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Abstract 

Human monoamine oxidases (MAOs) are flavin-containing enzymes located on the outer 

mitochondrial membrane, which catalyse the oxidative degradation of amines. There are two 

different isoforms in human organism: hMAO-A and hMAO-B. The two MAO enzymes share 

similar affinity for dopamine, epinephrine, norepinephrine, and tyramine; serotonin is the 

preferred substrate for hMAO-A, while hMAO-B has high affinity for benzylamine. The activity 

of these enzymes significantly impacts the concentration and functional levels of 

catecholamines in the central nervous system (CNS). As a result, hMAO inhibitors that operate 

within the CNS are vital for decreasing the degradation of these neurotransmitters, which is 

essential for treating neurodegenerative conditions such as depression, Alzheimer’s disease, 

and Parkinson’s disease. Starting from this evidence, the focus of this project has been the 

design, synthesis, and biological evaluation of novel monoamine oxidase (MAO) inhibitors 

based on the open form of benzothiophene-3-ol scaffolds and benzo[b]thiophene-3-ole-2- 

phenylcarboxamide derivatives, with the aim of developing new effective neuroprotective 

agents. Initial studies conducted in 2019 by Professor Daniela Secci’s research group identified 

the benzo[b]thiophene-3-ol core as a promising scaffold for neuroprotection, demonstrating 

impressive efficacy in inhibiting monoamine oxidases. [1] To further enhance the potential of 

the 2-aroyl-benzo[b]thiophen-3-ol scaffold, we explored chemical modifications inspired by 

previous structure-activity relationship (SAR) studies, showing that chromone-based 

compounds featuring an amide spacer at position 3 demonstrated the highest potency and 

selectivity for MAO inhibition. Building on this finding, we developed a series of carboxamide 

analogues of the 2-aroyl-benzo[b]thiophen-3-ols by substituting the carbonyl spacer with an 

amide. [2] All the derivatives were synthesized through a multi-step process (yields ranging 

from 33% to 45%) characterized using NMR spectroscopy (1H and 13C) and tested for inhibition 

of human MAO-A and MAO-B isoforms at a concentration of 10 µM. Most of the compounds 

demonstrated selectivity for MAO-B, with compound 5 (bearing a 2-methoxy group) achieving 

complete (100%) inhibition. Structural modifications, such as positional changes of substituents, 

significantly influenced the activity, with para-methyl (compound 4) showing 65.31% inhibition 

of MAO-B, while other substitutions were less effective. Additionally, halogenated derivatives 

showed promising inhibition patterns. 
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In the second part of the project, we developed novel open-structure analogues of 

benzo[b]thiophen-3-ols based on the methyl 2-(benzylthio)benzoate scaffold. The new 

derivatives were obtained through multi-step synthetic procedures, ensuring the 

reproducibility of the method and reaction yields ranging from 62% to 78%. Each compound 

was characterized using NMR spectroscopy (1H and 13C) and subsequently evaluated for its 

inhibitory activity against the A and B isoforms of the monoamine oxidase enzyme through 

preliminary assays at a fixed concentration of 10 µM. The results from the enzyme inhibition 

assays revealed that some derivatives, particularly 16B and 20A (methyl 2-((2-(4-bromophenyl)- 

2-oxoethyl) sulfonyl) benzoate and 2-((2-oxo-2-(p-tolyl) ethyl) sulfinyl) benzoic acid, 

respectively), exhibited inhibition percentages greater than 50% against the B isoform. 

Additionally, for derivatives 16, 16A, and 16B (methyl 2-((2-(4-bromophenyl)-2- 

oxoethyl)sulfonyl)benzoate, methyl 2-((2-(4-bromophenyl)-2-oxoethyl)sulfinyl)benzoate, methyl 

2-((2-(4-bromophenyl)-2-oxoethyl)sulfonyl)benzoate), which showed more than 70% inhibition 

against the A isoform, further studies were conducted to determine their IC50 values, yielding 

3.01 µM, 3.16 µM, and 1.20 µM, respectively. Another promising result was observed for 

derivative 18A (methyl 2-((2-(4-nitrophenyl)-2-oxoethyl)sulfinyl)benzoate), which 

demonstrated an inhibition percentage of over 90% against the A isoform, with an IC50 value of 

2.86 µM. This research underscores the potential of these compounds as a monoamine oxidase 

inhibitor, paving the way for further investigation, including the determination of IC50 values 

for the most promising derivatives and the inhibition essays toward the hMAO-B isoform. It 

also establishes a solid foundation for the continued development of neuroprotective agents 

aimed at treating neurodegenerative diseases. 

 

The last part of the project has been focused on the Photocatalytic Functionalization of 

Dehydroalanine-Derived Peptides in Batch and Flow. Unnatural amino acids, and their 

synthesis via the late- stage functionalization (LSF) of peptides, play a crucial role in areas such 

as drug design and discovery. Historically, the LSF of biomolecules has predominantly utilized 

traditional synthetic methodologies that exploit nucleophilic residues, such as cysteine, lysine 

or tyrosine. In this study, we present a photocatalytic hydroarylation process targeting the 

electrophilic residue dehydroalanine (Dha). This residue possesses an α,β-unsaturated moiety 

and can be combined with various arylthianthrenium salts, both in batch and flow reactors. 

Notably, the flow setup proved instrumental for efficient scale-up, paving the way for the 

synthesis of unnatural amino acids and peptides in substantial quantities. Our photocatalytic 

approach, being inherently mild, permits the diversification of peptides even when they contain 
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sensitive functional groups. The readily available arylthianthrenium salts facilitate the seamless 

integration of Dha-infused peptides with a wide range of arenes, drug blueprints, and natural 

products, culminating in the creation of unconventional phenylalanine derivatives. The 

synergistic effect of the high functional group tolerance and the modular characteristic of the 

aryl electrophile enables efficient peptide conjugation and ligation in both batch and flow 

conditions.[3] 

 
1. Guglielmi, P., Secci, D., Petzer, A., Bagetta, D., Chimenti, P., Rotondi, G., ... & Carradori, S. (2019). Benzo [b] 

tiophen-3-ol derivatives as effective inhibitors of human monoamine oxidase: design, synthesis, and biological 

activity. Journal of Enzyme Inhibition and Medicinal Chemistry, 34(1), 1511-1525. 

2. Reis J, Cagide F, Chavarria D, Silva T, Fernandes C, Gaspar A, Uriarte E, Remião F, Alcaro S, Ortuso F, Borges F. 

Discovery of New Chemical Entities for Old Targets: Insights on the Lead Optimization of Chromone-Based 

Monoamine Oxidase B (MAO-B) Inhibitors. J Med Chem. 2016 Jun 23;59(12):5879-93. doi: 

10.1021/acs.jmedchem.6b00527. 

3. Kaplaneris N, Akdeniz M, Fillols M, Arrighi F, Raymenants F, Sanil G, Gryko DT, Noël T. Photocatalytic 

Functionalization of Dehydroalanine-Derived Peptides in Batch and Flow. Angew Chem Int Ed Engl. 2024 May 

6;63(19):e202403271. doi: 10.1002/anie.202403271. Epub 2024 Apr 8. PMID: 38497510. 
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Human monoamine oxidases (hMAOs) 
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1.1 Introduction 

Monoamine oxidases (MAOs; EC 1.4.3.4) are flavoenzymes bound to the outer mitochondrial 

membrane which catalyse the oxidative degradation of amines. In human have been observed 

two different isoforms called A and B (hMAO-A / hMAO-B), respectively [1]. The first insight 

about mammalian MAOs date back to 1928 when Hare observed a tyramine oxidase activity in 

rabbit liver, not explainable with tyrosinase function [2]. The presence of these enzymes in the 

main organ addicted to the chemical inactivation of xenobiotics, prompted Hare to postulate 

that they were mainly involved in the metabolism of potentially toxic exogenous amines. 

Follow-up studies showed that these enzymes catalyse the oxidative deamination of various 

biogenic amines, which is an essential process in different physiological functions including 

the regulation of neurotransmitter levels. As matter of fact, this enzyme family is known to act 

on small-molecule monoamines, such as neurotransmitters including dopamine, 

norepinephrine, epinephrine and serotonin, the neurologically important amine 

phenethylamine as well as polyamines like putrescine, spermidine, and spermine] [3]. The two 

isoforms of monoamine oxidase exhibit similar overall structures, with highly conserved flavin 

adenine dinucleotide (FAD) binding domains that resemble the folding pattern observed in p- 

hydroxybenzoate hydroxylase. However, these enzymes possess diverse substrate-binding 

sites. As flavoprotein oxidases, they catalyse substrate oxidation through a two-step process. 

In the reductive half-reaction, the flavin cofactor accepts a hydride equivalent from the 

substrate, becoming reduced. This is followed by the oxidative step, where the reduced flavin 

is oxidized by molecular oxygen (Figure 1.1.1) [4,5,6] 

Flavin-dependent enzymes play a crucial role in various biological processes, and the 

understanding of the underlying electron transfer mechanisms is essential for elucidating their 

catalytic activity. Several mechanisms have been proposed to explain the transfer of electrons 

from the substrate to the flavin cofactor. 
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Figure 1.1.1. Chemical reaction catalysed by hMAOs using dopamine as an example of neurotransmitter 

substrate. The flavin cofactor is reported in yellow and undergoes a two-electron reduction substrate 

oxidation. Regeneration to its functional form is accomplished by molecular oxygen, leading to 

hydrogen peroxide production [7,8]. 

 

 

1.2 Catalytic mechanism of amine oxidation 

The FAD cofactor is covalently bound via a thioether linkage to a Cys residue of the enzyme 

(Cys 406 for hMAO-A; Cys 397 for hMAO-B) at the 8a-methylene position of the isoalloxazine 

ring, playing a crucial role in oxidative deamination. Over the years, two main proposals have 

been suggested to explain the mechanism of electron transfer from the amine to the flavin ring. 

The first proposal is the single electron transfer (SET) mechanism proposed by Silverman 

(Figure 2) [9,10,11]However, experimental attempts to support the SET mechanism failed, 

reinforcing the conclusion that this pathway is both kinetically and thermodynamically 

improbable. 
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Figure 1.2.1. Single electron transfer (SET) mechanism of action of monoamine oxidases [8] 

 

 

In 1999, Edmondson proposed the polar nucleophilic mechanism (Scheme), which aligns more 

closely with experimental evidence. This mechanism does not involve a radical process. 

Instead, the nucleophilic attack of the amine nitrogen on the C(4a) position of the isoalloxazine 

ring produces an adduct with a positively charged nitrogen derived from the amine substrate 

and a negatively charged nitrogen at N(5) of the FAD. This increases the pKa of the α-carbon 

protons, which can be easily abstracted due to the proximity to the negatively charged N(5) of 

the isoalloxazine, producing the iminium ion (Figure 3). [8] 
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Figure 1.2.2. Polar nucleophilic mechanism of action of monoamine oxidases [12] 

 

 

The main by-product of this metabolic pathway is hydrogen peroxide, which is typically 

deactivated by glutathione peroxidase (GDO). However, if glutathione (GSH) levels in the 

brain are low, hydrogen peroxide can be converted by Fe²⁺ ions (via the Fenton reaction) into 

highly reactive oxygen species (ROS), which have been implicated in the neurotoxicity 

observed in some neurodegenerative disorders. [12] 

 

1.3 Structural properties of hMAOs 

Human monoamine oxidases A and B share approximately 70% sequence identity and are 

found in most mammalian tissues [13,14]. These were originally distinguished by their 

sensitivities to the inhibitors clorgyline and l-deprenyl, as well as their substrate preferences. 

Generally, hMAO-A is inhibited by low concentrations of clorgyline and catalyses the 

oxidation of 5-hydroxytryptamine (i.e., serotonine, 5-HT), while MAO-B is inhibited by low 

concentrations of l-deprenyl and is active towards benzylamine and 2-phenylethylamine. Both 

isoforms of the enzyme can oxidize dopamine, noradrenaline, adrenaline, tryptamine, and 

tyramine. There is some evidence of heterogeneity in the behaviour of hMAO isoforms. For 
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instance, only about 10% of liver hMAO-B can bind imidazolines, and human platelet MAO-B 

binds imidazolines weakly [15,16]. It is unclear whether this reflects tissue-specific differences 

in enzyme processing or the effects of an endogenous ligand. Additionally, there are reports 

that hMAO-A, or a tightly bound component, can modify the substrate specificity of hMAO-B. 

When platelet hMAO-B was incubated with purified human placental MAO-A, its activity was 

altered to have both hMAO-A and hMAO-B substrate and inhibitor affinities while retaining 

hMAO-B immunospecificity. [17] 

Reliable expression systems for hMAO-A and hMAO-B have been developed, enabling 

structural studies of these isoenzymes) [18] The structures of hMAO-B and hMAO-A provide 

crucial information for the development of effective and selective inhibitors. Initial analysis of 

human hMAO-B crystals diffracted to 3.0 Å resolution has been carried out by Binda et al in 

the 2001 [19,20], while a 3.0 Å structure of the adduct of human MAO-A with the acetylenic 

inhibitor clorgyline has been resolved more recently [21]. For what regard hMAO-B crystal 

structure, the enzyme is tightly bound to the outer mitochondrial membrane, with the C- 

terminal region being responsible for this membrane attachment. Analysis of the hMAO-B 

amino acid sequence suggests that a 27-amino acid transmembrane helix formed by residues 

489-515 is the primary structural element responsible for membrane integration [22, 23, 24] 

Interestingly, further studies have shown that the C-terminal region may contain additional 

membrane interaction sites; in fact, it seemed that the truncation of this region does not 

completely abolish the enzyme's ability to bind to the membrane. The crystal structure of 

hMAO-B reveals that the C-terminal residues form an extended polypeptide chain (461-488) 

that traverses the monomer surface, followed by an α-helix that corresponds to the predicted 

transmembrane segment [21]. The orientation of the transmembrane helix, with its axis 

approximately parallel to the molecular two-fold axis of the MAO-B dimer, suggests that the 

enzyme binds to the membrane with its two-fold axis perpendicular to the membrane plane. 

The presence of an arginine residue in the second helix turn, oriented towards the anionic 

phospholipid headgroups, further supports the importance of electrostatic interactions in the 
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membrane attachment of hMAO-B. While the C-terminal helix is predicted to extend to residue 

515, the electron density in this region is interrupted at Ile496, indicating the possibility of static 

and/or dynamic disorder in this portion of the helix which results probably due to the absence 

of membrane bilayer Interestingly, it has been noticed from the study of Binda et al., that 

together with the C-terminal region, other site could be involved in the membrane binding such 

as residues 481-488 and other hydrophobic chains such as Phe 481, Leu 482, Leu 486 and Pro 

487 point towards the membrane. These structural insights into the membrane attachment of 

hMAO-B provide a valuable foundation for understanding the enzyme's localization and 

function within the mitochondrial membrane. [22-29] 

The analysis of the electron density map of hMAO-B co-crystalized with pargyline, shows that 

the inhibitor binds covalently to the N5 atom of the flavin in a solvent-inaccessible 

environment.[30] The substrate binding site is a flat cavity with a volume of 420 Å3, lined by 

aromatic and aliphatic amino acids that provide the highly hydrophobic environment 

predicted by studies of substrate specificity and structure-activity relationships [31]. Adjacent 

to the substrate cavity there is a smaller, separate hydrophobic cavity lined by residues Phe 

103, Pro 104, Trp 119, Leu 164, Leu 167, Phe 168, Leu 171, Ile 199, Ile 316, and Tyr 326. This 

second cavity is situated between the active site and the protein surface, shielded from solvent 

by loop 99–112. Residues Tyr 326, Ile 199, Leu 171, and Phe 168 separate the two cavities. These 

observations suggest a mechanism where the substrate initially accesses the smaller “entrance 

cavity” through the movement of loop 99–112, and then transiently moves past the four 

separating residues to reach the active site. The total distance of substrate migration from the 

entrance cavity surface to the flavin ring is approximately 20 Å. Loop 99–112 may function as 

a “gating switch” to the entrance cavity, and its proximity to the membrane binding region 

suggests the substrate must access the catalytic site from the protein surface oriented towards 

the membrane. [21] 

On the other hand, crystallographic structure of hMAO-A has been developed lately compared 

to the isoform B. Initially, thanks to Ma et al. studies, rat MAO-A (rMAO-A) structure has been 
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defined, albeit rMAO-A crystals initially prepared only diffracted to 3.2 Å, limiting the level of 

detail that can be attained about the molecular structure of its active site. However, these results 

showed that the enzyme used to pack in a tetrameric formation which form a dimeric structure 

in vivo in a way like MAO-B. [2] 

It also has been predicted that the C-terminal regions of hMAO-B and rMAO-A are 

transmembrane α-helices that anchor the enzymes to the mitochondrial outer membrane, with 

the rest of the protein exposed to the cytoplasm. 

Only in 2005, at Berkeley University, De Colimbus and his research group finally discovered 

the three-dimensional structure of hMAO-A reported as its clorgyline-inhibited adduct [ref de 

Colimbus [22]. Based on this research, it has been seen that hMAO-A structure is quite similar 

to both hMAO-B and rMAO-A. However, it also has been noticed that some important 

differences define the hMAO-A structure as unique in this field. Starting from the cavity- 

shaping loop 210-216, which represent a fundamental part for hMAO-A active-site. Another 

unique feature has been represented by the fact that hMAO-A crystalize as a monomer in fact, 

crystal structures of hMAO-A showing that Lys-151 is located remote from the active site on 

the protein surface (Figure). This surface location is proximal to a cluster of charged residues 

involved in monomer-monomer contacts to form the dimer in hMAO-B and rMAO-A. No other 

significant alterations are observed when comparing the residues involved in the dimerization 

of rMAO-A or hMAO-B with the corresponding residues in hMAO-A. However, the structural 

data support the intriguing hypothesis [22] that a specific mutation in hMAO-A destabilizes its 

dimeric state, resulting in its observed monomeric form. The interaction in the active site of the 

enzyme is between the flavin N5 and the clorgyline. In particular, the binding site is 

represented by a cavity that start from the flavin ring and arrive to the loop of the residues 210- 

216. With a volume of around 550 Å and a composition of 11 aliphatic and 5 aromatic residues, 

this cavity, similar to hMAO-B, showed to be quite hydrophobic. Close to the entrance of the 

catalytic site two residues of cysteine (Cys-321 and Cys-323) has been found. It has been seen, 
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during different mass spectrometry and mutagenic studies, that mutations on these two 

residues seemed to not influence the catalytic activity of the enzyme. [22,23] 

To better understand the crystal structure and inhibitory activity of the enzyme, the two 

isoforms has been compared. The structures of the covalent FAD coenzymes and the two 

tyrosines constituting the "aromatic cage" [21,23] in the active sites were found to be identical. 

Since this region of the active sites is directly involved in substrate oxidation, this similarity 

supports the idea that both enzymes follow the same catalytic mechanisms [23]. However, 

significant differences were observed in the active site areas opposite the flavin, which govern 

substrate recognition, where it has been noticed, seven residues differ in identity. Additionally, 

there is a major alteration in the conformation of loop 210–216, resulting in C movements up to 

6 Å due to a more extended loop conformation in hMAO-A. Consequently, the shapes and sizes 

of the active site cavities differ due to a combination of amino acid replacements and 

conformational changes. As matter of fact, hMAO-A has a single substrate cavity of 550 Å³, 

which is shorter and wider than the longer and narrower cavity in hMAO-B, which has a size 

of 700 Å³. Substrate entry into hMAO-B involves entrance and substrate cavities that fuse when 

certain inhibitors (including deprenyl) are bound. On the other hand, the structural data show 

that the active site cavity of hMAO-A does not exhibit such a bipartite nature. [22] 

Based on these studies, seems clear that understanding the three-dimensional structures of 

hMAO-A and hMAO-B has offered new insights into how these enzymes interact with 

substrates and inhibitors. Further research in this area could help clarify the observed species 

variations in substrate specificity and inhibitor sensitivity, paving the way for the development 

of more effective hMAOs inhibitors for therapeutic use. [32] 

 

1.4 Pathological role of hMAOs and their inhibitors 

Monoamine oxidase enzymes are responsible for the degradation of biologically important 

amines including neurotransmitters, including neurotransmitters (norepinephrine, 

epinephrine, serotonin, and dopamine), trace amines, and neurotoxins. Although even if it has 
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been nearly 100 years since they were first described, there is still a lot to learn about their role 

in the healthy brain and how they are altered in various disease states. [31] 

Monoamines play a unique role in neural development. In addition, to acting as 

neurotransmitters throughout prenatal life, they also contribute to neural differentiation and 

morphogenesis. hMAOs are therefore positioned to indirectly impact morphological features 

of the brain and its neural circuitry. 

Tong et al. (2013) conducted a survey of regional hMAO distribution in healthy human brains, 

spanning 38 regions. The expression of hMAOs was heterogenous, though both isoforms were 

most highly expressed in the hypothalamus, nucleus basalis, and the hippocampal uncus. Across all 

brain regions examined, hMAO-B was significantly more abundant, with the B:A ratio ranging 

from 2:6 in the occipital cortex to 17:8 in the caudal corpus callosum [32]. This study revealed 

three developmental phases for hMAOs in the frontal cortex of healthy human brains. These 

included an infant phase (up to 1 year), a toddler phase (1–4 years), and the years thereafter. 

At birth, hMAO-A levels were 78 % of adult levels and increased 50 % above adult levels by 7 

months, after which levels declined and stabilized. hMAO-B was barely detectable at birth but 

increased significantly over the first two years of life. From 18 years of age and up, hMAO-B 

increased ~20 % per decade, whilst hMAO-A remained stable. Using autoradiography, [34] also 

observed a significant increase in hMAO-B with age across 18 brain structures. In contrast, to 

the steady increase in hMAO-B that was observed by Tong et al. (2013), their data showed that 

hMAO-B began to increase between ages 50–60. 

hMAOs were recognized for their role in mood and behaviour regulation in the 1950s. Clinical 

studies investigating the efficacy of the human monoamine oxidase inhibitor (hMAOI) 

iproniazid in tuberculosis patients revealed that individuals who were administered the drug 

became more active and social. The stimulating effect of iproniazid was initially considered a 

side-effect, and its use as a treatment for depression was quickly pursued. Subsequent studies 

demonstrated its effectiveness [35] and led to the development of additional hMAOIs to treat 

depression [36, 37, 38]. hMAOIs are no longer widely prescribed today due to adverse side 
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effects and drug interactions, however, they are considered good options for treatment of 

resistant and atypical depression [39,40,41] 

hMAO substrates cooperatively mediate a wide range of behaviours and cognitive processes, 

including aggression [42] motivation [43], and movement; moreover, their metabolites and 

molecular byproducts also have substantial effects on a wide range of neural functions. 

Substrate oxidation by both hMAOs produces hydrogen peroxide and ammonia, which are 

implicated in the pathophysiology of various neurological disorders [44]. hMAOs are also 

crucial to the formation and function of neurotoxins. hMAO-B mediates the conversion of 1- 

methyl-4-- phenyl-1,2,3,6-tetrahydropyridine (MPTP) to its neurotoxic metabolite 1-methyl-4- 

phenylpyridinium (MPTP), which is known to induce PD symptoms and pathology [45]. This 

compound was obtained as impurity during the attempt to synthesise the meperidine analogue 

MPPP (1-methyl-4-phenyl4-propionoxy-piperidine, Figure 1.4.1). MPTP is a “pro-toxin” 

because exerts neurotoxicity only after its conversion by means of MAO-B, affording MPDP+ 

which in turn, undergoes spontaneous oxidation to MPP+ provided with neurotoxic properties 

(Figure 1.4.1) [46-48] 
 

 

 

Figure 1.4.1. Structural formula of meperidine analogues and MPTP activation mechanisms. 
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1.5 MAOs in neurodegenerative diseases 

Neurodegenerative disease is a leading cause of disability in elderly populations . Alzheimer’s 

disease (AD) and Parkinson’s disease (PD) are the most prevalent neurodegenerative diseases 

worldwide, affecting an estimated 24 million and 6.1 million people, respectively [49,50]. PD is 

a heterogenous disease of genetic and sporadic origin that is characterized by progressive loss 

of dopaminergic neurons in the substantia nigra pars compacta [51]. Loss of this neuronal 

population results in striatal dopamine denervation, leading to motor problems such as 

rigidity, bradykinesia, resting tremor, and postural instability. Hallmark motor symptoms are 

often what led to the diagnosis, however, sleep disturbances, depression, and cognitive 

impairment are often present for years prior to the discovery [52]. Another pathological feature 

that is often observed in, but not specific to, PD, are Lewy Bodies, intracellular neuronal 

aggregates that are made up of the protein α-synuclein[53, 54]. Currently, the most common 

and effective treatment for PD is based on dopamine (DA) replacement, which is achieved 

through administration of Levodopa (L-dopa), a direct precursor of DA. 

However, during the years, clinical studies had shown that rasagiline treatment reduced 

functional decline in both the short- and long-term treatment [55]. These results suggested that 

inhibition of hMAO-B in PD is effective because it increases extracellular DA in the striatum 

and aids in preventing cell death. As matter of fact, hMAO-B inhibitors (hMAO-Bis) continue 

to be used in the treatment of PD [56,57]. Additional research on the effects of hMAO inhibition 

in PD is warranted, particularly regarding its role in inflammatory signalling and astrocyte 

activation. hMAO-B was recently shown to drive NLRP3 inflammasome activation [58]which 

is known to play a crucial role in PD neural pathology [59]. Additionally, high levels of hMAO- 

B in astrocytes was observed to induce PD-like pathology in a mouse model [60]. Using 

quantitative immunoblotting, [33] measured hMAO-A and hMAO-B protein concentration in 

postmortem brains from individuals diagnosed with PD, multiple systems atrophy (MSA), and 

progressive supranuclear palsy (PSP). MSA and PSP are considered “Parkinson’s-plus” 

disorders due to their similarities with PD in addition to more widespread, unique pathological 
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features [61]. Tong et al. (2017) observed significantly elevated hMAO-B expression in the 

putamen in MSA, in the substantia nigra, caudate, putamen, and frontal cortex in PSP, and in 

the frontal cortex in PD. hMAO-A levels were significantly decreased in the putamen in MSA 

and significantly increased in the caudate in PSP and putamen in PD. Their findings 

demonstrate distinct hMAO dysregulation patterns in three similar neurodegenerative 

diseases. An unexpected finding in this study was the observation that hMAO-A was elevated 

in the putamen in PD. DA denervation of the striatum is a pathological feature of PD and 

hMAO-A is thought to mainly be expressed in dopaminergic neurons [62]. This unexpected 

increase may be due to hyperexpression of hMAO-A by the surviving dopaminergic neurons, 

which may function as a compensatory mechanism. 

The other neurodegenerative disorders, particularly Alzheimer’s disease (AD), impose 

significant psychological and economic burdens on patients. One of the key factors 

contributing to cognitive dysfunction in AD is the activation of the hMAO enzymes. Research 

has demonstrated that monoamine neurotransmitter systems play a crucial role in cognition at 

the biomolecular level, particularly in functions such as attention, memory, paranoid thinking, 

orientation, behaviour, and emotion. hMAO enzyme activity disrupts several chemical 

neurotransmitters, including cholinesterase, glutamate, serotonin (5-HT), and norepinephrine 

(NE), leading to cognitive impairments. [63,64]. 

Extensive research has shown that the hMAO-A isoform affecting predominantly NE and 5- 

HT, regulates cognition, intellect, and motivation, all of which are essential for social 

interactions. hMAO-A activation negatively impacts the NE pathway, contributing to the 

symptoms of impaired cognitive functions. Similarly, hMAO-A activation disrupts the 

cholinergic system, which is closely linked to memory and emotion. 

Recent studies have highlighted a significant interaction between hMAO and catechol-O- 

methyltransferase genotypes, suggesting that increased prefrontal catecholamine availability 

is correlated with improved working memory. While there is no direct evidence linking 

neurotransmitter systems and hMAO in AD, several reports indicate that hMAO activation 
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indirectly affects neurotransmitter systems, contributing to cognitive impairment in AD. 

Oxidative stress related to hMAO-A activation is a well-known cause of neurotransmitter 

dysfunction, particularly in the cholinergic system and NE, both of which play critical roles in 

cognition. [65,66,67] 

Neuroinflammation is another critical factor in cognitive decline, serving as an intermediary 

for oxidative stress. In AD, hMAO may act as a proinflammatory mediator, exacerbating 

cognitive loss. The activation of hMAO increases levels of monoamines in the brain, disrupting 

other neurotransmitter systems and leading to cognitive impairments. [68,69] 

It has been proposed that monoaminergic dysfunction may play a role in the early stages of 

depression, while aggression and anxiety in individuals with mild cognitive impairment could 

indicate a progression to AD. Initially, elevated hMAO-A activity was observed in the platelets 

and brains of AD patients, with MAO-B activity increasing with age. Compared to age- and 

gender-matched controls, hMAO-A activity was significantly higher in the platelets of AD 

patients with dementia, and hMAO-B activity was notably higher in the cortex of the gyrus 

cinguli and hippocampus of AD patients. [68] 

Evidence has shown that the interaction between clinical features, platelet hMAO-B activity, 

and cerebrospinal fluid (CSF) monoamine metabolites underscores the importance of platelet 

hMAO-B activity as a biological marker of AD. Increased hMAO-B activity may indicate a 

susceptibility to behavioural disorders. Studies using the Mini-Mental State Examination 

(MMSE) to assess patients in different stages of AD found significant correlations between 

MMSE scores, age, and hMAO-B activity, suggesting that these markers may reflect the severity 

or therapeutic progress of AD. [70] 

hMAO-A activation also contributes to the formation of amyloid plaques, a hallmark of AD. 

Research on AD pathogenesis has demonstrated that oxidative damage is prevalent in AD 

patients, leading to amyloid plaque formation [71-74].Increased hMAO-B activity in the 

cerebral cortex and hippocampus of AD patients correlates with the presence of these plaques. 

In astrocytes, elevated MAO-B levels, which are markers of oxidative stress, are believed to 
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contribute to the excessive deamination of monoamines, releasing more oxygen radicals and 

hydrogen peroxide (H2O2), thus advancing AD progression. [75-79] 

Monoamines also influence the symptoms of neuropsychiatric diseases in AD, particularly 

through the cleavage of amyloid precursor protein (APP). The generation of amyloid-beta (Aβ) 

involves two successive cleavages of APP by beta-secretase (BACE) and gamma-secretase, a 

process influenced by MAO-Activity. Aβ production is further affected by 5-HT stimulation of 

receptors like 5-HT4, 5-HT2c, and 5-HT2a. Moreover, the levels of monoamine metabolites are 

closely related to cerebrospinal amyloid-beta levels, with increased MAO-B activity in plaques 

associated with astrocytes being a critical indicator of AD progression. [80] 

This association has been recently confirmed through imaging studies in AD mouse models. 

Given these findings, MAO-B has emerged as a potential therapeutic target for Alzheimer’s 

disease. [81] 

 

1.6 Other neurodegenerative disorders 

Neurodegenerative disorders like Huntington’s disease and amyotrophic lateral sclerosis 

(ALS) share several pathological features with Parkinson’s and Alzheimer’s diseases. These 

commonalities include oxidative stress, iron accumulation, excitotoxicity, inflammatory 

processes, and the misfolding of toxic proteins that resist degradation even after ubiquitination. 

While R-(–)-Deprenyl has not shown success in treating ALS, rasagiline and CGP 3466 have 

demonstrated effectiveness in mouse models of ALS. Additionally, a single-patient study 

suggested that combining R-(–)-Deprenyl with the 5-HT reuptake inhibitor fluoxetine may 

have beneficial effects in Huntington’s disease. [82,83] 

 

1.7 MAOs inhibitors as a therapeutic agent 

In recent years, significant progress has been made in developing effective compounds 

targeting hMAO enzymes, resulting in the creation of various new chemical entities with 

promising properties. hMAO inhibitors are typically categorized as either selective or non- 
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selective, and as reversible or irreversible inhibitors. hMAO-A inhibitors (hMAO-AIs) are 

particularly useful for treating depression, while hMAO-B inhibitors (hMAO-BIs) are valuable 

in managing Parkinson's disease (PD) especially when combined with L-DOPA (Figure 1.7.1) 

or dopamine agonists, and Alzheimer's disease (AD). However, the challenge of achieving 

selectivity and affinity for specific isoforms has led to several side effects. Irreversible 

inhibitors, for instance, cause prolonged enzyme inhibition, which can lead to toxicities such 

as hypertensive crises, hypotension, and hepatotoxicity—collectively known as the cheese 

effect. hMAO-A irreversible inhibitors tend to induce the cheese reaction, while hMAO-B 

inhibitors, at selective doses, generally do not. [84-86] 

First-generation hMAO inhibitors are mechanism-based inactivators that act through reactive 

electrophilic intermediates, which covalently modify proteins. Recent advancements have 

focused on developing newer, reversible, and selective hMAO inhibitors. Selective irreversible 

hMAOIs have been designed by adding substituents to the nitrogen atom of selective isozyme 

substrates, which are metabolized by hMAOs into electrophilic intermediates that alkylate the 

enzyme's active site. These N-substituents include allyl, amino (hydrazines), cyclobutyl, 

cyclopropyl, trialkylsilanyl, furanoyl, and oxazolidinonyl groups. Modifying the distance 

between the aromatic ring and the electron-rich centre, or introducing bulky groups on the 

aromatic ring, has led to the development of selective irreversible hMAO-A inhibitors. This is 

evident in the structural differences between the hMAO-B selective inhibitor (R)-(–)-Deprenyl 

and the hMAO-A selective inhibitor Clorgyline (Figure 1.7.1) [85-87]. Understanding the 

distinct binding sites within the active centre has helped mitigate some of the issues associated 

with non-selective inhibitors, particularly the cheese effect. The selectivity of these compounds 

is attributed to differences in substrate or inhibitor binding sites within the active site, rather 

than an alternative irreversible linkage to the FAD cofactor. However, it remains unclear 

whether these recognition sites are due to specific protein structures, lipid microenvironments, 

or MAO-Binding to certain locations on the outer mitochondrial membrane. [88-91] 
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Figure 1.7.1. Structure of some hMAO-A and B inhibitors. 

 

 

Reversible hMAO inhibitors can be further classified into competitive and slow, tight-binding 

inhibitors based on their kinetic behaviour. Competitive inhibitors form a readily reversible 

inhibitor-enzyme complex, while slow, tight-binding inhibitors undergo a time-dependent 

transformation into an activated complex, resulting in strong binding to the enzyme and a 
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conformational change in the enzyme structure. The development of reversible hMAO-A 

inhibitors, such as brofaromine and moclobemide (4-chloro-N-(2-morpholin-4- 

ylethyl)benzamide), as antidepressants, and potential anti-Parkinson's candidates with limited 

tyramine potentiation, relies on the displacement of the inhibitor by amine from the enzyme 

binding site (Figure 1.7.1). [90] 

Chemically, the first reversible hMAO-A inhibitors included morpholine derivatives 

(moclobemide), benzofuranylpiperidine derivatives (brofaromine), 2-aminoethylcarboxamide 

derivatives, and oxazolidinone derivatives (cimoxatone, toloxatone) (Figure 1.7.1). Numerous 

other compounds with hMAO-A inhibitory activity, featuring various chemical structures, are 

currently undergoing preclinical evaluation. Moclobemide, a reversible hMAO-A inhibitor, has 

been shown to produce up to 80% inhibition in the liver and brain within 30 minutes of 

administration, with nearly 100% enzyme activity recovery after a 16-hour washout period in 

ex vivo experiments. Brofaromine's reversibility lasts 24-48 hours, while cimoxatone’s lasts 

approximately 24 hours. In contrast, the irreversible inhibitor tranylcypromine allows only 

partial recovery of hMAO-A activity (about 50%) within 48 hours, with complete recovery 

taking much longer and causing prolonged side effects [88, 91]Lazabemide is one of the few 

examples of reversible hMAO-B inhibitors, while others like selegiline, pargyline, mofegiline, 

and rasagiline are selective irreversible inhibitors. A significant pharmacological advancement 

was made by inhibiting both hMAO-A and hMAO-B isoforms to fully exploit the functional 

activity of amine neurotransmitters without triggering the cheese reaction. This was achieved 

with the development of the cholinesterase-brain selective hMAO-A and hMAO-B inhibitor 

Ladostigil (N-propargyl-(3R)-aminoindan-5-yl-ethyl methylcarbamate hemitartrate), a 

carbamate derivative of rasagiline. [93-95] Pharmacologically similar to moclobemide, with 

limited tyramine potentiation, Ladostigil has demonstrated antidepressant, anti-Alzheimer, 

and anti-Parkinson activities in specific models through its inhibition of both hMAO-A and 

hMAO-B (Figure 1.7.1). Therapeutic strategies that can reverse, prevent, or even slow neuronal 

loss remain a critical unmet need in the treatment of neurodegenerative disorders, including 
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Parkinson's disease (PD). In this context, preclinical studies have clearly shown that the 

therapeutic benefits of hMAO-B inhibitors in PD extend beyond their primary mechanism of 

action, namely the inhibition of dopamine metabolism. Specifically, the neurotrophic and 

neuroprotective properties of hMAO-B inhibitors have garnered significant interest from both 

the scientific and clinical communities. However, despite strong preclinical evidence, efforts to 

establish neuroprotective or disease-modifying effects of hMAO-B inhibitors in PD have not 

yielded positive results. [96-98] 

Research on hMAO-A and its inhibitors has significantly advanced the understanding of 

aminergic neurotransmission, highlighting the crucial role of hMAOs in brain development 

and function. These studies have led to the clinical use of hMAO inhibitors as antidepressants 

and anti-parkinsonian drugs. Additionally, further research has driven the development of 

other enzyme inhibitors for treating Parkinson’s and Alzheimer’s diseases, including the 

design of molecules that combine different inhibitory functions. Despite these advances, many 

questions about hMAO remain unanswered. 
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Chapter 2 

Design and synthesis of carboxamide analogues of 

benzo[b]thiophene-3-oles 



27  

2.1. Design of the novel inhibitors 

 
In 2019 we reported the benzo[b]thiophen-3-ol core as a convenient tool for the development 

of novel neuroprotective agents, the compounds endowed with this scaffold exhibiting 

promising biological activities on rat cortex synaptosome (ex vivo models) in LPS- induced 

inflammation conditions. The molecular design of benzothiophenes was influenced by the 

structure of analogues like isatin and indoles, which demonstrated selectivity in inhibiting 

different isoforms of hMAO enzymes, targeting hMAO-B and hMAO-A, respectively. While 

the size of the molecules may help explain their varying affinities for the hMAO isoforms, it is 

important to highlight that differences in the electron density of the molecular structures play 

a significant role in determining enzymatic selectivity. By focusing on the isosteric 

substitution of nitrogen in the indole system with an oxygen atom or a methylene group, 

aurone and indanone derivatives are obtained, respectively. [94-99-100] To explore new 

structures for the inhibition of hMAO, a novel scaffold based on the benzo[b]thiophen-3-ol 

structure has been developed (Figure 2.1.1). 
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Figure 2.1.1. Design of the benzo[b]thiophen-3-ole scaffold. 

 

 

This scaffold maintained some similarities with the previously discussed compounds (i.e., 

aurone, indanone and indole scaffolds), such as the presence of a bicyclic system connected by 

a "bridge" to an aromatic or heteroaromatic ring. In the case of indole, aurone, and indanone 

derivatives, the bridge is formed by the β-carbon of the α,β-unsaturated ketone. In contrast, for 

the benzo[b]thiophen-3-ol structure, the carbonyl group of the α,β-unsaturated ketone serves 

as the bridge. 

Taking advantage of a straightforward one-step synthetic procedure (see below), the 

compounds PM1-PM20 (Figure 2.1.2) were synthesised and evaluated against the two isoforms 

of human monoamine oxidase. Only PM2, PM17, and PM18 slightly favored hMAO-A 

inhibition, while the others were more selective for hMAO-B, with IC50 values ranging from 

micromolar to low micromolar. 
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Figure 2.1.2. Structure of the compounds PM1-PM20. 

 

 

PM1, the simplest compound, showed low selectivity, inhibiting both isoforms similarly. 

Substituting the phenyl ring altered activity depending on the substituent's position and type. 

For instance, adding a methyl group, an electron donor, at the meta and para positions improved 

hMAO-B inhibition, particularly in PM4, which also showed better hMAO-A inhibition. In 

contrast, ortho-substitution reduced inhibition toward both isoforms. 

Methoxy groups followed a similar trend, with the para position enhancing hMAO-B inhibition 

and the meta position increasing selectivity by lowering hMAO-A inhibitory activity. Halogen- 

substituted compounds, particularly PM12, demonstrated increased hMAO-B inhibition and 

selectivity as halogen size increased. Compounds PM14 and PM15, with CN and NO2 at the 

para position, inhibited hMAO-B but lacked selectivity. Introducing a heterocyclic ring in 

PM16-PM19 decreased hMAO-B inhibition, whereas substituting the phenyl ring with a bulky 

naphthyl group, as in PM20, enhanced both inhibition and selectivity for hMAO-B. 

Molecular docking studies were conducted in order to unravel the molecular attributes 

responsible for inhibitory activity and selectivity. Several compounds of this series have been 

developed with variations in substituents, including bromobenzene, which appears to help 

hMAO-B inhibition. This preference could be attributed to the intermolecular hydrogen bond 
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with the Tyr326 side chain in the binding pocket. Additionally, the benzothiophene portion of 

the compounds is involved in π–π stacking interactions with Tyr407, further contributing to 

selective inhibitory activity. 

Regarding the binding of other derivatives, visual analysis revealed that the benzothiophene 

portion could adopt different modes of interaction within the hMAO-B active site, either 

maintaining or not maintaining the molecular hydrogen bond. Some derivatives oriented the 

benzothiophene portion towards the FAD cofactor, establishing π–π interactions with the 

aromatic amino acids in the active site. In contrast, the benzothiophene portion of other 

compounds was directed towards the mouth of the active site gorge, positioning the hydroxyl 

group near the Tyr326 side chain or the Ile199 residue. Consequently, the docking results 

indicated that both π–π interactions and hydrogen bonds with Tyr326 could play a crucial role 

in binding to hMAO-B. [1] 

With the aim to deeply investigate the potential of the 2-aroyl-benzo[b]thiophen-3-ole scaffold, 

we evaluated some chemical modification of this structure. In the 2016 Reis and colleagues 

evaluated a series of chromone-based compounds substituted at the position 3 with different 

spacers (carboxamide, ester, thioester, amine and vinyl, Figure 2.1.3) [101-102] Structure 

Activity Relationship (SAR) studies concerning the spacers introduced between the γ-pyrone 

and the exocyclic ring showed that the most active and selective derivatives were the ones 

endowed with amide function, the other spacers resulting in derivatives with significantly 

lower potency and selectivity. Taking inspiration by this work, we designed a series of 

carboxamide analogues of the 2-aroyl-benzo[b]thiophen-3-oles by replacing the carbonyl 

spacer with the amidic one (Figure 2.1.3). 



31  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.3. Design of the 2-phenylcarboxamide analogues of 2-aroyl-benzo[b]thiophen-3-oles. 

 

 

2.2. Chemistry 

The compounds reported in this thesis project have been synthesised through a multi-step 

synthetic approach (Scheme 2.2.1). In the first step (I), methyl thiosalicylate was reacted with 

ethyl 2-bromoacetate in the presence of potassium carbonate (K2CO3) as base. The reaction was 

performed in acetonitrile (CH3CN) at refluxing conditions to afford the ethyl ester of the 3- 

hydroxybenzo[b]thiophene-2-carboxylic acid (intermediate A, Scheme 2.2.1). The hydroxyl 

group of the intermediate A was successively masked (II) by employing chloromethyl methyl 

ether as protecting agent (intermediate B, Scheme 2.2.1). This step was mandatory because, in 

the absence of protective moiety, the formation of a pseudo-cycle between the 2-carboxylic 

moiety and the vicinal 3-hydroxyl prevent ester hydrolysis, also in harsh conditions. The 

reaction (II) was performed in dry dichloromethane (DCM) in the presence of N,N’- 

diisopropylethylamine (DIPEA) as base, at room temperature (RT). Consequently, the obtained 
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intermediate B was easily hydrolyzed (III) using lithium hydroxide (LiOH) in a mixture of 

tetrahydrofuran (THF), methanol (MeOH) and water (H2O), in the volume ratio of 3:1:1, to 

afford the intermediate C (Scheme 2.2.1). 

Once intermediate C has been synthesized the successive steps (IV and V, Scheme 2.2.1) led to 

the final compounds. In the former (IV), the coupling reaction between the carboxylic acid 

(intermediate C) and the proper (un)substituted anilines, took place. The reactions were 

performed using ethyl chloroformate as coupling agent, in the presence of an excess of 

triethylamine (Et3N) in dry THF, at room temperature and under nitrogen (N2) atmosphere. In 

the latter step (V) the eleven intermediates obtained earlier (D1-D11) underwent the removal 

of the protecting group to afford the final compounds 1-11. The “de-protection” reactions were 

performed in MeOH in the presence of concentrated hydrochloric acid (6M), at room 

temperature. 
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Scheme 2.2.1. Synthesis of the 2-phenylcarboxamide analogues of 2-aroyl-benzo[b]thiophen-3-oles 

 

 

2.3. In vitro MAOs inhibition study 

The compounds 1-11 have been appraised against both hMAO-A and hMAO-B (Table 2.3.1). 

A first screening has been performed at a fixed concentration of the inhibitors (10 µM) to 

determine the ones able to inhibit the two isoforms at the level equal or superior to 50%, our 

threshold value to determine IC50. These preliminary results show that most of the compounds 

are selective for isoform B, with derivative 5 endowed with 2-methoxy group as substituent, 

exhibiting the complete inhibition (100%) of this isoform. Interestingly, the change of position 

of this group to the para position (compound 6), led to the dramatic loss of affinity against B 

isoform (Table 2.3.1). Interesting results were also observed with the compound 4 bearing para- 
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methyl group exhibiting 65.31% inhibition against hMAO-B; on the contrary, the same 

substituent located at the positions ortho and meta (compounds 2 and 3, respectively) was poor 

tolerated leading to weaker inhibitors (percentage of inhibition < 50%). With the exception of 

compound 11, encouraging results were observed with halogen substituted derivatives, also 

showing a trend in the inhibitory activity results against hMAO-B (7-10). In particular, para- 

bromo compound (10) exhibited highest inhibitory activity among the halogen-substituted 

compounds, followed by para-chloro and para-fluoro derivatives. So, it is quite clear that 

increasing the halogen dimension led to the improvement of the inhibitory activity against 

hMAO-B. However, this trend did not include iodine (compound 11), whose presence at the 

para position of the phenyl ring had detrimental effects. 

 

Table 2.3.1. Inhibitory activity (%) of compounds 1-11 towards hMAO-A and hMAO-B 
 

  

Inhibition (%)*, § 

Compound Substituent hMAO-A hMAO-B 

1 

 

 
26.0 17.0 

2 

 

 

7.9 3.4 

3 

 

 

23.5 40.5 

4 

 

 

0 65.3 

5 

 

 

14.0 100.0 

6 

 

 

0 15.1 
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7 

 

 

0 69.8 

8 

 

 

23.1 51.8 

9 

 

 

27.3 70.1 

10 

 

 

15.1 82.8 

11 

 

 

41.6 38.4 

*Percentage inhibition evaluated at fixed concentration (10 µM) of inhibitor; §Errors are in 

the range of ±5% of the reported values, from three different assays 

 

2.4. Conclusions 

The reported project has been based on the synthesis and evaluation of a series of carboxamide 

analogues of 2-aroyl-benzo[b]thiophen-3-oles, developed through a multi-step synthetic 

approach, based on the previous successful work carried out by Guglielmi et al in 2019, focused 

on the benzo[b]thiophene-3-ole scaffold. Additionally, to further explore the potential of the 2- 

aroyl-benzo[b]thiophen-3-ole scaffold, we examined several chemical modifications, drawing 

inspiration from the work of Reis et al. (2016), who investigated chromone-based compounds 

with various spacers. Their Structure-Activity Relationship (SAR) analysis revealed that 

carboxamide spacers produced the most potent and selective derivatives. Building on these 

findings, we designed a series of carboxamide analogues by replacing the carbonyl spacer with 

an amide group. This modification aimed to enhance the biological activity and selectivity of 

the compounds, laying the foundation for future development of neuroprotective agents. 

The eleven obtained compounds were synthesized and characterized by means NMR 

spectroscopy (1H and 13C) and evaluated for their biological activity through enzymatic 

inhibitory essays. The biological evaluation revealed that many of the synthesized compounds 
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exhibited selective inhibition towards the hMAO-B isoform. Specifically, derivative 5 (3- 

hydroxy-N-(2-methoxyphenyl)benzo[b]thiophene-2-carboxamide), with a 2-methoxy 

substituent, demonstrated complete inhibition of hMAO-B at a concentration of 10 µM. 

Encouraging results were found with halogen-substituted derivatives (7 to 10, respectively: N- 

(4-fluorophenyl)-3-hydroxybenzo[b]thiophene-2-carboxamide, N-(3-chlorophenyl)-3- 

hydroxybenzo[b]thiophene-2-carboxamide, N-(4-chlorophenyl)-3-hydroxybenzo[b]thiophene- 

2-carboxamide , N-(4-bromophenyl)-3 hydroxybenzo[b]thiophene-2-carboxamide) , showing a 

clear trend in hMAO-B inhibitory activity. The para-bromo compound (10) exhibited the 

highest inhibition (82.8 %), followed by para-chloro and para-fluoro derivatives, indicating that 

larger halogens seem to improve the activity. However, this trend did not extend to iodine 

(compound 11), which had a detrimental effect on inhibition. 

This research underscores the potential of these compounds as selective hMAO-B inhibitors, 

paving the way for further investigation, including the determination of IC50 values for the 

most promising derivatives. It also establishes a solid foundation for the continued 

development of neuroprotective agents aimed at treating neurodegenerative diseases. 
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2.5. Material and methods 

2.5.1. General 

Unless otherwise indicated, all reactions were carried out under a positive nitrogen pressure 

(balloon pressure) in washed and oven-dried glassware. Solvents and reagents were used as 

supplied without further purification. All melting points were measured on a Stuart® melting 

point apparatus SMP1 and are uncorrected (temperatures are reported in °C). Fluorescence 

spectrophotometry was carried out with a Varian Cary Eclipse fluorescence 

spectrophotometer. 1H and 13C NMR spectra were recorded at 400 and 101 MHz, respectively, 

on a Bruker spectrometer using CDCl3 and DMSO-d6 as the solvents at room temperature. The 

samples were analysed with a final concentration of ~30 mg/mL. Chemical shifts are expressed 

as δ units (parts per million) relative to the solvent signal. 1H spectra are reported as follows: 

δH (spectrometer frequency, solvent): chemical shift/ppm (multiplicity, J-coupling constant(s), 

number of protons, assignment). 13C spectra are reported as follows: δC (spectrometer 

frequency, solvent): chemical shift/ppm (J-coupling constant C-F, assignment). Multiplicity is 

abbreviated as follows: br – broad; s – singlet; d – doublet; t – triplet; q – quartet; m – multiplet. 

Coupling constants J are given in Hertz (Hz). The processing and analyses of the NMR data 

were carried out with MestreNova. Column chromatography was carried out using Sigma- 

Aldrich® silica gel (high purity grade, pore size 60 Å, 230–400 mesh particle size). All the 

purifications and reactions were monitored by TLC which was performed on 0.2 mm thick 

silica gel-aluminium backed plates (60 F254, Merck). Visualization was carried out under ultra- 

violet irradiation (254 nm). Where given, systematic compound names are those generated by 

ChemBioDraw Ultra 12.0 following IUPAC conventions. Recombinant hMAO-A and hMAO- 

B (5 mg protein/mL) and kynuramine dihydrobromide were obtained from Sigma-Aldrich. 
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2.5.2. Chemistry 

Synthesis of ethyl-3-hydroxybenzo[b]thiophene-2-carboxylate derivative (A) 

To synthesize the ethyl-3-hydroxybenzo[b]thiophene-2-carboxylate derivative (A), methyl 

thiosalicylate (1.0 equivalent) was reacted with ethyl bromoacetate (1.2 equivalents) in the 

presence of potassium carbonate (1.2 equivalents) as a base, with acetonitrile as the solvent. 

The reaction mixture was stirred overnight and monitored by thin-layer chromatography 

(TLC), using a petroleum ether/ethyl acetate mixture (9:1) as the mobile phase. Upon 

completion, the reaction mixture was treated with water and ice, followed by acidification to 

neutral pH with 2N HCl. The product was extracted three times with dichloromethane (DCM), 

and the organic layer was washed with brine, dried over anhydrous sodium sulfate, filtered, 

and concentrated under reduced pressure. The crude product was purified by column 

chromatography on silica gel, using a petroleum ether/ethyl acetate mixture (25:1) as the eluent. 

The final product was obtained as a white solid in 78% yield. 

 

Synthesis of ethyl 3-(methoxymethoxy)benzo[b]thiophene-2-carboxylate (B) 

In a round-bottom flask, ethyl 3-hydroxybenzo[b]thiophene-2-carboxylate (A) (1.0 equivalent) 

was reacted with chloromethyl methyl ether (1.0 equivalent) in 50 mL of anhydrous 

dichloromethane (DCM) at room temperature. N,N-diisopropylethylamine (1.5 equivalents) 

was then added dropwise at 0 °C. The reaction mixture was stirred overnight at room 

temperature under an inert atmosphere. Upon completion, the reaction mixture was extracted 

three times with a saturated sodium bicarbonate (NaHCO₃) solution and dichloromethane. The 

organic layer was washed with brine, dried over anhydrous sodium sulfate, filtered, and 

concentrated using a rotary evaporator. The crude product was used in the subsequent reaction 

step without further purification. 

 

General procedure for the synthesis of the 3-(methoxymethoxy)benzo[b]thiophene-2- 

carboxylic acid derivative (C) 

In a 250 mL flask, ethyl 3-(methoxymethoxy)benzo[b]thiophene-2-carboxylate (1.0 equivalent) 
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was treated with lithium hydroxide monohydrate (4.0 equivalents) in a solvent mixture of 

tetrahydrofuran, methanol, and water (3:1:1 ratio, 1 mL/mmol). The reaction proceeded at room 

temperature overnight, with its progress monitored via TLC using a petroleum ether/ethyl 

acetate (4:1) mobile phase, until the disappearance of the reactant spots indicated completion. 

Afterward, THF and methanol were removed by rotary evaporation, and water was added to 

the remaining mixture. The solution was then acidified with 2N HCl, precipitating 3- 

(methoxymethoxy)benzo[b]thiophene-2-carboxylic acid as a light pink solid. This solid was 

collected by vacuum filtration and directly used in the subsequent step to synthesize 3- 

(methoxymethoxy)-N-phenylbenzo[b]thiophene-2-carboxamide, with a yield of 57%. 

 

General procedure for the synthesis of the 3-(methoxymethoxy)-N-phenylbenzo[b]thiophene- 

2-carboxamide derivatives (D1-D11) 

In a 250 mL flask, under an inert atmosphere, 1.0 equivalent of the C intermediate in anhydrous 

tetrahydrofuran was combined with triethylamine (3.0 equivalents) and ethyl chloroformate 

(1.0 equivalent). After approximately 10 minutes, 1.2 equivalents of aniline, substituted at 

various positions, were added to the reaction mixture. The reaction was stirred for 5 hours and 

monitored via TLC, using a petroleum ether/ethyl acetate mixture (6:1) as the mobile phase. 

Upon completion, water and ice were added, and the mixture was acidified with 2N HCl to a 

pH of 5. The organic product was extracted twice with dichloromethane, and the organic phase 

was washed with brine, dried over anhydrous sodium sulfate, filtered, and concentrated using 

a rotary evaporator. The resulting dark viscous oil was purified via column chromatography 

on silica gel, using petroleum ether/ethyl acetate mixtures (ratios of 4:1, 5:1, or 7:1) as the mobile 

phase. The final product, 3-(methoxymethoxy)-N-phenylbenzo[b]thiophene-2-carboxamide, 

was obtained as a white solid, with a yield ranging from 54% to 66%. 
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General procedure for the synthesis of the 3-hydroxy-N-phenylbenzo[b]thiophene-2- 

carboxamide derivatives 1-11 

In a 100 mL flask, 3-(methoxymethoxy)-N-phenylbenzo[b]thiophene-2-carboxamide (1.0 

equivalent) was treated with 6N HCl (5 mL/mmol) in methanol (10 mL/mmol) at room 

temperature for 2 hours. The reaction progress was monitored in real time by TLC, using a 

petroleum ether/ethyl acetate mixture (6:1) as the mobile phase. Upon completion, water was 

added, and the mixture was extracted with dichloromethane. The organic layer was washed 

with brine, dried over anhydrous sodium sulfate, filtered, and concentrated via rotary 

evaporation. The resulting solid was purified through column chromatography, employing a 

petroleum ether/ethyl acetate mixture (6:1) as the eluent. The purified fractions were collected 

and evaporated under reduced pressure, yielding a white solid with a yield between 43% and 

68%. 
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2.6 Characterization data for the compounds 1-11 
 

3-hydroxy-N-phenylbenzo[b]thiophene-2-carboxamide (1) 

White solid, 37% yield. 1H NMR (400MHz, CDCl3) δ 7.63 – 7.35 (m, 6H), 7.76 (dd, J = 8.1, 1.1 

Hz, 1H), 7.22 – 7.13 (m, 2H), 11.68 (s, OH, 1H), 7.98 (dt, J = 7.9, 1.1 Hz, NH, 1H). 13C NMR 

(101MHz, CDCl3) 117.5 (Benzothiophene)  118.7 (Benzothiophene) 120.98 (Benzothiophene), 

121.5 (d, J= 11.0 Hz, 2C, Ar) ( 122.62 (Benzothiophene) 123.09 (Benzothiophene), 124.90 

(Benzothiophene), 125.27 (Benzothiophene), 128.92 (d, J= 11.0 Hz, 2C, Ar), 129.01(Ar), 136.69 

(Ar), 160.00 (C=O), 164.30 (Cbenzothiophene -OH). 
 

 

3-hydroxy-N-(o-tolyl)benzo[b]thiophene-2-carboxamide (2) 

White solid, 41% yield. 1H NMR (400MHz, DMSO-d6) δ 6.95 (d, J = 7.5 Hz, 1H), 7.26 (t, J = 7.8 

Hz, 1H), 7.57 – 7.42 (m, 4H), 7.96 (d, J = 8.0 Hz, 1H), 8.08 (d, J = 7.9 Hz, 1H), 9.89 (s, NH, 1H), 

12.26 (s, OH, 1H), 2.32 (s, CH3, 3H). 13C NMR (101MHz, DMSO-d6) 21.63 (CH3), 111.06 

(Benzothiophene), 117.03 (Benzothiophene), 121.23 (Benzothiophene), 122.80 (Ar), 123.93 

(Benzothiophene), 124.4 (Benzothiophene), 124.97 (Benzothiophene), 128.22 (Ar), 129.21 (Ar), 

132.07 (Ar), 137.40 (Ar), 138.50 (Ar), 138.63 (Ar), 149.90 (Benzothiophene), 159.89 (C=O), 162.19 

(Cbenzothiophene -OH). 
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3-hydroxy-N-(m-tolyl)benzo[b]thiophene-2-carboxamide (3) 

White solid, 39% yield. 1H NMR (400 MHz, DMSO-d6) δ 6.95 (d, J = 7.5 Hz, 1H), 7.26 (t, J = 7.8 

Hz, 1H), 7.57 – 7.42 (m, 4H), 7.96 (d, J = 8.0 Hz, 1H), 8.08 (d, J = 7.9 Hz, 1H), 9.89 (s, NH, 1H), 

12.26 (s, OH, 1H), 2.32 (s, CH3, 3H). 13C NMR (101 MHz, DMSO-d6) δ 21.63 (CH3), 117.06 

(Benzothiophene), 118.0 (Benzothiophene) 121.23 (Benzothiophene), 123.07(Benzothiophene), 

123.93 (Benzothiophene), 124.97 (Benzothiophene), 125.15, 128.22, 129.21, 132.07, 137.40, 138.50, 

138.63, 152.35 (Benzothiophene), 161.04 (C=O) 162.19 (Cbenzothiophene -OH). 
 

 

3-hydroxy-N-(p-tolyl)benzo[b]thiophene-2-carboxamide (4) 

White solid, 43% yield. 1H NMR (400 MHz, DMSO-d6) δ 7.17 (d, J = 8.2 Hz, 2H), 7.62 – 7.41 (m, 

4H), 7.95 (d, J = 8.0 Hz, 1H), 8.10 – 8.03 (m, 1H), 9.88 (s, NH, 1H), 12.25 (s, OH, 1H). 13C NMR 

(101 MHz, DMSO-d6) 20.96 (CH3), 110.80 (Benzothiophene), 115.81 ((Benzothiophene) , 120.82 

(Benzothiophene), 121.05 (2 2C, Ar) 123.03 (Benzothiophene), 123.91 (Benzothiophene), 124.96 

(Benzothiophene), 129.74 (Ar), 136.03 (Ar), 137.37 (Benzothiophene), 152.50 (C=O), 162.23 

(Cbenzothiophene -OH). 
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3-hydroxy-N-(2-methoxyphenyl)benzo[b]thiophene-2-carboxamide (5) 

White solid, 33% yield. 1H NMR (400 MHz, CDCl3) δ 6.93 (dd, J = 8.1, 1.4 Hz, 1H), 7.02 (td, J = 

7.8, 1.4 Hz, 1H), 7.51 (m, J = 8.2, 7.1, 1.3 Hz, 1H), 7.77 – 7.71 (m, 1H), 8.00 – 7.90 (m, 2H), 8.39 

(dd, J = 7.9, 1.7 Hz, NH, 1H), 11.70 (s, OH, 1H). 13C NMR (101MHz, CDCl3) δ 56.60 (-OCH3) 

111.47 (Benzothiophene), 112.8 (Ar), 113.99 (Benzothiophene), 117.3 (Benzothiophene) 119.61 

(Benzothiophene),   121.21   (Benzothiophene),   123.21   (Benzothiophene),   123.91 

(Benzothiophene), 124.87 (Ar), 128.05 (d, J = 30.7 Hz, Ar), 132.46 (Ar), 137.47 (Ar), 148.35 (Ar) , 

149.93 (Benzothiophene), 160.79 (C=O), 164.0 (Cbenzothiophene -OH). 
 

3-hydroxy-N-(4-methoxyphenyl)benzo[b]thiophene-2-carboxamide (6) 

White solid, 38% yield. 1H NMR (400 MHz, DMSO-d6) δ 6.99 – 6.90 (m, 2H), 7.65 – 7.41 (m, 4H), 

8.07 – 7.92 (m, 2H), 9.85 (s, NH, 1H), 12.22 (s, OH, 1H). 13C NMR (101MHz, DMSO-d6) 55.70 

(OCH3), 109.4 (Benzothiophene), 114.20 (Benzothiophene), 118.0 (Benzothiophene), 120.91 (d, 

J= 11.0 Hz, 2C, Ar), 122.53 (Benzothiophene), 122.85 (Benzothiophene), 128.16 (d, J= 11.0 Hz, 

2C, Ar), 131.99 (Benzothiophene), 137.23 (Benzothiophene), 152.85 (Ar), 156.34 (Ar), 162.26 

(C=O), 164.0 (Cbenzothiophene -OH). 
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N-(4-fluorophenyl)-3-hydroxybenzo[b]thiophene-2-carboxamide (7) 

White solid, 45% yield. 1H NMR (400 MHz, DMSO-d6) δ 7.27 – 7.16 (m, 2H), 7.49 (m, J = 26.5, 

8.2, 7.1, 1.2 Hz, 2H), 7.80 – 7.68 (m, 2H), 7.96 (d, J = 8.0 Hz, 1H), 8.10 – 8.04 (m, 1H), 9.98 (s, NH, 

1H), 12.22 (s, OH,1H). 13C NMR (101 MHz, DMSO-d6) 110.38 (benzothiophene), 115.80 

(benzothiophene), 116.03 (benzothiophene), 121.9 (d, J= 11.0 Hz, 2C, Ar), 123.07 

(benzothiophene), 123.94 (benzothiophene), 124.1 (benzothiophene), 124.6 (benzothiophene), 

128.31 (d, J= 11.0 Hz, 2C, Ar), 131.99 (Ar), 152.83 (C=O), 162.38 (Cbenzothiophene -OH), 162.90 (Ar) . 
 

 

N-(3-chlorophenyl)-3-hydroxybenzo[b]thiophene-2-carboxamide (8) 

White solid, 43% yield. 1H NMR (400MHz, CDCl3) δ 7.23 – 7.11 (m, 2H), 7.23 – 7.11 (m, 2H), 

7.50 – 7.41 (m, 2H), 7.54 (ddd, J = 8.3, 7.1, 1.3 Hz, 1H), 7.79 – 7.72 (m, 2H), 7.98 (d, J = 8.0 Hz, 1H), 

11.54 (s, 1H). 13C NMR (101 MHz, DMSO-d6) 116.64 (Benzothiophene), 119.19 (Benzothiophene), 

120.21 (Ar) , 122.8 (Benzothiophene), 123.21 (Benzothiophene), 124.02 (Benzothiophene), 124.5 

(Benzothiophene) 125.03 (Benzothiophene), 128.41 (Ar), 130.99 (Ar), 132.02 (Ar), 133.62 (Ar), 

137.57 (Ar), 140.11 (Ar), 152.75 (C=O), 164.52 (Cbenzothiophene -OH) 
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N-(4-chlorophenyl)-3-hydroxybenzo[b]thiophene-2-carboxamide (9) 

White solid, 39% yield. 1H NMR (400 MHz, DMSO-d6) δ 7.23 – 7.11 (m, 2H), 7.32 (t, J = 8.1 Hz, 

1H), 7.50 – 7.41 (m, 2H), 7.54 (m, J = 8.3, 7.1, 1.3 Hz, 1H), 7.79 – 7.72 (m, 2H), 7.98 (d, J = 8.0 Hz, 

NH, 1H), 11.54 (s, OH, 1H). 13C NMR (101MHz, DMSO-d6) δ 115.64 (Benzothiophene), 119.19 

(Benzothiophene), 120.21 d, J= 11.0 Hz, 2C, Ar), 123.21 (Benzothiophene), 124.02 

(Benzothiophene), 124.8 (Benzothiophene), 125.03 (Benzothiophene), 130.99 (d, J= 11.0 Hz, 2C, 

Ar) ,133.1 (Ar), 136.23 (Ar) 149.11 (Benzothiophene), 157.75 (C=O), 165.38 (Cbenzothiophene -OH) 
 

 

N-(4-bromophenyl)-3-hydroxybenzo[b]thiophene-2-carboxamide (10) 

White solid, 35% yield. 1H NMR (400 MHz, DMSO-d6) δ 7.60 – 7.52 (m, 3H), 7.75 – 7.67 (m, 

2H), 7.96 (d, J = 8.0 Hz, 1H), 8.09 (d, J = 7.9 Hz, 1H), 10.02 (s, NH, 1H), 12.26 (s, OH, 1H). 13C 

NMR  (101  MHz,  DMSO-d6)  114.68  (Benzothiophene),  116.08  (Benzothiophene),  122.8 

(Benzothiophene), 123.16 (Benzothiophene), 123.95 (Benzothiophene), 125.02 

(Benzothiophene), 126.36 (d, J= 11.0 Hz, 2C, Ar), 132.01 (d, J= 11.0 Hz, 2C, Ar), 147.08 

(Benzothiophene), 152.69 (C=O), 162.30 (Cbenzothiophene -OH). 
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3- hydroxy-N-(4-iodophenyl)benzo[b]thiophene-2-carboxamide (11) 

White solid, 41% yield. 1H NMR (400 MHz, DMSO-d6) δ 7.61 – 7.42 (m, 4H), 7.75 – 7.67 (m, 

2H), 7.96 (d, J = 8.0 Hz, 1H), 8.12 – 8.05 (m, 1H), 10.00 (s, NH, 1H), 12.26 (s, OH, 1H). 13C NMR 

(101 MHz, DMSO-d6) 86.11 (CAr-I) 113.77 (Benzothiophene), 117.9 (Benzothiophene), 122.89 

(Benzothiophene), 123.15 (Benzothiophene), 123.95 (Benzothiophene), 124.1 (Benzothiophene), 

136.9 36 (d, J= 11.0 Hz, 2C, Ar) ,138.48 (Benzothiophene), 160.8 (C=O), 164.27 (Cbenzothiophene -OH). 

 

 

2.5.3 Evaluation of human monoamine oxidase (hMAO) inhibitory activity 

The assay for the evaluation of the inhibitory activity of the compounds is based on the 

measurement of the conversion rate of a hMAO-substrate, kynuramine, into its oxidized 

metabolite, 4-quinolinol (4HQ), that absorbs at 316 nm. The assay has been performed as 

previously described1.First, a calibration curve was created using 4-quinolinol solutions at 

different concentrations (ranging from 0,1 nM to 10 mM). Then, the kinetic properties (specific 

activity, Michaelis-Menten constant KM, and maximum speed Vmax) of the two isoforms were 

evaluated using solutions with different enzyme concentrations (X to X) for the measurement 

of the specific activity, and kynuramine solutions with at least six different concentration levels 

(Y to Y) for the measurement of KM and Vmax. After having fully characterized the enzymes, the 

inhibitory activity of the compounds was measured. Compound solutions were pipetted in a 

96-wells plate, together with kynuramine solution (concentration = 2 x KM in the well), 

phosphate buffer (pH = 7.4) and the plate was then incubated at 37°C for 10 minutes. 

Absorbance of the wells was measured every minute and the last read (t = 10 min) was used as 

blank. Then, the enzyme was added (the amount of enzyme added depended on the specific 

activity, Vmax = 50 pmol/min) and the plate was incubated at 37°C for 30 minutes. The 

formation of 4-quinolinol was analysed and the production formation rate, or initial velocity 

V0, was obtained from the slope of the n (4HQ) = f(t) curves. Inhibition percentages at 10 μM 
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were obtained from the comparison between the initial speed of the control well (no inhibitor) 

and the initial speed of the inhibitor. All compounds have been screened at 10 μM, those whose 

inhibition was ≥ 50%, were further investigated and their IC50 was measured as follows. 

Different concentrations for each inhibitor were tested and analysed as previously described. 

Dose-response curves were created using the percentage of inhibition as a function of the 

logarithm of the concentration of the inhibitor. The IC50 value was extrapolated from the curve. 

The results have been expressed as mean value ± standard deviation. All experiments have 

been performed in triplicate and conducted three times. 
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Chapter 3: from benzo[b]thiophene-3-oles to the open- 

structure analogues 
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3.1. Design of the novel inhibitors 

The observations made on benzo[b]thiophen-3-ol derivatives both in terms of IC50 and enzyme 

binding, prompted interest in studying open-structure analogues of this scaffold. The goal was 

to evaluate whether opening the ring could afford a more favourable interactions within the 

enzymes active site. As stated above, the compounds PM1-PM20 were obtained through a 

novel and efficient one-step synthetic procedure (Scheme 3.1.1), albeit several research groups 

also proposed synthetic strategies to obtain this class of compounds [104-105] Methyl 2- 

mercaptobenzoate and the proper α-bromo ketone in equimolar amount, were reacted in 

methanol in the presence of potassium hydroxide. The reaction was performed in a nitrogen 

atmosphere and at room temperature for 1-2 h. After this time, an excess of potassium 

hydroxide was added, and the temperature was raised to 60 °C. The completion of reactions 

was usually reached in 4-5 h producing all the compounds PM1-PM20 in high yields (Scheme 

3.1.1, I). The reaction mechanism proposed for this synthesis underlined the importance of the 

intermediate W, obtained through the nucleophilic attack of the deprotonated thiol group on 

the α-position of the ketone (Scheme 3.1.1, II). 

 

 

 

 

 

 

 

Scheme 3.1.1. I) Synthesis of the benzo[b]thiophen-3-oles. II) Proposed mechanism of reaction. 
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After that, an intramolecular crossed aldolic reaction between the methylene group (y in the 

Scheme 3.1.1, II) and methyl ester functional group with consequent methanol elimination 

occurred, affording the benzo[b]thiophen-3-ol core. The intermediate W inspired us for the 

development of the novel open-structure analogues of benzo[b]thiophen-3-oles, based on the 

methyl 2-(benzylthio)benzoate scaffold (red square in Scheme 3.1.1), that has been further 

explored through different chemical modifications. Indeed, the ester moiety (red in Figure 

3.1.1) has been replaced with carboxylic acid functionality in order to evaluate how the different 

hydrogen-bond acceptor/donator profiles affect both inhibitory activity and selectivity. The 

phenyl ring (blue in Figure 3.1.1) has been substituted with groups having different 

electronic/steric properties. Finally, the role of the oxidation state of sulfur atom has also been 

challenged by synthesising three different sub-libraries of compounds, i.e. sulfide, sulfoxides 

and sulfones. 

 

 

Figure 3.1.1. Design of the novel open-analogues of 2-aroyl-benzo[b]thiophen-3-oles. 



51  

3.2. Chemistry 

The compounds reported in this thesis project have been synthesised through a multi-step 

synthetic approach developed on the basis of the results obtained in the preliminary stages. We 

hypothesized to employ the synthetic approach showed in the Scheme 3.2.1, at first. This 

approach was based on the initial synthesis of the ester derivatives (Library I, Scheme 3.2.1), 

whose hydrolysis was supposed to afford the acidic compounds belonging to the Library II 

(Scheme 3.2.1). After that, oxidation with meta-chloroperbenzoic acid (m-CPBA) at room 

temperature of the Libraries I and II, should have led to the sulfoxide and sulfone derivatives 

of the ester and carboxylic acid analogues, respectively (Libraries IA, IB, IIA and IIB). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.2.1. Synthetic approach initially proposed for the target compounds. 

 

 

However, the attempts performed to obtain the hydrolysis of the esters belonging to Library I 

always led to the respective benzo[b]thiophen-3-oles regardless the temperature as well as the 

base employed. Indeed, we tried to perform classical hydrolysis step at mild (40 °C) as well as 
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higher temperature (60 °C), with different bases such as KOH, NaOH and LiOH in a mixture 

with varying ratios of H2O/THF. However, no or small amount of acids have been obtained. 

As an alternative method, hydrolysis in the presence of lithium chloride (LiCl) and DMF was 

considered. This reaction, conducted using microwave irradiation, offers the advantage of 

reducing reaction times and enabling hydrolysis reactions on molecules with groups sensitive 

to acidic or basic environments [108]. Various parameters were analysed: temperature, time, 

and equivalents of LiCl and N,N’-dimethylformamide (DMF) used. Initially, 5 equivalents of 

LiCl and 5 equivalents of DMF were used at 150 °C for 10 minutes. Subsequently, the 

temperature was maintained at 150 °C, and the reaction time was extended to 30 minutes, using 

both 5 and 10 equivalents of LiCl and DMF. Finally, the temperature was reduced to 50 °C, 

keeping the reaction time the same, and 5 and then 10 equivalents of LiCl and DMF were 

employed. However, no significant differences have been observed in terms of yields, with the 

cyclic by-product being the main product. So, with the aim to overcome this issue, we designed 

a new synthetic strategy (Schemes 3.2.2 and 3.2.4). 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 3.2.2. Synthetic approach employed for the synthesis of the Libraries I, IA and IB. 

 

 

As regard the ester derivatives (Libraries I, IA and IB), the synthetic procedure was similar to 

the one previously described, based on the synthesis of sulfides (Library I), followed by their 

transformation into sulfones and sulfoxides via the oxidation of the sulfur atom(Library IIA 
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and IIIA). Briefly, to obtain Library I, methylthiosalicylate was reacted with the proper 

(un)substituted α-bromoacetophenone in anhydrous DMF at ice-bath temperature, using 

potassium carbonate as the base for a period spanning from 2 to 4 hours. The synthesized 

sulfides were subsequently subjected to the oxidation step. This reaction was carried out at 

room temperature in a mixture of dichloromethane (DCM) and methanol, using m- 

chloroperbenzoic acid as the oxidizing agent. The use of m-CPBA, allow to obtain both the 

sulfoxide and sulfone in the same reaction step, by controlling the amount of oxidant added 

during the synthesis (Library IA and IB, Scheme 3.2.2). The couple of sulfoxide and sulfone 

contained in the crude obtained by reaction are easily isolable through chromatographic 

approaches, to achieve the title compounds. 

 

 

 

 

 

 

 

 

 

 

 
Scheme 3.2.3. Synthetic approach initially proposed for the compounds of Libraries II, IIA and IIB. 

 

 

For the compounds endowed with carboxylic acid group we changed the synthetic approach 

with respect to the envisaged one. Indeed, we performed the synthesis of the sulfide derivatives 

(Library II) through the reaction between thiosalicylic acid and the proper α- 

bromoacetophenone; the reactions were performed in methanol, at room temperature and in 

the presence of sodium acetate (CH3COONa). The obtained compounds were employed in the 

successive oxidative step to obtain sulfoxides (Library IIA) and sulfones (Library IIB). 

However, differing from the ester analogues, the synthesis performed with m-CPBA only 

afforded the sulfoxide derivatives (Library IIA, Scheme 3.2.3). Moreover, the presence of 
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another acid (m-CPBA) over the sulfur/sulfoxides ones, get more difficult the successive 

purification step. So, we evaluated a different approach for the synthesis of sulfoxides and 

sulfones (Scheme 3.2.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.2.4. Synthetic approach employed for the synthesis of the Libraries II, IIA and IIB. 

 

 

The sulfoxide derivatives (Library IIA, 19A-25A) were achieved by reacting the sulfides with 

equimolar amount of 33% hydrogen peroxide in the presence of glacial acetic acid at room 

temperature. The synthesis of the sulfones (Library IIB, 19B-25B) requested the same oxidating 

agent (33% hydrogen peroxide) albeit in excess and employing formic acid despite acetic acid 

higher temperature (55 °C). The novel synthesised compounds belonging to the Libraries I-II 

A/B, have been characterized by means NMR method (1H NMR and 13C NMR) and evaluated 

for their hMAO-A and hMAO-B inhibitory activity by employing previously reported methods 

[106-107]. Tables 3.2.1 and 3.2.2, reports the structures of the synthesised compounds. 

 

 

 
Table 3.2.1. Structure of the compounds belonging to Libraries I, IA and IB. 
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Library I Library IA Library IB 
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Table 3.2.2. Structure of the compounds belonging to Libraries II, IIA and IIB 
 

Library II Library IIA Library IIB 
 

 

19 

 

 

19A 

 

 

8B 

 

 

20 

 

20A 

 

 

20B 

 

 

21 

 

21A 

 

21B 

 

22 

 

 

22A 

 

 

22B 



57  

 

23 

 

 

23A 

 

 

23B 

 

24 

 

 

24A 

 

24B 

 

 

25 

 

 

25A 

 

 

25B 

 

 

26 

 

 

26A 

 

 

26B 

 

3.3. In vitro MAOs inhibition study 

The compounds belonging to the Libraries I, IA and IB and II, IIA and IIB were evaluated 

manly to the A isoform, the inhibition towards the isoform B being appraised only for 

compounds 16, 16A and 16B (Tables 3.3.1 and 3.3.2). A first screening has been performed at a 

fixed concentration of the inhibitors (10 µM) to determine the ones able to inhibit the two 

isoforms at the level equal or superior to 50% (our threshold value to determine IC50). With 

regards to the ester derivatives (Table 3.3.1), the derivatives with sulfur in the oxidized states 

(S=O and O=S=O) tend to show higher inhibition of hMAO-A compared to those with 

unoxidized one (S). For instance, the p-Br derivative with sulfone group shows the highest 
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hMAO-A inhibition (87.91%) and with a micromolar IC50 value (1.20 µM), indicating strong 

inhibitory activity. In contrast, the sulfur analogue bearing the same R group, showed a lower 

inhibition of 78.6% with a higher IC50 of 3.01 µM. Similarly, the p-NO₂ derivative with S=O 

demonstrates a significant inhibition of 90.70% against hMAO-A with an IC50 of 2.86 µM, 

highlighting the importance of the sulfur oxidation state in enhancing hMAO-A inhibition. 

Regarding hMAO-B inhibition, the data currently available are not sufficient to define a precise 

SAR. However, the p-Br derivative with O=S=O stands out with 54.90% inhibition of MAO-B, 

contrasting sharply with the corresponding S and S=O derivatives, which exhibit very low or 

no inhibition. This suggests that the oxidation state of sulfur also plays a role in MAO-B 

selectivity. 

 
Table 3.3.1. Inhibitory activity (%) of selected compounds belonging to Libraries I towards hMAO-A 

and hMAO-B 
 

 

Cmpnd R X 
Inhibition (%) *, § 

MAO-A 

IC50 

MAO-A§ 

Inhibition (%) *, § 

MAO-B 

12 
 

H 

S 4.3   

12A S=O 33.3   

12B O=S=O 14.9   

14 
 

p-F 

S 0.0   

14A S=O 0.0   

14B O=S=O 0.00   

15 
 

p-Cl 

S 21.2   

15A S=O 25.3   

15B O=S=O 31.2   
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16 
 

p-Br 

S 78.6 3,01 µM 3.0% 

16A S=O 68.8 3,16 µM 0.0% 

16B O=S=O 87.9 1,20 µM 54.9% 

17 
 

p-CN 

S 12.4   

17A S=O 16.7   

17B O=S=O 14.2   

18 
 

p-NO2 

S 28.6   

18A S=O 90.7 2,86 µM  

18B O=S=O 10.0   

* Percentage inhibition evaluated at fixed concentration (10 µM) of inhibitor; §Errors are in the 

range of ±5% of the reported values, from three different assays 

 

Table 3.3.2 summarizes the inhibitory activity of various derivatives, each featuring different 

R-group substitutions, such as p-CH₃, p-OCH₃, p-Cl, p-Br, p-F, p-NO₂, p-CN, and H and 

distinct sulfur oxidation states (S, S=O, and O=S=O) against MAO-A. 

The data indicated that most derivatives exhibit low levels of hMAO-A inhibition, with few 

compounds exceeding 10% inhibition. For example, the p-CH₃ and p-Cl derivatives show 

minimal inhibition irrespective to sulfur oxidation states, with values not surpassing 2.2%. In 

contrast, the p-Br derivative with O=S=O demonstrates the highest inhibition at 10.20%, while 

the corresponding forms with unoxidized sulfur (S) or S=O show no inhibition. Similarly, the 

p-F derivative with O=S=O exhibits relatively higher inhibition at 16.10% compared to its other 

oxidation states. Overall, derivatives containing unoxidized sulfur (S) tend to show slightly 

higher inhibition than those with oxidized sulfur (S=O or O=S=O), though the inhibitory 

activity remains weak. Additionally, substitutions like p-CN, p-NO₂, and H result in very low 

or negligible inhibition, irrespective to the sulfur oxidation state. 

These findings suggest that neither the R-group substitutions nor the sulfur oxidation state 

substantially enhance hMAO-A inhibition for most derivatives, making them generally weak 
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inhibitors of hMAO-A. 

 

 
Table 3.3.2. Inhibitory activity (%) of selected compounds belonging to Libraries II, IIA and IIB 

towards hMAO-A and hMAO-B 
 

 

Cmpnd R X 
Inhibition (%) *, § 

MAO-A 

19 
 

H 

S 4.4 

19A S=O 0 

19B O=S=O 0 

20 
 

p-CH3 

S 2.2 

20A S=O 0 

20B O=S=O 0 

21 
 

p-OCH3 

S 6.1 

21A S=O 7.5 

21B O=S=O 4.9 

22 
 

p-F 

S 1.6 

22A S=O 0 

22B O=S=O 16.1 

23 
 

p-Cl 

S 2.2 

23A S=O 1.4 

23B O=S=O 0 

24 
p-Br 

S 0 

24A S=O 0 
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24B  O=S=O 10.2 

25 
 

p-CN 

S 0 

25A S=O 0 

25B O=S=O 0.30 

26 
 

p-NO2 

S 5.1 

26A S=O 0 

26B O=S=O 0 

* Percentage inhibition evaluated at fixed concentration (10 µM) of inhibitor; §Errors are in the 

range of ±5% of the reported values, from three different assays 

 

3.4. Conclusions 

The design, synthesis and biological evaluation of a series of open-based analogues of 2-aroyl- 

benzo[b]thiophen-3-oles have been proposed. The selected synthetic approaches led to the 

obtainment of the titled compounds in moderate to good yields. Different chemical 

modifications of the novel scaffold have been proposed. In particular, the ester moiety has been 

replaced with carboxylic acid functionality in order to evaluate how the different hydrogen- 

bond acceptor/donator profiles affect both inhibitory activity and selectivity. The phenyl ring 

has been substituted with groups having different electronic/steric properties. Finally, the role 

of the oxidation state of sulfur atom has also been challenged by synthesising three different 

sub-libraries of compounds, i.e. sulfide, sulfoxides and sulfones. The preliminary data mainly 

available for the A isoform, show that most of the compounds are ineffective against hMAO-A 

with the exception of the compounds belonging to the Library I and endowed with p-Br 

substituent group. On the other hand, the results obtained against hMAO-B are insufficient to 

define a clear SAR and further inhibitory activity analysis will shed light on the potential of 

these compounds. 
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3.5. Material and methods 

3.5.1. General 

Unless otherwise indicated, all reactions were carried out under a positive nitrogen pressure 

(balloon pressure) in washed and oven-dried glassware. Solvents and reagents were used as 

supplied without further purification. All melting points were measured on a Stuart® melting 

point apparatus SMP1 and are uncorrected (temperatures are reported in °C). Fluorescence 

spectrophotometry was carried out with a Varian Cary Eclipse fluorescence 

spectrophotometer. 1H and 13C NMR spectra were recorded at 400 and 101 MHz, respectively, 

on a Bruker spectrometer using CDCl3 and DMSO-d6 as the solvents at room temperature. The 

samples were analysed with a final concentration of ~30 mg/mL. Chemical shifts are expressed 

as δ units (parts per million) relative to the solvent signal. 1H spectra are reported as follows: 

δH (spectrometer frequency, solvent): chemical shift/ppm (multiplicity, J-coupling constant(s), 

number of protons, assignment). 13C spectra are reported as follows: δC (spectrometer 

frequency, solvent): chemical shift/ppm (J-coupling constant C-F, assignment). Multiplicity is 

abbreviated as follows: br – broad; s – singlet; d – doublet; t – triplet; q – quartet; m – multiplet. 

Coupling constants J are given in Hertz (Hz). The processing and analyses of the NMR data 

were carried out with MestreNova. Column chromatography was carried out using Sigma- 

Aldrich® silica gel (high purity grade, pore size 60 Å, 230–400 mesh particle size). All the 

purifications and reactions were monitored by TLC which was performed on 0.2 mm thick 

silica gel-aluminium backed plates (60 F254, Merck). Visualization was carried out under ultra- 

violet irradiation (254 nm). Where given, systematic compound names are those generated by 

ChemBioDraw Ultra 12.0 following IUPAC conventions. Recombinant hMAO-A and hMAO- 

B (5 mg protein/mL) and kynuramine dihydrobromide were obtained from Sigma-Aldrich. 
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3.5.2. Chemistry 

Synthesis of the methyl 2-((2-oxo-2-phenylethyl)thio)benzoate derivatives 

In a round-bottom flask, 1 equivalent of methylthiosalicylate and 1.1 equivalents of potassium 

carbonate were dissolved in anhydrous dimethylformamide (DMF). After stirring for 5 

minutes, 1 equivalent of para-substituted α-bromoacetophenone was added to the solution. The 

reaction mixture was stirred at room temperature for 2-4 hours, with progress monitored using 

thin-layer chromatography (TLC). Upon completion, water was added to the flask, and the pH 

was adjusted to 3. The resulting yellow solid was filtered and purified via column 

chromatography. A pale-yellow solid was obtained, with yields ranging from 47% to 78%. 

 

Synthesis of methyl 2-((2-oxo-2-phenylethyl)sulfinyl)benzoate and methyl 2-((2-oxo-2- 

phenylethyl)sulfonyl)benzoate 

In an oven-dried flask, derivatives from 2-((2-oxo-2-phenylethyl)thio)benzoate library (Library 

I) were dissolved in a mixture of dichloromethane and methanol. Once the solid was fully 

dissolved, 1.1 eq of meta-chloroperoxybenzoic acid (mCPBA) was added. The reaction mixture 

was stirred at room temperature for 2 to 4 hours, and its progress was monitored using thin- 

layer chromatography (TLC). Upon completion, the solution was extracted three times with 

sodium carbonate, washed with brine, dried over anhydrous sodium sulfate, and concentrated 

under reduced pressure using a rotary evaporator. The two derivatives were isolated by 

column chromatography. 

 

Synthesis of 2-((2-oxo-2-phenylethyl)thio)benzoic acid (Library II) 

In a round-bottom flask, 1 equivalent of methylthiosalicylic acid and 1.1 equivalents of sodium 

acetate (CH3COONa) were dissolved in 10 ml of methanol. After 5 minutes, 1 equivalent of 

para-substituted α-bromoacetophenone was added. The reaction mixture was stirred at room 

temperature overnight. Upon completion, water was added, leading to the formation of a white 

solid. The precipitate was collected by vacuum filtration and dried. Yields: 53%-61% 
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Synthesis of 2-((2-oxo-2-phenylethyl)sulfinyl)benzoic acid (Library IIA) 

In a round bottom flask, 1 equivalent of 2-((2-oxo-2-phenylethyl)thio)benzoic acid from 

Library II was dissolved in 5 mL of acetic acid and 1 mL of hydrogen peroxide. The reaction 

mixture was stirred at room temperature for 12-24 hours. Once complete, water was added to 

the solution, and the resulting a white precipitate was collected by vacuum filtration. Yields: 

48%-63%. 

 

Synthesis of 2-((2-oxo-2-phenylethyl)sulfonyl)benzoic acid (Library IIB) 

Compounds deriving from Library IIA (1 equivalent) was dissolved in 10 mL of formic acid 

and 3 mL of hydrogen peroxide 33%. The reaction mixture was stirred at room temperature for 

24 hours. After the reaction was complete, water was added to the solution, and the resulting 

precipitate was collected by vacuum filtration. Yields: 47%-55%. 
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Characterization data for the compounds 12-26B 
 

 

methyl 2-((2-oxo-2-phenylethyl)thio)benzoate. (12) White solid, yield 76%. 

1H NMR (400 MHz, DMSO-d6): δ 3.92 (s, 3H, CH3), 4.54 (s, 2H, CH2), 7.25 – 7.32 (m, 1H, Ar ), 

7.47 (d, J = 8.1 Hz, 1H, Ar), 7.50 – 7.57 (m, 1H, Ar), 7.64 (d, J = 8.4 Hz, 2H, Ar), 8.04 (dt, J = 7.8, 

1.3 Hz, 1H, Ar), 8.14 (dt, J = 7.8, 1.3 Hz, 2H). 

13C NMR (101 MHz, DMSO-d6): δ 39.5 (CH3), 52.6 (CH2), 125,0 (Ar), 127.1 (Ar), 127.8 (Ar), 129.4 

(2 x Ar), 131.0 (2 x Ar), 131.2 (Ar), 133.2 (Ar), 134.7 (Ar), 139.1 (Ar), 140.1 (Ar), 166.6 (COOCH3), 

194.1 (CO). 
 

 

methyl 2-((2-oxo-2-phenylethyl)sulfinyl)benzoate (12A). White solid, yield: 68% 

1H NMR (400 MHz, CDCl3): δ 3.90 (s, 3H, CH3), 4.04 (s, 2H, CH2), 7.21 (ddd, J = 7.8, 6.4, 2.1 Hz, 

1H), 7.42 – 7.51 (m, 2H, Ar), 758 – 7.63 (m, 2H, Ar), 7.83 – 7.90 (m, 2H, Ar), 7.93 – 7.97 (m, 1H, 

Ar). 13C NMR (101 MHz, DMSO-d6): δ 39.5 (CH3), 52.6 (CH2), 125,0 (Ar), 127.1 (Ar), 127.8 (Ar), 

129.4 (2 x Ar), 131.0 (2 x Ar), 131.2 (Ar), 133.2 (Ar), 134.7 (Ar), 139.1 (Ar), 140.1 (Ar), 166.6 

(COOCH3), 194.1 (CO). 
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3 2 

 

methyl 2-((2-oxo-2-phenylethyl)sulfonyl)benzoate (12B) White solid, 71% yield. 1H NMR (400 

MHz, CDCl3): δ 3.90 (s, 3H, CH3), 4.67 (s, 2H, CH2), 7.10 – 7.17 (m, 2H, Ar), 7.20 (ddd, J = 7.8, 

6.9, 1.5 Hz, 1H, Ar ), 7.42 – 7.52 (m, 2H, Ar ), 7.95 (dd, J = 7.8, 1.5 Hz, 1H, Ar ), 8.01 – 8.08 (m, 

2H, Ar ). 

13C NMR (101 MHz, DMSO-d6): δ 39.5 (CH ), 52.6 (CH ), 125,0 (Ar), 127.1 (Ar), 127.8 (Ar), 129.4 

(2 x Ar), 131.0 (2 x Ar), 131.2 (Ar), 133.2 (Ar), 134.7 (Ar), 139.1 (Ar), 140.1 (Ar), 166.6 (COOCH3), 

194.1 (CO). 
 

 

Methyl 2-((2-(4-methoxyphenyl)-2-oxoethyl)thio)benzoate (13). White solid, 57% yield. 

1H NMR (400 MHz, CDCl3): δ 3.90 (d, J = 8.6 Hz, 6H, CH3), 4.31 (s, 2H, CH2), 6.93 – 7.00 (m, 2H, 

Ar), 7.21 (ddd, J = 7.8, 7.2, 1.3 Hz, 1H, Ar ), 7.42 – 7.50 (m, 1H, Ar), 7.52 (dd, J = 8.2, 1.3 Hz, 1H, 

Ar), 7.97 (dd, J = 7.8, 1.6 Hz, 1H), 7.99 – 8.06 (m, 2H,Ar). 

13C NMR (101 MHz, DMSO-d ): δ 53.71 (CH ), 55.8 (OCH3), 63.54 (CH ), 116.3 (d, J = 21.8 Hz, 
6 3 2 

2 x Ar), 130.0 (Ar), 131.6 (Ar), 127.8 (Ar), 131.9 (Ar), 132.8 (2 x Ar), 133.1 (Ar), 135.0 (Ar), 137.0 

(Ar), 165.3 (Ar), 167.8 (COOCH3), 187.9 (CO). 
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Methyl 2-((2-(4-methoxyphenyl)-2-oxoethyl)sulfinyl)benzoate (13A). White solid, 67% yield. 

1H NMR (400 MHz, CDCl3): δ 3.85 (s, 3H, CH3), 3.94 (s, 3H, CH3), 4.19 (d, J = 13.6 Hz, 1H, CH2), 

4.69 (d, J = 13.6 Hz, 1H, CH2), 6.86 – 6.97 (m, 2H, Ar), 7.56 (td, J = 7.6, 1.2 Hz, 1H, Ar), 7.76 (td, J 

= 7.7, 1.4 Hz, 1H, Ar), 7.92 – 7.99 (m, 2H, Ar), 8.08 (dd, J = 7.7, 1.4 Hz, 1H, Ar), 8.20 (dd, J = 8.0, 

1.3 Hz, 1H, Ar). 

13C NMR (101 MHz, DMSO-d ): δ 53.71 (CH ), 55.8 (OCH3), 63.54 (CH ), 116.3 (d, J = 21.8 Hz, 
6 3 2 

2 x Ar), 130.0 (Ar), 131.6 (Ar), 127.8 (Ar), 131.9 (Ar), 132.8 (2 x Ar), 133.1 (Ar), 135.0 (Ar), 137.0 

(Ar), 165.3 (Ar), 167.8 (COOCH3), 187.9 (CO). 
 

 

Methyl 2-((2-(4-methoxyphenyl)-2-oxoethyl)sulfinyl)benzoate (13B): White solid, 65% yield. 

1H NMR (400 MHz, CDCl3): δ 3.85 (s, 3H, CH3), 3.94 (s, 3H, CH3), 4.19 (d, J = 13.6 Hz, 1H, CH2), 

4.69 (d, J = 13.6 Hz, 1H, CH2), 6.86 – 6.97 (m, 2H, Ar), 7.56 (td, J = 7.6, 1.2 Hz, 1H, Ar), 7.76 (td, J 

= 7.7, 1.4 Hz, 1H, Ar), 7.92 – 7.99 (m, 2H, Ar), 8.08 (dd, J = 7.7, 1.4 Hz, 1H, Ar), 8.20 (dd, J = 8.0, 

1.3 Hz, 1H, Ar). 

13C NMR (101 MHz, DMSO-d ): δ 53.71 (CH ), 55.8 (OCH3), 63.54 (CH ), 116.3 (d, J = 21.8 Hz, 
6 3 2 

2 x Ar), 130.0 (Ar), 131.6 (Ar), 127.8 (Ar), 131.9 (Ar), 132.8 (2 x Ar), 133.1 (Ar), 135.0 (Ar), 137.0 

(Ar), 165.3 (Ar), 167.8 (COOCH3), 187.9 (CO). 
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Methyl 2-((2-(4-fluorophenyl)-2-oxoethyl)thio)benzoate (14). White solid, 73% yield. 

1H NMR (400 MHz, DMSO-d6): δ 3.83 (s, 3H, CH3), 4.74 (s, 2H, CH2), 7.20 – 7.32 (m, 1H, Ar), 

7.34 – 7.43 (m, 2H,Ar), 7.60 – 7.44 (m, 2H, Ar), 7.89 (dt, J = 7.8, 1.2 Hz, 1H, Ar), 8.12 – 8.20 (m, 

2H, Ar).13C NMR (101 MHz, DMSO-d6): δ 39.4 (CH3), 52.6 (CH2), 116.34 (d, J = 21.8 Hz, 2 x Ar), 

125.0 (Ar), ), 127.1 (Ar), 127.8 (Ar), 131.2 (Ar), 132.2 (2 x Ar), 132.7 (Ar), 133.2 (Ar), 140.2 (Ar), 

164.9 (Ar), 166.6 (COOCH3), 193.6 (CO). 
 

 

 

 

 

 

 

Methyl 2-((2-(4-fluorophenyl)-2-oxoethyl)sulfinyl)benzoate (14A). White solid, 71%. 1H 

NMR (400 MHz, DMSO-d6): δ 3.87 (s, 3H, CH3), 4.36 (d, J = 15.2 Hz, 2H, CH2), 4.95 (d, J = 15.2 

Hz, 2H, CH2), 7.36 (t, J = 8.8 Hz, 2H, Ar), 7.72 (t, J = 7.5 Hz, 1H, Ar), 7.93 (t, J = 7.7 Hz, 1H, Ar), 

8.00 – 8.18 (m, 2H, Ar). 13C NMR (101 MHz, DMSO-d6): δ 39.5 (CH3), 52.6 (CH2), 116.3 (d, J = 21.8 

Hz, 2 x Ar), 125.0 (Ar), 127.1 (Ar), 127.8 (Ar), 131.2 (Ar), 132.2 (2 x Ar), 132.7 (Ar), 133.2 (Ar), 

140.2 (Ar), 164.9 (Ar), 166.6 (COOCH3), 193.6 (CO). 
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6 3 

 

Methyl 2-((2-(4-fluorophenyl)-2-oxoethyl)sulfonyl)benzoate (14B). White solid, 55% yield. 

1H NMR (400 MHz, DMSO-d6): δ 3.90 (s, 3H, CH3) , 5.43 (s, 2H, CH2), 7.39 (t, J = 8.8 Hz, 2H, 

Ar), 7.75 – 7.82 (m, 2H, Ar), 7.84 – 7.90 (m, 1H, Ar), 7.94 (d, J = 7.7 Hz, 1H, Ar), 8.09 (dd, J = 8.6, 

5.5 Hz, 2H, Ar). 13C NMR (101 MHz, DMSO-d ): δ 53.71 (CH ), 63.54 (CH ), 116.3 (d, J = 21.8 Hz, 
6 2 3 

2 x Ar), 130.0 (Ar), 131.6 (Ar), 127.8 (Ar), 131.9 (Ar), 132.8 (2 x Ar), 133.1 (Ar), 135.0 (Ar), 137.0 

(Ar), 165.3 (Ar), 167.8 (COOCH3), 187.9 (CO). 
 

 

 

 

 

 

 

Methyl 2-((2-(4-chlorophenyl)-2-oxoethyl)thio)benzoate (15). White solid, 71% yield. 

1H NMR (400 MHz, DMSO-d6): δ 3.83 (s, 3H, CH3), 4.74 (s, 2H, CH2), 7.22 – 7.30 (m, 1H, Ar ), 

7.47 (d, J = 8.1 Hz, 1H, Ar), 7.50 – 7.57 (m, 1H, Ar), 7.64 (d, J = 8.4 Hz, 2H, Ar), 7.89 (dt, J = 7.8, 

1.3 Hz, 1H, Ar), 7.89 (dt, J = 7.8, 1.3 Hz, 2H). 13C NMR (101 MHz, DMSO-d ): δ 39.5 (CH ), 52.6 

(CH2), 125,0 (Ar), 127.1 (Ar), 127.8 (Ar), 129.4 (2 x Ar), 131.0 (2 x Ar), 131.2 (Ar), 133.2 (Ar), 134.7 

(Ar), 139.1 (Ar), 140.1 (Ar), 166.6 (COOCH3), 194.1 (CO). 
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Methyl2-((2-(4-chlorophenyl)-2-oxoethyl)sulfinyl)benzoate (15A). White solid, 57%. 1H NMR 

(400 MHz, CDCl3): δ 3.96 (s, 3H, CH3), 4.23 (d, J = 13.6 Hz, 1H, CH2), 4.72 (d, J = 13.5 Hz, 1H, 

CH2), 7.39 – 7.47 (m, 2H, Ar), 7.58 (td, J = 7.6, 1.2 Hz, 1H, Ar), 7.77 (td, J = 7.7, 1.4 Hz, 1H, Ar), 

7.89 – 7.97 (m, 2H, Ar), 8.10 (dd, J = 7.7, 1.4 Hz, 1H, Ar), 8.18 (dd, J = 8.0, 1.3 Hz, 1H, Ar). 

13C NMR (101 MHz, DMSO-d6): δ 39.5 (CH ), 52.6 (CH ), 125,0 (Ar), 127.1 (Ar), 127.8 (Ar), 129.4 

(2 x Ar), 131.0 (2 x Ar), 131.2 (Ar), 133.2 (Ar), 134.7 (Ar), 139.1 (Ar), 140.1 (Ar), 166.6 (COOCH3), 

194.1 (CO). 
 

 

 

 

 

 

Methyl-2-((2-(4-chlorophenyl)-2-oxoethyl)sulfonyl)benzoate (15B). White solid, 55% yield. 

1H NMR (400 MHz, CDCl3): δ 3.89 (s, 3H, CH3), 4.28 (s, 2H, CH2), 7.21 (ddd, J = 7.8, 6.4, 2.1 Hz, 

1H), 7.42 – 7.51 (m, 2H, Ar), 758 – 7.63 (m, 2H, Ar), 7.83 – 7.90 (m, 2H, Ar), 7.93 – 7.97 (m, 1H, 

Ar). 13C NMR (101 MHz, DMSO-d6): δ 39.5 (CH3), 52.6 (CH2), 125,0 (Ar), 127.1 (Ar), 127.8 (Ar), 

129.4 (2 x Ar), 131.0 (2 x Ar), 131.2 (Ar), 133.2 (Ar), 134.7 (Ar), 139.1 (Ar), 140.1 (Ar), 166.6 

(COOCH3), 194.1 (CO). 
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Methyl 2-((2-(4-bromophenyl)-2-oxoethyl)thio)benzoate (16). White solid, 61% yield. 

1H NMR (400 MHz, CDCl3): δ 4.01 (s, 3H, CH3), 5.22 (s, 2H, CH2), 7.56 – 7.62 (m, 2H, Ar), 

7.64 (dd, J = 7.8, 1.6 Hz, 1H, Ar), 7.71 (td, J = 7.5, 1.3 Hz, 1H, Ar), 7.76 (dd, J = 7.5, 1.6 Hz, 1H, 

Ar), 7.82 – 7.89 (m, 2H, Ar), 8.06 (dd, J = 7.9, 1.3 Hz, 1H, Ar). 

13C NMR (101 MHz, DMSO-d6): δ 39.5 (CH3), 52.6 (CH2), 125,0 (Ar), 127.1 (Ar), 127.8 (Ar), 

129.4 (2 x Ar), 131.0 (2 x Ar), 131.2 (Ar), 133.2 (Ar), 134.7 (Ar), 139.1 (Ar), 140.1 (Ar), 166.6 

(COOCH3), 194.1 (CO). 
 

 

Methyl 2-((2-(4-bromophenyl)-2-oxoethyl)sulfinyl)benzoate (16A). White solid, 55% 

yield. 1H NMR (400 MHz, DMSO-d6): δ 3.86 (s, 3H, CH3), 4.37 (d, J = 15.3 Hz, 1H, CH2), 7.69 

– 7.79 (m, 3H, Ar ), 7.86 – 7.98 (m, 3H, Ar ), 8.10 (ddd, J = 13.1, 7.8, 1.3 Hz, 2H). 

13C NMR (101 MHz, DMSO-d6): δ 39.5 (CH3), 52.6 (CH2), 125,0 (Ar), 127.1 (Ar), 127.8 (Ar), 

129.4 (2 x Ar), 131.0 (2 x Ar), 131.2 (Ar), 133.2 (Ar), 134.7 (Ar), 139.1 (Ar), 140.1 (Ar), 166.6 

(COOCH3), 194.1 (CO). 
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Methyl 2-((2-(4-bromophenyl)-2-oxoethyl)sulfonyl)benzoate (16B). White solid, 51% 

yield. 1H NMR (400 MHz, CDCl3): δ 3.89 (s, 3H, CH3), 4.29 (s, 2H, CH2), 7.10 – 7.17 (m, 2H, 

Ar), 7.20 (ddd, J = 7.8, 6.9, 1.5 Hz, 1H, Ar ), 7.42 – 7.52 (m, 2H, Ar ), 7.95 (dd, J = 7.8, 1.5 Hz, 

1H, Ar ), 8.01 – 8.08 (m, 2H, Ar ).13C NMR (101 MHz, DMSO-d6): δ 39.5 (CH3), 52.6 (CH2), 

125,0 (Ar), 127.1 (Ar), 127.8 (Ar), 129.4 (2 x Ar), 131.0 (2 x Ar), 131.2 (Ar), 133.2 (Ar), 134.7 

(Ar), 139.1 (Ar), 140.1 (Ar), 166.6 (COOCH3), 194.1 (CO). 
 

 

Methyl 2-((2-(4-cyanophenyl)-2-oxoethyl)thio)benzoate (17). Yellow solid, 47% yield. 

1H NMR (400 MHz, CDCl3): δ 3.89 (s, 3H, CH3), 5.50 (s, 2H, CH2), 7.77 – 7.82 (m, 2H, Ar), 

7.83 – 7.95 (m, 2H, Ar), 8.03 (d, J = 8.2 Hz, 2H, Ar), 8.14 (d, J = 8.1 Hz, 2H, Ar). 13C NMR (101 

MHz, DMSO-d6): δ 53.6 (CH3), 63.7 (CH2), 116.2 (d, J = 21.8 Hz, 2 x Ar), 118.4 (CN), 128.4 

(Ar), 129.3 (Ar), 130.2 (Ar), 131.9 (2 x Ar), 133.3 (Ar), 137.5 (Ar), 139.3 (Ar), 166.9 (Ar), 167.6 

(COOCH3), 188.8 (CO). 
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Methyl 2-((2-(4-cyanophenyl)-2-oxoethyl)sulfinyl)benzoate (17A). Yellow solid, 53% 

yield. 1H NMR (400 MHz, DMSO-d ): δ 3.85 (s, 3H, CH3), 4.44 (d, J = 15.2 Hz, 1H, CH2), 5.02 

(d, J = 15.2 Hz, 1H, CH2), 7.71 (tt, J = 7.6, 1.2 Hz, 1H, Ar), 7.92 (td, J = 7.6, 1.2 Hz, 1H, Ar), 8.00 

(d, J = 8.2 Hz, 2H, Ar ), 8.05 (dd, J = 8.0, 1.3 Hz, 1H, Ar), 8.07 – 8.13 (m, 3H, Ar). 13C NMR 

(101 MHz, DMSO-d6): δ 53.3 (CH3), 65.4 (CH2), 116.3 (d, J = 21.8 Hz, 2 x Ar), 118.6 (CN),124.1 

(Ar), 125.3 (Ar), 127.0 (Ar), 131.2 (Ar), 132.4 (2 x Ar), 133.4 (Ar), 134.5 (Ar), 139.5 (Ar), 147.9 

(Ar), 165.7 (COOCH3), 192.7 (CO). 
 

 

Methyl 2-((2-(4-cyanophenyl)-2-oxoethyl)sulfonyl)benzoate (17B). Yellow solid, 51% 

yield. 1H NMR (400 MHz, DMSO-d6): δ 3.90 (s, 3H, CH3), 5.52 (s, 2H, CH2), 7.78 – 7.83 (m, 

2H, Ar), 7.85 – 7.89 (m, 1H, Ar), 7.92 – 7.97 (m, 1H, Ar), 8.05 (d, J = 8.5 Hz, 2H, Ar), 8.19 – 

8.12 (m, 2H, Ar). 13C NMR (101 MHz, DMSO-d6): δ 53.7 (CH3), 63.7 (CH2), 116.5 (d, J = 21.8 

Hz, 2 x Ar), 118.5 (CN), 130.1 (Ar), 131.3 (Ar), 131.9 (Ar), 133.1 (2 x Ar), 132.0 (Ar), 133.4 (Ar), 

135.1 (Ar), 137.5 (Ar), 139.4 (Ar), 167.7 (COOCH3), 188.9 (CO). 



74  

6 

6 2 3 

 

Methyl 2-((2-(4-nitrophenyl)-2-oxoethyl)thio)benzoate (18). Red solid, 56% yield. 

1H NMR (400 MHz, DMSO-d ): δ 3.83 (s, 3H, CH3), 4.04 (s, 2H, CH2), 7.28 (t, J = 7.5 Hz, 1H, 

Ar), 7.46 – 7.57 (m, 2H, Ar), 7.90 (d, J = 7.8 Hz, 1H, Ar), 8.29 (d, J = 8.5 Hz, 2H, Ar), 8.38 (d, J 

= 8.5 Hz, 2H, Ar). 

13C NMR (101 MHz, DMSO-d ): δ 39.7 (CH ), 52.7 (CH ), 124.2 (d, J = 21.8 Hz, 2 x Ar), 125.2 

(Ar), ), 127.2 (Ar), 130.2 (Ar), 131.3 (Ar), 133.2 (2 x Ar), 139.7 (Ar), 140.7 (Ar), 150.6 (Ar), 164.9 

(Ar), 166.6 (COOCH3), 194.2 (CO). 
 

 

Methyl 2-((2-(4-nitrophenyl)-2-oxoethyl)sulfinyl)benzoate (18A). yellow solid, 51% yield. 

1H NMR (400 MHz, DMSO-d6): δ 3.88 (d, J = 0.9 Hz, 3H, CH3), 4.19 (s, 2H, CH2), 7.28 – 7.34 

(m, 1H, Ar), 7.40 – 7.48 (m, 2H, Ar), 7.52 (d, J = 8.1 Hz, 1H, Ar), 7.58 (tt, J = 7.0, 1.2 Hz, 1H, 

Ar), 7.94 (dt, J = 7.8, 1.2 Hz, 1H, Ar), 8.24 – 8.17 (m, 2H, Ar). 

13C NMR (101 MHz, DMSO-d6): δ 53.3 (CH3), 65.6 (CH2), 124.2 (d, J = 21.8 Hz, 2 x Ar), 125.2 

(Ar), 127.0 (Ar), 130.7 (Ar), 131.5 (2xAr), 134.5 (Ar) 141.0 (2xAr), 147.8 (Ar), 150.8 (Ar), 165.7 

(COOCH3), 192.6 (CO). 
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6 3 

 

Methyl 2-((2-(4-nitrophenyl)-2-oxoethyl)sulfonyl)benzoate (18B). Yellow solid, 61% yield. 

1H NMR (400 MHz, DMSO-d ): δ 3.95 (s, 3H, CH3), 4.90 (s, 2H, CH2), 7.83 – 7.89 (m, 2H, Ar), 

7.92 (d, J = 7.3 Hz, 1H, Ar), 8.00 (d, J = 7.8 Hz, 1H, Ar), 8.29 (d, J = 8.7 Hz, 2H, Ar), 8.41 (d, J = 

8.6 Hz, 2H, Ar). 13C NMR (101 MHz, DMSO-d ): δ 53.7 (CH ), 63.9 (CH2), 124.3 (d, J = 21.8 

Hz, 2 x Ar), 130.2 (Ar), 131.1 (Ar), 131.3 (Ar), 132.0 (2xAr), 133.1 (Ar) 135.1 (2xAr), 140.7 (Ar), 

150.9 (Ar), 165.7 (COOCH3), 188.8 (CO). 
 

 

2-((2-oxo-2-phenylethyl)thio)benzoic acid (19). White solid, 43% yield. 1H NMR (400 MHz, 

DMSO-d6): δ 4.70 (s, 2H, CH2), 7.18 – 7.23 (m, 1H, Ar), 7.48 (ddd, J = 13.3, 8.2, 6.7 Hz, 2H, Ar), 

7.56 (t, J = 7.6 Hz, 2H, Ar), 7.64 – 7.74 (m, 1H, Ar), 7.91 (dd, J = 7.8, 1.6 Hz, 1H, Ar), 8.08 (dd, 

J = 8.1, 1.5 Hz, 2H, Ar), 13.10 (s, 1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 39.3 (CH2), 

124.6 (Ar), 126.4 (Ar), 128.4 (Ar), 129.0 (2xAr), 129.2 (2xAr), 131.4 (Ar), 132.8 (Ar), 134.1 (Ar), 

135.9 (Ar), 140.5 (Ar), 167.9 (COOH), 195.1 (CO). 
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2-((2-oxo-2-phenylethyl)sulfinyl)benzoic acid (19A). White solid, 47% yield. 1H NMR (400 

MHz, DMSO-d6): δ 4.23 (d, J = 14.7 Hz, 2H, CH2), 7.53 (t, J = 7.6 Hz, 2H, Ar), 7.69 (q, J = 7.6 

Hz, 2H, Ar), 7.91 (td, J = 7.8, 1.5 Hz, 1H, Ar), 8.02 (d, J = 7.6 Hz, 2H, Ar), 8.06 – 8.15 (m, 2H, 

Ar), 13.81 (s, 1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 38.9 (CH2), 125.0 (Ar), 128.2 (Ar), 

129.2 (2xAr), 129.3 (2xAr), 131.1 (Ar), 131.4 (Ar), 134.0 (Ar), 134.4 (Ar), 136.3 (Ar), 148.3 (Ar), 

167.2 (COOH), 193.0 (CO). 
 

 

 

 

2-((2-oxo-2-phenylethyl)sulfonyl)benzoic acid White solid, 49% yield. 1H NMR (400 MHz, 

DMSO-d6): δ 4.67 (d, J = 14.7 Hz, 2H, CH2), 7.54 (t, J = 7.6 Hz, 2H, Ar), 7.70 (q, J = 7.6 Hz, 2H, 

Ar), 7.91 (td, J = 7.8, 1.5 Hz, 1H, Ar), 8.02 (d, J = 7.6 Hz, 2H, Ar), 8.06 – 8.15 (m, 2H, Ar), 12.75 

(s, 1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 69.6. (CH2), 125.0 (Ar), 128.2 (Ar), 129.2 

(2xAr), 129.3 (2xAr), 131.1 (Ar), 131.4 (Ar), 134.0 (Ar), 134.4 (Ar), 136.3 (Ar), 148.3 (Ar), 167.2 

(COOH), 193.0 (CO). 
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2-((2-oxo-2-(p-tolyl)ethyl)thio)benzoic acid (20). Solido bianco. 1H NMR (400 MHz, DMSO- 

d6): δ 2.39 (s, 3H, CH3), 4.64 (s, 2H, CH2), 7.22 (t, J = 7.3 Hz, 1H, Ar), 7.36 (d, J = 7.9 Hz, 2H, 

Ar), 7.47 (dt, J = 15.1, 4.8 Hz, 2H, Ar), 7.90 (d, J = 7.7 Hz, 1H, Ar), 7.98 (d, J = 7.8 Hz, 2H, Ar), 

13.09 (s, 1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 21.6 (CH3), 39.1 (CH2), 124.5 (Ar), 

126.4 (Ar), 128.3 (Ar), 129.1 (2xAr), 129.7 (2xAr), 131.4 (Ar), 132.8 (Ar), 133.5 (Ar), 140.6 (Ar), 

144.6 (Ar), 167.9 (COOH), 194.7 (CO). 
 

 

 

 

2-((2-oxo-2-(p-tolyl)ethyl)sulfinyl)benzoic acid (20A). Solido bianco. 1H NMR (400 MHz, 

DMSO-d6): δ 2.39 (s, 3H, CH3), 4.08 (s, 2H, CH2), 7.53 (t, J = 7.6 Hz, 2H, Ar), 7.69 (q, J = 7.6 Hz, 

2H, Ar), 7.91 (td, J = 7.8, 1.5 Hz, 1H, Ar), 8.02 (d, J = 7.6 Hz, 1H, Ar), 8.06 – 8.15 (m, 2H, Ar), 

13.81 (s, 1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 21.7 (CH3), 66.0 (CH2), 125.0 (Ar), 

128.2 (Ar), 129.2 (2xAr), 129.3 (2xAr), 131.1 (Ar), 131.4 (Ar), 134.0 (Ar), 134.4 (Ar), 136.3 (Ar), 

148.3 (Ar), 167.2 (COOH), 192.4 (CO). 
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2-((2-oxo-2-(p-tolyl)ethyl)sulfonyl)benzoic acid 1H NMR (400 MHz, CDCl3) δ 2.62 (s, 3H, 

CH3), 4.67 (s, 2H, CH2), 6.72- 6.78 (m, 2H, Ar), 7.87-7.87 (m, 2H, Ar), 8.07-7.87 (m, 3H, Ar), 

8.52 (m, 1H, Ar), 12.75 (s, -COOH). 13C NMR (101 MHz, DMSO-d6): δ 21.6 (CH3), 39.1 (CH2), 

124.5 (Ar), 126.4 (Ar), 128.3 (Ar), 129.1 (2xAr), 129.7 (2xAr), 131.4 (Ar), 132.8 (Ar), 133.5 (Ar), 

140.6 (Ar), 144.6 (Ar), 167.9 (COOH), 194.7 (CO). 
 

 

 

 

2-((2-(4-methoxyphenyl)-2-oxoethyl)thio)benzoic acid (21). Solido bianco. 1H NMR (400 

MHz, DMSO-d6): δ 3.86 (s, 3H, CH3), 4.61 (s, 2H, CH2), 7.07 (d, J = 8.6 Hz, 2H, Ar), 7.14 – 7.31 

(m, 1H, Ar), 7.41 – 7.60 (m, 2H, Ar), 7.62 (dd, J = 8.8, 3.0 Hz, 2H, Ar), 7.90 (dd, J = 7.7, 1.5 Hz, 

1H, Ar), 8.06 (d, J = 8.9 Hz, 2H, Ar), 13.09 (s, 1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 

38.9 (CH3), 58.0 (CH2), 114.4 (2xAr), 124.5 (Ar), 126.4 (Ar), 128.3 (Ar), 128.8 (Ar), 131.4 (Ar), 

131.5 (2xAr), 132.7 (Ar), 140.8 (Ar), 163.9 (Ar), 167.9 (COOH), 193.5 (CO). 
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2-((2-(4-methoxyphenyl)-2-oxoethyl)sulfinyl)benzoic acid (21A). White solid, 57% yield. 

1H NMR (400 MHz, DMSO-d6): δ 3.86 (s, 3H, CH3), 4.04 (d, J = 14.7 Hz, 1H, CH2), 7.53 (t, J = 

7.6 Hz, 2H, Ar), 7.69 (q, J = 7.6 Hz, 2H, Ar), 7.91 (td, J = 7.8, 1.5 Hz, 1H, Ar), 8.02 (d, J = 7.6 

Hz, 2H, Ar), 8.06 – 8.15 (m, 2H, Ar), 13.81 (s, 1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 

40.1 (CH3), 65.8 (CH2), 125.0 (Ar), 128.2 (Ar), 129.2 (2xAr), 129.3 (2xAr), 131.1 (Ar), 131.4 (Ar), 

134.0 (Ar), 134.4 (Ar), 136.3 (Ar), 148.3 (Ar), 167.2 (COOH), 191.1 (CO). 
 

 

2-((2-(4-methoxyphenyl)-2-oxoethyl)sulfonyl)benzoic acid 1H NMR (400 MHz, DMSO) δ δ 

3.91 (s, 3H, CH3), 4.14 (d, J = 14.7 Hz, 1H, CH2), 4.67 (d, J = 14.7 Hz, 1H, CH2), 7.53 (t, J = 7.6 

Hz, 2H, Ar), 7.73 (q, J = 7.6 Hz, 2H, Ar), 7.94 (td, J = 7.8, 1.5 Hz, 1H, Ar), 8.02 (d, J = 7.6 Hz, 

2H, Ar), 8.06 – 8.15 (m, 2H, Ar), 13.78 (s, 1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 38.9 

(-OCH3), 56.0 (CH2), 114.4 (2xAr), 124.5 (Ar), 126.4 (Ar), 128.3 (Ar), 128.8 (Ar), 131.4 (Ar), 

131.5 (2xAr), 132.7 (Ar), 140.8 (Ar), 163.9 (Ar), 167.9 (COOH), 193.5 (CO). 
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2-((2-(4-fluorophenyl)-2-oxoethyl)thio)benzoic acid (22). White solid, 51% yield. 1H NMR 

(400 MHz, DMSO-d6): δ 4.69 (s, 2H, CH2), 7.22 (t, J = 7.4 Hz, 1H, Ar), 7.35 – 7.42 (m, 2H, Ar), 

7.43 – 7.54 (m, 2H, Ar), 7.90 (d, J = 7.7 Hz, 1H, Ar), 8.17 (dd, J = 8.5, 5.5 Hz, 2H, Ar), 13.10 (s, 

1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 39.2 (CH2), 116.1 (Ar), 116.3 (Ar), 124.6 (Ar), 

126.5 (Ar), 128.4 (Ar), 131.4 (Ar), 132.1 (Ar), 132.7 (Ar), 132.8 (Ar), 140.4 (Ar), 164.4 (Ar), 166.9 

(Ar), 167.9 (COOH), 193.8 (CO). 
 

 

 

 

 

2-((2-(4-fluorophenyl)-2-oxoethyl)sulfinyl)benzoic acid (22A). White solid, 57% yield. 1H 

NMR (400 MHz, DMSO-d6): δ 4.24 (d, J = 14.7 Hz, 1H, CH2), 4.98 (d, J = 14.7 Hz, 1H, CH2), 

7.53 (t, J = 7.6 Hz, 2H, Ar), 7.69 (q, J = 7.6 Hz, 2H, Ar), 7.91 (td, J = 7.8, 1.5 Hz, 1H, Ar), 8.02 

(d, J = 7.6 Hz, 2H, Ar), 8.06 – 8.15 (m, 2H, Ar), 13.85 (s, 1H, COOH). 13C NMR (101 MHz, 

DMSO-d6): δ 65.7 (CH2), 125.0 (Ar), 128.2 (Ar), 129.2 (2xAr), 129.3 (2xAr), 131.1 (Ar), 131.4 

(Ar), 134.0 (Ar), 134.4 (Ar), 136.3 (Ar), 148.3 (Ar), 167.2 (COOH), 191.6 (CO) 
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2-((2-(4-fluorophenyl)-2-oxoethyl)sulfonyl)benzoic acid White solid, 48% yield 1H NMR 

(400 MHz, DMSO-d6): δ 5.46 (s, 2H, CH2), 7.07 (d, J = 8.6 Hz, 2H, Ar), 7.14 – 7.31 (m, 1H, Ar), 

7.41 – 7.60 (m, 2H, Ar), 7.62 (dd, J = 8.8, 3.0 Hz, 2H, Ar), 7.90 (dd, J = 7.7, 1.5 Hz, 1H, Ar), 8.06 

(d, J = 8.9 Hz, 2H, Ar), 13.09 (s, 1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 65.9 (CH2), 

125.0 (Ar), 128.2 (Ar), 129.2 (2xAr), 129.3 (2xAr), 131.1 (Ar), 131.4 (Ar), 134.0 (Ar), 134.4 (Ar), 

136.3 (Ar), 148.3 (Ar), 167.2 (COOH), 193.0 (CO). 
 

 

2-((2-(4-chlorophenyl)-2-oxoethyl)thio)benzoic acid (23). White solid, 51% yield. 1H NMR 

(400 MHz, DMSO-d6): δ 4.69 (s, 2H, CH2), 7.22 (t, J = 7.4 Hz, 1H, Ar), 7.47 (dt, J = 14.9, 4.7 Hz, 

2H, Ar), 7.62 (dd, J = 8.8, 3.0 Hz, 2H, Ar), 7.90 (dd, J = 7.8, 1.7 Hz, 1H, Ar), 8.08 – 8.12 (m, 2H, 

Ar), 13.11 (s, 1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 39.2 (CH2), 124.6 (Ar), 126.5 (Ar), 

128.4 (Ar), 129.3 (2xAr), 130.9 (2xAr), 131.4 (Ar), 132.8 (Ar), 134.6 (Ar), 139.0 (Ar), 140.3 (Ar), 

167.9 (COOH), 194.2 (CO). 
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2-((2-(4-chlorophenyl)-2-oxoethyl)sulfinyl)benzoic acid (23A). White solid, 55% yield. 1H 

NMR (400 MHz, DMSO-d6): δ 4.26 (d, J = 14.7 Hz, 1H, CH2), 4.98 (d, J = 14.7 Hz, 1H, CH2), 

7.59 (t, J = 7.6 Hz, 2H, Ar), 7.70 (dt, J = 7.6, 1.3 Hz, 2H, Ar), 7.90 (td, J = 7.8, 1.5 Hz, 1H, Ar), 

8.00 (d, J = 7.6 Hz, 2H, Ar), 8.08 8.08 (t, J = 7.7 Hz, 2H, Ar), 13.84 (s, 1H, COOH). 13C NMR 

(101 MHz, DMSO-d6): δ 65.6 (CH2), 125.0 (Ar), 128.2 (Ar), 129.2 (2xAr), 129.3 (2xAr), 131.1 

(Ar), 131.4 (Ar), 134.0 (Ar), 134.4 (Ar), 136.3 (Ar), 148.3 (Ar), 167.2 (COOH), 192.1 (CO). 
 

 

 

 

2-((2-(4-chlorophenyl)-2-oxoethyl)sulfonyl)benzoic acid White solid, 61% yield 1H NMR 

(400 MHz, DMSO-d6): δ 5.49 (s, CH2, 2H), 7.53 (t, J = 7.6 Hz, 2H, Ar), 7.69 (q, J = 7.6 Hz, 2H, 

Ar), 7.91 (td, J = 7.8, 1.5 Hz, 1H, Ar), 8.02 (d, J = 7.6 Hz, 2H, Ar), 8.06 – 8.15 (m, 2H, Ar), 13.97 

(s, 1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 65.7 (CH2), 125.0 (Ar), 128.2 (Ar), 129.2 

(2xAr), 129.3 (2xAr), 131.1 (Ar), 131.4 (Ar), 134.0 (Ar), 134.4 (Ar), 136.3 (Ar), 148.3 (Ar), 167.2 

(COOH), 191.6 (CO). 



83  

 

2-((2-(4-bromophenyl)-2-oxoethyl)thio)benzoic acid (24). White solid, 57% yield. 1H NMR 

(400 MHz, DMSO-d6): δ 4.68 (s, 2H, CH2), 7.17 – 7.28 (m, 1H, Ar), 7.48 (ddd, J = 16.7, 8.4, 6.9 

Hz, 2H, Ar), 7.76 (d, J = 8.3 Hz, 2H, Ar), 7.90 (dd, J = 7.8, 1.5 Hz, 1H, Ar), 7.97 – 8.04 (m, 2H, 

Ar), 13.11 (s, 1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 39.2 (CH2), 124.6 (Ar), 126.5 (Ar), 

128.2 (Ar), 128.4 (Ar), 131.0 (2xAr), 131.4 (Ar), 132.2 (2xAr), 132.8 (Ar), 134.9 (Ar), 140.3 (Ar), 

167.9 (COOH), 194.4 (CO). 
 

 

 

 

 

2-((2-(4-bromophenyl)-2-oxoethyl)sulfinyl)benzoic acid (24A). White solid, 56% yield. 1H 

NMR (400 MHz, DMSO-d6): δ 4.25 (d, J = 14.7 Hz, 1H, CH2), 4.97 (d, J = 14.7 Hz, 1H, CH2), 

7.53 (t, J = 7.6 Hz, 2H, Ar), 7.69 (q, J = 7.6 Hz, 2H, Ar), 7.91 (td, J = 7.8, 1.5 Hz, 1H, Ar), 8.02 

(d, J = 7.6 Hz, 2H, Ar), 8.06 – 8.15 (m, 2H, Ar), 13.83 (s, 1H, COOH). 13C NMR (101 MHz, 

DMSO-d6): δ 65.6 (CH2), 125.0 (Ar), 128.2 (Ar), 129.2 (2xAr), 129.3 (2xAr), 131.1 (Ar), 131.4 

(Ar), 134.0 (Ar), 134.4 (Ar), 136.3 (Ar), 148.3 (Ar), 167.1 (COOH), 192.3 (CO). 
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2-((2-(4-bromophenyl)-2-oxoethyl)sulfonyl)benzoic acid White solid, 45% yield yield 1H 

NMR (400 MHz, DMSO-d6): δ 4.87 (s, CH2, 2H), 7.53 (t, J = 7.6 Hz, 2H, Ar), 7.69 (q, J = 7.6 Hz, 

2H, Ar), 7.91 (td, J = 7.8, 1.5 Hz, 1H, Ar), 8.02 (d, J = 7.6 Hz, 2H, Ar), 8.06 – 8.15 (m, 2H, Ar), 

13.97 (s, 1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 65.6 (CH2), 125.0 (Ar), 128.2 (Ar), 

129.2 (2xAr), 129.3 (2xAr), 131.1 (Ar), 131.4 (Ar), 134.0 (Ar), 134.4 (Ar), 136.3 (Ar), 148.3 (Ar), 

167.2 (COOH), 192.1 (CO). 
 

 

 

 

2-((2-(4-nitrophenyl)-2-oxoethyl)thio)benzoic acid (25). Yellow solid, 71% yield. 1H NMR 

(400 MHz, DMSO-d6): δ 4.79 (s, 2H, CH2), 7.24 (t, J = 7.4 Hz, 1H, Ar), 7.41 – 7.59 (m, 2H, Ar), 

7.90 (dd, J = 7.7, 1.5 Hz, 1H, Ar), 8.29 (d, J = 8.5 Hz, 2H, Ar), 8.36 (d, J = 8.5 Hz, 2H, Ar), 13.11 

(s, 1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 39.6 (CH2), 124.2 (2xAr), 124.8 (Ar), 126.6 

(Ar), 128.5 (Ar), 130.4 (2xAr), 131.4 (Ar), 132.8 (Ar), 139.9 (Ar), 140.6 (Ar), 150.5 (Ar), 167.9 

(COOH), 194.4 (CO). 
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2-((2-(4-nitrophenyl)-2-oxoethyl)sulfinyl)benzoic acid (25A). yellow solid, 67% yield. 1H 

NMR (400 MHz, DMSO-d6): δ 4.40 (d, J = 14.7 Hz, 1H, CH2), 5.07 (d, J = 14.7 Hz, 1H, CH2), 

7.53 (t, J = 7.6 Hz, 2H, Ar), 7.69 (q, J = 7.6 Hz, 2H, Ar), 7.91 (td, J = 7.8, 1.5 Hz, 1H, Ar), 8.02 

(d, J = 7.6 Hz, 2H, Ar), 8.06 – 8.15 (m, 2H, Ar), 13.85 (s, 1H, COOH). 13C NMR (101 MHz, 

DMSO-d6): δ 65.6 (CH2), 125.0 (Ar), 128.2 (Ar), 129.2 (2xAr), 129.3 (2xAr), 131.1 (Ar), 131.4 

(Ar), 134.0 (Ar), 134.4 (Ar), 136.3 (Ar), 148.3 (Ar), 167.2 (COOH), 192.4 (CO). 
 

 

 

 

2-((2-(4-nitrophenyl)-2-oxoethyl)sulfonyl)benzoic acid . yellow solid, 57% yield 1H NMR 

(400 MHz, DMSO-d6): δ 5.49 (s, CH2, 2H), 7.17 – 7.28 (m, 1H, Ar), 7.48 (ddd, J = 16.7, 8.4, 6.9 

Hz, 2H, Ar), 7.76 (d, J = 8.3 Hz, 2H, Ar), 7.90 (dd, J = 7.8, 1.5 Hz, 1H, Ar), 7.97 – 8.04 (m, 2H, 

Ar), 13.11 (s, 1H, COOH). 13C NMR (101 MHz, DMSO-d6): δ 65.6 (CH2), 125.0 (Ar), 128.2 (Ar), 

129.2 (2xAr), 129.3 (2xAr), 131.1 (Ar), 131.4 (Ar), 134.0 (Ar), 134.4 (Ar), 136.3 (Ar), 148.3 (Ar), 

167.1 (COOH), 192.3 (CO). 
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2-((2-(4-cyanophenyl)-2-oxoethyl)thio)benzoic acid White solid, 55% yield 1H NMR (400 

MHz, DMSO-d6): δ 4.39 (s, CH2, 2H), 7.17 – 7.28 (m, 1H, Ar), , 7.76 (d, J = 8.3 Hz, 2H, Ar), 7.90 

(dd, J = 7.8, 1.5 Hz, 1H, Ar), 8.03 – 8.08 (m, 4H, Ar), 13.11 (s, 1H, COOH). 13C NMR (101 MHz, 

DMSO-d6): δ 38.5 (CH2), 118.6 (CN),125.0 (Ar), 128.2 (Ar), 129.2 (2xAr), 129.3 (Ar), 132.4 

(2Ar), 134.0 (Ar), 134.4 (Ar), 136.3 (Ar), 168.1 (COOH), 192.3 (CO). 
 

 

 

 

 

 

2-((2-(4-cyanophenyl)-2-oxoethyl)sulfinyl)benzoic acid White solid, 52% yield 1H NMR 

(400 MHz, DMSO-d6): δ 4.04 (s, CH2, 2H), 7.17 – 7.28 (m, 1H, Ar), , 7.76 (d, J = 8.3 Hz, 2H, 

Ar), 7.90 (dd, J = 7.8, 1.5 Hz, 1H, Ar), 8.03 – 8.08 (m, 4H, Ar), 12.75 (s, 1H, COOH). 13C NMR 

(101 MHz, DMSO-d6): δ 63.3 (CH2), 118.6 (CN),125.0 (Ar), 128.2 (Ar), 129.2 (2xAr), 129.3 (Ar), 

132.4 (2Ar), 134.0 (Ar), 134.4 (Ar), 136.3 (Ar), 169.31 (COOH), 189.00 (CO). 
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2-((2-(4-cyanophenyl)-2-oxoethyl)sulfonyl)benzoic acid White solid, 49% yield 1H NMR 

(400 MHz, DMSO-d6): δ 4.67 (s, CH2, 2H), 7.17 – 7.28 (m, 1H, Ar), , 7.76 (d, J = 8.3 Hz, 2H, 

Ar), 7.90 (dd, J = 7.8, 1.5 Hz, 1H, Ar), 8.03 – 8.08 (m, 4H, Ar), 12.95 (s, 1H, COOH). 13C NMR 

(101 MHz, DMSO-d6): δ 69.9 (CH2), 118.6 (CN),125.0 (Ar), 128.2 (Ar), 129.2 (2xAr), 129.3 (Ar), 

132.4 (2Ar), 134.0 (Ar), 134.4 (Ar), 136.3 (Ar), 169.31 (COOH), 189.00 (CO). 

 

 

Evaluation of human monoamine oxidase (hMAO) inhibitory activity 

The assay for the evaluation of the inhibitory activity of the compounds is based on the 

measurement of the conversion rate of a hMAO-substrate, kynuramine, into its oxidized 

metabolite, 4-quinolinol (4HQ), that absorbs at 316 nm [106]. The assay has been performed 

as previously described1.First, a calibration curve was created using 4-quinolinol solutions 

at different concentrations (ranging from 0,1 nM to 10 mM). Then, the kinetic properties 

(specific activity, Michaelis-Menten constant KM, and maximum speed Vmax) of the two 

isoforms were evaluated using solutions with different enzyme concentrations (X to X) for 

the measurement of the specific activity, and kynuramine solutions with at least six different 

concentration levels (Y to Y) for the measurement of KM and Vmax. After having fully 

characterized the enzymes, the inhibitory activity of the compounds was measured. 

Compound solutions were pipetted in a 96-wells plate, together with kynuramine solution 

(concentration = 2 x KM in the well), phosphate buffer (pH = 7.4) and the plate was then 

incubated at 37°C for 10 minutes. Absorbance of the wells was measured every minute and 

the last read (t = 10 min) was used as blank. Then, the enzyme was added (the amount of 

enzyme added depended on the specific activity, Vmax = 50 pmol/min) and the plate was 

incubated at 37°C for 30 minutes. The formation of 4-quinolinol was analysed and the 

production formation rate, or initial velocity V0, was obtained from the slope of the n (4HQ) 

= f(t) curves. Inhibition percentages at 10 μM were obtained from the comparison between 

the initial speed of the control well (no inhibitor) and the initial speed of the inhibitor. All 
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compounds have been screened at 10 μM, those whose inhibition was ≥ 50%, were further 

investigated and their IC50 was measured as follows. Different concentrations for each 

inhibitor were tested and analysed as previously described. Dose-response curves were 

created using the percentage of inhibition as a function of the logarithm of the concentration 

of the inhibitor. The IC50 value was extrapolated from the curve. The results have been 

expressed as mean value ± standard deviation. All experiments have been performed in 

triplicate and conducted three times. 
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Chapter 4: Photocatalytic Functionalization of 

Dehydroalanine-Derived Peptides in Batch and Flow 
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4.1 Introduction 

Peptide and protein therapeutics are currently experiencing a significant breakthrough, 

setting them on par with small molecules as potential drug candidates.[110] Late-stage 

functionalization (LSF) of biomolecules and drug scaffolds has proven to be a powerful 

strategy for efficiently exploring the chemical landscape, eliminating the need for expensive 

and resource-intensive de novo methodologies.[111-113] Consequently, the site- and 

chemoselective LSF of peptides has garnered substantial interest from both academic 

researchers and the pharmaceutical industry. Within this context, the incorporation of 

unnatural amino acids into peptides can significantly modify their bioactivity and enhance 

proteolytic stability.[114-117] For the LSF of peptides to be effective, it necessitates highly 

selective and mild reaction. 

Conditions capable of forging bonds with high precision amidst the complex array of 

functional groups inherent to peptides. To overcome this challenge, a diverse array of 

synthetic strategies has been utilized, encompassing classical condensations and 

(cyclo)additions,[118] transition-metal catalysis,[119] click chemistry,[120] 

photochemistry,[121] and more recently electrochemistry.[8] Notably, among the 

proteinogenic amino acids, those with nucleophilic side chains have been most extensively 

investigated for photochemical LSF.[123] Key examples include cysteine,[124] 

tryptophan,[125] methionine,[126] and tyrosine.[127] In contrast, dehydroalanine (Dha) 

represents an electrophilic residue that, although not proteinogenic, occurs naturally and is 

prevalent in a host of antimicrobial peptides.[128] It presents an alternative avenue for 

functionalization, as depicted in Figure 1a.[129-131] The recent advancement in 

photochemical LSF of Dha-enriched peptides has facilitated targeted and chemoselective 

processes such as alkylation, fluoroalkylation, acylation, and to a more limited degree, 

arylation.[132-135] Prior arylation approaches typically demanded aryl bromides as 

coupling agents, necessitating complex and laborious de novo synthesis to produce a 

variety of functionalized partners. However, recent studies by the groups of Ritter,[110] 

Procter, and Alcarazo [136-139] has highlighted the utility of arylsulfonium salts. These salts 

enable straightforward preparation routes leading to intricate aryl electrophiles,[140] which 
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are instrumental for both transition metal-catalyzed cross coupling chemistry[141-146] and 

photochemical applications.[147-151] Building on this, vinyl-sulfonium salts have recently 

been employed for various polar transformations.[154] Therefore, we were intrigued by the 

prospect of developing a photocatalytic LSF approach for Dha-containing peptides using 

the highly versatile and modular arylthianthrenium salts, as illustrated in Figure 1b. This 

transformation was accomplished by the single electron transfer (SET) reduction of these 

salts, which generates an exceptionally reactive aryl radical. This radical readily adds to the 

α,β-unsaturated moiety within the Dha backbone. To guarantee gentle reaction conditions 

and minimize reaction times—key factors for ensuring broad functional group 

compatibility and scalability—we also devised a continuous-flow protocol.[28] Notably, our 

method facilitates the efficient ligation of peptides and their conjugation with various drug 

scaffolds. 

 

Our initial efforts in achieving regioselective arylation of Dha-derivative 2 focused on the 

use of arylthianthrenium salt 1 (For detailed optimization, see Supporting Information). We 

employed DIPEA as the stoichiometric reductant and eosin Y as a photocatalyst, with the 

reaction driven by visible light irradiation at a wavelength of 456 nm (Table 1). The reaction 

proceeded efficiently (72% isolated yield) in a solvent mixture of MeCN:HFIP (7:1) at room 

temperature over 4 hours (Table 1, Entry 1). Other protic or aprotic polar solvents failed to 

provide satisfactory conversions (Table 1, Entries 2 and 3). It became evident that the choice 
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of solvent was critical; variations in the solvent system composition, containing different 

ratios between MeCN and HFIP, resulted in decreased yields (Table 1, Entry 4). A control 

experiment demonstrated the essential role of DIPEA (entry 5). Other potential reductants, 

including various amines and dihydropyridines, were also tested but failed to effectively 

produce the target product 3 (Table 1, Entries 6 and 7). Furthermore, we explored a range 

of photo-organocatalysts and metal-based photocatalysts, which unfortunately led to less 

efficient processes (Table 1, Entries 8 and 9). Gratifyingly, the synthesis of the unnatural 

amino acid 3 could be smoothly performed in a continuous-flow photoreactor in a 

significantly reduced reaction Table 1. Optimization of the photocatalytic arylation of the 

Dha-derivative 2 with arylthianthrenium salt 1.[a] Entry Deviation from the standard 

conditions 1 2 3 4 5 6 7 None MeOH/i-PrOH/HFIP/DMF/DMSO as solvent MeCN as solvent 

MeCN:HFIP (1:1)/(3:1)/(19:1) as solvent without DIPEA TEA/TBA/DABCO/TEOA instead 

of DIPEA hantzsch ester (2.0 equiv) instead of DIPEA 8 9 10 eosin Y- 

Na2/fluorescein/rhodamine B/Ru(bpy)3Cl2 as photocatalyst Ir(ppy)3/10- 

phenylphenothiazine as photocatalyst under flow conditions tR = 20 min Yield [%][b] 72 

40/38/nd/nd/nd 45 36/63/49 nd 37/29/nd/55 23 68/47/52/45 nd/10[c] 69 [a] Reaction 

conditions: 1 (0.20 mmol), 2 (1.0 mmol), eosin Y (5.0 mol%), DIPEA (1.0 mmol), MeCN:HFIP 

(7:1, 4.0 mL), at room temperature, 456 nm for 4 h. [b] Yield of isolated product. [c] Yield 

determined by 1H-NMR spectroscopy using trichloroethylene as external standard. HFIP: 

1,1,1,3,3,3-hexafluoro-2 propanol, DMF: N,N-dimethylformamide, DMSO: dimethyl 

sulfoxide, DIPEA: N,N-diisopropylethylamine, TEA: triethylamine, TBA: tributylamine, 

DABCO: 1,4-diazabicyclo[2.2.2]octane, TEOA: 2-(bis(2-hydroxyethyl)amino)ethanol, bpy: 

2,2'-bipyridine, ppy: 2-phenylpyridine. time (tR = 20 min) with comparable efficiency (Table 

1, Entry 10). 
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Entry Deviation from the standard conditions Yield [%][b] 

1 none 72 

2 MeOH/i-PrOH/HFIP/DMF/DMSO as solvent 40/38/nd/nd/n 

d 

3 MeCN as solvent 45 

4 MeCN:HFIP (1:1)/(3:1)/(19:1) as solvent 36/63/49 

5 without DIPEA nd 

6 TEA/TBA/DABCO/TEOA instead of DIPEA 37/29/nd/55 

7 hantzsch ester (2.0 equiv) instead of DIPEA 23 

8 eosin Y-Na2/fluorescein/rhodamine 

B/Ru(bpy)3Cl2 as photocatalyst 

68/47/52/45 

9 Ir(ppy)3/10-phenylphenothiazine as 

photocatalyst 

nd/10[c] 

10 under flow conditions tR = 20 min 69 

Table 1. [a] Reaction conditions: 1 (0.20 mmol), 2 (1.0 mmol), eosin Y (5.0 mol%), DIPEA (1.0 mmol), 

MeCN:HFIP (7:1, 4.0 mL), at room temperature, 456 nm for 4 h. [b] Yield of isolated product. [c] Yield 

determined by 1H-NMR spectroscopy using trichloroethylene as external standard. HFIP: 1,1,1,3,3,3- 

hexafluoro-2-propanol, DMF: N,N-dimethylformamide, DMSO: dimethyl sulfoxide, DIPEA: N,N- 

diisopropylethylamine, TEA: triethylamine, TBA: tributylamine, DABCO: 1,4-diazabicyclo[2.2.2]octane, 

TEOA: 2-(bis(2-hydroxyethyl)amino)ethanol, bpy: 2,2'-bipyridine, ppy: 2-phenylpyridine. 

 

Building upon the established optimal conditions for the photocatalytic arylation of Dha 2, 

both in batch and flow (Table 1, Entries 1 and 10), we sought to evaluate the versatility and 

scope of our method. Hereto, we applied various arylthianthrenium salts 4 to the 

established protocol, as delineated in Scheme 1. Scaling up our model reaction using 

arylthianthrenium salt 1 and Dha derivative 2 via flow technology was successful, achieving 

a 71% isolated yield at a 1.0 mmol scale under our standard conditions. 
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We then extended our approach to include alkyl-substituted arylthianthrenium salts 4, 

which served as competent reaction partners into our protocol, yielding the anticipated 

products 7-12 in good to excellent isolated yields. Notably, the synthesis of biaryl unnatural 

amino acids 13-15 was achieved in excellent yields. These amino acids bear functional 

groups amenable to subsequent synthetic manipulations, such as condensations and 

transition-metal catalyzed cross-couplings. Impressively, the aryl iodide bond, typically 

sensitive to reduction under photocatalytic conditions, proved to be compatible with our 

process. The method's adaptability was further underscored by its application to 

heteroatom-containing arylthianthrenium salts 4, leading to an array of phenylalanine 

derivatives (16-24). The yields were moderate to excellent, maintaining both high chemo- 

and regioselectivity. Additionally, our methodology demonstrated its robust functional 

group tolerance by facilitating access to a diverse set of heterocycle-containing amino acids. 

This collection of compounds included structures with dihydrobenzofuran, benzodioxole, 

chromanone, xanthone, pyridine, carbazole, indoline, and quinazoline-dione, showcasing 

the broad applicability and robustness of the synthetic strategy. In addition, our 

methodology enabled the synthesis of diverse amino acid derivatives for peptide synthesis, 

incorporating orthogonal protecting groups, requiring only minor adjustments to reaction 

conditions. We evaluated acid-, base- and hydrogenation-labile protecting groups, 

including tert -butyloxycarbonyl (Boc), fluorenylmethyloxycarbonyl (Fmoc), and 

benzyloxycarbonyl (Cbz) resulting in the successful preparation of the desired building 

blocks 33-35. 
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Scheme 1. Synthesis of unnatural amino acids via radical addition to Dha derivative 2. For further 

experimental details see the Supporting Information. 

 

The streamlined and selective synthesis of arylthianthrenium salts prompted us to 

investigate their application with drug scaffolds and natural product derivatives, numbered 

as 36, within our photocatalytic protocol, aiming to create distinctive conjugates as depicted 

in Scheme 2. The process proved to be of high value, allowing for the seamless integration 

of a variety of drugs onto the Dha-backbone, yielding an array of novel amino acid/drug 

conjugates 38. The mild conditions of our photocatalytic hydroarylation were evidenced by 

the complete preservation of vulnerable heterocyclic structures, such as those found in 

pyriproxyphen, bifonazole, boscalid, and benzbromarone. The successful incorporation of 

drug scaffolds onto amino acid backbones led us to extend our strategy to the chemical 

ligation of peptides. We utilized an arylthianthrenium salt derivative of phenylalanine 
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under our standard conditions, which afforded the targeted unnatural dipeptide 47 with 

excellent chemo- and regioselectivity. 

 

 

 

 

 

 

 

 

 

 
Scheme 2. Synthesis of conjugated and ligated unnatural amino acids via radical addition to Dha derivative 

2. For further experimental details see the Supporting Information. 

 

Furthermore, we synthesized a series of conjugates employing continuous-flow conditions, 

achieving similar success even when scaling up the reactions, which underscores the 

practicality and scalability of our synthetic approach. We then advanced to the late-stage 

functionalization of more complex peptide structures 48, applying our photocatalytic 

conditions detailed in Scheme 3. We were able to precisely and selectively functionalize a 

variety of di-,tri-, penta- and hexapeptides, decorating them with a multitude of functional 

groups derived from the aromatic core. Notably, peptides containing residues with sensitive 

functionalities like thioether, phenol, and indole groups were tolerated without any 

interference from photocatalytic single electron transfer (SET) processes or hydrogen atom 

transfer reactions, which typically present significant deleterious side pathways. In 

addition, our protocol was not hindered by the position of the Dha residue in the peptide, 

as the functionalization at N-, C-terminus as well as inside the peptide sequence was 
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accomplished. Furthermore, our methodology facilitated the rapid synthesis of a tripeptide 

66, which showcased an atypical linkage, demonstrating the applicability of our ligation 

techniques. This process also proved to be highly capable at integrating drug scaffolds with 

peptides, further emphasizing the remarkable functional group compatibility of our system, 

even within the intricate context of peptide conjugation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 3. LSF of Dha-containing peptides 44 leading to conjugation and ligation. For further experimental 

details see the Supporting Information. 

 

In conclusion, we have successfully developed a photocatalytic hydroarylation protocol that 

efficiently targets the Dha-backbone utilizing versatile arylthianthrenium salts. This novel 

strategy has demonstrated its versatility in synthesizing a diverse array of unnatural amino 

acids, with the potential for straightforward scale-up under a continuous-flow regime. The 

remarkable functional group tolerance of our methodology enables the preservation of 
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delicate chemical structures during synthesis, broadening the scope of compatible coupling 

partners. Furthermore, the precise site- and chemoselectivity of this technique showcase its 

utility in the modification of peptides bearing a variety of sensitive residues. Looking 

forward, this mild photocatalytic approach is poised to impact the late-stage 

functionalization of complex peptides and proteins, offering new avenues for biochemical 

research and therapeutic development. 

 

4.2 Materials and Methods 

Reagents and consumables. All reagents and solvents were bought from Sigma Aldrich, 

TCI, Flurochem, VWR International and Biosolv and used as received. Disposable syringes 

were purchased from Laboratory Glass Specialist. Syringe pumps were purchased from 

Chemix Inc. model Fusion 200 Touch. All capillary tubing, microfluidic fittings and Back 

Pressure Regulator (BPR) were purchased from IDEX Health & Science. Product isolation 

was performed manually, using silica (P60, SILICYCLE). TLC analysis was performed using 

Silica on aluminum foils TLC plates (F254, SILICYCLE) with visualization under ultraviolet 

light (254 nm and 365 nm) or appropriate TLC staining (potassium permanganate or cerium 

ammonium molybdate). The HPLC pump used was Shimadzu LC-20AD. 

Starting materials. Arylthianthrenium salts 4 and 37 were prepared according to 

literature.[1] Dha derivative 2 and Dha-containing peptides 48 were prepared according to 

literature.[2] NMR spectroscopy. 1H (400 MHz or 300 MHz), 13C (101 MHz or 75 MHz), 19F 

(376 MHz or 282) spectra were recorded unless stated otherwise on ambient temperature 

using a Bruker AV400 or a Bruker AV300. 1H NMR spectra are reported in parts per million 

(ppm) downfield relative to CDCl3 (7.26 ppm) or DMSO-d6 (2.50 ppm) and all 13C NMR 

spectra are reported in ppm relative to CDCl3 (77.16 ppm) or DMSO-d6 (39.52 ppm) unless 

stated otherwise. The multiplicities of signals are designated by the following abbreviations: 

s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of doublets), dt 

(doublet of triplets), td (triplet of doublets), tt (triplets of triplets), ddd (doublet of doublet 

of doublets), qd (quartet of doublet). Coupling constants (J) are reported in hertz (Hz). NMR 

data was processed using the MestReNova 14 software package. Known products were 
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characterized by comparing to the corresponding 1H NMR, 13C NMR, and 19F NMR with 

those available in the literature. 

Mass spectrometry. High resolution mass spectra (HRMS) were collected on an AccuTOF 

LC, JMS-T100LP Mass spectrometer (JEOL, Japan) or on an AccuTOF GC v 4g, JMS- 

T100GCV Mass spectrometer (JEOL, Japan), or on a 7200 GC−qTOF (Agilent Technologies). 

 

 

4.3 Reactor design 

4.3.1 UFO reactor 

For all batch experiments a homemade, 3D-printed reactor was adopted. The reactor was 

designed to fit reaction vials and to be equipped with a Kessil lamp PR160L series ( em = 

456 nm). The reactor was designed in Adobe Inventor 2021 with 4 different parts. The lid 

(100 mm 

× 12 mm) is designed to host up to 8 reactions vials and holds the Kessil lamp in the center 

(Figure S1A); a fan (SUNON DCLüfter 24 V; 50x50x15 Vapo RoHS) is mounted on the 

bottom of the reactor for cooling. The box is designed with holes to allow the air flow to 

escape the reactor and keep the temperature stable around 30−33 °C (Figure S1B), as 

measured by an external thermometer. A reflector is situated underneath the lamp and 

reflects the photons inside the box to have homogeneous light distribution (Figure S1C). 

Finally, the stirring plate adapter (Figure S1D) was added to fix the system on a stirring 

plate and provide homogeneous stirring (Figure S1E). It also spaces the reflector from the 

plate to ensure a continuous air flow from the top to the bottom of the system. All the inside 

surfaces were covered with reflective tape. An overview of the assembled reactor is shown 

in Figure S2. 
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Figure S1. Overview of the 3D-printed reactor: A) lid designed to host up to 8 reactions vials 

and hold the Kessil lamp in the center; B) body of the reactor; C) light reflector: it is coated 

with reflective tape; D) adapter for stirring plate; E) inside of the reactor; G) overall reactor. 

 

Figure S2. Picture of the assembled reactor equipped with a Kessil lamp ( em = 456 nm). 
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4.3.2 Flow reactor (UFlow) 

For all flow experiments a homemade, 3D-printed reactor was adopted (Figure S3, left). The 

reactor consists of a lid to host the Kessil lamp and a support around which a PFA tubing 

(0.8 mm inner diameter) is coiled (Figure S3, middle); a fan (SUNON DCLüfter 24 V; 

50x50x15 Vapo RoHS) is mounted on the bottom of the reactor for cooling. The coil is 

inserted in a S7 cylindrical plastic body Figure S3, right) with holes to allow the air flow to 

escape the reactor and keep the temperature stable around 30−33 °C. Additional details on 

the reactor will be published elsewhere. 

 

Figure S3. Overview of the 3D-printed flow reactor: left: overall reactor; middle: inside of the reactor (flow 

loop) and holder for the Kessil lamp in the center; right: main body, internally coated with reflective tape. A 

fan is mounted on the bottom to keep the temperature stable around 30−33 °C. 
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4.4 Optimization Studies 

Optimization Studies: Solvent effects [a] 
 

 

 

Entry Solvent Yield[b] 

1 MeOH 47% 

2 MeOH (reverse stoichiometry) 51% 

3 EtOH 36% 

4 i-PrOH 46% 

5 t-BuOH 31% 

6 HFIP traces 

7 DMF 3% 

8 DMA 5% 

9 DMSO 16% 

10 Et2O 24% 

11 1,4-dioxane 13% 

12 DCM 15% 

13 MeCN 48% 

14 MeCN (reverse stoichiometry) 31% 

15 MeOH/HFIP (6/4) 29% 

16 MeCN/HFIP (6/4) 32% 

 

 

 

[a] Reaction conditions: 1 (0.40 mmol), 2 (0.20 mmol), eosin Y (10 mol%), DIPEA (1.0 

mmol), solvent (4.0 mL, 0.05 M), at room temperature, 456 nm for 4 h. [b] Yield determined 

by 1H-NMR spectroscopy using trichloroethylene as external standard. 
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Optimization Studies: Amount of DIPEA [a] 
 

 

Entry Equivalents Yield[b] 

1 1.0 21% 

2 2.0 35% 

3 3.0 39% 

4 5.0 48% 

 

 

 

[a]  Reaction conditions: 1 (0.40 mmol), 2 (0.20 mmol), eosin Y (10 mol%), DIPEA (x 

equiv.), MeCN (4.0 mL, 0.05 M), at room temperature, 456 nm for 4 h. [b] Yield determined 

by 1H- NMR spectroscopy using trichloroethylene as external standard. 
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Optimization Studies: Screening of reductants [a] 
 

 

 

 

Entry Amine Yield 

1 DIPEA 48% 

2 DIPEA (no photocat.) 4% 

3 DIPEA (no photocat. at 390 nm) 24% 

4 DIPEA and AcOH (2 eq.) 48% 

5 DIPEA and AcOH (2 eq) in MeOH 34% 

6 TEA 19%% 

7 DABCO traces 

8 DABCO (no photocat.) traces 

9 triethanolamine 30% 

 

[a]  Reaction conditions: 1 (0.40 mmol), 2 (0.20 mmol), eosin Y (10 mol%), DIPEA (x 

equiv.), MeCN (4.0 mL, 0.05 M), at room temperature, 456 nm for 4 h. [b] Yield determined 

by 1H-NMR spectroscopy using trichloroethylene as external standard. 
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Optimization Studies: Screening of hantzsch ester (diethyl 1,4-dihydro-2,6-dimethyl-3,5- 

pyridinedicarboxylate) as reductant [a] 

 

 

Entry Solvent Yield[b] 

1 MeCN 16% 

2 DCM 21% 

3 DMF traces 

4 DMSO traces 

5 HFIP traces 

6 MeOH traces 

 

[a] Reaction conditions: 1 (0.40 mmol), 2 (0.20 mmol), eosin Y (10 mol%), 

hantsch ester (2.0 equiv.), solvent (4.0 mL, 0.05 M), at room temperature, 456 nm for 4 h. [b] 

Yield determined by 1H-NMR spectroscopy using trichloroethylene as external standard. 
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Optimization Studies: Arylthianthrenium salt 1 as limiting agent [a] 
 

 

 

 

Entry equivalents Yield[b] 

1 2.0 36% 

2 3.0 55% 

3 10 75%[c] 

 

 

 

[a]   Reaction conditions: 1 (0.20 mmol), 2 (x equiv.), eosin Y (5.0 mol%), 

DIPEA (5.0 equiv.), solvent (4.0 mL, 0.05 M), at room temperature, 456 nm for 4 h. [b] Yield 

determined by 1H-NMR spectroscopy using trichloroethylene as external standard. [c] 

Yield of isolated product. 

 

 

 

Optimization Studies: Solvent screening with arylthianthrenium salt 1 as limiting agent 

[a] 
 

 

 

Entry Solvent ratio Yield[b] 

1 1.5/2.5 27% 

2 2.0/2.0 36% 
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3 2.5/1.5 64% 

4 3.0/1.0 63% 

5 3.5/0.5 72% 

6 3.6/0.4 61% 

7 3.7/0.3 63% 

8 3.8/0.2 62% 

9 3.9/0.1 49% 

 

[a] Reaction conditions: 1 (0.20 mmol), 2 (5.0 equiv.), eosin Y (5.0 mol%), 

DIPEA (5.0 equiv.), solvent (4.0 mL, 0.05 M), at room temperature, 456 nm for 4 h. [b] Yield 

of isolated product. 

 

4.5 General procedures 

General procedure 1 (GP1) for the photocatalytic radical addition of arylthianthrenium 

salts to Dha in batch 

 

In a typical experiment, to an oven-dried 7 mL vial equipped with a stirring bar were added 

arylthianthrenium salt 4 or 37 (0.2 mmol, 1.0 equiv.), Eosin Y (6.5 mg, 5.0 mol%) and Dha 

derivative 5 or Dha-containing peptide 48 (1.0 mmol, 5.0 equiv). The vial was sealed with a 

rubber septum and the solids were dissolved in MeCN:HFIP (7:1, 4.0 mL, 0.05 M). Then, 

DIPEA was added (173 µL, 5.0 equiv.). The vial was then stirred and irradiated in the UFO 

photochemical reactor for 4 h, while the temperature was maintained at 30 °C. The solvent 

was evaporated under reduced pressure and the crude reaction mixture was purified by 

flash column chromatography on silica gel. 
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General procedure 1 (GP2) for the photocatalytic radical addition of arylthianthrenium 

salts to Dha in flow 

 

In a typical experiment, to an oven-dried 7 mL vial equipped with a stirring bar were added 

arylthianthrenium salt 4 or 37 (0.2 mmol, 1.0 equiv.), eosin Y (6.5 mg, 5.0 mol%) and Dha 

derivative 5 or Dha-containing peptide 48 (1.0 mmol, 5.0 equiv). The vial was sealed with a 

rubber septum and the solids were dissolved in MeCN:HFIP (7:1, 4.0 mL, 0.05 M). Then, 

DIPEA was added (173 µL, 5.0 equiv.). The solution was loaded to a filling loop (FEP 

capillary tubing: 1.6 mm OD, 0.8 mm ID, 5 mL volume), that had been sparged with N2. By 

using an HPLC pump the solution was delivered to the flow reactor (UFlow) with a PFA 

coil (FEP capillary tubing: 1.6 mm OD, 0.8 mm ID, 4.0 mL volume) prefilled with CH3CN. 

The solution was pumped with a total flow rate of 0.20 mL/min flow rate (20 minutes of 

residence time) and after 60 min the collected solution was evaporated under reduced 

pressure and the crude reaction mixture was purified by flash column chromatography on 

silica gel. 

 

General procedure 3 (GP3) for the arylthianthrenium salts 4 and 37 

 

 

Following a modified literature procedure,[3] under an ambient atmosphere, a round- 

bottom flask was charged sequentially with the arene (1.1 equiv.), thianthrene 5-oxide (1.0 

equiv.), and anhydrous MeCN (0.10 - 0.25 M). The solution was cooled to 0 °C, followed by 

the addition of HBF4·Et2O (1.5 equiv.) and trifluoroacetic anhydride (3.0 equiv.). The 

mixture was stirred at 0 °C for 1 h and subsequently at 25 °C for 16 h. At this point, the 

reaction mixture was concentrated under reduced pressure and diluted with 

dichloromethane (0.05 M). The CH2Cl2 phase was poured onto a saturated aqueous 

NaHCO3 solution. The mixture was poured into a separatory funnel, and the layers were 

separated. The CH2Cl2 layer was washed with aqueous NaBF4 solution (2 X, 5 % w/w), and 

with water (2 X). The CH2Cl2 layer was dried over Na2SO4, filtered, and the solvent was 
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removed under reduced pressure. The solvent was evaporated under reduced pressure and 

the crude reaction mixture was purified by flash column chromatography on silica gel. 

 

General procedure 4 (GP4) for the preparation of Dha-containing peptides 48 

Following a modified literature procedure,[2a] Phth-Ser-OH (1.5 equiv.) was dissolved in 

dry CH2Cl2 (0.2 M) and the solution cooled to 0 °C. The amino acid methyl ester 

hydrochloride (1.0 equiv) was then added followed by DIPEA (adjusted pH > 8 ), EDCI.HCl 

(1.1 eq.) HOBt (1.1 equiv.). The reaction mixture was slowly warmed to room temperature 

and stirred overnight. The reaction mixture was then washed with brine, HCl 1M (2 X), 

brine, sat NaHCO3 (2 X), brine, and dried over MgSO4 and evaporated under reduced 

pressure. The crude product was then used in the next reaction forward without further 

purification. The crude residue was re-dissolved in CH2Cl2 (0.2 M) and placed under an 

atmosphere of nitrogen. Then, EDCI.HCl (1.1 eq.) and CuCl (0.33 eq.) were added, and the 

reaction stirred at room temperature for 18 hours. The solution was then washed with two 

portions of water (2 × 10 mL), dried over MgSO4 and evaporated under reduced pressure. 

The crude product was purified flash column chromatography on silica gel. 
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4.6 Characterization data for the synthesized compounds 

 
Characterization data for the unnatural amino acids 6 

 

 

 

 

Ethyl 3-(4-(tert-butyl)phenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoate (3) 

Prepared according to the GP1, using 5-(4-(tert-butyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate (87.3 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 19/1 → 5/1) to afford product 3 (54.5 mg, 72% yield) as 

white solid. Following the GP2 on 1.00 mmol scale the product 3 was isolated in 71% yield. 

Spectroscopic data are in accordance with the literature.[4] 

1H-NMR (400 MHz, CDCl3) δ 7.71 (dd, J = 5.5, 3.1 Hz, 1H), 7.61 (dd, J = 5.5, 3.1 Hz, 1H), 

7.12 (d, J = 8.3 Hz, 1H), 7.02 (d, J = 8.3 Hz, 1H), 5.07 (dd, J = 10.8, 5.6 Hz, 1H), 4.22 – 4.11 

(m, 2H), 3.50 (dd, J = 14.6, 5.6 Hz, 1H), 3.44 (dd, J = 14.6, 10.8 Hz, 1H), 1.17 (t, J = 7.1 Hz, 3H), 

1.14 (s, 9H). 

13C-NMR (101 MHz, CDCl3) δ 169.0, 167.6, 149.6, 134.0, 133.7, 131.7, 128.5, 125.4, 123.4, 

62.0, 53.4, 34.3, 34.1, 31.3, 14.1. 

HRMS (ESI) m/z calcd for C23H26NO4+: 380.1856; found: 380.1870. 
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Ethyl -3-(4-cyclopropylphenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoate (7) 

Prepared according to the GP1, using 5-(4-cyclopropylphenyl)-5H-thianthren-5-ium 

tetrafluoroborate (84.1 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 19/1 → 5/1) to afford product 7 (61.7 mg, 85% yield) as 

white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.79 (dd, J = 5.5, 3.1 Hz, 2H), 7.69 (dd, J = 5.6, 3.1 Hz, 2H), 

7.07 (d, J = 7.9 Hz, 2H), 6.90 (d, J = 7.9 Hz, 2H), 5.14 (dd, J = 10.8, 5.7 Hz, 1H), 4.36 – 4.14 

(m, 2H), 3.68 – 3.42 (m, 2H), 1.90 – 1.65 (m, 1H), 1.27 (t, J = 7.1 Hz, 2H), 0.98 – 0.79 (m, 

2H), 0.69 – 0.47 (m, 2H). 

13C-NMR (101 MHz, CDCl3) δ 168.9, 167.6, 142.4, 134.1, 133.7, 131.7, 128.7, 125.8, 123.4, 

62.0, 53.5, 34.2, 15.0, 14.1, 9.1, 9.1. 

HRMS (ESI) m/z calcd for C22H22NO4+: 364.1543; found: 364.1557. 
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Methyl -1-(4-(2-(1,3-dioxoisoindolin-2-yl)-3-ethoxy-3-oxopropyl)phenyl)cyclopropane-1- 

carboxylate (8) 

Prepared according to the GP1, using 5-(4-(1-(methoxycarbonyl)cyclopropyl)phenyl)-5H- 

thianthren-5-ium tetrafluoroborate (95.6 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3- 

dioxoisoindolin-2-yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was 

purified by flash column chromatography (toluene/EtOAc: 100/0 → 97/3) to afford product 

8 (62.3 mg, 74% yield) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.79 (dd, J = 5.4, 3.1 Hz, 2H), 7.70 (dd, J = 5.4, 3.1 Hz, 2H), 

7.16 (d, J = 8.2 Hz, 2H), 7.11 (d, J = 8.2 Hz, 2H), 5.14 (dd, J = 10.8, 5.5 Hz, 1H), 4.42 – 4.11 

(m, 2H), 3.68 – 3.42 (m, 5H), 1.56 – 1.42 (m, 2H), 1.25 (t, J = 7.1 Hz, 3H), 1.16 – 1.00 (m, 2H). 

13C-NMR (101 MHz, CDCl3) δ 175.1, 168.9, 167.5, 138.0, 135.8, 134.1, 131.7, 130.6, 128.6, 

123.4, 62.1, 53.3, 52.3, 34.3, 28.6, 16.6, 16.6, 14.1. 

HRMS (ESI) m/z calcd for C24H24NO6+: 422.1598; found: 422.1610. 
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4-(2-(1,3-Dioxoisoindolin-2-yl)-3-ethoxy-3-oxopropyl)benzyl benzoate (9) 

Prepared according to the GP1, using 5-(4-((benzoyloxy)methyl)phenyl)-5H-thianthren-5- 

ium tetrafluoroborate (102.8 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 19/1 → 5/1) to afford product 9 (49.3 mg, 54% yield) as 

white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.93 (d, J = 8.0 Hz, 2H), 7.70 (dd, J = 5.5, 3.1 Hz, 2H), 7.59 

(dd, J = 5.5, 3.1 Hz, 2H), 7.46 (t, J = 7.4 Hz, 1H), 7.33 (dd, J = 8.0, 7.4 Hz, 2H), 7.20 (d, J = 

8.0 Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 5.17 (s, 2H), 5.08 (dd, J = 10.9, 5.6 Hz, 1H), 4.28 – 4.08 (m, 

2H), 3.60 – 3.42 (m, 2H), 1.18 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.8, 167.5, 166.4, 137.0, 134.6, 134.1, 133.0, 131.6, 130.1, 

129.7, 129.1, 128.4, 128.4, 123.5, 66.3, 62.1, 53.3, 34.4, 14.1. 

HRMS (ESI) m/z calcd for C27H24NO6+: 458.1598; found: 458.1597. 
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Ethyl -3-(4-(2-acetoxyethyl)phenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoate (10) 

Prepared according to the GP1, using 5-(4-(2-acetoxyethyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate (93.2 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 19/1 → 5/1) to afford product 10 (76.3 mg, 82% yield) 

as white solid. 

 

1H-NMR (400 MHz, CDCl3) δ 7.78 (dd, J = 5.5, 3.1 Hz, 2H), 7.68 (dd, J = 5.5, 3.1 Hz, 2H), 

7.10 (d, J = 8.1 Hz, 2H), 7.02 (d, J = 8.1 Hz, 2H), 5.12 (dd, J = 11.0, 5.4 Hz, 1H), 4.30 – 4.20 

(m, 2H), 4.16 (t, J = 7.1 Hz, 2H), 3.57 (dd, J = 14.4, 5.4 Hz, 1H), 3.50 (dd, J = 14.4, 11.0 Hz, 

1H), 2.81 (t, J = 7.1 Hz, 2H), 1.97 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 171.0, 168.8, 167.5, 136.2, 135.1, 134.1, 131.6, 129.1, 129.0, 

123.5, 64.8, 62.0, 53.4, 34.6, 34.3, 20.9, 14.1. 

HRMS (ESI) m/z calcd for C23H24NO6+: 410.1598; found: 410.1596. 
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Ethyl -3-(4-cyclohexylphenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoate (11) 

Prepared according to the GP1, using 5-(4-cyclohexylphenyl)-5H-thianthren-5-ium 

tetrafluoroborate (92.4 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 19/1 → 9/1) to afford product 11 (48.3 mg, 60% yield) 

as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.70 (dd, J = 5.5, 3.1 Hz, 2H), 7.60 (dd, J = 5.5, 3.1 Hz, 2H), 

7.00 (d, J = 8.0 Hz, 2H), 6.94 (d, J = 8.0 Hz, 2H), 5.05 (dd, J = 10.9, 5.5 Hz, 1H), 4.30 – 3.98 

(m, 2H), 3.49 (dd, J = 14.4, 5.5 Hz, 1H), 3.42 (dd, J = 14.4, 10.9 Hz, 1H), 2.30 (ddd, J = 11.7, 

8.5, 3.2 Hz, 1H), 1.77 – 1.54 (m, 5H), 1.37 – 1.02 (m, 8H). 

13C-NMR (101 MHz, CDCl3) δ 169.0, 167.6, 146.5, 134.1, 134.0, 131.7, 128.7, 126.9, 123.4, 

62.0, 53.5, 44.1, 34.4, 34.3, 34.2, 26.9, 26.1, 14.1. 

HRMS (ESI) m/z calcd for C25H28NO4+: 406.2013; found: 406.2029. 
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Εthyl 2-(1,3-dioxoisoindolin-2-yl)-3-(5,6,7,8-tetrahydronaphthalen-2-yl)propanoate (12) 

Prepared according to the GP1, using 5-(5,6,7,8-tetrahydronaphthalen-2-yl)-5H-thianthren- 

5- ium tetrafluoroborate (92.4 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 19/1 → 5/1) to afford product 12 (40.7 mg, 54% yield) 

as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.80 (dd, J = 5.4, 3.1 Hz, 2H), 7.70 (dd, J = 5.4, 3.1 Hz, 2H), 

6.92 – 6.82 (m, 3H), 5.12 (dd, J = 10.9, 5.5 Hz, 1H), 4.33 – 4.18 (m, 2H), 3.53 (dd, J = 14.4, 

5.5 Hz, 1H), 3.46 (dd, J = 14.4, 10.9 Hz, 1H), 2.74 – 2.59 (m, 3H), 2.58 – 2.46 (m, 1H), 1.77 – 

1.63 (m, 4H), 1.26 (t, J = 7.2 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 169.0, 167.6, 137.2, 135.5, 134.0, 133.7, 131.8, 129.5, 129.2, 

125.8, 123.4, 62.0, 53.6, 34.2, 29.2, 28.9, 23.1, 23.1, 14.1. 

HRMS (ESI) m/z calcd for C23H24NO4+: 378.1700; found: 378.1704. 



117  

 

 

 

Ethyl 3-([1,1'-biphenyl]-4-yl)-2-(1,3-dioxoisoindolin-2-yl)propanoate (13) 

Prepared according to the GP1, using 5-([1,1'-biphenyl]-4-yl)-5H-thianthren-5-ium 

tetrafluoroborate (91.3 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 19/1 → 5/1) to afford product 13 (59.8 mg, 75% yield) 

as white solid. Following the GP2 on 0.20 mmol scale the product 13 was isolated in 72% 

yield. Spectroscopic data are in accordance with the literature.[4] 

 

1H-NMR (400 MHz, CDCl3) δ 7.71 (dd, J = 5.5, 3.1 Hz, 2H), 7.61 (dd, J = 5.5, 3.1 Hz, 2H), 

7.46 – 7.39 (m, 2H), 7.35 (d, J = 8.1 Hz, 2H), 7.30 (t, J = 7.6 Hz, 2H), 7.22 – 7.14 (m, 3H), 

5.12 (dd, J = 10.8, 5.8 Hz, 1H), 4.31 – 4.08 (m, 2H), 3.56 (dd, J = 14.7, 5.8 Hz, 1H), 3.51 (dd, 

J = 14.7, 10.9 Hz, 1H), 1.19 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.9, 167.6, 140.6, 139.6, 135.9, 134.1, 131.6, 129.3, 128.7, 

127.2, 127.2, 126.9, 123.5, 62.1, 53.4, 34.3, 14.1. 

HRMS (ESI) m/z calcd for C25H22NO4+: 400.1543; found: 400.1547. 
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Ethyl -3-(4'-acetyl-[1,1'-biphenyl]-4-yl)-2-(1,3-dioxoisoindolin-2-yl)propanoate (14) 

Prepared according to the GP1, using 5-(4'-acetyl-[1,1'-biphenyl]-4-yl)-5H-thianthren-5-ium 

tetrafluoroborate (99.6 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 9/1 → 3/1) to afford product 14 (65.3 mg, 74% yield) as 

white solid. .Following the GP2 on 0.20 mmol scale the product 14 was isolated in 76% yield. 

1H-NMR (400 MHz, CDCl3) δ 7.99 (d, J = 8.1 Hz, 2H), 7.82 (dd, J = 5.5, 3.1 Hz, 2H), 7.72 

(dd, J = 5.5, 3.1 Hz, 2H), 7.62 (d, J = 8.1 Hz, 2H), 7.49 (d, J = 7.8 Hz, 2H), 7.30 (d, J = 7.8 

Hz, 2H), 5.22 (dd, J = 10.8, 5.7 Hz, 1H), 4.41 – 4.15 (m, 2H), 3.75 – 3.53 (m, 2H), 2.63 (s, 3H), 

1.29 (t, J = 7.0 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 197.8, 168.7, 167.6, 145.2, 138.2, 137.1, 135.8, 134.2, 131.6, 

129.5 , 128.9, 127.4, 127.0, 123.5, 62.2, 53.3, 34.4, 26.6, 14.1. 

HRMS (ESI) m/z calcd for C27H24NO5+: 442.1649; found: 442.1662. 
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Ethyl -2-(1,3-dioxoisoindolin-2-yl)-3-(4'-iodo-[1,1'-biphenyl]-4-yl)propanoate (15) 

Prepared according to the GP1, using 5-(4'-iodo-[1,1'-biphenyl]-4-yl)-5H-thianthren-5-ium 

tetrafluoroborate (116.4 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The reaction was run for 20 min. The crude 

mixture was purified by flash column chromatography (n-pentane/EtOAc: 19/1 → 5/1) to 

afford product 15 (64.0 mg, 61% yield) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.80 (dd, J = 5.5, 3.1 Hz, 2H), 7.73 – 7.67 (m, 4H), 7.39 (d, J 

= 8.2 Hz, 2H), 7.25 – 7.23 (m, 4H), 5.19 (dd, J = 10.7, 5.7 Hz, 1H), 4.39 – 4.18 (m, 2H), 3.73 – 

3.50 (m, 2H), 1.27 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.8, 167.6, 140.2, 138.4, 137.8, 136.5, 134.1, 131.6, 129.4, 

128.8, 127.0, 123.5, 92.9, 62.1, 53.3, 34.3, 14.1. 

HRMS (ESI) m/z calcd for C25H21INO +: 526.0510; found: 526.0528. 
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Ethyl -3-(3,4-dimethoxyphenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoate (16) 

Prepared according to the GP1, using 5-(3,4-dimethoxyphenyl)-5H-thianthren-5-ium 

tetrafluoroborate (88.1 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 8/2 → 7/3) to afford product 16 (48.2 mg, 63% yield) as 

white solid. Spectroscopic data are in accordance with the literature.[5] 

 

1H-NMR (400 MHz, CDCl3) δ 7.77 (dd, J = 5.5, 3.1 Hz, 2H), 7.68 (dd, J = 5.5, 3.1 Hz, 2H), 

6.76 – 6.58 (m, 3H), 5.13 (dd, J = 11.1, 5.7 Hz, 1H), 4.38 – 4.14 (m, 2H), 3.77 (s, 3H), 3.69 (s, 

3H), 3.60 – 3.39 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.8, 167.5, 148.7, 147.7, 134.1, 131.6, 129.2, 123.4, 121.0, 

111.8, 111.2, 62.0, 55.7, 55.7, 53.4, 34.1, 14.1. 

HRMS (ESI) m/z calcd for C21H22NO6+: 384.1442; found: 384.1446. 
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Ethyl -2-(1,3-dioxoisoindolin-2-yl)-3-(3-fluoro-4-methoxyphenyl)propanoate (17) 

Prepared according to the GP1, using 5-(3-fluoro-4-methoxyphenyl)-5H-thianthren-5-ium 

tetrafluoroborate (85.6 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 10/1 → 5/1) to afford product 17 (52.7 mg, 71% yield) 

as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.79 (dd, J = 5.5, 3.1 Hz, 2H), 7.69 (dd, J = 5.5, 3.1 Hz, 2H), 

6.93 – 6.83 (m, 2H), 6.77 (t, J = 8.6 Hz, 1H), 5.07 (dd, J = 11.1, 5.5 Hz, 1H), 4.31 – 4.18 (m, 

2H), 3.78 (s, 3H), 3.53 (dd, J = 14.5, 5.5 Hz, 1H), 3.46 (dd, J = 14.5, 11.1 Hz, 1H), 1.25 (t, J = 

7.1 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 168.6, 167.5, 152.1 (d, 1JC-F = 246.0 Hz), 146.4 (d, 2JC-F = 10.5 

Hz), 134.2, 131.6, 129.7 (d, 3JC-F = 6.2 Hz), 124.5 (d, 3JC-F = 3.6 Hz), 123.5, 116.6 (d, 2JC-F = 

18.3 Hz), 113.4 (d, 4JC-F = 2.2 Hz), 62.1, 56.1, 53.3, 33.8, 14.1. 

19F NMR (376 MHz, CDCl3) δ -135.06 (dd, J = 12.1, 8.7 Hz). 

HRMS (ESI) m/z calcd for C20H19FNO5+: 372.1242; found: 372.1253. 
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Ethyl -2-(1,3-dioxoisoindolin-2-yl)-3-(3-chloro-4-methoxyphenyl)propanoate (18) 

Prepared according to the GP1, using 5-(3-chloro-4-methoxyphenyl)-5H-thianthren-5-ium 

tetrafluoroborate (88.9 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 10/1 → 5/1) to afford product 18 (68.1 mg, 88% yield) 

as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.79 (dd, J = 5.5, 3.1 Hz, 1H), 7.69 (dd, J = 5.5, 3.1 Hz, 1H), 

7.17 (d, J = 2.2 Hz, 1H), 7.03 (dd, J = 8.4, 2.2 Hz, 1H), 6.75 (d, J = 8.4 Hz, 1H), 5.07 (dd, J = 

11.1, 5.4 Hz, 1H), 4.33 – 4.17 (m, 2H), 3.79 (s, 3H), 3.52 (dd, J = 14.5, 5.4 Hz, 1H), 3.44 (dd, 

J = 14.5, 11.1 Hz, 1H), 1.25 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 168.6, 167.5, 153.8, 134.2, 131.6, 130.7, 129.9, 128.0, 123.5, 

122.3, 112.1, 62.1, 56.0, 53.3, 33.6, 14.1. 

HRMS (ESI) m/z calcd for C20H19ClNO +: 388.0946; found: 388.0956. 
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Methyl 5-(2-(1,3-dioxoisoindolin-2-yl)-3-ethoxy-3-oxopropyl)-2-methoxybenzoate (19) 

Prepared according to the GP1, using 5-(4-methoxy-3-(methoxycarbonyl)phenyl)-5H- 

thianthren-5-ium tetrafluoroborate (93.6 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3- 

dioxoisoindolin-2-yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was 

purified by flash column chromatography (n-pentane/EtOAc: 10/1 → 2/1) to afford product 

19 (56.4 mg, 69% yield) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.80 (dd, J = 5.5, 3.1 Hz, 2H), 7.70 (dd, J = 5.5, 3.1 Hz, 2H), 

7.58 (d, J = 2.4 Hz, 1H), 7.30 (dd, J = 8.5, 2.4 Hz, 1H), 6.82 (d, J = 8.5 Hz, 1H), 5.09 (dd, J = 

11.0, 5.5 Hz, 1H), 4.30 – 4.21 (m, 2H), 3.82 (s, 3H), 3.77 (s, 3H), 3.56 (dd, J = 14.5, 5.5 Hz, 

1H), 3.49 (dd, J = 14.5, 11.0 Hz, 1H), 1.26 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.6, 167.5, 166.2, 158.1, 134.1, 133.8, 132.1, 131.6, 128.4, 

123.5, 119.8, 112.2, 62.1, 55.9, 53.3, 51.9, 33.6, 14.1. 

HRMS (ESI) m/z calcd for C22H22NO7+: 412.1391; found: 412.1403. 
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Ethyl 3-(3-cyano-4-methoxyphenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoate (20) 

Prepared according to the GP1, using 5-(3-cyano-4-methoxyphenyl)-5H-thianthren-5-ium 

tetrafluoroborate (87.0 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 10/1 → 2/1) to afford product 20 (54.4 mg, 72% yield) 

as white solid. Following the GP2 on 0.20 mmol scale the product 20 was isolated in 69% 

yield. 1H-NMR (400 MHz, CDCl3) δ 7.81 (dd, J = 5.5, 3.1 Hz, 2H), 7.72 (dd, J = 5.5, 3.1 Hz, 

2H),7.38 (dd, J = 8.7, 2.3 Hz, 1H), 7.33 (d, J = 2.3 Hz, 1H), 6.83 (d, J = 8.7 Hz, 1H), 5.05 (dd, J = 

11.0, 5.5 Hz, 1H), 4.34 – 4.16 (m, 2H), 3.84 (s, 3H), 3.55 (dd, J = 14.5, 5.5 Hz, 1H), 3.47 (dd, 

J = 14.5, 11.0 Hz, 1H), 1.25 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.4, 167.5, 160.2, 134.9, 134.4, 133.9, 131.4, 129.5, 123.7, 

116.2, 111.6, 101.8, 62.2, 56.0, 53.1, 33.5, 14.1. 

HRMS (ESI) m/z calcd for C H N O +: 379.1288; found: 379.1307. 
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Ethyl 3-(5-acetyl-2-methoxyphenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoate (21) 

Prepared according to the GP1, using 5-(5-acetyl-2-methoxyphenyl)-5H-thianthren-5-ium 

tetrafluoroborate (90.4 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 10/1 → 2/1) to afford product 21 (54.5 mg, 69% yield) 

as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.83 – 7.74 (m, 3H), 7.69 (dd, J = 5.5, 3.1 Hz, 2H), 7.63 (d, J 

= 2.3 Hz, 1H), 6.82 (d, J = 8.6 Hz, 1H), 5.32 (dd, J = 11.2, 4.7 Hz, 1H), 4.27 (q, J = 7.1 Hz, 

2H), 3.84 (s, 3H), 3.68 (dd, J = 14.0, 4.7 Hz, 1H), 3.45 (dd, J = 14.0, 11.2 Hz, 1H), 2.36 (s, 

3H), 1.27 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 196.6, 169.0, 167.4, 161.6, 134.1, 131.6, 129.9, 129.7, 125.3, 

123.3, 109.8, 62.0, 55.6, 51.2, 30.6, 26.2, 14.1. 

HRMS (ESI) m/z calcd for C22H22NO6+: 396.1442; found: 396.1444. 
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Ethyl -2-(1,3-dioxoisoindolin-2-yl)-3-(4-phenoxyphenyl)propanoate (22) 

Prepared according to the GP1, using 5-(4-phenoxyphenyl)-5H-thianthren-5-ium 

tetrafluoroborate (94.4 mg, 0.2 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 19/1 → 5/1) to afford product 22 (51.5 mg, 62% yield) 

as white solid. Following the GP2 on 0.20 mmol scale the product 22 was isolated in 65% 

yield. 1H-NMR (400 MHz, CDCl3) δ 7.73 (dd, J = 5.4, 3.1 Hz, 2H), 7.63 (dd, J = 5.4, 3.1 Hz, 

2H),7.22 – 7.19 (m, 1H), 7.18 (d, J = 5.9 Hz, 1H), 7.05 (d, J = 8.4 Hz, 2H), 7.01 – 6.93 (m, 1H), 

6.85 – 6.78 (m, 2H), 6.75 (d, J = 8.4 Hz, 2H), 5.04 (dd, J = 11.0, 5.6 Hz, 1H), 4.32 – 4.07 (m, 

2H), 3.50 (dd, J = 14.4, 5.6 Hz, 1H), 3.44 (dd, J = 14.4, 11.0 Hz, 1H), 1.19 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.8, 167.5, 157.3, 155.9, 134.1, 131.8, 131.6, 130.2, 129.6, 

123.5, 123.1, 119.2, 118.6, 62.1, 53.5, 34.0, 14.1. 

HRMS (ESI) m/z calcd for C25H22NO5+: 416.1492; found: 416.1504. 
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Ethyl 2-(1,3-dioxoisoindolin-2-yl)-3-(4-(2,2,2-trifluoroacetamido)phenyl)propanoate (23) 

Prepared according to the GP1, using 5-(4-acetamidophenyl)-5H-thianthren-5-ium 

tetrafluoroborate (98.2 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 9/1 → 2/1) to afford product 23 (52.9 mg, 61% yield) as 

white solid. Following the GP2 on 0.20 mmol scale the product 23 was isolated in 52% yield. 

1H-NMR (400 MHz, CDCl3) δ 8.07 (brs, 1H), 7.77 (dd, J = 5.5, 3.1 Hz, 2H), 7.69 (dd, J = 5.5, 

3.1 Hz, 2H), 7.41 (d, J = 8.3 Hz, 2H), 7.17 (d, J = 8.3 Hz, 2H), 5.10 (dd, J = 10.9, 5.6 Hz, 1H), 

4.45 – 4.09 (m, 2H), 3.65 – 3.44 (m, 2H), 1.25 (t, J = 7.2 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.6, 167.5, 154.6 (q, J = 37.4 Hz), 135.0, 134.3, 134.0, 131.5, 

129.8, 123.6, 120.5, 115.6 (q, J = 288.8 Hz), 62.2, 53.3, 34.2, 14.1. 

19F NMR (376 MHz, CDCl3) δ -75.7. 

HRMS (ESI) m/z calcd for C H F N O +: 435.1162; found: 435.1159. 
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Ethyl -2-(1,3-dioxoisoindolin-2-yl)-3-(4-(phenylsulfonamido)phenyl)propanoate (24) 

Prepared according to the GP1, using 5-(4-(phenylsulfonamido)phenyl)-5H-thianthren-5- 

ium tetrafluoroborate (107.1 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/acetone: 100/0 → 7/3) to afford product 24 (64.2 mg, 67% yield) 

as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.78 (dd, J = 5.5, 3.1 Hz, 2H), 7.70 (dd, J = 5.5, 3.1 Hz, 2H), 

7.64 – 7.59 (m, 2H), 7.52 – 7.42 (m, 1H), 7.34 (dd, J = 8.4, 7.3 Hz, 2H), 7.02 (d, J = 8.5 Hz, 

2H), 6.87 (d, J = 8.5 Hz, 2H), 5.04 (dd, J = 11.0, 5.5 Hz, 1H), 4.35 – 4.12 (m, 2H), 3.57 – 3.36 (m, 

2H), 1.23 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.6, 167.5, 138.8, 135.1, 134.4, 134.2, 132.9, 131.5, 129.8, 

128.9, 127.1, 123.5, 122.3, 62.1, 53.3, 34.0, 14.1. 

HRMS (ESI) m/z calcd for C25H23N2O3S+: 479.1271; found: 479.1273. 



129  

 

 

 

Ethyl 3-(2,3-dihydrobenzofuran-5-yl)-2-(1,3-dioxoisoindolin-2-yl)propanoate (25) 

Prepared according to the GP1, using 5-(2,3-dihydrobenzofuran-5-yl)-5H-thianthren-5-ium 

tetrafluoroborate (84.4 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 19/1 → 5/1) to afford product 25 (48.9 mg, 67% yield) 

as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.77 (dd, J = 5.5, 3.1 Hz, 2H), 7.68 (dd, J = 5.5, 3.1 Hz, 2H), 

7.00 (d, J = 2.0 Hz, 1H), 6.85 (dd, J = 8.2, 2.0 Hz, 1H), 6.55 (d, J = 8.2 Hz, 1H), 5.07 (dd, J = 

10.9, 5.6 Hz, 1H), 4.45 (ddd, J = 9.3, 8.1, 1.2 Hz, 2H), 4.29 – 4.16 (m, 2H), 3.57 – 3.37 (m, 

2H), 3.18 – 2.89 (m, 2H), 1.24 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.9, 167.6, 158.9, 134.1, 131.7, 128.7, 128.4, 127.3, 125.4, 

123.4, 109.1, 71.1, 62.0, 53.8, 34.1, 29.6, 14.1. 

HRMS (ESI) m/z calcd for C21H20NO5+: 366.1336; found: 366.1348. 
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Ethyl 3-(benzo[d][1,3]dioxol-5-yl)-2-(1,3-dioxoisoindolin-2-yl)propanoate (26) 

Prepared according to the GP1, using 5-(benzo[d][1,3]dioxol-5-yl)-5H-thianthren-5-ium 

tetrafluoroborate (84.8 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 9/1 → 4/1) to afford product 26 (52.2 mg, 71% yield) as 

white solid. Following the GP2 on 0.20 mmol scale the product 26 was isolated in 67% 

yield.Spectroscopic data are in accordance with the literature.[5] 

1H-NMR (400 MHz, CDCl3) δ 7.78 (dd, J = 5.5, 3.1 Hz, 1H), 7.68 (dd, J = 5.5, 3.1 Hz, 1H), 

6.66 (d, J = 1.4 Hz, 1H), 6.58 (d, J = 1.4 Hz, 1H), 5.91 – 5.67 (m, 1H), 5.06 (dd, J = 10.9, 5.5 

Hz, 1H), 4.35 – 4.10 (m, 2H), 3.70 – 3.31 (m, 2H), 1.24 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.8, 167.5, 147.7, 146.4, 134.1, 131.6, 130.5, 123.5, 122.0, 

109.2, 108.3, 100.9, 62.0, 53.6, 34.4, 14.1. 

HRMS (ESI) m/z calcd for C20H18NO6+: 368.1129; found: 368.1133. 
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Ethyl -2-(1,3-dioxoisoindolin-2-yl)-3-(4-oxochroman-6-yl)propanoate (27) 

Prepared according to the GP1, using 5-(4-oxochroman-6-yl)-5H-thianthren-5-ium 

tetrafluoroborate (90.2 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (toluene/EtOAc: 100/0 → 9/1) to afford product 27 (31.8 mg, 40% yield) as 

white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.80 (dd, J = 5.5, 3.1 Hz, 2H), 7.74 – 7.67 (m, 3H), 7.33 – 7.27 

(m, 1H), 6.81 (d, J = 8.5 Hz, 1H), 5.06 (dd, J = 11.0, 5.3 Hz, 1H), 4.45 (t, J = 6.2 Hz, 2H), 4.33 

 

 

– 4.15 (m, 2H), 3.56 (dd, J = 14.4, 5.3 Hz, 1H), 3.48 (dd, J = 14.5, 11.0 Hz, 1H), 2.72 (t, J = 6.2 

Hz, 2H), 1.25 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 191.5, 168.6, 167.5, 160.7, 136.5, 134.2, 131.6, 130.0, 127.2, 

123.6, 121.2, 118.2, 66.9, 62.1, 53.4, 37.6, 33.8, 14.1. 

HRMS (ESI) m/z calcd for C22H20NO6+: 394.1285; found: 394.1290. 
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Ethyl -2-(1,3-dioxoisoindolin-2-yl)-3-(9-oxo-9H-xanthen-2-yl)propanoate (28) 

Prepared according to the GP1, using 5-(9-oxo-9H-xanthen-2-yl)-5H-thianthren-5-ium 

tetrafluoroborate (99.7 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 9/1 → 3/1) to afford product 28 (55.6 mg, 63% yield) as 

white solid. Following the GP2 on 0.20 mmol scale the product 28 was isolated in 66% yield. 

1H-NMR (400 MHz, CDCl3) δ 8.19 (d, J = 8.0 Hz, 1H), 8.06 (d, J = 2.2 Hz, 1H), 7.70 (dd, J 

= 5.5, 3.1 Hz, 2H), 7.64 – 7.55 (m, 3H), 7.49 (dd, J = 8.5, 2.2 Hz, 1H), 7.35 (d, J = 8.5 Hz, 

1H), 7.31 – 7.18 (m, 2H), 5.10 (dd, J = 11.0, 5.1 Hz, 1H), 4.38 – 4.05 (m, 2H), 3.66 (dd, J = 

14.5, 5.1 Hz, 1H), 3.58 (dd, J = 14.5, 11.0 Hz, 1H), 1.19 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 176.9, 168.5, 167.4, 156.1, 155.1, 135.4, 134.8, 134.2, 132.9, 

131.5, 126.7, 126.7, 123.9, 123.6, 121.8, 121.7, 118.4, 117.9, 62.2, 53.4, 34.2, 14.1. 

HRMS (ESI) m/z calcd for C26H20NO6+: 442.1285; found: 442.1287. 
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Ethyl -2-(1,3-dioxoisoindolin-2-yl)-3-(6-methoxypyridin-3-yl)propanoate (29) 

Prepared according to the GP1, using 5-(6-methoxypyridin-3-yl)-5H-thianthren-5-ium 

tetrafluoroborate (82.2 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 9/1 → 8/2) to afford product 29 (30.4 mg, 43% yield) as 

white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.90 (d, J = 2.5 Hz, 1H), 7.78 (dd, J = 5.5, 3.1 Hz, 2H), 7.69 

(dd, J = 5.5, 3.1 Hz, 2H), 7.42 (dd, J = 8.5, 2.5 Hz, 1H), 6.60 (d, J = 8.5 Hz, 1H), 5.04 (dd, J = 

9.8, 6.6 Hz, 1H), 4.32 – 4.14 (m, 2H), 3.81 (s, 3H), 3.52 – 3.42 (m, 2H), 1.24 (t, J = 7.1 Hz, 

3H). 

13C-NMR (101 MHz, CDCl3) δ 168.5, 167.5, 163.3, 146.9, 139.1, 134.2, 131.5, 124.9, 123.6, 

110.8, 62.1, 53.3, 53.2, 31.1, 14.1. 

HRMS (ESI) m/z calcd for C H N O +: 355.1288; found: 355.1300. 
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Ethyl 2-(1,3-dioxoisoindolin-2-yl)-3-(9-tosyl-9H-carbazol-3-yl)propanoate (30) 

Prepared according to the GP1, using 5-(9-tosyl-9H-carbazol-3-yl)-5H-thianthren-5-ium 

tetrafluoroborate (124.7 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 9/1 → 3/1) to afford product 30 (77.1 mg, 68% yield) as 

white solid. Following the GP2 on 0.20 mmol scale the product 30 was isolated in 71% yield. 

1H-NMR (400 MHz, CDCl3) δ 8.21 (d, J = 8.4 Hz, 1H), 8.11 (d, J = 8.4 Hz, 1H), 7.77 – 7.67 

(m, 4H), 7.65 – 7.60 (m, 2H), 7.58 (d, J = 8.4 Hz, 2H), 7.40 (ddd, J = 8.5, 7.3, 1.3 Hz, 1H), 

7.31 – 7.18 (m, 2H), 7.01 (d, J = 8.4 Hz, 2H), 5.19 (dd, J = 11.0, 5.4 Hz, 1H), 4.31 – 4.17 (m, 

2H), 3.71 (dd, J = 14.5, 5.4 Hz, 1H), 3.64 (dd, J = 14.5, 11.0 Hz, 1H), 2.20 (s, 3H), 1.23 (t, J = 

7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.8, 167.5, 144.8, 138.6, 137.3, 134.9, 134.1, 132.7, 131.6, 

129.6 , 128.1, 127.4, 126.7, 126.4, 126.1, 123.8, 123.5, 120.3, 120.0, 115.2, 115.1, 62.1, 53.6, 

34.5, 21.5, 14.1. 

HRMS (ESI) m/z calcd for C32H27N2O6S+: 567.1584; found: 567.1594. 
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Ethyl -3-(1-acetylindolin-5-yl)-2-(1,3-dioxoisoindolin-2-yl)propanoate (31) 

Prepared according to the GP1, using 5-(1-acetylindolin-5-yl)-5H-thianthren-5-ium 

tetrafluoroborate (92.7 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2- 

yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 9/1 → 3/1) to afford product 31 (46.3 mg, 57% yield) as 

white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.96 (d, J = 8.2 Hz, 1H), 7.78 (dd, J = 5.5, 3.1 Hz, 2H), 7.69 

(dd, J = 5.5, 3.1 Hz, 2H), 7.03 (s, 1H), 6.92 (dd, J = 8.2, 1.9 Hz, 1H), 5.08 (dd, J = 10.3, 6.3 

Hz, 1H), 4.31 – 4.16 (m, 2H), 3.97 (t, J = 8.2 Hz, 2H), 3.58 – 3.43 (m, 2H), 3.27 – 2.94 (m, 2H), 

2.15 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.8, 168.5, 167.5, 141.8, 134.1, 132.1, 131.6, 131.6, 128.1, 

124.9, 123.5, 116.8, 62.0, 53.6, 48.8, 34.2, 27.8, 24.1, 14.1. 

HRMS (ESI) m/z calcd for C H N O +: 407.1601; found: 407.1619. 
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Ethyl -3-(1,3-dimethyl-2,4-dioxo-1,2,3,4-tetrahydroquinazolin-6-yl)-2-(1,3- 

dioxoisoindolin-2-yl)propanoate (32) 

Prepared according to the GP1, using 5-(1,3-dimethyl-2,4-dioxo-1,2,3,4- 

tetrahydroquinazolin- 6-yl)-5H-thianthren-5-ium tetrafluoroborate (98.5 mg, 0.20 mmol, 1.0 

equiv.) and ethyl 2-(1,3- dioxoisoindolin-2-yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The 

crude mixture was purified 

 

by flash column chromatography (n-pentane/EtOAc: 9/1 → 3/1) to afford product 32 (50.6 

mg, 58% yield) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 8.04 (d, J = 2.2 Hz, 1H), 7.79 (dd, J = 5.5, 3.0 Hz, 2H), 7.69 

(dd, J = 5.5, 3.0 Hz, 2H), 7.49 (dd, J = 8.6, 2.2 Hz, 1H), 7.06 (d, J = 8.6 Hz, 1H), 5.13 (dd, J = 

11.1, 5.1 Hz, 1H), 4.35 – 4.18 (m, 2H), 3.72 – 3.56 (m, 2H), 3.52 (s, 3H), 3.42 (s, 3H), 1.26 (t, 

J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.4, 167.4, 161.6, 151.1, 139.3, 135.6, 134.2, 131.9, 131.5, 

129.0, 123.6, 115.5, 113.9, 62.2, 53.3, 33.9, 30.7, 28.5, 14.1. 

HRMS (ESI) m/z calcd for C H N O +: 436.1503; found: 436.1511. 
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methyl 2-((tert-butoxycarbonyl)amino)-3-(4-(tert-butyl)phenyl)propanoate (33) 

Prepared according to the GP1, 5-(4-(tert-butyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate 

261.9 mg, 0.60 mmol, 3.0 equiv.) and methyl 2-((tert-butoxycarbonyl)amino)acrylate (20.1 

mg, 0.20 mmol, 1.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 9/1 → 7/3) to afford product 33 (34.8 mg, 52% yield) as 

white solid. Spectroscopic data are in accordance with the literature.[6] 

1H-NMR (400 MHz, CDCl3) δ 7.31 (d, J = 8.0 Hz, 2H), 7.05 (d, J = 8.0 Hz, 2H), 4.98 (d, J = 

8.5 Hz, 1H), 4.58 (dt, J = 8.5, 6.0 Hz, 1H), 3.72 (s, 3H), 3.09 (dd, J = 13.9, 5.6 Hz, 1H), 3.01 

(dd, J = 13.9, 6.3 Hz, 1H), 1.41 (s, 9H), 1.30 (s, 9H). 

13C-NMR (101 MHz, CDCl3) δ 172.6, 155.2, 149.9, 133.0, 129.1, 125.6, 80.0, 54.5, 52.3, 37.9, 

34.5, 31.5, 28.4. 

HRMS (ESI) m/z calcd for C19H30NO4+: 336.2169; found: 336.2188. 
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Methyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(4-(tert- 

butyl)phenyl)propanoate (34) 

 

Prepared according to the GP1, 5-(4-(tert-butyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate 

261.9 mg, 0.60 mmol, 3.0 equiv.) and methyl 2-((((9H-fluoren-9- 

yl)methoxy)carbonyl)amino)acrylate (32.3 mg, 0.20 mmol, 1.0 equiv.). The crude mixture 

was purified by flash column chromatography (n-pentane/EtOAc: 9/1 → 7/3) to afford 

product 34 (39.3 mg, 43% yield) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.79 (d, J = 7.5 Hz, 2H), 7.60 (t, J = 7.5 Hz, 2H), 7.43 (t, J = 

7.5 Hz, 2H), 7.37 – 7.29 (m, 4H), 7.05 (d, J = 7.9 Hz, 2H), 5.32 (d, J = 8.3 Hz, 1H), 4.70 (dt, J 

= 8.3, 5.8 Hz, 1H), 4.48 (dd, J = 10.5, 7.1 Hz, 1H), 4.35 (dd, J = 10.5, 7.1 Hz, 1H), 4.23 (t, J = 

7.1 Hz, 1H), 3.77 (s, 3H), 3.16 (dd, J = 14.0, 5.7 Hz, 1H), 3.10 (dd, J = 14.0, 6.1 Hz, 1H), 1.32 

(s, 9H). 

13C-NMR (101 MHz, CDCl3) δ 172.1, 155.6, 150.0, 143.9, 143.9, 141.4, 132.6, 129.0, 127.8, 

127.1, 125.6, 125.2, 125.1, 120.0, 120.0, 67.0, 54.8, 52.4, 47.2, 37.6, 34.5, 31.4. 

HRMS (ESI) m/z calcd for C29H32NO4+: 458.2326; found: 458.2338. 
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Methyl 2-(((benzyloxy)carbonyl)amino)-3-(4-(tert-butyl)phenyl)propanoate (35) 

Prepared according to the GP1, 5-(4-(tert-butyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate 

261.9 mg, 0.60 mmol, 3.0 equiv.) and methyl 2-(((benzyloxy)carbonyl)amino)acrylate (23.5 

mg, 0.20 mmol, 1.0 equiv.). The crude mixture was purified by flash column 

chromatography (n-pentane/EtOAc: 9/1 → 7/3) to afford product 35 (28.2 mg, 38% yield) as 

white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.40 – 7.27 (m, 7H), 7.03 (d, J = 8.4 Hz, 2H), 5.22 (d, J = 8.3 

Hz, 1H), 5.11 (s, 2H), 4.67 (ddd, J = 10.9, 8.3, 5.4 Hz, 1H), 3.17 – 3.01 (m, 2H), 1.32 – 1.26 (m, 

9H). 

13C-NMR (101 MHz, CDCl3) δ 172.1, 155.7, 150.0, 136.3, 132.5, 129.0, 128.5, 128.2, 128.1, 

125.6, 67.0, 54.7, 52.3, 37.5, 34.5, 31.3. 

HRMS (ESI) m/z calcd for C22H28NO4+: 370.2013; found: 370.2016. 
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Methyl 5-(4-(2-(1,3-dioxoisoindolin-2-yl)-3-ethoxy-3-oxopropyl)-2,5-dimethylphenoxy)- 

2,2-dimethylpentanoate (39) 

Prepared according to the GP1, using 5-(4-((5-methoxy-4,4-dimethyl-5-oxopentyl)oxy)-2,5- 

dimethylphenyl)-5H-thianthren-5-ium tetrafluoroborate (113.3 mg, 0.20 mmol, 1.0 equiv.) 

and ethyl 2-(1,3-dioxoisoindolin-2-yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude 

mixture was purified by flash column chromatography (n-pentane/EtOAc: 19/1 → 4/1) to 

afford product 39 (59.2 mg, 58% yield) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.78 (dd, J = 5.5, 3.1 Hz, 2H), 7.68 (dd, J = 5.5, 3.1 Hz, 2H), 

6.72 (s, 1H), 6.50 (s, 1H), 5.08 (dd, J = 11.3, 5.0 Hz, 1H), 4.32 – 4.17 (m, 2H), 3.89 – 3.75 (m, 

2H), 3.62 (s, 3H), 3.52 (dd, J = 14.6, 5.0 Hz, 1H), 3.39 (dd, J = 14.6, 11.3 Hz, 1H), 2.31 (s, 

3H), 1.92 (s, 3H), 1.71 – 1.60 (m, 4H), 1.25 (t, J = 7.1 Hz, 3H), 1.18 (s, 6H). 

13C-NMR (101 MHz, CDCl3) δ 178.3, 169.1, 167.5, 155.7, 134.7, 134.0, 132.0, 131.7, 126.2, 

123.9, 123.4, 113.2, 67.9, 61.9, 52.1, 51.7, 42.1, 37.0, 31.5, 25.2, 25.1, 19.2, 15.3, 14.1. 

HRMS (ESI) m/z calcd for C29H36NO7+: 510.2486; found: 510.2486. 
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Ethyl -2-(1,3-dioxoisoindolin-2-yl)-3-(2'-fluoro-4'-(1-methoxy-1-oxopropan-2-yl)-[1,1'- 

biphenyl]-4-yl)propanoate (40) 

Prepared according to the GP1, using 5-(2'-fluoro-4'-(1-methoxy-1-oxopropan-2-yl)-[1,1'- 

biphenyl]-4-yl)-5H-thianthren-5-ium tetrafluoroborate (112.1 mg, 0.20 mmol, 1.0 equiv.) and 

ethyl 2-(1,3-dioxoisoindolin-2-yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude 

mixture was purified by flash column chromatography (n-pentane/EtOAc: 19/1 → 3/1) to 

afford product 40 (82.5 mg, 82% yield) as white solid. Following the GP2 on 1.00 mmol scale 

the product 40 was isolated in 73% yield. 

1H-NMR (400 MHz, CDCl3) δ 7.71 (dd, J = 5.5, 3.1 Hz, 2H), 7.60 (dd, J = 5.5, 3.1 Hz, 2H), 

7.34 – 7.26 (m, 2H), 7.26 – 7.13 (m, 3H), 7.04 – 6.91 (m, 2H), 5.11 (dd, J = 10.8, 5.6 Hz, 1H), 

4.30 – 4.09 (m, 2H), 3.64 (q, J = 7.2 Hz, 1H), 3.59 (s, 2H), 3.57 – 3.45 (m, 2H), 1.42 (d, J = 

7.2 Hz, 3H), 1.18 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 174.4, 168.8, 167.6, 159.6 (d, 1JC-F = 248.5 Hz), 141.7 (d, 3JC- 

F = 7.7 Hz), 136.4, 134.1, 133.9 (d, 4JC-F = 1.4 Hz), 131.6, 130.6 (d, 3JC-F = 4.0 Hz), 129.1 (d, 

1JC-F = 3.0 Hz), 129.0, 127.3 (d, 2JC-F = 13.4 Hz), 123.5, 123.4, 115.2 (d, 2JC-F = 23.7 Hz), 62.1, 

53.3, 52.2, 44.9, 34.4, 18.4, 14.1. 

19F NMR (376 MHz, CDCl3) δ -117.38 – -117.50 (m) 

HRMS (ESI) m/z calcd for C29H27FNO6+: 504.1817; found: 504.1832. 
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Ethyl 2-(1,3-dioxoisoindolin-2-yl)-3-(4-(4-(2-(pyridin-2 

yloxy)propoxy)phenoxy)phenyl)propanoate (41) 

Prepared according to the GP1, using 5-(4-(4-(2-(pyridin-2- 

yloxy)propoxy)phenoxy)phenyl)- 5H-thianthren-5-ium tetrafluoroborate (124.7 mg, 0.20 

mmol, 1.0 equiv.) and ethyl 2-(1,3- dioxoisoindolin-2-yl)acrylate (245.2 mg, 1.0 mmol, 5.0 

equiv.). The crude mixture was purified by flash column chromatography (n- 

pentane/EtOAc: 9/1 → 3/1) to afford product 41 (75.9 mg, 67% yield) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 8.16 (dd, J = 5.2, 1.9 Hz, 1H), 7.81 (dd, J = 5.5, 3.1 Hz, 2H), 

7.72 (dd, J = 5.5, 3.1 Hz, 2H), 7.58 (ddd, J = 8.8, 7.1, 2.0 Hz, 1H), 7.10 (d, J = 8.6 Hz, 2H), 

6.91 – 6.82 (m, 5H), 6.81 – 6.71 (m, 3H), 5.71 – 5.47 (m, 1H), 5.12 (dd, J = 10.9, 5.6 Hz, 1H), 

4.33 – 4.21 (m, 2H), 4.18 (dd, J = 9.9, 5.3 Hz, 1H), 4.07 (dd, J = 9.9, 4.8 Hz, 1H), 3.64 – 3.45 (m, 

2H), 1.49 (d, J = 6.4 Hz, 3H), 1.28 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.8, 167.5, 163.2, 157.2, 155.1, 150.3, 146.8, 138.7, 134.1, 

131.6, 130.9, 130.1, 123.5, 120.5, 117.9, 116.8, 115.7, 111.7, 71.1, 69.3, 62.0, 53.5, 33.9, 17.0, 

14.1. 

HRMS (ESI) m/z calcd for C33H31N2O7+: 567.2126; found: 567.2124. 
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Ethyl -3-(4'-((1H-imidazol-1-yl)(phenyl)methyl)-[1,1'-biphenyl]-4-yl)-2-(1,3- 

dioxoisoindolin-2-yl)propanoate (42) 

Prepared according to the GP1, using 5-(4'-((1H-imidazol-1-yl)(phenyl)methyl)-[1,1'- 

biphenyl]-4-yl)-5H-thianthren-5-ium tetrafluoroborate (122.5 mg, 0.20 mmol, 1.0 equiv.) and 

ethyl 2-(1,3-dioxoisoindolin-2-yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude 

mixture was purified by flash column chromatography (n-pentane/EtOAc: 9/1 → 2/1) to 

afford product 42 (76.8 mg, 69% yield) as white solid. Following the GP2 on 0.20 mmol scale 

the product 42 was isolated in 69% yield. 

1H-NMR (400 MHz, CDCl3) δ 7.70 (dd, J = 5.5, 3.1 Hz, 2H), 7.60 (dd, J = 5.5, 3.1 Hz, 2H), 

7.41 (d, J = 8.3 Hz, 2H), 7.36 – 7.24 (m, 6H), 7.19 – 7.15 (m, 2H), 7.07 – 6.99 (m, 5H), 6.78 

(s, 1H), 6.45 (s, 1H), 5.11 (dd, J = 10.8, 5.7 Hz, 1H), 4.39 – 4.07 (m, 2H), 3.71 – 3.37 (m, 2H), 

1.19 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.8, 167.5, 140.7, 139.1, 138.6, 138.0, 137.4, 136.4, 134.1, 

131.6, 129.4, 128.9, 128.5, 128.4, 128.1, 128.0, 127.3, 127.2, 123.5, 119.4, 64.8, 62.1, 53.3, 

34.3, 14.1. 

HRMS (ESI) m/z calcd for C35H30N3O4+: 556.2231; found: 556.2233. 
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Ethyl -3-(4'-chloro-6-(2-chloronicotinamido)-[1,1'-biphenyl]-3-yl)-2-(1,3-dioxoisoindolin- 

2-yl)propanoate (43) 

Prepared according to the GP1, using 5-(4'-chloro-6-(2-chloronicotinamido)-[1,1'-biphenyl]- 

3- yl)-5H-thianthren-5-ium tetrafluoroborate (129.1 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2- 

(1,3- dioxoisoindolin-2-yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was 

purified by flash column chromatography (n-pentane/EtOAc: 9/1 → 1/1) to afford product 

43 (74.1 mg, 63% yield) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 8.34 (dd, J = 4.7, 2.1 Hz, 1H), 8.18 (d, J = 8.4 Hz, 1H), 8.01 

(dd, J = 7.8, 2.0 Hz, 1H), 7.97 (brs, 1H), 7.74 (dd, J = 5.5, 3.1 Hz, 2H), 7.65 (dd, J = 5.5, 3.1 

Hz, 2H), 7.30 – 7.22 (m, 3H), 7.17 (dd, J = 8.6, 2.1 Hz, 1H), 7.03 (d, J = 8.2 Hz, 2H), 6.98 (d, 

J = 2.1 Hz, 1H), 5.08 (dd, J = 10.9, 5.5 Hz, 1H), 4.29 – 4.10 (m, 2H), 3.61 – 3.42 (m, 2H), 1.19 (t, 

J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.6, 167.5, 162.3, 151.3, 146.6, 140.2, 135.9, 134.4, 134.2, 

133.9, 133.1, 132.2, 131.6, 131.0, 130.7, 130.6, 129.4, 129.2, 123.6, 122.9, 122.1, 62.2, 53.3, 

34.1, 14.1. 

HRMS (ESI) m/z calcd for C H 35Cl N O +: 588.1088; found: 588.1093. 
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Ethyl 3-(3-(3,5-dibromo-4-methoxybenzoyl)-2-ethylbenzofuran-6-yl)-2-(1,3- 

dioxoisoindolin-2-yl)propanoate (44) 

 

Prepared according to the GP1, using 5-(3-(3,5-dibromo-4-methoxybenzoyl)-2- 

ethylbenzofuran-5-yl)-5H-thianthren-5-ium tetrafluoroborate (148.0 mg, 0.20 mmol, 1.0 

equiv.) and ethyl 2-(1,3-dioxoisoindolin-2-yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The 

crude mixture was purified by flash column chromatography (n-pentane/EtOAc: 9/1 → 1/1) 

to afford product 44 (84.8 mg, 62% yield) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.82 (s, 2H), 7.70 (dd, J = 5.6, 3.1 Hz, 2H), 7.60 (dd, J = 5.6, 

3.1 Hz, 2H), 7.19 (s, 1H), 7.15 (d, J = 8.1 Hz, 1H), 6.97 (d, J = 8.1 Hz, 1H), 5.11 (dd, J = 11.0, 

5.5 Hz, 1H), 4.27 – 4.10 (m, 2H), 3.87 (s, 3H), 3.70 – 3.45 (m, 2H), 2.74 (q, J = 7.5 Hz, 2H), 

1.34 – 1.10 (m, 6H). 

13C-NMR (101 MHz, CDCl3) δ 187.9, 168.7, 167.5, 167.0, 157.7, 153.9, 137.1, 134.2, 134.0, 

133.6, 131.6, 125.2, 124.8, 123.6, 121.0, 118.4, 115.2, 111.5, 62.1, 60.9, 53.6, 34.7, 22.0, 14.1, 

12.1. 

HRMS (ESI) m/z calcd for C H 79Br NO +: 682.0071; found: 682.0085. 
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Methyl -4-(4'-(2-(1,3-dioxoisoindolin-2-yl)-3-ethoxy-3-oxopropyl)-[1,1'-biphenyl]-4-yl)-4- 

oxobutanoate (45) 

Prepared according to the GP1, using 5-(4'-(4-methoxy-4-oxobutanoyl)-[1,1'-biphenyl]-4-yl)- 

5H-thianthren-5-ium tetrafluoroborate (114.1 mg, 0.20 mmol, 1.0 equiv.) and ethyl 2-(1,3- 

dioxoisoindolin-2-yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was 

purified by flash column chromatography (n-pentane/EtOAc: 9/1 → 1/1) to afford product 

45 (48.3 mg, 47% yield) as white solid. Following the GP2 on 0.20 mmol scale the product 45 

was isolated in 51% yield. 

1H-NMR (400 MHz, CDCl3) δ 8.02 (d, J = 8.3 Hz, 2H), 7.82 (dd, J = 5.5, 3.1 Hz, 2H), 7.72 

(dd, J = 5.5, 3.1 Hz, 2H), 7.62 (d, J = 8.3 Hz, 2H), 7.49 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.3 

Hz, 2H), 5.22 (dd, J = 10.7, 5.7 Hz, 1H), 4.37 – 4.15 (m, 2H), 3.73 (s, 3H), 3.71 – 3.52 (m, 

2H), 3.35 (t, J = 6.6 Hz, 2H), 2.80 (t, J = 6.6 Hz, 2H), 1.29 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 197.6, 173.4, 168.7, 167.6, 145.4, 138.2, 137.1, 135.1, 134.2, 

131.6, 129.5, 128.6, 127.4, 127.0, 123.5, 62.2, 53.3, 51.9, 34.4, 33.4, 28.1, 14.1. 

HRMS (ESI) m/z calcd for C30H28NO7+: 514.1860; found: 514.1864. 
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Methyl 2-((2,6-dichloro-3-methylphenyl)amino)-5-(2-(1,3-dioxoisoindolin-2-yl)-3-ethoxy- 

3-oxopropyl)benzoate (46) 

Prepared according to the GP1, using 5-(4-((2,6-dichloro-3-methylphenyl)amino)-3- 

(methoxycarbonyl)phenyl)-5H-thianthren-5-ium tetrafluoroborate (114.1 mg, 0.20 mmol, 

1.0 equiv.) and ethyl 2-(1,3-dioxoisoindolin-2-yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). 

The crude mixture was purified by flash column chromatography (n-pentane/EtOAc: 9/1 → 

1/1) to afford product 46 (78.4 mg, 64% yield) as white solid. Following the GP2 on 0.20 

mmol scale the product 46 was isolated in 62% yield. 

1H-NMR (400 MHz, CDCl3) δ 9.18 (s, 1H), 7.83 – 7.74 (m, 3H), 7.69 (dd, J = 5.5, 3.1 Hz, 

2H), 7.23 (d, J = 7.6 Hz, 1H), 7.10 – 7.00 (m, 2H), 6.15 (d, J = 8.5 Hz, 1H), 5.07 (dd, J = 11.0, 

5.6 Hz, 1H), 4.32 – 4.16 (m, 2H), 3.83 (s, 3H), 3.50 (dd, J = 14.5, 5.6 Hz, 1H), 3.43 (dd, J = 

14.5, 11.0 Hz, 1H), 2.35 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 168.8, 168.7, 167.5, 146.2, 136.4, 135.1, 134.4, 134.0, 133.9, 

131.7, 131.6, 130.9, 128.3, 127.7, 125.4, 123.4, 114.2, 111.6, 62.0, 53.4, 51.8, 33.7, 20.6, 14.1. 

HRMS (ESI) m/z calcd for C28H2535Cl2N2O6+: 555.1084; found: 555.1084. 
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Ethyl 3-(4-((S)-2-acetamido-3-methoxy-3-oxopropyl)phenyl)-2-(1,3-dioxoisoindolin-2- 

yl)propanoate (47) 

Prepared according to the GP1, using (S)-5-(4-(2-acetamido-3-methoxy-3- 

oxopropyl)phenyl)- 5H-thianthren-5-ium tetrafluoroborate (104.6 mg, 0.20 mmol, 1.0 

equiv.) and ethyl 2-(1,3- dioxoisoindolin-2-yl)acrylate (245.2 mg, 1.0 mmol, 5.0 equiv.). The 

crude mixture was purified by flash column chromatography (n-pentane/EtOAc: 9/1 → 1/1) 

to afford product 47 (62.4 mg, 67% yield, 1/1 dr by 1H-NMR) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.81 – 7.73 (m, 2H), 7.72 – 7.64 (m, 2H), 7.13 – 7.01 (m, 2H), 

7.02 – 6.80 (m, 2H), 5.89 (d, J = 7.8 Hz, 0.5H), 5.83 (d, J = 7.8 Hz, 0.5H), 5.15 – 4.98 (m, 1H), 

4.81 – 4.70 (m, 1H), 4.30 – 4.13 (m, 2H), 3.61 (s, 1.5H), 3.56 (s, 1.5H), 3.54 – 3.40 (m, 2H), 

3.12 – 2.85 (m, 2H), 1.93 (s, 1.5H), 1.88 (s, 1.5H), 1.24 (t, J = 7.1 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 172.0, 171.9, 169.6, 169.5, 168.7, 168.7, 167.4, 167.4, 135.8, 

135.7, 134.4, 134.3, 134.1*, 131.6, 131.5, 129.4, 129.4, 129.1*, 123.5, 123.5, 62.1*, 53.5, 53.4, 

53.0, 53.0, 52.2, 52.1, 37.4, 37.4, 34.3, 34.3, 23.1, 23.0, 14.1*. (Peaks denoted with * 

correspond to both diastereomers) 

HRMS (ESI) m/z calcd for C H N O +: 467.1813; found: 467.1818. 
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Methyl (3-(4-(tert-butyl)phenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoyl)glycinate (50) 

 

 

Prepared according to the GP1, using 5-(4-(tert-butyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate (87.3 mg, 0.20 mmol, 1.0 equiv.) and methyl (2-(1,3-dioxoisoindolin-2- 

yl)acryloyl)glycinate (288.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by 

flash column chromatography (n-pentane/EtOAc: 7/3 → 1/1) to afford product 50 (45.6 mg, 

54% yield) as white solid. 

1H NMR (400 MHz, CDCl3) δ 7.78 (dd, J = 5.5, 3.1 Hz, 2H), 7.69 (dd, J = 5.5, 3.0 Hz, 2H), 

7.22 – 7.15 (m, 2H), 7.14 – 7.03 (m, 2H), 6.73 (s, 1H), 5.16 (dd, J = 9.2, 7.4 Hz, 1H), 4.07 (d, 

J = 5.1 Hz, 2H), 3.73 (s, 3H), 3.60 – 3.48 (m, 2H), 1.19 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 170.1, 168.9, 168.2, 150.0, 134.4, 133.4, 131.6, 128.7, 125.7, 

123.6, 55.9, 52.6, 41.7, 34.5, 34.5, 31.4. 

HRMS (ESI) m/z calcd for C H N O +: 423.1914; found: 423.1920. 
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Methyl (3-(4-(tert-butyl)phenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoyl)-L-valinate (51) 

Prepared according to the GP1, using 5-(4-(tert-butyl)phenyl)-5H- 

thianthren-5-ium tetrafluoroborate (87.3 mg, 0.20 mmol, 1.0 equiv.) and methyl (2-(1,3- 

dioxoisoindolin-2- yl)acryloyl)-L-valinate (330.4 mg, 1.0 mmol, 5.0 equiv.). The crude 

mixture was purified by flash column chromatography (n-pentane/EtOAc: 7/3 → 1/1) to 

afford product 51 (65.1 mg, 70% yield, 1/1 dr by 1H-NMR) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.83 – 7.75 (m, 2H), 7.72 – 7.65 (m, 2H), 7.23 – 7.17 (m, 2H), 

7.16 – 7.09 (m, 2H), 6.74 – 6.52 (m, 1H), 5.22 – 5.11 (m, 1H), 4.62 – 4.45 (m, 1H), 3.69 (s, 

3H), 3.62 – 3.44 (m, 2H), 2.27 – 2.05 (m, 1H), 1.20 (s, 4.5H), 1.20 (s, 4.5H), 0.92 – 0.86 (m, 

3H), 0.83 (d, J = 6.9 Hz, 1.5H), 0.80 (d, J = 6.9 Hz, 1.5H). 

13C-NMR (101 MHz, CDCl3) δ 172.2, 172.1, 168.7, 168.6, 168.2, 168.2, 150.1*, 134.3, 134.3, 

133.5, 133.4, 131.7*, 128.7, 128.7, 125.8, 125.7, 123.6*, 57.7, 57.5, 56.0, 55.9, 52.3*, 34.8, 

34.6, 34.5*, 31.5, 31.3*, 31.2, 19.0, 19.0, 17.8, 17.7. (Peaks denoted with * correspond to both 

diastereomers) 

HRMS (ESI) m/z calcd for C27H33N2O5+: 465.2384; found: 465.2384. 
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Methyl (3-(4-(tert-butyl)phenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoyl)-L-alaninate (52) 

Prepared according to the GP1, using 5-(4-(tert-butyl)phenyl)-5H- 

thianthren-5-ium tetrafluoroborate (87.3 mg, 0.20 mmol, 1.0 equiv.) and methyl (2-(1,3- 

dioxoisoindolin-2- yl)acryloyl)-L-alaninate (302.2 mg, 1.0 mmol, 5.0 equiv.). The crude 

mixture was purified by flash column chromatography (n-pentane/EtOAc: 7/3 → 5/4) to 

afford product 52 (53.2 mg, 61% yield, 1/1 dr by 1H-NMR) as white solid. 

1H NMR (400 MHz, CDCl3) δ 7.79 – 7.73 (m, 2H), 7.70 – 7.63 (m, 2H), 7.20 – 7.13 (m, 2H), 

7.11 – 7.04 (m, 2H), 6.66 (d, J = 7.2 Hz, 1H), 5.11 – 4.99 (m, 1H), 4.61 – 4.44 (m, 1H), 3.64 

(s, 3H), 3.53 – 3.36 (m, 2H), 1.38 (d, J = 7.1Hz, 1.5H), 1.37 (d, J = 7.1Hz, 1.5H),1.12 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 173.2, 173.2, 168.2, 168.2, 168.1, 168.1, 150.0, 149.9, 134.3*, 

133.5*, 131.6*, 128.7*, 125.6, 125.6, 123.6, 123.6, 55.9, 55.8, 52.6*, 48.6, 48.5, 34.5*, 34.5*, 

31.3*, 18.4, 18.4. (Peaks denoted with * correspond to both diastereomers) 

HRMS (ESI) m/z calcd for C H N O +: 437.2071; found: 437.2076. 
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Methyl (3-(4-(tert-butyl)phenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoyl)-L-leucinate (53) 

Prepared according to the GP1, using 5-(4-(tert-butyl)phenyl)-5H- 

thianthren-5-ium tetrafluoroborate (87.3 mg, 0.20 mmol, 1.0 equiv.) and methyl (2-(1,3- 

dioxoisoindolin-2- yl)acryloyl)-L-leucinate (344.3 mg, 1.0 mmol, 5.0 equiv.). The crude 

mixture was purified by flash column chromatography (n-pentane/EtOAc: 7/3 → 2/1) to 

afford product 53 (68.9 mg, 72% yield, 1/1 dr by 1H-NMR) as white solid. 

1H NMR (400 MHz, CDCl3) δ 7.81 – 7.74 (m, 2H), 7.71 – 7.64 (m, 2H), 7.21 – 7.16 (m, 2H), 

7.14 – 7.07 (m, 2H), 6.58 – 6.43 (m, 1H), 5.23 – 5.07 (m, 1H), 4.69 – 4.54 (m, 1H), 3.67 (s, 

3H), 3.62 – 3.41 (m, 2H), 1.66 – 1.43 (m, 3H), 1.20 (s, 4.5H), 1.19 (s, 4.5H), 0.95 – 0.81 (m, 

6H). 

13C NMR (101 MHz, CDCl3) δ 173.2, 173.2, 168.5, 168.4, 168.1, 168.1, 150.0, 150.0, 134.3, 

134.3, 133.5, 133.5, 131.7*, 128.7, 128.7, 125.7*, 123.6*, 55.9, 55.8, 52.4*, 51.2, 51.2, 41.6, 

41.6, 34.6*, 34.5*, 31.4*, 24.9, 24.9, 22.9, 22.8, 22.1, 22.0. (Peaks denoted with * correspond to both 

diastereomers) 

HRMS (ESI) m/z calcd for C H N O +: 479.2540; found: 479.2546 
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Methyl N6-((benzyloxy)carbonyl)-N2-(3-(4-(tert-butyl)phenyl)-2-(1,3-dioxoisoindolin-2- 

yl)propanoyl)-L-lysinate (54) 

Prepared according to the GP1, using 5-(4-(tert-butyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate (87.3 mg, 0.20 mmol, 1.0 equiv.) and methyl N6-((benzyloxy)carbonyl)- 

N2- (2-(1,3-dioxoisoindolin-2-yl)acryloyl)-L-lysinate (493.5 mg, 1.0 mmol, 5.0 equiv.). The 

crude mixture was purified by flash column chromatography (n-pentane/EtOAc: 9/1 → 1/1) 

to afford product 54 (84.0 mg, 67% yield, 1/1 dr by 1H-NMR) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.80 – 7.70 (m, 2H), 7.68 – 7.56 (m, 2H), 7.40 – 7.27 (m, 5H), 

7.21 – 7.12 (m, 2H), 7.12 – 7.03 (m, 2H), 6.89 – 6.62 (m, 1H), 5.24 – 4.99 (m, 4H), 4.71 – 4.52 

(m, 1H), 3.69 (s, 1.5H), 3.66 (s, 1.5H), 3.62 – 3.39 (m, 2H), 3.28 – 3.06 (m, 2H), 1.95 – 1.80 

(m, 1H), 1.71 – 1.59 (m, 1H), 1.58 – 1.44 (m, 2H), 1.44 – 1.27 (m, 2H), 1.19 (s, 4.5H), 1.18 (s, 

4.5H). 

13C-NMR (101 MHz, CDCl3) δ 172.6, 172.5, 168.5, 168.4, 168.1, 168.1, 156.7, 156.6, 150.0, 

149.9, 136.8, 136.8, 134.3, 134.3, 133.5, 133.3, 131.6, 131.6, 128.7, 128.6, 128.6, 128.6, 

128.2*, 128.1, 125.6, 125.5, 123.6*, 66.7, 66.7, 55.6, 55.6, 52.6, 52.5, 52.4, 52.2, 40.7, 40.6, 

34.4, 34.4*, 32.0, 31.8, 31.3*, 29.4, 29.2, 22.4, 22.1. (Peaks denoted with * correspond to both 

diastereomers) 

HRMS (ESI) m/z calcd for C36H42N3O7+: 628.3017; found: 628.3013. 
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Methyl (3-(4-(tert-butyl)phenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoyl)-L-methioninate 

(55) 

Prepared according to the GP1, using 5-(4-(tert-butyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate (87.3 mg, 0.20 mmol, 1.0 equiv.) and methyl (2-(1,3-dioxoisoindolin-2- 

yl)acryloyl)-L-methioninate (362.4 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was 

purified by flash column chromatography (n-pentane/EtOAc: 7/3 → 1/2) to afford product 

55 (62.5 mg, 63% yield, 1/1 dr by 1H-NMR) as white solid. 

1H NMR (400 MHz, CDCl3) δ 7.80 – 7.74 (m, 2H), 7.72 – 7.65 (m, 2H), 7.22 – 7.13 (m, 2H), 

7.13 – 7.04 (m, 2H), 6.94 – 6.83 (m, 1H), 5.19 – 5.08 (m, 1H), 4.75 – 4.66 (m, 1H), 3.71 (s, 

1.5H), 3.69 (m, 1.5H), 3.61 – 3.41 (m, 2H), 2.48 – 2.41 (m, 2H), 2.15 – 2.09 (m, 1H), 2.03 (s, 

1.5H), 2.00 (m, 1.5H), 1.99 – 1.90 (m, 1H), 1.19 (s, 4.5H), 1.18 (m, 4.5H). 

13C NMR (101 MHz, CDCl3) δ 172.1, 172.1, 168.5, 168.4, 168.1, 168.0, 150.0, 149.9, 134.3, 

134.3, 133.5, 133.4, 131.6, 131.6, 128.7, 128.7, 125.7, 125.6, 123.6, 123.6, 55.8, 55.6, 52.7, 

52.7, 52.1, 52.0, 34.5, 34.4, 34.4, 34.4, 31.3*, 31.3, 31.3, 30.0, 29.9, 15.5, 15.5. (Peaks denoted 

with * correspond to both diastereomers) 

HRMS (ESI) m/z calcd for C27H33N2O5S+: 497.2105; found: 497.2110. 
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Methyl (3-(4-(tert-butyl)phenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoyl)-L- 

phenylalaninate (56) 

Prepared according to the GP1, using 5-(4-(tert-butyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate (87.3 mg, 0.20 mmol, 1.0 equiv.) and methyl (2-(1,3-dioxoisoindolin-2- 

yl)acryloyl)-L-phenylalaninate (378.4 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was 

purified by flash column chromatography (n-pentane/EtOAc: 9/1 → 1/1) to afford product 

56 

(75.8 mg, 74% yield, 1.6/1 dr by 1H-NMR) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.81 – 7.74 (m, 2H), 7.74 – 7.66 (m, 2H), 7.21 – 7.08 (m, 5H), 

7.08 – 6.98 (m, 4H), 6.68 (d, J = 7.6 Hz, 0.4H), 6.51 (d, J = 7.6 Hz, 0.6H), 5.12 – 5.00 (m, 1H), 

4.91 – 4.82 (m, 1H), 3.71 (s, 1.2H), 3.70 (s, 1.8H), 3.54 – 3.38 (m, 2H), 3.22 – 2.96 (m, 2H), 

1.19 (s, 9H). 

13C-NMR (101 MHz, CDCl3) δ 171.7, 171.7, 168.3, 168.2, 168.1, 168.0, 150.0, 149.9, 135.7*, 

134.3, 134.3, 133.5, 133.4, 131.6, 131.6, 129.4, 129.3, 128.7, 128.6, 128.6, 128.6, 127.2, 127.2, 

125.7, 125.6, 123.6, 123.6, 56.0, 55.6, 53.5*, 52.5, 52.5, 37.8, 37.6, 34.5*, 34.4, 34.2, 31.3*. 

(Peaks denoted with * correspond to both diastereomers) 

HRMS (ESI) m/z calcd for C H N O +: 513.2384; found: 513.2382. 
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Methyl (3-(4-(tert-butyl)phenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoyl)-L-tyrosinate (57) 

Prepared according to the GP1, using 5-(4-(tert-butyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate (87.3 mg, 0.20 mmol, 1.0 equiv.) and methyl (2-(1,3-dioxoisoindolin-2- 

yl)acryloyl)-L-tyrosinate (394.4 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified 

by flash column chromatography (n-pentane/EtOAc: 9/1 → 1/1) to afford product 57 (66.5 

mg, 63% yield, 1/1 dr by 1H-NMR) as white solid. Following the GP2 on 0.20 mmol scale 

the product 57 was isolated in 69% yield. 

1H-NMR (400 MHz, CDCl3) δ 7.78 – 7.73 (m, 2H), 7.70 – 7.63 (m, 2H), 7.21 – 7.11 (m, 2H), 

7.07 – 7.01 (m, 2H), 6.91 – 6.81 (m, 2H), 6.78 – 6.71 (m, 0.5H), 6.61 – 6.48 (m, 2.5H), 5.95 

(brs, 1H), 5.18 – 5.01 (m, 1H), 4.93 – 4.75 (m, 1H), 3.71 (s, 1.5H), 3.70 (s, 1.5H), 3.55 – 3.40 

(m, 2H), 3.21 – 2.88 (m, 2H), 1.19 (s, 4.5H), 1.18 (s, 4.5H). 

13C-NMR (101 MHz, CDCl3) δ 172.0, 171.9, 168.5, 168.5, 168.2, 168.0, 155.2*, 150.0, 149.9, 

134.4, 134.3, 133.4, 133.3, 131.5, 131.5, 130.5, 130.4, 128.7, 128.6, 127.1*, 125.7, 125.6, 

123.6*, 115.6, 115.5, 56.0, 55.6, 53.7, 53.7, 52.6*, 37.1, 36.9, 34.5, 34.4, 34.4, 34.1, 31.3*. 

(Peaks denoted with * correspond to both diastereomers) 

HRMS (ESI) m/z calcd for C31H33N2O6+: 529.2333; found: 526.2337. 
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Methyl (3-(4-(tert-butyl)phenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoyl)-L-tryptophanate 

(58) 

Prepared according to the GP1, using 5-(4-(tert-butyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate (87.3 mg, 0.20 mmol, 1.0 equiv.) and methyl (2-(1,3-dioxoisoindolin-2- 

yl)acryloyl)-L-tryptophanate (417.2 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was 

purified by flash column chromatography (toluene/EtOAc: 7/3 → 2/1) to afford product 58 

(77.2 mg, 70% yield, 1/1 dr by 1H-NMR) as white solid. Following the GP2 on 0.20 mmol 

scale the product 58 was isolated in 63% yield. 

1H NMR (400 MHz, CDCl3) δ 8.27 – 8.12 (m, 1H), 7.77 – 7.28 (m, 4H), 7.49 – 7.43 (m, 1H), 

7.32 – 6.88 (m, 8H), 6.78 (d, J = 7.8 Hz, 0.5H), 6.62 (d, J = 7.6 Hz, 0.5H), 5.18 – 5.03 (m, 1H), 

5.00 – 4.87 (m, 1H), 3.66 (s, 1.5H), 3.65 (s, 1.5H), 3.51 – 3.38 (m, 2H), 3.37 – 3.24 (m, 2H), 

1.18 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 172.1, 172.0, 168.4, 168.4, 168.1, 168.0, 149.9, 149.8, 136.1, 

136.0, 134.2, 134.1, 133.4, 133.3, 131.5, 131.5, 128.6, 128.6, 127.7, 127.5, 125.6, 125.5, 123.5, 

123.5, 123.1, 123.1, 122.2, 122.2, 119.7, 119.7, 118.5, 118.4, 111.4, 111.2, 109.8, 109.7, 55.9, 

55.6, 53.5*, 52.5, 52.5, 34.4*, 34.2*, 31.3*, 27.4, 27.4. (Peaks denoted with * correspond to both 

diastereomers) 

HRMS (ESI) m/z calcd for C H N O +: 552.2493; found: 552.2498. 
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Methyl 2-((S)-2-((tert-butoxycarbonyl)amino)-4-methylpentanamido)-3-(4-(tert- 

butyl)phenyl)propanoate (59) 

 

Prepared according to the GP1, 5-(4-(tert-butyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate (261.9 mg, 0.60 mmol, 3.0 equiv.) and methyl (S)-2-(2-((tert- 

butoxycarbonyl)amino)-4- methylpentanamido)acrylate (31.4 mg, 0.20 mmol, 1.0 equiv.). 

The crude mixture was purified by flash column chromatography (n-pentane/EtOAc: 8/2 → 

1/1) to afford product 59 (57.3 mg, 64% yield, 1/1 dr by 1H-NMR) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.25 (d, J = 8.0 Hz, 2H), 7.00 (d, J = 8.0 Hz, 2H), 6.64 (d, J = 

7.9 Hz, 0.5H), 6.53 (d, J = 7.9 Hz, 0.5H), 4.90 (d, J = 8.1 Hz, 1H), 4.80 (ddd, J = 14.5, 8.4, 6.1 

Hz, 1H), 4.23 – 3.96 (m, 1H), 3.72 – 3.59 (m, 3H), 3.23 – 2.85 (m, 2H), 1.68 – 1.48 (m, 2H), 

1.43 – 1.35 (m, 10H), 1.25 (s, 9H), 0.93 – 0.75 (m, 6H). 

13C-NMR (101 MHz, CDCl3) δ 172.2, 172.2, 171.9, 171.8, 155.6, 155.5, 149.9, 149.9, 132.7*, 

129.0, 128.9, 125.5, 125.5, 79.9*, 53.1, 53.0, 52.9, 52.9, 52.3, 52.2, 41.3*, 37.3, 37.3, 34.4*, 

31.3*, 28.3*, 24.7*, 22.9*, 22.0*. (Peaks denoted with * correspond to both diastereomers) 

HRMS (ESI) m/z calcd for C H N O +: 449.3010; found: 449.3026. 
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Methyl (3-(4-(tert-butyl)phenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoyl)-L-phenylalanyl- 

L-valinate (60) 

Prepared according to the GP1, using 5-(4-(tert-butyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate (87.3 mg, 0.20 mmol, 1.0 equiv.) and methyl (2-(1,3-dioxoisoindolin-2- 

yl)acryloyl)-L-phenylalanyl-L-valinate (477.5 mg, 1.0 mmol, 5.0 equiv.). The crude mixture 

was purified by flash column chromatography (n-pentane/EtOAc: 9/1 → 1/1) to afford 

product 60 (94.2 mg, 77% yield, 2/1 dr by 1H-NMR) as white solid. 

1H NMR (400 MHz, CDCl3) δ 7.78 – 7.64 (m, 4H), 7.18 – 6.98 (m, 9H), 6.79 (d, J = 7.2, 

0.3H), 6.71 (d, J = 7.2, 0.7H), 5.14 – 5.00 (m, 1H), 4.75 – 4.62 (m, 1H), 4.44 – 4.35 (m, 1H), 

3.70 (s, 2H), 3.66 (s, 1H), 3.52 – 3.34 (m, 2H), 3.22 – 3.07 (m, 1H), 3.07 – 2.95 (m, 1H), 2.20 

– 2.04 (m, 1H), 1.19 (s, 3H), 1.17 (s, 6H), 0.90 – 0.76 (m, 6H). 

13C NMR (101 MHz, CDCl3) δ 171.7*, 170.5, 170.4, 168.7, 168.7, 168.0, 167.9, 149.9*, 136.4, 

136.2, 134.3, 134.3, 133.3*, 131.6, 131.5, 129.4*, 128.7, 128.6*, 128.6, 127.1, 127.0, 125.6, 

125.6, 123.6, 123.6, 57.7, 57.6, 56.0, 55.6, 55.0, 54.4, 52.2, 52.2, 37.6, 37.5, 34.4, 34.4, 34.3, 

34.2, 31.3, 31.3, 31.1, 31.1, 19.0, 18.9, 17.9, 17.8. (Peaks denoted with * correspond to both 

diastereomers) 

HRMS (ESI) m/z calcd for C H N O +: 612.3068; found: 612.3074. 
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Methyl (2-((S)-2-((tert-butoxycarbonyl)amino)-4-methylpentanamido)-3-(4-(tert- 

butyl)phenyl)propanoyl)-L-phenylalaninate (61) 

Prepared according to the GP1, 5-(4-(tert-butyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate 

261.9 mg, 0.60 mmol, 3.0 equiv.) and methyl (2-((S)-2-((tert-butoxycarbonyl)amino)-4- 

methylpentanamido)acryloyl)-L-phenylalaninate (46.1 mg, 0.20 mmol, 1.0 equiv.). The 

crude mixture was purified by flash column chromatography (n-pentane/EtOAc: 8/2 → 1/1) 

to afford product 61 (50.1 mg, 42% yield, 1/1 dr by 1H-NMR) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.26 – 7.09 (m, 5H), 7.04 (d, J = 8.3 Hz, 1H), 6.99 – 6.86 (m, 

3.5H), 6.76 (d, J = 7.9 Hz, 1H), 6.54 (d, J = 7.6 Hz, 0.5H), 5.04 (d, J = 7.7 Hz, 0.5H), 4.97 (d, 

J = 7.6 Hz, 0.5H), 4.78 – 4.56 (m, 2H), 4.17 – 3.86 (m, 1H), 3.56 (s, 1.5H), 3.52 (s, 1.5H), 3.05 

– 2.79 (m, 4H), 1.60 – 1.36 (m, 3H), 1.35 (s, 4.5H), 1.32 (s, 4.5H), 1.19 (s, 4.5H), 1.18 (s, 

4.5H), 0.86 – 0.70 (m, 6H). 

13C-NMR (101 MHz, CDCl3) δ 172.7, 172.5, 171.7, 171.3, 170.6, 170.4, 155.6*, 149.7, 149.7, 

136.0, 135.8, 133.4, 133.3, 129.3, 129.2, 129.2, 129.1, 128.6, 128.5, 127.1, 127.1, 125.5*, 80.0, 

79.9, 54.1, 54.0, 53.5*, 53.5, 53.3, 52.2, 52.2, 41.5, 41.4, 38.0, 37.9, 37.5, 37.4, 34.4*, 31.4*, 

28.4*, 24.7, 24.6, 23.0, 22.9, 22.2, 21.9. (Peaks denoted with * correspond to both 

diastereomers) 

HRMS (ESI) m/z calcd for C34H50N3O6+: 596.3694; found: 596.3695. 
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Methyl (3-(4-(tert-butyl)phenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoyl)-L-leucylglycyl- 

L- phenylalanyl-L-leucinate (62) 

Prepared according to the GP1, 5-(4-(tert-butyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate (87.3 mg, 0.20 mmol, 1.0 equiv.) and methyl (2-(isoindolin-2-yl)acryloyl)- 

L-leucylglycyl-L- phenylalanyl-L-leucinate (633.4 mg, 1.0 mmol, 5.0 equiv.). The crude 

mixture was purified by flash column chromatography (CH2Cl2/EtOAc: 8/2 → 1/2) to afford 

product 62 (125.6 mg, 79% yield, 1/1 dr by 1H-NMR) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.76 – 7.39 (m, 5H), 7.23 – 7.05 (m, 11H), 7.01 (d, J = 8.0 Hz, 

1H), 5.26 – 5.10 (m, 1H), 4.90 – 4.75 (m, 1H), 4.61 – 4.41 (m, 2H), 3.96 – 3.76 (m, 2H), 3.64 

(s, 1.5H), 3.61 (s, 1.5H), 3.60 – 3.31 (m, 2H), 3.19 – 3.02 (m, 1H), 3.01 – 2.88 (m, 1H), 1.64 – 

1.39 (m, 6H), 1.16 (s, 9H), 0.94 – 0.71 (m, 12H). 

13C-NMR (101 MHz, CDCl3) δ 173.4, 173.3, 172.9, 172.7, 170.9, 170.9, 169.4, 169.3, 168.9, 

168.8, 168.1, 168.0, 150.0, 149.9, 136.8, 136.7, 134.2, 134.2, 133.4, 133.3, 131.6, 131.5, 

129.4*, 128.7, 128.6, 128.5, 128.4, 126.8*, 125.6, 125.5, 123.5, 123.4, 55.1*, 54.5, 54.5, 52.6, 

52.6, 52.3*, 50.9*, 43.4, 43.1, 41.1, 41.0, 40.9, 40.5, 38.3, 38.1, 34.5*, 34.4, 34.4, 31.3*, 24.8, 

24.8, 24.7*, 23.1, 23.0, 22.8, 22.8, 22.0*, 21.9*. (Peaks denoted with * correspond to both 

diastereomers) 

HRMS (ESI) m/z calcd for C H N O +: 796.4280; found: 796.4283. 



162  

 

 

 

Methyl (3-(4-(tert-butyl)phenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoyl)-L-valyl-L- 

leucylglycyl-L-phenylalanyl-L-leucinate (63) 

 

Prepared according to the GP1, 5-(4-(tert-butyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate (87.3 mg, 0.20 mmol, 1.0 equiv.) and methyl (2-(1,3-dioxoisoindolin-2- 

yl)acryloyl)-L-valyl-L- leucylglycyl-L-phenylalanyl-L-leucinate (760.2 mg, 1.0 mmol, 5.0 

equiv.). The crude mixture was purified by flash column chromatography (CH2Cl2/EtOAc: 

9/1 → 1/1) to afford product 63 (134.2 mg, 75% yield, 1/1 dr by 1H-NMR) as white solid. 

1H-NMR (300 MHz, DMSO-d6) δ 9.42 (d, J = 8.5 Hz, 0.5H), 8.46 – 8.17 (m, 2.5H), 8.12 – 

7.88 (m, 3H), 7.86 – 7.71 (m, 4H), 7.35 – 6.97 (m, 8H), 5.14 (dd, J = 11.4, 5.3 Hz, 0.5H), 5.03 

(dd, J = 10.8, 5.5 Hz, 0.5H), 4.75 – 4.50 (m, 1H), 4.38 – 4.10 (m, 3H), 3.82 – 3.38 (m, 7H), 

3.04 (dd, J = 13.9, 4.4 Hz, 1H), 2.76 (dd, J = 13.9, 9.3 Hz, 1H), 2.18 – 1.87 (m, 1H), 1.70 – 

1.37 (m, 6H), 1.39 – 0.93 (m, 9H), 0.97 – 0.68 (m, 18H). 

13C-NMR (101 MHz, CDCl3) δ 172.8*, 172.2, 172.0, 171.2, 170.9, 170.7, 169.5, 168.3, 168.3, 

168.1, 168.0, 167.8, 167.7, 148.7, 148.7, 137.7, 137.7, 134.6*, 134.5, 134.5, 131.4, 131.2, 

129.2*, 128.4, 128.4, 128.1*, 126.3*, 125.0, 124.9, 123.1, 123.0, 59.2, 58.7, 58.3, 55.2, 54.6, 

53.6*, 51.9*, 51.3, 51.2, 50.4, 41.8, 41.8, 40.8, 40.8, 40.7, 37.7, 34.1, 34.0, 33.8, 33.6, 31.1*, 

30.2, 29.9, 29.7, 24.2, 24.2, 24.1, 24.0, 23.0, 23.0, 23.0, 22.8, 21.6, 21.5, 21.4, 21.4, 19.4, 19.4, 

19.1, 18.6, 18.3. (Peaks denoted with * correspond to both diastereomers) HRMS (ESI) m/z 

calcd for C H N O +: 895.4964; found: 895.4958. 
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Methyl N6-((benzyloxy)carbonyl)-N2-(3-(4-cyclopropylphenyl)-2-(1,3-dioxoisoindolin-2- 

yl)propanoyl)-L-lysinate (64) 

Prepared according to the GP1, using 5-(4-cyclopropylphenyl)-5H-thianthren-5-ium 

tetrafluoroborate (84.1 mg, 0.20 mmol, 1.0 equiv.) and methyl N6-((benzyloxy)carbonyl)- 

N2- (2-(1,3-dioxoisoindolin-2-yl)acryloyl)-L-lysinate (493.5 mg, 1.0 mmol, 5.0 equiv.). The 

crude mixture was purified by flash column chromatography (n-pentane/EtOAc: 9/1 → 1/1) 

to afford product 64 (92.9 mg, 76% yield, 1/1 dr by 1H-NMR) as white solid. Following the 

GP2 on 1.00 mmol scale the product 64 was isolated in 82% yield. 

1H-NMR (400 MHz, CDCl3) δ 7.81 – 7.70 (m, 2H), 7.69 – 7.57 (m, 2H), 7.44 – 7.29 (m, 5H), 

7.13 – 6.97 (m, 2H), 6.92 – 6.82 (m, 2H), 6.80 – 6.72 (m, 1H), 5.21 – 5.02 (m, 4H), 4.72 – 4.55 

(m, 1H), 3.70 (s, 1.5H), 3.65 (s, 1.5H), 3.61 – 3.40 (m, 2H), 3.23 – 3.10 (m, 2H), 1.91 – 1.82 

(m, 1H), 1.80 – 1.71 (m, 1H), 1.59 – 1.44 (m, 2H), 1.37 – 1.29 (m, 1H), 1.25 – 1.13 (m, 1H), 

1.10 – 0.94 (m, 1H), 0.89 – 0.80 (m, 2H), 0.68 – 0.45 (m, 2H). 

13C-NMR (101 MHz, CDCl3) δ 172.6, 172.5, 168.4, 168.4, 168.1, 168.0, 156.6, 156.6, 142.8, 

142.7, 136.8, 136.8, 134.3, 134.3, 133.6, 133.3, 131.5, 131.5, 128.9, 128.8, 128.6, 128.6, 128.2, 

128.1*, 126.0, 125.9, 123.6*, 66.6, 66.6, 55.6*, 52.6, 52.5, 52.4, 52.2, 40.6, 40.6, 34.5, 34.4, 

31.9, 31.8, 29.3, 29.2, 22.3, 22.1, 15.1*, 9.3, 9.2*, 9.2. (Peaks denoted with * correspond to both 

diastereomers) 

HRMS (ESI) m/z calcd for C H N O +: 612.2704; found: 612.2706. 
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Methyl  N6-((benzyloxy)carbonyl)-N2-(3-(1,3-dimethyl-2,4-dioxo-1,2,3,4- 

tetrahydroquinazolin-6-yl)-2-(1,3-dioxoisoindolin-2-yl)propanoyl)-L-lysinate (65) 

Prepared according to the GP1, using 5-(1,3-dimethyl-2,4-dioxo-1,2,3,4- 

tetrahydroquinazolin- 6-yl)-5H-thianthren-5-ium tetrafluoroborate (98.5 mg, 0.20 mmol, 1.0 

equiv.) and methyl N6- ((benzyloxy)carbonyl)-N2-(2-(1,3-dioxoisoindolin-2-yl)acryloyl)-L- 

lysinate (493.5 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n- pentane/EtOAc: 9/1 → 1/1) to afford product 65 (85.9 mg, 63% yield, 

1/1 dr by 1H-NMR) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.99 (dd, J = 8.1, 2.2 Hz, 1H), 7.78 – 7.71 (m, 2H), 7.67 – 7.57 

(m, 2H), 7.54 – 7.47 (m, 1H), 7.37 – 7.27 (m, 5H), 7.07 – 6.97 (m, 1H), 6.87 (d, J = 7.8 Hz, 

1H), 5.28 – 5.00 (m, 4H), 4.70 – 4.54 (m, 1H), 3.70 (s, 1.5H), 3.66 – 3.52 (m, 3.5H), 3.49 (s, 

3H), 3.37 (s, 3H), 3.27 – 3.07 (m, 2H), 1.92 – 1.80 (m, 1H), 1.76 – 1.58 (m, 1H), 1.58 – 1.24 (m, 

4H). 

13C-NMR (101 MHz, CDCl3) δ 172.7, 172.6, 168.0*, 167.9, 167.9, 161.6*, 156.7, 156.6, 

151.2, 151.1, 139.4, 139.4, 136.8, 136.8, 135.8, 135.7, 134.5, 134.5, 131.9, 131.7, 131.4, 131.4, 

129.0*, 128.6, 128.6, 128.2*, 128.1*, 123.8*, 115.5, 115.5, 114.1, 114.1, 66.7, 66.7, 55.4, 55.4, 

52.6, 52.6, 52.5, 52.3, 40.7, 40.6, 34.1, 33.9, 31.9, 31.7, 30.8*, 29.4, 29.2, 28.5*, 22.4, 22.2. 

(Peaks denoted with * correspond to both diastereomers) 

HRMS (ESI) m/z calcd for C H N O +: 684.2664; found: 684.2680. 
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Methyl N2-(3-(4-((S)-2-acetamido-3-methoxy-3-oxopropyl)phenyl)-2-(1,3- 

dioxoisoindolin-2-yl)propanoyl)-N6-((benzyloxy)carbonyl)-L-lysinate (66) 

Prepared according to the GP1, using (S)-5-(4-(2-acetamido-3-methoxy-3- 

oxopropyl)phenyl)- 5H-thianthren-5-ium tetrafluoroborate (104.6 mg, 0.20 mmol, 1.0 

equiv.) and methyl N6- ((benzyloxy)carbonyl)-N2-(2-(1,3-dioxoisoindolin-2-yl)acryloyl)-L- 

lysinate (493.5 mg, 1.0 mmol, 5.0 equiv.). The crude mixture was purified by flash column 

chromatography (n- pentane/EtOAc: 9/1 → 1/1) to afford product 66 (92.9 mg, 65% yield, 

1/1 dr by 1H-NMR) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.80 – 7.70 (m, 2H), 7.68 – 7.58 (m, 2H), 7.36 – 7.28 (m, 5H), 

7.11 – 7.00 (m, 2H), 6.93 – 6.84 (m, 2H), 6.83 – 6.70 (m, 1H), 6.06 – 6.01 (m, 0.5H), 5.96 – 

5.84 (m, 0.5H), 5.23 – 5.00 (m, 4H), 4.83 – 4.67 (m, 1H), 4.65 – 4.52 (m, 1H), 3.68 (s, 1.5H), 

3.64 (s, 1.5H), 3.61 (s, 1.5H), 3.58 – 3.34 (m, 3.5H), 3.22 – 3.07 (m, 2H), 3.03 – 2.86 (m, 2H), 

1.91 (s, 1.5H), 1.87 (s, 1.5H), 1.71 – 1.56 (m, 1H), 1.55 – 1.41 (m, 3H), 1.38 – 1.23 (m, 2H). 

13C-NMR (101 MHz, CDCl3) δ 172.7, 172.7, 172.0, 171.9, 169.7, 169.7, 168.2, 168.2, 168.0, 

167.9, 156.7, 156.6, 136.8, 136.7, 135.7, 135.4, 134.8, 134.6, 134.4, 134.4, 131.4*, 129.7, 

129.5, 129.2, 129.1, 128.6, 128.6, 128.1, 128.1*, 128.1, 123.7*, 66.6, 66.6, 55.5, 55.4, 53.1, 

53.0, 52.6, 52.5, 52.4, 52.3, 52.2, 52.2, 40.6, 40.6, 37.4, 37.4, 34.5, 34.5, 31.9, 31.7, 29.3, 29.2, 

23.1, 23.0, 22.3, 22.1. (Peaks denoted with * correspond to both diastereomers) 

HRMS (ESI) m/z calcd for C38H43N4O10+: 715.2974; found: 715.2985. 
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Methyl (3-(4'-chloro-6-(2-chloronicotinamido)-[1,1'-biphenyl]-3-yl)-2-(1,3- 

dioxoisoindolin-2-yl)propanoyl)glycinate (67) 

Prepared according to the GP1, using 5-(4'-chloro-6-(2-chloronicotinamido)-[1,1'-biphenyl]- 

3- yl)-5H-thianthren-5-ium tetrafluoroborate (129.1 mg, 0.20 mmol, 1.0 equiv.) and methyl 

(2- 

(1,3-dioxoisoindolin-2-yl)acryloyl)glycinate (288.2 mg, 1.0 mmol, 5.0 equiv.). The crude 

mixture was purified by flash column chromatography (n-pentane/EtOAc: 7/3 → 1/4) to 

afford product 67 (37.8 mg, 30% yield) as white solid. 

1H NMR (400 MHz, CDCl3) δ 8.42 (dd, J = 4.8, 2.0 Hz, 1H), 8.26 (d, J = 8.5 Hz, 1H), 8.09 

(dd, J = 7.7, 2.0 Hz, 1H), 8.03 (s, 1H), 7.82 (dd, J = 5.5, 3.1 Hz, 2H), 7.74 (dd, J = 5.5, 3.1 Hz, 

2H), 7.38 – 7.28 (m, 3H), 7.26 – 7.22 (m, 1H), 7.13 – 6.99 (m, 3H), 6.76 (t, J = 5.2 Hz, 1H), 

5.22 – 5.11 (m, 1H), 4.08 (d, J = 5.1 Hz, 2H), 3.74 (s, 3H), 3.64 – 3.52 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 170.1, 168.6, 168.0, 162.4, 151.5, 146.7, 140.3, 135.9, 134.6, 

133.7, 133.4, 132.4, 131.5, 131.0, 130.8, 130.7, 129.5, 129.4, 123.9, 123.0, 122.3, 55.8, 52.6, 

41.7, 34.2. 

HRMS (ESI) m/z calcd for C H 35Cl N O +: 631.1146; found: 631.1137. 
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Methyl (2-(1,3-dioxoisoindolin-2-yl)-3-(4-(4-((1-(pyridin-2-yloxy)propan-2- 

yl)oxy)phenoxy)phenyl)propanoyl)-L-tryptophanate (68) 

Prepared according to the GP1, using 5-(4-(4-(2-(pyridin-2- 

yloxy)propoxy)phenoxy)phenyl)- 5H-thianthren-5-ium tetrafluoroborate (124.7 mg, 0.20 

mmol, 1.0 equiv.) and methyl (2-(1,3- 

 

 

dioxoisoindolin-2-yl)acryloyl)-L-tryptophanate (417.2 mg, 1.0 mmol, 5.0 equiv.). The crude 

mixture was purified by flash column chromatography (toleuene/EtOAc: 7/3 → 2/1) to 

afford product 68 (85.6 mg, 58% yield, 1/1 dr by 1H-NMR) as white solid. 

1H NMR (400 MHz, CDCl3) δ 8.17 – 8.07 (m, 2H), 7.77 – 7.62 (m, 4H), 7.59 – 7.50 (m, 1H), 

7.51 – 7.42 (m, 1H), 7.32 – 7.15 (m, 1H), 7.14 – 6.89 (m, 5H), 6.89 – 6.50 (m, 9H), 5.63 – 5.50 

(m, 1H), 5.11 – 4.99 (m, 1H), 4.99 – 4.82 (m, 1H), 4.18 – 4.12 (m, 1H), 4.07 – 4.01 (m, 1H), 

3.68 (s, 1.5H), 3.65 (s, 1.5H), 3.49 – 3.37 (m, 2H), 3.37 – 3.22 (m, 2H), 1.47 (d, J = 6.4 Hz, 

3H). 

13C NMR (101 MHz, CDCl3) δ 172.1, 172.0, 168.2, 168.2, 168.0, 167.9, 163.3, 157.3, 157.2, 

155.2, 150.5, 146.9, 138.8, 136.1, 136.0, 134.3, 134.2, 131.5, 131.5, 130.7, 130.6, 130.4, 130.2, 

130.2, 127.7, 127.6, 127.2, 123.6, 123.6, 123.1, 123.0, 122.3, 122.3, 120.5, 119.8, 119.8, 118.5, 

118.4, 118.1, 116.9, 115.8, 111.8, 111.3, 111.2, 109.9, 109.8, 71.2, 69.4, 56.0, 55.7, 53.6, 53.6, 

53.5, 52.6, 52.6, 34.2, 34.0, 27.4, 27.3, 17.1. 

HRMS (ESI) m/z calcd for C H N O +: 739.2762; found: 739.2768. 
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Methyl (3-(4'-((1H-imidazol-1-yl)(phenyl)methyl)-[1,1'-biphenyl]-4-yl)-2-(1,3- 

dioxoisoindolin-2-yl)propanoyl)-L-methioninate (69) 

Prepared according to the GP1, using 5-(4'-((1H-imidazol-1-yl)(phenyl)methyl)-[1,1'- 

biphenyl]-4-yl)-5H-thianthren-5-ium tetrafluoroborate (122.5 mg, 0.20 mmol, 1.0 equiv.) and 

methyl (2-(1,3-dioxoisoindolin-2-yl)acryloyl)-L-methioninate (362.4 mg, 1.0 mmol, 5.0 

equiv.). The crude mixture was purified by flash column chromatography (n- 

pentane/EtOAc: 1/4) to afford product 69 (72.6 mg, 54% yield, 1/1 dr by 1H-NMR) as white 

solid. 

1H NMR (400 MHz, CDCl3) δ 7.72 – 7.66 (m, 2H), 7.60 (dd, J = 5.5, 3.1 Hz, 2H), 7.46 – 7.22 

(m, 8H), 7.21 – 7.09 (m, 3H), 7.08 – 6.95 (m, 5H), 6.77 (s, 1H), 6.45 (s, 1H), 5.19 – 5.05 (m, 

1H), 4.74 – 4.54 (m, 1H), 3.64 (s, 1.5H), 3.61 (s, 1.5H), 3.59 – 3.47 (m, 2H), 2.41 (t, J = 7.4 

Hz, 2H), 2.13 – 2.03 (m, 1H), 1.98 – 1.85 (m, 4H). 

 

 

13C NMR (101 MHz, CDCl3) δ 172.2, 172.1, 168.4, 168.3, 168.0, 167.9, 140.8, 140.7, 139.1*, 

138.8, 138.7, 138.1, 138.1, 138.1*, 137.4*, 136.4, 136.2, 134.4*, 131.5, 131.5, 129.5, 129.5, 

129.3*, 129.0*, 128.5, 128.5, 128.1, 128.1, 127.4*, 127.3, 127.3, 123.7, 123.6, 119.5*, 64.9*, 

55.6, 55.4, 52.7, 52.7, 52.1, 52.1, 34.4*, 31.1*, 30.1, 30.0, 15.5, 15.5. (Peaks denoted with * 

correspond to both diastereomers) 

HRMS (ESI) m/z calcd for C39H37N4O5S+: 673.2479; found: 673.2485 
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Characterization data for the arylthianthrenium salts 4 and 37 
 

 

 

 

5-(4-(Phenylsulfonamido)phenyl)-5H-thianthren-5-ium tetrafluoroborate (4r) 

Prepared according to the GP3, using N-phenylbenzenesulfonamide. The crude mixture 

was purified by flash column chromatography (CH2Cl2/MeOH: 100/0 → 8/2) to afford 

product 4r (71% yield) as white solid. 

1H-NMR (400 MHz, DMSO-d6) δ 11.06 (brs, 1H), 8.48 (d, J = 7.8 Hz, 2H), 8.01 (d, J = 7.8 

Hz, 2H), 7.88 (t, J = 7.3 Hz, 2H), 7.85 – 7.77 (m, 4H), 7.62 (t, J = 7.3 Hz, 1H), 7.55 (t, J = 7.6 Hz, 

2H), 7.23 (d, J = 8.8 Hz, 2H), 7.13 (d, J = 8.8 Hz, 2H). 

13C NMR (101 MHz, DMSO-d6) δ 142.4, 139.4, 135.8, 135.7, 135.1, 133.9, 130.7, 130.3, 

130.1, 130.0, 127.2, 119.9, 118.1. 

19F NMR (282 MHz, DMSO-d6) δ -151.66 (s), -151.71 (s). 

HRMS (ESI) m/z calcd for C24H18O2S3+ [M-BF4]: 448.0494; found: 448.0490. 
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5-(4-Oxochroman-6-yl)-5H-thianthren-5-ium tetrafluoroborate (4u) 

 

 

Prepared according to the GP3, using chroman-4-one. The crude mixture was purified by 

flash column chromatography (CH2Cl2/MeOH: 100/0 → 95/5) to afford product 4u (81% 

yield) as white solid. 

1H-NMR (400 MHz, DMSO-d6) δ 8.59 (d, J = 7.8 Hz, 2H), 8.08 (d, J = 7.8 Hz, 2H), 7.93 (t, J 

= 7.6 Hz, 2H), 7.86 (t, J = 7.3 Hz, 2H), 7.59 (d, J = 2.5 Hz, 1H), 7.37 (dt, J = 9.1, 2.5 Hz, 1H), 

7.23 (dd, J = 9.1, 2.5 Hz, 1H), 4.61 (t, J = 6.4 Hz, 2H), 2.82 (t, J = 6.4 Hz, 2H). 

13C NMR (101 MHz, DMSO-d6) δ 189.9, 163.9, 135.5, 135.0, 134.8, 134.7, 130.2, 129.7, 

127.4, 121.7, 120.8, 119.5, 116.7, 67.3, 36.4. 

19F NMR (282 MHz, DMSO-d6) δ -148.23, -148.24. 

HRMS (ESI) m/z calcd for C21H15O2S2+ [M-BF4]: 363.0508; found: 363.0520. 
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5-(1-Acetylindolin-5-yl)-5H-thianthren-5-ium tetrafluoroborate (4y) 

Prepared according to the GP3, using 1-(indolin-1-yl)ethan-1-one. The crude mixture was 

purified by flash column chromatography (CH2Cl2/MeOH: 100/0 → 80/20) to afford 

product 4y (75% yield) as pale brown solid. 

1H-NMR (400 MHz, DMSO-d6) δ 8.50 (d, J = 7.8 Hz, 2H), 8.11 – 8.03 (m, 3H), 7.91 (t, J = 

7.7 Hz, 2H), 7.84 (t, J = 7.7 Hz, 2H), 7.21 (s, 1H), 7.12 (dd, J = 8.8, 2.5 Hz, 1H), 4.10 (t, J = 

8.9 Hz, 2H), 3.09 (t, J = 8.9 Hz, 2H), 2.15 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 169.8, 146.9, 135.2, 135.1, 135.0, 134.6, 130.2, 129.7, 

128.6, 124.6, 119.8, 116.4, 48.6, 27.1, 24.0. 

19F NMR (282 MHz, DMSO-d6) δ -148.18 (s), -148.19 (s). 

HRMS (ESI) m/z calcd for C22H18NOS2+ [M-BF4]: 376.0824; found: 376.0840. 
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(S)-5-(4-(2-acetamido-3-methoxy-3-oxopropyl)phenyl)-5H-thianthren-5-ium 

tetrafluoroborate (37i) 

 

Following a modified literature procedure,[7] a Schlenk flask was charged with thianthrene 

S- oxide (1.2 equiv.), CH2Cl2 (0.2 M) and Ac-Phe-OMe (1.0 equiv.) under a nitrogen 

atmosphere. The suspension was then cooled to -40 °C, followed by the dropwise addition 

of Tf2O (1.2 equiv.). The mixture was stirred at -40 °C for 1 h and subsequently at 25 °C for 

16 h. At this point, the reaction mixture was concentrated under reduced pressure and 

diluted with dichloromethane (0.05 M). The CH2Cl2 phase was poured onto a saturated 

aqueous NaHCO3 solution. The mixture was poured into a separatory funnel, and the layers 

were separated. The CH2Cl2 layer was washed with aqueous NaBF4 solution (2 X, 5 % 

w/w), and with water (2 X). The CH2Cl2 layer was dried over Na2SO4, filtered, and the 

solvent was removed under reduced pressure. The solvent was evaporated under reduced 

pressure and he crude mixture was purified by flash column chromatography 

(CH2Cl2/MeOH: 100/0 → 80/20) to afford product 37i (26% yield) as pale brown solid. 

1H-NMR (300 MHz, CDCl3) δ 8.52 (ddt, J = 7.0, 3.4, 1.3 Hz, 2H), 7.94 – 7.75 (m, 6H), 7.37 

– 7.23 (m, 2H), 7.10 (d, J = 8.6 Hz, 2H), 6.53 (d, J = 7.9 Hz, 1H), 4.77 (ddd, J = 7.9, 7.0, 5.7 

Hz, 1H), 3.69 (s, 3H), 3.27 – 3.01 (m, 2H), 1.94 (s, 3H). 

13C NMR (75 MHz, CDCl3) δ 171.5, 170.6, 143.3, 136.7, 136.7, 135.4, 135.3, 135.1, 131.9, 

130.5, 130.5, 130.4, 128.2, 121.8, 119.0, 119.0, 53.0, 52.7, 37.2, 23.0. 

19F NMR (282 MHz, CDCl3) δ -150.65 (s), -150.66 (s). 

HRMS (ESI) m/z calcd for C24H22NO3S2+ [M-BF4]: 436.1036; found: 436.1041. 
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Characterization data for the Dha-containing peptides 48 
 

 

 

 

Methyl (2-(1,3-dioxoisoindolin-2-yl)acryloyl)-L-alaninate (48c) 

Prepared according to the GP3, using Phth-Ser-OH (1.5 equiv.) and HCl·H-Ala-OMe (1.0 

equiv.). The crude mixture was purified by flash column chromatography (n- 

pentane/EtOAc: 1/4) to afford product 48c (21% yield) as white solid. 

1H NMR (400 MHz, CDCl3) δ 7.90 (dd, J = 5.5, 3.1 Hz, 2H), 7.77 (dd, J = 5.5, 3.1 Hz, 2H), 

6.64 (d, J = 7.2 Hz, 1H), 6.20 (d, J = 1.4 Hz, 1H), 5.83 (d, J = 1.4 Hz, 1H), 4.67 (dq, J = 7.2, 

7.1 Hz, 1H), 3.77 (s, 3H), 1.49 (d, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 173.3, 166.5, 162.5, 134.7, 132.9, 131.9, 124.1, 120.4, 52.8, 

48.7, 18.5. 

HRMS (ESI) m/z calcd for C H N O +: 303.0975; found: 303.0981. 
 

 

 

 

 

 

 

 

 

Methyl (2-(1,3-dioxoisoindolin-2-yl)acryloyl)-L-leucinate (48d) 

Prepared according to the GP4, using Phth-Ser-OH (1.5 equiv.) and HCl·H-Leu-OMe (1.0 

equiv.). The crude mixture was purified by flash column chromatography (n- 

pentane/EtOAc: 5/4) to afford product 48d (23% yield) as white solid. 
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1H NMR (400 MHz, CDCl3) δ 7.89 (dd, J = 5.5, 3.1 Hz, 2H), 7.76 (dd, J = 5.5, 3.0 Hz, 2H), 

6.49 (d, J = 8.4 Hz, 1H), 6.19 (d, J = 1.4 Hz, 1H), 5.83 (d, J = 1.4 Hz, 1H), 4.73 (td, J = 8.4, 

5.0 Hz, 1H), 3.75 (s, 3H), 1.79 – 1.68 (m, 2H), 1.66 – 1.56 (m, 1H), 0.98 – 0.93 (m, 6H). 

13C NMR (101 MHz, CDCl3) δ 173.3, 166.5, 162.8, 134.7, 132.9, 131.9, 124.1, 120.3, 52.6, 

51.3, 42.0, 24.9, 22.9, 22.1. 

HRMS (ESI) m/z calcd for C H N O +: 345.1445; found: 345.1450. 

 

 

Methyl N6-((benzyloxy)carbonyl)-N2-(2-(1,3-dioxoisoindolin-2-yl)acryloyl)-L-lysinate 

(48e) 

Prepared according to the GP4, using Phth-Ser-OH (1.5 equiv.) and HCl·H-Lys(Cbz)-OMe 

(1.0 equiv.). The crude mixture was purified by flash column chromatography (n- 

pentane/EtOAc: 1/1 → 1/4) to afford product 48e (36% yield) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 7.84 (dd, J = 5.5, 3.1 Hz, 2H), 7.68 (dd, J = 5.5, 3.1 Hz, 2H), 

7.36 – 7.27 (m, 5H), 6.70 (d, J = 8.1 Hz, 1H), 6.17 (s, 1H), 5.81 (s, 1H), 5.25 (t, J = 5.7 Hz, 

1H), 5.10 (d, J = 12.2 Hz, 1H), 5.04 (d, J = 12.2 Hz, 1H), 4.69 (td, J = 8.1, 4.6 Hz, 1H), 3.75 

(s, 3H), 3.30 – 3.11 (m, 2H), 2.04 – 1.89 (m, 1H), 1.83 – 1.68 (m, 1H), 1.64 – 1.34 (m, 4H). 

 

13C-NMR (101 MHz, CDCl3) δ 172.6, 166.4, 162.9, 156.7, 136.7, 134.6, 132.7, 131.7, 128.5, 

128.0, 128.0, 124.0, 119.7, 66.5, 52.6, 52.3, 40.5, 31.9, 29.2, 22.1. 

HRMS (ESI) m/z calcd for C H N O +: 494.1922; found: 494.1923. 
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Methyl (2-(1,3-dioxoisoindolin-2-yl)acryloyl)-L-methioninate (48f) 

Prepared according to the GP4, using Phth-Ser-OH (1.5 equiv.) and HCl·H-Met-OMe (1.0 

equiv.). The crude mixture was purified by flash column chromatography (n- 

pentane/EtOAc: 1/4) to afford product 48f (19% yield) as white solid. 

1H NMR (400 MHz, CDCl3) δ 7.89 (dd, J = 5.5, 3.1 Hz, 2H), 7.76 (dd, J = 5.5, 3.1 Hz, 2H), 

6.87 (d, J = 7.7 Hz, 1H), 6.24 (d, J = 1.4 Hz, 1H), 5.84 (d, J = 1.4 Hz, 1H), 4.79 (td, J = 7.3, 

4.9 Hz, 1H), 3.77 (s, 3H), 2.58 (t, J = 7.3 Hz, 2H), 2.30 – 2.19 (m, 1H), 2.08 (s, 3H), 2.08 – 

2.00 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 172.2, 166.4, 162.8, 134.7, 132.7, 131.8, 124.1, 120.7, 52.8, 

52.2, 31.4, 30.0, 15.6. 

HRMS (ESI) m/z calcd for C17H19N2O5S+: 363.1009; found: 363.1015. 
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Methyl (2-(1,3-dioxoisoindolin-2-yl)acryloyl)-L-tyrosinate (48h) 

Prepared according to the GP4, using Phth-Ser-OH (1.5 equiv.) and HCl·H-Tyr-OMe (1.0 

equiv.). The crude mixture was purified by flash column chromatography (n- 

pentane/EtOAc: 1/1 → 1/3) to afford product 48h (23% yield) as white solid. 

1H-NMR (300 MHz, CDCl3) δ 7.93 (dd, J = 5.5, 3.1 Hz, 2H), 7.79 (dd, J = 5.5, 3.1 Hz, 2H), 

7.01 (d, J = 8.2 Hz, 2H), 6.69 (d, J = 8.2 Hz, 2H), 6.55 (d, J = 7.7 Hz, 1H), 6.12 (d, J = 1.5 Hz, 

1H), 5.84 (d, J = 1.5 Hz, 1H), 5.65 – 5.27 (m, 1H), 4.95 (dt, J = 7.7, 5.2 Hz, 1H), 3.79 (s, 3H), 

3.36 – 2.93 (m, 2H). 

13C-NMR (101 MHz, CDCl3) δ 171.8, 166.5, 163.1, 155.5, 134.6, 132.2, 131.6, 130.4, 126.5, 

124.0, 121.0, 115.5, 53.9, 52.6, 36.7. 

 

 

HRMS (ESI) m/z calcd for C H N O +: 395.1238; found: 395.1238. 
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Methyl (2-(1,3-dioxoisoindolin-2-yl)acryloyl)-L-tryptophanate (48i) 

Prepared according to the GP4, using Phth-Ser-OH (1.5 equiv.) and HCl·H-Trp-OMe (1.0 

equiv.). The crude mixture was purified by flash column chromatography (n- 

pentane/EtOAc: 1/4) to afford product 48i (32% yield) as white solid. 

1H NMR (400 MHz, CDCl3) δ 8.41 (s, 1H), 7.84 (dd, J = 5.5, 3.1 Hz, 2H), 7.72 (dd, J = 5.5, 

3.1 Hz, 2H), 7.52 (d, J = 7.8 Hz, 1H), 7.31 – 7.27 (m, 1H), 7.14 – 7.01 (m, 3H), 6.67 (d, J = 

7.8 Hz, 1H), 6.01 (d, J = 1.5 Hz, 1H), 5.74 (d, J = 1.5 Hz, 1H), 4.99 (dt, J = 7.8, 5.0 Hz, 1H), 

3.69 (s, 3H), 3.44 – 3.34 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 171.5, 166.1, 162.3, 135.7, 134.2, 132.3, 131.3, 127.2, 123.6, 

123.2, 121.7, 120.2, 119.3, 118.1, 111.0, 109.0, 53.1, 52.2, 27.0. 

HRMS (ESI) m/z calcd for C H N O +: 418.1397; found: 418.1403. 
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Methyl (S)-2-(2-((tert-butoxycarbonyl)amino)-4-methylpentanamido)acrylate (48j) 

Prepared according to the GP4, using Boc-Leu-OH (1.0 equiv.) and HCl·H-Ser-OMe (1.5 

equiv.). The crude mixture was purified by flash column chromatography (n- 

pentane/EtOAc: 8/2→ 1/1) to afford product 48j (56% yield) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 8.42 (s, 1H), 6.60 (d, J = 1.5 Hz, 1H), 5.90 (d, J = 1.5 Hz, 1H), 

5.01 (d, J = 7.0 Hz, 1H), 4.29 – 4.14 (m, 1H), 3.84 (s, 6H), 1.77 – 1.64 (m, 2H), 1.58 – 1.49 (m, 

1H), 1.45 (s, 9H), 1.03 – 0.86 (m, 6H). 

13C-NMR (101 MHz, CDCl3) δ 171.6, 164.3, 155.7, 130.8, 109.2, 80.4, 53.9, 52.9, 41.0, 28.2, 

24.8, 23.0, 21.8. 

HRMS (ESI) m/z calcd for C15H27N2O5+: 315.1914; found: 315.1908. 
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Methyl (2-((S)-2-((tert-butoxycarbonyl)amino)-4-methylpentanamido)acryloyl)-L- 

phenylalaninate (48l) 

Prepared according to the GP4, using Boc-Leu-OH (1.0 equiv.) and TFA·H-Ser-Phe-OMe 

(1.5 equiv.). The crude mixture was purified by flash column chromatography (n- 

pentane/EtOAc: 8/2→ 1/2) to afford product 48l (45% yield) as white solid. 

1H-NMR (400 MHz, CDCl3) δ 8.54 (s, 1H), 7.25 – 7.13 (m, 3H), 7.04 (d, J = 8.2 Hz, 2H), 6.79 

(d, J = 7.6 Hz, 1H), 6.37 (s, 1H), 5.14 (s, 1H), 4.96 (d, J = 8.2 Hz, 1H), 4.80 (dt, J = 7.7, 6.0 

Hz, 1H), 4.29 – 4.10 (m, 1H), 3.68 (s, 3H), 3.12 (dd, J = 13.9, 5.7 Hz, 1H), 3.06 (dd, J = 13.9, 

6.3 Hz, 1H), 1.69 – 1.54 (m, 2H), 1.50 – 1.41 (m, 1H), 1.37 (s, 9H), 0.91 – 0.83 (m, 7H). 

13C-NMR (101 MHz, CDCl3) δ 171.9, 171.8, 163.4, 155.7, 135.6, 133.7, 129.2, 128.7, 127.3, 

102.5, 80.2, 53.9, 53.8, 52.6, 41.5, 37.6, 28.3, 24.8, 23.0, 21.7. 

HRMS (ESI) m/z calcd for C H N O +: 462.2599; found: 462.2602. 
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Methyl (2-(1,3-dioxoisoindolin-2-yl)acryloyl)-L-leucylglycyl-L-phenylalanyl-L-leucinate 

(48m) 

Prepared according to the GP4, using Phth-Ser-OH (1.5 equiv.) and TFA·H-Leu-Gly-Phe- 

Leu- OMe (1.0 equiv.). The crude mixture was purified by flash column chromatography 

(CH2Cl2/EtOAc: 8/2 → 1/1) to afford product 48m (56% yield) as white solid. 

1H-NMR (400 MHz, DMSO-d6) δ 8.57 (d, J = 7.9 Hz, 1H), 8.37 (d, J = 7.6 Hz, 1H), 8.04 (t, 

J = 5.8 Hz, 1H), 7.99 (d, J = 8.4 Hz, 1H), 7.95 – 7.86 (m, 4H), 7.30 – 7.14 (m, 5H), 6.39 (s, 

1H), 5.83 (s, 1H), 4.55 (td, J = 8.8, 4.4 Hz, 1H), 4.37 (ddd, J = 9.7, 7.8, 4.9 Hz, 1H), 4.29 

(ddd, J = 9.7, 7.5, 5.2 Hz, 1H), 3.71 (dd, J = 16.7, 5.8 Hz, 1H), 3.66 – 3.55 (m, 4H), 3.02 (dd, 

J = 13.9, 4.5 Hz, 1H), 2.74 (dd, J = 13.9, 9.4 Hz, 1H), 1.68 – 1.38 (m, 6H), 0.90 (d, J = 6.3 Hz, 3H), 

0.87 – 0.81 (m, 9H). 

 

13C-NMR (101 MHz, DMSO-d6) δ 173.2, 172.6, 171.6, 168.8, 167.0, 162.8, 138.1, 135.1, 

132.6, 132.3, 129.6, 128.5, 126.7, 124.0, 123.9, 54.0, 52.3*, 50.8, 42.3*, 40.7, 38.1, 24.6, 

24.5, 23.5, 23.2, 21.8, 21.8. (Peaks denoted with * correspond to two peaks) 

HRMS (ESI) m/z calcd for C H N O +: 662.3184; found: 662.3192. 
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Methyl (2-(1,3-dioxoisoindolin-2-yl)acryloyl)-L-valyl-L-leucylglycyl-L-phenylalanyl-L- 

leucinate (48n) 

Prepared according to the GP4, using Phth-Ser-OH (1.5 equiv.) and TFA·H-Val-Leu-Gly- 

Phe- Leu-OMe (1.0 equiv.). The crude mixture was purified by flash column 

chromatography (CH2Cl2/EtOAc: 8/2 → 1/1) to afford product 48n (48% yield) as white 

solid. 

1H-NMR (400 MHz, DMSO-d6) δ 8.47 (d, J = 8.6 Hz, 1H), 8.39 (d, J = 7.6 Hz, 1H), 8.01 (d, 

J = 8.4 Hz, 1H), 7.98 – 7.85 (m, 6H), 7.29 – 7.14 (m, 5H), 6.35 (s, 1H), 5.82 (s, 1H), 4.56 (td, 

J = 8.9, 4.5 Hz, 1H), 4.36 – 4.22 (m, 2H), 4.17 (t, J = 8.5 Hz, 1H), 3.75 – 3.54 (m, 5H), 3.02 

(dd, J = 13.9, 4.5 Hz, 1H), 2.75 (dd, J = 13.9, 9.4 Hz, 1H), 2.08 – 1.93 (m, 1H), 1.68 – 1.40 (m, 

6H), 0.93 – 0.78 (m, 18H). 

13C-NMR (101 MHz, DMSO-d6) δ 173.2, 172.6, 171.6, 171.1, 168.7, 167.0, 162.8, 138.1, 

135.1, 132.8, 132.4, 129.6, 128.5, 126.7, 123.9, 123.6, 59.4, 53.9, 52.3, 51.6, 50.8, 42.2, 41.3, 

38.2, 30.2, 24.6, 24.5, 23.5, 23.2, 22.0, 21.8, 19.8, 19.2. 

HRMS (ESI) m/z calcd for C40H53N6O9+: 761.3869; found: 761.3880. 
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Presentation 

 

 

▪ PE MedChem Euro PhD Network 2024, 16-17th June 2024 “Sapienza Università 

di Roma”, Roma, Italia, Local Commitee 

 

 

▪ PE MedChem Euro PhD Network 2023 Thessaloniki, Greece, 16–18th July 2023., 

“Assessment of Safety and Anti-Inflammatory Efficacy of CYS-NAM on Human 

Keratinocytes: Synthesis and Biological Evaluation”. Oral Presentation 

 

 

▪ “12th International conference on Carbonic Anhydrases: emerging advancements 

in the field” Naples, 5-7th July 2023 | National Research Council > Institute of 

Biostructures and Bioimaging: Participant 



202  

 

▪ PE MedChem Euro PhD Network 2022, Barcellona, Spagna 14-16th July 2022, 

“Design, synthesis and human monoamine oxidase inhibitory activity of 2- 

aroylbenzofuran-3-ol and 2-aroylbenzofuran derivatives: a new route towards hMAOs 

inhibition” Flash Poster Presentation 

 

 

▪ CIVIS SCHOOL “Drug Design”, Atene, Grecia, National and Kapodistrian 

University of Athens, 4-8th July 2022, "Design, Synthesis, and Evaluation of Human 

Monoamine Oxidase Inhibitory Activity of 2-Aroylbenzofuran-3-ol and Its Derivatives: 

A Novel Approach to hMAO Inhibition". Flash Poster Presentation 


