and its biological or physical 

properties. SAR studies aid in the design of more potent and selective 

compounds.156 

This optimization helps improve reaction yields and selectivity, making 

synthetic processes more efficient and cost-effective.157 Developing 

environmentally friendly and sustainable synthetic methods is a critical aspect 

of organic chemistry. Thus optimization of organic reactions contributes to the 

advancement of green chemistry by minimizing waste generation, using 

renewable resources, and reducing the use of hazardous reagents.158 

Experimental organic reactions provide some hints of reaction pathways, 

intermediate species only. This information is critical for understanding the 

underlying mechanisms governing chemical transformations.159 By conducting 
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kinetic studies and monitoring reaction progress, experimental reactions help 

elucidate reaction mechanisms and provide insight into factors affecting 

reaction rates and selectivity. Experimental organic reactions provide essential 

data for validating computational predictions, such as those obtained from 

Density Functional Theory (DFT) calculations.160 This reciprocal relationship 

between experiment and theory leads to a better understanding of chemical 

phenomena. 

While experimental techniques are essential for validating and verifying 

reactions, they often have limitations, and DFT can provide valuable insights 

and overcome some of these limitations. Some ways DFT can help solve the 

drawbacks of experimental organic reaction mechanism studies.160 Experimental 

studies often provide indirect evidence for proposed reaction mechanisms, 

leading to uncertainties and alternative interpretations. DFT can offer detailed 

atomistic insights into the energetics, geometries, and electronic structures of 

reactants, intermediates, and products, thereby validating or proposing specific 

reaction pathways with higher accuracy. Determining the transition state using 

experimental procedures is not feasible due to the high energy and transient 

nature of these species. DFT can accurately locate transition states and provide 

valuable information about the activation energies and barriers involved in the 

reaction, helping to understand the rate-determining step.161 

DFT calculations can validate or refine experimental results by comparing 

predicted reaction energetics and intermediates with experimental data. This 

cross-validation can confirm the proposed mechanisms and help in resolving 

discrepancies between experimental observations and interpretations. 

Experimental investigations might not always provide a complete understanding 

of the factors influencing stereoselectivity and regioselectivity. DFT can predict 

the energies of different stereoisomers and regioisomers, allowing for a 

comprehensive analysis of reaction outcomes and selectivity. Experimental 
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studies often focus on the major reaction pathway, neglecting minor pathways 

that may play crucial roles in complex reactions. DFT can explore multiple 

reaction paths and identify alternative reaction routes, giving a more complete 

picture of the reaction mechanism.162 DFT can study the stability and reactivity 

of unstable or short-lived intermediates that are challenging to isolate and 

characterize experimentally. It offers a way to examine these intermediates, 

which are often essential for understanding the overall reaction mechanism. 

DFT also allows for the incorporation of solvent effects, enabling the study of 

reactions in various solvents and understanding the influence of solvent polarity 

and interactions on reaction mechanisms.163 By combining DFT calculations 

with experimental data, researchers can gain a more comprehensive 

understanding of organic reaction mechanisms. DFT helps overcome some of 

the limitations of experimental studies and provides valuable complementary 

information, ultimately advancing the knowledge of chemical reactions and 

enabling the design of more efficient and selective synthetic routes.164 

The DFT (Density Functional Theory) calculated energy profile diagram, also 

known as the reaction energy profile or potential energy surface (PES), is of 

significant importance in various areas of chemistry and materials science. This 

diagram represents the variation in potential energy as a function of reaction 

progress or changes in molecular geometry. The energy profile diagram 

provides insights into the reaction mechanism by identifying transition states, 

intermediates, and the energy barriers associated with each step.165 It helps to 

understand the sequence of bond-breaking and bond-forming events during a 

chemical reaction. DFT-calculated energy profile diagrams allow for the 

determination of activation energies and reaction enthalpies.165 These energetic 

parameters are crucial in predicting the rate and feasibility of chemical 

reactions. The energy profile diagram enables the precise localization of 

transition states, which are critical points on the reaction pathway. Transition 
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state structures represent the highest-energy points and help determine the rate-

determining step of a reaction. By analyzing the relative energies of reactants, 

intermediates, and products, the energy profile diagram can predict the favored 

reaction outcome and the formation of possible side products. DFT-calculated 

energy profiles are particularly valuable in elucidating the factors governing 

reaction selectivity. By comparing the energy barriers for different reaction 

pathways, researchers can determine the preferred product formation.159 Energy 

profile diagrams are essential for the design and optimization of catalysts.166 

They help identify the transition states involved in catalytic reactions and 

understand the catalyst's effect on lowering activation energies.166 The energy 

profile diagram can be used to study the influence of solvents on reaction 

mechanisms. But DFT does not consider exclusive solvent molecules in 

calculation.167 So It is a corner of drawback in case of DFT, when a reaction 

proceeds with only when concentrate condition whereas does not proceeds with 

dilute condition vice versa.168  So to understand the arrangement of the 

calculated molecules with particular solvent is very crucial for studies. MD 

simulations can provide valuable insights into various aspects of molecular 

behavior with solvent molecules.169 

Molecular Dynamics (MD) is a powerful computational simulation technique 

used in various scientific disciplines, especially in the field of theoretical and 

computational chemistry, materials science, and biophysics. It provides insights 

into the dynamic behavior of molecular systems by numerically solving the 

equations of motion for individual atoms and molecules.169 The main goal of 

MD simulations is to study the time-dependent behavior of a collection of 

interacting particles with solvent molecules, such as atoms and molecules, as 

they evolve according to the laws of classical or quantum mechanics.169 

In a molecular dynamics simulation, the basic idea is to track the positions and 

velocities of all particles over time while considering their interactions. The 
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interactions between particles are usually described by force fields, which are 

mathematical functions that model the potential energy of the system based on 

factors like atomic bonding, van der Waals forces, and electrostatic interactions. 

MD simulations can provide valuable insights into various aspects of molecular 

behaviour. By observing the movement and interactions of molecules over time, 

MD simulations can provide a guess of microenvironment of reactants before 

going to reaction. Thus MD simulation can provide a information of making 

arrangement of reactants before in silico calculation of energy profile diagrame 

by DFT.170 

3.2 Methods 

3.2.1 Molecular Dynamics Methods: 

In the present study, molecular dynamics (MD) analysis was carried out to 

comprehend real Triton B's surroundings as well as under dilute condition. 

Simulations of molecular dynamics were performed using the Desmond 

molecular dynamics program as implemented in the Schrodinger Maestro 

(Academic version 2020-4).171 To replicate the optimized reaction conditions, a 

system was considered with a 1:1:8 ratio of Triton B to benzylamine to 

methanol. This system comprised 20 cations (PhCH2N
+(CH3)3), 20 benzylamine 

molecules, and 160 methanol molecules. Additionally, 20 O2 molecules and 20 

counter ions (OH-) were included to neutralize the system. Thus one unit cell of 

the system contained a total of 240 residues. A cubic periodic boundary box was 

defined that converged to 27.19x27.19x27.19 Å3. Another system was defined 

to mimic the 1:1:50 ratio of Triton B to benzylamine to methanol which 

contained a total of 228 molecules including 4 cations (PhCH2N
+(CH3)3), 4 

benzylamine, and 200 methanol. It contained 4 counter ions (OH-) to neutralize 

the system and 16 O2 molecules to achieve similar oxygen concentration as the 

previous system. A cubic periodic boundary box was defined that converged to 

25.42x25.42x25.42 Å3. MD was run in OPLS (optimized potentials for liquid 
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simulations) force field.172,173 Ensembles were defined as canonical (NVT) or 

isothermal-isobaric (NPT) with a constant number of atoms (N), a defined 

volume (V) or pressure (P) and a defined temperature (T). Four step relaxation 

protocol was used to equilibrate the system prior to the production run starting 

with Brownian dynamics for 100 ps with restraints on solute heavy atoms at 

NVT (with T = 10 K) followed by 12 ps of dynamics with restraints at NVT (T 

= 10 K) and then at NPT (T = 10 K; P = 1 bar) using Berendsen method. Then 

the temperature was raised to 300 K for 10 ns. The production MD was run at 

NPT with T = 300 K and P = 1 bar for 12 ns without restraints. The RESPA 

(reference system propagator algorithm) integrator was employed with time 

steps of 2 fs for near interactions, 2 fs for far interactions, and 6 fs for out 

interactions.171,174,175 The Martyna-Tobias-Klein barostat method was used to 

apply isotropic pressure, with relaxation duration of 2 ps. The Nose-Hoover 

chain thermostat method was implemented with a relaxation time of 1 

picosecond. The PME (particle mesh Ewald) approach was utilised to address 

the long-range coulombic interaction. For short-range coulombic interactions, 

the cutoff radius was 9 Å. Schrodinger Maestro timeline tools were used to 

analyze trajectories to derive the radial distribution of one type of atom with 

respect to another. 

3.2.2 Quantum Chemical Computation Details: 

Quantum chemical calculations were performed using the Gaussian 16 suite of 

programs. The popularity of B3LYP originates from the fact that it is well-

validated for organic systems and performs pretty well for the prediction of 

several critical molecular and reaction parameters, such as geometries, bond 

energies, and barrier heights.176 Application of the B3LYP functional in 

combination with the 6-31+G(d) basis set is currently the best compromise 

between cost and accuracy in organic chemistry.177 Geometry optimizations and 

transition states were performed using the 6-31+G(d)  basis set in conjunction 
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with the B3LYP method. In this contribution, all calculations have examined 

using experimental reaction conditions at 298 K, 1 atm. All geometries of 

minima and transition states were performed in the gas phase as well as solvent 

phase. For each transition-state, IRC calculations were performed in both 

directions to locate the nearest stationary points; the resulting structures were 

subjected to geometry optimization and frequency calculations. Unrestricted 

B3LYP methods were employed to find broken-symmetry solutions for the 

open-shell triplet, with Grimme’s advanced dispersion-corrected approach 

(DFT-D3) chosen using the 6-31+G(d) basis set.178  

The minimum energy crossing points (MECP) optimization was performed in 

ORCA 4.1.2, where it follows the principle suggested by Harvey et al.179 In the 

optimization process, the geometry converges to a structure where two different 

potential energy surfaces (PES1 and PES2) cross each other. In order to verify 

that a stationary point in a MECP optimization is a minimum, numerical 

frequency calculations were performed using the “SurfCrossNumFreq” 

keyword. 

Multiconfigurational self-consistent field (MCSCF) calculations have been 

carried out using DFT optimized structures. The active space (20,14) was 

considered for all complexes, resulting in 20 active electrons in 14 active 

orbitals (CAS(20,14)). cc-pVDZ basis sets180,181 have been used in these 

calculations. The active space of (CAS(20,14)) includes the bonding π, 

antibonding π*, and nonbonding orbitals.  Molpro 2010.1 version has been used 

to calculate multi-reference CASSCF(20,14) and CASPT2 calculations. 

DLPNO-CCSD(T) single point calculations were performed for the DFT 

optimized geometries using def2-TZVP basis set.182,183 The first excited singlet 

molecular oxygen was considered, and the energetics were corrected using the 

approximate spin-projection (AP) method proposed by the Yamaguchi group.184 

ORCA 4.1.2185 was used for the DFT, DLPNO-CCSD(T) and MECP 
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calculations. The solvent effects were considered via the CPCM solvation 

model186–189 with methanol solvent medium. The corrected free energies were 

calculated using the methods described in the previous paper.190 In this study, 

the effects of mixing of structures and symmetry numbers on entropy were not 

considered. Here, the following equation has been followed: 𝐺50% =  𝐻ℎ𝑎𝑟𝑚 −

𝑇(0.5 ∗ 𝑆ℎ𝑎𝑟𝑚,1𝑎𝑡𝑚 − 𝑅𝑙𝑛(24.5)) 

3.3 Results and Discussion 

3.3.1 Molecular Dynamics Results: 

In this study, molecular dynamics (MD) analysis was performed to comprehend 

the environment of Triton B both under real and dilute conditions.  

Triton B contains 60% (w/w) methanol, which is approximately equivalent to 8 

molecules of methanol per Triton B molecule. Molecular dynamics simulation 

was performed using an OPLS forcefield to gain insights into the 

microenvironment of the reaction mixture under real (1:1:1:8) and dilute 

(1:1:1:50) conditions.191 At ambient temperature and pressure, the system was 

equilibrated. The radial distribution of N+ and HO- in the Triton B indicated 

atleast separation of 4Å to 6Å between the cation (benzyltrimethylammonium 

cation) and anion (hydroxide) (Figure 23A). The calculated radial distribution 

(as depicted in Figure 23B and 23C) of different molecules indicated that OH- 

counter anion of Triton B is completely solvated by methanol molecules.192  

In the reaction mixture, methanol molecules exhibit a greater propensity for 

making strong hydrogen bonding with the hydroxide ion compared to other ions 

or molecules. Upon the addition of benzylamine to Triton B, hydrogen bonds 

can be formed between benzylamine and methanol as well as the hydroxide ion. 

Furthermore, benzylamine has the capability to engage in cation-lone pair 

interactions with the benzyltrimethylammonium cation present within Triton B.  
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Figure 23. Radial distribution of OH- with respect to N+ and methanol around 

OH- of reaction mixture under 1:1:1:8 and 1:1:1:50 condition (A) Distribution 

of OH- around N+ of reaction mixture. The inset line represents the radial 

distribution function g(r) of OH- around N+ of reaction mixture under 1:1:1:8 

(Benzylamine: Triton B: Oxygen: MeOH) concentration as well as dilute 

(Benzylamine: Triton B: Oxygen: MeOH: 1:1:1:50) concentration. With 

dilution, separation between counter-ions increases. (B) Distribution of 

methanol around OH- under 1:1:1:8 (Benzylamine: Triton B: Oxygen: MeOH) 

concentration, a real mimic microenvironment of reaction mixture as well as 

under a dilute concentration (Benzylamine: Triton B: Oxygen: MeOH: 

1:1:1:50). The inset represents the radial distribution function, g(r). The 

integration of the first peak indicates the presence of five methanols in the first 

solvation sphere, which is similar to the hydration of the hydroxide ion as 

observed by Chen et al.192,193 (C) Snapshot of MD simulation in OPLS-3e force 

field for reaction mixture, showing cation, anion (hydroxide) and five methanols 

in the first solvation sphere in ball-and-stick model. Inset shows the DFT 

optimized geometry of cation with solvated hydroxide anion. 

C
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In order to investigate all of these probable interactions, MD calculation was 

carried out using a ratio of 1:1:1:8 for Triton B, benzylamine, oxygen, and 

methanol. The radial distribution analysis of the amine group with methanol 

(depicted in Figure 24C) indicated that benzylamine formed strong hydrogen 

 

 
Figure 24. The microenvironment of the reactants as obtained from MD 

simulation. (A) Distribution of Triton B around benzylamine. (B) Distribution 

of oxygen with three different molecules present in the reaction mixture. The 

blue color indicates the interaction of benzylamine with oxygen, the gray color 

corresponds to methanol with oxygen, and the red color represents Triton B 

with oxygen under real mimic reaction conditions. (C) The interaction of NH2 

of benzylamine with methanol under (1:8 methanol) and (1:50 methanol). (D) 

The interaction of N+ in Triton B with methanol under (1:8 methanol) and (1:50 

methanol). (E) and (F) The schematic diagram of a mimic reaction condition 

(1:1:1:8 methanol) and under dilution or a high percentage of methanol 

(1:1:1:50 methanol). 

 

bonds, with a distance of within 3Å, involved one methanol molecule. 

Analysis of the radial distribution curve revealed the integration of the first peak 

between N+ and NH2, indicated a 1:1 interaction between benzylamine and the 

benzyltrimethylammonium cation (as depicted in Figure 24A), characterized by 

an average distance of approximately 6.2 Å.  
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The interaction between benzylamine and methanol increases in diluted 

conditions, with a ratio of 1:1:1:50 of Triton B to benzylamine to oxygen and 

methanol, which mimics reaction mixture of Triton B 40% w/w methanol with 

an additional 2 ml of methanol (Table 3, entry no 16). As shown in Figure 

24C, it was found that one more methanol molecule forms a hydrogen bond 

with the -NH2 group of benzylamine. In the solvation sphere of the 

benzyltrimethylammonium cation, the number of methanol molecule also 

increases. This leads to a significant reduction in the interaction between the 

benzyltrimethylammonium cation and benzylamine (Figures 24A and 24F). As 

a result, methanol molecules inhibit the formation of complexes between 

benzylamine, benzyltrimethylammonium cation, and oxygen, as well as 

subsequent reactions, as evidenced by the product yield (Table 3, entries 13–

16). Under diluted conditions, the radius required to find one molecule of 

benzyltrimethylammonium cation around benzylamine increases to 10 Å. 

Consequently, the reduced catalytic activity of Triton B in the presence of 

excessive methanol is suggested by MD simulation data, which supports the 

lower yield of oxidative products reported in the above oxidation reaction 

(Table 3, entries 13–16). 

The observation of methoxy group incorporation into the substrates (1s) (Figure 

15) under specific experimental conditions suggests the presence of methoxide 

ions rather than hydroxide ions in Triton B. 
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Figure 25. Solvation of the hydroxide ion in methanol. Four methanol 

molecules are observed in the first solvation sphere, including three hydrogen 

bond donors and one H bond acceptor, forming a tetrahedral geometry similar 

to the hydration of a hydroxide ion.193 (a) Potential energy surface of hydrogen 

abstraction by OH- from methanol obtained at DFT level. This PES indicates 

that the proton abstraction from the methanol solvent by hydroxide ions is 

almost barrierless process to generate methoxide ions in Triton B. The 

methoxide formation is strongly supported by the experimental evidence of 

methoxide ion substitution in 4-flurobenzylamine (1s) (see Figure 15). (b) The 

transition state geometry of proton transfer from methanol to hydroxide ions. 

The TS was confirmed by a frequency calculation, which shows one imaginary 

frequency toward the product. 

 

When the hydroxide ion abstracts a proton from methanol, it produces the 

methoxide ion. Strong hydrogen bonds between methanol molecules and 

hydroxide ions are evidenced by MD simulations. To investigate the proton 

transfer pathway from a methanol of the first hydration sphere to the hydroxide 

ion, quantum chemical calculations were performed. Transition state 

calculations (Figure 25) revealed that proton transfer from methanol to 

hydroxide ions was completely barrierless, indicating the presence of methoxide 

ions in the reaction mixture under experimental conditions. 
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3.3.2 First Principle Calculations: 

The control tests mentioned in the experimental section have revealed that the 

benzylimine intermediate acts as the primary precursor, yielding various 

products (including benzamide, (E)-N-benzyl-1-phenylmethanimine, and 

benzaldehyde), which depend on the specific experimental conditions employed 

(Figure 18). Similar to the formation of benzaldehyde (6a) from benzyl alcohol, 

benzylimine (1ac) can be formed as a transient intermediate from benzylamine. 

Both oxygen and organic cations (quaternary alkylammonium cation) play 

significant roles in influencing the formation of oxidative products. The reaction 

stopped completely under an inert atmosphere, indicating its dependence on 

molecular oxygen for oxidation. Furthermore, the partial inhibition of the 

reaction by a radical scavenger (Tempo) suggests radical-mediated processes, 

such as hydrogen atom transfer. It is anticipated that hydrogen atom abstraction 

from benzylic CH2 and geminal NH2 will result in the production of oxidized 

product (benzylimine). However, the question remains whether the first 

hydrogen atom abstraction will take place from the benzylic CH2 or the geminal 

NH2. The potential energy profiles of benzylic C-H bond distance perturbation 

and N-H bond distance perturbation at the DFT level were calculated with a 

step size of 0.01 Å and 20 steps, with geometry optimization performed at each 

step using the "opt=modredundant" keyword. The computed bond dissociation 

energy (BDE) of α(C-H) was found to be 16 kcal/mol lower than that of N-H 

BDEs (Figure 26), while DFT calculations also demonstrated that benzylic 

radical species were thermodynamically more stable, with a difference of 19.14 

kcal/mol compared to amine radical species (Figure 27). These findings 

strongly suggest that the initial hydrogen atom abstraction is likely to occur 

from the benzylic C-H2 position. 
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Figure 26. Bond dissociation energy of C-H vs N-H of benzylamine at DFT 

level. (a) Potential energy profile of benzylic C-H bond distance perturbation at 

DFT level. Step size 0.01 Å, number of steps 20 and the geometry was 

optimized at each step (with keyword opt=modredundant). (b) Potential energy 

profile of N-H bond distance perturbation at DFT level. (c) Bond dissociation 

energy (BDE) calculation using the equation: E(r) = D0(1-Exp[-α(r-re)])
2 where 

D0 is the bond dissociation energy, α is the well depth, r is the intermolecular 

distance and re is the equilibrium bond distance. The blue line presents relative 

potential energy of benzylic C-H bond and the yellow line is that of N-H bond. 

BDE of benzylic C-H is 79.82 kcal/mol whereas BDE of N-H is 96.25 kcal/mol 

indicating that the first hydrogen abstraction is more feasible from benzylic 

position than the amine. 
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Figure 27. Thermodynamics stability calculation by DFT. The calculations 

were carried out using B3lyp/6-31+G(d) in the gas phase. The energy difference 

between two structures is -19.14kcal/mol. 

 

3.3.2.1 Free Energy Profile of Benzylamine Oxidation in the Presence of 

Oxygen: 

In order to explore the reaction mechanism, calculate electronic and free 

energies, and understand the effect of Triton B on oxygen activation, it was 

essential to examine the electronic structures of benzylamine and oxygen using 

DFT-based methods. The electronic energy and free energy profiles depicting 

the formation of benzylimine from benzylamine oxidation by molecular oxygen 

are presented in Figures 28a-28c, along with corresponding energy values 

listed in Tables 5. In the gas phase, it was observed that triplet O2 does not form 

a stable pre-reaction complex (Int-1T) with benzylamine 1a. The activation free 

energy barrier for H atom abstraction by triplet O2 was determined to be 26.5 

kcal/mol (B3LYP-D3), in comparison to the intermediate (Int-1T). Similarly, 

literature reports indicate various activation energy values for hydrogen atom 

abstraction by triplet oxygen from other compounds, such as CH3CH2COOCH3  
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Figure 28. DFT calculations. (a) Potential energy diagram and (b) Free energy 

diagram obtained using the B3LYP/6-31+G(d) method for the formation of 1aI 

from benzylamine and oxygen in the gas phase mimicking control 9 in Figure 

18 (c) The optimized geometries of various intermediates and transition states 

for the formation of 1aI and 1aI’ from benzylamine with oxygen in the gas 

phase. All the distances are in Å [C: grey, N: cyan, H: hydrogen., O: red]. 

 

Table 5. Calculated energy and free energies value (in Hartrees) of 

intermediates and transition states in the gas phase using the B3lyp/6-

31+G(d) level of theory for uncatalyzed system (Benzylamine + O2). 

Dispersion-corrected values are given in parenthesis. 

 

Structure Electronic Energy Free Energy 

Oxygen (triplet) -150.32559 (-150.32559) -150.34183 (-150.34183) 

Oxygen (Singlet) -150.26412 (-150.26412) -150.27934 (-150.27934) 

Oxygen (open-shell Singlet) 

corrected 

-150.292478 NA 

Benzylamine -326.916414 (-326.92657) -326.80145 (-326.81150) 

1S (Benzylamine + singlet O2) -477.180529 (-477.19069) -477.08078 (-477.09084) 

1T (Benzylamine + triplet O2) -477.242004 (-477.25216) -477.14327 (-477.15332) 

Int-1S (pre-complex) -477.194841(-477.21013) -477.0783 (-477.09302) 

Int-1T(pre-complex) -477.242593 (-477.25603) -477.13201 (-477.14340) 

MECP-1 -477.192491 (-477.20770) -477.07635 (-477.09043) 

1OS (corrected) -477.208891 NA 

Int-1OS (corrected) -477.209547 NA 

TS-1S -477.187339 (-477.20217) -477.07482 (-477.08937) 

TS-1T -477.195784 (-477.20983) -477.08679 (-477.10126) 

TS-1OS (corrected) -477.186775 NA 

MECP-2 -477.201034 (-477.21494) -477.09132 (-477.10468) 

Int-2T -477.201127 (-477.21498) -477.08969 (-477.10299) 

TS-2T -477.156075 (-477.16757) -477.05085 (-477.06225) 

1aI -477.260574 (-477.27181) -477.14659 (-477.15771) 

1aI' -477.165596 (-477.17825) -477.05791 (-477.06908) 
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(44.2 kcal/mol)194, SiH4 (38.8 kcal/mol)16, C14H9OH (9-anthrol) (28.9 

kcal/mol)195, C2H6NOH (dimethylhydroxylamine) (26.5 kcal/mol)195.  

The reactions between benzylamine and triplet oxygen to form benzylimine and 

hydrogen peroxide do not appear to occur spontaneously due to the very low 

Gibbs free energy of the reaction (-2.8 kcal/mol, B3LYP-D3). Furthermore, the 

reactions exhibit kinetic inertness due to the high activation energy required for 

triplet O2 to extract a hydrogen atom from benzylamine, which corresponds to 

26.5 kcal/mol of (B3LYP-D3) free energy. The low free energy difference 

indicates that this molecule remains "kinetically stable" in earth atmosphere and 

will persist for a long time under ambient conditions. 

Under the specified experimental conditions (70°C, 4 hours) in control 9, 

benzylamine alone in the presence of oxygen fails to produce any oxidized 

product. This experimental finding further corroborates the DFT data for the 

uncatalyzed reaction pathway. 

3.3.2.2 Free Energy Profile of Benzylamine Oxidation in Presence of 

Benzyltrimethylammonium Cation: 

Electronic energy and free energy profiles for both triplet and singlet reaction 

pathways have been calculated (Figures 29a-29c) to elucidate how oxygen 

interacts with the benzyltrimethylammonium cation, with corresponding energy 

values listed in Tables 6. The apparent activation-free energy for hydrogen 

atom abstraction from the benzylic position by triplet O2 was determined to be 

27.4 kcal/mol in the presence of benzyltrimethylammonium cation (Figure 29b) 

using (B3LYP-D3). Interestingly, the activation-free energy of benzylamine 

oxidation remains nearly identical with and without the 

benzyltrimethylammonium cation. This prompts further examination into the 

nature of the relationship between the benzyltrimethylammonium cation and 

oxygen, questioning its energetic stability. 
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Figure 29.(a) Potential energy surface to find the quaternaryammonium cation 

(PhCH2N
+(CH3)3) role using B3LYP/6-31+G(d) method for the formation of 

1ac from benzylamine and PhCH2N
+(CH3)3 with oxygen in the gas phase. (b) 

Free energy profile to find the quaternaryammonium cation role using 

B3LYP/6-31+G(d) method for the formation of 1ac from benzylamine and 

PhCH2N
+(CH3)3 with oxygen in the gas phase. (c) The optimized geometries of 

various intermediates and transition states for the formation of 1ac and 1ac’ 

from benzylamine with oxygen in the gas phase. All the distances are in Å [C: 

grey, N: cyan, H: hydrogen., O: red] 

 

Table 6. Calculated energy and free energies value (in Hartrees) of 

intermediates and transition states in the gas phase using the B3lyp/6-

31+G(d) level of theory for catalyzed system (benzylamine + O2 + 

PhCH2N+(CH3)3). Dispersion-corrected values are given in parenthesis. 

 

Structure Electronic Energy Free Energy 

Triton B (cation) -445.222921 (-445.24840) -445.01204 (-445.03663) 

1ST -922.403449 (-922.43908) -922.09282 (-922.12746) 

1TT -922.464925 (-922.50056) -922.15531 (-922.18995) 

1OS (corrected) -922.431812 NA 

Int-1ST (pre-complex) -922.439809 (-922.48648) -922.09112 (-922.13387) 

Int-1TT(pre-complex) -922.48133 (-922.53145) -922.13721 (-922.18605) 

Int-1OS (corrected) -922.448226 NA 

MECP-1 -922.439659 (-922.48635) -922.09112 (-922.13534) 

TS-1ST -922.436167 (-922.48334) -922.08965 (-922.13514) 

TS-1TT -922.437868 (-922.48626) -922.09658 (-922.14252) 

TS-1OS (corrected) -922.436726 NA 

MECP-2 -922.440273 (-922.49020) -922.09846 (-922.14559) 

Int-2TT -922.440154 (-922.49216) -922.09914 (-922.14683) 

TS-2TT -922.398208 (-922.44520) -922.05975 (-922.10579) 

1ac -922.51341 (-922.55684) -922.16622 (-922.20828) 

1ac' -922.4051 (-922.46334) -922.0645 (-922.11844) 
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Figure 30. The electronic energy and free energy profile diagram with cation 

computed at B3LYP/6-31+G(d) in gas phase. 

 

 

Figure 31. The optimized geometries of intermediate and transition state, where 

cation (PhCH2N
+(CH3)3 ) interacts with benzylamine rather than oxygen in the 

gas phase. All the distances are in Å [C: grey, N: cyan, H: hydrogen., O: red]. 

 

An alternative conformation of the transition state (TS-1TT’) was examined as 

depicted in Figure 30 and 31, to validate the role of benzyltrimethylammonium 

cation with oxygen. In this configuration, the benzyltrimethylammonium cation 

does not interact with oxygen but instead interacts with the benzylamine (as 
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shown in Figure 31). Interestingly, this TS configuration exhibits a higher free 

energy 3.2 kcal/mol or 4.3 kcal/mol (B3LYP-D3) electronic energy compared 

to the TS-1TT (as shown in Figure 30 and 31). This study provides compelling 

evidence that oxygen was activated by the benzyltrimethylammonium cation, 

which stabilized the transition state more than any other conformation. 

Table 7. The calculated distortion (Edist) and interaction (Eint) energies 

(kcal/mol) for C-H hydrogen transfer transition states (TS-1TT and TS-

1ST, Figure 29a), obtained with respect to the respective isolated reactants. 

 Edist Eint 

TS-1ST 23.4 -12.6 

TS-1TT 34.6 -25.7 

TS-1S 31.9 -0.5 

TS-1T 34.4 -7.8 

 

 

For further insights, a distortion/interaction-activation strain analysis was 

employed to compare the influence of the benzyltrimethylammonium cation on 

the transition state. This analysis divides the activation energy, ΔE‡, into two 

components: ΔEdist
‡, which represents the energy required to distort the 

reactants to their transition state geometries without any interactions, and ΔEint
‡, 

which represents the interaction energy between the distorted reactants (Table 

7).196 The ΔEint
‡ term encompasses exchange-repulsive and stabilizing 

electrostatic, polarization, and orbital effects in the transition state geometries. 

The sum of ΔEdist
‡ and ΔEint

‡ gives the total activation energy, ΔE‡. The findings 

reveal nearly identical distortion energies of TS-1T and TS-1TT (34.4 kcal/mol 
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vs. 34.6 kcal/mol for the transition state). However, a stronger interaction 

energy, ΔEint
‡, for TS-1TT (-25.7 kcal/mol) compared to TS-1T (-7.8 kcal/mol) 

accounts for the reduction of the activation energy barrier for 

benzyltrimethylammonium cation.  

The oxidation of benzylamine in the presence of a benzyltrimethylammonium 

cation, leading to the formation of benzylimine and hydrogen peroxide, is 

exothermic by -11.5 kcal/mol (B3LYP-D3), refers to it as a kinetically labile 

process compared to uncatalyzed reactions. However, the energy barrier for 

hydrogen atom abstraction by triplet O2 from benzylamine in the presence of a 

benzyltrimethylammonium cation is calculated to be approximately 27.4 

kcal/mol (B3LYP-D3). The activation free energy of the forward reaction is 

27.4 kcal/mol, significantly lower than the activation free energy of the 

backward reaction, estimated at 41.3 kcal/mol. 

Hence, the sole use of benzyltrimethylammonium cation in vacuum calculations 

might not adequately portray the catalyst's influence on the free energy profile, 

as the presence of other molecules and their respective free energy values could 

significantly impact the reaction progression. It is important to note that the 

benzyltrimethylammonium cation remains dissolved in approximately 60% 

(w/w) methanol. Initially, the influence of both the counter anion and the 

methanol solvent was ignored during calculations. To ensure accurate free 

energy values from DFT studies, it is recommended to account for as many 

relevant factors as possible to closely replicate experimental conditions. As a 

result, the computational study was expanded to a more realistic model, 

incorporating a solvated anion alongwith a benzyltrimethylammonium cation, 

and an implicit solvation model with methanol as the solvent (Figure 32a-32c). 
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3.3.2.3 Free energy profile of benzyltrimethylammonium cation with 

solvated anaions: 

The free energy profile has been calculated with the inclusion of a methanol-

solvated anion with benzyltrimethylammonium cation (Figure 32b) to get 

better free energy values for transition states, intermediates, and products, with  
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Figure 32. (a) Potential energy diagram and (b) Free energy diagram using the 

B3LYP/6-31+G(d) method for the formation of 1ac or 1ac’ from benzylamine 

and benzyltrimethyl ammonium cation with solvated anion in the implicit 

solvent (methanol) model mimicking the experimental condition. (c) The 

optimized geometries of various intermediates and transition states for the 

formation of 1ac and 1ac’ from benzylamine with oxygen. All the distances are 

in Å [C: grey, N: cyan, H: white, O: red]. Electronic energy and free energy are 

given in kcal/mol. Black arrow represents the presence of methoxy ion. 

 

corresponding energy values listed in Table 8. The activation free energy for 

hydrogen atom abstraction from the benzylic position by triplet O2 was 

observed to decrease from 27.4 kcal/mol (B3LYP-D3) (Figure 29b) to 18.4 

kcal/mol (B3LYP-D3) (Figure 32b) upon the incorporation of a methanol-

solvated anion with a benzyltrimethylammonium cation. It is worth mentioning 

that adding solvation to the free energy profile sufficiently lowered the free 

energy value by 9 kcal/mol (B3LYP-D3) (Figure 28b). Furthermore, 

considering an experimental mimic environment in the free energy profile 

(Figure 32b) revealed that the free energy activation barrier is 8.1 kcal/mol 

(B3LYP-D3) lower than that of the uncatalyzed process (Figure 28b). It could 

be argued that integrating dispersion corrections might mitigate errors and 

potentially enhance the accuracy of B3LYP energies.197–199 From a 

thermodynamic perspective, under optimized experimental conditions, the 

process may exhibit kinetic spontaneity because the activation free energy of H 

atom abstraction is 18.4 kcal/mol (B3LYP-D3), whereas the thermodynamic 

stability of the products (benzylimine and H2O2) is -7.3 kcal/mol (B3LYP-D3). 

A notable energy difference has been observed between the dispersion-corrected 

electronic energy (-30.5 kcal/mol) and the Gibbs free energy (-7.3 kcal/mol) of 

the product, 1ac (Figures 32a and 32b). The incorporation of thermal free 

energy correction significantly impacts product stability (from -30.5 kcal/mol to 

-7.3 kcal/mol), indicating that the inclusion of entropy terms in the free energy 
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profile may be crucial, particularly when reactions involve a more random 

gaseous substance, such as triplet oxygen. 

3.3.2.4 Entropy Contribution in the Free Energy Profile: 

It's important to note that calculating entropy in a solution poses a challenge 

when using quantum chemical methods.200–203 This complexity makes it difficult 

to accurately determine or factor in entropy through quantum-chemical 

calculations. Implicit solvation models, which treat solvents as homogeneous 

and isotropic media, struggle to capture molecular solute-solvent interactions 

and solvent-specific effects, potentially resulting in inaccuracies when 

replicating the real experimental environment through quantum-chemical 

analysis.  

Table 8. Calculated energy and free energies value (in Hartrees) of 

intermediates and transition states in the solvent phase (MeOH) using the 

B3lyp/6-31+G(d) level of theory for catalyzed system (benzylamine + O2 + 

Triton B). Dispersion-corrected values are given in parenthesis. 

 

Structure Electronic Energy Free Energy 

Triton B (cation) with solvated 

anion 

-1215.70775 (-1215.77708) -1215.223489 (-1215.27802) 

1ST -1692.903399 (-1692.98289) -1692.320451 (-1692.38480) 

1TT -1692.964143 (-1693.04364) -1692.382208 (-1692.44655) 

1OS (corrected) -1692.928923 NA 

Int-1ST -1692.931476 (-1693.03415) -1692.313096 (-1692.38903) 

Int-1TT -1692.964638 (-1693.06121) -1692.36267 (-1692.42445) 

Int-1OS (corrected) -1692.931515 NA 

TS-1ST -1692.92976 (-1693.02543) -1692.314402 (-1692.38863) 

TS-1TT -1692.930073 (-1693.02508) -1692.324039 (-1692.39509) 

Int-2TT -1692.929899 (-1693.02114) -1692.327084 (-1692.39210) 

TS-2TT -1692.894434 (-1692.991407) -1692.285651 (-1692.36426) 

1ac -1693.0044 (-1693.092232) -1692.388527 (-1692.45812) 

1ac' -1692.885224 (-1692.99725) -1692.283652 (-1692.36375) 
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There are numerous documented methods for calculating changes in solution 

entropy using quantum-chemical calculation.197,204–207 The revised free energy 

was computed by halving the original entropy. Incorporating the entropy 

correction, the activation free energy (dispersion and entropy corrected) barrier 

in the presence of the Triton B molecule is 18.3 kcal/mol, while the formation 

of products is stabilized by -21.6 kcal/mol (Figure 32b). Considering the 

thermodynamic aspect of free energy profile (Figure 32), it is now evident that, 

under optimized experimental conditions, Triton B-mediated benzylamine 

oxidation via activated oxygen is both kinetically labile and highly spontaneous. 

3.3.2.5 Minimum Energy Crossing Point (MECP): 

A spin-flipping process is expected to occur because the reaction begins with 

triplet oxygen but yields singlet products. To pinpoint the location on the 

potential energy surface (PES) where spin flipping takes place, the Minimum 

Energy Crossing Point (MECP) was computed, representing the minimum 

energy point where the PESs of two different spin states intersect, causing the 

transition from triplet to singlet PESs (Figure 29).208 The hydrogen atom 

abstraction initiates from the stable triplet intermediate (Int-1TT); however, the  

Table 9. The calculated bond distances and Mayer bond order of various 

intermediates, transition states and MECPs. 
 

 Distance (Å) Bond 

order 

 O...H(C) C-H N...O O-O 

Int-1ST 1.899 1.120 1.967 1.567 

Int-1TT 4.633 1.100 3.462 2.234 

MECP1 1.919 1.119 1.989 1.760 

TS-1ST 1.403 1.231 2.158 1.393 

TS-1TT 1.182 1.447 3.085 1.628 

MECP2 1.003 2.052 3.568 1.390 

Int-2TT 1.006 1.988 3.460 1.592 

1ac    0.915 
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formation of triplet products from the triplet intermediate is hindered by the 

high free energy of the triplet final products. Hence, a spin transition in this free 

energy profile diagram is also expected.209 Consequently, two Minimum Energy 

Crossing Points (MECPs) were identified (Figure 29a): the first MECP was 

positioned before the transition state at 34.3 kcal/mol, only 4.5 kcal/mol above 

the high-spin transition state (TS-1TT). The calculated geometrical data 

indicates that the O---H distance in MECP1 is 1.919 Å, which decreases in TS-

1ST (1.403 Å) or TS-1TT (1.182 Å) (Table 9 and Figure 29c). The energy 

profile (electronic energy and free energy) (Figures 29a and 29b) also suggests 

that due to its low energy activation barrier, benzylamine oxidation by triplet 

oxygen with benzyltrimethylammonium cation would favor the H atom 

abstraction pathway (TS-1TT) over MECP1. If the spin-flip does not occur at 

MECP1, the reaction will proceed with a more favorable triplet TS-1TT and 

will go forward directly to form singlet products through MECP2 without any 

activation barrier. 

Due to the involvement of spin crossing between singlet and triplet states in the 

potential energy surface for benzylimine and hydrogen peroxide formation, a 

multireference configuration may offer a better explanation of the electronic 

states of the geometries. Hence, complete active space self-consistent field 

(CASSCF) calculations were conducted with a (20,14) active space, followed 

by second-order multi-reference perturbation theory based on CASSCF 

(20,14)/CASPT2 calculations on the DFT optimized geometries. These 

calculations considered 20 active electrons in 14 active orbitals, and the 

obtained results exhibited a similar trend (Table 10). 

Additionally, domain-based Local Pair Natural Orbital-CCSD(T) (DLPNO-

CCSD(T)) calculations for the DFT-optimized geometries were employed, 

which yielded a similar energy profile diagram (Figure 33). The performance of 
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DLPNO-CCSD(T) in the spin crossing reaction showed acceptable agreement 

with the CASPT2 calculations. 

Table 10. The relative energies calculated at CASPT2 (20,14)  with the cc-

pVDZ basis set. 
 

 CASPT2 

(20,14) 

Int-1ST 40.2 

Int-1TT 0.0 

Int-2TT 35.0 

1ac -6.8 

1acʹ 50.9 
 

 

 

Figure 33. Potential energy surface was calculated to find the PhCH2N
+(CH3)3 

role using the DLPNO-CCSD(T) method for the formation of 1ac from 

benzylamine and PhCH2N
+(CH3)3 with oxygen in the gas phase. Electronic 

energy is given in kcal/mol. 
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3.3.2.6 Proton Coupled Electron Transfer (PCET) Process: 

It's evident that in the presence of the ionic liquid (Triton B), hydrogen atom 

abstraction by molecular oxygen occurs with a lower activation energy barrier 

compared to an uncatalyzed reaction. The mechanism of hydrogen atom 

abstraction was examined through spin density and Mulliken charge analysis. 

The negligible spin density observed on the mobile hydrogen atom in TS-1TT 

(Figure 34a-34c) confirms that the hydrogen atom is not transferred as a radical 

(as in hydrogen atom transfer, HAT), but rather through a proton-coupled 

electron transfer (PCET) process from benzylamine to oxygen.210
  

Analysis of global electron density transfer (GEDT) at TS-1TT indicates that 

electron density flows globally from benzylamine to oxygen and from oxygen 

to benzyltrimethylammonium cation (Figures 34a-34c). Furthermore, the 

charge transfer properties for the ground adiabatic electronic states of 

intermediates and transition states were assessed (Figure 34d).211  

The dipole moment magnitude undergoes a substantial increase throughout the 

reaction progression (Table 11), leading to notable changes in the electronic 

charge distribution within the benzylamine-O2 system. Calculations during the 

reaction process reveal alterations in the charges on the donor (benzylamine) 

and acceptor (O2) molecules, as well as the transferring hydrogen. Specifically, 

charges on the donor molecule transition from negative to positive values 

(Table 11).212,213 

Moreover, the charge on the transferring hydrogen atom is observed to become 

more positive for Int-2TT (0.51 e) compared to Int-1TT (0.22 e). This 

observation aligns with the PCET mechanism, where a positively charged 

proton is involved alongside electron transfer from the donor to the acceptor 

molecule.211,214 
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Table 11. The calculated dipole moments (D) and Mulliken charges on 

donor (benzylamine) and acceptor (O2) molecules. The charges on 

transferring H are also given. 

 Dipole moment (D) Mulliken charge 

donor molecule acceptor molecule H atom 

Int-1TT 
4.231 -0.021 0.074 0.224 

TS-1TT 
4.034 0.389 -0.332 0.368 

Int-2TT 
5.951 0.543 -0.408 0.513 
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Figure 34. (a) shows moving benzylic hydrogen atom at TS-1TT towards triplet 

oxygen is carrying a partial charge of +0.33. (b) Global electron density transfer 

(GEDT) profile at TS-1TT shows partial charges on benzylamine, oxygen, and 

PhCH2N
+(CH3)3 cation (0.39, -0.33, and 0.94, respectively) at TS-1TT. (c) The 

electron spin density of individual atoms at TS-1TT. Spin density on O2 

decreases to 1.21 from 2 whereas the transfer of one electron from benzylamine 

results in a spin density of 0.78 on benzylamine. A spin density of 0.03 on 

transferring H indicates proton coupled electron transfer (PCET) rather than 

hydrogen atom transfer (HAT). Blue texts correspond to partial charge and pink 

texts correspond to spin density. Distances are shown in dotted lines. (d) The 

spin density of various intermediates and transition states formed from 

benzylamine and Triton B with oxygen in the gas phase at the iso-surface value 

of 0.03. The brown and green colors indicate two opposite regions. [C: grey, N: 

blue, H: hydrogen., O: red] 

 

The frontier molecular orbitals of the transition state (TS) can be observed in 

Figure 35, while the active space natural orbitals derived from MCSCF 

calculations are depicted in Figure 36. In Int-1TT, both orbitals 78 and 79 

singly occupy the π* orbital of O2. Conversely, in Int-2TT, orbital 79 exhibits 

contribution from HOO• radical species, while orbital 78 shows contribution 

from PhCH•—NH2 radical species (Figure 36). 
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Figure 35. The frontier molecular orbitals of Int-1TT (left panel) and TS-

1TT(right panel). The orbital energies value in a.u. The iso-surface value is 

0.02. 
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Figure 36. Molecular orbitals of (a) Int-1TT and b) Int-2TT obtained from 

MCSCF calculations. 
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3.3.2.7 Role of Benzyltrimethylammonium Cation: 

Detailed DFT studies support that the reaction cannot proceed to produce the 

intended products in the absence of Triton B, aligning with the experimental 

findings. Various aspects have been investigated through DFT studies, 

encompassing the mechanism of the benzylamine oxidation reaction, electronic 

energy and free energy values, entropy contribution, PCET process, and the  

 

 

Figure 37. (A) The pDOS diagram. (Aa) The energy of electrons in triplet 

oxygen (red). (Ab) The energy of electrons in Int-1T, where red corresponds to 

triplet oxygen, blue corresponds to NH2 of benzylamine, and gray corresponds 

to benzylic CH2 of benzylamine. (Ac) The energy of electrons in Int-1TT, 

where electrons of oxygen with benzylamine in presence of Triton B have been 

compared. (Ad) The energy of electrons of Int-1TT where electrons of oxygen 

with Triton B have been compared; the color brown corresponds to electrons of 

N+-CH2(CH3)3. (Ae) The energy of electrons in TS-1TT. (f) The energy of 

electrons in product 1ac. (Ag) The energy of electrons in Triton B alone. (B) 

Schematics of orbital destinations in PCET. Incoming electrons are shown in 

red.  
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non-covalent interaction between the benzyltrimethylammonium cation and 

oxygen. Exploration of different transition state orientations of the 

benzyltrimethylammonium cation relative to oxygen (Figures 30 and 31) 

confirms its specific affinity with oxygen through non-covalent interaction 

(Figures 30 and 31). However, the energy profile diagrams alone do not 

elucidate the role of the benzyltrimethylammonium cation in Triton B with 

oxygen in benzylamine oxidation, necessitating further investigation into 

molecular orbitals. To understand non-covalent interactions, the focus has been 

on the orbitals of oxygen and the benzyltrimethylammonium cation. Orbitals 

play a crucial role in modeling molecular bonding, interactions between 

molecules and surfaces, and the reactivity of a molecule. Investigating the 

interaction between the benzyltrimethylammonium cation and oxygen requires 

understanding the energy of molecular orbitals involved in the interaction or 

reaction. Partial density of states (pDOS) serves as a vital descriptor for 

elucidating the energy of corresponding orbitals or electrons participating in the 

mentioned reaction (Figure 37Aa-37Ag).215,216 To investigative the 

delocalization of the orbitals, the partial density of states (pDOS) was analyzed 

by weighting the individual Gaussians with the gross orbital populations. In 

Figure 37Aa, the spin-down and spin-up DOS for free oxygen display peaks at 

-3.6 eV (vacant) and -8.84 eV (occupied), respectively, each originating from 

degenerate states representing the two antibonding 𝜋2𝑝
∗ orbitals. The splitting 

between spin-up and spin-down arises due to the triplet nature of the O2 ground 

state, leading to different exchange interactions for the distinct spin channels. In 

an uncatalyzed reaction with benzylamine and oxygen, the two antibonding 

𝜋2𝑝 
∗ orbitals of oxygen manifest at -3.56 eV (vacant) and -8.76 eV (occupied). 

Compared to free triplet oxygen, no stabilization of the antibonding orbitals of 

oxygen with the benzylamine complex (Figure 37Ab) was observed. However, 

in the presence of the benzyltrimethylammonium cation, the partial density of 
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states (pDOS) reveals a decrease in both the vacant and occupied 𝜋2𝑝 
∗ orbital 

energies of oxygen to -6.36 eV and -11.56 eV, respectively, while the orbital 

energy of the benzyltrimethylammonium cation increases, facilitating 

hybridization (Figure 37Ac-37Ag). Orbital hybridization was observed between 

the filled bonding pi orbitals (π2p) of oxygen (Figure 37Ad and 37Ae) and the -

N+(CH3)3 (Triton B) orbitals, which significantly reduces the orbital energies of 

oxygen (TS-1TT).215 This reduction by 2.8 eV activates the oxygen, bringing 

the unoccupied antibonding 𝜋2𝑝
∗  orbitals of oxygen in close proximity to 

benzylamine, making them susceptible to accepting hydrogen atoms. Rather 

than directly participating in reactions, the benzyltrimethylammonium cation 

acts as a catalyst by activating oxygen molecules through non-covalent 

interaction. 

The orbital destinations of the proton-coupled electron transfer process are 

evident from the pDOS and schematically depicted in Figure 37B. Interacting 

with the benzyltrimethylammonium cation, the energy of the vacant 𝜋2𝑝
∗  orbitals 

of oxygen decreases by 2.8 eV in the Int-1TT, facilitating the transfer of a 

hydrogen atom from -CH2-NH2 (benzylamine) to one of the vacant 𝜋2𝑝
∗  orbitals 

of oxygen (Int-1TT). Thus, in the TS-1TT, an electron accompanied by a 

hydrogen atom could be observed in one of the vacant 𝜋2𝑝
∗  orbitals of oxygen. 

Another electron is transferred in the subsequent step along with the second 

hydrogen atom from -NH2, thereby confining the electronic states to low-energy 

ground-state singlet products. 

3.4 Conclusion  

In this chapter, both uncatalyzed and catalyzed energy profiles for the oxidation 

of benzylamine using oxygen as an oxidant were demonstrated. Initially, the 

uncatalyzed energy profile was examined to understand the influence of Triton 

B on benzylamine oxidation. In this profile, hydrogen atom transfer (HAT) was 

identified as the rate-determining step. To further grasp the impact of Triton B, 
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the Triton B cation was included in the energy profile diagram without the 

counterion. A very low activation energy/free energy difference (2 kcal/mol) 

between the two routes was observed using an energy profile diagram of 

catalyzed and uncatalyzed reactions. The non-covalent interaction between the 

Triton B cation, oxygen and benzylamine resulted in a low activation energy 

difference due to interaction and dispersion energy of the transition state. 

Subsequently, a diagram of the energy profile under actual reaction conditions 

was considered for calculation. In this energy profile, methanol, Triton B and 

counterions were present. In this scenario, a low activation barrier (8 kcal/mol) 

was achieved compared to both catalyzed and uncatalyzed reactions (where 

only cations were present). A low difference in free energy activation and a 

significantly higher barrier height (nearly twice as high) than the electronic 

energy profiles were noted when comparing the free energy profiles of different 

catalyzed and uncatalyzed reactions (in the presence of cations or cations and 

anions) in all cases where the catalyst was still present. The presence of the 

entropy term as well as dispersion correction in the free energy profile entirely 

misrepresented Triton B's function in the reaction. Additionally, the entropic 

contribution was calculated in the free energy profile diagram. The calculated 

free energy profile confirms that the reaction mechanism is both kinetically 

labile and spontaneous. The study investigated hydrogen abstraction in TS-1TT 

using spin density and Mulliken charge analysis. It was found that hydrogen 

atoms were transferred from benzylamine to oxygen via a proton-coupled 

electron transfer mechanism, rather than as HAT. Furthermore, first-principle 

calculations elucidated the activation of O2 within the framework of molecular 

orbital theory. The orbital overlap between the benzyltrimethylammonium 

cation and oxygen stabilizes the high-energy 𝜋2𝑝
∗   orbital of oxygen. 

Consequently, the 𝜋2𝑝
∗   orbital of oxygen, acting as the electron or H acceptor, 

approaches the orbitals of organic molecules, such as benzylamine.  
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