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Abstract 

Fluorescent molecules used as detection probes and sensors provide vital 

information about the chemical events in living cells. Despite the large variety of 

available fluorescent dyes, new improved fluorogenic systems are of continued interest.  

The Diaryl-substituted Maleimides (DMs) exhibit excellent photophysical properties but 

have remained unexplored in bioscience applications. Herein we present the 

identification and full spectroscopic characterization of 3,4-bis(2,4-difluorophenyl)-

maleimide and its first reported use as a donor component in Förster resonance energy 

transfer (FRET) systems. The FRET technique is often used to visualize proteins and to 

investigate protein-protein interactions in vitro as well as in vivo. The analysis of the 

photophysical properties of 3,4-bis(2,4-difluorophenyl)-maleimide revealed a large 

Stokes shift (Δ) of 140 nm in MeOH, a very good fluorescence quantum yield in DCM 

(Φ fl 0.61), and a high extinction coefficient ε(340) 48,400 M-1cm-1, thus ranking this 

molecule as superior over other reported moieties from this class. In addition, 3,4-bis(2,4-

difluorophenyl)-maleimide was utilized as a donor component in two FRET systems 

wherein different molecules were chosen as suitable acceptor components - a fluorescent 

quencher (DABCYL) and another compatible fluorophore, tetraphenylporphyrin (TPP). It 

has been demonstrated that by designing a FRET peptide which contains the DM donor 

moiety and the acceptor (quencher) motif, a depopulation of the donor excited state 

occurred via intermolecular FRET mechanism, provided that the pairs were in close 



xv 
 

proximity. The Förster-Radius (R0) calculated for this FRET system was 36 Å 

and a Förster-Radius (R0) of 26 Å was determined for the second FRET system which 

contained TPP as an acceptor. The excellent photophysical properties of this fluorophore 

reveal a great potential for further bioscience applications. 

The 3,4-bis(2,4-difluorophenyl)-maleimide fluorescent moiety was also 

implemented in an alternative application targeting the enzyme carbonic anhydrase (CAs) 

are metalloenzymes that regulate essential physiologic and physio-pathological processes 

in different tissues and cells, and modulation of their activities is an efficient path to 

treating a wide range of human diseases. Developing more selective CA fluorescent 

probes as imaging tools is of significant importance for the diagnosis and treatment of 

cancer related disorders. The kinetic TGS approach is an efficient and reliable lead 

discovery strategy in which the biological target of interest is directly involved in the 

selection and assembly of the fragments together to generate its own inhibitors. Herein, 

we investigated whether the in situ click chemistry approach can be implemented in the 

design of novel CA inhibitors from a library of non-sulfonamide containing scaffolds, 

which has not been reported in the literature. In addition, we exploit the incorporation of 

the (recently reported by us) fluorescent moiety 3,4-bis(2,4-difluorophenyl)–maleimide) 

as a potential biomarker with affinity to CA, as well as two coumaine derivatives 

representing a newly discovered class of inhibitors. The screening of a set of library with 

eight structurally diverse azides AZ1–AZ8 and fifteen functionalized alkynes AK1–

AK12 led to the identification of 8 hit combinations among which the most prominent 

ones were those containing the coumarine and fluorescent maleimide scaffolds. The syn- 

and anti-tirazole hit combinations, AK1AZ2, AK1AZ3, AK4AZ2, and AK4AZ3 were 
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synthesized, and in a regioisomer-assignment co-injection test it was determined that the 

enzyme favored the formation of the anti-triazoles for all identified combinations. The 

mechanism of inhibition of these triazoles was validated by incubating the alkyne/azide 

scaffolds in the presence of Apo-CA (non-Zn containing) enzyme. It was demonstrated 

that the Zn-bound water/hydroxide was needed in order to hydrolyze the coumarins 

which generated the actual inhibitor, the corresponding hydroxycinnamic acid. The time 

dependent nature of the inhibition activity typical for all coumarine-based inhibitors was 

also observed for the triazole compounds whose inhibition constants (Ki) were 

determined in two independent experiments with pre-incubation times of 3 and 25 

minutes, respectively.  It was observed that the lower Ki values were determined, the 

longer the pre-incubations lasted. Thus, a novel type of coumarin-containing triazoles 

were presented as in situ generated hits which have the potential to be used as fluorescent 

bio-markers or other drug discovery applications. 

The proteins from the Bcl-2 family proteins play a central role in the regualtion of 

normal cellular homeostasis and have been validated as a target for the development of 

anticancer agents.  Herein, in a proof-of-concept study based on a previous kinetic TGS 

study targeting Bcl-XL, it was demonstrated that a multi-fragment kinetic TGS approach 

coupled with TQMS technology was successfully implemented in the identification of 

known protein-protein modulators. Optimized screening conditions utilizing a triple 

quadruple mass spectrometer in the Multiple Reaction Monitoring (MRM) mode was 

demonstrated to be very efficient in kinetic TGS hit identification increasing both the 

throughput and sensitivity of this approach. The multi-fragment incubation approach was 

studied in detail and it was concluded that 200 fragment combinations in one well is an 
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optimal and practical number permitting good acylsulfonamide detectability. 

Subsequently, a structurally diverse liberty of forty five thio acids and thirty eight 

sulfonyl azides was screened in parallel against Mcl-1 and Bcl-XL, and several potential 

hit combinations were identified. A control testing was carried out by substituting Bcl-XL 

with a mutant R139ABcl-XL, used to confirm that the potential kinetic TGS hit 

combinations were actually forming at the protein’s hot spot and not elsewhere on the 

protein surface. Although, the synthesis of all these kinetic TGS hit compounds is 

currently ongoing, preliminary testing of several acylsulfonamides indicate that they 

disrupt the Bcl-XL/Bim or Mcl-1/Bim interaction. 
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Chapter 1 

Introduction 

 

1.1 Fluorescence and Design of Florescent Probes 

1.1.1 Fluorescence Mechanism 

Fluorescence is a three-stage process that occurs in certain type of molecules 

(fluorophores) that typically possess heterocyclic or polyaromatic structures.1 The 

fluorescent process is illustrated by Jablonski’s simple electronic state diagram 

(Figure1.1) and can be summarized in the following sequence of transformations: a) 

photon absorption by a fluorophore (excitation); b) existence of an excited state (life 

time); c) relaxation of the excited state by the emission of a photon.  

Stage 1: Excitation 

This process is initiated when a molecule in a singlet ground state (S0) absorbs a 

photon with energy hυex, supplied by an external source (incandescent lamp or a laser) 

and promotes an excited electronic singlet state (S2).  

Stage 2. Excited-State Lifetime 

The excited state exists for a very limited time (usually 1-10 nanoseconds) and 

quickly relaxes to the first excited state (S1) from which fluorescence emission 

originates.  

Stage 3. Fluorescence Emission 
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It is important to note that not all excited molecules decay through a photon emission 

(i. e., fluorescence) but some of the energy dissipates through a non-radiative mechanism. 

Examples of non-radiative processes are: collisional quenching, bond rotation or 

vibration, intersystem crossing, and fluorescence resonance energy transfer (FRET) to a 

suitable acceptor molecule.2 The intersystem crossing occurs from a singlet excited state 

(S1) to a triplet excited state (T1) with a subsequent relaxation through either a non-

radiative decay or a photon emission (i.e., phosphorescence). Due to the fact that energy 

dissipates at the excited stage, the energy of the emitted photon, hυem, is lower than the 

absorbed energy and thus has a longer wavelength.  

 

Figure 1.1. Jablonski Diagram2: (1) absorption of a photon to an excited state; (2) 

internal conversion to excite state S1; (3) fluorescence; (4) intersystem crossing to T1; (5) 

phosphorescence. 

 

In fluorescence, the difference between the absorption maxima and the emission maxima 

is known as the Stokes shift and it is a distinct property for each fluorophore. The Stokes 

shift is essential for the sensitivity of various fluorescent techniques and often 
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fluorophores with small Stokes shift are susceptible to self-quenching. Another critical 

property, which determines the fluorescence output of a given fluorophore, is the 

efficiency with which it absorbs and emits photons, termed as the fluorescent quantum 

yield (Φ).  The absorption efficacy is usually quantified in terms of molar extinction 

coefficient (ε) and it ranges from 5000 to 200,000 cm-1M-1 (phycobilin-proteins have 

multiple fluorophores on each protein and have ε = 200,000 cm-1M-1)3. The product of the 

molar extinction coefficient and the fluorescent quantum yield (ε * Φ) has been used as an 

accurate comparison of the brightness of fluorescent molecules. Another important 

characteristic of the fluoresence process is related to the fluorophore’s ability to be 

repeatedly excited and detected, which is a cyclic and continues process, unless the 

fluorophore is irreversibly destroyed in the excited state (“photobleached”). The 

fluorophore’s susceptibility to photobleaching significantly limits its detectability and 

overall application.  

 

1.1.2 Fluorophores and Related Applications 

Fluorescent chromophores find extensive applications as detection probes and 

sensors4 in the profiling and visualization of protease activity,5 and protein kinetics.6 

Fluorescence labeling has been recognized as an important tool to probe cellular 

biochemistry due to its non-invasive and highly sensitive character.7   In recent years, 

fluorescent detection techniques received special attention contributed to their flexibility 

in implementation, selectivity, and simplicity.8 These detection techniques can also 

provide real-time observation of chemical or physical changes of molecules of interest 

and suggest a better understanding of the chemical events in living cells.9 Thus, 
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significant progress has been made in both fluorescence instrumentation as well as design 

of improved and diverse fluorophores.  

Generally in biology, there are three types of fluorescent chromophores: intrinsic, 

coenzymatic, and extrinsic.1 The intrinsic and coenzymatic types are based on the 

presence of specific amino acid residues with fluorescent properties and they have 

provided important information about the structure and the functions of proteins. 

However, the types of chromophores designed by nature are less versatile, and can not be 

always introduced at a desired location in the protein. The extrinsic chromophores, 

commonly referred as fluorescence probes (synthetic small molecules), often can be 

covalently combined with the enzyme or the protein of interest.8b Thus, the respective 

conjugates are able to exhibit fluorescence from a short to a long wavelength, depending 

on the type of the chromophor.  A key point in the process of fluorescent labeling with 

small molecules is to ensure that the reactive fluorescent derivative selectively bind to a 

particular functionality in the biological target of interest. Commonly utilized reactive 

functionalities include the amine-reactive isothiocyanate derivatives (for example FITC), 

the amine-reactive succinimiyl ester (for example NHS-fluorescein, NHS-rhodamine) 

and sulfhydryl-reactive maleimides.10 Conveniently, the reaction of such functionalized 

dyes with the targeted molecule results in the formation of a stable covalent bond 

between the label protein and the fluorophore. 

 

1.1.3 Major Classes of Fluorophores  

The organic fluorophores are broadly divided according to the absorption and 

emission wavelength values of their conjugates and thus rendered from near-ultraviolet to 
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500 nm and from 500 nm to near-infrared, 900 nm.11 One of the most prominent 

representatives in the first group are: oxobenzopyrans, naphthofurans, oligothiophenes, 

4,7-phenanthroline-5,6-diones, benzooxadiazoles, dansyl chloride, naphthalene 2,3-

dicarboxaldehyde, and 6-propionyl-2 (dimethylamino)naphthalene. The most important 

type of chemophores that fall in the second category are: fluoresceins, rhodamines, 4,4-

difluoro-4-bora-3a,4a-diaza-s-indacenes (BODIPY dyes), squaraines, and cyanines. 

 

1.1.3.1      Fluorophores with Emission up to 500 nm 

1.1.3.1a Oxygen Containing Heterocyclic Fluorophores 

3-Oxo-3H-benzopyrans, commonly designated as coumarins, are one of the most 

explored classes of fluorophores. Their modified fluorogenic acids are of particular 

interest due to improved photophysical properties and especially the solubility.12 For 

example, 2-amino-3-(6,7-dimethoxy-3-oxo-3H-benzopyran) propanoic acid (Dmca, 1.1) 

is characterized with relatively good photostability, large extinction coefficient (10,900 

M-1 cm-1), high emission quantum yield (ΦF 0.52), and good solubility in several 

solvents.13 The aforementioned characteristics rank this molecule as an excellent tool for 

labeling peptides and thus permit detection of the labeled protein at a picomolar scale, 

sensitivity similar to that of radiolabeling.13  

 

 

 

λabs = 345 nm 

λem = 440 nm 

ε = 10,900 M
-1

cm
-1

 

Φ = 0.52 
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Importantly, the spectroscopic properties of coumarins facilitate selective determination 

of its labeled proteins even in the presence of the fluorescent tryptophan residue. Also, it 

has been suggested that a lysine residue labeled with oxobenzopyran derivatives is 

suitable for solid-phase peptide synthesis (SPPS).14 

 

1.1.3.1b Nitrogen Based Fluorophores 

Two important classes of nitrogen based heterocyclic fluorophores are the 4,7-

phenanthroline-5,6-diones (phanquinones) and benzooxadiazoles. These fluorophores are 

often utilized as fluorogenic labeling reagents in pre-column derivatizations of high-

performance liquid chromatography (HPLC) used for the separation of amino acids.15 For 

example the fluorophore, 4,7-phenanthroline-5,6-dione 1.2, is known for its ability to 

selectively react with the primary amino function of L-amino acids to produce 1.3.16 The 

fluorescent conjugate 1.3 with λabs = 400 nm, λem = 460 nm can be easily separated by 

reverse phase HPLC.  Gatti et al. recently demonstrated that phanquinone 1.2 was 

successfully used for the analysis of D,L-p-serine.16 
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1.1.3.1c Naphthalene Fluorophores 

Naphthalene derivatives have been extensively investigated to label amino acids 

and peptides. Dansyl chloride 1.4 was used to synthesize the fluorescent amino acid 

dansylamine 1.5, which was easily incorporated into proteins, via the attachment of 

specific amino acid sites.17 In addition, due to its small size, the amino acid 1.5 showed 

potentials for in vivo studies to investigate protein structures and biomolecular 

interactions. 

 

 

1.1.3.2.        Fluorophores with Emission Beyond 500 nm 

1.1.3.2a    Fluorescein dyes 

Among all polycyclic fluorophores, the xanthene dye fluorescein (λabs 490 nm and 

λem 512 nm) and its derivatives still remain one of the most widely utilized fluorophores 

in modern biochemical and medicinal research.10 Fluorescein exhibits relatively high 

extinction coefficient, excellent fluorescent quantum yield and good solubility in water 

but faces some disadvantages related to its photostability and pH sensitivity. The major 

drawbacks of fluorescein and its macromolecular conjugates are summarized as:11 a) high 

susceptibility to photobleaching; b) pH-dependent fluorescence; c) tendency to self-

� �  It has been reported that the exact mechanism of the amidation reaction could follow 

two different routes, controlled by the electronic nature of the azide used in the reaction 
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localization of low abundant receptors. Thus, the development of fluorescein derivatives 

with improved photophysical characteristics is of significant importance for the field. The 

most popular fluorescence derivatives used in conjugation with protein is fluorescein 

isothiocyanate (FITC, 1.6) as an amine reactive bio-probe.11 Fluorescein-based 

chromophores have been used for labeling of iron-free human serum transferrin, as 

calcium18 or zinc indicators,19 as nitric oxide sensor based on copper (II) chelates,20 and 

others. 

 

1.1.3.2b    Cyanine dyes 

Cyanine dyes are considered to be the main source of fluoreophores with long-

wavelength excitation band in the range of 600-900 nm with applications as labels, DNA 

stains, membrane potential sensors and others.21 Manders and co-workers reported that a 

fluorescent probe based on Cy5-dUTP has been successfully incorporated into enzymes 

involved in the DNA biosynthesis to monitor nucleic acid movements in a cell.22 As a 

result, a visualization of the DNA strands has been achieved, providing a real time 

observation of the DNA during the cell cycle (the DNA assembly into chromosomes).22 
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1.2 Förster Resonance Energy Transfer (FRET) Systems 

1.2.1 FRET Mechanism  

 
Förster Resonance Energy Transfer (FRET) is a well-established technique that plays an 

important role in drug discovery and bio-medicinal research. FRET is extensively used to 

investigate protein-protein interactions, protein folding kinetics, enzyme activity, and 

structural features of lipids and proteins.23 FRET is a non-radiative, distance-dependent 

process occurring between compatible chromophores, a donor and an acceptor pair.24 In 

this mechanism, energy is transferred from the excited singlet state of the donor molecule 

to the acceptor, resulting in a fluorescence emission at wavelength typical for the 

acceptor. While there are several factors that influence FRET, the primary criteria that a 

FRET system must fulfill are the compatibility and the proximity between the donor and 

the acceptor molecules. A compatible donor-acceptor pair is the one in which the 

acceptor’s absorbance spectrum overlaps with the emission spectrum of the donor. The 

degree to which the donor-acceptor profiles overlay is referred to as the spectral overlap 

integral (J).25 If this requirement is not met, the energy emitted by the donor will not be 

able to excite the acceptor partner and the FRET will not occur. Proximity is less 

precisely defined and is deemed as the donor fluorophore being “close enough” to the 

acceptor in order for the direct excitation of the acceptor fluorophore to take place 

(typically 10-100 Å).24  Another important requirement is that the donor and the acceptor 

transition dipole orientations are approximately parallel. It is accepted that the 

mechanism of excitation energy transfer between a donor-acceptor pair follows the 

Förster mechanism in which the singlet energy transfer rate, k(R), is:  
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k(R) = kF(1/(1+(R/RF)6),   (Eq. 1) 

 

 where R is the actual distance between a donor and an acceptor, RF is the Förster radius 

and kF is the rate of transfer between donor and acceptor when the distance between them 

is small; when R=RF, k(R)=1/2, thus the Förster  radius is defined as the distance at 

which the FRET efficiency between the donor-acceptor pairs is 50%. This equation 

shows that the FRET process depends on the inverse sixth power of the distance between 

the donor and the acceptor pair. Typical values of Förster radius for some well-known 

FRET pairs are presented on Table 1.25 

 

Table 1.1. Typical values of RF for well-known donor/acceptor pairs. 

Donor Acceptor RF (Å) 
 

Fluorescein 
 

 
Tetramethylirodamine 

 
55 

 
EDANS 

 

 
Dabcyl 

 
33 

 
Fluorescein 

 

 
Fluorescein 

 
44 

 
BODIPY FL 

 

 
BODIPY FL 

 
57 

 
Fluorescein 

 

 
QSY 7 and QSY 9 dyes 

 
61 

 

 

In addition, the Förster distance (RF) is dependent on a few factors, including the 

fluorescence quantum yield of the donor in the absence of an acceptor (fd), the refractive 
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index of the solution (n), the spectral overlap integral of the donor and the acceptor (J), 

and the dipole angular orientation of each molecule (k), Eq. 2. 

 

RF=9.78 x 103(n-4*fd*k2*J)1/6 Å    (Eq. 2) 

 

Consequently, any changes in the distance between the donor-acceptor pair will result in 

change in the FRET rate, thereby allowing this technique to be quantified.24-25 FRET is 

often termed a ‘spectroscopic ruler’ and it provides valuable information about events 

occurring in biological systems triggered by changes in the distance between the 

appended chromophors. The FRET phenomena can be detected either by the appearance 

of an increased emission signal from the acceptor and simultaneous decrease of the donor 

emission, or by quenching of the donor emission in case when the acceptor is a 

fluorescence-quenching molecule (Figure 1.2) 

 

 

 

Figure 1.2. Schematic representation of FRET mechanism which occurs between: A. a 

donor (D) and an acceptor (A) chromophorese and B. a donor fluorophore and an 

acceptor quencher (Q) 
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Quenchers have the unique properties to absorb energy over a broad range of 

wavelengths and dissipate the absorbed energy to heat.25 As a result of these properties, 

quencher molecules have become suitable partners in FRET systems.  

 

1.2.2   FRET Applications in Biological Systems 

 The most common applications of FRET systems include:23d a) detection of 

protease activity, b) characterization of protein–protein interactions, c) small molecule 

detection (Figure 1.3). In the later example, the donor-acceptor pair is appended to the C- 

or N-termini of a protein, enzyme, or DNA fragment which may undergo ligand-

dependent conformational changes, triggered by surrounding biomolecular interactions 

and processes.26 Such conformational shifts often result in a change of the relative 

distance between the two fluorophores and a further change in the FRET signal and 

efficiency is observed.  

 

 

Figure 1.3. Detection of conformational changes induced by small molecules 
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A site-specific attachment of FRET probes is a very important task that requires a careful 

selection of suitable chromophore-partners, as well as a good knowledge of specific 

binding affinity to the target of interest. It has been demonstrated that genetically encoded 

dyes (fluorescent proteins)27 as well as small synthetic fluorophores11 were successfully 

implemented into in vitro or in vivo FRET applications. 

Recent advances made by the implementation of the green fluorescent proteins 

(GFP) in FRET-based imaging microscopy allowed a real-time monitoring of protein-

protein interactions in vivo. The green fluorescent proteins and derivatives (blue BFP; 

cyan, CFP; and yellow, YFP), paired with each other or with small fluorophores can be 

attached to various proteins of interest.28 It has been demonstrated that modulated GFP 

that exhibits pH-sensitivity were attached to specific proteins and used to measure the pH 

in some cellular compartments.8a, 28 

Tsien et al. and other research groups developed several GFP-based FRET 

systems to monitor biochemical interactions in living cells among which the FRET 

construct to measure intracellular calcium is of significant importance.29 The flux of Ca2+ 

within the cell controls important biological processes related to the neuronal and 

muscular functions and the in vivo visualization of these ions is of great importance. 

Thus, CFP was attached to the N-terminus of calmodulin and YFP to the C- terminus of 

M13, the caldmonium binding peptide.29a An increased	concentration of Ca2+ caused the 

binding of the M13 peptide to calmodulin which resulted in a change in the FRET signal 

due to altered distance or orientation between the donor-acceptor pair. Thereby, high Ca2+ 
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level lead to a FRET emission of YFP (acceptor) in the red spectrum range, whereas low 

Ca2+ levels resulted in a low FRET and mostly blue emission from the donor (Figure 1.4). 

 

 

 

Figure 1.4. FRET system with CFP-YFP pair designed to measuring intracellular 

calcium level 

 

The fluorescent protein-based conjugates face some limitations related primarily to their 

size and small spectral range. Thus, the bulky fluorescent proteins (i.e. 27 kDA for GFP) 

have a potential to interfere with the structure or the function of the host protein to which 

they are appended.8a The broad excitation and emission spectra of FPs, and the possibility 

of mutual dimerization may often result in low FRET accuracy.  

Some of these limitations can be overcome by implementing small-molecule-

fluorophores as FRET pairs. Such type of fluorophores can be easily appended to C-, or 

N-termini of proteins and exhibit higher sensitivity and photostability. Tsien and co-

workers developed several membrane-permeant fluorophores that were successfully 

implemented in FRET systems within the living cells.30 The blue-emitting coumarin 
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donor was coupled via a cleavable linkage to a green-emitting fluorescence derivative 

and an efficient energy transfer was observed with primarily green emission produced by 

the acceptor.30 The lactamase, present in the cell, was able to cleave the linker and 

thereby disrupts the FRET mechanism by generating two separate fragments. The FRET-

off state induced by the enzymatic cleavage resulted only in blue emission from the donor 

to be recorded. Through this technique the gene expression of a single cell can be 

monitored and co-translated to other gene of interests.  

In another application, a FRET technique was successfully utilized to design a 

phosgene detector by using a chemical reaction between phosgene (or triphosgene) and a 

complementary coumarine based donor/acceptor fluorophores (Figure 1.5).31 

 

 

 

Figure 1.5. FRET system utilized as a sensor to detect phosgene (or triphosgene). 

 

If phosgene is present in the system, the pre-arranged chemical reaction will bring the 

donor/acceptor pairs within the appropriate Forster distance and emission typical for the 

acceptor will be recorded. Thus, if the donor coumarin is excited at 345 nm (λex=345) and 

emission typical for the acceptor at 468 (λem=468 nm) is recorded, an FRET-on state will 

be indicating the presence of phosgene which will serve as a cross-linker agent. 
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Of particular interests are the far-red emitting (λem  >  650 nm) cyanine dyes such 

as Cy5, Cy5.5 and Cy7. The advantages of these fluorophores is that although there is a 

small spectral overlap (due to a large separation of donor-acceptor emission spectra), a 

good Forster radius is achieved due to their excellent absorbance and relatively good 

quantum yield. For example, the Forster radius of the Cy3–Cy5 pair is >50 Å, with Cy3 

emitting at 570 nm and Cy5 at 670 nm.28 These well-separate emission profiles allow for 

accurate FRET measurements with no donor emission “contamination” and lower 

possibility of direct excitation of the acceptor. These advantages rank the cyanine dyes 

along with the rhodamine-based dyes as suitable for single-molecule FRET studies.32 For 

example the Cy3-Cy5 pair was used to visualize the dimerization of a single EGF 

receptor in a living cell.33 However, the limited commercial source of thiol-reactive 

cyaninie chromorphores significantly diminished their popularity.34 

New advances in the FRET detection are made by combining the instrumental 

technology with new and optimized fluorophores. For example techniques such as 

advanced laser and charged-coupled devices (CCD) allow measuring FRET on a pixel by 

pixel basis delivering a general picture of molecular interactions such as seen between a 

receptor and a ligand interaction.23f 

 

1.2.3     FRET Mechanism in the Screening of Libraries of Small Molecules 

In high-throughput screenings based on fluorescent probes, FRET systems are 

used not only for investigating known protein-protein interactions in their native cellular 

environment, but also for identifying new binding activities of proteins towards small 

molecule ligands. 23d,35-36 In a proof-of-concept experiment, a FRET system with a CFP-
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YFP sensor was utilized to screen 480 known compounds for pro-apoptosis-induced 

activity in Jurkat cells through microtiter plates.23d, 37 Two novel apoptosis inhibitors of 

caspases were identified using Hela cells in 96-well plates, demonstrating that the CFP-

YFP sensor provides a robust cell-based assay. 35-36a Due to the essential role of caspases 

for the proper regulation and execution of apoptosis, significant efforts were made 

towards the design of compounds that modulate the activation of the caspase cascade. 

The FRET technology with a fluorescent protein has proven to be a suitable approach for 

real time in situ monitoring of apoptosis, thus generating small-molecule-inducers of 

apoptosis. Interestingly enough, the potency order of the hit compounds detected through 

this CFP-YFP assay was confirmed with a conventional cell lysis-based assay. 35 

A FRET-based assay was successfully implemented in the identification of 

efficient protein-protein modulators for the c-Myc/Max interaction, which has been 

validated as a potential target for breast and lung cancer treatment.38 An efficient FRET 

signal between the two fluorophores fused to the dimerization domain of c-Myc and Max 

indicated a close proximity and no disruption of the protein-protein interaction. When the 

interaction between c-Myc/Max was modulated by binding of potential inhibitory 

compounds, the average distance between the proteins resulted in an increase in the 

actual distance between the c-Myc and Max and decrease in the FRET efficiency. It was 

reported that this FRET-based assay was an efficient way to screen library with a large 

number of compounds (< 1000) and to deliver small-molecular inhibitors for c-Myc/Max. 
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1.3 Targeting the ‘Undruggable’ Targets – Protein-Protein Interactions (PPIs) 

Protein-protein interactions mediate a large number of biological processes and 

thus are recognized as an attractive class of targets for developing human therapeutics.39 

Protein-protein interactions (PPI) are essential for the regulation of a number of cellular 

functions linked to signal transduction, gene transcription, initiating programed cell death 

(apoptosis), and others.40, 41 The proper functioning of living cells is directly dependent 

on the execution of these pathways, thus related abnormalities may lead to various 

diseases such as autoimmune disorder, Alzheimers disease, and cancer.42 In the past two 

decades it has been recognized that using small molecules that specifically modulate or 

disturb a particular PPI has a tremendous potential in the biomedical field but it also 

presents a challenging undertake.39, 43-44 The difficulties in the design of such small 

molecules are closely related to the unfavorable topography of the protein interface – it is 

relatively flat, large (1500-3000 Å), and lacks well-defined binding pockets.45, 46, 47 In 

contrast, enzymatic targets often contain deep active site pockets and are easily inhibited 

by small molecules which structurally resemble their natural substrate. However proteins 

do not retain such complementary molecules or ligands which further impedes the lead-

discovery process.  

The flexible and adaptive nature of the amino acids of the protein interface is another 

burden to be overcome. Because of these challenges, it was initially considered that the 

PPIs were an ‘undruggable’ target. However, a major break-through in this aspect was 

made by Wells and co-workers who demonstrated that although there is a large 

interaction surface between the proteins, only a small subregion of amino acids 

contributed to most of the binding affinity.48, 49 These clusters of amino acids are defined 
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The entire library of fragments (38 sulfonyl azides and 45 thio acids yielding 1710 

possible combinations) was incubated as multi-component mixtures against both Bcl-XL 

and Mcl-1 (10 μM concentration of each, at 37 °C, for twelve hours). The multi-

component incubations of the 38 sulfonyl azides and 45 thio acids were performed by 

combining 5 thio acids and 38 sulfonly azides in one well (20 μM final concentration of 

each fragment; 190 possible fragment combinations). The entire library was divided into 

9 individual screening blocks, each containing 5 thio acids and 38 sulfonly azides in a 

well (Figure 4.12). In addition, these multi-component mixtures were incubated in a 

phosphate buffer in the absence of Mcl-1 or Bcl-XL. Subsequently, the samples were 

analyzed using liquid TQMS in the enhanced MRM detection mode, and comparison of 

the obtained chromatograms in the presence and absence of Mcl-1 or Bcl-XL revealed 

that about 150 potential hit combinations were identified all together for both targets. 

 

Figure 4.12 Multi-fragment kinetic TGS screening of 38 sulfonyl azides (38 SZ) and 45 

thio acids (45 TA) giving rise to 1710 possible fragment combinations. The entire library 

has been divided in 9 incubation mixtures, each containing 5 thio acids and 38 sulfonayl 

azides 
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In order to validate the screening and also sort out only the most promising and consistent 

kinetic TGS hit combinations, two follow-up experiments were conducted wherein 

analyses were performed with two different screening patterns with a reduced number of 

fragments in a well. Thus, the entire library was analyzed into two trails. The first one 

was performed in incubation samples containing 38 sulfonyl azides and two or three thio 

acids (38 SZs x 2 TAs and 38 SZs x 2 TAs), and the second was conducted between one 

single thio acid and all thirty eight sulfonyl azides (38 SZs x 1 TA) in a well. An 

additional layer of a control testing was carried out by substituting Bcl-XL with a mutant 

R139ABcl-XL which was used to confirm that the potential kinetic TGS hit combinations 

were actually forming at the protein’s hot spot and not elsewhere on the protein surface. 

The number of potential hits, selected at the end of the third set of experiments was close 

to 100 acylsulfomanamide hits. These hit combinations were further re-evaluated in 

binary incubation mixtures, as well as their retention times in the LC/MSMS compared to 

the ones of the corresponding authentic samples. It was interesting to find out that while 

some thio acids delivered higher number of kinetic TGS hits (TA23, TA17, TA19, and 

others), there were several thio acids (TA27, TA28, TA37, TA38) which showed no 

templation effect with Mcl-1 or Bcl-XL as a target. Currently, fifty acylsulfonamides 

identified through this screening protocol are synthesized and tested for biological 

activity. The distribution of the potential hit combination is presented in Figure 4.14. 
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Table 4.3.  Potential hit combinations identified through multi-fragment kinetic TGS approach (SZ 1-38 and TA 1-45) 

 

  potential hits for Mcl‐1 and Bcl‐XL 

potential hits for Bcl‐XL (for Bcl‐XL, amplification coefficient is twice as high as the one for Mcl‐1) 

potential hits for Mcl‐1 (for Mcl1, amplification coefficient is twice as high as the one for Bcl‐XL) 

 

 

M+1 TA1 TA2 TA3 TA4 TA5 TA6 TA7 TA8 TA9 TA10 TA11 TA12 TA13 TA14 TA15 TA16 TA17 TA18 TA19 TA20 TA21 TA22 TA23 TA24 TA25 TA26 TA27 TA28 TA29 TA30 TA31 TA32 TA33 TA34 TA35 TA36 TA37 TA38 TA39 TA40 TA41 TA42 TA43 TA44 TA45

SZ1
SZ2
SZ3
SZ4
SZ5
SZ6
SZ7
SZ8
SZ9

SZ10
SZ11
SZ12
SZ13
SZ14
SZ15
SZ16
SZ17
SZ18
SZ19
SZ20
SZ21
SZ22
SZ23
SZ24
SZ25
SZ26
SZ27
SZ28
SZ29
SZ30
SZ31
SZ32
SZ33
SZ34
SZ35
SZ36
SZ37
SZ38
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4.3. Conclusion 

In a proof-of-concept study based on a previous kinetic TGS study targeting Bcl-XL, it 

was demonstrated that a multi-fragment kinetic TGS approach coupled with TQMS 

technology was successfully implemented in the identification of known protein-protein 

modulators. Optimized screening conditions utilizing a triple quadruple mass 

spectrometer in the Multiple Reaction Monitoring (MRM) mode was proven to be very 

efficient in kinetic TGS hit identification increasing both the throughput and the 

sensitivity of this approach. The multi-fragment incubation approach was studied in detail 

and it was concluded that 200 fragment combinations in one well is an optimal and 

practical number permitting good acylsulfonamide detectability. Overall, the presented 

multi-component kinetic TGS technique has shown to have a great potential in 

streamlining the kinetic screening method as well as accelerating the hit identification 

process. In a subsequent study, a structurally diverse library of forty five thio acids and 

thirty eight sulfonyl azides was screened in parallel against Mcl-1 and Bcl-XL, and 

several potential hit combinations were identified. Although, the synthesis of all these 

kinetic TGS hit compounds is currently ongoing, preliminary testing of several 

acylsulfonamides indicate that they disrupt the Bcl-XL/Bim or Mcl-1/Bim interaction. 

Importantly, this multi-fragment kinetic TGS screening is generally applicable and it has 

the potential to be utilized for the screening of other protein-protein interaction targets 

(MDM2/p53, IL-2–IL-2Rα, and other). 
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4.4  Experimental section 

4.4.1  General information 

All reagents and solvents were purchased from commercial sources and used without 

further purification. Column chromatography was carried out using Merck Kieselgel 60 

H silica gel. 1H NMR, 13C NMR were recorded on a Bruker 250 MHz and Varian 400 

MHz NMR spectrometer. All 1H NMR experiments were reported in δ units, parts per 

million (ppm) downfield of TMS and were measured relative to the signals for 

chloroform (7.26 ppm) and deuterated methanol (3.35, 4.78 ppm). All 13C NMR spectra 

were reported in ppm relative to the signals for chloroform (77 ppm). The HRMS data 

were measured on an Agilent 1100 Series MSD/TOF with electrospray ionization. The 

LC/MS data were measured on Thermo Scientific TSQ 8000 Triple Quadrupole LC/MS 

and Agilent Technology 6460 Triple Quad LC/MS, using an Agilent column Kinetex 2.6 

µm PFP, 4.60 mm x 50 mm. 

The elution gradient employed for TQMS-MRM analysis is shown below: 

Table 4.4. Elution gradient employed for TQMS-MRM analysis 

Time % B* Flow rate 

0.00 10.0 0.7 mL min-1 

2.00 10.0 0.7 mL min-1 

15.00 95 0.7 mL min-1 

17.00 10 0.7 mL min-1 

* eluent A: H2O (0.05% TFA); eluent B: CH3CN (0.05% TFA) 
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4.4.2 General Protocol for Multi-fragment “Sulfo-Click” Kinetic TGS 

Experiments with Mcl-1 and Bcl-XL  

2 mM stock solutions of the required sulfonyl azide building blocks in methanol was 

prepared in advance and 100 L of each stock solution was combined in a via (using all 

sulfonyl azides needed for the multi-fragment incubation). The solvent was evaporated 

and 100 L fresh MeOH was added in the vial in order to obtain multi-component 

mixture of sulfonyl azides with 2 mM final concentration of each suflonyl azide. Each 

thio acid used for the multi-fragment screening was prepared by individually deprotecting 

the corresponding fluorenylmethyl thioesters (~ 500 g weighted in a 2 mL eppendorf) 

with 5 % piperidine in DMF for 2-4 min (1 L solution used for 4.7 mol thioester) and 

each reaction was diluted with methanol in order to generate 20 mM stock solution of the 

corresponding thio acid. The thio acids required for the multi-component screening were 

combined in an eppendorf vial and further diluted with methanol to 2 mM final solution 

of each thioacid. In a 96-well plate 1 L of a the prepared multi-thio acids solution (2 

mM stock solution) and 1 L of a the prepared multi-sulfonyl azides solution (2 mM 

stock solution) were added to a solution of Mcl-1 (98 L of 10 M Mcl-1 solution in 

buffer) or to solution of Bcl-XL (98 L of 10 M Bcl-XL solution in buffer). The 

phosphate buffer used for the incubations (pH = 7.40) has the following composition: 58 

mM Na2HPO4, 17 mM NaH2PO4, 68 mM NaCl, 1 mM NaN3. In addition to that, a set of 

incubation was carried out under the same conditions but in the presence of buffer only 

(background reaction). The 96-well plate was incubated at 37 °C for twelve hours. The 

incubation mixtures were then subjected to Liquid Chromatography combined with triple 

quadrupole mass spectrometry in the the Multiple Reaction Monitoring mode (MRM), 
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Kinetex PFP (4.60 mm x 50 mm) proceeded by a Phenomenex C18 guard column. The 

injection volume was 20 µL at a flow rate of 0.7 mL/min (see Table 4.4).  

4.4.3 General protocol for control incubations of mutants R139ABcl-XL
17 

 A control experiment with R139ABcl-XL was carried out by following the described 

incubation protocol (see subchapter 4.4.2) wherein wildtype Bcl-XL was substituted with 

mutant R139ABcl-XL. This control experiment was carried out in parallel with wildtype 

Bcl-XL containing incubation mixtures. In addition to that, a set of incubation reactions 

was carried out under the same conditions but in the presence of buffer only (background 

reaction). The three incubation reactions were subjected to LC/MS Triple Quadrupole-

MRM analysis. 

4.4.4  General Procedure to Synthesize Fluorenylmethyl Thioesters  

 

A solution of a corresponding carboxylic acid derivative in dry DCM was reacted with 

EDCI (2 eq), DMAP (0.5 eq), and (9H-fluoren-9-yl)methanethiol (1eq). The completion 

of the reaction was followed by TLC and LC/MS. The crude reaction mixture was 

quenched with water end extracted twice with EtOAc. The combined organic layers were 

dried over anhydrous sodium sulfate and concentrated. The thioester was then obtained 

by flash chromatography. 

4.4.5 General Procedure to Synthesize Acylsulfomamides18 

All the reactions were performed at 50-80 mg scale in an eppendorf.  The 9-

fluorenylmethyl thioester was taken in a 1.5 mL eppendorf in dry DMF, (per 1 μmol of 
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thioester, 4.7 μL of DMF was added) 5 equivalents of solid Cs2CO3 was added and the 

reaction was stirred for a 10 minutes at room 

temperature. Then the sulfonylazide (1 eq w.r.t. thioester) was added to the reaction 

mixture and stirred for 15 minutes. After the reaction was complete, (monitored by LC-

MS) water (200 μL) was added and the pH was adjusted to 7.0 using 1M HCl solution. 

The reaction mixture was extracted with DCM until there was no product in aqueous 

layer (checked by TLC or LC-MS).The product was purified by flash chromatography.  

 
4.4.6   Synthetic Procedures  
 
Syntesis of TE20 

The acid derivative of 3,4-bis(2,4-difluorophenyl)-maleimide 4.6 was synthesized 

according to a reported protocol.19 TE20 was obtained by following the general 

procedure in section 4.4.4 

 

(Rf = 0.48 in hexanes : EtOAc = 85 : 25), isolated in 62 % yield. 1H NMR (250 MHz, 

CDCl3) δ 7.63 – 7.44 (m, 8H), 7.41 – 7.30 (m, 4H), 7.26 – 7.11 (m, 8H), 6.80 (ddd, J = 

8.0 Hz, 2.5, 1.3, 4H), 6.63 (ddd, J = 11.1 Hz, 7.2, 2.5, 4H), 4.05 – 3.92 (m, 2H), 3.51 (dd, 

J = 8.4 Hz, 5.1, 4H), 3.41 – 3.29 (m, 4H), 2.44 (t, J = 7.3 Hz, 4H), 1.92 – 1.79 (m, 4H). 

13C NMR (63 MHz, CDCl3) δ 197.88, 169.38, 166.08, 162.73, 162.23, 158.69, 145.44, 

141.12, 133.19, 132.53, 132.44, 127.74, 127.15, 124.72, 119.93, 113.75, 113.45, 112.10, 

111.70, 46.75, 41.36, 37.94, 32.26, 24.23. 
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Syntesis of TE28 

 

TE28 was obtained by following the general procedure in section 4.4.4 

Isolated in 64 % yield, (Rf = 0.55 in hexanes : EtOAc = 95 : 15). 1H NMR (400 MHz, 

cdcl3) δ 8.68 (s, 1H), 7.74 (d, J = 7.5 Hz, 2H), 7.68 – 7.61 (m, 2H), 7.41 – 7.35 (m, 2H), 

7.30 (qd, J = 7.4 Hz, 1.2, 2H), 6.96 – 6.85 (m, 3H), 6.80 – 6.74 (m, 1H), 4.99 (dd, J = 8.1 

Hz, 3.8, 1H), 4.18 (t, J = 5.9 Hz, 1H), 3.57 (d, J = 6.0 Hz, 2H), 3.24 (dd, J = 16.1 Hz, 3.8, 

1H), 3.12 (dd, J = 16.1 Hz, 8.1, 1H). 13C NMR (101 MHz, cdcl3) δ 194.80, 166.23, 

145.27, 142.78, 141.03, 127.73, 127.12, 126.03, 124.68, 124.65, 124.28, 122.91, 119.87, 

117.26, 115.72, 77.31, 76.99, 76.68, 73.37, 46.56, 44.26, 32.52. 

Syntesis of TE29 

The synthesis the corresponding acid were performed by following a reported 

procedure20 and the general procedure in section 4.4.4 
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Isolated in 64 % yield, (Rf = 0.49 in hexanes : EtOAc = 90 : 10). 1H NMR (250 MHz, 

CDCl3) δ 7.69 (d, J = 7.4 Hz, 2H), 7.53 (d, J = 7.6 Hz, 2H), 7.44 – 7.33 (m, 4H), 7.29 – 

7.17 (m, 5H), 7.05 (s, 1H), 4.17 (t, J = 5.5 Hz, 1H), 3.63 (d, J = 5.5 Hz, 2H). 13C NMR 

(101 MHz, cdcl3) δ 145.38, 144.73, 141.23, 139.84, 130.12, 129.72, 129.46, 129.24, 

128.95, 128.08, 127.93, 127.73, 127.17, 125.82, 125.60, 124.71, 124.56, 123.81, 120.23, 

120.03, 119.93, 109.27, 108.24, 77.33, 77.01, 76.70, 46.66, 46.32, 32.36, 31.79. 

 

Syntesis of TE30 

The synthesis the corresponding acid were performed by following a reported 

procedure21 and the general procedure in section 4.4.4 

 

Isolated in 65 % yield, (Rf = 0.55 in hexanes : EtOAc = 90 : 10). 1H NMR (250 MHz, 

CDCl3) δ 8.28 (d, J = 1.3 Hz, 1H), 7.89 (s, 1H), 7.76 – 7.59 (m, 5H), 7.47 (d, J = 8.0 Hz, 

1H), 7.35 – 6.97 (m, 7H), 6.64 (d, J = 3.0 Hz, 1H), 6.49 (d, J = 8.1 Hz, 1H), 5.48 (s, 2H), 

4.17 (t, J = 6.0 Hz, 1H), 3.58 (d, J = 6.1 Hz, 2H). 13C NMR (101 MHz, cdcl3) δ 191.33, 

145.79, 141.01, 139.90, 138.79, 130.02, 129.92, 129.38, 128.28, 127.93, 127.61, 127.08, 
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124.81, 123.37, 122.10, 121.69, 119.85, 109.18, 104.74, 77.33, 77.01, 76.70, 46.98, 

46.40, 32.62. 

Syntesis of TE32 

TE32 was obtained by following the general procedure in section 4.4.4 

 

 

Isolated in 75 % yield, (Rf = 0.50 in hexanes : EtOAc = 85 : 15). 1H NMR (250 MHz, 

CDCl3) δ 7.61 (d, J = 7.4 Hz, 2H), 7.48 (d, J = 7.3 Hz, 2H), 7.22 (tt, J = 11.2 Hz, 5.6, 

4H), 6.92 – 6.74 (m, 3H), 4.50 – 4.33 (m, 2H), 4.12 – 3.92 (m, 3H), 3.58 – 3.34 (m, 2H), 

2.85 – 2.56 (m, 2H). 13C NMR (101 MHz, cdcl3) δ 196.24, 164.01, 147.02, 145.12, 

143.85, 141.09, 129.52, 129.08, 127.96, 127.78, 127.13, 124.59, 123.86, 123.78, 120.05, 

119.92, 118.22, 114.85, 77.41, 77.09, 76.78, 67.39, 46.48, 40.94, 37.57, 32.45. 

 

Syntesis of TE34 

TE34 was obtained by following the general procedure in section 4.4.4 

 

S

H
NO

O

TA34

S
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Isolated in 70 % yield, (Rf = 0.55 in hexanes : EtOAc = 85 : 15). 

1H NMR (400 MHz, cdcl3) δ 8.88 (s, 1H), 7.81 – 7.71 (m, 2H), 7.66 – 7.60 (m, 2H), 7.46 

– 7.19 (m, 6H), 7.13 (td, J = 7.6 Hz, 1.4, 1H), 7.07 – 6.95 (m, 1H), 6.83 (dt, J = 33.9 Hz, 

18.9, 1H), 4.27 – 4.14 (m, 1H), 3.99 (dt, J = 8.6 Hz, 5.4, 1H), 3.55 (dt, J = 8.7 Hz, 6.2, 

2H), 3.20 (dt, J = 16.0 Hz, 5.4, 1H), 2.82 – 2.68 (m, 1H). 13C NMR (101 MHz, cdcl3) δ 

195.08, 166.59, 145.23, 141.08, 135.76, 128.21, 127.75, 127.49, 127.16, 124.70, 124.66, 

124.08, 119.88, 118.79, 117.14, 77.33, 77.01, 76.69, 46.60, 42.65, 38.08, 32.55. 

 

Syntesis of TE35 

TE35 was obtained by following the general procedure in section 4.4.4 

 

 

 

Isolated in 70 % yield, (Rf = 0.50 in hexanes : EtOAc = 85 : 15). 1H NMR (250 MHz, 

CDCl3) δ 7.85 (dd, J = 7.7 Hz, 1.8, 4H), 7.57 (d, J = 7.1 Hz, 4H), 7.47 (d, J = 7.3 Hz, 

4H), 7.36 – 7.10 (m, 15H), 4.09 – 3.96 (m, 2H), 3.50 – 3.34 (m, 4H), 3.08 – 2.98 (m, 4H), 

2.96 – 2.85 (m, 4H). 13C NMR (63 MHz, CDCl3) δ 196.41, 164.96, 164.83, 145.12, 

141.04, 131.60, 128.97, 127.74, 127.09, 126.73, 124.57, 123.76, 119.87. 
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Syntesis of TE41 

 

 

Isolated in 70 % yield, (Rf = 0.48 in hexanes : EtOAc = 85 : 10). The synthesis the 

corresponding acid were performed by following a reported procedure22 and the general 

procedure in section 4.4.4. 1H NMR (250 MHz, CDCl3) δ 8.12 (s, 1H), 7.71 (ddd, J = 

34.0 Hz, 17.8, 4.5, 8H), 7.44 – 7.21 (m, 10H), 6.95 (s, 1H), 4.20 (t, J = 6.0 Hz, 1H), 3.62 

(d, J = 6.1 Hz, 2H). 13C NMR (101 MHz, cdcl3) δ 157.67, 145.68, 141.05, 134.67, 

132.59, 129.73, 129.34, 129.14, 129.07, 128.89, 127.70, 127.14, 125.10, 124.80, 124.32, 

123.90, 120.90, 120.29, 119.91, 111.19, 101.54, 46.89, 32.80. 

 

All acylsulfonamides according to the protocol described in subchapter 4.4.518  

Acylsulfonamide SZ17TA24: 

 

1H NMR (400 MHz, DMSO-d6)   ppm 1.19 (s, 2 H) 2.47 (d, J=1.95 Hz, 1 H) 2.52 - 2.64 

(m, 2 H) 3.06 - 3.18 (m, 2 H) 3.57 (br. s., 5 H) 3.58 (s, 5 H) 3.62 - 3.74 (m, 12 H) 3.84 (s, 

2 H) 6.68 (d, J=8.59 Hz, 1 H) 6.73 - 6.85 (m, 3 H) 6.88 - 6.99 (m, 3 H) 7.08 - 7.14 (m, 4 
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H) 7.16 - 7.23 (m, 3 H) 7.54 (m, J=8.59 Hz, 2 H) 7.75 (m, J=8.20 Hz, 2 H) 7.89 (d, 

J=8.20 Hz, 2 H). 13C NMR (101 MHz, DMSO-d6)  ppm 35.59 (s, 1 C) 39.33 (s, 1 C) 

39.54 (s, 1 C) 39.75 (s, 1 C) 39.96 (s, 1 C) 40.17 (s, 1 C) 40.38 (s, 1 C) 40.58 (s, 1 C) 

55.34 (s, 1 C) 56.21 (s, 1 C) 60.66 (s, 1 C) 60.86 (s, 1 C) 108.18 (s, 1 C) 112.86 (s, 1 C) 

114.43 (s, 1 C) 121.15 (s, 1 C) 124.90 (s, 1 C) 125.69 (s, 1 C) 126.30 (s, 1 C) 127.91 (s, 1 

C) 128.03 (s, 1 C) 128.91 (s, 1 C) 128.94 (s, 1 C) 129.00 (s, 1 C) 129.27 (s, 1 C) 129.68 

(s, 1 C) 136.46 (s, 1 C) 142.29 (s, 1 C) 151.64 (s, 1 C) 152.70 (s, 1 C) 159.70 (s, 1 C) 

 

Acylsulfonamide SZ35TA24: 

 

 

1H NMR (400 MHz, DMSO-d6)  ppm 3.59 (s, 3 H) 3.68 (s, 3 H) 3.72 (s, 3 H) 3.85 (s, 2 

H) 6.69 (d, J=8.59 Hz, 1 H) 6.83 (d, J=8.59 Hz, 1 H) 7.03 - 7.11 (m, 4 H) 7.12 - 7.19 (m, 

1 H) 7.22 (m, J=8.20 Hz, 2 H) 7.36 - 7.44 (m, 2 H) 7.70 - 7.75 (m, 2 H) 7.77 (d, J=8.59 

Hz, 2 H) 7.82 (m, J=8.59 Hz, 2 H) 7.96 - 8.03 (m, 2 H). 13C NMR (101 MHz, DMSO-d6) 

 ppm 35.60 (s, 1 C) 39.33 (s, 1 C) 39.54 (s, 1 C) 39.75 (s, 1 C) 39.96 (s, 1 C) 40.17 (s, 1 

C) 40.38 (s, 1 C) 40.58 (s, 1 C) 56.22 (s, 1 C) 60.66 (s, 1 C) 60.88 (s, 1 C) 108.20 (s, 1 C) 

119.12 (s, 1 C) 119.62 (s, 1 C) 124.39 (s, 1 C) 124.91 (s, 1 C) 126.30 (s, 1 C) 127.13 (s, 1 

C) 128.69 (s, 1 C) 128.92 (s, 1 C) 128.96 (s, 1 C) 129.28 (s, 1 C) 130.60 (s, 1 C) 133.90 

(s, 1 C) 142.30 (s, 1 C) 144.16 (s, 1 C) 147.13 (s, 1 C) 151.65 (s, 1 C) 152.70 (s, 1 C) 

156.50 (s, 1 C) 157.87 (s, 1 C) 166.45 (s, 1 C). 
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Acylsulfonamide SZ8TA24: 

 

13C NMR (126 MHz, DMSO-d6)  ppm 35.62 (s, 1 C) 39.46 (s, 1 C) 39.64 (s, 1 C) 39.80 

(s, 1 C) 39.97 (s, 1 C) 40.14 (s, 1 C) 40.23 (s, 1 C) 40.30 (s, 1 C) 40.46 (s, 1 C) 55.83 (s, 

1 C) 55.87 (s, 1 C) 56.22 (s, 1 C) 56.78 - 59.42 (m, 1 C) 56.83 (s, 1 C) 57.81 (s, 1 C) 

60.68 (s, 1 C) 60.89 (s, 1 C) 67.38 (s, 1 C) 108.19 (s, 1 C) 111.90 (s, 1 C) 112.37 (s, 1 C) 

124.94 (s, 1 C) 126.28 (s, 1 C) 127.71 (s, 1 C) 128.13 (s, 1 C) 128.68 (s, 1 C) 128.97 (s, 1 

C) 129.63 (s, 1 C) 142.31 (s, 1 C) 147.24 (s, 1 C) 147.79 (s, 1 C) 151.67 (s, 1 C) 152.73 

(s, 1 C) 166.09 (s, 1 C) 

 

Acylsulfonamide SZ4TA21: 

 

 

1H NMR (400 MHz, DMSO-d6)  ppm 3.22 - 3.28 (m, 3 H) 3.64 (q, J=6.38 Hz, 2 H) 3.72 

(s, 3 H) 7.01 (td, J=7.42, 1.17 Hz, 1 H) 7.09 (d, J=7.81 Hz, 1 H) 7.11 - 7.16 (m, 1 H) 7.17 

(s, 1 H) 7.18 - 7.22 (m, 1 H) 7.22 - 7.26 (m, 2 H) 7.27 (dd, J=7.62, 1.76 Hz, 1 H) 7.29 - 

7.37 (m, 4 H) 7.52 - 7.57 (m, 2 H) 7.83 - 7.88 (m, 2 H) 7.90 (dd, J=9.18, 2.15 Hz, 1 H) 

8.59 (d, J=2.34 Hz, 1 H) 8.76 (t, J=5.86 Hz, 1 H). 13C NMR (101 MHz, DMSO-d6)  

ppm 14.45 - 191.12 (m, 100 C) 31.53 (s, 1 C) 39.36 (s, 1 C) 39.57 (s, 1 C) 39.78 (s, 1 C) 
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39.99 (s, 1 C) 40.20 (s, 1 C) 40.41 (s, 1 C) 40.61 (s, 1 C) 42.45 (s, 1 C) 56.03 (s, 1 C) 

112.34 (s, 1 C) 121.35 (s, 1 C) 126.50 (s, 1 C) 128.35 (s, 1 C) 128.64 (s, 1 C) 128.87 (s, 1 

C) 129.13 (s, 1 C) 129.49 (s, 1 C) 129.82 (s, 1 C) 130.30 (s, 1 C) 130.81 (s, 1 C) 134.46 

(s, 1 C) 135.44 (s, 1 C) 142.73 - 153.10 (m, 1 C) 156.56 (s, 1 C) 

 

Acylsulfonamide SZ16TA21: 

 

 

 

1H NMR (400 MHz, DMSO-d6)  ppm 3.70 - 3.74 (m, 3 H) 6.97 - 7.04 (m, 1 H) 7.09 (d, 

J=7.81 Hz, 1 H) 7.28 (dd, J=7.62, 1.76 Hz, 1 H) 7.32 - 7.38 (m, 1 H) 7.53 - 7.58 (m, 2 H) 

7.84 (d, J=8.20 Hz, 2 H) 7.86 - 7.91 (m, 2 H) 7.92 - 8.00 (m, 4 H) 8.07 - 8.12 (m, 2 H). 

13C NMR (101 MHz, DMSO-d6)  ppm 39.32 (s, 1 C) 39.53 (s, 1 C) 39.74 (s, 1 C) 39.95 

(s, 1 C) 40.15 (s, 1 C) 40.37 (s, 1 C) 47.77 - 48.15 (m, 1 C) 55.97 (s, 1 C) 107.33 - 107.71 

(m, 1 C) 108.47 - 109.23 (m, 1 C) 112.30 (s, 1 C) 121.31 (s, 1 C) 125.98 (s, 1 C) 126.36 

(s, 1 C) 126.40 (s, 1 C) 128.24 (s, 1 C) 128.53 (s, 1 C) 128.66 (s, 1 C) 128.84 (s, 1 C) 

129.14 (s, 1 C) 129.46 (s, 1 C) 129.79 (s, 1 C) 130.18 (s, 1 C) 130.40 (s, 1 C) 130.78 (s, 1 

C) 139.92 (s, 1 C) 142.87 (s, 1 C) 143.47 (s, 1 C) 143.75 (s, 1 C) 156.53 (s, 1 C) 165.93 

(s, 1 C) 192.31 - 192.69 (m, 1 C) 204.64 - 205.96 (m, 1 C) 227.40 - 227.97 (m, 1 C) 
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Acylsulfonamide SZ11TA25: 

 

1H NMR (400 MHz, DMSO-d6) ppm 1.29 (s, 10 H) 7.30 - 7.37 (m, 1 H) 7.48 (m, 

J=8.59 Hz, 2 H) 7.61 (m, J=8.59 Hz, 2 H) 7.69 (d, J=8.20 Hz, 2 H) 7.80 - 7.95 (m, 3 H) 

7.95 - 8.03 (m, 3 H) 8.03 - 8.09 (m, 2 H) 8.62 - 8.68 (m, 1 H). 13C NMR (101 MHz, 

DMSO-d6) ppm 7.18 - 182.44 (m, 95 C) 39.33 (s, 1 C) 39.54 (s, 1 C) 39.75 (s, 1 C) 

39.96 (s, 1 C) 40.17 (s, 1 C) 40.38 (s, 1 C) 40.58 (s, 1 C) 120.96 (s, 1 C) 123.26 (s, 1 C) 

126.20 (s, 1 C) 126.23 (s, 1 C) 126.37 (s, 1 C) 127.02 (s, 1 C) 128.11 (s, 1 C) 129.24 (s, 1 

C) 136.90 (s, 1 C) 137.68 (s, 1 C) 140.79 (s, 1 C) 150.00 (s, 1 C) 150.88 (s, 1 C) 155.92 

(s, 1 C) 

 

Acylsulfonamide SZ1TA23: 

 

1H NMR (400 MHz, DMSO-d6) ppm 1.29 (s, 10 H) 7.30 - 7.37 (m, 1 H) 7.48 (m, 

J=8.59 Hz, 2 H) 7.61 (m, J=8.59 Hz, 2 H) 7.69 (d, J=8.20 Hz, 2 H) 7.80 - 7.95 (m, 3 H) 

7.95 - 8.03 (m, 3 H) 8.03 - 8.09 (m, 2 H) 8.62 - 8.68 (m, 1 H). 13C NMR (101 MHz, 

DMSO-d6) ppm 7.18 - 182.44 (m, 95 C) 39.33 (s, 1 C) 39.54 (s, 1 C) 39.75 (s, 1 C) 
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39.96 (s, 1 C) 40.17 (s, 1 C) 40.38 (s, 1 C) 40.58 (s, 1 C) 120.96 (s, 1 C) 123.26 (s, 1 C) 

126.20 (s, 1 C) 126.23 (s, 1 C) 126.37 (s, 1 C) 127.02 (s, 1 C) 128.11 (s, 1 C) 129.24 (s, 1 

C) 136.90 (s, 1 C) 137.68 (s, 1 C) 140.79 (s, 1 C) 150.00 (s, 1 C) 150.88 (s, 1 C) 155.92 

(s, 1 C).  
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