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Introduction 

The emission of greenhouse gases and particulate matter has profoundly 

impacted climate change by unsettling the earth's radiation balance. The earth's 

atmosphere is in an equilibrium condition; the incoming flux of solar energy is 

balanced with the outgoing flux of energy as long-wave radiation. Over time, 

several radiatively active gases increase concentrations because of various 

human activities, disrupting the delicate balance of existing energy transfer 

equilibria in our atmosphere. Human activity has also increased aerosol 

particles' levels either by direct emission or by emitting the gases responsible. 

This increasing aerosol particle concentration also disturbs the radiation 

equilibria and affects human health by creating various lung diseases. Among 

all the greenhouse gases, CO2 is the main contributor to anthropogenic radiative 

forcing. 

Fossil fuel burning is the primary reason for increasing the concentration of 

greenhouse gases and aerosol particles. Apart from their help in changing the 

earth's climate, there are other problems in using fossil feedstocks in large 

amounts, and the primary one is that its resources are finite. Scientists are trying 

to find suitable alternatives for the last few decades, and they came up with 

various technologies like solar power, nuclear power, biofuels, etc., as 

alternative energy sources. Many of the so-called first-world countries are 

reducing their fossil fuel consumption substantially. In economically 

progressing countries like India, there is a lot of complexity depending on those 

alternatives. The crude oil refinery industry also produced a wide variety of 
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commodity products for everyday uses. Biomass has particular interest among 

scientists because it can reduce the dependencies on fossil feedstock by 

generating both fuels and the necessary chemicals in a net carbon neutral 

biosynthetic pathway. 

Biosynthesis of long-chain alkanes or, for that matter, hydrocarbons, in general, 

can be tremendously helpful in solving the issue. In a petroleum refinery 

industry, apart from the extensive use of fuels, hydrocarbons are the primary 

raw material for producing various commodity products. The prospect of using 

the biosynthesis of hydrocarbon as an alternative to the crude oil refinery 

systems accelerated the fascination towards mechanistic enzymology.  

Hydrocarbon biosynthesis in nature has evolved several times. There are three 

types of mechanisms for forming unfunctionalized alkanes utilizing fatty 

aldehydes as a precursor. The aldehyde is an intermediate product in the process 

of long-chain-alkane formation from fatty acids. Aldehyde decarbonylases 

(AD) are the only known class of enzymes to convert aldehyde to alkanes with 

one less carbon via carbon-carbon bond cleavage. There are three different 

kinds of aldehyde decarbonylases known for three different types of organisms, 

plants, insects, and cyanobacteria. All of them are also structurally different 

from each other. The most recently discovered pathway for alkane biosynthesis 

is the cyanobacterial pathway. Cyanobacterial aldehyde decarbonylase is also 

known as cyanobacterial aldehyde deformylating oxygenase (cADO). The end 

product for cADO is entirely different than the other two mechanisms. In this 

case, the aldehyde carbon transformed into formate instead of any gaseous 
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product, unlike the other two mechanisms. The reactivity of cADO was tested 

with some model aldehyde substrates having relatively smaller carbon chains 

than natural fatty aldehydes like nonanal and decanal. In these cases, alcohols 

and aldehydes with one less carbon atom formed as a product and alkane and 

formate.  

 

Figure I. Various steps for the biosynthesis of alkanes in nature. 

The kinetics study of natural enzymes has always been a complicated task for 

many reasons likes solubility, purity, etc. There might be some other cofactors 

in vivo, which helps the catalyst perform their activity, which is difficult to 

replicate in vitro. Among the three different natural decarbonylases, only for 

the cADO successful kinetics study has been achieved. Kinetic analysis of 

cADO reveals that the reaction is extremely slow. Various research groups have 

tried to use different reaction conditions, but the reactivity does not improve 

much. This slow reactivity of the natural enzymes in vitro makes them 

challenging to use as a catalyst for biofuel biosynthesis on an industrial scale. 
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As a result, scientists have put more emphasis on synthetically generated 

systems. 

The synthetic model compounds have been used in mimicking different types 

of biological reactions and study their mechanism. They are relatively easy to 

synthesize and purify to be used successfully on an industrial-scale provided 

other parameters are in favor. There are two major genres of synthetic model 

systems – heme and nonheme enzymes, and both classes of compounds are 

used extensively to understand the details of deformylation reaction. The 

dinuclear and mononuclear types of synthetic models containing iron are 

generated to mimic natural enzymes' reactivity and adequately understand their 

mechanism. Among all the various kinds of artificial models available, the 

mononuclear nonheme transition metal-peroxo systems got more attention 

recently, as handling them takes relatively less effort. Though the natural AD 

enzymes contain mainly Fe at the active site, synthetic models have been 

generated using different transition metals. A detailed understanding of the 

deformylation mechanism by nonheme mononuclear systems would help 

produce a more efficient catalyst for hydrocarbon biosynthesis.  

Many of the studies used 2-PPA and CCA as model substrates for aldehyde 

deformylation. Those studies unveiled the carton from many unknown facts 

about the reaction, e.g., the fate of the peroxo oxygen, effect of the electron-

donating group at the axial position of the peroxo group, the effect of solvent 

on the product formation, the effect of structural conformation of the substrate 

on the reactivity. However, most of those studies convey that the reaction 
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occurs via nucleophilic attack of the peroxo oxygen at the aldehyde's carbonyl 

carbon. In our earlier studies, the unveiling of a new mechanical way for the 

deformylation of 2-PPA by an Mn peroxo system provides an alternate 

viewpoint in contrast to the popular opinions. We now know that the H atom's 

availability at the α-position of the aldehyde group controls aldehyde's 

reactivity. So aldehydes with readily available H atom converts to an alkane 

faster, provided other conditions remain the same. This information will help 

enormously in selecting suitable substrates for a well-planned outcome. 

Apart from the substrate, many different factors influence a reaction, and 

catalyst is crucial among them. The ligand architecture has a stimulating effect 

on the reactivity of the metal-oxygen intermediates. Our detailed literature 

study found that there is little or sometimes no information available on the 

isotope substitution experiments in the previous reports. Our vision is to study 

the mechanism of the reactions earlier declared as nucleophilic reactions in the 

light of the newly developed mechanistic pathway with or without modification 

in ligand architecture. 

This thesis tried to determine the deformylation reaction of 2-PPA by Cu(II)-

alkylperoxo intermediates and how ligand architecture affects that. It also 

revisits CCA's deformylation mechanism by Fe(III) and Mn(III)-peroxo 

intermediates. 
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Figure II. H-atom abstraction mechanism by Mn(III)-peroxo intermediate. 
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Influence of induced steric on the deformylation of aldehyde by Cu(II)-

alkylperoxo intermediates 

This chapter has studied the mechanism of aldehyde deformylation by the 

Cu(II)-alkylperoxo species and the effect of ligand architecture on its reactivity. 

A few reports are available on aldehydes' deformylation by Cu(II)-alkylperoxo 

intermediate, but detail mechanistic studies have not been performed in most 

cases. In most cases, Cu(II)-alkylperoxo complexes behave as an electrophilic 

species, though believed to act differently in aldehyde deformylation. Recent 

developments in the deformylation reaction mechanism of Mn(III)-peroxo 

systems suggest an initial H-atom abstraction mechanism. That study inspires 

us to perform isotope labeling experiments for the deformylation by Cu(II)-

alkylperoxo species to get more details about the mechanism. We have 

synthesized two isomeric bispidine based Cu(II)-alkylperoxo complex 

Alkylperoxo complexes [Cu(BL1)(OOtBu)]+ (1) and [Cu(BL2)(OOtBu)]+ (2) 

were generated from their Cu(II) precursors, using tBuOOH and Et3N in 

CH3CN at 298 K.  

We have used 2-Phenylpropionaldehyde (2-PPA) as a model substrate for the 

aldehyde deformylation reaction. The pseudo-first-order rate constant (kobs) for 

the reaction increases proportionally with an increase of the 2-PPA 

concentration, allowing us to measure the second-order rate constant(k2) for 

deformylation with 1 and 2 as oxidants of 0.027 M-1 s-1 and 0.0093 M-1 s-1, 

respectively. To investigate the mechanism, we have performed isotope 

labeling experiments. We have measured kinetic isotope effect (KIE) of 12 and  
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Figure III. [a] Decay of 1 upon addition of 2-PPA (15 mM) in CH3CN at 298 K [inset shows the 
time trace for the peak at 423 nm]. [b] Plot of kobs against the concentration of 2-PPA and the 
second-order rate constant for the reaction of 2-PPA with 1() and 2(). 

8 for the H-atom at α-position of aldehyde, for 1 and 2, respectively. Therefore, 

our kinetics studies establish that complexes 1 and 2 react with 2-PPA via an 

electrophilic hydrogen atom abstraction. We have also found that complex 1 

reacts at a higher rate than 2. To investigate the ligand architecture effect, we 
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have decided to check the reactivity with other known electrophilic reactions 

like oxygen atom transfer to a heteroatom. In the oxidation of PPh3, complex 2 

reacts at a faster rate than 1. The experimental results suggest a switchover of 

the reactivity order for the OAT. 

  

Scheme I. Reactivity of Cu(II)-alkylperoxo in different reactions 

We have demonstrated the synthesis, characterization, and reactivity of two 

bispidine Cu(II)-alkylperoxo complexes. In contrast to the earlier report of 

nucleophilic carbonyl attack by Cu-alkylperoxo species, the species mentioned 

above exhibit C-H abstraction at the α-position of the aldehyde group. The high 

KIE value is imperative for rate-determining C-H bond cleavage. It has also 

been observed that these two complexes show an inverse trend in reactivity for 

two different types of reactions. The introduction of two benzyl groups instead 

of methyl groups at the N3 and N7 positions increases the steric bulk around 

the metal center, accelerating atom transfer to heteroatoms. Simultaneously, the 
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same phenomenon decreases reaction rates for aldehyde deformylation 

reactions by reducing the substrate approach feasibility. 

Substrate triggered conversion of η2 to η1- Fe(III)-peroxo for the 

deformylation of CCA 

The aldehyde deformylation by Fe(III)-peroxo has been considered to proceed 

via a nucleophilic attack by the peroxo group at the aldehyde's carbonyl carbon. 

Earlier developments, in our lab, on the deformylation by Mn(III)-peroxo and 

Cu(II)-alkylperoxo species suggest otherwise; and we have been very curious 

to know the details for Fe(III)-peroxo system. For this purpose, we use 2-PPA, 

CCA, and their isotopic derivative as the model substrate in this work. The H-

atom abstraction mechanism has been postulated based on isotope labeling 

experiments. We have searched the literature at our best but unable to find out 

any isotope labeling experiment at α-position for the deformylation Fe(III)-

peroxo intermediates. To find out more insight on the deformylation 

mechanism for Fe(III)-peroxo species, we have used α-D-2-PPA and α-D-CCA 

as mechanical probes. 

We have used Fe(III)-peroxo species supported by N4Py and TMC ligand 

framework. These two peroxo species are well characterized previously by 

various research groups. The intermediates [Fe(N4Py)(O2)]+ (3) and 

[Fe(TMC)(O2)]+ (4) were generated according to the reported procedure in the 

literature. 
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Figure IV. (a) UV-Vis absorption spectra for the reaction of 3 with 2-PPA. (b) The plot of pseudo-
first-order rate constant (kobs) against the different concentrations of 2-PPA () and α-D-2-PPA 
(). 

To understand the effect of the isotopic substitution, we have performed the 

reaction with 2-PPA and α-D-2-PPA. After the addition of the substrate, the 

intermediate started to decay immediately. We have not observed any kinetic 

isotope effect (KIE) for the H atom at α-position. So, the initial H atom 
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abstraction from the α-position of 2-PPA is not an option for Fe(III)-peroxo 

intermediates. 

When we add CCA to 1 mM TFE solution of intermediate 3 at 243 K, the 

electronic absorption spectra of 3 give an immediate blue shift of 140 nm. 

Surprisingly, the solution changes from blue to purple, with a new absorption 

maximum at 540 nm. The purple solution's electronic absorption feature 

suggests a similarity with the previously reported Fe(III)-hydroperoxo species. 

To check whether this Fe(III)-OOH formation results from the H-atom 

abstraction from the α-positions, we have added α-D-CCA to 3. The 

intermediate shows a similar spectral pattern to that of reaction with CCA with 

a color change from blue to purple. Since we do not found any Change in 

reactivity pattern for α-D-CCA and CCA, the question remains about the 

location of hydrogen plucked by the intermediate, which causes interconversion 

of peroxo to hydroperoxo intermediate. The peroxo intermediate leaves no 

other possibility but the aldehyde's H atom abstraction. To check our 

hypothesis, when we add 1-D-CCA to a solution of 3, the absorption band 

decayed immediately with no blue shift, and the intermediate reverted to the 

iron(III) complex with an isosbestic point at 450 nm.  

This result supported the role of the aldehyde H atom in the reaction of Fe-

N4Py-peroxo with CCA and suggested that the Fe-N4Py-peroxo complex is not 

following a nucleophilic carbonyl attack mechanism for deformylation of CCA. 
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Figure V. UV-Vis spectra for the reaction of 3 with CCA (a) and 1-D-CCA (b). 

The deformylation of CCA has been studied previously with intermediate 4, 

and there was no report for such an anomaly. So, we have decided to explore 

the effect of isotopic substitution with 4. The addition of CCA to 4 at 258 K 

started the absorption band's decay without any shift. When we investigated the 
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reaction of 4 with α-D-CCA, there was no significant change in rate. To further 

confirm the aldehyde's H atom abstraction, we have decided to check the 

reactivity of 4 with 1-D-CCA. The absence of KIE for both 2-PPA and CCA 

suggests α-H atom abstraction is not possible for 3 and 4. The addition of 1-D-

CCA makes the intermediate decays with its natural decay rate, making it 

impractical to get a second-order rate. However, a slower reactivity compared 

to CCA suggests the aldehyde's H atom involvement. Further study is required 

to get an accurate mechanistic pathway for CCA deformylation by 4. 

This chapter discussed the mechanism for the aldehyde deformylation reaction 

of Fe(III)-peroxo species with different commonly used model substrates. The 

careful research and analysis of the data prove that the most feasible mechanism 

is a nucleophilic carbonyl attack for the Fe(III)-peroxo species. Still, the 

reaction pathway can differ from substrate to substrate, and it proceeds via an 

initial H atom abstraction, especially for CCA. 

Establishment of a pristine mechanistic pathway for aldehyde 

deformylation by Mn(III)-peroxo intermediates 

This chapter dealt with the synthesis and characterization of a new tetradentate 

N-donor-based Mn(II)-complex. The aldehyde deformylation reaction was 

studied using CCA and their derivatives as the model substrates. The reactivity 

of Fe(III)-peroxo system with 2-PPA and CCA has proved the possibility of a 

different kind of mechanism for the later one. This experimental result inspires 

us to investigate the facts further to convey a more accurate reaction mechanism  
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Figure VI. (a) UV-Vis spectra for the decay of 5 upon adding 20 mM CCA to an acetonitrile 

solution (1 mM) of 5 at 278K. (b) A plot of pseudo-first-order rate constant (kobs) against the 

different concentrations of CCA (), 2-Me-CCA (), and 1-d-CCA (). 

for aldehyde deformylation by Mn(III)-peroxo species. Upon adding CCA to 

[Mn(L1)(O2)]+ (5), the intermediate decayed down immediately. The reaction 

rate increases proportionally with increasing substrate concentration giving a 
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second-order rate constant of 0.85  M-1s-1. To establish whether an initial H-

atom abstraction from the α-position of aldehyde has also happened here or not, 

we use 2-Me-CCA as a substrate. The addition of 2-Me-CCA to an acetonitrile 

solution of 5 at 278 K causes a fast decay of the absorption band, giving a 

second-order rate constant of 0.97 M-1s-1. The higher reactivity with 2-Me-CCA 

comes as a surprise considering the previously reported α-H abstraction by 

Mn(III)-peroxo intermediate. To find out the exact mechanism, we add 1-D-

CCA as a mechanical probe. The reaction rate slows down upon the addition of 

1-D-CCA to 5 at 278 K, giving a KIE of 90. This result suggests the 

involvement of aldehyde C-H bond dissociation in the rate-determining step 

(RDS). 

To get more confirmation of the reactivity pattern, we tried to investigate CCA's 

deformylation with Mn(III)-peroxo intermediate bearing TMC ligand, 

[Mn(TMC)(O)2]+ (6). It is well characterized and has a similar electronic 

absorption pattern to that of the bispidine based system. Upon adding CCA to 

an acetonitrile solution, the intermediate, we have observed a second-order rate 

constant of 0.31 M-1s-1, similar to the previously reported value. 

To check the mechanism more accurately, we use 1-D-CCA as a substrate. 

Upon the deuterated substrate's addition, the reaction becomes very slow, and 

the intermediate decays with its natural decay rate. This result suggests that 

TMC based Mn(III)-peroxo also reacts with CCA via aldehyde H-atom 

abstraction. 
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Figure VII. Change in absorption with time upon addition of 150 mM of CCA () and 1-d-CCA 

() to an acetonitrile solution (1 mM) of 6. 

Conclusions and future scope 

Two types of mechanisms could achieve aldehyde biotransformation – one is 

the oxidation of the aldehyde to the carboxylic acid. The other is oxidative 

deformylation followed by conversion into one carbon reduced (n-1) product. 

The later process received much attention because of its similarity in reaction 

pathways with cholesterol and steroidogenesis's biosynthesis. The species 

responsible for the transformation of the carboxylic acid is considered to be an 

electrophilic metal-oxo. In contrast, the deformylation reaction proceeds via a 

nucleophilic attack of metal-bound peroxide to the aldehyde group's carbonyl 

carbon. Concomitant β-scission gives formate and less stable alkyl radical with 
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one less carbon than the parent compound as the product. The alkyl radical 

afterward transformed either into the final product. The physical and chemical 

properties of this alkyl radical control the nature of the product formed in the 

reaction. This research has explored the mechanism of aldehyde deformylation 

by nonheme transition metal-peroxo intermediates and the effect of ligand 

structure on their reactivity. 

We have discovered for Cu and Mn systems, the deformylation reaction 

proceeds via an initial radical formation step, while for Fe systems, both types 

of possibilities are there. These results enlightened the vision about the 

aldehyde deformylation by metal(III)-peroxo with a new light. As discussed 

earlier, aldehyde's transformation to hydrocarbon in a single step by a 

biochemical process will help reduce greenhouse gases and be an efficient 

conversion step in synthesizing larger molecules essential for pharmaceutical 

application. The information obtained from this research will help manipulate 

the catalyst's efficiency and selectivity of the subject. The successful 

replacement for fossil fuel might not be possible at the moment on a large scale. 

Still, those catalysts can replace the use of fossil feedstock to generate other 

commodity products, and the findings from this research will lead to an 

essential step towards that direction. 
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1.1 Biorefinery 

The emission of greenhouse gases and particulate matter has profoundly 

impacted climate change by unsettling the earth's radiation balance. The earth's 

atmosphere is in an equilibrium condition; the incoming flux of solar energy is 

balanced with the outgoing flux of energy as long-wave radiation. Over time, 

several radiatively active gases increase concentrations because of various 

human activities, disrupting the delicate balance of existing energy transfer 

equilibria in our atmosphere. Human activity has also increased aerosol 

particles' levels either by direct emission or by emitting the gases responsible. 

This increasing aerosol particle concentration also disturbs the radiation 

equilibria and affects human health by creating various lung diseases. Among 

all the greenhouse gases, CO2 is the main contributor to anthropogenic radiative 

forcing. 

Fossil fuel burning is the primary reason for increasing the concentration of 

greenhouse gases and aerosol particles. Apart from their help in changing the 

earth's climate, there are other problems in using fossil feedstocks in large 

amounts, and the primary one is that its resources are finite. Scientists are trying 

to find suitable alternatives for the last few decades, and they came up with 

various technologies like solar power, nuclear power, biofuels, etc., as 

alternative energy sources. Many of the so-called first-world countries are 

reducing their fossil fuel consumption substantially. In economically 

progressing countries like India, there is a lot of complexity for depending 

entirely on those alternatives. Apart from the fuel supply, the crude oil refinery 

TH-2890_146122024



 Introduction 

Chapter 1-2 of 32 

industry also produced various commodity products for everyday uses. 

Biomass has particular interest among scientists because it can reduce the 

dependencies on fossil feedstock by generating both fuels and the necessary 

chemicals in a net carbon neutral biosynthetic pathway.1-7 

Currently, bioethanol accounts for the maximum shares of the total biofuels 

used for transportation.8 Among various biomass types, lignocellulosic 

materials, e.g., bagasse stover from sugar, forest and crop residues, and short-

rotation forest crops, are abundant raw material sources for producing biofuels 

on earth.9,10 Its non-edible nature has no competition with the food supply, and 

its availability across the world helps keep the price fluctuation to a 

minimum.11-14 Although significant progress has been effectuated at the 

laboratory level and various industries have adopted numerous technologies, 

the primary obstacle in successfully implementing large-scale production is the 

shortage of biomass. Biomass has less total carbon content than crude oil; even 

with full conversion, twice the biomass amount is necessary to get the 

equivalent amount of fuels. Another severe impediment is ethanol's 

hygroscopic nature, making it incompatible with most of the infrastructure 

currently used in automobiles. Apart from their hydrophobic nature, long-chain 

alkanes have very high energy-density, and they are the primary component of 

all fossil-based fuels. Acquiring highly pure ethanol is extremely energy-

consuming, which makes biofuels a costlier option. The high energy density of 

fossil fuels and overall cost-effectiveness is one of the primary reasons for not 

utilizing biofuels entirely as an alternative to gasoline or other petroleum fuels 

in developing countries.15 
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Biosynthesis of long-chain alkanes or, for that matter, hydrocarbons, in general, 

can be tremendously helpful in solving the issue. In a petroleum refinery 

industry, apart from the extensive use of fuels, hydrocarbons are the primary 

raw material for producing various commodity products. In nature, many living 

organisms, including plants, insects, and microorganisms, can generate 

hydrocarbon using different types of metalloenzymes. The long-chain alkane 

waxes play an essential role in the survival of those organisms. The prospect of 

using the biosynthesis of hydrocarbon as an alternative to the crude oil refinery 

systems accelerated the fascination towards mechanistic enzymology.  

1.2 Biosynthesis of alkanes 

Alkanes are devoid of any functional group, and hence their synthesis is always 

challenging for a cell.16 Despite that, many organisms synthesized saturated, 

unsaturated, and branched alkanes in their systems.17-20 Insects are highly 

dependent on pheromones for several life functions like finding food, mate, and 

getting alert about possible predators; alkanes play a significant role in forming 

that pheromone. Water-birds use alkane-rich oil to keep their feathers 

waterproof, helping them fly and maintain body temperature. Plants also 

produce very-long-chain alkane wax, which accumulates on their leaves and 

stems and helps prevent water loss and desiccation. Algaes also synthesize 

long-chain-alkane in large amounts, almost 30% of their dry weight, and store 

them in the cell's inner and outer wall to utilize them later to supply energy 

when photosynthesis becomes impossible.21 
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Hydrocarbon biosynthesis has evolved several times; this is understandable 

because there are three types of mechanisms for forming unfunctionalized 

alkanes utilizing fatty aldehydes as a precursor. The aldehyde is an intermediate 

product in the process of long-chain-alkane formation from fatty acids. 

Aldehyde decarbonylases (AD) are the only known class of enzymes to convert 

aldehyde to alkanes with one less carbon via carbon-carbon bond cleavage. 

There are three different kinds of aldehyde decarbonylases known for three 

different types of organisms, plants, insects, and cyanobacteria. All of them are 

also structurally different from each other. 

Insects like houseflies have aldehyde decarbonylases that contain cytochrome 

P450 at the active site.22-27 In contrast, a nonheme dinuclear iron center 

structurally similar to ferritin is in the enzyme's active site for cyanobacteria.28-

36 Although the evidence for the formation of alkane was observed first in 

plants; the active site structure is not explicitly understandable. It is assumed to 

be a metalloenzyme because of its resemblance to the fatty acid hydroxylase 

superfamily and stearoyl-CoA desaturase.37 The mechanism of decarbonylation 

and the final product changes depending on the nature of the active site. The 

only similarity between insect and bacteria AD systems is that they both contain 

iron in the active site. In insects, cyanobacteria, and plants, the aldehyde carbon 

converts to CO2, HCO2H, and CO, respectively (Figure 1.1).21.23,29,30,38 
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Figure 1.1 Various steps for the biosynthesis of alkanes in nature. 

The P450 in insects AD reacts differently than other P450 catalyzed reactions 

where H atom abstraction of aldehyde followed by OH rebound gives 

carboxylic acid as the primary product. The proposed mechanism is shown in 

figure 1.2, in which the iron-oxo species at the active site, resulting from the O-

O bond cleavage of the peroxyiron species, abstract an electron from the 

aldehyde group. 

 
Figure 1.2 Proposed mechanism for the deformylation of aldehydes by insects AD. 
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The nucleophilic attack to the aldehyde carbon by the reduced iron-oxo 

species occurs, followed by the formation of an iron-bound formyl 

radical, and then the H atom abstraction from the iron-bound formyl 

radical forms CO2. The most recently discovered pathway for alkane 

biosynthesis is the cyanobacterial pathway. Cyanobacterial aldehyde 

decarbonylase is also known as cyanobacterial aldehyde deformylating 

oxygenase (cADO). The name suggests this enzyme's mechanism; the 

end product for cADO is entirely different from the other two 

mechanisms. In this case, the aldehyde carbon transformed into formate 

instead of any gaseous product, unlike the other two mechanisms.  

 
Figure 1.3 Proposed mechanism for cADO activity. 

The crystal structure of cADO provides evidence for two nonheme iron centers 

at its active site, which makes it structurally similar to other nonheme dinuclear 
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iron enzymes like methane monooxygenase, class I ribonucleotide reductase, 

and fatty-acyl-ACP desaturase.31,33,39 The proposed mechanism for the 

reactivity of the enzyme proceeds via the steps shown in figure 1.3. 

In the first step, molecular oxygen binds to the diiron center forming a peroxo 

bridge. The next step includes a nucleophilic carbonyl attack from the peroxo 

iron species, followed by an O-O bond cleavage. The O-O bond cleavage 

requires an electron donation from an external source to support the activity. 

Biological oxidants like ferredoxin or NADH are suspected of acting as 

electron donors. Then the alkyl radical forms the alkane via most probably a 

proton-coupled electron transfer method. The reaction mechanism hypothesis 

was postulated based on spectroscopic characterization like EPR, UV-Vis, 

Stopped-flow measurement, and Mössbauer spectroscopy.  

The reactivity of cADO has also been studied with some model aldehyde 

substrates having a relatively smaller carbon chain than natural fatty aldehydes 

like nonanal and decanal.40 In these cases, alcohols and aldehydes with one less 

carbon atom formed as a product, along with alkane and formate. The 

experimental evidence suggests the possibility of an alternative reaction 

pathway (Figure 1.4). 

In this mechanism, a C-C bond cleavage forms formate and a carbanion. The 

carbanion is then rapidly protonated to form an alkane. This alkane is further 

hydroxylated by the Fe(IV)-oxo species to generate alcohol and aldehyde in 

subsequent steps. This mechanism only occurs with the aldehydes having 
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medium chain lengths. The kinetics study of natural enzymes has always been 

a complicated task for many reasons likes solubility, purity, etc. Some other 

cofactors in vivo might help the catalyst perform their activity, which is difficult 

to replicate in vitro. Among the three different natural decarbonylases, only for 

the cADO successful kinetics study has been achieved. Kinetic analysis of 

cADO reveals that the reaction is extremely slow. Various research groups have 

tried to use different reaction conditions, but the reactivity does not improve 

much. This slow reactivity of the natural enzymes in vitro makes them 

challenging to use as a catalyst for biofuel biosynthesis on an industrial 

scale.41,42  

 
Figure 1.4 Alternate carbanion-based mechanism for cADO. 
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1.3 Synthetic models 

The complicated process of separation of natural enzymes and their purification 

makes it more of academic interest for biofuel biosynthesis procedure. There 

was also no clear answer regarding the rate-determining step for the mechanism 

and the enzyme's slow reactivity despite containing relatively quicker reaction 

steps. Scientists have put more emphasis on synthetically generated systems to 

find those answers. The synthetic model compounds include the metal ion, 

surrounded by organic ligand molecules. They are relatively easy to synthesize 

and purify; thus, successful production on an industrial scale might be possible,  

provided that other parameters are in favor. There are two major genres of 

synthetic model systems – heme and nonheme enzymes, and both classes of 

compounds are used extensively to understand the details of biological 

reactions.43-52 Though there are dinuclear and mononuclear types of synthetic 

models, mononuclear models have gained more popularity because of their ease 

in handling.53-57 The mononuclear nonheme transition metal-peroxo systems 

recently got more attention for deformylation reactions among all the various 

Figure 1.5 First crystal structure of a nonheme iron peroxo. 
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artificial models available.56-64 Though the natural AD enzymes contain mainly 

Fe at the active site; synthetic models have been prepared using different 

transition metals. A detailed study of the deformylation mechanism by 

nonheme mononuclear systems using other transition metals would generate a 

more efficient hydrocarbon biosynthesis catalyst.  

Nam and coworkers first reported the crystal structure of a mononuclear TMC 

ligated side-on Fe(III)-peroxo intermediate in 2011 (Figure 1.5).64 This report 

has demonstrated the relative reactivity of a side-on (η2) and end-on (η1) Fe(III)-

peroxo species in aldehyde deformylation. In earlier research, Nam and 

coworkers suggest that the side-on Fe(III)-peroxo performs aldehyde 

deformylation via a nucleophilic carbonyl attack pathway.63 They have used 2-

PPA as the model substrate, and the product analysis established acetophenone 

as the main product (Figure 1.6).  

 

Figure 1.6 The reaction of Fe(III)-peroxo with 2-PPA with isotope labeling experiment. 
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The isotope labeling study on oxygen atom reveals that the oxygen atom in 

acetophenone comes from the peroxo group. According to their report, the end-

on Fe(III)-peroxo also reacts via the same pathway but at a higher reaction rate. 

A reactivity order for primary, secondary, and tertiary aldehyde (1° >2° >3°) 

has also been reported to support the nucleophilic reactivity of end-on 

intermediate.64 Que and coworkers also studied the aldehyde deformylation 

reaction by a side-on Fe(III)-peroxo intermediate.56 This report has used an H-

atom donating solvent THF to mimic the cADO model more accurately. 

 

Figure 1.7 Deformylation of 2-PPA by Fe(III)-peroxo in THF. 
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They have investigated the deformylation of 2-PPA, and according to their 

studies, the deformylation reaction proceeds via two stages. Firstly, the side-on 

intermediate reacts with the aldehyde and converts to η1-OO− isomer and then 

converts to a peroxyhemiacetal adduct; in the next step, the O-O bond 

homolysis of that species generates alkyl radical and formate. In the presence 

of an H-atom donor, the alkyl radical quickly converts into an alkane instead of 

forming the hemiacetal with Fe (Figure1.7).  

Since the cADO enzyme reacts with long-chain fatty aldehydes, undecanal has 

been used to replicate the mechanism. The isotope labeling experiment with 

THF-d8 suggests that the H-atom abstraction occurs from the solvent for long-

chain substrates. The formation of an alkane occurs when less polar H-atom 

donor solvent THF is used. So, the alkane formation depends on the stability 

and reactivity of the alkyl radical formed. If the alkyl radical is not stabilized 

either by the substrate structure or by the solvent, it will immediately rebound 

to form the hemiacetal. 

Kitajima and coworkers have first published the crystal structure of a 

mononuclear nonheme Mn(III)-peroxo species.65 The mechanism of aldehyde 

deformylation by mononuclear nonheme Mn(III)-peroxo or, for that matter, any 

other third-row transition metal-peroxo has been studied extensively by 

different research groups.59,61,66-69 Nam and coworkers have generated a TMC 

ligated mononuclear Mn(III)-peroxo species and investigated the aldehyde 

deformylation reaction of CCA.58 The effect of electron donors in the trans-

position of the peroxo ligand is also investigated. The presence of any group at 
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the trans-position affects the reaction in two ways – electronically and 

structurally.69 The electron-donating group at the trans-position makes the 

peroxo complex more nucleophilic by increasing the electron density on the 

peroxo group. The axial group also pulls the central metal atom towards itself 

and facilitates the conversion of η2 to η1 species, which increases the reaction 

rate. They have experimented with different axial ligands, and the order of the 

reactivity is N3
− > CF3CO2

− > NCS− > CN− > NCCH3. There have been reports 

of many other Mn(III)-peroxo complex, but most of them have reported a 

similar mechanism (Figure 1.8).  

 

Figure 1.8 Deformylation of CCA by Mn(III)-peroxo complex. 

The deformylation reaction of 2-PPA and CCA by TMC containing Co(III)-

peroxo intermediate has also been explored.70 The Co(III)-peroxo catalyzed 

mechanism is similar to the Fe and Mn systems. Among them, Mn(III)-peroxo 

has the fastest, and Fe(III)-peroxo has the slowest reactivity for the 

deformylation of 2-PPA. The metal-oxygen intermediates of other transition 
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metal ions, e.g., Ni, and Cu, have also been used to study the deformylation 

reaction mechanism.71-75 All of them conclude a similar nucleophilic carbonyl 

attack on the aldehyde by the peroxo group (Figure 1.9). 

 

Figure 1.9 Deformylation by Cu(II)-superoxide complex. 

In contrast to the conventional carbonyl attack mechanism, our group's previous 

report suggested a new mechanistic pathway for aldehyde deformylation.76,77 

The investigation of the deformylation reaction of 2-PPA with Mn(III)-peroxo 

suggests an alternate mechanism of initial H-atom abstraction from aldehyde's 

α-position (Figure 1.10). Isotope labeling at the α-position of aldehyde helped 

in establishing the new mechanistic way. 
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Figure 1.10 HAA mechanism for deformylation by Mn(III)-peroxo complex. 
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1.4 Aim of the thesis 

Acetophenone and cyclohexene are the primary products in the deformylation 

of 2-PPA and CCA, respectively. Deformylation reaction by nonheme metal-

peroxo intermediates also generates formic acid as another product. These are 

vital chemicals with immense application in various other industries. An 

accurate vision of the aldehyde deformylation mechanism can direct towards a 

new efficient way to generate effective catalysts for alkane formation and get 

other commodity chemicals. It is clear from the previous section that many of 

the earlier studies used 2-PPA and CCA as model substrates for aldehyde 

deformylation. However, most of those studies convey that the reaction occurs 

via nucleophilic attack of the peroxo oxygen at the aldehyde's carbonyl carbon. 

In our earlier studies, the unveiling of a new mechanical way for the 

deformylation of 2-PPA by an Mn peroxo system provides an alternate 

viewpoint in contrast to the popular opinions about its mechanism. We now 

know that the H atom's availability at the α-position of the aldehyde group 

controls aldehyde's reactivity. So aldehydes with readily available H atom 

converts to an alkane faster, provided other conditions remain the same. This 

information will help enormously in selecting suitable substrates for a well-

planned outcome. Apart from the substrate, many different factors influence a 

reaction, and catalyst is crucial among them. The ligand architecture has a 

stimulating effect on the reactivity of the metal-oxygen intermediates. Fe, Mn, 

and Cu's intermediates with different ligand architecture are used to reveal the 

mechanism in earlier experiments. Our detailed literature study found that there 
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is little or sometimes no information available on the isotope substitution 

experiments in the previous reports. Our vision is to study the mechanism of 

the reactions earlier declared as nucleophilic reactions in the light of the newly 

developed mechanistic pathway with or without modification in ligand 

architecture. 

This thesis tried to determine the deformylation reaction of 2-PPA by Cu(II)-

alkylperoxo intermediates and how ligand architecture affects that. It also 

revisits CCA's deformylation mechanism by Fe(III) and Mn(III)-peroxo 

intermediates. Chapter 3 deals with two highly stable at room temperature 

Cu(II)-alkylperoxo complexes supported by bispidine ligand. The 

deformylation of 2-PPA by the Cu(II)-alkylperoxo complexes is studied. The 

induced steric effect of the ligand architecture on reactivity is also determined. 

In chapter 4, the deformylation of CCA by Fe(III)-peroxo intermediate 

supported by N4Py ligand is determined. Finally, in chapter 5, we tried to 

explore the detailed mechanism for deformylation of CCA by Mn(III)-peroxo 

intermediate supported by bispidine ligand. 
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2.1 Introduction 

Successful kinetic studies of enzyme catalysis or, for that matter, any reaction 

depend highly on the availability of the ultra-pure reagents. This chapter 

elucidates the purification of raw materials (if any), synthesis procedure of 

various ligands, metal complexes, characterization, general experimental and 

instrumental techniques—more specific experiments related to a particular 

work illustrated within that particular chapter. 

2.2 Materials 

2.2.1 Solvents 

All solvents were dried according to the published procedure and distilled under 

argon before use.1 Acetonitrile and methanol have been dried using CaH2 

powder; tetrahydrofuran and diethyl ether were dried over sodium in the 

presence of benzophenone. All the solvents were distilled for 10-12 hours in an 

argon atmosphere and collected using a cannula.  

2.2.2 Substrates 

All substrates are of the highest grade commercially available and were used 

without further purification unless mentioned otherwise. Benzaldehyde and its 

derivatives, 2-phenylpropionaldehyde (2-PPA), cyclohexanecarbaxaldehyde 

(CCA), valeraldehyde, 2-methyl-butyraldehyde, trimethylacetaldehyde, and 

triphenylphosphine were purchased from Sigma-Aldrich. Deuterated aldehydes 

like 2-d-2-phenylprpionaldehyde 90 atom % D (α-d-2-PPA), 2-d-
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cylclohexanecarbaxaldehyde 94 atom % D (α-d-CCA), and 1-d-

cylclohexanecarbaxaldehyde 92 atom% D (1-d-CCA) were purchased from 

RVL Scientific & Engineering Pvt. Ltd. Other substrates like 2-methyl-2-

phenylpropionaldehyde and 2-methyl-cyclohexanecarbaxaldehyde were 

synthesized according to a previously reported procedure in the literature.2,3  

 

Figure 2.1 Structure of the model substrates used in the thesis. 
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2.2.2.1 Procedure for the synthesis of 2-Me-2-PPA 

 

A solution of 2-phenylpropionaldehyde was added dropwise to a suspension of 

sodium hydride in THF for an hour and stirred for another 30 minutes. Then 

methyl iodide was added dropwise to the reaction mixture keeping the 

temperature below 15 °C. The reaction mixture was stirred for an hour at 15 °C 

then allowed to come to room temperature. The addition of 200 ml saturated 

aqueous NaHCO3 solution quenched the reaction. The reaction mixture was 

extracted three times with 50 ml ether. Combined organic phases were dried 

over anhydrous magnesium sulfate, filtered, and concentrated by the rotatory 

evaporator. The pure compound was obtained as a colorless liquid after the 

vacuum distillation of the crude light-yellow liquid. 

1H NMR (600 MHz, CDCl3): δ (ppm) 9.53 (s, 1H), 7.42 (t, J = 7.7 Hz, 2H), 

7.32 (t, J = 8.6 Hz, 3H), 1.50 (s, 6H); 13C NMR (151 MHz, CDCl3): δ (ppm) 

202.3 (s), 141.2 (s), 128.9 (s), 127.3 (s), 126.7 (s), 50.5 (s), 22.5 (s). 

 

Scheme 2.1 Synthesis of 2-Me-2-PPA. 
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2.2.2.2 Procedure for the synthesis of 2-Me-CCA  

 

A solution of cyclohexanecarbaxaldehyde in anhydrous CH2Cl2 was cooled in 

ice, then KOtBu was slowly added to it. Methyl iodide was added to it dropwise 

for 30 minutes at 0°C. It was then allowed to stir overnight at room temperature. 

After stirring overnight, the organic phase was washed twice with 50 ml of 

water, brine, and dried over Na2SO4. The solvent was removed under reduced 

pressure. The crude product is then distilled under a vacuum to get the pure 

colorless liquid.  

1H NMR (600 MHz, CDCl3): δ (ppm) 9.42 (s, 1H), 1.85 – 1.80 (m, 2H), 1.56 

(dd, J = 13.3, 6.7 Hz, 2H), 1.46 (m, 1H), 1.37 – 1.32 (m, 2H), 1.30 (d, J = 9.6 

Hz, 1H), 1.24 (dd, J = 13.3, 9.7 Hz, 2H), 0.99 (s, 3H); 13C NMR (151 MHz, 

CDCl3): δ (ppm) 206.9 (s), 46.3 (s), 32.4 (s), 25.6 (s), 22.4 (s), 21.8 (s). 

 

Scheme 2.2 Synthesis of 2-Me-CCA. 
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2.2.3 Ligands 

The synthesis of highly pure ligands is an essential aspect of any synthetic 

model-based enzyme kinetics. The purity of ligands is a deciding factor in 

preparing ultrapure metal complexes for the kinetics study. All the ligands used 

in the thesis are depicted in figure 2.1. 

 

Figure 2.2 Structure of the ligands used in the thesis. 

Their synthesis procedure is narrated in this section except for 

tetramethylcyclam (TMC); it is purchased from available commercial sources. 

BL1 and N4Py ligands are synthesized following the previously reported 

methods, and wherever any modification has been made is duly mentioned.4-7 
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2.2.3.1 Procedure for the synthesis of BL1 

 

The bispidine ligand BL1 was synthesized according to the procedure reported 

in the literature. Dimethyl acetone dicarboxylate (7.2 mL, 50 mM) was taken 

in 20 mL of CH3OH and was cooled to 0 °C. A solution of pyridine-2-

carboxaldehyde (9.5 mL, 100 mM) and methylamine (4.5 mL, 50 mM) were 

added to it dropwise. After completion of the addition, the solution was allowed 

to stir at 0 ºC overnight. The white precipitate thus obtained was filtered and 

washed with cold ethanol and dried in a vacuum. The white solid was 

recrystallized from ethanol and used for the next step. 

To a suspension of the white solid (13.6 g, 35.5 mM) in 200 mL ethanol, 

aqueous formaldehyde (37%, 6.9  mL, 85.1 mM), and methylamine (3.71 mL, 

42.5 mM) were added dropwise. After refluxing for four hours, the dark brown 

reaction mixture was concentrated and kept inside a freezer.  The formation of 

white precipitation occurs after several days. Recrystallization of the white 

solid from acetonitrile gives the pure crystalline product (yield: 30%). 

1H NMR (600 MHz, CDCl3): δ (ppm)  8.46 (d, J = 4.8 Hz, 2H), 7.90 (d, J = 7.9 

Hz, 2H), 7.49 (s, 2H), 7.16 – 7.14 (m, 2H), 4.71 (s, 2H), 3.84 (s, 6H), 3.38 (s, 
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3H), 3.07 (d, J = 12.6 Hz, 2H), 2.57 (d, J = 12.2 Hz, 2H), 1.99 (s, 3H); 13C 

NMR (151 MHz, CDCl3): δ (ppm) 203.7 (s), 168.6 (s), 158.4 (s), 149.1 (s), 

136.9 (s), 136.2 (s), 130.4 (s), 128.4 (s), 127.6 (s), 123.4 (s), 122.9 (s), 73.8 (s), 

62.5 (s), 62.1 (s), 59.0 (s), 52.5 (s), 43.3 (s); ESI-MS (m/z): Calculated for 

C35H35N4O5
+: 591.26, found: 591.32. Elemental Analysis: Measured C 70.87, 

H 5.29, N 9.79; Calculated for C35H34N4O5 C 71.17, H 5.80, N 9.49. 

 

Scheme 2.3 Synthesis of BL1 ligand. 
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2.2.3.2 Procedure for the synthesis of BL2 

 

BL2 was synthesized with slight modification in the substrate, but the 

procedure is the same as used for BL1. Dimethyl acetone dicarboxylate (7.2 

mL, 50 mM) was taken in 20 mL of CH3OH and was cooled to 0 °C. A solution 

of pyridine-2-carboxaldehyde (9.53 mL, 100 mM) and benzylamine (5.46 mL, 

50 mM) were added to it dropwise. After completion of the addition, the 

solution was allowed to stir at 0 ºC overnight. The white precipitate thus 

obtained was filtered and washed with cold ethanol and dried in a vacuum. The 

white solid was recrystallized from ethanol and used for the next step. 

To a suspension of the white solid (16.7 g, 36.6 mM) in 200 mL ethanol, 

aqueous formaldehyde (37%, 7.05 mL, 87 mM), and benzylamine (4.75 mL, 

43.5 mM) were added dropwise. After refluxing for four hours, the dark brown 

reaction mixture was concentrated and kept inside a freezer. The formation of 

white precipitation occurs after several days. Recrystallization of the white 

solid from acetonitrile gives the pure crystalline product (yield: 36%).  

TH-2890_146122024



 Materials and methods 

Chapter 2-9 of 51 

1H NMR (600 MHz, CDCl3): δ (ppm) 8.54 (s, 2H), 8.02 (d, J = 7.8 Hz, 2H), 

7.48 – 7.43 (m, 7H), 7.25 – 7.21 (m, 3H), 7.18 – 7.15 (m, 2H), 6.89 (d, J = 7.0 

Hz, 2H), 5.15 (s, 2H), 3.77 (s, 6H), 3.52 (s, 2H), 3.41 (s, 2H), 3.12 (d, J = 12.2 

Hz, 2H), 2.54 (d, J = 12.2 Hz, 2H); 13C NMR (151 MHz, CDCl3): δ (ppm) 203.8 

(s), 168.8 (s), 158.3 (s), 149.4 (s), 137.1 (s), 136.1 (s), 133.3 (s), 130.8 (d, J = 

18.5 Hz), 128.7 (s), 128.3 (s), 127.9 (s), 127.6 (s), 124.7 (s), 123.1 (s), 69.2 (s), 

62.8 (s), 62.3 (s), 59.7 (s), 55.0 (s), 52.78 (s); ESI-MS (m/z): Calculated for 

C35H35N4O5
+: 591.26, found: 591.32. Elemental Analysis: Measured C 70.72, 

H 5.36, N 9.72; Calculated for C35H34N4O5 C 71.17, H 5.80, N 9.49. 

 
Scheme 2.4 Synthesis of BL2 ligand. 
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2.2.3.3 Procedure for the synthesis of BL3 

 

The bispidine ligand BL3 was synthesized according to the procedure reported 

in the literature.8 Dimethyl acetone dicarboxylate (7.2 mL, 50 mM), 

formaldehyde (18 mL of 30% solution in water, 100 mM), and benzylamine 

(11 mL, 50 mM) was added dropwise to an ice-cooled CH3OH (400 mL). After 

completion of the addition, the solution was allowed to stir at 0 ºC overnight. 

Then the reaction mixture was allowed to come to room temperature and stirred 

for another ten hours. The reaction mixture was concentrated to half its volume, 

and the precipitate was filtered off. The residue was washed twice with 

methanol and dried in a vacuum. The pure product was collected as a white 

powder (yield: 25%). 

1H NMR (600 MHz, CDCl3): δ (ppm) 8.52 (d, J = 4.8 Hz, 2H), 7.67 (d, J = 7.6 

Hz, 2H), 7.48 (d, J = 7.8 Hz, 2H), 7.21 – 7.18 (m, 2H), 3.85 (s, 4H), 3.72 (s, 

6H), 3.39 (d, J = 11.3 Hz, 4H), 3.23 (d, J = 11.3 Hz, 4H); 13C NMR (151 MHz, 

CDCl3): δ (ppm) 203.6 (s), 170.4 (s), 157.8 (s), 149.1 (s), 136.6 (s), 123.2 (s), 
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122.4 (s), 62.6 (s), 60.2 (s), 59.1 (s), 52.6 (s); ESI-MS (m/z): Calculated for 

C35H35N4O5
+: 439.26, found: 439.32 

 

Scheme 2.5 Synthesis of BL3 ligand. 

2.2.3.4 Procedure for synthesis of N4Py 

 
A solution of dipyridyl ketone (5 g, 27 mmol) in ethanol (10 mL) was added 

dropwise to a solution of hydroxylamine hydrochloride (4.17 g, 60 mmol) in 5 

N (20 mL) aqueous NaOH. The reaction mixture was refluxed for two hours. 

Then ethanol was removed by evaporation. The solution was diluted to one liter 
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by water. The pH value of the solution was kept at seven by the dropwise 

addition of HCl. A pinkish-white precipitate dipyridyl ketoxime appeared. 

Then the precipitate was filtered off and dried for one day.  

The dipyridyl ketoxime was added to 90 mL of ethanol and refluxed. Hydrazine 

hydrate (60 mL) and Zn powder (400 mg) were added in conjugative steps over 

six hours. Then the solution was kept refluxing overnight. The product obtained 

was dissolved with a 40 mL 5 N sodium hydroxide solution. Then 2.5 

equivalent of 2-picolyl chloride hydrochloride was added to the solution and 

kept in reflux condition for two days. A brownish-black colored solution 

appeared, which was neutralized with HClO4; the solid residue thus obtained 

was filtered and dried. This solid was dissolved in a sodium hydroxide solution 

of pH=14 and extracted with CH2Cl2. The solvent's evaporation gives the semi-

solid brown mass as the final product (yield: 3 g).  

1H NMR (600 MHz, CDCl3): δ (ppm) 8.60 (d, J = 4.1 Hz, 2H), 8.54 (d, J = 4.1 

Hz, 2H), 7.61 (t, J = 6.8 Hz, 3H), 7.52 (t, J = 6.9 Hz, 3H), 7.40 (s, 2H), 7.22 (s, 

2H), 7.13 (dd, J = 8.6, 3.6 Hz, 3H), 7.08 – 7.04 (m, 3H), 5.25 (s, 1H), 3.87 (s, 

4H); 13C NMR (151 MHz, CDCl3): δ (ppm) 158.78 (s), 158.59 (s), 149.82 (s), 

149.69 (s), 136.76 (s), 136.68 (s), 124.34 (s), 123.14 (s), 122.68 (s), 122.23 (s), 

72.35 (s), 68.78 (s), 57.34 (s). 
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Scheme 2.6 Synthesis of N4Py ligand. 

2.2.4 Metal Complexes 

Mn, Fe, and Cu complexes are used in this thesis for the kinetics study. 

Different metal salts like manganese(II) trifluoromethane-sulfonate, iron(II) 

trifluoromethane-sulfonate, and copper(II) trifluoromethane-sulfonate are used 

as the precursor to prepare these metal complexes. All the metal complexes 

except Fe(TMC)(OTf)2 are made using the procedure described below. 

Fe(TMC)(OTf)2 is prepared according to the literature procedure. 

Fe(N4Py)(OTf)2 and Fe(TMC)(OTf)2 are characterized using literature 

procedure.9,10 

TH-2890_146122024



 Materials and methods 

Chapter 2-14 of 51 

2.2.4.1 General procedure for the synthesis of metal complexes11 

An acetonitrile solution of metal salt (0.5 mmol) was added dropwise to a ligand 

(0.5 mmol) solution in the same solvent and stir at room temperature inside a 

glovebox. After stirring overnight, the reaction mixture was filtered, and the 

filtrate was layered with diethyl ether. The double-layer solution was kept 

inside a freezer at 233 K to grow a good quality crystal. The crystals were dried 

using a vacuum and stored inside the glovebox for further use. 

2.2.4.2 Characterization of metal complexes 

2.2.4.2.1 [Cu(BL1)(CH3CN)](OTf)2 (1a) 

Physical State: Crystalline; Color: Light blue; Elemental Analysis: Measured C 

38.15, H 3.01, N 8.53, Calculated for C27H29N5S2O11F6Cu C 38.55, H 3.47, N 

8.33; ESI-MS (m/z):  Calculated for C24H26N4SO8F3Cu+ 650.07, found: 650.09; 

Calculated for C23H26N4O5Cu2+: 250.56, found: 250.54; Calculated for 

C25H29N5O5Cu2+: 271.06, found: 271.06 ; EPR: g⊥ = 2.082, g|| = 2.360; A|| = 207 

G. 

2.2.4.2.2 [Cu(BL2)(CH3CN)](OTf)2 (2a) 

Physical State: Crystalline; Color: Dark blue; Elemental Analysis: Measured C 

46.65, H 3.35, N 7.30, Calculated for C39H37N5S2O11F6Cu C 47.15, H 3.75, N 

7.05; ESI-MS (m/z): Calculated for C36H36N4SO9F3Cu+: 820.14, found: 820.24; 

Calculated for  C35H36N4O6Cu2+: 335.60, found 335.61; EPR: g⊥ = 2.073, g|| = 

2.385; A|| = 190 G. 
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2.2.4.2.3  [Mn(BL3)](OTf)2 (3a) 

Physical State: Crystalline; Color: Off white; Elemental Analysis: Measured C 

36.65, H 3.02, N 7.26, Calculated for C25H26F6MnN4O11S2, C 37.94, H 3.31, N 

7.08; ESI-MS (m/z): Calculated for C24H26F3MnN4O8S+: 642.08, found: 

642.11. 

2.3 Methods 

2.3.1 NMR Spectroscopy 
1H and 13C spectra were recorded at room temperature with a Bruker 600/150 

MHz spectrometer. 1H NMR chemical shifts were internally referenced to TMS 

via residual CHCl3 (δ = 7.26), CH3OH (δ = 3.31), and DMSO (δ = 2.5). 1D 

spectra were recorded using a standard pulse technique. All the data were 

acquired using a 5 mm NMR tube at room temperature. The samples were 

prepared by dissolving 10-15 mg of an ultra-dried compound in 1 ml of an 

appropriate deuterated solvent. 

2.3.2 EPR Spectroscopy 

The X-band electron paramagnetic resonance was measured on a JES-FA200 

ESR spectrometer. The measurements were performed at 77 K in an acetonitrile 

solution. A sample amount of 1 ml of concentration 5 mM was prepared inside 

a glovebox and filled into the sample tube of diameter 4 mm. The instrumental 

parameters were kept the same for all the experiments involving a particular 

metal complex.  
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2.3.3 ESI-MS spectrometry 

ESI-MS spectra were recorded on a Waters (Micromass MS technologies) Q-

TOF premier mass spectrometer. The samples were infused directly into the 

source at a speed of 10 µL/min using a syringe pump. The source voltage was 

maintained at 2 kV, and the capillary temperature was set to 353 K. Samples 

were prepared by dissolving pure solids either in HPLC grade or dry 

acetonitrile/methanol. The concentration of the solution was kept between 0.1 

– 1.0 mM. For a room temperature unstable intermediate, measurements were 

performed by generating the intermediate in a liquid N2 bath of the appropriate 

temperature and then immediately transferring the sample into the precooled 

syringe. 

2.3.4 UV-Vis Spectroscopy 

UV-Vis absorption spectra were recorded on a Hewlett-Packard 8453 

spectrometer equipped with either a constant temperature circulating water bath 

or a liquid nitrogen cryostat (Unisoku) with a temperature controller. All the 

kinetics experiments were done using UV-Vis spectroscopy. The measurement 

of the decrease in absorbance for a substrate with time gives the reaction rate. 

In general, a 1 mM solution of a substrate was used for kinetics measurement. 

Test solutions were prepared in a dry or HPLC grade solvent depending upon 

the sensitivity of the reaction. 
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2.3.5 Kinetic studies 

The reactivity of metal-peroxo complexes is a second-order reaction. 

Representation of the general reaction is as follows 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 → 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 

The second-order rate for the reaction is as follows –  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  𝑘𝑘2[𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆][𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟] 

When we add substrate in significant excess, the substrate consumed becomes 

negligible compared with the peroxo intermediate. The reaction, therefore, 

appears to follow first-order kinetics and is known as a pseudo-first-order 

reaction. Thus, we can express the rate as 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜[𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃] 

Where 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 =  𝑘𝑘2[𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆] 

The second-order rate constant (k2) was determined from the slope of the plot 

of pseudo-first-order (kobs) rate constants against different substrate 

concentrations. 

2.3.6 Product Analysis 

All experiments were done at least in triplicate. Product analysis for 2-PPA and 

CCA deformylation was performed on WATERS ACQUITY UPLC equipped 

with a variable wavelength UV-200 detector. Products were separated on 
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Waters Symmetry C18 reverse-phase column (4.6 x 250 mm), and detection 

was made at 215 and 254 nm. Product yields were determined by comparison 

with standard curves of known authentic samples. 

2.3.7 DFT Analysis 

All DFT calculations were executed in the PARAM-ISHAN facility of IIT 

Guwahati using Gausian09 software.12 The structure optimization calculations 

were done using the UB3LYP/BS1 method and solvent correction. 
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Figure 2.3 1H NMR spectra of 2-Me-2-PPA (at 600 MHz in CDCl3). 
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Figure 2.4 13C NMR spectra of 2-Me-2-PPA (at 150 MHz in CDCl3). 
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Figure 2.5 1H NMR spectra of 2-Me-CCA (at 600 MHz in CDCl3). 
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Figure 2.6 13C NMR spectra of 2-Me-CCA (at 150 MHz in CDCl3). 
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Figure 2.7 1H NMR spectra of BL2 (at 600 MHz in CDCl3). 
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Figure 2.8 13C NMR spectra of BL2 (at 150 MHz in CDCl3). 
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Figure 2.9 1H NMR spectra of BL3 (at 600 MHz in CDCl3). 
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Figure 2.10 13C NMR spectra of BL3 (at 150 MHz in CDCl3). 
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Figure 2.11 ESI-MS spectra of [Cu(BL1)(CH3CN)](OTf) [inset red and black line shows 
simulated and experimental isotope distribution pattern respectively]. 

 

Figure 2.12 ESI-MS spectra of [Cu(BL2)(CH3CN)](OTf)2 [inset red and black line shows 
simulated and experimental isotope distribution pattern, respectively]. 
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Figure 2.13 ESI-MS spectra of [Cu(BL2)(OOtBu)]+ (2) [inset red and black line shows simulated 
and experimental isotope distribution pattern, respectively]. 

 

Figure 2.14 EPR spectrum for [Cu(BL2)(OOtBu)]+ (2) at 77 K in CH3CN. 
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Figure 2.15 Decay of 2 upon addition of 2-PPA (15 mM) in CH3CN at 298 K [inset shows the 
time trace for the peak at 423 nm]. 

 

Figure 2.16 Decay of [Cu(BL1)(OOtBu)]+ (1) upon addition of PPh3 (80 mM) in CH3CN at 298 
K [inset shows the time trace for the peak at 423 nm]. 

TH-2890_146122024



 Materials and methods 

Chapter 2-30 of 51 

 

Figure 2.17 ESI-MS spectra of [Mn(BL3)](OTf)2 [inset red and the black line shows simulated 
and experimental isotope distribution pattern, respectively]. 

 

Figure 2.18 Decay of [Fe(TMC)(O2)]+ (4) upon addition of CCA (100 mM) in TFE at 258 K. 
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DFT optimized structure of 1 

 

Figure 2.19 Optimized geometry of [Cu(BL1)(OOtBu)]+ complex. Geometries optimized in 
Gaussian 09 at UB3LYP/BS1 with solvent included. 

Cartesian Coordinate 

Cu       1.233371000     -0.412577000     -0.492222000 

N        1.491411000      1.596230000     -0.951544000 

N        0.616484000     -2.351476000     -0.750362000 

N       -0.093726000     -0.116576000      1.421871000 

N       -0.549637000     -0.072257000     -1.500123000 

C       -0.678777000     -2.466480000     -1.110716000 
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C        2.702067000      3.583698000     -1.502251000 

C        0.344625000      2.182888000     -1.355752000 

C        1.413001000     -3.429450000     -0.718673000 

C        0.324023000      3.481518000     -1.855873000 

C        2.646701000      2.276527000     -1.022727000 

C       -1.208651000     -3.699564000     -1.486966000 

C        1.523533000      4.193594000     -1.927494000 

C        0.946840000     -4.694729000     -1.063567000 

C       -0.300267000     -0.198079000     -2.965500000 

C       -0.382825000     -4.825538000     -1.461312000 

C        0.806762000     -0.313329000      2.572193000 

C       -1.547492000      1.524807000      0.219715000 

C       -0.915866000      1.342063000     -1.198179000 

C       -0.581928000      1.273896000      1.399114000 

C       -2.751766000      0.542688000      0.330295000 
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O       -1.534637000      3.744861000      1.139615000 

O       -3.050288000      3.301637000     -0.463450000 

C       -2.131102000      2.949324000      0.262853000 

C       -1.488974000     -1.164430000     -1.083369000 

C       -2.173322000     -0.911061000      0.302730000 

C       -1.214051000     -1.073082000      1.502959000 

O       -3.791190000     -2.581319000     -0.481387000 

C       -3.370102000     -1.879103000      0.411760000 

O       -3.937658000     -1.822001000      1.631890000 

O       -3.369274000      0.870893000      1.547543000 

O       -3.640920000      0.634457000     -0.748924000 

C       -5.088903000     -2.680196000      1.842302000 

C       -2.041636000      5.099695000      1.235909000 

H        0.061954000     -1.201575000     -3.190509000 

H       -1.222330000     -0.010658000     -3.529201000 
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H        1.166531000     -1.344867000      2.570380000 

H        1.670994000      0.345432000      2.471631000 

H       -1.665940000      1.681208000     -1.919740000 

H        0.283738000      1.934491000      1.327906000 

H       -1.107609000      1.518227000      2.331060000 

H       -2.297639000     -1.236111000     -1.814038000 

H       -0.797832000     -2.083402000      1.519954000 

H       -1.778198000     -0.931560000      2.433316000 

H       -4.002931000      0.165138000      1.774996000 

H       -3.865019000      1.585252000     -0.841213000 

H       -4.800761000     -3.722524000      1.697568000 

H       -5.392855000     -2.499834000      2.871679000 

H       -5.885593000     -2.412345000      1.146283000 

H       -1.430752000      5.577612000      1.999356000 

H       -1.932676000      5.606181000      0.275328000 
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H       -3.092071000      5.081269000      1.531282000 

O        2.979959000     -0.970991000      0.000546000 

O        3.638162000      0.056769000      0.812640000 

C        4.879072000     -0.466761000      1.333417000 

C        4.617643000     -1.676777000      2.239914000 

H        3.935366000     -1.405246000      3.052879000 

H        4.169415000     -2.494894000      1.670760000 

H        5.554887000     -2.033705000      2.681642000 

C        5.830557000     -0.825883000      0.183886000 

H        6.005847000      0.048272000     -0.453751000 

H        6.796368000     -1.164761000      0.575419000 

H        5.406651000     -1.623685000     -0.431331000 

C        5.428970000      0.712894000      2.146072000 

H        6.386691000      0.439545000      2.601488000 

H        5.590698000      1.586421000      1.505117000 
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H        4.734821000      0.991956000      2.946198000 

H        0.293609000     -0.113052000      3.525849000 

H        0.463217000      0.517451000     -3.271957000 

H        1.533242000      5.206566000     -2.317006000 

H        3.653460000      4.102108000     -1.544473000 

H        3.520502000      1.744897000     -0.663787000 

H       -0.609040000      3.923165000     -2.189806000 

H        2.437358000     -3.242243000     -0.414130000 

H        1.615958000     -5.547296000     -1.031273000 

H       -0.777655000     -5.792947000     -1.755554000 

H       -2.245633000     -3.771026000     -1.786230000 
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DFT optimized structure of 2 

 

Figure 2.20 Optimized geometry of [Cu(BL2)(OOtBu)]+ complex. Geometries optimized in 
Gaussian 09 at UB3LYP/BS1 with solvent included. 

Cartesian Coordinates 

Cu       1.092900000      0.444092000      0.532086000 

N        1.807351000     -0.035532000     -1.336175000 

N        0.536079000      0.278155000      2.496492000 

N       -1.200811000      0.651093000     -0.136472000 

N        0.647287000     -1.596131000      0.576574000 

C       -0.095736000     -0.878100000      2.785896000 
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C        3.186460000      0.145926000     -3.280580000 

C        1.403983000     -1.258439000     -1.734665000 

C        0.864183000      1.138199000      3.471739000 

C        1.864370000     -1.830057000     -2.917963000 

C        2.684109000      0.652947000     -2.084446000 

C       -0.384134000     -1.221981000      4.106049000 

C        2.768345000     -1.114206000     -3.704334000 

C        0.588828000      0.868955000      4.809132000 

C        3.200985000     -2.037724000      0.726048000 

C        1.794548000     -2.454631000      1.095960000 

C        3.823336000     -0.988517000      1.420106000 

C       -0.034461000     -0.336463000      5.127671000 

C        5.254775000     -2.378361000     -0.527721000 

C        3.936596000     -2.739075000     -0.237396000 

C        5.856171000     -1.315886000      0.150332000 
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C        5.138894000     -0.624105000      1.130772000 

C       -1.330533000      2.136101000     -0.236313000 

C       -2.667287000      2.672097000     -0.718152000 

C       -3.685504000      2.994453000      0.192339000 

C       -4.915818000      3.485503000     -0.250218000 

C       -4.136578000      3.366000000     -2.533709000 

C       -2.907996000      2.875549000     -2.086054000 

C       -5.145773000      3.668853000     -1.616076000 

C       -1.076019000     -1.531994000     -1.329977000 

C        0.362110000     -1.934215000     -0.855019000 

C       -1.328207000     -0.011438000     -1.443597000 

C       -2.099948000     -2.144715000     -0.331757000 

O       -1.485214000     -1.410361000     -3.697423000 

O       -1.319995000     -3.459421000     -2.782842000 

C       -1.308997000     -2.240384000     -2.679009000 
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C       -0.468494000     -1.750661000      1.581804000 

C       -1.898666000     -1.421600000      1.038304000 

C       -2.150344000      0.089480000      0.838616000 

O       -2.655929000     -2.769746000      2.946750000 

C       -2.919763000     -2.029517000      2.024358000 

O       -4.178790000     -1.671932000      1.706523000 

O       -3.354943000     -1.900403000     -0.911699000 

O       -1.890906000     -3.510027000     -0.092596000 

C       -5.229065000     -2.204387000      2.554846000 

C       -1.731671000     -2.014085000     -4.992335000 

H        1.715194000     -2.430084000      2.184045000 

H        1.602078000     -3.487121000      0.781867000 

H       -1.102038000      2.523618000      0.760537000 

H       -0.524241000      2.475819000     -0.891105000 

H        0.431690000     -3.017905000     -0.983978000 
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H       -0.607201000      0.440870000     -2.126746000 

H       -2.324415000      0.133485000     -1.874618000 

H       -0.507953000     -2.793862000      1.900200000 

H       -2.018261000      0.618407000      1.786156000 

H       -3.187571000      0.236833000      0.520020000 

H       -4.045667000     -2.068239000     -0.243918000 

H       -1.840807000     -3.941057000     -0.972249000 

H       -5.075818000     -1.869990000      3.581984000 

H       -6.154017000     -1.800358000      2.147738000 

H       -5.226179000     -3.294814000      2.512099000 

H       -1.879336000     -1.176925000     -5.671919000 

H       -0.869931000     -2.612543000     -5.293404000 

H       -2.623472000     -2.641121000     -4.944805000 

O        1.753346000      2.199656000      0.856864000 

O        1.846346000      2.989104000     -0.373949000 
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C        2.266128000      4.333071000     -0.052139000 

C        1.233446000      5.018688000      0.852305000 

H        0.248954000      5.026299000      0.371582000 

H        1.148638000      4.494435000      1.807461000 

H        1.527481000      6.055596000      1.050867000 

C        3.656312000      4.319873000      0.597530000 

H        4.375629000      3.807320000     -0.051421000 

H        4.011797000      5.343023000      0.764124000 

H        3.628686000      3.802803000      1.560058000 

C        2.314955000      5.008826000     -1.428791000 

H        2.614892000      6.056547000     -1.320767000 

H        3.038311000      4.510611000     -2.083476000 

H        1.331519000      4.980434000     -1.910335000 

H        3.481438000     -3.576045000     -0.760418000 

H        5.811718000     -2.931911000     -1.278362000 

TH-2890_146122024



 Materials and methods 

Chapter 2-43 of 51 

H        6.882083000     -1.037086000     -0.073097000 

H        5.606685000      0.188257000      1.679644000 

H        3.283597000     -0.472629000      2.209664000 

H        1.359449000      2.045614000      3.142926000 

H        0.869652000      1.582864000      5.575316000 

H       -0.247055000     -0.591330000      6.161174000 

H       -0.879565000     -2.159116000      4.321423000 

H        2.950560000      1.631639000     -1.702614000 

H        3.891652000      0.731796000     -3.859446000 

H        3.144693000     -1.541403000     -4.628413000 

H        1.531093000     -2.820123000     -3.210818000 

H       -2.121796000      2.660743000     -2.806005000 

H       -4.302252000      3.518507000     -3.596773000 

H       -6.101010000      4.053964000     -1.962224000 

H       -5.690263000      3.731559000      0.471237000 
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H       -3.509188000      2.872850000      1.258600000 

DFT optimized structure of 3 

 

Figure 2.21 Optimized geometry of [Mn(BL3)(OO)]+ complex. Geometries optimized in 
Gaussian 09 at UB3LYP/BS1 with solvent included. 

Cartesian Coordinates 

N       -2.809261000     -1.334337000      0.797160000 

N        0.030339000     -1.012471000      0.915992000 

O        3.525872000     -1.343168000     -2.578152000 

C        2.755214000     -0.172187000      0.143161000 

O        2.896309000     -3.175475000     -1.361858000 
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C        0.840570000     -0.041944000      1.747951000 

H        1.384130000     -0.597977000      2.518253000 

H        0.136869000      0.633328000      2.242295000 

C        1.914663000     -0.989759000     -0.839795000 

C       -0.702088000     -1.913061000      1.895857000 

H       -0.119131000     -2.823802000      2.067757000 

H       -0.743646000     -1.378891000      2.851335000 

C       -4.122352000     -1.538372000      0.522893000 

H       -4.614280000     -0.779642000     -0.071937000 

C       -4.797762000     -2.673393000      0.965356000 

H       -5.847722000     -2.802870000      0.735533000 

C       -2.733892000     -3.428186000      1.967438000 

H       -2.160603000     -4.158432000      2.526009000 

C       -4.088617000     -3.637475000      1.692119000 

H       -4.581348000     -4.539632000      2.035278000 
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C       -2.121348000     -2.256019000      1.514764000 

C        4.477870000     -2.162304000     -3.363669000 

H        5.236265000     -2.577267000     -2.698549000 

H        4.914463000     -1.466136000     -4.074670000 

H        3.940431000     -2.963830000     -3.871732000 

C        0.920003000     -1.840358000      0.014248000 

H        0.285363000     -2.436737000     -0.641804000 

H        1.515126000     -2.530093000      0.624676000 

C        2.813204000     -1.965789000     -1.606066000 

N       -2.054193000      1.938669000     -0.390618000 

N        0.419211000      1.020863000     -1.108164000 

O        3.102669000      0.907037000      2.993458000 

O        3.074429000      2.789500000      1.692901000 

C        1.256656000      0.021459000     -1.838022000 

H        2.054024000      0.516782000     -2.404202000 
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H        0.611381000     -0.523602000     -2.528986000 

C        1.871193000      0.790807000      0.939952000 

C       -0.242214000      2.004280000     -2.025966000 

H        0.476849000      2.734094000     -2.418624000 

H       -0.659335000      1.441069000     -2.866795000 

C       -3.075388000      2.477420000      0.318659000 

H       -3.581627000      1.820982000      1.014615000 

C       -3.453974000      3.808541000      0.155093000 

H       -4.274274000      4.211185000      0.735005000 

C       -1.691459000      4.043071000     -1.482301000 

H       -1.123104000      4.638341000     -2.186329000 

C       -2.753898000      4.600634000     -0.761550000 

H       -3.023634000      5.639922000     -0.907229000 

C       -1.360402000      2.703338000     -1.282041000 

C        3.983852000      1.570023000      3.982760000 
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H        4.929883000      1.833400000      3.508373000 

H        4.126300000      0.826609000      4.762381000 

H        3.492981000      2.463260000      4.370919000 

C        1.200521000      1.755195000     -0.068901000 

H        0.525944000      2.422016000      0.472526000 

H        1.974617000      2.374157000     -0.541500000 

C        2.736000000      1.618237000      1.897921000 

Mn      -1.493634000     -0.101918000     -0.457013000 

O       -2.332271000     -0.323506000     -2.131239000 

O       -1.421912000     -1.483008000     -1.761626000 

O        3.979664000     -0.268226000      0.274446000 
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3.1 Introduction 

In the past few years, various Cu(II)–oxygen intermediates have been 

characterized and served as models for a different biological reaction type.1-10 

Mononuclear transition metal alkylperoxo complexes are imperative in an 

assorted biological and catalytic oxidation reaction.11-13 Mononuclear Cu(II)-

OOR intermediates have been used as a model system to understand the 

reactivity of non-coupled binuclear copper enzymes, Dopamine β-

monooxygenase (DβM), and Peptidyglycine α-hydroxylating monooxygenase 

(PHM).14-17 DβM performs dopamine's conversion to norepinephrine by an 

oxygen insertion mechanism. In contrast, PHM catalyzes the stereospecific 

hydroxylation of the glycine α-carbon of peptidyl glycine substrate by a 

mechanism similar to DβM. The DβM reaction is supposed to proceed via an 

H-atom abstraction from the substrate by Cu(II)-hydroperoxo species. Several 

reports are available on the deformylation of aldehydes by Cu(II)-alkylperoxo 

intermediate,18-25, but detail mechanistic studies have been performed in very 

few cases. Although Cu(II)-alkylperoxo species are generally known to be 

electrophilic, some reports suggest otherwise for aldehyde deformylation.26 

Recent developments in the deformylation reaction mechanism of Mn(III)-

peroxo systems suggest an initial H-atom abstraction mechanism. These studies 

make us think about the possibility of a similar pathway for the deformylation 

reaction for the Cu(II)-alkylperoxo system, which inspires us to perform 

isotope labeling experiments for the deformylation by Cu(II)-alkylperoxo 

species to get more details about the mechanism. Bispidine ligands have been 
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extensively used in biomimetic chemistry to understand the reactivity of 

various metal-oxygen intermediates.27-35 Due to their very rigid adamantane 

type backbone, these ligands enforce the metal center to adapt a square-

pyramidal geometry.36 It is a known fact that substituents at N3 and N7 

positions of bispidine ligands play an essential role in the intermediates' 

reactivity for Fe and Mn-based systems. This chapter has studied the 

mechanism of aldehyde deformylation by two Cu(II)-alkylperoxo species and 

the effect of ligand architecture on the reactivity (Figure 3.1). 

 

Figure 3.1 Molecular structure of the ligands and Cu(II)-alkylperoxo complexes studied in this 
work. 

3.2 Experimental Section 

Alkylperoxo complexes [Cu(BL1)(OOtBu)]+ (1) and [Cu(BL2)(OOtBu)]+ (2) 

were generated from their Cu(II) precursors (1a and 2a respectively, Sec 

2.2.4.2), using tert-Butyl hydroperoxide (tBuOOH) and triethylamine (TEA) in 

acetonitrile at 298 K. The addition of 10 equivalents of tBuOOH to an 

acetonitrile solution (1 mM) of the Cu(II)-triflate in the presence of 2.5 
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equivalents of TEA resulted in the formation of a green color solution of the 

alkylperoxo complexes. 

3.3 Result and Discussion 

Various spectroscopic techniques characterized intermediates 1 and 2. 

Both the intermediates persisted for ten days at ambient temperature.  

 
Figure 3.2 (a) ESI-MS spectrum of 1 [inset red and the black line shows simulated and 
experimental isotopic distribution]. (b) EPR spectrum for 1 at 77 K in CH3CN. 
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Complex 1 exhibits absorption spectra with an intense charge transfer 

band (LMCT) at 423 nm (ε ≈ 860 M-1 cm-1), with a weak band at 610 nm 

(ε ≈ 150 M-1 cm-1) for d-d absorption. Similarly, complex 2 has electronic 

transitions at 423 nm (ε ≈ 810 M-1 cm-1) and 595 nm (ε ≈ 155 M-1 cm-1). 

The UV-Vis features observed for 1 and 2 are similar to previously 

reported Cu(II)-alkylperoxo complexes. A blue shift of 15 nm was 

observed in d-d transitions replacing methyl with the benzyl group at the 

N3 and N7 positions. However, no such shift has been observed in the 

charge transfer band. These results demonstrate that introduction of the 

steric bulk results in perturbation around the metal center. The 

electrospray ionisation mass spectra (ESI-MS) of 1 and 2 exhibit 

prominent peaks for [Cu(BL1)(OOtBu)]+ and [Cu(BL2)(OOtBu)]+ at m/z 

= 590.16 (calcd. 590.18) (Figure 3.2) and 742.28 (calcd. 742.24) (Figure 

2.13) respectively. The X-band EPR spectrum of a frozen CH3CN 

solution of 1 and 2 measured at 77 K shows an axial signal with g⊥ = 

2.065 and g∥ = 2.360 (A|| = 199 G) (Figure 3.2) and g⊥ = 2.055 and g∥ = 

2.351 (A|| = 196 G) (Figure 2.14), respectively.  
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Figure 3.3 [a] Decay of 1 upon addition of 2-PPA (15 mM) in CH3CN at 298 K [inset shows the 
time trace for the peak at 423 nm]. [b] Plot of kobs against the concentration of 2-PPA and the 
second-order rate constant for the reaction of 2-PPA with 1 () and 2 (). 

These values suggest a square pyramidal geometry for the Cu(II) ion as 

per previously reported results. We have used 2-Phenylpropionaldehyde 

(2-PPA) as a model substrate for the aldehyde deformylation reaction. 

To an acetonitrile (1 mM) solution of intermediate, 10 Equiv. of 2-PPA 

has been added at 298 K. The electronic absorption band for the 
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intermediates started to decay immediately after the addition of the 

substrate (Figure 3.3). 

The decrement in absorbance with time gives a pseudo-first-order (kobs) 

rate for the reaction. The kobs values increased proportionally with an 

increase of the 2-PPA concentration, allowing us to measure the second-

order rate constant with 1 and 2 of 2.7 × 10-2 M-1 s-1 and 9.3 × 10-3 M-1 

s-1, respectively. The deformylation of aldehydes by Cu(II)-alkylperoxo 

complexes have been reported to proceed via the nucleophilic pathway 

by the attack at the carbonyl center75. However, recently it has been 

demonstrated that the deformylation reaction continues via an initial 

hydrogen atom abstraction followed by keto-enol tautomerism in the 

case of Mn(III)-peroxo intermediates.37,38 

Thus to investigate the plausible pathway for the deformylation of 2-PPA 

to acetophenone, we have employed α-[D1]-2-phenylpropionaldehyde 

(α-[D1]-PPA) as a mechanical probe. Thus, upon adding α-[D1]-PPA to 

1 and 2 in CH3CN at 298 K, we have observed a second-order rate 

constant of 2.2 × 10-3 M–1 s–1 and 1.2 × 10-3 M–1 s–1 respectively (Figure 

3.4). 
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Figure 3.4 The plot of kobs against the concentration of α-[D]-2-PPA () and 2-PPA with 1 () 
(a) and 2 () (b). 

Therefore, our kinetics studies establish that the Cu(II)-alkylperoxo 

complex 1 and 2 also react with 2-PPA via an initial hydrogen atom 

abstraction reaction from the α-position of the aldehyde, with a KIE of 

12 and 8, respectively. The experimental results are suggestive of the fact 

that intermediate 1 reacts at a faster rate than 2. 
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Figure 3.5 [a] Decay of 2 upon addition of PPh3 (80 mM) in CH3CN at 298 K [inset shows the 
time trace for the peak at 423 nm]. [b] Plot of kobs against the different concentrations of PPh3 
and for the reaction of PPh3 with 1 () and 2 (). 

To investigate the ligand architecture effect, we have decided to check 

the reactivity with other known electrophilic reactions like oxygen atom 

transfer to a heteroatom. Upon adding 80 Equiv. PPh3 to an acetonitrile 

solution (1 mM) of intermediate at 298 K, the LMCT absorption band at 

423 nm decayed immediately (Figure 3.5). The kobs values increased 
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linearly with increasing PPh3 concentration, giving a k2 value of 2.1 × 

10-2 M-1 s-1 and 6.1 × 10-2 M-1 s-1 with 1 and 2, respectively. Therefore, 

it appears that 2 reacts with PPh3 about three times faster than 1. The 

above experimental results suggest a switchover of the reactivity order 

for the oxygen atom transfer reaction. 

3.4 Conclusions 

We have demonstrated the synthesis, characterization, and reactivity of 

two bispidine Cu(II)-alkylperoxo complexes. Unlike the previously 

reported nucleophilic reactivity for aldehyde deformylation, the Cu-

alkylperoxo species reacts via C-H abstraction from the α-position. This 

inference has been extracted from the KIE values above the classical 

limit of 7, imperative of rate-determining C-H bond cleavage. These 

complexes have also exhibited oxygen atom transfer to heteroatoms. It 

was also observed that these two complexes show an inverse trend in 

reactivity for the two different types of electrophilic reactions. The 

introduction of two benzyl groups instead of methyl groups at the N3 and 

N7 positions increases the steric bulk around the metal center, 

accelerating atom transfer to heteroatoms. At the same time, the same 

phenomenon decreases reaction rates for aldehyde deformylation 

reactions.  
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4.1 Introduction 

The central metal atom's similarity with the natural AD enzyme, like 

cADO, P450, makes Fe(III)-peroxo complexes more interesting for 

deformylation.1-7 Though cADO utilizes a diiron-based ferritin-like 

active site; the mononuclear counterpart becomes more critical because 

of their less structural complexity and ease in handling. The mechanism 

for aldehyde deformylation by Fe(III)-peroxo species has been 

considered a nucleophilic attack at the aldehyde's carbonyl carbon.8-17 

Earlier developments, in our lab, on the deformylation by Mn(III)-

peroxo and Cu(II)-alkylperoxo species suggest otherwise; and we have 

been very curious to know the details for Fe(III)-peroxo system. For this 

purpose, we use 2-phenylpropionaldehyde (2-PPA), 

cyclohexanecarboxaldehyde, and their isotopic derivative as the model 

substrate in this work.  

 
Figure 4.1 Molecular structure of the ligands and Fe(III)-peroxo complexes studied in this work. 

TH-2890_146122024



 Chapter 4 

Chapter 4-2 of 15 

The H-atom abstraction mechanism has been postulated based on isotope 

labeling experiments.18-20 The hydrogen atom’s replacement, by its 

isotope D, at the α-position of 2-PPA, decreases the rate. We have 

searched the literature at our best but unable to find out any isotope 

labeling experiment at α-position for the deformylation  Fe(III)-peroxo 

system. To get more insight into the deformylation mechanism for 

Fe(III)-peroxo intermediate, we have used α-D-2-PPA and α-D-CCA as 

mechanical probes. In this chapter, we report generation, 

characterization and reactivity  towards deformylation reaction of 

aldehydes by two well known Fe(III)-peroxo system namely, 

[Fe(N4Py)(O2)]+ (3) (N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-

pyridyl)methylamine) and [Fe(TMC)(O2)]+ (4) (TMC = 1,4,8,11-

tetramethyl-1,4,8,11-tetraazacyclotetradecane) (Figure 4.1). These two 

peroxo species are known for years and well-characterized by various 

research groups. 

4.2 Experimanetal Section 

The intermediates (3) and (4), generated in trifluoroethanol (TFE) using H2O2 

as an oxidizing agent in the presence of triethylamine (TEA), according to the 

reported procedure in the literature.14,15  
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Figure 4.2 UV-Vis absorption spectra for 3 and 4. 

Addition of 10 equivalents of H2O2 to a 1 mM yellow color solution containing 

[Fe(N4Py)(OTf)](OTf) and 5 equivalents of triethylamine in TFE at 258K 

afforded blue intermediate 3 with an utmost absorption wavelength λmax at 685 

nm (ε = 520 M-1 cm-1).21 Intermediate 4 has been generated by a similar method, 

and green coloration of the solution indicates the formation of [Fe(TMC)(O2)]+ 

with an intense band at 750 nm (ε = 600 M-1 cm-1) TFE at 288 K. 

4.3 Result and Discussion 

The electrospray ionization mass spectrum (ESI-MS) of 3 shows a prominent 

feature at m/z 455.21, whose isotopic distribution pattern corresponds to 

[Fe(N4Py)(O2)]+ (calculated m/z of 455.10). We have observed a prominent 

mass ion peak at m/z 344.07 (calculated m/z of 344.19) in the ESI-MS for 

intermediate 4 (Figure 4.3). 
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Figure 4.3 ESI-MS spectrum of 3 (a) and 4 (b) [inset shows the isotopic distribution of the 
prominent peak]. 

We then investigated the reactivity of both the intermediate in aldehyde 

deformylation reaction. Upon adding 100 equivalent of 2-

phenylpropionaldehyde (2-PPA) to a 3 (1 mM) solution at 258 K in TFE, the 

intermediates decay down (Figure 4.4), allowing us to measure the second-

order rate constant.  
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Figure 4.4 (a) UV-Vis absorption spectra for the reaction of 3 with 2-PPA. (b) The plot of pseudo-
first-order rate constant (kobs) against the different concentrations of 2-PPA () and α-D-2-PPA 
(). 

The measurement of the decay in the UV-Vis absorption band corresponding 

to 3 with time gives a pseudo-first-order (kobs) rate constant. The kobs value 

increases linearly with an increase in the substrate concentration. A plot of kobs 

against the substrate concentration provides a second-order rate constant of 

0.29 M-1s-1. 
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The recent development of a mechanism for deformylation reaction suggesting 

an initial alpha H atom abstraction from 2-PPA by Mn(III)-peroxo based 

complex tempted us to reinvestigate the mechanism of aldehyde deformylation 

reaction of Fe(III) based peroxo intermediates. Fe(III)-peroxo is known to 

proceed via a nucleophilic carbonyl attack for aldehyde deformylation reaction. 

To get more impending into this matter, we have decided to study the reaction 

of 3 using 2-PPA, cyclohexanecarboxaldehyde (CCA), and their deuterated 

derivatives. 

The intention is to check whether 3 reacts via either traditional carbonyl attack 

for deformylation of an aldehyde or initial hydrogen atom abstraction. After the 

addition of the α-D-2-PPA, the intermediate started to decay down. The pseudo-

first-order rate constants of the reaction increased proportionally with the 

increasing substrate concentration, which allowed us to measure a second-order 

rate constant (k2) of 0.23 M-1s-1 (the slight deviation from the original one due 

to the presence of water in the medium).22,23 The result indicates that there is no 

kinetic isotope effect (KIE) for the H atom at α-position. So, the initial H atom 

abstraction from the α-position of 2-PPA is not a possibility for 

[Fe(N4Py)(O2)]+. 

Another widely used model substrate to determine the deformylation 

mechanistic pathway for synthetic peroxo systems is CCA. When we add 100 

equivalent of CCA to 1 mM TFE solution of intermediate 3 at 243 K, the 

electronic absorption spectra of 3 give an immediate blue shift of 140 nm from 

685 nm to 540 nm. Surprisingly, the solution changes from blue to purple, with 
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a new absorption maximum at 540 nm. The purple solution's electronic 

absorption feature suggests a similarity with the previously reported Fe(III)-

hydroperoxo species. Earlier reports suggested the conversion between blue η2 

to purple η1 species is pH controlled.21,24 We have also repeated the experiments 

for 3 and observed the same result (Figure 4.5).  

 

Figure 4.5 (a). UV-Vis absorption spectra for the conversion between η2 to η1 Fe(III)peroxo in 
the presence of acid at 288K (b) ESI-MS spectra of the species having electronic absorption at 
540 nm. 
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We have performed an ESI-MS experiment for further confirmation and found 

a prominent feature at m/Z 605.06 corresponding to 

{[(N4Py)Fe(OOH)](OTf)}+. The interconversion without altering the pH of the 

medium has come as a surprise to us.  

 

Figure 4.6 (a) UV-Vis absorption spectra for the reaction of 3 and CCA with a blue shift. (b) UV-
Vis absorption spectra for the reaction of 1-D-CCA and 3 at 238K. 
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To check whether this Fe(III)-OOH formation results from the H-atom 

abstraction from the α-positions, we add 100 equivalent α-D-CCA to the 

solution of 3 at 238 K. The intermediate shows a similar spectral pattern to that 

of reaction with CCA with a color change from blue to purple. 

To confirm our hypothesis, when we add 100 equivalents of 1-D-CCA to a 1 

mM solution of intermediate 3, the absorption band decayed immediately with 

no blue shift, and the intermediate reverted to the iron(II) complex with an 

isosbestic point at 450 nm (Figure 4.6). This result supported the role of the 

aldehyde’s H atom in the reaction of Fe-N4Py-peroxo with CCA and suggested 

that the Fe-N4Py-peroxo complex is not following a nucleophilic carbonyl 

attack mechanism for deformylation of CCA.  

The deformylation of CCA has been studied previously with intermediate 4, 

and there was no report for such an anomaly. So, we have decided to explore 

the effect of isotopic substitution with 4. The addition of 100 equivalent CCA 

to a 1 mM TFE solution of 4 at 258 K started the absorption band's decay 

without any shift (Figure 2.18). When we investigated the reaction of 4 with α-

D-CCA, there was no significant change in rate. To further explore the 

mechanism, we have decided to check the reactivity of 4 with 1-D-CCA. To a 

TFE solution of 4 at 258 K, the addition of 100 equivalents 1-D-CCA makes 

the reaction slower, and the intermediate decays with its natural decay rate. The 

absence of KIE for α-position in both substrates implicates that α-H atom 

abstraction is impossible for 3 and 4. Compared to CCA, the slower decay rate 

with 1-D-CCA suggests the aldehyde's H-atom’s involvement in the reaction. 
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4.4 Conclusions 

This chapter discussed the mechanism for the aldehyde deformylation reaction 

of Fe(III)-peroxo species with different commonly used model substrates. This 

study's target has been reinvestigating the ideal mechanism for the aldehyde 

deformylation by Fe(III)-peroxo by isotope labeling and kinetics measurement. 

The careful research and analysis of the data prove that the most feasible 

mechanism is a nucleophilic carbonyl attack for the Fe(III)-peroxo species. 

Still, the reaction pathway can differ from substrate to substrate, and it proceeds 

via an initial H atom abstraction, especially for CCA. This mechanism involves 

an in situ conversion between two different forms of Fe(III)-peroxo systems but 

the further steps involved in the reactions is yet to be discovered. In our lab, we 

are continuously working on unfolding that knot. Future studies will center on 

understanding the detailed mechanisms of the aldehyde deformylation reaction 

of Fe-N4Py-peroxo intermediate.  
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5.1 Introduction 

Various enzymes in biological systems supplicated Mn-peroxo 

intermediate in their catalytic cycles. During the last two decades, many 

new Mn-oxygen intermediates have been generated, and multiple groups 

studied their reactivity in different kinds of essential reactions, including 

aldehyde deformylation.1-13 Aldehyde deformylation often studied using 

2-phenylpropionaldehyde (2-PPA) and cyclohexancaroboxaldehyde 

(CCA) as model substrates.14-22 The mechanistic resemblance among 

most of them is that they proceed via the nucleophilic attack to aldehyde's 

carbonyl carbon. During the earlier studies by our group, we have found 

an alternative reaction pathway from the conventional nucleophilic 

attack at carbonyl carbon for 2-PPA. The reactivity of Fe(III)-peroxo 

system with 2-PPA and CCA has proved the possibility of a different 

kind of mechanism for the later one. This experimental result inspires us 

to investigate the facts further to convey a more accurate reaction 

mechanism for aldehyde deformylation by Mn(III)-peroxo species. In 

this study, we have synthesized a new tetradentate N-donor-based 

Mn(II)-complex (Figure 5.1). We were able to generate Mn(III)-peroxo 

adduct from the Mn(II) precursor and characterized by various 

spectroscopic techniques. The aldehyde deformylation reaction was 

studied using CCA and their derivatives as the model substrates. 
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Figure 5.1 Molecular structure of the ligand and Mn(III)-peroxo intermediate 5 and 6  studied 
in this work. 

5.2 Experimental Section 

Mn(III)-peroxo intermediates were generated in situ. Intermediate 

[Mn(L1)(O2)]+ (5) was generated by the addition of 10 equivalent of H2O2 and 

1.5 equivalent of TEA at 278 K to an acetonitrile solution of the Mn(II) 

precursor (3a, Sec. 2.2.4.2). Intermediate [Mn(TMC)(O2)]+ (6) was generated 

in an acetonitrile solution at 298 K using an earlier reported procedure.3 

5.3 Result and Discussions 

The Mn(III)-peroxo species has an intense electronic absorption band at 458 

nm (ε = 230 L mol-1 cm-1) and weak absorption band on the d-d region at 585 

nm (ε = 78 L mol-1 cm-1) (Figure 5.2). The electrospray ionization mass 

spectrum (ESI-MS) of the green intermediate gives a dominant ion peak at m/z 

525.13 (calcd. 525.12) corresponds to [Mn(L1)(O2)]+ (5), and the isotope 

distribution pattern also corresponds to the presence of the same species in the 

TH-2890_146122024



 Chapter 5 

Chapter 5-3 of 13 

solution. The electronic absorption spectrum is very similar to other well-

characterized tetradentate N4 ligand-based Mn(III)-peroxo intermediates. 

 

Figure 5.2 (a) UV-Vis spectra for the formation of 5 at 278 K. (b) ESI-MS spectrum of 5 [inset 
shows the isotopic distribution of the prominent peak]. 

We could not get Resonance-Raman spectra for this complex because of its 

similarity in properties with previously reported bispidine containing Mn(III)-

peroxo complex.23 The electronic absorption spectral similarities with other 
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crystallographically characterized Mn(III)-peroxo systems along with the ESI-

MS spectra guide us to conclude that the green intermediate is also a side-on 

Mn(III)-peroxo complex. Cyclohexanecarboxaldehyde(CCA) is a classical 

substrate to determine the reactivity of various metal-oxygen complexes in the 

deformylation reaction and classify as nucleophilic oxidants. Upon adding 

CCA to 1 mM acetonitrile solution at 278 K, the intermediate decayed down 

(Figure 5.3), which allows us to measure the second-order rate constant for the 

reaction. The reaction rate increases proportionally with increasing substrate 

concentration. The plot of pseudo-first-order (kobs) rate constant against 

substrate concentration gives a second-order (k2) rate constant of 0.85 M-1 s-1. 

One of the recently evolved mechanisms for aldehyde deformylation by 

Mn(III)-peroxo intermediates is an initial H-atom abstraction from the α-

position of aldehyde. To understand the possibility of aldehyde’s α-H atom 

abstraction, we use 2-Me-CCA as a substrate. The addition of 2-Me-CCA to an 

acetonitrile solution of 5 at 278 K causes a fast decay of the absorption band, 

giving a second-order rate constant of 0.97 M-1s-1. 

The higher reactivity with 2-Me-CCA comes as a surprise considering the 

previously reported α-H abstraction by Mn(III)-peroxo intermediate. To find 

out the meticulous mechanism, inspired by the reactivity of Fe(III)-peroxo, we 

add 1-D-CCA as a mechanical probe. The reaction rate slows down upon the 

addition of 1-D-CCA to 5 at 278 K, giving a k2 value of 0.009 M-1 s-1. 
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Figure 5.3 (a) UV-Vis spectra for the decay of 5 upon adding 20 mM CCA to an acetonitrile 
solution (1 mM) of 5 at 278K. (b) A plot of pseudo-first-order rate constant (kobs) against the 
different concentrations of CCA (), 2-Me-CCA (), and 1-d-CCA (). 

This result indicates the involvement of aldehyde C-H bond dissociation in the 

rate-determining step (RDS). To explore whether the initial aldehyde H atom 

abstraction is only applicable for bispidine based Mn(III)-peroxo intermediates 

or not, we have used Mn(III)-peroxo intermediate bearing TMC ligand, 
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[Mn(TMC)(O)2]+ (6). The reason behind selecting the TMC based Mn(III)-

peroxo intermediate is that it is well characterized and has a similar electronic 

absorption pattern to that of the bispidine based system.3,22 According to 

previous reports, it reacts with CCA via a nucleophilic attack at carbonyl 

carbon. Still, we were unable to find out any isotope labeling experiment in 

literature for the same. Upon adding CCA to an acetonitrile solution of 6 at 

273K, we have observed a second-order rate constant of 0.31 M-1s-1, similar to 

the previously reported value. 

 

Figure 5.4 Change in absorption with time upon addition of 150 mM of CCA () and 1-d-CCA 
() to an acetonitrile solution (1 mM) of 6. 

To investigate the mechanism in more detail, we use 1-D-CCA as a substrate. 

Upon the deuterated substrate's addition, the reaction becomes very slow, and 

the intermediate decays with its natural decay rate (Figure 5.4). This result 

suggests that TMC based Mn(III)-peroxo also reacts with CCA via aldehyde’s 
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H-atom abstraction. The ligand architecture around the metal ion has no 

significant impact on the mechanistic pathway. We have proposed a probable 

mechanism for the reaction (Figure 5.5).  

 

Figure 5.5 Proposed mechanism for deformylation of CCA by 5. 
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5.4 Conclusions 

As a consequence of our kinetics and reactivity study, we can confirm that the 

Mn(III)-peroxo intermediates react with CCA via an initial aldehyde H-atom 

abstraction from aldehyde. From the results obtained for the reaction, we can 

conclude that the alpha H atom of CCA is not involved in the RDS for CCA's 

deformylation. The slight rate increment in the case of 2-Me-CCA could result 

from the TS's stability through hyperconjugation from the methyl group, further 

support this mechanism. However, a detailed DFT study is in progress for 

getting thermodynamic aspects of the reaction mechanism.  
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6.1 Overview 

Two types of mechanisms could achieve aldehyde biotransformation – one is 

the oxidation of the aldehyde to the carboxylic acid. The other is oxidative 

deformylation followed by conversion into one carbon reduced (n-1) product. 

The later process received much attention because of its similarity in reaction 

pathways with cholesterol and steroidogenesis's biosynthesis. The species 

responsible for the transformation of the carboxylic acid is considered to be an 

electrophilic metal-oxo. In contrast, the deformylation reaction proceeds via a 

nucleophilic attack of metal-bound peroxide to the aldehyde group's 

electrophilic carbon. Concomitant β-scission gives formate and less stable alkyl 

radical with one less carbon than the parent compound as the product. The alkyl 

radical afterward transformed either into alkene/alcohol or both. The physical 

and chemical properties of this alkyl radical control the nature of the product 

formed in the reaction. In our lab's earlier research, we observed a completely 

different type of mechanism is also a possibility. The earlier study was focused 

on the reactivity of a nonheme pentadentate Mn(III)-peroxo system in the 

deformylation of 2-PPA. This research has explored the mechanism of 

aldehyde deformylation by different nonheme transition metal-peroxo 

intermediates and the effect of ligand structure on their reactivity. 

We have synthesized two highly stable Cu(II)-alkylperoxo systems at ambient 

conditions. The deformylation of 2-PPA was monitored using Cu(II)-

alkylperoxo complexes as the catalysts. We have found that the Cu(II)-

alkylperoxo complexes react with 2-PPA via an α-H abstraction mechanism 
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similar to the earlier reported Mn(III)-peroxo system. We also found out that 

the increasing bulk in the ligand architecture makes the deformylation slower.  

The deformylation reactivity of 2-PPA and CCA is also studied using Fe(III)-

N4Py peroxo intermediate. This study suggests that for Fe(III)-peroxo, the old 

conventional mechanism is applicable along with the possibility of a new H-

atom abstraction approach. According to the results, the mechanism is different 

for both substrates. For Fe(III)-peroxo intermediates, details mechanistic 

investigation is yet to be needed to find out more about the ligand architecture 

effect. 

Earlier studies from our lab show a possibility of aldehyde's H atom abstraction 

in CCA by Fe(III) peroxo intermediates. Still, the reaction mechanism was not 

very clear. We decided to check the reactivity of a tetradentate Mn(III)-peroxo 

complex with CCA in detail. We have studied the deformylation of CCA by 

two tetradentate Mn(III)-peroxo systems. We have found an enormous rate 

difference for deformylation between CCA and 1-D-CCA for both 

intermediates. This result indicates a C-H bond dissociation in RDS contrary to 

the previously reported nucleophilic carbonyl attack mechanism. It is 

independent of the ligand architecture around the metal center. 

In summary, our study discovered a new mechanical way for the deformylation 

of 2-PPA by a Cu(II)-alkylperoxo complex and steric bulk's role on different 

electrophilic reactions. Aldehyde deformylation by Fe(III)-peroxo systems are 

known to proceed via a nucleophilic carbonyl attack mechanism. Our research 
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has observed that the reaction pathway for deformylation by Fe(III)-peroxo 

complex can differ depending on the substrates. We have also observed a new 

reactivity pattern and deformylation mechanism for the Mn(III)-peroxo 

complexes with substrates for which the mechanism was known otherwise. 

These results enlightened the vision about metal-peroxo reactivity with 

aldehydes with a different methodological viewpoint. 

6.2 Future Possibilities 

As discussed earlier, aldehyde's transformation to hydrocarbon in a single step 

by a biochemical process will help reduce greenhouse gases and be a very 

efficient conversion step in synthesizing larger molecules essential for 

pharmaceutical application. The information obtained from this research will 

help manipulate the catalyst's efficiency, selectivity, and substrate and product 

formation. The successful replacement for fossil fuel might not be possible at 

the moment on a large scale. Still, those catalysts can replace the use of fossil 

feedstock to generate other commodity products, and the findings from this 

research will lead to an essential step towards that direction. The mechanism of 

deformylation is still an enigma for the researcher. Although we have tried to 

establish the mechanism with a Cu, Mn, Fe-based system, there are still some 

loopholes in the mechanism part. A more precise understanding of the 

mechanism will help design the catalyst for efficacious biotransformation of 

aldehyde to hydrocarbon on an industrial scale. 
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