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1.1.General Introduction: 

The development of innovative methodologies in order to achieve atom economic and cost 

effective manner is an ever evolving process in synthetic chemistry.1 While some newly 

discovered pathways sharply reduced number of steps in total synthesis of vital molecules, 

others provide access to completely newer entities.2 There are also reaction discoveries which 

help us solve mechanistic mysteries. However, the common goal behind all the advancements 

in laboratory is towards the application in the real world.3 The first major breakthrough in the 

evolution of synthetic chemistry is probably the use of a catalyst. Although catalysis originated 

way back in 16th century, the true role of catalyst was understood in 18-19th century.4 At present 

day, hardly any reaction is carried out without catalyst, be in industry or academic laboratory 

which is evident from the fact that production of 90% commercial goods involve use of 

catalysts.5 Besides, all the natural transformations are carried by the class of most efficient 

catalysts known as enzymes.6  

Transition metals constitutes chief part of the catalyst community due to multiple advantages.5 

Presence of partially filled d-orbitals allow them to access multiple co-ordination numbers as 

well as oxidation numbers.7 As a result, two or more reactant fragments can be accommodated 

by the metal, make them react and release the product. Another fascinating fact is the possibility 

of manipulating orbital energy (viz. HOMO and LUMO) through ligation to synergize with 

reactants.8 Owing to these incredible characteristics, transition metal catalysis has 

revolutionized synthetic and industrial chemistry in the past few decades. This can be 

comprehended from examples such as Zeigler-Natta catalysis, cross-coupling reactions etc. For 

instance, in current scenario, polymers are integral part of mankind, the growth of which began 

with the discovery of Zeigler-Natta catalysis and cross-coupling reactions has even greater 

impact due its vast use in fragrance to pharmaceutical industries.9-14 
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Scheme 1.1: Hydroxylation mechanism at active site of P450 type enzymes. 

The most abundant bond found in organic realm is the CH bond.15 For the obvious reason, 

the simplest and cheapest feedstock is also rich with these bonds. Therefore, the straightforward 

and cost-effective way to synthesize a functionalized molecule would be direct replacement of 

a CH bond with the functional group.16 However, there are two fundamental challenges 

associated with this approach, firstly the high bond dissociation energy of C-H bond and 

similarity in electronegativity, and secondly the selective scissoring of one bond in their 

omnipresence. Nonetheless, this is a common natural approach towards enzyme catalyzed 

functionalization during biosynthesis.18 For instance, cytP450 enzymes are well known for 

installation of –OH group in a hydrocarbon.19 Such enzymes are usually equipped with a metal 

containing heme or non-heme active site embedded into a protein structure. These metal centers 

undergo oxidation to form highvalent metal-oxo species, which are capable of hydrogen atom 

abstraction (HAA) at biological temperature. The tertiary structure of the protein chain 

provides a specific substrate binding pocket so that only the particular bond to be functionalized 

is exposed to the active site. After the HAA, functional group incorporation takes place in a 

comparatively faster step resulting in site specific functionalization (scheme 1.1).  
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Scheme 1.2: Functional mimics of enzyme active sites. 

CH activation is a relatively newer concept in synthetic chemistry.20 Although 

functionalization via metal mediated CH activation might have started around the end of 19th 

century21, however its recognition started from 1970’s.22 Due to step economy and non-

requirement of pre-functionalized starting materials, CH functionalization through activation 

gained immense attention and has seen exponential growth, yet far from reaching its full 

potential. At an early stage, more focus was concentrated on the biomimetic systems. Heme 

and non-heme based active site mimics of Fe, Mn, etc. have been studied over the years by 

forming high-valent metal-oxo complexes (scheme 1.2). Initially, uncontrolled product 

formations were observed due to their high reactivity and absence of protein chain. Gradual 

ligand modification and computational studies provided improved selectivities.23-28 Pioneering 

works of Que, Groves and others not only showed that the biomimetic complexes can be very 

efficient in C-H functionalization, but also provided insight into the mechanisms of 

biocatalysis.29,30 Enantioselective transformations are also found to be possible with proper 

ligand designing, although ee for CH functionalization is still very poor.31 From sustainable 

point of view, this approach is highly valued as reactions occur at room temperature and water 

can be used as solvent, however these strategies yet to find their industrial application and 

further improvements are required. 
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Scheme 1.3: Examples of CH activation by different approaches.  

Co-ordination and organometallic complexes of second and third transition series meanwhile 

became popular for CH activation.22 With the discovery of agostic interaction and metal-alkyl 

complexes, the idea of weakening CH bond for organic transformation became prominent.32 

At the same time, cross-coupling reactions were being established.33,34 The obvious thought 

arised among the community that, if a metal-alkyl or metal-aryl complex can be synthesized 

via CH activation instead from an alkyl halide, the following steps should be similar with that 

of cross-coupling for functionalization. With this motivation, Fujiwara and Moritani in year 

1969 started the modern era of functionalization via CH activation, by reporting olefination 

of benzene with alkene.35 Numerous combination of hydrocarbons (aromatic as well as 

aliphatic), functional groups and catalysts has been studied since then.22,36,37 Although many 

metals are found to be capable of carrying out such functionalization, till now palladium has 

the highest success rate.38,39 Several mechanistic studies and general observation also made an 

impression that a salt of silver and HFIP as solvent are usually required for best performance, 
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however the stereotype is denied every now and then. In fact, electrocatalysis, photocatalysis 

etc. have also made their debut in the field (scheme 1.3).40-41  

The more challenging part than the bond activation itself is the controlling the selectivity in 

multi-presence of energetically equivalent and non-equivalent CH bonds within the system. 

Although inherent electronic properties of biased substrates can sometime allow site 

preferential functionalization, generalization has been inconvenient.42 Among various 

approaches to control selectivity, directing group approach became popular rapidly.43 In this 

approach, a heteroatom present either in the native functional group or in a purposefully 

attached moiety, coordinates and directs the catalyst metal towards a specific CH bond. At 

first, only selective ortho-C-H functionalizations of aromatic systems were seem compatible 

with the approach and soon extended to -functionalizations in aliphatic systems.44-45 Keto, 

acid, amide etc. were proved to be extremely useful directing groups with the help of which 

numerous functionalized products were synthesized. The ease of ortho and -C-H activation 

arises from the thermodynamic stability of the 5 or 6 membered metallacyclic intermediate 

formed upon activation. However, for the same reason selective activation of a distal CH bond 

such as meta and para-CH bonds in arenes were found difficult. Bypassing an ortho-C-H 

bond to form a 12-16 membered metallacycle is not only thermodynamically disparaging but 

also requires structural precision. Realizing that to achieve distal CH activation, a structurally 

rigid yet reversibly coordinating group would be required, Yu and co-workers first introduced 

cyanophenyl directing group and successfully carried out palladium catalysed meta-

olefination.46 Gradually, modifications of directing group and diversifications have been made 

by various group.47,48 In that context, our group has contributed majorly in functionalization 

diversification using a relatively superior pyrimidine based directing group (scheme 1.4).49 

While the –CN group is chemically insecure under acidic or basic conditions and shows 
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competitive end-on and side on binding, pyrimidine can bear more extreme conditions and also 

provides better co-ordination with catalyst through back-bonding due to presence of an extra 

nitrogen in the ring. 

 

Scheme 1.4: meta-C-H activation with a) cyano DG and b) pyrimidine DG 

Our group took DG assisted distal C-H activation to a further step by reporting first para 

functionalization of arenes. A biphenylcyano group, tethered to the arene substrate with a 

diisopropyl group was used as the DG.50 The most challenging part was to keep the directing 

group in the vicinity of the substrate having a 13 atom distance between the C-H bond and 

directing atom. Experimental evidences suggest that there are two major factors that makes it 

a success, i) Thorpe-Ingold effect exerted by the two isopropyl groups and ii) -interaction 

between substrate and DG arenes. It was later discovered that introducing two methoxy groups 

at meta and para to the cyano improves the reactivity. X-ray crystallographic studies showed 

hydrogen bonding of the methoxy groups with HFIP to further restrict DG’s movement has a 

role to play in the enhancement (scheme 1.5).51 
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Scheme 1.5: DG assisted para-selective C-H functionalization. 

 

Scheme 1.6: Distal aliphatic CH bond activation. 

Simultaneously, functionalizations of aliphatic distal C-H bonds have also been discovered 

despite being more challenging comparatively.52 The aliphatic systems exert higher entropic 

barrier as well as the resultant organometallic intermediates are less stable. Mostly bidentate 
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and monodentate directing groups have been utilized for functionalization at different 

positions. To overcome the entropic barrier, usually specific substrate designs are required. Our 

group as well has discovered various methologies for incorporating functionalities at - and -

position (scheme 1.6).53,54 Recently, we along with others have developed directing group free 

distal C(sp3)-H functionalization with the help of inbuilt functional group such as carboxylic 

acid.55 

There have been number of mechanistic suggestions for the CH activation.56 Among which, 

concerted-metalation-deprotonation (CMD) is believed to be involved in most cases. CMD 

pathway initiates with interaction of the metal with sigma orbital of the C-H bond.57 Gradually, 

the M-C bond starts to form while the hydrogen is being abstracted by a base simultaneously. 

In the transition state the four centers are loosely connected and depending on the metals 

position with respect to the C-H bond, the metalation can be oxidative, electrophilic or 

nucleophilic in nature. Once the metal-carbon intermediate is formed, various classical 

organimetallic reaction steps lead to the functionalized product. To maximize the yields of such 

reactions, use of proper ligand and other additives are required along with the catalyst. It has 

been observed that, most of the palladium catalyzed methodologies utilize amino acid based 

ligands.48 Computation and optimization studies revealed that amino acid co-ordination with 

palladium synergizes its concerned orbital with CH bond. Moreover, inclusion of acetate or 

similar protecting group at the nitrogen center increases the deprotonation rate due to 

intramolecular action. It has also been observed that silver salts of carbonate or carboxylate 

play a crucial role in the transformations.58 Although the straight forward explanation is its role 

in oxidation of the catalyst, also brings the question why other oxidizing agents tend to fail. 

Various studies prove that silver has multiple roles such as ligand exchange with catalyst, 

transmetaltion and most importantly, it reduces the energy of CH activation by forming a Pd-

Ag bimetallic cluster (scheme 1.7).  
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Being highly effective, CH activation has not only replaced many classical reactions, but also 

provided access to previously unknown molecules. Thus, C-H activation is proving to be a 

sustainable tool in the field of synthetic chemistry. However, we are far from reaching its full 

potential, and the scope for development is vast. For instance, these reactions are usually high 

energy demanding and functionalization of heterocycles via this method is scarce. In one part 

of the thesis, a biomimetic non-heme catalyst to mimic enzymatic halogenation, while in the 

other part, selective distal CH functionalizations of heterocycles has been addressed. 

 

Scheme 1.7: Role of silver in achieving distal CH activation. 

1.2. Background:  

1.2.1. Halogenation by non-heme iron-oxo:  

In order to achieve catalytic effectiveness of enzymes, mimics of their active sites are being 

studied for decades. Among those, highvalent iron-oxo complexes are most widely 

considered.27,59 Although oxidation reactions with these complexes are well established, other 
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functionalizations such as halogenations are rare, particularly by non-heme iron-oxo 

complexes. Similar to any other iron-oxo enzymes, active-sites of such halogenases also 

abstracts hydrogen from hydrocarbon at the first step. Subsequently, the halide coordinated to 

the metal center rebounds with the radical to provide halogenated product.60  

 

Scheme 1.8: Mechanism for halogenation by -KG dependent non-heme iron halogenase. 

For instance, in -ketoglutarate (-KG) dependent SyrB2 halogenase has the iron center co-

ordinated with two histidine residue, one aspartate residue, one halide and a water molecule cis 

to each other in its active site.61 An oxo ligand replaces the water molecule via oxidation to 

form the active species. Due to high affinity of iron-oxo to abstract hydrogen, it readily 

provides alkyl radical. The metal is now coordinated with both hydroxyl and halide ligand. 

Experimental evidences shows that the hydroxyl rebound and chloro rebound under the normal 

circumstances does not differ much energetically. Despite this, the protein cavity positions the 
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radical in such a way so that it can access only the halide to produce halogenated compound 

(scheme 1.8).  

 

Figure 1.1: Non-heme iron-oxo complexes used for structural and functional mimic of 

halogenases. 

In 2006, Que and co-workers synthesized first model non-heme halogenage with N,N,N-tris(2-

pyridylmethyl)amine (TPA) ligand.62 The dichloride complex upon oxidation produces the 

active complex with cis configuration of oxo and chloride. However, when reactivity was 

tested, a mixture of both hydroxide and chloride was obtained. Similar energy demand and 

absence of protein chain are the obvious reasons attributed for this observation. Following this, 

several other tri- and tetradentate ligand systems were utilized to synthesize mimics of non-

heme halogenases, though all those complexes produced similar result (figure 1.1).63 

Inspired from the fact that, at times two or more enzymes are involved in one transformation, 

we sought to carry out halogenation with two iron-complexes, one for carrying out HAA and 

another to deliver the halide to the hydrocarbon radical, which has been described in detail in 

chapter 2. 
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1.2.2. Non-covalent interaction mediate distal CH functionalization of heterocycles: 

The heterocycles are highly important class of compounds both biologically and 

industrially.64,65 Bioactive compounds are often built around various heterocyclic moieties. 

These decorated heterocycles are synthesized either by long retrosynthetic routs or by 

electronically guided functionalizations.66 The electronically controlled functionalizations are 

not favorable at all positions as well as for all functional groups, though direct functionalization 

of readily available feedstock is highly desirable. The conventional directing group approach 

is not convenient due to lack of DG attaching sites, though there are a few examples known for 

indoles, where DG can be attached to the nitrogen center. Moreover, the heterocycles can 

coordinate with metals causing catalyst poisoning. Thus, site selective C-H functionalization 

at distal position of heterocycles is a formidable task.  

Although covalently attached DG assisted approach solved the selectivity issue in distal C-H 

activation to a great extent, it is not free from shortcomings. The main drawbacks include 

additional steps required to install and remove the DG before and after the functionalization 

respectively, lack suitable functional group for DG attachment such as in heterocycles. 

Therefore, constant attempts are being made to achieve selectivity with non-covalently 

interacting DG. Kanai and co-workers first introduced H-bonding as non-covalent interaction 

in meta-borylation of aryl amides with iridium catalyst.67 Subsequently, various other 

methodologies were developed for iridium catalyzed borylation using ion-pair, ion-dipole and 

H-bonding interactions (Figure 1.2).68-71 Notably, these interactions are comparatively weak 

and does not exist at high temperatures. Since iridium catalyzed borylation is usually a room 

temperature reaction, the non-covalent interactions sustained well for directing the catalyst. 

However, palladium catalyzed functionalizations mostly require higher temperatures, thus 

complicates the use of this approach.   
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Figure 1.2: Non-covalent approaches for distal C-H activation. 

To address the above issues, the unwanted coordination was utilized to anchor the heterocycle 

to a complex equipped with directing group, in a host-guest manner.71 By optimizing the 

hosting template structure, different functionalizations of various heterocycles were achieved, 

which have been described in chapter 3, chapter 4 and chapter 5.  
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Chapter 2 

Selective CH Halogenation over Hydroxylation by Non-

heme Iron(IV)-oxo and Iron(II)-halide Complexes 

 

Abstract: Non-heme iron based halogenase enzymes promote selective halogenation of sp3-

C–H bond through iron(IV)-oxo-halide active species.  During halogenation, competitive 

hydroxylation can be prevented completely in enzymatic systems.  However, synthetic 

iron(IV)-oxo-halide intermediates often result in a mixture of halogenation and hydroxylation 

products.  In this report, we have developed a new synthetic strategy by employing non-heme 

iron based complexes for selective sp3-C–H halogenation by overriding hydroxylation. A room 

temperature stable, iron(IV)-oxo complex, [Fe(2PyN2Q)(O)]2+ was directed for hydrogen atom 

abstraction (HAA) from aliphatic substrates and the iron(II)-halide [FeII(2PyN2Q)(X)]+ (X, 

halogen) was exploited in conjunction to deliver the halogen atom to the ensuing carbon 

centered radical.  Despite iron(IV)-oxo being an effective promoter of hydroxylation of 

aliphatic substrates, the perfect interplay of HAA and halogen atom transfer in this work leads 

to the halogenation product selectively by diverting the hydroxylation pathway.   
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2.1. Introduction: 

High-valent iron-oxo species serve as the key intermediate for performing different natural 

transformation like halogenation, hydroxylation and olefin epoxidation.1 Several oxygenases 

including Cyt P450, Rieske oxygenases, α-keto gluterate-dependent oxygenases and various 

halogenases exhibit their activity via formation of an iron-oxo intermediate.2 Among these 

mononuclear iron based enzymes, α-KG-dependent halogenases carry out biosynthesis of 

several halogen based natural products by implementing selective halogenations of sp3 CH 

bonds by overriding hydroxylation.3 These enzymes contain α-KG as the key structural motif 

which is coordinated to an iron(II) cofactor in a facial triad fashion along with two histidine 

moieties. Other halogenases such as CytC3 and SyrB2 differ structurally compared to α-KG 

dependent halogenases,2a,4 in a sense wherein halide is coordinated to the iron centre instead of 

carboxylate from α-KG. Although these enzymes differ structurally, their mode of action 

towards CH halogenation is very much similar. First, iron(II) cofactor performs O2 activation 

resulting in a high-spin (S=2) cis-iron(IV)-oxo-halide species.1a,5 Subsequently, it performs the 

hydrogen atom abstraction (HAA) from CH bond. The corresponding nascent radical and 

iron(III)-halide are placed in such a way that the radical selectively undergoes rebound with 

halide to generate  halogenated products. 

Biomimetic non-heme iron(III)-halide complex, [FeIII(TPA)Cl2]
+ was first synthesized and 

judiciously employed by Que and co-workers for sp3 CH halogenation.6 The iron(V)-oxo-

halide, [FeV(TPA)(O)(Cl)]2+ was proposed as the key intermediate for the halogenation 

reaction. Recent studies showed that substrate positioning between halide and hydroxide is a 

key factor to ensure selectivity for halogenation.7 Later on Comba reported CH halogenations 

with [FeII(bispidine)(Cl2)] where iron(IV)-oxo-halide, [FeIV(bispidine)(O)(Cl))]2+ was 

proposed as the key intermediate.9 Subsequently Costas synthesized cis-iron(IV)-oxo-halide, 
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[FeIV(O)(X)(Pytacn)]+ (X, Cl and Br) for pursuing sp3 CH halogenation.10 Later Paine and 

co-workers have reported halogenations of aliphatic and benzylic CH bonds where similar 

iron(IV)-oxo-halide, [TPPhFeIV(O)(Cl)]2+   was proposed as the key intermediate.11 

 

Scheme 2.1. sp3-CH halogenation by non-heme complexes 

Very recently Que and co-workers have employed high-spin (S=2) iron(IV)-oxo-halide 

complexes, [FeIV(TQA)(O)(X)]2+ (X= Cl and Br) for sp3 CH halogenations.12 These elegant 

explorations demonstrated that despite having the potential for promoting selective 

halogenation chemistry, formation of hydroxylation product often remained as the bottleneck 

for the synthesis of selective halogenated compounds (scheme 2.1).  A clear opportunity for 

synthetic chemists, therefore, resides on discovering a selective halogenation protocol by 

utilizing the potential of non-heme iron(IV)-oxo complex. 
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Figure 2.1.  ORTEP diagram of triflate anion coordinated iron(II)-complex 1 (CCDC 

1505984), and DFT optimized structure of iron(IV)-oxo 2, [FeIV(2PyN2Q)(O)]2+, ORTEP 

diagram of iron(II)-halide complexes 3 (1505989) and 4 (1505986) 

2.2. Result and discussion: 

We have explored a new strategy for the halogenation reaction involving a non-heme iron 

complex with the expectation to discover a selective sp3-C–H halogenation protocol by 

overriding hydroxylation chemistry, along with what is observed in α-KG-dependent 

halogenases. We planned to employ a room temperature stable pentacoordinated iron(IV)-oxo 

species [FeIV(2PyN2Q)(O)]2+ (2) supported by 2PyN2Q ligand, (1,1-di(pyridin-2-yl)-N,N-

bis(quinolin-2-ylmethyl)methanamine, Figure 2).13, The corresponding iron(II)-complex was 

synthesized by reacting Fe(OTf)2(CH3CN)2 with the ligand, 2PyN2Q in acetonitrile. The 

synthesized complex [FeII(2PyN2Q)(OTf)2], 1, showed UV-vis band at 368 nm (ϵ1954 M-1L-

1) and 470 nm (ϵ887 M-1L-1). Complex 1 was also characterized by ESI-MS 

([FeII(2PyN2Q)(OTf)]+, m/z = experimental 672.09; calculated = 672.09). Further, 1 showed 

paramagnetic shift in 1H NMR spectroscopy (shift from –60 to 140 ppm). Complex 1 was also 
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characterized by X-ray crystallography (Figure 2.1). Synthesis of the reactive iron(IV)-oxo 

([FeIV(2PyN2Q)(O)]2+) complex 2 was performed by adding MesI(OAc)2/mCPBA (1.5 equiv.) 

in acetonitrile and it showed characteristic UV-vis band at 770 nm (ϵ250M-1L-1). The 

complex 2 was further characterized by FT-IR spectroscopy where FeIV=O stretching appeared 

at 833 cm-1. 

Further, complex 2 was characterized by Mössbauer spectroscopy.  Figure 2.2 presents the 

spectrum recorded at 80 K with a small field (60 mT) applied parallel to the  rays. The center 

of the spectrum is dominated by two overlapping quadrupole doublets and a broad component 

can be discerned on both sides and positive velocities. Application of a high parallel magnetic 

field (7 T, Figure 2.2 bottom) turns the latter component into a sextet extending from 7.4 to 8 

mms-1. By contrast, the two central features are slightly broadened. These two spectra can be 

simulated simultaneously by considering the presence of three components.14 Component A 

(red line in the simulations), which amounts to 35% of total iron, is a spin S=1 species with an 

isomer shift  = 0.043 mms-1, a quadrupole splitting EQ = 0.57 mms-1 and a D value ca 26 cm-

1. These parameters are consistent with a FeIV=O species. Component B (blue line in the 

simulations, 12% of total iron) is a µ-oxodiferric S=0 species with  = 0.5 mm s-1 and a 

quadrupole splitting EQ = 1.5 mms-1. The additional magnetic component (C, green line) can 

be accounted for by considering that it is a high spin FeIII species (53%, S = 5/2,  = 0.56 mms-

1, EQ = 0.72 mms-1). These Mössbauer experiments thus show the formation of iron(IV)oxo, 

FeIV=O, species which is reactive at room temperature forming a µ-oxo diferric species 

together with another ferric species. 
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Figure 2.2.  a) Mössbauer spectra recorded at 80 K and 60 mT top and b) at 5.5 K and 7 T 

(bottom). Experimental spectra: hatched bars; solid black line: simulation; colored lines: 

contributions of species A (red), B (blue) and C (green). 
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Figure 2.3. (a) UV-vis change during CH oxidation of ethylbenzene (b) time trace of 2 at 770 

nm (c) bond dissociation energy (BDE) correlation plot: Bell-Evans-Polyani plot during CH 

oxidation by 2 (d) kinetic isotope effect study (kinetics studies were carried out under N2 

atmosphere at 25 °C) 

Initially we opted for demonstrating the feasibility of HAA step by iron(IV)-oxo species, 

[FeIV(2PyN2Q)(O)]2+ (2) during CH oxidation.  Substrates like ethylbenzene, toluene and 

cyclohexane yielded the corresponding oxidation products when reacted with the room 

temperature stable iron(IV)-oxo species 2. 

Kinetic study of CH oxidation reactions were performed (UV-vis, Figure 2.3a-b) under 

pseudo first order conditions.  The second order rate constant (k2) values were found to be 20 

times higher when compared to the previously reported rates of CH oxidation by penta-

coordinated nitrogen containing iron(IV)-oxo species,15a,16 which could  be due to the steric 

bulk originating from quinoline moiety.17 

The Bell-Evans-Polayni (BEP) plot (logk’2 vs BDE) showed linear correlation (Figure 2.3c). 

Further we studied the kinetic isotope effect (KIE, kH/kD) between C6H5CH3/C6D5CD3 and the 

value was found to be 9.6 (Figure 2.3d).  The linearity in BEP plot and large KIE value 

suggested that initial HAA step is the rate-determining step (RDS) during CH oxidation.18 

The slope (-0.176 (kcal/mol)-1) of the BEP plot is related with Bronsted parameter (α) by   

[(slope.(RT)] and it results:  0.10. i.e. the value is closer to 0. The value of Bronsted 

parameter suggest reactant like transition state is involved during CH oxidation reactions via 

HAA step which is further supported by computational study described in the following. 
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Scheme 2.2. CH oxidation by [FeIV(2PyN2Q)(O)]2+, 2 (Reactions were carried out under N2 

atmosphere inside the Glove Box at 25 °C) 

We moved towards product analysis during CH oxidation to gain insights into the mechanistic 

pathway.  When ethyl benzene was reacted with complex 2, it provided 1-phenylethanol (34%), 

1-phenylethylacetate (26%) and acetophenone (5%) under N2 atmosphere. Control reactions 

were carried out between 1-phenylethanol and MesI(OAc)2 as well as between 1-phenylethanol 

and in situ generated complex 2. None of these cases, 1-phenyl ethyl acetate was detected. 

Therefore, the formation of 1-phenylethylacetate during the reaction with ethyl benzene could 

occur via reaction between cage-escaped radical and acetoxy radical (•OAc) generated from 

MesI(OAc)2 during the reaction (Scheme 2.2). This observation suggests that radical could 

dissociate from the solvent cage after HAA step. Toluene and cyclohexane (N2 atmosphere) 

produced 48% of benzyl alcohol and 3% of benzaldehyde (Scheme 2.2), whereas cyclohexane 

provided cyclohexanol (54%) and cyclohexanone (3%). Further, experiments with  O-18 

labelled 2 and ethylbenzene provided 1-phenylethanol with 86% of O-18 labelling which 

supported 2 as the sole oxygen source during CH oxidation.19 

The CH oxidation reactions with ethylbenzene, toluene and cyclohexane under air was found 

out to produce alcohol/ketone (A/K) products with a ratio of 1 or <1. Additionally, radical trap 
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experiments with CCl3Br were carried out. Expectedly, cyclohexane and toluene provided 

exclusive radical trapped product bromocyclohexane and benzyl bromide, respectively.  

Similarly, ethylbenzene provided radical trapped products (1-chloromoethyl)benzene (20%), 

(1-bromoethyl)benzene (10%) and 1-phenylethylacetate (25%). Such observations implied 

dissociation of the carbon radical from the solvent cage,20 following which it undergoes a 

rebound with iron(III)-hydroxide to provide CH oxidation product. Further the cage escape 

behaviour of the radical was confirmed by carrying out a reaction of pure stereoisomer of cis-

1,2-dimethylcyclohexane with 2. It provided a mixture of cis/trans-1,2-dimethylcyclohexanol 

(46% yield, 3.7:1 ratio). The high-degree of epimerization in the products arises from a long-

lived radical, which could be generated due to the dissociation of the radical from solvent cage 

after HAA (Scheme 2.2).21 

Although complex 2 was found to be suitable for HAA from sp3-CH bond of cyclohexane, 

our attempts to promote halogenation of cyclohexane by a combination of complex 2 and 1 

equiv. of halide source Bu4N
+Cl or Bu4N

+Br failed. Such an observation could be attributed 

to the inability of 2 to form reactive iron(IV)-oxo-halide intermediate with the 

pentacoordinated 2PyN2Q ligand.  Additionally, complex 2 reacted with halide anion faster 

compared to abstracting hydrogen atom from sp3-CH bond of cyclohexane.22 Further in order 

to get more insight we have carried out the kinetics study for the oxidation of chloride (Cl) 

and bromide (Br) by 2. We found that second order rate constant, k2 for Cl and Br oxidation 

are 221 and 938 M-1 s-1 respectively. The complex 2 oxidizes Br faster than Cl and also halide 

oxidation phenomenon’s is very much faster process compared to hydrogen atom abstraction 

process (for CH oxidation of toluene and cyclohexane the second order rate constants are k2 

0.0242 and 0.011 M-1s-1 respectively). 



Chapter 2 

31 | P a g e  

 

With these unsuccessful attempts, our attention returned to the existing report for the formation 

of a mixture of halogenation and hydroxylation products. Notably, halide rebound of cage 

escaped radical with metal-halide was well documented with Mn-catalyzed fluorination 

reaction by Groves and co-workers.23 We envisioned that if we can outcompete iron(III)-

hydroxide (formed  upon HAA of sp3-CH bond by 2) with iron(III)-halide, then the cage-

escaping carbon centered radical will undergo rebound with iron(III)-halide. The iron(III) 

halide can potentially act as a suitable halide donor and can be generated  in situ via one-

electron oxidation (by oxidant mCPBA) of the corresponding iron(II)-halide complexes 

[FeII(2PyN2Q)(X)](X) [X = Cl (3) and Br (4)] (Figure 2). Reaction of 4 with 2 and cyclohexane 

led to the formation of bromocyclohexane (90%) product selectively (Table 2.1, entry 1, 4 as 

the limiting reagent under N2 atmosphere). Use of excess amount of 4 was detrimental for the 

formation of bromocyclohexane. Furthermore, we focussed on the discovery and 

implementation of the new strategy for promoting selective halogenation reaction by 

overcoming the hydroxylation chemistry described above. The chlorination reactions with 

cyclohexane in presence of 2 and 3 gave 52% yield of chlorocyclohexane with 5:1 selectivity 

for halogenation over hydroxylation (Table 2.1, entry 2). 

The appreciable levels of selectivity for the synthetic non-heme iron-oxo mediated 

halogenation chemistry clearly suggest that the carbon centered radical, generated upon HAA, 

escapes the solvent cage and combines with the free halide radical generated upon halide 

oxidation by 2. Similar to non-heme halogenase enzymes, this carbon radical engages the 

halide radical from iron(III)-halide intermediate to yield halogenation product preferably over 

hydroxylation (Figure 2.4). 
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Table 2.1. Scope for CH bromination and chlorination  

 

aMinor hydroxylation (~5% w.r.t. 3 or 4) 

Further in order to get mechanistic insight, we synthesized iron(II)-halide complexes with 

perchlorate as counter anion, [FeII(2PyN2Q)(X)](ClO4), X = Cl, 5 (1516453), Br, 6 (1516421), 

and characterized these complexes by X-ray crystallography. Interestingly, when 6 was used 

for bromination of cyclohexane, we selectively obtained bromocyclohexane (7:1). Similarly, 

employing complex 5 we obtained selective benzylic chlorinated product with 4-

tertbutyltoluene. Moreover the solution of 4 (also 6) with 0.5 (or 1 equiv.) mCPBA provided 

brominated product efficiently and therefore suggested the feasibility of one electron oxidation 

of these halide complexes to provide iron(III)-halide required for halide rebound step (Figure 

2.4).24 Additionally, we have tested the possibility of one electron oxidation of the halide 

complexes by recording EPR spectrum of 6 with 0.5 equiv. or 1 equiv. mCPBA (pre-oxidized 
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solution) in acetonitrile at 4 k. The EPR spectra showed rhombic signal (g11.99, g24.38, 

g36.24) which is characteristic of a high spin (S5/2) iron(III)-species (Figure 7).25  

 

Figure 2.4. Plausible mechanism of CH halogenation by iron(IV)-oxo, 2 in presence of  

iron(II)-halide complex 3 or 4 

These observations suggested that the halide complexes 5 and 6 (also 3 and 4) possibly undergo 

one electron oxidation in presence of 2 equiv. mCPBA used in halogenation to provide 

iron(III)-halide which would undergo halide rebound with the cage escaped radical (Figure 

2.4). Moreover we have measured the one electron oxidation potential of halide complexes (3-

6) by cyclic voltametry study. The halide complexes, 3-6 showed FeII/FeIII oxidation potentials 

around 0.91.0 V in acetonitrile vs SCE (saturated calomel electrode). Thus it can be oxidized 

by mCPBA as its oxidation potential is around,  2 V. Notably as the iron(II)-halide complexes 

(3-6) undergo rapid one electron oxidation under the halogenation reaction condition and 

generate iron(III)-halide species, they do not participate in the known comproportionation 
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reaction with iron(IV)-oxo 2. However, possibility of comproportionation reaction cannot be 

completely ruled out. 

 

Figure 2.5.  EPR spectrum showing one electron oxidation of 6 using 0.5 of mCPBA 

(Temperature 4 k, X-band frequency 9.376 GHz, Modulation Amplitude 4G, Modulation 

Frequency 100 KHz, Attenuation 22 dB). 

The higher selectivity of bromination over chlorination can be rationalized by ease of halide 

rebound of the cage escaped radical with iron(III)-bromide compared to iron(III)-chloride 

(Figure 2.4). Additionally the ease of formation of Br• from Br (E0
Br/Br

•, 1.07 V vs SHE) 

compared to Cl• from Cl(E0
ClCl

•, 1.36 V vs SHE) from complex 3,4 (which can combine 

with the cage escaped radical and can lead to the partial formation of halogenated products) 

can also be accounted for higher selectivity.9 The formation of iron(III)-halide complex could 

also occur via substitution by halide anion from iron(II)-halide complex (Figure 2.4). 

Furthermore, we observed that the use of mCPBA as an oxidant, instead of MesI(OAc)2, during 

bromination reaction with cyclohexane increases bromocyclohexane product yield from 18% 

to 90%. The ease of hydroxide substitution by halide ion in presence of H+ from mCPBA can 
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be accounted for higher yield. Similar substitution of hydroxide bound to iron centre in 

presence of proton source was elegantly described by de Visser, Hillier and Paine groups 

(Figure 2.4).11,26 

 

Figure 2.6.  (a) UV-vis change during bromination of toluene, (b) inset 770 nm decay plot of 

2 during bromination of toluene, (c) kinetic isotope effect study during bromination reaction 

(kinetics studies were carried out under N2 atmosphere at 25 °C) 

No halogenation products were obtained in presence of air; rather we obtained exclusive CH 

oxidation products. This phenomenon suggested that cage escaped radical  was intercepted by 

O2 (air).27 Further studies were carried out in order to get insights about these selective 

halogenation reactions.  Addition of [FeII(2PyN2Q)Br](Br) (3) to a solution of 

[FeIV(2PyN2Q)O]2+ (2) showed the iron(IV)-oxo band at 770 nm (Figure 2.6a). This 

experiment suggests that iron(IV)-oxo exists in solution in presence of iron(II) halides. 

Iron(IV)-oxo is the key species for the initiation of the halogenation reactions. The kinetic 

isotope effect study between C6H5CH3 and C6D5CD3 under standard halogenation reaction 
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conditions gave a value of 13.5 (Figure 2.6c), which supported initial HAA step as the rate 

determining step. 

Following this, cyclopentane, cycloheptane, cyclooctane, norbornane, trans-1,2-

dimethylcyclohexane and trans-decaline were subjected to the same reaction conditions. 

Expectedly, selective formation of halogenation products was encountered in these cases 

(Table 2.1, entries 3-8). After successful halogenation of the sp3-CH bond of aliphatic 

substrates, we decided to explore benzylic halogenation. Under the standard reaction protocol, 

toluene provided benzyl bromide in an excellent yield (97%, Table 2.1, entry 9). Differentially 

substituted benzylic substrates provided selective brominated products as well (Table 2.1, 

entries 10-14). Interestingly, 4-tertbutyltoluene showed excellent selectivity towards benzylic 

chlorination (Table 2.1, entry 15). Ethyl benzene demonstrated good selectivity as well towards 

chlorination over hydroxylation (Table 2.1, entry 16). 

2.3. Conclusion: 

In summary we have developed a new strategy for selective halogenation by using a room-

temperature stable non-heme iron(IV)-oxo complex in presence iron(II)-halide complexes.  

The interplay of non-heme iron(IV)-oxo and iron(II)-halide complexes provided selective 

halogenation via HAA and subsequent halide rebound pathway or via radical recombination 

between halide radical and carbon centred radical. The present strategy is expected to have 

immense importance for further development of selective halogenations methods. 

2.4. Experimental Details: 

2.4.1. Materials and Methods.  All 1H NMR spectra were reported in units of parts per million 

(ppm) and measured relative to the signals for residual chloroform (7.26 ppm) in CDCl3/ and 

for residual CH3CN in CD3CN at 1.96 ppm, unless otherwise stated. All 13C NMR spectra were 
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reported in ppm relative to CDCl3 (77.23 ppm), unless otherwise stated and were obtained with 

1H decoupling.  Acetonitrile, CD3CN, FeIICl2, FeIIBr2, trimethylsillyltriflate (TMSOTf) were 

bought from Sigma Aldrich. Diethyl ether was bought from Spectrochem chemicals. 

Ethylbenzene was bought from TCI chemical company. H2
18O was bought from Sigma Aldrich 

and ICON-isotope. 2-(chloromethyl)quinoline hydrochloride was purchased from TCI 

chemical company and di(2-pyridyl)ketone were bought from alfa aeser. All the products were 

analyzed by GC/GC-MS analysis.  The product yields were calculated from the GC-trace 

obtained from the Thermo Scientific GC-MS instrument by comparing with the area percentage 

of standard product. Yields of the different products were calculated with respect to area% of 

the standard products. Unless otherwise stated all the yields mentioned in the main manuscript 

are ±5% range of error. Some of the benzyl bromide derivatives and benzyl chloride derivatives 

by reacting corresponding toluene derivatives with NBS/NCS in presence of benzoyl peroxide 

under reflux condition. 

All the kinetics studies were carried out under N2 atmosphere. The kinetics of the reactions 

does not vary from N2 atmosphere to air atmosphere. First order rate constant (k1) were 

calculated based on non-linear exponential fit in OriginPro8 software. All the kinetics were 

carried out in pseudo-first-order conditions (substrate >10 equiv. were used). The rate constant 

(k1) was calculated based on the decay pattern of iron(IV)-oxo complex at 770 nm by nonlinear 

curve fitting, [y = y0 + A*exp(R0
*x)], (where x is time, t and R0 is rate  constant, k1, y is 

absorbance) and showed good fit in rate constant value within 10% error. Resulting k1 values 

corroborated linearly with substrate concentration to give second-order rate constant k2 

2.4.2. Synthesis and characterization of complexes.  

Synthesis and characterization of 2PyN2Q ligand. Hydroxylamine hydrochloride (750.5 

mg, 10.8mmol) and sodium acetate (NaOAc) (886mg, 10.8 mmol) were heated in 10 mL of 
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distilled water at 60 °C for one hour. After the heating the solution for one hour, a solution of 

di(2-pyridyl)ketone (1g, 5.43 mmol) in 5mL MeOH was added. The resulting mixture was 

stirred at 80 °C overnight. Consequently the pink color solidified oxime was obtained. The 

product oxime was washed with methanol (MeOH) and the solvent was dried over rotary 

evaporator. The crude oxime, a pink solid, was used in the next step without further 

purification. The above prepared oxime (1 g, 5 mmol), ammonium acetate (NH4OAc, 655 mg, 

8.5 mmol), ammonia (NH3, 25% aqueous solution, 15 ml), ethanol (20 mL) were mixed along 

with 10 mL of water heated at 80 °C. Activated Zn dust (1.47 g, 22.5 mmol) was then added 

to the reaction mixture in small amounts for over a durarion of 30 minutes. The resulting 

mixture was refluxed for 4 hours and then stirred at room temperature for overnight. The 

mixture was filtered and the residue was washed with methanol (MeOH) and water. The filtrate 

was concentrated and the resulting aqueous solution was made strongly alkaline with 10 (M) 

sodium hydroxide (NaOH) solution. The amine was then extracted with dichloromethane and 

the organic phase was then washed with brine, dried over Na2SO4 and concentrated in ratory 

evaporator and vacuum to afford brown oil.  1H NMR (400 MHz, CDCl3, δ): 8.48 (m, 2H, Py), 

7.55 (m, 2H, Py), 7.31 (d, 2H), 7.04(m, 2H), 5.25 (s, 1H, CH), 2.43 (s, 2H, NH2). 2-

(chloromethyl)-quinoline hydrochloride (9.866 mmol, 2.2 g) was added to an aqueous solution 

of  sodium hydroxide (NaOH) (5 mL, 5 M) at 0 °C. After stirring for 10 minutes, the solution 

was added to bis(2-pyrimidyl) methylamine (0.969 g; 5.23 mmol) and another portion of 

aqueous solution of NaOH (5 M, 5 mL). The solution was allowed to stir for 36 hours at room 

temperature and then concentrated perchloric acid (HClO4) was added dropwise to get a sticky 

brownish precipitate, which was recrystallized from hot water. Treatment of this perchlorate 

salt with 2.5 (M) NaOH solutions and extraction with dichloromethane yielded yellowish solid 

N2QuPy in 40% yield.   
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The synthesized ligand was thoroughly characterized by 1H, 13C NMR and ESI-MS analysis. 

The obtained NMR data for ligand, N2QuPy: 1H NMR (500 MHz, CDCl3, δ): 4.21 (s, 4H), 

5.452 (s, 1H), 7.11 (2H), 7.45 (2H), 7.60-7.68 (6H, m), 7.73 (2H), 7.80 (2H), 8.01 (4H), 8.58 

(2H). 13C NMR (125 MHz, CDCl3): δ 58.40, 72.69, 121.51, 122.40, 124.51, 126.20, 127.36, 

127.55, 129.06, 129.44, 136.33, 136.57, 147.60, 149.44, 160.54, 160.02. ESI-MS ([M+Na]: 

observed, 490.197 calculated for C31H25N5Na: 490.20). 

 

Figure 2.7: 1H NMR of 2PyN2Q ligand. 
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Figure 2.8: 13C NMR of 2PyN2Q ligand. 

Synthesis and characterization of iron(II)-complex [FeII(2PyN2Q)](OTf)2.   

 

The ligand 2PyN2Q (1.2 mmol) and iron(II)-precursor complex Fe(OTf)2.2CH3CN (1.0 mmol) 

were reacted for overnight in excess amount of acetonitrile (40 mL) inside the glove box. The 

reaction mixture was concentrated by applying vacuum. Then excess dry diethyl ether was 

added to the reaction mixture and the schlenk was shaken vigorously to get precipitate of 

complex. The mixture was kept undisturbed to settle down the precipitate of complex at the 

bottom of the schlenk flask. The clear solution part above the precipitate was decanted off. 

Then the precipitate was dried properly by applying vacuum and kept under N2 atmosphere of 

glove box. Resultant complex was crystallized from dichloromethane and diethyl ether solvent 
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mixture. The corresponding triflate anion coordinated single crystal was grown from 

acetonitrile-toluene or acetonitrile-diethylether solvent combination. The obtained complex 

was characterized spectroscopically.  UV−vis (MeCN): 368 nm (ϵ~1954 Lmol−1cm−1) and 

470 nm (ϵ~1954 Lmol−1cm−1). ESI-MS (observed, 688.090 calculated, 688.093), Elemental 

Anal. (Calculated for C33H25F6FeN5O6S2,) C, 48.25; H, 3.07; N, 8.52; S, 7.80; found: C, 48.145, 

H, 3.30, N, 8.256, S, 7.65. 

 

Figure 2.9: UV-vis of complex, [FeII(2PyN2Q)](OTf)2  

Synthesis and characterization of iron(IV)-oxo-complex, [FeIV(2PyN2Q)(O)]2+.  

 

The complex 1 (1.21 mM solution in acetonitrile) was reacted with 1.5-2 equiv. of MesI(OAc)2 

or mCPBA in acetonitrile. The resulting solution forms iron(IV)-oxo complex 2, within 1 

minutes of addition of the oxidants. The corresponding iron(IV)-oxo complex showed UV-vis 

band at 770 nm (d-d transition) with a molar extinction coefficient, ϵ~250 Lmol−1cm−1. The 
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formation of the iron(IV)-oxo complex 2 was monitored by UV-vis. The complex 2 showed 

the half-life around ~30 minutes. The iron(IV)-oxo species 2 was characterized by ESI-MS 

(Calculated for [FeIV(2PyN2Q)(O)(OTf)]+, m/z  688.093, obtained 688.090. 

 

Figure 2.10: UV-vis of complex, [FeII(2PyN2Q)(O)]2+ 

Synthesis and characterization of iron(II)-complex [FeII(2PyN2Q)(Cl)]Cl The ligand 

N2QuPy (1 mmol) and iron(II)-chloride, FeCl2 (1.2 mmol) were reacted for overnight in excess 

amount of tetrahydrofuran (THF) and acetonitrile (40 mL) inside the glove box.  The reaction 

mixture was concentrated by applying vacuum. Then excess dry hexane was added to the 

reaction mixture and shaken to get precipitate of complex. Then the mixture was allowed to 

settle down the precipitate of complex get settled at the bottom of the schlenk flask. The clear 

solution part above the precipitate was decanted off. Then the precipitate was dried properly 

by applying vacuum and kept under N2 atmosphere of glove box. The single crystal of the 

corresponding chloro complex was obtained from acetonitrile. The crystallized complex was 

characterized spectroscopically. UV−vis (MeCN): λmax = 358 nm, 454 nm, ESI-MS (observed, 

558.10 calculated, 558.11), Elemental Anal. (Calculated for C31H25Cl2FeN5) C, 62.65; H, 4.24; 

N, 11.78; found: C, 62.50, H, 4.20, N, 11.71. 
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Synthesis and characterization of iron(II)-complex [FeII(N2QuPy)(Br)]Br: The ligand 

2PyN2Q (1.2 mmol) and iron(II)-bromide, FeBr2 (1.0 mmol) were reacted for overnight in 

excess amount of tetrahydrofuran (40 mL) and acetonitrile inside the glove box. The reaction 

mixture was concentrated by applying vacuum. Then excess dry hexane was added to the 

reaction mixture and shaken to get precipitate of complex. The mixture was left undisturbed to 

settle down the precipitate of complex at the bottom of the schlenk flask. The clear solution 

part above the precipitate was decanted off. Then the precipitate was dried properly by applying 

vacuum and kept under N2 atmosphere of glove box. UV−vis (MeCN): λmax = 352 nm, 460 nm, 

ESI-MS (observed, m/z, 558.10 calculated, 558.11), Elemental Anal. (Calculated for 

C31H25Br2FeN5) C, 54.50; H, 3.69; N, 10.25; found: C, 54.41, H, 3.60, N, 10.10. 

Synthesis and characterization of iron(II)-complex [FeII(2PyN2Q)(X)](ClO4) (5 and 6). 

The above-synthesized complexes 3 and 4 were reacted with 2.5 equiv. NaClO4 of in MeOH-

MeCN solvent and the resulting solution was stirred for 4 hours. This process was repeated for 

second time. The complex solution was dried to get orange powder complex. Then the residue 

was dissolved in dichloromethane (DCM) to get complex in the solution. The remaining white 

residue remained at the bottom of the round schlenk flask. The solution was kept unstirred for 

1 hour to settle down the white precipitate. Then the clear red solution was decanted off and 

filtered through Whatman filter paper fitted in sintered funnel. The filtrate was dried to get 

orange powdered [FeII(2PyN2Q)(X)](ClO4). The complexes were crystallized from 

chloroform/hexane and used for halogenations reactions. The anion exchange was carried out 

for both the complexes 3 and 4. The obtained perchlorate anion containing complexes 5 and 6 

showed the same UV-vis like complexes 3 and 4. Further the complexes were characterized by 

X-ray crystallographic study. For complex 5, UV−vis (MeCN): λmax = 355 nm, 466 nm, ESI-

MS (observed, m/z 558.103 calculated, 558.115), Elemental Anal. (Calculated for 

C31H25Cl2FeN5O4) C, 56.56; H, 3.83; N, 10.64; found: C, 56.46, H, 3.70, N, 10.50. For complex 
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6, UV−vis (MeCN): λmax = 355 nm, 445 nm, ESI-MS (observed, m/z 602.056 calculated, 

602.064), Elemental Anal. (Calculated for C31H25BrClFeN5O4) C, 52.98; H, 3.59; N, 9.97; 

found: C, 52.75, H, 3.47, N, 9.73.  

2.4.3. General procedure for sp3 CH oxidation reactions. From stock solution of complex 

1, (2.43 mM solution acetonitrile solution), 1.5 mL of solution was taken in a 20 mL vial along 

with stir bar. 1.5 equiv. of MesI(OAc)2 was added under stirring condition. After 1 minutes 

excess amount (>100 equiv.) substrate was added to the reaction mixture and the reaction was 

stirred for 30 min. Finally, the reactions mixtures were analyzed by GC/GC-Ms. Yield of the 

hydroxylation products were calculated based on calculated area of the standard products.  

2.4.4. General procedure for 18-O labelling study for sp3 CH oxidation reactions. To 

solution of 2.43 mM of complex 2 equiv. of MesI(OAc)2 was added to generate the iron(IV)-

oxo complex 2 inside glove box. 50 μL of H2
18O was added to this solution. The resulting 

solution was kept at -35 °C freeze inside the glove box for 30-40 minutes sothat all the iron(IV)-

oxo complex 2 gets labelled with 18-O. The solution was taken out from the freeze and 

ethylbenzene was added and the reaction was continued for 30 minutes. After completion of 

the reactions the reactions mixture were analyzed by GC-MS in order to detect the percentage 

of 18-O labeled in the products.  

2.4.5. Kinetics study 

A stock solution of complex 1 (1.21 mM) was prepared in dry acetonitrile inside the glove-

box. The kinetics were carried out by taking 2 mL of stock solution of complex 1 and reacting 

with 1.5 equiv. MesI(OAc)2 or mCPBA. The 2 mL solution was taken in a 3 mL cuvette and 

subsequently MesI(OAc)2 was added. After addition of oxidant, MesI(OAc)2,within 1-2 

minutes of reaction duration the formation of iron(IV)-oxo 2 species gets completed. The 

complex 2 showed the half-life around 30 min as monitored by UV-vis study. We carried out 
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the kinetics study under pseudo-first order reaction condition (substrates were used >10 equiv. 

compared to complex concentration). Every kinetics was finished within 10 minutes. The rate 

constant were determined by following the exponential decay pattern of 770 nm band iron(IV)-

oxo.  

 

 

 

Figure 2.11: UV-vis change plot during C-H oxidation reaction with triphenylmethane and 

decay plot at 770 nm band fitted well with exponential curve fitting. 
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Figure 2.12:  UV-vis change plot during C-H oxidation reaction with ethyl benzene and decay 

plot at 770 nm band fitted well with exponential curve fitting. 
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Correlation diagram: BDE vs logk’2 (Bell-Evans-Polayni plot):  

Table 2.2 

 

 

 

 

BDE (kcal/mol) k2 (M-1s-1) logk’2 Substrate 

81.5 0.948 -0.0232 TPM 

85 0.212 -0.673 Cumene 

87 0.088 -1.35 Ethylbenzene 

90 0.0242 -2.1 Toluene 

99.5 0.011 -3.03 Cyclohexane 
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Figure 2.13: Second order kinetics plot of cumene, cyclohexane, ethylbenzene, 

triphenylmethane and toluene, for constructing Bells-Evans-Polayni plot 

2.4.6. General procedure for sp3 CH halogenations reactions. From a stock solution of 

complex 1, (4 mM solution in acetonitrile), 1 mL of solution was taken in a 20 mL vial with a 

stir bar. Subsequently 2 equiv. of mCPBA was added under stirring condition. Immediately a 

solution of halide complexes 3, [Fe(2PyN2Q)(Cl)](Cl) or 4, [Fe(2PyN2Q)(Br)](Br) was added 

to it (40 mol% w.r.t. complex 2 concentration). Then excess amount (>100 equiv.) substrate 

was added to the reaction mixture and the reaction was stirred for 30 minutes. Finally the 

reactions mixtures were analyzed by both GC/GC-MS.  

 

 

 

 



Chapter 2 

51 | P a g e  

 

2.4.7. Representative GC-Ms data of the products:  
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Chapter 3 

Regiocontrolled Remote CH Olefination of Small 

Heterocycles 

 

Abstract: Achieving site-selective CH functionalization in arene is a fundamental challenge, 

as it is mainly controlled by electronic nature of the molecules. Chelation assisted CH 

functionalization strategy overcomes the selectivity issues by utilizing distance and geometry 

of covalently attached directing groups (DGs). This strategy requires stoichiometric DG 

installation/removal and a suitable functional group on which to tether DG. Such strategies are 

ineffective for the small heterocycles without having attachable functional groups. Moreover, 

heterocycles are not the judicious choice as substrates owing to the possibilities of catalyst 

deactivation. Inspired by recent developments, herein we demonstrate utilization of chelating 

template backbone bearing covalently attached directing groups which enables site-selective 

remote CH functionalization of heterocycles. Observed selectivity is the outcome of non-

covalent interactions between the heterocycles and bifunctional template backbone. 
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3.1. Introduction: 

Non-covalent interactions play a key activating and controlling role for enantioselectivity in 

asymmetric catalysis.1-2 Such interactions have been harnessed in relatively limited examples 

for controlling regioselectivity or site-selectivity in catalysis. Recently, utilization of these 

weak interactions for directed regiocontrolled CH functionalization has drawn a significant 

interest in the synthetic community.3 Innate regioselectivity in arenes is mainly controlled by 

electronic nature of the molecules.  

Figure 3.1. Remote site-selective CH functionalization. (A) Covalent approach: necessity of 

a suitable functional group to tether the DG. (B) Strategy: utilization of coordination approach. 

(C) Bis-amide based tri-coordinating backbone. (D) Bidentate template 

On contrary, achieving site selectivity is a fundamental challenge if the precursors contain 

several C–H bonds having comparable steric and electronic environment. Chelation assisted 

CH functionalization overcomes the selectivity issues by employing covalently attached 

directing groups (DGs, Figure 1A).4-17 However, this strategy bears certain limitations of using 

a stoichiometric amount of DG and necessity of having a suitable functional group to tether the 

DG. Sometimes, the DGs are so bulky that their use limit the practicality and scalability of the 

methods. Additionally, such approach has not been feasible for small heterocycles, which do 

not have any suitable functional group to tether the DG. Moreover, heterocycles act as catalyst 

poison by coordinating with the transition metal catalyst.18 Thus, it would be highly intriguing 
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if a generalized strategy could overcome these inadequacies. In this context, we intend to utilize 

this non-productive coordination as a useful tool for remote CH functionalization of 

pharmaceutically relevant heterocycles by synthesizing an appropriate template system which 

binds the heterocycles in a host-guest complexation manner. 

Regioselective CH activation of arenes by employing non-covalent interaction is one of the 

emerging research area.3 Several innovative attempts have been made to exercise remote CH 

functionalization of arenes by employing H-bond, ion-paired, electrostatic, and ion-dipole 

interactions.10-13 Recently, Yu’s group has pioneered an elegant approach for palladium 

catalyzed site-selective remote functionalization of heterocycles.23 An appropriate proximity 

and geometry of the template plays a crucial role for selective manipulations of the 

heterocycles. Further development of methods to synthesize site-selective remote CH 

functionalized heterocycles is still in high demand to streamline the overall synthesis. On the 

basis of weak-interaction promoted para-CH activation24 and recent report,25  we thought to 

explore the non-covalent interaction to access the remote CH bond of heterocycles. 

3.2. Result and discussion: 

Considering challenges associated with heterocycles and to accomplish both the reactivity and 

the remote-selectivity, we have synthesized heterocycle-based chelating templates covalently 

attached with directing groups.12,23 The non-productive coordination of heterocycles with the 

metal center could be ironically useful to preorganize the heterocycles in such a way that the 

distal CH bond would be exposed to the DG (Figure 3.1B). We synthesized bis-amide based 

tri-coordinating backbone which further tethered with DG (Figure 3.1C). These bifunctional 

template systems simultaneously bind with two metals: first metal which binds with tri-

coordinating backbone helps to pendant the substrate and the covalently attached DG directs 
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the second metal catalyst to the specific remote CH bond. Appropriate steric modulation at 

linker might be reinforced to achieve the virtuous selectivity. 

Scheme 3.1. Evaluation of tri-coordinating templates for site-selective remote CH 

functionalizations of heterocycles 
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Pincer ligand based on imines and amides are well studied and have been extensively utilized 

in diverse applications.25-27 In this context, a di-picolinamide as a tri-coordinating backbone 

which tethers symmetrically with biphenyl based directing group was tested. The distance and 

geometry of the template allowed quinoline based heterocycles for site-selective remote CH 

functionalizations. Di-picolinamide based templates containing different directing groups with 

diverse steric and electronic factor were synthesized. 

Scheme 3.2. Site-selective olefination of heterocycles with T7 
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We carried out olefination reaction of quinaldine (1a) as a model reaction in the presence of 10 

mol% palladium(II) acetate, 20 mol% N-acetylglycine. With the template T1 and T2, attempts 

were in vain. Presumably, shorter distance of side arm DGs could not reach the specific position 

to deliver the metal catalyst. Interestingly, switching to template T4 produced the olefination 

compound (3aa) in 15% yield with the selectivity 2:1 (C5: others). Introduction of steric effect 

into the inner core dramatically increases the selectivity with T5. However, T6 bearing methyl 

substituents outer side of the core failed to promote selective olefination. These results clearly 

indicate the importance of the distance and geometrical constraint of the template. Modulating 

the electronic environment on DGs, T7 was found to be most effective and produced the 

olefination products in 94% yield with excellent C5 selectivity (10:1). Presence of fluorine 

atoms in T7 helps to make the reaction homogeneous which might be the key controlling factor 

for enhancing the reactivity and selectivity. Replacing T7 with electronically rich template T8 

led to the loss of reactivity and selectivity. Comparison of unsymmetrical and symmetrical 

templates was informative (T5 vs T11, T7 vs T12, and T9 vs T13).  Overall these observations 

further confirm the effect of directing group and geometrical constraint of the template. 

In evaluation of the scope of the site-selective remote CH olefination with the template T7, 

we found that functionally diverse quinoline derivatives were olefinated at C5 positions 

(Scheme 3.2). Electron withdrawing groups are well tolerated and provided the desired 

olefination product with good yields and selectivity. Electron donating alkyl and alkoxy groups 

containing quinoline derivatives also underwent olefination successfully. Further, this protocol 

was extended to check the feasibility of distal CH functionalization with other heterocycles. 

Benzothiaole and benzoxazole derivatives also provided olefination products with 

synthetically useful yields and selectivity. 
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Figure 3.2. Template recovery cycle 

To elucidate the mechanistic pathway, we carried out stepwise reactions for remote CH 

functionalization of quinoline. Spectral characterization of A clearly reveals the role of 

template for site-selective CH olefination. Desired CH bond was selectively exposed to the 

DG upon anchoring the substrate through tridentate coordination. In the presence of a catalytic 

amount of palladium acetate and a mono-protected aminoacid ligand (N- acetylglycine), C5H 

of quinoline will be activated and subsequently will be functionalized with olefin. Following 

successful functionalization of quinoline, strong coordinating 4-dimethylaminopyridine 

(DMAP) was utilized to replace the desired product from the template backbone. Intermediate 

A and D were spectroscopically characterized. Finally, the template was recovered by treating 

D with methane sulfonic acid under reflux condition in acetonitrile. This simple protocol aided 
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to recover the template in 92% yield and therefore rendering T7 as recyclable template for site-

selective remote CH activation of small heterocycles. 

3.3. Conclusion: 

In conclusion, we have synthesized prudent bifunctional templates, which can promote site-

selective remote CH bond functionalization of heterocycles. The recyclability of the template 

provides additional merit to the protocol.  Present findings could broaden non-covalent 

approach for directed CH activation methodology. We anticipate that such an approach will 

be useful in the synthesis of complex molecular scaffolds. 

3.4. Experimental Details: 

3.4.1. Materials and Methods.  All reactions were carried out under aerobic condition in screw 

cap reaction tubes, unless otherwise stated. Solvents were bought from Aldrich in sure-seal 

bottle and were used as received. Olefins were purchased from TCI, India. All the other 

chemicals were bought from Aldrich, TCI-India, and Alfa Aesar. Compounds were purified by 

column chromatography using 100-200 mesh silica gel and Petroleum ether/Ethyl acetate 

solvent mixture as an eluent, unless stated otherwise.All isolated compounds were 

characterized by 1H, 13C spectroscopy, and HRMS. Unless otherwise stated, all Nuclear 

Magnetic Resonance spectra were recorded on a Bruker 400 MHz and 500 MHz instrument. 

NMR spectra are reported in parts per million (ppm), and were measured relative to the signals 

for residual solvent (7.26 ppm for 1H and 77.16 ppm for 13C NMR in CDCl3; 2.5 ppm for 1H 

and 39.51 ppm for 13C NMR in DMSO-d6; 1.94 ppm for 1H and 1.32 ppm for 13C in CD3CN) 

in the deuterated solvent, unless otherwise stated. All 13C NMR spectra were obtained with 1H 

decoupling. High-resolution mass spectra (HRMS) were recorded on a micro-mass ESI TOF 

(time of flight) mass spectrometer. 
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3.4.2. Procedure for synthesis of tridentate template: 

General Procedure A: Synthesis of directing group (DG) 

Method 1.  

 

In a clean and oven dried reaction tube Pd(OAc)2 (3 mol%), S-phos (6 mol%), 2-Bromo-6-

fluorobenzonitrile (3 mmol), 3-Amino-2-methylphenyl boronic acid (3.5 mmol) and K3PO4 (2 

eq.) were added. The reaction tubes were capped with Teflon cap and purged with N2 gas (3 

times) using Schlenk line set up. 6 mL THF was injected to the reaction tube and stirred for 24 

h on a preheated oil bath at 70 °C. The reaction was diluted with ethyl acetate and excess base 

was quenched with saturated NH4Cl solution. The organic part was washed 3 times with 

saturated NH4Cl solution. Combined aqueous portion was again extracted with ethyl acetate, 

dried over anhydrous Na2SO4 and evaporated under reduced pressure. Pure directing group 

(DG7) was obtained from column chromatography using 7% ethyl acetate/pet ether solvent 

mixture as an eluent. 

Yield:82% 

Appearance:white solid. 
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Method 2. (Ref. Kuninobu, Y.; Ida, H.; Nishi, M.; Kanai, M. Nat. Chem.2015, 7,712) 

 

In an oven dried reaction tube 3-Bromo-2-methylaniline (1 g, 5.3 mmol) was taken and 

dissolved in dioxane (10 mL). To a solution of 3-Bromo-2-methylaniline, Et3N (4.0 

equiv.),PdCl2(dppf) (5 mol%), and pinacolborane (3.0 equiv.) were added dropwise. The 

mixture was stirred at 100 °C for 4 h, then cooled to room temperature, and water (2.5 mL), 

Ba(OH)2ˑ8H2O (3.0 equiv.), and 2-Bromo-6-fluorobenzonitrile (0.92 equiv) were successively 

added. Then the mixture was stirred at 100 °C for 6 h. Upon completion, the reaction mixture 

was cooled to room temperature and quenched with water (50 mL). The mixture was filtered 

through Celite. The filtrate was extracted with ethyl acetate and the organic layer was dried 

over Na2SO4. The solvent was removed and the residue was further purified by column 

chromatography using 7% ethyl acetate/pet etheras an eluent (69% yield). 

Characterization data: 1H NMR (400 MHz, CDCl3) δ 7.60 (td, J = 8.1, 5.9 Hz, 1H), 7.24 – 

7.14 (m, 2H), 7.10 (t, J = 7.8 Hz, 1H), 6.77 (d, J = 7.9 Hz, 1H), 6.64 (d, J = 7.5 Hz, 1H), 3.75 

(s, 2H), 1.99 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 163.49 (d, 1JFC = 259.2 Hz), 148.40 (s), 

145.34 (s), 137.88 (d, 4JFC = 2.0 Hz), 134.03 (d, 3JFC = 8.9 Hz), 126.62 (s), 126.40 (s), 126.36 

(s), 120.13 (s), 119.93 (s), 115.77 (s), 114.51 (d, 2JFC = 19.7 Hz), 14.27 (s). 
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General Procedure B:Synthesis of symmetrical tridentate template 

 

In a clean, oven dried Schlenk tube with previously placed magnetic stirring bar, 2,6-dipyridine 

carboxylic acid (500 mg, 3 mmol) was taken. Then the reaction tube was evacuated and back 

filled with nitrogen and this sequence was repeated two additional times. Then dry DCM (10 

mL) followed by oxalyl chloride (2.5 equiv.) and 3-4 drops of DMF were added dropwise to 

the reaction tube and kept for 6 h stirring at room temperature. After completion, solvent was 

removed under reduced pressure. Next dissolved aromatic primary amine (2 equiv.) in dry 

toluene was added to the reaction tube and submerged into an oil bath pre-heated to 80 °C. The 

reaction mixture was allowed to stir overnight at 80 °C. Upon completion, the reaction mixture 

was cooled to room temperature. The residue was filtered through filter paper and subsequently 

washed with toluene and diethyl ether to afford the purified amide. 

General Procedure C: Synthesis of unsymmetrical tridentate template 

Procedure for methyl 6-((3,5-bis(trifluoromethyl)phenyl)carbamoyl)picolinate: 

To a solution of 2,6-pyridinedicarboxylic acid (8.3 g, 50 mmol) in DCM (150 mL) was 

addedoxalyl chloride (10.7 mL, 125 mmol, 2.5 eqiv.) at 0 oC.Then DMF (0.2 mL) was added 

andthe reaction mixture was stirred for 12 h at room temperature. Upon completion, the 

reaction mixture wasconcentrated under reduced pressure. Next, toluene (600 mL) and 3,5-

bis(trifluoromethyl) aniline (11.7 mL, 75mmol) were added and submerged into an oil bath 

preheatedto 70 oC. Then, the oil bath was heated to 90oC and the reaction mixture was allowed 

tostir 12 h. Upon completion, the reaction mixture was cooled down and added200 mL of 

methanol. Then the reaction mixture was refluxed for 12 h.  Upon completion, the reaction 
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mixture was cooled to room temperature and concentrated under reduced pressure. The white 

precipitate was collected by filtration and recrystallized from hot MeOH to give methyl 6-((3,5-

bis(trifluoromethyl)phenyl)carbamoyl)-colinate (12.3 g, 62%) as a white solid. 

Procedure for 6-((3,5-bis(trifluoromethyl)phenyl)carbamoyl)picolinic acid: 

To a solution of methyl 6-((3,5-bis(trifluoromethyl)phenyl)carbamoyl)picolinate(9.8 g, 

25mmol) in MeOH (250 mL) was added LiOH monohydrate (3.14g, 75mmol) in three portions. 

After completion, the reaction mixture was concentrated under reduced pressure. The crude 

residuewas dissolved in water and acidified by 6 M HCl, then extracted with EtOAc three 

times. The combined organic phase was dried withanhydrous Na2SO4, and concentrated to 

yield 6-((3,5-bis(trifluoromethyl)phenyl)carbamoyl)picolinic acid (8.4 g, 89%) as a white 

solid. 

Procedure for amide formation: 

To a solution of 6-((3,5-bis(trifluoromethyl)phenyl)carbamoyl)picolinic acid(0.75 g, 2 mmol) 

in toluene was added thionyl chloride (0.36 mL, 5 mmol) dropwise atroom temperature. Then 

DMF (3 drops) was added and the reaction mixture was stirred at 70 oC.Upon completion, the 

toluene was evaporated under reduced pressure, amine (2.1 mmol) and 10 mL toluene were 

added and submerged into an oil bath preheatedto 70 oC.Then, the oil bath was heated to 90oC 

and the reaction mixture was allowed tostir 12 h. After completion the solid was filtered and 

washed with toluene and diethyl ether to yield corresponding amide.   

General Procedure D:Preparation of metal complex 

Corresponding amide (1 mmol) and Pd(OAc)2 (1 mmol) were taken in 50 mL reaction flask 

equipped with a stir bar. 10 mL acetonitrile was added to the flask and the resulting mixture 

was stirred at 60 oC for 6 h. Upon completion, solvent was removed in vacuo. Next the residue 
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was purified by column chromatography on silica gel using DCM/MeOH as the eluent giving 

the pure template.   

Note: Owing to the solubility problem template T1 was prepared in situ and used for 

olefination reaction. 

General Procedure E: Site-selective C-H olefination of heterocycles with tridentate template 

 

A clean, oven dried reaction tube was charged with 1a (0.1mmol), tridentate template (0.1 

mmol), magnetic stirring bar and minimal amount of DCM to dissolve the substrate and 

template. After 20 min stirring at room temperature, the mixture was concentrated in vacuo. 

Then Pd(OAc)2 (0.01 mmol), N-Ac-Gly-OH (0.02 mmol), AgOAc (0.25 mmol), HFIP (1.0 ml) 

and 2a (0.3 mmol) were added in the reaction tube in aerobic condition. The reaction tube was 

sealed and allowed to stir at 80 °C for 36 h. Then the reaction mixture was cooled to room 

temperature and diluted with EtOAc and filtered through a short pad of celite with additional 

EtOAc. The filtrate was concentrated in vacuo. The residue was dissolved in toluene (2-3 mL) 

and 2-3 equiv. of DMAP was added to it. The solution was then stirred at 80 oC for 5-10 min. 

Upon completion, the reaction was cooled to room temperature and the mixture was passed 

through a short pad of silica using EtOAc/hexanes=1:1 as the eluent to give the product 

mixture. Finally the compound (3aa) was purified by column chromatography/on preparative 

TLC using EtOAc/pet ether solvent mixture as an eluent. 

(The silica pad was then washed with DCM/MeOH=10:1 to get the crude template solution for 

the template regeneration.) 
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3.4.3. Template regeneration 

The crude template solution was concentrated in vacuo and the residue was dissolved in 

acetonitrile. To this solution 2 equiv. of methanesulfonic acid was added and the resulting 

mixture was placed to a pre-heated oil bath at 60 oC for 2 h. Upon completion, the reaction 

mixture was cooled to room temperature and the solvent was removed under reduced pressure. 

Then the residue was dissolved in DCM and washed with water. The organic layer was dried 

over anhydrous Na2SO4 and concentrated in vacuo. Finally the template was purified by 

column chromatography (100-200 mesh silica gel) using 5% MeOH/DCM as an solvent eluent. 

 

Figure 3.3.1H NMR of crude reaction mixture of 1a with 2a under standard reaction condition 

using template T7; 1,3,5-Trimethoxybenzene was used as internal standard.  

 

 

 

 

Yield: 94%  

Selectivity: 

10:1 

(C5:others) 
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3.4.4. Mechanistic study: 

   

 

 

Figure 3.4. HRMS spectra of intermediate A 
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Figure 3.5. HRMS spectra of intermediate D (calcd for [M+ H+], 810.1620; found, 810.1762) 

3.4.5. Compound Characterization Data: 

Crystallographic Data: 

 

Figure 3.6: Crystal structure of T13 (CCDC 1846063) 

Cell: a=7.01867(18) b=14.1116(3) c=15.2062(4) 

 alpha=111.032(2) beta=93.683(2) gamma=99.895(2) 

Temperature: 150 K   

Crystal size 0.18 x 0.16 x 0.06 mm3 

Volume 1371.81(6) 

Space group P -1 

Moiety formula C30 H16 F7 N5 O2 Pd 

Data completeness= 0.993 Theta(max)= 24.999 

R(reflections)= 0.0318( 4427) wR2(reflections)= 0.0924( 4799) 
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Figure 3.7: Crystal structure of intermediate D (Figure 4) (CCDC 1846055) 

 

Cell: a=8.7124(4) b=28.1168(10) c=15.7854(5) 

 alpha=90 beta=94.165(4) gamma=90 

Temperature: 150 K   

Crystal size 0.19 x 0.08 x 0.04 mm3 

Volume 3856.7(3) 

Space group P 1 21/c 1 

Moiety formula C42 H31 F2 N7 O2 Pd, C H2 Cl2 

Data completeness= 0.998 Theta(max)= 24.997 

R(reflections)= 0.0471( 5394) wR2(reflections)= 0.1102( 6791) 
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Figure 3.8: Crystal structure of T2-DMAP adduct (CCDC 1845634) 

 

Cell: a=21.0115(5) b=14.9551(3) c=8.08336(17) 

 alpha=90 beta=96.259(2) gamma=90 

Temperature: 150 K   

Crystal size 0.27 x 0.13 x 0.12 mm3 

Volume 2524.89(10) 

Space group P 1 21/c 1 

Hall group -P 2ybc 

Moiety formula C28 H21 N7 O2 Pd, H2 O 

Data completeness= 0.997 Theta(max)= 25.000 

R(reflections)= 0.0287( 4102)wR2(reflections)= 0.0741( 4432)  

 

 

Figure 3.9: Crystal structure of 3da (Figure 3) (CCDC 1845788) 

 

Cell: a=7.4845(11) b=20.004(3) c=7.9353(13) 
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alpha=90 beta=93.957(14) gamma=90 

Temperature: 150 K   

Crystal size  0.14 x 0.11 x 0.07 mm3 

Volume  1185.3(3) 

Space group  P 1 21/c 1 

Hall group  -P 2ybc 

Moiety formula  C14 H12 F N O2 

 

Data completeness= 0.974 
Theta(max)= 25.000 

R(reflections)= 0.0728( 1300) wR2(reflections)= 0.2069( 2037) 

 

 

Compound NMR Data: 

 

3'-Amino-2'-methyl-[1,1'-biphenyl]-2-carbonitrile: 

White solid; yield 73% (760 mg); 1H NMR (500 MHz, CDCl3) δ 7.73 (dd, J = 7.8, 0.7 Hz, 1H), 

7.61 (td, J = 7.7, 1.2 Hz, 1H), 7.43 (td, J = 7.7, 1.1 Hz, 1H), 7.37 (d, J = 7.7 Hz, 1H), 7.10 (t, J 

= 7.7 Hz, 1H), 6.76 (d, J = 7.9 Hz, 1H), 6.66 (d, J = 7.5 Hz, 1H), 3.73 (s, 2H), 1.98 (s, 3H); 13C 

NMR (126 MHz, CDCl3) δ 146.41, 145.22, 139.05, 132.78, 132.43, 130.71, 127.43, 126.48, 

120.30, 120.17, 118.34, 115.47, 113.07, 14.26; HRMS (m/z): [M+H]+calcd for C14H13N2, 

209.1079; found, 209.1075. 
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3'-Amino-3-fluoro-[1,1'-biphenyl]-2-carbonitrile: 

White solid; yield 81% (859 mg); 1H NMR (500 MHz, CDCl3) δ 7.61 (td, J = 8.1, 6.0 Hz, 1H), 

7.37 – 7.24 (m, 2H), 7.19 (t, J = 8.5 Hz, 1H), 6.94 (d, J = 7.6 Hz, 1H), 6.86 (s, 1H), 6.79 (dd, 

J = 8.0, 1.6 Hz, 1H), 3.74 (s, 2H); 13C NMR (126 MHz, CDCl3) δ 164.20 (d, JFC = 258.5 Hz), 

147.74 (s), 146.92 (s), 138.17 (d, JFC = 2.1 Hz), 134.30 (d, JFC = 9.2 Hz), 129.91 (s), 125.57 

(d, JFC = 3.2 Hz), 118.95 (s), 115.90 (s), 115.13 (s), 114.54 (d, JFC = 20.0 Hz), 113.74 (s), 

100.71 (d, JFC= 15.2 Hz); HRMS (m/z): [M+H]+calcd for C13H10FN2, 213.0828; found, 

228.0824. 

 

3'-Amino-4,5-dimethoxy-[1,1'-biphenyl]-2-carbonitrile: 

White solid; yield 69% (877 mg);1H NMR (500 MHz, CDCl3) δ 7.27 (dd, J = 13.4, 5.6 Hz, 

6H), 7.15 (s, 5H), 6.92 (dd, J = 11.9, 4.3 Hz, 11H), 6.85 (s, 5H), 6.75 (dd, J = 8.0, 2.2 Hz, 5H), 

3.96 (s, 15H), 3.95 (s, 15H), 3.81 (s, 9H); 13C NMR (126 MHz, CDCl3) δ 152.56, 148.28, 

146.79, 140.54, 139.42, 129.77, 119.31, 119.03, 115.27, 115.09, 112.52, 102.32, 56.38, 56.26; 

HRMS (m/z): [M+H]+calcd for C15H15N2O2, 255.1134; found, 255.1126. 
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3'-Amino-2'-methyl-[1,1'-biphenyl]-3-carbonitrile: 

White solid; yield 77% (801 mg);1H NMR (400 MHz, CDCl3) δ 7.66 – 7.58 (m, 2H), 7.57 – 7.47 (m, 2H), 

7.09 (t, J = 7.8 Hz, 1H), 6.78 – 6.71 (m, 1H), 6.63 (dd, J = 7.6, 0.7 Hz, 1H), 3.76 (s, 2H), 2.03 (s, 3H); 13C NMR 

(101 MHz, CDCl3) δ 145.36, 143.72, 140.68, 133.95, 132.91, 130.44, 128.96, 126.59, 120.22, 119.57, 119.04, 

114.92, 112.24, 14.41; HRMS (m/z): [M+H]+calcd for C14H13N2, 209.1079; found, 209.1028. 

 

 

White solid; yield 81% (517 mg); 1H NMR (400 MHz, DMSO) δ 11.32 (s, 2H), 9.16 (d, J = 

2.1 Hz, 2H), 8.41 (dt, J = 9.5, 5.5 Hz, 5H), 7.50 (dd, J = 8.2, 4.8 Hz, 2H); 13C NMR (126 MHz, 

DMSO) δ 162.68 (s), 148.35 (s), 141.22 (s), 140.13 (s), 138.57 (s), 136.52 (s), 132.09 (s), 

126.18 (s), 125.23 (s). 

 

N2,N6-bis(3-cyanophenyl)pyridine-2,6-dicarboxamide: 

White solid; yield 82% (602 mg); 1H NMR (400 MHz, DMSO) δ 11.24 (s, 2H), 8.44 (s, 2H), 

8.43 – 8.37 (m, 2H), 8.35 – 8.27 (m, 1H), 8.23 (dd, J = 6.9, 2.2 Hz, 2H), 7.72 – 7.61 (m, 4H); 
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13C NMR (101 MHz, DMSO) δ 162.02 (s), 148.30 (s), 140.18 (s), 138.91 (s), 130.26 (s), 127.85 

(s), 125.80 (s), 125.61 (s), 123.59 (s), 118.69 (s), 111.61 (s). 

 

 

N2,N6-bis(3'-cyano-[1,1'-biphenyl]-3-yl)pyridine-2,6-dicarboxamide: 

White solid; yield 76% (789 mg); 1H NMR (500 MHz, DMSO) δ 11.15 (s, 2H), 8.43 (d, J = 

7.6 Hz, 2H), 8.34 (s, 3H), 8.16 (s, 2H), 8.05 (d, J = 7.8 Hz, 2H), 7.96 (d, J = 3.4 Hz, 2H), 7.87 

(d, J = 7.6 Hz, 2H), 7.70 (t, J = 7.7 Hz, 2H), 7.58 (s, 4H); 13C NMR (126 MHz, DMSO) δ 

161.82 (s), 148.76 (s), 141.07 (s), 140.07 (s), 138.73 (s), 138.57 (s), 131.44 (s), 131.26 (s), 

130.24 (s), 129.59 (s), 128.18 (s), 125.44 (s), 123.01 (s), 121.20 (s), 119.69 (s), 118.72 (s), 

112.19 (s). 

 

 

N2,N6-bis(2'-cyano-[1,1'-biphenyl]-3-yl)pyridine-2,6-dicarboxamide: 

White solid; yield 78% (810 mg); 1H NMR (500 MHz, DMSO) δ 11.21 (s, 2H), 8.45 – 8.40 

(m, 2H), 8.33 (dd, J = 8.4, 7.1 Hz, 1H), 8.19 (t, J = 1.8 Hz, 2H), 8.04 – 7.96 (m, 4H), 7.82 (td, 

J = 7.7, 1.3 Hz, 2H), 7.69 – 7.58 (m, 6H), 7.40 (ddd, J = 7.7, 1.7, 1.0 Hz, 2H); 13C NMR (126 

MHz, DMSO) δ 161.93 (s), 148.76 (s), 144.39 (s), 140.18 (s), 138.51 (s), 133.91 (s), 133.66 
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(s), 130.12 (s), 129.29 (s), 128.47 (s), 125.56 (s), 124.72 (s), 121.22 (d, J = 20.0 Hz), 118.43 

(s), 110.28 (s). 

 

N2,N6-bis(2'-cyano-2-methyl-[1,1'-biphenyl]-3-yl)pyridine-2,6-dicarboxamide: 

White solid; 845 mg. Yield: 77%; 1H NMR (500 MHz, DMSO) δ 11.03 (s, 2H), 8.39 (d, J = 

7.6 Hz, 2H), 8.31 (dd, J = 8.3, 7.2 Hz, 1H), 7.96 (d, J = 7.5 Hz, 2H), 7.80 (t, J = 7.6 Hz, 2H), 

7.61 (t, J = 7.5 Hz, 2H), 7.56 (d, J = 7.8 Hz, 2H), 7.47 (d, J = 7.6 Hz, 2H), 7.41 (t, J = 7.7 Hz, 

2H), 7.22 (d, J = 7.4 Hz, 2H), 2.06 (s, 6H); 13C NMR (101 MHz, DMSO) δ 161.98, 148.66, 

144.56, 140.07, 139.12, 136.30, 133.25, 133.13, 132.20, 130.59, 128.39, 127.87, 127.74, 

126.00, 125.15, 117.94, 111.77, 15.13; HRMS (m/z): [M+H]+calcd for C35H26N5O2, 548.2087; 

found, 548.2081. 

 

 

N2,N6-bis(2'-cyano-4-methyl-[1,1'-biphenyl]-3-yl)pyridine-2,6-dicarboxamide: 

White solid; yield 88% (964 mg); 1H NMR (400 MHz, DMSO) δ 10.80 (d, J = 3.1 Hz, 1H), 

8.38 (dd, J = 7.2, 1.4 Hz, 1H), 8.32 (dd, J = 12.0, 6.8 Hz, 2H), 7.96 (d, J = 7.7 Hz, 1H), 7.90 

(d, J = 1.1 Hz, 1H), 7.81 (t, J = 7.6 Hz, 1H), 7.64 (d, J = 7.7 Hz, 1H), 7.58 (d, J = 7.6 Hz, 1H), 
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7.49 (d, J = 7.9 Hz, 1H), 7.43 (dd, J = 7.9, 1.4 Hz, 1H), 2.39 (s, 3H); 13C NMR (101 MHz, 

DMSO) δ 164.79 (s), 161.42 (s), 148.95 (s), 146.36 (s), 140.26 (s), 135.99 (s), 133.89 (s), 

133.59 (s), 132.54 (s), 130.90 (s), 130.02 (s), 128.24 (s), 127.16 (s), 125.99 (s), 125.56 (s), 

124.54 (s). 

 

 

N2,N6-bis(2'-cyano-3'-fluoro-2-methyl-[1,1'-biphenyl]-3-yl)pyridine-2,6-dicarboxamide: 

White solid; yield 84% (980 mg); 1H NMR (400 MHz, DMSO) δ 11.01 (s, 2H), 8.39 (d, J = 

7.2 Hz, 2H), 8.31 (dd, J = 8.5, 6.8 Hz, 1H), 7.86 (dd, J = 14.2, 8.1 Hz, 2H), 7.63 – 7.54 (m, 

4H), 7.43 (t, J = 7.8 Hz, 2H), 7.35 (d, J = 7.7 Hz, 2H), 7.27 (d, J = 7.2 Hz, 2H), 2.09 (s, 6H); 

13C NMR (101 MHz, DMSO) δ 162.8 (d, JFC = 255 Hz), 161.97 (s), 148.61 (s), 146.38 (s), 

140.10 (s), 137.88 (s), 136.38 (s), 135.53 (d, JFC = 9.1 Hz), 132.19 (s), 128.08 (s), 127.81 (s), 

126.84 (d, JFC = 2.5 Hz), 126.12 (s), 125.18 (s), 115.3 (d, JFC= 19.5 Hz), 113.16 (s), 101.0 (d, 

JFC = 14.7 Hz), 15.10 (s). 
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N2,N6-bis(2'-cyano-4',5'-dimethoxy-[1,1'-biphenyl]-3-yl)pyridine-2,6-dicarboxamide: 

White solid; 756 mg. Yield: 59%; 1H NMR (500 MHz, DMSO) δ 11.14 (s, 2H), 8.49 – 8.26 

(m, 3H), 8.14 (s, 2H), 8.01 (s, 2H), 7.66 – 7.31 (m, 6H), 7.15 (s, 2H), 3.88 (s, 12H); 13C NMR 

(126 MHz, DMSO) δ 161.78, 152.49, 148.71, 148.30, 140.07, 138.93, 138.64, 138.25, 129.03, 

125.48, 124.81, 121.30, 120.98, 118.89, 115.40, 112.81, 101.17, 56.09, 55.93; HRMS (m/z): 

[M+H+] calcd for C37H30N5O6, 640.2196; found, 640.2183. 

 

 

N2,N6-bis(2'-cyano-3'-fluoro-[1,1'-biphenyl]-3-yl)pyridine-2,6-dicarboxamide: 

White solid; 915 mg. Yield: 82%; 1H NMR (400 MHz, DMSO) δ 11.20 (s, 2H), 8.43 (d, J = 

7.9 Hz, 2H), 8.23 (s, 2H), 8.03 (d, J = 8.0 Hz, 2H), 7.87 (d, J = 6.1 Hz, 2H), 7.60 (dd, J = 10.1, 

4.8 Hz, 3H), 7.53 (d, J = 7.7 Hz, 1H), 7.44 (d, J = 7.4 Hz, 2H), 7.20 (dd, J = 26.9, 7.6 Hz, 3H); 

13C NMR (101 MHz, DMSO) δ 163.40 (d, JFC = 255.7 Hz), 161.88, 147.43 (d, JFC = 250.9 

Hz), 140.06, 138.52, 137.26, 135.70 (d, JFC = 9.7 Hz), 129.31, 128.51 (d, JFC = 70.5 Hz), 

126.08, 125.40 (d, JFC = 24.2 Hz), 124.61, 121.72, 120.99, 115.29 (d, JFC = 19.8 Hz), 113.45, 

99.52 (d, JFC = 15.4 Hz), 21.01; HRMS (m/z): [M+H]+calcd for C33H20F2N5O2,556.1585; 

found, 556.1581. 
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N2,N6-bis(3'-cyano-2-methyl-[1,1'-biphenyl]-3-yl)pyridine-2,6-dicarboxamide: 

White solid; 835 mg. Yield: 76%; 1H NMR (500 MHz, DMSO) δ 10.95 (s, 2H), 8.39 (d, J = 

7.8 Hz, 2H), 8.32 (d, J = 7.1 Hz, 1H), 7.91 – 7.86 (m, 2H), 7.80 (s, 2H), 7.68 (d, J = 5.0 Hz, 

4H), 7.52 (d, J = 7.7 Hz, 2H), 7.39 (t, J = 7.8 Hz, 2H), 7.23 (d, J = 7.4 Hz, 2H), 2.16 (s, 6H); 

13C NMR (126 MHz, DMSO) δ 161.90, 148.63, 142.20, 140.50, 140.05, 136.38, 134.09, 

132.39, 131.74, 131.06, 129.58, 127.99, 127.16, 126.10, 125.09, 118.69, 111.61, 15.44; HRMS 

(m/z): [M+Na]+calcd for C35H25N5NaO2, 570.1906; found, 570.1898. 

 

N2-(3,5-bis(trifluoromethyl)phenyl)-N6-(2'-cyano-2-methyl-[1,1'-biphenyl]-3-yl)pyridine-

2,6-dicarboxamide: 

White solid; 978 mg. Yield: 86%; 1H NMR (400 MHz, DMSO) δ 11.41 (s, 1H), 10.96 (s, 1H), 

8.57 (s, 2H), 8.51 – 8.40 (m, 2H), 8.34 (t, J = 7.7 Hz, 1H), 7.99 (dd, J = 7.8, 0.8 Hz, 1H), 7.88 

(s, 1H), 7.82 (td, J = 7.7, 1.3 Hz, 1H), 7.72 (d, J = 7.5 Hz, 1H), 7.63 (td, J = 7.7, 1.1 Hz, 1H), 

7.50 (d, J = 7.7 Hz, 1H), 7.45 (t, J = 7.8 Hz, 1H), 7.24 (d, J = 7.6 Hz, 1H), 2.12 (s, 3H); 13C 

NMR (126 MHz, DMSO) δ 162.55, 161.58, 148.30 (d, J = 104.8 Hz), 144.56, 140.31, 140.02, 

139.25, 136.09, 133.27, 133.06, 131.60, 130.91, 130.65, 130.56, 128.41, 127.68, 126.97, 
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126.06, 124.30, 122.13, 120.79, 117.90, 117.26, 111.81, 14.98; HRMS (m/z): [M+H]+calcd for 

C29H19F6N4O2, 569.1412; found, 569.1412. 

 

 

N2-(3,5-bis(trifluoromethyl)phenyl)-N6-(2'-cyano-3'-fluoro-[1,1'-biphenyl]-3-yl)pyridine-

2,6-dicarboxamide: 

White solid; 901 mg. Yield: 78%;1H NMR (500 MHz, DMSO) δ 11.49 (s, 1H), 11.10 (s, 1H), 

8.67 (s, 2H), 8.44 (t, J = 7.7 Hz, 2H), 8.35 (d, J = 7.7 Hz, 1H), 8.27 (s, 1H), 8.04 (d, J = 8.1 

Hz, 1H), 7.89 (d, J = 5.8 Hz, 2H), 7.65 (t, J = 7.9 Hz, 1H), 7.60 (s, 1H), 7.55 (d, J = 7.7 Hz, 

1H), 7.46 (d, J = 7.7 Hz, 1H); 13C NMR (126 MHz, DMSO) δ 164.49, 162.44, 161.56, 148.62, 

147.88, 146.13, 140.11, 138.46, 137.23, 135.61 (d, J = 9.5 Hz), 130.75 (q, J = 32.8 Hz), 129.37, 

126.50, 126.00, 125.70 (d, J = 22.4 Hz), 124.53, 124.33, 122.16, 121.43, 120.93, 120.39, 

116.94, 115.29 (d, J = 19.8 Hz), 113.41, 99.50 (d, J = 15.4 Hz); HRMS (m/z): [M+Na]+calcd 

for C28H15F7N4NaO2, 595.0981; found, 595.0972. 

 

N2-(3,5-bis(trifluoromethyl)phenyl)-N6-(2'-cyano-3'-fluoro-2-methyl-[1,1'-biphenyl]-3-

yl)pyridine-2,6-dicarboxamide: 
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White solid; 976 mg. Yield: 83%; 1H NMR (500 MHz, DMSO) δ 11.42 (s, 1H), 10.97 (s, 1H), 

8.58 (s, 2H), 8.53 – 8.40 (m, 2H), 8.35 (t, J = 7.7 Hz, 1H), 7.88 (dd, J = 13.8, 7.3 Hz, 2H), 7.74 

(d, J = 7.9 Hz, 1H), 7.60 (t, J = 8.9 Hz, 1H), 7.47 (t, J = 7.8 Hz, 1H), 7.37 (d, J = 7.7 Hz, 1H), 

7.29 (d, J = 7.5 Hz, 1H), 2.14 (s, 3H); 13C NMR (126 MHz, DMSO) δ 162.51, 161.59, 148.67, 

147.87, 146.41, 140.25, 140.04, 138.01, 136.23, 135.53 (d, J = 9.3 Hz), 131.62, 130.79 (d, J = 

32.9 Hz), 127.58, 127.32, 126.80, 126.17, 125.67 (d, J = 22.3 Hz), 124.29, 122.13, 120.70, 

117.15, 115.36 (d, J = 19.3 Hz), 113.09, 101.10 (d, J = 14.7 Hz), 14.96; HRMS (m/z): 

[M+H]+calcd for C29H18F7N4O2, 587.1318; found, 587.1314. 

 

 

Yellow solid; yield 83% (425 mg); 1H NMR (400 MHz, DMSO) δ 8.34 (br, 1H), 7.86 (s, 2H), 

7.67 – 7.52 (m, 8H), 2.07 (s, 3H); 13C NMR (101 MHz, DMSO) δ 168.14 (s), 151.52 (s), 146.55 

(s), 142.28 (s), 131.97 (s), 130.09 (s), 129.42 (s), 127.68 (s), 126.13 (s), 118.79 (s), 110.89 (s), 

1.15 (s). 

 

Yellow solid; yield 71% (472 mg); 1H NMR (500 MHz, DMSO) δ 8.33 (t, J = 7.5 Hz, 1H), 

8.09 (s, 2H), 7.97 (d, J = 6.5 Hz, 2H), 7.83 (d, J = 7.8 Hz, 4H), 7.62 (d, J = 31.8 Hz, 4H), 7.47 

(s, 2H), 7.41 (t, J = 7.4 Hz, 2H), 7.28 (d, J = 4.8 Hz, 2H); 13C NMR (126 MHz, DMSO) δ 
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167.99 (s), 152.04 (s), 146.82 (s), 141.98 (s), 141.11 (s), 137.89 (s), 131.37 (s), 131.00 (s), 

130.12 (s), 130.05 (s), 128.86 (s), 126.98 (s), 125.66 (s), 125.32 (s), 122.70 (s), 118.80 (s), 

112.09 (s); HRMS (m/z): [(M-CH3CN)+H]+calcd for C33H20N5O2Pd, 624.0652; 

found,624.0480. 

 

 

 

Yellow solid; 394 mg. Yield: 59%; 1H NMR (400 MHz, CD3CN+DMSO-d6) δ 8.20 (s, 1H), 

7.77 (d, J = 8.1 Hz, 4H), 7.66 (d, J = 6.8 Hz, 2H), 7.56 – 7.18 (m, 12H); 13C NMR (101 MHz, 

CD3CN+DMSO-d6) δ 168.62, 152.25, 147.36, 144.93, 142.18, 138.41, 133.77, 133.28, 130.19, 

128.47, 127.98, 127.16, 126.85, 125.92, 124.87, 118.71, 110.79; HRMS (m/z): [(M-

CH3CN)+H]+calcd for C33H20N5O2Pd, 624.0652; found, 625.0659. 

 

 

 

 

Yellow solid; 564 mg. Yield: 81%; 1H NMR (400 MHz, DMSO-d6) δ 8.32 (s, 1H), 7.94 (d, J 

= 6.5 Hz, 2H), 7.87 – 7.69 (m, 4H), 7.67 – 7.52 (m, 2H), 7.50 – 7.17 (m, 6H), 7.07 (s, 2H), 



Chapter 3 

 

90 | P a g e  

 

2.08 (s, 6H); 13C NMR (101 MHz, DMSO-d6) δ 167.11, 151.83, 145.92, 145.07, 141.97, 

138.48, 133.12, 132.10, 130.75, 128.11, 127.89, 127.80, 126.16, 125.47, 118.29, 111.46, 15.45; 

HRMS (m/z): [(M-CH3CN)+H]+calcd for C35H24N5O2Pd, 652.0965; found,652.0927. 

 

 

Yellow solid; yield 76% (526 mg); 1H NMR (400 MHz, CD3CN) δ 8.25 (s, 1H), 7.83 – 7.76 

(m, 5H), 7.71 (t, J = 7.7 Hz, 2H), 7.57 (d, J = 7.7 Hz, 2H), 7.51 (t, J = 7.6 Hz, 2H), 7.40 – 7.34 

(m, 5H), 2.39 (s, 6H); 13C NMR (101 MHz, CD3CN) δ 171.31 (s), 169.28 (s), 151.89 (s), 146.77 

(s), 143.34 (s), 137.67 (s), 136.52 (s), 134.67 (s), 134.21 (s), 131.46 (s), 131.12 (s), 128.82 (s), 

128.48 (s), 128.11 (s), 127.63 (s), 127.26 (s), 119.76 (s), 111.87 (s), 18.40 (s); HRMS (m/z): 

[(M-CH3CN)+H]+calcd for C35H24N5O2Pd, 652.0965; found,652.0820. 

 

 

 

Yellow solid; yield 83% (605 mg); 1H NMR (400 MHz, CD3CN) δ 8.24 (t, J = 7.8 Hz, 1H), 

7.84 – 7.67 (m, 4H), 7.36 – 7.24 (m, 7H), 7.21 – 7.12 (m, 1H), 7.05 (dd, J = 5.3, 2.9 Hz, 2H), 

2.23 (s, 3H), 2.15 (s, 3H); 13C NMR (101 MHz, CD3CN) δ 169.03 (s), 164.29 (d, JFC = 257 

Hz), 153.04 (s), 148.68 (d, JFC = 2.9 Hz), 148.09 (d, JFC = 6.7 Hz), 143.14 (s), 138.93 (s), 
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135.97 (d, JFC = 9.0 Hz), 133.03 (d, JFC = 3.7 Hz), 128.89 (d, JFC = 6.9 Hz), 127.87 (d, JFC = 

12.9 Hz), 127.60 (d, JFC = 24.4 Hz), 127.25 (s), 126.85 (d, JFC = 6 Hz), 115.71 (d, JFC = 19.5 

Hz), 114.37 (s), 102.76 (d, JFC = 15.3 Hz), 15.76 (s); HRMS (m/z): [M+H]+calcd for 

C37H24F2N6NaO2Pd, 751.0869; found,751.0863. 

 

 

 

Yellow solid; 371 mg. Yield: 47%; 1H NMR (400 MHz, CD3CN) δ 8.22 (s, 1H), 7.78 (s, 2H), 

7.49 – 7.22 (m, 10H), 7.03 (s, 2H), 3.88 (s, 6H), 3.86 (s, 6H); 13C NMR (126 MHz, CD3CN) δ 

168.67, 152.88, 152.36, 148.54, 142.10, 139.61, 138.57, 129.78, 128.34, 126.82, 126.71, 

125.74, 124.90, 119.08, 117.28, 115.34, 112.89, 101.70, 55.89, 55.83; HRMS (m/z): [(M-

CH3CN)+H]+calcd for C37H28N5O6Pd, 744.1074; found,744.1083. 

 

 

Yellow solid; 554 mg. Yield: 79%; 1H NMR (500 MHz, DMSO-d6) δ 8.32 (s, 1H), 7.83 (d, J = 

7.7 Hz, 4H), 7.54 (t, J = 8.8 Hz, 2H), 7.50 – 7.24 (m, 10H), 2.07 (s, 3H); 13C NMR (126 MHz, 

DMSO-d6) δ 167.98, 163.41 (d, JFC = 255.5 Hz), 151.93, 146.49, 146.25, 142.06, 136.56, 
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135.68 (d, JFC = 9.5 Hz), 128.51, 127.77, 126.86, 126.06, 126.04, 125.75, 124.49, 118.06, 

115.07 (d, JFC = 19.8 Hz), 113.63, 99.39 (d, JFC = 15.4 Hz), 1.14; HRMS (m/z): [(M-

CH3CN)+H]+calcd for C33H18F2N5O2Pd, 660.0463; found, 660.0468. 

 

 

Yellow solid; 582 mg. Yield: 84%; 1H NMR (500 MHz, CD3CN) δ 8.27 (t, J = 7.8 Hz, 1H), 

7.81 (d, J = 7.8 Hz, 2H), 7.73 (s, 4H), 7.67 – 7.58 (m, 4H), 7.24 (t, J = 6.2 Hz, 4H), 7.06 (d, J 

= 5.3 Hz, 2H), 2.22 (s, 6H); 13C NMR (126 MHz, CD3CN) δ 167.92, 152.17, 147.02, 143.17, 

142.14, 140.50, 134.08, 132.76, 131.40, 131.38, 130.69, 129.19, 127.02, 126.98, 126.51, 

125.84, 125.51, 118.76, 112.00, 15.30; HRMS (m/z): [M+H]+calcd for C37H27N6O2Pd, 

693.1230; found, 690.1236. 

 

 

 

Yellow solid; 630 mg. Yield: 88%; 1H NMR (400 MHz, CD3CN) δ 8.27 (t, J = 7.8 Hz, 1H), 

7.90 – 7.78 (m, 5H), 7.72 (q, J = 8.0 Hz, 1H), 7.65 (s, 1H), 7.60 – 7.44 (m, 2H), 7.34 – 7.26 

(m, 2H), 7.11 (d, J = 7.0 Hz, 1H), 2.16 (s, 3H); 13C NMR (101 MHz, CD3CN) δ 169.01, 167.96, 

151.83, 148.89, 146.62, 145.67, 142.41, 139.20, 132.95, 132.73, 132.53, 130.79, 130.53, 
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130.47, 127.94, 127.75, 126.82, 126.47, 126.19, 126.04, 125.82, 125.02, 122.32, 118.28, 

112.49, 14.74; HRMS (m/z): [M+Na]+calcd for C31H19F6N5NaO2Pd, 736.0375; found, 

754.0384. 

 

 

Yellow solid; 544 mg. Yield: 74%; 1H NMR (400 MHz, DMSO-d6) δ 8.36 (t, J = 7.8 Hz, 1H), 

7.95 – 7.77 (m, 6H), 7.72 (s, 1H), 7.56 (t, J = 8.9 Hz, 1H), 7.34 (dd, J = 7.6, 4.3 Hz, 2H), 7.18 

(d, J = 6.5 Hz, 1H), 2.11 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ 168.52, 167.28, 162.91 (d, 

JFC = 256.2 Hz), 151.39, 147.80, 146.75, 145.64, 142.24, 137.39, 135.44 (d, JFC = 9.2 Hz), 

133.01, 129.75 (q, JFC = 32.4 Hz), 128.42, 127.49, 126.94, 126.69, 126.04 (d, JFC = 8.3 Hz), 

125.91, 124.78, 122.07, 119.36, 116.50, 115.10 (d, JFC = 19.4 Hz), 113.61, 100.80 (d, JFC = 

14.4 Hz), 15.37, 0.06; HRMS (m/z): [M+Na]+calcd for C31H18F7N5NaO2Pd, 754.0821; found, 

754.0290. 

 

Yellow solid; 467 mg. Yield: 65%; 1H NMR (400 MHz, DMSO-d6) δ 8.35 (td, J = 7.8, 2.4 Hz, 

1H), 7.90 (d, J = 7.6 Hz, 1H), 7.88 – 7.78 (m, 4H), 7.73 (s, 1H), 7.60 – 7.29 (m, 6H), 2.07 (s, 

3H); 13C NMR (101 MHz, DMSO-d6) δ 169.01, 168.52, 163.91 (d, JFC = 255.5 Hz), 152.21, 
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151.76, 148.29, 146.69, 146.60, 142.73, 137.20, 136.17 (d, JFC = 9.5 Hz), 131.02 – 129.56 (m), 

128.82 (d, JFC = 83.6 Hz), 127.58, 126.64, 126.54, 126.52, 125.29 (d, JFC = 14.8 Hz), 122.50, 

119.79, 117.17, 115.71, 115.52, 114.13, 99.88 (d, JFC = 15.4 Hz); HRMS (m/z): [(M-

CH3CN)+H]+calcd for C28H14F7N4O2Pd, 677.0040; found,677.0046. 

 

(E)-ethyl 3-(2-methylquinolin-5-yl)acrylate (3aa): 

White solid; yield 94% (22.6 mg); 1H NMR (400 MHz, CDCl3) δ 8.41 (dd, J = 12.2, 8.2 Hz, 

2H), 8.06 (d, J = 8.3 Hz, 1H), 7.76 (d, J = 7.1 Hz, 1H), 7.72 – 7.65 (m, 1H), 7.37 (d, J = 8.7 

Hz, 1H), 6.54 (d, J = 15.8 Hz, 1H), 4.31 (q, J = 7.1 Hz, 2H), 2.76 (s, 3H), 1.37 (t, J = 7.1 Hz, 

3H); 13C NMR (101 MHz, CDCl3) δ 166.85 (s), 159.51 (s), 148.19 (s), 140.29 (s), 131.97 (s), 

131.09 (s), 129.15 (s), 125.01 (s), 124.56 (s), 122.71 (s), 121.77 (s), 77.48 (s), 77.16 (s), 76.84 

(s), 60.89 (s), 25.36 (s), 14.49 (s); HRMS (m/z): [M+H]+calcd for C15H16NO2, 242.1181; found, 

242.1167. 

 

 

Ethyl (E)-3-(quinolin-5-yl)acrylate (3ba): 

White solid; yield82% (18.6 mg); 1H NMR (500 MHz, CDCl3) δ 8.97 (d, J = 3.8 Hz, 1H), 8.54 

(d, J = 8.6 Hz, 1H), 8.42 (d, J = 15.8 Hz, 1H), 8.16 (d, J = 8.4 Hz, 1H), 7.82 (d, J = 7.2 Hz, 

1H), 7.73 (t, J = 7.8 Hz, 1H), 7.49 (dd, J = 8.6, 4.1 Hz, 1H), 6.56 (d, J = 15.8 Hz, 1H), 4.32 (q, 

J = 7.1 Hz, 2H), 1.38 (t, J = 7.1 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 166.74, 150.84, 
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148.54, 140.05, 132.26, 131.90, 131.88, 129.18, 126.75, 125.42, 122.08, 121.74, 60.93, 14.49; 

HRMS (m/z): [M+H]+calcd for C14H14NO2, 228.1025; found, 228.0934. 

 

 

(E)-ethyl 3-(2-methylbenzo[d]oxazol-7-yl)acrylate (3ca): 

White solid; yield 82% (18.9 mg);1H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 16.1 Hz, 1H), 

7.66 (d, J = 7.7 Hz, 1H), 7.38 (d, J = 7.5 Hz, 1H), 7.31 (t, J = 7.7 Hz, 1H), 6.89 (d, J = 16.1 

Hz, 1H), 4.31 (q, J = 7.1 Hz, 2H), 2.71 (s, 3H), 1.37 (t, J = 7.1 Hz, 3H); 13C NMR (126 MHz, 

CDCl3) δ 167.15 (s), 164.35 (s), 149.28 (s), 142.23 (s), 138.97 (s), 126.41 (s), 124.64 (s), 122.19 

(s), 121.32 (s), 119.17 (s), 77.41 (s), 77.16 (s), 76.91 (s), 60.84 (s), 14.76 (s), 14.49 (s). 

 

 

(E)-ethyl 3-(8-fluoroquinolin-5-yl)acrylate (3da): 

White solid; yield 59% (14.5 mg); 1H NMR (500 MHz, CDCl3) δ 9.08 – 8.98 (m, 1H), 8.56 (d, 

J = 8.7 Hz, 1H), 8.35 (d, J = 15.7 Hz, 1H), 7.79 (dd, J = 8.1, 4.9 Hz, 1H), 7.58 (dd, J = 8.7, 4.1 

Hz, 1H), 7.44 (dd, J = 9.9, 8.2 Hz, 1H), 6.51 (d, J = 15.7 Hz, 1H), 4.32 (q, J = 7.1 Hz, 2H), 

1.37 (t, J = 7.1 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 166.62 (s), 159.04 (d, JFC = 261 Hz), 

( 150.85 (s), 139.13 (d, JFC = 9.6 Hz), 132.42 (s), 132.10 (s), 128.33 (d, JFC = 7.3 Hz), 125.69 

(d, JFC = 8.3 Hz), 122.74 (s), 121.91 (d, JFC = 18.4 Hz), 113.85 (d, JFC = 19.4 Hz), 61.00 (s), 

14.48 (s).  
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(E)-methyl 5-(3-methoxy-3-oxoprop-1-en-1-yl)quinoline-3-carboxylate (3eb): 

White solid; yield 47% (12.7 mg); 1H NMR (500 MHz, CDCl3) δ 9.49 (d, J = 1.6 Hz, 1H), 9.19 

(s, 1H), 8.47 (d, J = 15.7 Hz, 1H), 8.22 (d, J = 8.2 Hz, 1H), 7.90 – 7.83 (m, 2H), 6.59 (d, J = 

15.7 Hz, 1H), 4.05 (s, 3H), 3.89 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 166.93 (s), 150.39 (s), 

139.59 (s), 134.66 (s), 131.62 (s), 131.58 (s), 126.24 (s), 122.64 (s), 52.83 (s), 52.18 (s); HRMS 

(m/z):[M+H]+calcd for C15H14NO4, 272.0917; found, 272.0915. 

 

 

 

(E)-methyl 3-(2-methylbenzo[d]thiazol-7-yl)acrylate (3fb): 

White solid; yield 68% (15.8 mg);1H NMR (400 MHz, CDCl3) δ 7.99 (dd, J = 7.8, 1.1 Hz, 1H), 

7.88 (d, J = 16.1 Hz, 1H), 7.58 – 7.46 (m, 2H), 6.56 (d, J = 16.1 Hz, 1H), 3.85 (s, 3H), 2.88 (s, 

3H); 13C NMR (101 MHz, CDCl3) δ 167.35 (s), 167.30 (s), 154.61 (s), 143.02 (s), 134.75 (s), 

129.00 (s), 126.46 (s), 126.39 (s), 124.41 (s), 120.23 (s), 52.08 (s), 20.24 (s). 
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(E)-methyl 3-(8-methoxyquinolin-5-yl)acrylate (3gb): 

White solid; yield 89% (21.6 mg); 1H NMR (500 MHz, CDCl3) δ 8.95 (d, J = 3.1 Hz, 1H), 8.50 

(d, J = 8.5 Hz, 1H), 8.33 (d, J = 15.7 Hz, 1H), 7.79 (d, J = 8.2 Hz, 1H), 7.50 (dd, J = 8.6, 4.1 

Hz, 1H), 7.05 (d, J = 8.2 Hz, 1H), 6.45 (d, J = 15.7 Hz, 1H), 4.10 (s, 3H), 3.82 (s, 3H); 13C 

NMR (126 MHz, CDCl3) δ 167.47 (s), 157.24 (s), 149.54 (s), 140.08 (d, J = 9.6 Hz), 131.77 

(s), 127.75 (s), 126.26 (s), 123.69 (s), 122.37 (s), 118.80 (s), 107.52 (s), 77.41 (s), 77.16 (s), 

76.91 (s), 56.31 (s), 51.87 (s); HRMS (m/z): [M+H]+calcd for C14H14NO3, 244.0968; found, 

244.0968. 

 

 

Methyl (E)-3-(8-chloroquinolin-5-yl)acrylate (3hb): 

Colourless semi solid;yield 37% (9.2 mg); 1H NMR (500 MHz, CDCl3) δ 9.09 (dd, J = 4.1, 1.5 

Hz, 1H), 8.55 (dd, J = 8.6, 1.5 Hz, 1H), 8.37 (d, J = 15.8 Hz, 1H), 7.86 (d, J = 7.9 Hz, 1H), 

7.73 (d, J = 7.9 Hz, 1H), 7.57 (dd, J = 8.6, 4.1 Hz, 1H), 6.54 (d, J = 15.7 Hz, 1H), 3.86 (s, 3H); 

13C NMR (126 MHz, CDCl3) δ 166.95, 151.30, 144.62, 139.44, 135.98, 132.50, 131.40, 

129.47, 127.91, 125.25, 122.53, 122.05, 52.14; HRMS (m/z): [M + H]+ calcd for C13H11ClNO2, 

248.0478; found, 248.0473. 
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Methyl (E)-3-(2-chloroquinolin-5-yl)acrylate (3ib): 

 

White solid;yield: 89% (22 mg);1H NMR (500 MHz, CDCl3) δ 8.49 (d, J = 8.9 Hz, 1H), 8.38 

(d, J = 15.8 Hz, 1H), 8.09 (d, J = 8.3 Hz, 1H), 7.91 – 7.72 (m, 2H), 7.49 (d, J = 8.9 Hz, 1H), 

6.57 (d, J = 15.8 Hz, 1H), 3.88 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 166.96, 151.34, 148.31, 

139.83, 134.84, 132.30, 130.88, 130.39, 125.70, 125.35, 123.05, 122.22, 52.13; HRMS (m/z): 

[M+H]+calcd for C13H11ClNO2, 248.0478; found, 248.0473. 

 

 

Octahydro-1H-4,7-methanoinden-5-yl (E)-3-(2-methylquinolin-5-yl)acrylate (3ac): 

White solid; yield: 47% (16 mg); 1H NMR (500 MHz, CDCl3) δ 8.39 (dd, J = 20.1, 12.2 Hz, 

2H), 8.06 (d, J = 8.4 Hz, 1H), 7.75 (d, J = 7.2 Hz, 1H), 7.71 – 7.64 (m, 1H), 7.36 (d, J = 8.7 

Hz, 1H), 6.52 (d, J = 15.7 Hz, 1H), 4.75 (dd, J = 7.0, 2.3 Hz, 1H), 2.76 (s, 3H), 2.19 (s, 1H), 

2.09 (d, J = 4.3 Hz, 1H), 2.00 – 1.61 (m, 7H), 1.54 (ddd, J = 13.5, 4.2, 2.5 Hz, 1H), 1.33 – 1.17 

(m, 2H), 1.05 – 0.92 (m, 2H); 13C NMR (126 MHz, CDCl3) δ 166.62, 159.40, 148.11, 139.85, 

131.97, 131.90, 130.94, 129.08, 124.93, 124.47, 122.62, 122.22, 77.63, 47.40, 46.34, 43.13, 

39.74, 39.28, 32.13, 31.79, 29.60, 27.84, 25.30; HRMS (m/z): [M+H]+calcd for C23H26NO2, 

348.1964; found, 348.1946. 
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(E)-methyl 3-(4-methylthiazol-5-yl)acrylate (3jb): 

White solid; yield 73% (13.4 mg); 1H NMR (400 MHz, CDCl3) δ 8.68 (s, 1H), 7.81 (d, J = 15.6 

Hz, 1H), 6.15 (d, J = 15.6 Hz, 1H), 3.79 (s, 3H), 2.56 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 

166.91 (s), 155.99 (s), 152.84 (s), 134.03 (s), 128.36 (s), 119.50 (s), 77.48 (s), 77.16 (s), 76.84 

(s), 51.96 (s), 15.76 (s). 

 

 

(E)-methyl 3-(7-chloro-2-methylquinolin-5-yl)acrylate (3kb): 

White solid; yield 63% (16.5 mg); 1H NMR (400 MHz, CDCl3) δ 8.19 (d, J = 16.0 Hz, 1H), 

8.08 (s, 1H), 8.04 (d, J = 8.8 Hz, 2H), 7.31 (d, J = 8.5 Hz, 1H), 6.55 (d, J = 16.0 Hz, 1H), 3.85 

(s, 3H), 2.74 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 166.90 (s), 161.55 (s), 148.60 (s), 140.70 

(s), 136.37 (s), 135.42 (s), 131.00 (s), 129.36 (s), 127.01 (s), 125.19 (s), 123.11 (s), 121.30 (s), 

77.48 (s), 77.16 (s), 76.84 (s), 52.09 (s), 25.65 (s); HRMS (m/z): [M+H]+calcd for 

C14H13ClNO2, 262.0629; found, 262.0633. 

 

 

(E)-methyl 3-(6-methoxyquinolin-5-yl)acrylate (3lb): 
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White solid; yield 78% (18.9 mg); 1H NMR (500 MHz, CDCl3) δ 8.82 (d, J = 3.2 Hz, 1H), 8.54 

(d, J = 8.6 Hz, 1H), 8.27 (d, J = 16.2 Hz, 1H), 8.15 (d, J = 9.3 Hz, 1H), 7.53 (d, J = 9.4 Hz, 

1H), 7.43 (dd, J = 8.7, 4.1 Hz, 1H), 6.76 (d, J = 16.2 Hz, 1H), 4.05 (s, 3H), 3.86 (s, 3H); 13C 

NMR (126 MHz, CDCl3) δ 156.83 (s), 148.50 (s), 144.00 (s), 136.82 (s), 132.92 (s), 131.77 

(s), 127.98 (s), 123.70 (s), 122.09 (s), 116.55 (s), 116.11 (s), 77.41 (s), 77.16 (s), 76.91 (s), 

56.47 (s), 51.92 (s); HRMS (m/z): [M+H]+calcd for C14H14NO3, 244.0968; found, 244.0967. 

 

 

 

Methyl (E)-3-(2-methylquinolin-5-yl)acrylate (3ab): 

 

White solid, yield86% (19.5 mg);1H NMR (500 MHz, CDCl3) δ 8.43 (s, 1H), 8.40 (d, J = 4.8 

Hz, 1H), 8.07 (d, J = 8.4 Hz, 1H), 7.76 (d, J = 7.2 Hz, 1H), 7.68 (t, J = 7.8 Hz, 1H), 7.37 (d, J 

= 8.7 Hz, 1H), 6.55 (d, J = 15.8 Hz, 1H), 3.86 (s, 3H), 2.76 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 167.26, 159.54, 148.19, 140.57, 131.91, 131.87, 131.20, 129.14, 125.01, 124.57, 

122.74, 121.26, 52.02, 25.38; HRMS (m/z): [M+H]+calcd for C14H14NO2, 228.1025; found, 

228.1018. 

 

 

(E)-methyl 3-(6-fluoroquinolin-5-yl)acrylate (3mb): 
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White solid; yield 46% (10.6 mg);1H NMR (400 MHz, CDCl3) δ 8.97 – 8.90 (m, 1H), 8.54 (d, 

J = 8.6 Hz, 1H), 8.17 (d, J = 16.2 Hz, 1H), 8.15 – 8.12 (m, 1H), 7.58 – 7.49 (m, 2H), 6.74 (d, 

J = 16.2 Hz, 1H), 3.87 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 167.40 (s), 159.39 (d, JFC = 

255.7 Hz), 149.95 (d, JFC = 2.6 Hz), 145.63 (s), 133.91 (s), 133.55 (d, JFC = 10.3 Hz), 132.06 

(d, JFC = 6.3 Hz), 127.61 (d, JFC = 5.1 Hz), 125.65 (d, JFC = 12.4 Hz), 122.34 (s), 119.98 (d, 

JFC = 26.4 Hz), 116.52 (d, JFC = 12.2 Hz), 52.14 (s);HRMS (m/z): [M+H]+calcd for 

C13H11FNO2, 232.0768; found, 232.0766. 

 

 

 

Methyl (E)-3-(2-chloro-4-methylquinolin-5-yl)acrylate (3nb): 

White solid; Yield: 76% (19.9 mg);1H NMR (500 MHz, CDCl3) δ 8.06 – 7.97 (m, 2H), 7.90 

(dd, J = 8.8, 1.6 Hz, 1H), 7.86 (d, J = 16.0 Hz, 1H), 7.28 (s, 1H), 6.57 (d, J = 16.0 Hz, 1H), 

3.84 (s, 3H), 2.70 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 167.27, 151.79, 148.60, 148.21, 

143.98, 132.83, 130.02, 128.15, 127.14, 125.50, 123.48, 119.46, 52.03, 18.70; HRMS (m/z): 

[M+H]+calcd for C14H13ClNO2, 262.0635; found, 262.0630. 

 

 

(E)-benzyl 3-(8-methoxyquinolin-5-yl)acrylate (3gd): 
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White solid; yield 62% (19.7 mg); 1H NMR (400 MHz, CDCl3) δ 9.02 – 8.96 (m, 1H), 8.54 

(dd, J = 8.6, 1.2 Hz, 1H), 8.40 (d, J = 15.7 Hz, 1H), 7.83 (d, J = 8.3 Hz, 1H), 7.54 (dd, J = 8.6, 

4.1 Hz, 1H), 7.39 (ddd, J = 12.7, 8.0, 6.6 Hz, 5H), 7.09 (d, J = 8.3 Hz, 1H), 6.53 (d, J = 15.7 

Hz, 1H), 5.29 (s, 2H), 4.13 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 166.91 (s), 157.19 (s), 

149.47 (s), 140.63 (s), 140.36 (s), 136.17 (s), 132.16 (s), 128.77 (s), 128.59 (s), 128.48 (s), 

128.46 (s), 126.52 (s), 123.75 (s), 122.45 (s), 119.01 (s), 107.73 (s), 66.62 (s), 56.40 (s); HRMS 

(m/z): [M+H]+calcd for C20H18NO3, 320.1281; found, 320.1281. 

 

 

(E)-cyclohexyl 3-(8-methoxyquinolin-5-yl)acrylate (3ge): 

White solid; yield 78% (24.3 mg); 1H NMR (400 MHz, CDCl3) δ 8.97 (dd, J = 4.1, 1.5 Hz, 

1H), 8.54 (dd, J = 8.6, 1.4 Hz, 1H), 8.33 (d, J = 15.7 Hz, 1H), 7.82 (d, J = 8.2 Hz, 1H), 7.53 

(dd, J = 8.6, 4.1 Hz, 1H), 7.08 (d, J = 8.3 Hz, 1H), 6.47 (d, J = 15.7 Hz, 1H), 4.98 – 4.87 (m, 

1H), 4.12 (s, 3H), 1.98 – 1.90 (m, 2H), 1.78 (dd, J = 8.8, 3.9 Hz, 2H), 1.62 – 1.36 (m, 6H); 13C 

NMR (101 MHz, CDCl3) δ 166.57 (s), 157.14 (s), 149.53 (s), 140.15 (s), 139.55 (s), 131.97 

(s), 127.81 (s), 126.26 (s), 123.98 (s), 122.37 (s), 120.04 (s), 107.59 (s), 73.03 (s), 56.33 (s), 

31.92 (s), 25.57 (s), 23.98 (s); HRMS (m/z): [M+H]+calcd for C19H22NO3, 312.1594; found, 

312.1595. 
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1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl (E)-3-(2-methylquinolin-5-yl)acrylate (3af): 

Colourless semi solid; yield 74% (26.1 mg);1H NMR (400 MHz, CDCl3) δ 8.38 (dd, J = 12.1, 

5.2 Hz, 2H), 8.06 (d, J = 8.4 Hz, 1H), 7.78 (d, J = 7.2 Hz, 1H), 7.71 – 7.64 (m, 1H), 7.37 (d, J 

= 8.7 Hz, 1H), 6.52 (d, J = 15.7 Hz, 1H), 4.85 (dd, J = 7.2, 4.4 Hz, 1H), 2.76 (s, 3H), 1.89 (t, J 

= 6.4 Hz, 2H), 1.84 – 1.64 (m, 4H), 1.09 (s, 3H), 0.93 (s, 3H), 0.88 (s, 3H);  13C NMR (101 

MHz, CDCl3) δ 166.35, 159.47, 148.16, 139.89, 131.96, 131.86, 131.01, 129.14, 124.99, 

124.53, 122.73, 122.26, 81.52, 49.08, 47.18, 45.24, 39.04, 33.89, 27.21, 25.34, 20.29, 20.17, 

11.71; HRMS (m/z): [M+H]+calcd for C23H28NO2, 350.2120; found, 350.2112. 

 

Benzyl (E)-3-(2-methylquinolin-5-yl)acrylate (3ad): 

Colourless Semi Solid; yield 76% (23mg);1H NMR (400 MHz, CDCl3) δ 8.44 (d, J = 15.8 Hz, 

1H), 8.40 (d, J = 8.7 Hz, 1H), 8.06 (d, J = 8.3 Hz, 1H), 7.75 (d, J = 7.1 Hz, 1H), 7.70 – 7.63 

(m, 1H), 7.46 – 7.34 (m, 6H), 6.59 (d, J = 15.8 Hz, 1H), 5.30 (s, 2H), 2.75 (s, 3H). 13C NMR 

(101 MHz, CDCl3) δ 166.62, 159.50, 148.13, 144.53, 140.83, 136.05, 131.88, 131.77, 131.19, 

129.11, 128.76, 128.47, 127.40, 124.97, 124.60, 122.72, 121.26, 66.70, 25.32; HRMS (m/z): 

[M+H]+calcd for C20H18NO2, 304.1338; found, 304.1333. 

 

(E)-benzyl 3-(2-methylbenzo[d]thiazol-7-yl)acrylate (3fd): 
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White solid; yield 64% (19.8 mg); 1H NMR (500 MHz, CDCl3) δ 7.99 (d, J = 7.8 Hz, 1H), 7.91 

(d, J = 16.1 Hz, 1H), 7.54 (d, J = 7.2 Hz, 1H), 7.49 (t, J = 7.7 Hz, 1H), 7.40 (ddd, J = 23.5, 

11.5, 4.9 Hz, 5H), 6.60 (d, J = 16.1 Hz, 1H), 5.29 (s, 2H), 2.88 (s, 3H); 13C NMR (126 MHz, 

CDCl3) δ 167.38 (s), 166.71 (s), 154.59 (s), 143.34 (s), 136.04 (s), 128.97 (s), 128.79 (s), 128.53 

(s), 128.51 (s), 126.53 (s), 126.46 (s), 66.79 (s), 20.22 (s); HRMS (m/z): [M+H]+calcd for 

C19H17NNaO3S, 362.0821; found, 362.0821. 

 

 

(E)-cyclohexyl 3-(7-chloro-2-methylquinolin-5-yl)acrylate (3ke): 

White solid; yield 73% (24 mg); 1H NMR (500 MHz, CDCl3) δ 8.17 (d, J = 15.9 Hz, 2H), 8.08 

(s, 2H), 8.02 (d, J = 8.8 Hz, 4H), 7.30 (d, J = 8.4 Hz, 2H), 6.54 (d, J = 15.9 Hz, 2H), 4.93 (ddd, 

J = 12.8, 8.7, 3.7 Hz, 2H), 2.74 (s, 6H), 1.99 – 1.72 (m, 9H), 1.57 – 1.28 (m, 12H); 13C NMR 

(126 MHz, CDCl3) δ 165.91 (s), 161.43 (s), 148.53 (s), 140.08 (s), 136.33 (s), 135.43 (s), 

131.19 (s), 129.30 (s), 126.94 (s), 125.20 (s), 123.07 (s), 122.40 (s), 77.41 (s), 77.16 (s), 76.91 

(s), 73.22 (s), 31.85 (s), 25.64 (s), 25.57 (s), 23.92 (s); HRMS (m/z): [M+H]+calcd for 

C19H21ClNO2, 330.1255; found, 330.1251. 

 

 

(E)-2-methyl-5-(2-(methylsulfonyl)vinyl)quinoline (3ag): 
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White Solid; yield 69% (17 mg); 1H NMR (400 MHz, CDCl3) δ 8.37 (d, J = 2.6 Hz, 1H), 8.34 

(d, J = 9.2 Hz, 1H), 8.12 (d, J = 8.0 Hz, 1H), 7.72 (dt, J = 15.4, 6.7 Hz, 2H), 7.40 (d, J = 8.7 

Hz, 1H), 7.04 (d, J = 15.2 Hz, 1H), 3.10 (s, 3H), 2.77 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 

159.98, 148.15, 139.75, 132.37, 131.46, 129.32, 129.04, 125.25, 125.00, 123.17, 43.35, 25.38; 

HRMS (m/z): [M+H]+calcd for C13H14NO2S, 248.0745; found, 248.0739. 

 

 

Cyclohexyl (E)-3-(2-methylquinolin-5-yl)acrylate (3ae): 

White solid;yield: 81% (24.2 mg), 1H NMR (500 MHz, CDCl3) δ 8.39 (dd, J = 17.7, 12.2 Hz, 

2H), 8.05 (d, J = 8.4 Hz, 1H), 7.75 (d, J = 7.2 Hz, 1H), 7.71 – 7.62 (m, 1H), 7.35 (d, J = 8.7 

Hz, 1H), 6.53 (d, J = 15.7 Hz, 1H), 5.07 – 4.73 (m, 1H), 2.75 (s, 3H), 1.98 – 1.93 (m, 2H), 1.82 

– 1.73 (m, 2H), 1.60 – 1.49 (m, 3H), 1.47 – 1.39 (m, 2H), 1.30 (dd, J = 13.8, 3.4 Hz, 1H); 13C 

NMR (101 MHz, CDCl3) δ 166.25, 159.41, 148.13, 139.91, 132.01, 131.94, 130.94, 129.10, 

124.95, 124.49, 122.62, 122.32, 73.15, 31.86, 25.53, 25.32, 23.93; HRMS (m/z): [M+H]+calcd 

for C19H22NO2, 296.1651; found, 296.1649. 
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3.4.6. Representative NMR spectra: 

 



Chapter 3 

 

107 | P a g e  

 

 

 



Chapter 3 

 

108 | P a g e  

 

 

 



Chapter 3 

 

109 | P a g e  

 

 



Chapter 3 

 

110 | P a g e  

 

 



Chapter 3 

 

111 | P a g e  

 



Chapter 3 

 

112 | P a g e  

 

 

 



Chapter 3 

 

113 | P a g e  

 

 

 



Chapter 3 

 

114 | P a g e  

 

 

 

 



Chapter 3 

 

115 | P a g e  

 

3.5. References: 

1. Tsuji, N.; Kennemur, J. L.; Buyck, T.; Lee, S.; Prévost, S.; Kaib, P. S. J.; Bykov, D.; 

Farès, C.; List, B.Science 2018, 359, 1501-1505. 

2. Monaco, M. R.; Fazzi, D.; Tsuji, N.; Leutzsch, M.; Liao, S.; Thiel, W.; List, B.J. Am. 

Chem. Soc. 2016, 138, 14740-14749. 

3. Doyle, A. G.; Jacobsen, E. N.Chem. Rev. 2007, 107, 5713-5743. 

4. Davis, H. J.; Phipps, R. J.Chem. Sci. 2017, 8, 864-877. 

5. Saidi, O.;Marafie, J.;Ledger, A. E. W.;Liu, P. M.;Mahon, M. F.;Kociok-Köhn, 

G.;Whittlesey, M. K.;Frost, C. G. J. Am. Chem. Soc. 2011, 133, 19298-19301. 

6. Leow, D.;Li, G.;Mei, T.-S.;Yu, J.-Q. Nature 2012, 486, 518. 

7. Hofmann, N.;Ackermann, L. J. Am. Chem. Soc. 2013, 135, 5877-5884. 

8. Li, J.;Korvorapun, K.;De Sarkar, S.;Rogge, T.;Burns, D. J.;Warratz, S.;Ackermann, L. 

Nat. Commun. 2017, 8, 15430. 

9. Yu, D.-G.;Gensch, T.;de Azambuja, F.;Vásquez-Céspedes, S.;Glorius, F. J. Am. Chem. 

Soc. 2014, 136, 17722-17725. 

10. Li, J.;Warratz, S.;Zell, D.;De Sarkar, S.;Ishikawa, E. E.;Ackermann, L. J. Am. Chem. 

Soc. 2015, 137, 13894-13901. 

11. Wang, H.;Schröder, N.;Glorius, F. Angew. Chem. Int. Ed. 2013, 52, 5386-5389. 

12. Bera, M.;Maji, A.;Sahoo, S. K.;Maiti, D. Angew. Chem. Int. Ed. 2015, 54, 8515-8519. 

13. Bag, S.;Patra, T.;Modak, A.;Deb, A.;Maity, S.;Dutta, U.; Dey, A.;Kancherla, R.;Maji, 

A.;Hazra, A.;Bera, M.;Maiti, D. J. Am. Chem. Soc. 2015, 137, 11888-11891. 

14. Dong, Z.;Wang, J.;Dong, G. J. Am. Chem. Soc. 2015, 137, 5887-5890. 

15. Murai, S.;Kakiuchi, F.;Sekine, S.; Tanaka, Y.;Kamatani, A.;Sonoda, M.;Chatani, N. 

Nature 1993, 366, 529. 



Chapter 3 

 

116 | P a g e  

 

16. Gemoets, H. P. L.;Laudadio, G.;Verstraete, K.;Hessel, V.;Noël, T. Angew. Chem. Int. 

Ed. 2017, 56, 7161-7165. 

17. Arockiam, P. B.;Bruneau, C.;Dixneuf, P. H. Chem. Rev. 2012, 112, 5879-5918. 

18. Reding, A.;Jones, P. G.;Werz, D. B. Angew. Chem. Int. Ed., 2018, 

doi:10.1002/anie.201805399. 

19. Crabtree, R. H. Chem. Rev. 2015, 115, 127-150. 

20. Davis, H. J.;Mihai, M. T.;Phipps, R. J. J. Am. Chem. Soc. 2016, 138, 12759-12762. 

21. Davis, H. J.;Genov, G. R.;Phipps, R. J. Angew. Chem. Int. Ed. 2017, 56, 13351-13355. 

22. Chattopadhyay, B.;Dannatt, J. E.;Andujar-De Sanctis, I. L.;Gore, K. A.;Maleczka, R. 

E.;Singleton, D. A.;Smith, M. R. J. Am. Chem. Soc. 2017, 139, 7864-7871. 

23. Kuninobu, Y.;Ida, H.;Nishi, M.;Kanai, M. Nat. Chem. 2015, 7, 712. 

24. Zhang, Z.;Tanaka, K.;Yu, J.-Q. Nature 2017, 543, 538. 

25. Maji, A.;Guin, S.;Feng, S.;Dahiya, A.;Singh, V. K.;Liu, P.;Maiti, D. Angew. Chem. Int. 

Ed. 2017, 56, 14903-14907. 

26. Gunanathan, C.;Milstein, D. Chem. Rev. 2014, 114, 12024-12087. 

27. Atienza, C. C. H.;Diao, T.;Weller, K. J.;Nye, S. A.;Lewis, K. M.;Delis, J. G. P.;Boyer, 

J. L.;Roy, A. K.;Chirik, P. J. J. Am. Chem. Soc. 2014, 136, 12108-12118. 

28. Wang, Q.-Q.;Begum, R. A.;Day, V. W.;Bowman-James, K. J. Am. Chem. Soc. 2013, 

135, 17193-17199. 

 

 

 



 

117 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

118 | P a g e  

 

 

 

 

 

 

Chapter 4 

 

 

 

 

 

 

 

 

 

 

 



 

119 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

120 | P a g e  

 

Chapter 4 

Palladium catalyzed template directed C-5 selective 

olefination of thiazoles 

 

 

 

Abstract: An efficient method has been developed to afford highly C-5 selective olefination 

of thiazole derivatives utilizing bifunctional template in an intermolecular fashion. 

Coordinative interaction between substrates and metal chelated template backbone plays 

crucial role for high C-5 selectivity. Excellent selectivity for C-5 position was observed while 

mono substituted (2- or 4-) or even more challenging unsubstituted thiazoles were employed. 
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4.1. Introduction: 

Over the two decades, transition metal-catalyzed CH activation strategy has been emerged as 

an useful tool in organic synthesis owing to its versatile usefulness including late-stage 

functionalizations of pharmaceuticals, agrochemicals etc.1-4 In this context, CH olefination 

reaction has turned out as an important method as it allows to afford an array of pharmaceutical 

precursors and complex organic molecules synthesis in a step and atom economic way. 

Precisely, the palladium-catalyzed CH olefination is one of the attractive reaction for 

accessing the olefinated products.5,6 Since the discovery of Fujiwara-Moritani and Mizoroki-

Heck reaction, remarkable progress has been made to improve the efficacy and practicality of 

the oxidative olefination reaction.7-12 However, presence of several CH bonds in an organic 

molecule impose a challenge to achieve desired CH bond functionalization selectively. 

Generally, regioselective CH functionalizations are governed through the inherent electronic 

and steric factors of the aromatic compounds. Over the past few years, either directed or non-

directed approaches have been utilized to resolve the selectivity issues.13-17 The directing group 

(DG) strategy often can have advantages over other strategies. However the directing groups 

(DGs) are not useful in certain molecules which lack the suitable functional group to tether the 

DG. Also the removal of the DG is usually essential, thus certainly limiting the practicality and 

scalability of the methods. Alternatively, utilization of electronically triggered substrates (non-

directed) to enable innately distinguished CH bond activation is desirable, especially for the 

(hetero)arenes though the selectivity remained major issues.18,19 
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Figure 4.1. Representative examples of 5-olefinated/alkyl thiazole containing molecules. 

Thiazole ring represents a privileged class of heterocyclic compounds, repeatedly found in 

many natural products, pharmaceutically active substrates and organic materials.20-22 Recently, 

significant developments have been made to utilize thiazole ring as masked formyl group, 

derivatization of thiazole for better usability.23,24 Many 5-olefinated thiazole derivatives are 

found to be strong potential bioactive molecules. Epothilone A is a potential cancer drug, while 

5-olefinated thiazole derivative, C is a cardiovascular agent (Figure 4.1).25,26 Hydrogenated 

congener of 5-olefinated thiazole, D is an agonist of peroxisome proliferator activated receptors 

(PPARs).27 Consequently, development of C-5 selective functionalization of thiazoles are of 

immense medicinal value. With our continuous interest in developing template directed 

regioselective distal CH bond functionalization of heterocycles, we intended to utilize 

bifunctional template for selective C5H bond olefination of thiazole.28 It is quite challenging 

to achieve CH functionalization of thiazole because of their higher tendency to dimerize under 

oxidative conditions.29,30 Besides, selectivity inversion between C-2 and C-5 positions of 

thiazole is another intimidating challenge. Especially, when 2,5-unsubstituted thiazole 

derivatives were utilized as substrates under transition metal catalyzed oxidative conditions, 2-

olefinated products were generally observed though the C-5 position possesses high electron 
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density.31 In general C2- substituted thiazole derivatives were used to afford C5-functionalized 

thiazoles (Scheme 4.1a).32-35 Development of C5H selective functionalization of unbiased 

thiazole are extremely challenging and remained very little explored.36,37 In this regard, 

utilization of non-covalent interactions could be useful to achieve site-selective CH bond 

functionalized products.38-42 Herein, we present our development of selective C5H bond 

olefination of thiazole utilizing bifunctional template (Scheme 4.1b). Template was designed 

in such a way that backbone helps to pendant the thiazole through coordination of N-center to 

chelated metal. On the other hand template containing side arm DG directs the metal catalyst 

to the desired CH bond selectively. 

 

Scheme 4.1. Site-selective C-5 olefination of thiazole. (a) Previous strategies and existing 

challenges in site-selective CH functionalization. (b) Our hypothesis: Coordinative 

interactions promoted selective C-5 activations. (c) This work: Template directed C-5 selective 

olefination of thiazoles. 
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4.2. Result and discussion: 

The tri-coordinating templates have been prepared by amidation reaction from di-picolinic acid 

and nitrile containing biphenyl amine.28,42 An appropriate distance and geometry of the 

template play the crucial role to host the substrate through coordinative interaction in a host-

guest complexation manner. Geometry of di-picolinamide based templates might allow site-

selective CH bond functionalization of thiazole derivatives.  

 

Scheme 4.2. Evaluation of templates for site-selective C5−H functionalizations of thiazole. 

To check the feasibility of this hypothesis, we initially carried out palladium catalyzed 

olefination reaction employing 4-methylthiazole 1a as a model substrate with methyl acrylate 

2a in presence of mono protected amino acid (MPAA) ligand, Ac-Gly-OH (Scheme 4.2). To 

our delight, the desired C5-olefinated thiazole moiety was achieved in 18% yield with template 



Chapter 4 

126 | P a g e  

 

T1. Slightly better yield and selectivity was obtained with template T2 and T5. Introducing the 

steric effect into the inner core of the template (T4) enhances the selectivity significantly. The 

necessity of steric and geometrical constraint of the inner core was further supported by 

template T3. Presence of methyl substituents outer side of the core failed to endorse the higher 

selectivity. Presence of fluorine atom in the DGs of template T6, enhanced the homogeneity 

of the reaction mixture and also apparently modulated the electronic environment around the 

DGs. As a result, template T6 was found to be an effective template for C5-olefination of 

thiazole derivatives. 

Table 4.1. Screening of the reaction parameters.a 

 

entry condition Yield (%),b 

selectivity (C5:C2) 

1 Standard condition 75 (16:1) 

2 In absence of Template (T6) Complex mixture 

3 In absence of Pd(OAc)2 0 

4 Ag2CO3 instead of AgOAc 65 (15:1) 

5 AgOAc (3 equiv) 73 (16:1) 

6 AgOAc (2 equiv) 52 (16:1) 

7 36 h 73 (16:1) 

8 Pd(OAc)
2
 (8 mol%), Ac-Gly-OH (16 mol%) 68 (16:1) 

9 Pd(OAc)
2
 (12 mol%), Ac-Gly-OH (24 mol%) 75 (16:1) 

aAll the reactions were carried out with 4-methylthiazole (1a, 0.1 mmol), methyl acrylate (2a, 0.3 mmol) in 1 mL 

solvent under aerobic condition. bIsolated yield. 
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Scheme 4.3a. Substrates scope for C-5 selective olefination of thiazole derivatives. 

Encouraged by the desired outcomes with template T6, different reaction parameters were 

optimized. It is noteworthy that, in the absence of T6, complex mixtures were observed under 

the standard reaction conditions (Table 4.1, entry 2). In absence of Pd(OAc)2, formation of 

olefinated products were not observed, the starting materials remain mostly unreacted (entry 

3). Diminished yields were obtained with the lowering of oxidant amount and by changing the 
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oxidant to Ag2CO3. Variation in the reaction time and catalyst loading could not effect much 

in yield of the desired product (entries 7–9). The optimal reaction conditions were obtained 

while 10 mol% of Pd(OAc)2 was used along with 20  mol% acetylglycine and AgOAc (2.5 

equiv) at 80 oC in HFIP for 30 h. 

 

Scheme 4.3b. Substrates scope for C-5 selective olefination of thiazole derivatives. 

With the optimized condition, we further evaluated the scope of thiazole derivatives and olefin 

coupling partners for C5-selective olefination reactions. As shown in Scheme 3, 4-

methylthiazole and 4-chlorothiazole reacted smoothly with   varieties of olefins to afford 5-

olefinated products in excellent yields and selectivity. In spite of having unsubstituted C-2 

position, the observed excellent selectivity further emphasized the importance of suitable 

bifunctional template for this particular reaction system. Bulky olefins such as dicyclopentanyl 

acrylate (2e), benzyl acrylate (2g), methyl cyclopentene-1-carboxylate (2h), cyclohexyl 

acrylate (2i) and electron deficient vinyl arene (2f) were found to be well tolerated and provided 
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the desired products with excellent yields and selectivity. Methyl cyclopentene-1-carboxylate 

(2h) proceeded to provide exclusive C5-selective allylated thiazole derivatives in excellent 

yield under the reaction conditions. Formation of allylated derivatives could be attributed by 

the sterically feasible -H elimination rather than sterically encumbered one.  

 

Figure 4.2. Stepwise reaction pathway for recyclable template. 

Based on our investigations, a plausible reaction pathway is depicted in Figure 4.2. To elucidate 

the role of template, we performed stepwise reaction for C-5 selective olefination of 4-

methylthiazole (1a). Spectral characterization of A clearly establishes the complexation of 

substrate and template system. As a proof-of-concept, we were succesfully able to characterize 

the quinaldine appended T6 by X-ray crystallography (Figure 4.3). In the presence of catalytic 

palladium(II) acetate and MPAA ligand, the exposed C5H bond of 1a was activated 

selectively and subsequently reacted with olefin. The functionalized product was isolated from 

template backbone by treating the reaction mixture with strong coordinating 4-dimethylamino 
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pyridine (DMAP). DMAP bound T6, the intermediate D was characterized spectroscopically 

(X-ray, CCDC 1846055). Acidic treatment of D in acetonitrile under reflux condition helps to 

regenerate the template in 87% yield. The straightforward  synthetic protocol represents T6 as 

recyclable template. 

 

Figure 4.3. X-ray crystal structure of quinaldine appended T6 (CCDC 1899987). Ellipsoids 

are drawn at 50% probability level. 

4.3. Conclusion: 

In conclusion, we have developed an efficient and straightforward synthetic protocol for the 

synthesis of C-5 selective olefination of thiazole derivatives by employing non-covalent 

interaction. These findings will be useful to the synthetic community for utilization of non-

covalent interactions towards regioselective functionalization of small heterocycles and also 

eventually will be helpful to access diverse array of 5-olefinated bioactive thiazole derivatives. 

Further exploration of this strategy and application in the synthesis of thiazole containing 

fluorescent materials are underway in our laboratory. 
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4.4. Experimental Details: 

4.4.1. Materials and Methods.  All reactions were carried out in screw cap reaction tubes 

under aerobic condition, unless stated otherwise. All the chemicals and solvents were bought 

from Aldrich, TCI-India, and Alfa-aesar and were used as received. The compounds were 

purified through column chromatography using 100-200 mesh silica gel and Petroleum 

ether/Ethyl acetate solvent mixture as an eluent, unless otherwise stated. Isolated compounds 

were characterized by 1H, 13C NMR spectroscopy, HRMS, EI-MS and FT-IR spectroscopy. 

Unless otherwise stated, all Nuclear Magnetic Resonance spectra were recorded on Bruker 400 

MHz or 500 MHz instrument. NMR spectra are reported in parts per million (ppm), and were 

measured relative to the signals for residual solvent (7.26 ppm for 1H NMR and 77.16 ppm for 

13C NMR in CDCl3; 1.94 ppm for 1H NMR and 1.32 ppm for 13C NMR in CD3CN) in the 

deuterated solvents used, unless otherwise stated. All 13C NMR spectra were obtained as 1H 

decoupled. Multiplicities were indicated as follows: s (singlet), d (doublet), t (triplet), q 

(quartet), m (multiplet). Coupling constants were reported in hertz (Hz). All the HRMS were 

recorded on a micro-mass ESI TOF (time of flight) mass spectrometer and EI-MS spectra were 

recorded on Agilent instruments. Melting points were determined in digital melting point 

apparatus (Buchi) and reported as uncorrected. 

4.4.2. General Procedure for synthesis of tridentate template. Standard synthetic procedure 

was followed for the synthesis of tridentate template from our previously reported method.28 

Templates T1-6 were used from our previous stock of the templates. For identification of the 

scope of the methodology template T6 was prepared in large scale following the previous 

report.  

T6:28 Yellow solid; yield 82% (2.98 g); 1H NMR (500 MHz, CD3CN): δ 8.24 (s, 1H), 7.77 

(ddd, J = 23.1, 16.2, 7.3 Hz, 4H), 7.30 (ddd, J = 23.5, 14.8, 6.0 Hz, 7H), 7.16 (d, J = 7.4 Hz, 
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1H), 7.06 (s, 2H), 2.20 (s, 3H), 2.15 (s, 3H); 13C{1H} NMR (126 MHz, CD3CN): δ 169.0, 164.3 

(d, J = 256.5 Hz), 153.0, 148.6 (d, J = 30.8 Hz), 148.1 (d, J = 7.8 Hz), 143.1, 138.9, 135.9 (d, 

J = 9.8 Hz), 133.0 (d, J = 4.7 Hz), 128.9 (d, J = 8.7 Hz), 127.4 (d, J = 29.6 Hz), 126.8 (d, J = 

8.4 Hz), 126.6, 126.5, 115.7 (d, J = 19.8 Hz), 114.4, 102.7 (d, J = 15.2 Hz), 15.7. 

4.4.3. General Procedure for C-5 selective CH olefination of thiazoles with tridentate 

template. An oven dried reaction tube was charged with magnetic stirring bar, 1 (0.1 mmol), 

template (0.1 mmol), and 1mL of DCM to dissolve the substrate and template. After stirring 

for 20 min at room temperature, the mixture was dried under reduced pressure. Pd(OAc)2 (0.01 

mmol), N-Ac-Gly-OH (0.02 mmol), AgOAc (0.25 mmol), HFIP (1.0 ml) and 2 (0.3 mmol) 

were then added in the reaction tube under atmospheric condition. The reaction tube was sealed 

and kept under stirring condition in a pre-heated oil bath at 80 °C for 30 h. After cooling to 

room temperature, the reaction mixture was diluted with EtOAc and filtered through celite. The 

filtrate was concentrated and the residue was dissolved in toluene (2-3 mL). 2-3 equiv. of 

DMAP was added to the solution and stirred at 80 oC (pre-heated oil bath) for 5-10 min. The 

reaction was then cooled to room temperature and the mixture was passed through a short pad 

of silica using EtOAc/hexane (1:1) as the eluent to obtain the product mixture. Finally the 

compound (3) was purified by column chromatography using EtOAc/pet ether solvent mixture 

as an eluent. 

After removing the product mixture, the silica pad was washed with DCM/MeOH (10:1) to get 

the crude template solution which is used for regeneration of the template. 

4.4.4. Template regeneration. The crude template solution was concentrated in vacuo and the 

residue was dissolved in acetonitrile. 2 equiv. of methanesulfonic acid was added the solution 

and kept in a pre-heated oil bath at 60 oC for 2 h. Upon completion, the reaction mixture was 

allowed to cool and the solvent was then removed under reduced pressure. Then the residue 
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was dissolved in DCM and washed with water. The organic layer was dried over anhydrous 

Na2SO4 and concentrated under reduced pressure. Finally the template was purified by column 

chromatography (100-200 mesh silica gel) using 5% MeOH/DCM as the eluent.  

Large scale synthesis. An oven dried 100 mL schlenk flask was charged with magnetic stirring 

bar, 1a (182 µL, 2 mmol), template (1.45 g, 2 mmol), and 15 mL of DCM to dissolve the 

substrate and template. After stirring for 30 min at room temperature, the mixture was dried 

under reduced pressure. Pd(OAc)2 (45 mg, 0.2 mmol), N-Ac-Gly-OH (46.8 mg, 0.4 mmol), 

AgOAc (835 mg, 5 mmol), HFIP (20 ml) and methyl acrylate 2a (543 µL, 6 mmol) were then 

added in the reaction flask under atmospheric condition. Then the flask was sealed and kept 

under stirring condition in a pre-heated oil bath at 80 °C for 30 h. After cooling to room 

temperature, the reaction mixture was diluted with EtOAc and filtered through celite. The 

filtrate was concentrated and the residue was dissolved in toluene (20-25 mL). 3 equiv. of 

DMAP was added to the solution and stirred at 80 oC (pre-heated oil bath) for 20 min. The 

reaction was then cooled to room temperature and the mixture was passed through a short pad 

of silica using EtOAc/hexane (1:1) as the eluent to obtain the product mixture. Finally the 

compound (3aa, 249 mg, 68%) was purified by column chromatography using EtOAc/pet ether 

solvent mixture as an eluent. 

4.4.5. Characterization Data. 

 (E)-Methyl 3-(4-methylthiazol-5-yl)acrylate (3aa).37 White solid; yield 75% (13.7 mg); Rf = 

0.38 (ethyl acetate/hexane = 1:4); mp = 79–80 °C; 1H NMR (400 MHz, CDCl3): δ 8.68 (s, 1H), 

7.81 (d, J = 15.6 Hz, 1H), 6.15 (d, J = 15.6 Hz, 1H), 3.79 (s, 3H), 2.56 (s, 3H); 13C{1H} NMR 

(101 MHz, CDCl3): δ 166.9, 155.9, 152.8, 134.0, 128.4, 119.5, 51.9, 15.8; IR (KBr) ν̃  2987.0 

(m), 2952.5 (m), 1737.8 (s), 1625.7 (s), 1435.0 (m), 1374. 1 (m), 1309.7 (m), 1243.2 (s), 1169.6 

(m), 1045.9 (m), 965.4 (m), 910.8 (m) cm−1; EI-MS calcd for C8H9NO2S 183.0, found 183.1. 
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(E)-Ethyl 3-(4-methylthiazol-5-yl)acrylate (3ab).37 Yellow solid; yield 92% (18.1 mg); Rf = 0.3 

(ethyl acetate/hexane = 1:4); mp = 75–77 °C; 1H NMR (500 MHz, CDCl3): δ 8.69 (s, 1H), 7.81 

(d, J = 15.6 Hz, 1H), 6.16 (d, J = 15.6 Hz, 1H), 4.26 (q, J = 7.1 Hz, 2H), 2.57 (s, 3H), 1.33 (t, 

J = 7.1 Hz, 3H); 13C{1H} NMR (126 MHz, CDCl3): δ 166.5, 155.9, 152.8, 133.8, 128.5, 120.1, 

60.9, 15.8, 14.5; IR (KBr) ν̃  3021.1 (s), 1708.0 (s), 1627.7 (m), 1522.2 (m), 1214.7 (s), 929.8 

(m) cm−1; HRMS (ESI-TOF) calcd for C9H12NO2S (M + H+) 198.0583, found 198.0582.  

(E)-Butyl 3-(4-methylthiazol-5-yl)acrylate (3ac).37 Yellowish oil; yield 94% (21.1 mg); Rf = 

0.4 (ethyl acetate/hexane = 1:4); 1H NMR (500 MHz, CDCl3): δ 8.68 (s, 1H), 7.80 (d, J = 15.6 

Hz, 1H), 6.15 (d, J = 15.6 Hz, 1H), 4.20 (t, J = 6.7 Hz, 2H), 2.56 (s, 3H), 1.72 – 1.62 (m, 2H), 

1.47 – 1.37 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H); 13C{1H} NMR (126 MHz, CDCl3): δ 166.6, 155.8, 

152.7, 133.7, 128.5, 120.0, 64.8, 30.9, 19.3, 15.7, 13.8; IR (KBr) ν̃  2925.0 (s), 2854.8 (s), 

1733.1 (s), 1461.1 (m), 1378.3 (m), 1018.2 (m) cm−1; HRMS (ESI-TOF) calcd for C11H16NO2S 

(M + H+) 226.0896, found 226.0896. 

(E)-2,2,2-Trifluoroethyl 3-(4-methylthiazol-5-yl)acrylate (3ad). White solid; yield 87% (21.8 

mg); Rf = 0.5 (ethyl acetate/hexane = 1:4); mp = 84–85 °C; 1H NMR (500 MHz, CDCl3): δ 

8.75 (s, 1H), 7.91 (d, J = 15.5 Hz, 1H), 6.20 (d, J = 15.5 Hz, 1H), 4.59 (q, J = 8.4 Hz, 2H), 2.59 

(s, 3H); 19F NMR (471 MHz, CDCl3): δ -73.70 (t, J = 8.4 Hz); 13C{1H} NMR (126 MHz, 

CDCl3): δ 164.8, 153.6, 136.2, 126.5 (q, J = 254.5 Hz), 117.4, 60.4 (q, J = 14.5 Hz), 15.9; IR 

(KBr) ν̃  2927.4 (m), 2856.0 (m), 1734.1 (s), 1625.5 (s), 1290.5 (s), 1149.6 (s), 966.1 (m)  cm−1; 

EI-MS calcd for C9H8F3NO2S 251.0, found 251.1; HRMS (ESI-TOF) calcd for C9H9F3NO2S 

(M + H+) 252.0300, found 252.0281. 

(E)-(3a,4,7R,7a)-Octahydro-1H-4,7-methanoinden-5-yl 3-(4-methylthiazol-5-yl)acrylate 

(3ae). Yellowish oil; yield 91% (29.5 mg); Rf = 0.28 (ethyl acetate/hexane = 1:4); 1H NMR 

(400 MHz, CDCl3): δ 8.67 (s, 1H), 7.76 (d, J = 15.5 Hz, 1H), 6.12 (d, J = 15.5 Hz, 1H), 4.67 
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(d, J = 6.5 Hz, 1H), 2.55 (s, 3H), 2.12 (s, 1H), 2.05 (d, J = 3.9 Hz, 1H), 1.89 – 1.78 (m, 3H), 

1.77 – 1.61 (m, 3H), 1.46 (ddd, J = 13.5, 4.0, 2.4 Hz, 1H), 1.35 (q, J = 10.5 Hz, 2H), 1.26 – 

1.19 (m, 1H), 0.95 (ddd, J = 23.5, 12.0, 5.4 Hz, 2H); 13C{1H} NMR (101 MHz, CDCl3): δ 

166.3, 155.7, 152.7, 133.4, 128.5, 120.5, 77.6, 47.4, 46.3, 43.1, 39.7, 39.3, 32.1, 31.8, 29.6, 

27.8, 15.7; IR (KBr) ν̃  2951.1 (s), 2863.9 (m), 1701.9 (s), 1626.0 (s), 1517.2 (m), 1170.8 (s), 

964.2 (s) cm−1; HRMS (ESI-TOF) calcd for C17H21NNaO2S (M + Na+) 326.1185, found 

326.1186. 

(E)-4-Methyl-5-(2-(perfluorophenyl)vinyl)thiazole (3af). White solid; yield 86% (28.8 mg); Rf 

= 0.6 (ethyl acetate/hexane = 1:4); mp = 107–108 °C; 1H NMR (500 MHz, CDCl3): δ 8.66 (s, 

1H), 7.53 (d, J = 16.4 Hz, 1H), 6.67 (d, J = 16.4 Hz, 1H), 2.54 (s, 3H); 19F NMR (471 MHz, 

CDCl3): δ -142.61 (dd, J = 21.4, 7.6 Hz, 2F), -155.68 (t, J = 20.7 Hz, 1F), -162.54 (dt, J = 21.4, 

7.7 Hz, 2F); 13C{1H} NMR (126 MHz, CDCl3): δ 152.9, 151.3, 146.2 – 145.6 (m), 143.9 – 

143.6 (m), 141.1 (dd, J = 11.9, 6.8 Hz), 139.2 – 138.6 (m), 137.3 – 136.6 (m), 130.5, 127.1 – 

126.6 (m), 114.7, 114.7, 112.3 – 111.8 (m), 15.6; IR (KBr) ν̃  3091.9 (s), 2925.7 (s), 1786.2 

(s), 1630.9 (s), 1491.1 (s), 1378.8 (s), 992.0 (s) cm−1; HRMS (ESI-TOF) calcd for C12H7F5NS 

(M + H+) 292.0214, found 292.0213. 

(E)-Benzyl 3-(4-methylthiazol-5-yl)acrylate (3ag).37 Off-white solid; yield 77% (19.9 mg); Rf 

= 0.33 (ethyl acetate/hexane = 1:4); mp = 71–72 °C; 1H NMR (500 MHz, CDCl3): δ 8.68 (s, 

1H), 7.85 (d, J = 15.5 Hz, 1H), 7.41 – 7.35 (m, 5H), 6.20 (d, J = 15.5 Hz, 1H), 5.24 (s, 2H), 

2.56 (s, 3H); 13C{1H} NMR (126 MHz, CDCl3): δ 166.3, 156.1, 152.9, 135.9, 134.3, 128.8, 

128.5, 128.46, 128.4, 119.6, 66.7, 15.8; IR (KBr) ν̃  3021.2 (s), 1706.2 (s), 1627.0 (s), 1522.0 

(m), 1214.8 (s), 1166.7 (s), 929.9 (m) cm−1; EI-MS calcd for C14H13NO2S 259.06, found 259.1.  

Methyl 5-(4-methylthiazol-5-yl)cyclopent-1-enecarboxylate (3ah). White solid; yield 96% 

(21.4 mg); Rf = 0.18 (ethyl acetate/hexane = 1:4); mp = 56–57 °C; 1H NMR (500 MHz, CDCl3): 
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δ 8.51 (s, 1H), 6.93 (s, 1H), 4.48 – 4.40 (m, 1H), 3.63 (dd, J = 6.4, 1.6 Hz, 3H), 2.78 – 2.69 (m, 

1H), 2.59 – 2.49 (m, 2H), 2.47 (s, 3H), 1.95 – 1.89 (m, 1H); 13C{1H} NMR (126 MHz, CDCl3): 

δ 164.7, 149.1, 148.3, 145.1, 139.3, 136.0, 51.7, 41.9, 33.8, 31.9, 15.2; IR (KBr) ν̃  3021.3 (m), 

2952.8 (m), 1718.4 (s), 1633.6 (m), 1437.7 (m), 1214.9 (s), 748.2 (s) cm−1; HRMS (ESI-TOF) 

calcd for C11H14NO2S (M + H+) 224.0740, found 224.0737. 

(E)-Ethyl 3-(4-chlorothiazol-5-yl)acrylate (3bb). Yellow solid; yield 98% (21.3 mg); Rf = 0.55 

(ethyl acetate/hexane = 1:4); mp = 89–90 °C; 1H NMR (500 MHz, CDCl3): δ 8.70 (s, 1H), 7.79 

(d, J = 15.8 Hz, 1H), 6.25 (d, J = 15.8 Hz, 1H), 4.26 (q, J = 7.1 Hz, 2H), 1.33 (t, J = 7.1 Hz, 

3H); 13C{1H} NMR (126 MHz, CDCl3): δ 165.8, 152.9, 142.8, 131.9, 127.5, 122.2, 61.1, 14.4; 

IR (KBr) ν̃  3089.5 (m), 2984.5 (m), 1707.6 (s), 1630.2 (s), 1269.5 (s), 1176.8 (s), 913.3 (s) 

cm−1; EI-MS calcd for C8H8ClNO2S 216.99, found 217.0; HRMS (ESI-TOF) calcd for 

C8H9ClNO2S (M + H+) 218.0037, found 218.0018. 

(E)-2,2,2-Trifluoroethyl 3-(4-chlorothiazol-5-yl)acrylate (3bd). Yellow solid; yield 89% (24.1 

mg); Rf = 0.6 (ethyl acetate/hexane = 1:4); mp = 92–93 °C; 1H NMR (500 MHz, CDCl3): δ 

8.76 (s, 1H), 7.92 (d, J = 15.8 Hz, 1H), 6.31 (d, J = 15.8 Hz, 1H), 4.60 (q, J = 8.4 Hz, 2H); 19F 

NMR (471 MHz, CDCl3): δ -73.68 (t, J = 8.4 Hz); 13C{1H} NMR (126 MHz, CDCl3): δ 164.2, 

153.7, 143.9, 134.4, 127.1, 123.0 (q, J = 277.2 Hz), 119.6, 60.8 (q, J = 74.3 Hz); IR (KBr) ν̃  

3021.1 (m), 1735.9 (s), 1629.8 (s), 1482.4 (m), 1214.9 (s), 1152.0 (s), 969.7 (m) cm−1; EI-MS 

calcd for C8H5ClF3NO2S 270.96, found 271.0. 

(E)-Cyclohexyl 3-(4-chlorothiazol-5-yl)acrylate (3bi). Yellow solid; yield 92% (24.9 mg); Rf 

= 0.4 (ethyl acetate/hexane = 1:4); mp = 50–51 °C; 1H NMR (400 MHz, CDCl3): δ 8.69 (s, 

1H), 7.77 (d, J = 15.8 Hz, 1H), 6.24 (d, J = 15.8 Hz, 1H), 4.91 – 4.83 (m, 1H), 1.89 (dd, J = 

9.3, 3.9 Hz, 2H), 1.75 (dd, J = 8.8, 3.5 Hz, 2H), 1.56 – 1.35 (m, 5H), 1.31 – 1.23 (m, 1H); 

13C{1H} NMR (101 MHz, CDCl3): δ 165.3, 152.8, 142.6, 131.6, 127.6, 122.8, 73.5, 31.7, 25.5, 
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23.9, IR (KBr) ν̃  3020.9 (s), 1706.0 (s), 1520.8 (m), 1273.8 (m), 1214.7 (s), 928.5 (m) (s) cm−1; 

EI-MS calcd for C12H14ClNO2S 271.0, found 271.1; HRMS (ESI-TOF) calcd for 

C12H15ClNO2S (M + H+) 272.0506, found 272.0491. 

(E)-Ethyl 3-(2-methylthiazol-5-yl)acrylate (3cb). Yellowish oil; yield 92% (18.1 mg); Rf = 0.6 

(ethyl acetate/hexane = 1:4); 1H NMR (500 MHz, CDCl3): δ 7.72 (d, J = 5.1 Hz, 1H), 7.71 (d, 

J = 10.4 Hz, 1H), 6.10 (d, J = 15.7 Hz, 1H), 4.23 (q, J = 7.1 Hz, 2H), 2.71 (s, 3H), 1.31 (td, J 

= 7.1, 0.5 Hz, 3H); 13C{1H} NMR (126 MHz, CDCl3): δ 166.4, 145.6, 134.1, 119.9, 60.8, 19.8, 

14.4; IR (KBr) ν̃  3020.9 (s), 2401.6 (m), 1707.3 (s), 1631.7 (s), 1516.9 (m), 1214.8 (s), 1166.8 

(s), 968.9 (m) cm−1; EI-MS calcd for C9H11NO2S 197.05, found 197.1; HRMS (ESI-TOF) calcd 

for C9H12NO2S (M + H+) 198.0583, found 198.0572. 

(E)-3-(2-Methylthiazol-5-yl)acrylonitrile (3cj). Colorless solid; yield 95% (14.2 mg); Rf = 0.32 

(ethyl acetate/hexane = 1:4); mp = 128–129 °C; 1H NMR (400 MHz, CDCl3): δ 7.73 (s, 1H), 

7.44 (d, J = 16.2 Hz, 1H), 5.54 (d, J = 16.2 Hz, 1H), 2.74 (s, 3H); 13C{1H} NMR (101 MHz, 

CDCl3): δ 169.5, 146.1, 140.0, 133.9, 117.5, 97.2, 19.9; IR (KBr) ν̃  2995.9 (m), 2922.1 (m), 

2207.9 (s), 1611.3 (s), 1511.4 (m), 1169.1 (s), 903.6 (s) cm−1; EI-MS calcd for C7H6N2S 150.0, 

found 150.0.  

Methyl 6-(2-methylthiazol-5-yl)cyclohex-1-enecarboxylate (3ck). Yellow oil; yield 88% (20.8 

mg); Rf = 0.2 (ethyl acetate/hexane = 1:4); 1H NMR (500 MHz, CDCl3): δ 7.20 (s, 1H), 7.17 – 

7.15 (m, 1H), 4.16 (s, 1H), 3.67 (s, 3H), 2.63 (s, 3H), 2.37 – 2.29 (m, 1H), 2.26 – 2.17 (m, 1H), 

1.86 (dd, J = 7.9, 3.9 Hz, 2H), 1.66 – 1.57 (m, 2H); 13C{1H} NMR (126 MHz, CDCl3): δ 167.1, 

141.8, 139.2, 131.4, 51.9, 32.2, 30.8, 25.7, 19.3, 16.9; IR (KBr) ν̃  2927.5 (m), 2855.8 (m), 

1717.4 (s), 1646.5 (m), 1436.2 (m), 1242.2 (s), 1059.7 (m) cm−1; HRMS (ESI-TOF) calcd for 

C12H16NO2S (M + H+) 238.0896, found 238.0895. 
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(E)-Methyl 3-(thiazol-5-yl)acrylate (3da). White solid; yield 74% (12.5 mg); Rf = 0.3 (ethyl 

acetate/hexane = 1:4); mp = 65–67 °C; 1H NMR (500 MHz, CDCl3): δ 8.80 (s, 1H), 8.01 (s, 

1H), 7.83 (d, J = 15.7 Hz, 1H), 6.27 (d, J = 15.7 Hz, 1H), 3.81 (s, 3H); 13C{1H} NMR (126 

MHz, CDCl3): δ 166.6, 154.7, 146.3, 133.9, 120.7, 52.1; IR (KBr) ν̃  3066.1 (m), 2925.7 (s), 

2854.6 (m), 1714.8 (s), 1636.2 (s), 1388.4 (s), 1274.4 (s), 1174.6 (s), 992.7 (m) cm−1; EI-MS 

calcd for C7H7NO2S 169.0, found 169.0; HRMS (ESI-TOF) calcd for C7H8NO2S (M + H+) 

170.0270, found 170.0257. 

(E)-Butyl 3-(thiazol-5-yl)acrylate (3dc).37 Pale yellow oil; yield 82% (17.3 mg); Rf = 0.4 (ethyl 

acetate/hexane = 1:4); 1H NMR (400 MHz, CDCl3): δ 8.83 (s, 1H), 8.03 (s, 1H), 7.82 (d, J = 

15.7 Hz, 1H), 6.27 (d, J = 15.7 Hz, 1H), 4.21 (t, J = 6.7 Hz, 2H), 1.71 – 1.65 (m, 2H), 1.43 (dd, 

J = 15.0, 7.4 Hz, 2H), 0.96 (t, J = 7.4 Hz, 3H); 13C{1H} NMR (126 MHz, CDCl3): δ 166.3, 

154.8, 146.3, 133.6, 121.3, 64.9, 30.9, 19.3, 13.9; IR (KBr) ν̃  2960.6 (m), 2930.4 (m), 2254.9 

(m), 1712.5 (s), 1633.8 (m), 1171.7 (s), 906.5 (s) cm−1; EI-MS calcd for C10H13NO2S 211.06, 

found 211.1; HRMS (ESI-TOF) calcd for C10H14NO2S (M + H+) 212.0739, found 212.0747. 

(E)-Dodecyl 3-(thiazol-5-yl)acrylate (3dl). Yellow solid; yield 86% (27.8 mg); Rf = 0.55 (ethyl 

acetate/hexane = 1:4); mp = 58–59 °C; 1H NMR (500 MHz, CDCl3): δ 8.80 (s, 1H), 8.01 (s, 

1H), 7.81 (d, J = 15.7 Hz, 1H), 6.26 (d, J = 15.7 Hz, 1H), 4.19 (t, J = 6.7 Hz, 2H), 1.71 – 1.66 

(m, 2H), 1.40 – 1.26 (m, 17H), 0.88 (t, J = 6.9 Hz, 3H); 13C{1H} NMR (126 MHz, CDCl3): δ 

166.3, 154.6, 146.2, 133.5, 121.3, 65.2, 32.1, 29.79, 29.77, 29.7, 29.6, 29.5, 29.4, 28.8, 26.1, 

22.8, 14.3; IR (KBr) ν̃  2926.2 (s), 2855.6 (s), 2254.3 (m), 1711.6 (s), 1634.2 (s), 1467.0 (m), 

1267.7 (s), 905.4 (s) cm−1; HRMS (ESI-TOF) calcd for C18H30NO2S (M + H+) 324.1992, 

found 324.1997. 

(E)-(3a,4,7,7a)-Octahydro-1H-4,7-methanoinden-5-yl 3-(thiazol-5-yl)acrylate (3de). 

Yellowish solid; yield 91% (26.3 mg); Rf = 0.38 (ethyl acetate/hexane = 1:4); mp = 75–77 °C; 
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1H NMR (500 MHz, CDCl3): δ 8.78 (s, 1H), 8.00 (s, 1H), 7.77 (d, J = 15.7 Hz, 1H), 6.23 (d, J 

= 15.7 Hz, 1H), 4.69 (d, J = 6.7 Hz, 1H), 2.13 (s, 1H), 2.06 (d, J = 4.1 Hz, 1H), 1.90 – 1.75 (m, 

4H), 1.70 (ddd, J = 20.8, 9.2, 5.1 Hz, 2H), 1.50 – 1.45 (m, 1H), 1.36 (dd, J = 21.5, 10.7 Hz, 

2H), 1.21 (dd, J = 10.4, 4.2 Hz, 1H), 1.03 – 0.92 (m, 2H); 13C{1H} NMR (126 MHz, CDCl3): 

δ 165.9, 154.6, 146.1, 135.1, 133.2, 121.8, 77.8, 47.4, 46.4, 43.1, 39.7, 39.3, 32.2, 31.8, 29.6, 

27.9; IR (KBr) ν̃  3024.5 (m), 2986.3 (m), 2256.7 (m), 1732.6 (s), 1446.7 (m), 1374.4 (s), 

1244.4 (s), 1045.5 (s) cm−1; EI-MS calcd for C16H19NO2S 289.1, found 289.1; HRMS (ESI-

TOF) calcd for C16H20NO2S (M + H+) 290.1209, found 290.1189. 

(E)-Cyclohexyl 3-(thiazol-5-yl)acrylate (3di). Colorless liquid; yield 75% (17.7 mg); Rf = 0.4 

(ethyl acetate/hexane = 1:4); 1H NMR (500 MHz, CDCl3): δ 8.79 (s, 1H), 8.01 (s, 1H), 7.80 (d, 

J = 15.7 Hz, 1H), 6.26 (d, J = 15.7 Hz, 1H), 4.88 (ddd, J = 13.1, 9.0, 3.9 Hz, 1H), 1.94 – 1.87 

(m, 2H), 1.76 (dd, J = 8.9, 3.9 Hz, 2H), 1.43 (dddd, J = 16.9, 13.9, 9.7, 3.4 Hz, 6H); 13C{1H} 

NMR (126 MHz, CDCl3): δ 154.6, 146.1, 133.3, 121.9, 73.3, 31.8, 29.8, 25.5, 23.9; IR (KBr) 

ν̃  2928.9 (s), 2857.8 (m), 2254.5 (m), 1707.5 (s), 1634.3 (m), 1174.7 (s), 907.0 (s) cm−1; EI-

MS calcd for C12H15NO2S 237.08, found 237.1; HRMS (ESI-TOF) calcd for C12H16NO2S (M 

+ H+) 238.0896, found 238.0881. 
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Crystallographic data: 

 

Figure 4.4. X-ray structure of 3af (CCDC 1899792). Ellipsoids are drawn at 50% probability 

level.  

 

Cell:     a = 7.4999(2)   b = 10.9169(6)   c = 14.4193(7) 

Alpha = 78.395(4)  beta = 81.878(3)  gamma = 82.656(3) 

Temperature:    150 K 

Calculated   Reported 

Volume      1138.83(9)   1138.82(9) 

Space group      P -1    P -1 

Hall group      -P 1    -P 1 

Data completeness = 0.999    Theta (max) = 24.999 

R (reflections) = 0.0544 (3418)   wR2 (reflections) = 0.1755 (3997) 
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Figure 4.5. X-ray structure of 3ah (CCDC 1899793). Ellipsoids are drawn at 50% probability 

level. 

 

Cell:     a = 11.2985(15)  b = 6.4748(9)   c = 15.103(2) 

alpha = 90   beta = 104.709(15)  gamma = 90 

Temperature:  150 K 

Calculated    Reported 

Volume      1068.7(3)    1068.6(3) 

Space group      P 21/n     P 1 21/n 1 

Hall group      -P 2yn     -P 2yn 

Data completeness = 0.998     Theta (max) = 24.999 

R (reflections) = 0.0705 (1123)    wR2 (reflections) = 0.1860 (1881) 
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Figure 4.6. X-ray structure of 3bd (CCDC 1899794). Ellipsoids are drawn at 50% probability 

level.  

 

Cell:     a=8.2188(5)  b=19.2559(9)   c=6.6689(4) 

Alpha = 90  beta = 90   gamma = 90 

Temperature:  293 K 

Calculated    Reported 

Volume     1055.42(10)    1055.42(10) 

Space group      P b c m    P b c m 

Hall group      -P 2c 2b    -P 2c 2b 

Data completeness = 0.997      Theta (max) = 24.986 

R (reflections) = 0.0369 (875)     wR2 (reflections) = 0.0941 (1013) 
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Figure 4.7. X-ray structure of 3cj (CCDC 1899795). Ellipsoids are drawn at 50% probability 

level. 

 

Cell:     a=3.9295(4)   b=18.2181(16)  

 c=10.247(1) 

alpha=90   beta=97.120(9)   gamma=90 

Temperature: 150 K 

Calculated    Reported 

Volume      727.91(12)    727.90(13) 

Space group      P 21/c    P 1 21/c 1 

Hall group      -P 2ybc   -P 2ybc 

Data completeness = 1.000     Theta (max) = 24.991 

R (reflections) = 0.0734 (1100)    wR2 (reflections) = 0.1772 (1288) 
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Figure 4.8. X-ray structure of DMAP appended T6 (D) (CCDC 1846055). Ellipsoids are 

drawn at 50% probability level. 

 

Cell:    a = 8.7124(4)    b = 28.1168(10)  c = 15.7854(5) 

alpha = 90   beta = 94.165(4)  gamma = 90  

Temperature: 150 K 

Calculated     Reported 

Volume      3856.7(3)     3856.7(3) 

Space group     P 21/c      P 1 21/c 1 

Hall group      -P 2ybc     -P 2ybc 

Data completeness = 0.998     Theta (max) = 24.997 

R (reflections) = 0.0471 (5394)    wR2 (reflections) = 0.1102 (6791) 
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Figure 4.9. X-ray structure of quinaldine appended T6 (CCDC 1899987). Ellipsoids are 

drawn at 50% probability level. 

 

Cell:     a = 20.8007(15)  b = 14.1869(11)  c = 15.5305(14) 

alpha = 90   beta = 92.242(8)  gamma = 90 

Temperature: 150 K 

Calculated   Reported 

Volume      4579.5(6)   4579.5(6) 

Space group       P 21/c     P 1 21/c 1 

Hall group      -P 2ybc    -P 2ybc 

Data completeness = 1.000     Theta (max) = 25.000 

R (reflections) = 0.0650 (5638)    wR2 (reflections) = 0.2454 (8063) 
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ESI-MS study  

0.05 mmol of each T6 and thiazole were transferred to a clean reaction tube containing 

magnetic stirring bar. Then 1 mL DCM was added to it and kept stirring for 30 min at room 

temperature. After that DCM was removed under vaccuo and dissolved in CH3CN followed by 

ESI-MS was recorded.  

 

   

 

Figure 4.10. ESI-MS spectra of A (manuscript, Figure 2), thiazole appended T6.   
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4.4.6. Representative NMR spectra: 
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Chapter 5 

Co-ordination assisted distal CH alkylation of 

fused heterocycles 

 

 

Abstract: Distal C-H bond functionalization of heterocycles remained extremely challenging 

with covalently attached directing groups (DG). Lack of proper site for DG attachment and 

inherent catalyst poisoning by heterocycles demand alternate routes for site selective 

functionalization of their distal C-H bonds. Utilizing non-productive co-ordinating property to 

hold the heterocycle into the cavity of a template system in a host-guest manner, we report 

distal C-H alkylation (e.g. C-5 of quinoline and thiazole, C-7 of benzothiazole and 

benzoxazole) of heterocycles. Upon complexation with heterocyclic substrate, nitrile DG in 

template directs the metal catalyst towards close vicinity of the specific distal C-H bond of 

heterocycles. Our hypothesized pathway has been supported by various X-ray 

crystallographically characterized intermediates. 

 

 

 



 

160 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 

161 | P a g e  

 

5.1. Introduction: 

Carbon-hydrogen bond activation has emerged as a highly valued tool for chemical 

transformations.1 Reduced synthetic steps and potential of varied functional group installation 

can ease synthesis of complex molecules.2 However, basic challenge lies in regioselectivity 

arising from the presence of multiple C-H bonds in organic molecules. Selective 

functionalization at a definite position is invariably guided by electronic factors if not 

controlled through external influence. In this context the directing group (DG) approach has 

become prevalent among chemists in order to achieve selective C-H functionalization at both 

aromatic as well as aliphatic systems.3-6  

 

Figure 5.1. Strategies for distal C(sp2)H  activation 

Over the time, evolution of directing groups led to selective activation at distal position of arene 

and aliphatic systems.7-11 However, this approach consistently demands installation and 

removal of directing group pre- and post-functionalization, respectively. Moreover, 

heteroarene systems are not compatible with directing group support due to lack of site required 

for DG installation. Their intrinsic co-ordinative properties to the metal center that eventually 

lead to catalyst poisoning, inhibits the performance of metal catalyzed reactions.  Therefore, 

development of newer and straightforward methodology is highly desirable. 
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Figure 5.2. Bifunctional templates for distal C(sp2)H  activation 

Recently, non-covalent interaction between substrate and DG has emerged as one of the most 

promising solution to replace DG approach.12 Use of ion-ion, ion-dipole interaction, hydrogen 

bonding and bifunctional catalysis have been utilized to reach distal positions of arene 

rings.13,14  Mild condition required for borylation by iridium allows soft interaction to sustain 

in the reaction medium.13 Palladium catalyzed reaction has been efficient for olefination 

reaction using non-covalent interaction.14 Yu and co-workers pioneered bifunctional ligand for 

palladium catalyzed selective olefination at distal C-H bond of heterocycles.14a In an excellent 

strategy, they have exploited complexation between substrate and bifunctional ligand through 

a metal center in order to reach distal position of heterocycles (Figure 5.2).14a Palladium 

catalyzed olefination at C-5 position of quinoline derivatives and C-7 position of benzoxazole 

and benzothiazole derivatives were reported. Recently, we have reported synthetically facile 

template systems to achieve regioselective distal C-H olefination of quinolone, benzoxazole, 

benzothiazole, and thiazole.14b,c However, beyond Ir-catalyzed borylation and Pd-catalyzed 
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olefination, non-covalent interaction promoted distal C-H functionalization of heterocycles 

remained extremely challenging. 

5.2. Result and discussion: 

A 2,6-di-substituted pyridine bis-amide ligand attached with suitable DG has been utilized to  

coordinate the heterocycle through metal-ligand backbone in a host-guest complexation 

manner (Figure 5.2). In accordance with previous reports, the directing group was expected to 

deliver the metal catalyst in the vicinity of concerned C-H bond.14 In the present work further 

optimization of the template has allowed for distal alkylation of fused nitrogen heterocycles 

with allylic alcohols as a new type of coupling partner. A different set of products is obtained 

than for the previously reported oxidative olefinations, specifically, saturated ketones with 

variable -R groups as well as α- and β-substituted saturated aldehydes. The approach is 

amenable to different types of fused nitrogen heterocycles including for a variety of substitution 

patterns. 

We synthesized bisamide ligands equipped with cyano and pyridine based directing groups. 

Complexation with palladium in acetonitrile formed the desired template. The fourth co-

ordination site is found to be occupied by a solvent molecule as confirmed by X-ray 

crystallography. Being superior electron donor, a heterocycle such as quinoline replaces 

acetonitrile under the reaction condition to form a template-substrate adduct. Initial attempt 

with symmetrical 3-cyanophenyl and 3-pyridyl DG based templates T1 and T2 did not produce 

any result under standard alkylation condition.8e Shifting to biphenyl cyano based template, T4 

resulted in 43% of the alkylated product at C5 position of quinoline with 4:1 (C5:others) 

selectivity by employing Pd(OAc)2 as catalyst in hexafluoroisopropanol (HFIP) solvent. 

However, electronic manipulation by means of substituent invariably resulted in lower yield as 

well as loss in selectivity.  
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Scheme 5.1. Development of templates for distal alkylationof heterocycles 
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Careful observation revealed dominance of C3 and C4 isomers in the product mixture, 

presumably owing to the presence of two DGs, each capable of coordinating palladium. This 

led us to synthesize unsymmetrical templates with DG attached to only one side (T11). 

Enhanced selectivity is observed with T11 under the reaction condition, albeit loss in product 

yield. A methoxy substitution found to improve the efficacy of nitrile based biphenyl DG and 

T17 has been found to be the best in terms of both C5 selectivity and yield. However attempts 

to reduce amount of template resulted in decreased yield due to strong coordination of the 

heterocycle even after functionalization. Thus a relatively stronger Lewis base is required 

during workup to obtain the free product. 

During optimization of the initial reaction condition, palladium pivalate was found to be better 

catalyst. Amongst the mono protected aminoacid (MPAA) ligands tested, N-acetylglycine 

remained most promising. On contrary, heterocyclic and phosphine based ligands yielded poor 

results, presumably due to their higher co-ordination tendency towards metal compared to 

substrate. Although other fluorinated solvents gave promising result, HFIP persisted as the best 

solvent. It was also observed that change in the oxidant (Ag2CO3) equivalence resulted in 

increased yield. However in presence of certain oxidants, for instance AgBF4, the template 

bound palladium comes out leaving behind free ligand backbone, which was recovered after 

completion of reaction. Therefore, careful selection of oxidant was believed to be crucial. 

Intrigued by this observation, a number of oxidants other than silver salts have also been 

examined, unfortunately none of them improved the yield and selectivity. 
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Scheme 5.2. Alkylation of quinoline derivatives 

With optimized condition in hand, scope of the reaction has been explored. Various substituted 

quinolines, irrespective of the position of substitution, are found to be compatible with the 

present strategy (Scheme 5.2). Alkylation of electron withdrawing and donating mono/di 

substituted derivatives were carried out with moderate to excellent yield as well as selectivity. 

3-Phenyl quinoline also provided alkylation at C5 position with good selectivity without 
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formation of any byproduct functionalized at the phenyl ring (6l). The C5 selectivity has been 

further confirmed by the X-ray crystallography structure of 6b (CCDC 1895255). 

 

Scheme 5.3. Scope of the reaction with various alkylating agents. 

Diverse allyl alcohols have been successfully incorporated as the coupling partners (Scheme 

5.3). Only a little change is observed in yield and selectivity upon chain length variation up to 

eight carbon atoms.  Similarly, incorporation of internal allyl alcohols are found to be quite 

feasible (7g and 7h). Other pharmaceutically relevant heterocycles such as benzoxazole and 

benzothiazole were found to be amenable as substrate for the protocol (9a-9g). Selective 

alkylation at C7 position of these heterocycles has been observed, which is indicative of 

heterocycles coordination through the nitrogen center (Scheme 5.4). Interestingly, thiazole 
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derivatives upon treatment under the reaction condition provided C5 alkylated product in 

synthetically useful yields (9h). Alkyl alcohol partners bearing long aliphatic chains were 

found to be compatible with benzoxazole, benzothiazoles and thiazoles as well (9c and 9f). 

 

Scheme 5.4. Distal CH alkylation of different heterocycles. 

In order to get insights into the reaction mechanism, several intermediates have been 

characterized by X-ray crystallography and other spectroscopic techniques. Based on these 

evidences, a plausible mechanistic pathway has been put forward (Figure 5.3). A square planar 

palladium complex with tridentate template is the starting scaffold for this alkylation sequence. 

Addition of heterocyclic substrate leads to the expulsion of weakly coordinating acetonitrile 

from palladium center. Expectedly, the nitrile group of directing biphenyl moiety interacts with 

the palladium center to carry out C-H activation at heterocyclic substrate. It is evident from the 
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crystal structure E (CCDC 1891224) that free rotation around M(template)-N(quinoline) single 

bond allows preferential strain-free interaction of catalyst with C5-hydrogen atom. Subsequent 

olefin co-ordination followed by insertion/tautomerisation reaction provides alkylated product 

bound template G (CCDC 1889891). Treatment with 4-dimethylaminopyridine (DMAP) in the 

reaction mixture releases the alkylated product via ligand substitution. DMAP co-ordinated 

complex H (CCDC 1889895) regenerates the native complex upon acid treatment in 

acetonitrile which is further used in the reaction. We were able to recover 90-92% of the 

template after each cycle. Remarkably, little change has been observed in yield and selectivity 

of the product, even after fifth cycle (94-91%, 6i).  Further mechanistic investigation is under 

progress in our laboratory. 

 

Figure 5.3. Plausible reaction mechanism for distal CH alkylation. 
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5.3. Conclusion: 

In conclusion, we have developed an efficient and straightforward synthetic protocol for the 

synthesis of C-5 selective olefination of thiazole derivatives by employing non-covalent 

interaction. These findings will be useful to the synthetic community for utilization of non-

covalent interactions towards regioselective functionalization of small heterocycles and also 

eventually will be helpful to access diverse array of 5-olefinated bioactive thiazole derivatives. 

Further exploration of this strategy and application in the synthesis of thiazole containing 

fluorescent materials are underway in our laboratory. 

5.4. Experimental Details: 

5.4.1. Materials and Methods.  Unless otherwise stated, all reactions were carried out using 

screw cap reaction tubes under aerobic condition. Solvents were obtained from Merck and were 

used as received. Vinyl alcohols were purchased from TCI and Sigma-Aldrich, India and were 

used as received. All the other chemicals were bought from Aldrich, TCI-India, and Alfa Aesar. 

Templates T1 – T14 were prepared and used by the standard literature procedure, for analytical 

data of T1 – T11, T13 and T14 please follow our earlier report. Compounds were purified by 

column chromatography using 100-200 mesh silica gel and Petroleum ether/Ethyl acetate 

solvent mixture as an eluent, unless stated otherwise. Isolated compounds were characterized 

by 1H, 13C spectroscopy, IR and HRMS. Unless otherwise mentioned, NMR spectra were 

recorded on a Bruker 400 MHz and 500 MHz instrument. 1H and 13C NMR were recorded on 

400 MHz (1H) and 500 MHz (1H) instrument, chemical shifts (δ) are given in ppm. The residual 

solvent signals were used as references for 1H and 13C spectra. All 13C NMR spectra were 

obtained with 1H decoupling. High-resolution mass spectra (HRMS) were recorded on a micro-

mass ESI TOF (time of flight) mass spectrometer. 
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5.4.2. Procedure for synthesis of template: 

Synthesis of directing group (DG): 

General procedure A: 

 

 

An oven dried 100 mL reaction tube was charged with 5 mol% of (PPh3)2PdCl2, corresponding 

bromo aniline (10 mmol), pinacolborane (3 equiv) and dioxane (35 mL). To this solution Et3N 

(4 equiv) and were added. The reaction mixture was stirred at 100 °C for 8 h, then cooled to 

room temperature, and water (8 mL), Ba(OH)2ˑ8H2O (3.0 equiv.), and corresponding bromo 

benzonitrile  (10 mmol, 1 equiv) were successively added. Then the mixture was stirred at 100 

°C for 8 h. Upon completion, the reaction mixture was cooled to room temperature and 

quenched with water (50 mL). The mixture was filtered through Celite. The filtrate was 

extracted with ethyl acetate and the organic layer was dried over Na2SO4. The solvent was 

removed and the residue was further purified by column chromatography using ethyl 

acetate/pet ether as an eluent to yield corresponding DG. 

 

 

 

 

 

 



Chapter 5 

172 | P a g e  

 

Procedure for methyl 6-((3,5-bis(trifluoromethyl)phenyl)carbamoyl)picolinate: 

 

 

A 500 mL round bottom flask was charged with 2,6-pyridinedicarboxylic acid (8.3 g, 50 

mmol), CH2Cl2 (150 mL), to this reaction mixture oxalyl chloride (10.7 mL, 125 mmol, 2.5 

eqiv.) was added  at 0 oC, followed by addition of DMF (0.2 mL) the reaction mixture was 

allowed stir at room temperature for 12 h. Upon completion, the reaction mixture was 

concentrated under reduced pressure. Next, toluene (300 mL) and 3,5-bis(trifluoromethyl) 

aniline (11.7 mL, 75 mmol) were added and submerged into an oil bath preheated to 70 oC. 

Then, the oil bath was heated to 90 oC and the reaction mixture was allowed to stir 12 h. Upon 

completion, the reaction mixture was cooled down and added 100 mL of methanol. Then the 

reaction mixture was refluxed for 12 h.  Upon completion, the reaction mixture was cooled to 

room temperature and concentrated under reduced pressure. The white precipitate was 

recrystallized from hot methanol to give methyl 6-((3,5-

bis(trifluoromethyl)phenyl)carbamoyl)-colinate (12.3 g, 62%) as a colorless solid. 

Procedure for 6-((3,5-bis(trifluoromethyl)phenyl)carbamoyl)picolinic acid: 
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To a solution of methyl 6-((3,5-bis(trifluoromethyl)phenyl)carbamoyl)picolinate (9.8 g, 25 

mmol) in MeOH (250 mL) was added LiOH monohydrate (3.14g, 75 mmol) in three portions. 

After completion, the reaction mixture was concentrated under reduced pressure. The crude 

residue was dissolved in water and acidified by 6 M HCl, then extracted with EtOAc three 

times. The combined organic phase was dried with anhydrous Na2SO4, and concentrated to 

yield 6-((3,5-bis(trifluoromethyl)phenyl)carbamoyl)picolinic acid (8.4 g, 89%) as a colorless 

solid. 

Procedure for amide formation: 

General Procedure B:  

 

To a solution of 6-((3,5-bis(trifluoromethyl)phenyl)carbamoyl)picolinic acid (0.75 g, 2 mmol) 

in toluene was added thionyl chloride (0.36 mL, 5 mmol) dropwise at room temperature. Then 

DMF (3 drops) was added and the reaction mixture was stirred at 70 oC. Upon completion, the 

toluene was evaporated under reduced pressure, amine (2.1 mmol) and 10 mL toluene were 

added and submerged into an oil bath preheated to 70 oC. Then, the oil bath was heated to 90 

oC and the reaction mixture was allowed to stir 12 h. After completion the solid was filtered 

and washed with toluene and methanol to yield corresponding amide.  
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General Procedure C: Preparation of metal complex 

 

Corresponding amide (1 mmol) and Pd(OAc)2 (1 mmol) were taken in 50 mL reaction flask 

equipped with a stir bar. 10 mL acetonitrile was added to the flask and the resulting mixture 

was stirred at 60 oC for 6 h. Upon completion, solvent was removed in vacuo. Next the residue 

was purified by column chromatography on silica gel using CH2Cl2MeOH as the eluent giving 

the pure template. 

General Procedure D: Site-selective C-H olefination of heterocycles with tridentate template 

 

A clean, oven dried reaction tube was charged with 4a (0.2 mmol), tridentate template (0.2 

mmol), magnetic stirring bar and minimal amount of CH2Cl2 to dissolve the substrate and 

template. After 20 min stirring at room temperature, the mixture was concentrated in vacuo. 

Then Pd(OPiv)2 (0.02 mmol), N-Ac-Gly-OH (0.04 mmol), Ag2CO3 (2.5 equiv.), HFIP (2.0 ml) 

and 5a (0.6 mmol) were added in the reaction tube in aerobic condition. The reaction tube was 

sealed and allowed to stir at 100 °C for 36 h. Then the reaction mixture was cooled to room 

temperature and diluted with EtOAc and filtered through a short pad of celite with additional 
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EtOAc. The filtrate was concentrated in vacuo. The residue was dissolved in toluene (3-4 mL) 

and 2-3 equiv. of DMAP was added to it. The solution was then stirred at 80 oC for 5-10 min. 

Upon completion, the reaction was cooled to room temperature and the mixture was passed 

through a short pad of silica using EtOAc/hexanes=1:1 as the eluent to give the product 

mixture. Finally the compound (6a) was purified by column chromatography/on preparative 

TLC using EtOAc/pet ether solvent mixture as an eluent. (The silica pad was then washed with 

CH2Cl2/MeOH=10:1 to get the crude template solution for the template regeneration.) 

5.4.3. Template regeneration 

The crude template solution was concentrated in vacuo and the residue was dissolved in 

acetonitrile. To this solution 2 equiv. of methanesulfonic acid was added and the mixture was 

placed to a pre-heated oil bath at 60 oC for 2 h. Upon completion, the reaction mixture was 

cooled to room temperature and the solvent was removed under reduced pressure. Then the 

residue was dissolved in CH2Cl2 and washed with water. The organic layer was dried over 

anhydrous Na2SO4 and concentrated in vacuo. Finally the template was purified by column 

chromatography (100-200 mesh silica gel) using 10:1 of CH2Cl2/Methanol as eluent to obtain 

90% of regenerated template T17 (along with template T17 we have recovered 7% of ligand 

L2). 

5.4.4. Optimization 

Table 5.1. Ligand optimization for C5-H alkylation of quinoline.  
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S. No. Ligand Yield(%) 

1 N-Acetylglycine 56 (4:1) 

2 N-Formylglycine 40 (6:1) 

3 N-Fmoc-glycine trace 

4 N-Boc-glycine trace 

5 N-Cbz-glycine - 

6 N-Acetyl-DL-tryptophan - 

7 N-Acetyl-4-hydroxy-L-proline - 

8 N-Acetyl-DL-2-phenylglycine trace 

9 N-Acetyl-L-glutamic acid trace 

10 N-Acetyl-L-valine - 

11 N-Acetyl-L-cystine - 

12 N-Acetyl-L-leucine - 

13 N-Cbz-DL-valine - 

14 N-Boc-leucine trace 

15 N-Boc-D-valine - 

16 N-Boc-L-proline - 

17 N-Fmoc-L-methionine trace 

18 Cbz-L-asparagine - 

19 Cbz-L-alanine 15 (2:1) 

20 Cbz-glutamine - 

21 N-Fmoc-L-threonine - 

22 N-Fmoc-L-leucine - 

23 Cbz-L-phenylalanine trace 

24 N-Boc-L-phenylglycine - 

25 α-(Boc-amino)isobutyric acid - 

26 N-Boc-β-alanine - 
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28 
1-(Boc-amino)-cyclopentane carboxylic 

acid 
trace 

29 Boc-acetamidomethyl cysteine - 

30 N-Acetyl-L-histidine monohydrate trace 

 

Table 5.2. Oxidant optimization for C5-H alkylation of quinoline.  

 

S. No. Oxidant Yield(%) 

1. Ag2CO3 56 (4:1) 

2. AgOAc 44 (3:1) 

3. AgBF4 - 

4. AgNO3 36 (3:2) 

5. AgF - 

6. AgSbF6 trace 

7. CF3COOAg 64 (1:1) 

8. Ag2SO4 29 (3:1) 

9. AgNO2 - 

10 AgI - 

11. AgBr - 

12. Ag(OSO2CF3) trace 

13. AgPF6 trace 

14. AgN(SO2CF3)2 - 

15. Cu2CO3 - 

16. CuBr - 
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17. Cu(OAc)2..H2O - 

18.  Cu(TFA)2 trace 

19. CuCO3 - 

20.   Cu(OAc) - 

21.  Cu(OTf)2 trace 

22.  CuF2 trace 

23. Cu2O trace 

24. CuO - 

 

Table 5.3. Catalyst (Pd source) optimization for C5-H alkylation of quinoline.  

 

S. No. Catalyst Yield(%) 

1. Pd(OPiv)2 74 (6:1) 

2. Pd(CF3COO)2 29 (4:1) 

3. Pd(acac)2 37 (3:1) 

4. [PdCl(C3H5)]2 32 (5:1) 

5. Pd2(dba)3 23 (5:1) 

6. (PhCN)2PdCl2 trace 

7. (CH3CN)2PdCl2 - 

8. Pd(dppf)Cl2 - 

9. (PPh3)2PdCl2 - 

10 PdCl2 - 
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Table 5.4. Solvent optimization for C5-H alkylation of quinoline.  

 

S. No. Solvent Yield(%) 

1 HFIP 74% (6:1) 

2 DCE trace 

3 MeCN trace 

4 TFT trace 

5 TFE 32% (5:1) 

6 HFIP:DCE (1:1) 26% (4:1) 

7 DMF - 

8 1,4-Dioxane - 

9 Toluene - 

10 HFIP:TFE (1:1) 41% (5:1) 

 

Table 5.5. Template load optimization for C5-H alkylation of quinoline.  

 

S. No. Template (equiv.) Yield(%) 

1 0.25 trace 

2 0.5 18 (3:2) 

3 0.75 43 (3:1) 

4 1 74 (6:1) 

Table 5.6. Template load optimization for C5-H alkylation of quinoline.  
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S. No. Regenerated template  Yield(%) 

1 Fresh 94 (20:1) 

2 1st time regenerated 93 (20:1) 

3 2nd time regenerated 93 (20:1) 

4 3rd time regenerated 94 (20:1) 

5 4th time regenerated 92 (20:1) 

6 5th time regenerated 91 (20:1) 

 

5.4.5. Characterization data: 

 

 

3'-Amino-4'-fluoro-2'-methyl-[1,1'-biphenyl]-2-carbonitrile: 

Colorless solid ( 1.68g, 74% yield); mp 77-79 °C; 1H NMR (500 MHz, CDCl3) δ 7.76 (d, J = 

7.7 Hz, 1H), 7.65 (t, J = 7.7 Hz, 1H), 7.47 (t, J = 7.7 Hz, 1H), 7.37 (d, J = 7.7 Hz, 1H), 6.98 

(dd, J = 10.2, 8.7 Hz, 1H), 6.62 (dd, J = 8.3, 5.3 Hz, 1H), 4.04 – 3.63 (m, 2H), 2.03 (s, 3H); 

13C NMR (101 MHz, CDCl3) δ 151.69 (d, J = 239.5 Hz), 145.8, 134.5, 133.37 (d, J = 12.4 Hz), 

132.71 (d, J = 32.3 Hz), 130.9, 127.6, 122.91 (d, J = 3.7 Hz), 119.4, 119.3, 118.2, 113.3, 112.49 

(d, J = 19.4 Hz), 14.51 (d, J = 2.9 Hz); IR (ATR): 767, 847, 939, 1044, 1098, 1161, 1235, 1301, 

1373, 1449, 1479, 1631, 1738, 2228, 2986, 3381, 3476 cm-1. 
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3'-Amino-4,5-dimethoxy-2'-methyl-[1,1'-biphenyl]-2-carbonitrile: 

Off-White solid ( 1.83g, 68% yield); mp 164-166 °C; 1H NMR (500 MHz, CDCl3) δ 7.15 (s, 

1H), 7.11 (t, J = 7.7 Hz, 1H), 6.83 (s, 1H), 6.78 (d, J = 7.9 Hz, 1H), 6.69 (d, J = 7.5 Hz, 1H), 

3.97 (s, 3H), 3.93 (s, 3H), 3.75 (s, 2H), 2.03 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 152.2, 

148.0, 145.2, 140.9, 139.0, 126.4, 120.5, 120.1, 118.7, 115.3, 114.1, 113.2, 104.1, 56.3, 56.2, 

14.2.; IR (ATR): 726, 770, 793, 816, 848, 867, 938, 960, 1013, 1045, 1086, 1119, 1155, 1244, 

1300, 1352, 1373, 1463, 1515, 1602, 1626, 1737, 2221, 2604, 2851, 2940, 2985, 3244, 3380, 

3471cm-1. 

 

 

3'-amino-5-fluoro-2',3-dimethyl-[1,1'-biphenyl]-2-carbonitrile: 

Off-White solid (1.91 g, 79% yield); mp 131-133 °C; 1H NMR (500 MHz, CDCl3) δ 7.09 (t, J 

= 7.8 Hz, 1H), 7.01 (dd, J = 8.9, 1.9 Hz, 1H), 6.90 (dd, J = 8.7, 2.2 Hz, 1H), 6.76 (d, J = 7.9 

Hz, 1H), 6.62 (d, J = 7.5 Hz, 1H), 3.73 (s, 2H), 2.61 (s, 3H), 1.98 (s, 3H); 13C NMR (126 MHz, 

CDCl3) δ 164.16 (d, J = 256.0 Hz), 149.67 (d, J = 9.5 Hz), 145.50 (d, J = 9.6 Hz), 145.24, 

138.48, 126.62, 120.11, 119.85, 116.71, 116.02 (d, J = 22.3 Hz), 115.72, 115.43 (d, J = 22.3 
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Hz), 109.94, 21.18, 14.29; IR (ATR): 724, 790, 871, 939, 985, 1045, 1100, 1133, 1165, 1236, 

1294, 1338, 1373, 1466, 1586, 1737, 2225, 2986, 3381 cm-1. 

 

 

3'-amino-4,5-dimethoxy-2',4',6'-trimethyl-[1,1'-biphenyl]-2-carbonitrile: 

Off-white solid ( 1.9g, 64% yield); mp 179-181 °C;  1H NMR (400 MHz, CDCl3) δ 7.15 (s, 

1H), 6.90 (s, 1H), 6.70 (s, 1H), 3.95 (s, 3H), 3.88 (s, 3H), 2.21 (s, 3H), 1.94 (s, 3H), 1.88 (s, 

3H); 13C NMR (101 MHz, CDCl3) δ 152.6, 147.9, 140.8, 140.7, 136.1, 129.6, 125.5, 122.3, 

120.4, 118.4, 114.2, 113.1, 104.6, 56.3, 19.8, 17.8, 14.8; IR (ATR): 753, 787, 848, 869, 939, 

1011, 1044, 1108, 1239, 1307, 1348, 1373, 1465, 1516, 1566, 1601, 1628, 1737, 2223, 2617, 

2861, 2984, 3393, 3472 cm-1.  

 

 

 

3'-Amino-4'-fluoro-4,5-dimethoxy-2'-methyl-[1,1'-biphenyl]-2-carbonitrile: 

Off-white solid ( 2.21g, 77% yield); mp 197-199 °C ; 1H NMR (400 MHz, CDCl3) δ 7.12 (s, 

3H), 6.93 (dd, J = 10.4, 8.5 Hz, 3H), 6.76 (s, 3H), 6.59 (dd, J = 8.4, 5.3 Hz, 3H), 3.93 (s, 9H), 

3.90 (s, 9H), 3.78 (s, 5H), 2.01 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 152.50, 151.53 (d, J = 
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239.4 Hz), 148.21, 140.21, 134.47 (d, J = 3.1 Hz), 133.33 (d, J = 12.5 Hz), 123.05 (d, J = 3.7 

Hz), 119.31 (d, J = 7.6 Hz), 118.59, 114.14, 113.34, 112.36 (d, J = 19.2 Hz), 104.42, 56.36, 

56.26, 14.45 (d, J = 2.9 Hz); IR (ATR): 792, 870, 929, 981, 1015, 1082, 1127, 1223, 1268, 

1353, 1393, 1453, 1494, 1520, 1602, 1629, 1735, 2222, 2857, 2974, 3389 cm-1. 

 

 

3'-amino-2',5-dimethyl-[1,1'-biphenyl]-2-carbonitrile: 

Light Brown solid ( 1.83 g, 82% yield); mp  63-65 °C ; 1H NMR (400 MHz, CDCl3) δ 7.61 (d, 

J = 7.9 Hz, 1H), 7.24 (d, J = 7.9 Hz, 1H), 7.18 (s, 1H), 7.09 (t, J = 7.7 Hz, 1H), 6.75 (d, J = 7.9 

Hz, 1H), 6.64 (d, J = 7.5 Hz, 1H), 3.73 (s, 2H), 2.44 (s, 3H), 1.98 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 146.3, 145.2, 143.3, 139.2, 132.6, 131.4, 128.3, 126.4, 120.3, 120.2, 118.6, 115.4, 

110.1, 77.5, 77.2, 76.8, 21.9, 14.3; IR (ATR): 725, 789, 847, 939, 1045, 1097, 1236, 1301, 

1373, 1464, 1588, 1630, 1738, 2227, 2943, 2986, 3382 cm-1. 

 

N2-(3,5-bis(trifluoromethyl)phenyl)-N6-(2'-cyano-4-fluoro-2-methyl-[1,1'-biphenyl]-3-

yl)pyridine-2,6-dicarboxamide: 

Colorless solid ( 1.04g, 89% yield); mp  165-167 °C ; 1H NMR (500 MHz, DMSO) δ 11.32 (s, 

1H), 10.94 (s, 1H), 8.54 (s, 2H), 8.43 (dd, J = 14.8, 7.7 Hz, 2H), 8.34 (t, J = 7.3 Hz, 1H), 7.99 

(d, J = 7.7 Hz, 1H), 7.83 (dd, J = 20.0, 12.4 Hz, 2H), 7.63 (t, J = 7.6 Hz, 1H), 7.52 (d, J = 7.6 



Chapter 5 

184 | P a g e  

 

Hz, 1H), 7.46 – 7.27 (m, 2H), 2.10 (s, 3H); 13C NMR (126 MHz, DMSO) δ 162.84, 162.47, 

159.51, 157.53, 148.53 (d, J = 33.9 Hz), 144.14, 140.57 (d, J = 51.0 Hz), 136.99, 135.41, 

133.70 (d, J = 27.4 Hz), 131.24 (t, J = 16.4 Hz), 129.06, 126.28 (d, J = 9.6 Hz), 124.77, 124.46 

(d, J = 12.6 Hz), 122.60, 121.61, 118.34, 117.80, 113.93 (d, J = 21.6 Hz), 112.49, 16.01; IR 

(ATR): 683, 704, 766, 845, 888, 938, 1044, 1134, 1182, 1234, 1279, 1374, 1435, 1474, 1546, 

1698, 1738, 2229, 2987, 3301 cm-1. 

 

 

N2-(3,5-bis(trifluoromethyl)phenyl)-N6-(2'-cyano-4',5'-dimethoxy-2-methyl-[1,1'-

biphenyl]-3-yl)pyridine-2,6-dicarboxamide: 

Colorless solid ( 1.16g, 92% yield); mp  >232 °C ; 1H NMR (500 MHz, DMSO) δ 11.46 (s, 

1H), 10.98 (s, 1H), 8.60 (s, 2H), 8.44 (d, J = 7.5 Hz, 2H), 8.34 (t, J = 7.6 Hz, 1H), 7.88 (s, 1H), 

7.69 (d, J = 7.8 Hz, 1H), 7.49 (s, 1H), 7.43 (t, J = 7.7 Hz, 1H), 7.24 (d, J = 6.9 Hz, 1H), 7.16 

(d, J = 7.7 Hz, 1H), 6.98 (s, 1H), 3.87 (d, J = 4.6 Hz, 6H), 2.16 (s, 3H); 13C NMR (126 MHz, 

DMSO) δ 162.54, 161.59, 152.21, 148.32 (d, J = 110.2 Hz), 148.14, 140.27, 140.03, 139.20 

(d, J = 51.8 Hz), 136.03, 136.03, 131.99, 130.79 (q, J = 32.9 Hz), 127.94, 126.81, 126.48, 

125.88, 125.75, 125.57, 124.31, 122.14, 120.76, 119.97, 118.38, 117.23, 114.67, 113.37, 

102.85; IR (ATR): 683, 702, 799, 842, 887, 1015, 1082, 1133, 1182, 1223, 1279, 1353, 1383, 

1441, 1474, 1517, 1545, 1602, 1694, 2223, 3323 cm-1. 
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N2-(3,5-bis(trifluoromethyl)phenyl)-N6-(2'-cyano-5'-fluoro-2,3'-dimethyl-[1,1'-

biphenyl]-3-yl)pyridine-2,6-dicarboxamide: 

Colorless solid  (1045 mg, 87% yiled); mp  216-218 °C ; 1H NMR (500 MHz, CDCl3) δ 10.53 

(s, 1H), 10.11 (s, 1H), 8.56 (dd, J = 7.8, 3.2 Hz, 2H), 8.39 (s, 2H), 8.20 (t, J = 7.8 Hz, 1H), 7.68 

(dd, J = 7.2, 1.5 Hz, 1H), 7.60 (s, 1H), 7.14 – 6.97 (m, 3H), 6.87 (dd, J = 8.4, 2.0 Hz, 1H), 2.57 

(s, 3H), 2.07 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 165.47, 163.42, 162.15 (d, J = 65.9 Hz), 

149.01, 148.50 (d, J = 9.6 Hz), 148.32, 146.13 (d, J = 9.8 Hz), 139.89, 139.24, 138.95, 135.47, 

132.41 (q, J = 33.5 Hz), 130.03, 127.41, 126.31 (d, J = 8.4 Hz), 126.06, 125.25, 124.24, 122.07, 

120.22, 117.94, 117.23 – 116.33, 115.42 (d, J = 22.7 Hz), 109.35, 20.99, 15.10; IR (ATR): 

890, 936, 1134, 1183, 1227, 1279, 1337, 1383, 1436, 1473, 1546, 1595, 1693, 2224 cm-1. 

 

 

N2-(3,5-bis(trifluoromethyl)phenyl)-N6-(2'-cyano-4',5'-dimethoxy-2,4,6-trimethyl-[1,1'-

biphenyl]-3-yl)pyridine-2,6-dicarboxamide: 



Chapter 5 

186 | P a g e  

 

Colorless solid ( 1.12g, 85% yield); mp  >232 °C; 1H NMR (500 MHz, DMSO) δ 11.35 (s, 1H), 

10.84 (s, 1H), 8.52 (s, 2H), 8.42 (dd, J = 14.8, 7.7 Hz, 2H), 8.32 (t, J = 7.7 Hz, 1H), 7.89 (s, 

1H), 7.50 (s, 1H), 6.87 (s, 1H), 3.87 (s, 3H), 3.85 (s, 3H), 2.29 (s, 3H), 2.03 (s, 3H), 1.94 (s, 

3H); 13C NMR (101 MHz, DMSO) δ 162.41, 161.59, 152.80, 148.33 (d, J = 108.5 Hz), 147.99, 

140.12, 139.91, 138.49, 136.47, 135.69, 134.84, 134.05, 132.53, 130.77 (q, J = 32.9 Hz), 

129.18, 127.28, 125.68, 125.45, 124.57, 121.86, 121.19, 119.15, 118.21, 117.29, 114.73, 

113.00, 103.05, 56.00, 55.95, 19.89, 18.25, 15.86; IR (ATR): 668, 753, 838, 886, 1046, 1133, 

1177, 1217, 1278, 1378, 1466, 1517, 1599, 1620, 1733, 2266, 2944, 3022 cm-1. 

 

 

N2-(3,5-bis(trifluoromethyl)phenyl)-N6-(2'-cyano-4-fluoro-4',5'-dimethoxy-2-methyl-

[1,1'-biphenyl]-3-yl)pyridine-2,6-dicarboxamide: 

Colorless solid ( 1.18g, 91% yield); mp  198-200 °C ; 1H NMR (400 MHz, CDCl3) δ 10.68 (s, 

1H), 9.99 (s, 1H), 8.60 (d, J = 7.5 Hz, 1H), 8.51 (d, J = 9.2 Hz, 3H), 8.20 (t, J = 7.6 Hz, 1H), 

7.55 (s, 1H), 7.14 (s, 1H), 7.06 (d, J = 7.5 Hz, 1H), 6.82 (s, 1H), 6.66 (t, J = 8.4 Hz, 1H), 3.93 

(s, 6H), 1.90 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 162.87, 162.53, 157.88 (d, J = 250.0 Hz), 

152.91, 148.69, 148.18, 139.73, 139.46, 139.22, 137.16, 135.11, 132.29 (d, J = 33.5 Hz), 

129.89, 126.38 (d, J = 40.8 Hz), 124.50, 123.39, 121.79, 120.55, 119.35, 117.95, 114.20, 

113.80 – 112.26 (m), 103.58, 56.49, 15.88; IR (ATR): 757, 785, 847, 937, 1044, 1127, 1235, 

1373, 1475, 1517, 1551, 1738, 2222, 2985 cm-1. 
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N2-(3,5-bis(trifluoromethyl)phenyl)-N6-(2'-cyano-2,5'-dimethyl-[1,1'-biphenyl]-3-

yl)pyridine-2,6-dicarboxamide:  

Colorless solid; yield 91% (1063 mg); mp  227-229 °C ; 1H NMR (400 MHz, DMSO) δ 11.41 

(s, 1H), 10.96 (s, 1H), 8.57 (s, 2H), 8.42 (t, J = 7.0 Hz, 2H), 8.32 (t, J = 7.7 Hz, 1H), 7.84 (d, J 

= 7.8 Hz, 2H), 7.71 (d, J = 7.8 Hz, 1H), 7.43 (t, J = 7.7 Hz, 2H), 7.30 (s, 1H), 7.21 (d, J = 7.5 

Hz, 1H), 2.44 (s, 3H), 2.12 (s, 3H); 13C NMR (101 MHz, DMSO) δ 162.99, 162.02, 148.76 (d, 

J = 86.9 Hz), 144.99, 144.33, 140.60 (d, J = 18.6 Hz), 139.80, 136.55, 133.30, 132.05, 131.56, 

131.24 (d, J = 32.9 Hz), 129.46, 128.04, 127.27, 126.44, 126.19, 126.01, 125.03, 122.31, 

121.19, 118.57, 117.61, 109.33, 21.68, 15.45; IR (ATR): 682, 753, 798, 886, 938, 1002, 1133, 

1182, 1279, 1383, 1441, 1474, 1545, 1696, 1739, 2228, 2928 cm-1. 

 

 

 

Template (12): 

Yellow solid ( 602, 81% yield); mp/decomposition  >232 °C ; 1H NMR (400 MHz, CD3CN) δ 

8.30 (t, J = 7.8 Hz, 1H), 7.98 – 7.78 (m, 5H), 7.74 (t, J = 7.3 Hz, 1H), 7.66 (s, 1H), 7.55 (td, J 
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= 7.7, 1.0 Hz, 1H), 7.48 (d, J = 7.7 Hz, 1H), 7.12 (dd, J = 10.6, 6.9 Hz, 2H), 2.17 (s, 3H); 13C 

NMR (101 MHz, CD3CN) δ 169.05, 168.23, 158.76, 156.32, 151.90, 150.88, 148.80, 144.83, 

142.60, 135.64, 134.85, 133.94, 133.04, 132.79, 131.37 – 130.01 (m), 128.12, 127.80, 127.71, 

126.58, 126.49, 126.16, 125.00, 122.30, 118.21, 112.71 (d, J = 21.6 Hz), 15.05; IR (ATR): 

684, 759, 844, 938, 1045, 1131, 1174, 1236, 1277, 1374, 1447, 1468, 1620, 1738, 2238, 2986 

cm-1. 

 

 

Template (17): 

Yellow solid ( 674 mg, 87% yield); mp/decomposition  >232 °C ; 1H NMR (500 MHz, CD3CN) 

δ 8.24 (d, J = 7.8 Hz, 1H), 7.91 – 7.83 (m, 3H), 7.76 (t, J = 6.8 Hz, 1H), 7.63 (s, 1H), 7.31 – 

7.23 (m, 3H), 7.10 (d, J = 7.3 Hz, 1H), 6.96 (s, 1H), 3.87 (d, J = 5.5 Hz, 6H), 2.16 (s, 3H), 1.96 

(s, 3H); 13C NMR (126 MHz, CD3CN) δ 169.97, 168.93, 153.70, 152.78, 149.87, 149.39, 

147.54, 143.36, 141.18, 140.28, 133.79, 131.72, 131.46, 131.20, 128.52, 128.02, 127.46, 

127.18, 127.02, 126.65, 125.74, 123.58, 119.73, 117.81, 115.35, 114.32, 104.36, 56.91, 56.86, 

15.74; IR (ATR): 683, 757, 843, 929, 966, 1013, 1086, 1133, 1175, 1219, 1277, 1379, 1465, 

1516, 1600, 1617, 2225, 2272, 2854, 2938, 3020 cm-1. 
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Template (14): 

Yellow solid (568 mg, 76% yield); mp/decomposition  >232 °C ; 1H NMR (500 MHz, CD3CN) 

δ 8.27 (dd, J = 10.0, 5.6 Hz, 1H), 7.92 – 7.87 (m, 3H), 7.80 (dd, J = 7.8, 1.2 Hz, 1H), 7.67 (s, 

1H), 7.35 (dd, J = 7.8, 1.0 Hz, 1H), 7.29 (t, J = 7.7 Hz, 1H), 7.21 (dd, J = 9.4, 2.1 Hz, 1H), 7.11 

– 6.98 (m, 2H), 2.59 (s, 3H), 2.15 (s, 3H); 13C NMR (126 MHz, CD3CN) δ 168.96, 167.89, 

164.18 (d, J = 254.1 Hz), 151.74 (d, J = 14.4 Hz), 149.19 – 148.40 (m), 146.45, 145.96 (d, J = 

10.0 Hz), 142.45, 140.57, 138.56, 132.38, 130.63 (q, J = 32.7 Hz), 127.92 (s), 126.51, 126.23 

(d, J = 20.3 Hz), 125.88, 124.74, 122.58, 116.93, 116.64, 115.60 (dd, J = 122.4, 22.7 Hz), 

109.72, 20.12, 14.70; IR (ATR): 669, 752, 883, 1134, 1177, 1215, 1278, 1379, 1467, 1625, 

1731, 2274, 3021 cm-1. 

 

Template (18): 

Yellow solid ( 627 mg, 78% yield); decomposed at  229-230 °C ; 1H NMR (500 MHz, CDCl3) 

δ 8.21 (t, J = 7.8 Hz, 1H), 7.96 (dd, J = 20.9, 7.8 Hz, 2H), 7.82 (s, 2H), 7.55 (s, 1H), 7.15 (s, 

1H), 7.05 (s, 1H), 6.84 (s, 1H), 3.96 (s, 3H), 3.91 (s, 3H), 2.48 (s, 3H), 2.10 (s, 3H), 1.98 (s, 

3H), 1.90 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 168.95, 167.86, 153.13, 152.33, 151.90, 
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148.27, 148.17, 142.05, 141.67, 140.37, 136.20, 134.12, 133.80, 132.45, 131.38, 131.12, 

129.10, 126.54, 126.45, 124.63, 122.46, 121.58, 118.86, 117.36, 113.89, 113.24, 103.73, 56.46, 

56.34, 20.32, 19.05, 16.11, 2.40; IR (ATR): 668, 753, 838, 886, 1046, 1133, 1177, 1217, 1278, 

1378, 1466, 1517, 1599, 1620, 1733, 2266, 2944, 3022 cm-1. 

 

Template (19): 

Yellow solid (651 mg, 82% yield); mp/decomposition  >232 °C ; 1H NMR (400 MHz, CDCl3) 

δ 8.29 – 8.09 (m, 248H), 7.89 – 7.77 (m, 351H), 7.45 (s, 124H), 7.31 – 7.30 (m, 1H), 6.89 – 

6.56 (m, 489H), 3.91 (s, 359H), 3.85 (s, 348H), 1.69 (s, 352H); 13C NMR (101 MHz, CDCl3) 

δ 169.63, 167.58, 158.47, 156.02, 154.78, 151.83, 150.93, 141.79, 140.40, 134.91, 133.50 (d, 

J = 23.9 Hz), 131.48 (d, J = 33.2 Hz), 127.70, 127.49, 127.05, 126.60, 124.50, 122.04 (d, J = 

51.5 Hz), 117.91, 115.69, 114.24, 112.90, 99.77, 56.54, 56.43, 14.89; IR (ATR): 668, 754, 

1000, 1130, 1179, 1215, 1279, 1382, 1487, 1521, 1627, 1732, 2262, 2932, 3021 cm-1. 
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Template (T15): 

Yellow solid; yield 85% (621 mg); mp/decomposition  >232 °C ; 1H NMR (400 MHz, CD3CN) 

δ 8.29 – 8.20 (m, 1H), 7.86 (d, J = 8.4 Hz, 3H), 7.78 (d, J = 6.5 Hz, 1H), 7.68 (d, J = 7.4 Hz, 

1H), 7.63 (s, 1H), 7.39 – 7.18 (m, 4H), 7.07 (d, J = 7.0 Hz, 1H), 2.43 (s, 3H), 2.11 (s, 3H); 13C 

NMR (101 MHz, CD3CN) δ 169.98, 168.97, 152.79, 149.79, 147.41, 146.53, 145.20, 143.40, 

140.31, 133.53, 133.44, 132.15, 131.58 (d, J = 32.6 Hz), 129.58, 128.69, 128.56, 127.78, 

127.44, 127.24, 127.08, 126.77, 125.99, 123.28, 119.52, 21.80, 15.74; IR (ATR): 682, 753, 

798, 886, 938, 1002, 1133, 1182, 1279, 1383, 1441, 1474, 1545, 1696, 1739, 2228, 2928 cm-1. 

 

4-(quinolin-5-yl)butan-2-one (6a): 

Colorless liquid (30 mg, 74% yield); 1H NMR (400 MHz, CDCl3) δ 8.90 (dd, J = 4.2, 1.6 Hz, 

1H), 8.33 (dd, J = 8.6, 0.8 Hz, 1H), 7.97 (d, J = 8.5 Hz, 1H), 7.60 (dd, J = 8.4, 7.2 Hz, 1H), 

7.44 – 7.34 (m, 2H), 3.33 (t, J = 7.7 Hz, 2H), 2.88 – 2.82 (m, 2H), 2.15 (s, 3H); 13C NMR (126 

MHz, CDCl3) δ 207.5, 150.1, 148.8, 137.6, 132.0, 129.3, 128.4, 126.8, 126.4, 121.0, 44.4, 30.2, 

25.9; IR (ATR): 667, 756, 816, 949, 1128, 1160, 1216, 1301, 1380, 1466, 1642, 1763, 2888, 

2973, 3614 cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for C13H14NO) 200.1075, found 

200.1075. 
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4-(2-chloroquinolin-5-yl)butan-2-one (6b): 

Yellow solid (39.5 mg, 84% yield); 1H NMR (400 MHz, CDCl3) δ 8.29 (d, J = 8.8 Hz, 1H), 

7.87 (d, J = 8.5 Hz, 1H), 7.62 (dd, J = 8.4, 7.3 Hz, 1H), 7.38 (dd, J = 7.8, 5.8 Hz, 2H), 3.30 (t, 

J = 7.6 Hz, 2H), 2.85 (t, J = 7.6 Hz, 2H), 2.15 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 207.2, 

150.5, 148.6, 137.9, 135.1, 130.5, 127.5, 126.9, 125.5, 122.2, 44.4, 30.2, 25.9; IR(ATR): 756, 

806, 897, 1125, 1163, 1300, 1365, 1402, 1465, 1495, 1588, 1716, 2854, 2924 cm-1; HRMS-

ESI (m/z): [M+H]+ calculated (for C13H13ClNO) 234.0686, found 234.0682. 

 

4-(3-methylquinolin-5-yl)butan-2-one (6c): 

Brown color semi solid ( 37 mg, 86% yield); 1H NMR (500 MHz, CDCl3) δ 8.77 (d, J = 2.0 

Hz, 1H), 8.09 (d, J = 0.8 Hz, 1H), 7.94 (d, J = 8.5 Hz, 1H), 7.55 (dd, J = 8.3, 7.2 Hz, 1H), 7.35 

(d, J = 7.0 Hz, 1H), 3.35 – 3.29 (m, 2H), 2.90 – 2.84 (m, 2H), 2.55 (s, 3H), 2.17 (s, 3H); 13C 

NMR (126 MHz, CDCl3) δ 207.7, 152.1, 147.1, 136.8, 130.7, 130.5, 128.3, 128.2, 126.7, 126.4, 

44.5, 30.3, 25.9, 19.2; IR (ATR): 665, 756, 814, 884, 1073, 1162, 1217, 1267, 1364, 1463, 

1496, 1576, 1607, 1717, 2853, 2924 cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for 

C14H16NO) 214.1232, found 214.1222. 

 

 

4-(8-chloroquinolin-5-yl)butan-2-one (6d): 
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Light brown color semi solid (45 mg, 64% yield); 1H NMR (500 MHz, CDCl3) δ 9.05 (dd, J = 

4.1, 1.5 Hz, 1H), 8.37 (dd, J = 8.6, 1.5 Hz, 1H), 7.75 (d, J = 7.7 Hz, 1H), 7.52 (dd, J = 8.5, 4.1 

Hz, 1H), 7.32 (d, J = 7.7 Hz, 1H), 3.32 (t, J = 7.6 Hz, 2H), 2.86 (t, J = 7.6 Hz, 2H), 2.16 (s, 

3H); 13C NMR (126 MHz, CDCl3) δ 207.2, 150.7, 144.9, 137.0, 132.7, 129.4, 128.2, 126.5, 

121.9, 44.3, 30.3, 25.7; IR(ATR): 748, 789, 861, 922, 1042, 1090, 1156, 1265, 1369, 1429, 

1477, 1533, 1576, 1614, 1655, 1712, 2855, 2928, 3299 cm-1. HRMS-ESI (m/z): [M+H]+ 

calculated (for C13H13ClNO) 234.0686, found 234.0682. 

 

4-(6-methoxyquinolin-5-yl)butan-2-one (6e): 

Colorless liquid ( 29.8 mg, 65% yield); 1H NMR (500 MHz, CDCl3) δ 8.78 (dd, J = 4.1, 1.4 

Hz, 1H), 8.30 (d, J = 8.6 Hz, 1H), 8.03 (d, J = 9.2 Hz, 1H), 7.49 (d, J = 9.3 Hz, 1H), 7.39 (dd, 

J = 8.7, 4.1 Hz, 1H), 3.97 (s, 3H), 3.34 – 3.28 (m, 2H), 2.74 – 2.69 (m, 2H), 2.17 (s, 3H); 13C 

NMR (101 MHz, CDCl3) δ 207.8, 153.3, 143.7, 136.3, 127.8, 127.4, 126.9, 126.6, 109.4, 55.8, 

44.1, 30.3, 25.9; IR(ATR): 718, 757, 826, 961, 1034, 1093, 1164, 1257, 1325, 1364, 1465, 

1507, 1714, 2855, 2925 cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for C14H16NO2) 230.1181, 

found 230.1175. 

 

4-(7-chloro-2-methylquinolin-5-yl)butan-2-one (6f): 

Yellow color semi solid (39.5 mg, 79% yield); 1H NMR (500 MHz, CDCl3) δ 8.18 (d, J = 8.7 

Hz, 1H), 7.88 (d, J = 1.3 Hz, 1H), 7.29 (d, J = 8.7 Hz, 1H), 7.27 (d, J = 1.5 Hz, 1H), 3.27 (t, J 
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= 7.7 Hz, 2H), 2.85 (dd, J = 10.1, 5.3 Hz, 2H), 2.72 (s, 3H), 2.17 (s, 3H); 13C NMR (126 MHz, 

CDCl3) δ 207.1, 160.0, 149.0, 139.3, 134.9, 132.1, 126.5, 126.4, 123.5, 122.1, 44.1, 30.2, 25.6, 

25.3; IR(ATR): 869, 1088, 1163, 1230, 1277, 1365, 1407, 1505, 1565, 1606, 1718, 2855, 2925 

cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for C14H15ClNO) 248.0842, 248.0834. 

 

4-(2-methylquinolin-5-yl)butan-2-one (6g): 

Light yellow liquid ( 39 mg, 91% yield); 1H NMR (400 MHz, CDCl3) δ 8.22 (d, J = 8.7 Hz, 

1H), 7.88 (d, J = 8.5 Hz, 1H), 7.59 – 7.54 (m, 1H), 7.30 (d, J = 8.2 Hz, 2H), 3.30 (t, J = 7.7 Hz, 

2H), 2.87 – 2.81 (m, 2H), 2.73 (s, 3H), 2.15 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 207.7, 

158.7, 148.4, 137.4, 132.1, 129.3, 127.6, 125.6, 125.0, 122.0, 44.5, 30.2, 26.0, 25.3; IR(ATR): 

755, 809, 973, 1001, 1163, 1230, 1256, 1312, 1364, 1411, 1509, 1570, 1603, 1714, 2923, 3062 

cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for C14H16NO) 214.1232, found 214.1222. 

 

 

4-(2-chloro-3-methylquinolin-5-yl)butan-2-one (6h): 

Yellow color semi solid ( 46 mg, 93% yield); 1H NMR (500 MHz, CDCl3) δ 8.13 (s, 1H), 7.84 

(d, J = 8.5 Hz, 1H), 7.58 – 7.53 (m, 1H), 7.34 (d, J = 7.1 Hz, 1H), 3.29 (t, J = 7.7 Hz, 2H), 2.87 

– 2.83 (m, 2H), 2.55 (s, 3H), 2.17 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 207.4, 151.8, 147.1, 

137.0, 134.0, 130.1, 129.4, 127.1, 126.7, 126.2, 44.3, 30.3, 25.9, 20.5; IR(ATR): 685, 758, 808, 

899, 944, 972, 1030, 1090, 1162, 1205, 1365, 1394, 1436, 1482, 1571, 1599, 1717, 2854, 2925, 
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3065 cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for C14H14ClNNaO) 270.0662, found 

270.0654. 

 

4-(3-methoxyquinolin-5-yl)butan-2-one (6i): 

Yellow semi solid (43.5 mg, 93% yield); 1H NMR (400 MHz, CDCl3) δ 8.68 (d, J = 2.8 Hz, 

1H), 7.92 (d, J = 8.4 Hz, 1H), 7.53 (d, J = 2.6 Hz, 1H), 7.46 (dd, J = 8.4, 7.1 Hz, 1H), 7.34 (d, 

J = 7.1 Hz, 1H), 3.97 (s, 3H), 3.33 – 3.26 (m, 2H), 2.91 – 2.84 (m, 2H), 2.17 (s, 3H); 13C NMR 

(101 MHz, CDCl3) δ 207.8, 153.2, 144.0, 136.3, 128.1, 127.4, 126.8, 126.4, 108.9, 55.7, 44.1, 

30.3, 26.0; IR(ATR): 754, 810, 863, 927, 1031, 1161, 1211, 1261, 1364, 1382, 1412, 1457, 

1496, 1607, 1716, 2854, 2926, 3006 cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for 

C14H16NO2) 230.1181, 230.1176. 

 

4-(6-methoxy-2-methylquinolin-5-yl)butan-2-one (6j): 

Brown color semi solid (42.5 mg, 87% yield); 1H NMR (400 MHz, CDCl3) δ 8.19 (d, J = 8.8 

Hz, 3H), 7.94 (d, J = 9.2 Hz, 3H), 7.43 (d, J = 9.3 Hz, 3H), 7.33 – 7.18 (m, 4H), 3.95 (s, 9H), 

3.39 – 3.16 (m, 8H), 2.76 – 2.62 (m, 15H), 2.15 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 208.6, 

156.3, 154.1, 143.5, 131.9, 128.2, 125.9, 122.4, 122.1, 116.2, 56.4, 43.7, 30.1, 24.8, 19.2; 

IR(ATR): 669, 753, 818, 929, 1029, 1093, 1162, 1255, 1315, 1362, 1410, 1457, 1504, 1567, 

1602, 1712, 2850, 2924 cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for C15H18NO2) 244.1338, 

found 244.1338. 
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4-(3-chloroquinolin-5-yl)butan-2-one (6k): 

Yellow color semi solid (41.5 mg, 89% yield); 1H NMR (400 MHz, CDCl3) δ 8.81 (d, J = 2.3 

Hz, 1H), 8.32 – 8.28 (m, 1H), 7.95 (d, J = 8.5 Hz, 1H), 7.61 (dd, J = 8.5, 7.2 Hz, 1H), 7.41 (d, 

J = 7.1 Hz, 1H), 3.29 (t, J = 7.6 Hz, 2H), 2.86 (t, J = 7.6 Hz, 2H), 2.17 (s, 3H); 13C NMR (101 

MHz, CDCl3) δ 207.2, 149.3, 146.8, 137.0, 130.3, 129.4, 128.6, 128.3, 127.5, 127.2, 44.2, 30.2, 

25.7; IR(ATR): 666, 755, 812, 890, 1014, 1062, 1096, 1162, 1287, 1326, 1359, 1409, 1459, 

1487, 1590, 1717, 2854, 2926, 3071 cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for 

C13H13ClNO) 234.0686, found 234.0682. 

 

 

4-(3-phenylquinolin-5-yl)butan-2-one (6l): 

Light brown color semi solid (49.5 mg, 90% yield); 1H NMR (500 MHz, CDCl3) δ 9.18 (d, J 

= 2.2 Hz, 1H), 8.46 (d, J = 1.6 Hz, 1H), 8.02 (d, J = 8.5 Hz, 1H), 7.74 – 7.70 (m, 2H), 7.63 (dd, 

J = 8.4, 7.2 Hz, 1H), 7.55 (dd, J = 10.5, 4.8 Hz, 2H), 7.48 – 7.40 (m, 2H), 3.41 (t, J = 7.7 Hz, 

2H), 2.91 (t, J = 7.7 Hz, 2H), 2.17 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 207.5, 149.7, 147.9, 

138.2, 137.8, 133.9, 129.4, 129.3, 129.2, 128.3, 128.2, 127.7, 126.9, 126.6, 44.5, 30.3, 25.9; 

IR(ATR): 698, 763, 814, 902, 1077, 1162, 1216, 1286, 1364, 1416, 1489, 1600, 1716, 2855, 
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2927, 3023 cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for C19H18NO) 276.1388, found 

276.1380. 

 

 

4-(6-chloro-2-methylquinolin-5-yl)butan-2-one (6m): 

Yellow color semi solid (33.2 mg, 67% yield); 1H NMR (400 MHz, CDCl3) δ 8.26 (d, J = 8.9 

Hz, 1H), 7.81 (d, J = 8.7 Hz, 1H), 7.54 (d, J = 8.6 Hz, 1H), 7.38 (d, J = 8.9 Hz, 1H), 3.34 – 

3.26 (m, 2H), 2.74 – 2.66 (m, 2H), 2.49 (s, 3H), 2.18 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 

207.5, 149.7, 147.5, 134.9, 134.8, 134.6, 134.1, 127.0, 125.6, 122.2, 43.6, 30.2, 22.3, 20.0; 

IR(ATR): 820, 907, 967, 1132, 1163, 1303, 1362, 1464, 1498, 1583, 1716, 2854, 2925 cm-1; 

HRMS-ESI (m/z): [M+H]+ calculated (for C14H14ClNNaO) 270.0662, found 270.0656. 

 

1-(quinolin-5-yl)pentan-3-one (7a): 

Colorless liquid (34.5 mg, 81% yield); 1H NMR (500 MHz, CDCl3) δ 8.90 (s, 1H), 8.34 (d, J 

= 5.7 Hz, 1H), 8.04 – 7.92 (m, 1H), 7.61 (dt, J = 11.7, 4.0 Hz, 1H), 7.41 (ddd, J = 17.6, 11.2, 

8.6 Hz, 2H), 3.34 (d, J = 7.2 Hz, 2H), 2.87 – 2.79 (m, 2H), 2.40 (dd, J = 8.8, 5.1 Hz, 2H), 1.11 

– 1.02 (m, 3H); 13C NMR (126 MHz, CDCl3) δ 210.2, 150.1, 148.8, 137.7, 132.0, 129.2, 128.3, 

126.7, 126.4, 121.0, 43.1, 36.2, 26.0, 7.8; IR(ATR):  666, 750, 802, 888, 975, 1047, 1068, 1113, 
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1149, 1216, 1276, 1321, 1363, 1411, 1459, 1503, 1574, 1597, 1712, 2940, 2977, 3021 cm-1; 

HRMS-ESI (m/z): [M+H]+ calculated (for C14H16NO) 214.1232, found 214.1227. 

 

 

1-(quinolin-5-yl)hexan-3-one (7b): 

Colorless liquid (36 mg, 79% yield); 1H NMR (500 MHz, CDCl3) δ 8.88 (dd, J = 4.1, 1.5 Hz, 

1H), 8.31 (d, J = 8.5 Hz, 1H), 7.95 (d, J = 8.5 Hz, 1H), 7.58 (dd, J = 8.3, 7.3 Hz, 1H), 7.39 (dd, 

J = 8.6, 4.2 Hz, 1H), 7.35 (d, J = 7.0 Hz, 1H), 3.31 (t, J = 7.7 Hz, 2H), 2.82 – 2.75 (m, 2H), 

2.34 (t, J = 7.3 Hz, 2H), 1.56 (dd, J = 14.8, 7.4 Hz, 2H), 0.86 (t, J = 7.4 Hz, 3H); 13C NMR 

(126 MHz, CDCl3) δ 209.8, 150.0, 148.8, 137.7, 132.0, 129.2, 128.3, 126.7, 126.4, 120.9, 45.0, 

43.5, 25.9, 17.3, 13.8; IR(ATR): 666, 752, 802, 895, 1014, 1051, 1070, 1125, 1150, 1216, 1321, 

1367, 1410, 1459, 1502, 1574, 1596, 1710, 2877, 2963, 3021 cm-1; HRMS-ESI (m/z): [M+H]+ 

calculated (for C15H18NO) 228.1388, found 228.1380. 

 

1-(quinolin-5-yl)octan-3-one (7c): 

Colorless liquid (39 mg, 76% yield); 1H NMR (400 MHz, CDCl3) δ 8.89 (dd, J = 4.1, 1.5 Hz, 

1H), 8.33 (d, J = 8.5 Hz, 1H), 7.96 (d, J = 8.5 Hz, 1H), 7.59 (dd, J = 8.4, 7.2 Hz, 1H), 7.43 – 

7.32 (m, 2H), 3.32 (t, J = 7.7 Hz, 2H), 2.80 (t, J = 7.7 Hz, 2H), 2.36 (t, J = 7.4 Hz, 2H), 1.61 – 

1.48 (m, 2H), 1.22 (ddd, J = 15.5, 11.0, 5.3 Hz, 4H), 0.84 (t, J = 7.0 Hz, 3H); 13C NMR (126 
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MHz, CDCl3) δ 210.0, 150.0, 148.8, 137.8, 132.0, 129.3, 128.3, 126.8, 126.5, 121.0, 43.5, 43.2, 

31.4, 25.9, 23.6, 22.5, 14.0; IR(ATR): 666, 753, 802, 979, 1080, 1126, 1150, 1215, 1292, 1321, 

1364, 1410, 1460, 1502, 1574, 1597, 1712, 2872, 2932, 2956, 3023 cm-1; HRMS-ESI (m/z): 

[M+H]+ calculated (for C17H22NO) 256.1701, found 256.1692. 

 

 

3-(quinolin-5-yl)pentanal (7d): 

Colorless liquid (30 mg, 70% yield); 1H NMR (400 MHz, CDCl3) δ 9.71 (t, J = 1.5 Hz, 1H), 

8.91 (dd, J = 4.1, 1.5 Hz, 1H), 8.53 (d, J = 8.7 Hz, 1H), 7.99 (d, J = 8.4 Hz, 1H), 7.81 – 7.59 

(m, 1H), 7.55 – 7.35 (m, 2H), 4.12 – 3.90 (m, 1H), 2.90 (d, J = 7.0 Hz, 2H), 1.83 (dd, J = 13.1, 

6.8 Hz, 2H), 0.81 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 201.4, 150.0, 148.7, 

140.8, 131.8, 129.3, 128.2, 127.1, 124.1, 121.1, 50.1, 34.7, 29.5, 11.9; IR(ATR): 669, 747, 802, 

901, 950, 992, 1051, 1161, 1276, 1317, 1380, 1406, 1461, 1504, 1595, 1721, 2726, 2876, 2931, 

2964 cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for C14H16NO) 214.1232, found 214.1228. 

 

2-(quinolin-5-yl)heptan-4-one (7e): 

Colorless liquid (37.5 mg, 77% yield); 1H NMR (400 MHz, CDCl3) δ 8.89 (dd, J = 4.1, 1.4 Hz, 

1H), 8.50 (d, J = 8.6 Hz, 1H), 7.96 (d, J = 8.4 Hz, 1H), 7.65 (dd, J = 8.4, 7.4 Hz, 1H), 7.46 – 

7.35 (m, 2H), 4.17 (dd, J = 13.6, 6.9 Hz, 1H), 2.92 – 2.68 (m, 2H), 2.33 (td, J = 7.2, 2.5 Hz, 

2H), 1.54 (ddd, J = 14.8, 7.5, 1.1 Hz, 2H), 1.36 (d, J = 6.9 Hz, 3H), 0.83 (t, J = 7.4 Hz, 3H); 
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13C NMR (101 MHz, CDCl3) δ 209.7, 150.0, 148.8, 143.2, 131.8, 129.2, 128.1, 126.3, 123.0, 

121.0, 50.8, 45.6, 29.0, 21.7, 17.2, 13.7; IR(ATR): 667, 750, 801, 919, 989, 1048, 1127, 1154, 

1242, 1314, 1374, 1408, 1457, 1503, 1573, 1595, 1709, 1949, 2876, 2964, 3021 cm-1; HRMS-

ESI (m/z): [M+H]+ calculated (for C16H19NNaO) 264.1364, found 264.1357. 

 

(E)-1-(quinolin-5-yl)hex-4-en-3-one (7f): 

Light yellow semi solid (33.5 mg, 74% yield); 1H NMR (400 MHz, CDCl3) δ 8.90 (dd, J = 4.2, 

1.6 Hz, 1H), 8.36 (ddd, J = 8.6, 1.5, 0.9 Hz, 1H), 7.97 (d, J = 8.5 Hz, 1H), 7.61 (dd, J = 8.5, 

7.1 Hz, 1H), 7.48 – 7.35 (m, 2H), 6.91 – 6.74 (m, 1H), 6.12 (dq, J = 15.8, 1.6 Hz, 1H), 3.45 – 

3.33 (m, 2H), 3.01 – 2.88 (m, 2H), 1.86 (dd, J = 6.8, 1.7 Hz, 3H); 13C NMR (101 MHz, CDCl3) 

δ 198.96, 150.1, 148.8, 143.3, 137.9, 132.1, 131.9, 129.3, 128.3, 126.9, 126.5, 121.0, 40.8, 

26.2, 18.4; IR(ATR): 750, 803, 969, 1059, 1088, 1128, 1187, 1293, 1318, 1363, 1411, 1441, 

1502, 1573, 1595, 1631, 1670, 1738, 1951, 2928, 3035 cm-1; HRMS-ESI (m/z): [M+H]+ 

calculated (for C15H16NO) 226.1232, found 226.1224. 

 

1-(2-chloro-3-methylquinolin-5-yl)hexan-3-one (7g): 

Light brown color semi solid (46.9 mg, 85% yield); 1H NMR (500 MHz, CDCl3) δ 8.17 (s, 

1H), 7.87 (d, J = 8.5 Hz, 1H), 7.58 (dd, J = 8.4, 7.2 Hz, 1H), 7.37 (d, J = 7.1 Hz, 1H), 3.40 – 

3.27 (m, 2H), 2.93 – 2.80 (m, 2H), 2.58 (d, J = 0.8 Hz, 3H), 2.41 (t, J = 7.3 Hz, 2H), 1.63 (dd, 
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J = 14.7, 7.4 Hz, 2H), 0.92 (t, J = 7.4 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 209.8, 151.8, 

147.2, 137.2, 134.1, 130.1, 129.4, 127.1, 126.7, 126.2, 45.1, 43.4, 29.8, 26.0, 20.5, 17.4, 13.8; 

IR(ATR): 686, 757, 815, 897, 955, 979, 1011, 1058, 1091, 1125, 1204, 1287, 1366, 1394, 1482, 

1571, 1598, 1714, 2928, 2962, 3066cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for 

C16H19ClNO) 276.1155, found 276.1148. 

 

 

3-(quinolin-5-yl)octanal (7h): 

Colorless liquid (35.5 mg, 69% yield); 1H NMR (400 MHz, CDCl3) δ 9.69 (s, 1H), 8.91 (dd, J 

= 4.0, 1.3 Hz, 1H), 8.51 (d, J = 8.6 Hz, 1H), 7.99 (d, J = 8.4 Hz, 1H), 7.68 (t, J = 7.9 Hz, 1H), 

7.54 – 7.33 (m, 2H), 4.25 – 3.92 (m, 1H), 2.88 (d, J = 7.0 Hz, 2H), 1.78 (dd, J = 14.2, 7.0 Hz, 

2H), 1.29 – 1.11 (m, 6H), 0.79 (t, J = 6.7 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 201.4, 150.1, 

148.8, 141.2, 131.7, 129.3, 128.4, 127.0, 124.0, 121.1, 50.6, 36.7, 31.9, 27.1, 22.6, 14.1; 

IR(ATR): 669, 750, 929, 1046, 1215, 1375, 1426, 1522, 1732, 3022 cm-1; HRMS-ESI (m/z): 

[M+H]+ calculated (for C17H22NO) 256.1701, found 256.1694. 

 

 

2-methyl-3-(quinolin-5-yl)propanal (7i): 

Colorless liquid (32.5 mg, 81% yield); 1H NMR (400 MHz, CDCl3) δ 9.75 (d, J = 1.4 Hz, 1H), 

8.92 (dd, J = 4.2, 1.6 Hz, 1H), 8.32 (d, J = 8.2 Hz, 1H), 8.01 (d, J = 8.5 Hz, 1H), 7.63 (dd, J = 

8.5, 7.1 Hz, 1H), 7.43 (dd, J = 8.6, 4.2 Hz, 1H), 7.38 (d, J = 6.9 Hz, 1H), 3.60 (dd, J = 14.3, 
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5.9 Hz, 1H), 2.94 (dd, J = 14.3, 8.5 Hz, 1H), 2.77 (dd, J = 7.2, 1.2 Hz, 1H), 1.13 (d, J = 7.1 Hz, 

3H); 13C NMR (101 MHz, CDCl3) δ 203.8, 195.0, 150.2, 148.9, 135.5, 131.9, 129.1, 128.8, 

127.7, 127.0, 121.1, 47.4, 32.8, 13.9; IR(ATR): 662, 755, 802, 944, 996, 1048, 1083, 1120, 

1164, 1248, 1313, 1376, 1404, 1456, 1503, 1573, 1595, 1722, 2727, 2828, 2929, 2967, 3065 

cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for C13H14NO) 200.1075, found 200.1069. 

 

 

3-(quinolin-5-yl)hexanal (7j): 

Colorless liquid (30.5g, 57% yield); 1H NMR (500 MHz, CDCl3) δ 9.69 (s, 1H), 8.91 (dd, J = 

4.0, 1.3 Hz, 1H), 8.51 (d, J = 8.6 Hz, 1H), 7.99 (d, J = 8.4 Hz, 1H), 7.67 (t, J = 7.8 Hz, 1H), 

7.53 – 7.35 (m, 2H), 4.15 – 3.98 (m, 1H), 2.88 (d, J = 6.9 Hz, 2H), 1.77 (dd, J = 15.3, 7.6 Hz, 

2H), 1.18 (ddd, J = 21.0, 13.3, 6.9 Hz, 2H), 0.84 (t, J = 7.3 Hz, 3H); 13C NMR (126 MHz, 

CDCl3) δ 201.4, 150.1, 148.8, 141.1, 131.6, 129.2, 128.4, 127.0, 124.0, 121.0, 50.5, 38.9, 20.6, 

14.1; IR(ATR): 667, 756, 803, 911, 996, 1051, 1226, 1317, 1379, 1406, 1466, 1504, 1573, 

1595, 1723, 2724, 2873, 2930, 2958 cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for 

C15H18NO) 228.1388, found 228.1379. 

 

 

1-(2-methylquinolin-5-yl)octan-3-one (7k): 
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Light yellow color semi solid (45 mg, 84% yield); 1H NMR (400 MHz, CDCl3) δ 8.25 (d, J = 

8.7 Hz, 3H), 7.91 (d, J = 8.5 Hz, 3H), 7.58 (dd, J = 8.4, 7.2 Hz, 3H), 7.32 (d, J = 8.5 Hz, 6H), 

3.38 – 3.25 (m, 6H), 2.89 – 2.79 (m, 6H), 2.75 (s, 10H), 2.38 (t, J = 7.5 Hz, 7H), 1.63 – 1.52 

(m, 7H), 1.28 – 1.23 (m, 18H), 0.89 – 0.85 (m, 9H); 13C NMR (126 MHz, CDCl3) δ 210.2, 

158.7, 137.6, 132.3, 129.3, 127.5, 125.7, 125.0, 122.0, 43.6, 43.2, 31.5, 29.8, 26.1, 25.2, 23.6, 

22.5, 14.0; IR(ATR): 667, 755, 811, 909, 1080, 1126, 1216, 1312, 1372, 1411, 1460, 1509, 

1570, 1604, 1714, 2857, 2927 cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for C18H24NO) 

270.1858, found 270.1851. 

  

3-(quinolin-5-yl)butanal (7l): 

Colorless liquid (26 mg, 65% yield); 1H NMR (500 MHz, CDCl3) δ 9.82 (t, J = 1.4 Hz, 1H), 

8.95 (dd, J = 4.1, 1.5 Hz, 1H), 8.50 (d, J = 8.6 Hz, 1H), 8.03 (d, J = 8.5 Hz, 1H), 7.78 – 7.62 

(m, 1H), 7.52 – 7.42 (m, 2H), 4.23 (dd, J = 13.9, 6.9 Hz, 1H), 2.92 (dddd, J = 17.3, 9.9, 7.0, 

1.4 Hz, 2H), 1.47 (d, J = 6.9 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 201.2, 150.2, 148.9, 

142.2, 131.4, 129.3, 128.5, 126.2, 123.3, 121.1, 51.5, 28.1, 22.0; IR(ATR): 669, 748, 802, 902, 

991, 1048, 1098, 1161, 1242, 1317, 1374, 1406, 1461, 1504, 1573, 1595, 1722, 2726, 2875, 

2931, 2962, 3563 cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for C13H14NO) 200.1075, found 

200.1067. 

 

 

4-(2-methylbenzo[d]oxazol-7-yl)butan-2-one (9a): 
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Light brown color semi solid ( 32, 78% yield); 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 7.8 

Hz, 1H), 7.19 (t, J = 7.7 Hz, 1H), 7.08 (d, J = 7.5 Hz, 1H), 3.12 (t, J = 7.7 Hz, 2H), 2.88 (t, J = 

7.7 Hz, 2H), 2.63 (s, 3H), 2.16 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 207.6, 163.6, 149.7, 

141.5, 124.6, 124.3, 124.0, 117.5, 43.4, 30.1, 24.2, 14.7; IR: 667, 748, 861, 924, 1041, 1090, 

1157, 1216, 1265, 1370, 1430, 1477, 1533, 1574, 1614, 1656, 1711, 2931, 3016 cm-1; HRMS-

ESI (m/z): [M+H]+ calculated (for C12H14NO2) 204.1025, found 204.1019. 

 

 

4-(2-chlorobenzo[d]thiazol-7-yl)butan-2-one (9b): 

Brown color semi solid (25 mg, 52% yield); 1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.1 Hz, 

1H), 7.42 (t, J = 7.8 Hz, 1H), 7.22 (d, J = 7.6 Hz, 1H), 3.07 (t, J = 7.4 Hz, 2H), 2.89 (t, J = 7.5 

Hz, 2H), 2.17 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 206.9, 153.0, 151.5, 136.3, 134.7, 127.1, 

125.3, 121.1, 42.7, 30.2, 29.5; IR(ATR): 727, 790, 1014, 1057, 1108, 1163, 1197, 1228, 1289, 

1367, 1403, 1477, 1514, 1574, 1719, 2856, 2927 cm-1; HRMS-ESI (m/z): [M+H]+ calculated 

(for C11H11ClNOS) 240.0250, found 240.0246. 

 

 

1-(2-methylbenzo[d]thiazol-7-yl)octan-3-one (9c): 

Light yellow color semi solid (53 mg, 87% yield); 1H NMR (500 MHz, CDCl3) δ 7.80 (d, J = 

8.1 Hz, 1H), 7.37 (t, J = 7.7 Hz, 1H), 7.15 (d, J = 7.3 Hz, 1H), 3.09 (t, J = 7.6 Hz, 2H), 2.87 – 

2.81 (m, 5H), 2.38 (t, J = 7.5 Hz, 2H), 1.59 – 1.51 (m, 2H), 1.29 – 1.19 (m, 4H), 0.86 (t, J = 
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7.1 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 209.9, 166.6, 153.8, 135.6, 134.9, 126.4, 124.2, 

120.5, 43.1, 41.8, 31.5, 29.9, 23.6, 22.5, 20.3, 14.0; IR(ATR): 731, 754, 790, 994, 1048, 1079, 

1127, 1174, 1270, 1314, 1373, 1407, 1458, 1525, 1572, 1714, 2859, 2928 cm-1; HRMS-ESI 

(m/z): [M+H]+ calculated (for C16H22NOS) 276.1422, found 276.1414. 

 

 

4-(2-methylbenzo[d]thiazol-7-yl)butan-2-one (9d): 

Brown color semi solid (38.5 mg, 87% yield); 1H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 8.1 

Hz, 1H), 7.36 (t, J = 7.7 Hz, 1H), 7.14 (d, J = 7.3 Hz, 1H), 3.08 (t, J = 7.6 Hz, 2H), 2.87 (dd, J 

= 8.9, 6.3 Hz, 2H), 2.83 (s, 3H), 2.15 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 207.4, 166.5, 

153.8, 135.6, 134.6, 126.4, 124.1, 120.5, 42.8, 30.1, 29.8, 20.3; IR(ATR): 731, 753, 791, 982, 

1097, 1174, 1270, 1315, 1362, 1407, 1434, 1475, 1525, 1572, 1717, 2854, 2925 cm-1; HRMS-

ESI (m/z): [M+H]+ calculated (for C12H14NOS) 220.0796, found 220.0793. 

 

 

1-(2-methylbenzo[d]oxazol-7-yl)hexan-3-one (9e): 

Light yellow semi solid (35 mg, 76% yield); 1H NMR (500 MHz, CDCl3) δ 7.48 (d, J = 7.9 

Hz, 1H), 7.20 (t, J = 7.7 Hz, 1H), 7.09 (d, J = 7.5 Hz, 1H), 3.14 (t, J = 7.7 Hz, 2H), 2.85 (t, J = 

7.7 Hz, 2H), 2.64 (d, J = 6.2 Hz, 3H), 2.40 (t, J = 7.3 Hz, 2H), 1.62 (m, 2H), 0.90 (t, J = 7.4 

Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 210.0, 163.7, 149.8, 141.4, 124.7, 124.4, 124.2, 117.5, 

45.0, 42.5, 24.2, 17.4, 14.7, 13.9; IR(ATR): 667, 755, 1076, 1127, 1177, 1216, 1266, 1374, 
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1431, 1478, 1539, 1655, 1711, 2927, 2964 cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for 

C14H18NO2) 232.1338, found 232.1330. 

 

1-(2-methylbenzo[d]oxazol-7-yl)octan-3-one (9f): 

Light yellow semi solid (40 mg, 77% yield); 1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 7.8 

Hz, 1H), 7.20 (t, J = 7.7 Hz, 1H), 7.09 (d, J = 7.5 Hz, 1H), 3.14 (t, J = 7.7 Hz, 2H), 2.85 (t, J = 

7.6 Hz, 2H), 2.64 (s, 3H), 2.41 (t, J = 7.5 Hz, 2H), 1.57 (s, 2H), 1.31 – 1.25 (m, 4H), 0.88 (d, J 

= 6.8 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 210.1, 163.7, 149.8, 141.5, 124.7, 124.4, 124.2, 

117.5, 43.1, 42.4, 31.5, 24.3, 23.7, 22.6, 14.7, 14.0; IR(ATR): 749, 793, 924, 1047, 1176, 1265, 

1379, 1430, 1578, 1614, 1716, 2860, 2928 cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for 

C16H22NO2) 260.1651, found 260.1644. 

  

3-(2-methylbenzo[d]thiazol-7-yl)octanal (9g): 

Light brown semi solid (35.5 mg, 64% yield); 1H NMR (400 MHz, CDCl3) δ 9.67 (t, J = 1.8 

Hz, 1H), 7.82 (d, J = 7.9 Hz, 1H), 7.41 (t, J = 7.8 Hz, 1H), 7.17 (d, J = 7.4 Hz, 1H), 3.51 – 3.30 

(m, 1H), 2.84 (s, 5H), 1.86 – 1.59 (m, 4H), 1.10 (dd, J = 7.7, 4.8 Hz, 4H), 0.81 (t, J = 6.8 Hz, 

3H); 13C NMR (101 MHz, CDCl3) δ 201.2, 166.6, 154.0, 137.9, 135.4, 126.5, 122.7, 120.9, 

49.4, 40.7, 35.3, 31.8, 27.1, 22.5, 20.3, 14.1; IR(ATR): 733, 797, 968, 1049, 1124, 1174, 1271, 

1378, 1413, 1466, 1524, 1572, 1725, 2858, 2928 cm-1; GC-MS (m/z): [M] calculated (for 

C16H21NOS) 275.1, found 275.1. 
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4-(4-methylthiazol-5-yl)butan-2-one (9h): 

Colorless liquid (28 mg, 83% yield); 1H NMR (500 MHz, CDCl3) δ 8.51 (s, 1H), 2.99 (t, J = 

7.2 Hz, 2H), 2.73 (t, J = 7.3 Hz, 2H), 2.36 (s, 3H), 2.13 (d, J = 1.4 Hz, 3H); 13C NMR (126 

MHz, CDCl3) δ 206.7, 149.3, 149.0, 130.3, 44.8, 30.1, 20.2, 14.9; IR(ATR): 749, 792, 841, 

888, 940, 1070, 1165, 1239, 1282, 1312, 1366, 1414, 1543, 1714, 2925, 3078 cm-1; GC-MS 

(m/z): [M] calculated (for C8H10NOS) 169.05, found 169.1. 

 

 

4-(2-(4-chlorophenyl)benzo[d]thiazol-7-yl)butan-2-one (9i): 

Yellow color semi solid (50 mg, 79% yield); 1H NMR (500 MHz, CDCl3) δ 8.06 – 8.02 (m, 

2H), 7.92 (d, J = 7.7 Hz, 1H), 7.50 – 7.46 (m, 2H), 7.46 – 7.42 (m, 1H), 7.21 (d, J = 7.3 Hz, 

1H), 3.17 (t, J = 7.6 Hz, 2H), 2.93 (t, J = 7.6 Hz, 2H), 2.19 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 207.3, 166.3, 154.5, 137.2, 135.0, 132.2, 129.4, 128.9, 127.0, 124.9, 121.5, 42.8, 

30.2, 29.9; IR(ATR): 727, 789, 834, 1013, 1092, 1162, 1234, 1289, 1365, 1402, 1476, 1509, 

1572, 1598, 1717, 2853, 2927, 3064 cm-1; HRMS-ESI (m/z): [M+H]+ calculated (for 

C17H15ClNOS) 316.0563, found 316.0733. 
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1-(4-methylthiazol-5-yl)octan-3-one (9j): 

Colorless liquid (39.5 mg, 87% yield); 1H NMR (400 MHz, CDCl3) δ 8.51 (s, 1H), 3.01 (t, J = 

7.3 Hz, 2H), 2.70 (t, J = 7.3 Hz, 2H), 2.42 – 2.32 (m, 5H), 1.54 (dt, J = 14.8, 7.4 Hz, 2H), 1.29 

– 1.19 (m, 4H), 0.85 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 209.3, 149.3, 149.0, 

130.5, 43.8, 43.1, 31.4, 23.5, 22.5, 20.3, 14.9, 14.0; IR(ATR): 666, 756, 843, 908, 1031, 1079, 

1127, 1216, 1378, 1415, 1543, 1712, 2862, 2931, 2959, 3020 cm-1; HRMS-ESI (m/z): [M+H]+ 

calculated (for C12H20NOS) 225.1, found 225.2. 

 

3-(4-methylthiazol-5-yl)hexanal (9k): 

Colorless liquid (30 mg, 76% yield); 1H NMR (400 MHz, CDCl3) δ 9.67 (t, J = 1.6 Hz, 1H), 

8.62 (s, 1H), 3.61 – 3.53 (m, 1H), 2.78 – 2.64 (m, 2H), 2.42 (s, 3H), 1.72 – 1.63 (m, 1H), 1.55 

– 1.47 (m, 1H), 1.25 – 1.19 (m, 2H), 0.87 (t, J = 7.3 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 

200.5, 150.0, 148.9, 135.5, 51.8, 40.4, 32.0, 20.4, 15.3, 13.9; IR(ATR): 794, 839, 931, 1035, 

1107, 1182, 1238, 1311, 1381, 1419, 1458, 1542, 1723, 2725, 2874, 2931, 2959 cm-1; HRMS-

ESI (m/z): [M+H]+ calculated (for C10H16NOS) 198.0953, found 198.0948. 
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5. Crystallographic data: 

 

 

Figure 5.4: Crystal structure of 6b (Figure 9) (CCDC 1895255) 

 

Cell: a= 10.9905(6) b= 6.8331(5) c= 14.9031(9) 

 alpha= 90 beta= 90 gamma= 90 

Temperature: 150 K   

Crystal size  0.12 x 0.11 x 0.09 mm3 

Volume  1119.21(12) 

Space group  P n m a 

Hall group  -P 2ac 2n 

Moiety formula  0.4(C26 H24 Cl2 N2 O2) 

Data completeness= 1.000 Theta(max)= 24.998 

R(reflections)= 0.0492( 882) wR2(reflections)= 0.1283( 1074) 
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Figure 5.5: Crystal structure of T18 (Scheme 1) (CCDC 1907082) 

 

Cell: a= 13.1796(3) b= 10.8489(3) c= 27.3741(7) 

 alpha= 90 beta= 102.523(2) gamma= 90 

Temperature: 150 K   

Crystal size  0.136 x 0.112 x 0.067 mm3 

Volume  3820.94(17) 

Space group  P 1 21/c 1 

Hall group  -P 2ybc 

Moiety formula  0.24(C35 H27 F6 N5 O4 Pd), 0.47(C2 H3 N) 

Data completeness= 1 Theta(max)= 25.000 

R(reflections)= 0.0507( 6070) wR2(reflections)= 0.1538( 6721) 
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Figure 5.6: Crystal structure of T17 (Figure 8) (CCDC 1889887) 

 

Cell: a= 13.6671(3) b= 18.9509(4) c= 30.4136(6) 

 alpha= 90 beta= 97.736(2) gamma= 90 

Temperature: 150 K   

Crystal size  0.177 x 0.173 x 0.105 mm3 

Volume  7805.5(3) 

Space group  I 1 2/a 1 

Hall group  -I 2ya 

Moiety formula  C33 H23 F6 N4 O5 Pd, C2 H3 N 

Data completeness= 1.000 Theta(max)= 24.999 

R(reflections)= 0.0463( 5807) wR2(reflections)= 0.1481( 6885) 
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Figure 5.7: Crystal structure of Intermediate E (Figure 12) (CCDC 1891224) 

 

Cell: a= 11.6653(4) b=11.7495(5) c=15.3737(6) 

 alpha=69.363(4) beta=76.859(3) gamma=85.816(3) 

Temperature: 150 K   

Crystal size  0.11 x 0.08 x 0.069 mm3 

Volume  1920.23(14) 

Space group  P -1 

Hall group  -P 1 

Moiety formula  C40 H27 F6 N5 O4 Pd 

Data completeness= 0.990 Theta(max)= 24.999 

R(reflections)= 0.0656( 5036) wR2(reflections)= 0.1613( 6696) 
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Figure 5.8: Crystal structure of Intermediate G (Figure 12) (CCDC 1889891) 

 

Cell: a= 11.5758(3) b= 11.6676(3) c= 15.7946(5) 

 alpha= 90.986(2) beta= 106.836(2) gamma= 93.328(2) 

Temperature: 150 K   

Crystal size  0.158 x 0.112 x 0.053 mm3 

Volume  2037.09(10) 

Space group  P -1 

Hall group  -P 1 

Moiety formula  C44 H33 F4.56 N5 O5 Pd 

Data completeness= 0.999 Theta(max)= 24.999 

R(reflections)= 0.0797 
wR2(reflections)= 0.2268( 7162) 
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Figure 5.9: Crystal structure of Intermediate H (Figure 12) (CCDC 1889895) 

 

Cell: a= 11.2235(8) b= 11.6701(6) c= 16.2740(12) 

 alpha= 108.691(6) beta= 92.161(6) gamma= 90.467(5) 

Temperature: 150 K   

Crystal size  0.21 x 0.102 x 0.021 mm3 

Volume  2017.2(2) 

Space group  P -1 

Hall group  -P 1 

Moiety formula  C38 H30 F6 N6 O4 Pd 

Data completeness= 0.986 Theta(max)= 64.997 

R(reflections)= 0.0923 wR2(reflections)= 0.3357( 6755) 

5.4.6. Representative NMR spectra: 
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