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Abstract 

The present thesis, entitled “Selective C-H and C-C Bond Functionalization of Benzo-Fused 

N-Heteroaromatic Compounds” is divided into five chapters based on the results obtained 

from the experimental works during the course of PhD research period. 

Chapter-1 includes a brief introduction about the importance of C-H activation process for N-

heterocyclic compounds, the problems associated with the classical processes and a short 

account of the literature reports for C-H activation involving N-oxide chemistry to solve the 

above shortcomings by both conventional and green chemistry protocols. 

Each of the following chapters contains an introduction, previous literature reports, present 

results and discussion, experimental section and references. The spectral data for the newly 

synthesized molecules are provided in the Annexure I-IV. 

Chapter 2 reports the regioselective deoxygenative C2-cyanation of quinoline N-oxides with 

trimethylsilyl cyanide (TMSCN) under a completely metal-, activator-, catalyst- and solvent-

free condition using both conventional heating and microwave irradiation methods. The 

reaction is both regio- and chemoselective and the mechanistic investigations revealed the dual 

role of TMSCN as the cyanation agent as well as an activator. Late-stage cyanation of bio-

active molecules quinine and (±)-α-tocopherol modified quinoline derivative is also 

demonstrated. Notably, the product gets sublimated during the reaction and thus, can be easily 

isolated, avoiding any aqueous work-up. 

 

Chapter 3 describes the regioselective deoxygenative C2-amination of quinoline N-oxides 

with carbodiimides under completely metal-, activator- and catalyst-free conditions to give 

both aryl- and alkylaminated quinolines. The protocol supports a wide range of functional 

groups and bulky arylamino groups also can be introduced under the reaction conditions. The 

protocol can be extended to late-stage amination of bio-active molecules like anti-malarial drug 

quinine, tryptamine, and (±)-α-tocopherol modified quinolines effectively. It also includes the 

possible mechanistic pathway derived from both experimental works and theoretical 

calculations. The present protocol displays impressive figures for different green matrix 

parameters and produces only CO2 as a co-product, which could be trapped easily. 
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xi 
 

Chapter 4 reports the copper-catalysed deoxygenative alkylation of quinoline N-oxides with 

donor-acceptor cyclopropanes to introduce a tertiary alkyl motif at the C2-position of 

quinoline. This work uses molecular oxygen as a benign oxidant and supports a range of 

functional groups. The mechanistic pathway has been investigated using both experimental and 

theoretical calculations which shows the involvement of a possible radical pathway. 

  

Chapter 5 demonstrates DIBAL-H mediated reductive cleavage of C(sp3)-C(sp2) bond in N-

heteroaryl γ-ketodiester compounds to give biologically relevant β-ketodiester motifs. DIBAL-

H works both as a Lewis acid and a hydride donor. Theoretical calculations have been 

performed to investigate the possible mechanistic pathway which shows that 2 equivalents of 

DIBAL-H are required for one equivalent of the N-heteroarene compound.   
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Chapter 1  

General Introduction 

1.1. Six-membered N-Heteroaromatic compounds 

Six membered heteroaromatic compounds are of paramount importance in synthetic organic 

chemistry, forming a family with the largest and most varied members. The word ‘hetero’ has 

come from the Greek word ‘heteros’, meaning ‘different’. Heteroaromatic compounds refer to 

those aromatic compounds where one of the methine (-CH=) groups is replaced with a different 

atom like nitrogen, oxygen, sulfur etc. Among these compounds, nitrogen containing 

heteroaryl compounds have been the most explored ones, given its widespread presence in 

biological and material sciences.1  These heteroaryl compounds could be standalone ones or 

remain fused with other aromatic rings. Pyridine and quinoline are the basic and most studied 

six-membered molecules from the above two classes of N-heteroaromatic compounds. These 

molecules with a six-membered heteroaromatic ring containing nitrogen are also known as 

azines. Quinoline consists of a benzene ring fused to the α- and β- positions of a pyridine ring. 

In 1834, a German chemist Friedlieb Ferdinand Runge isolated quinoline for the first time from 

coal tar which still remains the chief source of commercial quinoline.2a Then in 1842, Gerhardt 

described the formation of quinoline by vigorous distillation under alkaline condition from the 

natural alkaloids chinconine and quinine.2b Author also named this species as quinoleine as a 

derivative to the word quinine, to be renamed as quinoline by Berzelius later. Quinoline occurs 

in coal-tar, bone oil, and in angosturabark. 

1.2. Biological importance of six-membered N-heteroarenes 

Quinoline and its derivatives form a highly privileged class of organic compounds in terms of 

medicinal and biological importance. Quinoline nucleus forms the core of a large number of 

anti-malarial and anti-microbial drugs (figure 1.1). In fact, Quinine and its diastereomer 

quinidine were some of the oldest drugs which have been used for treatment of malaria since 

more than 200 years.3a Chloroquine and Mefloquine are two other examples of anti-malarial 

drugs possessing the quinoline core. To remove the blood flukes (Schistosoma mansoni), 

Oxamniquine is a common drug used in the tropical regions.3b The alkaloids Cusparine, 

Galipine and various other quinoline alkaloids isolated from the bark of Galipea longiflora 

trees are found to treat leishmaniasis, a South American tropical disease.3c PBT2 has been 

found to be effective against Alzheimer’s disease and also as an antibacterial agent3d, while 

Topotecan has found application in lung cancer treatment3e. Chlorquinaldol is commonly used 

as antimicrobial agent and an internal antiseptic.3f Likewise, the 2-aminoquinoline derivative 

quipazine is employed as a potential antidepressing agent3g. In fact, 2-aminoquinoline, found 

in the mushroom Leucopaxillus albissimus, itself possesses an array of biological properties 

like antibacterial, antitumor, protease inhibitory and mutagenic activities etc. In addition, these 

2-aminoquinoline derivatives also exhibit anticancer, antihypertensive and anthelmintic 

activities.3h 2-methylpyridyl based drug etoricoxib is an anti-arthritis drug which is also used 

to relieve post-surgical dental pain.3i Pentoprazole is another very common pyridine-based drug 

used for treatment of stomach ulcers.3j Likewise, isoquinoline, quinoxaline and other fused-

azines based compounds also possess diverse bio-activities like anti-malarial, pigmentation 

etc.1 Apart from the biological applications, these moieties also find usefulness in industrial 

applications as dyes, luminescent materials etc.4 
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Figure 1.1: bio-active molecules containing N-heteroarenes 

From the above representative examples, it is evident that a significant volume among this 

large pool of bioactive N-heteroaromatics consists of C2-functionalised derivatives of 

quinoline. Moreover, it has been found that the therapeutic effect of the quinoline moiety often 

gets detoxified in the body by hydroxylation at the C2-position.5 Blocking the C2-position by 

introducing different functional groups has been found to be the suitable alternative to prevent 

this detoxification and thus, various synthetic strategies have been explored in recent literature. 

However, the conventional cyclocondensation reaction, or cyclisation reactions for azine 

synthesis, such as Skraup synthesis, Doebner-Miller synthesis, Knorr synthesis, Friedlender 

synthesis etc. have several drawbacks.6 They often required harsh reaction conditions, long 

reaction times, and displayed limited substrate scope as well as poor functional group tolerance. 

Use of hazardous solvents and low yields of the products were some other notable drawbacks 

of these protocols. Therefore, the search for an efficient and operationally simple protocol for 
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synthesis of C2-functionalised azines is always in demand. In this context, the discovery of 

direct C-H functionalization has been a major advancement in recent literature.   

1.2.1. Cross-coupling reactions 

Instead of introducing the desired functional groups during the synthesizing step, 

functionalization at a later stage was found to be more effective for substrate diversification 

from a parent scaffold.7 These molecular transformations primarily involve modifications of 

pre-existing functional groups on the N-heteroaromatic scaffolds. Among such 

transformations, palladium-catalysed cross-coupling reactions between organometallic 

nucleophiles such as Grignard reagents and organohalides/pseudo halide electrophiles have 

been used extensively in both academic and industrial scales.8 Different varieties of such 

reactions were discovered and developed further by Suzuki, Sonogashira, Heck, Negishi, Stille 

etc. to instill better selectivity (scheme 1.1).9 These protocols were successful in efficiently 

constructing C-C bonds as well as C-X (X = N, O) bonds, e.g., Buchwald-Hartwig amination 

reaction10. In addition, ease of product isolation, functional group compatibility and 

applicability in industrial scale for natural product synthesis have been other notable 

advantages of palladium-catalysed cross-coupling reactions. Despite of such achievements, 

these cross-coupling reactions still suffer from some serious limitations. In general, these cross-

coupling reactions occur between two coupling partners, where, one component is 

organohalide (or analogous compound such as organotriflate or diazo compound) and another 

is a transmetallic agent (such as HetAr-M (M = B, Si, Al, Mg, Li etc.). These precursors are 

primarily synthesized through multiple steps under harsh reaction conditions and often the 

inherent instability of the 2-pyridylorganometallics further makes them inappropriate to use in 

cross-coupling reactions.11,12 Moreover, functionalization of C(sp3)-X often resulted in 

undesired β-hydride elimination products. Generation of stoichiometric amount of halogenated 

waste is another aspect of such reactions which makes a negative impact on the environment.  

 

Scheme 1.1: cross-coupling reactions with pre-functionalised N-heteroarene systems 

1.2.2. Direct C-H functionalization reactions 

Cross-coupling reaction involving C-H bond (instead of organometallic nucleophiles) is an 

efficient and powerful approach which eliminates the need of pre-functionalization and avoids 

the generation of undesired synthetic waste (scheme 1.2). The process is becoming a promising  

 

Scheme 1.2: direct C-H functionalization reactions 

TH-2963_166122031



4 | P a g e  
 
 

 

Synthetic tool towards synthesis of natural products, pharmaceutical drugs, other synthetics 

like optical materials and their late-stage modifications.7b  

Carbon–hydrogen bond functionalization (C–H functionalization) is a type of reaction in which 

a carbon–hydrogen bond is cleaved and replaced with a carbon–X bond (where X is usually 

carbon, oxygen, or nitrogen).13 The term usually implies that a transition metal is involved in 

the C-H cleavage process (scheme 1.3). Reactions classified by the term typically involve the 

formation of an organometallic complex in which the hydrocarbon is coordinated to the inner-

sphere of a metal, either via an intermediate "alkane or arene complex" or a transition state 

leading to a "M−C" intermediate. This intermediate from the first step (known as C–H 

activation and sometimes used interchangeably with C-H functionalization) can then undergo 

subsequent reactions to produce the functionalized product.14 Although scientists originally 

observed such direct C-H activation processes in 1960s and 1970s in saturated hydrocarbons, 

but the real breakthrough was obtained when R. G. Bergman and W.A.G. Graham reported 

independently in 1982 that Cp*Ir complex could activate the C-H bond of simple and saturated 

hydrocarbons under photochemical conditions.15 The reaction was reported to proceed via the 

insertion of a 16-electron iridium(I) intermediate to C-H bond of an alkane – the first direct 

observation of an oxidative addition. Then, C-H functionalization was widely explored in the 

aromatic compounds. Nature also offered C-H activation processes in various enzymatic 

reactions, such as, cytochrome P-450 and methane monooxygenase etc. Cytochrome P-450 

converts C-H bonds to C-O bonds for preparation of steroids, cholesterol etc. whereas methane 

monooxygenase converts methane to methanol.16 Additionally, C-H functionalization can also 

proceed in the absence of transition metal ions, where C-M bond is not involved, and proceeds 

via hydrogen atom transfers or radical processes.13  

 

Scheme 1.3: C-H activation and C-H functionalization 

Direct C-H functionalization reactions can allow access to variety of functional groups, such 

as halogen, hydroxyl, methyl, cyano, amino, aryl groups etc. effectively.7a These functionalities 

are not only useful in the synthetic perspective but also beneficial in the drug modifications. 

For instance, silver fluoride can act as an efficient fluorinating agent for the C2-fluorination of 

electron deficient pyridine containing drug roflumilast in a very regioselective way (scheme 

1.4).17 Similarly, arylboronic acids are very good radical precursors for direct C-H arylation of 

N-heterocycles and thus, was successfully employed for C2-arylation of the drug varenicline.18   
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Scheme 1.4: direct C-H functionalization reactions of rofluminast and varenicline 

Another representative example reported by Phipps and co-workers involved the incorporation 

of α-aminoalkyl moiety to the drug etofibrate in a photoredox Minisci-type reaction catalyzed 

by Iridium with remarkable enatioselectivity and regioselectivity (scheme 1.5).19 

 

Scheme 1.5: Ir-catalysed direct C-H alkylation of etofibrate 

1.2.3. Synthetic challenges 

Despite the widespread applications of C–H functionalization, it has one major challenge to 

overcome, i.e., to control the selectivity of the reaction due to the presence of multiple C-H 

bonds in a complex organic molecule with similar steric and electronic properties. Transition-

metal-catalyzed directing groups (DGs) assisted C-H functionalization is one of the well-

studied approaches to counter this problem, where the metal centers coordinate to a chelating 

side arm of the substrates and activate the proximal C-H bonds via cyclometallated 

intermediates, thereby, improving the regioselectivity of the transformations. But these DGs 

are not necessarily part of the final product with genuine application, and often require an 

additional step for disconnection. Alternatively, a transient directing group (TDG) strategy, 
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also known as traceless DG and temporary DG, has also been recently studied for a range of 

selective transition metal-catalyzed C─H bond functionalizations, where additional steps for 

installation and removal of covalently attached DGs can be avoided.20  

1.3. Classical approach for C-H functionalization of quinolines 

The chemistry of the quinoline ring can be considered as a combination of benzene and 

pyridine. Owing to the presence of the electronegative nitrogen atom in the core, it shows 

extremely low reactivity in aromatic electrophilic substitution (SEAr) reactions such as 

nitration or sulfonation. These reactions often occur only under vigorous conditions and 

substitution happens in the benzene ring rather than the pyridyl ring.21 Quinoline undergoes 

nitration with fuming nitric acid in the presence of fuming sulphuric acid to give a mixture of 

8-nitroquinoline and 5-nitroquinoline. Similarly, quinoline may be sulphonated with fuming 

sulphuric acid at 220°C to yield a mixture of quinoline-8-sulphonic acid and quinoline-5-

sulphonic acid (scheme 1.6). In addition, Friedel-Crafts reactions are also troublesome as the 

Lewis base quinoline can inactivate the Lewis acid, consequently suppressing the reactivity. 

 

 

Scheme 1.6: electrophilic substitution reactions on quinoline 

On the other hand, nucleophilic aromatic substitution (SNAr) of quinolines takes place 

relatively easily.21 This is again attributed to the electron deficiency incurred to the ring by the 

electron withdrawing N-atom. Various nucleophiles like sodamide, cyanide etc. can react to 

pyridyl ring, although strong nucleophilicity and drastic conditions were often required while 

starting from quinoline. Also, since both the C2- and C4-positions were affected similarly by 

the mesomeric effect of the N-atom, so often mixture of regioisomers were obtained during 

this reaction (figure 1.2).  

 

Figure 1.2: resonance structures for quinoline 

For example, amination of quinoline with potassium amide, known as the Chichibabin reaction, 

gave both 2-amino- and 4-aminoquinolines (scheme 1.7). 
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Scheme 1.7: nucleophilic Chichibabin reaction on quinoline 

A second approach for improving the regioselectivity in such reactions required o-

haloquinolines as the starting material instead of quinolines to achieve satisfactory C2-

selectivity. However, the preparation of such 2-haloquinolines is troublesome as it often led to 

mixture of regioisomers and excessive halogenation which renders the purification process a 

tedious one.22  

1.4. Reactivity of N-oxide: An approach towards solving the selectivity issue 

To improve the issue of selectivity, a more practical approach is the activation of the ring by 

oxidation to give corresponding N-oxide which can enhance the electrophilicity at the C2 

position and thereby, reactivity of the respective center towards nucleophilic substitution would 

seemingly be more facile compared to the C4-position. In addition, activating agent can further 

activate the N-oxides by the simple coordination, followed by nucleophilic substitution with 

concomitant aromatization to give the desired C2-functionalized products (scheme 1.8). Later, 

the N-O moiety gets reduced during the final aromatization step or it can be reduced by an 

additional reagent like PCl3.
23 

 

Scheme 1.8: activating agent assisted nucleophilic substitution on quinoline N-oxide 

N-oxide is prepared in laboratory scale using the inexpensive reagent m-chloroperbenzoic acid 

(m-CPBA) under mild condition using halogenated solvents.24 One problem associated with 

this simple protocol is the requirement of column chromatography to remove the m-

chlorobenzoic acid byproduct from the reaction mixture. In industrial scale, hence, hydrogen 

peroxide is used to prepare N-oxides which is a very efficient protocol, although, the recovery 

of the product from the aqueous phase is difficult due to good solubility of the N-oxides in 

water.25 In 2018, Hilinski and coworkers reported the first example of selective N-heteroarene 

oxidation in presence of reactive aliphatic amines. They achieved this by using H2O2 as oxidant 

in presence of Bronsted acid and a trifluoromethyl iminium salt as catalyst (scheme 1.9).26 
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Scheme 1.9: preparation of quinoline N-oxide in presence of aliphatic amine substituent 

If the deoxygenation of the product does not occur during the reaction itself, then, a separate 

step is needed to reduce the N-oxide to the corresponding N-heteroarene. Different reducing 

agents are employed for this step, such as Pd/C, trifluoroacetic acid (TFAA) etc., the most 

efficient reagent is found to be phosphorus trichloride (PCl3).
23 Recently, two different photo-

catalysed reduction of N-heteroarene oxides are also reported (scheme 1.10).27 The first one 

used hanztsch ester as a reducing agent whereas the second approach used Ru-photocatalyst 

with hydrazine hydrate as a proton source and a reductive quencher. Although these reactions 

could be performed under mild conditions, sometimes, they suffer from use of excess reagents. 

 

Scheme 1.10: photocatalyzed reduction of N-oxide  

There are 4 different types of C-H functionalization reactions that are displayed by the N-

oxides- 

1. Nucleophilic addition to activated N-oxides (Reissert type), 

2. Minisci type reactions, 

3. Metal-catalysed C-H functionalisation and 

4. 1,3-dipolar cycloaddition reactions 

With few selected examples, each type of reaction is discussed in below. 

1.4.1. Nucleophilic addition to activated N-oxides (Reissert type): 

As mentioned, N-oxide moiety can further be activated by the activators or electrophiles 

through coordination to the oxygen atom, making the ring more electron deficient and more 

reactive towards nucleophilic reaction. Occasionally, both the electrophilic and nucleophilic 

centers are parts of the same reagent (e.g., POCl3, Ac2O), thereby, eliminating the need of an 

additional activating agent for the transformation. This kind of reactivity was first reported by 

Reissert in 1905 and hence, known as Reissert type reactions.28  

The most common protocol for preparation of 2-haloheterocycles is the treatment of 

corresponding N-oxides with phosphorus oxyhalides under harsh reaction conditions (high 

temperature, excess use of nucleophile). POCl3 works both as activating agent and halide 

source in this reaction (scheme 1.11). But this protocol displayed poor selectivity (C2 vs C4) 

as well as low yields for azines, entailing a tedious separation of the regioisomers. The substrate 

scope was also limited and often different side reaction occurred including reduction of the 

parent N-oxide.29 
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Scheme 1.11: halogenation of quinoline N-oxide with phosphorus oxychloride  

To improve this regioselectivity issue, Wang and Yu reported the combination of POX3/DMF 

(X= Cl, Br) system for deoxygenative halogenation of N-oxides under mild conditions. The 

reaction produced excellent selectivity at the C2-position. Besides this, the use of 

stoichiometric use of POX3 was another advantage of this protocol. The authors proposed the 

in-situ formation of Vilsmeier salt which would activate the N-oxide followed by subsequent 

nucleophilic attack at the C2-position to give the final product (scheme 1.12).30  

 

Scheme 1.12: mechanism for halogenation of quinoline N-oxide with phosphorus oxychloride 

and DMF 

Baran and coworkers in 2013 reported an elegant nucleophilic bromination of azine N-oxides 

with p-toluenesulphonyl anhydride (Ts2O) as an activator and n-butylammonium bromide as 

bromide source under mild conditions (scheme 1.13).31 This protocol was further improvised 

by Lucas using triflic anhydride (Tf2O) instead of Ts2O as the activating agent to broaden the 

substrate scope. Although this protocol was highly regioselective for both quinoline and 

isoquinoline systems, but it was failure for pyridyl systems.32 Chen and coworkers have taken 

an alternative route to solve this problem where they had used oxalyl halide as an activator as 

well as halide source in the presence of triethylamine as a base to prepare 2-halopyridines.33  

 

Scheme 1.13: C2-bromination of azine N-oxide with Ts2O as activating agent 

Unlike, chlorination or bromination, direct functionalization of fluorine atom into the 

heteroaromatic compound is challenging due to its low reactivity as a nucleophile. In this 

regard, Attardo and co-workers have developed a method for the synthesis of 2-fluoroazines 

from the in-situ generated reactive 2-azinetrialkylammonium salt and TBAF. Scope of the 

reaction was further expanded into late-stage manipulation of some drug molecules (scheme 

1.14).34 
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Scheme 1.14: C2-fluorination of azine N-oxide 

Similar to a Petasis-type reaction, Antonchick and group have achieved the arylation and 

alkenylation of quinoline N-oxide using boronic acid in DMSO. First, boronic acid coordinated 

to the N-oxide moiety under the reaction conditions which brought the reactants into close 

proximity and then aryl/alkenyl group migrated from the boronic acid to the C2-position of 

quinoline. This is the first example of metal- and oxidant-free cross-coupling of quinoline N-

oxide with boronic acid (scheme 1.15).24   

 

Scheme 1.15: metal- and oxidant-free cross-coupling of quinoline N-oxide with boronic acid 

Phosphorus-based activating agents are attractive candidates for activation of azine N-oxides 

for their tendency to form strong P=O bonds with the oxide center. Among them, PyBroP is a 

widely investigated activating agent for C2-functionalisation reactions. Yu and co-workers 

have developed the synthesis of 2-hydroxyquinolines from N-oxides using PyBroP and sodium 

acetate as base with water as the hydroxyl-source. The reaction worked quite well with other 

N-heteroarenes, viz. isoquinoline and pyridine derivatives (scheme 1.16).35 

 

Scheme 1.16: preparation of 2-hydroxyquinoline from quinoline N-oxide  

The synthesis of 2-aryloxypyridines and 2-alkoxypyridines were also realized by using PyBroP 

as activating agent with aryl and alkyl alcohols respectively in two separate reports by 

Londragan et. al (scheme 1.17). DIPEA was found as an effective base for the reaction of 

hyroxybenzenes and N-oxide, whereas Na2CO3 was appropriate for the reaction involving 

aliphatic alcohols.36 
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Scheme 1.17: C2-aryloxylation and C2-alkoxylation of quinoline N-oxide  

Using PyBroP, Singh and co-workers have developed a transition-metal-free sulphoximination 

of heteroaromatic N-oxides in a straightforward manner under mild reaction conditions. 

Interestingly, enantiopure substrates were also applicable under the reaction conditions and 

gave the corresponding products without any racemization (scheme 1.18).37 

 

Scheme 1.18: C2- sulphoximination of quinoline N-oxide  

H-phosphonate, another class of phosphorus-based activating agent, was explored by Li and 

co-workers for C2-sulphonylation of quinoline N-oxides. Interestingly, H-phosphonate not 

only served as an activating agent but also helped to generate the sulphonyl nucleophile in the 

reaction (scheme 1.19).38 

 

Scheme 1.19: C2- sulphonylation of quinoline N-oxide using H-phosphonate 

Liu developed a gold-catalysed C2-furanylation of 8-alkylquinoline N-oxides using vinyl-

diazo-carbonyl compounds, where the gold-catalyst acted as the activating agent for both the 

N-oxide and diazo-compound. The reaction proceeded via a proposed gold-carbene 

intermediate. The reaction was found to be suitable for only fused N-oxides (scheme 1.20).39 
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Scheme 1.20: C2- furanylation of 8-methylquinoline N-oxide  

Although a lot of advancements have been made in the nucleophilic Reissart-type reactions for 

azine C-H functionalisations, still, some shortcomings are always there. These reactions often 

used halogenated solvents, super stoichiometric amounts of activating agents and bases. All of 

these necessitated generation of lots of chemical wastes which contributed to problems in large-

scale adaptation of such protocols.  

1.4.2. The Minisci reaction 

Free radical based alkylation of N-heteroarenes, popularly known as Minisci reaction, is one 

of the well-known methods for C2-alkylated heteroaromatic compounds. The reaction is often 

carried out in acidic medium, which not only helps to achieve the selectivity at the C2-position 

but also accelerates the reaction rate by generating a more electron-deficient pyridium salt as 

the intermediate. This commonly used protocol was first described by Minisci in 1971, when 

he reported homolytic alkylation of N-heteroarenes, wherein, alkyl radical was generated in-

situ via silver catalysed oxidative decarboxylation of carboxylic acid.40 Interestingly, the 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

for a radical lie in the same orbital, called singly occupied molecular orbital (SOMO). So, they 

can show both nucleophilic and electrophilic behaviors. Although it certainly depends on the 

substituents, alkyl radicals are often found to be nucleophilic given their preference towards 

pyridinium ions compared to pyridines.41 

The Minisci reaction follows the following general mechanism. First the N-heteroarene gets 

protonated at the N-center in an acidic environment, rendering the ring more electron-deficient. 

Then, the radical partner attacks to the C2-carbon center, leading to the formation of a nitrogen-

radical cation species. This reactive radical cation now can undergo two pathways- 1) hydrogen 

atom transfer (HAT) to give the C2-functionalised heteroaromatic compounds, or 2) base-

promoted deprotonation followed by a single electron transfer (SET) step to give the final 

product (scheme 1.21).42 
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Scheme 1.21: general mechanism for Minisci reaction 

Alongside quinoline, quinoline N-oxides has also been subjected to the Minisci type alkylation 

reactions. The usage of N-oxides has manifold advantages- they work as transient redox 

auxiliary for radical generation, in addition to being an activated substrate, thereby, eliminating 

the need of an external oxidant and strong acidic conditions otherwise required.42 In 2013, Fu 

et al. developed an elegant C-C cross-coupling reaction between N-oxides and non-activated 

secondary and even tertiary alkyl bromides to produce C2-alkylated N-oxides. Pd-catalysed 

activation of such secondary or tertiary alkyl bromides was rather less known. The 

experimental evidences suggested the involvement of a possible hybrid organometallic-radical 

mechanism (scheme 1.22). 43 

 

Scheme 1.22: Pd-catalysed C2-alkylation of azine N-oxides  

A Ru-photoredox catalysed direct C2-alkylation of pyridyl N-oxides was reported by Xu et al. 

in 2017, where they used alkyl trifluoroborate as the radical alkylating agent. The radical 

generation was aided by visible light under mild conditions and hypervalent iodine-based 

oxidant BIOAc was used to obtain the final product (scheme 1.23).44 

 
Scheme 1.23: Ru-catalysed C2-alkylation of azine N-oxides  
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Later in 2018, Stephenson reported the reductive decarboxylative alkylation of heteroarene N-

oxides in the presence of an Ir-photocatalyst without the need of any added oxidant or harsh 

reagents. The acyl chloride first activated the N-oxide to give N-acyloxypyridinium salt which 

then underwent reductive decarboxylation through a single electron transfer step from a 

photoredox catalyst to give the alkyl radical. As such they worked as both redox auxiliaries 

and coupling partners, which was very encouraging as most redox auxiliaries generally went 

out as chemical wastes (scheme 1.24).45   

 

Scheme 1.24: Ir-catalysed decarboxylative C2-alkylation of azine N-oxides 

Apart from alkylation reactions, Minisci-type reactions are also explored towards selective 

incorporation of aryl group into the C-H bond of quinoline moiety using electrochemical 

approach. A deoxygenative C2-arylation of quinoline N-oxides with sulphonyl hydrazines has 

been reported without the requirement of any transition metal catalyst and exogenous oxidant- 

or reductant. Reactive aryl radical species was generated in-situ from aryl sulphonyl hydrazines 

with concomitant loss of 3 electrons and protons. Surprisingly, the reaction failed to give the 

alkylated product under the reaction conditions (scheme 1.25).46  

 

Scheme 1.25: metal-free electrochemical C2-arylation of azine N-oxides 

Recently, Gao and co-workers reported an operationally simple, visible light promoted C2-

trifluoromethylation of quinoline N-oxides using Ir-photocatalyst. The reaction showed good 

to moderate yields for the products with broad substrate scope, although long time was required 

to complete the reaction (scheme 1.26).47 
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Scheme 1.26: Ir-photocatalysed C2-trifluoromethylation of azine N-oxides 

Next, Pan and co-workers reported a unique Cu(II)-catalysed deoxygenative C2-

sulphonylation of N-oxides. In the process, sodium sulphinate was employed as the coupling 

partner while K2S2O8, along with the catalyst CuBr2, acted as the radical initiator. This 

happened through a single electron transfer step, during which Cu(II) got converted to Cu(I). 

The oxo-radical intermediate formed was then converted to a hydroxylamine intermediate and 

Cu(II) was also regenerated for the next cycle. The deoxygenation product was unexpected 

owing to the fact that no added reductant was present in the reaction mixture. The reaction did 

not work with parent quinoline (scheme 1.27).48  

 

Scheme 1.27: Cu-catalysed C2- sulphonylation of N-oxides with sodium sulphinate 

Though the use of N-oxides in Minisci reactions is well studied, selectivity (C2 vs. C4) remains 

one of the unresolved challenges in this chemistry, often giving a mixture of regioisomers if 

one position is not blocked. The ability of N-oxides to work as oxidants give them an upper 

hand compared to their reduced congeners in case of substrate scope broadening and 

sustainability as the need for external oxidant and acidic conditions is reduced. Alternative 

photoredox catalysis or electrochemical pathway also usually eliminate the need of an external 

oxidant and may overcome the issue of selectivity in some cases. However, photocatalysts are 

generally expensive and sophisticated set-up is required in the latter case, which bring 

limitations to their scale-up reactions and/or practical applications. 

1.4.3. Metal-catalysed C-H functionalization of N-oxides 
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In this kind of reactions, the metal center under consideration first coordinates to the N-oxide 

substrate at the C2-position. Then the nucleophile attacks the metal center either by oxidative 

addition or in the form of a radical addition (scheme 1.28). Consequently, the reductive 

elimination process gives the desired product and regenerates the catalyst.  

 

Scheme 1.28: general mechanism for metal-catalysed C-H functionalization of N-oxides 

In 2005, Fagnou and coworkers have demonstrated the usefulness of N-oxides in cross-

coupling reactions by using aryl halides in the presence of palladium catalyst. After completion 

of the reaction C2-arylated N-oxide was formed which was subsequently reduced to the 

corresponding 2-arylated pyridine derivatives using Pd/C and HCO2NH4 (scheme 1.29).12  

 

Scheme 1.29: Pd-catalysed C2-arylation of N-oxides 

Poli and coworkers reported direct C2-alkenylation and allylation of N-oxides under similar 

catalytic conditions using KF (instead of K2CO3) in association with PtBu3-HBF4.
49

 

Interestingly, in their report of direct C2-alkenylation reaction of N-oxides with olefins using 

Pd(OAc)2 catalyst, Wu group have described that the N-oxide itself worked as an oxidant to 

regenerate the catalyst. Thus, the process eliminated the need of an external oxidant and also 

avoided an extra step to reduce the N-oxide product (scheme 1.30).50 

 

Scheme 1.30: Pd-catalysed C2-alkenylation of N-oxides 

The same group also developed an efficient protocol for direct C2-alkylation of quinoline N-

oxides using both ethers and thioethers as alkylating agents in the presence of catalytic amount 

of Pd(OAc)2 under a base-free condition. The alkylating agents also acted as the solvent 
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medium. This dehydrogenative cross-coupling reaction was performed in presence of TBHP 

as oxidant and TBAB as an additive (scheme 1.31).51 

 

Scheme 1.31: Pd-catalysed C2-alkylation of N-oxides with ether 

In 2018, a Cu(II)-catalysed non-deoxygenative C2-thiolation and selenation of N-oxides was 

reported by Zhao and co-workers. The reaction was carried out under air which helped to 

regenerate the Cu-catalyst, hence, eliminating the need of an external chemical oxidant 

(scheme 1.32).52 

 

Scheme 1.32: Pd-catalysed C2-thiolation/selenation of N-oxides  

Bolm groups reported copper(I) bromide catalyzed synthesis of sulphoximines of N-oxides 

under air. The reaction involved dual C-H and N-H activation by copper metal ions without 

any additional base or additive, and air served as the oxidant. The reaction was not suitable for 

pyridine N-oxides (scheme 1.33).53  
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Scheme 1.33: Cu-catalysed C2-sulphoximination of N-oxides  

In 2013, Li and co-workers have demonstrated copper-catalysed intermolecular 

dehydrogenative amidation/amination of quinoline N-oxides with lactams/cyclamines in good 

yields in the presence of Ag2CO3 as an oxidant (scheme 1.34).54 Using a similar approach, later 

Wu and co-workers reported copper acetate-catalyzed electrophilic amination of quinoline N-

oxides with O-benzoyl hydroxylamines.55 

 

Scheme 1.34: Cu-catalysed C2-amination of N-oxides with cyclamines 

In 2014, Wu and Cui have developed an efficient method for the amination of quinoline N-

oxides by using secondary aliphatic amines in presence of CuI catalyst. The reaction proceeded 

smoothly under mild conditions in air and gave excellent to good yields of C2 aminated product 

(scheme 1.35).56 In general, these copper catalyzed C-H bond aminations of N-oxides were 

discussed via Cu(I)/Cu(III)-redox system. 

 

Scheme 1.35: Cu-catalysed C2-amination of N-oxides with 2⁰ aliphatic amines 

Besides the metal-catalysed pathways involving oxidative addition/reductive elimination to 

generate the product, transition-metal centers also worked as radical initiator in presence of an 

oxidant. Wang et al. in 2018, reported deoxygenative C2-amination of quinoline N-oxides with 

O-benzoylhydroxyamines using CuCl as the catalyst, wherein aminyl radical was generated 

from O-benzoyl hydroxylamine with the assistance of Cu(I) while either oxygen or quinoline 

N-oxide itself might act as the oxidant. Interestingly, the solvent dichloroethane (DCE) also 

worked as the reductant, breaking the N-O bond (scheme 1.36) .57  

TH-2963_166122031



19 | P a g e  
 
 

 

 
Scheme 1.36: Cu-catalysed C2-amination of N-oxides with O-benzoylhydroxyamines 

Fan and co-workers in 2019, reported the synthesis of 2-aminoquinolines from quinoline N-

oxides and N,N-dialkylformamide using CuI with tert-butylhydroperoxide as oxidant in a one-

step process (scheme 1.37).58  

 

Scheme 1.37: Cu-catalysed C2-amination of N-oxides with N,N-dialkylformamide 

Later Wang et al. reported the C2-carbamoylation of quinoline N-oxides using 

hydrazinecarboxamides as carbamoyling agent in presence of CuBr as catalyst and TBHP as 

oxidant. They postulated that the reaction had proceeded through the generation of a carbamoyl 

radical species (scheme 1.38).59 

 

Scheme 1.38: Cu-catalysed C2- carbamoylation of N-oxides  

As evident from the reports, these processes, while successfully generating C2-functionalised 

quinolines, often need an additional reduction step from the CH functionalized N-oxide moiety 

to the corresponding quinoline derivatives. This reduces the step-economy of the process and 

also often requires the use of harsh reagents like PCl3. So, there are still plenty of rooms for 

scientific advancements in these fields. 

1.4.4. 1,3-dipolar behavior of N-oxides 

One of the interesting features of quinoline N-oxide is its ability to work as 1,3-dipoles.60 These 

dipoles were defined by Huisgen as a species “that is represented by zwitterionic structures 

with a positive and negative charge distributed over three atoms and has 4π electrons”.61 There 

are two ways one can represent this schematically- the octet structure where the central atom 
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contains the positive charge and the negative charge is distributed about the two terminal atoms, 

and the sextet structure which depicts one of the two π-electron pairs located on the central 

atom (figure 1.3). Although the sextet structure has not much contribution towards the overall 

electronic distribution of the molecule, it does give a good insight into the ambivalence and 

reactivity of such molecules towards 1,3-dipolar cycloaddition reactions.62  

 

Figure 1.3: resonance structures for quinoline N-oxide  

Owing to the 1,3-dipolar nature of N-oxides, it can undergo (3 + n)-cycloaddition reactions (n 

= 2, 3) with suitable dipolarophiles to give the C2-functionalised products. Initially, N-oxide 

forms a 5- or 6-membered cycloadduct (depending on n = 2 or 3, respectively) by the reaction 

with dipolarophile, which results in loss of aromaticity in the heteroaromatic ring. This kind of 

cycloaddition may follow either concerted or stepwise pathway depending on the structure and 

electronic nature of the substrates. Huisgen explained this from molecular orbital theory.63 

Accordingly, the two new σ-bonds are formed from two π HOMO-LUMO interactions of the 

coupling partners. When both interactions are equally contributing to the transition state, a 

concerted pathway occurs. However, if one interaction predominates compared to the other, 

the second HOMO-LUMO interaction cannot contribute much to the transition state energy 

and thereby, cannot compensate the entropy requirement for the concerted pathway. This leads 

to a stepwise mechanism. Then the cycloadduct can undergo aromatization under appropriate 

conditions to give the final product (scheme 1.39). The reaction possibly occurs via the 

abstraction of C2-proton from the vicinal carbon to the nitrogen center, followed by heterolytic 

cleavage of the N-O bond. Similar type of reactions has also been observed in case of the non-

aromatic analogue nitrones, but unlike nitrones, heteroaromatic N-oxides lose their aromaticity 

during the cycloaddition reactions, which might limit their reactivity. That might be one of the 

reasons why C2-functionalisation of heteroaromatic N-oxides via (3+n)-cycloaddition 

reactions have not been explored much till date.60 

 

Scheme 1.39: (3+n)-cycloaddition of N-oxides  

a) (3+2)-cycloaddition reactions 

Pioneering work on site-selective C-H functionalization of N-oxides via 1,3-diploar 

cycloaddition pathway was demonstrated almost 50 years ago by the group of Mailey and 

Ocone.64 They have described the synthesis of C2-alkylated quinolines by a (3+2)-

cycloaddition of pyridine N-oxides with highly electron deficient hexafluoropropene followed 
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by retro-aldol fragmentation (scheme 1.40). A similar C2-alkylation of both pyridine- and 

quinoline N-oxides was also investigated by Loska and Makosza later in 2008, where they have 

shown the reaction mechanism in details.65 

 

Scheme 1.40: (3+2)-cycloaddition of N-oxides with electron-deficient alkenes  

Later, Sharma and coworkers, in 2016, demonstrated the (3+2)-cycloaddition of quinoline N-

oxides with acrylates to get C2-alkylated quinolines. Interestingly, the reaction proceeded 

smoothly under solvent-free conditions without any catalyst or base and gave the desired 

products in moderate to good yields (scheme 1.41).66 

 

Scheme 1.41: (3+2)-cycloaddition of N-oxides with acrylates 

Recently, Murakami and co-workers have disclosed another fascinating approach for C2-

alkylation of N-oxides with esters of cinnamyl alcohols under photocatalytic reaction 

conditions. They postulated that the cation radical species, formed by photoirradiation of an 

alkene in the presence of a photocatalyst, was electrophilic enough to couple with the N-oxide, 

giving the desired product. The process eliminated the need of electron-deficient alkenes as a 

coupling partner for such reactions (scheme 1.42).67  

 

Scheme 1.42: (3+2)-cycloaddition of N-oxides with cinnamyl esters 

Although Wittig reagents are considered as well-known carbon nucleophiles in organic 

synthesis, however, it was only recently that they were explored as an alkylating agent in 

synthesis of alkylated heteroaromatic compounds. In 2018, Kim et al. described transition-

metal-free reductive (3+2)-cycloaddition reaction of pyridine and quinoline N-oxides with 
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Wittig reagents. The reaction provides a variety of C2-alkylated pyridines and quinolines with 

excellent site selectivity and functional-group compatibility (scheme 1.43).68  

 

Scheme 1.43: (3+2)-cycloaddition of N-oxides with Wittig reagents 

Very recently, the same group also disclosed C2-amination of azine N-oxides with isocyanates, 

derived from acyl azides via Curtius rearrangement and subsequently undergoing (3+2)-

cycloaddition reaction to give the aminated product (scheme 1.44).69  

 

Scheme 1.44: (3+2)-cycloaddition of N-oxides with acyl azides 

By applying similar (3+2)-cycloaddition concept, He et al. reported a silver catalysed 

amination reaction of quinoline N-oxides with isothiocyanates to obtain 2-aminoquinoline 

derivatives in good yields (scheme 1.45).70  

 

Scheme 1.45: (3+2)-cycloaddition of N-oxides with isothiocyanates 

b) (3+3)-cycloaddition reactions 

In comparison to (3+2)-cycloaddition, reports on (3+3)-cycloaddition reactions of N-oxides are 

very limited. In 2016, Wu and group reported (3+3)-cycloaddition reaction of isoquinoline N-

oxide with in-situ generated azaoxyallyl cations. The reaction was found to be base-dependent, 

as with different bases, different products were formed. α-bromohydroxamates were used as 

precursor to the azaoxyallyl cations and C3-substituted N-oxides were used for the study 

(scheme 1.46).71 
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Scheme 1.46: (3+3)-cycloaddition of N-oxides with α-bromohydroxamates 

Next, Archambaeu and coworkers developed another method for (3+3)-cycloaddition reactions 

of N-oxides with in-situ generated oxyallyl cations. They have shown only two examples with 

aromatic N-oxides, one is with quinoline N-oxide and another is with isoquinoline N-oxide 

(scheme 1.47).72  

 

Scheme 1.47: (3+3)-cycloaddition of N-oxides with oxyallyl cations 

The above reports suggest that C-H functionalization of N-oxides via 1,3-dipolar cycloaddition 

is very significant. The approach offers high selectivity at the C2 position, and good atom 

economy. However, only a handful of literatures are there exploring this 1,3-dipolar behavior 

of quinoline N-oxides. Hence, there are a lot to be investigated in this regard. 

1.5. Sustainable approaches towards heteroaromatic C-H functionalization 

As the threats of man-made pollutions are becoming more imminent in day-to-day lives of 

modern society, ‘sustainable development’ has been marked as a major way to regenerate the 

natural world. According to the 1987 Bruntland Commission Report, the concept of sustainable 

development can be described as “development that meets the needs of the present without 

compromising the ability of future generations to meet their own needs”.73 In recent times, this 

concept has also paved its way into the synthetic organic chemistry with the aim of developing 

newer methodologies for industrial application. Such developments for sustainable 

methodologies have been guided by the “12 principles of green chemistry”, put forward by 

Anastas and Warner in 1998.74 This inspires the development of new catalytic systems with 

milder reaction conditions, reduction of reaction-steps, elimination of scarce and/or hazardous 

materials etc. which make the processes eco-friendly.20 As discussed above, one of the 

important developments in this direction is the direct C-H activation/functionalization process. 

The current study is more focused towards sustainable C-H functionalization of 

arene/heteroarene systems by the use of earth abundant 3d-base metal catalysts, heterogenous 

catalytic condition, environmentally benign oxidants, greener solvents, or alternative energy 

sources (e.g., microwave irradiation, ultrasound etc.) (figure 1.4). These will be briefly 

discussed in below with a few representative examples. 
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Figure 1.4: sustainable C-H functionalisation 

1.5.1. Use of 3d-metal catalysis 

Although precious metal catalysts (such as Pd, Rh, Ru) are highly successful in C-H 

functionalization chemistry, their high cost and scarcity stand in the way of the large-scale 

applications of such protocols.20 Compared to this, the 3d-transition metals are more abundant 

and less costly (for comparison, see table 1.1) due to their ease of extraction and purification. 

Moreover, these elements are also present as nutrients in plants and animals and also in 

enzymatic processes. Transition metals like Fe and Mn-based systems are used in redox 

reactions to remediate contaminated water or soil and also to protect them. Their post-reaction 

treatment is also less costly compared to the heavy transition metals. So, these 3d-metal atoms 

are considered as environmentally benign compared to the heavier 4d- and 5d-transition metals. 

As such, current research is more inclined towards the use of inexpensive, earth-abundant, and 

environmentally benign 3d-base metals for these reactions in terms of sustainability and 

scalability.75 In below selected examples, the use of 3d-base metal catalysts has been discussed 

for C-H functionalization of N-oxides (or related fused N-heteroarenes). 

Table 1.1: cost comparison of different transition metals 

Metal Price (€/g) 

Iron 0.10 

Palladium 73.2 

Ruthenium 241.0 

Iridium 315.22 

Platinum 395.45 

Rhodium 642.78 

  

In 2009, You group reported copper-catalysed arylation of N-oxides with aryl bromides under 

mild basic conditions with very good functional group compatibility. They have also shown a 

library of fluorophores with intense emission properties (scheme 1.48).76  

Sustainable C-H 

functionalization

Green solvent

3d metal

Green oxidation
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activity

TH-2963_166122031



25 | P a g e  
 
 

 

 

Scheme 1.48: Cu-catalysed C2-arylation of quinoline N-oxides 

Later, Wu and co-workers reported copper catalyzed direct C2-sulphonylation of quinoline N-

oxides by using inexpensive arylsulphonyl chlorides as sulphonylation reagents. The protocol 

was tested with both electron donating and withdrawing substituent containing sulphonyl 

chlorides and showed good regioselectivity (scheme 1.49).77  

 

Scheme 1.49: Cu-catalysed C2-sulphonylation of quinoline N-oxides 

In 2020, Glorius and co-workers have reported the synthesis of 1,3-enynes, pyrrols and furans 

using MnBr(CO)5 as catalyst in a chemo-, regio- and stereoselective way. Interestingly, same 

transformation did not proceed with Ru- and Rh-based catalysts (scheme 1.50).78 

 

Scheme 1.50: Mn-catalysed C-H functionalization of indole with 1,3-enynes 

Transition –metal catalyzed C-H alkylation with β-hydrogen containing alkyl halides is always 

a challenge due to the possible competitive β-H elimination product. Punji prepared the 

quinolinyl based Ni(II)-pincer catalyst Cat using which they were able to perform alkylation 

of azoles with alkyl halides. Both experimental and DFT studies indicated the involvement of 

Ni(II)/Ni(III)-redox system in the catalytic cycle (scheme 1.51).79 
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Scheme 1.51: Ni-catalysed C-H functionalization of azoles with alkyl halides 

1.5.2. Heterogeneous catalysis 

Although 3d-metal catalysts have provided a cheaper and less-toxic alternative to the heavier 

counterparts, they still suffer from low recyclability and the fact that the removal of such trace 

metal impurities from pharmaceutical products in industrial scale demands special treatments. 

In this regard, heterogeneous catalysts provide a promising alternative, as they allow the easy 

recovery of the catalyst. If the catalytic activity loss is very low during recovering, the process 

can be very sustainable even with the precious heavier transition metals. Such heterogeneous 

catalytic systems can provide specific site-selectivity over their homogeneous counterparts. 

Further, their catalytic activity can be increased by judicious design of hybrid metal catalysts 

which can lead to innovative transformations.20 A few selected examples are shown in below 

for C-H functionalization of N-oxides (or related fused N-hetroarenes) under heterogenous 

catalytic condition. 

In 2015, Glorius and co-workers reported the use of Pd/Al2O3 catalytic system with CuCl2 for 

the direct C-H thiolation and selenation of fused heteroarenes (scheme 1.52).80  

 

Scheme 1.52: Pd-catalysed C-H thiolation/selenation of fused heteroarenes 

Vaccaro and his group in 2020 reported the first regioselective C2-alkenylation of quinoline 

N-oxides using recoverable Pd(II)-catalyst supported on polystyrene. The recovered catalyst 

did not lose its morphology during reaction and was reusable for several times without 

hampering the percentage of yield (scheme 1.53).81  

 

Scheme 1.53: C-H alkenylation of quinoline N-oxides using heterogeneous Pd-catalyst 

1.5.3. Benign oxidants 

The classical transition-metal-catalyzed C-H functionalization involves the following steps- i) 

C-H activation, ii) functionalization of the carbametallic intermediate, iii) reductive elimination 

and iv) reoxidation of the metal center. To regenerate the catalyst in the catalytic cycle, often 

oxidants are used. They are either metal-based oxidants (such as, Ag(I) or Cu(II) salts), or 

organic (e.g., benzoquinone) /inorganic-based oxidants (e.g., persulfate). However, they have 

their own limitations. In this context, molecular oxygen was found as the alternative benign 

oxidant as it produces water as the only byproduct. But the use of oxygen is limited to metal 

systems with competent redox potential.20 In their pioneering work, Stahl and co-workers 

reported the Pd-catalysed aerobic oxidative cross-coupling between indoles and benzene using 

diazafluorene based ligands. They have mentioned that C2:C3 selectivity was governed by the 
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choice of ancilliary ligand as well as the Pd(II)-salt. The role of molecular oxygen in the 

catalytic process was also demonstrated (scheme 1.54).82  

 

Scheme 1.54: C-H arylation of indoles using Pd-catalyst and molecular O2 

Liu and co-workers reported the C2-alkylation of quinolines with arylboronic acid with the 

help of molecular oxygen as an oxidant. This was one of the first reports to use molecular 

oxygen in a Minisci type alkylation reaction (scheme 1.55).83 

 

Scheme 1.55: C-H alkylation of quinolines using arylboronic acids and molecular O2 

Photoredox and metalloelectro-catalysis are another two alternative approaches for benign 

oxidation reactions. I have shown some of the photoredox catalytic reactions in section X. The 

metallaelectrocatalysis has the advantage that it does not depend upon expensive catalysis and 

the redox potentials could be tuned according to the requirement using a potentiostat.20 This 

generally gives a broader functional group tolerance and eliminates the need of multistep ligand 

synthesis. Also, the byproduct is generally hydrogen which could be further used as fuel in the 

energy sector. 

1.5.4. Greener solvents 

In general, a large amount of organic solvent is required in organic transformations, either 

during synthesis steps or in purifications steps and later, these are not often reusable with 

appropriate technique. Most of the organic solvents commonly used in laboratory like 

dichloromethane, tetrahydrofuran etc. are volatile, flammable and toxic and certified unwanted 

in a medicinal environment. These volatile organic solvents contribute to acid rain, ozone 

depletion and various health hazards. Compared to them, water is the most abundant solvent in 

nature and non-corrosive, non-toxic and non-flammable. Hence scientific community seeks to 

develop reactions with green-directed solvents (e.g., H2O) or under solvent-free conditions.84 

Different pharmaceutical companies have published their own guidelines for determining green 

solvents, where environmental factors like biodegradability and environmental toxicity, 

Industrial constraints like costliness, very low or very high boiling points, freezing point above 

0 ⁰C etc., health hazards like allergic to carcinogenic etc. are some of the points where the 

solvents are ranked and graded. Some of the selected reports are given in below for C-H 

functionalization of N-oxides or N-heteroarenes.   
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Recently, He and coworkers have reported copper catalyzed synthesis of quinoline-2-yl 

substituted ureas in water from the reaction of quinoline N-oxide and carbodiimide under mild 

reaction conditions. The protocol also benefitted from the fact that there were no other additive 

or base used and the products were easily obtained via simple filtration and washing with 

ethanol (scheme 1.56).85 

 

Scheme 1.56: synthesis of quinoline-2-yl substituted ureas in water 

Alcohol based solvents like ethanol, PEG-400, ethyl acetate, 2-methyltetrahydrofuran etc. are 

also utilized as green solvents in industrial purposes. In this regard, biomass derived solvents, 

or bio-solvents are gaining popularity among academia as well as industries. Eucalyptol, the 

main component of eucalyptus essential oil and considered as a byproduct in the paper industry, 

is being explored as a rival to THF, 1,4-dioxane and DCE etc. Raboin and co-workers reported 

the use of eucalyptol as a green solvent for the first time for C-H arylation of N-heteroarenes 

in 2019 (scheme 1.57).86 Other such biomass derived solvents are limonene, γ-valerolactone, 

cyrene etc. are also useful.20 

 

Scheme 1.57: C-H arylation of N-heteroarenes using eucalyptol as solvent 

1.5.5. Alternative energy sources 

a) Microwave irradiation 

Generally, C-H activation requires high temperature and long reaction times. In this regard, 

microwave irradiation has emerged as non-conventional energy source which can provide the 

advantage of instantaneous and rapid heating which would lead to very short reaction times. 

This rapid heating can be attributed to the fact that microwave frequencies directly interact with 

the dipoles or ionic molecules in the reaction medium and energy transfer happens within a 

nanosecond (10-9 sec). Since the interaction happens at molecular level, the entire medium is 

exposed to the applied electromagnetic field at the same time with little wall effects, thus, 

resulting in homogeneous heating. Microwave processes are also shown to be effective 

alternative to many organic solvents, thus, inspiring different solvent-less processes.87 

Recently, Jain et. al. reported the microwave-assisted cross-coupling reaction between N-

oxides and N-tosylhydrazones using cuprous iodide as the catalyst, producing C2-alkylated N-

ozides in a highly chemo- and regioselective manner. Both primary and secondary alkylated 

N-oxides could be achieved by this protocol (scheme 1.58).88 
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Scheme 1.58: microwave-assisted C-H arylation of N-oxides 

In another example, C8-arylation of quinoline N-oxides was described by Larionov using 

Pd(OAc)2 as catalyst with Ag3PO4 as an additive under MW irradiation. Complete conversion 

was achieved under 1 h using MW, whereas the same outcome required 16 h while carried out 

under conventional heating (scheme 1.59).89  

 

Scheme 1.59: microwave-assisted C8-arylation of quinoline N-oxides 

b) Ultrasound  

Besides MW irradiation, another emerging greener energy source for organic synthesis is 

ultrasound technique. This works via a phenomenon called acoustic cavitation (formation, 

growth and implosion of microbubbles inside a liquid) which starts with the pre-existing 

bubbles in the system. The very fast implosion process means almost adiabatic heating process 

in a small intra-bubble ‘hot-spot’ that can reach temperature and pressure of about 5000 K and 

1000 bar respectively. The sonochemistry has been used to carry out different kinds of chemical 

reactions in a greener way.90 Two selected examples are given in below.  

In 2017, He et.al reported ultrasound-assisted C2-sulfonylation of quinoline N-oxides under 

open-air conditions in a base- and organic solvent-free manner. Surprisingly, the reaction 

proceeds efficiently in aqueous medium. With the assistance of ultrasound irradiation, sulfonyl 

chloride is reduced with zinc dust to form a zinc bis-sulphinate compound. Then, quinoline N-

oxide coordinated with zinc complex to produce the reactive intermediate, which underwent 

an intramolecular nucleophilic addition reaction to form the sulphonylated product with the 

release of zinc hydroxide. The use of ultrasound not only helped to increase the efficiency and 

reaction rate of the reaction but also minimized the side reactions while comparing to 

conventional heating conditions. The reaction exhibited impressive green matrix parameter 

values (scheme 1.60).91  

 

Scheme 1.60: ultrasound-assisted C2-sulphonylation of quinoline N-oxides 

Later, Li group reported another ultrasound assisted synthesis of bis(indolyl)methanes using 

dodecyl benzenesulphonic acid (ABS) as catalyst under aqueous medium. The reaction 

occurred at room temperature and use of water as solvent made the whole process very 

interesting and useful from sustainability point of view (scheme 1.61).92 
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Scheme 1.61: ultrasound-assisted C-H functionalisation of indoles 

c) Mechanochemical synthesis 

Mechanochemical synthesis processes constitute another aspect of sustainable energy sources 

used in organic synthesis. Solid-state materials have some inherent properties like highly 

ordered molecular arrangement and highly reduced molecular motions. These properties give 

them some distinctive chemical behaviors from the liquid state counterparts. Under 

mechanochemical processes, which are carried out in solvent-less conditions, the manual 

grinding or high-energy ball-mills allow the solid-state materials to have intimate contacts 

between them. These processes serve various sustainability aspects, such as energy 

conservation and waste minimization as no solvent is involved.93 A representative example is 

given below. 

A direct phosphonylation reaction of benzothiazole with organophosphorus compounds has 

been reported under ball-milling conditions. Mn(OAc)3•2H2O was used as a promoter and the 

reaction proceeded smoothly under air in an efficient manner (scheme 1.62).94 

 

Scheme 1.62: C-H functionalisation of thiazoles under ball-milling conditions  

1.6. Scope and objective of the thesis: 

After a detailed investigation of the literature, it can be said that though several methods have 

been reported for site-selective C2-functionalization of quinoline, still there is sufficient room 

for further improvements, especially towards construction of C-C and C-N bonds in a 

sustainable manner. It has also been found that quinoline N-oxide is the most appropriate choice 

(instead of quinolines) for C2-selective functionalization (See section 1.4). In the literature, 

three principal approaches have been demonstrated for C2-functionalization of N-oxides: 

firstly, activation of the substrate followed by nucleophilic aromatic substitution, secondly, 

radical Minisci addition to the substrate and lastly, transition-metal catalyzed cross-coupling 

reactions. Often these methods lead to products with N-oxide moiety being intact, which 

necessitate one additional reduction step to obtain the more desired quinoline product, thereby, 

reducing the step-economy of the process (scheme 1.63). To address this limitation, my 

research interest is towards the development of deoxygenative nucleophilic functionalization 

of N-oxide in one-pot with low-waste and eco-friendly manner (a). In addition, another research 

interest is direct C-H functionalization of N-oxides via 1,3-dipolar cycloaddition reaction (b).  
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Scheme 1.63: direct deoxygenative C-H functionalisation of quinoline N-oxides  

(a) C2-functionalization of N-oxides via a nucleophilic aromatic substitution 

Conventionally, superstoichiometric amount of activating agents, and bases are required and 

halogenated solvents are used as the reaction medium for the deoxygenative nucleophilic 

functionalization of N-oxides. Hence, the process is not economically viable and possesses also 

an environmental issue. Herein, I am planning to explore the substrate/reagent which would 

show dual behavior of a nucleophile and an activating agent, by which the process can avoid 

any external promoters, or additives. Simple heating, or microwave irradiation (μw) may be 

enough to facilitate aromatization in the final step, by which conventional bases can be avoided. 

Besides this, it would be definitely beneficial if the protocol could be carried out in a solvent-

free manner and avoiding any aqueous work-up (which is often required to remove the 

promoters, additives, bases, and side products in the traditional C-H functionalization of N-

heteroarenes) (scheme 1.64). 

 

Scheme 1.64: metal-free deoxygenative C-H functionalisation of quinoline N-oxides 

(b) C2-functionalization of N-oxides via 1,3-dipolar cycloaddition reaction  

As mentioned, since C-H functionalization of N-oxide via the 1,3-dipolar cycloaddition 

pathway is less explored (see Section X), present study focuses on the construction of C-N and 

C-C bonds at the C2 position via a (3 + n)-type cycloadduct (n = 2, 3) by using carbodiimide 

as 1,2-dipole or D–A cyclopropane as an in-situ generated 1,3-dipole species.  

C2-amination of heteroaromatic N-oxides: 

It has been discussed that in-situ formed isocyanate with base and isothiocyanates with AgBF4 

catalyst would undergo deoxygenative C2-amination with N-oxides to afford C2-aminated 

products via [3+2]-cycloaddition reactions. However, their congeners, the carbodiimide 

remains underexplored for C2 amination. Herein I thought that carbodiimides may take part in 

cycloaddition reaction with azine N-oxides to provide (3+2)-cycloadduct, which can 

subsequently get aromatized by simply conventional heating (in absence of any catalyst, base 

TH-2963_166122031



32 | P a g e  
 
 

 

or additives etc.) to produce the desired aminated product and isocyanate. The corresponding 

isocyanate can further react with another molecule of N-oxide to give the aminated compound 

via (3+2)-cycloaddition pathway, and liberate CO2 as the sole byproduct in the overall reaction 

(scheme 1.65). As a whole, the proposed strategy could be superior to the known methods in 

the context of atom economy, step economy and the reduction of undesired chemical waste. 

 
Scheme 1.65: metal-free deoxygenative C-H amination of quinoline N-oxides 

C2-alkylation of heteroaromatic N-oxides:  

From the above literature survey, it was found that there is no report on tertiary alkylation of 

N-oxides via cycloaddition pathway, thereby I intend to explore the reactivity of N-oxides in 

this direction. Owing to the 1,3-zwitterion equivalent nature of donor–acceptor (D–A) 

cyclopropanes and the presence of ring strain (27.5 kcal mol-1) and vicinal substitution of D–

A groups, I anticipate that D–A cyclopropane might take part in (3+3)-dipolar cycloaddition 

reaction with N-oxides and subsequent aromatization would provide desired alkylated product 

with quaternary carbon at the C2 centre (scheme 1.66). Obviously, the proposed strategy would 

be beneficial in terms of atom- and step-economy. 

 

Scheme 1.66: deoxygenative C-H alkylation of quinoline N-oxides  
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Chapter-2 

Regioselective Cyanation of Six-Membered N-Heteroaromatic Compounds Under Metal-

, Activator-, Base- and Solvent-Free Conditions 

2.1. Introduction 

Heterocyclic compounds, especially N-containing heterocycles, represent a highly important 

class of compounds that exhibit diverse pharmacological and therapeutic effects.1 However, 

the therapeutic effect of the N-heterocyclic scaffolds (such as the quinoline moiety) is often 

detoxified in the body due to the hydroxylation at the C-2 position, thereby resulting in the 

decline of the aforementioned therapeutic effect.2 To block this detoxification, a vast majority 

of research is aimed towards functionalization at the C-2 position in fused azine systems for 

the construction of new C-C bonds.3 Among them, functionalization with a nitrile group is an 

important methodology as it plays a key role in chemistry, biology, and medicine.4 The nitrile 

group itself acts as a good hydrogen bond acceptor promoting binding to the protein backbone. 

It can also serve as an isostere to the carboxyl or hydroxyl moiety because of its strong dipole 

nature.4a In addition, the nitrile can easily be converted to various other functional groups such 

as amide, amine, ketone, carboxylic acid, etc. as well as other pharmaceutically relevant 

heterocyclic compounds.5 The nitrile containing derivatives of N- heteroarenes are widely used 

in pharmaceutical and agrochemical industries and for the total synthesis of natural products. 

These include the anti-HIV and anti-AIDS drug saquinavir (I),6 anti-HIV drug MIV-150 (II),7 

agrochemical fungicides (III),8 cannabinoid CB2 receptor (IV),9 neuroactive agent acridinic 

acid (V),10 and TB inhibitor (VI)11 (figure 2.1). As a result, a considerable effort has been 

devoted to developing an efficient synthetic protocol that gives facile access to the 2-cyano 

heterocyclic scaffolds. 

 

Figure 2.1. Selected bio-active compounds with 2-cyano N-heteroaromatic derivatives. 

Earlier research to incorporate the nitrile group into the N-heteroaromatic system included 

transition-metal mediated pathways- either through the Pd-catalyzed cyanation approach 12 or 

via the Sandmeyer and Rosenmund-von Braun reaction13. The latter requires the 

prefunctionalization of the heterocyclic ring and the use of copper cyanide as a cyanide source. 

To avoid the prefunctionalization approach, Hartwig and Fier14 introduced direct 

functionalization of pyridines at the C-2 position via silver fluoride mediated sequential C-H 

fluorination and subsequent nucleophilic displacement of the fluoride in the presence of a base 

(scheme 2.1). Though it provided a diverse range of nucleophiles, there are still some 

disadvantages. These include (a) the use of expensive and super stoichiometric metals and (b) 
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late-stage removal of the trace metal contamination in the final product, which can be difficult. 

Because of this, the applications of this methodology have been limited from the 

pharmaceutical point of view, therefore a transition metal-free cyanation approach is highly 

desirable.  

 

Scheme 2.1: transition metal-mediated cyanation of N-heteroarenes 

In general, the transition metal-free approach for the cyanation of N-heteroarenes (or N-oxides) 

often involves two steps: (1) activation of the heteroaromatic ring by a suitable electrophilic 

activator and (2) the nucleophilic addition of the cyanide ion immediately followed by the 

associated base mediated elimination and rearomatization to generate the cyanated 

heteroaromatic compounds. Two encouraging reports appeared in the recent literature, one 

each by the groups of Fier15 and Paton16 describing the transition metal-free direct cyanation 

approach. However, both methodologies have limitations. For instance, the Fier group used 

toxic NaCN as a cyano group source and the super stoichiometric base was employed to 

facilitate complete conversion. And although the Paton group used triflic anhydride (Tf2O) as 

an activating agent with NMM as a base and Me3SiCN as the cyanide source, ultimately it 

suffered from poor regioselectivity (scheme 2.2).  

 

Scheme 2.2: transition metal-free cyanation of N-heteroarenes 

The N-heteroaromatic N-oxides as the starting precursor was the better option to obtain good 

regioselectivity compared to the non-oxidised one. Additional activating agents were often 

used to enhance the regioselectivity which would coordinate to the oxygen atom of the N-O 

moiety. In 1959, Feely and Beavers reported dimethyl sulphate as an effective activating agent 

for cyanation of azine N-oxides with potassium cyanide.17 They obtained exclusively C2-

functionalised product with quinoline N-oxide whereas, with pyridine N-oxide, excessive tar 

formation created difficulty for product separation (scheme 2.3).  
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Scheme 2.3: cyanation of N-heteroarene N-oxide activated by dimethyl sulphate 

In 1983, Fife investigated N,N-dimethylcarbamoyl chloride as activating agent for pyridine N-

oxides with TMSCN as the nitrile source.18 The reaction proceeded at room temperature itself 

for 2 days. Although they obtained excellent yields for the products, the need for a harsh and 

sensitive activating agent limits its applicability. Various other activating agents were also 

explored, viz. ethyl chloroformate,19a benzoyl halide,19b acetic anhydride19c and MsCl19d for this 

purpose. In 1992, Miyashita and his group reported the cyanation of N-heteroaryl N-oxides 

with TMSCN in presence of DBU as the base, where TMSCN also acted as an activating agent 

(scheme 2.4).20  

 

Scheme 2.4: cyanation of N-heteroarene N-oxide in presence of DBU 

More recently, in 2019, Sun and co-workers described the use of hypervalent iodine compound, 

phenyl iododiacetate (PIDA) as the activating agent, to achieve 2-cyanoquinolines from 

quinoline N-oxide and TMSCN. The appearance of quinoline-2-acetate as a by-product was a 

drawback with this protocol (scheme 2.5).21 

 

Scheme 2.5: cyanation of N-heteroarene N-oxide activated by PIDA 

In spite of making considerable progress, still these protocols suffer from several limitations 

like longer reaction times, excess use of reagents or activators and thus generation of 

stoichiometric chemical waste etc. Besides this, often the reagents are hazardous and sensitive 

towards air and moisture which constrain easy handling. Additionally, in many cases, 

competing additions of the activator counter-ion are also problematic.21,22 Bases are also very 

much important19c,20 and generally required in super-stoichiometric amounts to facilitate full 

conversion at the final rearomatization step.15,16,20 Therefore, the above issues not only 

necessitate high cost but also exhibit environmental issues. Apart from this, lack of 

regioselectivity15,16,19c,23a,24 is found to be another major drawback in most of the cases whereas 

the regioselectivity always plays an important role in designing such protocol as different 

regioisomers showed opposing effects in pharmacology.25 In 2005, Alvarez-Builla and co-

workers performed cyanation of the antihistamine drug loratadine to obtain a mixture of C2- 

and C4-cyanated products where the C2-substituted product predominated.  
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Scheme 2.6: Cyanation of loratadine 

Similarly, Paton and co-workers described the C2-cyanation of azine N-oxides in presence of 

triflic anhydride as an activator, where they reported mixture of regioisomers being formed 

during the reaction.  

 

Scheme 2.7: Cyanation of azine N-oxide with triflic anhydride as activator 

In addition to the above cited facts, the common organic solvents like halogenated solvents 

were used in this particular transformation which brings some level of toxicity and bio-hazards 

to the table.26 In today’s pursuit of greener synthetic methodologies, eliminating the solvent 

with somewhat excess reagent makes the process simpler, industrial friendly and lowers the 

solvent waste.27 As Sheldon pointed out, the “best catalyst is no catalyst” and “best solvent is 

no solvent”.28 So designing a methodology which is devoid of any solvent is always attractive 

considering the sustainability and also industrial applicability points of view. 

2.2. Present work 

 

Scheme 2.8: cyanation of N-heteroarene N-oxide with TMSCN 

Based on the literature reports and understanding the role of quinoline N-oxides for 

regioselective C2-functionalization, herein, I report the first example of an operationally 

simple, one-pot heteroaromatic C-H cyanation protocol of quinoline N-oxide with 

trimethylsilyl cyanide (TMSCN) that proceeds without the need for metals, catalysts, 

activators, base, and solvent with excellent regioselectivity at the C-2 position (scheme 2.6). 
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Another notable aspect of the protocol is the successful application of microwave irradiation 

as an alternate energy source in addition with conventional heating.  

2.3. Results and discussion 

2.3.1. Optimization of reaction conditions 

As a preliminary study towards cyanation of N-heteroaromatic compounds under metal-, 

activator-, and base-free condition, 1 equiv. of quinoline N-oxide was taken with 3 equiv. of 

trimethylsilyl cyanide in dichloroethane (DCE) as a model reaction. The reaction was stirred 

at room temperature for 15 hours followed by stirring at reflux condition for another 15 hours, 

during which period, no conversion was obtained (table 2.1, entries 1 and 2), which was 

compatible with recent reported data.21 However, when dimethylformamide (DMF) was 

employed as the solvent rather than DCE, the conversion was slightly improved and the desired 

product was obtained with a modest 12% yield (entry 3). But when the reaction was performed 

under solvent-free conditions with the same stoichiometry of Me3SiCN (3 equiv.) at 80 °C, 

substrate 2.2a was completely consumed and quinoline-2-carbonitrile 2.3a was obtained with 

a 90% yield within 6 hours. In addition, it was found that increasing the reaction temperature 

more than 80 ⁰C resulted in even shorter reaction times. This suggested that the reaction 

temperature played a significant role in the reaction outcome. To investigate the influence of 

the concentration of Me3SiCN, different equivalents of trimethylsilyl cyanide were employed 

and the results revealed that 2.2 equiv. of Me3SiCN gave the same conversion as that in the 

case with 3 equiv. However, lowering the equivalents below 2.2 led to a decrease in conversion 

(entries 10 and 11). Then the reaction was tried under microwave irradiation (μw) as this 

method is emerging as an alternative to conventional heating practice and leads to accelerated 

reaction rates.29 Gratifyingly, it was found that the reaction under the optimized conditions 

using microwave irradiation completed within five minutes and gave quantitative yields at 130 

°C (entry 15). 

Table 2.1. Optimization of C-H cyanation of heterocyclic N-oxides[a,b] 

 

Entry Cyanide source 

(equiv.) 

Temperature Solvent Time 

 

Yield (%) 

1 Me3SiCN (3) rt DCE 15 h n.d. 

2 Me3SiCN (3) 90 ⁰C DCE 15 h n.d. 

3 Me3SiCN (3) 130 oC DMF 15 h 12 

4 Me3SiCN (3) rt neat 15 h n.d. 

5 Me3SiCN (3) 60 oC neat 15 h 10 

6 Me3SiCN (3) 80 oC neat 6 h 90 

7 Me3SiCN (3) 100 oC neat 2 h 92 

8 Me3SiCN (3) 130 oC neat 1 h 96 

9 Me3SiCN (2.2) 130 oC neat 1 h 96 

10 Me3SiCN (1.5) 130 oC Neat 15 h 60 

11 Me3SiCN (1) 130 oC Neat 15 h 45 
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12 PhCOCN (3) 130 oC neat 15 h 19 

13 K4Fe(CN)6 (3) 130 oC neat 15 h n.d. 

14 Me3SiCN (3) 80 oC, µw neat 1 h 76 

15 Me3SiCN (2.2) 130 oC, µw neat 5 m 95 
aReaction was carried out using 0.6 mmol of quinoline N-oxide under argon atmosphere. 
bIsolated yield after column chromatography. n.d. = not detected. 

 

Scheme 2.9: substrate scope for cyanation of quinoline N-oxides 

 

aReaction conditions: substrate 2.2a-w (0.6 mmol), TMSCN (1.32 mmol), neat, under argon 

atmosphere, at 130 °C. bIsolated yield; recovered substrates are given in parentheses. Method-

A. The reaction was performed under conventional heating method at 130 °C for 1 h. Method-
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B. The reaction was performed under Microwave (power-50 Watt) at 130 °C for 5 to 15 min. 
c4.2 equiv. Me3SiCN was used. 

2.3.2. Scope of cyanation of quinoline N-oxides 

With the optimized conditions in hand, the scope of the cyanation reaction was explored 

between various quinoline N-oxide derivatives (2.2a-w) and the trimethylsilyl cyanide 

nucleophile. The reaction seems to be fairly effective for a wide pool of substrates with high to 

good yields of the cyanation products at the C-2 position. This was observed for both electron-

donating as well as electron-withdrawing substituents (such as −Me, −Ph, −OH, −OMe, −Cl, 

−Br, −CN, −C≡C–Ph and –NO2) at the quinoline scaffold. Notably, the electron-donating 

substituents (table 2, products 2.3b, 2.3c) led to the desired products with higher yields 

compared to electron-withdrawing substituents (product 2.3d). Retaining halogen functional 

groups can be beneficial as it allows for further functionalization. In our study, the halogen 

substituents remained intact giving desired nitrile compounds in excellent yields. 

In the case of 4,7-dichloroquinoline N-oxide, the C4-substituted chloro group is susceptible to 

nucleophilic attack. Despite this, I was able to obtain only C2-cyanated single regioisomer 2.3s 

with 85% yield. It should be noted that aliphatic substituted N-oxides at various positions were 

explored (products 2.3b, 2.3f, 2.3I and 2.3q) and very good yields were obtained in all of the 

cases. Next it was decided to explore various polysubstituted quinoline N-oxide derivatives and 

found that the desired products were obtained in modest to good yields (products 2.3s–v). C3- 

and C8- functionalized quinoline N-oxides were also employed for cyanation, providing the 

products 2.3i–o and 2.3p–r with good yields. To our delight, the current protocol is not 

sensitive to the steric effect and shows excellent regioselectivity for all of the cases. However, 

complete conversion for the substrates with C3-substituents required an additional two 

equivalents of the nucleophile. Interestingly, the hydroxy functional group survived under the 

current protocol (product 2.3r). It was also found that the cyano- group can be installed 

selectively at one C2-position in 8,8′-biquinolyl N,N′- dioxide (2.1w) moiety with a 69% yield. 

The entity of the quinoline moiety and substitution of the nitrile unit at the C2-position was 

confirmed by X-ray crystallography (2.3n in figure 2.2). 

 

Figure 2.2: Molecular structure of compound 2.3n (thermal ellipsoid 25% probability level). 

2.3.3. Scope of cyanation of other N-heteroarene N-oxides 

After successfully obtaining quinoline N-oxide derivatives using this protocol, I then turned 

my attention to the isoquinoline systems as it is an important scaffold in medicinal chemistry 

which makes them attractive substrates for investigation. The protocol was successfully applied 

to different isoquinoline N-oxide derivatives, leading to the isoquinoline-1-carbonitrile 

products with good yields up to 85% (table 2.3, products 2.6a-b).  
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Scheme 2.10: substrate scope for cyanation of other azine N-oxides 

 

aReaction conditions: 2.5a-g (0.6 mmol), Me3SiCN (1.32 mmol), neat, under argon 

atmosphere. bIsolated yield; recovered substrates are given in parentheses. Method-A. The 

reaction was performed under conventional heating method at 130 °C for 1 h. Method-B. The 

reaction was performed under Microwave (power-50 Watt) at 130 °C for 5 to 15 min. c4.2 

equiv. Me3SiCN was used. 

However, the scope of the present synthetic protocol is not just limited to quinoline and 

isoquinoline scaffolds, but expands readily to other N-heteroarenes such as 1,5- naphthyridine, 

benzo[h]quinoline and acridine, giving very good yields for the corresponding products (2.6c-

e). 2-phenylpyridine N-oxide and 2,2’-bipyridine-N-oxide were also examined and the 

corresponding cyanated pyridine derivatives (2.6f-g) were obtained in very good yields. 

2.3.4. Late-stage functionalization of bio-active molecules 

 

Scheme 2.11: late-stage modification of bio-active molecules 
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The current methodology was also used for the late-stage functionalization of the anti-malarial 

drug quinine (2.3x) and (±)-α-tocopherol modified quinoline derivative (2.3y). Both were 

obtained in good yields. 

2.3.5. Sequential C-H functionalization of N-heteroarene  

 

Scheme 2.12: sequential C-H functionalisation of 3-bromoquinoline  

Our methodology was further applied to the selective substitution of nitrogenous 

heterocycles.30 First, metal-free C-H bond functionalization of 3-bromoquinoline was carried 

out using cross-dehydrogenative coupling with p-tolualdehyde 2.7 to obtain 2.8 in 61% yield. 

2.8 was then subjected to N-oxidation and concomitant cyanation. This resulted in the 

formation of 2.3z in 71% yield (scheme 2.7), thus demonstrating that the sequential C-C bond 

formation at C2- and C4-positions with different substituents could be obtained without the 

need for metal-containing reagents. Interestingly, the carbonyl group remained intact during 

the cyanation process, suggesting the chemoselective nature of the developed protocol.31 

2.3.6. Gram-scale synthesis 

The efficiency of this process was studied by scaling up the reaction in a gram scale for bulk 

utilization. First, synthesis of 2-cyanoquinoline (2.3a) was attempted from 1 g of quinoline N-

oxide using standard conditions when 2.3a was obtained in 86% yield (Scheme 3a). It was also 

observed that the final compound was easily isolable through sublimation (sublimated yield for 

2.3a, 76%), thereby evading any aqueous workup (which is often required to remove the 

promoters, additives, bases, and side products in the traditional cyanation of N-heteroarenes). 

Hence, the process is overall very efficient from a practical perspective. 

 

Scheme 2.13: gram-scale synthesis of 2.3a  

2.3.7. Mechanistic investigation  
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Scheme 2.14: control experiments  

To gain insight into the reaction pathway, a series of control experiments were performed. At 

first, when quinoline 2.1a was treated with trimethylsilyl cyanide, the desired 2-cyanoquinoline 

product was not observed, suggesting the important role of the N-O group in this transformation 

(Scheme 5a). Further, by using radical scavenger TEMPO in the reaction mixture, the expected 

product 2.3a was formed without any change in the reaction conditions which suggested 

exclusion of any radical mechanistic pathway. In addition, the cyanation of quinoline N-oxide 

was ineffective with water, which implied that the present transformation may not occur via 

the hydrogen cyanide pathway. To check for the electronic effect on the reaction outcome, the 

reaction was performed independently with 6-methoxyquinoline N-oxide and 6-

chloroquinoline N-oxide with trimethylsilyl cyanide at 130 °C for half an hour. While 94% 

desired product 2.3c was observed for the former, 81% product was obtained in the latter case 

(scheme 2.9d and 2.9e). It suggested the favourable effect of electron donating substituents on 

the reaction outcome. 

 

Scheme 2.15: competitive reaction between 2.2a and 2.2d with TMSCN  

Further, the intermolecular competition reaction between quinoline N-oxide and 6-

chloroquinoline N-oxide with trimethylsilyl cyanide yielded the desired products 2.3a and 2.3d 

in a 10:7 ratio, as can be observed from the crude NMR spectrum. This implied that the electron 

withdrawing substituents had a negative impact on the reaction outcome. 
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Figure 2.4: 1H NMR spectrum for the competitive cyanation reaction between 2.2a and 2.2d 

In an attempt to look for the intermediate of the cyanation reaction, the reaction of 6-

methoxyquinoline N-oxide was performed with trimethylsilyl cyanide under conventional 

heating condition. After 15 minutes, the reaction was monitored through 1H NMR spectroscopy 

which showed the presence of dearomatized cyanated intermediate I-2.3c along with 2.3c and 

the unreacted N-oxide 2.2c in the ratio 2.3c:I-2.3c:2.2c = 1:0.15:0.76. 

 

Scheme 2.16. Cyanation reaction of 6-methoxyquinoline N-oxide after 15 min. 
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Figure 2.5: 1H NMR spectrum for the cyanation reaction of 2.2c at 15 minutes 

Further, when the crude reaction mixture was subjected to GC-MS analysis, a peak was 

observed at m/z = 147.06 which corresponded to (Me3Si)2O which was the by-product in the 

reaction. This was also confirmed by the appearance of the peak at δ = 7.31 ppm in 29Si NMR 

spectroscopy. The formation of proposed intermediate I-2.3c (for the product 2.3c) was also 

supported by the appearance of the respective peaks in the crude 1H NMR at different interval 

of times (see figure 2.6). 

 

Scheme 2.17. Study of the cyanation reaction of 6-methoxy quinoline N-oxide with 

trimethylsilyl cyanide at different time interval. 
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Figure 2.6. NMR spectra of the reaction mixture at different interval of time, a) 0 minute, b) 

15 minute, c) 30 minute, d) 45 minute. All the spectra were recorded in CDCl3 in 400 MHz 

NMR spectrometer at 298 K. 

Based on earlier reports20 and our experimental findings a plausible reaction mechanism has 

been proposed in scheme 2.13. At first, quinoline N-oxide 2.2a is activated by trimethylsilyl 

cyanide releasing the cyanide anion. In the next step, the nucleophilic addition of cyanide at 

the C-2 position of the activated ring takes place, resulting in the dearomatized intermediate Y. 

The latter is further activated by an additional equivalent of trimethylsilyl cyanide generating 

the ionic species Z. Subsequent rearomatization gives the final compound 2.3a with 

concomitant release of hexamethyldisiloxane [(Me3Si)2O] as the byproduct (see section 2.6.8) 

This plausible pathway explains the dual role of trimethylsilyl cyanide as a cyanide source for 

the cyanation reaction as well as an activating agent for the N-oxides to produce the target 

heterocycles. 

 
Scheme 2.18: proposed mechanism  
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2.4. Downstream transformations 

 

Scheme 2.19: useful post-synthetic transformations  

Compound 2.2s, which represents an important reaction intermediate for MRK-8-29,32 a 

specific in vivo agent for mGlu2 negative allosteric modulator, was efficiently prepared by one-

pot oxidation and cyanation reaction on 4,7-dichloroquinoline. 2.2s could then be transformed 

into the potent plant fungicide derivative 2.10 in 72% yield (Scheme 2.14a).33 This protocol 

was also extended to the synthesis of the TB inhibitor 2.1111 and a plant fungicide precursor 

2.1234, obtaining both in high yields (Scheme 2.14b and 2.14c). It was also observed that 

different neuroactive agents could also easily be accessed by simple hydrolysis of 2.2l, leading 

to acridinic acid (2.14)35 and it’s derivative 2,3-dihydropyridazino [4,5-b] quinoline-1,4-dione 

(2.15)36 in 72% and 71% yield, respectively (Scheme 2.14d). 

The application of 2-cyanoquinoline (2.3a) as a substrate were further explored in the synthesis 

of amidrazone derivative 2.16, which is an important building block for biological imaging 

studies.37 2.3a could be easily converted to the 2,4-diamino- 1,3,5-triazine derivative 2.17, an 

important precursor for anticancer medicine.38 In addition, carbonitrile 2.3a can be easily 

transformed into the quinolinyl aryl ketone 2.18, which is used as a novel agonist for the 

cannabinoid CB2 receptor (Scheme 2.15).39 
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Scheme 2.20: useful post-synthetic transformations  

2.5. Summary 

In summary, I have demonstrated the cyanation of heteroaromatic N-oxides with trimethylsilyl 

cyanide in the absence of metals, external activators, base and solvent with excellent 

regioselectivity at the C-2 position. To the best of our knowledge, this is the first example of 

an efficient incorporation of a nitrile moiety into the C-H bond of N-heteroaromatic compounds 

in the absence of any external activator and base. The present protocol proceeds smoothly in 

conventional heating as well as under microwave irradiation with shorter reaction times. The 

synthetic utility of the C2-substituted heteroaromatic nitriles is further demonstrated by the 

synthesis of several bioactive molecules, including late-stage functionalization of antimalarial 

drug quinine and the (±)-α-tocopherol modified quinoline derivative. Preliminary mechanistic 

data highlight the dual role of trimethylsilyl cyanide, which can act as a cyanide source as well 

as an activating agent. From an industrial perspective, this method is promising as it is (a) 

operationally simple, (b) highly efficient, (c) economically viable, and (d) easy to scale-up. 

Further utilization of this simple trimethylsilyl cyanide in other cyanation reactions under 

solvent-free conditions is underway. 

2.6. Experimental section:  

2.6.1. General information 

All the reagents and chemicals were purchased from common commercial suppliers like 

Sigma-Aldrich, Alfa Aesar, Merck, Spectrochem, Avra Synthesis Pvt. Ltd. and directly used 

as received without any further purification unless otherwise mentioned. 3-

methoxyquinoline,40 3-phenylquinoline,41 3-cyanoquinoline,42 3-phenylacetylquinoline,43 4-

(1,3-dioxolan-2-yl)quinoline,44 7-chloro-4-(4-phenyl-1H-1,2,3-triazol-1-yl)quinoline,45 4-

phenyl-6-methylquinoline,46 8-methyl quinoline,47 8-methoxyquinoline,48  (3-bromoquinolin-

4-yl)(p-tolyl)methanone49 were prepared according to reported procedures. All reactions were 

either carried out under air (for oxidation of azines) or in flame-dried glassware under an 

atmosphere of argon (for cyanation of azine N-oxides). Microwave reactions were carried out 

using a CEM discovery microwave reactor. Completion of reactions was examined by thin 

layer chromatography carried out on pre-coated Merck silica gel 60 F254 aluminium plates with 

ultraviolet light (UV) or iodine as visualizing agents. Purification of compounds was performed 

by column chromatography using Merck silica gel 60-120 mesh. All starting azine N-oxides 

and their cyanation products were characterized by spectroscopic methods and compared to 

literature wherever applicable, otherwise stated. 1H and 13C NMR spectra of all the compounds 
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were measured using Bruker Avance III 600 and 400 spectrometers in CDCl3 or DMSO-d6 as 

solvents.  Chemical shifts (δ in ppm) are reported relative to the external reference TMS [δ (1H) 

0.0 ppm and δ (13C) 0.0 ppm]. Otherwise, residual undeuterated solvent’s proton resonance and 

carbon resonance [CHCl3, δ 7.26 ppm (1H), δ 77.16 ppm (13C); DMSO, δ 2.50 ppm (1H), δ 

39.52 ppm (13C)] were used for calibration. The abbreviations used to report the multiplicities: 

s = singlet, d = doublet, dd = doublet of doublet, dt = doublet of triplet, t = triplet, m = multiplet, 

q = quartet, sext = sextet, br = broad, and brs = broad singlet. IR spectra were recorded using 

Perkin Elmer Instrument at normal temperature on KBr pellet by grinding the sample with KBr 

(IR Grade). MS (ESI-HRMS): Mass spectra were recorded on an Agilent Accurate-Mass Q-

TOF LC/MS 6520, and peaks are given in m/z (% of basis peak). X-ray crystallographic data 

were collected using a ‘Bruker SMART APEX CCD’ diffractometer. Melting points were 

recorded using Buchi Melting Point B-540 Instrument and are uncorrected.  

2.6.2. Preparation of starting materials 

Preparation of (±)-α-tocopherol-modified quinoline substrate (2.1y) 

 
Scheme 2.21: Synthesis of (±)-α-tocopherol modified quinoline. 

In an oven-dried schlenk tube, potassium tert-butoxide (272 mg, 2.42 mmol, 1.2 equiv.) was 

taken and dried under vacuum. Then, (±)-α-tocopherol (864 mg, 2.0 mmol, 1 equiv) in dry 

DMSO (3 mL) was added and stirred at 120 °C for 1 hour. Then 4,7-dichloroquinoline (200 

mg, 1.0 mmol, 0.5 equiv.) was added to the mixture and stirred at 120 °C for overnight. After 

completion of the reaction as confirmed by TLC, the reaction mixture was quenched with water 

and extracted with CH2Cl2 (3 × 15 mL). The excess tocopherol was recovered by silica gel 

column chromatography (CH2Cl2 : n-hexane, 1 : 5) followed by the pure product 2.1y (CH2Cl2 

: n-hexane; 2 : 5) as brown viscous liquid (615 mg, yield 52%).  

1H NMR (400 MHz, CDCl3): δ 8.59 (d, J = 5.2 Hz, 1H), 8.41 (d, J = 8.9 Hz, 1H), 8.09 (d, J = 

1.9 Hz, 1H), 7.53 (dd, J = 8.9, 2.0 Hz, 1H), 6.26 (d, J = 5.1 Hz, 1H), 2.64 (t, J = 6.6 Hz, 2H), 

2.15 (s, 3H), 1.99 (s, 3H), 1.95 (s, 3H), 1.88 – 1.83 (m, 2H), 1.66 – 1.48 (m, 4H), 1.45 – 1.35 

(m, 4H), 1.32 – 1.27 (m, 10H), 1.17 – 1.08 (m, 6H), 0.88 – 0.85 (m, 12H). 13C NMR (101 MHz, 

CDCl3): δ 166.71, 152.73, 150.32, 149.68, 142.60, 136.10, 128.19, 127.53, 126.96, 125.70, 

124.0, 123.54, 119.49, 118.42, 103.07, 75.44, 39.53, 37.62, 37.58, 37.55, 37.45, 32.94, 32.82, 

28.13, 24.96, 24.60, 24.40, 23.59, 22.86, 22.77, 21.16, 20.80, 19.90, 19.84, 19.79, 12.82, 12.01, 

11.96. HRMS (ESI) m/z: calcd. for C38H55ClNO2
+ [M+H+] 592.3916, found 592.3932.  

General procedure for synthesis of heterocyclic N-oxides (GP-I): 
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Scheme 2.22: Synthesis of heterocyclic N-oxides. 

Representative procedure: In a round-bottom flask, quinoline (1 g, 7.74 mmol, 1 equiv.) was 

dissolved in dichloromethane (5mL). Then, at 0 oC, m-chloroperbenzoic acid (m-CPBA) (2.7 

g, 15.5 mmol, 2 equiv.) in dichloromethane (10 mL) was added portion wise. After addition, 

the reaction mixture was allowed to come to room temperature and stirred for 15 hours. The 

mixture was diluted with dichloromethane (10 mL) after completion and combined organic 

part was washed with 6 N aqueous KOH solution followed by brine solution. The organic part 

was dried over Na2SO4 and solvent was removed under reduced pressure. The crude product 

was purified through silica-gel flush column chromatography (methanol: ethyl acetate; 1:10) 

to get brown solid as pure product (1 g, yield 90%). Other heterocyclic N-oxides 2.2a-z, 2.5a-

g were prepared according to above procedure.50 All compounds spectral data were in 

accordance with literature. 

Procedure for synthesis of 6-methyl-4-phenylquinoline 1-oxide (2.2u) 

 

Using 6-methyl-4-phenylquinoline in accordance with GP-I, the above compound was 

obtained through SiO2-gel column chromatography (MeOH : EtOAc, 1:10) as a brown solid. 

Isolated yield = 815 mg (76%). 

M.p. 75-77 °C. 1H NMR (400 MHz, CDCl3) δ 8.66 (d, J = 8.9 Hz, 1H), 8.47 (d, J = 6.1 Hz, 

1H), 7.61 (s, 1H), 7.52 (d, J = 8.8 Hz, 1H), 7.48 – 7.39 (m, 5H), 7.13 (d, J = 6.1 Hz, 1H), 2.39 

(s, 3H). 13C NMR (101 MHz, CDCl3) δ 139.86, 138.95, 138.66, 137.04, 134.39, 132.40, 

129.46, 128.72, 128.69, 128.49, 125.42, 121.30, 119.77, 21.58. HRMS (ESI) m/z: calcd. for 

C16H14NO+ [M+H+] 236.1070, found 236.1099. 

Procedure for Synthesis of 4-nitroquinoline-N-oxide (2.2h)51 

 

Scheme 2.23: Synthesis of 4-nitroquinoline-N-oxide.  

Quinoline N-oxide (500 mg, 3.4 mmol, 1 equiv.) was taken in a one-neck round-bottom flask 

and 5 mL concentrated H2SO4 was added. To this solution, at 70 °C, concentrated HNO3 (369 

mg, 5.9 mmol, 1.7 equiv.) was added dropwise under fumehood. The mixture was stirred for 

another 3 hours at 70 °C, cooled and poured onto ice. Orange precipitate came out which was 

filtered, washed with water, dilute sodium carbonate, water and a small amount of alcohol (in 

given order). The product was purified by crystallization from acetone to get orange solid (151 

mg, 23% yield). The spectroscopic characterization data matches with literature reported 

procedure.12i 
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Procedure for Synthesis of 3-nitroquinoline-N-oxide (2.2n)52 

 

Scheme 2.24: Synthesis of 3-nitroquinoline-N-oxide.  

In a 15-mL reaction tube, quinoline N-oxide (200 mg, 1.38 mmol, 1 equiv.) was taken in dry 

acetonitrile (3 mL) and followed by addition of tert-butyl nitrite (498 mg, 4.83 mmol, 3.5 

equiv.). the reaction mixture was stirred at 100 °C for 24 hours under argon. After completion 

of the reaction as observed from TLC, brine solution (5 mL) was added and extracted with 

EtOAc (2×10 mL). The organic part was dried over Na2SO4 and solvent was removed under 

reduced pressure. The crude product was purified through silica-gel column chromatography 

(EtOAc: Petroleum ether; 0.6: 1) to get the pure product as yellow solid (210 mg, 80% yield).  

Procedure for synthesis of 8, 8′-biquinoline-N, N′-dioxide (2.2w) 53 

 

Scheme 2.25: Synthesis of 8, 8′-biquinoline-N, N′-dioxide. 

In a 10 mL-vial, quinoline N-oxide (110 mg, 0.75 mmol, 1 equiv.), silver acetate (525 mg, 3.14 

mmol, 4 equiv.), palladium acetate (17 mg, 0.08 mmol, 0.10 equiv.), glacial acetic acid (0.3 

mL, 5 equiv.) and deionized water (1.5 equiv.) were taken, flushed with argon and sealed the 

vial with cap. Then the mixture was heated at 120 oC for 48 hours till TLC showed complete 

consumption of starting material. Then the reaction mixture was diluted with dichloromethane 

(10 mL) and filtered through celite. The solvent is removed under reduced pressure. The 

product was purified through SiO2 column chromatography (MeOH: EtOAc, 1:1) to get yellow 

solid as pure product (64 mg, yield 30%). 

Procedure for synthesis of 2, 2′-bipyridine-N-oxide (2.5g)54 

 

Scheme 2.26: Synthesis of 2, 2′-bipyridine-N-oxide.  

2,2′-Bipyridine (500 mg, 3.2 mmol, 1 equiv.) was taken in an oven dried round-bottom flask 

and trifluoroacetic acid (2.4 mL) was added, followed by slow addition of 30% H2O2 (163 mg, 

4.8 mmol, 1.5 equiv.) through a septum. The mixture was stirred for 2 hours at room 

temperature. The reaction mixture was diluted with dichloromethane (20 mL) and washed with 

6M aqueous NaOH solution under fume hood. The combined organic layer was dried over 

Na2SO4 and solvent was removed under reduced pressure to give the product as beige solid 

(hygroscopic) (468 mg, yield 85%).  
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Procedure for the synthesis of 7-chloro-4-((2,5,7,8-tetramethyl-2-(4,8,12-trimethyl 

tridecyl) chroman-6-yl)oxy)quinoline 1-oxide (2.2y) 

 

Using 7-chloro-4-((2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl)oxy) 

quinoline 2.1y (600 mg, 1 mmol)  in accordance with GP-I, the above compound was obtained 

through SiO2-gel column chromatography (EtOAc : Petrolium ether, 1:2) as a light yellow 

viscous oil. Isolated yield = 81% (493 mg). 

1H NMR (400 MHz, CDCl3): δ 8.81 (d, J = 1.9 Hz, 1H), 8.42 (d, J = 8.9 Hz, 1H), 8.31 (d, J = 

6.9 Hz, 1H), 7.67 (dd, J = 8.9, 2.0 Hz, 1H), 6.17 (d, J = 6.9 Hz, 1H), 2.63 (t, J = 6.7 Hz, 2H), 

2.13 (s, 3H), 1.98 (s, 3H), 1.94 (s, 3H), 1.90 – 1.72 (m, 2H), 1.63 – 1.47 (m, 4H), 1.45 – 1.35 

(m, 4H), 1.33 – 1.25 (m, 10H), 1.20 – 1.05 (m, 6H), 0.87 – 0.84 (m, 12H). 13C NMR (101 MHz, 

CDCl3): δ 153.75, 149.95, 142.34, 141.97, 138.27, 137.52, 129.49, 127.35, 125.59, 124.35, 

124.29, 120.62, 119.90, 118.60, 102.71, 75.56, 39.51, 37.60, 37.55, 37.53, 37.43, 32.93, 32.84, 

28.11, 24.94, 24.57, 24.33, 23.60, 22.84, 22.75, 21.16, 20.76, 19.88, 19.82, 19.76, 12.81, 12.01, 

11.96.  HRMS (ESI) m/z: calcd. for C38H55ClNO3
+ [M+H+] 608.3865, found 608.3904.  

2.6.3. Cyanation of heteroaromatic N-oxides with trimethylsilyl cyanide   

General procedure for cyanation of heterocyclic N-oxides (GP-II) 

Heterocyclic N-oxides (0.6 mmol, 1 equiv.) and trimethylsilyl cyanide (1.32 mmol, 2.2 equiv.) 

were added successively to an oven dried 15 mL-vial containing a stirring bar. Then the tube 

was flushed with argon and sealed with screw-cap. The resulting solution was heated at 130 °C 

for 1 hour. After the reaction was completed as determined from TLC, the reaction mixture 

was dried under reduced pressure. The crude product was purified through SiO2-gel column 

chromatography to afford analytically pure cyanoheterocyclic compounds. 

General procedure for cyanation of heterocyclic N-oxides (GP-III) 

Heterocyclic N-oxides (0.6 mmol, 1 equiv.) and trimethylsilyl cyanide (131 mg, 1.32 mmol, 

2.2 equiv.) were added successively to an oven dried microwave reaction tube containing a 

stirring bar. Then the tube was flushed with argon and sealed with screw-cap. The resulting 

solution was heated at 130 °C for 5 min under microwave irradiation (50 watt). Then the 

reaction mixture was cooled to room temperature. After the reaction is completed as 

determined from TLC, the reaction mixture was dried under reduced pressure. The crude 

product was purified through SiO2-gel column chromatography to afford analytically pure 

cyanoheterocyclic compounds.   

Synthetic protocol for cyanation of quinoline N-oxides using sublimation approach (GP-

IV) 

Representative procedure: Quinoline N-oxide (0.3 mmol, 1 equiv.) and trimethylsilyl cyanide 

(1.32 mmol, 2.2 equiv.) were loaded to an oven dried reaction tube containing a stirring bar. 

Then the tube was flushed with argon and sealed with screw-cap. The resulting solution was 
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heated at 130 °C for 1 hour. The sublimated product was isolated to afford analytically pure 

quinoline-2-carbonitrile compound (81% yield). 

 

Scheme 2.27: Isolation of carbonitrile compound using sublimation approach, before reaction 

(in left), after reaction (in right).  

Procedure for gram-scale cyantion reaction (scheme 2.8) 

Quinoline N-oxide (1 g, 6.9 mmol) and trimethylsilyl cyanide (1.5 g, 15 mmol) were taken in 

a 50 mL pyrex tube, and the tube was flushed with argon and sealed with screw-cap. The 

resulting solution was heated at 130 °C for 1 hour. After the reaction was completed as 

determined from TLC, the reaction mixture was dried under reduced pressure. The crude 

product was purified through SiO2-gel column chromatography to afford analytically pure 2-

cyanoquinoline 2.3a with 86% yield. Using the above scale-up protocol, sublimated 2.3a was 

obtained with 76% yield. 

2.6.4. Analytical data for 2-cyanoheterocycles 

Quinoline-2-carbonitrile (2.3a) 

 

Using quinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title compound was 

obtained through SiO2-gel column chromatography (EtOAc : Petroleum ether, 2 : 10) as a white 

solid. Isolated yield = 96% (89 mg) from GP-II; 95% (88 mg) from GP-III.  

M.p. 93-95 °C. 1H NMR (400 MHz, CDCl3): δ 8.31 (d, J = 8.4 Hz, 1H), 8.17 (d, J = 8.6 Hz, 

1H), 7.90 (d, J = 8.2 Hz, 1H), 7.87 – 7.82 (m, 1H), 7.73 – 7.69 (m, 2H). 13C NMR (101 MHz, 

CDCl3): δ 148.34, 137.63, 133.75, 131.40, 130.12, 129.6, 128.8, 127.91, 123.46, 117.78. 

HRMS (ESI) m/z: calcd. for C10H7N2
+ [M+H+]: 155.0604, found 155.0616. FT-IR (KBr, 

selected band): 2233 cm-1 (CN). Spectroscopic characterization data are in accordance with 

reported literature.21  

6-methylquinoline-2-carbonitrile (2.3b) 

 

 

Using 6-methylquinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 

2 : 10) as an yellow solid. Isolated yield = 91% (92 mg) from GP-II; 91% (92 mg) from GP-

III. 
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M.p. 103-105 °C. 1H NMR (400 MHz, CDCl3): δ 8.20 (d, J = 8.4 Hz, 1H), 8.06 (d, J = 8.6 Hz, 

1H), 7.72 – 7.61 (m, 3H), 2.59 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 147.08, 140.16, 136.73, 

133.80, 132.79, 129.77, 128.93, 126.63, 123.54, 117.86, 22.00. HRMS (ESI) m/z: calcd. for 

C11H9N2
+ 169.0760, found 169.0773. FT-IR (KBr, selected band): 2230 cm-1 (CN). 

Spectroscopic characterization data are in accordance with reported literature.21 

6-Methoxyquinoline-2-carbonitrile (2.3c)  

 

Using 6-methoxyquinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 

2 : 10) as an yellow solid (108 mg, 98% yield from GP-II; 107 mg, 97% yield from GP-III). 

M.p. 176-178 °C. 1H NMR (400 MHz, CDCl3): δ 8.16 (d, J = 8.4 Hz, 1H), 8.06 (d, J = 9.3 Hz, 

1H), 7.66 (d, J = 8.4 Hz, 1H), 7.48 (dd, J = 9.3, 2.7 Hz, 1H), 7.10 (d, J = 2.7 Hz, 1H), 3.98 (s, 

3H). 13C NMR (101 MHz, CDCl3) δ 160.12, 144.72, 135.81, 131.67, 130.88, 130.46, 124.76, 

123.97, 118.01, 104.80, 55.92. HRMS (ESI TOF) [M+H+] calcd. for [C11H9N2O] 185.0709, 

found 185.0709. FT-IR (KBr, selected band): 2228 cm-1 (CN). Spectroscopic characterization 

data are in accordance with reported literature.21 

6-Chloroquinoline-2-carbonitrile (2.3d)   

 

Using 6-chloroquinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 

2 : 10) as an white solid (90 mg, 80% yield from GP-II; 93 mg, 82% yield from GP-III). 

M.p. 198-200 °C. 1H NMR (600 MHz, CDCl3): δ 8.23 (d, J = 8.4 Hz, 1H), 8.11 (d, J = 9.0 Hz, 

1H), 7.88 (d, J = 2.0 Hz, 1H), 7.77 (dd, J = 9.0, 2.2 Hz, 1H), 7.72 (d, J = 8.4 Hz, 1H). 13C NMR 

(151 MHz, CDCl3): δ 146.73, 136.68, 135.80, 133.96, 132.53, 131.74, 129.31, 126.56, 124.33, 

117.38. HRMS (ESI) m/z: calcd. for C10H6N2Cl+ 189.0214, found 189.0221. FT-IR (KBr, 

selected band): 2232 cm-1 (CN). Spectroscopic characterization data are in accordance with 

reported literature.21  

5-Nitroquinoline-2-carbonitrile (2.3e) 

 

Using 5-nitroquinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 

2.5 : 10) as an off-white solid (86 mg, 72% yield from GP-II, 84 mg, 70% yield from GP-III). 

M.p. 164-166 °C. 1H NMR (400 MHz, CDCl3): δ 9.24 (d, J = 9.0 Hz, 1H), 8.59 – 8.54 (m, 1H), 

8.51 (d, J = 8.5 Hz, 1H), 8.00 – 7.92 (m, 2H).13C NMR (101 MHz, CDCl3) δ 148.18, 145.34, 

137.18, 135.43, 134.29, 129.49, 127.50, 126.12, 121.79, 116.73. HRMS (ESI) m/z: calcd. for 
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C10H6N3O2
+ [M+H+] 200.0455, found 200.0490. FT-IR (KBr, selected band): 2242 cm-1 (CN). 

Spectroscopic characterization data are in accordance with reported literature.21 

4-Methylquinoline-2-carbonitrile (2.3f) 

 

Using 4-methylquinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 

1.5 : 10) as an off-white solid (85 mg, 84% yield from GP-II, 88 mg, 87% yield from GP-III). 

M.p. 97-99 °C. 1H NMR (400 MHz, CDCl3): δ 8.16 (d, J = 8.5 Hz, 1H), 8.05 (d, J = 8.4 Hz, 

1H), 7.86 – 7.80 (m, 1H), 7.74 – 7.70 (m, 1H), 7.54 (s, 1H), 2.77 (s, 3H).13C NMR (101 MHz, 

CDCl3): δ 148.03, 146.74, 133.57, 130.96, 130.77, 129.31, 128.92, 124.04, 124.01, 117.82, 

18.89. HRMS (ESI) m/z: calcd. for C11H9N2
+ [M+H+] 169.0760, found 169.0772. FT-IR (KBr, 

selected band): 2235 cm-1 (CN). Spectroscopic characterization data are in accordance with 

reported literature.21 

4-(1,3-dioxolan-2-yl)quinoline-2-carbonitrile (2.3g) 

 

Using 4-(1,3-dioxolan-2-yl)quinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, 

the title compound was obtained through SiO2-gel column chromatography (EtOAc : Petrolium 

ether, 2.5 : 10) as an off-white solid (95 mg, 70% yield from GP-II, 96 mg, 71% yield from 

GP-III). 

M.p. 156-158 °C. 1H NMR (400 MHz, CDCl3): δ 8.87 (d, J = 8.5 Hz, 1H), 8.26 – 8.24 (m, 2H), 

7.94 – 7.88 (m, 1H), 7.86 – 7.80 (m, 1H), 4.61 – 4.64 (m, 2H), 4.10 – 4.03 (m, 2H). 13C NMR 

(101 MHz, CDCl3): δ 164.89, 149.46, 136.33, 133.38, 131.64, 131.43, 130.81, 125.92, 125.84, 

124.62, 117.10, 67.82, 61.01. HRMS (ESI) m/z: calcd. for C13H10N2O2K
+ 265.0374, found 

265.0601. FT-IR (KBr, selected band): 2233 cm-1 (CN). 

4-Nitroquinoline-2-carbonitrile (2.3h) 

 

Using 4-nitroquinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 

2 : 10) as an yellow solid (79 mg, 66% yield from GP-II, 78 mg, 65% yield from GP-III). 

M.p. 126-128 °C. 1H NMR (400 MHz, CDCl3): δ 8.52 (d, J = 8.4 Hz, 1H), 8.36 (d, J = 8.4 Hz, 

1H), 8.25 (s, 1H), 8.07 – 8.01 (m, 1H), 7.97 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H). 13C NMR (101 

MHz, CDCl3): δ 152.90, 150.70, 133.39, 133.10, 132.82, 131.05, 123.12, 119.51, 117.88, 

116.12. HRMS (ESI) m/z: calcd. for C10H6N3O2
+ [M+H+] 200.0455, found 200.0472. FT-IR 
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(KBr, selected band): 2239 cm-1 (CN). Spectroscopic characterization data are in accordance 

with reported literature.21 

3-methylquinoline-2-carbonitrile (2.3i) 

 

Using 3-methylquinoline N-oxide in accordance with 4 equivalents of trimethylsilyl cyanide, 

the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

Petroleum ether, 2 : 10) as an white solid (88 mg, 87% yield from GP-II; 89 mg, 88% yield 

from GP-II).  

M.p. 126-127 °C. 1H NMR (600 MHz, CDCl3) δ 8.13 – 8.11 (m, 2H), 7.81 (d, J = 8.2 Hz, 1H), 

7.76 (t, J = 7.7 Hz, 1H), 7.66 (t, J = 7.5 Hz, 1H), 2.72 (s, 3H). 13C NMR (151 MHz, CDCl3): δ 

146.83, 136.86, 135.26, 132.74, 130.36, 129.82, 129.57, 129.03, 127.21, 116.69, 18.94. HRMS 

(ESI) m/z: calcd. for C11H9N2
+ [M+H+] 169.0760, found 169.0784. FT-IR (KBr, selected band): 

2232 cm-1 (CN). 

3-Methoxyquinoline-2-carbonitrile (2.3j) 

 

Using 3-methoxyquinoline N-oxide in accordance with GP-II, the title compound was 

obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 1.2 : 10) as a 

light yellow solid (96 mg, 87% yield from GP-II; 96 mg, 87% from GP-III). 

M.p. 151-153 °C. 1H NMR (400 MHz, CDCl3) δ 8.10 – 8.04 (m, 1H), 7.81 – 7.75 (m, 1H), 

7.68 – 7.61 (m, 2H), 7.56 (s, 1H), 4.06 (s, 3H).13C NMR (101 MHz, CDCl3) δ 153.85, 143.42, 

130.12, 130.05, 129.93, 128.40, 127.26, 126.78, 115.21, 114.11, 56.37. HRMS (ESI) m/z: calcd 

for C11H9N2O
+ [M+H+] 185.0709, found 185.0724. FT-IR (KBr, selected band): 2236 cm-1 

(CN). 

3-Phenylquinoline-2-carbonitrile (2.3k) 

 

Using 3-phenylquinoline N-oxide with 4 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 

1.2 : 10) as an off-white solid (98 mg, 71% yield from GP-II, 103 mg, 75% yield from GP-III). 

M.p. 140-142 °C. 1H NMR (400 MHz, CDCl3): δ 8.30 (s, 1H), 8.22 (d, J = 8.5 Hz, 1H), 7.92 

(d, J = 8.1 Hz, 1H), 7.87 – 7.82 (m, 1H), 7.74 – 7.71 (m, 1H), 7.65 (dd, J = 8.0, 1.4 Hz, 2H), 

7.59-7.50 (m, 3H). 13C NMR (101 MHz, CDCl3): δ 147.36, 137.23, 137.03, 135.88, 133.24, 

131.14, 129.95, 129.93, 129.33, 129.17, 128.77, 127.92, 117.24. HRMS (ESI) m/z: calcd. for 

C16H11N2
+ [M+H+] 231.0917, found 231.0930. FT-IR (KBr, selected band): 2232 cm-1 (CN). 

3-Cyanoquinoline-2-carbonitrile (2.3l) 
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Using 3-cyanoquinoline N-oxide with 4 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 

2 : 10) as an yellow solid. Isolated yield = 86 mg, 80% from GP-II; 87 mg, 81% from GP-III. 

M.p. 201-203 °C. 1H NMR (400 MHz, CDCl3): δ 8.70 (s, 1H), 8.27 (d, J = 8.6 Hz, 1H), 8.07 – 

8.00 (m, 2H), 7.92 – 7.84 (m, 1H). 13C NMR (101 MHz, CDCl3): δ 148.49, 142.98, 134.55, 

133.43, 131.51, 130.62, 128.42, 126.72, 114.68, 114.40, 109.04. HRMS (ESI) m/z: calcd. for 

C11H6N3
+ [M+ H+] 180.0556, found 180.0581. FT-IR (KBr, selected band): 2235 cm-1 (CN). 

3-Bromoquinoline-2-carbonitrile (2.3m) 

 

Using 3-bromoquinoline N-oxide with 4 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 

1.5 : 10) as an white solid. Isolated yield = 107 mg, 77% from GP-II; 107 mg, 77% from GP-

III.  

M.p. 139-141 °C. 1H NMR (600 MHz, CDCl3): δ 8.51 (s, 1H), 8.15 (d, J = 8.6 Hz, 1H), 7.87 – 

7.82 (m, 2H), 7.74 (t, J = 7.5 Hz, 1H). 13C NMR (151 MHz, CDCl3): 146.59, 139.65, 134.72, 

131.58, 130.67, 130.17, 129.69, 126.99, 117.57, 116.03. HRMS (ESI) m/z: calcd. for 

C10H6BrN2
+ [M+H+] 232.9709, found 232.9706. FT-IR (KBr, selected band): 2235 cm-1 (CN).  

3-Phenylethynylquinoline-2-carbonitrile (2.3n) 

 

Using 3-phenylethynylquinoline N-oxide with 4 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 

1.2 : 10) as an off-white solid. Isolated yield = 126 mg, 83% from GP-II; 128 mg, 84% from 

GP-III. 

M.p. 153-155 °C. 1H NMR (400 MHz, CDCl3): δ 8.41 (s, 1H), 8.14 (d, J = 8.4 Hz, 1H), 7.87 – 

7.80 (m, 2H), 7.72 – 7.65 (m, 3H), 7.41 – 7.38 (m, 3H).13C NMR (101 MHz, CDCl3): δ 146.56, 

139.11, 135.47, 132.09, 131.63, 130.12, 130.02, 129.63, 128.63, 127.89, 127.63, 121.75, 

119.71, 116.26, 97.59, 83.63. HRMS (ESI) m/z: calcd. for C18H11N2
+ [M+H+] 255.0917, found 

255.0912. FT-IR (KBr, selected band): 2231 cm-1 (CN). 

3-Nitroquinoline-2-carbonitrile (2.3o) 
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Using 3-nitroquinoline N-oxide with 4 equivalents of trimethylsilyl cyanide, the title compound 

was obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 2 : 10) as 

an yellow solid (78 mg, 65% yield from GP-II; 76 mg, 64% yield from GP-II).  

M.p. 140-142 °C. 1H NMR (600 MHz, CDCl3): δ 9.18 (s, 1H), 8.34 (d, J = 8.5 Hz, 1H), 8.14 

(d, J = 8.2 Hz, 1H), 8.10 (t, J = 7.7 Hz, 1H), 7.93 (t, J = 7.5 Hz, 1H). 13C NMR (151 MHz, 

CDCl3): δ 149.17, 135.07, 134.58, 131.90, 130.56, 129.69, 126.90, 114.52. HRMS (ESI) m/z: 

calcd. for C10H6N3O2
+ [M+H+] 200.0455, found 200.0466. FT-IR (KBr, selected band): 2238 

cm-1
 (CN). 

8-Methoxyquinoline-2-carbonitrile (2.3p)  

 

Using 8-methoxyquinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 

2 : 10) as an white solid (99 mg, 90% yield from GP-II; 99 mg, 90% yield from GP-III). 

M.p. 106-108 °C. 1H NMR (400 MHz, CDCl3): δ 8.27 (d, J = 8.4 Hz, 1H), 7.72 (d, J = 8.4 Hz, 

1H), 7.63 (t, J = 8.1 Hz, 1H), 7.45 (d, J = 7.7 Hz, 1H), 7.16 (d, J = 7.8 Hz, 1H), 4.11 (s, 3H). 
13C NMR (101 MHz, CDCl3): δ 155.62, 140.50, 137.43, 132.43, 130.18, 130.03, 124.30, 

119.47, 117.66, 109.32, 56.46. HRMS (ESI) m/z: calcd. for C11H9N2O
+ 185.0709, found 

185.0735. FT-IR (KBr, selected band): 2234 cm-1 (CN). Spectroscopic characterization data 

are in accordance with literature.21 

8-Methylquinoline-2-carbonitrile (2.3q) 

 

Using 8-methylquinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 

1 : 10) as an yellow solid (92 mg, 91% yield from GP-II; 91 mg, 90% from GP-III yield). 

M.p. 126-128 °C. 1H NMR (400 MHz, CDCl3): δ 8.25 (d, J = 8.4 Hz, 1H), 7.70 (m, 3H), 7.60 

– 7.56 (m, 1H), 2.81 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 147.59, 138.59, 137.63, 132.52, 

131.24, 129.41, 128.93, 125.75, 123.20, 118.04, 17.89. HRMS (ESI) m/z: calcd. for C11H9N2
+ 

[M+ H+] 169.0760, found 169.0770. FT-IR (KBr, selected band): 2237 cm-1 (CN). 

8-Hydroxyquinoline-2-carbonitrile (2.3r) 

 

Using 8-hydroxyquinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 

2.0 : 10) as an yellow solid (90 mg, 88% yield from GP-II; 93 mg, 91% yield from GP-III). 
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M.p. 130-132 °C. 1H NMR (400 MHz, CDCl3): δ 8.31 (d, J = 8.5 Hz, 1H), 7.89 (s, 1H), 7.71 

(d, J = 8.4 Hz, 1H), 7.63 (t, J = 8.0 Hz, 1H), 7.41 (d, J = 8.3 Hz, 1H), 7.29 (d, J = 7.7 Hz, 1H). 
13C NMR (101 MHz, CDCl3): δ 152.51, 138.59, 137.77, 131.40, 131.03, 129.26, 124.09, 

118.14, 117.44, 112.21. HRMS (ESI) m/z: calcd. for C10H7N2O
+ [M+ H+] 171.0553, found 

171.0567. FT-IR (KBr, selected band): 2242 cm-1 (CN). Spectroscopic characterization data 

are in accordance with literature.21  

4, 7-Dichloroquinoline-2-carbonitrile (2.3s)  

 

Using 4,7-Dichloroquinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2 –gel column chromatography (EtOAc : Petrolium ether, 

1 : 10) as an white solid (110 mg, 82% yield from GP-II; 114 mg, 85% yield from GP-III). 

M.p. 175-177 °C. 1H NMR (400 MHz, CDCl3): δ 8.22 (d, J = 9.0 Hz, 1H), 8.18 (d, J = 1.3 Hz, 

1H), 7.77 (s, 1H), 7.74 (dd, J = 9.0, 1.5 Hz, 1H).13C NMR (101 MHz, CDCl3): δ 149.18, 144.46, 

138.74, 134.51, 131.71, 129.42, 125.82, 125.77, 123.65, 116.43. HRMS (ESI) m/z: calcd. for 

C10H5Cl2N2
+ [M+H+] 222.9824, found 222.9857. FT-IR (KBr, selected band): 2241 cm-1 (CN). 

Spectroscopic characterization data are in accordance with reported literature.32 

7-Chloro-4-methoxyquinoline-2-carbonitrile (2.3t) 

 

Using 7-chloro-4-methoxyquinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the 

title compound was obtained through SiO2 column chromatography (EtOAc : Petrolium ether, 

1.5 : 10) as an yellow solid (113 mg, 86% yield from GP-II; 114 mg, 87% yield from GP-III). 

M.p. 221-223 °C. 1H NMR (400 MHz, CDCl3): δ 8.17 (d, J = 9.0 Hz, 1H), 8.07 (d, J = 1.9 Hz, 

1H), 7.58 (dd, J = 9.0, 2.0 Hz, 1H), 7.04 (s, 1H), 4.11 (s, 3H).13C NMR (101 MHz, CDCl3): δ 

163.39, 149.53, 137.77, 135.80, 129.42, 128.56, 123.59, 120.36, 117.52, 103.41, 56.67. HRMS 

(ESI) m/z: calcd. for C11H8N2OCl+ [M+H+] 219.0320, found 219.0335. FT-IR (KBr, selected 

band): 2257 cm-1 (CN).  

4-Phenyl-6-methylquinoline-2-carbonitrile (2.3u) 

 

Using 4-phenyl-6-methylquinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the 

title compound was obtained through SiO2 column chromatography (EtOAc : Petrolium ether, 

1.5 : 10) as white solid (104 mg, 71% yield from GP-II; 100 mg, 68% yield from GP-III). 
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M.p. 123-125 °C. 1H NMR (600 MHz, CDCl3): δ 8.11 (d, J = 8.6 Hz, 1H), 7.71 (brs, 1H), 7.67 

(dd, J = 8.7 Hz, 1.7 Hz, 1H), 7.59 (brs, 1H), 7.58 – 7.54 (m, 2H), 7.50 – 7.48 (m, 2H), 2.51 (s, 

3H). 13C NMR (101 MHz, CDCl3): δ 149.60, 147.61, 140.22, 136.68, 133.46, 132.48, 130.24, 

129.55, 129.29, 129.04, 127.56, 124.74, 123.74, 117.92, 22.25. HRMS (ESI) m/z: calcd. for 

C17H13N2
+ [M+ H+] 245.1073, found 245.1099. FT-IR (KBr, selected band): 2231 cm-1 (CN). 

Spectroscopic characterization data are in accordance with reported data.55 

7-chloro-4-(4-phenyl-1H-1,2,3-triazol-1-yl)quinoline-2-carbonitrile (2.3v) 

 

Using 7-chloro-4-(4-phenyl-1H-1,2,3-triazol-1-yl)quinoline N-oxide with 2.2 equivalents of 

trimethylsilyl cyanide, the title compound was obtained through SiO2 column chromatography 

(EtOAc : Petrolium ether, 2 : 10) as an yellow solid (141 mg, 71% yield from GP-II; 143 mg, 

72% yield from GP-III). 

M.p. 228-230 °C. 1H NMR (400 MHz, CDCl3): δ 8.33 (d, J = 2.0 Hz, 1H), 8.28 (m, 2H), 7.96 

(d, J = 7.3 Hz, 2H), 7.87 (s, 1H), 7.79 (dd, J = 9.1, 1.9 Hz, 1H), 7.52 (t, J = 7.6 Hz, 2H), 7.46 

(d, J = 7.4 Hz, 1H).13C NMR (101 MHz, CDCl3): δ 150.35, 149.14, 142.12, 139.04, 134.75, 

132.31, 129.50, 129.29, 129.22, 129.04, 126.11, 125.20, 121.07, 120.84, 117.78, 116.25. 

HRMS (ESI) m/z: calcd. for C18H11N5Cl+ [M+H+] 332.0697, found 332.0707. FT-IR (KBr, 

selected band): 2239 cm-1 (CN).  

2'-cyano-[8,8'-biquinoline] 1-oxide (2.3w) 

 

Using [8,8'-biquinoline] 1,1'-dioxide with 4.2 equivalents of trimethylsilyl cyanide in 

accordance with GP-III, the title compound was obtained through activated SiO2 column 

chromatography as yellow solid (123 mg, 69% yield). Activated SiO2-gel was made by running 

the column two times with 5% NEt3/hexane. 

M.p. 157-160 °C. 1H NMR (400 MHz, CDCl3) δ 8.43 (d, J = 8.4 Hz, 1H), 8.27 (brs, 1H), 8.05 

(dd, J = 7.8, 1.9 Hz, 1H), 7.88-7.89 (m, 3H), 7.77 (d, J = 8.4 Hz, 1H), 7.69 (dd, J = 7.8, 1.1 Hz, 

1H), 7.47 (dd, J = 7.4, 1.3 Hz, 1H), 7.36 (t, J = 7.6 Hz, 1H), 6.64 (d, J = 9.6 Hz, 1H). 13C NMR 

(101 MHz, CDCl3) δ 162.52, 146.48, 141.30, 138.22, 136.42, 136.24, 134.35, 133.66, 132.97, 

129.68, 129.44, 129.35, 128.4, 125.2, 124.36, 122.38, 121.91, 120.15, 117.33. HRMS (ESI) 

m/z: calcd. for C19H12N3O
+ [M+H+] 298.0975, found 298.0981. FT-IR (KBr, selected band): 

2171 cm-1 (CN). 

Isoquinoline-1-carbonitrile (2.6a) 
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Using isoquinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title compound 

was obtained through SiO2 column chromatography (EtOAc : Petrolium ether, 2.0 : 10) as 

white solid (79 mg, 85% yield from GP-II; 79 mg, 85% yield from GP-III). 

M.p. 88-90 °C. 1H NMR (400 MHz, CDCl3): δ 8.66 (d, J = 5.6 Hz, 1H), 8.37 – 8.35 (m, 1H), 

7.95 (dd, J = 6.7, 2.3 Hz,1H), 7.91 (d, J = 5.5 Hz, 1H), 7.87 – 7.78 (m, 2H). 13C NMR (101 

MHz, CDCl3): δ 143.45, 136.07, 135.00, 131.88, 130.02, 129.54, 127.46, 125.52, 124.57, 

115.97. HRMS (ESI) m/z: calcd. for C10H7N2
+ [M+H+] 155.0604, found 155.0621. FT-IR 

(KBr, selected band): 2228 cm-1 (CN). Spectroscopic characterization data are in accordance 

with literature.16 

5-Nitroisoquinoline-2-carbonitrile (2.6b) 

 

Using 5-Nitroisoquinoline N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2 column chromatography (EtOAc : Petrolium ether, 1.2 

: 10) as yellow solid (82 mg, 69% yield from GP-II; 86 mg, 72% yield from GP-III). 

M.p. 215 - 217 °C. 1H NMR (400 MHz, CDCl3): δ 8.89 (d, J = 6.1 Hz, 1H), 8.77 (d, J = 6.2 

Hz, 1H), 8.74 (d, J = 8.4 Hz, 1H), 8.68 (d, J = 7.7 Hz, 1H), 7.96 (t, J = 8.1 Hz, 1H). 13C NMR 

(101 MHz, CDCl3): δ 146.61, 145.28, 135.94, 132.43, 129.75, 129.63, 128.74, 128.56, 120.00, 

115.28. HRMS (ESI) m/z: calcd. for C10H5N3O2
+ [M+H+] 200.0455, found 200.0488. FT-IR 

(KBr, selected band): 2223 cm-1 (CN).  

1,5-naphthyridine-2-carbonitrile (2.6c) 

 

Using 1,5-naphthyridine 1-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2 column chromatography (EtOAc : Petrolium ether, 3.0 

: 10) as white solid (81 mg, 87% yield from GP-II; 84 mg, 90% yield from GP-III). 

M.p. 195-198 °C. 1H NMR (600 MHz, CDCl3): δ 9.12 (dd, J = 4.1, 1.6 Hz, 1H), 8.57 (dd, J = 

8.6 Hz, 0.5 Hz, 1H), 8.53 – 8.46 (m, 1H), 7.95 (d, J = 8.6 Hz, 1H), 7.78 (dd, J = 8.6, 4.1 Hz, 

1H). 13C NMR (151 MHz, CDCl3): δ 154.15, 144.48, 143.70, 139.25, 137.90, 134.49, 126.92, 

126.17, 117.14. HRMS (ESI) m/z: calcd. for C9H6N3
+ [M+H+] 156.0556, found 156.0570.  

FT-IR (KBr, selected band): 2236 cm-1 (CN). Spectroscopic characterization data are in 

accordance with literature.34 

Benzo[h]quinoline-2-carbonitrile (2.6d)  
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Using Benzo[h]quinoline-N-oxide in accordance with 2.2 equivalents of trimethylsilyl cyanide, 

the title compound was obtained through SiO2 column chromatography (EtOAc : Petrolium 

ether, 1.0 : 10) as an white solid (98 mg, 80% from GP-II; 93 mg, 76% from GP-III yield). 

M.p. 165-168 °C. 1H NMR (400 MHz, CDCl3): δ 9.31 – 9.25 (m, 1H), 8.27 (d, J = 8.2 Hz, 1H), 

7.96 – 7.90 (m, 2H), 7.83 (d, J = 8.2 Hz, 1H), 7.81 – 7.75 (m, 2H), 7.70 (d, J = 8.9 Hz, 1H). 
13C NMR (101 MHz, CDCl3): δ 147.25, 136.67, 133.86, 131.83, 131.11, 130.73, 129.51, 

128.12, 128.00, 127.84, 124.92, 124.77, 124.43, 118.02. HRMS (ESI) m/z: calcd. for C14H9N2
+ 

[M+H+] 205.0760, found 205.0767. FT-IR (KBr disc): 2235 cm-1 (CN). Spectroscopic 

characterization data are in accordance with literature.56 

Acridine-9-carbonitrile (2.6e) 

 

Using acridine-N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title compound was 

obtained through SiO2-gel column chromatography (EtOAc : Petrolium ether, 2.0 : 10) as white 

solid (98 mg, 80% from GP-II; 98 mg, 80% from GP-III yield). 

M.p. 184-187 °C. 1H NMR (400 MHz, CDCl3): δ 8.37 (d, J = 8.5 Hz, 2H), 8.31 (d, J = 8.8 Hz, 

2H), 7.93 – 7.87 (m, 2H), 7.79 – 7.75 (m, 2H). 13C NMR (101 MHz, CDCl3): δ 148.48, 131.15, 

130.56, 129.25, 126.27, 125.33, 115.49, 115.21. HRMS (ESI) m/z: calcd. for C14H9N2
+ [M+H+] 

205.0760, found 205.0778. FT-IR (KBr, selected band): 2227 cm-1 (CN). Spectroscopic 

characterization data are in accordance with reported data.57 

6-Phenylpyridine-2-carbonitrile (2.6f) 

 

Using 2-phenylpyridine-N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2 column chromatography (EtOAc : Petrolium ether, 1.2 

: 10) as off white solid (92 mg, 85% yield from GP-II; 90 mg, 83% yield from GP-III). 

M.p. 65-68 °C. 1H NMR (600 MHz, CDCl3): δ 8.07 – 8.02 (m, 2H), 7.95 (dd, J = 8.1, 0.8 Hz, 

1H), 7.89 (t, J = 7.8 Hz, 1H), 7.62 (dd, J = 7.5, 0.8 Hz, 1H), 7.53 – 7.44 (m, 3H). 13C NMR 

(101 MHz, CDCl3): δ 159.10, 137.86, 137.31, 133.94, 130.31, 129.13, 127.19, 126.72, 123.62, 

117.55. HRMS (ESI) m/z: calcd. for C12H9N2
+ [M+H+] 181.0760, found 181.0773. 

Spectroscopic characterization data are in accordance with literature.16 

2, 2′-Bipyridyl-6-Carbonitrile (2.6g) 
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Using 2, 2′-bipyridine-N-oxide with 2.2 equivalents of trimethylsilyl cyanide, the title 

compound was obtained through SiO2 column chromatography (EtOAc : Petrolium ether, 3.0 

: 10) as off white solid (93 mg, 86% yield from GP-II; 94 mg, 87% yield from GP-III). 

M.p. 130-132 °C. 1H NMR (400 MHz, CDCl3): δ 8.67 – 8.65 (m, 2H), 8.45 (d, J = 8.0 Hz, 1H), 

7.94 (t, J = 7.9 Hz, 1H), 7.85 (td, J = 7.8, 1.7 Hz, 1H), 7.69 (dd, J = 7.6, 0.9 Hz, 1H), 7.37 (ddd, 

J = 7.5, 4.8, 1.0 Hz 1H). 13C NMR (101 MHz, CDCl3) δ 157.82, 154.11, 149.42, 138.02, 137.34, 

133.30, 128.25, 124.90, 124.34, 121.69, 117.51. HRMS (ESI) m/z: calcd. for C11H8N3
+ [M+H+] 

182.0713, found 182.0748. FT-IR (KBr, selected band): 2234 cm-1 (CN). Spectroscopic 

characterization data are in accordance with literature reported procedure.16 

4-((1R)-hydroxy((1S,4S,5R)-5-vinylquinuclidin-2-yl)methyl)-6-methoxyquinoline-2-

carbonitrile (2.3x) 

 

Using 4-((1R)-hydroxy((1S,4S,5R)-5-vinylquinuclidin-2-yl)methyl)-6-methoxyquinoline 1-

oxide (0.2 mmol, 1 equiv.) with 3.5 equivalent of trimethylsilyl cyanide in accordance with 

GP-II or GP-III, after completion of the reaction, the crude reaction mixture was dissolved in 

dry methanol (5 mL) and potassium fluoride (116 mg, 2 mmol, 5 equiv.) was added to it. The 

mixture was stirred at room temperature for overnight. The reaction was monitored by TLC, 

then solvent was removed under reduced pressure. The mixture was washed with water and 

extracted with chloroform (2×5 mL). The crude product was purified through SiO2 column 

chromatography (methanol : chloroform, 1 : 10) as light yellow solid (147 mg, 70% from GP-

II; 147 mg, 70% from GP-III yield). 

M.p. 228-230 °C. 1H NMR (600 MHz, CDCl3): δ 11.38 (brs, 1H), 7.95 (s, 1H), 7.69 (d, J = 9.2 

Hz, 1H), 7.07 (dd, J = 9.2, 2.4 Hz, 1H), 6.86 (d, J = 2.2 Hz, 1H), 6.49 (d, J = 4.5 Hz, 1H), 5.89 

(d, J = 4.6 Hz, 1H), 5.52 (ddd, J = 17.1, 10.5, 6.7 Hz, 1H), 5.01 (dd, J = 13.7, 5.8 Hz, 2H), 4.56 

(t, J = 10.8 Hz, 1H), 3.74 (s, 3H), 3.45 – 3.41 (m, 1H), 3.28 – 3.25 (m, 1H), 3.15 (td, J = 12.0, 

5.1 Hz, 1H), 3.07 (d, J = 12.9 Hz, 1H), 2.71 (s, 1H), 2.25 (t, J = 11.4 Hz, 1H), 2.11 (s, 1H), 

2.05 (dd, J = 13.3, 7.8 Hz, 2H), 1.88 (t, J = 9.8 Hz, 1H). 13C NMR (101 MHz, CDCl3): δ 160.60, 

145.62, 143.95, 137.02, 132.28, 130.26, 126.32, 124.32, 121.53, 117.98, 117.67, 99.79, 65.71, 

60.02, 57.98, 55.06, 44.63, 37.09, 26.86, 24.31, 18.45. HRMS (ESI) m/z: calcd. for 

C21H24N3O2
+ [M+H+] 350.1863, found 350.1870. FT-IR (KBr, selected band): 2232 cm-1 (CN). 

7-chloro-4-((2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl)oxy) quinoline 

-2-carbonitrile (2.3y) 
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Using 7-chloro-4-((2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl)oxy) 

quinoline 1-oxide in accordance with GP-III with 4.2 equivalents of trimethylsilyl cyanide, the 

title compound was obtained through SiO2 column chromatography (EtOAc : Petrolium ether, 

1.0 : 10) as colourless liquid (241 mg, 65% yield). Here it was observed that starting material 

of N-oxide was not completely consumed, after column chromatography, 28% of N-oxide was 

recovered. 

1H NMR (400 MHz, CDCl3): δ 8.43 (d, J = 8.9 Hz, 1H), 8.14 (d, J = 1.9 Hz, 1H), 7.67 (dd, J 

= 8.9, 2.0 Hz, 1H), 6.56 (d, J = 4.6 Hz, 1H), 2.65 (t, J = 6.8 Hz, 2H), 2.16 (s, 3H), 1.97 (s, 3H), 

1.93 (s, 3H), 1.89 – 1.77 (m, 2H), 1.56 – 1.49 (m, 4H), 1.39 – 1.34 (m, 4H), 1.30 – 1.21 (m, 

10H), 1.16 – 1.08 (m, 6H), 0.90 – 0.84 (m, 12H). 13C NMR (101 MHz, CDCl3): δ 162.89, 

150.26, 150.10, 142.06, 138.01, 135.82, 129.68, 128.74, 127.01, 125.26, 124.53, 123.53, 

119.90, 118.77, 117.50, 105.93, 75.69, 39.53, 37.73, 37.64, 37.56, 37.45, 32.95, 32.84, 28.13, 

24.97, 24.61, 24.32, 23.74, 22.86, 22.77, 21.22, 20.80, 19.91, 19.84, 19.79, 12.81, 12.08, 11.98. 

HRMS (ESI) m/z: calcd. for C39H54ClN2O2
+ [M+H+] 617.3868, found 617.3867.  

3-bromo-4-(4-methylbenzoyl)quinoline-2-carbonitrile (2.3z) 

 

Using 3-bromo-4-(4-methylbenzoyl)quinoline-N-oxide with 4.2 equivalents of trimethylsilyl 

cyanide in accordance with GP-III, the title compound was obtained through SiO2 column 

chromatography (EtOAc : Petrolium ether, 2.0 : 10) as off white solid (149 mg, 71% yield). 

M.p. 214-216 °C. 1H NMR (600 MHz, CDCl3): δ 8.23 (d, J = 8.6 Hz, 1H), 7.88 (dd, J = 11.4, 

4.0 Hz, 1H), 7.69 – 7.67 (m, 2H), 7.65 (d, J = 7.9 Hz, 1H), 7.58 (d, J = 8.4 Hz, 1H), 7.31 (d, J 

= 8.1 Hz, 2H), 2.45 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 192.54, 147.96, 146.95, 146.67, 

135.11, 132.40, 131.84, 131.34, 130.63, 130.28, 130.18, 126.90, 125.10, 115.75, 114.20, 22.11. 

HRMS (ESI) m/z: calcd. for C18H11BrN2O
+ [M+H+] 351.0128, found 351.0133. FT-IR (KBr, 

selected band): 2238 cm-1 (CN), 1661 cm-1 (CO). 

2.6.5. Synthesized building blocks for bioactive molecules 

Table 2.4: Various 2-cyanoheterocyclic derivative as an active intermediate for the synthesis 

of bioactive molecules. 
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Entry 2-cyanoheterocyclic 

derivative 

bioactive compound application ref. 

1 

 
 

Broadly use in 

bio-imaging 

purpose 

58 

2 

 

 

negative 

allosteric  

modulator for 

mGlu3 

32 

3 

 
 

potent 

Alzheimer's 

drug 

59 

 

2.6.6. Mechanistic studies 

Cyanation reaction of quinoline N-oxide in presence of TEMPO (scheme 2.9b) 

Quinoline N-oxide 2.2a (0.02 g, 0.14 mmol, 1 equiv.), TEMPO (0.044 g, 0.28 mmol, 2 equiv.) 

and trimethylsilyl cyanide (0.042 g, 0.31 mmol, 2.2 equiv.) were added successively to an oven 

dried 15 mL-vial containing a stirring bar. Then the tube was flushed with argon and sealed 

with screw-cap. The resulting solution was heated at 130 °C for 1 hour. After the reaction was 

completed as determined from TLC, the reaction mixture was dried under reduced pressure. 

The product was purified through SiO2-gel column chromatography (EtOAc : Petroleum ether; 

0.1 : 1) to afford pure quinoline-2-carbonitrile (0.019 g, 90% yield). 

Cyanation reaction of quinoline N-oxide in presence of water (scheme 2.9c) 

Trimethylsilyl cyanide (0.045 g, 0.45 mmol, 2.2 equiv.) and water (0.008 g, 0.31 mmol, 2.2 

equiv.) were stirred in a vial for 2 minutes. Then quinoline N-oxide 2.2a (0.03 g, 0.21 mmol, 1 

equiv.) was added to it and the vial was sealed with screw-cap. The resulting solution was 

heated at 130 °C for 1 hour. The reaction mixture was extracted with dichloromethane (2×2 

mL) and the organic phase was dried over Na2SO4 and evaporated under reduced pressure. The 

crude product was purified through silica-gel column chromatography (EtOAc : Petroleum 

ether; 0.1 : 1) to afford trace amount of pure quinoline-2-carbonitrile (5% yield). 

Cyanation reaction of 6-methoxyquinoline N-oxide after 30 minutes (scheme 2.9d). 
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6-Methoxyquinoline N-oxide 2.2c (0.11 mmol, 1 equiv.) and trimethylsilyl cyanide (0.24 

mmol, 2.2 equiv.) were added successively to an oven dried 15 mL-vial containing a stirring 

bar. Then the tube was flushed with argon and sealed with screw-cap. The resulting solution 

was heated at 130 °C for 30 minutes. Then CDCl3 was added to this reaction mixture and 

checked the NMR. 

 

Figure 2.7. 1H NMR spectrum of cyanation reaction of 2.2c after 30 min. 

Cyanation reaction of 6-chloroquinoline N-oxide after 30 minutes (scheme 2.9e) 

6-Chloroquinoline N-oxide 2.2d (0.11 mmol, 1 equiv.) and trimethylsilyl cyanide (0.24 mmol, 

2.2 eqv.) were added successively to an oven dried 15 mL-vial containing a stirring bar. Then 

the tube was flushed with argon and sealed with screw-cap. The resulting solution was heated 

at 130 °C for 30 minutes. Then CDCl3 was added to this reaction mixture and checked the 1H 

NMR with internal standard CH3CN (0.134 mmol).  
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Figure 2.8. 1H NMR spectrum of cyanation reaction of 2.2d after 30 min. 

Competition experiments between electronically differentiated quinoline N-oxide 

(scheme 2.10) 

Quinoline N-oxide 2.2a (0.1 mmol, 1 equiv.), 6-chloroquinoline N-oxide (0.1 mmol, 1 equiv.) 

and trimethylsilyl cyanide (0.22 mmol, 2.2 equiv.) were taken in an oven dried vial containing 

a stirring bar. The tube was flushed with argon and sealed with screw-cap. The resulting 

solution was heated at 130 °C for 1 hour. The crude compound was dissolved in CDCl3 and 

checked the NMR.  

Cyanation reaction of 6-methoxyquinoline N-oxide after 15 minutes (scheme 2.11) 

6-Methoxyquinoline N-oxide 2.2c (0.11 mmol, 1 equiv.) and trimethylsilyl cyanide (0.24 

mmol, 2.2 equiv.) were added successively to an oven dried vial containing a stirring bar. Then 

the tube was flushed with argon and sealed with screw-cap. The resulting solution was heated 

at 130 °C for 15 minutes. Then CDCl3 was added to this reaction mixture and checked the 

NMR. 
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Figure 2.9. 1H COSY spectrum for the cyanation reaction of 2.2c at 15 min. 

 

Figure 2.10. 13C NMR spectrum for the cyanation reaction of 2.2c at 15 min. 

NMR study of cyanation reaction of 6-methoxyquinoline N-oxide at different intervals of 

time (scheme 2.12) 

6-Methoxyquinoline N-oxide 2.3c (0.11 mmol, 1 equiv.) and trimethylsilyl cyanide (0.24 

mmol, 2.2 equiv.) were added successively to an oven dried vial containing a stirring bar. Then 

the tube was flushed with argon and sealed with screw-cap. The resulting solution was heated 
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at 130 °C and checked the 1H NMR in CDCl3 at different time iterval, after 15 minutes, 30 

minutes and 45 minutes respectively. 

29Si NMR study of cyanation reaction of quinoline N-oxide  

Quinoline N-oxide 2.2a (0.11 mmol, 1 equiv.) and trimethylsilyl cyanide (0.24 mmol, 2.2 

equiv.) were added successively to an oven dried vial containing a stirring bar. Then the tube 

was flushed with argon and sealed with screw-cap. The resulting solution was heated at 130 °C 

for 1 h. Then CDCl3 was added to this reaction mixture and checked the 29Si NMR.  

 

Figure 2.11: 29Si NMR spectrum for the cyanation reaction of 2.2a  

 
Figure 2.12: 29Si NMR spectrum for the TMSCN  
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2.6.7. Synthetic utility of N-containing 2-cyano heteroaromatic derivatives 

One-pot, two-step synthesis of 4,7-dichloroquinoline-2-carbonitrile (2.3s) and 7-chloro-

4-(4-fluorophenoxy)quinoline-2-carbonitrile (2.10) (scheme 2.13a) 

In a reaction vial, 4,7-dichloroquinoline (0.5 g, 2.5 mmol, 1 equiv.) was dissolved in acetic acid 

(3 mL) and H2O2 (30% in water, 425 mg, 3.75 mmol, 1.5 equiv.) was added to it. The reaction 

mixture was stirred at 70 °C for 24 hours. After completion of the reaction as confirmed by 

TLC, acetic acid was removed in vacuo at 60 °C and the reaction mixture was allowed to come 

to room temperature. Trimethylsilyl cyanide (0.546 g, 5.5 mmol, 2.2 equiv.) was added to the 

yellowish solid residue and the mixture was stirred at 130 °C for 1 hour. The reaction 

completion was examined by TLC and the reaction mixture was dried under reduced pressure. 

The crude product was purified through silica-gel column chromatography (EtOAc : petroleum 

ether; 1 : 10) to get the pure 4,7-dichloroquinoline-2-carbonitrile 2.3s in 80% yield (446 mg) 

based on 4,7-dichloroquinoline. 

In an oven-dried round-bottom flask, 2.3s (20 mg, 0.09 mmol, 1 equiv.), 4-fluorophenol (22 

mg, 0.2 mmol, 2.2 equiv.) and N, N′-dimethylaminopyridine (3 mg, 0.02 mmol, 0.2 equiv.) 

were taken in 4 mL of dry xylene and the mixture was refluxed at 140 ᵒC for 20 hours. After 

complete conversion of starting material as confirmed by TLC, the solid was filtered and 

washed with ethyl acetate. The solid was again suspended in 5 mL of 5N NaOH solution and 

filtered and dried under reduced pressure to get the product 2.10 as yellow solid (20 mg, yield 

72%). 

M.p. 133-135 °C. 1H NMR (600 MHz, CDCl3): δ 8.36 (d, J = 8.9 Hz, 1H), 8.14 (s, 1H), 7.69 

(d, J = 8.9 Hz, 1H), 7.28 – 7.26 (m, 2H), 7.22 – 7.15 (m, 2H), 6.77 (s, 1H). 13C NMR (101 

MHz, CDCl3): δ 163.11, 162.10, 159.65, 150.02, 148.95 (d, J = 3.03 Hz), 138.30, 135.45, 

130.02, 128.68, 123.45, 122.83 (d, J = 9.1 Hz), 120.14, 117.85, 117.62, 117.10, 106.52. HRMS 

(ESI) m/z: calcd. for C16H9N2ClFO+ [M+H+] 299.0382, found 299.0396. FT-IR (KBr, selected 

band): 2238 cm-1 (CN).  

One-pot, three-step synthesis of 8-hydroxyquinoline-2-carboxylic acid (2.11) (scheme 

2.13b) 

In a 15-mL reaction vial, 8-hydroxyquinoline (500 mg, 3.4 mmol, 1 equiv.) was dissolved in 

acetic acid (3 mL) and H2O2 (30% in water, 587 mg, 5.2 mmol, 1.5 equiv.) was added to it. 

The reaction mixture was stirred at 70 °C for 24 hours. After completion of the reaction as 

confirmed by TLC, acetic acid was removed in vacuo at 60 °C and the reaction mixture was 

allowed to come to room temperature. Trimethylsilyl cyanide (742 mg, 7.5 mmol, 2.2 equiv.) 

was added to the solid residue and the mixture was stirred at 130 °C for 1 hour. The reaction 

completion was examined by TLC and the reaction mixture was dried under reduced pressure. 

Then, 3N aqueous NaOH solution (3 mL) was added to the mixture and stirred at 100 °C for 

15 hours. After complete conversion as suggested by TLC, the pH of the solution was adjusted 

to 4 with aqueous HCl solution and the reaction mixture was extracted with dichloromethane 

(3×20 mL). The organic phase was separated and solvent was evaporated under reduced 

pressure to get the product 2.11 as yellow solid with 85% (546 mg) yield based on 8-

hydroxyquinoline. 
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M.p. 217-219 °C. 1H NMR (400 MHz, DMSO-d6): δ 10.24 (brs, 1H), 8.56 (d, J = 8.5 Hz, 1H), 

8.14 (d, J = 8.5 Hz, 1H), 7.63 (t, J = 7.9 Hz, 1H), 7.53 (d, J = 8.1 Hz, 1H), 7.21 (d, J = 7.5 Hz, 

1H). 13C NMR (101 MHz, DMSO-d6): δ 165.17, 153.83, 144.34, 138.38, 136.51, 130.48, 

129.95, 120.00, 117.63, 112.05. HRMS (ESI) m/z: calcd. for C10H8NO3
+ [M+H+] 190.0499, 

found 190.0513. The spectroscopic characterization data are matched with the literature 

reported data.21 

One-pot, three-step synthesis of 1,5-nephthyridine-2-carboxylic acid (2.12) (scheme 2.13c) 

In a 15-mL reaction vial, 1,5-nephthyridine (500 mg, 3.8 mmol, 1 equiv.) was dissolved in 

acetic acid (3 mL) and H2O2 (30% in water, 653 mg, 5.8 mmol, 1.5 equiv.) was added to it. 

The reaction mixture was stirred at 70 °C for 24 hours. After completion of the reaction as 

confirmed by TLC, acetic acid was removed in vacuo at 60 °C and the reaction mixture was 

allowed to come to room temperature. Trimethylsilyl cyanide (829 mg, 8.4 mmol, 2.2 equiv.) 

was added to the solid residue and the mixture was stirred at 130 °C for 1 hour. The reaction 

completion was examined by TLC and the reaction mixture was dried under reduced pressure. 

Then, 40% aqueous H2SO4 solution (3 mL) was added to the mixture and stirred at 100 °C for 

15 hours. After complete conversion as suggested by TLC, the pH of the solution was adjusted 

to 2-3 with aqueous KOH solution when white precipitate started to come. The precipitate was 

filtered, washed with water and diethyl ether to get the product 2.12 as white solid with 84% 

(555 mg) yield based on 1,5-nephthyridine. 

M.p. 247-249 °C. 1H NMR (400 MHz, DMSO-d6): δ 9.15 – 9.10 (m, 1H), 8.59 (t, J = 8.5 Hz, 

2H), 8.35 (d, J = 8.7 Hz, 1H), 7.90 (dd, J = 8.6, 4.1 Hz, 1H). 13C NMR (101 MHz, DMSO-d6): 

δ 165.86, 153.41, 149.32, 143.74, 142.54, 138.39, 137.76, 125.76, 124.28. HRMS (ESI) m/z: 

calcd. for C9H7N2O2
+ [M+ H+] 175.0502, found 175.0526. FT-IR (KBr, selected band): 3071, 

1703 (for CO2H) cm-1.  

Preparation of quinoline-2,3-dicarboxylic acid (2.14) and 2,3-dihydropyridazino[4,5-

b]quinoline-1,4-dione (2.15) (scheme 2.13d) 

3-cyano quinoline N-oxide 2.2l (0.1 g, 1 eqv.) and trimethylsilyl cyanide (4.2 eqv.) were taken 

in an oven dried 15 mL-reaction tube containing a stirring bar. Then the tube was flushed with 

argon and sealed with screw-cap. The resulting solution was heated at 130 °C for 1 hour. After 

the reaction was completed as determined from TLC, the reaction mixture was dried under 

reduced pressure. To the crude product, 1N aqueous NaOH solution was added and refluxed 

overnight. After completion of the reaction as confirmed by TLC, the reaction mixture is 

neutralized by 1N HCl solution. Then the organic phase is extracted with dichloromethane (3 

× 5 mL). The organic layer was dried over Na2SO4 and removed under reduced pressure to 

obtain quinoline-2,3-carboxylic acid 2.14 as yellow solid (92 mg, 72% yield). 

M.p. 277-280 °C. 1H NMR (400 MHz, DMSO-d6): δ 9.31 (d, J = 1.8 Hz, 1H), 8.97 (s, 1H), 

8.20 (d, J = 8.0 Hz, 1H), 8.10 (d, J = 8.4 Hz, 1H), 7.91 (t, J = 7.4 Hz, 1H), 7.71 (t, J = 7.5 Hz, 

1H). 13C NMR (101 MHz, DMSO-d6): δ 166.31, 149.82, 149.10, 138.45, 131.92, 129.55, 

128.77, 127.47, 126.59. HRMS (ESI) m/z: calcd. for C11H8NO4
+ [M+ H+] 218.0448, found 

218.0459. FT-IR (KBr, selected band): 3053, 1711, 1627 (for CO2H) cm-1.  

Quinoline-2,3-carboxylic acid (50 mg, 1 equiv.) was dissolved in dry methanol (5 mL), transfer 

in an oven-dried two-neck round-bottom flask fitted with a reflux condenser and flushed with 
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argon. Then, under argon flow at 0 °C, SOCl2 (109 mg, 0.92 mmol, 4 equiv.) was added slowly. 

The reaction was refluxed at 70 °C overnight. After reaction was completed as indicated by 

TLC, then the volatiles were removed under reduced pressure. The residue was dissolved in 

dichloromethane and washed with aqueous NaHCO3 solution. The organic layer was collected 

and dried over Na2SO4 and the solvent was removed under reduced pressure. The crude 

dimethyl quinoline-2,3-dicarboxylate (53 mg, 0.22 mmol, 1 equiv.) was dissolved in ethanol 

(5 mL) and hydrazine hydrate (70 mg, 2.2 mmol, 10 equiv.) was added and the solution was 

refluxed overnight at 82 °C. Then the precipitate was filtered, washed with ethanol and diethyl 

ether. This hydrazinium salt was treated with acetic acid (5 mL) and the mixture was stirred at 

100 °C for 3 hours. The precipitate was washed with ethanol and diethyl ether to get 2,3-

dihydropyridazino[4,5-b]quinoline-1,4-dione 2.15 as reddish solid (33 mg, 71% yield). 

M.p. 374-376 °C. 1H NMR (400 MHz, DMSO-d6): δ 9.26 (s, 1H), 8.35 (d, J = 7.9 Hz, 1H), 

8.29 (d, J = 8.1 Hz, 1H), 8.10 – 7.99 (m, 1H), 7.86 – 7.79 (m, 1H). 13C NMR (151 MHz, 

DMSO-d6 + CDCl3): δ 149.90, 137.04, 133.4, 129.82, 129.79, 129.05, 128.53. HRMS (ESI) 

m/z: calculated for C11H8N3O2 (M+H+): 214.0612; found: 214.0586. The spectroscopic 

characterization data were matched with the literature reported data.36 

Preparation of quinoline-2-carboximidhydrazide (2.16) and 6-(quinolin-2-yl)-1,3,5-

triazine-2,4-diamine (2.17) (scheme 2.14) 

Quinoline-2-carbonitrile (31 mg, 0.2 mmol, 1 equiv.) was dissolved in ethanol (3 mL) in a 

round-bottom flask and hydrazine hydrate (64 mg, 2 mmol, 10 equiv.) was added to it. The 

solution was stirred at room temperature for 5 hours and then solvents were removed under 

reduced pressure and the residue was washed with ether to obtain the pure product quinoline-

2-carboximidhydrazide 2.16 (30 mg, yield 82%). 

M.p. 191-193 °C. 1H NMR (400 MHz, CDCl3): δ 8.12 (s, 2H), 8.06 (d, J = 8.4 Hz, 1H), 7.81 

(d, J = 8.1 Hz, 1H), 7.70 (t, J = 7.3 Hz, 1H), 7.53 (t, J = 7.3 Hz, 1H), 5.43 (brs, 2H), 3.68 (brs, 

2H). 13C NMR (101 MHz, CDCl3): δ 150.59, 148.75, 146.80, 136.17, 129.55, 129.31, 128.34, 

127.58, 126.75, 117.54. FT-IR (KBr, selected band): 3437, 3291, 3183, 3064, 1635, 1597, 

1558, 1503 cm-1. The spectroscopic characterization data matched with the literature reported 

data.60 

Quinoline-2-carbonitrile (31 mg, 0.2 mmol, 1 equiv.), dicyandiamide (15 mg, 0.18 mmol, 0.9 

equiv.), potassium hydroxide (2 mg, 0.03 mmol, 0.2 equiv.) and 2-methoxyethanol (5 mL) 

were taken in a round-bottom flask under air and refluxed for 7 hours. Then the mixture was 

cooled to room temperature and the white solid was collected, washed with diethyl ether and 

dried under vacuum to get the analytically pure product 2.17 (37 mg, yield 79%). 

M.p. 311-313 °C. 1H NMR (400 MHz, DMSO-d6): δ 8.48 (d, J = 8.6 Hz, 1H), 8.33 (d, J = 8.6 

Hz, 1H), 8.11 (d, J = 8.4 Hz, 1H), 8.04 (d, J = 8.0 Hz, 1H), 7.81 (dd, J = 11.3, 4.0 Hz, 1H), 

7.67 (t, J = 7.4 Hz, 1H), 7.08 (br, 2H), 6.86 (br, 2H). 13C NMR (101 MHz, DMSO-d6): δ 170.36, 

167.7, 155.05, 147.24, 136.51, 129.92, 129.56, 128.26, 127.86, 127.48, 120.54. HRMS (ESI) 

m/z: calcd. for C12H11N6
+ [M+H+] 239.1040, found 239.1060. The spectroscopic 

characterization data matched with the literature reported data.61 

2.6.8. Trapping of evolved HCN gas 
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Since experimental evidences suggest that one of the by-products of this protocol is HCN, 

which is a toxic waste, it is required to remove the same from the reaction system. It can be 

neutralized by either in situ trapping or by external processing. I have carried out two different 

experiments- one each for trapping and processing the HCN to OCN- so that it could be 

disposed.    

1) 1,8-bis(dimethylamino)naphthalene, also known as Proton sponge is well-known in 

literature for its affinity towards proton through strong hydrogen-bonding interaction and it can 

also act as a non-nucleophilic base.62,63 I envisioned that due to its bulky and strained nature, 

1,8-bis(dimethylamino)naphthalene would not affect the current reaction protocol but could be 

an ideal non-nucleophilic base to extract the proton from HCN. When I performed the reaction 

of quinoline N-oxide with trimethylsilyl cyanide in presence of the diamine, indeed the IR 

spectrum displayed two bands at 2234 cm-1 (belongs to quinoline-2-carbonitrile) and 2207 cm-

1, indicating presence of trapped HCN in the reaction medium. I was happy to observe that use 

of Proton sponge did not really hamper the yield of the desired cyanoquinoline product which 

was obtained in 95% yield. 

 

Scheme 2.28: cyanation reaction of quinoline N-oxide with proton sponge for HCN trapping  

2) The evolved HCN gas can be oxidized using an aqueous solution of H2O2 in presence of 

catalytic CuSO4•5H2O having a pH=9.7 according to literature reported procedure.64,65 I have 

designed the following set-up for this purpose which effectively trapped the HCN generated in 

the reaction. 

 

Figure 2.13: set-up for oxidation of evolved HCN 

To prepare the oxidizing solution, 3 mL 30% aqueous H2O2 solution was taken in 100 mL 

distilled water to which 0.1 mol% CuSO4•5H2O was added. The pH of the solution was 

adjusted to 9.8 by adding NaOH. The HCN evolved during the reaction went to the bubbler to 
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this oxidizing solution through the outlet where it was oxidized to OCN˗, which is about 1000 

times less toxic compared to HCN gas and is disposable. 

2.6.9. Crystallographic study of compound 2.3n 

The crystal was obtained by crystallization of compound 2.3n in the presence of ethyl acetate 

as solvent at room temperature using slow evaporation technique. The crystallographic data 

were recorded at room temperature using a ‘Bruker SMART APEX CCD’ diffractometer 

equipped with a fine focus 1.75 kW sealed tube Mo-Kα (λ = 0.71073 Ǻ) X-ray source, a 

graphite monochromator and Apex CCD camera. The SMART software was used for data 

acquisition and the ‘Bruker SAINT’ software for data refinement and reduction. All 

crystallographic data were refined using the software SHELXL-2014/7 and WinGX. The 

ORTEP diagram was obtained with the help of ORTEP software with 25% thermal ellipsoid 

(Figure S1). The crystallographic parameters and refinement data were listed in Table S2. All 

H-atoms are omitted from the ORTEP diagram for clarity. 

 

Figure 2.14: Molecular structure of compound 2.3n (thermal ellipsoid 25% probability level). 

Selected Bond lengths (in Å): C(10)-N(02) 1.138(4), C(11)-C(12) 1.193(5), C(12)-C(13) 

1.436(5), C(13)-C(14) 1.382(5), N(01)-C(01) 1.317(4), N(01)-C(09) 1.370(4), C(01)-C(10) 

1.446(5). 

Table 2.5.  Crystal data and structure refinement for 2.3n. 

Identification code  shelx 

CCDC                                                            1947601 

Empirical formula  C36 H20 N4 

Formula weight  508.56 

Temperature  296(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 12.830(2) Å α = 90°. 

 b = 9.6136(16) Å β = 90°. 

 c = 21.402(4) Å γ = 90°. 

Volume 2639.8(8) Å3 
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Z 4 

Density (calculated) 1.280 Mg/m3 

Absorption coefficient 0.077 mm-1 

F(000) 1056 

Crystal size 0.35 x 0.32 x 0.30 mm3 

Theta range for data collection 1.903 to 24.996°. 

Index ranges -15<=h<=15, -11<=k<=11, -25<=l<=25 

Reflections collected 87113 

Independent reflections 2330 [R(int) = 0.2929] 

Completeness to theta = 24.996° 100.0 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2330 / 0 / 182 

Goodness-of-fit on F2 1.011 

Final R indices [I>2sigma(I)] R1 = 0.0627, wR2 = 0.1420 

R indices (all data) R1 = 0.1498, wR2 = 0.1960 

Extinction coefficient 0.0045(15) 

Largest diff. peak and hole 0.193 and -0.174 e.Å-3 

 

Author’s comment on IUCR check.cif alert: 

RINTA01_ALERT_3_A  The value of Rint is greater than 0.25 

 

Author Response: The crystal quality under experiment was not good. The crystal was 

moderately diffracting. So many diffractions could not be included during data integration and 

refinement process. After several attempts of data collection, the best result obtained is reported 

here. 
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Chapter-3 

Site-Selective Deoxygenative Amination of Azine N-oxides with Carbodiimides under 

Catalyst-, Activator-, Base- and Solvent-Free Conditions  

3.1. Introduction 

Introducing new functionalities to already established drug candidates often lead to improved 

physicochemical properties which is very encouraging for medicinal chemistry.1 Azines, being 

an important class of molecules with huge pharmacological applications,2 are thus constantly 

subjected to different site-selective functionalizations for furthering the development of their 

biological properties.3 Among them, C2 aminated azines are of utmost interest in drug 

discovery due to their significance as therapeutics.4 They are used as proton-pump inhibitor, 

anti-tumor, anti-malarial, anti-inflammatory drugs etc., among others. Some representative 

examples of C2-aminated azines used for medicinal applications are listed in figure 3.1. 

 

 

Figure 3.1: biologically important C2-aminated azines 

 

Classically amination of quinolines was carried out through nucleophilic aromatic substitution 

using either non-functionalized or pre-functionalized quinolines.5,3b Chichibabin reaction was 

first reported in the early 1900’s where amination of quinolines using alkali amides were 

described.5a This is the most well-known nucleophilic amination reaction for N-heteroaromatic 

systems. But this protocol often used harsh reaction conditions and the alkali amides are very 

sensitive towards air and moisture, forming explosive chemical mixtures. Their strong basic 

nature also affected the substrate scope compatibility for the reaction (scheme 3.1).5b 

 

Scheme 3.1: nucleophilic aromatic substitution of alkali amides on quinoline 
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The generation of hydrogen gas during the reaction implied requirement of special care and 

equipment. Additionally, the reaction often displayed poor regioselectivity.  

Due to these drawbacks in nucleophilic substitution on quinolines, scientists turned to the 

corresponding N-oxides in search of solutions. Transition-metal catalysed cross-coupling 

reactions for C2-amination of N-heteroarene N-oxides have been explored well in the past 

years.6 The metal centre activates the C2-H bond of the N-oxide, followed by oxidative addition 

of the aminating agent and concomitant reductive elimination to give the desired product. 

These processes, while successfully generating 2-aminoquinolines, need an additional step for 

reduction of the N-oxide moiety to the corresponding quinolines. This reduces the step-

economy of the process and necessitates the use of harsh reagents like PCl3. This kind of 

reactions are discussed in chapter 1. A second approach towards metal-free step-economic 

deoxygenative azine C2-amination involves use of superstoichiometric amount of organic 

reagents as activators or bases.7 Activation of the ring enhances the tendency of nucleophilic 

attack on the C2-position of the ring, which, upon aromatization, gives the final product. In this 

regard, in 2007, Davies et. al. published C2-amination of azine N-oxides with tBuNH2 using 

tosyl anhydride and TFA to obtain 2-aminoazines. In addition to being the source of amino 

moiety, tBuNH2 also acted as the base (scheme 3.2).7a  

 

Scheme 3.2: C2-amination of azine N-oxide activated by tosyl anhydride 

In 2010, Wei et. al. explored C2-amination of primarily pyridine N-oxides with both alkyl- and 

aryl-amines using costly phosphorus-based reagent PyBroP to further activate the N-oxide and 
iPr2EtN as base (scheme 3.3).7c  

 

Scheme 3.3: C2-amination of azine N-oxide activated by PyBroP 

In both of these works, researchers were mostly interested in introducing mono-alkyl or mono-

arylamino groups to the N-heteroaryl core. To overcome the difficulties in developing an 

efficient protocol for 2-(dialkylamino)quinolines, Zhao and his co-workers reported the use of 

dialkyl H-phosphonates with CCl4 as activator whereby they successfully prepared 2-

(dialkylamino)quinolines from quinoline N-oxides under mild reaction conditions without 

using any base. Though both secondary and tertiary amines were successful in this report, 

primary amines were not reported. Later in 2017, they came up with another report of C2-

amination of quinolines using dialkyl H-phosphonates as activator and K2CO3 as a base, where 

they could successfully use primary amines as the amino source (scheme 3.4).7d,7e  
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Scheme 3.4: C2-amination of azine N-oxide activated by H-phosphonate 

These methodologies although provided the desired C2-functionalised quinolines in a 

regioselective way without any transition metal catalysts, however, they suffered from excess 

use of external activators with the implication of excess chemical waste generation. In this 

regard, an encouraging report by Sharma and group in 2019 demonstrated three-component 

reaction involving N-oxide, aryl diazonium salt and acetonitrile under microwave irradiation 

to obtain 2-aminoquinolines (scheme 3.5).7g  

 

Scheme 3.5: 3-component C2-amination reaction of azine N-oxide with diazonium salt 

In the same year, He and co-workers reported an Ag(I)-catalysed C2-amination reaction of 

quinoline N-oxides with isothiocyanates via a (3+2)-cycloaddition reaction (chapter 1).6i 

Recently, Kim et al. showed that acyl azides could work as a precursor to isocyanate which 

could take part in (3+2)-cycloaddition reaction with azine N-oxides to give the corresponding 

C2-aminated azines (chapter 1). The protocol has dealt with mainly aryl aminated products, 

whereas, only one alkylaminated product being reported, thus, limiting the substrate scope for 

the reaction (scheme 3.6).7h 

 

Scheme 3.6: C2-amination of azine N-oxide with acyl azide 

From the above discussion, it could be concluded that the need of an efficient amination 

protocol encompassing both alkyl- and arylaminated product generation is still in demand. 

Along with that, one major problem of the literature reported protocols is the generation of an 

excess amount of chemical waste, originating from phosphorus-based activating agents, bases 

as well as solvents used, which reduces the industrial applicability of these strategies. 

Therefore, the development of an operationally simple, easy, and straightforward method with 

minimal chemical waste and good green-metrics is highly desired.8 

3.2. Present work 

Owing to the 1,2-dipolar nature of N-O bond and the presence of electrophilic C2 site in the 

azine N-oxide,6i,9 it was anticipated that N-oxide might involve in the (3+2)-cycloaddition 
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reaction with carbodiimide10 to give desired aminated azine along with isocyanate. The 

corresponding isocyanate can further react with another molecule of N-oxide in a (3+2)-type 

cycloaddition reaction to give the product and eliminate CO2 as the only co-product in the 

overall reaction (scheme 3.7). The use of two amino group in the carbodiimide is likely to be 

beneficial compared to the previously reported amino precursors such as acyl azides,7h 

diazonium salts7g and aryl thiocyanates6i. Herein, I report the first example of a one-step 

heteroaromatic C-H amination process without the aid of any additional metal-catalyst, base, 

additives or solvents. The reaction exhibited an excellent selectivity at the C2 position and 

impressively low E-factor.   

 

 

Scheme 3.7: previous approaches vs current approach for C2-amination of quinoline 

      

3.3. Results and Discussion 

3.3.1. Optimization of the reaction conditions 

To put the plan into practice, optimization studies were commenced by reacting 6-

methoxyquinoline N-oxide 2.2c with diisopropyl carbodiimide 3.1a (0.5 equiv.) as a model 

substrate in neat condition. However, the desired aminated product 3.2c was not obtained at 

room temperature (table 3.1, entry 1). Interestingly, when the reaction was carried out at 90 °C, 

the compound 3.2c was isolated in 41% yield after 12 h (table 3.1, entry 3). Upon further 

increasing the temperature, an increase of yield upto 96% was observed at 130 °C (table 3.1, 

entry 5). Decreasing the reaction duration below 12 h resulted in reduced yield of the product 

(table 3.1, entry 7 – 8). As a part of further optimization, the reaction was performed in various 

solvents. A dramatic drop in yield has been observed in polar protic solvents, whereas, in the 

polar aprotic solvents, the reaction proceeds equally well as in solvent-free conditions (table 

3.1, entries 10-16). Interestingly, cyclopentyl methyl ether (CPME) was also found to be a 

suitable eco-friendly ethereal solvent11 for this transformation (Table 3.1, entry 12). 
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Table 3.1. Optimization of reaction conditionsa 

 

Entry Amount of 2a 

(equiv.) 

Solvent Temp. (°C) Time (h) Yield (%) 

1 0.5 neat 27 12 n.d. 

2 0.5 neat 60 12 10 

3 0.5 neat 90 12 41 

4 0.5 neat 110 12 72 

5 0.5 neat 130 12 96 

6b 0.5 neat 130 12 86 

7 0.5 neat 130 10 82 

8 0.5 neat 130 6 65 

9 1 neat 130 12 96 

10 0.5 DMSO 130 12 96 

11 0.5 DMF 130 12 92 

12 0.5 CPME 130 12 95 

13 0.5 toluene 130 12 42 

14 0.5 MeOH 130 12 80 

15 0.5 iPrOH 130 12 67 

16 0.5 EtOAc 130 12 89 
aReaction conditions: 1b (1 mmol), 2a (x equiv.), solvent (1 mL) under Ar atmosphere in the sealed reaction tube 

under preheated oil-bath. Isolated yield. bUnder air.  

3.3.2. Effect of temperature on the reaction 

The study of the reaction at various temperatures led us to understand the influence of the 

temperature on the outcome of the reaction. This effect is represented in the figure 3.2. To 

confirm the accuracy of the observations, each experiment was performed 3 times and the 

results are compared in the figure.  

 

Scheme 3.8: C2-amination of 6-methoxyquinoline N-oxide at different temperatures 
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Figure 3.2. Effect of temperature on the amination of 6-methoxyquinoline N-oxide (1b) with 

1,3-diisopropylcarbodiimide (2a).  

3.3.3. Scope of amination of quinoline N-oxides with dialkyl carbodiimides 

With the optimized conditions in hand, the scope of the reaction was investigated with a variety 

of substituted quinoline N-oxides using 3.1a as the standard substrate (table 3.2).  

Table 3.2. substrate scope for dialkyl carbodiimidea 
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aReaction conditions: quinoline N-oxide (1 mmol, 1 equiv.), alkyl carbodiimide (0.5 mmol, 0.5 

equiv.), neat, 130 °C, 12 h. Isolated yield. bCyclopropyl isothiocyanate was used. 

The substrates bearing methyl (2.2b, 2.2f, 2.2i and 2.2q), methoxy (2.2c, 2.2j, 2.2p), chloro 

(2.2d) and bromo (2.2m) substituents led to the aminated products 3.2a-j in 78-96% yields. 

Interestingly, halogen groups were retained during these transformations, which can be 

beneficial for further functionalization. Multi-substituted quinoline N-oxides also proceeded 

smoothly to deliver 3.2k-m efficiently. Furthermore, the protocol was checked with other alkyl 

carbodiimides such as di-tert-butyl, di-cyclohexyl and di-benzyl carbodiimide derivatives 

(3.1b-d), which also afforded the corresponding aminated products in good to excellent yields. 

Interestingly, the chiral carbodiimide 3.1e gave the desired product 3.2s in 85% yield. However, 

method has failed to achieve cyclopropane ring bearing aminated compound 3.2t. 

3.3.4. Scope of amination with diaryl carbodiimides 

After inspecting the reactivities of different dialkyl carbodiimides, various diaryl 

carbodiimides were also examined to assess the diversity of our protocol (table 3.3). The 

substrates containing both electron-donating (e.g., -CH3, -OCH3) and electron- withdrawing 

(e.g., -F) groups on the aryl ring of the carbodiimide were efficiently reacted to obtain the 

desired aminated products 3.4a-3.4g in 72-90% yields. Fortunately, in case of the products 

3.4a-c and 3.4f-h, the use of CPME solvent helped to increase the yield compared to that in 

neat conditions. Notably, the aminated compound 3.4h-k could be obtained easily in 77-85% 

yields from the reaction of sterically demanding carbodiimides 3.3e-g, indicating that bulky 

functionality is well tolerated in our reaction conditions. 

Table 3.3. substrate scope for diaryl carbodiimidea 

 

 
 

aReaction conditions: quinioline N-oxide (1 mmol, 1 equiv.), aryl carbodiimide (0.5 mmol, 0.5 

equiv.), neat, 130 °C, 12 h. Isolated yield. bCPME (1 mL) was used. 

3.3.5. Scope of amination with different N-heteroarene N-oxides 
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Additionally, the reaction was found to be effective to other heteroaromatic N-oxides as well, 

such as 5-nitroisoquinoline N-oxide (2.5b), 1,5-naphthyridine N-oxide (2.5c), 

benzo[h]quinoline N-oxide (2.5d), pyridine N-oxide derivative (2.5f) and 2,2ʹ-bipyridine N-

oxide (2.5g), proving the generality of the present protocol (table 3.4). The successful 

amination of bipyridine scaffold is encouraging as they are useful building blocks and bidentate 

ligand motif in bifunctional metal catalysis.12 

Table 3.4. substrate scope for other N-heteroarene N-oxidesa 

 

 
 

aReaction conditions: azine N-oxide (1 mmol, 1 equiv.), aryl carbodiimide (0.5 mmol, 0.5 

equiv.), neat, 130 °C, 12 h. Isolated yield. bCPME (1 mL) was used. 

3.3.6. Late-stage drug modifications 

This method allows late-stage C-H amination of biologically important N-heteroaromatic 

compounds (scheme 3.9). For example, the anti-malarial drug quinine, (±)-α-tocopherol and 

tryptamine modified quinoline 3.2u, 3.2v and 3.2w respectively, were functionalized with good 

to excellent yields.  
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Scheme 3.9: late-stage C2-amination of biologically active azines 

3.3.7. Mechanistic investigations 

To gain insight into the reaction pathway, a series of control experiments was performed 

(scheme 3.10). For example, the reaction has not proceeded by reacting quinoline 2.1a with 

carbodiimide 3.1a (or 3.3b) under the optimal reaction conditions. This suggests the role of N-

O group in this transformation. When N-oxide 2.2c was treated with p-tolyl isocyanate 3.6b, 

the desired aminated product 3.4d was isolated in 91% yield, suggesting the isocyanate as the 

potential intermediate in this transformation (scheme 3.10b). To understand the reactivity of 

aryl vs. alkyl carbodiimide in the present reaction conditions, I have performed the experiment 

using N-oxide 2.2c (2 equiv.) and isopropyl(4-methylphenyl)carbodiimide 3.8 (1 equiv.) in 

CPME. Gratifyingly, analytically pure 3.4d and 3.2c were isolated in 37% and 26% yields 

respectively (Scheme 3.10c). The reaction between 2.2c and carbodiimides 3.8 (0.5 equiv.) and 

3.3b (0.5 equiv.) led to the arylaminated product 3.4d and alkylaminated product 3.2c in 58% 

and 10% yields, respectively (Scheme 3.10d). On the other hand, upon using 1,3-

diisopropylcarbodiimide 3.1a (0.5 equiv.) in place of arylcarbodiimide 3.3b (0.5 equiv.), the 

yields of 3.4d and 3.2c were reduced to 17% and 34% respectively (Scheme 3.10e). The higher 

yield of 3.4d (58%) with respect to 3.2c (34%) suggests that the reactivity of carbodiimide 

containing aromatic backbone is likely to be higher than that with aliphatic substituent under 

the current reaction conditions. 
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Scheme 3.10: control experiments 

To understand the rate of amination of aliphatic vs. aromatic carbodiimides, N-oxide 2.2c was 

reacted with 3.1a and 3.3b individually under the standard conditions for 5 h. A higher yield 

of 3.4d (64%) was obtained with respect to 3.2c (41%), which revealed that the amination with 

aromatic carbodiimide was faster than that with alkyl carbodiimide under the reaction 

conditions (Scheme 3.10f). Surprisingly, the oxazolo derivative 3.9 was isolated in 74% yield 

when the reaction was carried out with N-oxide 2.9 and carbodiimide 3.1a under the standard 

conditions (Scheme 3.10g). This observation suggests that initially formed 1,2-dihydro-

cycloadduct 3.9-I1 possibly rearranged to the 2,3-dihydro-cycloadduct 3.9-I2, followed by 

hydrogen bromide elimination to give the oxazolo derivative 3.9. 

3.3.8. Gram-scale amination of quinoline N-oxide and CO2 trapping experiment 
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Scheme 3.11: gram-scale reaction and CO2-trapping experiment 

For practical utility, the reaction was also performed in gram-scale, and analytically pure 

compound 3.2a was obtained in 85% yield using this method. In the hope of trapping the CO2 

formed as by-product, the reaction set-up was connected to another reaction tube containing 

benzylamine in precooled condition through cannula. Gratifyingly, the formation of the solid 

ammonium carbamate salt 3.10 was observed during the process. Hence, the evolved CO2 was 

trapped efficiently as the bench-stable salt 3.10, and this can be utilized as a reagent and catalyst 

for different organic transformations.13  

3.3.9. Computational studies 

For further understanding of the mechanistic pathway, DFT calculations have been performed 

using B3LYP level of theory (scheme 3.12). The calculated free energy result and some key 

optimized structures are depicted in table 3.6. Initially, N-oxide 1a was reacted with 2a (or 4b) 

to form 1,2 dihydroquinoline intermediate I-1A (or I-1B) via (3+2)-dipolar cycloaddition 

reaction. The process is uphill (ΔG = 16.8 kcal/ mol for 1a → I-1A and ΔG = 19.5 kcal/ mol 

for 1a → I-1B).  The energy barrier for the formation of I-1B (ΔG‡ = 34.3 kcal/mol) is slightly 

lowered compared to I-1A (ΔG‡ = 40.8 kcal/mol). Subsequent aromatization afforded the 

desired product 3aa (or 5ab) in a downhill process of ΔG = -49.2 kcal/ mol (I-1A → 3aa), or 

ΔG = -41.3 kcal/ mol (I-1B → 5ab) and releases the corresponding isocyanates 2a' (or 4b'). 

On the other hand, the intermediate I-1A (or I-1B) can also easily rearrange to the 2,3-

dihydroquinoline cycloadduct I-2A (or I-2B) with a low energy barrier (TS-2A, ΔG‡ = 23.7 

kcal/mol; TS-2B, ΔG‡ = 11.4 kcal/mol). It proceeds in a downhill process (I-2A, ΔG = 6.8 

kcal/mol; I-2B, ΔG = 5.0 kcal/mol).  Then, I-2A (or I-2B) undergoes aromatization to form the 

product 3aa (or 5ab) with the liberation of isocyanate 2a' (or 4b'). This is also a downhill 

process (ΔG = -59.2 kcal/ mol, I-2A → 3aa; ΔG = -55.8 kcal/ mol, I-2B → 5ab).  

The produced isocyanate 2a' (or 4b') can further take part in dipolar cycloaddition with N-

oxide 1a to form cycloadduct I-3A (or I-3B) which is uphill process (ΔG = 19.9 kcal/ mol, 1a 

→ I-3A; ΔG = 21.1 kcal/ mol, 1a → I-3B), and has a barrier (TS-3A, ΔG‡ = 36.7 kcal/mol; 

TS-3B, ΔG‡ = 33.8 kcal/mol). The subsequent aromatization gives the aminated product 3aa 

(or 5ab) either derived from direct I-3A (or I-3B) (ΔG = -44.4 kcal/ mol for I-3A → 3aa), and 

ΔG = -40.8 kcal/ mol for I-3B → 5ab) or via intermediate I-4A (or I-4B). Carbon dioxide is 

released as the co-product in the overall process. 
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Scheme 3.12: probable mechanism and energy profile diagram 

On the basis of the previous reports,6i,7h,14 our observations, and with the help of calculations, 

the plausible pathway has been presented and is depicted in Scheme 6. At first, quinoline N-

oxide and carbodiimide take part in (3+2)-dipolar cycloaddition to give the 1,2-

dihydroquinoline intermediate, followed by aromatization (or via rearrangement to 2,3-

dihydroquinoline intermediate and then aromatization) to form C2-aminated quinoline and 

generating isocyanate. The produced isocyanate is further reacted with another molecule of N-

oxide to provide (3+2)-type cycloadduct intermediate and subsequently decarboxylate to give 

the desired product.  

3.4. Downstream transformations 
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The synthetic utility of the C2-aminated quinolines is illustrated through the preparation of 2-

aminoquinoline 7 by simple acid-mediated hydrolysis of N-isopropylquinolin-2-amine (3aa) 

or N-benzylquinolin-2-amine (3ad) affording the product in very good yield (> 82%). It is 

noteworthy that 2-aminoquinoline motif containing compounds are an important class of 

compounds, widely utilized in the pharmaceutical industry and the total synthesis of natural 

products.4g  

 

Scheme 3.13: preparation of 2-aminoquinoline 7 

Additionally, readily obtained C2-aminated quinoline 5bb can be easily transformed into the 

2-(1H-indol-1-yl)quinoline derivative 8 via a Pd-catalysed oxidative coupling reaction.15 

 

Scheme 3.14: Pd-catalysed coupling reaction of 2-arylaminoquinoline with diphenylacetylene 

3.5. Comparison of present protocol with the previous protocols for byproduct generation 

Further to show the advantages of the present protocol over the previous protocols with respect 

to the generation of by-products and hence, overall eco-friendly nature of the system, I have 

tabulated these protocols and the corresponding by-products and compared them with ours. 

Table 3.5: comparison of present protocol with the previous protocols for byproduct generation  

Reported reaction condition By-products Ref. 

 

tBuNHTs + unidentified 

byproducts (originated from 

excess Ts2O and tBuNH2) 

 

 

7a 

 
 

 

 

7c 

 
 

 

7d 
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7e 

 

CO2 + unidentified 

byproducts (originated from 

excess acyl azide) 

 

7h 

 

CH3CO2H + N2 + HBF4 + 

acetanilide derivative +  

unidentified byproducts 

(originated from the 

unreacted diazonium salt) 

 

 

7g 

 

 

CO2 formed as a co-product 

this 

work 

 

3.6. Green metrics calculations for sustainability measurements 

The green metrics parameters, viz. atom economy, atom efficiency, carbon efficiency and E-

factor are the most viable tools to quantify the efficiency of chemical processes.8,16 Herein, 

these parameters were calculated by using our protocol and comparing with recent reported 

procedures which are shown in the table 3.5.17 The atom economy and atom efficiency values 

for our protocol are very satisfying owing to the fact that only CO2 was liberating, and no any 

other organic byproduct was formed. Because of this, the value of E-factor is reasonably low, 

i.e., only 0.30. E-factor is a practical tool to assess the sustainability of a process as the more 

the value of E-factor for a reaction, the more will be the generation of waste in the reaction. In 

addition, the other green metrics parameter is also impressive.   

3.6.1. Method A (this work):      

 
 

Entry Weight taken FW 

Quinoline N-oxide 1 g 145.05 

Diisopropyl carbodiimide 0.434 g 126.11 

N-isopropylquinoline-2-amine 1.1 g  186.11 

 

E-factor = [{(1 g + 0.434 g) - 1.1 g}/1.1 g] = 0.334 g/1.1 g = 0.30 kg waste/1 kg of product 

Atom economy = {186.11 / (145.05 + 0.5 × 126.11)} × 100% = 89.4% 

Atom efficiency = 85 × (89.4/100) = 76% 

Carbon efficiency = {(12 × 2) / (9 × 2 + 7)} × 100% = 96% 
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3.6.2. Method B:7h    

 

Entry Weight taken FW 

Quinoline N-oxide 1.0 g 145.05 

4-methylbenzoyl azide 3.33 g 161.05 

KOtBu 1.54 g 112.02 

MTBE 3.7 g (5 mL) 88.08 

N-(p-tolyl)quinolin-2-amine 1.39 g 234.11 

E-factor = [{(1.0 g + 3.33 g + 1.54 g + 3.7 g) - 1.39 g}/1.39 g] = 8.18 g /1.39 g = 5.88 kg 

waste /1 kg of product 

Atom economy = {234.11/ (145.05 + 161.05 × 3)} × 100% = 37.3% 

Atom efficiency = 86 × (37.3/100) = 57.9% 

Carbon efficiency = {(16 / (9 + 8 × 3)} × 100% = 48.5% 

3.6.3. Method C:6i   

 

Entry Weight taken FW 

Quinoline N-oxide 0.870 g 145.15 

Phenyl thiocyanate 1.22 g 135.19 

Silver tetrafluoroborate 0.058 g 194.67 

DMF 22.6 g (24 mL) 73.09 

N-phenylquinolin-2-amine 1.08 g 220.27 

E-factor = [{(0.870 g + 1.22 g + 0.058 g + 22.6 g) - 1.08 g}/1.08 g] = 23.66 g / 1.08 g = 21.90 

kg waste/1 kg of product 

Atom economy = {220.27 / (145.15 + 135.19)} × 100% = 78.5% 

Atom efficiency = 82 × (78.5/100) = 64.4% 

Carbon efficiency = {15 / (9 + 1.5 × 7)} × 100% = 76.9% 
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Table 3.6. Summary of green chemistry metrics  

Metrics parameters Method A 

(this work) 

Method B4 

 

Method C6 

 

E-factor (kg of waste / 

1 kg of product) 

0.30 5.88 21.9 

Atom economy (%) 89.4 37.3 78.5 

Atom efficiency (%) 76 57.9 64.4 

Carbon efficiency (%) 96 48.5 76.9 

 

3.7. Summary 

In summary the C-H amination of azine N-oxides with carbodiimides in the absence of metals, 

external activators, base, and solvent is developed with excellent site-selectivity at the C2 

position. The origin of selectivity is derived from the (3+2)-diploar cycloaddition reaction of 

polar N-oxide with carbodiimide. Contrary to previously reported procedures, this method 

enables not only the synthesis of bulky aryl bearing aminated azines but also showcases 

bioactive molecules like the anti-malarial drug quinine, tryptamine, and (±)-α-tocopherol 

modified aminated quinolines efficiently. This reaction is highly atom economical with CO2 

gas as the only co-product. I believe that this convenient method will find wide range of 

applications to synthesize a library of therapeutically potent aminated azine derivatives in a 

waste minimized way. 

3.8. Experimental section 

3.8.1. General Information 

All the reagents and chemicals were purchased from common commercial suppliers like 

Sigma-Aldrich, Alfa Aesar, Merck, Spectrochem, Avra Synthesis Pvt. Ltd. and directly used 

as received without any further purification unless otherwise mentioned. Azine N-oxides,18 

N,N′-(R)-(+)-α-methylbenzylcarbodiimide,19a dibenzyl carbodiimide,19b diphenyl 

carbodiimide,19b di-(p-tolyl) carbodiimide,19b di-(4-methoxyphenyl) carbodiimide,19b di-(4-

fluorophenyl) carbodiimide,19b dimesityl carbodiimide,19c di-(2,6-diisopropylphenyl) 

carbodiimide,19c dinaphthyl carbodiimide,19c tryptamine isothiocyanate20 and p-tolyl 

isocyanate21 were prepared according to the literature reported procedures. CPME was freshly 

distilled over CaH2 and stored in 4 Å molecular sieves before use. 1H, 13C, and 19F NMR spectra 

of the compounds were measured in CDCl3 as a solvent by using TMS as an internal standard.  

Chemical shifts, δ (in ppm), are reported relative to TMS δ (1H) 0.0 ppm, δ (13C) 0.0 ppm, 

which was used as the internal reference. Otherwise, the solvents residual proton resonance 

and carbon resonance CHCl3, δ (1H) 7.26 ppm, δ (13C) 77.16 ppm was used for calibration. 

Bruker Avance III 600 and 400 spectrometers were used to record the NMR spectra. Chemical 

shifts (δ) values were reported in ppm and spin-spin coupling constant (J) were expressed in 

Hz, and other data were reported as follows: s = singlet, d = doublet, dd = doublet of doublet, 

dt = doublet of triplet, t = triplet, m = multiplet, q = quartet, sext = sextet, br = broad, and brs 

= broad singlet. IR spectra were recorded on Perkin Elmer Instrument at normal temperature 

making KBr pellet grinding the sample with KBr (IR Grade). MS (ESI-HRMS): Mass spectra 

were recorded on an Agilent Accurate-Mass Q-TOF LC/MS 6520. Merck silica gel 60-120 and 

Merck neutral aluminium oxide were used for column chromatography. Melting points were 

recorded using Buchi Melting Point B-540 Instrument and are uncorrected. All starting azine 

N-oxides and their amination products were characterized by spectroscopic methods and 

compared to literature wherever applicable, otherwise stated. All the amination reaction was 
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carried out in oven-dried glassware under argon atmosphere. Completion of reactions was 

examined by thin layer chromatography carried out on pre-coated Merck silica gel 60 F254 

aluminium plates with ultraviolet light (UV) or iodine as visualizing agents. 

3.8.2. Preparation of isopropyl(4-methylphenyl)carbodiimide (3.8):  

 

Scheme 3.15: synthesis of unsymmetric carbodiimide 10 

In a round-bottom flask, p-tolyl isothiocyanate 3.7b (200 mg, 1.2 mmol, 1 equiv.) and isopropyl 

amine (88 mg, 1.4 mmol, 1.1 equiv.) were added and flushed with nitrogen before closing with 

a glass stopper. White precipitate started to come almost instantly. The reaction mixture was 

stirred at that condition for about 1 hour. After confirming the completion of the reaction by 

TLC, the resultant 1-isopropyl-3-(p-tolyl)thiourea 3.8-I (200 mg, 0.96 mmol, 1 equiv.) was 

dissolved in THF (5 mL) in a round-bottom flask. DMAP (236 mg, 1.9 mmol, 2 equiv.) was 

added to it. Then at 0 °C, iodine (268 mg, 1.04 mmol, 1.1 equiv.) was added portionwise to 

this mixture. The mixture was stirred at room temperature for overnight. After completion of 

the reaction as indicated by TLC, the reaction mixture was filtered and washed with n-hexane. 

The filtrate was dried by removing the solvent under reduced pressure. The crude mixture was 

purified through silica-gel column chromatography (n-hexane) to get the pure compound as 

yellow oil (90% yield, 150 mg).  

1H NMR (400 MHz, CDCl3): δ 7.08 (d, J = 8.0 Hz, 2H), 7.03 – 6.94 (m, 2H), 3.82 – 3.71 (m, 

1H), 2.31 (s, 3H), 1.33 (d, J = 6.4 Hz, 6H). 13C{1H} NMR (101 MHz, CDCl3): δ 138.0, 137.2, 

134.5, 130.1, 123.2, 50.3, 25.0, 21.0. FT-IR (KBr, selected band): 2111 cm-1 (N=C=N). HRMS 

(ESI) m/z: [M+H]+ calculated for C11H15N2: 175.1230; found: 175.1231. 

3.8.3. General procedure for C2-amination of azine N-oxides with carbodiimides (GP-I):  

 

Scheme 3.16: C2-amination of quinoline N-oxides with carbodiimides under neat condition 

A mixture of azine N-oxide (1 mmol, 2 equiv) and carbodiimide (0.5 mmol, 1 equiv) was 

loaded in an oven-dried 25 mL reaction tube equipped with stirring bar. The tube was flushed 

with argon and properly closed with a screw-cap. Then the reaction tube was placed in a 

preheated oil bath at 130 oC with continuous stirring for 12 hours. After completion of the 

reaction, the crude reaction mixture was purified by column chromatography over silica-gel to 

obtain the analytically pure compound. 

3.8.4. General procedure for C2-amination of azine N-oxides with carbodiimides (GP-II):  

 
Scheme 3.17: C2-amination of quinoline N-oxides with carbodiimides with solvent 
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A mixture of azine N-oxide (1 mmol, 2 equiv.), carbodiimide (0.5 mmol, 1 equiv.), and CPME 

(1 mL) was loaded in an oven-dried 25 mL reaction tube equipped with stirring bar. The tube 

was flushed with argon and properly closed with a screw-cap. Then the reaction tube was 

placed in a preheated oil bath at 130 oC with continuous stirring for 12 hours. After completion 

of the reaction, all the volatiles were removed. The crude reaction mixture was purified by 

column chromatography over silica-gel to obtain the analytically pure compound. 

3.8.5. Controlled experiments for reaction mechanism 

Amination reaction of 6-methoxyquinoline with carbodiimide (scheme 3.10a) 

6-Methoxyquinoline 2.1c (159 mg, 1 mmol), 1,3-diisopropylcarbodiimide 3.1a (63 mg, 0.50 

mmol) or 1,3-di-p-tolylcarbodiimide 3.3b (111 mg, 0.50 mmol) and CPME (1 mL) were taken 

in a 25 mL reaction tube. The tube was flushed with argon and properly closed with a screw-

cap. Then the reaction tube was placed in a preheated oil bath at 130 oC with continuous stirring 

for 12 hours. TLC showed no formation of desired C2-aminated product. 

Amination reaction of 6-methoxyquinoline N-oxide with isocyanate (scheme 3.10b) 

6-Methoxyquinoline N-oxide 2.2c (175 mg, 1 mmol), p-tolyl isocyanate 3.6b (133 mg, 1 

mmol), and CPME (1 mL) were taken in a 25 mL reaction tube. The tube was flushed with 

argon and properly closed with a screw-cap. Then the reaction tube was placed in a preheated 

oil bath at 130 oC with continuous stirring for 12 hours. All the volatile was removed and crude 

mixture was purified by silica-gel column chromatography (EtOAc: petroleum ether 1:4) to get 

the pure product 5bb (91% yield, 240 mg). 

Amination reaction of 6-methoxyquinoline N-oxide with unsymmetrical carbodiimide 10 

(scheme 3.10c) 

6-Methoxyquinoline N-oxide 2.2c (175 mg, 1 mmol), isopropyl(4-methylphenyl)carbodiimide 

3.8 (87 mg, 0.5 mmol), and CPME (1 mL) were taken in a 25 mL reaction tube. The tube was 

flushed with argon and properly closed with a screw-cap. Then the reaction tube was placed in 

a preheated oil bath at 130 oC with continuous stirring for 12 hours. All the volatile was 

removed and the crude mixture was purified by silica-gel column chromatography to obtain 

the aminated product 3.4d, 98 mg, 37% and 3.2c, 56 mg, 26% yield respectively. 

Amination reaction of 6-methoxyquinoline N-oxide with ditolyl carbodiimide and 

unsymmetrical carbodiimide 10 (scheme 3.10d) 

6-Methoxyquinoline N-oxide 2.2c (175 mg, 1 mmol), isopropyl(4-methylphenyl)carbodiimide 

3.8 (43 mg, 0.25 mmol), 1,3-di-p-tolylcarbodiimide 3.3b (55 mg, 0.25 mmol) and CPME (1 

mL) were taken in a 25 mL reaction tube. The tube was flushed with argon and properly closed 

with a screw-cap. Then the reaction tube was placed in a preheated oil bath at 130 oC with 

continuous stirring for 12 hours. All the volatile was removed and the crude mixture was 

purified by silica-gel column chromatography to obtain the aminated product 3.4d, 153 mg, 

58% and 3.2c, 22 mg, 10% yield respectively. 

Amination reaction of 6-methoxyquinoline N-oxide with diisopropyl carbodiimide and 

unsymmetrical carbodiimide 10 (scheme 3.10d) 

6-Methoxyquinoline N-oxide 2.2c (175 mg, 1 mmol), isopropyl(4-methylphenyl)carbodiimide 

3.8 (43 mg, 0.25 mmol), 1,3-diisopropylcarbodiimide 3.1a (31 mg, 0.25 mmol) and CPME (1 

mL) were taken in a 25 mL reaction tube. The tube was flushed with argon and properly closed 

with a screw-cap. Then the reaction tube was placed in a preheated oil bath at 130 oC with 
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continuous stirring for 12 hours. All the volatile solvent was removed and the crude mixture 

was purified by silica-gel column chromatography to obtain the aminated product 3.4d, 45 mg, 

17% and 3.2c, 73 mg, 34% yield respectively. 

Amination reaction of 6-methoxyquinoline N-oxide after 5 hours (scheme 3.10e) 

6-Methoxyquinoline N-oxide 2.2c (175 mg, 1 mmol), and 1,3-diisopropylcarbodiimide 3.1a 

(63 mg, 0.50 mmol) or 1,3-di-p-tolylcarbodiimide 3.3b (111 mg, 0.50 mmol) were taken in a 

25 mL reaction tube. The tube was flushed with argon and properly closed with a screw-cap. 

Then the reaction tube was placed in a preheated oil bath at 130 oC with continuous stirring for 

5 hours. The crude reaction mixture was purified by silica-gel column chromatography to 

obtain the aminated product. Isolated yield 3.2c, 88 mg, 41%. Isolated yield 3.4d, 169 mg, 

64%. 

Amination reaction of 3-bromo-4-(4-methylbenzoyl)quinoline N-oxide (scheme 3.10f) 

3-bromo-4-(4-methylbenzoyl)quinoline N-oxide 2.9 (342 mg, 1 mmol) was taken in a 25-mL 

reaction tube and diisopropyl carbodiimide 3.1a (63 mg, 0.5 mmol) was added to it. The tube 

was flushed with argon and closed with screw cap. The reaction mixture was stirred at 130 °C 

for 12 hours. After completion of the reaction, the crude product was purified by silica-gel 

column chromatography (EtOAc: petroleum ether 1:10) to get 3.9 (brown viscous oil) with 

74% yield (286 mg). 

1H NMR (400 MHz, CDCl3): δ 7.90 (d, J = 7.6 Hz, 1H), 7.83 (d, J = 8.4 Hz, 2H), 7.61 – 7.50 

(m, 2H), 7.30 (d, J = 8.0 Hz, 3H), 4.78 – 4.71 (m, 1H), 3.83 – 3.69 (m, 1H), 2.44 (s, 3H), 1.62 

(d, J = 6.8 Hz, 6H), 1.05 (d, J = 6.4 Hz, 6H). 13C{1H} NMR (101 MHz, CDCl3): δ 192.2, 148.4, 

145.8, 144.6, 144.3, 135.6, 134.4, 130.3, 129.8, 128.0, 127.9, 125.4, 124.7, 122.5, 119.5, 47.1, 

46.5, 24.5, 22.0, 19.1. FT-IR (KBr, selected band): 1671 (C=O), 1604 (C=N) cm-1. HRMS 

(ESI) m/z: [M+H]+ calculated for C24H26N3O2: 388.2020; found: 388.2019. 

3.8.6. Procedure for gram-scale amination of quinoline N-oxide and CO2 trapping 

(scheme 3.11) 

A mixture of quinoline N-oxide 2.2a (1 g, 6.9 mmol, 2 equiv.), and 1,3-

diisopropylcarbodiimide 3.1a (0.435 g, 3.4 mmol, 1 equiv.)  was loaded in an oven-dried 50 

mL round bottom flask equipped with stirring bar. The flask was flushed with argon and 

properly closed with a septum. Then one end of a cannula was connected through septum and 

another end of cannula was dipped to precooled benzylamine containing flask. The reaction 

mixture was kept into the preheated oil bath at 130 oC with continuous stirring for 12 hours. 

The evolved carbon dioxide was allowed to pass through cannula and reacted with benzyl 

amine to form benzylammonium benzylcarbamate as a white solid 3.10 (0.749 g, 85% yield). 

the crude reaction mixture was purified by column chromatography over silica-gel to obtain 

the analytically pure compound 3.2a in 85% yield (1.1 g). 

Benzylammonium benzylcarbamate (3.10): 1H NMR (600 MHz, D2O): δ 7.47 – 7.27 (m, 

10H), 4.21 (s, 1H), 4.04 (s, 4H). 13C{1H} NMR (151 MHz, D2O): δ 164.7, 161.0, 140.7, 135.2, 

129.0, 128.6, 128.4, 126.8, 126.6, 44.7, 43.5. Spectral data is in accordance with the 

literature.13d 
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3.8.7. Analytical data of the products 

N-isopropylquinolin-2-amine (3.2a)6i:  

 

Using quinoline N-oxide with 1,3-diisopropylcarbodiimide in accordance with GP-I, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : petroleum ether 

3 : 17) as a light yellow solid (168 mg, 90%). M. p. 66 – 68 °C. 1H NMR (600 MHz, CDCl3): 

δ 7.81 (d, J = 9.0 Hz, 1H), 7.65 (d, J = 8.4 Hz, 1H), 7.57 (d, J = 7.8 Hz, 1H), 7.51 (t, J = 7.8 

Hz, 1H), 7.19 (t, J = 7.8 Hz, 1H), 6.62 (d, J = 9.0 Hz, 1H), 4.65 (s, 1H), 4.22-4.17 (m, 1H), 

1.29 (d, J = 6.6 Hz, 6H). 13C{1H} NMR (151 MHz, CDCl3): δ 156.5, 148.3, 137.5, 129.7, 

127.5, 126.1, 123.4, 122.0, 111.3, 43.1, 23.3. HRMS (ESI) m/z: [M+H]+ calculated for 

C12H15N2: 187.1235; found: 187.1235. 

N-isopropyl-6-methylquinolin-2-amine (3.2b):  

 

Using 6-methylquinoline N-oxide with 1,3-diisopropylcarbodiimide in accordance with GP-I, 

the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 4 : 21) as an yellow oil (192 mg, 96%). 1H NMR (400 MHz, CDCl3): δ 7.74 

(d, J = 8.8 Hz, 1H), 7.56 (d, J = 9.2 Hz, 1H), 7.38 – 7.32 (m, 2H), 6.59 (d, J = 8.8 Hz, 1H), 

4.60 (br, 1H), 4.20 – 4.12 (m, 1H), 2.43 (s, 3H), 1.28 (d, J = 6.4 Hz, 6H). 13C{1H} NMR (101 

MHz, CDCl3): δ 156.2, 146.5, 137.0, 131.6, 131.4, 126.7, 125.8, 123.3, 111.1, 43.1, 23.3, 21.2.  

HRMS (ESI) m/z: [M+H]+ calculated for C13H17N2: 201.1392; found: 201.1392. 

N-isopropyl-6-methoxyquinolin-2-amine (3.2c):  

 

Using 6-methoxyquinoline N-oxide with 1,3-diisopropylcarbodiimide in accordance with GP-

I, the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 4 : 21) as a light yellow oil (207 mg, 96%). 1H NMR (400 MHz, CDCl3): δ 

7.74 (d, J = 8.8 Hz, 1H), 7.58 (d, J = 9.2 Hz, 1H), 7.20 (dd, J = 8.8, 2.8 Hz, 1H), 6.93 (d, J = 

2.8 Hz, 1H), 6.61 (d, J = 8.8 Hz, 1H), 4.53 (d, J = 6.4 Hz, 1H), 4.17 – 4.09 (m, 1H), 3.86 (s, 

3H), 1.26 (d, J = 6.4 Hz, 6H). 13C{1H} NMR (101 MHz, CDCl3): δ 155.5, 154.7, 143.7, 136.6, 

127.5, 123.6, 121.0, 111.5, 106.6, 55.6, 43.1, 23.3. HRMS (ESI) m/z: [M+H]+ calculated for 

C13H16N2O: 217.1336; found 217.1337. 

6-chloro-N-isopropyl quinolin-2-amine (3.2d):  

 

Using 6-chloroquinoline N-oxide with 1,3-diisopropylcarbodiimide in accordance with GP-I, 

the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 1 : 4) as an yellow oil (187 mg, 85%). 1H NMR (600 MHz, CDCl3): δ 7.72 (d, 
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J = 9.0 Hz, 1H), 7.57 (d, J = 9.0 Hz, 1H), 7.54 (d, J = 2.4 Hz, 1H), 7.44 (dd, J = 8.4, 2.4 Hz, 

1H), 6.62 (d, J = 8.4 Hz, 1H), 4.94 (br, 1H), 4.20 – 4.14 (m, 1H), 1.28 (d, J = 6.4 Hz, 6H). 
13C{1H} NMR (151 MHz, CDCl3): δ 156.5, 146.5, 136.6, 130.2, 127.3, 127.0, 126.3, 123.8, 

112.2, 43.1, 23.2. HRMS (ESI) m/z: [M+H]+ calculated for C12H14ClN2: 221.0846; found: 

221.0844. 

N-isopropyl-4-methylquinolin-2-amine (3.2e):22  

 

Using 4-methylquinoline N-oxide with 1,3-diisopropylcarbodiimide in accordance with GP-I, 

the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 3 : 17) as an off white solid (188 mg, 94%). M. p. 107 – 108 °C. 1H NMR 

(600 MHz, CDCl3): δ 7.75 (d, J = 7.8 Hz, 1H), 7.65 (d, J = 8.4 Hz, 1H), 7.52 – 7.50 (m, 1H), 

7.23 – 7.20 (m, 1H), 6.48 (s, 1H), 4.56 (br, 1H), 4.21 – 4.15 (m, 1H), 2.56 (s, 3H), 1.28 (d, J = 

6.6 Hz, 6H). 13C{1H} NMR (101 MHz, CDCl3): δ 156.4, 150.3, 148.2, 145.2, 129.4, 126.4, 

123.7, 121.7, 111.2, 42.9, 23.4, 19.1. HRMS (ESI) m/z: [M+H]+ calculated for C13H17N2: 

201.1392; found: 201.1413. 

N-isopropyl-3-methylquinolin-2-amine (3.2f):  

 

Using 3-methylquinoline N-oxide with 1,3-diisopropylcarbodiimide in accordance with GP-I, 

the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 3 : 17) as an yellow oil (170 mg, 85%). 1H NMR (400 MHz, CDCl3): δ 7.72 

(d, J = 8.4 Hz, 1H), 7.59 (s, 1H), 7.53 (dd, J = 8, 1.2 Hz, 1H), 7.50 – 7.46 (m, 1H), 7.22 – 7.16 

(m, 1H), 4.60 – 4.52 (m, 1H), 4.31 (d, J = 6.6 Hz, 1H), 2.22 (s, 3H), 1.33 (d, J = 6.4 Hz, 6H). 
13C{1H} NMR (151 MHz, CDCl3): δ 155.3, 147.3, 135.5, 128.4, 126.7, 126.2, 123.6, 121.8, 

119.6, 42.4, 23.3, 17.5. HRMS (ESI) m/z: [M+H]+ calculated for C13H17N2: 201.1392; found: 

201.1400. 

N-isopropyl-3-methoxyquinolin-2-amine (3.2g):  

 

Using 3-methoxyquinoline N-oxide with 1,3-diisopropylcarbodiimide in accordance with GP-

I, the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 4 : 21) as an yellow oil (179 mg, 83%). 1H NMR (400 MHz, CDCl3): δ 7.68 

(d, J = 8.0 Hz, 1H), 7.51 (dd, J = 7.8, 1.2 Hz, 1H), 7.42 – 7.38 (m, 1H), 7.22 – 7.15 (m, 1H), 

7.01 (s, 1H), 5.20 (d, J = 7.6 Hz, 1H), 4.54 – 4.45 (m, 1H), 3.93 (s, 3H), 1.31 (d, J = 6.4 Hz, 

6H). 13C{1H} NMR (101 MHz, CDCl3): δ 149.4, 143.2, 126.6, 126.1, 125.8, 123.9, 122.0, 

109.3, 55.4, 42.0, 23.2. HRMS (ESI) m/z: [M+H]+ calculated for C13H17N2O: 217.1341; found: 

217.1341. 

3-bromo-N-isopropylquinolin-2-amine (3.2h):  
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Using 3-bromoquinoline N-oxide with 1,3-diisopropylcarbodiimide in accordance with GP-I, 

the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 1 : 4) as a light yellow oil (206 mg, 78%). 1H NMR (600 MHz, CDCl3): δ 8.06 

(s, 1H), 7.68 (d, J = 8.4 Hz, 1H), 7.54 – 7.52 (m, 1H), 7.50 (d, J = 7.8 Hz, 1H), 7.20 (t, J = 7.2 

Hz, 1H), 5.18 (d, J = 6.6 Hz, 1H), 4.48 – 4.43 (m, 1H), 1.32 (d, J = 6.6 Hz, 6H). 13C{1H} NMR 

(101 MHz, CDCl3): δ 151.7, 147.1, 138.7, 129.8, 126.6, 126.5, 124.1, 122.5, 108.6, 43.1, 23.0. 

HRMS (ESI) m/z: [M+H]+calculated for C12H13BrN2: 265.0340; found: 265.0371. 

N-isopropyl-8-methoxyquinolin-2-amine (3.2i):  

 

Using 8-methoxyquinoline N-oxide with 1,3-diisopropylcarbodiimide in accordance with GP-

I, the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 3 : 17) as a light yellow solid (201 mg, 93%). M. p. 79 – 81 °C. 1H NMR (600 

MHz, CDCl3): δ 7.83 (d, J = 9 Hz, 1H), 7.17 (d, J = 7.8 Hz, 1H), 7.09 (t, J = 7.8 Hz, 1H), 6.91 

(d, J = 7.8 Hz, 1H), 6.70 (d, J = 9.0 Hz, 1H), 5.00 (d, J = 7.2 Hz, 1H), 3.99 (s, 3H), 3.97 – 3.92 

(m, 1H), 1.25 (d, J = 6.4 Hz, 6H). 13C{1H} NMR (101 MHz, CDCl3): δ 156.3, 153.1, 139.7, 

137.9, 124.1, 121.5, 119.7, 109.6, 108.4, 56.0, 43.4, 23.2. HRMS (ESI) m/z: [M+H]+ calculated 

for C13H17N2O: 217.1341; found: 217.1347. 

N-isopropyl-8-methylquinolin-2-amine (3.2j): 

 

Using 8-methylquinoline N-oxide with 1,3-diisopropylcarbodiimide in accordance with GP-I, 

the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 3 : 17) as a light yellow oil (184 mg, 92%). 1H NMR (400 MHz, CDCl3): δ 

7.77 (d, J = 8.8 Hz, 1H), 7.43 (d, J = 8.0 Hz, 1H), 7.40 (d, J = 6.8 Hz, 1H), 7.12 – 7.08 (m, 

1H), 6.58 (d, J = 8.8 Hz, 1H), 4.54 (d, J = 6 Hz, 1H), 4.33 – 4.24 (m, 1H), 2.66 (s, 3H), 1.32 

(d, J = 6.4 Hz, 6H). 13C{1H} NMR (151 MHz, CDCl3): δ 155.6, 147.1, 137.5, 134.1, 129.7, 

125.4, 123.0, 121.5, 111.2, 43.0, 23.0, 18.0. HRMS (ESI) m/z: [M+H]+ calculated for C13H17N2: 

201.1392; found: 201.1396. 

N-isopropyl-6-methyl-4-phenylquinolin-2-amine (3.2k):23  

 

Using 4-phenyl-6-methylquinoline N-oxide with 1,3-diisopropylcarbodiimide in accordance 

with GP-I, the title compound was obtained through SiO2-gel column chromatography (EtOAc 

: petroleum ether, 3 : 17) as an off white solid (259 mg, 94%). M. p. 109 – 111 °C. 1H NMR 

(400 MHz, CDCl3): δ 7.64 (d, J = 9.2 Hz, 1H), 7.53 – 7.46 (m, 5H), 7.38 – 7.36 (m, 2H), 6.54 

(s, 1H), 4.61 (d, J = 7.6 Hz, 1H), 4.23 – 4.15 (m, 1H), 2.36 (s, 3H), 1.30 (d, J = 6.4 Hz, 6H).  
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13C{1H} NMR (101 MHz, CDCl3): δ 155.8, 149.3, 147.1, 139.0, 131.5, 131.4, 129.4, 128.5, 

128.2, 126.3, 124.9, 122.3, 111.1, 43.1, 23.4, 21.5. HRMS (ESI) m/z: [M+H]+ calculated for 

C19H21N2: 277.1705; found: 277.1706. 

4,7-dichloro-N-isopropylquinolin-2-amine (3.2l):  

 

Using 4, 7-dichloroquinoline N-oxide with 1,3-diisopropylcarbodiimide in accordance with 

GP-I, the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 3 : 17) as an yellow oil (212 mg, 83%). 1H NMR (400 MHz, CDCl3): δ 7.86 

(d, J = 8.8 Hz, 1H), 7.64 (d, J = 2.0 Hz, 1H), 7.19 (dd, J = 8.8, 2.0 Hz, 1H), 6.67 (s, 1H), 4.66 

(d, J = 7.2 Hz, 1H), 4.22 – 4.14 (m, 1H), 1.27 (d, J = 6.4 Hz, 6H). 13C{1H} NMR (101 MHz, 

CDCl3): δ 156.6, 149.7, 142.6, 136.5, 125.6, 125.4, 123.3, 120.1, 111.2, 43.1, 23.1. HRMS 

(ESI) m/z: [M+H]+ calculated for C12H13Cl2N2: 255.0456; found: 255.0456. 

7-chloro-N-isopropyl-4-methoxyquinolin-2-amine (3.2m):  

 

Using 7-chloro-4-methoxyquinoline N-oxide with 1,3-diisopropylcarbodiimide in accordance 

with GP-I, the title compound was obtained through SiO2-gel column chromatography (EtOAc 

: petroleum ether, 1 : 4) as an white solid (231 mg, 92%). M. p. 119 – 121 °C. 1H NMR (400 

MHz, CDCl3): δ 7.83 (d, J = 8.8 Hz, 1H), 7.57 (d, J = 2.0 Hz, 1H), 7.08 (dd, J = 8.8, 2.0 Hz, 

1H), 5.87 (s, 1H), 4.63 (d, J = 6.8 Hz, 1H), 4.22 – 4.13 (m, 1H), 3.93 (s, 3H), 1.27 (d, J = 6.4 

Hz, 6H). 13C{1H} NMR (101 MHz, CDCl3): δ 162.8, 158.5, 149.9, 135.8, 124.8, 123.2, 121.8, 

116.1, 89.0, 55.5, 43.1, 23.3. HRMS (ESI) m/z: [M+H]+ calculated for C13H16ClN2O: 251.0951; 

found: 251.0968. 

N-(tert-butyl)-6-methoxyquinolin-2-amine (3.2n):  

 

Using 6-methoxyquinoline N-oxide with di-tert-butylcarbodiimide in accordance with GP-I, 

the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 1 : 4) as an yellow solid (150 mg, 65%). M. p. 82 – 84 °C. 1H NMR (600 

MHz, CDCl3): δ 7.70 (d, J = 9.0 Hz, 1H), 7.59 (d, J = 9.0 Hz, 1H), 7.19 (dd, J = 9.0, 3.0 Hz, 

1H), 6.93 (d, J = 3.0 Hz, 1H), 6.62 (d, J = 8.4 Hz, 1H), 3.86 (s, 3H), 1.51 (s, 9H). 13C{1H} 

NMR (151 MHz, CDCl3): δ 154.9, 131.3, 130.0, 127.2, 125.0, 123.2, 120.9, 113.1, 106.6, 55.7, 

51.5, 29.7. HRMS (ESI) m/z: [M+H]+ calculated for C14H19N2O: 231.1497; found: 231.1498. 

N-cyclohexylquinolin-2-amine (3.2o):24  
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Using quinoline N-oxide with 1,3-dicyclohexylcarbodiimide in accordance with GP-I, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : petroleum ether, 

1 : 4) as an yellowish solid (200 mg, 88%). M. p. 125 – 127 °C. 1H NMR (400 MHz, CDCl3): 

δ 7.80 (d, J = 8.8 Hz, 1H), 7.64 (d, J = 8.4 Hz, 1H), 7.58 – 7.54 (m, 1H), 7.50 (m, 1H), 7.21 – 

7.15 (m, 1H), 6.62 (d, J = 8.8 Hz, 1H), 4.72 (d, J = 5.6 Hz, 1H), 3.88 – 3.77 (m, 1H), 2.16 – 

2.03 (m, 2H), 1.84 – 1.70 (m, 2H), 1.70 – 1.61 (m, 1H), 1.47 – 1.40 (m, 2H), 1.28 – 1.19 (m, 

3H). 13C{1H} NMR (151 MHz, CDCl3): δ 156.5, 148.3, 137.5, 129.6, 127.5, 126.0, 123.4, 

121.9, 111.1, 50.0, 33.6, 25.9, 25.6, 25.0, 24.9. HRMS (ESI) m/z: [M+H]+ calculated for 

C15H19N2: 227.1543; found: 227.1543. 

N-cyclohexyl-8-methoxyquinolin-2-amine (3.2p):  

 

Using 8-methoxyquinoline N-oxide with 1,3-dicyclohexylcarbodiimide in accordance with 

GP-I, the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 1 : 4) as an white solid (235 mg, 92%). M. p. 169 – 171 °C. 1H NMR (400 

MHz, CDCl3): δ 7.84 (d, J = 9.2 Hz, 1H), 7.19 (dd, J = 8.0, 0.8 Hz, 1H), 7.10 (t, J = 7.6 Hz, 

1H), 6.93 (d, J = 7.6 Hz, 1H), 6.73 (d, J = 8.8 Hz, 1H), 5.14 (brs, 1H), 4.01 (s, 3H), 3.58 – 3.54 

(m, 1H), 2.08 – 2.04 (m, 1H), 1.93 – 1.91 (m, 1H), 1.83 – 1.76 (m, 2H), 1.42 – 1.30 (m, 3H), 

1.29 – 1.20 (m, 3H). 13C{1H} NMR (101 MHz, CDCl3): δ 156.9, 156.3, 153.1, 138.0, 124.1, 

121.5, 119.8, 109.6, 108.4, 56.0, 50.7, 34.1, 33.7, 25.8, 25.1, 25.0. HRMS (ESI) m/z: [M+H]+ 

calculated for C16H21N2O: 257.1654; found: 257.1655.  

4,7-dichloro-N-cyclohexylquinolin-2-amine (3.2q):  

 

Using 4, 7-dichloroquinoline N-oxide with 1,3-dicyclohexylcarbodiimide in accordance with 

GP-I, the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 1 : 4) as an yellow oil (239 mg, 81%). 1H NMR (600 MHz, CDCl3): δ 7.85 (d, 

J = 8.4 Hz, 1H), 7.63 (d, J = 1.8 Hz, 1H), 7.18 (dd, J = 9.0, 1.8 Hz, 1H), 6.68 (s, 1H), 4.77 (brs, 

1H), 3.81 (brs, 1H), 2.08 – 2.06 (m, 2H), 1.79 – 1.75 (m, 2H), 1.68 – 1.65 (m, 1H), 1.45 – 1.40 

(m, 2H), 1.28 – 1.18 (m, 3H). 13C{1H} NMR (151 MHz, CDCl3): δ 156.5, 149.7, 142.7, 136.5, 

125.5, 125.4, 123.2, 120.0, 111.0, 50.1, 33.4, 25.8, 25.0. HRMS (ESI) m/z: [M+H]+ calculated 

for C15H17Cl2N2: 295.0769; found: 295.0769.  

N-benzylquinolin-2-amine (3.2r):6i  

 

Using quinoline N-oxide with dibenzylcarbodiimide in accordance with GP-I, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : petroleum ether, 

1 : 4) as an white solid (211 mg, 90%). M. p. 100 – 102 °C. 1H NMR (600 MHz, CDCl3): δ 

7.82 (d, J = 9.0 Hz, 1H), 7.71 (d, J = 8.4 Hz, 1H), 7.59 (d, J = 7.8 Hz, 1H), 7.56 – 7.53 (m, 

1H), 7.42 – 7.41 (m, 2H), 7.35 (t, J = 7.8 Hz, 2H), 7.32 – 7.27 (m, 1H), 7.24 – 7.22 (m, 1H), 
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6.63 (d, J = 9.0 Hz, 1H), 5.21 (s, 1H), 4.73 (d, J = 5.4 Hz, 2H). 13C{1H} NMR (151 MHz, 

CDCl3): δ 156.8, 147.8, 139.3, 137.8, 129.8, 128.8, 127.9, 127.6, 127.5, 126.1, 123.6, 122.4, 

111.4, 46.0. 

6-methoxy-N-[(S)-1-phenylethyl]quinolin-2-amine (3.2s):  

 

Using 6-methoxyquinoline N-oxide with bis[(S)-1-phenylethyl]carbodiimide in accordance 

with GP-I, the title compound was obtained through SiO2-gel column chromatography (EtOAc 

: petroleum ether, 3 : 17) as an yellow oil (236 mg, 85%). 1H NMR (400 MHz, CDCl3): δ 7.70 

(d, J = 9.0 Hz, 1H), 7.60 (d, J = 8 Hz, 1H), 7.42 (d, J = 7.6 Hz, 2H), 7.32 (t, J = 7.2 Hz, 2H), 

7.25 – 7.18 (m, 2H), 6.91 (d, J = 2.8 Hz, 1H), 6.53 (d, J = 9.2 Hz, 1H), 5.56 (s, 1H), 5.07 – 

4.91 (m, 1H), 3.85 (s, 3H), 1.61 (d, J = 6.8 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3): δ 155.1, 

155.1, 144.9, 137.3, 137.2, 128.8, 127.2, 126.9, 126.1, 123.7, 121.5, 110.9, 106.6, 55.7, 51.9, 

24.2. HRMS (ESI) m/z: [M+H]+ calculated for C18H19N2O: 279.1492; found: 279.1493. [α]D
24.3 

= -65.00 (c = 0.02 M, CHCl3). 

N-phenylquinolin-2-amine (3.4a):6i  

 

Using quinoline N-oxide, diphenylcarbodiimide, and CPME (1 mL) in accordance with GP-II, 

the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 3 : 17) as an off white solid (187 mg, 85%). M. p. 98 – 99 °C. 1H NMR (600 

MHz, CDCl3): δ 7.92 (d, J = 9.0 Hz, 1H), 7.79 (d, J = 8.4 Hz, 1H), 7.65 (d, J = 7.8 Hz, 1H), 

7.61 – 7.58 (m, 1H), 7.54 (d, J = 7.2 Hz, 2H), 7.37 (t, J = 7.8 Hz, 2H), 7.32 – 7.28 (m, 1H), 

7.10 (t, J = 7.8 Hz, 1H), 6.99 (d, J = 9.0 Hz, 1H). 13C{1H} NMR (151 MHz, CDCl3): δ 154.5, 

147.2, 140.1, 138.2, 130.1, 129.4, 127.6, 126.2, 124.1, 123.5, 123.3, 120.9, 111.7.  

6-methoxy-N-phenylquinolin-2-amine (3.4b):7h  

 

Using 6-methoxyquinoline N-oxide, diphenylcarbodiimide, and CPME (1 mL) in accordance 

with GP-II, the title compound was obtained through SiO2-gel column chromatography (EtOAc 

: petroleum ether, 3 : 17) as an off white solid (225 mg, 90%). M. p. 144 – 146 °C. 1H NMR 

(400 MHz, CDCl3): δ 7.84 (d, J = 8.8 Hz, 1H), 7.72 (d, J = 9.2 Hz, 1H), 7.55 – 7.52 (m, 2H), 

7.38 – 7.33 (m, 2H), 7.27 (dd, J = 9.2, 2.8 Hz, 1H), 7.09 – 7.04 (m, 1H), 7.00 (s, 1H), 6.98 (d, 

J = 5.6 Hz, 1H), 6.81 (br, 1H), 3.89 (s, 3H). 13C{1H} NMR (151 MHz, CDCl3): δ 155.7, 153.0, 

143.2, 140.7, 136.9, 129.3, 128.2, 124.7, 122.8, 121.6, 120.1, 112.1, 106.3, 55.6.  

N-(p-tolyl)quinolin-2-amine (3.4c):6i  
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Using quinoline N-oxide, di-p-tolylcarbodiimide, and CPME (1 mL) in accordance with GP-

II, the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 3 : 17) as an white solid (192 mg, 82% yield from GP-II; 169 mg, 72% yield 

from GP-I). M. p. 103 – 105 °C. 1H NMR (600 MHz, CDCl3): δ 7.90 (d, J = 8.4 Hz, 1H), 7.75 

(d, J = 8.4 Hz, 1H), 7.63 (d, J = 7.8 Hz, 1H), 7.59 – 7.56 (m, 1H), 7.41 (d, J = 8.4 Hz, 2H), 

7.28 (t, J = 7.2 Hz, 1H), 7.18 (d, J = 8.4 Hz, 2H), 6.96 (d, J = 9.0 Hz, 1H), 6.80 (br, 1H), 2.35 

(s, 3H). 13C{1H} NMR (101 MHz, CDCl3): δ 154.9, 147.9, 137.9, 137.5, 133.3, 130.0, 129.9, 

127.6, 126.7, 124.2, 123.1, 121.5, 111.4, 21.0. HRMS (ESI) m/z: calculated for C16H15N2
+ 

(M+H)+: 235.1235; found: 235.1246. 

6-methoxy-N-(p-tolyl)quinolin-2-amine (3.4d):7h  

 

Using 6-methoxyquinoline N-oxide, di-p-tolylcarbodiimide, and CPME (1 mL) in accordance 

with GP-II, the title compound was obtained through SiO2-gel column chromatography (EtOAc 

: petroleum ether, 3 : 17) as a white solid (240 mg, 91% yield from GP-II; 237 mg, 90% yield 

from GP-I). M. p. 113 – 114 °C. 1H NMR (400 MHz, CDCl3): δ 7.83 (d, J = 9.2 Hz, 1H), 7.69 

(d, J = 9.2 Hz, 1H), 7.38 (d, J = 8 Hz, 2H), 7.27 – 7.24 (m, 1H), 7.16 (d, J = 8 Hz, 2H), 6.99 – 

6.96 (m, 2H), 6.72 (brs, 1H), 3.89 (s, 3H), 2.35 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3): δ 

155.6, 153.5, 143.1, 137.8, 137.0, 132.9, 129.95, 127.9, 124.6, 121.6, 121.1, 111.7, 106.4, 55.7, 

21.0. 

6-chloro-N-(p-tolyl)quinolin-2-amine (3.4e):7h  

 

Using 6-chloroquinoline N-oxide with di(p-tolyl)carbodiimide in accordance with GP-I, the 

title compound was obtained through SiO2-gel column chromatography (EtOAc : petroleum 

ether, 3 : 17) as a white solid (225 mg, 84%). M. p. 109 – 111 °C. 1H NMR (600 MHz, CDCl3): 

δ 7.81 (d, J = 9.0 Hz, 1H), 7.68 (d, J = 9.0 Hz, 1H), 7.60 (d, J = 2.4 Hz, 1H), 7.50 (dd, J = 8.8, 

2.4 Hz, 1H), 7.41 (d, J = 8.4 Hz, 2H), 7.18 (d, J = 7.8 Hz, 2H), 6.95 (d, J = 8.4 Hz, 1H), 6.75 

(brs, 1H), 2.35 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3): δ 155.0, 146.3, 137.2, 136.9, 133.6, 

130.5, 130.0, 128.2, 128.2, 126.3, 124.7, 121.5, 112.4, 21.0. HRMS (ESI) m/z: [M+H]+ 

calculated for C16H14ClN2: 269.0846; found: 269.0856. 

N-(4-methoxyphenyl)quinolin-2-amine (3.4f):7e  

 

Using quinoline N-oxide, di-(4-methoxyphenyl)carbodiimide, and CPME (1 mL) in 

accordance with GP-II,  the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 3 : 17) as a light yellow solid (212 mg, 85% yield 

from GP-II; 187 mg, 75% yield from GP-I). M. p. 125 – 127 °C. 1H NMR (600 MHz, CDCl3) 

δ 7.87 (d, J = 9.0 Hz, 1H), 7.73 (d, J = 8.4 Hz, 1H), 7.62 (d, J = 7.8 Hz, 1H), 7.58 – 7.56 (m, 

1H), 7.42 – 7.40 (m, 2H), 7.28 – 7.26 (m, 1H), 6.94 – 6.92 (m, 2H), 6.87 (d, J = 9.0 Hz, 1H), 
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3.83 (s, 3H). 13C{1H} NMR (151 MHz, CDCl3): δ 156.6, 155.5, 147.7, 138.0, 132.9, 130.0, 

127.6, 126.3, 124.2, 124.0, 122.9, 114.7, 111.0, 55.7. 

N-(4-fluorophenyl)quinolin-2-amine (3.4g):6i  

 

Using quinoline N-oxide, di(4-fluorophenyl)carbodiimide, and CPME (1 mL) in accordance 

with GP-II, the title compound was obtained through SiO2-gel column chromatography (EtOAc 

: petroleum ether, 3 : 17) as a light yellow solid (202 mg, 85%). M. p. 101 – 103 °C. 1H NMR 

(600 MHz, CDCl3): δ 7.90 (d, J = 9.0 Hz, 1H), 7.76 (d, J = 8.4 Hz, 1H), 7.64 (d, J = 7.8 Hz, 

1H), 7.60 – 7.57 (m, 1H), 7.53 (dd, J = 8.8, 4.8 Hz, 2H), 7.30 (t, J = 7.2 Hz, 1H), 7.06 (t, J = 

9.0 Hz, 2H), 6.97 (brs, 1H), 6.87 (d, J = 9.0 Hz, 1H). 13C{1H} NMR (151 MHz, CDCl3): δ 

159.1 (d, J = 242.3 Hz), 154.7, 147.6, 138.0, 136.3 (d, J = 2.6 Hz), 130.0, 127.6, 126.7, 124.2, 

123.3, 122.8 (d, J = 7.8 Hz), 115.9 (d, J = 22.5 Hz), 111.6. 19F NMR (565 MHz, CDCl3): δ -

119.5. 

N-mesitylquinolin-2-amine (3.4h):  

 

Using quinoline N-oxide, dimesitylcarbodiimide, and CPME (1 mL) in accordance with GP-

II, the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 3 : 17) as a white solid (210 mg, 80%). M. p. 127 – 129 °C. 1H NMR (600 

MHz, CDCl3): δ 7.80 (d, J = 9.0 Hz, 1H), 7.69 – 7.65 (m, 1H), 7.60 (d, J = 8.4 Hz, 1H), 7.57 – 

7.54 (m, 1H), 7.24 (t, J = 7.2 Hz, 1H), 6.80 (br, 1H), 6.99 (s, 2H), 6.33 (d, J = 9 Hz, 1H), 2.34 

(s, 3H), 2.21 (s, 6H). 13C{1H} NMR (151 MHz, CDCl3): δ 156.9, 147.9, 138.4, 137.1, 137.0, 

133.4, 130.0, 129.4, 127.6, 125.7, 123.8, 122.4, 109.0, 21.1, 18.6. HRMS (ESI) m/z: [M+H]+ 

calculated for C18H19N2: 263.1543; found: 263.1550. 

N-mesityl-6-methoxyquinolin-2-amine (3.4i):  

 

Using 6-methoxyquinoline N-oxide with dimesitylcarbodiimide in accordance with GP-I, the 

title compound was obtained through SiO2-gel column chromatography (EtOAc : petroleum 

ether, 3 : 17) as a white solid (248 mg, 85%). M. p. 162 – 164 °C. 1H NMR (600 MHz, CDCl3): 

δ 7.73 (d, J = 8.4 Hz, 1H), 7.60 (d, J = 9.0 Hz, 1H), 7.24 (dd, J = 9.0, 2.4 Hz, 1H), 7.02 – 6.91 

(m, 3H), 6.43 (brs, 1H), 6.31 (d, J = 8.4 Hz, 1H), 3.87 (s, 3H), 2.33 (s, 3H), 2.21 (s, 6H). 
13C{1H} NMR (101 MHz, CDCl3): δ 155.7, 155.0, 143.7, 137.3, 137.1, 136.8, 133.8, 129.4, 

127.3, 124.1, 121.6, 109.2, 106.4, 55.7, 21.1, 18.6. HRMS (ESI) m/z: [M+H]+ calculated for 

C19H21N2O: 293.1654; found: 293.1654. 

N-(2,6-diisopropylphenyl)-6-methoxyquinolin-2-amine (3.4j):  
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Using 6-methoxyquinoline N-oxide with bis(2,6-diisopropylphenyl)carbodiimide in 

accordance with GP-I, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 3 : 17) as a white solid (281 mg, 84%). M. p. 192 

– 194 °C. 1H NMR (600 MHz, CDCl3): δ 7.72 (d, J = 8.9 Hz, 1H), 7.58 (d, J = 9.1 Hz, 1H), 

7.37 – 7.35 (m, 1H), 7.29 – 7.21 (m, 3H), 6.96 (d, J = 2.8 Hz, 1H), 6.60 (brs, 1H), 6.29 (d, J = 

8.9 Hz, 1H), 3.87 (s, 3H), 3.27 (sept, J = 6.8 Hz, 2H), 1.13 (d, J = 6.2 Hz, 12H). 13C{1H} NMR 

(101 MHz, CDCl3): δ 156.7, 155.0, 148.3, 143.6, 137.2, 133.4, 128.3, 127.3, 124.2, 124.1, 

121.7, 109.2, 106.5, 55.7, 28.7, 28.5. HRMS (ESI) m/z: [M+H]+ calculated for C22H27N2O: 

335.2123; found: 335.2143. 

6-methoxy-N-(naphthalen-1-yl)quinolin-2-amine (3.4k):  

 

Using 6-methoxyquinoline N-oxide (1 mmol) with dinaphthylcarbodiimide (0.5 mmol) in 

accordance with GP-I, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 3 : 17) as a light yellow solid (231 mg, 77%). M. 

p. 182 – 184 °C. 1H NMR (400 MHz, CDCl3): δ 8.14 – 8.07 (m, 1H), 7.93 – 7.88 (m, 1H), 7.80 

(d, J = 8.8 Hz, 1H), 7.72 (t, J = 9.4 Hz, 2H), 7.67 (dd, J = 7.2, 1.2 Hz, 1H), 7.57 – 7.45 (m, 

3H), 7.29 (dd, J = 9.2, 3.2 Hz, 1H), 7.00 (d, J = 2.8 Hz, 1H), 6.88 (d, J = 8.8 Hz, 1H), 3.89 (s, 

3H). 13C{1H} NMR (101 MHz, CDCl3): δ 155.7, 154.9, 143.4, 137.1, 136.1, 134.8, 129.3, 

128.7, 127.8, 126.5, 126.4, 126.0, 125.5, 124.8, 122.3, 121.8, 120.4, 111.3, 106.4, 55.7. HRMS 

(ESI) m/z: [M+H]+ calculated for C20H17N2O: 301.1336; found 301.1349. 

5-nitro-N-(p-tolyl)isoquinolin-1-amine (3.5a):  

 

Using 5-nitroisoquinoline N-oxide with di(p-tolyl)carbodiimide and CPME (1 mL) in 

accordance with GP-II, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 3 : 17) as a brown solid (218 mg, 78%). M. p. 157 

– 158 °C. 1H NMR (600 MHz, CDCl3): δ 8.40 (d, J = 7.8 Hz, 1H), 8.26 (dd, J = 12, 8.4 Hz, 

2H), 7.78 (d, J = 6.0 Hz, 1H), 7.61 (t, J = 7.8 Hz, 1H), 7.47 (d, J = 8.4 Hz, 2H), 7.20 (d, J = 8.4 

Hz, 2H), 2.36 (s, 3H). 13C{1H} NMR (151 MHz, CDCl3): δ 153.2, 145.9, 145.4, 137.0, 133.8, 

130.5, 129.8, 128.2, 127.6, 124.7, 121.7, 119.8, 107.5, 21.1. HRMS (ESI) m/z: [M+H]+ 

calculated for C16H14N3O2: 280.1081; found: 280.1110. 

N-(4-methoxyphenyl)-1,5-naphthyridin-2-amine (3.5b):  
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Using 1,5-naphthyridine 1-oxide with di(4-methoxyphenyl) carbodiimide in accordance with 

GP-I, the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 3 : 17) as a yellow solid (196 mg, 78%). M. p. 174 – 176 °C. 1H NMR (600 

MHz, CDCl3): δ 8.66 (d, J = 4.2, 1H), 8.08 (d, J = 9.2 Hz, 1H), 8.01 (d, J = 8.4 Hz, 1H), 7.49 

– 7.45 (m, 3H), 7.07 (d, J = 9.2 Hz, 1H), 6.94 (m, J = 9.0 Hz, 2H), 6.81 (brs, 1H), 3.84 (s, 3H). 
13C{1H} NMR (151 MHz, CDCl3): δ 156.8, 155.5, 146.8, 143.6, 141.1, 138.9, 134.2, 132.5, 

124.6, 124.2, 114.7, 55.7. HRMS (ESI) m/z: [M+H]+ calculated for C15H14N3O: 252.1132; 

found: 252.1133. 

N-(4-methoxyphenyl)benzo[h]quinolin-2-amine (3.5c):  

 

Using benzo[h]quinoline N-oxide with di(4-methoxyphenyl)carbodiimide in accordance with 

GP-I, the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 3 : 17) as a light yellow liquid (264 mg, 88%). 1H NMR (400 MHz, CDCl3): 

δ 9.19 – 9.11 (m, 1H), 7.92 (d, J = 8.8 Hz, 1H), 7.89 – 7.85 (m, 1H), 7.70 – 7.62 (m, 2H), 7.61 

– 7.52 (m, 4H), 7.00 – 6.90 (m, 2H), 6.91 (d, J = 8.8 Hz, 1H), 6.75 (brs, 1H), 3.85 (s, 3H). 
13C{1H} NMR (151 MHz, CDCl3): δ 156.0, 155.0, 145.8, 137.8, 134.3, 133.4, 130.6, 127.8, 

127.7, 126.2, 125.3, 124.5, 123.5, 123.2, 120.7, 114.6, 110.1, 55.7. HRMS (ESI) m/z: [M+H]+ 

calculated for C20H17N2O: 301.1336; found: 301.1336. 

N-(4-methoxyphenyl)-6-phenylpyridin-2-amine (3.5d):25  

 

Using 2-phenylpyridine N-oxide with di(4-methoxyphenyl)carbodiimide in accordance with 

GP-I, the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 3 : 17) as a colorless oil (230 mg, 83%). 1H NMR (600 MHz, CDCl3): δ 7.98 

(d, J = 7.2 Hz, 2H), 7.52 (t, J = 7.8 Hz, 1H), 7.46 (t, J = 7.2 Hz, 2H), 7.40 (t, J = 7.2 Hz, 1H), 

7.31 (d, J = 9.0 Hz, 2H), 7.14 (d, J = 7.2 Hz, 1H), 6.92 (d, J = 9.0 Hz, 2H), 6.64 (d, J = 8.4 Hz, 

1H), 6.56 (brs, 1H), 3.82 (s, 3H). 13C{1H} NMR (151 MHz, CDCl3): δ 157.0, 156.3, 156.2, 

139.7, 138.5, 133.6, 128.8, 128.7, 126.9, 123.9, 114.7, 111.3, 105.9, 55.7.  

N-(4-methoxyphenyl)-[2,2'-bipyridin]-6-amine (3.5e):12c  

 

Using 2,2ʹ-bipyridine N-oxide with di(4-methoxyphenyl) carbodiimide in accordance with GP-

I, the title compound was obtained through SiO2-gel column chromatography (EtOAc : 

petroleum ether, 3 : 17) as a light yellow liquid (216 mg, 78%). 1H NMR (400 MHz, CDCl3): 

δ 8.68 – 8.66 (m, 1H), 8.30 (d, J = 8.0 Hz, 1H), 7.82 – 7.76 (m, 2H), 7.59 (t, J = 8.0 Hz, 1H), 
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7.34-7.26 (m, 3H), 6.94 – 6.90 (m, 2H), 6.71 (d, J = 8.4 Hz, 1H), 6.54 (brs, 1H), 3.83 (s, 3H). 
13C{1H} NMR (151 MHz, CDCl3): δ 156.7, 156.5, 156.2, 154.7, 149.2, 138.7, 136.9, 133.5, 

123.8, 123.6, 121.1, 114.7, 112.0, 107.9, 55.7. 

N-cyclohexyl-6-methoxy-4-((1R)-methoxy((1S,4S)-5-vinylquinuclidin-2-yl)methyl) 

quinolin-2-amine (3.2u):  

 

Using 6-methoxy-4-((1R)-methoxy((1S,4S)-5-vinylquinuclidin-2-yl)methyl)quinoline 1-oxide 

(0.5 mmol) with dicyclohexylcarbodiimide (0.25 mmol) in accordance with GP-I, the title 

compound was obtained by using SiO2-gel column chromatography (EtOAc : petroleum ether, 

1 : 4) as a light yellow oil (185 mg, 85%). 1H NMR (400 MHz, CDCl3): δ 7.64 (d, J = 9.2 Hz, 

1H), 7.36 (d, J = 2.4 Hz, 1H), 7.22 (dd, J = 8.8, 2.4 Hz, 1H), 6.75 (s, 1H), 5.70 (brs, 1H), 5.67 

– 5.59 (m, 1H), 5.05 – 5.04 (m, 1H), 5.01 (brs, 1H), 3.98 (s, 3H), 3.93 – 3.80  (m, 1H), 3.43 (s, 

3H), 3.39 – 3.36 (m, 1H), 3.28 – 3.23 (m, 1H), 3.09 – 3.05 (m, 1H), 2.99 – 2.96 (m, 1H), 2.59 

(br, 1H), 2.07 – 2.05 (m, 3H), 2.0 – 1.98 (m, 3H), 1.81 –1.77 (m, 3H), 1.67 – 1.64 (m, 1H), 

1.53 – 1.49 (m, 1H), 1.46 –1.39 (m, 2H), 1.36 – 1.29 (m, 2H), 1.27 – 1.24 (m, 2H). 13C{1H} 

NMR (101 MHz, CDCl3): δ 178.2, 155.9, 154.2, 142.1, 138.6, 126.6, 122.3, 120.9, 116.8, 

107.7, 102.5, 59.5, 57.3, 56.9, 55.0, 50.5, 43.5, 38.0, 34.1, 33.5, 33.4, 27.4, 25.8, 25.4, 25.0, 

24.9, 23.4, 19.5. HRMS (ESI) m/z: [M+H]+ calculated for C27H38N3O2: 436.2964; found: 

436.2964. 

7-chloro-N-cyclohexyl-4-((2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-

yl)oxy) quinolin-2-amine (3.2v):  

 

Using 7-chloro-4-((2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl)oxy) 

quinoline 1-oxide (0.5 mmol) with dicyclohexylcarbodiimide (0.25 mmol) in accordance with 

GP-I, the title compound was obtained by using SiO2-gel column chromatography (EtOAc : 

petroleum ether, 1 : 4) as a yellow oil (282 mg, 82%). 1H NMR (600 MHz, CDCl3): δ 8.09 (d, 

J = 8.4 Hz, 1H), 7.64 (d, J = 1.8 Hz, 1H), 7.17 (dd, J = 8.4, 1.8 Hz, 1H), 5.35 (d, J = 9.4 Hz, 

1H), 3.74 (s, 1H), 2.63 (m, 2H), 2.14 (s, 3H), 2.00 (s, 3H), 1.96 (s, 3H), 1.87 – 1.82 (m, 2H), 

1.71 – 1.67 (m, 3H), 1.64 – 1.60 (m, 7H), 1.53 – 1.51 (m, 2H), 1.31 (brs, 3H), 1.25 (brs, 10H), 

1.15 – 1.12 (m, 5H), 1.08 – 1.06 (m, 4H), 0.88 – 0.84 (m, 12H). 13C{1H} NMR (151 MHz, 

CDCl3): δ 161.8, 158.3, 149.4, 142.6, 136.0, 129.9, 127.8, 125.9, 123.8, 123.7, 123.2, 122.0, 

118.2, 115.7, 91.8, 75.4, 49.8, 40.8, 39.5, 37.6, 37.5, 37.4, 33.4, 32.9, 32.1, 29.9, 29.5, 28.1, 

25.9, 25.0, 24.9, 24.6, 23.4, 22.9, 22.8, 21.2, 20.8, 20.8, 19.9, 19.8, 19.8, 14.3, 12.9, 12.0. 

HRMS (ESI) m/z: [M+H]+ calculated for C44H65ClN2O2: 689.4808; found: 689.4837. 

N-(2-(1H-indol-3-yl)ethyl)quinolin-2-amine (3.2w):  
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Using quinoline N-oxide with tryptamine isothiocyanate in accordance with GP-I, the title 

compound was obtained through SiO2-gel column chromatography (EtOAc : petroleum ether, 

3 : 17) as a brown oil (210 mg, 73%). 1H NMR (600 MHz, CDCl3) δ 8.29 (s, 1H), 7.78 (d, J = 

8.4 Hz, 1H), 7.72-7.67 (m, 2H), 7.58 (d, J = 7.8 Hz, 1H), 7.54-7.52 (m, 1H), 7.37 (d, J = 8.4 

Hz, 1H), 7.21 (t, J = 7.8 Hz, 2H), 7.16-7.13 (m, 1H), 7.05 (s, 1H), 6.56 (d, J = 8.4 Hz, 1H), 

4.95 (s, 1H), 3.85 (m, 2H), 3.15 (t, J = 6.6 Hz, 2H). 13C{1H} NMR (151 MHz, CDCl3): δ 157.0, 

148.1, 137.4, 136.6, 129.7, 127.6, 127.6, 126.1, 123.5, 122.3, 122.3, 122.1, 119.5, 119.0, 113.4, 

111.6, 111.4, 42.0, 25.5. HRMS (ESI) m/z: [M+H]+ calculated for C19H18N3: 288.1496; found: 

288.1531. 

3.8.8. Experimental procedure for synthesis of 3.11 (scheme 3.13):  

Conc. sulphuric acid (0.3 mL) was added to the 2-alkylamino quinoline (1 mmol, 1 equiv) 

containing 50 mL round-bottom flask equipped with a magnetic bar. The reaction mixture was 

stirred under air at 50 °C for 24 hours. After the starting material was completely consumed as 

confirmed by TLC, the mixture was neutralized using aq. NaOH solution, the desired product 

has precipitated out from the reaction mixture. The collected residue was dissolved in CH2Cl2 

and the organic layer was separated in separating funnel and dried over anhydrous Na2SO4. All 

the volatile was removed under reduced pressure and the crude compound was purified through 

column chromatography (neutral alumina) using ethyl acetate: petroleum ether (1:1) as eluent 

to obtain the pure product as white solid 3.11 (118 mg, 82% isolated yield from 3.2a; 130 mg, 

90% isolated yield from 3.2s).  

2-Aminoquinoline (3.11):7a 1H NMR (600 MHz, CDCl3): δ 7.89 (d, J = 8.4 Hz, 1H), 7.68 (d, 

J = 8.4 Hz, 1H), 7.62 (d, J = 7.8 Hz, 1H), 7.57 (t, J = 7.4 Hz, 1H), 7.29 – 7.26 (m, 1H), 6.72 

(d, J = 8.8 Hz, 1H), 5.33 (br, 2H). 13C{1H} NMR (151 MHz, CDCl3): δ 157.0, 146.5, 138.8, 

130.3, 127.7, 125.1, 123.4, 123.1, 112.1. HRMS (ESI) m/z: [M+H]+ calculated for C9H9N2: 

145.0761; found: 145.0761. 

3.8.9. Experimental procedure for synthesis of 3.13 (scheme 3.14):15  

In an oven-dried sealed tube, 3.4d (80 mg, 0.3 mmol, 1 equiv), diphenyl acetylene (81 mg, 0.45 

mmol, 1.5 equiv), Pd(MeCN)2Cl2 (4 mg, 0.015 mmol, 4 mol%) and anhydrous CuCl2 (85 mg, 

0.63 mmol, 2.1 equiv) were added followed by dry DMF (2 mL). The reaction mixture was 

stirred at 110 °C for 12 hours under N2 environment. After completion of the reaction as 

confirmed by TLC, the reaction was quenched with ice-water and extracted with ethyl acetate 

(10 mL × 2). The combined organic layer was dried over anhydrous Na2SO4 and evaporated 

under reduced pressure. The reaction mixture was purified by silica-gel column 

chromatography (EtOAc: petroleum ether = 1:4) to get the pure product 3.13 as yellow solid 

(68% yield, 90 mg). 

6-methoxy-2-(5-methyl-2,3-diphenyl-1H-indol-1-yl)quinoline (3.13):7h 1H NMR (400 

MHz, CDCl3): δ 8.05 (d, J = 9.2 Hz, 1H), 7.84 (d, J = 8.4 Hz, 1H), 7.75 (d, J = 8.0 Hz, 1H), 

7.52 (brs, 1H), 7.43 (dd, J = 9.2, 2.4 Hz, 1H), 7.37 – 7.32 (m, 4H), 7.28 – 7.24 (m, 1H), 7.19 – 

7.09 (m, 6H), 7.06 (d, J = 2.8 Hz, 1H), 6.78 (d, J = 8.4 Hz, 1H), 3.94 (s, 3H), 2.46 (s, 3H). 
13C{1H} NMR (151 MHz, CDCl3): δ 158.1, 149.4, 143.2, 136.3, 136.1, 135.8, 135.0, 132.1, 

131.1, 130.5, 130.5, 128.8, 128.4, 128.2, 127.5, 126.3, 125.1, 122.7, 120.9, 119.3, 118.2, 111.8, 
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105.4, 55.8, 21.7. HRMS (ESI) m/z: [M+H]+ calculated for C31H25N2O: 441.1962; found: 

441.1973. 

3.8.10. Computational studies 

All calculations were performed using the Gaussian-16 program package26 in the gas phase. 

Full geometry optimizations were carried out using Kohn-Sham hybrid-DFT B3LYP27 level of 

theory and 6-311++G (d,p) basis set. Frequency calculations at the same method and basis set 

were performed to distinguish transition state structures (one imaginary frequency) and minima 

structures (no imaginary frequency) on the potential energy surface. The transition states were 

verified by the intrinsic reaction coordinate (IRC) calculations, wherever necessary.28 Free 

energies were calculated by using frequency calculations at 130 °C to match the experimental 

conditions.  

Table 3.7. Free Energies (G) and Total Energies (E) given in Hartree along with the number 

of imaginary frequenciesa 

Species Free energy (G) Total energy (E) # Imaginary 

Frequency 

(NImag) 

1st step: 1a + 2a → 3aa + 2a'   

1a+2a -861.744421 -862.0004653 0 

TS1A -861.679478 -861.9474819 1 

I-1A -861.717711 -861.9897954 0 

TS2A -861.679845 -861.9490000 1 

I-2A -861.733587 -862.0074531 0 

3aa+2aʹ -861.849591 -862.1019336 0 

1st step: 1a + 4b → 5ab + 4b'   

1a + 4b -1166.637745 -1166.9241288 0 

TS1B -1166.583098 -1166.8843556 1 

I-1B -1166.606604 -1166.9102129 0 

TS2B -1166.588550 -1166.8900125 1 

I-2B -1166.629753 -1166.9324441 0 

5ab + 4b' -1166.734711 -1167.0208551 0 

2nd step: 1a + 2a' → 3aa + CO2   

1a + 2a' -763.766744 -763.9383098 0 

TS3A -763.708300 -763.8924805 1 

I-3A -763.735042 -763.9232523 0 

TS4A -763.697022 -763.8811722 1 

I-4A -763.757324 -763.9455762 0 

3aa + CO2 -763.869308 -764.0373900 0 

2nd step: 1a + 4b' → 5ab + CO2   

1a + 4b' -916.211660 -916.3983910 0 

TS3B -916.157748 -916.3585894 1 

I-3B -916.178027 -916.3814688 0 

TS4B -916.143789 -916.3423302 1 

I-4B -916.201999 -916.4060290 0 

5ab + CO2 -916.310262 -916.4968452 0 
a(G) is calculated at 130 °C to meet the experimental conditions. All the figures were generated using (G) 

values. All the transition states have one NImag and all the reactants, intermediates and products have zero 

NImag. All the calculations were performed at B3LYP level of DFT. 
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Chapter-4 

Copper-Catalyzed Oxidative Dehydrogenative Reaction of Quinoline-N-Oxides with 

Donor–Acceptor Cyclopropanes: Facile Installation of Tertiary Alkyl Motif at C2 

Position 

4.1. Introduction 

Among different functionalised quinoline-based compounds, C2-alkylated quinolines are of 

utmost interest in medicinal chemistry due to their excellent therapeutic potential.1 For 

example, pitavastatin (I) is a new generation statin drug used for prevention of cardiovascular 

disease by lowering cholesterol level in blood.1f Primaquine analogue drug II is used for its 

improved anti-malarial property.1g Similarly, C2-alkylated quinoline-based drugs are also used 

for their antileishmanial, antidiabetic, antioxidant and antibacterial properties, among others.1 

Besides these, other C2-alkylated N-heteroarene based drugs such as rosuvastatin (VI), another 

statin drug used for treatment of high-risk cardiovascular disease, are also in high demand for 

their medicinal applications (figure 4.1).2 Therefore, considerable efforts have been made for 

the efficient synthesis of such C2-alkylated azine derivatives.  

 

Figure 4.1: representative examples of C2-alkylated N-heteroarene compounds 

Over the past few decades, several methods have been developed for the synthesis of C2-

alkylated quinolines using either prefunctionalised or non-functionalised precursors.3 Martin 

and Taylor in 1974 described the C2-alkylation of 2-chloroquinoline with Wittig reagent.3c 

Similarly, alkyl lithium, Grignard reagents etc. were also explored with 2-haloheteroarene for 

C2-alkylation. Thorsett and Stermitz observed that when Grignard reagent containing β-

hydrogen was used, corresponding alkene product due to β-hydride elimination was formed 

along with reduction of 2-chloroquinoline to quinoline.3d In addition, most approaches focus 

primarily on the introduction of primary alkyl groups4 and secondary alkyl groups.5 In contrast, 

the scope and diversity of the tertiary alkyl motif are limited, whereas, tertiary alkyl-substituted 

quinoline derivatives are of important physicochemical values.6 Patel and co-workers reported 

in 1987 the introduction of tert-butyl group to 2-haloquinoline using a 2:1 mixture of Grignard 
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reagent and Cu(I) salt where they found that the common occurrence of β-hydride elimination 

in such reactions was dormant in their protocol.6a  

 

Scheme 4.1: C2-alkylation of 2-haloquinolines using Grignard reagent/Cu(I) salt 

Along with the conventional nucleophilic reactions, photoredox- or Minisci-type C-H 

alkylation of N-heteroarenes (or N-oxides) have also been documented.7 These reactions are 

believed to proceed via the in-situ formation of carbon-based radical species. A wide variety 

of radical precursors have been employed for this transformation, such as a simple alkane,7a 

alkene,7b alkyl-halides,7c alkyltrifloroborate,7d xanthate,7e oxalate,7f alcohol,7g carboxylic 

acid,7h and acid chloride.7i However, most of these studies are limited to the insertion of 

adamantyl or tert-butyl groups as tertiary alkyl motifs into N-heteroarenes. Baran et al., in 

2017, demonstrated the reductive Minisci alkylation of quinolines using 1-methylcyclohexene 

as the donor olefin, resulting in the generation of 3⁰-alkyl group at C2-position of quinolines.7b 

The presence of Lewis acidic BF3∙Et2O was necessary to activate the heteroaromatic substrate. 

As discussed in the chapter 1, the reductive radical generation pathway eliminates the need of 

an external oxidant. Although the protocol was very elegant, but the yields were low, which 

was attributed to the reduction of the heteroarenes as well as the alkenes. They also faced the 

problem of regioisomeric mixtures, which could be approached by performing the reaction 

with the corresponding N-oxides.  

 

Scheme 4.2: reductive Minisci alkylation of quinolines/quinoline N-oxides 

In 2019, Overmann and group demonstrated the use of tert-alkyl oxalate as precursor for 3°-

alkyl radicals under photoredox conditions. Interestingly, this reaction also worked under 

thermal condition without the catalyst as the oxidant (NH4)2S2O8 was sufficient to generate the 

radicals under those conditions. They found computationally that the addition of tert-alkyl 

radical to protonated lepidine was an endothermic reversible process which, according to them, 

might be the reason these radicals were left unexplored. When quinoline was subjected to the 

reaction conditions, it gave mixture of C2/C4-substituted isomers referring to the lack of 

regioselectivity.7f  

 

Scheme 4.3: photoredox Minisci alkylation of quinolines using tert-alkyl oxalate 

TH-2963_166122031



127 | P a g e  
 
 

 

Though this radical-based approach is promising, developing more practical methods without 

the use of expensive photocatalyst, special-light sources, or chemical oxidant-free conditions 

is highly desirable. Moreover, selectivity (C2 vs. C4 position) remains one of the difficult 

challenges in the Minisci chemistry,7 where mixture of regioisomers is often obtained if either 

of the positions is not blocked.  

In addition to these approaches, one more protocol is the cross-dehydrogenative coupling of 

azines or azine N-oxides involving direct cleavage of C-H bonds and concomitant 

functionalization to form C-C bonds rendering a step- and atom-economical process. In 2013, 

Wu et al. reported Pd-catalysed C2 alkylation of quinoline N-oxide by cross-dehydrogenative 

coupling with saturated heterocycles although it included only one example of tertiary carbon 

substitution.5d In the same year, Antonchick et al. described oxidative coupling of quinoline 

with alkanes which involved broader substrate scope considering generation of quaternary 

carbon center.7a  

 

Scheme 4.4: hypervalent iodine-mediated cross-coupling reaction of quinoline with alkane 

But along with being a waste-effective way, this approach has inherent challenges to overcome. 

Although reported as dehydrogentaive coupling, hydrogen gas is not usually the by-product in 

such reactions which is difficult from thermodynamic point of view. So, these processes require 

stoichiometric amount of an oxidant as an external driving force.8 Again, in reactions involving 

azine N-oxides, sometimes, the product retains the N-O moiety which require additional steps 

to give the desired azine derivative.9 Therefore, it is deemed desirable to develop selective 

alkylated heteroaromatic compounds in an environmentally benign manner by using an 

inexpensive and easily accessible catalyst. 

4.2. Present work 

Owing to the 1,3-zwitterion equivalent10 nature of the donor–acceptor (D–A) cyclopropanes, 

and the presence of ring strain (27.5 kcal mol-1) and vicinal substitution of D–A groups,11 I 

envisaged that D–A cyclopropanes might react with heteroaromatic N-oxides via (3+3)-

cycloaddition to form the corresponding cycloadducts.12,13 Subsequent aromatization could 

lead to selective C-alkylated heteroaromatic compounds. In the course of our studies on 

selective C-H functionalization of heteroaromatic N-oxides, herein, I report copper-catalyzed 

C2-selective tertiary alkylation of fused heteroaromatic N-oxides with donor–acceptor 

cyclopropanes (D-A cyclopropanes) under aerobic conditions (scheme 4.5). The catalytic 

protocol provides a quaternary carbon center at the C2 position of the heteroaromatic moiety 

and forms an unprecedented biologically important motif called γ-keto diester,14 which further 

shows the usefulness of the present method. Notably, the reaction offers an efficient 

construction of Csp
3(cyclopropane)-Csp

2(heteroarene) bonds via oxidative dehydrogenative 

reaction without the need of any external chemical oxidant or additives. 
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Scheme 4.5: Cu(OTf)2-catalysed C2-alkylation of quinoline N-oxide with D-A cyclopropanes 

4.3. Results and discussion 

4.3.1. Optimisation of reaction conditions 

The above hypothesis was initially executed by the reaction of quinoline N-oxide (2.2a, 1 

equiv) and dimethyl 2-(p-tolyl) cyclopropane-1,1-dicarboxylate (4.1b, 1 equiv) in dry 

acetonitrile with 10 mol% of Cu(OTf)2 for 48 h under argon atmosphere at 90 °C. Surprisingly, 

unusual oxidized γ-keto diester product 4.2a was obtained, albeit in only an 18% yield (table 

1, entry 1). Compound 4.2a was unambiguously confirmed by X-ray diffraction analysis 

(figure 4.2). Under the same reaction condition with the 2 equiv of N-oxide 2.2a, the yield of 

the desired product 4.2a slightly improved to 31% (entry 3).  Interestingly, when the reaction 

was carried out under air, product 4.2a was obtained in 51% yield (entry 4). The yield of 4.2a 

substantially enhanced to 81% when the reaction was carried out under oxygen atmosphere 

(entry 5). Decreasing the catalyst loading or the reaction time only resulted in the incomplete 

conversion of 4.1b, thereby, producing lower yields of 4.2a (entry 6-7). For further 

optimization, the reaction has been analyzed by utilizing a series of other Lewis acid catalysts 

(entry 8-14), where it was found that Cu(OTf)2  gave the best results. Next, various solvents 

were investigated where acetonitrile was found to be the appropriate solvent for the present 

protocol (entry 15-18). Therefore, I fixed the optimized reaction conditions as 2.2a (2 equiv), 

4.1b (1 equiv), Cu(OTf)2 (10 mol%), 90 °C for 48 h under oxygen atmosphere in acetonitrile 

(2 mL). 

Table 4.1. Optimisation of reaction conditionsa 

 

Entry 1a 

(equiv) 

catalyst 

(10 mol%) 

environment solvent yield (%) 

1 1 Cu(OTf)
2
 Ar CH3CN 18 

2 1.5 Cu(OTf)
2
 Ar CH3CN 25 

3 2 Cu(OTf)
2
 Ar CH3CN 31 

4 2 Cu(OTf)
2
 air CH3CN 51 

5 2 Cu(OTf)
2
 O2

 CH3CN 81 

6b 2 Cu(OTf)
2
 O2 CH3CN 55 

7c 2 Cu(OTf)
2
 O2 CH3CN 49 

8 2 Cu(OAc)
2
 O2 CH3CN n.d. 

9 2 CuI O2 CH3CN n.d. 

10 2 MgBr2 O2 CH3CN n.d. 

11 2 FeCl3 O2 CH3CN trace 

12 2 Ca(OTf)2 O2 CH3CN n.d. 

13 2 Bi(OTf)3 O2 CH3CN n.d. 

14 2 BF3•OEt2 O2 CH3CN n.d. 
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15 2 Cu(OTf)2 O2 THF 47 

16 2 Cu(OTf)2 O2 DCE 58 

17 2 Cu(OTf)2 O2 DMSO 40 

18 2 Cu(OTf)2 O2 Toluene 32 
 

aReaction conditions: 2.2a (x mmol), 4.2b (0.4 mmol), catalyst (10 mol%) in solvent (2 mL) at 

90 oC for 48 h (under Ar, air, O2), isolated yield. bcatalyst (5 mol%) was used. cThe reaction 

was examined after 24 h. 

4.3.2. Substrate scope with different quinoline N-oxides 

With the optimized conditions in hand, the substrate scope of this reaction was investigated by 

employing a variety of substituted quinoline N-oxides with cyclopropane 4.1b as the standard 

substrate (table 4.2). Quinoline N-oxides with a wide range of functional groups having both 

electron-donating (e.g. −Me, −OMe) and electron-withdrawing (e.g. −Cl, −Br, −CN, and 

−C≡CPh) groups as substituents were efficiently reacted to obtain the desired products with 

moderate to good yields (61-85%). The N-oxides containing electron-withdrawing substituents 

such as 2.2d and 2.2s gave slightly higher yields of the corresponding products than the 

electron-donating substituent containing N-oxides 2.2b-c, 2.2t. Interestingly, substrates having 

substituents near the cycloaddition site of N-oxide such as C3 substituted N-oxides 2.2i-n and 

C8 substituted N-oxides 2.2p-q reacted efficiently with 4.1b leading to the desired C2-

alkylated products in 61-78% yield. The present reaction condition tolerated the halogen 

functional groups, which can be beneficial for further functionalization. It is worth noting that  

Table 4.2. substrate scope for C2-alkylation of different quinoline N-oxidesa 
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aReaction conditions: 2.2 (0.8 mmol), 4.1b (0.4 mmol), Cu(OTf)2 (0.04 mmol) in CH3CN (2 

mL) at 90 oC for 48 h under 1 atm. of oxygen (oxygen balloon), isolated yield. bGram-scale 

reaction. 

in the case of the substrate 4,7-dichloroquinoline N-oxide 2.2s, though C4 substituent chloro 

group is susceptible to nucleophilic attack, the C2-alkylated product 4.2k was obtained solely 

in 84% yield, indicating impressive selectivity of our present protocol. 

4.3.3. Substrate scope with other N-heterocyclic N-oxides 

Table 4.3. substrate scope for C2-alkylation of different other N-heteroarene N-oxidesa 

 

aReaction conditions: 2.5 (0.8 mmol), 4.1b (0.4 mmol), Cu(OTf)2 (0.04 mmol) in CH3CN (2 

mL) at 90 oC for 48 h under 1 atm. of oxygen (oxygen balloon), isolated yield. bGram-scale 

reaction. 

Table 4.4. failed substrates for C2-alkylation of different other N-heteroarene N-oxidesa 

 

To our delight, the method was successfully extended to other N-heteroaromatic scaffolds such 

as isoquinoline N-oxides 2.4a-b and benzo[h]quinoline- N-oxides (2.4d), giving the 

corresponding products 4.3a-c in good yields (table 4.3). However, I failed to obtain the 

alkylated product 4.3d by the reaction of acridine N-oxide and 4.1b. This example indirectly 

suggests that 1,3-dipolar cycloaddition site of N-oxide is necessary for the success of such 

transformation. Moreover, pyridine N-oxides derivatives also did not give desired C2-alkylated 

products (4.3e, 4.3f) (table 4.4). 

4.3.4. Substrate scope with different D-A cyclopropanes 

Next, the scope of the reaction was expanded for the synthesis of C2-alkylated quinoline 

derivatives by using a series of cyclopropanes 4.1a, 4.1c-k with quinoline N-oxide 2.2a as the 

standard substrate (table 4.5).  

Table 4.5. substrate scope for C2-alkylation with different D-A cyclopropanesa 
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aReaction conditions: 2.2a-b (0.8 mmol), 4.1 (0.4 mmol), Cu(OTf)2 (0.04 mmol) in CH3CN (2 

mL) at 90 oC for 48 h under 1 atm. of oxygen (oxygen balloon), isolated yield. 

Cyclopropanes bearing 4-methoxy (4.1c), and 4-chloro (4.1d) substituents at the aryl ring 

afforded the target product 4.4b and 4.4c in 78% and 51% yields, respectively. Similarly, 

cyclopropane (4.1e) having a 3-bromo congener gave 4.4d in 54% yield. This suggests that 

electron-donating group substituted aryl moiety on the cyclopropane affords a better outcome 

for the reaction compared to electron-withdrawing group substituted aryl moiety. Substrates 

containing polysubstituted aromatic ring in the cyclopropane derivative such as 3,4-dimethoxy 

(4.1f)-, 2,4-dimethoxy (4.1g)-, and 3,4,5-trimethoxy (4.1h) afforded the products 4.4e-g in 71-

77% yields.  In contrast, the 2-(methoxymethyl)phenyl cyclopropane derivative  4.1i was 

incompatible with this method, probably due to the bulkiness of the methoxymethyl group. 

Interestingly, furan-bearing cyclopropane 4.1j successfully participated in the reaction to 

provide the desired product 4.4i in 78% yield. Besides this, other 1,1-diester variants of D−A 

cyclopropanes, such as 4.1k and 4.1l, reacted smoothly to produce the desired product 4.4j and 

4.4k in good yields. 

4.3.5. Crystal structures of compounds 4.2a and 4.2d  
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Figure 4.2. ORTEP Structure of 4.2a (a) and 4.2d (b) (thermal ellipsoids are drawn with 50% 

probability level). 

4.3.6. Gram scale synthesis 

To check the applicability of the protocol in large-scale, I have carried out the C2-alkylation of 

N-oxide 2.2a with 4.1b in gram scale, when the desired product 4.2a was formed in 70% yield 

(scheme 4.6). Along with 4.2a, small amount of styrylmalonate 4.5 was also formed.  

 

Scheme 4.6: Cu(OTf)2-catalysed C2-alkylation of quinoline N-oxide with 4.1b in gram-scale 

4.3.7. Mechanistic investigations 

To get insight into the reaction pathway, a few control experiments were performed. The 

reaction of quinoline 2.1q and cyclopropane 4.1b under standard conditions gave no desired 

product, suggesting the important role of N-O group in this transformation (scheme 4.7a). 

When N-oxide 2.2q was treated with 4.1b at 50 °C for 24 hours under oxygen-free conditions, 

intermediate 4.6 was isolated in 31% yield along with product 4.2j (12%) (scheme 4.7b). The 

NMR and ESI-MS spectroscopic data suggested that the species 4.6 is a (3+3)-cycloadduct. 

Compound 4.6 could be converted entirely into product 4.2j under the optimal reaction 

conditions, further supporting cycloadduct 4.6 as the reaction intermediate in this 

transformation. To understand the role of molecular oxygen in the oxidation process, I have 

performed control experiments using cycloadduct 4.6 (scheme 4.7c). Experimental data 

revealed that the combination of Cu(OTf)2 (10 mol%) and molecular O2 could oxidize 4.6 to 

the final product 4.2j in 90% yield whereas, Cu(OTf)2 (10 mol%) and N-oxide 2.2q together 

lead to the desired product in only 24% yield. Meanwhile, when 4.6 was treated with only 

molecular oxygen, the desired product 3i was obtained in 12% yield, and no conversion was 

achieved in the presence of N-oxide 2.2q or copper (II) triflate individually. These 4 

experiments suggested that molecular oxygen is superior to N-oxide in this oxidation process. 

When the reaction was performed in the presence of H2
18O, no 18O incorporation product O18-

4.2a was detected by HRMS, which suggests that the present transformation may occur via the 

intramolecular oxygen atom transfer pathway (scheme 4.7d). Interestingly, when 4.6 was 
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subjected to the reaction with the radical trapping agent BHT, product 4.2j was obtained with 

only 28% yield (scheme 4.7e). ESI-MS analysis of the crude reaction mixture indicated the 

likely formation of BHT-adduct 4.7, implying a possible radical pathway involved in the 

reaction (figure 4.3). Further, by using a different radical quencher 1,1-diphenylethylene in the 

reaction mixture, the yield of the product was again found to be decreased to 21% (scheme 

4.7f). Though these experiments do not provide concluding evidence for the radical pathway, 

the involvement of such species in the current transformation cannot be ruled out.  

 
Scheme 4.7: control experiments 
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Figure 4.3: ESI-MS spectrum showing the presence of BHT-adduct 4.7 

4.3.8. DFT calculations 

For further understanding of the mechanistic pathway, DFT calculations have been performed 

using B3LYP level of theory. Initially, copper triflate mediated (3+3)-dipolar cycloaddition 

reaction of cyclopropane 4.1b with N-oxide 2.2a gives intermediate I1.12,13 The subsequent 

single-electron transfer (SET) occurs from the electron-rich nitrogen atom to the copper (II) 

center, forming a nitrogen radical cation I2.15 The process is energetically uphill (ΔG = 10.9 

kcal/mol; I1→ I2). I2 is then transformed to α-amino radical I3 in an exothermic manner (ΔG 

= 6.6 kcal/mol). The intermediate I3 undergoes the N-O bond cleavage and the concomitant 

aromatization via TS-1 to give alkoxy radical I4 with an energy barrier of 10.8 kcal/mol. The 

process (I3 → I4) is thermodynamically downhill with 5.5 kcal/mol. The copper (I) center of 

I4 reacts with molecular oxygen to form the superoxide I5 (ΔG = 3.6 kcal/mol) and 

hydroperoxide species I6 (ΔG = 5 kcal/mol), respectively. The intermediate I6 leads to the 

product I9 (ΔG = -61.7 kcal/mol) and releases hydrogen peroxide in an exothermic fashion via 

the intermediates I7 (ΔG = -53.6 kcal/mol) and I8 (ΔG = -61.8 kcal/mol). 

 

 

HRMS (ESI) m/z: [M+H]+ found: 626.3478

calcd: 626.3477
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Figure 4.4: reaction profile diagram based on DFT calculations 

4.3.9. Proposed mechanism 

Based on the experimental evidences and theoretical calculations, a plausible mechanism can 

be proposed as shown. 

 

Scheme 4.8: proposed mechanism 
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4.4. Synthetic Modifications 

Aside from the substrate scope and functional group tolerance, it is worthy to note that the 

resulting compounds contain γ-keto diester motif, which is of biological significance.14 When 

the product 4.2a was treated with lithium chloride in dimethyl sulfoxide-water (3:1) mixture, 

the corresponding γ-ketoquinoline compound 4.8 was obtained in 60% yield via 

dealkoxycarbonylation16 of malonate ester (scheme 4.9). The resulting compound, 4.8 could 

then further be transformed into varieties of important nitrogen-containing heterocyclic 

scaffolds.17  

 

Scheme 4.9: dealkoxycarboxylation of 4.2a in presence of LiCl 

Additionally, upon reaction with hydrazine hydrate under the alkaline conditions, 4.2a was 

efficiently converted to AIDS therapeutic agent18 derivative 4.9, in 75% yield (scheme 4.10). 

 

Scheme 4.10: reaction of 4.2a with hydrazine hydrate 

4.5. Summary 

In summary, a copper-catalyzed aerobic alkylation of fused heteroaromatic N-oxides with 

cyclopropane via (3+3)-cycloaddition is developed for the construction of a quaternary carbon 

center at the C2-position of the heteroaromatic moiety. The important practical features are (a) 

the use of a cheap catalytic system, (b) aerobic reaction conditions, (c) functional group 

diversity, and (d) high selectivity in the C−C bond formation. The present study provides the 

precise role of catalyst in both cycloaddition and the oxidative dehydrogenative segment. 

4.6. Experimental section 

General experimental 

All the reagents and chemicals were purchased from common commercial suppliers like 

Sigma-Aldrich, Alfa Aesar, Merck, Spectrochem, Avra Synthesis Pvt. Ltd. and directly used 

as received without any further purification unless otherwise mentioned. Azine N-oxides19 and 

donor-acceptor cyclopropanes20 were prepared according to the literature reported procedures. 

CH3CN was freshly distilled over CaH2 and stored in 4 Å molecular sieves before use. 1H and 
13C NMR spectra of the compounds were measured in CDCl3 as a solvent by using TMS as an 

internal standard.  Chemical shifts, δ (in ppm), were reported relative to TMS δ (1H) 0.0 ppm, 

δ (13C) 0.0 ppm, which was used as the internal reference. Otherwise, the solvent’s residual 

proton resonance and carbon resonance CHCl3, δ (1H) 7.26 ppm, δ (13C) 77.16 ppm were used 

for calibration. Bruker Avance III 600, 500 and 400 spectrometers were used to record the 

NMR spectra. Chemical shift (δ) values were reported in ppm and spin-spin coupling constant 

(J) was expressed in Hz and other data were reported as follows: s = singlet, d = doublet, dd = 

doublet of doublet, dt = doublet of triplet, t = triplet, m = multiplet, q = quartet, sext = sextet, 
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br = broad, and brs = broad singlet. IR spectra were recorded on Perkin Elmer Instrument at 

normal temperature making KBr pellet grinding the sample with KBr (IR Grade). MS (ESI-

HRMS): Mass spectra were recorded on an Agilent Accurate-Mass Q-TOF LC/MS 6520. 

Merck silica gel 60-120 was used for column chromatography. Melting points were recorded 

using Buchi Melting Point B-540 Instrument and are uncorrected. All starting azine N-oxides, 

donor acceptor cyclopropanes and their cycloaddition products were characterized by 

spectroscopic methods and compared to literature wherever applicable, otherwise stated. All 

the cycloaddition reactions were carried out in oven-dried glassware under oxygen-

atmosphere. Completion of reactions was examined by thin layer chromatography carried out 

on pre-coated Merck silica gel-60 F254 aluminium plates with ultraviolet light (UV) or iodine 

as visualizing agents. 

4.6.1. Donor-acceptor cyclopropanes and azine N-oxides used in the reaction 

 

Figure 4.5. azine N-oxides used in the reaction 

 

Figure 4.6. donor-acceptor cyclopropanes used in the reaction 
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4.6.2. General procedure for oxidative dehydrogenative reaction of heteroaromatic N-

oxide and donor-acceptor cyclopropane:  

 

Scheme 4.10: synthesis of C2-alkylated quinoline with γ-keto diesters motif 

A mixture of heteroaromatic N-oxide (0.8 mmol), cyclopropane (0.4 mmol), Cu(OTf)2 (0.04 

mmol, 10 mol%), and acetonitrile (2 mL) was loaded in an oven-dried Schleck tube equipped 

with stirring bar. The reaction mixture was degassed three times using freeze-pump technique, 

flushed with oxygen-balloon and then properly closed with a teflon cap. The reaction tube was 

placed in an oil bath, gradually increase the bath temperature to 90 oC and stirred for 48 hours. 

After completion of the reaction, all the volatiles were removed under reduced pressure and the 

crude reaction mixture was purified by column chromatography using ethyl acetate and 

petroleum ether as eluents. 

4.6.3 Gram-scale synthesis (scheme 4.6): 

A mixture of quinoline N-oxide 2.2a (1.16 g, 8 mmol), cyclopropane 4.1b (1.0 g, 4 mmol), 

Cu(OTf)2 (0.144 g, 0.4 mmol, 10 mol%), and acetonitrile (10 mL) was loaded in an oven-dried 

schlenk tube equipped with stirring bar. The reaction mixture was degassed three times using 

freeze-pump technique, flushed with oxygen-balloon and then properly closed with a teflon 

cap. The reaction tube was placed in an oil bath, gradually increase the bath temperature to 90 
oC and stirred for 48 hours. After completion of the reaction, all the volatiles were removed 

under reduced pressure and the crude reaction mixture was subjected to silica gel column 

chromatography (EtOAc : petroleum ether; 3 : 17) to get the pure product as a white solid (yield 

= 70%, 1.1 g). Additionally, quinoline N-oxide 2.2a (0.420 g, 72%), and styrylmalonate (4.5, 

0.150 g, 15%) were recovered after column chromatography.  

4.6.4. Mechanistic studies: 

a) Control experiments 

The reaction of 8-methylquinoline and cyclopropane 4.2b (scheme 4.7a) 

A mixture of 8-methylquinoline 2.1q (58 mg, 0.4 mmol, 2 equiv), cyclopropane 4.1b (50 mg, 

0.2 mmol, 1 equiv), Cu(OTf)2 (7 mg, 0.02 mmol, 10 mol%) and acetonitrile (1 mL) was loaded 

in an oven-dried schlenk tube equipped with stirring bar. The mixture was degassed three times 

using freeze-pump technique, flushed with oxygen and then properly closed with a teflon cap. 

The reaction tube was placed in an oil bath, gradually increase the bath temperature to 90 oC 

and stirred for 48 hours. Then, the volatile organics were removed under reduced pressure and 

the crude reaction mixture was subjected to silica gel column chromatography. Compounds 

2.1q (55 mg, 96%), and 4.1b (31 mg, 62%) were recovered after column chromatography, 

along with styrylmalonate (4.5, 15 mg, 30%). There was no any oxidized product 4.2j. 

Isolation of (3+3) cycloadduct (scheme 4.7b) 

A mixture of 8-methylquinoline N-oxide 2.2q (318 mg, 2 mmol, 1 equiv), cyclopropane 4.1b 

(500 mg, 2 mmol, 1 equiv), Cu(OTf)2 (72 mg, 0.2 mmol, 10 mol%) and acetonitrile (5 mL) 

was loaded in an oven-dried schlenk tube equipped with stirring bar. The mixture was degassed 

three times using freeze-pump technique, flushed with argon and then properly closed with a 
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teflon cap. The reaction tube was placed in an oil bath, gradually increase the bath temperature 

to 50 oC and stirred for 24 hours. Then, the volatile organics were removed under reduced 

pressure and the crude reaction mixture was purified by column chromatography over silica 

gel (EtOAc : petroleum ether 3 : 22) to get the intermediate 4.6 as yellow oil (yield = 31%, 253 

mg). Additionally, the oxidized product 4.2j was isolated in 12% yield (97 mg). 

The formation of oxidized product from cycloadduct under standard condition (scheme 

4.7c) 

A mixture of intermediate 4.6 (50 mg, 0.12 mmol, 1 equiv), Cu(OTf)2 (4 mg, 0.01 mmol, 10 

mol%) and acetonitrile (2 mL) was loaded in an oven-dried schlenk tube equipped with stirring 

bar. The reaction mixture was degassed three times using freeze-pump technique, flushed with 

oxygen-balloon and properly closed with a teflon cap. The reaction tube was placed in an oil 

bath, heated at 90 oC with continuous stirring for 24 hours. Then, the volatile organics were 

removed under reduced pressure and the crude reaction mixture was subjected to silica gel 

column chromatography (EtOAc : petroleum ether; 3 : 17) to get the analytically pure product 

4.2j as yellow oil (yield = 90%, 43 mg).  

Oxidation of cycloadduct 4.6 in the presence of 2.2q (scheme 4.7c) 

A mixture of intermediate 4.6 (50 mg, 0.12 mmol, 1 equiv), Cu(OTf)2 (4 mg, 0.01 mmol, 10 

mol%), 8-methylquinoline N-oxide 2.2q (19 mg, 0.12 mmol, 1 equiv), and acetonitrile (2 mL) 

was loaded in an oven-dried schlenk tube equipped with stirring bar. The mixture was degassed 

three times using freeze-pump technique, flushed with argon and then properly closed with a 

teflon cap. The reaction tube was placed in an oil bath, heated at 90 oC with continuous stirring 

for 24 hours. Then all the volatiles were removed under reduced pressure and the crude reaction 

mixture was subjected to silica gel column chromatography (EtOAc : petroleum ether; 3 : 17) 

to get the pure product 4.2j as yellow oil (yield = 24%, 11 mg).  

Molecular oxygen promoted oxidation of cycloadduct 4.6 (scheme 4.7c)  

A mixture of intermediate 4.6 (50 mg, 0.12 mmol), and acetonitrile (2 mL) was taken in an 

oven-dried schlenk tube equipped with stirring bar. The mixture was degassed three times using 

freeze-pump technique, flushed with oxygen-balloon and then properly closed with a teflon 

cap. The reaction tube was placed in an oil bath at 90 oC with continuous stirring for 24 hours. 

Then all the volatiles were removed and the crude reaction mixture was subjected to silica gel 

column chromatography (EtOAc : petroleum ether; 3 : 17) to get the pure product 4.2j as yellow 

oil (yield = 12%, 5 mg).   

N-oxide mediated oxidation of cycloadduct 4.6 (scheme 4.7c) 

A mixture of intermediate 4.6 (50 mg, 0.12 mmol, 1 equiv), 8-methylquinoline N-oxide 2.2q 

(19 mg, 0.12 mmol, 1 equiv) and acetonitrile (2 mL) was loaded in an oven-dried schlenk tube 

equipped with stirring bar. This mixture was degassed three times using freeze-pump 

technique, flushed with argon and then properly closed with a teflon cap. The reaction tube was 

placed in an oil bath at 90 oC with continuous stirring for 24 hours. No conversion of 4.6 was 

observed under the reaction conditions.  

b) Isotope labeling experiment (scheme 4.7d) 

A mixture of 2.2a (46 mg, 0.32 mmol, 2 equiv), 4.1b (40 mg, 0.16 mmol, 1 equiv), Cu(OTf)2 

(6 mg, 0.016 mmol, 0.1 equiv), H2
18O (6.4 mg, 0.32 mmol, 2 equiv), and acetonitrile (2 mL) 

was loaded in an oven-dried Schlenk tube equipped with stirring bar. The mixture was degassed 

three times using freeze-pump technique, flushed with oxygen-balloon and then properly 
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closed with a teflon cap. This mixture was progressively heated to 90 °C in an oil bath and 

stirred for 48 hours. After completion of the reaction, all the volatiles were removed under 

reduced pressure. The crude reaction mixture was purified by column chromatography using 

ethyl acetate and petroleum ether as eluent. The oxidized product 4.2a was isolated as white 

solid (yield = 68%, 42 mg). No 18O incorporation product 18O-4.2a was detected by HRMS 

analysis. 

c) Radical trapping experiments 

Radical scavenger experiment using BHT (scheme 4.7e) 

A mixture of intermediate 4.6 (50 mg, 0.12 mmol, 1 equiv), butylated hydroxytoluene (BHT, 

53 mg, 0.24 mmol, 2 equiv), Cu(OTf)2 (4 mg, 0.012 mmol, 0.1 equiv.)  and acetonitrile (2 mL) 

was loaded in an oven-dried Schlenk tube equipped with stirring bar. The mixture was degassed 

three times using freeze-pump technique, flushed with oxygen-balloon and then properly 

closed with a teflon cap. This mixture was stirred at 90 °C in an oil bath for 24 hours. After 

completion of the reaction, all the volatiles were removed under reduced pressure. The crude 

reaction mixture was subjected to silica gel column chromatography (EtOAc : petroleum ether; 

3 : 17) to get the pure product 4.2j as yellow oil (yield = 28%, 12 mg). Additionally, ESI-MS 

analysis of the crude reaction mixture suggested the possible formation of BHT-adduct 4.7. 

HRMS (ESI) m/z: [M+H]+ calculated for C39H48NO6: 626.3477; found: 626.3478. 

Radical scavenger experiment using 1,1-diphenylethylene (scheme 4.7f) 

A mixture of intermediate 4.6 (50 mg, 0.12 mmol, 1 equiv), 1,1-diphenylethylene (22 mg, 0.12 

mmol, 1 equiv), Cu(OTf)2 (4 mg, 0.012 mmol, 0.1 equiv) and acetonitrile (2 mL) was loaded 

in an oven-dried schlenk tube equipped with stirring bar. The mixture was degassed three times 

using freeze-pump technique, flushed with oxygen-balloon and then properly closed with a 

teflon cap. This mixture was stirred at 90 °C in an oil bath for 24 hours. After completion of 

the reaction, all the volatiles were removed under reduced pressure. The crude reaction mixture 

was subjected to silica gel column chromatography (EtOAc : petroleum ether; 3 : 17) to get the 

pure product 4.2j as yellow oil (yield = 21%, 9 mg).  

4.6.5. Analytical data of the products 

Dimethyl 2-(2-oxo-2-(p-tolyl)ethyl)-2-(quinolin-2-yl)malonate (4.2a) 

 

Using quinoline N-oxide and dimethyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 3 : 17) as a white solid (0.127 g, 81%).  

M.p. 131 – 133 °C. 1H NMR (400 MHz, CDCl3): δ 8.12 (d, J = 8.8 Hz, 1H), 8.00 (d, J = 8.1 

Hz, 2H), 7.86 (d, J = 8.8 Hz, 1H), 7.76 (d, J = 8.2 Hz, 1H), 7.65 (d, J = 8.4 Hz, 1H), 7.56 – 

7.53 (m, 1H), 7.50 – 7.44 (m, 1H), 7.30 (d, J = 8.1 Hz, 2H), 4.28 (s, 2H), 3.83 (s, 6H), 2.45 (s, 

3H). 13C{1H} NMR (101 MHz, CDCl3): δ 196.9, 170.2, 155.0, 147.0, 143.8, 136.1, 134.9, 

129.6, 129.3, 129.3, 128.6, 127.5, 127.4, 126.9, 122.0, 64.2, 53.3, 43.2, 21.8. HRMS (ESI) m/z: 
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[M+H]+ calculated for C23H22NO5: 392.1493; found: 392.1498. FT-IR (KBr, selected band): 

1750, 1726, 1678, 1609, 1430 cm-1.   

Dimethyl 2-(6-methylquinolin-2-yl)-2-(2-oxo-2-(p-tolyl)ethyl)malonate (4.2b) 

 

Using 6-methylquinoline N-oxide and dimethyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 3 : 17) as yellow viscous oil (yield = 80%, 0.130 

g).  

1H NMR (600 MHz, CDCl3): δ 8.03 – 7.99 (m, 3H), 7.80 (d, J = 8.6 Hz, 1H), 7.55 – 7.50 (m, 

2H), 7.38 (d, J = 8.6 Hz, 1H), 7.30 (d, J = 7.8 Hz, 2H), 4.26 (s, 2H), 3.82 (s, 6H), 2.48 (s, 3H), 

2.45 (s, 3H). 13C{1H} NMR (151 MHz, CDCl3): δ 197.0, 170.3, 154.0, 145.5, 143.8, 136.8, 

135.4, 134.9, 131.6, 129.3, 129.2, 128.6, 127.5, 126.2, 121.9, 64.1, 53.3, 43.2, 21.8, 21.7. 

HRMS (ESI) m/z: [M+H]+ calculated for C24H24NO5: 406.1649; found: 406.1643. FT-IR (KBr, 

selected band): 1756, 1668, 1596, 1430 cm-1. 

Dimethyl 2-(6-methoxyquinolin-2-yl)-2-(2-oxo-2-(p-tolyl)ethyl)malonate (4.2c) 

 

Using 6-methoxyquinoline N-oxide and dimethyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 11 : 39) as brown oil (yield = 79%, 0.133 g). 

1H NMR (400 MHz, CDCl3): δ 8.02 – 7.99 (m, 3H), 7.80 (d, J = 8.7 Hz, 1H), 7.53 (d, J = 9.2 

Hz, 1H), 7.30 (d, J = 8.0 Hz, 2H), 7.20 (dd, J = 9.2, 2.8 Hz, 1H), 7.01 (d, J = 3.4 Hz, 1H), 4.26 

(s, 2H), 3.88 (s, 3H), 3.82 (s, 6H), 2.45 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3): δ 197.0, 

170.3, 158.2, 152.4, 143.8, 143.0, 134.9, 134.9, 130.9, 129.3, 128.5, 128.5, 122.2, 122.0, 104.8, 

63.9, 55.6, 53.3, 43.2, 21.8. HRMS (ESI) m/z: [M+H]+ calculated for C24H24NO6: 422.1599; 

found: 422.1611. FT-IR (KBr, selected band): 1750, 1678, 1600, 1429 cm-1. 

Dimethyl 2-(6-chloroquinolin-2-yl)-2-(2-oxo-2-(p-tolyl)ethyl)malonate (4.2d) 
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Using 6-chloroquinoline N-oxide and dimethyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 3 : 17) as yellow solid (yield = 85%, 0.144 g). 

M. p. 140 – 142 °C. 1H NMR (600 MHz, CDCl3): δ 8.04 (d, J = 8.8 Hz, 1H), 7.99 (d, J = 8.0 

Hz, 2H), 7.90 (d, J = 8.8 Hz, 1H), 7.75 (d, J = 2.1 Hz, 1H), 7.55 (d, J = 9.0 Hz, 1H), 7.48 (dd, 

J = 9.0, 2.2 Hz, 1H), 7.31 (d, J = 8.0 Hz, 2H), 4.26 (s, 2H), 3.83 (s, 6H), 2.45 (s, 3H). 13C{1H} 

NMR (151 MHz, CDCl3): δ 196.8, 170, 155.2, 145.2, 144, 135.1, 134.7, 132.6, 131.1, 130.3, 

129.4, 128.5, 128.0, 126.0, 123.1, 64, 53.4, 43, 21.9. HRMS (ESI) m/z: [M+H]+ calculated for 

C23H21ClNO5: 426.1103; found: 426.1118. FT-IR (KBr, selected band): 1748, 1728, 1672, 

1605, 1432 cm-1. 

Dimethyl 2-(3-methylquinolin-2-yl)-2-(2-oxo-2-(p-tolyl)ethyl)malonate (4.2e) 

 

Using 3-methylquinoline N-oxide and dimethyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 3 : 17) as yellow oil (yield = 61%, 0.099 g). 

1H NMR (600 MHz, CDCl3): δ 8.01 (d, J = 8.1 Hz, 2H), 7.87 (s, 1H), 7.68 – 7.63 (m, 1H), 7.42 

– 7.37 (m, 2H), 7.33 (d, J = 8 Hz, 2H), 7.27 – 7.26 (m, 1H), 4.08 (s, 2H), 3.83 (s, 6H), 2.47 (s, 

3H), 2.42 (s, 3H). 13C{1H} NMR (151 MHz, CDCl3): δ 196.1, 170.4, 153.8, 144.8, 143.5, 

137.7, 135.4, 131.2, 129.4, 128.8, 128.6, 128.4, 127.9, 126.9, 126.4, 64.9, 53.2, 44.1, 21.9, 

19.6. HRMS (ESI) m/z: [M+H]+ calculated for C24H24NO5: 406.1649; found: 406.1663. FT-IR 

(KBr, selected band): 1750, 1678, 1600, 1429 cm-1.  

Dimethyl 2-(3-cyanoquinolin-2-yl)-2-(2-oxo-2-(p-tolyl)ethyl)malonate (4.2f) 

 

Using 3-cyanoquinoline N-oxide and dimethyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 
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chromatography (EtOAc : petroleum ether, 4 : 21) to get the pure product as light yellow oil 

(yield = 67%, 0.111 g). 

1H NMR (600 MHz, CDCl3): δ 8.54 (s, 1H), 7.98 (d, J = 8.1 Hz, 2H), 7.83 (d, J = 8.4 Hz, 1H), 

7.68 (m, 1H), 7.60 (m, 1H), 7.51 (d, J = 8 Hz, 1H), 7.33 (d, J = 8 Hz, 2H), 4.18 (s, 2H), 3.91 

(s, 6H), 2.48 (s, 3H). 13C{1H} NMR (151 MHz, CDCl3): δ 195.7, 169.2, 153.8, 146.6, 144.0, 

143.5, 134.9, 132.5, 129.7, 129.5, 128.7, 128.5, 127.6, 125.4, 117.0, 108.6, 64.9, 53.7, 43.3, 

21.9. HRMS (ESI) m/z: [M+H]+ calculated for C24H21N2O5: 417.1445; found: 417.1452. FT-

IR (KBr, selected band): 2230, 1740, 1721, 1681, 1610 cm-1.   

Dimethyl 2-(3-bromoquinolin-2-yl)-2-(2-oxo-2-(p-tolyl)ethyl)malonate (4.2g) 

 

Using 3-bromoquinoline N-oxide and dimethyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 1 : 4) to get the pure product as white solid (yield 

= 67%, 0.126 g). 

M. p. 135 – 137 °C. 1H NMR (400 MHz, CDCl3): δ 8.35 (s, 1H), 7.98 (d, J = 8.0 Hz, 2H), 7.69 

(d, J = 7.8 Hz, 1H), 7.57 – 7.46 (m, 2H), 7.41 (d, J = 8.2 Hz, 1H), 7.32 (d, J = 8 Hz, 2H), 4.11 

(s, 2H), 3.85 (s, 6H), 2.46 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3): δ 195.7, 169.3, 153.3, 

144.7, 143.7, 140.2, 135.1, 129.8, 129.4, 129.3, 128.5, 128.4, 128.0, 126.3, 118.5, 65.5, 53.4, 

43.7, 21.8. HRMS (ESI) m/z: [M+H]+ calculated for C23H21BrNO5: 470.0598; found: 470.0603. 

FT-IR (KBr, selected band): 1740, 1687, 1608, 1433 cm-1. 

Dimethyl 2-(2-oxo-2-(p-tolyl)ethyl)-2-(3-(phenylethynyl)quinolin-2-yl)malonate (4.2h) 

 

Using 3-(phenylethynyl)quinoline N-oxide and dimethyl 2-(p-tolyl)cyclopropane-1,1-

dicarboxylate in accordance with general procedure, the title compound was obtained through 

SiO2-gel column chromatography (EtOAc : petroleum ether, 3 : 17) to get the pure product as 

white solid (yield = 68%, 0.133 g). 

M.p. 181 – 183 °C. 1H NMR (600 MHz, CDCl3): δ 8.33 (s, 1H), 7.97 (d, J = 7.8 Hz, 2H), 7.76 

(d, J = 8 Hz, 1H), 7.62 – 7.48 (m, 5H), 7.38 – 7.33 (m, 3H), 7.30 – 7.23 (m, 2H), 4.19 (s, 2H), 

3.82 (s, 6H), 2.44 (s, 3H). 13C{1H} NMR (151 MHz, CDCl3): δ 195.9, 169.8, 155.9, 145.3, 

143.6, 140.4, 135.2, 131.6, 130.1, 129.6, 129.3, 129.0, 128.6, 128.5, 127.6, 127.0, 126.6, 122.6, 

117.5, 96.2, 86.1, 65.5, 53.3, 43.0, 21.8. HRMS (ESI) m/z: [M+H]+ calculated for C31H26NO5: 

492.1806; found: 492.1791. FT-IR (KBr, selected band): 2210, 1744, 1687, 1606, 1490 cm-1.  
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Dimethyl 2-(8-methoxyquinolin-2-yl)-2-(2-oxo-2-(p-tolyl)ethyl)malonate (4.2i) 

 

Using 8-methoxyquinoline N-oxide and dimethyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 1 : 4) to get the pure product as brown oil (yield = 

78%, 0.131 g). 

1H NMR (600 MHz, CDCl3): δ 8.10 (d, J = 8.7 Hz, 1H), 8.04 (d, J = 8 Hz, 2H), 7.89 (d, J = 

8.7 Hz, 1H), 7.41 (t, J = 8 Hz, 1H), 7.33 – 7.31 (m, 3H), 6.91 (d, J = 7.6 Hz, 1H), 4.34 (s, 2H), 

3.85 (s, 6H), 3.61 (s, 3H), 2.47 (s, 3H). 13C{1H} NMR (151 MHz, CDCl3): δ 197.0, 170.3, 

155.7, 153.3, 143.5, 135.9, 135.0, 129.1, 128.8, 128.6, 127.2, 122.7, 119.1, 108.4, 64.2, 55.8, 

53.3, 43.0, 21.8. HRMS (ESI) m/z: [M+H]+ calculated for C24H24NO6: 422.1599; found: 

422.1585. FT-IR (KBr, selected band): 1742, 1719, 1682, 1605 cm-1. 

Dimethyl-2-(8-methylquinoline-2-yl)-2-(2-oxo-2-(p-tolyl)ethyl)melonate (4.2j) 

 

Using 8-methylquinoline N-oxide and dimethyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 4 : 21) to get the pure product as yellow oil (yield 

= 76%, 0.123 g). Additionally, the compound styrylmalonate (9, 16%) was isolated after 

column chromatography. 

1H NMR (400 MHz, CDCl3): δ 8.10 (d, J = 8.7 Hz, 1H), 7.99 (d, J = 8.2 Hz, 2H), 7.88 (d, J = 

8.7 Hz, 1H), 7.60 (d, J = 7.2 Hz, 1H), 7.43 – 7.34 (m, 2H), 7.29 (d, J = 8.2 Hz, 2H) 4.35 (s, 

2H), 3.83 (s, 5H), 2.44 (s, 3H), 2.31 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3): δ 196.4, 170.3, 

153.6, 146.0, 144.1, 137.5, 136.3, 134.5, 129.5, 129.4, 128.5, 127.4, 126.7, 125.3, 121.9, 63.9, 

53.3, 43.4, 21.8, 17.7. HRMS (ESI) m/z: [M+H]+ calculated for C24H24NO5: 406.1649; found: 

406.1653. FT-IR (KBr, selected band): 1745, 1732, 1674, 1609 cm-1.  

Dimethyl 2-(4,7-dichloroquinolin-2-yl)-2-(2-oxo-2-(p-tolyl)ethyl)malonate (4.2k) 
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Using 4,7-dichloroquinoline N-oxide and dimethyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate 

in accordance with general procedure, the title compound was obtained through SiO2-gel 

column chromatography (EtOAc : petroleum ether, 4 : 21) to get the pure product as light 

yellow oil (yield = 84%, 0.155 g). 

1H NMR (600 MHz, CDCl3): δ 8.10 (d, J = 9.0 Hz, 1H), 8.05 (s, 1H), 7.97 (d, J = 8 Hz, 2H), 

7.65 (d, J = 1.7 Hz, 1H), 7.52 (dd, J = 9.0, 2.4 Hz, 1H), 7.32 (d, J = 8 Hz, 2H), 4.28 (s, 2H), 

3.84 (s, 6H), 2.46 (s, 3H). 13C{1H} NMR (151 MHz, CDCl3): δ 196.5, 169.5, 156.3, 147.8, 

144.2, 142.5, 136.4, 134.5, 129.5, 128.9, 128.8, 128.5, 125.4, 124.3, 122.7, 63.7, 53.6, 43.2, 

21.9. HRMS (ESI) m/z: [M+H]+ calculated for C23H20Cl2NO5: 460.0714; found: 460.0708. FT-

IR (KBr, selected band): 1753, 1673, 1598, 1433 cm-1. 

Dimethyl 2-(7-chloro-4-methoxyquinolin-2-yl)-2-(2-oxo-2-(p-tolyl)ethyl)malonate (4.2l) 

 

Using 7-chloro-4-methoxyquinoline N-oxide and dimethyl 2-(p-tolyl)cyclopropane-1,1-

dicarboxylate in accordance with general procedure, the title compound was obtained through 

SiO2-gel column chromatography (EtOAc : petroleum ether, 1 : 4) to get the pure product as 

brownish solid (yield = 78%, 0.142 g). 

M. p. 155 – 157 °C. 1H NMR (500 MHz, CDCl3): δ 8.03 (d, J = 8.9 Hz, 1H), 7.96 (d, J = 8 Hz, 

2H), 7.60 (d, J = 1.7 Hz, 1H), 7.36 (dd, J = 8.9, 2.1 Hz, 1H), 7.29 (m, 3H), 4.26 (s, 2H), 4.05 

(s, 3H), 3.82 (s, 6H), 2.44 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3): δ 196.8, 170.0, 162.2, 

157.6, 148.2, 144.0, 135.5, 134.6, 129.4, 128.5, 128.0, 126.8, 123.2, 119.2, 101.4, 64.0, 56.0, 

53.3, 43.5, 21.8. HRMS (ESI) m/z: [M+H]+ calculated for C24H23ClNO6: 456.1209; found: 

456.1214. FT-IR (KBr, selected band): 1750, 1678, 1602, 1431 cm-1. 

Dimethyl 2-(isoquinolin-1-yl)-2-(2-oxo-2-(p-tolyl)ethyl)malonate (4.3a) 
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Using isoquinoline N-oxide and dimethyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 3 : 17) to get the pure product as yellow solid (yield 

= 80%, 0.125 g). 

M.p. 150 – 152 °C. 1H NMR (400 MHz, CDCl3): δ 8.26 (d, J = 5.6 Hz, 1H), 8.08 (d, J = 8.7 

Hz, 1H), 7.96 (d, J = 8.0 Hz, 2H), 7.82 (d, J = 8.1 Hz, 1H), 7.68 – 7.62 (m, 1H), 7.59 – 7.53 

(m, 2H), 7.29 (d, J = 8.0 Hz, 2H), 4.19 (s, 2H), 3.78 (s, 6H), 2.44 (s, 3H). 13C{1H} NMR (101 

MHz, CDCl3): δ 196.0, 170.7, 154.3, 143.6, 140.6, 137.1, 135.0, 129.7, 129.3, 128.5, 127.8, 

127.8, 127.4, 125.5, 121.6, 64.7, 53.3, 44.5, 21.8. HRMS (ESI) m/z: [M+H]+ calculated for 

C23H22NO5: 392.1493; found: 392.1486. FT-IR (KBr, selected band): 1752, 1722, 1691, 1608, 

1453 cm-1.   

Dimethyl 2-(5-nitroisoquinolin-1-yl)-2-(2-oxo-2-(p-tolyl)ethyl)malonate (4.3b)  

 

Using 5-nitroisoquinoline N-oxide and dimethyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 4 : 21) to get the pure product as brown oil (yield 

= 85%, 0.148 g). 

1H NMR (400 MHz, CDCl3): δ 8.49 – 8.39 (m, 3H), 8.30 (d, J = 6.1 Hz, 1H), 7.96 (d, J = 8.0 

Hz, 2H), 7.68 – 7.64 (m, 1H), 7.32 (d, J = 8.0 Hz, 2H), 4.22 (s, 2H), 3.78 (s, 6H), 2.46 (s, 3H). 

13C{1H} NMR (151 MHz, CDCl3): δ 195.7, 170.5, 154.7, 146.1, 144.0, 143.5, 134.6, 132.7, 

129.5, 129.4, 128.5, 128.4, 127.3, 125.5, 116.1, 64.8, 53.6, 44.6, 21.9. HRMS (ESI) m/z: 

[M+H]+ calculated for C23H20N2O5: 437.1344; found: 437.1350. FT-IR (KBr, selected band): 

1735, 1687, 1606, 1526, 1434 cm-1.  

Dimethyl 2-(benzo[h]quinolin-2-yl)-2-(2-oxo-2-(p-tolyl)ethyl)malonate (4.3c) 

 

Using benzo[h]quinoline N-oxide and dimethyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 1 : 4) to get the pure product as brownish solid 

(yield = 79%, 0.139 g). 

M. p. 155 – 157 °C. 1H NMR (400 MHz, CDCl3): δ 8.55 (d, J = 8.2 Hz, 1H), 8.17 (d, J = 8.5 

Hz, 1H), 8.05 – 8.02 (m, 3H), 7.81 (d, J = 8.0 Hz, 1H), 7.76 (d, J = 8.8 Hz, 1H), 7.65 (d, J = 

8.8 Hz, 1H), 7.57 – 7.53 (m, 1H), 7.34 (d, J = 8.0 Hz, 2H), 7.27 – 7.24 (m, 1H), 4.44 (s, 2H), 

3.85 (s, 6H), 2.49 (s, 3H). 13C{1H} NMR (151 MHz, CDCl3): δ 196.6, 170.3, 153.4, 145.0, 

144.2, 136.1, 134.5, 133.7, 131.4, 129.5, 128.7, 128.2, 128.0, 127.7, 126.7, 125.5, 124.9, 124.5, 
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122.9, 63.9, 53.4, 43.6, 21.9. HRMS (ESI) m/z: [M+H]+ calculated for C27H24NO5: 442.1649; 

found: 442.1653. FT-IR (KBr, selected band): 1734, 1678, 1590, 1453 cm-1. 

Dimethyl 2-(2-oxo-2-phenylethyl)-2-(quinolin-2-yl)malonate (4.4a) 

 

Using quinoline N-oxide and dimethyl 2-(phenyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 4 : 21) to get the pure product as colorless oil (yield 

= 72%, 0.109 g). 

1H NMR (600 MHz, CDCl3) δ 8.14 – 8.09 (m, 3H), 7.86 (d, J = 8.7 Hz, 1H), 7.76 (d, J = 8.0 

Hz, 1H), 7.60 (m, 2H), 7.57 – 7.46 (m, 4H), 4.30 (s, 2H), 3.84 (s, 6H). 13C{1H} NMR (151 

MHz, CDCl3) δ 197.4, 170.1, 154.7, 146.9, 137.4, 136.1, 133.1, 129.5, 129.4, 128.7, 128.4, 

127.5, 127.4, 127.0, 122.0, 64.2, 53.4, 43.1. HRMS (ESI) m/z: [M+H]+ calculated for 

C22H20NO5: 378.1336; found: 378.1342. FT-IR (KBr, selected band): 1730, 1678, 1593, 1440 

cm-1. 

Dimethyl 2-(2-(4-methoxyphenyl)-2-oxoethyl)-2-(quinolin-2-yl)malonate (4.4b) 

 

Using quinoline N-oxide and dimethyl 2-(p-methoxyphenyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 4 : 21) to get the pure product as colorless oil (yield 

= 78%, 0.127 g). 

1H NMR (600 MHz, CDCl3): δ 8.13 (d, J = 8.7 Hz, 1H), 7.85 (d, J = 8.7 Hz, 1H), 7.76 (t, J = 

8.8 Hz, 2H), 7.65 – 7.53 (m, 3H), 7.51 – 7.40 (m, 2H), 7.16 (dd, J = 8.0, 2.4 Hz, 1H), 4.29 (s, 

2H), 3.86 (s, 3H), 3.84 (s, 6H). 13C{1H} NMR (151 MHz, CDCl3): δ 197.2, 170.1, 159.9, 154.6, 

146.9, 138.7, 136.1, 129.6, 129.5, 129.4, 127.4, 127.3, 127.0, 121.9, 121.2, 119.9, 112.3, 64.2, 

55.6, 53.4, 43.2. HRMS (ESI) m/z: [M+H]+ calculated for C23H22NO6: 408.1442; found: 

408.1445. FT-IR (KBr, selected band): 1743, 1729, 1683, 1600, 1433 cm-1. 

Dimethyl 2-(2-(4-chlorophenyl)-2-oxoethyl)-2-(quinolin-2-yl)malonate (4.4c) 
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Using quinoline N-oxide and dimethyl 2-(4-chlorophenyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 4 : 21) to get the pure product as white solid (yield 

= 51%, 0.084 g). 

M. p. 134 – 136 °C. 1H NMR (600 MHz, CDCl3): δ 8.13 (d, J = 8.5 Hz, 1H), 8.06 (d, J = 8.5 

Hz, 2H), 7.84 (d, J = 8.7 Hz, 1H), 7.77 (d, J = 8 Hz, 1H), 7.56 – 7.55 (m, 2H), 7.51 – 7.48 (m, 

3H), 4.25 (s, 2H), 3.84 (s, 6H). 13C{1H} NMR (151 MHz, CDCl3): δ 196.3, 170.0, 154.2, 146.8, 

139.5, 136.2, 135.8, 129.9, 129.5, 129.3, 129.0, 127.5, 127.4, 127.1, 122.0, 64.3, 53.5, 42.7. 

HRMS (ESI) m/z: [M+H]+ calculated for C22H19ClNO5: 412.0947; found: 412.0952. FT-IR 

(KBr, selected band): 1748, 1722, 1680, 1604, 1430 cm-1. 

Dimethyl 2-(2-(3-bromophenyl)-2-oxoethyl)-2-(quinolin-2-yl)malonate (4.4d) 

 

Using quinoline N-oxide and dimethyl 2-(3-bromophenyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 4 : 21) to get the pure product as yellow oil (yield 

= 54%, 0.098 g). 

1H NMR (500 MHz, CDCl3): δ 8.25 (bs, 1H), 8.13 (d, J = 8.6 Hz, 1H), 8.04 (d, J = 7.4 Hz, 

1H), 7.84 (d, J = 8.6 Hz, 1H), 7.79 – 7.72 (m, 2H), 7.59 – 7.55 (m, 2H), 7.50 – 7.47 (m, 1H), 

7.41 (t, J = 7.6 Hz, 1H), 4.24 (s, 2H), 3.84 (s, 6H). 13C{1H} NMR (151 MHz, CDCl3): δ 196.1, 

170.0, 154.2, 146.8, 139.3, 136.2, 135.9, 131.6, 130.3, 129.5, 129.3, 127.5, 127.4, 127.1, 127.0, 

123.0, 122.0, 64.3, 53.5, 42.8. HRMS (ESI) m/z: [M+H]+ calculated for C22H19BrNO5: 

456.0442; found: 456.0447. FT-IR (KBr, selected band): 1751, 1721, 1678, 1698 cm-1.  

Dimethyl 2-(2-(3,4-dimethoxyphenyl)-2-oxoethyl)-2-(quinolin-2-yl)malonate (4.4e) 

 

Using quinoline N-oxide and dimethyl dimethyl 2-(3,4-dimethoxyphenyl)cyclopropane-1,1-

dicarboxylate in accordance with general procedure, the title compound was obtained through 
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SiO2-gel column chromatography (EtOAc : petroleum ether, 1 : 4) to get the pure product as 

white solid (yield = 77%, 0.135 g). 

M. p. 145 – 147 °C. 1H NMR (400 MHz, CDCl3): δ 8.12 (d, J = 8.8 Hz, 1H), 7.87 (d, J = 8.8 

Hz, 1H), 7.81 (dd, J = 8.4, 2.0 Hz, 1H), 7.79 – 7.74 (m, 1H), 7.66 (d, J = 8.4 Hz, 1H), 7.61 – 

7.53 (m, 2H), 7.50 – 7.46 (m, 1H), 6.95 (d, J = 8.4 Hz, 1H), 4.27 (s, 2H), 3.98 (s, 3H), 3.92 (s, 

3H), 3.84 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3): δ 195.9, 170.2, 155.1, 153.4, 149.1, 

146.9, 136.1, 130.6, 129.5, 129.3, 127.5, 127.4, 126.9, 123.0, 122.0, 110.6, 110.2, 64.2, 56.2, 

56.1, 53.3, 43.0. HRMS (ESI) m/z: [M+H]+ calculated for C24H24NO7: 438.1548; found: 

438.1546. FT-IR (KBr, selected band): 1755, 1674, 1604, 1432 cm-1.  

Dimethyl 2-(2-(2,4-dimethoxyphenyl)-2-oxoethyl)-2-(quinolin-2-yl)malonate (4.4f) 

 

Using quinoline N-oxide and dimethyl 2-(2,4-dimethoxyphenyl)cyclopropane-1,1-

dicarboxylate in accordance with general procedure, the title compound was obtained through 

SiO2-gel column chromatography (EtOAc : petroleum ether, 4 : 21) to get the pure product as 

yellow oil (yield = 71%, 0.124 g). 

1H NMR (400 MHz, CDCl3): δ 8.11 (d, J = 8.7 Hz, 1H), 7.83 (m, 2H), 7.78– 7.74 (m, 2H), 

7.62 – 7.56 (m, 1H), 7.51 – 7.45 (m, 1H), 6.56 (dd, J = 8.8, 2.4 Hz, 1H), 6.50 (d, J = 2.4 Hz, 

1H), 4.26 (s, 2H), 3.93 (s, 3H), 3.88 (s, 3H), 3.82 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3): 

δ 196.9, 170.5, 164.6, 161.0, 155.9, 147.0, 135.9, 133.1, 129.7, 129.2, 127.4, 127.4, 126.8, 

122.0, 121.3, 105.3, 98.3, 64.3, 55.7, 53.2, 48.6. HRMS (ESI) m/z: [M+H]+ calculated for 

C24H24NO7: 438.1548; found: 438.1556. FT-IR (KBr, selected band): 1747, 1680, 1602, 1433 

cm-1. 

Dimethyl 2-(2-oxo-2-(3,4,5-trimethoxyphenyl)ethyl)-2-(quinolin-2-yl)malonate (4.4g) 

 

Using 6-methylquinoline N-oxide and dimethyl 2-(3,4,5-trimethoxyphenyl)cyclopropane-1,1-

dicarboxylate in accordance with general procedure, the title compound was obtained through 

SiO2-gel column chromatography (EtOAc : petroleum ether, 4 : 21) to get the pure product as 

yellow oil (yield = 76%, 0.146 g). 

1H NMR (400 MHz, CDCl3): δ 8.03 (d, J = 8.7 Hz, 1H), 7.81 (d, J = 8.7 Hz, 1H), 7.58 – 7.52 

(m, 2H), 7.40 (dd, J = 8.7, 2.0 Hz, 1H), 7.35 (s, 2H), 4.25 (s, 2H), 3.95 (s, 3H), 3.92 (s, 6H), 

3.84 (s, 6H), 2.49 (s, 3H).  13C{1H} NMR (126 MHz, CDCl3): δ 196.2, 170.2, 153.9, 153.2, 

145.6, 142.7, 136.9, 135.5, 132.7, 131.7, 129.1, 127.5, 126.2, 121.9, 106.0, 64.2, 61.1, 56.5, 
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53.3, 43.2, 21.7. HRMS (ESI) m/z: [M+H]+ calculated for C26H28NO8: 482.1810; found: 

482.1817. FT-IR (KBr, selected band): 1747, 1726, 1681, 1602 cm-1. 

Dimethyl 2-(2-(furan-2-yl)-2-oxoethyl)-2-(quinolin-2-yl)malonate (4.4i) 

 

Using quinoline N-oxide and diethyl 2-(furan)cyclopropane-1,1-dicarboxylate in accordance 

with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 4 : 21) to get the pure product as dark brown oil 

(yield = 78%, 0.123 g). 

1H NMR (400 MHz, CDCl3): δ 8.11 (d, J = 8.7 Hz, 1H), 7.85 (d, J = 8.7 Hz, 1H), 7.76 (d, J = 

8.0 Hz, 1H), 7.65 (d, J = 1.0 Hz, 1H), 7.63 – 7.54 (m, 2H), 7.50 – 7.47 (m, 1H), 7.30 (d, J = 

3.5 Hz, 1H), 6.60 (dd, J = 3.5, 1.6 Hz, 1H), 4.31 (q, J = 7.1 Hz, 4H), 4.14 (s, 2H), 1.28 (t, J = 

7.1 Hz, 6H).  13C{1H} NMR (101 MHz, CDCl3): δ 186.3, 169.4, 154.8, 153.1, 146.8, 146.1, 

135.9, 129.5, 129.3, 127.4, 127.4, 126.9, 122.1, 116.8, 112.4, 64.2, 62.3, 42.4, 14.1. HRMS 

(ESI) m/z: [M+H]+ calculated for C22H22NO6: 396.1442; found: 396.1444. FT-IR (KBr, 

selected band): 1743, 1731, 1679, 1597, 1431 cm-1. 

Diethyl 2-(2-oxo-2-(p-tolyl)ethyl)-2-(quinolin-2-yl)malonate (4.4j) 

 

Using quinoline N-oxide and diethyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate in accordance 

with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 3 : 17) to get the pure product as brownish oil (yield 

= 77%, 0.129 g). 

1H NMR (600 MHz, CDCl3): δ 8.12 (d, J = 8.7 Hz, 1H), 8.01 (d, J = 8.1 Hz, 2H), 7.92 (d, J = 

8.7 Hz, 1H), 7.76 (d, J = 8.0 Hz, 1H), 7.63 (d, J = 8.4 Hz, 1H), 7.56 – 7.53 (m, 1H), 7.48 – 7.45 

(m, 1H), 7.31 (d, J = 8.1 Hz, 2H), 4.31 (q, J = 7.1 Hz, 4H), 4.28 (s, 2H), 2.45 (s, 3H), 1.28 (t, 

J = 7.1 Hz, 6H). 13C{1H} NMR (151 MHz, CDCl3): δ 196.9, 169.6, 155.0, 146.8, 143.7, 135.8, 

134.9, 129.4, 129.3, 129.2, 128.5, 127.4, 127.3, 126.8, 122.2, 64.1, 62.2, 43.0, 21.8, 14.1. 

HRMS (ESI) m/z: [M+H]+ calculated for C25H26NO5: 420.1806; found: 420.1800. FT-IR (KBr, 

selected band): 1731, 1685, 1603 cm-1. 

Diisopropyl 2-(2-oxo-2-(p-tolyl)ethyl)-2-(quinolin-2-yl)malonate (4.4k) 
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Using quinoline N-oxide and diisopropyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate in 

accordance with general procedure, the title compound was obtained through SiO2-gel column 

chromatography (EtOAc : petroleum ether, 3 : 17) to get the pure product as brown oil (yield 

= 62%, 0.111 g). 

1H NMR (600 MHz, CDCl3): δ 8.10 (d, J = 8.7 Hz, 1H), 8.00 (d, J = 8.0 Hz, 2H), 7.95 (d, J = 

8.7 Hz, 1H), 7.75 (d, J = 8.0 Hz, 1H), 7.61 (d, J = 8.4 Hz, 1H), 7.56 – 7.51 (m, 1H), 7.48 – 7.43 

(m, 1H), 7.30 (d, J = 8.0 Hz, 2H), 5.21 – 5.17 (m, 2H), 4.25 (s, 2H), 2.45 (s, 3H), 1.26 (t, J = 

6.0 Hz, 12H). 13C{1H} NMR (151 MHz, CDCl3): δ 196.9, 169.0, 155.2, 146.9, 143.6, 135.6, 

135.1, 129.5, 129.3, 129.1, 128.5, 127.4, 127.3, 126.7, 122.5, 69.7, 64.2, 43.0, 21.8, 21.6, 21.6. 

HRMS (ESI) m/z: [M+H]+ calculated for C27H30NO5: 448.2119; found: 448.2113. FT-IR (KBr, 

selected band): 1741, 1680, 1606, 1431 cm-1.  

Dimethyl 10-methyl-2- (p-tolyl)-2,3- dihydro- [1,2]oxazino[2,3-a]quinoline- 4, 4(4aH)-

dicarboxylate (4.6) 

 

1H NMR analysis of the crude reaction mixture showed cis/trans ratio of 1:1. 1H NMR (600 

MHz, CDCl3): δ 8.08 (d, J = 8.4 Hz, 2H), 7.67 – 7.60 (m, 2H), 7.55 – 7.54 (m, 2H), 7.43 – 7.40 

(m, 2H), 7.39 – 7.34 (m, 2H), 7.27 – 7.26 (m, 2H), 7.23 (d, J = 7.8 Hz, 2H), 7.17 – 7.13 (m, 

4H), 5.61 (t, J = 7.1 Hz, 1H), 5.48 (dd, J = 9.4, 4.6 Hz, 1H), 4.20 (dd, J = 8.6, 6.0 Hz, 1H), 4.08 

(t, J = 7.4 Hz, 1H), 3.68 – 3.66 (m, 12H), 2.84 – 2.80 (m, 2H), 2.78 (s, 3H), 2.77 (s, 3H), 2.75 

– 2.71 (m, 2H), 2.34 (s, 3H), 2.32 (s, 3H). 13C{1H} NMR (151 MHz, CDCl3): δ 173.0, 172.9, 

156.5, 156.0, 155.1, 155.1, 146.9, 146.9, 138.3, 138.2, 137.6, 137.6, 137.1, 137.0, 136.6, 129.8, 

129.4, 127.2, 127.2, 126.7, 126.4, 126.4, 125.5, 125.5, 120.9, 120.4, 78.4, 78.1, 54.8, 52.4, 

51.0, 50.8, 38.3, 37.9, 21.3, 21.3, 18.0, 17.9. HRMS (ESI) m/z: [M+H]+ calculated for 

C24H26NO5: 408.1806; found: 408.1812. FT-IR (KBr, selected band): 1745, 1599, 1441, 1260 

cm-1.  

Dimethyl 2-(4-methylstyryl)malonate (4.5) 

 

1H NMR (600 MHz, CDCl3): δ 7.30 (d, J = 8 Hz, 2H), 7.13 (d, J = 8 Hz, 2H), 6.55 (d, J = 15.9 

Hz, 1H), 6.34 (dd, J = 15.9, 9.1 Hz, 1H), 4.20 (d, J = 9.1 Hz, 1H), 3.77 (s, 6H), 2.34 (s, 3H). 
13C{1H} NMR (151 MHz, CDCl3): δ 168.7, 138.3, 135.3, 133.4, 129.4, 126.7, 119.7, 55.8, 

53.0, 21.4. Spectroscopic data matched with literature reported data.21 
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4.6.6. Crystallographic study  

For compound 4.2a 

The crystal was obtained by crystallization of compound 4.2a from ethyl acetate as solvent at 

room temperature using slow evaporation technique. The crystallographic data were recorded 

at room temperature using a ‘Bruker SMART APEX CCD’ diffractometer equipped with a fine 

focus 1.75 kW sealed tube Mo-Kα (λ = 0.71073 Ǻ) X-ray source, a graphite monochromator 

and Apex CCD camera. The SMART software was used for data acquisition and the ‘Bruker 

SAINT’ software for data refinement and reduction. All crystallographic data were refined 

using the software SHELXL-2014/7 and WinGX. The ORTEP diagram was obtained with the 

help of Diamond software with 50% thermal ellipsoid (figure 4.2a). The crystallographic 

parameters and refinement data were listed in table 4.6.  

Table 4.6.  Crystal data and structure refinement for 4.2a. 

Identification code  BS-19 

CCDC 2091973 

Empirical formula  C23 H21 N O5 

Formula weight  391.41 

Temperature  296(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  Pc 

Unit cell dimensions a = 16.305(2) Å a= 90°. 

 b = 6.4911(8) Å b= 90°. 

 c = 19.257(3) Å g = 90°. 

Volume 2038.1(5) Å3 

Z 4 

Density (calculated) 1.276 Mg/m3 

Absorption coefficient 0.090 mm-1 

F(000) 824 

Crystal size 0.28 x 0.23 x 0.18 mm3 

Theta range for data collection 3.138 to 25.000°. 

Index ranges -19<=h<=19, -5<=k<=7, -16<=l<=22 

Reflections collected 7209 

Independent reflections 4278 [R(int) = 0.0569] 

Completeness to theta = 25.000° 99.4 %  
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Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 4278 / 2 / 530 

Goodness-of-fit on F2 1.543 

Final R indices [I>2sigma(I)] R1 = 0.1224, wR2 = 0.3185 

R indices (all data) R1 = 0.1512, wR2 = 0.3404 

Absolute structure parameter -2.3(10) 

Extinction coefficient 0.020(5) 

Largest diff. peak and hole 0.598 and -0.405 e.Å
-3

 

Author’s comment on IUCR check.cif alert: 

SYMMS02 ALERT 1 B  All angles should not be 90 for a monoclinic cell. 

Author Response: The crystal quality was not good. The crystal was moderately diffracting. 

So some diffractions could not be included during data integration and refinement process. 

After several attempts of data collection, the best result obtained is reported herein. 

For compound 4.2d 

The crystal was obtained by crystallization of compound 4.2d from ethyl acetate as solvent at 

room temperature using slow evaporation technique. The X-ray crystallographic intensity data 

were collected using a Supernova, single source at offset, Eos diffractometer using Mo-Kα 

radiation (λ = 0.71073 Å) equipped with a CCD area detector, and the corresponding data 

refinement and cell reduction were performed using CrysAlisPro. The data integration and 

reduction were carried out with SAINT and XPREP. All crystallographic data were refined 

using the software SHELXL-2014/7 and WinGX. The ORTEP diagram was obtained with the 

help of Diamond software with 50% thermal ellipsoid (Figure 4.2b). The crystallographic 

parameters and refinement data were listed in table 4.7.  

Table 4.7.  Crystal data and structure refinement for 4.2d. 

Identification code  BS-571 

CCDC                                                            2081283 

Empirical formula  C23 H20 Cl N O5 

Formula weight  425.85 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 19.9065(13) Å α = 90°. 

 b = 9.7167(6) Å β = 103.503(7)°. 
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 c = 22.6697(17) Å γ = 90°. 

Volume 4263.7(5) Å
3
 

Z 8 

Density (calculated) 1.327 Mg/m
3
 

Absorption coefficient 0.213 mm
-1

 

F(000) 1776 

Crystal size 0.36 x 0.20 x 0.10 mm
3
 

Theta range for data collection 2.35 to 25.00°. 

Index ranges -22<=h<=23, -11<=k<=9, -16<=l<=26 

Reflections collected 6680 

Independent reflections 3707 [R(int) = 0.0377] 

Completeness to theta = 25.00° 98.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.01322 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 3707 / 0 / 274 

Goodness-of-fit on F2 1.028 

Final R indices [I>2sigma(I)] R1 = 0.0601, wR2 = 0.1381 

R indices (all data) R1 = 0.1170, wR2 = 0.1749 

Largest diff. peak and hole 0.451 and -0.324 e.Å
-3 

4.6.7. Synthetic transformation 

Dealkoxycarbonylation of malonate ester 4.2a (scheme 4.9) 

To a solution of compound 4.2a (0.05 g, 0.12 mmol, 1 equiv.) in dry DMSO (0.3 mL), LiCl 

(0.016 g, 0.36 mmol, 3 equiv.) and water (0.1 mL) were added in a reaction tube. The mixture 

was stirred under air at 110 °C for 48 hours. On reaction completion, ice-water was added to 

the reaction mixture and extracted with CH2Cl2 (10 mL). The combined organics was dried 

over Na2SO4, filtered and concentrated under reduced pressure. The crude product was purified 

through silica-gel column chromatography (EtOAc : petroleum ether, 3 : 17) to get the pure 

product 4.8 as brown oil (yield = 60%, 20 mg). 

1H NMR (400 MHz, CDCl3): δ 8.07 (d, J = 8.4 Hz, 1H), 7.98 (d, J = 8.4 Hz, 1H), 7.93 (d, J = 

8.2 Hz, 2H), 7.77 (d, J = 8.0 Hz, 1H), 7.64 – 7.68 (m, 1H), 7.53 – 7.46 (m, 1H), 7.40 (d, J = 

8.4 Hz, 1H), 7.26 – 7.24 (m, 2H), 3.60 (t, J = 7.2 Hz, 2H), 3.43 (t, J = 7.2 Hz, 2H), 2.41 (s, 

3H). 13C{1H} NMR (101 MHz, CDCl3): δ 199.2, 161.5, 148.0, 143.9, 136.4, 134.7, 129.5, 

129.4, 128.9, 128.4, 127.7, 127.0, 125.9, 122.1, 37.7, 33.0, 21.8. Spectroscopic data matched 

with literature reported data.22  
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Condensation of malonate ester 4.2a with hydrazine (scheme 4.10) 

Compound 4.2a (0.03 g, 0.08 mmol, 1 equiv.) was dissolved in ethanol (2 mL) in a round-

bottom flask under air. Hydrazine hydrate (0.006 g, 0.11 mmol, 1.5 equiv.) and K2CO3 (0.015 

g, 0.11 mmol, 1.5 equiv.) were added to the solution. The reaction mixture was stirred at 90 °C 

for 15 hours. After complete consumption of the starting materials as notified by TLC, the 

mixture was concentrated under reduced pressure, extracted with CH2Cl2. The combined 

organics was dried over Na2SO4, filtered and concentrated under reduced pressure. The crude 

product was purified through silica gel column chromatography (EtOAc : petroleum ether 1 :4) 

to get the pure product 4.9 as brown oil (yield = 75%, 19 mg). 

1H NMR (400 MHz, CDCl3): δ 10.99 (s, 1H), 8.87 (s, 1H), 8.73 (d, J = 8.6 Hz, 1H), 8.29 (d, J 

= 8.8 Hz, 1H), 8.19 (d, J = 8.4 Hz, 1H), 7.89 (d, J = 8.4 Hz, 1H), 7.84 (d, J = 8.4 Hz, 2H), 7.77 

(m, 1H), 7.60 (m, 1H), 7.32 (d, J = 8.0 Hz, 2H), 2.43 (s, 3H). 13C{1H} NMR (151 MHz, CDCl3): 

δ 160.8, 151.4, 148.3, 146.9, 139.9, 137.8, 136.5, 132.2, 130.4, 130.0, 129.9, 129.8, 128.6, 

127.8, 127.5, 126.2, 122.4, 21.5. HRMS (ESI) m/z: [M+H]+ calculated for C20H16N3O: 

314.1288; found: 314.1306. FT-IR (KBr, selected band): 2918, 1649, 1597, 1500 cm-1. 

4.6.8. Computational studies 

All calculations were performed using the Gaussian-16 program package.23 Full geometry 

optimizations were carried out using Kohn-Sham hybrid-DFT B3LYP24 level of theory and the 

standard double-ζ quality def2SVP basis set.25 To take into account of the use of solvent in the 

experimental setup, the Polarizable Continuum Model (PCM)26 was used for the calculations. 

Frequency calculations at the same method and basis set were performed to distinguish 

transition state structures (one imaginary frequency) and minima structures (no imaginary 

frequency) on the potential energy surface. The transition states were verified by the intrinsic 

reaction coordinate (IRC) calculations, wherever necessary.27 Free energies were calculated by 

using frequency calculations at 90 °C to match the experimental conditions.  

Table 4.8. Free Energies (G) and Total Energies (E) given in Hartree along with the number 

of imaginary frequencies 

Species Free energy (G) Total energy (E) # Imaginary 

Frequency 

(NImag) 

I1 -4881.989188 -4882.3506451 0 

I1′ -4881.974586 -4882.3316533 0 

I2 -4881.971798 -4882.3206065 0 

I3 -4881.978724 -4882.3272900 0 

TS-1 -4881.961388 -4882.3070653 1 

I4 -4881.991054 -4882.3353576 0 

I4 + O2 -5032.218244 -5032.5359685 0 

I5 -5032.209734 -5032.5602658 0 

I6 -5032.207459 -5032.5618511 0 
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I7 -5032.300761 -5032.6334679 0 

I8 -5032.313953 -5032.6666414 0 

I9 -5032.313737 -5032.6670776 0 

a(G) is calculated at 90 °C to meet the experimental conditions. All the figures were generated using (G) values. 

The transition state has one NImag and all the reactants, intermediates and products have zero NImag. All the 

calculations were performed at B3LYP level of DFT. 
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Chapter-5 

DIBAL-H mediated reductive cleavage of C(sp2)-C(sp3) bonds in N-heteroaryl γ-keto 

diester derivatives 

5.1. Introduction 

The chemistry of bond-breaking and bond-making is the main cornerstone of the synthetic 

methodologies towards realization of complex organic molecules. In general, transition-metal-

catalysed cross-coupling strategies have enabled the selective formation of C–C bonds in an 

efficient manner; however, the selective cleavage of these inherently inert bonds is still a 

remaining challenge.1  

The cleavage of C–C bonds is commonly encountered in the steam cracking process of crude 

oil at high temperatures and pressures in the petroleum industry.2 Also, many classical reactions 

(for instance, sigmatropic rearrangements, Beckmann rearrangement, Bayer–Villiger 

oxidation, retro-aldol, and others) allow for C–C bond cleavage.3 However, there is still a lack 

of mild methods to activate unbiased C–C bonds in a general and efficient manner. 

Among different types of C-C bond fission processes, the most well-established method is 

C(sp2)-C(sp2) bond-breaking.4 Generally, it was achieved via olefin metathesis, ozonolysis etc. 

(scheme 5.1a). Another route is C(sp3)-C(sp3) bond-scission process which is relatively less 

explored and typically requires C-C bond activation via ring strain, neighboring group 

participation or effect of leaving groups (scheme 5.1b).5 In contrast, reports on the C(sp2)-

C(sp3) bond fragmentation are limited, as they are less polar and hence kinetically inert, 

although, this can be beneficial given the library of compounds found in petrochemical 

products containing such linkages and their potential as precursor in organic synthesis. 

 

Scheme 5.1: Approaches for C-C bond fission processes 

In general, C(sp2)-C(sp3) bond fragmentation are realized through three different pathways: 

dealkylation,6 dealkenylation7 and reductive cleavage8. The toluene hydrodealkylation process 

is commonly performed in industry where toluene and hydrogen are converted in a reactor 

packed with suitable metal oxide catalyst to produce benzene and methane.6a Typically, the 

reaction reaches a conversion of 90%. The reaction is highly exothermic and the typical 

operating conditions are 500 to 600 ⁰C, and 40 to 60 atm. Another dealkylation process is the 

cumene-phenol process (Hock process) for synthesizing phenol and acetone from benzene and 

propylene.6b During the process, cumene (isopropyl benzene) is formed as the intermediate in 

the gas phase by the Friedel–Crafts alkylation of benzene and propene. Benzene and propene 
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are compressed together to a pressure of 30 standard atmospheres at 250 °C in presence of a 

catalytic Lewis acid. Formed cumene is oxidized in air to generate cumene hydroperoxide 

species, followed by hydrolysis under acidic medium to give phenol and acetone. This is one 

of the successful methods and about 95% of world’s phenol production occurs in this way. To 

reduce the complexity of these processes, scientists are trying to explore milder reaction 

conditions for the production of such valuable products. In 2020, Han and co-workers reported 

zeolite catalyzed direct deconstruction of C(sp2)-C(sp3) bond to produce phenol from lignin, a 

lignocellulose biomass-derived precursor.6c They have demonstrated that the reaction involved 

dihydroxylation, γ-methyl shift, followed by C-C bond breaking. Very recently, the same 

research group have developed sustainable production of benzene from lignin by using a 

RuW/zeolite HY30 multifunctional alloy catalyst where RuW component helped to reduce the 

competitive hydrogenolysis and reductive catalytic fractionation process. However, the 

reaction proceeded under autoclave at high temperature (240 oC).6d  

 

Scheme 5.2: Approaches for C(sp3)-C(sp2) bond fission processes 

To achieve milder conditions, researchers usually coupled the fragmentation process with 

spontaneous bond construction by suitable other coupling partners like alkene, thio-ether etc. 

Kwon and her group in their elegant works reported the hydrodealkenylation process involving 
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ozonolysis followed by electron transfer mediated with Fe(II)-salt which led to the C(sp2)-

C(sp3) bond fission process. The bond fission process was further combined with subsequent 

bond-forming process which would increase the applicability of the process.7  

The process on reductive cleavage of C-C bonds was also explored by reducing agent (H2 gas, 

hydrosilane) and transition metals catalysts.8 In general, the insertion of metals into inert C-C 

bond is kinetically unfavorable due to lack of proper orbital overlapping compared to the 

competing C-H insertion process. To allow the kinetically unfavorable cleavage, commonly 

employed strategies are to raise the energy of the starting material by either introducing ring 

strain or chelation assisted activation, followed by reductive condition. 

Milstein and group, in their pioneering work, reported for the first time Rh- mediated C(sp2)-

C(sp3) bond activation in presence of hydrogen pressure (~80 psi) which did not use 

aromatization or ring strain removal as a driving force.8a They have judiciously chosen 

phosphine-based donor ligand as a substrate to serve this purpose. The phosphine arms could 

coordinate to the metal center, and then close proximal C(sp2)-alkyl bond was activated by the 

metal site. The formation of strong metal-organic linkage and corresponding gaseous products 

more than compensated the kinetic activation barrier of C(sp2)-C(sp3) bond cleavage. The 

excess hydrogen pressure was required to overcome the competing C-H activation process.  

They later also upgraded this protocol to a catalytic one.8b The selectivity between C-C 

activation and C-H activation can also be affected by tuning the ligand system. Other transition 

metal ions such as Ru, Pt, Os, Ir and Ni were also explored towards C(sp2)-C(sp3) bond fission 

process using similar ligand systems and the hydrogenation step was also carried out under H2-

gas pressure.8c-f In pursuit of a milder approach, Shi and coworkers in 2012 reported the H2 gas 

as hydride source by using H2 balloon.8g Transition metal complexes with monodentate N-

heterocyclic carbene ligands have also been explored for ligand assisted C(aryl)-C(sp3) bond 

activation reactions, without the need of hydrogen gas pressure.8h In spite of these 

achievements, still, the literature on C(sp2)-C(sp3) bond cleavage is limited and leaves room 

for further explorations. Further, to the best of my knowledge, there is no report on C(hetaryl)-

C(sp3) bond cleavage and subsequent incorporation of new functionalities in the N-heteroarene 

moiety.  

5.2. Present approach 

 
Scheme 5.3: Lewis acid-mediated C(sp2)-C(sp3) bond fission 

In the previous chapter (chapter-4), it has been shown the synthesis of C2-alkylated quinoline 

derivatives. Herein I thought that Lewis acid can activate the N-atom containing heteroaromatic 

ring and enhance the electrophilicity at the C2-position.9 Likewise, diester moiety can 
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coordinate to the oxophilic Lewis acidic metal ions.10 As a result, C(hetaryl)-C(sp3) bond is 

more polarized, and hence, subsequent fission may take place. 

 

Figure 5.1: electrophilic and nucleophilic sites of DIBAL-H 

Because of low-lying vacant 3p orbital of aluminum and hydride center of DIBAL-H, it has 

been considered as a unique reducing agent in the reduction chemistry.11 Lewis acidic Al-center 

can form the adduct with the Lewis basic N-center of quinoline, which would polarize the 

C(sp2)-C(sp3) bond at the C2-position of quinoline moiety. Then, hydride transfer can happen 

from N-coordinated DIBAL-H to the electrophilic C2-carbon center, rendering a dearomatized 

product which may undergo C-C bond cleavage to attain aromatization. Thus, DIBAL-H can 

function in two ways- 1) as a Lewis acid, and 2) as a hydride source. Such reductive 

fragmentation of C-C bond in the presence of DIBAL-H is unprecedented.  

5.3. Results and discussion 

5.3.1. Optimization of reaction conditions 

The above hypothesis was initially executed for the reaction of dimethyl 2-(2-oxo-2-

(phenyl)ethyl)-2-(quinolin-2-yl)malonate 4.2a and 2 equivalents of DIBAL-H in dry 

tetrahydrofuran at -60 °C under inert atmosphere. Surprisingly, after 12 hours, unusual 

fragmentation products, viz. dimethyl 2-(2-oxo-2-(phenyl)malonate 5.1a and quinoline 2.1a 

were obtained in 56% and 52% yields, respectively (table 5.1, entry 1). Under the same reaction 

conditions with the 6 equiv. of DIBAL-H, the yields of the products 5.1a and 2.1a were 

substantially enhanced to 82% (table 5.1, entry 3). Interestingly, the similar yields were 

observed while decreasing the reaction time from 12 h to 3 h. However, upon further reducing 

the reaction time from 3 h to 2 h, incomplete conversion of 4.2a was observed, resulting in the 

lower yield of 5.1a (68%) (table 5.1, entry 5). Performing the reaction at room temperature 

resulted in very poor yields for the products. 

Table 5.1: optimization studies for reductive cleavage of C(sp2)-C(sp3) bond with DIBAL-Ha 

 

Entry Equivalent of DIBAL-H Time (in 

hour) 

Yield of 5.1a (%) Yield of 2.1a (%) 

1 2 12 56 52 

2 4 12 70 71 
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3 6 12 82 82 

4 6 3 84 83 

5 6 2 68 67 

6b 6 3 12 8 

Reaction conditions:a 4.2a (0.2 mmol, 1 equiv.), DIBAL-H (x equiv.), THF (5 mL), -60 ⁰C, under Ar 

atmosphere. bPerformed at room temperature. 

Table 5.2: substrate scope with different substituted quinolines 

 

Reaction conditions: 4.2, 4.3 (0.2 mmol, 1 equiv.), DIBAL-H (1.2 mmol, 6 equiv), THF (5 mL), -60 ⁰C, 3 hr, 

under Ar atmosphere.  
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5.3.2. Substrate scope investigation 

With optimization condition in hand, scope of the reaction was examined by employing a 

variety of substituted quinoline containing C2-alkylated γ-keto diester compounds 4.2a-l. 

Substituents at the 6-position of the quinoline moiety (4.2b-d) gave the corresponding 

dissociated 

Table 5.3: substrate scope with different γ-ketodiester moieties 

 

Reaction conditions: 4.4 (0.2 mmol, 1 equiv.), DIBAL-H (1.2 mmol, 6 equiv), THF (5 mL), -60 ⁰C, 3 hr, under 

Ar atmosphere.  

products 5.1a and 2.1b-d in good yields (81-86%) (table 5.2). Interestingly, 3-methyl quinoline 

containing substrate 4.2e also provided the corresponding products 5.1a and 2.1i, with slightly 

lower yield (75 and 70%, respectively) which might be due to steric influence (table 5.2, entry 

5). Polysubstituted quinoline containing substrate 4.2l can also provide the desired fission 

product quinoline 2.2t and diester 5.1a (table 5.2, entry 6). Furthermore, the substrate scope 

could also be expanded to other N-heteroarene such as isoquinoline derivative 4.3a (table 5.2, 

entry 7). Then scope of the reaction was further explored with different aromatic substituent 
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containing γ-ketodiester derivatives 4.4a-e, 4.4j. Both electron-donating (-OMe) and electron-

withdrawing (-Cl) functional group at the para-position are proceeded smoothly gave the 

desired product 5.1c-d (86% and 87%, respectively) and 2.1a (table 5.3, entry 2-3). When 

meta-substituted aryl group containing γ-ketodiester compound 4.4d was subjected to the 

reaction conditions, corresponding product 5.1e was obtained in slightly lower yield of 76% 

(table 5.3, entry 4). Further, 3,4-dimethoxy substituted aryl group containing substrate 4.4e 

gave the fission product 5.1f (in 77% yield) (table 5.3, entry 5). Besides this, different ester 

group containing substrate 4.4j also yielded the corresponding fragmented products in good 

yields (table 5.3, entry 6).  

5.3.3. Mechanistic investigation 

To understand the role of DIBAL-H in the reductive cleavage of C(sp2)-C(sp3) bonds, I have 

performed DFT calculations using B3LYP level of theory with def2SVP functional. Based on 

the theoretical calculations, experimental observation and literature reports, the plausible 

reaction pathway has been depicted in scheme 5.4. Since > 2 equivalents of DIBAL-H are 

required for the complete conversion of the substrate, it is believed that same DIBAL-H may 

not activate both quinoline and diester moiety via chelation. One DIBAL-H first formed a 

Lewis acid-base adduct with the nitrogen-center of the quinoline and other DIBAL-H unit may 

activate the ketodiester moiety in the A, to give intermediate I1 in an endothermic process (ΔG 

= 4.1 kcal/mol) (figure 5.2). On the other hand, conventional Lewis acid-base adduct formation 

with simple quinoline and DIBAL-H is a spontaneous process (ΔG = -18.3 kcal/mol) (figure 

5.2). Hence, the possible involvement of sterically congested γ-ketodiester moiety at the C2 

position may destabilize the species I1. Then, hydride transfer occurs from N-coordinated 

DIBAL-H to the electrophilic C2-carbon center of the quinoline moiety, producing a 

dearomatized product I2 in an energetically downhill process (ΔG = -19.2 kcal/mol). Notably, 

C2-C(sp3) bond at the C2-center of quinoline is elongated from 1.55 Å to 1.60 Å in I1 → I2. 

It may undergo subsequent C-C bond cleavage to give aromatized product I3 (I2 → I3; ΔG = 

-34.5 kcal/mol) via barrier of 24.1 kcal/mol (TS-1). Then, I3 converted to I4 in a further 

energetically downhill process (I3 → I4; ΔG = -14 kcal/mol), subsequent aqueous work up 

leads to dissociated product B and C respectively.  

 
Scheme 5.4: proposed mechanism 
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Figure 5.2: energy profile diagram from DFT analysis 

5.4. Summary 

Herein, an unpresented DIBAL-H mediated reductive cleavage of unstrained C(sp2)-C(sp3) 

bond have been demonstrated in the quinoline containing C2-alkylated γ-keto diester 

derivatives. Surprisingly, ester and keto moiety is intact under the reaction condition. The 

process gives two fragments parent quinoline and β-ketodiester compound where two new CH 

bonds are formed. DIBAL-H plays a dual role as a Lewis acid and as a hydride source. The 

mechanism of the reaction is studied through DFT calculations to put forward a plausible 

reaction pathway. 

5.5. Experimental section 

5.5.1. General information 

All the reagents and chemicals were purchased from common commercial suppliers like 

Sigma-Aldrich, Alfa Aesar, Merck, Spectrochem, Avra Synthesis Pvt. Ltd. and directly used 

as received without any further purification unless otherwise mentioned. THF was freshly dried 

using Na/benzophenone. 1H and 13C NMR spectra of the compounds were measured in CDCl3 
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as a solvent by using TMS as an internal standard.  Chemical shifts, δ (in ppm), are reported 

relative to TMS δ (1H) 0.0 ppm, δ (13C) 0.0 ppm, which was used as the internal reference. 

Otherwise the solvents residual proton resonance and carbon resonance CHCl3, δ (1H) 7.26 

ppm, δ (13C) 77.16 ppm was used for calibration. Bruker Avance III 600, 500 and 400 

spectrometers were used to record the NMR spectra. Chemical shifts (δ) values were reported 

in ppm and spin-spin coupling constant (J) were expressed in Hz, and other data were reported 

as follows: s = singlet, d = doublet, dd = doublet of doublet, dt = doublet of triplet, t = triplet, 

m = multiplet, q = quartet, sext = sextet, br = broad, and brs = broad singlet. IR spectra were 

recorded on Perkin Elmer Instrument at normal temperature making KBr pellet grinding the 

sample with KBr (IR Grade). MS (ESI-HRMS): Mass spectra were recorded on an Agilent 

Accurate-Mass Q-TOF LC/MS 6520. Merck silica gel 60-120 was used for column 

chromatography. All the prepared compounds were characterized by spectroscopic methods 

and compared to literature wherever applicable, otherwise stated. All the dissociation reactions 

were carried out in oven-dried glassware under inert atmosphere. Completion of reactions was 

examined by thin layer chromatography carried out on pre-coated Merck silica gel 60 F254 

aluminium plates with ultraviolet light (UV) or iodine as visualizing agents. 

5.5.2. General procedure for C-C bond breaking procedure (G-1):  

 

A 50-mL schlenk flask was properly evacuated and flushed with argon. To this, compound 3 

(0.12 mmol, 1 equiv.) in dry THF (3 mL) was added. Then at -60 C, DIBAL-H (102 mg, 0.72 

mmol, 6 equiv.) was added dropwise. After complete addition, the reaction mixture was stirred 

at that temperature for 3 hours when TLC showed complete consumption of starting materials. 

Then the reaction was quenched by adding 5 mL aq. HCl solution (1 M) and extracted with 

EtOAc and the organic layer was dried over anhydrous Na2SO4. The volatiles were evaporated 

under reduced pressure and the crude products were purified by silica gel column 

chromatography.  

5.5.3. Spectroscopic data  

Dimethyl 2-(2-oxo-2-phenylethyl)malonate (5.1b) 

 

The title compound was obtained by silica gel column chromatography (EtOAc:petroleum 

ether 1:5) as yellow oil (26 mg, 88%). 1H NMR (600 MHz, CDCl3): δ 7.96 (d, J = 7.0 Hz, 1H), 

7.56 (t, J = 7.4 Hz, 0H), 7.45 (t, J = 7.8 Hz, 1H), 4.07 (t, J = 7.1 Hz, 1H), 3.76 (s, 4H), 3.63 (d, 

J = 7.0 Hz, 1H). 13C NMR (151 MHz, CDCl3): δ 196.5, 169.5, 136.0, 133.7, 128.8, 128.2, 52.9, 

46.9, 38.0.12 

Dimethyl 2-(2-oxo-2-(p-tolyl)ethyl)malonate (5.1a) 
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The title compound was obtained by silica gel column chromatography (EtOAc:petroleum 

ether 1:5) as yellow oil (27 mg, 84%). 1H NMR (500 MHz, CDCl3) δ 7.80 (d, J = 8.0 Hz, 2H), 

7.19 (d, J = 8.0 Hz, 2H), 4.01 (t, J = 7.0 Hz, 1H), 3.70 (s, 6H), 3.54 (d, J = 7.0 Hz, 2H), 2.34 

(s, 3H). 13C NMR (101 MHz, CDCl3) δ 196.1, 169.6, 144.6, 133.6, 129.5, 128.4, 52.9, 47.0, 

37.9, 21.8. 12 

Dimethyl 2-(2-(4-methoxyphenyl)-2-oxoethyl)malonate (5.1c) 

 

The title compound was obtained by silica gel column chromatography (EtOAc:petroleum 

ether 1:5) as yellow oil (29 mg, 86%). 1H NMR (600 MHz, CDCl3) δ 7.96 (d, J = 7.2 Hz, 2H), 

6.94 (d, J = 7.8 Hz, 2H), 4.08 (t, J = 4.2 Hz, 1H), 3.87 (s, 3H), 3.78 (s, 6H), 3.60 (d, J = 4.2 

Hz, 2H). 13C NMR (151 MHz, CDCl3) δ 195.0, 169.7, 164.0, 130.6, 129.2, 114.0, 55.7, 53.0, 

47.0, 37.7. 13 

Dimethyl 2-(2-(4-chlorophenyl)-2-oxoethyl)malonate (5.1d) 

 

The title compound was obtained by silica gel column chromatography (EtOAc:petroleum 

ether 1:5) as yellow oil (30 mg, 87%). 1H NMR (600 MHz, CDCl3) δ 7.91 (d, J = 8.6 Hz, 2H), 

7.44 (d, J = 8.6 Hz, 2H), 4.07 (t, J = 7.0 Hz, 1H), 3.78 (s, 6H), 3.60 (d, J = 7.0 Hz, 2H). 13C 

NMR (101 MHz, CDCl3) δ 195.4, 169.4, 140.2, 134.4, 129.7, 129.2, 53.0, 46.9, 38.0. 12 

Dimethyl 2-(2-(3-bromophenyl)-2-oxoethyl)malonate (5.1e) 

 

The title compound was obtained by silica gel column chromatography (EtOAc:petroleum 

ether 1:5) as yellow oil (30 mg, 76%). 1H NMR (600 MHz, CDCl3) δ 8.09 (s, 1H), 7.89 (d, J = 

7.8 Hz, 1H), 7.70 (dd, J = 8.0, 2.0 Hz, 1H), 7.35 (t, J = 7.8 Hz, 1H), 4.07 (t, J = 7.0 Hz, 1H), 

3.78 (s, 6H), 3.60 (d, J = 7.0 Hz, 2H). 13C NMR (151 MHz, CDCl3) δ 195.3, 169.3, 137.8, 

136.6, 131.3, 130.4, 126.8, 123.2, 53.1, 46.8, 38.1. 12 

Dimethyl 2-(2-(3,4-dimethoxyphenyl)-2-oxoethyl)malonate (5.1f) 
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The title compound was obtained by silica gel column chromatography (EtOAc:petroleum 

ether 1:5) as yellow oil (27 mg, 77%). 1H NMR (500 MHz, CDCl3) δ 7.63 (dd, J = 8.4, 2.0 Hz, 

1H), 7.51 (d, J = 2.0 Hz, 1H), 6.90 (d, J = 8.4 Hz, 1H), 4.08 (t, J = 7.0 Hz, 1H), 3.95 (s, 3H), 

3.92 (s, 3H), 3.78 (s, 6H), 3.61 (d, J = 7.2 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 195.1, 

169.7, 153.9, 149.3, 129.4, 123.1, 56.3, 56.2, 53.0, 47.1, 37.6. HRMS (ESI) m/z: [M+H]+ 

calculated for C15H19O7: 311.1126; found: 311.1112. FT-IR (KBr, selected band): 1747, 1726, 

1681 cm-1. 

Diethyl 2-(2-oxo-2-(p-tolyl)ethyl)malonate (5.1g) 

 

The title compound was obtained by silica gel column chromatography (EtOAc:petroleum 

ether 1:5) as yellow oil (28 mg, 81%). 1H NMR (600 MHz, CDCl3) δ 7.88 (d, J = 8.4 Hz, 2H), 

7.26 (d, J = 7.8 Hz, 2H), 4.26 – 4.20 (m, 4H), 4.05 (t, J = 7.2 Hz, 1H), 3.60 (d, J = 7.2 Hz, 2H), 

2.41 (s, 2H), 1.29 (t, J = 7.2 Hz, 4H). 13C NMR (151 MHz, CDCl3) δ 196.2, 169.2, 144.5, 

133.7, 129.4, 128.4, 61.8, 47.4, 37.8, 21.8, 14.1. 12 

 

5.5.4. Computational studies 

All calculations were performed using the Gaussian-16 program package.14 Full geometry 

optimizations were carried out using Kohn-Sham hybrid-DFT B3LYP15 level of theory and the 

standard double-ζ quality def2SVP basis set.16 Frequency calculations at the same method and 

basis set were performed to distinguish transition state structures (one imaginary frequency) 

and minima structures (no imaginary frequency) on the potential energy surface. The transition 

states were verified by the intrinsic reaction coordinate (IRC) calculations, wherever 

necessary.17 Free energies were calculated by using frequency calculations at -60 °C to match 

the experimental conditions.  

Table 5.4. Free Energies (G) and Total Energies (E) given in Hartree along with the number 

of imaginary frequencies 

Species Free energy (G) Total energy (E) # Imaginary 

Frequency 

(NImag) 

A -2435.142499 -2435.9691924 0 

I1 -2435.135975 -2435.9696543 0 

I2 -2435.173100 -2436.0111397 0 

TS-1 -2435.165318 -2436.0030941 1 
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I3 -2435.228016 -2436.0637713 0 

I4 -2435.250428 -2436.0817515 0 

Q -959.743255 -960.0884202 0 

P -959.772424 -960.1242329 0 

a(G) is calculated at -60 °C to meet the experimental conditions. All the figures were generated using (G) values. 

The transition state has one NImag and all the reactants, intermediates and products have zero NImag. All the 

calculations were performed at B3LYP level of DFT. 
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Annexure I 

1H and 13C NMR spectra of compounds (Chapter 2) 

 

Figure S1: 1H NMR spectrum of 2.3a (400 MHz, CDCl3, 298 K)   

 

Figure S2: 13C NMR spectrum of 2.3a (101 MHz, CDCl3, 298 K) 
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Figure S3: 1H NMR spectrum of 2.3b (400 MHz, CDCl3, 298 K)   

 

Figure S4: 13C NMR spectrum of 2.3b (101 MHz, CDCl3, 298 K) 
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Figure S5: 1H NMR spectrum of 2.3c (400 MHz, CDCl3, 298 K)   

 

Figure S6: 13C NMR spectrum of 2.3c (101 MHz, CDCl3, 298 K) 
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Figure S7: 1H NMR spectrum of 2.3d (600 MHz, CDCl3, 298 K)  

  

Figure S8: 13C NMR spectrum of 2.3d (151 MHz, CDCl3, 298 K) 
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Figure S9: 1H NMR spectrum of 2.3e (400 MHz, CDCl3, 298 K)  

 

Figure S10: 13C NMR spectrum of 2.3e (101 MHz, CDCl3, 298 K) 
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Figure S11: 1H NMR spectrum of 2.3f (400 MHz, CDCl3, 298 K)  

 

Figure S12: 13C NMR spectrum of 2.3f (101 MHz, CDCl3, 298 K) 
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Figure S13: 1H NMR spectrum of 2.3g (400 MHz, CDCl3, 298 K) 

 

Figure S14: 13C NMR spectrum of 2.3g (101 MHz, CDCl3, 298 K) 
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Figure S15: 1H NMR spectrum of 2.3h (400 MHz, CDCl3, 298 K) 

 

Figure S16: 13C NMR spectrum of 2.3h (101 MHz, CDCl3, 298 K) 
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Figure S17: 1H NMR spectrum of 2.3i (600 MHz, CDCl3, 298 K) 

 

Figure S18: 13C NMR spectrum of 2.3i (151 MHz, CDCl3, 298 K) 
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Figure S19: 1H NMR spectrum of 2.3j (400 MHz, CDCl3, 298 K) 

 

Figure S20: 13C NMR spectrum of 2.3j (101 MHz, CDCl3, 298 K) 
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Figure S21: 1H NMR spectrum of 2.3k (400 MHz, CDCl3, 298 K) 

 

Figure S22: 13C NMR spectrum of 2.3k (101 MHz, CDCl3, 298 K) 
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Figure S23: 1H NMR spectrum of 2.3l (400 MHz, CDCl3, 298 K) 

 

Figure S24: 13C NMR spectrum of 2.3l (101 MHz, CDCl3, 298 K) 

TH-2963_166122031



188 | P a g e  
 
 

 

 

Figure S25: 1H NMR spectrum of 2.3m (600 MHz, CDCl3, 298 K) 

 

Figure S26: 13C NMR spectrum of 2.3m (151 MHz, CDCl3, 298 K) 
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Figure S27: 1H NMR spectrum of 2.3n (400 MHz, CDCl3, 298 K) 

 

Figure S28: 13C NMR spectrum of 2.3n (101 MHz, CDCl3, 298 K) 
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Figure S29: 1H NMR spectrum of 2.3o (600 MHz, CDCl3, 298 K) 

 

Figure S30: 13C NMR spectrum of 2.3o (151 MHz, CDCl3, 298 K) 
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Figure S31: 1H NMR spectrum of 2.3p (400 MHz, CDCl3, 298 K) 

 

Figure S32: 13C NMR spectrum of 2.3p (101 MHz, CDCl3, 298 K) 
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Figure S33: 1H NMR spectrum of 2.3q (400 MHz, CDCl3, 298 K) 

 

Figure S34: 13C NMR spectrum of 2.3q (101 MHz, CDCl3, 298 K) 
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Figure S35: 1H NMR spectrum of 2.3r (400 MHz, CDCl3, 298 K) 

 

Figure S36: 13C NMR spectrum of 2.3r (101 MHz, CDCl3, 298 K) 
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Figure S37: 1H NMR spectrum of 2.3s (400 MHz, CDCl3, 298 K) 

 

Figure S38: 13C NMR spectrum of 2.3s (101 MHz, CDCl3, 298 K) 
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Figure S39: 1H NMR spectrum of 2.3t (400 MHz, CDCl3, 298 K) 

 

Figure S40: 13C NMR spectrum of 2.3t (101 MHz, CDCl3, 298 K) 
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Figure S41: 1H NMR spectrum of 2.3u (600 MHz, CDCl3, 298 K) 

 

Figure S42: 13C NMR spectrum of 2.3u (101 MHz, CDCl3, 298 K) 
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Figure S43: 1H NMR spectrum of 2.3v (400 MHz, CDCl3, 298 K) 

 

Figure S44: 13C NMR spectrum of 2.3v (101 MHz, CDCl3, 298 K) 
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Figure S45: 1H NMR spectrum of 2.3w (400 MHz, CDCl3, 298 K) 

 

Figure S46: 13C NMR spectrum of 2.3w (101 MHz, CDCl3, 298 K) 
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Figure S47: 1H NMR spectrum of 2.3x (600 MHz, CDCl3, 298 K) 

 

Figure S48: 13C NMR spectrum of 2.3x (101 MHz, CDCl3, 298 K) 
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Figure S49: 1H NMR spectrum of 2.3y (400 MHz, CDCl3, 298 K) 

 

Figure S50: 13C NMR spectrum of 2.3y (101 MHz, CDCl3, 298 K) 

TH-2963_166122031



201 | P a g e  
 
 

 

 

Figure S51: 1H NMR spectrum of 2.3z (600 MHz, CDCl3, 298 K) 

 

Figure S52: 13C NMR spectrum of 2.3z (101 MHz, CDCl3, 298 K) 
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Figure S53: 1H NMR spectrum of 2.6a (400 MHz, CDCl3, 298 K) 

 

Figure S54: 13C NMR spectrum of 2.6a (101 MHz, CDCl3, 298 K) 
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Figure S55: 1H NMR spectrum of 2.6b (400 MHz, CDCl3, 298 K) 

 

Figure S56: 13C NMR spectrum of 2.6b (101 MHz, CDCl3, 298 K) 
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Figure S57: 1H NMR spectrum of 2.6c (600 MHz, CDCl3, 298 K) 

 

Figure S58: 13C NMR spectrum of 2.6c (151 MHz, CDCl3, 298 K) 
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Figure S59: 1H NMR spectrum of 2.6d (400 MHz, CDCl3, 298 K) 

 

Figure S60: 13C NMR spectrum of 2.6d (101 MHz, CDCl3, 298 K) 
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Figure S61: 1H NMR spectrum of 2.6e (400 MHz, CDCl3, 298 K) 

 

Figure S62: 13C NMR spectrum of 2.6e (101 MHz, CDCl3, 298 K) 
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Figure S63: 1H NMR spectrum of 2.6f (600 MHz, CDCl3, 298 K) 

 

Figure S64: 13C NMR spectrum of 2.6f (101 MHz, CDCl3, 298 K) 
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Figure S65: 1H NMR spectrum of 2.6g (400 MHz, CDCl3, 298 K) 

 

Figure S66: 13C NMR spectrum of 2.6g (101 MHz, CDCl3, 298 K) 
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Figure S67: 1H NMR spectrum of 2.10 (600 MHz, CDCl3, 298 K) 

 

Figure S68: 13C NMR spectrum of 2.10 (101 MHz, CDCl3, 298 K) 
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Figure S69: 1H NMR spectrum of 2.11 (400 MHz, DMSO-d6, 298 K) 

 

Figure S70: 13C NMR spectrum of 2.11 (101 MHz, DMSO-d6, 298 K) 
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Figure S71: 1H NMR spectrum of 2.12 (400 MHz, DMSO-d6, 298 K) 

 

Figure S72: 13C NMR spectrum of 2.12 (101 MHz, DMSO-d6, 298 K) 
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Figure S73: 1H NMR spectrum of 2.14 (400 MHz, DMSO-d6, 298 K) 

 

Figure S74: 13C NMR spectrum of 2.14 (101 MHz, DMSO-d6, 298 K) 
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Figure S75: 1H NMR spectrum of 2.15 (400 MHz, DMSO-d6, 298 K) 

 

Figure S76: 13C NMR spectrum of 2.15 (151 MHz, DMSO-d6, 298 K) 
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Figure S77: 1H NMR spectrum of 2.16 (400 MHz, CDCl3, 298 K) 

 

Figure S78: 13C NMR spectrum of 2.16 (101 MHz, CDCl3, 298 K) 
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Figure S79: 1H NMR spectrum of 2.17 (400 MHz, DMSO-d6, 298 K) 

 

Figure S80: 13C NMR spectrum of 2.17 (101 MHz, DMSO-d6, 298 K) 
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Annexure II 

1H, 13C and 19F NMR spectra of compounds (Chapter 3) 

 

Figure S81. 1H NMR Spectrum of 3.2a (CDCl3, 600 MHz, 298 K) 

 

 
Figure S82. 13C NMR Spectrum of 3.2a (CDCl3, 151 MHz, 298 K) 
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Figure S83. 1H NMR Spectrum of 3.2b (CDCl3, 400 MHz, 298 K) 

 

Figure S84. 13C NMR Spectrum of 3.2b (CDCl3, 101 MHz, 298 K) 
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Figure S85. 1H NMR Spectrum of 3.2c (CDCl3, 400 MHz, 298 K)  

 

 
Figure S86. 13C NMR Spectrum of 3.2c (CDCl3, 101 MHz, 298 K) 
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Figure S87. 1H NMR Spectrum of 3.2d (CDCl3, 600 MHz, 298 K) 

 

Figure S88. 13C NMR Spectrum of 3.2d (CDCl3, 151 MHz, 298 K) 
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Figure S89. 1H NMR Spectrum of 3.2e (CDCl3, 600 MHz, 298 K) 

 

Figure S90. 13C NMR Spectrum of 3.2e (CDCl3, 151 MHz, 298 K) 
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Figure S91. 1H NMR Spectrum of 3.2f (CDCl3, 400 MHz, 298 K) 

 

Figure S92. 13C NMR Spectrum of 3.2f (CDCl3, 151 MHz, 298 K) 
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Figure S93. 1H NMR Spectrum of 3.2g (CDCl3, 400 MHz, 298 K) 

 

Figure S94. 13C NMR Spectrum of 3.2g (CDCl3, 101 MHz, 298 K) 
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Figure S95. 1H NMR Spectrum of 3.2h (CDCl3, 600 MHz, 298 K) 

 

Figure S96. 13C NMR Spectrum of 3.2h (CDCl3, 101 MHz, 298 K) 

TH-2963_166122031



224 | P a g e  
 
 

 

 

Figure S97. 1H NMR Spectrum of 3.2i (CDCl3, 600 MHz, 298 K) 

 

Figure S98. 13C NMR Spectrum of 3.2i (CDCl3, 101 MHz, 298 K) 
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Figure S99. 1H NMR Spectrum of 3.2j (CDCl3, 600 MHz, 298 K) 

 

Figure S100. 13C NMR Spectrum of 3.2j (CDCl3, 151 MHz, 298 K) 
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Figure S101. 1H NMR Spectrum of 3.2k (CDCl3, 400 MHz, 298 K) 

 

Figure S102. 13C NMR Spectrum of 3.2k (CDCl3, 101 MHz, 298 K) 
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Figure S103. 1H NMR Spectrum of 3.2l (CDCl3, 400 MHz, 298 K) 

 

Figure S104. 13C NMR Spectrum of 3.2l (CDCl3, 101 MHz, 298 K) 
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Figure S105. 1H NMR Spectrum of 3.2m (CDCl3, 400 MHz, 298 K) 

 

Figure S106. 13C NMR Spectrum of 3.2m (CDCl3, 101 MHz, 298 K) 
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Figure S107. 1H NMR Spectrum of 3.2n (CDCl3, 600 MHz, 298 K) 

 

Figure S108. 13C NMR Spectrum of 3.2n (CDCl3, 151 MHz, 298 K) 
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Figure S109. 1H NMR Spectrum of 3.2o (CDCl3, 600 MHz, 298 K) 

 

Figure S110. 13C NMR Spectrum of 3.2o (CDCl3, 151 MHz, 298 K) 
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Figure S111. 1H NMR Spectrum of 3.2p (CDCl3, 400 MHz, 298 K) 

 

Figure S112. 13C NMR Spectrum of 3.2p (CDCl3, 101 MHz, 298 K) 

TH-2963_166122031



232 | P a g e  
 
 

 

 

Figure S113. 1H NMR Spectrum of 3.2q (CDCl3, 600 MHz, 298 K) 

 

Figure S114. 13C NMR Spectrum of 3.2q (CDCl3, 151 MHz, 298 K) 
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Figure S115. 1H NMR Spectrum of 3.2r (CDCl3, 600 MHz, 298 K) 

 

Figure S116. 13C NMR Spectrum of 3.2r (CDCl3, 151 MHz, 298 K) 
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Figure S117. 1H NMR Spectrum of 3.2s (CDCl3, 400 MHz, 298 K) 

 

Figure S118. 13C NMR Spectrum of 3.2s (CDCl3, 101 MHz, 298 K) 
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Figure S119. 1H NMR Spectrum of 3.4a (CDCl3, 600 MHz, 298 K) 

 

Figure S120. 13C NMR Spectrum of 3.4a (CDCl3, 151 MHz, 298 K) 
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Figure S121. 1H NMR Spectrum of 3.4b (CDCl3, 400 MHz, 298 K) 

 

Figure S122. 13C NMR Spectrum of 3.4b (CDCl3, 151 MHz, 298 K) 
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Figure S123. 1H NMR Spectrum of 3.4c (CDCl3, 600 MHz, 298 K) 

 

Figure S124. 13C NMR Spectrum of 3.4c (CDCl3, 101 MHz, 298 K) 
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Figure S125. 1H NMR Spectrum of 3.4d (CDCl3, 400 MHz, 298 K) 

 

Figure S126. 13C NMR Spectrum of 3.4d (CDCl3, 101 MHz, 298 K) 

TH-2963_166122031



239 | P a g e  
 
 

 

 

Figure S127. 1H NMR Spectrum of 3.4e (CDCl3, 400 MHz, 298 K) 

 

Figure S128. 13C NMR Spectrum of 3.4e (CDCl3, 101 MHz, 298 K) 
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Figure S129. 1H NMR Spectrum of 3.4f (CDCl3, 600 MHz, 298 K) 

 

Figure S130. 13C NMR Spectrum of 3.4f (CDCl3, 151 MHz, 298 K) 
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Figure S131. 1H NMR Spectrum of 3.4g (CDCl3, 600 MHz, 298 K) 

 

Figure S132. 13C NMR Spectrum of 3.4g (CDCl3, 151 MHz, 298 K) 
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Figure S133. 19F NMR Spectrum of 3.4g (CDCl3, 565 MHz, 298 K) 

 

Figure S134. 1H NMR Spectrum of 3.4h (CDCl3, 600 MHz, 298 K) 
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Figure S135. 13C NMR Spectrum of 3.4h (CDCl3, 151 MHz, 298 K) 

 

Figure S136. 1H NMR Spectrum of 3.4i (CDCl3, 600 MHz, 298 K) 
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Figure S137. 13C NMR Spectrum of 3.4i (CDCl3, 101 MHz, 298 K) 

 

Figure S138. 1H NMR Spectrum of 3.4j (CDCl3, 600 MHz, 298 K) 
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Figure S139. 13C NMR Spectrum of 3.4j (CDCl3, 101 MHz, 298 K) 

 

Figure S140. 1H NMR Spectrum of 3.4k (CDCl3, 600 MHz, 298 K) 
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Figure S141. 13C NMR Spectrum of 3.4k (CDCl3, 101 MHz, 298 K) 

 

Figure S142. 1H NMR Spectrum of 3.5a (CDCl3, 600 MHz, 298 K) 
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Figure S143. 13C NMR Spectrum of 3.5a (CDCl3, 151 MHz, 298 K) 

 

Figure S144. 1H NMR Spectrum of 3.5b (CDCl3, 600 MHz, 298 K) 
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Figure S145. 13C NMR Spectrum of 3.5b (CDCl3, 151 MHz, 298 K) 

 

Figure S146. 1H NMR Spectrum of 3.5c (CDCl3, 400 MHz, 298 K) 
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Figure S147. 13C NMR Spectrum of 3.5c (CDCl3, 151 MHz, 298 K) 

 

Figure S148. 1H NMR Spectrum of 3.5d (CDCl3, 400 MHz, 298 K) 
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Figure S149. 13C NMR Spectrum of 3.5d (CDCl3, 151 MHz, 298 K) 

 

Figure S150. 1H NMR Spectrum of 3.5e (CDCl3, 600 MHz, 298 K) 
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Figure S151. 13C NMR Spectrum of 3.5e (CDCl3, 151 MHz, 298 K) 

 

Figure S152. 1H NMR Spectrum of 3.2u (CDCl3, 400 MHz, 298 K) 
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Figure S153. 13C NMR Spectrum of 3.2u (CDCl3, 101 MHz, 298 K) 

 

Figure S154. 1H NMR Spectrum of 3.2v (CDCl3, 600 MHz, 298 K) 
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Figure S155. 13C NMR Spectrum of 3.2v (CDCl3, 151 MHz, 298 K) 

 

Figure S156. 1H NMR Spectrum of 3.2w (CDCl3, 600 MHz, 298 K) 
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Figure S157. 13C NMR Spectrum of 3.2w (CDCl3, 151 MHz, 298 K) 

 

Figure S158. 1H NMR Spectrum of 3.9 (CDCl3, 400 MHz, 298 K) 
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Figure S159. 13C NMR Spectrum of 3.9 (CDCl3, 101 MHz, 298 K) 

 

Figure S160. 1H NMR Spectrum of 3.10 (D2O, 600 MHz, 298 K) 
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Figure S161. 13C NMR Spectrum of 3.10 (D2O, 151 MHz, 298 K) 

 

Figure S162. 1H NMR Spectrum of 3.11 (CDCl3, 600 MHz, 298 K) 
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Figure S163. 13C NMR Spectrum of 3.11 (CDCl3, 151 MHz, 298 K) 

 

Figure S164. 1H NMR Spectrum of 3.13 (CDCl3, 600 MHz, 298 K) 
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Figure S165. 13C NMR Spectrum of 3.13 (CDCl3, 151 MHz, 298 K) 

 

Figure S166. 1H NMR Spectrum of 3.8 (CDCl3, 400 MHz, 298 K) 
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Figure S167. 13C NMR Spectrum of 3.8 (CDCl3, 101 MHz, 298 K) 
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Annexure III 

1H, 13C, 2D NMR and HRMS spectra of compounds (Chapter 4) 

 

Figure S168. 1H NMR Spectrum of 4.2a (CDCl3, 400 MHz, 298 K) 

 

Figure S169. 13C NMR Spectrum of 4.2a (CDCl3, 101 MHz, 298 K) 
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Figure S170. 1H NMR Spectrum of 4.2b (CDCl3, 600 MHz, 298 K) 

 

Figure S171. 13C NMR Spectrum of 4.2b (CDCl3, 151 MHz, 298 K) 
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Figure S172. 1H NMR Spectrum of 4.2c (CDCl3, 400 MHz, 298 K) 

 

Figure S173. 13C NMR Spectrum of 4.2c (CDCl3, 101 MHz, 298 K) 
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Figure S174. 1H NMR Spectrum of 4.2d (CDCl3, 600 MHz, 298 K) 

 

Figure S175. 13C NMR Spectrum of 4.2d (CDCl3, 151 MHz, 298 K) 
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Figure S176. 1H NMR Spectrum of 4.2e (CDCl3, 600 MHz, 298 K) 

 

Figure S177. 13C NMR Spectrum of 4.2e (CDCl3, 151 MHz, 298 K) 
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Figure S178. 1H NMR Spectrum of 4.2f (CDCl3, 400 MHz, 298 K) 

 

Figure S179. 13C NMR Spectrum of 4.2f (CDCl3, 101 MHz, 298 K) 
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Figure S180. 1H NMR Spectrum of 4.2g (CDCl3, 600 MHz, 298 K) 

 

Figure S181. 13C NMR Spectrum of 4.2g (CDCl3, 151 MHz, 298 K) 
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Figure S182. 1H NMR Spectrum of 4.2h (CDCl3, 600 MHz, 298 K) 

 

Figure S183. 13C NMR Spectrum of 4.2h (CDCl3, 151 MHz, 298 K) 
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Figure S184. 1H NMR Spectrum of 4.2i (CDCl3, 400 MHz, 298 K) 

 

 

Figure S185. 13C NMR Spectrum of 4.2i (CDCl3, 101 MHz, 298 K) 
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Figure S186. 1H NMR Spectrum of 4.2j (CDCl3, 600 MHz, 298 K) 

 

Figure S187. 13C NMR Spectrum of 4.2j (CDCl3, 151 MHz, 298 K) 
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Figure S188. 1H NMR Spectrum of 4.2k (CDCl3, 600 MHz, 298 K) 

 

Figure S189. 13C NMR Spectrum of 4.2k (CDCl3, 151 MHz, 298 K) 
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Figure S190. 1H NMR Spectrum of 4.2l (CDCl3, 400 MHz, 298 K) 

 

Figure S191. 13C NMR Spectrum of 4.2l (CDCl3, 101 MHz, 298 K) 
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Figure S192. 1H NMR Spectrum of 4.3a (CDCl3, 400 MHz, 298 K) 

 

Figure S193. 13C NMR Spectrum of 4.3a (CDCl3, 101 MHz, 298 K) 
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Figure S194. 1H NMR Spectrum of 4.3b (CDCl3, 400 MHz, 298 K) 

 

Figure S195. 13C NMR Spectrum of 4.3b (CDCl3, 151 MHz, 298 K) 
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Figure S196. 1H NMR Spectrum of 4.3c (CDCl3, 600 MHz, 298 K) 

 

Figure S197. 13C NMR Spectrum of 4.3c (CDCl3, 151 MHz, 298 K) 
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Figure S198. 1H NMR Spectrum of 4.4a (CDCl3, 600 MHz, 298 K) 

 

Figure S199. 13C NMR Spectrum of 4.4a (CDCl3, 151 MHz, 298 K) 
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Figure S200. 1H-1H COSY NMR Spectrum of 4.4a (CDCl3, 298 K). 

 

Figure S201. 1H-13C HSQC NMR Spectrum of 4.4a (CDCl3, 298 K). 
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Figure S202. 13C DEPT-135 NMR Spectrum of 4.4a (CDCl3, 298 K). 

 

Figure S203. 1H NMR Spectrum of 4.4b (CDCl3, 400 MHz, 298 K) 
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Figure S204. 13C NMR Spectrum of 4.4b (CDCl3, 101 MHz, 298 K) 

 

Figure S205. 1H NMR Spectrum of 4.4c (CDCl3, 600 MHz, 298 K) 
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Figure S206. 13C NMR Spectrum of 4.4c (CDCl3, 151 MHz, 298 K) 

 

Figure S207. 1H NMR Spectrum of 4.4d (CDCl3, 500 MHz, 298 K) 
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Figure S208. 13C NMR Spectrum of 4.4d (CDCl3, 151 MHz, 298 K) 

 

Figure S209. 1H NMR Spectrum of 4.4e (CDCl3, 400 MHz, 298 K) 
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Figure S210. 13C NMR Spectrum of 4.4e (CDCl3, 101 MHz, 298 K) 

 

Figure S211. 1H NMR Spectrum of 4.4f (CDCl3, 400 MHz, 298 K) 
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Figure S212. 13C NMR Spectrum of 4.4f (CDCl3, 101 MHz, 298 K) 

 

Figure S213. 1H NMR Spectrum of 4.4g (CDCl3, 400 MHz, 298 K) 
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Figure S214. 13C NMR Spectrum of 4.4g (CDCl3, 126 MHz, 298 K) 

 

Figure S215. 1H NMR Spectrum of 4.4i (CDCl3, 400 MHz, 298 K) 
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Figure S216. 13C NMR Spectrum of 4.4i (CDCl3, 101 MHz, 298 K) 

 

Figure S217. 1H NMR Spectrum of 4.4j (CDCl3, 600 MHz, 298 K) 
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Figure S218. 13C NMR Spectrum of 4.4j (CDCl3, 151 MHz, 298 K) 

 

Figure S219. 1H NMR Spectrum of 4.4k (CDCl3, 600 MHz, 298 K) 
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Figure S220. 13C NMR Spectrum of 4.4k (CDCl3, 151 MHz, 298 K) 

 

Figure S221. 1H NMR Spectrum of 4.5 (CDCl3, 600 MHz, 298 K). 
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Figure S222. 1H NMR Spectrum of 4.5 (CDCl3, 151 MHz, 298 K). 

 

Figure S223. 1H NMR Spectrum of 4.6 (CDCl3, 600 MHz, 298 K) 
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Figure S224. 13C NMR Spectrum of 4.6 (CDCl3, 151 MHz, 298 K) 

 

Figure S225. 1H-1H COSY NMR Spectrum of 4.6 (CDCl3, 298 K). 
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Figure S226. 1H-13C HSQC NMR Spectrum of 4.6 (CDCl3, 298 K). 

 

Figure S227. 13C DEPT-135 NMR Spectrum of 4.6 (CDCl3, 298 K). 
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Figure S228. HRMS Spectrum of 4.6. 

 

 

Figure S229. 1H NMR Spectrum of 4.8 (CDCl3, 400 MHz, 298 K) 
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Figure S230. 13C NMR Spectrum of 4.8 (CDCl3, 101 MHz, 298 K) 

 

Figure S231. 1H NMR Spectrum of 4.9 (CDCl3, 400 MHz, 298 K) 
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Figure S232. 13C NMR Spectrum of 4.9 (CDCl3, 101 MHz, 298 K) 
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Annexure IV 

1H and 13C NMR spectra of compounds (Chapter 5) 

 

Figure S233. 1H NMR Spectrum of 5.1a (CDCl3, 500 MHz, 298 K) 

 

Figure S234. 13C NMR Spectrum of 5.1a (CDCl3, 101 MHz, 298 K) 
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Figure S235. 1H NMR Spectrum of 5.1b (CDCl3, 600 MHz, 298 K) 

 

Figure S236. 13C NMR Spectrum of 5.1b (CDCl3, 151 MHz, 298 K) 
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Figure S237. 1H NMR Spectrum of 5.1c (CDCl3, 600 MHz, 298 K) 

 

Figure S238. 13C NMR Spectrum of 5.1c (CDCl3, 151 MHz, 298 K) 
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Figure S239. 1H NMR Spectrum of 5.1d (CDCl3, 600 MHz, 298 K) 

 

Figure S240. 13C NMR Spectrum of 5.1d (CDCl3, 101 MHz, 298 K) 
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Figure S241. 1H NMR Spectrum of 5.1e (CDCl3, 600 MHz, 298 K) 

 

Figure S242. 13C NMR Spectrum of 5.1e (CDCl3, 151 MHz, 298 K) 
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Figure S243. 1H NMR Spectrum of 5.1f (CDCl3, 500 MHz, 298 K) 

 

Figure S244. 13C NMR Spectrum of 5.1f (CDCl3, 126 MHz, 298 K) 
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Figure S245. 1H NMR Spectrum of 5.1g (CDCl3, 600 MHz, 298 K) 

 

Figure S246. 13C NMR Spectrum of 5.1g (CDCl3, 151 MHz, 298 K) 
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Annexure V 

Cartesian coordinates (xyz) of all the optimized structures (Chapter 3) 

  

 

1a + 2a (for reaction with alkyl 

carbodiimide) 

C                     2.45204   2.08714  -0.74706  

H                     1.49369   1.91772  -0.24515  

C                     2.73152  -0.29851 -0.57839  

 C                     2.4428   -2.25861   0.7962  

H                     1.52754  -2.85889   0.82317  

N                     3.17143   0.80147  -0.86541  

N                     2.33846  -1.44691 -0.43084  

C                     2.19664   2.63859  -2.15198  

H                     1.58473   1.94849  -2.73766  

H                     1.67181   3.59669  -2.09264  

H                     3.14086   2.79201  -2.68211  

C                     3.29473   3.04536   0.09611  

H                     3.45502   2.64295   1.09885  

H                     4.27145   3.20799  -0.3685  

H                     2.78915   4.01069   0.19141  

C                     2.50666  -1.41203   2.06948  

H                     3.42385  -0.81493   2.09285  

H                     1.6499   -0.73654   2.12795  

 H                     2.50321  -2.0577    2.95259  

C                     3.63271  -3.21549   0.66688  

 H                     3.6633   -3.90107   1.51877  

H                     3.55854  -3.80412 -0.25005  

H                     4.57357  -2.65802   0.63978  

C                    -3.53009 -0.13351  -0.12669  

C                    -2.11664  -0.11455  0.02775  

 C                    -2.3178    1.59283   1.67048  

 C                    -3.71077   1.5907    1.53633  

C                    -4.32831   0.74227   0.64996  

H                    -1.77826   2.23674   2.34944  

H                    -4.28104   2.27656   2.15025  

 H                    -5.4055    0.7328    0.53682  

C                   -4.07657  -1.04394  -1.06825  

C                    -1.28743  -0.96785 -0.72313  

C                    -3.26177  -1.87407 -1.80086  

C                    -1.86045  -1.83532 -1.62646  

H                    -5.15287  -1.07026 -1.19811  

H                    -3.69458  -2.56333 -2.51687  

H                    -1.22615  -2.49337 -2.20864  

H                    -0.21688  -0.92479 -0.57543  

N                    -1.52855   0.77403   0.94725  

O                    -0.25305   0.79526   1.08676 

TS1A 

  

 C                    1.79684  -1.89771   0.05558  

 C                     1.69436  -0.58299  -0.4292  

 C                     2.72706   0.3577   -0.17596  

 C                     3.858    -0.0634    0.55249  

C                     3.95612  -1.35716   1.02669  

C                     2.91634  -2.27063   0.77634  

H                     0.99714  -2.59334 -0.15538  

H                     4.65139   0.65252   0.74051  

 H                     4.82878  -1.6687    1.5881  
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H                     2.99336  -3.28572   1.14956  

C                     2.56798   1.69334  -0.66888  

C                     1.44612   2.05991  -1.33864  

 H                     3.37475   2.40327  -0.5187  

H                     1.32606   3.05718  -1.74207  

 N                     0.61514  -0.19757  -1.2077  

C                     0.37087   1.11241  -1.52897  

O                    -0.51233  -0.92397 -1.21905  

C                    -1.74177   0.24507 -0.24824  

N                    -1.08882   1.34347 -0.33322  

 C                    -1.11849   2.40128   0.6879  

H                    -0.31757   3.09312   0.40117  

C                    -0.80578   1.87064   2.09218  

H                     0.16113   1.36234   2.11153  

H                    -0.77434   2.69518   2.81015  

H                    -1.57419   1.16544   2.41941  

C                    -2.45316   3.15459   0.63826  

H                    -2.44995   3.98185   1.35421  

H                    -2.63093   3.56184 -0.35977  

H                    -3.28095   2.48568   0.88605  

N                   -2.79005  -0.30728   0.08643  

C                    -3.14033  -1.71741  0.24522  

H                    -4.1482   -1.70664   0.67331  

C                    -3.22321  -2.43346 -1.11058  

H                    -2.23882  -2.50016 -1.57575  

H                    -3.62226  -3.4432   -0.97202  

H                    -3.88986  -1.89329 -1.78712  

C                    -2.21914  -2.43992  1.23457  

H                    -2.20804  -1.92706  2.19982  

H                    -2.56919  -3.46367  1.39758  

 H                    -1.19917  -2.47684   0.8488  

 H                    -0.27537   1.22817  -2.3882 

I-1A 

  

C                    -2.97233   2.58513   0.37347  

C                    -1.85165   2.05137 -0.26028  

C                    -1.77255   0.67748 -0.48242  

C                    -2.8196   -0.17021  -0.06696  

 C                    -3.94266   0.39232   0.5477  

C                    -4.02516   1.76289   0.77294  

H                    -3.02278   3.65407   0.54736  

H                    -1.04281   2.69121 -0.58545  

C                    -2.6735   -1.60524  -0.27028  

H                    -4.74871  -0.2622    0.86322  

H                    -4.89825   2.18527   1.25565  

C                    -1.52113  -2.13688 -0.68974  

C                    -0.33027  -1.27257 -0.99646  

H                    -3.52568  -2.24179 -0.05417  

H                    -1.4056   -3.20435  -0.82912  

H                     0.1646   -1.63517  -1.90775  

O                     0.51776   0.83588  -1.04284  

C                     1.29213   0.10609  -0.13362  

N                     0.67184  -1.11043   0.08315  

N                     2.37957   0.50973   0.36024  

C                     1.44901  -2.21514   0.67339  

H                     2.29264  -1.70851   1.14614  

C                     2.00665  -3.17199 -0.39006  

H                     1.21403  -3.72792 -0.90118  

H                     2.59006  -2.63112 -1.13941  

TH-2963_166122031



302 | P a g e  
 
 

 

H                     2.66547  -3.90569   0.08132  

C                     0.65609  -2.94463   1.7623  

H                    -0.19927  -3.48905  1.35514  

 H                     1.30217  -3.66739   2.2689  

H                     0.28487  -2.23538   2.50462  

C                     2.87176   1.86443   0.09473  

H                     2.06276   2.50946  -0.27127  

C                     3.40323   2.45513   1.40439  

H                     4.21418   1.83567   1.79823  

H                     3.78411   3.46872   1.24676  

H                     2.61391   2.49721   2.15894  

C                     3.96553   1.81412  -0.98052  

H                     4.78429   1.16441  -0.65778  

H                     3.56993   1.42406  -1.92169  

 H                     4.37015   2.8134   -1.16787  

N                    -0.71218   0.11846 -1.24332 

TS2A 

  

C                     1.27689  -1.19011 -1.42899  

C                     4.23512   0.57103  -0.05295  

C                     2.97612  -0.03924 -0.18484  

C                     2.04103   0.03412   0.92696  

C                     4.57188   1.24685   1.10421  

C                     3.65624   1.35803   2.18318  

H                     1.69406   0.84554   2.89797  

 H                     4.9365    0.51934  -0.87863  

H                     5.54766   1.71204   1.18774  

C                     2.51742  -0.64035 -1.38913  

 H                     3.9459    1.90344   3.07354  

H                     3.12186  -0.56071 -2.28607  

C                     0.47823  -1.39139 -0.18364  

C                     2.41878   0.78317   2.09577  

N                    -2.60804   0.34612 -0.63354  

 H                     0.85986  -1.5849   -2.3475  

H                    -1.2189   -3.21556   0.25087  

O                    -0.3703    0.78118  -1.07701  

N                    -0.95165  -1.29763 -0.42131  

C                    -1.33233  0.03823  -0.70621  

C                    -1.85423 -2.32867   0.14204  

 H                    -2.56323  -2.98795  -1.8053  

 C                    -2.97599  -2.69885  -0.8351  

 H                    -3.54095  -3.54658  -0.4357  

H                    -3.64938  -1.8556   -0.98052  

H                    -2.96632  -2.80025  1.94598  

C                    -2.39201  -1.96466  1.53409  

H                    -1.57512  -1.73277  2.22148  

H                    -3.04171  -1.091     1.45965  

H                    -4.11181   1.70935 -0.64902  

N                     0.86644  -0.56245   0.93305  

C                    -3.03858   1.71457 -0.88183  

H                   -1.31451   2.86368  -0.19527  

C                    -2.37802   2.76512   0.02714  

H                    -2.85909   3.73884 -0.11341  

H                    -2.48735   2.48242   1.07796  

 H                    -3.415     1.35498  -2.99973  

 C                    -2.92025   2.1001   -2.3714  

 H                    -3.3928    3.07111  -2.5518  

H                    -1.8683    2.15697  -2.65987  

H                     0.66625  -2.42933   0.15548 

I-2A 
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C                     4.69119  -0.92143 -0.27403  

 C                     3.7807   -1.24164   0.66932  

C                     2.49155  -0.57289   0.72255  

C                     2.22358   0.53511  -0.24645  

C                     3.24437   0.78556  -1.26112  

C                     4.40912   0.10402  -1.26352  

 H                     1.6405   -1.79549   2.23333  

H                     5.64464  -1.43557 -0.31227  

H                     3.98073  -2.01925   1.39892  

C                     1.50759  -0.95272   1.56269  

 H                     3.0272    1.55982  -1.98673  

 H                     5.16192   0.31949  -2.0139  

 C                     0.17915   1.08593   0.8237  

C                     0.17908  -0.27199   1.53747  

N                     1.16467   1.26868  -0.24123  

H                    -0.22975  -0.16175  2.54663  

H                     0.34319   1.89801   1.54006  

O                    -0.76197  -1.06622  0.76618  

N                    -1.19088   1.10207   0.33209  

C                    -1.59728  -0.20129  0.07703  

C                    -1.83164   2.2387   -0.36775  

H                    -1.87052   1.98531 -1.43358  

C                    -1.03179   3.53162 -0.19345  

H                    -0.01611   3.43953 -0.57701  

H                    -1.53701   4.33081 -0.74083  

H                    -0.99017   3.83356   0.85836  

C                    -3.26693   2.42608   0.13968  

H                    -3.84437   1.51147   0.01511  

H                    -3.26372   2.70786   1.19749  

H                    -3.75673   3.22412 -0.42612  

N                    -2.56772  -0.53788 -0.65738  

C                    -2.98699  -1.9318   -0.83862  

H                    -3.85886  -1.87288 -1.49949  

C                    -3.46034  -2.5926    0.46615  

H                    -3.90632  -3.56944  0.25439  

H                    -2.63081  -2.73769  1.16145  

 H                    -4.21782  -1.97425   0.9553  

C                    -1.93232  -2.78065 -1.56619  

H                    -2.3457   -3.76225  -1.81877  

H                    -1.62545  -2.29257 -2.49488  

H                    -1.04589  -2.92943 -0.94606 

3aa+2aʹ 

C                    -0.53851   1.38391 -0.47302  

C                     0.33681   1.46337   0.65178  

C                     1.57094   2.14371   0.53502  

 C                     1.93847   2.7299   -0.65775  

 C                     1.07606   2.6504   -1.77316  

 C                    -0.13276   1.9937  -1.68634  

H                     2.22252   2.19891   1.40133  

H                     2.88317   3.25485  -0.74069  

H                     1.36858   3.11597  -2.70822  

H                    -0.80387   1.93072 -2.53493  

C                    -0.09926   0.83561   1.85431  

C                    -2.12226   0.19011   0.70908  

C                    -1.30736   0.20854   1.89293  

H                    -1.66233  -0.26953  2.79964  

 H                     0.54073   0.85849   2.7301  

N                    -1.74344   0.74485 -0.42778  
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N                    -3.35348  -0.41043  0.77371  

 H                    -3.553    -0.95024   1.60166  

C                    -4.23347  -0.60782 -0.37935  

H                    -4.1415    0.29568  -0.98576  

C                    -5.67553  -0.7411    0.11361  

H                    -6.3575   -0.86533  -0.73083  

 H                    -5.79195  -1.61837   0.7608  

H                    -5.98187   0.14371   0.67653  

C                    -3.80122  -1.80774 -1.23426  

H                    -2.77058  -1.6829   -1.57049  

H                    -3.87362  -2.7394   -0.66322  

H                    -4.44004  -1.90067 -2.11771  

C                     3.02959  -1.4026   -0.85142  

H                     2.64358  -0.39597 -1.03995  

C                     3.34038  -0.95241   1.58958  

N                     3.56667  -1.42201   0.51113  

C                     1.88181  -2.40798 -0.97574  

H                     1.07432  -2.16825 -0.28087  

H                     1.47605  -2.38524 -1.99055  

H                     2.23405  -3.42125 -0.76497  

C                     4.16386  -1.69302 -1.83354  

H                     4.96758  -0.96162 -1.72745  

 H                     4.57988  -2.68854  -1.6571  

 H                     3.79031  -1.64964  -2.8597  

O                     3.21775  -0.55096   2.68906 

1a+2aʹ (for reaction with alkyl 

isocyanate) 

C                    -3.58302  -0.94047 -0.15596  

H                    -2.62962  -1.13304 -0.65408  

C                    -3.13373   1.50908 -0.06082  

N                    -3.78694   0.51057 -0.15836  

C                    -4.71777  -1.59846 -0.94007  

H                    -4.75802  -1.21672 -1.96253  

H                    -4.56592  -2.68027 -0.98159  

H                    -5.68203  -1.40256 -0.46301  

C                    -3.49365  -1.45142  1.28378  

 H                    -2.6489   -0.99167   1.7993  

H                    -4.41277  -1.22669  1.83216  

H                    -3.34679  -2.53526  1.28436  

C                     3.10668   0.40708  -0.04482  

C                     1.86587  -0.28425   0.00209  

C                     0.70237   1.78865   0.05916  

C                     1.91319   2.48998   0.01372  

 C                     3.11315   1.82362  -0.0383  

H                    -0.26749   2.26419   0.09863  

 H                     1.86921   3.57183   0.0206  

H                     4.05425   2.35875  -0.07386  

C                     4.29211  -0.37182 -0.09628  

C                     1.81436  -1.68999 -0.00141  

C                     4.23492  -1.74515 -0.10009  

C                     2.98802  -2.40792 -0.05209  

H                     5.24686   0.14108  -0.13257  

H                     5.14961  -2.32534 -0.13973  

H                     2.95574  -3.49118 -0.05492  

 H                     0.84436  -2.16481   0.037  

N                     0.66304   0.44189   0.05339  

O                    -0.45668  -0.18954  0.09538  

 O                    -2.61285   2.5634    0.01857 

TS3A 
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C                     2.13318  -1.51672 -0.16912  

C                     1.57601  -0.25063 -0.40451  

 C                     2.19544   0.9231    0.09559  

 C                     3.40649   0.79115   0.8077  

C                     3.95984  -0.45312   1.03024  

C                     3.31342  -1.60525   0.54501  

H                     1.62525  -2.39331 -0.54631  

H                     3.88893   1.68554   1.18676  

H                     4.88738  -0.54637   1.58203  

H                     3.74656  -2.58099   0.73256  

C                     1.54608   2.17823  -0.11872  

 C                     0.35645   2.24891  -0.7766  

 H                     2.02579   3.08082   0.2448  

H                    -0.14354   3.19201 -0.95164  

N                     0.42558  -0.10642 -1.16268  

C                    -0.26595   1.05261 -1.24429  

O                    -0.36518  -1.20252 -1.36173  

C                    -1.65185  -1.07541 -0.43603  

N                    -1.72199   0.14485 -0.01674  

C                    -2.84481   0.63186   0.78847  

H                    -2.63231   1.69254   0.97047  

C                    -2.90264  -0.07219  2.15248  

H                    -1.95379   0.03957   2.68295  

 H                    -3.6956    0.36051   2.77008  

H                    -3.10456  -1.13822  2.02707  

C                    -4.18077   0.53694   0.03679  

 H                    -4.98786   0.9701    0.63531  

H                    -4.13295   1.0797   -0.91143  

H                    -4.42974  -0.5051   -0.17607  

 H                    -1.0276    1.0841   -2.00609  

O                    -2.23937  -2.12582 -0.36661 

I-3A 

  

 C                    -3.6168    0.99444   0.5626  

C                    -2.40085   1.32008 -0.03559  

C                    -1.52331   0.30352 -0.40871  

C                    -1.85769  -1.04548 -0.17713  

C                    -3.09286  -1.34683  0.40557  

C                    -3.97349  -0.33631  0.77792  

H                    -4.29142   1.79098   0.85518  

 H                    -2.12936   2.35155  -0.2137  

C                    -0.88318  -2.07175 -0.52103  

 H                    -3.34956  -2.38678   0.5794  

 H                    -4.925    -0.58204   1.23383  

C                     0.35729  -1.7582   -0.90823  

C                     0.79419  -0.32725 -1.04482  

H                    -1.18414  -3.11115 -0.43634  

H                     1.08613  -2.52111 -1.15135  

H                     1.38832  -0.20877 -1.96019  

O                     0.21582   1.86013  -0.74487  

C                     1.28496   1.60454   0.11233  

N                     1.54767   0.26364   0.08927  

C                     2.80748  -0.24749   0.65781  

 H                     3.21251   0.61056   1.1994  

C                     3.81116  -0.64038 -0.43429  

H                     3.46979  -1.50261 -1.01533  

H                     3.99479   0.18996  -1.12061  

 H                     4.76457  -0.914     0.02394  

 C                     2.5585   -1.37549   1.6641  

 H                     2.1594   -2.27144   1.18312  
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H                     3.49728  -1.64647   2.15506  

H                     1.85011  -1.05615   2.43089  

N                    -0.34057   0.5936   -1.14167  

O                     1.83601   2.49193   0.70739 

TS4A 

  

C                    -0.08517  -2.00017  0.79915  

 C                     3.23167  -1.104    -0.61565  

C                     2.00368  -0.99053   0.04505  

 C                     1.55268   0.2874    0.43193  

C                     3.98986   0.02297  -0.91467  

C                     3.51747   1.28221  -0.54515  

 H                     1.94672   2.3953    0.42985  

H                     3.57894  -2.08952 -0.90853  

H                     4.93596  -0.07743 -1.43276  

C                     1.15499  -2.14175   0.31909  

H                     4.09615   2.16861  -0.77891  

H                     1.55178  -3.13006   0.10942  

C                    -0.64997  -0.64083  1.09525  

 C                     2.30809   1.4202    0.13297  

 N                     0.38479   0.38417   1.2355  

H                    -0.71922  -2.85525  0.99834  

 H                    -2.46308  -1.79072  -0.4309  

O                    -2.06362   2.18383 -0.36102  

N                    -1.50314  -0.04629  0.03848  

C                    -1.39748   1.31044   0.12807  

O                    -0.32438   1.60982   0.97415  

C                    -2.68997  -0.72416 -0.51936  

H                    -1.94125  -0.65686 -2.55703  

C                    -3.95886  -0.42096  0.28964  

H                    -3.06774   0.65283 -2.15959  

H                    -3.67702  -0.99153 -2.42193  

H                    -4.80043  -0.99767 -0.10313  

C                    -2.85182  -0.40548 -2.00881  

H                    -4.21023   0.63962   0.22704  

 H                    -1.215    -0.66703   2.03706  

H                    -3.83423  -0.68685  1.34315 

I-4a 

  

 C                     4.3905    0.15027  -0.26115  

 C                     3.61193  -0.80819   0.2826  

 C                     2.17477  -0.62619   0.4029  

C                     1.58396   0.68026  -0.02576  

 C                     2.49128   1.6442   -0.64251  

 C                     3.81361   1.394    -0.74149  

H                     1.73395  -2.59342   1.06373  

H                     5.45938  -0.0009   -0.35755  

H                     4.03578  -1.74571   0.62629  

C                     1.35038  -1.60891   0.81703  

H                     2.05199   2.57171  -0.98856  

H                     4.47262   2.13163  -1.18613  

C                    -0.55268   0.08002   0.80226  

C                    -0.12627  -1.39622  0.87841  

N                     0.34242   0.99822   0.10605  

H                    -0.55222  -1.85943  1.77381  

 H                    -0.6998    0.48879   1.80743  

O                    -0.76329  -2.01005 -0.26996  

N                    -1.82662  -0.06958  0.10823  
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C                    -1.81422  -1.21103 -0.66074  

 O                    -2.57084  -1.53     -1.54069  

C                    -2.79188   1.02208 -0.17519 

H                    -2.67053   1.30039 -1.22818 

 C                    -2.50977   2.24989   0.6925  

H                    -1.50428   2.63904   0.53467  

H                    -3.22692   3.03215   0.43393  

H                    -2.64335   2.02203   1.75498  

C                    -4.22715   0.52766   0.04101  

H                    -4.44644  -0.33918 -0.58042  

H                    -4.38459   0.26156   1.09088  

H                    -4.92993   1.32423 -0.21878 

3aa + CO2 

 C                     4.8469   -1.78668   0.22074  

O                     3.89224  -1.27326 -0.19961  

O                     5.79835  -2.29911   0.63862  

C                    -2.30466   0.23497 -0.00327  

C                    -2.41687  -1.18366 -0.11366  

C                    -3.68598  -1.79741 -0.01281  

C                    -4.81845  -1.03897  0.19089  

C                    -4.71086   0.36453   0.30052  

C                    -3.48598   0.98886   0.20659  

H                    -3.75517  -2.87753 -0.09921  

H                    -5.78946  -1.51452  0.26688  

H                    -5.60514   0.95718   0.46052  

H                    -3.39245   2.06535   0.28876  

C                    -1.20943  -1.90903  0.32262  

C                    -0.01334   0.18471 -0.29114  

C                    -0.02253  -1.2478   -0.41273  

H                     0.90832  -1.77818 -0.57978  

H                    -1.24616  -2.99039 -0.41168  

N                    -1.11068   0.89006 -0.08656  

N                     1.18397   0.84117  -0.41719  

 H                     2.01713   0.2721   -0.41215  

C                     1.35286   2.27679  -0.18941  

H                     0.45957   2.75389  -0.59771  

C                     2.58175   2.76321  -0.96026  

 H                     2.7151    3.83942  -0.82626  

H                     3.49306   2.27132  -0.60099  

H                     2.48107   2.55843  -2.02872  

 C                     1.437     2.61601   1.30604  

H                     0.54833   2.25663   1.82765  

H                     2.32043   2.15525   1.76086  

H                     1.50528   3.69825   1.45278 

1a + 4b (for reaction with aryl 

carbodiimide) 

C                    -1.70428  -0.44955  0.67574  

 N                    -2.61665   0.24139   1.1046  

N                     -0.68221  -1.022     0.34536 

 C                     4.23994   2.63909  0.28859  

C                     3.39488   1.56427  -0.10218  

C                     5.17171   0.62931  -1.37625  

C                     6.02062   1.67808  -1.00555  

C                     5.57591   2.68268  -0.18096  

H                     5.46566  -0.18597 -2.02086  

H                     7.03355   1.67052  -1.38835  

H                     6.22448   3.49887   0.11298  

C                     3.69068   3.62922   1.14416  

C                     2.06244   1.48354   0.34142  

 C                     2.38815   3.54474   1.5753  

 C                     1.5704    2.46576   1.17196  

 H                     4.3222    4.45556   1.45142  

 H                     1.9837    4.30909   2.22901  
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H                     0.54543   2.40763   1.51873  

 H                     1.4533    0.64921   0.02287  

N                     3.89536   0.55621  -0.94806  

 O                     3.13742  -0.41401  -1.303  

C                    -0.34438  -2.39092  0.29249  

C                    -1.21479  -3.39325  0.73734  

C                     0.9063    -2.74064 -0.22109  

C                    -0.83014  -4.72736  0.66723  

H                    -2.18842  -3.12641  1.13456  

C                     1.27319  -4.08206 -0.28434 

H                     1.58041  -1.96575 -0.56862  

C                     0.42032  -5.09841   0.15805  

H                    -1.51674  -5.49388  1.01291  

H                     2.24648  -4.33898 -0.68992  

C                    -3.73002   0.79287   0.44194  

C                    -3.92321   0.68377 -0.94108  

C                    -4.67535   1.47936   1.20735  

C                    -5.04302   1.25454 -1.53505  

H                    -3.19691   0.15176 -1.54616  

 C                    -5.79209   2.0447    0.59915  

H                    -4.52485   1.55805   2.27741  

 C                    -5.99808   1.94709  -0.7806  

H                    -5.17785   1.15696 -2.60776  

H                    -6.51803   2.56987   1.21166  

C                     0.84291  -6.54703   0.11446  

H                     1.33048  -6.84408   1.04986  

H                    -0.01424  -7.20922 -0.03047  

H                     1.55283  -6.73001 -0.69552  

C                    -7.19476   2.58808 -1.44072  

H                    -6.95183   3.59045 -1.81077  

H                    -7.54096   2.00111 -2.29501  

H                    -8.02766   2.6908   -0.74141 

TS1B 

  

 C                     1.20946   3.04574   0.59599  

 C                     0.05355   2.81056  -0.16134  

 C                    -1.05082   3.6985   -0.10635  

 C                    -0.94656   4.84533   0.70824  

 C                     0.19379   5.08135   1.4495  

 C                     1.26619   4.17323   1.39527  

 H                     2.02907   2.34249   0.5458  

 H                    -1.78447   5.53251   0.75101  

 H                     0.26284   5.96141   2.0773  

 H                     2.15504   4.3574    1.98741  

 C                    -2.22714   3.3724   -0.85167  

 C                    -2.29706   2.2284   -1.58766  

 H                    -3.06671   4.05861  -0.82427  

 H                    -3.18086   1.96426  -2.15204  

 N                    -0.03445   1.72627  -1.02279  

 C                    -1.19099   1.33335  -1.60614  

 O                     0.84225   0.69001  -0.84745  

 C                     0.12568  -0.49124  -0.20387  

 N                    -1.16704  -0.25818  -0.16401  

 N                     0.87114  -1.43825   0.20111  

 H                    -1.10025   0.57003  -2.36284  

 C                    -2.14804  -1.22936   0.0348  

 C                    -1.94963  -2.6068   -0.16637  

 C                    -3.42827  -0.79759   0.42358  

 C                    -2.99883  -3.50193   0.01861  
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 H                    -0.9688   -2.96685  -0.44582  

 C                    -4.46669  -1.70451   0.59796  

 H                    -3.59009   0.26089   0.59413  

 C                    -4.2752   -3.07745   0.40286  

 H                    -2.81687  -4.56081  -0.14105  

 H                    -5.44416  -1.33902   0.89903  

 C                    -5.39345  -4.06515   0.63365  

H                    -5.28107  -4.94945  0.00122 

 H                    -5.41176  -4.40966   1.67415  

 H                    -6.36944  -3.62094   0.42139  

 C                     2.26467  -1.51961   0.09613  

 C                     2.97805  -1.98128   1.21418  

 C                     2.98927  -1.26461  -1.08038  

 C                     4.35737  -2.14984   1.1657  

 H                     2.42618  -2.20154   2.12077  

 C                     4.36866  -1.44762  -1.11931  

 H                     2.46751  -0.92495  -1.96624  

 C                     5.08392  -1.88958  -0.00167  

 H                     4.87854  -2.49797   2.0528  

 H                     4.89987  -1.24213  -2.0443  

 C                   6.57571  -2.11617  -0.06315  

 H                  7.04479  -1.48108  -0.81894  

 H                  7.05189  -1.90323   0.89766  

 H                  6.81138  -3.15572  -0.31895 

I-1B 

  

 C                     0.77717   4.49724   0.98134  

 C                     0.80776   3.38375   0.14424  

 C                    -0.38831   2.837    -0.31728  

 C                    -1.62359   3.39883   0.0642  

 C                    -1.62562   4.53015   0.88709  

 C                    -0.43487   5.08163   1.34824  

 H                     1.71109   4.91274   1.34228  

 H                     1.748     2.93724  -0.1493  

 C                    -2.85032   2.75168  -0.38032  

 H                    -2.57702   4.9644    1.17663  

 H                    -0.45029   5.9539    1.99057  

 C                    -2.83117   1.57438  -1.01432  

 C                    -1.53481   0.88601  -1.3245  

 H                    -3.7942    3.24045  -0.16057  

 H                    -3.73928   1.07106  -1.31998  

 H                    -1.57163   0.4449   -2.32991  

 O                     0.72446   0.90071  -1.09672  

 C                     0.27182  -0.22785  -0.40969  

 N                    -1.10712  -0.17093  -0.36157  

 N                     1.00309  -1.13693   0.07312  

 N                    -0.39316   1.79035  -1.27771  

 C                     2.40655  -1.1659    0.06355  

 C                     3.02516  -1.88787   1.09685  

 C                     3.22854  -0.59216  -0.91966  

 C                     4.40745  -2.00821   1.15958  

 H                     2.39469  -2.34678   1.84948  

 C                     4.61329  -0.73268  -0.8522  

 H                     2.78827  -0.03989  -1.73901  

 C                     5.23299  -1.4356    0.18425  

 H                     4.85371  -2.56334   1.9794  

 H                     5.22391  -0.27963  -1.62761  

 C                     6.73286  -1.60094   0.23695  

 H                     7.03706  -2.58997  -0.12398  
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 H                     7.23715  -0.85666  -0.38372  

 H                     7.11038  -1.4991    1.25821  

 C                    -1.92135  -1.31386  -0.09766  

 C                    -2.96403  -1.20851   0.82236  

 C                    -1.71858  -2.52279  -0.76867  

 C                    -3.80293  -2.29627   1.05593  

 H                    -3.10719  -0.27701   1.3562  

C                    -2.55494  -3.60489 -0.51889  

H                    -0.89716  -2.61806 -1.46787  

C                    -3.61216  -3.51282  0.39494  

 H                    -4.61074  -2.19815   1.7739  

H                    -2.3829   -4.53876  -1.04462  

C                    -4.49485  -4.70394  0.67855  

H                    -4.70591  -5.26953 -0.23259  

H                    -4.01219  -5.39009  1.38295  

H                    -5.44746  -4.39918  1.11704 

 TS2B 

  

 C                     5.14187   2.88303   0.83309  

 C                     4.68302   2.53852  -0.42542  

 C                     3.72298   1.5277   -0.58978  

 C                     3.22682   0.82813   0.58818  

 C                     3.71224   1.23933   1.88062  

 C                     4.64888   2.22954   1.99236  

 H                     3.43794   1.75349  -2.73017  

 H                     5.88212   3.66785   0.93899  

 H                     5.05498   3.0583   -1.30198  

 C                     3.15614   1.18505  -1.85076  

 H                     3.31618   0.71985   2.74445  

 H                     5.01986   2.52314   2.96745  

 C                     1.86721  -0.61181  -0.73508  

 C                     2.18353   0.24337  -1.91797  

 N                     2.38709  -0.18528   0.53633  

 H                     1.68947   0.00319  -2.85019  

 H                     2.31775  -1.60437  -0.93161  

 O                     0.01386   1.26563  -1.21311  

 N                     0.42437  -0.88184  -0.60313  

 C                    -0.41783   0.26652  -0.60546  

 N                    -1.56218   0.08617   0.06933  

 C                    -2.55628   1.01816   0.06286  

 C                    -2.61255   2.22528  -0.69203  

 C                    -3.66171   0.7389    0.91851  

 C                    -3.6863    3.09155  -0.55165  

 H                    -1.8087    2.45136  -1.37612  

 C                    -4.7162    1.6187    1.04673  

 H                    -3.63292  -0.18713   1.48043  

 C                    -4.75373   2.82137   0.31614  

 H                    -3.70462   4.00389  -1.14031  

 H                    -5.53484   1.37817   1.71845  

 C                     0.00536  -2.19442  -0.2793  

 C                    -1.20497  -2.70286  -0.78155  

 C                     0.81732  -3.04      0.48669  

 C                    -1.57757  -4.01089  -0.51811  

 H                    -1.84053  -2.06657  -1.38112  

 C                     0.42834  -4.35601   0.73737  

 H                     1.72381  -2.65454   0.93513  

 C                    -0.77107  -4.86899   0.24556  

 H                    -2.51389  -4.38042  -0.92517  

 H                     1.07167  -4.98569   1.34371  
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 C                    -1.19526  -6.29132   0.51658  

 H                    -1.30615  -6.85777  -0.41388  

 H                    -0.46438  -6.81209   1.13862  

 H                    -2.16003  -6.3268    1.03257  

 C                    -5.90394   3.78065   0.46971  

 H                    -6.86608   3.26091   0.43044  

 H                    -5.8587    4.29711   1.43588  

 H                    -5.89657   4.54268  -0.31223 

 5ab + 4bʹ 

 C                     2.96307  -3.5322    1.08103  

 C                     1.95841  -2.9162    1.79327  

C                     0.79738  -2.44284   1.13736  

C                     0.66768  -2.60411 -0.27622  

C                     1.71864  -3.24357 -0.98345  

C                     2.83628  -3.69467 -0.31782  

H                    -0.24447  -1.69285  2.88771  

H                     3.84892  -3.89627   1.58847  

 H                     2.04322  -2.78893   2.868  

C                    -0.28557  -1.81589  1.81001  

H                     1.60924  -3.36408 -2.05473  

H                     3.62985  -4.18523 -0.87122  

C                    -1.40255  -1.57599 -0.30528  

C                    -1.37737  -1.38375  1.11269  

H                    -2.21627  -0.92726  1.61811  

N                    -2.48296  -1.20014 -1.07704  

H                   -2.43469  -1.56276  -2.01886  

C                    -3.60552  -0.4134   -0.74431  

C                    -4.85146  -0.75583 -1.28467  

C                    -3.51329   0.73482   0.05138  

C                    -5.97314   0.02544 -1.02849  

H                    -4.93715  -1.64147 -1.90566  

 C                    -4.6503    1.49251   0.31882  

H                    -2.55603   1.06036   0.43823  

C                    -5.90069   1.15754 -0.21005  

H                    -6.92486  -0.25984 -1.46566  

H                    -4.55028   2.38003   0.93561  

C                    -7.12935   1.97556   0.10597  

H                    -7.63706   1.59759   1.00052  

H                    -6.87363   3.02105   0.29413 

H                    -7.85025   1.94662 -0.71468  

 N                    -0.4197   -2.1667   -0.96507  

N                     1.50731   3.07027   0.71758  

C                     0.40089   2.76239   1.06391  

O                    -0.70046   2.58344   1.42879  

 C                     2.69543   2.5284    0.20976  

C                     2.83223   1.15856  -0.03971  

C                     3.76522   3.38693  -0.04555  

C                     4.03081   0.66556  -0.54159  

 H                     2.0077    0.48376   0.15952  

C                     4.95823   2.87602  -0.54844  

H                     3.65407   4.44562   0.15436  

 C                     5.11455   1.51113  -0.8087  

H                     4.11959  -0.39998 -0.72566  

H                     5.78271   3.55502  -0.73974  

 C                     6.39976   0.9657   -1.3822  

H                     6.64428  -0.00977 -0.95443  

 H                     6.32201   0.8351   -2.46715  

H                     7.23835   1.63899  -1.19188 

1a+4bʹ (for reaction with aryl 

isocyanate) 

 C                     1.82305   2.7543   -0.00217  

 N                     2.87626   2.18389  -0.0015  

 C                    -4.27514  -0.01596  -0.00059  
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 C                    -2.93486  -0.48847   0.0003  

 C                    -2.13569   1.75084  -0.00158  

 C                    -3.44803   2.23833  -0.00245  

 C                    -4.51988   1.37933  -0.002  

 H                    -1.25981   2.38377  -0.00194  

 H                    -3.58634   3.31223  -0.00351  

 H                    -5.5383    1.74827  -0.00268  

 C                    -5.31339  -0.98374  -0.00001  

 C                    -2.64711  -1.86532   0.00171  

 C                    -5.02569  -2.32786   0.00134  

 C                    -3.68406  -2.77096   0.00221  

 H                    -6.34163  -0.63926  -0.00068  

 H                    -5.83041  -3.05403   0.00176  

 H                    -3.46984  -3.83332   0.00328  

 H                    -1.61007  -2.16928   0.00231  

 N                    -1.86995   0.42998  -0.00023  

 O                    -0.66046  -0.00349   0.00053  

 O                     0.86233   3.43173  -0.00313  

 C                     3.45999   0.91019   0.00047  

 C                     4.85208   0.81678   0.00364  

 C                     2.68066  -0.25244   0.00362  

 C                     5.46167  -0.43473   0.00783 

H                     5.44461   1.72359   0.00595  

 C                     3.3105   -1.49188   0.00802  

 H                     1.59883  -0.18081   0.0055  

 C                     4.70607  -1.61076   0.00739  

 H                     6.54518  -0.494     0.01333  

 H                     2.69767  -2.38779   0.0136  

 C                     5.36816  -2.96723  -0.01541  

 H                     5.35844  -3.39411  -1.02436  

 H                     6.41026  -2.90727   0.30593  

 H                     4.85234  -3.67345   0.64053 

TS3B 

  

 C                     3.4515    1.02077  -0.64314  

 C                     2.66156   0.18876   0.16271  

 C                     2.88572  -1.21057   0.20703  

 C                     3.94587  -1.7444   -0.55429  

 C                     4.72945  -0.92472  -1.34179  

 C                     4.47181   0.45699  -1.38785  

 H                     3.24527   2.08164  -0.67025  

 H                     4.12673  -2.81321  -0.5196  

 H                     5.53822  -1.34332  -1.92829  

 H                     5.08249   1.09503  -2.0161  

 C                     2.00424  -2.01647   0.99519  

 C                     0.96209  -1.46349   1.67252  

 H                     2.18644  -3.08458   1.04892  

 H                     0.2863   -2.05983   2.27009  

 N                     1.66632   0.70938   0.97586  

 C                     0.73096  -0.0564    1.58814  

 O                     1.19321   1.96907   0.69419  

 C                    -0.20199   1.86495   0.06225  

 N                    -0.62655   0.6289    0.16171  

 H                     0.13024   0.44699   2.33029  

 O                    -0.58421   2.92051  -0.37069  

 C                    -1.95583   0.24417  -0.05193  

 C                    -2.21391  -1.09202  -0.39187  

 C                    -3.04758   1.11501   0.10077  

 C                    -3.51818  -1.54208  -0.56906  

 H                    -1.3774   -1.76911  -0.52258  

TH-2963_166122031



313 | P a g e  
 
 

 

 C                    -4.34519   0.65102  -0.08789  

 H                    -2.87164   2.15374   0.3489  

 C                    -4.61114  -0.68105  -0.42503  

 H                    -3.68838  -2.58185  -0.8318  

 H                    -5.17199   1.34483   0.03216  

 C                    -6.02386  -1.1605   -0.65677  

 H                    -6.72976  -0.66081   0.01177  

 H                    -6.34869  -0.95627  -1.68338 

H                    -6.11123  -2.23766 -0.49508 

I-3B 

  

 C                     4.60845   0.27052  -1.10429  

 C                     3.57168   0.93039  -0.44769  

 C                     2.61771   0.19038   0.24901  

 C                     2.69297  -1.21652   0.28386  

 C                     3.75598  -1.85316  -0.36561  

 C                     4.71249  -1.11963  -1.05949  

 H                     5.34355   0.85209  -1.64883  

 H                     3.49726   2.00897  -0.47197  

 C                     1.63413  -1.95412   0.95876  

 H                     3.81472  -2.93628  -0.33433  

 H                     5.52765  -1.62463  -1.56354  

 C                     0.53993  -1.34288   1.42551  

 C                     0.37398   0.14248   1.30738  

 H                     1.74293  -3.02976   1.05516  

 H                    -0.26367  -1.88887   1.90279  

 H                    -0.0448    0.55039   2.2368  

 O                     1.21486   2.07882   0.44951  

 C                    -0.01574   1.87568  -0.17823  

 N                    -0.47      0.62998   0.1748  

 N                     1.62966   0.83477   1.03953  

 O                    -0.51237   2.72193  -0.86645  

 C                    -1.82575   0.22373  -0.01616  

 C                    -2.09529  -1.01309  -0.60215  

 C                    -2.88467   1.03572   0.39595  

 C                    -3.41248  -1.43711  -0.75866  

 H                    -1.27322  -1.63223  -0.93968  

 C                    -4.19623   0.60686   0.22121  

 H                    -2.68144   2.00494   0.83487  

 C                    -4.48498  -0.63533  -0.35566  

 H                    -3.60772  -2.4024   -1.21427  

 H                    -5.0096    1.25029   0.5407  

 C                    -5.91233  -1.07774  -0.56699  

 H                    -6.55832  -0.74287   0.24818  

 H                    -6.31666  -0.66085  -1.49578  

 H                    -5.98729  -2.16511  -0.63539 

TS4B 

  

 C                     5.27255  -0.98394   0.05302  

 C                     4.63992  -0.18881  -0.87877  

 C                     3.24938   0.02265  -0.80763  

 C                     2.49646  -0.6407    0.24954  

 C                     3.20822  -1.42878   1.22316  

 C                     4.55714  -1.60253   1.11638  

 H                     3.10593   1.5597   -2.32689  

 H                     6.34471  -1.13205  -0.01414  

 H                     5.21075   0.29679  -1.66223  

 C                     2.5516    0.92807  -1.64176  
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 H                     2.62355  -1.87972   2.01515  

 H                     5.09384  -2.20797   1.83663  

 C                     0.41733   0.12532  -0.64123  

 C                     1.20227   1.05335  -1.50521  

 N                     1.19677  -0.52493   0.39173  

 H                     0.63689   1.76758  -2.09233  

 H                     0.06288  -0.6982   -1.29259  

 O                     0.94329   1.89933   0.91932  

 N                    -0.73407   0.78285  -0.08482  

 C                    -0.33181   1.80272   0.87205  

 C                    -2.02619   0.19664  -0.09081  

 C                    -3.16198   1.01802  -0.09957  

 C                    -2.20529  -1.19046  -0.09368  

 C                    -4.43231   0.45491  -0.11372  

 H                    -3.03593   2.09091  -0.07226  

 C                    -3.48661  -1.73941  -0.13521  

 H                    -1.34959  -1.85295  -0.03202  

 C                    -4.62514  -0.93162  -0.14328  

 H                    -5.29551   1.11366  -0.11159  

 H                    -3.59608  -2.81948  -0.14037  

 C                    -6.01328  -1.52356  -0.18901  

 H                    -6.65402  -1.0966    0.58809  

 H                    -6.49841  -1.32874  -1.15164  

 H                    -5.98827  -2.60602  -0.04495  

 O                    -1.16495   2.44524   1.49408 

I-4B 

  

C                     5.12072  -1.25386   0.32638  

 C                     4.68254  -0.107    -0.23285  

C                     3.26083   0.15645  -0.38342  

C                     2.29137  -0.90135   0.04164  

C                     2.84929  -2.09469   0.67157  

C                     4.18281  -2.25977   0.79465  

H                     3.45447   2.15238  -1.07676  

H                     6.18269  -1.43555   0.44389  

H                     5.37851   0.65389  -0.56937  

 C                     2.7847    1.33568  -0.82856  

 H                     2.14094  -2.8402    1.01111  

 H                     4.5769   -3.16085   1.25153  

 C                     0.44694   0.32097  -0.8013  

C                     1.31689   1.58417  -0.93349  

N                     1.01374  -0.82223 -0.10141 

O                     0.88088   2.43786   0.15292  

 H                     1.07751   2.1042   -1.86634  

N                    -0.7061    0.87206  -0.09231  

H                     0.13491  -0.0388   -1.78868  

C                    -0.38013   2.05873   0.54199  

C                    -1.97711   0.23309 -0.04508  

C                    -3.13602   0.94603   0.29155  

 C                    -2.09106  -1.11718  -0.3917  

C                    -4.37103   0.30823   0.27438  

H                    -3.06839   1.98593   0.57349  

 C                    -3.34127  -1.73192  -0.4125  

 H                    -1.2059   -1.69648 -0.61395  

C                    -4.50547  -1.03906 -0.07776  

H                    -5.25385   0.88222   0.53862  

H                    -3.40157  -2.78047 -0.68664  

C                    -5.8534   -1.71826  -0.06592  

 H                    -6.6288   -1.0734   -0.48834  
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 H                    -5.83644  -2.64634  -0.6417  

H                    -6.16096  -1.96951  0.95512  

O                    -1.03427   2.71122   1.30916 

5ab+CO2 

 C                     2.34031   4.36404  -0.39853  

 O                     1.87859   3.58759   0.33433  

 O                     2.79986   5.13972  -1.12537  

 C                    -2.69542  -0.69799  -0.07007  

 C                    -3.46739   0.47748   0.16869  

 C                    -4.87612   0.42463   0.0664  

 C                    -5.5108   -0.75334  -0.26226  

 C                    -4.74939  -1.91848  -0.49881  

 C                    -3.37489  -1.89468  -0.40575  

 H                    -5.45062   1.32704   0.25117  

 H                    -6.59128  -0.78934  -0.33946  

 H                    -5.25465  -2.84282  -0.75668  

 H                    -2.7821   -2.78374  -0.58496  

 C                    -2.74944   1.65945   0.50499  

 C                    -0.70256   0.39587   0.32548  

 C                    -1.39046   1.63108   0.58514  

 H                    -0.82498   2.51951   0.84319  

 H                    -3.29361   2.57859   0.69768  

 N                    -1.33202  -0.7168    0.0113  

 N                     0.67481   0.43129   0.42304  

 H                     1.05017   1.33875   0.65328  

 C                     1.65119  -0.56545   0.25606  

 C                     2.98644  -0.19063   0.4877  

 C                     1.38713  -1.88834  -0.11955  

 C                     4.01947  -1.10507   0.34318  

 H                     3.21083   0.82738   0.79249  

 C                     2.44142  -2.79091  -0.25782  

 H                     0.36843  -2.19485  -0.29359  

 C                     3.77126  -2.43007  -0.03676  

 H                     5.03847  -0.78228   0.53393  

 H                     2.20999  -3.81146  -0.54729  

 C                     4.90109  -3.41521  -0.21568  

 H                     5.62855  -3.34246   0.5979  

 H                     4.53037  -4.44226  -0.24255  

H                     5.44219  -3.23638 -1.15161
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Annexure VI 

The Cartesian coordinates (xyz) for all the optimized structures (Chapter 4) 

  

I1 

 

C                     2.85265   2.97951  -1.59049  

 C                     1.89528   1.95528  -1.48892  

 C                     0.50707   2.26837  -1.53883  

 C                     0.11765   3.61425  -1.66619  

 C                     1.06631   4.63136  -1.74367  

 C                     2.43038   4.30354  -1.71122  

 H                     3.91292   2.72964  -1.58284  

 H                    -0.94903   3.84711  -1.70239  

 H                     0.75178   5.67267  -1.83749  

 H                     3.18182   5.09383  -1.78357  

 C                    -0.4417    1.17099  -1.52506  

 C                    -0.04997  -0.10324  -1.28672  

 H                    -1.49501   1.38318  -1.72585  

 H                    -0.7434   -0.94318  -1.38068  

 N                     2.24666   0.61387  -1.41657  

 C                     1.37547  -0.41662  -0.95536  

 H                     1.69526  -1.36477  -1.41411  

 C                     1.69266  -0.7076    0.67164  

 O                     3.59186   0.29083  -1.35964  

 C                     4.05119   0.16161   0.01691  

 H                     3.93072   1.1358    0.5108  

 C                     3.22494  -0.90957   0.7514  

 H                     3.45454  -1.88568   0.30626  

 H                     3.55062  -0.94745   1.80052  

 C                     5.51907  -0.18609  -0.04584  

 C                     6.44545   0.51389   0.73693  

 C                     5.98548  -1.2234   -0.87141  

 C                     7.80337   0.17925   0.70641  

 H                     6.10568   1.33085   1.37948  

 C                     7.3417   -1.54575  -0.9062  

 H                     5.28361  -1.77512  -1.50116  

 C                     8.27749  -0.85435  -0.11466  

 H                     8.50702   0.73874   1.32896  

 H                     7.68388  -2.35242  -1.56104  

 C                     0.90781  -1.95612   1.01552  

 C                     1.17015   0.44326   1.51297  

 O                     1.57216  -3.06995   0.91552  

 O                     2.09408   1.2166    2.01341  

 O                    -0.29983  -1.95528   1.29428  

 O                    -0.02852   0.68023   1.70959  

 C                     0.8587   -4.32118   1.09999  

 H                     1.56875  -5.10203   0.81129  

 H                     0.57426  -4.42224   2.15552  

 H                    -0.03414  -4.32994   0.46306  

 C                     1.69008   2.36845   2.79299  

 H                     1.11996   2.0377    3.67053  

 H                     2.62275   2.85644   3.0917  

 H                     1.0769    3.03558   2.1735  
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 C                     9.74032  -1.22216  -0.15529  

 H                     10.13735  -1.1664   -1.18225  

 H                     10.34294  -0.55677  0.47972  

 H                     9.89928  -2.25704   0.19155  

 Cu                   -1.55274  -0.43131   1.08755  

 O                    -2.99862  -1.61496   0.5479  

 O                    -2.72142   1.11432   1.20207  

 S                    -3.98231   1.38447   0.36995  

 S                    -2.90064  -2.92762  -0.23943  

 O                    -5.21195   0.90957   1.00634  

 O                    -3.79786   1.13086  -1.06542  

 O                    -3.18789  -4.10326   0.58336  

 O                    -1.73533  -2.98357  -1.13926  

 C                    -4.03646   3.24852   0.53373  

 C                    -4.3773   -2.73164  -1.37313  

 F                    -4.13859   3.60461   1.81143  

 F                    -5.09387   3.71222  -0.12999  

 F                    -2.93369   3.79615   0.02013  

 F                    -5.47363  -2.46621  -0.66939  

 F                    -4.16404  -1.74879  -2.24097  

 F                    -4.5571   -3.86951  -2.04243 

I1′ 

 

C                    -2.59764   3.02672  -2.25348  

 C                    -2.37636   2.50513  -0.97816  

 C                    -2.29171   3.35422   0.15123  

 C                    -2.40933   4.7412   -0.04486  

 C                    -2.61159   5.26412  -1.3239  

 C                    -2.70957   4.40923  -2.42939  

 H                    -2.67203   2.33976  -3.09901  

 H                    -2.34397   5.40995   0.81754  

 H                    -2.69683   6.34483  -1.46107  

 H                    -2.86908   4.82035  -3.42892  

 C                    -2.11791   2.75147   1.4754  

 C                    -1.7478    1.46399   1.59302  

 H                    -2.29494   3.37286   2.35722  

 H                    -1.62614   0.99738   2.57346  

 N                    -2.31155   1.08132  -0.79729  

 C                    -1.42788   0.71546   0.31804  

 H                    -0.42349   1.03672  -0.0082  

 C                    -1.42024  -0.85029   0.40797  

 O                    -3.67939   0.686    -0.47673  

 C                    -3.7945   -0.73517  -0.54376  

 H                    -3.49731  -1.06942  -1.55024  

 C                    -2.86896  -1.36943   0.51196  

 H                    -3.25251  -1.10848   1.50717  

 H                    -2.89438  -2.46402   0.42861  

 C                    -5.24832  -1.088    -0.31455  

 C                    -5.87946  -2.04995  -1.11269  

 C                    -5.98991  -0.48139   0.71348  

 C                    -7.21362  -2.40529  -0.88557  

 H                    -5.32476  -2.52965  -1.92411  

 C                    -7.32279  -0.8313    0.92973  

 H                    -5.52068   0.27905   1.34174  

 C                    -7.96111  -1.80268   0.13687  

 H                    -7.68277  -3.16117  -1.5217  

 H                    -7.88208  -0.34122   1.73228  

 C                    -0.54365  -1.24195   1.61822  

 C                    -0.68211  -1.37031  -0.84333  

 O                    -1.21236  -1.79737   2.59825  
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 O                    -1.3625   -2.21479  -1.568  

 O                     0.65858  -1.02657   1.67126  

 O                     0.46388  -1.04     -1.14392  

 C                    -0.48179  -2.18237   3.78472  

 H                    -1.22425  -2.62879   4.45363  

 H                     0.29646  -2.91065   3.5211  

 H                    -0.02353  -1.29688   4.24459  

 C                    -0.73546  -2.76898  -2.74906  

 H                     0.19803  -3.27403  -2.4694  

 H                    -1.46095  -3.47919  -3.1574  

 H                    -0.52741  -1.96493  -3.467  

 C                    -9.40377  -2.17148   0.38311  

 H                    -10.06684  -1.30092  0.24563  

 H                    -9.74108  -2.96432  -0.30027  

 H                    -9.5546   -2.52581   1.41633  

 Cu                    2.07876  -0.62066   0.03615  

 O                     4.06993  -0.77974   0.57304  

 O                     1.9407    1.29411  -0.1958  

 S                     2.37319   2.34985   0.83838  

 S                     4.10051  -2.28135   0.34801  

 O                     2.76411   1.75936   2.12099  

 O                     1.46412   3.4965    0.82702  

 O                     2.66612  -2.60663  -0.02857  

 O                     4.74999  -3.10851   1.34797  

 C                     3.95409   2.99066   0.06532  

 C                     5.06944  -2.50162  -1.24178  

 F                     4.84993   2.0156   -0.05511  

 F                     4.45953   3.94848   0.84144  

 F                     3.70104   3.49887  -1.13879  

 F                     4.51652  -1.77041  -2.20127  

 F                     6.3205   -2.1095   -1.04738  

 F                     5.0513   -3.78062  -1.58965 

I2 

 

C                    -3.6728    3.5829   -1.0252  

 C                    -3.04081   2.31867  -0.89488  

 C                    -3.82347   1.10674  -0.9718  

 C                    -5.22288   1.21438  -1.14533  

 C                    -5.82869   2.45269  -1.24572  

 C                    -5.04196   3.63402  -1.18909  

 H                    -3.06908   4.48756  -0.98872  

 H                    -5.81244   0.29739  -1.20529  

 H                    -6.90947   2.52829  -1.37654  

 H                    -5.53024   4.60699  -1.27777  

 C                    -3.14741  -0.14649  -0.9573  

 C                    -1.79443  -0.24684  -0.72745  

 H                    -3.71338  -1.05558  -1.16985  

 H                    -1.28795  -1.18156  -0.98625  

 N                    -1.70119   2.21137  -0.72684  

 C                    -0.9396    0.98141  -0.56366  

 H                    -0.18869   0.96872  -1.37519  

 C                    -0.08034   1.14568   0.77105  

 O                    -0.92974   3.32616  -0.93382  

 C                    -0.09058   3.64839   0.23282  

 H                    -0.76949   3.90703   1.05726  

 C                     0.76083   2.42746   0.6021  

 H                     1.50612   2.24767  -0.18326  

 H                     1.30994   2.6463    1.52652  

 C                     0.71276   4.86276  -0.1545  

 C                     0.63532   6.0307    0.61418  

 C                     1.55217   4.85152  -1.28188  
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 C                     1.38898   7.15842   0.27369  

 H                    -0.01868   6.06252   1.48978  

 C                     2.2923    5.98229  -1.62277  

 H                     1.62121   3.9569   -1.90567  

 C                     2.22915   7.15669  -0.84944  

 H                     1.31608   8.05771   0.89114  

 H                     2.93516   5.95504  -2.50714  

 C                     0.76981  -0.13679   0.9505  

 C                    -1.0071    1.19793   2.00201  

 O                     2.05101   0.06413   0.82022  

 O                    -0.76318   2.18426   2.81734  

 O                     0.2526   -1.22007   1.17854  

 O                    -1.88798   0.36848   2.21527  

 C                     2.945    -1.07334   0.95579  

 H                     3.95784  -0.68233   0.82709  

 H                     2.81988  -1.5203    1.94973  

 H                     2.71699  -1.81428   0.18008  

 C                    -1.55443   2.29319   4.02764  

 H                    -1.41805   1.39008   4.6362  

 H                    -1.17116   3.17783   4.54475  

 H                    -2.61281   2.41709   3.76498  

 C                     3.0443    8.36851  -1.22668  

 H                     2.81437   8.69846  -2.25315  

 H                     2.85556   9.21169  -0.54677  

 H                     4.12365   8.14402  -1.19869  

 Cu                   -2.01222  -1.35673   1.2215  

 O                     5.25439  -3.113     1.23208  

 O                    -2.83665  -3.08171   0.93045  

 S                    -2.57489  -4.03546  -0.23004  

 S                     6.3375   -2.4277    0.48812  

 O                    -2.01196  -5.31743   0.19478  

 O                    -1.97377  -3.3621   -1.39488  

 O                     7.69001  -2.99217   0.67706  

 O                     6.26861  -0.94514   0.49971  

 C                    -4.32836  -4.42225  -0.75591  

 C                     5.94857  -2.84905  -1.29541  

 F                    -5.00491  -4.97489   0.24722  

 F                    -4.30982  -5.2675   -1.78394  

 F                    -4.95684  -3.30399  -1.13313  

 F                     5.98466  -4.17307  -1.49433  

 F                     4.72571  -2.4158   -1.64066  

 F                     6.8324   -2.28251  -2.12723 

I3 

 

C                     4.70125   2.43929   2.13273  

 C                     3.37591   2.18348   1.7522  

 C                     2.31544   3.04271   2.1735  

 C                     2.64431   4.14167   2.99718  

 C                     3.9606    4.38946   3.38132  

 C                     4.98675   3.53922   2.94658  

 H                     5.49473   1.77963   1.78544  

 H                     1.83939   4.80527   3.32318  

 H                     4.19158   5.24798   4.01621  

 H                     6.02114   3.732     3.2407  

 C                     0.97799   2.7583    1.7354  

 C                     0.73214   1.65173   0.93093  

 H                     0.16019   3.41406   2.03743  

 H                    -0.28913   1.4159    0.63184  

 N                     3.05276   1.08871   0.94431  
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 C                     1.76264   0.8142    0.50266  

 C                     1.51169  -0.53528  -0.19739  

 O                     4.12619   0.57714   0.21815  

 C                     4.05521  -0.86429   0.15928  

 H                     3.95535  -1.2492    1.184  

 C                     2.82838  -1.2203   -0.68406  

 H                     3.03064  -0.8899   -1.70775  

 H                     2.68882  -2.30953  -0.70929  

 C                     5.3478   -1.35374  -0.44877  

 C                     6.0342   -2.43106   0.12466  

 C                     5.87747  -0.75904  -1.60678  

 C                     7.21629  -2.91061  -0.44934  

 H                     5.64397  -2.90336   1.03037  

 C                     7.06267  -1.23362  -2.1679  

 H                     5.36534   0.09018  -2.06543  

 C                     7.75383  -2.32142  -1.60321  

 H                     7.73303  -3.75507   0.015  

 H                     7.46122  -0.7511   -3.06509  

 C                     0.6014   -0.18499  -1.39598  

 C                     0.82037  -1.40756   0.86924  

 O                     1.28498   0.17238  -2.4533  

 O                     1.69946  -1.92517   1.70166  

 O                    -0.626    -0.16186  -1.34935  

 O                    -0.38295  -1.58133   1.03451  

 C                     0.58952   0.66126  -3.62011  

 H                     1.36433   0.81447  -4.3778  

 H                    -0.14241  -0.08173  -3.96353  

 H                     0.0934    1.61049  -3.37943  

 C                     1.21139  -2.6808    2.82966  

 H                     0.6425   -3.55254   2.48002  

 H                     2.10431  -2.99585   3.37913  

 H                     0.57152  -2.04639   3.45762  

 C                     9.0326   -2.82652  -2.22489  

 H                     9.80025  -2.03545  -2.25484  

 H                     9.4453   -3.67878  -1.66594  

 H                     8.86824  -3.14985  -3.26624  

 Cu                   -2.08037  -1.28126   0.16631  

 O                    -2.65705   1.01398  -2.56987  

 O                    -3.88771  -1.24184  -0.43902  

 S                    -5.06697  -1.22626   0.52713  

 S                    -2.74627   2.56452  -2.22051  

 O                    -6.33293  -0.96661  -0.16357  

 O                    -4.79343  -0.50417   1.77724  

 O                    -3.6135    3.18785  -3.20199  

 O                    -1.42561   3.09403  -1.89549  

 C                    -5.16093  -3.02695   1.03294  

 C                    -3.71847   2.52335  -0.6118  

 F                    -5.38368  -3.80197  -0.02821  

 F                    -6.15336  -3.20141   1.90615  

 F                    -4.01662  -3.41126   1.60809  

 F                    -4.8622    1.88199  -0.79304  

 F                    -3.0091    1.91355   0.33355  

 F                    -3.96038   3.77323  -0.24224  

 H                    -1.85673   0.57898  -2.14365 

TS-1 

 

C                     1.05537   6.84255  -1.22559  

 C                     1.97531   5.80793  -1.20372  

 C                     1.57751   4.48428  -0.87953  
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 C                     0.20543   4.24986  -0.56299  

 C                    -0.72138   5.311    -0.59574  

 C                    -0.30045   6.59236  -0.9234  

 H                     3.5353    3.53719  -1.1078  

 H                     1.37743   7.85491  -1.4811  

 H                     3.0253    5.99365  -1.4441  

 C                     2.48508   3.38228  -0.85391  

 H                    -1.76874   5.10316  -0.37909  

 H                    -1.02448   7.41006  -0.94771  

 C                     0.67214   1.93164  -0.17581  

 C                     2.0207    2.12395  -0.50214  

 H                     2.70834   1.2794   -0.4532  

 N                    -0.21972   2.9653   -0.2205  

 O                    -1.49782   2.59143  -1.13989  

 C                     0.06783   0.58829   0.23288  

 C                    -1.44781   0.7736    0.52223  

 C                    -2.23166   1.50487  -0.5851  

 C                    -3.6027    1.93188  -0.08245  

 C                    -3.76199   3.03389   0.77434  

 C                    -4.74449   1.21005  -0.45188  

 C                    -5.02576   3.40257   1.23655  

 H                    -2.88706   3.60932   1.08669  

 C                    -6.0105    1.57883   0.01726  

 H                    -4.64303   0.33788  -1.10383  

 C                    -6.17707   2.68386   0.86478  

 H                    -5.12312   4.26583   1.90177  

 H                    -6.88549   0.99641  -0.28561  

 C                    -7.54169   3.10451   1.35376  

 H                    -7.53829   3.29689   2.43876  

 H                    -7.86834   4.03878   0.86523  

 H                    -8.30087   2.33677   1.14382  

 H                    -1.92354  -0.20395   0.68458  

 H                    -1.53657   1.34758   1.45665  

 H                    -2.3715    0.79368  -1.41354  

 C                     0.3132   -0.41628  -0.92069  

 C                     0.68081   0.00635   1.5177  

 O                    -0.44312  -0.60789  -1.83945  

 O                     1.5057   -0.99958  -0.79084  

 O                     0.3636   -1.09705   1.96908  

 O                     1.51777   0.78252   2.14532  

 C                     2.08513   0.32248   3.39339  

 H                     2.79345   1.10008   3.6955  

 H                     1.28915   0.20623   4.14067  

 H                     2.59676  -0.63525   3.23836  

 C                     1.90707  -1.9255   -1.81647  

 H                     1.94125  -1.41966  -2.79128  

 H                     2.90507  -2.27183  -1.53122  

 H                     1.19898  -2.7642   -1.86182  

 Cu                   -0.79909  -2.49511   1.42499  

 O                    -1.94691  -3.91254   0.93511  

 S                    -3.15355  -3.64926   0.03594  

 O                    -3.41558  -2.21497  -0.16904  

 O                    -4.28249  -4.52491   0.35476  

 C                    -2.51881  -4.26558  -1.61335  

 F                    -3.45426  -4.09213  -2.5468  

 F                    -1.42504  -3.59203  -1.97504  

 F                    -2.21956  -5.56156  -1.5408  

 S                     5.77977  -0.6415   -0.64927  

 O                     4.75823   0.15022  -1.30844  

 O                     7.17699  -0.24947  -0.59267  

 O                     5.63041  -2.14202  -1.22326  

 H                     6.46301  -2.64275  -1.11335  

 C                     5.20065  -0.91907   1.11996  

 F                     5.1481    0.25587   1.73082  
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 F                     3.99169  -1.46777   1.1109  

 F                     6.0506   -1.7164    1.74622 

I4 

 

C                    -7.4242    2.59422  -2.14317  

 C                    -6.37151   3.42403  -1.81114  

 C                    -5.20226   2.89     -1.20536  

 C                    -5.13467   1.48354  -0.94146  

 C                    -6.22993   0.65075  -1.29621  

 C                    -7.35092   1.20062  -1.88547  

 H                    -4.08181   4.75131  -1.03127  

 H                    -8.32091   3.00894  -2.60966  

 H                    -6.42235   4.49755  -2.01041  

 C                    -4.07274   3.67487  -0.84218  

 H                    -6.14413  -0.41743  -1.09185  

 H                    -8.19248   0.55937  -2.15892  

 C                    -3.00658   1.66882  -0.02915  

 C                    -2.97922   3.07615  -0.26319  

 H                    -2.10226   3.66783   0.00765  

 N                    -4.03671   0.93258  -0.35591  

 O                    -3.96205  -1.48185  -0.1058  

 C                    -1.79754   0.95657   0.5966  

 C                    -2.11158  -0.47841   1.14291  

 C                    -2.60081  -1.52338   0.10673  

 C                    -2.33363  -2.94739   0.60794  

 C                    -3.02447  -3.45244   1.72315  

 C                    -1.39567  -3.76805  -0.02924  

 C                    -2.75915  -4.73699   2.19679  

 H                    -3.77736  -2.83564   2.21875  

 C                    -1.12592  -5.05166   0.45661  

 H                    -0.86021  -3.4016   -0.90754  

 C                    -1.8015   -5.56078   1.57623  

 H                    -3.30567  -5.11071   3.06778  

 H                    -0.36884  -5.65961  -0.04559  

 C                    -1.52078  -6.9464    2.10351  

 H                    -0.74072  -7.45227   1.51633  

 H                    -1.18843  -6.91331   3.15448  

 H                    -2.42713  -7.57419   2.0767  

 H                    -1.17846  -0.84482   1.59415  

 H                    -2.86805  -0.3939    1.93502  

 H                    -2.02739  -1.39651  -0.83612  

 C                    -0.62971   0.82331  -0.40229  

 C                    -1.31939   1.73778   1.84149  

 O                     0.43854   0.32537  -0.09043  

 O                    -0.90113   1.27653  -1.60863  

 O                    -0.15853   1.98099   2.15037  

 O                    -2.32703   2.08579   2.60462  

 C                    -2.04624   2.76973   3.84514  

 H                    -3.02231   2.95383   4.3051  

 H                    -1.42492   2.13407   4.48999  

 H                    -1.52703   3.71555   3.64144  

 C                     0.14864   1.19265  -2.60063  

 H                     0.3734    0.13884  -2.8113  

 H                    -0.25104   1.68827  -3.49155  

 H                     1.0519    1.69877  -2.2331  

 Cu                    1.60461   1.58443   1.38414  

 O                     3.48722   1.53189   0.99419  

 S                     3.98051   2.0913   -0.33161  

 O                     2.92635   2.78875  -1.09183  
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 O                     4.85648   1.16723  -1.05771  

 C                     5.11373   3.45737   0.25572  

 F                     5.65555   4.07709  -0.79395  

 F                     4.43322   4.35173   0.9743  

 F                     6.09361   2.95907   1.00975  

 S                     3.02683  -3.93588  -1.40916  

 O                     3.84778  -3.69736  -2.57888  

 O                     1.99923  -4.96483  -1.35618  

 O                     4.03485  -4.07857  -0.15837  

 H                     3.61011  -4.5647    0.57569  

 C                     2.19802  -2.30133  -0.96939  

 F                     1.18697  -2.12284  -1.81533  

 F                     1.73849  -2.36252   0.27207  

 F                     3.06287  -1.31206  -1.08757 

I4 + O2 

C                     10.50965  -2.49292  -0.08578  

 C                     9.34723  -3.18502   0.19121  

 C                     8.11469  -2.49045   0.32456  

 C                     8.09748  -1.06607   0.17139  

 C                     9.30676  -0.37814  -0.11703  

 C                     10.48756  -1.0826   -0.24206  

 H                     6.84367  -4.21607   0.72118  

 H                     11.45495  -3.03109  0.18819  

 H                     9.35902  -4.27157   0.30959  

 C                     6.8745   -3.13016   0.60114  

 H                     9.25976   0.70512  -0.23805  

 H                     11.41699  -0.55269  0.46468  

 C                     5.80944  -0.96598   0.5509  

 C                     5.72683  -2.38146   0.71014  

 H                     4.7666   -2.86182   0.90998  

 N                     6.94068  -0.36042   0.29932  

 O                     6.95666   2.00789  -0.30344  

 C                     4.54585  -0.0979    0.66293  

 C                     4.83743   1.43717   0.77537  

 C                     5.58475   2.07757  -0.42325  

 C                     5.29205   3.57843  -0.52298  

 C                     5.71862   4.45644   0.48799  

 C                     4.61158   4.10487  -1.6281  

 C                     5.44517   5.8214    0.40123  

 H                     6.27505   4.06828   1.34396  

 C                     4.33713   5.47365  -1.70738  

 H                     4.28749   3.43997  -2.4333  

 C                     4.74558   6.35709  -0.69558  

 H                     5.78502   6.48813   1.19914  

 H                     3.79851   5.86227  -2.57628  

 C                     4.43466   7.83167  -0.76788  

 H                     4.13397   8.13298  -1.78205  

 H                     3.60825   8.09439  -0.08476  

 H                     5.30224   8.44076  -0.46871  

 H                     3.86088   1.92914   0.89049  

 H                     5.4242    1.61713   1.68604  

 H                     5.22833   1.61416  -1.36732  

 C                     3.60227  -0.29017  -0.54171  

 C                     3.80496  -0.45754   1.9704  

 O                     2.49956   0.2256   -0.59833  

 O                     4.1148   -1.02903  -1.50566  

 O                     2.60534  -0.6722    2.10164  

 O                     4.62576  -0.47473   2.99276  

 C                     4.08625  -0.7502    4.30356  

 H                     4.94052  -0.70706   4.98657  

 H                     3.33761   0.00875   4.5669  

 H                     3.62714  -1.74757   4.31656  

 C                     3.30395  -1.23869  -2.68398  

 H                     3.16058  -0.28401  -3.20903  
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 H                     3.87021  -1.93787  -3.30829  

 H                     2.32933  -1.65841  -2.40029  

 Cu                    1.04693  -0.65486   0.91943  

 O                    -0.68346  -0.85691   0.11632  

 S                    -0.78999  -1.52121  -1.24924  

 O                     0.23122  -2.56244  -1.46688  

 O                    -1.04553  -0.57776  -2.34285  

 C                    -2.39174  -2.46115  -1.04099  

 F                    -2.67068  -3.12262  -2.1649  

 F                    -2.29233  -3.33812  -0.04225  

 F                    -3.39377  -1.6226   -0.77864  

 S                    -12.66302   1.44541   0.44222  

 C                    -14.33828   0.6232    0.21737  

 O                    -12.43616   2.26774  0.72934  

 O                    -11.7364   0.41761   0.88784  

 O                    -13.01324   2.45365  1.65234  

 H                    -12.8317   2.03258   2.51548  

 F                    -15.2362   1.53013  -0.13332  

 F                    -14.70368   0.04456   1.35323  

 F                    -14.22819  -0.29162  0.73502  

 O                    -5.35391  -3.96462  -0.62602  

 O                    -5.712    -5.10915  -0.64487 

I5 

 

C                    -7.8127   -0.81015  -1.72974  

 C                    -6.92758   0.21721  -1.47391  

 C                    -5.57603  -0.06837  -1.13708  

 C                    -5.14374  -1.43399  -1.06648  

 C                    -6.07959  -2.47079  -1.33516  

 C                    -7.38482  -2.16212  -1.65949  

 H                    -4.89731   1.98784  -0.89503  

 H                    -8.85044  -0.58685  -1.98834  

 H                    -7.25115   1.25988  -1.52615  

 C                    -4.6099    0.93399  -0.85791  

 H                    -5.73281  -3.50444  -1.27654  

 H                    -8.09943  -2.96279  -1.86512  

 C                    -2.99599  -0.8141   -0.49701  

 C                    -3.31961   0.57299  -0.54015  

 H                    -2.57661   1.33998  -0.30959  

 N                    -3.86041  -1.76388  -0.7495  

 C                    -1.53124  -1.24409  -0.17179  

 C                    -1.46183  -2.75901   0.16494  

 C                    -0.05203  -3.31607   0.44586  

 H                    -2.13769  -2.95477   1.00666  

 H                    -1.87133  -3.29796  -0.69651  

 C                    -0.73431  -0.93551  -1.4524  

 C                    -1.04716  -0.43615   1.04018  

 O                    -0.03341   0.05558  -1.66339  

 O                    -0.93881  -1.82871  -2.38113  

 O                    -0.06119   0.29371   1.08116  

 O                    -1.81826  -0.62152   2.07984  

 C                    -1.50248   0.07737   3.30813  

 H                    -2.37116  -0.07063   3.95738  

 H                    -0.60487  -0.36801   3.75724  

 H                    -1.33371   1.14191   3.10339  

 C                    -0.33677  -1.62903  -3.68329  

 H                     0.75384  -1.55859  -3.58501  

 H                    -0.6242   -2.50638  -4.27093  

 H                    -0.73471  -0.70975  -4.1332  
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 Cu                    0.71578   1.44703  -0.43498  

 O                     1.14194   2.92049   0.8243  

 S                    -0.11999   3.57092   1.38434  

 O                    -1.322     3.1243    0.65024  

 O                     1.35168   2.557    -1.98681  

 O                     2.41837   2.19142  -2.56789  

 H                     0.69033  -2.88865  -0.25963  

 O                    -0.17435   3.58778   2.84876  

 C                     0.12501   5.35666   0.88641  

 F                     0.22637   5.45299  -0.4372  

 F                     1.23162   5.84191   1.44324  

 F                    -0.91785   6.07684   1.29451  

 C                     0.50479  -3.10423   1.86538  

 C                    -0.23987  -3.51714   2.98414  

 C                     1.79948  -2.59217   2.06  

 C                     0.28074  -3.37211   4.27076  

 H                    -1.232    -3.95341   2.85165  

 C                     2.30766  -2.44558   3.34967  

 H                     2.40067  -2.29914   1.1969  

 C                     1.5605   -2.83026   4.47974  

 H                    -0.3153   -3.69213   5.12954  

 H                     3.30883  -2.02697   3.48553  

 C                     2.11624  -2.64883   5.86867  

 H                     2.03488  -1.59485   6.18686  

 H                     1.57452  -3.25961   6.60539  

 H                     3.18401  -2.91427   5.91135  

 O                    -0.04043  -4.68868   0.39883  

 S                     3.49714  -1.18257  -1.91495  

 C                     5.36065  -1.10259  -1.6964  

 O                     3.02802  -2.30045  -1.11095  

 O                     3.23117  -1.10513  -3.34605  

 O                     3.0819    0.17222  -1.18643  

 H                     2.96724   0.95511  -1.84717  

 F                     5.6581   -1.15033  -0.40739  

 F                     5.81669   0.02563  -2.22226  

 F                     5.90015  -2.13876  -2.32094 

I6 

 

C                    -7.91041   0.73481  -0.95261  

 C                    -6.83073   1.53143  -0.63038  

 C                    -5.53115   0.96549  -0.51814  

 C                    -5.35632  -0.44042  -0.74282  

 C                    -6.48855  -1.23529  -1.07342  

 C                    -7.73699  -0.65679  -1.17532  

 H                    -4.46168   2.79396  -0.00804  

 H                    -8.90746   1.17313  -1.03811  

 H                    -6.95868   2.60299  -0.45776  

 C                    -4.3742    1.71986  -0.19002  

 H                    -6.33632  -2.30336  -1.24088  

 H                    -8.60365  -1.27173  -1.42965  

 C                    -3.08957  -0.30782  -0.33972  

 C                    -3.1497    1.09528  -0.10225  

 H                    -2.25933   1.67224   0.15751  

 N                    -4.13384  -1.03331  -0.64772  

 C                    -1.708    -1.04052  -0.27371  

 C                    -1.90601  -2.577    -0.17403  

 C                    -0.61507  -3.42086  -0.15009  

 H                    -2.52722  -2.78513   0.70619  

 H                    -2.49111  -2.88002  -1.04925  
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 C                    -1.00346  -0.64603  -1.58144  

 C                    -0.96213  -0.53636   0.96629  

 O                    -0.24086   0.31453  -1.73184  

 O                    -1.36749  -1.37847  -2.59124  

 O                     0.1094    0.07345   0.97896  

 O                    -1.59179  -0.82485   2.06807  

 C                    -1.01826  -0.40539   3.33298  

 H                    -1.80603  -0.56929   4.0745  

 H                    -0.14238  -1.02992   3.55239  

 H                    -0.72749   0.65124   3.28187  

 C                    -0.83184  -1.07283  -3.90386  

 H                     0.26392  -1.10631  -3.8685  

 H                    -1.23117  -1.84821  -4.56449  

 H                    -1.17323  -0.07707  -4.21528  

 Cu                    0.93051   1.23524  -0.42935  

 O                     1.77436   2.33523   0.96595  

 S                     0.72401   3.18135   1.69946  

 O                    -0.55987   3.13891   0.97084  

 O                     1.29934   2.77276  -1.78276  

 O                     2.37869   2.63319  -2.49228  

 H                     0.12956  -3.02251  -0.86701  

 O                     0.71777   2.97671   3.14801  

 C                     1.39357   4.91028   1.44626  

 F                     1.48517   5.17633   0.14709  

 F                     2.59608   5.01825   2.00159  

 F                     0.5688    5.78534   2.01433  

 C                     0.10064  -3.54211   1.20731  

 C                    -0.57754  -4.08235   2.31427  

 C                     1.45724  -3.20065   1.33896  

 C                     0.07958  -4.2398    3.5353  

 H                    -1.62364  -4.38193   2.22236  

 C                     2.10177  -3.35364   2.56626  

 H                     1.99749  -2.79456   0.48184  

 C                     1.42891  -3.87655   3.68699  

 H                    -0.46399  -4.6583    4.38659  

 H                     3.15257  -3.06399   2.65604  

 C                     2.13415  -4.02136   5.01107  

 H                     2.19987  -3.04768   5.52714  

 H                     1.60318  -4.71453   5.67959  

 H                     3.16541  -4.3838    4.87887  

 O                    -0.88165  -4.74393  -0.40872  

 S                     2.92511  -0.87963  -2.2084  

 C                     4.60621  -1.43198  -1.5994  

 O                     1.99211  -1.93428  -1.78656  

O                     3.07705  -0.62898  -3.64452  

 O                     2.74705   0.41974  -1.40955  

 H                     2.75921   1.70981  -2.19974  

F                     4.55609  -1.69052  -0.29402  

 F                     5.50609  -0.47994  -1.82112  

 F                     4.96586  -2.53501  -2.24829 

I7 

 

C                     7.92657  -5.11073  -2.09164  

 C                     7.99805  -3.77068  -2.41754  

 C                     6.96294  -2.88016  -2.02381  

 C                     5.84491  -3.3871   -1.2861  

 C                     5.79845  -4.77156  -0.96545  

 C                     6.81918  -5.61316  -1.36081  

 H                     7.79766  -1.06093  -2.88763  
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 H                     8.72503  -5.79152  -2.39632  

 H                     8.8488   -3.37814  -2.98064  

 C                     6.96531  -1.48973  -2.32358  

 H                     4.93863  -5.14083  -0.40278  

 H                     6.7774   -6.67612  -1.11069  

 C                     4.85453  -1.29737  -1.17038  

 C                     5.92349  -0.69974  -1.90265  

 H                     5.91281   0.36813  -2.12366  

 N                     4.82282  -2.57753  -0.88498  

 O                     3.84831  -1.4261    1.92892  

 C                     3.66352  -0.44796  -0.68968  

C                     2.55036  -1.33564  -0.06183  

 C                     2.97213  -1.95668   1.26147  

 C                     2.24604  -3.15991   1.76121  

 C                     2.63759  -3.70668   2.99984  

 C                     1.17965  -3.76203   1.07134  

 C                     1.98852  -4.81836   3.52387  

 H                     3.46226  -3.23741   3.53924  

 C                     0.5279   -4.87534   1.60601  

 H                     0.8403   -3.3681    0.11213  

 C                     0.91866  -5.42591   2.83677  

 H                     2.31087  -5.22809   4.48527  

 H                    -0.30106  -5.32599   1.05416  

 C                     0.22432  -6.63141   3.41524  

 H                    -0.60446  -6.9692    2.7771  

 H                     0.92874  -7.47142   3.53506  

 H                    -0.17998  -6.41118   4.41702  

 H                     1.65901  -0.71187   0.13012  

 H                     2.26864  -2.10549  -0.78862  

 C                     4.07087   0.63048   0.34264  

C                     2.95445   0.2478   -1.87796  

 O                     3.25777   1.36321   0.88773  

 O                     5.36461   0.73494   0.53883  

 O                     2.21534   1.21593  -1.78022  

 O                     3.16082  -0.3681   -3.01836  

 C                     2.47728   0.12488  -4.19078  

 H                     2.78615  -0.53382  -5.00877  

 H                     1.39074   0.07546  -4.03881  

 H                     2.77829   1.16175  -4.39082  

 C                     5.81381   1.69787   1.51175  

 H                     5.5204    1.36356   2.51682  

 H                     6.9045    1.72778   1.41936  

 H                     5.3727    2.68189   1.30687  

 Cu                    1.59836   2.33215  -0.0728  

 O                     2.75558   4.00858  -0.66966  

 S                     1.85556   5.04047  -0.03257  

 O                     0.72874   4.29234   0.61509  

 O                     1.52326   6.21263  -0.83707  

 C                     2.87006   5.70162   1.39344 

F                     2.13101   6.53368   2.12256  

 F                     3.28697   4.70072   2.16831  

 F                     3.92987   6.35679   0.92664  

 O                     0.23619   1.12845   0.4228  

 O                     0.04135   1.36905   1.7938  

 H                     0.48497   0.61279   2.22028  

 S                    -13.85535  -0.00712  1.13973  

 C                    -14.07944  -1.05571  0.40412  

 O                    -12.42525   0.15912  -1.3421  

 O                    -14.77853   1.10488  1.03319  

 O                    -14.46981  -1.01113  2.24332  

 H                    -13.77051  -1.58324  2.61596  

 F                    -13.58295  -0.39009   1.43663  

 F                    -13.42996  -2.2025    0.25679  

 F                    -15.36711  -1.2911    0.59967 

TH-2963_166122031



328 | P a g e  
 
 

 

I8 

 

C                    -5.58844  -5.09462  -1.52429  

 C                    -4.28745  -5.29962  -1.9393  

 C                    -3.26939  -4.37017  -1.59373  

 C                    -3.60717  -3.21936  -0.81076  

 C                    -4.95542  -3.03437  -0.39871  

 C                    -5.92341  -3.95424  -0.74925  

 H                    -1.6081   -5.3724   -2.58734  

 H                    -6.36786  -5.812    -1.79207  

 H                    -4.02385  -6.1763   -2.53676  

 C                    -1.90953  -4.51146  -1.98517  

 H                    -5.19435  -2.15118   0.1973  

 H                    -6.95771  -3.80652  -0.42898  

 C                    -1.4221   -2.45643  -0.81966  

 C                    -0.98799  -3.56663  -1.6038  

 H                     0.05833  -3.66533  -1.89595  

 N                    -2.67064  -2.2955   -0.45107  

 O                    -1.25699  -1.56833   2.32152  

 C                    -0.42394  -1.36903  -0.37944 

C                    -1.13827  -0.20622   0.36592  

 C                    -1.6731   -0.58003   1.73614  

 C                    -2.65371   0.35028   2.36669  

 C                    -3.24404  -0.01809   3.59123  

 C                    -2.9842    1.59791   1.80763  

 C                    -4.14495   0.82886   4.22727  

 H                    -2.98018  -0.98224   4.03012  

 C                    -3.87893   2.4485    2.45963  

 H                    -2.53522   1.92986   0.86981  

 C                    -4.48035   2.08078   3.6739  

 H                    -4.59824   0.52193   5.17407  

 H                    -4.1109    3.4193    2.01392  

 C                    -5.4607    2.98793   4.37127  

 H                    -5.54522   3.96048   3.86594  

 H                    -6.46461   2.53164   4.401  

 H                    -5.16195   3.16592   5.41715  

 H                    -0.42954   0.62154   0.51579  

 H                    -1.93345   0.18321  -0.27616 

C                     0.70237  -1.91224   0.53162  

 C                     0.21967  -0.67461  -1.60258  

 O                     1.58062  -1.18927   0.98426  

 O                     0.66113  -3.20368   0.73899  

 O                     1.23718   0.02088  -1.55866  

 O                    -0.45003  -0.83629  -2.70395  

 C                    -0.01479  -0.14935  -3.90352  

 H                    -0.65622  -0.53413  -4.70253  

 H                    -0.15975   0.92961  -3.76983  

 H                     1.03993  -0.37773  -4.10168  

 C                     1.64557  -3.77581   1.62305  

 H                     1.49642  -3.38324   2.63832  

 H                     1.47236  -4.85655   1.59742  

 H                     2.65687  -3.53093   1.27522  

 Cu                    2.55352   0.44002  -0.10227 

O                     4.06246  -0.80936  -0.82488  

 S                     5.11822  -0.13671   0.03094  

 O                     4.33099   0.93067   0.77756  

 O                     6.36431   0.25855  -0.59955  

 C                     5.56932  -1.40187   1.33943  

 F                     6.46412  -0.87325   2.16149  

TH-2963_166122031



329 | P a g e  
 
 

 

 F                     4.48495  -1.74586   2.0228  

 F                     6.0815   -2.47226   0.74874  

 O                     1.45788   1.9805    0.49859  

 O                     2.10755   2.82565   1.4466  

 H                     1.59388   2.63103   2.25195  

 S                    -0.57208   3.36312  -2.04148  

 O                     0.71496   3.54232  -1.27175  

 H                     1.12714   2.64483  -0.25695  

 O                    -0.43678   3.67719  -3.46981  

 O                    -1.30479   2.12784  -1.69643 

C                    -1.63647   4.73611  -1.34874  

 F                    -1.04212   5.91694  -1.51102  

 F                    -1.85027   4.54133  -0.04347  

 F                    -2.81339   4.75798  -1.9737 

I9 

 

C                     8.04054  -2.2136    0.75869  

 C                     6.98609  -3.07654   0.98114  

 C                     5.6465   -2.62111   0.84656  

 C                     5.40379  -1.25782   0.47824  

 C                     6.50958  -0.39214   0.25634  

 C                     7.79965  -0.8634    0.3942  

 H                     4.65113  -4.49554   1.34238  

 H                     9.06878  -2.56795   0.8629  

 H                     7.16603  -4.11729   1.26242  

 C                     4.51084  -3.44933   1.05923  

 H                     6.30539   0.64346  -0.02258 

H                     8.64597  -0.19395   0.22217  

 C                     3.11137  -1.55942   0.53734  

 C                     3.24774  -2.92897   0.90632  

 H                     2.36825  -3.55516   1.06308  

 N                     4.13878  -0.76937   0.33701  

 O                     2.24635   0.21524  -2.14522  

 C                     1.71726  -0.93397   0.34641  

 C                     1.81906   0.61118   0.15073  

 C                     2.40001   0.98503  -1.20758  

 C                     3.05657   2.30679  -1.3844  

 C                     3.5404    2.64225  -2.66562  

 C                     3.20088   3.24388  -0.34614  

 C                     4.15102   3.86905  -2.89488  

 H                     3.42476   1.91835  -3.47416  

C                     3.81093   4.47642  -0.58515  

 H                     2.83636   3.02854   0.65937  

 C                     4.29888   4.81229  -1.85806  

 H                     4.52162   4.1084   -3.89545  

 H                     3.91069   5.19147   0.23534  

 C                     4.96592   6.13725  -2.11932  

 H                     4.46209   6.67814  -2.93713  

 H                     4.96066   6.77901  -1.22702  

 H                     6.01377   5.9939   -2.43203  

 H                     0.81721   1.06777   0.21083  

 H                     2.41148   1.01924   0.97575  

 C                     0.95991  -1.55236  -0.84737  

 C                     0.83564  -1.08933   1.60079 

O                    -0.20308  -1.24013  -1.12864  

 O                     1.58974  -2.48833  -1.48739  

 O                    -0.39486  -0.99506   1.5967  

 O                     1.50584  -1.24775   2.69987  

 C                     0.784    -1.30126   3.95831  

 H                     1.55636  -1.38052   4.72899  
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 H                     0.19203  -0.3857    4.07946  

 H                     0.12857  -2.18139   3.96496  

 C                     0.94083  -3.09503  -2.63026  

 H                     0.93542  -2.3713   -3.45648  

 H                     1.54931  -3.96904  -2.8819  

 H                    -0.0867   -3.38035  -2.3726  

 Cu                   -1.65749  -0.65615   0.08396 

O                    -2.83979  -0.41939  -1.47227  

 S                    -3.43269  -1.78699  -1.84207  

 O                    -2.99733  -2.79015  -0.84755  

 O                    -3.32723  -2.10378  -3.26389  

 C                    -5.26117  -1.51854  -1.53408  

 F                    -5.89065  -2.6887   -1.62713 

F                    -5.45816  -1.01662  -0.3188  

 F                    -5.75775  -0.68534  -2.44071  

 O                    -5.54556   2.11726  -0.95994 

O                    -4.82978   3.36645  -0.95915 

H                    -3.93491   3.08076  -0.68068  

 S                    -3.34678   1.4039    1.50858  

 O                    -4.77946   1.63295   1.73802  

 H                    -5.64873   1.94478  -0.00246  

 O                    -3.00404  -0.07473   1.38052  

 O                    -2.66815   2.22289   0.48322  

 C                    -2.51752   1.85602   3.12532  

 F                    -2.95681   1.06995   4.10053  

 F                    -2.79039   3.12139   3.42098  

 F                    -1.19755   1.71042   3.00751 
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Annexure VII 

The Cartesian coordinates (xyz) for all the optimized structures (Chapter 5) 

A 

C                    8.60286  -1.92988  -0.52164  

C                    7.61421  -2.89249  -0.5262  

C                    6.25744  -2.52947  -0.31036  

C                    5.92829  -1.15332  -0.08605  

C                    6.96845  -0.1839   -0.08635  

C                    8.27636  -0.56703  -0.3005  

H                    5.38968  -4.52196  -0.46225  

H                    9.64456  -2.21454  -0.68913  

H                    7.86115  -3.94408  -0.69622  

C                    5.18378  -3.46032  -0.29929  

H                    6.69327   0.85854   0.08467  

H                    9.07137   0.18294  -0.30114  

C                    3.6742   -1.62841   0.12342  

C                     3.89846  -3.0221   -0.08581  

H                    3.05884  -3.71714  -0.07294  

N                     4.64633  -0.74841   0.12936  

O                     2.42043   0.93034  -1.51215  

C                     2.24769  -1.09116   0.39215  

C                     2.28803   0.39872   0.79384  

C                     2.66444   1.29574  -0.37064  

C                     3.24193   2.64703  -0.10908  

C                     3.48998   3.14645   1.17959  

C                     3.53352   3.46873  -1.21475  

C                     4.01198   4.42957   1.35496  

H                     3.27448   2.54107   2.06139  

C                     4.05752   4.7432   -1.03371  

H                     3.33501   3.07746  -2.21413  

C                     4.30567   5.25061   0.25616  

H                     4.19477   4.80037   2.36717  

H                     4.27843   5.36463  -1.90654  

C                     4.86057   6.64039   0.43914  

H                     5.78777   6.77967  -0.14077  

H                     4.14455   7.40094   0.08394  

H                     5.08264   6.85525   1.49447  

H                     1.28598   0.69913   1.14763  

H                     2.97602   0.51218   1.63596  

C                    1.30956  -1.27163  -0.81642  

C                     1.64448  -1.96085   1.51992  

O                     0.13036  -0.9141   -0.81141  

O                     1.82565  -1.9029   -1.83635  

O                     1.04632  -2.98891   1.31039  

 O                     1.92594  -1.48421   2.7291  

C                     1.39062  -2.21092   3.84309  

H                     1.76407  -1.70409   4.7405  

H                     0.29181  -2.18284   3.81443  

H                     1.72648  -3.2576    3.81968  

C                    1.01747  -2.05351  -3.01577  

H                    0.77921  -1.06143  -3.42356  

H                    1.63039  -2.62555  -3.72103  

H                    0.08975  -2.59121  -2.77674  

Al                   -1.4753   -0.52783   0.28297  

C                    -2.5245    0.90571  -0.62201  

H                    -3.43146   0.95752   0.0184  

 H                    -2.90476   0.53217  -1.595  

C                   -2.31782  -2.34235   0.22072  

TH-2963_166122031



332 | P a g e  
 
 

 

H                    -1.58681  -3.0793    0.60745  

H                   -2.44414  -2.59786  -0.85115  

C                   -1.98117   2.33863  -0.80948  

H                    -1.47521   2.64446   0.12767  

C                   -3.66553  -2.56927   0.93807  

H                   -4.39676  -1.83469   0.53295  

C                   -0.94169   2.40787  -1.93681  

H                   -1.40087   2.13148  -2.90298  

H                   -0.53005   3.42544  -2.04751  

H                   -0.09722   1.72318  -1.76689  

C                    -3.10441   3.35663  -1.0645  

H                   -2.71283   4.38293  -1.17656  

H                   -3.65564   3.10691  -1.98838  

H                   -3.83357   3.36441  -0.23749  

C                   -3.56206  -2.31929   2.44945  

H                   -4.52853  -2.47505   2.95741  

H                   -2.83216  -3.01215   2.90396  

H                   -3.22294  -1.29491   2.67555  

C                   -4.24134  -3.96742   0.66547  

H                    -4.35964  -4.1463   -0.4157  

 H                    -3.5623   -4.7455    1.05606  

H                   -5.22736  -4.10881   1.14038  

H                   -0.75826  -0.08437   1.66692  

Al                   -7.06039  -0.6196    0.31453  

H                   -7.62805  -2.10355   0.47851  

C                   -6.84335   0.16116  -1.49066  

H                   -5.86216   0.67512  -1.53799  

H                    -7.58077   0.98873  -1.5469  

C                    -6.69591   0.40337   1.96941  

H                    -7.42844   0.08364   2.73821  

H                    -5.72974   0.00564   2.34289  

C                    -6.63218   1.94519   1.92803  

H                    -5.92145   2.24147   1.13287  

C                   -7.00761  -0.75507  -2.72264  

H                   -7.97856  -1.28049  -2.63623  

C                   -7.04064   0.04942  -4.03107  

H                   -6.09272   0.59592  -4.17809  

H                    -7.19031  -0.6034   -4.90814  

H                   -7.85349   0.79416  -4.02407  

C                   -5.91241  -1.82871  -2.77596  

H                   -4.91254  -1.36582  -2.84642  

H                    -5.92159  -2.4654   -1.87567  

H                   -6.03636  -2.49076  -3.64905  

C                    -6.10645   2.5303    3.2477  

H                    -6.03472   3.63067   3.20664  

H                    -6.77615   2.26941   4.08601  

H                    -5.10551   2.13707   3.48865  

 C                    -7.99565   2.5568    1.57635  

H                    -8.36484   2.20228   0.59898  

H                    -8.75285   2.29002   2.33466  

H                    -7.94804   3.65724   1.52833 

I1 

 

C                    -5.29769   0.29631   3.59449  

C                   -4.38114  -0.68948   3.89141  

C                   -3.27228  -0.92124   3.03398  

C                    -3.1184   -0.13832   1.84939  

C                    -4.08035   0.86781   1.56616  

C                    -5.13777   1.08224   2.42658  

H                   -2.42384  -2.60916   4.11202  
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H                    -6.14632   0.47742   4.25811  

H                   -4.48855  -1.30217   4.79014  

C                   -2.30056  -1.92357   3.26941  

H                    -3.95703   1.48447   0.67635  

H                    -5.85955   1.87189   2.20496  

C                    -1.05294  -1.1313    1.35224  

C                    -1.19664  -2.0145    2.45706  

H                   -0.43832  -2.76626   2.64339  

N                   -2.05858  -0.33276   0.98624  

C                     0.25757  -1.09234   0.52983  

C                     0.42387   0.21122  -0.29019  

 H                     1.311     0.11568  -0.93744  

 C                     1.5516   -1.18419   1.38422  

C                    0.30464  -2.37385  -0.36623  

 O                     2.65462  -1.0323    0.86764  

 O                     1.43794  -1.5167    2.64373  

O                   -0.16097  -3.42782  -0.01084  

O                    0.97511  -2.17535  -1.49106  

C                     1.0635   -3.28253  -2.39825  

H                     1.74076  -2.9601   -3.19689  

H                     1.4612   -4.16949  -1.88596  

H                    0.06559  -3.50853  -2.80166  

C                     2.63218  -1.52503   3.44855  

H                     3.07201  -0.51864   3.46278  

H                     2.30614  -1.82075   4.45176  

H                     3.35986  -2.24291   3.04627  

C                     0.63457   1.41772   0.60754  

O                     0.86932   1.24734   1.798  

C                     0.60713   2.78304   0.01763  

C                     0.71035   3.88856   0.88435  

C                     0.51125   3.01715  -1.36394  

C                     0.70834   5.18392   0.38194  

 H                     0.79186   3.70094   1.9565  

 C                     0.5201    4.32086  -1.86173  

H                     0.44069   2.18529  -2.06588  

C                     0.61568   5.42574  -1.00258  

 H                     0.784     6.03031   1.07079  

H                     0.45066   4.48252  -2.94052  

 C                     0.6304    6.83563  -1.53528  

 H                     1.59603   7.3261   -1.32503  

H                     0.46874   6.86239  -2.62247  

H                   -0.15085   7.44986  -1.05801  

H                   -0.41982   0.35053  -0.97242  

Al                  -2.85167  -0.45078  -1.11135  

H                    -1.66688  -1.33928  -1.7239  

C                   -2.91194   1.43511  -1.80676  

H                   -2.12576   1.52706  -2.58345  

H                   -2.58809   2.13699  -1.01424  

C                   -4.56714  -1.45287  -0.83355  

H                   -5.38882  -0.73911  -1.03827  

H                    -4.71845  -1.75125   0.2211  

C                   -4.23986   1.94123  -2.41527  

 H                    -5.04878   1.78348  -1.6742  

C                   -4.75557  -2.70807  -1.72129  

H                   -4.42177  -2.47155  -2.75189  

C                   -4.19831   3.44657  -2.72194  

H                   -3.41207   3.67212  -3.46356  

H                   -5.15721   3.80909  -3.13121  

H                    -3.97402   4.0351   -1.81703  

C                    -4.6202    1.15098  -3.67531  

H                   -5.58096   1.49166  -4.09586  

H                   -3.85201   1.27435  -4.45883  

H                   -4.71393   0.07165  -3.47143  

C                   -6.23132  -3.12602  -1.81724  
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H                   -6.36501  -4.01452  -2.45853  

H                    -6.63238  -3.3717   -0.81807  

H                   -6.85276  -2.31545  -2.23235  

C                   -3.89943  -3.88126  -1.22463  

H                   -2.83268  -3.61684  -1.15868  

H                    -4.22377  -4.19565  -0.2165  

H                   -3.99017  -4.75793  -1.88793  

Al                   4.18396  -0.65314  -0.35835  

H                     3.43836   0.17097  -1.52618  

C                     5.37764   0.34054   0.89683  

H                     5.53753  -0.33742   1.76108  

H                     6.38106   0.41487   0.42809  

C                    4.73418  -2.52038  -0.83057  

H                    5.46823  -2.88479  -0.08266  

H                    3.85524  -3.18468  -0.71139  

C                    5.32363  -2.73257  -2.2425  

H                    4.56908  -2.39499  -2.98038  

C                     6.58253  -1.8828   -2.46778  

H                    7.00055  -2.03093  -3.47766  

H                    6.37417  -0.80522  -2.35417  

H                     7.3698   -2.14573  -1.73951  

C                    5.61632  -4.21239  -2.53545  

H                    6.37562  -4.60649  -1.83716  

H                    4.71088  -4.83093  -2.41785  

H                    5.99618  -4.36353  -3.56105  

C                     4.97417   1.73741   1.41853  

H                     3.93684   1.68248   1.80587  

C                     5.86326   2.20006   2.58412  

 H                     6.9169    2.27993   2.26333  

H                     5.55599   3.18754   2.97102  

 H                     5.83061   1.48565   3.4241  

C                     4.98121   2.78468   0.29585  

H                     5.99804   2.90123  -0.11964  

 H                     4.31706   2.49533  -0.5335  

H                     4.65599   3.77351   0.66077 

I2 

 

C                     3.38414   4.8754    0.59399  

C                     2.53729   4.58454  -0.47399  

C                     2.21819   3.26061  -0.81744  

C                     2.75952   2.17238  -0.0689  

C                     3.62222   2.48917   1.00541  

 C                     3.92694   3.8114    1.32617  

H                     1.10897   3.74677  -2.64808  

 H                     3.6242    5.90966   0.84983  

H                     2.10979   5.39438  -1.07317  

C                     1.38745   2.93777  -1.96573  

H                     4.05011   1.68162   1.59905  

 H                     4.5966    4.01187   2.16723  

C                     1.34265   0.55054  -1.27927  

C                     0.98494   1.67865  -2.21159  

 H                     0.3761    1.43915  -3.08388  

N                     2.48101   0.85463  -0.40732  

C                     0.08588   0.04097  -0.42317  

C                    -0.64797   1.20501   0.28474  

H                    -1.26108   0.81962   1.11544  

C                   -0.92955  -0.78031  -1.26055  

C                     0.60193  -0.96776   0.61571  

O                   -1.88279  -1.34088  -0.72976  

O                    -0.59241  -0.9394   -2.51405  
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 O                     1.68269  -1.5594    0.51528  

O                   -0.20237  -1.19672   1.61595  

C                     0.17964  -2.17612   2.60786  

H                   -0.58058  -2.10497   3.39227  

H                     0.16916  -3.17645   2.15564  

H                     1.17994  -1.94565   2.99762  

C                   -1.50602  -1.62554  -3.39465  

H                   -2.45082  -1.06827  -3.44293  

H                   -1.00992  -1.64529  -4.37107  

H                   -1.70134  -2.64298  -3.03149  

C                   -1.61098   1.95201  -0.62934  

O                   -2.06063   1.38622  -1.61608  

C                   -2.06718   3.31814  -0.25269  

C                    -1.5385    4.0418    0.82932  

C                    -3.08989   3.9087   -1.02161  

C                    -2.02152   5.31572   1.13248  

H                    -0.73749   3.62688   1.44248  

C                    -3.5663    5.17645  -0.71284  

 H                    -3.49852   3.34356  -1.8611  

C                    -3.04182   5.90599   0.37195  

 H                    -1.59316   5.8635    1.97587  

H                   -4.36276   5.61578  -1.32035  

 C                    -3.5708    7.27917   0.69723  

H                    -3.04206   7.72881   1.54989  

H                   -3.46754   7.95864  -0.16507  

H                    -4.64467   7.23991   0.94578  

H                     0.1042    1.87228   0.72554  

Al                   3.43439  -0.74534  -0.01444  

C                     4.0759   -1.65881  -1.65867  

H                    4.95381  -1.06382  -1.98439  

H                    3.34962  -1.53105  -2.48613  

C                     4.36229  -0.97193   1.73451  

H                     4.29129  -2.06058   1.94386  

H                     3.71917  -0.50312   2.50644  

C                    4.49009  -3.14747  -1.59806  

H                     5.2157   -3.27057  -0.77176  

C                     5.82569  -0.53594   1.97664  

H                     5.90732   0.54801   1.76813  

C                    3.29731  -4.06654  -1.29716  

H                     2.5227   -3.97229  -2.07912  

H                    3.60183  -5.12572  -1.26187  

H                    2.82231  -3.82496  -0.33272  

C                    5.19625  -3.59515  -2.88709  

H                     5.5232   -4.64772  -2.83146  

H                    4.52167  -3.50045  -3.75635  

H                    6.08578  -2.97727  -3.09158  

C                     6.81015  -1.2481    1.03892  

H                     7.84704  -0.92213   1.22366  

H                     6.77565  -2.34151   1.18797  

H                    6.58484  -1.05178  -0.02127  

C                     6.24123  -0.74172   3.44191  

H                     5.57612  -0.19333   4.12923  

H                     6.19223  -1.81027   3.71623  

H                     7.27294  -0.39693   3.62674  

H                    1.60946  -0.32027  -1.89842  

Al                  -3.56165  -2.34064  -0.34745  

H                    -4.07396  -2.6883   -1.83459  

C                   -2.74137  -3.83479   0.71468  

H                   -1.77918  -4.12718   0.24215  

H                   -2.46123  -3.39822   1.69457  

C                   -4.60428  -0.92834   0.61048  

H                   -4.32002  -0.91494   1.68335  

H                    -4.26291   0.04696   0.20991  

C                   -3.56137  -5.11972   0.96999  
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H                   -4.53978  -4.82614   1.39825  

C                    -3.84318  -5.8858   -0.33046  

H                   -4.37629  -5.26204  -1.06508  

H                   -2.89906  -6.21328  -0.80164  

H                   -4.45031  -6.78797  -0.14597  

C                   -2.88547  -6.04232   1.99682  

H                   -3.48849  -6.94416   2.20076  

H                    -1.89879  -6.37808   1.6304  

H                   -2.72429  -5.52422   2.95706  

C                   -6.14387  -0.98377   0.50582  

H                   -6.41102  -0.96337  -0.56862  

C                   -6.71136  -2.28621   1.08772  

H                   -6.44905  -2.38814   2.15577  

H                   -7.81105  -2.32384   1.01091  

H                   -6.31641  -3.17381   0.56465  

C                    -6.8142    0.23314   1.16268  

H                    -7.91186   0.21349   1.04534  

H                    -6.59527   0.26407   2.24493  

H                    -6.44586   1.17576   0.72523 

TS-1 

 

C                   -2.78788   5.21918  -1.53192  

C                   -1.77778   5.06231  -0.59211  

 C                    -1.6036    3.84712   0.10039  

C                    -2.4791    2.74565  -0.15589  

C                   -3.50961   2.93562  -1.10574  

 C                    -3.6559    4.1431   -1.77945  

H                    -0.02239   4.56087   1.43889  

 H                    -2.91064   6.165    -2.06405  

H                    -1.0968    5.88921  -0.37027  

C                    -0.59543   3.68516   1.12028  

H                   -4.19796   2.11911  -1.31205  

H                   -4.46196   4.24951  -2.51029  

C                    -1.15303   1.30929   1.24033  

 C                    -0.38522   2.4758    1.68799  

H                     0.35787   2.32726   2.47133  

N                    -2.34863   1.55132   0.54534  

C                     0.08511   0.20178   0.17976  

C                     1.26734   0.99401  -0.37838  

H                     1.77777   0.42574  -1.17578  

 C                     0.57461  -0.9671    1.02367  

C                   -0.81552  -0.31549  -0.85466  

O                     1.44004  -1.72708   0.58988  

O                    -0.0085   -1.16098   2.17847  

O                   -1.90764  -0.87174  -0.58881  

O                   -0.47436  -0.08024  -2.10486  

C                   -1.36076  -0.49852  -3.15794  

H                   -0.86094  -0.21359  -4.09025  

H                   -1.50546  -1.58643  -3.11651  

H                   -2.32935   0.01213  -3.06772  

C                     0.47054  -2.23529   3.01491  

H                     1.49543  -2.00598   3.33875  

H                   -0.21141  -2.26489   3.87153  

H                     0.46329  -3.18624   2.46645  

C                     2.31917   1.33217   0.66672  

O                     2.28499   0.79587   1.76556  

C                     3.40853   2.28822   0.31419  

C                     3.50783   2.91663  -0.93857  

C                     4.39109   2.56538   1.28419  

C                     4.55836   3.79429  -1.21009  
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H                     2.76847   2.72568  -1.71823  

C                     5.43329   3.44235   1.00793  

H                     4.31362   2.07209   2.25469  

C                     5.53917   4.07366  -0.24616  

H                     4.61839   4.27159  -2.19184  

 H                     6.18626   3.64344   1.7754  

C                     6.68381   5.00962  -0.53836  

H                     6.56541   5.50804  -1.51129  

H                     6.77115   5.78773   0.23743  

H                     7.64295   4.46447  -0.55369  

 H                     0.89671   1.91247  -0.8558  

Al                  -3.39702  -0.09007   0.41401  

C                   -3.57259  -0.94713   2.19835  

H                   -4.16954  -0.24493   2.81531  

H                   -2.59579  -1.00565   2.71375  

C                   -4.89785  -0.26558  -0.88607  

H                   -5.05949  -1.36296  -0.94269  

H                   -4.52353  -0.00307  -1.89494  

C                   -4.23598  -2.34332   2.26157  

H                   -5.21721  -2.28252   1.75494  

C                   -6.27571   0.40706  -0.67953  

 H                    -6.127     1.5031   -0.63425  

C                   -3.40963  -3.40716   1.52459  

H                   -2.40806  -3.51217   1.97744  

H                   -3.89389  -4.39675   1.56577  

H                   -3.26107  -3.15505   0.46176  

C                   -4.50609  -2.78224   3.70883  

H                   -5.01073  -3.76261   3.75295  

H                   -3.56191  -2.86829   4.27559  

H                   -5.14151  -2.05267   4.23696  

C                   -6.94269  -0.00497   0.63984  

 H                   -7.91527   0.49763   0.77003  

H                   -7.12689  -1.09289   0.66633  

 H                   -6.32034   0.24655   1.51343  

C                   -7.21963   0.13369  -1.86125  

 H                  -6.78091   0.47383  -2.81385  

 H                  -7.42177  -0.94737  -1.95856  

 H                  -8.18943   0.64495  -1.73665  

 H                  -1.27791   0.55175   2.01362  

 Al                   2.38416  -3.2879   -0.17555  

 H                    2.04821  -4.39772   0.94441  

 C                     1.37952  -3.43536  -1.9072  

 H                   0.30676  -3.62048  -1.68543  

 H                   1.40919  -2.43426  -2.38407  

 C                   4.25289  -2.60239  -0.32236  

 H                   4.85132  -3.35309  -0.88057  

 H                   4.20966  -1.73039  -1.00704  

 C                   1.85338  -4.48439  -2.93724  

 H                     2.92386  -4.29476  -3.1504  

 C                   1.74388  -5.91463  -2.38903  

 H                   2.32893  -6.04639  -1.46418  

 H                   0.69515  -6.16151  -2.14671  

 H                   2.10067  -6.65904  -3.12066  

 C                   1.10422  -4.36687  -4.27421  

 H                   1.47233  -5.09266  -5.02029  

 H                   0.02433  -4.55365  -4.13388  

 H                   1.21389  -3.35815  -4.70672  

 C                    5.03274  -2.20151   0.94993  

 H                     4.40895  -1.49096   1.5275  

 C                    5.30861  -3.41078   1.85487  

 H                     5.94333  -4.14975   1.3341  

 H                    5.83553  -3.11557   2.77829  

 H                     4.37812  -3.9253    2.14241  

 C                    6.34577  -1.47454   0.61791  
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 H                     6.88765  -1.16568   1.5293  

 H                     7.01822  -2.1296    0.03608  

 H                    6.16197  -0.57029   0.01427 

I3 

 

C                   -3.83887  -4.31568   2.55952  

 C                   -2.65365  -3.80856   3.0462  

 C                  -2.17012  -2.54587   2.60662  

 C                  -2.92226  -1.80352   1.63716  

 C                   -4.1412   -2.34907   1.15731  

 C                  -4.58563  -3.57476   1.61216  

 H                   -0.36781  -2.5486    3.82405  

 H                  -4.20532  -5.28594   2.90197  

 H                  -2.06531  -4.36646   3.77879  

 C                   -0.96112  -1.9877    3.09737  

 H                  -4.72649  -1.79778   0.42348  

 H                  -5.52741  -3.97772   1.23222  

 C                  -1.34419  -0.08191   1.69573  

 C                  -0.55323  -0.75282   2.64919  

 H                     0.36721  -0.27474   2.9849  

 N                  -2.47065  -0.57731   1.18768  

 C                    0.29478   1.22966  -1.09581  

 C                    1.64063   1.88037  -0.90469  

 H                     2.42969   1.2301   -1.30878  

 C                    0.2769   -0.17685  -1.33267  

 C                   -0.8506    2.02009  -0.92635  

 O                     1.3257   -0.85599  -1.399  

 O                  -0.91181  -0.76902  -1.51616  

 O                  -2.06707   1.64617  -0.79453  

 O                  -0.61238   3.33866  -0.86882  

 C                  -1.68556   4.23333  -0.59317  

 H                  -1.23932   5.23535  -0.57683  

 H                   -2.45911   4.1807   -1.37294  

 H                   -2.14647   4.01486   0.38147  

 C                    -0.91731  -2.16604  -1.839  

 H                  -0.53024  -2.76363  -1.00083  

 H                  -1.96576  -2.42043  -2.03041  

 H                  -0.30367  -2.36818  -2.72708  

 C                    1.96438   2.17558   0.56434  

 O                    1.15976   1.93711   1.45239  

 C                    3.29299   2.78214   0.89157  

 C                    4.30296   2.98233  -0.06423  

 C                    3.54452   3.16689   2.22201  

 C                    5.52495   3.54906   0.30303  

 H                    4.15149   2.68836  -1.10377  

 C                     4.76184   3.73452   2.5808  

 H                    2.75727   3.00957   2.96166  

 C                    5.77864   3.93447   1.62787  

 H                    6.29881   3.69081  -0.45615  

 H                    4.93459   4.03023   3.61989  

 C                    7.10495   4.52643   2.03223  

 H                    7.70684   4.81267   1.15746  

 H                    6.97046   5.41871   2.66461  

 H                    7.69525   3.80233   2.62017  

 H                    1.70867   2.83219  -1.45572  

 Al                 -3.45046   0.62837  -0.17949  

 C                    -4.39232  -0.36316  -1.6278  

 H                  -5.39194  -0.58958  -1.20282  

 H                    -3.941    -1.3542   -1.82403  

 C                   -4.57674   1.68504   1.08101  
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 H                   -3.94441   2.40114   1.64555  

 H                   -4.90904   0.95782   1.84992  

 C                    -4.6173    0.3466   -2.9883  

 H                  -4.94636   1.38564  -2.79231  

 C                    -5.8267    2.42697   0.55548  

 H                  -6.43671   1.70427  -0.02094  

 C                  -3.33287   0.42282  -3.82443  

 H                  -2.98044  -0.58921  -4.09006  

 H                  -3.50263   0.96927  -4.76698  

 H                  -2.51774   0.92149  -3.28138  

 C                  -5.73754  -0.32771  -3.79581  

 H                  -5.91269   0.18521  -4.75688  

 H                  -5.47894  -1.37741  -4.02075  

 H                  -6.68946  -0.33233  -3.23969  

 C                    -5.46692   3.57416  -0.3982  

 H                  -6.36855   4.07332  -0.78999  

 H                  -4.86498   4.34102   0.12044  

 H                  -4.88228   3.22073  -1.26349  

 C                    -6.70967   2.9468    1.70084  

 H                    -7.02531   2.1272    2.36691  

 H                   -6.15963   3.67955   2.31726  

 H                   -7.62027   3.44389   1.32456  

 H                   -0.99749   0.88819   1.33937  

 Al                  2.65569  -2.25015  -1.36669  

 H                   2.14702  -3.25491  -2.52652  

 C                     4.29998  -1.16381  -1.7414  

 H                   4.10666  -0.54866  -2.64605  

 H                   4.38114  -0.43214  -0.91087  

 C                     2.4222   -2.99458   0.4934  

 H                     3.08347  -2.4497    1.19905  

 H                   1.39339  -2.73852   0.82093  

 C                   5.66735  -1.85976  -1.91221  

 H                   5.84401  -2.49655  -1.02309  

 C                   5.69035  -2.77839  -3.14254  

 H                   4.90005  -3.54464  -3.09619  

 H                   5.52264  -2.19632  -4.06622  

 H                   6.65957  -3.29529  -3.24711  

 C                   6.8283   -0.85405  -1.97751  

 H                    7.80777  -1.3572   -2.06269  

 H                   6.71852  -0.18893  -2.85286  

 H                   6.85515  -0.21538  -1.07887  

 C                    2.63218  -4.51102   0.68933  

 H                   1.96811  -5.04206  -0.02067  

 C                    4.07044  -4.93504   0.36121  

 H                    4.79231  -4.41858   1.01844  

 H                    4.21774  -6.02051   0.49281  

 H                     4.33784  -4.68975  -0.6797  

 C                     2.24847  -4.97922   2.1029  

 H                     2.36747  -6.07025   2.2265  

 H                    2.88028  -4.48682   2.86365  

 H                     1.19833  -4.7298    2.33307 

I4 

 

C                    -4.17049   1.86763   2.31504  

 C                  -3.50797   1.10508   1.37759  

 C                   -4.23486   0.36245   0.40674  

 C                    -5.668     0.41083   0.41343  

 C                    -6.3231    1.20821   1.3886  

 C                   -5.58648   1.91754   2.31538  

 H                    -2.50176  -0.48444  -0.6017  

 H                   -3.60719   2.43672   3.05811  
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 H                   -2.41623   1.05949   1.36336  

 C                  -3.59355  -0.43207  -0.57852  

 H                   -7.41121   1.25776   1.39375  

 H                   -6.10437   2.52766   3.05922  

 C                  -5.76125  -1.02955  -1.41974  

 C                  -4.35554  -1.12648  -1.49141  

 H                  -3.89839  -1.74773  -2.26309  

 N                  -6.39971  -0.30058  -0.51211  

 C                   5.20703  -0.51332  -0.45943  

 C                   6.68224  -0.71896  -0.66765  

 H                   6.94773  -1.77509  -0.50604  

 C                     4.51993  -1.2357    0.53799  

 C                    4.52538   0.51699  -1.13851  

 O                    3.28986  -1.10569   0.85767  

 O                    5.23466  -2.14557   1.19749  

 O                    3.29312   0.82748  -1.00408  

 O                    5.24577   1.22012  -2.01062  

 C                    4.61189   2.28611  -2.71929  

 H                    5.38803   2.71553  -3.36424  

 H                     3.77605   1.91214  -3.3287  

 H                    4.23384   3.04899  -2.02321  

 C                     4.59897  -2.8941    2.23463  

 H                    3.76132  -3.48592   1.83693  

 H                    5.37319  -3.55799   2.63784  

 H                     4.22288  -2.22778   3.0245  

 C                    7.55289   0.13891   0.26247  

 O                    7.04875   0.89102   1.07303  

 C                    9.04445   0.02385   0.14462  

 C                    9.84058   0.81111   0.99734  

 C                   9.68557  -0.82653  -0.77022  

 C                  11.22803   0.74798   0.93484  

 H                     9.33575   1.4702    1.70642  

C                  11.08004  -0.88612  -0.82872  

 H                   9.10396  -1.45327  -1.44863  

C                   11.87645  -0.10281   0.01939  

H                   11.82747   1.36891   1.60735  

H                  11.55911  -1.55549  -1.54863  

C                  13.38213  -0.16084  -0.03917  

 H                   13.8069  -0.45726   0.93448  

H                  13.73346  -0.87888  -0.79435  

 H                  13.80843   0.82605  -0.28587  

 H                   6.95725  -0.48475  -1.70738  

 Al                    2.0465    0.11563   0.18861  

 C                    1.63583   1.47163   1.57547  

 H                    2.43255   1.39363   2.34099  

 H                    0.70686   1.18088   2.10828  

 C                   0.58071  -0.86233  -0.72357  

 H                    0.09737  -0.1603   -1.43557  

 H                  -0.18469  -1.02993   0.06197  

 C                     1.5127    2.95061   1.14192  

 H                    2.45396   3.23453   0.63303  

 C                   0.84866  -2.20177  -1.44544  

 H                   1.31026  -2.89445  -0.71561  

 C                     0.37186   3.16363   0.1368  

 H                   -0.60079   2.88307   0.57867  

 H                     0.2964    4.21792  -0.17755  

 H                     0.5063    2.55689  -0.77481  

 C                    1.34889   3.89091   2.34553  

 H                    1.30296   4.94965   2.03722  

 H                    0.41917   3.66315   2.89648  

 H                    2.18636   3.78263   3.05362  

 C                   1.83628  -2.04622  -2.61057  

 H                     2.00179  -3.00486  -3.1298  

 H                   1.45478  -1.32683  -3.35649  
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 H                   2.81838  -1.68191  -2.27031  

 C                   -0.44981  -2.8632   -1.93405  

 H                  -1.15566  -3.02524  -1.10265  

 H                    -0.95373  -2.22615  -2.6831  

 H                  -0.26049  -3.84218  -2.40673  

 H                  -6.40076  -1.56371  -2.12784  

 Al                 -8.50384  -0.39171  -0.58492  

 H                  -8.58482  -1.24568  -1.95181  

 C                   -9.1139    1.51452  -0.77129  

 H                  -8.25089   2.13349  -1.08875  

 H                   -9.41059   1.92631   0.21608  

C                   -9.00849  -1.32704   1.11657  

 H                    -8.87827  -0.61018   1.9519  

H                  -10.10734  -1.4822    1.06968  

 C                  -8.34461  -2.66655   1.50521  

 H                  -7.24474  -2.52587   1.49534  

 C                   -8.72245  -3.1079    2.92838  

H                   -9.81153  -3.27147   3.00922  

 H                  -8.22124  -4.04901   3.21568  

 H                  -8.44892  -2.34085   3.67183  

 C                  -8.66911  -3.78096   0.50001  

 H                  -9.75554  -3.97758   0.47552  

 H                    -8.36655  -3.5102   -0.5239  

 H                   -8.16727  -4.7269    0.76581  

 C                    -10.27602   1.75337  -1.762  

 H                  -9.96743   1.35677  -2.74865  

 C                  -10.5833   3.24739  -1.94794  

 H                  -11.3857   3.41457  -2.68777  

H                 -10.90841   3.70211  -0.99528  

 H                  -9.69178   3.79942  -2.28886  

C                 -11.54344   0.99303  -1.34627  

H                 -11.36818  -0.09499  -1.29417  

 H                  -11.89053   1.32106  -0.3504  

 H                -12.37026   1.15798  -2.05754 

Q 

C                    8.47271  -2.11085  -0.59002  

 C                     8.6509   -0.772    -0.31469  

 C                    7.54655   0.03875   0.06544  

 C                    6.24227  -0.55169   0.15979  

 C                    6.09294  -1.9361   -0.13111  

 C                   7.18291  -2.69642  -0.49715  

 H                    8.63476   1.90864   0.30224  

 H                   9.32605  -2.72824  -0.88167  

 H                    9.64271  -0.3163   -0.38489  

 C                    7.65756   1.42072   0.36252  

 H                   5.09059  -2.36165  -0.05218  

 H                   7.05814  -3.75946  -0.71874  

 C                     5.2906    1.4359    0.7828  

 C                    6.53161   2.12285   0.72167  

 H                    6.57611   3.18842   0.95797  

 N                    5.14278   0.16423   0.51743  

 Al                 -6.39953   0.59164  -0.37291  

 C                  -7.18206  -0.80967   0.78127  

 H                  -8.00711  -0.31424   1.33558  

 H                  -6.45554  -1.08844   1.57042  

 C                   -5.17189   1.95872   0.35606  

 H                   -4.56999   1.51732   1.17528  

 H                    -5.81985   2.70263   0.8661  

 C                  -7.72017  -2.08491   0.09672  

 H                   -8.44351  -1.77688  -0.6825  

 C                  -4.24134   2.68765  -0.63754  

 H                  -4.86849   3.12073  -1.44031  

 C                  -6.59482  -2.85706  -0.60587  

 H                  -5.82496  -3.17774   0.11781  
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 H                  -6.97305  -3.76117  -1.11045  

 H                  -6.09536  -2.24126  -1.37486  

 C                  -8.46846  -2.99437   1.08243  

 H                  -8.87901  -3.88781   0.58204  

 H                  -7.79468  -3.34081   1.88551  

 H                  -9.30695  -2.46236   1.56077  

 C                  -3.26113   1.71065  -1.30162  

 H                  -2.60255   2.22022  -2.02386  

 H                   -2.6158    1.22602  -0.54809  

 H                   -3.7901    0.91248  -1.85235  

 C                   -3.48455   3.84653   0.02797  

 H                   -4.18059   4.57742   0.47099  

 H                   -2.83328   3.47552   0.83858  

 H                  -2.84645   4.38458  -0.69348  

 H                  -6.87427   0.70236  -1.89455  

 H                    4.38583   1.98689   1.06842 

P 

 

C                    3.62257  -0.91361  -2.14651  

 C                   4.06317  -0.85678  -0.84233  

 C                     3.15272  -0.59074   0.2171  

 C                   1.76587  -0.38115  -0.08327  

 C                     1.34178  -0.44476  -1.4368  

 C                   2.25231  -0.70514  -2.44046  

 H                     4.61592  -0.68058   1.8228  

 H                   4.32603  -1.11843  -2.95678  

 H                   5.11736  -1.01475  -0.60075  

 C                    3.56293  -0.52358   1.57333  

 H                   0.29165  -0.28101  -1.67282  

 H                    1.9103   -0.75027  -3.47711  

 C                    1.28608  -0.06675   2.17793  

 C                     2.63224  -0.262     2.55327  

 H                     2.9076   -0.2017    3.60732  

 N                    0.85972  -0.12196   0.92177  

 Al                 -1.22802   0.12774   0.67945  

 H                    -1.5179    0.49158   2.22433  

 C                   -1.78486  -1.7045    0.07394  

 H                  -1.51395  -2.42989   0.86938  

 H                  -1.17404  -2.01007  -0.79845  

 C                  -1.59861   1.63109  -0.59667  

 H                  -2.64556   1.44679  -0.91578  

 H                  -1.01776   1.54992  -1.53802  

 C                  -3.27498  -1.90787  -0.28426  

 H                  -3.53587  -1.18942  -1.08635  

 C                  -1.50033   3.08429  -0.08221  

 H                   -2.09274   3.15499   0.85033  

 C                  -3.54957  -3.31532  -0.83707  

 H                  -3.31709  -4.0846   -0.07952  

 H                  -4.60614  -3.44425  -1.13037  

 H                  -2.92709  -3.52632  -1.72246  

 C                  -4.19807  -1.61353   0.90709  

 H                  -5.26005  -1.7487    0.64139  

 H                  -3.97669  -2.29098   1.75053  

 H                  -4.07637  -0.58272   1.27919  

 C                  -2.09675   4.09219  -1.07736  

 H                  -2.06271   5.12518  -0.68902  

 H                  -1.54115   4.07649  -2.03198  

 H                  -3.14861   3.85371  -1.30524  

 C                   -0.05798   3.47395   0.26993  

 H                    0.35889   2.82151   1.05422  

 H                    0.59896   3.39382  -0.61476  
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H                    0.00566   4.51277   0.63547  

 H                    0.51657   0.14532   2.92546 
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