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Abstract 

My PhD research project has been finalized to the discovery of potential RAD51-BRCA2 

protein-protein interaction (PPI) disruptors, able to trigger synthetic lethality (SL) in pancreatic 

cancer in combination with PARP inhibitor Olaparib. SL has been validated clinically, as 

anticancer therapeutic strategy, through the efficacy of Olaparib in BRCA2-defective cancers. In 

this context, we proposed to trigger a fully small-molecule-induced SL, combining RAD51-

BRCA2 PPI disruptor with Olaparib to target pancreatic cancer. RAD51-BRCA2 PPI is essential 

in homologous recombination (HR) for DNA repair and it is mediated by two critical ñhotspotsò 

on RAD51 surface, Zone I and Zone II, suitable sites to design small molecule disruptors.  

This thesis reports the application of two distinct hit identification strategies to identify 

potential RAD51-BRCA2 PPI disruptors. 

In the first part of this project, an approach of structure-based design was applied, which 

exploited Virtual Screening (VS) campaign as hit identification strategy, followed by chemical 

modifications and SAR studies. Two VS, targeting separately Zone I and Zone II, led to the 

discovery of two classes of potential RAD51-BRCA2 PPI disruptors. In particular, VS targeting 

Zone II identified the dihydroquinolone pyrazoline 19 as hit compound. The optimization of a 

general synthetic strategy gave access to a series of analogs for SAR investigation, leading to 

compound 47 with the desired biological profile. Indeed, 47 inhibited RAD51-BRCA2 PPI, 

reduced cell HR and triggered cell death in combination with Olaparib in BxPC-3 cells, fully 

reproducing the paradigm of SL. 

The second part of this thesis was devoted to a second hit identification strategy. During the 

six-month placement at HIPS in Prof. A. K. H. Hirschôs group, I applied a technique of target 

directed dynamic combinatorial chemistry (tdDCC) on RAD51. This approach allowed the 

identification of N-acylhydrazone-based compounds, which proved to inhibit RAD51-BRCA2 PPI 

at micromolar range in the preliminary biochemical assay. 
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1. Introduction 

1.1 Tumor heterogeneity 

Cancer is defined as a broad group of diseases and represent the second leading cause of 

death in the world, accounting for an estimated 9.6 million deaths, or one in six deaths, in 2018 

(Figure 1).1 Despite the extraordinary research efforts and funding employed over the past 

several decades, successful eradication and cure of advanced disease is still elusive.2 In 

parallel, our knowledge of cancer biology and genetics has significantly improved, leading to the 

translation of cancer genomics to cancer therapeutic needs.2 Addressing cancer cellular 

complexity and dynamics is meant as promising approach to develop successful cancer 

therapies.  

 

Figure 1. Estimated age-standardized incidence rates (World) in 2018, all cancers, both sexes, all ages1. 

Since the German biologist Theodor Boveri firstly proposed that pathogenesis of cancer could 

be driven by a ñspecific and abnormal chromosome constitutionò,3 genomic instability has been 

recognized as a huge feature of most cancers.4 In fact, tumours are associated with deep 

alterations in their genome at multiple levels, including alterations in chromosome number and 

structure, a phenotype termed chromosomal instability.4,5 The number of mutations found in any 

cancer can vary up to hundreds of thousands. 2 Tumours accumulate somatic aberrations as 
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result of the interplay of driver and passenger mutations.2 Gene mutations, which directly or 

indirectly confers a selective growth advantage to the cell in which they occur, are considered 

driver, accounting for the real leading cause of oncogenesis.6,7 A tumor can contain driver gene 

mutations, affecting genes involved mainly in cell proliferation, DNA damage response (DDR), 

and cell cycle regulation. These mutations can alter cellular behavior, drive the disease 

progression and influence how the tumor will respond to therapy.4 Cancer driver mutations are 

often classified into gain-of-function and loss-of-function mutations. Gain-of-function mutations 

lead to protein overexpression or pathway hyper activation, including genes such as RAS8 and 

MYC,9 which mediate signal transduction, cellular proliferation, growth, and metabolism. 

Whereas loss-of-function mutations lead to inactive proteins or impaired pathways, and involve 

genes such as BRCA1/2,10 TP53,11 RB1,12 which mediate DNA damage repair, cell cycle 

control, and ultimately apoptosis. Alongside key driver mutations, a typical tumor may contain 

many thousands of passenger mutations, which do not contribute directly to the disease, but are 

more context-dependent,4 triggered by the exposure to environmental factors or defects in the 

molecular mechanisms that maintain genome integrity, such as DNA repair processes. 

Accumulating studies suggest that type and distribution of mutations, whether drivers or 

passengers, are significantly heterogeneous among cancer cells within a single tumor, and this 

evidence accounts for an intratumour heterogeneity.13 Thus, the presence of subclonal 

mutations that exist only in a subset of neoplastic cells within a tumor, generates the onset of 

sub-clonal populations.7 Indeed, despite it is well recognized that cancers are associated with 

genomic alterations, what is less commonly appreciated is that these changes occur 

heterogeneously within a single tumour, giving raise to genetically distinct cellular 

subpopulations.5,14 

In 1976 Peter Nowell firstly described cancer as a model of evolutionary process,15 where 

somatic cell mutations and selective pressure contribute to drive the selection of sub-clonal 

lines. In this model, cancer is defined as a dynamic disease where cancer heterogeneity 

represents a substrate for the clonal evolution.16  The combination of genomic instability, which 

contributes by providing a rich pool of genetic mutations, and the selective pressure, ensured by 

factors in the tumour microenvironment and reversible changes in cell properties, results in the 

positive selection of subclonal cell lines, which drive tumour progression and invasiveness 

(Figure 2).13,16 Noteworthy, among cellular sub-populations, cancer stem cells (CSCs) have 

been identified as cellular drivers of sub-clonal expansion and promoter of intratumour 

heterogeneity, due to their extensive self-renewal and replicative potential.2,17  
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Intratumour heterogeneity has been linked to different responsiveness to chemotherapeutics, 

and to the onset of mechanisms of intrinsic and acquired drug resistance.14 Indeed, based on 

their genotypic and phenotypic profiles, distinct sub-clonal populations can depend differently on 

targeted pathways, and respond heterogeneously to targeted monotherapies (intrinsic 

resistance). On the other hand, they can become resistant after drug treatment, with drug acting 

as an external selective pressure, which drives the positive selection of drug resistant tumour 

subpopulations, contributing to cancer relapse and progression.14,18 All these evidences suggest 

that intratumour heterogeneity cancers hamper significantly the effectiveness of available 

anticancer therapy. The overcome of such features has been one of the first rationale proposed 

for combination cancer therapy. 

 

Figure 2. Intratumour heterogeneity promoted by genomic instability and selective pressure.  
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1.2 Combination cancer therapy 

Targeted therapy is an approach where therapeutics are rationally designed to target specific 

molecular alterations in the tumour.19  This approach has been put in contrast to the outdated 

cytotoxic chemotherapy, based on non-selective drugs, which kill cancer and normal cells 

undergoing high proliferation rate, and exhibit severe side effects. To be effective, targeted 

therapies need to be directed at the founding clonal mutations shared by all cells in the cancer. 

For cancers, which are strictly dependent on a single driver mutation, single-agent treatment is 

potentially curative.19 However, the intratumour heterogeneity, combined with the ability to adapt 

to external stimuli, can prevent the effectiveness of targeted monotherapy, also facilitating drug 

resistance.14,19 Definitively, cancer mutational complexity underscores the need for combined 

treatment approaches to target different sub-clonal populations, and exploit robustness and 

redundancy of cellular pathways overlaps, which guarantee cell sustain and survival.14 

The combination treatments with two or more therapeutics, which specifically target cancer 

inducing or cell sustaining pathways, is a cornerstone of cancer therapy and has provided 

significant advantages.20 First, multiple drug combinations could enable to target multiple 

pathways, often dysregulated in cancer cells, leading to an increased chance of disease control. 

Next, multiple drug combinations could target the heterogeneous nature of tumors, including 

CSCs sub-population.20,21 In some cases, this results into increased efficacy, reduced dose 

required for each agents, shortened time of treatment, decreased risk of toxicity and side effects 

and slowed down development of drug resistance.20,22 Indeed, since cancer cells are frequently 

not able to adapt simultaneously to multiple therapeutic agents, combination therapy can 

minimize the risk of acquired resistance and attenuate the likelihood of relapse, if compared to 

monotherapy, which can foster cancer cells to recruit alternative salvage pathways.20 

Targeted combination therapies are currently designed based on molecular reasoning about the 

functions of targets.23 In general we can distinguish between drug-independence and drug-

interaction combinations. In the case of independent-drug combination, two or more cellular 

functions, which do not necessarily overlap, are selectively impaired, in order to increase the 

chance to treat different oncological patients, bearing a similar type of cancer.23 Whereas, in the 

case of a drug-interaction combination, the benefit stems from the possibility to target the 

crosstalk between different pathways among sub-clonal cancer cells, addressing the 

intratumour heterogeneity.23 Drug-interaction combinations offer the possibility to target the 

emerging activation of compensatory or bypassing pathways, which ultimately promote drug 
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resistance.24 In this context, the combined effect of two drugs can be classified in synergistic, 

additive, or antagonistic, correlated to whether it is greater than, equal to, or less than the sum 

of the drugs individual effects. Based on Loeweôs additivity model and Grecoôs response surface 

model,25 the Equation 1 leads to the quantification of the effect of combination of drug A and B: 

Ὀȟ Ὓȟ Ὠ Ὓȟ Ὠ Ὑ ‌ Ὓȟ Ὓȟ 
ὨὨ

ὉὈȟ
 

D = equivalent dose; 

DX,i = dose of drug X effectively sensed by each subpopulation; 

ED50= effective dose in 50% of population; 

SX,i= dose sensitivity % of drug X in subpopulation; 

dX= drug X dose 

Ŭ = interaction parameter 

Equation 1. Greco's response surface model 

 

The interaction parameter a spots the magnitude of synergy (a>0), additivity (a=0), or 

antagonism (a<0) (Figure 3). 

 

Figure 3. Isobologram for additive, synergistic, and antagonistic two-drug combinations, based on Grecoôs 

model.26 

As synergism by definition has the greatest potency relative to the sum of the total dose, much 

interest has been focused on finding potent synergistic combinations.26 Thus, the research has 

been directed to synergic combination therapies, which exhibit enhanced therapeutic efficacy at 

lower doses.23,27 Among the available combination strategies, the synthetic lethality concept has 

been emerging as promising framework for the development of synergic anticancer drug 

combinations.  
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1.3 Synthetic lethality  

Synthetic lethality (SL) concept was originally derived from genetic studies on gene-gene 

interactions in model organisms, such as fruit flies28,29 and yeasts,30-32 and it is based on the 

interaction of two genes, which both contribute to processes, essential for cell viability.33,34 

According to this genetic principle, two genes are ñsynthetic lethalò if the mutation of either gene 

alone is compatible with cell viability, but the simultaneous mutation of both genes induces cell 

death (Figure 4).34 Indeed, in case of either gene mutation, the non-mutated gene can buffer the 

loss of the mutated one and vice-versa, whereas if both genes are impaired, the buffering effect 

is lost and cell death is triggered.34 The concept of SL can be extended to the proteins encoded 

by synthetic lethal genes and, in turn, to the cellular pathways mediated by the product proteins. 

In this scenario, if two pathways contribute to sustain essential cellular processes, the inhibition 

of one is not lethal, because sufficiently compensated by the alternative pathway, but the 

combined inhibition results lethal for the cell due to the lack of compensatory effect.33 

 

Figure 4. Synthetic lethality concept. 

SL can be exploited in anticancer drug discovery to expand the repertoire of anticancer drug 

targets35,36 and overcome the genetic heterogeneity observed within tumor cells since it allows 

targeting multiple key interconnected processes.37 Moreover, since SL takes advantage of 

altered or mutated genes present only in cancer cells to exploit tumor molecular vulnerabilities,38 

this approach has been included in the framework of precision medicine in cancer therapy.39 

Indeed, precision medicine, or precision oncology, proposes to tailor personalized treatments to 

each individual oncological patient, based on the genetic profile of the cancer and the 

individual.39,40 Ultimately this goal can be reached by applying SL to design the therapeutic 

options. 

During the past decade, the advent of advanced genome-wide screening techniques has 

enabled the identification of biologically relevant SL interactions in human cancer cells,37 with 

improved efficiency and accuracy.37,41 These techniques include RNA interference (RNAi)-
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based largescale screens42 based on small interfering RNA (siRNAs) and short hairpin RNA 

(shRNAs), II) clustered regularly interspaced short palindromic repeats (CRISP), CRISPR/Cas9 

systems,43-45 and recently III) RNA-targeting CRISPR/Cas9 systems.46 In parallel to 

biotechnological platforms, high- and medium-throughput phenotypic approaches, in particular 

cellular-based drug screening, have been intensively exploited to provide information about the 

anticancer effect of drugs in presence of specific cancer mutations, detecting possible 

pharmacological and clinical outcomes. Moreover, computational approaches have also been 

applied to analyze collected data and map genetic interaction networks in tumors with the aim to 

predict SL interactions. 47 48,49  

SL strategy can be employed mainly in two different approaches. One option can be targeting 

proteins encoded by genes that are synthetic lethal in presence of a known tumor-specific 

mutations (Figure 5A).34,36 In another option, SL can be exploited to identify specific drug 

combinations, which act simultaneously on two synthetic lethal partners, to induce cancer cell 

death (Figure 5B).50 

 

Figure 5. Synthetic lethality in anticancer therapy: A) Mutation A + drug B; B) drug A + drug B. 

In the first approach, the combination of an endogenous tumor mutation and the targeted drug 

leads to cancer cell death, while normal cells are spared due to the lack of a specific genotype. 

33-36 This approach exploits tumor vulnerabilities induced by genetic alterations, facilitating the 

indirect targeting of undruggable cancer mutations through a druggable synthetic lethal partner. 

In fact, while the majority of available targeted therapies exploits tumor oncogene addiction by 

targeting gain-of-function mutations, SL provides the opportunity to target so far considered 

undruggable genetic alterations, including loss-of-function mutations and non-oncogene 

addiction.35,36 
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SL has been validated clinically through the efficacy of poly(ADP-ribose) polymerase (PARP) 

inhibitor (PARPi),51 Olaparib (Lynparza ®) for the treatment of cancers harboring the germline 

loss-of-function mutations in either BRCA1 or BRCA2.52 Indeed, BRCA2 gene encodes for the 

homonym protein, which participates to the homologous recombination (HR) process to repair 

DNA double strand breaks (DSBs). The loss-of-function mutations in BRCA2 gene sensitize 

cancer cells to the inhibition of other pathways and proteins involved in DNA damage response 

(DDR) network, including PARP, which plays a role in DNA single strand breaks (SSBs) for 

base excision repair (BER). Ultimately, the simultaneous impairment of BRCA2 and PARP 

activities is able to induce the synthetic lethal effect in cancer cells.53-56 

Following the clinical application of SL of PARPi in BRCA2-defective cancer, new SL 

interactions have been identified with the purpose to target cancers harboring specific genetic 

mutations. At this regard, S. Parameswaran et al 37 has recently reported a detailed list of 

ongoing clinical trials for potential therapeutics that target specific cancer genotypes. In this 

context, authors clarified that an observed óincomplete penetranceô of the lethal phenotype could 

be the reason of the limited results in clinic of this approach.37  

Despite the advantageous selectivity of targeting mutations harbored only by cancer cells, this 

strategy has been showing issues similar to those observed in classical targeted monotherapy, 

such as the onset of acquired resistance.51 Indeed, multiple potential mechanisms of drug 

resistance have been reported in BRCA2-defective cancers as effect of PARP inhibition.51 

These include the restoration of BRCA2 gene function, the inactivation of proteins involved in 

DNA repair57,58 and the loss of PARP1 protein.51,59 This negative outcome is in agreement with 

the adaptive nature of cancer, which drive the selection of resistant clones under the selective 

pressure of the PARPi. Ultimately, this clinical observation could suggest that SL could be better 

exploited to identify synergic drug combinations, rather than in monotherapy, in order to 

eradicate or at least reduce the risk of drug resistance. 

 

  



 

12 
 

1.4 Synthetic lethality as strategy for drug combination 

If two drugs targeting two SL pathways are simultaneously administered, the exerted effect 

should be more than additive, thus synergic, due to pathways crosstalk. In this scenario, SL 

could provide a source of new synergic drug combinations, and novel molecular targets, 

overcoming the need of specific tumor mutations35,50 and ultimately broadening the spectrum of 

treatable cancers. Indeed, SL combinations have more possibilities to target intratumour 

heterogeneity..24,50 Moreover, unlike the treatment of BRCA2 defective tumors with Olaparib, a 

SL combination promises to discourage the onset of acquired drug resistance caused by the 

restoration of genes harboring loss-of-function mutations.51 In line with these considerations, in 

the last years SL has becoming an attractive strategy to target pathways crosstalk and identify 

synergic combinations. In the most of cases, therapeutics, already used in clinic as single-

agents, have been taken as starting points, followed by the search of potential SL drugs. 

In 2015, Yi.Y.W. et al60 reported the induction of SL death in triple-negative breast cancer 

(TNBC) cells in mesenchymal stem-like (MSL) subtype for the simultaneous inhibition of the 

epidermal growth factor receptor (EGFR) and mesenchymal-epithelial transition factor (MET). 

EGFR is a membrane receptor, essential for cell proliferation and survival, whose aberrant 

activation and overexpression are correlated to unregulated proliferation, invasion, metastasis 

and resistance to therapy of cancer cells.61,62 EGFR inhibitor, Gefitinib (Iressa ®) is an orally 

active agent, which has showed efficacy against cancers with EGFR activation such as breast, 

lung and colon cancers.63-65 Nevertheless, most TNBC cells expressing elevated level of EGFR 

exhibit innate resistance to EGFRi. To identify SL combinations in MSL subtype TNBC cells, 

authors performed a MTT screening in MDA-MB-231 cells with different receptor tyrosine kinase 

(RTK) inhibitors in presence of a fixed concentration of Gefitinib. Based on this phenotypic 

analysis, they characterized the MET inhibitor, SU11274, as SL agent in combination with 

Gefitinib. Further western blot analyses of treated cells lysates revealed that agent combination 

reduced the level of phosphor-EGFR (Y1068) and phosphor-MET (Y1234/1235) and, 

interestingly, decreased level of phosphor-ribosomal protein S6 (RPS6) (S235/236), more in 

combination than single-agent treatment. RPS6, a component of 40S ribosomal subunit, is 

involved in the regulation of protein synthesis and, ultimately in cell proliferation and glucose 

homeostasis,66 and has been reported at high levels and hyperphosphorylated in cancers.67-69 

RPS6 knockdown with siRNA exhibited reduction in cell proliferation in MDA-MB-231 cells, 

confirming the role of RPS6.60 On these evidences, author suggested that the observed 

synthetic lethal effect of Gefitinib/SU11274 could be caused by the downregulation of RPS6 in 
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MDA-MB-231 cells, mediated by the two drugs.60 This study has opened up to EGFR/MET 

inhibition as a strategy to address TNBC, and RPS6 as an unexplored oncological target (Table 

1, entry 1). 

As attempt to overcome kinase independent-resistance to tyrosine kinase inhibitors (TKI) in 

chronic myeloid leukemia, AM Eiring et al 70 identified BP-5-087, an inhibitor of signal transducer 

and activator of transcription 3 (STAT3) to induce SL in combination with the BCR-ABL1 

inhibitor, Imatinib. Despite targeting BCR-ABL1 with Imatinib has been effective in CML 

patients,71 the onset of resistance is highly frequent. While resistance due to point mutations in 

BCR-ABL1 kinase domain is clinically addressable with other approved TKIs,72-74 kinase-

independent resistance is still an unmet need in CML treatment. In this case, the activation of 

alternative signaling pathways prevents the response to therapy and disease eradication in 

patients. It has been reported that STAT3 activation occurs upon TKIs treatments, and 

shSTAT3 reduced colony formation and increase apoptosis in intrinsically TKI-resistant K562S 

cells. Authors firstly provided the proof of concept of SL by combining Imatinib and SF-1-0666, a 

salicylic acid-based compound previously reported to inhibit STAT3 by interacting with STAT3 

SH2 domain.75 Secondly, after structure-activity relationship (SAR) studies employed around 

SF-1-0666, among the up to 70 compounds synthesized, BP-5-087 has been characterized to 

increase the apoptosis in intrinsically resistant AR230R cells when combined with Imatinib, 

opening the way to exploitation of SL to overcome intrinsic TKIs resistance in CML (Table 1, 

entry 2). 

Recently, Lai SW et al76 exploited the simultaneous inhibition of PARP1 by Olaparib, and 

fibroblast growth factor receptor 1 (FGFR1) by PD173074, to trigger synthetic lethality in PDAC 

cells. Firstly described by Connolly CJC et al,77 PD173074 is a pyrido [2,3-d]pyrimidine-based 

compound, able to inhibit the tyrosine kinase activity of FGFR178 and suppress PDAC stem cell 

viability (Table 1).79 FGFR1 and PARP1 seems to co-occur in PDAC cells and interact with each 

other forming complexes.76 Thus, author proposed and proved that a SL combination can be 

exploited to enhance the efficacy of PD173034 and address acquired resistance to FGFR1 

inhibitors (Table 1, entry 3). 

In a further example, Graab U. et al 80 exploited the crosstalk between hedgehog (HH) and 

PI3K/AKT/mTOR signaling pathways to develop a SL combination for the treatment of 

rhabdomyosarcoma (RMS), one of the most common pediatric soft-tissue sarcoma.80 HH 

pathway results aberrantly activated in RMS and it is proposed as possible target for 
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therapeutics.81 However the onset of acquired resistance for second transmembrane receptor 

smoothened (SMO) inhibitors underscores the need of alternative strategies. PI3K/AKT/mTOR 

pathway can activate via phosphorylation, in SMO-independent manner, GLI proteins, 

transcriptional factors of HH target genes. To reach the inhibition of HH pathway at multiple 

levels, authors combined the GLI1/2 inhibitor GANT61,82,83 and the PI3K/mTOR inhibitor 

PI103.84 In RD cells, the combination proved to activate the apoptotic mitochondrial pathway via 

upregulation of the proapoptotic proteins, such as NOXA, BMF, BAX, and BAK, trigger caspase 

activation and suppress clonogenic survival and tumor growth in vivo (Table 1, entry 4).80 

Table 1. Synthetic lethal drug combinations. 

Entry Protein A Protein B Drug A Drug B Cell lines Cancer type Reference 

1 EGFR MET 

 
Gefitinib 

 

SU11274 

MDA-
MB-231 

MSL 
subtype 
TNBC 

Yi Y. W. 
et al 
201560 

2 
BCR-
ABL1 

STAT3 

 

Imatinib 

 

BP-5-087 

AR230R 
cells 

Kinase-
indipende
nt TKI 
resistant- 
CML 

Eiring 
A.M. et al 
201570 

3 PARP FGFR1  

Olaparib 
 

PD173074 

PDAC 
cells 

Pancreatic 
cancer 

Lai S.W 
et al 
202076 

4 GLI1/2 
PI3K/m
TOR  

GANT61 

 

PI103 

RD cells RMS  
Graab U. 
et al 
201580 

 

Overcoming drug resistance is still an unmet need to treat human cancers, and it is clear that 

mutational analysis of resistant tumors is no longer sufficient to develop effective single agent 
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therapies. In this scenario, SL offers the possibility to develop combination therapies to adapt 

and engage the rapidly evolving heterogeneity, complexity and mutational set in cancer, 

exploiting non-oncogene addiction through the inhibition of alternative pathways.  

 

1.4.1 Computational approaches to synthetic lethal drug combinations 

Accumulating studies have been demonstrating that one drug can be synthetic lethal in 

combination with another in different types of cancer. Phenotypic assays and RNAi methods, as 

reported by examples above, have been intensively used to identify and demonstrate the 

mechanism of action of potential SL combinations. However, translation of SL into the clinic is 

still elusive and part of the problem is our incomplete knowledge of the complex network in 

which gene expressions converge. 

Complexity and alternativity in biology can be simulated by in silico predictions based on system 

biology models.85 For this reason, the use of computational tool has been exploited to integrate 

multiple datasets, predict lethal interactions and map these interactions into the cell signaling 

networks.86 Phenotype is the result of the interaction of multiple degenerate pathways, and 

typical properties are robustness and resilience, comparably to a network.87 These properties 

arise from redundancy and degeneracy, which are at the basis of pathways crosstalk that are 

therapeutically exploited by means of SL.  

An example of how computational approach has been employed is Data-mining synthetic 

lethality identification pipeline (DAISY),88 designed to deduce SL interactions at genome-wide 

level. This method performs a combinatorial analysis of collected genomic data, such as 

somatic copy number alterations, somatic mutations, pairs of genes co-inactivated at low 

frequency, and shRNA essentiality screens data. As integrative statistical analysis, DAISY led to 

the identification of thousands of biological pathways crosstalk as exploitable SL l interactions.86 

Another example of computational approach is represented by Synthetic Lethal Database 

(SynLethDB). SynLethDB is a source developed to integrate genomic, transcriptomic and drug 

sensitive data, which allows predictions about cancer responsiveness to drugs, based on SL 

interactions within a specific genomic context.48,86 

Interestingly, machine learning has been employed to explore synergistic combinations. 

DeepSynergy, reported by Preuer et al,89 is a deep learning method whose inputs contain 

chemical descriptors of two drugs and information about cell line genomics in the absence of 
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drug. This method has been set up not only predictive on the existing dataset, but also to 

deduce unexplored drug combinations. 

A further exploitation of computational approach toward SL has been reported by A. Heinzel et 

al.50 Through the systematic analysis of drug combinations currently in use or at late phase III or 

IV clinical trials for ovarian cancer, they rank a series of novel drug combinations, not previously 

investigated or tested, which address SL targets.50 Despite the lack of experimental validation, 

this study proves how computational mapping and analysis can open the way to unexplored SL 

combinations.  

From these examples it is clear that databases, computational analyses and machine learning 

are growing as useful tool to collect, process and combine data derived from genetic studies 

and phenotypic assays. Indeed, mapping the SL network within cancer cell could promote the 

identification of new SL combinations and potentially predict the outcome of therapy in 

oncological patients. Noteworthy, these approaches need to be coupled to a growing collection 

of input data from biological studies to improve our knowledge about complex biological 

networks and elaborate more reliable predictions. 
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1.5 DNA double strand breaks (DSBs) repair pathways 

Eukaryotic cells have evolved several coordinated and sophisticated processes to respond to 

DNA damages. This regulated effort, known as the DNA damage response (DDR), activates the 

DNA repair machineries or triggers cell death if DNA remains unrepaired, in response to 

genotoxic events.90 Among DNA damages, DNA double strand breaks (DSBs) is one of the 

most harmful types of DNA lesions. DSBs can be the consequence of the exposure to ionizing 

radiation or chemical agents, or derive from natural cellular processes such as DNA replication. 

If unrepaired, DSBs compromise genetic integrity and stability, ultimately leading to cell death or 

carcinogenesis. In presence of DSBs, DDR machinery acts by activating cell cycle checkpoints 

to arrest cell cycle and allow time to restore genome integrity. Checkpoints G1/S, the intra-S 

and the G2/M transitions are the ones activated by DDR. In particular, G1/S checkpoint is the 

most sensitive to DNA damage and is reported to be defective in many human cancers.91 

Two are the major processes involved in repair DSBs: end-joining (EJ) and homologous 

recombination (HR) (Figure 6). 

 

Figure 6. End join (EJ) and homologous recombination (HR). 

EJ is a template independent process and can be classified into non-homologous EJ (NHEJ) 

and microhomology-mediated EJ. Due to the lack of a template or a sister chromatid, EJ can 

lead to the loss of genetic material or chromosomal rearrangements (Figure 6). On the other 
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hand, homologous recombination (HR) necessitates a DNA template to repair complex DNA 

damages, which include DNA gaps, DNA DSBs, and DNA interstrand crosslinks (ICLs). Indeed, 

HR provides an error-free, template-dependent, high-fidelity, and accurate repair, which 

restores genetic information lost in the DSB.92,90,93 In addition to DNA damage repair function, 

HR plays a prominent role in guaranteeing the faithful genome duplication, supporting telomere 

maintenance and DNA replication in the recovery of stalled or broken replication forks. Many 

proteins are involved in HR to orchestrate the recognition and the subsequent processing of 

DSBs. 

 

1.5.1 Homologous recombination (HR) pathway 

In the HR process, DBSs repair is initiated by MRN complex (Mre11, RAD50, and Nbs1), which 

binds to the broken DNA ends.94 Mre11 and RAD50 enzymes form a heterodimeric complex of 

two Mre11 and two RAD50 molecules, while Nbs1 binds across the Mre11 dimer (Figure 

7).94,95,96 The crucial role of MRN complex is to recognize DSBs and promote the resection of 

free DNA ends, involving the recruitment of exonuclease Exo1 and BLM complex (Figure 7).97 

Among its multiple functions, MRN complex mediates the loading of replication protein A (RPA) 

on single-stranded DNA (ssDNA) and the recruitment and activation of ATM (Ataxia 

Telangiectasia Mutated) kinase at damaged sites via its binding to Nbs1 (Figure 7).90,98 Upon its 

activation, ATM recruits additional DDR factors, by phosphorylation of a variety of proteins, 

including histone H2AX99 and Chk2,100 to follow up on DDR signal transduction. The resection 

process mediated by ATM-MRN, Exo1, and BLM produces long stretches of ssDNA, which are 

in turn coated by RPA. In parallel, ATR (ATM-related) kinase is recruited on RPA-coated ssDNA 

recruitment platform.101,102,103 As part of DDR signaling transduction, ATR kinase activity leads to 

the phosphorylation of other kinases, such as Chk1,100,104 involved in cell cycle checkpoints 

regulation. In the context of DDR, a critical role is played by serine/threonine protein kinases 

belonging to the family of phosphatidylinositol-3-kinase-like protein kinases (PIKKs), which 

include ATM, ATR and DNA-PK (DNA-dependent protein kinase), sharing structural similarities 

and domain organization typical of PIKK members.90 

RPA is a ubiquitous heterotrimeric ssDNA binding protein, which comprises three subunits 

RPA70, RPA32 and RPA14, containing oligonucleotide/oligosaccharide (OB)-folds to interact 

with ssDNA and proteins.90,105 The role of RPA is to coordinate the repair process, preserve the 

integrity of ssDNA and, most importantly, stimulate the exchange with RAD51 enzyme. RAD51 
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is an evolutionarily conserved ATP-dependent recombinase, which effectively catalyzes the 

repair of DSBs through strand exchange reactions. The direct interaction between RPA and 

RAD51 at the level of RPA70 subunit and RAD51 N-terminal domain is followed by the 

replacement of RPA and loading of RAD51 onto ssDNA.90 Herein, the dynamic exchange of 

RPA facilitates RAD51 nucleation to form the nucleoprotein filament. In addition to that, RPA 

exhibits a regulating effect toward nucleoprotein filament formation as free RPA in solution, 

resulting from the displacement, can inhibit RAD51 nucleation.106 

RAD51 loading on ssDNA at DSB site and the subsequent nucleoprotein filament formation are 

a highly regulated process, where numerous proteins participate as mediators. Breast cancer 

type 2 susceptibility protein (BRCA2) is the principal mediator, since it recruits and loads RAD51 

onto the RPA-ssDNA complex, produced by resection.107 In turn, BRCA2 is recruited by Partner 

and Localizer of BRCA2 (PALB2) and breast cancer type 1 susceptibility protein (BRCA1) to 

DSB, ultimately binding ssDNA portion with its OB-domains at C-terminal (Figure 7). PALB2 

acts as bridging protein to connect BRCA2 to BRCA1,108 an E3 ubiquitin ligase, which 

structurally exhibits two major domains, an amino-terminal RING domain and a tandem BRCT 

repeats, and forms a heterodimer with BARD1 protein.107,108 Therefore, BRCA2 interacts with 

both PALB2 and BRCA1-BARD1 complex, suggesting that all these components are implied in 

the stabilization of RAD51 nucleoprotein filament during recombination and strand exchange 

reaction. Upon recruitment by BRCA2, RAD51 coats ssDNA substrate, forming helical 

nucleoprotein filaments, to perform homology search, invading duplex DNA, and find the 

undamaged DNA template. Base pairing between the RAD51-coated ssDNA and its dsDNA 

homolog triggers the DNA strand exchange for the genetic recombination. Moreover this 

generates the conversion of a RAD51-bound filament and its dsDNA complement into a RAD51-

bound heteroduplex DNA (hDNA) within a displacement loop (D-loop).90,109 Nucleation of 

RAD51 on ssDNA and homology search are highly regulated by the actions of many HR 

proteins, including RAD52, RAD54 and RAD51 paralogs, such as RAD55, RAD57,110 BCDX2 

(RAD51B-RAD51C-RAD51D-XRCC2) and CX3 (RAD51C-XRCC3) complexes.90,93,109,111,112 

Upon dissociation of RAD51 from hDNA, the 3ô-end invading ssDNA acts as primer for DNA 

synthesis, using the complementary strand in the hDNA as a template to restore missing 

sequence (Figure 7). DNA synthesis can be performed through different mechanisms, such as 

BIR, SDSA or dHJ, where DNA polymerase and DNA ligase go through damaged 3ô-end 

extension and strands annealing, resulting in DNA repair. Many factors are involved in the 

regulation of RAD51 activities, suggesting that multiple proteins and steps of HR could be 

valuable targets to inhibit HR and face therapeutic needs in oncology.93 



 

20 
 

 

Figure 7. HR process for DNA DSBs repair. 
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1.5.1.1 BRCA2 protein: structure and functional domains 

BRCA2 is a tumor suppressor protein, involved in the maintenance of genomic integrity.113 

BRCA2 localizes to the nucleus during S and G2 phases of the cell cycle as part of mitosis 

process114 and DSBs repair by HR.108 As its primary task, BRCA2 controls the function of 

RAD51 during the error-free HR process for the repair of DNA DSBs. Germline mutations in 

BRCA2 gene are associated to hereditary breast and ovarian cancer (HBOC) syndrome, 

correlated to predisposition to early onset of breast cancer and increased susceptibility to 

ovarian, pancreatic, stomach, laryngeal, fallopian tube and prostate cancers.108  

BRCA2 contains 3.418 amino acid residues and exhibits several and different functional 

domains (Figure 8), mainly described by three available crystal structures of isolated domains 

and regions, PDB ID 1N0W, PDB ID 1MJE, and EMDB ID 2779.114-116 The N terminal portion of 

BRCA2 is characterized by a PALB2-binding domain between 21 and 39 residues, with Trp31, 

Phe32 and Leu35 mainly responsible for the interaction (P),115 and eight highly conserved motifs 

about 30 amino acids each, BRC 1-8 repeats, which are the primary sites for RAD51 binding 

(987- 2113 residues) (Figure 8).114 In addition, BRCA2 contains a DNA-binding domain (DBD), 

which binds to ssDNA and dsDNA. The DBD domain is composed by five portions, an a-helical 

domain of 190 amino acids (H), three oligonucleotide binding (OB) folds (OB1, OB2, OB3), 

which are the ssDNA-binding modules, and a tower domain (TD), which protrudes from OB2 to 

bind dsDNA (Figure 8).90,108,116 Ultimately, at C terminus, BRCA2 contains a S3291 residue, 

substrate of cyclin-dependent kinase (CDK) phosphorylation, which represents a secondary 

binding site for RAD51 (Figure 8).108 

 

 

Figure 8. BRCA2 primary structure and functional domains. 
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1.5.1.2 RAD51 protein: structure and functional domains 

RAD51 is an ATP-dependent recombinase, which forms a helical nucleoprotein filament on 

DNA to catalyze the strand exchange reaction in HR and lead to the free-error repair of DNA 

DSBs. Firstly discovered in yeast, RAD51 has been recognized as an orthologue of bacterial 

recombinase A (RecA). RAD51 is a 43 KDa protein composed by an a-helical N-terminal 

domain (NTD) of ~84 amino acids connected by a short helical linker to the C-terminal ATPase 

domain of ~240 amino acids (Figure 9).90 

 

Figure 9. RAD51 primary structure and functional domains. 

The NTD is primarily described as the DNA binding function, which regulates the recognition of 

ssDNA and dsDNA. RAD51 proved to interact with DNA through its phosphate backbone. In 

particular, each RAD51 monomer binds DNA in triplet clusters for intercalation of Arg235 and 

Val273. The complex is further stabilized by the interaction of Arg235 with the phosphate 

backbone of the complementary strand, opening the way to a mechanistic explanation about 

how homology search actually works in HR.117 

On the other hand, the large C-terminal region comprises a Walker A/B motif, which is 

responsible for ATP binding and hydrolysis.118  The presence of ATP promotes RAD51 

nucleoprotein filament formation by interaction of RAD51 monomers, whereas ATP hydrolysis 

fosters the nucleoprotein disassembly. In fact, ATP binding site localizes close to the interface 

area between RAD51 monomers, suggesting its role in RAD51 nucleation and oligomerization. 

Residues L133 and T134 result to interact directly with ATP, while a loop 315-323 of an 

adjacent monomer provides hydrophobic interactions with adenosine moiety (PDB ID: 

5NWL).90,119 

In addition, the C-terminal region includes residues M158-M210 and M251-F259 forming 

hydrophobic pockets, which can lodge BRCA2 residues to mediate the protein-protein 

interaction (PPI) with RAD51, as essential step in HR.90,114 Ultimately, the short bridge, linking 

the two helical domains and bearing the motif 86-FTTA-89, appears to play a crucial role in the 

monomer-monomer recognition and oligomerization interaction.90 
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1.6 RAD51-BRCA2 protein-protein interaction (PPI) 

1.6.1 BRCA2 as principal RAD51 mediator in HR 

BRCA2 has a central role in HR. There, BRCA2 recruits RAD51 recombinase to the site of DNA 

damage and mediates its loading and stabilization on RPA-ssDNA to promote homology search, 

strand invasion and strand exchange reactions. BRCA2 contains different highly conserved 

hallmark motifs.113,120 Despite the limited sequence similarity among BRCA2 orthologues, 

sequences of approximately 35 amino acids, repeated eight times in human protein, are highly 

conserved among mammalian species, suggesting their central role in BRCA2 biological 

functions. These sequences, known as BRC1-8 repeats, are located between 990 and 2100 

residues and confer to BRCA2 the ability to bind RAD51 recombinase. Additionally, a region at 

the extreme C-terminus of BRCA2 has been mapped as secondary binding site for RAD51 and 

implied in the stabilization of RAD51 oligomeric assemblies.  BRC repeats bind to the core 

region of RAD51, and the full-length BRCA2 has a binding capacity of at least six RAD51 

monomers. Noteworthy, BRC repeats exhibit different binding affinities for RAD51 and displayed 

diverse effects in the modulation of loading, stabilization and ATPase activity of RAD51. Indeed, 

BRC repeats can be divided in two separate classes, based on their binding affinity for RAD51 

and RAD51-ssDNA complex. As reported by Carreira et al113, BRC repeats 1ς4 exhibit the 

strongest affinity for RAD51, with a binding stoichiometry of about 1:1. In addition, BRC 1ς4 

proved to block ATP hydrolysis mediated by RAD51, suggesting their role in the stabilization of 

RAD51-ssDNA complex. Moreover, BRCs 1ς4 inhibit the formation of RAD51-dsDNA 

nucleoprotein and promote the DNA strand exchange. On the other hand, BRC 5ς8 showed the 

weakest affinity for RAD51 and no effect on either ATPase activity or RAD51-dsDNA inhibition. 

However affinity increases significantly when RAD51 is in complex with ssDNA, suggesting their 

function in nucleoprotein filament stabilization during HR113. Based on these data, BRC repeats 

have evolved in two distinct groups, which together are necessary to guarantee efficient and 

correct DNA recombination. 

When a DNA DSB occurs, followed by DNA resection, BRCA2 interacts with the free form of 

RAD51 through BRCs 1ς4, altering RAD51 conformation to enhance ssDNA binding and 

promote the loading of numerous RAD51 monomers on ssDNA to form the nucleofilament. By 

means of the high affinity for RAD51, BRC repeats 1ς4 modulate kinetically the nucleation of 

RAD51 on ssDNA, by preventing association with dsDNA and inhibiting ATP hydrolysis.113,120 

After nucleation, BRC repeats 5ς8 bind to RAD51 molecules of the nascent nucleofilament on 
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ssDNA. This second group of BRC repeats stabilizes the RAD51-ssDNA complex and, as 

chaperones, guide the filament growth. RAD51 filament grows in both directions to enable the 

fill of ssDNA gap in both sides. When filament starts to grow in BRCA2-independent manner 

and RPA are displaced from ssDNA, BRCA2 dissociates, as a free protein or in complex with 

four or five bound RAD51 molecules. RAD51 nucleofilament grows to form a complex, bound to 

ATP, and performs HR. During HR the cooperativity between BRC repeats results in the 

modulation of RAD51-DNA interaction and in turn RAD51 functions, such as RAD51 loading, 

homology search, DNA pairing, strand invasion and DNA recombination (Figure 10).113,120 

Therefore by means of BRC repeats, BRCA2 ensures the efficiency and the fine regulation of 

HR crucial steps.  

 

Figure 10. Role of the BRC repeats in the context of the BRCA2 protein in DSB repair (adapted from A. 
Carreira et al).113  
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1.6.2 RAD51-BRC4 interaction 

BRC 1ς8 repeats constitute the primary site of the RAD51-BRCA2 protein-protein interaction 

(PPI). Among the eight BRC repeats, BRC4 exhibits the highest binding affinity for RAD51, the 

strongest inhibition effect on DNA-dependent ATPase activity of RAD51 and the most 

stimulating effect on RAD51-ssDNA complex formation.113 

In 2002 Pellegrini et al114 reported the high-resolution crystal structure of a fusion protein 

containing RAD51 in complex with BRC4, to provide mechanistic insights of the PPI. In this 

structure (PDB ID: N0W) the N-terminal region of RAD51 and the connecting domain 86-FTTA-

89 necessary for RAD51 oligomerization have not been included to obtain RAD51 in the 

monomeric form (Figure 11).121 

 

Figure 11. Crystal structure of RAD51-BRC4 complex (PDB ID_1N0W). 

The crystal structure highlights the presence of two crucial tetrameric clusters in BRC4 repeat, 

FXXA and LFDE that interact with two distinct hydrophobic pockets on RAD51 surface. These 

two modules in BRC4 are essential for the binding to RAD51, and the two pockets on RAD51, 
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known as Zone I and Zone II, can be defined as hot spots of the RAD51-BRCA2 PPI (Figure 

11).121 In details, RAD51-BRC4 covers an interface area of 2.026 Å, over a sequence of 28 

amino acids, from L1521 to E1548, where hydrophobic interactions are prevalent, and BRC4 

residues F1524, A1527, L1545 and F1546 are mainly involved in the interaction (Figure 11).114 

Concerning the first PPI hot spot, 1524-FXXA-1527 tetrameric cluster of BRC4 is located at the 

level of a b-hairpin and interacts with the Zone I on RAD51 surface. This RAD51 hydrophobic 

pocket contains residues M158, I160, A190, A 192, L203, A207, M210, which form a cavity 

where the phenyl ring of F1524 is located, and residues F166, P168, L171, L186, V189, where 

A1527 is placed. Noteworthy, Zone I has been described as RAD51 oligomerization site. 

Indeed, Zone I RAD51 hydrophobic pocket can lodge the 86-FTTA-89 of another RAD51 

molecule, mediating RAD51 monomer-monomer interaction. Thus, FTHA domain of BRC4 is a 

molecular mimic of RAD51 oligomerization sequence and has been considered a potential 

antagonist of RAD51 oligomerization, an essential step in nucleation and filament formation in 

HR.  

As second PPI hot spot, 1545-LFDE-1548 motif at C-terminal domain of BRC4 engages the 

second hydrophobic pocket of RAD51, Zone II, distant from the oligomerization interface. In 

particular residues L1545 and F1546 fit between RAD51 helices A4 and A5, buried by residues 

L204, Y205, S208, M251, R254, L255, E258 and F259.114,121 As proof of the mechanistic 

importance of this second PPI hot spot,  mutation of the LFDE binding pocket has been 

associated with failure of RAD51 foci assembly and cellular lethality.121 

Additional interactions ensure the enhancement of the affinity between BRC4 and RAD51. In 

particular, it has been described an ionic interaction between E1548 of BRC4 and R250 of 

RAD51, forming a salt bridge, located at the interface area and proposed as stabilizer in RAD51 

assembly.114  
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1.7 Targeting DNA repair machinery 

1.7.1 PARP inhibitors 

PARP1 and PARP2 are members of the PARP (poly (ADPribose) polymerase) protein family. 

These enzymes catalyze the polymerization of ADP-ribosyl units in target proteins (PARylation) 

with the use of NAD+ as a substrate, and the release of nicotinamide51. This modification often 

generates substrate proteins bearing negatively charged branched polymers of around 20-30 

units, which modulate their conformation, stability or activity. PARP1 is one of the most 

representative member of PARP family, and plays a key role in the base excision repair (BER), 

to recognize, process and repair DNA SSBs. The primary structure of PARP1 shows different 

domains, a DNA-binding domain and a protein-recruitment domain (Figure 12).122 In particular, 

the N-terminus contains three Zn-finger domains, which mediate the interaction with DNA. The 

middle region is primarily involved in regulation of PARP1, containing BRCT (BRCA1 C 

terminus domain), and the site of auto-PARylation (P). Ultimately, the C-terminal portion 

contains WGR (tryptophan-, glycine-arginine-rich domain), responsible for interdomain contacts 

and DNA damage recognition, the HD domain and the catalytic domain, highly conserved 

among ADP-ribosyl transferases (Figure 12).122,123 

 

Figure 12. PARP1 primary structure and functional domains. 

PARP1 enzymatic activation is triggered in presence of different types of DNA lesions, including 

SSBs, DSBs, DNA crosslinks, and stalled replication forks. Herein, the roles of PARP1 include 

the chromatin reorganization around the site of damage to promote DNA repair. PARP1 initiates 

the process by detecting and binding SSBs, and then the catalytic activity of PARP1 triggers the 

PARylation of PARP1 itself (auto-PARylation) and the PARylation of substrate proteins, 

including XRCC1 and the histones H1 and H2B.4,51 Interestingly, auto-PARylation appears to 

work as an autoregulation event, where the negative charge, endowed by PAR chains, triggers 

PARP1 dissociation from DNA. 



 

28 
 

Inhibiting PARP1 activity compromises the efficient repair of DNA SSBs. Therefore PARP1 

inhibition has been proposed as potential anticancer target to sensitize cancer to cells to the 

treatment with DNA damaging agents.122 The initial hypothesis was that the impairment of 

PARP1 activity might leave DNA SSBs unpaired, in turn converted to DSBs by means of 

replication forks collapse. Since DSBs are repaired by HR, PARP1 inhibition is expected to be 

effective in cancer cells harboring HR deficiencies, such as cells lacking BRCA1/2 tumor 

suppressors.122 Indeed, PARP1 inhibition resulted synthetic lethal with biallelic defects in 

BRCA1, BRCA2 or PALB2 genes, found in a variety of breast and ovarian cancers.122  

In the 1980s, the development of the first generation of PARP1 inhibitors started from the 

observation that nicotinamide, a second product of the PARP1-catalyzed reaction, could induce 

moderate inhibition of the PARP. Modifications of the nicotinamide led to the development of a 

class of 3-aminobenzamides, which showed low selectivity and cytotoxic effects.124 

In the 1990s, a second generation of PARP1 inhibitors was developed on a class of quinazoline 

analogues, including isoquinolines, quinazolinediones, phthalazinones, and phenanthridinones, 

with PJ-34 as the most representative compound. The second generation proved to be more 

effective and target-specific and became the basis for the development of further drug 

groups.124  

The subsequent third generation of PARP1 included high potent and selective compounds, with 

Rucaparib as first characterized member.125 This group includes also Olaparib,126 Iniparib, 

Veliparib, Niraparib,127 Talazoparib,128 CEP-9722, and E7016 (Table 2).124 The feasibility to 

exploit the pharmacologically induced SL led to the approval of PARP inhibitors Olaparib 

(Lynparza ®, 2014) and Rucaparib (Rubraca ®, 2016) for the treatment of advanced, 

chemotherapy resistant ovarian and breast cancer in BRCA1/2 deficient patients, and Niraparib 

(Zejula ®, 2017) for platinum-sensitive ovarian, fallopian tube, and primary peritoneal 

cancers.122,129 As proposed mechanism of action, PARP1 inhibitor block the catalytic activity of 

the enzyme. In particular, the second generation of PARP1 inhibitors bearing a quinazolinone 

moiety occupy both the nicotinamide-ribose and the adenosine-ribose binding sites of NAD+.122  

Another proposed mechanism of action is the inhibition of the dissociation of PARP1 from the 

DNA damage site. This ótrappingô mechanism of PARP1 on DNA results in the accumulation of 

cytotoxic protein-DNA complexes, which prevents DNA replication and access to downstream 

DNA repair proteins in the damaged site.51,122 The trapping activity has been ascribed to a wide 

range of PARP1 inhibitors, including Niraparib and Veliparib122 (Table 2).4,130 122,131,132 
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Table 2. Principal PARP inhibitor. 

Inhibitor Structure Clinical applications Trade name 

3-Aminobenzamide 

 

- - 

PJ-34 

 

- - 

Rucaparib 

 

2020 - Deleterious BRCA mutation (germline 
and/or somatic)-associated metastatic 
castration-resistant prostate cancer 
(mCRPC) who have been treated with 
androgen receptor-directed therapy and a 
taxane-based chemotherapy. 

Rubraca ® 

Olaparib 

 

2014 ï FDA approved for germline BRCA-
mutated advanced ovarian cancer 

Lynparza ® 

Iniparib  

 

- - 

Veliparib 

 

- - 

Niraparib 

 

2017 - FDA approved for platinum-sensitive 
ovarian, fallopian tube, and primary 
peritoneal cancers 

Zejula ® 

Talazoparib 

 

2018  - FDA approved for deleterious or 
suspected deleterious germline BRCA-
mutated (gBRCAm), HER2Ȥnegative locally 
advanced or metastatic breast cancer 

Talzenna  ® 

CEP-9722 

 

- - 

E7016 

 

- - 
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1.7.2 Inhibitors of HR proteins 

1.7.2.1 RAD51 inhibitors  

RAD51 plays an essential role in HR to repair DNA DSBs. During this process, RAD51 is 

implicated in several interactions, including RAD51/ssDNA, RAD51-RAD51, RAD51/dsDNA, 

and RAD51/nucleotide, and additionally it interacts with its protein partners, including RAD52 

and RAD54.133  

Many common chemotherapies are based on cytotoxic compounds, which induce adducts, 

SSBs or DSBs in DNA. These anticancer drugs are often correlated to the onset of multiple 

mechanisms of drug resistance, either intrinsic or acquired. It is well understood that many 

pathways contribute to DNA repair by removing the DNA damage induced by radio- and 

chemotherapy in cancer cells. Therefore, targeting these pathways has raised as a potential 

therapeutic strategy to sensitize tumors and face the onset of drug resistance.133 

Concerning RAD51, high level of HR has been described in a wide range of cancers, including 

breast cancer, pancreatic, non-small-cell lung carcinoma and leukemia,134,135 and has been 

strictly correlated to RAD51 overexpression observed in tumor cells. In cancer cells showing 

increased level of HR, RAD51 overexpression is associated to drug resistance as it mediates 

the repair of DSBs and replication stalling lesions caused by radio- and chemotherapy. In 

addition, higher levels of RAD51 have been correlated to a shorter patient survival. Modulation 

or inhibition of HR has been proposed as option to potentiate the effect of available 

chemotherapies. As proof of concept, it has been demonstrated that reduced RAD51 

expression, following antisense or ribozyme treatment, overcome resistance to radio- and 

chemotherapy.133 The inhibition of RAD51 activity can be achieved either by inhibiting RAD51 

catalytic function or by interfering with the established network of interactions between RAD51 

and its partners.133 

Compounds acting directly on RAD51 catalytic recombinase activity have been identified by 

high-throughput screening of chemical libraries.133 Reported by Ishida et al 136 in 2009, DIDS (4ô-

diisothiocyanostilbene-2,2ô-disulfonic acid), a known inhibitor of chlorine ionic channel, proved to 

bind RAD51 and reduce HR by inhibiting both the binding of RAD51 to ssDNA and DNA strand 

exchange reactions (Table 3). In addition, in presence of DIDS, RAD51 showed to hydrolyze 

ATP, despite the absence of ssDNA. According to Ishida et al, this observation suggests that 

DIDS binds close to the DNA binding site of RAD51 and directly competes with ssDNA for 

RAD51, ultimately resulting in the stimulation of RAD51 DNA-independent ATPase activity.136 
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As natural product firstly extracted from the marine sponge Xestospongia exigua, 

halenaquinone has been reported to inhibit HR during DNA pairing and D-loop formation steps 

(Table 3).137 Halenaquinone proved to bind RAD51 by surface plasmon resonance (SPR) and to 

inhibit RAD51-dsDNA binding, and not RAD51-ssDNA, suggesting its interaction close to 

dsDNA domain of RAD51. Noteworthy, halenaquinone showed to inhibit the secondary dsDNA 

binding to the RAD51-ssDNA complex. In particular it inhibits the formation of both the D-loop 

and the ternary complex containing ssDNA, dsDNA and RAD51, which promotes the DNA 

homologous pairing step.133 

In 2011, Huang et al138 reported the identification of B02 ((E)-3-benzyl-2-(2-(pyridine-3-yl) vinyl) 

quinazolin-4(3H)-one), which inhibits RAD51 binding to ssDNA, nucleoprotein filament formation 

and DNA strand exchange activity (Table 3). Subsequently, B02 proved to enhance sensitivity 

to ionizing radiations and cisplatin in triple negative breast cancer139,140 and, in combination with 

doxorubicin, reduce HR, increase apoptosis in multiple myeloma cells.122,141 

As further example of RAD51 inhibitors, Chicago Sky Blue (CSB) has been identified to inhibit 

RDA51-ssDNA interaction, by preventing the formation of stable filaments on ssDNA, as 

reported by Normand et al in 2014 (Table 3).142 

In 2012, Budke et al143 reported the identification of RI-1, a chloromaleimide-based compound, 

which proved to form a covalent bond with the thiol group of RAD51 Cys319 by a Michael 

addition reaction, at the monomer-monomer interface. The reaction of RI-1, as Michael 

acceptor, provides the irreversible inhibition of RAD51 polymerization during nucleofilament 

formation. From subsequent SAR studies, RI-2, a RI-1 analogue, emerged as inhibitor of 

comparable potency and without the undesirable side effects linked to the Michael acceptor 

reactivity of RI-1 (Table 3).144,145  

The accumulation of complexes of RAD51 with undamaged chromatin exerts toxic effect in 

cancer cells overexpressing RAD51, thus the stabilization of RAD51-ssDNA complex has been 

proposed as potential strategy.145 To this purpose, RS-1 has been reported to promote the 

accumulation of genotoxic nucleoprotein complexes in cancer cells, especially in case of RAD51 

overexpression. Noteworthy, RS-1 exerted the highest effect in tumor cells expressing low level 

of RAD54L and RAD54B, two translocases that act as chromatin remodeling factors by 

removing RAD51 from dsDNA (Table 3). 

RAD51 participates not only in DNA DSBs repair, but also in the stabilization of stalled 

replication forks. Compounds RI(dl)-1 and RI(dl)-2 has been reported as inhibitor of the 
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homologous strand exchange activity of RAD51, ultimately resulting in the prevention of D-loop 

formation.145 This strategy proposes to block HR in cancer cells, preserving RAD51 ability to 

bind ssDNA and thus its protective role in replication stress tolerance (Table 3).  

Methotrexate, Phenylhydroxamic acid and prodigiosin have been reported to inhibit HR by 

downregulation of RAD51 protein expression in different lines of tumor cells. In particular, 

methotrexate, used as dihydrofolate reductase inhibitor in chemotherapy, proved to induce 

lower level of RAD51 and decrease significantly RAD51 foci formation after irradiation in human 

osteosarcoma cell line (HOS) (Table 3).146 Likewise, an inhibitor of histone deacetylases, 

phenylhydroxamic acid, showed to reduce RAD51 foci formation after irradiation, decrease 

RAD51 level and reduce HR response to DNA DSBs caused by chemotherapy in human 

colorectal carcinoma (HTC116).147 With some differences, prodigiosin, a tripyrrole red pigment, 

exhibited a downregulating effect on RAD51 protein level, in particular by lowering the mRNA 

expression in several breast cancer cell lines (Table 3).148  

RAD51 nucleation to the site of DNA damage is a highly regulated process, where BRCA2 plays 

an essential role. Therefore, targeting the protein-protein interaction (PPI) between RAD51 and 

BRCA2 has been proposed as strategy to decrease HR level and sensitize cancer cells to 

chemotherapy. In 2013, Zhu et al 149 reported the identification of two phenyl-sulfonyl indolyl 

isoquinoline compounds, IBR-1 and IBR-2, to disrupt the PPI and potentiate the effect of 

anticancer treatments (Table 3). In particular it has been proposed that the benzyl moiety of 

IBR-1/2 binds in the hydrophobic pocket of RAD51 involved in the monomer-monomer and 

RAD51-BRCA2 interaction, competing with RAD51 F86 and BRCA2 F1524, respectively.149 In 

addition, IBR2 proved to impair HR and lower RAD51 foci formation in breast cancer cells 

(MCF-7) after irradiation.133 

Recently, Scott et al 150 have reported the identification of CAM883A, as disruptor of the PPI 

interaction between RAD51 and BRCA2 (Table 3). In particular CAM883A has been described 

to bind the RAD51 oligomerization pocket and, in line with this, to reduce RAD51 foci assembly 

in the site of DNA damage and ultimately, reduce HR activity in non-small cell lung carcinoma 

(NSCLC) cell line. 
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Table 3. RAD51 inhibitors 

Inhibitor Structure Mechanism of action 

DIDS 

 

Inhibition of DNA strand exchange 
activity of RAD51 

Halenaquinone  

 

Inhibition of RAD51-dsDNA binding 
and formation of ternary complex, 
dsDNA, ssDNA, RAD51 

B02 

 

Inhibit RAD51 strand invasion and D-
loop formation 

CSB 

 

Inhibition of RAD51-dsDNA binding 
and nucleoprotein formation 

RI-1 

 

Irreversible inhibition of RAD51 
polymerization for covalent reaction 
with Cys319 at the monomer-
monomer interface 

RI-2 

 

Interaction at the monomer-monomer 
interface and inhibition of 
nucleofilament formation 

RS-1 

 

Stabilization of RAD51-ssDNA 
complexes 

RI(dl)-1 

 

Inhibition of D-loop formation 
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RI(dl)-2 

 

Inhibition of D-loop formation 

Methotrexate 

 

RAD51 downregulation 

Phenylhydroxamic acid 

 

RAD51 downregulation 

Prodigiosin 

 

RAD51 downregulation 

IBR-1 

 

Inhibition of RAD51-BRCA2 protein-
protein interaction 

IBR-2 

 

Inhibition of RAD51-BRCA2 protein-
protein interaction 

CAM833A 

 

Inhibition of RAD51-BRCA2 protein-
protein interaction 
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1.7.2.2 RAD52 inhibitors 

RAD52, a protein of 418 amino acids, participates in both DNA strand exchange and recovery of 

the stalled replication forks, and mediates the DNA-DNA interaction for complementary DNA 

strands annealing during HR. Its structure has a ring shape, formed by two main domains, the 

N-terminal domain (NTD), responsible for ssDNA binding and annealing actions of RAD52, and 

the C-terminal domain (CTD), involved in the interactions between RAD51 and RPA in HR.93 

RAD52 is an emerging therapeutic target for BRCA-deficient tumors. Indeed depletion of 

RAD52 results synthetically lethal in BRCA1-, BRCA2-, PALB2- and RAD51C-defective cancer 

cells.93 This is due to the significant role played in genomic stability maintenance, which is 

enhanced when HR proteins such as BRCA1, BRCA2, PALB2, and RAD51 paralogs (RAD51B, 

C, D, and XRCC 2 and 3) are depleted or inactive.151-153 RAD52 appears to have a postsynaptic 

role in HR, as a mediator of RAD51 and annealing protein, belonging to a single-strand 

annealing protein (SSAP) family, and its recruitment depends on RPA. 93 Seen its role in 

genomic stability maintenance and, recently reported, in carcinogenesis, RAD52 has been 

proposed as molecular target in anticancer therapy to exploit SL in BRCA2-, BRCA1- and 

PALB2- defective cancers. In particular, preliminary efforts have been focused on small 

molecule inhibitors targeting RAD52 oligomeric ring or DNA binding domain to prevent RAD52-

DNA interaction. In 2015, 6-hydroxy-DL-DOPA has been firstly reported by Chandramouly et 

al154 to interfere with RAD52 oligomerization and inhibit RAD52 foci assembly in murine 

hematopoietic cells deficient in BRCA1 (Figure 13). 

 

Figure 13. Structure of 6-hydroxy-DL-DOPA. 

Subsequently, Huang et al151 identified two other compounds, D-103 and D-G23, bearing 

quinoline and quinazoline chemotypes, that target the DNA domain of RAD52, inhibiting RAD52 

ssDNA annealing activity, preventing RAD52 foci assembly and reducing growth of in BCR-

ABL1-positive BRCA1-deficient 32Dcl3 murine hematopoietic cell line (Figure 14).151 
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Figure 14. Structure of D-103 and D-G23. 

Through a molecular docking study into the RAD52 DNA-binding site (PDB ID: 1KN0155), 5-

aminoimidazole-4-carboxamide ribonucleotide (AICAR) 5ô phosphate (ZMP) was identified as 

potential inhibitor of RAD52-ssDNA interaction, which proved to kill BRCA1- and BRCA2-

mutated cells.156 Hengel et al153 reported the identification of the macrocyclic compound NP-

00425, emerging from in silico predictions as potential hit compounds, able to bind RAD52 and 

compete with ssDNA binding (Figure 15).122 

 

Figure 15. Structure of NP-00425. 

1.7.2.3 RAD54 inhibitors 

One of the several auxiliary proteins that stimulates RAD51 is RAD54, a member of the 

SNF2/SWI2 family of dsDNA-ATPase-dependent translocases.157,158 In mice, depletion of 

RAD54 sensitizes to ionizing radiation and to the DNA cross-linking agents, such as mitomycin 

C,157 while mutations in RAD54 gene is associated to genetic instability and cancer. RAD54 

directly interacts with RAD51, stimulating DNA strand exchange activity. In HR, RAD54 can bind 

specifically to Holliday junctions, forming oligomeric complexes, and promoting their ATPase-

dependent branch migration by translocation along the DNA, during a postsynaptic stage when 

heteroduplex extension or dissociation is required to complete HR.157,159 RAD54 performs its 

functions in association with RAD51, stabilizing the nucleoprotein filament and regulating the 

stimulation of the RAD51-dependent strand exchange and heteroduplex extension.158 

Therefore, RAD54 exhibits diverse biochemical activities that can be potentially targeted to 
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inhibit HR, such as RAD51 modulation, DNA binding, oligomerization, ATPase activity, and DNA 

translocation.  

In 2013, Deakyne et al157 recognized streptonigrin (SN), as a specific RAD54 inhibitor by high-

throughput screening, to investigate the mechanisms of RAD54 (Figure 16). SN proved to target 

specifically RAD54 ATPase activity, through direct interaction with RAD54 and generation of 

reactive oxygen species, without affecting the DNA binding. In addition, SN showed to inhibit 

RAD54 branch migration, in agreement with the dependence on the ATPase-dependent DNA 

translocation of RAD54.157 Noteworthy SN has been reported recently to enhance 

heterochromatin formation at low concentrations, a protective function toward genome integrity 

that suggests it as a good candidate in the context of epigenetic cancer therapy.160 

 

Figure 16. Structure of streptonigrin. 

Recently, Ehmsen et al161 described the identification of two compounds, reported as 54i-1 and 

54i-2, through high-throughput screening against RAD54 dsDNA-dependent ATPase activity 

(Figure 17). These compounds showed to inhibit RAD54, for interference in sdDNA-RAD54 

interaction, and reduce cell growth alone and in combination with mitomycin C and cisplatin.161 

 

Figure 17. Structures of 54i-1 and 54i-2. 
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2. Motivations, aims and hit identification strategies 

My PhD research project aims to develop small molecules as RAD51-BRCA2 protein-protein 

interaction (PPI) disruptors to synergize with PARPi Olaparib and induce synthetic lethality in 

pancreatic cancer.  

Indeed, the concept of SL has been extensively studied in oncology, as an opportunity to 

discover new anticancer molecules for personalized targeted therapies.93 The DNA repair and 

DNA damage response (DDR) pathways provide many opportunities to exploit SL. The 

application of this concept to DDR machinery assumes that, in the presence of an impaired 

DNA repair pathway, the inactivation of a compensatory pathway can trigger cancer cell death 

by the loss of buffering effect of the two complementary repair pathways.93 Whereas, the 

inactivation of a single pathway is not enough to cause cell death, since the cell still tolerates 

DNA damage, sustaining cell survival. Genome instability is a hallmark of cancer and DNA 

damage occurs constantly in cells due to the continuous exposition to endogenous and 

exogenous stressors.162 Therefore, the complex and coordinated DDR network evolved by cells, 

to orchestrate the DNA repair and preserve genome integrity, becomes essential for cell 

survival. DDR prevents the transmission of altered genetic material to daughter cells and acts 

as a tumor-suppressive barrier.162 Defects in DDR are associated with the accumulation of 

oncogenic mutations and genome instability, and they contribute to cancer initiation and 

progression. Since cancer cells with defects in one DDR pathway can become reliant on other 

pathways, targeting other DDR pathways can potentially trigger selective cancer cell death 

through a mechanism of SL.  

Initially, SL has been exploited to treat cancer cells with inactivating mutations in BRCA1 and 

BRCA2 genes, known as BRCAness condition, by poly adenosine-diphosphate ribose 

polymerase (PARP) inhibitor, Olaparib (Lynparza ®, 2014).93 PARP is a crucial enzyme involved 

in the repair of DNA single-strand breaks (SSBs) through base excision repair (BER),4 whereas 

BRCA1/2 are essential proteins in DNA double-strand breaks (DSBs) repair by error-free 

homologous recombination (HR).113 The simultaneous impairment of both repair mechanisms, 

one due to the drug and one due to the mutation, results in cell-cycle arrest and apoptosis of 

cancer cells through SL (Figure 18A). Olaparib was firstly approved in 2014 by FDA as PARP 

inhibitor (PARPi) to treat advanced ovarian BRCAness cancers and later in 2018, it was 

extended to the treatment of metastatic breast tumors associated with germline BRCA 

mutations.162 Noteworthy, Olaparib has been approved in 2019 as first-line maintenance 

treatment of germline BRCAness metastatic pancreatic cancer, emerging as a new treatment 
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option for this unmet need in oncology.163 In the context of DDR, BRCA2 plays its major role in 

HR, recruiting RAD51, the evolutionarily conserved recombinase, at the site of DSBs where it 

performs DSB repair through homology search and strand exchange reactions. DSBs represent 

a major risk of genetic loss and HR provides an error-free, template-dependent repair that 

guarantees the maintenance of genomic integrity. Indeed, the overexpression of RAD51 has 

been observed in a wide variety of cancers,135 as well as the increased rate of RAD51-mediated 

HR. In parallel, the increased cellular amount of RAD51 is positively correlated to the onset of 

resistance to radio- or chemotherapies that induce DNA damage. Therefore, targeting HR 

represents a valuable starting point to sensitize cancer cells to DNA damaging agents and, 

ultimately, trigger SL in combination with the inhibition of complementary DNA repair pathways. 

In this context, my PhD research project aims to chemically mimic a condition of BRCA2 

mutation in BRCA2-functional cancer cells by inhibiting HR through a small molecule, and thus 

sensitize tumors to Olaparib treatment. Ultimately the combination of PARP inhibition and HR 

impairment would trigger cancer cell death by a fully small-molecules-induced SL, providing a 

new paradigm for the discovery of innovative anticancer therapies. This strategy could lead to 

the development of synergic drug combinations that target cancer cells genomic instability and 

reduce the onset of drug resistance.162,164 

To achieve significant HR inhibition and reproduce BRCAness condition, the PPI between 

RAD51 and BRCA2 has been chosen as molecular target. Indeed, RAD51 is essential in HR 

and a highly available molecular target due to its overexpression in cancer. On the other hand, 

BRCA2 mutation is the substrate required for the clinical success of PARP inhibition and the 

impairment of the protein function through a small molecule appears to be a valuable way to 

mimic BRCAness (Figure 18B).162,164  
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Figure 18. A) Synthetic lethal death induced by Olaparib in BRCA-defective cancer cells. B) Synthetic 

lethal death triggered by a combination of Olaparib and RAD51-BRCA2 PPI disruptors. 

PPI interfaces have been emerging as an attractive, although challenging, class of potential 

targets for the development of anticancer drugs.165 Indeed, the landscape of PPI networks in 

cancer has been constantly expanding by means of cancer genomics, targeted therapies, and 

network oncology, revealing the key roles of PPIs in driving and maintaining cancer growth. 

Therefore, the disruption of PPIs offers the possibility to inhibit the transmission of oncogenic 

signals.165 Nevertheless, targeting PPI interactions by small molecules exhibits a number of 

challenges and concerns, including i) large and flat PPI interface areas, ii) lack of deep binding 

pockets, iii) presence of non-contiguous binding sites, and iv) the lack of natural ligands.165 In 

contrast to the typically hydrophilic and well-defined ligand binding of many enzymes or 

receptors, the interface surfaces of protein-protein complexes are generally hydrophobic and 

relatively flat, often missing deep cavities where a small molecule can fit. However the presence 

of ñhot spotsò in the interface areas makes PPIs amenable for small molecule perturbations, 

providing the opportunity to perform a structure-based approach to drug design.166,167 

The RAD51-BRCA2 interaction is mediated by two critical hot spots on RAD51 surface, Zone I 

and Zone II, which can lodge eight highly conserved BRCA2 motifs. The X-ray crystallographic 

structure BRC4 (the fourth BRC repeat) is available in complex with the catalytic domain of 

RAD51.114 This makes the RAD51-BRCA2 interaction suitable for a structure-based design of 

PPI small molecule disruptors. 
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To identify potential RAD51-BRCA2 PPI disruptors, during my PhD research I have applied two 

distinct approaches for hit identification and optimization.164 

In the first approach (Part I), virtual screening campaign was exploited as tool for hit 

identification, followed by chemical exploration and SAR studies. A first virtual screening 

protocol, targeting Zone I, identified a 1,2,4-triazole hit compound 1 (Figure 19), which was 

exploited to develop a class of potential PPI 1,2,4-triazole-based disruptors and depict general 

SAR studies. Subsequently, as further step of my PhD project, a second virtual screening, 

performed targeting Zone II, led to the identification of a dihydroquinolone-pyrazoline hit 

compound 19 (Figure 25). A chemical modification campaign around the dihydroquinolone-

pyrazoline core led to the development of a new PPI disruptor able to synergize with PARPi 

Olaparib and induce synthetic lethality in pancreatic cancer cells. 

In the second approach (Part II), during the 6-months placement at HIPS, I explored the 

application of target-directed dynamic combinatorial chemistry (tdDCC) as hit identification tool 

to obtain new chemical scaffolds targeting RAD51 and enabling the displacement of BRCA2 

interaction. As far as I knew, this technique has never been applied on RAD51. The approach 

allowed the identification of compounds able to bind to the target protein, which could be 

selected for biochemical tests in order to verify their ability to act as RAD51-BRCA2 PPI 

disruptors. Potential hit compounds identified by tdDCC can be adopted for chemical exploration 

to depict SAR studies and perform hit optimization. 

For the sake of clarity, my PhD research activity has been focused on compounds design and 

synthesis and on the application of tdDCC. Biochemical, biophysical and biological profile 

evaluations have been performed in the context of the research group. Details about test 

protocols are reported in Appendix. 
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3. Part I: STRUCTURE-BASED DESIGN APPROACH TO THE IDENTIFICATION OF 

RAD51-BRCA2 PPI DISRUPTORS 
 

To identify potential PPI disruptors, the research group where I carried out my PhD has recently 

conducted a successful Virtual Screening campaign using the available X-ray crystal structure 

of BRC4 (the fourth BRC repeat) in complex with the catalytic domain of RAD51 (PDB ID: 

1N0W). The Virtual Screening was performed using the ñFxxAò pocket, corresponding to the 

Zone I of the PPI. This allowed to identify a triazole-based hit compound 1¸ which proved to 

disrupt RAD51-BRC4 interaction at the biochemical ELISA assay (EC50= 53 ± 3 M˃) (Figure 

19).168 Upon preliminary SAR studies around 1, focused on the linker connecting 1,2,4-triazole 

core and phenyl ring, triazole derivatives 2, 3 and 4 were synthesized and tested. The propyl 

phenyl derivative 3 has been identified with the best PPI inhibitory activity (EC50= 25 ± 2 M˃) 

(Figure 19) and submitted to cell-based assays. 3 proved to increase the sensitivity to Olaparib 

in pancreatic cancer cells BxPC-3, expressing fully functional BRCA2. However, compound 3 

did not show the desired mechanism of action and, probably due to off-target effects via direct 

DNA damage, caused the increase of HR rate in treated BxPC-3 cells.168 

 

Figure 19. Identification of 1,2,4-triazole hit compound 1 by virtual screening on Zone I, followed by 

preliminary SAR studies, achieved 3. 
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The binding mode of 3 to RAD51, obtained by docking simulations, exhibited similarities to the 

crystallographic structure of RAD51 in complex with BRC4 (Figure 20). Specifically, the docking 

model suggests that (i) the phenyl ring of the propyl phenyl group of 3 binds (similarly to the 

Phe1524 of BRC4) into the hydrophobic pocket outlined by the side chains of Met158, Ile160, 

Ala190, Leu203, Ala207, and Met210 of RAD51; (ii) the carbonyl group of the benzothiazolone 

moiety forms hydrogen bonds with the sidechains of RAD51, His199, and Gln206, similarly to 

the backbone carbonyl of Leu1522 of BRC4. Likewise, (iii) the acetamide carbonyl of 3 binds 

the backbone Tyr191 of RAD51, similarly to His1525 of BRC4 (Figure 20).164 

 

Figure 20. Compound 3 docked into the FxxA domain of RAD51. The small molecule recapitulates major 

interactions of the peptide BRC4. 

To improve the PPI disruption activity of 3, a chemical modification campaign was conducted 

around the 1,2,4-triazole moiety. In this context, taking advantage of the synthetic strategy 

previously optimized (Scheme 1), my PhD work started from the synthesis of new analogues of 

3, to depict general SAR studies and complete a library of 1,2,4-triazole derivatives.164 Indeed, 

while benzothiazolone (green region, Figure 21) and alkyl phenyl (blue region, Figure 21) 

moieties have been formerly investigated, I explored the role of the acetamide moiety (red 

region, Figure 21), introducing different acetamide chains, bearing aromatic ring (7, Table 4) 

unsaturated rings and heterocycles (5-6, 8-10, Table 4), leaving the carbonyl group unchanged 

(Figure 21).164 
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Figure 21. SAR studies on 3 with focus on the modifications of the acetamide group. 

 

 

Chemistry 

Scheme 1 illustrates the common synthetic strategy optimized to achieve the desired 

compounds (5ς10). The N-alkylation of benzothiazolone 11 with benzyl bromoacetate 12 

achieved the ester intermediate 13, which in turn underwent hydrazinolysis to give the 

corresponding hydrazide 14. The cyclocondensation of 14 and the commercially available 

isothiocyanate 15 in the presence of triethylamine gave 1,2,4-triazole-3-thiol intermediate 16. 

Ultimately, the S-alkylation of 16 with appropriate 2-chloroacetamides 17aςf led to final 

compounds 5ς10. The chloroacetamides 17aςd, not commercially available, were synthesized 

through nucleophilic substitution reaction between the appropriate amine 18aςd and 

chloroacetyl chloride (Scheme 2).164 
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Scheme 1. General synthesis of 1,2,4-triazole compounds 5ς10. 
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Scheme 2. Synthesis of 2-chloro-acetamides 17 a-d. 

 

 

Biological evaluation and results 

Our working hypothesis is that small molecule disruptors of RAD51-BRCA2 PPI could synergize 

with PARPi to treat pancreatic cancer. To investigate the mechanism of action of the new 

triazole derivatives different biological assays were performed. First, the ability of compounds 5ï

10 to inhibit RAD51-BRCA2 PPI was investigated with a competitive biochemical ELISA assay, 

performed by TES Pharma s.r.l, in comparison to the parent compound 3 (EC50 = 25 ± 2 mM, 

Table 4).164 This assay is effective in evaluating the ability of new molecules to compete with 

BRC4 to bind to RAD51.121  The 3-thio-N-cyclohexylacetamide 5 showed good potency with an 

EC50 of 8 ± 2 mM, three-fold higher than the parent 3. Moreover derivatives 6 and 9 were active 

in the micromolar range (EC50 of 24 ± 5 mM and 42 ± 2 mM, respectively), both similar to the 

initial hit compound. Indeed, activity appears to be marginally affected by replacing the 

cyclopentyl ring in the 3- thio-N-cyclopentylacetamide chain with different cycloalkyl rings such 

as cyclohexyl (5) and cyclobutyl (6) and cyclopropyl (9). Otherwise the replacement of 

cyclopentyl moiety with a phenyl ring (7) or piperidin-1-yl- (8) and 1-methylpiperidin-4-yl- (10) 

causes the complete loss of activity.164  
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Table 4. Biochemical evaluation of 1,2,4-triazoles 5 ï10  

 

Cpd R EC50 ELISA assay Cpd R EC50 ELISA assay 

5 

 

8 Ñ 2 ɛM 8 

 

NA 

6 

 

42 Ñ 3 ɛM 9 

 

24 Ñ 5 ɛM 

7 

 

NA 10 

 

NA 

To investigate the biological profile, derivatives 5, 6 and 9 with the best EC50 values, were 

selected to cell-based studies, performed in the laboratory of Professor Giuseppina Di Stefano, 

University of Bologna. Compound 6 was preliminarily discarded due to its poor solubility. 

Triazoles 5 and 9 were characterized in BxPC-3 cell line to evaluate firstly the inhibition of 

homologous recombination (HR) rate and then the presence of a synergistic effect in 

combination with PARPi Olaparib. BxPC3 cells were chosen for their clinical relevance and for 

the possibility to use Capan-1 cells, which lack functional BRCA2 protein, as negative control. 

As reported in Figure 22, while compound 3 increased the HR rate in treated cells, probably due 

to off-target effects via direct DNA damage, triazoles 5 and 9 reduced HR in treated BxPC3 

cells. In particular, 5 had the strongest effect, with a statistically significant 40% inhibition at 20 

M˃, whereas 9 showed a less significant effect, with a 24% inhibition at 40 M˃. Noteworthy, 

either 5 or 9 caused the inhibition of HR in Capan-1 cells which lack functional BRCA2, strongly 

supporting the disruption of the RAD51-BRCA2 PPI as their mechanism of action. Therefore 5 

and 9 were tested in cell viability experiments in combination with Olaparib in both BxPC3 and 

Capan-1 (Figure 22). After 72 h, 9 did not affect Olaparib efficacy, whereas, 5 proved to 

increase significantly the efficacy of PARPi in BxPC3 cells, without any effect in Capan-1 

(Figure 22). These results confirmed, in a dose-dependent manner, that HR inhibition might be 
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the mechanism of action that explains the synergistic effect of RAD51-BRCA2 inhibitor and 

PARPi in cell lines where PARPi are normally inactive. By the data of the cell viability 

experiments combination index calculated (CI) was 0.76 ± 0.03, in agreement with a potential 

synergistic effect between Olaparib and 5. However, the enhanced sensitivity to Olaparib did not 

provide evidence of increased cell death, as confirmed by immunoblotting evaluation of 

apoptosis markers. On the other hand, an immunoblotting evaluation of DNA damage, 

performed by measuring the phosphorylation of H2AX (g-H2AX) revealed that the combination 

induced a DNA damage signal increased up to 70% more than untreated cells. All together 

these data suggested that disrupting RAD51-BRCA2 interaction could enable the sensitization 

of pancreatic cancer cells to Olaparib. 

 

Figure 22. Biological evaluation of 1,2,4-triazoles 3, 5 and 9. 

In summary, the synergistic effect of 5 in combination with Olaparib in BxPC-3 cells provided 

encouraging preliminary steps toward the proof of our working hypothesis. However, the 

paradigm of synthetic lethality was not fully reproduced, presumably due to the low potency of 

the compound and the insufficient HR inhibition no greater than 40%. Noteworthy, BxPC3 cells 

are characterized by inherent resistance to apoptosis, due to p53 mutation, and more potent 

combinations are necessary to trigger cancer cell death. Thus we envisaged the identification of 
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novel classes of potential RAD51-BRCA2 PPI disruptors by targeting the second PPI hotspot, 

Zone II.   

 

3.1 Hit identification and optimization targeting Zone II 

To obtain the new classes of PPI disruptors, a second Virtual Screening campaign was 

performed targeting the LFDE binding pocket, corresponding to Zone II of RAD51-BRCA2 PPI 

(Figure 23). This binding pocket is more evolutionarily conserved than the FxxA, suggesting an 

essential role in RAD51 biological functions. Moreover, mutations at the LFDE are reported to 

cause failure of RAD51 assembly in nuclear foci at the site of DNA breaks in vivo and cellular 

lethality. 121 This further suggests this pocket as a critical site for RAD51ôs mechanism of action. 

 

Figure 23. Zone II magnification showing the interacting residues of BRC4 (yellow) and RAD51 (grey) 

(PDB ID: 1N0W). 

To the best of our knowledge, no inhibitor that binds the LFDE binding pocket has been 

reported so far in the literature. This may open up new possibilities for combining molecules 

targeting Zone I and Zone II toward a more in depth understanding of the mechanism of 

inhibition of RAD51-BRCA2 interaction. 

To identify potential PPI inhibitors, a commercially available library of about 750K compounds 

composed of ASINEX and LifeChemicals databases collected from ZINC was prepared. 
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Compounds with more than 2 chiral centers, Pan-Assay Interference Compounds (PAINS), 

compounds with Michael acceptor groups, and frequent hitters were discarded. To enrich the 

database with potential Protein Protein Interaction Inhibitors, the database was filtered with the 

PPI-HitProfiler tool using the ñsoftò methods. After the VS campaign, 42 small molecules were 

selected by visual inspection, purchased, and tested for their inhibitory activity using a 

competitive biochemical ELISA assay, as previously described by Rajendra et al.121 Among the 

tested compounds, the commercially available dihydroquinolone pyrazoline derivative 19 was 

the best candidate in terms of EC50 and chemical tractability (Figure 24). Indeed, the 

dihydroquinolone pyrazoline moiety is a core structure of compounds with different biological 

targets.169,170 Its activity was confirmed by retesting the newly synthesized compound 19 

(Scheme 4). The racemic mixture was separated by semi-preparative chiral separation, as 

reported in Experimental section. The binding mode to RAD51 of both enantiomers of 19, as 

obtained by induced-fit docking simulations, displays some points of interaction similar to those 

of the crystallographic BRC4-RAD51 complex (Figure 24). 

 

Figure 24. Docking simulations of both enantiomers of 19 into the LFDE binding site of RAD51 (PDB ID: 

1N0W). 

Specifically, the docking model suggests that (i) the fluorophenyl ring in position 5 of the 

pyrazoline lies (similar to the Phe1546 of BRC4) in a hydrophobic pocket outlined by the side 

chains of Leu204, Tyr205, Met251, Leu255, and Phe259 of RAD51 and (ii) the carboxyl group 

of the pyrazoline side chain forms an ionic interaction with the Arg250 (or Arg247) of RAD51, as 

does the side chain Glu1548 of BRC4. In addition, the model suggests that the carbonyl and the 

nitrogen of the dihydroquinolone moiety, together with the carbonyl group of the pyrazoline side 
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chain, establish hydrogen bonds with Arg254 and Glu258. Notably, both enantiomers show the 

same global pattern of interactions.162 

To improve the RAD51-BRCA2 inhibitory activity of 19 (Figure 25, Table 5), we conducted a 

chemical modification campaign around the dihydroquinolone pyrazoline scaffold. Firstly we 

investigated the role of the pyrazoline core, by the replacement with other heterocycles (blue 

region, Figure 25). Subsequently, leaving the central pyrazoline unchanged, we synthesized a 

chemical library that contained a variety of aromatic substitutions on ring A (orange region, 

Figure 25) in combination with modifications of the acyl chain moiety (red region, Figure 25). 

Ultimately we envisioned modifications of the dihydroquinolone group (green region, Figure 

25).162 

 

Figure 25.  Overview of the optimization strategy of 19 for SAR exploration. 

In attempt to explore alternative central cores, we replaced the pyrazoline with other 5-member, 

fully aromatic heterocycles, such as pyrazole and 1,2,4-triazole (20ς21, Table 6). Indeed we 

intended to investigate if more rigid and aromatic systems could engage favorable p-p stacking 

interactions in the targeted pocket and improve the PPI inhibitory activity. Herein, the 

derivatization with 4-oxobutanoic chain did not work due to the poor reactivity of functionalizable 

nitrogen atom of heterocyclic cores. Thus pyrazole and 1,2,4-triazole analogues were 

functionalized exclusively with acetyl chain.  

Then, we explored the role of the carboxylic region, which showed to mimic the ionic interaction 

of Glu1548 of BRC4 with Arg250 of RAD51, forming H bonds. Indeed we replaced the 4-

oxobutanoic chain on the pyrazoline nitrogen with a series of different acyl chains, such as 

propionyl, acetyl, 3-aminopropionyl, 4-amino-4-oxobutanoyl, 4-methoxy-4-oxobutanoyl, 3-

(methylsulfonamido)propanoyl) groups (22ς27, Table 5). Next, we moved to the ring A, which 
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showed to interact in the binding pocket of Phe1546 of BRC4 by docking simulation. The 

fluorine in para position was replaced by different substituents, including chlorine and bromine 

atoms and methoxy, tert-butyl, and trifluoromethyl groups, leaving the succinate acyl chain 

unchanged (28ς32, Table 5). In addition, the moiety of the aromatic ring A was elongated by the 

replacement with different substituted biphenyl (33ī36, Table 5) or heterocycle groups (37ī44, 

Table 5) in order to probe its role in the hydrophobic cluster and try to increase p/p stacking 

interactions. The ring A was also modified in combination with the propionyl (45ς47, Table 5) or 

acetyl substitution on the pyrazoline nitrogen (48ī61, Table 5).  Furthermore we investigated 

the role of rings B and C of the dihydroquinolone moiety. In particular the chlorine atom in the 

position 6 of the ring B was removed leaving the acyl chain unchanged and introducing some 

different substituents in the phenyl ring A (62ī66, Table 5).162 Then the phenyl ring C was 

removed (67, Table 5) or replaced by methyl group (68, Table 5) to probe its role in possible p/p 

stacking interactions. The loss of phenyl ring C led to a drop in chemical reactivity of the 

pyrazoline nitrogen atom, and the functionalization with 4-oxobutanoic chain did not work. Thus 

derivatives 67 and 68 were functionalized exclusively with the acetyl chain (Table 5). 

 

3.2 Chemistry  

The desired dihydroquinolone pyrazoline derivatives 19, 22ī23 and 28ī66 were achieved, 

taking advantage of a common synthetic strategy previously reported by Acker et al.170 The 

commercially available 2-amino- benzophenones 69 and 70 treated with ethyl acetoacetate 

afforded the corresponding methyl ketones 71a and 72a, which underwent base-catalyzed 

condensation with the appropriate aryl aldehydes 73ς90 yielding the Ŭ,ɓ-unsaturated aryl 

ketones 91bī113b, according to general procedure A (Scheme 3). In turn, 91bī113b were 

treated with hydrazine monohydrate to yield the pyrazoline derivatives 91cī113c, according to 

general procedure B (Scheme 3).162 
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Scheme 3. Synthesis of dihydroquinolone pyrazoline intermediates 91c ï 113c.a 

 

Cpd R1 Ar Cpd R1 Ar 

69 Cl - 91b; 91c Cl 4-FPh 

70 H - 92b; 92c Cl 4-ClPh 

71a Cl - 93b; 93c Cl 4-BrPh 

72a H - 94b; 94c Cl 4-OMePh 

73 - 4-FPh 95b; 95c Cl 4-tert-BuPh 

74 - 4-ClPh 96 b; 96c Cl 4-(CF3)Ph 

75 - 4-BrPh 97b; 97c Cl 4ô-F-[1,1ô-biphenyl]-4-yl 

76 - 4-OMePh 98b; 98c Cl 4ô-Cl-[1,1ô-biphenyl]-4-yl 

77 - 4-tert-BuPh 99b; 99c Cl 4ô-Br-[1,1ô-biphenyl]-4-yl 

78 - 4-(CF3)Ph 100b; 100c Cl 4ô-OMe-[1,1ô-biphenyl]-4-yl 

79 - 4ô-F-[1,1ô-biphenyl]-4-yl 101b; 101c Cl 1-methyl-1H-indol-5-yl 

80 - 4ô-Cl-[1,1ô-biphenyl]-4-yl 102b; 102c Cl 1-ethyl-1H-indol-5-yl 

81 - 4ô-Br-[1,1ô-biphenyl]-4-yl 103b; 103c Cl 1-ethyl-1H-indazol-5-yl 

82 - 4ô-OMe-[1,1ô-biphenyl]-4-yl 104b; 104c Cl 2-ethyl-2H-indazol-5-yl 

83 - 1-methyl-1H-indol-5-yl 105b; 105c Cl 1-propyl-1H-indazol-5-yl 

84 - 1-ethyl-1H-indol-5-yl 106b; 106c Cl 2-propyl-2H-indazol-5-yl 

85 - 1-ethyl-1H-indazol-5-yl 107b; 107c Cl 1-cyclohexyl-1H-indazol-5-yl 

86 - 2-ethyl-2H-indazol-5-yl 108b; 108c Cl 2-cyclohexyl-2H-indazol-5-yl 

87 - 1-propyl-1H-indazol-5-yl 109b; 109c H 4-FPh 

88 - 2-propyl-2H-indazol-5-yl 110b; 110c H 4-ClPh 

89 - 1-cyclohexyl-1H-indazol-5-yl 111b; 111c H 4-BrPh 

90 - 2-cyclohexyl-2H-indazol-5-yl 112b; 112c H 4-OMePh 

   113b; 113c H 4-(CF3)Ph 

 

The pyrazoline amines 91cī113c functionalized with succinic anhydride 114 afforded the 

corresponding desired dihydroquinolone pyrazoline derivatives 19, 28ī44 and 62ī66, according 

to general procedure C1 (Scheme 4). The pyrazoline amines 91cī94c functionalized with 

propionic acid 115 afforded the corresponding derivatives 22, 45ī47, according to general 

procedure C2 (Scheme 4). The pyrazoline amines 91cī96c, 98cς106c functionalized with acetic 

anhydride 116 afforded the corresponding derivatives 23, 48ī61, according to general 
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procedure C3 (Scheme 4). The isolated enantiomers 19-I and 19-II were achieved by the chiral 

separation of the racemic hit compound 19. 

Scheme 4. Synthesis of final dihydroquinolone pyrazolines 19, 22ς23, 28ς66.a 
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To obtain 20, the Ŭ,ɓ-unsaturated aryl ketone 91b was treated with tert-butyl hydrazide and I2 

which afforded the pyrazole intermediate 117 (Scheme 5). In turn 117 was functionalized with 

acetic anhydride 116 to give 20 (Scheme 5).  

 

Scheme 5. Synthesis of compound 20.a 

 

To achieve 21, the synthesis started from the cyclocondensation of 2-amino-benzophenone 69 

with diethylmalonate in presence of DBU to give the intermediate ester 118 (Scheme 6). The 

ester basic hydrolysis afforded the carboxylic acid 119, which was in turn treated with hydrazine 

hydrate to obtain the N-acylhydrazide 120. The cyclocondensation of 120 with 4-fluoro 

benzonitrile 121 afforded the 1,2,4-triazole intermediate 122, which was in turn functionalized 

with acetic anhydride 116  to obtain 21 (Scheme 6). 
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Scheme 6. Synthesis of compound 21.a 

 

Compound 24 was obtained by coupling 91c with the commercially available 3-((tert-

butoxycarbonyl)- amino)propanoic acid 123 to achieve the Boc-aminopyrazoline derivative 124 

(Scheme 7). In turn, 124 was Boc-deprotected under acidic conditions to afford the desired 24 

(Scheme 7). 

 

Scheme 7. Synthesis of compound 24.a 

 

Compound 25 was obtained by HATU-mediated coupling of 19 with ammonium chloride 

(Scheme 8).  
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Scheme 8. Synthesis of compound 25.a 

 

Compound 26 was afforded by coupling 91c with the commercially available 4-methoxy-4-

oxobutanoic acid 125 (Scheme 9).  

 

Scheme 9. Synthesis of compound 26.a 

 

The synthesis of 27 began with the commercially available methyl 3-aminopropanoate 126, 

which was treated with methansulfonyl chloride to afford the corresponding methyl 3- 

(methylsulfonamido) propanoate 127, which in turn underwent basic hydrolysis to give 3-

(methylsulfonamido) propanoic acid 128 (Scheme 10). The coupling reaction of 91c with 128 

afforded the desired 27 (Scheme 10). 
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Scheme 10. Synthesis of compound 27.a 

 

To obtain 67, the synthesis began from the reduction of anthranilic acid 129 to the benzyl 

alcohol 130 (Scheme 11). The coupling with tetrolic acid and subsequent oxidation of alcoholic 

function achieved the alkynamidic benzaldehyde 131 (Scheme 11). The cyclization of 131 in 

presence of palladium acetate and 4-4ô-dimethoxy-bipyperidyl afforded the ketone intermediate 

132, which underwent basic condensation with benzaldehyde 73 to achieve the Ŭ,ɓ-unsaturated 

ketone 133. Then 133 was treated with hydrazine hydrate to give the corresponding pyrazoline 

134, which was coupled to acetic anhydride 116 to obtain 67 (Scheme 11). 

 

Scheme 11. Synthesis of compound 67.a 
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The synthesis of 68 started from the nitration of 3-chloroacetophenone 135 to give the 

corresponding 136 (Scheme 12). The subsequent reduction of 136 afforded the 1-(2-amino-5-

chlorophenyl) ethanone 137 (Scheme 12). Cyclocondensation of 137 with ethylacetoacetate 

achieved the ketone intermediate 138, which in turn underwent basic condensation with 73 to 

afford 139. The treatment of 139 with hydrazine hydrate gave the corresponding pyrazoline 140, 

which was coupled to acetic anhydride 116 to achieve 68 (Scheme 12). 

 

Scheme 12. Synthesis of compound 68.a 

 

The aldehydes 79, 83ī90, not commercially available, were prepared following standard 

procedures as reported in Experimental section (Schemes 13-18).  4'-Fluoro-[1,1'-biphenyl]-4-

carbaldehyde 79 was synthesized taking advantage of Suzuki coupling reaction between the 

commercially available 4-iodobenzaldehyde 141 and (4-fluorophenyl) boronic acid 142 in 

presence of palladium(0) catalyst (Scheme 13). 
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Scheme 13. Synthesis of compound 79.a 

 

1-Methyl-1H-indole-5-carbaldehyde 83 was achieved by the alkylation of the commercially 

available 1H-indole-5-carboxaldehyde 143 with methyl iodide under basic conditions (Scheme 

14). 

 

Scheme 14. Synthesis of compound 83.a 

 

1-Ethyl-1H-indole-5-carbaldehyde 84 was achieved by the alkylation of the commercially 

available 1H-indole-5-carboxaldehyde 143 with iodoethane under basic conditions (Scheme 15). 
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Scheme 15. Synthesis of compound 84.a 

 

 

Ethylindazole-5-carbaldehyde isomers 85 and 86 were synthesized by the alkylation of the 

commercially available 1H-indazole-5-carboxaldehyde 144 with ethyl bromide under basic 

conditions (Scheme 16). 

 

Scheme 16. Synthesis of compound 85-86.a 

 

 

Propylindazole-5-carbaldehyde isomers 87 and 88 were synthesized by the alkylation of the 

commercially available 1H-indazole-5-carboxaldehyde 144 with 1-bromopropane under basic 

conditions (Scheme 17). 
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Scheme 17. Synthesis of compound 87-88.a 

 

 

Cyclohexylindazole-5-carbaldehyde isomers 89 and 90 were synthesized by the alkylation of the 

commercially available 1H-indazole-5-carboxaldehyde 144 with 1-bromocyclohexane under 

basic conditions (Scheme 18). 

 

Scheme 18. Synthesis of compound 89-90.a 

 

 

Structures of the isomers 85ς90 were confirmed by mono- and bi-dimensional 1H- and 13C-NMR 

(HMBC) analyses, as reported in Experimental section.  
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3.3 SAR studies and biological evaluation  

As a primary screening, the ability of compounds 20ς68 to inhibit RAD51-BRCA2 PP interaction 

was investigated with a competitive biochemical ELISA assay against the parent compound 19 

(Tables 5, 6).  

Table 5. Structures and EC50 of compounds 19, 22ς68 on ELISA assay. 

 

Cpda R1 R2 Ar R3 EC50 ELISA assay ( M˃) 

19 Cl -CH2CH2COOH 
 

-Ph 16 ± 4 

22 Cl -CH2CH3 
 

-Ph 34 ± 3 

23 Cl -CH3 
 

-Ph 50 ± 10 

24 Cl -CH2CH2NH2 
 

-Ph NA b 

25 Cl -CH2CH2CONH2 
 

-Ph NA b 

26 Cl -CH2CH2COOCH3 
 

-Ph NA b 

27 Cl -CH2CH2NHS(O)2CH3 
 

-Ph NA b 

28 Cl -CH2CH2COOH 
 

-Ph 59 ± 8 

29 Cl -CH2CH2COOH 
 

-Ph 16 ± 2 

30 Cl -CH2CH2COOH 
 

-Ph NA b 

31 Cl -CH2CH2COOH 
 

-Ph NA b 

32 Cl -CH2CH2COOH 
 

-Ph 29 ± 2 

33 Cl -CH2CH2COOH 
 

-Ph 13 ± 1 

34 Cl -CH2CH2COOH 
 

-Ph 25 ± 5 

35 Cl -CH2CH2COOH 
 

-Ph 20 ± 2 

36 Cl -CH2CH2COOH 
 

-Ph 20 ± 4 
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37 Cl -CH2CH2COOH 

 

-Ph 2 ± 0.5  

38 Cl -CH2CH2COOH 

 

-Ph 10 ± 2 

39 Cl -CH2CH2COOH 

 

-Ph NA b 

40 Cl -CH2CH2COOH 
 

-Ph 28 ± 4 

41 Cl -CH2CH2COOH 

 

-Ph NA b 

42 Cl -CH2CH2COOH 
 

-Ph NA b 

43 Cl -CH2CH2COOH 

 

-Ph NA b 

44 Cl -CH2CH2COOH 
 

-Ph NA b 

45 Cl -CH2CH3 
 

-Ph 8 ± 2 

46 Cl -CH2CH3 
 

-Ph 19 ± 1 

47 Cl -CH2CH3 
 

-Ph 19 ± 1 

48 Cl -CH3 
 

-Ph 10 ± 0.7 

49 Cl -CH3 
 

-Ph 38 ± 7 

50 Cl -CH3 
 

-Ph NA b 

51 Cl -CH3 
 

-Ph 15 ± 4 

52 Cl -CH3 
 

-Ph NA b 

53 Cl -CH3 
 

-Ph 45 ± 8 

54 Cl -CH3 
 

-Ph 70 ± 15 

55 Cl -CH3 
 

-Ph 70 ± 6 

56 Cl -CH3 

 

-Ph 18 ± 1 
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57 Cl -CH3 

 

-Ph 50 ± 15 

58 Cl -CH3 

 

-Ph 40 ± 3 

59 Cl -CH3 
 

-Ph NA b 

60 Cl -CH3 

 

-Ph 0.95 ± 0.05 

61 Cl -CH3 
 

-Ph NA b 

62 H -CH2CH2COOH 
 

-Ph NA b 

63 H -CH2CH2COOH 
 

-Ph NA b 

64 H -CH2CH2COOH 
 

-Ph NA b 

65 H -CH2CH2COOH 
 

-Ph NA b 

66 H -CH2CH2COOH 
 

-Ph NA b 

67 Cl -CH3 
 

-H 18 ± 3 M˃ 

68 Cl -CH3 
 

-CH3 55 ± 15 M˃ 

Footnotes: a Structures and EC50 of compounds 20 and 21 are reported in Table 6. b NA, not active. 

 

Table 6. Structures and EC50 of compounds 20 and 21 on ELISA Assay. 

Cpd Structure EC50 ELISA assay (ɛM) 

20 

 

33 ± 3 

21 

 

NA a 

Footnotes: a NA, not active. 
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The replacement of the pyrazoline central core with pyrazole, functionalized with the acetyl 

chain, led to a drop in activity (20, EC50 = 33 Ñ 3 ɛM, Table 6). Whereas, the substitution with 

1,2,4-triazole, combined to the acetyl chain, in compound 21 resulted in the complete loss of 

activity (Table 6). Together these results suggested that the partially aromaticity and the flexible 

system of the pyrazoline core could be preferred to engage favorable interactions at the 

targeted pocket, ultimately being indispensable for the PPI inhibitory activity.  

The separated enantiomers (19-I and 19-II) of the racemic hit compound 19 were tested and 

showed a very similar inhibitory activity (19-I, EC50 = 4 Ñ 0.5 ɛM; 19-II, 10 Ñ 1 ɛM), in agreement 

with the docking model (Figure 24). This suggested no stereochemical preference of these 

compounds for the hypothesized molecular target RAD51. Thus all pyrazoline-based 

compounds 22ς68 were synthesized and tested as racemic mixtures. 

The replacement of the 4-oxobutanoic acyl chain of the pyrazoline nitrogen led to compounds 

(22ī27, Table 5) with reduced inhibitory activity (22, EC50 = 34 Ñ 3 ɛM; 23, EC50 = 50 Ñ 10 ɛM) 

or totally inactive (24ς27). These results indicate that no improvement in RAD51-BRCA2 PPI 

inhibitory activity was achieved with this subset of compounds relative to the parent 19 (EC50 = 

16 Ñ 4 ɛM). Replacing the fluorine atom on ring A with bromine led to 29 (EC50 = 16 Ñ 2 ɛM), 

which shows a comparable activity as the initial hit 19. The activity was affected when the 

fluorine was replaced with chlorine (28, EC50 = 59 Ñ 8 ɛM) and trifluoromethyl groups (32, EC50 

= 29 Ñ 2 ɛM). The replacement with electron-donating groups in para position of ring A yielded 

the inactive compounds (30ī31). For the subset of dihydroquinolone pyrazolines, in which the 

aromatic ring A was replaced by different substituted biphenyl (33ς36) or heterocycle groups 

(37ς44, Table 5)  the N-methyl indole derivative 37 showed a good potency with an EC50 = 2 ± 

0.5 ɛM, at low micromolar. 33ī36, 38 and 40 were active at micromolar range, all comparable to 

the initial hit. Whereas derivatives 39, 41ī44 were completely inactive. The replacement of the 

aromatic ring A in combination with the substitution of the pyrazoline nitrogen with either 

propionyl or acetyl chain yielded compounds 45ī61. The 1-N-acetyl-5-(1-N-propyl)- indazolyl 

pyrazoline 60 showed the best activity of the series with EC50 = 0.95 Ñ 0.05 ɛM, while 45ī48, 51 

and 56 showed an activity very similar to that of the initial hit. A drop in potency was observed 

with for compounds 49, 53ī55, 57 and 58, while 50, 52, 59, and 61 the activity was completely 

lost. Removing the chlorine atom in position 6 on the dihydroquinolone core led to the 

completely inactive compounds 62ς66, suggesting an active role for the halogen. The removal 

of phenyl ring C in presence of acetyl chain led to 67 with inhibitory activity comparable to the hit 



 

67 
 

compound. Whereas the replacement of ring C with a methyl group, combined with acetic chain, 

resulted in a drop of activity (68, EC50 = 55 Ñ 15 ɛM).  

As expected for PPI disruptors, the SARs of the new series of dihydroquinolone pyrazoline were 

rather complex to rationalize, with many cliffs and spikes that were difficult to understand.162 

Nonetheless, the SAR campaign efforts allowed us to identify several compounds with 

interesting EC50 values ranging from 0.95 to 20 ɛM, 19, 29, 33, 35ī38, 45ī48, 51, 56, 60 and 67 

(Table 5, 6), which were selected for further cell-based studies (Table 7). 

Interestingly, contrary to what expected from the docking model of 19 (Figure 24), the carboxylic 

function appeared to be not essential for the activity, with compounds bearing propionyl and 

acetyl chains showing comparable or increased activities. Moreover the enlargement of the ring 

A region with heterocyclic groups in compounds 37, 60 led to an increase of potency, 

suggesting the possible engagement of p-p stacking interactions, in particular in proximity of 

Tyr205. 

 

Table 7. Preliminary biological evaluation of compounds with EC50 within 20 M˃. 

Cpd EC50 ELISA assay ( M˃) Preliminary biological evaluation 

19 16 ± 4 HR inhibition = 10% at 40 M˃ 

29 16 ± 2 
HR inhibition = not present 

Olaparib association = not present 

33 13 ± 1 Olaparib association = not present 

35 20 ± 2 Olaparib association = not present 

36 20 ± 4 NEa 

37 2 ± 0.5  
HR inhibition = not present 

Olaparib association = not present at 5 M˃ 

38 10 ± 2 Olaparib association = not present 

45 8 ± 2 
HR inhibition = not present 
Olaparib association = not present 

46 19 ± 1 
HR inhibition = not present 
Olaparib association = NEa 

47 19 ± 1 
HR inhibition = 54% at 20 M˃ 

Olaparib association = present at 15 M˃ 

48 10 ± 0.7 
HR inhibition = 24% at 10 M˃ 

Olaparib association = not present 
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51 15 ± 4 HR inhibition = NDD b 

56 18 ± 1 HR inhibition = not present 

60 0.95 ± 0.05 
HR inhibition = not present 
Olaparib association = not present 

67 18 ± 3 M˃ Olaparib association = not present 

Footnotes: a NE, not evaluable. b NDD, not dose dependent. 

Our working hypothesis is that compounds disrupting RAD51-BRCA2 PPI should affect HR 

repair, resulting in the increase of efficacy of PARPi in breast, ovarian and pancreatic cancer 

cells. To validate the hypothesis, a preliminary biological screening was performed, that 

envisaged the evaluation of cell HR inhibition and/or the measurement of cell viability in 

combination with Olaparib. The pancreatic adenocarcinoma BxPC3 cell line was selected as cell 

model for a direct comparison with the previously reported 1,2,4-triazole-based derivatives. 

From these first preliminary investigations, we could discarded compounds exhibiting  (i) low or 

no activity (19, 29, 33, 35, 37, 38, 45, 56, 60, 67), (ii) poor solubility (36, 46), (iii) discrepancy 

between data obtained from HR inhibition assay and cell viability assay in combination with 

Olaparib (48), and (iv) a non-dose-dependent effect (51). For 4-oxobutanoic acid-containing 

compounds (19, 29, 33, 35ī38), a general poor cell permeability was proposed as reason for 

their lower potency in cell-based study, likely related to the ionizable acid moiety. As reported in 

Table 7, 47 resulted the most promising compound in the HR activity test. Thus 47 was selected 

for further evaluations of the biophysical and biological profile. 

The binding affinity of 47 for RAD51 was assessed by microscale thermophoresis (MST) assay 

on the recombinant human RAD51 (Figure 26). The dissociation constant (Kd) value for RAD51-

47 interaction was estimated of 11 Ñ 6 ɛM, supporting the hypothesis that 47 could act as a 

RAD51-BRCA2 disruptor, in agreement with the ELISA assay. 
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Figure 26. MST analysis of His-hRAD51-47 binding. Titration curve of (RED-tris-NTA 2nd Generation)-His-

hRAD51 (80 nM) with increasing concentrations of 47. 

 

In cell-based HR inhibition assay at different doses, 47 reduced cell HR in a statistically 

significant doseīresponse trend, with an estimated EC50 value of 18.4 ɛM (Figure 27A). 

Noteworthy, this assay had an upper concentration limit of 40 M˃ due to compound solubility. In 

addition, further cell-based experiments demonstrated that 47 compromises cell HR. Indeed 

evidences showed that 47 (i) reduced the nuclear foci formation of RAD51, upon cisplatin 

treatment, (ii) increased the percentage of ɔ-H2AX nuclear foci, upon combination with Olaparib, 

and (iii) induced the increment of cells bearing chromosomal aberrations, such as micronuclei, 

alone or in combination with Olaparib. These results supported the requested mechanism of 

action for 47. Therefore, to test whether the combination of 47 and Olaparib could induce 

synthetic lethality, cell viability and cell death were simultaneously measured at 72 h in BxPC3 

cells exposed to 47 alone or in combination with 10ɛM olaparib (Figure 27B, C). In cultures 

treated with 10 M˃ Olaparib and 20 ɛM 47, the concentration corresponding to the highest HR 

inhibitory effect, cell death was markedly evident and increased in a statistically significant 

manner (Figure 27B, C). 
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Figure 27. A) Effect on HR caused by 47 in BxPC3 cells (5 h); B) and C) BxPC3 cell viability and death 

after 72 h exposure to 47 and 10 ɛM Olaparib, given alone or in combination. 

 

The lethality effect of the combination was investigated more in depth by observing cell 

morphology and reaction to vital dyes, DAPI and PI, after the 72 h treatment. The simultaneous 

marked staining of both dyes suggested an event of apoptosis in BxPC-3 treated with the 

combination. The mutated p53 status of BxPC3 cells conferred more relevance to these results, 

since p53 mutation endows cells with an intrinsic resistance to mechanisms of induced cell 

death. 

The association effect between 47 and Olaparib was evaluated by the calculation of the 

combination index (CI), where CI < 0.8 indicates synergism, while 0.8 < CI < 1.2 additive effect. 

In BxPC-3, CI resulted lower than 0.8, indicating a synergism between the two compounds 

(Figure 28). Noteworthy, in Capan-1 cells, which lack functional BRCA2 and are HR-defective, 

the combination of 47 and Olaparib produced an increased antiproliferative effect, if compared 

to the single agent treatment. However the statistical evaluation excluded the presence of 

synergism, indicating an additive effect with CI not significantly different from 1 (Figure 28).   
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Figure 28. Combination indexes of the 47 and Olaparib in association, measured in BxPC-3 and Capan-1 

cell lines. 

Biochemical, biophysical and biological evaluations suggested that the disruption of RAD51-

BRCA2 PPI could be a valuable strategy to impair RAD51 function and inhibit HR in pancreatic 

cancer cells. Moreover the sustained and increased DNA damage due to the simultaneous 

inhibition of different DNA repair pathways could induce a synthetic lethal effect, as suggested 

by in-depth biological studies. Ultimately these findings supported the working hypothesis that 

the combination of a RAD51-BRCA2 small molecule disruptor and Olaparib could reproduce the 

mechanism of synthetic lethality in pancreatic cancer cell lines with fully functional BRCA genes 

and HR.  
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3.4 Conclusions 

In continuation of a research for the discovery of potential RAD51-BRCA2 PPI small molecule 

disruptors, able to trigger SL in pancreatic cancer with Olaparib, a series of dihydroquinolone 

pyrazoline derivatives has been identified.  

To improve the PPI inhibitory activity of previously identified compound 3, a chemical 

modification campaign was conducted around the 1,2,4 triazole core. This led to the 

identification of compound 5, which proved to synergize with Olaparib, providing encouraging 

preliminary steps toward the proof of our working hypothesis. However the paradigm of SL was 

not fully reproduced. Thus, we envisaged the identification of novel classes of potential RAD51-

BRCA2 PPI disruptors. Through a virtual screening campaign on Zone II, 19 was selected as a 

promising hit, and subsequently, SAR efforts led to compound 47 with the desired biological 

profile. Indeed, 47 bound to RAD51 and inhibited PPI between RAD51 and BRCA2. Noteworthy, 

47 proved to synergize with Olaparib and induce synthetic lethal death in pancreatic cancer 

cells where it reduced significantly cell HR, as proof of its mechanism of action. This promising 

achievement supports the working hypothesis that synthetic lethality can be triggered by using 

only small organic molecules. Herein synthetic lethality resulted as valuable paradigm for the 

discovery of novel anticancer therapies, which include the treatment of pancreatic cancer, one 

of the major unmet oncological need. Notably, the observed synthetic lethality was triggered by 

targeting two biochemically different mechanisms: enzyme inhibition (PARP) and 

proteinīprotein disruption (RAD51-BRCA2). This highlights how complex and diverse 

mechanisms of action can synergistically contribute to the same physiological and, in turn, 

pharmacological activity. However, low solubility of 47 may influence its metabolic and 

pharmacokinetic profile (DM/PK), preventing it from further in vivo studies in cancer models. 

Therefore, structural tuning is currently ongoing to discover more drug-like dihydroquinolone 

pyrazoline derivatives.162   
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4. Part II: DISCOVERY OF RAD51-BRCA2 PPI DISRUPTORS VIA 

TARGET DIRECTED DYNAMIC COMBINATORIAL CHEMISTRY 

 

4.1 Introduction to dynamic combinatorial chemistry  

Over the past decades, target-directed dynamic combinatorial chemistry (tdDCC) has become 

an attractive strategy to identify novel chemical structures for binding to a target protein.171 The 

concept of tdDCC was firstly coined in the late 1990s as a branch of supramolecular 

chemistry,171-173 and, since then, it has been developed as an efficient tool to accelerate hit 

identification and, more recently, hit optimization in drug discovery.174 

In tdDCC, dynamic combinatorial libraries (DCL) are generated by reversible reactions of 

appropriate building blocks. In this system, building blocks and products are continuously 

interconverting, reaching an equilibrium state under thermodynamic control. Upon addition of 

the target protein, the equilibrium is shifted as a response to the external stimulus, according to 

Le Châtelierôs principle (Figure 29).  

 

Figure 29. Target directed dynamic combinatorial chemistry (tdDCC) concept. 

The protein acts as a template changing the DCL composition by interaction with mixture 

components, and, ultimately resulting in the amplification of its best binders, at the expense of 

non-binders.171 This technique broadens the number of chemical scaffolds that can be identified 

as binders, overcoming, or limiting the need for individual synthesis and tests for a large number 

of compounds. 
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In general, two different approaches can be adopted in td-DCC: comparative and non-

comparative.171 In the comparative approach, a blank reaction in absence of the target protein is 

run concurrently with the templated reaction. The amplification of compounds is calculated by 

comparing the library composition of both templated and blank reactions. This approach 

commonly employs HPLC-MS as an analytical method. Noteworthy prior to the analysis, the 

equilibrium of the reaction should be frozen to avoid re-equilibration of the library, followed by 

the denaturation of the protein to release the bound ligands. In the non-comparative approach, 

ligands are identified without comparison to a blank reaction. This approach gives the possibility 

to analyze both the ligandςprotein complex and the released ligand, by many different analytical 

techniques. For the ligandςprotein complex analysis, non-denaturing MS and X-ray analysis can 

also be performed.171 

To generate active hits and obtain meaningful results, the tdDCC experiment setup should 

carefully consider: (i) reversible reaction, (ii) design of DCLs, (iii) templating protein, (iv) 

analytical methodology.175 

 

i. Reversible reactions suitable for tdDCC 

The selection of the appropriate reversible reaction is an important step in tdDCC.  The 

reversible reaction must be biocompatible, which means occurring at physiological pH, at room 

temperature, and reaching the equilibrium in a short timescale. The reaction must not affect 

protein activity, exert a denaturing effect, and must avoid off-site reactions with protein 

functional groups.173 Considering the biocompatibility, only a limited number of reactions can be 

employed in tdDCC.  

The dynamic reversible reactions adopted so far include condensation reactions (imine, 

hydrazone, and acylhydrazone formation), thiol exchange reactions (thiol-disulfide exchange, 

thiol-enone reaction, and hemithioacetal reaction), and boronate ester formation. Ultimately, 

also alkene cross-metathesis and ester formation have been reported (Scheme 19). 
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Scheme 19. Reversible reactions applied in tdDCC. 

Imine formation 

 

Hydrazone formation 

 

Acylhydrazone 

formation 
 

Thiol-disulfide exchange 

 

Thiol-enone reaction 

 

Hemithioacetal reaction 

 

Boronate ester 

formation 

 

Alkene cross-metathesis 

 

Ester formation 

 

 

Imine formation is one of the first examples of reversible reactions in tdDCC. The reaction 

occurs between amine and aldehyde building blocks at neutral pH, and the equilibrium is 

reached within 12ς24 h.171,173 As the generated imines are labile, the DCL analysis with HPLC 

for ligand detection requires the reduction of the imine bond with sodium cyanoborohydride or 

tetrabutylammonium cyanoborohydride, to form the corresponding stable amines. Despite the 

loss of information on the E and Z conformation of the imines upon reduction of C=N bond and 

the risk of protein denaturation by reductive agents, imine formation remains one of the most 

widely reported reactions in tdDCC.171 
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Acylhydrazone formation is another example of an addition-elimination reaction. In contrast to 

imines, acylhydrazone linkages have the advantage to be sufficiently stable to allow for direct 

HPLC analysis. The reaction occurs between aldehydes and hydrazides at acidic pH. For the 

DCL analysis, the equilibrium of the reaction should be quenched by increasing the pH using 

base. However, the low pH often is not compatible with protein stability, and the acylhydrazone 

formation is significantly slowed down at neutral pH, greatly limiting practical application in 

tdDCC. In this case, the use of a nucleophilic catalyst is required to activate the aldehyde 

through transformation into an intermediate Schiff base. Aniline is one of the most widely used 

catalysts, which allows the reaction to be reversible even at higher pH (6.0ï7.5).175-177 The 

catalyst can be used at high concentrations, as aniline Schiff bases are not stable in water. At 

millimolar concentration, the catalyst enables the system to reach the equilibrium within a day at 

room temperature, avoiding the use of large amounts of DCL reactants. Additionally, aniline 

derivatives with electron-donating substituents on the aromatic ring proved to be even more 

effective in speeding up the equilibrium rate of reactions and find application in tdDCC.175,178,179 

Amongst thiol reactions, the reversible thiol-disulfide exchange is one of the most commonly 

reported examples. The reaction typically occurs under neutral to slightly basic pH. The intrinsic 

long incubation time of 1ς2 weeks can be reduced to 24 h with redox buffers containing 

glutathione (GSH/GS-GS) or dithiothreitol (DTT). For HPLC analysis, the equilibrium is frozen 

by decreasing pH using different acids.  

Boronate ester formation represents another approach employed in tdDCC. The reaction occurs 

from boronic acids and diol building blocks, at pH values resembling the pKa value of boronic 

acids. Since pKa values of arylboronic and alkylboronic acids are around ~ 8 and ~10ς12 

respectively, arylboronic acids are more suitable for reversible reactions at neutral pH. For 

analysis of DCL composition, 11B NMR spectroscopy has been successfully employed.173 

 

ii. Design of dynamic combinatorial libraries (DCLs) 

The design of a dynamic library is usually guided by protein structural information. Following a 

structure-based-approach, the design and selection of promising building blocks can be inspired 

by existing binders, by analysis of the target protein structure, or by molecular modeling. Once 

the scaffold is chosen, the functional groups for the reversible reaction should be placed where 

they do not hamper the interaction with the target protein.  
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To this end, a particular advantage of the acylhydrazone linkage is the resemblance to the 

amide functionality and the presence of H-bond donor and H-bond acceptor sites. 

A structure-based approach is supposed to increase the probability of running a successful 

tdDCC. Indeed it enables the recognition of the specific chemical groups required for the 

interaction with the target protein, and which should be included in the library. Although a 

completely random ligand selection is discouraged, tdDCC can be exploited to broaden the 

chemical diversity of known binders. To this aim, the DCLs can include building blocks with 

different structures, which do not necessarily display a protein-binding affinity, to cover different 

geometrical and functional spaces. In this way, successful tdDCC can lead to the identification 

of new chemical entities able to bind the protein.175 

iii. Templating protein 

In tdDCC, significant results are correlated to the quality of the input template. Indeed, the 

equilibrium shift in DCL composition is mediated by the templating effect of the target protein, 

thus the protein must stay as close to its native state as possible. The quantity of the target 

protein should be chosen to guarantee the templating effect that can be detected, avoiding 

protein aggregation, and precipitation. Protein concentration is normally low (ɛMïnM range). 

Variables, like purity, concentration, the tertiary and quaternary structure of the added protein, 

presence of additives, and contaminations, as well as the pH value and buffer components, 

must be considered to design correctly a tdDCC experiment. Protein degradation and 

precipitation could occur during the experiment, with the risk to alter or bias experimental 

results. Thus it is important to properly select suitable experimental conditions and envisage 

those factors.175 

 

Stability 

The assessment of protein stability should be checked by preliminary tests before setting up a 

tdDCC experiment. Precipitation, aggregation, and degradation of the protein must be avoided. 

Precipitation causes the removal of the template from the solution, whereas the denaturation 

leads to a completely new template, which can alter the DCL composition with consequent 

amplification of compounds, which do not bind in the native state. In all these cases, random 

and irreproducible results can be generated with the loss of the best binders from the DCL.  
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pH, buffer, ionic strength 

The effect of pH, buffer, and ionic strength on the protein state should be evaluated, to select 

the most appropriate experimental conditions. For most of the target proteins, the optimal buffer 

conditions and the stability at room temperature are usually unknown. Thus, it can be 

convenient to screen the protein over a wide range of pH, buffer, and ionic strength values in 

parallel, to select the best combinations. Subsequently, two or more buffers can be evaluated 

per pH value to distinguish the effect of buffer components and pH on the protein. The 

determination of the melting point of the target protein via thermal-shift assay/differential 

scanning fluorimetry (TSA/DSF) is a useful method to evaluate the protein state during the 

screening. This technique offers the possibility of a high- throughput analysis in relatively short 

times. The method exploits the presence of a lipophilic dye, which increases in fluorescence by 

binding to hydrophobic parts of the protein, typically located inside of the protein. These portions 

become exposed due to the melting/unfolding process, induced by an increase in temperature. 

The temperature-dependent fluorescence is measured and the protein conformational change is 

evaluated as a function of the shift in protein melting temperature (Tm). Amongst other methods, 

differential scanning calorimetry (DSC), isothermal titration calorimetry (ITC), and circular 

dichroism (CD) can be used to collect information about the interaction of the protein with buffer 

components. In general, any side reactions and competition effects of buffer components with 

the target protein must be avoided.175 

 

DMSO 

In tdDCC experiments, DCL building blocks are solubilized in DMSO stock solutions at known 

concentrations. Thus, in all experiments, DMSO is commonly present in variable percentages, 

depending on the number of DCL components and the library composition. The DMSO 

concentration should be kept constant through all the experiments to provide comparable data. 

The fixed DMSO concentration is a parameter to choose carefully as it can exert a wide range 

of effects on the protein structure. A decrease in solubility, denaturation, and precipitation can 

occur if the DMSO concentration is not well tolerated by the protein. The evaluation of Tm shift 

by TSA/DSF technique helps the selection of the compatible DMSO percentage. In the case of 

enzymes, the determination of the enzymatic activity can be performed, if a specific enzymatic 

assay is available. In general, the DMSO concentration should be kept as low as possible, to 

guarantee the solubility of products and protein in solution during all the experimental time.175  
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Temperature 

To reach the DCL equilibrium, experiments are performed at room temperature. As the 

temperature can potentially interfere with protein stability, it can be lowered to help the protein 

stabilization. As a result, the equilibration rate of the reactions will decrease with consequent 

prolonged incubation time.175  

 

iv. Analytical methodologies in tdDCC 

According to the tdDCC approach, different analytical techniques have been employed to 

examine DCL composition and amplification of library components. These mainly include HPLC, 

native, non-denaturing mass spectroscopy, and ligand-observed NMR spectroscopy. 

In tdDCC comparative approaches, the library is usually analyzed by recording HPLC-MS 

chromatograms of the DCL mixture. In the chromatogram, signals of each library component are 

recognized and the peak areas are integrated as a function of compound concentration. This 

method concerns the analysis of the ligand, thus the dissociation of the ligandςprotein complex 

is a prerequisite for the analysis since a bound ligand is not reliably detectable. The release of 

the ligands from the complex can be achieved by denaturation of the protein with organic 

solvents, heat, acids, bases, or ethylenediaminetetraacetic acid (EDTA), or for displacement by 

the addition of a competitive ligand.171 The subsequent sample treatment, including 

centrifugation, filtration, and precipitation, to avoid column obstruction during HPLC runs. To 

calculate the amplification rate of library components, HPLC data should be accurately 

interpreted. The superimposition of chromatograms from the template and blank reactions do 

not fulfill the requirements for an accurate analysis of the library and can be limited to 

experiments where large variations of compound peaks are observed. To detect smaller 

changes and derive the amplification factor, the relative peak area (RPA) of each compound is 

calculated. RPA value represents the single peak area of each compound relative to the total 

peak area in the blank and template reactions. The amplification factor is then derived by 

dividing RPAs from the template and blank reactions respectively, as shown in Equation (1), or 

following Equation (2) to calculate the relative change.171,175  

 

Amplification factor % = (RPAtemplate / RPAblank) × 100     (1) 

Normalized change of RPA = (RPAtemplate - RPAblank) / RPA blank    (2) 
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However, this approach can include disadvantages, like a time-consuming peak assignment, 

and risk of signal overlap, which at least can limit the size of DCLs per experiment. Moreover, 

since HPLC relies on UV detection, the extinction coefficient values of each compound should 

be comparable to assure a meaningful comparison of UV signal intensity.  

MS analysis is preferentially exploited in non-comparative approaches to detect DCL 

composition. In this case, native non-denaturing mass spectrometry is applied to analyze the 

native ligandςprotein complex and, in comparative approaches, the concentration of free ligand. 

HPLC-MS and MS analysis can both provide a quantification of concentration for each library 

component, relative to the dynamic mixture.  

NMR analysis found application in tdDCC, in particular with techniques like 11B NMR 

spectroscopy, in boronate ester chemistry, and ligand-observed NMR spectroscopy. The latter 

generally includes nuclear Overhauser effect (NOE)-based ligand-observe NMR techniques 

such as saturation transfer difference (STD) and water ligand-observed via gradient 

spectroscopy (waterLOGSY). However, a disadvantage can be the ligand exchange dynamics, 

which can hamper the analysis. Indeed, the exchange can be too fast compared to the NMR 

timescale, resulting in broadened resonance signals. Moreover, STD-NMR and waterLOGSY 

mainly enable the detection of weak binders with KD in the ɛMïnM range, with the risk of false-

negative results and loss of strong binders.173 
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4.2 Application of tdDCC on RAD51 

Cancer cells are strictly dependent on efficient DNA repair machinery to guarantee their 

survival. Thus DNA repair pathways can provide a source of biological targets for the 

development of anticancer treatments. RAD51, an evolutionarily conserved recombinase 

enzyme,90 is involved in homologous recombination (HR), one of the cellular pathways 

responsible for the repair of DNA double-strand breaks (DSBs). In this process, RAD51 is 

recruited by BRCA2 to reach the DNA damage site into the nucleus.113 Indeed, RAD51 

overexpression has been observed in a wide variety of cancers,134 suggesting the dependence 

of cancer cells on efficient HR. Thus, the inhibition of HR by targeting RAD51-BRCA2 protein-

protein interaction represents a valuable tool to sensitize cancer cells to the treatment with 

chemotherapeutic agents and synergize with the PARP inhibitor Olaparib. 

In the present work, the DCC approach has been exploited for the identification of new chemical 

scaffolds targeting RAD51 and enabling the displacement of BRCA2 interaction. For DCC 

experiments, RAD51 has been used as a templating protein and N-acylhydrazone formation has 

been chosen as a reversible reaction.  

 

N-acylhydrazone derivatives as a privileged structure in drug discovery 

In tdDCC, the use of N-acylhydrazone linkage is well established because the reaction is 

reversible at acidic pH, occurs in aqueous media, resembling physiological conditions, and 

generates compounds quite stable to hydrolysis at physiological pH.173,175 

In addition to its successful use in tdDCC, the N-acylhydrazone (NAH) core has been 

considered a privileged structure with great potential in medicinal chemistry. A huge number of 

hit and lead compounds bearing the NAH core have been reported and included in many drug 

discovery pipelines.180 Indeed, NAH-based derivatives can display a broad range of activities, 

with possibilities for the development of new, therapeutically useful bioactive NAH candidates to 

face many diseases, including viral,181-183 bacterial infections,184 metabolic disorders,185 and 

cancer.180,186 

NAH bioactive framework can display ligand interactions with various biological targets. This 

characteristic can be correlated to the typical NAH chemical properties, which include a 

relatively weak N-N bond, the presence of an acidic proton, and an acyl group. NAH scaffold 

shows significant chemical versatility, based on its synthetic feasibility. Indeed the chemical 
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synthesis, which occurs by condensation between aldehydes or ketones and hydrazides, allows 

broad modifications of the subunits bonded to its acyl and imine functions. Ultimately, this 

results in the possibility to synthesize several derivatives with varying chemical compositions 

and possible target modulations.187,188 Generally NAHs display a stable E configuration of the 

imine double bond, except in cases of intramolecular interactions, which stabilize and favor the 

Z isomer (Figure 30).  

 

Figure 30. NAH framework as a useful bioactive chemical entity. 

Nevertheless, NAH-based compounds are generally correlated to disadvantages linked to their 

chemistry. Indeed, NAHs chemical class has been included among the pan-assay interference 

compounds (PAINS) family.189 Noteworthy, a certain PAINS activity has been ascribed only to 

compounds with an ortho-hydroxyl aryl or a para-hydroxyl aryl group in the imine subunit of the 

NAH core as it enables the formation of the tautomeric reactive ortho and para quinone 

methide, respectively, as real PAINS species.189 Moreover, examples of photo-induced E/Z 

isomerization have been reported and cannot be excluded.190,191 

Along with this, the major issue of NAHs relies on their chemical stability. Indeed, depending on 

the substituents on the amide nitrogen and the imine carbon, the acylhydrazone linkage can 

undergo hydrolysis into the corresponding aldehyde and hydrazide under acidic pH. NAHs 

chemical instability can be disadvantageous, resulting in activity loss, poor pharmacokinetic 

profile, and even increased toxicity.191 To overcome this issue, the replacement of 

N-acylhydrazone linker with bioisosteres has been successfully applied to generate more stable 

compounds with a comparable activity toward the biological target, as reported by V. R. Jumde 

et al.191 

Thus, despite the relevant biological importance of NAH-based compounds, chemical stability 

and PAINS activity should be carefully checked and, if necessary, it is recommended to 
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envisage chemical modification strategies, which include bioisosteric replacement of the NAH 

core. 

 

4.2.1 Protein stability assessment 

RAD51 has been chosen as a templating protein and used in the oligomeric form, which more 

resembles more closely its physiological state in the cell.  

RAD51 is stored in solution at pH 7.5 in well-optimized buffer composition, containing HEPES 

20 mM, KCl 300 mM, glycerol 10%, EDTA 0.1 mM, and DTT 2 mM (storage buffer). High salt and 

glycerol concentrations and the presence of additives were not previously reported to be 

compatible in tdDCC experiments. Thus, as a prerequisite for acylhydrazone-based tdDCC, we 

analyzed the stability of RAD51 under different experimental conditions, screening different 

protein concentrations, buffers, pH values, glycerol amounts, salt concentrations, and DMSO 

percentages.175 We decided to include also the storage buffer in the analysis and keep it as a 

reference condition. The stability assessment was performed by measuring the melting 

temperature (Tm) of the protein via thermal-shift assay/differential scanning fluorimetry 

(TSA/DSF) within two days. In more than one condition, we observed the formation of multiple 

melting curves, probably due to changes in the oligomeric state of the protein.   

From the buffer screening, performed at a fixed concentration of KCl 300 mM and glycerol 5%, 

RAD51 proved to be unstable in acetate buffer and, in general, to poorly tolerate pH lower than 

6.0. In MES and TRIS-Bis buffers, the protein showed reasonable stability for 24h at pH 6.0ï

6.5. However the significant difference in Tm, in comparison to the storage conditions, 

suggested undefined conformational changes of the protein, thus these buffer compositions 

were discarded. Finally, we found that RAD51 was stable in phosphate buffer at pH 7.0 and 7.5 

for 24h, which is comparable to the stability observed in storage conditions. Since pH 7.5 is too 

high to be compatible with N-acylhydrazone chemistry in the tdDCC experiments, we selected 

phosphate 50 mM at 7.0 pH for further DCC experiments (Figure 31). The screening suggested 

that tdDCC is compatible with our target protein. Ultimately, we decided to select both storage 

buffer conditions and phosphate buffer (50 mM) at 7.0 pH for the first tdDCC experiments. 

However, protein exhibited stability at pH higher than 6.0, values that could slow down the rate 

of acylhydrazone formation reversibility. Thus the use of aniline as a nucleophilic catalyst is 

required to ensure the reversibility of the reaction in both the selected conditions. 
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Figure 31. Buffer and pH values screening on RAD51 through TSA/DSF assay. 

Regarding other components, we observed that the RAD51 protein stability was not affected by 

the absence of EDTA and DTT within 24 h. Ultimately, we assessed the optimal concentrations 

of other buffer components, in particular KCl 300 mM, glycerol 5%, DMSO 5%.  

To guarantee RAD51 stability for prolonged times at room temperature, tdDCC experiments 

were performed following the listed conditions. 

 

4.2.2 tdDCC-1 

We designed the DCL1 to explore the tdDCC approach on RAD51 for the first time. In this 

preliminary phase, the choice of building blocks was meant to broaden the chemical diversity of 

known RAD51 binders and lead to the identification of new chemical classes able to display 

binding-affinity for RAD51. 

DCL1 consisted of three aldehydes (A1īA3) and eight hydrazides (H1īH8), corresponding to 

twenty-four possible compounds (Table 8). After a given time, the library was analyzed via 

UPLC-MS, after protein denaturation by the addition of methanol and equilibrium freezing by 

increasing the pH. 
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Table 8. Dynamic combinatorial library 1 (DCL1) composition. 

DCL1 

A1ī3 H1ī8 

 
A1 

 
H1 

 
H2 

 
A2 

 
H3 

 
H4 

 
A3 

 

 
H5 

 
H6 

 

 
 

H7 

 
H8 

The first tdDCC experiment was performed in RAD51 storage buffer to ensure the highest 

protein stability in solution at room temperature (Table 9, entry 1). We ran protein-templated and 

blank reactions in parallel, taking samples at 8 h, 24 h, and 48 h. We assessed the amplification 

of DCL components using the equations (1) and (2) previously reported. The presence of 

RAD51 successfully influenced the library composition and, indeed, compounds A1H3, A1H7, 

A2H4, A2H7, A3H4, and A3H7 were significantly amplified in the templated reaction. However, 

we observed that the equilibrium state in the blank reaction was not completely reached in the 

given time. To understand the possible reasons for fluctuations in the equilibrium state of the 

blank reaction, we checked the effect of other experimental conditions, like interfering buffer 

components, the pH values, and the library composition.  

To evaluate the effect of storage buffer components, we screened three different experimental 

setups, taking advantage of RAD51 stability assessment assay reported in Figure 31 (Table 9). 

Moreover, we decided to monitor the DCC blank reaction every two hours for 12 h, to match the 

correct window of the maximum templating effect of RAD51. 

Phosphate buffer is commonly used in N-acylhydrazone based DCC and was selected to 

facilitate the NAH formation in DCC conditions. The thermodynamic equilibrium was reached in 

the blank reaction between 2ī8 h. However, after 6 h of experiment, RAD51 solubility 

significantly decreased and at 8 h, the protein precipitation occurred. Nonetheless, the 
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calculated amplification factors matched with the experimental results observed in the storage 

buffer experiment at 24 h (Table 9, entry 1). Due to the protein instability after six hours in DCC 

conditions, we decided to further investigate the effect of other parameters to obtain more 

reliable results (Table 9, entry 2). 

Subsequently, we performed an experiment using conditions, which resembled the storage 

buffer, without EDTA and DTT and with a reduced glycerol amount (Table 9, entry 3). We 

reasoned that it could foster protein solubility and interfere less with the equilibrium state. 

Indeed, at pH 7.0 the system proved to reach the equilibrium in the blank reaction (Figure 32).  

 

Figure 32. RPA trend in DCL1 blank reaction between 4ī24 h. 

Then we ran the protein-templated reaction and calculated the amplification factors by 

comparing its composition with the blank DCL1. In agreement with the first experiment in 

RAD51 storage buffer, compounds A1H3, A1H7, A2H4, A2H7, A3H4, A3H7, corresponding to 

LC-MS chromatogram peaks number 13, 14, 16, 17, 18 and 19 respectively, were most 

significantly amplified and thus selected for further synthesis and tests in biochemical assay with 

the target protein (Table 9, Figure 33). 



 

87 
 

 

 

Figure 33. A) LC-MS chromatogram of protein-templated and blank reactions at 24 h; B) DCL1 

amplification% calculated from RPA values (Equation 1); C) DCL1 normalized change of RPA (%), 

(Equation 2). 

 

In addition to the previous experiments, we envisaged evaluating the effect of pH on the 

equilibrium state. For this reason, we set up an experiment in HEPES 20 mM at pH value 7.5 

(Table 9, entry 4). As previously hypothesized, despite the presence of aniline as a nucleophilic 

catalyst, high pH values hampered the product formation and the equilibrium state was not 

reached.  

In conclusion, using DCL1, we screened different experimental conditions and selected an 

optimal buffer composition for further DCC experiments (Table 9, entry 3). 
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Table 9. Screening for experimental condition setup with DCL1. 

Entry Buffer Issues Amplified compounds 

1 

HEPES 20 mM, 

pH 7.54 

KCl 300 mM 

Glycerol 10%, EDTA 0.1 mM 

DTT 2 mM 

Equilibrium not stable in the 

blank reaction 

A1H3, A1H7, A2H4, 

A2H7, A3H4, A3H7 

2 

Phosphate 50 mM, 

pH 7.00 

KCl 300 mM 

Glycerol 5% 

Protein precipitation, visible 

after 6 h  
- 

3 

HEPES 20 mM 

pH 7.02 

KCl 300 mM 

Glycerol 5% 

- 
A1H3, A1H7, A2H4, 

A2H7, A3H4, A3H7 

4 

HEPES 20 mM, 

pH 7.43 

KCl 300 mM 

Glycerol 5% 

Equilibrium not reached  - 

 

4.2.3 Biochemical evaluation and results 

From DCL1 experiments, we observed the significant signal amplification of NAHs A1H3, A1H7, 

A2H4, A2H7, A3H4, and A3H7 (Figure 33). Thus, we proceeded with the chemical synthesis of 

these compounds to test their ability to inhibit RAD51-BRCA2 PPI in the competitive 

biochemical ELISA assay, reported by Rajendra et al121, and evaluate the presence of a 

correlation between amplification observed in tdDCC and activity against the target protein. 

All the amplified compounds amplified were re-synthesized from the corresponding 

commercially available aldehydes and hydrazides, according to the general synthetic route 

reported in Scheme 20. Synthetic procedures and characterizations are reported in the 

Experimental section. Results from the biochemical ELISA assay are reported in Table 10. 
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Scheme 20. Synthesis of N-acylhydrazones. 

 

 

Table 10. EC50 from ELISA assay of dynamic combinatorial library 1 (DCL1) amplified N-acylhydrazones. 

Entry Cpd Structure EC50 (ɛM) Entry Cpd Structure EC50 (ɛM) 

1 A1H3 

 

70 ± 25 4 A2H7 

 

NA a 

2 A1H7 

 

130 ± 20 5 A3H4 

 

86 ± 30 

3 A2H4 

 

50 ± 5 6 A3H7 

 

NA a 

Footnote: a NA, not active. 

Compounds containing 4-(2,4-Dichlorophenoxy)butanoyl (A2H4, A3H4, Table 10, entry 3 and 5) 

and Boc-phenylalanine (A1H3, Table 10, entry 1) moieties proved to inhibit the PPI with EC50 

values in the range of 50-86 ɛM. Whereas compounds bearing 3-(tert-butyl)-1-(3-methylbenzyl)-

1H-pyrazole-5-carboxyl moiety proved to be inactive (A2H7, A3H7, Table 10, entry 4 and 6) or 

poorly active (A1H7, Table 10, entry 2). These ELISA assay results suggest that the activity of 

compounds was influenced more by the substituents on the hydrazide part than on the iminic 

part. To corroborate these preliminary results, the synthesis of not amplified NAH, A1H1, is 

ongoing, to provide a negative control compound in biochemical tests. 

 

4.2.4 tdDCC-2 

To further improve the activity of hits from DCL1, we design two tailored libraries (DCL2 and 

DCL3) inspired by the initial DCL1 hits. We assumed that using the common structural motifs of 

the best hits from DCL1 as building blocks in the subsequent DCC experiments, along with new 
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aldehyde and/or hydrazide counterparts would provide better chances of identifying improved 

hits. We decided to keep the 4-(2,4-dichlorophenoxy)butanoyl and Boc-phenylalanine 

hydrazides from DCL1, which emerged as common structural motifs in hits A2H4, A3H4, and hit 

A1H3, respectively. Thus we explored the combination of hydrazides H1 and H2 with mono 

aromatic ring systems, and we included monosubstituted phenyl rings, A4, A9, monosubstituted 

pyridines, A1, A2, A6 and A7, mono- and disubstituted pyrimidines A3, A5, A8, and 1,3-

imidazole moiety, A10 (Table 11).  DCL2 was composed of ten aldehydes (A1ςA10) along with 

the two hydrazides (H1ςH2), which could provide twenty possible NAH products (Table 11).  

Table 11. Dynamic combinatorial library 2 (DCL2) composition. 

DCL2 

A1ī10 H1 and 2 

 
A1 

 
A2 

 
A3 

 
A4 

 
A5 

 
H1 

 
A6 

 
A7 

 
A8 

 
A9 

 
A10  

H2 

The composition of the DCL2 was analyzed via UPLC-MS periodically. The blank reaction 

reached the equilibrium between 8ï10 h (Figure 34). 

 

Figure 34. RPA trend in DCL2 blank reaction between 4ī10 h. 
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Taking into account amplification factors at 8 and 10 h, the analysis of the library revealed the 

amplification of six compounds H1A1, H1A6, H1A9, H1A2, H2A4, and H1A4 corresponding to 

LC-MS chromatogram peaks number 8, 9, 12, 13, 14 and 15, respectively (Figure 35). 

Noteworthy, NAHs bearing monosubstituted pyridines and monosubstituted phenyl rings have 

mainly emerged from amplification data. Amplified N-acylhydrazones were re-synthesized, 

according to the general synthesis reported in Scheme 20 (Table 12). 

 

 

Figure 35. A) LC-MS chromatogram of protein-templated and blank reactions at 8 h; B) DCL2 

amplification(%) calculated from RPA values (Equation 1); C) DCL2 normalized change of RPA (%), 

(Equation 2). 
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Table 12. Dynamic combinatorial library 2 (DCL2) amplified compounds. 

Entry Cpd Structure Entry Cpd Structure 

1 H1A1 

 

4 H1A2 

 

2 H1A6 

 

5 H2A4 

 

3 H1A9 

 

6 H1A4 

 

 

Synthetic procedures and characterizations of NAH are reported in the Experimental section. 

The evaluation of the biochemical profile of the newly synthesized NAHs is now ongoing. The 

EC50 values will clarify if combining 4-(2,4-dichlorophenoxy)butanoyl and Boc-phenylalanine 

moieties with substituted pyridines and phenyl rings results in the improvement of the activity 

toward RAD51-BRCA2 PPI displacement. 

 

4.2.5 tdDCC-3 

The DCL3 has been designed, taking inspiration from the results of the biochemical activity of 

DCL1 hits. We kept both 4-(2,4-dichlorophenoxy)butanoyl H1 and Boc-phenylalanine H2 as 

hydrazide moieties and included the 4,5,6,7-tetrahydrobenzothiophene from the hits in DCL1. 

To investigate the effect of inverting the position of 4,5,6,7-tetrahydrobenzothiophene in the 

acylhydrazone, we included it as a hydrazide H3 instead of aldehyde A3. In DCL3, we decided 

to expand the chemical diversity of potential hit compounds by combining the emerged 

hydrazides with aldehydes bearing groups with different chemical properties. Thus, we included 

aldehydes with a uracil group as a hydrophilic component A1, an aromatic system of two 

heterocycles A2, bi-cyclic heterocycles with two heteroatoms, A3 and A4, and five-membered 

heterocycles, A5 and A6 (Table 13). DCL3 was composed of six aldehydes (A1īA6) and three 

hydrazides (H1īH3), corresponding to eighteen possible compounds (Table 13). The 

composition of the DCL3 was analyzed via UPLC-MS periodically. 
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Table 13. Dynamic combinatorial library 3 (DCL3) composition. 

DCL3 

A1ī6 H1ī3 

 
A1 

 
A2 

 
A3 

 

 
H1 

 

 
H2 

 
A4 

 
A5 

 
A6  

H3 

 

 

The blank reaction showed to reach the equilibrium after 8 h (Figure 36).  

 

 

Figure 36. RPA trend in DCL3 blank reaction between 6ς24 h. 

After 8 hours, a significant amplification was registered for compounds H3A3 and H1A3 with 

indazole group, H3A4 and H1A4 with quinoxaline ring, and H3A2, H2A2, H1A2 with 3-

(thiophen-2-yl) isoxazolyl moiety, corresponding to chromatogram peaks number 4, 5, 8, 11, 12 

and 13 respectively (Figure 37). Compounds reported in Table 14 have been selected for further 

evaluation of the biochemical profile. To this aim, N-acylhydrazones H3A4, H3A3, H1A4, and 

H1A3 (Table 14, entry 1ς4) have been re-synthesized and synthetic procedures and 

characterizations of NAH are reported in the Experimental section. The synthesis of H3A2, 

H2A2, H1A2 (Table 14, entry 5ς7) is still ongoing and will be soon completed. 
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Figure 37. A) LC-MS chromatogram of protein-templated and blank reactions at 8 h; B) DCL3 

amplification% calculated from RPA values (Equation 1); C) DCL3 normalized change of RPA (%), 

(Equation 2). 

 

Table 14. Dynamic combinatorial library 3 (DCL3) amplified compounds. 

Entry Cpd Structure Entry Cpd Structure 

1 H3A4 

 

5 H3A2 

 

2 H3A3 

 

6 H2A2 

 

3 H1A4 

 

7 H1A2 

 

4 H1A3 
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4.3 Conclusions 

As an emerging hit- identification tool, tdDCC promises to accelerate the drug discovery 

process, enabling the development of potential binders against the target with potentially 

interesting biological activities. 

In the context of anticancer drug discovery, we investigated for the first time the possibility to 

exploit tdDCC on RAD51. 

Upon RAD51 protein stability assessment and optimization of experimental conditions, the first 

dynamic combinatorial library (DCL1), based on N-acylhydrazone formation, was designed to 

explore a broad range of chemical moieties. Indeed, we could observe the amplification of six N-

acylhydrazones (NAH) in the templated-reactions (Figure 33). Once re-synthesized and tested, 

three of the six NAH proved to interact with RAD51 and displace BRCA2 interaction in the 

biochemical ELISA assay (Table 10). Noteworthy, 4-(2,4-dichlorophenoxy)butanoyl, Boc-

phenylalanine, and 4,5,6,7-tetrahydro benzothiophene moieties emerged as common structural 

motifs from these first hits, providing encouraging premises for identification of potential hit 

compounds able to bind RAD51. The subsequent DCL2 and DCL3 were tailored based on 

results from DLC1 and provided the amplification of the other 13 novel N-acylhydrazones (Table 

12, Table 14), which will undergo a biochemical evaluation.  
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5. Concluding remarks and future perspectives 

The main achievement of my PhD research has been to provide a proof-of-concept that 

synthetic lethality can be exploited as paradigm for the development of new combination 

strategies in anticancer therapy. To this aim, my work focused on the design and the synthesis 

of small organic molecules as potential disruptors of RAD51-BRCA2 PPI, able to induce SL in 

combination with PARPi Olaparib to target pancreatic cancer, one of the major unmet needs in 

oncology.  

In the context of this project, I explored the application of two distinct approaches for the 

identification of potential RAD51-BRCA2 PPI disruptors. 

In the first part of the project, following a structure-based drug design, a virtual screening 

campaign has been exploited as an approach to hit identification. Two different campaigns were 

performed, targeting respectively, Zone I and Zone II of RAD51-BRCA2 PPI. The first virtual 

screening on Zone I allowed the selection of a 1,2,4-triazole-based hit compound 1, able to 

inhibit BRCA2-RAD51 PPI in biochemical assay. The exploration of the chemical space of 1 led 

to the identification of 5, which proved to increase the response to Olaparib in pancreatic cancer 

cells BxPC-3. This encouraging result supported the idea that RAD51-BRCA2 PPI could be 

targeted by small organic molecules, thus mimicking the condition observed in BRCA2-mutated 

cells. However, the mechanism of SL was not fully reproduced, since no evidences of cell death 

were revealed. Thus, in order to discover more potent compounds and new chemical classes of 

potential PPI disruptors, the second hotspot of the PPI, Zone II, has been explored as target for 

structure-based design of novel disruptors. The second virtual screening campaign identified the 

dihydroquinolone pyrazoline-based hit compound 19, able to inhibit RAD51-BRCA2 PPI. The 

optimization of a general synthetic strategy led to the synthesis of a library of dihydroquinolone 

pyrazoline-based analogs. Compound 47 emerged as the best compound of the series, proving 

to inhibit HR and induce cancer cell death in combination with Olaparib in BxPC-3 cells. Indeed, 

compound 47 exhibited the desired biological profile and reproduced the paradigm of a fully 

small-molecule-induced SL in combination with the PARPi, providing the proof-of-concept that 

SL can be exploited to develop new anticancer drug combinations. 

In the second part of the thesis, to explore an innovative process to hit identification, I joined the 

research group of Prof. Anna K.H. Hirsch at HIPS. During the six-month activity, I applied an 

approach of target directed dynamic combinatorial chemistry (tdDCC) on RAD51. To the best of 

my knowledge, no previous applications of this technique on RAD51 have ever been reported. 
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Upon design of three dynamic combinatorial libraries (DCLs), I could select three amplified N-

acylhydrazones from the first DCL, which showed to inhibit RAD51-BRCA2 PPI in biochemical 

assay in micromolar range. So far these preliminary achievements appeared to support the idea 

that tdDCC could be employed on RAD51 as hit identification tool. Biochemical evaluation of 

compounds emerged from the second and the third DCL and further biological evaluation of first 

DCL compounds are ongoing to confirm if tdDCC could open the way to the discovery of novel 

classes of RAD51-BRCA2 PPI disruptors. For compounds with significant activity in the ELISA 

assay, we will envisage designed chemical modifications to improve chemical stability. In 

particular, we will evaluate if the activity is affected by the replacement of the acid-sensitive and 

hydrolyzable NAH linker with bioisosteres such as amide and ester linkers, or heterocycles. If 

the activity is preserved, we will consider exploring the chemical space of the newly identified hit 

compounds, leading to a hit-to-lead process. Ultimately, this would demonstrate that tdDCC 

could be applied as a hit identification tool for the discovery of novel chemical classes of RAD51 

inhibitors. 
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6. Experimental section 

6.1 Experimental section: Part I 

6.1.1 Material and methods 

Solvents and reagents were obtained from commercial suppliers and used without further 

purification. If required, solvents were distilled prior to use. For simplicity, solvents and reagents 

are indicated as follows: acetonitrile (MeCN), , cyclohexane (Cy), dichloromethane (DCM), 

diethyl ether (Et2O), petroleum ether (PE), dimethyl sulfoxide (DMSO), ethanol (EtOH), ethyl 

acetate (EtOAc), methanol (MeOH), triethylamine (TEA). Thin layer chromatography analyses 

were performed using pre-coated Supelco silica gel on TLC Al foils 0.2 mm and visualized by 

UV (254 nm), and/or KMnO4 stain. Automated column chromatography purifications were 

conducted using a Teledyne ISCO apparatus (CombiFlash Rf) with prepacked silica gel 

columns of different sizes (from 4 to 120 g). Mixtures of increasing polarity of Cy and EtOAc or 

DCM and MeOH were used as eluents. NMR experiments were run on a Bruker Avance III 400 

system (400.13 MHz for 1H, and 100.62 MHz for 13C), equipped with a BBI probe and Z-

gradients. Spectra were acquired at 300 K, using deuterated dimethyl sulfoxide (DMSOȤd6) or 

deuterated chloroform (Chloroform-d) as solvent. Chemical shifts for 1H and 13C spectra were 

recorded in parts per million using the residual non-deuterated solvent as the internal standard 

(for DMSOȤd6: 2.50 ppm, 1H; 39.52 ppm, 13C; for Chloroform-d: 7.26 ppm, 1H; 77.16 ppm, 13C). 

Data are reported as follows: chemical shift (ppm), multiplicity (indicated as: bs, broad signal; s, 

singlet; d, doublet; t, triplet; q, quartet; m, multiplet), coupling constants (J) in Hertz (Hz) and 

integrated intensity. UPLC/MS analyses were run on a Waters ACQUITY UPLC/MS system 

consisting of an SQD (Single Quadrupole Detector) Mass Spectrometer equipped with an 

Electrospray Ionization interface and a Photodiode Array Detector. PDA range was 210-400 nm. 

Analyses were performed on an ACQUITY UPLC BEH C18 column (50 x 2.1 mmID, particle 

size 1.7 mm) with a VanGuard BEH C18 pre-column (5 x 2.1 mmID, particle size 1.7 mm). 

Mobile phase was 10mM NH4OAc in H2O at pH 5 adjusted with AcOH (A) and 10mM NH4OAc in 

CH3CN/H2O (95:5) at pH 5 (B). Electrospray ionization in positive and negative mode was 

applied. Analyses were performed with a gradient: 5-95% B over 3 min; flow rate 0.5 mL/min; 

temperature 40°C. Compounds were named using the naming algorithm developed by 

CambridgeSoft Corporation and used in ChemBioDraw Ultra 16.0. All final compounds 

displayed >96% purity as determined by UPLC/MS analysis. 
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6.1.2 General procedure for synthesis of final 1,2,4-triazoles (5 ς10) 

The 1,2,4-triazole-3-thiol intermediate (16, 1.0 equiv) and the appropriate 2- chloroacetamide 

(17 a-f, 1.1 equiv) in presence of Cs2CO3 (1.1 equiv) and NaI (0.05 equiv) were stirred in dry 

MeCN at 50°C, and reaction progress was monitored by UPLC/MS. Then water was added, and 

the final compounds 5ς10 were purified by washing the precipitated powder or by silica gel flash 

chromatography (Scheme 1). 

N-cyclohexyl-2-((5-((2-oxobenzo[d]thiazol-3(2H)-yl)methyl)-4-(3-phenylpropyl)-4H-1,2,4-

triazol-3-yl)thio)acetamide (5).  

3-((5- mercapto-4-(3-phenylpropyl)-4H-1,2,4-triazol-3-yl)methyl)benzo 

[d]thiazol-2(3H)-one 16 (80 mg, 0.21 mmol), 2-chloro-N-

cyclohexylacetamide 17a (40 mg, 0.23 mmol), Cs2CO3 (75 mg, 0.23 

mmol), and a catalytic amount of NaI in 8 mL of dry MeCN were 

allowed to react for 4 h according to general procedure. The desired 

product precipitated from water, and washed with water, Et2O and 

dried. Precipitate was purified by column chromatography (SiO2, A= Cyclohexane, B= EtOAc, 

gradient 0ī100% B) to afford 5 (89 mg, 80% yield) as a white solid. 1H NMR (400 MHz, 

DMSOȤd6) d 7.99 (d, J = 7.7 Hz, 1H), 7.69 (dd, J = 7.8, 1.2 Hz, 1H), 7.47 (dd, J = 8.2, 1.1 Hz, 

1H), 7.36 (td, J = 7.8, 1.3 Hz, 1H), 7.30-7.17 (m, 6H), 5.39 (s, 2H), 4.06 (t, 2H), 3.82 (s, 2H), 

3.47-3.49 (m, 1H), 2.59 (t, 2H), 1.87-1.79 (m, 2H), 1.63-1.58 (m, 4H), 1.23-1.02 (m, 6H) ppm. 

13C NMR (101 MHz, DMSOȤd6) d 169.1, 165.53, 150.3, 150.2, 140.5, 136.5, 128.3 (2C), 128.1 

(2C), 126.6, 126.0, 123.6, 122.9, 121.2, 112.1, 47.9, 43.6, 37.0, 36.9, 32.1 (2C), 32.0, 31.0, 

25.1, 24.3 (2C) ppm. UPLC-MS (ESI, m/z) Rt = 2.45 min, 522 [M+ H] +; UPLC-MS purity (UV 

215 nm) >99.5%. 

N-cyclobutyl-2-((5-((2-oxobenzo[d]thiazol-3(2H)-yl)methyl)-4-(3-phenylpropyl)-4H-1,2,4-

triazol-3-yl)thio)acetamide (6).  

3-((5- mercapto-4-(3-phenylpropyl)-4H-1,2,4-triazol-3-yl)methyl)benzo 

[d]thiazol-2(3H)-one 16 (100 mg, 0.26 mmol), 2-chloro-N-

cyclobutylacetamide 17b (43 mg, 0.29 mmol), Cs2CO3 (95 mg, 0.29 

mmol) and a catalytic amount of NaI in 5 mL of dry MeCN were allowed 

to react overnight according to general procedure. The desired product 

precipitated from water, and was washed with water, Et2O and dried. 

Precipitate was purified by column chromatography (SiO2, A= DCM, B= MeOH, gradient 0ī4% 
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B) to afford 6 (102 mg, 79% yield) as a white solid. 1H NMR (400 MHz, DMSOȤd6) d 8.39 (d, J = 

7.6 Hz, 1H), 7.69 (dd, J = 7.8, 1.2 Hz, 1H), 7.47 (dd, J =8.1, 1.1 Hz, 1H), 7.41-7.29 (m, 1H), 

7.32-7.16 (m, 6H), 5.39 (s, 2H), 4.14e4.07 (m, 1H), 4.06-4.03 (m, 2H), 3.82 (s,2H), 2.62-2.55 

(m, 2H), 2.13-1.98 (m, 2H), 1.90-1.69 (m, 4H), 1.64-1.50 (m, 2H) ppm. 13C NMR (101 MHz, 

DMSOȤd6) d 169.1, 165.3, 150.3, 140.5, 136.6, 128.4 (2C), 128.1 (2C), 126.6, 126.0, 123.6, 

122.9, 121.2, 112.1, 99.5, 43.6, 43.5, 36.9, 36.7, 32.0, 31.0, 30.0 (2C), 14.6 ppm. UPLC-MS 

(ESI, m/z) Rt = 2.25 min, 494 [M+ H] +; UPLCMS purity (UV 215 nm) >99.5%. 

2-((5-((2-oxobenzo[d]thiazol-3(2H)-yl)methyl)-4-(3-phenylpropyl)-4H-1,2,4-triazol-3-yl)thio)- 

N-phenylacetamide (7) 

3-((5- mercapto-4-(3-phenylpropyl)-4H-1,2,4-triazol-3-yl)methyl)benzo 

[d]thiazol-2(3H)-one 16 (80 mg, 0.21 mmol), 2-chloro-N-

phenylacetamide 17c (39 mg, 0.23 mmol), Cs2CO3 (112 mg, 0.23 

mmol) and a catalytic amount of NaI in 4 mL of dry MeCN were 

allowed to react for 2 h according to general procedure. The desired 

product precipitated from water, and was washed with water, Et2O and 

dried overnight under vacuum at 60 C to give 7 (93 mg, 85 %) as a 

white powder. 1H NMR (400 MHz, DMSO-d6) ŭ 10.25 (s, 1H), 7.69 (dd, J = 7.8, 1.2 Hz, 1H), 

7.51 (d, J = 7.7 Hz, 2H), 7.45 (d, J = 7.9 Hz, 1H), 7.36 ï 7.17 (m, 9H), 7.05 (t, J = 7.4 Hz, 1H), 

5.39 (s, 2H), 4.11 (s, 2H), 4.08 (t, J = 7.9 Hz, 2H), 2.60 (t, 2H, J=7.9 Hz), 1.89-1.82 (m, 2H) 

ppm; 13C NMR (101 MHz, DMSO-d6) ŭ 169.1, 165.4, 150.4, 150.2, 140.4, 138.7, 136.5, 128.7 

(2C), 128.4 (2C), 128.1 (2C), 126.6, 126.0, 123.6, 123.5, 122.9, 121.2, 119.1 (2C) ,112.1, 43.6, 

37.5, 36.9, 32.0, 31.0 ppm. UPLC-MS (ESI, m/z) Rt = 2.45 min, 516 [M+ H] +; UPLC-MS purity 

(UV 215 nm) 99 % 

3-((5-((2-oxo-2-(piperidin-1-yl)ethyl)thio)-4-(3-phenylpropyl)-4H-1,2,4-triazol-3 

yl)methyl)benzo[d]thiazol-2(3H)-one (8) 

3-((5- mercapto-4-(3-phenylpropyl)-4H-1,2,4-triazol-3-yl)methyl)benzo 

[d]thiazol-2(3H)-one 16 (122 mg, 0.32 mmol), 2-chloro-1-(piperidin-1- 

yl)ethan-1-one 17d (58 mg, 0.36 mmol), Cs2CO3 (115 mg, 0.36 mmol) 

and a catalytic amount of NaI in 5 mL of dry MeCN were allowed to 

react for 3 h according to general procedure. The reaction was cooled 

down, water was added and the aqueous phase was extracted with 

EtOAc (3 x 10 mL) and DCM (3 x 10mL). The collected organic phases were washed with brine, 

dried over MgSO4, filtered and concentrated in vacuum. The crude was purified by flash 
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chromatography (SiO2, A= Cyclohexane, B= EtOAc, gradient 0ī100% B) to afford 8 (115 mg, 71 

% yield) as a white solid. 1H NMR (400 MHz, DMSO-d6) ŭ 7.70 (dd, J = 7.8, 1.2 Hz, 1H), 7.48 

(dd, J = 8.2, 1.1 Hz, 1H), 7.36 (td, J = 7.8, 1.3 Hz, 1H), 7.31 ï 7.14 (m, 6H), 5.40 (s, 2H), 4.23 

(s, 2H), 4.12 ï 3.94 (m, 2H), 3.38-3.34 (m, 4H), 2.62 ï 2.58 (m, 2H),1.86 ï 1.78 (m, 2H), 1.53 ï 

1.36 (m, 6H) ppm. 13C NMR (101 MHz, DMSO-d6) ŭ 169.1, 164.7, 150.3, 150.3, 140.5, 136.5, 

128.4 (2C), 128.1 (2C), 126.6, 126.0, 123.6, 123.0, 121.2, 112.2, 46.4, 43.6, 42.4, 37.0, 36.9, 

32.0, 31.1, 25.8, 25.1, 23.7 ppm. UPLC-MS (ESI, m/z) Rt = 2.34 min, 508 [M+H] +; UPLC-MS 

purity (UV 215 nm): > 99.5 %. 

N-cyclopropyl-2-((5-((2-oxobenzo[d]thiazol-3(2H)-yl)methyl)-4-(3-phenylpropyl)-4H-1,2,4-

triazol-3-yl)thio)acetamide (9).  

3-((5- mercapto-4-(3-phenylpropyl)-4H-1,2,4-triazol-3-yl)methyl)benzo 

[d]thiazol-2(3H)-one 16 (100 mg, 0.26 mmol), commercially available 2-

chloro-N-cyclopropylacetamide 17e (39 mg, 0.29 mmol), Cs2CO3 (95 

mg, 0.29 mmol) and a catalytic amount of NaI in 5mL of dry MeCN were 

allowed to react overnight according to general procedure. The desired 

product precipitated from water, and was washed with water, Et2O and 

dried overnight under vacuum at 60°C to give 9 (120 mg, quantitative yield) as a white powder. 

1H NMR (400 MHz, DMSOȤd6) d 8.23 (d, J = 4.1 Hz, 1H), 7.70 (dd, J = 7.8, 1.2 Hz, 1H), 7.48-

7.46 (m, 2H), 7.36 (td, J = 7.8, 1.3 Hz, 1H), 7.30-7.17 (m, 7H), 5.39 (s, 2H), 4.05 (t, J = 7.9 Hz, 

2H), 3.81 (s, 2H), 2.61-2.53 (m, 3H), 1.87-1.79 (m, 2H), 0.59-0.54 (m, 2H), 0.34-0.30 (m, 2H) 

ppm. 13C NMR (101 MHz, DMSOȤd6) d 169.1, 167.6, 150.3, 150.2, 140.5, 136.5, 128.4 (2C), 

128.1 (2C), 126.6, 126.0, 123.6, 122.9, 121.2, 112.1, 43.6, 36.9, 36.5, 32.0, 31.0, 22.5, 5.5 (2C) 

ppm. UPLC-MS (ESI, m/z) Rt = 2.15 min, 480 [M + H] +; UPLC-MS purity (UV 215 nm) >99.5%. 

N-(1-methylpiperidin-4-yl)-2-((5-((2-oxobenzo[d]thiazol-3(2H)-yl)methyl)-4-(3-

phenylpropyl)-4H-1,2,4-triazol-3-yl)thio)acetamide (10) 

3-((5- mercapto-4-(3-phenylpropyl)-4H-1,2,4-triazol-3-yl)methyl)benzo 

[d]thiazol-2(3H)-one 16 (120 mg, 0.31 mmol), commercially available 

2-chloro-N-(1-methylpiperidin-4-yl)acetamide 17f (66 mg, 0.35 mmol), 

Cs2CO3 (112 mg, 0.35 mmol) and a catalytic amount of NaI in 5 mL of 

dry MeCN were allowed to react for 4 h according to general 

procedure. The reaction was cooled down, water was added and the 

aqueous phase was extracted with EtOAc (3 x 10 mL). The collected organic phases were 

washed with brine, dried over MgSO4, filtered and concentrated in vacuum. The crude was 
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purified by flash chromatography (SiO2, A= DCM, B= MeOH, gradient 0ī10% B) to afford 10 (90 

mg, 54 % yield) as a white solid. 1H NMR (401 MHz, DMSO-d6) ŭ 8.10 (d, J = 7.5 Hz, 1H), 7.70 

(d, J = 7.4 Hz, 1H), 7.47 (d, J = 8.1 Hz, 1H), 7.36 (t, J = 7.8 Hz, 1H), 7.32 ï 7.21 (m, 3H), 7.21 ï 

7.15 (m, 3H), 5.39 (s, 2H), 4.06 (t, J = 7.9 Hz, 2H), 3.83 (s, 2H), 3.50 ï 3.38 (m, 1H), 2.69 ï 2.61 

(m, 2H), 2.61 ï2.55 (m, 2H), 2.14 (s, 3H), 2.00 ï 1.87 (m, 2H), 1.87 ï 1.75 (m, 2H), 1.64 ï 1.53 

(m, 2H), 1.38 ï 1.24 (m, 2H) ppm. 13C NMR (101 MHz, DMSO-d6) ŭ 169.1, 165.8, 150.3, 150.2, 

140.5, 136.6, 128.4 (2C), 128.1 (2C), 126.7, 126.1, 123.6, 123.0, 121.2, 112.1, 53.7, 45.8, 45.7, 

43.6, 37.0, 36.9, 32.0 (2C), 31.1 (2C), 31.0 ppm. UPLC-MS (ESI, m/z) Rt = 3.58 min, 537 [M+H] 

+; UPLC-MS purity (UV 215 nm): > 99.5 %. 

 

6.1.3 Synthesis of intermediates 13, 14, 16 

Benzyl 2-(2-oxobenzo[d]thiazol-3(2H)-yl) acetate (13) 

A mixture of benzothiazolone 11 (2.00 g, 13.23 mmol), K2CO3 (1.92 g, 13.89 

mmol), a catalytic amount of NaI and 20 mL of acetone was stirred at room 

temperature. Benzyl bromoacetate 12 (2.3 mL, 14.55 mmol) was added 

dropwise to the mixture which was then refluxed for 2 h. The reaction mixture 

was next cooled and poured into ice water (300 mL). The yellow granulose precipitate formed 

was filtered and recrystallized from ethanol (80 mL) to give 13 (3.74 g, 94% yield) as white 

needles. 1H NMR (400 MHz, Chloroform-d) ŭ 7.42 ï 7.27 (m, 6H), 7.25 (t, J = 7.8 Hz, 1H), 7.14 

(t, J = 7.5 Hz, 1H), 6.87 (d, J = 8.1 Hz, 1H), 5.18 (s, 2H), 4.69 (s, 2H); 13C NMR (101 MHz, 

Chloroform -d) ŭ 170.1, 166.9, 136.6, 135.1, 128.7 (2C), 128.6, 128.3 (2C), 126.6, 123.7, 122.8, 

122.2, 110.5, 67.5, 43.5; UPLC-MS (ESI, m/z) Rt = 2.55 min, 300 [M+H]+. 

2-(2-oxobenzo[d]thiazol-3(2H)-yl) acetohydrazide (14) 

Compound 13 (2 g, 6.34 mmol, 1.0 equiv) was dissolved in 15 mL of EtOH and 

hydrazine hydrate (7.5 mL, 154 mmol, 23 equiv) was added. The mixture was 

refluxed for 90 min, cooled down and after 5 min stirred was stopped, and the 

reaction flask is placed in an ice bath for 20 min then filtered, washed with 

EtOH and dried under vacuum to give 14 (1.37 g, 49% yield) as a white powder. 1H NMR (400 

MHz, DMSO-d6) ŭ 9.46 (s, 1H), 7.65 (d, J = 7.4 Hz, 1H), 7.42 ï 7.27 (m, 1H), 7.26 ï 7.13 (m, 

2H), 4.56 (s, 2H), 4.32 (s, 2H); 13C NMR (101 MHz, DMSO-d6) ŭ 169.6, 165.8, 137.7, 126.9, 

123.7, 123.2, 121.7, 111.8, 43.8; UPLC-MS (ESI, m/z) Rt = 1.30 min, 224 [M+H] +. 
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3-((5-mercapto-4-(3-phenylpropyl)-4H-1,2,4-triazol-3-yl)methyl)benzo[d]thiazol-2(3H)-one 

(16) 

A mixture of hydrazide 14 (100 mg, 0.45 mmol) and commercially available 

isothiocyanate 15 (78 ɛL, 0.47 mmol) in 5 mL of ethanol containing TEA (130 

ɛL, 0.95 mmol) were refluxed overnight. The reaction was cooled, the solvent 

was evaporated, and dried under vacuum for few hours to give 16 (195 mg, 

crude product) that was used in the next step without further purification. 1H 

NMR (400 MHz, DMSO-d6) ŭ 13.73 (s, 1H), 7.76 ï 7.66 (m, 1H), 7.43 ï 7.33 

(m, 2H), 7.33 ï 7.16 (m, 6H), 5.36 (s, 2H), 4.09 ï 4.01 (m, 2H), 2.68 ï 2.55 (m, 2H), 1.95 ï 1.84 

(m, 2H); 13C NMR (101 MHz, DMSO-d6) ŭ 169.1, 167.3, 147.0, 140.7, 136.4, 128.3 (2C), 128.1 

(2C), 126.7, 125.9, 123.7, 123.1, 121.1, 111.8, 43.3, 37.2, 32.1, 29.1; UPLC-MS (ESI, m/z) Rt = 

2.32 min, 383 [M+H] +. 

 

6.1.4 General procedure for synthesis of chloroacetamides (17aςd)  

To the appropriate substituted amines (18aςd, 1.0 equiv) in DCM was added chloroacetyl 

chloride (1.1 equiv) followed by the addition of TEA (2.8 equiv) at 0-10 °C. The reaction was 

continued at the same temperature for 1 h. Then, the reaction mixture was washed with 

saturated NaHCO3 solution, HCl 2N, and brine solution. The excess of organic solvent was 

removed under reduced pressure and the crude compounds were purified by flash 

chromatography, eluting with Cyclohexane/EtOAc 50:50, otherwise noted (Scheme 2). 

2-chloro-N-cyclohexylacetamide (17a).  

Cyclohexylamine 18a (911 mL, 7.97 mmol), chloroacetyl chloride (705 mL, 8.85 

mmol), TEA (3.08 mL, 22.14 mmol) in DCM (20 mL) were allowed to react, and 

clean compound was purified according to the general procedure, giving 17a 

(995 mg, 71% yield) as white solid. 1H NMR (400 MHz, Chloroform -d) d 6.45 (s, 1H), 4.04 (s, 

2H), 3.89e3.72 (m,1H), 1.94 (dq, J = 12.0, 3.7 Hz, 2H), 1.74 (dp, J = 10.5, 3.5, 2.9 Hz, 2H), 1.64 

(dq, J = 12.7, 3.5 Hz, 1H), 1.48-1.31 (m, 2H), 1.21 (dddt, J = 15.4, 11.4, 7.2, 3.4 Hz, 3H). UPLC-

MS (ESI,m/z) Rt = 1.82 min, 176, 178 [M+H] +. 
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2-chloro-N-cyclobutylacetamide (17b).  

Cyclobutylamine 18b (240 mL, 2.81 mmol), chloroacetyl chloride (248 mL, 3.12 

mmol), TEA (1.09 mL, 7.8 mmol) in DCM (6 mL) were allowed to react according 

to the general procedure. Clean compound was purified over silica gel flash chromatography 

(SiO2, A= Cyclohexane, B= EtOAc, gradient 0ī30% B) to 17b (380 mg, 83% yield) as white 

solid. 1H NMR (400 MHz, DMSOȤd6) d 8.43 (s, 1H), 4.28-4.09 (m, 1H), 3.98 (s, 2H), 2.21-2.08 

(m, 2H), 2.00-1.80 (m, 2H), 1.70-1.59 (m, 2H). UPLC-MS (ESI, m/z) Rt= 1.23 min, 148 [M+H] +. 

2-chloro-N-phenylacetamide (17c) 

 Aniline 18c (726 ɛL, 7.97 mmol), chloroacetyl chloride (705 ɛL, 8.85 mmol), TEA 

(3.08 mL, 22.14 mmol) in DCM (20 mL) were allowed to react and clean 

compound was purified according the general procedure giving 17c (986mg, 70 % yield) as an 

off-white solid. 1H NMR (400 MHz, Chloroform -d) ŭ 8.27 (s, 1H), 7.57 (dt, J = 8.7, 1.7 Hz, 2H), 

7.41 ï 7.36 (m, 2H), 7.20 (tt, J = 7.0, 1.1 Hz, 1H), 4.21 (s, 2H) ppm. UPLC-MS (ESI, m/z) Rt = 

1.67 min, 170, 172 [M+H] +.  

2-chloro-1-(piperidin-1-yl) ethan-1-one (17d) 

Piperidine 18d (787 ɛL, 7.97 mmol), chloroacetyl chloride (705 ɛL, 8.85 mmol), 

TEA (3.08 mL, 22.14 mmol) in DCM (20 mL) were allowed to react and clean 

compound was purified according the general procedure giving 17d (1.28 g, 

quantitative yield) as an orange oil. 1H NMR (400 MHz, Chloroform -d) ŭ 3.98 (s, 2H), 3.48 ï 

3.41 (m, 2H), 3.38 ï 3.31 (m, 2H), 1.62 ï 1.50 (m, 4H), 1.50 ï 1.41 (m, 2H) ppm. UPLC-MS 

(ESI, m/z) Rt = 1.54 min, 162, 164 [M+H] +.  
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6.2.1 General Procedure A for the synthesis of acroyl intermediates (91bς113b, 133, 

139)  

In a round-bottomed flask, the appropriate quinolin-2(1H)-one (71aς72a, 132, 138, 1.00 equiv) 

and potassium hydroxide (25.00 equiv) were stirred in EtOH/H2O (4:3 v/v, 0.05 M) at 0 °C for 45 

min prior to the addition of an appropriately substituted aryl aldehyde (73ς90, 1.00 equiv). The 

reaction mixture was stirred overnight as it gradually reached room temperature. The reaction 

was quenched by slow addition of acetic acid (25.00 equiv). The crude was extracted with 

DCM/H2O (3 × 50 mL), the organic layer was then dried over Na2SO4, and the solvent was 

removed under reduced pressure. The desired compound was obtained after purification over 

silica gel unless otherwise noted (Scheme 3, Scheme 11, and Scheme 12). 

 

6.2.2 General Procedure B for synthesis of pyrazoline intermediates (91cς113c, 134, 

140) 

In a microwaveable vessel, the appropriate quinolin-2(1H)-one acroyl intermediate (91bς113b, 

133, 139, 1.00 equiv) was dissolved in EtOH absolute (0.2 M), and hydrazine monohydrate 

(2.00 equiv) was added. The mixture was microwaved with stirring for 45 min at 110 °C (200 W). 

The EtOH was removed under reduced pressure. Crude was purified over silica gel, unless 

otherwise noted, to afford desired compounds (Scheme 3, Scheme 11, and Scheme 12). 

 

6.2.3 General procedures C1 for final dihydroquinolone pyrazolines (19, 28ī44, 62ī66).  

In a microwaveable vessel, the appropriate pyrazol-3-ylquinolin-2(1H)- one intermediate (91cς

113c, 1.00 equiv) was dissolved in anhydrous THF (0.5 M) in presence of MS 4Å. The succinic 

anhydride 114 (2.00 equiv) was added. The solution was microwaved (200 W) with stirring for 

45 min at the appropriate temperature. The THF was removed under reduced pressure, and the 

organic layers were dissolved in DCM, washed with HClaq pH 2 (3 × 30 mL), and dried over 

Na2SO4. The solvent was removed under reduced pressure, and the crude was purified over 

silica gel (Scheme 4). 
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6.2.4 General procedures C2 for final dihydroquinolone pyrazolines (22, 45ī47). 

In a round-bottomed flask, propionic acid 115 (1.80 equiv), HOBt (1.80 equiv), and EDCI (1.80 

equiv) were stirred in DCM (0.50 M) at room temperature for 1 h. Then a solution of the pyrazol-

3-ylquinolin-2(1H)-one intermediate 91cī94c (1.00 equiv) in DCM (0.50 M) was added. The 

reaction was stirred at room temperature for 3 h. The organic layer was washed with NaHCO3 aq 

1 M (1 × 50 mL), citric acid 10% (1 × 50 mL), and H2O (1 × 50 mL), dried over Na2SO4, and the 

solvent was removed under reduced pressure. The desired compound was obtained after 

purification over silica gel unless otherwise noted (Scheme 4). 

 

6.2.5 General procedures C3 for final dihydroquinolone pyrazolines (20, 21, 23, 48ς61, 

67, 68) 

In a microwaveable vessel, the appropriate intermediate (91cς96c, 98cς116c, 117, 122, 134, 

140, 1.00 equiv) was dissolved in anhydrous THF (0.5 M). The acetic anhydride 116 (2.00 

equiv) was added. The solution was microwaved (200 W) with stirring for 45 min at the 

appropriate temperature. The THF was removed under reduced pressure, and the organic 

layers were dissolved in DCM, washed with H2O (3 × 30 mL), and dried over Na2SO4. The 

solvent was removed under reduced pressure, and the crude was purified over silica gel 

(Scheme 4, Scheme 5, Scheme 6, Scheme 11, and Scheme 12). 

 

4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (4-fluorophenyl)-4,5-dihydro-

1H-pyrazol-1-yl)-4-oxobutanoic Acid (19). 

6-Chloro-3-(5-(4-fluorophenyl)-4,5-dihydro-1H-pyrazol-3-yl)-4-

phenylquinolin-2(1H)-one 91c (270 mg, 0.65 mmol) and succinic 

anhydride 114 (130 mg, 1.30 mmol) were microwaved (120 °C, 200 

W) according to general procedure C1. The crude was purified by 

flash column chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, 

gradient 0ī50% B) to afford the desired 19 (208 mg, 62% yield). 1H NMR (400 MHz, DMSO-d6) 

ŭ 12.38 (s, 1H), 12.02 (s, 1H), 7.64 (dd, J = 8.8, 2.4 Hz, 1H), 7.60ī7.37 (m, 5H), 7.28 (dt, J = 

6.8, 2.0 Hz, 1H), 7.04 (t, J = 8.9 Hz, 2H), 6.94 (d, J = 2.3 Hz, 1H), 6.88ī6.76 (m, 2H), 5.32 (dd, J 

= 12.0, 4.5 Hz, 1H), 3.73 (dd, J = 18.5, 12.0 Hz, 1H), 2.79 (dd, J = 18.4, 4.5 Hz, 1H), 2.48ī2.40 
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(m, 2H), 2.32ī2.26 (m, 2H). 13C NMR (101 MHz, DMSO-d6) ŭ 173.95, 169.09, 160.56, 152.85, 

150.38, 137.78, 135.00, 131.68, 129.88, 128.97, 128.88, 128.81, 127.99, 127.90, 126.57, 

126.51, 125.07, 121.14, 118.09, 115.67, 115.46, 95.62, 58.69, 45.66, 29.04, 28.69. In 

agreement with that previously reported by Acker et al.170 tR = 2.04 min. ESI-MS for 

C28H21ClFN3O4: calculated 517.1, found m/z 518.4, 520.4 [M + H] +; 516.4, 518.4 [M ī H]ī. 

UPLCīMS purity (UV at 215 nm) 98%. 

3-(1-acetyl-5-(4-fluorophenyl)-1H-pyrazol-3-yl)-6-chloro-4-phenylquinolin-2(1H)-one (20) 

(Scheme 5) 

Compound 20 was synthesized via general procedure C3 using 117 

(85 mg, 0.20 mmol) and acetic anhydride 116 (20.0 ɛL, 0.20 mmol). 

Purification was performed by direct phase flash chromatography 

(SiO2, A= DCM, B= EtOAc, gradient 0ī10% B) to afford 20 (55 mg, 

yield 16%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.28 (s, 1H), 7.81 (dd, J = 8.5, 5.6 Hz, 2H), 7.64 

(dd, J = 8.8, 2.1 Hz, 1H), 7.46 (d, J = 8.8 Hz, 3H), 7.35 (s, 2H), 7.27 (t, J = 8.8 Hz, 2H), 6.94 (d, 

J = 2.1 Hz, 2H), 6.72 (s, 1H), 2.66 (s, 3H). 13C NMR (101 MHz, DMSO- d6) ŭ 170.44, 162.02, 

160.22, 152.29, 147.71, 140.27, 137.94, 135.33, 131.47, 129.17, 128.65, 128.57, 128.26, 

126.61, 126.31, 125.84, 121.10, 118.18, 116.60, 116.39, 111.09, 23.20. C26H17ClFN3O2: 

calculated 457.10, found m/z 458.36 [M + H]+. 

3-(1-acetyl-5-(4-fluorophenyl)-1H-1,2,4-triazol-3-yl)-6-chloro-4-phenylquinolin-2(1H)-one 

(21) (Scheme 6) 

Compound 21 was synthesized via general procedure C3 using 122 

(90 mg, 0.22 mmol) and acetic anhydride 116 (125.0 ɛL, 1.32 mmol). 

Purification was performed by precipitation from EtOAc and filtration 

to afford 21 (50 mg, yield 50%). 1H NMR (400 MHz, DMSO-d6) ŭ 

12.50 (s, 1H), 8.01 ï 7.90 (m, 2H), 7.72 (dd, J = 8.8, 2.4 Hz, 1H), 7.53 (t, J = 11.2 Hz, 1H), 7.47 

ï 7.36 (m, 3H), 7.36 ï 7.29 (m, 2H), 7.23 (s, 1H), 7.06 (d, J = 2.3 Hz, 1H), 2.71 (s, 3H). 13C 

NMR (101 MHz, DMSO- d6) ŭ 168.54, 164.61, 162.15, 159.94, 159.07, 152.06, 149.34, 137.79, 

133.59, 131.70, 128.96, 128.72, 128.64, 128.50, 126.36, 125.87, 125.50, 125.47, 123.50, 

119.91, 117.94, 116.19, 115.97, 39.52, 22.96. C25H16ClFN4O2: calculated 458.09, found m/z 

459.36 [M + H]+. 
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6-Chloro-3-(5-(4-fluorophenyl)-1-propionyl-4,5-dihydro- 1H-pyrazol-3-yl)-4-phenylquinolin-

2(1H)-one (22). 

Compound 22 was synthesized via general procedure C2 using 91c 

(250 mg, 0.60 mmol) and propionic acid 115 (80.8 ɛL, 1.08 mmol). 

Purification was performed by direct phase flash chromatography 

(SiO2, A= DCM, B= MeOH, gradient 0ī1% B) to afford 22 (60 mg, 

yield 21%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.38 (s, 1H), 7.64 (dd, J = 2.0, 8.0 Hz, 1H), 

7.58ī7.50 (m, 3H), 7.45 (d, J = 8.8 Hz, 1H), 7.41ī7.39 (m, 1H), 7.28 (d, J = 5.6 Hz, 1H), 7.06 (t, 

J = 8.8 Hz, 2H), 6.93 (d, J = 2.0 Hz, 1H), 6.84 (dd, J = 4.0, 8.0, Hz, 2H), 5.32 (dd, J = 8.0, 12.0 

Hz, 1H), 3.73 (dd, J = 12.0, 16.0 Hz, 1H), 2.81 (dd, J = 4.0, 16.0 Hz, 1H), 2.30ī2.16 (m, 2H), 

0.83 (t, J = 7.6 Hz, 3H). 13C NMR (101 MHz, DMSO- d6) ŭ 206.89, 170.93, 162.79, 160.57, 

160.38, 152.63, 150.30, 139.00, 138.98, 137.75, 135.12, 131.63, 129.79, 128.97, 128.95, 

128.86, 128.80, 127.96, 127.88, 126.53, 126.47, 125.10, 121.11, 118.07, 115.67, 115.46, 58.54, 

45.54, 29.44, 9.27. ESI-MS for C27H21ClFN3O2: calculated 473.1, found m/z 474.2, 476.2 [M + 

H]+; 472.3, 474.3 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 99%. 

3-(1-Acetyl-5-(4-fluorophenyl)-4,5-dihydro-1H-pyrazol-3-yl)-6-chloro-4-phenylquinolin-

2(1H)-one (23).  

6-Chloro-3-(5-(4-fluorophenyl)-4,5-dihydro-1H-pyrazol-3-yl)-4-

phenylquinolin-2(1H)-one 91c (200 mg, 0.48 mmol) and acetic 

anhydride 116 (91 ɛL, 0.96 mmol) were microwaved (120 ÁC, 200 W) 

according to general procedure C3. The crude was purified by direct 

phase flash column chromatography (SiO2, A= DCM, B= MeOH, gradient 0ī20% B) to afford 

the desired 23 (207 mg, yield 47%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.38 (s, 1H), 7.64 (dd, J = 

8.8, 2.4 Hz, 1H), 7.61ī7.50 (m, 3H), 7.46 (d, J = 8.8 Hz, 1H), 7.41 (dt, J = 6.6, 1.9 Hz, 1H), 7.29 

(dt, J = 6.4, 1.9 Hz, 1H), 7.06 (t, J = 8.9 Hz, 2H), 6.94 (d, J = 2.3 Hz, 1H), 6.84 (dd, J = 8.6, 5.6 

Hz, 2H), 5.32 (dd, J = 12.0, 4.5 Hz, 1H), 3.73 (dd, J = 18.4, 12.1 Hz, 1H), 2.84 (dd, J = 18.5, 4.5 

Hz, 1H), 1.88 (s, 3H). 13C NMR (101 MHz, DMSO- d6) ŭ 167.53, 162.80, 160.57, 160.39, 

152.67, 150.35, 138.87, 138.84, 137.79, 135.12, 131.64, 129.84, 129.04, 128.96, 128.80, 

128.76, 128.00, 127.93, 126.53, 126.49, 125.02, 121.11, 118.09, 115.67, 115.45, 58.49, 45.71, 

21.85. tR = 2.38 min. ESI-MS for C26H19ClFN3O2: calculated 459.1, found m/z 460.1, 462.1 [M + 

H]+; 458.1, 460.1 [M ī H]ī. UPLCīMS purity (UV at 215 nm) >99.5%. 
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3-(1-(3-Aminopropanoyl)-5-(4-fluorophenyl)-4,5-dihydro- 1H-pyrazol-3-yl)-6-chloro-4-

phenylquinolin-2(1H)-one (24) (Scheme 7). 

In round-bottom flask 124 (200 mg, 0.34 mmol) was treated with 4 M 

HCl in dioxane (4.0 mL) and stirred at rt for 15 min. The solvent was 

removed under reduced pressure. In a round-bottom flask the solid 

residue (110 mg, 0.21 mmol) was treated with NaOH 0.5 M (420 ɛL) 

in EtOAc (5.0 mL) stirring at rt for 30 min. The mixture was then diluted with further EtOAc and 

washed twice with H2O. The organic layer was dried over Na2SO4, filtered, and evaporated to 

dryness. Purification was performed by direct phase flash chromatography (SiO2, A= DCM, B= 

MeOH, gradient 0ī10% B, 0ī0.1% NH4OH) to afford the desired 24 (50 mg, yield 50%). 1H 

NMR (400 MHz, DMSO- d6) ŭ 7.63 (dd, J = 12.0, 4.0 Hz, 1H), 7.57ī7.50 (m, 3H), 7.54 (d, J = 

4.8 Hz, 1H), 7.42ī7.40 (m, 1H), 7.26 (d, J = 7.2 Hz, 1H), 7.03 (t, J = 8.8 Hz, 2H), 6.92 (d, J = 2.0 

Hz, 1H), 6.81 (dd, J = 2.0, 8.0 Hz, 2H), 5.32 (dd, J = 2.0, 12.0 Hz, 1H), 3.72 (dd, J = 12.0, 20.0 

Hz, 1H), 2.76 (dd, J = 4.0, 16.0 Hz, 1H), 2.57 (t, J = 6.6 Hz, 2H), 2.42ī2.28 (m, 2H). 13C NMR 

(101 MHz, DMSO-d6) ŭ 169.42, 162.77, 160.56, 160.36, 152.76, 150.29, 138.96, 138.93, 

137.78, 135.02, 131.63, 129.86, 128.99, 128.92, 128.89, 128.80, 127.95, 127.86, 126.52, 

126.45, 125.09, 121.11, 118.10, 115.66, 115.45, 110.00, 58.53, 45.61, 38.06, 38.04. ESI-MS for 

C27H22ClFN4O2: calculated 488.1, found m/z 489.4, 491.4 [M + H] +, 487.3, 489.4 [M ī H]ī. 

UPLCīMS purity (UV at 215 nm) >99.5%. 

4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (4-fluorophenyl)-4,5-dihydro-

1H-pyrazol-1-yl)-4-oxobutanamide (25) (Scheme 8). 

In a round bottomed flask 4-(3-(6-chloro-2- oxo-4-phenyl-1,2-

dihydroquinolin-3-yl)-5-(4-fluorophenyl)-4,5-dihydro- 1H-pyrazol-1-yl)-

4-oxobutanoic acid 19 (258 mg, 0.50 mmol) was dissolved with 3.2 

mL of anhydrous DCM, then HATU (285 mg, 0.75 mmol), EDC (144 

mg, 0.75 mmol), and 1.8 mL of anhydrous DMF were added. The 

mixture was stirred at rt for 10 min. Ammonium chloride (144 mg 2.50 mmol) and soon after 

DIPEA (348 ɛL, 2.00 mmol) were added. The reaction mixture was thus stirred at rt for 26 h. 

Purification was performed by direct phase chromatography (SiO2 gold 24 g, A= DCM, B= 

EtOH, gradient 2.5ī50% B) to afford the desired 25 (120 mg, yield 46%). 1H NMR (400 MHz, 

DMSO-d6) ŭ 12.38 (s, 1H), 7.64 (dd, J = 8.8, 2.4 Hz, 1H), 7.60ī7.38 (m, 5H), 7.28 (d, J = 7.4 

Hz, 1H), 7.19 (s, 1H), 7.04 (dd, J = 9.9, 7.7 Hz, 2H), 6.93 (d, J = 2.3 Hz, 1H), 6.84ī6.78 (m, 2H), 

6.68 (s, 1H), 5.31 (dd, J = 12.0, 4.5 Hz, 1H), 3.71 (dd, J = 18.5, 12.1 Hz, 1H), 2.76 (dd, J = 18.4, 
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4.5 Hz, 1H), 2.54ī2.45 (m, 2H), 2.15 (t, J = 7.4 Hz, 2H). 13C NMR (101 MHz, DMSO- d6) ŭ 

173.51, 169.56, 160.65, 160.38, 152.73, 150.28, 138.90, 137.94, 135.00, 131.61, 129.94, 

129.94, 129.02, 128.99, 128.87, 128.79, 127.99, 127.90, 126.48, 125.10, 121.14, 118.19, 

115.66, 115.45, 58.66, 45.64, 29.82, 29.38. tR = 2.09 min. ESI-MS for C28H22ClFN4O3: 

calculated 516.1, found m/z 517.4, 519.3 [M + H] +; 515.4, 517.4 [M ī H]ī. UPLCīMS purity (UV 

at 215 nm) 99%.  

Methyl 4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin- 3-yl)-5-(4-fluorophenyl)-4,5-

dihydro-1H-pyrazol-1-yl)-4-oxobutanoate (26) (Scheme 9). 

In a round-bottomed flask, commercially available 4-methoxy-4-

oxobutanoic acid 125 (153 mg, 1.16 mmol), 6-chloro-3-(5-(4-

fluorophenyl)-4,5-dihydro-1H-pyrazol- 3-yl)-4-phenylquinolin-2(1H)-

one 91c (486 mg, 1.16 mmol), HOBT (173 mg, 1.28 mmol) were 

dissolved in DCM. Then TEA (355.8 ɛL, 2.55 mmol) was added, 

followed by EDCI (245 mg, 1.28 mmol) suspended in DCM. The mixture was stirred overnight at 

rt. The solvent was removed under vacuum, the residue was dissolved in ethyl acetate and 

washed with H2O, NaHCO3 sat. solution and 5% citric acid. The organic phase was dried over 

Na2SO4 and evaporated to dryness. The title compound was obtained after purification by direct 

phase flash column chromatography (SiO2, A= DCM, B= EtOAc, gradient 0ī30% B) to afford 

the desired 26 (256 mg, yield 42%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.36 (s, 1H), 7.60 (dd, J = 

2.2, 9.0 Hz, 1H), 7.53ī7.48 (m, 3 H), 7.41 (d, J = 8.8 Hz, 1H), 7.37 (dd, J = 2.2, 4.6 Hz, 1H), 

7.23 (d, J = 6.8 Hz, 1H), 7.01 (t, J = 8.8 Hz, 2H), 6.89 (d, J = 2.0, 1H), 6.77 (dd, J = 5.4, 8.6 Hz, 

2H), 5.28 (dd, J = 12.0, 4.0 Hz, 1H), 3.50 (s, 3H), 3.67 (dd, J = 12.0, 18.0 Hz, 1H), 2.75 (dd, J = 

4.0, 18.0 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) 172.9, 168.8, 160.0, 153.1, 150.1, 139.0, 

135.0, 131.9, 129.8, 128.9, 127.9, 126.5, 125.0, 120.9, 118.0, 115.6, 115.4, 58.7, 21.7, 45.0, 

28.9, 28.4. UPLCīMS purity (UV at 215 nm) 98%. 

N-(3-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5-(4-fluorophenyl)-4,5-dihydro-

1H-pyrazol-1-yl)-3- oxopropyl) methane sulfonamide (27) (Scheme 10). 

In a round bottom flask, 6-chloro-3-(5-(4-fluorophenyl)-4,5-dihydro-

1H-pyrazol- 3-yl)-4-phenylquinolin-2(1H)-one 91c (500 mg, 1.20 

mmol), 3- (methylsulfonamido)propanoic acid 128 (200 mg, 1.20 

mmol), HOBT (178 mg, 1.32 mmol) were stirred in DCM prior to the 

addition of triethylamine (367.7 mL, 2.64 mmol) and EDCI (253 mg, 
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1.32 mmol) at 0 °C. The reaction was stirred overnight while the mixture gradually reached rt. 

The solvent was removed under vacuum, and the residue was dissolved in DCM. The organic 

layer was washed with H2O, NaHCO3 sat solution, and 5% citric acid, dried over Na2SO4, 

filtered, and evaporated to dryness. The title compound was obtained after purification over 

direct phase flash column chromatography (SiO2, A= DCM, B= EtOAc, gradient 0ī60% B) to 

afford the desired 27 (100 mg, yield 15%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.35 (s, 1H), 7.60 

(dd, J = 2.0, 8.0 Hz, 1H), 7.55ī7.49 (m, 3H), 7.41 (d, J = 8.0 Hz, 1H), 7.38 (d, J = 6.0 Hz, 1H), 

7.24 (d, J = 6.0 Hz, 1H), 7.00 (t, J = 8.0 Hz, 2H), 6.89 (d, J = 2.0 Hz, 2H), 6.77 (dd, J = 4.0, 8.0 

Hz, 2H), 5.29 (dd, J = 4.0, 12.0 Hz, 1H), 3.69 (dd, J = 12.0, 20.0 Hz, 1H), 3.03ī2.98 (m, 2H), 

2.80 (s, 3H), 2.72 (dd, J = 4.0, 20.0 Hz, 1H), 2.51ī2.47 (m, 2H). 13C NMR (101 MHz, DMSO-d6) 

ŭ 168.01, 162.81, 160.49, 160.40, 153.25, 150.39, 138.71, 137.78, 134.86, 131.68, 129.94, 

129.10, 128.94, 128.91, 128.83, 128.02, 127.94, 126.57, 125.01, 121.07, 118.09, 115.69, 

115.48, 58.63, 45.67, 38.61, 34.73. UPLCīMS purity (UV at 215 nm) 99%. 

4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (4-chlorophenyl)-4,5-dihydro-

1H-pyrazol-1-yl)-4-oxobutanoic Acid (28). 

Compound 28 was synthesized via general procedure C1 using 92c 

(253 mg, 0.58 mmol) with succinic anhydride 114 (116 mg, 1.16 

mmol) (120 °C, 200 W). Purification was performed by direct phase 

flash chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 

0ī60% B) to afford 28 (231 mg, yield 74%). 1H NMR (400 MHz, 

DMSO-d6) ŭ 12.38 (s, 1H), 12.03 (s, 1H), 7.64 (dd, J = 8.8, 2.4 Hz, 1H), 7.59ī7.48 (m, 3H), 7.45 

(d, J = 8.8 Hz, 1H), 7.41 (dt, J = 6.3, 2.0 Hz, 1H), 7.31ī7.23 (m, 3H), 6.93 (d, J = 2.4 Hz, 1H), 

6.83ī6.76 (m, 2H), 5.32 (dd, J = 12.0, 4.6 Hz, 1H), 3.74 (dd, J = 18.5, 12.1 Hz, 1H), 2.78 (dd, J 

= 18.5, 4.6 Hz, 1H), 2.48ī2.41 (m, 2H), 2.29 (t, J = 7.1 Hz, 2H). In agreement with that 

previously reported by Acker et al.170 tR = 2.16 min. ESI-MS for C28H21Cl2N3O4: calculated 

533.1, found m/z 534.4, 536.4, 538.3 [M + H]+; 532.4, 534.4, 536.4 [M ī H]ī. UPLCīMS purity 

(UV at 215 nm) 99%.  
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4-(5-(4-Bromophenyl)-3-(6-chloro-2-oxo-4-phenyl-1,2-dihydroquinolin- 3-yl)-4,5-dihydro-

1H-pyrazol-1-yl)-4-oxobutanoic Acid (29). 

Compound 29 was synthesized via general procedure C1 using 93c 

(330 mg, 0.69 mmol) with succinic anhydride 114 (138 mg, 1.38 

mmol) (120 °C, 200 W). Purification was performed by direct phase 

flash chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 

0ī50% B) to afford 29 (275 mg, yield 68%). 1H NMR (400 MHz, 

DMSO-d6) ŭ 12.38 (s, 1H), 12.03 (s, 1H), 7.63 (dd, J = 8.8, 2.3 Hz, 1H), 7.59ī7.47 (m, 3H), 7.45 

(d, J = 8.8 Hz, 1H), 7.40 (d, J = 8.4 Hz, 2H), 7.27 (dd, J = 6.5, 1.8 Hz, 1H), 6.93 (d, J = 2.3 Hz, 

1H), 6.73 (d, J = 8.5 Hz, 2H), 5.30 (dd, J = 12.0, 4.6 Hz, 1H), 3.74 (dd, J = 18.5, 12.1 Hz, 1H), 

2.77 (dd, J = 18.5, 4.6 Hz, 1H), 2.48ī2.36 (m, 2H), 2.28 (t, J = 7.1 Hz, 2H). In agreement with 

that previously reported by Acker et al.170 tR = 2.18 min. ESI-MS for C28H21BrClN3O4: calculated 

577.0, found m/z 578.2, 580.2, 582.3 [M + H]+; 576.1, 578.1, 580.0 [M ī H]ī. UPLCīMS purity 

(UV at 215 nm) >99.5%. 

4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (4-methoxyphenyl)-4,5-dihydro-

1H-pyrazol-1-yl)-4-oxobutanoic Acid (30). 

Compound 30 was synthesized via general procedure C1 using 94c 

(320 mg, 0.74 mmol) with succinic anhydride 114 (148 mg, 1.48 

mmol) (120 °C, 200 W). Purification was performed by direct phase 

flash chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 

0ī15% B) to afford 30 (339 mg, yield 86%). 1H NMR (400 MHz, 

DMSO-d6) ŭ 12.19 (s, 1H), 7.57 (dd, J = 8.8, 2.3 Hz, 1H), 7.51 (m, 3H), 7.42 (d, J = 8.8 Hz, 1H), 

7.36ī7.31 (m, 1H), 7.27ī7.21 (m, 1H), 7.02 (dd, J = 8.9, 5.9 Hz, 3H), 6.90 (d, J = 2.3 Hz, 1H), 

6.80 (d, J = 8.7 Hz, 2H), 4.52 (td, J = 10.4, 2.9 Hz, 1H), 3.73 (s, 3H), 3.18 (dd, J = 16.4, 10.9 Hz, 

1H), 2.58ī2.52 (m, 5H). In agreement with that previously reported by Acker et al.170 tR = 1.99 

min. ESI-MS for C29H24ClN3O5: calculated 529.1, found m/z 530.5, 532.4 [M + H]+; 528.4, 530.4 

[M ī H]ī. UPLCīMS purity (UV at 215 nm) >99.5%. 
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4-(5-(4-(tert-Butyl)phenyl)-3-(6-chloro-2-oxo-4-phenyl-1,2- dihydroquinolin-3-yl)-4,5-

dihydro-1H-pyrazol-1-yl)-4-oxobutanoic Acid (31). 

Compound 31 was synthesized via general procedure C1 using 95c 

(124 mg, 0.27 mmol) with succinic anhydride 114 (54 mg, 0.54 

mmol) (120 °C, 200 W). Purification was performed by direct phase 

flash chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 

0ī20% B) to afford 31 (121 mg, yield 81%). 1H NMR (400 MHz, 

DMSO-d6) ŭ 12.27 (d, J = 78.0 Hz, 1H), 12.08 (s, 1H), 7.64 (dd, J = 8.8, 2.3 Hz, 1H), 7.59ī7.47 

(m, 3H), 7.47ī7.43 (m, 1H), 7.40 (dd, J = 4.6, 2.1 Hz, 1H), 7.28 (d, J = 7.5 Hz, 1H), 7.23 (d, J = 

8.3 Hz, 2H), 6.93 (d, J = 2.3 Hz, 1H), 6.73 (d, J = 8.3 Hz, 2H), 5.26(dd, J = 11.9, 4.5 Hz, 1H), 

3.69 (dt, J = 24.9, 12.5 Hz, 1H), 2.85 (ddd, J = 23.0, 18.2, 4.3 Hz, 1H), 2.47 (dd, J = 6.7, 4.0 Hz, 

2H), 2.36ī2.22 (m, 2H), 1.27 (s, 9H). 13C NMR (101 MHz, DMSO-d6) ŭ 173.52, 168.56, 160.09, 

152.41, 149.87, 149.19, 139.24, 137.30, 134.59, 131.15, 129.30, 128.57, 128.47, 128.33, 

126.06, 126.03, 125.13, 125.09, 124.67, 120.69, 117.60, 58.62, 45.26, 34.12, 31.11, 28.57, 

28.21, 26.32. tR = 2.39 min. ESI-MS for C32H30ClN3O4: calculated 555.2, found m/z 556.5, 558.4 

[M + H]+; 554.4, 556.4 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 97%. 

4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (4-(trifluoromethyl)phenyl)-4,5-

dihydro-1H-pyrazol-1-yl)-4- oxobutanoic Acid (32). 

Compound 32 was synthesized via general procedure C1 using 96c 

(309 mg, 0.66 mmol) with succinic anhydride 114 (132 mg, 1.32 

mmol) (120 °C, 200 W). Purification was performed by direct phase 

flash chromatography (SiO2 gold 40 g, A= DCM, B= EtOH, gradient 

0ī10% B) to afford 32 (266 mg, yield 71%). 1H NMR (400 MHz, 

DMSO-d6) ŭ 12.38 (s, 1H), 12.05 (s, 1H), 7.63 (dd, J = 8.8, 2.4 Hz, 1H), 7.60ī7.39 (m, 7H), 

7.31ī7.19 (m, 1H), 7.00 (d, J = 8.1 Hz, 2H), 6.93 (d, J = 2.3 Hz, 1H), 5.42 (dd, J = 12.1, 4.7 Hz, 

1H), 3.78 (dd, J = 18.5, 12.2 Hz, 1H), 2.80 (dd, J = 18.5, 4.7 Hz, 1H), 2.59ī2.38 (m, 2H), 

2.36ī2.26 (m, 2H). 13C NMR (101 MHz, DMSO-d6) ŭ 173.45, 168.78, 160.05, 152.42, 150.01, 

146.65, 137.33, 134.55, 131.24, 129.42, 128.54, 128.44, 128.38, 128.35, 127.85, 127.53, 

127.22, 126.20, 126.12, 126.04, 125.54, 125.39, 125.35, 124.45, 122.83, 120.63, 117.63, 58.51, 

45.05, 28.49, 28.18, 26.32. In agreement with that previously reported by Acker et al.170 tR = 

2.22 min. ESI-MS for C29H21ClF3N3O4: calculated 567.1, found m/z 568.5, 570.4, [M + H]+; 

566.4, 568.4 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 99%. 
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4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (4ǋ-fluoro-[1,1ǋ-biphenyl]-4-yl)-

4,5-dihydro-1H-pyrazol-1-yl)- 4-oxobutanoic Acid (33). 

Compound 33 was synthesized via general procedure C1 using 

97c (171 mg, 0.35 mmol) with succinic anhydride 114 (70 mg, 

0.70 mmol) (120 °C, 200 W). Purification was performed by 

direct phase flash chromatography (SiO2 gold 24 g, A= DCM, 

B= EtOH, gradient 0ī10% B) to afford 33 (167 mg, yield 80%). 

1H NMR (400 MHz, DMSO-d6) ŭ 12.38 (s, 1H), 12.08 (s, 1H), 7.71ī7.61 (m, 3H), 7.55 (ddt, J = 

10.6, 9.5, 4.0 Hz, 3H), 7.50ī7.40 (m, 4H), 7.33ī 7.25 (m, 3H), 6.94 (d, J = 2.3 Hz, 1H), 6.87 (d, 

J = 8.3 Hz, 2H), 5.35 (dd, J = 12.0, 4.6 Hz, 1H), 3.77 (dd, J = 18.5, 12.1 Hz, 1H), 2.84 (dd,J = 

18.4, 4.7 Hz, 1H), 2.57ī2.44 (m, 2H), 2.30 (t, J = 6.8 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) ŭ 

173.63, 173.50, 168.63, 163.05,160.62, 160.11, 152.46, 149.94, 141.37, 137.96, 137.31, 

136.34, 136.31, 134.60, 131.19, 129.41, 128.64, 128.56, 128.47, 128.33, 126.73, 126.08, 

124.64, 120.69, 117.62, 115.78, 115.57, 58.66, 45.22,28.96, 28.60, 28.23. tR = 2.36 min. ESI-

MS for C34H25ClFN3O4: calculated 593.1, found m/z 594.1, 596.1 [M + H]+, 592.2, 594.2 [M ī 

H]ī. UPLCīMS purity (UV at 215 nm) >99.5%. 

4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (4ǋ-chloro-[1,1ǋ-biphenyl]-4-yl)-

4,5-dihydro-1H-pyrazol-1-yl)- 4-oxobutanoic Acid (34). 

Compound 34 was synthesized via general procedure C1 

using 98c (227 mg, 0.44 mmol) with succinic anhydride 114 

(88 mg, 0.88 mmol) (120 °C, 200 W). Purification was 

performed by direct phase flash chromatography (SiO2 gold 24 

g, A= DCM, B= EtOH, gradient 0ī10% B) to afford 34 (205 

mg, yield 77%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.38 (s, 1H), 12.04 (s, 1H), 7.67 (d, J = 8.6 

Hz, 2H), 7.63 (dd, J = 8.8, 2.4 Hz, 1H), 7.59ī7.48 (m, 7H), 7.47ī 7.39 (m, 2H), 7.29 (dd, J = 6.5, 

2.0 Hz, 1H), 6.94 (d, J = 2.4 Hz, 1H), 6.88 (d, J = 8.3 Hz, 2H), 5.35 (dd, J = 12.0, 4.6 Hz, 1H), 

3.77 (dd, J = 18.5, 12.1 Hz, 1H), 2.84 (dd, J = 18.5, 4.6 Hz, 1H), 2.50 (m, 2H), 2.29 (t, J = 6.8 

Hz, 2H). 13C NMR (101 MHz, DMSO-d6) ŭ 173.58, 173.49, 168.64, 160.10, 152.44, 149.94, 

141.77, 138.63, 137.62, 137.31, 134.60, 132.26, 131.18, 129.40, 128.84, 128.52, 128.45, 

128.37, 128.32, 126.72, 126.14, 126.10, 126.05, 124.62, 120.68, 117.61, 58.66, 45.21, 28.60, 

28.23. tR = 2.51 min. ESI-MS for C34H25Cl2N3O4: calculated 609.1, found m/z 610.0, 612.0, 

614.2 [M + H]+; 608.1, 610.1, 612.0 [M ī H]ī. UPLCīMS purity (UV at 215 nm) >99.5%.  
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4- [3- [4- (4- 4- (5- (4ǋ-Bromo- [1,1ǋ-biphenyl] -4-yl)-3- (6-chloro- 2-oxo-4-phenyl-1,2-

dihydroquinolin-3-yl)-4,5-dihydro-1Hpyrazol- 1-yl)-4-oxobutanoic Acid (35).  

Compound 35 was synthesized via general procedure C1 

using 99c (214 mg, 0.38 mmol) with succinic anhydride 114 

(76 mg, 0.76 mmol) (120 °C, 200 W). Purification was 

performed by direct phase flash chromatography (SiO2 gold 

24 g, A= DCM, B= EtOH, gradient 0ī20% B) to afford 35 (197 

mg, yield 79%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.37 (s, 1H), 12.08 (s, 1H), 7.68ī7.38 (m, 

12H), 7.30ī7.26 (m, 1H), 6.94 (d, J = 2.4 Hz, 1H), 6.89 (d, J = 8.4 Hz, 2H), 5.35 (dd, J = 12.0, 

4.6 Hz, 1H), 3.78 (dd, J = 18.5, 12.1 Hz, 1H), 2.84 (dd, J = 18.5, 4.7 Hz, 1H), 2.58ī 2.43 (m, J = 

3.7 Hz, 2H), 2.30 (t, J = 6.9 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) ŭ 173.50, 168.66, 160.11, 

152.44, 149.95, 141.81, 139.00, 137.67, 137.31, 134.60, 131.76, 131.18, 129.40, 128.71, 

128.52, 128.45, 128.33, 126.68, 126.16, 126.11, 126.05, 124.62, 120.84, 120.68, 117.61, 58.67, 

45.20, 28.61, 28.24. tR = 2.52 min. ESI-MS for C34H25BrClN3O4: calculated 653.1, found m/z 

653.9, 655.9, 657.9 [M + H]+; 652.0, 654.0, 655.8 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 

>99.5%. 

4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (4ǋ-methoxy-[1,1ǋ-biphenyl]-4-

yl)-4,5-dihydro-1H-pyrazol-1- yl)-4-oxobutanoic Acid (36). 

Compound 36 was synthesized via general procedure C1 

using 100c (545 mg, 1.10 mmol) with succinic anhydride 114 

(220 mg, 2.20 mmol) (120 °C, 200 W). Purification was 

performed by direct phase flash chromatography (SiO2 gold 

40 g, A= DCM, B= EtOH, gradient 0ī10% B) to afford 36 (359 

mg, yield 55%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.38 (s, 1H), 12.03 (s, 1H), 7.67ī7.50 (m, 

6H), 7.44 (dt, J = 7.7, 5.9 Hz, 4H), 7.29 (dd, J = 6.7, 2.1 Hz, 1H), 7.02 (d, J = 8.8 Hz, 2H), 6.94 

(d, J = 2.3 Hz, 1H), 6.84 (d, J = 8.3 Hz, 2H), 5.33 (dd, J = 12.0, 4.6 Hz, 1H), 3.79 (s, 4H), 2.84 

(dd, J = 18.4, 4.6 Hz, 1H), 2.30 (t, J = 6.9 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) ŭ 173.51, 

168.62, 160.12, 158.85, 152.44, 149.92, 140.63, 138.67, 137.31, 134.60, 132.23, 131.17, 

129.40, 128.54, 128.44, 128.32, 127.68, 126.23, 126.10, 126.00, 124.66, 120.69, 117.61, 

114.34, 58.70, 55.14, 45.24, 28.62, 28.25. tR = 2.30 min. ESI-MS for C35H28ClN3O5: calculated 

605.2, found m/z 606.0, 608.0 [M + H]+; 604.0, 606.0 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 

>99.5%. 
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4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (1-methyl-1H-indol-5-yl)-4,5-

dihydro-1H-pyrazol-1-yl)-4-oxobutanoic Acid (37). 

Compound 37 was synthesized via general procedure C1 using 

101c (153 mg, 0.34 mmol) with succinic anhydride 114 (68 mg, 0.68 

mmol) (120 °C, 200 W). Purification was performed by direct phase 

flash chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 

0ī20% B) to afford 37 (150 mg, yield 79%). 1H NMR (400 MHz, 

DMSO-d6) ŭ 12.37 (s, 1H), 12.18 (s, 1H), 7.63 (dd, J = 8.8, 2.3 Hz, 1H), 7.60ī7.55 (m, 2H), 

7.55ī7.49 (m, 1H), 7.44 (dd, J = 7.7, 4.3 Hz, 2H), 7.31ī7.20 (m, 3H), 6.98 (d, J = 1.7 Hz, 1H), 

6.93 (d, J = 2.3 Hz, 1H), 6.61 (dd, J = 8.5, 1.7 Hz, 1H), 6.34 (dd, J = 3.0, 0.8 Hz, 1H), 5.35 (dd, J 

= 12.0, 4.6 Hz, 1H), 3.84ī3.69 (m, 4H), 2.85 (dd, J = 18.4, 4.6 Hz, 1H), 2.53ī2.45 (m, 2H), 2.26 

(t, J = 6.9 Hz,2H). 13C NMR (101 MHz, DMSO-d6) ŭ 173.72, 173.52, 168.43, 160.17, 152.27, 

149.80, 137.29, 135.60, 134.66, 133.04, 131.11, 129.90, 129.47, 128.52, 128.43, 128.25, 

127.73, 126.06, 124.84, 120.75, 118.98, 117.58, 117.22, 109.64, 100.28, 59.51, 45.76, 32.46, 

29.17, 28.70, 28.27. tR = 2.09 min. ESI-MS for C31H25ClN4O4: calculated 552.2, found m/z 

553.1, 555.2 [M + H]+; 551.2, 553.2 [M ī H]ī. UPLCīMS purity (UV at 215 nm) >99.5%. 

4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (1-ethyl-1H-indol-5-yl)-4,5-

dihydro-1H-pyrazol-1-yl)-4-oxobutanoic Acid (38). 

Compound 38 was synthesized via general procedure C1 using 

102c (153 mg, 0.33 mmol) with succinic anhydride 114 (66 mg, 0.66 

mmol) (120 °C, 200 W). Purification was performed by direct phase 

flash chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 

0ī10% B) to afford 38 (92 mg, yield 49%). 1H NMR (400 MHz, 

DMSO-d6) ŭ 12.37 (s, 1H), 12.02 (s, 1H), 7.63 (dd, J = 8.8, 2.4 Hz, 1H), 7.58 (dd, J = 5.5, 3.3 

Hz, 2H), 7.52 (ddd, J = 8.9, 5.2, 3.1 Hz, 1H), 7.44 (dd, J = 8.7, 4.4 Hz, 2H), 7.35 (d, J = 3.1 Hz, 

1H), 7.29 (dd, J = 8.5, 2.2 Hz, 2H), 6.95 (dd, J = 15.5, 2.0 Hz, 2H), 6.60 (dd, J = 8.5, 1.7 Hz, 

1H), 6.34 (d, J = 3.1 Hz, 1H), 5.34 (dd, J = 12.0, 4.7 Hz, 1H), 4.17 (q, J = 7.2 Hz, 2H), 3.77 (dd, 

J = 18.4, 12.1 Hz, 1H), 2.86 (dd, J = 18.4, 4.7 Hz, 1H), 2.48ī2.42 (m, 2H), 2.26 (t, J = 6.9 Hz, 

2H), 1.34 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 173.53, 168.45, 160.17, 152.28, 

149.80, 137.29, 134.66, 134.56, 133.01, 131.11, 129.45, 128.53, 128.42, 128.28, 127.89, 

126.05, 124.84, 120.74, 118.93, 117.58, 117.32, 109.62, 100.49, 59.51, 45.75, 40.26, 28.72, 

28.30, 15.53. tR = 2.20 min. ESI-MS for C32H27ClN4O4: calculated 566.2, found m/z 567.2, 569.2 

[M + H]+; 565.3, 567.3 [M ī H]ī. UPLCīMS purity (UV at 215 nm) >99.5%. 
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4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (1-ethyl-1H-indazol-5-yl)-4,5-

dihydro-1H-pyrazol-1-yl)-4-oxobutanoic Acid (39). 

Compound 39 was synthesized via general procedure C1 using 

103c (196 mg, 0.42 mmol) with succinic anhydride 114 (84 mg, 0.84 

mmol) (120 °C, 200 W). Purification was performed by direct phase 

flash chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 

0ī10% B) to afford 39 (177 mg, yield 74%). 1H NMR (400 MHz, 

DMSO-d6) ŭ 12.39 (s, 1H), 12.03 (s, 1H), 7.98 (s, 1H), 7.64 (dd, J = 8.8, 2.4 Hz, 1H), 7.59 (dd, J 

= 5.4, 3.5 Hz, 2H), 7.52 (dd, J = 10.0, 6.6 Hz, 2H), 7.48ī7.43 (m, 2H), 7.29 (d, J = 7.5 Hz, 1H), 

7.14 (d, J = 1.5 Hz, 1H), 6.94 (d, J = 2.3 Hz, 1H), 6.83 (dd, J = 8.7, 1.6 Hz, 1H), 5.42 (dd, J = 

12.0, 4.6 Hz, 1H), 4.42 (q, J = 7.2 Hz, 2H), 3.80 (dd, J = 18.5, 12.1 Hz, 1H), 2.85 (dd, J = 18.5, 

4.6 Hz, 1H), 2.54ī2.48 (m, 2H), 2.28 (t, J = 6.9 Hz, 2H), 1.38 (t, J = 7.2 Hz, 3H). 13C NMR (101 

MHz, DMSO-d6) ŭ 173.99, 169.05, 160.62, 152.86, 150.36, 138.51, 137.79, 135.07, 134.85, 

132.81, 131.65, 130.00, 129.09, 128.97, 128.93, 128.78, 126.57, 126.54, 125.22, 124.57, 

123.78, 121.19, 118.09, 117.79, 110.22, 59.57, 45.96, 43.53, 29.13, 28.72, 15.43. tR = 1.95 

min. ESI-MS for C31H26ClN5O4: calculated 567.2, found m/z 568.5, 570.4 [M + H]+, 566.4, 568.4 

[M ī H]ī. UPLCīMS purity (UV at 215 nm) >99.5%. 

4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (2-ethyl-2H-indazol-5-yl)-4,5-

dihydro-1H-pyrazol-1-yl)-4-oxobutanoic Acid (40). 

Compound 40 was synthesized via general procedure C1 using 

104c (198 mg, 0.42 mmol) with succinic anhydride 114 (84 mg, 

0.84 mmol) (120 °C, 200 W). Purification was performed by direct 

phase flash chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, 

gradient 0ī20% B) to afford 40 (120 mg, yield 50%). 1H NMR 

(400 MHz, DMSO-d6) ŭ 12.37 (s, 1H), 12.04 (s, 1H), 8.29 (s, 1H), 7.66ī7.55 (m, 3H), 7.51 (td, J 

= 6.6, 5.5, 3.3 Hz, 1H), 7.44 (dd, J = 10.0, 6.8 Hz, 3H), 7.28 (d, J = 7.5 Hz, 1H), 7.07 (d, J = 1.6 

Hz, 1H), 6.93 (d, J = 2.4 Hz, 1H), 6.61 (dd, J = 8.9, 1.7 Hz, 1H), 5.35 (dd, J = 12.0, 4.6 Hz, 1H), 

4.43 (q, J = 7.3 Hz, 2H), 3.77 (dd, J = 18.4, 12.1 Hz, 1H), 2.82 (dd, J = 18.4, 4.6 Hz, 1H), 

2.54ī2.44 (m, 2H), 2.28 (t, J = 6.9 Hz, 2H), 1.49 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, DMSO- 

d6) ŭ 173.50, 168.55, 160.12, 152.37, 149.84, 147.32, 137.29, 134.57, 134.39, 131.15, 129.53, 

128.57, 128.49, 128.42, 128.28, 126.07, 126.04, 124.75, 123.57, 123.00, 120.94, 120.72, 

117.60, 117.32, 116.68, 59.31, 47.68, 45.24, 28.67, 28.26, 15.84. tR = 1.85 min. ESI-MS for 
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C31H26ClN5O4: calculated 567.2, found m/z 568.4, 570.4 [M + H]+, 566.5, 568.4 [M ī H]ī. UPLCī 

MS purity (UV at 215 nm) >99.5%.  

4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (1-propyl-1H-indazol-5-yl)-4,5-

dihydro-1H-pyrazol-1-yl)-4-oxobutanoic Acid (41). 

Compound 41 was synthesized via general procedure C1 using 

105c (176 mg, 0.36 mmol) with succinic anhydride 114 (72 mg, 

0.72 mmol) (120 °C, 200 W). Purification was performed by direct 

phase flash chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, 

gradient 0ī25% B) to afford 41 (178 mg, yield 86%). 1H NMR (400 

MHz, DMSO-d6) ŭ 12.36 (s, 1H), 12.05 (s, 1H), 7.97 (d, J = 0.9 Hz, 1H), 7.62 (dd, J = 8.8, 2.4 

Hz, 1H), 7.57 (qd, J = 4.0, 1.0 Hz, 2H), 7.53ī7.47 (m, 2H), 7.47ī7.41 (m, 2H), 7.30ī7.25 (m, 

1H), 7.16ī7.11 (m, 1H), 6.94 (d, J = 2.3 Hz, 1H), 6.84 (dd, J = 8.8, 1.6 Hz, 1H), 5.42 (dd, J = 

12.0, 4.6 Hz, 1H), 4.33 (t, J = 6.9 Hz, 2H), 3.78 (dd, J = 18.5, 12.0 Hz, 1H), 2.85 (dd, J = 18.5, 

4.6 Hz, 1H), 2.54ī2.48 (m, 2H), 2.28 (t, J = 6.9 Hz, 2H), 1.83 (h, J = 7.2 Hz, 2H), 0.83 (t, J = 7.4 

Hz, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 173.53, 168.61, 160.15, 152.41, 149.89, 138.59, 

137.31, 134.60, 134.31, 132.32, 131.17, 129.50, 128.60, 128.49, 128.43, 128.32, 126.11, 

126.06, 124.73, 124.13, 123.19, 120.71, 117.62, 117.28, 109.80, 59.09, 49.64, 45.49, 28.67, 

28.26, 22.83, 11.17. tR = 2.06 min. ESI-MS for C32H28ClN5O4: calculated 581.2, found m/z 

582.1, 584.1 [M + H]+, 580.4, 582.0 [M ī H]ī. UPLCīMS purity (UV at 215 nm) >99.5%. 

4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (2-propyl-2H-indazol-5-yl)-4,5-

dihydro-1H-pyrazol-1-yl)-4-oxobutanoic Acid (42). 

Compound 42 was synthesized via general procedure C1 using 

106c (173 mg, 0.36 mmol) with succinic anhydride 114 (72 mg, 

0.72 mmol) (120 °C, 200 W). Purification was performed by 

direct phase flash chromatography (SiO2 gold 24 g, A= DCM, 

B= EtOH, gradient 0ī20% B) to afford 42 (162 mg, yield 78%). 

1H NMR (400 MHz, DMSO-d6) ŭ 12.37 (s, 2H), 8.28 (d, J = 0.9 Hz, 1H), 7.63ī7.54 (m, 3H), 7.50 

(td, J = 6.6, 5.5, 3.3 Hz, 1H), 7.47ī7.40 (m, 3H), 7.30ī7.24 (m, 1H), 7.08 (t, J = 1.2 Hz, 1H), 

6.93 (d, J = 2.4 Hz, 1H), 6.62 (dd, J = 8.9, 1.7 Hz, 1H), 5.36 (dd, J = 12.0, 4.6 Hz, 1H), 4.35 (t, J 

= 6.9 Hz, 2H), 3.77 (dd, J = 18.5, 12.0 Hz, 1H), 2.83 (dd, J = 18.5, 4.6 Hz, 1H), 2.54ī2.50 (m, 

2H), 2.29 (t, J = 6.9 Hz, 2H), 1.96ī1.87 (m, 2H), 0.83 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, 

DMSO-d6) ŭ 173.57, 168.64, 160.16, 152.44, 149.89, 147.41, 137.31, 134.59, 134.40, 131.16, 
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129.56, 128.60, 128.52, 128.43, 128.31, 126.13, 126.07, 124.77, 123.75, 123.60, 120.86, 

120.74, 117.62, 117.39, 116.71, 59.36, 54.27, 45.27, 28.73, 28.32, 23.44, 10.91. tR = 2.00 min. 

ESI-MS for C32H28ClN5O4: calculated 581.2, found m/z 582.2, 584.3 [M + H]+, 580.3, 582.4 [M ī 

H]ī. UPLCīMS purity (UV at 215 nm) >99.5%. 

4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (1-cyclohexyl-1H-indazol-5-yl)-

4,5-dihydro-1H-pyrazol-1-yl)- 4-oxobutanoic Acid (43). 

Compound 43 was synthesized via general procedure C1 using 

107c (164 mg, 0.31 mmol) with succinic anhydride 114 (62 mg, 

0.62 mmol) (120 °C, 200 W). Purification was performed by 

direct phase flash chromatography (SiO2 gold 24 g, A= DCM, B= 

EtOH, gradient 0ī12% B) to afford 43 (169 mg, yield 87%). 1H 

NMR (400 MHz, DMSO-d6) ŭ 12.38 (s, 1H), 12.07 (s, 1H), 7.96 (s, 1H), 7.65ī7.49 (m, 5H), 

7.48ī7.41 (m, 2H), 7.28 (dd, J = 7.5, 1.8 Hz, 1H), 7.11 (d, J = 1.6 Hz, 1H), 6.94 (d, J = 2.3 Hz, 

1H), 6.84 (dd, J = 8.8, 1.6 Hz, 1H), 5.41 (dd, J = 12.0, 4.6 Hz, 1H), 4.54 (tt, J = 10.0, 5.5 Hz, 

1H), 3.80 (dd, J = 18.5, 12.1 Hz, 1H), 2.85 (dd, J = 18.5, 4.7 Hz, 1H), 2.53ī2.46 (m, 2H), 2.28 (t, 

J = 6.9 Hz, 2H), 2.01ī1.81 (m, 6H), 1.70 (dt, J = 12.8, 3.4 Hz, 1H), 1.58ī1.43 (m, 2H), 1.26 (qt, 

J = 12.7, 3.5 Hz, 1H). 13C NMR (101 MHz, DMSO- d6) ŭ 173.74, 173.51, 168.59, 160.16, 

152.36, 149.90, 137.70, 137.31, 134.64, 134.41, 132.08, 131.16, 129.51, 128.59, 128.48, 

128.45, 128.30, 126.12, 126.07, 124.73, 123.92, 123.18, 120.71, 117.61, 117.24, 109.77, 59.12, 

56.63, 45.50, 32.34, 28.67, 28.26, 25.08. tR = 2.33 min. ESI-MS for C35H32ClN5O4: calculated 

621.2, found m/z 622.3, 624.2 [M + H]+, 620.3, 622.4 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 

>99.5%. 

4-(3-(6-Chloro-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5- (2-cyclohexyl-2H-indazol-5-yl)-

4,5-dihydro-1H-pyrazol-1-yl)- 4-oxobutanoic Acid (44). 

Compound 44 was synthesized via general procedure C1 using 

108c (100 mg, 0.19 mmol) with succinic anhydride 114 (38 mg, 

0.38 mmol) (120 °C, 200 W). Purification was performed by 

direct phase flash chromatography (SiO2 gold 24 g, A= DCM, 

B= EtOH, gradient 0ī20% B) to afford 44 (113 mg, yield 95%). 

1H NMR (400 MHz, DMSO-d6) ŭ 12.37 (s, 1H), 12.10 (s, 1H), 8.29 (d, J = 1.0 Hz, 1H), 

7.65ī7.55 (m, 3H), 7.53ī7.48 (m, 1H), 7.44 (t, J = 8.7 Hz, 3H), 7.30ī7.24 (m, 1H), 7.10ī7.05 

(m, 1H), 6.93 (d, J = 2.4 Hz, 1H), 6.60 (dd, J = 9.0, 1.7 Hz, 1H), 5.35 (dd, J = 12.0, 4.6 Hz, 1H), 
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4.44 (tt, J = 11.2, 3.8 Hz, 1H), 3.77 (dd, J = 18.4, 12.1 Hz, 1H), 2.82 (dd, J = 18.4, 4.7 Hz, 1H), 

2.55ī2.46 (m, 2H), 2.28 (t, J = 6.9 Hz, 2H), 2.14ī2.02 (m, 2H), 1.95ī1.81 (m, 4H), 1.70 (dd, J = 

12.6, 3.7 Hz, 1H), 1.45 (qt, J = 12.5, 3.4 Hz, 2H), 1.25 (tdd, J = 15.6, 11.7, 7.8 Hz, 1H). 13C 

NMR (101 MHz, DMSO- d6) ŭ 173.72, 173.52, 168.56, 160.14, 152.38, 149.87, 146.88, 137.30, 

134.58, 134.35, 131.15, 129.52, 128.59, 128.51, 128.44, 128.30, 126.09, 126.05, 124.76, 

123.49, 121.57, 120.73, 120.62, 117.61, 117.47, 116.76, 61.63, 59.36, 45.25, 33.29, 29.13, 

28.69, 28.28, 24.92, 24.89. tR = 2.20 min. ESI-MS for C35H32ClN5O4: calculated 621.2, found 

m/z 622.2, 624.2 [M + H]+, 620.3, 622.3 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 99%. 

6-Chloro-3-(5-(4-chlorophenyl)-1-propionyl-4,5-dihydro- 1H-pyrazol-3-yl)-4-

phenylquinolin-2(1H)-one (45). 

Compound 45 was synthesized via general procedure C2 using 92c 

(200 mg, 0.46 mmol) and propionic acid 115 (60.5 ɛL, 0.83 mmol). 

Purification was performed by direct phase flash chromatography 

(SiO2, A= DCM, B= MeOH, gradient 0ī2% B) to afford 45 (76 mg, 

yield 34%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.38 (s, 1H), 7.63 (dd, J = 9.0, 2.4 Hz, 1H), 

7.54ī7.49 (m, 3H), 7.44 (d, J = 8.8 Hz, 1H), 7.41ī 7.39 (m, 1H), 7.30ī7.27 (m, 3H), 6.92 (d, J = 

2.4 Hz, 1H), 6.80 (d, J = 8.8 Hz, 2H), 5.31 (dd, J = 12.2, 4.6 Hz, 1H), 3.74 (dd, J = 18.4, 12.0 

Hz, 1H), 2.80 (dd, J = 18.4, 4.0 Hz, 1H), 2.31ī2.14 (m, 2H), 0.82 (t, J = 7.2 Hz, 3H). 13C NMR 

(101 MHz, DMSO-d6) ŭ 206.88, 170.96, 160.55, 152.65, 150.33, 141.76, 137.75, 135.13, 

132.03, 131.64, 129.80, 128.95, 128.87, 128.82, 128.79, 127.81, 126.55, 126.48, 125.04, 

121.10, 118.07, 110.00, 58.61, 45.45, 31.11, 27.06, 9.26. ESI MS for C27H21Cl2N3O2: calculated 

489.1, found m/z 490.2, 492.1, 494.1 [M + H]+; 488.3, 490.3, 492.1 [M ī H]ī. UPLCīMS purity 

(UV at 215 nm) 98%. 

3-(5-(4-Bromophenyl)-1-propionyl-4,5-dihydro-1H-pyrazol- 3-yl)-6-chloro-4-

phenylquinolin-2(1H)-one (46). 

Compound 46 was synthesized via general procedure C2 using 93c 

(150 mg, 0.31 mmol) and propionic acid 115 (41.8 ɛL, 0.56 mmol). 

Purification was performed by direct phase flash chromatography 

(SiO2, A= DCM, B= MeOH, gradient 0ī0.5% B) to afford 46 (60 mg, 

yield 36%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.41 (s, 1H), 7.64 (dd, J = 12.8, 1.6 Hz, 1H), 

7.55ī7.50 (m, 3H), 7.46ī7.41 (m, 4H), 7.28 (d, J = 6.8 Hz, 1H), 6.93 (d, J = 2.0 Hz, 1H), 6.75 (d, 

J = 8.0 Hz, 2H), 5.30 (dd, J = 12.4, 4.0 Hz, 1H), 3.75 (dd, J = 18.4, 12.0 Hz, 1H), 2.80 (dd, J = 
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18.2, 4.6 Hz, 1H), 2.31ī2.14 (m, 2H), 0.83 (t, J = 7.6 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 

206.78, 171.02, 160.54, 152.60, 150.33, 142.18, 137.77, 135.16, 131.72, 131.61, 129.79, 

128.97, 128.92, 128.84, 128.78, 128.18, 126.56, 126.49, 125.03, 121.13, 120.51, 118.06, 58.73, 

45.40, 31.08, 27.05, 9.23. ESI-MS for C27H21BrClN3O2: calculated 533.0, found m/z 534.2, 

536.1, 538.1 [M + H]+; 532.2, 534.1, 536.2 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 97%. 

6-Chloro-3-(5-(4-methoxyphenyl)-1-propionyl-4,5-dihydro- 1H-pyrazol-3-yl)-4-

phenylquinolin-2(1H)-one (47). 

Compound 47 was synthesized via general procedure C2 using 94c 

(150 mg, 0.36 mmol) and propionic acid 115 (48.5 ɛL, 0.65 mmol). 

The crude was purified by direct phase flash column 

chromatography (SiO2, A= DCM, B= MeOH, gradient 0ī2% B), to 

afford 35d (100 mg, yield 59%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.36 (s, 1H), 7.64 (dd, J = 

8.6, 2.4 Hz, 1H), 7.56ī7.52 (m, 3H), 7.45 (d, J = 8.4 Hz, 1H), 7.40ī 7.38 (m, 1H), 7.29ī7.27 (m, 

1H), 6.92 (d, J = 2.0 Hz, 1H), 6.75 (dd, J = 15.2, 9.2 Hz, 4H), 5.24 (dd, J = 12.0, 4.8 Hz, 1H), 

3.72 (s, 3H), 3.70 (dd, J = 16.0, 12.0 Hz, 1H), 2.81 (dd, J = 20.0, 4.4 Hz, 1H), 2.29ī2.12 (m, 

2H), 0.82 (t, J = 8.0 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 170.80, 160.60, 158.67, 152.56, 

150.23, 137.74, 135.16, 134.94, 131.58, 129.76, 129.03, 128.89, 128.84, 128.77, 127.20, 

126.51, 126.47, 125.22, 121.15, 118.05, 114.15, 58.73, 55.49, 45.59, 27.12, 9.31. ESI-MS for 

C28H24ClN3O3: calculated 485.1, found m/z 486.4, 488.4 [M + H]+; 484.3, 486.3 [M ī H]-. 

UPLCīMS purity (UV at 215 nm) 98%. 

3-(1-Acetyl-5-(4-chlorophenyl)-4,5-dihydro-1H-pyrazol-3- yl)-6-chloro-4-phenylquinolin-

2(1H)-one (48). 

Compound 48 was synthesized via general procedure C3 using 92c 

(210 mg, 0.48 mmol) with acetic anhydride 116 (888 ɛL, 0.96 mmol) 

(165 °C, 200 W). Purification was performed by direct phase flash 

chromatography (SiO2, A= DCM, B= MeOH, gradient 0ī1.5% B) to 

afford 48 (200 mg, yield 94%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.41 (s, 1H), 7.64 (dt, J = 8.0, 

1.2 Hz, 1H), 7.58ī7.53 (m, 3H), 7.44 (d, J = 8.0 Hz, 1H), 7.41ī 7.39 (m, 1H), 7.30ī7.28 (m, 3H), 

6.93 (d, J = 0.8 Hz, 1H), 6.80 (d, J = 7.6 Hz, 2H), 5.32 (dd, J = 12.0, 8.0 Hz, 1H), 3.74 (dd, J = 

20.0, 12.0 Hz, 1H), 2.82 (dd, J = 16.0, 4.0 Hz, 1H), 1.87 (s, 3H). 13C NMR (101 MHz, DMSO-d6) 

ŭ 167.56, 160.54, 152.67, 150.39, 141.60, 137.75, 135.11, 132.05, 131.65, 129.86, 129.01, 

128.96, 128.81, 128.75, 127.83, 126.55, 126.49, 124.96, 121.10, 118.06, 58.56, 45.62, 21.82. 
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ESI-MS for C26H19Cl2N3O2: calculated 475.1, found m/z 476.3, 478.4, 480.4 [M + H]+; 474.3, 

476.3, 478.1 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 99%. 

3-(1-Acetyl-5-(4-bromophenyl)-4,5-dihydro-1H-pyrazol-3- yl)-6-chloro-4-phenylquinolin-

2(1H)-one (49). 

Compound 49 was synthesized via general procedure C3 using 93c 

(100 mg, 0.21 mmol) with acetic anhydride 116 (40 ɛL, 0.42 mmol) 

(165 °C, 200 W). Purification was performed by direct phase flash 

chromatography (SiO2, A= DCM, B= MeOH, gradient 0ī2% B) to 

afford 49 (80 mg, yield 73%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.39 (s, 1H), 7.64 (dd, J = 8.0, 

4.0 Hz, 1H), 7.57ī7.53 (m, 3H), 7.45ī7.39 (m, 4H), 7.28 (dd, J = 6.0, 1.6 Hz, 1H), 6.93 (d, J = 

2.0 Hz, 1H), 6.75 (d, J = 8.8 Hz, 2H), 5.30 (dd, J = 12.0, 4.4 Hz, 1H), 3.74 (dd, J = 18.5, 12.0 

Hz, 1H), 2.82 (dd, J = 4.0, 20.0 Hz, 1H), 1.86 (s, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 167.58, 

160.54, 152.64, 150.39, 142.02, 137.78, 135.15, 131.72, 131.63, 129.83, 129.03, 128.94, 

128.78, 128.74, 128.20, 126.56, 126.50, 124.96, 121.13, 120.54, 118.06, 58.67, 45.58, 21.78. 

ESI-MS for C26H19BrClN3O2: calculated 519.0, found m/z 520.1, 522.1, 524.1 [M + H]+; 518.1, 

520.1, 522.2 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 99%. 

3-(1-Acetyl-5-(4-methoxyphenyl)-4,5-dihydro-1H-pyrazol- 3-yl)-6-chloro-4-phenylquinolin-

2(1H)-one (50). 

Compound 50 was synthesized via general procedure C3 using 94c 

(65 mg, 0.15 mmol) with acetic anhydride 116 (28 ɛL, 0.30 mmol) 

(165 °C, 200 W). Purification was performed by direct phase flash 

chromatography (SiO2, A= DCM, B= MeOH, gradient 0ī1.5% B) to 

afford 50 (30 mg, yield 43%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.37 (s, 1H), 7.63 (dd, J = 8.8, 

2.0 Hz, 1H), 7.55ī7.52 (m, 3H), 7.45 (d, J = 8.8 Hz, 1H), 7.40ī7.39 (m, 1H), 7.29 (d, J = 6.8 Hz, 

1H), 6.93 (d, J = 2.0 Hz, 1H), 6.75 (dd, J = 8.8, 16.0 Hz, 4H), 5.24 (dd, J = 12.0, 4.0 Hz, 1H), 

3.72 (s, 3H), 3.70ī3.65 (m,1H), 2.83 (dd, J = 4.4, 18.4 Hz, 2H), 1.84 (s, 3H). 13C NMR (101 

MHz, DMSO-d6) ŭ 167.42, 160.60, 158.70, 152.63, 150.29, 137.75, 135.14, 134.79, 131.60, 

129.80, 129.09, 128.92, 128.78, 128.75, 127.24, 126.52, 126.49, 125.13, 121.14, 118.07, 

114.15, 58.67, 55.49, 45.74, 21.90. ESI-MS for C27H22ClN3O3: calculated 471.1, found m/z 

472.2, 474.2, [M + H]+; 470.3, 472.3 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 99%. 
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3-(1-Acetyl-5-(4-(tert-butyl)phenyl)-4,5-dihydro-1H-pyrazol- 3-yl)-6-chloro-4-

phenylquinolin-2(1H)-one (51). 

Compound 51 was synthesized via general procedure C3 using 95c 

(141 mg, 0.31 mmol) with acetic anhydride 116 (59 ɛL, 0.62 mmol) 

(165 °C, 200 W). Purification was performed by direct phase flash 

chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 

0ī5% B) to afford 51 (105 mg, yield 68%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.36 (s, 1H), 7.63 

(dt, J = 9.8, 4.9 Hz, 1H), 7.60ī7.48 (m, 3H), 7.44 (t, J = 9.5 Hz, 1H), 7.41ī7.36 (m, 1H), 7.30 (d, 

J = 7.1 Hz, 1H), 7.24 (d, J = 8.3 Hz, 2H), 6.94 (d, J = 2.3 Hz, 1H), 6.75 (d, J = 8.3 Hz, 2H), 

5.32ī5.17 (m, 1H), 3.69 (dt, J = 28.5, 14.3 Hz, 1H), 2.86 (dd, J = 18.4, 4.6 Hz, 1H), 1.86 (s, 3H), 

1.27 (s, 9H). 13C NMR (101 MHz, DMSO-d6) ŭ 167.01, 160.12, 152.20, 149.87, 149.25, 139.30, 

137.30, 134.72, 131.14, 129.30, 128.66, 128.44, 128.31, 128.29, 126.07, 126.04, 125.16, 

125.13, 124.65, 120.69, 117.60, 58.45, 45.30, 34.12, 31.10, 21.42. tR = 1.83 min. ESI-MS for 

C30H28ClN3O2: calculated 497.2, found m/z 498.5, 500.5 [M + H]+; 494.4, 496.4 [M ī H]ī. 

UPLCīMS purity (UV at 215 nm) >99.5%. 

3-(1-Acetyl-5-(4-(trifluoromethyl)phenyl)-4,5-dihydro-1Hpyrazol- 3-yl)-6-chloro-4-

phenylquinolin-2(1H)-one (52). 

Compound 52 was synthesized via general procedure C3 using 96c 

(326 mg, 0.70 mmol) with acetic anhydride 116 (132 ɛL, 1.40 

mmol) (165 °C, 200 W). Purification was performed by direct phase 

flash chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 

0ī5% B) to afford 52 (268 mg, yield 74%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.39 (s, 1H), 

7.67ī7.49 (m, 6H), 7.46 (d, J = 8.8 Hz, 1H), 7.44ī7.39 (m, 1H), 7.32ī7.25 (m, 1H), 7.03 (d, J = 

8.0 Hz, 2H), 6.95 (d, J = 2.4 Hz, 1H), 5.42 (dd, J = 12.1, 4.7 Hz, 1H), 3.79 (dd, J = 18.5, 12.1 

Hz, 1H), 2.87 (dd, J = 18.5, 4.8 Hz, 1H), 1.89 (s, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 167.21, 

160.08, 152.27, 150.01, 146.70, 137.34, 134.69, 131.23, 129.39, 128.54, 128.51, 128.33, 

127.90, 127.58, 126.24, 126.11, 126.05, 125.52, 125.43, 125.39, 125.35, 124.41, 122.82, 

120.62, 117.63, 58.36, 45.14, 21.30. tR = 2.55 min. ESI-MS for C27H19ClF3N3O2: calculated 

509.1, found m/z 510.5, 513.5 [M + H]+; 508.4, 510.4 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 

99%. 
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3-(1-Acetyl-5-(4ǋ-chloro-[1,1ǋ-biphenyl]-4-yl)-4,5-dihydro- 1H-pyrazol-3-yl)-6-chloro-4-

phenylquinolin-2(1H)-one (53). 

Compound 53 was synthesized via general procedure C3 

using 98c (224 mg, 0.44 mmol) with acetic anhydride 116 (83 

ɛL, 0.88 mmol) (165 ÁC, 200 W). Purification was performed 

by direct phase flash chromatography (SiO2 gold 24 g, A= 

DCM, B= EtOH, gradient 0ī10% B) to afford 53 (245 mg, quantitative yield). 1H NMR (400 MHz, 

DMSO-d6) ŭ 12.37 (s, 1H), 7.71ī7.48 (m, 10H), 7.48ī7.39 (m, 2H), 7.29 (dt, J = 5.2, 2.0 Hz, 

1H), 6.94 (d, J = 2.4 Hz, 1H), 6.90 (d, J = 8.3 Hz, 2H), 5.35 (dd, J = 12.1, 4.6 Hz, 1H), 3.78 (dd, 

J = 18.4, 12.1 Hz, 1H), 2.88 (dd, J = 18.5, 4.6 Hz, 1H), 1.88 (s, 3H). 13C NMR (101 MHz, 

DMSO-d6) ŭ 167.09, 160.12, 152.23, 149.93, 141.80, 138.63, 137.66, 137.30, 134.73, 132.26, 

131.16, 129.39, 128.82, 128.59, 128.49, 128.40, 128.37, 128.29, 126.74, 126.15, 126.10, 

126.05, 124.60, 120.67, 117.60, 58.48, 45.29, 21.41. tR = 2.00 min. ESI-MS for C32H23Cl2N3O2: 

calculated 551.1, found m/z 552.0, 554.0, 556.1 [M + H]+; 550.1, 552.1, 554.0 [M ī H]ī. 

UPLCīMS purity (UV at 215 nm) 99%. 

3-(1-Acetyl-5-(4ǋ-bromo-[1,1ǋ-biphenyl]-4-yl)-4,5-dihydro- 1H-pyrazol-3-yl)-6-chloro-4-

phenylquinolin-2(1H)-one (54). 

Compound 54 was synthesized via general procedure C3 

using 99c (203 mg, 0.36 mmol) with acetic anhydride 116 (68 

ɛL, 0.72 mmol) (165 °C, 200 W). Purification was performed 

by direct phase flash chromatography (SiO2 gold 24 g, A= 

DCM, B= EtOH, gradient 0ī10% B) to afford 54 (175 mg, yield 80%). 1H NMR (400 MHz, 

DMSO-d6) ŭ 12.37 (s, 1H), 7.66ī7.36 (m, 12H), 7.32ī7.24 (m, 1H), 6.98ī6.85 (m, 3H), 5.35 (dd, 

J = 12.0, 4.6 Hz, 1H), 3.78 (dd, J = 18.4, 12.1 Hz, 1H), 2.90 (dd, J = 18.4, 4.6 Hz, 1H), 1.88 (s, 

3H). 13C NMR (101 MHz, DMSO-d6) ŭ 167.10, 160.12, 152.20, 149.92, 141.81, 138.97, 137.70, 

137.30, 134.73, 131.71, 131.12, 129.36, 128.67, 128.58, 128.46, 128.36, 128.27, 126.67, 

126.17, 126.12, 126.04, 124.57, 120.84, 120.65, 117.58, 79.15, 58.51, 45.28, 21.39. tR = 2.52 

min. ESI-MS for C32H23BrClN3O2: calculated 595.1, found m/z 595.9, 597.9, 600.0 [M + H]+; 

594.0, 596.0, 597.9 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 99%. 

  



 

125 
 

3-(1-Acetyl-5-(4ǋ-methoxy-[1,1ǋ-biphenyl]-4-yl)-4,5-dihydro- 1H-pyrazol-3-yl)-6-chloro-4-

phenylquinolin-2(1H)-one (55). 

Compound 55 was synthesized via general procedure C3 

using 100c (179 mg, 0.35 mmol) with acetic anhydride 116 

(66 ɛL, 0.70 mmol) (165 °C, 200 W). Purification was 

performed by direct phase flash chromatography (SiO2 gold 

24 g, A= DCM, B= EtOH, gradient 0ī8% B) to afford 55 (158 mg, yield 83%). 1H NMR (400 

MHz, DMSO-d6) ŭ 12.39 (s, 1H), 7.63 (dd, J = 8.8, 2.4 Hz, 1H), 7.60ī7.53 (m, 5H), 7.45 (d, J = 

8.5 Hz, 3H), 7.43ī7.39 (m, 1H), 7.31ī7.27 (m, 1H), 7.03ī6.99 (m, 2H), 6.94 (d, J = 2.4 Hz, 1H), 

6.86 (d, J = 8.3 Hz, 2H), 5.33 (dd, J = 12.1, 4.6 Hz, 1H), 3.79 (s, 4H), 2.88 (dd, J = 18.5, 4.6 Hz, 

1H), 1.88 (s, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 167.09, 160.17, 158.87, 152.28, 149.95, 

140.70, 138.74, 137.33, 134.75, 132.24, 131.20, 129.43, 128.64, 128.53, 128.43, 128.33, 

127.72, 126.28, 126.12, 126.08, 126.04, 124.66, 120.71, 117.64, 114.35, 58.53, 55.16, 45.34, 

21.47. tR = 1.65 min. ESI-MS for C33H26ClN3O3: calculated 547.2, found m/z 548.0, 550.0 [M + 

H] +; 546.0, 548.0 [M ī H] ī. UPLCīMS purity (UV at 215 nm) >99.5%. 

3-(1-Acetyl-5-(1-methyl-1H-indol-5-yl)-4,5-dihydro-1H-pyrazol- 3-yl)-6-chloro-4-

phenylquinolin-2(1H)-one (56). 

Compound 56 was synthesized via general procedure C3 using 

101c (127 mg, 0.28 mmol) with acetic anhydride 116 (53 ɛL, 0.56 

mmol) (165 °C, 200 W). Purification was performed by direct phase 

flash chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 

0ī10% B) to afford 56 (107 mg, yield 75%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.36 (s, 1H), 

7.64ī7.56 (m, 3H), 7.53 (ddd, J = 8.9, 5.6, 3.3 Hz, 1H), 7.47ī 7.40 (m, 2H), 7.31ī7.23 (m, 3H), 

6.99 (d, J = 1.7 Hz, 1H), 6.94 (d, J = 2.3 Hz, 1H), 6.65 (dd, J = 8.5, 1.7 Hz, 1H), 6.35 (dd, J = 

3.1, 0.8 Hz, 1H), 5.36 (dd, J = 12.0, 4.5 Hz, 1H), 3.75 (s, 4H), 2.90 (dd, J = 18.4, 4.6 Hz, 1H), 

1.86 (s, 3H). 13C NMR (101 MHz, DMSO- d6) ŭ 166.93, 160.20, 152.06, 149.80, 137.30, 135.61, 

134.79, 133.10, 131.09, 129.92, 129.46, 128.59, 128.47, 128.37, 128.23, 127.74, 126.06, 

124.81, 120.74, 119.02, 117.58, 117.16, 109.63, 100.26, 59.32, 45.86, 32.45, 21.54. tR = 2.41 

min. ESI-MS for C29H23ClN4O2: calculated 494.1, found m/z 495.2, 497.2 [M + H]+; 493.3, 495.3 

[M ī H]ī. UPLCīMS purity (UV at 215 nm) >99.5%. 
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3-(1-Acetyl-5-(1-ethyl-1H-indol-5-yl)-4,5-dihydro-1H-pyrazol- 3-yl)-6-chloro-4-

phenylquinolin-2(1H)-one (57). 

Compound 57 was synthesized via general procedure C3 using 

102c (168 mg, 0.36 mmol) with acetic anhydride 116 (68 ɛL, 0.72 

mmol) (165 °C, 200 W). Purification was performed by direct phase 

flash chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 

0ī10% B) to afford 57 (128 mg, yield 70%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.36 (s, 1H), 

7.64ī7.50 (m, 4H), 7.47ī7.40 (m, 2H), 7.35 (d, J = 3.1 Hz, 1H), 7.32ī7.27 (m, 2H), 6.97 (dd, J = 

22.0, 2.0 Hz, 2H), 6.64 (dd, J = 8.5, 1.7 Hz, 1H), 6.35 (dd, J = 3.1, 0.8 Hz, 1H), 5.35 (dd, J = 

12.0, 4.6 Hz, 1H), 4.16 (q, J = 7.2 Hz, 2H), 3.78 (dd, J = 18.4, 12.0 Hz, 1H), 2.91 (dd, J = 18.4, 

4.6 Hz, 1H), 1.86 (s, 3H), 1.33 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 166.95, 

160.20, 152.07, 149.81, 137.29, 134.80, 134.57, 133.07, 131.09, 129.43, 128.61, 128.47, 

128.36, 128.31, 128.24, 127.90, 126.07, 124.82, 120.74, 118.97, 117.58, 117.29, 109.62, 

100.48, 59.33, 45.85, 40.28, 21.55, 21.18, 15.52. tR = 2.51 min. ESI-MS for C30H25ClN4O2: 

calculated 508.2, found m/z 509.3, 511.2 [M + H]+; 507.3, 509.3 [M ī H]ī. UPLCīMS purity (UV 

at 215 nm) >99.5%. 

3-(1-Acetyl-5-(1-ethyl-1H-indazol-5-yl)-4,5-dihydro-1H-pyrazol- 3-yl)-6-chloro-4-

phenylquinolin-2(1H)-one (58). 

Compound 58 was synthesized via general procedure C3 using 

103c (131 mg, 0.28 mmol) with acetic anhydride 116 (53 ɛL, 0.56 

mmol) (165 °C, 200 W). Purification was performed by direct phase 

flash chromatography (SiO2 gold 12 g, A= DCM, B= EtOH, gradient 

0ī5% B) to afford 58 (118 mg, yield 82%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.37 (s, 1H), 7.98 

(d, J = 0.9 Hz, 1H), 7.66ī7.57 (m, 3H), 7.57ī7.49 (m, 2H), 7.48ī7.40 (m, 2H), 7.29 (ddt, J = 7.6, 

2.0, 1.0 Hz, 1H), 7.15 (t, J = 1.1 Hz, 1H), 6.94 (d, J = 2.3 Hz, 1H), 6.84 (dd, J = 8.7, 1.6 Hz, 1H), 

5.41 (dd, J = 12.0, 4.5 Hz, 1H), 4.41 (q, J = 7.2 Hz, 2H), 3.79 (dd, J = 18.5, 12.1 Hz, 1H), 2.88 

(dd, J = 18.4, 4.6 Hz, 1H), 1.88 (s, 3H), 1.37 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) 

ŭ 167.05, 160.18, 152.21, 149.88, 138.03, 137.33, 134.72, 134.44, 132.33, 131.16, 129.51, 

128.57, 128.41, 128.29, 126.08, 124.71, 124.11, 123.28, 120.72, 117.63, 117.30, 109.78, 58.90, 

45.57, 43.06, 21.50, 14.95. tR = 2.29 min. ESI-MS for C29H24ClN5O2: calculated 509.2, found 

m/z 510.2, 512.2 [M + H]+, 508.3, 510.4 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 99%. 
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3-(1-Acetyl-5-(2-ethyl-2H-indazol-5-yl)-4,5-dihydro-1H-pyrazol- 3-yl)-6-chloro-4-

phenylquinolin-2(1H)-one (59).  

Compound 59 was synthesized via general procedure C3 using 

104c (80 mg, 0.17 mmol) with acetic anhydride 116 (32 ɛL, 0.34 

mmol) (165 °C, 200 W). Purification was performed by direct 

phase flash chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, 

gradient 0ī10% B) to afford 59 (67 mg, yield 77%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.37 (s, 

1H), 8.31 (d, J = 0.9 Hz, 1H), 7.67ī7.50 (m, 4H), 7.48ī7.42 (m, 3H), 7.36ī7.26 (m, 1H), 

7.13ī7.05 (m, 1H), 6.94 (d, J = 2.4 Hz, 1H), 6.65 (dd, J = 9.0, 1.7 Hz, 1H), 5.36 (dd, J = 12.0, 

4.6 Hz, 1H), 4.44 (q, J = 7.3 Hz, 2H), 3.78 (dd, J = 18.4, 12.0 Hz, 1H), 2.87 (dd, J = 18.4, 4.6 

Hz, 1H), 1.89 (s, 3H), 1.50 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 167.04, 160.18, 

152.20, 149.83, 147.32, 137.35, 134.71, 134.46, 131.13, 129.52, 128.57, 128.54, 128.37, 

128.27, 126.04, 124.73, 123.59, 123.01, 120.93, 120.72, 117.63, 117.34, 116.65, 59.13, 47.69, 

45.35, 21.52, 15.84. tR = 2.14 min. ESI-MS for C29H24ClN5O2: calculated 509.2, found m/z 

510.2, 512.2 [M + H]+, 508.2, 510.3 [M ī H]ī. UPLCī MS purity (UV at 215 nm) 99%. 

3-(1-Acetyl-5-(1-propyl-1H-indazol-5-yl)-4,5-dihydro-1Hpyrazol- 3-yl)-6-chloro-4-

phenylquinolin-2(1H)-one (60). 

Compound 60 was synthesized via general procedure C3 using 

105c (188 mg, 0.39 mmol) with acetic anhydride 116 (74 ɛL, 0.78 

mmol) (165 °C, 200 W). Purification was performed by direct phase 

flash chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 

0ī10% B) to afford 60 (184 mg, yield 90%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.37 (s, 1H), 7.99 

(d, J = 0.9 Hz, 1H), 7.65ī7.57 (m, 3H), 7.56ī 7.50 (m, 2H), 7.47ī7.41 (m, 2H), 7.36ī7.25 (m, 

1H), 7.17ī7.09 (m, 1H), 6.94 (d, J = 2.3 Hz, 1H), 6.85 (dd, J = 8.8, 1.7 Hz, 1H), 5.41 (dd, J = 

12.0, 4.6 Hz, 1H), 4.33 (t, J = 6.9 Hz, 2H), 3.78 (dd, J = 18.5, 12.0 Hz, 1H), 2.89 (dd, J = 18.5, 

4.6 Hz, 1H), 1.90ī1.77 (m, 5H), 0.82 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 

167.06, 160.14, 152.20, 149.85, 147.37, 137.29, 134.69, 134.43, 131.13, 129.52, 128.53, 

128.35, 128.26, 126.07, 124.73, 123.73, 123.58, 120.81, 120.71, 117.59, 117.37, 116.65, 59.13, 

54.23, 45.34, 23.40, 21.51, 10.86. tR = 1.21 min. ESI-MS for C30H26ClN5O2: calculated 523.2, 

found m/z 524.1, 526.2 [M + H]+, 522.3, 524.2 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 94%. 
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3-(1-Acetyl-5-(2-propyl-2H-indazol-5-yl)-4,5-dihydro-1Hpyrazol- 3-yl)-6-chloro-4-

phenylquinolin-2(1H)-one (61). 

Compound 61 was synthesized via general procedure C3 using 

106c (132 mg, 0.27 mmol) with acetic anhydride 116 (51 ɛL, 

0.54 mmol) (165 °C, 200 W). Purification was performed by 

direct phase flash chromatography (SiO2 gold 24 g, A= DCM, 

B= EtOH, gradient 0ī10% B) to afford 61 (120 mg, yield 85%). 1H NMR (400 MHz, DMSO-d6) ŭ 

12.37 (s, 1H), 8.29 (d, J = 1.0 Hz, 1H), 7.65ī7.56 (m, 3H), 7.56ī 7.49 (m, 1H), 7.48ī7.40 (m, 

3H), 7.32ī7.26 (m, 1H), 7.08 (t, J = 1.2 Hz, 1H), 6.93 (d, J = 2.3 Hz, 1H), 6.64 (dd, J = 8.9, 1.7 

Hz, 1H), 5.35 (dd, J = 12.0, 4.5 Hz, 1H), 4.36 (t, J = 6.9 Hz, 2H), 3.77 (dd, J = 18.4, 12.0 Hz, 

1H), 2.87 (dd, J = 18.4, 4.6 Hz, 1H), 1.97ī1.83 (m, 5H), 0.83 (t, J = 7.4 Hz, 3H). 13C NMR (101 

MHz, DMSO- d6) ŭ 167.07, 160.15, 152.21, 149.85, 147.38, 137.31, 134.69, 134.43, 131.13, 

129.52, 128.57, 128.53, 128.36, 128.26, 126.07, 126.04,124.74, 123.74, 123.58, 120.81, 

120.72, 117.61, 117.38, 116.65, 59.13, 54.24, 45.35, 23.41, 21.52, 10.87. tR = 1.01 min (apolar 

method). ESIMS for C30H26ClN5O2: calculated 523.2, found m/z 524.2, 526.2 [M + H]+, 522.3, 

524.3 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 99%.  

4-(5-(4-Fluorophenyl)-3-(2-oxo-4-phenyl-1,2-dihydroquinolin- 3-yl)-4,5-dihydro-1H-pyrazol-

1-yl)-4-oxobutanoic Acid (62). 

Compound 62 was synthesized via general procedure C1 using 109c 

(150 mg, 0.39 mmol) with succinic anhydride 114 (78 mg, 0.78 mmol) 

(120 °C, 200 W). Purification was performed by direct phase flash 

chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 20ī50% 

B) to afford 62 (114 mg, yield 59%). 1H NMR (400 MHz, DMSO-d6) ŭ 

12.22 (s, 1H), 12.01 (s, 1H), 7.63ī7.34 (m, 6H), 7.25 (dt, J = 6.8, 1.9 Hz, 1H), 7.14 (ddd, J = 

8.2, 7.0, 1.2 Hz, 1H), 7.07ī 6.98 (m, 3H), 6.86ī6.78 (m, 2H), 5.31 (dd, J = 12.0, 4.5 Hz, 1H), 

3.72 (dd, J = 18.4, 12.0 Hz, 1H), 2.78 (dd, J = 18.4, 4.6 Hz, 1H), 2.47 (m, 2H), 2.32ī2.25 (m, 

2H). 13C NMR (101 MHz, DMSO-d6) ŭ 173.48, 168.56, 160.25, 152.77, 151.05, 141.11, 138.53, 

138.42, 135.16, 131.27, 129.38, 128.53, 128.22, 128.20, 128.13, 127.54, 127.45, 127.38, 

123.30, 122.25, 119.35, 115.51, 115.16, 114.95, 58.16, 45.27, 28.58, 28.23. tR = 1.90 min. ESI-

MS for C28H22FN3O4: calculated 483.2, found m/z 484.5 [M + H]+, 482.5 [M ī H]ī. UPLCīMS 

purity (UV at 215 nm) >99.5%. 
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4-(5-(4-Chlorophenyl)-3-(2-oxo-4-phenyl-1,2-dihydroquinolin- 3-yl)-4,5-dihydro-1H-

pyrazol-1-yl)-4-oxobutanoic Acid (63). 

Compound 63 was synthesized via general procedure C1 using 110c 

(121 mg, 0.27 mmol) with succinic anhydride 114 (54 mg, 054 mmol) 

(120 °C, 200 W). Purification was performed by direct phase flash 

chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 4ī20% 

B) to afford 63 (130 mg, yield 67%). 1H NMR (400 MHz, DMSO-d6) ŭ 

12.23 (s, 1H), 12.05 (s, 1H), 7.61ī7.46 (m, 4H), 7.43 (dd, J = 8.3, 1.1 Hz, 1H), 7.39 (dt, J = 6.0, 

2.0 Hz, 1H), 7.30ī7.23 (m, 3H), 7.15 (ddd, J = 8.3, 7.0, 1.2 Hz, 1H), 7.05 (dd, J = 8.2, 1.4 Hz, 

1H), 6.81 (d, J = 8.5 Hz, 2H), 5.31 (dd, J = 12.0, 4.6 Hz, 1H), 3.75 (dd, J = 18.5, 12.1 Hz, 1H), 

2.78 (dd, J = 18.5, 4.6 Hz, 1H), 2.58ī2.44 (m, 2H), 2.30 (t, J = 7.1 Hz, 2H). 13C NMR (101 MHz, 

DMSO-d6) ŭ 173.95, 169.08, 160.73, 153.27, 151.57, 141.65, 139.02, 135.65, 132.01, 131.77, 

129.89, 129.00, 128.79, 128.69, 128.62, 127.88, 123.73, 122.74, 119.83, 116.01, 58.72, 45.66, 

29.04, 28.70. tR = 1.97 min. ESI-MS for C28H22ClN3O4: calculated 499.1, found m/z 500.4, 502.4 

[M + H]+; 498.4, 500.3 [M ī H]ī. UPLCīMS purity (UV at 215 nm) >99.5%. 

4-(5-(4-Bromophenyl)-3-(2-oxo-4-phenyl-1,2-dihydroquinolin- 3-yl)- 4,5-dihydro-1H-

pyrazol-1-yl)-4-oxobutanoic Acid (64). 

Compound 64 was synthesized via general procedure C1 using 111c 

(41 mg, 0.09 mmol) with succinic anhydride 114 (18 mg, 0.18 mmol) 

(120 °C, 200 W). Title compound 64 was obtained after the acidic 

workup (46 mg, yield 91%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.22 (s, 

1H), 12.01 (s, 1H), 7.61ī7.45 (m, 4H), 7.45ī7.36 (m, 4H), 7.25 (dt, J = 

6.8, 1.9 Hz, 1H), 7.14 (ddd, J = 8.3, 7.0, 1.2 Hz, 1H), 7.04 (dd, J = 8.2, 1.4 Hz, 1H), 6.74 (d, J = 

8.4 Hz, 2H), 5.29 (dd, J = 12.0, 4.6 Hz, 1H), 3.74 (dd, J = 18.4, 12.1 Hz, 1H), 2.77 (dd, J = 18.5, 

4.6 Hz, 1H), 2.50 (m, 2H), 2.28 (t, J = 7.1 Hz, 2H). 13C NMR (101 MHz, DMSO- d6) ŭ 173.46, 

168.60, 160.25, 152.78, 151.09, 141.60, 138.54, 135.17, 131.29, 131.23, 129.41, 128.51, 

128.21, 128.14, 127.75, 127.39, 123.23, 122.27, 121.42, 120.03, 119.35, 115.53, 58.30, 45.12, 

28.55, 28.22. tR = 2.03 min. ESI-MS for C28H22BrN3O4: calculated 543.1, found m/z 544.5, 546.5 

[M + H]+; 542.5, 544.4. UPLCīMS purity (UV at 215 nm) >99.5%. 
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4-(5-(4-Methoxyphenyl)-3-(2-oxo-4-phenyl-1,2-dihydroquinolin- 3-yl)-4,5-dihydro-1H-

pyrazol-1-yl)-4-oxobutanoic Acid (65). 

Compound 65 was synthesized via general procedure C1 using 112c 

(120 mg, 0.30 mmol) with succinic anhydride 114 (60 mg, 0.60 mmol) 

(120 °C, 200 W). Purification was performed by direct phase flash 

chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 5ī35% 

B) to afford 65 (99 mg, yield 67%). 1H NMR (400 MHz, DMSO-d6) ŭ 

12.21 (s, 1H), 12.00 (s, 1H), 7.61ī7.34 (m, 6H), 7.29ī 7.23 (m, 1H), 7.14 (ddd, J = 8.2, 7.0, 1.2 

Hz, 1H), 7.04 (dd, J = 8.2, 1.4 Hz, 1H), 6.79ī6.66 (m, 4H), 5.23 (dd, J = 11.9, 4.5 Hz, 1H), 3.72 

(s, 4H), 2.79 (dd, J = 18.4, 4.5 Hz, 1H), 2.46 (dd, J = 6.8, 2.4 Hz, 2H), 2.27 (t, J = 6.9 Hz, 2H). 

13C NMR (101 MHz, DMSO- d6) ŭ 173.99, 168.91, 160.78, 158.68, 153.22, 151.47, 139.00, 

135.70, 134.85, 131.71, 129.84, 129.08, 128.66, 128.60, 127.87, 127.27, 123.91, 122.71, 

119.88, 115.99, 114.16, 58.85, 55.51, 45.80, 29.11, 28.74. tR = 1.83 min. ESI-MS for 

C29H25N3O5: calculated 495.1, found m/z 496.5 [M + H]+; 494.5 [M ī H]ī. UPLCīMS purity (UV 

at 215 nm) >99.5%. 

4-Oxo-4-(3-(2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-5-(4- (trifluoromethyl)phenyl)-4,5-

dihydro-1H-pyrazol-1-yl)- butanoic Acid (66).  

66 was synthesized via general procedure C1 using 113c (189 mg, 

0.45 mmol) with succinic anhydride 114 (90 mg, 0.90 mmol) (120 °C, 

200 W). Purification was performed by direct phase flash 

chromatography (SiO2 gold 24 g, A= DCM, B= EtOH, gradient 2ī50% 

B) to afford 66 (173 mg, yield 71%). 1H NMR (400 MHz, DMSO-d6) ŭ 

12.23 (s, 1H), 12.02 (s, 1H), 7.64ī7.36 (m, 8H), 7.25 (d, J = 7.3 Hz, 1H), 7.15 (ddd, J = 8.3, 7.1, 

1.2 Hz, 1H), 7.08ī6.98 (m, 3H), 5.42 (dd, J = 12.1, 4.7 Hz, 1H), 3.79 (dd, J = 18.5, 12.1 Hz, 1H), 

2.81 (dd, J = 18.5, 4.7 Hz, 1H), 2.59ī2.48 (m, 2H), 2.36ī2.26 (m, 2H). 13C NMR (101 MHz, 

DMSO-d6) ŭ 173.94, 169.21, 160.71, 153.30, 151.65, 147.20, 139.03, 135.67, 131.80, 129.88, 

128.96, 128.70, 128.65, 128.29, 127.88, 126.70, 126.02, 125.84, 125.80, 123.63, 123.31, 

122.76, 119.81, 116.02, 58.95, 45.63, 28.99, 28.68. tR = 2.06 min. ESI-MS for C29H22F3N3O4: 

calculated 533.2, found m/z 534.5 [M + H]+; 532.5 [M ī H]ī. UPLCīMS purity (UV at 215 nm) 

>99.5%. 
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3-(1-Acetyl-5-(4-fluorophenyl)-4,5-dihydro-1H-pyrazol-3-yl)-6-chloroquinolin-2(1H)-one 

(67)  

Compound 67 was synthesized via general procedure C3 using 134 

(200 mg, 0.59 mmol) with acetic anhydride 116 (67 L˃, 0.71 mmol) 

(165 °C, 200 W). Purification was performed by washing with cold 

THF to afford 67 as white-yellow pure solid (185 mg, yield 82%). 1H 

NMR (400 MHz, DMSO-d6) ŭ 12.17 (s, 1H), 8.50 (s, 1H), 7.96 (d, J = 1.9 Hz, 1H), 7.58 (dd, J = 

8.8, 2.1 Hz, 1H), 7.33 (d, J = 8.8 Hz, 1H), 7.27 ï 7.20 (m, 2H), 7.15 (t, J = 8.8 Hz, 2H), 5.52 (dd, 

J = 11.8, 4.3 Hz, 1H), 3.94 (dd, J = 18.8, 12.0 Hz, 1H), 3.27 (d, J = 4.4 Hz, 1H), 2.31 (s, 3H). 13C 

NMR (101 MHz, DMSO-d6) ŭ 167.98, 160.52, 152.91, 138.33, 137.86, 131.74, 128.10, 127.98, 

127.90, 126.50, 124.97, 120.28, 117.31, 115.87, 115.65, 59.22, 44.77, 22.14. ESI-MS for 

C20H15ClFN3O2: calculated 383.80, found m/z 383.00 [M - H]-. UPLCīMS purity (UV at 215 nm) 

96%. 

3-(1-acetyl-5-(4-fluorophenyl)-4,5-dihydro-1H-pyrazol-3-yl)-6-chloro-4-methylquinolin-

2(1H)-one (68) 

Compound 68 was synthesized via general procedure C3 using 140 

(200 mg, 0.56 mmol) with acetic anhydride 116 (64 L˃, 0.67 mmol) 

(165 °C, 200 W). Purification was performed by direct phase flash 

chromatography (SiO2, A= DCM, B= MeOH, gradient 1ī2% B) to 

afford 68 as white-off pure solid (90 mg, yield 40%). 1H NMR (401 MHz, DMSO-d6) ŭ 12.07 (s, 

1H), 7.89 (d, J = 2.2 Hz, 1H), 7.61 (dd, J = 8.8, 2.2 Hz, 1H), 7.36 (dd, J = 8.6, 4.7 Hz, 3H), 7.18 

(t, J = 8.8 Hz, 2H), 5.53 (dd, J = 12.0, 4.6 Hz, 1H), 3.79 (dd, J = 18.4, 12.0 Hz, 1H), 3.12 (dd, J = 

18.4, 4.6 Hz, 1H), 2.53 (s, 3H), 2.22 (s, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 167.50, 160.07, 

153.64, 146.43, 138.51, 136.80, 130.99, 127.93, 126.26, 125.07, 124.08, 120.59, 117.37, 

115.36, 115.15, 58.34, 44.98, 21.77, 16.14. ESI-MS for C21H17ClFN3O2: calculated 397.09, 

found m/z 397.00 [M - H]-. UPLCīMS purity (UV at 215 nm) 97%.  

 (E)-6-Chloro-3-(3-(4-fluorophenyl)acryloyl)-4-phenylquinolin- 2(1H)-one (91b). 

3-Acetyl-6-chloro-4-phenylquinolin-2(1H)-one 71a (2.517 g, 8.45 

mmol) and 4-fluorobenzaldehyde 73 (906 ɛL, 8.45 mmol) were 

allowed to react overnight according to general procedure A. 

Purification was performed by direct phase flash chromatography 

(SiO2 gold 40 g; A= DCM, B= EtOH, gradient 0ī20% B) to afford 91b (2.548 g, 75% yield). 1H 
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NMR (400 MHz, DMSO-d6) ŭ 12.35 (s, 1H), 7.81ī7.70 (m, 2H), 7.66 (dd, J = 8.8, 2.4 Hz, 1H), 

7.54ī7.41 (m, 5H), 7.36ī7.30 (m, 2H), 7.28ī7.19 (m, 2H), 6.98 (d, J = 2.4 Hz, 1H), 6.73 (d, J = 

16.4 Hz, 1H). tR = 2.42 min. ESIMS for C24H15ClFNO2: calculated 403.1, found m/z 404.1, 406.1 

[M + H]+; 402.1, 404.1 [M ī H]ī. 

6-Chloro-3-(5-(4-fluorophenyl)-4,5-dihydro-1H-pyrazol-3- yl)-4-phenylquinolin-2(1H)-one 

(91c). 

 (E)-6-Chloro-3-(3-(4- fluorophenyl)acryloyl)-4-phenylquinolin-2(1H)-

one 91b (317 mg, 0.78 mmol) and hydrazine monohydrate (76 ɛL, 

1.56 mmol) were allowed to react according to general procedure B. 

Crude compound was purified by flash column chromatography (SiO2 

gold 40 g; A= DCM, B= EtOH, gradient 0ī20% B) to afford 91c (303 mg, yield 92%). 1H NMR 

(400 MHz, DMSO-d6) ŭ 12.19 (s, 1H), 7.57 (dd, J = 8.8, 2.4 Hz, 1H), 7.50 (m, 2H), 7.41 (d, J = 

8.8 Hz, 1H), 7.33 (dt, J = 6.9, 1.5 Hz, 1H), 7.23 (dt, J = 6.8, 2.0 Hz, 1H), 7.14 (d, J = 3.2 Hz, 

1H), 7.13ī7.02 (m, 4H), 6.89 (d, J = 2.3 Hz, 1H), 4.59 (td, J = 10.9, 10.2, 3.1 Hz, 1H), 3.23 (dd, 

J = 16.5, 11.0 Hz, 1H), 2.59ī2.52 (m, 1H). tR = 2.31 min. ESI-MS for C24H17ClFN3O: calculated 

417.1, found m/z 418.4, 420.4 [M + H]+; 416.4, 418.3 [M ī H]ī. 

 

(E)-6-Chloro-3-(3-(4-chlorophenyl)acryloyl)-4-phenylquinolin- 2(1H)-one (92b). 

Compound 92b was synthesized via general procedure A using 71a 

(304 mg, 1.00 mmol) and 4-chlorobenzaldehyde 74 (140 mg, 1.00 

mmol). Title compound 92b was obtained by precipitation and 

filtration from the reaction crude (429 mg, quantitative yield). 1H NMR 

(400 MHz, DMSO-d6) ŭ 7.70 (d, J = 8.6 Hz, 2H), 7.63 (dd, J = 8.8, 2.4 Hz, 1H), 7.55ī7.37 (m, 

7H), 7.32 (dd, J = 7.6, 1.9 Hz, 2H), 6.96 (d, J = 2.4 Hz, 1H), 6.78 (d, J = 16.4 Hz, 1H). tR = 2.55 

min. ESI-MS for C24H15Cl2NO2: calculated 419.0, found m/z 420.4, 422.4, 424.4 [M + H]+; 418.5, 

420.4, 422.3 [M ī H]ī. 
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6-Chloro-3-(5-(4-chlorophenyl)-4,5-dihydro-1H-pyrazol-3- yl)-4-phenylquinolin-2(1H)-one 

(92c). 

Compound 92c was synthesized via general procedure B using 92b 

(429 mg, 1.00 mmol) with hydrazine hydrate (97 ɛL, 2.00 mmol). 

Purification was performed by direct phase flash chromatography 

(SiO2 gold 24 g; A= DCM, B= EtOH, gradient 0ī10% B) to afford 92c 

(301 mg, yield 68%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.20 (s, 1H), 7.58 (dd, J = 8.8, 2.4 Hz, 

1H), 7.50 (tt, J = 7.5, 2.9 Hz, 3H), 7.42 (d, J = 8.8 Hz, 1H), 7.34 (dt, J = 7.0, 1.7 Hz, 1H), 7.30 (d, 

J = 8.4 Hz, 2H), 7.23 (dt, J = 7.3, 2.0 Hz, 1H), 7.18 (d, J = 3.2 Hz, 1H), 7.09 (d, J = 8.4 Hz, 2H), 

6.90 (d, J = 2.3 Hz, 1H), 4.59 (td, J = 11.6, 9.3, 3.1 Hz, 1H), 3.25 (dd, J = 16.5, 11.1 Hz, 1H), 

2.58ī2.53 (m, 1H). tR = 2.45 min. ESI-MS for C24H17Cl2N3O: calculated 433.1, found m/z 434.4, 

436.4, 438.5 [M + H]+; 432.4, 434.4, 436.4 [M ī H]ī.  

(E)-3-(3-(4-Bromophenyl)acryloyl)-6-chloro-4-phenylquinolin- 2(1H)-one (93b). 

Compound 93b was synthesized via general procedure A using 71a 

(328 mg, 1.10 mmol) and 4-bromobenzaldehyde 75 (204 mg, 1.10 

mmol). Title compound 93b was obtained by precipitation and 

filtration from the reaction crude (511 mg, quantitative yield). 1H NMR 

(400 MHz, DMSO-d6) ŭ 7.67ī7.47 (m, 6H), 7.46ī7.35 (m, 4H), 7.30 (dd, J = 7.7, 1.8 Hz, 2H), 

6.93 (d, J = 2.3 Hz, 1H), 6.80 (d, J = 16.4 Hz, 1H). tR = 2.59 min. ESI-MS for C24H15BrClNO2: 

calculated 463.0, found m/z 464.3, 466.2, 468.2 [M + H]+; 462.2, 464.2, 466.2 [M ī H]ī. 

3-(5-(4-Bromophenyl)-4,5-dihydro-1H-pyrazol-3-yl)-6- chloro-4-phenylquinolin-2(1H)-one 

(93c). 

Compound 93c was synthesized via general procedure B using 93b 

(510 mg, 1.10 mmol) with hydrazine hydrate (110 ɛL, 2.20 mmol). 

Purification was performed by direct phase flash chromatography 

(SiO2, A= DCM, B= EtOH, gradient 0ī8% B) to afford 93c (349 mg, 

yield 64%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.20 (s, 1H), 7.58 (dd, J = 8.8, 2.4 Hz, 1H), 

7.56ī7.45 (m, 3H), 7.42 (dd, J = 8.6, 5.5 Hz, 3H), 7.34 (dt, J = 7.2, 1.6 Hz, 1H), 7.23 (dt, J = 7.2, 

2.0 Hz, 1H), 7.18 (d, J = 3.2 Hz, 1H), 7.07ī6.99 (m, 2H), 6.89 (d, J = 2.3 Hz, 1H), 4.58 (td, J = 

11.6, 9.3, 3.2 Hz, 1H), 3.25 (dd, J = 16.5, 11.1 Hz, 1H), 2.57ī2.53 (m, 1H). tR = 2.50 min. ESI-

MS for C24H17BrClN3O: calculated 477.0, found m/z 478.2, 480.2, 482.2 [M + H]+; 476.3, 478.2, 

480.3 [M ī H]ī. 
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(E)-6-Chloro-3-(3-(4-methoxyphenyl)acryloyl)-4-phenylquinolin- 2(1H)-one (94b). 

3-Acetyl-6-chloro-4-phenylquinolin-2(1H)- one 71a (611 mg, 2.00 

mmol) and p-anisaldehyde 76 (243 ɛL, 2.00 mmol) were allowed to 

react overnight according to general procedure A. Purification was 

performed by direct phase flash chromatography (SiO2 gold 40 g, A= 

DCM, B= EtOH, gradient 0ī5% B), affording the desired 94b (867 mg, quantitative yield). 1H 

NMR (400 MHz, DMSO-d6) ŭ 12.31 (s, 1H), 7.68ī7.58 (m, 3H), 7.49ī7.38 (m, 5H), 7.34ī7.29 

(m, 2H), 6.99ī6.89 (m, 3H), 6.60 (d, J = 16.3 Hz, 1H), 3.78 (s, 3H). tR = 1.19 min. ESI-MS for 

C25H18ClNO3: calculated 415.1, found m/z 416.4, 418.4 [M + H]+; 414.4, 416.4 [M ī H]ī. 

6-Chloro-3-(5-(4-methoxyphenyl)-4,5-dihydro-1H-pyrazol- 3-yl)-4-phenylquinolin-2(1H)-

one (94c). 

 (E)-6-Chloro-3-(3-(4- methoxyphenyl)acryloyl)-4-phenylquinolin-

2(1H)-one 94b (780 mg, 1.9 mmol) and hydrazine monohydrate 

(185 ɛL, 3.8 mmol) were allowed to react according to general 

procedure B. Crude compound was purified by flash column 

chromatography (SiO2 gold 40 g; A= DCM, B= EtOH, gradient 0ī10% B) to afford 94c (611 mg, 

yield 75%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.19 (s, 1H), 7.57 (dd, J = 8.8, 2.3 Hz, 1H), 

7.53ī7.47 (m, 3H), 7.42 (d, J = 8.8 Hz, 1H), 7.34 (dd, J = 10.3, 3.8 Hz, 1H), 7.27ī7.19 (m, 1H), 

7.02 (dd, J = 8.9, 5.9 Hz, 3H), 6.90 (d, J = 2.3 Hz, 1H), 6.80 (d, J = 8.7 Hz, 2H), 4.52 (td, J = 

10.4, 2.9 Hz, 1H), 3.73 (s, 3H), 3.18 (dd, J = 16.4, 10.9 Hz, 1H), 2.58ī2.53 (m, 1H). 13C NMR 

(101 MHz, DMSO-d6) ŭ 166.84, 160.17, 152.10, 149.77, 149.57, 137.28, 134.76, 131.10, 

129.96, 129.28, 128.71, 128.42, 128.30, 128.28, 126.41, 126.04, 124.80, 120.72, 117.58, 

112.23, 58.37, 45.22, 40.19, 21.49. tR = 2.24 min. ESI-MS for C25H20ClN3O2: calculated 429.1, 

found m/z 430.4, 432.4 [M + H]+; 428.4, 430.5 [M ī H]ī. 

(E)-3-(3-(4-(tert-Butyl)phenyl)acryloyl)-6-chloro-4-phenylquinolin- 2(1H)-one (95b).  

Compound 95b was synthesized via general procedure A using 71a 

(543 mg, 1.80 mmol) and 4-tert-butylbenzaldeyde 77 (301 ɛL, 1.80 

mmol). Purification was performed by direct phase flash 

chromatography (SiO2 gold 40 g; A= DCM, B= EtOH, gradient 

0ī10% B) to afford 95b (441 mg, yield 55%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.33 (s, 1H), 

7.64 (dd, J = 8.8, 2.4 Hz, 1H), 7.58 (d, J = 8.5 Hz, 2H), 7.50ī7.37 (m, 7H), 7.32 (dd, J = 7.7, 1.9 

Hz, 2H), 6.97 (d, J = 2.4 Hz, 1H), 6.69 (d, J = 16.4 Hz, 1H), 1.26 (s, 9H). 13C NMR (101 MHz, 
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DMSO-d6) ŭ 193.82, 159.40, 153.81, 146.61, 146.19, 137.50, 133.60, 132.56, 131.52, 130.89, 

128.86, 128.80, 128.50, 128.43, 126.64, 126.05, 125.71, 125.56, 120.56, 117.68, 79.15, 34.62, 

30.97, 30.82. Rt 2.18 min. ESI-MS for C28H24ClNO2: calculated 441.1, found m/z 442.4, 444.4 

[M + H]+; 440.4, 442.4 [M ī H]-. 

3-[5-(4-tert-Butylphenyl)-4,5-dihydro-1H-pyrazol-3-yl]-6-chloro-4-phenylquinolin-2(1H)-one 

(95c). 

Compound 95c was synthesized via general procedure B using 

95b (369 mg, 0.83 mmol) with hydrazine hydrate (81 ɛL, 1.66 

mmol). Purification was performed by direct phase flash 

chromatography (SiO2 gold 24 g; A= CHX, B= EtOAc, gradient 

0ī90% B) to afford 95c (351 mg, yield 93%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.20 (s, 1H), 

7.56 (dd, J = 8.8, 2.4 Hz, 1H), 7.49 (dtd, J = 9.6, 7.2, 5.3 Hz, 3H), 7.42 (d, J = 8.8 Hz, 1H), 7.33 

(dt, J = 7.2, 1.7 Hz, 1H), 7.25 (d, J = 8.3 Hz, 3H), 7.06 (d, J = 3.0 Hz, 1H), 7.02 (d, J = 8.4 Hz, 

2H), 6.90 (d, J = 2.3 Hz, 1H), 4.54 (t, J = 10.4 Hz, 1H), 3.19 (dd, J = 16.4, 10.9 Hz, 1H), 2.58 

(dd, J = 16.4, 9.6 Hz, 1H), 1.26 (s, 9H). 13C NMR (101 MHz, DMSO-d6) ŭ 160.54, 149.21, 

148.30, 145.49, 140.31, 136.97, 135.21, 130.32, 129.19, 128.72, 128.26, 128.21, 128.14, 

127.79, 127.18, 126.88, 126.33, 126.18, 125.75, 125.62, 124.92, 120.92, 117.33, 79.16, 62.69, 

44.34, 34.09, 31.13, 31.05, 30.74. tR = 1.82 min. ESI-MS for C28H26ClN3O: calculated 455.2, 

found m/z 456.5, 458.4, [M + H]+; 454.5 456.5 [M ī H]ī. 

(E)-6-Chloro-4-phenyl-3-(3-(4-(trifluoromethyl)phenyl)-acryloyl)quinolin-2(1H)-one (96b). 

Compound 96b was synthesized via general procedure A using 71a 

(760 mg, 2.50 mmol) and 4- (trifluoromethyl) benzaldehyde 78 (341 

ɛL, 2.50 mmol). Purification was performed by direct phase flash 

chromatography (SiO2 gold 40 g; A= DCM, B= EtOH, gradient 0ī5% 

B) to afford 96b (820 mg, yield 71%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.38 (s, 1H), 7.89 (d, J = 

8.2 Hz, 2H), 7.74 (d, J = 8.4 Hz, 2H), 7.67 (dd, J = 8.8, 2.4 Hz, 1H), 7.62ī7.57 (m, 1H), 

7.53ī7.40 (m, 4H), 7.36ī7.31 (m, 2H), 6.99 (d, J = 2.3 Hz, 1H), 6.91 (d, J = 16.5 Hz, 1H). 13C 

NMR (101 MHz, DMSO-d6) ŭ 193.90, 159.39, 147.09, 144.03, 138.29, 137.58, 133.52, 132.23, 

131.05, 130.34, 130.07, 130.02, 129.59, 129.19, 128.88, 128.48, 126.12, 125.68, 125.65, 

125.62, 125.30, 122.59, 120.55, 117.74. tR = 1.65 min. ESI-MS for C25H15ClF3NO2: calculated 

453.1, found m/z 454.4, 456.4 [M + H]+; 452.4, 454.4 [M ī H]ī. 
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6-Chloro-4-phenyl-3-(5-(4-(trifluoromethyl)phenyl)-4,5-dihydro- 1H-pyrazol-3-yl)quinolin-

2(1H)-one (96c). 

Compound 96c was synthesized via general procedure B using 

96b (752 mg, 1.70 mmol) with hydrazine hydrate (165 ɛL, 3.40 

mmol). Purification was performed by direct phase flash 

chromatography (SiO2 gold 40 g; A= DCM, B= EtOH, gradient 

0ī5% B) to afford 96c (696 mg, yield 90%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.21 (s, 1H), 

7.63ī7.56 (m, 3H), 7.56ī 7.44 (m, 3H), 7.42 (d, J = 8.8 Hz, 1H), 7.37ī7.32 (m, 1H), 7.29 (d, J = 

8.5 Hz, 3H), 7.25ī7.20 (m, 1H), 6.90 (d, J = 2.3 Hz, 1H), 4.75ī 4.64 (m, 1H), 3.39ī3.25 (m, 1H), 

2.63ī2.54 (m, 1H). 13C NMR (101 MHz, DMSO-d6) ŭ 160.49, 148.49, 148.37, 145.45, 136.99, 

135.13, 130.43, 129.25, 128.63, 128.29, 128.23, 128.20, 127.68, 127.22, 126.58, 125.79, 

125.64, 125.11, 125.08, 122.95, 120.88, 117.37, 62.16, 44.50. tR = 2.52 min. ESI-MS for 

C25H17ClF3N3O: calculated 467.1, found m/z 468.4, 469.5 [M + H]+, 466.4, 468.4 [M ī H]ī. 

(E)-6-Chloro-3-(3-(4ǋ-fluoro-[1,1ǋ-biphenyl]-4-yl)acryloyl)-4- phenylquinolin-2(1H)-one 

(97b). 

 Compound 97b was synthesized via general procedure A using 

71a (214 mg, 0.72 mmol) and 4ǋ- fluoro-[1,1ǋ-biphenyl]-4-

carbaldehyde 79 (144 mg, 0.72 mmol). Purification was 

performed by direct phase flash chromatography (SiO2 gold 24 

g; A= CHCl3, B= EtOH, gradient 0ī7% B) to afford 97b (305 mg, yield 89%). 1H NMR (400 MHz, 

DMSO-d6) ŭ 12.35 (s, 1H), 7.82ī7.62 (m, 7H), 7.57ī7.40 (m, 5H), 7.36ī7.26 (m, 4H), 6.98 (d, J 

= 2.3 Hz, 1H), 6.80 (d, J = 16.4 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) ŭ 193.83, 163.40, 

160.96, 159.45, 146.77, 145.64, 141.15, 137.55, 135.57, 135.54, 133.63, 133.34, 132.54, 

131.52, 131.42, 130.93, 129.33, 128.90, 128.84, 128.80, 128.72, 128.46, 127.29, 126.98, 

126.10, 125.60, 120.59, 117.71, 115.91, 115.70. tR = 1.90 min. ESI-MS for C30H19ClFNO2: 

calculated 479.1, found m/z 480.2, 482.2 [M + H]+, 478.2, 480.5 [M ī H]ī. 
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6-Chloro-3-(5-(4ǋ-fluoro-[1,1ǋ-biphenyl]-4-yl)-4,5-dihydro- 1H-pyrazol-3-yl)-4-

phenylquinolin-2(1H)-one (97c). 

Compound 97c was synthesized via general procedure B 

using 97b (273 mg, 0.57 mmol) with hydrazine hydrate (55 ɛL, 

1.14 mmol). Purification was performed by direct phase flash 

chromatography (SiO2 gold 24 g; A= DCM, B= EtOH, gradient 

0ī10% B) to afford 97c (188 mg, yield 67%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.18 (s, 1H), 

7.71ī7.64 (m, 2H), 7.60ī7.46 (m, 6H), 7.42 (d, J = 8.8 Hz, 1H), 7.37ī7.32 (m, 1H), 7.31ī7.21 

(m, 3H), 7.19ī7.13 (m, 3H), 6.90 (d, J = 2.3 Hz, 1H), 4.67ī4.57 (m, 1H), 3.26 (dd, J = 16.6, 11.1 

Hz, 1H), 2.60 (dd, J = 16.4, 9.5 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) ŭ 162.98, 160.55, 

160.52, 148.35, 145.48, 142.66, 137.78, 136.96, 136.44, 136.41, 135.19, 130.33, 129.22, 

128.69, 128.51, 128.43, 128.25, 128.17, 127.06, 126.78, 126.48, 125.75, 125.62, 120.91, 

117.32, 115.73, 115.52, 62.49, 44.43. tR = 1.72 min. ESI-MS for C30H21ClFN3O: calculated 

493.1, found m/z 494.2, 496.1 [M + H]+, 492.2, 494.2 [M ī H]ī. 

(E)-6-Chloro-3-(3-(4ǋ-chloro-[1,1ǋ-biphenyl]-4-yl)acryloyl)-4- phenylquinolin-2(1H)-one 

(98b). 

Compound 98b was synthesized via general procedure A using 

71a (339 mg, 1.10 mmol) and 4ǋ- chloro-[1,1ǋ-biphenyl]-4-

carbaldehyde 80 (238 mg, 1.10 mmol). Purification was 

performed by direct phase flash chromatography (SiO2 gold 24 

g; A= DCM, B= EtOH, gradient 0ī5% B) to afford 98b (567 mg, quantitative yield). 1H NMR (400 

MHz, DMSO-d6) ŭ 12.35 (s, 1H), 7.78ī7.68 (m, 6H), 7.65 (dd, J = 8.8, 2.4 Hz, 1H), 7.57ī7.48 

(m, 3H), 7.48ī7.40 (m, 4H), 7.34 (dd, J = 7.8, 1.8 Hz, 2H), 6.99 (d, J = 2.3 Hz, 1H), 6.81 (d, J = 

16.4 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) ŭ 193.80, 159.41, 146.75, 145.51, 140.78, 137.87, 

137.53, 133.70, 133.61, 132.90, 132.51, 130.92, 129.34, 128.93, 128.88, 128.82, 128.45, 

127.42, 126.98, 126.07, 125.58, 120.57, 117.69, 79.15. tR = 2.16 min. ESI-MS for 

C30H19Cl2NO2: calculated 495.1, found m/z 496.0, 497.9, 499.9, [M + H] +; 494.1, 496.0, 498.0 

[M ī H]ī. 
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6-Chloro-3-(5-(4ǋ-chloro-[1,1ǋ-biphenyl]-4-yl)-4,5-dihydro- 1H-pyrazol-3-yl)-4-

phenylquinolin-2(1H)-one (98c). 

Compound 98c was synthesized via general procedure B 

using 98b (558 mg, 1.10 mmol) with hydrazine hydrate (107 

ɛL, 2.20 mmol). Purification was performed by direct phase 

flash chromatography (SiO2 gold 40 g; A= DCM, B= EtOH, 

gradient 0ī15% B) to afford 98c (501 mg, yield 87%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.20 (s, 

1H), 7.69ī7.63 (m, 2H), 7.59ī7.46 (m, 8H), 7.41 (d, J = 8.7 Hz, 1H), 7.37ī7.31 (m, 1H), 

7.26ī7.20 (m, 1H), 7.17 (d, J = 8.3 Hz, 2H), 6.90 (d, J = 2.3 Hz, 1H), 4.63 (ddd, J = 11.3, 9.5, 

3.0 Hz, 1H), 3.27 (dd, J = 16.4, 11.1 Hz, 1H), 2.60 (dd, J = 16.4, 9.4 Hz, 1H). 13C NMR (101 

MHz, DMSO-d6) ŭ 160.53, 148.37, 145.49, 143.11, 138.74, 137.45, 136.97, 135.20, 132.16, 

130.35, 129.23, 128.82, 128.69, 128.28, 128.18, 127.14, 126.77, 126.49, 125.77, 125.63, 

120.91, 117.34, 62.49, 44.45. tR = 1.99 min. ESI-MS for C30H21Cl2N3O: calculated 509.1, found 

m/z 510.0, 511.9, 514.0 [M + H] +; 508.0, 510.0, 511.9 [M ī H]ī. 

(E)-3-(3-(4ǋ-Bromo-[1,1ǋ-biphenyl]-4-yl)acryloyl)-6-chloro-4- phenylquinolin-2(1H)-one 

(99b). 

Compound 99b was synthesized via general procedure A using 

71a (337 mg, 1.10 mmol) and 4ǋ- bromo-[1,1ǋ-biphenyl]-4-

carbaldehyde 81 (287 mg, 1.10 mmol). Purification was 

performed by direct phase flash chromatography (SiO2 gold 24 

g; 0 A= DCM, B= EtOH, gradient 0ī5% B) to afford 99b (576 mg, yield 89%). 1H NMR (400 

MHz, DMSO-d6) ŭ 12.35 (s, 1H), 7.80ī7.68 (m, 4H), 7.68ī7.62 (m, 5H), 7.57ī7.39 (m, 5H), 7.34 

(dd, J = 7.7, 1.8 Hz, 2H), 6.99 (d, J = 2.3 Hz, 1H), 6.81 (d, J = 16.4 Hz, 1H). 13C NMR (101 MHz, 

DMSO-d6) ŭ 193.81, 159.41, 146.76, 145.52, 140.83, 138.24, 137.53, 133.74, 133.60, 132.51, 

131.85, 130.92, 129.36, 128.88, 128.82, 128.77, 128.44, 127.43, 126.94, 126.07, 125.58, 

121.53, 120.57, 117.69, 79.15. tR = 2.20 min. ESI-MS for C30H19BrClNO2: calculated 539.0, 

found m/z 539.9, 541.9, 543.9 [M + H]+; 538.0, 540.0, 542.0 [M ī H]ī. 
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3-(5-(4ǋ-Bromo-[1,1ǋ-biphenyl]-4-yl)-4,5-dihydro-1H-pyrazol- 3-yl)-6-chloro-4-

phenylquinolin-2(1H)-one (99c). 

Compound 99c was synthesized via general procedure B 

using 99b (570 mg, 1.00 mmol) with hydrazine hydrate (97 ɛL, 

2.00 mmol). Purification was performed by direct phase flash 

chromatography (SiO2 gold 24 g; A= DCM, B= EtOH, gradient 

0ī10% B) to afford 99c (472 mg, yield 81%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.20 (s, 1H), 

7.68ī7.46 (m, 10H), 7.41 (d, J = 8.8 Hz, 1H), 7.37ī7.33 (m, 1H), 7.26ī7.21 (m, 1H), 7.19ī7.15 

(m, 3H), 6.90 (d, J = 2.4 Hz, 1H), 4.63 (ddd, J = 11.3, 9.5, 3.1 Hz, 1H), 3.27 (dd, J = 16.4, 11.0 

Hz, 1H), 2.60 (dd, J = 16.4, 9.4 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) ŭ 160.53, 148.37, 

145.48, 143.17, 139.11, 137.48, 136.97, 135.20, 131.74, 130.36, 129.23, 128.69, 128.63, 

128.27, 128.18, 127.16, 126.77, 126.45, 125.76, 125.63, 120.91, 120.72, 117.34, 79.15, 62.49, 

44.45, 40.15, 39.99, 39.94, 39.73, 39.52, 39.31, 39.10, 38.89. tR = 2.05 min. ESI-MS for 

C30H21BrClN3O: calculated 553.0, found m/z 553.9, 555.9, 557.9 [M + H]+, 551.9, 554.0, 556.0 

[M ī H]ī. 

(E)-6-Chloro-3-(3-(4ǋ-methoxy-[1,1ǋ-biphenyl]-4-yl)- acryloyl)-4-phenylquinolin-2(1H)-one 

(100b). 

Compound 100b was synthesized via general procedure A 

using 71a (430 mg, 1.40 mmol) and 4ǋ-methoxy-[1,1ǋ-biphenyl]-

4-carbaldehyde 82 (297 mg, 1.40 mmol). Purification was 

performed by direct phase flash chromatography (SiO2 gold 24 

g; A= DCM, B= EtOH, gradient 0ī10% B) to afford 100b (528 mg, yield 74%). 1H NMR (400 

MHz, DMSO-d6) ŭ 12.35 (s, 1H), 7.75ī7.62 (m, 6H), 7.55ī7.40 (m, 6H), 7.33 (ddt, J = 6.7, 3.2, 

1.8 Hz, 2H), 7.05ī7.00 (m, 2H), 6.98 (d, J = 2.4 Hz, 1H), 6.77 (d, J = 16.4 Hz, 1H), 3.79 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) ŭ 193.75, 159.42, 159.38, 159.07, 146.68, 145.85, 141.92, 

137.52, 133.63, 132.58, 131.32, 131.13, 130.90, 129.30, 128.88, 128.81, 128.69, 128.65, 

128.43, 127.84, 126.86, 126.37, 126.22, 126.06, 125.69, 125.57, 120.58, 117.69, 114.43, 55.19, 

31.34. tR = 1.81 min. ESI-MS for C31H22ClNO3: calculated 491.1, found m/z 492.0, 494.0 [M + 

H]+; 490.0, 492.1 [M ī H]ī.  
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6-Chloro-3-(5-(4ǋ-methoxy-[1,1ǋ-biphenyl]-4-yl)-4,5-dihydro- 1H-pyrazol-3-yl)-4-

phenylquinolin-2(1H)-one (100c). 

Compound 100c was synthesized via general procedure B 

using 100b (522 mg, 1.10 mmol) with hydrazine hydrate (107 

ɛL, 2.20 mmol). Purification was performed by direct phase 

flash chromatography (SiO2 gold 40 g; A= DCM, B= EtOH, 

gradient 0ī10% B) to afford 100c (412 mg, yield 77%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.20 

(s, 1H), 7.57 (dd, J = 8.9, 2.4 Hz, 3H), 7.54ī7.44 (m, 5H), 7.41 (d, J = 8.8 Hz, 1H), 7.38ī 7.31 

(m, 1H), 7.24 (td, J = 4.2, 3.7, 1.8 Hz, 1H), 7.16ī7.11 (m, 3H), 7.01 (d, J = 8.8 Hz, 2H), 6.90 (d, 

J = 2.3 Hz, 1H), 4.60 (ddd, J = 11.0, 9.5, 3.1 Hz, 1H), 3.79 (s, 3H), 3.25 (dd, J = 16.4, 11.0 Hz, 

1H), 2.60 (dd, J = 16.4, 9.5 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) ŭ 160.54, 158.79, 148.34, 

145.49, 141.88, 138.51, 136.97, 135.21, 132.34, 130.35, 129.24, 128.71, 128.27, 128.18, 

127.60, 126.99, 126.82, 126.01, 125.75, 125.63, 120.93, 117.33, 114.32, 62.58, 55.14, 44.44. 

tR = 2.60 min. ESI-MS for C31H24ClN3O2: calculated 505.2, found m/z 506.0, 508.0 [M + H]+; 

504.1, 506.1 [M ī H]ī. 

(E)-6-Chloro-3-(3-(1-methyl-1H-indol-5-yl)acryloyl)-4-phenylquinolin- 2(1H)-one (101b). 

Compound 101b was synthesized via general procedure A using 71a 

(545 mg, 1.80 mmol) and 1-methyl- 1H-indole-5-carbaldehyde 83 

(287 mg, 1.80 mmol). Purification was performed by direct phase 

flash chromatography (SiO2 gold 24 g; A= DCM, B= EtOH, gradient 

0ī10% B) to afford 101b (427 mg, yield 53%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.31 (s, 1H), 

7.86 (d, J = 1.5 Hz, 1H), 7.65 (dd, J = 8.8, 2.3 Hz, 1H), 7.56 (d, J = 16.3 Hz, 1H), 7.51ī7.30 (m, 

9H), 6.97 (d, J = 2.3 Hz, 1H), 6.65 (d, J = 16.3 Hz, 1H), 6.44 (dd, J = 3.2, 0.7 Hz, 1H), 3.79 (s, 

3H). 13C NMR (101 MHz, DMSO-d6) ŭ 193.46, 159.48, 148.78, 146.31, 137.77, 137.46, 133.77, 

132.92, 131.03, 130.76, 128.89, 128.72, 128.37, 128.15, 125.99, 125.53, 125.36, 124.31, 

123.22, 121.09, 120.65, 117.63, 110.33, 101.50, 32.61. tR = 2.45 min. ESI-MS for 

C27H19ClN2O2: calculated 438.1, found m/z 439.2, 441.1 [M + H]+; 437.3, 439.3 [M ī H]ī. 
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6-Chloro-3-(5-(1-methyl-1H-indol-5-yl)-4,5-dihydro-1H-pyrazol- 3-yl)-4-phenylquinolin-

2(1H)-one (101c). 

Compound 101c was synthesized via general procedure B using 

101b (370 mg, 0.84 mmol) with hydrazine hydrate (82 ɛL, 1.68 

mmol). Purification was performed by direct phase flash 

chromatography (SiO2 gold 24 g; A= DCM, B= EtOH, gradient 0ī5% 

B) to afford 101c (325 mg, yield 85%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.20 (s, 1H), 7.57ī7.46 

(m, 4H), 7.41 (d, J = 8.8 Hz, 1H), 7.35 (dt, J = 7.2, 1.7 Hz, 1H), 7.31ī7.21 (m, 4H), 7.02 (s, 1H), 

6.91 (td, J = 3.9, 1.7 Hz, 2H), 6.34 (dd, J = 3.0, 0.7 Hz, 1H), 4.66 (t, J = 10.5 Hz, 1H), 3.75 (s, 

3H), 3.22 (dd, J = 16.4, 11.0 Hz, 1H), 2.63 (dd, J = 16.4, 9.9 Hz, 1H). 13C NMR (101 MHz, 

DMSO-d6) ŭ 160.60, 148.21, 145.51, 136.97, 135.70, 135.30, 133.87, 130.28, 129.72, 129.24, 

128.74, 128.27, 128.17, 127.79, 127.03, 125.76, 125.62, 120.96, 120.01, 118.09, 117.32, 

109.44, 100.21, 63.57, 44.92, 32.45. tR = 2.38 min. ESI-MS for C27H21ClN4O: calculated 452.1, 

found m/z 453.2, 455.2 [M + H]+; 451.3, 453.3 [M ī H]ī. 

(E)-6-Chloro-3-(3-(1-ethyl-1H-indol-5-yl)acryloyl)-4-phenylquinolin- 2(1H)-one (102b).  

Compound 102b was synthesized via general procedure A using 71a 

(402 mg, 1.30 mmol) and 1-ethyl-1H-indole- 5-carbaldehyde 84 (225 

mg, 1.30 mmol). Purification was performed by direct phase flash 

chromatography (SiO2 gold 40 g; A= DCM, B= EtOH, gradient 0ī5% 

B) to afford 102b (395 mg, yield 65%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.31 (s, 1H), 7.85 (d, J 

= 1.4 Hz, 1H), 7.65 (dd, J = 8.8, 2.4 Hz, 1H), 7.56 (d, J = 16.3 Hz, 1H), 7.50ī7.45 (m, 3H), 

7.45ī7.38 (m, 4H), 7.33 (dd, J = 7.7, 1.8 Hz, 2H), 6.97 (d, J = 2.3 Hz, 1H), 6.65 (d, J = 16.2 Hz, 

1H), 6.45 (d, J = 3.1 Hz, 1H), 4.20 (q, J = 7.2 Hz, 2H), 1.34 (t, J = 7.2 Hz, 3H). 13C NMR (101 

MHz, DMSO-d6) ŭ 193.47, 159.48, 148.79, 146.30, 137.46, 136.80, 133.77, 132.92, 130.76, 

129.42, 128.98, 128.89, 128.72, 128.66, 128.37, 128.30, 125.99, 125.53, 125.35, 124.27, 

123.35, 121.02, 120.65, 117.63, 110.32, 101.75, 79.15, 15.44. tR = 2.56 min. ESI-MS for 

C28H21ClN2O2: calculated 452.1, found m/z 453.2, 455.2 [M + H]+; 451.3, 453.3 [M ī H]ī.  
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6-Chloro-3-(5-(1-ethyl-1H-indol-5-yl)-4,5-dihydro-1H-pyrazol- 3-yl)-4-phenylquinolin-2(1H)-

one (102c). 

Compound 102c was synthesized via general procedure B using 

102b (336 mg, 0.79 mmol) with hydrazine hydrate (77 ɛL, 1.58 

mmol). Purification was performed by direct phase flash 

chromatography (SiO2 gold 24 g; A= DCM, B= EtOH, gradient 

0ī10% B) to afford 102c (322 mg, yield 87%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.18 (s, 1H), 

7.60ī7.48 (m, 4H), 7.41 (d, J = 8.8 Hz, 1H), 7.38ī7.30 (m, 3H), 7.25 (dt, J = 6.6, 2.1 Hz, 2H), 

7.00 (d, J = 3.2 Hz, 1H), 6.89 (dd, J = 9.7, 2.0 Hz, 2H), 6.34 (dd, J = 3.2, 0.8 Hz, 1H), 4.64 (td, J 

= 10.4, 3.2 Hz, 1H), 4.17 (q, J = 7.2 Hz, 2H), 3.21 (dd, J = 16.4, 11.0 Hz, 1H), 2.63 (dd, J = 16.4, 

9.9 Hz, 1H), 1.33 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) ŭ 160.59, 148.22, 145.47, 

136.97, 135.29, 134.66, 133.82, 130.30, 129.23, 128.75, 128.27, 128.18, 128.12, 127.94, 

127.04, 125.74, 125.63, 120.97, 119.94, 118.22, 117.33, 109.48, 100.42, 63.56, 56.02, 44.87, 

18.54, 15.49. tR = 2.51 min. ESI-MS for C28H23ClN4O: calculated 466.2, found m/z 467.2, 469.2 

[M + H]+; 465.3, 467.4 [M ī H]ī. 

(E)-6-Chloro-3-(3-(1-ethyl-1H-indazol-5-yl)acryloyl)-4-phenylquinolin- 2(1H)-one (103b).  

Compound 103b was synthesized via general procedure A using 

71a (292 mg, 0.98 mmol) and 1-ethyl-1H-indazole-5-carbaldehyde 

85 (171 mg, 0.98 mmol). Purification was performed by direct phase 

flash chromatography (SiO2 gold 24 g; A= DCM, B= EtOH, gradient 

0ī5% B) to afford 103b (275 mg, yield 61%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.33 (s, 1H), 

8.09 (s, 1H), 8.07 (d, J = 1.4 Hz, 1H), 7.72 (dd, J = 8.9, 1.6 Hz, 1H), 7.69ī7.57 (m, 3H), 7.48 (d, 

J = 8.8 Hz, 1H), 7.46ī7.36 (m, 3H), 7.34 (dd, J = 7.8, 1.8 Hz, 2H), 6.98 (d, J = 2.3 Hz, 1H), 6.74 

(d, J = 16.3 Hz, 1H), 4.43 (q, J = 7.2 Hz, 2H), 1.38 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, 

DMSO-d6) ŭ 193.64, 159.45, 147.35, 146.51, 139.48, 137.50, 133.76, 133.70, 132.72, 130.84, 

128.89, 128.76, 128.40, 126.97, 126.03, 125.64, 125.55, 125.18, 123.97, 123.80, 120.63, 

117.66, 110.26, 43.20, 14.85. tR = 2.35 min. ESI-MS for C27H20ClN3O2: calculated 453.1, found 

m/z 454.4, 456.4 [M + H]+, 452.4, 454.4 [M ī H]ī. 

  
























































































































