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This thesis describes design and development of new catalytic materials based on first -

row transition metals (Mn, Fe, Co) and their applications in dehydrogenation and related 

reactions. I have divided my thesis into five chapters. The first chapter is introduction part which 

deals with the importance of dehydrogenation reactions and recent literature precedents. The 

second chapter is a working, where synthesis and characterization of iron based nanocatalyst and 

its application in acceptorless dehydrogenation (AD) of diverse alcohols, partially saturated N-

heterocycles, and amines with the liberation of dihydrogen is described. This protocol is 

successfully applied to synthesis of diverse cyclic, acyclic imines and lactones under design 

condition. The third chapter is mainly focused on synthesis of cobalt nanoparticles with different 

supports and their catalytic activity in the dehydrogenation of N-heterocycles. The above 

catalytic system was further investigated for the chemoselective transfer hydrogenation of 

alkynes to Z-alkenes. The fourth chapter is focused on Mn-catalyzed chemoselective transfer 

hydrogenation of nitroarenes using ammonia-borane as a transfer hydrogenating source with 

mechanistic illustration. The final chapter of the thesis is mainly focused on partial and selective 

hydrogenation of CO2 to CO (Reverse Water Gas Shift Reaction) catalyzed by iron-based nano 

catalyst. The details are presented below.  

 

Chapter 1: Dehydrogenation and related reactions 

Development of new and sustainable catalytic systems for fundamentally important synthetic 

transformations and energy storage applications is an important and an intellectually 

stimulating challenge. Conventionally dehydrogenation is well explored with aid of oxidants 
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or in the presence of organic acceptors, in which copious waste has been generated or organic 

molecules will be sacrificed (Scheme 1). Acceptorless dehydrogenation is an alternative and 

sustainable way of dehydrogenation process, as molecular hydrogen is the only side product. 

Catalytic dehydrogenation of feedstock chemicals, such as alcohols and amines to value-

added products with the concomitant generation of dihydrogen is of much interest in the 

context of ‘hydrogen economy’ and is an effective appealing alternative to the classical 

oxidation reactions.  

 

 

Scheme 1. Dehydrogenation related reactions  

 

Similarly, hydrogen auto-transfer (HA) or borrowing hydrogen  strategy (BHS) is one of the 

important organic transformations in synthetic chemistry, where hydrogen is borrowed from the 

starting materials and effectively being utilized for the catalytic hydrogenation (in situ) at the 



final step of process (Scheme 1). Thus, the net result would be highly atom-, and step of 

economical with zero carbon footprint process. Borrowing hydrogen methodology can be used 

for the synthesis of wide range of C-C and C-N bonds by using alcohols as alkylating reagent.  

 

Chapter 2: Iron nanocatalyst for the acceptorless dehydrogenation reactions  

 Despite a number of homogeneous catalysts based on noble metal being identified for 

the acceptorless dehydrogenation (AD), the use of high price and limited availability of 

precious metals and poor recovery of the catalyst have spurred interest in catalysis with more 

earth-abundant alternatives, especially iron. However, no report has described a reusable iron-

based heterogeneous catalyst for oxidant-free and acceptorless dehydrogenation reactions prior 

to our report. In the present chapter, we have replaced expensive noble metal catalysts with an 

inexpensive, benign, and sustainable iron based nanocatalyst for the efficient acceptorless 

dehydrogenation (AD), and acceptorless dehydrogenative coupling (ADC) reactions. This 

working chapter has been further divided into two parts. 

 

 Part A:  

 

Scheme 2. Acceptorless dehydrogenation catalyzed by iron-based nanocatalyst. 

 

Chapter 2A deals with the heterogenization of homogeneous metal complex (Fe:Nx). 

Heterogeneous catalyst was well-characterized using the state-of-the-art techniques and then the 

catalytic material was successfully applied for the dehydrogenation of feedstock chemicals, such 



as alcohols, amines, and N-heterocycles to value-added products with the concomitant generation 

of dihydrogen (Scheme 2). The present catalytic approach possesses a dual role; acting as a 

catalyst as well as can be magnetically separable. The sustainable reuse of heterogeneous iron 

catalyst is also shown. 

 

Part B 

Chapter 2B deals with ADC of alcohols with amines to get imine using as synthesized 

heterogeneous Fe-catalyst. Imines are an exceptionally versatile functional group and are 

ubiquitous in pharmaceuticals, biological active heterocycles, and natural products. The reaction 

operates under mild reaction conditions with the liberation of dihydrogen and water as the 

byproducts. The developed ADC strategy is simple, efficient, exhibits wide functional group 

tolerances and can be scaled up.  

 

Scheme 3. Synthesis of imine via an acceptorless dehydrogenative coupling. 

 

Chapter 3: Cobalt nanocatalyst for the transfer hydrogenation of alkynes and 

dehydrogenation reactions 

The third chapter is mainly focused on cobalt nanoparticles deposited on different 

supports and their catalytic activity on AD and transfer hydrogenation reactions. This 

chapter is also divided into two parts. 

 

Part A 

In continuation with our interest in the development of efficient heterogeneous catalyst 

containing sustainable transition metals, we have investigated cobalt based heterogenous 

catalyst for the dehydrogenation of N-heterocyclic motif. Here, we report the first cobalt 

based heterogeneous catalytic system for challenging catalytic dehydrogenation reactions 

of N-heterocycles. The reaction is general and 20 examples with a yield up to 96% was 

achieved under optimized condition. 



 

Scheme 4. Cobalt-catalyzed acceptorless dehydrogenative of N-heterocycles. 

 

Part B 

The catalytic hydrogenation of unsaturated compounds is a fundamental synthetic 

transformation, which has applications in the agrochemical, pharmaceutical, and commodity 

chemical industries. Thus, the stereoselective semi-hydrogenation of alkynes under mild 

conditions is a great challenge. The contiguous effort has been made for synthesis of olefins 

using homogeneous and heterogeneous catalysis using H2 at the high pressure.  The reduction of 

alkynes into stereoselective olefins and avoid the formation of over reduced alkane is very 

challenging. Ammonia-borane (AB) has the advantages of high hydrogen content (19.6 wt.%), 

low molecular weight and high stability in solutions. It can be safely transported without 

hydrogen loss, thus making it a highly promising alternative for chemical hydrogen storage 

material. Herein, we report an operationally simple, mild, and highly cis-selective hydrogenation 

of alkynes and terminal alkyne, applying a reusable cobalt heterogenous catalyst deposited on 

graphene. 

 

Scheme 5. Cobalt-catalyzed semihydrogenation of alkynes. 

 

Chapter 4: Reusable Manganese nanocatalyst for chemo-selective hydrogenation of 

nitroarenes 

Aromatic amines serve as industrially important intermediates and play a key role in 

agrochemicals, biorenewable chemicals, pharmaceuticals, and fine chemicals. The significant 

growth has been devoted to hydrogenation of nitroarenes to anilines by precious metal based 

catalysts and this protocol lacks in selectivity and functional group tolerance. The high pressure 



H2 gas is mainly used for the hydrogenation of polar or non-polar compounds and indeed  

possess safety and handling issues. Nowadays, transfer hydrogenation or auto-transfer 

hydrogenation had received much attention, in which the in situ generated hydrogen can be 

utilized for reduction process (Scheme 6). Novel manganese-based nanocatalyst has been 

investigated for chemoselective hydrogenation of nitroarenes using AB as transfer hydrogenating 

reagent. The strategy works under the very mild condition and neutral condition with high 

chemoselectivity. To the best our knowledge there is no report on dehydrogenation of AB and 

subsequent chemoelective hydrogenation of nitroarenes to anilines either under homogeneous 

and heterogeneous conditions. 

 

Scheme 6. Manganese catalyzed chemo-selective hydrogenation of nitroarenes. 

 

Chapter 5: Fe Based nanocatalyst for partial hydrogenation of CO2 to CO 

Fifth chapter is mainly focused on utilization of iron-based catalyst for partial selective 

hydrogenation of carbon dioxide to carbon monoxide (RWGS).  One of the important strategies 

is to utilize CO2 can be partial hydrogenation of CO2 to produce CO2-containing syngas  

(CO2+SG). Syngas can be used as a feed in crucial energy technologies based on Fischer 

Tropsch synthesis, CAMERE process, and fuel cells. Selectivity is the issue as methane is one 

the side product in RWGS reaction. We have successfully used an iron-based heterogeneous 

catalyst for the selective, partial hydrogenation of CO2 to CO (selectivity up to 98%). 
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1.1: Introduction 

Catalysis based on fundamentally important feedstocks that enable the access for the sustainable 

approach is an important tool in the advancement of the chemical production and energy storage 

applications. In this regard, global demand for energy does make a constant search for renewable 

feedstocks which can reduce the major dependency of depleting fossil fuel. Irreversible 

consumption of limited, non-renewable fossil fuel emits greenhouse gases, which cause harmful 

environmental damages related to global warming. Thus, increasing global demand for energy 

and environmental concern has set a challenge to establish alternative energy sources for 

manifold practical applications such as transportation, electricity and as a reagent for chemical 

synthesis. Nevertheless, there are some obstacles addressed for the deployment of renewable 

resources such as biomass, the wind, solar, and hydroelectric as almost unlimited energy sources. 

These renewable resources are only for the specific period which cannot be gained on demand. 

Thus, an efficient route for energy storage has to be established for a steady supply of energy on 

demand. Among many storage mediums, the hydrogen economy is an efficient and appealing 

alternative for the modern society. Hydrogen holds great potential as a secondary energy carrier 

and consumption of H2 leads to water as an only benign byproduct. However, there are many 

unresolved problems associated with the hydrogen economy for practical applications. Mainly, 

the production of hydrogen is currently affected with fossil fuel. The storage and transport of low 

volumetric energy density of hydrogen are the second major challenging task for providing safe 

and clean fuel technology.
1
 

With this concern, few possibilities have been explored based on physical storage of hydrogen in 

which hydrogen is stored as diatomic molecular form such as high-pressure tanks, various carbon 

materials, zeolites, clathrate hydrates, and metal-organic frameworks. Most of these techniques 

are less energy efficient due to the large energy gap between storage and release process. In 

chemical hydrogen storage, hydrogen is stored as its chemical bond instead of molecular 

hydrogen. Usually, a suitable chemical compound, having a high hydrogen content is used, 

which can easily release hydrogen at ambient temperature via catalytic process or non-catalytic 

process. Examples of these molecules include alcohol, metal borohydrides, amine-borane adduct, 

formic acid, hydrous hydrazine, metal hydrides etc. Suitability of these molecules in practical 

applications mainly depends on the choice of dehydrogenation strategy. Most interestingly, the 
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recent development of molecular catalytic dehydrogenation strategy provides new opportunities 

for the utilization of organic compounds as a safe, storable, and transportable medium. In 

addition to that, the fundamental process of catalytic dehydrogenation chemistry also affects the 

production of hydrogen from renewable biomass derivatives making hydrogen economy as an 

environmentally benign and sustainable energy source. Furthermore, catalytic dehydrogenation 

of renewable chemical feedstock’s with the liberation of molecular hydrogen opens a new 

avenue in contemporary science to enable the direct access of abundant organic substrates and it 

manifolds practical applications for the chemical production and energy storage.
2,3

  

Figure 1.1. a) Known global reserves of metals; b) Price of precious metals; c) Price fluctuation of traditional 

transition-metal catalysts; d) Price comparison of base metals vs precious metals (Costs calculated in US 

dollars from Strem catalog using lowest cost metal powder with purity ≥99%). 

Undeniably, the catalytic dehydrogenation has been deployed mostly by using precious noble 

metal catalysts such as Pd, Rh, Ru, and Ir to afford the eco-benign, and atom-economical 

strategy.
4,5

 Classically, they often follow 2e
-
 oxidation state change to facilitate the elementary 

bond forming and breaking event through oxidative addition and reductive elimination at the 
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metal center. This precious transition-metal catalyzed dehydrogenation process enabled the 

direct access to convert unreactive organic feedstocks into valuable intermediates and provided 

unprecedented chemical transformations. However, the limited availability of the precious metal 

salts and their high-price urge chemists and chemical. Industries to search for new sustainable 

systems to facilitate practical applications.  

In recent times, catalysis based on relatively abundant and economical first-row transition metals 

(Fe, Co, Mn, and Ni) is becoming more fascinating and an appealing alternative to precious 

metal-based catalytic systems. However, the exploration of an efficient catalytic system based on 

first-row transition metals is extremely rare. This is mainly attributed due to the very narrow 

energy gap between the d-orbitals of first-row transition metals and their propensity to 

participate in one electron chemistry as opposed to the traditional two electron transformation, 

which is ubiquitous in the precious second- and third-row transition metals. Further, it’s a 

challenge to work with paramagnetic materials that are kinetically labile in nature and 

underdeveloped mechanistic studies. In recent years, the above challenges have been overcome 

by designing metal catalysts with appropriate ligands to enable successful progress in the 

development of a new and sustainable system for energy storage and catalysis. 

In this regard, earth-abundant, and inexpensive iron-catalysis has become more fascinating and a 

viable system for environmentally benign reactions. The economical, biorelevant, and ample 

supply of these salts, coupled with their lack of toxicity, makes them ideal candidates for both 

academic and industrial applications. In the recent past, there is an increasing interest in the use 

of cheaper and non-noble iron complexes in dehydrogenation strategy. Iron catalysts for 

chemical synthesis have been experienced renaissance due to not only its abundance in various 

biological systems; nevertheless, its reactivity and selectivity are presently comparable with the 

state-of-art of precious metal catalysts. Iron-catalyzed synthetic transformations have been 

proved to be efficient, and that became one of the hot topics in modern science.
6-13 

 

Figure 1.2. Active sites of hydrogenase and nitrogenase enzymes. 
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1.2. Dehydrogenation reaction and applications in energy storage 

Removal of hydrogen atoms from adjacent atomic centers of an organic molecule is 

dehydrogenation reaction. It is a highly thermodynamically uphill process. 

Conventionally, oxidative dehydrogenation reaction has been performed using 

stoichiometric or excess amounts of oxidants such as DDQ, peroxides, iodates, chromium 

(IV) reagents and metal oxides, that produce a large excess of hazardous waste equivalent 

to the oxidants (eq 1.1).
14-15

 An alternative to these strong and toxic oxidants is to use 

pressurized oxygen air or oxygen which can cause explosion hazards. Catalytic 

dehydrogenation can also be performed in the presence of hydrogen acceptor such as 

sterically hindered alkene, ketones etc (eq 1.2). The overall process is redox neutral and 

does not involve net hydrogen evolution; however, it generates the stoichiometric amount 

of sacrificial organic waste.
6-14 

Catalytic dehydrogenation is one of the most fundamental 

processes in synthetic chemistry and chemical biology. Thus, it would be challenging to 

explore the catalytic performance of efficient robust catalysts for the removable of 

dihydrogen molecule.  

 

Scheme 1.1. Various methods of dehydrogenation reaction. 
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Acceptorless dehydrogenation (AD) and Hydrogen-Auto (HA) (or) Borrowing Hydrogen 

(BH) transfer reaction strategies have attracted considerable interest in recent times, in large 

part due to the excellent step-economy and high atom-efficiency, thus obviating the need of 

stoichiometric non-selective strong oxidants. Interestingly, the AD strategy plays a crucial 

role in the selective activation of adjacent hydrogen atoms in alcohols (-CH-OH) and amines 

(-CH-NH) without pre-functionalization and provides reactive intermediates for further 

synthetic transformations with the liberation of molecular hydrogen as the green byproduct 

(eq 1.3).  

 

 

Scheme 1.2. Borrowing hydrogen  strategy (formation of C-C and C-N bonds) 

Reversible catalytic dehydrogenation of alcohols and amines is one of the emerging fields of 

molecular catalysis which can deliver a sustainable approach for the safe, storable and 

transportable energy storage systems (hydrogen economy). Besides, the catalytic 

acceptorless dehydrogenative coupling (ADC) reactions provide benign synthetic 

approaches for efficient organic transformations through tandem C-X bond (X = C, N, and 

O) forming reactions, with the liberation of H2 and H2O.
 
The hydrogen-atom (HA) transfer 

reaction affords an elegant route to construct C-C and C-N coupling reactions, with the loss 

of water as the only sole by-product. This strategy consists of  

1. Initial catalytic dehydrogenation of alcohols. 

2. The reactive intermediate undergoing a chemical transformation with nucleophiles, 
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3. Hydrogenation of the intermediate with the initially removed dihydrogen.  

Overall, the hydrogen-auto transfer reaction follows a net redox neutral catalytic cycle. 

Thus, catalytic AD and HA reactions of renewable chemical feedstocks with the liberation 

of molecular hydrogen/water open a new avenue in the contemporary organic synthesis and 

have manifold practical applications in sustainable energy.17 

 

1.2.1. Dehydrogenation of formic acid 

Formic acid (FA), containing 4.4% of hydrogen with a volumetric capacity of 53.4 g/L at 

standard temperature and pressure, is a low-toxic, renewable liquid and has recently attracted 

much attention as a reversible hydrogen storage material. In earlier studies, formic acid and its 

conjugate base, formate ion have been extensively used in the transition-metal catalyzed transfer 

hydrogenation reactions. Catalytic dehydrogenation of formic acid offers zero-carbon footprint 

hydrogen storage (Figure 1.3).
3, 16-20

 

 

Figure 1.3. HCOOH/CO2 involving hydrogen storage cycle. 

 Indeed, in the catalytic dehydrogenation of formic acid to gaseous H2 and CO2, the co-product 

CO2 can be hydrogenated back to formic acid and thus, completes the hydrogen storage and 

delivery cycle, or it can be utilized directly as an abundant C1-feedstock by mineral carbonation. 

Notably, dehydration of formic acid into water and CO is considered as an undesired side 

reaction and deactivates the Pt-catalyst of the fuel cell. In this regard, development of an efficient 

and sustainable catalytic system for the selective dehydrogenation of FA suppressing the 

undesired decarbonylation has received increasing attention. 

In the biochemical process, a complex formate hydrogenlyase (FHL) consisting of two 

metalloenzymes namely formate dehydrogenase (FDH) and hydrogenase (Hyd), catalyzes the 
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processing of formate ion into molecular hydrogen and CO2 as a key step in bio-hydrogen 

production (scheme 1.3).
20

  

 

Scheme 1.3. various method of oxidative dehydrogenation reaction. 

Formate dehydrogenase contains an active center of Mo atom coordinated with two ene-

dithiolate ligands. An electronic and structural feature of above biocatalysts inspired for the 

designing of artificial catalytic systems. Extensive research and developments are still required 

to make this HCOOH/CO2 catalytic cycle viable for hydrogen storage applications. Several 

obstacles have been explored in the search for suitable catalysts both under homogeneous and 

heterogeneous conditions for selective dehydrogenation of formic acid. However, the success on 

selective dehydrogenation of formic acid using an earth-abundant, inexpensive metal catalyst 

remains elusive and very challenging. 

1.2.2. Dehydrogenation of methanol  

Methanol represents a promising target of a chemical energy carrier as it has a high gravimetric 

hydrogen content of 12.6 %. The combined advantages of methanol transportation under 

practical conditions and the efficiency of the proton exchange membrane fuel cell, reformed 

ethanol fuel cell (RMFC) has been developed where methanol reforming takes place according 

to the equation 1.4. Methanol steam reforming usually promoted by heterogeneous catalysts and 

requires very high temperature, which limits the overall efficiency of fuel cell (c.a 40%). In 

addition, catalyst produces a significant amount of CO and poisons the Pt-electrode of the fuel 

cell. In recent times, Ru- and Ir-based homogeneous catalytic system for complete 

dehydrogenation of methanol in an aqueous solution is reported, which operates at a significantly 

lower temperature (80 - 100 
o
C) and produces less CO.

2
 However, limited availability and the 
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high cost of noble metal catalytic system strongly demands a new catalytic system based on 

abundant and inexpensive non-noble metal catalysts. 

 

1.2.3. Dehydrogenation of amine-borane adduct 

In recent times, ammonia-borane adduct (H3N:BH3, AB) has gained much attention due 

to its potential to be utilized as a chemical hydrogen storage material. It contains 

hydrogen content of 6.5, 13.1 and 19.6 % for the step-wise release of the first, second and 

third equivalent of H2 respectively, which indeed, exceeds wt% of gasoline. Thermal 

dehydrogenation and acid-catalyzed hydrolysis of AB adduct are shown in equations 1.5-

1.9. Due to high temperature and slow reaction rate of hydrogen release, the option to use 

AB for practical applications remains a challenge. In past decades, a few advancements 

on the dehydrogenation of AB adduct have been achieved at ambient temperature using 

precious-metal based catalytic systems. Although the high extent of hydrogen release 

thereby taking the advantage of the high gravimetric content of hydrogen in AB system 

has been achieved, the material that emerges from cheap and abundant metals are 

preferred for the large-scale hydrogen storage and transportation.
21

 Despite hydrogen 

storage applications, dehydrogenation of AB adduct affords valuable inorganic materials 

such as a B-N bonded oligomer and/or a polymer. 

 

 

1.2.4. Dehydrogenation of Alcohols 

Alcohols are the common feedstocks for chemical synthesis, albeit they are quite unreactive. 

Several synthetic transformations would be more efficient and more eco-friendly if there were 



  Chapter :1 

 Dehydrogenation and related Reactions 
 

P
ag

e1
1

 

the advancements of making alcohols to be more reactive. An attractive and ideal approach for 

alcohol activation is being developed, which uses a catalyst to extract dihydrogen (a potential 

energy carrier) from adjacent atoms center of alcohol (CH-OH atoms). This process oxidizes the 

alcohol under oxidant-free conditions to form a highly reactive carbonyl compound. 

Traditionally, dehydrogenation of alcohols has been achieved with the aid of stoichiometric 

amount of sacrificial hydrogen acceptors. In nature, dehydrogenation of ethanol can be effected 

with the aid of metalloenzyme, alcohol dehydrogenase (ALD) associated with coenzyme 

nicotinamide adenine dinucleotide (NAD) leading to the reversible formation of acetaldehyde. In 

this biological system, ALD activates the proton transfer process whereas NAD receives hydride 

forming NADH and carbonyl compounds (Scheme 1.4).
2
 This is the classic example of metal-

ligand cooperative hydrogen transfer process that directs implications in the development of 

redox active ligand having catalytic systems. The acceptorless dehydrogenation (AD) strategy 

has made the renewable alcohols as versatile starting materials for an assortment of synthetic 

transformations.
4
 Based on these insights, iron-based catalytic systems are explored to make this 

simple and clean acceptorless-dehydrogenation into the much more valuable sustainable 

approach. Recently, it has been recognized that iron-based dehydrogenation process with the 

liberation of dihydrogen as the byproduct, competes with the state-of-art of precious metal-based 

catalytic systems. 

 

Scheme 1.4. Dehydrogenation pathway of alcohol dehydrogenase (ALD). 

Casey et al. reported the well-defined iron complex (hydroxycyclopentadienyl)iron 

dicarbonyl hydride 1.1 as a catalyst for the efficient and chemoselective hydrogenation of 
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aldehydes and ketones.
22 

Iron complex 1.1 was initially synthesized by Knӧlker et al. and 

the three-dimensional structure was assigned using X-ray analysis.
23 

Having the 

mechanistic insights of above hydrogenation, initial iron-based dehydrogenation of 

alcohols have been achieved in the presence of acetone that serves as both solvent and 

hydrogen acceptor.
24

 Dehydrogenation reactions were proceeded under mild conditions 

with a wide functional group tolerance including easily interconvertible olefins and 

cyclopropyl motif. However, this reaction was limited to secondary alcohol derivatives 

and conjugated primary alcohols due to issues associated with the unfavorable 

equilibrium of reversible reaction (eq 1.9).  

 

 

In 2014, iron-cyclopentadienyl complex 1.2 has been reported for the first oxidant-free 

and acceptorless dehydrogenation of 2-pyridylmethanol derivatives.
25

 This complex was 

predominantly used to transform 2-pyridylmethanol derivatives into corresponding 

carbonyl compounds with a turnover number up to 67000. Mechanistic insights revealed 

that the success of this catalytic process is due to the crucial involvement of 2-pyridyl 

motif (substrate) in the catalytic cycle which limits the scope of this methodology to 

solely 2-pyridyl derivatives (eq 1.10). 

Song et al. developed a simple iron catalytic system for selective dehydrogenation of secondary 

benzyl alcohol derivatives.
26

 The active iron-complex was generated in situ by a mixing of 

Fe(III) acetylacetonate, 1,10-phenanthroline, and K2CO3 under ambient conditions. Notably, 

other secondary alcohols and primary alcohols were ineffective, and no dehydrogenation was 

observed. The kinetic isotope effect reveals that C(α position of alcohol)-H cleavage is the rate-limiting 

step similar to other precious metal-based catalytic transformation (eq 1.11). 
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Jones and Schneider research teams have reported the well-defined iron-complex 1.3 

chelated with aliphatic PNP pincer for the acceptorless dehydrogenation of alcohols based 

on metal-ligand cooperation mechanism.
27 

This was the first iron-based homogeneous 

catalytic system explored for dehydrogenation of both primary and secondary alcohols 

with the extrusion of hydrogen gas. Secondary alcohols were successfully converted into 

corresponding ketones in good to excellent yields with a low catalytic loading (0.1 mol 

%, TON = 10
3
). Interestingly, primary alcohols were undergone dehydrogenative 

coupling presumably via Tishchenko reaction to result in the formation of esters. 

Similarly, diols were selectively converted into the corresponding lactones which are 

marked as biologically and synthetically significant building blocks. In the presence of 

both primary and secondary alcohols, chemoselectivity of dehydrogenation proceeded at 

secondary alcohols over primary alcohols under similar catalytic conditions, which were 

observed only a few noble-metal-based catalytic systems (eq 1.12). 

 

The success of iron-pincer complex 1.3 in acceptorless-dehydrogenation was further explored by 

Beller and co-workers for the construction of heterocycles such as lactones and lactams via the 

dehydrogenative tandem process.
28

 A broad range of 1,4-diol derivatives was converted into 

lactones with the liberation of molecular hydrogen. Similarly, under the same reaction 



  Chapter :1 

 Dehydrogenation and related Reactions 
 

P
ag

e1
4

 

conditions, 1,5 and 1,6-diols were also utilized to yield the corresponding lactones. Interestingly, 

1,5 and 1,6-amino alcohols were transformed into cyclic amides (lactams). Thus, this method 

provided the broad spectrum of heterocyclic compounds from easily accessible alcohol 

derivatives with high atom economy (eq 1.13).  

 

1.2.5. Dehydrogenative hydrogen transfer of alcohols (N-Alkylation of Amines) 

Dehydrogenative hydrogen transfer, so-called borrowing hydrogen strategy consists of initial 

dehydrogenation of an alcohol into an aldehydic intermediate with extrusion of H2, imine 

formation with the liberation of water and hydrogenation of imine by utilizing the hydrogen 

liberated in the first step, leading to a net redox-neutral reaction. Recently, noble-metal-based 

hydrogen transfer process has set as emerging trend in organic synthesis to achieve step- and 

atom-economical approach. In this aspect, the construction of C-N bond through N-alkylation of 

amine has evolved in terms of atom-economical and eco-benign route by utilizing renewable and 

easily accessible alcohol as alkylating reagent with the release of water as the only by-product.4 

Precious-metal based hydrogen transfer N-alkylation process has made the significant progress 

on sustainable chemical synthesis ranging from fine chemicals to complex molecules. The 

mechanism for the transition-metal catalyzed N-alkylation process is shown in Scheme 1.2. 

Yus and co-workers reported N-alkylation of amine by using alcohol as alkylating agents 

catalyzed by a commercially available magnetite as a stable and recyclable heterogeneous 

catalyst (eq 1.14). This catalyst was recycled and reused up to eight cycles without loss of its 

activity.
29
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Similarly, environmentally-benign and the simple FeCl2/K2CO3 catalytic system was reported for 

the N-alkylation of sulphonamide with benzyl alcohols via the hydrogen transfer process (eq 

1.15).
30 

 

Significantly, hydrogen auto transfer strategy was successfully applied to the synthesis 

and functionalization of privileged heterocyclic scaffolds using iron phthalocyanine 

(FePc) as a cheap, eco-benign, and versatile catalyst.
31

 Amino-substituents on 

heterocyclic scaffolds such as amino benzothiazoles, aminopyridines, and 

aminopyrimidine were selectively functionalized with alcohols as an alkylating reagent in 

presence of iron phthalocyanine catalyst. The iron-phthalocyanine complex was also 

applied for the construction of heterocyclic frameworks by the dehydrogenative coupling 

of ortho-substituted anilines (-NH2, -SH and -OH) to afford the benzimidazoles, 

benzothiazoles, and benzoxazoles. The coupling of benzyl alcohol derivatives with ortho-

substituted anilines provided good to excellent (up to 99%) yields whereas aliphatic 

alcohols showed moderate reactivity (eq 1.16 and 1.17). 

 

The general method for N-alkylation of amines such as aliphatic and aromatic amines by 

alcohols was reported by using a well-defined homogeneous iron catalyst 1.4 using a 

cooperative ligand.
32

 The non-innocent ligand, cyclopentadienone plays an important role 

in the catalytic cycle during dehydrogenation and hydrogenation process.
33-36

 The success 

of this catalyst is the suitability of both initial dehydrogenation of alcohol and the final 
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hydrogenation of imine at a sufficient rate through the metal-ligand cooperative 

mechanism. The catalytically active complex 1.5 was generated in situ from air and 

moisture stable complex 1.4 in the presence of oxidant Me3NO. The effective mono-N-

alkylation of anilines and benzyl amines were achieved in this methodology, and aniline 

possesses electron withdrawing groups such as ester, nitro, cyano were not successful in 

this process. The N-alkylation of amines with diols and diamine with diol was developed 

for the construction of various five- to seven-membered heterocyclic compounds through 

borrowing hydrogen strategy (eq 1.8).  

 

Similarly, the construction of benzylamines from readily available benzyl alcohols was 

reported using 1.4 as a catalyst providing a variety of substituted secondary and tertiary 

benzylamines in moderate to excellent yields (eq 1.19).
37

 Indeed, substituted benzyl 

alcohols such as electron withdrawing and donating group and heterocyclic containing 

motif was successfully explored in this strategy.  

 

Moreover, the unprecedented synthetic transformation of renewable building block 2,5-

furan-dimethanol to pharmaceutically relevant compounds was achieved using Fe-based 

hydrogen transfer as key transformation. Sundararaju and co-workers developed the 

regiospecific transformation of allylic alcohols into allylic amines with the aid of complex 
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1.4 through borrowing hydrogen strategy competing for traditional π-allylic activation 

pathway (eq 1.20).
38

  

 

In addition to that, the significance of this strategy was applied to the direct synthesis of 

common drugs, cinnarizine, and naftifine from commercially available cinnamyl alcohol 

eliminating water as an only by-product. Wills and co-workers reported the iron-

tetraphenylcyclopentadienone complex 1.6 for the selective N-alkylation of aniline 

derivatives.
39

 In this reaction, an aniline possesses ortho/electron withdrawing 

substituents showed the lower yield of N-alkylation product whereas the electron-

releasing substituents marked in good yields (eq 1.21). The catalytic activity and 

selectivity of a similar type of complexes 1.4 and 1.6 reveal that turning off an electronic 

and steric factor of the non-innocent ligand can be modified the catalytic properties of 

iron complex.  

 

In the arena of catalytic hydrogen transfer process, significant progress has been made by 

the coupling of nitroarene with alcohol to result in N-alkylated amine in the absence of 

external reductant. This strategy utilizes nitroarene as an alternative source of the amino 

group whereas the alcohol act as both reducing reagent and substrate for carbon backbone 

in the absence of external oxidant or reductant thus avoiding the pre-functionalization of 

starting materials. In this process, Deng and co-workers reported the coupling reaction of 

o-nitrophenol and benzyl alcohol using 1,10-bis(diphenylphosphino)ferrocene (dppf) as a 

most efficient catalyst to afford 2-aryl benzoxazoles with the elimination of water as the 

byproduct.
40

 The coupling reaction consists of the following serious of reactions; initial 
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alcohol oxidation, nitro group reduction, condensation, and dehydrogenation in a single 

operation without any external additives. This greener methodology utilized alcohol as 

both reductant and coupling reagent enabling the broad range of substrate scope of 

various benzyl alcohols and o-nitrophenols (eq 1.22).  

 

The complementary method for the construction of medicinally important 2,3-

diarylquinazolinones was reported by the coupling reactions of stable 2-nitro-N-aryl 

benzamides with benzyl alcohol derivatives using dppf as an iron catalyst.
41

 Other 

primary and secondary alcohols did not proceed with this redox condensation reaction (eq 

1.23). 

 

1.2.6. Dehydrogenation of amines 

Imines are versatile intermediate in organic synthesis and the synthesis of wide range of value-

added and biologically active compounds. Traditionally, they have been prepared by 

condensation of the amine with extremely reactive carbonyl compounds. Catalytic temporary 

oxidation of alcohol into aldehyde provides the alternative strategy for imine formation by 

catalytic coupling reaction of an aldehyde with amine employing expensive rare metals as a 

catalyst. Moreover, this approach requires high reaction temperature and challenges to control 

over the reduction of imine to the amine (borrowing hydrogen strategy).
42

 Recently, acceptorless 

dehydrogenation of amine to imine by precious metals gave the oxidant-free strategy with 

extrusion of dihydrogen as a by-product.
4
  

In 2009, Fujita and co-worker has reported the first example of iridium-based princer complex 

1.7 for dehydrogenation-hydrogenation reactions of nitrogen heterocycles.
43

 The 

dehydrogenation was carried in p-xylene under reflux for 20 h under argon and the 

hydrogenation was carried out with hydrogen balloon connected with glass eq. 1.24. Following 
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system shows the limitation of only a few examples of 1,2,3,4-tetrahydroquinolines were 

demonstrated. The reaction conditions were relatively harsh (refluxing p-xylene or in mesitylene) 

 

In the continuous effort for the development of a catalyst for acceptorless dehydrogenation (AD), 

Xio and co-workers reported the cyclometalated [Cp*IrIII]/imino complex 1.8 for the AD and 

excellent catalytic activity.
44

 The dehydrogenation reaction takes place in TFE (trifluoro ethanol) 

under nitrogen atmosphere. The above catalytic system showed high activity and broad substrate 

scope to make it a promising alternative for industrial and laboratory applications.  

Despite the recent progress with these iridium-based catalysts, development of inexpensive, 

earth-abundant first-row transition metal catalysts for the dehydrogenation and hydrogenation of 

N-heterocycles is highly desirable. These insights are put to use for the development of more 

economical and environmental friendly catalytic systems for the conversion of an amine into 

imine.  

In this context, Jones has developed iron-based catalyst 1.9 for dehydrogenation reaction 

operated at 140 

C in xylene (eq 1.26).

45
 The efficiency and activity complex for amine 

dehydrogenation was initially studied with 1,2,3,4-tetrahydroquinoline to afford quinoline with 

extrusion of dihydrogen. Above methodology was underlined with many heterocyclic scaffolds 

such as 1,2,3,4-tetrahydroquinoline derivatives, 1,2,3,4-tetrahydroisoquinoline, 2-

methylindoline, 2,6-dimethylpiperidine, 1,2,3,4-tetrahydroquinoxaline and 1,2,3,4-

tetrahydroquinoxaline into corresponding N-heteroaromatic compounds and thus, enables a 

broad range of substrates scope. 
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Jones and co-workers has further developed cobalt metal based pincer complex 1.10 for the 

dehydrogenation of N-heterocycles (eq 1.27).
46

1.2.7. Dehydrogenation of alkanes 

Selective functionalization of abundant alkane substrates into value-added products is an 

attractive and challenging task in chemical science. Catalytic dehydrogenation of alkane 

feedstock has provided the important and valuable intermediate olefins or arenes that are 

widely used as a raw material in many industrial processes.
4
 Dehydrogenation of an 

alkane is industrially achieved by hydrocarbon cracking under harsh condition (high 

temperature, >500 
o
C) which limits their applicability in direct synthetic manipulations. 

For instance, thermodynamically favorable dehydrogenation of propane to propene 

requires the temperature of about 400 
o
C. However, the competing reaction of C-C bond 

cleavage of propane to afford methane and ethane is favorable at 200 
o
C.  
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Scheme 1.5.The mechanism for dehydrogenation of propane using isolated FeII on silica. 

 

Both thermodynamic and kinetic attentions make this dehydrogenation protocol 

particularly more challenging. Yun and Lobo reported an iron-containing zeolite-

framework for the catalytic dehydrogenation of propane.
47 

The synthesized iron-silicates 

showed nearly 20 times higher dehydrogenation rates than cracking rates. The redox 

catalytic cycle reveals that the hydrocarbon conversion over the isolated iron site 

proceeds with the formation of radical propane cations since the protolytic mechanism 

unable to explain the observed difference in the activation energy and selectivity (Scheme 

1.5). Similarly, Miller and Hock co-workers reported the synthesis of well-defined 

isolated Fe
II
 on silica for non oxidative found to be three coordinate Fe

II
 having Lewis-

acidic nature. Mechanistically, two possible non-redox mechanisms for dehydrogenation 

were proposed involving heterolytic C-H cleavage as a common initial process 

(1.111.12). The resulting common intermediate iron-hydride species 1.12 could 

undergo two potential pathways: regeneration of three coordinated iron species with 

extrusion of hydrogen or direct sigma bond metathesis reaction of the Fe-H with propane 

(Scheme 1.5). 
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1.3. Current status and challenges  

Over the past decade, molecularly-defined organometallic complexes with sophisticated and 

unstable ligands have led a significant development, which has brought a revolutionary trend in 

organic synthesis, as well as the industrial scale for the production of value-added chemicals. 

Mostly heterogeneous materials explored for electrocatalytic, magnetic activity, hydrogenation 

and oxidation reactions. As compared to homogeneous catalysts heterogeneous catalysts were 

structurally less understood. However, often more stable, robust, and easy to recover and can be 

reused. Conventional supports such as Al2O3, and SiO2 are having high surface area and are 

highly desirable as support for heterogeneous catalysts. In recent time, a carbon-based support 

has paid much attention in material science due to its conductive nature, microporous structure, 

excellent electrical, and high stability. In general, the activity of carbon supported catalysts is 

controlled by the size and the shape of the particles as well as their interaction with the support. 

By tailoring the particle size, shape and morphology of nanoparticles and controlling the 

metal−ligand ratio and metal interaction with support, the catalytic activity and selectivity 

towards the product can be tuned. In the present study, we are very much interested to develop 

heterogeneous catalysts based on first-row transition metal with an optimal and broads 

performance.  

Therefore, modification of the support surface by changing the electron density in the support 

with the incorporation of a heteroatom such has N, B, P allows one to tune the selectivity and 

activity of such systems. In this perspective, metals supported on nitrogen-doped carbon 

materials are known to alter catalytic activity and selectivity of the catalyst. More specifically, 

the development of N-doped graphenes is of special interest because their redox behavior can be 

easily controlled. Following our interest in the development of first-row transition-metal based 

heterogeneous catalyst, in the present thesis, we have reported the synthesis of iron, cobalt and 

manganese metal based heterogeneous nanocatalyst supported on N-doped graphene and their 

efficient application for dehydrogenation and hydrogenation reactions. For the synthesis of active 

catalyst molecularly defined metal-complex were decomposed on different support. Above 

strategy has been accomplished as a result of advancement in the field of catalysis by modifying 

transition metal complexes with different ligand. Herein this thesis we have replaced expensive 

noble metal catalysts with an inexpensive, benign, and sustainable first-row transition metal 
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based nanoscale catalyst for the efficient acceptorless dehydrogenation and transfer 

hydrogenation reactions. 

1.4. Heterogeneous Catalysis 

Most of the dehydrogenation reaction given above is based on homogeneous catalyst. In the 

literature, there are only limited reports based on heterogeneous catalyst.  There is a strong need 

in the scientific community for the development of a heterogeneous catalyst for the acceptorless 

dehydrogenation reactions. The heterogeneous word explains itself that when the physical state 

of the catalyst is in a different phase from that of reactants and products separated by a phase 

boundary, the type of catalysis is called as heterogeneous catalysis. Usually, the catalyst is in 

solid phase and products or reactants are generally in gas, vapor or liquid phases in 

heterogeneous catalysis. The easy recovery of the catalyst, recyclability for several times, and 

adaptability to either batch or continuous flow reactors are the salient features of this type of 

catalysis. The main disadvantages of these catalysts are harsh reaction conditions such as high 

temperature or pressure and lack of specificity in many catalytic systems. It is highly 

accomplished in industries for the production of organic chemicals, automobile industries, 

biomass conversion and petroleum products.  Heterogeneous catalysts have generally a higher 

catalyst life, are stable to temperature and offer an easy catalyst-product separation. 

A heterogeneous catalyst is normally insoluble in the reaction medium. This is the reason why 

only 20 % of the industrial catalytic reactions involve homogeneous catalysis whereas 80 % 

employing the classical heterogeneous catalysis involving supported metal catalysts. The catalyst 

may be pure, mixed with other catalysts or dispersed on an inert support e.g. metals and metal 

oxides. In present scenario chemists, scientists, researchers all around the world are having the 

challenges in the development of a new catalyst which is economical, highly active and selective 

under lower temperatures and pressures.  Catalysis is predominantly known for its importance in 

making the process more efficient and increases its product selectivity. The use of heterogeneous 

catalysts has the inherent advantages over homogeneous catalysis affected by electrolytes since 

they eliminate the corrosive environment and can be removed from the reaction mixture by 

decantation and filtration. In spite of this heterogeneous catalysts suppress the side reaction, 

leading to the high purity of the product. The aim is combining the advantages (activity and 
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selectivity) of homogeneous catalysts with the facility of heterogeneous systems to recycle the 

catalyst. 

In present era researcher and scientist has an intense interest in a new branch of science called as 

nanocatalysis. It is considered that nanoscience field was started by Michael Faraday, has coined 

the term ‘divided metal’ to colloidal Au. Nanoparticles obtained from the bulk metals has great 

potential for heterogeneous catalysts for several catalytic activities. Nanoparticles are of great 

scientific interest as they are a bridge between bulk materials and atomic or molecular structures. 

The smaller the catalyst particles, the greater would be the surface area per unit volume. Then, 

the more would be the number of active centers present on the material and the greater the 

efficiency with which it performs. Hence, catalytic materials, when present in nanoparticle form 

would have a tremendously larger surface area and a greater proportion of their constituent atoms 

at the surface, enabling them to achieve a correspondingly greater catalytic efficiency. 

Nanocatalysts may be able to show greater selectivity as compared to their bulk forms for e.g., 

nanogold shows remarkable selectivity in partial oxidation reactions, like that of propylene to 

propylene oxide, not shown by its bulk counterpart. Nanotechnology, therefore, has great 

potential to improve catalyst design for the chemical, petroleum, automotive, pharmaceutical, 

and food industries among others. As the size of particles changed from bulk scale to nanoscale 

size-dependent effects can be seen from nonscalable bulk material to the fraction of atoms on the 

surface and quantum size.
  

Since in the present thesis catalysis is mostly based on heterogeneous catalysis, so further 

discussions will be mainly on the aspects of heterogeneous catalysis. Nanocatalysis has clearly 

emerged as a domain at the interface between homogeneous and heterogeneous catalysis with the 

development of nanoscience, which offers unique solutions to answer the demanding conditions 

for catalyst improvement. Nanocatalysis combines the advantageous characteristics of both 

homogeneous and heterogeneous catalysts while reducing their respective drawbacks. 

Heterogenization of the homogeneous catalysts is a need for the industry to extract all the 

advantages of homogeneous and heterogeneous catalysis. Supported Nanoparticles have several 

the advantages such as easy handling, recovery, and recyclability.  
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1.4.1. Heterogenization of the homogeneous catalysts  

Recognizing the limitations of the homogeneous catalyst led to the great activity to heterogeniz 

homogeneous catalysts. There are several advantages for heterogenizing a homogeneous catalyst. 

The aim is to combining the advantages (activity and selectivity) of homogeneous catalysts with 

the facility of heterogeneous systems to recycle the catalyst. The advantages are given below, 

1. Good host material for guest species (i.e. heterogenization of homogeneous species or 

metal complexes on the walls). 

2. Very high surface area of the catalyst. 

Overall the synthesis of the heterogeneous catalyst can be divided mainly into two categories: 

1. The catalytically active phase of the catalyst is generated as a new solid phase by either 

precipitation or a decomposition reaction. 

2.  The active phase of the catalyst is introduced or fixed onto a preexisting support by 

modifying the surface of the solid support. 

 

The precipitation method is one of most commonly used synthetic procedure for the synthesis of 

both mono-metallic and multi-metallic oxides catalyst. Usually, it results in a new solid phase 

that is formed from a homogeneous liquid solution. Several parameters, such as temperature, the 

addition of complexing agent, solvents, and addition of bases or acids plays important role in this 

method. Another modified method is co-precipitation, which is used for the synthesis of binary 

or multi-metallic oxide catalysts in which multi-component precipitates together. Active species 

can be also dispersed on the surface of the catalyst by wet impregnation and adsorption. The 

average size of the catalytic species depends on the concentration of the solution used for the 

precipitation. It has been observed that larger particles have been forms with high loadings as 

compared to small particles used to form with low loadings.  

 

1.4.2. Pathways for Heterogeneous catalysis  

Heterogeneous catalysis mainly takes place on the surface. The overall process can be divided 

into three stages:  

1. Physisorption or chemisorption of reactants molecule on the surface of the catalyst. 

2. Chemical reaction on the surface of the catalyst. 



  Chapter :1 

 Dehydrogenation and related Reactions 
 

P
ag

e2
6

 

3. Desorption of products from the catalytic surface. 

Optimum catalyst activity can be explained by Sabatier Principle.
48

 According to the Sabatier 

principle for best catalytic activity the reactant molecule should bind with an intermediate 

strength, neither too strong nor too weak with the surface of the catalyst to activate the reactants 

and easy desorption of the products molecule from the surface. This leads to volcano type 

relationship between activity and bond strength as shown in Figure 1.4b.
48

 

 

 

 

 

 

 

 

 

 

Figure 1.4. The energy profile diagram for a catalytic activation and representation of qualitative Sabatier 

principle.
48

 

 

1.5. Analytical Methods 

Heterogeneous catalyst can be characterized by various analytical tools. The following section 

gives a brief introduction to these techniques and also the equipments used in this thesis for 

studying catalysis by these materials. 

 1.5.1. X-ray diffraction analysis 

Powder X-ray diffraction technique, based on wide-angle elastic scattering of X-rays is one of 

the most important tool to identify the unknown compounds, crystallite size and the 

identification of lattice parameters for the crystalline materials. The X-ray diffraction patterns are 

obtained by the interaction of the material with x-rays (Cu Kα or Mo Kα) and measurement of 

the angles at which an X-ray beam is diffracted specific directions according to Bragg’s 

equation, 

nλ= 2dSinϴ 
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where λ = wavelength of X-rays used, d is the interplanar spacing, n = is the order of reflection 

which is a usually an integer, ϴ is the angle between the incoming X-ray.
49

 The identification of 

phase is based on the comparison of the set of reflections of the sample with that of pure 

reference phases distributed by International Center for Diffraction Data (ICDD). Unit cell 

parameter (a) of a cubic lattice can be determined by the following equation: a = dhkl√(h
2
 + k

2
 + 

l
2
). Scherrer formulae are used to calculate the crystallite size of the particles, Where, D is the 

crystallite size, λ is the wavelength of X-ray used,  is the diffracting angle and β is the full 

width at half maximum of the diffracting peak under consideration. K is a constant which 

normally is taken as 1. All the Powder XRD samples for the current thesis work has been 

measured on an Xpert Pro model PAN analytical diffractometer from Philips PAN analytical 

X’PRET PRO instruments operated at a voltage of 40 kV and a current of 30 mA with Cu Ka 

radiation (λ =1.5406 Å).  

 

Figure 1.5. Schematic diagram of Braggs law 

1.5.2. X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is surface science technique widely used for probing the 

electronic structure of atoms, molecules and precisely identify the chemical composition of the 

active components in heterogeneous catalysis. XPS spectra are basically obtained by irradiating 

the sample with X-ray photon of energy hν on a solid matter and measuring the kinetic energy of 

the ejected electrons from the sample surface (Ek). 
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Figure 1.6. Schematic diagram of XPX 

The binding energy (Eb) of the ejected photoelectrons can be related as follows: Ek = hν – Eb. 

An XPS instrument works based on the principle of the photoelectric effect, where the kinetic 

energy of the ejected electron will directly give the work function of the materials and thereby 

indirectly giving the ionization energy of oxidation state of the material/metal under 

consideration. Where KE is the kinetic energy of the ejected electrons, hυ is the incident photon 

energy, BE is the binding energy of the electron and Ø is the work function of the spectrometer. 

This kinetic energy distribution of the photoelectrons is fabricated by a series of discrete bands, 

which symbolizes for the electronic structure of the sample. The core level binding energies of 

all the elements (other than H and He) in all different oxidation states are unique, which provides 

instant detection of the chemical composition of the sample after a full range scan. However, to 

account for the multiplet splitting and satellites accompanying the photoemission peaks, the 

photoelectron spectra should be interpreted in terms of many-electron states of the final ionized 

state of the sample, rather than the occupied one-electron states of the neutral species. The 

chemical nature of the samples discussed in the thesis work were investigated using XPS 
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analysis XPS was done on a VG Microtech Multilab ESCA 3000 spectrometer that was equipped 

with a Mg Kα X-ray source (hu = 1253.6 eV).  

 

1.5.3. Inductively coupled Plasma spectroscopy (ICP) 

Inductively coupled plasma spectroscopy (ICP), is used to detect the trace metals and to quantify 

the metal present in the sample under consideration. The main principle is based on emission 

spectroscopy, in which by utilizing inductively coupled plasma ions of the particular element 

were generated which emits electromagnetic radiations of specific wavelengths, characteristic of 

these excited atoms or ions. The emitted radiation will be detected and used for the quantification 

of a particular element. The intensity of this emission is indicative of the concentration of the 

element within the sample. The intensity of these emissions is directly proportional to the 

concentration of the analyte. Plasma is an electrically conducting gas for cations and free 

electrons in the sample. Mostly argon gas used for the generation of plasma, capable of 

absorbing energy and to attain high temperatures (up to 10,000 K) and sustain the plasma for 

prolonged periods. 

 

1.5.4. Scanning Electron Microscopy (SEM)  

The scanning electron microscope (SEM) uses a focused beam of high-energy electrons to 

generate a variety of signals at the surface of solid specimens. The signals that derive 

from electron-sample interactions reveal information about the sample including external 

morphology (texture), chemical composition, and crystalline structure and orientation of 

materials making up the sample. In most applications, data are collected over a selected area of 

the surface of the sample, and a 2-dimensional image is generated that displays spatial variations 

in these properties. Areas ranging from approximately 1 cm to 5 microns in width can be imaged 

in a scanning mode using conventional SEM techniques (magnification ranging from 20X to 

approximately 30,000X, the spatial resolution of 50 to 100 nm). The SEM is also capable of 

performing analyses of selected point locations on the sample; this approach is especially useful 

in qualitatively or semi-quantitatively determining chemical compositions (using EDS), 

crystalline structure, and crystal orientations (using EBSD).  
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Figure 1.7. Schematic diagram of SEM 

 

1.5.5. Raman Spectroscopy  

Raman spectroscopy is the study of the interaction of the material with the light and widely used 

tools to give finger print features of the molecules. The principle behind the Raman analysis is 

the interaction of monochromatic light with molecule during which the light gets scattered in 

elastically and the overall process is called as Raman effect, first described by Sir 

Chandrasekhara Raman in 1922.  The interacted photon will either lose energy or gain energy and 

its wavelength is either shifted lower or higher (red or blue shifted, respectively). The energy 

difference will correspond to a spectrum. The scattered photon with high energy showing a blue 

shift in the wavelength is called anti-stokes lines while the red shifted photon with lesser energy 

has been subjected to stokes lines.
49

 The monochromatic photon unaffected after scattering 

having the same wavelength as the incident light is called Rayleigh scattering. This loss of 

energy is directly related to the functional group, the structure of the molecule to which it is 

attached, the types of atoms in that molecule and its environment. Change in the polarizability of 

the bond under monochromatic light is mandatory for showing Raman effect by any molecule. 
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The greater the change in polarizability of the functional group, the greater the intensity of the 

Raman scattering effect. Therefore the vibrational or rotational transitions, which exhibit low 

polarizability, and will not be Raman active. They will not appear in Raman spectra. 

Heterogeneous catalysis is allied with surface phenomena such as adsorption and desorption. So 

in determining the catalytic activity of the material Raman spectroscopy can be used to track the 

catalytic reaction. 

 

Figure 1.8.  Schematic diagram of RAMAN Spectroscopy 

1.5.6. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is typically used to understanding the absolute 

morphology, microstructure and compositional analysis under high-resolution imaging using the 

transmitted beam of incident light through the sample.
50

 The lower de-broglie wavelength of the 

electron beams allows it to give higher resolution. TEM works based on the principle of optical 

microscopy but uses focused electron beams as the source instead of light. Following technique 

involves: (i) irradiation of high-energy electron bean on a thin layer of sample, which gets 

diffracted by the lattices of a crystalline or semi crystalline material and propagated along 

different directions, (ii) imaging and angular distribution analysis of the forward scattered 

electrons and (iii) energy analysis of the emitted X-rays. The images obtained by TEM can be 
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deployed for structural characterization and identification of various phases of nanomaterials and 

metal oxides.  

In the following thesis, the tem images were collected on Tecnai (Model F20, CMC, CSIR-NCL) 

operating at 300 kv. Samples were dispersed in ethanol with sonicated before drop casting the 

sample on a carbon-coated Cu grid for the analysis. 

 

Figure 1.9.  Schematic diagram of TEM 

1.5.7. Thermal Analyses 

The thermoanalytical techniques, via., thermogravimetric analysis (TGA) and differential 

thermal analysis (DTA) have been widely studied to demonstrate the thermal stability of carbon 

materials. Both TGA and DTA provide valuable information about the following: (i) temperature 

programmed desorption (TPD) and removal of physically adsorbed water below 100 °C, (ii) 

oxidative decomposition of the carboxylic acid, anhydride and release of CO2 gas, accompanied 
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by different exotherms within 100 °C to 300°C, (iii) the removal of highly stable oxygen group 

such as carbonyl, phenol and quinine within the range of 300°C to 500°C and (iv) above 500°C 

exotherm represent the pyrolysis of carbon skeleton. 

 

1.5.8. Gas Chromatography  

Gas chromatography is widely used analytical tool for the separation, identification as well as 

quantification of the different component present in a sample. This technique based on the 

differential adsorption of each analyte species over a stationary phase. The mobile phase usually 

an inert gas (He, Ar or N2) will carry the sample through the long stationary phase packed in the 

form a column. The sample will get adsorbed over the stationary phase based on the affinity of 

the analyte towards the surface polarity. Based on the interaction between the analyte and 

stationary phase the separation happens and the analyte will reach to the detector and will be 

identified and quantified. Different types of detectors associated with a gas chromatograph to 

identify the analyte.  To measure a sample with an unknown concentration, a standard sample 

with known concentration is injected into the instrument. The standard sample peak retention 

time (appearance time) and area are compared to the test sample to calculate the concentration. 

 

1.5.9. Nuclear Magnetic Resonance Spectroscopy (NMR) 

Nuclear magnetic resonance (NMR) spectroscopy is one of the most powerful tools to 

investigate physical and chemical nature of a material by utilizing the magnetic property of some 

of the nuclei present in that material. When ltomic nuclei consisting of odd number of protons 

and/or neutrons (Like 
1
H, 

29
Si, 

27
Al etc) possessing a nuclear spin I ≠ 0 and consequently a 

magnetic moment μ = γħI (γ = gyromagnetic ratio) were kept under magnetic field of strength 

B0, Zeeman interaction results in quantized orientations of the nuclear magnetic moments. The 

nucleus can adopt 2I + 1 Eigen states with energies E(m) = –mγħB0, where m = (I, I–1,…., –I). 

Transitions between neighboring energy states (Δm = ± 1) can be induced by electromagnetic 

radiation (energy E = hν) of frequency ν0 = γB0/2π. The chemical shift interaction arises from 

secondary local magnetic fields induced by the interaction of the electrons surrounding the 

nucleus. The chemical shift values obtained in the spectrum can be used to clearly identify the 

co-ordination environment of the nuclei under consideration and hence, the structural elucidation 

of the material or molecule. The shape and width of the spectral lines can directly tell the 
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bonding pattern in the case of solid state NMR spectra. In the current thesis work 
1
H NMR (200, 

400 or 500 MHz), 
13

C{1H} NMR (50 or 100 MHz) spectra were recorded on the NMR 

spectrometer. Deuterated chloroform was used as the solvent, and chemical shift values (δ) are 

reported in parts per million relatives to the residual signals of this solvent [δ 7.27 for 1H 

(chloroform-d), δ 77.0 for 
13

C{
1
H} (chloroform-d). Abbreviations used in the NMR follow-up 

experiments: br, broad; s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet. 

 

1.6. Scope and objectives of the thesis work 

This thesis describes design and development of new catalytic materials based on firstrow 

transition metals (Mn, Fe, Co) and their applications in dehydrogenation and related reactions 

with improved activity, selectivity, and stability. The main objective of the thesis is to replace the 

noble metal catalysts with firstrow transition metal based heterogeneous catalysts, and study the 

effect of different ligand and supports, and morphology on the catalytic activity in various 

catalytic reactions such as dehydrogenation and hydrogenation reactions.   

 

1.7. Organization of thesis 

The thesis is divided into five chapters. An abstract of each chapter is given below. 

 

Chapter 1: This chapter gives an introduction to heterogeneous nanocatalysis, various method of 

heterogenizing a homogeneous catalyst, dehydrogenation, and its application in energy and 

chemical synthesis. This chapter also discusses the analytical methods for the characterization of 

catalyst and tools used for analyzing catalytic reaction. It gives an outline about the objective of 

the thesis. 

 

Chapter 2: In this chapter, we have replaced expensive noble metal catalysts with an 

inexpensive, benign, and sustainable nanoscale iron catalyst for the efficient acceptorless 

dehydrogenation (AD) and acceptorless dehydrogenative coupling (ADC) reactions. This 

working chapter has been further divided into two parts. 

Subpart A of chapter 2 deals with the heterogenization of the homogeneous metal complex. The 

heterogeneous catalyst has been well-characterized using the state-of-the-art techniques and 

then the catalytic material was successfully applied for the catalytic dehydrogenation of 
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feedstock chemicals, such as alcohols, amines, and N-heterocycles to value-added products with 

the concomitant generation of dihydrogen. The present catalytic approach possesses a dual role; 

acting as a catalyst as well as can be magnetically separable. The sustainable reuse of 

heterogeneous iron catalyst is also shown. 

Subpart B deals with acceptorless dehydrogenative coupling (ADC) of alcohols with amines to 

access imine using as synthesized heterogeneous Fe-catalyst. It’s an efficient protocol to 

construct imine bonds with the liberation of molecular hydrogen and water as the byproducts. 

Imines are an exceptionally versatile functional group and are ubiquitous in pharmaceuticals, 

biologically active heterocycles, and natural products. The developed ADC strategy is simple, 

efficient, exhibits wide functional group tolerances and can be scaled up (in gram-scale).  

 

Chapter 3: The third chapter is mainly focused on cobalt nanoparticles deposited on the 

different supports and their catalytic activity on acceptorless dehydrogenation and transfer 

hydrogenation reactions. This chapter is also divided into two parts. 

In part 3A, of the chapter, in continuation with our interest in the development of efficient 

heterogeneous catalyst containing sustainable transition metals, we have investigated 

cobalt based heterogeneous catalyst for the dehydrogenation of N-heterocyclic motif.  

In part 3B, we reported an operationally simple, mild, and highly Z-selective 

hydrogenation of alkynes and terminal alkyne, applying a reusable cobalt heterogeneous 

catalyst deposited on graphene via transfer hydrogenation strategy. 

 

Chapter 4: In this chapter, we have explored 3d-transition metal-based catalyst, novel 

manganese-based nanocatalyst for chemo-selective hydrogenation of nitroarenes using amino 

borane as transfer hydrogenating reagent. The strategy works, under the very mild conditions. To 

the best our knowledge there is no report on dehydrogenation of ammonia-borane (AB) and 

subsequent chemo-selective hydrogenation of nitroarenes to anilines either under homogeneous 

and heterogeneous conditions. 

Chapter 5: The Final chapter of the thesis is mainly focused on utilization of iron-based catalyst 

for partial selective hydrogenation of carbon dioxide to carbon monoxide (RWGS).  One of the 

important strategies is to utilize CO2 can be partial reduction of CO2 to produce CO2-containing 

syngas  (CO2+SG). Syngas can be used as a feed in crucial energy technologies based on Fischer 



  Chapter :1 

 Dehydrogenation and related Reactions 
 

P
ag

e3
6

 

Tropsch synthesis, CAMERE process, and fuel cells. Selectivity is the issue as methane is one of 

the side products in the RWGS reaction. We have successfully used an iron-based heterogeneous 

catalyst for the selective, and partial hydrogenation of CO2 to CO (selectivity up to 98%). 
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Part A: Dehydrogenation of N-heterocycles and alcohols 

2A.1.  Introduction  

Rapid depletion of limited fossil fuels has directed a significant amount of human efforts to 

identify alternative renewable, green energy resources. It has been widely accepted that hydrogen 

as a fuel can be effective to curtail the energy crisis if produced at the proximity of usage without 

involving long-distance transportation. Thus, the most attractive and efficient hydrogen 

storage/release media are liquid organic hydrogen carriers (LOHCs), because they have 

relatively high hydrogen content and can easily be transported. In this context, extraction of H2 

from abundant, renewable feedstocks via acceptorless dehydrogenation strategy (AD) is 

extremely important, but a thermodynamically uphill process.
1-5 

Traditionally, extraction of 

hydrogen atoms in adjacent positions in an organic molecule can be achieved either by the use of 

a stoichiometric amount of strong oxidants or sacrificial hydrogen acceptors, which often 

produce copious waste.
6-7 

On the other hand, catalytic dehydrogenation with concomitant 

removal of dihydrogen is a superior strategy and has enabled the direct access to valuable 

intermediates. 

Catalytic acceptorless dehydrogenation by homogeneous transition-metal complexes has been a 

well-recognized sustainable process in chemistry.
8-13 

Despite the satisfactory performance at the 

laboratory scale, homogeneous catalysts face severe limitations such as high-cost, poor recovery, 

extensive synthesis of ligands and poor stability while scaling up for industrial applications. In 

comparison, heterogeneous catalysts would be more advantageous with respect to catalyst 

recycling and reusability. Moreover, tremendous scope for improving step-, atom-economy and 

benignity of AD strategy that could be more attractive to chemical industries and can be foreseen 

using novel catalysts. The economical, biorelevant and ample supply of iron salts coupled with 

their lack of toxicity, makes them ideal candidates to replace precious metals for both the 

academic and industrial applications.
14-18 

However, search for an efficient catalytic system for 

AD strategy using earth-abundant iron-catalysts is extremely rare due to its propensity to 

participate in one electron transformation as opposed to the conventional two electron chemistry 

that is ubiquitous in second- and third-row transition-metals. Indeed, in recent times molecularly-

defined iron complexes have been applied successfully under homogeneous conditions as an 

alternative to noble metal-based catalysts.
16-18 

Unfortunately, most of these homogeneous 
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complexes are rather sensitive and/or sophisticated presenting a synthetically challenging ligand 

systems. 

Acceptorless Dehydrogenation of N-Heterocycles 

The catalytic dehydrogenation of N-heterocycles with concomitant generation of dihydrogen 

constitutes is not only a fundamental process in synthetic chemistry but also have direct 

applications in energy storage systems such as liquid organic hydrogen storage materials and fuel 

cells.
19-21

 Despite several homogeneous catalysts based on iridium (Cp* and pincer-type 

ligand),
22-25

 Ru-hydride complexes,
2,12

 Co-pincer complex
26

 were successfully employed in the 

catalytic dehydrogenation of N-heterocycles without using hydrogen acceptor and additives, 

there is only one example of an iron-based catalytic system known so far.
27

 However, the 

development of stable, inexpensive, reusable heterogeneous system
28

 for the dehydrogenation N-

heterocycles operates under practical conditions with the liberation of hydrogen gas is highly 

desirable and very demanding. 

Dehydrogenation of Amines to Imines with Extraction of H2 

Imines serve as a key intermediate for the preparation of fine chemicals, pharmaceuticals, and 

natural products.
29

 Traditional methods to access imines involve a condensation reaction of the 

amine with active carbonyl compounds and often require dehydrating agents as well as Lewis 

acid catalysts. In a complementary approach, the catalytic dehydrogenative coupling reaction of 

an alcohol with an amine offers the direct formation of imine derivatives. Nevertheless, this 

reaction operates at elevated temperature with challenges associated to the competing hydrogen 

autotransfer (HA) strategy (in situ hydrogenation of imine to afford the amine).
30

 Indeed, 

acceptorless dehydrogenation of amine to imine by precious metals provides an oxidant-free 

strategy with extrusion of dihydrogen as a sole byproduct. However, efficient catalytic methods 

for the direct conversion of primary amines to imines are challenging, due to presence of an α-

hydrogen in the intermediate imine, which may be rapidly dehydrogenated to a nitrile and the 

formation of a mixture of secondary amine (N-alkylated amine) and imine products.
30

 Recently, 

the selective synthesis of imines from nitroarenes and aldehydes or ketones through 

hydrogenation has been reported using a reusable cobalt catalyst.
31

 

 



  Chapter :2 
 

 Part A: Dehydrogenation of N-Heterocycles and alcohols 

 

P
ag

e4
3

 

Acceptorless Dehydrogenation: Scope of Primary Alcohols 

Casey and co-workers reported the first iron-catalyzed dehydrogenation of alcohols using the 

Knölker complex, (hydroxycyclopentadienyl) iron dicarbonyl hydride 2A.1, as a catalyst in the 

presence of hydrogen acceptor (Scheme 2A.1a).
32

 Regrettably, the scope of the reaction was 

limited only to secondary alcohols and conjugated primary alcohols. In 2014, dehydrogenation of 

2-pyridylmethanol derivatives catalyzed by an iron–cyclopentadienyl complex 2A.2 (Scheme 

2A.1a) has been reported under acceptorless conditions.
33

 Of late, Hong and co-workers 

developed in situ generated iron catalytic system (a combination of Fe(III) salt, 1,10-

phenanthroline, and K2CO3) for dehydrogenation of secondary benzyl alcohols to afford the 

corresponding ketones.
34

 However, other unactivated secondary alcohols and primary alcohols 

were ineffective, and no dehydrogenation was observed. Based on metal-ligand cooperation 

mechanism, a PNP-iron pincer complex (2A.3) catalyzed acceptorless dehydrogenation of 

alcohols to esters has been reported by the research group of Jones and Schneider (scheme 

2A.1a).
35

 Notably, primary alcohols underwent self-dehydrogenative coupling to form esters 

presumably via Tishchenko reaction. To the best of our knowledge, there have been no reports 

on reusable, robust iron-based catalytic system for AD strategy of a series of various alcohols 

under mild conditions. It is important to note that the selective conversion of alcohols to 

aldehydes via AD strategy is very challenging due to competing for ester formation. 
2, 36-37

 

 

Scheme 2A.1. a) Acceptorless dehydrogenation of alcohols and b) Acceptorless dehydrogenation of N-

heterocycles. 
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Recently, Fe-based nanocatalysts supported on graphitic carbon has emerged as a valuable 

catalyst in hydrogenation and related reactions.
38-42 

Early works in iron-graphite nanocatalyst 

systems focused on exploiting the high surface area and excellent transport properties of the 

graphene layers. Iron-carbon nanocatalyst system is highly sensitive to its microstructure and has 

been shown to significantly affect the catalytic outcome.
42-44 

Thermal decomposition of a 

molecular complex of a metal on a support is a versatile method to obtain supported 

nanocatalyst. Based on this approach, Fe2O3 and Co-based catalysts encapsulated in N-doped 

graphitic carbon for hydrogenation and oxidation reactions are recently documented.
40-41, 45-48

 

The final composition and the microstructure of the catalyst are observed to vary depending on 

the ligand, nature of carbon support, decomposition temperature and reaction atmosphere. For 

instance, the microstructure of the catalyst described in this work is synthesized by thermally 

pyrolyzing Fe:N-rich ligand on graphitic oxide support giving a unique core-shell architecture 

composed of oxide and carbide of iron without the encapsulating sheath of carbon that is 

commonly observed in earlier works.
40-44 

An immediate consequence is the exposure of more 

catalytic active sites to the reactants. More importantly, we have described in detail the unique 

catalytic property of our catalyst in an efficient oxidant-free and acceptorless dehydrogenation 

reactions of partially saturated N-heterocycles, relatively abundant alcohols, and amines with the 

concomitant generation of hydrogen gas. In addition to the concept of liquid organic hydrogen 

carriers (LOHCs), this elegant system offers a new streamlined strategy for the sustainable 

production of chemicals with a great step-economy and reduced waste generation. To the best of 

our knowledge, the acceptorless dehydrogenation of diverse alcohols (1
o
, 2

o
alcohols, and diols), 

amines, and N-heterocycles by a single iron-based catalyst either under homogeneous or 

heterogeneous conditions has not been investigated yet prior to our report.
49 

2A.2.  Statement of the Problem 

In the present scenario, acceptorless dehydrogenation is mainly reported with organometallic 

complexes based on noble-metal catalysts under homogeneous condition. However, high-cost, 

poor recovery, extensive synthesis of ligands and poor stability while scaling up for industrial 

applications are the potential concern. Indeed, heterogeneous catalysts would be more 

advantageous with respect to catalyst recycling and reusability. The development of stable, 

inexpensive, reusable heterogeneous system for the dehydrogenation N-heterocycles and 
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alcohols operates under practical conditions with the liberation of hydrogen gas is highly 

desirable and very demanding. There are only limited reports based on heterogeneous 

catalysts.
22-27

 To the best of our knowledge, the acceptorless dehydrogenation of diverse alcohols 

(1
o
, 2

o 
alcohols and diols), amines, and N-heterocycles by a single iron-based catalyst either 

under homogeneous or heterogeneous conditions has not been investigated prior to our report.
49

 

The economical, biorelevant and ample supply of iron salts coupled with their lack of toxicity, 

makes them ideal candidates to replace precious metals for both the academic and industrial 

applications. 

2A.3. Catalyst Synthesis and Characterization 

2A.3.1. Synthesis of Fe-L1@EGO-900 catalyst 

In a 100 mL beaker Fe(III)acetylacetonate precursor (0.5 mmol) and 1,10-phenanthroline ligand 

L1 (0.5 mmol) was dissolved in 30 mL of ethanol and sonicated for 2 h to form Fe- 

phenanthroline complex. In another 250 mL, beaker 560 mg of EGO support was taken in 70 mL 

of ethanol and sonicated for 2 h. The above-obtained Exfoliated graphene oxide (EGO) 

suspension and Fe-phenanthroline complex solution were mixed together in 250 mL beaker and 

further sonicated for 2 h. The suspension was refluxed at 85 
o
C for 4 h, and after cooling down to 

room temperature ethanol was evaporated under vacuum. The solid sample obtained was dried at 

80 
o
C for 14 h. Then, it was ground to a fine powder followed by calcination at 900 

o
C under a 

stream of argon with the flow rate of 30 mL/min and the heating rate: 25
 o

C/min for about 4 h to 

obtain a catalyst Fe-L1@EGO-900. ICP-AES analysis was done to determine the amount of Iron 

present and was found to be 5.32%. 

 

Scheme 2A.2. Synthesis procedure of Fe-L1@EGO-900 catalyst. 
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2A.3.2. Catalyst Characterization 

2A.3.2.1. Powder X-ray diffraction (PXRD) 

The catalyst Fe-L1@EGO-900 was extensively characterized using several tools. In powder X-

ray diffraction (PXRD) pattern of Fe-L1@EGO-900 (Figure 2A.1), a broad peak at 2θ = 26.5° 

confirmed the presence of few layers of reduced graphene oxide support. Other inorganic phases 

were confirmed by the presence of diffraction peaks indexed to Fe3O4, Fe3N, β″-Fe2O3, and 

Fe7C3. Formation of Fe7C3 and Fe3N can be understood in terms of the decomposition of N- and 

C-rich L1 in the proximity of metal atoms that aggregate to form carbide and nitride 

nanoparticles. Surprisingly, we could not detect the presence of Fe metal, which is possible 

under the synthesis conditions in the presence of a reducing agent like graphite. It is likely that 

smaller nanoparticles of Fe-rich phases could have oxidized to iron oxides when exposed to the 

ambient conditions. 

Figure 2A.1. The PXRD pattern of Fe-L1@EGO-900 showing graphite and inorganic phases of the 

catalyst. 
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2A.3.2.2. Energy-dispersive X-ray spectroscopy (EDX)  

Figure 2A.2. EDX analysis of Fe-L1@EGO-900 catalyst. 

 

Table 2A.1. The weight percent of different elements in the Fe-L1@EGO-900 catalyst 

Element Weight % Atomic % Uncert. % Correction k-Factor 

C(K) 86.67 92.80 0.68 0.26 3.940 

N(K) 2.01 1.84 0.12 0.26 3.826 

O(K) 4.78 3.84 0.07 0.49 1.974 

Fe(K) 6.53 1.50 0.09 0.99 1.403 

 

2A.3.2.3. Scanning Electron Microscopy (SEM) analysis  

The morphology of the Fe-L1@EGO-900 catalyst was analyzed using scanning electron 

microscopy, which clearly showed graphene layers supporting spatially well-separated 

nanoparticles that are probably rich in iron (Figure 2A.3).  

Figure 2A.3. FESEM image of Fe-L1@EGO-900 (scale bar 100 nm). 
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2A.3.2.4. Transmission Electron Microscope (TEM) Analysis  

The microstructure of Fe-L1@EGO-900 catalyst was analyzed using transmission electron 

microscopy (TEM) and the data are shown in Figure 2A.4. The bright-field image of Fe-

L1@EGO-900 showed Fe rich nanoparticles darker in contrast compared to the graphene 

support. The nanoparticles were distributed throughout the graphene sheets and were of size 

ranging from 4 to 100 nm with the majority of the particles the range of 11–20 nm as shown in 

the histogram (Figure 2A.4a). Careful analysis of bright-field TEM image suggested the particles 

had a core-shell architecture (Figure 2A.4c). 

 

Figure 2A.4. Bright field TEM images of Fe-L1@EGO-900 catalyst. a, at the scale bar 50 nm with inset 

showing a histogram of the size of 100 nanoparticles. b, at the scale bar 20 nm. c, a single nanoparticle at 

the scale bar 5 nm. d, shows the high-resolution lattice fringes of Fe7C3 (211) planes and Fe3O4 (222) 

planes at the scale bar 1.2 nm. 
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Figure 2A.5.  HRTEM of Fe-L1@EGO-900. a, Lattice fringes of 1.79 Å corresponding to the d spacing 

of (202) plane of Fe7C3. b, Lattice fringes of 2.63 Å corresponding to the d spacing of (116) plane of 

Fe3O4 phase. c & d, Lattice fringes of 2.46 Å corresponding to the d spacing of (204) plane of β"Fe2O3. e, 

Lattice fringes of 2.96 Å corresponding to (220) plane of Fe3O4. 

High-resolution transmission electron microscopy (HRTEM) image of the sample (Figure 

2A.4d) showed lattice fringes of 2.02 Å corresponding to the d spacing of (211) plane of Fe7C3 at 

the core and 2.42 Å corresponding to the d spacing of (222) plane of Fe3O4 phase. Further 

HRTEM image analysis of several particles revealed that the core was composed of iron carbide 

while the shell was dominated by iron oxides (Figure 2A.4d and Figure 2A.5). Elemental 

analysis using energy dispersive X-ray analysis under STEM mode further supported the 

distribution of Fe across the entire particle (Figure 2A.6). Importantly, the graphitic carbon shell 

which is commonly observed in other reported catalysts.
21–23, 50-52 

prepared by thermal pyrolysis 

of the molecular complex was absent in Fe-L1@EGO-900. 
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Figure 2A.6A. a, STEM image of Fe-L1@EGO-900 catalyst. b, EDX elemental maps of iron.c, EDX 

elemental maps of oxygen which were collected from the entire area shown in Figure 2A.2 at the scale 

bar 90 nm. 

 

Figure 2A.6B. a, STEM image of Fe-L1@EGO-900 catalyst.b, Line profile of Iron (blue), Oxygen 

(green) and Nitrogen (nitrogen) passing through the line.c, STEM image of the single particle. d, Line 

profile of single iron nanoparticle iron (blue), oxygen (green) and nitrogen (red) passing through the 

particle in the given area single particle. 

 

2A.3.2.5. Electron Paramagnetic Resonance (EPR) Analysis  

The electron paramagnetic resonance (EPR) spectra of Fe-L1@EGO-900 catalyst recorded in the 

temperature range 103 - 300 K and showed an intense broad signal at g ~ 2.19 and a weak signal 

at g ~ 4.3 at 103K (Figure 2A.7). The line width of the signal at g ~ 2.19 increased (from 985 to 

1320 G) as the temperature was lowered from 300K to 103 K. Also a marginal change in the g 

value (from 2.04 to 2.19) was noted at lower temperatures. These observations are indicative of 
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the ferromagnetic behavior of Fe-L1@EGO-900 containing Fe(III) nanoparticles.
51, 26 

Notably, 

the presence of metallic iron can be ruled out because their magnetic properties are not in line 

with the observed EPR intensity behavior.    

Figure 2A.7. EPR of Fe-L1@EGO-900 catalyst a, at 103 K. b, at different temperatures. 

 

2A.3.2.6. X-ray photoelectron spectroscopy (XPS) 

To obtain further insight into the structure of the catalyst and especially the role of nitrogen from 

the organic ligand, XPS investigations on the bonding of nitrogen and iron were carried out 

(Figure 2A.8). XPS clearly showed that nitrogen from L1 was doped into the extended carbon 

lattice of EGO support and existed as pyridine, pyrrole, and quaternary ammonium groups. 

Interestingly, five distinct peaks were observed in the N1s spectra of the Fe-L1@EGO-900 

catalyst with the binding energy of 397.5 eV, 399.1 eV, 400.1 eV, 401.4 eV and 403.6 eV.
51-52

 

The electron binding energy of 399.1 eV and 400.1 eV are characteristic for pyridine-type 

nitrogen, and pyrrole-type nitrogen contributing two electrons to the carbon matrix.  

Figure 2A.8. X-ray photoelectron spectra (XPS) of Fe-L1@EGO-900 catalyst. a, Iron.b, Carbon. c, 

Nitrogen. 
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The formation Fe3N and Fe7C3 nanoparticles is further supported by XPS measurement with 

peaks at 707.8 eV and 709.5 eV due to Fe-N and FeC bonds respectively.
43

 Peak at 711 eV is due 

to Fe
+2

 and 712.45 for Fe
+3

 confirms the formation of Fe2O3 and Fe3O4. 

 

2A.3.2.7. Raman Spectra 

Raman spectra of Fe-L1@EGO-900 and reduced graphene (RG) is shown in Figure 2A.9. It 

shows two characteristic peaks. The first characteristic D band was seen at 1327 cm
-1

 for Fe-

L1@EGO-900 and 1330 cm
-1

 for RG arises due to vibration mode of A1g symmetry of the sp
2
 

carbon of graphite lattice. It characterizes structural defects or edges that can break the symmetry 

and selection rule. The second characteristic G was located at 1595 cm
-1

 for Fe-L1@EGO-900 

and at 1586 cm
-1

 for RG band that appears due to the first-order scattering of the E2g observed for 

sp
2
 carbon domains. G band represents the highly ordered graphite carbon materials. ID/IG 

increased to 1.36 in Fe-L1@EGO-900 compared to ID/IG=1.13 in RG
  

which may be due to 

increased in disorderliness of graphene due to deposition of iron nanoparticles in Fe-L1@EGO-

900 sample. G band showed a blue shift of 9 cm
-1

 in G band showed of Fe-L1@EGO-900 seen 

as compared to RG which is due to charge transfer from graphene to iron nanoparticles.
53-54 

Figure 2A.9 Raman Spectra of reduced graphene (black) and Fe-L1@EGO-900 (Blue). 

 

2A.3.2.7. Thermogravimetric Analysis (TGA) 

TGA of the Fe-L1@EGO-900 given in the Figure 2A.10. Weight loss at 150 
o
C was due to loss 

of physisorbed moisture. The weight loss at 350 
o
C is characteristic of the loss of oxygen 

functional groups that are present on the surface of graphitic oxide in the form of epoxide, 
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alcohol and carbonyl groups. In comparison to trace (i), trace (ii) did not show any weight loss at 

150 and 350 
o
C. Trace (ii) is graphitic oxide loaded with Fe-phenanthroline complex. The 

percentage weight loss due to loss of functional groups is not seen due to the presence of 

relatively heavier Fe element. In addition, Fe is also oxidized to Fe2O3 and Fe3O4. 

Figure 2A.10. TGA of exfoliated graphene oxide (black) and Fe-phenanthroline complex on graphene 

oxide support (red). 

 

2A.6.8. Effect of different ligand 

In order to understand the role of ligands in the nanocatalyst formation, composition and 

microstructure two different iron-catalysts Fe-L2@EGO-900 and Fe-L3@EGO-900 were 

prepared under the same conditions using 2,2’-bipyridine (L2), and pyridine (L3) as ligands, 

respectively. The PXRD of the catalytic materials gave an insight into the chemical composition 

(Figure 2A.11). Notably, the chemical composition of the Fe-L3@EGO-900, Fe-L2@EGO-900 

and Fe-L1@EGO-900 were slightly different. In comparison to Fe-L2@EGO-900 and Fe-

L3@EGO-900, the catalyst Fe-L1@EGO-900 showed intense peaks suggesting a higher degree 

of crystallinity. The peaks corresponding to the oxide and the nitride phases were also higher in 

intensity than the carbide phase in Fe-L1@EGO-900. The structure and morphology of Fe-

L3@EGO-900, Fe-L2@EGO-900 and Fe-L1@EGO-900 were analyzed using TEM (Figure 

2A.12). In comparison with Fe-L1@EGO-900, the microstructure of the nanoparticles 

synthesized using L2 and L3 ligands showed noticeable differences. The TEM analysis of the 

catalyst Fe-L1@EGO-900 clearly showed the presence of spherical nanoparticles in the size 
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range of 4-100 nm. The majority of the particles was in 15 – 20 nm and were supported well on 

the graphene support.  

Figure 2A.11. (i) PXRD of Fe-L3@EGO-900, (ii) Fe-L2@EGO-900, (iii) Fe-L1@EGO-900 catalyst. 

 

Figure 2A.12. a & b) TEM images of Fe-L3@EGO-900 at the scale bar of 200 nm and scale bar of 20 

nm, c & d ) TEM images Fe-L2@EGO-900 at the scale bar of 200 nm and the scale bar of 20 nm, e, f, g 

& h) TEM images of Fe-L1@EGO-900 at the scale bar of 100 nm, scale bar 50 nm, scale bar of 20 nm 

and scale bar of 5 nm. 
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On higher magnification, the particles showed a distinguished core-shell structure. In the case of 

2,2’-bipyridine (L2), we have observed that the catalyst had iron-rich nanoparticles that were 

reasonably well-distributed and supported on the graphene sheet in the size ranging from 30-300 

nm (the majority size of the particles around 50 nm). On careful inspection of TEM images, 

nanoparticles having the core-shell morphology were seen occasionally. The catalyst precursor 

with pyridine (L3) as a ligand produced larger nanoparticles in the range of 30-300 nm was 

observed. Interestingly, the nanoparticles were solid and uniform in texture without core-shell 

type of structure. The extensive analysis also showed not all nanoparticles were supported on the 

graphene sheet. 

2A.6.9. Effect of pyrolysis temperature 

The effect of pyrolysis temperature on the composition and microstructure was studied by 

pyrolyzing Fe-L1 on EGO at various temperatures like 400 
o
C, 600 

o
C, and 900 

o
C. The PXRD 

patterns showed a broad peak ranging from 2 = 20 – 30 degrees with characteristics of graphitic 

peak and an unidentified peak in all the samples (Figure 2A.13). At lower pyrolysis temperatures 

there was overlapping of peaks in this region which could be due to the presence of poorly 

crystalline carbonaceous materials. Importantly, Fe-L1@EGO-900 that was prepared by 

pyrolyzing at 900 ºC showed a single sharp peak corresponding to the graphitic basal plane at 2 

-26.5º in addition to clear peaks due to crystalline phases of oxides, nitrides, and carbides. From 

PXRD data and TGA (Figure 2.A.14), it was clear that high pyrolysis temperature (~900 
o
C) 

resulted in the decomposition of the iron-ligand complex to form iron oxide, nitride, and carbide 

phases. 
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Figure 2A.13. (i) PXRD of Fe-L1@EGO-400, (ii) Fe-L1@EGO-600, (iii) Fe-L1@EGO-900 catalyst. 

The effect of pyrolysis temperature on the distribution of size and morphology of the 

nanoparticles were studied using TEM (Figure 2A.14). The catalyst Fe-L1@EGO-400 showed 

well distributed small iron nanoparticles in the size range of 2-10 nm. The individual 

nanoparticles were not in specific shape and no core-shell structure was observed. As the 

temperature was increased from 400 
o
C to 600 

o
C, a few particles agglomerated to form bigger 

particles with an average size of 10-12 nm. Both PXRD and TEM images strongly indicated that 

the choice of ligands and pyrolysis temperature affected the composition, size distribution, and 

microstructure of the individual nanoparticles in the catalyst. 

Figure 2A.14.  a & b) TEM images of Fe-L1@EGO-400 at the scale bar of 50 nm and scale bar of 20 
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nm, c & d) TEM images Fe-L1@EGO-600 at the scale bar of 50 nm and scale bar of 20 nm. e, f, g & h) 

TEM images of Fe-L1@EGO-900 at the scale bar of 50 nm, scale bar of 20 nm and scale bar of 5 nm. 

2A.4.  Result and Discussion 

2A.4.1. Optimization Table 

To investigate acceptorless dehydrogenation of organic molecule (alcohols and amines) firstly 

homogeneous complex of iron was deposited on graphene and tested for the acceptorless 

dehydrogenation of alcohols.  

 

Table 2A.2 Acceptorless dehydrogenation of 1,2,3,4-tetrahydroquinoline (1a) 

 

Reaction conditions: 1a (0.5 mmol), cat. Fe-L1@EGO-900 (8 mol%), t-BuOK (10 mol%), and mesitylene 

(2 mL) heated at 145 °C 
a
Yields of 2a and conversion of 1a were determined by gas chromatography 

(GC) 
b
Reaction under homogeneous conditions using the in situ-generated Fe catalyst 

c
Non-pyrolyzed 

materials 
d
Isolated yield 
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In the preliminary result, it has shown some activity. Later on, several materials were 

synthesized by changing the ligands and support and tested for their reactivity towards 

dehydrogenation of N-heterocycles with the concomitant generation of dihydrogen under 

oxidant- and acceptor-free conditions. We began our initial study using 1,2,3,4-

tetrahydroquinoline (1a) as a benchmark substrate. The effect of each key parameters such as the 

type of support, nitrogen ligands, Fe: ligand molar ratios, and pyrolysis temperature was 

carefully investigated (Table 2A.2). As seen from Table 2A.2, in situ generated homogeneous 

metal complex, as well as carbon supported non-pyrolyzed materials,  didn’t show any catalytic 

activity under optimal conditions (Table 2A.2, entries 1-2). Similarly, pyrolyzed iron salt ( 

uncomplexed to L1), and pyrolyzed L1 ligand on carbon support were also found to be 

ineffective (Table 2A.2, entries 3-4). We have observed that the iron- Phenanthroline (Fe-L1) 

complex pyrolyzed with exfoliated graphitic oxide at 900 °C (Fe-L1@EGO-900) led to a highly 

active catalytic material for dehydrogenation of 1a (Table 2A.2, entries 5-7). Under the 

optimized reaction conditions, the catalyst Fe-L1@EGO-900 selectively formed quinoline (2a) 

in 88% isolated yield with the complete conversion of 1a (Table 2A.2, entry 7). The generation 

of molecular hydrogen was qualitatively analyzed by gas chromatography (Figure 2A.15). Other 

pyrolyzed carbon-supported iron-catalysts using related nitrogen ligands such as 2,2'-bipyridine 

(L2), and pyridine (L3) also showed activity yielding the dehydrogenated product (3a) in low 

yields (Table 2A.2, entries 8-9). It was worth noting that under similar experimental conditions, 

catalysts Fe-L1 prepared on other conventional supports such as SiO2, Al2O3, TiO2 and CeO2 

showed no activity in the AD with the release of H2 (Table 2A.2, entries 11-14). The 

dehydrogenation reaction was also performed with individual phases of iron.  

 

2A.4.2. Substrate scope of N-heterocycles 

Inspired by the literature reports and with the developed efficient system for AD strategy in hand 

(Table 2A.2), we sought to apply for oxidant-free, acceptorless dehydrogenation of various N-

heterocyclic compounds. As expected, Fe-L1@EGO-900 catalyst material displayed the best 

activity in the complete dehydrogenation of N- heterocycles with the liberation of molecular 

hydrogen. As shown in Table 2A.3, a number of partially saturated N-heterocycles containing 

secondary amines were successfully hydrogenated into corresponding N-heteroaromatic 
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compounds with extrusion of dihydrogen. To our delight, almost all N-heterocyclic scaffolds for 

e.g., 1,2,3,4-tetrahydroquinoline (1a-1h), 1,2,3,4-tetrahydroisoquinoline (1i), 1,2,3,4-

tetrahydroquinoxaline (1j), 1,2,3,4-tetrahydrobenzo[h]quinoline (1l), indoline (1m-1q), and 2,3-

dihydro-1H-pyrrolo[2,3-b]pyridine (1r) were completely dehydrogenated under oxidant-free 

acceptorless conditions. Importantly, bromo, formyl, carboxyl, hydroxyl, methoxy, nitro-groups 

were well tolerated under the optimized conditions and yielded the desired products in moderate 

to good yields. In order to demonstrate the stability and reusability, the active catalyst was 

successfully recycled four times without any significant loss of activity for a model substrate 

(Figure 2A.13). These results evidently demonstrate that our catalyst is highly stable and robust. 

In addition, the catalyst is conveniently handled under an ambient atmosphere without any 

deactivation. 

Table 2A.3. Nanoscale Iron-Catalyzed Acceptorless Dehydrogenation of N-Heterocycles.

 

Reaction conditions: 1 (0.5 mmol), cat. Fe-L1@EGO-900 (8 mol%), t-BuOK (10 mol%), and mesitylene 

(2 mL) heated at 145 
o
C. Yields shown are of isolated products. *Product 3,4-dihydroisoquinoline was 

observed (8%) on GC. 
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2A.4.3. Dehydrogenation of Amines to Imines with Extraction of H2 

Various substituted benzylamines (5a-5e) and pyridin-2-ylmethanamine (5g) were 

dehydrogenated under optimized conditions and selectively gave the desired imines in good 

yield. Notably, more sterically hindered benzylamines such as ortho-substituted and α-

substituted benzylamine were also dehydrogenated (6f and 6h). To our delight, aliphatic amine 

(5i) gave both imine and doubly dehydrogenated product (nitrile compound7) in 1:1 ratio under 

our conditions. 

Table 2A.4. Iron-catalyzed Dehydrogenation of Amines to Imines with Extraction of H2. 

 

Reaction conditions: 5 (0.5 mmol), cat. Fe-L1@EGO-900 (5 mol%), t-BuOK (6 mol%), and mesitylene 

(2 mL) heated at 145
o
C.*Yields of 6 was determined by GC using m-xylene as an internal standard. 

Yields shown within brackets are of isolated products. 

2A.4.3. Substrate scope of Primary alcohols 

Herein, we disclose an efficient, reusable iron-catalyzed oxidant-free, acceptorless 

dehydrogenation of alcohols such as primary alcohols to aldehydes, secondary alcohols to 

ketones, and diol to lactone (Table 2A.5). After having demonstrated the excellent activity of the 

Fe-L1@EGO-900catalyst in the model reaction (Table 2A.2), we investigated the scope of a 

series of structurally diverse benzylic alcohols in the acceptorless dehydrogenation. As shown in 
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Table 2A.5, benzylic alcohols containing electron-donating as well as electron-withdrawing 

groups are compatible with the catalytic system and good to excellent yields of the 

corresponding aldehydes are obtained selectively under very mild conditions (up to 94%). 

Notably, bis-aldehyde (9i) can be obtained in a straightforward manner in up to 70% yield. A 

more sensitive cinnamyl alcohol undergoes dehydrogenation and efficiently gave the 

corresponding aldehyde 9j in moderate yield (69%). To our delight, substrates with phenoxy, and 

amine groups on the aromatic ring also afforded the desired products in good yields (products 

9m in 69% and 9n in 61% isolated yield respectively). The biomass-derived furfuryl alcohol was 

readily converted into the corresponding aldehyde in good yield (9o in 55% yield). Under 

optimal conditions, 1-hexanol showed poor reactivity and yielded 1-hexanal (9p) in 21% yield. It 

is important to note that the selective conversion of alcohols to aldehydes via acceptorless 

strategy is very challenging due to competing for ester formation.
2, 49-50 

Table 2.A.5. Iron-catalyzed Dehydrogenation of Primary Alcohols with Extraction of H2. 

 

Reaction conditions: Alcohol (0.5 mmol), cat. Fe-L1@EGO-900 (5 mol%), t-BuOK (6 mol%), and n-

octane (2 mL) heated at reflux under open argon atm. Yields shown are of isolated products. *Yields are 

based on GC. 
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2A.4.5. Substrate scope of Secondary alcohols and Diol  

We examined the scope of secondary alcohols in the catalytic AD strategy using Fe-L1@EGO-

900 catalyst (Table 2A.6). Secondary benzylic alcohols are dehydrogenated to the corresponding 

acetophenone derivatives in good isolated yields (up to 98%). The reaction is tolerant to a variety 

of functional groups such as -OMe, -Me, and -NO2 as well as halides (-Cl and -Br). Electronic 

influence on the dehydrogenation activity seemed to be significant because a substrate containing 

an electron- donating -OMe group (product 11h in 80%) gave excellent yield than the one with 

an electron- withdrawing -NO2 group (product 11i in 69%). Importantly, the homologous of 1-

(p-tolyl)ethan-1-ol gave moderate yield under optimal conditions than 11g (1-(p-tolyl)propan-1-

ol11gin 71% and 1-(p-tolyl)ethan-1-ol 11k in 43% yield).  

Table 2A.6  Iron-catalyzed Dehydrogenation of Secondary Alcohol with Extraction of H2. 

 

Reaction conditions: Alcohol (0.5 mmol), cat. Fe-L1@EGO-900 (5 mol%), t-BuOK (6 mol%), and n-

octane (2 mL) heated at reflux under open argon atm. Yields shown are of isolated products. *Yields are 

based on GC. 
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In addition to aromatic substrates, the aliphatic secondary alcohol cyclohexanol was successfully 

dehydrogenated to give cyclohexanone (11o) in 40% yield. A substrate with 5- and a 6- 

membered ring containing 2
o
 alcohols almost gave same yields (products 11l and 11n in 54% 

and 51% yield respectively). Besides primary alcohols and secondary alcohols, diol was also 

examined. Accordingly, dehydrogenation of 1,2-benzenedimethanol gave 100% conversion and 

complete selectivity for the corresponding lactone 13 by releasing two equiv. of dihydrogen.
2
 

However, the corresponding 1,4-disubstituted derivative gave the corresponding 1,4-dialdehyde 

derivatives 11i under the same reaction conditions (Table 2A.6). Perhaps, intramolecular 

dehydrogenative condensation is more favorable in case of 1,2-disubstituted primary diols and 

readily produces the corresponding lactone.
50

 

Table 2A.7 showing the conversion of 2-chlorobenzyl alcohol and selectivity of 2-

chlorobenzaldehyde products using different Fe based catalysts in pure phases. As it is clear, 

only Fe-L1@EGO-900 with mixed phases in core-shell morphology shows exemplary 

conversion and selectivity. Other pure single phases of iron are not active for the catalysis. There 

is a possibility that intermixed phase of iron having specific core-shell morphology is showing 

catalytic activity.  

Entry Catalyst  

(8 mol%) 

Conversion (%) Selectivity (%) 

1 Fe-L1@EGO-900 95 93 

2 Fe3O4 15 55 

3 Fe2O3 38 40 

4 FexN 15 80 

5 Fe3C 12 70 

 

2A.4.6. Mechanistic Studies 

2A.4.6.1. Qualitative analysis of hydrogen gas formation 

Under standard conditions, the dehydrogenation of 1,2,3,4-tetrahydroquinaldine (1a), and (4-

chlorophenyl)methanol (8c) were carried out independently using the J. Young NMR tube. After 
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24 h, the gas was also collected by a gas-tight syringe and qualitatively analyzed by GC-TCD 

with a Carbon plot capillary column gas chromatography which shows the presence of H2 gas at 

retention time 0.903 (Figure 2A.15). 

 

Scheme 2A.3 Qualitative analysis of hydrogen gas formation. 

 

Figure 2A.15. Gas chromatography showing a peak of hydrogen. 

 

2A.4.6.2 Quantitative analysis of hydrogen gas by dual catalysis 

(A) For the detection of hydrogen dual reaction involving dehydrogenation of 1,2,3,4-

tetrahydroquinoline and hydrogenation of cyclohexene was performed. To schlenk tube, Fe-

L1@EGO-900 catalyst (5 mol%), t-BuOK (6 mol%), 1,2,3,4-tetrahydroquinoline (0.2 mmol), 

mesitylene (2 mL) were added under argon atmosphere. The entire system degassed and flushed 

with argon for 5 minutes (three times) and packed with a rubber septum. To another 25 mL 

Schlenk tube, RhCl(PPh3)3 (3 mol%) catalyst, and cyclohexene (0.4 mmol) were dissolved in 

benzene (2 mL). Both the flasks were connected through a double-headed syringe and allowed to 

equilibrate for 5 minutes. The mixture in the former flask was heated at 145 
o
C, while the 

mixture in the latter flask was stirred at 50 °C. After 12 hours, the organic entities present in the 
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latter flask were analyzed by GC-MS which showed a clean conversion (45%) of the 

cyclohexene to cyclohexane (yield of 2a = 61%). 

 

Scheme 2A.4. Quantification of dihydrogen. 

 

Figure 2A.16. GC-MS of hydrogenation of cyclohexene by in situ generated hydrogen gas via 

dehydrogenation of 1a. 

(B) To an oven dried schlenk tube (25 mL), Fe-L1@EGO-900 catalyst (5 mol%), t-BuOK (6 

mol%), , cinnamyl alcohol (0.5 mmol), RhCl(PPh3)3 (3 mol%), and n-octane (2 mL) were added 
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under argon atmosphere and packed with rubber septum. The reaction mixture was heated at 120 

°C for 24 hours and analyzed. In the reaction mixture cinnamaldehyde (25%) as well as reduced 

product 3-phenylpropanal (45%), and 3-phenylpropan-1-ol (5%) with the conversion of 74% of 

8q. This result clearly confirms the in situ generation of hydrogen (via dehydrogenation of 

alcohol). 

 

Scheme 2A.5. In situ generation of hydrogen via dehydrogenation of alcohols. 

2A.4.6.3. Hydrogen gas quantification: A volumetric quantitative analysis 

To an oven dried schlenk tube (25 mL), Fe-L1@EGO-900 catalyst (27 mg, 5 mol%), t-BuOK (6 

mol%), 1,2,3,4-tetrahydroquinoline 1a (0.4 mmol), mesitylene (2 mL) was added under argon 

atmosphere and packed with a rubber septum. The vessel was connected to the gas collection 

apparatus (standard water displacement apparatus, using a graduated cylinder to determine 

volume) and the entire system was flushed with argon for 5 minutes and allowed to equilibrate 

for 5 minutes. The reaction tube was placed preheated oil-bath to the appropriate temperature 

(145 °C). The reaction was stirred vigorously at a constant temperature until gas evolution 

ceased. The volume of collected gas was noted and the presence of hydrogen in the collected gas 

was confirmed by GC. After 24 h, the reaction mixture (contains mesitylene) was removed to 

give a crude product which was analyzed by 
1
H NMR and confirmed 85% yield of the quinoline 

product (2a). The collected volume of gas in the experiment above was 19 mL, which 

corresponds to 0.80 mmol of dihydrogen and consisted with the release of 2 equivalents of H2 

per mole of 1,2,3,4-tetrahydroquinoline. 
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Figure 2A.17. Setup for hydrogen gas evolution (a volumetric quantitative analysis). 

2A.4.6.4. Reaction under the presence of radical (O·
−2

) scavenger 

 

To a 25 mL oven dried schlenk tube, Fe-L1@EGO-900 catalyst (27 mg, 5 mol%), t-BuOK (6 

mol%), 1,2,3,4-tetrahydroquinoline (71 mg, 0.5 mmol), 2,6-di-tert-butyl-4-methylphenol (BHT) 

(242 mg, 1.1 mmol), and n-mesitylene (2 mL) were added under argon atmosphere. The schlenk 

tube was equipped with a reflux condenser and the solution was refluxed under argon 

atmosphere for 24 h. After cooling to 30 
o
C the reaction mixture was subjected to centrifugation 

and the supernatant was collected and the obtained solid was washed with EtOAc (2 x 4 mL) and 

the washings were collected. The collected reaction mixture was concentrated on rotavapor 

under reduced pressure. The crude product was purified (deactivated silica gel column 

chromatography and the eluvent is a mixture of petroleum ether and ethyl acetate) and the yield 

of quinoline is 83%. 
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2A.4.6.5. Hot Filtration Test 

To a 25 mL oven dried schlenk tube, Fe-L1@EGO-900 catalyst (5 mol%), t-BuOK (6 mol%), 

1,2,3,4-tetrahydroquinoline (71 mg, 0.5 mmol), were added under argon atmosphere. The 

schlenk tube was equipped with a reflux condenser, and the solution was heated at 1455 
o
C with 

stirring under open argon flow for 10 h. After cooling to 30 
o
C the catalyst was separated from 

the reaction mixture by an external permanent magnet (at this stage the crude reaction mixture 

was analyzed by GC (43 % of 2a). Then, the reaction mixture was transferred into another 25 mL 

oven dried schlenk tube under an argon atmosphere and was equipped with a reflux condenser, 

and the solution was heated at 145 
o
C with stirring under open argon flow further 12 h. After 

cooling to room temperature, the crude reaction mixture was quantitatively analyzed by GC and 

observed that no change in the yield of 2a. 

2A.4.6.6. Leaching Test 

To crude sample (after removal the catalyst) sulfuric acid and aqua regia were added. Then the 

volume of the residue was adjusted to 50 mL using water to give a sample for Inductively 

coupled plasma (ICP) for the measurement of the leaching of Iron and the analyses confirmed 

that the iron concentration in the filtrate was less than 0.24 ppm. 

2A.4.6.7. Recyclability of the catalyst 

To a oven dried schlenk tube (25 mL) Fe-L1@EGO-900 catalyst (27 mg, 5 mol%), t-BuOK (6 

mol%), 1,2,3,4- tetrahydroqinoline (0.5 mmol), mesitylene (2 mL) were added under argon 

atmosphere. The solution was refluxed at 145 
o
C with stirring under open argon flow for 24 h. 

After cooling down the reaction mixture to room temperature the catalyst was separated from the 

reaction mixture by an external permanent magnet and washed several time with mesitylene. 

Obtained catalyst was dried under vacuum at 60 °C for 12 h. Then the catalyst was reused for the 

next cycle, and no deactivation of the material was observed up to four cycles. All yields (GC) 

are averages from at least 2 separate runs. 
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Figure 2A.18. Recyclability experiments. 

2A.4.7.2. Magnetic separation of catalyst 

The presence of Fe3O4 in the catalyst was exploited to magnetically separate them after the 

reaction. Figure  2A.19(a) digital photograph show the catalyst in highly dispersed form during 

the reaction. After the reaction was completed, the catalysts were easily separated using a 

permanent magnet as shown in Figure 2A.19. Efficient magnetic separation of the catalyst was 

possible even after several cycles of reaction suggesting no phase transformation or leaching of 

the magnetic phase Fe3O4. This property of the catalyst is a significant advantage compared to 

the homogeneous and heterogeneous catalysts which are known to catalyze this reaction. 

 

 

Figure 2A.19. Digital photograph showing a) the fine dispersion, and b) magnetic separation of Fe-

L1@EGO-900. 
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2A.4.7. Application  

2A.4.7.1. Applications in synthesis of drug molecule 

The high reactivity of Fe-L1@EGO-900 catalyst towards the acceptorless dehydrogenation of 

tetrahydroquinoline derivatives encouraged us to extend its application in the synthesis of 

pharmaceutically important molecules. Thus, dehydrogenation of 3 selectively yielded 4, a 

precursor for nM5- lipoxygenase inhibitor (Scheme 2A.6). 

 

Scheme 2A.6. Application in the synthesis of precursor (4) for nM5- lipoxygenase inhibitor. 

2A.5. Experimental section  

2A.5.1. General procedure for the acceptorless dehydrogenation of N-heterocycles 

To a oven dried schlenk tube (25 mL), Fe-L1@EGO-900 catalyst (27 mg, 5 mol%), t-BuOK (6 

mol%), N-heterocycles (0.5 mmol), mesitylene (2 mL) were added under argon atmosphere. The 

solution was heated at 145 
o
C with stirring under open argon flow for 18-24 h. After cooling 

down the reaction mixture to room temperature the catalyst was separated from the reaction 

mixture by centrifugation and the reaction mixture was analyzed by GC and GC-MS. The 

supernatant was transferred to another flask, and the catalyst was washed with EtOAc (2 x 4 mL) 

and the washings were collected. The solvent was evaporated from the reaction mixture, and the 

crude product was subjected to silica gel column chromatography using EtOAc : petroleum ether 

to afford the product. 
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2A.5.2. General procedure for the acceptorless dehydrogenation of amines to imines 

 

To an oven dried schlenk tube (25 mL), Fe-L1@EGO-900 catalyst (27 mg, 5 mol%), t-BuOK (6 

mol%), an amine (0.5 mmol), mesitylene (2 mL) were added under argon atmosphere. The 

solution was heated at 145 
o
C with stirring under open argon flow for 16-24 h. After cooling 

down the reaction mixture to room temperature the catalyst was separated from the reaction 

mixture by centrifugation and the reaction mixture was analyzed by GC and GC-MS. The 

supernatant was transferred to another flask, and the catalyst was washed with EtOAc (2 x 4 mL) 

and the washings were collected. The solvent was evaporated from the reaction mixture, and the 

crude product was subjected to silica gel column chromatography using EtOAc: petroleum ether 

to afford the product. 

 

2A.5.3. General procedure for the iron-catalyzed alcohol dehydrogenation 

To an oven dried schlenk tube (25 mL), Fe-L1@EGO-900 catalyst (27 mg, 5 mol%), t-BuOK (6 

mol%), alcohol (0.5 mmol), n-octane (2 mL) were added under argon atmosphere. The solution 

was refluxed with stirring under open argon flow for 16-24 h. After cooling down the reaction 

mixture to room temperature the catalyst was separated from the reaction mixture by 

centrifugation and the reaction mixture was analyzed by GC and GC-MS. The supernatant was 

transferred to another flask, and the catalyst was washed with EtOAc (2 x 4 mL) and the 

washings were collected. The solvent was evaporated from the reaction mixture, and the crude 

product was subjected to silica gel column chromatography using EtOAc: petroleum ether to 

afford the corresponding carbonyl compound. 

2A.6. Conclusion 

In summary, we demonstrated unified strategy for oxidant-free and acceptorless dehydrogenation 

reactions of relatively abundant alcohols such as primary alcohols to aldehydes, secondary 

alcohols to ketones, diol to lactone and N-heterocycles with the concomitant generation of 

hydrogen gas catalyzed by iron-based nanocatalyst. The catalytic material described in this work 

was obtained by thermally pyrolyzing Fe(acac)3: phenanthroline complex on exfoliated graphitic 
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oxide support with a unique core-shell architecture composed of oxide and carbide of iron 

without the encapsulating sheath of carbon. This elegant system offers a new streamlined 

strategy for the sustainable production of chemicals with a great step-economy and reduced 

waste generation. In addition to the interesting correlation of microstructure and the catalytic 

activity of this inexpensive and reusable catalyst, the work also highlights the greenness of the 

reaction due to the formation of hydrogen gas as the only by-products.  
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Part B: Acceptorless dehydrogenative coupling of  

alcohols and amines 

2B.1. Introduction 

 The imine is an exceptionally versatile functional group and is ubiquitous in 

pharmaceuticals, biologically active heterocycles, and natural products.
1 

Traditionally, imine 

formation was achieved by the condensation reaction of amines with highly reactive carbonyl 

compounds and often required dehydrating agents as well as Lewis acid catalysts.
2-3

 However, 

direct formation of imine with easily accessible feedstock chemicals is very attractive and highly 

desirable in organic synthesis.
4
 In this context, various methods for imine synthesis have been 

studied based on oxidative dehydrogenation of amines,
5-6

 and oxidative dehydrogenative 

coupling of alcohols with amines using various oxidants such as dioxygen, TEMPO, quinine, and 

iodosylbenzene.
7 

However, several drawbacks remain, for example, the intrinsic self-coupling 

properties of the substrates, the formation of other side products such as nitrile, amide, azo and a 

related compound, and the need of stoichiometric amount of oxidants.
6
 Although the use of 

molecular oxygen as a mild oxidant is an attractive strategy; indeed, there is a need for special 

equipment while performing reactions under the use of pressurized dioxygen for the large-scale 

imine production. Thus, the development of an efficient strategy for selective construction of 

imine scaffolds under the oxidant-free condition is a key motivation in the contemporary science.  

Recently, a direct coupling of alcohols with amines by acceptorless dehydrogenative strategy has 

been developed as an efficient protocol to construct imine bond (C=N) with the liberation of 

molecular hydrogen and water as the byproducts, which is a greener and more practical method. 

Although several catalysts reported for the amination of alcohols via borrowing hydrogen 

strategy,
9
 catalytic systems that selectively yield imines are very limited and offer the 

advantageous possibility of further imine functionalization.
5z,10

 Indeed, heterogeneous catalysts 

with such activity for the straightforward synthesis of an imine by oxidant-free, acceptorless 

dehydrogenative coupling of alcohols with amines are rare and very limited. Very recently, Pt 

nanoparticles loaded on TiO2 was shown to promote direct synthesis of imines from alcohols and 

amine under UV irradiation,
11

  and Pd(0)-immobilized recyclable hydrotalcite catalysts (HT4) 

for alcohol imination via acceptorless dehydrogenation also reported.
12

 Notably, catalysts (both 
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homogeneous and heterogeneous) used for imine synthesis by acceptoless dehydrogenative 

coupling (ADC) strategy are extensively based on precious metals.  

In this regard, the development of novel highly active and selective non-precious metal catalysts; 

in particular, base metal catalysts is of pivotal importance and a focal point from the perspective 

of cost, abundance, and sustainable chemistry.
13

 To best of our knowledge, there was no reusable 

heterogeneous catalysts based on earth-abundant, economical 3d-metals for direct imine 

formation by acceptorless dehydrogenative coupling of alcohols with amines. 

Over the past decade, substantial efforts have been devoted to the replacement of 

expensive noble metal catalysts by utilizing economical and environmentally benign base 

metal catalysts. In this regard, earth-abundant, iron catalysts have been intensely used to 

emulate the selectivity and reactivity of precious-metal catalysts in sustainable catalysis 

and thus, broaden the scope and practical viability. However, their successful application 

in the sustainable synthesis of fine chemicals remains at an early stage and can make it 

difficult to envisage and control catalytic reactivity, as they have the propensity to 

participate in one electron chemistry as opposed to classical two electron transformation 

ubiquitous in the second- and third-row transition metals.
14

 The present ADC strategy has 

a broad substrate scope as well as functional group tolerance, and operates under mild 

conditions with the liberation of hydrogen gas and water as the byproducts, thus making 

the protocol completely environmentally-benign. An ease of separation and reusability of 

the heterogeneous iron catalyst is also successfully demonstrated. 

 

2B.2. Statement of problem 

 To best of our knowledge, there was no reusable heterogeneous catalysts based on earth-

abundant, economical 3d-metals for direct imine formation by acceptorless dehydrogenative 

coupling of alcohols with amines prior to our finding. Development of novel highly active and 

selective non-precious metal catalysts; in particular, base metal catalysts is of pivotal importance 

and a focus point from the perspective of cost, abundance, and sustainable chemistry. Over the 

past decade, substantial efforts have been devoted to the replacement of expensive noble metal 

catalysts by utilizing economical and environmentally benign base metal catalysts.  
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2B.3. Catalyst Synthesis and Characterization 

 In our previous part of this chapter, we have reported heterogeneous iron-catalyzed acceptorless 

dehydrogenation of fundamentally important feedstocks such as alcohols to carbonyl compounds 

and cyclic amines to N-heterocycles.  Above result prompted us to disclose our first report on a 

simple, efficient, reusable heterogeneous iron-catalyzed direct imine formation by acceptorless 

dehydrogenative coupling of alcohols with amines. The catalyst was synthesized and 

characterized according to the previous part of this chapter (Chapter 2A). 

2B.4. Result and Discussion 

2B.4.1. Optimization table 

Optimization studies on iron-catalyzed direct imine formation by ADC of alcohols with amines 

are summarized in Table 2B.1 

Table 2B.1 Optimization of the reaction conditions.
a
 

 

a
Reaction conditions: 1a (0.5 mmol), 2a (0.55 mmol), cat. Fe-Phen@C (8 mol%), t-BuOK(10 mol%), 

andn-octane (2 mL) heated at 120 
o
C (oil-bath temperature) for 24 h under open argon atm. 
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We began our investigation using (4-chlorophenyl)methanol (1a) and m-toluidine (2a) as 

benchmark substrates in presence of catalytic amount of Fe-Phen@C (8 mol%), and t-BuOK (10 

mol%) in n-octane heated at 120 
o
C (bath temperature) under open Ar atm for 24 h to yield 3aa 

in 93% isolated yield with the complete conversion of 1a (Table 2B.1, entry 1). Indeed, the 

formation of molecular hydrogen was qualitatively analyzed by gas chromatography (GC). 

Performing reaction under closed condition yielded 3aa in lower yield (40%) (Table 2B.1, entry 

2) and clearly indicating that the constant removal of H2 gas from the reaction medium is 

crucial.
9-10,19

 Notably, the efficiency of the reaction was significantly affected in the absence of t-

BuOK (Table 2B.1, entry 3). Other bases like K2CO3 and KOH are ineffective under standard 

reaction conditions (Table 2B.1, entries 4-5). Other bases such as KOAc, CsOAc, Li2CO3, 

Na2CO3, K2CO3, Cs2CO3, Et3N, DABCO, and DBU proved ineffective and less (∼less than 

20%), or no formation of 3aa was observed under optimal conditions. The solvent dependency of 

the same reaction was carried out (Table 2B.1, entries 1, and 6-7). Further screening using a 

representative set of common solvents, including apolar arenes (o-xylene, PhCl, anisole), or 

polar DMF, DMSO, DMA, and DCE proved ineffective and we found that the reaction proceeds 

efficiently in n-octane compared to other solvents. By lowering the temperature, we obtained the 

product in lower yield (Table 2B.1, entry 8) and no reaction was observed in the absence of the 

Fe-Phen@C catalyst (Table 2B.1, entry 11). The reaction was performed under an in situ 

generated soluble Fe–Phen complex by reacting a 1 : 1 mixture of either the readily available 

Fe(III)-acetylacetonate or Fe(CO)5 as the iron precursor and 1,10-phenanthroline as a ligand 

followed by treatment with a catalytic amount of a base (10 mol% of t-BuOK). Notably, either 

no imine formation or hydrogen gas was observed under homogeneous conditions (Table 2B.1, 

entries 12-13). It was worth noting that under the similar experimental conditions, catalysts (Fe-

Phen) prepared on other conventional supports such as SiO2, Al2O3 and TiO2 showed lesser 

activity in the imine formation (Table 2B.1, entries 14-16). These studies show that the special 

structure of reduced graphene oxide (RGO) may be affected by the reactivity in the 

environmentally-benign dehydrogenative coupling of alcohols and amines to form imines and H2 

2B.4.2. Substrate scope of alcohols and amine to imine 

With an optimized catalytic system in hand (Table 2B.1), we set out to probe its versatility in the 

direct imine synthesis by ADC strategy of various alcohols and amines. Using (4-
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chlorophenyl)methanol 1a as the benchmark substrate, a number of different anilines were tested 

using Fe-Phen@C catalyst under standard conditions.  

 

Table 2B.2. Iron-catalyzed direct imine synthesis: Scope of amines.
a,b

 

 a
 Reaction conditions: 1a (0.5 mmol), 2a (0.55 mmol), cat. Fe-Phen@C (8 mol%), t-BuOK (10 mol%), 

and n-octane (2 mL) heated at 120 
o
C (oil-bath temperature) for 24 h under open argon atm. 

b
 Yields are 

in parentheses are based on the conversion of 1a and selectivity of imines (3) respectively and are based 

on GC using anisole as the internal reference. 
c
 Isolated yields. 

d
 Self-dehydrogenative coupling of 

benzylamine to (E)-N-benzyl-1-phenylmethanimine was observed as the side reaction. 
e
 2 equiv. of 1a. 

 

As shown in Table 2B.2, the present heterogeneous Fe-catalysis is compatible with various 

anilines containing an electron-rich and electron-deficient substituents, affording the desired 
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imines in good to excellent yields (up to 95%) under very mild, eco-benign conditions. 

Interestingly, the reaction proceeded successfully with both cyclic and acyclic secondary amines 

and gave the desired imines 3an (81%), 3ao (74%), 3ap (73%), and 3aq (62%) in good yields. It 

was noteworthy that benzylamine (2r) also affording the corresponding imine in moderate yield 

(40%), along with the formation of (E)-N-benzyl-1-phenylmethanimine (26% by GC) by 

dehydrogenative self-coupling of 2r. The reaction of benzene-1,3-diamine (2s) and 1a selectively 

gave the corresponding diimine (3as) in 75% isolated yield under our catalytic conditions. 

 

Table 2B.3. Iron-catalyzed direct imine synthesis: Scope of alcohols.
a,b

 

 
a
 Reaction conditions: 1 (0.5 mmol), 2a (0.55 mmol), cat. Fe-Phen@C (8 mol%), t-BuOK (10 mol%), and 

n-octane (2 mL) heated at 120 
o
C (oil-bath temperature) for 24 h under open argon atm. 

b
 Yields are in 

parentheses are based on the conversion of alcohol and selectivity of 3 respectively and are based on GC 

using anisole as the internal reference. 
c
 Isolated yields. 

d
 Based on 

1
H NMR of the crude reaction 

mixture. 

 

Next, the impact of varying the substituents on the alcohol coupling partner was also assessed 

(Table 2B.3). The straightforward imine formation reaction proceeded in excellent yields with 
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either electron donating (4-methyl, 4-methoxy) or electron withdrawing (4-fluoro, 4-nitro) 

substituents on the benzyl alcohol. Notably, ortho-substituted alcohols yielded the imines (3bi 

and 3bj) in lower yields, which could be explained by steric effects.
25

 To our delight, biomass-

derived furfuryl alcohol also gave the corresponding imine in good yield (3bk in 76% yield). 

Less reactive cinnamyl alcohol was also tested for the direct imine formation reaction and 

efficiently gave the corresponding imine in 66% yield. However, 1-hexanol failed to convert into 

the corresponding aliphatic imine (3bm) under optimized conditions. 

 

2B.4.3. Gram-scale synthesis 

We have successfully shown the scalability and particle viability of this catalytic protocol under 

standard conditions. In this regard, the present iron-catalyzed direct imine synthesis was tested 

for the gram-scale synthesis of 3aa, and it worked excellently with an expected imine in 78% 

isolated yield after 36 h (Scheme 2B.8). The result implies that the heterogeneous Fe-based 

catalytic system has a potential in the large-scale production of imines under operationally 

simple, environmentally benign conditions. 

 

Scheme 2B.1. Gram-scale synthesis of imine (3aa). 

 

2B.4.4. Mechanistic Investigation 

2B.4.4.1. Determination of hydrogen gas formation 

 

To an oven dried 20 mL screw-capped septa vial, Fe-Phen@C catalyst (86 mg, 8 mol%), t-

BuOK (11 mg, 10 mol%), (4-chlorophenyl)methanol 1a (143 mg, 1 mmol), m-toluidine 2a (125 

mg, 1.1 mmol), and n-octane (4 mL) were added under argon atmosphere. The vial was heated at 
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120 
o
C for 4 h. After cooling to room temperature, the gaseous mixture (formation of hydrogen 

gas) was qualitatively analyzed by GC-TCD with a Carbon plot capillary column. 

 

2B.4.4.2. Reaction under the presence of radical (O•−2) scavenger 

 

To a 25 mL oven dried schlenk tube, Fe-Phen@C catalyst (43 mg, 8 mol%), t-BuOK (6 mg, 10 

mol%), (4-chlorophenyl)methanol (71 mg, 0.5 mmol), m-toluidine (62 mg, 0.55 mmol), 2,6-di-

tert-butyl-4-methylphenol (BHT) (242 mg, 1.1 mmol), and n-octane (2 mL) were added under 

argon atmosphere. The schlenk tube was equipped with a reflux condenser and the solution was 

refluxed under argon atmosphere for 24 h. After cooling to 30 
o
C the reaction mixture was 

subjected to centrifugation and the supernatant was collected and the obtained solid was washed 

with EtOAc (2 x 4 mL) and the washings were collected. The collected reaction mixture was 

concentrated on rotavapor under reduced pressure. The crude product was purified (deactivated 

silica gel column chromatography and the eluvent is a mixture of petroleum ether and ethyl 

acetate) and the yield of (E)-1-(4-chlorophenyl)-N-(m-tolyl)methanimine (3aa) is 85%. 

These experiments (2B.4.4.1 and 2B.4.4.2) reveal that the reaction proceeds only via 

acceptorless dehydrogenation pathway. 

 

2B.4.4.3. Hot filtration test 

To a 25 mL oven dried schlenk tube, Fe-Phen@C catalyst (43 mg, 8 mol%), t-BuOK (6 mg, 10 

mol%), (4-chlorophenyl)methanol 1a (71 mg, 0.5 mmol), m-toluidine 2a (62 mg, 0.55 mmol), 

and n-octane (2 mL) were added under argon atmosphere. The schlenk tube was equipped with a 

reflux condenser, and the solution was heated at 120 
o
C (bath temperature) with stirring under 

open argon flow for 8 h. After cooling to 30 
o
C the catalyst was separated from the reaction 

mixture by an external permanent magnet (at this stage the crude reaction mixture was analyzed 

by GC (67% of 3aa)). Then, the reaction mixture was transferred into another 25 mL oven dried 

schlenk tube under an argon atmosphere and was equipped with a reflux condenser, and the 

solution was heated at 120 
o
C (bath temperature) with stirring under open argon flow for 24 h. 
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After cooling to room temperature, the crude reaction mixture was quantitatively analyzed by 

GC and observed that no change in the yield of 3aa. 

 

2B.4.4.4. Reaction under homogeneous conditions 

 

To a 25 mL oven dried schlenk tube, 8 mol% of Fe salt (iron(III) acetylacetonate or Fe(CO)5) 

and 1,10-phenanthroline (7 mg, 8 mol%) and n-octane (2 mL) were added under argon 

atmosphere. The schlenk tube was equipped with a reflux condenser, and the solution was heated 

at 80 °C under argon atmosphere for 1 h. To the pre-formed Fe-complex, (4-

chlorophenyl)methanol (71 mg, 0.5 mmol), m-toluidine (62 mg, 0.55 mmol), and t-BuOK (6 mg, 

10 mol%) were added under argon atm and heated at 120 °C (bath temperature) for 24 h. After 

cooling to room temperature, the crude reaction mixture was analyzed by GC and observed no 

formation imine.  

Thus, the above experiments (2B.4.4.3 and 2B.4.4.4) clearly showed that the present ADC 

reaction catalyzed by iron is heterogeneous in nature. 

 

2B.4.4.5. Presence of Lewis acid sites 

 

 To a 25 mL oven dried schlenk tube, Fe-Phen@C catalyst (43 mg, 8 mol%), t-BuOK (6 mg, 10 

mol%), 4-chlorobenzaldehyde 4 (71 mg, 0.5 mmol), m-toluidine 2a (62 mg, 0.55 mmol), and n-

octane (2 mL) were added under argon atmosphere. The schlenk tube was equipped with a reflux 

condenser and the solution was refluxed under argon atmosphere for 1.5 h. After cooling to 30 

°C, the crude reaction mixture was analyzed by 
1
H NMR and observed the quantitative formation 

of 3aa. The same result was observed in the absence of t-BuOK.  
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2B.4.4.6. Deuterium labeling studies 

 

This experiment demonstrates that iron catalyst does not only play a role in the initial 

dehydrogenation of alcohol and also play a very critical role in initiation due to presence of 

Lewis acidic sites on the catalyst. However, BET analysis were not performed to to hight weight 

powdered nature. To a 25 mL oven dried schlenk tube, Fe-Phen@C catalyst (86 mg, 8 mol%), t-

BuOK (11 mg, 10 mol%), p-tolylmethanol (62 mg, 0.5 mmol), (4-chlorophenyl)methan-d2-ol-d 

(73 mg, 0.5 mmol), and m-toluidine (138 mg, 1.1 mmol), and n-octane (4 mL) were added under 

argon atmosphere. The schlenk tube was equipped with a reflux condenser and the solution was 

refluxed under argon atmosphere for 22 h. After cooling to 30 °C the reaction mixture was 

subjected to centrifugation and the supernatant was collected and the obtained solid was washed 

with EtOAc (2 x 4 mL) and the washings were collected. The collected reaction mixture was 

concentrated under reduced pressure. The crude product was purified, and the yield of (E)-1-(4-

chlorophenyl)-N-(m-tolyl)methanimine-d and (E)-N-m-tolyl-1-(p-tolyl)methanimine are 69% and 

37% respectively. This result showed that the initial alcohol dehydrogenation is irreversible. 

 

2B.4.4.7. Kinetic study 

Time-dependent experiments on direct imine formation by ADC of alcohols with amines were 

conducted using heterogeneous iron-catalyst to study the reaction kinetics (Figure 2B.1.). 

Continuous sampling was undertaken with the different time intervals, and the conversion of 

alcohol (1a) and yield of imine (3aa) was determined by gas chromatography. Formation of 

aldehyde intermediate was observed during the reaction pathway, along with the desired imine as 

the major product. 
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Figure 2B.1. Reaction profile for the iron-catalyzed formation of 3aa. Reaction conditions: 1a (0.5 mmol), 

2a (0.55 mmol), cat. Fe-Phen@C (8 mol%), t-BuOK (10 mol%), and n-octane (2 mL) heated at 120 
o
C 

(oil-bath temperature) under open argon atm. 

 

2B.4.4.8. Reusability and Heterogeneity 

The significant advantage of heterogeneous catalysts over soluble homogeneous catalysts is its 

capability for easy separation and recycling. The iron catalyst was easily separated from the 

reaction medium under the strong magnetic field, as shown in Figure 2B.2a & 2B.2b. The 

recovered heterogeneous Fe-Phen@C was reused for direct imine synthesis in at least six cycles 

without a considerable loss in the yield (Figure 2B.2a).  The results were within the error limits, 

and indeed, no deactivation of the catalyst was observed. The hot filtration test was carried out, 

and it was observed that no further imine formation (3aa) took place after the catalyst was 

filtered off at the conversion of 1a by 67%. Notably, no imine formation was observed in the 

reaction under complete homogeneous condition (Table 2B.1, entries 12-13) and formation of 

molecular hydrogen was not seen on GC. All these results clearly demonstrate that the present 

Fe-catalysis is truly heterogeneous in nature. 



  Chapter :2 

Part B: Acceptorless dehydrogenative coupling of alcohols and amines 

 

P
ag

e8
8

 

 

 Figure 2B.2. Separation of the catalyst under strong magnetic field a: reaction mixture; b: under 

magnetic field). c: Recovery and reuse of the Fe-Phen@C catalyst. 

 

2B.5. Experimental section 

2B.5.1. General procedure for the iron-catalyzed direct imine formation 

 

To a 25 mL oven dried schlenk tube, Fe-Phen@C catalyst (43 mg, 8 mol%), t-BuOK (10 mol%), 

alcohol (0.5 mmol), an amine (0.55 mmol), and n-octane (2 mL) were added under argon 

atmosphere. The schlenk tube was equipped with a reflux condenser, and the solution was heated 

at 120 
o
C (bath temperature) with stirring under open argon flow for 24 h. After cooling to 30 

o
C 

the catalyst was separated from the reaction mixture by an external permanent magnet and the 

reaction products were analyzed by GC and GC-MS. The supernatant was transferred into 

another flask, and the catalyst was washed with EtOAc (2 x 4 mL) and the washings were 

collected. The solvent was evaporated from the reaction mixture, and the crude product was 

subjected to deactivated silica gel column chromatography using EtOAc: petroleum ether to 

afford the imine derivatives. 
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2B.6. Conclusion 

In summary, a more sustainable iron-catalyzed direct imine formation by acceptorless 

dehydrogenative coupling of alcohols with amines under the oxidant-free condition is reported 

for the first time. The reaction operates under very mild and environmentally benign conditions 

with the liberation of dihydrogen and water as the byproducts. The present catalytic approach 

possesses a dual role; acting as a catalyst as well as can be magnetically separable. The 

recyclability experiments showed that the catalytic activity for imination can be retained for at 

least six cycles. The present strategy has great potential for the straightforward synthesis of 

imines from feedstock chemicals because it tolerates a wide range of substrates with high yields. 

Mechanistic studies showed the reaction proceeds in a tandem manner (via aldehyde formation), 

and deuterium labeling experiments unambiguously illustrated that the initial alcohol 

dehydrogenation step is irreversible. 
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Part A: Reusable Robust Cobalt-Catalyst for Dehydrogenation       

of N-Heterocycles  

3A.1.  Introduction  

N-heteroaromatics are extensively used in the synthesis of natural products, bioactive 

molecules, and pharmaceuticals.
1 

Besides, these molecules show profound applications in 

material science and as LOHCs in fuel cells.
2 

Owing to this, a sustainable catalytic 

approach for their synthesis is highly demanding. Hence, catalytic dehydrogenation 

reaction of partially saturated N-heterocycles to N-aromatics is highly desirable and paid 

much attention in contemporary science.
1-4

 Conventionally, dehydrogenation reactions 

were performed using the stoichiometric amount of strong oxidants such as DDQ, 

peroxides, iodates, chromium (IV) reagents and metal oxides, which often produce excess 

hazardous waste.
5
 An alternative to one of the toxic oxidants, pressurized air or oxygen 

were used as green oxidants. Alternatively, catalytic dehydrogenation can also be 

performed in presence of hydrogen acceptors such as sterically hindered alkenes, and 

ketones. The overall process is redox neutral and does not involve net hydrogen 

evolution; however, the byproduct is the stoichiometric amount of sacrificial organic 

waste.
8-14 

In this context catalytic acceptorless dehydrogenation (ADH) reaction with the 

liberation of hydrogen gas is the preferred and promising route for many synthetic 

transformations. The evolved hydrogen; an energy carrier is valuable in itself.
15

 

Notably, removal of a hydrogen atom from adjacent atomic centers of a saturated organic 

molecule is extremely challenging and thermodynamically uphill process.
16 

Recent DFT 

calculations and experimental results showed that the presence of nitrogen atom in the 

cyclic system makes the dehydrogenation process more feasible by lowering the 

activation energy.
17 

Indeed, it is highly demanding to develop an efficient and robust, 

reusable catalytic system to explore its catalytic performance for the dehydrogenation of 

N-heterocycles.
18-20

 

Significant contributions have been made in transition metal catalyzed ADH reactions by 

various research groups using well-defined metal complexes under homogeneous 

conditions.
21 

Alternatively, heterogeneous catalysis could be a better option over 
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homogeneous catalysis. The significant advantages of heterogeneous catalysis are its 

capability for easy separation from the reaction mixture and durability of recycling for 

several runs. However, many heterogeneous catalytic have been well-documented for the 

oxidative dehydrogenation of N-heterocycles using air or oxygen as oxidant.
22 

Indeed, a 

robust, reusable catalyst for the ADH reaction of N-heterocycles remains an essential goal 

in chemical research. Very recently, our group reported nano iron-catalyzed ADH 

reaction of alcohols and amines (chapter 2A).
23 

In a continuous effort to discover first-row 

transition metal catalysts for sustainable catalysis, we have focused our attention on 

heterogeneous cobalt catalyst.
13 

 Notably, a seminal work involved by the research group 

of Beller and Stahl for the oxidative dehydrogenation of N-heterocycles to N-aromatics 

using air/oxygen as sole oxidant. It is Noteworthy that the activity of non-noble metal 

nanoparticles can be controlled by M:L composition, nature of carbon support, pyrolysis 

temperature and finally the microstructure of the nanomaterial
.13, 23, 24 

Gratifyingly, the 

newly synthesized cobalt nanocatalyst has different microstructure as compared to Beller 

and Stahl's catalysts and superior activity in the ADH of N-heterocycles to N-

heteroarenes. Thus, herein the first cobalt based heterogeneous catalyzed acceptorless 

dehydrogenation of partially saturated N-heterocycles to N-aromatics with the liberation 

of H2 gas is reported. The present nano-catalyst performs excellently with six-run 

recycling test.  

Scheme 3A.1. Overview of the present work. 

 

3A.2.  Statement of the Problem 

The various research group has made significant contributions in ADH reactions using well-

defined noble metal-based complexes under homogeneous conditions. There are limited reports 
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based on first-row transition metal. With respect to homogeneous catalysis main concern is 

multistep synthesized ligands and difficult to reuse the soluble catalyst. Alternatively, 

heterogeneous catalysis could be a better option over homogeneous catalysis. However, mostly 

heterogeneous catalytic have been well-documented for the oxidative dehydrogenation of N-

heterocycles using air or oxygen as oxidant.
 
Indeed, there is an urgent need of a robust, reusable 

catalyst for the ADH reaction of N-heterocycles in chemical research.  

3A.3. Catalyst Synthesis and Characterization 

3A.3.1. Synthesis of Co-Phen@C 

The active heterogeneous cobalt catalyst for ADH of 1a was synthesized by our previously 

reported pyrolysis technique.
23

 In a 100 mL beaker Co(II) acetylacetonate precursor (0.5 mmol) 

and 1,10-phenanthroline ligand (0.5 mmol) were dissolved in 30 mL of ethanol and sonicated for 

2 h to form Co-Phenanthroline complex. In another 250 mL, beaker 560 mg of EGO
 
support was 

taken in 70 mL of ethanol and sonicated for 2 h. The above-obtained EGO suspension and Co-

phenanthroline complex solution were mixed together in 250 mL beaker and further sonicated 

for 2 h. The suspension was refluxed at 85
o
C for 4 h and after cooling down to room temperature 

ethanol was evaporated in vacuum. The solid sample obtained was dried at 80 
o
C for 14 h. Then, 

it was ground to a fine powder followed by calcination at 800 
o
C under a stream of argon with 

the flow rate of 30 mL/min and the heating rate: 25
 o

C/min for about 4 h to obtain a catalyst Co-

Phen@C.  

For the synthesis of other conventional based supports (SiO2, TiO2, Al2O3) synthesis of 

CoNSiO2, CoNTiO2 and CoNAl2O3 catalysts were done using 560 mg of the respective support. 

Other steps in the synthesis were identical as per explained in the synthesis of Co-Phen@C. 

Scheme 3A.2. Synthesis procedure of Co-Phen@C catalyst. 
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3A.3.2. Catalyst Characterization 

The Co-Phen@C catalytic material has been characterized thoroughly using PXRD, TEM, SEM, 

XPS, ICP and Raman spectroscopy analysis. 

3A.3.2.1. Powder X-ray Diffraction  

 The catalyst Co-Phen@C was comprehensively characterized using several tools 

including XRD, TEM, XPS, ICP-AES, Raman spectroscopy, HRTEM and elemental 

mapping. In powder X-ray diffraction (PXRD) pattern a broad peak at 2 = 26.5 degree confirm 

the presence of carbon. The PXRD data displays that Co-Phen@C catalyst contains Co3C, Co2N, 

Co3O4 and Co phases (Figure 3A.1). The sharp peak at 31.4 and 36.6, 56.1 dehree fits to Co3O4 

(JCPDS no 80-1541), peaks at 44.2, 51.5, 74.7 degree belongs to metallic cobalt (JCPDS no 15-

0806). Also the peaks at 45.1, 56.1, 75.8 degree fits to Co3C (JCPDS no-26-0450), 34.0 degree 

assigned to CoO (JCPDS no 75-0419), and a peak at 42.5 degree belongs to Co2N (JCPDS no 

72-1368). Notably, the PXRD peaks of Co3C were slightly shifted to the higher angle which can 

be ascribed to lattice shrinkage and comparable to literature.
12

 In the active catalyst, Co3C and 

Co2N phases were present which is in accordance with the incorporation of N and C rich ligand 

in the catalytic system and decomposes in the proximity of metal atoms that aggregate to form 

cobalt carbide and cobalt nitride nanoparticles. 

 

Figure 3A.1. PXRD spectra of Co-Phen@C material with indices of peaks pattern of Co, Co2N, Co3C, 

Co3O4, CoO, and graphite. 
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3A.3.2.2. SEM and TEM images 

The microstructure and EDAX pattern of Co-Phen@C catalyst was analyzed using 

transmission electron microscopy (TEM). The TEM images (Figure 3A.2a, 3A.2.b.) of 

the Co-Phen@C catalyst shows that cobalt nanoparticles were supported and distributed 

throughout the graphene sheets and having a size in the range of 10-50 nm. Nonetheless, 

the majority of the nanoparticles were in the range of 20-30 nm as shown in the 

histogram. 

The SEM, TEM, and HRTEM clearly support that most of the nanoparticles were 

spherical and well distributed on graphene (Figure 3A.2).  

In the HRTEM image (Figure 3A.2.c), lattice distance of 2.10 Å corresponds to the (111) 

crystal plane of Co2N, 4.68 Å corresponds to 111 plane of Co3O4. However, this phase is 

not seen in PXRD due to low-intensity. The lattice distance of 2.04 Å corresponds to the 

d spacing of (111) plane of metallic cobalt phase, and 2.82 Å corresponds to the d spacing 

of (220) plane of Co3O4. The HRTEM image clarifies that center of the nanoparticles 

mainly consists of metallic cobalt and cobalt nitride while at the ambient conditions the 

surface of the nanoparticles got oxidized to cobalt oxides.  

 

Figure 3A.2. TEM image of Co-Phen@C catalyst (a-b) and elemental mapping showing C, O, N, Co and 

C, N, Co, and O together (d to i) elemental mapping. HRTEM image of Co-Phen@C catalyst (c) (red 

marked image). 
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Furthermore, high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) mode supports the distribution of Co nanoparticles across the graphene 

(Figure 3A.2.d-i). To verify the crystalline nature of the nanoparticles the selected area 

electron diffraction (SAED) patterns were obtained for the Co-Phen@C catalyst (Figure 

3A.3). The ring-like diffraction pattern in SAED image indicates that the particles are 

partially crystalline. The bright ring arises due to reflection from (111) plane of Co2N and 

(232) plane of Co3C which are supported by the PXRD results.   

Figure 3A.3. SAED patterns Co-Phen@C catalyst. 

3A.3.2.3. XPS analysis 

Furthermore, XPS characterizations were conducted to analyze the elemental composition 

as well as the valence states of the Co-Phen@C catalyst. The survey spectra of the 

catalyst shows, carbon (94.7%), nitrogen (1.2%), oxygen (3.8%) and cobalt (0.4%). The 

high resolution XPS spectra of catalyst in C1s region can be deconvoluted in four peaks 

constituents with binding energy 284.7, 285.9, 286.9 and 287.7 eV corresponding to C-C 

sp
2
, C-C sp

3
, C–O, and C=O type of carbons with individual atomic % of 84.61, 11.70, 

2.89 and 0.80, showing the graphitic nature of carbon material (Figure 3A.4.a).
19

 The 

appearance of specific N1s peak component at 399.6 and 402.6 eV confirms the existence 

of pyrrolic N, and graphitic N in the catalyst (Figure 3A.4.b). 

The deconvoluted O1s spectrum in (Figure 3A.6 c) shows three photoelectron peaks fitted 

at 530.4, 531.9 and 533.6 eV with an atomic concentration of 15.57%, 28.46%, and 

55.98% were attributed to oxygen in hydroxide ions and the oxygen of surface-adsorbed 

anion correspondingly.
20

 The two peaks Co 2p3/2 and Co 2p1/2 positioned at 780.63 and 

795.98 eV in the Co 2p spectrum in (Figure 3A.4.d) are attended by two projecting shake-
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up satellite peaks (786.2 and 800.3 eV) which noticeably validate the presence of the CoO 

phase. 

 

Figure 3A.4. High-resolution XPS spectra of Co-Phen@C catalyst (a) C1s, (b) N1s, (c) O1s, and 

(d) Co2p region. 

3A.3.2.4. EDX analysis 

 The presence of Co and N was further confirmed by the Energy-Dispersive X-ray 

spectroscopy (EDAX) spectrum Figure 3A.5 taken in the area shown in Figure 3A.2a of 

the TEM image, and determined to be 4.57 % Co, 4.79 % N, 3.25 % O, and 86.5 % C. 

The content was also determined by CHN analysis and revealed an atomic ratio of C, H, 

N, are 76.3%, 1.2%, and 1.46%, respectively and well matches with the EDAX analysis. 

To determine the cobalt content of Co-Phen@C, inductively coupled plasma optical 

emission spectrometry (ICP-AES) was performed and found to be 4.3 wt%. 
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Figure 3A.5. EDX analysis of Co-Phen@C catalyst. 

Table 3A.1 showing the weight percent of different elements in the Co-Phen@C  

Element Weight % Atomic % Uncert. % Correction k-Factor 

C(K)    86.52 91.41 0.41 0.26     3.940 

N(K) 4.79 4.34 0.12 0.26 3.826 

O(K) 4.10 3.25 0.07 0.49 1.974 

Co(K) 4.57 0.98 0.05 0.99 1.403 

 

3A.3.2.5. Raman analysis 

Raman spectrum of Co-Phen@C Figure 3A.6 clearly shows the D and G bands at 1328 cm
-1

, 

1594 cm
-1

, respectively. The first characteristic D band is due to vibration mode of A1g symmetry 

of the sp
2
 carbon of graphite lattice, and G band appears due to the first-order scattering of the 

E2g observed for sp
2
 carbon domains. The G band represents the highly ordered graphite carbon 

materials. The ID/IG was found to be 1.12 which shows an increase in the disorderliness of 

graphene due to deposition of cobalt nanoparticles in Co-Phen@C. 

Figure 3A.6 Raman spectra of Co-Phen@C  
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3A.4. Result and Discussion 

3A.4.1. Optimization table 

After complete characterization of Co-Phen@C, we have investigated the catalytic activity for 

ADH reaction and N-heterocycles. We have chosen 1,2,3,4-tetrahydroquinoline (1a) as the 

model substrate for the ADH reaction and studied the effect of each component (catalysts, 

solvents, and bases) to find the optimal conditions (Table 3A.2). After careful screening, we 

found that substrate 1a in presence of catalytic amount of Co-Phen@C, and the catalytic amount 

of t-BuOK under argon atm gave the dehydrogenated product 2a in 93% isolated yield (Table 

3A.2, entry 1).  

 

Table 3A.2. Optimization of the reaction conditions
a 

 
a
Reaction conditions: 1a (0.50 mmol), cat. Co-Phen@C (6 mol%), t-BuOK (4 mol%) and n-decane (2 

mL) heated at reflux for 36 h under open argon atm. 
b
Yields of 2a and the conversion of 1a are based on 

GC using m-xylene as an internal standard. 
c
Yields are in parentheses are based on the isolated yields. 

d
Reaction under homogeneous condition using in-situ generated Co-catalyst by reacting 1:1 mixture of 

Co-salt and 1,10-phenanthroline (Phen) followed by treatment with t-BuOK (4 mol%). 
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Notably, the generation of hydrogen gas was qualitative analysis on GC analysis. Under similar 

catalytic conditions in a closed system, a poor yield of 2a (41% yield) was obtained and the 

result suggests the necessity of removal of hydrogen gas from the catalytic system (Table 3A.2, 

entry 2). The base t-BuOK was found to the optimal base for this catalytic transformation. Thus, 

the reaction in absence of t-BuOK or with other bases such as K2CO3 or KOH resulted in a 

moderate yield of 2a. We firmly believe that the strong base t-BuOK accelerates the substrate 

binding to the catalyst surface by activating the N-H bond.  

Notably, control experiments indicated that there is no involvement of radical type mechanism 

(Table 3A.1, entries 3-5). However, previously reported Beller and Stahl‘s work to follow radical 

mechanism. From a variety of solvents screened, n-decane was found to be optimal for this ADH 

reaction (Table 3A.1, entries 1, 6-7). At lower reaction temperature, the product yield decreased 

drastically; hence, the temperature at reflux is essential for this transformation (Table 3A.1, entry 

8). When the reaction was carried out in absence of Co-Phen@C there is no formation of 2a was 

observed (Table 3A.1, entry 9). Gratifyingly, heterogeneous Co-catalytic systems, including 

Beller and Stahl’s catalysts gave unsatisfactory results under our optimized conditions (Table 

3A.1, entries 9-19). These experiments show the robustness of the present catalytic system for 

the ADH reaction of 1a. 

 

Table 3A.3. Showing the conversion of 1,2,3,4- tetrahydroqinoline and selectivity of quinoline 

products using different Co based catalysts in pure phases. 

Entry Catalyst  

(8 mol%) 

Conversion  

(%) 

Selectivity 

(%) 

1 Co-Phen@C 98 96 

2 Co3O4 13 73 

3 CoO 8 60 

4 CoxN 5 80 

5 CoxC 6 75 
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3A.4.2. Substrate scope of N-heterocycles 

With the optimized reaction conditions in hand, next we have investigated the scope of various 

partially saturated N-heterocycles (Table 3A.4). Various tetrahydroquinolines with electron-rich 

and electron-deficient substituents afforded the corresponding dehydrogenated products in good 

to excellent yields under optimized conditions.  

 

 Table 3A.4. Cobalt-catalyzed direct quinoline synthesis via ADH: Scope of 

tetrahydroquinolines.
a 

 
a
Reaction conditions: 1a-k (0.50 mmol), cat. Co-Phen@C (6 mol%), t-BuOK (4 mol%), and n-decane (2 

mL) heated at reflux for 36 h under open argon atm. 
b
Based on GC. 

c
Isolated yields of two independent 

experiments. 
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Under standard conditions, the substituted THQ 1a afforded the dehydrogenated product 2a in 

93% isolated yield (Table 3A.1, entry 1) and THQs with electron-donating groups such as -Me, -

OMe gave the desired products 2b-2e in excellent yields of up to 97% (Table 3A.2, entries 2-5). 

Notably, the substrate 1f with a phenolic group (Ar-OH) underwent ADH reaction smoothly and 

gave the expected product 2f in 98% of isolated yield (Table 3A.4, entry 6). Similarly, substrates 

such as 6-FTHQ, 6-BrTHQ, and 7-NO2THQ having electron-deficient groups were well 

tolerated and smoothly underwent the dehydrogenation to offer the N-aromatics in excellent 

yields (up to 95%) with the liberation of H2 gas (Table 3A.4, entries 7-9).  

However, the 2-aryl substituted THQ derivatives 1j and 1k gave moderate yields under 

optimized conditions due to a weak N-adsorption of the sterically hindered substrate on the 

catalyst surface (Table 3A.4, entries 10-11). The present catalytic system is superior to the iron-

based catalytic system.  

 

Table 3A.5. Cobalt-catalyzed indole synthesis via ADH: Scope of indolines.
a
 

a
Reaction conditions: 3a-g (0.50 mmol), cat. Co-Phen@C (6mol%), t-BuOK (4mol%), and n-decane (2 

mL) heated at reflux for 24 h under open argon atm. 
b
Based on GC. 

c
Isolated yields. 

 

Next, the scope of the ADH strategy was successfully applied for the direct synthesis of indole 

derivatives (Table 3A.3), a class of highly important pharmaceutically and biologically active 
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motif. It was found that the electronic nature of the substrates has no significant effect on the 

ADH reaction under our cobalt catalyzed conditions. The unsubstituted indoline 3a and 

dihydroazaindole 3b gave an excellent yield of the corresponding dehydrogenated products 4a 

and 4b in 98% and 90%, respectively (Table 3A.3 entries 1-2). The electron-rich indolines with -

Me or -OMe gave the desired products 4c in 93% and 4d in 92% yields (Table 3A.3 entries 3-4). 

The substrate 3e with an electron-deficient ester group gave 4e in 88% isolated yield (Table 3A.3 

entry 5). Notably, substrates with sensitive functional groups such as 3f with an acid group and 

3g with -Br underwent ADH reaction smoothly and gave the expected products in very good 

yields (Table 3A.3 entries 6-7). 

 

Table 3A.6. Cobalt-catalyzed ADH reaction: Scope of other N-heterocycles
a
 

 
a
Reaction conditions: 5a-h (0.50 mmol), cat. Co-Phen@C (6mol%), t-BuOK (4mol%), and n-decane (2 

mL) heated at reflux for 24 h under open argon atm. 
b
Based on GC. 

C
Isolated yields. 
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Inspired by the excellent results obtained for THQs and indolines, the present heterogeneous Co-

catalyzed ADH protocol was successfully applied for the synthesis of other N- heteroaromatics 

such as isoquinoline 6a, anthracene 6b, benzo[h]quinoline 6c and good to excellent yields were 

obtained under the optimal conditions (Table 4 entries 1-3). Interestingly, the sterically hindered 

2-aryl substituted tetrahydroquinoxalines 5d also underwent ADH reaction under standard 

conditions and gave the dehydrogenated product in excellent isolated yields (products 6e in 96%, 

6f in 91% and 6g in 94% yields). Interestingly, 2-alkyl substituted tetrahydro-quinazolines 5h 

with a hexyl group at second position underwent catalytic dehydrogenation smoothly and gave 

6h in 96% yield. 

 

3A.4.3. Mechanistic Investigation 

3A.4.3.1. Determination of hydrogen gas formation  

The hydrogen gas was quantified by using the dual catalysis ana volumetric water displacement 

technique (see chapter 2A). 

 

3A.4.3.2. Reaction under the presence of radical (O·
−2

) scavenger 

 To get insight into the mechanism, several control experiments were carried out. 

The presence of radical scavengers does not affect the reactivity of catalyst, and the 

dehydrogenated product 2a was isolated in 86% yield. This result ruled out a possibility 

of the radical mechanism. In addition, a partially dehydrogenated product 1a’ subjected to 

standard conditions to lead to 2a in 95% isolated yield. This result indicates that the ADH 

reaction proceeds via the intermediate 1a’ which further undergoes intermediate reaction 

and lead to partially hydrogenated NH intermediate and subsequent dehydrogenation to 

give 2a. When N-protected substrate 9 and substrate 10 without N-H and an α-H, 

respectively subjected to optimized reaction conditions, no dehydrogenated product was 

formed. These experiments suggest that a proton on N-atom and the α-H of the C-2 

position of the cyclic system are crucial for this reaction. 

Based on the above results we propose that the amine 1a will bind to the cobalt surface 

through nitrogen center. This substrate binding is accelerated by t-BuOK. Then, the 

substrate 1a undergoes dehydrogenation reaction to give the intermediate 1a’ with the 
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liberation of one mole of hydrogen. The intermediate 1a’ may undergo isomerization to 

provide intermediate 1a”, and subsequent dehydrogenation process will lead to the 

complete dehydrogenated product 2a. The formation of H2 gas in the Co-Phen@C 

catalyzed the direct synthesis of quinoline was qualitatively observed in gas 

chromatography and also quantified. 

 

Scheme 3A.3 Control experiments. 

3A.4.3.3. Recyclability of the catalyst 

The Co-Phen@C catalyst was easily separated from the reaction medium and reused at 

least for five cycles without a considerable loss in its activity (Figure 3A.7). This suggests 

that the catalyst is highly robust and does not undergo deactivation during catalysis.  
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Figure 3A.7 Recyclability of the Co-Phen@C catalyst. 

3A.5. Experimental section 

3A.5.1. General procedure for the acceptorless dehydrogenation of N-heterocycles 

 

To an oven dried schlenk tube (25 mL), Cat. Co-Phen@C catalyst (28 mg, 6 mol%), t-BuOK (4 

mol%), N-heterocycles (0.5 mmol), n-decane (2 mL) were added under argon atmosphere. The 

solution was refluxed with stirring under open argon flow for 24-36 h. After cooling down the 

reaction mixture to room temperature the catalyst was separated from the reaction mixture by 

centrifugation and the reaction mixture was analyzed by GC and GC-MS. The supernatant was 

transferred to another flask, and the catalyst was washed with EtOAc (2 x 4 mL) and the 

washings were collected. The solvent was evaporated from the reaction mixture, and the crude 

product was subjected to silica gel column chromatography using EtOAc: petroleum ether to 

afford the product. 

3A.6 Conclusion 

In summary, we have developed highly efficient, robust and reusable cobalt based nanocatalyst 

for catalytic dehydrogenation of various N-heterocycles for the first time. Interestingly compared 

to previously known heterogeneous catalysts, the present catalytic material has a different 

microstructure and operates under ADH conditions with the liberation of hydrogen gas. The 

synthetic utility of this reaction is demonstrated explicitly to pharmaceutically relevant 

molecules. 
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Part B: Cobalt-based nanocatalyst for selective transfer 

hydrogenation of alkynes 

3B.1. Introduction  

Development of efficient and selective catalytic system for chemical synthesis is of great 

demand and fuels the efforts of the present scientific community. In this context, the synthesis of 

olefins in a stereoselective manner is extremely important and has manifold applications in 

pharmaceuticals, petrochemical, and fragrance industry.
1 

The reduction of alkynes to 

stereoselective olefins with circumventing the formation of the over-reduced alkane is very 

challenging.
2
 The semihydrogenation  of alkynes to Z-selective alkenes found by Lindlar was a 

significant milestone in the field of catalytic hydrogenation reactions. However, the need for 

expensive palladium and toxic additives are the potential concern.
3
 Various noble metal (Pd, Ru, 

Au) based catalysts have been studied for the semihydrogenation  of alkynes.
4-5

 The high cost 

and limited reserve of precious metal catalysts impede their large-scale industrial application. As 

a consequence, the catalytic system based on bio-relevant, cheap metals is highly preferable and 

demanding.
6 

In recent times, the earth-abundant, non-precious metal-based homogeneous 

catalysts; in particular, molecularly-defined cobalt complexes have paid much attention in 

contemporary science.
7 

Continuous efforts have been made for the stereoselective 

semihydrogenation  of alkynes using both homogeneous
8-9

 and heterogeneous cobalt-based 

catalysts under a high pressure of H2.
10-11

 The significant advantage of heterogeneous catalysts 

over soluble homogeneous catalysts is its capability for easy separation and recycling; however, 

structurally less understood.
12 

Very recently, Beller and co-workers reported a heterogeneous 

cobalt catalyst on silica support for semihydrogenation  of alkynes at a 30 bar of H2 pressure.
10 

Of late, carbon-based support has paid much attention to material science and electrocatalysis 

due to its conductive nature, microporous structure, and high stability. Nitrogen-containing 

carbon materials are known to alter the individual physical and catalytic properties of metal 

nanoparticles.
13 

Consequently, metal nanoparticles deposited on N-doped carbon material has 

emerged as a fascinating catalyst in the Fischer-Tropsch process, and electrocatalytic H2 

generation, and various sustainable organic transformations.
14 

Recent computational studies 

illustrate that the N-doping can improve the stability of metal nanoparticles and can influence the 
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active sites for the nucleation and growth of the metal nanoparticles.
15  

Importantly, the activity 

of these catalysts can be controlled by composition and the microstructure of the nanomaterial. 

In our previous work (chapter 2), we have synthesized iron-based nanocatalyst obtained by 

thermally pyrolyzing the molecular iron-complex deposited on exfoliated graphene oxide for the 

acceptorless dehydrogenation reaction.
16 

In recent times, reusable cobalt-based heterogeneous 

catalysts have paid much attention in the hydrogenation reactions.
17

 Inspired by these excellent 

outcome, the similar synthetic strategy was applied for the synthesis of cobalt nanoparticles 

deposited on graphene oxide support and displayed excellent catalytic activity for the 

semihydrogenation of alkynes with high product selectivity (Scheme 3B.1).  

 

Scheme 3B.1.Cobalt-catalyzedsemihydrogenation of alkyne. 

Notably, the newly synthesized cobalt nanoparticle on nitrogen-doped graphene (Co-Phen@G) 

has unique nanostructure. The present reusable cobalt-based catalytic system is operationally 

simple, and effectively catalyzed semihydrogenation of internal alkynes to the corresponding Z-

alkenes, and terminal alkynes to linear α-olefins using ammonia borane (AB) as the transfer 

hydrogenating source.
18

 

 

3B.2.  Statement of the Problem 

The stereoselective semi-hydrogenation of alkynes under mild conditions is a great challenge. 

The reduction of alkynes into stereoselective olefins and avoid the formation of over reduced 

alkane is very challenging. The contiguous effort has been made for synthesis of olefins using 

homogeneous and heterogeneous catalysis using H2 at the high pressure. Herein, There  is a 
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urgent need of catalytic system which is operationally simple, mild, and highly cis-selective 

hydrogenation of alkynes and terminal alkyne. Ammonia-borane (AB) has the advantages of 

high hydrogen content (19.6 wt.%), low molecular weight and high stability in solutions. It can 

be safely transported without hydrogen loss, thus making it a highly promising alternative for 

chemical hydrogen storage material.
 
Herein, we report an operationally simple, mild, and highly 

cis-selective hydrogenation of alkynes and terminal alkyne, applying a reusable cobalt 

heterogenous catalyst deposited on graphene.  

 

3A.3 Catalyst Synthesis and Characterization 

See chapter 3a. The catalyst represents here Co-phen@G is same as mentioned in chapter 3A 

(Co-phen@C). 

3B.4.  Result and Discussion 

3B.4.1. Optimization table 

Optimization studies on Co-phen@G catalyzed semihydrogenation  of alkynes to alkenes are 

summarized in Table 1. We began our investigation using diphenylacetylene (1a) as the 

benchmark substrate. In presence of catalytic amount Co-Phen@G and AB as a transfer 

hydrogen source, 1a was selectively hydrogenated to 2a in 93% isolated yield (only Z-

selectively) with a complete conversion of 1a (Table 3B.1, entry 1). The other conventional 

supports such as Al2O3, and SiO2 gave unsatisfactory results (Table 3B.1, entries 2-3). To know 

the effect of ligand the cobalt salt (without 1,10-phenanthroline) was deposited on graphene and 

tested its reactivity under standard conditions. Notably, both Phen@G and Co@G failed to yield 

the product 2a, and the starting material 1a was fully recovered. This result indicates that the 

importance and the role of Co:L (L:1,10-phenanthroline) for the semihydrogenation  reaction 

(Table 3B.1, entries 4-5. However, the Co-phen@G catalyst with 1,10-phenanthroline ligand was 

optimal catalyst under standard reaction conditions and gave excellent reactivity in the 

semihydrogenation  of 1a. The control experiment revealed that there was no formation of 2a in 

the absence of a catalyst (Table 3B.1, entry 6). In addition, no reaction occurred in the absence of 

AB (Table 3B.1, entry 7). It was observed that the reaction proceeded efficiently in methanol. 
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Table 3B.1.Optimization of the reaction conditions.
a
 

 
a 

Reaction conditions: 1a (0.25 mmol), AB (0.5 mmol), cat. Co-Phen@G (8 mol%) and MeOH (2 mL) 

heated at 100 
o
C (oil-bath temperature) for 36 h under open argon atm. 

b 
Conversion of 1a and yield of 2a 

are based on GC. 
c 
Isolated yields. 

 

3B.4.2. Substrate scope of alkynes 

With optimized reaction conditions in hand, the present cobalt-catalyzed semihydrogenation  of 

alkynes was then deployed in the synthesis of a diverse Z-alkenes, and the results are 

summarized in Table 3B.2. The symmetrical alkynes pertaining electron-donating, and electron-

withdrawing groups underwent Z-selectivity partial hydrogenation smoothly and resulted in the 

products 2b in 44% and 2c in 66% isolated yields with complete Z-selectivity. The 

unsymmetrical alkynes containing electron-donating, electron-withdrawing groups and 

heterocyclic motifs also underwent semihydrogenation  with excellent Z-selectively. A strong 

electron withdrawing disubstituted trifluoromethyl unsymmetrical alkyne (1g) was 

hydrogenated, and the Z-alkene 2g was produced in 99% yield with 1:1 Z/E ratio. Various 

reducible functional groups such as cyano (1h and 1i), an ester (1j) were well tolerated under the 

standard reaction conditions and yielded the corresponding semi-hydrogenated Z-selective 

alkene in excellent (82-99%) yields. In classical homogeneous conditions, the alkyne-containing 

heterocyclic motifs challenging to hydrogenate due to strong coordination of heteroatom with the 

metal center and thus leads to a low yield of the desired product. 
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Table 3B.2. The scope of internal alkynes.
a
 

 

a
Reaction conditions: 1 (0.5 mmol), AB (0.6mmol), and 8.0 mol % of Co-phen@G in 2 mL of MeOH at 

100 °C (oil-bath temperature) for 36 h and GC yields of alkenes with Z/E ratios are shown (The GC yields 

are the average of the two independent experiments).
b
Isolated yield. 

c1
H NMR of the reaction mixture. 

However, the heterocyclic ring containing pyridine (1k) and thiophene (1l) alkynes proceeded 

smoothly under the present cobalt-catalyzed conditions and yielded the corresponding semi-

hydrogenated products in 77% (Z:E=1:1), and 77% (Z:E=9:1) yields, respectively. Interestingly, 

acyclic aliphatic alkynes pertaining ester (1m), hydroxyl (1n), trimethylsilane (1o), and ester 

(1p) group were well-tolerated and gave the semi-hydrogenated products in good yields (up to 
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99%). Furthermore, unactivated alkynes such as 4-octyne (1r) efficiently progressed and 

converted to the corresponding alkene in 84% yield with excellent a Z/E selectivity. Thus, the 

present catalytic reaction operates under mild, neutral conditions, with no additives being 

required. 

Table 3.B.2 Scope of internal alkynes.
a
 

a
Reaction conditions: 1 (0.5 mmol), AB (0.6 mmol), and 8.0 mol% of Co-phen@G in 2 mL of MeOH at 

100 °C for 36 h. 

Gratifyingly, we have extended our catalytic system to terminal alkynes (Table 3B.3). The 

substituted terminal alkynes such as methoxy, methyl, fluoro, and chloro were smoothly 

proceeded transfer hydrogenation and afforded the corresponding alkenes in moderate to good 

yields under optimal conditions (52-98%). The unactivated aliphatic terminal alkyne 4f 

underwent partial hydrogenation smoothly and resulted in the corresponding linear α-olefin in 

70% yield. In most of the cases, no alkane (or a trace amount) formation was detected. 

3B.4.3. Application of semihydrogenation  

Next, we have explored the potential applications of our current catalytic system in the fine 

chemical industry. In general, selective removal of alkyne impurities from alkenes is crucial for 

the valorization of bulk feedstocks, e.g., steam cracking process.
19

 Hence, the development of a 

robust and economical catalytic approach for the selective conversion of the alkyne impurities to 

alkenes is very important and demanding. In this content, we have carried out the reaction using 

an excess of alkene in the presence of alkyne under optimized conditions. It was observed that 

the present cobalt-based catalytic system selectively hydrogenated the internal alkynes and thus, 

the high purity of α-olefins was obtained (Scheme 3B.2a). In addition, we have carried out the 
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reaction with a mixture of phenylacetylene, cis-stilbene, and trans-stilbene under standard 

reaction conditions (Scheme 3B.2b). Interestingly, only phenylacetylene underwent 

hydrogenation, and this result demonstrates the potential application of our present system in 

organic synthesis and purification of alkenes in the chemical industry. 

Scheme 3B.2. Applications in selective removal of alkyne impurities from an alkene. 

 

3B.4.4. Mechanistic Investigation 

To gain insights into the reaction mechanism, several control experiments, and labelling  

studies were carried out under standard reaction conditions (Scheme 3B.3). Under 

standard reaction conditions, the formation of B(OMe)3, B-N bonded compounds, and the 

generation of hydrogen was observed. The reaction was carried out using CD3OD as a 

solvent, and it was found that 50% deuterium was incorporated in the product 2b (
1
H 

NMR) which revealed that the proto-demetallation of alkenyl cobalt intermediate 

occurred in the presence of MeOH (Scheme 3B.3b). Controlled experiments also showed 

that there was no Z to E isomerization observed in the absence AB (Scheme 3B.3c). 
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Scheme 3B.3. Mechanistic study 

Determination of the dehydrogenation product of ammonia-borane 
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Figure 3B.1. 
11

B NMR of the crude reaction mixture. 
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Figure 3B.2. 
1
H NMR of [D]-2a. 

3B.4.1.Kinetic Studies  

 

Figure 3B.3 (a) Reaction profile for the cobalt-catalyzed formation of 2a, (b) Competitive experiment for 

the cobalt-catalyzed formation of 4-methyl styrene (5c). 
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Time-dependent experiments on the reduction of an alkyne with AB were conducted using 

heterogeneous cobalt-catalyst to study the reaction kinetics further confirms there was no Z to E 

isomerization under optimal conditions (Figure 3B.3).  

3B.4.4.2. Recyclability of the catalyst 

The stability of Co-Phen@G catalyst was tested for the model reaction. After completion of the 

reaction, the catalyst was easily separated from the reaction medium by simple filtration and the 

recovered Co-phen@G was reused for semihydrogenation of 1a in at least six cycles without a 

considerable loss in the yield/selectivity (Figure 3B.4). The hot filtration test demonstrates that 

no further hydrogenation took place after the catalyst was filtered off at the conversion of 1a in 

46%. Inductively coupled plasma (ICP) analysis performed from the supernatant after 5
th 

cycle 

confirmed that the cobalt concentration in the filtrate was less than 0.18 ppm. 

 

Figure 3B.4. Recyclability of the Co-Phen@C catalyst 

3B.5.Experimental section 

3B.5.1. General Procedure for Z selective semihydrogenation  of internal alkynes 
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To an oven-dried 10 mL screw-capped vial, alkyne1 (0.5mmol), ammonia-borane (0.6mmol), 

Co-Phen@C catalyst (8mol%), and methanol(1 mL) were added under a gentle stream of argon. 

The mixture was stirred for 36 h at 100 °C (bath temperature) followed by cooling to room 

temperature. The mixture was filtered through a celite pad with several washings (3 x 3 mL 

dichloromethane) and concentrated in vacuo. The yield of alkene was determined by GC. 

3B.5.2. General Procedure for semihydrogenation  of terminal alkynes 

 

To an oven-dried 10 mL screw-capped vial, terminal alkyne 4 (0.5 mmol), ammonia-borane (0.6 

mmol), Co-Phen@C catalyst (8 mol%), and methanol(1 mL) were added under a gentle stream 

of argon. The mixture was stirred for 18 h at 100 °C (bath temperature) followed by cooling to 

room temperature. The mixture was filtered through a celite pad with several washings (3 x 3 mL 

dichloromethane) and concentrated in vacuo. The yield of alkene was determined by GC. 

3B.6. Conclusion 

In conclusion, a catalytic semihydrogenation of alkynes to configurationally defined Z-

alkenes is described using reusable cobalt nanocatalyst. The catalyst is also effective for 

partial hydrogenation of terminal alkynes to linear α-olefins. The reaction operates under 

mild, neutral conditions, with no additives being required. This nanocatalyst performs 

outstandingly with a six-run recycling test. Notably, the newly synthesized cobalt 

nanocatalyst has unique nanostructure as compared to the literature catalysts. 
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4. 1.  Introduction  

Aromatic amines serve as industrially important intermediates and play a key role in 

agrochemicals, biorenewable chemicals, pharmaceuticals, and fine chemicals.
1 

The significant 

growth has been devoted for hydrogenation of nitroarenes to anilines by precious-metal based 

catalysts, but lack of selectivity and functional group tolerance. In recent times, earth-abundant, 

non-noble-metal based catalysts have shown promising catalytic performance for hydrogenation 

reactions and paid considerable momentum in contemporary science.
2 

The high pressure of H2 

gas mainly used for hydrogenation of polar or non-polar compounds but for safety issue 

nowadays transfers hydrogenation or auto-transfer hydrogenation had received much attention, 

in which the in situ generated hydrogen can be utilized for reduction process.
3
 Nevertheless, 

remarkable progress has been made in the area of transfer hydrogenation by using heterogeneous 

nickel, cobalt, and iron catalysts.
4 

However, the use of the catalytic system based on manganese, 

the third most abundant after iron and titanium in the earth crust is very limited and rather 

scared.
5 

Very recently, Beller and Kirchner independently reported a homogeneous well-defined 

Mn(I)-pincer complex catalyzed N-alkylation of alcohols and heterocyclic formation via 

borrowing hydrogen strategy.
6 

Ammonia borane (AB) the advantages of high hydrogen content (19.6 wt.%), low molecular 

weight and high stability in solutions, stable material that can be safely transported without 

hydrogen loss making it a highly promising alternative for chemical hydrogen storage material.
7
 

In the last few years, cobalt and iron nanoparticle catalysts, which are easy to handle and 

separable have been developed for AB dehydrogenation.
7  

To the best our knowledge there is no 

report on dehydrogenation of AB as well as chemoselective reduction of nitroarenes to anilines 

under heterogeneous conditions. Here, we report the preparation of a novel reusable nitrogen-

doped manganese-based nanocatalyst (Mn–Phen@G) and its catalytic activity in the tandem 

dehydrogenation of AB and hydrogenation of nitroarenes under very mild, and benign, 

conditions. The reaction is general and tolerates various reducible functional groups such as 

methoxy, halides, esters, nitrile, acids, amides, and olefinic motifs. 
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Scheme 4.1. Transfer hydrogenation of nitroarenes to anilines. 

4.2 Statement of problem 

From the above-mentioned literature, it is clear that the dehydrogenation of AB, as well as 

chemoselective reduction of nitroarenes to anilines either under homogeneous or heterogeneous 

conditions, are in the primary stage of development. There is no single report based on 

manganese for the transfer hydrogenation of nitroarenes. Here, we report the preparation of a 

novel reusable nitrogen-doped manganese-based nanocatalyst (Mn-Phen@G) and its catalytic 

activity in the tandem dehydrogenation of AB and hydrogenation of nitroarenes under very mild, 

benign, additive free conditions. The reaction is general and tolerates various reducible 

functional groups such as methoxy, halides, esters, nitrile, acids, amides, and olefinic motifs. 

4.3. Catalyst Synthesis and Characterization 

4.3.1. Synthesis of Mn-Phen@G catalyst 

In a 100 mL beaker, Mn(III)acetylacetonate precursor (0.5 mmol) and 1,10-phenanthroline 

ligand (0.5 mmol) were dissolved in 30 mL of ethanol and sonicated for 2 h to form Mn- 

phenanthroline complex. In another 250 mL, beaker 560 mg of EGO
 
support was taken in 70 mL 

of ethanol and sonicated for 2 h. The above-obtained EGO suspension and Mn-phenanthroline 

complex solution were mixed together in 250 mL beaker and further sonicated for 2 h. The 

suspension was refluxed at 85 
o
C for 4 h and after cooling down to room temperature ethanol 

was evaporated in vacuum. The solid sample obtained was dried at 80 
o
C for 14 h. Then, it was 
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ground to a fine powder followed by calcination at 800 
o
C under a stream of argon with the flow 

rate of 30 mL/min and the heating rate: 25
 o
C/min for about 4 h to obtain a catalyst Mn-Phen@G  

 

Scheme 4.2. Synthesis procedure of Mn-Phen@G catalyst. 

 

4.3.2. Characterization of catalyst 

The complete characterization of the active material (Mn-Phen@G) has been carried out using 

PXRD, TEM analysis, SEM analysis, XPS, ICP, and Raman spectroscopy. We have observed 

that the Mn-phenanthroline (Mn-L1) complex pyrolyzed with exfoliated graphitic oxide at 800 

°C (Mn-Phen@G) led to a highly active catalytic material towards hydrogenation reactions at 

atmospheric pressure. 

4.3.2.1. Powder X-ray diffraction  

Figure. 4.1. PXRD pattern of Mn-Phen@G showing MnO, Mn3O4, Mn7C3, MnN, Mn, and graphite. 

The PXRD pattern of Mn-Phen@G sample presented in Figure 4.1 showed a broad peak at 2 = 

26.51 degrees in and confirmed the presence of a few layers of reduced graphene oxide support. 

In the given reaction conditions, manganese salt supposed to decomposed on graphitic oxide 
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support in a pure Ar atmosphere at 800 

C leads to formation MnO and Mn3O4 detected in 

PXRD. In the given PXRD pattern peaks of MnO and Mn3O4 were slightly shifted to a higher 

angle which can be attributed to lattice shrinkage and comparable to literature.
8
 A broad peak 

between 2 = 42 to 48 is due to intermix phases of metallic Mn, Mn5C2 and Mn7C3 phases. Peaks 

for MnN phase was also observed in PXRD. Formation of metal carbide and MnN can be 

understood in terms of the decomposition of N and C rich 1,10-phenanthroline L1 in the 

proximity of metal atoms that aggregate to form a carbide and nitride nanoparticles. The 

presence of Mn metal is obvious under given reaction conditions in the presence of a reducing 

agent like graphite. 

4.3.2.2. Energy Dispersive X-Ray Analysis (EDX)  

 

Figure 4.2. EDX analysis of Mn-Phen@G catalyst. 

 

Table 4.1 showing the weight percent of different elements in the Mn-Phen@G catalyst 

Element Weight % Atomic % Uncert. % Correction k-Factor 

C(K) 82.55 90.66 0.47 0.26 3.940 

N(K) 1.91 1.76 0.09 0.26 3.826 

O(K) 8.27 6.69 0.11 0.49 1.974 

Mn(K) 6.25 1.47 0.07 0.99 1.375 

 

4.3.2.3. Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) 

and X-ray photoelectron spectroscopy (XPS) 

The morphology of the Mn-Phen@G catalyst was analyzed using r (SEM) which clearly showed 

graphene layers supporting spatially well-separated nanoparticles that are probably rich in Mn 
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(Figure 4.3). The microstructure of Mn-Phen@G catalyst was analyzed using Transmission 

Electron Microscopy (TEM) and the data is shown in Figure 4.4.e-h. The nanoparticles were 

distributed throughout the graphene sheets and were of size ranging from 10 - 300 nm. Few 

particles were off smaller size while few particles were larger in size. 

Figure 4.3 (a) SEM images of Mn-Phen@G at the scale of 200nm, (b) SEAD pattern of Mn-Phen@G 

catalyst. 

 Figure 4.4. a-d) XPS spectra e-h) HRTEM images the Mn-Phen@G sample (Scale bars 500, 200, 10 and 

10 nm respectively) i-n) showing HAADF image and elemental mapping of Mn, N, O, and C (Scale bars 

of 300 nm) in Mn-Phen@G. 

Furthermore, X-ray photoelectron spectral (XPS) analysis of Mn-Phen@G catalyst revealed 

elemental compositions of C, N, O and Mn, which was found to be 90.8, 1.9, 6.4, and 0.9 at.%, 
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respectively. The high resolution XPS spectra of catalyst in C1s region can be deconvoluted in 

four peaks components with binding energy 284.7, 285.8, 286.5 and 288.3 eV corresponding to 

C-C sp
2
, C-C sp

3
, C–O/C–N, and C=O and O=C–O type of carbons with individual atomic % of 

80.52, 10.57, 7.69 and 1.429, respectively, and then showing the graphitic nature of carbon 

material (Figure 4.4.a). The appearance of specific N1s peak component at 398.3, 399.8 and 

401.2 eV confirms the presence of pyridinic (48.70%), pyrrolic (38.28%) and pyrolytic nitrogen 

(13.13%) shows the nitrogen-doped on Mn-Phen@G sample (Figure 4.4.b).
9
 The three peak 

components at 530.3, 531.8 and 533.6 eV in O1s spectra of material, originated due to the 

presence of C–O (51.38%), C=O (31.31%) and oxygen on the surface of cobalt (17.31%), which 

reveal that graphitic carbon is doped with oxygen (Figure 4.4.c). The presence of two-component 

peaks having binding energy at 642.07 (Mn 2p3/2) and 653.77 eV (Mn 2p1/2) confirm the 

presence of manganese having +4 oxidation state (Figure 4.4.d).
10  

HRTEM images of Mn-Phen@G nanocatalyst shows that spherical shape MnO2 nanoparticles 

(30-60 nm) are supported on the surface of RGO (Figure 4.4.e and 4.4.f). The close interpretation 

of single MnO2 nanoparticle shows the d-spacing of 0.247, 0.266 and 0.48 are related to α-MnO2 

space group (Figure 4.4.g and 4.4h). The elemental mapping of Mn-Phen@G nanocatalyst shows 

the presence of C, Mn, N and O, mapping, confirms uniform distribution of MnO2 nanoparticles. 

This uniform distribution of the MnO2 nanoparticles over the RGO matrix also demonstrates the 

fact that the functionalities at the RGO matrix interact strongly with the nanoparticles Figure 

4.4.i-n).

Figure 4.5. HRTEM images of Mn-Phen@G showing high-resolution lattice fringes of Mn3O4 (220) 

planes at the scale bar 5 nm. 
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High-resolution transmission electron microscopy (HRTEM) image of the sample showed lattice 

fringes of 3.02Å corresponding to the d spacing of (200) plane of Mn3O4 (Figure 4.5), and a d 

spacing of 2.54 Å corresponding to the d spacing of (111) plane of MnO phase. 

Selected area electron diffraction (SAED) patterns were obtained for Mn-Phen@G catalyst as 

shown in Figure 4.3.b which clarifies the crystalline nature of the catalyst. The bright ring arises 

due to reflection from (111) plane of graphite, (222) plane of MnO, (211) plane of Mn7C3 which 

is in accordance with PXRD. 

4.4. Result and Discussion 

4.4.1. Optimization Table 

Table 4.2: Optimization Studies 

 
a 
Reaction conditions: nitrobenzene (0.25 mmol), AB (0.5 mmol), cat. Mn-Phen@G (8 mol%) and MeOH 

(2 mL) heated at 100 
o
C (oil-bath temperature) for 36 h under open argon atm. 

b 
Conversion of 

nitrobenzene and yield of aniline are based on GC. 
c 
Isolated yields. 
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Optimization studies on Mn-catalyzed reduction of nitroarenes to anilines under additive-free 

conditions are summarized in Table 4.2. We began our investigation using nitrobenzene as the 

benchmark substrate in presence of catalytic amount of Mn-Phen@G (8 mol%), and AB in 

methanol heated at 100
o
C (bath temperature) under Ar atm for 24 h to yield aniline in 93% 

isolated yield with the complete conversion of nitrobenzene (Table 4.2, entry 1). The catalyst 

Mn-Phen@G prepared on other conventional supports such as SiO2, Al2O3 and TiO2 showed 

lesser activity in the aniline formation under the similar experimental conditions, (Table 4.2, 

entries 2-4). The control experiment revealed that no formation of hydrogenated product was 

observed in absence of the catalyst (Table 4.2, entry 7). Under homogeneous condition lower 

product yield was observed. The screening of different transfer hydrogenating sources such as a 

mixture of formic acid and triethylamine, sodium borohydride didn’t yield the desired product. 

The variation of solvent showed that the reaction proceeds efficiently in methanol. In addition, 

no reaction occurred in the absence of AB. 

4.4.2. Substrate scope of nitroarenes 

With the optimized conditions established (Table 4.2.), the substrate scope was then investigated. 

As shown in table 4.3, the wide range of nitroarenes bearing different substituents and 

heteroarenes regardless of their electronic properties underwent chemo-selective hydrogenation 

reaction smoothly and gave the corresponding anilines in 75-99% yields. Some commonly 

encountered functional groups such as methoxy, and halides (-F, -Cl, -Br and -I) smoothly 

underwent hydrogenation reaction under mild reaction conditions and yielded the desired 

products in excellent yields, thus offers opportunities for further functionalization. Notable, 

nitrile (-CN) group which is sensitive for hydrogenation by using cobalt and manganese catalyst 

was chemo-selectively hydrogenated under optimal conditions in 80% yield.
11 

The acidic 

functional groups were well tolerated including free (phenolic) alcohol (8 and 9), and acid (11) 

thus demonstrating that the anilines derivative could be further functionalized. Interestingly, the 

amide and ester groups are known to undergo hydrogenation under homogeneous manganese 

catalysis using PhSiH3, were also well accommodated, resulting in a high yield of 12, 23-24.
12

 

The substituent at the meta position bearing electron-donating and electron-withdrawing groups 

afforded the corresponding products in good yield (Table 4.3, entries 13-17). Furthermore, 

nitroanilines and ortho-substituted nitrobenzenes smoothly underwent transfer hydrogenation 
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under mild reaction conditions, with yields over 88% for the desired products (Table 4.3, entries 

18–21). 

Table 4.3. Substrate scope of nitroarenes 

 

a
Reaction conditions: Nitroarene (0.25 mmol), NH3-BH3 (2 equiv.), cat. Mn-Phen@G (8 mol%) Methanol 

at 100 
o
C for 36 h.

 b
Isolated yields. 

c
Reaction temperature was 50 

º
C.

 d
Reaction temperature was 75

o
C. 

From a synthetic point of view, the retention of halides (-I) is very challenging in presence of 

heterogeneous catalysis because of it prone to undergo dehalogenation. To our delight, in present 
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reaction conditions the iodide group remains intact with selective hydrogenation of nitro group in 

excellent yield, it revealed that practical synthetic utility of heterogeneous manganese catalysis 

(Table 4.3, entries 20, and 22).
13

 The aromatic ring of the substrates could be N-Pivalate and N-

condensed containing nitro arenes were also hydrogenated easily into corresponding amines in 

80% and 98% yields (Table1 4.3, entries 23-24). 

Furthermore, Mn-Phen@G catalyst also showed its advantages over noble metal-based catalysts 

on resistance to the poison effect of N or S atoms, and it didn't disturb the hydrogenation rate of 

corresponding substrates. To our delight, various substituted tetrahydroquinoline, indoles, 

quinloines, pyridine, indazole and benzimidazole which are very sensitive towards 

hydrogenations were selectively hydrogenated to corresponding amine derivatives furnishing the 

products in 70-95% yields (Table 4.3, entries 25-31). We have also extended scope of reaction 

towards N-Phosphate, O-TS and (chiral or aliphatic) N-TS pertaining nitro groups were 

successfully underwent hydrogenation into corresponding amines in 80-98% high yields (Table 

4.3, entries 33-37). Gratifyingly, very challenging chemo-selective hydrogenation of nitro group 

in presence of sensitive internal and terminal alkynes underwent smoothly to give good to 

excellent isolated yields of expected product whereas sensitive groups remain intact during the 

hydrogenation (Table 4.3, entries 38-40). The 3-nitro styrene, (E)-methyl 3-(4-nitrophenyl) 

acrylate and 4-nitro cinnamyl alcohol (Table 4.3, entries 41-43) also underwent smooth chemo-

selective reduction with retaining of double bond in the final product. 

 

Scheme 4.3. Sequential reduction of 44 

Selective reduction of dinitro group is very important in synthetic point of view and because of 

high reactivity of noble metals it can reduce both nitro group but our reaction condition 44 has 

been investigated and pleased to find that only one nitro group was reduced into the respective 

amine 45 in 95% yields without affecting the other nitro group. 
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4.4.3. Continuous Flow Setup 

The batch process and chemoselective hydrogenation of nitroarenes was successfully extended to 

continuous flow process. Outstandingly, the reaction worked and yielded the aniline derivative in 

excellent yield in shorter reaction time. 

Continuous Flow a Reaction conditions: 0.3 M solution of 1 in 25 mL MeOH + C6H5NO2 (0.125 

mmol) with the flow rate 0.08 mL/min and 0.3 M solution prepared from (NH3:BH3 in methanol) 

in 25 mL were flown with 0.08 mL/min through the 12 mL SS tubular reactor (Vaportec R-

series) at 70 °C tR= 9.3 minute residence time. 

Figure 4.6 setup for continuous flow 

 

4.4.4. Reaction under hydrogen pressure 

Here we have also shown the efficient manganese catalyzed hydrogenation of nitro compounds 

under hydrogen pressure. This protocol operates at 30 bar hydrogen pressure at 100 °C. 

Nitrobenzene was successfully reduced to aniline under hydrogen pressure (yield 85%).  

4.4.5. Application for drug synthesis 

We have also designed a four-step synthetic protocol for 6,7-dihydroxyquinoline-3-carboxamide 

(50), a tyrosine kinase inhibitors (Scheme 4.4); which resulted in a 54% (overall) yield using our 

stragety.
14
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Scheme 4.4. Synthesis of a tyrosine kinase inhibitor 

4.4.6. Mechanistic study. 

 

Scheme 4.5. Mechanistic study 
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To shed light on the mechanism, labeling experiment carried out under standard reaction 

condition in presence of CD3OD as a solvent. It was observed that no deuterium was 

incorporated on the basis of 
1
H NMR analysis which revealed that methanol does not act as a 

reductant. To know the reaction intermediate we carried out the reaction with nitrosobenzene 

under standard reaction condition we found that it can also undergo reduction with 50% yield. 

Again hydrogen gas generated during the reaction was detected by GC under optimized 

condition. To know the byproduct of AB during hydrogenation of nitrobenzene GC-MS was 

recorded which revealed the formation of B(OMe)3 as the only byproduct 

4.4.6.1. EPR Study 

To unveil the mechanism of the chemoselective reduction of nitroarenes initiated by the 

manganese-catalyst (Mn-phen@G) in MeOH solution, in combination with amino borane as 

transfer hydrogenating reagent, the EPR technique was employed using the spin-trapping 

technique. The 4-pyridyl-1-oxide-N tetrabutylnitrone (POBN) was used for such purpose as spin 

trapping agent. POBN was initially dissolved in MeOH together with the amino-borane reagent 

(NH3-BH3) and the solution warmed for 30 min at 60°C. Under these experimental conditions, 

we observed that the mixture (MeOH/NH3-BH3/POBN) without a catalyst is already capable to 

release a small amount of H
●
 radicals, and those can be trapped by POBN, forming the POBN-H 

radical adduct. The recorded EPR trace (T= 213 K) is shown in Figure 4.6.a and although the 

EPR signal is very weak compared to the background noise is still possible to simulate the 

observed EPR trace and the derived spin-Hamiltonian parameters using third-order perturbation 

theory for the POBN-H radical species are given in Figure 4.6.b. The experimental giso of 2.0055 

and estimated N and H-hyperfine coupling constants (hfcc, AN = 15.90 Gauss, AH = 7.93 

Gauss) are found here in close similarity to those observed upon trapping H
●
 radicals with PBN 

in water from solution of chloramine-T2 under light (AN = 15.50 Gauss, AH = 8.75 Gauss.). 

When POBN was added to a solution containing the catalyst suspended in MeOH, after 

stirring.
15

 The reaction mixture (POBN/catalyst/ MeOH) for 30 min at 60°C and collection of the 

supernatant from centrifugation, the recorded solution EPR spectrum (T= 213 K) evidenced 

formation of a very strong EPR signal, with resonance, features consistent with POBN trapping a 

methoxy radical (MeO
●
). The MeO

● 
radical species is therefore produced from the interaction of 

solvent molecules with the Mn-phen@C catalyst. Simulation of the observed EPR envelope of 
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the trapped POBN-OMe radical adduct gave the spin-Hamiltonian parameters shown in Figure 

1d (giso of 2.0055, AN = 14.40 Gauss, AH = 3.30 Gauss), with N and H-hfcc very similar to those 

reported in literature by trapping MeO● radicals with the PBN spin trap in 

MeOH/water/peroxydisulfate mixture (AN = 14.50 Gauss and AH = 2.94 Gauss).
15

 

 

Figure 4.7. X-band (9.16-9.17 GHz) EPR spectra of the trapped radical species. (a) solution spectrum (T = 

213 K) of the supernatant collected from the NH3-BH3/POBN/MeOH mixture and its EPR simulation 

(Sim-trace). (c) solution spectrum (T = 213 K) of the supernatant collected from the Mn-phen@G 

catalyst/POBN/MeOH mixture and its EPR simulation (Sim-trace). e, solution spectrum (T = 213 K) of 

the supernatant collected from the Mn-phen@G catalyst/NH3-BH3/POBN/MeOH mixture and its EPR 

simulation (Sim-trace). Panels b,d,f show the correspondent spin-Hamiltonian parameters derived from 

the simulation of the EPR envelopes shown in a,c and e, respectively. Experimental parameters: 100 KHz 

modulation frequency, 30 ms time constant, sweep time 1 min, and (a) 3.2 mW power, 2.5 Gauss 

modulation width, 11 scans accumulated and averaged; (c) 2.59 mW power, 3.0 Gauss modulation width, 

21 scans accumulated and averaged; (e) 1.6 mW power, 1.0 Gauss modulation width, 11 scans 

accumulated and averaged 
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Scheme 4.8. Schematic Representation of Continuous Flow and Substrate Scope of Nitro compounds 

4.4.7. Recyclability of the catalyst 

Figure 4.9. Recyclability experiments. 

To an oven dried capped sealed tube (15 mL) Mn-Phen@G catalyst (25 mg, 8 mol%), nitro 

compounds (0.25 mmol), aminoborane (0.5 mmol) and methanol (2 mL) were added under argon 

atmosphere. The reaction tube was sealed. The reaction mixture was heated at 100 
o
C (bath 

temperature) with stirring. After cooling down the reaction mixture to room temperature the 

catalyst was separated from the reaction mixture by centrifugation and washed several times with 
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mesitylene. Obtained catalyst was dried under vacuum at 60 °C for 12 h. Then the catalyst was 

reused for the next cycle, and no deactivation of the material was observed up to four cycles. All 

yields (GC) are averages from at least 2 separate runs. 

 

4.5.  Experimental Details  

4.5.1. General procedure for transfer hydrogenation of nitro compounds. 

 

To an oven dried capped sealed tube (15 mL) Mn-Phen@G catalyst (25 mg, 8 mol%), nitro 

compounds (0.25 mmol), aminoborane (0.5 mmol) and methanol (2 mL) were added under argon 

atmosphere. The reaction tube was sealed. The reaction mixture was heated at 100 
o
C (bath 

temperature) with stirring. After cooling down the reaction mixture to room temperature the 

catalyst was separated from the reaction mixture by centrifugation and the reaction mixture was 

analyzed by GC and GC-MS. The supernatant was transferred to another flask, and the catalyst 

was washed with EtOAc (2 x 4 mL) and the washings were collected. The solvent was 

evaporated from the reaction mixture, and the crude product was subjected to silica gel column 

chromatography using EtOAc: petroleum ether to afford the product. 

 

4.5.2. General Procedure for Hydrogenation 

 In a typical hydrogenation experiment, a stainless steel autoclave (450 mL) equipped with 50 

mL high-pressure liquid charging chamber, pressure regulator, and a safety valve was used. 

Individual vials were charged with metal precursor Mn-phen@G (8 mol %) catalyst, solvent (1 

mL), nitrobenzene substrate (0.25 mmol), and stirring bars in a glove box. The vials were 

transferred to an autoclave and the autoclave was purged three times with hydrogen gas before 

pressurizing it to the desired pressure. Suitable temperature (110 

C) and 30 bar pressure were 

maintained during the reaction. After completion of the reaction, the autoclave was cooled to 0 

°C, and excess gas was vented off in a well-ventilated fume-hood. The conversion and 

regioselectivity were determined by using gas chromatography (GC) and proton NMR. 
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4.6 Conclusion 

In conclusion, a robust N-doped Mn-Phen@G stable nanocatalyst has been designed and 

synthesized by using Manganese precursor and 1,10-phenanthroline ligand. The catalyst 

delivered excellent performance (yield, and selectivity) for the catalytic transfer 

hydrogenation of nitro compounds to aniline. The reaction operates under mild, neutral 

conditions, with no additives being required. This nanocatalyst performs outstandingly 

with a six-run recycling test. The strategy works, under the very mild condition, and to the best 

our knowledge there is no report on dehydrogenation of ammonia borane (AB) and subsequent 

chemo-selective hydrogenation of nitroarenes to anilines either under homogeneous and 

heterogeneous conditions. 
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5.1. Introduction 

Climate change and global warming is one of the most concerned issue for the scientific 

community, industries and environmental agencies.
1-2

 CO2 is the main active component of green 

house gas which leads to increase in atmospheric temperature. CO2 Utilization by catalytic 

conversion to value-added products is an important technological frontier with a high potential to 

address both energy and environmental pollution crises.
3-5

 In response to the suppress the 

demand of carbon foot prints across the globe, an immense research output is evident in this field 

focusing on the chemical conversion of CO2 to hydrocarbons, syngas, organic carbonates and 

urethanes.
6-9

 CO2 is a highly stable molecule and shows very less reactivity which makes the 

hydrocarbon production from CO2 very strenuous process. Another important strategy to utilize 

CO2 is to produce CO2-containing syngas (CO2+SG) that can be used as a feed in Fischer 

Tropsch synthesis, CAMERE process, and fuel cells.
10-11

 Traditionally syngas is produced by 

steam reformation of natural gas, biomass or coal.
12-13

 Syngas produced by above process 

contains impurities of CH4, NOx, H2S and traces of metals depending on the source.
14

 One of the 

efficient routes to produce CO2+SG is by partial reduction of CO2 through reverse water gas shift 

reaction (RWGS).
15-16

 Therefore, it would be an advantageous to produce CO2+SG from CO2 

with high purity and reliable composition rather than purifying the syngas produced via steam 

reformation of fossil fuels. Mostly RWGS reaction has been explored with Mo, Co, Fe, Ni, and 

Cu.
17-20

 The above catalyst shows selectivity towards CO in the range between 30-90%. Iron can 

be a promising RWGS catalyst because of its high thermal stability, earth-abundance, low cost 

and high activity over a wide range of reaction temperature.
21

 A wide range of the already known 

iron-based catalyst selectively converts CO2 to hydrocarbon.
22

 According to the prior art in most 

of the case, Fe3O4 catalyzes the formation of higher hydrocarbons in addition to the formation of 

CO. However, it suffers from deactivation of the catalyst with time. There are limited reports 

based on iron for the selective conversion of CO2 to CO.  

In the present work iron nanoparticles supported on graphene has been explored for the selective 

conversion of CO2 to CO. In recent year catalysis is mostly focused on supported metal 

nanocatalyst due to its high surface area, chemical reactivity, dispersion of nanoparticles and 

unique structure. Thermal decomposition of metal salt is a well-known synthesis technique 

adopted in solid state chemistry to synthesize supported nanoparticles.
23

 The above method 
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offers an efficient way to control the particle size and electronic environment of Fe-rich phases 

by changing the organometallic precursor. As per the previous study, the electronic environment 

around the metal nanoparticles can be changed by doping a ligand congaing heteroatoms.
24-25

 We 

have used exfoliated graphene oxide as a support instead of Vulcan carbon which is mostly used 

as a carbon support. Several iron-based catalysts were synthesized and tested for the reactivity. 

The catalysts with specific metal to ligand ratio showed an unusual enhancement in the RWGS 

activity with excellent stability and an unprecedented selectivity to CO in comparison to 

conventional Iron catalysts. It has been observed that Fe-based catalysts in Fischer-Tropsch 

reaction using syngas with a distinct CO2:CO ratio operates with improved life time due to lesser 

deposition of carbon on the catalyst.
26

 

5.2. Statement of problem 

As per literature survey, various types of catalyst have been reported for catalytic conversion of 

CO2 to CO via thermal, photochemical and electrochemical procedure. Mostly noble metals such 

as Pt, Pd, Au and Cu have been reported to catalyze RWGS under the H2 stream. Therefore it is 

highly demanding to discover 3d-transition metal catalyst for this transformation, to make it 

more economically viable. A well designed and engineered material with good stability and it’s 

capability to activate highly inner CO2 molecule would be a better choice for chemical 

conversion of CO2. 

5.3. Catalyst Synthesis and Characterization 

In the previous chapter 2, we have synthesized and studied iron-based heterogeneous catalyst for 

dehydrogenation reaction, in which metal: ligand ratio we maintained to 1:1. However, in the 

present chapter, we have tested above material for hydrogenation reaction and M:L ratio was 

also varied to check its effect on catalytic activity. Above material was tested for the selective 

hydrogenation of CO2 to CO. In this present chapter, the catalyst was synthesized as per the 

procedure described in chapter 2. The catalytic material presented in this study labeled as 

FeNGR 
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5.3.1. Catalyst Characterization  

The active catalyst and other standard catalyst were characterized by several tools such as 

PXRD, SEM, TEM, XPS and Raman analysis to see the structural activity correlation. To 

understand the different phases of iron in the catalytic material PXRD was analyzed for Fe2O3, 

FeGr and FeNGR-1:3 catalysts (Figure 5.1). On careful analysis, it has been observed that iron 

nanoparticles deposited on graphene is forming extensive intermix phases of Fe7C3, Fe3N, Fe2O3 

and Fe3O4. Pure Fe3O4 nanoparticles were showing crystalline phases belongs to Fe3O4 only 

(Figure 5.1, trace 3). In case of FeGR intermix phases of Fe7C3, Fe2O3 and Fe3O4 have been seen. 

In a similar way, as expected in the FeNGR-1:3 catalyst Fe3N was also seen which is due to the 

incorporation of nitrogen-containing ligand.  

 

Figure.5.1. PXRD of FeNGr-1:3 (I), FeGr catalyst (II) and Fe3O4 (III) catalyst. 

TEM images of Fe3O4, FeGR and FeNGR-1:3 were given in Figure 5.2 to do the comparative 

analysis. It is clear from the TEM image that Fe3O4 catalyst is having size in the range of 15-20 

nm, giving 6.3% conversion. While iron nanoparticles supported on graphene (FeGR) is having 

size in the range 20-200 nm, giving 12% conversion. On careful analysis, it has been seen in the 

TEM analysis that, as the nitrogen was doped in the catalyst, the catalyst started forming core-

shell structure with uniform distribution of nanoparticles over graphene surface. The detailed 

analysis of core-shell morphology is discussed in chapter 2 and is under progress. Other 
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characterization such as XPS, EDX, Raman of the active catalyst is already discussed in chapter 

2a. 

 

Figure. 5.2 (a), (b), (c), TEM image of FeNGR-1:3 at 200 nm, 20 nm and 5 nm respectively, (d), 

(e) TEM image of FeGR at the scale of 200 nm and 5 nm respectively, and (f) TEM image of 

Fe3O4. 

5.4. Result and Discussion 

5.4.1. Catalytic performance of catalysts  

Catalytic performances of the catalysts in RWGS were tested and the results are tabulated in 

Table 5.1. Fe-GR, Fe3O4 and FeNGR (1:1, 1:3 and 1:5) were tested for reactivity in which 

FeNGR (1:3) (entry 3) showed good activity towards RWGS with a high selectivity towards CO 

(97.2%).  
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Table 5.1. Iron time yield (FTY), CO2 Conversion and Selectivity of different iron catalyst. 

Entry 

No. 
Catalyst 

FTY 

mol g
-1 

sec
-1

 

(10
-4

) 

CO2 

Conversion 

(%) 

Selectivity (%) 

 

CO CH4 C
2+

 

1 FeGR 10.4 12.1 72.5 26.9 0.6 

2 FeNGR-1:1 13.9 14 93.2 6.6 0.2 

3 FeNGR-1:3 16.5 17.5 97.2 2.8 0.0 

4 FeNGR-1:5 6.9 7.5 95.6 4.4 0.0 

5 Fe3O4 NPs 1.1 6.3 65.1 32.6 2.3 

6* FeNGR-1:3 - 0.0 - - - 

 

The RWGS was studied over the reduced iron graphene catalyst between 300 to 500 ºC 

temperature, under 5800 h
-1

 gas hourly space velocities and atmospheric pressure condition. 

Under the studied reaction condition carbon monoxide (CO) was the main product and only very 

small amount of methane (CH4) has been observed as a function of temperature. The catalytic 

behavior of the different iron catalyst (FeNGR, FeGR, Fe3O4) has been shown in Figure 5.3 as a 

function of reaction temperature, in which FeNGR-1:3 has shown maximum activity. It has been 

observed that CO2 conversion has been increased with increase in the temperature in all the 

studied catalyst. The most active FeNGR-1:3 catalyst has achieved 17.5% conversion at 450 ºC, 

a value near to expected from the thermodynamic equilibrium at this condition. However, Fe3O4 

nanoparticles show only 6.2% conversion under same reaction condition. We have also studied 

the effect of different support and quantitative effect of the ligand with respect to metal for 

RWGS reaction. Catalyst prepared by decomposition of iron organometallic complex on 

graphene surface (FeGR) has shown 12.1% conversion at 450 ºC. As the nitrogen-containing 

ligand has been incorporated into the system, conversion and selectivity got increased. Similarly, 

to show the effect of nitrogen-containing ligand, the metal to ligand ratio has been changed. As 
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ratio of metal to nitrogen-containing 1,10-phenanthroline ligand has been increased, catalytic 

conversion got increased from 14% (FeNGR-1:1) to 17.5% (FeNGR-1:3); however, after certain 

limit further increase in the metal to ligand ratio was not effective as conversion got decreased 

from 17.5% (FeNGR-1:3) to 7.5% ( FeNGR-1:5). On selectivity point of view at 450 ºC, 

FeNGR-1:3 showed 97.2% selectivity for CO, which is slightly higher than other nitrogen 

contain Fe catalyst (FeNGR-1:1, FeNGR-1:5). Iron catalysts which were not chelated with ligand 

such as (FeGR) and Fe3O4 nanoparticles show low to moderate selectivity for RWGS. Above 

results show the crucial role of nitrogen ligand for tuning the selectivity towards CO.  

In the previous section, it was clearly observed by TEM data that ligand has a significant role in 

the catalyst composition, its morphology and its activity. for CO production. An apparent 

activation energy of 45 KJ/mol for FeNGR-1:3 was calculated from Arrhenius plot at the low-

temperature regime (300-400 ºC). 

Figure 5.3 d shows the CO2 conversion and CO selectivity variation under different gas hour 

space velocity (GHSV) condition for FeNGR-1:3 catalyst. At 450ºC, under a GHSV of 11600 h
-

1
, a decrease of CO2 conversion to 13.4% was observed; however, selectivity toward CO reached 

nearly 99%. However, decrease in GHSV to 3000 h
-1

, not much affected CO2 conversion 

(18.1%) and selectivity (97%).  

In a separate experiment a fresh FeNGR-1:3 sample was treated with Ar and H2 at 500ºC for 3h 

(Table 5.1, entry 6). During the treatment, no CO was detected in the effluent. This result 

confirms the stability of graphene support under reaction condition; however, if graphene is not 

stable under the given reaction condition, it will produce quantitative amount of CO. As 

discussed in experimental section the Ar treatment at 800ºC produce a partial transformation of 

Fe-ligand complex to iron carbide over graphene.  
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Figure 5.3. (a) Catalytic conversion of CO2 with respect to temperature, (b) CO selectivity with respect to 

temperature, (c) Catalytic conversion and CO selectivity with respect to time, (d) Activation energy 

against temperature (K) for different iron-based catalyst.  

In order to verify the stability of the catalysts (Fe3O4 NPS, FeGR and FeNGR-1:3) under RWGS 

reaction conditions, a separate experiment was carried for a longer time (GSHV of 5400h
-1

 and 

450 ºC.). Figure 5.3 (c) shows the CO2 conversion and selectivity towards CO as a function of 

reaction time. It is clear from the graph that CO2 conversion has been decreased drastically from 

6.3% to 4.7% for Fe3O4 NPS after 8h. However, under the same reaction condition FeGR 

catalyst has shown slightly decrease in the activity initially from 12.1% to 11.5% after 24h of 

reaction. However, FeNGR-1:3 has shown excellent stability for 28h under the given reaction 

condition and maintained the conversion to 17.5% and CO selectivity (99%).  
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Figure 5.4 shows the TEM images of different iron-based catalyst after the reaction. It is clear 

from the images that Fe3O4 NPS (Figure 5.4) showed a drastic change in morphology after 

RWGS reaction. It got agglomerated in the given reaction condition and average particle size 

increased to 60 nm. In case of FeGR and FeNGR-1:3 used iron nanoparticles was intacted on the 

surface of graphene even after the reaction and core-shell morphology was also retained. These 

results are in comparison to the CO selectivity over time on stream under reaction condition. 

 

Figure 5.4 TEM images of spent catalyst (a) Fe3O
4
, (b) FeGR, and (c) FeNGR-1:3 at low magnification; 

(d) Fe3O4, (e) FeGR, and (f) FeNGR-1:3 at higher magnification. 

It is also in correlation with activity, as it has been seen in RWGS reaction that nitrogen doping 

has influenced the conversion and selectivity in the given reaction condition. In the similar way it 

has been observed from the TEM images that nitrogen doping in FeNGR-1:3 catalysts promotes 

the formation of a new structure having the core-shell type of morphology. The iron 

nanoparticles in FeNGF-1:3 catalyst were uniformly distributed spherical in shape and forming a 

core-shell type of structure. On magnification, it has been observed that after nitrogen 

incorporation, nanoparticles are forming a core-shell type of structure which was not observed in 

the case of FeGR catalyst. It may be concluded that the core-shell type of morphology has strong 

correlation with the high conversion and high selectivity for CO. 
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5.5. Experimental section 

5.5.1 Activity Test  

Hydrogenation of CO2 was carried out in a long tube quartz tube reactor installed in Carbolite 

tube furnace that can be heated to a high temperature range. A standard 100 mg of the catalyst 

has loaded for catalytic testing and the catalyst were activated in the same reactor under a 10 

mL/min H2 flow (Purity >99.999 %) hydrogenation at 450°C at atmospheric pressure for 2 h 

before the CO2 and then cooled down up to 400 
º
C and subsequently CO2 hydrogenation started 

by switching the gas ratio CO2:H2 (1:2) with the total flow rate of 6 SCCM (CO2 > 99.995 %) to 

the reaction temperature of 450°C. Two Alicat MFC (MC-100SCCM-D) installed to control the 

flow of H2 and CO2. A Nucon 5765 GC was installed for the online gas phase analysis of product 

which equipped with Porapak-Q packed column attached to TCD for detection of CO2, CO and 

CH4 and HP-PLOT Q capillary column attached to FID for hydrocarbon detection. A condenser 

was set in place on the outlet of the reactor to condensed water vapor formed during the course 

of the reaction. The conversion is reported as mole % of CO2 converted into product and it is 

determined by dividing the carbon mole converted including all the product to the carbon mole 

injected as CO2. Selectivity is simply calculated by the number of moles of a particular product 

formed divided by the total number of moles of the entire product. FTY has reported as the 

number of moles of product formed per gram of iron loading per second of the reaction and the 

absolute amount of Iron present in the catalyst determined by ICP-AES analysis.   

5.6 Conclusion   

Iron nanocatalyst having core-shell type of morphology has been efficiently used for the 

selective reduction of CO2 to CO under moderate and practical condition. The core-shell 

structure supported on graphene attributed to the synergistic interaction between the metal and 

graphitic carbon. Furthermore, the electron-rich nitrogen ligand plays a crucial role in the 

formation of active catalyst (for the reduction of CO2). In short nitrogen doped iron graphene 

catalyst could be considered as an economically viable, highly efficient and selective catalyst for 

CO production from CO2 via the reverse water gas shift reaction. The activity result makes a 

significant contribution to the green transformation of CO2 as a renewable resource. It is very 

interesting that the while changing the M:L ratio from 1:1 to 1:3, we have observed the core-
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shell structure vary clearly. After several hours of the reaction, the microstructure (i.e, core-shell 

structure) was retained. Above catalytic material has shown excellent activity and selectivity for 

the hydrogenation of CO2 to CO with FeNGR-1:3 (Fe:L ratio in 1:3). Further analysis is under 

progress in our laboratory. 
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Appendix a 

NMR of compounds synthesized compounds 

Chapter 2a  

 

Quinoline (2a) 

Compound 2a was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 88% (57.2 mg); 
1
H 

NMR (200 MHz, CDCl3) δ 7.27-7.79 (m, 4H), 8.09-8.15 (m, 2H), 8.90 (s, 1H); 
13

C NMR (125 

MHz, CDCl3) δ 120.9, 126.4, 127.6, 128.1, 129.2, 135.96, 148.03, 150.173; HRMS (ESI) 

calculated for C9H7N [M+H]
+
: 130.0651; found: 130.0651. 

 

8-Methylquinoline (2b) 

Compound 2b was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 59% (42 mg); 
1
H 

NMR (500 MHz,CDCl3) δ 2.83 (s, 3H), 7.35-7.45 (m, 2H), 7.53-7.57 (d, J = 8.0 Hz, 1H), 7.66-

7.62 (d, J = 8.0 Hz, 1H), 8.08-8.12 (d, J = 8.0 Hz, 1H), 8.93-8.96 (m, 1H); 
13

C NMR (125 MHz, 

CDCl3) δ 18.0, 120.6, 125.7, 126.1, 128.0, 129.4, 136.1, 136.8, 147.1, 149.0; HRMS (ESI) 

calculated for C10H9N [M+H]
+
: 144.0807; found 144.0808. 

 

8-Methoxyquinoline (2c) 
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Compound 2c was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate; Yield: 61%. 
1
H NMR 

(300 MHz, DMSO-d6) δ: 3.96 (s, 3H), 7.17 (m, 1H), 7.51 (m, 3H), 8.29 (m, 1H), 8.84 (m, 1H). 

The spectral data is identical with the literature compound.
6
 

 

Quinolin-8-ol (2d) 

Compound 2d was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 45% (33.5 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 7.18-7.52 (m, 4H), 8.17 (dd, J = 8.4 Hz 1H), 8.80 (dd, J = 4.2 Hz 

1H); 
13

C NMR (126 MHz, CDCl3)  76.7, 77.3, 110.0, 117.9, 121.8, 127.7, 128.5, 136.1, 138.3, 

147.9, 152.2. 

 

6-Methylquinoline (2e) 

Compound 2e was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 75% (53.6 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 2.47 (s, 3H), 7.26-7.29 (d, J = 4.2 Hz, 1H), 7.48-7.49 (m, 2H), 7.97-

8.00 (t, J = 8.5 Hz, 2H), 7.80-8.81 (dd, J = 3.9 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 21.3, 

120.8, 126.4, 128.1, 128.8, 131.5, 135.1, 136.1, 146.6, 149.2. HRMS (ESI) calculated for 

C10H9N [M+H]
+
 144.0807; found: 144.0808. 

 

6-Methoxyquinoline (2f) 

Compound 2f was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 87% (61.3 mg); 
1
H 
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NMR (500 MHz, CDCl3) δ 3.92 (s, 3H), 7.05-7.06 (d, J = 2.7 Hz, 1H), 7.32-7.34 (q, J = 4.2 Hz, 

1H), 7.35-7.38 (dd, J = 9.1 Hz, 1H), 7.99-8.01 (d, J = 9.1 Hz, 1H), 8.02-8.04 (d, J = 8.2 Hz, 1H), 

8.75-8.76 (d, J = 4.2 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 55.4, 105.1, 121.3, 122.2, 129.3, 

130.8, 134.7, 144.4, 147.9, 157.7; HRMS (ESI) calculated for C10H9NO [M+H]
+
: 160.0756; 

found: 160.0756. 

 

7-Nitroquinoline (2g) 

Compound 2g was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 33% (28.7 mg); 
1
H 

NMR (200 MHz, CDCl3) δ 7.61-7.63 (q, J = 4.1Hz, 1H), 7.96-8.01 (q, J = 8.9 Hz, 1H), 8.26-

8.35 (dt, J = 8.9 Hz, 2H), 9.00-9.10 (d, J = 2.1 Hz, 1H), 9.07-9.10 (dd, J = 1.6 Hz, 1H); 
13

C 

NMR (125 MHz, CDCl3) δ 120.1, 123.9, 125.8, 129.5, 131.4, 135.9, 147.1, 148.1, 152.7; HRMS 

(ESI) calculated for C9H6N2O2 [M+H]
+
: 175.0501; found: 175.0502. 

 

2-Methylquinoline (2h) 

Compound 2h was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 33% (23.5 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 2.70 (s, 1H), 7.18-7.20 (t, J = 8.2Hz, 1H), 7.40-7.43 (t, J = 7.9 Hz, 

1H), 7.61-7.64 (t, J = 8.5Hz, 1H), 7.68-7.70 (d, J = 7.9 Hz, 1H), 7.94-7.95 (d, J = 8.5 Hz, 1H), 

7.99-8.01 (d, J = 8.5 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 25.2, 121.8, 124.4, 126.3, 127.3,, 

128.4, 129.2, 135.9, 147.7, 158.8; HRMS (ESI) calculated for C10H9N [M+H]
+
 144.087144.087; 

found: 144.0808. 

 

Isoquinoline (2i) 
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Compound 2i was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 76% (50 mg); 
1
H 

NMR (200 MHz, CDCl3) δ 7.63-7.95 (m, 4H), 8.09-8.13 (m, 2H), 9.24 (s, 1H); 
13

C NMR (25 

MHz, CDCl3) δ 120.3, 126.3, 127.1, 127.5, 128.5, 130.26, 130.64, 142, 152, HRMS (ESI) 

calculated for C9H7N [M+H]
+
: 130.0651; found: 130.0651. 

 

Quinoxaline (2j) 

Compound 2j was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 69% (44.8 mg): 
1
H 

NMR (500 MHz, CDCl3) δ 7.41 (s, 2H), 7.78-7.81 (m, 2H), 8.51-8.54 (m, 2H);
 13

C NMR (125 

MHz, CDCl3) δ 128.8, 129.3, 142.2, 144.3. HRMS (ESI) calculated for C8H6N2 [M+H]
+
: 

131.0606; found: 131.0604. 

 

Acridine (2k) 

Compound 2k was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 90% (81 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 7.49-7.51 (q, J = 5.4 Hz, 2H),  7.74-7.78 (m, 2H), 7.94-7.97 (t, J = 

8.2 Hz, 2H), 8.24-8.25 (t, J = 8.8 Hz, 2H), 8.69-8.71 (d, J = 9.7 Hz, 1H); 
13

C NMR (125 MHz, 

CDCl3) δ 125.6, 126.5, 128.1, 129.3, 130.1, 149.0. 

 

Benzo[h]quinoline (2l) 

Compound 2l was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 78% (71.7 mg); 
1
H 
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NMR (500 MHz, CDCl3) δ 7.49-7.51 (q, J = 4.2 Hz, 1H), 7.65-7.67 (d, J = 8.8 Hz, 1H), 7.70-

7.73 (td, J = 6.7 Hz, 1H), 7.75-7.81 (m, 2H), 7.91-7.92 (d, J = 8.2 Hz, 1H), 8.13-8.15 (dd, J = 7.9 

Hz, 1H), 9.02-9.03 (dd, J = 4.5 Hz, 1H), 9.34-9.36 (d, J = 7.6 Hz, 1H); 
13

C NMR (125 MHz, 

CDCl3) δ 121.6, 124.3, 125.2, 126.3, 126.9, 127.7, 128.1, 131.4, 133.5, 135.6, 146.5, 146.5, 

148.7. 

 

1H-indole (2m) 

Compound 2m was prepared according to the general procedure as described and was purified 

by silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 88% (51.5 mg); 

1
H NMR (200 MHz, CDCl3) δ 6.62-6.65 (m, 1H), 7.15-7.32 (m, 3H), 7.44-7.49 (d, J = 8.2 Hz, 

1H), 7.70-7.75 (d, J = 7.5 Hz, 1H), 8.19 (s, 1H); 
13

C NMR (25 MHz, CDCl3) δ 102.6, 110.9, 

119.8, 121.9, 124.1, 127.8, 135.7. 

 

2-Methyl-1H-indole (2n) 

Compound 2n was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 58% (38 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 2.46 (s, 3H), 6.29 (s, 1H), 7.15-7.21 (m, 2H), 7.30-7.31 (d, J = 7.6 

Hz, 1H), 7.60-7.11 (d, J = 7.6 Hz, 1H), 7.75 (s, 1H); 
13

C NMR (125 MHz, CDCl3) δ 13.6, 100.2, 

110.2, 119.5, 120.8, 128.9, 135.1, 135.9. 

 

5-Bromo-1H-indole (2o) 

Compound 2o was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield 82% (38 mg); 
1
H 
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NMR (500 MHz, CDCl3) δ 6.52-6.53 (s, 1H), 7.27-7.30 (m, 3H), 7.29 (s, 1H), 8.22 (bs, 1H); 
13

C 

NMR (125 MHz, CDCl3) δ 120.3, 112.4, 113.0, 123.2, 124.8, 125.3, 129.6, 134.4. 

 

1H-indole-2-carboxylic acid (2p) 

Compound 2p was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield 74% (60 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 7.18-7.21 (t, J = 7.6 Hz, 1H), 7.36-7.40 (m, 2H), 7.46-7.47 (d, J = 

8.2 Hz, 1H), 7.73-7.75 (d, J = 8.2 Hz, 1H), 8.97 (bs, 1H); 
13

C NMR (125 MHz, CDCl3) δ 110.8, 

111.9, 121.1, 122.9, 126.1, 127.4, 137.3, 166.1; HRMS (ESI) calculated for C9H7NO2 [M+H]
+
: 

162.0546; found: 162.0550. 

 

1H-indole-5-carbaldehyde (2q) 

Compound 2q was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield 80% (58 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 6.72-6.73 (s, 1H), 7.33-7.34 (t, J = 3.0 Hz, 1H), 7.49-7.50 (d, J = 8.2 

Hz, 1H), 7.78-7.80 (dd, J = 8.5 Hz, 1H), 8.20 (s, 1H), 8.95 (bs, 1H), 10.06 (s, 1H); 
13

C NMR 

(125 MHz, CDCl3) δ 104.3, 111.8, 122.2, 126.3, 127.7, 129.6, 139.4, 192.8; HRMS (ESI) 

calculated for C9H7NO [M+H]
+
: 146.0599; found: 146.0600. 

 

1H-pyrrolo[2,3-b]pyridine (2r) 

Compound 2r was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 94% (58 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 6.54-6.54 (d, J = 3.0 Hz, 1H), 7.11-7.14 (q, J = 4.8 Hz, 1H), 7.41-
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7.41 (q, J = 3.3 Hz, 1H), 8.00-8.02 (d, J = 7.6Hz, 1H), 8.35-8.35 (d, J = 4.5 Hz, 1H), 
13

C NMR 

(125 MHz, CDCl3) δ 100.8, 115.8, 120.7, 125.4, 129.4, 141.9, 148.2. 

  

(E)-N-benzylideneaniline (2s) 

Compound 2s was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. 84% (38 mg); 
1
H NMR 

(500 MHz, CDCl3) δ 7.25-7.29 (m, 3H), 7.42-7.45 (t, J = 7.6Hz, 2H), 7.50-7.51 (m, 3H), 7.93-

7.95 (dd, J = 3.6 Hz, 2H), 8.49 (s, 1H); 
13

C NMR (125 MHz, CDCl3) δ 120.8, 125.9, 128.7, 

128.8, 129.1, 131.3, 136.1, 152.0, 160.4. 

 

Compound 4a was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 81%; 
1
H NMR 

(500 MHz, CDCl3) δ = 7.29-7.16 (m, 3 H), 7.32 (d, J = 4.3 Hz, 1 H), 7.57 - 7.45 (m, 3 H), 7.75 

(ddd, J = 1.2, 6.9, 8.3 Hz, 1 H), 7.98-7.83 (m, 1 H), 8.19 (d, J = 8.5 Hz, 1 H), 8.95 (d, J = 4.3 Hz, 

1 H), 
13

C NMR (125 MHz, CDCl3) δ 115.6, 115.7, 121.4, 125.6, 126.7, 126.8, 129.4, 129.9, 

131.2,  133.9, 147.4, 148.6, 149.9, 161.9, 163.9. 
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Compound 4b was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 70%; H NMR (500 

MHz, CDCl3) δ 2.60 (s, 3H), 7.30-7.20 (m, 3H), 7.36 (d, J = 4.5 Hz, 1H), 7.47-7.38 (m, 1H), 

7.55-7.46 (m, 2H), 7.82 (d, J = 8.6 Hz, 1H), 8.15 (brs, 1H), 8.90 (m, 1H). The spectral data is 

identical with the literature compound.
5
 

  

(E)-N-benzylidene-1-phenylmethanamine (6a) 

Yield: 82% (41 mg); 
1
H NMR (200 MHz, CDCl3) δ 4.74 (s, 2H), 7.15-7.35 (m, 8H), 7.68-7.72 

(m, 2H), 8.31 (s, 1H); 
13

C NMR (125 MHz, CDCl3) δ 65.0, 126.9, 127.9, 128.2, 128.5, 128.6, 

130.7, 136.1, 139.2, 162.0; HRMS (ESI) calculated for C14H13N [M+H]
+
: 196.1181; found: 

196.1121. 

  

(E)-N-(4-methylbenzylidene)-1-p-tolylmethanamine (6b) 

Yield: 79% (44.3 mg); 
1
H NMR (500 MHz, CDCl3) δ 2.35 (s, 3H), 2.39 (s, 3H), 4.78 (s, 2H), 

7.15-7.17 (d, J = 7.9 Hz, 2H), 7.22-7.28 (d, J = 6.4 Hz, 4H), 7.67-7.68 (d, J = 7.9 Hz, 2H), 8.35 

(s, 1H); 
13

C NMR (125 MHz, CDCl3) δ 21.1, 21.4, 64.7, 27.9, 128.2, 129.1, 129.3, 133.6, 136.3, 

136.5, 140.9, 161.7; HRMS (ESI) calculated for C16H17N [M+H]
+
: 224.1433; found: 224.1434. 

 

(E)-N-(4-chlorobenzylidene)-1-(4-chlorophenyl)methanamine (6c) 

Yield: 86% (57 mg); 
1
H NMR (200 MHz, CDCl3) δ 4.66 (s, 2H), 7.11-7.28 (m, 6H), 7.49-7.53 

(m, 1H), 7.69-7.70 (s, 1H), 8.20 (s, 1H); 
13

C NMR (125 MHz, CDCl3) δ 64.1, 125.9, 126.6, 

127.2, 127.8, 129.9, 129.7, 129.8, 130.8, 134.3, 134.8, 137.6, 141.0, 160.8; HRMS (ESI) 

calculated for C14H11Cl2N [M+H]
+
: 264.0338; found: 264.0341. 
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(E)-N-(4-methoxybenzylidene)-1-(4-methoxyphenyl)methanamine (6d) 

Yield: 76% (48.5 mg); 
1
H NMR (500 MHz, CDCl3) δ 3.69 (s, 3H), 3.72 (s, 3H), 4.63 (s, 2H), 

6.76-6.84 (m, 4H), 7.15 (d, J = 8.6 Hz, 4H), 7.62 (d, J = 8.6 Hz, 2H), 8.19 (s, 1H); 
13

C NMR 

(125 MHz, CDCl3) δ 55.2, 55.2, 64.3, 113.8, 113.9, 129.1, 129.7, 131.6, 158.5, 160.8, 161.6. 

HRMS (ESI) calculated for C16H17NO2 [M+H]
+
: 256.1328; found: 256.1332. 

 

(E)-N-(4-fluorobenzylidene)-1-(4-fluorophenyl)methanamine (6e) 

Yield: 90% (52 mg); 
1
H NMR (500 MHz, CDCl3) δ 4.78 (s, 2H), 7.04-7.07 (t, J = 8.5 Hz, 2H), 

7.10-7.14 (t, J = 8.5 Hz, 2H), 7.30-7.33 (q, J = 5.4 Hz, 2H), 7.78-7.81 (q, J = 5.4 Hz, 2H), 8.35 

(s, 1H); 
13

C NMR (125 MHz, CDCl3) δ 64.0, 115.1, 115.6, 115.7, 129.3, 129.4, 130.0, 130.1, 

132.2, 132.3, 134.8, 134.9, 160.4, 160.9, 162.9, 163.3, 165.3; HRMS (ESI) calculated for 

C12H13N2 [M+H]
+
: 232.0943; found: 232.0932. 

 

(E)-N-(2-methoxybenzylidene)-1-(2-methoxyphenyl)methanamine (6f) 

Yield: 69% (44 mg); 
1
H NMR (500 MHz, CDCl3) δ 3.77-3.80 (m, 6H), 4.76(s, 2H), 6.78-6.94 

(m, 4H), 7.13-7.31 (m, 3H), 7.94-7.98 (m, 1H), 8.77 (s, 1H); 
13

C NMR (125 MHz, CDCl3) δ 

55.3, 55.5, 59.6, 110.1, 110.9, 120.5, 120.7, 127.5, 127.9, 129.1, 131.7, 158.3; HRMS (ESI) 

calculated for C16H17NO2 [M+H]
+
: 256.1328; found: 256.1332. 

  

(E)-1-phenyl-N-(1-phenylethylidene)ethanamine (6h) 
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Yield: 71 % (40 mg); 
1
H NMR (500 MHz, CDCl3) δ 1.57-1.58 (m, 3H), 2.28(s, 3H), 4.85 (q, J = 

6.4 Hz, 1H), 7.31-7.50 (m, 8H), 7.83-7.88 (m, 2H), 8.26 (s, 1H); HRMS (ESI) calculated for 

C16H17N[M+H]
+
: 224.1433; found: 224.1434. 

 

4-Methylbenzaldehyde (9a) 

Yield: 91 % (54.6 mg); 
1
H NMR (500 MHz, CDCl3) δ 2.45 (s, 3H), 7.34-7.35 (d, J = 7.9 Hz, 

2H), 7.78-7.80 (d, J = 7.9 Hz, 2H), 9.97 (s, 1H); 
13

C NMR (125 MHz, CDCl3) δ 21.8, 129.7, 

129.8, 134.1, 145.5, 192.0.; HRMS (ESI) calculated For C8H8O [M+H]
+
: 121.651; found 

121.0648. 

 

4-Methoxybenzaldehyde (9b) 

Yield: 85 % (57.8 mg); 
1
H NMR (200 MHz, CDCl3) δ 3.87 (s, 3H), 6.96-7.01 (d, J = 8.8Hz, 

2H), 7.80-7.84 (d, J = 8.8Hz, 2H), 9.86 (s, 1H); 
13

C NMR (125 MHz, CDCl3) 55.5, 114.2, 132.0, 

190.9; HRMS (ESI) calculated for C8H8O2 [M+H]
+
: 137.0598; found: 137.0597. 

 

4-Chlorobenzaldehyde (9c) 

Yield: 93% (65.1 mg); 
1
H NMR (500 MHz, CDCl3) δ 7.50-7.52 (d, J = 8.5 Hz, 2H), 7.81-7.83 

(d, J = 8.5 Hz, 2H), 9.98 (s, 1H); 
13

C NMR (125 MHz, CDCl3) δ 129.4, 130.9, 134.6, 140.9, 

190.0; HRMS (ESI) calculated for C7H5ClO [M+H]
+
: 141.0103; found: 141.0102. 



  Appendix a 

  

P
ag

e1
7

5
 

 

4-Fluorobenzaldehyde (9d) 

Yield: 51% (31.6 mg); 
1
H NMR (500 MHz, CDCl3) δ  7.18-7.22 (t, J = 8.5Hz, 2H), 7.89-7.91 (q, 

J = 5.4 Hz, 2H), 9.95 (s, 1H); 
13

C NMR (125 MHz, CDCl3) δ 116.2, 116.4, 132.1, 132.2, 132.8, 

132.9, 165.4, 167.5, 190.5; HRMS (ESI) calculated for C7H5FO [M+H]
+
: 125.0399; found: 

125.0397. 

 

3,4-Dimethoxybenzaldehyde (9e) 

Yield: 69% (57.3 mg); 
1
H NMR (200 MHz, CDCl3) δ 3.94 (s, 3H), 3.96 (s, 3H), 6.96-7.00 (d, J 

= 8.2 Hz, 1H), 7.40-7.48 (m, 2H), 9.85 (1H); 
13

C NMR (125 MHz, CDCl3) δ 55.9, 56.1, 108.7, 

110.3, 126.8, 130.1, 149.5, 154.4, 190.8; HRMS (ESI) calculated for C9H10O3 [M+H]
+
: 

167.0701; found: 167.0703. 

 

4-Nitrobenzaldehyde (9f) 

Yield: 45% (34 mg); 
1
H NMR (200 MHz, CDCl3) δ 8.05-8.10 (d, J = 8.7 Hz, 2H), 8.38-8.41 (d, 

J = 8.7 Hz, 2H), 10.16 (s, 1H); 
13

C NMR (25 MHz, CDCl3) δ 124.2, 130.4, 139.9, 151.0, 190.2. 

 



  Appendix a 

  

P
ag

e1
7

6
 

3-Chlorobenzaldehyde (9g) 

Yield: 94%; 
1
H NMR (400 MHz, CDCl3): δ 7.49 (t, J = 7.9 Hz, 1H), 7.61 (m, 1H), 7.77 (dt, J = 

7.9 Hz, 1.3 Hz, 1H), 7.86 (t, J = 2.0 Hz, 1H), 9.98 (s, 1H). 
13

C NMR (125 MHz, CDCl3): δ 

127.9, 129.3, 130.3, 134.4, 135.4, 137.8, 190.8. 

 

3-Methoxybenzaldehyde (9h) 

Yield: 78% (53 mg); 
1
H NMR (200 MHz, CDCl3) δ 3.85 (s, 3H), 7.14-7.19 (m, 1H), 7.37-7.38 (t, 

J = 2.2 Hz, 1H), 7.42-7.45 (m, 2H), 9.86 (s, 1H); 
13

C NMR (125 MHz, CDCl3) δ 55.4, 112.0, 

121.4, 123.5, 129.9, 137.7, 160.1, 192.1. 

 

Terephthalaldehyde 9i 

Yield: 70% (47 mg); 
1
H NMR (200 MHz, CDCl3) δ 8.05 (s, 4H), 10.12 (s, 2H); 

13
C NMR (125 

MHz, CDCl3) δ 130.1, 139.9, 191.5; HRMS (ESI) calculated for C8H6O2 [M+H]
+
: 135.0440; 

found: 135.0441. 

 

Cinnamaldehyde (9j) 

Yield: 69 % (42 mg); 
1
H NMR (500 MHz, CDCl3) δ 7.69-7.74 (q, J = 7.6 Hz, 1H), 7.43-7.49 (m, 

4H), 7.56-7.58 (m, 2H), 9.70-9.71 (t, J = 7.6 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 128.4, 

129.0, 131.1, 133.9, 152.7, 193.6. 
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2-Bromobenzaldehyde (9k) 

Yield: 71% (65 mg); 
1
H NMR (200 MHz, CDCl3) δ 7.39-7.49 (m, 3H), 7.60-7.65 (m, 1H), 7.86-

7.92 (m, 1H), 10.33 (s, 1H); 
13

C NMR (125 MHz, CDCl3) δ 127.8, 129.7, 133.7, 135.2, 191.7; 

HRMS (ESI) calculated for C7H5BrO [M+H]
+
: 184.9595; found: 184.9597. 

 

2,6-Dimethylbenzaldehyde (9l) 

Yield: 52%. 
1
H NMR (200 MHz, CDCl3) δ 2.62 (s, 6H). 7.10 (d, J = 7.5 Hz, 2H), 7.33 (t, J = 7.5 

Hz, 1H), 10.64 (s, 1H), 
13

C NMR (125 MHz, CDCl3) δ 20.7, 129.9, 132.7, 133.2, 141.3, 193.8. 

 

2-Aminobenzaldehyde (9m) 

1
H NMR (400 MHz, CDCl3): δ 9.86 (s, 1H), 7.46 (d, J = 7.2 Hz, 1H), 7.30 (t, J = 6.8 Hz, 1H), 

6.73 (t, J = 6.6 Hz, 1H), 6.64 (d, J = 8.0 Hz, 1H), 6.13 (s, 2H).
 13

C NMR (125 MHz, CDCl3): δ 

116.1, 116.4, 118.9, 135.2, 135.7, 150.0, 194.1. 

 

3-Hydroxybenzaldehyde (9n) 
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Yield: 61% (37 mg); 
1
H NMR (200 MHz, CDCl3) δ 6.42 (s, 1H), 7.14-7.20 (m, 1H) 7.40-7.46 

(m, 3H), 9.95 (s, 1H); 
13

C NMR (125 MHz, CDCl3) δ 114.7, 122.2, 123.5, 130.4, 137.7, 156.5, 

192.7; HRMS (ESI) calculated for C7H6O2 [M+H]
+
: 123.0443; found: 123.0441. 

 

Furan-2-carbaldehyde (9o) 

Yield: 55% (26.5 mg); 
1
H NMR (200 MHz, CDCl3) δ 6.61-6.64 (q, J = 1.6 Hz, 1H), 7.27-7.29 

(q, J = 3.6 Hz, 1H), 7.71-7.72 (t, J = 0.7 Hz, 1H), 9.67 (s, 1H); 
13

C NMR (125 MHz, CDCl3) δ 

112.5, 121.1, 147.9, 152.8, 177.7; HRMS (ESI) calculated for C5H4O2 [M+H]
+
: 97.0289; found: 

97.0284. 

 

Benzophenone (11a) 

Yield: 97% (88 mg); 
1
H NMR (200 MHz, CDCl3) δ 7.42-7.60 (m, 6H), 7.76-7.81 (m, 4H); 

13
C 

NMR (125 MHz, CDCl3) δ 128.2, 129.9, 132.3, 137.5, 196.6. HRMS (ESI) calculated for 

C13H10O [M+H]
+
: 183.0803; found: 183.0804. 

 

Bis(4-methoxyphenyl)methanone (11b) 

Yield: 98% (118 mg); 
1
H NMR (200 MHz, CDCl3) δ 3.90 (s, 6H), 6.97 (d, J = 9 Hz, 4H), 7.80 

(d, J = 9 Hz, 4H); 
13

C NMR (50 MHz, CDCl3) δ 55.5, 113.4, 130.7, 132.2, 162.8. 
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(4-Chlorophenyl)(phenyl)methanone (11c) 

Yield: 95% (102 mg); 
1
H NMR (200 MHz, CDCl3) δ 7.45-7.54 (m, 4H), 7.58-7.66 (m, 1H), 

7.75-7.80 (m, 4H); HRMS (ESI) calculated for C13H9ClO [M+H]
+
: 217.0415; found: 217.0415. 

 

Phenyl(p-tolyl)methanone (11d) 

Yield: 90% (88 mg); 
1
H NMR (200 MHz,CDCl3) δ 2.44 (s, 3H), 7.26-7.30 (d, J = 8.4 Hz, 2H), 

7.43-7.62 (m, 3H), 7.70-7.81 (m, 4H); 
13

C NMR (125 MHz, CDCl3) δ 21.6, 128.2, 128.9, 129.9, 

130.2, 132.1, 134.8, 137.9, 143.2, 196.5; HRMS (ESI) calculated for C14H12O [M+H]
+
: 

197.0961; found: 197.0961. 

 

Acetophenone (11e) 

Yield: 73 % (43.8 mg); 
1
H NMR (200 MHz, CDCl3) δ 2.60 (s, 3H), 7.42-7.56 (m, 3H), 7.93-7.88 

(m, 2H); 
13

C NMR (25 MHz, CDCl3) δ 26.6, 128.3, 128.5, 133.0, 137.0, 198.1; HRMS (ESI) 

calculated for C8H8O [M+H]
+
: 120.0651; found: 120.648. 

 

 

1-(Naphthalen-2-yl)ethanone (11f) 

Yield: 77% (65.5 mg); 
1
H NMR (500 MHz, CDCl3) δ 2.72 (s, 3H), 7.54-7.62 (m, 2H), 7.86-7.89 

(d, J = 7.3Hz, 2H), 7.95-7.97 (d, J = 7.9 Hz, 1H), 8.02-8.04 (d, J = 8.5 Hz, 1H), 8.46 (s, 1H); 
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13
C NMR (125 MHz, CDCl3) δ 26.6, 123.8, 126.7, 127.7, 128.3, 128.4, 129.5, 130.1, 132.4, 

134.3, 135.5, 198.0; HRMS (ESI) calculated for C12H10O [M+H]
+
: 171.804; found: 171.0804. 

 

1-p-tolylethanone (11g) 

Yield: 71% (46.8 mg); 
1
H NMR (200 MHz,CDCl3) δ 2.40 (s, 3H), 2.57 (s, 3H), 7.23-7.27 (d, J = 

8.3 Hz, 2H), 7.84-7.88 (d, J = 8.0 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 21.5, 26.4, 128.3, 

129.1, 134.6, 143.8, 197.7; HRMS (ESI) calculated for C9H10O [M+H]
+
: 135.0804; found: 

135.0804. 

 

1-(4-Methoxyphenyl)ethanone (11h) 

Yield: 80% (60 mg); 
1
H NMR (200 MHz, CDCl3) δ 2.53 (s, 3H), 3.84 (s, 3H), 6.89-6.93 (d, J = 

8.9 Hz, 2H), 7.89-7.94 (d, J = 8.9 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 26.2, 55.3, 113.6, 

130.2, 130.4 163.4, 196.7; HRMS (ESI) calculated for C9H10O2 [M+H]
+
: 151.0752; found: 

151.0754. 

 

1-(4-Nitrophenyl)ethanone (11i) 

Yield: 69% (57 mg); 
1
H NMR (200 MHz, CDCl3) δ 2.68 (s, 3H), 8.09-8.13 (t, J = 8.8 Hz, 2H), 

8.29-8.33 (d, J = 8.8 Hz, 2H); 
13

C NMR (25 MHz, CDCl3) δ 26.9, 123.8, 129.2, 141.3, 150.3, 

196.3; HRMS (ESI) calculated for C8H7NO3 [M+H]
+
: 166.0498; found: 166.0499. 
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1-(4-Bromophenyl)ethanone (11j) 

Yield: 72% (71 mg); 
1
H NMR (200 MHz, CDCl3) δ 2.56 (s, 2H), 7.55-7.59 (d, J = 8.5 Hz, 2H), 

7.77-7.81 (d, J = 8.5 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 26.4, 128.1, 129.7, 131.7, 135.8, 

196.8; HRMS (ESI) calculated for C8H7BrO [M+H]
+
: 198.9751; found: 198.9753. 

 

Propiophenone (11k) 

Yield: 43% (29 mg); 
1
H NMR (200 MHz, CDCl3) δ 1.19-1.26 (t, J = 7.3 Hz, 3H), 2.95-3.05 (d, J 

= 7.2 Hz, 2H), 7.40-7.55 (m, 3H), 7.54-7.55 (m, 2H); 
13

C NMR (125 MHz, CDCl3) δ 8.1, 31.6, 

127.8, 128.4, 132.7, 136.8, 200.7. 

 

3,4-Dihydronaphthalen-1(2H)-one (11l) 

Yield: 54% (39.5 mg); 
1
H NMR (200 MHz, CDCl3) δ 2.07-2.20 (m,  J = 6.5 Hz, 2H), 2.63-2.69 

(t, J = 6.9 Hz, 2H), 2.94-3.00 (t, J = 6.0 Hz, 2H), 7.23-7.34 (m, 2H), 7.43-7.51 (m, 1H), 8.01-

8.06 (d, J = 7.8 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 23.1, 29.6, 39.1, 126.5, 127.0, 128.7, 

132.5, 133.2, 144.4, 198.2; HRMS (ESI) calculated for C10H10O [M+H]
+
: 147.0803; found: 

147.0804. 
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5-Bromo-3,4-dihydronaphthalen-1(2H)-one (11m) 

Yield: 36%; 
1
H NMR: δ 2.1-2.2 (m, 2H), 2.65 (m, 2H), 3.0 (t, J = 7.0 Hz, 2H), 7.15-7.25 (t, J = 

6.9 Hz, 1H) 7.7 (d, J = 7.5 Hz, 1H), 8.0 (d, J = 8.0 Hz, 1H). 

 

2,3-Dihydro-1H-inden-1-one (11n) 

Yield: 51% (31.11 mg); 
1
H NMR (200 MHz, CDCl3) δ 2.65-2.71 (t, J = 6.2 Hz, 2H), 3.11-3.17 

(t, J = 6.2 Hz, 2H), 7.36-7.40 (t, J = 7.7 Hz, 1H), 7.45-7.49 (d, J = 7.7 Hz, 1H), 7.54-7.62 (t, J = 

6.9 Hz, 1H), 7.73-7.74 (d, J = 7.7 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 25.7, 36.1. 123.6, 

126.6, 127.2, 134.5, 137.0, 155.1, 207.0; HRMS (ESI) calculated for C9H8O [M+H]
+
: 133.0648; 

found: 133.0648. 

 

Cyclohexanone (11o) 

Yield: 40% (20 mg); 
1
H NMR (500 MHz, CDCl3) δ 1.69-1.73 (m, 2H), 1.83-1.88 (m, 4H), 2.31-

2.34 (m, 4H); 
13

C NMR (125 MHz, CDCl3) δ 128.2, 129.9, 132.3, 137.5, 196.6; HRMS (ESI) 

calculated for C6H10O [M+H]
+
: 99.0808; found: 99.0804. 

 

Isobenzofuran-1(3H)-one (13) 

Yield: 97 % (65 mg); 
1
H NMR (200 MHz, CDCl3) δ 5.33 (s, 2H), 7.49-7.57 (t, J = 7.5 Hz, 2H), 

7.65-7.73 (d, J = 7.5 Hz, 1H), 7.90-7.94 (d, J = 7.5 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 

69.6, 120.0, 125.6, 128.9, 133.9, 146.5, 171.1; HRMS (ESI) calculated for C8H6O [M+H]
+
: 

135.0440; found: 135.0441. 
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Chapter 2b  

 

 

(E)-N-(4-chlorobenzylidene)-3-methylaniline (3aa) 

106 mg, 93% isolated yield. 
1
H NMR (CDCl3, 500 MHz) δ 8.43 (s, 1H), 7.85 (d, J = 8.4 Hz, 

2H), 7.46 (d, J = 8.4 Hz, 2H), 7.30 (t, J = 7.5 Hz, 1H), 7.08 (d, J = 7.2 Hz, 1H), 7.04-7.02 (m, 

2H), 2.41 (s, 3H). 
13

C NMR (CDCl3, 125 MHz) δ 158.61, 151.62, 139.02, 137.25, 134.69, 

129.89, 129.02(d, J = 4.8 Hz), 126.95, 121.58, 117.79, 21.38; HRMS Calcd for C14H12NCl 

[M+H]
+
: 230.0731; Found: 230.0734. 

 

N-(4-chlorobenzylidene)-3-fluoroaniline (3ab) 

100 mg, 86% isolated yield. 
1
H NMR (CDCl3, 200 MHz) δ 8.29 (s, 1H), 7.74 (d, J = 8.5 Hz, 

2H), 7.36 (d, J = 8.4 Hz, 2H), 7.23-7.16 (m, 1H), 6.90-6.81 (m, 3H). 
13

C NMR (CDCl3, 125 

MHz) δ 164.23, 162.27, 159.58, 153.48, 153.40, 130.32, 130.05, 129.08, 116.66, 116.64, 112.88, 

112.70, 108.09, 107.91; HRMS Calcd for C13H9NClF [M+H]
+
: 234.0480; Found: 234.0482. 

 

(E)-3-chloro-N-(4-chlorobenzylidene)aniline (3ac) 

103 mg, 83% isolated yield. 
1
H NMR (CDCl3, 200 MHz) δ 8.29 (s, 1H), 7.74 (d, J = 8.6 Hz, 

2H), 7.36 (d, J = 8.5 Hz, 2H), 7.23-7.10 (m, 3H), 6.98 (d, J = 7.91, 1H). 
13

C NMR (CDCl3, 50 
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MHz) δ 159.76, 152.95, 137.81, 134.78, 134.31, 130.89, 130.18, 130.09, 129.46, 129.15, 126.05, 

120.87, 119.36; HRMS Calcd for C13H9NCl2 [M+H]
+
: 250.0185; Found: 250.0187. 

 

(E)-3-bromo-N-(4-chlorobenzylidene)aniline (3ad) 

130 mg, 89% isolated yield. 
1
H NMR (CDCl3, 500 MHz) δ 8.31 (s, 1H), 7.76 (d, J = 8.3 Hz, 

2H), 7.38 (d, J = 8.3 Hz, 2H), 7.31–7.14 (m, 3H), 7.06 (d, J = 7.8 Hz, 1H); 
13

C NMR (CDCl3, 

125 MHz) δ 159.76, 153.01, 137.77, 134.23, 130.85, 130.54, 130.44, 130.07, 129.41, 129.11, 

128.92, 123.64, 119.90; HRMS Calcd for C13H9NBrCl [M+H]
+
: 293.9680; Found: 293.9684. 

 

(E)-N-(4-chlorobenzylidene)-2-fluoroaniline (3ae) 

68 mg, 58% isolated yield. 
1
H NMR (CDCl3, 500 MHz) δ 8.50 (s, 1H), 7.87 (d, J = 8.6 Hz, 2H), 

7.46 (d, J = 8.6 Hz, 2H), 7.27 - 7.15 (m, 4H). 
13

C NMR (CDCl3, 125 MHz) δ 161.33, 156.15, 

154.16, 139.61, 139.53, 137.77, 134.50, 130.08, 129.06, 126.94, 126.88, 124.50, 124.47, 122.02, 

116.37, 116.21; HRMS Calcd for C13H9NClF [M+H]
+
: 234.0480; Found: 234.0482. 

 

(E)-N-(4-chlorobenzylidene)-4-fluoroaniline (3af) 

87 mg, 75% isolated yield. 
1
H NMR (CDCl3, 200 MHz) δ 8.41 (s, 1H), 7.85 (d, J = 8.7 Hz, 2H), 

7.47 (d, J = 8.7 Hz, 2H), 7.37 (d, J = 8.5 Hz, 2H), 7.15 (d, J = 8.7 Hz, 2H). 
13

C NMR (CDCl3, 

125 MHz)  159.12, 150.10, 137.65, 134.44, 131.75, 130.90, 130.01, 129.46, 129.29, 129.14, 

122.17; HRMS Calcd for C13H9NClF [M+H]
+
: 234.0480; Found: 234.0482. 
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(E)-N-(4-chlorobenzylidene)-3-methoxyaniline (3ag) 

68 mg, 55% isolated yield. 
1
H NMR (CDCl3, 500 MHz) δ 8.43 (s, 1H), 7.85 (d, J = 8.6 Hz, 2H), 

7.46 (d, J = 8.2 Hz, 2H), 7.31 (t, J = 8.2 Hz, 1H), 6.82 - 6.78 (m, 3H), 3.85 (s, 3H). 
13

C NMR 

(CDCl3, 125 MHz) δ 160.31, 159.01, 153.08, 137.42, 134.56, 129.97, 129.94, 129.08, 112.79, 

112.02, 106.62, 55.33; HRMS Calcd for C14H12NClO [M+H]
+
: 246.0680; Found: 246.0683. 

 

(E)-N-(4-chlorobenzylidene)-3-(trifluoromethyl)aniline (3ah) 

134 mg. 95% isolated yield. 
1
H NMR (CDCl3, 500 MHz) δ 8.44 (s, 1H), 7.87 (d, J = 8.6 Hz, 

2H), 7.53-7.45 (m, 4H), 7.39 - 7.37 (m, 2H). 
13

C NMR (CDCl3, 125 MHz) δ 160.24, 152.12, 

137.96, 134.19, 130.14, 129.73, 129.20, 128.32, 124.15, 122.66, 117.71; HRMS Calcd for 

C14H9NClF3 [M+H]
+
: 284.0448; Found: 284.0450. 

 

(E)-N-(4-chlorobenzylidene)-3-nitroaniline (3ai) 

120 mg, 92% isolated yield. 
1
H NMR (CDCl3, 500 MHz) δ 8.47 (s,1H), 8.11 (dt, J = 8.2, 2.2 Hz, 

1H), 8.05 (t, J = 2.2 Hz, 1H), 7.88 (d, J = 8.5 Hz, 2H), 7.58 (t, J = 7.7 Hz, 1H), 7.54 (dt, J = 8.5, 

1.6 Hz, 1H), 7.50 (d, J = 8.5 Hz, 2H). 
13

C NMR (CDCl3, 125 MHz) δ 161.08, 152.75, 138.33, 

133.88, 130.29, 129.96, 129.27, 129.11, 127.62, 120.67, 115.31; HRMS Calcd for C13H9N2O2 

[M+H]
+
: 261.0425; Found: 261.0733. 
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(E)-N-(4-chlorobenzylidene)-3,4-dimethoxyaniline (3aj) 

71 mg, 51% isolated yield. 
1
H NMR (CDCl3, 400 MHz) δ 8.44 (s, 1H), 7.81 (d, J = 8.6 Hz, 2H), 

7.42 (d, J = 8.6 Hz, 2H), 6.89-6.87 (m, 2H), 6.82 (dd, J = 8.2, 2.3 Hz, 1H), 3.92 (s, 3H), 3.90 (s, 

3H). 
13

C NMR (CDCl3, 100 MHz) δ 156.80, 149.26, 147.83, 144.74, 136.92, 134.73, 129.64, 

128.93, 112.12, 111.30, 105.51, 55.99, 55.80; HRMS Calcd for C15H15NO2Cl [M+H]
+
: 

276.0786; Found: 276.0787. 

 

(E)-N-(4-chlorobenzylidene)-3-methoxy-2-methylaniline (3ak) 

91 mg, 70% isolated yield. 
1
H NMR (CDCl3, 500 MHz) δ 8.33 (s, 1H), 7.87 (d, J = 7.4 Hz, 2H), 

7.46 (d, J = 8.1 Hz, 2H), 7.18 (t, J = 7.5 Hz, 1H), 6.77 (d, J = 7.3 Hz, 1H), 6.60 (d, J = 7.7 Hz), 

3.88 (s, 3H), 2.25 (s, 3H). 
13

C NMR (CDCl3, 125 MHz) δ 158.13, 151.62, 137.20, 134.98, 

129.86, 129.01, 126.56, 120.40, 110.50, 107.79, 55.68, 10.32; HRMS Calcd for C15H14ONCl 

[M+H]
+
: 260.0764; Found: 260.0837. 

 

(E)-N-(4-chlorobenzylidene)-2,3-dimethylaniline (3al) 

97 mg, 81% isolated yield. 
1
H NMR (CDCl3, 200 MHz) δ 8.32 (s, 1H), 7.87 (d, J = 8.7 Hz, 2H), 

7.46 (d, J= 8.2 Hz, 2H), 7.17 - 7.04 (m, 2H), 6.79 (d, J = 7.2 Hz, 1H), 2.33 (s, 3H), 2.30 (s, 3H). 

13
C NMR (CDCl3, 50 MHz) δ 157.69, 150.67, 137.51, 137.05, 135.01, 130.47, 129.80, 128.98, 

127.46, 126.02, 115.33, 20.09, 13.79; HRMS Calcd for C15H14NCl [M+H]
+
: 244.0888; Found: 

244.0890. 
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(E)-N-(4-chlorobenzylidene) naphthalen-1-amine (3am) 

121 mg, 91% isolated yield. 
1
H NMR (CDCl3, 500 MHz) δ 8.6 (s, 1H), 7.91-7.86 (m, 5H), 7.62 

(s, 1H), 7.53 - 7.45 (m, 5H). 
13

C NMR (CDCl3, 125 MHz) δ 158.92, 149.16, 137.38, 134.66, 

134.00, 132.05, 129.97, 129.08, 129.00, 127.92, 127.71, 126.45, 125.47, 120.89, 117.93; HRMS 

Calcd for C17H12NCl [M+H]
+
: 266.0731; Found: 266.0733. 

 

(E)-N-(4-chlorobenzylidene)-1,2,3,4-tetrahydronaphthalen-1-amine (3an) 

109 mg, 81% isolated yield. 
1
H NMR (CDCl3, 500 MHz) δ 8.4 (s, 1H), 7.74 (d, J = 8.2 Hz, 2H), 

7.40 (d, J = 8.9 Hz, 2H), 7.19 - 7.14 (m, 3H), 7.02 (2, J = 8.2 Hz, 1H), 4.54 (t, J = 7 Hz, 1H), 

2.96 – 2.84 (m, 2H), 2.13 - 2.02 (m, 3H), 1.91 - 1.84 (m, 1H). 
13

C NMR (CDCl3, 125 MHz) δ 

159.15 137.15, 136.96, 136.56, 134.80, 129.56, 129.25, 128.84, 128.58, 127.01, 125.83, 68.52, 

31.52, 29.49, 20.10; HRMS Calcd for C17H16NCl [M+H]
+
: 270.1044; Found: 270.1042. 

 

(E)-N-(4-chlorobenzylidene)cyclohexanamine (3ao) 

82 mg, 74% isolated yield. 
1
H NMR (CDCl3, 500 MHz) δ 8.27 (s, 1H), 7.67 (d, J = 7.7 Hz, 2H), 

7.37 (d, J = 7.7 Hz, 2H), 3.19 (s, 1H), 1.85 - 1.82 (m, 2H), 1.74 - 1.67 (m, 3H), 1.62 - 1.55 (m, 

2H), 1.40 - 1.33 (m, 2H), 1.30 - 1.25 (m, 1H). 
13

C NMR (CDCl3, 125 MHz) δ 157.25, 136.16, 

135.01, 129.20, 128.72, 69.92, 34.25, 25.55, 24.71; HRMS Calcd for C13H16NCl [M+H]
+
: 

222.1044; Found: 222.1042. 

 

(E)-N-(4-chlorobenzylidene)-1,1-diphenylmethanamine (3aq) 



  Appendix a 

  

P
ag

e1
8

8
 

94 mg, 62% isolated yield. 
1
H NMR (CDCl3, 500 MHz) δ 8.40 (s, 1H), 7.80 (d, J = 8.5 Hz, 2H), 

7.42 – 7.30 (m, 11H), 7.26 – 7.20 (m, 1H), 5.62 (s, 1H). 
13

C NMR (CDCl3, 125 MHz) δ 159.44, 

143.65, 136.70, 134.74, 129.62, 128.79, 128.46, 127.60, 127.05, 77.84; HRMS Calcd for 

C20H16NCl [M+H]
+
: 306.1044; Found: 306.1042. 

 

(E)-N-(4-chlorobenzylidene)-1-phenylmethanamine (3ar) 

46 mg, 40% isolated yield. 
1
H NMR (CDCl3, 200 MHz) δ 8.25 (s, 1H), 7.63 (d, J = 8.5 Hz, 2H), 

7.31 – 7.21 (m, 7H), 4.73 (d, J = 1.1 Hz, 1H). 
13

C NMR (CDCl3, 50 MHz) δ 160.47, 139.01, 

136.66, 134.60, 129.41, 128.83, 128.50, 127.95, 127.04, 64.94; HRMS Calcd for C14H12NCl 

[M+H]
+
: 230.0731; Found: 230.0730. 

 

(E,E)-N
1
,N

3
-bis(4-chlorobenzylidene)benzene-1,3-diamine (3as) 

132 mg, 75% isolated yield. 
1
H NMR (CDCl3, 500 MHz) δ 8.48 (s, 2H), 7.86 (d, J = 8.5 Hz, 

4H), 7.47 (d, J = 8.5 Hz, 4H), 7.42 (t, J = 8.1 Hz, 1H), 7.11 (dd, J = 7.6, 1.8 Hz, 2H), 7.06 (s, 

1H). 
13

C NMR (CDCl3, 125 MHz) δ 159.25, 152.64, 137.52, 134.53, 129.99, 129.86, 129.10, 

129.01, 118.77, 113.04; HRMS Calcd for C20H14N2Cl2 [M+H]
+
: 353.0607; Found: 353.0603. 

 

(E)-N-benzylidene-3-methylaniline (3ba) 

70 mg, 72% isolated yield. 
1
H NMR (CDCl3, 200 MHz) δ 8.47 (s, 1H), 7.94 – 7.89 (m, 2H), 

7.50–7.47 (m, 3H), 7.33 – 7.29 (m, 1H), 7.09 – 7.01 (m, 3H), 2.41 (s, 3H). 
13

C NMR (CDCl3, 50 

MHz)  ppm 160.25, 131.35, 129.79, 129.01, 128.80, 126.75, 121.66, 117.87, 21.45; HRMS 

Calcd for C14H13N [M+H]
+
: 196.1121; Found: 196.1121. 
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(E)-N-(4-fluorobenzylidene)-3-methylaniline (3bb) 

92 mg, 86% isolated yield. 
1
H NMR (CDCl3, 200 MHz) δ 8.31 (s, 1H), 7.79 (d, J = 8.1 Hz, 2H), 

7.23 - 6.90 (m, 6H), 2.30 (s, 3H). 
13

C NMR (CDCl3, 50 MHz) δ 167.12, 162.12, 158.52, 151.81, 

138.96, 132.58, 130.77, 130.60, 128.95, 126.75, 121.55, 117.76, 116.07, 115.63, 21.34; HRMS 

Calcd for C14H12NF [M+H]
+
: 214.1027; Found: 214.1027. 

 

(E)-N-(4-iodobenzylidene)-3-methylaniline (3bc) 

125 mg, 78% isolated yield. 
1
H NMR (CDCl3, 400 MHz) δ 8.37 (s, 1H), 7.81 (d, J = 8.2 Hz, 

2H), 7.61 (d, J = 8.2 Hz, 2H), 7.26 (s, 1H), 7.06-6.99 (m, 1H), 2.38 (s, 3H); 
13

C NMR (CDCl3, 

100 MHz) δ 158.91, 151.62, 139.04, 137.97, 135.70, 130.14, 129.01, 127.00, 121.57, 117.79, 

98.09, 21.38; HRMS Calcd for C14H12NI [M+H]
+
: 322.0087; Found: 322.0086. 

 

(E)-3-methyl-N-(4-methylbenzylidene)aniline (3bd) 

53 mg, 51% isolated yield. 
1
H NMR (CDCl3, 200 MHz) δ 8.32 (s, 1H), 7.70 (d, J = 8.8 Hz, 2H), 

7.20-7.15 (m, 3H), 6.97-6.91 (m, 3H), 2.33 (s, 3H), 2.30 (s, 3H). 
13

C NMR (CDCl3, 50 MHz) δ 

160.07, 152.22, 141.72, 138.87, 133.71, 129.45, 128.90, 128.74, 126.47, 121.60, 117.81, 21.56, 

21.36; HRMS Calcd for C15H15N  [M+H]
+
: 210.1277; Found: 210.1277. 

 

(E)-N-(4-methoxybenzylidene)-3-methylaniline (3be) 

70 mg, 62% isolated yield. 
1
H NMR (CDCl3, 200 MHz) δ 8.38 (s, 1H), 7.84 (d, J = 8.9 Hz, 2H), 

7.31-7.23 (m, 1H), 7.04 - 6.96 (m, 5H), 3.87 (s, 3H), 2.38 (s, 3H). 
13

C NMR (CDCl3, 125 MHz) 

δ 162.15, 159.53, 152.30, 138.90, 130.44, 129.25, 128.91, 126.31, 121.61, 117.81, 114.13, 55.41, 

21.40. 
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(E)-3-methyl-N-(4-nitrobenzylidene)aniline (3bf) 

96 mg, 80% isolated yield. 
1
H NMR (CDCl3, 400 MHz) δ 8.56 (s, 1H), 8.34 (d, J = 8.7 Hz, 2H), 

8.08 (d, J = 8.7 Hz, 2H), 7.33 (t, J = 7.3 Hz, 1H), 7.14-7.07 (m, 3H), 2.42 (s, 3H). 
13

C NMR 

(CDCl3, 100 MHz)) δ 157.19, 151.01, 149.34, 141.74, 139.32, 129.43, 129.23, 127.93, 124.09, 

121.78, 118.00, 77.08, 21.47; HRMS Calcd for C14H12O2N2 [M+H]
+
: 241.0972; Found: 

241.0972. 

 

(E)-3-methyl-N-(3-methylbenzylidene)aniline (3bg) 

95 mg, 91% isolated yield. 
1
H NMR (CDCl3, 200 MHz) δ 8.33 (s, 1H), 7.67 (s, 1H), 7.56 (d, J = 

7.8 Hz, 1H), 7.22-7.15 (m, 3H), 6.97-6.90 (m, 3H), 2.33 (s, 3H), 2.30 (s, 3H). 
13

C NMR (CDCl3, 

50 MHz) δ 160.42, 152.16, 138.94, 138.52, 136.23, 132.15, 128.93, 128.62, 126.62, 126.37, 

121.61, 117.81, 21.38, 21.28; HRMS Calcd for C15H15N [M+H]
+
: 210.1277; Found: 210.1279. 

 

(E)-N-(3-methoxybenzylidene)-3-methylaniline (3bh) 

67 mg, 60% isolated yield. 
1
H NMR (CDCl3, 200 MHz) δ 8.37 (s, 1H), 7.47-7.31 (m, 3H), 7.23-

7.19 (dd, J = 7.3, 2.6 Hz, 1H), 7.02-6.69 (m, 4H), 3.84 (s, 3H), 2.34 (s, 3H). 
13

C NMR (CDCl3, 

125 MHz) δ 162.15, 159.53, 152.30, 138.90, 130.44, 129.25, 128.91, 126.31, 121.61, 117.81, 

114.13, 55.41, 21.40; HRMS Calcd for C15H15NO  [M+H]
+
: 226.1226; Found: 226.1227. 

 

(E)-N-(4-bromo-2-methoxybenzylidene)-3-methylaniline (3bi) 
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70 mg, 46% isolated yield. 
1
H NMR (CDCl3, 500 MHz) δ 8.78 (s, 1H), 7.97 (d, J = 8.2 Hz, 1H), 

7.23-6.96 (m, 6H), 3.86 (s, 3H), 2.35 (s, 3H). 
13

C NMR (CDCl3, 125 MHz) δ 159.66, 155.14, 

152.33, 138.90, 128.89, 128.65, 126.67, 126.46, 124.15, 123.79, 121.71, 118.01, 115.33, 114.69, 

55.83, 21.38; HRMS Calcd for C15H14ONBr [M+H]
+
: 304.0332; Found: 304.0333. 

 

 

(E)-N-(2-aminobenzylidene)-3-methylaniline (3bj) 

70 mg, 67% isolated yield.
 1

H NMR (CDCl3, 500 MHz) δ 8.53 (s, 1H), 7.35 (d, J = 8.0 Hz, 1H), 

7.20 (d, J = 8.0 Hz, 1 H), 7.06-6.99 (m, 3H), 6.77-6.70 (m, 3H), 6.53(s, 1H), 2.40 (s, 3H). HRMS 

Calcd for C14H14N2 [M+H]
+
: 211.1230; Found: 211.1230. 

 

(E)-N-(furan-2-ylmethylene)-3-methylaniline (3bk) 

70 mg, 76% isolated yield. 
1
H NMR (CDCl3, 200 MHz) δ 8.24 (s, 1H), 7.57 (s, 1H), 7.24-7.19 

(m, 1H), 7.03-6.99 (m, 3H), 6.90 (d, J = 3.5 Hz, 1H), 6.52-6.50 (m, 1H), 2.34 (s, 3H). 
13

C NMR 

(CDCl3, 100 MHz) δ 152.10, 151.32, 147.49, 145.52, 138.94, 128.93, 126.97, 121.65, 118.02, 

116.04, 112.08, 21.35; HRMS Calcd for C12H11ON [M+H]
+
: 186.0913; Found: 186.0914. 

 

(E)-3-methyl-N-((E)-3-phenylallylidene)aniline (3bl) 

50 mg, 45% Isolated yield. 
1
H NMR (CDCl3, 500 MHz) δ 8.26 (d, J = 7.5 Hz, 1H), 7.53 (d, J = 

7.5 Hz, 1H), 7.40-7.34 (m, 3H), 7.25 (d, J = 6.5Hz, 1H), 7.16-6.97 (m, 3H), 2.37 (s, 3H). 
13

C 

NMR (CDCl3, 125 MHz) δ 161.44, 151.71, 143.83, 138.99, 135.62, 129.54, 128.98, 128.91, 

128.65, 127.47, 126.89, 121.61, 117.95, 21.39;  HRMS Calcd for C16H15N [M+H]
+
: 222.1277; 

Found: 222.1277. 
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(E)-1-(4-chlorophenyl)-N-(m-tolyl)methanimine-d (3aa-d) 

1
H NMR (CDCl3, 500 MHz) δ 7.85 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H), 7.29 (t, J = 7.2 

Hz, 1H), 7.08-7.02 (m, 3H), 2.40 (s, 3H); HRMS Calcd for C14H11NClD [M+H]
+
: 231.0794; 

Found: 231.0794. 

 

Chapter 3A 

 

Quinoline (2a) 

Compound 2a was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl. Yield: 93% (60 mg); 
1
H NMR 

(200 MHz, CDCl3) δ 7.27-7.79 (m, 4H), 8.09-8.15 (m, 2H), 8.90 (s, 1H); 
13

C NMR (125 MHz, 

CDCl3) δ 120.9, 126.4, 127.6, 128.1, 129.2, 135.96, 148.03, 150.173; HRMS (ESI) calculated for 

C9H7N [M+H]
+
: 130.0651; found: 130.0651. 

 

 

2-Methylquinoline (2b) 

Compound 2b was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 94% (67 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 2.70 (s, 1H), 7.18-7.20 (t, J = 8.2Hz, 1H), 7.40-7.43 (t, J = 7.9 Hz, 

1H), 7.61-7.64 (t, J = 8.5Hz, 1H), 7.68-7.70 (d, J = 7.9 Hz, 1H), 7.94-7.95 (d, J = 8.5 Hz, 1H), 

7.99-8.01 (d, J = 8.5 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 25.2, 121.8, 124.4, 126.3, 127.3,, 

128.4, 129.2, 135.9, 147.7, 158.8; HRMS (ESI) calculated for C10H9N [M+H]
+
 144.0808; found: 

144.0809. 
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 4-Methylquinoline (2c) 

Compound 2c was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 91% (65 mg); δ = 

2.65 (s, 3H), 7.18 (d, J = 3.5 Hz, 1H), 7.52 (t, J = 7.6 Hz, 1H), 7.68 (t, J = 7.7 Hz, 1H), 7.95 (d, J 

= 8.3 Hz, 1H), 8.10 (d, J = 8.3 Hz, 1H), 8.76 (s, 1H); 
13

C NMR (126 MHz, CDCl3):  = 18.48, 

121.74, 123.68, 126.13, 128.17, 128.95, 129.90, 144.10, 147.88, 150.01; HRMS (ESI) m/z 

calculated for C10H10N [M+H]
+
 144.0808; found 144.0808. 

 

 

6-Methylquinoline (2d) 

Compound 2d was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 97% (69 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 2.47 (s, 3H), 7.26-7.29 (d, J = 4.2 Hz, 1H), 7.48-7.49 (m, 2H), 7.97-

8.00 (t, J = 8.5 Hz, 2H), 7.80-8.81 (dd, J = 3.9 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 21.3, 

120.8, 126.4, 128.1, 128.8, 131.5, 135.1, 136.1, 146.6, 149.2. HRMS (ESI) calculated for 

C10H9N [M+H]
+
 144.0807; found: 144.0808. 

 

 

6-Methoxyquinoline (2e) 

Compound 2e was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 92% (73 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 3.92 (s, 3H), 7.05-7.06 (d, J = 2.7 Hz, 1H), 7.32-7.34 (q, J = 4.2 Hz, 

1H), 7.35-7.38 (dd, J = 9.1 Hz, 1H), 7.99-8.01 (d, J = 9.1 Hz, 1H), 8.02-8.04 (d, J = 8.2 Hz, 1H), 



  Appendix a 

  

P
ag

e1
9

4
 

8.75-8.76 (d, J = 4.2 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 55.4, 105.1, 121.3, 122.2, 129.3, 

130.8, 134.7, 144.4, 147.9, 157.7; HRMS (ESI) calculated for C10H9NO [M+H]
+
: 160.0757; 

found: 160.0756. 

 

 

Quinolin-8-ol (2f) 

Compound 2f was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 98% (71 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 7.18-7.52 (m, 4H), 8.17 (dd, J = 8.4 Hz 1H), 8.80 (dd, J = 4.2 Hz 

1H); 
13

C NMR (126 MHz, CDCl3)  76.7, 77.3, 110.0, 117.9, 121.8, 127.7, 128.5, 136.1, 138.3, 

147.9, 152.2. 

 

 

6-Fluoroquinoline (2g) 

Compound 2g was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl. Yield: 78% (57 mg); 
1
H NMR 

(500 MHz, CDCl3): δ = 7.42-7.38 (m, 2H), 7.47 (dt, J = 9.1, 2.7 Hz, 1H), 8.11-8.07 (m, 2H), 

8.87 (dd, J = 4.1, 1.1 Hz, 1H); 
13

C NMR (126 MHz, CDCl3):  = 110.62 (d, JC-F = 21.9 Hz), 

119.68 (d, JC-F = 25.8 Hz), 121.70, 128.81 (d, JC-F = 9.5 Hz), 131.92 (d, JC-F = 9.5 Hz), 135.33 (d, 

JC-F = 5.6 Hz), 145.33, 149.62 (d, JC-F = 2.8 Hz), 160.32 (d, JC-F = 248.2 Hz); HRMS (ESI) m/z 

calculated for C9H7FN[M+H]
+
 148.0557; found 148.0556. 

 

 

6-Bromoquinoline (2h) 
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Compound 2h was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 95% (97 mg); 
1
H 

NMR (500 MHz, CDCl3): δ = 7.42 (dd, J = 8.3, 4.1 Hz, 1H ), 7.78 (dd, J = 9.0, 2.3 Hz, 1H), 

7.99-7.97 (m, 2H), 8.06 (d, J = 8.1 Hz, 1H), 8.92 (dd, J = 4.2, 1.5 Hz, 1H); 
13

C NMR (126 MHz, 

CDCl3):  = 120.42, 121.85, 129.31, 129.76, 131.18, 132.91, 135.01, 146.79, 150.69; HRMS 

(ESI) m/z calculated for C9H7BrN[M+H]
+
 207.9756; found 207.9759. 

 

 

7-Nitroquinoline (2i) 

Compound 2i was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 80% (69 mg); 
1
H 

NMR (200 MHz, CDCl3) δ 7.61-7.63 (q, J = 4.1Hz, 1H), 7.96-8.01 (q, J = 8.9 Hz, 1H), 8.26-

8.35 (dt, J = 8.9 Hz, 2H), 9.00-9.10 (d, J = 2.1 Hz, 1H), 9.07-9.10 (dd, J = 1.6 Hz, 1H); 
13

C 

NMR (125 MHz, CDCl3) δ 120.1, 123.9, 125.8, 129.5, 131.4, 135.9, 147.1, 148.1, 152.7; HRMS 

(ESI) calculated for C9H6N2O2 [M+H]
+
: 175.0501; found: 175.0502. 

 

 

2-phenylquinoline (2j) 

Compound 2j was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 54% (55 mg); 
1
H 

NMR (500 MHz, CDCl3) δ = 7.49 (t, J = 7.2 Hz, 1H), 7.57-7.53 (m, 3H), 7.75 (t, J = 8.0 Hz, 

1H), 7.83 (d, J = 8.0 Hz, 1H), 7.88 (d, J = 8.4 Hz, 1H), 8.21 (t, J = 9.2 Hz, 4H), 
13

C NMR (126 

MHz, CDCl3) δ = 118.94, 126.22, 127.13, 127.41, 127.52, 128.79, 129.26, 129.59, 129.70, 

136.70, 139.64, 148.24, 157.29. 
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2-(3-Methoxyphenyl)quinoline (2k) 

Compound 2k was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 57% (67 mg);
1
H 

NMR (400 MHz, CDCl3): δ = 3.94 (s, 3H), 7.05 (dd, J = 8.5, 1.9 Hz, 1H), 7.45 (t, J = 8.0 Hz, 

1H), 7.54 (t, J = 8.0 Hz, 1H), 7.76-7.72 (m, 2H), 7.84-7.80 (m, 2H), 7.86 (d, J = 8.6 Hz, 1H), 

8.21 (dd, J = 8.5, 3.7 Hz, 2H); 
13

C NMR (126 MHz, CDCl3):  = 55.34, 112.66, 115.30, 119.02, 

119.95, 126.25, 127.20, 127.39, 129.58, 129.68, 129.74, 136.68, 141.09, 148.15, 157.04, 160.08. 

HRMS (ESI) m/z calculated for C16H14NO [M+H]
+
 236.1070; found 236.1068. 

 

 

1H-indole (4a) 

Compound 4a was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 98% (57 mg); 
1
H 

NMR (200 MHz, CDCl3) δ 6.62-6.65 (m, 1H), 7.15-7.32 (m, 3H), 7.44-7.49 (d, J = 8.2 Hz, 1H), 

7.70-7.75 (d, J = 7.5 Hz, 1H), 8.19 (s, 1H); 
13

C NMR (25 MHz, CDCl3) δ 102.6, 110.9, 119.8, 

121.9, 124.1, 127.8, 135.7. 

 

 

1H-pyrrolo[2,3-b]pyridine (4b) 

Compound 4b was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 90% (53 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 6.54-6.54 (d, J = 3.0 Hz, 1H), 7.11-7.14 (q, J = 4.8 Hz, 1H), 7.41-

7.41 (q, J = 3.3 Hz, 1H), 8.00-8.02 (d, J = 7.6Hz, 1H), 8.35-8.35 (d, J = 4.5 Hz, 1H), 
13

C NMR 

(125 MHz, CDCl3) δ 100.8, 115.8, 120.7, 125.4, 129.4, 141.9, 148.2. 
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2-Methyl-1H-indole (4c) 

Compound 4c was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 93% (61 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 2.46 (s, 3H), 6.29 (s, 1H), 7.15-7.21 (m, 2H), 7.30-7.31 (d, J = 7.6 

Hz, 1H), 7.60-7.11 (d, J = 7.6 Hz, 1H), 7.75 (s, 1H); 
13

C NMR (125 MHz, CDCl3) δ 13.6, 100.2, 

110.2, 119.5, 120.8, 128.9, 135.1, 135.9. 

 

 

 5-Methoxy 1H-indole (4d) 

Compound 4d was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 92% (67 mg); 
1
H 

NMR (500 MHz, CDCl3): δ = 3.90 (s, 3H), 6.52 (s, 1H), 6.92 (d, J = 8.7 Hz, 1H), 7.16 (s, 1H), 

7.18 (t, J = 2.6 Hz, 1H), 7.29 (d, J = 8.7 Hz, 1H), 8.07 (brs, 1H): 
13

C NMR (126 MHz, CDCl3): δ 

= 55.81, 102.29, 111.69, 112.29, 124.87, 128.23, 130.92, 154.12; HRMS (ESI) m/z calculated 

for C9H10NO[M+H]
+
 148.0757; found 148.0758. 

 

 

Ethyl 1H-indole-2-carboxylate (4e) 

Compound 4e was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 88% (83 mg); 
1
H 

NMR (400 MHz, CDCl3): δ = 1.45 (t, J = 7.3 Hz, 3H), 4.46 (q, J = 6.8 Hz, 2H), 7.18 (t, J = 8.0 

Hz, 1H), 7.35 (t, J = 7.7 Hz, 1H), 7.27 (s, 1H), 7.46 (d, J = 8.0 Hz, 1H), 7.72 (d, J = 7.7 Hz, 1H), 

9.32 (brs, 1H), 
13

C NMR (101 MHz, CDCl3): δ = 14.35, 61.04, 108.60, 111.90, 120.70, 122.54, 



  Appendix a 

  

P
ag

e1
9

8
 

125.26, 127.43, 136.91, 162.22; HRMS (ESI) m/z calculated for C11H11NNaO2[M+Na]
+
 

212.0682; found 212.0682. 

 

 

1H-indole-2-carboxylic acid (4f) 

Compound 4f was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield 96% (77 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 7.18-7.21 (t, J = 7.6 Hz, 1H), 7.36-7.40 (m, 2H), 7.46-7.47 (d, J = 

8.2 Hz, 1H), 7.73-7.75 (d, J = 8.2 Hz, 1H), 8.97 (bs, 1H); 
13

C NMR (125 MHz, CDCl3) δ 110.8, 

111.9, 121.1, 122.9, 126.1, 127.4, 137.3, 166.1; HRMS (ESI) calculated for C9H7NO2 [M+H]
+
: 

162.0546; found: 162.0550. 

 

 

5-Bromo-1H-indole (4g) 

Compound 4g was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield 98% (95 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 6.52-6.53 (s, 1H), 7.27-7.30 (m, 3H), 7.29 (s, 1H), 8.22 (bs, 1H); 
13

C 

NMR (125 MHz, CDCl3) δ 120.3, 112.4, 113.0, 123.2, 124.8, 125.3, 129.6, 134.4. 

 

 

Isoquinoline (6a) 

Compound 6a was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 93% (60 mg); 
1
H 

NMR (200 MHz, CDCl3) δ 7.63-7.95 (m, 4H), 8.09-8.13 (m, 2H), 9.24 (s, 1H); 
13

C NMR (25 

MHz, CDCl3) δ 120.3, 126.3, 127.1, 127.5, 128.5, 130.26, 130.64, 142, 152, HRMS (ESI) 

calculated for C9H7N [M+H]
+
: 130.0651; found: 130.0651. 



  Appendix a 

  

P
ag

e1
9

9
 

 

 

Acridine (6b) 

Compound 6b was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 89% (80 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 7.49-7.51 (q, J = 5.4 Hz, 2H),  7.74-7.78 (m, 2H), 7.94-7.97 (t, J = 

8.2 Hz, 2H), 8.24-8.25 (t, J = 8.8 Hz, 2H), 8.69-8.71 (d, J = 9.7 Hz, 1H); 
13

C NMR (125 MHz, 

CDCl3) δ 125.6, 126.5, 128.1, 129.3, 130.1, 149.0. 

 

 

Benzo[h]quinoline (6c) 

Compound 6c was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 74% (66 mg); 
1
H 

NMR (500 MHz, CDCl3) δ 7.49-7.51 (q, J = 4.2 Hz, 1H), 7.65-7.67 (d, J = 8.8 Hz, 1H), 7.70-

7.73 (td, J = 6.7 Hz, 1H), 7.75-7.81 (m, 2H), 7.91-7.92 (d, J = 8.2 Hz, 1H), 8.13-8.15 (dd, J = 7.9 

Hz, 1H), 9.02-9.03 (dd, J = 4.5 Hz, 1H), 9.34-9.36 (d, J = 7.6 Hz, 1H); 
13

C NMR (125 MHz, 

CDCl3) δ 121.6, 124.3, 125.2, 126.3, 126.9, 127.7, 128.1, 131.4, 133.5, 135.6, 146.5, 146.5, 

148.7; HRMS (ESI) m/z calculated for C13H10N[M+H]
+
 180.0808; found 180.0806. 

 

 

2-Phenylquinoxaline (6d) 

Compound 6d was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. (96 mg, 99%); 
1
H NMR 

(500 MHz, CDCl3): δ = 7.59-7.51 (m, 3H ), 7.80-7.73 (m, 2H),  8.13 (d, J = 8.0 Hz, 1H ), 8.16(d, 

J = 8.0 Hz, 1H), 8.20 (d, J = 8.3 Hz, 2H), 9.33 (s, 1H), 8.16); 
13

C NMR (126 MHz, CDCl3): δ = 
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127.50, 129.08, 129.10, 129.48, 129.58, 130.13, 130.22, 136.73, 141.53, 142.25, 143.31, 151.78, 

HRMS (ESI) m/z calculated for C14H11N2[M+H]
+
 207.0917; found 207.0917. 

 

 

2-Phenylquinazoline (6e) 

Compound 6e was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 96% (99 mg); 
1
H 

NMR (500 MHz, CDCl3): δ = 7.57-7.51 (m, 3H), 7.63 (t, J = 7.6 Hz, 1H), 7.95-7.91 (m, 2H), 

8.11 (d, J = 8.4 Hz, 1H), 8.63 (d, J = 8.4 Hz, 2H), 9.49 (s, 1H), 
13

C NMR (126 MHz, CDCl3): δ = 

123.61, 127.12, 127.26, 128.57, 128.64, 130.60, 134.11, 138.04, 150.79, 160.50, 161.08; HRMS 

(ESI) m/z calculated for C14H11N2[M+H]
+
 207.0917; found 207.0917. 

 

 

 2-(4-Chlorophenyl)quinazoline (6f) 

Compound 6f was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 91% (109 mg); 
1
H 

NMR (500 MHz, CDCl3): δ = 7.50 (d, J = 8.4 Hz, 2H), 7.60 (t, J = 7.7 Hz, 1H), 7.91-7.88 (m, 

2H), 8.06 (d, J = 8.8 Hz, 1H), 8.57 (d, J = 8.4 Hz, 2H), 9.41 (s, 1H): 
13

C NMR (126 MHz, 

CDCl3): δ = 123.49, 127.04, 127.34, 128.49, 128.70, 129.82, 134.13, 136.42, 136.72, 150.55, 

159.87, 160.39; HRMS (ESI) m/z calculated for C14H10ClN2[M+H]
+
 241.0527; found 241.0528. 

 

 

2-(Pyridin-4-yl)quinazoline (6g) 
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Compound 6g was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 94% (97 mg); 
1
H 

NMR (500 MHz, CDCl3): δ = 7.62(t, J = 7.6 Hz, 1H), 7.90-7.88 (m, 2H), 8.05 (d, J = 9.1 Hz, 

1H), 8.40 (d, J = 5.5 Hz, 2H),  8.77(d, J = 5.0 Hz, 2H), 9.41 (s, 1H); 
13

C NMR (126 MHz, 

CDCl3): δ = 122.20, 123.99, 127.04, 128.16, 128.72, 134.36, 145.14, 150.32, 150.38, 158.73, 

160.57;HRMS (ESI) m/z calculated for C13H10N3[M+H]
+
 208.0869; found 208.0869. 

 

 

2-Hexylquinazoline (6h) 

Compound 6h was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 93% (73 mg; 
1
H 

NMR (500 MHz, CDCl3): δ = 0.82 (s, 3H), 1.40-1.24 (m, 6H), 1.87 (quin, J = 7.3 Hz, 2H), 3.07 

(t, J = 8.1 Hz, 2H), 7.51 (t, J = 7.8 Hz, 1H), 7.80 (t, J = 7.2 Hz, 2H), 7.92 (d, J = 7.7 Hz, 1H), 

9.28 (s, 1H); 
13

C NMR (126 MHz, CDCl3): δ = 13.93. 22.42, 28.85, 29.10, 31.57, 39.87, 122.89, 

126.73, 126.91, 167.76, 127.73, 133.82, 150.20, 160.21; HRMS (ESI) m/z calculated for 

C14H19N2[M+H]
+
 215.1543; found 215.1541.  

 

 

Compound 8 was prepared according to the general procedure as described and was purified by 

silica gel column chromatography using petroleum ether/ethyl acetate. Yield: 62% (27 mg 
1
H 

NMR (500 MHz, CDCl3): δ = 7.23 (t, J = 8.5 Hz, 2H), 7.32 (d, J = 4.2 Hz, 1H), 7.54-7.47 (m, 

3H), 7.74 (t, J = 8.2 Hz, 1H), 7.88 (d, J = 8.5 Hz, 1H), 8.19 (d, J = 8.9 Hz, 1H), 8.95 (d, J = 4.4 

Hz, 1H); 
13

C NMR (126 MHz, CDCl3): δ = 115.64 (d, JC-F = 21.1 Hz), 121.36, 125.56, 126.69, 

126.76, 129.41, 129.89, 131.21 (d, JC-F = 8.5 Hz), 133.90 (d, JC-F = 3.8 Hz), 147.39, 148.63, 
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149.91, 162.89 (d, JC-F = 247.7 Hz); 
19

F NMR (376 MHz, D2O): δ = -113.26; HRMS (ESI) m/z 

calculated for C15H11FN [M+H]
+
 224.0870; found 224.0871. 

 

Chapter 3B 

(Z)-1,2-diphenylethene (2a) 

 

1
H NMR (400MHz, CDCl3)  = 7.30 (d, J = 9.2 Hz, 10 H), 6.67 (s, 2 H). 

(Z)-1,2-bis(4-fluorophenyl)ethane (2b)
4
 

 

1
H NMR (500MHz, CDCl3)  = 7.24 - 7.15 (m, 4 H), 6.93 (t, J = 8.8 Hz, 4 H), 6.55 (s, 2 H).

 13
C 

NMR (126MHz, CDCl3)  = 162.8, 160.9, 133.0, 133.0, 130.5, 130.4, 129.1, 115.3, 115.2. 

(Z)-1,2-bis(4-methoxyphenyl)ethane (2c)
5
 

 

1
H NMR (500MHz, CDCl3)  = 7.23 (d, J = 8.8 Hz, 4 H), 6.80 (d, J = 8.8 Hz, 4 H), 6.47 (s, 2 H), 

3.81 (s, 7 H).
 13

C NMR (126MHz, CDCl3)  = 158.5, 130.0, 129.3, 128.4, 113.7, 113.6, 55.1. 

(Z)-1-methyl-4-styrylbenzene (2d) 
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1
H NMR (400MHz, CDCl3)  = 7.40 - 7.35 (m, 2 H), 7.35 - 7.21 (m, 5 H), 7.12 (d, J = 7.9 Hz, 2 

H), 6.65 (s, 2 H), 2.40 (s, 3 H).
 13

C NMR (101MHz, CDCl3)  = 137.5, 136.8, 134.3, 130.2, 

129.5, 128.9, 128.8, 128.8, 128.2, 126.9, 21.2. 

(Z)-1-chloro-3-styrylbenzene (2f) 

 

1
H NMR (500MHz, CDCl3)  = 7.32 - 7.23 (m, 6 H), 7.23 - 7.13 (m, 3 H), 6.70 (d, J = 12.2 Hz, 

1 H), 6.57 (d, J = 12.2 Hz, 1 H). 

(Z)-2-fluoro-4-styrylbenzonitrile (2h) 

 

1
H NMR (500MHz, CDCl3)  = 7.30 (br. s., 4 H), 7.22 (br. s., 2 H), 7.17 - 7.01 (m, 3 H), 6.85 (d, 

J = 12.2 Hz, 1 H), 6.55 (d, J = 12.2 Hz, 1 H). 

(Z)-methyl 4-styrylbenzoate (2j) 

 

1
H NMR (500 MHz, CDCl3)  = 7.92 (d, J = 8.4 Hz, 2 H), 7.33 (d, J = 8.0 Hz, 2 H), 7.28 - 7.21 

(m, 5 H), 6.74 (d, J = 12.2 Hz, 1 H), 6.64 (d, J = 12.6 Hz, 1 H), 3.95 - 3.87 (m, 3 H). 
13

C NMR 

(126 MHz, CDCl3)  = 166.9, 142.1, 136.6, 132.2, 129.5, 129.2, 128.8, 128.3, 127.5, 52.0. 

HRMS (EI): m/zCalcd for C16H15O2: 239.1072; Found: 239.1067. 

(Z)-2-styrylthiophene (2l) 
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1
H NMR (500MHz, CDCl3)  = 7.42 - 7.35 (m, 5 H), 7.12 (d, J = 5.0 Hz, 1 H), 7.00 (d, J = 3.4 

Hz, 1 H), 6.92 (dd, J = 3.8, 5.0 Hz, 1 H), 6.73 (d, J = 11.8 Hz, 1 H), 6.61 (d, J = 12.2 Hz, 1 H). 

(Z)-tert-butyldimethyl(4-phenylbut-3-enyloxy)silane (2m) 

 

1
H NMR (500 MHz, CDCl3)  = 7.43 - 7.30 (m, 4 H), 7.24 (dt, J = 2.9, 5.8 Hz, 1 H), 6.53 (d, J = 

11.8 Hz, 1 H), 5.73 (td, J = 7.4, 11.5 Hz, 1 H), 3.74 (t, J = 6.7 Hz, 2 H), 2.64 - 2.54 (m, 2 H), 

0.95 - 0.90 (m, 10 H), 0.19 - 0.03 (m, 7 H).
 13

C NMR (126 MHz, CDCl3) = 137.5, 130.4, 129.0, 

128.7, 128.1, 126.6, 62.9, 32.2, 25.9, 18.4. HRMS (EI): m/zCalcd for C16H17OSi: 263.1831; 

Found: 263.1826. 

(Z)-3-phenylprop-2-en-1-ol (2n)
3
 

 

1
H NMR (200MHz, CDCl3)  = 7.39 - 7.10 (m, 6 H), 6.54 (d, J = 11.7 Hz, 1 H), 5.85 (td, J = 6.4, 

11.8 Hz, 1 H), 4.41 (d, J = 6.2 Hz, 3 H), 2.22 (br. s., 1 H). 

1-methoxy-4-vinylbenzene (5a) 

 

1
H NMR (200 MHz, CDCl3)  = 7.45 - 7.30 (m, 2 H), 6.99 - 6.82 (m, 2 H), 6.70 (dd, J = 10.9, 

17.6 Hz, 1 H), 5.64 (dd, J = 1.0, 17.6 Hz, 1 H), 5.16 (dd, J = 1.0, 10.9 Hz, 1 H), 3.89 - 3.78 (m, 3 

H). 

1-fluoro-4-vinylbenzene (5b) 
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1
H NMR (200 MHz, CDCl3) = 7.56 - 7.34 (m, 2 H), 7.19 - 6.93 (m, 2 H), 6.72 (dd, J = 10.9, 

17.6 Hz, 1 H), 5.70 (d, J = 17.6 Hz, 1 H), 5.26 (d, J = 10.9 Hz, 1 H). 

1-methyl-4-vinylbenzene (5c) 

 

1
H NMR (200 MHz, CDCl3) = 7.47 - 7.31 (m, J = 8.2 Hz, 2 H), 7.25 - 7.04 (m, J = 8.0 Hz, 2 

H), 6.76 (dd, J = 10.9, 17.6 Hz, 1 H), 5.77 (dd, J = 1.0, 17.6 Hz, 1 H), 5.25 (dd, J = 1.0, 10.9 Hz, 

1 H), 2.41 (s, 3 H). 

1-tert-butyl-4-vinylbenzene (5d) 

 

1
H NMR (200 MHz, CDCl3)  = 7.55 - 7.59 (m, 4 H), 6.86–7.01 (m, 1 H), 5.93 (dd, J = 1.0, 17.6 

Hz, 1 H), 5.41 (dd, J = 1.0, 10.9 Hz, 1 H), 1.53 (s, 9 H). 

1-chloro-3-vinylbenzene (5e) 

 

1
H NMR (200 MHz, CDCl3) = 7.44 - 7.32 (m, 1 H), 7.32 - 7.08 (m, 3 H), 6.65 (dd, J = 10.9, 

17.6 Hz, 1 H), 5.75 (d, J = 17.6 Hz, 1 H), 5.29 (d, J = 10.9 Hz, 1 H). 

 Chapter 4 

4-chloroaniline (1) 
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31 mg, 98% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). Yellow Liquid.
 1

H NMR (500MHz 

,CHLOROFORM-d)  = 7.20 - 7.01 (m, J = 8.5 Hz, 2 H), 6.68 - 6.53 (m, J = 8.5 Hz, 2 H), 3.65 

(br. s., 2 H).
 13

C NMR (126MHz ,CHLOROFORM-d)  = 144.9, 129.1, 123.1, 116.2. 

4-aminophenol (8) 

 

28 mg, 98% isolated yield. Rf = 0.32 (hexane/EtOAc = 1/1). yellow solid.
1
H NMR (500MHz 

,DMSO-d6)  = 7.41 (br. s., 1 H), 5.47 (d, J = 7.6 Hz, 2 H), 5.41 (d, J = 7.6 Hz, 2 H), 3.35 (br. s., 

2 H).
 13

C NMR (126MHz ,DMSO-d6)  = 148.4, 140.7, 115.7, 115.5. 

(4-aminophenyl)methanol (9) 

 

30 mg, 98% isolated yield. Rf = 0.32 (hexane/EtOAc = 1/1). yellow solid.
1
H NMR (500 MHz, 

DMSO-d6)  ppm 6.06 (d, J=8.5 Hz, 2 H), 5.62 (d, J=7.9 Hz, 2 H), 4.01 (br. s., 2 H), 3.90 (s, 1 

H), 3.39 (d, J=5.5 Hz, 2 H).
 13

C NMR (126 MHz, DMSO-d6)  ppm 147.5, 129.6,127.9, 113.6 , 

63.2  

4-aminobenzamide (10) 
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33 mg, 96% isolated yield. Rf = 0.32 (hexane/EtOAc = 1/1). white solid.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.29 (s, 1 H), 7.10 (t, J = 7.6 Hz, 1 H), 6.78 (d, J = 7.9 Hz, 1 H), 6.72 (t, 

J = 7.6 Hz, 1 H), 4.06 (br. s., 2 H).
 13

C NMR (126MHz ,CHLOROFORM-d)  = 142.9, 129.3, 

127.6, 119.2, 118.9, 115.8. 

 

4-aminobenzoic acid (11) 

 

27 mg, 80% isolated yield. Rf = 0.32 (hexane/EtOAc = 1/1). Yellow solid.
1
H NMR (500MHz 

,DMSO-d6)  = 11.05 (br. s., 1 H), 6.69 (s, 2 H), 5.62 (s, 2 H), 4.93 (br. s., 2H).
 13

C NMR 

(126MHz ,DMSO-d6)  = 167.6, 153.2, 131.3, 117.0, 112.6. 

methyl 4-aminobenzoate (12) 

 

37 mg, 98% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). White solid.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.85 (d, J = 8.5 Hz, 2 H), 6.64 (d, J = 8.5 Hz, 2 H), 4.08 (br. s., 2 H), 

3.86 (s, 3 H).
 13

C NMR (126MHz ,CHLOROFORM-d)  = 167.1, 150.8, 131.6, 119.7, 113.7, 

51.6. 
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benzene-1,3-diamine (13) 

 

26 mg, 98% isolated yield. Rf = 0.32 (hexane/EtOAc = 1/1). Yellow solid.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 6.96 (t, J = 7.8 Hz, 1 H), 6.13 (dd, J = 2.3, 8.0 Hz, 2 H), 6.02 (s, 1 H), 

3.53 (br. s., 4 H). 
13

C NMR (126MHz ,CHLOROFORM-d)  = 147.4, 130.0, 105.8, 101.9. 

3-aminobenzonitrile (14) 

 

28 mg, 98% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). Yellow solid.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.25 - 7.18 (m, 1 H), 7.01 (d, J = 7.3 Hz, 1 H), 6.95 - 6.82 (m, 2 H), 

3.91 (br. s., 2 H).
 13

C NMR (126MHz ,CHLOROFORM-d)  = 146.9, 130.0, 121.9, 119.1, 117.4, 

112.8. 

 

3-fluoroaniline (15) 

 

27 mg, 97% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). White liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.10 (q, J = 7.9 Hz, 1 H), 6.50 - 6.26 (m, 3 H), 3.75 (br. s., 2 H).
 13

C 

NMR (126MHz ,CHLOROFORM-d)  = 164.8, 162.9, 148.3, 148.2, 130.4, 130.4, 110.6, 110.6, 

105.1, 104.9, 102.0, 101.9. 

3-chloroaniline (16) 
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25 mg, 80% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). White liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.08 (t, J = 8.2 Hz, 1 H), 6.75 (d, J = 7.9 Hz, 1 H), 6.68 (t, J = 1.8 Hz, 1 

H), 6.55 (dd, J = 1.8, 7.9 Hz, 1 H), 3.72 (br. s., 2 H).
 13

C NMR (126MHz ,CHLOROFORM-d)  

= 147.6, 134.7, 130.2, 118.3, 114.8, 113.1. 

3-bromoaniline (17) 

 

42 mg, 98% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). White liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.02 (t, J = 6.7 Hz, 1 H), 6.95 - 6.86 (m, 1 H), 6.84 (br. s., 1 H), 6.66 - 

6.46 (m, 1 H), 3.72 (br. s., 2 H).
 13

C NMR (126MHz ,CHLOROFORM-d)  = 147.8, 147.8, 

130.6, 122.9, 121.2, 117.7, 113.6. 

2-chloroaniline (19) 

 

31 mg, 98% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). White liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.29 (s, 1 H), 7.10 (t, J = 7.6 Hz, 1 H), 6.84 - 6.68 (m, 2 H), 4.06 (br. s., 

2 H).
 13

C NMR (126MHz ,CHLOROFORM-d)  = 142.9, 129.3, 127.6, 119.2, 118.9, 115.8. 

2-iodoaniline (20) 
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53 mg, 98% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). White liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 8.11 (d, J = 8.5 Hz, 1 H), 7.36 (t, J = 7.6 Hz, 1 H), 6.82 (d, J = 8.5 Hz, 

1 H), 6.70 (t, J = 7.6 Hz, 1 H), 6.08 (br. s., 2 H).
 13

C NMR (126MHz ,CHLOROFORM-d)  = 

144.6, 135.6, 126.1, 118.7, 116.9. 

benzene-1,2-diamine (21) 

 

26 mg, 98% isolated yield. Rf = 0.32 (hexane/EtOAc = 1/1). Yellow solid.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 6.79 - 6.62 (m, 4 H), 3.40 (br. s., 4 H). 
13

C NMR (126MHz 

,CHLOROFORM-d)  = 134.7, 120.2, 116.7. 

4-iodo-3-methylaniline (22) 

 

57 mg, 98% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). White liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.52 (d, J = 8.4 Hz, 1 H), 6.62 (d, J = 2.7 Hz, 1 H), 6.28 (dd, J = 2.7, 

8.4 Hz, 1 H), 3.44 (br. s., 2 H), 2.34 (s, 3 H). 
13

C NMR (126MHz ,CHLOROFORM-d)  = 

146.6, 141.9, 139.2, 116.7, 114.7, 86.4, 27.9. 

N-(3-aminophenyl)pivalamide (23) 
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38 mg, 80% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). Yellow liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.22 (br. s., 1 H), 7.07 (t, J = 8.0 Hz, 1 H), 6.67 (d, J = 8.0 Hz, 1 H), 

6.43 (d, J = 8.0 Hz, 1 H), 3.44 (br. s., 2 H), 1.30 (s, 9 H).
 13

C NMR (126MHz ,CHLOROFORM-

d)  = 176.5, 147.2, 139.0, 129.6, 110.9, 109.7, 106.7, 39.6, 27.6. 

1,2,3,4-tetrahydroquinolin-8-amine (25) 

 

36 mg, 94% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). Yellow liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 6.76 (d, J = 7.6 Hz, 1 H), 6.03 (d, J = 8.0 Hz, 1 H), 5.86 (s, 1 H), 3.45 

(br. s., 3 H), 3.31 - 3.20 (m, 2 H), 2.68 (t, J = 6.1 Hz, 2 H), 2.01 - 1.87 (m, 2 H).
 13

C NMR 

(126MHz ,CHLOROFORM-d)  = 145.3, 145.2, 130.1, 112.2, 104.9, 100.7,  41.9, 26.2, 22.6. 

1H-indol-7-amine (26) 

 

32 mg, 98% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). Yellow solid.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 8.06 (br. s., 1 H), 7.24 (d, J = 8.0 Hz, 1 H), 7.10 - 6.97 (m, 2 H), 6.59 

(d, J = 7.6 Hz, 1 H), 6.56 - 6.47 (m, 1 H), 3.53 (br. s., 2 H). 
13

C NMR (126MHz 

,CHLOROFORM-d)  = 130.8, 128.9, 126.8, 124.1, 120.5, 112.7, 108.5, 103.2. 

1H-indol-5-amine (27) 

 

27 mg, 80% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). Yellow solid.
1
H NMR (500MHz 

,DMSO-d6)  = 10.56 (br. s., 1 H), 7.20 - 7.01 (m, 2 H), 6.74 - 6.60 (m, 1 H), 6.49 (dd, J = 2.1, 
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8.6 Hz, 1 H), 6.13 (br. s., 1 H), 4.40 (br. s., 2 H).
 13

C NMR (126MHz ,DMSO-d6)  = 141.0, 

129.8, 128.6, 124.7, 111.8, 111.4, 103.2, 99.6. 

8-methylquinolin-5-amine (28) 

 

39 mg, 85% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). Yellow liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 9.04 - 8.83 (m, 1 H), 8.16 (dd, J = 1.1, 8.4 Hz, 1 H), 7.44 - 7.30 (m, 2 

H), 6.73 (d, J = 7.6 Hz, 1 H), 4.01 (br. s., 1 H), 2.70 (s, 3 H).
 13

C NMR (126MHz 

,CHLOROFORM-d)  = 149.0, 147.7, 140.3, 129.8, 129.7, 127.3, 119.3, 119.2, 110.0, 17.6. 

quinolin-8-amine (29) 

 

35 mg, 98% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). Yellow solid.
1
H NMR (500 MHz, 

CHLOROFORM-d)  ppm 8.77 (dd, J=4.01, 1.34 Hz, 1 H), 8.08 (dd, J=8.39, 1.14 Hz, 1 H), 7.30 

- 7.45 (m, 2 H), 7.17 (d, J=8.01 Hz, 1 H), 6.94 (d, J=7.25 Hz, 1 H), 5.00 (br. s., 2 H).
 13

C NMR 

(126MHz ,CHLOROFORM-d)  = 147.4, 143.9, 138.4, 136.0, 128.8, 127.3, 121.3, 116.0, 110.0. 

 

quinolin-6-amine (30) 

 

34 mg, 95% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). Yellow liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 8.66 (br. s., 1 H), 7.91 (br. s., 2 H), 7.17 (d, J = 7.9 Hz, 1 H), 6.91 (br. 
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s., 1 H), 3.97 (br. s., 2 H).
 13

C NMR (126MHz ,CHLOROFORM-d)  = 146.9, 144.6, 133.7, 

130.6, 129.8, 121.5, 121.4, 107.4. 

2-bromopyridin-3-amine (31) 

 

40 mg, 94% isolated yield. Rf = 0.32 (hexane/EtOAc = 5/1). Yellow liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.77 (d, J = 3.4 Hz, 1 H), 7.12 - 6.93 (m, 2 H), 4.10 (br. s., 1 H).
 13

C 

NMR (126MHz ,CHLOROFORM-d)  = 141.4, 139.1, 129.6, 123.6, 121.8. 

1H-indazol-5-amine (32) 

 

32 mg, 96% isolated yield. Rf = 0.32 (hexane/EtOAc = 1/2). Yellow liqiud.
1
H NMR (500 MHz, 

DMSO-d6)  ppm 12.60 (br. s., 1 H), 7.73 (s, 1 H), 7.25 (d, J=8.77 Hz, 1 H), 6.73 - 6.83 (m, 2 H).
 

13
C NMR (126MHz ,DMSO-d6)  = 142.2, 131.6, 124.0, 118.3, 110.4, 100.7. 

5-amino-1H-benzo[d]imidazole-2-thiol (33) 

 

33 mg, 80% isolated yield. Rf = 0.32 (hexane/EtOAc = 1/3). Yellow liqiud.
1
H NMR (500MHz 

,DMSO-d6)  = 12.04 (s, 1 H), 12.06 (s, 1 H), 6.81 (d, J = 9.2 Hz, 1 H), 6.44 - 6.28 (m, 2 H), 

5.12 - 4.88 (m, 2H). 
13

C NMR (126MHz ,DMSO-d6)  = 165.9, 144.9, 133.4, 123.8, 110.0, 

109.9, 94.6. 

diethyl 3-aminophenylphosphoramidate (34) 
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59 mg, 98% isolated yield. Rf = 0.32 (hexane/EtOAc = 5/1). Yellow liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 6.99 (t, J = 7.8 Hz, 1 H), 6.59 (d, J = 8.0 Hz, 1 H), 6.46 - 6.34 (m, 2 H), 

6.32 - 6.24 (m, 1 H), 4.23 - 4.11 (m, 2 H), 4.11 - 3.98 (m, 2 H), 3.54 (br. s., 1 H), 1.30 (t, J = 6.9 

Hz, 6 H).
 13

C NMR (126MHz ,CHLOROFORM-d)  = 147.4, 140.8, 129.9, 108.5, 107.7, 107.6, 

104.0, 103.9, 62.6, 62.5, 16.1, 16.0. 

phenyl 3-aminobenzenesulfonate (35) 

 

61 mg, 98% isolated yield. Rf = 0.32 (hexane/EtOAc = 5/1). Yellow liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.40 - 7.25 (m, 4 H), 7.19 (d, J = 8.0 Hz, 1 H), 7.17 - 7.12 (m, 1 H), 

7.05 (d, J = 7.6 Hz, 2 H), 6.94 (dd, J = 1.5, 8.0 Hz, 1 H), 4.10 - 3.86 (m, 1 H). 
13

C NMR 

(126MHz ,CHLOROFORM-d)  = 149.7, 147.2, 136.1, 129.9, 129.5, 127.1, 122.3, 120.2, 117.9, 

113.7. 

(R)-3-amino-N-(1-phenylethyl)benzenesulfonamide (36) 

 

65 mg, 94% isolated yield. Rf = 0.32 (hexane/EtOAc = 5/1). Yellow liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.26 - 7.07 (m, 7 H), 7.03 (s, 1 H), 6.78 - 6.66 (m, 1 H), 5.35 (d, J = 7.2 

Hz, 1 H), 4.50 - 4.39 (m, 1 H), 3.86 (br. s., 2 H), 1.40 (d, J = 6.9 Hz, 3 H).
13

C NMR (126MHz 
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,CHLOROFORM-d)  = 147.0, 142.2, 141.2, 129.7, 128.4, 127.4, 126.1, 118.6, 116.5, 112.9, 

53.6, 23.4 

3-amino-N-propylbenzenesulfonamide (37) 

 

43 mg, 80% isolated yield. Rf = 0.32 (hexane/EtOAc = 5/1). Yellow liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.31 - 7.07 (m, 3 H), 6.88 - 6.75 (m, 1 H), 4.77 (t, J = 5.9 Hz, 1 H), 

3.99 (br. s., 2 H), 2.92 (q, J = 6.9 Hz, 2 H), 1.51 - 1.37 (m, 2 H), 1.32 - 1.09 (m, 6 H), 0.85 (t, J = 

6.9 Hz, 3 H). 
13

C NMR (126MHz ,CHLOROFORM-d)  = 147.3, 140.5, 129.9, 118.7, 116.5, 

112.7, 43.3, 31.2, 29.4, 26.1, 22.4, 13.9. 

3-methyl-4-((triisopropylsilyl)ethynyl)aniline (38) 

 

68 mg, 95% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). Yellow liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.29 (s, 2 H), 6.57 - 6.50 (m, 1 H), 6.45 (dd, J = 2.3, 8.0 Hz, 1 H), 3.75 

(br. s., 2 H), 2.40 (s, 3 H), 1.15 (s, 21H).
 13

C NMR (126MHz ,CHLOROFORM-d)  = 146.6, 

142.1, 133.7, 115.7, 113.3, 112.1, 106.6, 91.4, 21.0, 18.7, 18.6, 11.4. 

4-(phenylethynyl)aniline (40) 

 

43 mg, 90% isolated yield. Rf = 0.32 (hexane/EtOAc = 5/1). Yellow liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.51 (d, J = 6.9 Hz, 2 H), 7.43 - 7.23 (m, 5 H), 6.65 (d, J = 8.4 Hz, 2 

H), 3.82 (br. s., 2 H).
 13

C NMR (126MHz ,CHLOROFORM-d)  = 146.6, 132.9, 131.3, 128.2, 

127.6, 123.9, 114.7, 112.6, 90.1, 87.3. 

3-vinylaniline (41) 
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22 mg, 75% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). Yellow liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.14 (t, J = 7.6 Hz, 1 H), 6.85 (d, J = 7.6 Hz, 1 H), 6.76 (s, 1 H), 6.72 - 

6.56 (m, 2 H), 5.72 (d, J = 17.5 Hz, 1 H), 5.23 (d, J = 11.1 Hz, 1 H), 3.67 (br. s., 2 H).
 13

C NMR 

(126MHz ,CHLOROFORM-d)  = 146.5, 138.6, 137.0, 129.4, 116.9, 114.7, 113.6, 112.7. 

(E)-methyl 3-(4-aminophenyl)acrylate (42) 

 

35 mg, 80% isolated yield. Rf = 0.32 (hexane/EtOAc = 5/1). Yellow liqiud.
1
H NMR (500MHz 

,DMSO-d6)  = 7.47 - 7.50 (d, J = 15.6 Hz, 1 H), 7.42 - 7.32 (m, 2 H), 6.62 - 6.52 (m, 2 H), 6.21 

-6. (d, J = 15.6 Hz, 1 H), 5.75 (br. s., 2 H), 3.43 (s,3 H).
 13

C NMR (126MHz ,DMSO-d6)  = 

167.5, 151.6, 145.6, 130.2, 128.6, 121.3, 113.6, 110.7, 51.0. 

(E)-3-(4-aminophenyl)prop-2-en-1-ol  (43) 

 

30 mg, 80% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). Yellow liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 7.19 (d, J = 8.4 Hz, 2 H), 6.63 (d, J = 8.4 Hz, 2 H), 6.47 (s, 1 H), 6.50 

(s, 1 H), 6.21 - 6.08 (m, 1 H), 4.26 (d, J = 6.1 Hz, 2 H), 3.68 (br. s., 2H).
13

C NMR (126MHz 

,CHLOROFORM-d)  = 146.0, 131.4, 127.6, 127.2, 124.7, 115.1, 63.9. 

2-nitroaniline (44) 
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33 mg, 95% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). Yellow liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 8.11 (d, J = 8.5 Hz, 1 H), 7.36 (t, J = 7.6 Hz, 1 H), 6.82 (d, J = 8.5 Hz, 

1 H), 6.70 (t, J = 7.6 Hz, 1 H), 6.08 (br. s., 2 H).
 13

C NMR (126MHz ,CHLOROFORM-d)  = 

144.6, 135.6, 126.1, 118.7, 116.9. 

 

3,4-dimethoxyaniline (45) 

 

34 mg, 90% isolated yield. Rf = 0.32 (hexane/EtOAc = 10/1). Yellow liqiud.
1
H NMR (500MHz 

,CHLOROFORM-d)  = 6.71 (d, J = 8.4 Hz, 1 H), 6.32 (d, J = 2.7 Hz, 1 H), 6.24 (dd, J = 2.7, 

8.4 Hz, 1 H), 3.84 (s, 3 H), 3.81 (s, 3 H), 3.33 (br. s., 2 H).
13

C NMR (126MHz 

,CHLOROFORM-d)  = 149.8, 142.2, 140.5, 113.0, 106.4, 100.7,  56.6, 55.7. 

Ethyl 6,7-dimethoxyquinoline-3-carboxylate  (46) 

  

55 mg, 85% isolated yield. Rf = 0.32 (hexane/EtOAc = 5/1). Yellow liqiud. 
1
H NMR (200MHz 

,CHLOROFORM-d)  = 9.27 (s, 1H), 8.86 (s, 1H), 7.47 (s, 1H), 7.13 (s, 1H), 4.46 (q, J = 8.0 

Hz, 2H), 4.07 (s, 3H), 4.03 (s, 3H), 1.46 (t, J = 8.2 Hz, 3H). 
13

C NMR (100.6 MHz, 

CHLOROFORM-d) δ= 165.65, 154.21, 150.25, 148.04, 147.26, 136.32, 122.40, 121.55, 107.82, 

105.82, 61.14, 56.20, 56.04, 14.27.HRMS (ESI) calcd.for C14H15NO4 [M]
+
: 261.1001, found: 

261.0994. 

 

6,7-dimethoxyquinoline-3-carboxamide  (47) 
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50 mg, 86% isolated yield. Rf = 0.32 (hexane/EtOAc = 3/1). Yellow liqiud.
 1

H NMR (400 MHz, 

DMSO-d6) δ 8.19 (s, 1H), 7.75 (s, 1H), 7.29 (s, 1H), 6.63 (s, 1H), 6.52 (s, 1H), 6.50 (s, 1H), 3.06 

(s, 3H), 3.03 (s, 3H). 
13

C NMR (100.6 MHz, DMSO-d6) δ 166.94, 153.48, 149.95, 146.61, 

145.99, 133.94, 125.11, 122.17, 107.43, 106.35, 55.88, 55.80.HRMS (ESI) calcd.for 

C12H13N2O3 [M+H]
+
: 233.0918, found: 233.0937. 
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Appendix b 

NMR spectra of compounds selected compounds. 

Chapter 2A 

 

 

 

 

 

 

 

 

 

Figure 1a. 
1
H NMR of 2b 

 

  
 

 

 

 

 

 

 
 

 

 

Figure 1b. 
13

C NMR of 2b 
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Figure 2a. 
1
H NMR of 22b 
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Figure 2b. 
13

C NMR of 22b 
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Figure 3a. 
1
H NMR of 4 

 

 

 

 

 

 

 

 

 

 

 

Figure 3b. 
13

C NMR of 4 
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Chapter 2b  

 

 

 

 

 

 

 

 

 

 

Figure 4a. 
1
H NMR of 3as 

 

 

 

 

 

 

 

 

 

 

Figure 4b. 
13

C NMR of 3as 
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Figure 5a. 
1
H NMR of 3bb 

 

 

 

 

 

 

 

 

 

 

 

Figure 5b. 
13

C NMR of 3bb 
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Chapter 3B 
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Figure 6a. 
1
H NMR of 2b 
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Figure 6b. 
13

C NMR of 2b 
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Figure 7a. 
1
H NMR of 2c 
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Figure 7b. 
13

C NMR of 2c 
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Figure 8a. 
1
H NMR 2m 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8b. 
1
H NMR 2m 
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 Figure 9. 
1
H NMR 5a 
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Figure 10. 
1
H NMR of 5b 
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Figure 11a. 
1
H NMR of 23 
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Figure 11b. 
13

C NMR of 23 
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Figure 12a. 
1
H NMR of 28 
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Figure 12b. 
13

C NMR of 28 
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Figure 13a. 
1
H NMR of 40 
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Figure 13b. 
13

C NMR of 40 



  Appendix a 
 

 

P
ag

e2
3

1
 

10 9 8 7 6 5 4 3 2 1 0

Chemical Shift (ppm)

3.433.233.152.251.071.061.061.00

1
.4

2
1
.4

6
1
.4

9

4
.0

4
4
.0

7
4
.4

1
4
.4

4
4
.4

8
4
.5

1

7
.1

3
7
.2

8
7
.4

7

8
.6

7
8
.6

8

9
.2

6
9
.2

7

4.50 4.25 4.00

Chemical Shift (ppm)

4
.0

4
4
.0

7

4
.4

1
4
.4

4
4
.4

8
4
.5

1

1.50 1.45 1.40

Chemical Shift (ppm)

1
.4

2

1
.4

6

1
.4

9

 Figure 14b. 
1
H NMR of 46 
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