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Throughout this manuscript, abbreviations and acronyms recommended by the 
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been employed (revised in the Journal of Organic Chemistry and Journal of Medicinal 
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DESARROLLO DE NUEVOS ANTAGONISTAS DEL RECEPTOR DE ÁCIDO 

LISOFOSFATÍDICO LPA2 

 

Los lípidos son un conjunto muy heterogéneo de biomoléculas presentes en nuestras 

células, tejidos y fluidos, con importantes funciones estructurales, señalizadoras y de 

almacenamiento de energía. La función de los lípidos como moléculas de señalización ha 

quedado consolidada en las tres últimas décadas, con numerosos ejemplos descritos a lo 

largo de la literatura. En el contexto de moléculas lipídicas con funcion señalizadora, 

destaca el ácido lisofosfatídico (LPA). El LPA ejerce su acción a través de la interacción con 

sus receptores (LPA1-6), mediando importantes procesos fisiológicos celulares. De entre 

todos los receptores del ácido lisofosfatídico, este trabajo se centra en el receptor LPA2 

debido a su relevancia biológica poco explorada y a la falta de moduladores potentes y 

selectivos con eficacia in vivo probada. Algunos de los ligandos más representativos se 

muestran en la Figura 1.  
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Figura 1. Estructura de los ligandos más representativos del receptor LPA2: agonistas (A) and 
antagonistas (B). 

 

Recientemente, nuestro grupo de investigación ha identificado una nueva familia de 

derivados de pirazol, entre los que destaca el compuesto UCM-14216 (Figura 1) como el 

antagonista más potente y selectivo del receptor LPA2 (Emax=90±2%; CI50=1.9 μM; 

Kd=1.3 nM; inactivo en LPA1,3-6) descrito hasta la fecha, con eficacia in vivo demostrada en 

un modelo de ratón con lesión de médula espinal. Sin embargo, sus propiedades 

farmacocinéticas limitan su biodisponibilidad. Por ello, el objetivo principal del presente 

trabajo ha sido el desarrollo de nuevos antagonistas potentes y selectivos del receptor 

LPA2 con un perfil farmacocinético y una actividad in vivo mejorados, para así validar este 

receptor como diana terapéutica de interés en procesos (neuro)inflamatorios. Con este 

objetivo, hemos seleccionado como punto de partida el compuesto UCM-14250 

(Emax=57±9%; IC50≈10 µM; Figura 2), previamente caracterizado en nuestro grupo de 

investigación, y hemos desarrollado un programa de química médica en el que se han 

modificado sistemáticamente los diferentes elementos estructurales de este hit (Figura 

2). Para la evaluación de la actividad antagonista y la selectividad de los compuestos 

sintetizados, se ha utilizado un ensayo funcional para detectar la movilización de calcio en 

células transfectadas de forma estable con los receptores LPA1-3. Entre todos los 

compuestos caracterizados, el derivado 65 (UCM-22018, Figura 3) ha mostrado un 

excelente perfil in vitro (Emax=92.0±0.2%; IC50=0.2±0.1 µM; Kd=0.96 nM; inactivo en LPA1,3), 

superior al compuesto UCM-14216 descrito previamente. 
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Figura 2. Estudio de la relación estructura actividad del compuesto de partida UCM-14250. 

 

La caracterización farmacológica en profundidad del compuesto 65 (UCM-22018) ha 

revelado buenos valores para las distintas propiedades ADME estudiadas, como la 

estabilidad en suero y microsomas de ratón y humano, la permeabilidad, la unión a la 

albúmina de suero humano y la toxicidad celular (Figura 3). Además, en un estudio 

farmacocinético in vivo se confirmó la capacidad del compuesto para atravesar la barrera 

hematoencefálica y alcanzar el sistema nervioso central. Estos resultados mostraron que 

se alcanzaron niveles significativos del compuesto 65 tanto en el cerebro como en la 

médula espinal de los ratones tratados durante las dos primeras horas tras la 

administración, y que aún se detectaban niveles más bajos del compuesto después de 6 

horas. Por último, evaluamos la eficacia in vivo del compuesto 65 en el modelo de dolor 

inducido por adyuvante completo de Freund, en el que el compuesto 65 indujo efectos 

antiinflamatorios significativos en comparación con los animales no tratados. 
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Figura 3. Estructura y perfil farmacológico del antagonista del receptor LPA2 65 (UCM-22018). 
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DEVELOPMENT OF NEW TYPE 2 LYSOPHOSPHATIDIC ACID RECEPTOR 

LPA2 ANTAGONISTS 

 

Lipids are an extremely heterogeneous set of biomolecules present in our cells, 

tissues, and fluids, which have important structural, signaling and energy storage 

functions. The role of lipids as signaling molecules has been well established in the last 

three decades with numerous examples described along the literature. In the context of 

lipid molecules with signaling functions, lysophosphatidic acid (LPA) stands out. LPA exerts 

its extracellular signaling through the interaction with its receptors (LPA1-6), mediating 

important cellular physiological processes. Among all the lysophosphatidic acid receptors, 

this work is focused on the LPA2 due to its underexplored biological relevance and the lack 

of potent and selective modulators with probed in vivo efficacy. Some of the most 

representative ligands are shown in Figure 1.  

 

Figure 1. Structure of the most representative LPA2 receptor ligands: agonists (A) and 
antagonists (B). 

 

Recently, our research group has identified a new family of pyrazole-based 

derivatives, among which compound UCM-14216 (Figure 1) stands out as the most potent 

and selective LPA2 receptor antagonist (Emax=90±2%; IC50=1.9 μM; Kd=1.3 nM; inactive at 

LPA1,3-6) described so far with in vivo efficacy in a spinal cord injury mouse model. 

However, its pharmacokinetic (PK) properties limit its bioavailability. Therefore, the main 

objective of the present work has been to develop new potent and selective LPA2 

antagonists with an improved PK profile and in vivo activity, to validate this receptor as a 
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therapeutic target of interest in (neuro)inflammatory processes. Towards this aim, we 

have selected as starting point compound UCM-14250 (Emax=57±9%; IC50≈10 µM; Figure 

2), previously characterized in our research group, and we have developed a medicinal 

chemistry program in which the different structural elements of this hit were 

systematically modified (Figure 2). For the evaluation of the antagonist activity and 

selectivity of the synthesized compounds, a functional assay has been used to detect 

calcium mobilization in cells stably transfected with LPA1-3 receptors. Among all the 

characterized compounds, derivative 65 (UCM-22018, Figure 3) has shown an excellent in 

vitro profile (Emax=92.0±0.2%; IC50=0.2±0.1 µM; Kd=0.96 nM; inactive at LPA1,3), superior to 

previously described compound UCM-14216.  

 

Figure 2. Structure-activity relationship study of hit UCM-14250. 

 

The in-depth pharmacological characterization of compound 65 (UCM-22018) has 

revealed good values for the different ADME (absorption, distribution, metabolism, and 

excretion) properties studied, such as stability in mouse and human serum and 

microsomes, permeability, binding to human serum albumin and cell toxicity (Figure 3). 

In addition, the ability of the compound to cross the blood-brain barrier and reach the 

central nervous system was confirmed in an in vivo PK study. The results showed that 

significant levels of compound 65 were reached in both brain and spinal cord of treated 

mice during the first two hours post-administration, and lower levels of compound were 
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still detectable after 6 hours. Finally, we assessed the in vivo efficacy of compound 65 in 

the complete Freund’s adjuvant pain mouse model, in which compound 65 induced 

significant antiinflammatory effects compared to non-treated animals. 

 

Figure 3. Structure and pharmacological profile of the LPA2 antagonist 65 (UCM-22018).



 

 



 

 

1. INTRODUCTION AND OBJECTIVES 

 



 

 



 

 

1. INTRODUCTION AND OBJECTIVES 

 

Lipids are an extremely heterogeneous set of biomolecules present in our cells, 

tissues, and fluids,1 which have important structural,2-4 signaling5-7 and energy storage 

functions.8,9 The role of lipids as signaling molecules has been well established in the last 

three decades, and there are numerous examples described along in the literature.10-12 As 

representative examples, we can mention stearic, oleic or linoleic acids (Figure 1), 

members of the fatty acid family which control a wide range of cellular processes and 

physiological functions related to fatty acid uptake at the plasma membrane, their 

utilization and metabolic actions;13 or prostaglandin D2 and leukotriene B4 (Figure 1), both 

belonging to the eicosanoid subfamily, which are a pivotal part of the machinery that 

initiates and governs the inflammatory network in eukaryotes.14 Other relevant examples 

include N-arachidonoyl ethanolamine and 2-arachidonoylglycerol (Figure 1), the most 

prominent members of the endocannabinoid subfamily. These two molecules, along with 

the cannabinoid receptors, transporters and enzymes regulating their synthesis and 

degradation, constitute the endocannabinoid system (ECS), which support and control 

multiple physiological processes both in the central nervous system (CNS) and the 

periphery.15  



Introduction and objectives 

16 

 

Figure 1. Structures of representative signaling lipids. 

 

In the context of lipid molecules with signaling functions, lysophospholipids (LPs) are 

receiving an increased attention in the last years.16,17 LPs derive from phospholipids that 

have undergone enzymatic hydrolysis to remove one of the two acyl groups and can be 

classified into two groups of molecules, namely lysosphingolipids and 

lysoglycerophospholipids, being sphingosine-1-phosphate (S1P)18 and lysophosphatidic 

acid (LPA)19 the most well-studied species of each of these classes, respectively (Figure 2).  

The role of S1P has been well studied and different S1P receptor modulators are 

approved for the treatment of multiple sclerosis, such us Fingolimod (Gilenya®) or 

Siponimod (Mayzent®).18 In contrast, LPA has been less studied despite its biological 

relevance, being the association of its receptors for specific therapeutic indications a 

current objective of biomedical research.  
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Figure 2. Structures of sphingosine-1-phosphate (S1P) and lysophosphatidic acid (LPA), and their 
corresponding phospholipid precursors. 

 

The generic term LPA refers to a family of structural analogues containing a 

phosphate head group and a central glycerol backbone linked at sn-1 or sn-2 position by 

an ester linkage to a fatty acid chain with different length and degree of unsaturation (1-

acyl or 2-acyl-LPA species, respectively; Figure 3), being the most abundant LPA species 

the one acylated at the sn-1 position.20 In addition, sn-1 alkyl and alkenyl ether-linked LPA 

species also exist. The most abundant forms of LPA in human plasma are arachidonoyl 

LPA (20:4), linoleoyl LPA (18:2), oleoyl LPA (18:1), stearoyl LPA (18:0) and palmitoyl LPA 

(16:0) (Figure 3).21 Among these species, the 18:1 form, 1-oleoyl-2-hydroxy-sn-glycerol-3-

phosphate (Figure 2), is the most abundant and relevant LPA isoform from the point of 

view of its signaling properties, since it shows activity at all LPA receptors (LPARs), so it is 

the one we will refer to as LPA throughout this work. 
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Figure 3. LPA general structures and major species.  

 

LPA is produced during the synthesis of cell membranes, either under physiological 

or pathophysiological conditions in all eukaryotic tissues and blood plasma,22-24 notably 

within the developing and adult nervous system.25 LPA exerts its extracellular signaling 

through its interaction with its receptors,26 mediating important responses such as cell 

proliferation and migration, cytoskeletal reorganization, platelet aggregation and 

cytokine and chemokine secretion, among others.27-30 In the CNS, LPA mediates a wide 

range of effects, including neural progenitor cell physiology, astrocyte and microglia 

activation, neuronal cell death, axonal retraction, and neuroinflammation.31,32 Therefore, 

deregulation of LPA is linked to certain kinds of diseases such as cancer,33,34 

angiogenesis,35 fibrosis,36 hypertension,37 atherosclerosis,38 and neurological, metabolic 

and cardiovascular disorders. 39-41  

 

1.1. Endogenous LPA system 

The LPA, together with the enzymes responsible of its biosynthesis and degradation, 

and its receptors, comprise the endogenous LPA system. All these elements will be 

described through the following sections. 

 

1.1.1. LPA metabolism: biosynthesis and degradation pathways 

There are two mayor synthetic pathways involving LPA production (Figure 4). The 

first pathway is responsible for the extracellular LPA production, which is thought to 
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mediate cellular responses through LPARs (especially in serum and plasma).42 The second 

pathway involves both extra and intracellular LPA production, mainly devoted to the 

de novo biosynthesis of complex glycerolipids, including mono-, di-, and triglycerides, as 

well as phospholipids.43 

In the first pathway, membrane phospholipids such as phosphatidylcholine (PC), 

phosphatidylserine (PS), and phosphatidylethanolamine (PE) are converted into their 

corresponding LPs lysophosphatidylcholine (LPC), lysophosphatidylserine (LPS), and 

lysophosphatidylethanolamine (LPE), respectively. In activated platelets, this occurs by 

the action of phosphatidylserine-specific phospholipase A1 (PS-PLA1) or secretory 

phospholipase A2 (sPLA2) activity. In plasma, LPC is produced via lecithin-cholesterol 

acyltransferase (LCAT) and PLA1 activity. In both cases, the resulting LPs are converted to 

LPA via autotaxin (ATX) activity. The second pathway involves the synthesis of 

phosphatidic acid (PA) from membrane phospholipids via phospholipase D (PLD1 and PLD2 

isoforms) or from intracellular diacylglycerol (DAG) through diacylglycerol kinase (DGK) 

action, and subsequent conversion to LPA by the actions of either PLA1 or PLA2.44 

In addition, intracellular LPA can be generated through the acylation of glycerol-3-

phosphate (G3P) by glycerophosphate acyltransferase (GPAT), the phosphorylation of 

monoacylglycerol by monoacylglycerol kinase (MAGK), and oxidative modification of low-

density lipoprotein (LDL) (Figure 4). Inverse steps of three of the fourth intracellular 

mechanisms of LPA production are the main routes for LPA degradation: G3P production 

by lysophosphatases and lysophospholipases, generation of MAG by lipid phosphate 

phosphatases (LPPs) and conversion into PA by acylglycerophosphate acyltransferase 

(AGPAT).24 
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Figure 4. Intra and extracellular LPA biosynthesis and degradation pathways. Abbreviations: 
AGPAT: acylglycerophosphate acyltransferase; ATX: autotaxin; DGK: diacylglycerol kinase; GPAT: 
glycerophosphate acyltransferase; LCAT: lecithin-cholesterol acyltransferase; LDL: low-density 
lipoprotein; LPPs: lipid phosphate phosphohydrolases; MAGK: monoacylglycerol kinase; PL: 
phospholipase (Adapted from reference24). 

 

1.1.2. Signaling through LPA receptors 

The diverse and numerous physiological effects of LPA are mediated by signaling 

through its receptors. There are six different receptors (LPA1-6),26,45-47 which belong to the 

G-protein coupled receptors (GPCRs) superfamily, the largest class of drug targets which 

have more than 800 members encoded by the human genome.48 GPCRs comprise at least 

five structurally distinct subfamilies based on sequence conservation, where class A 

(rhodopsin-like)49 is the major and most studied, and where LPA1-6 receptors belong to. 

By coupling with one or more intracellular heterotrimeric guanine nucleotide-binding 

proteins (G proteins), GPCRs can transform extracellular stimulus into intracellular 

responses.  
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G proteins are composed of Gα, Gβ, and Gγ subunits (Figure 5), and are located inside 

the plasma membrane, to which they are bound by their α and γ subunits via hydrophobic 

structures (the β-subunit is bound by association to the γ-subunit). The extensive array of 

G proteins can be classified into four subfamilies based on the homology of the Gα 

subunits (Gαs, Gαi, Gαq/11, and Gα12/13).50 Activation of Gαs leads to the elevation of the 

adenylyl cyclase (AC) activity, resulting in an increase in cyclic adenosine monophosphate 

(cAMP) and activation of protein kinase A (PKA) downstream signaling cascades. In 

contrast, Gαi activation leads to AC inhibition and decreased cAMP levels. Gαq/11 activates 

phospholipase C (PLC), resulting in the production of two different second messengers, 

diacylglycerol (DAG) and inositol trisphosphate (IP3), which activates protein kinase C 

(PKC) and induces Ca2+ release into the cytoplasm, respectively. Finally, Gα12/13 subfamily 

members activate small GTPases and promotes the Rho/ROCK (Rho-associated protein 

kinase) and Rho/SRF (serum response factor) pathways. 

 

Figure 5. Molecular surface representation of LPA1-Gαi complex bound to LPA. Blue: LPA1 receptor; 
green, pink and yellow: heterotrimeric G-protein Gαi. Source: PDB (Protein ID: 7TD0). 

 

LPARs have been extensively studied over the last 30 years, when the first member, 

the LPA1 receptor, was identified.51 LPARs are divided in two subfamilies according to their 

primary structure homology.20,24,45 LPA1-3 receptors belong to the endothelial 

differentiation gene (EDG) family, which share 45-56% similarity in the amino acid 

sequence, while LPA4-6 receptors comprise the second subgroup, belonging to the P2Y 

purinergic receptors family, which share  3̴5% amino acid identity with each other (Table 

1).24 Among the six receptors identified so far, only the LPA1 and LPA6 have been 

crystallized and their 3D structures published.52,53 
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Table 1. Molecular characteristics of LPARs. 

Receptor 
Other 
names 

G protein 
Number of 

amino acids 
MW 

(KDa) 
Signaling  
pathways 

EDG family     

LPA1 Edg2 
Gαi, Gαq/11, 

Gα12/13 
364 ̴41 

MAPK, PLC, Akt, Rho, Ca2+ 
and YAP/Taz activation, AC 

inhibition 

LPA2 Edg4 
Gαi, Gαq/11, 

Gα12/13 
348 ̴39 

MAPK, PLC, Akt, Ca2+ and 
Rho activation, AC inhibition 

LPA3 Egd7 Gαi, Gαq/11 353 ̴40 
MAPK, PKC, PLC, Ca2+, and 

YAP/Taz activation  

P2Y family     

LPA4 
P2Y9/ 
GPR23 

Gαs, Gαi, Gαq/11, 
Gα12/13 

370 ̴42 
MAPK, PLC, Akt, Ca2+ and 
Rho/ROCK activation, AC 

inhibition  

LPA5 
GPR92/ 
GPR93 

Gαq/11, Gα12/13 372 ̴41 PLC and Ca2+ activation 

LPA6 P2Y5 Gαs, Gαi, Gα12/13 344 ̴39 Rho activation 

Abbreviations: MAPK: mitogen-activated protein kinase; PLC: phospholipase C; Akt: protein kinase B; Rho: rho 
protein; YAP: yes-associated protein; Taz: transcriptional co-activator with PDZ-binding motif; AC: adenylyl 
cyclase; ROCK: Rho-associated protein kinase. 

 

When LPA binds to LPA1-6 receptors, it activates different Gα proteins (Gαs, Gαi, 

Gαq/11, and Gα12/13), initiating a variety of complex downstream signaling pathways that 

regulate various physiological functions (Figure 6)54,55 such as cell morphology, growth, 

motility, migration and survival, cytoskeletal changes, Ca2+ mobilization, immune 

response, and cognitive functions.20 
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Figure 6. LPARs and signaling pathways. Abbreviations: DAG: diacylglycerol; Rho: rho protein; PLC: 
phospholipase C; Ras: ras protein; PI3K: phosphatidylinositol 3-kinase; AC: adenylyl cyclase; SRF: 
serum response factor; ROCK: Rho-associated protein kinase; PKC: protein kinase C; MAPK: 
mitogen-activated protein kinase; cAMP: cyclic adenosine 3,5-monophosphate (Adapted from 
reference24). 

 

LPA1 is the best studied of the six LPARs, whit several agonists and antagonists 

described,56,57 and it is widely expressed in various tissues and organs of human body such 

as brain, uterus, testis, lung, heart, stomach, kidney, and skeletal muscle.58 LPA mediates 

a great diversity of physiological functions through LPA1 coupled to the G protein (Gαi, 

Gαq/11 and Gα12/13), including cell survival, cell proliferation, cell adhesion, cell migration, 

cytoskeletal changes, Ca2+ mobilization, immune function, and myelination.59 In the 

nervous system, LPA promotes astrocyte proliferation and neuronal differentiation, 

proliferation of oligodendrocytes and smooth muscle cells, migration, and anti-apoptosis 

of Schwann cells.60-62  

LPA2 was identified four years after the discovery of LPA1,63 and couples to the same 

G proteins as the LPA1 receptor. During development, LPA2 receptor is highly expressed in 
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the CNS,64 and LPA2 activation is associated with cell survival and migration. In addition, 

LPA mediates anti-apoptosis of cells through LPA2 receptor, and the damage repair effect 

of LPA2 receptor on DNA can protect cells from radiation.65  

LPA3 was discovered from a gene library homology search of orphan GPCR genes.66,67 

It is distributed through heart, testis, prostate, pancreas, lung, ovary and brain,68 and 

appears to be involved in reproduction69-72 and in determining vertebrate left-right 

patterning during embryogenesis, a crucial process for proper organ formation and 

function.73  

In 2003, LPA4 was discovered by ligand screening and was the first LPA receptor 

identified showing a dissimilar amino acid sequence from the other LPARs, LPA1-3, sharing 

only  2̴0% amino acid identity with LPA1.74 This receptor is present in ovary, thymus, 

pancreas, brain, heart, small intestine, testis, prostate, colon, and spleen. LPA4 receptor 

regulates the differentiation of adipogenesis of mesenchymal progenitor cells and bone 

formation,75 induces neurite retraction and stress fiber formation,76,77 promotes 

angiogenesis and vascular development,78 and also influence the differentiation of 

immortalized hippocampal progenitor cells.79 Interestingly, activation of LPA4 inhibits LPA-

induced cell migration and invasion.80,81 

LPA5 was identified in 2006 as a member of the LPA receptor family.82,83 It is highly 

expressed in the spleen, mast cells, small intestine, colon, spinal cord and dorsal root 

ganglia. LPA5 activation is related with stress fiber formation and neurite contraction,82 

pain signaling in the spinal cord,84 promotion of Na+-dependent water absorption,85,86 and 

inhibition of T-cell activation.87 In melanoma cells, LPA inhibits migration through LPA5, 

similar to its LPA4-mediated effect.88 

LPA6 was recognized in 2008 as an LPA receptor, being the most recent addition to 

the LPA receptor family.89 LPA6 is highly expressed in hair cells and leukocytes, and it is 

implicated in hair growth regulation and alopecia.89,90 Moreover, the binding of LPA to the 

LPA6 receptor regulates vascular permeability91,92 and facilitate lymphocytes 

transmigration.93 

Apart from the LPA1-6 receptors, other receptors such as GPR87,94 P2Y10,95 the 

transient receptor potential vanilloid 1 (TRPV1) ion channel,96 and the transcription factor 

peroxisome proliferator activated receptor-gamma (PPARγ) nuclear receptor,97 have been 

reported to respond to LPA. 

Among all LPARs, we will focus on the LPA2 receptor due to its underexplored 

biological relevance and the lack of potent and selective modulators with probed in vivo 

efficacy. 
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1.2. LPA2 Receptor 

Type 2 lysophosphatidic acid receptor (LPA2) was identified from a genetic library of 

orphan GPCR genes,63 and shares approximately 53% and 47% amino acid similarity with 

the LPA1 and LPA3 receptors, respectively (Figure 7). It is constituted by 348 amino acids 

and has a molecular weight around 39 kDa. Nowadays, there is no structural information 

regarding LPA2. However, computational homology models and mutagenesis experiments 

have revealed three key residues that, when altered, decrease LPA binding affinity: 

arginine 3.28, glutamine 3.29 and lysine/arginine 7.36 (Figure 7).65,98 

 

Figure 7. Sequence alignment of LPA1-3 receptors. The residues marked with asterisk (*) are 
identical, residues marked with a colon (:) represents 80% similarity, and residues marked with a 
dot (.) indicates 50% similarity. Red: key residues involved in LPA binding. Figure made with the 
align tool of UniProt. 

 

In terms of structure (Figure 8), LPA2 receptor is constituted by an extracellular N-

terminus, followed by seven transmembrane (TM) α-helical domains connected by three 

loops facing the intracellular environment (ICLs) and three loops facing the extracellular 

environment (ECLs), and an intracellular C-terminus. The extracellular region modulates 

ligand access, whereas the TM region binds ligands and transduces signals to the 

intracellular region, which is the interface for interaction with intracellular signaling 

proteins. A remarkable feature of LPA2 structure is its unique carboxyl-terminal tail (amino 

acids 296-348), in which it contains two distinct protein-protein interaction domains that 
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allows the formation of specific intracellular macromolecular complexes with various PDZ 

scaffold proteins (such as NHERF-2 or MAGI-3) and zinc-finger proteins (such as Siva-1 or 

TRIP6), respectively.65,99-101 

 

Figure 8. AlphaFold102 structure prediction of LPA2 and its domains (UniProt accession: Q9HBW0). 
pLDDT corresponds to the model’s prediction of its score on the local distance difference test 
(between 0 and 100). ECL: extracellular loop; ICL: intracellular loop; TM: transmembrane region. 

 

In the inactive state, the LPA2 receptor is bound to a heterotrimeric G protein 

complex (Gi, Gq/11 or G12/13). Binding of an agonist to the receptor results in a 

conformational change that is transmitted to the bound Gα subunit of the heterotrimeric 

G protein via protein domain dynamics (Figure 9A). The activated Gα subunit exchanges 

guanosine trisphosphate (GTP) in place of guanosine diphosphate (GDP) which in turn 

triggers the dissociation of Gα subunit from the Gβγ dimer and from the receptor. The 

dissociated Gα and Gβγ subunits interact with other intracellular proteins (effectors) 

initiating downstream signaling pathways through proteins such as Ras, MAPK, PI3K, Rac, 

PLC and Rho, producing another signaling molecules that mediate diverse cellular 

responses which are involved in cell survival and migration, immune function, 

lymphocytes transmigration, and several aspects of nervous system development and 

function. 46,103,104  
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Figure 9. (A) G protein activation/deactivation cycle; (B) LPA2 desensitization and internalization 
mechanism. GDP: guanosine diphosphate; GTP: guanosine trisphosphate; GRK: GPCR kinase 
(Adapted from reference105).  

 

Upon activation, the LPA2 receptor, like other class A GPCRs, can recruit GPCR kinases 

(GRK) that mediate phosphorylation of the receptor (Figure 9B), causing β-arrestin 

binding, desensitization, and ultimately receptor internalization. Thus, the freed GPCR can 

rebind to another heterotrimeric G protein to form a new complex that is ready to initiate 

another round of signal transduction. In addition, the α subunit of G protein has a GTPase 

activity, and once it hydrolyzes GTP to GDP, it becomes inactive.106 

 

1.3. Expression of LPA2 receptor and therapeutic applications 

LPA2 receptor is widely expressed in leukocytes, testis, prostate, spleen, thymus, 

pancreas, and in almost all cells of the CNS and peripheral tissues, with a remarkable 

expression during embryonic development.46,64 Thus, this receptor is involved in the 
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regulation of numerous cellular physiological processes and implicated in the 

development and progression of numerous pathologies and diseases (Figure 10).24,26,46,47 

Among all the processes in which LPA2 is involved, three stand out: cancer, fibrosis and 

neuroinflammation. 

 

Figure 10. Different pathologies and diseases in which LPA2 receptor is implicated. 

 

Several studies have linked increased LPA signaling with the biological events 

associated with cancer development and tumor progression. 36,107 These processes include 

malignant cell transformation, elevated proliferation of cancer stem cells, enhanced 

invasion and metastasis and alteration of tumor environments.108 In particular, LPA2 

receptor activation and/or overexpression has been shown to associate with stimulation 

of cell survival and apoptosis inhibition. In colon cancer, LPA enhances cell proliferation 

and angiogenesis factor production via LPA2 receptor signaling.26 In ovarian cancer, 

overexpression of LPA2 (along with LPA3) stimulate proliferation and migration of cancer 

cells via Rho/Rac signaling pathway.109,110 In breast cancer, LPA2 can also promote breast 

cancer proliferation, migration, and invasion.111 Interestingly, LPA2 is implicated in 

protecting cancer cells against apoptotic stress after irradiation and chemotherapy by 

augmenting DNA damage repair response and inhibiting the mitochondrial apoptosis 

cascade.112  

LPA2 signaling has also been linked to fibrosis, a pathological condition in which an 

excess of fibrous connective tissue replaces normal tissue producing scars in a wide range 

of organ systems, being closely associated with end-stage organ failure. It has been 

demonstrated that, after kidney injury, LPA induces TGF-β activation mainly through the 

LPA2-Gαq-Rho/ROCK pathway, thereby promoting the development of renal fibrosis.113 In 
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lung injury, fibrosis and death can be alleviated by knocking out the LPA2 receptor, 

highlighting the importance of this receptor in the process of pulmonary fibrosis.114  

Neuroinflammation is a localized form of inflammation in the peripheral nervous 

system (PNS) and CNS. Characteristic features of neuroinflammation are vasculature 

changes that result in increased vascular permeability, infiltration of immune cells, 

activation of glial cells and production of inflammatory mediators including cytokines and 

chemokines. Additionally, neuroinflammation is a major feature of several neurological 

and neuropsychiatric diseases such as Alzheimer’s disease,115 Parkinson disease,116 

amyotrophic lateral sclerosis,117 neuropathic pain,118 chronic pain119,120 and rheumatoid 

arthritis.121 Accumulating evidence suggests that LPA2 signaling is implicated in the 

regulation of numerous neuroinflammatory processes since LPA2 receptor is expressed in 

neurons and glial cells (mainly in oligodendrocytes, astrocytes, and microglia). In the 

spinal cord injury (SCI), recent advances have shown that activation of the LPA2 receptor 

contributes to secondary damage after trauma.31  

In this regard, inhibition of LPA2 receptor signaling has recently emerged as a new 

therapeutic option to limit the neuroinflammation. However, the lack of potent and 

selective LPA2 receptor antagonists, with good oral bioavailability, has limited the 

validation of this receptor as a therapeutic target. At the present time, there are no drugs 

targeting this receptor that have been approved by the FDA, and current compounds 

under clinical development only comprise LPA1 antagonists (Table 2). This fact highlights 

the need of the development of new LPA2 ligands with global safety and good efficacy 

profiles that enable the therapeutic validation of LPA2 receptor. 

 

Table 2. Clinical trials targeting LPARsa. 

Compound 
Mechanism  

of action 
Phase Indication 

ClinicalTrials.gov 
Identifier 

BMS-986020 LPA1 antagonist 2 
Idiopathic pulmonary 

fibrosis 
NCT01766817 

BMS-986278 LPA1 antagonist 2 
Idiopathic pulmonary 

fibrosis 
NCT04308681 

18F-BMS-986327 LPA1 antagonist 1 
Idiopathic pulmonary 

fibrosis 
NCT04069143 

SAR100842 LPA1 antagonist 2 Systemic sclerosis NCT01651143 

aData extracted from www.clinicaltrials.gov (accessed in February 2024).  

 

 

 

http://www.clinicaltrials.gov/
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1.4. LPA2 ligands: agonists and antagonists 

As a general classification, there are two types of ligands according to their binding 

to the target protein: orthosteric ligands, which bind to the endogenous ligand binding 

site, and allosteric modulators, that bind to a different region of the protein than the 

endogenous ligand does. In turn, orthosteric ligands are divided into three subclasses 

depending on their activity (Figure 11A): those that act as agonists, mimicking the 

response of the endogenous ligand by activating the receptor; neutral antagonists, which 

bind to the protein and block the action of the endogenous ligand, thus preventing 

receptor activation; and inverse agonists, a third class of ligands that can reduce the 

constitutive activity of a receptor below that of the basal state, producing the opposite 

effect of an agonist.122 Agonist ligands can be further divided into full or partial agonists 

depending on their capacity to induce a full or partial stimulation of the receptor. In 

addition, some agonists can stabilize distinct receptor conformations linked to diverse 

functional outcomes. This phenomenon has been termed biased agonism (Figure 

11B).123,124 

 

Figure 11. (A) Representative dose-response curves of a full agonist, partial agonist, neutral 
antagonist, and inverse agonist. (B) Schematic representation of biased agonism, where two 
different ligands stabilize distinct receptor conformations that will each promote distinct 
functional outcomes at two signaling pathways. 

 

Regarding LPA2 receptor, no allosteric modulators have been described but some 

orthosteric ligands (agonists and antagonists) have been developed.47,125 

LPA2 receptor agonists described so far can be classified into two different groups 

depending on their lipid or non-lipid nature. Among the most representative LPA2 agonists 

of lipid nature (Table 3), we can find dodecylphosphate C1, with a half-maximal effective 

concentration (EC50) of 700 nM,126 and oleoyl-thiophosphate C2 (EC50=244 nM).127 The 

latter shows potency improvements respect compound C1, although it also has partial 
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agonist activity towards LPA1 and LPA3 receptors. N-acyl ethanolamide phosphate C3 

(EC50=30 nM)128 and sn-2-OH alkoxymethylene phosphonate LPA analogue C4 

(EC50=258 nM)129 have been described more recently, showing higher potency and 

selectivity than compounds C1 and C2. 

 

Table 3. Structure and EC50 value of representative LPA2 receptor agonists of lipid nature. 

Compound Structure 
EC50 (nM)a 

LPA1 LPA2 LPA3 

C1 
 

N.D.b 700 N.D. 

C2 
 

193 244 546 

C3 
 

197 30 >5000 

C4 
 

>4000 258 1360 

LPA (18:1)  
 

5-12 7-10 253 

aActivity data from functional calcium mobilization assay.126-129 bN.D., no data. 
 

With respect to LPA2 agonists of non-lipid nature (Figure 12), the most representative 

ligands are carbamoyl benzoic acid derivatives NSC12404 (EC50=9.5 µM), H2L5547924 

(EC50=2.8 µM), H2L5828102 (EC50=3.3 µM) and thiobenzoic acid derivative GRI977143 

(EC50=3.3 µM).130,131 However, all of them show antagonist activity towards either LPA1 or 

LPA3 receptors. Based on the last compound, two sulfamoyl benzoic acid analogues have 

been developed, RP-1 (EC50=0.005 nM), the first non-lipid agonist of LPA2 with picomolar 

activity, and compound DBIBB (EC50=1420 nM).132 

 

Figure 12. Representative LPA2 receptor agonists of non-lipid nature.  
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The first reported LPA2 antagonist of lipid nature (Figure 13) was tetradecyl 

phosphonate C5, whit a half-maximal inhibitory concentration (IC50) of 5.5 µM,127 followed 

by oleoyl α-bromo analog BrP-LPA [IC50 (LPA2)=0.47 μM].133 Although both compounds 

display moderate potency at LPA2 receptor, they are not selective since they also show 

antagonist activity at LPA1 and/or LPA3 receptors.  

 

Figure 13. LPA2 receptor antagonists of lipid nature. Reported IC50 data were obtained using the 

functional calcium mobilization assay. 127,133 
 

Different LPA2 antagonists of non-lipid nature with high potency have been 

synthesized during the last years (Figure 14). Among the most representative ones, 

isoxazole derivative Ki16425 [IC50 (LPA2)=6.5 μM], developed by Ohta et al. in 2003,134 

stands out as the first potent LPA2 receptor antagonist reported although it shows higher 

affinity for LPA1 and LPA3 receptors. Thienopyrimidine derivatives AMG19 

[IC50 (LPA2)=0.26 μM] and AMG35 [IC50 (LPA2)=0.017 μM] were discovered by high-

throughput screening, both showing potent LPA2 antagonists with high selectivity vs LPA1 

and LPA3 receptors.135 Although AMG35 has been tested in vitro and showed an inhibitory 

effect on ERK phosphorylation and cell proliferation induced by LPA in the HCT-116 colon 

cancer cell line, there is no information regarding its pharmacokinetic (PK) profile or in 

vivo activity. Compound H2L5186303 was obtained by structure-based virtual screening 

using a three-point pharmacophore, being the first potent and selective LPA2 antagonist 

described with nanomolar activity [IC50 (LPA2)=9 nM], but no PK or in vivo characterization 

has been reported so far.136,137 More recently, our research group has identified a new 

family of pyrazole-based derivatives, among which compound UCM14216 stands out as a 

potent and selective LPA2 receptor antagonist [IC50 (LPA2)=1.9 μM; Kd (LPA2)=1.3 nM] with 

in vivo efficacy in a spinal cord injury (SCI) mouse model.138 Finally, C58 has been the latest 

addition to the LPA2 receptor antagonist family.139 Although this compound shows high 

potency and selectivity against LPA1 receptor, and has a good PK profile, there is no data 

regarding its selectivity for the other members of the LPARs or its ability to cross the 

blood-brain barrier (BBB) and reach the CNS. 
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Figure 14. LPA2 receptor antagonists of non-lipid nature. Reported IC50 data were obtained using 

the functional calcium mobilization assay.134-139 aN.D., no data reported. 

 

In view of the lack of potent and selective LPA2 receptor antagonists targeting the 

CNS with good PK profiles, it is clear the need of developing new LPA2 antagonists that 

overcome the current limitations in order to validate the suitability of this receptor to 

become a new therapeutic target for the treatment of (neuro)inflammation. 

 

 

 



Introduction and objectives 

34 

1.5. Objectives 

The main objective of the present work is the design and synthesis of new potent and 

selective LPA2 antagonists, with a good PK profile and in vivo activity, to validate this 

receptor as a therapeutic target of interest in (neuro)inflammatory processes. This goal 

includes the following specific objectives: 

1) Design and synthesis of new compounds with antagonist activity at LPA2 receptor. 

2) Assessment of LPA2 receptor antagonism activity and study of the selectivity vs LPA1 

and LPA3 receptors. 

3) Pharmacological characterization of selected compound(s). 

4) Study of the in vivo efficacy of selected compound(s).



 

 

2. RESULTS AND DISCUSSION 

 



 

 



 

 

2. RESULTS AND DISCUSSION 

 

Previous results obtained in our research group identified compound UCM-14216 

(Figure 15) as the most potent and selective LPA2 antagonist described to date.138 

Although this compound has shown good in vivo activity, being effective in an animal 

model of SCI, it has a relatively moderate stability that limits its bioavailability. Therefore, 

in the present project we have addressed the development of new potent and selective 

LPA2 antagonists with improved biological and PK profiles. Towards this aim, we selected 

as starting point a previously characterized antagonist, UCM-14250 (Figure 15), which was 

synthesized during the development of UCM-14216.138 Although this compound exhibits 

a moderate activity value, with a maximum blockade effect of the activation induced by 

LPA (Emax) of 57±9%, it represents an interesting scaffold for optimization considering its 

selectivity, lower molecular weight (MW=280.3 g/mol) and reduced topological polar 

surface area (tPSA=47.1 Å) compared to UCM-14216 (MW=433.3 g/mol; tPSA=121.8 Å). 

Thus, we initiated a medicinal chemistry project around compound UCM-14250.  

 

Figure 15. LPA2 antagonists previously developed in our research group. 
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2.1. Structure-activity relationship study  

Before initiating a systematic structural exploration around UCM-14250, we 

evaluated the importance of the different parts of the molecule for the antagonist activity 

at the LPA2 receptor. Thus, we studied the influence of the phenoxy and p-methoxyphenyl 

moieties with commercially available 3-(4-methoxyphenyl)-5-methyl-1H-pyrazole and 

compound 1, respectively (Figure 16). 

 

Figure 16. Exploration of the influence of the phenyl rings of UCM-14250. 

 

The synthesis of compound 1 was planned through a Chan-Lam coupling reaction 

between phenylboronic acid and N-protected 4-hydroxypyrazole 4 (Scheme 1). In a first 

approach to selectively protect the NH, we used tert-butoxycarbonyl (Boc) group, but the 

reaction took place in the OH rather than in the NH, making necessary the initial 

protection of the hydroxy group. For this purpose, different sets of orthogonal protecting 

groups were tested, including trimethylsilyl (TMS)/triphenylmethyl (Tr), tert-

butyldimethylsilyl (TBDMS)/Tr, Boc/9-fluorenylmethyloxycarbonyl (Fmoc), and 

Boc/benzyl (Bn) pairs. Among them, Boc/Bn pair allowed the selective protection of the 

hydroxy and NH groups, respectively. Thus, 4-hydroxypyrazole was O-protected using di-

tert-butyl dicarbonate followed by reaction with benzyl chloride to obtain intermediate 3 

(Scheme 1). Treatment with trifluoroacetic acid afforded N-benzylpyrazole 4 which 

reacted via Chan-Lam coupling with phenylboronic acid to yield ether 5, that was 

transformed in target compound 1 by removal of the benzyl group by hydrogenation. 

 

Scheme 1. Reagents and conditions: (a) Di-tert-butyl dicarbonate, Et3N, DCM, rt, 1 h, 84%; (b) i. 
KOH, DMSO, 80 °C, 1 h; ii. Benzyl chloride, rt, 2 h, 55%; (c) TFA, DCM, rt, 1.5 h, quant.; (d) 
Phenylboronic acid, Cu(OAc)2, Et3N, 4 Å MS, DCM, rt, 16 h, 33%; (e) 10% Pd/C, H2, DMF, 70 °C, 67%. 
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Evaluation of the activity of the two compounds at the LPA2 receptor was performed 

using a calcium mobilization assay in B103 cells stably transfected with the LPA2 receptor. 

This fluorescence assay (Figure 17) is based on the quantification of the amount of calcium 

released into the intracellular medium after stimulation with the endogenous agonist 

(LPA) using Fluo-4 NW, a calcium-sensitive fluorescent probe (λexc=494 nm, λem=516 nm). 

Thus, after loading the cells with the probe, the compounds under study are added at a 

concentration of 10 µM and the cells are subsequently stimulated with LPA at the same 

concentration. The antagonist activity (Emax) is determined as the capacity of the 

compound to reduce the LPA-mediated calcium response. To evaluate selectivity against 

LPA1 and LPA3 receptors (the other members of the EDG-type receptor subfamily), RH7777 

and B103 cells stably transfected with LPA1 or LPA3 receptors, respectively, were used in 

an analogous functional assay. Those compounds that showed values of Emax < 50% were 

considered inactive (IC50 > 10 µM). For compounds with Emax values > 85%, dose-response 

experiments were carried out to determine their IC50 value. 

 

Figure 17. Schematic representation of the calcium mobilization assay for assessment of the 
activity at the LPA2 receptor. F: Fluo-4 NW fluorescent probe; α, β/γ: heterotrimeric G-protein 
subunits; PLC: phospholipase C; IP3: inositol trisphosphate. 
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Biological evaluation of compound 1 and 3-(4-methoxyphenyl)-5-methyl-1H-pyrazole 

revealed that both compounds had lower antagonist activity at LPA2 receptor 

(Emax=25±9%, Emax=46±7%, respectively) than UCM-14250 (Emax=57±9%), highlighting the 

need of both aromatic rings to keep the antagonist activity.  

Based on these initial results, we started a thorough exploration around UCM-14250. 

For this purpose, a series of systematic modifications in the phenoxy system, the p-

methoxyphenyl moiety, and the central heterocycle were made (Figure 18). The synthesis 

and biological evaluation on the LPA1-3 receptors were done iteratively, so that the 

biological results guide the design and synthesis of the new compounds. 

 

Figure 18. Systematic structural modifications carried out around hit UCM-14250. 

 

2.1.1. Structural exploration around the phenoxy system 

We initiated the structural exploration of UCM-14250 by modifying the phenoxy 

moiety. Hence, we synthesized analogues 6-24 that have one substituent with different 

electronic and steric properties at o-, m-, and p- positions of the phenoxy ring (Figure 19).  

 

Figure 19. Exploration around the phenoxy system of UCM-14250. 

 

The synthesis of compounds 6-24 was planned through a three-step route 

(Scheme 2). Thus, a Williamson reaction between 2-bromo-4-methoxyacetophenone and 

the adequately substituted phenol was carried out to form intermediate ketones 25-43 

which were transformed into the corresponding enaminones 44-62 by reaction with N,N-
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dimethylacetamide dimethyl acetal (DMADMA). Final cyclocondensation of the 

enaminones with hydrazine yielded desired pyrazoles 6-24. This synthetic route allowed 

us to obtain target compounds with low to moderate yields. In the case of the initial 

Williamson reaction, the yields were rather moderate, except for the reaction with the o-

NHCOMe and p-OMe substituted phenols, which gave the highest yields, consistent with 

the favorable effect of electron donating groups in this transformation. 

 

Scheme 2. Reagents and conditions: (a) 2-Bromo-4-methoxyacetophenone, DBU, DMF, MW, 
140 °C, 45 min, 30-81%; (b) DMADMA, toluene, 90 °C, 6-16 h; (c) N2H4·H2O, ethanol, reflux, 30 min, 
10-72%. 

 

Another step that affects negatively to the overall yield is the enaminone formation. 

This intermediate is usually obtained impurified with significant amounts of methyl 4-

methoxybenzoate (compound A, Scheme 3) together with two biphenyl derivatives 

(compounds B and C, Scheme 3). Attempts to purify the enaminone by column 

chromatography were unsuccessful, leading to partial decomposition. To try to improve 

this step, efforts were made to optimize the enaminone synthesis. Initial reaction 

conditions employed an excess of DMADMA (4 eq.), 90 °C, reaction times between 16-

24 h and no solvent. Under these conditions, and according to the results described in the 

literature,140 a significant amount of methyl 4-methoxybenzoate (compound A, Scheme 

3) is formed by nucleophilic attack of a methoxide (generated from DMADMA) to the 

ketone group. Moreover, the progression of the reaction favors the formation of the two 

extra biphenyl by-products (compounds B and C, Scheme 3) through the addition of a 
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second molecule of DMADMA to target enaminone to generate a polysubstituted 

butadiene that evolves to the biphenyl by-products. Therefore, a reduction in the reaction 

times and in the amount of DMADMA employed, could minimize the formation of these 

secondary products. Thus, we decreased the equivalents of DMADMA to 1.5 eq., reduced 

the reaction times (6-16 h), and used toluene as a solvent, keeping the reaction 

temperature at 90 °C. Under these conditions we observed a decrease in the amount of 

methyl 4-methoxybenzoate formed, and the disappearance of the biphenyl by-products 

B and C, thus leading to an increase in the conversion of the desired enaminone. Hence, 

the overall yields of the pyrazoles synthesized from the enaminones obtained under these 

conditions increased considerably (40-72% vs 10-40% obtained with the non-optimized 

initial reaction conditions). 

 

Scheme 3. Reported proposed reaction mechanism140 for the synthesis of enaminones from N,N-
dimethylacetamide dimethyl acetal (DMADMA) and the corresponding ketone. The main by-
products obtained are methyl ester derivative (A), diaminobiphenyl derivative (B), and 
aminomethoxybiphenyl derivative (C). 
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Once compounds 6-24 were synthesized, they were tested for their antagonist 

activity at the LPA2 receptor, and their selectivity against LPA1 and LPA3 receptors (Table 

4). The results revealed that the presence of at least one substituent in the phenoxy 

system was in general favorable for the activity, as most of the new compounds exhibited 

higher antagonist activity than UCM-14250 (Emax=57±9%). Although no obvious trends 

regarding steric or electronic effects of the substituents could be drawn from the activity 

results, they suggest that the presence of a chlorine or fluorine atom or trifluoromethyl 

group are favorable for activity, since compounds 6, 9, 13 and 14 exhibit Emax values 

between 76% and 87%, higher than the Emax value of 57% shown by UCM-14250.  

Regarding selectivity, most of the compounds were considered inactive at LPA1 

receptor, whereas they showed different activities at LPA3 receptor, ranging from an Emax 

value of 83% for compound 10, to the inactivity (Emax < 50%) of derivatives 6, 12, 14, 15 

and 22. 
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Table 4. Antagonist activity of UCM-14250 and compounds 6-24 at LPA1-3 receptors. 

 

Comp. Ar 
Emax (%)a [IC50 (μM)]b 

Comp. Ar 
Emax (%)a [IC50 (μM)]b 

LPA1R LPA2R LPA3R LPA1R LPA2R LPA3R 

UCM-
14250  

Inact. c 57±9 Inact. 15 
 

Inact. 74±2 Inact. 

6 
 

Inact. 76±1 Inact. 16 
 

Inact. 9±1 82±5 

7 
 

Inact. 50±2 73±1 17 
 

Inact. 74±3 56±4 

8 
 

Inact. 46±5 69±9 18 
 

51±3 60 ±3 63±6 

9 
 

68±9 76±1 68±2 19 
 

Inact. 69±4 79±1 

10 
 

54±0 68±8 83±8 20 
 

Inact. 62 ±7 70±3 

11 
 

68±1 68±7 71±1 21 

 

 

53±1 64±1 61±8 

12 
 

Inact. 50±5 Inact. 22 
 

Inact. 70±6 Inact. 

13 
 

Inact. 
87±4 
[5±1] 

70±1 23 

 

Inact. 57±8 53±5 

14 
 

Inact. 76±3 Inact. 24 
 

Inact. 60±1 70±6 

aEmax=maximum blockade effect of the activation induced by 10 μM of LPA (18:1, 1-oleoyl-sn-glycerol-3-
phosphate) at a concentration of the compound under study of 10 μM. Values shown are the mean±s.e.m. of 
2-4 independent experiments performed in triplicate. bFor Emax > 85%, IC50 values are expressed as 
mean±s.e.m, from a minimum of two independent experiments, performed in triplicate. c Inact., compounds 
that show an Emax < 50% at the highest concentration tested (10 μM) are considered inactive (IC50 > 5 µM). 

 

Taken into account the influence of the position of the substituents (for example o-

chloro derivative 6 was highly active with an Emax value of 76% whereas its meta isomer 7 

was considerably less active, with an Emax value of 50%; m-trifluoromethyl derivative 13 

showed an Emax value of 87% while its ortho isomer 12 exhibited an Emax value of 50%; o-

methyl derivative 15 exhibited an Emax value of 74% whereas its meta isomer 16 was 

inactive, with an Emax value of 9%), we explored the possibility that the introduction of a 

second substituent might improve the activity of the compounds at the LPA2 receptor.  
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Considering that the best results from the previous compounds have been obtained 

for halogen-containing derivatives 6, 9, 13 and 14 (with an Emax between 76 and 87%), we 

started to study the influence of introducing a second chlorine atom in different positions 

(Scheme 4, compounds 63-66). These new derivatives were synthesized through 

Williamson reaction between 2-bromo-4-methoxyacetophenone and the corresponding 

dichlorophenol to obtain intermediates 69-72. Then, treatment with DMADMA yielded 

enaminones 75-78, which were finally transformed into the target pyrazoles 63-66 by 

reaction with hydrazine. Biological evaluation of the compounds at LPA2 receptor (Table 

5) revealed that 2,5- and 3,4-dichloro substitution increased the antagonist activity, with 

derivatives 65 and 66 as the best ligands identified so far, with Emax values higher than 

90%. 

 

Scheme 4. Reagents and conditions: (a) 2-Bromo-4-methoxyacetophenone, DBU, DMF, MW, 
140 °C, 45 min, 58-68%; (b) DMADMA, toluene, 90 °C, 6-16 h; (c) N2H4·H2O, ethanol, reflux, 30 min, 
17-54%. 

 

Then, we addressed whether the replacement of the chlorine atom by fluorine could 

lead to an improvement of its potency, as the positive effects of this change in biological 

activity and physicochemical properties has been well stablished for a number of different 

ligands.141 Hence, we synthesized the fluorinated analogs of derivatives 63 and 65 

(Scheme 4) but no improvement in terms of activity was observed for compounds 67 and 

68 (Table 5). As such, fluorinated derivative 67 showed an activity similar to compound 63 

(Emax values of 66% and 67%, respectively) and its isomer 68 exhibited less activity that its 
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chlorinated counterpart 65 (Emax values of 78% and 92%, respectively) and also decreased 

selectivity against LPA1 and LPA3 receptors (Emax value < 50% for compound 65 at LPA1 and 

LPA3 receptors vs 55% for derivative 68 at LPA1 and 82% at LPA3). 

 

Table 5. Antagonist activity of UCM-14250 and compounds 63-68 at LPA1-3 receptors. 

 

Comp. Ar 
Emax (%)a [IC50 (μM)]b 

LPA1R LPA2R LPA3R 

63 
 

Inact.c 67±7 Inact. 

64 
 

Inact. 79±1 79±1 

65 
 

Inact. 
92.0±0.2 
[0.2±0.1] 

Inact. 

66 

 

Inact. 
91.0±0.4 
[1.0±0.2] 

71±4 

67 
 

Inact. 66±4 Inact. 

68 
 

55±2 78±6 82±1 

UCM-14250 
 

Inact. 57±9 Inact. 

aEmax=maximum blockade effect of the activation induced by 10 μM of LPA (18:1, 1-oleoyl-sn-glycerol-3-
phosphate) at a concentration of the compound under study of 10 μM. Values shown are the mean±s.e.m. of 
2-4 independent experiments performed in triplicate. bFor Emax > 85%, IC50 values are expressed as 
mean±s.e.m, from a minimum of two independent experiments, performed in triplicate. c Inact., compounds 
that show an Emax < 50% at the highest concentration tested (10 μM) are considered inactive (IC50 > 5 µM). 

 

At this point, we confirmed the dose-response behavior of those antagonists with 

Emax values higher than 85% and we determined their IC50 values. Figure 20 shows the 

corresponding curves obtained for compounds 13, 65 and 66, revealing excellent IC50 

values in the low micromolar range (IC50=5, 0.2, 1 µM, respectively). In sum, the results 

obtained up to this moment indicate that derivative 65 is the most potent LPA2 receptor 

antagonist described so far, with a maximal efficacy at 10 µM of 92% and an IC50 value of 

230 nM at LPA2 receptor and selectivity vs LPA1 and LPA3 receptors (IC50 > 5 µM, more than 

20-fold selectivity). Hence, the 3,4-dichlorophenoxy system was selected for continuing 

with the SAR study. 
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Figure 20. Dose-response curves of compounds 13 (red), 65 (blue) and 66 (black) at LPA2 receptor. 
Values shown are the mean±s.e.m. of 2 independent experiments performed in triplicate. 

 

2.1.2. Structural exploration around the p-methoxyphenyl system 

At this point, we explored the influence of the p-methoxyphenyl system of compound 

65 in the antagonist efficacy. First, knowing that the aromatic moiety is required for LPA2 

antagonism, as shown by compound 1 (Figure 16) which was inactive, we studied the 

importance of the methoxy group as well as the influence of its position with the synthesis 

of compounds 81 (lacking the methoxy group) and 82 and 83, ortho- and meta-methoxy 

isomers of 65, respectively (Figure 21). 

 

Figure 21. Modifications in the substitution pattern of the p-methoxyphenyl moiety. 

 

The synthesis of compounds 81-83 was accomplished starting with a Williamson 

reaction between 3,4-dichlorophenol and the appropriate 2-bromoacetophenone 

(Scheme 5). The resulting ketones 84-86 were treated with DMADMA to obtain the 

corresponding enaminones 87-89 which were transformed into the desired pyrazoles 81-

83 by reaction with hydrazine. 
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Scheme 5. Reagents and conditions: (a) 3,4-dichlorophenol, DBU, DMF, MW, 140 °C, 45 min, 37-
53%; (b) DMADMA, toluene, 90 °C, 6-16 h; (c) N2H4·H2O, ethanol, reflux, 30 min, 10-55%. 

 

Determination of the LPA2 antagonist character of compounds 81-83 revealed that 

none of them was able to improve the activity and selectivity values of compound 65 

(Table 6), suggesting that the presence of the methoxy group at the para position was the 

most favorable for LPA2 antagonism. 

 

Table 6. Antagonist activity of compounds 65 and 81-83 at LPA1-3 receptors. 

 

 
 

Compound R3 
Emax (%)a [IC50 (μM)]b 

LPA1R LPA2R LPA3R 

81 H Inact.c 70±6 56±1 

82 o-OCH3 62±6 75±8 Inact. 

83 m-OCH3 65±1 59±8 56±2 

65 p-OCH3 Inact. 
92.0±0.2  
[0.2±0.1] 

Inact. 

aEmax=maximum blockade effect of the activation induced by 10 μM of LPA (18:1, 1-oleoyl-sn-glycerol-3-
phosphate) at a concentration of the compound under study of 10 μM. Values shown are the mean±s.e.m. of 
2-4 independent experiments performed in triplicate. bFor Emax > 85%, IC50 values are expressed as 
mean±s.e.m, from a minimum of two independent experiments, performed in triplicate. c Inact., compounds 
that show an Emax < 50% at the highest concentration tested (10 μM) are considered inactive (IC50 > 5 µM). 
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We next decided to study the effect of the replacement of the methoxy group of 

compound 65 by other substituents with different electronic and steric effects on the 

antagonist activity, keeping constant the para position of the group (Figure 22). Towards 

this aim, we synthesized derivatives 90-95 in which the methoxy group was replaced by 

other alkoxy derivatives, as well as by hydroxy, trifluoromethyl and acetamide groups. 

 

Figure 22. Study of the effect of the replacement of the methoxy group by other substituents. 

 

For the synthesis of alkoxy derivatives 90-92, 2-bromo-4-hydroxyacetophenone was 

employed as starting material (Scheme 6). Thus, the hydroxy group was protected as 

tetrahydropyranyl (THP) ether followed by Williamson reaction of protected intermediate 

96 with 3,4-dichlorophenol and subsequent deprotection under acidic conditions. The 

resulting phenolic intermediate 98 was reacted with the appropriate haloalkane to form 

alkoxy derivatives 99-101. Next, transformation into the corresponding enaminones 102-

104 and final reaction with hydrazine afforded desired pyrazoles 90-92. 
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Scheme 6. Reagents and conditions: (a) Dihydropyran, pyridinium p-toluenesulfonate, DCM, rt, 3 h, 
88%; (b) 3,4-dichlorophenol, K2CO3, DMF, MW, 80 °C, 30 min, 50-60%; (c) 3 M aq. HCl, THF, rt, 1 h, 
99%; (d) R3-I or R3-Br, K2CO3, DMF, MW, 130 °C, 14 min, 84-87%; (e) DMADMA, toluene, 90 °C, 6-
16 h; (f) N2H4·H2O, ethanol, reflux, 30 min, 20-31%. 

 

Pyrazole 93, bearing a hydroxy group, was prepared from intermediate 97 (Scheme 

7), which was transformed into enaminone 105 followed by cyclization with hydrazine to 

generate the pyrazole ring. Acidic hydrolysis of the THP group yielded final compound 93.  
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Scheme 7. Reagents and conditions: (a) DMADMA, toluene, 90 °C, 2 h; (b) N2H4·H2O, ethanol, 
reflux, 30 min, 17%; (c) 3 M aq. HCl, THF, rt, 1 h, 60%. 

 

For the synthesis of the trifluoromethyl-containing derivative 94, we planned a route 

analogous to the one used for the previous pyrazoles, starting with a Williamson reaction 

between 3,4-dichlorophenol and 2-bromo-4-(trifluoromethyl)acetophenone (Scheme 8). 

In this case, the corresponding intermediate ketone 107 was formed almost immediately 

at rt due to the strong electron withdrawing effect of the CF3 group. Next, reaction of 107 

with DMADMA at lower temperature than usual to avoid decomposition (60 °C instead of 

90 °C), and subsequent cyclocondensation with hydrazine yielded pyrazole 94.  

 

Scheme 8. Reagents and conditions: (a) 3,4-dichlorophenol, DBU, DMF, rt, 1 min, 58%; (b) 
DMADMA, toluene, 60 °C, 16 h; (c) N2H4·H2O, ethanol, reflux, 30 min, 17%. 

 

Finally, compound 95 was prepared from pyrazole 111, which was synthesized using 

2-bromo-4-nitroacetophenone as starting material (Scheme 9), according to the three-
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step route described for previous pyrazoles. In this case, due to the high reactivity of the 

nitro intermediate, the Williamson reaction with 3,4-dichlorophenol was carried out at rt 

using potassium carbonate as base and the cyclization with hydrazine was also conducted 

at rt. Then, reduction of the nitro group of 111 by Pd-catalyzed hydrogenation afforded 

amino pyrazole 112, which was acetylated under standard conditions. In this reaction, 

acetylation of the nitrogen of the pyrazole also occurred and a final hydrolysis step in basic 

media was necessary to obtain mono acetyl derivative 95.  

 

Scheme 9. Reagents and conditions: (a) 3,4-dichlorophenol, K2CO3, DMF, rt, 16 h, 49%; (b) 
DMADMA, toluene, 50 °C, 16 h; (c) N2H4·H2O, ethanol, rt, 1 h, 33%; (d) 10% Pd/C, H2, DCM, rt, 93%; 
(e) i. Ac2O, DCM/pyridine, rt, 4 h; ii. 10% aq. NaOH, THF/MeOH 3:2, rt, 1 h, 23%. 

 

Biological evaluation of compounds 90-95 at LPA2 receptor revealed that none of 

them exhibited better activity than compound 65 (Table 7), showing similar values of 

antagonist activity, with Emax between 52% and 74% and different degrees of selectivity vs 

LPA1 and LPA3 receptors. 
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Table 7. Antagonist activity of compounds 65 and 90-95 at LPA1-3 receptors. 

 

 
 

Compound R3 
Emax (%)a [IC50 (μM)]b 

LPA1R LPA2R LPA3R 

90 OEt Inact.c 72±9 85±4 

91 OiPr Inact. 64±8 61±5 

92 
 

61±5 74±5 64±3 

93 OH Inact. 71±7 Inact. 

94 CF3 84±1 52±6 54±13 

95 NHCOCH3 Inact. 69±4 67±4 

65 OMe Inact. 
92.0±0.2  
[0.2±0.1] 

Inact. 

aEmax=maximum blockade effect of the activation induced by 10 μM of LPA (18:1, 1-oleoyl-sn-glycerol-3-
phosphate) at a concentration of the compound under study of 10 μM. Values shown are the mean±s.e.m. of 
2-4 independent experiments performed in triplicate. bFor Emax > 85%, IC50 values are expressed as 
mean±s.e.m, from a minimum of two independent experiments, performed in triplicate. c Inact., compounds 
that show an Emax < 50% at the highest concentration tested (10 μM) are considered inactive (IC50 > 5 µM). 

 

2.1.3. Structural exploration around central core 

The results obtained in the structural exploration carried out so far, have allowed us 

to select 3,4-dichlorophenoxy and 4-methoxyphenyl moieties as the most favorable 

substituents of the central pyrazole for antagonism at LPA2 receptor. 

Hence, we next addressed the modification of the central heterocycle (Figure 23). 

Specifically, we studied the effect of the N-methylation of the pyrazole (compounds 113 

and 114), the removal of the methyl group at C-5 (compound 115) and the replacement 

of the pyrazole by isoxazole and benzene (compounds 116 and 117, respectively). 
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Figure 23. Study of the effect of changes in the pyrazole ring. 

 

N-methyl pyrazoles 113 and 114 were obtained by direct methylation of compound 

65. Thus, reaction with methyl iodide at rt afforded a 2:1 mixture of 113 (1,5-dimethyl) 

and 114 (1,3-dimethyl) regioisomers (Scheme 10), which were separated by column 

chromatography. Structural characterization and unequivocal assignment were achieved 

through heteronuclear multiple bond correlation (HMBC) NMR experiments. In this way, 

we could detect correlation between the protons of the methyl group attached to the 

nitrogen and the corresponding carbon at 5 position: C5-methyl for compound 113 (Figure 

24), and C5-aryl for compound 114 (Figure 25).  

 

Scheme 10. Reagents and conditions: (a) MeI, NaH, DMF, rt, 16 h, 28% for compound 113 and 13% 

for compound 114. 
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Figure 24. HMBC spectrum of compound 113 in CDCl3 shows the three bonds correlation between 
the protons of the methyl group attached to the nitrogen (green) and C-5 (blue), as shown by the 
cross peak at 3.83 and 131.18 ppm. C-5 (blue) also correlates with the protons of its C-methyl group 
(red) as indicated by the cross peak at 2.10 and 131.18 ppm. 
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Figure 25. HMBC spectrum of compound 114 in CDCl3 shows the three bonds correlation between 
the protons of the methyl group attached to the nitrogen (green) and C-5 (blue), as shown by the 
cross peak at 3.81 and 134.71 ppm. C-5 (blue) also correlates with two aromatic protons from the 
p-methoxyphenyl moiety (red), as indicated by the cross peak at 7.24 and 134.71 ppm. 

 

The synthesis of pyrazole 115, lacking the 5-methyl substituent, was addressed 

starting from intermediate ketone 71 (Scheme 11), which was treated with N,N-

dimethylformamide dimethyl acetal (DMFDMA) under MW irradiation to afford 

enaminone 118. Next, the cyclocondesation reaction with hydrazine under acidic 

conditions allowed us to obtain the desired 3,4-disubstituted pyrazole 115.  
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Isoxazole derivative 116 was also synthesized from ketone 71 by reaction of 

DMADMA to obtain enaminone 77 and subsequent condensation with hydroxylamine to 

form target isoxazole 116 (Scheme 11). 

 

Scheme 11. Reagents and conditions: (a) DMFDMA, DMF, MW, 80 °C, 1 h, 94%; (b) N2H4·H2O, 4 M 
aq. HCl, ethanol, 65°C, 1 h, 64%; (c) DMADMA, toluene, 90 °C, 16 h; (d) NH2OH·HCl, DME/H2O, 
60 °C, 24 h, 23%. 

 

Finally, for the synthesis of biphenyl derivative 117 (Scheme 12) we proposed a 

Suzuki coupling reaction between 2-bromo-6-methylphenol and 4-

methoxyphenylboronic acid to obtain intermediate 119, followed by Chan-Lam reaction 

with 3,4-dichlorophenylboronic acid. Initially, Suzuki coupling was performed using 

standard MW conditions previously applied in our laboratory, obtaining biphenyl 

intermediate 119 in low yield (entry 1, Table 8). Thus, we decided to optimize the reaction 

by changing the catalyst to Pd(PPh3)4, due to its widespread use,142 and testing different 

solvent, base, temperature and time conditions. The use of potassium phosphate in a two-

phase system at 160 °C gave the best results, providing target compound in 52% yield 

(entry 5, Table 8). Finally, Chan-Lam reaction of 119 with 3,4-dichlorophenylboronic acid 

afforded compound 117. The low yield of the reaction could be explained by the presence 

of the two substituents in the ortho position with respect to the OH group of derivative 

119, as this reaction is known to be very sensitive to steric effects.143 However, we did not 

optimized the Chan-Lam coupling reaction as the amount of the desired compound was 

enough to carry out the structural characterization and the biological experiments. 
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Table 8. Experimental conditions to obtain biphenyl intermediate 119. 

 

Entry Catalyst Solvent Base 
T 

(°C) 
Time 
(min) 

Yield (%) 

1 PdCl2(dppf)·DCM DME Na2CO3 140 30 39 

2 Pd(PPh3)4 THF/H2O Na2CO3 120 70 N.D.a 

3 Pd(PPh3)4 THF/H2O Na2CO3 130 35 26 

4 Pd(PPh3)4 Toluene/EtOH/H2O K2CO3 160 40 44 

5 Pd(PPh3)4 Toluene/EtOH/H2O K3PO4 160 40 52 

All the reactions were done under MW irradiation. aN.D., not detected. 

 

 

Scheme 12. Reagents and conditions: (a) 4-Methoxyphenylboronic acid, 5 % mol Pd(PPh3)4, K3PO4, 
toluene/EtOH/H2O, MW, 160 °C, 40 min, 52%; (b) 3,4-Dichlorophenylboronic acid, Cu(OAc)2, 
pyridine, DCM, 40 °C, 24 h, 16%. 

 

After biological evaluation of compounds 113-117 at the LPA1-3 receptors (Table 9), 

the results showed that none of the modifications made in the pyrazole ring improved the 

activity of compound 65. Both N-methylation of the pyrazole ring (compounds 113 and 

114) and removal of the methyl group at the C-5 (compound 115) led to a reduction in the 

antagonist activity at the LPA2 receptor. A similar effect was observed for the replacement 

of pyrazole by isoxazole or benzene (derivatives 116 and 117, respectively), changes that 

decreased the antagonist activity significantly. Overall, we can conclude that the presence 

of an NH-pyrazole central core is key for the LPA2 antagonist activity of compound 65. 

In addition, these modifications conducted to a loss of selectivity, and compounds 

113-117 showed different degrees of activity at LPA1 and LPA3 receptors, with Emax values 

ranging from 56% to 71%. 
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Table 9. Antagonist activity of compounds 65 and 113-117 at LPA1-3 receptors. 

 

 
 

Compound Cycle 
Emax (%)a [IC50 (μM)]b 

LPA1R LPA2R LPA3R 

113 

 

58±6 70±4 56±6 

114 

 

62±9 48±7 56±9 

115 

 

Inact.c 75±4 65±3 

116 

 

70±5 56±5 Inact. 

117 

 

71±3 64±7 Inact. 

65 

 

Inact. 
92.0±0.2  
[0.2±0.1] 

Inact. 

aEmax=maximum blockade effect of the activation induced by 10 μM of LPA (18:1, 1-oleoyl-sn-glycerol-3-
phosphate) at a concentration of the compound under study of 10 μM. Values shown are the mean±s.e.m. of 
2-4 independent experiments performed in triplicate. bFor Emax > 85%, IC50 values are expressed as 
mean±s.e.m, from a minimum of two independent experiments, performed in triplicate. c Inact., compounds 
that show an Emax < 50% at the highest concentration tested (10 μM) are considered inactive (IC50 > 5 µM). 

 

Overall, the results obtained up to this moment indicated that compound 65 was the 

most potent LPA2 antagonist identified so far with improved IC50 value compared to 

previously described UCM-14216138 (230 nM vs 1.9 µM, respectively) and selectivity 

against LPA1 and LPA3 receptors. Hence, it was an excellent candidate to assess its in vivo 

efficacy in an inflammatory pain model. Before proceeding to study the in vivo efficacy, 

we performed an in-depth pharmacological characterization of this compound. 
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2.2. Pharmacological characterization of compound 65 

In order to complete the pharmacological characterization of compound 65, we 

determined its binding affinity to LPA2 receptor and in vitro ADME (absorption, 

distribution, metabolism and excretion) properties such as cell permeability, stability in 

human and mouse serum and microsomes, binding to human serum albumin (HSA), and 

cell toxicity. In addition, to confirm whether it was able to reach the CNS, in vivo PK assays 

were performed. 

 

2.2.1. Binding affinity of compound 65 for LPA2 receptor 

The biological response produced by a drug is related to both the activity and the 

affinity for its molecular target. Therefore, in collaboration with Prof. Jerold Chun from 

Sanford Burnham Prebys Institute (La Jolla, California, USA), we determined the binding 

affinity of compound 65 for the LPA2 receptor using the recently reported free solution 

assay-compensated interferometric reader (FSA-CIR) technique (Figure 26).144,145 

 

Figure 26. (A) Reader consists of a droplet generator for sample introduction (Mitos Dropix), a 
compensated interferometer (diode laser, capillary cell, and CCD camera) and a syringe pump. The 
Mitos Dropix introduces sample droplet trains into the capillary while the syringe pump maintains 
a constant sample flow through the capillary. Sample and reference pairs flow through regions 1 
and 2 where they are simultaneously interrogated by the diode laser. Resultant images of the 
fringe patterns and their phase shifts under binding/non-binding conditions (B) are converted to a 
line profile (C) where selected fringes are fast Fourier transformed for analyses (Adapted from 
reference144). 

B C

A
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The advantages of FSA-CIR to measure binding interactions between receptor and 

ligand over backscattering interferometry (BSI), which can be considered its precursor, 

include the simultaneous measurement of the test and reference samples, increased 

throughput, and significant decrease of temperature sensitivity.145 The FSA-CIR technique 

monitors changes in refractive index (RI) to detect molecular interactions in a free-

solution manner. This shift in RI is a result of changes in molecular structure, dipole 

moment, polarizability, conformation, and solvation that occur during the interaction of 

the proteins with their ligands.146 Thus, FSA-CIR can be used to quantify binding affinities 

by detecting changes in the RI of mixtures of free nanovesicles and ligand that have been 

incubated to achieve equilibrium. In this case, ligand binding to nanovesicles containing 

LPA2 receptor was accomplished by incubating a solution of a fixed nanovesicle 

concentration with varying concentrations of compound 65 (Figure 27). 

 

Figure 27. Schematic representation of the free-solution assay (FSA) workflow (Adapted from 
reference145). 

 

The difference between the signals of nanovesicle-ligand complex and free 

nanovesicle solutions was plotted versus ligand concentration to obtain a saturation 

binding isotherm (Figure 28), which was fitted to a square hyperbolic function using 

GraphPad Prism software to determine the dissociation constant (Kd) value (Table 10). 
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Binding affinity of LPA to nanovesicles containing LPA2 receptor was measured as positive 

control, whereas the nanovesicle without any receptor was used to determine the non-

specific binding. The obtained Kd value indicated a high binding affinity of compound 65 

for LPA2 receptor (Kd=0.96 nM), higher to that obtained for the endogenous ligand LPA 

(Kd=6.7 nM) and UCM-14216 (Kd=1.3 nM) (Table 10). 

 

Figure 28. Specific binding signal for compound 65. CIR signal refers to changes in refractive index 
(ΔRI in radians) from LPA2-containing vesicles (total) to which only vector-containing vesicles (non-
specific) values have been subtracted after compound binding. 

 

Table 10. Binding affinity of compounds 65, UCM-14216 and LPA (18:1) for LPA2 receptor 
determined by FSA-CIR. 

Compound Kd (nM)a R2 (%)b 

65 0.96 99 

UCM-14216 1.3c 95 c 

LPA (18:1) 6.7 c 96 c 

aKd values are the means from two or three independent experiments performed in triplicate. The s.e.m. is 
within a 10% of the mean value. bA goodness of fit (R2) greater than 90% is considered adequate. cValue from 
reference.138 
 

2.2.2. In vitro ADME properties of compound 65 

Assessment of cell permeability was done using the parallel artificial membrane 

permeability assay (PAMPA), an in vitro model of passive transcellular permeation which 

determines the capacity of compounds to cross through a lipid-infused artificial 

membrane. In this assay (Figure 29), a solution of the compound is added to a 96-well 

donor plate and passive diffusion through the membrane can be calculated by measuring 

the amount of the compound that reaches the acceptor plate, using high pressure liquid 

chromatography coupled to mass spectrometry (HPLC-MS). Evaluation of the 
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permeability of compound 65 in the PAMPA assay showed an acceptable permeability 

value (P) of 7.0·10-6 cm/s (Table 11), considering as reference values P ≤ 10-7cm/s for low 

permeable compounds and P ≥ 10-5 cm/s for highly permeable molecules. 

 

Figure 29. Schematic representation of PAMPA assay. 

 

Metabolic stability in liver microsomes is another important aspect for drug 

development that was determined as an in vitro estimation of first-pass metabolism. It 

was measured by incubation of compound 65 with human and mouse liver microsomes 

(HLM and MLM, respectively) and the degradation of the compound over the time was 

quantified by HPLC-MS (Figure 30). Resulting half-life times (t1/2) are shown in Table 11, 

with values of 2.8±0.2 h for HLM and 1.4±0.1 h for MLM, indicating a good metabolic 

stability.  

Stability of compound 65 in human and mouse serum was also determined by 

incubating the compound in the corresponding biological media and extracting aliquots 

at different times (Figure 30). The amount of remaining compound was quantified by 

HPLC-MS, and t1/2 higher than 24 h were obtained for both human and mouse serum 

(Table 11), which indicates an excellent stability of compound 65 in both biological media. 

 

Figure 30. Schematic representation of the stability assays in human (H) and mouse (M) serum and 
liver microsomes. 
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HSA is the most abundant plasma protein in blood, whose main function is the 

transport of hormones, fatty acids, and exogenous substances such as pharmacological 

drugs through the blood stream. To estimate the ability of compound 65 to be distributed 

from plasma to the cells, we measured its binding to HSA. For this purpose, we incubated 

the compound in the presence of increasing concentrations of HSA, extracted samples 

and quantified the unbound fraction by HPLC-MS (Figure 31). The obtained results (Table 

11) suggest higher affinity for HSA than UCM-14216 (bound fractions of 97.0% and 84.9% 

and Kd values of 18 and 100 µM, respectively). These parameters could be related with 

the increase in microsomal stability observed for compound 65 compared to UCM-14216, 

since binding to proteins could shield the compound from the action of microsomal 

hydrolases. 

 

Figure 31. Schematic representation of the human serum albumin (HAS) binding assay. 

 
Table 11. In vitro ADME properties of compound 65 and the LPA2 receptor antagonist UCM-14216. 

Compound P (cm/s)a 

Microsomal stabilityb 
(t1/2, h) 

Serum stabilityb 
(t1/2, h) HSA binding 

Fb (%), Kd (M)c 
HLM MLM 

Human 
serum 

Mouse 
serum 

65 7.0·10-6 2.8±0.2 1.4±0.1 >24 >24 
97.0±0.1  
1.8·10-5 

UCM-14216 6.0·10-6 d 1.6±0.3 d 0.8±0.1 d >24 >24 
84.9±0.1 
 1.1·10-4 

aPermeability value, considering as reference values P≤10-7 cm/s for low permeable compounds and P≥10-5 

cm/s for highly permeable molecules. bData for stability in mouse and human liver microsomes (MLMs and 
HLMs, respectively) and serum are expressed as the mean±s.e.m. of at least two experiments performed in 
duplicate cBinding to human serum albumin (HAS) is expressed as the bound fraction (Fb) and the dissociation 
constant (Kd). dValue from reference.138 

 

2.2.3. Cellular toxicity of compound 65 

To assess cytotoxicity of compound 65 we employed a colorimetric assay in AF3 

mouse fibroblasts and in IMR-90 human lung fibroblasts. This assay is based on the 

metabolic reduction of yellow 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 
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bromide (MTT) by viable cells to purple formazan crystals, which are quantified by 

measuring their absorbance at 570 nm (Figure 32). Cytotoxicity is indicated as the 

percentage of viability determined in compound-treated cells relative to that in vehicle-

treated cells. We consider a compound to be non-cytotoxic if cell viability exceeds 80% 

after incubation during a certain period of time at a specific concentration. Thus, cells 

were incubated in the presence of compound 65, as well as hit UCM-14250 and the 

previous characterized LPA2 receptor antagonist UCM-14216 for comparative purposes, 

for 24 h and 48 h at concentrations between 1-25 µM. Obtained results (Figure 33) 

showed a cell viability of both AF3 and IMR-90 cells treated with each compound around 

90%, indicating that neither of the compounds are cytotoxic well above their IC50 values 

(230 nM, 10 µM and 1.9 µM, respectively). This represents a therapeutic window (dosage 

range between the minimum effective therapeutic concentration and the minimum toxic 

concentration) for compound 65 of at least 100-fold. 

 

Figure 32. Schematic representation of colorimetric MMT assay used to evaluate the cytotoxicity 
of tested compounds. 
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Figure 33. Cell viability of AF3 and IMR-90 cells treated with compounds 65, UCM-14250 and UCM-
14216 for 24 and 48 h. Viability is expressed as the percentage relative to cells treated with vehicle 
(0.1% DMSO) which are considered 100% viable. Error bars represent the means±s.e.m for two 
independent experiments carried out in triplicate. 

 

2.2.4. In vivo pharmacokinetic profile of compound 65 

Overall, compound 65 is the most potent and selective LPA2 receptor antagonist 

described so far (Emax=92%; IC50 LPA2=230 nM; Kd LPA2=0.96 nM; inactive at LPA1 and LPA3 

receptors), with good in vitro ADME properties. In view of the good results for compound 

65 and before carrying out efficacy studies in an in vivo model of inflammation, we move 

on to assess its in vivo ability to pass through the BBB and reach the CNS, where the 

compound is expected to carry out its therapeutic action. For that, healthy mice received 

a single intraperitoneal (i.p.) injection of compound 65 (25 mg/kg). Samples of plasma, 

spinal cord and brain were taken at different post-injection times from 30 minutes to 6 

hours, and the levels of the compound were quantified by HPLC-MS.  

The data obtained (Table 12) indicate that the compound is able to cross the BBB and 

reach the CNS after 30 minutes of its administration, reaching maximum levels of 2.1 µM 

in spinal cord and 3.1 µM in brain during the first two hours. Moreover, compound 65 

remains in the CNS even 6 hours after its administration, with levels in spinal cord and 

brain of 0.3 µM and 0.5 µM, respectively, highlighting the good in vivo PK profile of 

compound 65. 
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Table 12. In vivo levels of compound 65 at different post-injection times. 

Time (h) 
[65] (µM) after the indicated post-injection times (h) 

Plasma Spinal cord Brain 

0.5 0.2 0.3 0.8 

1 0.9 1.2 3.1 

2 N.D.b 2.1 2.4 

4 N.D. 0.2 1.9 

6 N.D. 0.3 0.5 

aMice received a single injection of compound 65 (25 mg/kg, i.p.) and samples were taken at different times, 
frozen, and the levels of compound quantified by HPLC-MS. Data are the means±s.e.m. from, at least, two 
independent samples. bND, not detected. 

 

2.2.5. In vivo efficacy of compound 65 in a pain mouse model 

Since LPA2 activation plays harmful actions in the beginning and progression of 

neuroinflammatory processes, we finally assessed whether compound 65 reduces the 

inflammatory pain response in a peripheral inflammation mouse model, in collaboration 

with Professor Rubèn López Vales from Universidad Autónoma de Barcelona. For this 

purpose, complete Freund’s adjuvant was administered to the paw of the mice, causing 

severe paw inflammation, and mechanical and thermal hypersensitivity. Then, mice were 

treated daily with compound 65 (25 mg/kg, i.p.) starting at 1 h following lesion and for 14 

consecutive days, and inflammation was assessed. As shown in Figure 34, mice treated 

with compound 65 displayed a significant improvement as evidenced by a significant 

decrease in paw inflammation after treatment for 7 days and sustained in time during the 

whole duration of the experiment. 
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Figure 34. Effect of compound 65 (25 mg/kg daily, i.p.) or vehicle on paw thickness in the complete 
Freund’s adjuvant induced pain model. Data are expressed as mean±s.e.m. and correspond to 7 
animals per group. *p < 0.05 compared with vehicle-treated group (two-way repeated measures 
ANOVA with post hoc test for multiple comparisons). 
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As a summary, obtained results indicate that compound 65 (UCM-22018) is the most 

potent and selective LPA2 receptor antagonist described so far with an optimum PK 

profile, being able to reach the CNS and reduce the inflammatory response in the 

complete Freund’s adjuvant mouse model. Further in vivo efficacy experiments are 

ongoing in our group with this compound in order to fully validate the LPA2 receptor 

therapeutic potential in (neuro)inflammation.
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3. CONCLUSIONS 

 

In the present work, we have carried out a medicinal chemistry program where we 

have performed a series of structural modifications in the initial compound UCM-14250, 

and we have studied their antagonist effect at the LPA2 receptor and its selectivity vs 

LPA1,3 receptors. Thus, we have developed a new series of LPA2 receptor antagonists, in 

which compound 65 (UCM-22018) stands out as the most potent and selective compound 

with good in vitro ADME properties and an optimum in vivo PK profile. Compound 65 

blocks almost fully the signaling through LPA2, with Emax and IC50 values of 92% and 230 

nM, respectively. In addition, the in-depth pharmacological study of the in vitro ADME 

properties of compound 65 revealed a cell permeability of 7.0·10-6, a human and mouse 

serum stability > 24 h, a stability in human and mouse microsomes of 2.8 h and 1.4 h, 

respectively, and a 97% of binding to human serum albumin (Kd=1.8·10-5). Cell toxicity of 

compound 65 was also evaluated in human (IMR-90) and non-human (AF3) cells, 

indicating that this compound is non-cytotoxic well above its IC50 value. Furthermore, the 

assessment of the in vivo PK profile of compound 65 showed that it reaches the CNS 

during the first 2 h after its administration and remains for up to 6 h. Finally, efficacy of 

compound 65 was demonstrated in a pain mouse model of peripheral inflammation, in 

which the administration of the compound significantly improved the inflammatory 

response to pain. 
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4. EXPERIMENTAL SECTION 

 

4.1. Synthetic procedures and compound characterization 

The starting materials, reagents, and solvents were purchased as high-grade 

commercial products from Sigma-Aldrich (Merck), Acros, ABCR, Fluorochem, Scharlab, or 

Panreac. Dichloromethane (DCM), tetrahydrofuran (THF) and diethyl ether were dried 

using a Pure SolvTM Micro 100 Liter solvent purification system. Reactions were performed 

under an argon atmosphere in oven-dried glassware unless otherwise stated. MW 

irradiation reactions were carried out on a Biotage Initiator 2.5 reactor, using Biotage vials 

sealed with aluminium caps with septum. Hydrogenation reactions were performed in a 

Thales Nano H-Cube flow reactor using CatCarts® catalyst cartridges. 

Analytical thin-layer chromatography (TLC) was run on Merck silica gel plates 

(Kieselgel 60 F254), with detection by UV light (λ=254 nm), 5% ninhydrin solution in EtOH, 

or 10% vanillin solution in EtOH. Unless otherwise stated, products were purified by flash 

chromatography using a Biotage Selekt system with silica gel cartridges (Biotage Sfär, size 

particle 60 µM).  

Melting points (mp) were determined on a Stuart Scientific electrothermal 

apparatus. Infrared (IR) spectra were measured on a Bruker Tensor 27 instrument 

equipped with a Specac ATR accessory of 4000-600 cm-1 transmission range; frequencies 

() are expressed in cm-1.  

1H- and 13C-NMR spectra were recorded on a Bruker Avance III 700 MHz (1H, 700 MHz; 
13C, 175 MHz), Bruker NEO 500 MHz (1H, 500 MHz; 13C, 125 MHz) or Bruker DPX 300 MHz 

(1H, 300 MHz; 13C, 75 MHz) instrument at rt at the Universidad Complutense de Madrid 

(UCM) NMR core facility. Chemical shifts (δ) are expressed in parts per million (ppm), 

relative to the residual solvent peak for 1H and 13C nuclei (CDCl3: δH=7.26, δC=77.16; 

acetone-d6: δH=2.05, δC=29.84, 206.26; methanol-d4: δH=3.31, δC=49.00; DMSO-d6: 

δH=2.50, δC=39.50); coupling constants (J) are in hertz (Hz). The following abbreviations 
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are used to describe peak patterns when appropriate: s (singlet), d (doublet), t (triplet), q 

(quadruplet), quint (quintuplet), hept (heptuplet), m (multiplet) and br (broad). 2D NMR 

experiments –homonuclear correlation spectroscopy (H,H-COSY), heteronuclear multiple 

quantum correlation (HMQC), and heteronuclear multiple bond correlation (HMBC)– of 

representative compounds were acquired to assign protons and carbons of structures. 

The following abbreviations have been used for the peak assignment: Ar (aryl), Ph 

(phenyl), pyr (pyrazole), cyclop (cyclopropane). If necessary, the relative configuration of 

the compounds was confirmed by 1D 1H-NMR nuclear Overhauser effect (NOE) 

experiments, in which the signal of interest was irradiated with a selective pulse and NOE 

interactions were observed. 

For all final compounds, a purity of at least 95% was determined by HPLC-MS using 

an Agilent 1200LC-MSD VL instrument. LC separation was achieved with an Eclipse XDB-

C18 column (5 μm, 4.6 mm x 150 mm), together with a guard column (5 μm, 4.6 mm x 

12.5 mm). The mobile phase consisted of water and acetonitrile (ACN) with 0.1% formic 

acid as solvent modifier, using the gradient indicated in Table 13. MS analysis was 

performed using an electrospray ionization (ESI) source. The capillary voltage was set to 

3.0 kV and the fragmentor voltage to 72 eV. The drying gas temperature was 350 °C, the 

drying gas flow was 10 L/min, and the nebulizer pressure was 20 psi. Spectra were 

acquired in positive or negative ionization mode from 100 to 1200 m/z and in UV-mode 

at four different wavelengths (210, 230, 254, and 280 nm). High resolution mass 

spectrometry (HRMS) was carried out on a FTMS Bruker APEX Q IV spectrometer in ESI or 

matrix-assisted laser desorption ionization (MALDI) mode at UCM’s mass spectrometry 

facilities. 

 

Table 13. HPLC gradient for compound characterization. 

t (min) % ACN 

0 0 

2 0 

8 80 

10 100 

18 100 

22 0 

25 0 
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4.1.1. General synthetic procedures 

General procedure A: Chan-Lam coupling reaction. To a solution of the appropriate 

arylboronic acid (1.0 eq) in anhydrous DCM (0.07 M), the corresponding hydroxy 

(hetero)aromatic derivative (1.2 eq), copper acetate (1.7 eq), triethylamine (2.0 eq) or 

pyridine (6.0 eq) and previously activated 4 Å molecular sieves were added. The reaction 

was stirred under air at rt or 40 °C until consumption of starting material. Then, the 

reaction mixture was filtered through celite and the filtrate was washed with a NaHCO3 

saturated solution and brine, dried over Na2SO4, filtered and concentrated under reduced 

pressure. The residue was purified by flash chromatography to obtain the corresponding 

(hetero)aryl ether. 

General procedure B: alkylation reaction with 2-bromo-1-arylethanone derivatives. 

To a solution of the appropriate phenol derivative (1.0 eq) and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) (1.2 eq) in anhydrous DMF (0.38 M), the 

corresponding 2-bromo-1-arylethanone (1.0 eq) was added and the mixture was heated 

at 140 °C for 45 min under MW irradiation. After cooling to rt, the reaction mixture was 

diluted with ethyl acetate and washed (3x) with a 1:1 mixture of water/brine. The organic 

layer was dried over Na2SO4, filtered and concentrated under reduced pressure. The 

residue was purified by flash chromatography to obtain the corresponding ether. 

General procedure C: enaminone formation. To a solution of the appropriate 2-

aryloxy-1-arylethanone (1.0 eq) in anhydrous toluene (0.50 M), N,N-dimethylacetamide 

dimethyl acetal (DMADMA) (1.5 eq) was added and the mixture was stirred at 90 °C until 

consumption of starting material (2-16 h). After cooling to rt, the reaction mixture was 

concentrated under reduced pressure to afford the corresponding crude enaminone, 

which was used in the next step reaction without further purification. 

General procedure D: pyrazole formation. A solution of the corresponding 

enaminone (1.0 eq) in absolute ethanol (0.20 M) was treated with hydrazine 

monohydrate (65%, 2.4 eq) and the reaction was refluxed until the reaction was 

completed (0.5-1 h). After cooling to rt, the mixture was concentrated under vacuum, 

dissolved with ethyl acetate, and washed with brine. The organic layer was dried over 

Na2SO4, filtered and concentrated under reduced pressure. The residue was purified by 

flash chromatography to obtain the corresponding pyrazole. 

General procedure E: THP ether deprotection. To a solution of the corresponding 

THP ether (1.0 eq) in THF (0.66 M), 3 M HCl (4.0 eq) was added and the reaction was 

stirred at rt for 1 h. Then, the mixture was treated with NaHCO3 saturated solution until 

pH 5-6 and extracted with DCM. The organic phase was dried with Na2SO4, filtered and 
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concentrated under reduced pressure to yield the desired alcohol, which was used in the 

next reaction without further purification. 

General procedure F: alkylation of 1-(4-hydroxyphenyl)ethanone derivatives. To a 

solution of the corresponding 1-(4-hydroxyphenyl)ethanone (1.0 eq) in anhydrous DMF 

(1.0 M), K2CO3 (2.0 eq) was added and the reaction mixture was stirred at rt for 30 min. 

Then, the appropriate haloalkane (3.5 eq) was added and the mixture was heated at 

130 °C for 15 min under MW irradiation. After cooling to rt, the reaction mixture was 

diluted with EtOAc and washed (3x) with a 1:1 mixture of water/brine. The organic layer 

was dried over Na2SO4, filtered and concentrated under reduced pressure to obtain the 

corresponding ether, which was used in the next reaction without further purification. 

 

4.1.2. Synthesis of final compound 1 

tert-Butyl (3,5-dimethyl-1H-pyrazol-4-yl) carbonate, 2. To a solution of 3,5-

dimethyl-1H-pyrazol-4-ol (1.0 eq, 1.34 mmol, 150 mg) and triethylamine (1.1 eq, 1.47 

mmol, 0.21 mL) in anhydrous DCM (1.2 M), di-tert-butyl dicarbonate (1.1 eq, 1.47 mmol, 

321 mg) was added and the reaction mixture was stirred at rt for 1 h. Then, the solvent 

was removed under reduced pressure and the resulting residue was purified by flash 

chromatography (hexane/EtOAc 8:2 to 2:8) to afford compound 2 as a white solid (235 

mg, 84%). 

 

Mp: 98 °C. Rf: 0.83 (hexane/EtOAc 2:8). IR (ATR, cm-1):  2982 (N-H, C-H), 1761 (C=O), 

1277 (C-O), 1150 (C-O). 1H-NMR (Acetone-d6, 300 MHz): δ 1.51 (s, 9H, C(CH3)3), 2.08 (s, 

6H, 2CH3), 11.33 (br s, 1H, NH). 13C-NMR (Acetone-d6, 75 MHz): δ 8.7 (2CH3), 27.7 

(C(CH3)3), 83.3 (C(CH3)3), 132.2 (C3, C5), 152.5 (C=O), C4 was not observed. HPLC (tR, min): 

11.9. MS (ESI, m/z): 213.1 [M+H]+. 

 

1-Benzyl-3,5-dimethyl-1H-pyrazol-4-yl tert-butyl carbonate, 3. To a solution of 

compound 2 (1.0 eq, 0.47 mmol, 100 mg) in anhydrous DMSO (0.7 M), potassium 

hydroxide (1.5 eq, 0.71 mmol, 40 mg) was added and the reaction was stirred at 80 °C for 

1 h. The mixture was then cooled to rt, benzyl chloride (1.0 eq, 0.47 mmol, 54 µL) was 

added and the reaction was stirred at rt for additional 2 h. The mixture was then poured 

into water and extracted with chloroform (2x). The combined organic phases were dried 
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over Na2SO4, filtered and concentrated under reduced pressure. Then, the residue was 

purified by flash chromatography (hexane to hexane/EtOAc 6:4) to yield the 

corresponding pyrazole 3 as a white solid (78 mg, 55%). 

 

Rf: 0.48 (hexane/EtOAc 7:3). 1H-NMR (CDCl3, 300 MHz): δ 1.63 (s, 9H, C(CH3)3), 2.16 

(s, 3H, CH3), 2.26 (s, 3H, CH3), 4.82 (s, 2H, CH2), 7.29-7.42 (m, 5H, CHPh). 13C-NMR (CDCl3, 

75 MHz): δ 11.5 (CH3), 11.7 (CH3), 28.2 (C(CH3)3), 76.8 (CH2), 84.8 (C(CH3)3), 128.6 (CHPh), 

128.7 (2CHPh), 128.8 (2CHPh), 133.3 (Cpyr), 136.7 (CPh), 141.7 (Cpyr), 146.6 (Cpyr), 148.9 (C=O). 

HPLC (tR, min): 14.8. MS (ESI, m/z): 303.3 [M+H]+. 

 

1-Benzyl-3,5-dimethyl-1H-pyrazol-4-ol, 4. To a solution of compound 3 (1.0 eq, 

0.44 mmol, 134 mg) in DCM (0.2 M), TFA (15.0 eq, 6.65 mmol, 0.51 mL) was added and 

the reaction was stirred at rt for 1.5 h. The mixture was then diluted with DCM and washed 

with a saturated NaHCO3 solution. The aqueous phase was extracted with DCM (2x), and 

the combined organic phases were dried over Na2SO4, filtered and evaporated under 

reduced pressure to give compound 4 as a white solid (90 mg, 100%), which was used 

without further purification. 

 

Rf: 0.16 (hexane/EtOAc 6:4 + 0.1% NH3). 1H-NMR (CDCl3, 300 MHz): δ 2.10 (s, 6H, 

2CH3), 4.83 (s, 2H, CH2), 7.28-7.41 (m, 5H, CHPh). 13C-NMR (CDCl3, 75 MHz): δ 9.9 (2CH3), 

76.7 (CH2), 128.3 (CHPh), 128.6 (2CHPh), 128.7 (2CHPh), 137.5 (CPh), 138.7 (Cpyr), 2Cpyr were 

not observed. HPLC (tR, min): 11.3. MS (ESI, m/z): 203.2 [M+H]+. 

 

1-Benzyl-3,5-dimethyl-4-phenoxy-1H-pyrazole, 5. Following general procedure A 

using compound 4 (40 mg, 0.20 mmol), phenylboronic acid (20 mg, 0.17 mmol) and 

triethylamine (46 µL, 0.33 mmol) at rt, compound 5 was obtained as an oil (15 mg, 33%). 

Chromatography: hexane to hexane/EtOAc 6:4. 



Experimental section 

80 

 

Rf: 0.59 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1597 (C=C), 1503 (C=C), 1366 (C-O), 

1208 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 2.10 (s, 3H, CH3), 2.25 (s, 3H, CH3), 4.90 (s, 2H, 

CH2), 7.27-7.49 (m, 10H, CHPh). 13C-NMR (CDCl3, 75 MHz): δ 10.1 (CH3), 11.1 (CH3), 76.8 

(CH2), 124.3 (2CHPh), 127.1 (CHPh), 128.4 (CHPh), 128.6 (2CHPh), 128.7 (2CHPh), 129.1 

(2CHPh), 129.9 (Cpyr), 137.4 (CPh), 140.3 (Cpyr), 140.5 (CPh), 141.5 (Cpyr). HPLC (tR, min): 14.9. 

MS (ESI, m/z): 279.2 [M+H]+. 

 

3,5-Dimethyl-4-phenoxy-1H-pyrazole, 1. A solution of N-benzyl pyrazole 5 (1.0 eq, 

0.08 mmol, 22 mg) in DMF (0.025 M) was pumped through a 10% Pd/C cartridge at 70 °C 

and 0.5 mL/min flow rate under atmospheric pressure (full-H2 mode) using an H-Cube 

flow hydrogenation system. The resulting solution was diluted with ethyl acetate and 

washed with a 1:1 water/brine mixture. The organic layer was dried over Na2SO4, filtered 

and concentrated under reduced pressure. The residue was purified by flash 

chromatography (hexane to hexane/EtOAc 1:1.) to yield compound 1 as a yellow solid (10 

mg, 67%). 

 

Mp: 120-122 °C. Rf: 0.44 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3300 (N-H), 1598 (C=C), 

1503 (C=C), 1366 (C-O), 1210 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 2.17 (s, 3H, CH3), 2.17 (s, 

3H, CH3), 5.20 (s, 1H, NH), 7.26-7.48 (m, 5H, CHPh). 13C-NMR (CDCl3, 75 MHz): δ 9.9 (CH3), 

10.4 (CH3), 124.3 (C2’, C6’), 126.5 (Cpyr), 127.1 (C4’), 129.1 (C3’, C5’), 137.2 (Cpyr), 139.3 (Cpyr), 

140.2 (C1’). HPLC (tR, min): 10.9. MS (ESI, m/z): 189.2 [M+H]+. 

 

4.1.3. Synthesis of intermediate ketones 25-43 

2-(2-Chlorophenoxy)-1-(4-methoxyphenyl)ethan-1-one, 25. Following general 

procedure B using 2-chlorophenol (300 mg, 2.33 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (535 mg, 2.33 mmol), compound 25 was obtained as a white 

solid (262 mg, 41%). Chromatography: hexane to hexane/EtOAc 9:1. 
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Mp: 108-110 °C. Rf: 0.41 (hexane/EtOAc 8:2). IR (ATR, cm-1):  1720 (C=O), 1550 

(C=C), 1270 (C-O), 1220 (C-O), 800 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 3.88 (s, 3H, CH3), 

5.27 (s, 2H, CH2), 6.86 (dd, J=8.2, 1.4, 1H, H6’), 6.89-6.95 (m, 1H, H4’), 6.96 (d, J=9.0, 2H, H3, 

H5), 7.16 (ddd, J=8.2, 7.5, 1.6, 1H, H5’), 7.37 (dd, J=7.9, 1.6, 1H, H3’), 8.03 (d, J=9.0, 2H, H2, 

H6). 13C-NMR (CDCl3, 75 MHz): δ 55.7 (CH3), 72.0 (CH2), 114.16 (C3, C5), 114.18 (C6’), 122.5 

(C4’), 123.3 (C2’), 127.6 (C1), 127.8 (C5’), 130.7 (C3’), 130.9 (C2, C6), 153.9 (C1’), 164.3 (C4), 

192.8 (C=O). HPLC (tR, min): 14.2. MS (ESI, m/z): 277.1, 279.1 [M+H]+. 

 

2-(3-Chlorophenoxy)-1-(4-methoxyphenyl)ethan-1-one, 26. Following general 

procedure B using 3-chlorophenol (300 mg, 2.33 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (535 mg, 2.33 mmol), compound 26 was obtained as a white 

solid (286 mg, 44%). Chromatography: hexane to hexane/EtOAc 8:2. 

 

Mp: 95-98 °C. Rf: 0.30 (hexane/EtOAc 8:2). IR (ATR, cm-1):  1694 (C=O), 1601 (C=C), 

1228 (C-O), 826 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 3.89 (s, 3H, CH3), 5.21 (s, 2H, CH2), 

6.83 (ddd, J=8.4, 2.4, 0.9, 1H, H6’), 6.92-7.01 (m, 4H, H3, H5, H2’, H4’), 7.20 (ddd, J=8.3, 7.8, 

0.5, 1H, H5’), 7.98 (d, J=9.0, 2H, H2, H6).13C-NMR (CDCl3, 75 MHz): δ 55.7 (CH3), 70.8 (CH2), 

113.3 (C6’), 114.2 (C3, C5), 115.5 (C2’), 121.9 (C4’), 127.6 (C1), 130.5 (C5’), 130.7 (C2, C6), 135.1 

(C3’), 159.0 (C1’), 164.3 (C4), 192.5 (C=O). HPLC (tR, min): 14.4. MS (ESI, m/z): 277.1, 279.1 

[M+H]+. 

 

2-(4-Chlorophenoxy)-1-(4-methoxyphenyl)ethan-1-one, 27. Following general 

procedure B using 4-chlorophenol (500 mg, 3.89 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (891 mg, 3.89 mmol), compound 27 was obtained as a white 

solid (600 mg, 56%). Chromatography: hexane to hexane/EtOAc 7:3. 
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Mp: 86-88 °C. Rf: 0.40 (hexane/EtOAc 8:2). IR (ATR, cm-1):  1750 (C=O), 1590 (C=C), 

1490 (C=C), 1250 (C-O), 800 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 3.89 (s, 3H, CH3), 5.20 (s, 

2H, CH2), 6.87 (d, J=9.1, 2H, H2’, H6’), 6.97 (d, J=9.0, 2H, H3, H5) 7.23 (d, J=9.1, 2H, H3’, H5’), 

7.98 (d, J=9.0, 2H, H2, H6). 13C-NMR (CDCl3, 75 MHz): δ 55.7 (CH3), 70.9 (CH2), 114.2 (C3, 

C5), 116.2 (C2’, C6’), 126.6 (C4’), 127.5 (C1), 129.6 (C3’, C5’), 130.6 (C2, C6), 156.8 (C1’), 164.3 

(C4), 192.9 (C=O). HPLC (tR, min): 14.3. MS (ESI, m/z): 277.1, 279.1 [M+H]+. 

 

2-(2-Fluorophenoxy)-1-(4-methoxyphenyl)ethan-1-one, 28. Following general 

procedure B using 2-fluorophenol (200 mg, 1.78 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (409 mg, 1.78 mmol), compound 28 was obtained as a white 

solid (321 mg, 69%). Chromatography: hexane to hexane/EtOAc 8:2. 

 

Mp: 93-95 °C. Rf: 0.47 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1690 (C=O), 1598 (C=C), 

1502 (C=C), 1234 (C-O), 1170 (C-F). 1H-NMR (CDCl3, 300 MHz): δ 3.88 (s, 3H, CH3), 5.29 (s, 

2H, CH2), 6.96 (d, J=9.0, 2H, H3, H5), 6.88-7.14 (m, 4H, H3’-H6’), 8.00 (d, J=8.9, 2H, H2, H6). 
13C-NMR (CDCl3, 75 MHz): δ 55.7 (CH3), 72.3 (CH2), 114.2 (C3, C5), 116.3 (d, J=1.7, C5’), 116.7 

(d, J=18.3, C3’), 122.4 (d, J=6.9, C6’), 124.5 (d, J=4.0, C4’), 127.6 (C1), 130.7 (C2, C6), 146.3 (d, 

J=10.3, C1’), 153.0 (d, J=246.1, C2’), 164.3 (C4), 192.8 (C=O). HPLC (tR, min): 13.6. MS (ESI, 

m/z): 261.1 [M+H]+. 

 

2-(3-Fluorophenoxy)-1-(4-methoxyphenyl)ethan-1-one, 29. Following general 

procedure B using 3-fluorophenol (150 mg, 1.34 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (307 mg, 1.34 mmol), compound 29 was obtained as a white 

solid (130 mg, 37%). Chromatography: hexane to hexane/EtOAc 8:2. 

 

Mp: 72 °C. Rf: 0.55 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1692 (C=O), 1598 (C=C), 

1235 (C-O), 1140 (C-F). 1H-NMR (CDCl3, 300 MHz): δ 3.88 (s, 3H, CH3), 5.21 (s, 2H, CH2), 

6.60-6.74 (m, 3H, H2’, H4’, H6’), 6.96 (d, J=8.9, 2H, H3, H5), 7.16-7.26 (m, 1H, H5’), 7.98 (d, 

J=9.0, 2H, H2, H6). 13C-NMR (CDCl3, 75 MHz): δ 55.7 (CH3), 70.8 (CH2), 102.9 (d, J=25.1, C2’), 

108.5 (d, J=21.3, C4’), 110.5 (d, J=3.0, C6’), 114.2 (C3, C5), 127.6 (C1), 130.5 (d, J=10.0, C5’), 
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130.6 (C2, C6), 159.5 (d, J=10.8, C1’), 163.7 (d, J=245.6, C3’), 164.3 (C4), 192.5 (C=O). HPLC 

(tR, min): 13.7. MS (ESI, m/z): 261.0 [M+H]+. 

 

2-(4-Fluorophenoxy)-1-(4-methoxyphenyl)ethan-1-one, 30. Following general 

procedure B using 4-fluorophenol (200 mg, 1.78 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (409 mg, 1.78 mmol), compound 30 was obtained as a white 

solid (179 mg, 39%). Chromatography: hexane to hexane/EtOAc 8:2. 

 

Mp: 96-98 °C. Rf: 0.56 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1689 (C=O), 1598 (C=C), 

1502 (C=C), 1203 (C-O), 1170 (C-F). 1H-NMR (CDCl3, 300 MHz): δ 3.88 (s, 3H, CH3), 5.19 (s, 

2H, CH2), 6.88 (dd, J=9.4, 4.4, 2H, H2’, H6’), 6.93-6.99 (m, 2H, H3’, H5’), 6.96 (d, J=8.9, 2H, H3, 

H5), 7.98 (d, J=8.9, 2H, H2, H6). 13C-NMR (CDCl3, 75 MHz): δ 55.7 (CH3), 71.5 (CH2), 114.2 

(C3, C5), 116.1 (d, J=23.3, C3’, C5’), 116.1 (d, J=8.0, C2’, C6’), 127.7 (C1), 130.6 (C2, C6), 154.4 

(d, J=2.2, C1’), 157.8 (d, J=239.2, C4’), 164.3 (C4), 193.1 (C=O). HPLC (tR, min): 13.6. MS (ESI, 

m/z): 261.0, 262.0 [M+H]+. 

 

1-(4-Methoxyphenyl)-2-[2-(trifluoromethyl)phenoxy]ethan-1-one, 31. Following 

general procedure B using 2-(trifluoromethyl)phenol (150 mg, 0.93 mmol) and 2-bromo-

1-(4-methoxyphenyl)ethanone (212 mg, 0.93 mmol), compound 31 was obtained as a 

white solid (146 mg, 51%). Chromatography: hexane to hexane/EtOAc 8:2. 

 

Mp: 75-76 °C. Rf: 0.50 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1692 (C=O), 1598 (C=C), 

1320 (C-O), 1224 (C-O), 1111 (C-F). 1H-NMR (CDCl3, 300 MHz): δ (s, 3H, CH3), 5.27 (s, 2H, 

CH2), 6.90 (d, J=8.4, 1H, H6’), 6.95 (d, J=9.0, 2H, H3, H5), 7.02 (tquint, J=7.6, 0.9, 1H, H4’), 

7.43 (ddd, J=8.3, 7.6, 0.7, 1H, H5’), 7.58 (dd, J=7.7, 0.8, 1H, H3’), 8.02 (d, J=9.0, 2H, H2, 

H6).13C-NMR (CDCl3, 75 MHz): δ 55.7 (CH3), 71.7 (CH2), 113.1 (C6’), 114.1 (C3, C5), 119.2 (q, 

J=30.9, C2’), 121.0 (C5’), 123.7 (q, J=272.5, CF3), 127.4 (q, J=5.3, C3’), 127.44 (C1), 131.1 (C2, 

C6), 133.4 (C4’), 156.1 (q, J=1.8, C1’), 164.4 (C4), 193.0 (C=O). HPLC (tR, min): 14.5. MS (ESI, 

m/z): 311.2 [M+H]+. 
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1-(4-Methoxyphenyl)-2-[3-(trifluoromethyl)phenoxy]ethan-1-one, 32. Following 

general procedure B using 3-(trifluoromethyl)phenol (150 mg, 0.93 mmol) and 2-bromo-

1-(4-methoxyphenyl)ethanone (212 mg, 0.93 mmol), compound 32 was obtained as a 

white solid (154 mg, 54%). Chromatography: hexane to hexane/EtOAc 9:1. 

 

Mp: 98-100 °C. Rf: 0.54 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1696 (C=O), 1601 (C=C), 

1172 (C-O), 1126 (C-F). 1H-NMR (CDCl3, 300 MHz): δ 3.89 (s, 3H, CH3), 5.27 (s, 2H, CH2), 

6.98 (d, J=8.9, 2H, H3, H5), 7.10 (br dd, J=8.2, 2.7, 1H, H6’), 7.18 (br s, 1H, H2’), 7.24 (br d, 

J=7.7, 1H, H4’), 7.39 (t, J=8.0, 1H, H5’), 7.99 (d, J=8.9, 2H, H2, H6).13C-NMR (CDCl3, 75 MHz): 

δ 55.7 (CH3), 70.7 (CH2), 112.0 (q, J=3.8, C2’), 114.3 (C3, C5), 118.2 (C5’), 118.4 (q, J=3.8, C4’), 

124.0 (q, J=272.3, CF3) 127.5 (C1), 130.3 (C6’), 130.6 (C2, C6), 132.1 (q, J=32.5, C3’), 158.4 

(C1’), 164.4 (C4), 192.3 (C=O). HPLC (tR, min): 14.5. MS (ESI, m/z): 311.2 [M+H]+. 

 

1-(4-Methoxyphenyl)-2-[4-(trifluoromethyl)phenoxy]ethan-1-one, 33. Following 

general procedure B using 4-(trifluoromethyl)phenol (150 mg, 0.93 mmol) and 2-bromo-

1-(4-methoxyphenyl)ethanone (212 mg, 0.93 mmol), compound 33 was obtained as a 

white solid (95 mg, 33%). Chromatography: hexane to hexane/EtOAc 9:1. 

 

Mp: 108 °C. Rf: 0.50 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1689 (C=O), 1334 (C-O), 

1170 (C-O), 1108 (C-F). 1H-NMR (CDCl3, 300 MHz): δ 3.89 (s, 3H, CH3), 5.28 (s, 2H, CH2), 

6.98 (d, J=8.9, 2H, H3, H5), 6.99 (br d, J=8.5, 2H, H2’, H6’), 7.54 (br d, J=8.5, 2H, H3’, H5’), 7.99 

(d, J=8.9, 2H, H2, H6).13C-NMR (CDCl3, 75 MHz): δ 55.7 (CH3), 70.6 (CH2), 114.3 (C3, C5), 

114.9 (C2’, C6’), 123.9 (d, J=32.9, C4’), 124.4 (d, J=271.3, CF3), 127.2 (q, J=3.8, C3’, C5’), 127.5 

(C1), 130.6 (C2, C6), 160.6 (q, J=1.2, C1’), 164.4 (C4), 192.3 (C=O). HPLC (tR, min): 14.5. MS 

(ESI, m/z): 311.2 [M+H]+. 

 

1-(4-Methoxyphenyl)-2-(2-methylphenoxy)ethan-1-one, 34. Following general 

procedure B using 2-methylphenol (150 mg, 1.39 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (318 mg, 1.39 mmol), compound 34 was obtained as a white 

solid (131 mg, 37%). Chromatography: hexane to hexane/EtOAc 8:2. 
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Mp: 77 °C. Rf: 0.48 (hexane/EtOAc 8:2). IR (ATR, cm-1):  1691 (C=O), 1597 (C=C), 

1220 (C-O), 1168 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 2.30 (s, 3H, CH3), 3.88 (s, 3H, OCH3), 

5.20 (s, 2H, CH2), 6.75 (dd, J=8.4, 1.1, 1H, H6’), 6.89 (td, J=7.4, 1.1, 1H, H4’), 6.96 (d, J=9.0, 

2H, H3, H5), 7.06-7.18 (m, 2H, H3’, H5’), 8.02 (d, J=9.0, 2H, H2, H6).13C-NMR (CDCl3, 75 MHz): 

δ 16.5 (CH3), 55.6 (OCH3), 71.2 (CH2), 111.5 (C6’), 114.1 (C3, C5), 121.4 (C4’), 126.9 (C5’), 127.3 

(C2’), 127.9 (C1), 130.8 (C2, C6), 131.1 (C3’), 156.4 (C1’), 164.1 (C4), 193.7 (C=O). HPLC (tR, 

min): 14.6. MS (ESI, m/z): 257.2 [M+H]+. 

 

1-(4-Methoxyphenyl)-2-(3-methylphenoxy)ethan-1-one, 35. Following general 

procedure B using 3-methylphenol (150 mg, 1.39 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (318 mg, 1.39 mmol), compound 35 was obtained as an oil (150 

mg, 42%). Chromatography: hexane to hexane/EtOAc 8:2. 

 

Rf: 0.49 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1681 (C=O), 1598 (C=C), 1231 (C-O), 

1157 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 2.32 (s, 3H, CH3), 3.88 (s, 3H, OCH3), 5.19 (s, 2H, 

CH2), 6.70-6.84 (m, 3H, H2’, H4’, H6’), 6.96 (d, J=8.9, 2H, H3, H5), 7.16 (t, J=7.9, 1H, H5’), 8.01 

(d, J=8.9, 2H, H2, H6).13C-NMR (CDCl3, 75 MHz): δ 21.7 (CH3), 55.7 (OCH3), 70.9 (CH2), 111.7 

(C6’), 114.1 (C3, C5), 115.8 (C2’), 122.6 (C4’), 127.9 (C1), 129.4 (C5’), 130.7 (C2, C6), 139.8 (C3’), 

158.3 (C1’), 164.2 (C4), 193.4 (C=O). HPLC (tR, min): 14.3. MS (ESI, m/z): 257.2 [M+H]+. 

 

1-(4-Methoxyphenyl)-2-(4-methylphenoxy)ethan-1-one, 36. Following general 

procedure B using 4-methylphenol (150 mg, 1.39 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (318 mg, 1.39 mmol), compound 36 was obtained as a white 

solid (111 mg, 31%). Chromatography: hexane to hexane/EtOAc 8:2. 
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Mp: 85-87 °C. Rf: 0.39 (hexane/EtOAc 8:2). IR (ATR, cm-1):  1691 (C=O), 1598 (C=C), 

1508 (C=C), 1217 (C-O), 1169 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 2.28 (s, 3H, CH3), 3.88 (s, 

3H, OCH3), 5.18 (s, 2H, CH2), 6.84 (d, J=8.6, 2H, H2’, H6’), 6.96 (d, J=8.9, 2H, H3, H5), 7.07 (d, 

J=8.8, 2H, H3’, H5’), 8.00 (d, J=9.0, 2H, H2, H6).13C-NMR (CDCl3, 75 MHz): δ 20.6 (CH3), 55.7 

(OCH3), 71.1 (CH2), 114.1 (C3, C5), 114.8 (C2’, C6’), 127.9 (C1), 130.1 (C3’, C5’), 130.7 (C2, C6), 

131.0 (C4’), 156.2 (C1’), 164.1 (C4), 193.5 (C=O). HPLC (tR, min): 14.3. MS (ESI, m/z): 257.2 

[M+H]+. 

 

2-(2-Methoxyphenoxy)-1-(4-methoxyphenyl)ethan-1-one, 37. Following general 

procedure B using 2-methoxyphenol (200 mg, 1.61 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (369 mg, 1.61 mmol), compound 37 was obtained as a white 

solid (300 mg, 68%). Chromatography: hexane to hexane/EtOAc 7:3. 

 

Mp: 95 °C. Rf: 0.40 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1690 (C=O), 1597 (C=C), 

1502 (C=C), 1250 (C-O), 1169 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 3.83 (s, 3H, CH3), 3.85 (s, 

3H, CH3), 5.26 (s, 2H, CH2), 6.79-6.97 (m, 4H, H3’-H6’), 6.92 (d, J=9.0, 2H, H3, H5), 7.99 (d, 

J=9.0, 2H, H2, H6). 13C-NMR (CDCl3, 75 MHz): δ 55.5 (CH3), 55.9 (CH3), 71.9 (CH2), 112.2 

(C3’/C6’), 113.9 (C3, C5), 114.7 (C3’/C6’), 120.8, 122.3 (C4’, C5’), 127.7 (C1), 130.5 (C2, C6), 147.6, 

149.7 (C1’, C2’), 163.9 (C4), 193.1 (C=O). HPLC (tR, min): 13.3. MS (ESI, m/z): 273.1 [M+H]+. 

 

2-(3-Methoxyphenoxy)-1-(4-methoxyphenyl)ethan-1-one, 38. Following general 

procedure B using 3-methoxyphenol (200 mg, 1.61 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (369 mg, 1.61 mmol), compound 38 was obtained as a white 

solid (130 mg, 30%). Chromatography: hexane to hexane/EtOAc 7:3. 

 

Mp: 78 °C. Rf: 0.41 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1693 (C=O), 1600 (C=C), 

1237 (C-O), 1154 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 3.77 (s, 3H, CH3), 3.87 (s, 3H, CH3), 

5.19 (s, 2H, CH2), 6.44-6.62 (m, 3H, H2’, H4’, H6’), 6.96 (d, J=8.7, 2H, H3, H5), 7.17 (dd, J=8.9, 

7.7, 1H, H5’), 7.99 (d, J=8.8, 2H, H2, H6). 13C-NMR (CDCl3, 75 MHz): δ 55.4 (CH3), 55.6 (CH3), 
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70.8 (CH2), 101.6, 106.7, 107.4 (C2’, C4’, C6’), 114.1 (C3, C5), 127.8 (C1), 130.1 (C5’), 130.7 (C2, 

C6), 159.4, 161.0 (C1’, C3’), 164.2 (C4), 193.0 (C=O). HPLC (tR, min): 13.6. MS (ESI, m/z): 

273.1 [M+H]+. 

 

2-(4-Methoxyphenoxy)-1-(4-methoxyphenyl)ethan-1-one, 39. Following general 

procedure B using 4-methoxyphenol (600 mg, 4.83 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (1.11 g, 4.83 mmol), compound 39 was obtained as an off-

white solid (1.00 g, 76%). Chromatography: hexane to hexane/EtOAc 7:3. 

 

Mp: 86-89 °C. Rf: 0.41 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1690 (C=O), 1598 (C=C), 

1503 (C=C), 1211 (C-O), 1169 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 3.76 (s, 3H, CH3), 3.88 (s, 

3H, CH3), 5.16 (s, 2H, CH2), 6.77-6.94 (m, 4H, H2’, H3’, H5’, H6’), 6.96 (d, J=8.9, 2H, H3, H5), 

8.00 (d, J=8.9, 2H, H2, H6). 13C-NMR (CDCl3, 75 MHz): δ 55.7 (CH3), 55.8 (CH3), 71.8 (CH2), 

114.1 (C3, C5), 114.8, 116.1 (C2’, C3’, C5’, C6’), 127.9 (C1), 130.7 (C2, C6), 152.5 (C1’), 154.6 (C4’), 

164.2 (C4), 193.6 (C=O). HPLC (tR, min): 13.5. MS (ESI, m/z): 273.1 [M+H]+. 

 

2-(3-(Dimethylamino)phenoxy)-1-(4-methoxyphenyl)ethan-1-one, 40. Following 

general procedure B using 3-(dimethylamino)phenol (200 mg, 1.46 mmol) and 2-bromo-

1-(4-methoxyphenyl)ethanone (334 mg, 1.46 mmol), compound 40 was obtained as an 

off-white solid (200 mg, 48%). Chromatography: hexane to hexane/EtOAc 7:3. 

 

Mp: 90 °C. Rf: 0.40 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1692 (C=O), 1599 (C=C), 

1232 (C-O), 1171 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 2.92 (s, 6H, N(CH3)2), 3.88 (s, 3H, 

OCH3), 5.18 (s, 2H, CH2), 6.27 (ddd, J=8.1, 2.2, 1.0, 1H, H6’), 6.35-6.44 (m, 2H, H2’, H4’), 6.95 

(d, J=8.9, 2H, H3, H5), 7.08-7.16 (m, 1H, H5’), 8.00 (d, J=8.9, 2H, H2, H6).13C-NMR (CDCl3, 75 

MHz): δ 40.7 (N(CH3)2), 55.6 (OCH3), 71.0 (CH2), 100.3 (C2’), 101.9 (C6’), 106.6 (C4’), 114.1 

(C3, C5), 128.0 (C1), 129.9 (C5’), 130.7 (C2, C6), 152.1 (C3’), 159.3 (C1’), 164.1 (C4), 193.6 (C=O). 

HPLC (tR, min): 12.8. MS (ESI, m/z): 286.1 [M+H]+. 
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2-(4-(Dimethylamino)phenoxy)-1-(4-methoxyphenyl)ethan-1-one, 41. Following 

general procedure B using 4-(dimethylamino)phenol (200 mg, 1.46 mmol) and 2-bromo-

1-(4-methoxyphenyl)ethanone (334 mg, 1.46 mmol), compound 41 was obtained as an 

off-white solid (142 mg, 34%). Chromatography: hexane to hexane/EtOAc 1:1. 

 

Mp: 60-62 °C. Rf: 0.53 (hexane/EtOAc 1:1). IR (ATR, cm-1):  1690 (C=O), 1600 (C=C), 

1512 (C=C), 1254 (C-O), 1168 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 2.86 (s, 6H, N(CH3)2), 

3.87 (s, 3H, OCH3), 5.14 (s, 2H, CH2), 6.72 (d, J=9.1, 2H, H3’, H5’), 6.90 (d, J=9.1, 2H, H2’, H6’), 

6.95 (d, J=8.9, 2H, H3, H5), 8.00 (d, J=8.9, 2H, H2, H6).13C-NMR (CDCl3, 75 MHz): δ 41.8 

(N(CH3)2), 55.6 (OCH3), 71.9 (CH2), 114.0 (C3, C5), 114.9 (C3’, C5’), 116.1 (C2’, C6’), 127.9 (C1), 

130.7 (C2, C6), 146.4 (C4’), 150.6 (C1’), 164.0 (C4), 194.0 (C=O).  

 

N-(2-(2-(4-Methoxyphenyl)-2-oxoethoxy)phenyl)acetamide, 42. Following general 

procedure B using 2-acetamidophenol (200 mg, 1.32 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (303 mg, 1.32 mmol), compound 42 was obtained as an off-

white solid (321 mg, 81%). Chromatography: hexane/EtOAc 2:8 to EtOAc. 

 

Mp: 93 °C. Rf: 0.64 (EtOAc). IR (ATR, cm-1):  3300 (N-H), 1679 (C=O), 1599 (C=O), 

1529 (C=C), 1453 (C-N), 1236 (C-O), 1173 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 2.27 (s, 3H, 

CH3), 3.88 (s, 3H, OCH3), 5.34 (s, 2H, CH2), 6.88-7.08 (m, 3H, H4’, H5’, H6’), 6.97 (d, J=9.0, 2H, 

H3, H5), 7.92 (d, J=9.0, 2H, H2, H6), 8.30-8.40 (m, 1H, H3’), 8.91 (s, 1H, NH). 13C-NMR (CDCl3, 

75 MHz): δ 25.0 (CH3), 55.7 (OCH3), 73.4 (CH2), 114.3 (C3, C5), 115.1 (C6’), 120.8 (C3’), 123.3, 

123.8 (C4’, C5’), 127.1 (C1), 130.0 (C2’), 130.2 (C2, C6), 147.8 (C1’), 164.5 (C4), 168.8 (CONH), 

193.3 (C=O). HPLC (tR, min): 12.4. MS (ESI, m/z): 300.1 [M+H]+. 

 

N-(3-(2-(4-Methoxyphenyl)-2-oxoethoxy)phenyl)acetamide, 43. Following general 

procedure B using 3-acetamidophenol (200 mg, 1.32 mmol) and 2-bromo-1-(4-
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methoxyphenyl)ethanone (303 mg, 1.32 mmol), compound 43 was obtained as an off-

white solid (137 mg, 35%). Chromatography: hexane/EtOAc 7:3 to 2:8 

 

Mp: 108-110 °C. Rf: 0.55 (EtOAc). IR (ATR, cm-1):  3300 (N-H), 1668 (C=O), 1598 

(C=O), 1236 (C-O), 1160 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 2.14 (s, 3H, CH3), 3.88 (s, 3H, 

OCH3), 5.21 (s, 2H, CH2), 6.70 (dd, J=8.1, 2.5, 1H, H6’), 6.95 (d, J=8.9, 2H, H3, H5), 7.02 (d, 

J=8.0, 1H, H4’), 7.19 (t, J=8.1, 1H, H5’), 7.23-7.38 (m, 2H, H2’, NH), 7.99 (d, J=8.9, 2H, H2, H6). 
13C-NMR (CDCl3, 75 MHz): δ 24.8 (CH3), 55.7 (OCH3), 70.8 (CH2), 106.5 (C2’), 111.0 (C6’), 

112.9 (C4’), 114.2 (C3, C5), 127.7 (C1), 130.0 (C5’), 130.7 (C2, C6), 139.3 (C3’), 158.8 (C1’), 164.2 

(C4), 169.2 (CONH), 193.1 (C=O). HPLC (tR, min): 11.9. MS (ESI, m/z): 300.1 [M+H]+. 

 

4.1.4. Synthesis of intermediate enaminones 44-62 

2-(2-Chlorophenoxy)-3-(dimethylamino)-1-(4-methoxyphenyl)but-2-en-1-one, 44. 

Following general procedure C using compound 25 (227 mg, 0.82 mmol), crude compound 

44 was obtained as an oil (304 mg, 92% crude yield).  

 

Rf: 0.33 (EtOAc). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:0.7): 2.06 (s, 

3H, CH3A), 2.41 (s, 3H, CH3B), 3.00 (s, 6H, N(CH3)2B), 3.02 (s, 6H, N(CH3)2A), 3.76 (s, 3H, 

OCH3AB), 6.70-6.80 (m, 3H, H3AB, H5AB, H6’AB), 6.86 (td, J=8.5, 1.5, 1H, H4’AB), 6.99-7.06 (m, 

1H, H5’AB), 7.18 (dd, J=7.9, 1.6, 1H, H3’B), 7.19 (dd, J=7.9, 1.6, 1H, H3’A), 7.76 (d, J=8.8, 2H, 

H2B, H6B), 7.80 (d, J=8.8, 2H, H2A, H6A). 

 

2-(3-Chlorophenoxy)-3-(dimethylamino)-1-(4-methoxyphenyl)but-2-en-1-one, 45. 

Following general procedure C using compound 26 (250 mg, 0.90 mmol), crude compound 

45 was obtained as an oil (310 mg, 99% crude yield).  
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Rf: 0.41 (EtOAc). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:0.7): 2.04 (s, 

3H, CH3A), 2.38 (s, 3H, CH3B), 2.98 (s, 6H, N(CH3)2B), 3.02 (s, 6H, N(CH3)2A), 3.78 (s, 3H, 

OCH3AB), 6.65-6.74 (m, 1H, H6’AB), 6.76 (d, J=8.9, 2H, H3AB, H5AB), 6.79-6.85 (m, 2H, H2’AB, 

H4’AB), 6.99-7.11 (m, 1H, H5’AB), 7.66 (d, J=8.8, 2H, H2B, H6B), 7.69 (d, J=8.8, 2H, H2A, H6A). 

 

2-(4-Chlorophenoxy)-3-(dimethylamino)-1-(4-methoxyphenyl)but-2-en-1-one, 46. 

Following general procedure C using compound 27 (300 mg, 1.08 mmol), crude compound 

46 was obtained as an oil (370 mg, 99% crude yield).  

 

Rf: 0.31 (EtOAc). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:0.7): 2.04 (s, 

3H, CH3A), 2.38 (s, 3H, CH3B), 2.97 (s, 6H, N(CH3)2B), 3.02 (s, 6H, N(CH3)2A), 3.78 (s, 3H, 

OCH3AB), 6.70-6.85 (m, 4H, H3AB, H5AB, H2’AB, H6’AB), 7.08 (d, J=9.1, 2H, H3’A, H5’A), 7.09 (d, 

J=9.1, 2H, H3’B, H5’B), 7.66 (d, J=9.0, 2H, H2B, H6B), 7.69 (d, J=9.0, 2H, H2A, H6A).  

 

2-(2-Fluorophenoxy)-3-(dimethylamino)-1-(4-methoxyphenyl)but-2-en-1-one, 47. 

Following general procedure C using compound 28 (150 mg, 0.58 mmol), crude compound 

47 was obtained as an oil (190 mg, 99% crude yield).  

 

Rf: 0.36 (EtOAc). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:0.7): 2.09 (s, 

3H, CH3A), 2.39 (s, 3H, CH3B), 3.01 (s, 6H, N(CH3)2B), 3.02 (s, 6H, N(CH3)2A), 3.77 (s, 3H, 

OCH3AB), 6.68-6.81 (m, 3H, H3AB, H5AB, H6’AB), 6.83-6.98 (m, 3H, H3’AB, H4’AB, H5’AB,), 7.73 (d, 

J=8.7, 2H, H2B, H6B), 7.76 (d, J=8.7, 2H, H2A, H6A).  

 

2-(3-Fluorophenoxy)-3-(dimethylamino)-1-(4-methoxyphenyl)but-2-en-1-one, 48. 

Following general procedure C using compound 29 (123 mg, 0.47 mmol), crude compound 

48 was obtained as an oil (155 mg, 99% crude yield).  
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Rf: 0.17 (hexane/EtOAc 1:1). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.7): 2.05 (s, 3H, CH3A), 2.38 (s, 3H, CH3B), 2.98 (s, 6H, N(CH3)2B), 3.02 (s, 6H, N(CH3)2A), 

3.77 (s, 3H, OCH3AB), 6.49-6.63 (m, 3H, H2’AB, H4’AB, H6’AB), 6.76 (d, J=8.8, 2H, H3AB, H5AB), 

7.04-7.12 (m, 1H, H5’AB), 7.66 (d, J=8.9, 2H, H2B, H6B), 7.69 (d, J=8.9, 2H, H2A, H6A).  

 

2-(4-Fluorophenoxy)-3-(dimethylamino)-1-(4-methoxyphenyl)but-2-en-1-one, 49. 

Following general procedure C using compound 30 (140 mg, 0.54 mmol), crude compound 

49 was obtained as an oil (165 mg, 93% crude yield).  

 

Rf: 0.30 (EtOAc). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:0.7): 2.06 (s, 

3H, CH3A), 2.37 (s, 3H, CH3B), 2.98 (s, 6H, N(CH3)2B), 3.01 (s, 6H, N(CH3)2A), 3.77 (s, 3H, 

OCH3A), 3.78 (s, 3H, OCH3B), 6.69-6.84 (m, 6H, H3AB, H5AB, H2’AB, H3’AB, H5’AB, H6’AB), 7.66 (d, 

J=9.0, 2H, H2B, H6B), 7.69 (d, J=9.0, 2H, H2A, H6A). 

 

3-(Dimethylamino)-1-(4-methoxyphenyl)-2-(2-(trifluoromethyl)phenoxy)but-2-en-

1-one, 50. Following general procedure C using compound 31 (120 mg, 0.39 mmol), crude 

compound 50 was obtained as an oil (135 mg, 92% crude yield).  

 

Rf: 0.16 (hexane/EtOAc 1:1). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.5): 2.08 (s, 3H, CH3A), 2.38 (s, 3H, CH3B), 3.00 (s, 6H, N(CH3)2A), 3.02 (s, 6H, N(CH3)2B), 

3.75 (s, 3H, OCH3AB), 6.70-6.80 (m, 3H, H3AB, H5AB, H6’AB), 6.82-6.89 (m, 1H, H4’AB), 6.96-7.03 

(m, 1H, H5’AB), 7.40-7.47 (m, 1H, H3’AB), 7.62-7.68 (m, 2H, H2AB, H6AB).  
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3-(Dimethylamino)-1-(4-methoxyphenyl)-2-(3-(trifluoromethyl)phenoxy)but-2-en-

1-one, 51. Following general procedure C using compound 32 (100 mg, 0.32 mmol), crude 

compound 51 was obtained as an oil (93 mg, 76% crude yield).  

 

Rf: 0.12 (hexane/EtOAc 1:1). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.7): 2.05 (s, 3H, CH3A), 2.39 (s, 3H, CH3B), 2.98 (s, 6H, N(CH3)2B), 3.02 (s, 6H, N(CH3)2A), 

3.77 (s, 3H, OCH3A), 3.78 (s, 3H, OCH3B), 6.75 (d, J=8.9, 2H, H3A, H5A), 6.76 (d, J=8.9, 2H, H3B, 

H5B), 6.94-7.25 (m, 4H, H2’AB, H4’AB, H5’AB, H6’AB,), 7.64 (d, J=8.9, 2H, H2B, H6B), 7.67 (d, J=8.8, 

2H, H2A, H6A).  

 

3-(Dimethylamino)-1-(4-methoxyphenyl)-2-(4-(trifluoromethyl)phenoxy)but-2-en-

1-one, 52. Following general procedure C using compound 33 (74 mg, 0.24 mmol), crude 

compound 52 was obtained as an oil (78 mg, 86% crude yield).  

 

Rf: 0.13 (hexane/EtOAc 1:1). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.7): 2.04 (s, 3H, CH3A), 2.38 (s, 3H, CH3B), 2.98 (s, 6H, N(CH3)2B), 3.02 (s, 6H, N(CH3)2A), 

3.77 (s, 3H, OCH3A), 3.78 (s, 3H, OCH3B), 6.75 (d, J=8.9, 2H, H3A, H5A), 6.76 (d, J=8.9, 2H, H3B, 

H5B), 6.86-6.81 (m, 2H, H2’AB, H6’AB), 7.40 (d, J=9.0, 2H, H3’AB, H5’AB), 7.65-7.71 (m, 2H, H2AB, 

H6AB).  

 

3-(Dimethylamino)-1-(4-methoxyphenyl)-2-(o-tolyloxy)but-2-en-1-one, 53. 

Following general procedure C using compound 34 (92 mg, 0.36 mmol), crude compound 

53 was obtained as an oil (106 mg, 91% crude yield).  

 

Rf: 0.35 (EtOAc). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:0.8): 2.03 (s, 

3H, CH3A), 2.24 (s, 3H, CH3B), 2.31 (s, 3H, CH3ArA), 2.40 (s, 3H, CH3ArB), 2.98 (s, 6H, N(CH3)2B), 
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3.03 (s, 6H, N(CH3)2A), 3.76 (s, 3H, OCH3AB), 6.63-6.84 (m, 4H, H3AB, H5AB, H4’AB, H6’AB), 6.94-

7.05 (m, 2H, H3’AB, H5’AB), 7.67 (d, J=8.9, 2H, H2B, H6B), 7.70 (d, J=8.9, 2H, H2A, H6A).  

 

3-(Dimethylamino)-1-(4-methoxyphenyl)-2-(m-tolyloxy)but-2-en-1-one, 54. 

Following general procedure C using compound 35 (140 mg, 0.55 mmol), crude compound 

54 was obtained as an oil (150 mg, 99% crude yield).  

 

Rf: 0.13 (hexane/EtOAc 1:1). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.7): 2.05 (s, 3H, CH3A), 2.22 (s, 3H, CH3B), 2.23 (s, 3H, CH3ArA), 2.38 (s, 3H, CH3ArB), 2.97 

(s, 6H, N(CH3)2B), 3.02 (s, 6H, N(CH3)2A), 3.77 (s, 3H, OCH3AB), 6.59-6.69 (m, 3H, H2’AB, H4’AB, 

H6’AB), 6.71-6.85 (m, 2H, H3AB, H5AB), 6.96-7.05 (m, 1H, H5’AB), 7.69-7.74 (m, 2H, H2AB, H6AB). 

 

3-(Dimethylamino)-1-(4-methoxyphenyl)-2-(p-tolyloxy)but-2-en-1-one, 55. 

Following general procedure C using compound 36 (100 mg, 0.39 mmol), crude compound 

55 was obtained as an oil (100 mg, 79% crude yield).  

 

Rf: 0.29 (EtOAc). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:0.7): 2.05 (s, 

3H, CH3A), 2.19 (s, 3H, CH3B), 2.20 (s, 3H, CH3ArA), 2.38 (s, 3H, CH3ArB), 2.97 (s, 6H, N(CH3)2B), 

3.02 (s, 6H, N(CH3)2A), 3.77 (s, 3H, OCH3AB), 6.67-6.81 (m, 4H, H3AB, H5AB, H2’AB, H6’AB), 6.90-

6.95 (m, 2H, H3’AB, H5’AB), 7.69 (d, J=9.0, 2H, H2B, H6B), 7.72 (d, J=8.9, 2H, H2A, H6A). 

 

3-(Dimethylamino)-2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)but-2-en-1-one, 

56. Following general procedure C using compound 37 (200 mg, 0.73 mmol), crude 

compound 56 was obtained as an oil (280 mg, 99% crude yield).  
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Rf: 0.11 (hexane/EtOAc 1:1). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.7): 2.08 (s, 3H, CH3A), 2.34 (s, 3H, CH3B), 2.97 (s, 6H, N(CH3)2B), 3.01 (s, 6H, N(CH3)2A), 

3.75 (s, 3H, C2’OCH3AB), 3.77 (s, 3H, C4OCH3AB), 6.70-6.90 (m, 6H, H3AB, H5AB, H3’AB, H4’AB, H5’AB, 

H6’AB), 7.71 (d, J=8.9, 2H, H2B, H6B), 7.75 (d, J=8.9, 2H, H2A, H6A).  

 

3-(Dimethylamino)-2-(3-methoxyphenoxy)-1-(4-methoxyphenyl)but-2-en-1-one, 

57. Following general procedure C using compound 38 (120 mg, 0.44 mmol), crude 

compound 57 was obtained as an oil (150 mg, 99% crude yield).  

 

Rf: 0.10 (hexane/EtOAc 1:1). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.6): 2.05 (s, 3H, CH3A), 2.38 (s, 3H, CH3B), 2.98 (s, 6H, N(CH3)2B), 3.03 (s, 6H, N(CH3)2A), 

3.70 (s, 3H, C3’OCH3B), 3.71 (s, 3H, C3’OCH3A), 3.77 (s, 3H, C4OCH3AB), 6.26-6.45 (m, 3H, H2’AB, 

H4’AB, H6’AB), 6.74 (d, J=8.9, 2H, H3B, H5B), 6.75 (d, J=8.9, 2H, H3A, H5A), 6.99-7.09 (m, 1H, 

H5’AB), 7.68 (d, J=8.8, 2H, H2B, H6B), 7.70 (d, J=8.8, 2H, H2A, H6A).  

 

3-(Dimethylamino)-2-(4-methoxyphenoxy)-1-(4-methoxyphenyl)but-2-en-1-one, 

58. Following general procedure C using compound 39 (100 mg, 0.37 mmol), crude 

compound 58 was obtained as an oil (125 mg, 99% crude yield).  

 

Rf: 0.24 (EtOAc). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:0.7): 2.06 (s, 

3H, CH3A), 2.37 (s, 3H, CH3B), 2.97 (s, 6H, N(CH3)2B), 3.01 (s, 6H, N(CH3)2A), 3.69 (s, 3H, 

C4’OCH3B), 3.70 (s, 3H, C4’OCH3A), 3.77 (s, 3H, C4OCH3AB), 6.64-6.80 (m, 6H, H3AB, H5AB, H2’AB, 

H3’AB, H5’AB, H6’AB), 7.66 (d, J=8.9, 2H, H2B, H6B), 7.69 (d, J=8.9, 2H, H2A, H6A).  

 

3-(Dimethylamino)-2-(3-(dimethylamino)phenoxy)-1-(4-methoxyphenyl)but-2-en-

1-one, 59. Following general procedure C using compound 40 (150 mg, 0.53 mmol), crude 

compound 59 was obtained as an oil (86 mg, 46% crude yield).  
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Rf: 0.22 (EtOAc). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:0.7): 2.06 (s, 

3H, CH3A), 2.38 (s, 3H, CH3B), 2.85 (s, 6H, C3’N(CH3)2B), 2.86 (s, 6H, C3’N(CH3)2A), 2.98 (s, 6H, 

N(CH3)2B), 3.04 (s, 6H, N(CH3)2A), 3.77 (s, 3H, OCH3AB), 6.14-6.31 (m, 3H, H2’AB, H4’AB, H6’AB), 

6.75 (d, J=9.0, 2H, H3B, H5B), 6.76 (d, J=8.9, 2H, H3A, H5A), 6.97-7.06 (m, 1H, H5’AB), 7.71 (d, 

J=9.0, 2H, H2B, H6B), 7.73 (d, J=8.9, 2H, H2A, H6A).  

 

3-(Dimethylamino)-2-(4-(dimethylamino)phenoxy)-1-(4-methoxyphenyl)but-2-en-

1-one, 60. Following general procedure C using compound 41 (145 mg, 0.51 mmol), crude 

compound 60 was obtained as an oil (176 mg, 98% crude yield).  

 

Rf: 0.22 (EtOAc). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:0.7): 2.06 (s, 

3H, CH3A), 2.37 (s, 3H, CH3B), 2.86 (s, 6H, C4’N(CH3)2AB), 2.99 (s, 6H, N(CH3)2B), 3.01 (s, 6H, 

N(CH3)2A), 3.77 (s, 3H, OCH3AB), 6.68-6.78 (m, 6H, H3AB, H5AB, H2’AB, H3’AB, H5’AB, H6’AB), 7.68-

7.74 (m, 2H, H2AB, H6AB).  

 

N-(2-((3-(Dimethylamino)-1-(4-methoxyphenyl)-1-oxobut-2-en-2-yl)oxy)phenyl) 

acetamide, 61. Following general procedure C using compound 42 (172 mg, 0.58 mmol), 

crude compound 61 was obtained as an oil (210 mg, 99% crude yield).  

 

Rf: 0.31 (EtOAc). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:1): 2.08 (s, 

3H, CH3A), 2.20 (s, 3H, COCH3AB), 2.39 (s, 3H, CH3B), 2.98 (s, 6H, N(CH3)2B), 3.02 (s, 6H, 

N(CH3)2A), 3.78 (s, 3H, OCH3AB), 6.69-6.85 (m, 5H, H3AB, H5AB, H4’AB, H5’AB, H6’AB), 6.48-7.57 

(m, 2H, H2AB, H6AB), 7.64 (d, J=7.9, 1H, H3’AB).  
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N-(3-((3-(Dimethylamino)-1-(4-methoxyphenyl)-1-oxobut-2-en-2-yl)oxy)phenyl) 

acetamide, 62. Following general procedure C using compound 43 (133 mg, 0.44 mmol), 

crude compound 62 was obtained as an oil (165 mg, 99% crude yield).  

 

Rf: 0.31 (EtOAc). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:1): 2.08 (s, 

3H, CH3A), 2.10 (s, 3H, COCH3AB), 2.36 (s, 3H, CH3B), 2.98 (s, 6H, N(CH3)2B), 3.01 (s, 6H, 

N(CH3)2A), 3.77 (s, 3H, OCH3AB), 6.53-6.60 (m, 1H, H6’AB), 6.75 (d, J=9.0, 2H, H3A, H5A), 6.76 

(d, J=9.0, 2H, H3B, H5B), 6.94-7.10 (m, 3H, H2’AB, H4’AB, H5’AB), 7.68 (d, J=9.0, 2H, H2B, H6B), 

7.71 (d, J=9.0, 2H, H2A, H6A). 

 

4.1.5. Synthesis of final compounds 6-24 

4-(2-Chlorophenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 6. Following 

general procedure D using enaminone 44 (260 mg, 0.75 mmol), compound 6 was obtained 

as an off-white solid (155 mg, 66%). Chromatography: hexane to hexane/EtOAc 7:3. 

 

Mp: 120-122 °C. Rf: 0.58 (EtOAc). IR (ATR, cm-1):  3115 (N-H), 1509 (C=C), 1441 (C=C), 

1244 (C-O), 832 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 2.14 (s, 3H, CH3), 3.78 (s, 3H, OCH3), 

6.70 (dd, J=8.2, 1.5, 1H, H6’’), 6.85 (d, J=8.9, 2H, H3’, H5’), 6.92 (td, J=7.7, 1.5, 1H, H4’’), 7.02-

7.10 (m, 1H, H5’’) 7.42 (dd, J=7.9, 1.6, 1H, H3’’), 7.66 (d, J=8.9, 2H, H2’, H6’). 13C-NMR (CDCl3, 

75 MHz): δ 9.8 (CH3), 55.4 (OCH3), 114.4 (C3’, 5’), 114.9 (C6’’), 122.4 (C1’), 122.5 (C2’’), 122.9 

(C4’’), 127.3 (C2’, 6’), 127.9 (C5’’), 130.7 (C3’’), 133.1, 137.1 (C4, C5), 138.4 (C3), 153.9 (C1’’), 

159.7 (C4’). HPLC (tR, min): 13.5. MS (ESI, m/z): 315.1, 317.1 [M+H]+. 

 

4-(3-Chlorophenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 7. Following 

general procedure D using enaminone 45 (332 mg, 0.96 mmol), compound 7 was obtained 

as an off-white solid (128 mg, 42%). Chromatography: hexane to hexane/EtOAc 7:3. 
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Mp: 128-130 °C. Rf: 0.67 (EtOAc). IR (ATR, cm-1):  3125 (N-H), 1590 (C=C), 1466 (C=C), 

1243 (C-O), 824 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 2.12 (s, 3H, CH3), 3.78 (s, 3H, OCH3), 

6.80-6.83 (m, 1H, H6’’), 6.85 (d, J=8.8, 2H, H3’, H5’), 6.93-7.00 (m, 2H, H2’’, H4’’), 7.17 (t, J=8.1, 

1H, H5’’), 7.60 (d, J=8.9, 2H, H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 9.9 (CH3), 55.4 (OCH3), 

113. 6 (C6’’), 114.4 (C3’, C5’), 115.8 (C2’’), 122.4 (C4’’), 122.5 (C1’), 127.3 (C2’, C6’), 130.6 (C5’’), 

132.9 (C4/C5), 135.3 (C3’’), 137.3 (C4/C5), 138.3 (C3), 159.2 (C1’’), 159.7 (C4’). HPLC (tR, min): 

13.8. MS (ESI, m/z): 315.1, 317.1 [M+H]+. 

 

4-(4-Chlorophenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 8. Following 

general procedure D using enaminone 46 (423 mg, 1.22 mmol), compound 8 was obtained 

as a white solid (131 mg, 34%). Chromatography: hexane to hexane/EtOAc 6:4. 

 

Mp: 70-72 °C. Rf: 0.72 (EtOAc). IR (ATR, cm-1):  3129 (N-H), 1480 (C=C), 1242 (C-O), 

824 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 2.09 (s, 3H, CH3), 3.77 (s, 3H, OCH3), 6.83 (d, J=8.9, 

2H, H3’, H5’), 6.86 (d, J=9.0, 2H, H2’’, H6’’), 7.19 (d, J=9.0, 2H, H3’’, H5’’), 7.59 (d, J=8.9, 2H, H2’, 

H6’). 13C-NMR (CDCl3, 75 MHz): δ 9.8 (CH3), 55.4 (OCH3), 114.4 (C3’, C5’), 116.5 (C2’’, C6’’), 

122.6 (C1’), 127.3 (C2’, C6’), 129.7 (C3’’, C5’’), 133.2 (C4’’), 136.8, 137.2 (C4, C5), 138.4 (C3), 

157.1 (C1’’), 159.6 (C4’). HPLC (tR, min): 13.8. MS (ESI, m/z): 315.1, 317.1 [M+H]+. 

 

4-(2-Fluorophenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 9. Following 

general procedure D using enaminone 47 (190 mg, 0.58 mmol), compound 9 was obtained 

as an oil (124 mg, 72%). Chromatography: hexane to hexane/EtOAc 6:4. 
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Rf: 0.47 (hexane/EtOAc 7:3). IR (ATR, cm-1):  3250 (N-H), 1497 (C=C), 1253 (C-O), 

1031 (C-F). 1H-NMR (CDCl3, 300 MHz): δ 2.09 (s, 3H, CH3), 3.75 (s, 3H, OCH3), 6.66-6.74 (m, 

1H, H6’’), 6.80 (d, J=8.8, 2H, H3’, H5’), 6.86-6.94 (m, 2H, H4’’, H5’’), 7.09-7.19 (m, 1H, H3’’), 7.65 

(d, J=8.6, 2H, H2’, H6’), 10.24 (br s, 1H, NH). 13C-NMR (CDCl3, 75 MHz): δ 9.7 (CH3), 55.3 

(OCH3), 114.3 (C3’, C5’), 115.8 (C6’’), 116.7 (d, J=17.8, C3’’), 122.4 (d, J=6.8, C4’’), 122.6 (C1’), 

124.5 (d, J=4.0, C5’’), 127.4 (C2’, C6’), 132.9, 136.9 (C4, C5), 138.4 (C3), 146.2 (d, J=10.6, C1’’), 

152.2 (d, J=246.4, C2’’), 159.5 (C4’). HPLC (tR, min): 13.2. MS (ESI, m/z): 299.1 [M+H]+. 

 

4-(3-Fluorophenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 10. Following 

general procedure D using enaminone 48 (160 mg, 0.49 mmol), compound 10 was 

obtained as an off-white solid (70 mg, 48%). Chromatography: hexane to hexane/EtOAc 

6:4. 

 

Mp: 136-139 °C. Rf: 0.43 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3250 (N-H), 1598 (C=C), 

1512 (C=C), 1252 (C-O), 1120 (C-F). 1H-NMR (CDCl3, 300 MHz): δ 2.13 (s, 3H, CH3), 3.78 (s, 

3H, OCH3), 6.65 (dt, J=10.3, 2.4, 1H, H2’’), 6.69-6.75 (m, 2H, H4’’, H6’’), 6.85 (d, J=8.7, 2H, H3’, 

H5’), 7.20 (td, J=8.3, 6.6, 1H, H5’’), 7.60 (d, J=8.9, 2H, H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 

9.8 (CH3), 55.4 (OCH3), 103.2 (d, J=25.6, C2’’), 109.1 (d, J=21.4, C4’’), 111.0 (d, J=3.0, C6’’), 

114.4 (C3’, C5’), 122.5 (C1’), 127.4 (C2’, C6’), 130.6 (d, J=9.8, C5’’), 133.0, 137.1 (C4, C5), 138.5 

(C3), 159.7 (C4’), 159.8 (d, J=10.5, C1’’), 163.8 (d, J=246.1, C3’’). HPLC (tR, min): 13.4. MS (ESI, 

m/z): 299.1 [M+H]+. 

 

4-(4-Fluorophenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 11. Following 

general procedure D using enaminone 49 (165 mg, 0.50 mmol), compound 11 was 

obtained as an oil (98 mg, 66%). Chromatography: hexane to hexane/EtOAc 6:4. 
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Rf: 0.38 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3150 (N-H), 1494 (C=C), 1248 (C-O), 

1187 (C-F). 1H-NMR (CDCl3, 300 MHz): δ 2.08 (s, 3H, CH3), 3.76 (s, 3H, OCH3), 6.82 (d, J=8.9, 

2H, H3’, H5’), 6.84-6.96 (m, 4H, H2’’, H3’’, H5’’, H6’’), 7.61 (d, J=8.9, 2H, H2’, H6’), 8.72 (br s, 1H, 

NH). 13C-NMR (CDCl3, 75 MHz): δ 9.8 (CH3), 55.3 (OCH3), 114.3 (C3’, C5’), 116.2 (d, J=23.3, 

C3’’, C5’’), 116.2 (d, J=8.2, C2’’, C6’’), 122.7 (C1’), 127.3 (C2’, C6’), 133.6, 137.1 (C4, C5), 138.3 

(C3), 154.5 (d, J=2.3, C1’’), 158.0 (d, J=239.3, C4’’), 159.6 (C4’). HPLC (tR, min): 13.3. MS (ESI, 

m/z): 299.1 [M+H]+. 

 

3-(4-Methoxyphenyl)-5-methyl-4-(2-(trifluoromethyl)phenoxy)-1H-pyrazole, 12. 

Following general procedure D using enaminone 50 (135 mg, 0.36 mmol), compound 12 

was obtained as an oil (16 mg, 13%). Chromatography: hexane to hexane/EtOAc 6:4. 

 

Rf: 0.32 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3138 (N-H), 1457 (C=C), 1244 (C-O), 

1114 (C-O), 1033 (C-F). 1H-NMR (CDCl3, 300 MHz): 2.09 (s, 3H, CH3), 3.76 (s, 3H, OCH3), 

6.74 (d, J=8.4, 1H, H6’’), 6.83 (d, J=9.0, 2H, H3’, H5’), 7.03 (t, J=7.7, 1H, H4’’), 7.27-7.33 (m, 

1H, H5’’), 7.59-7.70 (m, 3H, H2’, H6’, H3’’). 13C-NMR (CDCl3, 75 MHz): δ 9.7 (CH3), 55.3 (OCH3), 

114.3 (C6’’), 114.4 (C3’, C5’), 118.8 (q, J=31.4, C2’’), 121.5 (C4’’), 122.4 (C1’), 123.8 (d, J=272.4, 

CF3), 127.3 (C2’, C6’), 127.4 (C3’’), 132.3 (C4/C5), 133.5 (C5’’), 137.0 (C4/C5), 138.6 (C3), 156.0 

(C1’’), 159.7 (C4’). HPLC (tR, min): 13.9. MS (ESI, m/z): 349.1 [M+H]+. 

 

3-(4-Methoxyphenyl)-5-methyl-4-(3-(trifluoromethyl)phenoxy)-1H-pyrazole, 13. 

Following general procedure D using enaminone 51 (93 mg, 0.25 mmol), compound 13 

was obtained as a white solid (21 mg, 25%). Chromatography: hexane to hexane/EtOAc 

6:4. 
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Mp: 105-108 °C. Rf: 0.42 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3136 (N-H), 1448 (C=C), 

1244 (C-O), 1164 (C-O), 1119 (C-F). 1H-NMR (CDCl3, 300 MHz): 2.11 (s, 3H, CH3), 3.77 (s, 

3H, OCH3), 6.46 (br s, 1H, NH), 6.84 (d, J=8.9, 2H, H3’, H5’), 7.07 (dd, J=8.2, 2.0, 1H, H6’’), 

7.20-7.27 (m, 2H, H2’’, H4’’), 7.35 (t, J=7.9, 1H, H5’’), 7.60 (d, J=8.9, 2H, H2’, H6’). 13C-NMR 

(CDCl3, 75 MHz): δ 9.9 (CH3), 55.4 (OCH3), 112.4 (q, J=3.9, C2’’), 114.4 (C3’, C5’), 118.3 (C6’’), 

119.0 (q, J=3.9, C4’’), 122.3 (C1’), 123.9 (q, J=272.5, CF3), 127.4 (C2’, C6’), 130.4 (C5’’), 132.3 

(q, J=32.5, C3’’), 132.7, 137.0 (C4, C5), 138.6 (C3), 158.6 (C1’’), 159.8 (C4’). HPLC (tR, min): 

14.0. MS (ESI, m/z): 349.1 [M+H]+. 

 

3-(4-Methoxyphenyl)-5-methyl-4-(4-(trifluoromethyl)phenoxy)-1H-pyrazole, 14. 

Following general procedure D using enaminone 52 (78 mg, 0.21 mmol), compound 14 

was obtained as a white solid (8 mg, 11%). Chromatography: hexane to hexane/EtOAc 6:4. 

 

Mp: 167 °C. Rf: 0.54 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3209 (N-H), 1245 (C-O), 

1103 (C-O), 1064 (C-F). 1H-NMR (CDCl3, 300 MHz): 2.12 (s, 3H, CH3), 3.78 (s, 3H, OCH3), 

6.11 (br s, 1H, NH), 6.85 (d, J=8.9, 2H, H3’, H5’), 7.00 (d, J=8.4, 2H, H2’’, H6’’), 7.51 (d, J=8.5, 

2H, H3’’, H5’’), 7.59 (d, J=8.9, 2H, H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 9.8 (CH3), 55.4 (OCH3), 

114.5 (C3’, C5’), 115.3 (C2’’, C6’’), 120.7 (q, J=271.1, CF3), 122.2 (C1’), 124.5 (q, J=32.7, C4’’), 

127.34 (C2’, C6’), 127.35 (q, J=3.6, C3’’, C5’’), 132.7, 137.1 (C4, C5), 138.5 (C3), 159.8 (C4’), 160.9 

(d, J=1.2, C1’’). HPLC (tR, min): 14.0. MS (ESI, m/z): 349.1 [M+H]+. 

 

3-(4-Methoxyphenyl)-5-methyl-4-(o-tolyloxy)-1H-pyrazole, 15. Following general 

procedure D using enaminone 53 (106 mg, 0.33 mmol), compound 15 was obtained as an 

off-white solid (15 mg, 16%). Chromatography: hexane to hexane/EtOAc 6:4. 
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Mp: 104 °C. Rf: 0.34 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3140 (N-H), 1486 (C=C), 

1242 (C-O), 1177 (C-O). 1H-NMR (CDCl3, 300 MHz): 2.09 (s, 3H, CH3pyr), 2.44 (s, 3H, CH3Ar), 

3.77 (s, 3H, OCH3), 6.61 (dd, J=8.2, 1.3, 1H, H6’’), 6.84 (d, J=8.8, 2H, H3’, H5’), 6.90 (td, J=7.4, 

1.3, 1H, H4’’), 6.96-7.06 (m, 1H, H5’’), 7.21 (dd, J=7.3, 1.8, 1H, H3’’), 7.63 (d, J=8.9, 2H, H2’, 

H6’), 7.85 (br s, 1H, NH). 13C-NMR (CDCl3, 75 MHz): δ 9.8 (CH3pyr), 16.5 (CH3Ar), 55.4 (OCH3), 

112.9 (C6’’), 114.3 (C3’, C5’), 121.9 (C4’’), 122.7 (C1’), 126.5 (C2’’), 127.0 (C5’’), 127.3 (C2’, C6’), 

131.2 (C3’’), 133.3, 137.2 (C4, C5), 138.4 (C3), 156.5 (C1’’), 159.6 (C4’). HPLC (tR, min): 13.8. 

MS (ESI, m/z): 295.2 [M+H]+. 

 

3-(4-Methoxyphenyl)-5-methyl-4-(m-tolyloxy)-1H-pyrazole, 16. Following general 

procedure D using enaminone 54 (150 mg, 0.46 mmol), compound 16 was obtained as an 

off-white solid (52 mg, 38%). Chromatography: hexane to hexane/EtOAc 6:4. 

 

Mp: 107 °C. Rf: 0.38 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3137 (N-H), 1512 (C=C), 

1250 (C-O). 1H-NMR (CDCl3, 300 MHz): 2.09 (s, 3H, CH3pyr), 2.30 (s, 3H, CH3Ar), 3.75 (s, 3H, 

OCH3), 6.72-6.82 (m, 3H, H2’’, H4’’, H6’’), 6.81 (d, J=8.8, 2H, H3’, H5’), 7.14 (t, J=8.1, 1H, H5’’), 

7.65 (d, J=8.9, 2H, H2’, H6’), 10.28 (br s, 1H, NH). 13C-NMR (CDCl3, 75 MHz): δ 9.8 (CH3pyr), 

21.6 (CH3Ar), 55.3 (OCH3), 112.1 (C6’’), 114.2 (C3’, C5’), 115.9 (C2’’), 122.8 (C4’’), 122.9 (C1’), 

127.4 (C2’, C6’), 129.5 (C5’’), 133.3, 137.1 (C4, C5), 138.5 (C3), 139.9 (C3’’), 158.5 (C1’’), 159.4 

(C4’). HPLC (tR, min): 13.7. MS (ESI, m/z): 295.2 [M+H]+. 

 

3-(4-Methoxyphenyl)-5-methyl-4-(p-tolyloxy)-1H-pyrazole, 17. Following general 

procedure D using enaminone 55 (100 mg, 0.31 mmol), compound 17 was obtained as an 

oil (22 mg, 24%). Chromatography: hexane to hexane/EtOAc 6:4. 
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Rf: 0.33 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3139 (N-H), 1500 (C=C), 1243 (C-O), 

1205 (C-O). 1H-NMR (CDCl3, 300 MHz): 2.09 (s, 3H, CH3pyr), 2.28 (s, 3H, CH3Ar), 3.76 (s, 3H, 

OCH3), 6.81 (d, J=8.9, 2H, H3’, H5’), 6.83 (d, J=8.6, 2H, H2’’, H6’’), 7.04 (d, J=8.7, 2H, H3’’, H5’’), 

7.64 (d, J=9.0, 2H, H2’, H6’), 9.35 (br s, 1H, NH). 13C-NMR (CDCl3, 75 MHz): δ 9.9 (CH3pyr), 

20.6 (CH3Ar), 55.3 (OCH3), 114.2 (C3’, C5’), 115.0 (C2’’, C6’’), 122.9 (C1’), 127.4 (C2’, C6’), 130.2 

(C3’’, C5’’), 131.3 (C4’’), 133.5, 137.1 (C4, C5), 138.5 (C3), 156.5 (C1’’), 159.4 (C4’). HPLC (tR, 

min): 13.8. MS (ESI, m/z): 295.2 [M+H]+. 

 

4-(2-Methoxyphenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 18. Following 

general procedure D using enaminone 56 (330 mg, 0.97 mmol), compound 18 was 

obtained as an off-white solid (122 mg, 41%). Chromatography: hexane to hexane/EtOAc 

6:4. 

 

Mp: 114 °C. Rf: 0.24 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3142 (N-H), 1497 (C=C), 

1243 (C-O), 1173 (C-O), 1025 (C-O). 1H-NMR (CDCl3, 300 MHz): 2.12 (s, 3H, CH3), 3.77 (s, 

3H, C4’OCH3), 3.98 (s, 3H, C2’’OCH3), 6.67 (dd, J=7.8, 1.3, 1H, H6’’), 6.72-6.79 (m, 1H, H4’’/H5’’), 

6.84 (d, J=8.9, 2H, H3’, H5’), 6.91-6.96 (m, 2H, H3’’, H4’’/H5’’), 7.65 (d, J=8.9, 2H, H2’, H6’). 13C-

NMR (CDCl3, 75 MHz): δ 9.9 (CH3), 55.4 (C4’OCH3), 56.3 (C2’’OCH3), 112.4 (C3’’), 114.3 (C3’, 

C5’), 114.4 (C6’’), 121.0, 122.4 (C4’’, C5’’), 122.9 (C1’), 127.2 (C2’, C6’), 133.6, 137.2 (C4, C5), 

138.4 (C3), 147.8 (C1’’), 149.1 (C2’’), 159.5 (C4’). HPLC (tR, min): 12.6. MS (ESI, m/z): 311.2 

[M+H]+. 

 

4-(3-Methoxyphenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 19. Following 

general procedure D using enaminone 57 (160 mg, 0.47 mmol), compound 19 was 
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obtained as an off-white solid (44 mg, 30%). Chromatography: hexane to hexane/EtOAc 

6:4. 

 

Mp: 110 °C. Rf: 0.28 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3144 (N-H), 1487 (C=C), 

1242 (C-O), 1131 (C-O), 1031 (C-O). 1H-NMR (CDCl3, 300 MHz): 2.10 (s, 3H, CH3), 3.75 (s, 

3H, OCH3), 3.76 (s, 3H, OCH3), 6.49-6.59 (m, 3H, H2’’, H4’’, H6’’), 6.82 (d, J=9.1, 2H, H3’, H5’), 

7.09-7.20 (m, 1H, H5’’), 7.62 (d, J=8.8, 2H, H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 9.8 (CH3), 

55.3 (OCH3), 55.4 (OCH3), 101.7 (C2’’), 107.5 (C4’’, C6’’), 114.3 (C3’, C5’), 122.8 (C1’), 127.4 (C2’, 

C6’), 130.2 (C5’’), 133.2, 137.1 (C4, C5), 138.5 (C3), 159.5, 159.8 (C3’’, C4’), 161.1 (C1’’). HPLC 

(tR, min): 13.3. MS (ESI, m/z): 311.2 [M+H]+. 

 

4-(4-Methoxyphenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 20. Following 

general procedure D using enaminone 58 (130 mg, 0.38 mmol), compound 20 was 

obtained as an off-white solid (73 mg, 32%). Chromatography: hexane to hexane/EtOAc 

6:4. 

 

Mp: 115 °C. Rf: 0.26 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3132 (N-H), 1496 (C=C), 

1234 (C-O), 1197 (C-O), 1030 (C-O). 1H-NMR (CDCl3, 300 MHz): 2.11 (s, 3H, CH3), 3.75 (s, 

3H, C4’’OCH3), 3.78 (s, 3H, C4’OCH3), 6.78 (d, J=9.3, 2H, H3’’, H5’’), 6.86 (d, J=8.9, 2H, H3’, H5’), 

6.87 (d, J=9.3, 2H, H2’’, H6’’), 7.64 (d, J=8.9, 2H, H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 9.9 

(CH3), 55.4 (C4’OCH3), 55.8 (C4’’OCH3), 114.3 (C3’, C5’), 114.8 (C3’’, C5’’), 116.0 (C2’’, C6’’), 122.9 

(C1’), 127.3 (C2’, C6’), 133.9, 137.2 (C4, C5), 138.3 (C3), 152.5 (C1’’), 154.7 (C4’’), 159.6 (C4’). 

HPLC (tR, min): 12.9. MS (ESI, m/z): 311.2 [M+H]+. 

 

3-((3-(4-Methoxyphenyl)-5-methyl-1H-pyrazol-4-yl)oxy)-N,N-dimethylaniline, 21. 

Following general procedure D using enaminone 59 (86 mg, 0.24 mmol), compound 21 



Experimental section 

104 

was obtained as an off-white solid (20 mg, 26%). Chromatography: hexane to 

hexane/EtOAc 7:3. 

 

Mp: 139-141 °C. Rf: 0.28 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3200 (N-H), 1613 (C=C), 

1502 (C=C), 1248 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 2.14 (s, 3H, CH3), 2.91 (s, 6H, 

N(CH3)2), 3.78 (s, 3H, OCH3), 6.24 (ddd, J=8.1, 2.2, 0.9, 1H, H6’’), 6.34-6.41 (m, 2H, H2’’, H4’’), 

6.86 (d, J=8.9, 2H, H3’, H5’), 7.09 (dd, J=8.9, 8.1, 1H, H5’’), 7.64 (d, J=8.8, 2H, H2’, H6’). 13C-

NMR (CDCl3, 75 MHz): δ 10.0 (CH3), 40.6 (N(CH3)2), 55.4 (OCH3), 99.9 (C2’’), 103.0 (C6’’), 

106.6 (C4’’), 114.4 (C3’, C5’), 122.9 (C1’), 127.3 (C2’, C6’), 130.0 (C5’’), 133.5, 137.5 (C4, C5), 

138.5 (C3), 152.1 (C3’’), 159.5, 159.6 (C1’’, C4’). HPLC (tR, min): 15.0. MS (ESI, m/z): 324.3 

[M+H]+. 

 

4-((3-(4-Methoxyphenyl)-5-methyl-1H-pyrazol-4-yl)oxy)-N,N-dimethylaniline, 22. 

Following general procedure D using enaminone 60 (176 mg, 0.50 mmol), compound 22 

was obtained as an oil (20 mg, 13%). Chromatography: hexane to hexane/EtOAc 6:4. 

 

Rf: 0.24 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3250 (N-H), 1505 (C=C), 1245 (C-O). 1H-

NMR (CDCl3, 300 MHz): δ 2.11 (s, 3H, CH3), 2.87 (s, 6H, N(CH3)2), 3.78 (s, 3H, OCH3), 6.70 

(d, J=9.2, 2H, H3’’, H5’’), 6.85 (d, J=9.3, 2H, H2’’, H6’’), 6.86 (d, J=8.9, 2H, H3’, H5’), 7.66 (d, 

J=8.9, 2H, H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 10.0 (CH3), 41.8 (N(CH3)2), 55.4 (OCH3), 

114.3 (C3’, C5’), 114.7 (C3’’, C5’’), 115.9 (C2’’, C6’’), 122.9 (C1’), 127.3 (C2’, C6’), 134.2, 137.3 (C4, 

C5), 138.2 (C3), 146.3 (C4’’), 150.8 (C1’’), 159.5 (C4’). HPLC (tR, min): 10.0. MS (ESI, m/z): 

324.3 [M+H]+. 
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N-(2-((3-(4-Methoxyphenyl)-5-methyl-1H-pyrazol-4-yl)oxy)phenyl)acetamide, 23. 

Following general procedure D using enaminone 61 (210 mg, 0.57 mmol), compound 23 

was obtained as an off-white solid (90 mg, 47%). Chromatography: hexane to 

hexane/EtOAc 7:3. 

 

Mp: 223-225 °C. Rf: 0.55 (EtOAc). IR (ATR, cm-1):  3226 (N-H), 1668 (C=O), 1604 

(C=C), 1530 (C=C), 1449 (C-N), 1248 (C-O). 1H-NMR (DMSO-d6, 300 MHz): δ 2.00 (br s, 3H, 

CH3pyr), 2.16 (s, 3H, CH3CO), 3.72 (s, 3H, OCH3), 6.52-6.59 (m, 1H, H6’’), 6.80-7.02 (m, 4H, 

2HAr, H3’, H5’, H4’’, H5’’), 7.65 (br s, 2H, H2’, H6’), 8.00 (br s, 1H, H3’’), 9.61 (s, 1H, NHCO), 12.65 

(s, 1H, NHpyr). 13C-NMR (DMSO-d6, 75 MHz): δ 9.0 (CH3pyr), 23.8 (CH3CO), 55.1 (OCH3), 

112.9 (C6’’), 113.9 (br s, C3’, C5’), 121.6 (C4’’/C5’’), 123.1 (C3’’), 124.3 (C4’’/C5’’), 125.0 (C1’), 

126.5 (br s, C2’, C6’), 127.6 (C2’’), 132.1, 134.0, 137.9 (C3, C4, C5), 158.6, 158.9 (C1’’, C4’), 168.8 

(C=O). HPLC (tR, min): 11.5. MS (ESI, m/z): 338.2 [M+H]+. 

 

N-(3-((3-(4-Methoxyphenyl)-5-methyl-1H-pyrazol-4-yl)oxy)phenyl)acetamide, 24. 

Following general procedure D using enaminone 62 (165 mg, 0.45 mmol), compound 24 

was obtained as a white solid (80 mg, 53%). Chromatography: hexane to hexane/EtOAc 

6:4. 

 

Mp: 223-225 °C. Rf: 0.23 (EtOAc). IR (ATR, cm-1):  3300 (N-H), 1668 (C=O), 1602 

(C=C), 1487 (C-N), 1252 (C-O). 1H-NMR (methanol-d4, 300 MHz): δ 2.06 (s, 3H, CH3CO), 

2.10 (s, 3H, CH3pyr), 3.76 (s, 3H, OCH3), 6.65 (dt, J=7.0, 2.5, 1H, H6’’), 6.88 (d, J=8.9, 2H, H3’, 

H5’), 7.14-7.25 (m, 3H, H2’’, H4’’, H5’’), 7.61 (d, J=8.9, 2H, H2’, H6’), 7.90 (s, 1H, NHCO). 13C-

NMR (methanol-d4, 75 MHz): δ 9.5 (CH3pyr), 23.8 (CH3CO), 55.7 (OCH3), 107.7 (C4’’), 111.6 

(C6’’), 114.6 (C2’’), 115.1 (C3’, C5’), 123.6 (C1’), 128.3 (C2’, C6’), 130.9 (C5’’), 134.0, 137.9 (C4, 
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C5), 141.4 (C3’’), 160.2 (C1’’), 161.0 (C4’), 171.7 (C=O), C3 was not observed. HPLC (tR, min): 

11.5. MS (ESI, m/z): 338.2 [M+H]+. 

 

4.1.6. Synthesis of intermediate ketones 69-74 

2-(2,4-Dichlorophenoxy)-1-(4-methoxyphenyl)ethan-1-one, 69. Following general 

procedure B using 2,4-dichlorophenol (1.00 g, 6.13 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (1.40 g, 6.13 mmol), compound 69 was obtained as a white 

solid (1.53 g, 80%). Chromatography: hexane to hexane/EtOAc 8:2. 

 

Mp: 110-112 °C. Rf: 0.40 (hexane/EtOAc 8:2). IR (ATR, cm-1):  1691 (C=O), 1231 (C-

O). 1H-NMR (CDCl3, 300 MHz): δ 3.88 (s, 3H, CH3), 5.27 (s, 2H, CH2), 6.77 (d, J=8.8, 1H, H6’), 

6.96 (d, J=9.0, 2H, H3, H5), 7.12 (dd, J=8.8, 2.5, 1H, H5’), 7.37 (d, J=2.5, 1H, H3’), 7.99 (d, 

J=9.0, 2H, H2, H6). 13C-NMR (CDCl3, 75 MHz): δ 55.7 (CH3), 72.0 (CH2), 114.2 (C3, C5), 115.0 

(C6’), 124.2 (C2’), 126.9 (C4’), 127.4 (C1), 127.7 (C5’), 130.4 (C3’), 130.8 (C2, C6), 152.8 (C1’), 

164.4 (C4), 192.3 (C=O). HPLC (tR, min): 15.4. MS (ESI, m/z): 311.1, 313.0, 315.1 [M+H]+. 

 

2-(3,5-Dichlorophenoxy)-1-(4-methoxyphenyl)ethan-1-one, 70. Following general 

procedure B using 3,5-dichlorophenol (250 mg, 1.53 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (351 mg, 1.53 mmol), compound 70 was obtained as a white 

solid (324 mg, 68%). Chromatography: hexane to hexane/EtOAc 9:1. 

 

Mp: 96-98 °C. Rf: 0.38 (hexane/EtOAc 8:2). IR (ATR, cm-1):  1700 (C=O), 1550 (C=C), 

1290 (C-O), 780 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 3.90 (s, 3H, CH3), 5.22 (s, 2H, CH2), 

6.83 (d, J=1.8, 2H, H2’, H6’), 6.94-7.02 (m, 2H, H3, H5, H4’) 7.97 (d, J=9.0, 2H, H2, H6). 13C-

NMR (CDCl3, 75 MHz): δ 55.7 (CH3), 70.8 (CH2), 114.1 (C2’, C6’), 114.3 (C3, C5), 122.1 (C4’), 

127.3 (C1), 130.6 (C2, C6), 135.6 (C3’, C5’), 159.3 (C1’), 164.4 (C4), 191.7 (C=O). HPLC (tR, min): 

15.4. MS (ESI, m/z): 311.1, 313.1, 315.1 [M+H]+. 
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2-(3,4-Dichlorophenoxy)-1-(4-methoxyphenyl)ethan-1-one, 71. Following general 

procedure B using 3,4-dichlorophenol (150 mg, 0.92 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (211 mg, 0.92 mmol), compound 71 was obtained as a white 

solid (134 mg, 47%). Chromatography: hexane to hexane/EtOAc 8:2. 

 

Mp: 102-104 °C. Rf: 0.51 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1686 (C=O), 1598 

(C=C), 1470 (C=C), 1219 (C-O), 832 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 3.89 (s, 3H, CH3), 

5.21 (s, 2H, CH2), 6.80 (dd, J=8.9, 2.9, 1H, H6’), 6.98 (d, J=9.0, 2H, H3, H5), 7.03 (d, J=2.9, 1H, 

H2’), 7.32 (d, J=8.9, 1H, H5’), 7.97 (d, J=9.0, 2H, H2, H6).13C-NMR (CDCl3, 75 MHz): δ 55.7 

(CH3), 70.9 (CH2), 114.3 (C3, C5), 114.8 (C6’), 117.0 (C2’), 125.1 (C4’), 127.4 (C1), 130.6 (C2, 

C6), 130.9 (C5’), 133.1 (C3’), 157.3 (C1’), 164.4 (C4), 192.2 (C=O). HPLC (tR, min): 15.0. MS 

(ESI, m/z): 311.1, 313.1, 315.1 [M+H]+. 

 

2-(2,5-Dichlorophenoxy)-1-(4-methoxyphenyl)ethan-1-one, 72. Following general 

procedure B using 2,5-dichlorophenol (200 mg, 1.23 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (281 mg, 1.23 mmol), compound 72 was obtained as a white 

solid (220 mg, 58%). Chromatography: hexane to hexane/EtOAc 9:1. 

 

Mp: 120-123 °C. Rf: 0.6 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1687(C=O), 1599 (C=C), 

1478 (C=C), 1230 (C-O), 1172 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 3.89 (s, 3H, CH3), 5.29 (s, 

2H, CH2), 6.83 (d, J=2.3, 1H, H6’), 6.91 (dd, J=8.5, 2.2, 1H, H4’), 6.97 (d, J=9.0, 2H, H3, H5), 

7.30 (d, J=8.5, 1H, H3’), 8.00 (d, J=9.0, 2H, H2, H6). 13C-NMR (CDCl3, 75 MHz): δ 55.7 (CH3), 

71.7 (CH2), 114.3 (C3, C5), 114.6 (C6’), 121.8 (C2’), 122.5 (C4’), 127.4 (C1), 130.8 (C2, C6), 131.2 

(C3’), 133.2 (C5’), 154.4 (C1’), 164.4 (C4), 191.8 (C=O). HPLC (tR, min): 15.0. MS (ESI, m/z): 

311.1, 313.1, 315.1 [M+H]+. 

 

2-(2,4-Difluorophenoxy)-1-(4-methoxyphenyl)ethan-1-one, 73. Following general 

procedure B using 2,4-difluorophenol (1.00 g, 7.70 mmol) and 2-bromo-1-(4-
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methoxyphenyl)ethanone (1.76 g, 7.70 mmol), compound 73 was obtained as a white 

solid (560 mg, 26%). Chromatography: hexane/EtOAc 9:1 to 8:2. 

 

Mp: 151-153 °C. Rf: 0.79 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1631 (C=O), 1230 (C-

O). 1H-NMR (CDCl3, 300 MHz): δ 3.88 (s, 3H, CH3), 5.26 (s, 2H, CH2), 6.75 (dddd, J=9.2, 7.8, 

3.0, 1.7, 1H, H5’), 6.81-6.94 (m, 2H, H3’, H6’), 6.96 (d, J=9.0, 2H, H3, H5), 7.97 (d, J=9.0, 2H, 

H2, H6). 13C-NMR (CDCl3, 75 MHz): δ 55.7 (CH3), 73.0 (CH2), 105.3 (dd, J=26.9, 22.2, C3’), 

110.5 (dd, J=22.6, 4.0, C5’), 114.2 (C3, C5), 117.5 (dd, J=9.6, 2.7, C6’), 127.5 (C1), 130.6 (C2, 

C6), 142.9 (dd, J=10.6, 3.5, C1’), 153.0 (dd, J=249.8, 12.3, C2’), 157.3 (dd, J=242.8, 10.7, C4’), 

164.3 (C4), 192.6 (C=O). HPLC (tR, min): 13.9. MS (ESI, m/z): 279.0 [M+H]+. 

 

2-(3,4-Difluorophenoxy)-1-(4-methoxyphenyl)ethan-1-one, 74. Following general 

procedure B using 3,4-difluorophenol (200 mg, 1.54 mmol) and 2-bromo-1-(4-

methoxyphenyl)ethanone (352 mg, 1.54 mmol), compound 74 was obtained as an off-

white solid (247 mg, 58%). Chromatography: hexane to hexane/EtOAc 7:3. 

 

Mp: 92-93 °C. Rf: 0.43 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1689 (C=O), 1599 (C=C), 

1511 (C=C), 1237 (C-O), 1159 (C-F). 1H-NMR (CDCl3, 300 MHz): 3.89 (s, 3H, CH3), 5.19 (s, 

2H, CH2), 6.63 (dtd, J=9.1, 3.2, 1.7, 1H, H6’), 6.77 (ddd, J=11.7, 6.5, 3.0, 1H, H2’), 6.97 (d, 

J=9.0, 2H, H3, H5), 7.05 (dt, J=10.0, 9.0, 1H, H5’), 7.97 (d, J=9.0, 2H, H2, H6). 13C-NMR (CDCl3, 

75 MHz): δ 55.7 (CH3), 71.3 (CH2), 109.9 (d, J=20.5, C2’), 110.2 (dd, J=5.9, 3.5, C6’), 114.3 

(C3, C5), 117.4 (dd, J=18.7, 1.6, C5’), 127.5 (C1), 130.6 (C2, C6), 145.9 (dd, J=241.8, 12.8, 

C3’/C4’), 150.7 (dd, J=248.6, 14.0, C3’/C4’), 154.6 (C1’), 164.4 (C4), 195.5 (C=O). HPLC (tR, 

min): 13.9. MS (ESI, m/z): 279.0 [M+H]+. 

 

4.1.7. Synthesis of intermediate enaminones 75-80 

4-(2,4-Dichlorophenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 75. 

Following general procedure C using compound 69 (263 mg, 0.85 mmol), crude compound 

75 was obtained as an oil (168 mg, 52% crude yield).  
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Rf: 0.30 (EtOAc). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:1): 2.04 (s, 

3H, CH3A), 2.40 (s, 3H, CH3B), 2.99 (s, 6H, N(CH3)2B), 3.02 (s, 6H, N(CH3)2A), 3.78 (s, 3H, 

OCH3AB), 6.74-6.77 (m, 3H, H3AB, H5AB, H6’B), 6.80 (d, J=9.0, 1H, H6’A), 6.99 (dd, J=8.9, 2.5, 1H, 

H5’A), 7.00 (dd, J=8.9, 2.5, 1H, H5’B), 7.17-7.20 (m, 1H, H3’AB), 7.73 (d, J=8.9, 2H, H2B, H6B), 

7.77 (d, J=8.9, 2H, H2A, H6A).  

 

2-(3,5-Dichlorophenoxy)-3-(dimethylamino)-1-(4-methoxyphenyl)but-2-en-1-one, 

76. Following general procedure C using compound 70 (156 mg, 0.50 mmol), crude 

compound 76 was obtained as an oil (188 mg, 99% crude yield).  

 

Rf: 0.54 (EtOAc). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:0.8): 2.06 (s, 

3H, CH3A), 2.38 (s, 3H, CH3B), 2.99 (s, 6H, N(CH3)2B), 3.02 (s, 6H, N(CH3)2A), 3.79 (s, 3H, 

OCH3AB), 6.70 (d, J=1.8, 2H, H2’B, H6’B), 6.73 (d, J=1.8, 3H, H2’A, H6’A), 6.76-6.81 (m, 2H, H3AB, 

H5AB), 6.83-6.85 (m, 1H, H4’AB), 7.64 (d, J=8.9, 2H, H2B, H6B), 7.68 (d, J=9.0, 2H, H2A, H6A).  

 

2-(3,4-Dichlorophenoxy)-3-(dimethylamino)-1-(4-methoxyphenyl)but-2-en-1-one, 

77. Following general procedure C using compound 71 (400 mg, 1.29 mmol), crude 

compound 77 was obtained as an oil (500 mg, 99% crude yield).  

 

Rf: 0.41 (EtOAc). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:0.7): 2.03 (s, 

3H, CH3A), 2.38 (s, 3H, CH3B), 2.98 (s, 6H, N(CH3)2B), 3.01 (s, 6H, N(CH3)2A), 3.79 (s, 3H, 

OCH3AB), 6.65 (dd, J=8.9, 2.9, H6’B), 6.68 (dd, J=8.9, 2.9, 1H, H6’A), 6.77 (d, J=9.0, 2H, H3AB, 

H5AB), 6.90 (d, J=2.9, 1H, H2’B), 6.93 (d, J=2.8, 1H, H2’A), 7.17 (d, J=8.9, 1H, H5’A), 7.18 (d, 

J=8.8, 1H, H5’B), 7.65 (d, J=9.1, 2H, H2B, H6B), 7.68 (d, J=8.9, 2H, H2A, H6A).  
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2-(2,5-Dichlorophenoxy)-3-(dimethylamino)-1-(4-methoxyphenyl)but-2-en-1-one, 

78. Following general procedure C using compound 72 (195 mg, 0.63 mmol), crude 

compound 78 was obtained as an oil (220 mg, 92% crude yield).  

 

Rf: 0.25 (hexane/EtOAc 1:1). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B: 

(1:0.7) 2.06 (s, 3H, CH3A), 2.42 (s, 3H, CH3B), 3.01 (s, 6H, N(CH3)2A), 3.03 (s, 6H, N(CH3)2B), 

3.78 (s, 3H, OCH3AB), 6.76 (d, J=9.0, 2H, H3B, H5B), 6.77 (d, J=9.0, 2H, H3A, H5A), 6.83 (d, J=2.4, 

1H, H6’AB), 6.86-6.91 (m, 2H, H3’AB, H4’AB), 7.74 (d, J=8.9, 2H, H2B, H6B), 7.77 (d, J=8.9, 2H, H2A, 

H6A).  

 

4-(2,4-Difluorophenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 79. 

Following general procedure C using compound 73 (200 mg, 0.72 mmol), crude compound 

79 was obtained as an oil (100 mg, 40% crude yield).  

 

Rf: 0.17 (hexane/EtOAc 4:6). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.7): 2.08 (s, 3H, CH3A), 2.37 (s, 3H, CH3B), 3.01 (s, 6H, N(CH3)2AB), 3.78 (s, 3H, OCH3AB), 

6.55-6.87 (m, 3H, H3’AB, H5’AB, H6’AB), 6.76 (d, J=8.8, 2H, H3AB, H5AB), 7.69-7.75 (m, 2H, H2AB, 

H6AB). 

 

2-(3,4-Difluorophenoxy)-3-(dimethylamino)-1-(4-methoxyphenyl)but-2-en-1-one, 

80. Following general procedure C using compound 74 (200 mg, 0.72 mmol), crude 

compound 80 was obtained as an oil (250 mg, 99% crude yield).  

 

Rf: 0.12 (hexane/EtOAc 1:1). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.7): 2.05 (s, 3H, CH3A), 2.37 (s, 3H, CH3B), 2.99 (s, 6H, N(CH3)2B), 3.01 (s, 6H, N(CH3)2A), 
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3.78 (s, 3H, OCH3AB), 6.43-6.57 (m, 1H, H6’AB), 6.56-6.69 (m, 1H, H2’AB), 6.76 (d, J=8.9, 2H, 

H3AB, H5AB), 6.85-6.97 (m, 1H, H5’AB), 7.64 (d, J=8.8, 2H, H2B, H6B), 7.67 (d, J=8.8, 2H, H2A, H6A). 

 

4.1.8. Synthesis of final compounds 63-68 

4-(2,4-Dichlorophenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 63. 

Following general procedure D using enaminone 75 (154 mg, 0.41 mmol), compound 63 

was obtained as an oil (63 mg, 44%). Chromatography: hexane to hexane/EtOAc 7:3. 

 

Rf: 0.16 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3133 (N-H), 1251 (C-O). 1H-NMR (CDCl3, 

300 MHz): δ 2.13 (s, 3H, CH3), 3.79 (s, 3H, OCH3), 6.60 (d, J=8.9, 1H, H6’’), 6.86 (d, J=9.0, 

2H, H3’, H5’), 7.00 (dd, J=8.9, 2.5, 1H, H5’’), 7.42 (d, J=2.5, 1H, H3’’), 7.62 (d, J=9.0, 2H, H2’, 

H6’). 13C-NMR (CDCl3, 75 MHz): δ 9.7 (CH3), 55.4 (OCH3), 114.5 (C3’, C5’), 115.6 (C6’’), 122.1 

(C1’), 123.3 (C2’’), 127.26 (C2’, C6’), 127.32 (C4’’), 127.9 (C5’’), 130.4 (C3’’), 132.9, 137.0 (C4, C5), 

138.3 (C3), 152.7 (C1’’), 159.9 (C4’). HPLC (tR, min): 15.0. MS (ESI, m/z): 349.1, 351.0, 353.0 

[M+H]+. 

 

4-(3,5-Dichlorophenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 64. 

Following general procedure D using enaminone 76 (184 mg, 0.48 mmol), compound 64 

was obtained as a white solid (46 mg, 27%). Chromatography: hexane to hexane/EtOAc 

7:3. 

 

Mp: 171-173 °C. Rf: 0.76 (EtOAc). IR (ATR, cm-1):  3117 (N-H), 1574 (C=C), 1244 (C-

O), 831 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 2.15 (s, 3H, CH3), 3.81 (s, 3H, OCH3), 6.84 (d, 

J=1.8, 2H, H2’’, H6’’), 6.90 (d, J=9.0, 2H, H3’, H5’), 7.00 (t, J=1.8, 1H, H4’’), 7.57 (d, J=9.0, 2H, 
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H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 9.9 (CH3), 55.4 (OCH3), 114.3 (C2’’, C6’’), 114.5 (C3’, C5’), 

122.3 (C1’), 122.7 (C4’’), 127.3 (C2’, C6’), 132.5 (C4/C5), 135.9 (C3’’, C5’’), 136.9 (C4/C5), 138.5 

(C3), 159.5 (C1’’), 159.8 (C4’). HPLC (tR, min): 15.0. MS (ESI, m/z): 349.1, 351.0, 353.0 

[M+H]+. 

 

4-(3,4-Dichlorophenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 65 (UCM-

22018). Following general procedure D using enaminone 77 (260 mg, 0.68 mmol), 

compound 65 was obtained as a white solid (99 mg, 42%). Chromatography: hexane to 

hexane/EtOAc 6:4. 

 

Mp: 152 °C. Rf: 0.33 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3146 (N-H), 1463 (C=C), 

1249 (C-O), 1118 (C-O), 833 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 2.13 (s, 3H, CH3), 3.79 (s, 

3H, OCH3), 6.79 (dd, J=8.9, 2.9, 1H, H6’’), 6.87 (d, J=8.9, 2H, H3’, H5’), 7.04 (d, J=2.9, 1H, H2’’), 

7.30 (d, J=8.9, 1H, H5’’), 7.58 (d, J=8.9, 2H, H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 9.8 (CH3), 

55.4 (OCH3), 114.5 (C3’, C5’), 114.9 (C6’’), 117.3 (C2’’), 122.2 (C1’), 125.6 (C4’’), 127.3 (C2’, C6’), 

131.1 (C5’’), 132.8 (C4/C5), 133.4 (C3’’), 136.9 (C4/C5), 138.5 (C3), 157.4 (C1’’), 159.8 (C4’). HPLC 

(tR, min): 15.1. MS (ESI, m/z): 349.0, 351.0, 353.0 [M+H]+. HRMS (ESI, m/z): calculated for 

C17H14Cl2N2O2 [M-H]: 348.0432, found 349.0437. 

 

4-(2,5-Dichlorophenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 66. 

Following general procedure D using enaminone 78 (220 mg, 0.58 mmol), compound 66 

was obtained as a white solid (35 mg, 17%). Chromatography: hexane to hexane/EtOAc 

6:4. 
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Mp: 150 °C. Rf: 0.46 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3141 (N-H), 1580 (C=C), 

1512 (C=C), 1471, 1250 (C-O), 834 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 2.12 (s, 3H, CH3), 

3.77 (s, 3H, OCH3), 6.70 (d, J=2.3, 1H, H6’’), 6.84 (d, J=8.9, 2H, H3’, H5’), 6.90 (dd, J=8.5, 2.3, 

1H, H4’’), 7.33 (d, J=8.5, 1H, H3’’), 7.63 (d, J=8.9, 2H, H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 

9.7 (CH3), 55.3 (OCH3), 114.4 (C3’, C5’), 115.2 (C6’’), 121.0 (C2’’), 122.3 (C1’), 123.0 (C4’’), 127.4 

(C2’, C6’), 131.2 (C3’’), 132.6 (C4/C5), 133.4 (C5’’), 136.8 (C4/C5), 138.5 (C3), 154.4 (C1’’), 159.8 

(C4’). HPLC (tR, min): 14.7. MS (ESI, m/z): 349.0, 351.0, 353.0 [M+H]+.  

 

4-(2,4-Difluorophenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 67. 

Following general procedure D using enaminone 79 (135 mg, 0.39 mmol), compound 67 

was obtained as an oil (95 mg, 77%). Chromatography: hexane to hexane/EtOAc 7:3. 

 

Rf: 0.35 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3139 (N-H), 1250 (C-O). 1H-NMR (CDCl3, 

300 MHz): δ 2.13 (s, 3H, CH3), 3.79 (s, 3H, OCH3), 5.97 (s, 1H, NH), 6.60-6.68 (m, 2H, H5’’, 

H6’’), 6.86 (d, J=8.8, 2H, H3’, H5’), 6.89-6.93 (m, 1H, H3’’), 7.63 (d, J=8.8, 2H, H2’, H6’). 13C-NMR 

(CDCl3, 75 MHz): δ 9.7 (CH3), 55.4 (OCH3), 105.3 (dd, J=27.0, 21.6, C3’’), 110.7 (dd, J=22.7, 

3.9, C5’’), 114.4 (C3’, C5’), 116.1 (dd, J=9.4, 1.9, C6’’), 122.3 (C1’), 127.4 (C2’, C6’), 133.3, 137.0 

(C4, C5), 138.4 (C3), 142.7 (dd, J=10.7, 3.6, C1’’), 151.8 (dd, J=249.9, 12.1, C2’’), 157.1 (dd, 

J=243.0, 10.0, C4’’), 159.8 (C4’). HPLC (tR, min): 13.6. MS (ESI, m/z): 317.1 [M+H]+. 

 

4-(3,4-Difluorophenoxy)-3-(4-methoxyphenyl)-5-methyl-1H-pyrazole, 68. 

Following general procedure D using enaminone 80 (280 mg, 0.81 mmol), compound 68 

was obtained as an off-white solid (89 mg, 35%). Chromatography: hexane to 

hexane/EtOAc 6:4. 
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Mp: 128 °C. Rf: 0.27 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3200 (N-H), 1508 (C=C), 

1249 (C-O), 1033 (C-F). 1H-NMR (CDCl3, 300 MHz): 2.10 (s, 3H, CH3), 3.89 (s, 3H, OCH3), 

6.63 (dtd, J=8.8, 3.2, 1.6, 1H, H6’’), 6.76 (ddd, J=11.5, 6.5, 3.0, 1H, H2’’), 6.83 (d, J=9.0, 2H, 

H3’, H5’), 7.02 (q, J=9.2, 1H, H5’’), 7.58 (d, J=8.8, 2H, H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 

9.8 (CH3), 55.4 (OCH3), 104.9 (d, J=21.0, C2’’), 110.5 (dd, J=5.9, 3.6, C6’’), 114.4 (C3’, C5’), 

117.6 (dd, J=18.6, 1.4, C5’’), 122.5 (C1’), 127.3 (C2’, C6’), 133.1, 137.2 (C4, C5), 138.2 (C3), 

145.9 (dd, J=241.8, 12.8, C3’’/C4’’), 150.7 (dd, J=248.6, 14.0, C3’’/C4’’), 154.6 (dd, J=8.1, 2.1, 

C1’’), 159.7 (C4’). HPLC (tR, min): 13.7. MS (ESI, m/z): 317.1 [M+H]+.  

 

4.1.9. Synthesis of intermediate ketones 84-86 

2-(3,4-Dichlorophenoxy)-1-phenylethan-1-one, 84. Following general procedure B 

using 3,4-dichlorophenol (200 mg, 1.23 mmol) and 2-bromoacetophenone (244 mg, 1.23 

mmol), compound 84 was obtained as a white solid (175 mg, 51%). Chromatography: 

hexane to hexane/EtOAc 8:2. 

 

Mp: 101-103 °C. Rf: 0.58 (hexane/EtOAc 8:2). IR (ATR, cm-1):  1697 (C=O), 1470 

(C=C), 1220 (C-O), 755 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 5.28 (s, 2H, CH2), 6.80 (dd, J=8.9, 

2.9, 1H, H6’), 7.04 (d, J=2.9, 1H, H2’), 7.33 (d, J=8.9, 1H, H5’), 7.49-7.55 (m, 2H, H3, H5), 7.62-

7.68 (m, 1H, H4), 7.96-8.00 (m, 2H, H2, H6).13C-NMR (CDCl3, 75 MHz): δ 70.9 (CH2), 114.7 

(C6’), 116.9 (C2’), 125.1 (C4’), 128.1 (C2, C6), 129.0 (C3, C5), 130.8 (C5’), 133.1 (C3’), 134.2 (C4), 

134.2 (C1), 157.0 (C1’), 193.6 (C=O). HPLC (tR, min): 14.9. MS (ESI, m/z): 281.0, 283.0, 285.0 

[M+H]+.  

 

2-(3,4-Dichlorophenoxy)-1-(2-methoxyphenyl)ethan-1-one, 85. Following general 

procedure B using 3,4-dichlorophenol (200 mg, 1.23 mmol) and 2-bromo-1-(2-

methoxyphenyl)ethanone (281 mg, 1.23 mmol), compound 85 was obtained as a white 

solid (202 mg, 53%). Chromatography: hexane to hexane/EtOAc 8:2. 
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Mp: 74-76 °C. Rf: 0.58 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1682 (C=O), 1593 (C=C), 

1471 (C=C), 1284 (C-O), 973 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 3.98 (s, 3H, CH3), 5.23 (s, 

2H, CH2), 6.77 (dd, J=8.9, 2.9, 1H, H6’), 6.99 (d, J=2.9, 1H, H2’), 7.01-7.12 (m, 2H, H3, H5), 

7.31 (d, J=8.9, 1H, H5’), 7.56 (ddd, J=8.4, 7.3, 1.9, 1H, H4), 7.93 (dd, J=7.8, 1.8, 1H, H6). 13C-

NMR (CDCl3, 75 MHz): δ 55.9 (CH3), 74.6 (CH2), 111.7 (C3), 115.0 (C6’), 116.9 (C2’), 121.4 

(C5), 124.6 (C4’), 124.7 (C1), 130.8 (C5’), 131.2 (C6), 133.0 (C3’), 135.2 (C4), 157.6 (C1’), 159.5 

(C2), 194.7 (C=O). HPLC (tR, min): 15.3. MS (ESI, m/z): 311.0, 313.0, 315.0 [M+H]+. 

 

2-(3,4-Dichlorophenoxy)-1-(3-methoxyphenyl)ethan-1-one, 86. Following general 

procedure B using 3,4-dichlorophenol (200 mg, 1.23 mmol) and 2-bromo-1-(3-

methoxyphenyl)ethanone (281 mg, 1.23 mmol), compound 86 was obtained as a white 

solid (140 mg, 37%). Chromatography: hexane to hexane/EtOAc 8:2. 

 

Mp: 106-108 °C. Rf: 0.59 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1701 (C=O), 1585 

(C=C), 1472 (C=C), 1261 (C-O), 778 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 3.85 (s, 3H, CH3), 

5.25 (s, 2H, CH2), 6.78 (dd, J=8.9, 2.9, 1H, H6’), 7.01 (d, J=2.9, 1H, H2’), 7.16 (ddd, J=8.2, 2.6, 

1.0, 1H, H4), 7.30 (d, J=8.9, 1H, H5’), 7.34-7.44 (m, 1H, H3), 7.55-7.46 (m, 2H, H2, H6). 13C-

NMR (CDCl3, 75 MHz): δ 55.6 (CH3), 71.0 (CH2), 112.5 (C2), 114.8 (C6’), 116.9 (C2’), 120.5 

(C6), 120.6 (C4), 125.0 (C4’), 130.1 (C3), 130.9 (C5’), 133.1 (C3’), 135.5 (C1), 157.1 (C1’), 160.1 

(C5), 193.3 (C=O). HPLC (tR, min): 15.0. MS (ESI, m/z): 311.0, 313.0, 315.0 [M+H]+. 

 

4.1.10. Synthesis of intermediate enaminones 87-89 

2-(3,4-Dichlorophenoxy)-3-(dimethylamino)-1-phenylbut-2-en-1-one, 87. 

Following general procedure C using compound 84 (150 mg, 0.53 mmol), crude compound 

87 was obtained as an oil (170 mg, 91% crude yield).  

 

Rf: 0.15 (hexane/EtOAc 1:1). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.8): 2.05 (s, 3H, CH3A), 2.43 (s, 3H, CH3B), 3.00 (s, 6H, N(CH3)2B), 3.06 (s, 6H, N(CH3)2A), 

6.61 (dd, J=8.9, 2.9, 1H, H6’B), 6.65 (dd, J=8.9, 2.9, 1H, H6’A), 6.86 (d, J=2.9, 1H, H2’B), 6.90 
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(d, J=2.8, 1H, H2’A), 7.17 (d, J=8.9, 1H, H5’AB), 7.22-7.35 (m, 3H, H3AB, H4AB, H5AB), 7.55-7.65 

(m, 2H, H2AB, H6AB).  

 

2-(3,4-Dichlorophenoxy)-3-(dimethylamino)-1-(2-methoxyphenyl)but-2-en-1-one, 

88. Following general procedure C using compound 85 (175 mg, 0.56 mmol), crude 

compound 88 was obtained as an oil (260 mg, 99% crude yield).  

 

Rf: 0.23 (hexane/EtOAc 1:1). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.7): 2.08 (s, 3H, CH3A), 2.40 (s, 3H, CH3B), 2.97 (s, 6H, N(CH3)2B), 3.01 (s, 6H, N(CH3)2A), 

3.79 (s, 3H, OCH3AB), 6.51-7.58 (m, 1H, H6’AB), 6.74-7.92 (m, 3H, H3AB, H5AB, H2’AB), 7.09 (d, 

J=8.9, 1H, H5’AB), 7.10-7.21 (m, 2H, H4AB, H6AB). 

 

2-(3,4-Dichlorophenoxy)-3-(dimethylamino)-1-(3-methoxyphenyl)but-2-en-1-one, 

89. Following general procedure C using compound 86 (130 mg, 0.42 mmol), crude 

compound 89 was obtained as an oil (160 mg, 99% crude yield).  

 

Rf: 0.17 (hexane/EtOAc 1:1). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.7): 2.05 (s, 3H, CH3A), 2.42 (s, 3H, CH3B), 3.00 (s, 6H, N(CH3)2B), 3.07 (s, 6H, N(CH3)2A), 

3.73 (s, 3H, OCH3A), 3.74 (s, 3H, OCH3B), 6.64 (dd, J=8.9, 2.9, 1H, H6’B), 6.67 (dd, J=8.9, 2.9, 

1H, H6’A), 6.84-6.90 (m, 1H, H4AB), 6.88 (d, J=2.9, 1H, H2’B), 6.92 (d, J=2.8, 1H, H2’A), 7.09-

7.24 (m, 4H, H2AB, H5AB, H6AB, H5’AB).  

 

4.1.11. Synthesis of final compounds 81-83 

4-(3,4-Dichlorophenoxy)-5-methyl-3-phenyl-1H-pyrazole, 81. Following general 

procedure D using enaminone 87 (170 mg, 0.49 mmol), compound 81 was obtained as an 

off-white solid (72 mg, 47%). Chromatography: hexane to hexane/EtOAc 6:4. 
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Mp: 77 °C. Rf: 0.53 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3133 (N-H), 1586 (C=C), 1465 

(C=C), 1254 (C-O), 1120 (C-O), 909 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 2.12 (s, 3H, CH3), 

6.80 (dd, J=8.9, 2.9, 1H, H6’’), 7.05 (d, J=2.9, 1H, H2’’), 7.30 (d, J=8.9, 1H, H5’’),7.30-7.37 (m, 

3H, H3’, H4’, H5’), 7.64-7.68 (m, 2H, H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 9.8 (CH3), 114.9 

(C6’’), 117.3 (C2’’), 125.7 (C4’’), 126.0 (C2’, C6’), 128.5 (C4’), 129.0 (C3’, C5’), 129.8 (C1’), 131.1 

(C5’’), 133.3 (C4/C5), 133.4 (C3’’), 136.8 (C4/C5), 138.9 (C3), 157.4 (C1’’). HPLC (tR, min): 15.3. 

MS (ESI, m/z): 319.1, 321.1, 323.1 [M+H]+. 

 

4-(3,4-Dichlorophenoxy)-3-(2-methoxyphenyl)-5-methyl-1H-pyrazole, 82. 

Following general procedure D using enaminone 88 (285 mg, 0.75 mmol), compound 82 

was obtained as an off-white solid (22 mg, 8%). Chromatography: hexane to 

hexane/EtOAc 6:4. 

 

Mp: 134 °C. Rf: 0.31 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3150 (N-H), 1466 (C=C), 

1253 (C-O), 753 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 2.11 (s, 3H, CH3), 3.98 (s, 3H, OCH3), 

6.83 (dd, J=8.9, 2.9, 1H, H6’’), 6.95 (ddd, J=7.7, 7.3, 1.1, 1H, H5’), 7.00 (dd, J=8.4, 1.1, 1H, 

H3’), 7.06 (d, J=2.9, 1H, H2’’), 7.22-7.31 (m, 1H, H4’), 7.31 (d, J=8.8, 1H, H5’’), 7.76 (dd, J=7.8, 

1.7, 1H, H6’). 13C-NMR (CDCl3, 75 MHz): δ 10.9 (CH3), 55.9 (OCH3), 111.5 (C3’), 115.0 (C6’’), 

116.6 (C1’), 117.4 (C2’’), 121.8 (C5’), 125.6 (C4’’), 127.5 (C6’), 129.5 (C4’), 130.6 (C3), 131.1 

(C5’’), 133.4 (C3’’), 133.4, 141.2 (C4, C5), 155.8 (C2’), 157.1 (C1’’). HPLC (tR, min): 15.5. MS (ESI, 

m/z): 349.0, 351.0, 353.0 [M+H]+.  

 

4-(3,4-Dichlorophenoxy)-3-(3-methoxyphenyl)-5-methyl-1H-pyrazole, 83. 

Following general procedure D using enaminone 89 (165 mg, 0.43 mmol), compound 83 

was obtained as an off-white solid (83 mg, 55%). Chromatography: hexane to 

hexane/EtOAc 6:4. 
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Mp: 136 °C. Rf: 0.38 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3200 (N-H), 1587 (C=C), 

1464 (C=C), 1256 (C-O), 1224 (C-O), 855 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 2.11 (s, 3H, 

CH3), 3.72 (s, 3H, OCH3), 6.79 (dd, J=8.9, 2.9, 1H, H6’’), 6.81-6.86 (m, 1H, H4’), 7.04 (d, J=2.9, 

1H, H2’’), 7.21-7.27 (m, 3H, H2’, H5’, H6’), 7.29 (d, J=8.8, 1H, H5’’), 7.85 (br s, 1H, NH). 13C-

NMR (CDCl3, 75 MHz): δ 9.7 (CH3), 55.3 (OCH3), 111.3 (C2’), 114.4 (C4’), 114.9 (C6’’), 117.2 

(C2’’), 118.4 (C6’), 125.7 (C4’’), 130.1 (C5’), 131.0 (C1’), 131.1 (C5’’), 133.3 (C4/C5), 133.4 (C3’’), 

136.7 (C4/C5), 138.8 (C3), 157.4 (C1’’), 160.0 (C3’). HPLC (tR, min): 15.1. MS (ESI, m/z): 349.0, 

351.0, 353.0 [M+H]+. 

 

4.1.12. Synthesis of intermediate ketones 96-101, 107, 109 

2-Bromo-1-(4-((tetrahydro-2H-pyran-2-yl)oxy)phenyl)ethan-1-one, 96. To a 

solution of 2-bromo-1-(4-hydroxyphenyl)ethanone (1.0 eq, 2.37 mmol, 510 mg) in 

anhydrous DCM (0.5 M), 3,4-dihydro-2H-pyran (1.5 eq, 3.56 mmol, 0.33 mL) and 

pyridinium p-toluenesulfonate (0.05 eq, 0.12 mmol, 30 mg) were added and the reaction 

mixture was stirred at rt for 3 h. After this time, a saturated NaHCO3 solution was added, 

and the mixture was extracted with DCM (x2). The combined organic phases were dried 

with Na2SO4, filtered and concentrated under reduced pressure to obtain compound 96 

as a red solid (621 mg, 88%), which was used without further purification.  

 

Mp: 106-109 °C. Rf: 0.74 (hexane/EtOAc 6:4). IR (ATR, cm-1):  1671 (C=O), 1597 

(C=C), 1245 (C-O), 1169 (C-O), 950 (C-Br). 1H-NMR (CDCl3, 300 MHz): δ 1.57-2.12 (m, 6H, 

2H2’, 2H3’, 2H4’), 3.63 (dtd, J=11.3, 4.0, 1.6, 1H, H5’), 3.84 (ddd, J=11.3, 9.8, 3.1, 1H, H5’), 

4.40 (s, 2H, CH2), 5.53 (t, J=3.1, 1H, H1’), 7.11 (d, J=8.9, 2H, H3, H5), 7.95 (d, J=8.9, 2H, H2, 

H6). 13C-NMR (CDCl3, 75 MHz): δ 18.5 (C3’), 25.1 (C4’), 30.1 (C2’), 30.9 (CH2), 62.1 (C5’), 96.2 

(C1’), 116.3 (C3, C5), 127.5 (C1), 131.3 (C2, C6), 161.8 (C4), 190.1 (C=O). HPLC (tR, min): 14.5. 

MS (ESI, m/z): 215.1, 217.1 [(M-THP)+H]+. The spectroscopic data are consistent with 

those reported in the bibliography.147 
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2-(3,4-Dichlorophenoxy)-1-(4-((tetrahydro-2H-pyran-2-yl)oxy)phenyl)ethan-1-one, 

97. To a solution of 3,4-dichlorophenol (1.0 eq, 1.67 mmol, 272 mg) and K2CO3 (4.2 eq, 

7.02 mmol, 970 mg) in anhydrous DMF (0.38 M), compound 96 (1.0 eq, 1.67 mmol, 500 

mg) was added and the mixture was heated at 80 °C for 30 min under MW irradiation. 

After cooling to rt, the reaction mixture was diluted with EtOAc and washed with a 1:1 

mixture of water/brine. The organic layer was dried over Na2SO4, filtered and 

concentrated under reduced pressure. The residue was purified by flash chromatography 

(hexane to hexane/EtOAc 7:3) to obtain compound 97 as a white solid (380 mg, 60%). 

 

Mp: 132-134 °C. Rf: 0.46 (hexane/AcOEt, 8:2). IR (ATR, cm-1):  1694 (C=O), 1600 

(C=C), 1509 (C=C), 1224 (C-O), 954 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ1.58-2.06 (m, 6H, 

2H2’’, 2H3’’, 2H4’’), 3.63 (dtd, J=11.4, 3.8, 1.5, 1H, H5’’), 3.84 (ddd, J=11.3, 9.8, 3.2, 1H, H5’’), 

5.21 (s, 2H, CH2), 5.54 (t, J=2.9, 1H, H1’’), 6.80 (dd, J=8.9, 2.9, 1H, H6’), 7.03 (d, J=2.9, 1H, 

H2’), 7.13 (d, J=9.0, 2H, H3, H5), 7.32 (d, J=8.9, 1H, H5’), 7.95 (d, J=9.0, 2H, H2, H6). 13C-NMR 

(CDCl3, 75 MHz): δ 18.5 (C3’’), 25.2 (C4’’), 30.2 (C2’’), 62.2 (C5’’), 70.9 (CH2), 96.2 (C1’’), 114.9 

(C6’), 116.5 (C3, C5), 117.0 (C2’), 125.1 (C4’), 127.9 (C1), 130.4 (C2, C6), 130.9 (C5’), 133.1 (C3’), 

157.3 (C1’), 162.0 (C4), 192.2. (C=O). HPLC (tR, min): 16.5. MS (ESI, m/z): 297.1, 299.1, 301.1 

[(M-THP)+H]+. 

 

2-(3,4-Dichlorophenoxy)-1-(4-hydroxyphenyl)ethan-1-one, 98. Following general 

procedure E using compound 97 (700 mg, 0.34 mmol) and 3 M HCl (2.5 mL, 7.44 mmol), 

compound 98 was obtained as a white solid (375 mg, 69%).  

 

Mp: 220-223 °C. Rf: 0.12 (hexane/AcOEt, 8:2). IR (ATR, cm-1):  3154 (O-H), 1664 

(C=O), 1572 (C=C), 1473 (C=C), 1246 (C-O), 1216 (C-O), 990 (C-Cl). 1H-NMR (DMSO-d6, 300 

MHz): δ 5.55 (s, 2H, CH2), 6.89 (d, J=8.8, 2H, H3, H5), 6.98 (dd, J=9.0, 2.9, 1H, H6’), 7.29 (d, 

J=2.9, 1H, H2’), 7.50 (d, J=9.0, 1H, H5’), 7.89 (d, J=8.8, 2H, H2, H6), 10.49 (s, 1H, OH).13C-NMR 

(DMSO-d6, 75 MHz): δ 70.2 (CH2), 115.4 (C3, C5), 115.7 (C6’), 116.5 (C2’), 122.6 (C4’), 125.8 

(C1), 130.5 (C2, C6), 130.8 (C5’), 131.5 (C3’), 157.7 (C1’), 162.7 (C4), 191.8 (C=O). HPLC (tR, 

min): 13.6. MS (ESI, m/z): 297.1, 299.0, 301.1 [M+H]+. 
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2-(3,4-Dichlorophenoxy)-1-(4-ethoxyphenyl)ethan-1-one, 99. Following general 

procedure F using compound 98 (100 mg, 0.34 mmol) and iodoethane (184 mg, 1.18 

mmol), compound 99 was obtained as an off-white solid (95 mg, 87%).  

 

Mp: 100-102 °C. Rf: 0.43 (hexane/AcOEt, 8:2). IR (ATR, cm-1):  1687 (C=O), 1599 

(C=C), 1474 (C=C), 1224 (C-O), 1173 (C-O), 973 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 1.46 (t, 

J=7.0, 3H, CH3), 4.12 (q, J=7.0, 2H, CH2CH3), 5.21 (s, 2H, CH2CO), 6.80 (dd, J=8.9, 2.9, 1H, 

H6’), 6.96 (d, J=9.0, 2H, H3, H5), 7.03 (d, J=2.9, 1H, H2’), 7.32 (d, J=8.9, 1H, H5’), 7.95 (d, J=9.0, 

2H, H2, H6).13C-NMR (CDCl3, 75 MHz): δ 14.8 (CH3), 64.1 (CH2CH3), 70.9 (CH2CO), 114.7 (C3, 

C5), 114.9 (C6’), 117.0 (C2’), 125.05 (C4’), 127.2 (C1), 130.6 (C2, C6), 130.9 (C5’), 133.13 (C3’), 

157.3 (C1’), 163.9 (C4), 192.1 (C=O). HPLC (tR, min): 15.7. MS (ESI, m/z): 325.2, 327.1, 329.1 

[M+H]+. 

 

2-(3,4-Dichlorophenoxy)-1-{4-[(propan-2-yl)oxy]phenyl}ethan-1-one, 100. 

Following general procedure F compound 98 (150 mg, 0.51 mmol) and 2-bromopropane 

(217 mg, 1.77 mmol), compound 100 was obtained as a white solid (143 mg, 84%). 

 

Mp: 113 °C. Rf: 0.61 (hexane/AcOEt, 7:3). IR (ATR, cm-1):  1684 (C=O), 1602 (C=C), 

1221 (C-O), 862 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 1.38 (d, J=6.0, 6H, 2(CH3)2), 4.67 (hept, 

J=6.0, 1H, CH), 5.21 (s, 2H, CH2), 6.80 (dd, J=8.9, 2.9, 1H, H6’), 6.94 (d, J=8.9, 2H, H3, H5), 

7.03 (d, J=2.9, 1H, H2’), 7.32 (d, J=8.9, 1H, H5’), 7.94 (d, J=9.0, 2H, H2, H6).13C-NMR (CDCl3, 

75 MHz): δ 22.0 (2(CH3)2), 70.5 (CH), 70.9 (CH2), 114.9 (C6’), 115.6 (C3, C5), 117.0 (C2’), 125.0 

(C4’), 126.9 (C1), 130.6 (C2, C6), 130.9 (C5’), 133.1 (C3’), 157.3 (C1’), 163.0 (C4), 192.0 (C=O). 

HPLC (tR, min): 16.2. MS (ESI, m/z): 339.1, 341.1, 343.1 [M+H]+. 

 

1-[4-(Cyclopropylmethoxy)phenyl]-2-(3,4-dichlorophenoxy)ethan-1-one, 101. 

Following general procedure F using compound 98 (140 mg, 0.47 mmol) and 

(iodomethyl)cyclopropane (300 mg, 1.65 mmol), compound 101 was obtained as a white 

solid (142 mg, 86%). 
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Mp: 113 °C. Rf: 0.61 (hexane/AcOEt, 7:3). IR (ATR, cm-1):  1684 (C=O), 1602 (C=C), 

1221 (C-O), 826 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 0.38 (m, 2H, CH2cyclop), 0.69 (m, 2H, 

CH2cyclop), 1.28 (m, 1H, CH), 3.89 (d, J=7.0, 2H, CH2CH), 5.21 (s, 2H, CH2CO) 6.80 (dd, J=8.9, 

2.9, 1H, H6’), 6.96 (d, J=8.9, 2H, H3, H5), 7.03 (d, J=2.9, 1H, H2’), 7.32 (d, J=8.9, 1H, H5’), 7.95 

(d, J=8.9, 2H, H2, H6).13C-NMR (CDCl3, 75 MHz): δ 3.4 (2CH2cyclop), 10.2 (CH), 70.9 (CH2CO), 

73.2 (CH2CH), 114.8 (C3, C5), 114.9 (C6’), 117.0 (C2’), 125.0 (C4’), 127.2 (C1), 130.6 (C2, C6), 

130.9 (C5’), 133.1 (C3’), 157.3 (C1’), 163.9 (C4), 192.1 (C=O). HPLC (tR, min): 16.1. MS (ESI, 

m/z): 351.1, 353.1, 355.2 [M+H]+. 

 

2-(3,4-Dichlorophenoxy)-1-(4-(trifluoromethyl)phenyl)ethan-1-one, 107. To a 

solution of 3,4-dichlorophenol (1.0 eq, 0.92 mmol, 150 mg) and DBU (1.2 eq, 1.10 mmol, 

0.17 mL) in anhydrous DMF (0.38 M), 2-bromo-1-(4-(trifluoromethyl)phenyl)ethan-1-one 

(1.0 eq, 0.92 mmol, 246 mg) was added and the reaction was stirred at rt for 1 min. Then, 

the mixture was diluted with EtOAc and washed with a 1:1 water/brine mixture. The 

organic layer was dried over Na2SO4, filtered and concentrated under reduced pressure. 

The residue was purified by flash chromatography (hexane to hexane/EtOAc 8:2) to yield 

compound 107 as a white solid (184 mg, 57%). 

 

Mp: 100-102 °C. Rf: 0.46 (hexane/AcOEt, 9:1). IR (ATR, cm-1):  1709 (C=O), 1474 

(C=C), 1326 (C-O), 1128 (C-O), 1066 (C-F), 975 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 5.26 (s, 

2H, CH2), 6.79 (dd, J=8.9, 2.9, 1H, H6’), 7.03 (d, J=2.9, 1H, H2’), 7.32 (d, J=8.9, 1H, H5’), 7.78 

(d, J=8.1, 2H, H3, H5), 8.09 (d, J=8.1, 2H, H2, H6).13C-NMR (CDCl3, 75 MHz): δ 71.2 (CH2), 

114.8 (C6’), 117.0 (C2’), 123.5 (q, J=272.9, CF3), 125.5 (C4’), 126.1 (q, J=3.8, C3, C5), 128.7 (C2, 

C6), 131.1 (C5’), 133.3 (C3’), 135.3 (q, J=32.9, C4), 137.0 (C1), 156.9 (C1’), 193.1 (C=O). HPLC 

(tR, min): 13.8. MS (ESI, m/z): 347.0, 349.0 [M-H]-. 

 

2-(3,4-Dichlorophenoxy)-1-(4-nitrophenyl)ethan-1-one, 109. To a mixture of 3,4-

dichlorophenol (1.0 eq, 2.45 mmol, 400 mg) and K2CO3 (2.0 eq, 4.91 mmol, 678 mg) in 

anhydrous DMF (0.38 M), 2-bromo-4-nitroacetophenone (2.0 eq, 4.91 mmol, 1.20 g) was 
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added and the reaction was stirred at rt for 16 h. After this time, the mixture was diluted 

with EtOAc and washed with a 1:1 water/brine mixture. The organic layer was dried over 

Na2SO4, filtered and concentrated under reduced pressure. The residue was purified by 

flash chromatography (hexane to hexane/EtOAc 8:2) to yield compound 109 as a yellow 

solid (390 mg, 49%). 

 

Mp: 169-171 °C. Rf: 0.64 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1713 (C=O), 1664 

(C=C), 1522 (NO2), 1475 (C=C), 1345 (NO2), 1219 (C-O), 987 (C-Cl). 1H-NMR (CDCl3, 300 

MHz): δ 5.25 (s, 2H, CH2), 6.80 (dd, J=8.9, 2.9, 1H, H6’), 7.03 (d, J=2.9, 1H, H2’), 7.35 (d, 

J=8.9, 1H, H5’), 8.15 (d, J=9.0, 2H, H2, H6), 8.36 (d, J=9.0, 2H, H3, H5). 13C-NMR (CDCl3, 75 

MHz): δ 71.5 (CH2), 114.8 (C6’), 117.0 (C2’), 124.3 (C3, C5), 125.8 (C4’), 129.6 (C2, C6), 131.1 

(C5’), 133.4 (C3’), 138.8 (C4), 151.0 (C1), 156.7 (C1’), 192.9 (C=O). HPLC (tR, min): 14.7 

(compound does not ionize; only detected by UV absorption). 

 

4.1.13. Synthesis of intermediate enaminones 102-105, 108, 110 

2-(3,4-Dichlorophenoxy)-3-(dimethylamino)-1-(4-ethoxyphenyl)but-2-en-1-one, 

102. Following general procedure C using compound 99 (120 mg, 0.37 mmol), crude 

compound 102 was obtained as an oil (146 mg, 99% crude yield).  

 

Rf: 0.13 (hexane/EtOAc 6:4). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.7): 1.36-1.42 (m, 3H, CH2CH3AB), 2.03 (s, 3H, CH3A), 2.37 (s, 3H, CH3B), 2.98 (s, 6H, 

N(CH3)2B), 3.01 (s, 6H, N(CH3)2A), 3.97-4.06 (m, 2H, CH2AB), 6.65 (dd, J=9.0, 2.8, 1H, H6’B), 

6.67 (dd, J=8.9, 2.9, 1H, H6’A), 6.72-6.78 (m, 2H, H3AB, H5AB), 6.90 (d, J=2.9, 1H, H2’B), 6.93 

(d, J=2.8, 1H, H2’A), 7.17 (d, J=8.9, 1H, H5’A), 7.18 (d, J=8.8, 1H, H5’B), 7.64 (d, J=9.0, 2H, H2B, 

H6B), 7.67 (d, J=8.9, 2H, H2A, H6A). 

 

2-(3,4-Dichlorophenoxy)-3-(dimethylamino)-1-(4-isopropoxyphenyl)but-2-en-1-

one, 103. Following general procedure C using compound 100 (120 mg, 0.35 mmol), crude 

compound 103 was obtained as an oil (145 mg, 99% crude yield). 
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Rf: 0.12 (hexane/AcOEt, 6:4). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.7): 1.30 (d, J=6.0, 6H, CH(CH3)2A), 1.31 (d, J=6.0, 6H, CH(CH3)2B), 2.03 (s, 3H, CH3A), 2.36 

(s, 3H, CH3B), 2.98 (s, 6H, N(CH3)2B), 3.01 (s, 6H, N(CH3)2A), 4.46-4.72 (m, 1H, CHAB), 6.65 

(dd, J=9.0, 2.9, 1H, H6’B), 6.67 (dd, J=8.9, 2.9, 1H, H6’A), 6.72-6.78 (m, 2H, H3AB, H5AB), 6.90 

(d, J=2.9, 1H, H2’B), 6.93 (d, J=2.9, 1H, H2’A), 7.17 (d, J=8.9, 1H, H5’A), 7.18 (d, J=8.8, 1H, H5’B), 

7.64 (d, J=9.0, 2H, H2B, H6B), 7.67 (d, J=8.9, 2H, H2A, H6A). 

 

1-(4-(Cyclopropylmethoxy)phenyl)-2-(3,4-dichlorophenoxy)-3-(dimethylamino) 

but-2-en-1-one, 104. Following general procedure C using compound 101 (120 mg, 0.34 

mmol), crude compound 104 was obtained as an oil (144 mg, 99% crude yield).  

 

Rf: 0.13 (hexane/AcOEt, 6:4). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.7): 0.24-0.40 (m, 2H, CH2cyclopAB), 0.53-0.71 (m, 2H, CH2cyclopAB), 1.16-1.33 (m, 1H, CHAB), 

2.03 (s, 3H, CH3A), 2.40 (s, 3H, CH3B), 2.98 (s, 6H, N(CH3)2B), 3.01 (s, 6H, N(CH3)2A), 3.73-3.81 

(m, 2H, OCH2AB), 6.65 (dd, J=9.0, 2.8, 1H, H6’B), 6.67 (dd, J=8.9, 2.9, 1H, H6’A), 6.72-6.78 (m, 

2H, H3AB, H5AB), 6.90 (d, J=2.9, 1H, H2’B), 6.93 (d, J=2.8, 1H, H2’A), 7.17 (d, J=8.9, 1H, H5’A), 

7.18 (d, J=8.8, 1H, H5’B), 7.64 (d, J=9.0, 2H, H2B, H6B), 7.67 (d, J=8.9, 2H, H2A, H6A). 

 

2-(3,4-Dichlorophenoxy)-3-(dimethylamino)-1-(4-((tetrahydro-2H-pyran-2-yl)oxy) 

phenyl)but-2-en-1-one, 105. Following general procedure C using compound 97 (100 mg, 

0.26 mmol) for 2 h, crude compound 105 was obtained as an oil (110 mg, 93% crude yield).  

 

Rf: 0.12 (hexane/AcOEt, 1:1). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.6): 1.55-2.02 (m, 6H, 2H2’’AB, 2H3’’AB, 2H4’’AB), 2.03 (s, 3H, CH3A), 2.40 (s, 3H, CH3B), 2.98 

(s, 6H, N(CH3)2B), 3.01 (s, 6H, N(CH3)2A), 3.50-3.70 (m, 1H, H5’’AB), 3.77-3.96 (m, 1H, H5’’AB), 
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5.50 (t, J=3.2, 1H, H1’’AB), 6.65 (dd, J=9.0, 2.8, 1H, H6’B), 6.67 (dd, J=8.9, 2.9, 1H, H6’A), 6.90 

(d, J=8.7, 2H, H3AB, H5AB), 6.92 (d, J=2.9, 1H, H2’B), 6.93 (d, J=2.8, 1H, H2’A), 7.17 (d, J=8.9, 

1H, H5’A), 7.18 (d, J=8.9, 1H, H5’B), 7.62 (d, J=8.8, 2H, H2B, H6B), 7.66 (d, J=8.8, 2H, H2A, H6A). 

 

2-(3,4-Dichlorophenoxy)-3-(dimethylamino)-1-(4-(trifluoromethyl)phenyl)but-2-

en-1-one, 108. Following general procedure C using compound 107 (100 mg, 0.29 mmol) 

at 60 °C, crude compound 108 was obtained as an oil (100 mg, 84% crude yield).  

 

Rf: 0.18 (hexane/AcOEt, 8:2). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B 

(1:0.7): 2.06 (s, 3H, CH3A), 2.53 (s, 3H, CH3B), 3.03 (s, 6H, N(CH3)2B), 3.12 (s, 6H, N(CH3)2A), 

6.57 (dd, J=8.9, 2.9, 1H, H6’B), 6.64 (dd, J=8.9, 2.9, 1H, H6’A), 6.82 (d, J=2.9, 1H, H2’B), 6.89 

(d, J=2.9, 1H, H2’A), 7.19 (d, J=8.9, 1H, H5’B), 7.20 (d, J=8.9, 1H, H5’A), 7.50-7.53 (m, 2H, H3AB, 

H5AB), 7.68-7.72 (m, 2H, H2AB, H6AB). 

 

2-(3,4-Dichlorophenoxy)-3-(dimethylamino)-1-(4-nitrophenyl)but-2-en-1-one, 110. 

Following general procedure C using compound 109 (100 mg, 0.29 mmol) at 50 °C, crude 

compound 110 was obtained as an oil (325 mg, 97% crude yield).  

 

Rf: 0.22 (AcOEt). 1H-NMR (CDCl3, 300 MHz): δ Mixture of isomers A:B (1:0.7): 2.08 (s, 

3H, CH3A), 2.44 (s, 3H, CH3B), 3.01 (s, 6H, N(CH3)2B), 3.16 (s, 6H, N(CH3)2A), 6.56 (dd, J=8.8, 

2.9, 1H, H6’B), 6.63 (dd, J=8.9, 2.9, 1H, H6’A), 6.81 (d, J=2.9, 1H, H2’B), 6.88 (d, J=2.8, 1H, H2’A), 

7.17-7.23 (m, 1H, H5’AB), 7.64 (d, J=8.8, 2H, H2B, H6B), 7.73 (d, J=8.8, 2H, H2A, H6A), 8.06-8.13 

(m, 2H, H3AB, H5AB). 

 

4.1.14. Synthesis of intermediate pyrazoles 106, 111, 112 

4-(3,4-Dichlorophenoxy)-5-methyl-3-(4-((tetrahydro-2H-pyran-2-yl)oxy)phenyl)-

1H-pyrazole, 106. Following general procedure D using enaminone 105 (110 mg, 0.24 
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mmol), compound 106 was obtained as a white solid (17 mg, 17%). Chromatography: 

hexane to hexane/EtOAc 6:4. 

 

Rf: 0.44 (hexane/AcOEt, 1:1). 1H-NMR (CDCl3, 300 MHz): δ1.54-2.03 (m, 6H, 2H2’’’, 

2H3’’’, 2H4’’’), 2.08 (s, 3H, CH3), 3.52-3.64 (m, 1H, H5’’’), 3.86 (ddd, J=12.1, 9.3, 3.1, 1H, H5’’’), 

5.39 (t, J=3.3, 1H, H1’’’), 6.76 (dd, J=8.9, 2.9, 1H, H6’’), 6.99 (d, J=8.8, 2H, H3’, H5’), 7.04 (d, 

J=2.9, 1H, H2’’), 7.27 (d, J=8.9, 1H, H5’’), 7.56 (d, J=8.8, 2H, H2’, H6’). 

 

4-(3,4-Dichlorophenoxy)-5-methyl-3-(4-nitrophenyl)-1H-pyrazole, 111. Following 

general procedure D using enaminone 110 (325 mg, 0.82 mmol) at rt, compound 111 was 

obtained as a yellow solid (100 mg, 33%). Chromatography: hexane to hexane/EtOAc 6:4. 

 

Mp: 210°C. Rf: 0.45 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3190 (N-H), 1602 (C=C), 

1516 (NO2), 1466 (C=C), 1345 (NO2), 1255 (C-O), 855 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 

2.16 (s, 3H, CH3), 6.80 (dd, J=8.9, 2.9, 1H, H6’’), 7.01 (d, J=2.9, 1H, H2’’), 7.32 (d, J=8.9, 1H, 

H5’’), 7.91 (d, J=8.9, 2H, H2’, H6’), 8.19 (d, J=8.9, 2H, H3’, H5’). 13C-NMR (CDCl3, 75 MHz): δ 9.0 

(CH3), 114.8 (C6’’), 117.1 (C2’’), 124.3 (C3’, C5’), 126.2 (C4’’), 126.4 (C2’, C6’), 131.3 (C5’’), 133.6 

(C3’’), 134.0, 134.1 (C4, C5), 137.3 (C3), 147.2 (C1’), 149.9 (C4’), 157 (C1’’).  

 

4-(4-(3,4-Dichlorophenoxy)-5-methyl-1H-pyrazol-3-yl)aniline, 112. A solution of 

compound 111 (20 mg, 0.06 mmol) in DCM (0.05 M) was pumped through a 10% Pd/C 

cartridge at rt and 0.5 mL/min flow rate under atmospheric pressure (full-H2 mode) using 

an H-Cube continuous flow hydrogenation reactor. The resulting solution was 
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concentrated under reduced pressure to afford compound 112 as a white solid (17 mg, 

93%), which was used without further purification.  

 

Mp: 100-102 °C. Rf: 0.26 (hexane/EtOAc 3:7). IR (ATR, cm-1):  3230 (N-H), 1621 (C=C), 

1511 (C=C), 1466 (C=C), 1252 (C-N), 1120 (C-O), 833 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 

2.10 (s, 3H, CH3), 4.51 (br s, 2H, NH2), 6.63 (d, J=8.6, 2H, H3’, H5’), 6.79 (dd, J=8.9, 2.9, 1H, 

H6’’), 7.04 (d, J=2.9, 1H, H2’’), 7.29 (d, J=8.9, 1H, H5’’), 7.42 (d, J=8.6, 2H, H2’, H6’). 13C-NMR 

(CDCl3, 75 MHz): δ 10.0 (CH3), 114.9 (C6’’), 115.3 (C3’, C5’), 117.3 (C2’’), 119.7 (C1’), 125.5 

(C4’’), 127.1 (C2’, C6’), 131.1 (C5’’), 132.4 (C4/C5), 133.3 (C3’’), 137.8 (C4/C5), 138.0 (C3), 146.8 

(C4’), 157.6 (C1’’).  

 

4.1.15. Synthesis of final compounds 90-95 

4-(3,4-Dichlorophenoxy)-3-(4-ethoxyphenyl)-5-methyl-1H-pyrazole, 90. Following 

general procedure D using enaminone 102 (150 mg, 0.38 mmol), compound 90 was 

obtained as a white solid (42 mg, 31%). Chromatography: hexane to hexane/EtOAc 6:4. 

 

Mp: 161 °C. Rf: 0.23 (hexane/EtOAc 6:4). IR (ATR, cm-1):  3135 (N-H), 1466 (C=C), 

1252 (C-O), 1119 (C-O), 837 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 1.40 (t, J=7.0, 3H, CH2CH3), 

2.14 (s, 3H, CH3pyr) 4.02 (q, J=7.0, 2H, CH2), 6.80 (dd, J=8.9, 2.9, 1H, H6’’), 6.87 (d, J=8.9, 2H, 

H3’, H5’), 7.04 (d, J=2.9, 1H, H2’’), 7.30 (d, J=8.9, 1H, H5’’), 7.55 (d, J=8.9, 2H, H2’, H6’). 13C-

NMR (CDCl3, 75 MHz): δ 9.9 (CH3pyr), 14.9 (CH2CH3), 63.6 (CH2), 114.9 (C6’’), 115.0 (C3’, C5’), 

117.3 (C2’’), 122.1 (C1’), 125.6 (C4’’), 127.3 (C2’, C6’), 131.1 (C5’’), 132.8 (C4/C5), 133.4 (C3’’), 

136.9 (C4/C5), 138.5 (C3), 157.5 (C1’’), 159.2 (C4’). HPLC (tR, min): 15.5. MS (ESI, m/z): 363.0, 

365.0, 367.0 [M+H]+. 
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4-(3,4-Dichlorophenoxy)-3-(4-isopropoxyphenyl)-5-methyl-1H-pyrazole, 91. 

Following general procedure D using enaminone 103 (148 mg, 0.36 mmol), compound 91 

was obtained as an off-white solid (35 mg, 26%). Chromatography: hexane to 

hexane/EtOAc 6:4. 

 

Mp: 100-102 °C. Rf: 0.30 (hexane/EtOAc 6:4). IR (ATR, cm-1):  3132 (N-H), 1465 (C=C), 

1249 (C-O), 1119 (C-O), 835 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 1.30 (d, J=6.0, 6H, 

CH(CH3)2), 2.08 (s, 3H, CH3pyr) 4.51 (hept, J=6.1, 1H, CH), 6.80 (dd, J=8.8, 2.9, 1H, H6’’), 6.86 

(d, J=8.9, 2H, H3’, H5’), 7.04 (d, J=2.9, 1H, H2’’), 7.30 (d, J=8.8, 1H, H5’’), 7.55 (d, J=8.8, 2H, 

H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 10.0 (CH3pyr), 21.2 (CH(CH3)2), 70.1 (CH), 114.9 (C6’’), 

116.3 (C3’, C5’), 117.3 (C2’’), 122.2 (C1’), 125.6 (C4’’), 127.2 (C2’, C6’), 131.1 (C5’’), 132.8 (C4/C5), 

133.4 (C3’’), 136.9 (C4/C5), 138.5 (C3), 157.5 (C1’’), 158.2 (C4’). HPLC (tR, min): 16.0. MS (ESI, 

m/z): 377.1, 379.1, 381.1 [M+H]+. 

 

3-(4-(Cyclopropylmethoxy)phenyl)-4-(3,4-dichlorophenoxy)-5-methyl-1H-

pyrazole, 92. Following general procedure D using enaminone 104 (150 mg, 0.36 mmol), 

compound 92 was obtained as an off-white solid (28 mg, 20%). Chromatography: hexane 

to hexane/EtOAc 6:4. 

 

Mp: 85 °C. Rf: 0.32 (hexane/EtOAc 6:4). IR (ATR, cm-1):  3137 (N-H), 1465 (C=C), 1250 

(C-O), 1119 (C-O), 1025 (C-O), 833 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 0.34 (m, 2H, 

CH2cyclop), 0.62 (m, 2H, CH2cyclop), 1.25 (m, 1H, CH), 2.12 (s, 3H, CH3), 3.77 (d, J=7.0, 2H, 

OCH2), 6.79 (dd, J=8.9, 2.8, 1H, H6’’), 6.86 (d, J=8.8, 2H, H3’, H5’), 7.05 (d, J=2.8, 1H, H2’’), 

7.29 (d, J=8.9, 1H, H5’’), 7.55 (d, J=8.7, 2H, H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 3.3 (2 

CH2cyclop), 9.9 (CH3), 10.3 (CH), 72.9 (OCH2), 114.9 (C6’’), 115.1 (C3’, C5’), 117.3 (C2’’), 122.2 
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(C1’), 125.6 (C4’’), 127.2 (C2’, C6’), 131.1 (C5’’), 132.8 (C4/C5), 133.4 (C3’’), 136.9 (C4/C5), 138.5 

(C3), 157.5 (C1’’), 159.3 (C4’). HPLC (tR, min): 15.9. MS (ESI, m/z): 389.0, 391.1, 393.0 

[M+H]+. 

 

4-(4-(3,4-Dichlorophenoxy)-5-methyl-1H-pyrazol-3-yl)phenol, 93. Following general 

procedure E using compound 106 (17 mg, 0.04 mmol), compound 93 was obtained as an 

off-white solid (8 mg, 60%). 

 

Mp: 130-132 °C. Rf: 0.30 (hexane/EtOAc 6:4). IR (ATR, cm-1):  3253 (N-H, O-H), 1464 

(C=C), 1229 (C-O), 1118 (C-O), 836 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 2.11 (s, 3H, CH3), 

6.76 (m, 3H, H6’’, H3’, H5’), 7.02 (d, J=2.9, 1H, H2’’), 7.28 (d, J=8.9, 1H, H5’’), 7.46 (d, J=8.6, 

2H, H2’, H6’), 7.70 (br s, 1H, OH). 13C-NMR (CDCl3, 75 MHz): δ 9.8 (CH3), 114.9 (C6’’), 116.1 

(C3’, C5’), 117.3 (C2’’), 121.8 (C1’), 125.7 (C4’’), 127.7 (C2’, C6’), 131.1 (C5’’), 132.7 (C4/C5), 133.4 

(C3’’), 137.2 (C4/C5), 138.6 (C3), 156.5 (C4’), 157.4 (C1’’). HPLC (tR, min): 13.0. MS (ESI, m/z): 

335.1, 337.0, 339.0 [M+H]+. 

 

4-(3,4-Dichlorophenoxy)-5-methyl-3-(4-(trifluoromethyl)phenyl)-1H-pyrazole, 94. 

Following general procedure D using enaminone 108 (100 mg, 0.24 mmol), compound 94 

was obtained as an oil (16 mg, 17%). Chromatography: DCM to DCM/EtOAc 7:3. 

 

Rf: 0.11 (hexane/EtOAc 8:2). IR (ATR, cm-1):  3200 (N-H), 1466 (C=C), 1325 (C-O), 

1121 (C-F), 846 (C-Cl). 1H-NMR (CDCl3, 500 MHz): δ 2.18 (s, 3H, CH3), 6.80 (dd, J=8.9, 2.9, 

1H, H6’’), 7.03 (d, J=2.9, 1H, H2’’), 7.33 (d, J=8.9, 1H, H5’’), 7.60 (d, J=8.2, 2H, H3’, H5’), 7.85 

(d, J=8.2, 2H, H2’, H6’).13C-NMR (CDCl3, 125 MHz): δ 9.3 (CH3), 114.8 (C6’’), 117.2 (C2’’), 124.2 

(q, J=272.1, CF3), 125.9 (q, J=3.8, C3’, C5’), 126.0 (C4’’), 126.1 (C2’, C6’), 130.2 (q, J=32.6, C4’), 
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131.3 (C5’’), 132.1 (C4/C5), 133.6 (C3’’), 133.9 (C1’), 134.2 (C4/C5), 139.9 (C3), 157.2 (C1’’). HPLC 

(tR, min): 17.2. MS (ESI, m/z, %): 387.0, 389.1, 391.0 [M+H]+. 

 

N-(4-(4-(3,4-Dichlorophenoxy)-5-methyl-1H-pyrazol-3-yl)phenyl)acetamide, 95. To 

a solution of compound 112 (1.0 eq, 0.12 mmol, 40 mg) in a 3:1 DCM/pyridine mixture 

(0.04 M), acetic anhydride (1.2 eq, 0.14 mmol, 14 µL) was added at 0 °C. The reaction was 

stirred for 1 h at 0 °C and at rt for an additional 4 h. Then, the mixture was concentrated 

under reduced pressure and the residue was diluted with DCM and washed with a 

saturated NaHCO3 solution. The organic layer was dried over Na2SO4, filtered and 

concentrated. The residue was purified by flash chromatography (hexane to 

hexane/EtOAc 1:1) to yield the N,N-diacetyl derivative (20 mg), which was dissolved in a 

3:2 THF/MeOH mixture and treated with a 10% NaOH aq solution (10 µL) for 1 h at rt. 

After solvent removal, the crude was diluted in EtOAc, washed with water, dried over 

Na2SO4, filtered and concentrated to obtain compound 95 (10.4 mg, 23%) as a white solid. 

 

Mp: 100-102 °C. Rf: 0.13 (hexane/EtOAc 3:7). IR (ATR, cm-1):  3229 (N-H), 1670 

(C=O), 1538 (C=C), 1466 (C=C), 1255 (C-O), 1120 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 2.14 

(s, 3H, CH3pyr), 2.17 (s, 3H, COCH3), 6.78 (dd, J=8.9, 2.9, 1H, H6’’), 7.02 (d, J=2.9, 1H, H2’’), 

7.30 (d, J=8.8, 1H, H5’’), 7.38 (s, 1H, CONH), 7.46 (d, J=8.4, 2H, H3’, H5’), 7.59 (d, J=8.3, 2H, 

H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 9.7 (CH3pyr), 24.8 (COCH3), 114.9 (C6’’), 117.3 (C2’’), 

120.3 (C3’, C5’), 125.7 (C4’’), 125.8 (C1’), 126.7 (C2’, C6’), 131.2 (C5’’), 133.1 (C4/C5), 133.4 (C3’’), 

136.7 (C4/C5), 138.1 (C4’), 138.5 (C3), 157.3 (C1’’), 168.6 (C=O). HPLC (tR, min): 12.8. MS (ESI, 

m/z): 376.1, 378.1, 380.2 [M+H]+. 

 

4.1.16. Synthesis of intermediate compounds 118 and 119 

2-(3,4-Dichlorophenoxy)-3-(dimethylamino)-1-(4-methoxyphenyl)prop-2-en-1-

one, 118. Compound 71 (1.0 eq, 0.32 mmol, 100 mg) and N,N-dimethylformamide 

dimethyl acetal (DMFDMA) (2.0 eq, 0.64 mmol, 85 µL) were dissolved in anhydrous DMF 

(0.2 M) in a MW vial and the reaction mixture was heated to 80 °C for 75 minutes under 
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MW irradiation. The mixture was then concentrated to dryness to yield compound 118 

(one isomer) as an off-white solid (110 mg, 94% crude yield), which was used in next step 

without further purification. 

 

Mp: 159 °C. Rf: 0.30 (hexane/EtOAc 1:1). IR (ATR, cm-1):  1649 (C=O), 1586 (C=C), 

1466 (C=C), 1322 (C-N), 1253 (C-O), 1117 (C-O), 974 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 

3.04 (s, 6H, N(CH3)2), 3.82 (s, 3H, OCH3), 6.81 (dd, J=8.9, 2.9, 1H, H6’), 6.86 (d, J=8.6, 2H, 

H3, H5), 7.04 (d, J=2.8, 1H, H2’), 7.15 (s, 1H, C=CH), 7.26 (d, J=8.9, 1H, H5’), 7.66 (d, J=8.8, 

2H, H2, H6).13C-NMR (CDCl3, 75 MHz): δ 34.9 (N(CH3)2), 55.5 (OCH3), 113.5 (C3, C5), 115.0 

(C6’), 117.2 (C2’), 124.9 (C4’), 126.7 (C1), 130.7 (C2, C6), 131.0 (C5’), 131.7 (C=CH), 133.2 (C3’), 

144.2 (C=CH), 158.0 (C1’), 161.8 (C4), 187.9 (C=O). HPLC (tR, min): 14.0. MS (ESI, m/z): 

366.0, 368.0, 370.0 [M+H]+. 

 

4’-Methoxy-3-methyl-[1,1’-biphenyl]-2-ol, 119. 2-Bromo-6-methylphenol (1.0 eq, 

0.80 mmol, 150 mg), 4-methoxyphenylboronic acid (1.2 eq, 0.96 mmol, 146 mg), Pd(PPh3)4 

(5 mol %, 0.04 mmol, 46 mg) and K3PO4 (4.0 eq, 3.21 mmol, 681 mg) were dissolved in a 

10:2:1 mixture of toluene/ethanol/water (0.2 M) in a MW vial. The reaction mixture was 

heated to 160 °C for 40 min under MW irradiation. The mixture was then filtered through 

celite, and the filtrated was washed with brine and evaporated to dryness. The residue 

was purified by flash chromatography (hexane to hexane/EtOAc 8:2) to yield compound 

119 as a white solid (89 mg, 52%). 

 

Mp: 65-66 °C. Rf: 0.50 (hexane/EtOAc 9:1). IR (ATR, cm-1):  3454 (O-H), 1608 (C=C), 

1510 (C=C), 1241 (C-O), 1084 (C-O), 1023 (C-O). 1H-NMR (CDCl3, 300 MHz): δ 2.31 (s, 3H, 

CH3), 3.87 (s, 3H, OCH3), 5.23 (s, 1H, OH), 6.88 (t, J=7.5, 1H, H5), 6.99-7.07 (m, 1H, H4/H6), 

7.02 (d, J=8.7, 2H, H3’, H5’), 7.12 (br d, J=6.9, 1H, H4 /H6), 7.38 (d, J=8.7, 2H, H2’, H6’). 13C-

NMR (CDCl3, 75 MHz): δ 16.3 (CH3), 55.5 (OCH3), 114.9 (C3’, C5’), 120.3 (CHAr), 124.6 (CAr), 

127.5 (CAr), 127.9 (CHAr), 129.5 (CAr), 130.3 (CHAr), 130.5 (C2’, C6’), 150.9 (C2), 159.5 (C4’). 

HPLC (tR, min): 13.5. MS (ESI, m/z): 215.1, 216.2 [M+H]+. 
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4.1.17. Synthesis of final compounds 113-117 

4-(3,4-Dichlorophenoxy)-3-(4-methoxyphenyl)-1,5-dimethyl-1H-pyrazole, 113 and 

4-(3,4-dichlorophenoxy)-5-(4-methoxyphenyl)-1,3-dimethyl-1H-pyrazole, 114. To a 

solution of compound 65 (1.0 eq, 0.26 mmol, 90 mg) in anhydrous DMF (0.07 M), NaH 

(60% dispersion in mineral oil, 2.0 eq, 0.52 mmol, 21 mg) was added at 0 °C and the 

mixture was stirred at rt for 2 h. Next, iodomethane (1.0 eq, 0.26 mmol, 37 mg) was added 

and the reaction was stirred overnight at rt. Then, the reaction was quenched with water, 

diluted with EtOAc and washed with a 1:1 mixture of water/brine. The organic fraction 

was combined, dried over Na2SO4, filtered and concentrated under reduced pressure. The 

crude, containing a 2:1 mixture of regioisomers, was purified by preparative 

chromatography (DCM/EtOAc 9:1) to isolate 1,5-dimethyl derivative 113 (26 mg, 28%) and 

1,3-dimethyl derivative 114 (12 mg, 13%).  

 

113: Mp: 145-148 °C. Rf: 0.83 (DCM/EtOAc 9:1). IR (ATR, cm-1):  1536 (C=C), 1465 

(C=C), 1306 (C-O), 1247 (C-O), 1119 (C-O), 836 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 2.10 (s, 

3H, CH3), 3.78 (s, 3H, OCH3), 3.83 (s, 3H, NCH3), 6.80 (dd, J=8.9, 2.9, 1H, H6’’), 6.85 (d, J=8.9, 

2H, H3’, H5’), 7.03 (d, J=2.9, 1H, H2’’), 7.29 (d, J=8.9, 1H, H5’’,), 7.67 (d, J=9.0, 2H, H2’, H6’). 13C-

NMR (CDCl3, 75 MHz): δ 8.8 (CH3), 37.1 (NCH3), 55.3 (OCH3), 114.1 (C3’, C5’), 114.9 (C6’’), 

117.2 (C2’’), 124.4 (C1’), 125.4 (C4’’), 127.3 (C2’, C6’), 131.1 (C5’’), 131.3 (C5), 132.6 (C4), 133.3 

(C3’’), 141.0 (C3), 157.7 (C1’’), 159.3 (C4’). HPLC (tR, min): 16.2. MS (ESI, m/z): 363.2, 365.1, 

367.1 [M+H]+. 

 

114: Mp: 145-148 °C. Rf: 0.74 (DCM/EtOAc 9:1). IR (ATR, cm-1):  1508 (C=C), 1466 

(C=C), 1301 (C-O), 1250 (C-O), 1119 (C-O), 831 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 2.10 (s, 

3H, CH3), 3.81 (s, 6H, OCH3, NCH3), 6.74 (dd, J=8.8, 2.9, 1H, H6’’), 6.92 (d, J=8.8, 2H, H3’, H5’), 

6.98 (d, J=2.8, 1H, H2’’), 7.23 (d, J=8.9, 2H, H2’, H6’), 7.27 (d, J=8.8, 1H, H5’’). 13C-NMR (CDCl3, 
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75 MHz): δ 10.9 (CH3), 37.9 (NCH3), 55.4 (OCH3), 114.5 (C3’, C5’), 114.9 (C6’’), 117.2 (C2’’), 

120.2 (C1’), 125.3 (C4’’), 130.3 (C2’, C6’), 130.9 (C5’’), 133.2 (C3’’), 133.4 (C3/C4), 134.9 (C5), 

139.6 (C3/C4), 157.9 (C1’’), 160.1 (C4’). HPLC (tR, min): 16.2. MS (ESI, m/z): 363.1, 365.1, 

367.1 [M+H]+. 

 

4-(3,4-Dichlorophenoxy)-3-(4-methoxyphenyl)-1H-pyrazole, 115. To a solution of 

enaminone 118 (1.0 eq, 0.25 mmol, 90 mg) in absolute ethanol (0.1 M), hydrazine 

monohydrate (2.0 eq, 0.50 mmol, 40 µL) was added, followed by addition of a 4 M HCl 

solution in dioxane (1.1 eq, 0.27 mmol, 70 µL). The reaction was heated at 65 °C for 3 h. 

After cooling to rt, the mixture was concentrated under vacuum, dissolved with EtOAc, 

and washed with brine. The organic layers were combined, dried over Na2SO4, filtered and 

concentrated under reduced pressure to yield compound 115 as a yellow solid (53 mg, 

64%). Chromatography: hexane to hexane/EtOAc 6:4. 

 

Mp: 90-92 °C. Rf: 0.65 (hexane/EtOAc 1:1). IR (ATR, cm-1):  3150 (N-H), 1465 (C=C), 

1252 (C-O), 1178 (C-O), 1120 (C-O), 834 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 3.80 (s, 3H, 

OCH3), 6.88 (m, 3H, H3’, H5’, H6’’), 7.11 (d, J=2.9, 1H, H2’’), 7.32 (d, J=8.9, 1H, H5’’), 7.50 (br s, 

1H, H5), 7.63 (d, J=8.9, 2H, H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 55.4 (OCH3), 114.5 (C3’, C5’), 

115.5 (C6’’), 117.9 (C2’’), 121.6 (C1’), 126.1 (C4’’), 127.6 (C2’, C6’), 127.8 (C5), 131.1 (C5’’), 131.9 

(C4), 133.4 (C3’’), 137.4 (C3), 157.8 (C1’’), 160.0 (C4’). HPLC (tR, min): 14.5. MS (ESI, m/z): 

335.0, 337.0, 339.0 [M+H]+.  

 

4-(3,4-Dichlorophenoxy)-5-(4-methoxyphenyl)-3-methylisoxazole, 116. Enaminone 

77 (1.0 eq, 0.24 mmol, 90 mg) was dissolved in a 1:1 1,2-dimethoxyethane/water mixture 

(0.08 M) and hydroxylamine hydrochloride (2.0 eq, 0.47 mmol, 33 mg) was added. Then, 

the reaction was heated at 60 °C for 25 h. After this time, the reaction was concentrated 

under reduced pressure and the aqueous residue was diluted with EtOAc and washed 

with brine. The organic phases were dried over Na2SO4, filtered and concentrated under 

reduced pressure, and the residue was purified by chromatography (hexane/EtOAc 9:1 to 

1:1) to yield compound 116 as a white solid (17 mg, 23%). 
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Mp: 107-109 °C. Rf: 0.7 (hexane/EtOAc 7:3). IR (ATR, cm-1):  1465 (C=C), 1255 (C-O), 

834 (C-Cl). 1H-NMR (CDCl3, 300 MHz): δ 2.15 (s, 3H, CH3), 3.83 (s, 3H, OCH3), 6.83 (dd, 

J=8.9, 2.9, 1H, H6’’), 6.94 (d, J=9.0, 2H, H3’, H5’), 7.10 (d, J=2.9, 1H, H2’’), 7.36 (d, J=8.9, 1H, 

H5’’), 7.71 (d, J=9.1, 2H, H2’, H6’). 13C-NMR (CDCl3, 75 MHz): δ 9.5 (CH3), 55.5 (OCH3), 114.6 

(C3’, C5’), 114.7 (C6’’), 117.5 (C2’’), 119.1 (C1’), 126.8 (C4’’), 127.2 (C2’, C6’), 129.8 (C3/C4), 131.4 

(C5’’), 133.8 (C3’’), 156.0 (C3/C4), 156.2 (C1’’), 158.3 (C5), 161.2 (C4’). HPLC (tR, min): 16.0. MS 

(ESI, m/z): 350.0, 352.0, 354.0 [M+H]+. 

 

2-(3,4-Dichlorophenoxy)-4’-methoxy-3-methyl-1,1’-biphenyl, 117. Following 

general procedure A using compound 119 (23 mg, 0.11 mmol), 3,4-

(dichlorophenyl)boronic acid (31 mg, 0.16) and pyridine (52 µL, 0.64 mmol) at 40 °C, 

compound 117 was obtained as a white solid (6 mg, 16%). Chromatography: hexane to 

hexane/EtOAc 8:2. 

 

Mp: 108-109 °C. Rf: 0.59 (hexane/EtOAc 9:1). IR (ATR, cm-1):  1467 (C=C), 1253 (C-

O), 833 (C-Cl). 1H-NMR (Acetone-d6, 700 MHz): δ 2.18 (s, 3H, CH3), 3.75 (s, 3H, OCH3), 6.65 

(dd, J=8.9, 2.9, 1H, H6’’), 6.83 (d, J=2.9, 1H, H2’’), 6.87 (d, J=8.7, 1H, H3’, H5’), 7.27-7.36 (m, 

4H, H4, H5, H5’’, H6), 7.41 (d, J=8.8, 2H, H2’, H6’). 13C-NMR (Acetone-d6, 175 MHz): δ 16.6 

(CH3), 55.4 (OCH3), 114.0 (C3’, C5’), 116.1 (C6’’), 117.8 (C2’’), 124.7 (C4’’), 127.2 (C6), 129.9 

(C5), 130.4 (C1’), 130.9 (C2’, C6’), 131.4 (C4), 131.9 (C5’’), 132.5 (C3), 133.2 (C3’’), 136.0 (C1), 

149.8 (C2), 158.0 (C1’’), 160.1 (C4’). HPLC (tR, min): 16.5. HRMS (ESI, m/z): calculated for 

C20H16Cl2O2 [M-H]: 358.0527, found 358.0516. 
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4.2. Biological experiments 

 

4.2.1. Cell culture 

RH7777 hepatoma cells stably expressing the LPA1 receptor were kindly provided by 

Prof. Gabor Tigyi (University of Tennessee, Health Science Center, Memphis, USA), and 

B103 neuroblastoma cells stably expressing the LPA2 or LPA3 receptors were provided by 

Prof. Jerold Chun (Sanford Burnham Prebys Medical Discovery Institute, La Jolla, 

California, USA). All reagents were acquired from Gibco. Cells were maintained in 

Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% heat inactivated 

fetal bovine serum (FBS), 1% non-essential amino acids, 1% sodium pyruvate, 10 U/mL 

penicillin, and 10 µg/mL streptomycin. Cells were incubated in a humidified atmosphere 

at 37 °C in the presence of 5% CO2. For passage, cells were rinsed with phosphate buffered 

saline (PBS) and incubated with 0.125% trypsin, 0.02% EDTA solution for 2 min at 37 °C. 

Detached cells were resuspended in growth medium, counted if necessary, and splitted 

onto dishes containing fresh media. 

 

4.2.2. Evaluation of receptor activation by Ca2+ mobilization assay 

Intracellular calcium levels changes were measured by using the fluorescent calcium 

sensitive dye Fluo-4NW (Invitrogen). RH7777 or B103 cells were plated on black-wall 

clear-bottom 96-well plates (Corning) at a density of 50000 cells/well and cultured 

overnight. The culture medium was then replaced with Fluo-4NW dye loading solution 

containing 2.5 μM of probenecid and incubated for 30 min at 37 °C followed by an 

additional 30 min at rt. Fluorescence changes were registered in a FluoStar Optima 

instrument (BMG Labtech) at 525 nm using an excitation wavelength of 494 nm. Each well 

was monitored for 240 s. 20 μL of the test compound from a 6x stock solution in assay 

buffer were added after 120 s of starting the measurement. Transient Ca2+ increase was 

quantified by calculating the difference between maximum and baseline values for each 

well. As positive controls, 10 μM LPA and 10 μM ionomycin were included in every 

experiment. At this concentration, LPA induced a response about 30-33% of the one 

shown by ionomycin, which agrees with previously described results.148 The data 

presented are from two to four independent experiments carried out in triplicate or 

quadruplicate. Dose-response curves were generated and IC50 values calculated by 

nonlinear regression analysis using PRISM software version 9. 
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4.2.3. Parallel artificial membrane permeability assay (PAMPA) 

Prior to use, the commercially available 96-well Corning Gentest pre-coated PAMPA 

plate system (Cultek S.L.U., Spain) was warmed to rt for 30 min. Then, 300 μL of a 20 μM 

solution of the compound under study (including as reference compounds propranolol 

and metoprolol) in 2% DMSO in PBS were added into wells in the donor plate, and 200 μL 

of PBS were added into wells in the acceptor plate. The acceptor plate was placed on the 

donor plate by slowly lowering the pre-coated PAMPA plate. The assembly was incubated 

at rt for 5 h, and then buffer samples were collected carefully from each plate. The final 

concentrations of compound in both donor and acceptor wells were analyzed by HPLC-

MS using SIM mode and quantification was estimated by using the peak area integration 

normalized with an internal standard. Permeability values of the compound under study, 

and propranolol and metoprolol as reference compounds, were calculated using the 

following formula: P (cm/s)={-ln[1- CA(t)/Ceq]}/[A*(1/VD+1/VA)*t], where A=filter area (0.3 

cm2), VD=donor well volume (0.3 mL), VA=acceptor well volume (0.2 mL), t=incubation 

time (s), CA(t)=compound concentration (μM) in acceptor well at time t, CD(t)=compound 

concentration (μM) in donor well at time t, and Ceq=[CD(t)*VD+CA(t)*VA]/(VD+VA). 

 

4.2.4. Stability in human and mouse serum 

An aliquot of 625 μL of a 250 μM solution of tested compound in PBS (pH 7.4) was 

added to 1.875 mL of mouse (Europa Bioproducts, EQSM-0100) or human (Sigma Aldrich) 

serum pre-warmed at 37 °C. Next, the solution was incubated at 37 °C, taking aliquots of 

250 μL at times ranging from 0 to 48 hours. Each aliquot was quenched in 375 μL of cold 

ACN, vortexed, incubated for 10 min in ice and centrifuged at 39000g for 10 min. 

Supernatants were then analyzed by HPLC-MS using SIM mode, and quantification was 

estimated by using the peak area integration normalized with an internal standard. 

 

4.2.5. Stability assays in mouse and human liver microsomes 

Tested compound (1 µM) was incubated at 37 °C in PBS with NADPH (final 

concentration of 2 mM) and MgCl2 (final concentration of 5 mM). Reactions were initiated 

by the addition of a suspension of MLMs (male CD-1 mice pooled, Sigma-Aldrich) or HLMs 

(male human pooled, Sigma-Aldrich), at a final protein concentration of 1 mg/mL. The 

solutions were shaken in a vortex and kept at 37 °C in a water bath open to the air. 

Aliquots of 100 μL were quenched at time zero and at seven points ranging to 2 h (MLM) 

or 8 h (HLM) by pouring into 100 μL of ice-cold ACN. Quenched samples were centrifuged 
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at 10000g for 5 min, and the supernatants were filtered through a 

polytetrafluoroethylene membrane syringe filter (pore size of 0.2 μm, Albet Labscience). 

The relative loss of parent compound over the course of the incubation was monitored by 

HPLC-MS using SIM mode. Concentrations were quantified by measuring the area under 

the peak ([M+H]+) and converted to the percentage of remaining compound, using the 

time zero peak area value as 100%. The natural logarithm of the percentage remaining 

versus time data for each compound was fitted to linear regression, and the slope was 

used to calculate the degradation half-life time. 

 

4.2.6. HSA binding assay 

The binding of compounds to HSA was determined by incubating a fixed 

concentration of the compound with different concentrations of immobilized HSA, using 

the TRANSILXL HSA Binding Kit (TMP-0210-2096, Sovicell). An 8-well unit of the TRANSIL 

assay plate was used for each compound; six wells contained increasing concentrations 

of HSA immobilized on silica beads suspended in PBS at pH 7.4, and two wells contained 

buffer only and serve as references to account for nonspecific binding. The TRANSIL assay 

plate was thawed for 3 h at rt and centrifuged at 750g for 5 s. Then, 15 μL of an 80 μM 

stock solution of the compound in PBS (for a final concentration of 5 μM) was added to 

each well of the 8-well unit, and the plate was incubated on a plate shaker at 1000 rpm 

for 12 min at rt. After this time, the plate was centrifuged at 750g for 10 min, and 50 μL 

of the supernatants were transferred for analytical quantification by HPLC-MS using 

selected ion monitoring as acquisition method. The binding percentage was calculated 

from the remaining free compound concentration in the supernatant of each well, using 

the spreadsheet and algorithms supplied with the kit. 

 

4.2.7. MTT cytotoxicity assay 

AF3 or IMR-90 cells were seeded in 96-well plates (104 cells per well) in DMEM with 

10% FBS for 24 h prior to treatments. The medium was then replaced by fresh medium 

containing tested compound or the equivalent volume of DMSO as vehicle. After the 

corresponding time, the medium was replaced by fresh DMEM with 5 mg/mL of MTT 

(Sigma-Aldrich), and the cells were incubated for 4 h at 37 °C in the dark. The supernatants 

were removed, formazan crystals were dissolved in DMSO (100 μL/well), and the 

absorbance was measured at 570 nm (OD570-630) using an Asys UVM 340 microplate 

reader (Biochrom Ltd., Cambridge, UK). The background absorbance of blank wells 
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containing only medium with compound or vehicle were subtracted from each test well. 

The results were reported as cell viability percentage for tested compound relative to 

vehicle, obtained from at least two experiments performed in triplicate. 

 

4.2.8. Determination of the in vivo levels of compound 65 

Compound 65 was administered intraperitoneally (25 mg/kg) in adult female 12-16 

weeks old C57Bl/6J mice. At different time points after drug administration (0.5, 1, 2, 4 

and 6 h), mice were sacrificed and brain, spinal cord, and blood samples were obtained. 

Brain and spinal cord were immediately frozen and kept at -80 °C until analysis. Blood was 

allowed to clot at rt for 30 min and centrifuged at 4 °C for 10 min at 16000g. Serum was 

transferred to a clean polypropylene tube and stored at -80 °C until analysis. For analysis, 

a volume of cold acetonitrile was added to the serum, brain and spinal cord samples, 

which were then incubated in an ice bath for 10 min and centrifuged at 4 °C for 10 min at 

16000g. The resulting organic layers were filtered through a PTFE filter (0.2 µm, 13 mm 

diameter, Fisher Scientific) and 20 µL of each sample were analysed by LC-MS/MS at the 

UCM’s Mass Spectrometry CAI. 

 

4.2.9. Evaluation of the in vivo efficacy of compound 65 

Complete Freund’s adjuvant was administered to the paw of C57Bl/6J mice (10−12 

weeks old). Then, mice were treated daily with compound 65 (25 mg/kg, i.p.) starting at 

1 h following lesion and for 14 consecutive days, and inflammation was assessed. These 

experiments were done in collaboration with Professor Rubèn López Vales from 

Universidad Autónoma de Barcelona. 
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