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Glossary 
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Summary 

 

Introduction 

Neurological disorders are a great burden for health systems worldwide. These diseases are 

characterized by a disfunction in neurons and the type of neuron affected and the way it is 

affected will depend on the disorder. Among these disorders, Alzheimer´s disease, Parkinson´s 

disease and epilepsy stand out as they affect a great number of patients and there is an 

increasing tendency in their incidence and prevalence. The ethology of these diseases is 

complex, as there are numerous factors involved in their establishment and progression. In the 

cases of Alzheimer´s and Parkinson’s disease, these factors involve protein misfolding, an 

increase in oxidative stress, different types of neuronal dysfunction (cholinergic neurons in 

Alzheimer´s disease and dopaminergic neurons in Parkinson´s disease) and a deregulated 

immune response. In the case of epilepsy, the cause underlies in an unbalance between 

excitatory and inhibitory neurotransmission, with predomination of the former. 

 

Objectives 

1. The synthesis and characterisation of a family of multitarget drug ligands against Alzheimer´s 

disease. These ligands are based on a flavonoid scaffold (naringenin and hesperetin) to which 

the pharmacophores of molecules such as tacrine and donepezil (two well-known 

cholinesterase inhibitors) and different tryptamines (which possess pleiotropic neuroprotective 

activities) have been tethered. The compounds are to be tested to verify their potential as 

multitarget drug ligands. 

2. The synthesis and characterization of theragnostic systems for oxidative stress in 

mitochondria. The synthesis of these compounds will be carried out using a multicomponent 

reaction in which a chalcone, a beta ketoester and an amine possessing a triphenylphosphonium 

functional group are combined to form a dihydroanthranilate. The triphenylphosphonium group 

is positively charged and this will direct the dihydroanthranilate structure towards the 

mitochondrial matrix, as the latter is negatively charged. There, it will capture a reactive oxygen 

species or a reactive nitrogen species and will convert into its fully aromatised form, which is 

fluorescent. This way, it will reduce oxidative stress by acting as a free radical scavenger, but 

also, by turning fluorescent in the process, it will diagnose free radical presence, converting 

these molecules in potential theragnostic systems for oxidative stress. 

3. The synthesis and characterization of dihydroanthranilate derived structures synthesized 

through the multicomponent reaction. These scaffolds have been derived towards the synthesis 

of acridones, which are privileged structures, possessing multiple pharmacological activities, and 

m-terphenylamines. The latter have demonstrated are able to selectively inhibit COX-1, which 

is important in neuroinflammation processes. Additionally, tacrine has been tethered to these 

structures, managing this way to achieve molecules with multitarget capability.  

4. The development of a mechanochemical synthetic method for primary amides. The primary 

amide group is widely distributed in biology and in APIs, and therefore a sustainable synthesis 

without the use of solvents or gaseous reagents would be a considerable advance towards a 

more environmentally friendly chemistry. 
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5. The application of the primary amide synthesis to the development of a sequential one-pot 

mechanochemical synthesis of rufinamide, an antiepileptic drug used for the treatment of the 

Lennox-Gasteaut syndrome.  

6. The chemical synthesis of a sensor that allows the quantification of the activity and real time 

visualization of the enzyme pantothenate kinase. This is the limiting enzyme in the biosynthesis 

of coenzyme A and it has been recently related to diverse diseases, neurological disorders 

among them. The ligand will bind in vivo to a fusion protein containing pantothenate kinase 

expressed in cells and this way, through FRET effect, the visualization and quantification of the 

activity of pantothenate kinase will be achieved. 

 

Results and discussion 

Objective number 1 was achieved by the formation of an oxime that having a carboxylic acid at 

its side chain. Using peptide chemistry conditions, this group was bound to different moieties 

such as tacrine, N-benzylpiperidine and tryptamines to form several families of hybrid molecules 

based on naringenin and hespertin. 

 

These molecules were pharmacologically tested by Professor Javier del Pino from the 

department of toxicology at the veterinary faculty of Universidad Complutense and Professors 

Sagrario Martín-Aragón and Paloma Bermejo from the department of pharmacology at the 

Faculty of Pharmacy of Universidad Complutense. Some of these compounds displayed good 

pharmacological activities against multiple disease targets and are interesting hits towards the 

development of a molecule against Alzheimer´s disease. 

Through a multicomponent reaction between a chalcone, a beta-ketoester and an amine a large 

family of highly functionalised dihydroanthranilates was synthesised. Using an amine bearing a 

triphenylphosphonium group, a family of tripehylphosphonium-bearing dihydroanthranilates 

with potential as theragnostic systems for mitochondrial oxidative stress was synthesised. These 
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compounds were oxidised to their aromatic derivatives using DDQ and their optical properties 

were measured. 

 

Additionally, for the achievement of objective 3, some dihydroanthranilate scaffolds were 

derived to other structures such as acridones or m-terphenyl amines, the latter being selective 

COX-1 inhibitors. To these last structures, tacrine was tethered to achieve potential multitarget 

drug ligands. The pharmacological activity of these molecules against acetylcholinesterase and 

butyrylcholinesterase was tested and it was found that all of them possesses good inhibitory 

activity against both enzymes. 

 

As there were no previously described mechanochemical synthesis of primary amides,a method 

was devised based on ester amidation with ammonia generated in situ from calcium nitride and 

ethanol. The optimal conditions involved the use of 0.1 equivalents of indium trichloride, 0.1 ml 

of ethanol, 3 equivalents of calcium nitride, a milling frequency of 30 Hz and a milling time of 90 

minutes. This way, structurally diverse primary amides were synthesised from their ester 

precursors, generally in good yields. 

 

 

Taking advantage of this result, a mechanochemical, one-pot synthesis of rufinamide, an 

antiepileptic drug used against Lennox-Gasteaut syndrome, was developed. The process was 
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carried out without the use of solvents nor the need for chromatographic purification and is a 

clear improvement in the green parameters of previously described syntheses. 

 

Finally, during an internship carried out in the group led by Kai Johnsson at Max Planck centre 

for medical research, the synthesis of two chemical ligands for a fusion protein containing 

pantothenate kinase, the rate-limiting enzyme for the biosynthesis of coenzyme A, a green 

fluorescent protein and a tag protein, in this case Halo-tag, was carried out. The ligands bear a 

moiety that can specifically bind Halo-tag, and this way, by a conformational change that takes 

place when a specific inhibitor of pantothenate kinase that is included in the ligand´s structure, 

the activity of the enzyme can be measured. Additionally, the ligand carries a rhodamine moiety 

that allows, by FRET with the green fluorescence protein within the fusion protein, to determine 

the activity of the enzyme. This is done by the ratio between the intensity of the emission caused 

by the FRET effect and the green fluorescent protein. 

 

The synthesis of the ligand was carried out by a sequential reaction scheme starting from methyl 

(6-hydroxymethyl)nicotinate, a simple starting material, which was transformed into two 

chemical ligands through linear sequences comprising xx steps. These ligands were assayed in 

cell cultures, and it was determined that they could bind to the fusion proteins and that the 

desired FRET effect occurred between them and the green fluorescent proteins.  
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Conclusions 

The chemical synthesis of different molecules with potential against different neurological 

disorders has been carried out. Hybrid molecules based on flavonoids have been synthesised 

and pharmacologically assayed. Potential theragnostic systems against mitochondrial oxidative 

stress were also synthesised with a multicomponent reaction. Using this same reaction, different 

scaffolds with potential use against neurological disorders have been achieved, such as 

acridones or m-terphenylamines, and from the latter structure, a small group of potential 

multitarget drug ligands has been tailored. Additionally, the mechanochemical one-pot 

synthesis of a commercialised antiepileptic drug, rufinamide has been achieved, together with 

a general mechanochemical method for the synthesis of primary amides. Finally, two different 

chemical ligands for a fusion protein containing pantothenate kinase to determine its activity 

and behaviour in real time have been synthesised. Assays in cell cultures have determined that 

both ligands bind to the fusion protein and that there is FRET effect between them and the 

fusion protein. 
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Resumen 

 

Introducción 

Los trastornos neurológicos suponen una gran carga para los sistemas sanitarios mundiales. 

Estas enfermedades se caracterizan por una disfunción de las neuronas y el modo de afectación 

de éstas depende de la enfermedad en cuestión. Entre ellas, destacan la enfermedad del 

Alzheimer, la enfermedad de Parkinson y la epilepsia ya que afectan a un gran número de 

personas en el mundo y hay una tendencia creciente en cuanto a su incidencia y prevalencia. La 

etiología de estas enfermedades suele ser compleja al haber múltiples factores involucrados en 

su establecimiento y progresión. En el caso de la enfermedad de Alzheimer y de Parkinson se 

produce un mal plegamiento proteico, un aumento del estrés oxidativo, una disfunción de 

distintos tipos de neuronas (colinérgicas en caso del Alzheimer y dopaminérgicas en caso del 

Parkinson) y una respuesta inmune exacerbada. En el caso de la epilepsia, la causa suele ser un 

desbalance en el equilibrio excitatorio-inhibitorio del cerebro, a favor de la excitación. 

 

Objetivos 

1. La síntesis y caracterización farmacológica de una familia de ligandos multidiana frente a la 

enfermedad del Alzheimer. Estos ligandos están basados en un esqueleto de flavonoide 

(naringenina y hesperitina) a los cuales se les han unido los farmacóforos de otras moléculas 

como la tacrina y el donepezilo, conocidos inhibidores de acetilcolinesterasa, y diferentes 

triptaminas, las cuales poseen múltiples capacidades neuroprotectoras. 

2. La síntesis y caracterización de sistemas teragnósticos para estrés oxidativo en mitocondrias. 

La síntesis de estos sistemas se basa en una reacción multicomponente en la que participan una 

chalcona, un beta-cetoéster y una amina que posee un grupo trifenilfosfonio, para formar un 

dihidroantranilato. El grupo trifenilfosfonio, al estar cargado positivamente, hará que los 

compuestos se dirijan al interior de la mitocondria al poseer la matriz mitocondrial una carga 

neta negativa. Allí captará un radical libre de oxígeno o de nitrógeno, se oxidará y adquirirá la 

capacidad de emitir fluorescencia. De esta manera, al captar el radical libre, mitigará en parte el 

estrés oxidativo y al volverse fluorescente solo en su presencia servirá para el diagnóstico  de 

estrés oxidativo. 

3. La síntesis y caracterización de estructuras derivadas de los dihidroantranilatos sintetizados a 

través de la reacción multicomponente. Estos esqueletos se han derivado hacia la síntesis de 

acridonas, las cuales son estructuras privilegiadas que poseen multitud de actividades 

farmacológicas y hacia la síntesis de m-terfenilaminas. Estas últimas han mostrado tener 

actividad inhibitoria selectiva frente a COX-1, la cual es importante en el desarrollo de procesos 

neuroinflamatorios. Asimismo, estas estructuras se han unido a tacrina, que como se ha 

mencionado previamente es un conocido inhibidor de colinesterasas, logrando así potenciales 

compuestos multidiana frente a la enfermedad del Alzheimer. 

4. El desarrollo de una síntesis mecanoquímica para la formación de amidas primarias. El grupo 

amida primaria está ampliamente distribuido en la naturaleza y en el mundo farmacológico y 

por tanto, una síntesis sostenible sin necesidad de disolventes o de bombeo de amoniaco sería 

una mejora considerable para su obtención. 
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5. La aplicación del método anterior al desarrollo de una secuencia de reacción mecanoquímica 

one-pot para la síntesis de rufinamida, un fármaco antiepiléptico usado para el síndrome de 

Lennox-Gasteaut. La secuencia se llevará a cabo mediante una secuencia de tres pasos de 

reacción en el molino de bolas vibratorio. 

6. La síntesis química de un sensor que permita cuantificar y visualizar a tiempo real la actividad 

de la enzima pantotenato kinasa (PanK). Esta enzima es limitante en la biosíntesis de la coenzima 

A y recientemente se ha demostrado su importancia en diversas patologías, incluyendo 

enfermedades neurodegenerativas. El ligando sintetizado se unirá in vivo a una proteína de 

fusión expresada en células y de esta manera, mediante efecto FRET se podrá visualizar y 

cuantificar la actividad de PanK. 

 

Resultados y discusión 

El objetivo 1 se llevó a cabo mediante la formación de una oxima en el grupo carbonilo de los 

flavonoides, el cual a su vez dejaba libre un resto de ácido carboxílico que se usó para unir tacrina 

N-bencilpieridina y distintas triptaminas y formar distintas moléculas híbridas basadas en 

naringenina y hesperitina mediante química de péptidos. 

 

Estas moléculas fueron ensayadas farmacológicamente por el profesor Javier del Pino y las 

profesoras Sagrario Martín-Aragón y Paloma Bermejo. Se determinó que algunos de estos 

compuestos pueden considerase un buen punto de partida para el futuro desarrollo de ligandos 

multidiana frente a la enfermedad del Alzheimer. 

Mediante una reacción multicomponente entre una chalcona, un beta cetoéster y una amina se 

sintetizaron una amplia familia de dihidroantranilatos altamente funcionalizados para la 

realización del objetivo 2. Usando una amina que lleva un grupo funcional trifenilfosfonio se 

logró sintetizar una familia de compuestos con potencial uso como sistemas teragnósticos. Estos 
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compuestos se aromatizaron por tratamiento con DDQ para determinar sus propiedades 

ópticas.  

 

Asimismo,  para la consecución del objetivo 3, algunos esqueletos de dihidroantranilato fueron 

derivados a otras estructuras como acridonas o meta-terfenilaminas, las cuales son inhibidores 

selectivos de COX-1. A estas últimas estructuras se les unió tacrina para sintetizar potenciales 

ligandos multidiana frente a la enfermedad del Alzheimer. Se probó la actividad de estas 

moléculas híbridas frente a acetil y butiril colinesterasa y se determinó que todas poseían una 

buena capacidad inhibitoria frente a ambas enzimas. 

 

 

Puesto que que no había antecedentes previos de la síntesis de amidas primarias en 

mecanoquímica, se desarrolló un método basado en la amidación de ésteres utilizando nitruro 

de calcio y etanol para generar amoníaco in situ. Se determinó que las condiciones de reacción 

óptimas eran 0.4 equivalentes de tricloruro de indio, 0.1 ml de etanol, 3 equivalentes de nitruro 

de calcio, una frecuencia de 30 hercios y un tiempo de molienda de 90 minutos. De esta manera 

se lograron obtener diversas amidas primarias a partir de sus correspondientes ésteres con 

buenos rendimientos. 
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Aprovechando este resultado, se se realizó una síntesis mecanoquímica one-pot de la 

rufinamida, un antiepiléptico utilizado para el tratamiento del síndrome de Lennox-Gasteaut. El 

proceso se llevó a cabo sin etapas de purificación cromatográfica ni uso de disolventes y supone 

una clara mejora en los parámetros verdes del proceso con respecto a otras rutas sintéticas 

previamente descritas. 

 

Por último, durante una estancia en el instituto Max Planck para la investigación médica, el 

grupo del profesor Kai Johnsson, se procedió a la síntesis química de un ligando para una 

proteína de fusión que incluye a la enzima pantotenato kinasa, la cual es limitante en la 

biosíntesis de coenzima A, junto con una proteína verde fluorescente y una proteína tag, en este 

caso Halo-tag. El ligando lleva una parte que específicamente es capaz de unirse a Halo-tag, 

quedando la proteína de fusión permanentemente marcada, y de esta manera mediante un 

cambio de conformación ocasionado por la unión de un inhibidor específico de la enzima 

pantotenato kinasa, el cual está incluido en la estructura del ligando. El ligando además incluye 

una rodamina que mediante efecto FRET con la proteína verde fluorescente será capaz de emitir 

fluorescencia. De esta manera, mediante cuantificación de efecto FRET a tiempo real, se puede 

determinar la concentración de sustrato endógeno unido a la enzima.  

 

La síntesis del ligando se llevó a cabo mediante un esquema de reacción secuencial, con un 

material de partida simple y asequible, el 6-(hidroximetil)nicotinato de metilo, al cual se le 

fueron agregando distintos fragmentos hasta sintetizar dos ligandos químicos de elevado peso 

molecular distintos en una ruta lineal de 17 pasos. Estos ligandos se estudiaron en cultivos 

celulares y se determinó que eran capaces de unirse a las proteínas de fusión y que se producía 

efecto FRET entre la proteína verde fluorescente y la parte de la rodamina del ligando.  
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Conclusiones 

Se ha realizado la síntesis de diversas moléculas con potencial acción frente a distintos 

desordenes neurológicos con distintas aproximaciones. Se han sintetizado y ensayado 

farmacológicamente ligandos multidiana basados en esqueletos de flavonoides. Se ha 

sintetizado mediante una rección multicomponente, potenciales sistemas teragnósticos frente 

a estrés oxidativo mitocondrial. También se ha utilizado la misma reacción multicomponente 

para la posterior obtención de estructuras químicas con potencial acción frente a enfermedades 

neurodegenerativas, e incluso para la obtención de un pequeño grupo de ligandos multidiana 

también destinados frente a la enfermedad del Alzheimer. Asimismo, se ha logrado la síntesis 

mecanoquímica one-pot de un antiepiléptico comercializado, la rufinamida, gracias a un método 

general para la síntesis mecanoquímica de amidas primarias previamente desarrollado. Por 

último, se han sintetizado dos ligandos para una proteína de fusión que incluye a pantotenato 

kinasa para lograr determinar su funcionamiento a tiempo real mediante microscopía confocal, 

y se determinó mediante experimentos en cultivos celulares que ambos ligandos son capaces 

de unirse a la proteína de fusión y son capaces de realizar con la parte de la proteína verde 

fluorescente un efecto FRET. 
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Introduction 

1.0 Neurological disorders 

With an increasing global life expectancy, neurological disorders are becoming the major causes 

of death and disability worldwide. A study published by The Lancet in 2019 found that 

neurological disorders, including Alzheimer´s disease, Parkinson´s disease and epileptic 

disorders, were the leading cause of disability-adjusted life years (DALYs) with a total number of 

276 million, and the second leading cause of deaths, with a total number of 9 million, in 2016. 

This study also found that between 1990 and 2016 the absolute number of DALYs and deaths 

caused by neurological disorders increased (deaths by a 39% and DALYs by a 15%). The 

interpretation that can be extrapolated from this data is that globally, the burden that 

neurological disorders follow an increasing tendency, which can be attributed to the ageing and 

increasing life expectancy of the world´s population. This poses a serious challenge to world 

health systems worldwide, which are facing an increasing demand for treatment, daily care and 

support related to neurological disorders.1 

Neurological disorders comprise a great variety of diseases in which the common factor is the 

malfunction or deterioration of neurons. Among this great hotchpotch of diseases we can find 

neurodegenerative diseases such as Alzheimer’s or Parkinson´s disease, all the different types 

of epilepsy, infections caused by microorganisms that cause encephalitis or meningitis,  

migraines or brain stroke.2 However, concerning the matter of this work, its central point will be 

neurodegenerative disorders and epilepsy. 

2.0 Alzheimer´s disease 

Alzheimer´s disease (named after the German physician Alois Alzheimer) is the most common 

class of dementia, and it is histologically characterized by the occurrence of extracellular neuritic 

plaques and intracellular neurofibrillary tangles. When Alzheimer first characterized the disease, 

he noted the presence of this plaques along with a great loss of neurons. This patient suffered 

from personality change together with a significant loss in cognitive abilities before dying and 

the disease was classified as serious disease of the cerebral cortex. 

More than 100 years after it was firstly described, Alzheimer´s disease stands out as one of the 

greatest challenges for health systems worldwide. It has been estimated that in 2015 the total 

number of people suffering from dementia is 46.8 million and that this number will almost 

double every 20 years. If this tendency is to continue, in 2030, the total number of people with 

dementia will reach 74.7 million people and by 2050, this number will rise up to 131.5 million. It 

has also been estimated that there are 9.9 million cases of dementia each year, with the regional 

distribution of the incidence of dementia is 4.9 million in Asia, 2.5 million in Europe, 1.7 million 

in the Americas and 0.8 million in Africa. It has also been estimated that the total costs attributed 

to dementia are US $ 818 billion, which represent a 1.09% of the global GDP. These statistics 

clearly describe the importance of AD globally. Figures 1, 2 and 3 graphically represent this 

information3. 
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Figure 1. Percentage of total deaths caused by AD. Extracted from 

https://www.dementiastatistics.org/statistics/deaths-due-to-dementia/ 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Medical costs associated with AD and its projection in the upcoming years. Extracted 

from https://www.dementiastatistics.org/statistics-about-dementia/human-and-financial-

impact/ 
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Figure 3. Number of people with dementia in different country incomes. Extracted from 

https://www.dementiastatistics.org/statistics/global-prevalence/ 

 

All these data, together with the lack of an effective treatment, convert AD in a major worldwide 

health concern and a better insight of it is necessary in order to stop the current tendency of 

increasing incidence, prevalence and costs. 

2.1 AD´s physiopathology 

With respect to AD´s physiopathology, its multifactorial nature is widely accepted by the 

scientific community. Although there are still many questions regarding the pathogenic 

mechanisms of the disease, there are some factors that are believed to play an important role 

in its development. Among these factors we can cite the formation of beta amyloid (Aβ) plaques,  

neurofibrillary tangles formed by a hyperphosphorylated tau protein, high concentrations of 

reactive oxygen species (ROS) and reactive nitrogen species (RNS), a general decrease in 

cholinergic neurotransmission, caused by cellular death of this type of neurons, a high 

concentration of neurotoxic metals and an out-of-control immune response in the brain4,5. 
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Figure 4. Scheme representing pathways for the development and establishment of AD 

2.1.1 Aβ plaques 

One of AD´s classical hallmarks is the extracellular presence of protein aggregates formed by 

filaments of amyloid β peptides. The origin of these peptide aggregates is the proteolytic 

cleavage of amyloid precursor protein (APP) by two different enzymes, namely β-secretase 

(BACE-1) and γ-secretase, which catalyse the first and second steps of APP respectively. APP is 

cleaved in the first place by BACE-1 into soluble APP-β and a 99 amino acid transmembrane 

peptide C-99, which is further cleaved by γ-secretase to extracellularly release peptides of a 

length between 38 to 43 amino acids, being the major products Aβ 40 and Aβ 42, both of which 

play a critical role in the development of the disease (figure 1). Aβ 42 is more insoluble and tends 

to aggregate in a greater degree than Aβ 40, and indeed there is an increased Aβ 42: Aβ 40 ratio 

in the familial version of the disease6,7. Taking all this into consideration, many efforts have been 

made to reduce the formation of these aggregates as a way to treat the disease.  Among all of 

the ways to act on this pathological pathway, research groups have attempted to inhibit the 

aggregation of Aβ by using planar structures that disrupt the interaction between fibrils8, to 

modulate or inhibit the activity of γ-secretase9 and to inhibit BACE-110. Although there are 

advanced clinical trials with molecules that act on each of these points, none of them has still 

reached the market. 
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Figure 5. Pathological and non-pathological processing of APP. 

 

2.1.2 Neurofibrillary tangles 

Tau protein is one of the major neuronal microtubular associated protein (MAP) which has a 

simple B-sheet helicoidal structure. Its major role is to enhance the microtubular assembling 

process and to stabilise its structure, and this function is regulated by its degree of 

phosphorylation. In a physiological state, tau is phosphorylated in two or three sites, and its 

hyperphosphorylation, one of the trademarks of AD, causes a dysfunction on its microtubular 

assembly properties. Additionally, in its hyperphosphorylated state, tau is the major subunit that 

composes paired helical filaments (PHLs) and straight filaments, that conform neurofibrillary 

tangles (NFTs)11. Abnormally hyperphosphorylated tau not only loses its physiological function, 

but also recruits normally phosphorylated tau and other MAPs and disrupts microtubular 

function12. NFTs are inert and have no effect on the correct assembly of microtubules, but they 

cause cellular injuries by occupying abnormal portions of intracellular space13. The occurrence 

of NFTs is a necessary requirement for the appearance of the clinical symptoms observed in AD 

and its number is correlated with the degree of dementia14. 

In AD, there are multiple causes for an abnormal phosphorylation of tau, such as a dysregulation 

of neuronal biochemical pathways which cause a phosphorylation/dephosphorylation 

imbalance or alterations in glucose metabolism. In this spite, there are many therapeutical 

targets that can be tackled to alter the course of the disease. One of the possible paths to revert 

the formation of NFTs is the inhibition of tau hyperphosphorylation, which can be achieved by 

inhibiting kinase enzymes that have tau as its substrate, being glycogen synthase kinase-3β (GSK-

3β) the major role actor15,16. Other possible paths to impede NFT formation is the inhibition of 

tau misfolding17 or increasing the clearance of already abnormally hyperphosphorylated tau 

protein18. 
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2.1.3. Oxidative stress 

The brain is the organ in the human body that requires the greatest oxygen supply, and therefore 

high concentrations of reactive oxygen species (ROS) and reactive nitrogen species (ROS) form 

inside neurons. This fact, together with the high amounts of peroxidazible fatty acids present in 

brain tissue can lead to vital macromolecular damage and hence, to neuronal dysfunction and 

subsequent death19. However, in a physiological state, the pro-oxidant and antioxidant 

mechanisms inside neurons balance out and no damage is bestowed to neurons. Moreover, 

during normal metabolism, superoxide (O2
·-) hydrogen peroxide (H2O2) and hypochlorous acid 

(HClO) are produced. In AD, this balance is disrupted, causing ROS and RNS to proliferate and 

damage vital cellular structures20. 

There are many sources from which this imbalance can happen. Recently, it has been 

determined that Aβ can induce the formation of harmful free radicals indirectly, by attraction 

and hyperactivation of microglial cells, which in turn generate pro-inflammatory molecules and 

free radical species that result in neuronal death21,22. Other possible mechanism for ROS and 

RNS generation is the metal-catalysed Fenton reaction, which from H2O2 generates hydroxyl 

radical (OH·), a highly reactive species that alters severely the structure of vital 

macromolecules23. Additionally, there are binding sites for biometals such as Cu and Zn in Aβ  

plaques, which enhance the toxicity of these structures by converting them directly in primary 

sites of ROS and RNS generation24. 

To restore the pro-oxidant and antioxidant equilibrium diverse strategies have been devised. In 

the first place, using direct free radical scavengers that can stabilise free radicals and stop the 

damage caused by highly reactive species such as superoxide25. Other possibility is to activate 

the cellular antioxidant defensive mechanisms, which translates into the nuclear translocation 

of the nuclear erythroid related factor 2 (Nrf-2). Nrf-2 is a protein sequestered in the cytoplasm 

by kelch ECH associating protein 1 (KEAP-1), which is polyubiquitinated and degraded under 

normal conditions. However, under an oxidant or electrophilic environment, these molecules 

disrupt the interaction between KEAP-1 and Nrf-2 and the latter translocases to the nucleus, 

activating a diverse number of antioxidant and detoxifying genes. Nrf-2 activators are also 

receiving wide attention for their great antioxidant potential and their use in AD26. Finally, metal 

ion chelators are also being used with the purpose of sequestering toxic metal ions and 

preventing their potential harmful effect via the Fenton reaction23. 

 

2.1.4 Cholinergic dysfunction 

The cholinergic hypothesis was presented more than 20 years ago, and it postulates that the 

decline in the cognitive function of patients is directly related to the decay and dysfunction of 

cholinergic neurons. It was found that the severity of AD was positively correlated to the degree 

of cholinergic loss, and in fact most commercialised treatments increase the levels of 

acetylcholine (ACh), producing a symptomatic improvement27. ACh is a widely distributed 

neurotransmitter released in vesicles and binds to post-synaptic nicotinic receptors in the case 

of brain tissue. It is mainly degraded by the enzyme acetylcholinesterase (AChE) in the synaptic 

cleft but butyrylcholinesterase (BuChE) can also perform the same function and hydrolyse bigger 

choline esters28, 29. In recent years, these enzymes have also been related to the aggregation of 

Aβ, increasing their significance as potential therapeutic targets for AD. These enzymes perform 

this fact due the presence of residues in the peripheric anionic site (PAS), a site in both enzymes 

situated at the entrance of the gorge that bears the catalytic active site30. Inhibition of these 
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enzymes can therefore be beneficial in a double sense: raising acetylcholine levels that partially 

revert cognitive deterioration and inhibition of the aggregation of Aβ, stopping this way the 

formation of senile plaques. 

 

2.1.5 Neuroinflammation 

In recent years, there has been increasing evidence that the behaviour of the immune response 

conditions the development of AD. As previously stated, Aβ is recognised by microglial and 

astroglial cells, causing the production and release of ROS and proinflammatory molecules, 

contributing to the progression and severity of AD31. Aβ oligomers and fibrils are recognisable 

pathogen-associated molecular patterns (PAMPs), which bind to diverse membrane bound 

proteins of microglia and astroglia such as CD36, CD14, α6β1 integrin, CD47 or different Toll-like 

receptors (TLRs)32–35. In a physiological way, microglia interact with these aggregates and 

phagocytise them, clearing them from the extracellular medium. However, in some cases of AD 

this clearance is inefficient, causing exacerbated proinflammatory cytokine and ROS release, and 

ending consequently in neuronal death36. 

An interesting approach to modulate microglial cell response is to inhibit cyclooxygenase (COX) 

enzymes. There are two existing isoforms of COX, COX-1 and COX-2, the former being 

constituently expressed in tissues and the latter inducible. These enzymes are responsible for 

prostaglandin (PG) synthesis from arachidonic acid (AA), being prostaglandins potent 

inflammatory mediators37. The well-known non-steroid anti-inflammatory drugs (NSAIDs) 

inhibit COX enzymes and have gained wide attention in recent years as a mode to control an 

exacerbated immune response in AD and have been tested as potential therapeutic agents for 

AD38. 

 

3.0 Parkinson´s disease 

Parkinson´s disease (PD) was firstly described by James Parkinson in 1817 in his “Essay on the 

shaking Palsy”. Resting tremor, stiffness and the typical station and gait were the symptoms he 

detailed in his workpiece and more than 200 years after, Parkinson´s disease is still a burden for 

worldwide health systems39. PD affects around 0.3% of the general population and 1 to 3% of 

the population older than 65 years. As it can be extracted from this data, we can observe that 

due to the rise in global life expectancy and being a disease especially prevalent on the elderly,  

all indicates that is projection is going to be ascending in the next years. Its numbers are 

expected to rise up to 8.7 to 9.3 million patients in 203040,41.  

PD is a progressive neurodegenerative disease has two different groups of symptoms: motor 

and non-motor. The former express themselves as the ones Parkinson´s described (rigidity,  

bradykinesia, postural instability, gait dysfunction and tremor), while the latter manifest as 

dementia, hyposmia and gastrointestinal dysfunction42. These symptoms are due to the 

progressive degeneration of the nigrostriatal dopaminergic neurons   and loss of the substantia 

nigra pars compacta brain region. 

 

3.1 PD´s physiopathology  
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Being another neurological progressive neuropathy, PDs classical hallmark are Lewy´s bodies 

(LB), which are conformed by a 140 amino acid protein, whose exact function is still to be 

determined, α-synuclein. α-synuclein’s phosphorylation and fibrillization lead to LB formation 

and subsequent cell death. In PD, LBs can be found in parts of the central nervous system: basal 

ganglia, the dorsal motor neurons of the vagus, the olfactory bulb and the intermediolateral 

nucleus of the spinal cord; and also, in some parts of the peripheric nervous system, such as the 

celiac ganglia and the enteric nervous system. The appearance of these protein aggregates in 

different parts of the nervous system correspond to the clinical manifestations of the disease. 

However, the most damaged brain section in PD is the substantia nigra pars compacta (SNpc),  

which experiments a significant loss of dopaminergic neurons. In fact, treatment with levodopa 

a prodrug metabolised in the organism to dopamine causes a symptomatic improvement of 

patients.  Although LBs and dopaminergic neuron loss are the classical physiopathological 

hallmarks of PD, other dysfunctions accompany and contribute to the progress of the disease, 

such as mitochondrial oxidative dysfunctions, dopaminergic dysregulations, alteration of 

calcium channel activity or neuroinflammation (figure 3) 42. 

Figure 6. Schematic representation of PD’s physiopathology 

 

3.1.1 α-Synuclein aggregation 

α-Synuclein is an abundant brain protein found both extracellularly and membrane bound in 

neurons. It composes almost 1% of the total protein in soluble cytosolic brain fractions.  Although 

its role is still not fully understood, it has been suggested to have different roles in synaptic 

vesicle transport and release, fatty acid binding, physiological regulation of certain enzymes, 

transporters and neurotransmitter vesicles, and in neuronal survival. Knockout mice of all 

synucleins (α, β and γ) led to age-dependant neuronal dysfunction. Its relatively unfolded nature 

is determined by its high hydrophilicity and high net charge. However, when the mechanisms in 

charge of detecting and solving protein misfolding are impaired, or the structure of the protein 

mutated, aggregation tends to occur43,44. 
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Once LB formation has occurred, misfolding surveillance mechanisms in neurons become more 

readily inactivated as the chaperones heat shock proteins 70 and 40, get sequestered in the 

aggregates and therefore, functionally unavailable for the neurons. When aggregated, α-

synuclein is believed to be toxic in many different ways: inhibition of Golgi transport, membrane 

permeabilization and alteration of vesicle docking, impairing the proteasome system or altering 

the morphology and correct functioning of mitochondria44. 

In this spite many efforts have been directed towards reducing the toxicity of α-synuclein 

aggregates. In the first place, trying to increase protein clearance, mainly by the autophagy-

lysosome pathway, but also stopping its aggregation, or even by immunising against LBs45. 

 

3.1.2. Mitochondrial dysfunction 

Mitochondrial dysfunction is closely related to the development of PD. Experiments performed 

with complex I of the mitochondrial respiration electron chain inhibitors such as rotenone or 1-

methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP), demonstrated to induce dopaminergic 

neurodegeneration in flies, humans and rodents. As a matter of fact, the activity of complex I in 

PD patients is impaired in substantia nigra, musculoskeletal tissue and platelets. The inhibition 

of complex I causes an increase in mitochondrial permeability, an increase in the generation of 

ROS and an increase in the activity of nitric oxide synthase. There is post-mortem evidence of 

damage caused by oxidative stress in PD patients. Moreover, it was found that mice 

overexpressing α-synuclein were more sensitive to the neurotoxic effects of MPTP, whereas 

mice with a normal expression of α-synuclein, were not susceptible to the toxic effects of 3-

nitropropionic acid, malonate and MPTP. This suggests a relationship between the toxic effects 

caused by α-synuclein and mitochondrial dysfunction. Additionally, mitochondria present in 

their outer membrane monoaminoxidase (MAO) enzymes that oxidise dopamine to its quinone 

forms and free radicals. Further oxidation products may cyclise to aminochromes, which are 

reactive enough to produce superoxide radicals46,47. 

There are emerging therapeutic options to mitigate the oxidative stress present in PD. In the 

first place by administration of free radical scavengers to capture and stabilise ROS produced in 

PD. Additionally, activation of Nrf-2 pathway is another viable option to reduce oxidative stress 

levels as activation and translocation of Nrf-2 induces powerful mechanisms to defend the cell 

against oxidative stress. Finally, inhibition of MAO enzymes may as well restore the physiological 

dopaminergic levels as well to reduce oxidative stress generated by its activity.  

 

3.1.3 Calcium channel alteration 

Calcium plays an important role in the correct functioning of neurons and is closely related to 

cellar processed that can lead to neuronal death in PD, such as oxidative stress, mitochondrial 

impairment, proteasomal dysfunction or neuroinflammation. The substantia nigra neurons are 

autonomous pacemakers generating action potentials at a slow rate (2-10 Hz), and this self-

generated action potentials cause Ca2+ release into the cell, and excess of intracellular calcium 

levels during prolonged periods of time is highly neurotoxic.  In this connection, voltage-gated 

calcium channels (VGCCs) and especially L-type (long lasting) are crucial in calcium homeostasis 

in neurons, as they are the main regulators of calcium homeostasis inside neurons. It has been 

determined that the expression of these channels is increased in PD, causing a dysfunction in 
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Ca2+ homeostasis and cell death throughout the brain. Therefore, by blocking these channels a 

neuroprotective effect could be afforded and numerous VGCC blockers have been through 

clinical trials48–50. 

 

3.1.4. Neuroinflammation 

There is increasing evidence that a considerable portion of the oxidative stress present in 

patients of PD is caused by microglia. Recent studies suggest that microglial cells phagocytise 

extracellular aggregated α-synuclein as an effort to clear it, either as a consequence of neuronal 

apoptotic death or as extracellularly released. This in consequence, activates microglia which 

produces and releases numerous proinflammatory cytokines and ROS which in turn, provoke a 

greater degree of neuronal death. As a means of controlling immune response in the brain and 

ameliorate oxidative stress damage, NSAIDs have been proposed as a therapeutic as like it was 

previously mentioned inhibit the production of proinflammatory prostaglandins and reduce the 

impact of an exacerbated immune response51–53. 

 

4.0 Epilepsy 

Epilepsy is a neurological disorder characterized by recurrent seizures that can be accompanied 

by loss of consciousness, consequence of an abnormally high neuronal activity.  The diagnose of 

the disease requires that the patient has presented at least two different events of unprovoked 

seizure. This disorder approximately affects 50 million people worldwide. The term ‘epilepsy’ 

englobes a whole range of different neurological disorders that have different ethology 

manifestations and severity, with all of them sharing the common trait of uncontrolled seizures. 

IN order to standardise the disease, the international league against epilepsy (ILAE) described a 

procedure to improve the diagnosis and treatment of epilepsy patients. This model presents 

three levels: the first corresponds to the type of seizure (focal, generalised, or unknown), the 

second to the type of epilepsy (focal epilepsy, generalised epilepsy or a combination of both) 

and the third is the specific diagnosis of the epileptic syndrome54. 

This disease accounts for more than 13 million DALYs and is responsible for the 0.5% of the 

global burden of disease. It has been estimated than 7.6 over 1000 people have or will have 

epilepsy during their lifetime and affects people from all ages, sexes, races or income groups.  

The people that present the disease usually present a lower standard of living in comparison to 

healthy individuals due to an increased risk of injury during a seizure and also a higher risk of 

death for the same cause. Although the great majority of epilepsy cases are treatable and can 

be controlled, the higher risk of injury and death due to a seizure in lower income countries due 

to a more difficult access to antiepileptic drugs together with all of these figures convert epilepsy 

into a worldwide health problem55. 

 

4.1 Epilepsy pathophysiology 

Being epilepsy a wide range of syndromes, the mechanisms underlying the disease are also 

complex. In the brain there is a tight equilibrium between excitatory and inhibitory 

neurotransmitters and disruption of this balance is essential to understand the cause of the 

specific epileptic syndrome. In the case of epilepsy, the balance is turned towards a heavier 
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weight of the excitation, and therefore the treatment of the disease is focused on reverting back 

the equilibrium by mainly three pathways: increasing inhibitory transmission (championed by 

GABAergic transmission), decreasing excitatory transmission (championed by glutamatergic 

transmission), the blockage of voltage-gated channels and decreasing the PH in brain tissue56. 

 

4.1.1 GABAergic transmission 

Gamma amino butyric acid (GABA) is the main inhibitory neurotransmitter in the brain and 

interacts with three different types of GABA receptors, A, B and C. GABAA receptors are the main 

passage of chloride ion, which is negatively charged, inside cells, increasing their negative 

potential and thus hyperpolarising them. GABAB is a G-protein coupled metabotropic receptor 

linked to a potassium channel, whose role is to decrease the frequency of neurotransmission 

release and GABAC receptors are also chloride channels situated in the retina, and their role is 

not yet fully understood57–59. 

The action of the GABA system can be enhanced in numerous ways, such as direct binding of 

the GABA receptors, enhancement of the GABA channel activity by modulation at allosteric sites, 

reducing the GABA uptake by presynaptic neurons and the increase of GABA concentration, 

mainly by the inhibition of GABA degradation (catalysed by GABA-aminotransferase). In fact, 

there are numerous commercialised drugs that act at GABAergic transmission such as 

phenobarbital, ganaxolone, a wide range of benzodiazepines, vigabatrin or valproic acid. 

 

4.1.2 Glutamatergic transmission 

Glutamate plays a double role in epilepsy, as excitatory neurotransmitter and also as a precursor 

of GABA (glutamate is decarboxylated by glutamate decarboxylase to form GABA). Glutamate 

carries out its physiological function by binding to 2 different kinds of receptors: ionotropic 

glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGluRs). The former are 

associated with rapid transmission of action potentials associated with ions and the latter with 

slow secondary messenger responses60. 

Among iGluRs, three different kinds of receptors can be distinguished, according to agonist 

molecules that they bind: NMDA receptors (N-methyl-D aspartate), AMPA receptors (α-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid) and kainite receptors (kainic acid). NMDA and 

AMPA receptors can be found in post synaptic neurons, while kainite receptors can be found in 

either in pre and post synaptic neurons61. 

Both glycine and aspartate bind to NMDA receptors, causing an opening of sodium and calcium 

channels inside the neuron, and its overstimulation causes an overload of calcium ions, 

generating excitotoxicity, not only associated with epilepsy, but also with neurodegenerative 

diseases such as AD or PD. In this spite, blocking NMDA receptors is a good strategy for the 

treatment of epilepsy; some examples of drugs used for this purpose are felbamate or ketamine 

(non-competitive inhibitor)61. 

AMPA receptors are permeable mainly to sodium and potassium ions and are responsible for 

fast response due to glutamate release. Inhibition of these channels reduces neuronal excitation 

and therefore controls seizures. This converts AMPA receptors in good targets for the treatment 
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of epilepsy and many molecules have been designed to act on them such as talampanel or 

perampanel61. 

Kainate receptors are also permeable to sodium and potassium ions, having a direct excitatory 

effect in post synaptic neurons and an indirect excitatory effect in presynaptic neurons by the 

inhibition of GABA release. Kainate inhibitors such as topiramate have also been designed to 

reduce sodium and potassium-mediated action potentials and by enhancing the release of 

GABA62. 

Figure 7. Scheme comparing a glutamate neuron from a GABA neuron. 

 

4.1.3 Voltage-gated channels  

Ion channels are a diverse family of transmembrane proteins and are activated only by 

differences in membrane potential, without the binding of endogenous ligands. Depending on 

the ion channel, different ions flow inside and outside of cells and with this in mind, modulation 

of the activity of these channels could be an interesting option for the treatment of epilepsy.  

Sodium channels mainly transport sodium inside the cells by concentration difference. Sodium 

has a greater concentration outside than inside neurons, which causes that when an action 

potential reaches the neuron, sodium enters inside the neuron, causing depolarisation and 

transmission of the action potential. These channels present three main states: activated (the 

channel is open by an action potential), closed (the resting and basal conformation) and inactive 

(after the transmission of the action potential, the channel closes by hyperpolarizarion and 

requires time to reach closed conformation). With this in mind, many voltage-gated sodium 

channel blockers have been designed to control seizures such as lamotrigine, zonisamide, 

rufinamide or carbamazepine63,64. 

Voltage-gated calcium channels are typically starters of action potentials and also mediate 

neurotransmitter vesicle release among other functions. These channels are widely recognize d 

therapeutic targets and many molecules acting on them have been designed to treat 

hypertension, pain and other cardiovascular disorders. Having also an important role in epilepsy , 

many voltage-gated calcium channel blockers have been designed such as clobazam, 

lamotrigine, rufinamide or levetiracetam65,66. 
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Due to the cardiovascular side effects of sodium and calcium-gated channel blockers, voltage-

gated potassium channels are emerging as an interesting therapeutic target. These channels are 

responsible for the repolarisation of neurons after an action potential and for regulating the 

balance between the outside and the inside membrane potential. Due to its role in regulating 

action potentials, some molecules have been designed inn order to enhance the function of 

voltage-gated potassium channels, such as retigabine67,68. 

 

4.1.4 Brain pH 

It is well known that brain pH plays a crucial role in the brain´s excitatory/inhibitory activity and 

that minor variations can induce paroxysomal responses, being basic media promotors of 

seizures, while acid media seizure blockers. In this spite carbonic anhydrases (CA), a widely 

distributed family of metalloenzymes, which catalyse the hydration of carbon dioxide to form 

the bicarbonate ion, are key actors in the brain´s pH regulation. This has led to the development 

of CA inhibitors that acidify brain tissue and control seizure activity. Some carbonic anhydrase 

inhibitors are zonisamide, topiramate and sulthiame, all of them presenting a sulphonamide 

functional group that displaces an OH- ligand present in the enzyme and thus, blocking their 

action69–72. 
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Objectives 

1. To develop a series of multitarget ligands against Alzheimer´s disease (AD). The multifactorial 

nature of AD renders the multitarget strategy a useful approach to its treatment. To this end, 

we selected a flavonoid core, as these polyphenolic natural structures present multiple 

pharmacological activities that are potentially useful for the treatment of Alzheimer´s disease, 

such as antioxidant, acetylcholinesterase and butyrylcholinesterase inhibition, Aβ aggregation 

inhibition and metal chelation. We decided to tether to these molecules to different molecules 

which can be also potentially useful for the treatment of AD, such as tacrine or donepezil, two 

well-known AChE / BuChE inhibitors and different tryptamines such as melatonin or serotonin, 

which have been reported to possess multiple beneficial pharmacological activities against 

neurodegenerative diseases. These hybrids have been tested against several pharmacological 

targets to verify their potential for the development of multitarget drug ligands. 

 

 

2. To develop a multicomponent reaction leading to derivatives of the dihydroanthranilate 

scaffold tethered to a triphenyl phosphonium moiety to grant these molecules a positive charge 

that allows their targeting to the mitochondrial matrix, as the latter possesses an overall 

negative charge. Mitochondrial oxidative stress is a hallmark of many neurodegenerative 

diseases such as AD or Parkinson´s disease (PD). These dihydroanthranilates should accumulate 

inside the mitochondrial matrix and scavenge ROS or RNS, while being dehydrogenated to yield 

the corresponding aromatic derivatives, which are fluorescent.  

 

3. The derivatization of dihydroanthranilates to other structures with potential use in 

neurological disorders, in particular diarylacridones and m-terphenyl amines. The latter 

compounds possess COX-1 selective inhibition capacity and can therefore be useful in the 

treatment of neurological disorders such as AD or PD, which also show a heavy component of 

neuroinflammation. In order to develop multitarget drug ligands for AD, the binding of tacrine 

to m-terphenylamines via suitable linkers was also planned. 
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These objectives can be viewed as connected by the fact that both the flavanones and the m-

terphenyl derivatives are originated from chalcones. 

 

4. Voltage-gated sodium channel (VGSC) blockers, besides their use in epilepsy, have 

neuroprotective properties against ischemic damage. In this context, one of the objectives of 

this thesis is the development of a simple, sustainable synthetic route to rufinamide, a VGSC 

blocker in therapeutic use against the Lennox-Gasteaut syndrome, that is amenable to the 

future synthesis of analogues. The chosen approach aims at a one-pot, solid-state protocol 

based on the use of mechanical energy derived from ball milling. The final step requires the prior 

development of mechanochemical conditions for the synthesis of primary amides from esters.    

 

 

5. The chemical synthesis of the chemical ligand of a SNIFIT (SNAP-tag based indicator with an 

intramolecular tether) for pantothenate kinase (PanK). PanK is the key regulatory enzyme for 

the synthesis of coenzyme A, a key biomolecule for different biochemical processes such as the 

Krebs cycle or palmitic acid biosynthesis. Additionally, PanK has been recently found to be 

important in many pathologies, such as tuberculosis, type II diabetes or neurodegenerative 

processes. Therefore, a better insight of the activity of PanK in real time under different 
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situations could be useful to acquire a greater knowledge of the role this enzyme in these 

disorders 
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Design, synthesis and study of a family of flavonoid-based multitarget drug ligands 

against Alzheimer’s disease  

 

1. Introduction 

1.1 Flavonoids, a readily available source of biological active compounds 

Natural products have been an important source of chemically diverse active molecules with a 

wide range of biological activities that make them interesting therapeutical options for a wide 

range of diseases. In particular, in recent decades many studies describe natural compounds as 

a promising source of therapeutic molecules for the treatment of neurodegenerative  

diseases.1,2,3,4  

Among natural products, flavonoids have generated interest due to their plethora of 

pharmacological activities, rendering them interesting options to develop new therapeutic 

agents. Flavonoids are secondary metabolites present in many plants, and are usually classified 

into flavanones, dihydroflavonols, flavan-3-ols, flavones, flavan-3-ols, anthocyanidins, 

isoflavones, neoflavones and chalcones (figure 1), with over 8000 compounds known. They all 

share a polyphenolic structure, and they perform different function as antioxidants, 

antimicrobials or as light screening agents.5,6. 

 

Figure 1. Chemical structure of some relevant flavonoid families to MTDLs Design 

The antioxidant ability of flavonoids to reduce free radical formation and to scavenge free 

radicals depends on the generation of an aryloxy radical that can react with a second radical,  

generating an electrophilic cyclohexadienone species which still have the potential to react with 

nucleophiles species with potential to generate cellular toxicity (scheme 2)7 but also to activate 

cellular antioxidant mechanisms such as the translocation of Nrf-2 to the nucleus. In fact, 

flavonoids such as naringenin8 and galangin9 have reported to activate it and mitigate oxidative 

stress.  
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Scheme 2. Free radical scavenging and stabilization by a flavonoid core. 

The antioxidant activity of flavonoids is not exclusively driven by their redox potential, and there 

are other different mechanisms that support their antioxidant capabilities, such as: the 

induction of the Nrf-2 transcription factor8, which activates the cellular response to oxidative 

stress, metal chelation, 10 which prevents the Fenton reaction, and the capacity to mitigate 

oxidative stress induced by nitric oxide11. 

In addition to their antioxidant capacity, flavonoids are privileged structures in drug discovery, 

due to their wide range of pharmacological targets, including several of special relevance for the 

treatment of neurological disorders. For example, the flavanone naringenin has proved to inhibit 

acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) 12, to have estrogenic receptor 

affinity13, to inhibit the cyclooxygenase and lipooxigenase pathways13  and β amyloid (Aβ) 

aggregation 13. Hesperitin has demonstrated to inhibit the NF-κB pathway14, which results in 

anti-inflammatory activity and has proven to possesses the capacity to inhibit the aggregation 

of A25-35. Quercetin can also inhibit the aggregation of Aβ and beta-secretase BACE-1, which is 

responsible for the cleavage of Amyloid precursor protein (APP)15. Luteolin is another flavonoid 

that has generated interest in neurological disease therapies, due to its ability to inhibit 

Glycogen Synthase Kinase-3 GSK-3α, which decreases BACE1-mediated cleavage of APP and Aβ 

expression by decreasing gene transcription and production of the BACE116,17. Finally, galangin 

has been one of the latest compounds of the flavonoid family that have attracted attention for 

the treatment of neurodegenerative diseases. Galangin has been reported to inhibit BuChE at 

micromolar concentrations, and to decrease B-secretase, Aβ 42 and p-tau levels 18,19 (Figure 2). 

These biological activities of flavonoids have a pleiotropic effect of neurodegenerative diseases 

such as Alzheimer´s disease or Parkinson´s disease, and therefore they stand out as interesting 

scaffolds for the design of Multitarget drug ligands20. 
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Figure 2. Representative example of flavonoids of interest against several targets in AD 

1.2 Multitarget drug ligands containing a flavonoid scaffold 

The multifactorial nature of neurodegenerative diseases is the key cause of the absence of 

effective treatments since a single molecule with a specific therapeutic target and effect is 

insufficient to treat the disease. Multitarget drug ligands (MTDLs) are emerging as an interesting 

option for the treatment of neurodegenerative processes. MTDLs are molecular entities that 

designed to act in various pharmacological targets by combining several pharmacophores into a 

single molecule. They potentially present some advantages over conventional single-targeted 

molecules such as single dose administration; a simplified pharmacokinetic and 

pharmacodynamic profile; decrease in the possibility of drug-drug interactions; simpler clinical 

trial and drug approval processes and therefore a potential cost reductions for national health 

systems; also, sometimes they show a synergistic effect between their pharmacophores, even 

at low doses 21.  

For the development of MTDLs there are currently three main approaches (figure 4). The 

“fusion” strategy consists in partially overlap the pharmacophore of targeted molecules to 

generate a single molecular entity. The “merging” strategy implies a higher degree of 

pharmacophore overlapping, identifying the “tolerant region” for each pharmacological target, 

and fusing the common frameworks present in the ligands. This approach has the considerable 
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advantage of a reduced molecular weight, implying a greater adherence to Lipinski´s rules. The 

last approach is the “linking” strategy which typically attaches two different pharmacophores 

with linkers of different nature and size. In some cases, the linker itself can act as a 

pharmacophore and bind to the desired pharmacological target. Linkers in this type of hybrid 

molecules can either be cleavable or non-cleavable, the former being when the linker is cleaved 

under a biological environment and pharmacophores act independently. This last approach 

would convert these ligands in prodrugs, as they would require cellular metabolism to be 

released and act as drugs separately instead as if they were a singular entity. The goal of the 

linking strategy is a greater retention of the pharmacodynamic profile of the original 

pharmacophores, while its disadvantage is the high molecular weight of the new entity, which 

difficult its distribution and its entry in cells22. 

 

 

Figure 4. Main approaches to design MTDLs 

The high functionalisation of flavonoids provides synthetic handles allowing to link a variety of 

fragments. This, combined with their versatile biological activity, has caused flavonoids to 

become a popular scaffold on which to design MTDLs20. A commentary of the most relevant 

ones is given below.  

Singh et al designed and synthesised a new family of MTDLs based on the chromen-4-one 

moiety, which were designed to target acetylcholinesterase (AChE), advanced glycation end 

products (AGEs) and oxidative stress. AGEs are the products from Maillard´s reaction between 

carbohydrates and proteins. The glycation of Aβ has been associated to a greater aggregation 

and also, the interaction of AGEs with their receptors (RAGEs) provoke a greater production of 

ROS, which could contribute to the development of AD23. Thus, a benzene ring containing 

methoxy groups was attached to the chromene template to evaluate the impact of these groups 

on radical scavenging. Moreover, a tertiary amino group was assembled, as it had proved to be 

critical in good AChE inhibition results in previous studies. The amines studied were linked to 

the chromene structure via alkylation of hydroxyl group at position C7 of the heterocyclic 

system, combining different lengths of the alkyl side chain (scheme 3). The alkylation of I with 

the corresponding dibromoalkanes yielded compounds II, which were transformed to III via 

nucleophilic substitution using commercially available secondary amines and K2CO3 as a base 

(scheme 3). Most of these compounds inhibited AChE in the nanomolar range and bound dually 

to the catalytic active site (CAS) and to the peripheric anionic site (PAS), and therefore they could 

potentially inhibit Aβ fibril formation. Additionally, these compounds present notable free 

radical scavenging capacities, converting these hybrids in interesting multi-target agents for the 

treatment of AD 24. The SAR analysis carried out for the synthesised compounds revealed that 

AChE inhibition is dependent on the R1 substituents of the benzene ring, and the best results are 

observed for cyclic amines and for 2 and 3-carbon side chain lengths. In addition, the compounds 

containing various methoxy groups on the side ring proved to have a good inhibitory effect on 

AGE formation. The compound chosen as a hit for future optimization efforts is shown in scheme 

3. 
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Scheme 3. Examples of chromene hybrid structures developed by Singh et al.  

In work carried out by Rodríguez-Franco and co-workers25, a family of structurally varied tacrine-

4-oxo-4H-chromene hybrid compounds were synthesised and evaluated against different 

targets for Alzheimer´s disease. The synthesis of these compounds started by tethering different 

diamine chains to 1,2,3,4-tetrahydroacridine, or to the corresponding 6-chloro or 6,8-dichloro 

derivatives, providing intermediates I. Unsubstituted 4-oxo-4H-chromene-2-carboxylic acid III 

was commercially available and the corresponding methoxy derivatives II were synthesised from 

the suitable methoxyphenol, by Michael addition to dimethyl acetylenedicarboxylate to give the 

intermediate I, which was hydrolysed under acid conditions and then cycled by an 

intramolecular Friedel-Crafts acylation, to obtain the 4-oxochromene-2-carboxylic acids III. The 

coupling of both fragments was carried with the activating agent BOP (benzotriazol-1-

yloxytris(dimethylamino)phosphonium hexafluorophosphate) to obtain compounds IV, and 

finally the methoxy groups were demethylated to give the corresponding phenols V (scheme 4).   

 

 

Scheme 4. Synthesis of chromene-derived MTDLs 

The compounds synthesised showed potent AChE and BuChE inhibitory activities in the 

micromolar and nanomolar range. SAR studies determined that chlorine at C6 improved the 

inhibitory activity of the hybrid compounds, while an additional chlorine at C8 decreased it. The 

antioxidant activity of synthetised compounds was assessed by the kinetic ORAC test using 

fluorescein (ORAC-FL). Thus, all compounds tested showed moderate antioxidant activities,  
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inferior to the reference apigenin. The blood brain barrier (BBB) permeability was tested using 

the PAMPA method, which predicted that most compounds would successfully reach brain 

tissue by passive diffusion. Finally, a selection of all compounds tested was screened for BACE-

1 inhibition, showing moderate to good inhibitory activities. According to these preliminary 

results, compound X, having the most balanced profile, is an interesting hit for MTDL 

development (figure 6). 

 

 

Figure 6. Selection of most promising chromene-derived MTDLs 

In additional work, the same group designed a series of donepezil-flavonoid hybrids. Thus, they 

selected the flavonoid scaffold contained the 4-oxo-4H-chromene fragment, common to all 

flavones and the benzyl piperidine moiety, which is considered the pharmacophore framework 

of donepezil. Compounds I were obtained using the same synthetic approach described above, 

and replacement of phenols by aniline allowed the preparation of the 4-oxoquinoline-2-

carboxylate frameworks II. Then, the N-benzyl piperidine moiety was attached via peptide 

coupling conditions using either CDI (carbonyl diimidazole) or BOP (Benzotriazole-1-yl-oxy-tris-

(dimethylamino)-phosphonium hexafluorophosphate) for I and Al(CH3)3 for II, to obtain the 

corresponding compounds III and IV. Finally, the compounds bearing methoxy groups were 

demethylated using BBr3, to yield compounds V and VI, amplifying this way the compound 

library (Scheme 5).  
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Scheme 5. Synthetic scheme of the chromone/quinolone – donepezil hybrids designed by 

Rodríguez-Franco and co-workers. 

The results of biological studies showed that hybrid compounds containing a chromene scaffold 

were more potent human AChE inhibitors than quinolones, being the majority of chromene 

compounds in the nanomolar range, while quinolones were in the upper micromolar one. The 

synthesized hybrid compounds were BBB permeable, except the ones than contain a phenol 

group, according to PAMPA predictions. Complementary biological studies of compounds that 

had shown most promise in the preliminary studies showed lipooxigenase (LOX), MAO-A and 

MAO-B inhibition, blockade of sigma-1 and -2 receptors (important in the maintenance of 

physiological antioxidant proteins and mitochondrial function) protection against mitochondrial 

oxidative damage. Among all hybrids designed, N-(2-(1-benzylpiperidin-4-yl)ethyl)-6,7-

dimethoxy-4-oxo-4H-chromene-2-carboxamide presented the best-balanced profile in all 

biological assays and was chosen as hit for further development26. 

Cruz and co-workers synthesised a family of xanthone and flavone derivatives with dual 

acetylcholinesterase and antioxidant activity. The synthetic pathway involved an initial Grover 

Shah and Shah (GSS) reaction using phloroglucinol and 2,6 dihydroxy benzoic acid in the 

presence of Eaton´s reagent (P2O5-MeSO3H) to generate the xanthone framework. Then, the 

dimethylaminomethyl group required for was introduced via a Mannich reaction in order to 

obtain AChE inhibitory activity and metal chelating ability to improve the antioxidant capacity in 

both flavonoid and xanthone frameworks. Flavanone derivative (II) showed the best biological 

result of both families of compounds, showing moderate activity as radical scavenger (similar to 

the parent compound bacailein), while xanthone derivatives (I) did not present significant 

activity as radical scavengers. Concerning metal chelating capacities, a number of xanthone 

derivatives exhibited Fe and Cu chelating properties, which was associated to the presence of 

the dimethylamine group, while for flavone compounds the chelating capacity was related to 

the existence of catechol (1,2-dihydroxybenzene) functional group. The AChE inhibition assays 

showed the best results for bacailein derivative containing the dimethyl amino group, while 
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xanthone derivatives showed a low inhibition capacity. Thus the authors of the study found that 

bacailein derivatives containing the dimethyl amino group exhibited improved properties 

compared to xanthone derivatives to be developed as MTDLs. 27 (figure 6).  

 

Figure 6. Synthetic scheme followed and selected HITs by Cruz and co-workers.  

 

Finally, Li and collaborators developed a series of homoisoflavonoid (3-benzylidene-4-

chromanone)-based hybrid compounds containing tertiary amine moieties as MTDLs for 

Alzheimer´s disease. The compounds were synthesised by aldol condensation of aldehyde I and 

chromanone II, which were obtained from hydroxybenzaldehyde and 3,4 dimethoxyphenol 

respectively. These compounds presented excellent AChE and MAO-B inhibitory activities, and 

other relevant characteristics for the design of MTDLs against neurodegenerative disorders such 

as inhibition of Aβ aggregation, antioxidant capacity and metal chelation were observed. 

Additionally, these compounds showed the capacity of crossing the blood brain barrier (BBB). 

Thus, these studies identified two MTDL hits, which presented the best multitarget balance 

activities and pharmacokinetic profile.28 (figure 7). 



63 

 

 

Figure 7. Synthetic scheme followed and hits selected by Li and co-workers. 

 

1.3 Cholinergic hypothesis in Alzheimer´s disease and Acetylcholinesterase inhibitors 

for multi-target drug ligands development  

Alzheimer´s disease multifactorial ethology is widely accepted by the scientific community. The 

first scientific evidence in Alzheimer's disease revealed, the loss of cholinergic transmission, 

which stands out as one of the most important hallmarks of the disease.29 The consequent 

dysfunction of the brain´s cholinergic system contributes heavily to the cognitive decline and 

behavioural abnormalities observed in AD patients. This evidence led to the "cholinergic 

hypothesis of AD" and the search for cholinesterase inhibitors30.  

The currently approved therapy for Alzheimer’s disease consists of four small molecules 

(donepezil, rivastigmine, galantamine and memantine)21 (Figure 8) and a monoclonal antibody 

(aducanumab),31 which are unable to halt the progress of the disease and return the brain to its 

original functional state.32. Three of these treatments for AD, namely donepezil, rivastigmine 

and galantamine, plus tacrine, which was withdrawn from the market due to hepatic toxicity,  

are based on increasing the levels of acetylcholine in the brain, which is expected to provide a 

symptomatic improvement in patients. These drugs are used to treat moderate to severe cases 

of AD, acting as inhibitors of the cholinesterase enzymes. Cholinesterases (ChE) are members of 

the family of serine hydrolases and catalyse the hydrolysis and degradation of choline esters. 

There are two forms of ChE, namely acetylcholinesterase (AChE) and butyrylcholinesterase 

(BuChE). The main function of AChE is to hydrolyse and inactivate acetylcholine (ACh), the main 

neurotransmitter of the central nervous system, while BuChE acts on esters with a large acyl 

group, such as butyrylcholine or benzoylcholine. This function is performed by the enzyme with 

the aid of three residues (His440, Ser200 and Glu327 in AChE, and His438, Ser198, Glu325 in 

BuChE)33 in the catalytic active site (CAS) situated in the gorge of both enzymes.  
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Figure 8. small molecules approved for the treatment of Alzheimer´s disease. 

Recent studies indicated that the long-term use of these AChE inhibitors drugs has further 

benefits on the disease, since acetylcholinesterase and butyrylcholinesterase contribute to a 

further extent to the progress of brain atrophy. Inhibition of AChE causes a decrease in the levels 

of Aβ, due to the role of peripheric anionic site (PAS) to catalyse the formation of Aβ fibrils.  

Therefore, the inhibition of AChE and BuChE, could be beneficial in a double sense: it could 

increase the levels of acetylcholine, which produce a symptomatic improvement and 

alternatively, decrease the toxicity associated to Aβ34, 35. 

Thus, reported multitarget ligands mainly provide cholinesterase inhibition together with 

additional biological activities to avoid the side effects of classical AChEIs and/or to 

simultaneously control other pathological pathways of AD. 

 

1.3.1 Tacrine-based multitarget ligands    

The number of hybrid compounds, containing tacrine, is wide and several combinations of 

pharmacophore compounds have been designed, tackling a wide range of targets. Tacrine was 

the first cholinesterase inhibitor drug approved against AD, which was withdrawn from the drug 

market, due to its potential to cause hepatic toxicity34. However, this toxicity seems to be 

associated to an oxidized metabolite whose formation can be avoided by substitution of the 

tacrine benzene ring. Thus, because of its high potency and synthetic accessibility, tacrine has 

been extensively used in the design of multi-target compounds36. In this way, early hybrid 

molecules based on the tacrine heterocyclic framework were the tacrine homodimers 

developed by Pang et al. which targeted the CAS and the PAS sites in a dual fashion37. Later 

studies conducted by the Bolognesi group have shown that the incorporation of planar aromatic 

linkers provides increased activity as well as inhibition of amyloid aggregation38. Additional 

examples can be found in studies carried out by Sun et al, who synthesised a series of MTDLs 

based on tacrine and ferulic acid, which showed cholinesterase and A aggregation inhibition, 

and a neuroprotective effect against oxidative stress generated by hydrogen peroxide39.  

Spilovska et al. described the synthesis of a family of hybrid compounds containing 6-

chlorotacrine and an analogue of scutellarin, linked by carbon chains, which demonstrated good 

AChE and BChE inhibition. However, the scutellarin fragment did not provide the expected 

antioxidant capacity to the hybrid compounds40. As mentioned above (Scheme 4), Rodríguez-

Franco et al. designed a family of hybrid compounds based on tacrine and 4-oxo-4H-chromene 

which target β-secretase 1 (BACE-1) and AChE inhibitory and antioxidant capacities41. Chen et 

al. designed hybrid structures based on tacrine and silibinin, with the purpose of decreasing 

tacrine toxicity, since the flavonoid silibinin is a known hepatoprotective substance.  The 

compounds synthesised achieved this objective, inhibiting ChE and with low toxicity levels and 

they proved to possess neuroprotective effects against oxidative stress42. Li et al. described a 

multifunctional family of tacrine-flavonoid compounds, which exhibited cholinergic activity, β-
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amyloid level reduction and metal chelating properties. Computational studies revealed that 

these compounds simultaneously bind to the CAS and the PAS regions of AChE43. Sun et al 

developed a series of hybrid compounds containing homoisoflavonoids in order to achieve MAO 

inhibition, together with tacrine and a carbon chain linker, which exhibited potent ChE and 

MAO-B inhibition, as well as good blood-brain barrier permeability44. Liao an co-workers 

reported a good inhibition of AChE and Aβ aggregation, together with a neuroprotective effect 

against oxidative stress, for a number of multifunctional compounds containing 6-chlorotacrine 

and 5,6,7-trimethoxyflavone structural fragments45 (figure 9).  

 

Figure 9. Chemical structure of MTDLs based on tacrine of relevance to this work. The tacrine 

moiety is shown in blue, the linker in black and the second pharmacophore in red. 

 

1.4 Tryptamines in neurodegenerative diseases  

Receptors modulated by melatonin and serotonin are implicated in several physiological 

pathways, such as the regulation of sleep and seasonal cycles, and also have a role in the 

immune system and regulation of antioxidant species in the brain. Melatonin (N-(2-(5-methoxy-

1H-indol-3-yl)ethyl)acetamide) is a hormone synthesised in the pineal gland that controls 

circadian rhythm and other physiological activities such as regulation of the immune function, 

blood pressure homeostasis, free radical scavenging, and antioxidant capacity. Especially 

important for AD are the two latter, due to the consistent relationship between oxidative stress 

and the development of AD46. 

Concerning its free radical scavenging capacity, melatonin supresses lipid peroxidation, 

counteracts Fenton reaction-mediated oxidative stress and directly scavenge harmful ROS and 

RNS such as ·OH, or ·NO2
46. It also enhances the antioxidant power of various endogenous 

antioxidant molecules, such as α-tocopherol or ascorbic acid47. Indirectly, melatonin can also 

downregulate the expression of COX-2, thus reducing oxidative damage caused by the immune 

system48. Moreover, melatonin is capable of inducing the powerful Nrf-2 cellular antioxidant 

system48, operating this way as an antioxidant molecule directly and indirectly. Besides its 

antioxidant capabilities, melatonin has other pleiotropic therapeutic effects in AD, because it 

can inhibit the formation of amyloid fibrils from peptides Aβ1-40 and Aβ1-42
49. Additionally,  

melatonin can attenuate the hyperphosphorylation of Tau, stopping the formation of 
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neurofibrillary tangles50. These features make melatonin an excellent scaffold to develop new 

molecules for the therapeutic treatment of AD. 

Serotonin, or 5-hydroxy tryptamine (5-HT), is a neurotransmitter that plays an important role in 

depression and other mood related disorders51. Serotonin binds to a large family of different 

5HT receptors and there is increasing evidence that their modulation can be important for the 

development and treatment of AD52. A study showed that the administration of selective 

serotonin reuptake inhibitors reduced the production of Aβ proteins and the toxicity associated 

with them53. It has also been demonstrated that activation of 5HT4 receptors slows down 

amyloid pathology and brain inflammation54. These features convert serotonin in an interesting 

scaffold for the development of multitarget drugs for the treatment of AD. 

 

Figure 10. Chemical structures of melatonin and serotonin. 

 

1.4.1 Melatonin-based hybrids 

The number of multifunctional compounds, that combine melatonin together to other 

pharmacophores against neurodegenerative diseases is wide. Here we will discuss a few 

examples, which we consider of relevance to this thesis.  

Rodrúguez-Franco et al. reported the design of hybrid compounds containing melatonin and a 

tertiary amine fragment derived from AP2238, a well-known dual binding site 

acetylcholinesterase inhibitor. The synthesis of these compounds started with a nucleophilic 

substitution reaction between the amine group of I and 4-(bromomethyl)-benzonitrile II to yield 

intermediate III. Then, the cyano group was hydrolyzed under basic conditions to give 

compound IV, which was coupled with different commercially available tryptamines to yield a 

family of tryptamine N-dibenzylamine hybrid compounds V.  

Biological assays revealed potent ChE inhibition, through interaction of the hybrids with the 

residues in PAS region of AChE. PAMPA assays also revealed that all hybrids would be able to 

successfully permeate BBB. Antioxidant capacity was tested by ORAC assay, and it revealed that 

all compounds are good peroxyl radical scavengers and compounds containing a methoxy group 

at C6 or C5 exhibited the best results, especially the latter, which can be attributed to a radical 

stabilization role. Additionally, all compounds were neuroprotective and compounds A, B and C  

(Figure 11) were able to stimulate neurogenesis.55 
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Scheme 6. Synthetic route followed by Rodríguez Franco to synthesise a family of melatonin-

derived hybrids. 

 

Chojnacki et al. reported the design of multifunctional compounds, formed from curcumin and 

melatonin as essential pharmacophores. The synthesis started from ethyl 4-chloro-3-

oxobutanoate that was converted via a nucleophilic substitution into the ylide I, which was then 

tethered to 5-methoxytriptamine by reaction with the ester group to produce intermediate II. 

This compound was converted into III by a Wittig reaction with substituted benzaldehydes. In 

order to test the role of the Michael acceptor fragment, the series of compounds III was reduced 

to corresponding saturated compound IV. The neuroprotective capacity of these compounds 

was tested in M-65 cells, using a cellular model for toxicity caused by Aβ and oxidative stress. 

The results showed that the hydroxyl position is essential for neuroprotection, while the 

conjugated double bond and methoxy group in the heterocyclic did not influence on the 

neuroprotective capacities. Furthermore, compounds V and VI showed a dose-dependent ability 

to inhibit Aβ oligomer aggregation and VI also showed significant antioxidant capacity, while 

also halting the intracellular formation of Aβ oligomers. However, the PAMPA assay of these 

compounds predicted some difficulty to cross BBB, probably due to the hydroxy groups present 

in their structure. The penetration in brain tissue was tested in vivo model which revealed that 

compound VI was able to successfully cross BBB. All these features convert compounds V and 

VI into potential hits for the development of MTDLs against AD.56  
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Scheme 7. Synthetic scheme followed by Chojnacki and co-workers to produce 

melatonin/curcumin hybrids. 

Jiang et al. described a new series of MTDLs based on the alkaloid berberine with melatonin. 

Their synthesis started with the demethylation of one of the methoxy groups of berberine under 

thermal and pressure conditions to provide intermediate I. Alternatively, tryptamines and their 

5-methoxy and 5-methyl analogues reacted with 3-bromopropyl chloride to provide compound 

II. Finally, the nucleophilic substitution of II with I yielded hybrid compounds III. Biological 

studies showed a moderate AChE inhibitory capacity for tryptamine-berberine hybrids, although 

they exhibited excellent free radical scavenging capacity in an ORAC assay. Finally, these 

compounds also exhibited notable capacity to inhibit Aβ aggregation, higher than that of  the 

parent compounds berberine and melatonin. 57 

 

 

 

 

 

 

 

 

Scheme 8. Synthetic route followed by Jiang and collaborators to synthesize berberine-

tryptamine hybrids. 
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2.0 Objectives 

As part of our research into new therapeutic entities to treat Alzheimer's disease, one of the 

aims of this work was to design and synthesise a new family of MTDLs that target several factors 

involved in the development of the disease, such as amyloid and tau aggregation, cholinesterase 

inhibition or antioxidant protection. Thus, we selected the well-known flavonoid 

pharmacophore, which has been studied previously by several authors, based on the use of 

different attachment positions, as previously reported in this section. Thus, Rodríguez Franco 

used the C2 position of the chromene framework and Li and co-authors the position C3, while 

Cruz and Singh employed the fused benzene ring of the heterocyclic system to attach the linker. 

In this work, we decided to explore the carbonyl group of the flavonoid framework to attach 

other pharmacophores and develop new MTDLs for AD (figure 1).  

 

Figure 1. Positions used for flavonoids in previous works and in this work. 

Although limited studies have been carried out in order to fully reveal the mechanism by which 

many flavonoids inhibit the aggregation of AB amyloid, there are evidences that the presence of 

3',4'-dihydroxy groups of the B-ring and their H-bonding to the amide groups of the peptide 

plays a crucial role and leads to the formation of adducts with Aβ-42 through specific binding to 

the lysine residues Lys16 and Lys2858. Additionally, it has been reported that polyphenolic 

compounds such as myricetin and morin, are more efficient to destabilise the β-sheet structures 

of the peptide due to additional hydrogen-bond interactions with carbonyl groups, besides 

normally being more potent antioxidants. Consequently, we decided that the phenolic groups 

should be free in the flavonoid-based multitarget structures, and we studied the attachment to 

the carbonyl carbon of the heterocyclic skeleton.  

Thus, we designed flavonoids-tacrine hybrids I, which contain the flavonoid system selected 

(naringenin and hesperetin), conserving their phenolic groups, and the tacrine core. In this way, 

we expected to retain the Aβ aggregation inhibition effect and the antioxidant capacity of 

flavonoids, as well as the AChE inhibitory capacity. Additionally, the size and class of linkers may 

play a key role in the design of bivalent AChE inhibitors that bind to both CAS and PAS of AChE 

since the linker has also been documented to decrease the hepatotoxicity associated to tacrine 

metabolites59. In a similar fashion, flavonoid-donepezil hybrids II were designed by linking 

naringenin and hesperetin to the N-amino-benzyl piperidine moiety of donepezil, which is 

considered its pharmacophore. These hybrids are also expected to be inhibitors of AChE and 

BuChE, as well as to retain the Aβ aggregation inhibition and antioxidant capacities of the 

flavonoid frameworks. Finally, we also devised a family of flavonoid-tryptamine hybrids III with 

the same purpose of evaluating them as potential MTDLs. The multiple pharmacological 

activities of melatonin or serotonin combined with the previously cited activities of flavonoids 
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should provide a boosted antioxidant effect, together with increased neuroprotection against 

different neurotoxic agents (figure 2). 

 

Figure 2. Structures of the MTDLs designed. 
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3.0 Results 

3.1 Synthesis 

3.1.1 Synthesis of flavonoid-tacrine hybrids 

We planned a synthetic route starting from anthranilic acid derivatives, which would be treated 

with in the presence of phosphorus oxychloride to yield the chloro derivatives 1.1. From these 

compounds, we planned the use of diamine linkers that would yield compounds 1.2, containing 

a terminal primary amine residue. Finally, the flavanone-tacrine hybrids would be obtained by a 

reductive amination reaction of compounds 1.2 with the chosen flavanone (scheme 1). 

Scheme 1. Initial synthetic scheme proposed for the development of flavonoid-tacrine hybrids. 

Thus, the first step was the synthesis of 9-chloroacridine 1.1a and 6,9 dichloroacridine 1.1b that 

was performed via a Niementowsky quinoline synthesis. Thus, heating anthranilic acid or 4-

chloroanthranilic acid with cyclohexanone, in the presence of an excess of phosphorus 

oxychloride, led to compounds 1.1a and 1.1b in excellent yields of 99% in both cases and without 

the need for purification. Compounds 1.1 were heated with an excess of several diamines in 

phenol to achieve compounds 1.2a-1.2f in excellent yields (83-96%) via aromatic nucleophilic 

substitution reactions (Scheme 2). 

Scheme 2. Synthetic scheme followed to obtain diamine-tethered tacrine intermediates. 

Regarding the flavonoid component 1.5, both naringenin and hesperetin are commercially 

available. Related compounds were obtained by cyclization of the suitable o-hydroxychalcone. 

Thus, compound 1.5c was prepared by aldol condensation of 3,5-dimethoxyacetophenone with 

benzaldehyde, followed by selective O-demethylation in the presence of BBr3 and an 

intramolecular acid-promoted Michael addition (Scheme 3).  
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Scheme 3. Preparation of synthetic flavanone 1.5c.  

The 2D-NMR-assisted assignments of chalcone 1.5b, which were useful for the assignment of 

our flavanone derivatives after chalcone 1.5a demethylation which left one methoxy group, are 

shown in Table 1. 

 

Table 1. Assignments for compound 1.5b. 

δ (ppm) 13C HMQC (δ (ppm) 1H) HMBC (δ (ppm) 1H) Assignment 
55.7 3.87 - 7 

101.2 6.47 13.55 3 
108.2 6.51 - 5 
114.3 - 13.55 1 
116.1 6.90 - 3’’ 
118.1 7.47 - 2’ 
127.9 - 6.90, 7.47 1’’ 
130.7 7.60 7.60, 7.86 2’’ 
131.5 7.84 - 6 
144.1 7.87 7.60 3’ 
158.0 - 7.58 4’’ 
166.2 - 3.87 4 
166.8 - 7.84, 13.55 2 
192.1 - 7.47, 7.83 1’ 

 

Prior to attempting to tether the flavonoid compounds to the tacrine structural fragments 

through a reductive amination, and because there was very little literature precedent of the 

reaction of flavanones with N-nucleophiles, we studied the reaction of butylamine and 

naringenin. Imine formation was observed within 30 minutes of reaction and this compound 

(1.3) was easily isolated, but attempts to reduce the C=N bond with different reducing agents, 

namely NaBH4, Na(CN)BH3, Na(AcO)3BH, LiAlH4 and H2 over Pd/C under different conditions were 

unsuccessful. Moreover, imine formation with compound 1.2a yielded a highly impure crude 

material that was also impossible to reduce.  

We ascribed the low reactivity of the imino group to intramolecular hydrogen bonding 

stabilisation by the neighbouring hydroxyl group, and for this reason we treated naringenin with 

dimethyl sulphate as a methylating agent to yield compound 1.4a, having all hydroxyl groups 

methylated. Its treatment with butylamine led to imine 1.4b formation, but its attempted 

reduction with the previously mentioned reducing agents failed (scheme 4). A similar result was 
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obtained for the O-methyloxime60 1.5d, which lacked an oxygen function adjacent to the imine 

(Scheme 3). Attempts at the reduction of the carbonyl group of compound 1.5c with different 

reducing agents such as hydride donors or H2 and Pd/C, even at high H2 pressures, also failed 

(Scheme 5).  

 

Scheme 4. Synthetic scheme of methylated naringenin analogue. 

 

 

Scheme 5. Synthetic scheme planned for the tethering of different pharmacophores to -(4-

hydroxyphenyl)-7-methoxychroman-4-one. 

 

Realising that the oxime was resistant to several washes with HCl to remove pyridine from the 

reaction medium, and also bearing in mind the presence of metabolically stable O-alkyl oximes 

in some drugs, cephalosporin in particular, we deduced that this stability could be used to design 

a family of MTDLs by using O-carboxymethyl hydroxylamine hydrochloride, which has a free 

carboxylic acid group that can be used to tether diamine-tacrine compounds using peptide 

synthesis techniques. Thus, the corresponding oximes of the flavanones naringenin and 

hesperetin were prepared by reaction with O-carboxymethyl hydroxylamine hemichloride in 

pyridine under reflux conditions, obtaining the flavanone oximes 1.6a and 1.6b in quantitative 

yield (scheme 6). 

 

Scheme 6. Scheme followed for the synthesis of flavanone oxime acids. 

Finally, the flavonoid oxime intermediates 1.6a and 1.6b and the tacrine-linker intermediates 

1.2a-1.2f were linked by an amide bond formation, using EDCI and HOBt, in a mixture of 

DCM/MeOH to provide hybrid compounds 1.7a-1.7l in moderate yields (scheme 7).  
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Scheme 7. Scheme followed for the synthesis of flavanone-tacrine hybrids. 

Table 2. Hybrid flavonoid-tacrine compounds synthesised. 

Compound R1 R2 R3 n Yield (%) 

1.7a H OH H 2 27 
1.7b H OH H 3 22 
1.7c H OH H 4 29 

1.7d Cl OH H 2 25 
1.7e Cl OH H 3 32 

1.7f Cl OH H 4 29 
1.7g H OMe OH 2 25 
1.7h H OMe OH 3 31 

1.7i H OMe OH 4 17 
1.7j Cl OMe OH 2 18 

1.7k Cl OMe OH 3 17 
1.7l Cl OMe OH 4 22 

 

 

3.1.2 Synthesis of flavonoid-donepezil hybrids 

As previously explained, the N-benzyl piperidine fragment is essential in the AChE and BuChE 

inhibitory activity of donepezil. This has caused that multiple research groups have used this 

fragment in order to develop MTDLs with this pharmacological activity. For this reason, oximes 

1.6a and 1.6b were treated under the same conditions with 1-benzylpiperidin-4-amine and 2-

(1-benzylpiperidin-4-yl) ethan-1-amine to yield hybrids 1.8a-1.8d, again in moderate yields 

(scheme 8). 

 

Scheme 8. Scheme followed for the synthesis of flavanone-N-benzyl piperidine hybrids. 
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Table 3. Flavonoid-N-benzyl piperidine hybrid compounds synthesised. 

Compound R2 R3 n Yield (%) 

1.8a OH H 0 32 
1.8b OH H 2 22 

1.8c OMe OH 0 26 
1.8d OMe OH 2 20 

 

 

3.1.3 Synthesis of flavonoid-tryptamine hybrids 

Finally, in order to expand the family of MTDL hybrids based on flavonoids, we decided to bind 

several tryptamine derivatives to oximes 1.6a and 1.6b. Tryptamines, and especially melatonin, 

are known to have pleiotropic neuroprotective effects so attaching them to flavonoids could 

afford compounds with enhanced neuroprotective capacity. This way, we reacted oximes 1.6a 

and 1.6b with tryptamines derivatives bearing -OMe, -OH (serotonin) and H substituents at R1 

using the same conditions previously described to yield compounds 1.9a-1.9f (scheme 9). 

 

Scheme 9. Scheme followed for the synthesis of flavanone-tryptamine hybrids. 

Table 4. Flavanone-tryptamine hybrids synthesized  

Compound R1 R2 R3 Yield (%) 

9a OMe OH H 22 
9b OH OH H 28 

9c H OH H 33 
9d OMe OMe OH 27 
9e OH OMe OH 24 

9f H OMe OH 31 
 

3.2 Pharmacological characterization of flavonoid hybrid compounds  

Once all compounds were synthesised, we assayed them against different pharmacological 

targets in order to verify their potential as MTDLs. Cell viability and MDA and Aβ protection 

studies were carried out by Professor Javier del Pino in the Department of Toxicology of the 

Faculty of Veterinary from Universidad Complutense de Madrid. DCFA-DA antioxidant assay 

and AChE and BuChE inhibition studies were performed by Professors Sagrario Martín-Aragón 
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and Paloma Bermejo from the Department of Pharmacology of the Faculty of Pharmacy of 

Universidad Complutense de Madrid. Further characterization is in progress. 

 

3.2.1 Cell viability 

Prior to the pharmacological study, all hybrid compounds were assayed for their toxicity against 

neuronal SN56 cells, which were treated with increasing concentrations of the compounds (1, 

20, 40, 80 and 100 M). Following incubation for 24 h, cell viability was tested by the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay. As shown in Figures 1 and 2, none of 

the flavonoid-tacrine hybrids modified cell viability at concentrations up to 40 µM. At 

concentrations of 60 µM and greater, some compounds like 1.7a, 1.7b or 1.7c started to show 

toxicity and at concentrations of 80 µM and 100 µM this toxicity increased.  In general 

compounds that possess the naringenin moiety seem to be worse tolerated that the ones 

derived from hesperetin. However, this toxicity only is significant at high concentrations.  
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Figure 1. Percentage of cell viability at different concentrations of compounds 1.7a-1.7e. *** 

p<0.001 indicates significant statistical differences with the control.  
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Figure 2. Percentage of cell viability at different concentrations of compounds 1.7f-1.7l. *** 

p<0.001 indicates significant statistical differences with the control.  

 

Cellular toxicity studies indicated that flavonoid-donepezil hybrids were less toxic than the 

flavonoid-tacrine homologues, presenting a good toxic profile, as it is shown in figure 3. Thus, 

these compounds showed moderate toxicity at concentrations up to 80 µM. At 100 µM, 1.8a-

1.8d showed a moderate toxicity. 
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Figure 3. Percentage of cell viability at different concentrations of compounds 1.8a-1.8d. *** 

p<0.001 indicates significant statistical differences with the control.  
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Cell viability studies revealed that flavonoid-tryptamine hybrids have a wide safety range, being  

well tolerated at all concentrations assayed, even at 100 µM, where all flavonoid-tacrine and 

flavonoid-N-benzyl piperidine hybrids showed toxicity. Thus, flavonoid-tryptamine hybrids 

presented the best safety profile. 
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Figure 4. Percentage of cell viability at different concentrations of compounds 1.9a-1.9f. 

 

3.2.2 Neuroprotection against oxidative stress 

Due to the antioxidant properties expected to be associated to the flavonoid, we carried out 

several experiments in order to examine the effect of our compounds against oxidative stress,  

which is key to several neurological diseases. 

3.2.21 MDA antioxidant assay 

The concentration of malondialdehyde (MDA) increases with raised levels of oxidative stress due 

to an augmented lipid peroxidation. To assess the antioxidant properties of all hybrids an MDA 

assay was carried on, based on the reaction of MDA with thiobarbituric acid (TBA) forming the 

MDA-TBA adduct (scheme 7). This is a stable chromophore that has a maximum of absorption 

at 532 nm and is the species detected in the assay. Thus, reductions in the concentration of this 

adduct will translate in less lipid peroxidation, and therefore in a greater antioxidant capacity of 

the compounds61. In the case of the assay we performed, we used Trolox, an analogue of vitamin 

E with a high antioxidant capacity due to the polyphenolic structure embedded in its structure, 

which is susceptible to being oxidised to the correspondent quinone (scheme 7). In this assay, it 

was used at a concentration of 100 µM. 



79 

 

 

Scheme 10. Condensation of MDA with two molecules of TBA and oxidation of Trolox to its 

quinone form. 

After exposure of SN56 cells to H2O2 (140 mM), MDA concentration increased to 230% of the 

basal value (p < 0.001 vs control), which proves the high sensitivity of these cells to ROS-induced 

lipid peroxidation. When the experiment was performed in the presence of flavonoid-tacrine 

hybrids (1.7a-1.7l), all compounds showed a moderate antioxidant activity, which manifested 

itself only at concentrations above 60 µM for the hesperetin derivatives and was higher for the 

compounds containing the hesperetin framework 1.7j, 1.7k, 1.7l, which exhibited antioxidant 

activity at concentration of 40 µM. Compounds bearing a chlorine atom in position 6 of the 

tacrine moiety such as 1.7d, 1.7e, 1.7j, 1.7k and 1.7l seem to have an increased antioxidant 

capacity than the non-chlorine bearing derivatives and also 3 carbon atom linker compounds 

seem to possess an slightly greater antioxidant capacity than 2 or 4 carbon linker compounds 

(table 5). Compound 1.7k, which contains a 6-chlorotacrine moiety and a 3-carbon atom linker, 

showed the best protective effects against H2O2-induced lipid peroxidation of this MTDL family,  

having a better antioxidant capacity than the reference compound, trolox. Additionally,  

compounds 1.7d-1.7i have moderate antioxidant properties with a similar antioxidant capacity 

to trolox at the same concentration (100 µM). Compounds 1.7j-1.7l have a superior antioxidant 

capacity than trolox, having at concentrations of 60 µM a considerable antioxidant capacity, 

however not superior to the standard. At concentrations of 80 µM, compounds 1.7j and 1.7l 

show a similar antioxidant power to trolox at 100 µM and compound 1.7k a superior capacity 

than the standard. At 100 µM, these compounds show greater antioxidant power than the 

standard. 
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Figure 5. Percentage of MDA compared with control at different concentrations of compounds 

1.7a-1.7e. *** p<0.001 indicates significant statistical differences with the control after one 

way ANOVA followed by Barlett´s post-hoc test. ### p<0.001 indicates significant differences 

compared to H2O2 after one way ANOVA followed by Barlett´s post-hoc test. 
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Figure 6. Percentage of MDA compared with control at different concentrations of compounds 

1.7f-1.7l. *** p<0.001 indicates significant statistical differences with the control after one way 

ANOVA followed by Barlett´s post-hoc test. ### p<0.001 indicates significant differences 

compared to H2O2 after one way ANOVA followed by Barlett´s post-hoc test. 
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Table 5. Table illustrating the % of MDA with respect to control at 100 µM concentration and 

the substituents of all flavonoid tacrine-derivatives. 

 

Compound 

 

Flavonoid 

 Number of 

carbon atoms 
in linker 

 

Scaffold 2 

% MDA 

(100 µM) 

7a Naringenin 2 tacrine 181.2 

7b Naringenin 3 tacrine 174.3 
7c Naringenin 4 tacrine 179.2 

7d Naringenin 2 6-chlorotacrine 142.3 
7e Naringenin 3 6-chlorotacrine 136.3 
7f Naringenin 4 6-chlorotacrine 141.2 

7g Hesperitin 2 tacrine 131.2 
7h Hesperitin 3 tacrine 124.3 
7i Hesperitin 4 tacrine 110.1 

7j Hesperitin 2 6-chlorotacrine 102.3 
7k Hesperitin 3 6-chlorotacrine 101.2 

7l Hesperitin 4 6-chlorotacrine 103.1 
trolox - - - 115.3 

 

When the protective capacity against H2O2-induced lipid peroxidation of the flavonoid-donepezil 

hybrids compounds were tested in the MDA assay, we again observed that the compounds 1.8c  

and 1.8d bearing a hesperetin flavonoid moiety present a higher antioxidant capacity than 

compounds 1.8a and 1.8b, which present a naringenin flavonoid moiety. Thus, compounds 1.8c  

and 1.8d started to show antioxidant activity at a concentration of 40 µM, while 1.8a and 1.8b  

started at concentrations of 60 µM, and compound 1.8c showed a similar antioxidant capacity 

to the reference at the same concentration. 
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Figure 7. Percentage of MDA compared with control at different concentrations of compounds 

8a-8d. *** p<0.001 indicates significant statistical differences with the control after one way 

ANOVA followed by Barlett´s post-hoc test. ### p<0.001 indicates significant differences 

compared to H2O2 after one way ANOVA followed by Barlett´s post-hoc test.  

When we studied the cell protecting capacity of flavonoid-tryptamine hybrid compounds in the 

SN56 cell line, we found the best antioxidant profile, as was expected from compound design. 

This effect is probably due to the synergic effect of the two moieties of the molecule, which are 

well-known antioxidants. At a concentration of 20 µM, compounds 1.9a and 1.9d, which bear 

both a melatonin moiety, started to show a moderate antioxidant activity as expected due to 

the powerful antioxidant effect of melatonin. At a concentration of 40 µM, compounds 1.9d, 

1.9e and 1.9f, which derive from hesperitin instead of naringenin, presented a better antioxidant 

activity than 1.9a, 1.9b and 1.9c. This is consistent with the previous result, as all the other 

hybrids presented a better activity for the hesperitin rather than for the naringenin moiety. At 

a concentration of 100 µM all compounds apart from 1.9c present a better antioxidant activity 

than the reference trolox at the same concentration, making them also promising agents for the 

development of MTDLs. 
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Figure 8. Percentage of MDA compared with control at different concentrations of compounds 

1.9a-1.9f. *** p<0.001 indicates significant statistical differences with the control after one 

way ANOVA followed by Barlett´s post-hoc test. ### p<0.001 indicates significant differences 

compared to H2O2 after one way ANOVA followed by Barlett´s post-hoc test. 
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3.2.22 Intracellular reactive oxygen species scavenging activity by the DCFA-DA 

antioxidant assay 

To investigate the effect of our compounds on intracellular levels of ROS, radical oxygen 

scavenging was tested in human neuroblastoma (SH-SY5Y) cells using the cell-permeable probe 

2,7-dichlorofluorescin diacetate (DFCH-DA). Non-fluorescent DCFH-DA, hydrolyzed to DCFH 

inside the cells by cellular estearases, is still non-fluorescent but is retained inside the cell and 

yields the highly fluorescent DCF in the presence of intracellular hydrogen peroxide and related 

peroxides. Thus, the fluorescence observed in the assay is in an inverse relationship with the 

scavenging ability of the compounds under assay (Scheme 8). 

 

Scheme 8. Illustration of DCFA-DA antioxidant assay. 

 

So, in order to further assess the antioxidant capacity of the hybrids, a DCFA-DA assay was 

performed. The results show that all hybrid compounds show a better ROS scavenging activity 

than the precursor compound tacrine. However, compounds that present a hesperetin moiety 

(1.7g-1.7l) show a greater ROS scavenging activity than the ones thar present a naringenin 

moiety (1.7c, 1.7d). With the previous MDA assay results also taken into consideration, we can 

conclude that hesperetin is a more antioxidant flavone than naringenin, being these results 

coherent with the literature62. Despite the good results shown by the hesperetin hybrids, none 

of them show a superior activity to quercetin, a well-known antioxidant flavone. 
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Figure 9. Percentage of ROS scavenging by 10 µM concentrations of selected compounds. 
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3.2.3 Cholinesterase inhibitory activity 

3.2.31 AChE in vitro inhibitory activity 

As has previously been stated, excess hydrolysis and degradation of ACh by AChE and BuChE are 

a classical hallmark of AD, and the inhibition of both enzymes improves the symptoms of the 

disease. Therefore, the development of multitarget drug ligands that included this 

pharmacological action would be interesting in this spite. To test this premise, we carried out 

AChE and BuChE inhibition assays.  

In recent years, a wide number of methods have been developed to quantify AChE and BuChE 

activities. However, the most popular and commonly used is the Ellman method63. This method 

uses the substrate acetylthiocholine iodide (ACTI) and 5,5'-dithio-bis-2-nitrobenzoic acid 

(DTNB). AChE and BuChE hydrolyse acetylthiocholine and the thiocholine generated then reacts 

with DTNB, and the reaction results in 5-thio-2-nitro benzoic acid (TNB) which possesses a yellow 

colour. The colour intensity of the product is measured at 405 nm and is dependent on the 

enzyme activity (scheme 9). 

 

Scheme 9. Scheme showing the basis of the Ellman assay. 

The results obtained with the Ellman method show that compounds 1.7c, 1.7d and 1.7g-1.7l 

inhibit acetylcholinesterase in the micromolar or even the nanomolar range. Compound 1.7d  

even shows a superior activity than the reference compound, tacrine. All the tested compounds 

show inhibition activity within the micromolar or the nanomolar range, converting them into 

good or excellent AChE inhibitors. 
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Figure 10. IC50 values for AChE inhibition of selected flavonoid-tacrine hybrids. 
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3.2.32 BuChE in vitro inhibitory activity 

As previously mentioned, BuChE also has an important role in the development of AD. It 

hydrolyses AChE, reducing its brain concentration and also is partially responsible for the 

aggregation of Aβ. Therefore, it stands out as a therapeutic target in AD and its inhibition is also 

important for the development of MTDLs against it. 

In this connection, a BuChE inhibition assay was also performed with the previous compounds, 

also using the Ellman method. The results show that all the compounds are inhibitors in the 

micromolar range, being the most potent compounds 1.7c, 1.7d, 1.7g and 1.7h, with IC50 below 

0.1 µM. Although none of the tested compounds show activities superior to the reference 

compound, tacrine, that inhibits in the nanomolar range, all show good inhibitory activity against 

BuChE. 
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Figure 11. IC50 values for BuChE inhibition of different flavonoid-tacrine hybrids. 

 

3.2.33 AChE inhibition in a human neuroblastoma cell line (SH-SY5Y) of compounds 1.7 

In order to further test the inhibitory activity of the compounds against AChE, we studied the 

AChE inhibition potency in a human neuroblastoma cell line (SH-SY5Y). This assay provides a 

more accurate profile of the pharmacokinetic and activity and toxicity properties of the tested 

compounds than enzyme inhibition assays, since the compounds are in a cellular context. The 

cell line used for the assay was human neuroblastoma (SH-SY5Y) and the method used for the 

determination of the inhibitory activity was the Ellman method previously mentioned. The 

experiment was performed at concentrations of 10, 1, 0.1 and 0.01 µM, and the results are 

shown in table 5. 
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Table 5. Percentage inhibition of AChE in cells by flavonoid-tacrine hybrids. **p<0.01, *p<0.05 

indicates significant difference when compared to control according to one way ANOVA 

followed by Newman-Keuls post-hoc test. 

All the compounds show inhibitory activity against AChE at a concentration of 10 µM, and 1.7d, 

1.7h, 1.7k and 1.7l were the best AChEIs, all of them showing inhibition values up to 80%. 

Furthermore, these compounds are more active than tacrine, which was the standard used in 

the assays, at the same concentration. At a concentration of 1 µM, the tendency consolidates 

with compounds 1.7d, 1.7h, 1.7k and 1.7l presenting greater % inhibition that tacrine. 

Compounds 7g and 7i, which were the least active ones at 10 µM, no longer show activity at 1 

µM. At 0.1 µM compound 1.7c no longer presents activity and the reference compound, tacrine, 

is also no longer active. Compounds 1.7d, 1.7h, 1.7k and 1.7l have the best inhibitory activities 

and compound 7k still presents an excellent 46% inhibition at this concentration. At a 

concentration of 0.01 µM no compound inhibits AChE except for hybrid 1.7k, that still shows a 

30% inhibition. 

These results show that compound 1.7k presents the best AChE inhibitor profile, being highly 

active in the in vitro assay and the most active compound in the neuroblastoma cell line (SH-

SY5Y) assay. 1.7k was also active against BuChE and presents good antioxidant profiles,  

converting it into a promising lead compound for the development of an MTDL against 

Alzheimer´s disease. 

To throw some light about how compound 1.7k binds to AChE, a docking study was performed 

using Autodock Vina, with Torpedo californica´s AChE crystal structure, co-crystalysed with a 

polymethylene-linked bis-tacrine dimer (7 carbon linker) (5EI5 in PDB). This enzyme was chosen 

as a model for the docking study due to its similarity with the human enzyme. The docking study 

shows that compound 1.7k (light blue) has polar contacts (orange) with aspartic acid 71 and 

 
Compound 

AChE inhibition (%) in SH-SY5Y 

10 µM 1 µM 0.1 µM 0.01 µM 

 

7c 
 

 

52.56 ± 5.09** 

 

  5.13 ± 6.85 

 

- 

 

- 

 
7d 

 
90.09 ± 2.69** 

 
52.05 ± 3.41** 

 
31.45 ± 5.51** 

 
- 

 

7g 

 

13.68 ± 6.87** 

 

- 

 

- 

 

- 
 

7h 
 

79.49 ± 2.91** 
 

46.50 ± 2.61** 
 

23.94 ± 7.26* 
 
- 

 
7i 

 
13.68 ± 6.85** 

 
- 

 
- 

 
- 

 
7j 

 
70.17 ± 5.95** 

 
19.83 ± 2.30* 

 
2.56 ± 4.73 

 
- 

 
7k 

 
92.44 ± 1.47** 

 
77.61 ± 4.68** 

 
46.84 ± 4.43** 

 
30.17 ± 2.84 

 
7l 

 
86.92 ± 1.69** 

 
34.27 ± 6.35** 

 
14.53 ± 5.60 

 
- 

 
Tacrine 

 
58.63 ± 3.21** 

 
 16.07 ± 9.15 

 
- 

 
- 
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tyrosine 120, while having nonpolar (blue) contacts with tyrosine 333, phenylalanine 329, 

tryptophan 83 and tyrosine 69, in a similar fashion to the bistacrine ligand co-crystallized with 

the enzyme (grey). Aspartic acid 71, tyrosine 120, tyrosine 333, tyrosine 69 and phenylalanine 

329 are residues present in the peripheric anionic site of AChE, which means that a strong 

interaction of compound 7k with this site of the enzyme could block the catalytic activity 

associated with the misfolding of Aβ and add another potential activity to the compound against 

AD and prompted us to carry out the next experiment. 

 

Figure 12. Docking showing the interaction of 1.7k and bis-tacrine with AChE from Torpedo 

californica. Model generated with Pymol. 

 

3.3.4 Protection against Aβ toxicity 

Formation, accumulation, and aggregation of toxic proteins, like amyloid-proteins (Aβ), leads to 

neurodegeneration. Taking into consideration the fact that compounds 1.7 displayed good 

activities against oxidative stress and AChE and BuChE inhibition, probably associated to 

occupation of the peripheric anionic site, we decided to study their protecting capacity against 

Aβ aggregation.  

In order to determine the neuroprotective effects against Aβ proteins of these compounds, 

SN56 cholinergic neurons from basal forebrain64, the main brain cholinergic region where 

selective damage on cholinergic neurons is observed in AD, were pre-treated with or without 

the selected compounds (20-100 μM), and then treated with Aβ proteins (1 μM). Cell viability 

was determined following 24 h Aβ1-42 protein treatment of SN56 cells, by MTT assay. The assay 

is based on the cleavage of the yellow tetrazolium MTT salt to purple formazan crystals by 

mitochondrial dehydrogenase. Cells were incubated in yellow MTT solution at a final 

concentration of 0.5 mg/mL for 4 h after treatment with the Aβ1-42 protein. Following 

incubation at 37 °C, the resulting formazan product obtained after medium removal was 

dissolved in 250 μL DMSO. The formation of solubilized formazan product was measured 
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spectrophotometrically at 570 nm. Control cells treated with vehicle were taken as 100% 

viability (scheme 10). 

 

Scheme 10. Diagram illustrating the biological principles of the MTT assay.  

In figure 13 the viability of cells at a fixed concentration of Aβ (1 µM) with different 

concentrations of compounds 1.7d, 1.7g and 1.7i-1.7l can be observed. 
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Figure 13. Percentage of cell viability after being exposed to 1µM concentration of Aβ and then 

to flavonoid-tacrine hybrids. *** p<0.001 indicates significant statistical differences with the 

control after one way ANOVA followed by Barlett´s post-hoc test. ### p<0.001 indicates 

significant differences compared to Aβ after one way ANOVA followed by Barlett´s post-hoc 

test. 

After 24 h treatment with the Aβ1-42 proteins, a decrease in cell viability was observed. Pre-

treatment with 1.7d and 1.7g reverted, in a concentration-dependent way, partially for 1.7i and 

completely for 1.7d, 1.7g, 1.7j, 1.7k and 1.7l, the reduction of cell viability induced after Aβ1-42 
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proteins treatment alone. This reversion started at 20 µM for all compounds except 1.7i, which 

showed moderately protective against Aβ. At concentrations of 60 µM, all compounds show 

considerable protective capability against Aβ, the best being 1.7d and the least protective again 

1.7i. At a concentration of 100 µM all compounds show a very high protecting capacity against 

Aβ being a cell viability of 100% and no significant differences were found between with the 

control cells data in almost all cases. The antioxidant activity of these compounds is in the same 

order of magnitude (micromolar) as the Aβ protective capacity, which is positive for the 

development of a potential MTDL, as all activities should be in a concentration of a similar order 

of magnitude. On the other hand, their potency inhibiting AChE and BuChE is in the nanomolar 

range.  

The protective activity of the flavonoid-tryptamine compounds 1.9a-1.9f against Aβ was also 

measured. As in the previous case with the flavonoid-tacrine hybrids, the concentration of Aβ is 

fixed at 1 µM in all cases and there are three different concentrations of compounds, 20 µM, 60 

µM and 100 µM. 
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Figure 13. Percentage of cell viability after being exposed to 1µM concentration of Aβ and then 

to flavonoid-tryptamine hybrids. *** p<0.001 indicates significant statistical differences with 

the control after one way ANOVA followed by Barlett´s post-hoc test. ### p<0.001 indicates 

significant differences compared to Aβ after one way ANOVA followed by Barlett´s post-hoc 

test. 

 

At a concentration of 20 µM, all compounds show a potent protective capacity against Aβ, being 

compound 1.9d the most potent one. At a concentration of 60 µM, all compounds show an 

increased protecting capacity against Aβ, with compounds bearing hesperetin 1.9d-1.9e 

showing a better protecting capacity than the naringenin derivatives 1.9a-1.9c. At a 

concentration of 100 µM all compounds show a very high protecting activity, being the cell 

viability approximately 100% in all cases. This can be correlated with the antioxidant capacity 

exhibited by these compounds in the MDA antioxidant assay, with the hesperetin-based 

compounds having a greater antioxidant activity than the naringenin derivatives. In the case of 
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these hybrids, their activities show a more equilibrated profile, with all activities ranging in 

micromolar concentrations. However, structural modifications should be made to enhance 

these activities, perhaps by replacing the flavonoid core for a more antioxidant one, such as 

quercetin. 
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4.0 Experimental  

4.01 General procedure for the synthesis of compounds 1.1a and 1.1b. 

Anthranilic acid or 4-chloro anthranilic acid (1 equivalent) was dissolved in cyclohexanone (1.1 

equivalents) and POCl3 (10 ml) was added to the mixture, which was stirred for 3 hours at 140 

°C. Subsequently, the reaction was cooled down at room temperature and quenched with a 

saturated solution of K2CO3 and extracted 3 times with DCM (20 ml). The organic extracts were 

combined, dried with Na2SO4, and concentrated in vacuo. The residue was washed with hexane 

to yield the corresponding 9-chloro-1,2,3,4-tetrahydroacridine. 

 

1.1a. 9-Chloro-1,2,3,4-tetrahydroacridine. Prepared from anthranilic acid (1.5 g, 6.9 mmol).  

Brown solid (99% yield). 

1H NMR (250 MHz, CDCl3) δ 8.14 (dd, J = 8.4, 1.5 Hz, 1H), 8.00 (dd, J = 8.5, 1.3 

Hz, 1H), 7.65 (ddd, J = 8.4, 6.9, 1.6 Hz, 1H), 7.59 – 7.46 (m, 1H), 3.13 (ddd, J 

= 6.8, 4.9, 1.8 Hz, 2H), 3.07 – 2.91 (m, 2H), 1.94 (m, 4H). (NMR data consistent 

with values found in literature)65. 

 

1.1b. 6,9-Dichloro-1,2,3,4-tetrahydroacridine. Prepared from 4-chloroanthranilic acid (1.5 g, 6 

mmol). Brown solid (99% yield). 

1H NMR (250 MHz, MeOD) δ 8.18 (d, J = 9.0 Hz, 1H), 7.91 (d, J = 2.1 Hz, 

1H), 7.59 (dd, J = 9.0, 2.1 Hz, 1H), 3.08 (m, 2H), 3.02 (m, 2H), 1.97 (m, 

4H). NMR data consistent with values found in literature)66. 

 

4.02 General procedure for the synthesis of compounds 1.2a to 1.2f 

To the corresponding 9-chloro-1,2,3,4-tetrahydroacrinine or 6,9-dichloro-1,2,3,4- 

tetrahydroacrinine (1 equivalent), the suitable diamine (6 equivalents) and phenol (6 

equivalents) were added. The mixture was heated up to 110 °C and was stirred for 4 hours. The 

reaction mixture was subsequently cooled down to room temperature and diluted with 

dichloromethane. The mixture was then washed 3 times with 1M NaOH and once with brine. 

The organic phase was dried with Na2SO4 and concentrated in vacuum to yield compounds 2a-

2f. 

 

1.2a. N1-(1,2,3,4-tetrahydroacridin-9-yl)ethane-1,2-diamine. Prepared from 9-chloro-1,2,3,4-

tetrahydroacridine 1.1a (0.60 g, 2.76 mmol) and 1,2-ethanediamine (0.99 g, 16.53 mmol). 

Brown oil (84% yield). 

IR (cm-1): 3290, 2931, 2113, 1561. 

 1H NMR (250 MHz, CDCl3) δ 7.95 (dd, J = 8.5, 1.7 Hz, 1H), 7.87 (dd, J = 

8.5, 1.3 Hz, 1H), 7.48 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.28 (ddd, J = 8.3, 

6.8, 1.3 Hz, 1H), 3.45 (t, J = 5.7 Hz, 2H), 3.01 (m, 2H), 2.93 – 2.86 (t, J = 

5.7, 2H), 2.75 – 2.66 (m, 2H), 1.85 (m, 4H).  
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13C NMR (63 MHz, CDCl3) δ 158.7, 151.5, 147.5, 128.9, 128.8, 124.1, 123.3, 120.7, 116.7, 51.4, 

42.8, 34.2, 25.2, 23.4, 23.2.  

Elemental analysis. Anal. Calc. for C15H19N3 C, 74.65; H, 7.94; N, 17.41. Found: C, 63.95; H, 7.21; 

N, 12.78.  

 

1.2b N1-(1,2,3,4-tetrahydroacridin-9-yl)propane-1,3-diamine. Prepared from 9-chloro-1,2,3,4-

tetrahydroacridine 1.1a (0.60 g, 2.76 mmol) and 1,3-propanediamine (1.23 g, 16.53 mmol).  

Brown oil (87% yield). 

IR (cm-1): 3240, 2927, 2856, 2373, 1560. 

1H NMR (250 MHz, MeOD) δ 7.88 (d, J = 8.5 Hz, 1H), 7.62 (d, J = 8.5 

Hz, 1H), 7.34 (t, J = 7.5 Hz, 1H), 7.14 (t, J = 7.7 Hz, 1H), 3.32 (t, J = 7.0 

Hz, 2H), 2.76 (t, J = 5.9 Hz, 2H), 2.47 (t, J = 6.7 Hz, 4H), 1.70 – 1.48 (m, 

6H). 

13C NMR (63 MHz, MeOD) δ 156.6, 150.2, 145.5, 127.0, 125.6, 122.1, 

121.7, 118.8, 114.2, 44.8, 37.7, 32.5, 31.7, 23.6, 21.5, 21.1.  

Elemental analysis. Anal. Calc. for C16H21N3 C, 75.26; H, 8.29; N, 16.46. Found: C, 67.35; H, 9.16; 

N, 12.84.  

 

1.2c. N1-(1,2,3,4-tetrahydroacridin-9-yl)butane-1,4-diamine. Prepared from 9-chloro-1,2,3,4-

tetrahydroacridine 1.1a (0.60 g, 2.76 mmol) and 1,4-butanediamine (1.46 g, 16.53 mmol). 

Brown oil (87% yield). 

IR (cm-1): 3050, 2923, 2853, 2105, 1559. 

 1H NMR (250 MHz, CDCl3) δ 7.99 – 7.84 (m, 2H), 7.52 (ddd, J = 

8.3, 6.8, 1.4 Hz, 1H), 7.35 – 7.26 (m, 1H), 3.51 (t, J = 7.0 Hz, 2H), 

3.04 (d, J = 4.9 Hz, 2H), 2.72 (t, J = 6.8 Hz, 1H), 2.65 (s, 2H), 1.87 

(p, J = 3.4 Hz, 4H), 1.75 – 1.63 (m, 2H), 1.60 – 1.47 (m, 2H). 

 13C NMR (63 MHz, CDCl3) δ 156.4, 151.7, 146.8, 129.2, 128.2, 

124.2, 123.4, 120.1, 116.1, 115.8, 49.7, 42.1, 33.7, 31.3, 25.2, 23.3, 22.9.  

Elemental analysis. Anal. Calc. for C17H23N3 C, 75.80; H, 8.61; N, 15.60. Found: C, 68.85; H, 7.55; 

N, 10.87.  

 

1.2d. N-(6-chloro-1,2,3,4-tetrahydroacridin-9-yl)ethanediamine. Prepared from 6,9-dichloro-

1,2,3,4-tetrahydroacridine 1.1b (0.6 g, 2.38 mmol) and 1,2-ethanediamine (0.86 g, 14.28 

mmol). Brown oil (92% yield). 

IR (cm-1): 3205, 2926, 2857, 2115, 1554. 
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1H NMR (250 MHz, MeOD) δ 8.14 (d, J = 9.1 Hz, 1H), 7.77 (d, J = 

2.2 Hz, 1H), 7.37 (dd, J = 9.1, 2.2 Hz, 1H), 3.60 (t, J = 6.5 Hz, 2H), 

3.00 (m, 2H), 2.91 (t, J = 6.5 Hz, 2H), 2.81 (m, 2H), 1.94 (m, 4H). 

13C NMR (63 MHz, MeOD) δ 161.2, 149.1, 143.9, 135.9, 127.2, 

126.8, 125.7, 120.3, 118.1, 52.3, 43.6, 34.8, 26.5, 24.4, 24.0.  

Elemental analysis. Anal. Calc. for C15H18ClN3 C, 65.33; H, 6.58; N, 15.24. Found: C, 61.67; H, 

6.13; N, 12.97.  

 

1.2e. N-(6-chloro-1,2,3,4-tetrahydroacridin-9-yl)propane-1,3-diamine. Prepared from 6,9-

dichloro-1,2,3,4-tetrahydroacridine 1.1b (0.6 g, 2.38 mmol) and 1,3-propanediamine (1.06 g, 

14.28 mmol). Brown oil (78% yield). 

IR (cm-1): 3309, 2925, 2855, 2103, 1554. 

 1H NMR (250 MHz, MeOD) δ 8.12 (d, J = 9.1 Hz, 1H), 7.74 (d, J = 

2.2 Hz, 1H), 7.33 (dd, J = 9.1, 2.2 Hz, 1H), 3.62 (t, J = 7.1 Hz, 2H), 

2.97 (m, 2H), 2.73 (m 4H), 1.96 – 1.89 (m, 4H), 1.83 (m, 2H).  

13C NMR (63 MHz, MeOD) δ 159.4, 125.6, 125.3, 124.1, 118.5, 

116.1, 47.2, 46.8, 46.1, 38.8, 33.2, 25.0, 22.9, 22.4.  

Elemental analysis. Anal. Calc. for C16H20ClN3 C, 66.31; H, 6.96; N, 14.50. Found C, 59.60; H, 

6.44; N, 10.96.  

 

1.2f. N-(6-chloro-1,2,3,4-tetrahydroacridin-9-yl)butane-1,4-diamine. Prepared from 6,9-

dichloro-1,2,3,4-tetrahydroacridine 1.1b (0.6 g, 2.38 mmol) and 1,4-butanediamine (1.26 g, 

14.28 mmol). Brown oil (82% yield). 

IR (cm-1): 3288, 2925, 2855, 2118, 1555.  

1H NMR (250 MHz, MeOD) δ 7.95 (d, J = 9.1 Hz, 1H), 7.68 (d, 

J = 2.2 Hz, 1H), 7.18 (dd, J = 9.1, 2.2 Hz, 1H), 3.45 (t, J = 7.1 

Hz, 2H), 2.88 (m, 2H), 2.62 (m, 4H), 1.82 (m, 4H), 1.63 (m, 

2H), 1.58 – 1.40 (m, 2H).  

13C NMR (63 MHz, MeOD) δ 160.7, 153.3, 149.1, 135.7, 

127.2, 126.9, 125.3, 119.8, 117.0, 50.0, 42.7, 34.8, 31.4, 30.2, 26.4, 24.4, 24.0.  

Elemental analysis. Anal. Calc. for C17H22ClN3 C, 67.20, H, 7.30; N, 13.83. Found: C, 64.18; H, 

6.85; N, 10.51.  

 

4.03 Procedure for the synthesis of compound 1.3 

Naringenin (0.5 g, 1.8 mmol) was dissolved in ethanol (30 ml) and butylamine 0.144 g, 2.0 mmol) 

was added to the mixture, which was stirred for 30 minutes. Subsequently, the solvent was 

evaporated and (E)-4-(butylimino)-2-(4-hydroxyphenyl)chromane-5,7-diol was isolated as a 

brown oil (0.59 g, 99% yield). 
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1H NMR (250 MHz, MeOD) δ 7.28 (d, J = 8.6 Hz, 2H), 6.83 (d, 

J = 8.6 Hz, 2H), 5.73 – 5.62 (m, 1H), 5.20 (dd, J = 12.6, 3.0 

Hz, 1H), 3.07 – 2.89 (m, 1H), 2.80 (dd, J = 8.2, 6.7 Hz, 2H), 

2.53 (s, 1H), 1.67 – 1.48 (m, 2H), 1.48 – 1.26 (m, 2H), 0.94 

(t, J = 7.2 Hz, 3H). 

13C NMR (63 MHz, MeOD) δ 193.9, 178.4, 178.4, 164.7, 

164.7, 163.7, 158.3, 130.4, 128.0, 115.6, 99.9, 99.1, 98.5, 

78.9, 42.9, 40.0, 31.3, 19.9, 13.2.  

 

4.04 Procedure for the synthesis of compound 1.4a 

Naringenin (0.5 g, 1.8 mmol) was dissolved in acetone (30 ml) and K2CO3 (1.0 g, 7.4 mmol) and 

dimethyl sulphate (0.92 g, 7.4 mmol) were added to the mixture, which was warmed to 50 °C 

and stirred overnight. The reaction was cooled down to room temperature, diluted with ethyl 

acetate (50 ml) and water (25 ml) was added to the mixture.  The two phases were separated, 

and the organic phase was washed with water (25 ml) two more times and with brine (25 ml) 

once. The organic phase was dried with Na2SO4 and concentrated in vacuo to give a residue that 

was purified by column chromatography (20-70% ethyl acetate in petroleum ether) to yield 

trimethylnaringenin as an off-white solid (0.25 g, 43% yield) 

Mp: 90 °C.  

IR (cm-1): 2960, 2300, 2104, 1662, 1601.  

1H NMR (250 MHz, CDCl3) δ 7.39 – 7.27 (m, 2H), 6.96 – 

6.81 (m, 2H), 6.07 (d, J = 2.2 Hz, 1H), 6.03 (q, J = 2.5 Hz, 

1H), 5.29 (dd, J = 13.1, 3.0 Hz, 1H), 3.83 (d, J = 1.3 Hz, 3H), 

3.76 (d, J = 1.1 Hz, 3H), 3.75 (d, J = 1.1 Hz, 3H), 2.98 (ddd, 

J = 16.5, 13.2, 1.2 Hz, 1H), 2.78 – 2.62 (m, 1H).  

13C NMR (63 MHz, CDCl3) δ 190.0, 166.4, 165.5, 162.7, 160.3, 131.2, 128.1, 114.6, 106.4, 93.9, 

93.5, 79.4, 56.6, 56.0, 55.8, 45.8.  

Elemental analysis. Anal. Calc. for C18H18O5 C, 68.78; H, 5.77; N, 0.00. Found: C, 68.04; H, 6.14; 

N, 0.13.  

 

4.05 Procedure for the synthesis compound 1.5a 

2,4 dimethoxy acetophenone (2.0 g, 11 mmol) and 4-methoxy benzaldehyde (1.5 g, 11 mmol) 

were dissolved in ethanol (40 ml) and 6 M NaOH (0.11 g, 2.7 mmol) was added to the mixture, 

which was stirred at room temperature for 2 hours. The reaction mixture was filtered and the 

solid washed with petroleum spirit and dried to yield 3-(4-methoxyphenyl)prop-2-en-1-one as a 

pale yellow solid (3.3 g, 99% yield). 

Mp: 83 °C. 

 IR (cm-1): 3175, 3004, 2968, 2841, 2096, 1643. 
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1H NMR (250 MHz, CDCl3) δ 7.65 (d, J = 8.6 Hz, 1H), 

7.56 (d, J = 15.7 Hz, 1H), 7.51 – 7.41 (m, 2H), 7.30 (d, J 

= 15.8 Hz, 1H), 6.82 (d, J = 8.8 Hz, 2H), 6.46 (dd, J = 

8.6, 2.3 Hz, 1H), 6.40 (d, J = 2.3 Hz, 1H), 3.80 (s, 3H), 

3.76 (s, 3H), 3.74 (s, 3H).  

13C NMR (63 MHz, CDCl3) δ 191.1, 164.4, 161.7, 160.7, 142.5, 133.1, 130.4, 128.5, 125.4, 122.8, 

114.7, 105.5, 99.0, 56.2, 56.0, 55.8.  

Elemental analysis. Anal. Calc. for C18H18O4 C, 72.47; H, 6.08; N, 0.00. Found: C, 71.84; H, 6.07; 

N, 0.04. 

 

4.06 Procedure for the synthesis of compound 1.5b  

(E)-1-(2,4-dimethoxyphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (1.5 g, 5.0 mmol) was 

dissolved in dry DCM (20 ml) under inert atmosphere and 10 ml of a 1M solution of BBr3 in xxx 

was added dropwise at -78 °C. The solution was allowed to warm up at room temperature and 

was stirred for 3 hours. The reaction was quenched using a saturated solution of K2CO3 until pH 

8 and then adjusted to a pH 5 using 0.5 M HCl. The aqueous phase was extracted three times 

using 15 ml of EtOAc and the extracts combined together, dried using Na2SO4 and concentrated 

in vacuo to yield (E)-1-(2-hydroxy-4-methoxyphenyl)-3-(4-hydroxyphenyl)prop-2-en-1-one as a 

yellow solid (1.34 g, 98% yield). 

Mp: 107 °C. 

 IR (cm-1): 3187, 2934, 2836, 1651,  

1H NMR (250 MHz, CDCl3) δ 13.55 (s, 1H), 7.90 – 7.79 

(m, 2H), 7.58 (d, J = 8.6 Hz, 2H), 7.46 (d, J = 15.4 Hz, 1H), 

6.92 – 6.85 (m, 2H), 6.53 – 6.45 (m, 2H), 3.86 (s, 3H).  

13C NMR (63 MHz, CDCl3) δ 192.1, 166.8, 166.2, 158.0, 

144.1, 131.5, 130.7, 127.9, 118.1, 116.1, 114.3, 108.2, 101.2, 55.7.  

Elemental analysis. Anal. Calc. for C16H14O4 C, 71.10; H, 5.22; N, 0.00. Found: C, 70.23; H, 5.27; 

N, 0.31. 

 

4.07 Procedure for the synthesis of compound 1.5c 

Acetyl chloride (4.71 g, 60 mmol) was dissolved in 20 ml of methanol at a temperature of 0 °C 

under argon and stirred at room temperature for 30 minutes. (E)-1-(2-hydroxy-4-

methoxyphenyl)-3-(4-hydroxyphenyl)prop-2-en-1-one (1g, 3.7 mmol) was dissolved in this 

mixture under argon and refluxed overnight. The reaction mixture was cooled down to room 

temperature and concentrated in vacuo to yield a residue that was redissolved in ethyl acetate 

(20 ml) and washed with water (10 ml) three times. The organic phase was dried with Na2SO4 

and concentrated in vacuo to yield a solid residue that was purified by column chromatography 

(20-70% ethyl acetate in petroleum ether) to yield 2-(4-hydroxyphenyl)-7-methoxychroma n-4-

one as a yellow solid (0.51 g, 51% yield).  

Mp: 142 °C.  
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IR (cm-1): 3140, 2960, 2831, 1660, 1601.  

1H NMR (250 MHz, CDCl3) δ 7.87 (d, J = 8.8 Hz, 1H), 7.40 – 

7.32 (m, 2H), 6.94 – 6.83 (m, 2H), 6.61 (dd, J = 8.8, 2.4 Hz, 

1H), 6.48 (d, J = 2.4 Hz, 1H), 5.41 (dd, J = 13.2, 3.0 Hz, 1H), 

3.83 (s, 3H), 3.06 (dd, J = 16.9, 13.2 Hz, 1H), 2.80 (dd, J = 16.9, 

3.0 Hz, 1H).  

13C NMR (63 MHz, CDCl3) δ 191.2, 166.4, 163.8, 156.2, 131.0, 128.9, 128.1, 115.8, 114.9, 110.4, 

101.0, 79.9, 55.8, 44.2.  

Elemental analysis. Anal. Calc. for C16H14O4 C, 71.10; H, 5.22; N, 0.00. Found: C, 70.08; H, 5.61; 

N, 0.12. 

 

4.08 Procedure for the synthesis of compound 1.5d 

2-(4-hydroxyphenyl)-7-methoxychroman-4-one (0.5g, 3.6 mmol) was dissolved in pyridine (10 

ml) and O-methyl hydroxylamine hydrochloride was added to the mixture, which was heated to 

reflux for 2 hours. The mixture was cooled down to room temperature and diluted in ethyl 

acetate (30 ml). The mixture was washed with a 0.5 M solution of HCl (10 ml) three times, dried 

with Na2SO4 and concentrated in vacuo to yield (E)-2-(4-hydroxyphenyl)-7-methoxychroma n-4-

one O-methyl oxime as a brown solid (0.53 g, 97% yield) 

Mp: 134 °C.  

 IR (cm-1): 3374, 2930, 2506, 1603.  

1H NMR (250 MHz, MeOD) δ 7.76 (d, J = 8.8 Hz, 1H), 7.30 – 

7.23 (m, 2H), 6.84 – 6.76 (m, 2H), 6.54 (dd, J = 8.8, 2.5 Hz, 

1H), 6.44 (d, J = 2.5 Hz, 1H), 4.95 (dd, J =17.2, 3.1 Hz, 1H), 

3.91 (s, 3H), 3.76 (s, 3H), 3.26 (dd, J = 12.2, 3.1 Hz, 1H), 2.62 

(dd, J = 17.2, 12.2 Hz, 1H).  

13C NMR (63 MHz, MeOD) δ 162.7, 158.6, 157.7, 149.4, 131.2, 127.8, 127.7, 125.1, 115.2, 

111.1, 109.3, 101.6, 77.6, 61.2, 54.8, 30.6.  

Elemental analysis. Anal. Calc. for C17H17NO4 C, 68.22; H, 5.72; N, 4.68. Found: C, 67.72; H, 

6.10; N, 4.29. 

 

4.09 General procedure for the synthesis of compound 1.6a and 1.6b 

The suitable flavonoid (1 equivalent) and O-carboxymethyl hydroxylamine hydrochloride (2 

equivalents) were dissolved in pyridine (5 ml) and the mixture was heated at 110 °C for 2h. The 

reaction mixture was cooled down to room temperature and diluted in ethyl acetate (20 ml).  

The organic mixture was extracted with 0.5 M hydrochloric acid (5 x 5 ml) and dried with Na 2SO4. 

The organic extract was concentrated in vacuo to yield oximes 1.6a and 1.6b. 

 

1.6a. (E)-2-(((5,7-Dihydroxy-2-(4-hydroxyphenyl) chroman-4-ylidene)amino)oxy)acetic acid. 

Prepared from naringenin (0.5 g, 1.83 mmol). Off-white solid (99% yield). 
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Mp: 170 °C.  

IR (cm-1): 3442, 3122, 2929, 1698, 1604.  

1H NMR (250 MHz, MeOD) δ 7.29 (d, J = 7.9 Hz, 2H), 6.81 (d, J 

= 7.9 Hz, 2H), 5.92 (d, J = 3.2 Hz, 1H), 4.52 (s, 2H), 3.58 – 3.44 

(m, 1H), 2.74 (dd, J = 17.2, 12.3 Hz, 1H). 

13C NMR (63 MHz, MeOD) δ 197.7, 161., 159.7, 159.2, 157.6, 

155.0, 130.8, 127.7, 115.1, 97.0, 96.5, 95.4, 76.8, 30.5. 

Elemental analysis. Anal. Calc. for C17H15NO7 C, 59.13; H, 4.38; N, 4.06. Found: C, 59.57, H, 

4.81; N, 6.02. 

 

1.6b. (E)-2-(((5,7-Dihydroxy-2-(3-hydroxy-4-methoxyphenyl)chroman-4-

ylidene)amino)oxy)acetic acid. Prepared from hesperetin (0.5 g, 1.65 mmol). Off-white solid 

(99% yield).  

Mp: 109 °C.  

IR (cm-1): 3279, 2921, 2095, 1723, 1633, 1606.  

1H NMR (250 MHz, MeOD) δ 6.95 (m, 3H), 6.01 – 5.91 (m, 

2H), 4.65 (s, 2H), 3.88 (s, 3H), 3.52 (dd, J = 17.4, 2.8 Hz, 1H), 

2.77 (dd, J = 17.2, 12.0 Hz, 1H).  

13C NMR (63 MHz, MeOD) δ 185.7, 163.0, 161.3, 160.7, 

157.3, 149.5, 148.1, 134.3, 119.3, 114.8, 112.9, 98.4, 98.2, 

97.1, 78.1, 72.8, 56.8, 50.3, 32.0.  

Elemental analysis. Anal. Calc. for C18H17N3O8 C, 57.60; H, 

4.57; N, 3.73. Found: C, 57.29; H, 4.85; N, 3.89.  

 

4.10 General procedure for the synthesis of compounds 1.7a to 1.7k 

The correspondent flavonoid oxime carboxylic acid (1 equivalent) and N-1(1,2,3,4-

tetrahydroacrydin-9-yl) diamine (1 equivalent) were dissolved in a mixture of 4:1 

dichloromethane/methanol mixture (5 ml) together with EDCI (1.5 equivalents) and HOBt (1.5 

equivalents) and the mixture was stirred at room temperature overnight. The reaction was 

quenched with water (5 ml) and the mixture was extracted with ethyl acetate (10 ml) five times.  

The organic extract was dried with Na2SO4 and concentrated in vacuo to yield a solid that was 

then purified by column chromatography (9:1 dichloromethane/methanol) to yield compounds 

1.7a-1.7k. 

 

1.7a. (E)-2-(((5,7-Dihydroxy-2-(4-hydroxyphenyl)chroman-4-ylidene)amino)oxy)-N-(2-

((1,2,3,4-tetrahydroacridin-9-yl)amino)ethyl)acetamide. Prepared from compounds 1.2a (60 

mg, 0.24 mmol) and 1.6a (85 mg, 0.24 mmol). Brown solid (27% yield). 

Mp: 201 °C.  
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IR (cm-1): 3249, 3097, 2926, 2107, 1628, 1577. 

 1H NMR (500 MHz, MeOD) δ 8.42 (d, J = 8.8 

Hz, 1H), 7.80 (m, 1H), 7.71 (d, J = 8.2 Hz, 1H), 

7.59 – 7.52 (m, 1H), 7.30 – 7.25 (m, 2H), 6.87 – 

6.81 (m, 2H), 5.86 (d, J = 1.7 Hz, 1H), 5.50 (d, J 

= 2.1 Hz, 1H), 4.82 (dd, J = 12.4, 3.0 Hz, 1H), 

4.58 (s, 2H), 4.22 – 4.13 (m, 2H), 3.87 – 3.78 

(m, 1H), 3.72 (dt, J = 14.5, 5.0 Hz, 1H), 3.42 

(dd, J = 17.4, 3.2 Hz, 1H), 2.90 (d, J = 5.1 Hz, 

2H), 2.73 – 2.64 (m, 3H), 1.88 (d, J = 5.8 Hz, 4H).  

13C NMR (126 MHz, MeOD) δ 172.4, 161.3, 159.2, 159.0, 157.5, 156.2, 156.1, 132.1, 130.2, 

127.4, 124.8, 119.5, 116.2, 114.9, 111.6, 96.2, 96.1, 95.3, 76.3, 72.7, 53.4, 49.8, 38.5, 30.0, 

28.4, 23.8, 21.7, 20.5.  

Elemental analysis. Anal. Calc. for C32H32N4O6 C, 67.59; H, 5.67; N, 9.85. Found C 66.78; H, 5.59; 

N, 9.88.  

 

1.7b. (E)-2-(((5,7-Dihydroxy-2-(4-hydroxyphenyl)chroman-4-ylidene)amino)oxy)-N-(2-

((1,2,3,4-tetrahydroacridin-9-yl)amino)propyl)acetamide. Prepared from compounds 1.2b (63 

mg, 0.24 mmol) and 1.6a (85 mg, 0.24 mmol). Brown solid (22% yield).  

Mp: 194 °C.  

IR (cm-1): 3091, 2934, 2100, 1632, 1589.  

1H NMR (250 MHz, MeOD) δ 8.41 – 8.21 (m, 

1H), 7.83 – 7.64 (m, 2H), 7.57 – 7.44 (m, 1H), 

7.33 – 7.19 (m, 2H), 6.89 – 6.75 (m, 2H), 5.78 

(d, J = 2.3 Hz, 1H), 5.66 (d, J = 2.3 Hz, 1H), 

4.81 (dd, J = 12.5, 3.0 Hz, 2H), 4.54 (s, 2H), 

3.93 (t, J = 7.1 Hz, 2H), 3.50 – 3.37 (m, 3H), 

2.96 (d, J = 5.2 Hz, 2H), 2.75 – 2.59 (m, 3H), 

2.03 (q, J = 6.3 Hz, 2H), 1.93 (s, 4H).   

13C NMR (63 MHz, MeOD) δ 172.9, 163.1, 

161.1, 160.8, 159.3, 158.3, 158.2, 151.9, 140.2, 134.3, 132.0, 129.2, 127.0, 126.7, 120.6, 117.5, 

116.7, 113.4, 97.9, 97.1, 78.1, 74.6, 47.2, 37.5, 32.1, 31.8, 29.7, 25.2, 23.4, 22.2.  

Elemental analysis. Anal. Calc. for C33H34N4O6 C, 68.03; H, 5.88; N, 9.62. Found: C, 67.58; H, 

5.70; N, 9.46. 

 

1.7c. (E)-2-(((5,7-Dihydroxy-2-(4-hydroxyphenyl)chroman-4-ylidene)amino)oxy)-N-(4-

((1,2,3,4-tetrahydroacridin-9-yl)amino)butyl)acetamide. Prepared from compounds 1.2c (66 

mg, 0.24 mmol) and 1.6a (85 mg, 0.24 mmol). Brown solid (29% yield).  

Mp: 153 °C.  

IR (cm-1): 3081, 2927, 2863, 2106, 1632, 1591.  
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1H NMR (500 MHz, MeOD) δ 8.36 – 

8.28 (m, 1H), 7.89 – 7.80 (m, 1H), 7.74 

(dd, J = 8.5, 1.3 Hz, 1H), 7.64 – 7.53 

(m, 1H), 7.34 – 7.27 (m, 2H), 6.89 – 

6.79 (m, 2H), 5.86 – 5.78 (m, 1H), 5.70 

– 5.59 (m, 1H), 4.55 (d, J = 1.7 Hz, 2H), 

3.92 (t, J = 7.5 Hz, 2H), 3.50 (dd, J = 

17.3, 3.1 Hz, 1H), 3.42 – 3.37 (m, 2H), 

3.00 (s, 2H), 2.79 (dd, J = 17.3, 12.3 Hz, 1H), 2.61 (s, 2H), 1.96 (d, J = 3.6 Hz, 4H), 1.87 (p, J = 7.7 

Hz, 2H), 1.71 (q, J = 6.9 Hz, 2H).  

13C NMR (126 MHz, MeOD) δ 170.6, 161.3, 161.2, 159.3, 159.0, 157.5, 156.5, 156.2, 150.1, 

138.4, 132.6, 130.2, 127.4, 125.1, 124.9, 118.7, 115.5, 114.9, 111.3, 96.2, 96.2, 95.3, 76.3, 72.8, 

38.1, 30.0, 27.9, 27.6, 26.2, 23.3, 21.5, 20.4.  

Elemental analysis. Anal. Calc. for C34H36N4O6 C, 68.44; H, 6.08; N, 9.39. Found: C, 67.98; H, 

5.85; N, 9.65.  

 

1.7d. (E)-N-(2-((6-Chloro-1,2,3,4-tetrahydroacridin-9-yl)amino)ethyl)-2-(((5,7-dihydroxy-2-(4-

hydroxyphenyl)chroman-4-ylidene)amino)oxy)acetamide. Prepared from compounds 1.2d 

(68 mg, 0.24 mmol) and 1.6a (85 mg, 0.24 mmol). Brown solid (25% yield).  

Mp: 217 °C.  

IR (cm-1): 3203, 3082, 2922, 2853, 2101, 1630, 1576.  

1H NMR (250 MHz, MeOD) δ 8.42 (d, J = 

9.3 Hz, 1H), 7.69 (d, J = 2.2 Hz, 1H), 7.54 

(dd, J = 9.3, 2.1 Hz, 1H), 7.36 – 7.24 (m, 

2H), 6.91 – 6.79 (m, 2H), 5.86 (d, J = 2.3 

Hz, 1H), 5.42 (d, J = 2.3 Hz, 1H), 4.90 – 

4.76 (m, 1H), 4.59 (s, 2H), 4.17 (s, 2H), 

3.93 – 3.64 (m, 3H), 2.88 (s, 2H), 2.76 – 

2.57 (m, 4H), 1.88 (s, 4H).  

13C NMR (63 MHz, MeOD) δ 174.4, 163.1, 160.9, 159.8, 157.9, 140.1, 131.9, 129.2, 127.1, 

116.7, 113.7, 97.8, 97.1, 78.1, 74.5, 67.2, 51.9, 40.2, 31.9, 30.1, 25.6, 23.4, 22.1, 20.2.  

Elemental analysis. Anal. Calc. for C32H31ClN4O6 C, 63.73; H, 5.18; N, 9.29. Found: C, 62.24; H, 

5.16; N, 8.98.  

 

1.7e. (E)-N-(3-((6-Chloro-1,2,3,4-tetrahydroacridin-9-yl)amino)propyl)-2-(((5,7-dihydroxy-2-

(4-hydroxyphenyl)chroman-4-ylidene)amino)oxy)acetamide. Prepared from compounds 1.2d 

(71 mg, 0.24 mmol) and 1.6a (85 mg, 0.24 mmol). Brown solid (32% yield).  

Mp: 191 °C.  

IR (cm-1): 3309, 2931, 2109, 1630, 1601.  
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1H NMR (250 MHz, MeOD) δ 8.38 (d, J = 9.3 

Hz, 1H), 7.74 (d, J = 2.2 Hz, 1H), 7.47 (dd, J = 

9.3, 2.2 Hz, 1H), 7.34 – 7.28 (m, 2H), 6.88 – 

6.81 (m, 2H), 5.75 (d, J = 2.3 Hz, 1H), 5.57 

(d, J = 2.4 Hz, 1H), 4.56 (s, 2H), 3.94 (t, J = 

7.5 Hz, 2H), 3.57 – 3.42 (m, 3H), 3.00 (d, J = 

5.9 Hz, 2H), 2.79 – 2.59 (m, 3H), 2.09 (s, 2H), 

2.02 – 1.92 (m, 4H).  

13C NMR (63 MHz, MeOD) δ 172.9, 162.9, 

160.9, 160.7, 159.2, 158.2, 157.7, 152.3, 

141.0, 140.2, 132.1, 129.3, 127.1, 119.7, 116.7, 115.8, 113.7, 97.9, 97.1, 78.1, 74.7, 50.5, 47.9, 

37.6, 31.9, 31.8, 29.8, 25.0, 23.2, 22.2. 

Elemental analysis. Anal. Calc. for C33H33ClN4O6 C, 64.23; H, 5.39; N, 9.08. Found: C, 63.89; H, 

5.22; N, 8.68.  

 

1.7f. (E)-N-(4-((6-Chloro-1,2,3,4-tetrahydroacridin-9-yl)amino)butyl)-2-(((5,7-dihydroxy-2-(4-

hydroxyphenyl)chroman-4-ylidene)amino)oxy)acetamide. Prepared from compounds 1.2e 

(75 mg, 0.24 mmol) and 1.6a (85 mg, 0.24 mmol). Brown solid (29% yield).  

Mp: 208 °C.  

IR (cm-1): 3223, 3085, 2930, 2108, 

1630, 1573.  

1H NMR (250 MHz, MeOD) δ 8.23 

(d, J = 9.3 Hz, 1H), 7.72 (d, J = 2.2 

Hz, 1H), 7.53 (dd, J = 9.2, 2.2 Hz, 

1H), 7.35 – 7.24 (m, 2H), 6.89 – 

6.78 (m, 2H), 5.77 (d, J = 2.3 Hz, 

1H), 5.57 (d, J = 2.3 Hz, 1H), 4.55 (s, 2H), 3.86 (t, J = 7.5 Hz, 2H), 3.50 (dd, J = 17.3, 3.1 Hz, 1H), 

3.42 (d, J = 6.1 Hz, 3H), 2.97 (s, 2H), 2.76 (dd, J = 17.3, 12.4 Hz, 1H), 2.57 (s, 2H), 2.00 – 1.91 (m, 

4H), 1.86 (d, J = 7.8 Hz, 2H), 1.73 (d, J = 7.1 Hz, 2H).  

13C NMR (63 MHz, MeOD) δ 172.5, 163.0, 161.0, 160.8, 159.3, 158.3, 157.5, 140.1, 132.0, 

129.3, 127.1, 120.0, 116.7, 115.8, 113.7, 98.0, 97.9, 97.0, 78.2, 74.7, 50.4, 39.9, 31.8, 30.0, 

29.4, 27.9, 25.0, 23.3, 23.1, 22.2.  

Elemental analysis. Anal. Calc. for C34H35ClN4O6 C, 64.71; H, 5.59; N, 8.88. Found: C, 64.36; H, 

5.49; N, 8.59.  

 

1.7g. (E)-2-(((5,7-Dihydroxy-2-(3-hydroxy-4-methoxyphenyl)chroman-4-ylidene)amino)oxy)-

N-(2-((1,2,3,4-tetrahydroacridin-9-yl)amino)ethyl)acetamide. Prepared from compounds 1.2a 

(55 mg, 2.26 mmol)and 1.6b (85 mg, 2.26 mmol). Pale brown solid (25% yield).  

Mp: 191 °C.  

IR (cm-1): 3193, 3070, 2931, 2109, 1631, 1576.  
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1H NMR (250 MHz, MeOD) δ 8.43 (d, J = 8.6 

Hz, 1H), 7.81 (ddd, J = 7.9, 6.8, 1.0 Hz, 1H), 

7.71 (dd, J = 8.5, 1.4 Hz, 1H), 7.55 (ddd, J = 

8.5, 6.8, 1.4 Hz, 1H), 6.98 – 6.82 (m, 3H), 

5.84 (d, J = 2.3 Hz, 1H), 5.43 (d, J = 2.3 Hz, 

1H), 4.76 (dd, J = 12.2, 3.0 Hz, 1H), 4.59 (s, 

2H), 4.17 (m, 2H), 3.87 (s, 4H), 3.85 – 3.65 

(m, 2H), 2.88 (s, 2H), 2.69 – 2.54 (m, 3H), 

1.85 (m, 4H).  

13C NMR (63 MHz, MeOD) δ 174.3, 163.0, 160.9,  160.6, 158.2, 157.8, 152.1, 149.6, 148.1, 

140.0, 134.3, 134.0, 126.8, 126.7, 120.6, 119.2, 117.6,  114.8, 113.0, 112.9, 98.0, 97.9, 97.1, 

77.9, 74.5, 56.8, 51.7, 40.3, 31.9, 29.7, 25.5, 23.4, 22.1.  

Elemental analysis. Anal. Calc. for C33H34N4O7 C, 66.21; H, 5.72; N, 9.36. Found: C, 65.84; H, 

5.62; N, 9.06.  

 

1.7h. (E)-2-(((5,7-Dihydroxy-2-(3-hydroxy-4-methoxyphenyl)chroman-4-ylidene)amino)oxy)-

N-(3-((1,2,3,4-tetrahydroacridin-9-yl)amino)propyl)acetamide. Prepared from compounds 

1.2b (58 mg, 2.26 mmol)  and 1.6b (85 mg, 2.26 mmol). Pale brown solid (31% yield).  

Mp: 180 °C.  

IR (cm-1): 3069, 2925, 2113, 1632, 1587.  

1H NMR (250 MHz, MeOD) δ 8.35 (d, J = 8.7 

Hz, 1H), 7.83 – 7.69 (m, 2H), 7.52 (ddd, J = 

8.4, 6.6, 1.6 Hz, 1H), 6.97 – 6.82 (m, 3H), 

5.80 (d, J = 2.3 Hz, 1H), 5.67 (d, J = 2.3 Hz, 

1H), 4.79 (dd, J = 12.1, 3.0 Hz, 2H), 4.56 (s, 

2H), 3.94 (t, J = 7.2 Hz, 2H), 3.87 (s, 3H), 

3.54 – 3.45 (m, 2H), 3.00 (d, J = 6.4 Hz, 2H), 

2.74 – 2.58 (m, 3H), 2.08 (m, 2H), 2.03 – 

1.88 (m, 4H).  

13C NMR (63 MHz, MeOD) δ 172.9, 163.1, 161.0, 160.6, 158.1, 151.9, 149.6, 148.1, 140.2, 

134.3, 134.1, 127.0, 126.7, 120.6, 119.2, 117.5, 114.8, 113.3, 112.9, 98.0, 97.9, 97.1, 77.9, 74.6, 

56.8, 47.3, 37.5, 32.1, 31.8, 29.7, 25.2, 23.4, 22.2.  

Elemental analysis. Anal. Calc. for C34H36N4O7 C, 66.65; H, 5.92; N, 9.14. Found: C, 65.87; H, 

5.52; N, 9.45.  

 

1.7i. (E)-2-(((5,7-Dihydroxy-2-(3-hydroxy-4-methoxyphenyl)chroman-4-ylidene)amino)oxy)-

N-(4-((1,2,3,4-tetrahydroacridin-9-yl)amino)butyl)acetamide. Prepared from compounds 1.2c 

(61 mg, 2.26 mmol) and 1.6b (85 mg, 2.26 mmol). Brown solid (17% yield).  

Mp: 172 °C.  

IR (cm-1): 3069, 2925, 2102, 1631, 1586.  
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1H NMR (250 MHz, MeOD) δ 8.31 (d, J = 

8.6 Hz, 1H), 7.88 – 7.79 (m, 1H), 7.74 (dd, 

J = 8.6, 1.5 Hz, 1H), 7.61 – 7.53 (m, 1H), 

7.02 – 6.82 (m, 3H), 5.80 (d, J = 2.3 Hz, 

1H), 5.62 (d, J = 2.3 Hz, 1H), 4.90 – 4.82 

(m, 2H), 4.55 (s, 2H), 3.94 – 3.85 (m, 5H), 

3.49 (dd, J = 17.3, 3.2 Hz, 1H), 3.40 (t, J = 

5.5 Hz, 2H), 3.00 (m, 2H), 2.76 (dd, J = 

17.3, 12.0 Hz, 1H), 2.59 (m, 2H), 2.03 – 

1.91 (m, 4H), 1.86 (m, 2H), 1.71 (m, 2H).  

13C NMR (63 MHz, MeOD) δ 172.5, 163.1, 161.1, 160.6, 158.1, 158.0, 151.9, 149.6, 148.2, 

140.3, 134.4, 134.1, 127.0, 126.7, 120.6, 119.2, 117.3, 114.8, 113.1, 112.9, 98.0, 97.1, 77.9, 

74.7, 56.8, 39.9, 31.8, 29.7, 29.5, 28.0, 25.1, 23.3, 22.2. 

Elemental analysis.  Anal. Calc. for C35H38N4O7 C, 67.08; H, 6.11; N, 8.94. Found: C, 68.12; H, 

5.86; N, 8.47.  

 

1.7j. (E)-N-(2-((6-Chloro-1,2,3,4-tetrahydroacridin-9-yl)amino)ethyl)-2-(((5,7-dihydroxy-2-(3-

hydroxy-4-methoxyphenyl)chroman-4-ylidene)amino)oxy)acetamide. Prepared from 

compounds 1.2d (62 mg, 2.26 mmol) and 1.6b (85 mg, 2.26 mmol). Pale brown solid (12% 

yield).  

Mp: 198 °C.  

IR (cm-1): 3066, 2927, 2119, 1630, 1579.  

1H NMR (250 MHz, MeOD) δ 8.41 (d, J = 

9.2 Hz, 1H), 7.69 (d, J = 2.1 Hz, 1H), 7.51 

(dd, J = 9.2, 2.1 Hz, 1H), 7.00 – 6.85 (m, 

3H), 5.87 (d, J = 2.3 Hz, 1H), 5.41 (d, J = 

2.3 Hz, 1H), 4.82 (d, J = 11.9 Hz, 1H), 

4.59 (s, 2H), 4.15 (m, 2H), 3.89 (s, 3H), 

3.85 – 3.66 (m, 2H), 2.88 (m, 2H), 2.70 

(m, 3H), 1.87 (m, 4H).  

13C NMR (63 MHz, MeOD) δ 174.3, 163.1, 160.8, 160.6, 157.9, 157.7, 153.2, 149.6, 148.2, 

141.3, 134.0, 128.8, 127.1, 120.1, 119.2, 116.3, 114.8, 113.7, 112.9, 97.9, 97.1, 77.9, 74.5, 56.8, 

51.8, 40.1, 31.9, 30.1, 25.5, 23.4, 22.2.  

Elemental analysis.  Anal. Calc. for C33H33ClN4O7 C, 62.61; H, 6.25; N, 8.85. Found: C, 62.73; H, 

6.12; N, 8.58.  

 

1.7k. (E)-N-(3-((6-Chloro-1,2,3,4-tetrahydroacridin-9-yl)amino)propyl)-2-(((5,7-dihydroxy-2-

(3-hydroxy-4-methoxyphenyl)chroman-4-ylidene)amino)oxy)acetamide. Prepared from 

compounds 1.2e (66 mg, 2.26 mmol) and 1.6b (85 mg, 2.26 mmol). Pale brown solid (17% 

yield).  

Mp: 189 °C.  
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IR (cm-1): 3257 3067, 2926, 2100, 1630, 1573.  

1H NMR (250 MHz, MeOD) δ 8.31 (d, J = 

9.3 Hz, 1H), 7.69 (d, J = 2.2 Hz, 1H), 7.46 

(dd, J = 9.3, 2.2 Hz, 1H), 7.02 – 6.83 (m, 

3H), 5.82 (d, J = 2.3 Hz, 1H), 5.62 (d, J = 2.3 

Hz, 1H), 4.84 (dd, J = 12.0, 3.0 Hz, 3H), 

4.56 (s, 2H), 3.89 (m, 5H), 3.54 – 3.41 (m, 

3H), 2.99 (s, 2H), 2.78 – 2.63 (m, 3H), 2.07 

(q, J = 6.6 Hz, 2H), 2.01 – 1.91 (m, 4H).  

13C NMR (63 MHz, MeOD) δ 172.9, 163.1, 

161.0, 160.7, 158.1, 157.5, 149.6, 148.1, 

134.0, 128.9, 126.9, 120.5, 119.2, 114.8, 

114.2, 112.9, 97.9, 97.1, 96.4, 77.9, 74.6, 56.8, 47.6, 37.5, 32.0, 31.7, 30.3, 25.1, 23.4, 22.4.  

Elemental analysis. Anal. Calc. for C34H35ClN4O7 C, 63.11; H, 5.45; N, 8.66. Found: C, 62.93; H, 

5.67; N, 8.64.  

 

1.7l. (E)-N-(4-((6-Chloro-1,2,3,4-tetrahydroacridin-9-yl)amino)butyl)-2-(((5,7-dihydroxy-2-(3-

hydroxy-4-methoxyphenyl)chroman-4-ylidene)amino)oxy)acetamide. Prepared from 

compounds 1.2f (69 mg, 2.26 mmol) and 1.6b (85 mg, 2.26 mmol). Pale brown solid (22% 

yield).  

Mp: 182 °C.  

IR (cm-1): 3238, 3070, 2972, 2116, 1630, 1575.  

1H NMR (250 MHz, MeOD) δ 8.22 

(d, J = 9.3 Hz, 1H), 7.72 (d, J = 2.1 

Hz, 1H), 7.52 (dd, J = 9.3, 2.2 Hz, 

1H), 7.04 – 6.83 (m, 3H), 5.85 – 

5.76 (d, J = 2.3 Hz, 1H), 5.58 (d, J = 

2.3 Hz, 1H), 4.56 (s, 2H), 3.89 (s, 

3H), 3.84 (t, J = 7.3 Hz, 2H), 3.50 

(dd, J = 17.3, 3.2 Hz, 1H), 3.41 (t, J 

= 6.1 Hz, 1H), 2.98 (m, 2H), 2.76 

(dd, J = 17.3, 12.1 Hz, 1H), 2.57 (m, 2H), 1.95 (m, 4H), 1.87 (m, 2H), 1.77 – 1.65 (m, 2H).  

13C NMR (63 MHz, MeOD) δ 172.5, 163.1, 161.0, 160.6, 158.1, 157.3, 149.6, 148.2, 139.9, 

134.1, 128.9, 127.0, 123.6, 120.4, 119.2, 116.0, 114.8, 113.9, 112.9, 98.0, 97.8, 97.0, 78.0, 74.7, 

56.8, 44.7, 39.9, 31.8, 30.2, 29.4, 27.9, 25.1, 23.3, 22.3.  

Elemental analysis. Anal. Calc. for C35H37ClN4O7 C, 63.58; H, 5.64; N, 8.47. Found: C, 63.74; H, 

5.53; N, 8.45.  
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4.11 General procedure for the synthesis of compounds 1.8a to 1.8d 

The suitable flavonoid oxime carboxylic acid (1 equivalent) and aminobenzyl piperidine (1 

equivalent) were dissolved in a mixture of 4:1 dichloromethane/methanol mixture (5 ml) 

together with EDCI (1.5 equivalents) and HOBt (1.5 equivalents) and the mixture was stirred at 

room temperature overnight. The reaction was quenched with water (5 ml) and the mixture was 

extracted with ethyl acetate (10 ml) five times. The organic extract was dried with Na 2SO4 and 

concentrated in vacuo to yield a solid that was then purified by column chromatography (9:1 

dichloromethane/methanol) to yield compounds 1.8a-1.8d. 

 

1.8a. (E)-N-(1-benzylpiperidin-4-yl)-2-(((5,7-dihydroxy-2-(4-hydroxyphenyl)chroman-4-

ylidene)amino)oxy)acetamide. Prepared from compound 1.6a (60 mg, 1.74 mmol) and 1-

benzylpiperidin-4-amine (33 mg, 1.74 mmol). Pale yellow solid (32% yield).  

Mp: 173 °C.  

IR (cm-1): 3178, 2923, 2097, 1632, 1603.  

1H NMR (250 MHz, MeOD) δ 7.16 – 7.05 (m, 7H), 6.62 (d, J = 8.6 Hz, 2H), 5.75 (d, J = 2.4 Hz, 

1H), 5.73 (d, J = 2.4 Hz, 1H), 4.34 (s, 2H), 3.62 

(tt, J = 10.6, 4.3 Hz, 1H), 3.42 (s, 2H), 3.31 (dd, J 

= 17.3, 3.1 Hz, 1H), 2.73 (d, J = 12.0 Hz, 2H), 

2.61 (dd, J = 17.3, 12.3 Hz, 1H), 2.10 (td, J = 

11.8, 2.7 Hz, 2H), 1.68 (dd, J = 13.3, 3.8 Hz, 2H), 

1.53 – 1.34 (m, 2H).  

13C NMR (63 MHz, MeOD) δ 171.6, 163.3, 

161.4, 161.0, 159.3, 158.3, 137.5, 132.2, 131.5, 129.9, 129.3, 116.7, 98.2, 98.2, 97.2, 78.3, 74.4, 

64.0, 53.4, 47.9, 32.1, 32.0.  

Elemental analysis. Anal. Calc. for C29H31N3O6 C, 67.30; H, 6.04; N, 8.12. Found: C, 66.80; H, 

6.08; N, 8.48.  

 

1.8b. (E)-N-(2-(1-Benzylpiperidin-4-yl)ethyl)-2-(((5,7-dihydroxy-2-(4-hydroxyphenyl)chroman-

4-ylidene)amino)oxy)acetamide. Prepared from compound 1.6a (60 mg, 1.74 mmol) and 2-(1-

benzylpiperidin-4-yl)ethan-1-amine (38 mg, 1.74 mmol).  White solid (22% yield).  

Mp: 194 °C.  

IR (cm-1): 3192, 2925, 2107, 1632, 1606.  

1H NMR (250 MHz, MeOD) δ 7.45 (s, 5H), 

7.40 – 7.30 (m, 2H), 6.92 – 6.79 (m, 2H), 

6.02 (s, 2H), 5.04 (dd, J = 11.9, 3.2 Hz, 

2H), 4.58 (s, 2H), 3.96 (s, 2H), 3.55 (dd, J 

= 17.4, 3.2 Hz, 1H), 3.23 (m, 2H), 2.95 

(dd, J = 17.4, 11.9 Hz, 1H), 2.46 (m, 2H), 

1.89 (m, 2H), 1.44 (m, 5H).  
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13C NMR (63 MHz, MeOD) δ 172.3, 163.5, 161.3, 161.1, 159.3, 158.4, 132.8, 132.4, 132.0, 

130.9, 130.5, 129.4, 116.7, 98.3, 97.4, 78.3, 74.6, 62.8, 37.3, 36.6, 32.5, 31.7, 31.1, 31.0.  

Elemental analysis. Anal. Calc. for C31H35N3O6 C, 68.24; H, 6.47; N, 7.70. Found: C,67.93; H, 

6.09, N, 6.46.  

 

1.8c. (E)-N-(1-Benzylpiperidin-4-yl)-2-(((5,7-dihydroxy-2-(3-hydroxy-4-

methoxyphenyl)chroman-4-ylidene)amino)oxy)acetamide. Prepared from compound 1.6b 

(60 mg, 1.60 mmol) and 1-benzylpiperidin-4-amine (30 mg, 1.60 mmol).  Pale yellow solid (26% 

yield). 

 Mp: 128 °C.  

IR (cm-1): 3057, 2928, 2808, 2106, 1630, 1603.  

1H NMR (250 MHz, MeOD) δ 7.33 (m, 5H), 6.98 

– 6.89 (m, 3H), 5.96 (s, 2H), 4.55 (s, 2H), 3.87 (s, 

3H), 3.82 (d, J = 4.3 Hz, 1H), 3.53 (d, J = 19.6 Hz, 

3H), 2.98 – 2.72 (m, 3H), 2.33 – 2.15 (m, 2H), 

1.88 (d, J = 12.6 Hz, 2H), 1.75 – 1.53 (m, 2H).  

13C NMR (63 MHz, MeOD) δ 171.5, 163.2, 161.3, 

160.8, 158.0, 149.5, 148.1, 138.1, 134.2, 131.3, 

129.8, 129.1, 119.2, 114.8, 112.9, 98.2, 97.1, 

78.0, 74.3, 64.2, 56.8, 53.4, 48.0, 32.2, 31.9.  

Elemental analysis. Anal. Calc. for C30H33N3O7 C, 65.80; H, 6.48; N, 7.30. Found: C, 66.32; H, 

6.42; N, 7.40.  

 

1.8d. (E)-N-(2-(1-Benzylpiperidin-4-yl)ethyl)-2-(((5,7-dihydroxy-2-(3-hydroxy-4-

methoxyphenyl)chroman-4-ylidene)amino)oxy)acetamide. Prepared from compound 1.6b 

(60 mg, 1.60 mmol) and 2-(1-benzylpiperidin-4-yl)ethan-1-amine (35 mg, 1.60 mmol). Orange 

solid (20% yield).  

Mp: 154 °C. 

 IR (cm-1): 3194, 3068, 2924, 2105, 1630, 1601. 

1H NMR (250 MHz, MeOD) δ 7.49 – 7.35 

(m, 5H), 7.02 – 6.90 (m, 3H), 6.04 (d, J = 

2.3 Hz, 1H), 6.01 (d, J = 2.3 Hz, 1H), 5.03 

(dd, J = 11.5, 3.2 Hz, 1H), 4.58 (s, 2H), 

3.88 (s, 5H), 3.53 (dd, J = 17.3, 3.3 Hz, 

1H), 3.16 (t, J = 11.0 Hz, 2H), 2.94 (dd, J 

= 17.3, 11.5 Hz, 1H), 2.47 – 2.27 (m, 2H), 

1.83 (d, J = 11.7 Hz, 2H), 1.49 (m, 2H), 

1.46 – 1.23 (m, 3H).  
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13C NMR (63 MHz, MeOD) δ 172.2, 163.5, 161.2, 160.9, 158.1, 149.5, 148.1, 134.1, 133.5, 

132.2, 130.6, 130.4, 119.3, 114.8, 112.9, 98.3, 97.4, 77.9, 74.6, 63.0, 56.8, 54.3, 37.3, 36.6, 

32.7, 31.6, 31.3, 31.1.  

Elemental analysis. Anal. Calc. for C32H37N3O7 C, 66.77; H, 6.07; N, 7.67. Found: C, 67.00; H, 

6.30; N, 7.38.  

 

4.12 General procedure for the synthesis of compounds 1.9a to 1.9f 

The correspondent flavonoid oxime carboxylic acid (1 equivalent) and tryptamine (1 equivalent) 

were dissolved in a mixture of 4:1 dichloromethane/methanol mixture (5 ml) together with EDCI 

(1.5 equivalents) and HOBt (1.5 equivalents) and the mixture was left stirring at room 

temperature overnight. The reaction was quenched with water (5 ml) and the mixture was 

extracted with ethyl acetate (10 ml) five times. The organic extract was dried with Na2SO4 and 

concentrated in vacuo to yield a solid that was then purified by column chromatography (9:1 

dichloromethane/methanol) to yield compounds 1.9a-1.9f. 

 

1.9a. (E)-2-(((5,7-Dihydroxy-2-(4-hydroxyphenyl)chroman-4-ylidene)amino)oxy)-N-(2-(5-

methoxy-1H-indol-3-yl)ethyl)acetamide. Prepared from compound 1.6a (60 mg, 1.74 mmol) 

and 5-methoxytriptamine (33 mg, 1.74 mmol). Off-white solid (22% yield).  

Mp: 223 °C.  

IR (cm-1): 3379, 3174,2936, 2120, 1639, 1601. 

1H NMR (250 MHz, MeOD) δ 7.28 (d, J = 8.9, 2H), 

7.17 (dd, J = 8.8, 0.6 Hz, 1H), 7.08 – 6.99 (m, 2H), 

6.84 (d, J = 8.9, 2H), 6.72 (dd, J = 8.8, 2.4 Hz, 1H), 

5.99 (d, J = 2.4 Hz, 1H), 5.95 (d, J = 2.3 Hz, 1H), 

4.86 (dd, J = 12.5, 3.0 Hz, 1H), 4.55 (s, 2H), 3.80 

(s, 3H), 3.58 (t, J = 7.2 Hz, 2H), 2.94 (t, J = 7.2 Hz, 

2H), 2.66 (dd, J = 17.3, 12.5 Hz, 1H).  

13C NMR (63 MHz, MeOD) δ 172.0, 163.2, 161.3, 161.0, 159.2, 158.3, 155.3, 133.7, 132.2, 

129.4, 124.7, 116.6, 113.4, 113.1, 113.0, 101.5, 98.2, 97.1, 78.2, 74.4, 56.6, 41.3, 31.8, 26.6.  

Elemental analysis. Anal. Calc. for C28H27O7N3 C, 64.98; H, 5.26; N, 8.12. Found C, 64.55; H, 

5.35; N, 8.12.  

 

1.9b. (E)-2-(((5,7-Dihydroxy-2-(4-hydroxyphenyl)chroman-4-ylidene)amino)oxy)-N-(2-(5-

hydroxy-1H-indol-3-yl)ethyl)acetamide. Prepared from compound 1.6a (60 mg, 1.74 mmol) 

and 5-hydroxytriptamine (31 mg, 1.74 mmol). Grey solid (28% yield).  
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Mp: 165 °C. 

IR (cm-1): 3418, 3127, 2921, 2112, 1638, 1611. 

1H NMR (250 MHz, MeOD) δ 7.20 – 7.11 (d, J = 

8.8 Hz, 2H), 7.02 – 6.95 (dd, J=8.6, 0.5 Hz, 1H), 

6.86 (s, 1H) 6.83 (dd, J= 2.3 Hz, 0.5 Hz, 2H), 

6.71 (d, 8.8 Hz, 2H), 6.52 (d, J= 8.6, 2.3Hz, 2H) 

5.87 (d, J = 2.3 Hz, 1H), 5.83 (d, J = 2.3 Hz, 1H), 

4.44 (s, 2H), 3.43 (t, J= 7.2 Hz, 2H), 2.78 (t, J = 

7.2 Hz, 2H), 2.58 (dd, J = 17.3, 12.5 Hz, 1H).  

13C NMR (63 MHz, MeOD) δ 172.0, 163.2, 161.3, 161.0, 159.2, 158.3, 151.5, 133.4, 132.2, 

129.7, 129.4, 124.8, 116.6, 113.1, 112.8, 112.5, 103.8, 98.3, 98.2, 97.1, 78.2, 74.4, 41.2, 31.8, 

26.6.  

Elemental analysis. Anal. Calc. for C27H25O7N3 C, 64.41; H, 5.00; N, 8.35. Found C, 63.91; H, 

5.08; N, 8.51.  

 

1.9c. (E)-N-(2-(1H-Indol-3-yl)ethyl)-2-(((5,7-dihydroxy-2-(4-hydroxyphenyl)chroman-4-

ylidene)amino)oxy)acetamide. Prepared from compound 1.6a (60 mg, 1.74 mmol) and 

tryptamine (27 mg, 1.74 mmol). Off-white solid (33% yield). 

 Mp: 158 °C. 

 IR (cm-1): 3414, 3068, 2935, 2102, 1628, 1609.  

1H NMR (250 MHz, MeOD) δ 7.56 (dt, J = 7.8, 1.1 

Hz, 1H), 7.35 – 7.22 (m, 3H), 7.12 – 6.92 (m, 3H), 

6.90 – 6.78 (d, J= 8.6 Hz, 2H), 6.00 (d, J = 2.3 Hz, 

1H), 5.96 (d, J = 2.3 Hz, 1H), 4.91 – 4.82 (dd, 

J=12.5, 3.0 Hz, 1H), 4.56 (s, 2H), 3.59 (t, J = 7.2 Hz, 

2H), 2.98 (t, J = 7.2 Hz, 2H), 2.68 (dd, J = 17.3, 12.5 

Hz, 1H).  

13C NMR (63 MHz, MeOD) δ 172.0, 163.3, 161.3, 

161.0, 159.2, 158.2, 138.5, 132.2, 129.3, 129.1, 123.9, 122.7, 120.1, 119.6, 116.6, 113.3, 112.6, 

98.2, 98.2, 97.1, 78.2, 74.4, 41.4, 31.8, 26.6.  

Elemental analysis. Anal. Calc. for C27H25O6N3 C, 66.52; H, 5.17; N, 8.62. Found C, 66.64; H, 

5.23; N, 8.36.  

1.9d. (E)-2-(((5,7-dihydroxy-2-(3-hydroxy-4-methoxyphenyl)chroman-4-ylidene)amino)oxy)-

N-(2-(5-methoxy-1H-indol-3-yl)ethyl)acetamide. Prepared from compound 1.6b (60 mg, 1.60 

mmol) and 5-methoxytriptamine (30 mg, 1.60 mmol). Off-white solid (27% yield).  

Mp: 215 °C.  
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IR (cm-1): 3430, 3350, 2931, 2103, 1626, 1601. 

1H NMR (250 MHz, MeOD) δ 7.15 (d, J = 8.8 Hz, 

1H), 7.04 (d, J = 2.4 Hz, 1H), 7.01 (s, 1H), 6.96 – 

6.83 (m, 3H), 6.70 (dd, J = 8.8, 2.4 Hz, 1H), 5.96 (d, 

J = 2.2 Hz, 1H), 5.94 (d, J = 2.3 Hz, 1H), 4.54 (s, 2H), 

3.86 (s, 3H), 3.78 (s, 3H), 3.56 (t, J = 7.1 Hz, 2H), 

2.93 (t, J = 7.2 Hz, 2H), 2.67 (dd, J = 17.3, 12.1 Hz, 

1H).  

13C NMR (63 MHz, MeOD) δ 172.0, 163.2, 161.3, 

160.8, 158.1, 155.3, 152.5, 149.5, 148.1, 134.2, 

133.7, 129.4, 124.6, 119.3, 114.9, 113.3, 113.0, 

112.8, 101.4, 98.2, 97.1, 95.6, 78.0, 74.4, 56.8, 56.6, 41.3, 31.8, 26.6.  

Elemental analysis. Anal. Calc. for C29H29O8N3 C, 63.61; H, 5.34; N, 7.67. Found C, 62.02; H, 

5.75; N, 7.40.  

 

1.9e. (E)-2-(((5,7-Dihydroxy-2-(3-hydroxy-4-methoxyphenyl)chroman-4-ylidene)amino)oxy)-

N-(2-(5-hydroxy-1H-indol-3-yl)ethyl)acetamide. Prepared from compound 1.6a (60 mg, 1.60 

mmol) and 5-hydroxytriptamine (28 mg, 1.60 mmol). Grey-red solid (24% yield). 

Mp: 168 °C.  

IR (cm-1): 3412, 3289, 2932, 2106, 1616.  

1H NMR (250 MHz, MeOD) δ 7.10 (d, J = 8.7 Hz, 

1H), 6.99 – 6.83 (m, 5H), 6.63 (dd, J = 8.7, 2.3 Hz, 

1H), 5.98 – 5.95 (m, 1H), 5.95 – 5.93 (m, 1H), 4.55 

(s, 2H), 3.86 (s, 3H), 3.54 (t, J = 7.2 Hz, 2H), 2.89 (t, 

J = 7.2 Hz, 2H), 2.69 (dd, J = 17.3, 12.1 Hz, 1H).  

13C NMR (63 MHz, MeOD) δ 171.5, 162.8, 162.7, 

160.9, 160.4, 157.6, 151.1, 149.1, 147.6, 133.8, 

133.0, 129.3, 124.3, 118.9, 114.4, 112.7, 112.4, 

112.4, 112.1, 103.4, 97.8, 96.7, 77.6, 74.0, 56.3, 

40.8, 31.4, 26.2.  

Elemental analysis. Anal. Calc. for C28H27O8N3 C, 63.03; H, 5.10; N, 7.88. Found C, 63.32; H, 

5.10; N, 7.88.  

 

1.9f. (E)-N-(2-(1H-Indol-3-yl)ethyl)-2-(((5,7-dihydroxy-2-(3-hydroxy-4-

methoxyphenyl)chroman-4-ylidene)amino)oxy)acetamide. Prepared from compound 1.6b 

(60 mg, 1.60 mmol) and tryptamine (26 mg, 1.60 mmol). Orange solid (31% yield). 

Mp: 148 °C.  
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IR (cm-1): 2929, 2111, 1631, 1604.  

1H NMR (250 MHz, MeOD) δ 7.53 (dt, J = 7.7, 

1.1 Hz, 1H), 7.27 (dt, J = 8.1, 1.0 Hz, 1H), 7.08 – 

6.81 (m, 6H), 5.97 (d, J = 2.3 Hz, 1H), 5.94 (d, J = 

2.3 Hz, 1H), 4.85 (dd, J = 12.2, 3.0 Hz, 1H), 4.53 

(s, 2H), 3.85 (s, 3H), 3.56 (t, J = 7.2 Hz, 2H), 3.37 

(dd, J = 13.9, 3.6 Hz, 1H), 2.96 (t, J = 7.2 Hz, 2H), 

2.65 (dd, J = 17.3, 12.2 Hz, 1H).  

13C NMR (63 MHz, MeOD) δ 172.0, 163.3, 

161.3, 160.8, 158.1, 149.5, 148.0, 138.5, 134.2, 

129.1, 123.9, 122.8, 120.1, 119.6, 119.3, 114.9, 113.3, 112.8, 112.6, 98.2, 98.2, 97.1, 78.0, 74.4, 

56.8, 41.5, 31.8, 26.6.  

Elemental analysis. Anal. Calc. for C28H27O7N3 C, 64.98; H, 5.26; N, 8.12. Found C, 65.02; H, 

5.37; N, 8.24.  
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Design and synthesis of terphenyl derivatives: potential multitarget and theranostic 

compounds against oxidative stress and neuroinflammation  

 

 

1.0 Introduction  

  

1.1 Multicomponent reactions 

Chemical space is a relatively new concept which tries to define a multidimensional space which 

englobes all possible molecules. This space can be defined by parameters such as molecular 

mass, hydrophobicity, or sp3 character. This way, a potentially infinite space can be narrowed 

down to a defined region depending on the subject of research. In medicinal chemistry, this 

space is usually defined by drug-likeness parameters such as molecular mass below 500 kDa and 

a requisite for the molecules is to be formed by certain elements (C, H, N, S, O, P). Based on 

these premises, it has been estimated that this space is composed by 1060 different molecules 
1,2.   

Multicomponent reactions (MCRs) are defined as "a convergent reaction class, in which three 

or more commercially available or simple molecules react to contribute significantly, with all or 

many of their atoms, to the final reaction product"3. MCRs are generally one-pot processes that 

proceed either through a single synthetic operation or through sequential steps (without 

changes in the reaction medium). MCRs are a key tool in contemporary chemistry, due to their 

ability to provide sustainable processes with a high atom economy and reduced waste 

generation due to the absence of intermediate isolation and purification stages, compared to a 

stop and go synthetic methodology. Furthermore, MCRs are excellent tool to generate libraries 

of compounds following the build/couple/pair strategy, as they combine multiple scaffolds with 

small modifications or functional groups, this covering large regions of chemical space 4–6 (figure 

1). 

 

Figure 1. Comparison between multi-step sequential synthesis and a multicomponent reaction. 

Multicomponent reactions have proved to have a wide number of applications in organic 

synthesis, and many examples have been described in the literature, such as: reactions involving 
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isocyanide use 7, radical-induced reactions 8, metal-catalysed syntheses 9 and photoinduced 

reactions 10 . Moreover, MCRs have been used for the synthesis of a variety of biologically 

relevant scaffolds such as: pyrroles, dihydropyrimidinones, pyrazoloquinolones, 

imidazopyridines, chromenopyridines, dihydropyridines, oxazoles and pyridines, among other 

heterocyclic systems 6. In this context, we are interested in multicomponent reactions as tools 

for the discovery of molecules with potential as agents against neurodegenerative processes. 

 

1.2 Mitochondria-targeted probes 

Reactive oxygen species (ROS) have received much attention in recent years, as they have been 

found to be a key element of pathological and physiological states in living organisms. ROS have 

been associated with aging and diverse pathologies such as neurogenerative diseases like 

Alzheimer´s, Parkinson´s or Huntington´s diseases, together with other diseases like cancer. In 

recent years, the role of ROS in key physiological processes such as the immunological response 

to pathogens and cellular signalling has been elucidated11 . 

Mitochondria are the primary site of generation of ROS inside cells. They are a major source of 

the superoxide radical and hydrogen peroxide due to their role as the site of cell respiration. 

This also renders them particularly vulnerable to oxidative stress-associated damage. Chemical 

entities that allow to understand the dynamics of ROS inside mitochondria and that can 

simultaneously quench oxidative damage are particularly attractive in the biological/medicinal 

chemistry fields 12. 

Mitochondria are comprised by 4 different compartments: the outer mitochondrial membrane 

(OMM), the inner membrane space (IMS), the inner mitochondria membrane (IMM) and the 

mitochondrial matrix. The combination of the small pore size of the OMM, the high protein 

concentration in the IMM and the strong negative membrane potential (-180 mV) make the 

mitochondrial matrix difficult to access by most organic molecules13 (figure 2).  

Due to the difficulties found by organic molecules for reaching the mitochondrial matrix,  

different methods have been designed for their delivery inside the mitochondria, acting either 

as probes or therapeutic agents. One of the approaches to the selective targeting of 

mitochondria takes advantage of the high electrochemical potential between the IMS and the 

matrix, maintained by the IMM. While all positively charged species are attracted to the 

mitochondrial matrix, delocalised lipophilic cations (DLCs) are particularly effective at crossing 

the IMM. DLCs are small molecules that possess a positive charge that can be delocalised 

through resonance. The transport of these molecules across the IMM is highly favoured due to 

the charge being spread through a larger area leading to a high ionic radius and allowing easier 

solvation in a lipidic environment 12,14,15.  
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Figure 2. Scheme illustrating the different compartments and membranes in mitochondria. 

The most widely used structural element used to generate DLCs is the triphenylphosphonium 

(TPP) cation. TPP has been used in the past for measuring the mitochondrial membrane 

potential and in recent times, has been attached to numerous molecules to deliver them to the 

mitochondrial matrix 16. Through this strategy, molecules such as glutathione (GSH) 17, cysteine 
18, peroxinitrite19 and superoxide20 have been detected in vivo. Additionally, many molecules 

with antioxidant potential such as ubiquinol 21, α-tocopherol 22, lipoic acid 23 and ebselen 24, as 

well as spin traps 25 , have been successfully bound to the TPP cation and directed towards the 

mitochondria, thus increasing their efficacy as free radical scavengers. Hence, incorporating a 

starting material bearing a TPP moiety in a multicomponent reaction could enrich the 

exploration of chemical space in search of a probes/antioxidants targeting mitochondrial 

oxidative stress, a cornerstone of neurodegenerative diseases. 

 

1.3 Theranostic agents 

Regarding neurodegenerative processes, the lack of an effective treatment is not the only 

challenge for effective disease handling. A robust, non-invasive diagnosis is also needed and, in 

this respect, theranostic systems have been receiving widespread attention in recent years.  

Theranostic agents integrate both therapeutic and diagnostic properties in a single entity,  

offering an integrated solution for multifactorial pathological processes. These systems have 

been applied to the treatment and diagnosis of different types of cancer, and numerous reviews 

have been written describing the different strategies followed26–30. With respect to 

neurodegenerative diseases, a common hallmark is protein misfolding and many agents have 

been designed to exploit this feature for a simultaneous treatment and diagnosis. Typically,  

these are planar compounds that insert themselves between the misfolded protein sheets and 
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disrupt the formation of toxic aggregates while simultaneously changing their optical properties. 

Some examples of these molecules are shown in figure 331–34. 

 

Figure 3. Some examples of Aβ targeted theragnostic systems 

Another common hallmark shared by all neurodegenerative processes is the abundance of ROS 

and RNS, which saturate the capacity of the cell of counteracting the damage that they produce. 

In this regard, many ROS probes have also been designed that typically act by a change in the 

optical properties of the system following a direct ROS or RNS scavenging action. There is a good 

deal of literature describing the design and evaluation of probes for this purpose, but very often 

their therapeutic effectiveness has not been evaluated. Thus, there is a need for agents that can 

provide both therapeutic capacity and simultaneously diagnose exacerbated oxidative stress. 

 

1.4 Cyclooxygenase and neurodegenerative diseases 

Inflammation has been acknowledged as a pathological hallmark contributing to the 

development of neurodegenerative diseases such as AD 35. Until recently, neuroinflammation 

was believed to be a consequence of senile plaques and neurofibrillary tangles. However, in 

recent years, it has been shown to play a major role in AD progress, as important as that of the 

previously named factors if not even more 36.   

Microglial cells and astrocytes are the main actors involved in the inflammatory response in the 

brain 37. Microglial cells are mesodermically-derived macrophages that possess all the features 

that characterise these cells such as being able to express the Major Histocompatibility Complex 

type II (MHC II), proinflammatory cytokines, chemokines, and ROS, as well as having phagocytic 

and scavenger capacities. Depending on the conditions, microglia can produce either 

neuroprotective or neurotoxic effects in the brain, depending on whether or not a physiological 

equilibrium exists in the brain 38. On the other hand, astrocytes are immune system cells whose 

role is not completely understood, but it is hypothesised that they play a role as maintainers of 

connective tissue in the brain and skeletal function in the brain, maintaining a correct 

functioning and integrity of synapses. Their role in the immune response involves the production 

and secretion of proinflammatory cytokines, ROS, and also the clearance of strange bodies, such 
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as Aβ plaques. They also have a key role in production of complement proteins, whose abnormal 

functioning due to Aβ plaques has recently been related to a proinflammatory neurotoxic effect 
35,39,40 (figure 2). 

 

Figure 4. Scheme showing damage in neurons caused by an immune response positive 

feedback 

Taking these factors into consideration, cyclooxygenase (COX) emerges as a cornerstone in 

inflammatory response as it coverts arachidonic acid into prostaglandins, which greatly 

contributes to its exacerbation 41. There two different COX isoforms, COX-1 which is 

constituently expressed in most tissues and cells, including microglia, and COX-2 which is 

inducible under inflammatory stimuli. However, although COX-1 is related with the homeostasis 

of the immune response, recent studies have demonstrated an overexpression of this isoform 

in microglia surrounding Aβ plaques 42. On the other hand, COX-2 is not expressed in AD patients’ 

brains, except in the very early phases of the disease 43. Additionally, selective inhibition of COX-

1 has proven to be therapeutically beneficial in rodent models of AD by reducing Aβ and tau 

pathology and alteration of microglial phenotype 44. Therefore, developing potent and selective 

inhibitors for COX-1 could be a viable therapeutic option for the treatment of AD. We became 

interested in the use of multicomponent reactions as a strategy for the synthesis of COX-1 

selective inhibitors, as it should be readily translated into the fast preparation of a family of 

structurally varied compounds.  
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2.0 Objectives 

The main objective of this work is the development of potential neuroprotective and diagnostic 

molecules for oxidative stress using a multicomponent reaction involving a chalcone, a beta 

ketoester and an amine. This reaction, previously developed by our group, combines these three 

elements using Ce (IV) as a catalyst and ethanol as a solvent, producing a highly substituted m-

dihydroanthranilate skeleton 45,46. The high degree of functionalization of these structures 

renders them easily convertible to more complex frameworks, potentially covering a broader 

region of chemical space. The scope of this reaction has been verified by altering the structure 

of the chalcones, beta ketoesters and amines, admitting a wide variety of substituents. The 

dihydroanthranilates were then subjected to different reactions to convert them into other 

structures such a posterior aromatization with either DDQ or AIBN/NBS or heating aromatic 

amine substituted derivatives under microwave conditions to obtain acridones, a highly 

privileged structure in drug discovery. 

 

Scheme 1. Formation of dihydroanthranilates via a three-component reaction between 

chalcones, β-ketoesters and amines. 

Among, the different amines used for the synthesis of these dihydroanthranilates, one bearing 

a triphenylphosphonium could be used for the development of mitochondrial probes. While 

dyhydroanthranilates are non-fluorescent, its aromatized derivatives are, so in response to an 

oxidative agent, dihydroanthranilates should react with it, thus becoming oxidized and 

therefore, fluorescent 48. These derivatives should also act as free radical scavengers inside the 

mitochondria by the same mechanism, which could possibly convert these compounds in 

potential theragnostic molecules. 

Finally, dihydroanthranilates can be transformed to m-amino terphenyl through a robust 

synthetic route. These structures have proven to be selective COX-1 inhibitors. However more 

potent and less lipophilic derivatives should be synthesised in order to produce a more drug-like 

molecule. Additionally, these structures could be furtherly derivatised to obtain multitarget drug 

ligands that not only act in COX-1, but also in other AD targets such as Acetylcholinesterase 

(AChE) or Butyrylcholinesterase (BuChE), thus obtaining potentially more efficient therapeutic 

agents. 

 

Scheme 2. Synthetic scheme followed to obtain m-terphenylamines 
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3.0 Results    

3.1 Multicomponent synthesis and chiral characterization of m-terphenyls with an 

embedded dihydroanthranilate unit 

As previously mentioned, dihydroantranilate skeletons were obtained by a multicomponent 

reaction using a chalcone, a beta ketoester and an amine. All beta ketoesters and amines were 

purchased from commercial sources. However, most chalcones had to be synthesised via an 

aldol condensation reaction between acetophenones and aromatic aldehydes in the presence 

of sodium hydroxide, generally followed by simple filtration as the products precipitated from 

ethanol. 

 

Scheme 1. Formation of chalcones via an aldol condensation reaction between aromatic 

ketones and aromatic aldehydes. 

 

Compound R1 R2 Yield (%) 

2.01a 4-NO2-C6H4 Ph 80 
2.01b Ph 

 

66 

2.01c 4-OMe-C6H4 Ph 70 
 

2.01d 

 

Ph 
 

 

20 

2.01e 4-Br-C6H4 Ph 68 

2.01f Ph 4-NO2-C6H4 94 
2.01g 4-Br-C6H4 4-Br-C6H4 99 

2.01h 4-Me-C6H4 2-NO2-C6H4 76 
2.01i 2-NO2-C6H4 4-Br-C6H4 64 
2.01j Ph 

 

78 

2.01k Ph 4-Br-C6H4 79 
2.01l Ph 

 

86 

2.01m 2,4-MeO-C6H3 4-MeO-C6H4 79 

2.01n 4-Cl-C6H4 4-Cl-C6H4 85 
2.01o 4-MeO-C6H4 3-MeO-C6H4 84 
2.01p 4-NO2-C6H4 4-NO2-C6H4 91 

2.01q 4-Cl-C6H4 4-NO2-C6H4 86 
 

Table 1. Starting chalcones synthesised 

 

With the starting chalcones in hand, the multicomponent reactions were performed. Although 

this was known chemistry,46,47 we have extended the scope of the reaction and also proved the 

integrity of an stereocenter at the amine component. The reactions were performed by 
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dissolving the beta keto ester and amine in ethanol at room temperature, adding the cerium 

ammonium nitrate a catalyst and finally the the chalcone, followed by heating under reflux. The 

reaction is then easily purified through an aqueous extraction in the first place and a column 

chromatography afterwards to achieve the desired dihydroanthranilates in good yields in most 

cases (table 2). Many of the compounds had been previously synthesised in our group 

(compounds underlined in table 2),47 but it was necessary to re-synthesise them again in order 

to complete their characterization. The reaction mechanism had been previously proposed to 

comprise the initial formation of an intermediate enaminoester, followed by its Michael addition 

to the chalcone, tautomerism to the less substituted enamine and intramolecular 

cyclocondensation (Scheme 4).  

Since prior work from our group had shown that the use of ammonia as the amine component 

is not compatible with the formation of the 2.02 framework, giving rise to dihydropyridines 

instead49, in order to obtain compounds bearing a primary amino group, ammonium formate 

was added as a source of ammonia to the reaction mixture derived from the use of butylamine 

to promote an in situ aza-Michael/retro-aza-Michael reaction sequence from the non-isolated 

butylamino-substituted dihydroanthranilate46,47 (scheme 4).   

 

Scheme 2. Mechanism of the three-component reaction between chalcones, β-keto esters and 

amines. 

  

Compound Ar1 Ar2 R1 R2 Yield (%) 

2.02a Ph Ph Et H 93 

2.02b 4-NO2-C6H4 Ph Et H 96 

2.02c Ph 

 

Et H 67 

2.02d 4-Me-C6H4 Ph Et H 69 

2.02e 4-MeO-C6H4 Ph Et H 64 

2.02f 4-Br-C6H4 4-Br-C6H4 Et H 89 

 
2.02g 

 
Ph  

 
Et 

 
H 

 
78 

2.02h 4-NO2-C6H4 Ph Et CH2C6H5 78 

2.02i Ph Ph tBu CH2C6H5 84 
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2.02j Ph Ph Et 

 

67 

2.02k Ph Ph Et 

 

58 

 

2.02l 

 

Ph 

 

 

 

Et 

 

Bu 

 

58 

2.02m 4-Br-C6H4 Ph Et Bu 59 

2.02n Ph 4-NO2-C6H4 Et Bu 78 

2.02o 4-Me-C6H4 2-NO2-C6H4 Et Bu 74 

2.02p 2-NO2-C6H4 4-Br-C6H4 Et Bu 62 

2.02q Ph 

 

Et Bu 62 

2.02r Ph Ph Et 3-Cl-C6H4 48 

2.02s Ph 4-NO2-C6H4 Et Ph 59 

2.02t Ph 4-Br- C6H4 Et Ph 59 

2.02u Ph Ph Et 4-NMe2-C6H4 84 

2.02v Ph Ph Et 4-Br-C6H4 53 

2.02w Ph Ph Et 3,5-ClC6H3 48 

2.02x 4-MeO-C6H4 Ph Et Ph 41 

2.02y 4-Cl-C6H4 Ph Et Ph 41 

2.02z 2,4-MeO-C6H3 4-MeO-C6H4 Et Ph 43 

2.02aa 4-Cl-C6H4 4-Cl-C6H4 Et Ph 39 

 

Table 2. Compounds synthesised using the three-component reaction between chalcones, β-

keto esters and amines 

 

As can be observed from table 2, the results of the reaction depend on the amine used for the 

synthesis. In the case of aliphatic amines, yields are usually above 55% after column 

chromatography, while aromatic amines rarely afford a yield over 50% with the same 

purification process, with the exception of compound 2.02u. This can be attributed to the 

reaction mechanism. The first step, involving the condensation of the amine with the beta 

ketoester to form an enaminoester, depends on the nucleophilicity of the amine used, being 

aliphatic amines more nucleophilic than their aromatic counterparts, even though the enamine 

system is less conjugated. The exception that can be observed for compound 2.02u can be 

explained taking into consideration the increased electron density of 4-N-dimethylamino aniline.  

As a way to expand the structural diversity of this library, the aromatization of these compounds 

was performed using DDQ as the oxidising agent (Scheme 4). The reaction was performed at 

room temperature and provided good yields, leading to a robust method for the obtention of 

the fully aromatic functionalized m-terphenyl derivatives (table 3). Similarly, to the case of 2.02,  

some compounds 2.03 had been previously obtained by our group but had to be re-synthesised 

in order to obtain full characterization data (compounds underlined in table 3).  
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Scheme 3. Oxidation of dyhydroanthranilates obtained to their aromatic derivatives 

 

Compound Ar1 Ar2 R1 R2 Yield (%) 

2.03a Ph Ph Et H 68 
2.03b 4-NO2-C6H4 Ph Et H 74 

2.03c 4-Me-C6H4 Ph Et H 66 
2.03d Ph 

 

Et H 72 

2.03e 4-MeO-C6H4 Ph Et H 78 
2.03f 4-NO2-C6H4 Ph Et CH2C6H5 66 

 

2.03g 

 

Ph 

 

Ph 

 

Et 

 

 

67 

 
2.03h 

 
Ph 

 
Ph 

 
Et 

 

 
64 

2.03i 4-Me-C6H4 2-NO2-C6H4 Et Bu 59 
2.03j Ph 4-Br-C6H4 Et Ph 44 
2.03k Ph Ph Et 4-NMe2-C6H4 62 

2.03l Ph Ph Et 4-Br-C6H4 46 
 

Table 3. Compounds obtained through the oxidation of dyhydroanthranilates with DDQ. 

 

Two chiral amines, namely (S)- and (R)-1-phenylethan-1-amine were used to investigate the 

possibility of racemization along the two-step sequence. The multicomponent reaction between 

ethyl acetoacetate, chalcone and either of these two amines provided the corresponding 

mixture of diastereoisomers, which were aromatised, and thus the stereogenic centre of the 

dihydroanthranilate fragment was lost, leaving only the -amino stereocenter. We had initially 

planned to verify the enantiopurity of the reaction products by reverse phase chiral HPLC, but 

their poor solubility in polar HPLC mobile phases prevented their study. However, by hydrolysing 

the ester groups to the correspondent carboxylic acids, their solubilities improved sufficiently,  

and this allowed verifying their enantiopurity, thus confirming the robustness of this method.  

3.2.1 Synthesis of probes for mitochondrial oxidative stress  

Previous work has shown that, while the dihydroanthranilate derivatives are non-fluorogenic, 

their aromatic derivatives are able to emit fluorescence48. This behaviour is interesting in the 

design of turn-on fluorescent probes for oxidative species, as dihydroanthranilates are easily 

oxidised in the presence of radical species. A major limitation of many known such probes is that 

they emit fluorescence themselves, leading to practical problems associated to the difficulty of 
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detecting a signal against a bright background. This inconvenience is bypassed by turn-on 

fluorescent probes, which present very little native fluorescence but become fluorescent upon 

reacting with the analyte. 

As a way to direct the dihydroanthranilates to mitochondria, a positive charge was added to the 

molecules by the introduction of a triphenylphosphonium moiety in the R2 position of the 

structure. As a route to reach these structures, we first carried out our multicomponent reaction 

starting from 5-amino-1-pentanol as the primary amine component, which provided the 

correspondent dihydroantranilate I. We then tosylated the hydroxyl group, which yielded 

compound II, but unfortunately all attempts to introduce the triphenylphosphinonium moiety 

via an SN2 displacement reaction were unsuccesful (scheme 8). 

 

Scheme 4. Attempt to synthesise dyhydroanthranilate bearing phosphonium salt. 

Due to these negative results, we attempted an alternative route that involved the acylation of 

the free amino group of compounds 2.02a and 2.03a with (4-chloro-4-

oxobutyl)triphenylphosphonium bromide. This reaction worked well for compound 2.3a, but not 

in the case of its dihydro derivative 2.02a, where a very efficient conjugation with the ester 

group may have rendered the amino unreactive. No further attempts were made because the 

acylated product 2.08 was clearly much less fluorescent when revealed with the UV lamp than 

its predecessor, rendering the compound useless for the intended purpose (scheme 9).  

 

Scheme 5. Synthesis of compound 8 via amidation of compound 2.03a. 

At this point, we decided to explore the possibility of carrying out the initial multicomponent 

reaction leading to dihydroanthranylate derivatives from a derivative of pentylamine bearing a 

triphenylphosphonium group. To prepare the starting material, we first refluxed 5-amino-1-

pentanol in 49% aqueous hydrobromic for 3 hours with the purpose to substitute the hydroxy 

group for a bromide and therefore obtain the hydrobromide of 5-bromopentanamine 2.04. This 

compound was then heated in the confocal microwave reactor with triphenylphosphine at 140 
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°C for 2 hours in the absence of solvent to obtain (5-ammoniopentyl)triphenylphosphonium 

bromide 2.05, for use as the primary amine in the multicomponent reaction (scheme 7).   

 

 

Scheme 6. Formation of amine 2.05. 

 

While, not unexpectedly, the direct reaction of 2.05 with chalcone and ethyl acetoacetate under 

the usual reaction conditions gave only traces of the target compound, the addition of 

triethylamine to release (5-aminopentyl)triphenylphosphonium bromide as a base allowed the 

preparation of a small library of 8 compounds 2.06 variously substituted at Ar1 and Ar2 with 

electron-donating and electron withdrawing groups to observe the effect on the optical 

properties of the compounds, as well as a tert-butyl ester specifically designed to be easily 

hydrolysed and obtain a better cellular retention. (Scheme 10) (Table 6). 

 

Scheme 7. Formation of compounds 2.06a-2.06h. 

Compound Ar1 Ar2 R1 Yield (%) 

2.06a Ph Ph Et 65 

2.06b Ph 4-OMe-C6H4 Et 60 
2.06c 4-OMe-C6H4 3-OMe-C6H4 Et 52 
2.06d Ph 

 

Et 65 

2.06e Ph Ph tBu 64 
2.06f Ph 4-NO2-C6H4 Et 65 

2.06g 4-Cl-C6H4 4-NO2-C6H4 Et 64 
2.06h 4-NO2-C6H4 4-NO2-C6H4 Et 67 

 

Table 4. Compounds obtained via multicomponent reaction of chalcones, β-ketoesters and 

amine 2.05. 

In order to study the fluorescent properties of the anthranilate derivatives, we attempted the 

dehydrogenation of compound 2.06a to its aromatic derivative. However, since in this case 

chromatographic purification was not feasible, we tried alternative methods of oxidation such 
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as dissolving the compound in nitrobenzene and heating it up to 250 °C in the microwave 

reactor, which led only to decomposition. As an alternative, we decided to brominate the 

benzylic position of the starting material using N-bromosuccinimide in the presence of azo-

bisisobutyronitrile (AIBN) as a free radical generator, which would be followed by a subsequent 

elimination of bromine with concomitant aromatization. This method yielded the desired 

compound in an excellent yield, and we proceeded to use it for the remaining compounds 2.06b-

2.06h (Scheme 11 and Table 7). In the case of 2.07a and 2.07e-h, the reaction was easily purified 

via a simple aqueous workup, providing the desired products in good purity and high yields. 

However, in the case of compounds 2.07b and 2.07d, a purification by column chromatography 

was needed. In the case of compound 2.07c, the polarity of an unidentified side products was 

so similar that purification was not possible. 

 

 

Scheme 8. Formation of aromatic compounds 2.07a-2.07h. 

Compound Ar1 Ar2 R1 Yield (%) 

2.07a Ph Ph Et 96 
2.07b Ph 4-OMe-C6H4 Et 65 
2.07c 4-OMe-C6H4 3-OMe-C6H4 Et - 

2.07d Ph 

 

Et 68 

2.07e Ph Ph tBu 94 
2.07f Ph 4-NO2-C6H4 Et 99 
2.07g 4-Cl-C6H4 4-NO2-C6H4 Et 96 

2.07h 4-NO2-C6H4 4-NO2-C6H4 Et 93 
 

Table 5. Compounds formed through the oxidation of compounds 2.6a-2.6h vias NBS and 

AIBN. 

 

3.2.2 Optical characterization of mitochondrial oxidative stress probes  

Once the aromatic compounds that would presumably result from the reaction of 

dihydroanthranilates with biological oxidants were available to us, we proceeded to characterise 

their spectral properties. We started by performing fluorescence measurements to determine 

the emission maxima of compounds 2.07a-2.07h in ethanol. The results obtained (Figure 1) 

indicate that compounds 2.07f-h, bearing aromatic nitro groups, do not emit fluorescence, and 

hence are not suitable candidates for the development of probes for mitochondrial oxidative 

stress. All the other compounds were fluorescent with emission maxima around 450 nm. 

Interestingly, compound 2.07d presents an emission shift towards the red and has a maximum 
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of emission of 467 nm (Figure 1). Such emission red shifts are important for the development of 

biocompatible fluorescent probes, as light emissions closer to the red are less harmful for 

biological systems than ones closer to the blue as the former are less energetic. Moreover, 

interference from radiation absorption by the surrounding tissues is minimal in the red-near 

infrared region. 

 

 

 

 

Figure 1. Excitation and emission spectra of compounds 2.07a-2.07f in EtOH. 

 

 

Figure 2. Excitation and emission spectra of compounds 2.07a-2.07f in H2O 

 

It can be observed in figure 1 that compounds 2.07f-h bearing a nitro group do not emit 

fluorescence, and hence are not suitable candidates for the development of probes for 

mitochondrial oxidative stress. This is due to the quenching of fluorescence by this functional 

group. All the other compounds were fluorescent with emission maxima around 450 nm. 

Interestingly, compound 2.07d presents an emission shift towards the red and has a maximum 

400 450 500 550 600

0

250000

500000

750000

1000000

1250000

1500000

S
1

 (
C

P
S

)

Wavelength (nm)

 2.07a

 2.07b

 2.07d

 2.07e

 2.07f

 2.07g

 2.07h

200 250 300 350 400

0

250000

500000

750000

1000000

1250000

1500000

1750000

2000000

S
1
 (

C
P

S
)

Wavelength (nm)

 2.07a

 2.07b

 2.07d

 2.07e

 2.07f

 2.07g

 2.07h

250 275 300 325 350 375 400

0

1000000

2000000

3000000

4000000

5000000

6000000

7000000

8000000

S
1
 (

C
P

S
)

Wavelength (nm)

 2.07a

 2.07b

 2.07d

 2.07e

 2.07f

400 500 600

0

1000000

2000000

3000000

4000000

5000000

6000000

S
1
 (

C
P

S
)

Wavelength (nm)

 2.07a

 2.07b

 2.07d

 2.07e

 2.07f



133 

 

of emission of 467 nm. As these compounds are destined to be tested in an aqueous cellular 

medium, the excitation and emission spectra of these compounds were also recorded in water. 

The results are detailed in figure 2 and the emission and excitation maxima are collected in table 

6 and show that the emission maxima of all compounds undergo a significant red shift (about 

15 nm) in water in their emission spectra. Thus, a less energetic (and therefore less biologically 

harmful) wavelength could be used to obtain information about oxidative stress in cellular 

models. 

 

Compound Excitation maxima (nm) Emission maxima (nm) 

EtOH H2O EtOH H2O 

2.07a 265, 365 269, 366 452 480 

2.07b 295, 367 297, 368 447 460 
2.07d 268, 370 271, 372 467 483 

2.07e 267, 367 270, 363 450 464 
 

Table 6. Maxima of excitation and emission of compounds 2.07a, 2.07b, 2.07d and 2.07e in 

EtOH and H2O 

 

Figure 3. Excitation and emission spectra of compounds 2.06a-2.06h in EtOH. 
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Figure 4. Excitation and emission spectra of compounds 2.06a-20.6h in H2O 

 

The emission and excitation spectra of the dihydroanthranilate compounds 2.06a-2.06h in 

ethanol (figure 3) and water (figure 4) were also recorded to examine their fluorescence in the 

absence of any oxidant agent. As originally hypothesised, no fluorescence was observed in 

ethanol, but when methoxy-bearing compounds 2.06b and 2.06c are dissolved in water, their 

excitation and emission spectra change, showing fluorescence at approximately the same 

wavelengths as their previously studied aromatic derivatives 2.07b and 2.07c. It is possible that 

these electron-rich compounds are aromatized in contact with oxygen dissolved in water and 

this way they acquire the capacity to emit fluorescence. This discovery seems to render 

compounds 2.06b and 2.06c unsuitable candidates for the development of fluorescent probes 

for mitochondrial oxidative stress. 

 

Entry Φethanol Φwater 

2.07a 0.169 ± 0.016 0.123 ± 0.036 
2.07d 0.152 ± 0.036 0.047 ± 0.003 
2.07e 0.337 ± 0.018 0.109 ± 0.017 

 

Table 7. Quantum yields of compounds 2.07a, 2.07d and 2.07e in EtOH and H2O 

 

To obtain numerical data of the fluorescence of compounds 2.07a, 2.07d and 2.07e, their 

quantum yields were measured in ethanol and water (table 7). Quantum yield can be defined 

by the number of events occurring per photon absorbed by the system50. In fluorescence terms 

it can be translated into the number of photons emitted as fluorescence per photon absorbed 

by the system and is a numeric measure of the fluorescence of a compound. The compound that 

possesses the highest quantum yield is 2.07e, with a value of 0.337, which represents a high 

fluorescence intensity. Both 2.07a and 2.07e also present good quantum yield values, about half  

of 2.07e. In water, the quantum yield values decrease, being compound 2.07a the least affected. 

Therefore, compounds 2.07a and 2.07e present the best optical properties for this purpose.   
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3.2 Synthesis of 1,3-diaryl-10-acridone derivatives from m-terphenyls  

In order to further increase the structural diversity accessible from our m-terphenyls, a reaction 

allowing to transform the N-aryl derivatives of the dihydroanthranilate framework 2.02 into 

dihydroacridones was studied. Acridones are a privileged structure in medicinal chemistry as 

derivatives of this ring system possess a wide variety of biological activities such as antiviral 51, 

antitumoural 52,53, antifungal 54, antibacterial 55 and AChE and BuChE inhibition56,57. This last 

application is potentially interesting for the treatment of AD.  

The most common way to synthesise these scaffolds is via a Jourdan-Ullman coupling of aryl 

halides and anthranilic acid derivatives followed by using strong acids or catalysis by metals to 

achieve the central ring formation53,58. Other ways to synthesise acridones involve coupling of 

anthranilates with benzynes, which are formed in situ from trimethylsilylphenyl triflate and 

cesium fluoride 59 or via a Heck coupling reaction between two equivalents of a substituted styryl 

and a quinolone, which is subsequently cyclized by an oxidative electrocyclization step (Scheme 

5) 60. 

 

 

 

Scheme 9. Different described methodologies for the obtention of acridones. 

 

 For the synthesis of the dihydroacridones, we started from N-aryl substituted 

dihydroanthranilates which were cyclized under thermal conditions (250 °C, up to 200 W in the 

sealed tube reactor in DMF) for 90 minutes. This way, 4 dihydroacridones were obtained in good 

yields after purification by precipitation with petroleum ether 61 (Table 8). 
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Scheme 10. Synthesis of dyhydroacridones 2.09a-2.09d via heating in a sealed tube with N-aryl 

dihydroanthranilates as starting materials. 

 

Compound Ar1 Ar2 Yield (%) 

2.09a 4-MeO-C6H4 Ph 43 

2.09b 4-Cl-C6H4 Ph 52 
2.09c 2,4-MeO-C6H3 4-MeO-C6H4 44 
2.09d 4-Cl-C6H4 4-Cl-C6H4 27 

 

Table 8. Dyhydroacridones obtained through reaction of N-aryl dyhydroanthranilates under 

sealed tube conditions 

 

The reaction mechanism postulated in this case is similar to the one usually accepted for the 

Gould-Jacobs synthesis of 4-quinolones from anilines and ethyl ethoxymethylenemalonate, via 

the formation of an α-iminoketene intermediate with loss of ethanol, and its cyclization via a 6π 

electrocyclization reaction followed by a 1,3-hydrogen shift (scheme 6). 

 

Scheme 11. Proposed reaction mechanism for the formation of dihydroacridones 2.09a-2.09d. 

 

To better exploit the full potential of this reaction to cover chemical space we decided to oxidise 

the dihydroacridones to their aromatic derivatives. We used for this purpose nitrobenzene both 

as a solvent and reagent, heating in the microwave reactor up to 250 °C for 90 minutes. The 

product was then easily isolated by crushing the reaction mixture with diethyl ether, yielding 

the desired acridones in good yields (table 9). 

 

Scheme 12. Oxidation of compounds 2.09a-2.09d to obtain acridones 2.10a-2.10d. 
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Entry Ar1 Ar2 Yield (%) 

2.10a 4-MeO-C6H4 Ph 74 
2.10b 4-Cl-C6H4 Ph 70 

2.10c 2,4-MeO-C6H3 4-MeO-C6H4 77 
2.10d 4-Cl-C6H4 4-Cl-C6H4 43 

 

Table 9. Compounds 2.10a-2.10d obtained through oxidation of compounds 2.09a-2.09d. 

 

3.3 Synthesis and characterization of COX-1 inhibitors 

In previous work by our group, m-terphenyl amino compounds were identified as selective 

inhibitors of the COX-1 enzyme. In order to extend this library, the multicomponent reaction 

previously described was used as a starting point, followed by a subsequent aromatization. The 

next step involved the hydrolysis of the ester group that was carried out in basic conditions, 

using aqueous NaOH at 60 °C (Scheme 12). This reaction yielded the desired acids almost 

quantitatively in all cases, due to the easy workup of the reaction and the isolation of 

compounds 2.11a-g without the need for chromatography.  

 

Scheme 13. Hydrolysis of anthranilic esters to the corresponding anthranilic acids.  

 

Entry Ar1 Ar2 R1 R2 Yield (%) 

2.11a Ph Ph Et H 99 

2.11b 4-NO2-C6H4 Ph Et H 99 
2.11c Ph 

 

Et H 99 

2.11d 4-NO2-C6H4 Ph Et CH2C6H5 97 
2.11e 4-OMe-C6H4 Ph Et H 99 

2.11f 4-Me-C6H4 Ph Et H 99 
 

2.11g 
 

Ph 
 

Ph 
 

Et 

 

 
88 

 

Table 10. Compounds obtained through the hydrolysis of different anthranilic esters 
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Scheme 13. Decarboxylation of anthranilic acids to obtain m-terphenyl amines 2.12a-2.12g. 

 

Entry Ar1 Ar2 R2 Yield (%) 

2.12a  Ph Ph H 68 
  2.12b* 4-NH2-C6H4 Ph H 37 

2.12c Ph 

 

H 94 

  2.12d* 4-NO2-C6H4 Ph CH2C6H5 29 
2.12e 4-OMe-C6H4 Ph H 41 

2.12f 4-Me-C6H4 Ph H 50 
2.12g 4-NH2-C6H4 Ph CH2C6H5 16 

 

Table 11. m-Terphenylamines obtained through decarboxylation of anthranilic acids. 

 

The final step involved the microwave-assisted decarboxylation of compounds 2.11, with DMF 

as solvent and in the presence of 6M aqueous NaOH at 200 °C for 90 minutes (Scheme 13).  This 

reaction provided varying yields depending on the substituents of the rings and did not demand 

chromatographic purification; pure compounds were obtained by precipitation with diethyl 

ether from crude product. With this methodology, we obtained 8 different derivatives to be 

tested against COX-1 and COX-2, in work still in progress. 

In the case of compounds 2.09b and 2.09d, the aromatic nitro group was partially or totally 

reduced to amino in the course of the decarboxylation. Although this result is not easy to 

rationalize, there is some literature precedent pointing at the reducing properties of 

dimethylformamide at high temperatures62,63. 

In an effort to obtain molecules that could act as multitarget ligands we decided to combine in 

a single molecule, compounds 2.12 and tacrine, a well-known cholinesterase inhibitor. To this 

end, we demethylated the methoxy group of compound 2.12e using BBr3 as Lewis acid to obtain 

compound 2.13. This hydroxy derivative was subsequently tethered to tacrine by way of a series 

of all-carbon linkers. These derivates were prepared in two steps, the first of which was a 

modified Friedländer reaction between 2-aminobenzonitrile or 4-chloro-2-aminobenzonitrile 

and cyclohexanone, to provide 9-aminoacridine 2.14a or 6-chloro-9-aminoacridine 2.14b. These 

intermediates were then bound to different dibromoalkanes to yield compounds 2.15a-2.15c  

and finally to the hydroxy m-terphenylamine to yield the desired multitarget molecules 2.16a-

2.16c (scheme 14) (Table 12). 
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Scheme 14. Synthetic scheme used to obtain hybrid compounds 2.16a-2.16c. 

 

 

Entry R1 n Yield (%) 

2.16a H 7 30 

2.16b H 5 23 
2.16c Cl 7 32 

 

Table 12. Hybrid compounds obtain by tethering compound 2.13 to compounds 2.15a-2.15c. 

These compounds were tested assayed against the enzymes acetylcholinesterase (AChE) and 

butyrylcholinesterase (BuChE). Their IC50 concentrations are shown in table 13 and prove that 

all of these hybrid molecules inhibit both AChE and BuChE in the micromolar range. Compounds 

2.16a and 2.16b are twice as selective for for BuChE with respect to AChE, however, they are 10 

times less potent than than the tacrine reference at inhibiting AChE, and around 50 times less 

potent against BuChE. Nevertheless, 2.16a and 2.16b show good AChE and BuChE inhibitory 

activity. Compound 2.16c presents a IC50 against AChE higher than 2.16a and 2.16b (around 

double in both cases) and against BuChE (around an order of magnitude with respect to both). 

The main difference of this compound is the presence of a chlorine in the acridine moiety of the 

compound and both molecules only differ in this atom. The study of these compounds as COX-

1 inhibitors is in progress. 
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Entry IC50 (AChE) (µM) IC50 (BuChE) (µM) 

2.16a 0.353 0.181 

2.16b 0.485 0.284 
2.16c 0.881 1.831 

Tacrine 0.035 0.0007 

 

Table 13. IC50 of hybrid compounds 2.16a-2.16c against AChE and BuChE 
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4.0 Experimental 

4.01 General procedure for the synthesis of compounds 2.01a to 2.01s 

The correspondent acetophenone (1 equivalent) and benzaldehyde (1 equivalent) were 

dissolved in ethanol (50 ml) and 6M solution of NaOH (0.25 equivalents) were added to the 

reaction mixture. The reaction mixture was stirred at room temperature for 4 hours. The 

products were purified by filtration in case they precipitated in the reaction medium or by 

column chromatography (mobile phase 9:1 Hexane/Ethyl acetate). 

 

2.01a. (E)-1-(4-nitrophenyl)-3-phenylprop-2-en-1-one. Prepared from 4-nitroacetophenone (24 

mmol) and benzaldehyde (24 mmol). Off white solid (80% yield). 

 1H NMR (250 MHz, CDCl3) δ 8.44 – 8.36 (m, 2H), 8.22 – 8.16 

(m, 2H), 7.89 (d, J = 15.7 Hz, 1H), 7.74 – 7.66 (m, 2H), 7.57 – 

7.46 (m, 4H). (NMR data consistent with values described in 

literature)64 

 

2.01b. (E)-3-(5-chlorofuran-2-yl)-1-phenylprop-2-en-1-one. Prepared from acetophenone (0.23 

mmol) and 5-chlorofuran-2-carbaldehyde (0.23 mmol). Yellow solid (66% yield). 

IR (cm-1): 3420, 2987, 2321, 1729, 1679, 1595, 1448, 

1H NMR (250 MHz, CDCl3) δ 8.13 – 8.01 (m, 2H), 7.66 – 7.44 (m, 

5H), 6.72 (d, J = 3.5 Hz, 1H), 6.34 (d, J = 3.5 Hz, 1H).  

13C NMR (63 MHz, CDCl3) δ 189.9, 151.6, 140.0, 138.3, 133.4, 

129.9, 129.1, 128.9, 119.7, 118.5, 110.0.  

Elemental analysis. Anal. Calc. for C13H9ClO2 C, 67.11; H, 3.90; N, 0.00. Found: C, 65.17; H, 4.68; 

N, 0.72. 

 

2.01c. (E)-1-(4-methoxyphenyl)-3-phenylprop-2-en-1-one. 

Prepared from 4-methoxyacetophenone (27 mmol) and 

benzaldehyde (27 mmol). Yellow solid (70% yield). 

 1H NMR (250 MHz, CDCl3) δ 8.11 – 7.99 (m, 2H), 7.81 (d, J = 

15.7 Hz, 1H), 7.56 (d, J = 15.7 Hz, 1H), 7.42 (dd, J = 4.9, 1.9 Hz, 3H), 7.05 – 6.91 (m, 2H), 3.90 (s,  

3H). (NMR data consistent with values described in literature).64 

 

2.01d. (E)-3-(5-chloro-2-nitrophenyl)-1-phenylprop-2-en-1-one. Prepared from acetophenone 

(5.4 mmol) and 2-nitro-5-chloroacetophenone (5.4 mmol). Yellow 

solid (20% yield). 

1H NMR (250 MHz, CDCl3) δ 8.16 – 8.00 (m, 4H), 7.70 (d, J = 2.3 

Hz, 1H), 7.67 – 7.48 (m, 4H), 7.33 (d, J = 15.6 Hz, 1H). (NMR data 

consistent with values described in literature).64 
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2.01e. (E)-1-(4-bromophenyl)-3-phenylprop-2-en-1-one. Prepared from 4-

bromoacetophenone (5 mmol) and benzaldehyde (5 mmol). Off 

white solid (68% yield).  

1H NMR (250 MHz, CDCl3) δ 7.93 – 7.87 (m, 2H), 7.83 (d, J = 15.7 

Hz, 1H), 7.69 – 7.60 (m, 4H), 7.53 – 7.40 (m, 4H). (NMR data 

consistent with values described in literature).64 

 

2.01f. (E)-3-(4-nitrophenyl)-1-phenylprop-2-en-1-one. Prepared from acetophenone (5 mmol) 

and 4-nitrobenzaldehyde (5 mmol). Off white solid (94% yield).  

1H NMR (250 MHz, CDCl3) δ 8.32 – 8.25 (m, 2H), 8.08 – 8.01 (m, 

2H), 7.87 – 7.76 (m, 3H), 7.70 – 7.49 (m, 4H). (NMR data 

consistent with values described in literature).64 

 

2.01g. (E)-1,3-bis(4-bromophenyl)prop-2-en-1-one. Prepared from 4-bromoacetophenone (5 

mmol) and 4-bromobenzaldehyde (5 mmol). Off white 

solid (99% yield).  

1H NMR (250 MHz, CDCl3) δ 7.92 – 7.84 (m, 2H), 7.75 (d, J 

= 15.7 Hz, 1H), 7.68 – 7.61 (m, 2H), 7.59 – 7.42 (m, 5H).  

(NMR data consistent with values described in literature).64 

 

2.01h. (E)-3-(2-nitrophenyl)-1-(p-tolyl)prop-2-en-1-one. Prepared from 4-methylacetophenone 

(6.6 mmol) and 2-nitrobenzaldehyde (6.6 mmol). Off white 

solid (76% yield). 

1H NMR (250 MHz, CDCl3) δ 8.18 – 8.04 (m, 2H), 7.99 – 7.90 (m, 

2H), 7.78 – 7.64 (m, 2H), 7.57 (s, 1H), 7.32 (dd, J = 11.9, 3.8 Hz, 

3H), 2.44 (s, 3H). (NMR data consistent with values described in literature).64 

 

2.01i. (E)-3-(4-bromophenyl)-1-(2-nitrophenyl)prop-2-en-1-one. Prepared from 2-

nitroacetophenone (6.6 mmol) and 4-bromobenzaldehyde (6.6 mmol). Off white solid (64% 

yield).  

1H NMR (250 MHz, CDCl3) δ 8.24 – 8.14 (m, 1H), 7.78 (td, J = 

7.5, 1.3 Hz, 1H), 7.67 (ddd, J = 8.2, 7.5, 1.6 Hz, 1H), 7.55 – 7.47 

(m, 3H), 7.40 – 7.31 (m, 2H), 7.19 (d, J = 16.3 Hz, 1H), 6.98 (d, J 

= 16.3 Hz, 1H). (NMR data consistent with values described in literature).64 
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2.01j. (E)-3-(furan-2-yl)-1-phenylprop-2-en-1-one. Prepared from acetophenone and 2-

furanocarboxaldyde. Brown oil (78% yield).  

1H NMR (250 MHz, CDCl3) δ 8.07 – 7.99 (m, 2H), 7.66 – 7.40 (m, 6H), 

6.73 (d, J = 3.4 Hz, 1H), 6.52 (dd, J = 3.4, 1.8 Hz, 1H). (NMR data 

consistent with values described in literature).64 

 

2.01k. (E)-3-(4-bromophenyl)-1-phenylprop-2-en-1-one. 

Prepared from acetophenone and 4-bromobenzaldyde. Off white 

solid (79% yield). 

1H NMR (250 MHz, CDCl3) δ 8.02 (m, 2H), 7.74 (d, J = 15.7 Hz, 1H), 

7.65 – 7.45 (m, 8H). (NMR data consistent with values described in literature).64 

 

2.01l. (E)-1-phenyl-3-(thiophen-2-yl)prop-2-en-1-one. Prepared from acetophenone (8.3 

mmol) and 2-tiophenocarboxaldehyde (8.3 mmol). Brown oil (86% 

yield).  

1H NMR (250 MHz, CDCl3) δ 8.07 – 7.91 (m, 3H), 7.63 – 7.46 (m, 4H), 

7.46 – 7.30 (m, 3H), 7.10 (dd, J = 5.1, 3.7 Hz, 1H). (NMR data 

consistent with values described in literature).64 

 

2.01m. (E)-1-(2,4-dimethoxyphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one. Prepared from 

2,4-dimethoxyacetophenone (3 mmol) and 4-methoxybenzaldehyde (3 mmol). Off white solid 

(79% yield).  

Mp: 83 ºC. 

 IR (cm-1): 3175, 3004, 2968, 2841, 2096, 1643. 

1H NMR (250 MHz, CDCl3) δ 7.65 (d, J = 8.6 Hz, 1H), 7.56 (d, J = 15.7 Hz, 1H), 7.51 – 7.41 (m, 

2H), 7.30 (d, J = 15.8 Hz, 1H), 6.82 (d, J = 8.8 Hz, 2H), 

6.46 (dd, J = 8.6, 2.3 Hz, 1H), 6.40 (d, J = 2.3 Hz, 1H), 

3.80 (s, 3H), 3.76 (s, 3H), 3.74 (s, 3H).   

13C NMR (63 MHz, CDCl3) δ 191.1, 164.4, 161.7, 160.7, 

142.5, 133.1, 130.4, 128.5, 125.4, 122.8, 114.7, 105.5, 99.0, 56.2, 56.0, 55.8.  

Elemental analysis. Anal. Calc. for C18H18O4 C, 72.47; H, 6.08; N, 0.00. Found: C, 71.84; H, 6.07; 

N, 0.04. 

 

2.01n. (E)-1,3-bis(4-chlorophenyl)prop-2-en-1-one. Prepared from 4-Chloroacetophenone (4.5 

mmol) and 4-chlorobenzaldehyde (4.5 mmol). Off white 

solid (85% yield).  

1H NMR (250 MHz, CDCl3) δ 8.04 – 7.95 (m, 2H), 7.80 (d, J = 

15.7 Hz, 1H), 7.65 – 7.57 (m, 2H), 7.56 – 7.38 (m, 5H). (NMR 

data consistent with values described in literature).64 
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2.01o. (E)-3-(3-methoxyphenyl)-1-(4-methoxyphenyl)prop-2-en-1-one. Prepared from 4-

methoxyacetphenone and 3-methoxybenzadehyde. Off-white 

solid (84% yield).  

1H NMR (250 MHz, CDCl3) δ 8.11 – 8.03 (m, 2H), 7.80 (d, J = 

15.6 Hz, 1H), 7.55 (d, J = 15.6 Hz, 1H), 7.42 – 7.24 (m, 2H), 7.18 

(dd, J = 2.6, 1.6 Hz, 1H), 7.06 – 6.99 (m, 2H), 3.92 (s, 3H), 3.88 

(s, 3H). (NMR data consistent with values described in literature).65 

 

2.01p. (E)-1,3-bis(4-nitrophenyl)prop-2-en-1-one. Prepared from 4-nitroacetophenone and 4-

nitrobenzaldehyde. Orange solid (91% yield). 

1H NMR (250 MHz, CDCl3) δ 8.47 – 8.38 (m, 2H), 8.34 (d, 

J = 8.8 Hz, 2H), 8.26 – 8.18 (m, 2H), 7.91 (d, J = 15.9 Hz, 

1H), 7.85 (d, J = 8.7 Hz, 2H), 7.64 (d, J = 15.7 Hz, 1H). (NMR 

data consistent with values described in literature).64 

 

2.01q. (E)-3-(4-chlorophenyl)-1-(4-nitrophenyl)prop-2-en-1-one. Prepared from 4-

chloroacetphenone and 4-nitrobenzadehyde. Off-white 

solid (86% yield). 

1H NMR (250 MHz, CDCl3) δ 8.28 (d, J = 8.8 Hz, 2H), 7.94 – 

7.87 (m, 2H), 7.87 – 7.76 (m, 3H), 7.70 – 7.64 (m, 2H), 7.59 

(d, J = 15.8 Hz, 1H). (NMR data consistent with values described in literature).64 

 

4.02 General procedure for the synthesis of compounds 2.02a to 2.02ab 

The suitable β-ketoester (1 equivalent) was stirred with the appropriate amine (1 equivalent) in 

ethanol (40 ml) at room temperature for 30 minutes and Cerium ammonium nitrate (10%) and 

the corresponding chalcone (1 equivalent) were added to the reaction mixture and it was heated 

to reflux overnight. In the case of compounds 2.02a-2.02g, an excess of ammonium formate was 

added to the reaction mixture and furtherly stirred at reflux for 3 hours. Subsequently, all 

compounds were cooled down to room temperature and concentrated in vacuo. The residue  

was redissolved in ethyl acetate (40 ml) and washed twice with water (20 ml) and once with 

brine (20 ml). The organic phase was dried with Na2SO4 and concentrated in vacuo. The residue 

was purified by column chromatography to yield the corresponding dihydroanthranilates. 

 

2.02a. Ethyl 5'-amino-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-

carboxylate. Prepared from ethyl acetoacetate (9.6 mmol),  

butylamine (9.6 mmol) and (E)-1,3-diphenylpropenone (9.6 mmol).  

Excess ammonium formate was used to achieve primary amino 

residue. Purified by column chromatography (0-30% ethyl 

acetate/hexane). Yellow solid (93% yield). 
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 1H NMR (250 MHz, CDCl3) δ 7.46 – 7.09 (m, 10H), 6.23 (d, J = 2.9 Hz, 1H), 4.26 (d, J = 8.6 Hz, 1H), 

4.20 – 3.98 (m, 2H), 3.23 (ddd, J = 17.0, 8.7, 2.9 Hz, 1H), 2.95 (dd, J = 17.0, 1.7 Hz, 1H), 1.19 (t, J 

= 7.1 Hz, 3H). (NMR data consistent with values described in literature).46 

 

2.02b. Ethyl 5'-amino-4''-nitro-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-carboxylate. Prepared 

from ethyl acetoacetate (14.3 mmol), butylamine (14.3 mmol) and (E)-1-(4-nitrophenyl)-3-

phenylprop-2-en-1-one (14.3 mmol). Excess ammonium formate was used to achieve primary 

amino residue. Purified by column chromatography (0-30% ethyl acetate/hexane). Yellow solid 

(96% yield).  

Mp: 98-99 ºC 

IR (cm-1): 3402, 3301, 2982, 2895, 1645, 1509. 

1H NMR (300 MHz, CDCl3) δ 8.08 – 8.01 (m, 2H), 7.46 – 7.38 (m, 2H), 

7.38 – 7.26 (m, 5H), 6.27 (s, 1H), 4.32 (dd, J = 8.9, 1.7 Hz, 1H), 4.20 

– 3.95 (m, 2H), 3.24 (ddd, J = 17.1, 8.8, 2.9 Hz, 1H), 2.94 – 2.82 (m, 

1H), 1.14 (t, J = 7.1 Hz, 3H). 

13C NMR (75 MHz, CDCl3) δ 169.5, 154.0, 153.2, 146.5, 144.9, 139.0, 129.0, 128.7, 128.1, 125.7, 

123.5, 120.6, 90.1, 59.2, 37.0, 35.0, 14.5. 

Elemental analysis: Anal. Calc. for C21H20N2O4 C, 69.22; H, 5.53; N, 7.69. Found: C, 68.91; H, 5.43; 

N, 7.58.  

 

2.02c. Ethyl 5-amino-3-(5-chlorofuran-2-yl)-2,3-dihydro-[1,1'-biphenyl]-4-carboxylate. 

Prepared from ethyl acetoacetate (1.49 mmol), butylamine (1.49 mmol) and (E)-3-(5-

chlorofuran-2-yl)-1-phenylprop-2-en-1-one (1.49 mmol). Excess ammonium formate was used 

to achieve primary amino residue. Purified by column chromatography (0-30% ethyl 

acetate/hexane). Orange solid (67% yield).  

Mp: 116-117 ºC 

IR (cm-1): 3406, 3303, 2951, 2320, 1735, 1645.  

1H NMR (250 MHz, CDCl3) δ 7.52 – 7.33 (m, 5H), 6.16 (d, J = 2.8 Hz, 

1H), 5.99 – 5.87 (m, 2H), 4.29 (dt, J = 7.5, 1.5 Hz, 1H), 4.20 (q, J = 7.1 

Hz, 2H), 3.17 (dd, J = 17.0, 1.9 Hz, 1H), 2.96 (ddd, J = 17.0, 7.6, 2.8 Hz, 

1H), 1.27 (t, J = 7.1 Hz, 4H).  

13C NMR (63 MHz, CDCl3) δ 170.0, 158.2, 153.7, 146.0, 139.6, 134.2, 

129.2, 129.1, 126.2, 120.5, 107.9, 106.9, 88.6, 59.6, 32.3, 31.7, 15.0. 

Elemental analysis: Anal. Calc. for C19H16ClNO3 C, 66.77; H, 4.72; N, 

4.10. Found: C, 64.38; H, 5.14; N, 3.95.  
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2.02d. Ethyl 5'-amino-4-methyl-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-carboxylate. Prepared 

from ethyl acetoacetate (17 mmol), butylamine (17 mmol) and (E)-1-phenyl-3-(p-tolyl)prop-2-

en-1-one (17 mmol). Excess ammonium formate was used to achieve primary amino residue.  

Purified by column chromatography (0-30% ethyl 

acetate/hexane). Yellow solid (69% yield).  

1H NMR (250 MHz, CDCl3) δ 7.33 (d, J = 8.1 Hz, 4H), 7.24 (t, J = 7.3 

Hz, 2H), 7.20 – 7.12 (m, 3H), 6.23 (d, J = 2.7 Hz, 1H), 4.28 (d, J = 

8.2 Hz, 1H), 4.23 – 4.02 (m, 2H), 3.21 (ddd, J = 17.0, 8.6, 2.7 Hz, 

1H), 2.97 (dd, J = 16.9, 1.2 Hz, 1H), 2.37 (s, 3H), 1.21 (t, J = 7.1 Hz, 

3H). (NMR data consistent with values described in literature).46 

 

2.02e. Ethyl 5'-amino-4-methoxy-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-carboxylate. Prepared 

from ethyl acetoacetate (9.9 mmol), butylamine (9.9 mmol) and (E)-1-(4-methoxyphenyl )-3-

phenylprop-2-en-1-one (9.9 mmol). Excess ammonium 

formate was used to achieve primary amino residue. Purified 

by column chromatography (0-30% ethyl acetate/hexane). 

Yellow solid (64% yield).  

1H NMR (250 MHz, CDCl3) δ 7.45 – 7.31 (m, 2H), 7.18 (dd, J = 

12.4, 8.8 Hz, 2H), 6.94 – 6.81 (m, 2H), 6.81 – 6.69 (m, 2H), 6.16 

(d, J = 2.8 Hz, 1H), 4.24 – 4.17 (m, 1H), 4.09 (ddt, J = 9.4, 7.0, 3.0 

Hz, 2H), 3.82 (s, 3H), 3.76 (s, 3H), 3.14 (ddd, J = 16.9, 8.4, 2.8 Hz, 1H), 2.91 (dd, J = 16.9, 1.7 Hz, 

1H), 1.20 (t, J = 7.1 Hz, 3H). (NMR data consistent with values described in literature).46 

 

2.02f. Ethyl 5'-amino-4,4''-dibromo-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-carboxylate. 

Prepared from ethyl acetoacetate (2.7 mmol), butylamine 

(2.7 mmol) and (E)-1,3-bis(4-bromophenyl)prop-2-en-1-one 

(2.7 mmol). Excess ammonium formate was used to achieve 

primary amino residue.Purified by column chromatography 

(0-30% ethyl acetate/hexane). Yellow solid (89% yield).  

1H NMR (250 MHz, CDCl3) δ 7.50 – 7.43 (m, 2H), 7.37 – 7.31 

(m, 2H), 7.26 – 7.20 (m, 2H), 7.18 – 7.11 (m, 2H), 6.21 (d, J = 

2.9 Hz, 1H), 4.20 (dd, J = 9.1, 1.8 Hz, 1H), 4.17 – 3.98 (m, 2H), 

3.18 (ddd, J = 16.9, 8.7, 3.0 Hz, 1H), 2.81 (dd, J = 17.0, 1.7 Hz, 

1H), 1.18 (t, J = 7.1 Hz, 3H). (NMR data consistent with values described in literature). 

13C NMR (63 MHz, CDCl3) δ 170.1, 152.9, 145.0, 144.2, 138.5, 132.2, 131.5, 130.2, 129.4, 127.6, 

127.1, 123.3, 121.4, 120.2, 91.7, 59.6, 36.6, 35.7, 14.9. (NMR data consistent with values 

described in literature).46 
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2.02g. Ethyl 5-amino-3-(thiophen-2-yl)-2,3-dihydro-[1,1'-biphenyl]-4-carboxylate. Prepared 

from ethyl acetoacetate (17 mmol), butylamine (17 mmol) and (17 mmol). Excess ammonium 

formate was used to achieve primary amino residue. Purified by column chromatography (0-

30% ethyl acetate/hexane). Yellow solid (78% yield).  

1H NMR (250 MHz, CDCl3) δ 7.53 – 7.32 (m, 5H), 7.04 – 6.99 (m, 

1H), 6.87 – 6.81 (m, 2H), 6.22 (d, J = 2.2 Hz, 1H), 4.55 (ddd, J = 6.4, 

3.0, 0.6 Hz, 1H), 4.22 (q, J = 7.1 Hz, 2H), 3.18 – 3.09 (m, 2H), 1.31 (t,  

J = 7.1 Hz, 3H). (NMR data consistent with values described in 

literature). 

13C NMR (63 MHz, CDCl3) δ 170.0, 152.8, 150.4, 146.3, 139.8, 129.2, 

129.1, 126.5, 126.3, 123.7, 122.9, 120.9, 93.1, 59.6, 35.8, 33.1, 15.0. (NMR data consistent with 

values described in literature).46 

 

2.02h. Ethyl 5'-(benzylamino)-4-nitro-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-carboxylate. 

Prepared from ethyl acetoacetate (12.7 mmol), benzylamine (12.7 mmol) and (E)-1-(4-

nitrophenyl)-3-phenylprop-2-en-1-one (12.7 mmol) (17 mmol). Purified by column 

chromatography (0-20% ethyl acetate/hexane).orange oil (78% yield).  

Mp: 108 ºC.  

IR (cm-1): 3275, 2976, 2321, 1735, 1646.  

1H NMR (250 MHz, CDCl3) δ 9.41 (t, J = 6.2 Hz, 1H), 8.18 – 8.08 (m, 2H), 7.51 – 7.11 (m, 15H), 

6.67 (d, J = 2.9 Hz, 1H), 4.64 (d, J = 6.2 Hz, 2H), 4.32 (dd, J = 8.5, 1.7 Hz, 1H), 4.20 – 4.00 (m, 2H), 

3.18 (ddd, J = 16.8, 8.4, 3.0 Hz, 1H), 2.89 (dd, J = 16.8, 1.8 

Hz, 1H), 1.17 (t, J = 7.1 Hz, 3H).  

13C NMR (63 MHz, CDCl3) δ 170.7, 154.3, 146.9, 145.2, 

143.8, 139.7, 129.3, 128.5, 127.9, 127.6, 127.2, 127.0, 

126.6, 124.2, 120.1, 92.3, 59.6, 47.4, 37.1, 35.5, 14.8. 

Elemental analysis: Anal. Calc. for C28H26N2O4 C, 73.99; H, 

5.77; N, 6.16. Found: C, 72.98; H, 5.70; N, 6.01.  

 

2.02i. Tert-butyl 5'-(benzylamino)-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-carboxylate. 

Prepared from tertbutyl acetoacetate (2.4 mmol), benzylamine (2.4 mmol) and (E)-1,3-

diphenylpropenone (2.4 mmol). Purified by column 

chromatography (0-20% ethyl acetate/hexane). Yellow solid (84% 

yield).  

1H NMR (250 MHz, CDCl3) δ 9.38 (t, J = 6.2 Hz, 1H), 7.43 – 7.11 (m, 

15H), 6.58 (d, J = 2.9 Hz, 1H), 4.62 (d, J = 6.2 Hz, 2H), 4.22 (dd, J = 

8.8, 1.8 Hz, 1H), 3.15 (ddd, J = 16.9, 8.8, 2.9 Hz, 1H), 2.90 (dd, J = 

16.9, 1.9 Hz, 1H), 1.36 (s, 9H). (NMR data consistent with values 

described in literature). 
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13C NMR (63 MHz, CDCl3) δ 170.9, 154.8, 146.5, 145.8, 140.7, 140.2, 129.2, 128.9, 128.8, 128.3, 

127.7, 127.6, 127.3, 126.3, 126.1, 116.9, 93.0, 78.9, 47.2, 38.0, 35.4, 28.9. (NMR data consistent 

with values described in literature).46 

 

2.02j. Ethyl 5'-(((S)-1-phenylethyl)amino)-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-carboxylate 

Prepared from ethyl acetoacetate (6.2 mmol), (S)-1-phenylethan-1-amine (6.2 mmol) and (E)-

1,3-diphenylpropenone (6.2 mmol). Obtained as a mixture of diastereoisomers that was not 

purified any further. Yellow oil (67% yield). 

 

2.02k. Ethyl 5'-(((R)-1-phenylethyl)amino)-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-carboxylate 

Prepared from ethyl acetoacetate (6.2 mmol), (R)-1-phenylethan-1-amine (6.2 mmol) and (E)-

1,3-diphenylpropenone (6.2 mmol). Obtained as a mixture of diastereoisomers that was not 

purified any further. Yellow oil (58% yield).46 

 

2.02l. Ethyl 5'-(butylamino)-5''-chloro-2''-nitro-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-

carboxylate. Prepared from ethyl acetoacetate (1.7 mmol), butylamine (1.7 mmol) and (E)-3-(5-

chloro-2-nitrophenyl)-1-phenylprop-2-en-1-one (1.7 mmol). Excess ammonium formate was 

used to achieve primary amino residue. Purified by column chromatography (0-20% ethyl 

acetate/hexane). Yellow oil (58% yield).  

1H NMR (250 MHz, CDCl3) δ 8.97 (s, 1H), 7.63 (d, J = 8.6 Hz, 1H), 7.39 

– 7.10 (m, 7H), 6.65 (d, J = 2.9 Hz, 1H), 4.64 (dd, J = 9.9, 1.5 Hz, 1H), 

3.95 – 3.78 (m, 2H), 3.43 – 3.28 (m, 2H), 3.20 (ddd, J = 17.7, 9.9, 3.0 

Hz, 2H), 2.92 (dd, J = 17.6, 1.6 Hz, 1H), 1.61 (m, 2H), 1.54 – 1.30 (m, 

2H), 0.93 (dt, J = 9.5, 7.2 Hz, 6H). (NMR data consistent with values 

described in literature). 

13C NMR (63 MHz, CDCl3) δ 170.1, 155.9, 148.0, 146.4, 143.5, 140.2, 

139.0, 130.3, 129.4, 129.1, 127.5, 126.3, 125.7, 116.7, 88.3, 59.4, 43.1, 33.8, 33.1, 32.5, 20.6, 

14.5, 14.3. (NMR data consistent with values described in literature).46 

 

2.02m. Ethyl 4-bromo-5'-(butylamino)-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-carboxylate. 

Prepared from ethyl acetoacetate (1.7 mmol), butylamine (1.7 mmol) and ((E)-1-(4-

bromophenyl)-3-phenylprop-2-en-1-one (1.7 mmol). Excess ammonium formate was used to 

achieve primary amino residue. Purified by column chromatography (0-20% ethyl 

acetate/hexane). Yellow oil (59% yield).  

1H NMR (250 MHz, CDCl3) δ 9.05 (t, J = 5.5 Hz, 1H), 7.51 – 7.42 

(m, 2H), 7.32 – 7.10 (m, 9H), 6.63 (d, J = 2.8 Hz, 1H), 4.28 (dd, J = 

8.4, 1.8 Hz, 1H), 4.19 – 3.99 (m, 3H), 3.50 – 3.32 (m, 2H), 3.24 – 

3.06 (m, 1H), 2.88 (dd, J = 16.8, 1.8 Hz, 1H), 1.77 – 1.62 (m, 3H), 

1.59 – 1.41 (m, 3H), 1.18 (td, J = 8.3, 7.1, 2.5 Hz, 4H), 1.01 (dd, J = 

8.1, 6.6 Hz, 4H). (NMR data consistent with values described in 

literature). 
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13C NMR (63 MHz, CDCl3) δ 170.8, 155.2, 148.0, 145.3, 139.6, 132.1, 128.4, 127.8, 127.6, 126.3, 

117.1, 89.9, 59.2, 43.1, 37.1, 35.5, 33.1, 20.6, 15.0, 14.3. (NMR data consistent with values 

described in literature).46 

 

2.02n. Ethyl 5'-(butylamino)-4''-nitro-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-carboxylate. 

Prepared from ethyl acetoacetate (6.3 mmol), butylamine (6.3 mmol) and (E)-3-(4-nitrophenyl)-

1-phenylprop-2-en-1-one (6.3 mmol). Purified by column chromatography (0-20% ethyl 

acetate/hexane). Yellow oil (78% yield). 

1H NMR (250 MHz, CDCl3) δ 8.99 (d, J = 5.3 Hz, 1H), 8.02 – 7.91 (m, 

2H), 7.37 – 7.29 (m, 2H), 7.25 (s, 5H), 6.57 (d, J = 2.8 Hz, 1H), 4.26 (dd, 

J = 8.6, 1.6 Hz, 1H), 4.08 – 3.86 (m, 2H), 3.32 (dtd, J = 8.0, 7.0, 5.5 Hz, 

2H), 3.13 (ddd, J = 16.9, 8.6, 2.9 Hz, 1H), 2.80 (dd, J = 16.9, 1.8 Hz, 

1H), 1.67 – 1.50 (m, 2H), 1.48 – 1.31 (m, 2H), 1.05 (t, J = 7.1 Hz, 3H), 

0.90 (t, J = 7.2 Hz, 3H). (NMR data consistent with values described in 

literature). 

13C NMR (63 MHz, CDCl3) δ 169.0, 154.2, 153.0, 145.3, 144.9, 138.7, 127.9, 127.7, 127.1, 124.7, 

122.3, 115.2, 86.8, 57.8, 41.7, 36.0, 33.7, 31.6, 19.1, 13.5, 12.8. (NMR data consistent with values 

described in literature).46 

 

 

2.02o. Ethyl 5'-(butylamino)-4-methyl-2''-nitro-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-

carboxylate. Prepared from ethyl acetoacetate (3.0 mmol), butylamine (3.0 mmol) and (E)-3-(2-

nitrophenyl)-1-(p-tolyl)prop-2-en-1-one (3.0 mmol). Purified by column chromatography (0-20% 

ethyl acetate/hexane). Yellow oil (74% yield). 

1H NMR (250 MHz, CDCl3) δ 7.74 (dd, J = 8.0, 1.4 Hz, 1H), 7.51 – 

7.11 (m, 9H), 6.72 (d, J = 2.8 Hz, 1H), 4.72 (dd, J = 9.7, 1.6 Hz, 1H), 

4.05 – 3.85 (m, 2H), 3.56 – 3.40 (m, 2H), 3.27 (ddd, J = 17.4, 9.6, 

2.9 Hz, 1H), 3.05 (dd, J = 17.5, 1.7 Hz, 1H), 2.36 (s, 3H), 1.69 (m, 

2H), 1.59 – 1.44 (m, 2H), 1.13 – 0.95 (m, 6H). (NMR data 

consistent with values described in literature). 

13C NMR (63 MHz, CDCl3) δ 170.3, 156.0, 149.7, 146.5, 141.18, 

139.50, 137.43, 132.63, 130.26, 129.77, 127.07, 126.16, 124.03, 115.43, 88.97, 59.21, 43.1, 34.0, 

33.1, 32.3, 21.6, 20.6, 14.5, 14.3. (NMR data consistent with values described in literature).46 
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2.02p. Ethyl 4''-bromo-5'-(butylamino)-2-nitro-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-

carboxylate. Prepared from ethyl acetoacetate (3.3 mmol), butylamine (3.3 mmol) and (E)-3-(2-

nitrophenyl)-1-(p-tolyl)prop-2-en-1-one (3.3 mmol). Purified by 

column chromatography (0-20% ethyl acetate/hexane). Yellow oil 

(62% yield).  

1H NMR (250 MHz, CDCl3) δ 9.01 (t, J = 5.7 Hz, 1H), 7.85 (dd, J = 8.0, 

1.4 Hz, 1H), 7.53 – 7.33 (m, 4H), 7.16 – 7.07 (m, 2H), 6.83 (dd, J = 7.6, 

1.5 Hz, 1H), 6.31 (d, J = 2.9 Hz, 1H), 4.25 – 4.14 (m, 1H), 4.16 – 3.94 

(m, 2H), 3.30 (dddd, J = 13.9, 6.8, 5.1, 3.3 Hz, 3H), 2.45 (dd, J = 16.7, 

1.7 Hz, 1H), 1.67 – 1.55 (m, 2H), 1.53 – 1.38 (m, 2H), 1.14 (t, J = 7.1 

Hz, 3H), 0.97 (t, J = 7.2 Hz, 3H). (NMR data consistent with values 

described in literature). 

13C NMR (63 MHz, CDCl3) δ 170.5, 154.7, 148.3, 144.7, 144.0, 137.1, 133.3, 131.4, 130.2, 129.6, 

129.1, 124.6, 120.1, 119.5, 89.3, 59.3, 43.2, 37.2, 36.7, 33.1, 20.5, 14.9, 14.3. (NMR data 

consistent with values described in literature).46 

 

2.02q. Ethyl 5-(butylamino)-3-(furan-2-yl)-2,3-dihydro-[1,1'-biphenyl]-4-carboxylate. 

Prepared from ethyl acetoacetate (5.0 mmol), butylamine (5.0 mmol) and (E)-3-(furan-2-yl)-1-

phenylprop-2-en-1-one (5.0 mmol). Purified by column chromatography (0-20% ethyl 

acetate/hexane). Yellow oil (62% yield).  

1H NMR (250 MHz, CDCl3) δ 9.06 (s, 1H), 7.51 – 7.26 (m, 6H), 6.58 

(d, J = 2.8 Hz, 1H), 6.20 (dd, J = 3.2, 1.8 Hz, 1H), 5.92 (dt, J = 3.2, 1.0 

Hz, 1H), 4.36 (dt, J = 7.3, 1.5 Hz, 1H), 4.19 (qd, J = 7.1, 0.7 Hz, 2H), 

3.38 (qd, J = 6.9, 5.7 Hz, 2H), 3.28 – 3.17 (m, 1H), 2.94 (ddd, J = 16.8, 

7.4, 2.9 Hz, 1H), 1.74 – 1.58 (m, 2H), 1.58 – 1.41 (m, 2H), 1.28 (td, J 

= 7.1, 4.5 Hz, 3H), 1.00 (t, J = 7.2 Hz, 3H). (NMR data consistent with 

values described in literature).  

13C NMR (63 MHz, CDCl3) δ 170.6, 159.0, 155.6, 147.3, 141.2, 140.7, 129.0, 129.0, 126.5, 116.1, 

110.3, 105.4, 87.5, 59.2, 43.1, 33.1, 32.1, 31.8, 20.6, 15.1, 14.3. (NMR data consistent with values 

described in literature).46 

 

2.02r. Ethyl 5'-((3-chlorophenyl)amino)-2',3'-dihydro-

[1,1':3',1''-terphenyl]-4'-carboxylate. Prepared from ethyl 

acetoacetate (4.8 mmol), 3-chloroaniline (4.8 mmol) and (E)-

1,3-diphenylpropenone (4.8 mmol). Purified by column 

chromatography (0-20% ethyl acetate/hexane). Yellow oil (48% 

yield). 

1H NMR (250 MHz, CDCl3) δ 10.76 (s, 1H), 7.56 – 6.96 (m, 15H), 

6.64 (d, J = 2.8 Hz, 1H), 4.37 (dd, J = 8.5, 1.8 Hz, 1H), 4.27 – 4.04 

(m, 3H), 3.25 (ddd, J = 16.8, 8.6, 2.9 Hz, 1H), 3.04 (dd, J = 16.8, 

1.9 Hz, 1H), 1.20 (t, J = 7.1 Hz, 3H). (NMR data consistent with values described in literature).  
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13C NMR (63 MHz, CDCl3) δ 170.5, 150.8, 145.0, 144.8, 141.7, 140.1, 135.1, 130.5, 129.0, 128.5, 

127.6, 126.6, 126.3, 123.9, 123.1, 121.2, 118.1, 97.1, 60.0, 37.1, 34.9, 14.8. (NMR data consistent 

with values described in literature).46 

 

 

2.02s. Ethyl 4''-nitro-5'-(phenylamino)-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-carboxylate. 

Prepared from ethyl acetoacetate (3.9 mmol), aniline (3.9 mmol) and (E)-3-(4-nitrophenyl)-1-

phenylprop-2-en-1-one (3.9 mmol). Purified by column chromatography (0-20% ethyl 

acetate/hexane). Yellow oil (59% yield).  

1H NMR (250 MHz, CDCl3) δ 10.82 (s, 1H), 8.14 – 8.06 (m, 2H), 7.49 – 

7.24 (m, 9H), 7.18 (m, 3H), 6.69 (d, J = 2.9 Hz, 1H), 4.45 (d, J = 8.5 Hz, 

1H), 4.25 – 4.02 (m, 2H), 3.31 (ddd, J = 16.7, 8.7, 2.9 Hz, 1H), 2.97 

(dd, J = 16.8, 1.7 Hz, 1H), 1.18 (t, J = 7.1 Hz, 3H). (NMR data consistent 

with values described in literature). 

13C NMR (63 MHz, CDCl3) δ 170.1, 153.6, 152.1, 146.6, 144.2, 139.7, 

129.6, 129.3, 129.1, 128.5, 126.1, 124.7, 123.9, 123.9, 118.3, 95.7, 

77.6, 59.9, 37.4, 34.5, 14.8. (NMR data consistent with values 

described in literature).46 

 

 

 

 

 

 

2.02t. Ethyl 4''-bromo-5'-(phenylamino)-2',3'-dihydro-[1,1':3',1''-

terphenyl]-4'-carboxylate. Prepared from ethyl acetoacetate (3.9 

mmol), aniline (3.9 mmol) and (E)-3-(4-bromophenyl)-1-phenylprop-

2-en-1-one (3.9 mmol). Purified by column chromatography (0-20% 

ethyl acetate/hexane). Yellow oil (59% yield). 

 1H NMR (300 MHz, CDCl3) δ 10.75 (s, 1H), 7.40 – 7.26 (m, 10H), 7.20 

– 7.08 (m, 5H), 6.66 (d, J = 2.9 Hz, 1H), 4.31 (d, J = 8.4 Hz, 1H), 4.23 – 

4.05 (m, 3H), 3.23 (ddd, J = 16.7, 8.6, 2.9 Hz, 1H), 2.95 (dd, J = 16.7, 

1.7 Hz, 1H), 1.19 (t, J = 7.1 Hz, 3H). (NMR data consistent with values 

described in literature).46 
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2.02u. Ethyl 5'-((4-(dimethylamino)phenyl)amino)-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-

carboxylate. Prepared from ethyl acetoacetate (3.9 mmol), 4-

dimethylaminoaniline (3.9 mmol) and (E)-1,3-diphenylpropenone (3.9 

mmol). Purified by column chromatography (0-20% ethyl 

acetate/hexane). Yellow oil (81% yield). 

1H NMR (250 MHz, CDCl3) δ 10.62 (s, 1H), 7.49 – 7.44 (m, 1H), 7.41 – 

7.36 (m, 1H), 7.36 – 7.22 (m, 10H), 7.22 – 7.13 (m, 2H), 7.07 (d, J = 8.8 

Hz, 2H), 6.75 (d, J = 9.0 Hz, 2H), 6.60 (d, J = 2.9 Hz, 1H), 4.36 (dd, J = 

8.4, 1.4 Hz, 1H), 4.23 – 4.05 (m, 3H), 3.24 (ddd, J = 16.7, 8.5, 2.9 Hz, 

1H), 2.99 (s, 6H), 2.99 (dd, J = 16.7, 1.8 Hz, 1H), 1.20 (t, J = 7.1 Hz, 3H).  

(NMR data consistent with values described in literature).46 

 

2.02v. Ethyl 5'-((4-bromophenyl)amino)-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-carboxylate. 

Prepared from ethyl acetoacetate (3.9 mmol), 4-bromoaniline (3.9 

mmol) and (E)-1,3-diphenylpropenone (3.9 mmol). Purified by column 

chromatography (0-20% ethyl acetate/hexane). Yellow oil (53% yield).  

1H NMR (250 MHz, CDCl3) δ 10.84 (s, 1H), 7.51 (d, J = 8.7 Hz, 2H), 7.43 

– 7.31 (m, 8H), 7.28 – 7.19 (m, 2H), 7.08 (d, J = 8.7 Hz, 2H), 6.69 (d, J = 

2.8 Hz, 1H), 4.45 (dd, J = 8.4, 1.3 Hz, 1H), 4.30 – 4.11 (m, 2H), 3.32 (ddd, 

J = 16.7, 8.6, 2.8 Hz, 1H), 3.10 (dd, J = 16.7, 1.7 Hz, 1H), 1.26 (t, J = 7.1 

Hz, 3H). (NMR data consistent with values described in literature).46 

 

2.02w. Ethyl 5'-((3,5-dichlorophenyl)amino)-2',3'-dihydro-

[1,1':3',1''-terphenyl]-4'-carboxylate. Prepared from ethyl 

acetoacetate (4.8 mmol), 3,5-chloroaniline (4.8 mmol) and (E)-1,3-

diphenylpropenone (4.8 mmol). Purified by column 

chromatography (0-20% ethyl acetate/hexane). Yellow oil (48% 

yield).  

1H NMR (250 MHz, CDCl3) δ 10.73 (s, 1H), 7.37 – 7.15 (m, 12H), 7.10 

(t, J = 1.8 Hz, 1H), 7.03 (d, J = 1.8 Hz, 2H), 6.58 (d, J = 2.8 Hz, 1H), 

4.35 (dd, J = 8.4, 1.9 Hz, 1H), 4.24 – 4.05 (m, 2H), 3.23 (ddd, J = 16.9, 8.5, 2.9 Hz, 1H), 3.05 (dd, J 

= 16.9, 2.1 Hz, 1H), 1.19 (t, J = 7.1 Hz, 3H). (NMR data consistent with values described in 

literature).46 

13C NMR (63 MHz, CDCl3) δ 170.3, 144.6, 139.9, 135.7, 129.2, 129.1, 128.6, 127.6, 126.7, 126.4, 

123.5, 120.9, 117.7, 60.2, 37.1, 34.9, 14.7. (NMR data consistent with values described in 

literature).46 

 

 

2.02x. Ethyl 4-methoxy-5'-(phenylamino)-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-carboxylate. 

Prepared from ethyl acetoacetate (6.5 mmol), aniline (6.5 mmol) and (E)-1-(4-methoxyphenyl )-

3-phenylprop-2-en-1-one (6.5 mmol). Purified by column chromatography (0-20% ethyl 

acetate/hexane). Yellow solid (41% yield).  
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Mp 105 ºC. 

IR (cm-1): 3237, 3053, 2984, 2108, 1736, 1639. 

1H NMR (250 MHz, CDCl3) δ 10.64 (s, 1H), 7.27 – 7.15 (m, 6H), 

7.12 – 7.07 (m, 2H), 7.06 – 6.99 (m, 3H), 6.70 – 6.62 (m, 2H), 

6.56 (d, J = 2.8 Hz, 1H), 4.21 (dd, J = 8.5, 1.7 Hz, 1H), 4.03 

(dddd, J = 17.9, 10.8, 7.1, 3.7 Hz, 2H), 3.64 (s, 3H), 3.11 (ddd, 

J = 16.6, 8.4, 2.9 Hz, 1H), 2.87 (dd, J = 16.6, 1.7 Hz, 1H), 1.10 

(t, J = 7.1 Hz, 3H). 

13C NMR (63 MHz, CDCl3) δ 170.6, 158.2, 151.3, 144.4, 140.3, 

137.4, 129.5, 128.9, 128.8, 128.6, 126.2, 124.1, 123.5, 118.3, 

113.8, 96.0, 59.8, 55.5, 36.3, 35.0, 14.8.  

Elemental analysis: Anal. Calc. for C28H27O3N C, 79.03; H, 6.40; N, 3.29. Found C, 78.43; H, 6.18; 

N, 3.09.  

 

2.02y. Ethyl 4-chloro-5'-(phenylamino)-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-carboxylate. 

Prepared from ethyl acetoacetate (5.4 mmol), aniline (5.4 mmol) and (E)-1-(4-chlorophenyl)-3-

phenylprop-2-en-1-one (5.4 mmol). Purified by column chromatography (0-20% ethyl 

acetate/hexane). Yellow solid (41% yield). 

Mp: 120ºC.  

IR (cm-1): 3224, 3038, 2974, 2098, 1734, 1640.  

1H NMR (250 MHz, CDCl3) δ 10.76 (s, 1H), 7.38 – 7.06 (m, 14H), 

6.64 (d, J = 2.8 Hz, 1H), 4.35 – 4.26 (m, 1H), 4.22 – 3.98 (m, 2H), 

3.21 (ddd, J = 16.7, 8.6, 2.9 Hz, 1H), 2.92 (dd, J = 16.7, 1.7 Hz, 1H), 

1.16 (t, J = 7.1 Hz, 3H).  

13C NMR (63 MHz, CDCl3) δ 170.1, 151.4, 144.0, 143.7, 139.8, 

131.8, 129.3, 128.8, 128.8, 128.7, 128.3, 125.9, 124.1, 123.4, 

118.1, 94.7, 59.6, 36.4, 34.6, 14.6.  

Elemental analysis: Anal. Calc. for C28H27O7N3 C, 64.98; H, 5.26; N, 8.12. Found C, 65.02; H, 5.47; 

N, 8.02 Anal. Calc. for C27H24O2NCl C, 75.43; H, 5.63; N, 3.26. Found C, 74.39; H, 5.54; N, 3.26.  

 

2.02z. Ethyl 2,4,4''-trimethoxy-5'-(phenylamino)-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-

carboxylate. Prepared from ethyl acetoacetate (6.1 mmol), aniline (6.1 mmol) and (E)-1-(2,4-

dimethoxyphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (6.1 mmol). Purified by column 

chromatography (0-20% ethyl acetate/hexane). Pale yellow oil (39% yield).  



154 

 

Mp: 110 ºC.  

IR (cm-1): 3260, 2952, 2838, 2115, 1737, 1640. 

1H NMR (250 MHz, CDCl3) δ 10.82 (s, 1H), 7.35 (dd, J = 8.4, 7.2 

Hz, 2H), 7.28 – 7.16 (m, 4H), 7.11 (d, J = 7.3 Hz, 1H), 6.92 (dd, 

J = 8.0, 0.7 Hz, 1H), 6.83 – 6.77 (m, 2H), 6.58 (d, J = 2.9 Hz, 1H), 

6.39 (d, J = 8.2 Hz, 2H), 4.25 (dt, J = 8.0, 1.2 Hz, 1H), 4.22 – 4.04 

(m, 2H), 3.79 (s, 6H), 3.70 (s, 3H), 3.21 (ddd, J = 16.6, 8.3, 2.9 

Hz, 1H), 2.87 (dd, J = 16.7, 1.7 Hz, 1H), 1.22 (t, J = 7.1 Hz, 3H).  

13C NMR (63 MHz, CDCl3) δ 170.7, 161.2, 158.6, 158.1, 151.8, 

143.7, 140.4, 137.7, 129.9, 129.3, 128.8, 123.7, 123.5, 123.3, 

119.8, 113.6, 104.6, 99.2, 95.3, 59.6, 55.7, 55.7, 55.5, 36.9, 36.5, 14.8.  

Elemental analysis: Anal. Calc. for C30H31O5N C, 74.21; H, 6.44; N, 2.88. Found C, 73.49; H, 6.24; 

N, 2.90.  

 

2.02aa. Ethyl 4,4''-dichloro-5'-(phenylamino)-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-

carboxylate. Prepared from ethyl acetoacetate (5.8 mmol), aniline (5.8 mmol) and (E)-1,3-bis(4-

chlorophenyl)prop-2-en-1-one (5.8 mmol). Purified by column chromatography (0-20% ethyl 

acetate/hexane). Yellow oil (31% yield).  

Mp: 142 ºC.  

IR (cm-1): 3219, 3056, 2976, 1898, 2099, 1639.  

1H NMR (250 MHz, CDCl3) δ 10.83 (s, 1H), 7.49 – 7.15 (m, 13H), 

6.70 (d, J = 2.8 Hz, 1H), 4.38 (dd, J = 8.5, 1.7 Hz, 1H), 4.30 – 4.10 

(m, 2H), 3.28 (ddd, J = 16.6, 8.5, 2.9 Hz, 1H), 2.95 (dd, J = 16.6, 

1.8 Hz, 1H), 1.26 (t, J = 7.1 Hz, 3H).  

13C NMR (63 MHz, CDCl3) δ 170.2, 151.4, 143.6, 142.9, 139.9, 

138.4, 134.9, 132.1, 129.6, 129.2, 129.0, 128.6, 127.4, 124.4, 

123.6, 118.7, 59.9, 36.6, 34.8, 14.8.  

Elemental analysis: Anal. Calc. for C27H23O2NCl2 C, 69.83; H, 4.99; N, 3.02. Found C, 69.11; H, 

4.86; N, 3.02.  

 

 

 

4.03 General procedure for the synthesis of compounds 2.03a to 2.03l 

The corresponding dihydroanthranilate (1 equivalent) was dissolved in toluene (30 ml) and DDQ 

(1.1 equivalents) was added to the mixture, which was stirred at room temperature for 2 hours. 

The reaction mixture was concentrated in vacuo and redissolved in DCM (30 ml) and 

subsequently washed with water twice (20 ml) and brine (20 ml) once. The organic phase was 

dried with Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography to yield the corresponding anthranilates. 
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2.03a. Ethyl 5'-amino-[1,1':3',1''-terphenyl]-4'-carboxylate. 

Prepared from compound 2.02a. Purified by column 

chromatography (0-10% ethyl acetate/hexane). Brown solid (68% 

yield).  

1H NMR (250 MHz, CDCl3) δ 7.67 – 7.33 (m, 10H), 6.95 (d, J = 1.4 Hz, 

2H), 3.96 (q, J = 7.2 Hz, 2H), 0.77 (t, J = 7.2 Hz, 3H). (NMR data 

consistent with values described in literature).46 

 

2.03b. Ethyl 5'-amino-4-nitro-[1,1':3',1''-terphenyl]-4'-carboxylate. 

Prepared from compound 2.02b. Purified by column chromatography 

(0-30% ethyl acetate/hexane). Brown solid (74% yield).  

Mp: 215-216 ºC 

IR (cm-1): 3484, 3380, 3186, 2989, 2922, 1680.   

1H NMR (250 MHz, CDCl3) δ 8.32 (d, J = 8.8 Hz, 2H), 7.78 (d, J = 8.8 Hz, 

2H), 7.47 – 7.34 (m, 5H), 6.95 (m, 2H), 3.97 (q, J = 7.2 Hz, 2H), 0.77 (t, 

J = 7.1 Hz, 3H). 

Elemental analysis: Anal. Calc. for C21H18N2O4 C, 69.60; H, 5.01; N, 7.73. Found: C, 68.19; H, 5.05; 

N, 7.08.  

 

2.03c. Ethyl 5'-amino-4-methyl-[1,1':3',1''-terphenyl]-4'-

carboxylate. Prepared from compound 2.02d. Purified by column 

chromatography (0-30% ethyl acetate/hexane). Orange solid (66% 

yield).  

1H NMR (250 MHz, CDCl3) δ 7.50 (d, J = 8.1 Hz, 2H), 7.40 – 7.31 (m, 

6H), 7.22 (d, J = 8.0 Hz, 2H), 7.12 (s, 1H), 7.02 (s, 1H), 3.93 (q, J = 

7.1 Hz, 2H), 2.39 (s, 3H), 0.73 (t, J = 7.1 Hz, 3H). (NMR data 

consistent with values described in literature).46 

 

2.03d. Ethyl 3-amino-5-(5-chlorofuran-2-yl)-[1,1'-biphenyl]-4-carboxylate. Prepared from 

compound 2.02c. Purified by column chromatography (0-30% ethyl acetate/hexane). Yellow 

solid (72% yield). 

IR (cm-1): 3464, 2921, 2851, 2361, 1684.   



156 

 

1H NMR (250 MHz, CDCl3) δ 7.63 – 7.55 (m, 2H), 7.52 – 7.38 (m, 3H), 

7.05 (d, J = 1.7 Hz, 1H), 6.93 (d, J = 1.7 Hz, 1H), 6.51 (d, J = 3.3 Hz, 1H), 

6.28 (d, J = 3.3 Hz, 1H), 4.26 (q, J = 7.2 Hz, 2H), 1.19 (t, J = 7.2 Hz, 3H).  

13C NMR (63 MHz, CDCl3) δ 169.3, 154.5, 148.9, 145.1, 140.2, 136.3, 

131.9, 129.3, 128.6, 127.5, 118.0, 115.6, 112.1, 109.4, 108.3, 61.5, 

14.3.  

Elemental analysis: Anal. Calc. for C19H18ClNO3 C, 66.38; H, 5.28; N, 

4.07. Found: C, 64.38; H, 5.14; N, 3.95.  

 

2.03e. Ethyl 5'-amino-4-methoxy-[1,1':3',1''-terphenyl]-4'-carboxylate. Prepared from 

compound 2.02e. Purified by column chromatography (0-30% ethyl acetate/hexane). Brown oil 

(78% yield).  

IR (cm-1): 3475, 3373,2976, 2931, 2834, 1683.   

1H NMR (250 MHz, CDCl3) δ 7.44 (d, J = 8.8 Hz, 2H), 7.28 – 7.22 

(m, 5H), 6.90 – 6.79 (m, 4H), 3.83 (q, J = 7.2 Hz, 2H), 3.74 (s,  

3H), 0.64 (t, J = 7.1 Hz, 3H). 

13C NMR (63 MHz, CDCl3) δ 169.5, 159.8, 148.1, 144.8, 144.0, 

143.4, 132.6, 130.5, 129.4, 128.3, 128.1, 128.0, 126.9, 119.2, 

114.3, 60.5, 55.4, 13.3. 

Elemental analysis:  Anal. Calc. for C22H21NO3 C, 76.06; H, 6.09; N, 4.03. Found: C, 76.07; H, 6.05; 

N, 3.97.  

 

 

2.03f. Ethyl 5'-(benzylamino)-4-nitro-[1,1':3',1''-terphenyl]-4'-carboxylate. Prepared from 

compound 2.02h. Purified by column chromatography (0-30% ethyl acetate/hexane). Orange 

solid (66% yield).  

Mp: 101-102 ºC 

IR (cm-1): 3275, 3063, 2977, 2893, 1646.   

1H NMR (250 MHz, CDCl3) δ 8.18 – 8.10 (m, 2H), 7.57 – 

7.48 (m, 2H), 7.38 – 7.17 (m, 10H), 6.92 (t, J = 5.6 Hz, 1H), 

6.76 (d, J = 1.7 Hz, 1H), 6.73 (d, J = 1.7 Hz, 1H), 4.42 (d, J = 

5.0 Hz, 2H), 3.83 (q, J = 7.1 Hz, 2H), 0.62 (t, J = 7.1 Hz, 3H).   

13C NMR (63 MHz, CDCl3) δ 170.0, 149.6, 147.8, 147.6, 

145.7, 143.5, 142.4, 138.9, 129.3, 128.5, 128.4, 128.4, 

127.8, 127.6, 127.5, 124.4, 118.1, 114.2, 109.8, 61.1, 48.1, 

13.5.  

Elemental analysis:  Anal. Calc. for C28H24N2O4 C, 74.32; H, 5.35; N, 6.19. Found: C, 72.27; H, 5.35; 

N, 5.78.  
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2.03g. Ethyl (R)-5'-((1-phenylethyl)amino)-[1,1':3',1''-terphenyl]-4'-carboxylate.  Prepared 

from the mixture of diastereoisomers of ethyl 5'-(((R)-1-phenylethyl)amino)-2',3'-dihydro-

[1,1':3',1''-terphenyl]-4'-carboxylate. Purified by column chromatography (0-30% ethyl 

acetate/hexane). Brown oil (67% yield). 

 IR (cm-1):  3377, 3025, 2974, 2339, 1676, 1561.  

1H NMR (250 MHz, CDCl3) δ 7.33 – 7.03 (m, 18H), 6.91 (d, J = 4.2 Hz, 

1H), 6.64 (d, J = 1.7 Hz, 1H), 6.51 (d, J = 1.7 Hz, 1H), 4.58 – 4.41 (m, 

1H), 3.78 (q, J = 7.2 Hz, 2H), 1.46 (d, J = 6.7 Hz, 4H), 0.56 (t, J = 7.1 

Hz, 3H). 

 13C NMR (63 MHz, CDCl3) δ 170.4, 148.9, 145.3, 144.7, 144.2, 141.1, 

129.2, 129.1, 128.4, 128.3, 128.2, 127.5, 127.4, 127.1, 126.3, 118.1, 

110.8, 60.83, 53.7, 25.5, 13.5.  

Elemental  analysis: Analysis calcd  for  C29H27NO2  C,  82.63;  H,  6.46;  N,  3.32.  Found:  82.49, 

6.58, 3.37.  

 

2.03h. Ethyl (S)-5'-((1-phenylethyl)amino)-[1,1':3',1''-terphenyl]-4'-carboxylate. Prepared 

from the mixture of diastereoisomers of ethyl 5'-(((S)-1-

phenylethyl)amino)-2',3'-dihydro-[1,1':3',1''-terphenyl]-4'-

carboxylate. Purified by column chromatography (0-30% ethyl 

acetate/hexane). Brown solid (64% yield).  

1H NMR (250 MHz, CDCl3) δ 7.34 – 7.11 (m, 20H), 6.69 – 6.64 (m, 

1H), 6.60 (d, J = 1.8 Hz, 1H), 4.59 – 4.46 (m, 1H), 1.46 (d, J = 6.6 Hz, 

3H). 

 13C NMR (63 MHz, CDCl3) δ 145.4, 141.0, 129.2, 129.1, 128.7, 

128.4, 128.2, 127.5, 126.3, 118.5, 111.0, 111.0, 78.0, 53.8, 25.4.  

 

2.03i. Ethyl 5'-(butylamino)-4-methyl-2''-nitro-[1,1':3',1''-terphenyl]-4'-carboxylate. Prepared 

from compound 2.02o. Purified by column chromatography (0-20% ethyl acetate/hexane). 

Brown solid (59% yield).  

1H NMR (250 MHz, CDCl3) δ 7.95 (dd, J = 8.1, 1.3 Hz, 1H), 7.59 

(s, 1H), 7.52 – 7.33 (m, 4H), 7.21 (dd, J = 7.6, 1.5 Hz, 2H), 7.17 – 

7.12 (m, 2H), 6.82 (d, J = 1.7 Hz, 1H), 6.48 (d, J = 1.7 Hz, 1H), 

3.80 (q, J = 7.1 Hz, 2H), 3.20 (td, J = 6.8, 4.2 Hz, 2H), 2.30 (s, 3H), 

1.72 – 1.57 (m, 2H), 1.52 – 1.35 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H), 

0.61 (t, J = 7.2 Hz, 3H). (NMR data consistent with values 

described in literature).  

13C NMR (63 MHz, CDCl3) δ 168.9, 152.0, 148.3, 145.6, 142.1, 140.6, 138.5, 137.9, 132.6, 131.5, 

129.9, 127.7, 127.5, 124.2, 116.2, 109.7, 60.4, 43.5, 31.7, 21.6, 20.9, 14.4, 13.6. (NMR data 

consistent with values described in literature).46 
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2.03j. Ethyl 4''-bromo-5'-(phenylamino)-[1,1':3',1''-terphenyl]-4'-

carboxylate. Prepared from compound 2.02t. Purified by column 

chromatography (0-20% ethyl acetate/hexane). Brown oil (44% yield).  

1H NMR (300 MHz, CDCl3) δ 8.16 (s, 1H), 7.50 – 7.41 (m, 5H), 7.37 – 

7.22 (m, 5H), 7.22 – 7.13 (m, 4H), 7.02 – 6.93 (m, 1H), 6.90 (d, J = 1.7 

Hz, 1H), 3.89 (q, J = 7.1 Hz, 2H), 0.75 (t, J = 7.2 Hz, 3H). (NMR data 

consistent with values described in literature). 

13C NMR (75 MHz, CDCl3) δ 169.3, 145.5, 144.4, 143.4, 142.1, 141.5, 

140.1, 131.2, 129.7, 129.5, 128.8, 128.2, 127.2, 121.1, 120.9, 120.2, 

115.7, 113.2, 60.6. (NMR data consistent with values described in 

literature).46 

 

2.03k. Ethyl 5'-((4-(dimethylamino)phenyl)amino)-[1,1':3',1''-terphenyl]-4'-carboxylate. 

Prepared from compound 2.02u. Purified by column chromatography (0-20% ethyl 

acetate/hexane). Brown oil (62% yield).  

1H NMR (250 MHz, CDCl3) δ 7.97 (s, 1H), 7.47 – 7.40 (m, 2H), 7.34 – 

7.21 (m, 9H), 7.18 – 7.14 (m, 1H), 7.13 – 7.06 (m, 2H), 6.84 (d, J = 1.7 

Hz, 1H), 6.73 – 6.65 (m, 2H), 3.84 (q, J = 7.1 Hz, 2H), 2.87 (s, 6H), 0.65 

(t, J = 7.2 Hz, 3H). (NMR data consistent with values described in 

literature). 

13C NMR (63 MHz, CDCl3) δ 170.2, 148.3, 148.3, 145.1, 144.7, 143.9, 

141.0, 129.1, 128.4, 128.4, 128.3, 127.7, 127.2, 125.4, 119.3, 114.2, 

114.0, 111.8, 61.0, 41.5, 13.6. (NMR data consistent with values 

described in literature).46 

 

2.03l. Ethyl 5'-((4-bromophenyl)amino)-[1,1':3',1''-terphenyl]-4'-carboxylate. Prepared from 

compound 2.02v. Purified by column chromatography (0-20% ethyl 

acetate/hexane). Brown solid (62% yield).  

1H NMR (250 MHz, CDCl3) δ 8.15 (s, 1H), 7.61 – 7.52 (m, 3H), 7.49 – 

7.36 (m, 10H), 7.20 – 7.14 (m, 2H), 7.13 (d, J = 1.7 Hz, 1H), 3.97 (q, J 

= 7.2 Hz, 2H), 0.77 (t, J = 7.2 Hz, 3H). (NMR data consistent with 

values described in literature). 

13C NMR (63 MHz, CDCl3) δ 169.9, 145.1, 144.8, 144.6, 143.1, 141.3, 

140.5, 132.8, 129.3, 128.6, 128.4, 127.6, 127.5, 122.3, 121.4, 117.2, 

115.0, 113.5, 61.4, 13.5. (NMR data consistent with values described 

in literature).46 
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4.04 General procedure for the synthesis of compound 2.04  

5-aminopentan-1-ol (1g, 9.7 mmol) was dissolved in 48% hydrobromic acid (10 ml) and heated 

to reflux for 2 hours. The mixture was concentrated in vacuo, yielding 5-bromopentan-1-

aminium bromide as a brown solid (99% yield). 

 1H NMR (250 MHz, MeOD) δ 3.48 (t, J = 6.6 Hz, 2H), 3.01 – 2.88 (m, 

2H), 1.91 (dt, J = 13.6, 6.8 Hz, 2H), 1.70 (m, 2H), 1.62 – 1.48 (m, 2H).  

(NMR data consistent with values described in literature).66 

 

4.05 General procedure for the synthesis of compound 2.05 

5-bromopentan-1-aminium bromide (1g, 4 mmol) and triphenyl phosphine (2.12 g, 8 mmol) 

were mixed in a microwave vial, and the vial placed in the cavity of 

an Anton-Paar microwave focused oven. The mixture was heated 

up to a maximum power of 200W and a temperature gradient 

programmed to reach 140 ºC in 5 minutes. The reaction mixture was stirred for 2 hours and then 

cooled down to room temperature. The mixture was then washed several times with diethyl 

ether, and the residue left, dissolved in methanol to extract it from the vial, and then 

concentrated in vacuo to yield (5-ammoniopentyl)triphenylphosphonium bromide as an orange 

solid (95% yield). 

1H NMR (250 MHz, MeOD) δ 8.01 – 7.66 (m, 15H), 3.56 – 3.44 (m, 2H), 2.93 (t, J = 6.7 Hz, 2H), 

1.71 (m, 6H). (NMR data consistent with values described in literature).67 

 

4.06 General method for the synthesis of compounds 2.06a-2.06h 

The suitable β-ketoester (1 eq) and (5-ammoniopentyl)triphenylphosphonium bromide (1 eq) 

were dissolved in ethanol and triethylamine (1.1 eq) was added to the mixture and it was left 

stirring for 30 minutes. Subsequently, cerium ammonium nitrate (10%) and the corresponding 

chalcone (1 eq) were added to the mixture and it was heated up to reflux overnight. Afterwards, 

the reaction mixture was cooled down to room temperature and concentrated in vacuo. The 

residue was redissolved in ethyl acetate (40 ml) and washed twice with water (20 ml) and once 

with brine (20 ml). The organic phase was dried with Na2SO4 and concentrated in vacuo. The 

residue was purified by column chromatography to yield the desired TPP dihydroanthranilate.  

 

2.06a. (5-((6'-(ethoxycarbonyl)-1',2'-dihydro-[1,1':3',1''-terphenyl]-5'-

yl)amino)pentyl)triphenylphosphonium bromide. Prepared 

from (E)-1,3-diphenylpropenone (0.82 g, 4 mmol) and ethyl 

acetoacetate (0.52 g, 4 mmol). Purified by column 

chromatography (0-10% methanol in DCM). Yellow solid 

(65% yield).  

Mp: 71ºC.  

IR (cm-1): 3357, 3276, 3053, 2927, 2102, 1638, 1563.   
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1H NMR (300 MHz, MeOD) δ 7.92 – 7.69 (m, 15H), 7.40 – 7.28 (m, 5H), 7.25 – 7.06 (m, 5H), 6.67 

(d, J = 2.7 Hz, 1H), 4.23 (dd, J = 8.0, 2.1 Hz, 1H), 4.12 – 3.89 (m, 2H), 3.44 (d, J = 5.7 Hz, 4H), 3.08 

(ddd, J = 16.7, 8.0, 2.8 Hz, 1H), 2.95 (dd, J = 16.9, 2.1 Hz, 1H), 1.74 (m, 6H), 1.12 (t, J = 7.1 Hz, 3H).   

13C NMR (63 MHz, MeOD) δ 171.9, 157.0, 148.1, 146.8, 136.3 (d, J = 3.0 Hz), 134.8 (d, J = 10.1 

Hz), 131.5 (d, J = 12.7 Hz), 129.8, 129.7, 128.9, 128.3, 126.9, 126.9, 119.9 (d, J = 85.0 Hz), 116.9, 

90.4, 59.8, 43.2, 38.0, 36.3, 30.7, 28.9 (d, J = 18.7 Hz), 23.2 (d, J = 6.8 Hz), 22.7 (d, J = 52.7 Hz),  

14.8.  

Elemental analysis: Anal. Calc. for C44H45BrNO2P C, 72.32; H, 6.21; N, 1.92. Found C, 71.84; H, 

6.57; N, 2.14.  

 

2.06b. (5-((6'-(ethoxycarbonyl)-4-methoxy-1',2'-dihydro-[1,1':3',1''-terphenyl]-5'-

yl)amino)pentyl)triphenylphosphonium bromide. Prepared from (E)-3-(4-methoxyphenyl )-1-

phenylprop-2-en-1-one (1.1 g, 4.6 mmol) and ethyl acetoacetate (0.6 g, 4.6 mmol). Purified by 

column chromatography (0-10% methanol in DCM). Yellow solid (60% yield). 

Mp 78 ºC. 

IR (cm-1): 3366, 3275, 2928, 2096, 1635, 1561. 

1H NMR (300 MHz, MeOD) δ 7.98 – 7.69 (m, 15H), 7.36 (d, J = 8.4 

Hz, 2H), 7.25 – 7.05 (m, 5H), 6.87 (d, J = 8.2 Hz, 2H), 6.62 (s, 1H), 

4.25 – 4.17 (m, 1H), 4.07 – 3.93 (m, 2H), 3.78 (s, 3H), 3.55 – 3.37 

(m, 4H), 2.97 (m, 2H), 1.73 (m, 6H), 1.11 (t, J = 7.1 Hz, 3H).  

13C NMR (75 MHz, MeOD) δ 170.5, 160.4, 156.0, 146.4, 145.7, 

134.9 (d, J = 2.8 Hz), 133.4 (d, J = 10.4 Hz), 132.1 (d, J = 13.3 Hz),  

130.1, 127.3 (d, J = 48.2 Hz), 126.9, 125.5, 119.1, 118.0, 113.7, 

113.6, 88.6, 58.4, 54.4, 41.7, 36.6, 34.6, 29.3, 27.5 (d, J = 13.3 Hz),  

21.8 (d, J =4.2 Hz), 21.4 (d, J = 50.9 Hz), 13.5.  

Elemental analysis: Anal. Calc. for C45H47BrNO3P C, 71.05; H, 6.23; 

N, 1.84. Found C, 69.94; H, 6.51; N, 2.06.  

 

2.06c. (5-((6'-(ethoxycarbonyl)-3,4''-dimethoxy-1',2'-dihydro-[1,1':3',1''-terphenyl]-5'-

yl)amino)pentyl)triphenylphosphonium bromide. Prepared from (E)-3-(3-methoxyphenyl )-1-

(4-methoxyphenyl)prop-2-en-1-one (1.4 g, 5.2 mmol) and ethyl acetoacetate (0.68 g, 5.2 mmol).  

Purified by column chromatography (0-10% methanol in DCM). Yellow solid (55% yield). 

Mp: 73 ºC  
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IR (cm-1): 3375, 3264, 2929, 2862, 2088, 1635, 1562. 

1H NMR (250 MHz, MeOD) δ 7.76 – 7.52 (m, 16H), 7.26 

– 7.18 (m, 2H), 6.92 (t, J = 7.9 Hz, 1H), 6.76 – 6.69 (m, 

2H), 6.64 (d, J = 7.7 Hz, 1H), 6.58 (t, J = 2.1 Hz, 1H), 6.49 

(dd, J = 8.1, 2.5 Hz, 1H), 6.44 (s, 1H), 4.02 (m, 1H), 3.92 

– 3.75 (m, 2H), 3.63 (s, 3H), 3.51 (s, 3H), 3.26 (m, 4H), 

2.81 (m,, 2H), 1.57 (m, 6H), 0.97 (t, J = 7.1 Hz, 3H).  

13C NMR (63 MHz, MeOD) δ 172.3, 162.3, 161.2, 157.9, 

149.2, 148.5, 136.7 (d, J = 2.9 Hz), 135.2 (d, J = 10.0 Hz),  

133.8, 132.0 (d, J = 12.8 Hz), 130.3, 128.8, 121.2, 120.4 

(d, J = 86.4 Hz), 115.5, 115.2, 114.9, 112.1, 90.3, 60.2, 

56.2, 55.9, 43.5, 38.4, 36.3, 31.1, 29.4 (d, J = 16.3 Hz), 23.5, 22.7, 15.3.  

Elemental analysis: Anal. Calc. for C46H49BrNO4P C, 69.87; H, 6.25; N, 1.77. Found C, 68.73; H, 

6.37; N, 2.18.  

 

2.06d. (5-((4-(ethoxycarbonyl)-5-(thiophen-2-yl)-5,6-dihydro-[1,1'-biphenyl]-3-

yl)amino)pentyl)triphenylphosphonium. Prepared from (E)-1-phenyl-3-(thiophen-2-yl)prop-2-

en-1-one (940 mg, 4.4 mmol) and ethyl acetoacetate (0.57 g, 4.4 mmol). Purified by column 

chromatography (0-10% methanol in DCM). Brown solid (65% yield).  

Mp: 65 ºC  

IR (cm-1): 3368, 3277, 3052, 2921, 2854, 2112, 1637, 1562. 

1H NMR (300 MHz, MeOD) δ 7.93 – 7.68 (m, 15H), 7.54 – 7.46 

(m, 2H), 7.43 – 7.31 (m, 3H), 7.00 (dd, J = 4.9, 1.4 Hz, 1H), 6.83 

– 6.76 (m, 2H), 6.66 (d, J = 2.5 Hz, 1H), 4.50 (dd, J = 6.8, 2.3 Hz, 

1H), 4.10 (q, J = 7.1 Hz, 2H), 3.49 – 3.36 (m, 4H), 3.10 (dd, J = 

16.8, 2.3 Hz, 1H), 3.01 (ddd, J = 16.9, 6.9, 2.6 Hz, 1H), 1.72 (d, J 

= 12.1 Hz, 7H), 1.23 (t, J = 7.1 Hz, 3H).  

13C NMR (75 MHz, MeOD) δ 170.1, 155.0, 150.2, 147.5, 139.8, 

134.9 (d, J = 3.3 Hz), 133.4 (d, J = 10.3 Hz), 130.1 (d, J = 12.6 Hz),  

128.6, 128.4, 125.7, 125.6, 122.9, 122.0, 118.5 (d, J = 86.6 Hz),  

115.3, 90.4, 58.6, 41.7, 32.7, 29.3, 27.5(d, J = 16. 6 Hz), 21.8 (d, J = 4.7 Hz), 21.3 (d, J = 51.5 Hz),  

13.6.  

Elemental analysis: Anal. Calc. for C42H43BrNO2PS C, 68.47; H, 5.88; N, 1.90; S, 4.35. Found C, 

67.80; H, 6.24; N, 1.90; S, 4.22.  

 

2.06e. (5-((6'-(tert-butoxycarbonyl)-1',2'-dihydro-[1,1':3',1''-terphenyl]-5'-

yl)amino)pentyl)triphenylphosphonium bromide. Prepared from (E)-1,3-diphenylpropenone 

(1.3 g, 6.2 mmol) and tert-butyl acetoacetate (0.98 g, 6.2 mmol). Purified by column 

chromatography (0-10% methanol in DCM). Yellow solid (64% yield). 
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Mp: 74 ºC.  

IR (cm-1): 3365, 3278, 2925, 2861, 2112, 1638, 1563.  

1H NMR (250 MHz, MeOD) δ 7.96 – 7.70 (m, 15H), 7.47 – 7.28 

(m, 5H), 7.26 – 7.08 (m, 5H), 6.67 (d, J = 2.8 Hz, 1H), 4.17 (dd, J 

= 8.3, 2.0 Hz, 1H), 3.54 – 3.38 (m, 4H), 3.07 (ddd, J = 16.8, 8.3, 

2.9 Hz, 1H), 2.91 (dd, J = 16.8, 2.0 Hz, 1H), 1.75 (m, 6H), 1.31 (s, 

9H).  

13C NMR (63 MHz, MeOD) δ 172.4, 156.7, 147.6, 141.9, 136.7 

(d, J = 3.1 Hz), 135.2 (d, J = 10.7 Hz), 132.0 (d, J = 12.6 Hz), 130.1, 

130.1, 129.3, 128.7, 127.3, 121.0, 119.7, 117.5, 92.8, 79.8, 55.3, 

43.5, 39.2, 36.6, 31.2, 29.2, 23.5 (d, J = 14.3 Hz), 22.6 (d, J = 50.6 Hz).  

Elemental analysis: Anal. Calc. for C46H49BrNO2P C, 72.81; H, 6.51; N, 1.85. Found C, 71.38; H, 

6.69; N, 2.06.  

 

2.06f. (5-((6'-(ethoxycarbonyl)-4-nitro-1',2'-dihydro-[1,1':3',1''-terphenyl]-5'-

yl)amino)pentyl)triphenylphosphonium bromide. Prepared from (E)-3-(4-nitrophenyl)-1-

phenylprop-2-en-1-one (1.2 g, 4.7 mmol) and ethyl acetoacetate (0.62 g, 4.7 mmol). Purified by 

column chromatography (0-10% methanol in DCM). Orange solid (64% yield). 

Mp: 87 ºC.  

IR (cm-1): 3338, 3279, 2925, 2859, 2059, 1639, 1567.  

1H NMR (250 MHz, MeOD) δ 8.16 – 8.03 (m, 2H), 7.95 – 7.71 

(m, 15H), 7.51 – 7.29 (m, 7H), 6.76 (d, J = 2.7 Hz, 1H), 4.36 (d, 

J = 7.6 Hz, 1H), 4.11 – 3.91 (m, 2H), 3.57 – 3.41 (m, 4H), 3.13 

(dd, J = 8.2, 2.8 Hz, 1H), 2.97 (dd, J = 17.0, 2.0 Hz, 1H), 1.75 (m, 

6H), 1.11 (t, J = 7.1 Hz, 3H).  

13C NMR (63 MHz, MeOD) δ 171.8, 157.6, 155.7, 148.3, 141.3, 

136.7 (d, J = 3.2 Hz), 135.2 (d, J = 10.3 Hz), 132.0 (d, J = 12.6 

Hz), 130.5, 130.2, 129.8, 127.3, 124.6, 120.4 (d, J = 88.3 Hz),  

117.4, 89.5, 60.4, 43.6, 38.7, 36.1, 31.2, 29.4 (d, J = 16.35 Hz),  

23.7 (d, J = 4.4 Hz), 23.1 (d, J = 51.1 Hz), 15.3.  

Elemental analysis: Anal. Calc. for C44H42BrN2O4P C, 68.31; H, 5.47; N, 3.62. Found C, 65.40; H, 

6.07; N, 4.23.  

 

2.06g. (5-((4''-chloro-6'-(ethoxycarbonyl)-4-nitro-1',2'-dihydro-[1,1':3',1''-terphenyl]-5'-

yl)amino)pentyl)triphenylphosphonium bromide. Prepared from (E)-1-(4-chlorophenyl)-3-(4-

nitrophenyl)prop-2-en-1-one (1.05 g, 3.6 mmol) and ethyl acetoacetate (0.47 g, 3.6 mmol).  

Purified by column chromatography (0-10% methanol in DCM). Red solid (64% yield). 
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Mp 76 ºC  

IR (cm-1): 3281, 3054, 2930, 2863, 2447, 2058, 1639, 

1510. 

1H NMR (250 MHz, MeOD) δ 8.01 – 7.90 (m, 2H), 7.82 – 

7.58 (m, 15H), 7.40 – 7.34 (m, 2H), 7.34 – 7.29 (m, 2H), 

7.27 – 7.18 (m, 2H), 6.66 (d, J = 2.8 Hz, 1H), 4.23 (d, J = 

7.0 Hz, 1H), 3.99 – 3.79 (m, 2H), 3.34 (m, 4H), 3.03 (ddd, 

J = 17.0, 8.4, 2.8 Hz, 1H), 2.80 (dd, J = 17.0, 1.9 Hz, 1H), 

1.62 (m, 6H), 0.98 (t, J = 7.1 Hz, 3H).  

13C NMR (63 MHz, MeOD) δ 171.8, 157.2, 155.5, 148.2, 

146.8, 140.3, 136.7 (d, J = 3.1 Hz), 135.2 (d, J = 9.8 Hz), 

133.3, 133.2 (d, J = 12.0 Hz), 129.8, 129.1, 124.6, 120.3 (d, J = 86.3 Hz), 118.0, 89.7, 60.4, 43.7, 

38.7, 35.9, 31.2, 29.4 (d, J = 16.8 Hz), 23.7 (d, J = 4.6 Hz), 23.1 (d, J = 50.9 Hz), 15.25.  

Elemental analysis: Anal. Calc. for C44H43Br2N2O4P C, 61.84; H, 5.07; N, 3.28. Found C, 60.77; H, 

5.50; N, 3.36.  

 

2.06h. (5-((6'-(ethoxycarbonyl)-4,4''-dinitro-1',2'-dihydro-[1,1':3',1''-terphenyl]-5'-

yl)amino)pentyl)triphenylphosphonium bromide. Prepared from (E)-1,3-bis(4-

nitrophenyl)prop-2-en-1-one (1.3 g, 4.4 mmol) and ethyl acetoacetate (0.57 g, 4.4 mmol). 

Purified by column chromatography (0-10% methanol in DCM). Red oil (64% yield). 

IR (cm-1): 3279, 3056, 2925, 2858, 2060, 1641, 1589, 

1509. 

1H NMR (250 MHz, MeOD) δ 9.11 (t, J = 5.7 Hz, 1H), 

8.21 – 8.16 (m, 2H), 8.11 – 8.01 (m, 2H), 7.92 – 7.73 

(m, 15H), 7.69 – 7.63 (m, 2H), 7.49 – 7.44 (m, 2H), 

6.96 (d, J = 2.8 Hz, 1H), 4.40 (d, J = 8.1 Hz, 1H), 4.01 

(m, 2H), 3.56 – 3.43 (m, 4H), 3.21 (dd, J = 8.4, 2.9 Hz, 

1H), 2.99 (dd, J = 17.0, 1.8 Hz, 1H), 1.76 (m, 6H), 1.11 

(t, J = 7.1 Hz, 3H).  

13C NMR (63 MHz, MeOD) δ 171.7, 156.6, 155.2, 

149.5, 148.3, 147.5, 145.4, 136.7 (d, J = 3.0 Hz), 135.2 (d, J = 10.1 Hz), 132.0 (d, J = 12.1 Hz), 

129.8, 128.4, 125.3, 124.7, 120.8, 120.3 (d, J = 86.0 Hz), 90.6, 60.6, 43.8, 38.6, 35.9, 23.8 (d, J = 

4.9 Hz), 23.1 (d, J = 51.2 Hz) 15.2. 

Elemental analysis: Anal. Calc. for C44H43BrN3O6P C, 64.39; H, 5.28; N, 5.12. Found C, 63.51; H, 

5.57; N, 5.17.  

 

4.07 General procedure for the synthesis of compounds 2.07a to 2.07h 

The corresponding TPP-dihydroanthranilate (1 eq), NBS (1.1 eq) and AIBN (0.05 eq) were 

dissolved in acetonitrile (10 ml) and the reaction mixture was stirred at room temperature for 

30 minutes. The mixture was concentrated in vacuo, redissolved in ethyl acetate (20 ml) and 

washed twice with water (10 ml) and once with brine (10 ml). The reaction mixture was dried 
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with Na2SO4 and concentrated in vacuo to yield the TPP-anthranilate. Compounds 2.07b and 

2.07d were purified by column chromatography (0-10% methanol in DCM). 

 

2.07a. (5-((4'-(ethoxycarbonyl)-[1,1':3',1''-terphenyl]-5'-

yl)amino)pentyl)triphenylphosphonium bromide. Prepared from compound 2.06a (50 mg, 

0.068 mmol). Brown solid (96% yield).  

Mp: 75 ºC.  

IR (cm-1): 3363, 3052, 2926, 2859, 2104, 1672, 1561.  

1H NMR (250 MHz, MeOD) δ 7.78 – 7.53 (m, 15H), 7.52 – 

7.46 (m, 2H), 7.35 – 7.20 (m, 6H), 7.14 (dd, J = 7.6, 1.9 Hz, 

2H), 6.73 (d, J = 1.6 Hz, 1H), 6.65 (d, J = 1.6 Hz, 1H), 3.72 (q, J 

= 7.2 Hz, 2H), 3.29 (m, 2H), 3.10 (m, 2H), 1.60 (d, J = 3.7 Hz, 

6H), 0.56 (t, J = 7.1 Hz, 3H).  

13C NMR (63 MHz, MeOD) δ 171.6, 151.0, 146.8, 146.4, 

145.4, 136.7 (d, J = 3.0 Hz), 135.3 (d, J = 10.2 Hz), 132.0(d, J 

= 12.7 Hz), 130.4, 129.6, 129.5, 129.1 (d, J = 56.9 Hz), 128.4, 

121.0, 119.6, 118.6, 114.0, 109.9, 61.9, 44.1, 29.6 (d, J = 2.4 Hz), 23.6 (d, J = 4.2 Hz), 23.1 (d, J = 

51.5 Hz), 14.0.  

Elemental analysis: Anal. Calc. for C44H43BrNO2P C, 72.52; H, 5.95; N, 1.92. Found C, 70.76; H, 

6.07; N, 2.29.  

 

2.07b. (5-((6'-(ethoxycarbonyl)-4-methoxy-1',2'-dihydro-[1,1':3',1''-terphenyl]-5'-

yl)amino)pentyl)triphenylphosphonium bromide. Prepared from compound 2.06b (50 mg, 

0.066 mmol). Brown solid (65% yield).  

Mp 66 ºC.  

IR (cm-1): 3366, 2923, 2853, 2095, 1672, 1560.  

1H NMR (250 MHz, MeOD) δ 7.80 – 7.55 (m, 15H), 7.50 – 

7.39 (m, 2H), 7.24 (m, 3H), 7.14 (m, 2H), 6.91 – 6.82 (m, 

2H), 6.71 (d, J = 1.7 Hz, 1H), 6.64 (d, J = 1.6 Hz, 1H), 3.77 – 

3.64 (m, 5H), 3.28 (d, J = 13.7 Hz, 2H), 3.12 (d, J = 5.1 Hz, 

2H), 1.62 (s, 6H), 0.56 (t, J = 7.1 Hz, 3H).  

13C NMR (63 MHz, MeOD) δ 171.7, 161.2, 151.1, 146.8, 

146.0, 145.6, 136.7 (d, J = 3.0 Hz), 135.2 (d, J = 9.9 Hz), 

132.0 (d, J = 11.8 Hz), 129.7, 129.5, 128.3, 120.3 (d, J = 86.8 

Hz), 118.3, 115.7, 113.3, 109.3, 61.8, 56.2, 44.0, 29.5 (d, J = 11.5 Hz), 25.7, 23.6 (d, J = 3.4 Hz), 

23.1 (d, J = 55.5 Hz), 14.0.  

Elemental analysis: Anal. Calc. for C45H45BrNO3P C, 71.24; H, 5.98; N, 1.85. Found C, 70.77; H, 

6.52; N, 3.04.  
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2.07d. (5-((4-(ethoxycarbonyl)-5-(thiophen-2-yl)-[1,1'-biphenyl]-3-

yl)amino)pentyl)triphenylphosphonium. Prepared from compound 2.06d (50 mg, 0.069 

mmol). Brown oil (68% yield).  

IR (cm-1): 3374, 3055, 2927, 2861, 2100, 1674.   

1H NMR (250 MHz, MeOD) δ 7.71 – 7.48 (m, 15H), 7.43 – 7.37 

(m, 2H), 7.29 – 7.18 (m, 4H), 6.87 (dd, J = 5.1, 3.5 Hz, 1H), 6.76 

(dd, J = 3.5, 1.2 Hz, 1H), 6.68 (d, J = 1.6 Hz, 1H), 6.66 (d, J = 1.7 

Hz, 1H), 3.80 (q, J = 7.1 Hz, 2H), 3.24 (d, J = 9.5 Hz, 2H), 3.01 (d, 

J = 6.0 Hz, 2H), 1.52 (s, 6H), 0.71 (t, J = 7.1 Hz, 3H).  

13C NMR (63 MHz, MeOD) δ 171.41, 150.51, 146.25, 146.00, 

142.10, 138.19, 136.7 (d, J = 2.9 Hz), 135.2 (d, J = 10.3 Hz), 

132.0 (d, J = 13.1 Hz), 130.46, 129.70, 128.62, 128.60, 127.01, 

126.77, 120.2 (d, J = 86.0 Hz), 118.98, 110.61, 62.38, 44.09, 

29.62, 23.6 (d, J = 4.3 Hz), 23.1 (d, J = 51.5 Hz), 14.33.  

Elemental analysis: Anal. Calc. for C42H41BrNO2PS C, 68.66; H, 5.62; N, 1.91; S, 4.36. Found C, 

68.67; H, 6.20; N, 2.37; S, 4.20.  

 

2.07e. (5-((4'-(tert-butoxycarbonyl)-[1,1':3',1''-terphenyl]-5'-

yl)amino)pentyl)triphenylphosphonium bromide. Prepared from compound 2.06e (50 mg, 

0.066 mmol). Brown solid (94% yield).  

Mp: 76 ºC. 

 IR (cm-1):3363, 2927, 2859, 2109, 1669, 1561.  

1H NMR (250 MHz, MeOD) δ 7.93 – 7.69 (m, 15H), 7.68 – 

7.59 (m, 2H), 7.45 – 7.28 (m, 8H), 6.86 (d, J = 1.7 Hz, 1H), 

6.76 (d, J = 1.7 Hz, 1H), 3.46 (m, 2H), 3.26 (m, 2H), 1.77 (m, 

6H), 1.13 (s, 9H).  

13C NMR (63 MHz, MeOD) δ 170.9, 150.9, 146.6, 145.7, 

136.7, 136.7, 135.3, 135.2, 132.0, 131.8, 130.3, 129.9, 

129.6, 128.6, 121.0, 119.7, 118.8, 109.9, 82.7, 55.3, 44.1, 

29.6, 28.3, 23.6, 22.7.  

Elemental analysis: Anal. Calc. for C46H47BrNO2P C, 73.01; H, 6.26; N, 1.85. Found C, 69.75; H, 

6.25; N, 2.14.  

 

2.07f. (5-((6'-(ethoxycarbonyl)-4-nitro-[1,1':3',1''-terphenyl]-5'-

yl)amino)pentyl)triphenylphosphonium bromide. Prepared from compound 2.06f (50 mg, 

0.064 mmol). Orange solid (99% yield).  

Mp 66 ºC.  
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IR (cm-1): 3357, 2923, 2854, 2059, 1672, 1591. 

1H NMR (250 MHz, MeOD) δ 8.33 – 8.22 (m, 2H), 7.98 – 

7.71 (m, 15H), 7.68 – 7.60 (m, 2H), 7.57 – 7.37 (m, 6H), 6.95 

(d, J = 1.7 Hz, 1H), 6.76 (d, J = 1.6 Hz, 1H), 3.88 (q, J = 7.1 Hz, 

2H), 3.44 (m, 2H), 3.29 (m, 1H), 1.77 (m, 6H), 0.71 (t, J = 7.1 

Hz, 3H).  

13C NMR (63 MHz, MeOD) δ 170. 7, 152.7, 151.9, 148.6, 

147.0, 145.0, 142.0, 136.7 (d, J = 2.8 Hz), 135.2 (d, J = 9.5 

Hz), 132.0 (d, J = 12.5 Hz), 130.7, 130.4, 129.9, 128.6, 124.6, 

120.3 (d, J = 86.6 Hz), 118.3, 111.1, 62.0, 44.0, 29.7, 23.7, 

23.1 (d, J = 50.0 Hz), 14.0.  

Elemental analysis: Anal. Calc. for C44H44BrN2O4P C, 68.13; H, 5.72; N, 3.61. Found C, 67.74; H, 

6.01; N, 3.87.  

 

2.07g. (5-((4-chloro-4'-(ethoxycarbonyl)-4''-nitro-[1,1':3',1''-terphenyl]-5'-

yl)amino)pentyl)triphenylphosphonium bromide. Prepared from compound 2.06g (50 mg, 

0.062 mmol). Red solid (96% yield).  

Mp 67 ºC.  

IR (cm-1): 3358, 3055, 2923, 2855, 2096, 1673, 1592. 

1H NMR (250 MHz, MeOD) δ 8.15 (m, 2H), 7.81 – 7.57 

(m, 15H), 7.47 (m, 4H), 7.40 – 7.33 (m, 2H), 6.81 (d, J = 

1.7 Hz, 1H), 6.63 (d, J = 1.6 Hz, 1H), 3.76 (q, J = 7.1 Hz, 

2H), 3.34 (m, 2H), 3.17 (m, 2H), 1.64 (s, 6H), 0.59 (t, J = 

7.1 Hz, 3H).  

13C NMR (63 MHz, MeOD) δ 170.6, 152.5, 151.9, 

148.6, 145.1, 141.0, 136.7 (d, J = 2.8 Hz), 135.2 (d, J = 

9.9 Hz), 133.5, 132.0 (d, J = 12.5 Hz), 130.7, 130.5, 

124.6, 120.5 (d, J = 84.6 Hz), 118.0, 112.5, 110.8, 62.0, 

44.0, 29.7 (d, J = 4.6 Hz), 29.5, 23.7(d, J = 4.1 Hz), 23.5, 

14.0.  

Elemental analysis: Anal. Calc. for C44H41Br2N2O4P C, 61.98; H, 4.85; N, 3.29. Found C, 62.61; H, 

5.70; N, 4.85.  

 

2.07h. (5-((4'-(ethoxycarbonyl)-4,4''-dinitro-[1,1':3',1''-terphenyl]-5'-

yl)amino)pentyl)triphenylphosphonium bromide. Prepared from compound 2.06h (50 mg, 

0.061 mmol). Red solid (93% yield).  
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Mp: 74 ºC.  

IR (cm-1): 3356, 3056, 2923, 2855, 2446, 2102, 

1677, 1585.  

1H NMR (250 MHz, MeOD) δ 8.21 – 8.12 (m, 4H), 

7.81 – 7.59 (m, 15H), 7.43 – 7.30 (m, 2H), 6.90 (d, J 

= 1.7 Hz, 1H), 6.71 (d, J = 1.7 Hz, 1H), 3.78 (q, J = 

7.2 Hz, 2H), 3.33 (d, J = 13.7 Hz, 2H), 1.65 (m, 6H), 

0.60 (t, J = 7.1 Hz, 3H).  

13C NMR (63 MHz, MeOD) δ 170.4, 152.1, 151.8, 

149.42, 148.7, 148.3, 145.12, 144.33, 136.7 (d, J = 

3.0 Hz), 135.2 (d, J = 10.2 Hz), 132.0 (d, J = 12.8 

Hz), 130.7, 129.8, 125.5, 124.7, 120.3 (d, J = 85.5 Hz), 118.3, 113.5, 111.4, 62.2, 44.1, 29.8, 29.6 

(d, J = 11.0 Hz), 23.7 (d, J = 4.0 Hz), 23.1 (d, J = 50.8 Hz), 14.0.  

Elemental analysis: Anal. Calc. for C44H41BrN3O6P C, 64.55; H, 5.05; N, 5.13. Found C, 63.12; H, 

5.79; N, 5.94.  

 

4.08 Procedure for the synthesis of compound 2.08 

ethyl 5'-amino-[1,1':3',1''-terphenyl]-4'-carboxylate (200 mg, 0.63 mmol) was dissolved in 

acetonitrile (15 ml) and triethylamine (95 mg, 0.95 mmol) and (4-chloro-4-

oxobutyl)triphenylphosphonium bromide (330 mg, 0.76 mmol) were added to the mixture, 

which was stirred at room temperature overnight. The mixture was then concentrated in vacuo 

and purified by column chromatography (0-10% MeOH in DCM) to yield the desired product as 

a colourless solid (0.25 g, 55% yield). 

Mp: 76-77 ºC 

IR (cm-1): 3370, 3054, 2977, 1674. 

1H NMR (250 MHz, MeOD) δ 7.79 – 7.45 (m, 19H), 7.36 – 7.10 

(m, 10H), 3.64 (q, J = 7.2 Hz, 2H), 3.45 – 3.28 (m, 2H), 2.54 (t, J  

= 6.4 Hz, 2H), 1.87 (dt, J = 11.8, 6.8 Hz, 2H), 0.57 (t, J = 7.2 Hz, 

3H). 

13C NMR (63 MHz, MeOD) δ 173.5, 170.2, 145.4, 144.9, 143.1,  

141.0, 137.8, 137.3, 136.8, 136.8, 135.4, 135.2, 132.1, 131.9, 

130.6, 129.9, 129.7, 129.1, 128.6, 127.4, 126.9, 123.8, 120.9, 

119.5, 62.8, 23.1, 22.3, 20.1, 14.1. 

Elemental analysis: Anal. Calc. for C43H39BrNO3P C, 70.88; H, 5.40; N, 1.92. Found C, 70.63; H, 

5.88; N, 1.96.   
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4.09 General procedure for the synthesis of compounds 2.09a to 2.06d 

A microwave vial containing a solution of the corresponding dihydroanthranilate in DMF (2 ml) 

was closed and placed in the cavity of an Anton-Paar focused microwave oven and heated up 

with a maximum power of 200 W and a temperature gradient programmed to reach up to 200 

ºC in 5 minutes. The reaction mixture was stirred at this temperature for 90 minutes and then it 

was cooled down to room temperature. The solvent was removed under reduced pressure and 

the residue left, washed with chloroform to obtain the desired dihydroacridone. 

 

2.09a. 3-(4-methoxyphenyl)-1-phenyl-1,10-dihydroacridin-9(2H)-one. Prepared from 

compound 2.02x (220 mg, 0.47 mmol). Yellow solid (43% yield). yellow solid  

Mp: 242 ºC.  

IR (cm-1): 3391, 2990, 2770, 2106, 1607.  

1H-NMR (250 MHz, DMSO-d6) 11.87 (s, 1H), 8.08 (dd, J = 

8.1, 1.4 Hz, 1H), 7.68–7.53 (m, 4H), 7.48–7.37 (m, 3H), 7.29 

(ddd, J = 8.1, 6.7, 1.3 Hz, 1H), 7.17–7.08 (m, 2H), 6.90 (d, J 

= 2.5 Hz, 1H), 6.78–6.65 (m, 2H), 4.57 (d, J = 7.8 Hz, 1H), 

3.63 (s, 3H), 3.32–3.19 (ddd, J = 17.0, 8.3, 2.5 Hz, 1H), 3.10–

3.01 (d, J = 17.0 Hz, 1H).  

13C-NMR (63 MHz, DMSO-d6): 174.7, 157.9, 145.7, 143.8, 139.6, 139.1, 136.7, 131.7, 129.4, 

129.3, 128.3, 125.8, 125.4, 123.1, 118.3, 117.4, 114.5, 113.7, 55.2, 34.4, 33.3.  

Elemental analysis: Anal. Calc. for C26H21O2N C, 82.30; H, 5.58; N, 3.69. Found C, 81.91; H, 5.47; 

N, 3.85.  

 

2.09b. 3-(4-chlorophenyl)-1-phenyl-1,10-dihydroacridin-9(2H)-one. Prepared from compound 

2.02y (300 mg, 0.7 mmol). Brown solid (52% yield). 

Mp: 278 ºC.  

IR (cm-1): 3252, 3056, 2874, 2765, 2107, 1700, 1620. 

1H-NMR (250 MHz, DMSO-d6) 11.90 (s, 1H), 8.06 (dd, J = 8.1, 

1.4 Hz, 1H), 7.69–7.51 (m, 5H), 7.50–7.37 (m, 3H), 7.29 (m, 

2H), 7.20 (m, 2H), 6.90 (d, J = 2.5 Hz, 1H), 4.59 (d, J = 8.1 Hz, 

1H), 3.24 (dd, J = 8.5, 2.3 Hz, 1H), 3.07 (dd, J = 17.6, 1.4 Hz, 

1H).  

13C-NMR (63 MHz, DMSO-d6) 174.6, 145.6, 144.0, 143.8, 

139.6, 139.0, 131.8, 131.0, 129.5, 129.3, 129.3, 128.3, 125.9, 

125.4, 123.2, 118.4, 117.5, 113.6, 34.0, 33.6.  

Elemental Analysis: Anal. Calc. for C25H18ONCl C, 78.22; H, 4.73; N, 3.65. Found C, 77.03; H, 4.85; 

N, 3.97.  
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2.09c. 3-(2,4-dimethoxyphenyl)-1-(4-methoxyphenyl)-1,10-dihydroacridin-9(2H)-one. 

Prepared from compound 2.02z (150 mg, 0.3 mmol). Yellow solid (44% yield).  

Mp: 168 ºC.  

IR (cm-1): 3214, 3066, 2932, 2829, 2118, 1603.  

1H-NMR (250MHz, DMSO-d6): 12.14 (s, 1H), 8.15–8.07 (m, 

1H), 7.65 (dd, J = 6.2, 1.5 Hz, 2H), 7.37–7.28 (m, 1H), 7.24 

(dd, J = 8.5, 1.8 Hz, 1H), 7.20–7.11 (m, 2H), 6.86 (d, J = 2.4 

Hz, 1H), 6.75 (dd, J = 8.9, 2.5 Hz, 2H), 6.66–6.60 (m, 1H), 

6.57 (d, J = 2.4 Hz, 1H), 4.52 (d, J = 7.7 Hz, 1H), 3.81 (s, 3H),  

3.79 (s, 3H), 3.66 (s, 3H), 3.28–3.17 (m, 1H), 2.92 (d, J = 17.3 

Hz, 1H). 

13C-NMR (63MHz, DMSO-d6): 161.4, 158.7, 157.9, 145.6, 

144.7, 139.5, 136.6, 131.7, 129.6, 128.4, 125.2, 125.0, 121.8, 118.6, 118.4, 114.0, 113.6, 105.6, 

99.3, 56.0, 55.7, 55.3, 36.3, 33.5.  

Elemental analysis: Anal. Calc. for C28H25O4N C, 76.52; H, 5.73; N, 3.19. Found C, 75.31; H, 5.67; 

N, 3.38.  

 

2.09d. 1,3-bis(4-chlorophenyl)-1,10-dihydroacridin-9(2H)-one. Prepared from compound 

2.02aa (173 mg, 0.3 mmol). Yellow solid (27% yield).  

Mp: 287 ºC.  

IR (cm-1): 3252, 3059, 2749, 2681, 2113, 1624.  

1H-NMR (300 MHz, DMSO-d6): 11.86 (s, 1H), 8.07 (dd, J = 8.1, 

1.5 Hz, 1H), 7.68–7.56 (m, 3H), 7.53–7.47 (m, 2H), 7.30 (ddd, 

J = 8.1, 6.8, 1.1 Hz, 2H), 7.23 (s, 4H), 6.91 (d, J = 2.7 Hz, 1H), 

4.60 (d, J = 8.3 Hz, 1H), 3.29–3.22 (m, 1H), 3.04 (dd, J = 17.6, 

1.5 Hz, 1H).  

13C-NMR (75 MHz, DMSO-d6): 174.7, 144.3, 143.8, 139.7, 138.0, 134.1, 132.0, 131.1, 129.4, 

129.3, 128.5, 127.8, 125.5, 125.4, 124.5, 123.4, 118.5, 118.3, 113.8, 34.0, 33.7.  

Elemental analysis: Anal. Calc. for C25H17ONCl2 C, 71.78; H, 4.10; N, 3.35. Found C, 71.04; H, 4.20; 

N, 3.49.  

 

 

4.10 General procedure for the synthesis of compounds 2.10a to 2.10d 

A microwave vial containing a solution of the corresponding dihydroacridone in nitrobenzene 

was closed and placed in the cavity of an Anton-Paar focused microwave oven and heated up 

with a maximum power of 200 W and a temperature gradient programmed to reach up to 250 

ºC in 5 minutes. The reaction mixture was stirred at this temperature for 90 minutes and then it 

was cooled down to room temperature. The solvent was removed under reduced pressure and 

the residue left, washed with chloroform, and crushed to obtain the desired dihydroacridone. 
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In the case of compound 2.10c, the compound was purified by column chromatography with a 

mobile phase of 0-30% ethyl acetate. 

 

2.10a. 3-(4-methoxyphenyl)-1-phenylacridin-9(10H)-one. Prepared from compound 2.09a (50 

mg, 0.13 mmol). Yellow solid (74% yield)  

Mp: 296 ºC.  

IR (cm-1): 3264, 3107, 2929, 2106, 1889, 1617.  

1H-NMR (300 MHz, CDCl3) 9.18 (s, 1H), 8.36 (dd, J = 8.2, 1.5 

Hz, 1H), 7.69–7.59 (m, 3H), 7.55 (d, J = 1.8 Hz, 1H), 7.50–

7.41 (m, 4H), 7.41–7.33 (m, 3H), 7.22 (ddd, J = 8.1, 7.0, 1.0 

Hz, 1H), 6.99–6.92 (m, 2H), 3.83 (s, 3H).  

13C-NMR (75 MHz, CDCl3) 177.1, 158.8, 145.1, 144.9, 144.1, 

140.2, 139.2, 134.8, 133.5, 129.7, 129.0, 128.6, 127.4, 127.1, 125.0, 122.1, 122.0, 117.0, 116.4, 

114.2, 113.2, 55.2.  

Elemental analysis: Anal. Calc. for C26H19O2N C, 82.74; H, 5.07; N, 3.71. Found C, 82.83; H, 5.18; 

N, 3.69.  

 

2.10b. 3-(4-chlorophenyl)-1-phenylacridin-9(10H)-one. Prepared from compound 2.09b (30 

mg, 0.13 mmol). Yellow solid (74% yield).  

Mp: 366 ºC.  

IR (cm-1): 3262, 3072, 2930, 2109, 1892, 1623.  

1H-NMR (300 MHz, DMSO-d6) 11.87 (s, 1H), 8.10 (dd, J = 8.1, 

1.5 Hz, 1H), 7.86 (dd, J = 7.2, 1.8 Hz, 3H), 7.78 (ddd, J = 8.5, 

6.9, 1.6 Hz, 1H), 7.61 (t, J = 7.2 Hz, 3H), 7.56–7.51 (m, 1H), 

7.51–7.39 (m, 4H), 7.31–7.23 (m, 2H).  

13C-NMR (75 MHz, DMSO-d6) 176.9, 144.0, 143.3, 143.1, 142.4, 140.9, 139.2, 133.8, 131.6, 130.9, 

129.7, 129.2, 127.6, 127.5, 126.6, 123.5, 122.3, 121.6, 117.3, 116.9, 115.2. 

 Elemental analysis: Anal. Calc. for C25H16ONCl C, 78.64; H, 4.22; N, 3.67. Found C, 77.90; H, 4.26; 

N, 3.67.  

 

2.10c. 3-(2,4-dimethoxyphenyl)-1-(4-methoxyphenyl)acridin-9(10H)-one. Prepared from 

compound 2.09c (30 mg, 0.07 mmol). Orange solid (77% yield).  
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Mp: 281 ºC.  

IR (cm-1): 3263, 3105, 2954, 2831, 2110, 1887, 1611.  

1H-NMR (300 MHz, CDCl3) 9.37 (s, 1H), 8.24 (dd, J = 8.2, 1.5 

Hz, 1H), 7.57 (d, J = 1.7 Hz, 1H), 7.52 (ddd, J = 8.4, 6.9, 1.5 

Hz, 1H), 7.36 (d, J = 8.3 Hz, 1H), 7.31–7.22 (m, 3H), 7.16–7.08 

(m, 2H), 6.93–6.84 (m, 2H), 6.51–6.44 (m, 2H), 3.78 (s, 3H), 

3.77 (s, 3H), 3.74 (s, 3H).  

13C-NMR (75 MHz, CDCl3) 176.8, 161.3, 158.8, 157.8, 142.9, 

142.6,141.9, 140.0, 134.9, 133.3, 131.5, 129.9, 127.5, 127.0, 

121.9, 121.8, 121.4, 116.7, 116.3, 113.2, 105.0, 99.1, 55.7, 55.5, 55.2.  

Elemental analysis: Anal. Calc. for C28H23O4N C, 76.87; H, 5.30; N, 3.20. Found C, 76.15; H, 5.41; 

N, 3.15.  

 

2.10d. 1,3-bis(4-chlorophenyl)acridin-9(10H)-one. Prepared from compound 2.09d (30 mg, 

0.07 mmol). Orange solid (43% yield).  

Mp 298 ºC.  

IR (cm-1): 3264, 3114, 2922, 2105, 1619. 

1H-NMR (300 MHz, DMSO-d6) 11.84 (s, 1H), 8.04 (dd, J = 8.2, 

1.6 Hz, 1H), 7.87–7.81 (m, 2H), 7.78 (d, J = 1.8 Hz, 1H), 7.72 

(ddd, J = 8.5, 6.9, 1.6 Hz, 1H), 7.63–7.58 (m, 2H), 7.54 (d, J = 

8.3 Hz, 1H), 7.45–7.34 (m, 4H), 7.26–7.18 (m, 2H).  

13C-NMR (75 MHz, DMSO-d6) 176.8, 143.3, 142.7, 142.4, 

140.9, 137.9, 134.1, 133.9, 131.7, 131.6, 130.9, 130.1, 129.7, 

129.4, 127.5, 126.7, 123.3, 122.4, 117.4, 117.0, 115.3. 

Elemental analysis: Anal. Calc. for C25H15ONCl2 C, 72.13; H, 3.63; N, 3.36. Found C, 71.23; H, 3.76; 

N, 3.53.  

 

4.11 General procedure for the synthesis of compounds 2.11a to 2.11f 

The corresponding anthranilic ester was dissolved in ethanol (30 ml) and a 6M solution of 

NaOH (10 ml) was added to the mixture. The reaction mixture was heated up to 60 ºC for 3 

hours, and afterwards, it was quenched with concentrated HCl solution to PH 7. The mixture 

was extracted with ethyl acetate (30 ml) three times and all organic extracts combined, dried 

with Na2SO4, and concentrated in vacuo to yield the desired acids 2.11a-2.11f. 
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2.11a. 5'-amino-[1,1':3',1''-terphenyl]-4'-carboxylic acid. Prepared 

from compound 2.03a (500 mg, 1.6 mmol). Brown solid (99% yield). 

1H NMR (250 MHz, MeOD) δ 7.59 (d, J = 6.9 Hz, 2H), 7.46 – 7.23 (m, 

10H), 7.03 (d, J =1.7 Hz, 1H), 6.80 (d, J =1.7 Hz, 1H). (NMR data 

consistent with values described in literature). 47 

 

2.11b. 5'-amino-4''-nitro-[1,1':3',1''-terphenyl]-4'-carboxylic acid. Prepared from compound 

2.03b (700 mg, 1.9 mmol). Yellow solid (99% yield). 

Mp: 180-181 ºC 

IR (cm-1): 3377, 3129, 3024, 2826, 1665, 1508. 

1H NMR (300 MHz, MeOD) δ 8.26 – 8.19 (m, 2H), 7.75 – 7.67 (m, 

2H), 7.64 – 7.57 (m, 2H), 7.46 – 7.27 (m, 3H), 7.07 (d, J = 1.7 Hz, 

1H), 6.87 (d, J = 1.7 Hz, 1H). 

13C NMR (75 MHz, MeOD) δ 174.6, 150.3, 146.7, 146.3, 141.6, 

140.6, 139.4, 129.2, 128.4, 127.2, 126.5, 122.7, 117.4, 114.2. 

Elemental analysis: Anal. Calc. for C19H14N2O4 C, 68.26; H, 4.22; N, 

8.38. Found: C, 68.30; H, 4.21; N, 8.39.  

 

2.11c. 3-amino-5-(5-chlorofuran-2-yl)-[1,1'-biphenyl]-4-carboxylic acid. Prepared from 

compound 2.03d (0.4 g, 0.1 mmol). Orange solid (99 % yield). 

Mp: 119 º C.  

IR (cm-1): 3447, 3354, 2920, 2851, 2114, 1638.  

1H NMR (250 MHz, MeOD) δ 7.69 – 7.58 (m, 2H), 7.48 – 7.32 (m, 

4H), 7.13 (d, J = 1.6 Hz, 1H), 7.03 (d, J = 1.7 Hz, 1H), 6.76 (d, J = 3.4 

Hz, 1H), 6.33 (d, J = 3.4 Hz, 1H).  

13C NMR (63 MHz, MeOD) δ 155.5, 148.2, 144.0, 142.3, 136.8, 

130.5, 130.2, 129.1, 128.3, 116.6, 115.9, 111.0, 109.6.  

Elemental analysis: Anal. Calc. for C17H12ClNO3 C, 65.08; H, 3.68; 

N, 4.46. Found: C, 64.39; H, 3.98; N, 4.47.  

 

2.11d. 5'-(benzylamino)-4-nitro-[1,1':3',1''-terphenyl]-4'-carboxylic acid. Prepared from 

compound 2.03e (0.6 g, 0.1 mmol). Orange solid (97 % yield). 
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Mp: 113ºC.  

IR (cm-1): 3366, 2920, 2849, 2112, 1718, 1647.   

1H NMR (250 MHz, MeOD) δ 8.04 (d, J = 8.8 Hz, 2H), 

7.51 (d, J = 8.8 Hz, 2H), 7.37 – 7.03 (m, 15H), 6.70 (d, J = 

1.6 Hz, 1H), 6.64 (d, J = 1.6 Hz, 1H), 4.28 (s, 2H).  

13C NMR (63 MHz, MeOD) δ 149.6, 148.8, 148.1, 144.3, 

143.2, 141.4, 140.7, 130.1, 130.0, 129.5, 129.2, 128.9, 

128.5, 128.3, 125.3, 119.0, 110.3, 55.3.  

Elemental analysis: Anal. Calc. for C26H20N2O4 C, 73.57; H, 4.75; N, 6.60. Found: C, 72.64; H, 

4.94; N, 6.28.  

 

2.11e. 5'-amino-4-methoxy-[1,1':3',1''-terphenyl]-4'-carboxylic acid. Prepared from 

compound 2.03f (0.74 g, 2.1 mmol). Yellow solid (99% yield). 

Mp: 161-162 ºC 

IR (cm-1): 3483, 3371, 2959, 1642, 1578. 

1H NMR (300 MHz, MeOD) δ 7.60 – 7.52 (m, 2H), 7.39 – 7.28 

(m, 5H), 7.02 – 6.95 (m, 3H), 6.78 (d, J = 1.7 Hz, 1H), 3.82 (s, 

3H). 

13C NMR (75 MHz, MeOD) δ 159.8, 148.8, 144.2, 143.4, 143.2, 

132.5, 127.9, 127.7, 127.5, 126.4, 117.7, 113.8, 112.8, 54.4. 

Elemental analysis: Anal. Calc. for C20H17NO3 C, 75.22; H, 5.37; N, 4.39. Found: C, 74.59; H, 

5.32; N, 4.93.  

 

2.11f. 5'-amino-4-methyl-[1,1':3',1''-terphenyl]-4'-carboxylic acid. 

Prepared from compound 2.03c (0.38 g, 2.1 mmol). Yellow solid 

(99% yield). 

1H NMR (250 MHz, DMSO-d6) δ 7.64 – 7.19 (m, 8H), 7.03 (d, J = 

2.0 Hz, 1H), 6.70 (d, J = 2.0 Hz, 1H), 2.34 (s, 3H). (NMR data 

consistent with values described in literature). 47 

 

2.11g. (R)-5'-((1-phenylethyl)amino)-[1,1':3',1''-terphenyl]-4'-carboxylic acid. Prepared from 

compound 2.03g (0.2 g, 0.47 mmol). Pale brown solid (88% yield). 

Mp:  155-156 ºC.  

 Specific optical rotation, [α]25
D = -165.6 º mL dm-1 g-1.  

 IR (cm-1):  3389.11, 2857.47, 1888.11, 1650.40, 1560.06  
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1H NMR (250 MHz, CDCl3): δ 7.37-7.15 (m, 15H) 6.69 (d, J = 1.7 

Hz, 1H), 6.61 (d, J = 1.7 Hz, 1H), 4.57 (q, J = 6.7 Hz, 1H), 1.52 (d, J 

= 6.7Hz, 3H).   

13C NMR (CDCl3, 63 MHz) δ:  173.7, 150.0, 146.1, 145.5, 145.2, 

143.7, 140.8, 129.3, 129.1, 128.6, 128.5, 128.4, 128.4, 127.5, 

127.5, 126.3, 118.6, 111.0, 109.9, 53.8, 25.6. 

Elemental analysis Anal. Calc.  for C27H22NO2 C, 82.42; H, 5.89; N, 

3.56; Found C, 82.37; H, 6.09; N, 3.41.  

 

4.12 General procedure for the synthesis of compounds 2.12a to 2.12f 

A microwave vial with a solution of the corresponding anthranilic acid in DMF (2 ml) and an 

aqueous 6M solution of NaOH was placed in the cavity of a CEM microwave focused oven at a 

maximum power of 200 W and a temperature gradient programmed to reach up to 180 ºC in 5 

minutes. The reaction mixture was stirred at this temperature for 90 minutes and then it was 

cooled down to room temperature. The solution was diluted in DCM (20 ml) and washed 6 times 

with a saturated solution of LiCl. The organic phase was dried with Na2SO4 and concentrated in 

vacuo. The residue was washed with diethyl ether to yield the m-terphenylamines 2.12a-2.12f.  

Compounds 2.12b and 2.12d were in part reduced to their amino derivatives in the microwave 

oven and were purified by column chromatography. 

  

 

2.12a. [1,1':3',1''-terphenyl]-5'-amine. Prepared from compound 8a 

(200 mg, 0.69 mmol). Brown solid (68% yield).  

1H NMR (250 MHz, DMSO) δ 7.64 (d, J = 7.1 Hz, 4H), 7.45 (t, J = 7.3 Hz, 

4H), 7.35 (t, J = 7.2 Hz, 2H), 7.02 (s, 1H), 6.84 (d, J = 1.5 Hz, 2H), 5.32 

(br s, 2H). (NMR data consistent with values described in literature). 47 

 

2.12b. [1,1':3',1''-terphenyl]-4,5'-diamine. Prepared from compound 8b (175 mg, 0.52 mmol).  

Dark brown solid (37% yield). 

Mp: 78-79 ºC 

IR (cm-1): 3332, 3209, 2919, 1850, 1591 

1H NMR (300 MHz, MeOD) δ 7.62 – 7.57 (m, 2H), 7.45 – 7.36 (m, 

5H), 7.11 (d, J = 1.6 Hz, 1H), 6.95 – 6.88 (m, 2H), 6.84 – 6.77 (m, 

2H). 

13C NMR (75 MHz, MeOD) δ 147.4, 146.4, 142.4, 141.7, 131.5, 

128.3, 126.8, 126.6, 123.6 115.6, 115.4, 112.5, 112.2. 

Elemental analysis: Anal. Calc. for C16H12ClNO C, 71.25; H, 4.48; N, 5.19. Found: C, 71.08; H, 

4,59; N, 5.27.  
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2.12c. 5-(5-chlorofuran-2-yl)-[1,1'-biphenyl]-3-amine. Prepared from compound 8c (175 mg, 

0.52 mmol). yellow solid (94% yield).  

Mp: 120 ºC 

IR (cm-1): 3054, 2920, 2851, 1683.  

1H NMR (250 MHz, MeOD) δ 7.67 – 7.58 (m, 2H), 7.50 – 7.31 (m, 3H), 

7.21 (t, J = 1.5 Hz, 1H), 7.02 (t, J = 1.8 Hz, 1H), 6.93 (t, J = 1.9 Hz, 1H), 

6.80 (d, J = 3.4 Hz, 1H), 6.37 (d, J = 3.4 Hz, 1H).  

13C NMR (63 MHz, MeOD) δ 155.9, 150.3, 144.5, 142.9, 136.9, 132.8, 

130.2, 128.9, 128.4, 115.0, 113.4, 110.5, 109.9, 108.6.  

Elemental analysis: Anal. Calc. for C18H16N2 C, 83.04; H, 6.19; N, 10.76. Found: C, 82.56; H, 

5.87; N, 9.67.  

 

2.12d. N-benzyl-4-nitro-[1,1':3',1''-terphenyl]-5'-amine. Prepared from compound 8d. Orange 

oil (29% yield). 

IR (cm-1): 3405, 3026, 2922, 2850, 2447, 2114, 1558.  

1H NMR (250 MHz, CDCl3) δ 8.21 (d, J = 8.8 Hz, 2H), 7.66 (d, 

J = 8.8 Hz, 2H), 7.52 (dd, J = 8.2, 1.5 Hz, 2H), 7.43 – 7.17 (m, 

9H), 7.08 (d, J = 1.6 Hz, 1H), 6.84 (d, J = 1.9 Hz, 1H), 6.76 (t, 

J = 1.9 Hz, 1H), 4.39 (s, 2H).   

13C NMR (63 MHz, CDCl3) δ 149.4, 148.6, 147.4, 143.8, 

141.5, 140.8, 139.3, 129.2, 128.3, 128.1, 128.0, 127.9, 

127.7, 124.5, 116.5, 112.6, 110.9, 48.8.  

Elemental analysis: Anal. Calc. for C25H20N2O2 C, 78.93; H, 5.30; N, 7.36. Found: C, 78.59; H, 

5.57; N, 7.01.  

 

2.12e. 4-methoxy-[1,1':3',1''-terphenyl]-5'-amine. Prepared from 

compound 8e (180 mg, 0.52 mmol). Pale brown solid (41% yield). 

1H NMR (250 MHz, DMSO) δ 7.70 – 7.36 (m, 7H), 7.10 – 6.94 (m, 3H), 

6.91 – 6.74 (m, 2H), 5.27 (s, 2H), 3.90 – 3.71 (m, 3H). (NMR data 

consistent with values described in literature).47 

 

12f. 4-methyl-[1,1':3',1''-terphenyl]-5'-amine. Prepared from 

compound 8f (0.170 g, 0.56 mmol). Pale brown solid (50% yield).  

1H NMR (250 MHz, CDCl3) δ 7.62 (d, J = 6.0 Hz, 2H), 7.55 – 7.37 (m, 

6H), 7.28 – 7.18 (m, 4H), 6.93 – 6.87 (m, 2H), 2.41 (s, 3H). (NMR 

data consistent with values described in literature).47 
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2.12g. N5'-benzyl-[1,1':3',1''-terphenyl]-4,5'-diamine. Prepared from compound 8d. Brown oil 

(16% yield).  

IR (cm-1): 3365, 3200, 3026, 2921, 2850, 1888.  

1H NMR (250 MHz, CDCl3) δ 7.69 – 7.61 (m, 2H), 7.53 – 

7.30 (m, 11H), 7.18 (t, J = 1.6 Hz, 1H), 6.85 (dt, J = 5.4, 2.1 

Hz, 2H), 6.83 – 6.76 (m, 2H), 4.49 (s, 2H).  

13C NMR (63 MHz, CDCl3) δ 149.2, 146.3, 143.2, 143.2, 

142.3, 139.8, 132.4, 129.1, 129.1, 128.6, 128.1, 127.8, 

127.7, 127.6, 116.0, 115.7, 110.5, 110.3, 48.9.  

Elemental analysis: Anal. Calc. for C25H22N2 C, 85.68; H, 

6.33; N, 7.99. Found: C, 84.78; H, 6.65; N, 8.89.  

 

4.13. Procedure for the synthesis of compound 2.13 

Compound 2.12e (150 mg, 0.54 mmol) was dissolved in dry DCM (20 ml) in an argon atmosphere 

and 1M solution of BBr3 in DCM (5 ml) was added to the solution at a temperature of -78 ºC. The 

reaction mixture was warmed up to room temperature and left stirring for 3 hours. Afterwards, 

the mixture was neutralized with a saturated solution of K2CO3 to PH 7 and the two layers 

separated. The organic phase was washed with water (10 ml) twice and brine (10 ml) once, dried 

with Na2SO4 and concentrated in vacuo to yield the desired phenol as an off-white solid (99% 

yield). 

Mp: 193 ºC. 

IR (cm-1): 3307, 3191, 3028, 2921, 2342, 2893, 1514.  

1H NMR (250 MHz, MeOD) δ 7.54 – 7.46 (m, 2H), 7.41 – 7.15 (m, 5H), 

7.03 (t, J = 1.6 Hz, 1H), 6.83 (m, 2H), 6.79 – 6.71 (m, 2H).  

13C NMR (63 MHz, MeOD) δ 158.61, 149.01, 144.35, 144.32, 143.38, 

134.51, 130.14, 129.52, 128.67, 128.46, 117.61, 116.92, 114.61, 

114.32.  

Elemental analysis: Anal. Calc. for C18H15NO C, 82.73; H, 5.79; N, 

5.36. Found: C, 82.33; H, 5.34; N, 5.25.  

 

4.14 General procedure for the synthesis of compounds 2.14a and 2.14b.  

The corresponding 2-aminobenzonitrile (1 eq) was dissolved in cyclohexanone (10 ml) and zinc 

chloride (0.1 eq) was added to the mixture, which was stirred to 120 ºC for 5 hours. The mixture 

was allowed to cool down at room temperature and the precipitate formed was filtered and 

washed with hexane to yield the corresponding tetrahydroacridine. 

2.14a. 1,2,3,4-tetrahydroacridin-9-amine. Prepared from 2-aminobenzonitrile (1.5 g, 8.5 

mmol). Off white solid (99% yield). 
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1H NMR (250 MHz, DMSO-d6) δ 8.14 (d, J = 8.5 Hz, 1H), 7.62 (d, J = 8.6 Hz, 

1H), 7.52 – 7.41 (m, 1H), 7.33 – 7.19 (m, 1H), 6.42 (s, 2H), 2.79 (m, 2H), 

1.88 – 1.70 (m, 4H). (NMR data consistent with values described in 

literature).68 

 

2.14b. 6-chloro-1,2,3,4-tetrahydroacridin-9-amine. Prepared from 4-chloro-2-

aminobenzonitrile (2g, 13.1 mmol). Off-white solid (99% yield).  

1H NMR (250 MHz, DMSO-d6) δ 8.65 – 8.30 (m, 3H), 7.93 (s, 1H), 

7.54 (d, J = 9.0 Hz, 1H), 2.94 (s, 2H), 1.81 (s, 4H). (NMR data 

consistent with values described in literature).68 

 

4.15 General procedure for the synthesis of compounds 2.15a to 2.15c. 

The corresponding tetrahydroacridine (1 equivalent) and K2CO3 (2 equivalents) were suspended 

in acetonitrile (20 ml) and the required dibromoalkane was added to the mixture, which was 

allowed to stir at room temperature for 24 hours. The mixture was concentrated in vacuo and 

redissolved in ethyl acetate (20 ml) and washed with water twice (10 ml). The organic phase was 

dried with Na2SO4 and concentrated in vacuo, to yield a residue purified by column 

chromatography (0-10% methanol in DCM). 

 

2.15a. N-(7-bromoheptyl)-1,2,3,4-tetrahydroacridin-9-amine. Prepared from 1,2,3,4-

tetrahydroacridin-9-amine and 1,7-dibromoheptane. Brown oil (35% yield).  

IR (cm-1): 3228, 2921, 2851, 2099, 1521.  

1H NMR (250 MHz, CDCl3) δ 7.86 (ddd, J = 10.0, 8.5, 1.3 

Hz, 2H), 7.47 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.27 (ddd, J = 

8.3, 6.8, 1.3 Hz, 1H), 3.41 (d, J = 4.9 Hz, 2H), 3.34 – 3.25 

(m, 2H), 2.99 (t, J = 3.2 Hz, 2H), 2.62 (d, J = 5.0 Hz, 2H), 

1.84 (p, J = 3.4 Hz, 4H), 1.81 – 1.70 (m, 2H), 1.57 (d, J = 

7.2 Hz, 2H), 1.42 – 1.15 (m, 14H). (NMR data consistent with values described in literature)69 

13C NMR (63 MHz, CDCl3) δ 158.7, 151.2, 147.7, 129.0, 128.8, 124.0, 123.3, 120.5, 116.2, 53.91 

49.9, 34.4, 33.0, 32.1, 30.1, 28.9, 28.4, 28.4, 27.2, 25.2, 23.5, 23.2.  

 

2.15b. N-(5-bromopentyl)-1,2,3,4-tetrahydroacridin-9-amine. Prepared from 1,2,3,4-

tetrahydroacridin-9-amine and 1,5-dibromopentane. Brown oil (15% yield).  

IR (cm-1): 3233, 2851, 2106, 1721, 1567. 

1H NMR (250 MHz, CDCl3) δ 7.98 (m, 2H), 7.59 (ddd, J = 8.4, 

6.8, 1.4 Hz, 1H), 7.38 (ddd, J = 8.3, 6.8, 1.4 Hz, 1H), 4.17 – 4.01 

(m, 1H), 3.55 (q, J = 7.0, 5.7 Hz, 2H), 3.44 (t, J = 6.6 Hz, 2H), 

3.10 (td, J = 4.4, 2.2 Hz, 2H), 2.79 – 2.68 (m, 2H), 1.93 (dt, J = 

10.6, 5.4 Hz, 6H), 1.79 – 1.66 (m, 2H), 1.66 – 1.51 (m, 2H). (NMR data consistent with values 

described in literature)69 
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13C NMR (63 MHz, CDCl3) δ 158.5, 151.3, 147.3, 129.0, 128.7, 124.2, 123.3, 120.4, 116.3, 49.6, 

34.1, 34.0, 32.7, 31.3, 25.9, 25.2, 23.4, 23.1.  

 

2.15c. N-(7-bromoheptyl)-6-chloro-1,2,3,4-tetrahydroacridin-9-amine. Prepared from 6-

chloro-1,2,3,4-tetrahydroacridin-9-amine and 1,7-dibromoheptane. Brown oil (31% yield). 

1H NMR (250 MHz, CDCl3) δ 7.92 (m, 2H), 7.30 (dd, J = 

9.1, 2.2 Hz, 2H), 4.01 (t, J = 7.7 Hz, 1H), 3.67 (t, J = 6.5 

Hz, 2H), 3.43 (td, J = 6.8, 2.0 Hz, 4H), 3.05 (d, J = 5.2 Hz, 

2H), 2.68 (dd, J = 5.9, 2.7 Hz, 2H), 1.98 – 1.80 (m, 9H), 

1.69 (t, J = 6.8 Hz, 2H), 1.65 – 1.56 (m, 2H), 1.50 – 1.32 

(m, 13H). (NMR data consistent with values described in literature) 

13C NMR (63 MHz, CDCl3) δ 159.8, 151.4, 134.5, 127.8, 125.0, 124.7, 118.7, 116.1, 63.3, 47.0, 

34.3, 33.1, 33.0, 32.1, 29.0, 28.5, 27.1, 26.0, 25.0, 23.3. (NMR data consistent with values 

described in literature)70 

 

4.16 General procedure for the synthesis of compounds 2.16a to 2.16c 

5'-amino-[1,1':3',1''-terphenyl]-4-ol (1 equivalent) was dissolved in anhydrous acetone (5 ml) 

and K2CO3 was suspended in the solution which was left stirring for 30 minutes at room 

temperature. Subsequently, the corresponding N-alkylated-tacrine derivative (1 equivalent) was 

added to the mixture which was furtherly stirred for 24 hours. The mixture was concentrated in 

vacuo and purified by column chromatography (0-10% methanol in DCM) to yield the hybrid m-

terphenylamine-tacrine hybrid compounds. 

 

2.16a. N-(7-((5'-amino-[1,1':3',1''-terphenyl]-4-yl)oxy)heptyl)-1,2,3,4-tetrahydroacridin-9-

amine. Prepared from N-(7-bromoheptyl)-1,2,3,4-tetrahydroacridin-9-amine (80 mg, 0.21 

mmol). Brown oil (30% yield).  

IR (cm-1): 3337, 3143, 3047, 2888, 

1810, 1684, 1598.  

1H NMR (250 MHz, CDCl3) δ 8.16 (d, J = 

8.6 Hz, 1H), 7.99 (d, J = 8.6 Hz, 1H), 7.60 

– 7.51 (m, 3H), 7.51 – 7.24 (m, 7H), 7.09 

(t, J = 1.6 Hz, 1H), 6.91 – 6.83 (m, 2H), 

6.79 (d, J = 1.7 Hz, 2H), 3.93 (t, J = 6.3 

Hz, 2H), 3.69 – 3.57 (m, 2H), 3.12 (s, 

2H), 2.56 (m, 2H), 1.85 (d, J = 4.5 Hz, 

4H), 1.71 (m, 5H), 1.39 (m, 8H).  

13C NMR (63 MHz, CDCl3) δ 164.7, 159.0, 153.3, 147.5, 146.9, 143.3, 142.9, 141.9, 135.6, 134.2, 

129.1, 128.6, 127.8, 127.6, 126.6, 124.8, 123.9, 121.6, 117.0, 115.0, 112.9, 112.9, 108.6, 105.4, 

101.8, 68.2, 49.6, 31.9, 31.4, 29.6, 29.4, 27.2, 26.4, 24.5, 22.9, 22.2.  

Elemental analysis: Anal. Calc. for C38H41N3O C, 82.12; H, 7.44; N, 7.56. Found: C, 84.10; H, 7.80; 

N, 7.42.  
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2.16b. N-(5-((5'-amino-[1,1':3',1''-terphenyl]-4-yl)oxy)pentyl)-1,2,3,4-tetrahydroacridin-9-

amine. Prepared from N-(5-bromopentyl)-1,2,3,4-tetrahydroacridin-9-amine. Brown oil (23% 

yield).  

IR (cm-1): 3206, 2920, 2851, 2106, 1573.  

 1H NMR (500 MHz, CDCl3) δ 8.28 (s, 1H), 

8.08 (d, J = 8.6 Hz, 1H), 7.69 – 7.61 (m, 4H), 

7.56 (d, J = 8.6 Hz, 2H), 7.49 – 7.35 (m, 6H), 

7.18 (t, J = 1.5 Hz, 1H), 6.95 (d, J = 8.7 Hz, 

2H), 6.89 (d, J = 1.6 Hz, 2H), 4.06 (t, J = 6.0 

Hz, 2H), 3.77 (s, 2H), 3.23 (s, 2H), 2.67 (s, 

2H), 1.91-1.81 (m, 10H).  

13C NMR (126 MHz, CDCl3) δ 161.5, 158.9, 

151.7, 147.5, 143.4, 142.8, 142.8, 141.9, 134.4, 129.1, 128.6, 127.8, 127.6, 117.0, 115.0, 112.9, 

67.8, 49.5, 31.6, 30.1, 29.3, 26.0, 24.5, 23.9, 14.5.  

Elemental analysis: Anal. Calc. for C38H41N3O C, 82.12; H, 7.44; N, 7.56. Found: C, 84.10; H, 7.70; 

N, 7.42.  

 

2.16c. N-(7-((5'-amino-[1,1':3',1''-terphenyl]-4-yl)oxy)heptyl)-6-chloro-1,2,3,4-

tetrahydroacridin-9-amine. Prepared from N-(7-bromoheptyl)-6-chloro-1,2,3,4-

tetrahydroacridin-9-amine. Brown solid (32% yield). 

 Mp: 105ºC  

IR (cm-1): 3330, 2921, 2852, 2104, 

1669.  

1H NMR (500 MHz, MeOD) δ 8.32 

(d, J = 9.3 Hz, 1H), 7.74 (d, J = 2.2 

Hz, 1H), 7.63 (d, J = 7.7 Hz, 2H), 

7.55 (d, J = 8.6 Hz, 2H), 7.51 (dd, J 

= 9.2, 2.2 Hz, 1H), 7.43 (t, J = 7.7 Hz, 

2H), 7.34 (d, J = 7.3 Hz, 1H), 7.10 (d, 

J = 1.7 Hz, 1H), 6.98 – 6.92 (m, 3H), 

4.02 (t, J = 6.3 Hz, 2H), 3.86 (t, J = 

7.4 Hz, 2H), 2.98 (d, J = 6.4 Hz, 2H), 2.68 (d, J = 5.2 Hz, 2H), 2.00 – 1.92 (m, 5H), 1.86 – 1.77 (m, 

4H), 1.53 (d, J = 7.0 Hz, 2H), 1.51 – 1.42 (m, 6H).  

13C NMR (126 MHz, MeOD) δ 160.5, 157.2, 156.3, 150.0, 144.3, 143.9, 143.4, 140.1, 138.7, 135.6,  

130.1, 129.4, 128.6, 128.4, 126.8, 117.0, 116.9, 116.2, 114.6, 114.2, 114.1, 69.3, 35.0, 31.8, 31.1,  

30.5, 30.2, 28.0, 27.3, 25.4, 24.1, 23.5, 22.6. 

HRMS: m/z calc. for C38H40ClN3O 590.2, found 590.3.  
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Mechanochemical synthesis of rufinamide and primary amides  

 

1.0 Introduction 

1.1 Neuroglial sodium channels: A target for neurodegenerative diseases 

Under pathological conditions, the CNS activates glial cells, particularly microglia, and triggers a 

complex neuroinflammatory pathway, which leads to the formation and release of various pro-

inflammatory factors (chemokines and cytokines), increased oxidative stress and induced 

apoptosis of neurons. In this spite, sodium channels have been shown to play an essential role 

in the physiological and pathological function of glial cells.  Due to the fact that glial cells are 

sensitive to ion flux, particularly Ca2+ ions (although glial cells do not produce AP under 

physiological conditions), whose concentration is involved in microglial activation and in the 

regulation of their functions. In addition, the concentration of Ca2+ ions is regulated by the 

sodium-calcium exchanger (NCX), which transfers three Na+ ions for each Ca2+ ion in opposite 

direction, which generates a total flow of one positive charge in each cycle, supporting 

intracellular Ca2+ homeostasis. Furthermore, some experimental data suggest that NCX 

activation contributes to neuronal cell death in the ischaemic brain; to control the formation 

and residence time of Ca2+ concentration in response to the neurotransmitters; to 

neurotransmitter release and to the generation of free radicals and NO in the mitochondria.  

Thus, sodium channel activation has the ability to increase Ca2+ ion concentration through the 

reverse mode of NCX and sodium channel dysfunction can lead to neurological diseases1.  

Consequently, NCX was suggested to be implicated in the pathophysiology of cerebral 

ischaemia, epilepsy, and the main neurodegenerative diseases such as AD2 . Therefore, voltage-

gated sodium channels (VGSCs) are a potential pharmacological target for the development of 

neuroprotective drugs due to their ability to indirectly reduce intracellular calcium 

concentration. 

 

 

 

 

 

 

 

 

 

Figure 1. Scheme representing intracellular calcium homeostasis. As it can be observed, 

sodium metabolism plays a crucial role in the intracellular calcium concentration due to its role 

in NCX antiportation (calcium is represented with yellow circles, sodium with green circles). 
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Numerous drugs act as sodium channel blockers have shown a wide therapeutic range such as: 

antiarrhythmics, local anesthetics, anticonvulsants and to treat pain. Particularly relevant for us,  

are the neuronal sodium channel blockers, which have been found to have analgesic, 

anticonvulsant or neuroprotective activity, such as lamotrigine, zonisamide, Lubeluzole or 

rufinamide (figure 2). 

 

Figure 2. chemical structure of some sodium channel blockers. 

 

1.2. An overview of mechanochemical synthesis  

Mechanochemistry is defined by those reactions that are carried out with the input of 

mechanical energy, for example by grinding or with the use of ball milling.3 Its use is attracting 

great attention in recent years as it presents numerous advantages in comparison with 

traditional organic synthesis. In the first place, mechanochemical synthesis has demonstrated to 

be effective and, in some cases, to have a superior efficacy in a growing spectrum of organic 

reactions. Secondly, the use of organic solvents is well known to be environmentally unfriendly 

and the absence or residual use in mechanochemical reactions helps to reduce the ecological 

impact of chemical reactions. Finally, the energy input to induce reactions is significantly inferior 

to conventional heating, contributing also to the reduction of the environmental impact of 

chemical reactions4,5. 

The first knowledge of mechanochemical reaction, using a mortar and a pestle dating from more 

than two thousand years ago6. However, this method has been outdated by more modern 

equipment due to its low reproducibility of the reaction conditions. In the recent years, ball mills 

have been used for mechanochemical reactions at laboratory level. The reactions are carried 

out in these equipment in a closed-up vessel, improving this way the safety of the reaction, and 

time and frequency of milling can also be programmed, allowing mechanochemical reactions to 

be highly reproducible7. 

There are different types of ball milling equipment. Planetary ball mills are devices where balls 

and reactants experience friction due to the centrifugal movement of the vessel and impact due 

to the collision of balls and reagents with its walls. Mixer horizontal mills produce a backwards 

and forwards movement that cause the balls and reagents inside the vessel to collide with its 

walls. This last technique has received the name of High-Speed Vibratory Milling (HSVM)7 (Figure 

3) 
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Figure 3. Image and scheme of vibratory ball mill (left) and planetary ball mill (right). 

In the recent years, mechanochemical organic synthesis has received increasing attention and 

many classical organic syntheses have been extrapolated to mechanochemistry. These include 

aldol condensation8, Wittig reaction9, Michael addition10, halogenation reactions11 or even cross 

couplings such as Suzuki-Miyaura coupling12 or Heck reaction13. Even multicomponent reactions 

such as the Strecker reaction14, Ugi reaction15 or Hantzsch pyrrole synthesis16 have been 

successfully translated to mechanochemical conditions. 

 

1.3 Rufinamide: Synthesis and pharmacological relevance 

Rufinamide (1-(2,6-difuoro-phenyl) methyl-1H-1,2,3-triazole-4-carboxamide) is a triazole 

derived commercialised antiepileptic drug used for the treatment of Lennox-Gasteaut 

syndrome, a childhood type of epilepsy. Its mechanism of action is not fully understood but it is 

known to modulate sodium channel activity in neurons and limit neuronal action potential firing, 

contributing this way to membrane potential stabilization, and hence diminishing and 

controlling seizures17,18. 

Additionally, this compound has shown neuroprotective properties in several contexts, and thus 

it has been shown to protect pyramidal neurons in the hippocampus after transient global 

cerebral ischemia19. Moreover, in a model of brain damage induced by kainic acid, rufinamide 

was shown to inhibit the overactivation of microglia, suppressing the neuroinflammatory 

response, and also reduced the destruction of blood–brain barrier20. Rufinamide also improves 

cognition and increases neurogenesis in the aged gerbil by increasing the expression of the 

transcription factors IGF-1, IGF-1R and p-CREB that have well-documented roles in neuronal 

plasticity and long-term memory21. 

In the past years, several research papers and patents have proposed different synthetic 

pathways18,22–24, which the key step is the formation of the triazole ring, being the formation of 
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2-(azidomethyl)-1,3-difluorobenzene (II) the previous requirement to perform this step. 2-

(azidomethyl)-1,3-difluorobenzene (II) has been described using different azides and 2,6 

difluorobenzyl halides (I). The formation of triazole ring has been achieved with propiolate 

derivatives, acrylate derivatives and enol ethers. The final synthetic step is the obtention of the 

primary amide moiety, which dependent on the reagent employed in the cycloaddition reaction. 

Additionally, industrial synthetic processes such as flow chemistry have been applied to the 

synthesis of rufinamide25 (scheme 1).  

 

 

Scheme 1. Proposed synthetic routes for rufinamide. 

 

1.4 Primary amides  

The amide group is a relevant and widespread functional group in organic molecules, which is 

present in essential molecules as proteins and peptides and other relevant molecules, such as 

polymers, agrochemicals, and drugs. Consequently, amide synthesis is a common chemical 

reaction in the manufacture of drugs, comprising about 25% of all reactions carried out in 

medicinal chemistry projects26. Regarding primary amide distribution in drugs, it is a group with 

a major presence in antiepileptic drugs and biomolecules, such as levetiracetam or nicotinamide 

(Figure 4). This converts the synthesis of the primary amide group in a key step of the drug 

discovery and drug manufacture process. 

 

Figure 4. Different important biomolecules and drugs that possess a primary amide group.  
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Thus, many mechanochemical synthesis of amides have been developed by several authors 

(scheme 2); Margetić and co-workers developed a one-pot synthesis of aromatic amides and 

dipeptides structura by amide bond formation from carboxylic acid and primary amines, using 

EDC as a coupling agent and nitromethane as a Liquid Grinding Assistant (LGA). They managed 

to couple different substrates including aromatic and aliphatic acids, aromatic and aliphatic 

amines and amino acids to yield a total number of 28 examples in good to excellent yields27. 

in similar work Lamaty and co-workers proposed the use of CDI as a coupling agent. In this work, 

a sequential synthesis was employed, which corresponding carboxylic acid compound and CDI 

was carried out and an amine was added sequentially, after short times of milling to obtain the 

desired amide and finally the water addition removed the undesired by products. The scope of 

the process was supported by aromatic and aliphatic carboxylic acids, aromatic and aliphatic 

amines, oximes and hydrazines28. 

Other example of mechanochemical amide synthesis was reported by Pattawarapan and co-

workers, whichproposed to employ 2,4,6-trichloro 1,3,5-triazine and an inorganic base as 

ammonium source. In this work, 30 examples were described in moderate to excellent yields 

and variety of substrates was tolerated, even amino acids to yield dipeptides29 (scheme 6). 

Delogu and co-workers developed a mechanochemical version of the Beckmann rearrangement 

to obtain a different variety of amides from a corresponding ketone, using hydroxylamine 

hydrochloride, imidazole and para-toluene sulphonic imidazole (ps-TsIm) in a sequential step 

(reporting a total of 34 examples). In some cases, where the ketone substrate was asymmetric,  

two different products were formed with different selectivity depending on the substituents 

present in the ketone. Furthermore, this method was also tested on aldehyde substrates yielding 

nitriles, which were partially hydrolysed to primary amides30 (scheme 7). 

A mechanoenzymatic approach was reported by Bolm and co-workers to form amide bonds and 

peptides synthesis used enzyme papain and L-cystein to catalyse the formation of peptide 

bonds), water to improve the yield of the reaction and an inorganic base. Impressively, the 

enzyme did not degrade under mechanochemical stress and produced the dipeptides in 

moderate to excellent yields31. 

Pattawarapan and colleagues also developed a method to synthesise primary amides using 

NH4SCN as a source of ammonia, 2,4,6-trichloro 1,3,5-triazine (TCT) to activate carboxylic acid 

and K2CO3 as base. The method employed for the synthesis is not HSVM, is grinding with a 

mortar and a pestle, which is a method not as reproducible as the former. Nevertheless, 

theymanaged to obtain a total number of 18 examples including aromatic, aliphatic and vinyl 

amides32 (scheme 9). 
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Scheme 2. Mechanochemical synthetic routes used by different authors to obtain primary 

amides. 
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2.0 Objectives 

The need of develop eco-friendly processes in the synthesis of APIs is a great challenge to the 

pharmaceutical industry. In this work, we propose a synthetic sequence of three reactions to 

achieve rufinamide (scheme 1), starting with a nucleophilic substitution reaction of the 2-

(bromomethyl)-1,3-difluorobenzene with sodium azide to obtain compound 3.3a. A click 

chemistry reaction between intermediate 3.3a and methyl propiolate was then devised in order 

to obtain triazole intermediate 3.3b. This synthesis could be a starting point for the further 

development of specific brain VGSCs that can act not only in epilepsy, but also in other 

neurological disorders such as AD or PD. 

 

Scheme 1. Proposed mechanochemical synthetic route for rufinamide 

The last part of the proposed sequence was the transformation of ester 3.3b into the 

correspondent primary amide 3.3c. As this reaction requires gaseous ammonia or liquid 

solutions that contain it, and this are hardly compatible with mechanochemistry, we searched 

agents that would allow to perform this transformation (Scheme 2). 

 

 

Scheme 2. Mechanochemical synthesis of primary amides. 
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3.0 Results 

3.1 Synthesis of primary amides 

The final step of the proposed synthesis involved the transformation of ester group to a primary 

amide starting. Thus, to develop the mechanochemical conditions we chose the ethyl 3-fluoro 

benzoate as a model (scheme 1). We select alkaline nitride as ammonia source since it reacts 

with water or alcohols to generate ammonia and the corresponding alkoxide (scheme 1)33. This 

reagent has been previously used for the synthesis of primary amides, under heavy reaction 

conditions, in which the reaction was carried out in a sealed tube, heating to 80 ºC and for 24 h 
34. Therefore, we performed our study for the reaction of model ethyl 3-fluoro benzoate, and 

magnesium nitride-ethanol system as ammonia source, but no reaction was observed when it 

was carried out in stainless steel milling jar, containing a single stainless steel ball, at 30 Hz during 

times up to 90 minutes (entry 1, table 1). Then, we explored AlCl3 and Yb(OTf)3 as Lewis acids to 

catalyse the reaction, to provide the 3-fluorobenzamide 3.2a in a moderate yield (entries 2 and 

3, table 3), the catalytic ability of copper as a Lewis acid was explored using CuSO4 and CuBr as 

Cu (II) and Cu (I) species, which lead to the primary amine with a poor and good efficiency 

respectively (entries 4 and 5, table 1). Finally, we used ZnCl2 and InCl3 as lewis acids to catalyse 

the reaction, which leads to the best results of transformation, thus when the reaction was 

loaded with 20 % of catalyst and carried out at a 30 Hz for 90 min, lead to 85% and 91% of 

conversion respectively (entries 6 and 10, table 1). In order to optimize the reaction settings, the 

reaction time was reduced to 60 min, which led to a decrease in yield, particularly when zinc 

was used as a catalyst (entries 7 and 11, table 3); also, when the frequency was decreased to 25 

Hz, this led to a decrease in the yield (entries 9 and 12, table 1). Finally, we decreased the catalyst 

loading to 10%, which resulted in a substantial decrease in the yield for InCl3 (entries 8 and 13, 

table 1). Thus, Indium trichloride was identified as a better catalyst, allowing 91% conversion. 

 

 

Scheme 1. Formation of compound 3.2a from 3.1a and NH3 formation equation 

Entry Catalyst (eqs.) Time Frequency (Hz)a Conversion (%) b, c 

1 - 90 30 0 

2 AlCl3 (0.2) 90 30 37 

3 Yb(OTf)3 (0.2) 90 30 28 

4 CuSO4 (0.1) 90 30 12 

5 CuBr (0.2) 90 30 67 

6 ZnCl2 (0.2) 90 30 85 

7 ZnCl2 (0.2) 60 30 52 

8 ZnCl2 (0.1) 90 30 43 

9 ZnCl2 (0.1) 90 25 37 

10 InCl3 (0.2) 90 30 91 

11 InCl3 (0.2) 60 30 87 

12 InCl3 (0.2) 60 25 83 
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13 InCl3 (0.1) 60 25 23 
. 

Table 1. Catalyst Optimization in the Synthesis of ethyl 3-fluoroacetate into 3-

fluorobenzamide. a In a 25 mL stainless steel 2 milling jar containing a single stainless steel ball 

of 15 mm in diameter. bEstimated by 1H-NMR analysis of the reaction crude. c5 equivalents of 

magnesium nitride and 1 mL of ethanol were employed in all cases 

Based on these optimised conditions, we then optimised the other reaction parameters. In an 

attempt to purify the crude reaction products by extraction and to avoid column 

chromatography purification, we tried to purify the reaction mixture by an ethyl acetate/water 

extraction, which despite excellent conversion, however, we only achieved a 23% isolated yield 

(entry 1, table 2). We hypothesised that these could be due to the interference of magnesium 

salts present in the reaction medium, which remain as a suspension during the workup, and this 

pushed us to use alternative sources of ammonia, such as ammonium chloride or ammonium 

formate, but these attempts were unsuccessful (entries 2 and 3, table 2).  

In an effort to improve the isolation protocol, we performed the extraction of magnesium salts 

using Rochelle´s salt (Potassium sodium tartrate tetrahydrate), which often prevents the 

formation of emulsions in reactions involving aluminum-based reagents, but in our case, also 

proved ineffective. Lowering the amount of magnesium nitride to 2 equivalents proved also to 

be ineffective (entries 4 and 5, table 2) however the use of 3 equivalents of magnesium nitride 

together with increasing the catalyst load to 0.3 equivalents gave good, isolated yield of 73%. 

Finally, calcium nitride was then tried as a source of ammonia and results were slightly 

improved. A final improvement was also observed lowering the amount of ethanol used for the 

reaction (entries 7 to 9, table 2). In order to prove the beneficial effect of the mechanochemical 

conditions, a control experiment was carried out in solution, at room temperature, gave 49% 

isolated yield of compound 3.2a. 

Entry Catalyst (eqs) Source of 

ammonia (eqs) 

Proton source Yield (%) 

1 InCl3 (0.2) Mg3N2 (5) EtOH (1ml) 23 

2 InCl3 (0.2) NH4Cl - - 

3 InCl3 (0.2) NH4COO - - 

4 InCl3 (0.2) Mg3N2 (2) EtOH (1ml) traces 

5 InCl3 (0.3) Mg3N2 (2) EtOH (1ml) traces 

6 InCl3 (0.4) Mg3N2 (3) EtOH (1ml) 73 

7 InCl3 (0.4) Ca3N2 (3) EtOH (1ml) 79 

8 InCl3 (0.4) Ca3N2 (3) EtOH (0.5ml) 83 

9 InCl3 (0.4) Ca3N2 (3) EtOH (0.3ml) 88 

Table 2. Optimization of Additional Reaction Parameters in the Synthesis of compound 2a. All 
reactions were performed at 1 mmol scale by ball milling (stainless steel jar and ball) at 

30 Hz for 90 min 

With these optimised conditions, we decided to explore the scope of the mechanochemical 

protocol, and the reaction was carried with, aromatic, heteroaromatic, aliphatic and vinylic 

esters to achieve their correspondent primary amides. Additionally, functional groups such as 

amino, acetal, halogen or thioether groups were well tolerated. Interestingly, stereocenters 
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present in the substrates maintained their integrity as shown by the optical rotation of 

compounds 3.2l and 3.2m, which were identical to published values. The Yields oscillated in the 

range of 60-90% and were comparable to those obtained by sealed tube heating in 3 examples. 

We additionally proceeded to open the lactone chroman-2-one with the same procedure, and 

we obtained the correspondent amide 3.2r in excellent yield, showing the great versatility of 

this method, even working on peptides (3.2o-3.2q) and therefore showing an applicability in 

peptide chemistry. (Scheme 2). 

 

 

 

Scheme 2. Different primary amides synthesised 

In order to show the applicability of this method for the synthesis of rufinamide, we first 

synthesised the ester precursor synthesised by the method described previously and we isolated 

it. Then we submitted this ester as a substrate for our synthetic method for the obtention of 

primary amides and we obtained rufinamide in a 61% yield (scheme 13).   

 



199 

 

Scheme 3. Synthesis of rufinamide 3.3c from isolated ester 3.3b 

 

3.2 Preparation of 2-(azidomethyl)-1,3-difluorobenzene 

With the development of a mechanochemical method to transform the esters to the 

corresponding primary amides, we studied the first step on the synthetic sequence to obtain 

rufinamide and analogues. Thus, we studied the milling parameters that lead to perform the 

nucleophilic substitution of 2-(bromomethyl)-1,3-difluorobenzene with sodium azide. We tested 

the vibratory ball mill and the planetary ball mill under different reaction conditions of time, 

frequency, and number and size of balls. The results are displayed in table 1.  

We started our work by determining the optimal reaction conditions of the first individual step 

to obtain azide 3.3a from 2-(bromomethyl)-1,3-difluorobenzene. To explore the effects of the 

grinding parameters such as mass (number and size) of balls and rotational or oscillation speed, 

we first employed a planetary mill using a steel jar containing a powdered mixture of the benzyl 

halide derivate and sodium azide under several conditions (table 3, entries 1 to 3), but we 

recovered exclusively starting material in all cases, even in the presence of sodium chloride as 

abrasive grinding additive (table 3, entry 4). Due to these results, we moved to explore vibratory 

milling and the same mixture of benzyl halide/azide was set to 25 Hz, over 30 min as standard 

parameters. We first studied the effect of the number of balls and the model reaction was 

assayed in a steel jar containing 1, 3, 5, 6, 7, or 9 steel balls 5 mm in diameter; in this case, NMR 

analysis of the crude reaction mixtures showed the formation of azide 3.3a and we found the 

best result when the reaction was performed with 6 balls, to obtain a 30 % conversion (table 3, 

entries  5 to 10), a representative example of the NMR study is illustrated in the figure  1. To 

improve conversion, we increased the reaction time to 60 minutes under optimal reaction 

conditions previously found, to give a conversion of 89 % (table 3, entry 11). Stimulated by these 

results, we decided to explore the vibration frequently parameter, which was increased up to 

30 Hz, to give an excellent 97% of conversion (table 3, entry 12). When we scaled up the reaction 

to 0.5 g of benzyl bromide, under the same conditions, conversion decreased slightly to 88% 

(table 3, entry 13). Ball number optimization showed 6 balls of 5 mm diameter as optimal, while 

7 and 9 balls were less effective. On the other hand, when the reaction was carried out with a 

single stainless-steel ball 15 mm in diameter, complete conversion was observed both at 30 and 

25 Hz (table 3, entries 14 and 15). 

 

Scheme 4. Synthesis of azide intermediate 3.3a  

Entry Mills 
Number and size 

of balls 
Rotation/oscillation 

frequency 
milling 
time 

Conversion 

1 

Planetary 

13 (5 mm) 200rpm 

200rpm 
400 rpm 

30m  

0 

2 26 (5 mm) 0 

3 26(5 mm) 0 
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4 13(5 mm) 200 rpm   0* 

5 

vibratory 

1 (5 mm) 

25 Hz 30m 

traces 

6 3 (5 mm) 7.5 

7 5 (5 mm) 22.4 

8 6 (5 mm) 29.8 

9 7 (5 mm) 25.2 

10 9 (5 mm) 18.0 

11 6 (5 mm) 25 Hz 

60m 

89.3 

12 6 (5 mm) 30 Hz 97 

13 6 (5 mm) 30 Hz 88** 

14 1 (30 mm) 30 Hz 100*** 

 

Table 3. Optimizing the mechanochemical reaction conditions to obtain azide 3.3a. Table. The 

reaction was carried out for 100 mg (0.5 mmol) of 2-(bromomethyl)-1,3-difluorobenzene and 

80 mg (1.2 mmol) of sodium azide, on a stainless-steel jar and balls. *The reaction was 

performed using sand as brass milling additive; ** The reaction was carried out for 500 mg of 

2-(bromomethyl)-1,3-difluorobenzene and 400 mg of sodium azide. *** No starting material 

was observed 

 

 

Figure 1. 1H-NMR spectrum of 2-(bromomethyl)-1,3-difluorobenzene (green) and a crude 

reaction mixture corresponding to entry 12 of table 1 (red). 

 

3.3 Optimization of the tandem azidination-Huisgen cycloaddition sequential process  

With the reaction conditions optimized for the first step of the reaction, our next goal was the 

optimization of the formation of the triazole compound 3.3b. The Huisgen cycloaddition 

between the benzyl amide and methyl propiolate is a key step in this sequential synthesis, as 
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byproducts from the previous reaction as well as unreacted starting materials could alter the 

regioselectivity of the reaction. In order to exclusively obtain the 1,4 disubstituted 1,2,3 triazole 

ring, copper salts are used as catalyst of the reaction. Salts of copper I are the chemical species 

responsible for the catalysis of this reaction, however, copper II salts have been also used 

together with a reducing agent such as ascorbic acid to generate copper I species in situ. In table 

2, we can observe the different conditions used and the results obtained. 

 

Scheme 5. One pot synthesis of triazole ester intermediate 3.3b 

Entry Copper Source Reaction time  
Ratio  

Conversion* 
3.3:3.3b:3.3d:3.3e  

1 Free catalyst 60 min              - 

2 
CuSO4 (0.04 mmol) 
Ascorbic acid (0.05 mmol) 

60 min   
85% 

3 Catalyst Cu (I) A (0.05 mmol) 60 min 0:20:1:1  95% 

4 Catalyst Cu (I) B 0.05 mmol) 60 min 0:10:1:1  90% 

5 Cu powder (0.31 mmol) 60 min   87% 

6 Catalyst Cu (I) A (0.05 mmol) 30 min 1:23:2.2:1.5  96% 

7 CuSO4 (0.04 mmol) 30 min 0:2:6.1:1  60% 

8 Cu powder (0.31 mmol) 30 min 0:25:1:1.2  100% 

9 Catalyst Cu (I) A, 0.05 mmol 15 min 0:2:28:1:1  93% 

10 Cu powder (0.31 mmol) 15 min 0:25:1:1.2  100% 

11 Cu powder (0.15 mmol) 15 min 0:16.2:1:1.2  100% 

12 Cu powder (0.08 mmol) 15 min 4.5:14.2:1:1.2  73% 

Table 2. different reaction conditions employed for the optimization of the triazole ring-A 

mixture of 100 mg (0.5 mmol) of 2-(bromomethyl)-1,3-difluorobenzene and 80 mg (1.2 mmol) 

of sodium azide, was subjected to ball-milling at 30 Hz using stainless one ball (size 15 mm) for 

60 min. Then 05 ml (0.6 mmol) of methyl propiolate and the corresponding catalyst were 

added to the mixture and the mixture was further submitted to ball milling at the same 

parameter. Catalyst Cu (I) A: Tetrakis(Acetonitrile)Copper(I) Hexafluorophosphate. Catalyst Cu 

(I) B: Phenanthroline)bis(triphenylphosphine)copper(I) nitrate dichloromethane 

 

We initially studied the formation of the triazole moiety in the absence of catalyst, but a poor 

conversion of 40% and the null regioselectivity encouraged us to add it. We then focused our 

attention on the addition of different copper catalysts on different oxidation states. Taking as a 

starting point the optimised conditions for the azide 3.3a formation in the previous step, we 

then proceeded to add 1.2 equivalents of methyl propiolate and CuSO4 in catalytic amount, 

together with sodium ascorbate to generate and regenerate the active Cu(I) catalytic species. 

The mixture was milled for 60 minutes, and we found to obtain an excellent regioselectivity and 
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an 85% conversion. However, 1H NMR analysis showed the formation of side products 3.3d and 

3.3e, which were obtained by the Michael addition between methyl propiolate and water. With 

the idea in mind to improve the results obtained, we studied tetrakis(acetonitrile)copper(I) 

hexafluorophosphate, (phenanthroline)bis(triphenylphosphine)copper(I) nitrate 

dichloromethane and copper powder under the same reaction conditions. The use of Cu (I) and 

copper metal resulted in a greater product conversion (95%, 90% and 87% respectively) (entries 

3-5). With this in hand, we studied different milling times and in the first place, we used 

tetrakis(acetonitrile)copper(I) hexafluorophosphate, copper sulphate/sodium ascorbate system 

and powder copper as catalyst, and the reaction was carried out by additional milling time of 30 

and 15 min (entries 6-10). The proton NMR spectra of the reactions revealed in the first place 

that when using CuSO4 as a catalyst and milling time was reduced from 60 to 30 minutes caused 

the yield decreased to 60% (entry 7). When using copper (I) as a catalyst, a small improvement 

in yield was observed. However full conversion of the azide 3.3a to the triazole 3.3b was not 

achieved in less than 60 minutes (entries 6 and 9). Finally, copper powder catalyst led to full 

conversion of the azide into the triazole. Additionally, the use of copper powder gave the best 

relationship between the desired products and side products (entries 8 and 10). Comparison 

between the crude obtained and 1-(2,6-difluorobenzyl)-1H-1,2,3-triazole-4-carboxylate can be 

observed in figure 2. Encouraged with the results obtained, we chose Cu powder as a catalyst 

due its easy removal and designed two additional experiments in which we decreased the load 

of the catalyst to 32% and 16 %. When the reaction was performed using a 16% load, lower 

conversion was observed (entry 12), and when the reaction was performed using a 32% load, a 

full conversion was observed, with also a slight increase of side products.  

 

Figure 2. 1H-NMR spectrum of methyl 1-(2,6-difluorobenzyl)-1H-1,2,3-triazole-4-carboxylate 

(green) and a crude reaction mixture corresponding to entry 10 of table 2 (red). 
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3.4 Mechanochemical one-pot synthesis of rufinamide  

The final step for the one pot synthesis of rufinamide was testing our optimized amide 

mechanochemical reaction sequentially with the azide 3.3a and the triazole 3.3b formation. 

Using the methodology previously described, we then proceeded to test the one pot 

mechanochemical synthesis of rufinamide 3.3c and we managed to isolate a 40% yield in 3 steps, 

which implies more than a 70% yield in each individual step as a mean value (scheme 14). 

Scheme 14. Mechanochemical one-pot synthesis of rufinamide 

 

3.5 Green metrics of the one pot synthesis of rufinamide  

In recent years. In order to address the eco-efficiency of synthetic processes, several parameters 

have been taken into consideration besides yield. Some of these parameters are atom economy 

(AE), Reaction mass efficiency (RME), the environmental factor (E-factor) and process mass 

intensity (PMI). Atom economy can be defined as the molecular weight of desired product 

relative to the sum of all the molecular weights of all substances produced in a stoichiometric 

equation35. RME is defined as the total mass of isolated products relative to the total mass of 

reactants and incorporates stoichiometry and mass to the metrics, providing a bigger picture 

than AE36. Additionally, E-factor can be calculated as a total mass of waste generated in a 

technological or industrial process per unit of product. This means that low E-factor values are 

desired as they imply low quantities of waste produced in a process. However, one of the main 

limitations of E-factor is that it does not take into consideration the hazards or the 

environmental risk of the potential waste37. Finally PMI can be defined as the total input mass 

in a process relative to the mass of isolated product38.  These parameters are complementary 

and evaluate the global efficiency of the process and are calculated as the ration of mass of 

waste per mass of product39,40. 

𝐴𝐸 =  
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙𝑙𝑦
 × 100 

𝑅𝑀𝐸 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
× 100 

𝐸 − 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑠𝑡𝑒

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 

𝑃𝑀𝐼 =
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 

Figure 3. Equations used to calculate E-factor and PMI. 

To address the sustainability of this process, we calculated the values for these two parameters 

and compared them with the two most efficient solution synthesis described to date41,42 (table 
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5). Our calculated value for the 3-step mechanochemical process for the synthesis of rufinamide 

was 18 for the overall process, which is significantly less than the industrial synthetic processes 

(25-100). In addition, PMI is an important mass-based metric for evaluating an individual or 

sequence of reactions, that can be used to study how much mass is used to synthesise a 

molecule. This process exhibited an excellent PMI value of 10, which supports than the 

mechanochemical synthetic approach for APIs is environmentally beneficial. It is also worth 

taking into consideration that the mechanochemical method developed did not require column 

chromatography since the product is easily purified by recrystallisation. 

With regard to other environmental and economic factors such as external heating or reaction 

times, in selected patents, almost all processes required from external heating, and all of them 

required the use of solvents, while our process did not. This also represents a significant advance 

in the environmental sustainability of the synthesis of rufinamide. 

 

Route Overall 

yield (%) 

Atom 

economy 

(%) 

RME 

(%) 

E 

factor 

PMI 

(g/g) 

Reaction 

time (h) 

Heating 

time (h) 

Mechanochemistry 40 34 9.5 18 10 2.2 0 

Batch synthesis in 

solution 

WO2014121383A1 

 

64 

 

35 

 

22 

 

67 

 

33 

 

35.1 

 

15 

Batch synthesis in 

solution 

WO2010/043849 

 

32 

 

67 

 

15 

 

a 

 

72 

 

40 

 

30 

Table 5. Green metrics comparison between the mechanochemical one pot synthesis and two 

different industrial patents. E factor= Total waste (kg) / Total product (kg). PMI = process mass 

intensity. Green metrics was calculated employing the ACS tool.  a Cannot be calculated with 

the available data. 

 

4.0 Experimental  

4.1 General procedure for the synthesis of primary amides 

The suitable ester (1 mmol), calcium nitride (3 mmol), Indium trichloride (0.4 mmol) and EtOH 

(0.3 ml) were milled at a frequency of 30 Hz for 90 minutes using a 20 ml stainless steel jar with 

a 15 mm stainless steel ball. Subsequently, the reaction mixture was suspended in ethyl acetate 

(10 ml) and water (5 ml) was added. The aqueous layer was extracted with ethyl acetate (10 ml) 

three times, and the organic extracts combined together, dried with Na2SO4 and concentrated 

in vacuo. The correspondent solid was washed with petroleum ether (5 ml) to yield their 

correspondent amide. 
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3-Fluorobenzamide (3.2a) 

1H NMR (250 MHz, DMSO-d6) δ 8.07 (s, 1H), 7.77 – 7.61 (m, 2H), 7.56-7.46 (m, 

2H), 7.44 – 7.32 (m, 1H). (NMR data consistent with values in literature)43 

13C NMR (63 MHz, DMSO-d6) δ 166.5 (d, J = 2.5 Hz), 162.0 (d, J = 245.3 Hz),  

136.7 (d, J = 6.9 Hz), 130.4 (d, J = 7.7 Hz), 123.6 (d, J = 2.8 Hz), 118.2 (d, J = 

21.4 Hz), 114.2 (d, J = 22.8 Hz). (NMR data consistent with values in literature)43 

 

Benzamide (3.2b) 

1H NMR (250 MHz, DMSO-d6) δ 8.00 (s, 1H), 7.96 – 7.81 (m, 2H), 7.61 – 7.33 (m, 

4H). (NMR data consistent with values in literature)43 

13C NMR (63 MHz, DMSO-d6) δ 168.3, 134.6, 131.6, 128.6, 127.8. (NMR data 

consistent with values in literature)43 

 

4-Methyl benzamide (3.2c) 

1H NMR (300 MHz, CDCl3) δ 7.84 – 7.65 (m, 2H), 7.35 – 7.21 (m, 2H), 6.04 

(s, 2H), 2.43 (s, 3H). (NMR data consistent with values in literature)43 

13C NMR (75 MHz, CDCl3) δ 169.5, 142.6, 130.5, 129.3, 127.4, 21.5. (NMR 

data consistent with values in literature)43 

 

Cinnamide (3.2d) 

1H NMR (300 MHz, DMSO-d6) δ 7.62 – 7.51 (m, 3H), 7.48 – 7.32 (m, 

4H), 7.13 (s, 1H), 6.62 (d, J = 15.9 Hz, 1H). (NMR data consistent with 

values in literature)34 

13C NMR (75 MHz, DMSO-d6) δ 167.2, 139.7, 135.4, 129.9, 129.4, 128.0, 122.8. (NMR data 

consistent with values in literature)34 

 

2,2-Diethoxyacetamide (3.2e) 

1H NMR (300 MHz, CDCl3) δ 6.48 (s, 1H), 6.15 (s, 1H), 4.75 (s, 1H), 3.71 – 3.47 

(m, 4H), 1.19 (t, J = 7.1 Hz, 6H). (NMR data consistent with values in literature)44 

13C NMR (75 MHz, CDCl3) δ 170.7, 98.3, 62.4, 15.1. (NMR data consistent with 

values in literature)44 

 

 

Palmitamide (3.2f) 
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1H NMR (300 MHz, CDCl3) δ 5.47 (s, 2H), 2.22(t, J = 7.6 Hz, 2H), 1.63 (p, J = 7.4 Hz, 

2H), 1.25 (s, 24H), 0.94 – 0.82 (m, 3H). (NMR data consistent with values in 

literature)45 

13C NMR (75 MHz, CDCl3) δ 175.7, 36.0, 31.9, 29.7, 29.7, 29.7, 29.7, 29.5, 29.4, 29.3, 25.6, 22.7, 

14.1. (NMR data consistent with values in literature)45 

 

Ciclohexane carboxamide (3.2g) 

1H NMR (250 MHz, CDCl3) δ 5.56 (s, 2H), 2.19 (tt, J = 11.5, 3.5 Hz, 1H), 1.89 – 1.56 

(m, 5H), 1.48 – 1.04 (m, 5H). (NMR data consistent with values in literature)43 

13C NMR (75 MHz, CDCl3) δ 179.0, 44.9, 29.8, 25.8, 25.8. (NMR data consistent with 

values in literature)34 

 

Isonicotinamide (3.2h) 

1H NMR (300 MHz, CDCl3) δ 8.72 (s, 2H), 8.25 (s, 1H), 7.81 – 7.75 (m, 2H), 7.73 

(s, 1H). (NMR data consistent with values in literature)43 

 13C NMR (75 MHz, CDCl3) δ 166.3, 150.2, 141.3, 121.5. (NMR data consistent 

with values in literature)46 

 

Nicotinamide (3.2i) 

1H NMR (300 MHz, DMSO-d6) δ 9.09 (dd, J = 2.4, 0.9 Hz, 1H), 8.75 (dd, J = 4.8, 

1.7 Hz, 1H), 8.26 (ddd, J = 7.9, 2.3, 1.7 Hz, 1H), 8.23 – 8.15 (m, 1H), 7.66 (s, 1H), 

7.55 (ddd, J = 7.9, 4.8, 0.9 Hz, 1H). (NMR data consistent with values in 

literature)43 

13C NMR (75 MHz, DMSO-d6) δ 166.9, 152.4, 149.2, 135.6, 130.1, 123.9. (NMR data consistent 

with values in literature)43 

 

Thiophene-2-carboxamide (3.2j) 

1H NMR (250 MHz, DMSO-d6) δ 7.99 (s, 1H), 7.81 – 7.70 (m, 2H), 7.41 (s, 1H), 

7.14 (dd, J = 4.9, 3.7 Hz, 1H). (NMR data consistent with values in literature)43 

13C NMR (63 MHz, DMSO-d6) δ 163.3, 140.7, 131.4, 129.0, 128.3. (NMR data 

consistent with values in literature)43 

 

Phenylacetamide (3.2k) 

1H NMR (300 MHz, CDCl3) δ 7.35 – 7.14 (m, 5H), 5.90 (s, 1H), 5.39 (s, 1H), 

3.50 (s, 2H). (NMR data consistent with values in literature)34 
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13C NMR (75 MHz, CDCl3) δ 173.8, 134.9, 129.4, 129.1, 127.4, 43.3. (NMR data consistent with 

values in literature)34 

 

Phenylalaninamide (3.2l) 

1H NMR (300 MHz, MeOD) δ 7.35 – 7.19 (m, 5H), 3.63 – 3.53 (m, 1H), 

3.04 (dd, J = 13.4, 5.9 Hz, 1H), 2.81 (dd, J = 13.4, 7.6 Hz, 1H).  

13C NMR (75 MHz, MeOD) δ 178.1, 137.5, 129.1, 128.2, 126.4, 56.0, 

41.1. 

 [α]D
25 (0.2 g/100 mL, H2O + 3 drops of 35% HCl) + 22.4. Lit.+ 20.0 (for the hydrochloride salt, 2 

g/100 mL, H2O). 

 

Methionamide (3.2m) 

1H NMR (300 MHz, MeOD) δ 3.46 (dd, J = 7.5, 5.6 Hz, 1H), 2.59 (dd, J 

= 8.2, 7.1 Hz, 2H), 2.11 (s, 3H), 2.02 – 1.92 (m, 1H), 1.89 – 1.77 (m, 1H). 

. (NMR data consistent with values in literature)47 

13C NMR (75 MHz, MeOD) δ 178.7, 53.6, 34.4, 29.8, 13.8. (NMR data consistent with values in 

literature)47 

[α]D
25 (0.005 g/100 mL, H2O + 3 drops of 35% HCl) = +6.6 

 

2-(Piperidin-1-yl)acetamide (3.2n) 

1H NMR (250 MHz, CDCl3) δ 7.13 (br s, 1H), 6.02 (br s, 1H), 2.93 (t, J = 1.1 Hz, 2H), 

2.45 (t, J = 5.2 Hz, 4H), 1.57 (p, J = 5.5 Hz, 4H), 1.43 (q, J = 5.8 Hz, 2H).  (NMR data 

consistent with values in literature)48 

13C NMR (63 MHz, CDCl3) δ 174.28, 62.40, 55.10, 26.28, 23.79. (NMR data consistent 

with values in literature)48 

 

Tert-butyl (S)-(1-((2-amino-2-oxoethyl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate (3.2o) 

IR (cm−1): 3298, 3072, 2977, 1664.  

1H NMR (250 MHz, CDCl3, major conformer) δ 7.36−7.21 (m, 5H),  

7.07 (br s, 1H, NH), 6.53 (br s, 1H), 5.90 (br s, 1H), 5.31 (br s, 1H),  

4.37 (q, 1H, J = 7.0 Hz), 3.88 (m, 2H), 3.08 (m, 2H), 1.37 (s, 9H) ppm.  

13C NMR (62.5 MHz, CDCl3) δ 172.6, 1721, 156.3, 136.8, 129.6, 

129.2, 127.5, 81.1, 56.7, 43.1, 38.4, 28.6 ppm.  

[α]D 25 = +1.37 (c = 0.006 g/100 mL, CHCl3).  

Elemental analysis: Anal. Calcd. for C16H23N3O4, C, 59.80; H, 7.21; N, 13.08. Found: C, 59.45; H, 

7.02; N, 12.79.  
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Tert-butyl (S)-(1-((2-amino-2-oxoethyl)amino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamate 

(3.2p).  

IR (cm−1): 3296, 3066, 2976, 1655. 

1H NMR (250 MHz, CDCl3) δ 9.00 (br s, 1H), 7.57 (d, J = 7.7 Hz, 

1H), 7.31 (d, J = 8.6 Hz, 1H), 7.19−7.03 (m, 3H), 6.99 (s, 1H), 

6.42 (br s, 1H), 6.25 (br s, 1H), 5.58 (br s, 1H), 4.44 (q, J = 6.5 

Hz, 1H), 3.62 (br s, 2H), 1.39 (s, 9H).  

13C NMR (62.5 MHz, CDCl3) δ 173.4, 172.8, 156.4, 136.7, 127.7, 

124.1, 122.5, 119.94, 118.9, 112.0, 110.1, 81.0, 56.1, 43.0, 28.7 ppm.  

[α]D
25 = +6.16 (c = 0.006 g/100mL, CHCl3).  

Elemental analysis: Anal. Calcd. for C18H24N4O4, C, 59.99; H, 6.71; N, 15.55. Found: C, 59.72; H, 

6.59; N, 15.31.  

 

Tert-butyl (S)-(1-((2-amino-2-oxoethyl)amino)-1-oxopropan-2-yl)carbamate (3.2q) 

IR (cm−1): 3297, 2977, 1656.  

1H NMR (250 MHz, CDCl3 major conformer) δ 7.48 (br t, J = 5.0 Hz, 1H), 

6.95 (br s, 1H), 6.26 (br s, 1H), 5.55 (br d, J = 5.0 Hz, 1H), 4.18 (m, 1H), 

4.00 (dd, 2H, J = 17.0 and 5.5 Hz), 1.44 (s, 9H), 1.38 (d, 3H, J = 7.0 Hz).  

13C NMR (62.5 MHz, CDCl3) δ 174.2, 172.6, 156.4, 80.9, 51.1, 43.1, 28.7, 

and 18.3.  

[α]D 25 = −11.25 (c = 0.004 g/ 100 mL, CHCl3).  

Elemental analysis: Anal. Calcd for C10H19N3O4: C, 48.97; H, 7.81; N, 17.13. Found: C, 48.68; H, 

7.62; N, 16.97.  

 

3-(2-Hydroxyphenyl) propenamide (3.2r) 

1H NMR (250 MHz, DMSO-d6) δ 9.36 (s, 1H), 7.33 (s, 1H), 7.11 – 6.92 (m, 

2H), 6.85 – 6.64 (m, 3H), 2.72 (t, J = 7.3 Hz, 2H), 2.33 (t, J = 7.3 Hz, 2H).  

(NMR data consistent with values in literature) 34 

13C NMR (63 MHz, DMSO-d6) δ 174.5, 155.4, 130.0, 128.0, 127.3, 119.2, 

115.3, 35.5, 25.9. (NMR data consistent with values in literature)34 
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4.2 Procedure for the synthesis of azide 3.3a 

A 25 mL stainless steel jar was charged with a powdered mixture of 100 mg (0.5 mmol) of 2-

(bromomethyl)-1,3-difluorobenzene and 80 mg (1.2 mmol) of sodium azide (in a 1:2 

stoichiometric ratio) and the content was milled for 60  minutes at 30 Hz with a single 15 mm 

diameter stainless-steel ball. The product was recovered from the jar with a 

small amount of DCM, which was concentrated to dryness. 

1H NMR (250 MHz, CDCl3) δ 7.32 (m, 1H), 6.96 (t, J = 7.8 Hz, 2H), 4.43 (s, 2H).  

(NMR data consistent with values in literature)49  

 

4.3 Procedure for the synthesis of methyl 1-(2,6-difluorobenzyl)-1H-1,2,3-triazole-4-

carboxylate 3.3b 

A cylindrical 25 mL stainless steel jar was charged with a powdered mixture of 100 mg (0.5 mmol) 

of 2-(bromomethyl)-1,3-difluorobenzene and 80 mg (1.2 mmol) of sodium azide (in a 1:2 

stoichiometric ratio) and the content was milled in a cylindrical 25 mL stainless steel jar with a 

single 15 mm diameter stainless-steel ball. Milling was performed at 30 Hz for 60 min, the jar 

was opened and 0.6 mmol (0.5 ml) of methyl propiolate and powdered copper (10 mg) was 

added to the crude mixture and ball milling was continued at 30 Hz for 15 minutes. The reaction 

mixture was removed from the jar with a small amount of methanol and concentrated to 

dryness. 

1H NMR (250 MHz, CDCl3) δ 8.10 (s, 1H), 7.50 – 7.32 (m, 1H), 7.00 (t, J = 

7.9 Hz, 2H), 5.68 (s, 2H), 3.93 (s, 3H). (NMR data consistent with values 

in literature)50 

 

4.4 Procedure for the one pot synthesis of rufinamide 3.3c 

A mixture of 0.05 mmol (100 mg) of 2-(bromomethyl)-1,3-difluorobenzene and 1.2 mmol (80 

mg) of sodium azide were milled at a frequency of 30 Hz for 60 minutes using a 20 ml stainless 

steel jar with a 15 mm stainless steel ball. Subsequently, 0.6 mmol (0.05 ml) of methyl propiolate 

and 0.08 mmol (10 mg) of copper powder were added to the mixture and milled at 30 Hz for 15 

minutes. Afterwards, 1.4 mmol (215 mg) of calcium nitride, 0.24 mmol (53 mg) of Indium 

trichloride an 0.3 ml of ethanol were added to the jar and milled at 30 Hz for 90 minutes. The 

reaction mixture was suspended in ethyl acetate 10 ml and water (5 ml) was added. The two 

layers were separated, and the aqueous phase was extracted with ethyl acetate (10 ml) 3 times. 

All organic extracts were combined, dried with Na2SO4 and concentrated in vacuo to yield 

rufinamide as a white solid (40% yield). 

IR (cm-1): 3391 (NH2), 3135, 2307, 1652 (CONH2), 1624, 1470, 1233, 1031, 793.  

1H NMR (500 MHz, DMSO-d6) δ 8.56 (s, 1H), 7.87 (s, 1H), 7.61 – 7.46 

(m, 2H), 7.20 (t, J = 8.1 Hz, 2H), 5.73 (s, 2H). (NMR data consistent with 

values in literature)24. 
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13C NMR (126 MHz, DMSO-d6) δ, 161.34, 160.8 (dd, J1 = 249.9 Hz, J2 = 8.1 Hz), 142.83, 131.9 (t.  

J = 10.3 Hz), 126.84, 112.0 (d, J = 19.6 Hz), 111.08 (t, J = 20.1 Hz), 41.2 (t, J = 4.4 Hz). (NMR data 

consistent with values in literature)24. 

 

4.5 Green metrics for mechanochemistry one pot synthesis of rufinamide 

Calculations were performed with The ACS Green Chemistry research tools. They can be found 

under https://www.acs.org/content/acs/en/greenchemistry/research-innovation/tools-for-

green-chemistry.html 

 

Reaction stoichiometry:  

 

 

Reagents and 

reactants 

Calculated 

stoichiometric 

factor 

Experimental 

stoichiometric 

factor 

MW Calculated 

stoichiometric 

factor x MW 

Experimental 

coefficient x 

MW 

C7H5BrF2 -1 -1 207 -207 -207 

NaN3 -1 -2.4 65 -65 -156 

C4H4O2 -1 -1.2 84 -84 100.8 

Cu 0  62 0  

Ca3N2 -1 -3 148 -148 -444 

CH3OH -6 -3 32 -192 -96 

C10H8F2N4O 1 0.4 238 238 95.4 

Ca(MeO)2 3 9 102 306 918 

NH3 1 3 17 17 51 

CH3OH 1 0.5 32 32 16 

NaBr 1 1 102 102 102 

 

Green metrics for mecanochemical synthesis 
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• Atom economy = 238/696 = 34%   

• RME= 95.4/1000 = 9.5 % 

• E factor (mass of waste/ mass of product) = = 1071/ 95.4 = 11.2 (Assuming 90% solvent 

recovery and excluding water). 

 

Green metrics for WO2014/121383 A1 patent 

 

Reaction stoichiometry:  

 

 

Reagents 

and 

reactants 

Calculated 

stoichiometric 

factor 

Experimental 

stoichiometric 

factor 

MW Calculated 

Stoichiometric 

factor x MW 

Experimental 

coefficient x 

MW 

C7H5BrF2 -1 -1 207 -207 -207 

N3Na -1 -1.2 65 -65 -78 

C7H5F2N3 0  169 0  

NaBr +1 +1 103 103 103 

C3H2O2 -1 -1 70 -70 -70 

C13H22N2 -1 -1 206 -206 -206 
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C4H9NO3 -1 -1.5 115 -115 172 

C7H5NO4 0  167 0 167 

C13H24N2O +1 +1 224 224 224 

C6H8O6 0 0.1 76 0  

CuSO4 0 0.1  0  

CH4O 0  32 0  

C11H9F2N3O2 0 0 253 253  

NH3 -1 -1.5 17 -17 25.5 

C10H8F2N4O +1 0.73 238 238 152 

Reactión 

solvents  

Reaction 1 Reaction 2 Reaction 3 Reaction 4 Total 

H2O 20.3 x 207     

AcOEt  8.7 x 70    

MeOH   5 x 169 10 x 253  

Mass waste 5481 609 845 2530 9465 

 

Data have been calculated for examples 1, 3, 4 and 8 of the reference patent.  20.3 g H2O/g; 8.7 

g ACOEt/g of propiolic acid 5 g MeOH/g of 1; 10 g MeOH/g of 2  

Green metrics for WO2014/121383 A1 patent 

• Atom economy = 238/680 = 35 %  

• RME = 152/673 = 22 % 

• E factor (mass of waste /mass of product) = 9465 /152 = 62   

Green metrics for WO 2010/043849 A1 patent 

 

Reaction stoichiometry:  

 

Reagents and 

Reactants 

Calculated 

stoichiometric 

factor 

Experimental 

stoichiometric 

factor 

MW Calculated 

Stoichiometric 

factor x MW 

Experimental 

Coeficiente 

experimental 

x MW 
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C7H5BrF2 -1  207 -207 -207 

NaN3 -1 -1.2 65 -65 -78 

C4H4O2 -1 -1.2 84 -84 -100 

NH3 1 25 17 17 425 

C10H8F2N4O 1  238 238 119 

NH3 1 24 17 17 408 

CH3OH 1 1.2 32 32 38 

NaBr 1 1 102 102 102 

H2O  16 g / g 18 288 288 

 

Data have been calculated for one-pot preparation examples 1 of the reference patent2. 16 g 

H2O for g of 2,6-difluorobenzylbromide.  

Green metrics for WO 2010/043849 A1  patent 

• Atom economy = 238/373 = 63 %  

• RME = 119/810 = 15 % 
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Chemical synthesis of a probe for the study of Coenzyme A biosynthesis 

The work described in this chapter was performed during a stay at Max Planck institute for 

chemical research in Professor´s Kai Johnsson´s group, as part of the International Thesis 

requirements. 

 

1. Introduction 

1.1 Biosynthesis and biological role of coenzyme A 

Coenzyme A (CoA) is a ubiquitous enzyme cofactor present in all living organisms. Its main role 

is to act as a carrier of acyl groups and as a carboxy activating group. It has an important role in 

vital biochemical pathways, such as the Krebs cycle and fatty acid biosynthesis, converting CoA 

into a cornerstone of cell metabolism1. 

Coenzyme A is endogenously synthesised by all living organisms in five steps in a highly 

evolutionary conserved biochemical pathway (figure 1). Pantothenate or vitamin B5 is the 

substrate for pantothenate kinase (PanK), the first enzyme of the route. It converts 

pantothenate into 4-phosphopantothenate, which is subsequently coupled with cysteine in a 

step catalyzed by phosphopantothenoylcysteine synthase (PPCS) and decarboxylated by 

phosphopantothenoylcysteine decarboxylase (PPCDC), forming 4-phosphopantetethine. 4-

phosphopantetheine is coupled to AMP by the enzyme phosphopantetheine adenylyl 

transferase (PPAT) to form dephospho-CoA, which is finally phosphorylated to CoA by the 

enzyme dephospho-CoA kinase (figure 1)2. 

Pantothenate kinase is the key regulatory enzyme in the biosynthesis of CoA because it catalyses 

the rate-limiting step, namely the phosphorylation of pantothenate into phospopantothenate, 

which is then rapidly converted into CoA2.  

 

 

Figure 1. Biosynthesis of CoA. 
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Recently, some studies have identified PanK as a potential drug target for diverse diseases such 

as tuberculosis3, type II diabetes4 or neurodegeneration5. Hence, a deeper study of the activity 

and compartmentalization of CoA could provide a deeper insight of the role of CoA in diverse 

pathological situations. 

 

1.2 Protein sensors 

In order to assess the biological activity and compartmentalization of proteins and their role in 

cellular signalling networks, more than 750 protein sensors have been developed. Protein 

sensors are fusion proteins that are synthesised within cells and allow the space-temporal study 

of different cellular analytes by real time fluorescence signals, achieving great specificity6.  

Protein sensors consist of a sensing unit, being this the part of the protein that binds the analyte, 

and a reporter unit which is responsible for the fluorescence signal. Sensors having a single 

reporting unit are concentration-dependent and give an intentiometric readout, while sensors 

with two sensing units are concentration-independent and based on the resonance energy 

transfer (RET) effect, making them highly suitable for in vivo applications. Once the sensing unit 

binds its analyte, it undergoes a conformational change that modifies the optical properties of 

the reporting unit, allowing space-temporal resolution of the signals7. 

 

1.3 SNIFITs 

In 2009 the Johnsson group described the first SNAP-tag-based indicators with a fluorescent 

intramolecular tether (SNIFIT), consisting of a trimeric protein sensor with a protein able to bind 

the analyte of interest, a RET donor protein and a self-labelling protein (SLP).8 The self-labelling 

protein binds a chemically synthesized molecule, exogenous to the cell. This molecule contains 

a ligand for the protein of interest, a fluorophore, and the substrate for the SLP. When the ligand 

is not present, the ligand moiety of the probe binds the protein of interest, thus forcing a 

conformational change in which a Förster Resonance energy transfer (FRET) effect is observed 

between the fluorophore and the RET donor protein (closed conformation). When the analyte 

of interest is present, it displaces the ligand attached to the protein of interest changing the 

conformation of the biosensor to an open form and decreasing the efficiency of the FRET effect 
9–12 (figure 2). 

 

Figure 2. Schematic representation of the principles of SNIFITs. 
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The RET donor of the biosensor is typically either a genetically encoded fluorescent protein such 

as the green fluorescent protein (GFP), a genetically encoded chemoluminescent protein like 

luciferase or an organic fluorophore bound to a second self-labelling protein. GFP is usually 

preferred due to the better quantum yields obtained 11. 

Among the different types of self-labelling proteins, SNAP-tag, CLIP-tag and Halo tag stand out 

as the most important. SNAP tag is a mutated suicide human O6 alkylguanine-DNA alkyl-

transferase engineered by Johnsson et al that covalently reacts with O6-benzylguanine 

derivatives or the more permeable chloropyrimidine derivatives13. CLIP tag, a second mutant 

also developed by Johnsson and co-workers reacts with O2 benzylcytosine derivatives and binds 

them covalently 14. Finally, Halo tag is an engineered protein derived from a haloalkane 

dehalogenase that specifically and covalently binds a 2-[2-[(6-chlorohexyl)oxy]ethoxy]ethane 

ligand15. The difference between these tags resides on their binding kinetics, being Halo tag 

several orders of magnitude faster than SNAP tag or CLIP tag16. However, the smaller size of 

SNAP and CLIP produces a smaller perturbation of the dynamics and functioning of the protein 

of interest to which they bind17. Therefore, the choice of one or another will depend on the 

different parameters that are to be taken into consideration when designing the SNIFIT.  

In order to determine the sensor´s response to the analyte of interest, the intensity of 

fluorescence emitted at bot FRET partners is measured at different concentrations of the analyte 

of interest. A plot of the concentration of the analyte versus fluorescent intensity is drawn, and 

thus a titration curve is obtained. To obtain the dynamic range of the sensor (RC max), the 

maximum ratio (corresponding to the fully open conformation, Rmax) is divided by the minimal 

ratio (corresponding to fully closed conformation, Rmin), giving RCmax=Rmax/Rmin. The 

concentration at which half of the maximum signal is obtained is c50. While designing the 

biosensor, a c50 that equals the intracellular concentration is required.11, 18. 

There are many literature examples of different SNIFITs created to assess the activity of many 

proteins of interest, including the GABAB receptor12, a NADP reductase10, carbonic anhydrase 

II19, the glutamate receptor20 and dihydrofolate reductase9. Amplifying the scope of analytes 

determined in this fashion is a, important challenge in order to acquire a better insight of 

biochemical pathways and the start and progress of many pathological processes.  
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2.0 Objectives 

The aim of this work is the design and synthesis of a chemical sensor that allows a better insight 

of the dynamics and compartmentalization of PanK. The first part of this sensor consists of a 

1,3,4 triazole moiety that specifically binds PanK. These molecules were originally designed to 

bind the Mycobacterium tuberculosis PanK (MtPanK), although they were not effective for their 

initial purpose 21. The triazole unit was connected by two different linkers to the fluorophore 

responsible for the FRET effect, in this case a sulphonamide rhodamine (MAP rhodamines). MAP 

rhodamines have been reported to shift the equilibrium between their open and closed forms 

towards their closed spirocyclic forms, thus enhancing cellular permeability22. Finally the 

sulphonamide rhodamine is also bound to Halo tag substrate, 2-[2-[(6-

chlorohexyl)oxy]ethoxy]ethanamine, a covalent probe of Halo tag (Figure 3). 

 

 

Figure 3. On the top: Chemical structure of the two chemical ligands designed to bind to the 

fusion protein PanK-GFP-Halo tag. ON the bottom: schematic representation of designed 

SNIFIT for PanK. 
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3.0 Results and discussion 

3.1 Synthesis of the triazole moiety 

The synthesis of the target chemical sensor started with methyl 6-(hydroxymethyl)nicotinate as 

a starting material due to ready its availability and low cost. The first step of the synthesis was 

the protection of the hydroxyl group with triisopropyl silyl chloride, in the presence of imidazole 

as a catalyst. Triisopropylsilyl (TIPS) is a highly stable protecting group, resistant to different 

reaction conditions, including mildly acidic ones, and therefore it was optimal for a long multi -

step synthesis such as the one planned. The reaction proceeded with a 62% yield after 

purification, providing intermediate 4.01. The ester group of 4.02 needed to be subsequently 

reduced to the corresponding alcohol. In the first place, we employed two equivalents in moles 

of LiAlH4, which afforded the desired compound 4.02 but only in 8% yield. In an effort to improve 

this result, LiBH4 was used as a reducing agent and the yield was raised to 44%. The next step 

was the substitution of the primary alcohol group thus generated by an azide to obtain 

intermediate 4.03. This was first attempted through an Appel reaction with CCl4 and 

triphenylphosphine, substituting the hydroxy group for a chloride, followed by NaN3 to yield the 

azide, achieving only a 9% yield, which was improved to 89% using diphenyl phosphoryl azide 

(DPPA) as a source of azide. Intermediate 4.03 was converted into 4.05 in a two-step sequence 

using in first place palladium over carbon under a hydrogen atmosphere to reduce the azide to 

amine to the corresponding primary amine 4.04. This intermediate was converted into 4.05 

using Di(2-pyridyl) thionocarbonate (DPT) affording a global 7% yield over the two steps. This 

result was improved by using a Staudinger reaction to reduce the azide and obtain 4.04, which 

was subsequently converted without purification to intermediate 4.05 using thiophosgene, 

achieving an overall yield of 33%. Intermediate 4.06 was obtained in full conversion by reacting 

intermediate 4.05 with hydrazine and was coupled in the presence of Hexafluorophosphate 

Azabenzotriazole Tetramethyl Uronium (HATU) with Boc-L alanine again in full conversion, 

leading to intermediate 4.07. This compound was cyclised with a 20% solution of NaOH to obtain 

4.08 with a 43% yield. 4.08 was S-alkylated with 4-fluorobenzyl bromide, providing 4.09 in 97% 

yield. The next step of the synthesis was Boc deprotection, which was carried out using 

trifluoroacetic acid (TFA) and yielded 4.10 in 94% yield. Once the amino group was free, 4.10 

was reacted with 2-trifluoromethyl benzoic acid, again using HATU as a coupling agent, giving 

4.11 in full conversion. The final steps involved the deprotection of the TIPS group, which was 

achieved with tetrabutylammonium fluoride (TBAF) as a source of fluoride ions, which 

proceeded in 41% yield. The resulting primary hydroxy group was coupled in the first place with 

4-nitrophenyl chloroformate and, in the same pot, with either 1,8-diamino-3,6-dioxaoctane or 

1,6 hexanediamine to afford 4.13a in 79% yield or 4.13b in 67% yield, respectively (figure 4). 
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Figure 4. Reaction scheme used for the synthesis of 12a and 12b. Reaction conditions: i: TIPSCl, 

imidazole, DCM 0ºC to rt; ii: LiBH4, THF 0ºC to rt; iii: DPPA, DBU, Toluene/THF; iv: P(Bu)3, H2O, 

THF, rt; v: CSCl2 DIPEA, DCM 0º to rt; vi: NH2NH2 EtOH rt; vii: Boc L-alanine, HATU, DIPEA, DMF, 

rt; viii: 20% NaOH, MeOH, rt; ix: 4-fluoro benzyl bromide, K2CO3, DMF, rt; x: TFA, DCM, rt;; xi: 

2-trifluoromethyl benzoic acid, HATU, DIPEA, xii: DMF; TBAF, DCM, rt; xiii a: 4-nitrophenyl 

chloroformate, DCM, DIPEA, rt; 1,6 hexanediamine, rt; xii b: : 4-nitrophenyl chloroformate, 

DCM, DIPEA, rt; 1,8-diamino-3,6-dioxaoctane, rt. 

 

3.2 Synthesis of the MaP-rhodamine moiety 

With the triazole derivatives 4.13a and 4.13b in hand, the MAP-rhodamine synthesis was 

performed. In this case, the commercial starting material was TMR  (tetramethyl rhodamine) COOH 

(4.14), which possesses three free carboxylic acid groups, one of which is less reactive due to its 

equilibrium with a spirocyclic lactone (figure 5). The first step of the synthesis was the protection 

of the two additional carboxylic acids using allyl bromide to achieve 4.15 in full conversion. 

Intermediate 4.15 was transformed into the corresponding methane sulphonamide using EDCI 

as a coupling agent to obtain 4.16 in 53% yield. The final step was the deprotection of the allyl 

esters using palladium tetrakis and 1,3 dimethyl barbituric acid to obtain 4.17 in 98% yield (figure 

6). 

 

Figure 5. Equilibrium between the open and closed forms of TMR. 
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Figure 6. Reaction scheme followed for the synthesis of 4.17. Reagents and conditions: xiv: allyl 

bromide, Et3N, DMF, rt; xv: methanesulfonamide, EDCI, DMAP, DCM, rt; xvi: Pd(PPh3)4, 1,3 

dimethyl barbituric acid, MeCN, rt. 

 

3.3 Synthesis of the protein sensors 

To finally obtain the target protein sensors, the first step was to join 4.13a and 4.13b to 4.17 

using N,N,N′,N′-Tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate (TSTU) as a coupling 

agent. This reaction was specific due to the higher reactivity of the aliphatic carboxylic acid with 

respect to its aromatic counterpart. Once starting material was no longer found in the reaction 

medium, in the same pot, another equivalent of TSTU and 2-[2-[(6-

chlorohexyl)oxy]ethoxy]ethanamine were added to the mixture to furnish protein sensors 4.18a 

and 4.18b in 44% and a 27% yields, respectively. 

 

 

Figure 8. Reaction sequence for the synthesis of compounds 4.18a and 4.18b. 

 



228 

 

3.4 Verification of 4.18a and 4.18b behaving as SNIFITs in cells 

Once the compounds were synthesised and characterised, we decided to test them in vivo 

inside HEK293 transfected cells. To observe whether the compounds attached to the fusion 

protein, 500 µM solution of compounds 4.18a and 4.18b were added to cell cultures, while in 

others, no compound was added. Results can be observed in figure 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Microscopy images from cell cultures with compounds 4.18a and 4.18b. 

 

It can be observed from figure 9 that when no compound is added to the cell cultures cell can 

be observed in the TEM channel and in the GFP channel, while nothing can be observed in the 

0 µM 

4.18b 

TEM channel GFP channel FRET channel 

500 µM 

4.18b 

0 µM 

4.18a 

500 µM 

4.18a 
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FRET channel. When both compounds 4.18a and 4.18b are added, cells can be observed in the 

TEM and GFP channels, but also in the FRET channel, as the compounds have been attached to 

the fusion protein and is able to produce FRET with the GFP. In order to acquire a better insight 

of the dynamic range and the rest of the parameters of both sensors, more studies are required 

to be performed. 
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4.0 Experimental 

Synthesis of 4.01  

Methyl 6-(hydroxymethyl)nicotinate (5 g, 29.9 mmol) and imidazole 

(6.1 g, 89.7 mmol) were dissolved in dry DCM (80 ml).  

Chlorotriisopropylsilane (6.34 g, 32.9 mmol) was added dropwise at 

0°C and the mixture was stirred at room temperature overnight. The 

reaction mixture was diluted with DCM and water (20 ml) was added. 

The two layers were separated, and the organic layer was washed with brine (15 ml) twice, dried 

with Na2SO4 and concentrated in vacuo. The residue was purified by flash column 

chromatography (Hexane/ 5-100% EtOAc) to give a colorless oil (5.97 g, 62% yield). Identity of 

compound was confirmed by LC-MS. 

 

Synthesis of 4.02  

methyl 6-(((Triisopropylsilyl)oxy)methyl)nicotinate 4.01 (50 mg, 0.15 

mmol) was dissolved in dry THF (10 ml) in an ice cool water bath and a 

3M solution of LiBH4 (0.51 ml, 1.5 mmol) was added dropwise. The 

solution was allowed to warm to room temperature and stirred for 24 

hours. Subsequently, water (10 ml) and ethyl acetate (10 ml) were 

carefully added to the mixture and the two layers separated. The aqueous layer was extracted 

with ethyl acetate (10 ml) twice and the combined organic extracts were dried with Na2SO4 and 

concentrated in vacuo. The residue was purified by flash column chromatography (Hexane/ 10-

100% EtOAc) to give a white solid (10 mg, 44% yield). Identity of compound was confirmed by 

LC-MS. 

 

Synthesis of 4.03  

(6-(((Triisopropylsilyl)oxy)methyl)pyridin-3-yl)methanol 4.02 (0.2 g, 

0.68 mmol) was dissolved in a 1:1 THF/Toluene mixture (20 ml) and 

diphenyl phosphoryl azide (0.28 g, 1.02 mmol) was added. 

Subsequently, DBU was added, and the mixture was stirred overnight 

at room temperature. Ethyl acetate (20 ml) was used to dilute the 

reaction mixture and water (20 ml) was used to quench the reaction. The two layers were 

separated, and the aqueous layer was extracted twice with ethyl acetate (20 ml). The combined 

organic extracts were dried with Na2SO4 and concentrated in vacuo. The residue was purified by 

flash column chromatography (Hexane/ 10-100% EtOAc) to give a colourless oil (0.19 g, 89% 

yield). Identity of compound was confirmed by LC-MS. 

 

Synthesis of 4.05 

5-(Azidomethyl)-2-(((triisopropylsilyl)oxy)methyl)pyridine 4.03 

(0.045 g, 0.14 mmol) was dissolved in THF (15 ml) and 

tributylphosphine (0.056 g, 0.28 mmol) was added to the 

reaction mixture, which was stirred at room temperature for 1 

hour. Water (2 ml) was added, and the reaction mixture was 
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further stirred overnight. The reaction mixture was concentrated in vacuo and the colourless oil 

obtained was used for the next step without any further purification. Identity of compound was 

confirmed by HPLC-MS. 

The crude oil was dissolved in DCM (10 ml) and DIPEA (0.036 g, 0.28 mmol) and thiophosgene 

(0.017g, 1.55 mmol) were added to the mixture at 0 °C. The mixture was stirred at room 

temperature for 1 hour and then water (3 ml) was added. The two layers were separated and 

the organic phase was washed with water (5 ml) twice and the with brine (5 ml). The organic 

phase was then dried with Na2SO4 and concentrated in vacuo. The residue was purified by 

column chromatography (hexane/ethyl acetate (0-100%)) to yield a brown oil (0.016 g, 33% 

yield). Identity of compound was confirmed by LC-MS. 

 

Synthesis of 4.06  

5-(Isothiocyanatomethyl)-2-

(((triisopropylsilyl)oxy)methyl)pyridine 4.05 (0.153 g, 0.45 

mmol) was dissolved in ethanol (10 ml). Separately, 

hydrazine (0.02 mg, 0.68 mmol) was also dissolved in ethanol 

and added to the first solution. The reaction mixture was 

stirred at room temperature for 30 minutes and afterwards, 

concentrated in vacuo to yield a white solid (0.167 g, 99% 

yield). Identity of compound was confirmed by LC-MS. 

 

Synthesis of 4.07  

Boc-L-alanine (67 mg, 0.36 mmol) was dissolved in 

DMF and DIPEA (0.195 g, 1.51 mmol) was added. 

Separately HATU (0.19 g, 0.503 mmol) was 

dissolved in DMF (1 ml), added to the first solution 

and stirred for 30 minutes. N-((6-

(((triisopropylsilyl)oxy)methyl)pyridin-3-

yl)methyl)hydrazinecarbothioamide 4.06 (0.17 g, 0.45 mmol) was dissolved in DMF (2 ml) and 

added to the first solution. The reaction mixture was stirred overnight and concentrated in 

vacuo. The residue was dissolved in DCM (30 ml) and washed with brine (10 ml) twice. The 

organic layer was dried with Na2SO4 and concentrated in vacuo. The residue was purified by flash 

column chromatography (5-100% EtOAc) to yield a white solid (0.19 g, 98% yield). Identity of 

compound was confirmed by LC-MS. 

 

 

Synthesis of 4.08 
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Tert-Butyl (S)-(1-oxo-1-(2-(((6-

(((triisopropylsilyl)oxy)methyl)pyridin-3-

yl)methyl)carbamothioyl)hydrazyl)propan-2-

yl)carbamate (0.18 g, 0.34 mmol) was dissolved in 

methanol (20 ml) and 20% NaOH (10 ml) was added 

carefully and the reaction mixture was stirred overnight 

at room temperature. The reaction mixture was then neutralised to pH 7 and concentrated in 

vacuo. The residue was purified by flash column chromatography (hexane/EtOAc 5-100%) to 

yield compound 4.08 as a white solid (76 mg, 43% yield). Identity of compound was confirmed 

by LC-MS. 

 

Synthesis of 4.09  

Tert-Butyl (S)-(1-(5-mercapto-4-((6-

(((triisopropylsilyl)oxy)methyl)pyridin-3-yl)methyl)-4H-

1,2,4-triazol-3-yl)ethyl)carbamate 4.08 (77 mg, 0.15 

mmol) and potassium carbonate (40 mg, 0.30 mmol) 

were dissolved in DMF (5 ml) and stirred at room 

temperature for 30 minutes. Subsequently, a solution 

of 4-fluorobenzyl bromide (31 mg, 0.16 mmol) in DMF (3 ml) was added dropwise and the 

reaction mixture was stirred at room temperature for 2 hours. The reaction mixture was 

concentrated in vacuo and the residue was purified by flash column chromatography (ethyl 

acetate/methanol 0-10%) to yield a white solid (90 mg, 97% yield). Identity of compound was 

confirmed by LC-MS. 

 

Synthesis of 4.11 

 Tert-Butyl (S)-(1-(5-((4-fluorobenzyl)thio)-4-((6-

(((triisopropylsilyl)oxy)methyl)pyridin-3-

yl)methyl)-4H-1,2,4-triazol-3-yl)ethyl)carbamate 

4.09 (90 mg, 0.14 mmol) was dissolved in DCM (4 

ml) and TFA (1 ml) was added to the solution, 

which was stirred at room temperature for 1 

hour. After no starting material was left, the 

reaction mixture was concentrated in vacuo. Separately, 2-(trifluoromethyl) benzoic acid was 

dissolved in DMF (2ml) and DIPEA (54 mg, 0.42 mmol) was added to the solution. Alternatively, 

HATU (69 mg, 0.18 mmol) was dissolved in DMF (2 ml) and was added to the previous solution 

and stirred at room temperature for 30 minutes. The residue left from the Boc-deprotection 

was dissolved in DMF (2 ml) and added to the reaction mixture and the resulting solution was 

stirred overnight. The reaction mixture was concentrated in vacuo and the crude residue 

purified by flash column chromatography (ethyl acetate/methanol 0-10%) to yield a white solid 

(98 mg, 94% yield). Identity of compound was confirmed by LC-MS. 

 

 

Synthesis of 4.12 
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(S)-N-(1-(5-((4-fluorobenzyl)thio)-4-((6-(((triisopropylsilyl)oxy)methyl)pyridin-3-yl)methyl)-4H-

1,2,4-triazol-3-yl)ethyl)-2-(trifluoromethyl)benzamide 4.11 (96 mg, 0.136 mmol) was dissolved 

in THF (10 ml) and 1M solution of TBAF in THF 

(53 mg, 0.21 mmol, 21 µl) was added. The 

solution was stirred at room temperature for 1 

hour and subsequently, the reaction mixture 

was concentrated under reduced pressure. The 

residue was purified by flash column 

chromatography (EtOAc/MeOH 1-10%) to give a 

white solid (31 mg, 42% yield). Identity of compound was confirmed by LC-MS. 

 

Synthesis of 4.13a 

(S)-N-(1-(5-((4-fluorobenzyl)thio)-4-((6-(hydroxymethyl)pyridin-3-yl)methyl)-4H-1,2,4-triazol-3-

yl)ethyl)-2-(trifluoromethyl)benzamide 4.12 (0.10 g, 0.19 mmol) and 4-nitrophenyl 

chloroformate (0.114 g, 0.57 mmol) were dissolved in DCM (20 ml) and DIPEA (73 mg, 0.57 

mmol) was added to the solution. The reaction mixture was stirred at room temperature for 3 

hours and alternatively 1,8-diamino-3,6-dioxaoctane (0.56 g, 3.78 mmol) was dissolved in DMSO 

(1 ml) and was added dropwise to the reaction mixture, which was stirred at room temperature 

for further 15 minutes. The reaction mixture was concentrated at reduced pressure and purified 

by RP-HPLC (H2O (0.1% TFA) 10-90% MeCN) to achieve a colourless oil (0.11 g, 79% yield).  

1H NMR (400 MHz, 

MeOD) δ 8.43 (d, J = 2.6 

Hz, 1H), 7.78 – 7.72 (m, 

1H), 7.67 – 7.56 (m, 3H), 

7.53 – 7.47 (m, 1H), 

7.31 – 7.24 (m, 2H), 

7.17 (dd, J = 5.3, 3.4 Hz, 

1H), 7.04 – 6.96 (m, 2H), 

5.38 (m, 3H), 5.22 (s, 2H), 4.36 (s, 2H), 3.71 (t, J = 5.4, 2H), 3.66 (m, 4H), 3.58 (t, J = 5.6 Hz, 2H), 

3.36 (m, 2H), 3.14 (t, J = 5.0 Hz, 2H), 1.65 (d, J = 7.0 Hz, 3H).  

13C NMR (101 MHz, MeOD) δ 168.6, 163.6, 161.1, 160.7 (q, J = 37.0 Hz), 156.9, 156.9, 156.2, 

151.1, 146.1, 137.0, 134.7 (q, J = 2.1 Hz), 132.7 (d, J = 3.1 Hz), 132.0, 131.0, 130.6 (d, J = 8.5 Hz),  

130.0, 128.0, 126.8 (q, J = 32. 0 Hz), 126.2 (q, J = 5.1 Hz), 125.1, 122.4, 122.1, 117.8, 115.1 (d, J = 

21.9 Hz), 69.9, 69.9, 69.6, 66.5, 65.1, 44.2, 40.8, 40.4, 39.3, 37.3, 17.4.  

HRMS (ESI, pos. mode) m/z calc. for C33H37N7O5F4S+ 720.2586, found 720.2588 [M+H] 

 

Synthesis of 4.13b  

(S)-N-(1-(5-((4-fluorobenzyl)thio)-4-((6-(hydroxymethyl)pyridin-3-yl)methyl)-4H-1,2,4-triazol-3-

yl)ethyl)-2-(trifluoromethyl)benzamide 4.12 (31 mg, 0.06 mmol) and 4-nitrophenyl 

chloroformate (34 mg, 0.17 mmol) were dissolved in DCM (5 ml) and DIPEA (22 mg, 0.17 mmol) 

was added to the solution. The reaction mixture was stirred at room temperature for 3 hours 

and alternatively 1,6 hexane diamine (0.13 g, 1.13 mmol) was dissolved in DMSO (1 ml) and was 

added dropwise to the reaction mixture, which was furtherly stirred at room temperature for 
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15 minutes. The reaction mixture was 

concentrated at reduced pressure and 

purified by RP-HPLC (H2O (0.1% TFA) 10-90% 

MeCN) to achieve a colourless oil (26 mg, 

67% yield).  

1H NMR (400 MHz, MeOD) δ 8.22 (d, J = 1.9 

Hz, 1H), 7.67 – 7.61 (m, 1H), 7.54 – 7.48 (m, 

2H), 7.37 (dd, J = 8.2, 2.3 Hz, 1H), 7.30 (d, J = 

8.1 Hz, 1H), 7.19 – 7.13 (m, 2H), 7.02 – 6.97 (m, 1H), 6.92 – 6.83 (m, 2H), 5.28 (q, J = 7.0 Hz, 1H), 

5.23 – 5.15 (m, 2H), 5.06 (s, 2H), 4.23 (s, 2H), 3.03 (t, J = 7.0 Hz, 2H), 2.80 (t, J = 7.6 Hz, 2H), 1.57 

– 1.49 (m, 5H), 1.46 – 1.36 (m, 2H), 1.28 (m, 4H).  

13C NMR (101 MHz, MeOD) δ 168.6, 163.6, 161.2, 160.7 (q, J = 35.9 Hz), 157.0, 156.9, 156.7, 

151.1, 146.7, 136.0, 134.7 (q, J = 2.2 Hz), 132.8 (d, J = 3.2 Hz), 132.0, 130.7, 130.6 (d, J = 8.4 Hz),  

129.9, 128.0, 126.8 (q, J = 32.0 Hz), 126.1 (q, J = 4.9 Hz), 121.6, 115.1 (d, J = 21.8 Hz), 65.4, 44.2, 

40.7, 40.2, 39.2, 37.2, 29.2, 27.1, 25.8, 25.6, 17.3.  

HRMS (ESI, pos. mode) m/z calc. for C33H37N7O3F4S+ 688.2687, found 688.2687 [M+H] 

 

Synthesis of 4.15 

Tetramethyl rhodamine COOH (TMR-

COOH 4.14 (61 mg, 0.12 mmol) and 

potassium carbonate (67 mg, 0.49 

mmol) were dissolved in DMF (8 ml) 

and triethylamine (49 mg, 0.49 mmol) 

was added to the reaction mixture. 

Allyl bromide (44 mg, 0.37 mmol) was 

then added, and the reaction mixture was stirred at room temperature overnight. The reaction 

mixture was concentrated at reduced pressure and the residue dissolved in DCM (100 ml) and 

extracted with water (5 ml) three times. The organic phase was dried with Na2SO4 and 

concentrated in vacuo to yield a purple oil (70 mg, 99% yield). Identity of compound was 

confirmed by LC-MS. 

 

Synthesis of 4.16 

2-(3-((4-(Allyloxy)-4-

oxobutyl)(methyl)amino)-6-

(dimethylamino)-9H-xanthen-9-yl)-

4-((allyloxy)carbonyl)benzoic acid 

4.15 (30 mg, 0.05 mmol),  

methanesulfonamide (24 mg, 0.26 

mmol) EDCI (39 mg, 0.21 mmol) and 

DMAP (25 mg, 0.21 mmol) were dissolved in DCM (2 ml) and heated up in a sealed vial at 60 °C 

overnight. Afterwards, the reaction mixture was diluted with DCM (40 ml) and washed with 

water (5 ml) 3 times. The organic phase was dried with Na2SO4 and concentrated at reduced 
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pressure. The residue was purified by RP HPLC (H2O (0.1% TFA) 10-90% MeCN) to give a purple 

solid (18 mg, 53% yield). Identity of compound was confirmed by LC-MS. 

 

Synthesis of 4.17 

Allyl 3'-((4-(allyloxy)-4-oxobutyl)(methyl)amino)-

6'-(dimethylamino)-2-(methylsulfonyl)-3-

oxospiro[isoindoline-1,9'-xanthene]-6-

carboxylate 4.16 (36 mg, 0.06 mmol), Pd(PPh3)4 

(31 mg, 0.03 mmol) and 1,3 dimethyl barbituric 

acid (25 mg, 0.16 mmol) were dissolved in MeCN 

and stirred at room temperature for 2 hours. 

Subsequently, the reaction mixture was concentrated at reduced pressure and the residue was 

purified by RP-HPLC (H2O (0.1% TFA)/ 10-90% MeCN) to give a purple solid (31 mg, 98% yield). 

Identity of compound was confirmed by LC-MS. 

 

Synthesis of 4.18a 

3'-((3-Carboxypropyl)(methyl)amino)-6'-(dimethylamino)-2-(methylsulfonyl)-3-

oxospiro[isoindoline-1,9'-xanthene]-6-carboxylic acid 4.17 (16 mg, 0.027 mmol) was dissolved 

in DMSO (1 ml) and DIPEA (71 mg, 0.55 mmol) and TSTU (8 mg, 0.027 mmol) were added and 

the reaction 

mixture was 

stirred at room 

temperature for 30 

minutes, 

Subsequently, (S)-

(5-((3-((4-

fluorobenzyl)thio)-

5-(1-(2-

(trifluoromethyl)benzamido)ethyl)-4H-1,2,4-triazol-4-yl)methyl)pyridin-2-yl)methyl (6-

aminohexyl) carbamate 4.13a (19 mg, 0.027 mmol) was added and the reaction mixture was 

stirred at room temperature overnight. Then, TSTU (8 mg, 0.027 mmol) was added to the 

reaction mixture and stirred for 30 additional minutes. Then, 2-(2-((6-

chlorohexyl)oxy)ethoxy)ethan-1-amine (6 mg, 0.027 mmol) was added to the reaction mixture 

and stirred for 2 hours. The reaction was concentrated at reduced pressure and purified by RP-

HPLC (H2O (0.1% TFA)/ 10-90% MeCN (retention time: 34 minutes)) to give a purple solid (17 mg, 

44% yield).  

 

1H NMR (400 MHz, MeOD) δ 8.32 (d, J = 2.3 Hz, 1H), 8.22 (ddd, J = 8.2, 1.7, 0.7 Hz, 1H), 8.09 (ddd, 

J = 8.2, 1.7, 0.6 Hz, 1H), 7.86 (d, J = 1.7 Hz, 1H), 7.74 (dd, J = 5.5, 3.8 Hz, 1H), 7.62 (ddd, J = 6.1, 

3.2, 1.0 Hz, 2H), 7.47 (dd, J = 8.2, 2.3 Hz, 1H), 7.40 (d, J = 8.2 Hz, 1H), 7.29 – 7.23 (m, 2H), 7.09 

(dd, J = 9.5, 3.6 Hz, 3H), 7.02 – 6.86 (m, 6H), 5.43 – 5.34 (m, 1H), 5.33 – 5.24 (m, 2H), 5.15 (s, 2H), 

4.33 (s, 2H), 3.67 – 3.49 (m, 21H), 3.43 (t, J = 6.5 Hz, 2H), 3.36 (d, J = 5.4 Hz, 1H), 3.30 – 3.26 (m, 
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2H), 3.25 (s, 4H), 3.21 (s, 3H), 2.96 (s, 3H), 2.29 (t, J = 6.9 Hz, 2H), 2.02 – 1.92 (m, 2H), 1.76 – 1.67 

(m, 2H), 1.62 (d, J = 6.9 Hz, 3H), 1.51 (p, J = 6.7 Hz, 2H), 1.45 – 1.29 (m, 8H).  

13C NMR (101 MHz, MeOD) δ 175.0, 169.9, 167.9, 167.7, 158.3, 148.2, 137.4, 136.2, 134.2, 133.4, 

132.1, 132.0 (d, J = 8.3 Hz), 132.0, 131.5, 131.4, 131.3, 130.1, 129.4, 128.9, 127.6, 127.5 (q, J = 

5.2 Hz), 123.0, , 116.5 (d, J = 21.9 Hz), 98.4, 72.1, 71.3, 71.3, 71.2, 71.1, 70.9, 70.5, 70.4, 67.0, 

53.3, 45.7, 45.6, 42.1, 41.8, 41.4, 41.2, 41.0, 40.4, 39.4, 38.6, 33.7, 33.4, 30.4, 27.7, 26.4, 23.9, 

18.7. 

HRMS (ESI, pos. mode) m/z calc. for C72H84N11O13ClF4S2
2+ 743.7731, found 743. 7714 [M+2H]  

 

Synthesis of 4.18b 

3'-((3-Carboxypropyl)(methyl)amino)-6'-(dimethylamino)-2-(methylsulfonyl)-3-

oxospiro[isoindoline-1,9'-xanthene]-6-carboxylic acid 4.17 (16 mg, 0.027 mmol) was dissolved 

in DMSO (1 ml) and 

DIPEA (71 mg, 0.55 

mmol) and TSTU (8 

mg, 0.027 mmol) 

were added and 

the reaction 

mixture was stirred 

at room 

temperature for 30 

minutes, 

Subsequently, (S)-(5-((3-((4-fluorobenzyl)thio)-5-(1-(2-(trifluoromethyl)benzamido)ethyl)-4H-

1,2,4-triazol-4-yl)methyl)pyridin-2-yl)methyl (2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate 

4.13b (20 mg, 0.027 mmol) was added and the reaction mixture was stirred at room 

temperature overnight. Then, TSTU (8 mg, 0.027 mmol) was added to the reaction mixture and 

stirred for 30 additional minutes. Then, 2-(2-((6-chlorohexyl)oxy)ethoxy)ethan-1-amine (6 mg, 

0.027 mmol) was added to the reaction mixture and stirred for 2 hours. The reaction was 

concentrated at reduced pressure and purified by RP-HPLC (H2O (0.1% TFA)/ 10-90% MeCN 

(retention time: 32 minutes)) to give a purple solid (11 mg, 27% yield).  

1H NMR (400 MHz, MeOD) δ 8.36 (d, J = 2.3 Hz, 1H), 8.23 (dd, J = 8.2, 1.7 Hz, 1H), 8.08 (d, J = 8.1 

Hz, 1H), 7.90 (d, J = 1.7 Hz, 1H), 7.76 – 7.69 (m, 1H), 7.65 – 7.58 (m, 2H), 7.54 (dd, J = 8.2, 2.3 Hz, 

1H), 7.44 (d, J = 8.2 Hz, 1H), 7.27 – 7.22 (m, 2H), 7.17 (dd, J = 9.4, 2.6 Hz, 2H), 7.14 – 7.01 (m, 3H), 

7.01 – 6.93 (m, 4H), 5.41 – 5.25 (m, 3H), 5.16 (s, 2H), 4.32 (s, 2H), 3.88 – 3.78 (m, 1H), 3.69 – 3.46 

(m, 16H), 3.45 – 3.40 (m, 3H), 3.40 – 3.34 (m, 1H), 3.14 (t, J = 7.0 Hz, 2H), 3.08 (t, J = 7.0 Hz, 2H), 

2.95 (s, 3H), 2.41 (t, J = 6.5 Hz, 1H), 2.27 (t, J = 6.9 Hz, 2H), 1.97 (t, J = 7.5 Hz, 2H), 1.73 (ddt, J = 

25.0, 8.0, 6.7 Hz, 3H), 1.61 (d, J = 7.0 Hz, 4H), 1.53 – 1.28 (m, 18H), 1.24 (d, J = 6.8 Hz, 6H). 

13C NMR 13C NMR (101 MHz, MeOD) δ 174.7, 174.6, 169.9, 167.8, 167.6, 160.6, 159.2, 158.6,  

158.5, 158.3, 157.9, 157.7, 152.5, 147.7, 139.5, 138.1, 136.9, 136.1, 134.1 (d, J = 3.1 Hz), 133.4, 

132.3, 132.0 (d, J = 8.3 Hz), 131.8, 131.3, 130.2, 130.2, 129.7, 129.4, 128.2 (q, J = 32.0 Hz), 127.0 

(q, J = 5.3 Hz), 126.5, 123.2, 116.5 (d, J = 21.3 Hz), 115.2, 114.3, 98.2, 98.1, 72.1, 71.3, 71.2, 71.2, 

71.1, 70.5, 70.4, 66.5, 53.4, 46.8, 45.7, 45.7, 45.5, 42.1, 41.7, 41.2, 41.1, 40.4, 40.3, 39.5, 38.6, 

38.1, 37.3, 33.7, 33.7, 33.2, 30.7, 30.5, 30.4, 30.3, 27.7, 27.7, 27.5, 27.3, 26.5, 26.4, 23.9, 21.5, 

18.7. 
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HRMS (ESI, pos. mode) m/z calc. for C72H84N11O13ClF4S2
2+ 727.7782, found 727.7773 [M+2H].  
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Conclusions 

 

1. A family of multitarget drug ligands against Alzheimer´s disease based on a flavonoid scaffold 

was synthesised. Most of the compounds were found to be non-toxic and also to possess 

moderate antioxidant capabilities. The compounds that bear a tacrine fragment or a N-

benzylpiperidine fragment inhibit AChE and BuChE some of them even in the low nanomolar 

range. Additionally, some hybrids have also proved to provide moderate protection against Aβ  

toxicity. Some of these hybrids are hits for future development against Alzheimer´s disease.  

2. A multicomponent reaction involving a chalcone, a beta-ketoester and an amine was used to 

synthesise a family of m-diaryl dihydroanthranilates which were oxidised to their aromatic 

forms. This reaction was used to synthesise potential theragnostic systems, which consisted of 

dihydroanthranilates having a triphenylphosphonium group tethered by a carbon linker to its 

amine residue. Their aromatised derivatives showed promising optical properties and these 

compounds are to be tested in cell cultures to confirm their potential. 

3. The dihydroanthranilate scaffolds synthesised were further derivatised into other structures 

such as acridones or m-terphenylamines. The latter had shown COX-1 selective inhibition in 

previous works and the family of compounds was amplified in order to obtain clearer SAR data. 

Additionally, potential multitarget drug ligands were synthesised by tethering a carbon-linked 

tacrine moiety to them. These compounds showed a good an AChE and BuChE inhibitory profile 

in the low-micromolar/high nanomolar range. COX-1/COX-2 inhibition assays will be performed 

to confirm their multitarget profile. 

4. A general method for the mechanochemical synthesis of primary amides from their ester 

precursors has been developed. This method is robust as it tolerates different kinds of functional 

groups, such as aliphatic, aromatic heterocyclic, lactones, ketals and -aminoesters and 

dipeptide esters. This method is fast, requires no solvent or gas influx and provides medium to 

high yields without the need for chromatography, creating a sustainable methodology for the 

synthesis of primary amides. 

5. A one pot mechanochemical method for the synthesis of rufinamide has been developed. This 

method involves the use of readily available starting materials, is fast and requires no solvent or 

external heating, and also providing a good global yield. This method greatly improves green 

parameters in comparison to previously described methods for the synthesis of rufinamide.  

6. Two different chemical ligands were synthesised for the determination of the activity of the 

enzyme panthotenate kinase and its real time visualization using confocal microscopy. The 

ligands were synthesised starting from readily available starting materials in a multi-step 

approach and were characterized. The ligands were then tested in cell cultures, and it was 

demonstrated that they were able to bind to the fusion protein and to exhibit FRET effect with 

it. 
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Chapter 8. Representative spectra 
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Representative spectra 

Chapter 3. Design, synthesis and study of a family of flavonoid-based multitarget 

drug ligands against Alzheimer’s disease  
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Chapter 4. Design and synthesis of terphenyl derivatives: potential multitarget and 

theranostic compounds against oxidative stress and neuroinflammation  
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Chapter 5. Mechanochemical synthesis of rufinamide and primary amides  
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