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Abstract

Computational modeling offers detailed insight into the reactions and dynamics of
biomolecules at an atomistic level. In silico methods complement experimental mea-
surements and can contribute to protein engineering, drug discovery, and lead op-
timization. In this thesis, QM/MM calculations and MD simulations are employed
for the exploration of the reaction mechanisms and the active site reorganization of
the enzymes Uracil DNA glycosylase (UDG) and Thymine DNA glycosylase (TDG).
UDG excises the RNA base uracil from single and double stranded DNA by hy-
drolysing the glycosidic bond between the sugar and the base. This reaction is
shown in this work to proceed by the electrophilic migration of the sugar moiety
in the direction of the water nucleophile. The addition of the water molecule and
the simultaneous proton transfer to the side chain of either His148 or Asp145 occur
without a barrier. Similarly to the excision of uracil, the N-glycosidic bond cleavage
of the modified base 5-formylcytosine, catalyzed by TDG, was investigated in detail.
The reaction mechanism features a re-organization of the substrate by a rotation of
the phosphate group around the C4’-C5’ bond, followed by the cleavage of the glyco-
sidic bond. The latter features a dissociative oxocarbenium-like transition state and
proceeds without a stable intermediate. The addition of the water nucleophile re-
sults in a delocalized positive charge, stabilized by an extensive H-bonding network,
consisting of the abasic site and the residues Asn140 and Thr197.

A complete understanding of enzymatic activity often requires more than insight
into the underlying reaction mechanism, as substrate specificity may depend on
the binding affinity. The calculation of relative binding free energies allows for an
in silico evaluation of the binding affinity of potential drug candidates. In this
thesis, the alchemical non-equilibrium approach was employed for the calculation
of the relative binding free energies of inhibitors of the NAD+-dependent deacylase
Sirtuin 5. The resulting values were compared with experimental measurements of
the inhibitory activity for newly synthesized compounds.
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1 Introduction

Enzymes are efficient biocatalysts, that facilitate complex chemical reactions under
mild physiological conditions. Due to their high enantio-, chemo-, and stereoselec-
tivity, catalytic efficiency and environmental sustainability, these biomolecules have
found wide application in industrial synthesis [1, 2]. Understanding how enzymes
achieve their high catalytic rates can provide key information for protein engineering
and de novo enzyme design, which can in turn increase the thermodynamic stability
or the substrate range of an enzyme. Knowledge of the underlying reaction mecha-
nism can also be beneficial in rational drug design, as enzymes are often targets for
potential drug candidates [3].

A wide range of mutagenesis, X-ray crystallography, spectroscopy, and kinetics ex-
periments have been applied in the exploration of the structure and catalytic mecha-
nisms of enzymes. Computational modeling complements these experimental proce-
dures by providing atomistic insight into the reactions and dynamics of the studied
biological systems. Quantum mechanics / molecular mechanics (QM/MM) energy
and structure calculations as well as QM/MM molecular dynamics simulations are
employed for the identification of transition states and reaction intermediates and
can supply detailed information regarding the active site reorganization or the role
of catalytic residues. Molecular dynamics and Monte Carlo methods allow for the
exploration of the conformational landscape of a biomolecule and can be used for the
study of enzyme-ligand interactions and the calculation of ligand binding affinities.

The goal of this thesis is to provide insights into the reactivity of several biological
systems of interest, using QM/MM calculations and molecular dynamics simulations.
This chapter will introduce the enzymes studied in this thesis - Uracil DNA glycosy-
lase (UDG), Thymine DNA glycosylase (TDG), and the NAD+-dependent deacylase
Sirtuin 5, while the second chapter will provide the theoretical background for the
methods employed in the investigation of the UDG and TDG reaction mechanisms
and in the calculation of the relative binding affinities of the Sirtuin 5 inhibitors.

1.1 Uracil DNA Glycosylase (UDG) and Thymine DNA
Glycosylase (TDG)

Base excision repair (BER) is one of the central DNA repair pathways that counter
the cytotoxic and mutagenic effects of DNA damage [4]. BER corrects non-bulky
DNA lesions, that arise due to the oxidation, deamination, and methylation of the
nucleobases. If not repaired, these lesions can lead to point mutations and com-
promise the fidelity of DNA transcription and replication [4–6]. The first step of
the BER pathway is the recognition and the subsequent excision of the modified
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or mispaired base by a DNA glycosylase, followed by the coordinated action of at
least three additional enzymes [7]. These enzymes facilitate the strand incision, end
processing, gap filling, and DNA ligation to replace the excised base and restore the
original DNA sequence.

DNA glycosylase enzymes can be broadly divided into two types. Monofunctional
glycosylases catalyze the hydrolysis of the N-glycosidic bond, resulting in a free base
and an abasic site, while bifunctional glycosylases use an amine nucleophile (usually
a lysine side chain) to form a covalent Schiff base intermediate [6, 8]. In addition to
excision of the damaged base, bifunctional enzymes also cleave the phosphordiester
bond at the 3’-end of the lesion.

Uracil DNA glycosylase (UDG) is a monofunctional DNA glycosylase that removes
the RNA base uracil, which occurs in single-stranded and double-stranded DNA due
to the deamination of cytosine or the misincorporation of 2-deoxyuridine monophos-
phate [9, 10]. For this purpose, both the base and the ribose ring are extruded from
the DNA helix and inserted into the UDG catalytic pocket (see Fig. 1a). Here,
the base is stabilized by π-stacking and hydrogen bond interactions with the active
site residues [11, 12]. The subsequent N-glycosidic bond cleavage proceeds with a
water molecule acting as the nucleophile. There are two general mechanisms that
have been proposed for this reaction (see Fig. 1b): the first is a stepwise mechanism
with stable intermediate, comprised of an oxocarbenium-ion and an uracil anion,
while the second mechanism is a concerted mechanism with a single dissociative
oxocarbenium-like transition state [13, 14]. Publication I provides both a detailed
investigation of the UDG reaction mechanism and insights into the role of the active
site residues that coordinate the water nucleophile.
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Figure 1: (a) X-ray structure (PDB code: 1EMH) of double-stranded DNA (orange), containing the
non-cleavable substrate analog presudouridine (red), in complex with UDG (blue). (b)
Mechanisms, suggested for the N-glycosidic bond cleavage of uracil - hydrolysis with a
stable oxocarbenium intermediate (top) or with a dissociative oxicarbenium-like transition
state (bottom).

Thymine DNA glycosylase (TDG) belongs to the same superfamily as UDG. The
enzyme was first discovered to excise the base thymine from T:G mismatches [15].
Unlike other DNA glycosylases, however, TDG is essential for embryonic develop-
ment in mice [16]. Deleting the TDG gene or the catalytic inactivation of this enzyme
results in lethality during early stage development, thereby implying a prominent role
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for this enzyme in epigenetic regulation [17]. The presence of aberrant methylation
patterns in TDG deficient cells indicates that this enzyme is involved in the process
of active DNA demethylation [16,17].

The conversion of cytosine (C) to 5-methylcytosine (mC) is an important epige-
netic mechanism that is involved in transcription regulation, gene silencing, and X-
chromosome inactivation [18]. Following the discovery of 5-methylcytosine in DNA
in 1948, [19] the process of DNA methylation and the DNA methyltransferases,
which catalyze this reaction, have been extensively studied. The mechanism of ac-
tive demethlyation for mammals, however, remained elusive for a long time. The only
biologically and biochemically verified pathway was established in 2011 and involves
the iterative oxidation of mC to 5-hydroxymethylcytosine (hmC), 5-formylcytosine
(fC), and 5-carboxycytosine (caC), followed by the subsequent excision of the latter
two bases by TDG (see Fig 2) [16, 17,20,21].
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Figure 2: Active DNA demethylation pathway: mC is oxidized to hmC, fC, and caC by the TET en-
zymes and the latter two oxidation products are excised by TDG. The resulting abasic site
is then converted back to cytosine by BER. Upon a methylation of C by a DNA methyltrans-
ferase (DNMT), the methylation site can be restored. This figure is adapted from Ref. [22]

TDG employs different mechanisms for the N-glyocosidic bond cleavage of fC and
caC. While the caC excision is acid-catalyzed, the TDG reaction rate for fC shows
no pH dependence and there is no evidence of a protonation of this base prior to
its excision [20,23]. Similarly to UDG, a stepwise reaction mechanism with a stable
oxocarbenium intermediate has been proposed for this reaction [23]. Within publi-
cation II the exact mechanism of the fC glycosidic bond hydrolysis is explored and
the role of several active site residues is clarified.

1.2 Sirtuin 5 (SIRT5)

Post-transcriptional modifications (PTMs) expand the functional diversity of pro-
teins [24]. They are involved in various biological processes, including gene expres-
sion, signal transduction, and protein-protein interactions [24–26]. PTMs refer to the
reversible and irreversible covalent modifications of amino acids, that occur following
the translation of RNA into a protein [26]. Such modifications include the deacety-
lation of lysine side chains, catalyzed by a total of four classes of lysine deacylases
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(KDAC). While class I, II, and IV KDAC enzymes are Zn2+-dependent, class III,
called sirtuins, use NAD+ as a cofactor [27]. In mammals, seven subtypes of sirtuins
have been identified, three of which are located in the mitochondria including Sirtuin
5 (SIRT5) [28,29].

Though SIRT5 exhibits only weak deacetylase activity, it has a high affinity for
succinylated, malonylated, and glutarylated proteins and can effectively catalyze the
removal of those groups [29–31]. The preference of SIRT5 for negatively charged
substrates is presumed to stem from interactions between the carboxy-group of the
substrate and the side chains of Arg105 and Tyr102 on account of a crystal structure,
featuring a succinyllysine-containing peptide in the binding site (see Fig. 3a) [30].

(a) (b)

In 2016, a high-throughput study identified the drug balsalazide as a potent SIRT5
inhibitor [32]. Docking studies indicate that, similarly to the succinylated substrate,
the carboxy-group of the β-alanine side chain of the drug molecule has electrostatic
and hydrogen bond interactions with Arg105 and Tyr102 (see Fig. 3b) [33]. Bal-
salazide has subtype selectivity for SIRT5, as it exhibits limited or no binding affinity
for Sirtuin 1, 2, and 3 [33]. However, balsalazide’s low solubility in water, minimal gut
absorption, and the cleavage of the azo-bond by colonic bacterial azo reductases [34]
rule out an application of this molecule as drug targeting SIRT5 [33]. Hence, the lead
structure has to be optimized to develop promising drug candidates. Manuscript III
presents the synthesis and characterization of Sirtuin 5 inhibitors with a structural
similarity to balsalazide. An in silico approach is used to predict the relative binding
affinities of selected compounds and the results are compared to the experiments.



2 Methods

This chapter outlines the methods used in the investigation of the reaction mecha-
nisms of UDG and TDG and in the prediction of the binding affinities of the SIRT5
inhibitors. The first section is focused on the computational exploration of reac-
tion mechanisms using QM/MM calculations, coordinate driving, and nudged elastic
band methods, while the second section introduces relative binding free energy cal-
culations, Jarzynski’s identity [35,36], and Bennett’s acceptance ratio (BAR) [37].

2.1 Computational Investigation of Enzymatic Reaction
Mechanisms

2.1.1 Molecular Mechanics (MM)

Molecular mechanics describes the interactions between atoms with the use of a
simple potential energy function called force field [38–40]. In most force fields the
potential U(R) of N interacting particles is represented as the sum of bonded in-
teractions (bond stretching, angle bending, torsion) and non-bonded interactions
(van-der-Waals and electrostatics) and has the following general form:

U(R) =
∑
bonds

bi
2

(li − li,0)2 +
∑
angles

ai
2

(θi − θi,0)2 +
∑

torsions

ci
2

(1 + cos(nwi + δ))+

+
∑

atom pairs

(
4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

+
qiqj

4πε0εrrij

)
(2.1)

Here R = (R1...RN ) denotes the coordinates of the particles. The first two terms in
eq. 2.1 describe the energy penalty associated with a deviation from an equilibrium
bond length li,0 or angle θi,0 with the use of simple harmonic functions and a respec-
tive force constant (ai or bi). The third term represents the change in the energy
of a molecule upon a rotation around a chemical bond as a periodic function with
rotational barrier heights ci, periodicity n, and phase shift δ.

The non-bonded interactions described in the last term, are calculated for atoms
that are either in different molecules or separated by at least three bonds [39]. The
van-der-Waals repulsive and attractive interactions are modeled using a Lennard-
Jones potential with σij as the collision diameter, εij as the well depth and rij as
the distance between the two atoms. Calculations of the electrostatic interactions
employ the Coulomb potential with qi and qj as the partial charges on atoms i and
j, ε0 as the dielectric constant in vacuum and εr as the relative dielectric constant.
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Force fields contain a large set of parameters, that are obtained from extensive fit-
ting procedures to both experimental data and quantum mechanical (QM) calcula-
tions. The assigned parameters may vary between different force fields, based on
the parameterization protocol, the level of the QM calculations, or the referenced
experimental data. Different force fields have been developed for proteins, nucleic
acids, lipids, carbohydrates, and small molecules. In this thesis, the AMBER ff14SB
force field [41] is used for the description of the proteins and AMBER ffOL15 [42]
for DNA. As the parameterization of molecules not included in a force field can be
time-consuming, general parameters for most organic molecules have been developed,
which are compatible with the AMBER force fields [43]. These parameters were used
here for the description of fC and the SIRT5 inhibitors.

2.1.2 Quantum Mechanics / Molecular Mechanics (QM/MM)

Force fields are suited for a wide range of applications, including Monte Carlo, molec-
ular dynamics, and ligand docking simulations and the calculation of relative binding
free energies. However, molecular mechanics cannot properly describe electronic re-
organization due to charge transfer, electronic excitation, or chemical reactions [44].
In addition, the harmonic terms that describe bond deformations are not suitable for
the modeling of bond breaking. Therefore, for the study of reaction mechanisms in
biological systems often a combined QM/MM approach is employed [45]. The under-
lying principle of the QM/MM calculations is the partitioning of the system into an
inner region (e.g., the substrate and the catalytically relevant active site residues of
an enzyme), which is described using quantum mechanics and outer region (the rest
of the protein environment and solvent), which is described using molecular mechan-
ics [44–47]. The QM treatment allows modeling of the electronic rearrangements
involved in a chemical reaction, while the MM treatment allows for the efficient
inclusion of the wider environment and its effects on the reaction energetics.

The partitioning of the system into a QM and MM region is not a trivial problem, as
the choice of a QM region can impact both the energetics and the studied properties
of a system [48, 49]. In addition, if the QM/MM boundary crosses covalent bonds,
separating the two regions by simply cutting through these bonds would result in
unpaired electrons, which would in turn lead to unrealistic results. A straight-forward
solution to this problem is to cap the unsaturated bonds with a link atom (usually a
hydrogen), located along the bond vector between the QM and MM atoms [50, 51].
Introducing an extra atom would generally lead to additional degrees of freedom.
However, the added constraint on the link atom coordinates in regards to the position
of the QM and MM boundary atoms provides a solution for this problem. As the
close proximity of the link and the MM boundary atoms (noted respectively as L
and M1 in Fig. 4 ) could result in an overpolarization of the QM region, the M1
charge should be either removed or redistributed on the neighboring MM atoms
(M2 in Fig. 4) [46]. The redistribution of the charges is referred as a charge-shift
scheme [52]. Additional charges are added close to the M2 atoms to compensate for
the change in the M1-M2 dipole moment.

According to the additive approach for QM/MM calculations, employed in this thesis,
the QM/MM energy expression EQM/MM is the sum of the energy of the QM region
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Figure 4: Representation of the atoms, close to the QM/MM boundary. The QM atoms are shown
in magenta, the link atom (L) in black and the MM atoms in cyan. The charge qM1 of M1
is evenly redistributed on the M2 atoms, that are covalently bound to M1. This figure is
adapted from Ref. [46]

(including the link atoms) EQM , the energy of the MM region EMM and a coupling
term EQM−MM , that describes the interaction between the QM and MM atoms (see
eq. 2.2).

EQM/MM = EQM + EMM + EQM−MM (2.2)

The coupling termEQM−MM entails the bonded interactionsEbQM−MM (bond stretch-
ing, angle bending and torsion), the van-der-Waals EvdWQM−MM and the electrostatic
interactions EelQM−MM between the QM and MM atoms.

EQM−MM = EbQM−MM + EvdWQM−MM + EelQM−MM (2.3)

The bonded and the van-der-Waals interactions are calculated at the MM level.
The electrostatic interactions between the QM and MM atoms can be accordingly
modeled using the Coulomb potential. This approach (referred as mechanical em-
bedding), however, requires accurate atom-centered point charges for the QM atoms,
which can be problematic considering that the charge distribution of the QM region
changes as the system undergoes a chemical reaction [53]. Further on, mechanical
embedding does not allow for the polarization of the QM atoms by the surrounding
environment [46, 47]. In order to improve upon the description of the electrostatic
interaction, the MM point charges can be included in the QM Hamiltonian as one-
electron operators (electrostatic embedding) [54, 55]. On account of the additional
terms in the QM Hamiltonian, electrostatic embedding requires slightly more com-
putational effort.

2.1.3 Classical Molecular Dynamics (MD) Simulations

Molecular dynamics simulations are an important tool that allows for the investiga-
tion of the time evolution of a system of interacting particles. The underlying idea
is that the dynamics of the particles is governed by a general equation of motion. In
classical MD simulations, this equation of motion is Newton’s second law:

−∇U(R) = M
d2R(t)

dt2
(2.4)
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with F = −∇U(R) as the force and R and M as the respective coordinates and
mass. U(R) can be assessed using the force fields, described in 2.1.1.

Multiple algorithms for the numerical integration of eq. 2.4 have been developed. In
the leap-frog algorithm [56] the position R at the time (t + ∆t) is calculated using
the position at time t and the velocity V at the time t+ 1

2∆t.

V(t+
1

2
∆t) = V(t− 1

2
∆t) +

F(t)

M
∆t

R(t+ ∆t) = R(t) + V(t+
1

2
∆t)∆t

(2.5)

The simulation time step ∆t has to be chosen in such way as to capture the fastest
motions in the system, which for biomolecules are usually the bond vibrations of the
hydrogen atoms. This would restrict the time step for the simulation to less than
1 fs. To increase the time step, bonds involving hydrogens can be constrained using
the SHAKE [57] or LINCS [58] algorithms, that allow for a simulation time step of
2 fs.

Periodic boundary condition

If we confine the particles of our studied system to a finite volume, those close to the
boundary would differ in their behavior as compared to those located further away.
To eliminate the artifacts from the system boundaries, periodic boundary conditions
are introduced. For this purpose, a central box for the system is defined and this
box is then multiplied in all directions. Atoms outside of the central box are images
of the atoms of the central box, hence an atom can leave the box on one side only to
re-enter on the opposite side. In order to avoid double counting, the minimal image
convention is used. This restricts the calculation of the pairwise interaction between
atoms i and j only to the one between the original atom i and atom j (original or
image), that is closest to atom i [38, 39].

Cutoff and Particle Mesh Ewald

The calculation of the non-bonded term at each integration step is the computa-
tionally most expensive part, as it scales at O(N2). Considering that biomolecular
systems in explicit solvent consist of tens of thousands of atoms, these calculations
can become prohibitively expensive. In order to reduce the computational effort, a
cutoff for the non-bonded interactions can be introduced, so that interactions between
atoms beyond a certain cutoff distance are set to zero. As an abrupt truncation of the
interactions at a certain distance would introduce instabilities in the MD simulation,
a switching function can be applied that ensures the continuity of the potential [59].

While the use of a cutoff for the Lennard-Jones potential is not problematic due to its
fast decay (r−6), the truncation of the Coulomb term introduces significant artifacts
in the simulations [60]. Rather then using a cutoff, the electrostatic interactions in
MD simulations can be calculated using the particle mesh Ewald method (PME) [61].
PME is based on the Ewald summation. Here, every point charge is surrounded by
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a Gaussian charge distribution of equal magnitude and opposite sign, that acts as an
ionic atmosphere screening neighboring charges [62]. To ensure charge conservation, a
charge distribution with the same shape but with an opposite sign is also added. This
effectively divides the Coulomb potential into a short-range part, that is evaluated in
real space and a long-range part, evaluated in Fourier space, allowing for an efficient
calculation. Further improvement of the scaling behavior to O(N log(N)) is achieved
in PME by using the fast Fourier transform [61].

2.1.4 Calculation of Minimal Energy Paths (MEPs)

One of the important problems both in the computational study of enzymatic re-
action mechanisms and in theoretical chemistry in general is the identification of
the minimal energy path (MEP) for a studied chemical reaction. The MEP is the
steepest descent path that connects the first order saddle point of a potential en-
ergy surface (PES) (the transition state) with the two local minima that correspond
to the reactant and the product of a reaction. A straightforward approach for the
exploration of reaction paths is the coordinate driving (CD) or adiabatic mapping
method [63–66]. Here, we start our investigation in a local minimum of the PES and
define a reaction coordinate (e.g., a distance between two atoms or a combination of
distances) that is varied stepwise with the use of harmonic restraints. At each step,
a minimization is carried out over the remaining degrees of freedom. While the CD
method is quite intuitive and straightforward in its implementation, the resulting re-
action path is largely dependent on the choice of a reaction coordinate [67]. Further
on, if significant atomic rearrangements, connected to the reaction, are not explicitly
included in the reaction coordinate, the CD approach could lead to discontinuities
in the reaction profile [68].

An alternative to CD is the nudged elastic band (NEB) method [69–72]. NEB belongs
to the class of a chain-of-states methods in which two local minima of the PES are
interconnected by a chain of images (or states), that are simultaneously optimized.
A spring force interaction is added between adjacent images to ensure equal spacing
along the reaction path and to prevent the images from "sliding down" from high-
energy regions.

The tangent of an image i (τ i) can be calculated from the coordinates of the adjacent
image with the highest energy [70]:

τ i =

{
τ+
i if Ei+1 > Ei > Ei−1.

τ−i if Ei+1 < Ei < Ei−1.
(2.6)

with τ+
i = |Ri+1 −Ri| and τ−i = |Ri−1 −Ri|

Here Ei refers to the energy of image i with coordinates Ri. If both neighboring
images are either higher in energy (Ei+1 > Ei < Ei−1 ) or lower in energy (Ei+1 <
Ei > Ei−1 ) than image i, then the tangent is calculated as an energy weighted
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average of the vectors of the adjacent images:

τ i =

{
τ+
i ∆Emaxi + τ−i ∆Emini if Ei+1 > Ei−1.

τ+
i ∆Emini + τ−i ∆Emaxi if Ei+1 < Ei−1.

(2.7)

with
∆Emaxi = max(|Ei+1 − Ei|, |Ei−1 − Ei|)
∆Emini = min(|Ei+1 − Ei|, |Ei−1 − Ei|)

(2.8)

The tangent is then normalized:

τ̂ i =
τ i
|τ i|

(2.9)

and both the force, acting on an image due to the energy landscape (referred as true
force), and the spring force are decomposed into components parallel and perpen-
dicular to τ̂ i (see Fig. 5). Only the parallel component of the spring force (FSi‖) and
the perpendicular component of the true force (Fi⊥) are included in the expression
for the total force acting on the image i (FNEBi ):

FNEBi = FSi‖ + Fi⊥ (2.10)

Fi⊥ and FSi‖ are calculated according to the following equations:

Fi⊥ = −∇E(Ri) +∇E(Ri) · τ̂ iτ̂ i (2.11)

FSi‖ = k[(Ri+1 −Ri)− (Ri −Ri−1)] · τ̂ i (2.12)

with k as the spring constant.

This force projection is referred as "nudging" and prevents the spring force from in-
terfering with convergence of the states to the MEP and the true force from affecting
the spacing of the images. This effectively decouples the relaxation of the images
from their distribution along the path.

The climbing image NEB method includes a slight modification of the original NEB
implementation. Following several iterations, the image with the highest energy (j)
is determined and the force acting on this image is then calculated according to the
following equation [71]:

FCI−NEBj = −∇E(Rj) + 2∇E(Rj) · τ̂ j · τ̂ j (2.13)

The image j does not feel the spring forces of the neighboring images and can there-
fore climb to the saddle point.

NEB has several advantages compared to the CD method. The calculation is not
biased by the choice of a reaction coordinate and the simultaneous optimization of
the images allows for a computationally efficient parallel computation of the images.
At the same time, the NEB setup requires prior knowledge of the educt and product
of the studied reaction, as an initial and final point are needed for the generation of
the chain of images.
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Figure 5: Representation of the NEB method. This figure shows a PES with the corresponding MEP
indicated in blue. The chain of images at the start of the NEB are shown in green. The force
acting on image i (FNEB

i ) consists of the spring force component parallel to τ̂ i (FS
i‖) and

the true force component perpendicular to τ̂ i (Fi⊥). This figure is adapted from Ref. [72]

2.2 Relative Binding Free Energy (RBFE) Calculations

2.2.1 Free Energy Differences

According to the second law of thermodynamics, a closed system in thermodynamic
equilibrium assumes a state with a minimum free energy. The difference in the free
energies between state A and state B (∆AAB ) determines the probability of finding
a system in one state or in the other and is therefore of high interest.

The Helmholtz free energy A is related to the canonical partition functionQ(N,V, T ),
that describes a system with N particles, volume V , and temperature T :

A = − 1

β
lnQ(N,V, T ) = − 1

β
ln

(
1

h3NN !

∫
dRNdpN e−βH(RN ,pN )

)
(2.14)

with β = 1/kBT and kB as the Boltzmann constant. Here, H(RN ,pN ) is the Hamil-
tonian of the system of N particles with coordinates RN and conjugate momenta
pN and h is Planck’s constant. Assessing A from MD simulations is quite difficult,
as it would require adequate sampling of the higher energy phase space regions [73],
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which can be achieved only for small systems. The free energy difference ∆AAB:

∆AAB = AB −AA = − 1

β
ln
QB(N,V, T )

QA(N,V, T )
(2.15)

is more accessible, as contributions to the free energy from the high energy mi-
crostates would be discarded for both states with this error cancelation resulting in
faster convergence for ∆AAB [74].

Free energy differences can be calculated by equilibrium or non-equilibrium methods.
The latter are based on Jarzynski’s identity and Crooks Fluctuation Theorem, that
are summarized in the following sections.

2.2.2 Jarzinski’s Identity and Estimator

Consider a system in contact with a heat reservoir that depends on an external
parameter λ and a process, which causes this parameter to evolve from an initial value
(λ = 0) to a final value (λ = 1). λ = 0 corresponds to state A and λ = 1 corresponds
to the state B of the system. According to the second law of thermodynamics, if we
change λ infinitely slowly, then the system would remain in quasi-static equilibrium
and the total work (W∞) is then equal to the Helmholtz free energy difference ∆AAB
of the states A and B [35]:

W∞ = ∆AAB = AB −AA (2.16)

If λ is varied at a finite rate, then the work (W ) would depend on the initial condi-
tions of the system and an ensemble of measurements (where each measurement is
started after allowing the system and reservoir to equilibrate at a certain tempera-
ture) would yield a distribution of W values. Due to work dissipation the average of
this distribution 〈W 〉 exceeds the Helmholtz free energy difference ∆AAB :

〈W 〉 ≥ ∆AAB (2.17)

For a trajectory that describes the time evolution of the system from state A (λ =
0) to state B (λ = 1), the work can be calculated by the following integral:

W =

∫ λ=1

λ=0

∂H

∂λ
dλ (2.18)

with H is the Hamiltonian of the system.

In 1997 Jarzynski derived the following identity, that relates equilibrium free-energy
difference to an ensemble of non-equilibrium (finite time) work values [35,36]:

e−β∆AAB = 〈e−βW 〉 (2.19)

with:

〈e−βW 〉 = lim
N→∞

1

N

N∑
n=1

e−βWn (2.20)

N denotes the number of trajectories and Wn the work value for the nth transition.
On the left side of eq. 2.19 is an exponential of the free energy difference of the
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states A and B, and on the right side is an exponentially weighted average over an
infinite number of non-equilibrium work trajectories. This equality is also valid for
an NPT ensemble [75]

e−β∆GAB = 〈e−βW 〉 (2.21)

with ∆GAB as the Gibbs Free Energy.

Based on eq. 2.21 the free energy difference for a finite number N transitions can be
estimated, using the Jarzynski estimator:

∆ḠAB = − 1

β
ln

(
1

N

N∑
n=1

e−βWn

)
(2.22)

∆ḠAB is the estimated value for the free energy difference. As exponential averaging
depends strongly on the behavior at the tails of the distribution, which are generally
not as well sampled as the rest of the distribution [76], this approach tends to behave
poorly for a small sample size [77]. Therefore, the limited number of the transitions
introduces a significant bias to the Jarzynski estimator [78].

2.2.3 Crooks Fluctuation Theorem (CFT) and Bennett’s Acceptance
Ratio (BAR)

While the Jarzynski identity employs only transitions from state A (λ = 0) to state
B (λ = 1), Crooks Fluctuation Theory takes into account work values from both the
forward (A→B) and the reverse (B→A) process. If all transitions are started from
an equilibrium ensemble, the following relation can be derived [79–81]:

Pf (W )

Pr(−W )
= e−β(W−∆G) (2.23)

Pf (W ) and Pr(−W ) are the probability distributions of the work values respectively
for the forward and for the reverse paths. Starting from eq. 2.23, Shirts et. al derived
a maximum likelihood estimator for the free energy difference, given a set of work
values [76]:

Nf∑
i=1

1

1 +
Nf

Nr
eβ(Wi−∆Ḡ)

=

Nr∑
j=1

1

1 + Nr
Nf
eβ(Wj−∆Ḡ)

(2.24)

Nf and Nr are the number of forward and reverse transitions. This estimator is
known as Bennett’s acceptance ratio (BAR), as it was first introduced by Bennett
for the calculation of the free energy difference between two states, sampled at equi-
librium [37]. ∆G can be calculated by iteratively solving equation 2.24. The BAR
estimator results in the free energy difference, which maximizes the chance that the
specified forward and reverse work distributions would be observed.

2.2.4 Absolute and Relative Binding Free Energy Calculations

In silico prediction of protein-ligand binding free energy is of high-interest for drug
discovery, as it provides an estimate of the binding affinity of potential drug can-
didates [82, 83]. If such calculations are sufficiently fast and accurate, they can
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reduce the time, or costs for drug lead optimization [84]. Binding affinities can be
estimated from simulations using absolute binding free energy (ABFE) or relative
binding free energy (RBFE) calculations [85]. The former involves sampling of the
binding/unbinding of a ligand either by a physical or a non-physical pathway, which
can be quite challenging especially for charged molecules [86, 87]. The removal of
a ligand from the binding site constitutes as a large perturbation of the system,
resulting in a smaller phase space overlap and a slower convergence for such sim-
ulations [74]. RBFE calculations, in turn, allow for the estimation of the relative
binding free energy differences between two structurally similar molecules. Here, we
take advantage of the fact, that the free energy of a system is a state variable and
calculations of the free energy differences are therefore independent of the path taken
in between [74]. This can be illustrated, using the thermodynamical cycle shown in
Fig.6.

Ligand A in water Ligand A in the active site 
ΔΔ G = ΔG4 – ΔG3=

= ΔG2 – ΔG1

If  ΔΔ G < 0,  then 
ligand A is favoured 
over ligand B

ΔG1 ΔG2

ΔG3

ΔG4
Ligand B in water 

Ligand B in the active site 

Figure 6: Schematic representation of a thermodynamic cycle. The horizontal arrows describe the
binding of the ligands A an B to the protein. The vertical arrows represent the alchem-
ical pathways for the transformation of ligand A to ligand B in solvent and in the active
site. The relative binding affinity (∆∆G) calculated from the difference of ∆G4 and ∆G3

corresponds to the difference of ∆G2 and ∆G1.

The thermodynamic cycle here consists of the free energy difference upon the binding
of a ligand A to the protein (∆G3) and upon the binding of a different ligand B to the
same protein (∆G4) and the free energy difference for the alchemical (non-physical)
transformation of ligand A to ligand B in solvent (∆G1) and in the protein active
site (∆G2). As this is a closed cycle, the sum of all branches is zero. Therefore,
the the relative binding affinity (double free energy difference ∆∆G) of ligand B to
ligand A can be calculated from the following equation:

∆∆G = ∆G2 −∆G1 = ∆G4 −∆G3 (2.25)
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If ∆∆G is negative, then ligand B binds more tightly to the protein than ligand A.
As mentioned above, assessing ∆G1 or ∆G2 from MD simulations is computationally
demanding due to the significant change in the environment. The free energy dif-
ferences from the alchemical pathways are more accessible. The first calculations of
relative free energy differences were performed in 1985 to compute the hydration free
energies of ethane and methanol [88] and since then, different methods have emerged.
In manuscript III, the alchemical non-equilibrium approach [74, 89, 90] was applied
for the calculation of the relative binding free energies of selected SIRT5 inhibitors.
The applied protocol includes equilibrium sampling of the respective ligands in water
and in the active site, followed by short non-equilibrium transition simulations, that
transform one ligand into the other, as represented in Fig. 7.

Figure 7: Schematic representation of the protocol for the relative binding free energy calculations.
Using equilibrium MD simulations, equilibrium ensembles are generated for ligand A and
ligand B in water and in the active site. Non-equilibrium MD simulations are started from
different snapshots of the equilibrium ensembles in the forward (green) and in the reverse
(blue) direction. The respective work values are represented both as a function of the
starting structure (left) and as histograms (right). The free energy difference, calculated by
using BAR, is shown as a black dotted line.

The transitions simulations were performed both in the forward (A→B) and in re-
verse (B→A) directions and the respective work values were calculated using eq.
2.18. The free energy difference is then estimated with BAR.
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2.2.5 Soft-core Potentials

The alchemical transitions between the ligands A and B exploit nonphysical path-
ways that often include the annihilation and creation of particles. The insertion or
deletion of an atom can result in divergence in ∂H/∂λ for λ close to zero or one,
as (according to the Lennard-Jones and Coulomb potentials used in the MM force
fields for the non-bonded interactions) the potential energy of two particles goes to
infinity when the interatomic distance is very small. This would in turn result in
instabilities during the numerical integration and in an unreliable free energy esti-
mate [91]. To avoid singularities and numerical instabilities, the expression for the
non-bonded interactions from eq. 2.1 is modified, so that the Coulomb and Lennard
Jones potentials have finite values even for small interatomic distances [91]:

Unb(rij) =
qiqj

4πε0εr(αQ(1− λ) + rpij)
1/p

+

4λεij

(
1

(αLJ(1− λ) + (rij/σij)s)12/s
− 1

(αLJ(1− λ) + (rij/σij)s)6/s

) (2.26)

Equation 2.26 presents the modified "soft-core" potential for the non-bonded interac-
tions Unb with αLJ and αQ as positive constants. In the GROMACS implementation
of the softcore potential s = p = 6 [92]. By adding a λ-dependent “shifting” term
to the interatomic distance of any Lennard-Jones and Coulombic interaction that
is being annihilated or created in the transformation, the infinitely repulsive body
or “hard core” is replaced by a potential energy barrier of finite magnitude or “soft
core”, thereby preventing singularities in the potential.
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ABSTRACT: Uracil DNA glycosylase catalyzes the N-glycosidic
bond cleavage of uracil, thereby initiating the base excision repair
mechanism for this DNA lesion. Here we employ hybrid quantum
mechanics/molecular mechanics calculations to investigate the exact
mechanism of the nucleophile attack and the role of the conserved
His148 residue. Our calculations suggest that the C1′−N1 bond
dissociation proceeds by a migration of the electrophilic sugar in the
direction of the water nucleophile, resulting in a planar,
oxocarbenium-like transition state. The subsequent nucleophile
addition and proton transfer to a nearby base occur without a
barrier. We assign the role of a proton acceptor to His148 and elucidate why mutations of this residue curtail the enzymatic
activity but do not fully suppress it.

1. INTRODUCTION

DNA nucleobases undergo continuous modifications due to
spontaneous decay or exposure to endogenous and exogenous
genotoxic species.1 To conserve the integrity of the genome,
mutagenic alterations are counteracted by highly efficient DNA
repair mechanisms such as the base excision repair (BER)
pathway.2 BER is predominantly employed for the repair of
single DNA lesions and is initiated by the excision of the
aberrant base. For the DNA damage uracil, an RNA nucleobase,
which arises in DNA as a result of the deamination of cytosine or
alternatively from the misincorporation of 2′-deoxyuridine
monophosphate,3 this excision is catalyzed by the enzyme uracil
DNA glycosylase (UDG).2 UDG employs a water nucleophile
to cleave the N-glycosidic bond between the deoxyribose and
uracil, resulting in an abasic site and an uracilate anion.4

The exact mechanism of the glycosidic bond cleavage has
been the subject of several experimental4−14 and computational
studies.15−17 X-ray structures of UDG bound to DNA revealed
that the damaged nucleotide is rotated out of the DNA helix into
the active site of the enzyme.5,8 Bond dissociation, facilitated by
the reorganization of the substrate in the UDG active site8 and
by a hydrogen bond between His268 and O2 of uracil9 (see
Figure 1), is presumed to proceed by a highly dissociative
transition state or an oxocarbenium-like intermediate on the
basis of kinetic isotope effect (KIE) measurements.10

Although the UDG-catalyzed glycosidic bond cleavage has
been extensively studied, the exact mechanism of the
nucleophile attack and the role of His148 in the reaction
mechanism remain unknown. Initial quantum mechanics/
molecular mechanics (QM/MM) investigations, performed

with a QM region of 32 atoms, revealed a stepwise mechanism
with a stable oxocarbenium-ion−uracil-anion intermediate.15

Upon the addition of the nucleophile, a proton was
simultaneously transferred to the negatively charged Asp145
(see Figure 1). His148, presumed to be doubly protonated and
positively charged in this study, was surmised to have an
anticatalytic influence on the reaction, as it was found to
destabilize the transition state.15,16 However, experimental
findings contradict the latter with evidence of an increase in
barrier height upon the selective mutation of this residue.14

Further on, His148 was suggested to be neutral, with a single
proton at Nε based on nuclear magnetic resonance (NMR) and
binding studies.14

Because of the proximity of His148 to the nucleophile and its
neutral protonation state, there exists a distinct possibility for
this residue to either orient the water molecule for the C1′ attack
or to act as the general base for its activation. A recent combined
QM and semiempirical study investigated this possibility.17

Contrary to the previous calculations, the reaction was found to
proceed without a stable intermediate, and a proton transfer to
His148 was preferred over a proton transfer to Asp145.
However, for computational reasons, the model employed in
ref 17 did not include the whole protein and heavily restrained
the movements of the active-site residues as only the QM region
(114 atoms, MPWB1K/6-31G*) was allowed to relax, whereas
the atoms in the semiempirical region were kept frozen.17

Therefore, a reinvestigation of the mechanism seems useful.
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In our present work, we systematically study the UDG-
catalyzed glycosidic bond cleavage with a particular emphasis on
the catalytic function of His148. Our results indicate a role of a
general base for this residue that is consistent with experimental
evidence. Employing a QM size of 696 atoms allows us to assess
the stability of the products resulting from the nucleophile attack
and provides a reliable description of the reaction energetics.

2. COMPUTATIONAL METHODS
2.1. System Setup. The present calculations are based on

the X-ray structure of the UDG enzyme bound to DNA
containing the substrate analogue 2′-deoxypseudouridine (ΨU)
(PDB code 1EMH).8 The C1 and N5 atoms of ΨU were
interchanged in silico to obtain 2′-deoxyuridine (dU). The
structure was protonated, neutralized with Na+ ions, and
solvated in a box of TIP3P water with a buffer of 10 Å around
the solute using the LEAP module of AmberTools16.18

Protonation states for the UDG titratable residues were assigned
on the basis of PROPKA 3.019 pKa calculations (see the
Supporting Information (SI), Section 1), with the exception of
His148, for which a neutral ionization state with a proton at Nε
was assumed based on NMR and binding experiments.14

Unrestrained force-field molecular dynamics (MD) simulations
were unable to reproduce the reactive conformation of dU (see
SI, Section 2); therefore, we used the crystal structure with
proper solvation as a starting structure for our QM/MM
simulations. To allow for the relaxation of the solvent and the
ions, we performed 10 000 steps of conjugated gradient
minimization with a frozen solute and an equilibration over
400 ps with both DNA and protein atoms held fixed. We
employed the AMBER OL15 force field20 for the DNA, the
AMBER ff14SB force field21 for the protein, and the NAMD
2.10 engine22 for the minimization and equilibration.
2.2. QM/MMCalculations. The initially chosen QM region

consists of the dU nucleotide, three water molecules, Wat600,
Wat655, and Wat727 (numbers corresponding to the crystal
structure), and the backbone and side chains of Gln144, Asp145,
Pro146, Tyr147, His148, Phe158, Asn204, and His268 (170
atoms; see Figure S4).Whereas Asp145, Pro146, andHis148 are
situated within H-bonding distance of the nucleophile, the
remainder of the QM residues are located near the nucleobase
and assumed to either enhance the stability of the transition state
or facilitate the departure of the leaving group.11 To calculate the
minimal energy paths (MEPs), we perfomed adiabatic mapping
calculations and used the resulting educt and products as a
starting point for the climbing-image nudged elastic band
(NEB) calculations.23 The structures of the climbing images
were then further refined using the dimer method.24

All residues within 8 Å of the QM region (2096 atoms) were
optimized, whereas the remaining MM residues were fixed. We

employed the DL-POLY25 implementation within ChemShell26

for theMM component and the Q-Chem27 program package for
the QM component of the hybrid calculations. The QM region
was treated at the B3LYP-D328,29 level of theory with the
6-31G** basis set.30 Partial charges from the MM description
were included in the QM Hamiltonian, and link atoms with a
charge-shifting scheme31 were applied at the QM/MM
boundary.

2.3. QM Size Convergence. For the investigation of the
QM size convergence of the activation and reaction energies, we
employed the geometries of the stationary points resulting from
the QM/MM reaction path calculations with a QM region of
170 atoms.We performed single-point calculations on the educt,
transition states, and products. The number of QM atoms at
each step of this study was gradually increased by including
residues based on their distance to the initial QM region. A
detailed description of the QM regions at each step of this
convergence study is provided in the SI (Section 3.3). The
largest QM sphere comprises all residues within 6 Å of the initial
QM region (1498 atoms). A reasonable size convergence was
considered to be achieved if the values for the reaction and
activation energies agreed with each other within a tolerance of 2
kcal/mol.
An increase in the QM size typically has an important

influence on the relative energies and system properties.32−34

Whereas single-point calculations allow for an assessment of the
convergence behavior, a reoptimization of the stationary points
could still result in significant changes in the relative
energies.35,36 Therefore, we performed geometry reoptimiza-
tions of the reaction educt and products with the converged QM
size of 696 atoms. In these calculations, only the residues of the
initial QM region (170 atoms) were allowed to relax to prevent
structural changes of the environment that are unrelated to the
studied reaction (e.g., a rotation of a water molecule at the
border of the QM region).

3. RESULTS AND DISCUSSION
3.1. Reactant Structure and Tautomeric Form. The

starting point for our calculations is an X-ray structure of an
UDG−DNA complex, containing the reactant mimic pseudour-
idine (ΨU). In the enzyme’s active site, the sugar moiety of the
substrate analogue is flattened from a 2′-endo to a mild 3′-exo
pucker, and the nucleobase is rotated around the glycosidic
bond.8 After modifying ΨU to attain the original substrate and
subsequent structural optimization, the reactant adopts a
flattened 3′-endo conformation, thereby retaining the near-
planarity of the deoxyribose and the overall orientation of the
base (Figure 2). This enzyme-induced structure resembles the
one of the substrate analog and is expected to facilitate bond
cleavage and to favor an oxocarbenium-like transition state.10

Figure 1. Reaction mechanism of the uracil N-glycosidic bond hydrolysis suggested in a QM/MM study by Dinner et al.15
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Previous computational studies on the UDG reaction
mechanism featured uracil in the lactam (keto) form (see
Figure 3c) because this tautomer is themost predominant one in
solution.37 In principle, the lactam form of the base exists in an
equilibrium with the lactim (enol) form, and in the enzyme
active site it is possible for the latter to be favored over the
former. To investigate this possibility, we performed QM/MM
optimizations at the B3LYP-D3/6-31G** level of theory for the
lactam (see Figure 3c) and lactim (see Figure 3a,b) tautomers in
the UDG active site. The energies of T2 and T3 in the UDG−
DNA complex relative to the one of the T1 tautomer are
presented in Figure 3d.
Our calculations show that in the UDG active site the T2 and

T3 tautomers are destabilized by >25 kcal/mol in comparison
with the T1 tautomer on account of a reorganization of the H-
bonding network and the loss of important contacts with the
active-site residues upon a tautomeric shift (see SI, Section 3.2).
This indicates that the lactam tautomer is the preferred substrate
for the studied reaction.
3.2. Reaction Mechanism. In our investigations of the N-

glycosidic bond cleavage mechanism, we examined the
possibility of a nucleophile activation both by a proton transfer

to Asp145 and by a proton transfer to His148. The calculated
MEPs reveal that both reactions proceed according to the same
mechanism (see Figure 4a). Over the course of the C1′−N1
bond dissociation, the sugar moiety migrates in the direction of
the nucleophile, whereas the uracil base and the water molecule
remain close to their initial positions (see Figure 5). A
mechanism featuring an electrophilic migration is consistent
with the results of X-ray studies of a transition-state mimic in the
UDG active site.13 The electrophilic sugar is attracted by the
negative charge on Asp145, only to be captured by a water
nucleophile, which is held fixed by its interaction with His148
and Asp145. Upon the addition of the water molecule, a proton
is simultaneously transferred to a nearby base (see Figure 4b,c).
The absence of a barrier for this step indicates that the attack
occurs spontaneously on account of the reactivity of the
electrophilic sugar (see Figure 4a). The reaction proceeds
through an oxocarbenium-like transition state and without a
stable intermediate.
Whereas the climbing images of the NEB calculations for a

proton transfer to Asp145 and for a proton transfer to His148
differ slightly in their geometries, further refinement of the
transition states using the dimer method24 indicates the
presence of only one transition-state structure with the geometry
shown in Figure 5 (structure B) and an energy of 10.8 kcal/mol.
This transition state is dissociative with a distance between the
anomeric carbon of the sugar moiety and N1 of uracil of ∼2.2 Å
and a distance between the nucleophile and uracil N1 of ∼2.5 Å
(see Figure 5). The planar sp2 geometry of the 2′-deoxyribose
sugar moiety implies an extensive oxocarbenium character for
the transition states, which is in accordance with the results of
KIE studies.10

Whereas the barrier height for the bond hydrolysis is
independent of the base employed in the reaction, the product
of a proton transfer to Asp145 exhibits a higher stability than the
one of a proton transfer to His148 (Figure 4). The difference in
the reaction energy amounts to 3.5 kcal/mol and indicates that
the addition of the nucleophile is more likely to proceed with
Asp145 as the general base. Single-point calculations at the
B3LYP-D3/cc-pVTZ, PBE0-D3/6-31G**, and PBE0-D3/cc-
pVTZ levels result in changes in the reaction energies; however,
the overall trends remain the same (see Table 1). For a QM size
of 170 atoms, a proton transfer to Asp145 is slightly preferred
over a proton transfer to His148.

3.3. QM Size Convergence. Increasing the size of the QM
region typically has an important impact on the reaction
energetics,32−34,36 so that a systematic QM convergence study is
crucial for reliable calculations. To assess the converged size of
the QM region for the UDG reaction mechanism, we performed
single-point calculations on the reaction educt, transition state,
and products resulting from the initial QM/MM reaction path
calculations (QM region of 170 atoms). We increased the QM
size by including residues based on their distance to the initial
QM region. Our results, presented in Figure 6, show the size
convergence of the reaction energetics and reveal a QM region
of 696 atoms to be a good compromise between convergence
and size. It includes all enzyme, DNA, and solvent residues
within 2.5 Å of the initial QM region.
Whereas single-point calculations are typically sufficient to

assess the size of the converged QM region, it is worthwhile to
study the influence of structure reoptimizations on the reaction
energetics (see Section 2.3). A comparison of the reaction
energies for the glycosidic bond cleavage with a proton transfer
to Asp145 and a proton transfer to His148, resulting from

Figure 2. Superposition of the ΨU (in purple) and the minimized dU
structures in the UDG active site. Hydrogen atoms are not shown for
clarity.

Figure 3. (a,b) Lactim and (c) lactam uracil tautomers. (d) Relative
energies of the lactim tautomers compared with the lactam tautomer.
These energies result from QM/MM optimizations of the tautomers in
the UDG active site at the B3LYP-D3/6-31G** level with a QM region
of 170 atoms. All residues within 8 Å of the QM region (2096 atoms)
were relaxed, whereas the rest of the MM atoms were kept frozen.
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calculations with a QM region of 170 and a QM region with 696

atoms both prior to and after the reoptimizations, is presented in

Table 2.

Contrary to previous assumptions based on our calculations
with a QM region of 170 atoms, the results in Table 2 reveal that
for the convergedQM size, a proton transfer to His148 is slightly
favored over a proton transfer to Asp145, as the product exhibits

Figure 4. (a) Minimal energy paths for the glycosidic bond cleavage with a proton transfer to Asp145 (blue) and a proton transfer to His148 (red)
based on NEB calculations at the B3LYP-D3/6-31G** level for a QM region of 170 atoms. Important distances (in angstroms) for the structures
immediately (b) before and (c) after the proton transfer in the case of the Asp145 protonation pathway are noted in the black and gray squares.

Figure 5. Structures of the (A) reaction educt, (B) transition state, and the reaction products (C) for a proton transfer to Asp145 and (D) for a proton
transfer to His148.
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higher stability. Single-point calculations with the PBE0-D3
functional and with a QM region of 1200 and 1400 atoms
confirm these results (see Table 3).
This indicates a role of a general base for His148 that is

consistent with experimental evidence of an oscillating
protonation state for this residue over the course of the
reaction.14 At the same time, our data show that the energetic
differences between the two calculated reaction paths are very
small, so that a reaction pathway through the protonation of
Asp145 is still accessible, which offers an explanation to why
mutations of His148 diminish the enzymatic activity but do not
fully suppress it.6 The selective mutation of Asp145 has a more
profound influence on the reaction rate6 because besides
coordinating the water nucleophile, this residue provides
stabilization to the dissociative transition state and attracts the
electrophilic sugar for the subsequent nucleophile addition.13

The existence of a small, residual enzymatic activity, however,
upon the D145N mutation indicates that in this case, a N-
glycosidic bond cleavage with a proton transfer to His148 can
still take place.

4. CONCLUSIONS
In our QM/MM study of the UDG reaction mechanism, we
explored the stability of the uracil tautomers in the enzyme’s

active site and identified the lactam tautomer of the base, which
is predominant under physiological conditions in solution, as the
preferred substrate for the studied reaction. Further inves-
tigations of the reaction mechanism indicate that whereas a
proton transfer to Asp145 is favored when a small QM size of
170 atoms is employed, the nucleophile attack for the converged
QM size of 696 atoms proceeds with His148 as the general base.
This result is consistent with experimental studies that evidence
a decrease in the enzymatic activity upon themutation of His148
and a change in the protonation state of this residue over the
course of the reaction. At the same time, an alternative reaction
mechanism through a proton transfer to Asp145 explains why
mutations of His148 do not result in a complete loss of
enzymatic activity.
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Table 1. Comparison of the Activation (EA) and Reaction
Energies (ER) of N-Glycosidic Bond Cleavage Calculated at
Different Levels of Theory with B3LYP-D3/6-31G**
Structures for the Stationary Points

B3LYP-D3 PBE0-D3

6-31G** cc-pVTZ 6-31G** cc-pVTZ

EA (kcal/mol) 10.8 12.1 13.9 15.5
Asp145 ER (kcal/mol) −27.6 −21.5 −28.6 −23.2
His148 ER (kcal/mol) −24.4 −19.5 −24.6 −20.3

Figure 6. QM size convergence of the activation energy and the reaction energies for a proton transfer to Asp145 (blue) and a proton transfer to
His148 (red). The dotted line indicates the QM region, for which a convergence of both the activation and the reaction energies within 2 kcal/mol is
reached.

Table 2. Reaction Energies (ER) for a Proton Transfer to
Asp145 and a Proton Transfer to His148, Resulting from
Reaction Path Calculations with a QM Region of 170 Atoms,
from Single-Point Calculations with a QM Region of 696
Atoms, and from the Reoptimized Structures Calculated at
the B3LYP-D3/6-31G** Level

initial QM,
170 atoms

converged QM,
696 atoms,
single point

converged QM,
696 atoms,
reoptimized

Asp145 ER
(kcal/mol)

−27.6 −24.4 −24.0

His148 ER
(kcal/mol)

−24.1 −24.7 −25.5
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1 Protonation states

Table S1: A list of the pKa values for the UDG residues, calculated with PROPKA 3.01 and their
respective protonation states within the system setup. The abbreviation HIE refers to a histidine
with a proton at Nε.

Residue pKa protonation state Residue pKa protonation state

GLU 83 4.60 deprotonated HIS186 7.00 HIE
GLU 87 4.39 deprotonated HIS189 6.16 HIE
LYS 90 10.45 protonated ASP191 2.77 deprotonated
LYS 91 10.41 protonated LYS197 10.47 protonated
HIS 92 5.79 HIE HIS212 6.22 HIE
GLU 96 3.47 deprotonated ARG210 14.06 protonated
LYS 99 11.41 protonated HIS217 4.94 HIE
GLU111 3.55 deprotonated LYS218 11.61 protonated
ARG113 10.70 protonated GLU219 4.39 deprotonated
LYS104 10.32 protonated ARG220 12.18 protonated
TYR101 13.50 protonated GLU223 5.11 deprotonated
GLU112 2.35 deprotonated ASP227 3.84 deprotonated
LYS114 11.13 protonated TYR248 9.68 protonated
HIS115 6.75 HIE LYS251 10.46 protonated
TYR116 10.02 protonated LYS252 9.42 protonated
TYR119 10.92 protonated ASP257 2.56 deprotonated
HIS123 6.14 HIE ARG258 12.15 protonated
CYS132 11.41 protonated LYS259 10.47 protonated
ASP133 3.19 deprotonated ARG260 12.80 protonated
ASP136 4.22 deprotonated HIS261 5.35 HIE
LYS135 10.15 protonated HIS262 5.43 HIE
LYS138 9.21p rotonated HIS268 5.34 HIE
ASP145 6.50 deprotonated ARG276 12.37 protonated
TYR147 15.83 protonated CYS281 11.99 protonated
HIS148 7.22 HIE ARG282 13.49 protonated
HIS154 4.64 HIE HIS283 4.10 HIE
CYS157 13.32 protonated LYS286 10.47 protonated
ARG162 12.59 protonated GLU289 4.61 deprotonated
GLU171 4.24 deprotonated LYS293 10.20 protonated
TYR174 13.27 protonated LYS296 9.49 protonated
LYS175 10.18 protonated LYS297 10.57 protonated
GLU176 5.34 deprotonated ASP300 3.75 deprotonated
ASP180 3.12 deprotonated LYS302 10.50 protonated
GLU182 4.70 deprotonated GLU303 4.96 deprotonated
ASP183 3.80 deprotonated
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2 Force Field MD simulations

2.1 MD procedure

For the molecular dynamics simulations the amber force field parameters (ff14SB for the

enzyme and OL15 for the DNA)2 and the NAMD3 program package were employed. Atom

types for 2-deoxyuridine were assigned manually by comparison with uridine and 2-deoxy-

thymidine. Atomic charges were determined by a RESP fit4 with Q-Chem5 on the B3LYP/6-

31G* level. We employed periodic boundary conditions, particle mesh Ewald summation,6

the RATTLE algorithm7 and a step size of 2 fs. Two 10000 step minimizations were per-

formed, first with a frozen solute and then with harmonic restraints of 1 kcal·mol−1·Å−2

on the solute. The system was heated from 0 to 300 K in 1 K steps over 30 ps, using the

same restraints, and an equilibration over 400 ps in a NVT ensemble was performed. After-

wards the system was equilibrated further for 200 ps in the NPT ensemble with gradually

decreasing restraints. The timeframe for the production step was 100 ns. Several trajectories

starting from the equilibrated system were computed. Temperature control was achieved by

Langevin dynamics and pressure control by the Langevin piston Nosé-Hoover method.8,9

2.2 Results

The conformation of the substrate analogue 2-deoxypseudouridine bound in the UDG active

site differs significantly from the one of 2-deoxyuridine in unbound DNA. The sugar moiety

is flattened to a mild 3-exo pucker with a dihedral d1 between C1, C2, C3, and C4 of -7.5◦

and the base is rotated around the glycosidic bond (see Fig. S1).10

However, over the course of our MD simulations of the UDG-DNA complex, the planarity

of the 2-deoxyribose sugar is lost (see Fig. S2) and uracil rotates around the glycosidic bond

to retain a conformation, similar to the one in unbound DNA. This rotation is accompanied

by the loss of a hydrogen bond between O2 of uracil and Hε of His268 (see Fig. S3). This

enzyme-DNA interaction plays a significant role in the stabilization of the transition state
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Figure S1: Conformation of the substrate analog (PDB Code: 1EMH) compared dU in unbound
DNA. The depicted dU conformation depicted is analogous to the one of dT in a G/T mismatch
(PDB Code: 113D).

and has been estimated to lower the barrier height by about 4.8 kcal/mol.11 Furthermore,

mutations of His268 abolish any enzymatic activity.12

Figure S2: Values for the dihedral d1 between C1, C2, C3, and C4 of the 2’-deoxyribose sugar of
dU over the course of the MD simulations. The planarity of the sugar moiety is lost after less than
20 ns of simulation time.

Therefore, the molecular dynamics simulations result in the loss of both the reactive sub-

strate conformation and a UDG-DNA interaction, considered to be crucial for the reaction.

It is possible that the extensive parametrization employed in force field molecular dynam-

ics does not allow for the description of the unusual conformation of the nucleobase in the

enzymes active site.
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Figure S3: Conformation of dU at the start of the MD preparation and near the end of the MD
production. The rotation of the base is accompanied by an increase in the distance between O2 of
uracil and H of His268 over the course of the production runs. For clarity, the hydrogen atoms of
2-deoxyuridine are not shown.

S5



3 QM/MM calculations

3.1 Initial QM region

His148

Phe158

dU

His268

Asn204

Tyr147

Asp145

Wat
Gln144

Pro146

Figure S4: The QM region for the initial QM/MM calculations includes the dU nucleotide, three
water molecules and the backbone and side chains of Gln144, Asp145, Pro146, Tyr147, His148,
Phe158, Asn204, and His268 (170 atoms).

3.2 Influence of the tautomeric form

A comparison of the structures of the T1 and T2 tautomers indicates that the presence of a

proton at O2 of uracil results in a weaker hydrogen bond interaction between O2 and Hε of

His268 (see Fig. S5). The short H-bond formed between the carbonyl group of Asn204 and

the H atom at N3 of the base in T1 is replaced by a H-bond between the Asn204 carbonyl

group and the H atom at O2 in T2, which in term leads to an increase in the distance between

the amino hydrogen of Asn204 and O4. All of these factors contribute to the destabilization

of the T2 tautomer as compared to T1.

Compared to the T1 tautomer the distance between the O4 atom of uracil and both the

amino hydrogen of Asn204 and the backbone of Phe158 in the T3 structure increases. A
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hydrogen bond is formed between the proton at O4 and the carbonyl group of Asn204 to

replace the H-bonding contact between N3H and the Asn204 carbonyl group in T1, that is

lost upon the tautomeric shift to T3. While this tautomer is more stable than T2, it is still

destabilized compared to T1.

His268

Asn204

Phe158

Asp145

His268

Asn204

Phe158

Asp145

T2 T3

His268

Asn204

Phe158

Asp145

T1

Figure S5: Representation of the T1, T2 and T3 uracil tautomers in the UDG active site. These
structures are the result of QM/MM optimizations at the B3LYP-D3/6-31G** level with a QM re-
gion of 170 atoms. Important H-bonding contacts with the respective distances (in Å) are indicated
with the dotted lines.
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3.3 Details of the QM/MM size convergence

The following table includes a list of all DNA and enzyme residues added to the QM region

at each step of the convergence study, with numbers corresponding to the X-ray structure

(PDB code: 1EMH). The size of the QM region was increased by including residues with at

least one atom located within the selected distance from the initial QM region.

Table S2: List of all residues, added to the QM region at each step of the QM/MM convergence
study

Distance
from the
initial QM

region

Residues added to the QM region
Number
of atoms

Charge of
the QM
region

Initial QM
DU5, GLN144, ASP145, PRO146, TYR147,
HIE148, PHE158, ASN204, HIE268 + 2 water

molecules
170 -2

1.5 Å
DT4, GLY143, GLY149, CYS157, SER159,

LEU203, ALA205, ALA267, PRO269
291 -3

2 Å
DG3, DA6, DT7, SER169, HIE212, ASN215,
SER270 + SER273 + 10 water molecules

479 -6

2.25 Å
TYR119, VAL206, THR208, VAL209, GLY246 +

1 water molecule
556 -6

2.5 Å
GLN152, ALA153, PRO167, LEU170, ILE173,
ALA214, TRP245, TYR248 + 2 water molecules

696 -6

3.5 Å

PRO120, ILE141, LEU142, HIE154, LEU156,
VAL160, PRO168, LEU192, LEU207, ARG210,
ALA211, GLN213, THR226, VAL274 + 7 water

molecules

954 -5

4 Å
GLY155, SER216, SER247, ALA249, THR266,

PHE278 + 6 water molecules
1012 -4

5 Å
PRO150, GLY190, TRP195, LEU202, HIE217,
LYS218, LYS252, PRO271 + 7 water molecules

1205 -3

6 Å
VAL125, TRP128, ASN151, PRO166, GLU171,
ASN172, TYR174, TRP222, LEU244, GLN250,
LEU272, TYR275, ARG276 + 17 water molecules

1498 -3
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ABSTRACT: Thymine DNA glycosylase (TDG) initiates the base
excision repair mechanism for the deamination and oxidation
products of cytosine and 5-methylcytosine. This enzyme has a key
role in epigenetic regulation, and its catalytic inactivation results in,
e.g., mice embryo lethality. Here, we employ molecular dynamics
simulations and quantum mechanics/molecular mechanics calcu-
lations to investigate the reaction mechanism of the TDG-catalyzed
N-glycosidic bond hydrolysis of the modified base 5-formylcytosine.
Our results reveal a reaction pathway, which in its first step features
a reorganization of the substrate that lowers the barrier height for
the subsequent C1′−N1 bond dissociation. The suggested mechanism is consistent with the experimental data, as it is not acid-
catalyzed and proceeds through an oxocarbenium-like transition state. It also provides insights into the catalytic roles of the
Thr197 and Asn140 residues.

■ INTRODUCTION

Methylation of the DNA base cytosine to 5-methylcytosine
(mC) is a key epigenetic modification known to impact gene
expression and embryonic development.1,2 Abnormal methyl-
ation patterns are a common feature in cancer and are
associated with tumor suppressor gene silencing3 and
chromosome instability.4 Although the reaction mechanisms
of the DNA methyltransferases, which catalyze the covalent
addition of a methyl group to cytosine, have been well
characterized,5 the understanding of the process of active DNA
demethylation remains limited. The only established deme-
thylation pathway in mammals proceeds through the stepwise
oxidation of mC to 5-hydroxymethylcytosine (hmC), 5-
formylcytosine (fC), and 5-carboxycytosine (caC) mediated
by the ten-eleven translocation enzymes.6 The modified bases
fC and caC are subsequently excised by the enzyme thymine
DNA glycosylase (TDG),7,8 thereby initiating the base excision
repair pathway.
TDG is a monofunctional DNA glycosylase employing a

water nucleophile to cleave the N-glycosidic bond between the
base and the sugar moiety, resulting in an abasic site and a free
base.9 Although this enzyme was first identified to excise the
canonical base thymine from T:G mispairs,10 it has a wide
variety of substrates, including deamination and oxidation
products of both cytosine and mC.8,11 One essential aspect of
the TDG reaction mechanism, which is independent of the
substrate involved, is the severe loss of the glycosylase activity
upon N140A mutation.12 The side chain of this residue
coordinates the nucleophile, and the sharp decrease in the

reaction rate is presumed to stem from the loss of this
interaction.13 Mutation of Thr197 also diminishes the catalytic
activity, as its side chain positions Asn140 and its backbone
contacts the putative nucleophile (see Figure 1a).13

For the substrate fC, the TDG reaction rate shows no
dependence on the pH.14 Considering the lack of any evidence
for the involvement of a general acid in the reaction
mechanism,15 an activation of the modified base through its
protonation is not feasible.14,15 The N-glycosidic bond
cleavage is therefore presumed to proceed through a highly
dissociative transition state or an oxocarbenium intermediate
(see Figure 1b),14 with the departing base mostly stabilized
through hydrogen bonds to backbone atoms of the enzyme.15

Although the analysis of the X-ray structure15,16 and
mutational studies14,15 have provided significant insight into
the underlying mechanism of the fC excision, an atomistic
scale investigation of this reaction has not yet been performed.
Here, we present a reaction mechanism for the TDG-catalyzed
fC hydrolysis based on classical molecular dynamics (MD) and
quantum mechanics/molecular mechanics (QM/MM) simu-
lations, which features a substrate reorganization that
significantly lowers the barrier height for the subsequent
glycosidic bond dissociation. Consistent with the experimental
data, this mechanism is not acid catalyzed and provides further

Received: December 5, 2018
Revised: April 16, 2019
Published: May 1, 2019

Article

pubs.acs.org/JPCBCite This: J. Phys. Chem. B 2019, 123, 4173−4179

© 2019 American Chemical Society 4173 DOI: 10.1021/acs.jpcb.8b11706
J. Phys. Chem. B 2019, 123, 4173−4179

D
ow

nl
oa

de
d 

vi
a 

L
M

U
 M

U
E

N
C

H
E

N
 o

n 
M

ar
ch

 1
5,

 2
02

1 
at

 1
6:

13
:4

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.



insight into the catalytic role of the Asn140 and Thr197
residues.

■ COMPUTATIONAL DETAILS

Molecular Dynamics. Starting point of our simulations is
the crystal structure of a TDG−DNA complex, featuring 2′-
fluoroarabino-5-formylcytidine (PDB code: 5t2w).15 The
fluorine atom of the inhibitor was substituted by a hydrogen
and the structure was protonated, solvated in a box of TIP3P17

water with a buffer of 10 Å around the solute, and neutralized
with Na+ ions using the LEAP module of AmberTools16.18 For
the parametrization of fC, we employed antechamber18 and the
GAFF force field,19 with charges calculated by a RESP fit at the
HF/6-31G* level. Force-field MD simulations were performed
with the NAMD 2.10 engine20 and Amber force field
parameters (ff14SB for the enzyme and OL15 for the
DNA)18 (for details on the MD simulation see the Supporting
Information (SI), Section 1.1).
Considering the proximity of the residue His151 to fC and

its unknown protonation state, we performed MD simulations
featuring both a positively charged His151 and a neutral
His151, with a hydrogen only on Nε (3 trajectories per
protonation state, each 100 ns long). We disregarded the
possibility for a neutral His151 with a proton at Nδ on the
account of the observed short distance between Nε and the
backbone oxygen of Pro125 in every crystal structure of a
TDG−DNA complex, independent of the substrate or
crystallization conditions.15,21,22 This short distance is
indicative of a hydrogen bond, which would be lost if there
is no proton at Nε.
On the account of pKa values, calculated with

Karlsberg+23−25 and an analysis of the H-bond occupancy, a
neutral protonation state for His151 was adopted for the

following QM/MM calculations (see the SI, Section 1.2).
Though the selected His151 protonation state differs from the
one employed by Kanaan et al.26 in their investigation of the
TDG-catalyzed excision of thymine, it is consistent with
experimental studies, which show no pH dependency of the
enzymatic activity and no evidence of the involvement of a
general acid in the TDG-catalyzed fC excision.14

QM/MM Calculations. In the crystal structures of the
TDG−DNA complex, the base is rotated approximately 40°
around the glycosidic bond as compared to the free substrate
(Figure S2). This conformation is found for different TDG
substrates and crystallization conditions.15,21,22 We, therefore,
grouped the MD structures according to the torsion angle χ
(O4′−C1′−N1−C2) and selected 20 frames for the QM/MM
calculations from a group with χ values close to the ones found
in the crystal structure. The minimal energy paths for these 20
frames were calculated using adiabatic mapping. For the frame
with the lowest barrier height, the reaction path was refined
with the climbing image nudged elastic band method (CI-
NEB).27

The QM region includes the fC nucleotide, the water
nucleophile, and the residues Ile139, Asn140, Ala145, His151,
Tyr152, Asn191, and Thr197 (144 QM atoms). Asn140 and
Thr197 are located close to the water molecule. The backbone
amide group of Tyr152 contacts the formyl oxygen, whereas
the backbones of Ile139 and Asn140 provide hydrogen bonds
to the O2 atom of fC.15

Mutational studies reveal that the H151A mutation results in
a 2-fold decrease in the TDG enzymatic activity.14 A role of a
general base for His151 has been discounted by experiments,14

so this residue could help position the flipped base for its
interaction with the rest of the active site residues. Experiments
show that a mutation of Ala145 leads to a 3-fold decrease in

Figure 1. (a) Nucleophile-binding mechanism in TDG: the side chain of Asn140 and the backbone of Thr197 contact the water molecule. This
representation stems from an X-ray structure of a TDG−DNA complex (PDB code: 5t2w)15 with hydrogens added for clarity. (b) Suggested
mechanism for the N-glycosidic bond cleavage of fC.14 The reaction is expected to proceed through an oxocarbenium ion intermediate or a highly
dissociative, oxocarbenium-like transition state.
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the enzymatic activity.14 The side chain of this residue forms a
nonpolar contact with the fC formyl carbon and is assumed to
position the fC formyl oxygen for its interaction with Tyr152.15

We included Ala145, His151, and Asn191 as part of the QM
region, based on their proximity and interactions with the base.
Although their influence on the enzymatic activity according to
the mutational studies is minor,14 their inclusion in the QM
region allows for a comprehensive description of the reaction
energetics.
Calculations of the QM part were performed at the B3LYP-

D328 level of theory with the def2-svp basis set,29 using the
FermiONs++ program package.30−32 For the MM part, we
employed the DL-POLY interface33 implemented in Chem-
Shell34 and Amber parameters.18 All residues within 8 Å of the
QM region were optimized to ensure the relaxation of the
system, whereas the rest were kept frozen.

■ RESULTS AND DISCUSSION
Substrate Reorganization. To explore the underlying

mechanism of TDG-catalyzed fC excision, we investigated the
dissociation of the glycosidic bond between the C1′ and N1
atoms of fC both through adiabatic mapping and NEB
calculations (see Figure 2a, blue curve). Our calculations
indicate that over the course of the studied reaction, the base
remains at its initial position, whereas the electrophilic sugar
migrates in the direction of the nucleophile (see Figure 2b).
The bond dissociation proceeds through a nearly planar
oxocarbenium-like transition state, and the addition of the
nucleophile is accompanied by a proton transfer to the nearby
Asn140 residue. Over the course of our investigations, we
employed different reaction coordinates for the adiabatic
mapping procedure (e.g., r(C1′−N1), r(C1′−O(nuc)),
r(C1′−N1)−r(C1′−O(nuc)), etc.) However, none of the
calculated reaction paths was able to capture a stable
intermediate. The NEB calculations also did not provide any
evidence for the existence of such species.
Although a mechanism featuring an electrophile migration of

the sugar moiety is reminiscent of the enzyme UDG,35 the
TDG-catalyzed glycosidic bond cleavage of fC has a high-
energy barrier of 30.3 kcal/mol, and its product is unstable. At
the same time, an alternative mechanism featuring an
activation of the base through a N3 protonation has been
refuted by experiments,14,15 as the reaction is not acid-
catalyzed, and a direct proton transfer from the nucleophile to
the base is not feasible due to a distance of more than 4 Å in
between. We, therefore, investigated the possibility of a
preactivation of the substrate prior to the C1′−N1 bond
dissociation.
A comparison of the crystal structures of the TDG reaction

inhibitor, 2′-fluoroarabino-5-formylcytidine, and the reaction
product, the abasic site (PDB codes: 5t2w and 4z7b),
pinpoints a significant change in the conformation of the
sugar. The dihedral γ between C3′, C4′, C5′, and O5′ differs in
those two structures by approximately 120° (see Figure 3).
The conformation of the educt, 5-formylcytidine, is similar to
that of the inhibitor. We, therefore, calculated a reaction path
for the rotation around γ, which resulted in an only slightly
destabilized intermediate (reaction energy of +1.5 kcal/mol, D
in Figure 2a). Following this substrate reorganization, the
barrier height of a subsequent glycosidic bond cleavage is
lowered by around 7 kcal/mol and the product of the reaction
is more stable (see Figure 2a, red curve, activation energy of
+23.3 kcal/mol). Similar to the reaction without the

rearrangement, the C1′−N1 dissociation for the activated
substrate proceeds through a planar, oxocarbenium-like
transition state with the addition of the nucleophile resulting
in a protonated Asn140 residue (see Figure 2c).
The results presented in Figure 2a suggest that TDG-

catalyzed glycosidic bond hydrolysis proceeds via a stepwise
mechanism, with the substrate rearrangement as the first step
and the C1′−N1 bond dissociation coupled with the

Figure 2. (a) Energy profiles for the glycosidic bond cleavage with
(red curve) and without the substrate reorganization (blue curve). (b)
Structures of the educt, transition state, and product for a reaction,
which does not feature the substrate rearrangement. (c) Structures of
the reaction educt, intermediate, and product for a reaction featuring
the substrate rearrangement.

Figure 3. Conformation of the TDG inhibitor and reaction product
(PDB codes 5t2w15 and 4z7b16). The dihedral γ between the atoms
O5′, C5′, C4′, and C3′ (shown in the blue circles) differs by about
120°. The conformation of the sugar moiety of the inhibitor 2′-
fluoroarabino-5-formylcytidine is similar to that of fC and to that of
pyrimidine DNA bases in B-DNA.
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nucleophile addition as the second step. The decrease in
barrier height following the rotation around γ raises the

question of how the substrate reorganization facilitates the
C1′−N1 bond dissociation. Over the course of the cleavage of

Figure 4. (a) Structures of the transition states of the N-glycosidic bond cleavage for a reaction without a substrate reorganization (left) and for a
reaction featuring a substrate reorganization (right). (b) Electrostatic potential maps of both transition states, calculated with B3LYP and a def2-svp
basis set. The rotation around the dihedral γ prior to the bond dissociation results in an increase in the distance between O5′ of the sugar and N1 of
the base. In case of a reorganized substrate, the CH2 group, highlighted in a pink circle, shields the negative charge of the phosphate group, thereby
reducing its electrostatic repulsion with the negatively charged base. (c) Structures of the product of the N-glycosidic bond cleavage for a reaction
without a substrate reorganization (left) and for a reaction featuring a substrate reorganization (right).
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the glycosidic bond, a negative charge develops on fC, which
results in an electrostatic repulsion between the base and O5′
of the sugar moiety. Through the rearrangement of the
substrate prior to the excision, the distance between O5′ and
the base in the TS and product increases (see Figure 4a,c),
which can lead to a decrease in the barrier height. Further on,
following the rotation, the negative charge of the phosphate
group is also slightly shielded by the C5′ atom and its
hydrogens (see Figure 4a,b). The substrate reorganization is
accompanied by an increase in the distance between the O5′
atom of fC and the hydrogen of the hydroxyl group of Ser273
(see Figure S4).
An important characteristic for the TDG-catalyzed reactions

is the dependence of the enzymatic activity on the N1 acidity
of the leaving group, namely, the base.11,15 The significant N1
acidity of fC is attributed to the resonance stabilization of the
fC anion via charge delocalization to the formyl group.14

Considering that the reaction results in an fC anion, a
dependence of the enzymatic activity on the N1 acidity is
consistent with the suggested mechanism. Compared to fC, the
N1 acidity of cytosine and the respective stability of the
cytosine anion are significantly lower,14 which could explain
why this base is not excised by TDG.
Role of Asn140 and Thr197. In the crystal structure of

the TDG−DNA complex, there is a short distance between the
Oδ of Thr197 and the amide group of Asn140, which suggests
that a hydrogen bond is formed. On the account of this
interaction and mutational studies, which evidence a decrease
in the enzymatic activity upon the T197A mutation, this
residue is presumed to position the Asn140 side chain, which,
in turn, coordinates the water nucleophile. In our MD
simulations, this hydrogen bond is retained with an overall
occupancy of over 80%, which confirms the suspected role of
this residue. Our QM/MM calculations, however, indicate a
further involvement of Thr197 in the TDG reaction
mechanism. As the addition of the nucleophile proceeds, the

distance between the Thr197 hydroxyl oxygen and the Asn140
amide hydrogen decreases from to 1.82 to 1.69 Å (Figure 5a).
In solution, a proton transfer to the carbonyl group of an

asparagine is unlikely to take place. However, in the TDG
active site, the positive charge that develops upon the addition
of the nucleophile is stabilized by hydrogen bond interactions
between Asn140, Thr197, and the abasic site (see Figure 5a).
The short distances between proton acceptors and donors for
these interactions indicate that the reaction results in a proton
delocalized over an extensive H-bonding network consisting of
Asn140, Thr197, and the abasic site (see Figure 5b). The
reaction energy for this product is relatively high (17.2 kcal/
mol, see Figure 2a); however, further relaxation of the system
is expected upon inclusion of dynamic effects and upon the
release of the base into the solvent.
In some of the MD frames, a second water molecule can be

found between the backbone of Thr197 and the nucleophile
(Figure S5). We performed adiabatic mapping calculations for
the glycosidic bond cleavage on one of these MD frames
(Figure S6a), with structures of the reaction educt and product
presented in Figure S6b. The presence of a second water
molecule in the TDG active site alters the H-bonding network.
The distance between the carbonyl group of Asn140 and the
proton of the water nucleophile is longer, and the hydroxyl
group of Thr197 is oriented toward the second water molecule
(Figure S6b). Still, the reaction proceeds through a migration
of the electrophile in the direction of the water nucleophile and
results in a proton delocalized over an extensive H-bonding
network consisting of Asn140, Thr197, the second water
molecule, and the abasic site.

Continuation of the Mechanism. The enzyme UDG
belongs to the same enzyme superfamily as TDG and employs
a similar mechanism featuring an electrophilic migration of a
sugar moiety for the glycosidic hydrolysis of uracil.35 The
reaction results in a negatively charged uracil and a proton
transfer to a nearby Asp145 residue. Heteronuclear NMR

Figure 5. (a) Structures of the reaction intermediate (D in Figure 2) and product (F in Figure 2) for a reaction mechanism with substrate
reorganization. Upon the addition of the water nucleophile, the hydrogen bond between the side chains of Asn140 and Thr197 is tightened. (b)
Resonance structures for the positive charge delocalized over an extensive H-bonding network consisting of Asn140, Thr197, and the abasic site.
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experiments have shown that following the glycosidic bond
cleavage, uracil remains as an anion in the UDG active site
until its release into solution.36,37 Considering the similarities
of the reaction mechanisms of TDG and UDG, it is possible
that the same applies for fC in the TDG active site.
For TDG, the C1′−N1 bond dissociation of fC results in a

negatively charged base and a positive charge delocalized on
Asn140, Thr197, and the abasic site. The fC anion is stabilized
by interactions with the enzyme backbone and the side chain
of Asn191 (see Figure S7) and by the delocalization of the
negative charge over the π-system.
A direct proton transfer of the delocalized proton to the base

is not feasible, as the distance in-between amounts to more
than 5 Å. However, it is possible that the fC anion retains its
negative charge until its release into solution or that the proton
is transferred during the release of the product. A proton
transfer to the base might also involve a bulk water molecule.
The escape of the excised base is assumed to proceed along a

solvent-filled channel that runs along the target DNA strand
(see Figure 6).16,22 An investigation of the product release

along this channel would involve either steered MD
simulations38 or ideally extensive path integral MD simu-
lations, which are, however, beyond the scope of this study.

■ CONCLUSIONS
In this work, we employed force-field MD simulations and
QM/MM calculations to explore the reaction mechanism of
the TDG-catalyzed fC excision. Our results indicate that prior
to the glycosidic bond cleavage, the reaction substrate is
rearranged by the rotation of the phosphate group around the
C4′−C5′ bond. This conformational change activates the
substrate for the next step of the reaction pathway, i.e., the
C1′−N1 bond dissociation, by diminishing the electrostatic
repulsion between the anionic base and the phosphate
backbone and reduces the barrier height by around 7 kcal/
mol. The N-glycosidic bond cleavage proceeds through the
migration of the electrophilic sugar in the direction of the

bound water molecule, with the addition of the nucleophile,
resulting in a positive charge delocalized over an extensive H-
bonding network consisting of Asn140, Thr197, and the
oxygen of the abasic site. Our calculations indicate an
involvement of Thr197 in the reaction mechanism that goes
beyond its previously suggested role and provide an
explanation for the experimentally observed decrease in the
enzymatic activity upon the T197A and N140A mutations.
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(1) Cortaźar, D.; Kunz, C.; Selfridge, J.; Lettieri, T.; Saito, Y.;
MacDougall, E.; Wirz, A.; Schuermann, D.; Jacobs, A. L.; Siegrist, F.;
et al. Embryonic lethal phenotype reveals a function of TDG in
maintaining epigenetic stability. Nature 2011, 470, 419−423.
(2) Cortellino, S.; Xu, J.; Sannai, M.; Moore, R.; Caretti, E.;
Cigliano, A.; Le Coz, M.; Devarajan, K.; Wessels, A.; Soprano, D.;
et al. Thymine DNA glycosylase is essential for active DNA
demethylation by linked deamination-base excision repair. Cell
2011, 146, 67−79.
(3) Kazanets, A.; Shorstova, T.; Hilmi, K.; Marques, M.; Witcher, M.
Epigenetic silencing of tumor suppressor genes: Paradigms, puzzles,
and potential. Biochim. Biophys. Acta 2016, 1865, 275−288.
(4) Jones, P. A.; Gonzalgo, M. L. Altered DNA methylation and
genome instability: A new pathway to cancer? Proc. Natl. Acad. Sci.
U.S.A. 1997, 94, 2103−2105.
(5) Cheng, X.; Blumenthal, R. M. Mammalian DNA methyltrans-
ferases: A structural perspective. Structure 2008, 16, 341−350.
(6) Ito, S.; Shen, L.; Dai, Q.; Wu, S. C.; Collins, L. B.; Swenberg, J.
A.; He, C.; Zhang, Y. Tet proteins can convert 5-methylcytosine to 5-
formylcytosine and 5-carboxylcytosine. Science 2011, 333, 1300−
1303.
(7) He, Y.-F.; Li, B.-Z.; Li, Z.; Liu, P.; Wang, Y.; Tang, Q.; Ding, J.;
Jia, Y.; Chen, Z.; Li, L.; et al. Tet-mediated formation of 5-
carboxylcytosine and its excision by TDG in mammalian DNA.
Science 2011, 333, 1303−1307.
(8) Maiti, A.; Drohat, A. C. Thymine DNA glycosylase can rapidly
excise 5-formylcytosine and 5-carboxylcytosine: Potential implications
for active demethylation of CpG sites. J. Biol. Chem. 2011, 286,
35334−35338.
(9) Stivers, J. T.; Jiang, Y. L. A mechanistic perspective on the
chemistry of DNA repair glycosylases. Chem. Rev. 2003, 103, 2729−
2759.

Figure 6. Representation of the solvent-filled channel in the TDG
active site: fC is shown in magenta, TDG in blue, and the DNA in
orange. The channel runs from the TDG active site to the enzyme
surface along the target DNA strand.16

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.8b11706
J. Phys. Chem. B 2019, 123, 4173−4179

4178



(10) Neddermann, P.; Jiricny, J. The purification of a mismatch-
specific thymine-DNA glycosylase from HeLa cells. J. Biol. Chem.
1993, 268, 21218−21224.
(11) Bennett, M.; Rodgers, M.; Hebert, A.; Ruslander, L.; Eisele, L.;
Drohat, A. Specificity of human thymine DNA glycosylase depends on
N-glycosidic bond stability. J. Am. Chem. Soc. 2006, 128, 12510−
12519.
(12) Hardeland, U.; Bentele, M.; Jiricny, J.; Schar, P. Separating
substrate recognition from base hydrolysis in human thymine DNA
glycosylase by mutational analysis. J. Biol. Chem. 2000, 275, 33449−
33456.
(13) Maiti, A.; Noon, M. S.; MacKerell, A. D.; Pozharski, E.; Drohat,
A. C. Lesion processing by a repair enzyme is severely curtailed by
residues needed to prevent aberrant activity on undamaged DNA.
Proc. Natl. Acad. Sci. U.S.A. 2012, 109, 8091−8096.
(14) Maiti, A.; Michelson, A. Z.; Armwood, C. J.; Lee, J. K.; Drohat,
A. C. Divergent mechanisms for enzymatic excision of 5-
formylcytosine and 5-carboxylcytosine from DNA. J. Am. Chem. Soc.
2013, 135, 15813−15822.
(15) Pidugu, L. S.; Flowers, J. W.; Coey, C. T.; Pozharski, E.;
Greenberg, M. M.; Drohat, A. C. Structural basis for excision of 5-
formylcytosine by thymine DNA glycosylase. Biochemistry 2016, 55,
6205−6208.
(16) Malik, S. S.; Coey, C. T.; Varney, K. M.; Pozharski, E.; Drohat,
A. C. Thymine DNA glycosylase exhibits negligible affinity for
nucleobases that it removes from DNA. Nucleic Acids Res. 2015, 43,
9541−9552.
(17) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.
W.; Klein, M. L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 1983, 79, 926−935.
(18) Case, D.; Cerutti, D. S.; Cheatham, T.; Darden, T.; Duke, R.;
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1 Force Field MD simulations

1.1 MD procedure

For the molecular dynamics simulations we employed Amber 16 force field parameters1

(ff14SB for the enzyme and OL15 for the DNA) and the NAMD 2.10 program package.2

The preparation of the system included two 10000 step conjugate gradient minimizations,

the first with a frozen solute and the second with harmonic restraints of 1 kcal·mol−1·Å−2.

Using the same restraints, the system was heated from 0 to 300 K in 1 K steps over 30 ps, and

an equilibration over 200 ps in an NVT ensemble was performed. The system was further

equilibrated for 400 ps in the NPT ensemble with gradually decreasing restraints. In this

step, we used Langevin dynamics for temperature control and Langevin piston Nosé-Hoover

method for pressure control.3,4 Starting from the equilibrated structure, we computed several

100 ns trajectories. Our simulations employed the RATTLE algorithm5 and have a step size

of 2 fs.
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1.2 Parameters for 2’-deoxyformylcytidine
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Figure S1: Atom names of the fC atoms

Table S1: Parameters for fC

Atom name Charge Atom name Charge

P 0.9111983625 C5A 0.6632867980
OP1 -0.8119154556 O5A -0.6262119667
OP2 -0.7599721674 H5A 0.0173058691
O5’ -0.2790439503 C4 1.1411368214
C5’ -0.2886251205 N4 -1.1592934909
H5’ 0.1828576770 H41 0.4689297168
H5” 0.1190050671 H42 0.5172281692
C4’ 0.2612349840 N3 -0.9756087825
H4’ 0.0603807190 C2 0.9885195877
O4’ -0.4683633094 O2 -0.6907166092
C1’ 0.2571176230 C3’ 0.3052979526
H1’ 0.1710959212 H3’ 0.0649964109
N1 -0.3667171927 C2’ -0.6101344556
C6 0.3998355381 H2’ 0.2480675126
H6 0.0641811214 H2” 0.1785463519
C5 -0.7203394180 O3’ -0.2632802849
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2 Protonation state of His151

The histidine side chain can assume three different protonation states - positively charged

(with a proton both on Nδ and Nε) or neutral with either a proton at Nε or a proton at

Nδ. In order to determine the protonation state of the His151 residue, we performed MD

simulations featuring a positively charged His151 (HIP) and featuring a neutral His151 with

a hydrogen only on Nε (HIE)(3 trajectories per protonation state, each 100 ns long). We

discounted the possibility for a neutral His151 with a proton at Nδ on the account of a

short distance between Nε and the backbone oxygen of Pro125 in every crystal structure

of a TDG-DNA complex, independent of substrate or crystallization conditions. This short

distance is indicative of a hydrogen bond interaction, which would be lost if there is no

proton at Nε.

2.1 pKa calculations

We performed pKa calculations with the cavity algorithm6 of the Karlsberg+ program7,8 on

ten equally distanced in time MD frames from each MD trajectory. The mean pKa values

per trajectory and their standard deviations (SD) are listed in Table S2.

Table S2: calculated pKa values

HIE HIP

mean pKa SD mean pKa SD
traj1 5.7 1.81 9.56 1.85
traj2 6.57 1.67 10.22 0.98
traj3 4.88 1.9 9.99 0.42

For all trajectories, featuring a positively charged His151, the calculated pKa would

suggest that His151 is doubly protonated, while for the trajectories featuring a neutral

His151, a neutral protonation state is more probable. The high variation of the pKa values

can partly be attributed to the proximity of the His150 residue, as different orientations of
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its side chain affect significantly the pKa of His151.

2.2 Hydrogen bond occupancies

As the pKa calculations do not offer a definitive answer regarding the protonation state of

His151, further investigations seemed necessary. Considering that a different protonation

state can lead to a reorganization of the hydrogen bonding network, we decided to take a

closer look at the occupancies of the hydrogen bonds for the HIP and HIE MD simulations.

This comparison can elucidate which protonation state represents the conformation seen in

the crystal structure.

A close contact between Nε of His151 and the backbone oxygen of Pro125, and between

the amide group of Asn140 and the side chain alcohol of Thr197 is present in every crystal

structure of the TDG-DNA complex, independent of the substrate. For fC, there is also a

short distance between the backbone nitrogen of Tyr152 and the oxygen of the formyl group.

The occupancies of these hydrogen bonds for both protonation states were calculated with

the program cpptraj9 and are presented in Table S3.

Table S3: Occupancies of the hydrogen bonds in %

Neutral His151 Protonated His151

Acceptor Donor traj1 traj2 traj3 traj1 traj2 traj3
Pro125 - O backbone His151 - Nε 95.35 95.86 93.43 36.71 61.12 27.94
Thr197 - Oγ Asn 140 - Nδ 99.74 99.78 80.47 68.88 99.75 99.53
fC - formyl O Tyr152 - N backbone 99.89 99.87 99.54 93.79 94.44 44.49

For a neutral His151 residue, in all three trajectories the occupancy of these hydrogen

bonds is more than 80%. This is not the case for the protonated form of this residue, where

the occupancy of some of the hydrogen bonds is significantly lower. Most prominent is the

loss of the interaction between the Pro125 backbone oxygen and Nε of His151. This analysis

indicates that MD simulations featuring a neutral His151 tend to represent best the reactive

conformation seen in the crystal structure.
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3 Choice of a structure for the QM/MM simulations

χ = -157°

χ = -119°

Figure S2: Superposition of the structures of fC in the TDG-DNA complex (green, PDB
code: 5t2w) and in free DNA (violet, PDB code: 4qc7). χ is the dihedral angle between
the O4’, C1’, N1, and C2 atoms. In the TDG-DNA complex the base is rotated about 40◦

around the glycosidic bond.
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Figure S3: Values for the torsion angle χ over the course of an MD simulation. Structures
of the TDG-DNA complex were grouped according to their χ value. Starting structures for
the QM/MM calculations were selected from a group with χ between -153◦ and -170◦ and
after at least 40 ns of simulation time (black box).
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4 Substrate reorganization

fC fC

Ser273 Ser273

4.47 Å 4.78 Å

2.84 Å

1.95 Å

3.00 Å

3.57 Å

before the reorganization after the reorganization

fC

Figure S4: A comparison of the TDG active site prior and after the re-organization. Upon
the rotation around γ, the distance between the C1’ and the N1 atom of fC increases and
the hydrogen bond interaction between Ser273 and the O5’ of fC is lost.

5 Second water molecule in the TDG active site

second water

molecule

nucleophile

Figure S5: MD frame, featuring a second water molecule in the TDG active site
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Figure S6: (a) Adiabatic mapping path for the substrate reorganization with a subsequent
glycosidic bond cleavage for a reaction with a second water molecule in the TDG active
site (reaction coordinate r(C1’-N1) - r (Onuc - C1’)). (b) Structures of the reaction educt
and product. The glycosidic bond hydrolysis results in a negatively charged fC anion and
a positive charge delocalized on the abasic site, Asn140, Thr197, and the second water
molecule.
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6 Stabilization of the anionic base

1.79 Å

1.74 Å

2.79 Å

1.95 Å

2.14 Å

fC

Figure S7: Structure of the product of the glycosidic bond cleavage. The negative charge on
fC is stabilized by hydrogen bonds between O2 and the backbone hydrogens of Ile139 and
Asn140, and between the formyl oxygen and the backbone hydrogen of Tyr152. Over the
course of the glycosidic bond cleavage, the distance between the amino hydrogen of Asn191
and the N4 atom of fC decreases from 2.50 Å to 2.14 Å, while the distance between the
carbonyl oxygen of Asn191 and the amino hydrogen remains the same. A stronger hydrogen
bond between Asn191 and the N4 atom offers some stabilization for the product. However,
mutations of Asn191 do not compromise the enzymatic activity,10 so that the effect of this
interaction is either quite small or its loss is compensated by the absence of the carbonyl
group in the vicinity of the negatively charged product.
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3.3 Manuscript III: Development of hetero-triaryls as a
new chemotype for subtype-selective and potent
SIRT5 inhibition

C. Glas, E. Naydenova, S. Lechner, N. Wössner, L. Yang, J. Dietschreit, H. Sun, M.
Jung, C. Ochsenfeld, B. Küster, F. Bracher

"Development of hetero-triaryls as a new chemotype for subtype-selective and
potent SIRT5 inhibition"

in preparation

Based on the recently identified Sirt5 inhibitor balsalazide, a launched drug with
negligible bioavailability after oral administration, a as lead structure and early in-
sights into its structure-activity relationships, we developed heteroaryl-triaryls as a
novel chemotype of drug-like, potent and subtype-selective Sirt5 inhibitors. The
unfavourable azo group of the lead structure was modified in a systematic and
comprehensive manner, ending up with a few open-chain and, most importantly,
five-membered heteroaromatic substitutes (isoxazole CG_209, triazole CG_220,
pyrazole CG_232) with very encouraging in vitro activities (IC50 on Sirt5 in the
low micromolar range, <10 µM). These advanced inhibitors were free of cytotoxic-
ity and showed favourable pharmacokinetic properties, as confirmed by permeability
into mitochondria using live cell imaging experiments. Furthermore, results from
calculations of the relative free binding affinities of the analogues compared to bal-
salazide as reference compound agreed well with the trends for inhibitory activities
obtained in the in vitro experiments. So, this method can be used to predict the affin-
ity of closely related future potential Sirt5 inhibitors. Finally, Sirt5 was confirmed
as target of balsalazide and one of its improved analogues in chemical proteomics
experiments. Only two additional enzymes, glutaryl-CoA dehydrogenase (GCD) and
nucleoside diphosphate kinase (NDPK), were found as off-targets in this investiga-
tion, once again confirming the high selectivity of the novel balsalazide-derived Sirt5
inhibitors. In summary, a combination of targeted chemical synthesis synthetic, bi-
ological work and computational studies led to a new generation of tailored Sirt5
inhibitors which represent valuable chemical tools for the investigation of the phys-
iological role of Sirt5, but could also serve as advanced lead structures for drug
candidates for systemic use.
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Abstract 

 Based on the recently identified Sirt5 inhibitor balsalazide, a launched drug with negligible bioavailability 

after oral administration, a as lead structure and early insights into its structure-activity relationships, we developed 

heteroaryl-triaryls as a novel chemotype of drug-like, potent and subtype-selective Sirt5 inhibitors. The 

unfavourable azo group of the lead structure was modified in a systematic and comprehensive manner, ending up 

with a few open-chain and, most importantly, five-membered heteroaromatic substitutes (isoxazole CG_209, 

triazole CG_220, pyrazole CG_232) with very encouraging in vitro activities (IC50 on Sirt5 in the low micromolar 

range, <10 µM). These advanced inhibitors were free of cytotoxicity and showed favourable pharmacokinetic 

properties, as confirmed by permeability into mitochondria using live cell imaging experiments.  

Furthermore, results from calculations of the relative free binding affinities of the analogues compared to 

balsalazide as reference compound agreed well with the trends for inhibitory activities obtained in the in vitro 

experiments. So, this method can be used to predict the affinity of closely related future potential Sirt5 inhibitors. 

Finally, Sirt5 was confirmed as target of balsalazide and one of its improved analogues in chemical 

proteomics experiments. Only two additional enzymes, glutaryl-CoA dehydrogenase (GCD) and nucleoside 

diphosphate kinase (NDPK), were found as off-targets in this investigation, once again confirming the high 

selectivity of the novel balsalazide-derived Sirt5 inhibitors. 

In summary, a combination of targeted chemical synthesis synthetic, biological work and computational 

studies led to a new generation of tailored Sirt5 inhibitors which represent valuable chemical tools for the 

investigation of the physiological role of Sirt5, but could also serve as advanced lead structures for drug candidates 

for systemic use. 
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INTRODUCTION 

Lysine deacylases (KDACs) are associated with the post-translational modification of bioreversible ε-N-

acylations of protein lysine residues involved in various cellular processes. KDACs thereby gain increasing interest 

as enzymatic targets in drug discovery. They are divided into Zn2+-dependent classes I, II, and IV, as well as NAD+-

dependent class III, also named sirtuins.[1] On the basis of our previous work on the development[2-3] and 
biological characterisation[4-7] of sirtuin inhibitors, we have put our focus on the identification of small 
molecule inhibitors of the isoform Sirt5.[8] Sirt5 is one of seven human sirtuin isoforms. These share a highly 

conserved catalytic core of about 275 amino acids and possess variable C- and N-terminal domains, but exhibit 

different cellular localisation and function.[9-10] Sirt5 is primarily localised in the mitochondria and its major 

enzymatic activity in vivo and in vitro lies in the removal of acyl residues that are derived from dicarboxylic acids 

such as succinyl or malonyl.[11-13] Concerning its physiological role, Sirt5 is known to have regulatory effects on 

several biochemical pathways associated with cell metabolism.[10] Targets of Sirt5 include enzymes and proteins 

involved in glycolysis (e.g., through demalonylation of glyceraldehyde 3‐phosphate dehydrogenase (GAPDH)),[14] 

the tricarboxylic acid cycle (e.g., by desuccinylation of the pyruvate dehydrogenase complex (PDC) and the 

succinate dehydrogenase (SDH))[11], and reducing reactive oxygen species (through deacylation of proteins such as 

SOD1,[15] IDH2, and G6PD)[16-17]. Sirt5 further regulates fatty acid metabolism,[11, 14, 18] ammonia detoxification,[19] 

and ketone body formation.[20-21] Dysregulation of Sirt5 is associated with a number of diseases such as metabolic 

disorders,[22-23] cancer,[24-25] and neurological dysfunctions.[26-27]  

Potent and in particular simultaneously highly selective small molecule inhibitors of Sirt5 are still needed as 

chemical tools for further investigation of the physiological role of Sirt5 and the clinical significance of its 

modulation.  

In our previous publication on Sirt5 inhibitors[8] we performed first investigations of the structure-activity 

relationships of balsalazide as a potent and subtype-selective Sirt5 inhibitor. Balsalazide, an approved drug, was 

initially identified as Sirt5 inhibitor by Guetschow et al. in 2016[28] in a high-throughput screening. With its terminal 

negatively charged carboxylate group balsalazide makes use of an interaction with the unique side chains of Arg105 

and Tyr102[8] in the substrate binding site of Sirt5 that provide substrate specificity.[13] We designed and synthesised 

a first set of 13 analogues, where single functional groups of the lead structure were either deleted or minimally 
altered, except the core azo group. We could reveal that no structural feature of the salicylic acid motif or the 
β-alanine-derived side chain of balsalazide should be lightheadedly changed in order to retain Sirt5 inhibitory 
activity.[8] However, balsalazide, a prodrug of 5-aminosalicylic acid for the local treatment of inflammatory bowel 

disease, can be used as a chemical tool, but is not a promising candidate for application as a drug targeting Sirt5, 

due to its poor solubility, its minimal absorption after oral administration, and its liability for enzymatic degradation 

by gut bacteria under reductive cleavage of the azo moiety.[29] Therefore, we extended our SAR study with the 

intention to systematically replace functional groups, and in this set of analogues, with special focus on the critical 

azo group.  

Activity-guided stepwise modification of the core azo group should lead to an increase in inhibitory activity 

against Sirt5 while maintaining subtype selectivity. Most importantly, this optimization should lead to a drug 

candidate with favorable physicochemical properties for future systemic use. 

 

 
Figure 1: Structure of lead compound balsalazide with IC50 determined in our previous investigation.[8] 

 

RESULTS AND DISCUSSION 

1. Chemistry 

Before replacing the core azo group with a variety of different spacers, we exchanged putatively essential 

functional groups of balsalazide with bioisosteres (Figure 3a and Figure 3, top left), generating tetrazole CG_238, 

primary salicylamide CG_254, and fluoro compound CG_267. In addition, one analogue CG_190 was synthesised, 
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where an ethylenediamine linker was added to the salicylate subunit for immobilisation on beads in a chemical 

proteomics experiment (see Section 3 “Chemical Proteomics”). The syntheses of these analogues were in general 

performed following our previously published synthesis of balsalazide[8] with an azo coupling of an in-situ prepared 

arene diazonium salt and an electron-rich arene as the central step (CG_238, CG_254, and CG_190) or a Mills 

reaction of an aniline and a nitrosoarene building block (CG_267). A representative synthesis for this set of 

analogues is depicted in Figure 2a for tetrazole CG_238.  

Next, the azo spacer was replaced by open-chained substitutes, where the number of heteroatoms was reduced 

step by step: imine CG_71, amines CG_79 and CG_112, ether CG_129, stilbene CG_111, ethylene analogue 

CG_142, and alkyne CG_219 (Figure 3, bottom). An exemplary synthesis for these inhibitors is shown for alkyne 

CG_219 in Figure 2b. On the contrary, several analogues were designed and synthesised containing more 

heteroatoms as hydrogen bond acceptors and donors resulting in isomeric amides CG_128 and CG_133, and the 

isomeric sulfonamides CG_137 and CG_140 (Figure 3, bottom). Here, the preparation of sulfonamide CG_137 

was chosen as synthetic example (Figure 2c) because this inhibitor showed very promising results in a first testing 

campaign for inhibitory activity against Sirt5 (see Figure 4). Based on these results structurally related analogues 

of CG_137 were designed, where the sulfonamide group was N-methylated (CG_168, Figure 3, bottom) or the 

upper non-salicylate phenyl ring was replaced by aromatic 5- and 6-membered heterocycles in pyridine CG_163, 

and isomeric thiophenes CG_169, CG_176, CG_177 (Figure 3, top right). Rigidisation of the lead structure was 

accomplished with N-aryl-1,2,3,4-tetrahydroisoquinoline CG_224[30] and quinoline CG_268 (Figure 3, right). The 

synthesis of the latter was accomplished via Suzuki cross-coupling of an in-situ prepared salicylate-derived 

pinacolborane, as shown in Figure 2d. Lastly, the core azo group was replaced by 5-membered heteroaromatics: 

1,2,4-oxadiazole CG_264, isoxazole CG_209, triazole CG_220, and pyrazole CG_232. These hetero-triaryls can 

be prepared by means of Huisgen 1,3-dipolar cycloadditions, as exemplified for triazole CG_220 in Figure 2e. All 

synthetic procedures are described in detail in the Supporting Information (Part A: Syntheses). 
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Figure 2: Exemplary syntheses for a) a bioisosteric analogue with tetrazole CG_238, b) open-chained variations with less heteroatoms 

with alkyne CG_219, c) open-chained variation with more heteroatoms with sulfonamide CG_137, d) rigidised analogues with 

quinoline CG_268, and e) hetero-triaryls with triazole CG_220. 
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Figure 3: All 26 synthesised analogues of balsalazide including Sirt5 inhibition in % at 50 µM final assay concentration provided for 

each structure in parentheses. 

 

2. Sirt5-inhibitory activity 

For determination of the Sirt5-inhibitory activity of the synthesised balsalazide analogues we used the 

enzyme-based FLUOR DE LYS® Sirt5 fluorometric drug discovery assay kit according to manufacturer’s 

instructions. All compounds, including balsalazide as reference, the known Sirt5 inhibitors nicotinamide and 

suramin, and protected precursors CG-94/CG-103, were tested at a final concentration of 50 µM in the initial 

screening (Figure 4).  
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Figure 4: Residual Sirt5 enzyme activity after 1 h incubation with the inhibitors in % (Finh/Fctrl). Balsalazide was included as reference 

and the known non-selective Sirt5 inhibitors nicotinamide and suramin as positive controls. Fluorescence measured upon incubation 

with the cosolvent DMSO alone (no inhibitor) was set to 100% enzyme activity. All inhibitors were tested at 50 µM final concentration. 

F = fluorescent units; λex = 360 nm, λem = 460 nm; number of biological replicates stated with circles (⃝) for each bar. Quinoline 

derivative CG_268 could not be included due to auto-fluorescence. Screening was performed in three consecutive campaigns (CG_137 

– CG_94, then CG_254 – CG_176, then CG_232 – CG_264). 

In comparison to the lead structure balsalazide (89 % Sirt5 inhibition at 50 µM), the results shown in Figure 

4 reveal that introduction of potential bioisosteric groups (Figure 3, top left) resulted in similar inhibitory activity 

against Sirt5 for primary amide CG_254 and fluoro analogue CG_267, but a significant decrease in inhibitory 

activity for tetrazole CG_238. This leads to the conclusion that especially the distal carboxylate group of the β-

alanine derived side chain cannot be replaced. Fortunately, ethylenediamine derivative CG_190, obtained by 

amidation of the salicylate subunit (and used for chemical proteomics experiments later), showed similar potency 

as balsalazide. 

Among the analogues with focus on the core azo group, the set of open-chained variations showed only one 

analogue to be within the range of potency of balsalazide: sulfonamide CG_137 (75% Sirt5 inhibition at 50 µM). 

Compared to these promising results for CG_137, sulfonamide CG_140 (sulfonamide group inverted) showed a 

major drop in activity (29% inhibition at 50 µM). The pyridine and thiophene analogues derived from sulfonamide 

CG_137 (Figure 3, top right) showed a significant loss in potency. 

By rigidising the core of balsalazide, we obtained two analogues (CG_224 and CG_268), of which only 

tetrahydroisoquinoline CG_224 could be tested in this assay setup due to auto-fluorescence of quinolone derivative 

CG_268. It should be noted that despite of the good inhibition results for CG_224 with 68% at 50 µM, this 

compound is not suitable for further experiments regarding the physiological role of Sirt5 because it was found to 

be unstable upon exposure to air. 

Replacing the core azo group with 5-membered heterocycles finally gave way to comparable if not better 

inhibitors of Sirt5 than balsalazide. Only 1,2,4-oxadiazole CG_264 showed a decrease in inhibitory activity. 

Pyrazole CG_232, triazole CG_220 and isoxazole CG_209 inhibited Sirt5 by 80 to 84% at 50 µM. 

After this first screening for further identification of SAR, the compounds, which showed comparable 

inhibitory activity as the lead structure balsalazide (sulfonamide CG_137, isoxazole CG_209, triazole CG_220, 

tetrahydroisoquinoline CG_224, pyrazole CG_232, primary amide CG_254, and fluoro compound CG_267), as 

well as isomeric sulfonamide CG_140 for comparison with CG_137, were subjected to testing for subtype 

selectivity. The compounds were tested for inhibition of Sirt1, 2, and 3 at 50 µM final assay concentration using an 

acetylated synthetic substrate[31] to identify their subtype selectivity over other class I sirtuins (Table 1). In addition, 

for the most promising inhibitors regarding preliminary Sirt5 inhibition results at 50 µM and subtype selectivity, 

further IC50 values for Sirt5 inhibition were determined (Table 1). 

 

Table 1: Summarised enzyme inhibition of selected compounds against Sirt1, 2, 3 and 5 at 50 µM, as well as IC50 values against Sirt5 

for the most promising inhibitors.  *n.i. = less than 10 % inhibition, a = assay system developed by Heltweg et al.[32], b = FLUOR DE 

LYS® SIRT5 fluorometric drug discovery assay kit, # = results from our previous publication[8]. 

Compound 
name 

IC50 [µM] or % inhibition at 50 µM 

Sirt1a Sirt2a Sirt3a Sirt5b 

Balsalazide n.i.*# 11 %# n.i. # 5.3 µM#/13.8 µM 

CG_137 n.i. 14 % n.i. 12.5 µM 
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CG_140 n.i. 17 % n.i. 29 % 

CG_209 n.i. n.i. n.i. 11.5 µM 

CG_220 n.i. 15 % n.i. 7.2 µM 

CG_224 14 % 16 % n.i. 68 % 

CG_232 n.i. n.i. n.i. 8.5 µM 

CG_254 27 % 41 % 29 % 87 % 

CG_267 n.i. 13 % n.i. 23.6 µM 

 

 

Overall, the results obtained for the four investigated sirtuins revealed high subtype selectivity for all tested 

inhibitors, except for primary amide CG_254. With significant inhibition values of 27% (Sirt1), 41% (Sirt2), and 

29% (Sirt3) at 50 µM, this analogue was not considered for further IC50 value determination against Sirt5. In 

conclusion, these selected inhibitors showed, compared to the lead structure balsalazide, comparable inhibitory 

activity against Sirt5 in a first testing campaign and retained subtype selectivity over Sirt1, 2, and 3 (≤14% Sirt1 

inhibition, ≤17% Sirt2 inhibition, <10% Sirt3 inhibition). 

Determination of the IC50 values on Sirt5 (Table 1, Figure 5) showed that in particular the newly developed 

hetero-triaryl analogues of balsalazide (isoxazole CG_209, triazole CG_220, and pyrazole CG_232) experience 

high potency against Sirt5 in the low micromolar range (≤11. 5 µM). In the scope of the present investigation, the 

IC50 value of balsalzide was again determined in the low micromolar range with 13.8 µM (previous publication: 

5.3 µM[8]). Concerning both potency on Sirt5 and subtype selectivity, these novel hetero-triaryl analogues compare 

favourably with the lead structure balsalazide. 

-1 0 1 2

0

50

100

log10([inhibitor]) (µM)

S
ir

t5
 e

n
zy

m
e
 a

ct
iv

ity
 (

%
)

(F
in

h
/F

ct
rl
)

IC50 (CG_209) = 11.5 µM

IC50 (CG_220) = 7.4 µM

IC50 (CG_232) = 7.7 µM

IC50 (CG_137) = 12.5 µM

 

Figure 5: Inhibition of Sirt5 desuccinylase activity by CG_137, CG_209, CG_220, and CG_232 determined using the FLUOR DE 

LYS® SIRT5 fluorometric drug discovery assay kit resulting in residual Sirt5 enzyme activity after 1 h incubation with the inhibitors in 

% (Finh/Fctrl). Depicted are dose-response curves and corresponding IC50 values for each inhibitor. F = fluorescence units; λex = 

360 nm, λem = 460 nm. 

In addition to these results, neither balsalazide nor the equipotent analogues showed any cytotoxic or 

antimicrobial effects (tested against diverse bacteria and fungi) in our routine testing (see Supporting Information), 

further underlining their high selectivity. 

 
3. Chemical Proteomics 

Chemical proteomics experiments were used to verify Sirt5 as a target of balsalazide and new inhibitors 

derived therefrom, and to identify possible off-targets in a full cell lysate of MCF7 cells using an immobilised 

derivative of balsalazide in a pull-down assay. MCF7 cells were chosen, since sirtuins, and in particular Sirt5, are 

overexpressed here.[33] In addition, competition experiments with free balsalazide and the selected potent drug-like 

inhibitors CG_220 and CG_232 should give further insight into the affinity of the different compounds to Sirt5. 
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For this purpose, the synthesised coupleable aminoethyl amide CG_190 (Figure 3, top left) was coupled, 

under formation of an amide bond, to N-Hydroxysuccinimidyl-Sepharose® (NHS) 4 Fast Flow beads for 

immobilisation as shown in Scheme 1. The ethylenediamine linker was attached at a position, which, based on 

evidence from previous docking experiments,[8] supposedly plays no or only a minor role in the binding of 

balsalazide to the protein: the carboxylate group of the salicylic acid unit. 

 
Scheme 1: Coupling of CG_190 to N-Hydroxysuccinimidyl-Sepharose® (NHS) 4 Fast Flow beads. 

Based on LC-MS/MS analysis, only three proteins showed dose-dependent reduction in intensity when 

incubated with the competing free compounds and can thus be considered to be bound by the molecules (see Figure 

S1 and Figure S2). These proteins were identified as the target enzyme Sirt5 and two off-targets: glutaryl-CoA-

dehydrogenase (GCD; gene: GCDH) and nucleoside diphosphate kinase (NDPK; gene: NME4). 

With free balsalazide the competition assay resulted in an EC50 value of 8.8 µM regarding Sirt5 (see Figure 

S1). This is in surprisingly good accordance with the IC50 value derived from the enzyme inhibition assay, since the 

binding assays performed herein often result in 10 – 100-fold lower affinity compared to enzyme-based assays 

assays. In addition to Sirt5, the proteins NDPK and GCD were also competed and resulted in EC50 values of 45.8 µM 

and 17.3 µM, respectively. This leads to the conclusion that balsalazide also shows binding to these proteins to some 

extent, but it does not tell if these enzymes are inhibited by balsalazide. A possible explanation for the observation 

regarding GCD is that balsalazide also might fit into the active site of GCD. Therefore, a competition assay with 

glutaryl-CoA was included, which is the physiological substrate of GCD. (see Figure S1 and Figure S2). In close 

analogy to the binding mode of succinylated or malonylated peptidic substrates and balsalazide for Sirt5, the 

terminal carboxylate of balsalazide could mimic the free carboxylic acid group of the glutaryl residue.  

The resulting binding curves for glutaryl-CoA (see Figure S1) strongly undermine the hypothesis that 

balsalazide binds into the same binding pocket of GCD because immobilised CG_190 was displaced with increasing 

concentrations of glutaryl-CoA. Glutaryl-CoA does not target Sirt5 and NDPK compared to balsalazide. 

Additional competition assays with triazole CG_220 and pyrazole CG_232 showed that the same proteins 

were displaced from the affinity matrix as it was the case with balsalazide: Sirt5, NDPK and GCD (Figure S2), 

undermining molecular modes of action identical to balsalazide for the two advanced analogues. 

The inhibitors triazole CG_220 and pyrazole CG_232 were slightly more potent in the previously performed 

enzyme-based assay than balsalazide. Here within these chemical proteomics experiments, the competition with 

compound CG_232 resulted in EC50 values of only 25.7 µM for Sirt5 and 50.2 µm for GCD. For NDPK an EC50 

value of 14.5 µM was obtained (balsalazide: EC50 = 45.8 µM). For CG_220 this experiment resulted in an even 

better EC50 value of 1.2 µm for Sirt5 and thereby suggesting that this molecule exhibits the strongest binding affinity 

for Sirt5 within this set of compounds. Regarding NDPK, triazole CG_220 was also more affine with an EC50 value 

of 7.8 µM. On the contrary, for the off-target GCD an EC50 value of only 59.5 µM was obtained. 

Overall, these chemical proteomics experiments verified Sirt5 as a target protein for balsalazide as well as 

for the most potent inhibitors CG_220 and CG_232. In addition, the two off-targets NDPK and GCD were 

identified. There are small molecules known that interact with NDPK such as ellagic acid[34] (inhibitor) and 

NMac1[35] (activator). The relevance and possibilities of these off-target findings must be further investigated. 

 

4. Live cell imaging 

In the previous experiments, we were able to see that newly developed inhibitors derived from balsalazide 

are able to interact with the target enzyme Sirt5 under conditions where the enzyme is removed from its natural 

surroundings in the cell.  
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We were then interested to see, if balsalazide and the most promising inhibitor CG_220 are able to inhibit 

Sirt5 activity while it is still located in the mitochondria; thus, to see if this chemotype of Sirt5 inhibitors are 

mitochondria-membrane permeable. Therefore, live cell imaging experiments were conducted. A previous study[36] 

led to a novel class of succinylated peptide precursors that can be transformed into self-assembling building blocks 

through Sirt5 catalysis, leading to the formation of supramolecular nanofibers in vitro and in living cells. This Sirt5-

mediated self-assembly of fluorescent peptide precursors can be used for imaging cellular Sirt5 in an activity-based 

fashion. Since a cell viability assay revealed that both inhibitors show no cytotoxicity in our routine testing (see 

Supporting Information) live cell experiments could be performed. The experiment with live mammalian cells 

included preincubation with different concentrations of our inhibitors for a defined time and subsequently with 

peptide 2[36] (exemplary results shown for inhibitor CG_220 in Figure 6, experimental details and results for 

balsalazide can be found in the Supporting Information). Significant decrease of intracellular fluorescence was 

observed, suggesting that both inhibitors are mitochondria-membrane permeable and Sirt5 was inhibited and 

therefore the formation of nanofibers was suppressed. This was in particular well observable for the hetero-triaryl 

CG_220. 

 

 
Figure 6: Inhibition of Sirt5 ability to form nanofibers using peptide 2[36]in HeLa cells in the presence of various concentrations of 

CG_220 after a) 45 min preincubation and b) 90 min preincubation in live cell imaging experiment. 

 

5. Relative binding free energy calculations 

Our previous computational investigation of balsalazide derivatives in the Sirt5 binding site has indicated 

that the inhibitory strength of a compound is unrelated to its inhibition mode (covalent vs. non-covalent) and is 

likely dominated by protein-ligand interactions.[8] The binding affinity of an inhibitor can be predicted in silico in 

order to identify promising compounds prior to the synthesis or experimental measurements. For this purpose, we 

performed relative free binding energy calculations using thermodynamic integration and non-equilibrium MD 

simulations (for details on the calculations see Supporting Information). Balsalazide was selected as the lead 

structure and the relative binding free energies (ΔΔG) for twelve of the synthesised analogues respective to the lead 

structure were computed (see Figure 7). A negative ΔΔG value indicates a higher binding affinity for the respective 

inhibitor, compared to balsalazide. These calculations were performed only on the open-chained spacer variants 

except CG_112 (see Figure 3) and additionally on CG_267, as introduction of rigid structures, ring breaking or a 

change in the charge state are known to produce significant errors in the estimation of the relative binding free 

energies, and were therefore avoided.[37-38] 
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Figure 7: ∆∆G values for selected inhibitors respective to balsalazide in kcal/mol. Negative values signify a higher binding affinity to 

Sirt5 compared to balsalazide. 

For ten of the twelve studied variants, the calculations showed a qualitative agreement with the trends in the 

in-vitro experiments for enzyme inhibition. Both the predicted binding affinity and the measured inhibitory activity 

of these compounds were lower compared to balsalazide (see Figure 4 and Figure 7). The simulations, however, 

overestimate the binding free energy of both ether CG_129 and sulfonamide CG_137, as both variants were 

predicted to bind more tightly to Sirt5 than balsalazide.  

A detailed analysis of the MD simulations identified several hydrogen bond interactions between CG_137 

and the backbone of Glu225 and Gly224 that are not observed in the simulations of balsalazide in the Sirt5 binding 

site (see Figure S3, Supporting Information). It is possible that our MD simulations oversample this conformation, 

resulting in an overestimation of the binding affinity of CG_137 compared to balsalazide. For CG_129 the 

discrepancy between the experimental results and the calculations is likely due to force field inaccuracies.  

Overall, the relative binding free energy calculations presented here, show good qualitative agreement with 

the experiments for the majority of the studied closely related variants and can be employed for the prediction of 

the binding affinity of other potential Sirt5 inhibitors.   

 

CONCLUSION 

In conclusion, our previously published extensive structure-activity relationship studies revealed that 

balsalazide is a potent low micromolar inhibitor of Sirt5 with proven subtype selectivity over Sirt1, 2, and 3. 

However, balsalazide can be used as a chemical tool for the investigation of the physiological roles of Sirt5 but it is 

not a promising candidate for application as a drug targeting Sirt5, due to its minimal absorption from the gut, and 

liability for enzymatic degradation by gut bacteria under reductive cleavage of the azo moiety.[29] Therefore, we 

explored the relevance of balsalazide in additional biological experiments and further varied functional groups on 

our lead structure regarding bioisosterism with special focus on the azo spacer unit. We synthesised 26 novel 

analogues of balsalazide to not only increase the inhibitory activity while maintaining subtype selectivity, but also 

to change the structure into a drug candidate with appropriate physicochemical properties and high physiological 

stability for systemic use. Evaluation of these compounds revealed the most promising analogues sulfonamide 

CG_137, isoxazole CG_209, triazole CG_220, pyrazole CG_232, and fluoride CG_267 as subtype-selective and 

in addition highly active Sirt5 inhibitors. All of the analogues with a modified spacer exhibited very good IC50 values 

in the low micromolar range (≤12.5 µM). With triazole CG_220 (IC50 = 7.2 µM) and pyrazole CG_232 (IC50 = 

8.5 µM) two inhibitors were developed that represent two very promising inhibitors of Sirt5 that can be used for 

future investigations of the physiological role of Sirt5 and its clinical relevance. In addition, because both inhibitors 

carry spacers (triazole and pyrazole) that are easily accessible using 1,3-dipolar cycloadditions, further optimisations 

can easily be performed to possibly increase affinity, and hence potency, further. 

In further live cell imaging experiments, using Sirt5’s ability to form supramolecular fluorescent nanofibers 

via catalysis, we were able to see a significant decrease of intracellular fluorescence, suggesting that both inhibitors 

are mitochondria-membrane permeable and Sirt5 was inhibited in its physiological environment. This was in 

particular well observable for the triazole CG_220. 

Furthermore, computations of the relative free binding affinities of the analogues compared to balsalazide as 

reference compound agreed qualitatively with the trends for inhibitory activities obtained in the in vitro experiments. 

This shows the usefulness of such calculations in predicting the affinity of potential Sirt5 inhibitors. However, it 

has its limitations regarding structural changes of inhibitors such as rigidisation and ring breaking, so that the relative 
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binding affinities of the compounds with heteroaromatic spacers (that emerged as the best inhibitors designed in 

this study) could not be calculated at this stage. 

A chemical proteomics experiment using an immobilised balsalazide derivative identified as targets of 

balsalazide and its analogues the desired sirtuin Sirt5. In addition, two more enzymes, namely glutaryl-CoA 

dehydrogenase (GCD) and nucleoside diphosphate kinase (NDPK), were found, where further studies have to give 

further insights into the relevance and possibilities of these findings. Competition assays with balsalazide, analogues 

triazole CG_220 and pyrazole CG_232, and glutaryl-CoA revealed that triazole CG_220 shows the strongest 

binding affinity to Sirt5 in this setup. Furthermore, balsalazide binds to GCD in the same manner as its natural 

substrate glutaryl-CoA. If balsalazide is thereby inhibiting GCD, the effects of the inhibition of both enzymes, GCD 

and Sirt5, could work synergistically. But this hypothesis has to be investigated further. 

In summary, the synthetic and biological work carried out in the course of this extensive study and additional 

in vitro and computational studies revealed that changes on the problematic core azo group of balsalazide could not 

only increase the drug-likeness of the inhibitor but also potency, since these led with CG_220 and CG_232 to the 

development of at least two even more potent Sirt5 inhibitors with IC50 values in the low micromolar range (<10 

µM) and proven subtype selectivity over Sirt1, 2, and 3. With these analogues subtype selectivity was maintained 

and inhibitory activity as well as physicochemical properties were improved. Hence, these novel inhibitors represent 

valuable chemical tools for the investigation of the physiological role of Sirt5, but could also serve as advanced lead 

structures for drug candidates for systemic use. 

 

Abbreviated Methods: 

Full and detailed experimental synthetic and biological protocols as well as description of computational 

methods can be found in the Supporting Information. 

General procedures and representative compound synthesis, CG_220 and CG_232. 

General Procedure A – Hydrogenation of nitroarenes (The herein used general procedure follows 

Hofmann et al. [39]) 

The appropriate nitro compound (1.00 equivalent) was dissolved to a concentration of 0.3 M in dry MeOH 

and Pd/C (10 wt % on activated carbon) was added under N2 atmosphere. Hydrogenation was performed under 1 

bar H2 pressure at rt for 3 h. Subsequently, the reaction mixture was filtered through a pad of celite and the solvent 

was removed in vacuo. If necessary, the crude product was purified by flash column chromatography (FCC) using 

the indicated eluent. 

General Procedure B – Azo coupling reaction (The herein used general procedure follows a patent from 

Biorex Laboratories Ltd. from 1983 [40]) 

The appropriate aniline (1.00 equivalent) was suspended in H2O to a concentration of 0.3 M, before conc. 

HCl (3.40 equivalents) was added. The mixture was cooled to 0 °C and a cold 2.0 M solution of NaNO2 

(1.03 equivalents) in water was added dropwise. The mixture was stirred for 1 h and then added dropwise to a 

solution of the corresponding phenol (1.03 equivalents), dissolved in water to a concentration of 0.6 M containing 

NaOH (2.10 equivalents) and Na2CO3 (1.60 equivalents) at 0 °C. The reaction mixture was adjusted to pH 8 with 

2 M aq. NaOH and stirred for 2 – 3 h (TLC monitoring), then poured into 0.5 M aq. HCl at 0 °C. The precipitate 

obtained was collected by filtration, washed with water and suction dried to give the corresponding azobenzene in 

sufficient purity, unless stated otherwise. 

General Procedure C – Protection of salicylates as acetonides (The herein used general procedure follows 

a patent from Applied Research Systems ARS Holding N.V. from 2005 [41]) 

A mixture of the appropriate salicylic acid derivative (1.0 equivalents) in TFA (16 equivalents), TFAA (3.0 

equivalents) and acetone (5.0 equivalents) was heated to 90 °C for 16 h. After cooling to room temperature, the 

reaction mixture was concentrated under reduced pressure. The residue was dissolved in EtOAc and washed with 

sat. aq. NaHCO3 (2 x) and brine (2 x). The organic layer was dried using a phase separation paper and concentrated 

in vacuo. The crude product was purified by FCC using the indicated eluent. 

General Procedure D – Alkaline deprotection of esters and acetonides (The herein used general 

procedure is based on Mukkamala et al. [42]) 

The appropriate protected starting material (1.0 equivalents) was dissolved in THF to a concentration of 

0.15 M followed by the addition of a solution of KOH (5.0 equivalents) in water (same volume as THF). The 

reaction mixture was stirred at the stated temperature for 1 – 3 h (TLC monitoring) and then acidified to pH 1 with 

2 M aq. HCl at room temperature. It was proceeded with the indicated work-up procedure. 

General Procedure E – Amide formation (I) with HATU and DIPEA (The herein used general procedure 

follows a patent from Chiesi Farmaceutici S.P.A. from 2016 [43]) 

The appropriate carboxylic acid (1.5 equivalents) was dissolved in DMF to a concentration of 0.3 M. Then 

DIPEA (3.0 equivalents) was added, followed by HATU (1.5 equivalents). The reaction mixture was stirred at room 
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temperature for 40 min. The appropriate amine (1.0 equivalent) was added, and the reaction mixture stirred at room 

temperature for 18 h. The reaction mixture was diluted with EtOAc and washed sequentially with water (2 x), 10 % 

aq. K2CO3 (1 x), brine (1 x) and 5 % aq. LiCl (1 x). The organic phase was dried using a phase separation paper and 

the filtrate was concentrated in vacuo. The crude product was then purified by FCC using the indicated eluent. 

General Procedure F – Amide formation (II) with HOBt, EDC•HCl and DIPEA (The herein used general 

procedure follows to a patent from Novo Nordisk A/S from 2004 [44]) 

The appropriate carboxylic acid (1.0 equivalent) and 1-hydroxybenzotriazole (1.1 equivalents) were 

dissolved in THF to a concentration of 0.3 M (with respect to the carboxylic acid). EDC•HCl (1.1 equivalents) was 

added. If a semi-crystalline solid appeared, DCM (half the volume of THF) was added and a clear solution was 

obtained. The mixture was stirred for 10 min, then the appropriate amine (1.0 equivalent) and DIPEA (3.0 

equivalents) were added. The mixture was stirred for 2 h at room temperature and then heated to reflux for 10 min. 

The reaction mixture was cooled to room temperature, then partitioned between water and DCM. The aqueous phase 

was further extracted with DCM (3 x) and the combined organic layers were dried using a phase separation paper 

and the solvent removed in vacuo. The crude product was purified by FCC using the indicated eluent. 

General Procedure G – Amide formation (III) with HOBt, EDC•HCl and Et3N (The herein used general 

procedure follows Kloss et al. [45]) 

The appropriate carboxylic acid/benzoic acid (1.0 equivalent), the corresponding amine (1.2 equivalents), 

EDC•HCl (1.2 equivalents) and HOBt (1.2 equivalents) were dissolved in dry DCM to a concentration of 0.3 – 

0.4 M (with respect to the carboxylic acid) under N2 atmosphere. Subsequently, triethylamine (1.8 equivalents) was 

added, and the mixture was stirred at room temperature for 24 h. The solution was diluted with ethyl acetate and 

washed with sat. aq. NH4Cl (2 x) and water (1 x). The organic phase was dried using a phase separation paper and 

the solvent was evaporated. The crude product was then purified by FCC using the indicated eluent. 

General Procedure H – Sulfonamide formation 

The appropriate amine (1.0 equivalent) was dissolved in DCM to a concentration of 0.1 M. Then, pyridine 

(2.0 equivalents) and 5-chlorosulfonyl-2-hydroxybenzoic acid (105, 1.0 equivalents) were added at 0 °C under N2 

atmosphere. The mixture was stirred at 0 °C for 2 h and further on at room temperature until completion of the 

reaction (TLC monitoring). The solvent was removed in vacuo and the residue dissolved in CHCl3:isopropanol (3:1) 

and washed with 1 M aq. HCl (3 x). The solvent was then evaporated in vacuo and the crude product purified by 

FCC using the indicated eluent. 

2,2-Dimethyl-6-nitro-4H-benzo[d][1,3]dioxin-4-one (101)  

Prepared according to General Procedure C from 5-nitrosalicylic acid (100, 1.00 g, 5.46 mmol). The crude product 

was purified by FCC (EtOAc/hexanes 10:90) and acetonide 101 (1.13 g, 5.08 mmol, 93 %) was obtained as a pale 

yellow solid. Rf: 0.16 (EtOAc/hexanes 10:90). m.p.: 94 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 8.88 (d, J = 2.8 

Hz, 1H, 5-H), 8.43 (dd, J = 9.0, 2.8 Hz, 1H, 7-H), 7.13 (d, J = 9.1 Hz, 1H, 8-H), 1.79 (s, 6H, C(CH3)2). 13C-NMR 

(101 MHz, CDCl3): δ (ppm) = 160.4 (C-8a), 159.1 (C-4), 143.0 (C-6), 131.4 (C-7), 126.2 (C-5), 118.6 (C-8), 113.6 

(C-4a), 107.9 (C-2), 26.1 (C(CH3)2). IR (ATR): ṽ (cm-1) = 2990, 1742, 1592, 1531, 1477, 1336, 1280, 1194, 1050, 

924, 746. HR-MS (EI): m/z = [M]•+ calcd for C10H9NO5
•+: 223.0475; found: 223.0473. Purity (HPLC): 210 nm: 88 

%; 254 nm: 92 % (method 3a). 

6-Amino-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (102)[46] 

To a solution of nitro compound 101 (1.00 g, 4.48 mmol) in EtOH (7.5 mL) was added 10 % Pd/C (477 mg, 

0.448 mmol) under N2 atmosphere. Hydrogenation was performed under 1 bar H2 pressure at room temperature for 

12 h. Subsequently, the reaction mixture was filtered through a pad of celite, washed with EtOH (2 x 10 mL) and 

THF (1 x 10 mL) and concentrated in vacuo to give amine 102 (749 mg, 3.88 mmol, 87 %) as a yellow solid. Rf: 

0.45 (EtOAc/hexanes 50:50). m.p.: 161 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.31 (d, J = 2.8 Hz, 1H, 5-H), 

6.98 (dd, J = 8.7, 2.8 Hz, 1H, 7-H), 6.80 (d, J = 8.6 Hz, 1H, 8-H), 4.07 (s, 3H, NH2), 1.70 (s, 6H, C(CH3)2). 13C-

NMR (101 MHz, CDCl3): δ (ppm) = 161.6 (C-4), 149.5 (C-8a), 140.4 (C-6), 124.7 (C-7), 118.2 (C-8), 115.1 (C-5), 

114.2 (C-4a), 106.5 (C-2), 25.8 (C(CH3)2).IR (ATR): ṽ (cm-1) = 3469, 3371, 1711, 1494, 1324, 1275, 1198, 1048, 

836. HR-MS (EI): m/z = [M]•+ calcd for C10H11NO3
•+: 193.0733; found: 193.0732. Purity (HPLC): 210 nm: >95 %; 

254 nm: >95 % (method 3a). 

6-Azido-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (172) 

Conc. HCl (0.62 mL) and a solution of NaNO2 (85.7 mg, 1.24 mmol) in water (0.16 mL) was slowly added to amine 

102 (200 mg, 1.04 mmol) in water (0.60 mL) at 0 °C. After 10 min, a solution of NaN3 (1.24 mg, 1.24 mmol) in 

water (0.16 mL) was added dropwise and the reaction mixture stirred at 0 °C for 40 min. The mixture was then 

extracted with diethyl ether (3 x 25 mL). The combined organic extracts were dried using a phase separation paper 
and concentrated in vacuo to give product 172 (199 mg, 0.906 mmol, 88 %) as a yellow solid. Rf: 0.42 

(EtOAc/hexanes 10:90). m.p.: 85 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.64 (d, J = 2.8 Hz, 1H, 5-H), 7.18 

(dd, J = 8.7, 2.8 Hz, 1H, 7-H), 6.97 (d, J = 8.8 Hz, 1H, 8-H), 1.73 (s, 6H, C(CH3)2). 13C-NMR (101 MHz, CDCl3): 

δ (ppm) =160.4 (C-4), 153.1 (C-8a), 135.1 (C-6), 127.3 (C-7), 119.0 (C-5), 118.9 (C-8), 114.5 (C-4a), 106.8 (C-2), 
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25.8 (C(CH3)2). IR (ATR): ṽ (cm-1) = 2132, 1727, 1484, 1439, 1380, 1328, 1294, 1242, 1198, 1138, 1050, 979, 934, 

836, 780, 749. HR-MS (EI): m/z = [M]•+ calcd for C10H9N3O3
•+: 219.0638; found: 219.0638. Purity (HPLC): 210 

nm: >95 %; 254 nm: >95 % (method 2a). 

Ethyl 3-(4-(1-(2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)-1H-1,2,3-triazol-4-

yl)benzamido)propanoate (173) 

An alkyne 91 stock solution (0.33 M in tert-BuOH, 600 µL, 0.200 mmol) and an azide 172 stock solution (0.13 M 

in tert-BuOH/DMSO 21:1, 628 µL, 0.0800 mmol) were mixed in a 15 mL round bottom flask. Then, a CuSO4 stock 

solution (26.7 mM in water, 600 µL, 16.0 µmol) and a sodium ascorbate stock solution (0.13 M in water, 600 µL, 

0.0800 mmol) were added. The reaction mixture was stirred at room temperature for 4 days. EtOAc (20 mL) was 

added and the organic phase was washed with 1 M aq. HCl (10 mL), sat. aq. NaHCO3 (10 mL) and brine (10 mL). 

The organic phase was dried using a phase separation paper and concentrated in vacuo. The crude product was 

purified by FCC (EtOAc/hexanes 60:40) to give triazole 173 (21.0 mg, 0.0452 mmol, 57 %) as a white solid. Rf: 

0.29 (EtOAc/hexanes 60:40). m.p.: 215 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 8.29 (s, 1H, 5’’-H), 8.26 (d, J 

= 2.6 Hz, 1H, 5’’’-H), 8.16 (dd, J = 8.9, 2.7 Hz, 1H, 7’’’-H), 7.98 (d, J = 8.2 Hz, 2H, 3’-H and 5’-H), 7.88 (d, J = 

8.1 Hz, 2H, 2’-H and 6’-H), 7.20 (d, J = 8.9 Hz, 1H, 8’’’-H), 6.93 (t, J = 6.1 Hz, 1H, CONH), 4.19 (q, J = 7.1 Hz, 

2H, CH2CH3), 3.76 (q, J = 5.9 Hz, 2H, 3-H), 2.67 (t, J = 5.8 Hz, 2H, 2-H), 1.80 (s, 6H, C(CH3)2), 1.29 (t, J = 7.2 

Hz, 3H, CH2CH3). 13C-NMR (101 MHz, CDCl3): δ (ppm) = 173.2 (C-1), 166.8 (CONH), 160.1 (C4’’’), 156.2 (C-

8a’’’), 147.9 (C-4’’), 134.4 (C-1’), 133.1 (C-4’), 132.1 (C-6’’’), 129.1 (C-7’’’), 127.9 (C-2’ and C-6’), 126.1 (C-3’ 

and C-5’), 120.9 (C-5’’’), 119.4 (C-8’’’), 118.4 (C-5’’), 114.3 (C-4a’’’), 107.5 (C-2’’’), 61.0 (CH2CH3), 35.5 (C-3), 

34.1 (C-2), 26.0 (C(CH3)2), 14.4 (CH2CH3). IR (ATR): ṽ (cm-1) = 3414, 1739, 1725, 1647, 1533, 1506, 1492, 1302, 

1184, 1149, 1057, 1030, 930, 826, 768. HR-MS (ESI): m/z = [M+H]+ calcd for C24H25N4O6
+: 465.1769; found: 

465.1765. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

5-(4-(4-((2-Carboxyethyl)carbamoyl)phenyl)-1H-1,2,3-triazol-1-yl)-2-hydroxybenzoic acid (CG_220) 

Prepared according to General Procedure D from triazole 173 (30.0 mg, 0.0646 mmol) at room temperature. The 

solvents were evaporated in vacuo. To the crude product was added MeOH (10 mL) and the suspension filtered. 

The filtrate was concentrated in vacuo to give product CG_220 (25.6 mg, 0.0646 mmol, quant.) as a white solid. 

Rf: 0.10 (EtOAc/hexanes+AcOH 80:20+1). m.p.: 295 °C. 1H-NMR (400 MHz, (CD3)2SO): δ (ppm) = 12.22 (s, 2H, 

1-COOH and 2’’’-COOH), 9.41 (s, 1H, 5’-H), 8.62 (t, J = 5.5 Hz, 1H, CONH), 8.30 (d, J = 2.8 Hz, 1H, 6-H), 8.08 

(dd, J = 9.0, 2.8 Hz, 1H, 4-H), 8.03 (d, J = 8.5 Hz, 2H, 2’’-H and 6’’-H), 7.96 (d, J = 8.5 Hz, 2H, 3’’-H and 5’’-H), 

7.22 (d, J = 8.9 Hz, 1H, 3-H), 3.48 (td, J = 7.1, 5.3 Hz, 2H, 1’’’-H), 2.54 (t, J = 7.1 Hz, 2H, 2’’’-H). 13C-NMR (101 

MHz, (CD3)2SO): δ (ppm) = 172.9 (C-3’’’), 170.8 (1-COOH), 165.7 (CONH), 160.9 (C-2), 146.5 (C-4’), 133.8 (C-

4’’), 132.9 (C-1’’), 128.5 (C-5), 127.9 (C-3’’ and C-5’’), 127.3 (C-4), 125.0 (C-2’’ and C-6’’), 121.6 (C-6), 120.5 

(C-5’), 118.7 (C-3), 114.1 (C-1), 35.6 (C-1’’’), 33.8 (C-2’’’). IR (ATR): ṽ (cm-1) = 3310, 3076, 2921, 2852, 1677, 

1633, 1621, 1536, 1447, 1294, 1219, 1199, 1186, 1040, 850, 829, 767, 694. HR-MS (ESI): m/z = [M-H]- calcd for 

C19H15N4O6
-: 395.0997; found: 395.0994. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

2,2-Dimethyl-4-oxo-4H-benzo[d][1,3]dioxine-6-carbaldehyde (50)[41] 

Prepared according to General Procedure C from 5-formylsalicylic acid (48, 1.00 g, 6.02 mmol). The crude 

product was purified by FCC (EtOAc/hexanes 12:88) to give acetonide 50 (618 mg, 3.00 mmol, 50 %) as a pale 

yellow solid. Rf: 0.43 (EtOAc/hexanes 30:70). m.p.: 117 °C. 1H-NMR (500 MHz, CDCl3):  δ (ppm) = 9.97 (d, J = 

0.8 Hz, 1H, CHO), 8.47 (d, J = 2.1 Hz, 1H, 5-H), 8.12 (dd, J = 8.6, 2.1 Hz, 1H, 7-H), 7.12 (dd, J = 8.6, 0.8 Hz, 1H, 

8-H), 1.78 (s, 6H, C(CH3)2). 13C-NMR (126 MHz, CDCl3): δ (ppm) = 189.7 (CHO), 160.6 (C-4), 160.0 (C-8a), 

135.9 (C-7), 133.6 (C-5), 131.6 (C-6), 118.6 (C-8), 113.7 (C-4a), 107.4 (C-2), 26.1 (C(CH3)2). IR (ATR): ṽ (cm-1) 

= 1737, 1686, 1611, 1580, 1265, 1196, 1108, 841, 779, 754, 581. HR-MS (EI): m/z = [M]•+ calcd for C11H10O4
•+: 

206.0574; found: 206.0577. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 3a). 

(E)-N'-((2,2-Dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)methylene)-4-methylbenzenesulfonohydrazide 

(179) 

To a stirred solution of p-toluenesulfonyl hydrazide (178, 93.1 mg, 0.500 mmol) in MeOH (1.2 mL), aldehyde 50 

(103 mg, 0.500 mmol) was added portionwise at room temperature. After 3 h, the reaction mixture was cooled to 

0 °C and the product was collected by filtration, washed with a small quantity of cold MeOH (5.0 mL) and dried in 

vacuo to give the product 179 (153.3 mg, 0.409 mmol, 82 %) as a white solid. Rf: 0.37 (EtOAc/hexanes 35:65). 

m.p.: 199 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 8.02 (d, J = 2.2 Hz, 1H, 5’-H), 7.92 (dd, J = 8.7, 2.2 Hz, 1H, 

7’-H), 7.89 – 7.85 (m, 2H, 2-H and 6-H), 7.75 (s, 1H, 6’-CH), 7.33 (d, J = 8.1 Hz, 2H, 3-H and 5-H), 6.97 (d, J = 

8.6 Hz, 1H, 8’-H), 2.41 (s, 3H, 4-CH3), 1.73 (s, 6H, C(CH3)2). 13C-NMR (101 MHz, CDCl3): δ (ppm) = 160.6 (C-

4’), 157.6 (C-8a’), 145.7 (6’-CH), 144.6 (C-4), 135.3 (C-1), 134.3 (C-7’), 129.9 (C-3 and C-5), 129.5 (C-5’), 128.4 

(C-6’), 128.1 (C-2 and C-6), 118.2 (C-8’), 113.6 (C-4a’), 107.1 (C-2’), 26.0 (C(CH3)2), 21.8 (4-CH3). IR (ATR): ṽ 
(cm-1) = 3247, 1716, 1623, 1498, 1362, 1286, 1217, 1163, 1067, 1051, 966, 932, 881, 809, 667. HR-MS (ESI): m/z 

= [M+H]+ calcd for C18H19N2O5S+: 375.1009; found: 375.1007. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % 

(method 2a). 
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Ethyl 3-(4-(3-(2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)-1H-pyrazol-5-yl)benzamido)propanoate 

(177) 

To compound 179 (53.4 mg, 0.143 mmol; 0.500 eq) in MeCN (1.2 mL), 5 M aq. NaOH (28.5 µL) was added 

and the mixture was stirred for 20 min. Then the mixture was added to the dipolarophile arylacetylene 91 (70.0 mg, 

0.285 mmol; 1.0 eq), and the reaction mixture was stirred at 50 °C for 6 h. Then again, a mixture of 179 (0.500 eq) 

in MeCN and 5 M aq. NaOH (stirred for 20 min) was added and the mixture heated to 50 °C for further 16 h. After 

this time, again a mixture of 179 (0.500 eq) in MeCN and 5 M aq. NaOH (stirred for 20 min) was added and the 

mixture stirred further at 50 °C for 16 h, now containing 1.50 eq of compound 179 in total. After cooling to room 

temperature, EtOAc (15 mL) was added and the organic phase was washed with 1 M aq. HCl (10 mL), sat. aq. 

NaHCO3 (10 mL) and brine (10 mL). The organic phase was dried using a phase separation paper and concentrated 

in vacuo. The crude product was purified by FCC (EtOAc/hexanes 60:40) to give pyrazole 177 (37.0 mg, 

0.0798 mmol, 28 %) as a pale yellow solid. Rf: 0.13 (EtOAc/hexanes 60:40). m.p.: 197 °C. 1H-NMR (400 MHz, 

(CD3)2SO): due to tautomerisation NMR measured at 100 °C. δ (ppm) = 13.26 (s, 1H, pyrazole-H), 8.32 (d, J = 2.2 

Hz, 1H, 5’’’-H), 8.23 (t, J = 5.1 Hz, 1H, CONH), 8.13 (d, J = 8.6 Hz, 1H, 7’’’-H), 7.90 (s, 4H, 2’-, 3’-, 5’- and 6’-

H), 7.21 (s, 1H, 4’’-H), 7.19 (d, J = 8.6 Hz, 1H, 8’’’-H), 4.12 (q, J = 7.1 Hz, 2H, CH2CH3), 3.56 (td, J = 7.0, 5.6 Hz, 

2H, 3-H), 2.61 (t, J = 7.0 Hz, 2H, 2-H), 1.75 (s, 6H, C(CH3)2), 1.21 (t, J = 7.1 Hz, 3H, CH2CH3). 13C-NMR (126 

MHz, (CD3)2SO): due to tautomerisation NMR measured at 100 °C. δ (ppm) = 170.7 (C-1), 165.6 (CONH), 159.4 

(C-4’’’), 154.6 (C-8a’’’), 133.2 (C-7’’’), 127.2 (C-3’ and C-5’), 124.9 (C-5’’’), 124.5 (C-2’ and C-6’), 117.3 (C-8’’’), 

113.5 (C-6’’’), 113.1 (C-4a’’’), 106.1 (C(CH3)2), 99.9 (C-4’’), 59.3 (CH2CH3), 35.2 (C-3), 33.6 (C-2), 25.0 

(C(CH3)2), 13.5 (CH2CH3), at 100 °C C-3’’ and C-5’’ not visible. IR (ATR): ṽ (cm-1) = 3315, 3238, 2927, 1742, 

1702, 1628, 1542, 1494, 1277, 1259, 1183, 1139, 930, 796, 769. HR-MS (ESI): m/z = [M+H]+ calcd for 

C25H26N3O6
+: 464.1816; found: 464.1814. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

5-(5-(4-((2-Carboxyethyl)carbamoyl)phenyl)-1H-pyrazol-3-yl)-2-hydroxybenzoic acid (CG_232) 

Prepared according to General Procedure D from compound 177 (30.0 mg, 0.0646 mmol) at room temperature. 

The solvents were evaporated in vacuo. To the crude product water (10 mL) was added, the remaining solid collected 

by filtration and dried in vacuo to give pyrazole CG_232 (21.3 mg, 0.0539 mmol, quant.) as a beige solid. Rf: 0.10 

(EtOAc/hexanes+AcOH 80:20+1). m.p.: 288 °C. 1H-NMR (500 MHz, (CD3)2SO): δ (ppm) = 12.42 (s, 1H, 1-COOH 

or 2’’’-COOH), 11.34 (s, 1H, pyrazol-NH), 8.57 (t, J = 5.5 Hz, 1H, CONH), 8.27 (d, J = 2.3 Hz, 1H, 6-H), 7.98 (dd, 

J = 8.6, 2.3 Hz, 1H, 4-H), 7.95 – 7.88 (m, 4H, 2’’-, 3’’-, 5’’- and 6’’-H), 7.26 (s, 1H, 4’-H), 7.07 (d, J = 8.6 Hz, 1H, 

3-H), 3.48 (td, J = 7.1, 5.4 Hz, 2H, 1’’’-H), 2.53 (t, J = 7.2 Hz, 2H, 2’’’-H). 13C-NMR (126 MHz, (CD3)2SO): δ 

(ppm) = 172.9 (C-3’’’), 171.7 (1-COOH), 165.8 (CONH), 160.7 (C-2), 133.3 (C-1’’ and C-4’’), 132.5 (C-4), 127.8 

(C-3’’ and C-5’’), 126.7 (C-6), 124.8 (C-2’’ and C-6’’), 122.7 (C-5), 117.8 (C-3), 113.3 (C-1), 99.8 (C-4’), 35.6 (C-

1’’’), 33.8 (C-2’’’), C-3’ and C-5’ not visible. IR (ATR): ṽ (cm-1) = 3391, 3141, 2923, 2503, 1722, 1666, 1598, 1568, 

1546, 1489, 1301, 1181, 865, 858, 801, 770. HR-MS (ESI): m/z = [M-H]- calcd for C20H16N3O6
-: 394.1045; found: 

394.1047. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

FLUOR DE LYS® SIRT5 fluorometric drug discovery assay kit. For screening the inhibitory activity of 

synthesized inhibitors against recombinant human Sirt5 a commercially available Sirt5 fluorometric drug discovery 

kit (BML-AK513) from ENZO LIFE SCIENCES (ELS) AG (Lausen, Switzerland) was used. Fluorescence was 

measured on a FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Germany) (excitation wavelength: 

360 nm, emission wavelength: 460 nm). Graphs were generated using GraphPad Prism 9.0 software (La Jolla, CA).  
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Part A: Chemical Synthesis 

Conventions 

Safety Hazards: no unusual safety hazards were encountered. 

Solvents and reagents: All solvents were purchased from commercial sources and used 

without further purification. If needed, solvents were dried according to standard methods via 

distillation over drying agents and stored under nitrogen atmosphere with activated molecular 

sieves. Tetrahydrofuran (THF) was distilled over benzophenone and sodium. Standard 

vacuum line techniques were used and glassware was flame dried prior to use. Organic 

solvents were dried during workup using anhydrous Na2SO4, MgSO4 or by filtration through a 

hydrophobic filter paper (MN 617 WA, Ø125 mmm, Macherey-Nagel).  

Reactions, purification and chromatography: Reactions were monitored via thin layer silica gel 

chromatography (TLC) using polyester sheets POLYGRAM SIL G/UV254 coated with 0.2 mm 

silica gel (Macherey-Nagel). Plates were visualised using UV light (254 nm or 365 nm) or 

staining with KMnO4, CAM (ceric ammonium molybdate), FeCl3, bromocresol green, DNPH or 

ninhydrin reagents. Products were purified by flash column chromatography (normal-phase 

silica gel chromatography) using SiO2 60 (0.040 - 0.063 mm, 230 - 400 mesh ASTM) from 

Merck. HPLC analytical measurements for determination of the purities of the products were 

carried out detecting at 210 nm and 254 nm using the following methods: 

Method 1: Agilent Poroshell 120, EC-C18 2.7 µm (3.0 x 100 mm), injection volume 10 µL, 

temperature 50 °C  

a) ACN/water/THF  40:59.9:0.1; flow 1.0 mL/min 

b) ACN/phosphate buffer pH 3.0  70:30; flow 0.8 mL/min 

c) ACN/phosphate buffer pH 3.0  30:70; flow 1.0 mL/min 

d) ACN/phosphate buffer pH 3.0  50:50; flow 1.0 mL/min 

Method 2: Zorbax Eclipse Plus, C18 5.0 µm (4.6 x 150 mm), injection volume 2 µL, 

temperature 50 °C 

a) MeOH/phosphate buffer pH 5.0 gradient: 9/95 to 90/10; flow 1.0 mL/min 

Method 3: Synergi 4u Hydro-RP 80A, 5.0 µm (4.6 x 150 mm), injection volume 20 µL, max. 

temperature 60 °C 

a) (ACN+0.05 % TFA)/(water+0.05 % TFA) gradient: 10/90 to 100/0; flow 2.0 mL/min 

Method 4: Thermo Scientific Hypersil GOLD, 3.0 µm (2.1 x 50 mm), injection volume 

5 – 10 µL, temperature 31 °C 

a) ACN/water+0.1 % TFA gradient: 10/90 to 99/1; flow 0.4 mL/min 
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Compound characterization: NMR spectra (1H-NMR, 13C-NMR, DEPT, COSY, HSQC, HMBC) 

were recorded using Avance III HD 400 MHz Bruker BioSpin and Avance III HD 500 MHz 

Bruker BioSpin (1H-NMR: 400 MHz and 500 MHz, 13C-NMR: 101 MHz and 126 MHz) using 

the deuterated solvent stated. Chemical shifts (δ) are quoted in parts per million (ppm) and 

referenced to the residual solvent peak. Multiplicities are denoted as s-singlet, d-doublet, t-

triplet, q-quartet, and quin-quintet and derivatives thereof (br denotes a broad resonance 

peak). Coupling constants J are given in Hz and rounded to the nearest 0.1 Hz. E/Z ratios 

were determined using 1H-NMR spectra. Infrared spectra were recorded from 4000 to 

650 cm-1 on a PERKIN ELMER Spectrum BX-59343 FT-IR instrument. A Smiths Detection 

DuraSamp IR II Diamond ATR sensor was used for detection. The absorption bands are 

reported in wavenumbers [cm-1]. High resolution mass spectra (HR-MS) were recorded using 

a Jeol MStation 700 or JMS GCmate II Jeol instrument for electron impact ionisation (EI). 

Thermo Finnigan LTQ was used for electrospray ionisation (ESI). Melting points were 

measured with a Büchi Schmelzpunktapparatur B-540 and are reported in °C.  

 

Synthetic procedures 

For the detailed synthesis of balsalazide see our latest publication in the European Journal of 

Medicinal Chemistry [1] and for the preparation of rigidised analogue CG_224 see our 

publication in Synthesis[2].  

 

Standard synthetic protocols: 

General Procedure A – Hydrogenation (The herein used general procedure follows work from 

Hofmann et al. [3]) 

The appropriate nitro compound (1.00 equivalent) was dissolved to a concentration of 0.3 M 

in dry MeOH and Pd/C (10 wt % on activated carbon) was added under N2 atmosphere. 

Hydrogenation was performed under 1 bar H2 pressure at rt for 3 h. Subsequently, the reaction 

mixture was filtered through a pad of celite and the solvent was removed in vacuo. If necessary, 

the crude product was purified by flash column chromatography (FCC) using the indicated 

eluent. 

General Procedure B – Azo coupling reaction (The herein used general procedure follows a patent 

from Biorex Laboratories Ltd. from 1983 [4]) 

The appropriate aniline (1.00 equivalents) was suspended in H2O to a concentration of 0.3 M, 

before conc. HCl (3.40 equivalents) was added. The mixture was cooled to 0 °C and a cold 

2.0 M solution of NaNO2 (1.03 equivalents) in water was added dropwise. The mixture was 

stirred for 1 h and then added dropwise to a solution of the corresponding phenol (1.03 
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equivalents) dissolved in water to a concentration of 0.6 M containing sodium hydroxide 

(2.10 equivalents) and sodium carbonate (1.60 equivalents) at 0 °C. The reaction mixture was 

adjusted to pH 8 with 2 M aq. NaOH and stirred for 2 – 3 h (TLC monitoring), then poured into 

0.5 M aq. HCl at 0 °C. The precipitate obtained was collected by filtration, washed with water 

and suction dried to give the corresponding azobenzene in sufficient purity if not stated 

otherwise. 

General Procedure C – Protection to acetonides of salicylates (The herein used general 

procedure follows a patent from APPLIED RESEARCH SYSTEMS ARS HOLDING N.V. from 2005 [5]) 

A mixture of the appropriate salicylic acid derivative (1.0 equivalents) in TFA (16 equivalents), 

TFAA (3.0 equivalents) and acetone (5.0 equivalents) was heated to 90 °C for 16 h. After 

cooling to room temperature, the reaction mixture was concentrated under reduced pressure. 

The residue was dissolved in EtOAc and washed with sat. aq. NaHCO3 (2 x) and brine (2 x). 

The organic layer was dried using a phase separation paper and concentrated in vacuo. The 

crude product was purified by FCC using the indicated eluent. 

General Procedure D – Alkaline deprotection of esters and acetonides (The herein used 

general procedure is based on work from Mukkamala et al. [6]) 

The appropriate protected starting material (1.0 equivalents) was dissolved in THF to a 

concentration of 0.15 M followed by the addition of a solution of KOH (5.0 equivalents) in water 

(same volume as THF). The reaction mixture was stirred at the stated temperature for 1 – 3 h 

(TLC monitoring) and then acidified to pH 1 with 2 M aq. HCl at room temperature. It was 

proceeded with the indicated work-up procedure. 

General Procedure E – Amide formation (I) with HATU and DIPEA (The herein used general 

procedure follows a patent from CHIESI FARMACEUTICI S.P.A. from 2016 [7]) 

The appropriate carboxylic acid (1.5 equivalents) was dissolved in DMF to a concentration of 

0.3 M. Then DIPEA (3.0 equivalents) was added, followed by HATU (1.5 equivalents). The 

reaction mixture was stirred at room temperature for 40 min. The appropriate amine 

(1.0 equivalents) was added, and the reaction mixture stirred at room temperature for 18 h. 

The reaction mixture was diluted with EtOAc and washed sequentially with water (2 x), 10 % 

aq. K2CO3 (1 x), brine (1 x) and 5 % aq. LiCl (1 x). The organic phase was dried using a phase 

separation paper and the filtrate was concentrated in vacuo. The crude product was then 

purified by FCC using the indicated eluent. 

General Procedure F – Amide formation (II) with HOBt, EDC•HCl and DIPEA (The herein 

used general procedure follows to a patent from NOVO NORDISK A/S from 2004 [8]) 

The appropriate carboxylic acid (1.0 equivalents) and 1-hydroxybenzotriazole (1.1 equivalents) 

were dissolved in THF to a concentration of 0.3 M (with respect to the acid). EDC•HCl (1.1 
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equivalents) was added. If a semi-crystalline solid appeared, DCM (half the volume of THF) 

was added and a clear solution was obtained. The mixture was stirred for 10 min, then the 

appropriate amine (1.0 equivalents) and DIPEA (3.0 equivalents) were added. The mixture 

was stirred for 2 h at room temperature and then heated to reflux for 10 min. The reaction 

mixture was cooled to room temperature again, then partitioned between water and DCM. The 

aqueous phase was further extracted with DCM (3 x) and the combined organic layers were 

dried using a phase separation paper and the solvent removed in vacuo. The crude product 

was purified by FCC using the indicated eluent. 

General Procedure G – Amide formation (III) with HOBt, EDC•HCl and Et3N (The herein used 

general procedure follows KLOSS et al. [9]) 

The appropriate carboxylic acid/benzoic acid (1.0 equivalents), the corresponding amine (1.2 

equivalents), EDC•HCl (1.2 equivalents) and HOBt (1.2 equivalents) were dissolved in dry 

DCM to a concentration of 0.3 – 0.4 M (with respect to the acid) under N2 atmosphere. 

Subsequently, triethylamine (1.8 equivalents) was added, and the mixture was stirred at room 

temperature for 24 h. The solution was diluted with ethyl acetate and washed with sat. aq. 

NH4Cl (2 x) and water (1 x). The organic phase was dried using a phase separation paper and 

the solvent was evaporated. The crude product was then purified by FCC using the indicated 

eluent. 

General Procedure H – Sulfonamide formation 

The appropriate amine (1.0 equivalents) was dissolved in DCM to a concentration of 0.1 M. 

Then, pyridine (2.0 equivalents) and 5-chlorosulfonyl-2-hydroxybenzoic acid (105, 

1.0 equivalents) were added at 0 °C under N2 atmosphere. The mixture was stirred at 0 °C for 

2 h and afterwards at room temperature until completion of the reaction (TLC monitoring). The 

solvent was removed in vacuo and the residue dissolved in CHCl3:isopropanol (3:1) and 

washed with 1 M aq. HCl (3 x). The solvent was then evaporated in vacuo and the crude 

product purified by FCC using the indicated eluent. 
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Synthesis of open-chained analogues imine CG_71, amines CG_79 and CG_112, and 

ether CG_129 

 

Scheme S1: Preparation of open-chained analogues imine CG_71, amines CG_79 and CG_112, and ether 
CG_129. 
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tert-Butyl 3-(4-formylbenzamido)propanoate (46) [7] 

 

Prepared according to General Procedure E from 4-carboxybenzaldehyde (44, 1.50 g, 

9.99 mmol) and tert-butyl 3-aminopropanoate hydrochloride (45, 1.21 g, 6.66 mmol). The 

crude product was purified by FCC (EtOAc/hexanes 35:65) to give aldehyde 46 (1.76 g, 

6.35 mmol, 95 %) as a white solid. 

Rf: 0.26 (EtOAc/hexanes 40:60). m.p.: 103 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 10.08 

(s, 1H, CHO), 7.97 – 7.93 (m, 2H, 3’-H and 5’-H), 7.93 – 7.88 (m, 2H, 2’-H and 6’-H), 7.01 (t, 

J = 6.2 Hz, 1H, CONH), 3.74 – 3.68 (m, 2H, 3-H), 2.59 – 2.55 (m, 2H, 2-H), 1.47 (s, 9H, 

C(CH3)3). 13C-NMR (101 MHz, CDCl3): δ (ppm) = 191.7 (CHO), 172.5 (C-1), 166.2 (CONH), 

139.8 (C-1’), 138.4 (C-4’), 130.0 (C-3’ and C-5’), 127.8 (C-2’ and C-6’), 81.6 (C(CH3)3), 35.8 

(C-3), 35.0 (C-2), 28.3 (C(CH3)3). IR (ATR): ṽ (cm-1) = 3299, 2724, 1708, 1634, 1552, 1330, 

1146, 846, 826, 754, 653. HR-MS (ESI): m/z = [M-H]- calcd for C15H18NO4
-: 276.1241; found: 

276.1243. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 3a). 

 

3-(4-Formylbenzamido)propanoic acid (47) [7] 

 

A solution of 4 m HCl in 1,4-dioxane (6.5 mL) was added to aldehyde 46 (900 mg, 3.25 mmol) 

and the reaction mixture was stirred at room temperature for 3 h. The resulting precipitate was 

collected by filtration, washed with ether (20 mL), and dried in vacuo to afford product 47 

(517 mg, 2.34 mmol, 72 %) as a white solid. 

Rf: 0.33 (EtOAc/hexanes+AcOH 70:30+1). m.p.: 162 °C. 1H-NMR (500 MHz, (CD3)2SO): δ 

(ppm) = 12.25 (s, 1H, COOH), 10.07 (s, 1H, CHO), 8.75 (t, J = 5.5 Hz, 1H, CONH), 8.03 – 

8.00 (m, 2H, 2’-H and 6’-H), 8.00 – 7.97 (m, 2H, 3’-H and 5’-H), 3.48 (td, J = 7.1, 5.4 Hz, 2H, 

3-H), 2.53 (t, J = 7.1 Hz, 2H, 2-H). 13C-NMR (126 MHz, (CD3)2SO): δ (ppm) = 192.9 (CHO), 

172.8 (C-1), 165.4 (CONH), 139.4 (C-1’), 137.8 (C-4’), 129.4 (C-3’ and C-5’), 127.9 (C-2’ and 

C-6’), 35.7 (C-3), 33.6 (C-2). IR (ATR): ṽ (cm-1) = 3297, 1698, 1633, 1546, 1436, 1334, 1226. 

928, 854, 821. HR-MS (ESI): m/z = [M-H]- calcd for C11H10NO4
-: 220.0615; found: 220.0616. 

Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 3a). 
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(E)-5-((4-((2-Carboxyethyl)carbamoyl)benzylidene)amino)-2-hydroxybenzoic acid (CG_71) 

 

Aldehyde 47 (235 mg, 1.06 mmol) and 5-aminosalicylic acid (5-ASA; 54.2 mg, 0.354 mmol) 

were added to MeOH (6.0 mL). AcOH (4.0 μL) was then added to the reaction mixture, which 

turned into a clear orange solution after 5 min and was stirred at room temperature for 24 h. 

Precipitates were collected by centrifugation, washed with MeOH (3 x 8.0 mL), and dried in 

vacuo to provide imine CG_71 (88.3 mg, 0.248 mmol, 70 %) as an orange solid. 

Rf: 0.33 (EtOAc/hexanes+AcOH 70:30+1). m.p.: 240 °C. 1H-NMR (400 MHz, (CD3)2SO): δ 

(ppm) = 12.26 (s, 2H, 1-COOH and 3’’-COOH), 10.07 (s, 1H, OH), 8.76 (s, 1H, Ar-CH), 8.65 

(t, J = 5.5 Hz, 1H, CONH), 8.03 – 7.98 (m, 2H, 2’-H and 6’-H), 7.98 – 7.91 (m, 2H, 3’-H and 

5’-H), 7.77 (d, J = 2.7 Hz, 1H, 6-H), 7.59 (dd, J = 8.8, 2.7 Hz, 1H, 4-H), 7.03 (d, J = 8.8 Hz, 

1H, 3-H), 3.48 (td, J = 7.1, 5.5 Hz, 2H, 1’’-H), 2.54 (t, J = 7.1 Hz, 2H, 2’’-H). 13C-NMR (101 

MHz, (CD3)2SO): δ (ppm) = 172.9 (C-3’’), 171.6 (1-COOH), 165.7 (CONH), 160.0 (C-2), 158.3 

(Ar-CH), 142.2 (C-5), 138.4 (C-1’), 136.4 (C-4’), 129.0 (C-4), 128.3 (C-2’ and C-6’), 127.6 (C-

3’ and C-5’), 122.4 (C-6), 118.0 (C-3), 113.4 (C-1), 35.7 (C-1’’), 33.7 (C-2’’). IR (ATR): ṽ (cm-

1) = 1709, 1553, 1489, 1293, 1193, 1088, 1013, 838, 569. HR-MS (ESI): m/z = [M-H]- calcd 

for C18H15N2O6
-: 355.0936; found: 355.0938. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % 

(method 3a). 

 

2,2-Dimethyl-4-oxo-4H-benzo[d][1,3]dioxine-6-carbaldehyde (50) [5] 

 

Prepared according to General Procedure C from 5-formylsalicylic acid (48, 1.00 g, 

6.02 mmol). The crude product was purified by FCC (EtOAc/hexanes 12:88) to give acetonide 

50 (618 mg, 3.00 mmol, 50 %) as a pale yellow solid. 

Rf: 0.43 (EtOAc/hexanes 30:70). m.p.: 117 °C. 1H-NMR (500 MHz, CDCl3):  δ (ppm) = 9.97 

(d, J = 0.8 Hz, 1H, CHO), 8.47 (d, J = 2.1 Hz, 1H, 5-H), 8.12 (dd, J = 8.6, 2.1 Hz, 1H, 7-H), 

7.12 (dd, J = 8.6, 0.8 Hz, 1H, 8-H), 1.78 (s, 6H, C(CH3)2). 13C-NMR (126 MHz, CDCl3): δ (ppm) 

= 189.7 (CHO), 160.6 (C-4), 160.0 (C-8a), 135.9 (C-7), 133.6 (C-5), 131.6 (C-6), 118.6 (C-8), 
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113.7 (C-4a), 107.4 (C-2), 26.1 (C(CH3)2). IR (ATR): ṽ (cm-1) = 1737, 1686, 1611, 1580, 1265, 

1196, 1108, 841, 779, 754, 581. HR-MS (EI): m/z = [M]•+ calcd for C11H10O4
•+: 206.0574; found: 

206.0577. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 3a). 

 

(E)-3-(4-(((2,2-Dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)methylene)amino)benzamido)-

propanoic acid (CG_103) 

 

Aldehyde 50 (250 mg, 1.21 mmol) was dissolved in MeOH (6.0 mL). Amine 3 (278 mg, 

1.33 mmol) and AcOH (4.0 µL) were added and the reaction mixture was stirred at room 

temperature for 16 h. Precipitates were then collected by centrifugation, washed with MeOH 

(3 x 6.0 mL), and dried in vacuo to provide imine CG_103 (255 mg, 0.634 mmol, 53 %) as a 

white solid. 

Rf: 0.46 (EtOAc/hexanes+AcOH 30:70+1). m.p.: 203 °C. 1H-NMR (500 MHz, (CD3)2SO): δ 

(ppm) = 12.23 (s, 1H, COOH), 8.71 (s, 1H, Ar-CH), 8.53 (t, J = 5.5 Hz, 1H, CONH), 8.44 (d, J 

= 2.1 Hz, 1H, 5’’-H), 8.27 (dd, J = 8.5, 2.1 Hz, 1H, 7’’-H), 7.92 – 7.88 (m, 2H, 2’-H and 6’-H), 

7.36 – 7.31 (m, 2H, 3’-H and 5’-H), 7.29 (d, J = 8.6 Hz, 1H, 8’’-H), 3.47 (td, J = 7.1, 5.3 Hz, 2H, 

3-H), 2.54 – 2.51 (m, 2H, 2-H), 1.74 (s, 6H, C(CH3)2). 13C-NMR (101 MHz, (CD3)2SO): δ (ppm) 

= 172.9 (COOH), 165.7 (CONH), 160.1 (Ar-CH), 159.8 (C-4’’), 157.7 (C-8a’’), 153.5 (C-4’), 

136.4 (C-7’’), 131.8 (C-1’), 130.9 (C-6’’), 130.3 (C-5’’), 128.4 (C-2’ and C-6’), 120.8 (C-3’ and 

C-5’), 118.2 (C-8’’), 113.2 (C-4a’’), 107.0 (C-2), 35.6 (C-3), 33.8 (C-2), 25.3 (C(CH3)2). IR 

(ATR): ṽ (cm-1) = 3357, 2359, 1728, 1707, 1648, 1591, 1498, 1296, 1231, 1174, 947, 854, 

771, 672. HR-MS (ESI): m/z = [M-H]- calcd for C21H19N2O6
-: 395.1249; found: 395.1249. Purity 

(HPLC): 210 nm: >95 %; 254 nm: >95 % (method 3a). 

 

5-((4-((2-Carboxyethyl)carbamoyl)benzyl)amino)-2-hydroxybenzoic acid (CG_79) 
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Aldehyde 47 (190 mg, 0.859 mmol) and 5-aminosalicylic acid (5-ASA, 65.8 mg, 0.429 mmol) 

were added to MeOH (4.6 mL). AcOH (3.0 μL) was then added to the reaction mixture, which 

turned into a clear orange solution after 5 min and was stirred at room temperature for 24 h. 

Precipitates were collected by centrifugation and washed with MeOH (3 x 8.0 mL). The crude 

precipitates were then resuspended in MeOH (5.0 mL) and NaBH3CN (85.2 mg, 1.290 mmol) 

was added in portions at room temperature to the stirred mixture. After stirring for additional 

4 h, water (5.0 mL) was added. The solvents were removed in vacuo and the crude product 

purified by FCC (100 % MeOH) to give amine CG_79 (37.3 mg, 0.104 mmol, 24 %) as a yellow 

solid. 

Rf: 0.22 (EtOAc/hexanes+AcOH 80:20+1), streaks. m.p.: 330 °C. 1H-NMR (400 MHz, D2O): 

δ (ppm) = 7.71 – 7.65 (m, 2H, 3’-H and 5’-H), 7.45 (d, J = 8.1 Hz, 2H, 2’-H and 6’-H), 7.35 (d, 

J = 2.9 Hz, 1H, 6-H), 7.00 (dd, J = 8.8, 2.9 Hz, 1H, 4-H), 6.82 (d, J = 8.7 Hz, 1H, 3-H), 4.36 (s, 

2H, Ar-CH2), 3.58 (t, J = 7.0 Hz, 2H, 1’’-H), 2.51 (t, J = 7.0 Hz, 2H, 2’’-H). 13C-NMR (101 MHz, 

D2O): δ (ppm) = 180.2 (C-3’’), 175.0 (1-COOH), 170.4 (CONH), 154.2 (C-2), 141.7 (C-1’), 

132.8 (C-4’), 128.4 (C-2’ and C-6’), 127.3 (C-3’ and C-5’), 123.0 (C-4), 118.4 (C-1), 117.8 (C-

6), 117.0 (C-3), 49.5 (Ar-CH2), 37.1 (C-1’’), 36.5 (C-2’’). IR (ATR): ṽ (cm-1) = 3335, 2000, 1659, 

1631, 1566, 1494, 1484, 1413, 1300, 1234, 1018, 822. HR-MS (ESI): m/z = [M-H]- calcd for 

C18H17N2O6
-: 357.1092; found: 357.1094. Purity (HPLC): 210 nm: 95 %; 254 nm: 87 % 

(method 3a). 

 

3-(4-(((2,2-Dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)methyl)amino)benzamido)propanoic 

acid (51) 

 

Imine CG_103 (100 mg, 0.252 mmol) was dissolved in MeOH (2.5 mL) under N2 atmosphere 

and NaBH3CN (50.1 mg, 0.757 mmol) was added in portions. After stirring for 4 h, the reaction 

was quenched with sat. aq. NaHCO3 (10 mL). The mixture was concentrated in vacuo and 

directly purified by FCC (EtOAc/hexanes+AcOH 80:20+1) to give amine 51 (99.5 mg, 

0.250 mmol, 99 %) as a white solid. 

Rf: 0.31 (EtOAc/hexanes+AcOH 80:20+1). m.p.: 172 °C. 1H-NMR (500 MHz, (CD3)2SO): δ 

(ppm) = 8.08 (t, J = 5.6 Hz, 1H, CONH), 7.84 (d, J = 2.2 Hz, 1H, 5’’-H), 7.66 (dd, J = 8.5, 2.3 

Hz, 1H, 7’’-H), 7.59 – 7.55 (m, 2H, 2’-H and 6’-H), 7.09 (d, J = 8.4 Hz, 1H, 8’’-H), 6.82 (t, J = 
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6.2 Hz, 1H, NH), 6.61 – 6.55 (m, 2H, 3’-H and 5’-H), 4.34 (d, J = 6.1 Hz, 2H, Ar-CH2), 3.38 (td, 

J = 7.1, 5.4 Hz, 2H, 3-H), 2.42 (t, J = 7.2 Hz, 2H, 2-H), 1.67 (s, 6H, C(CH3)2). 13C-NMR (126 

MHz, (CD3)2SO): δ (ppm) = 173.3 (C-1), 166.1 (CONH), 160.3 (C-4’’), 154.3 (C-8a’’), 150.7 

(C-4’), 136.0 (C-7’’), 134.7 (C-6’’), 128.6 (C-2’ and C-6’), 127.4 (C-5’’), 121.6 (C-1’), 117.3 (C-

8’’), 112.8 (C-4a’’), 111.1 (C-3’ and C-5’), 106.3 (C-2’’), 44.9 (Ar-CH2), 35.5 (C-3), 34.5 (C-2), 

25.2 (C(CH3)2). IR (ATR): ṽ (cm-1) = 3340, 2828, 1736, 1694, 1620, 1599, 1509, 1501, 1301, 

1261, 1214, 1185, 915, 835, 766. HR-MS (ESI): m/z = [M-H]- calcd for C21H21N2O6
-: 397.1405; 

found: 397.1406. Purity (HPLC): 210 nm: 90 %; 254 nm: 93 % (method 3a). 

 

5-(((4-((2-Carboxyethyl)carbamoyl)phenyl)amino)methyl)-2-hydroxybenzoic acid 

hydrochloride (CG_112) 

 

Amine 51 (35.0 mg, 0.0880 mmol) was dissolved in 1,4-dioxane (0.60 mL) followed by the 

dropwise addition of conc. HCl (45 µL). The reaction mixture was heated to 60 °C for 2 h, 

cooled to room temperature and the precipitate collected by filtration and dried in vacuo to 

give HCl-salt CG_112 (26.2 mg, 0.0664 mmol, 76 %) as a white solid. 

Rf: not determinable. m.p.: 170 °C. 1H-NMR (500 MHz, CD3OD): δ (ppm) = 7.94 (d, J = 2.4 

Hz, 1H, 6-H), 7.90 – 7.87 (m, 2H, 3’’-H and 5’’-H), 7.50 (dd, J = 8.6, 2.4 Hz, 1H, 4-H), 7.33 – 

7.30 (m, 2H, 2’’-H and 6’’-H), 6.96 (d, J = 8.5 Hz, 1H, 3-H), 4.55 (s, 2H, Ar-CH2), 3.63 (t, J = 

6.8 Hz, 2H, 1’’’-H), 2.66 (t, J = 6.8 Hz, 2H, 2’’’-H). 13C-NMR (126 MHz, CD3OD): δ (ppm) = 

173.9 (C-1’’’), 172.9 (1-COOH), 168.9 (CONH), 163.9 (C-2), 141.7 (C-1’’), 138.0 (C-4), 133.9 

(C-4’’), 133.3 (C-6), 130.3 (C-3’’ and C-5’’), 124.1 (C-5), 122.1 (C-2’’ and C-6’’), 119.0 (C-3), 

114.2 (C-1), 54.2 (Ar-CH2), 37.1 (C-1’’’), 34.6 (C-2’’’). IR (ATR): ṽ (cm-1) = 3321, 2544, 1666, 

1641, 1596, 1278, 1185, 1112, 862, 848, 754. HR-MS (ESI): m/z = [M-H]- calcd for C18H17N2O6
-: 

357.1092; found: 357.1092. Purity (HPLC): 210 nm: 91 %; 254 nm: 91 % (method 2a). 
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3-(Benzyloxy)-3-oxopropan-1-aminium 4-methylbenzenesulfonate (53) [9] 

 

β-Alanine (445 mg, 5.00 mmol) and p-toluenesulfonic acid hydrate (52, 1.14 g, 6.00 mmol) 

were suspended in benzyl alcohol (1.55 mL, 15.0 mmol) and toluene (15 mL). The mixture 

was heated to reflux with a Dean-Stark equipment for 5 h and then cooled to room temperature. 

The resulting precipitate was collected by filtration and washed with diethyl ether (3 x 20 mL). 

It was then resuspended in EtOAc (300 mL) and heated to reflux. The hot suspension was 

repeatedly filtered, and the precipitate collected and dried in vacuo to give aminoester salt 53 

(1.45 g, 3.33 mmol, 83 %) as a white crystalline solid. 

Rf: not determinable. m.p.: 140 °C. 1H-NMR (400 MHz, (CD3)2SO): δ (ppm) = 7.75 (s, 3H, 

NH3
+), 7.50 – 7.46 (m, 2H, 2’’-H and 6’’-H), 7.41 – 7.32 (m, 5H, Ar-CH2), 7.13 – 7.09 (m, 2H, 

3’’-H and 5’’-H), 5.14 (s, 2H, Ar-CH2), 3.06 (t, J = 6.9 Hz, 2H, 1-H), 2.72 (t, J = 6.9 Hz, 2H, 2-

H), 2.29 (s, 3H, CH3). 13C-NMR (101 MHz, (CD3)2SO): δ (ppm) = 170.2 (C-3), 145.6 (C-1’’), 

137.7 (C-4’’), 135.8 (C-1’), 128.5 (C-3’ and C-5’), 128.2 (C-4’), 128.09 (C-3’’ and C-5’’), 128.07 

(C-2’ and C-6’), 125.5 (C-2’’ and C-6’’), 66.0 (Ar-CH2), 34.7 (C-1), 31.4 (C-2), 20.8 (CH3). IR 

(ATR): ṽ (cm-1) = 3051, 1732, 1518, 1400, 1228, 1201, 1154, 1120, 1031, 1007, 815, 742, 

865, 568. HR-MS (ESI): m/z = [M+H]+ calcd for C10H14NO2
+: 180.1019; found: 180.1018. 

Purity (HPLC): 254 nm: >95 % (method 4a). 

 

Benzyl 3-(4-hydroxybenzamido)propanoate (55) [9] 

 

Prepared according to General Procedure G from 4-hydroxybenzoic acid (54, 276 mg, 

2.00 mmol) and aminoester salt 53 (843 mg, 2.40 mmol). The crude product was purified by 

FCC (EtOAc/hexanes 50:50) to give product 55 (532 mg, 1.78 mmol, 89 %) as a white solid. 

Rf: 0.24 (EtOAc/hexanes 50:50). m.p.: 112 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.61 – 

7.54 (m, 2H, 2’’-H and 6’’-H), 7.38 – 7.29 (m, 5H, Ar-CH2), 6.86 – 6.82 (m, 2H, 3’’-H and 5’’-

H), 6.79 (d, J = 6.0 Hz, 1H, CONH), 5.15 (s, 2H, Ar-CH2), 3.73 (qd, J = 6.6, 6.1, 3.1 Hz, 2H, 

3-H), 2.70 (t, J = 5.8 Hz, 2H, 2-H). 13C-NMR (101 MHz, CDCl3): δ (ppm) = 172.9 (C-1), 167.8 

(CONH), 159.9 (C-4’’), 135.6 (C-1’), 129.1 (C-2’’ and C-6’’), 128.8 (C-3’ and C-5’), 128.6 (C-
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4’), 128.5 (C-2’ and C-6’), 125.7 (C-1’’), 115.7 (C-3’’ and C-5’’), 66.9 (Ar-CH2), 35.6 (C-3), 34.2 

(C-2). IR (ATR): ṽ (cm-1) = 3303, 1708, 1635, 1510, 1273, 1205, 1174, 960, 846, 757, 697. 

HR-MS (ESI): m/z = [M-H]- calcd for C17H16NO4
-: 298.1085; found: 298.1087. Purity (HPLC): 

210 nm: >95 %; 254 nm: >95 % (method 3a). 

 

3-(4-Hydroxybenzamido)propanoic acid (56) [9] 

 

Phenol 55 (500 mg, 1.67 mmol) was dissolved in dry MeOH (10 mL) and 10 % Pd/C (10 wt% 

on activated carbon, 50.0 mg) was added under N2 atmosphere. Hydrogenation was 

performed under 1 bar H2 pressure at room temperature for 1.5 h. Subsequently, the reaction 

mixture was filtered through a pad of celite and the solvent was removed in vacuo to give 

carboxylic acid 56 (336 mg, 1.61 mmol, 96 %) as a white solid. 

Rf: 0.27 (EtOAc/hexanes+AcOH 70:30+1). 

m.p.: 180 °C. 1H-NMR (400 MHz, (CD3)2SO): δ (ppm) = 8.25 (t, J = 5.5 Hz, 1H, CONH), 7.73 

– 7.64 (m, 2H, 2’-H and 6’-H), 6.83 – 6.74 (m, 2H, 3’-H and 5’-H), 3.41 (td, J = 7.2, 5.4 Hz, 2H, 

3-H), 2.52 – 2.44 (m, 2H, 2-H). 13C-NMR (101 MHz, (CD3)2SO): δ (ppm) = 173.0 (C-1), 165.9 

(CONH), 160.1 (C-4’), 129.0 (C-2’ and C-6’), 125.1 (C-1’), 114.7 (C-3’ and C-5’), 35.5 (C-3), 

34.0 (C-2). IR (ATR): ṽ (cm-1) = 3439, 3247, 1703, 1637, 1503, 1331, 1205, 923, 851, 726. 

HR-MS (ESI): m/z = [M-H]- calcd for C10H10NO4
-: 208.0615; found: 208.0616. Purity (HPLC): 

210 nm: >95 %; 254 nm: >95 % (method 3a). 

 

2,2,6-Trimethyl-4H-benzo[d][1,3]dioxin-4-one (58) 

 

Method A:[6] 

Under N2 atmosphere, first acetone (4.83 mL, 65.7 mmol) and then dropwise SOCl2 (3.36 mL, 

46.0 mmol) were added to a solution of 5-methylsalicylic acid (57, 5.00 g, 32.9 mmol) and 

DMAP (2.01 g, 16.4 mmol) in 1,2-dimethoxyethane (25 mL) at 0 °C and stirred for 1 h at this 

temperature. The reaction mixture was then allowed to reach room temperature and stirred 

for further 19 h. Sat. aq. NaHCO3 (25 mL) was added to the mixture and the aq. phase was 

extracted with diethyl ether (3 x 35 mL). The combined organic layers were washed with brine 
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(2 x 20 mL), dried using a phase separation paper and the solution concentrated under 

reduced pressure. The crude product was purified by FCC (EtOAc/hexanes 5:95) to give 

acetonide 58 (1.61 g, 8.39 mmol, 26 %) as an off-white solid. 

Method B: 

Prepared according to General Procedure C from 5-methylsalicylic acid (57, 6.70 g, 

44.0 mmol). The crude product was purified by FCC (EtOAc/hexanes 7:93) to give acetonide 

58 (4.26 g, 22.2 mmol, 50 %) as an off-white solid. 

Rf: 0.33 (EtOAc/hexanes 7:93). m.p.: 87 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.75 (dp, 

J = 2.0, 0.8 Hz, 1H, 5-H), 7.37 – 7.32 (m, 1H, 7-H), 6.86 (d, J = 8.3 Hz, 1H, 8-H), 2.34 (d, J = 

0.8 Hz, 3H, 6-CH3), 1.72 (s, 6H, C(CH3)2). 13C-NMR (101 MHz, CDCl3): δ (ppm) = 161.5 (C-

4), 154.1 (C-8a), 137.4 (C-7), 132.4 (C-6), 129.6 (C-5), 117.1 (C-8), 113.4 (C-4a), 106.4 (C-

2), 25.9 (C(CH3)2), 20.7 (6-CH3). IR (ATR): ṽ (cm-1) = 1729, 1618, 1489, 1380, 1292, 1200, 

1046, 932, 832, 779. HR-MS (ESI): m/z = [M+H]+ calcd for C11H13O3
+: 193.0859; found: 

193.0859. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 3a). 

 

6-(Bromomethyl)-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (59) [6] 

 

Acetonide 58 (1.00 g, 5.20 mmol) was dissolved in CCl4 (13 mL) in a pressure tube. NBS 

(1.02 g, 5.72 mmol) and AIBN (87.0 mg, 0.520 mmol) were added and the reaction mixture 

heated to 80 °C for 16 h. Then, it was cooled to room temperature, filtered and the solvent of 

the filtrate removed in vacuo. The resulting residue was dissolved in DCM (15 mL), washed 

with brine (2 x 15 mL) and the solvent removed in vacuo. The crude product was purified by 

FCC (EtOAc/hexanes 5:95) to give benzyl bromide 59 (645 mg, 2.38 mmol, 46 %) as a white 

solid. 

Rf: 0.20 (EtOAc/hexanes 5:95). m.p.: 149 °C. 1H-NMR (400 MHz, CDCl3):  δ (ppm) = 7.99 – 

7.96 (m, 1H, 5-H), 7.59 (dd, J = 8.5, 2.3 Hz, 1H, 7-H), 6.96 (d, J = 8.5 Hz, 1H, 8-H), 4.48 (s, 

2H, CH2), 1.74 (s, 6H, C(CH3)2). 13C-NMR (101 MHz, CDCl3): δ (ppm) = 160.7 (C-4), 156.1 

(C-8a), 137.3 (C-7), 132.6 (C-6), 130.0 (C-5), 118.1 (C-8), 113.7 (C-4a), 106.8 (C-2), 32.2 

(CH2), 26.0 (C(CH3)2). IR (ATR): ṽ (cm-1) = 1736, 1615, 1492, 1302, 1201, 1053, 936, 847, 

779, 705, 607. HR-MS (EI): m/z = [M]•+ calcd for C11H11BrO3
•+: 269.9886; found: 269.9881. 

Purity (NMR): >95 %. 
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3-(4-((2,2-Dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)methoxy)benzamido)propanoic acid 

(CG_94) 

 

To phenol 56 (100 mg, 0.478 mmol), bromide 59 (130 mg, 0.478 mmol) and Cs2CO3 (389 mg, 

1.20 mmol) was added dry DMF (5.0 mL) and the mixture heated to 60 °C for 20 min. Water 

(50 mL) was added and stirring continued for 30 min. The aq. phase was acidified with 2 M 

aq. HCl and extracted with EtOAc (3 x 50 mL). The combined organic layers were washed 

with 1 M aq. HCl (20 mL), dried using a phase separation paper and concentrated in vacuo. 

The crude product was purified by FCC (EtOAc/toluene+AcOH 50:50+1) to give ether CG_94 

(117 mg; 0.292 mmol, 61 %) as a colourless to white oil. 

Rf: 0.29 (EtOAc/toluene+AcOH 50:50+1). 1H-NMR (400 MHz, (CD3)2SO): δ (ppm) = 9.97 (s, 

1H, COOH), 8.28 (t, J = 5.5 Hz, 1H, CONH), 7.89 (d, J = 2.2 Hz, 1H, 5’’-H), 7.70 – 7.63 (m, 

3H, 2’-H and 6’-H and 7’’-H), 7.08 (d, J = 8.5 Hz, 1H, 8’’-H), 6.79 – 6.74 (m, 2H, 3’-H and 5’-

H), 5.10 (s, 2H, Ar-CH2), 3.47 (td, J = 6.9, 5.4 Hz, 2H, 3-H), 2.62 (t, J = 6.9 Hz, 2H, 2-H), 1.68 

(s, 6H, C(CH3)2). 13C-NMR (101 MHz, (CD3)2SO): δ (ppm) = 171.3 (C-1), 166.0 (CONH), 160.1 

(C-4’), 160.0 (C-4’’), 155.2 (C-8a’’), 137.0 (C-7’’), 131.0 (C-6’’), 129.0 (C-2’ and C-6’), 128.9 

(C-5’’), 125.0 (C-1’), 117.4 (C-8’’), 114.7 (C-3’ and C-5’), 112.8 (C-4a’’), 106.5 (C-2’’), 64.6 (Ar-

CH2), 35.4 (C-3), 33.9 (C-2), 25.2 (C(CH3)2). IR (ATR): ṽ (cm-1) = 2956, 2924, 2855, 2360, 

1732, 1458, 1259, 1172, 1029, 799. HR-MS (ESI): m/z = [M-H]- calcd for C21H20NO7
-: 398.1245; 

found: 398.1246. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 3a). 

 

6-Hydroxy-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (62) [10] 

 

TFAA (2.71 mL, 19.5 mmol) and acetone (2.39 mL, 32.4 mmol) were added to a stirred 

mixture of 2,5-dihydroxybenzoic acid (61, 1.00 g, 6.49 mmol) and TFA (8.03 mL, 107 mmol) 

at 0 °C. The mixture was slowly warmed to room temperature and after 14 h the solvent was 

concentrated to 1/3 of its volume. EtOAc (5.0 mL) and sat. aq. NaHCO3 (50 mL) were added 

and the mixture was stirred for 2 h. The layers were separated, and the aq. phase was 
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extracted with EtOAc (3 x 50 mL). The combined extracts were dried using a phase separation 

paper, concentrated in vacuo and purified by FCC (EtOAc/hexanes 25:75) to give acetonide 

62 (388 mg, 2.00 mmol, 31 %) as an off-white solid. 

Rf: 0.32 (EtOAc/hexanes 25:75). m.p.: 145 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.48 (d, 

J = 3.0 Hz, 1H, 5-H), 7.11 (dd, J = 8.8, 3.0 Hz, 1H, 7-H), 6.87 (d, J = 8.8 Hz, 1H, 8-H), 5.94 (s, 

1H, OH), 1.72 (s, 6H, C(CH3)2). 13C-NMR (101 MHz, CDCl3): δ (ppm) = 162.0 (C-4), 151.4 (C-

6), 150.1 (C-8a), 124.9 (C-7), 118.6 (C-8), 114.6 (C-5), 113.9 (C-4a), 106.8 (C-2), 25.8 

(C(CH3)2). IR (ATR): ṽ (cm-1) = 3313, 1710, 1623, 1500, 1468, 1381, 1328, 1283, 1197, 1060, 

985, 887, 780, 640. HR-MS (ESI): m/z = [M-H]- calcd for C10H9O4
-: 193.0506; found: 193.0507. 

Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 3a). 

 

3-(4-(Hydroxymethyl)benzamido)propanoic acid (74) 

 

4-(Hydroxymethyl)benzoic acid (73, 500 mg, 3.29 mmol) was dissolved in dry DCM (20 mL). 

At 0 °C oxalyl dichloride (417 µL, 4.93 mmol) was added dropwise, followed by the addition of 

a catalytic amount of DMF (2 drops). The resulting mixture was stirred at room temperature 

for 2 h. After this time, the solvent was removed in vacuo to afford crude acid chloride. 

To a solution of K2CO3 (1.09 g, 6.57 mmol) in a mixture of EtOAc/water (2:1, 20 mL) was 

added β-alanine (351 mg, 3.94 mmol). The resulting solution was cooled to 0 °C, followed by 

dropwise addition of the crude substituted benzoyl chloride dissolved in DCM (3.0 mL). The 

reaction mixture was warmed to room temperature and stirred for 16 h. Phases were 

separated, and the aq. phase further extracted with EtOAc (20 mL). The combined organic 

layers were discarded, and the aq. phase was adjusted to pH 1 – 2 by the addition of 2 M aq. 

HCl and extracted with EtOAc (3 x 20 mL). The combined organic layers were dried using a 

phase separation paper and the solvent removed in vacuo. The crude product was purified by 

FCC (EtOAc/hexanes+AcOH 70:30+1) to give product 74 (374 mg, 1.68 mmol, 51 %) as a 

white solid. 

Rf: 0.17 (EtOAc/hexanes+AcOH 70:30+1). m.p.: 102 °C. 1H-NMR (500 MHz, (CD3)2SO): δ 

(ppm) = 12.13 (s, 1H, COOH), 8.70 (t, J = 6.0 Hz, 1H, OH), 8.47 (t, J = 5.5 Hz, 1H, CONH), 

7.81 – 7.77 (m, 2H, 2’-H and 6’-H), 7.40 – 7.36 (m, 2H, 3’-H and 5’-H), 4.54 (s, 2H, Ar-CH2), 

3.45 (td, J = 7.1, 5.4 Hz, 2H, 3-H), 2.52 (d, J = 1.8 Hz, 1H, 2-H). 13C-NMR (101 MHz, (CD3)2SO): 

δ (ppm) = 172.9 (COOH), 166.1 (CONH), 145.8 (C-4’), 132.7 (C-1’), 127.0 (C-2’ and C-6’), 

125.9 (C-3’ and C-6’), 62.4 (Ar-CH2), 35.6 (C-3), 33.9 (C-2). IR (ATR): ṽ (cm-1) = 3308, 2930, 
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2602, 1711, 1641, 1548, 1269, 1202, 1005, 850, 673. HR-MS (ESI): m/z = [M-H]- calcd for 

C11H12NO4
-: 222.0772; found: 222.0774. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % 

(method 3a). 

 

Ethyl 3-(4-(hydroxymethyl)benzamido)propanoate (77) 

 

Prepared according to General Procedure E from 4-(hydroxymethyl)benzoic acid (73, 

500 mg, 3.29 mmol) and β-alanine ethyl ester hydrochloride (76, 337 mg, 2.19 mmol). The 

crude product was purified by FCC (DCM/EtOAc 50:50) to give amide 77 (315 mg, 1.25 mmol, 

57 %) as a colourless oil. 

Rf: 0.23 (DCM/EtOAc 50:50). 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.68 (d, J = 7.9 Hz, 2H, 

2’-H and 6’-H), 7.35 (d, J = 7.8 Hz, 2H, 3’-H and 5’-H), 6.96 (t, J = 6.1 Hz, 1H, CONH), 4.71 

(s, 2H, Ar-CH2), 4.15 (q, J = 7.1 Hz, 2H, CH2CH3), 3.69 (q, J = 5.8 Hz, 2H, 3-H), 2.62 (t, J = 

5.9 Hz, 2H, 2-H), 1.26 (t, J = 7.1 Hz, 3H, CH3). 13C-NMR (101 MHz, CDCl3): δ (ppm) = 173.1 

(C-1), 167.4 (CONH), 144.9 (C-4’), 133.4 (C-1’), 127.2 (C-2’ and C-6’), 126.8 (C-3’ and C-5’), 

64.6 (Ar-CH2), 61.0 (CH2CH3), 35.5 (C-3), 34.0 (C-2), 14.3 (CH3). IR (ATR): ṽ (cm-1) = 3321, 

1937, 1727, 1714, 1633, 1537, 1307, 1270, 1181, 1017, 853, 752. HR-MS (ESI): m/z = [M+H]+ 

calcd for C13H18NO4
+: 252.1230; found: 252.1231. Purity (HPLC): 210 nm: >95 %; 254 

nm: >95 % (method 3a). 

 

Ethyl 3-(4-(((2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)oxy)methyl)benzamido)-

propanoate (78) 

 

To a solution of primary alcohol 77 (50.0 mg, 0.199 mmol) and phenol 62 (38.6 mg, 

0.199 mmol) in dry THF (1.0 mL), triphenylphosphine (52.7 mg, 0.199 mmol) was added at 

room temperature. The reaction mixture was cooled to 0 °C and DEAD (40 % in toluene, 

90.6 µL, 0.199 mmol) was added dropwise and the reaction mixture was allowed to reach 

room temperature and was stirred for 16 h. The solvent was evaporated under reduced 
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pressure and the crude product purified by FCC (EtOAc/hexanes 50:50) to give ether 78 

(56.4 mg, 0.132 mmol, 66 %) as a white solid. 

Rf: 0.40 (EtOAc/hexanes 50:50). m.p.: 112 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.81 – 

7.77 (m, 2H, 2’-H and 6’-H), 7.51 – 7.46 (m, 3H, 3’-H, 5’-H and 5’’-H), 7.20 (dd, J = 9.0, 3.1 

Hz, 1H, 7’’-H), 6.91 (d, J = 9.0 Hz, 1H, 8’’-H), 6.87 (d, J = 5.9 Hz, 1H, CONH), 5.10 (s, 2H, 4’-

CH2), 4.17 (q, J = 7.1 Hz, 2H, CH2CH3), 3.73 (q, J = 6.1 Hz, 2H, 3-H), 2.68 – 2.62 (m, 2H, 2-

H), 1.72 (s, 6H, C(CH3)2), 1.27 (t, J = 7.1 Hz, 3H, CH2CH3). 13C-NMR (101 MHz, CDCl3): δ 

(ppm) = 173.1 (C-1), 167.0 (CONH), 161.3 (C-4’’), 153.8 (C-6’’), 150.7 (C-8a’’), 140.1 (C-4’), 

134.3 (C-1’), 127.5 (C-3’ and C-5’), 127.4 (C-2’ and C-6’), 125.5 (C-7’’), 118.7 (C-8’’), 113.9 

(C-4a’’), 112.5 C-5’’), 106.6 (C-2’’), 70.1 (4’-CH2), 61.0 (CH2CH3), 35.4 (C-3), 34.1 (C-2), 25.8 

(C(CH3)2), 14.3 (CH2CH3). IR (ATR): ṽ (cm-1) = 3340, 2958, 1726, 1629, 1494, 1291, 1193, 

1178, 1135, 1058, 1015, 846. HR-MS (ESI): m/z = [M+H]+ calcd for C23H26NO7
+: 428.1704; 

found: 428.1705. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 3a). 

 

5-((4-((2-Carboxyethyl)carbamoyl)benzyl)oxy)-2-hydroxybenzoic acid (CG_129) 

 

Prepared according to General Procedure D from compound 78 (40.0 mg, 0.0936 mmol) and 

heating the reaction mixture to reflux. The organic material was extracted with EtOAc (3 x 

10 mL). The combined organic layers were washed with brine (10 mL), dried using a phase 

separation paper and concentrated in vacuo to give pure ether CG_129 (27.4 mg, 

0.0763 mmol, 82 %) as a white solid. 

Rf: 0.34 (EtOAc/hexanes+AcOH 60:40+1). m.p.: 209 °C. 1H-NMR (400 MHz, CD3OD): δ (ppm) 

= 8.59 – 8.47 (m, 1H, CONH), 7.84 – 7.79 (m, 2H, 3’-H and 5’-H), 7.55 – 7.50 (m, 2H, 2’-H 

and 6’-H), 7.42 (d, J = 3.1 Hz, 1H, 6-H), 7.18 (dd, J = 9.0, 3.2 Hz, 1H, 4-H), 6.86 (d, J = 9.1 

Hz, 1H, 3-H), 5.11 (s, 2H, 1’-CH2), 3.67 – 3.60 (m, 2H, 1’’-H), 2.64 (t, J = 6.9 Hz, 2H, 2’’-H). 

13C-NMR (101 MHz, CD3OD): δ (ppm) = 175.4 (C-3’’), 173.1 (1-COOH), 170.0 (CONH), 157.8 

(C-2), 152.2 (C-5), 142.6 (C-1’), 135.1 (C-4’), 128.5 (C-3’ and C-5’ or C-2’ and C-6’), 128.4 (C-

3’ and C-5’ or C-2’ and C-6’), 125.4 (C-4), 119.2 (C-3), 115.5 (C-6), 113.7 (C-1), 71.1 (1’-CH2), 

37.1 (C-1’’), 34.6 (C-2’’). IR (ATR): ṽ (cm-1) = 3311, 3921, 1692, 1676, 1624, 1486, 1441, 1292, 

1209, 1182, 1084, 1034, 828. HR-MS (ESI): m/z = [M-H]- calcd for C18H16NO7
-: 358.0932; 

found: 358.0933. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 3a). 
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Synthesis of stilbene CG_111, alkane CG_142, and alkyne CG_219 

 

Scheme S2: Preparation of stilbene CG_111, alkane CG_142, and alkyne CG_219. 

 

6-((Benzo[d]thiazol-2-ylthio)methyl)-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (83) [6] 

 

To a solution of bromide 59 (500 mg, 1.84 mmol) and 2-mercaptobenzothiazole (82; 370 mg, 

2.21 mmol) in DCM (5.0 mL), triethylamine (514 µL, 3.69 mmol) was added at 0 °C. Then the 

mixture was stirred at room temperature for 2.5 h. Water (50 mL) was added and the aq. phase 
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extracted with DCM (3 x 30 mL). The combined organic layers were washed with water (50 mL) 

and brine (50 mL) and dried using a phase separation paper. The filtrate was concentrated 

under reduced pressure. The resulting crude product was purified by FCC (EtOAc/hexanes 

10:90) to give thioether 83 (540 mg, 1.51 mmol, 82 %) as a white solid. 

Rf: 0.20 (EtOAc/hexanes 10:90). m.p.: 102 °C. 1H-NMR (500 MHz, CDCl3): δ (ppm) = 8.05 (d, 

J = 2.3 Hz, 1H, 5-H), 7.92 (dd, J = 8.1, 1.0 Hz, 1H, 4’-H), 7.76 (ddd, J = 8.1, 1.3, 0.7 Hz, 1H, 

7’-H), 7.69 (dd, J = 8.5, 2.3 Hz, 1H, 7-H), 7.44 (ddd, J = 8.3, 7.2, 1.2 Hz, 1H, 5’-H), 7.31 (ddd, 

J = 8.4, 7.3, 1.2 Hz, 1H, 6’-H), 6.92 (d, J = 8.5 Hz, 1H, 8-H), 4.60 (s, 2H, Ar-CH2), 1.72 (s, 7H, 

C(CH3)2). 13C-NMR (126 MHz, CDCl3): δ (ppm) = 165.9 (C-2’), 160.9 (C-4), 155.6 (C-8a), 

152.9 (C-3a’), 137.4 (C-7), 135.4 (C-7a’), 131.3 (C-6), 130.3 (C-5), 126.4 (C-5’), 124.7 (C-6’), 

121.7 (C-4’), 121.2 (C-7’), 117.8 (C-8), 113.6 (C-4a), 106.7 (C-2), 36.7 (Ar-CH2), 26.0 

(C(CH3)2). IR (ATR): ṽ (cm-1) = 1733, 1618, 1494, 1457, 1427, 1298, 1202, 1050, 993, 843, 

754, 724. HR-MS (ESI): m/z = [M+H]+ calcd for C18H16NO3S2
+: 358.0566; found: 358.0568. 

Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 3a). 

 

6-((Benzo[d]thiazol-2-ylsulfonyl)methyl)-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (84) [6] 

 

To a solution of thioether 83 (357 mg, 1.00 mmol) in MeOH (5.0 mL) was added Na2WO4 

dihydrate (330 mg, 1.00 mmol) and 30 % H2O2 (1.70 mL, 15.0 mmol). The mixture was stirred 

at room temperature for 12 h. The solvent was then evaporated under reduced pressure and 

the residue resuspended in water (50 mL) and extracted with DCM (3 x 40 mL). The combined 

organic layers were dried using a phase separation paper and concentrated under reduced 

pressure to give product 84 (375 mg, 0.963 mmol. 96 %) as a white solid. 

Rf: 0.39 (EtOAc/hexanes 35:65). m.p.: 187 °C. 1H-NMR (500 MHz, CDCl3): δ (ppm) = 8.26 

(ddd, J = 8.3, 1.3, 0.7 Hz, 1H, 4’-H), 7.96 (ddd, J = 8.2, 1.3, 0.7 Hz, 1H, 7’-H), 7.84 (d, J = 2.2 

Hz, 1H, 5-H), 7.66 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H, 5’-H), 7.62 – 7.56 (m, 2H, 7-H and 6’-H), 

6.94 (d, J = 8.5 Hz, 1H, 8-H), 4.74 (s, 2H, Ar-CH2), 1.69 (s, 6H, C(CH3)2). 13C-NMR  (101 MHz, 

CDCl3): δ (ppm) = 164.9 (C-2’), 160.2 (C-4), 156.8 (C-8a), 152.7 (C-3a’), 139.0 (C-7), 137.0 

(C-7a’), 132.6 (C-5), 128.4 (C-6’), 128.0 (C-5’), 125.8 (C-4’), 122.4 (C-7’), 121.0 (C-6), 118.3 

(C-8), 113.9 (C-4a), 106.9 (C-2), 60.1 (Ar-CH2), 25.9 (C(CH3)2). IR (ATR): ṽ (cm-1) = 1729, 

1620, 1494, 1302, 1202, 1147, 1056, 767, 619. HR-MS (ESI): m/z = [M+H]+ calcd for 
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C18H16NO5S2
+: 390.0464; found: 390.0467. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % 

(method 3a). 

 

tert-Butyl (E/Z)-3-(4-(2-(2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)vinyl)benzamido)-

propanoate (85-E/Z) 

 

To a solution of sulfone 84 (850 mg, 2.18 mmol) in dry DMF (21 mL), sodium hydride (131 mg, 

3.27 mmol) was added at 0 ºC under N2 atmosphere. The solution turned reddish indicating 

the formation of carbanion. After 5 min of stirring, aldehyde 46 (605 mg, 2.18 mmol) was 

added. The temperature of the reaction was gradually raised from 0 °C to room temperature 

and stirring continued at this temperature for 16 h. The reaction mixture was quenched with 

sat. aq. NH4Cl (15 mL). The aqueous phase was extracted with EtOAc (3 x 15 mL). The 

combined organic layers were washed with 10 % aq. NaOH (3 x 15 mL) to remove by-product 

hydroxybenzothiazole, followed by water (20 mL) and brine (20 mL). The solvent was then 

removed in vacuo and the crude product dissolved in MeOH (10 mL). To remove unreacted 

aldehyde, sat. NaHSO3 (50 mL) was added to the solution, shaken for approx. 30 s, diluted 

with water (50 mL) and extracted with a solvent mixture of 10 % EtOAc in hexanes (3 x 

50 mL). The obtained crude product was purified by FCC (EtOAc/hexanes 40:60) to give the 

E-isomer 85-E (349 mg, 0.774 mmol, 35 %) as a white solid, the Z-isomer 85-Z (24.9 mg, 

0.0552 mmol, 3 %) as a pale yellow oil and a mixture of E- and Z-isomer 85-E/Z as a pale 

yellow oil (154 mg, 0.341 mmol, 16 %). 

E-Isomer: 

Rf: 0.27 (EtOAc/hexanes 40:60). m.p.: 166 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 8.12 (d, 

J = 2.2 Hz, 1H, 5’’’-H), 7.79 – 7.75 (m, 2H, 2’-H and 6’-H), 7.70 (dd, J = 8.5, 2.3 Hz, 1H, 7’’’-

H), 7.56 – 7.52 (m, 2H, 3’-H and 5’-H), 7.13 (d, J = 16.4 Hz, 1H, 2’’-H), 7.08 (d, J = 16.4 Hz, 

1H, 1’’-H), 6.98 (d, J = 8.5 Hz, 1H, 8’’’-H), 6.89 (t, J = 6.0 Hz, 1H, CONH), 3.70 (q, J = 6.0 Hz, 

2H, 3-H), 2.60 – 2.53 (m, 3H, 2-H), 1.76 (s, 6H, C(CH3)2), 1.47 (s, 9H, C(CH3)3). 13C-NMR (101 

MHz, CDCl3): δ (ppm) = 172.5 (C-1), 166.8 (CONH), 161.2 (C-4’’’), 155.7 (C-8a’’’), 140.1 (C-

4’), 134.6 (C-7’’’), 133.6 (C-1’), 132.1 (C-6’’’), 128.6 (C-2’’), 128.2 (C-1’’), 127.6 (C-2’ and C-

6’), 127.5 (C-5’’’), 126.7 (C-3’ and C-5’), 117.8 (C-8’’’), 113.9 (C-4a’’’), 106.8 (C-2’’’), 81.4 

(C(CH3)3), 35.6 (C-3), 35.2 (C-2), 28.3 (C(CH3)2), 26.0 (C(CH3)3). IR (ATR): ṽ (cm-1) = 3384, 
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2931, 1727, 1712, 1657, 1602, 1537, 1503, 1316, 1269, 1206, 1156, 1138, 1062, 945, 838. 

HR-MS (ESI): m/z = [M+H]+ calcd for C26H30NO6
+: 452.2068; found: 452.2069. Purity (HPLC): 

210 nm: >95 %; 254 nm: >95 % (method 3a). 

 

Z-Isomer: 

Rf: 0.34 (EtOAc/hexanes 40:60). 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.84 (d, J = 2.4 Hz, 

1H, 5’’’-H), 7.66 – 7.62 (m, 2H, 2’-H and 6’-H), 7.35 (dd, J = 8.6, 2.2 Hz, 1H, 7’’’-H), 7.30 – 

7.26 (m, 2H, 3’ and 5’-H), 6.84 (t, J = 6.1 Hz, 1H, CONH), 6.76 (d, J = 8.5 Hz, 1H, 8’’’-H), 6.64 

(d, J = 12.3 Hz, 1H, 1’’-H or 2’’-H), 6.60 (d, J = 12.3 Hz, 1H, 1’’-H or 2’’-H), 3.68 (q, J = 6.0 Hz, 

2H, 3-H), 2.59 – 2.51 (m, 2H, 2-H), 1.73 (s, 6H, C(CH3)2), 1.46 (s, 9H, C(CH3)3). 13C-NMR (101 

MHz, CDCl3): δ (ppm) = 172.5 (C-1), 166.9 (CONH), 161.0 (C-4’’’), 155.3 (C-8a’’’), 140.2 (C-

4’), 136.8 (C-7’’’), 133.4 (C-1’), 131.6 (C-6’’’), 130.3 (C-5’’’), 130.0 (C-1’’), 129.8 (C-2’’), 129.1 

(C-3’ and C-5’), 127.2 (C-2’ and C-6’), 117.2 (C-8’’’), 113.6 (C-4a’’’), 106.6 (C-2’’’), 81.4 

(C(CH3)3), 35.6 (C-3), 35.2 (C-2), 28.3 (C(CH3)2), 26.0 (C(CH3)3). IR (ATR): ṽ (cm-1) = 3336, 

2979, 1726, 1642, 1614, 1493, 1276, 1203, 1154, 1049, 843, 779. HR-MS (ESI): m/z = [M+H]+ 

calcd for C26H30NO6
+: 452.2068; found: 452.2069. Purity (HPLC): 210 nm: >95 %; 254 

nm: >95 % (method 3a). 

 

(E)-5-(4-((2-Carboxyethyl)carbamoyl)styryl)-2-hydroxybenzoic acid (CG_111) 

 

Prepared according to General Procedure D from compound 85-E (80.0 mg, 0.177 mmol) 

and heating the reaction mixture to 60 °C. The organic material was extracted with EtOAc (3 

x 10 mL). The combined organic layers were washed with brine (10 mL), dried using a phase 

separation paper and concentrated in vacuo. The crude product was resuspended in 1 M aq. 

NaOH and 2 M aq. HCl was added until no more product precipitated. The crude product was 

collected by filtration and purified by FCC (MeOH/DCM+AcOH 5:95+1) to give stilbene 

CG_111 (37.0 mg, 0.104 mmol, 59 %) as a white solid. 

Rf: 0.19 (DCM/hexanes+AcOH 50:50+1). m.p.: 245 °C. 1H-NMR (400 MHz, (CD3)2SO): δ 

(ppm) = 8.51 (s, 1H, CONH), 7.94 (d, J = 2.4 Hz, 1H, 6-H), 7.81 (d, J = 8.0 Hz, 2H, 3’’-H and 

5’’-H), 7.59 (d, J = 8.0 Hz, 2H, 2’’-H and 6’’-H), 7.45 (dd, J = 8.4, 2.4 Hz, 1H, 4-H), 7.24 (d, J 

= 16.4 Hz, 1H, 1’-H), 6.98 (d, J = 16.3 Hz, 1H, 2’-H), 6.65 (d, J = 8.3 Hz, 1H, 3-H), 3.52 – 3.38 
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(m, 1H, 1’’’-H), 2.35 – 2.23 (m, 3H, 2’’’-H). 13C-NMR (101 MHz, (CD3)2SO): δ (ppm) = 177.0 

(C-3’’’), 171.2 (1-COOH), 165.6 (CONH), 161.6 (C-2), 140.5 (C-1’’), 132.4 (C-4’’), 130.8 (C-

1’), 130.0 (C-4), 128.9 (C-6), 127.6 (C-3’’ and C-5’’), 125.5 (C-2’’ and C-6’’), 123.0 (C-2’), 120.2 

(C-1), 116.6 (C-3), 36.6 (C-1’’’), 36.5 (C-2’’’). IR (ATR): ṽ (cm-1) = 3296, 3021, 1678, 1634, 

1440, 1330, 1291, 1203, 1085, 954, 838, 681. HR-MS (ESI): m/z = [M-H]- calcd for C19H16NO6
-: 

354.0983; found: 354.0984. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 1f). 

 

tert-Butyl 3-(4-(2-(2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)ethyl)benzamido)-

propanoate (86) 

 

Prepared according to General Procedure A from stilbene 85-E/Z (100 mg, 0.221 mmol). 

Product 86 (72.2 mg, 0.159 mmol, 72 %) was obtained as a white solid. 

Rf: 0.32 (DCM/hexanes+AcOH 50:50+1). m.p.: 102 °C. 1H-NMR (500 MHz, CDCl3): δ (ppm) 

= 7.78 (d, J = 2.3 Hz, 1H, 5’’-H), 7.69 – 7.66 (m, 2H, 2’-H and 6’-H), 7.28 – 7.25 (m, 1H, 7’’-

H), 7.21 – 7.17 (m, 2H, 3’-H and 5’-H), 6.85 (d, J = 8.4 Hz, 1H, 8’’-H), 6.84 – 6.81 (m, 1H, 

CONH), 3.68 (q, J = 6.0 Hz, 2H, 3-H), 2.98 – 2.93 (m, 2H, 6’’-CH2), 2.93 – 2.89 (m, 2H, 4’-

CH2), 2.58 – 2.53 (m, 2H, 2-H), 1.72 (s, 6H, C(CH3)2), 1.46 (s, 9H, C(CH3)3). 13C-NMR (126 

MHz, CDCl3): δ (ppm) = 172.5 (C-1), 167.2 (CONH), 161.5 (C-4’’), 154.5 (C-8a’’), 144.9 (C-

4’), 136.9 (C-7’’), 135.8 (C-6’’), 132.6 (C-1’), 129.1 (C-5’’), 128.8 (C-3’ and C-5’), 127.2 (C-2’ 

and C-6’), 117.2 (C-8’’), 113.5 (C-4a’’), 106.5 (C-2’’), 81.4 (C(CH3)3), 37.6 (4’-CH2), 36.7 (6’’-

CH2), 35.6 (C-3), 35.2 (C-2), 28.3 (C(CH3)3), 25.9 (C(CH3)2). IR (ATR): ṽ (cm-1) = 3396, 2929, 

1712, 1657, 1494, 1308, 1255, 1210, 1160, 1058, 944, 848, 782. HR-MS (ESI): m/z = [M+H]+ 

calcd for C26H32NO6
+: 454.2224; found: 454.2224. Purity (HPLC): 210 nm: >95 %; 254 

nm: >95 % (method 3a). 

 

5-(4-((2-Carboxyethyl)carbamoyl)phenethyl)-2-hydroxybenzoic acid (CG_142) 
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Prepared according to General Procedure D from compound 86 (60.0 mg, 0.132 mmol) and 

heating the reaction mixture to reflux. The organic material was extracted with EtOAc (3 x 

10 mL). The combined organic layers were washed with brine (10 mL), dried using a phase 

separation paper and concentrated in vacuo to give the pure product CG_142 (43.3 mg, 

0.121 mmol, 92 %) as a white solid. 

Rf: 0.34 (EtOAc/DCM+AcOH 50:50+1). m.p.: 200 °C. 1H-NMR (400 MHz, (CD3)2SO): δ (ppm) 

= 12.21 (s, 1H, 1-COOH or 2’’-COOH), 8.43 (t, J = 5.5 Hz, 1H, CONH), 7.76 – 7.70 (m, 2H, 

3’-H and 5’-H), 7.62 (d, J = 2.3 Hz, 1H, 6-H), 7.35 (dd, J = 8.5, 2.4 Hz, 1H, 4-H), 7.31 – 7.26 

(m, 2H, 2’-H and 6’-H), 6.85 (d, J = 8.4 Hz, 1H, 3-H), 3.44 (td, J = 7.1, 5.4 Hz, 2H, 1’’-H), 2.92 

– 2.86 (m, 2H, 1’-CH2), 2.88 – 2.79 (m, 2H, 5-CH2), 2.54 – 2.51 (m, 2H, 2’’-H, collapses with 

DMSO). 13C-NMR (101 MHz, (CD3)2SO): δ (ppm) = 172.9 (C-3’’), 171.9 (1-COOH), 166.1 

(CONH), 159.4 (C-2), 144.7 (C-1’), 135.9 (C-4), 132.0 (C-5 or C-4’), 131.8 (C-5 or C-4’), 129.6 

(C-6), 128.3 (C-2’ and C-6’), 127.1 (C-3’ and C-5’), 116.9 (C-3), 112.6 (C-1), 36.9 (1’-CH2), 

35.6 (C-1’’), 35.5 (5-CH2), 33.8 (C-2’’). IR (ATR): ṽ (cm-1) = 2924, 2855, 1722, 1666, 1630, 

1442, 1331, 1291, 1196, 836, 674. HR-MS (ESI): m/z = [M-H]- calcd for C19H18NO6
-: 356.1140; 

found: 356.1142. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 3a). 

 

Ethyl 3-(4-iodobenzamido)propanoate (88) [11] 

 

A solution of β-alanine ethyl ester hydrochloride (76, 1.56 g, 10.1 mmol) in dry pyridine (10 mL) 

was added to a suspension of 4-iodo-benzoylchloride (87, 2.00 g, 7.51 mmol) in dry pyridine 

(7.0 mL). The reaction mixture was stirred at room temperature for 18 h. The solvent was 

evaporated in vacuo and the residue was taken up in EtOAc (20 mL). The suspension was 

washed with 1 M aq. HCl (2 x 10 mL), then with 1 M aq. NaOH (2 x 10 mL) and dried using a 

phase separation paper. The solvent was evaporated in vacuo and product 88 (1.84 g, 

5.31 mmol, 71 %) was obtained as an off-white solid. 

Rf: 0.35 (EtOAc/hexanes 40:60). m.p.: 95 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.80 – 

7.76 (m, 2H, 3’-H and 5’-H), 7.51 – 7.47 (m, 2H, 2’-H and 6’-H), 6.86 (t, J = 5.7 Hz, 1H, CONH), 

4.17 (q, J = 7.1 Hz, 2H, CH2CH3), 3.71 (q, J = 6.1 Hz, 2H, 3-H), 2.63 (t, J = 5.9 Hz, 2H, 2-H), 

1.27 (t, J = 7.1 Hz, 3H, CH3). 13C-NMR (126 MHz, CDCl3): δ (ppm) = 173.2 (C-1), 166.6 

(CONH), 137.9 (C-3’ and C-5’), 133.9 (C-1’), 128.7 (C-2’ and C-6’), 98.6 (C-4’), 61.1 (CH2CH3), 

35.5 (C-3), 33.9 (C-2), 14.3 (CH3). IR (ATR): ṽ (cm-1) = 3298, 2935, 1723, 1634, 1585, 1538, 
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1323, 1180, 1151, 1077, 1006, 853, 838. HR-MS (ESI): m/z = [M+H]+ calcd for C12H15INO3
+: 

348.0091; found: 348.0090. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

 

Ethyl 3-(4-ethynylbenzamido)propanoate (91) 

 

Iodo compound 88 (868 mg, 2.50 mmol) was added to Et3N (25 mL) under N2 atmosphere. 

The mixture was degassed with N2 for 10 min. Copper(I) iodide (47.6 mg, 0.250 mmol) and 

Pd(PPh3)2Cl2 (175 mg, 0.250 mmol) were added. Then, trimethylsilylacetylene (89, 707 µL, 

5.00 mmol) was added dropwise over 3 min. The reaction mixture was stirred at 60 °C for 16 h. 

Then, the mixture was diluted with EtOAc (20 mL) and filtered through a pad of celite. The 

filtrate was washed with 1 M aq. HCl (10 mL), sat. aq. NaHCO3 (10 mL) and brine (10 mL). 

The organic phase was dried using a phase separation paper and concentrated in vacuo. The 

crude TMS-protected product (90) was used without further purification in the next step 

(identification via 1H-NMR and HRMS: [M+H]+ calcd for C17H24NO3Si+: 318.1520; found: 

318.1522). 

To a solution of crude alkyne 90 (2.50 mmol) in THF (25 mL), TBAF (1.0 m in THF; 2.75 mL, 

2.75 mmol) was added. The solution was stirred at room temperature for 15 min. After removal 

of the solvent in vacuo, the crude product was purified by FCC (EtOAc/hexanes 40:60) to give 

alkyne 91 (577 mg, 2.35 mmol, 94 % over two steps) as a light brown solid. 

 

Rf: 0.31 (EtOAc/hexanes 40:60). m.p.: 55 °C. 1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.74 – 

7.70 (m, 2H, 2’-H and 6’-H), 7.56 – 7.53 (m, 2H, 3’-H and 5’-H), 6.88 (t, J = 5.4 Hz, 1H, CONH), 

4.18 (q, J = 7.2 Hz, 2H, CH2CH3), 3.72 (q, J = 6.0 Hz, 2H, 3-H), 3.19 (s, 1H, C≡CH), 2.64 (t, J 

= 5.9 Hz, 2H, 2-H), 1.28 (t, J = 7.2 Hz, 3H, CH3). 13C-NMR (101 MHz, CDCl3): δ (ppm) = 173.1 

(C-1), 166.6 (CONH), 134.5 (C-1’), 132.4 (C-3’ and C-5’), 127.1 (C-2’ and C-6’), 125.5 (C-4’), 

82.9 (C≡CH), 79.6 (C≡CH), 61.0 (CH2CH3), 35.5 (C-3), 34.0 (C-2), 14.3 (CH3). IR (ATR): ṽ 

(cm-1) = 3283, 3250, 2981, 2929, 1723, 1635, 1607, 1543, 1497, 1320, 1291, 1181, 1151, 

1025, 852, 765, 664. HR-MS (ESI): m/z = [M-H]- calcd for C14H14NO3
-: 244.0979; found: 

244.0978. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 
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6-Iodo-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (93) [12] 

 

5-Iodosalicylic acid (92, 2.00 g, 7.58 mmol) in TFA (15.9 mL, 212 mmol) was cooled to 0 °C 

under N2 atmosphere. TFAA (10.0 mL, 72.0 mmol) and acetone (4.46 mL, 60.6 mmol) were 

added, and the solution was allowed to warm to room temperature and stirred for 48 h. The 

solution was concentrated in vacuo and the residue purified by FCC (EtOAc/hexanes 5:95) to 

give product 93 (895 mg, 2.94 mmol, 39 %) as a pale yellow solid. 

Rf: 0.28 (EtOAc/hexanes 5:95). m.p.: 52 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 8.26 (d, J 

= 2.2 Hz, 1H, 5-H), 7.81 (dd, J = 8.6, 2.2 Hz, 1H, 7-H), 6.75 (d, J = 8.7 Hz, 1H, 8-H), 1.73 (s, 

6H, C(CH3)2). 13C-NMR (101 MHz, CDCl3): δ (ppm) = 159.8 (C-4), 155.8 (C-8a), 145.0 (C-7), 

138.3 (C-5), 119.6 (C-8), 115.7 (C-4a), 106.9 (C-2), 84.6 (C-6), 25.9 (C(CH3)2). IR (ATR): ṽ 

(cm-1) = 3346, 2984, 2938, 1733, 1688, 1634, 1535, 1275, 1246, 1169, 1143, 856, 834, 662. 

HR-MS (EI): m/z = [M]•+ calcd for C10H9IO3
•+: 303.9591; found: 303.9591. Purity (HPLC): 210 

nm: >95 %; 254 nm: >95 % (method 2a). 

 

Ethyl 3-(4-((2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)ethynyl)benzamido)propanoate 

(94) 

 

Iodo compound 93 (76.0 mg, 0.250 mmol) was added to triethylamine (2.5 mL) under N2 

atmosphere. The mixture was degassed with N2 for 10 min. Copper(I) iodide (4.76 mg, 

0.0250 mmol), Pd(PPh3)2Cl2 (17.5 mg, 0.0250 mmol), and alkyne 91 (92.0 µL, 0.375 mmol) 

were added sequentially and the reaction mixture was stirred at 60 °C for 1 h. Then, the 

mixture was diluted with EtOAc (20 mL) and filtered through a pad of celite. The filtrate was 

washed with 1 M aq. HCl (10 mL), sat. aq. NaHCO3 (10 mL) and brine (10 mL). The organic 

phase was dried using a phase separation paper and concentrated in vacuo. The crude 

product was purified by FCC (EtOAc/hexanes 60:40) to give alkyne 94 (84.5 mg, 0.200 mmol, 

80 %) as an off-white solid. 



S28 
 

Development of hetero-triaryls as a new chemotype for subtype-selective and potent Sirt5 
inhibition 

Glas et al. 2021; Supp. Info. page S28 

Rf: 0.24 (EtOAc/hexanes 40:60). m.p.: 132 °C. 1H-NMR  (500 MHz, CDCl3): δ (ppm) = 8.15 

(d, J = 2.1 Hz, 1H, 5’’’-H), 7.77 – 7.74 (m, 2H, 2’-H and 6’-H), 7.69 (dd, J = 8.5, 2.1 Hz, 1H, 

7’’’-H), 7.58 – 7.55 (m, 2H, 3’-H and 5’-H), 6.97 (d, J = 8.5 Hz, 1H, 8’’’-H), 6.90 (t, J = 6.0 Hz, 

1H, CONH), 4.18 (q, J = 7.1 Hz, 2H, CH2CH3), 3.74 (q, J = 6.0 Hz, 2H, 3-H), 2.65 (t, J = 5.9 

Hz, 2H, 2-H), 1.75 (s, 6H, C(CH3)2), 1.28 (t, J = 7.1 Hz, 4H, CH2CH3). 13C-NMR (126 MHz, 

CDCl3): δ (ppm) = 173.2 (C-1), 166.6 (CONH), 160.4 (C-4’’’), 156.1 (C-8a’’’), 139.4 (C-7’’’), 

134.1 (C-1’), 133.2 (C-5’’’), 131.9 (C-3’ and C-5’), 127.2 (C-2’ and C-6’), 126.3 (C-4’), 117.8 

(C-8’’’), 117.7 (C-6’’’), 113.9 (C-4a’’’), 107.0 (C-2’’’), 89.9 (C-2’’), 89.0 (C-1’’), 61.0 (CH2CH3), 

35.5 (C-3), 34.0 (C-2), 26.0 (C(CH3)2), 14.3 (CH2CH3). IR (ATR): ṽ (cm-1) = 3390, 1725, 1641, 

1537, 1505, 1290, 1180, 1159, 1142, 1058, 1031, 941, 849, 762, 688. HR-MS (ESI): m/z = 

[M+H]+ calcd for C24H24NO6
+: 422.1598; found: 422.1594. Purity (HPLC): 210 nm: >95 %; 254 

nm: >95 % (method 2a). 

 

5-((4-((2-Carboxyethyl)carbamoyl)phenyl)ethynyl)-2-hydroxybenzoic acid (CG_219) 

 

Prepared according to General Procedure D at room temperature from alkyne 94 (50.0 mg, 

0.119 mmol). The organic material was extracted with EtOAc (3 x 10 mL). The combined 

organic layers were washed with brine (10 mL), dried using a phase separation paper and 

concentrated in vacuo to give the pure product CG_219 (30.3 mg, 0.0858 mmol, 72 %) as a 

white solid. 

Rf: 0.45 (EtOAc/hexanes+AcOH 80:20+1). m.p.: 216 °C. 1H-NMR (400 MHz, (CD3)2SO): δ 

(ppm) = 12.27 (s, 2H, 1-COOH and 2’’’-COOH), 8.62 (t, J = 5.5 Hz, 1H, CONH), 7.96 (d, J = 

2.3 Hz, 1H, 6-H), 7.89 – 7.84 (m, 2H, 3’’-H and 5’’-H), 7.68 (dd, J = 8.6, 2.2 Hz, 1H, 4-H), 7.65 

– 7.60 (m, 2H, 2’’-H and 6’’-H), 7.01 (d, J = 8.6 Hz, 1H, 3-H), 3.46 (td, J = 7.1, 5.4 Hz, 2H, 1’’’-

H), 2.55 – 2.51 (m, 2H, 2’’’-H). 13C-NMR (101 MHz, (CD3)2SO): δ (ppm) = 172.9 (C-3’’’), 170.9 

(1-COOH), 165.5 (CONH), 161.5 (C-2), 138.0 (C-4), 133.9 (C-4’’), 133.7 (C-6), 131.1 (C-2’’ 

and C-6’’), 127.5 (C-3’’ and C-5’’), 125.1 (C-1’’), 118.0 (C-3), 114.1 (C-5), 112.5 (C-1), 90.6 

(C-1’), 87.5 (C-2’), 35.6 (C-1’’’), 33.7 (C-2’’’). IR (ATR): ṽ (cm-1) = 3292, 2921, 2207, 1694, 

1667, 1628, 1538, 1505, 1421, 1325, 1294, 1200, 1162, 1086, 848, 833, 765, 672. HR-MS 

(ESI): m/z = [M-H]- calcd for C19H14NO6
-: 352.0827; found: 352.0825. Purity (HPLC): 210 

nm: >95 %; 254 nm: >95 % (method 2a). 
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Synthesis of amides CG_128 and CG_133, and sulfonamides CG_137 and 

CG_140 

 

Scheme S3: Preparation of amides CG_128 and CG_133, and sulfonamides CG_137 and CG_140. 

 

Ethyl 3-(4-aminobenzamido)propanoate (95) [8] 

 

Prepared according to General Procedure F from 4-aminobenzoic acid (14, 500 mg, 

3.65 mmol) and β-alanine ethyl ester hydrochloride (76, 560 mg, 3.65 mmol). The crude 

product was purified by FCC (EtOAc/hexanes 70:30) to give amide 95 (857 mg, 3.63 mmol, 

99 %) as a beige solid. 
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Rf: 0.25 (EtOAc/hexanes 70:30). m.p.: 114 °C. 1H-NMR (400 MHz, (CD3)2SO): δ (ppm) = 8.05 

(t, J = 5.5 Hz, 1H, CONH), 7.57 – 7.51 (m, 2H, 2’-H and 6’-H), 6.55 – 6.51 (m, 2H, 3’-H and 

5’-H), 5.63 (s, 2H, NH2), 4.05 (q, J = 7.1 Hz, 2H, CH2CH3), 3.42 (td, J = 7.1, 5.5 Hz, 2H, 3-H), 

2.55 – 2.51 (m, 3H, 2-H), 1.17 (t, J = 7.1 Hz, 3H, CH3). 13C-NMR (101 MHz, (CD3)2SO): δ 

(ppm) = 171.4 (C-1), 166.3 (CONH), 151.4 (C-4’), 128.7 (C-2’ and C-6’), 121.2 (C-1’), 112.6 

(C-3’ and C-5’), 59.9 (CH2CH3), 35.3 (C-3), 34.1 (C-2), 14.1 (CH3). IR (ATR): ṽ (cm-1) = 3454, 

3345, 3240, 1720, 1594, 1512, 1308, 1258, 1181, 1034, 842, 690. HR-MS (ESI): m/z = [M+H]+ 

calcd for C12H17N2O3
+: 237.1234; found: 237.1236. Purity (HPLC): 210 nm: >95 %; 254 

nm: >95 % (method 3a). 

 

4-Hydroxyisophthalic acid (97) [13] 

 

4-Bromoisophthalic acid (96, 1.00 g, 4.10 mmol) was dissolved in water (4.0 mL) and Na2CO3 

(1.20 g, 11.0 mmol) was added. The resulting solution was stirred for 1.5 h at 85 °C. 

Meanwhile TMEDA (31.0 mg, 270 µmol) and copper(I) bromide (18.0 mg, 126 µmol) were 

dissolved in water (0.50 mL) and stirred for 1 h.  

The two solutions were then mixed and stirred for 18 h at 85 °C, cooled to room temperature 

and acidified with 1 M aq. HCl. The resulting precipitate was collected by filtration and dried in 

vacuo to give 4-hydroxyisophthalic acid (97, 695 mg, 3.81 mmol, 93 %) as a white solid. 

Rf: 0.31 (EtOAc/hexanes+AcOH 30:70+1). m.p.: 303 °C. 1H-NMR (400 MHz, (CD3)2SO): δ 

(ppm) = 12.95 (s, 1H, 1-COOH or 3-COOH), 11.86 (s, 1H, 1-COOH or 3-COOH), 10.23 (s, 1H, 

OH), 8.38 (d, J = 2.3 Hz, 1H, 2-H), 8.03 (dd, J = 8.7, 2.3 Hz, 1H, 6-H), 7.04 (d, J = 8.7 Hz, 1H, 

5-H). 13C-NMR (101 MHz, (CD3)2SO): δ (ppm) = 171.2 (3-COOH), 166.3 (1-COOH), 164.4 (C-

4), 136.2 (C-6), 132.3 (C-2), 121.7 (C-1), 117.5 (C-5), 113.1 (C-3). IR (ATR): ṽ (cm-1) = 2993, 

1666, 1584, 1444, 1414, 1290, 1198, 897, 847, 770, 691. HR-MS (ESI): m/z = [M-H]- calcd for 

C8H5O5
-: 181.0142; found: 181.0141. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 

3a). 
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2,2-Dimethyl-4-oxo-4H-benzo[d][1,3]dioxine-6-carboxylic acid (98) [5] 

 

A suspension of 4-hydroxyisophthalic acid (97, 500 mg, 2.75 mmol) in acetone (1.01 mL, 

13.7 mmol), TFA (3.09 mL, 41.2 mmol) and TFAA (1.03 mL, 7.41 mmol) was heated to 100 °C 

for 24 h. The reaction mixture was then cooled to room temperature and concentrated under 

reduced pressure. The residue was taken up with 1 M aq. HCl (15 mL) and extracted with 

EtOAc (3 x 20 mL). The combined organic layers were dried using a phase separation paper 

and the solvents were removed under reduced pressure. The crude product was purified by 

FCC (EtOAc/hexanes 20:80 → 40:60) to give acetonide 98 (404 mg, 1.82 mmol, 66 %) as a 

yellow solid. 

Rf: 0.35 (EtOAc/hexanes 25:75). m.p.: 228 °C. 1H-NMR (400 MHz, (CD3)2SO): δ (ppm) = 

13.23 (s, 1H, COOH), 8.38 (d, J = 2.1 Hz, 1H, 5-H), 8.19 (dd, J = 8.6, 2.2 Hz, 1H, 7-H), 7.23 

(d, J = 8.6 Hz, 1H, 8-H), 1.72 (s, 6H, C(CH3)2). 13C-NMR (101 MHz, (CD3)2SO): δ (ppm) = 

165.8 (COOH), 159.6 (C-4), 158.6 (C-8a), 137.6 (C-7), 130.6 (C-5), 125.6 (C-6), 117.9 (C-8), 

112.8 (C-4a), 107.1 (C-2), 25.3 (C(CH3)2).IR (ATR): ṽ (cm-1) = 2538, 1743, 1680, 1613, 1422, 

1381, 1276, 1198, 1132, 927, 769. HR-MS (ESI): m/z = [M-H]- calcd for C11H9O5
-: 221.0455; 

found: 221.0454. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 3a). 

 

Ethyl 3-(4-(2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxine-6-carboxamido)benzamido)-

propanoate (99) 

 

To a solution of benzoic acid 98 (100 mg, 0.450 mmol) in toluene (2.0 mL), SOCl2 (164 µL, 

2.25 mmol) was added. The reaction mixture was heated to reflux for 3 h. The solvent and 

excess of reagent were then removed under reduced pressure and the resulting crude acid 

chloride was dissolved in DCM (2.5 mL) and added to a flask containing amine 95 (106 mg, 

0.45 mmol) in DCM (14 mL) and 10 % aq. NaOH (4.5 mL). The mixture was stirred for 1.5 h. 

Then the layers were separated, and the aqueous layer extracted with DCM (3 x 40 mL). The 

combined organic layers were washed with water (15 mL) and dried using a phase separation 
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paper. The solvent was removed in vacuo and the crude product purified by FCC 

(EtOAc/hexanes 40:60 → 80:20) to give amide 99 (75.2 mg, 0.171 mmol, 38 %) as a yellow 

solid. 

Rf: 0.31 (EtOAc/hexanes 60:40). m.p.: 227 °C. 1H-NMR (400 MHz, (CD3)2SO): δ (ppm) = 

10.60 (s, 1H, 6’’-CONH), 8.57 (d, J = 2.3 Hz, 1H, 5’’-H), 8.48 (t, J = 5.5 Hz, 1H, 1’-CONH), 

8.29 (dd, J = 8.7, 2.3 Hz, 1H, 7’’-H), 7.89 – 7.81 (m, 4H, 2’-, 3’-, 5’- and 6’-H), 7.30 (d, J = 8.7 

Hz, 1H, 8’’-H), 4.07 (q, J = 7.1 Hz, 2H, CH2CH3), 3.49 (q, J = 6.8 Hz, 2H, 3’-H), 2.58 (t, J = 7.0 

Hz, 2H, 2-H), 1.74 (s, 6H, C(CH3)2), 1.18 (t, J = 7.1 Hz, 3H, CH2CH3). 13C-NMR (101 MHz, 

(CD3)2SO): δ (ppm) = 171.3 (C-1), 165.8 (1’-CONH), 163.9 (6’’-CONH), 159.8 (C-4’’), 157.9 

(C-8a’’), 141.6 (C-1’), 136.6 (C-7’’), 129.4 (C-6’’), 129.1 (C-4’), 129.0 (C-5’’), 127.9 (C-2’ and 

C-6’), 119.5 (C-3’ and C-5’), 117.7 (C-8’’), 112.6 (C-4a’’), 107.0 (C-2’’), 59.9 (CH2CH3), 35.5 

(C-3), 33.9 (C-2), 25.3 (C(CH3)2), 14.1 (CH2CH3). IR (ATR): ṽ (cm-1) = 3403, 3332, 2924, 1736, 

1721, 1640, 1536, 1504, 1258, 1182, 844, 762. HR-MS (ESI): m/z = [M+H]+ calcd for 

C23H25N2O7
+: 441.1656; found: 441.1513. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % 

(method 3a). 

 

5-((4-((2-Carboxyethyl)carbamoyl)phenyl)carbamoyl)-2-hydroxybenzoic acid (CG_128) 

 

Prepared according to General Procedure D from compound 99 (50.0 mg, 0.114 mmol) and 

heating the reaction mixture to reflux. The organic material was extracted with EtOAc (3 x 

10 mL). The combined organic layers were washed with brine (10 mL), dried using a phase 

separation paper and concentrated in vacuo. The crude product was recrystallised from MeOH 

to give amide CG_128 (42.0 mg, 0.113 mmol, 99 %) as a white solid. 

Rf: 0.22 (EtOAc/hexanes+AcOH 80:20+1). m.p.: 280 °C. 1H-NMR (400 MHz, (CD3)2SO): δ 

(ppm) = 12.22 (s, 2H, 1-COOH and 2’’-COOH), 10.43 (s, 1H, 5-CONH), 8.50 (d, J = 2.4 Hz, 

1H, 6-H), 8.44 (t, J = 5.5 Hz, 1H, 4’-CONH), 8.14 (dd, J = 8.7, 2.4 Hz, 1H, 4-H), 7.88 – 7.80 

(m, 4H, 2’-, 3’-, 5’- and 6’-H), 7.10 (d, J = 8.7 Hz, 1H, 3-H), 3.45 (td, J = 7.1, 5.4 Hz, 2H, 1’’-

H), 2.54 – 2.51 (m, 2H, 2’’-H collapses with DMSO). 13C-NMR (101 MHz, (CD3)2SO): δ (ppm) 

= 172.9 (C-3’’), 171.4 (1-COOH), 165.7 (4’-CONH), 164.4 (C-2), 163.7 (5-CONH), 141.8 (C-

4’), 134.9 (C-4), 130.6 (C-6), 129.2 (C-1’), 127.8 (C-3’ and C-5’), 125.4 (C-5), 119.4 (C-2’ and 

C-6’), 117.3 (C-3), 113.0 (C-1), 35.6 (C-1’’), 33.9 (C-2’’). IR (ATR): ṽ (cm-1) = 3302, 1694, 1679, 
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1650, 1519, 1440, 1331, 1223, 1200, 841, 758, 658. HR-MS (ESI): m/z = [M-H]- calcd for 

C18H15N2O7
-: 371.0885; found: 371.0886. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % 

(method 1f). 

 

2,2-Dimethyl-6-nitro-4H-benzo[d][1,3]dioxin-4-one (101) 

 

Prepared according to General Procedure C from 5-nitrosalicylic acid (100, 1.00 g, 

5.46 mmol). The crude product was purified by FCC (EtOAc/hexanes 10:90) and acetonide 

101 (1.13 g, 5.08 mmol, 93 %) was obtained as a pale yellow solid. 

Rf: 0.16 (EtOAc/hexanes 10:90). m.p.: 94 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 8.88 (d, 

J = 2.8 Hz, 1H, 5-H), 8.43 (dd, J = 9.0, 2.8 Hz, 1H, 7-H), 7.13 (d, J = 9.1 Hz, 1H, 8-H), 1.79 (s, 

6H, C(CH3)2). 13C-NMR (101 MHz, CDCl3): δ (ppm) = 160.4 (C-8a), 159.1 (C-4), 143.0 (C-6), 

131.4 (C-7), 126.2 (C-5), 118.6 (C-8), 113.6 (C-4a), 107.9 (C-2), 26.1 (C(CH3)2). IR (ATR): ṽ 

(cm-1) = 2990, 1742, 1592, 1531, 1477, 1336, 1280, 1194, 1050, 924, 746. HR-MS (EI): m/z 

= [M]•+ calcd for C10H9NO5
•+: 223.0475; found: 223.0473. Purity (HPLC): 210 nm: 88 %; 254 

nm: 92 % (method 3a). 

 

6-Amino-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (102) [14] 

 

To a solution of nitro compound 101 (1.00 g, 4.48 mmol) in EtOH (7.5 mL) was added 10 % 

Pd/C (477 mg, 0.448 mmol) under N2 atmosphere. Hydrogenation was performed under 1 bar 

H2 pressure at room temperature for 12 h. Subsequently, the reaction mixture was filtered 

through a pad of celite, washed with EtOH (2 x 10 mL) and THF (1 x 10 mL) and concentrated 

in vacuo to give amine 102 (749 mg, 3.88 mmol, 87 %) as a yellow solid. 

Rf: 0.45 (EtOAc/hexanes 50:50). m.p.: 161 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.31 (d, 

J = 2.8 Hz, 1H, 5-H), 6.98 (dd, J = 8.7, 2.8 Hz, 1H, 7-H), 6.80 (d, J = 8.6 Hz, 1H, 8-H), 4.07 (s, 

3H, NH2), 1.70 (s, 6H, C(CH3)2). 13C-NMR (101 MHz, CDCl3): δ (ppm) = 161.6 (C-4), 149.5 

(C-8a), 140.4 (C-6), 124.7 (C-7), 118.2 (C-8), 115.1 (C-5), 114.2 (C-4a), 106.5 (C-2), 25.8 

(C(CH3)2).IR (ATR): ṽ (cm-1) = 3469, 3371, 1711, 1494, 1324, 1275, 1198, 1048, 836. HR-MS 
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(EI): m/z = [M]•+ calcd for C10H11NO3
•+: 193.0733; found: 193.0732. Purity (HPLC): 210 

nm: >95 %; 254 nm: >95 % (method 3a). 

 

4-((3-(tert-Butoxy)-3-oxopropyl)carbamoyl)benzoic acid (103) 

 

To a solution of aldehyde 46 (200 mg, 0.721 mmol) in tert-butylalcohol (0.93 mL), 2-methyl-2-

butene (0.50 mL) was added. To this, a solution containing NaClO2 (80 %, 106 mg, 

0.938 mmol) and NaH2PO4 monohydrate (129 mg, 0.938 mmol) in water (0.74 mL) was added 

dropwise. The reaction mixture was stirred at room temperature for 4 h and then concentrated 

in vacuo, resuspended in water (10 mL), and extracted with hexanes (2 x 10 mL). The 

aqueous phase was acidified to pH 1 – 2 with 2 M aq. HCl, saturated with sodium chloride, 

and extracted with ether (3 x 15 mL). The combined organic extracts were dried using a phase 

separation paper and concentrated in vacuo to give benzoic acid 103 (182 mg, 0.622 mmol, 

86 %) as a white solid. 

Rf: 0.29 (EtOAc/hexanes 50:50). m.p.: 164 °C. 1H-NMR (400 MHz, (CD3)2SO): δ (ppm) = 

13.18 (s, 1H, COOH), 8.69 (t, J = 5.6 Hz, 1H, CONH), 8.07 – 7.96 (m, 2H, 2-H and 6-H), 7.94 

– 7.87 (m, 2H, 3-H and 5-H), 3.46 (td, J = 7.0, 5.4 Hz, 2H, 1’-H), 2.50 – 2.46 (m, 2H, 2’-H, 

collapses with DMSO), 1.39 (s, 9H, C(CH3)3). 13C-NMR (101 MHz, (CD3)2SO): δ (ppm) = 170.6 

(C-3’), 166.8 (COOH), 165.5 (CONH), 138.2 (C-4), 133.0 (C-1), 129.3 (C-2 and C-6), 127.4 

(C-3 and C-5), 79.9 (C(CH3)3), 35.7 (C-1’), 34.9 (C-2’), 27.7 (C(CH3)3). IR (ATR): ṽ (cm-1) = 

3324, 2980, 1725, 1688, 1640, 1537, 1432, 1276, 1152, 1074, 875, 690. HR-MS (ESI): m/z = 

[M-H]- calcd for C15H18NO5
-: 292.1190; found: 292.1190. Purity (HPLC): 210 nm: >95 %; 254 

nm: >95 % (method 3a). 

 

tert-Butyl 3-(4-((2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)carbamoyl)benzamido)-

propanoate (104) 
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Prepared according to General Procedure G from benzoic acid 103 (100 mg, 0.341 mmol) 

and amine 102 (79.0 mg, 0.409 mmol). The crude product was purified by FCC 

(EtOAc/hexanes+AcOH 50:50+1) to give amide 104 (125 mg, 0.267 mmol, 78 %) as a white 

solid. 

Rf: 0.29 (EtOAc/hexanes+AcOH 50:50+1). m.p.: 213 °C. 1H-NMR (400 MHz, (CD3)2SO): δ 

(ppm) = 10.54 (s, 1H, 4’-CONH), 8.70 (t, J = 5.6 Hz, 1H, 1’-CONH), 8.39 (d, J = 2.6 Hz, 1H, 

5’’-H), 8.08 – 8.03 (m, 3H, 3’-H and 5’-H and 7’’-H), 7.99 – 7.94 (m, 2H, 2’-H and 6’-H), 7.17 

(d, J = 8.9 Hz, 1H, 8’’-H), 3.49 (td, J = 7.0, 5.5 Hz, 2H, 3-H), 2.55 – 2.52 (m, 1H, 2-H), 1.71 (s, 

6H, C(CH3)2), 1.40 (s, 9H, C(CH3)3). 13C-NMR (101 MHz, (CD3)2SO): δ (ppm) = 170.6 (C-1), 

165.5 (1’-CONH), 164.9 (4’-CONH), 160.2 (C-4’’), 151.5 (C-8a’’), 137.1 (C-1’), 136.7 (C-4’), 

134.2 (C-6’’), 129.2 (C-7’’), 127.7 (C-3’ and C-5’), 127.2 (C-2’ and C-6’), 120.0 (C-5’’), 117.6 

(C-8’’), 112.9 (C-4a’’), 106.5 (C-2’’), 79.9 (C(CH3)3), 35.7 (C-3), 34.9 (C-2), 27.7 (C(CH3)3), 

25.2 (C(CH3)2). IR (ATR): ṽ (cm-1) = 3370, 2981, 1751, 1722, 1644, 1538, 1494, 1305, 1283, 

1257, 1199, 1137, 832. HR-MS (ESI): m/z = [M-H]- calcd for C25H27N2O7
-: 467.1824; found: 

467.1825. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 3a). 

 

5-(4-((2-Carboxyethyl)carbamoyl)benzamido)-2-hydroxybenzoic acid (CG_133) 

 

Amide 104 (80.0 mg, 0.171 mmol) was dissolved in THF (1.2 mL) followed by the addition of 

a solution of KOH (47.9 mg, 0.854 mmol) in water (1.2 mL). The reaction mixture was heated 

to reflux for 2.5 h, cooled to room temperature and the solvents removed in vacuo. To the 

residue was added water (3.0 mL) and 2 M aq. HCl until no further product precipitated. The 

solid was collected by filtration, washed with 1 M aq. HCl (5.0 mL) and water (5.0 mL), and 

dried to give product CG_133 (30.1 mg, 0.0807 mmol, 47 %) as a white solid. 

Rf: 0.14 (EtOAc/DCM+AcOH 50:50+1). m.p.: 286 °C. 1H-NMR (500 MHz, (CD3)2SO): δ (ppm) 

= 14.02 (s, 1H, 1-COOH or 2’’-COOH or 2-OH), 12.28 (s, 1H, 1-COOH or 2’’-COOH or 2-OH), 

11.08 (s, 1H, 1-COOH or 2’’-COOH or 2-OH), 10.33 (s, 1H, 1’-CONH), 8.69 (t, J = 5.5 Hz, 1H, 

4’-CONH), 8.28 (d, J = 2.7 Hz, 1H, 6-H), 8.05 – 8.01 (m, 2H, 2’-H and 6’-H), 7.97 – 7.94 (m, 

2H, 3’-H and 5’-H), 7.89 (dd, J = 9.0, 2.7 Hz, 1H, 4-H), 6.98 (d, J = 8.9 Hz, 1H, 3-H), 3.49 (td, 

J = 7.1, 5.4 Hz, 2H, 1’’-H), 2.54 (t, J = 7.1 Hz, 2H, 2’’-H). 13C-NMR (126 MHz, (CD3)2SO): δ 

(ppm) = 172.9 (C-3’’), 171.7 (1-COOH), 165.5 (4’-CONH), 164.5 (1’-CONH), 157.5 (C-2), 
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136.9 (C-1’ or C-4’), 136.8 (C-1’ or C-4’), 130.7 (C-5), 128.7 (C-4), 127.6 (C-2’ and C-6’), 127.2 

(C-3’ and C-5’), 121.9 (C-6), 117.1 (C-3), 112.4 (C-1), 35.7 (C-1’’), 33.7 (C-2’’). IR (ATR):ṽ 

(cm-1) = 3290, 1677, 1633, 1547, 1451, 1327, 1280, 1196, 860, 684. HR-MS (ESI): m/z = [M-

H]- calcd for C18H15N2O7
-: 371.0885; found: 371.0886. Purity (HPLC): 210 nm: >95 %; 254 

nm: >95 % (method 2a). 

 

5-(N-(4-((3-Ethoxy-3-oxopropyl)carbamoyl)phenyl)sulfamoyl)-2-hydroxybenzoic acid (106) 

 

Prepared according to General Procedure H from amine 95 (236 mg, 1.00 mmol). The crude 

product was purified by FCC (EtOAc/hexanes 70:30 → MeOH/EtOAc 5:95) to give 

sulfonamide 106 (237 mg, 0.544 mmol, 54 %) as an off-white solid. 

Rf: 0.29 (EtOAc/DCM+AcOH 50:50+1). m.p.: 118 °C. 1H-NMR (500 MHz, CD3OD): δ (ppm) = 

8.33 (d, J = 2.5 Hz, 1H, 6-H), 7.73 (dd, J = 8.8, 2.5 Hz, 1H, 4-H), 7.67 – 7.63 (m, 2H, 3’-H and 

5’-H), 7.19 – 7.16 (m, 2H, 2’-H and 6’-H), 6.88 (d, J = 8.8 Hz, 1H, 3-H), 4.12 (q, J = 7.2 Hz, 

2H, CH2CH3), 3.58 (t, J = 6.9 Hz, 2H, 1’’-H), 2.60 (t, J = 6.8 Hz, 2H, 2’’-H), 1.22 (t, J = 7.1 Hz, 

3H, CH3). 13C-NMR (126 MHz, CD3OD): δ (ppm) = 173.6 (1-COOH), 173.5 (C-3’’), 169.7 

(CONH), 166.9 (C-2), 142.6 (C-1’), 133.3 (C-4), 131.8 (C-6), 130.8 (C-4’), 129.9 (C-5), 129.5 

(C-3’ and C-5’), 120.3 (C-2’ and C-6’), 118.5 (C-3), 118.2 (C-1), 61.7 (CH2CH3), 37.0 (C-1’’), 

34.9 (C-2’’), 14.5 (CH3). IR (ATR): ṽ (cm-1) = 2926, 1726, 1625, 1610, 1568, 1335, 1312, 1198, 

1157, 1107, 924, 842, 767, 656. HR-MS (ESI): m/z = [M-H]- calcd for C19H19N2O8S-: 435.0868; 

found: 435.0865. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 1f). 

 

5-(N-(4-((2-Carboxyethyl)carbamoyl)phenyl)sulfamoyl)-2-hydroxybenzoic acid (CG_137) 

 

Prepared according to General Procedure D from sulfonamide 106 (100 mg, 0.229 mmol) 

and heating the reaction mixture to reflux. The organic material was extracted with EtOAc (3 

x 10 mL). The combined organic layers were washed with brine (10 mL), dried using a phase 
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separation paper and concentrated in vacuo. The pure product CG_137 (70.4 mg, 0.172 mmol, 

75 %) was obtained as a pale beige solid. 

Rf: 0.16 (EtOAc/hexanes+AcOH 80:20+1), streaks. m.p.: 228 °C. 1H-NMR (400 MHz, 

(CD3)2SO): δ (ppm) = 12.18 (s, 1H, 1-COOH or 2’’-COOH), 10.53 (s, 1H, OH), 8.37 (t, J = 5.5 

Hz, 1H, CONH), 8.19 (d, J = 2.5 Hz, 1H, 6-H), 7.80 (dd, J = 8.8, 2.5 Hz, 1H, 4-H), 7.72 – 7.67 

(m, 2H, 3’-H and 5’-H), 7.16 – 7.11 (m, 2H, 2’-H and 6’-H), 7.04 (d, J = 8.8 Hz, 1H, 3-H), 3.39 

(td, J = 7.2, 5.5 Hz, 2H, 1’’-H), 2.46 (t, J = 7.1 Hz, 2H, 2’’-H). 13C-NMR (101 MHz, (CD3)2SO): 

δ (ppm) = 172.9 (C-3’’), 170.2 (1-COOH), 165.5 (CONH), 164.5 (C-2), 140.3 (C-1’), 133.0 (C-

4), 129.8 (C-6), 129.6 (C-4’), 129.2 (C-5), 128.4 (C-3’ and C-5’), 118.5 (C-2’ and C-6’), 118.3 

(C-3), 114.3 (C-1), 35.5 (C-1’’), 33.8 (C-2’’). IR (ATR): ṽ (cm-1) = 3401, 3146, 2924, 1693, 

1634, 1609, 1504, 1334, 1303, 1208, 1159, 1109, 932, 725. HR-MS (ESI): m/z = [M-H]- calcd 

for C17H15N2O8S-: 407.0555; found: 407.0553. Purity (HPLC): 210 nm: >95 %; 254 nm: 95 % 

(method 3a). 

 

4-(N-(2,2-Dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)sulfamoyl)benzoic acid (108) 

 

To a solution of amine 102 (300 mg, 1.55 mmol) in DCM (15 mL) was added pyridine (188 µL, 

2.33 mmol) and 4-(chlorosulfonyl)benzoic acid (107, 343 mg, 1.55 mmol) at 0 °C under N2 

atmosphere. The mixture was stirred for 2 h at 0 °C and then allowed to warm to room 

temperature. The solvent was removed in vacuo and the crude product purified by 

recrystallisation from hot MeOH to give sulfonamide 108 (125 mg, 0.267 mmol, 78 %) as a 

white solid. 

Rf: 0.67 (EtOAc/DCM+AcOH 50:50+1). m.p.: 260 °C. 1H-NMR (400 MHz, CD3OD): δ (ppm) = 

8.14 – 8.09 (m, 2H, 2-H and 6-H), 7.84 – 7.80 (m, 2H, 3-H and 5-H), 7.57 (d, J = 2.7 Hz, 1H, 

5’-H), 7.37 (dd, J = 8.8, 2.7 Hz, 1H, 7’-H), 6.95 (d, J = 8.8 Hz, 1H, 8’-H), 1.67 (s, 6H, C(CH3)2). 

13C-NMR (101 MHz, CD3OD): δ (ppm) = 168.0 (COOH), 162.0 (C-4’), 154.9 (C-8a’), 144.5 (C-

4), 136.1 (C-1), 133.6 (C-6’), 132.3 (C-7’), 131.4 (C-2 and C-6), 128.3 (C-3 and C-5), 123.5 

(C-5’), 119.5 (C-8’), 115.0 (C-4a’), 108.1 (C-2’), 25.7 (C(CH3)2). IR (ATR): ṽ (cm-1) = 3270, 

1740, 1681, 1493, 1392, 1287, 1162, 1127, 899, 864, 726. HR-MS (ESI): m/z = [M-H]- calcd 

for C17H14NO7S-: 376.0496; found: 376.0498. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % 

(method 3a). 
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Ethyl 3-(4-(N-(2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)sulfamoyl)benzamido)-

propanoate (109) 

 

Prepared according to General Procedure E from benzoic acid 108 (200 mg, 0.530 mmol) 

and β-alanine ethyl ester hydrochloride (76; 81.4 mg, 0.530 mmol). The crude product was 

purified by FCC (EtOAc/hexanes 70:30) to give product 109 (136 mg, 0.284 mmol, 54 %) as 

a pale yellow crystalline solid. 

Rf: 0.62 (EtOAc/hexanes 70:30). 

m.p.: 57 °C. 

1H-NMR (400 MHz, (CD3)2SO): δ (ppm) = 10.47 (s, 1H, SO2NH), 8.73 (t, J = 5.4 Hz, 1H, 

CONH), 7.95 – 7.90 (m, 2H, 2’-H and 6’-H), 7.81 – 7.76 (m, 2H, 3’-H and 5’-H), 7.52 (d, J = 

2.7 Hz, 1H, 5’’-H), 7.36 (dd, J = 8.8, 2.7 Hz, 1H, 7’’-H), 7.04 (d, J = 8.9 Hz, 1H, 8’’-H), 4.05 (q, 

J = 7.1 Hz, 2H, CH2CH3), 3.47 (t, J = 6.9 Hz, 2H, 3-H), 2.56 (t, J = 6.9 Hz, 2H, 2-H), 1.63 (s, 

6H, C(CH3)2), 1.15 (t, J = 7.1 Hz, 3H, CH2CH3). 13C-NMR (101 MHz, (CD3)2SO): δ (ppm) = 

171.2 (C-1), 164.9 (CONH), 159.8 (C-4’’), 152.3 (C-8a’’), 141.2 (C-4’), 138.2 (C-1’), 132.4 (C-

6’’), 130.1 (C-7’’), 128.1 (C-2’ and C-6’), 126.7 (C-3’ and C-5’), 120.8 (C-5’’), 118.5 (C-8’’), 

113.3 (C-4a’’), 106.6 (C-2’’), 60.0 (CH2CH3), 35.5 (C-3), 33.5 (C-2), 25.2 (C(CH3)2), 14.0 

(CH2CH3). IR (ATR): ṽ (cm-1) = 2988, 1722, 1651, 1490, 1287, 1200, 1166. 1092, 985, 835, 

733. HR-MS (ESI): m/z = [M-H]- calcd for C22H23N2O8S-: 475.1181; found: 475.1179. Purity 

(HPLC): 210 nm: >95 %; 254 nm: >95 % (method 3a). 

 

5-((4-((2-Carboxyethyl)carbamoyl)phenyl)sulfonamido)-2-hydroxybenzoic acid (CG_140) 

 

Prepared according to General Procedure D from compound 109 (85.0 mg, 0.178 mmol) and 

heating the reaction mixture to reflux. The organic material was extracted with EtOAc (3 x 

10 mL). The combined organic layers were washed with brine (10 mL), dried using a phase 



S39 
 

Development of hetero-triaryls as a new chemotype for subtype-selective and potent Sirt5 
inhibition 

Glas et al. 2021; Supp. Info. page S39 

separation paper and concentrated in vacuo to give pure sulfonamide CG_140 (70.4 mg, 

0.172 mmol, 97 %) as a white solid. 

Rf: 0.14 (EtOAc/DCM+AcOH 50:50+1). m.p.: 223 °C. 1H-NMR  (500 MHz, (CD3)2SO): δ (ppm) 

= 12.24 (s, 1H, 1-COOH or 2’’-COOH), 10.08 (s, 1H, SO2NH), 8.71 (t, J = 5.5 Hz, 1H, CONH), 

7.95 – 7.89 (m, 2H, 3’-H and 5’-H), 7.75 – 7.70 (m, 2H, 2’-H and 6’-H), 7.46 (d, J = 2.8 Hz, 1H, 

6-H), 7.16 (dd, J = 8.9, 2.7 Hz, 1H, 4-H), 6.83 (d, J = 8.9 Hz, 1H, 3-H), 3.44 (td, J = 7.2, 5.4 

Hz, 2H, 1’’-H), 2.52 – 2.51 (m, 1H, 2’’-H, collapses with DMSO). 13C-NMR (126 MHz, 

(CD3)2SO): δ (ppm) = 172.8 (C-3’’), 171.1 (1-COOH), 165.0 (CONH), 158.7 (C-2), 141.3 (C-

1’), 138.1 (C-4’), 130.0 (C-4), 128.2 (C-5), 128.0 (C-3’ and C-5’), 126.8 (C-2’ and C-6’), 123.8 

(C-6), 117.8 (C-3), 113.6 (C-1), 35.7 (C-1’’), 33.5 (C-2’’). IR (ATR): ṽ (cm-1) = 3296, 3248, 

1698, 1678, 1633, 1445, 1336, 1227, 1166, 1152, 836, 741, 667. HR-MS (ESI): m/z = [M-H]- 

calcd for C17H15N2O8S-: 407.0555; found: 407.0554. Purity (HPLC): 210 nm: >95 %; 254 

nm: >95 % (method 3a). 
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Synthesis of rigidised analogues CG_224 [2] and CG_268 

 

Scheme S4: Preparation of rigidized analogues 1,2,3,4-tetrahydroisoquinoline CG_224 (for synthetic details see 

our latest publication [2]) and quinoline CG_268. 

 

Ethyl quinoline-6-carboxylate (122) [15] 

 

To a solution of 6-quinolinecarboxylic acid (121, 3.00 g, 17.3 mmol) in EtOH (120 mL), H2SO4 

(6.0 mL) was added. The solution was heated to reflux for 16 h. After cooling to room 

temperature, water (250 mL) was added, and the solution was basified using solid K2CO3. The 

solution was then extracted with DCM (3 x 100 mL). The combined organic layers were dried 

using a phase separation paper and the solvent was removed in vacuo. The crude product 

was purified by FCC (EtOAc/hexanes 20:80) to give ethyl ester 122 (2.79 g, 13.9 mmol, 80 %) 

as a pale yellow to white solid. 

Rf: 0.21 (EtOAc/hexanes 20:80). m.p.: 47 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 9.01 (dd, 

J = 4.3, 1.7 Hz, 1H, 2-H), 8.59 (d, J = 1.9 Hz, 1H, 5-H), 8.31 (dd, J = 8.8, 1.9 Hz, 1H, 7-H), 

8.29 – 8.25 (m, 1H, 4-H), 8.17 – 8.12 (m, 1H, 8-H), 7.47 (dd, J = 8.3, 4.2 Hz, 1H, 3-H), 4.46 

(q, J = 7.1 Hz, 2H, CH2CH3), 1.45 (t, J = 7.1 Hz, 3H, CH3). 13C-NMR (101 MHz, CDCl3): δ 
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(ppm) = 166.3 (COOEt), 152.6 (C-2), 150.2 (C-8a), 137.5 (C-4), 131.0 (C-5), 129.9 (C-8), 

129.1 (C-7), 128.6 (C-6), 127.6 (C-4a), 122.0 (C-3), 61.5 (CH2CH3), 14.5 (CH3). IR (ATR): ṽ 

(cm-1) = 3248, 2991, 1720, 1625, 1502, 1480, 1462, 1362, 1273, 1243, 1187, 1095, 1022, 908, 

846, 797, 784, 743. HR-MS (ESI): m/z = [M+H]+ calcd for C12H12NO2
+: 202.0863; found: 

202.0861. Purity (HPLC): 254 nm: >95 % (method 4a). 

 

Ethyl 2-chloroquinoline-6-carboxylate (124) [16] 

 

To a mixture of ethyl quinoline-6-carboxylate (122, 735 mg, 3.65 mmol) in dry DCM (10.5 mL), 

m-chloroperbenzoic acid (819 mg, 4.75 mmol) was added at 0 °C and the reaction mixture 

was stirred at room temperature for 16 h (formation of the product confirmed via LC-MS). The 

mixture was then washed with 10 % aq. Na2SO3 (15 mL), sat. aq. NaHCO3 (15 mL) and brine 

(15 mL). The organic layer was dried using a phase separation paper and concentrated in 

vacuo to give crude N-oxide intermediate 123.  

To the residue, dry DCM (8.5 mL) and phosphoryl chloride (4.47 mL, 47.5 mmol) were added, 

and the mixture was stirred at 50 °C for 16 h. The reaction mixture was concentrated in vacuo, 

the residue was diluted with DCM (20 mL) and washed with sat. aq. NaHCO3 (2 x 15 mL) and 

brine (15 mL). The organic phase was concentrated in vacuo and the crude product was 

purified by FCC (EtOAc/toluene 1:99) to give product 124 (179 mg, 0.760 mmol, 21 %) as a 

white solid. 

Rf: 0.32 (EtOAc/toluene 1:99). m.p.: 97 °C. 1H-NMR (500 MHz, CDCl3): δ (ppm) = 8.58 (d, J 

= 1.9 Hz, 1H, 5-H), 8.34 (dd, J = 8.8, 1.9 Hz, 1H, 7-H), 8.22 – 8.20 (m, 1H, 4-H), 8.06 (dd, J = 

8.8, 0.7 Hz, 1H, 8-H), 7.46 (d, J = 8.6 Hz, 1H, 3-H), 4.45 (q, J = 7.1 Hz, 2H, CH2CH3), 1.45 (t, 

J = 7.1 Hz, 3H, CH3). 13C-NMR (126 MHz, CDCl3): δ (ppm) = 165.9 (6-COOEt), 153.1 (C-2), 

149.8 (C-8a), 140.1 (C-4), 130.6 (C-5), 130.4 (C-7), 129.1 (C-6), 129.0 (C-8), 126.2 (C-4a), 

123.4 (C-3), 61.7 (CH2CH3), 14.5 (CH3). IR (ATR): ṽ (cm-1) = 3064, 2903, 1715, 1621, 1453, 

1393, 1261, 1197, 1142, 1085, 1023, 917, 814, 781, 748, 664. HR-MS (ESI): m/z = [M+H]+ 

calcd for C12H11ClNO2
+: 236.0473; found: 236.0472. Purity (HPLC): 210 nm: >95 %; 254 

nm: >95 % (method 2a). 

 

2-Chloroquinoline-6-carboxylic acid (125) [16] 
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A suspension of compound 124 (150 mg, 0.636 mmol) in HCl (32 %, 3.0 mL) was heated to 

95 °C for 75 min, cooled to room temperature and concentrated to dryness. The residue was 

purified FCC (EtOAc/hexanes+AcOH 30:70+1 → 40:60+1) to give product 125 (82.0 mg, 

0.395 mmol, 62 %) as a white solid. 

Rf: 0.38 (EtOAc/hexanes+AcOH 30:70+1). m.p.: 244 °C. 1H-NMR (500 MHz, (CD3)2SO): δ 

(ppm) = 13.37 (s, 1H, COOH), 8.73 (d, J = 1.9 Hz, 1H, 5-H), 8.65 (dd, J = 8.7, 0.7 Hz, 1H, 4-

H), 8.26 (dd, J = 8.8, 2.0 Hz, 1H, 7-H), 8.04 – 8.01 (m, 1H, 8-H), 7.70 (d, J = 8.6 Hz, 1H, 3-H). 

13C-NMR (126 MHz, (CD3)2SO): δ (ppm) = 166.7 (COOH), 152.0 (C-2), 148.9 (C-8a), 141.3 

(C-4), 130.8 (C-5), 130.2 (C-7), 129.3 (C-6), 128.2 (C-8), 126.2 (C-4a), 123.3 (C-3). IR (ATR): 

ṽ (cm-1) = 2922, 2528, 1677, 1621, 1580, 1450, 1311, 1280, 1196, 1137, 1088, 809, 852, 813, 

785, 771, 750. HR-MS (EI): m/z = [M]•+ calcd for C10H6ClNO2
•+: 207.0082; found: 207.0085. 

Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

 

2,2-Dimethyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4H-benzo[d][1,3]dioxin-4-one 

(126) 

 

A solution of iodo compound 93 (152 mg, 0.500 mmol), KOAc (147 mg, 0.500 mmol), and 

B2pin2 (140 mg, 0.551 mmol) in 1,4-dioxane (5.0 mL) was degassed for 10 min and put under 

N2 atmosphere. PdCl2(dppf)•DCM (12.2 mg, 0.0150 mmol) was added, and the mixture stirred 

at 80 °C for 16 h. Another 0.2 eq of B2pin2 were added and stirring continued at 80 °C for 

further 16 h. The reaction mixture was cooled to room temperature, water (15 mL) was added, 

and the organic materials extracted with EtOAc (3 x 20 mL). The combined organic layers 

were dried using a phase separation paper and concentrated in vacuo. The crude product was 

put through a short silica gel column (EtOAc/hexanes 10:90) and concentrated in vacuo. The 

resulting material was then diluted with EtOAc (10 mL) and IBX (406 mg, 1.45 mmol) was 

added under N2 atmosphere. The reaction mixture was heated to 80 °C for 2 h while stirring 

rapidly. The heterogeneous mixture was cooled to room temperature, filtered through a plug 

of silica and concentrated under reduced pressure. The crude product was purified by FCC 

(EtOAc/hexanes 5:95) to give pinacol ester 126 (33.9 mg, 0.111 mmol, 22 %) as a white solid. 
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Rf: 0.17 (EtOAc/hexanes 10:90). m.p.: 96 °C. 1H-NMR (500 MHz, CDCl3): δ (ppm) = 8.45 (d, 

J = 1.7 Hz, 1H, 5-H), 7.96 (dd, J = 8.2, 1.6 Hz, 1H, 7-H), 6.94 (d, J = 8.2 Hz, 1H, 8-H), 1.73 (s, 

6H, 2-(CH3)2), 1.33 (s, 12H, 4’-(CH3)2 and 5’-(CH3)2). 13C-NMR (126 MHz, CDCl3): δ (ppm) = 

161.1 (C-4), 158.4 (C-8a), 142.7 (C-7), 137.1 (C-5), 123.4 (C-6), 116.7 (C-8), 113.2 (C-4a), 

106.5 (C-2), 84.3 (C-4’ and C-5’), 26.0 (2-(CH3)2), 25.0 (4’-(CH3)2 and 5’-(CH3)2). IR (ATR): ṽ 

(cm-1) = 2987, 2362, 1738, 1613, 1379, 1353, 1323, 1276, 1202, 1141, 1128, 1076, 1047, 982, 

930, 851, 841, 783, 680, 656. HR-MS (ESI): m/z = [M+H]+ calcd for C16H22BO5
+: 305.1555; 

found: 305.1556. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

 

Ethyl 3-(2-chloroquinoline-6-carboxamido)propanoate (128) 

 

Prepared according to General Procedure F from quinoline 125 (70.0 mg, 0.337 mmol) and 

β-alanine ethyl ester hydrochloride (76, 51.8 mg, 0.337 mmol). The crude product was purified 

by FCC (EtOAc/hexanes 50:50) to give amide 128 (89.2 mg, 0.291 mmol, 86 %) as a white 

solid. 

Rf: 0.30 (EtOAc/hexanes 50:50). m.p.: 130 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 8.30 (t, 

J = 1.4 Hz, 1H, 5’-H), 8.19 (d, J = 8.6 Hz, 1H, 4’-H), 8.07 (s, 1H, 7’-H), 8.06 (s, 1H, 8’-H), 7.46 

(d, J = 8.6 Hz, 1H, 3’-H), 7.07 (t, J = 5.1 Hz, 1H, CONH), 4.19 (q, J = 7.2 Hz, 2H, CH2CH3), 

3.79 (q, J = 5.9 Hz, 2H, 3-H), 2.69 (t, J = 5.8 Hz, 2H, 2-H), 1.29 (t, J = 7.1 Hz, 3H, CH3). 13C-

NMR (101 MHz, CDCl3): δ (ppm) = 173.2 (C-1), 166.3 (CONH), 152.6 (C-2’), 149.2 (C-8a’), 

139.8 (C-4’), 132.9 (C-6’), 129.3 (C-8’), 128.4 (C-7’), 127.5 (C-5’), 126.4 (C-4a’), 123.5 (C-3’), 

61.1 (CH2CH3), 35.7 (C-3), 34.0 (C-2), 14.3 (CH3). IR (ATR): ṽ (cm-1) = 3358, 2983, 1719, 

1638, 1620, 1538, 1504, 1441, 1318, 1279, 1216, 1179, 1147, 1094, 1027, 908, 820, 780, 

748, 664. HR-MS (ESI): m/z = [M+H]+ calcd for C15H16ClN2O3
+: 307.0844; found: 307.0847. 

Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

 

5-(6-((2-Carboxyethyl)carbamoyl)quinolin-2-yl)-2-hydroxybenzoic acid (CG_268) 
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Under N2 atmosphere, iodo compound 93 (76.0 mg, 0.2500 mmol) and Pd(PPh3)4 (8.67 mg, 

7.50 µmol) were dissolved in dry 1,4-dioxane (1.5 mL) and purged with N2 for 10 min. The 

reaction mixture was heated to 80 °C and dry triethylamine (348 µL, 2.50 mmol) and HBPin 

(72.6 µL, 0.500 mmol) were added. After 3 h at 80 °C, the reaction mixture was allowed to 

cool to room temperature. Dry MeOH (1.5 mL), compound 128 (76.7 mg, 0.250 mmol) and 

Cs2CO3 (204 mg, 0.625 mmol) were added sequentially and the resulting mixture heated to 

100 °C for 16 h. The reaction mixture was allowed to cool to room temperature and water 

(10 mL) was added. The organic material was extracted with EtOAc (3 x 15 mL). The aqueous 

phase was then additionally acidified with 1 M aq. HCl and again extracted with EtOAc (3 x 

15 mL). The combined organic phases were dried using a phase separation paper and the 

solvent evaporated in vacuo. To the residue was added THF (1.7 mL) followed by the addition 

of a solution of KOH (70.1 mg, 1.25 mmol) in water (1.7 mL). The reaction mixture was stirred 

at 60 °C for 2 h. Water (5 mL) was added, and the mixture acidified to pH 1 with 2 M aq. HCl. 

The resulting precipitates were collected by filtration and dried in vacuo. Product CG_268 

(28.6 mg, 0.0752 mmol, 30 % over three steps) was obtained as a brown solid. 

Rf: 0.15 (MeOH/DCM+AcOH 5:95+1). m.p.: 170 °C. 1H-NMR (400 MHz, (CD3)2SO): δ (ppm) 

= 11.62 (s, 1H, 1-COOH or 2’’’-COOH), 8.81 – 8.77 (m, 2H, 6-H and CONH), 8.56 (d, J = 8.8 

Hz, 1H, 4’’-H), 8.51 (d, J = 1.9 Hz, 1H, 5’’-H), 8.47 (dd, J = 8.8, 2.4 Hz, 1H, 4-H), 8.22 (d, J = 

8.9 Hz, 1H, 3’’-H), 8.19 (dd, J = 9.0, 1.9 Hz, 1H, 7’’-H), 8.13 (d, J = 8.8 Hz, 1H, 8’’-H), 7.17 (d, 

J = 8.7 Hz, 1H, 3-H), 3.54 (q, J = 6.7 Hz, 2H, 1’’’-H), 2.58 (t, J = 7.1 Hz, 2H, 2’’’-H). 13C-NMR 

(101 MHz, (CD3)2SO): δ (ppm) = 172.9 (C-3’’’), 171.7 (1-COOH), 165.7 (CONH), 162.6 (C-2), 

156.1 (C-2’’), 148.1 (C-8a’’), 138.7 (C-4’’), 134.4 (C-4), 131.9 (C-6’’), 129.6 (C-6), 129.1 (C-5), 

128.5 (C-8’’), 128.3 (C-7’’), 127.7 (C-5’’), 126.0 (C-4a’’), 118.9 (C-3’’), 117.8 (C-3), 113.6 (C-

1), 35.8 (C-1’’’), 33.8 (C-2’’’). IR (ATR): ṽ (cm-1) = 2919, 2505, 1713, 1634, 1594, 1538, 1493, 

1432, 1393, 1353, 1297, 1207, 1153, 903, 826. HR-MS (ESI): m/z = [M-H]- calcd for 

C20H15N2O6
-
: 379.0936; found: 379.0937. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % 

(method 2a). 
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Synthesis of analogues CG_168, CG_163, CG_176, CG_177, and CG_169 

 

Scheme S5: Preparation of compounds CG_168, CG_163, CG_176, CG_177, CG_169. 
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Ethyl 3-(4-((2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxine)-6-sulfonamido)benzamido)-

propanoate (129) 

 

Prepared according to General Procedure C from sulfonamide 106 (75.0 mg, 0.172 mmol). 

The crude product was purified by FCC (EtOAc/hexanes+AcOH 50:50+1) to give product 129 

(43.3 mg, 0.0909 mmol, 53 %) as a yellow solid. 

Rf: 0.37 (EtOAc/hexanes+AcOH 70:30+1). m.p.: 164 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) 

= 8.49 (d, J = 2.4 Hz, 1H, 5’’-H), 7.93 (dd, J = 8.7, 2.4 Hz, 1H, 7’’-H), 7.69 – 7.64 (m, 2H, 2’-H 

and 6’-H), 7.48 (s, 1H, SO2NH), 7.20 – 7.15 (m, 2H, 3’-H and 5’-H), 7.01 (d, J = 8.7 Hz, 1H, 

8’’-H), 6.85 (t, J = 5.9 Hz, 1H, CONH), 4.17 (q, J = 7.2 Hz, 2H, CH2CH3), 3.70 (q, J = 6.0 Hz, 

2H, 3-H), 2.63 (t, J = 5.8 Hz, 2H, 2-H), 1.74 (s, 6H, C(CH3)2), 1.27 (t, J = 7.1 Hz, 3H, CH2CH3). 

13C-NMR (101 MHz, CDCl3): δ (ppm) = 173.2 (C-1), 166.6 (CONH), 159.6 (C-4’’), 159.4 (C-

8a’’), 139.5 (C-4’), 135.1 (C-7’’), 133.7 (C-6’’), 131.1 (C-1’), 129.8 (C-5’’), 128.7 (C-2’ and C-

6’), 120.1 (C-3’ and C-5’), 118.6 (C-8’’), 113.8 (C-4a’’), 107.7 (C-2’’), 61.1 (CH2CH3), 35.5 (C-

3), 34.0 (C-2), 26.1 (C(CH3)2), 14.3 (CH2CH3). IR (ATR): ṽ (cm-1) = 3330, 3256, 2923, 2853, 

1732, 1635, 1610, 1542, 1391, 1335, 1288, 1185, 1164, 1123, 1075, 935, 828, 694. HR-MS 

(ESI): m/z = [M-H]- calcd for C22H23N2O8S-: 475.1181; found: 475.1181. Purity (HPLC): 254 

nm: >95 % (method 4a). 

 

Ethyl 3-(4-((N,2,2-trimethyl-4-oxo-4H-benzo[d][1,3]dioxine)-6-sulfonamido)benzamido)-

propanoate (130) 

 

Methyl iodide (13.0 µL, 0.210 mmol) was added to a mixture of compound 129 (50.0 mg, 

0.105 mmol) and K2CO3 (43.6 mg, 0.262 mmol) in acetone (7.3 mL). The mixture was stirred 

at room temperature for 16 h, filtered and the solvent was removed in vacuo to give N-

methylated sulfonamide 130 (51.4 mg, 0.105 mmol, quant.) as a yellowish solid. 
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Rf: 0.39 (toluene/EtOAc+AcOH 65:35+1). m.p.: 55 °C. 1H-NMR (400 MHz, CD3OD): δ (ppm) 

= 8.03 (dd, J = 2.3, 0.5 Hz, 1H, 5’’-H), 7.80 – 7.75 (m, 2H, 2’-H and 6’-H), 7.71 (dd, J = 8.7, 

2.4 Hz, 1H, 7’’-H), 7.30 – 7.26 (m, 2H, 3’-H and 5’-H), 7.18 (dd, J = 8.7, 0.5 Hz, 1H, 8’’-H), 

4.15 (q, J = 7.1 Hz, 2H, CH2CH3), 3.63 (t, J = 6.8 Hz, 2H, 3-H), 3.24 (s, 3H, NCH3), 2.65 (t, J 

= 6.8 Hz, 2H, 2-H), 1.76 (s, 6H, C(CH3)2), 1.24 (t, J = 7.2 Hz, 3H, CH2CH3). 13C-NMR (101 

MHz, CD3OD): δ (ppm) = 173.5 (C-1), 169.2 (CONH), 160.9 (C-4’’), 160.7 (C-8a’’), 145.6 (C-

4’), 136.7 (C-7’’), 134.3 (C-1’), 132.2 (C-6’’), 130.6 (C-5’’), 129.1 (C-2’ and C-6’), 127.2 (C-3’ 

and C-5’), 119.8 (C-8’’), 114.7 (C-4a’’), 108.9 (C-2’’), 61.7 (CH2CH3), 38.4 (NCH3), 37.1 (C-3), 

34.9 (C-2), 25.9 (C(CH3)2), 14.5 (CH2CH3). IR (ATR): ṽ (cm-1) = 3410, 2985, 1728, 1643, 1607, 

1477, 1353, 1291, 1255, 1173, 1158, 1131, 1058, 1024, 930, 876, 852, 771, 720. HR-MS 

(ESI): m/z = [M+H]+ calcd for C23H27N2O8S+: 491.1483; found: 491.1480. Purity (HPLC): 254 

nm: >95 % (method 4a). 

 

5-(N-(4-((2-Carboxyethyl)carbamoyl)phenyl)-N-methylsulfamoyl)-2-hydroxybenzoic acid 

(CG_168) 

 

Prepared according to General Procedure D at room temperature from compound 130 

(46.0 mg, 0.0938 mmol). The organic material was extracted with EtOAc (3 x 10 mL). The 

combined organic layers were washed with brine (10 mL), dried using a phase separation 

paper and concentrated in vacuo to give the pure product CG_168 (39.2 mg, 0.0928 mmol, 

quant.) as a yellow solid. 

Rf: 0.30 (EtOAc/hexanes+AcOH 40:60+1), streaks. m.p.: 219 °C. 1H-NMR (400 MHz, CD3OD): 

δ (ppm) = 8.03 (d, J = 2.4 Hz, 1H, 6-H), 7.81 – 7.76 (m, 2H, 3’-H and 5’-H), 7.50 (dd, J = 8.8, 

2.4 Hz, 1H, 4-H), 7.28 – 7.22 (m, 2H, 2’-H and 6’-H), 6.99 (d, J = 8.8 Hz, 1H, 3-H), 3.62 (t, J = 

7.0 Hz, 2H, 1’’-H), 3.20 (s, 3H, CH3), 2.64 (t, J = 7.0 Hz, 2H, 2’’-H). 13C-NMR (101 MHz, 

CD3OD): δ (ppm) = 175.4 (C-3’’), 172.6 (1-COOH), 169.3 (CONH), 166.9 (C-2), 145.9 (C-1’), 

134.9 (C-4), 134.0 (C-4’), 132.2 (C-6), 129.0 (C-3’ and C-5’), 127.4 (C-5), 127.1 (C-2’ and C-

6’), 119.0 (C-3), 115.5 (C-1), 38.3 (CH3), 37.0 (C-1’’), 34.6 (C-2’’). IR (ATR): ṽ (cm-1) = 2923, 

1731, 1652, 1608, 1540, 1500, 1476, 1429, 1351, 1293, 1256, 1174, 1062, 931, 875, 771, 

700. HR-MS (ESI): m/z = [M-H]- calcd for C18H17N2O8S-: 421.0711; found: 421.0710. Purity 

(HPLC): 210 nm: >95 %; 254 nm: >95 % (method 1f). 



S48 
 

Development of hetero-triaryls as a new chemotype for subtype-selective and potent Sirt5 
inhibition 

Glas et al. 2021; Supp. Info. page S48 

 

Ethyl 3-(5-aminopicolinamido)propanoate (134) 

 

Prepared according to General Procedure F from 5-aminopyridine-2-carboxylic acid (131, 

500 mg, 3.62 mmol) and β-alanine ethyl ester hydrochloride (76, 556 mg, 3.62 mmol). The 

crude product was purified by FCC (EtOAc/hexanes 70:30) to give amine 134 (763 mg, 

3.22 mmol, 89 %) as a pale yellow oil. 

Rf: 0.50 (EtOAc/hexanes 80:20). 1H-NMR (400 MHz, CD3OD): δ (ppm) = 7.96 (dd, J = 2.7, 

0.7 Hz, 1H, 6’-H), 7.77 (dd, J = 8.5, 0.7 Hz, 1H, 3’-H), 7.02 (dd, J = 8.5, 2.7 Hz, 1H, 4’-H), 4.15 

(q, J = 7.2 Hz, 2H, CH2CH3), 3.64 (t, J = 6.6 Hz, 2H, 3-H), 2.62 (t, J = 6.6 Hz, 2H, 2-H), 1.24 

(t, J = 7.2 Hz, 3H, CH3). 13C-NMR (101 MHz, CD3OD): δ (ppm) = 173.7 (C-1), 167.6 (CONH), 

149.1 (C-5’), 138.9 (C-2’), 136.3 (C-6’), 124.2 (C-3’), 120.7 (C-4’), 61.7 (CH2CH3), 36.08 (C-

3), 35.2 (C-2), 14.5 (CH3). IR (ATR): ṽ (cm-1) = 3340, 3229, 2982, 1720, 1644, 1585, 1519, 

1478, 1323, 1252, 1188, 1161, 1025, 1014, 849, 734. HR-MS (ESI): m/z = [M+H]+ calcd for 

C11H16N3O3
+: 238.1186; found: 238.1186. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % 

(method 1d). 

 

5-(N-(6-((3-Ethoxy-3-oxopropyl)carbamoyl)pyridin-3-yl)sulfamoyl)-2-hydroxybenzoic acid 

(137) 

 

Prepared according to General Procedure H from compound 134 (100 mg, 0.421 mmol). The 

crude product was purified by FCC (MeOH/DCM+AcOH 3:97+1 → 10:90+1) to give product 

137 (58.2 mg, 0.133 mmol, 32 %) as a white solid. 

Rf: 0.33 (MeOH/DCM+AcOH 10:90+1). m.p.: 209 °C. 1H-NMR (500 MHz, CD3OD): δ (ppm) = 

8.37 (d, J = 2.5 Hz, 1H, 6-H), 8.32 (d, J = 2.6 Hz, 1H, 2’-H), 7.91 (d, J = 8.5 Hz, 1H, 5’-H), 7.72 

(d, J = 8.6 Hz, 1H, 4-H), 7.66 (dd, J = 8.6, 2.6 Hz, 1H, 4’-H), 6.87 (d, J = 8.6 Hz, 1H, 3-H), 4.12 

(q, J = 7.1 Hz, 2H, CH2CH3), 3.63 (t, J = 6.7 Hz, 2H, 1’’-H), 2.61 (t, J = 6.7 Hz, 2H, 2’’-H), 1.21 

(t, J = 7.1 Hz, 3H, CH3). 13C-NMR (126 MHz, CD3OD): δ (ppm) = 174.6 (1-COOH), 173.5 (C-

3’’), 167.2 (C-2), 166.4 (CONH), 145.7 (C-6’), 141.1 (C-2’), 139.4 (C-3’), 132.7 (C-4), 131.9 
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(C-6), 129.3 (C-5), 128.1 (C-4’), 123.6 (C-5’), 120.0 (C-1), 118.5 (C-3), 61.8 (CH2CH3), 36.3 

(C-1’’), 34.9 (C-2’’), 14.5 (CH3). IR (ATR): ṽ (cm-1) = 2925, 1716, 1636, 1582, 1442, 1375, 

1324, 1261, 1163, 1110, 1072, 1021, 917, 834, 661. HR-MS (ESI): m/z = [M-H]- calcd for 

C18H18N3O8S-: 436.0820; found: 436.0819. Purity (HPLC): 210 nm: >95 %; 254 nm: 95 % 

(method 1f). 

 

5-(N-(6-((2-Carboxyethyl)carbamoyl)pyridin-3-yl)sulfamoyl)-2-hydroxybenzoic acid (CG_163) 

 

Prepared according to General Procedure D at room temperature from compound 137 

(50.0 mg, 0.114 mmol). The organic material was extracted with EtOAc (3 x 10 mL). The 

combined organic layers were washed with brine (10 mL), dried using a phase separation 

paper and concentrated in vacuo to give the pure product CG_163 (18.6 mg, 0.0454 mmol, 

40 %) as a white solid. 

Rf: 0.328 (MeOH/DCM+AcOH 10:90+1). m.p.: 228 °C. 1H-NMR (400 MHz, CD3OD): δ (ppm) 

= 8.34 – 8.32 (m, 2H, 6-H and 2’-H), 7.96 (dd, J = 8.5, 0.7 Hz, 1H, 5’-H), 7.85 (dd, J = 8.8, 2.5 

Hz, 1H, 4-H), 7.69 (dd, J = 8.6, 2.6 Hz, 1H, 4’-H), 7.01 (d, J = 8.8 Hz, 1H, 3-H), 3.62 (t, J = 6.7 

Hz, 2H, 1’’-H), 2.60 (t, J = 6.7 Hz, 2H, 2’’-H). 13C-NMR (101 MHz, CD3OD): δ (ppm) = 175.4 

(C-3’’), 172.4 (1-COOH), 166.8 (C-2), 166.2 (CONH), 146.4 (C-6’), 141.2 (C-2’), 138.8 (C-3’), 

134.5 (C-4), 131.7 (C-6), 130.7 (C-5), 128.5 (C-4’), 123.7 (C-5’), 119.4 (C-3), 115.1 (C-1), 36.3 

(C-1’’), 34.6 (C-2’’). IR (ATR): ṽ (cm-1) = 2923, 1694, 1637, 1587, 1538, 1455, 1327, 1215, 

1161, 1110, 1075, 920, 873, 845, 706. HR-MS (ESI): m/z = [M-H]- calcd for C16H14N3O8S-: 

408.0507; found: 408.0505. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 1f). 

 

2-Hydroxy-5-((5-(methoxycarbonyl)thiophene)-3-sulfonamido)benzoic acid (141) 

 

Prepared according to General Procedure H from methyl 4-aminothiophene-2-carboxylate 

(140, 490 mg, 3.12 mmol) and 5-chlorosulfonyl-2-hydroxybenzoic acid (105, 738 mg, 
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3.12 mmol). The crude product was purified by FCC (MeOH/DCM+AcOH 5:95+1) to give 

sulfonamide 141 (847 mg, 2.37 mmol, 76 %) as an off-white solid. 

Rf: 0.33 (MeOH/DCM+AcOH 5:95+1). m.p.: 206 °C. 1H-NMR (400 MHz, CD3OD): δ (ppm) = 

8.26 (d, J = 2.4 Hz, 1H, 6-H), 7.79 (dd, J = 8.8, 2.5 Hz, 1H, 4-H), 7.49 (d, J = 1.7 Hz, 1H, 4’-

H), 7.18 (d, J = 1.7 Hz, 1H, 2’-H), 7.00 (d, J = 8.8 Hz, 1H, 3-H), 3.83 (s, 3H, CH3). 13C-NMR 

(101 MHz, CD3OD): δ (ppm) = 172.6 (1-COOH), 166.6 (C-2), 163.5 (5’-COOMe), 137.4 (C-

3’), 134.5 (C-4), 134.0 (C-5’), 131.6 (C-6), 130.9 (C-5), 129.2 (C-4’), 120.4 (C-2’), 119.1 (C-3), 

114.8 (C-1), 52.8 (CH3). IR (ATR): ṽ (cm-1) = 3229, 1702, 1660, 1608, 1445, 1364, 1293, 1156, 

1073, 991, 761, 663. HR-MS (ESI): m/z = [M-H]- calcd for C13H10NO7S2
-: 355.9904; found: 

355.9905. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 1e). 

 

4-((3-Carboxy-4-hydroxyphenyl)sulfonamido)thiophene-2-carboxylic acid (142) 

 

Prepared according to General Procedure D from compound 141 (500 mg, 1.40 mmol) and 

heating the reaction mixture to reflux. The organic material was extracted with EtOAc (3 x 

10 mL). The combined organic layers were washed with brine (10 mL), dried using a phase 

separation paper and concentrated in vacuo to give the pure product 142 (433 mg, 1.26 mmol, 

90 %) as an off-white solid. 

Rf: 0.40 (EtOAc/DCM+AcOH 30:70+1). m.p.: 259 °C. 1H-NMR (500 MHz, CD3OD): δ (ppm) = 

8.27 (d, J = 2.4 Hz, 1H, 2’-H), 7.80 (dd, J = 8.9, 2.4 Hz, 1H, 6’-H), 7.47 (d, J = 1.7 Hz, 1H, 3-

H), 7.16 (d, J = 1.7 Hz, 1H, 5-H), 7.02 (d, J = 8.8 Hz, 1H, 5’-H). 13C-NMR (126 MHz, CD3OD): 

δ (ppm) = 172.4 (3’-COOH), 166.5 (C-4’), 164.6 (2-COOH), 137.3 (C-4), 135.2 (C-2), 134.7 

(C-6’), 131.6 (C-2’), 131.0 (C-1’), 129.2 (C-3), 120.3 (C-5), 119.2 (C-5’), 114.4 (C-3’). IR (ATR): 

ṽ (cm-1) = 3241, 1675, 1437, 1356, 1259, 1159, 969, 797, 733, 715, 659. HR-MS (ESI): m/z = 

[M-H]- calcd for C12H8NO7S2
-: 341.9748; found: 341.9747. Purity (HPLC): 210 nm: >95 %; 

254 nm: >95 % (method 1f). 
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4-((2,2-Dimethyl-4-oxo-4H-benzo[d][1,3]dioxine)-6-sulfonamido)thiophene-2-carboxylic acid 

(143) 

 

Prepared according to General Procedure C from compound 142 (250 mg, 0.728 mmol). The 

crude product was purified by FCC (EtOAc/DCM+AcOH 30:70+1) to give acetonide 143 

(87.3 mg, 0.228 mmol, 31 %) as a dark yellow oily solid. 

Rf: 0.55 (EtOAc/DCM+AcOH 30:70+1). m.p.: 70 °C. 1H-NMR (400 MHz, CD3OD): δ (ppm) = 

8.29 (d, J = 2.3 Hz, 1H, 5’-H), 7.96 (dd, J = 8.7, 2.4 Hz, 1H, 7’-H), 7.44 (d, J = 1.7 Hz, 1H, 3-

H), 7.22 (d, J = 1.7 Hz, 1H, 5-H), 7.17 (d, J = 8.8 Hz, 1H, 8’-H), 1.73 (s, 7H, C(CH3)2). 13C-

NMR (101 MHz, CD3OD): δ (ppm) = 164.5 (2-COOH), 161.0 (C-4’), 160.4 (C-8a’), 136.9 (C-

4), 136.1 (C-7’), 135.4 (C-6’), 135.3 (C-2), 130.0 (C-5’), 129.2 (C-3), 120.8 (C-5), 119.7 (C-8’), 

114.7 (C-4a’), 108.9 (C-2’), 25.8 (C(CH3)2). IR (ATR): ṽ (cm-1) = 3109, 2923, 1683, 1609, 1476, 

1435, 1293, 1162, 1132, 1077, 980, 782, 681. HR-MS (ESI): m/z = [M-H]- calcd for 

C15H12NO7S2
-: 382.0061; found: 382.0064. Purity (HPLC): 210 nm: 94 %; 254 nm: 89 % 

(method 1e). 

 

Ethyl 3-(4-((2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxine)-6-sulfonamido)thiophene-2-

carboxamido)propanoate (144) 

 

Prepared according to General Procedure E from compound 143 (51.0 mg, 0.133 mmol) and 

β-alanine ethyl ester hydrochloride (76, 40.8 mg, 0.266 mmol). The crude product was purified 

by FCC (EtOAc/hexanes+AcOH 50:50+1) to give product 144 (28.0 mg, 0.0580 mmol, 44 %) 

as a beige solid. 

Rf: 0.45 (EtOAc/hexanes+AcOH 50:50+1). m.p.: 88 °C. 1H-NMR (400 MHz, CD3OD): δ (ppm) 

= 8.29 (d, J = 2.3 Hz, 1H, 5’’-H), 7.96 (dd, J = 8.7, 2.4 Hz, 1H, 7’’-H), 7.48 (d, J = 1.6 Hz, 1H, 

3’-H), 7.17 (d, J = 8.7 Hz, 1H, 8’’-H), 7.07 (d, J = 1.6 Hz, 1H, 5’-H), 4.13 (q, J = 7.2 Hz, 2H, 

CH2CH3), 3.57 (t, J = 6.9 Hz, 2H, 3-H), 2.60 (t, J = 6.9 Hz, 2H, 2-H), 1.73 (s, 6H, C(CH3)2), 

1.23 (t, J = 7.1 Hz, 3H, CH2CH3). 13C-NMR (101 MHz, CD3OD): δ (ppm) = 173.4 (C-1), 163.7 

(CONH), 161.0 (C-4’), 160.4 (C-8a’’), 139.8 (C-2’), 136.7 (C-4’), 136.1 (C-7’’), 135.4 (C-6’’), 
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130.0 (C-5’’), 125.0 (C-3’), 119.7 (C-8’’), 118.9 (C-5’), 114.7 (C-4a’’), 108.8 (C-2’’), 61.7 

(CH2CH3), 36.9 (C-3), 34.9 (C-2), 25.8 (C(CH3)2), 14.5 (CH2CH3). IR (ATR): ṽ (cm-1) = 3243, 

1742, 1726, 1611, 1559, 1531, 1477, 1367, 1293, 1163, 1120, 1077, 980, 846, 723. HR-MS 

(ESI): m/z = [M-H]- calcd for C20H21N2O8S2
-: 481.0745; found: 481.0744. Purity (HPLC): 210 

nm: 89 %; 254 nm: >95 % (method 1e). 

 

5-(N-(5-((2-Carboxyethyl)carbamoyl)thiophen-3-yl)sulfamoyl)-2-hydroxybenzoic acid 

(CG_169) 

 

Prepared according to General Procedure D from compound 144 (60.0 mg, 0.124 mmol) at 

room temperature. The organic material was extracted with EtOAc (3 x 10 mL). The combined 

organic layers were washed with brine (10 mL), dried using a phase separation paper and 

concentrated in vacuo to give the pure product CG_169 (44.9 mg, 0.108 mmol, 87 %) as a 

beige solid. 

Rf: 0.20 (MeOH/DCM 10:90). m.p.: 246 °C. 1H-NMR (500 MHz, CD3OD): δ (ppm) = 8.25 (d, 

J = 2.5 Hz, 1H, 6-H), 7.80 (dd, J = 8.8, 2.4 Hz, 1H, 4-H), 7.47 (d, J = 1.6 Hz, 1H, 4’-H), 7.04 

(d, J = 1.6 Hz, 1H, 2’-H), 7.02 (d, J = 8.9 Hz, 1H, 3-H), 3.56 (t, J = 7.0 Hz, 2H, 1’’-H), 2.60 (t, 

J = 7.0 Hz, 2H, 2’’-H). 13C-NMR (126 MHz, CD3OD): δ (ppm) = 175.3 (C-3’’), 172.3 (1-COOH), 

166.5 (C-2), 163.8 (CONH), 139.6 (C-5’), 137.1 (C-3’), 134.8 (C-4), 131.6 (C-6), 131.1 (C-5), 

125.2 (C-4’), 119.2 (C-3), 118.8 (C-2’), 114.1 (C-1), 36.9 (C-1’’), 34.6 (C-2’’). IR (ATR): ṽ (cm-

1) = 3374, 3239, 2924, 2502, 2417, 1723, 1678, 1602, 1342, 1215, 1166, 1076, 805, 670. HR-

MS (ESI): m/z = [M-H]- calcd for C15H13N2O8S2
-: 413.0119; found: 413.0118. Purity (HPLC): 

210 nm: >95 %; 254 nm: >95 % (method 2a). 

 

Ethyl 3-(5-nitrothiophene-3-carboxamido)propanoate (147) 

 

Prepared according to General Procedure E from 5-nitrothiophene-3-carboxylic acid (145, 

500 mg, 2.89 mmol) and β-alanine ethyl ester hydrochloride (76, 444 mg, 2.89 mmol). The 

crude product was purified by FCC (EtOAc/hexanes 40:60) to give 147 (725 mg, 2.66 mmol, 

92 %) as a white solid. 
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Rf: 0.25 (EtOAc/hexanes 40:60). m.p.: 102 °C. 1H-NMR (400 MHz, CD3OD): δ (ppm) = 8.34 

(d, J = 1.9 Hz, 1H, 4’-H), 8.32 (d, J = 1.9 Hz, 1H, 2’-H), 4.15 (q, J = 7.1 Hz, 2H, CH2CH3), 3.61 

(t, J = 6.8 Hz, 2H, 3-H), 2.64 (t, J = 6.8 Hz, 2H, 2-H), 1.24 (t, J = 7.1 Hz, 3H, CH3). 13C-NMR 

(101 MHz, CD3OD): δ (ppm) = 173.3 (C-1), 163.5 (CONH), 153.5 (C-5’), 137.4 (C-3’), 135.9 

(C-2’), 128.1 (C-4’), 61.7 (CH2CH3), 36.9 (C-3), 34.8 (C-2), 14.5 (CH3). IR (ATR): ṽ (cm-1) = 

3373, 3283, 1716, 1624, 1556, 1512, 1335, 1294, 1186, 1014, 830, 815, 729. HR-MS (ESI): 

m/z = [M-H]- calcd for C10H11N2O5S-: 271.0394; found: 271.0393. Purity (HPLC): 210 

nm: >95 %; 254 nm: 95 % (method 1e). 

 

Ethyl 3-(5-nitrothiophene-2-carboxamido)propanoate (148) 

 

Prepared according to General Procedure E from 5-nitrothiophene-2-carboxylic acid (146, 

500 mg, 2.89 mmol) and β-alanine ethyl ester hydrochloride (76, 444 mg, 2.89 mmol). The 

crude product was purified by FCC (EtOAc/hexanes 40:60) to give 148 (729 mg, 2.68 mmol, 

93 %) as a yellow solid. 

Rf: 0.28 (EtOAc/hexanes 40:60). m.p.: 86 °C. 1H-NMR (400 MHz, CD3OD): δ (ppm) = 7.96 (d, 

J = 4.3 Hz, 1H, 4’-H), 7.62 (d, J = 4.4 Hz, 1H, 3’-H), 4.15 (q, J = 7.1 Hz, 2H, CH2CH3), 3.63 (t, 

J = 6.8 Hz, 2H, 3-H), 2.65 (t, J = 6.8 Hz, 2H, 2-H), 1.24 (t, J = 7.2 Hz, 3H, CH3). 13C-NMR (101 

MHz, CD3OD): δ (ppm) = 173.2 (C-1), 162.4 (CONH), 155.4 (C-5’), 146.4 (C-2’), 129.8 (C-4’), 

128.1 (C-3’), 61.8 (CH2CH3), 37.2 (C-3), 34.7 (C-2), 14.5 (CH3). IR (ATR): ṽ (cm-1) = 3334, 

1714, 1633, 1566, 1513, 1337, 1321, 1292, 1214, 1192, 1029, 817, 754, 655. HR-MS (ESI): 

m/z = [M-H]- calcd for C10H11N2O5S-: 271.0394; found: 271.0393. Purity (HPLC): 210 

nm: >95 %; 254 nm: >95 % (method 1e). 

 

Ethyl 3-(5-aminothiophene-3-carboxamido)propanoate (149) 

 

To a mixture of nitro compound 147 (100 mg. 0.358 mmol) and AcOH (1.0 mL), iron powder 

(78.9 mg, 1.41 mmol) was added, and the resulting reaction mixture was stirred at room 

temperature for 4 h. The reaction mixture was filtered through a pad of celite and the solvent 

removed in vacuo. To the residue was added EtOAc (40 mL) and sat. aq. NaHCO3 (40 mL). 
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Phases were separated and the aq. phase extracted with EtOAc (3 x 40 mL). The combined 

organic extracts were washed with brine (20 mL), dried using a phase separation paper and 

concentrated in vacuo. The crude product was purified by FCC (EtOAc/hexanes 55:45 → 

60:40) to give the amine 149 (234 mg, 0.966 mmol, 53 %) as a dark brown oil. 

Rf: 0.16 (EtOAc/hexanes 40:60). 1H-NMR (400 MHz, CD3OD): δ (ppm) = 7.07 (d, J = 1.7 Hz, 

1H, 2’-H), 6.41 (d, J = 1.7 Hz, 1H, 4’-H), 4.14 (q, J = 7.1 Hz, 2H, CH2CH3), 3.55 (t, J = 6.9 Hz, 

2H, 3-H), 2.60 (t, J = 6.9 Hz, 2H, 2-H), 1.24 (t, J = 7.1 Hz, 3H, CH3). 13C-NMR (101 MHz, 

CD3OD): δ (ppm) = 173.5 (C-1), 166.2 (CONH), 154.6 (C-5’), 136.8 (C-3’), 115.8 (C-2’), 106.4 

(C-4’), 61.7 (CH2CH3), 36.6 (C-3), 35.0 (C-2), 14.5 (CH3). IR (ATR): ṽ (cm-1) = 3314, 2981, 

1718, 1627, 1522, 1473, 1374, 1294, 1249, 1183, 1026, 668. HR-MS (ESI): m/z = [M+H]+ 

calcd for C10H15N2O3S+: 243.0798; found: 243.0799. Purity (HPLC): 210 nm: 87 %; 254 nm: 

87 % (method 2a). 

 

Ethyl 3-(5-aminothiophene-2-carboxamido)propanoate (150) 

 

To a mixture of nitro compound 148 (500 mg. 1.84 mmol) and AcOH (4.80 mL), iron powder 

(410 mg, 7.35 mmol) was added, and the resulting reaction mixture was stirred at room 

temperature for 2 h. The reaction mixture was filtered through a pad of celite and the solvent 

removed in vacuo. To the residue was added EtOAc (40 mL) and sat. aq. NaHCO3 (40 mL). 

Phases were separated and the aq. phase extracted with EtOAc (3 x 40 mL). The combined 

organic extracts were washed with brine (20 mL), dried using a phase separation paper and 

concentrated in vacuo to give amine 150 (272 mg, 1.12 mmol, 61 %) in sufficient purity as a 

pale brown oil. 

Rf: 0.35 (EtOAc/hexanes 70:30). 1H-NMR (400 MHz, CD3OD): δ (ppm) = 7.25 (d, J = 4.0 Hz, 

1H, 3’-H), 5.97 (d, J = 4.1 Hz, 1H, 4’-H), 4.14 (q, J = 7.1 Hz, 2H, CH2CH3), 3.54 (t, J = 6.9 Hz, 

2H, 3-H), 2.59 (t, J = 6.9 Hz, 2H, 2-H), 1.24 (t, J = 7.1 Hz, 4H, CH3). 13C-NMR (101 MHz, 

CD3OD): δ (ppm) = 173.6 (C-1), 165.5 (CONH), 161.6 (C-5’), 131.2 (C-3’), 121.3 (C-2’), 106.8 

(C-4’), 61.7 (CH2CH3), 36.7 (C-3), 35.3 (C-2), 14.5 (CH3). IR (ATR): ṽ (cm-1) = 3315, 3210, 

1715, 1607, 1516, 1460, 1299, 1184, 1144, 1025, 735. HR-MS (ESI): m/z = [M+H]+ calcd for 

C10H15N2O3S+: 243.0798; found: 243.0798. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % 

(method 2a). 
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5-(N-(4-((3-Ethoxy-3-oxopropyl)carbamoyl)thiophen-2-yl)sulfamoyl)-2-hydroxybenzoic acid 

(151) 

 

Prepared according to General Procedure H from amine 149 (100 mg, 0.413 mmol). The 

crude product was purified by FCC (MeOH/DCM+AcOH 3:97+1 → 7:93+1) to give 

sulfonamide 151 (91.1 mg, 0.206 mmol, 50 %) as a brown solid. 

Rf: 0.44 (MeOH/DCM+AcOH 10:90+1). m.p.: 90 °C. 1H-NMR (400 MHz, CD3OD): δ (ppm) = 

8.27 (s, 1H, 6-H), 7.73 (d, J = 8.6 Hz, 1H, 4-H), 7.62 (s, 1H, 5’-H), 6.98 (t, J = 4.6 Hz, 2H, 3-H 

and 3’-H), 4.12 (q, J = 7.1 Hz, 2H, CH2CH3), 3.54 (t, J = 6.8 Hz, 2H, 1’’-H), 2.59 (t, J = 6.7 Hz, 

2H, 2’’-H), 1.22 (t, J = 7.1 Hz, 3H, CH3). 13C-NMR (126 MHz, CD3OD): δ (ppm) = 173.4 (C-3’’), 

173.2 (1-COOH), 166.9 (C-2), 165.2 (CONH), 141.1 (C-2’), 136.3 (C-4’), 134.3 (C-4), 132.0 

(C-6), 129.7 (C-5), 125.5 (C-5’), 120.3 (C-3’), 118.9 (C-3), 116.5 (C-1), 61.7 (CH2CH3), 36.7 

(C-1’’), 34.9 (C-2’’), 14.5 (CH3). IR (ATR): ṽ (cm-1) = 3102, 1704, 1631, 1476, 1362, 1327, 

1294, 1162, 1109, 1073, 900, 836, 657. HR-MS (ESI): m/z = [M-H]- calcd for C17H17N2O8S2
-: 

441.0432; found: 441.0434. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

 

5-(N-(5-((3-Ethoxy-3-oxopropyl)carbamoyl)thiophen-2-yl)sulfamoyl)-2-hydroxybenzoic acid 

(152) 

 

Prepared according to General Procedure H from compound 150 (100 mg, 0.413 mmol). The 

crude product was purified by FCC (MeOH/DCM+AcOH 3:97+1 → 7:93+1) to give 

sulfonamide 152 (73.3 mg, 0.166 mmol, 40 %) as a brown solid. 

Rf: 0.20 (MeOH/DCM 5:95). m.p.: 93 °C. 1H-NMR (400 MHz, CD3OD): δ (ppm) = 8.34 – 8.29 

(m, 1H, 6-H), 7.77 (dd, J = 8.8, 1.8 Hz, 1H, 4-H), 7.34 (d, J = 4.0 Hz, 1H, 4’-H), 6.99 (d, J = 

8.7 Hz, 1H, 3-H), 6.59 (d, J = 4.0 Hz, 1H, 3’-H), 4.12 (q, J = 7.1 Hz, 2H, CH2CH3), 3.54 (t, J = 

6.8 Hz, 2H, 1’’-H), 2.58 (t, J = 6.8 Hz, 2H, 2’’-H), 1.21 (t, J = 7.1 Hz, 3H, CH3). 13C-NMR (126 

MHz, CD3OD): δ (ppm) = 173.4 (C-3’’), 173.0 (1-COOH), 167.0 (C-2), 164.2 (CONH), 145.7 

(C-2’), 134.2 (C-4), 133.4 (C-5’), 132.0 (C-6), 129.8 (C-5), 128.7 (C-4’), 119.5 (C-3’), 118.9 (C-

3), 116.4 (C-1), 61.7 (CH2CH3), 36.8 (C-1’’), 35.0 (C-2’’), 14.5 (CH3). IR (ATR): ṽ (cm-1) = 2982, 
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1711, 1609, 1528, 1457, 1318, 1202, 1162, 1110, 1074, 1018, 892, 832, 805. HR-MS (ESI): 

m/z = [M-H]- calcd for C17H17N2O8S2
-: 441.0432; found: 441.0434. Purity (HPLC): 210 

nm: >95 %; 254 nm: >95 % (method 2a). 

 

5-(N-(4-((2-Carboxyethyl)carbamoyl)thiophen-2-yl)sulfamoyl)-2-hydroxybenzoic acid 

(CG_176) 

 

Prepared according to General Procedure D from compound 151 (70.0 mg, 0.158 mmol) at 

room temperature. The organic material was extracted with EtOAc (3 x 10 mL). The combined 

organic layers were washed with brine (10 mL), dried using a phase separation paper and 

concentrated in vacuo to give the pure product CG_176 (32.4 mg, 0.0782 mmol, 49 %) as a 

white solid. 

Rf: 0.25 (MeOH/DCM+AcOH 10:90+1). m.p.: 254 °C. 1H-NMR (500 MHz, CD3OD): δ (ppm) = 

8.26 (d, J = 2.4 Hz, 1H, 6-H), 7.81 (dd, J = 8.8, 2.4 Hz, 1H, 4-H), 7.64 (d, J = 1.7 Hz, 1H, 5’-

H), 7.04 (d, J = 8.9 Hz, 1H, 3-H), 6.99 (d, J = 1.7 Hz, 1H, 3’-H), 3.54 (t, J = 7.0 Hz, 2H, 1’’-H), 

2.58 (t, J = 6.9 Hz, 2H, 2’’-H). 13C-NMR (126 MHz, CD3OD): δ (ppm) = 175.3 (C-3’’), 172.3 (1-

COOH), 166.7 (C-2), 165.1 (CONH), 140.9 (C-2’), 136.3 (C-4’), 135.1 (C-4), 131.9 (C-6), 130.5 

(C-5), 125.6 (C-5’), 120.5 (C-3’), 119.3 (C-3), 114.1 (C-1), 36.7 (C-1’’), 34.6 (C-2’’). IR (ATR): 

ṽ (cm-1) = 3384, 3234, 2877, 1723, 1678, 1602, 1565, 1535, 1330, 1201, 1167, 1109, 1076, 

896, 738, 660. HR-MS (ESI): m/z = [M-H]- calcd for C15H13N2O8S2
-: 413.0119; found: 413.0118. 

Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

 

5-(N-(5-((2-Carboxyethyl)carbamoyl)thiophen-2-yl)sulfamoyl)-2-hydroxybenzoic acid 

(CG_177) 

 

Prepared according to General Procedure D from compound 152 (60.0 mg, 0.136 mmol) at 

room temperature. The organic material was extracted with EtOAc (3 x 10 mL). The combined 

organic layers were washed with brine (10 mL), dried using a phase separation paper and 
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concentrated in vacuo to give the pure product CG_177 (47.3 mg, 0.114 mmol, 84 %) as a 

yellow solid. 

Rf: 0.24 (MeOH/DCM+AcOH 10:90+1), streaks. m.p.: 86 °C. 1H-NMR (500 MHz, CD3OD): δ 

(ppm) = 8.30 (d, J = 2.4 Hz, 1H, 6-H), 7.82 (dd, J = 8.9, 2.4 Hz, 1H, 4-H), 7.36 (d, J = 4.1 Hz, 

1H, 4’-H), 7.03 (d, J = 8.8 Hz, 1H, 3-H), 6.60 (d, J = 4.0 Hz, 1H, 3’-H), 3.54 (t, J = 7.0 Hz, 2H, 

1’’-H), 2.58 (t, J = 7.0 Hz, 2H, 2’’-H). 13C-NMR (126 MHz, CD3OD): δ (ppm) = 175.3 (C-3’’), 

172.4 (1-COOH), 166.8 (C-2), 164.2 (CONH), 145.6 (C-2’), 134.8 (C-4), 133.6 (C-5’), 131.9 

(C-6), 130.3 (C-5), 128.7 (C-4’), 119.7 (C-3’), 119.2 (C-3), 114.7 (C-1), 36.9 (C-1’’), 34.7 (C-

2’’). IR (ATR): ṽ (cm-1) = 3076, 2931, 1682, 1558, 1525, 1455, 1317, 1201, 1157, 1106, 1073, 

894, 798, 654. HR-MS (ESI): m/z = [M-H]- calcd for C15H13N2O8S2
-: 413.0119; found: 413.0118. 

Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 
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Synthesis of bioisosteres CG_238, CG_267, CG_254, and immobilisable CG_190 

 

Scheme S6: Preparation of bioisosteres CG_238, CG_267, CG_254, and immobilisable CG_190. 

 

N-(2-Cyanoethyl)-4-nitrobenzamide (158) [17] 

 

At 0 °C, 4-nitrobenzoyl chloride (1, 1.30 g, 6.99 mmol) and 10 % aq. NaOH (3.22 mL, 

8.04 mmol) were gradually added alternately into 3-aminopropionitrile (157, 522 µL, 

7.13 mmol). After stirring for 30 min, the precipitates were collected by filtration, washed with 

water (15 mL) and dried in vacuo. The crude product was purifed by FCC 

(EtOAc/hexanes+AcOH 50:50+1) and subsequent recrystillisation from hot acetone. Amide 

158 (471 mg, 2.15 mmol, 31 %) was obtained as white crystals. 

Rf: 0.20 (EtOAc/hexanes+AcOH 50:50+1). m.p.: 156 °C. 1H-NMR (500 MHz, (CD3)2SO): δ 

(ppm) = 9.18 (t, J = 5.7 Hz, 1H, CONH), 8.36 – 8.33 (m, 2H, 3-H and 5-H), 8.10 – 8.06 (m, 2H, 
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2-H and 6-H), 3.53 (td, J = 6.4, 5.5 Hz, 2H, 1’-H), 2.80 (t, J = 6.5 Hz, 2H, 2’-H). 13C-NMR (126 

MHz, (CD3)2SO): δ (ppm) = 164.9 (CONH), 149.2 (C-4), 139.5 (C-1), 128.7 (C-2 and C-6), 

123.7 (C-3 and C-5), 119.2 (C-3’), 35.6 (C-1’), 17.4 (C-2’). IR (ATR): ṽ (cm-1) = 3306, 3078, 

2252, 1650, 1598, 1548, 1521, 1422, 1346, 1320, 1297, 1081, 876, 846, 689, 676. HR-MS 

(ESI): m/z = [M-H]- calcd for C10H8N3O3
-: 218.0571; found: 218.0571. Purity (HPLC): 210 

nm: >95 %; 254 nm: >95 % (method 2a). 

 

N-(2-(1H-Tetrazol-5-yl)ethyl)-4-nitrobenzamide (159) 

 

Nitrile 158 (300 mg, 1.37 mmol), NaN3 (93.4 mg, 1.44 mmol) and NH4Cl (80.5 mg, 1.51 mmol) 

were suspended in dry DMF (1.2 mL) and the reaction mixture heated to 120 °C. After 16 h, 

the mixture was cooled to room temperature and the solid residue triturated with 2 M aq. HCl 

(5.0 mL), filtered, washed with water (25 mL) and dried in vacuo. Tetrazole 159 (274 mg, 

1.05 mmol, 77 %) was obtained as an off-white solid. 

Rf: 0.29 (MeOH/DCM+AcOH 5:95+0.5). m.p.: 225 °C. 1H-NMR (500 MHz, (CD3)2SO): δ (ppm) 

= 16.15 (s, 1H, tetrazole-H), 8.97 (t, J = 5.7 Hz, 1H, CONH), 8.33 – 8.30 (m, 2H, 3-H and 5-

H), 8.04 – 8.01 (m, 2H, 2-H and 6-H), 3.65 (td, J = 6.9, 5.6 Hz, 2H, 1’-H), 3.18 (t, J = 6.9 Hz, 

2H, 2’-H). 13C-NMR (126 MHz, (CD3)2SO): δ (ppm) = 164.8 (CONH), 154.1 (tetrazole-C), 149.1 

(C-4), 139.9 (C-1), 128.7 (C-2 and C-6), 123.5 (C-3 and C-5), 37.8 (C-1’), 23.2 (C-2’). IR (ATR): 

ṽ (cm-1) = 3302, 3026, 2889, 2755, 1643, 1596, 1554, 1512, 1353, 1345, 1324, 1311, 1265, 

1108, 1056, 872, 846, 724, 716. HR-MS (ESI): m/z = [M-H]- calcd for C10H9N6O3
-: 261.0742; 

found: 261.0740. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

 

N-(2-(1H-Tetrazol-5-yl)ethyl)-4-aminobenzamide (160) 

 

Prepared according to General Procedure A from nitro compound 159 (250 mg, 0.953 mmol). 

Aryl amine 160 (1.76 g, 8.44 mmol, 75 %) was obtained as a beige solid. 

Rf: 0.15 (MeOH/DCM+AcOH 5:95+0.5). m.p.: 252 °C. 1H-NMR (500 MHz, (CD3)2SO): δ (ppm) 

= 16.05 (s, 1H, tetrazole-H), 8.18 (t, J = 5.7 Hz, 1H, CONH), 7.54 – 7.51 (m, 2H, 2-H and 6-

H), 6.54 – 6.51 (m, 2H, 3-H and 5-H), 5.61 (s, 2H, NH2), 3.57 (td, J = 7.1, 5.6 Hz, 2H, 1’-H), 
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3.11 (t, J = 7.1 Hz, 2H, 2’-H). 13C-NMR (126 MHz, (CD3)2SO): δ (ppm) = 166.4 (CONH), 154.3 

(tetrazole-C), 151.7 (C-4), 128.7 (C-2 and C-6), 120.9 (C-1), 112.5 (C-3 and C-5), 37.4 (C-1’), 

23.7 (C-2’). IR (ATR): ṽ (cm-1) = 3487, 3386, 2606, 1619, 1595, 1548, 1508, 1425, 1309, 1293, 

1272, 1190, 1032, 843, 768. HR-MS (ESI): m/z = [M-H]- calcd for C10H11N6O-: 231.1000; found: 

231.0999. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

 

(E)-5-((4-((2-(1H-Tetrazol-5-yl)ethyl)carbamoyl)phenyl)diazenyl)-2-hydroxybenzoic acid 

(CG_238) 

 

Prepared according to General Procedure B from aryl amine 160 (150 mg, 0.646 mmol) and 

salicylic acid (91.9 mg, 0.665 mmol). The crude product was purified by FCC 

(MeOH/DCM+AcOH 5:95+1) to give tetrazole CG_238 (58.0 mg, 0.152 mmol, 24 %) as an 

orange solid. 

Rf: 0.24 (MeOH/DCM+AcOH 7:93+1). m.p.: 264 °C. 1H-NMR (500 MHz, (CD3)2SO): δ (ppm) 

= 16.16 (s, 1H, tetrazole-H), 11.96 (s, 1H, 1-COOH), 8.79 (t, J = 5.6 Hz, 1H, CONH), 8.33 (d, 

J = 2.6 Hz, 1H, 6-H), 7.97 (d, J = 8.2 Hz, 2H, 3’-H and 5’-H), 7.93 (dd, J = 8.8, 2.5 Hz, 1H, 4-

H), 7.87 (d, J = 8.3 Hz, 2H, 2’-H and 6’-H), 6.91 (d, J = 8.8 Hz, 1H, 3-H), 3.66 (q, J = 6.5 Hz, 

2H, 1’’-H), 3.18 (t, J = 7.0 Hz, 2H, 2’’-H). 13C-NMR (126 MHz, (CD3)2SO): δ (ppm) = 170.8 (1-

COOH), 167.8 (C-2), 165.8 (CONH), 154.1 (tetrazole-C), 153.7 (C-1’), 143.1 (C-5), 135.2 (C-

4’), 128.4 (C-3’ and C-5’), 127.6 (C-4), 126.4 (C-6), 121.8 (C-2’ and C-6’), 118.2 (C-3), 117.3 

(C-1), 37.7 (C-1’’), 23.4 (C-2’’). IR (ATR): ṽ (cm-1) = 3318, 2924, 1628, 1540, 1485, 1386, 1296, 

1248, 1178, 1158, 1071, 856, 835, 799, 770, 699. HR-MS (ESI): m/z = [M+H]+ calcd for 

C17H16N7O4
+: 382.1258; found: 382.1253. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % 

(method 2a). 

 

4-Nitrosobenzoic acid (161) [18] 

 

4-Aminobenzoic acid (14, 500 mg, 3.65 mmol) was dissolved in DCM (5.0 mL). A solution of 

Oxone® (1.79 g, 7.29 mmol) in water (23 mL) was added and the solution stirred under N2 
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atmosphere for 1 h. The precipitate was collected by filtration, washed with water (20 mL), 

and dried in vacuo to give nitroso derivative 161 (411 mg, 2.72 mmol, 75 %) as a yellow solid. 

Rf: 0.43 (EtOAc/hexanes+AcOH 30:70+1). m.p.: 220 °C (decomposition). 1H-NMR (500 MHz, 

(CD3)2SO): δ (ppm) = 13.49 (s, 1H, COOH), 8.28 – 8.24 (m, 2H, 2-H and 6-H), 8.05 – 8.01 (m, 

2H, 3-H and 5-H). 13C-NMR (126 MHz, (CD3)2SO): δ (ppm) = 166.2 (COOH), 165.0 (C-4), 

136.6 (C-1), 131.0 (C-2 and C-6), 120.6 (C-3 and C-5). IR (ATR): ṽ (cm-1) = 3060, 2830, 2666, 

2552, 1686, 1600, 1427, 1294, 1262, 1112, 928, 871, 845, 792, 762, 690. HR-MS (ESI): m/z 

= [M-H]- calcd for C7H4NO3
-: 150.0197; found: 150.0196. Purity (HPLC): 210 nm: >95 %; 

254 nm: >95 % (method 2a). 

 

Ethyl 5-amino-2-fluorobenzoate (163) [19] 

 

A solution of 5-amino-2-fluorobenzoic acid (162, 500 mg, 3.22 mmol) in EtOH (10 mL) was 

cooled to 0 °C and SOCl2 (470 µL, 6.45 mmol) was added dropwise over 10 min. The resulting 

solution was then allowed to warm to room temperature over 1 h and then heated to reflux for 

3 h. After this time, the mixture was concentrated in vacuo and water (25 mL) was added. The 

obtained purple acidic mixture was washed with an EtOAc/hexanes mixture (1:1; 2 x 15 mL). 

The organic phase was further extracted with 0.5 M aq. HCl (1 x 15 mL). The combined 

aqueous acidic layers were washed with an EtOAc/hexanes mixture (1:1; 15 mL), cooled to 

0 °C, basified using solid NaHCO3 and then extracted with EtOAc (3 x 15 mL). The combined 

organic phase was washed with brine (20 mL), dried using a phase separation paper and 

concentrated under reduced pressure to give product 163 (541 mg, 2.95 mmol, 92 %) as a 

purple oil, which solidifies below room temperature. 

Rf: 0.54 (EtOAc/hexanes 50:50). 1H-NMR (500 MHz, CDCl3): δ (ppm) = 7.19 (dd, J = 5.8, 3.1 

Hz, 1H, 6-H), 6.92 (dd, J = 10.3, 8.7 Hz, 1H, 3-H), 6.78 (ddd, J = 8.7, 3.9, 3.1 Hz, 1H, 4-H), 

4.37 (q, J = 7.1 Hz, 2H, CH2), 3.64 (s, 2H, NH2), 1.38 (t, J = 7.1 Hz, 3H, CH3). 13C-NMR (126 

MHz, CDCl3): δ (ppm) = 164.8 (d, COOEt), 155.5 (d, C-2), 142.4 (d, C-5), 120.7 (d, C-4), 119.2 

(d, C-1), 117.7 (d, C-3), 117.3 (C-6), 61.4 (CH2), 14.4 (CH3). IR (ATR): ṽ (cm-1) = 3441, 3358, 

3211, 2981, 1698, 1633, 1589, 1500, 1446, 1367, 1308, 1264, 1243, 1213, 1138, 1088, 1023, 

817, 769. HR-MS (EI): m/z = [M]•+ calcd for C9H10FNO2
•+: 183.0690; found: 183.0688. Purity 

(HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 
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Ethyl (E)-5-((4-((3-ethoxy-3-oxopropyl)carbamoyl)phenyl)diazenyl)-2-fluorobenzoate (165) 

 

Nitroso derivative 161 (60.4 mg, 0.400 mmol) and amine 163 (61.1 mg, 0.333 mmol) were 

suspended in AcOH/DMSO (1:1; 2.5 mL). The reaction mixture was stirred at room 

temperature for 48 h. Water (10 mL) was added, the precipitate collected by filtration, washed 

with water (15 mL), and dried in vacuo to give crude azobenzene 164. 

Amide coupling was then performed according to General Procedure F from crude azo-

derivative 164 (0.333 mmol) and β-alanine ethyl ester hydrochloride (76, 51.2 mg, 

0.333 mmol). The crude product was purified by FCC (EtOAc/hexanes 40:60) to give 

azobenzene 165 (71.2 mg, 0.171 mmol, 52 % over two steps) as an orange solid. 

Rf: 0.34 (EtOAc/hexanes 40:60). m.p.: 113 °C. 1H-NMR (500 MHz, CDCl3): δ (ppm) = 8.54 

(dd, J = 6.8, 2.6 Hz, 1H, 6-H), 8.11 (ddd, J = 8.8, 4.4, 2.6 Hz, 1H, 4-H), 7.98 – 7.95 (m, 2H, 2’-

H and 6’-H), 7.94 – 7.91 (m, 2H, 3’-H and 5’-H), 7.29 (dd, J = 10.0, 8.8 Hz, 1H, 3-H), 6.97 (t, 

J = 5.8 Hz, 1H, CONH), 4.45 (q, J = 7.1 Hz, 2H, 1-COOCH2CH3), 4.19 (q, J = 7.1 Hz, 2H, 2’’-

COOCH2CH3), 3.76 (q, J = 6.0 Hz, 2H, 1’’-H), 2.68 (t, J = 6.0 Hz, 2H, 2’’-H), 1.44 (t, J = 7.1 

Hz, 3H, 1-COOCH2CH3), 1.29 (t, J = 7.2 Hz, 3H, 2’’-COOCH2CH3). 13C-NMR (126 MHz, 

CDCl3): δ (ppm) = 173.2 (C-3’’), 166.6 (CONH), 163.8 (d, 1-COOCH2CH3), 163.6 (d, C-2), 

154.0 (C-1’), 148.6 (d, C-5), 136.7 (C-4’), 128.2 (C-3’ and C-5’), 128.0 (d, C-4), 127.9 (d, C-

6), 123.2 (C-2’ and C-6’), 120.0 (d, C-1), 118.1 (d, C-3), 61.9 (1-COOCH2CH3), 61.1 (2’’-

COOCH2CH3), 35.6 (C-1’’), 34.0 (C-2’’), 14.4 (1-COOCH2CH3), 14.3 (2’’-COOCH2CH3). IR 

(ATR): ṽ (cm-1) = 3298, 2983, 1728, 1713, 1636, 1617, 1605, 1537, 1481, 1422, 1287, 1240, 

1188, 1154, 1074, 1018, 858, 844, 781. HR-MS (ESI): m/z = [M+H]+ calcd for C21H23FN3O5
+: 

416.1616; found: 416.1615. Purity (HPLC): 210 nm: 88 %; 254 nm: 88 % (method 2a). 

 

(E)-5-((4-((2-carboxyethyl)carbamoyl)phenyl)diazenyl)-2-fluorobenzoic acid (CG_267) 
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Prepared according to General Procedure D from azobenzene 165 (60.0 mg, 0.144 mmol) 

at room temperature. The resulting precipitates were collected by filtration and dried in vacuo 

to give product CG_267 (39.6 mg, 0.110 mmol, 76 %) as an orange solid. 

Rf: 0.15 (MeOH/DCM+AcOH 2:98+1). m.p.: 248 °C. 1H-NMR (500 MHz, (CD3)2SO): δ (ppm) 

= 13.52 (s, 1H, 1-COOH or 2’’-COOH), 12.36 (s, 1H, 1-COOH or 2’’-COOH), 8.73 (t, J = 5.5 

Hz, 1H, CONH), 8.38 (dd, J = 6.9, 2.7 Hz, 1H, 6-H), 8.21 (ddd, J = 8.8, 4.4, 2.7 Hz, 1H, 4-H), 

8.07 – 8.03 (m, 2H, 3’-H and 5’-H), 8.01 – 7.97 (m, 2H, 2’-H and 6’-H), 7.59 (dd, J = 10.3, 8.8 

Hz, 1H, 3-H), 3.49 (td, J = 7.1, 5.4 Hz, 2H, 1’’-H), 2.55 (t, J = 7.1 Hz, 2H, 2’’-H). 13C-NMR (126 

MHz, (CD3)2SO): δ (ppm) = 172.9 (C-3’’), 165.4 (CONH), 164.3 (d, 1-COOH), 162.8 (d, C-2), 

153.0 (C-1’), 148.0 (d, C-5), 136.9 (C-4’), 129.1 (d, C-4), 128.5 (C-3’ and C-5’), 125.8 (d, C-

6), 122.6 (C-2’ and C-6’), 120.4 (d, C-1), 118.6 (d, C-3), 35.7 (C-1’’), 33.7 (C-2’’). IR (ATR): ṽ 

(cm-1) = 3361, 2921, 2666, 1697, 1683, 1639, 1619, 1536, 1449, 1284, 1237, 1134, 1080, 920, 

855, 834, 772, 696. HR-MS (ESI): m/z = [M-H]- calcd for C17H13FN3O5
-: 358.0845; found: 

358.0846. Purity (HPLC): 210 nm: 90 %; 254 nm: 90 % (method 2a). 

 

(E)-3-(4-((3-Carbamoyl-4-hydroxyphenyl)diazenyl)benzamido)propanoic acid (CG_254) 

 

Prepared according to General Procedure B from amine 3 (100 mg, 0.480 mmol) and 

salicylamide (67.8 mg, 0.495 mmol). Azobenzene CG_254 (136 mg, 0.382 mmol, 80 %) was 

obtained as an orange solid. 

Rf: 0.28 (MeOH/DCM+AcOH 5:95+1). m.p.: 278 °C. 1H-NMR (500 MHz, (CD3)2SO): δ (ppm) 

= 13.75 (s, 1H, OH), 12.28 (s, 1H, COOH), 8.76 (s, 1H, CONH2), 8.69 (t, J = 5.5 Hz, 1H, 

CONH), 8.60 (d, J = 2.4 Hz, 1H, 2’’-H), 8.14 – 8.10 (m, 1H, CONH2), 8.05 – 8.01 (m, 2H, 2’-H 

and 6’-H), 7.99 (dd, J = 8.9, 2.4 Hz, 1H, 6’’-H), 7.91 – 7.87 (m, 2H, 3’-H and 5’-H), 7.07 (d, J 

= 9.0 Hz, 1H, 5’’-H), 3.49 (td, J = 7.1, 5.4 Hz, 2H, 3-H), 2.54 (t, J = 7.1 Hz, 2H, 2-H). 13C-NMR 

(126 MHz, (CD3)2SO): δ (ppm) = 172.9 (COOH), 171.4 (CONH2), 165.5 (CONH), 164.8 (C-

4’’), 153.4 (C-4’), 144.3 (C-1’’), 135.9 (C-1’), 128.5 (C-2’ and C-6’), 126.9 (C-2’’), 125.9 (C-6’’), 

122.0 (C-3’ and C-5’), 118.9 (C-5’’), 114.9 (C-3’’), 35.7 (C-3), 33.7 (C-2). IR (ATR): ṽ (cm-1) = 

3439, 3346, 3815, 1691, 1657, 1630, 1527, 1488, 1436, 1375, 1311, 1252, 1218, 1115, 954, 

892, 855, 769. HR-MS (EI): m/z = [M]•+ calcd for C17H16N4O5
•+: 356.1115; found: 356.1113. 

Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 
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tert-Butyl (2-(2-hydroxybenzamido)ethyl)carbamate (167) [20] 

 

To a solution of salicylic acid (150 mg, 1.09 mmol) and tert-butyl N-(2-aminoethyl)carbamate 

(166, 174 mg, 1.09 mmol) in dry THF (1.2 mL), a solution of 1,3-dicyclocarbodiimide (246 mg, 

1.19 mmol) in DCM (0.40 mL) was added dropwise at 0 °C. The reaction was stirred for 18 h 

and then filtered. The filtrate was concentrated in vacuo. The residue was dissolved in EtOAc 

(20 mL), washed with 5 % aq. NaHCO3 (10 mL), dried using a phase separation paper and 

concentrated in vacuo. The crude product was purified by FCC (EtOAc/hexanes 30:70) to give 

167 (220 mg, 0.786 mmol, 72 %) as a colourless oil. 

Rf: 0.27 (EtOAc/hexanes 30:70). 1H-NMR (500 MHz, CDCl3):  δ (ppm) = 7.73 (s, 1H, 1-NHCO), 

7.47 (dd, J = 8.0, 1.5 Hz, 1H, 6’-H), 7.37 (ddd, J = 8.6, 7.2, 1.5 Hz, 1H, 4’-H), 6.96 (dd, J = 8.3, 

1.2 Hz, 1H, 3’-H), 6.84 (ddd, J = 8.2, 7.2, 1.2 Hz, 1H, 5’-H), 5.00 (s, 1H, 2-NHCO), 3.57 – 3.50 

(m, 2H, 2-H), 3.43 (dd, J = 6.7, 3.9 Hz, 2H, 1-H), 1.44 (s, 9H, C(CH3)3). 13C-NMR (126 MHz, 

CDCl3): δ (ppm) = 170.7 (2-NHCO), 161.7 (C-2’), 158.2 (1-NHCO), 134.2 (C-4’), 126.1 (C-6’), 

118.8 (C-5’), 118.5 (C-3’), 114.3 (C-1’), 80.7 (C(CH3)3), 42.6 (C-2), 39.7 (C-1), 28.4 (C(CH3)3). 

IR (ATR): ṽ (cm-1) = 3345, 2979, 2936, 1688, 1636, 1533, 1489, 1365, 1250, 1161, 1147, 856, 

751. HR-MS (ESI): m/z = [M-H]- calcd for C14H19N2O4
-: 279.1350; found: 279.1350. Purity 

(HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

 

Ethyl (E)-3-(4-((3-((2-((tert-butoxycarbonyl)amino)ethyl)carbamoyl)-4-

hydroxyphenyl)diazenyl)benzamido)propanoate (168) 

 

Prepared according to General Procedure B from amine 95 (100 mg, 0.423 mmol) and 

compound 167 (122 mg, 0.436 mmol). Azobenzene 168 (119 mg, 0.226 mmol, 53 %) was 

obtained as a yellow solid. 
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Rf: 0.38 (EtOAc/hexanes 60:40). m.p.: 180 °C. 1H-NMR (500 MHz, (CD3)2SO): δ (ppm) = 

13.36 (s, 1H, OH), 9.12 (t, J = 5.8 Hz, 1H, 1’’’-NHCO), 8.71 (t, J = 5.5 Hz, 1H, 3-NHCO), 8.56 

(d, J = 2.4 Hz, 1H, 2’’-H), 8.05 – 8.01 (m, 2H, 2’-H and 6’-H), 7.99 (dd, J = 8.9, 2.4 Hz, 1H, 6’’-

H), 7.90 (dd, J = 8.5, 1.7 Hz, 2H, 3’-H and 5’-H), 7.10 (d, J = 8.8 Hz, 1H, 5’’-H), 6.97 (t, J = 5.9 

Hz, 1H, 2’’’-NHCO), 4.08 (q, J = 7.1 Hz, 2H, CH2CH3), 3.52 (td, J = 6.9, 5.4 Hz, 2H, 3-H), 3.37 

(q, J = 6.0 Hz, 2H, 1’’’-H), 3.17 (q, J = 6.2 Hz, 2H, 2’’’-H), 2.60 (t, J = 7.0 Hz, 2H, 2-H), 1.36 (s, 

9H, C(CH3)3), 1.18 (t, J = 7.1 Hz, 3H, CH2CH3). 13C-NMR (126 MHz, (CD3)2SO): δ (ppm) = 

171.3 (C-1), 168.6 (1’’’-NHCO), 165.6 (3-NHCO), 163.5 (C-4’’), 155.8 (2’’’-NHCO), 153.4 (C-

4’), 144.5 (C-1’’), 135.9 (C-1’), 128.5 (C-2’ and C-6’), 126.1 (C-6’’), 125.8 (C-2’’), 122.0 (C-3’ 

and C-5’), 118.6 (C-5’’), 115.6 (C-3’’), 77.7 (C(CH3)3), 60.0 (CH2CH3), 39.5 (C-1’’’, collapses 

with DMSO), 39.2 (C-2’’’, collapses with DMSO), 35.6 (C-3), 33.7 (C-2), 28.2 (C(CH3)3), 14.1 

(CH2CH3). IR (ATR): ṽ (cm-1) = 3345, 2980, 2937, 1731, 1688, 1634, 1592, 1536, 1487, 1367, 

1275, 1249, 1169, 1026, 989, 856, 833. HR-MS (EI): m/z = [M]•+ calcd for C26H33N5O7
•+: 

527.2374; found:527.2399. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

 

Ethyl (E)-3-(4-((3-((2-aminoethyl)carbamoyl)-4-

hydroxyphenyl)diazenyl)benzamido)propanoate • TFA (169) 

 

Azobenzene 168 (70.0 mg, 0.133 mmol) was dissolved in DCM (1.2 mL) and TFA (0.80 mL) 

was added dropwise. The reaction mixture was stirred for 2 h at room temperature. After this 

time, the product was concentrated in vacuo to give TFA-salt 169 (69.6 mg, 0.129 mmol, 

quant.) as an orange solid. 

Rf: 0.17 (MeOH/DCM+AcOH 10:90+1). m.p.: 190 °C. 1H-NMR (400 MHz, (CD3)2SO): δ (ppm) 

= 13.05 (s, 1H, OH), 9.17 (t, J = 5.7 Hz, 1H, 1’’’-NHCO), 8.73 (t, J = 5.5 Hz, 1H, 3-NHCO), 

8.55 (d, J = 2.4 Hz, 1H, 2’’-H), 8.07 – 7.98 (m, 3H, 2’-H and 6’-H and 6’’-H), 7.92 – 7.88 (m, 

2H, 3’-H and 5’-H), 7.86 (s, 3H, 2’’’-NH3
+), 7.15 (d, J = 8.9 Hz, 1H, 5’’-H), 4.08 (q, J = 7.1 Hz, 

2H, CH2CH3), 3.60 (q, J = 6.0 Hz, 2H, 1’’’-H), 3.52 (td, J = 6.9, 5.4 Hz, 2H, 3-H), 3.06 (s, 2H, 

2’’’-H), 2.60 (t, J = 7.0 Hz, 2H, 2-H), 1.18 (t, J = 7.1 Hz, 3H, CH3). 13C-NMR (126 MHz, 

(CD3)2SO): δ (ppm) = 171.3 (C-1), 168.7 (1’’’-NHCO), 165.5 (3-NHCO), 163.0 (C-4’’), 153.4 

(C-4’), 144.5 (C-1’’), 136.0 (C-1’), 128.5 (C-2’ and C-6’), 126.5 (C-6’’), 126.0 (C-2’’), 122.0 (C-

5’), 118.6 (C-5’’), 116.1 (C-3’’), 60.0 (CH2CH3), 38.5 (C-2’’’), 37.0 (C-1’’’), 35.6 (C-3), 33.7 (C-
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2), 14.1 (CH3). IR (ATR): ṽ (cm-1) = 3282, 3081, 2921, 1723, 1690, 1631, 1550, 1480, 1302, 

1258, 1200, 1161, 1128, 811, 974, 720. HR-MS (ESI): m/z = [M+H]+ calcd for C21H26N5O5
+: 

428.1928; found: 428.1924. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

 

(E)-3-(4-((3-((2-Aminoethyl)carbamoyl)-4-hydroxyphenyl)diazenyl)benzamido)propanoic acid 

sodium salt (CG_190) 

 

Prepared according to General Procedure D from compound 169 (40.0 mg, 0.0739 mmol) at 

room temperature. After 1.5 h, the pH of the reaction mixture was adjusted to 5 (calculated 

isoelectric point of the product) with 1 M aq. NaOH/1 M aq. HCl and concentrated in vacuo. 

The crude product was dissolved in MeOH/water (1:9) and an SPE purification was performed 

(two column volumes of MeOH/water (1:9) to wash out any remaining salts, followed by two 

column volumes MeOH to elute the product). Product CG_190 (17.4 mg, 0.0413 mmol, 56 %) 

was obtained as an orange solid. 

Rf: not determinable. m.p.: 234 °C. 1H-NMR (500 MHz, (CD3)2SO): δ (ppm) = 11.67 (s, 1H, 

1’’’-NHCO), 8.57 (t, J = 5.4 Hz, 1H, 3-NHCO), 8.37 (d, J = 2.8 Hz, 1H, 2’’-H), 7.97 – 7.89 (m, 

2H, 2’-H and 6’-H), 7.74 – 7.70 (m, 2H, 3’-H and 5’-H), 7.68 (dd, J = 9.1, 2.9 Hz, 1H, 6’’-H), 

6.44 (d, J = 9.2 Hz, 1H, 5’’-H), 3.56 – 3.50 (m, 1H, 1’’’-H), 3.48 (q, J = 7.0 Hz, 1H, 3-H), 2.98 

(s, 2H, 2’’’-H), 2.56 – 2.52 (m, 2H, 2-H), NH2 not clearly visible. 13C-NMR (126 MHz, (CD3)2SO): 

δ (ppm) = 176.7 (C-4’’), 173.0 (C-1), 169.0 (1’’’-NHCO), 165.8 (3-NHCO), 154.7 (C-4’), 138.6 

(C-1’’), 133.1 (C-1’), 131.1 (C-2’’), 128.2 (C-2’ and C-6’), 124.7 (C-6’’), 123.4 (C-5’’), 120.8 (C-

3’ and C-5’), 117.9 (C-3’’), 40.0 (C-2’’’), 36.8 (C-1’’’), 35.7 (C-3), 34.0 (C-2). IR (ATR): ṽ (cm-

1) = 3632, 3295, 2359, 1628, 1529, 1491, 1409, 1360, 1300, 1258, 1181, 894, 857, 840, 767, 

662. HR-MS (ESI): m/z = [M-H]- calcd for C19H20N5O5
-: 398.1470; found: 398.1468. Purity 

(HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 
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Synthesis of hetero-triaryls CG_264, CG_209, CG_220, and CG_232 

 

Scheme S7: Preparation of hetero-triaryls CG_264, CG_209, CG_220 and CG_232. 

 
(E)-2,2-Dimethyl-4-oxo-4H-benzo[d][1,3]dioxine-6-carbaldehyde oxime (170) [21] 

 

Aldehyde 50 (200 mg, 0.970 mmol), hydroxylamine hydrochloride (135 mg, 1.94 mmol) and 

pyridine (204 µL, 2.52 mmol) were dissolved in EtOH (5.0 mL) and the reaction mixture was 

heated to 80 °C for 16 h. The reaction mixture was cooled to room temperature and the solvent 

evaporated in vacuo. Water (10 mL) and EtOAc (10 mL) were added, layers were separated, 

and the aqueous phase further extracted with EtOAc (2 x 15 mL). The combined organic layers 

were dried using a phase separation paper and concentrated in vacuo. The crude product was 

purified by FCC (EtOAc/hexanes 30:70) to give aldoxime 170 (177 mg, 0.798 mmol, 82 %) as 

a white solid. 
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Rf: 0.44 (EtOAc/hexanes 30:70). m.p.: 160 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 8.12 (s, 

1H, CH=N-OH), 8.10 (d, J = 2.2 Hz, 1H, 5-H), 7.88 (dd, J = 8.6, 2.2 Hz, 1H, 7-H), 7.00 (d, J = 

8.6 Hz, 1H, 8-H), 1.75 (s, 6H, C(CH3)2). 13C-NMR (101 MHz, CDCl3): δ (ppm) = 160.7 (C-4), 

157.3 (C-8a), 148.7 (CH=N-OH), 134.2 (C-7), 129.1 (C-5), 127.0 (C-6), 118.2 (C-8), 113.8 (C-

4a), 107.0 (C-2), 26.0 (C(CH3)2). IR (ATR): ṽ (cm-1) = 3289, 2946, 1740, 1616, 1498, 1380, 

1298, 1263, 1202, 1136, 1115, 1048, 967, 946, 848, 751, 667. HR-MS (EI): m/z = [M]•+ calcd 

for C11H11NO4
•+: 221.0683; found: 221.0689. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % 

(method 2a). 

 

Ethyl 3-(4-(3-(2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)isoxazol-5-

yl)benzamido)propanoate (171) 

 

Aldoxime 170 (67.6 mg, 0.306 mmol) and alkyne 91 (50.0 mg, 0.204 mmol) were suspended 

in MeOH/water (5:1; 2.0 mL, 0.1 m with respect to alkyne). PIFA (131 mg, 0.306 mmol) was 

added as 0.5 eq per 2 h. After addition of 1.5 eq of PIFA in total, the reaction mixture was 

stirred at room temperature for 16 h. Then EtOAc (15 mL) was added, the mixture filtered 

through a pad of silica and solvents evaporated in vacuo. The crude product was purified by 

FCC (EtOAc/hexanes 50:50) to give isoxazole 171 (41.7 mg, 0.0898 mmol, 44 %) as a white 

solid. 

Rf: 0.24 (EtOAc/hexanes 50:50). m.p.: 200 °C. 1H-NMR (500 MHz, CDCl3): δ (ppm) = 8.37 (d, 

J = 2.3 Hz, 1H, 5’’’-H), 8.19 (dd, J = 8.6, 2.2 Hz, 1H, 7’’’-H), 7.90 (s, 4H, 2’-, 3’-, 5’- and 6’-H), 

7.10 (d, J = 8.6 Hz, 1H, 8’’’-H), 6.97 (t, J = 6.1 Hz, 1H, CONH), 6.94 (s, 1H, 4’’-H), 4.19 (q, J 

= 7.2 Hz, 2H, CH2CH3), 3.76 (q, J = 6.0 Hz, 2H, 3-H), 2.67 (t, J = 5.9 Hz, 2H, 2-H), 1.79 (s, 6H, 

C(CH3)2), 1.29 (t, J = 7.2 Hz, 3H, CH2CH3). 13C-NMR (126 MHz, CDCl3): δ (ppm) = 173.2 (C-

1), 169.9 (C-5’’), 166.4 (CONH), 161.7 (C-3’’), 160.7 (C-4’’’), 157.5 (C-8a’’’), 136.0 (C-1’), 

134.7 (C-7’’’), 129.9 (C-4’), 128.3 (C-5’’’), 127.9 (C-2’ and C-6’), 126.1 (C-3’ and C-5’), 124.0 

(C-6’’’), 118.4 (C-8’’’), 113.9 (C-4a’’’), 107.1 (C-2’’’), 98.5 (C-4’’), 61.1 (CH2CH3), 35.6 (C-3), 

34.0 (C-2), 26.0 (C(CH3)2), 14.3 (CH2CH3). IR (ATR): ṽ (cm-1) = 3408, 2981, 2905, 1735, 1724, 

1648, 1624, 1539, 1500, 1378, 1292, 1251, 1181, 1142, 1056, 927, 850, 764. HR-MS (ESI): 

m/z = [M+H]+ calcd for C25H25N2O7
+: 465.1656; found: 465.1654. Purity (HPLC): 

210 nm: >95 %; 254 nm: >95 % (method 2a). 
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5-(5-(4-((2-Carboxyethyl)carbamoyl)phenyl)isoxazol-3-yl)-2-hydroxybenzoic acid (CG_209) 

 

Prepared according to General Procedure D at room temperature from isoxazole 171 

(35.0 mg, 0.0754 mmol). The organic material was extracted with EtOAc (3 x 10 mL). The 

combined organic layers were washed with brine (10 mL), dried using a phase separation 

paper and concentrated in vacuo. The pure product CG_209 (23.0 mg, 0.0580 mmol, 77 %) 

was obtained as a white solid. 

Rf: 0.27 (EtOAc/hexanes+AcOH 80:20+1). m.p.: 272 °C. 1H-NMR (400 MHz, (CD3)2SO): δ 

(ppm) = 12.24 (s, 1H, 1-COOH or 2’’’-COOH), 8.69 (t, J = 5.5 Hz, 1H, CONH), 8.33 (d, J = 2.3 

Hz, 1H, 6-H), 8.05 (dd, J = 8.6, 2.3 Hz, 1H, 4-H), 8.01 (s, 4H, 2’’-, 3’’-, 5’’- and 6’’-H), 7.76 (s, 

1H, 4’-H), 7.13 (d, J = 8.7 Hz, 1H, 3-H), 3.49 (q, J = 6.7 Hz, 2H, 1’’’-H), 2.54 (t, J = 7.2 Hz, 2H, 

2’’’-H). 13C-NMR (101 MHz, (CD3)2SO): δ (ppm) = 172.9 (C-3’’’), 171.3 (1-COOH), 168.9 (C-

5’), 165.4 (CONH), 162.6 (C-2), 161.8 (C-3’), 135.7 (C-4’’), 133.3 (C-4), 129.0 (C-1’’), 128.6 

(C-6), 128.1 (C-3’’ and C-5’’), 125.5 (C-2’’ and C-6’’), 119.4 (C-5), 118.2 (C-3), 114.0 (C-1), 

99.5 (C-4’), 35.7 (C-1’’’), 33.7 (C-2’’’). IR (ATR): ṽ (cm-1) = 3332, 2922, 2853, 1697, 1668, 

1638, 1587, 1538, 1423, 1399, 1286, 1237, 1201, 855, 794, 769. HR-MS (ESI): m/z = [M-H]- 

calcd for C20H15N2O7
-: 395.0885; found: 395.0885. Purity (HPLC): 210 nm: 93 %; 254 nm: 

93 % (method 2a). 

 

6-Azido-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (172) 

 

Conc. HCl (0.62 mL) and a solution of NaNO2 (85.7 mg, 1.24 mmol) in water (0.16 mL) was 

slowly added to amine 102 (200 mg, 1.04 mmol) in water (0.60 mL) at 0 °C. After 10 min, a 

solution of NaN3 (1.24 mg, 1.24 mmol) in water (0.16 mL) was added dropwise and the 

reaction mixture stirred at 0 °C for 40 min. The mixture was then extracted with diethyl ether 

(3 x 25 mL). The combined organic extracts were dried using a phase separation paper and 

concentrated in vacuo to give product 172 (199 mg, 0.906 mmol, 88 %) as a yellow solid. 

Rf: 0.42 (EtOAc/hexanes 10:90). m.p.: 85 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.64 (d, 

J = 2.8 Hz, 1H, 5-H), 7.18 (dd, J = 8.7, 2.8 Hz, 1H, 7-H), 6.97 (d, J = 8.8 Hz, 1H, 8-H), 1.73 (s, 
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6H, C(CH3)2). 13C-NMR (101 MHz, CDCl3): δ (ppm) =160.4 (C-4), 153.1 (C-8a), 135.1 (C-6), 

127.3 (C-7), 119.0 (C-5), 118.9 (C-8), 114.5 (C-4a), 106.8 (C-2), 25.8 (C(CH3)2). IR (ATR): ṽ 

(cm-1) = 2132, 1727, 1484, 1439, 1380, 1328, 1294, 1242, 1198, 1138, 1050, 979, 934, 836, 

780, 749. HR-MS (EI): m/z = [M]•+ calcd for C10H9N3O3
•+: 219.0638; found: 219.0638. Purity 

(HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

 

Ethyl 3-(4-(1-(2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)-1H-1,2,3-triazol-4-

yl)benzamido)propanoate (173) 

 

An alkyne 91 stock solution (0.33 m in tert-BuOH, 600 µL, 0.200 mmol) and an azide 172 

stock solution (0.13 m in tert-BuOH/DMSO 21:1, 628 µL, 0.0800 mmol) were added in a 15 mL 

round bottom flask. Then, a CuSO4 stock solution (26.7 mm in water, 600 µL, 16.0 µmol) and 

a sodium ascorbate stock solution (0.13 m in water, 600 µL, 0.0800 mmol) were added. The 

reaction mixture was stirred at room temperature for 4 days. EtOAc (20 mL) was added, and 

the organic phase was washed with 1 M aq. HCl (10 mL), sat. aq. NaHCO3 (10 mL) and brine 

(10 mL). The organic phase was dried using a phase separation paper and concentrated in 

vacuo. The crude product was purified by FCC (EtOAc/hexanes 60:40) to give triazole 173 

(21.0 mg, 0.0452 mmol, 57 %) as a white solid. 

Rf: 0.29 (EtOAc/hexanes 60:40). m.p.: 215 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 8.29 (s, 

1H, 5’’-H), 8.26 (d, J = 2.6 Hz, 1H, 5’’’-H), 8.16 (dd, J = 8.9, 2.7 Hz, 1H, 7’’’-H), 7.98 (d, J = 8.2 

Hz, 2H, 3’-H and 5’-H), 7.88 (d, J = 8.1 Hz, 2H, 2’-H and 6’-H), 7.20 (d, J = 8.9 Hz, 1H, 8’’’-H), 

6.93 (t, J = 6.1 Hz, 1H, CONH), 4.19 (q, J = 7.1 Hz, 2H, CH2CH3), 3.76 (q, J = 5.9 Hz, 2H, 3-

H), 2.67 (t, J = 5.8 Hz, 2H, 2-H), 1.80 (s, 6H, C(CH3)2), 1.29 (t, J = 7.2 Hz, 3H, CH2CH3). 13C-

NMR (101 MHz, CDCl3): δ (ppm) = 173.2 (C-1), 166.8 (CONH), 160.1 (C4’’’), 156.2 (C-8a’’’), 

147.9 (C-4’’), 134.4 (C-1’), 133.1 (C-4’), 132.1 (C-6’’’), 129.1 (C-7’’’), 127.9 (C-2’ and C-6’), 

126.1 (C-3’ and C-5’), 120.9 (C-5’’’), 119.4 (C-8’’’), 118.4 (C-5’’), 114.3 (C-4a’’’), 107.5 (C-2’’’), 

61.0 (CH2CH3), 35.5 (C-3), 34.1 (C-2), 26.0 (C(CH3)2), 14.4 (CH2CH3). IR (ATR): ṽ (cm-1) = 

3414, 1739, 1725, 1647, 1533, 1506, 1492, 1302, 1184, 1149, 1057, 1030, 930, 826, 768. 

HR-MS (ESI): m/z = [M+H]+ calcd for C24H25N4O6
+: 465.1769; found: 465.1765. Purity (HPLC): 

210 nm: >95 %; 254 nm: >95 % (method 2a). 
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5-(4-(4-((2-Carboxyethyl)carbamoyl)phenyl)-1H-1,2,3-triazol-1-yl)-2-hydroxybenzoic acid 

(CG_220) 

 

Prepared according to General Procedure D from triazole 173 (30.0 mg, 0.0646 mmol) at 

room temperature. The solvents were evaporated in vacuo. To the crude product was added 

MeOH (10 mL) and the suspension filtered. The filtrate was concentrated in vacuo to give 

product CG_220 (25.6 mg, 0.0646 mmol, quant.) as a white solid. 

Rf: 0.10 (EtOAc/hexanes+AcOH 80:20+1). m.p.: 295 °C. 1H-NMR (400 MHz, (CD3)2SO): δ 

(ppm) = 12.22 (s, 2H, 1-COOH and 2’’’-COOH), 9.41 (s, 1H, 5’-H), 8.62 (t, J = 5.5 Hz, 1H, 

CONH), 8.30 (d, J = 2.8 Hz, 1H, 6-H), 8.08 (dd, J = 9.0, 2.8 Hz, 1H, 4-H), 8.03 (d, J = 8.5 Hz, 

2H, 2’’-H and 6’’-H), 7.96 (d, J = 8.5 Hz, 2H, 3’’-H and 5’’-H), 7.22 (d, J = 8.9 Hz, 1H, 3-H), 

3.48 (td, J = 7.1, 5.3 Hz, 2H, 1’’’-H), 2.54 (t, J = 7.1 Hz, 2H, 2’’’-H). 13C-NMR (101 MHz, 

(CD3)2SO): δ (ppm) = 172.9 (C-3’’’), 170.8 (1-COOH), 165.7 (CONH), 160.9 (C-2), 146.5 (C-

4’), 133.8 (C-4’’), 132.9 (C-1’’), 128.5 (C-5), 127.9 (C-3’’ and C-5’’), 127.3 (C-4), 125.0 (C-2’’ 

and C-6’’), 121.6 (C-6), 120.5 (C-5’), 118.7 (C-3), 114.1 (C-1), 35.6 (C-1’’’), 33.8 (C-2’’’). IR 

(ATR): ṽ (cm-1) = 3310, 3076, 2921, 2852, 1677, 1633, 1621, 1536, 1447, 1294, 1219, 1199, 

1186, 1040, 850, 829, 767, 694. HR-MS (ESI): m/z = [M-H]- calcd for C19H15N4O6
-: 395.0997; 

found: 395.0994. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

 

Ethyl 3-(4-cyanobenzamido)propanoate (175) 

 

4-Cyanobenzoic acid (174, 368 mg, 2.50 mmol) was treated with solid CDI (422 mg, 

2.60 mmol) in dry DMF (1.5 mL) at 0 °C. After the initial vigorous evolution of gas, the reaction 

mixture was allowed to warm to room temperature and stirred until all gas evolution ceased. 

Solid β-alanine ethyl ester hydrochloride (76, 388 mg, 2.52 mmol) was added, and the mixture 

was stirred until a clear solution resulted. Water (10 mL) was added, and the mixture extracted 

with EtOAc (3 x 15 mL). The combined organic phase was washed with 0.5 M aq. NaOH 

(15 mL) and brine (15 mL), dried using a phase separation paper and concentrated in vacuo 

to give product 175 (414 mg, 1.68 mmol, 67 %) as a white solid. 
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Rf: 0.25 (EtOAc/hexanes+AcOH 40:60+1). m.p.: 82 °C. 1H-NMR (500 MHz, CDCl3): δ (ppm) 

= 7.88 – 7.85 (m, 2H, 2’-H and 6’-H), 7.74 – 7.72 (m, 2H, 3’-H and 5’-H), 7.00 (t, J = 5.3, 4.7 

Hz, 1H, CONH), 4.18 (q, J = 7.1 Hz, 2H, CH2CH3), 3.73 (q, J = 6.0 Hz, 2H, 3-H), 2.65 (t, J = 

5.9 Hz, 2H, 2-H), 1.28 (t, J = 7.1 Hz, 3H, CH3). 13C-NMR (126 MHz, CDCl3): δ (ppm) = 173.2 

(C-1), 165.6 (CONH), 138.4 (C-1’), 132.6 (C-3’ and C-5’), 127.8 (C-2’ and C-6’), 118.2 (CN), 

115.3 (C-4’), 61.1 (CH2CH3), 35.6 (C-3), 33.8 (C-2), 14.3 (CH3). IR (ATR): ṽ (cm-1) = 3344, 

3298, 2980, 2230, 1727, 1637, 1543, 1324, 1278, 1192, 1150, 1090, 1026, 857. HR-MS (EI): 

m/z = [M]•+ calcd for C13H14N2O3
•+: 246.0999; found: 246.0998. Purity (HPLC): 210 nm: >95 %; 

254 nm: >95 % (method 2a). 

 

Ethyl (Z)-3-(4-(N'-hydroxycarbamimidoyl)benzamido)propanoate (176) 

 

To a stirred solution of nitrile 175 (300 mg, 1.22 mmol) in MeOH (3.0 mL), NaHCO3 (113 mg, 

1.34 mmol) and hydroxylamine hydrochloride (84.7 mg, 1.22 mmol) were added. The resulting 

reaction mixture was heated to reflux for 4 h. Then, the reaction mixture was cooled to room 

temperature and filtered. The filtrate was concentrated under reduced pressure to give product 

176 (339 mg, 1.21 mmol, quant.) as a white solid. 

Rf: 0.30 (EtOAc/hexanes 90:10). m.p.: 159 °C. 1H-NMR (400 MHz, (CD3)2SO): δ (ppm) = 9.79 

(s, 1H, OH), 8.62 (t, J = 5.6 Hz, 1H, CONH), 7.84 – 7.80 (m, 2H, 2’-H and 6’-H), 7.76 – 7.73 

(m, 2H, 3’-H and 5’-H), 5.89 (s, 2H, NH2), 4.06 (q, J = 7.1 Hz, 2H, CH2CH3), 3.49 (td, J = 6.9, 

5.4 Hz, 2H, 3-H), 2.58 (t, J = 7.0 Hz, 2H, 2-H), 1.17 (t, J = 7.1 Hz, 3H, CH3). 13C-NMR (101 

MHz, (CD3)2SO): δ (ppm) = 171.3 (C-1), 165.8 (CONH), 150.2 (C-1’’), 135.8 (C-4’), 134.4 (C-

1’), 127.0 (C-2’ and C-6’), 125.1 (C-3’ and C-5’), 59.9 (CH2CH3), 35.5 (C-3), 33.8 (C-2), 14.1 

(CH3). IR (ATR): ṽ (cm-1) = 3442, 3299, 2983, 1653, 1623, 1539, 1472, 1372, 1323, 1300, 

1267, 1205, 1021, 929, 856, 821, 776, 687. HR-MS (ESI): m/z = [M-H]- calcd for C13H16N3O4
-: 

278.1146; found: 278.1147. Purity (HPLC): 210 nm: 92 %; 254 nm: 92 % (method 2a). 
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5-(3-(4-((2-Carboxyethyl)carbamoyl)phenyl)-1,2,4-oxadiazol-5-yl)-2-hydroxybenzoic acid 

(CG_264) 

 

Under N2 atmosphere, carboxylic acid 98 (100 mg, 0.450 mmol) was dissolved in dry DMSO 

(0.50 mL). Solid CDI (79.6 mg, 0.491 mmol) was added, and the reaction mixture stirred at 

room temperature for 30 min. After this time, amidoxime 176 (114 mg, 0.409 mmol) was 

added. The reaction mixture was stirred at room temperature for another 18 h. Then, solid 

NaOH (19.6 mg, 0.491 mmol) was added rapidly. The mixture was stirred at room temperature 

for 2 h and afterwards diluted with cold water. The resulting precipitate was collected by 

filtration, washed with cold water (15 mL), and dried in vacuo. The crude product was purified 

by FCC (MeOH/DCM+AcOH 4:96+1 → 7:93+1) to give 1,2,4-oxadiazole CG_264 (46.6 mg, 

0.117 mmol, 29 %) as a pink solid. 

Rf: 0.31 (MeOH/DCM+AcOH 5:95+1). m.p.: 248 °C. 1H-NMR (500 MHz, (CD3)2SO): δ (ppm) 

= 12.25 (s, 1H, 1-COOH or 2’’’-COOH), 8.74 (t, J = 5.4 Hz, 1H, CONH), 8.56 (d, J = 2.3 Hz, 

1H, 6-H), 8.20 (dd, J = 8.7, 2.3 Hz, 1H, 4-H), 8.17 (dd, J = 8.3, 1.7 Hz, 2H, 2’’-H and 6’’-H), 

8.04 – 8.01 (m, 2H, 3’’-H and 5’’-H), 7.12 (d, J = 8.7 Hz, 1H, 3-H), 3.49 (td, J = 7.1, 5.4 Hz, 2H, 

1’’’-H), 2.55 (t, J = 7.1 Hz, 2H, 2’’’-H). 13C-NMR (126 MHz, (CD3)2SO): δ (ppm) = 175.2 (C-5‘), 

172.9 (C-3’’’), 170.5 (1-COOH), 167.6 (C-3’), 166.0 (C-2), 165.5 (CONH), 136.9 (C-4’’), 133.8 

(C-4), 130.8 (C-6), 128.6 (C-3’’ and C-5’’), 127.1 (C-2’’ and C-6’’), 118.7 (C-3), 115.8 (C-5), 

113.2 (C-1), 35.7 (C-1’’’), 33.7 (C-2’’’), C-1’’ not visible. IR (ATR): ṽ (cm-1) = 3307, 2925, 1688, 

1632, 1548, 1471, 1411, 1354, 1302, 1247, 1206, 909, 863, 756, 720. HR-MS (ESI): m/z = 

[M-H]- calcd for C19H14N3O7
-: 396.0837; found: 396.0835. Purity (HPLC): 210 nm: >95 %; 254 

nm: >95 % (method 2a). 

 

Ethyl 3-(4-(3-(2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)-1H-pyrazol-5-yl)benzamido)-

propanoate (177) 

 

Method A: 
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To compound 179 (53.4 mg, 0.143 mmol; 0.5 eq) in MeCN (1.2 mL), 5 M aq. NaOH (28.5 µL) 

was added and the mixture was stirred for 20 min. Then the mixture was added to the 

dipolarophile 91 (70.0 mg, 0.285 mmol; 1.0 eq), and the reaction mixture was stirred at 50 °C 

for 6 h. Then again, a mixture of 179 (0.5 eq) in MeCN and 5 M aq. NaOH (stirred for 20 min) 

was added and the mixture heated to 50 °C for further 16 h. After this time, again a mixture of 

179 (0.5 eq) in MeCN and 5 N aq. NaOH (stirred for 20 min) was added and the mixture stirred 

further at 50 °C for 16 h, now containing 1.5 eq of compound 179 in total. After cooling to room 

temperature, EtOAc (15 mL) was added and the organic phase was washed with 1 M aq. HCl 

(10 mL), sat. aq. NaHCO3 (10 mL) and brine (10 mL). The organic phase was dried using a 

phase separation paper and concentrated in vacuo. The crude product was purified by FCC 

(EtOAc/hexanes 60:40) to give pyrazole 177 (37.0 mg, 0.0798 mmol, 28 %) as a pale yellow 

solid. 

 

Method B (not depicted in Scheme S7): 

To a mixture of PdCl2 (5.0 mol%, 3.87 mg, 0.0218 mmol), Cr(CO)6 (96.1 mg, 0.437 mmol), 

iodo compound 93 (133 mg, 0.437 mmol), and alkyne 91 (150 mg, 0.612 mmol) in DMF 

(1.5 mL) was added hydrazine monohydrate (31.8 µL, 0.655 mmol). The resulting mixture was 

heated to 70 °C for 4 h, then cooled to room temperature and quenched with water (10 mL). 

The mixture was extracted with EtOAc (3 x 10 mL), the organic phase was dried using a phase 

separation paper and concentrated in vacuo. The crude product was purified by FCC 

(EtOAc/hexanes 65:35) to give pyrazole 177 (15.0 mg, 0.0324 mmol, 7 %) as a pale yellow 

solid.  

Rf: 0.13 (EtOAc/hexanes 60:40). m.p.: 197 °C. 1H-NMR (400 MHz, (CD3)2SO): due to 

tautomerisation NMR measured at 100 °C. δ (ppm) = 13.26 (s, 1H, pyrazole-H), 8.32 (d, J = 

2.2 Hz, 1H, 5’’’-H), 8.23 (t, J = 5.1 Hz, 1H, CONH), 8.13 (d, J = 8.6 Hz, 1H, 7’’’-H), 7.90 (s, 4H, 

2’-, 3’-, 5’- and 6’-H), 7.21 (s, 1H, 4’’-H), 7.19 (d, J = 8.6 Hz, 1H, 8’’’-H), 4.12 (q, J = 7.1 Hz, 

2H, CH2CH3), 3.56 (td, J = 7.0, 5.6 Hz, 2H, 3-H), 2.61 (t, J = 7.0 Hz, 2H, 2-H), 1.75 (s, 6H, 

C(CH3)2), 1.21 (t, J = 7.1 Hz, 3H, CH2CH3). 13C-NMR (126 MHz, (CD3)2SO): due to 

tautomerisation NMR measured at 100 °C. δ (ppm) = 170.7 (C-1), 165.6 (CONH), 159.4 (C-

4’’’), 154.6 (C-8a’’’), 133.2 (C-7’’’), 127.2 (C-3’ and C-5’), 124.9 (C-5’’’), 124.5 (C-2’ and C-6’), 

117.3 (C-8’’’), 113.5 (C-6’’’), 113.1 (C-4a’’’), 106.1 (C(CH3)2), 99.9 (C-4’’), 59.3 (CH2CH3), 35.2 

(C-3), 33.6 (C-2), 25.0 (C(CH3)2), 13.5 (CH2CH3), at 100 °C C-3’’ and C-5’’ not visible. IR (ATR): 

ṽ (cm-1) = 3315, 3238, 2927, 1742, 1702, 1628, 1542, 1494, 1277, 1259, 1183, 1139, 930, 

796, 769. HR-MS (ESI): m/z = [M+H]+ calcd for C25H26N3O6
+: 464.1816; found: 464.1814. 

Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 
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(E)-N'-((2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-6-yl)methylene)-4-

methylbenzenesulfonohydrazide (179) 

 

To a stirred solution of p-toluenesulfonyl hydrazide (178, 93.1 mg, 0.500 mmol) in MeOH 

(1.2 mL), aldehyde 50 (103 mg, 0.500 mmol) was added portionwise at room temperature. 

After 3 h, the reaction mixture was cooled to 0 °C and the product was collected by filtration, 

washed with a small quantity of cold MeOH (5.0 mL) and dried in vacuo to give the product 

179 (153.3 mg, 0.409 mmol, 82 %) as a white solid. 

Rf: 0.37 (EtOAc/hexanes 35:65). m.p.: 199 °C. 1H-NMR (400 MHz, CDCl3): δ (ppm) = 8.02 (d, 

J = 2.2 Hz, 1H, 5’-H), 7.92 (dd, J = 8.7, 2.2 Hz, 1H, 7’-H), 7.89 – 7.85 (m, 2H, 2-H and 6-H), 

7.75 (s, 1H, 6’-CH), 7.33 (d, J = 8.1 Hz, 2H, 3-H and 5-H), 6.97 (d, J = 8.6 Hz, 1H, 8’-H), 2.41 

(s, 3H, 4-CH3), 1.73 (s, 6H, C(CH3)2). 13C-NMR (101 MHz, CDCl3): δ (ppm) = 160.6 (C-4’), 

157.6 (C-8a’), 145.7 (6’-CH), 144.6 (C-4), 135.3 (C-1), 134.3 (C-7’), 129.9 (C-3 and C-5), 129.5 

(C-5’), 128.4 (C-6’), 128.1 (C-2 and C-6), 118.2 (C-8’), 113.6 (C-4a’), 107.1 (C-2’), 26.0 

(C(CH3)2), 21.8 (4-CH3). IR (ATR): ṽ (cm-1) = 3247, 1716, 1623, 1498, 1362, 1286, 1217, 1163, 

1067, 1051, 966, 932, 881, 809, 667. HR-MS (ESI): m/z = [M+H]+ calcd for C18H19N2O5S+: 

375.1009; found: 375.1007. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 

 

5-(5-(4-((2-Carboxyethyl)carbamoyl)phenyl)-1H-pyrazol-3-yl)-2-hydroxybenzoic acid 

(CG_232) 

 

Prepared according to General Procedure D from compound 177 (30.0 mg, 0.0646 mmol) at 

room temperature. The solvents were evaporated in vacuo. To the crude product water (10 mL) 

was added, the remaining solid collected by filtration and dried in vacuo to give pyrazole 

CG_232 (21.3 mg, 0.0539 mmol, quant.) as a beige solid. 

Rf: 0.10 (EtOAc/hexanes+AcOH 80:20+1). m.p.: 288 °C. 1H-NMR (500 MHz, (CD3)2SO): δ 

(ppm) = 12.42 (s, 1H, 1-COOH or 2’’’-COOH), 11.34 (s, 1H, pyrazol-NH), 8.57 (t, J = 5.5 Hz, 

1H, CONH), 8.27 (d, J = 2.3 Hz, 1H, 6-H), 7.98 (dd, J = 8.6, 2.3 Hz, 1H, 4-H), 7.95 – 7.88 (m, 
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4H, 2’’-, 3’’-, 5’’- and 6’’-H), 7.26 (s, 1H, 4’-H), 7.07 (d, J = 8.6 Hz, 1H, 3-H), 3.48 (td, J = 7.1, 

5.4 Hz, 2H, 1’’’-H), 2.53 (t, J = 7.2 Hz, 2H, 2’’’-H). 13C-NMR (126 MHz, (CD3)2SO): δ (ppm) = 

172.9 (C-3’’’), 171.7 (1-COOH), 165.8 (CONH), 160.7 (C-2), 133.3 (C-1’’ and C-4’’), 132.5 (C-

4), 127.8 (C-3’’ and C-5’’), 126.7 (C-6), 124.8 (C-2’’ and C-6’’), 122.7 (C-5), 117.8 (C-3), 113.3 

(C-1), 99.8 (C-4’), 35.6 (C-1’’’), 33.8 (C-2’’’), C-3’ and C-5’ not visible. IR (ATR): ṽ (cm-1) = 

3391, 3141, 2923, 2503, 1722, 1666, 1598, 1568, 1546, 1489, 1301, 1181, 865, 858, 801, 

770. HR-MS (ESI): m/z = [M-H]- calcd for C20H16N3O6
-: 394.1045; found: 394.1047. Purity 

(HPLC): 210 nm: >95 %; 254 nm: >95 % (method 2a). 
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Part B: Biological Data 

Known small molecule Sirt5 inhibitors 

 

Figure S1: Structures and reported IC50 values of known small molecule Sirt5 inhibitors: suramin [22], nicotinamide 
[22-23], sirtinol [22], cambinol [22], Liu compound 37 [23], GW5074 [24], Maurer compound 2 [22, 25], anthralin 
[25-26]. 

 
MTT assay 

For the MTT assay, [27] HL-60 cells were maintained under standard cell culture conditions 

in RPMI 1640 medium supplemented with 10 % fetal bovine serum (FCS) without antibiotics. 

Cells were grown and incubated at 37 °C in a 5 % CO2 atmosphere.  

HL-60 cells were seeded in 96-well plates at 9 x 104 cells/well and incubated for 24 h before 

treating with test compounds for 24 h with a final well volume of 100 µL, 1 % DMSO; three 

technical replicates; the co-solvent control was treated with 1 % DMSO only. Triton-X 100 was 

used as a positive control. 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide 

(MTT; 5 mg in 1.0 mL PBS) was added to the cells for 2 h. Then 190 µL DMSO was added. 

After 1 h, absorbance of the MTT metabolite formazan was measured at 570 nm using a MRX 

Microplate Reader (Dynex Technologies, Chantilly, USA). Absorbance data was averaged 

over the technical replicates, then normalised to viable cell count from the co-solvent control 

cells (% control) as 100 %, where 0 % viability was assumed to correspond to absorbance 

zero. 
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All final compounds showed no cytotoxic effects (IC50 >50 µM). 

 

Agar diffusion test 

Solutions with 1 % (m/V) compound in DMSO were prepared. Of these solutions 3.0 μL were 

given on a test platelet (diameter 6 mm, Macherey-Nagel), equivalent to 30 μg substance. The 

same was done for the reference substances clotrimazole (antifungal) and tetracycline 

(antibacterial). Blind control was conducted with DMSO. The test platelets were then dried for 

24 h at room temperature. Microorganisms were obtained from Deutsche Sammlung von 

Mikroorganismen und Zellkulturen GmbH (DSMZ) in Braunschweig and cultivated according 

to the DSMZ recommendations in liquid culture. For the agar diffusion test, different agars 

were required. For Candida glabrata (DSM number: 11226), Hyphopichia burtonii (DSM 

number: 70663), Yarrowia lipolytica (DSM number: 1345), Escherichia coli (DSM number: 

426) and Pseudomonas marginalis (DSM number: 7527) all-culture agar (AC-agar) of Sigma 

Aldrich was used. 35.2 g AC-agar and 20 g agar were suspended in 1.0 L water and 

autoclaved. For Staphylococcus equorum (DSM number: 20675) and Streptococcus entericus 

(DSM number: 14446) an agar is likewise prepared from 10.0 g casein peptone, 5.0 g yeast 

extract, 5.0 g glucose and 5.0 g sodium chloride in 1.0 L water. For Aspergillus niger (DSM 

number: 1988) 32 g potato dextrose agar and 20 g agar in 1.0 L water were used. After 

treatment in the autoclave 15 mL each of the warm, liquid agar was filled into Petri dishes 

under aseptic conditions and cooled to 8 °C for one hour. The germs were then brought onto 

the different agars using cotton swabs. The platelets containing the substances, the reference, 

and the blind control were put onto the agar. The agar plates were incubated for 36 h at 32 °C 

(bacteria) or 28 °C (yeasts). Then the diameters of growth inhibition were measured manually. 

All final compounds showed no antimicrobial effects in this routine testing. 

 

Enzyme based assays 

FLUOR DE LYS® SIRT5 fluorometric drug discovery assay kit 

For screening the inhibitory activity of synthesized inhibitors against recombinant human Sirt5 

a commercially available Sirt5 fluorometric drug discovery kit (BML-AK513) from ENZO LIFE 

SCIENCES (ELS) AG (Lausen, Switzerland) was used. The assay was performed in Corning 

½ volume 96-well black NBS microplates provided in the kit. In brief, for the desuccinylation 

reaction to take place, potential inhibitors (10 mM DMSO stock solutions) were incubated with 

Sirt5, FLUOR DE LYS®-succinyl, and NAD+ in assay buffer for 60 min at 37 °C. After which 

time the deacetylation reaction was stopped by addition of FLUOR DE LYS®-developer and 
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nicotinamide. The mixture was incubated for 15 min. Fluorescence was measured on a 

FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Germany) (λex = 355 nm, λem 

= 460 nm) and averaged over the technical replicates. A mixture with only DMSO was used 

as no inhibition control and set to 100 % enzyme activity. All values were normalized to this 

co-solvent control after blank subtraction. No compound showed autofluorescence under the 

given conditions. 

IC50 values were determined with GraphPad Prism 8.0 software (La Jolla, CA). Dose response 

curves were fit using a nonlinear log(inhibitor) vs. response model with variable slope. 
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Figure S1: Inhibition of Sirt5 desuccinylase activity by balsalazide, CG_267 and CG_21 determined using the 
FLUOR DE LYS® SIRT5 fluorometric drug discovery assay kit resulting in residual Sirt5 enzyme activity after 1 h 

incubation with the inhibitors in % (Finh/Fctrl). F = fluorescence units; λex = 360 nm, λem = 460 nm. 

 
SIRT1, 2, and 3 fluorometric enzyme assay 

Inhibition of recombinant Sirt1/2/3 was determined using a homogeneous fluorescence 

deacetylase assay [28]. Sirt1/2/3 was mixed with the fluorescent substrate ZMAL (final assay 

concentration, 10.5 μM), NAD+ (6 mM, final assay concentration 500 μM), the inhibitor  in 

DMSO or DMSO as a control [5 % (v/v)], and filled up with assay buffer (25 mM Tris·HCl, 

137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, pH 8.0) to a volume of 60 μL, incubated for 4 h 

(37 °C, 180 rpm), then treated with 60 μL of trypsin solution [50 mM Tris·HCl, 100 mM NaCl, 

8 mM nicotinamide, 5.5 U/μL trypsin, 6.7 % DMSO (v/v)] and incubated again (37 °C, 

180 rpm, 20 min). The fluorescence intensity was then measured with a microplate reader 

(BMG Polarstar, λex = 390 nm, λem = 460 nm). To ensure initial state conditions, the conversion 

of ZMAL was adjusted to 10 – 30 % substrate conversion without inhibitor. A blank control 

without enzyme and a 100 % conversion control with the fluorescent metabolite AMC instead 

of ZMAL were performed. Inhibition rates were calculated in reference to the DMSO control 

after blank subtraction. All inhibition experiments were run at least twice in duplicates.  

 

Chemical Proteomics 

Cell culture and lysis: 
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MCF7 cells were maintained under standard cell culture conditions in Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS). Cells were 

grown and incubated at 37 °C in a 5 % CO2 atmosphere. Upon reaching 90 % confluency, cell 

medium was discarded, cells were washed twice with PBS and then lysed in lysis buffer 

containing 50 mM Tris/HCl, pH 7.5, 5 % glycerol, 1.5 mM MgCl2, 150 mM NaCl, 1 mM Na3VO4, 

0.8 % Igepal, 0.375 mM NaF, 1 mM DTT including protease inhibitors (SigmaFast protease 

inhibitor tablet S8820) and phosphatase inhibitors (Phosphatase Inhibitor Cocktail 3, Sigma-

Aldrich, Munich, Germany). After one freeze-thaw cycle (-80 °C) the lysate was 

ultracentrifuged for 30 min at 4 °C and 50000 g and supernatant was stored at -80 °C for 

further procedures. 

Preparation of the affinity matrix: 

NHS-Sepharose beads (Amersham Biosciences) were washed with dry DMSO (40 mL/mL 

beads) and reacted with CG_190 (1 μmol/mL beads) for 20 h on an end-over-end shaker at 

room temperature in the dark in the presence of triethylamine (15 μL/mL beads) in DMSO 

(1 vol of DMSO for 1 vol of beads). Aminoethanol (50 μL/mL beads) was then added to react 

remaining NHS-groups, and the mixture was further shaken for an extra 20 h at room 

temperature in the dark. The beads were then washed with DMSO (30 mL/mL beads) and 

ethanol (3 x 10 mL/mL beads) and stored in ethanol (1 mL/mL beads) at 4 °C. Aliquots of the 

supernatants before and after coupling were controlled by LC−MS to conclude of the 

completion of the reactions. 

Competition assay: 

The cell lysates were diluted with equal volumes of 1 x compound pull down (CP) buffer 

(50 mM Tris/HCl, pH 7.5, 5 % glycerol, 1.5 mM MgCl2, 150 mM NaCl, 20 mM NaF, 1 mM 

sodium ortho-vanadate, 1 mM DTT), protease inhibitor (SigmaFast protease inhibitor tablet 

S8820) and phosphatase inhibitors (Phosphatase Inhibitor Cocktail 3, Sigma-Aldrich, Munich, 

Germany). If required, lysates were further diluted to a final protein concentration of 5 mg/mL 

using 1 x CP buffer supplemented with 0.4 % Igepal (CP-0.4). 

For selectivity profiling experiments in 96-well plates, the diluted cell mix lysates (2.5 mg of 

total proteins/well) were incubated for 30 min at 30 °C in an end-over-end shaker with 0 µm 

(DMSO control), 0.1 µM, 0.3 µM, 1.0 µM, 3.0 µM, 10 µM, 30 μM, 100 μM, or 300 μM of the 

Sirt5 inhibitor dissolved in DMSO. 18 µL of the affinity matrix were incubated with the lysates 

at 30 °C for 30 min in a filter plate. The DMSO control lysate was recovered and incubated 

similarly with 18 µL affinity matrix as a pull down of pull-down experiment in order to calculate 

the depletion factor. The beads were then washed (3 times 1 mL of CP-0.4 buffer followed by 

2 times 1 mL of CP-0.2) and the bound proteins subsequently denatured in a buffer consisting 

of 8 M urea, 40 mM Tris-HCl (pH 7.4) and 50 mM DTT at 40 °C and 700 rpm. After adding 4 
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µL of 550 mM chloracetamide for 30 min at 37 °C, the urea concentration was diluted with 250 

µL Tris-HCl (pH 7.4). Denatured proteins were digested by adding 30 µL of 10 ng/µL trypsin 

and incubating over night at 700 rpm. The digestion was stopped with 10 µL of 10 % (v/v) 

formic acid (FA) and peptides were desalted on a Sep-Pak tC18 µElution Plate (Waters). 

Desalted peptides dried down on a Speedvac and stored at -20 °C for LC-MS/MS 

measurement. 

LC-MS/MS Analysis: 

Label-free nano-flow LC-MSMS measurement of peptides was performed on Dionex 

Ultimate3000 nano HPLC (Thermo Fisher Scientific) coupled to an Orbitrap Fusion Lumos 

mass spectrometer (Thermo Fisher Scientific). The peptides were delivered to a trap column 

(100 μm × 2 cm, packed in-house with Reprosil-Pur C18-AQ 5 μm resin, Dr. Maisch) at a flow 

rate of 5 μL/min in 100 % solvent A (0.1 % formic acid in HPLC grade water) and separated 

on an analytical column (75 μm × 40 cm, packed in-house with Reprosil-Gold C18, 3 μm resin, 

Dr. Maisch) at a flow rate of 300 nL/min using a 51 min gradient ranging from 4 % to 32 % 

solvent C in B (solvent B: 0.1 % FA and 5 % DMSO in HPLC grade water, solvent C: 0.1 % 

FA and 5 % DMSO in acetonitrile). The eluent was sprayed via stainless steel emitters 

(Thermo) at a spray voltage of 2.1 kV and a heated capillary temperature of 275 °C. The 

instrument was operated in data-dependent mode. Full scan MS spectra (m/z 360−1300) were 

acquired in the Orbitrap at 60 000 resolution using an automatic gain control (AGC) target 

value of 4e5 charges and a maximum injection time of 50 ms.  

For LC-MS2 analysis of the full proteome, up to 12 peptide precursors were selected for 

fragmentation by higher energy collision-induced dissociation (HCD; 1.7 m/z isolation window, 

AGC value of 2e5, maximum injection time of 75 ms, Dynamic Exclusion of 30 s) using 30 % 

normalised collision energy (NCE) and analysed at a resolution of 15,000 in the Orbitrap.  

Protein Identification and Quantification: 

Protein and peptide identification and quantification was performed using MaxQuant[29] 

(Version 1.6.1.0). The tandem MS data was searched against human canonical sequences 

from the Swissprot database (20193 entries, downloaded 22.03.2016) using the Andromeda 

search engine. [30] N-terminal acetylation and oxidation of methionine were set as variable 

modification, while carbamidomethylation of cysteine was set as fixed modification. Trypsin/P 

was set as proteolytic enzyme. The minimum peptide length was set to seven and all data 

were adjusted to 1 % protein false discovery rate (FDR). Matching between runs was enabled 

with a match time window of 0.7 min and alignment window of 20 min.  

LC-MS/MS data analysis 
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Subsequent data analysis was performed on identified and quantified protein groups. The 

relative binding of proteins to the affinity matrix in dependence of free competing compound 

was calculated as ratio of the raw intensities of the protein at given compound concentration 

relative to the raw intensity of the DMSO sample. EC50 values were derived from a four-

parameter log-logistic regression using an internal pipeline that utilises the ‘drc’ package in R. 

[31]  

To calculate the Kd
app value, the EC50 value was multiplied with a correction factor derived 

from the ratio of the amount of protein captured from two consecutive pulldowns of the same 

DMSO control lysate.[32] The targets were manually annotated based on the sigmoidal shape 

of the binding curve with a dose-dependent decrease of binding to the affinity matrix. 

Moreover, number and dose-dependent decrease of unique peptides and MSMS counts per 

condition were considered. 
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Results from the LC-MS/MS analysis 

 
Figure S2: MS analysis results of the competition assay with immobilised CG_190 vs. balsalazide or glutaryl-CoA 
depicted as binding curves. Abundance = MS-based intensity of the target protein (red line) within the intensity 
distribution of all proteins in the DMSO control. * indicates that the protein is classified as a high confidence target. 

 
Figure S3: MS analysis results of the competition assay with immobilised CG_190 vs. CG_220 or CG_232 depicted 
as binding curves. Abundance: MS-based intensity of the target protein (red line) within the intensity distribution of 
all proteins in the DMSO control. * indicates that the protein is classified as a high confidence target. 

 

Live cell imaging via desuccinylation-triggered peptide self-assembly 

The cellular uptake and the intracellular behaviour of the studied peptides were characterised 

using confocal microscopy. Briefly, HeLa cells were seeded in 8-well ibidi culture plates at a 

density of 15,000 cells/well and allowed to attach to the plate for 12 h in growth medium at 
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37 °C with 5 % CO2. Subsequently, the growth medium was replaced by fresh medium 

containing appropriate concentrations of peptides and suramin sodium salt. For the time lapse 

experiment, the cells were imaged immediately and every 3 h afterward. The cells were put 

back to incubate at 37 °C and 5 % CO2 atmosphere between successive measurements. 

Fluorescent images were recorded on a Leica TCS SPE Confocal Laser Scanning Microscope 

using a 40×objective. For NBD dye, 458 nm was used as the excitation wavelength and 

495−650 nm as the emission bandwidth. For Hoechst 33342, 405 nm was used as the 

excitation wavelength and 430−470 nm was used as the emission bandwidth. 

 

 

Figure S4: Inhibition of Sirt5 ability to form nanofibers using peptide 2[33] in HeLa cells in the presence of various 
concentrations of balsalazide after 45 min preincubation in live cell imaging experiment. 

 

Figure S52: Inhibition of Sirt5 ability to form nanofibers using peptide 2[33] in HeLa cells in the presence of various 

concentrations of balsalazide after 90 min preincubation in live cell imaging experiment. 

 

Part C: Relative binding free energy calculations 

Computational details: 

For the calculation of the relative binding free energies (ΔΔG), the non-equilibrium alchemical 

approach [34-35] in conjunction with molecular dynamics simulations was employed. Starting 

point of the system preparation was the structure of Sirt5 (PDB 3RIY) in a complex with NAD+ 
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and with balsalazide docked in the active site from a previous study. [1] The AMBERFF14SB 

[36] force field parameters for the protein, ZAFF [37] parameters for the zinc finger and NAD+ 

parameters derived by Pavelites et al. [38] were employed. The Sirt5 inhibitors were 

parametrised using the Generalized Amber Force Field (GAFF) [39] in combination with AM1-

BCC charges, [40] calculated with Antechamber. [41] In order to compute relative binding 

energies, pairs of inhibitors were formed, where most newly proposed structures were paired 

with balsalazide as many are variants of this lead structure. For each pair of inhibitors, hybrid 

structures and topologies were generated with the pmx tool [42-43] according to the single 

topology approach. The ligands and ligand–protein complexes were then placed in 

dodecahedral boxes of TIP3P [44] water with 1.5 nm distance to the box edge and the systems 

were neutralised with sodium ions. The hybrid systems were simulated in the end states A 

(representing one of the ligands, usually balsalazide) and state B (representing the second 

ligand) according to the following protocol. 

The systems in state A and B were energy minimised using the steepest descent algorithm, 

followed by 250 ps of heating to a temperature of 298 K. Then 8 ns production runs were 

performed in an NPT ensemble with a time step of 2 fs. For temperature and pressure control 

during the molecular dynamics simulations, the velocity rescaling thermostat [45] with a time 

constant of 0.1 ps and the Parrinello–Rahman barostat [46] with a time constant of 5 ps and 

a target pressure of 1 bar, respectively, were employed. All bonds were constrained using the 

LINCS algorithm. [47] The long-range electrostatics were evaluated using the Particle Mesh 

Ewald (PME) [48-49] with a cutoff radius of 1.1 nm and a Fourier grid spacing of 0.12 nm. The 

van-der-Waals interactions were smoothly switched off between 1.0 and 1.1 nm. During the 

non-equilibrium transition simulations, the non-bonded interactions were treated with a soft-

core potential. [50] All simulations were performed with GROMACS 2019. [51] 

The first 2 ns of the production runs were discarded to account for equilibration, then 

80 snapshots were extracted from each trajectory as starting structures for the alchemical 

transitions. For each starting structure, a non-equilibrium transition simulation from A to B (or 

vice versa) was performed over a time of 50 ps by gradually increasing the perturbation 

parameter λ from 0 to 1 (and vice versa). For the ligands CG_111 and CG_137, a transition 

simulation length of 100 ps was used to improve the convergence. At each step of the non-

equilibrium transition simulations, the derivative of the Hamiltonian with respect to λ was 

recorded. The whole procedure, starting from the energy minimisation up to the non-

equilibrium transitions, was repeated 3 times per ligand pair, both for the ligand-water systems 

and for the ligand-protein complexes. 

The free energy difference (ΔG) between the states A and B was estimated from the forward 

and reverse transitions with 240 work values in each direction (see Figure S6) using Bennet’s 
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Acceptance Ratio (BAR) [52-53] based on the Crooks Fluctuation Theorem. [54-55] The error 

for the ΔG values was estimated by bootstrapping. The relative binding free energies (ΔΔG) 

were obtained by subtracting the ΔG between inhibitors in water from the ΔG of the enzyme-

inhibitor complexes making use of the thermodynamic cycle. 

  Figure S6: Summary of the results of the non-equilibrium transition simulations of balsalazide to CG_71 

in the Sirt5 binding site. On the left side of the plot, the work values of the forward and reverse transitions for each 

starting structure are shown. On the right side of the plot, the distributions of the work values are depicted as 

histograms. A lack of an overlap between the two distributions would indicate convergence problems. This plot was 

generated, using the analyze_dhdl.py script of pmx. [42-43]. The estimated free energy difference (ΔG) is depicted 

as a black line. 

 

Representative snapshots from the MD simulations of CG_137 and balsalazide in the Sirt5 

binding site: 

Figure S7: Representative snapshots of (a) CG_137 and (b) balsalazide in the Sirt5 binding site. Over the course 

of the MD simulations of CG_137 in the binding site, hydrogen bonds were formed between the sulfonamide spacer 

and the backbone atoms of Gly225 and Glu224. In the simulations of balsalazide, only water-mediated contacts 

between the inhibitor and Gly224 or Glu225 were observed. An oversampling of the configuration of CG_137 in 

the Sirt5 binding site shown here could result in an overestimation of the binding affinity of CG_137.  
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4 Summary

The first two projects of this thesis explore the reaction mechanisms of the mono-
functional DNA glycosylases UDG and TDG. In publication I, QM/MM calculations
are employed for the investigation of the N-glycosidic bond hydrolysis of uracil, cat-
alyzed by the enzyme UDG. Over the course of the C1’- N1 bond dissociation, the
sugar moiety migrates in the direction of the nucleophile, whereas the uracil base
and the water molecule remain close to their initial positions. This results in a disso-
ciative oxocarbenium-like transition state. Upon the addition of the water molecule,
a proton is simultaneously transferred to a near-by base. The absence of a barrier
for this step suggests that this reaction occurs spontaneously due to the reactivity of
the electrophilic sugar. While both His148 and Asp145, which coordinate the water
nucleophile, can act as a proton acceptor, our investigation suggest that His148 is
slightly favored. This result is consistent with experimental studies that evidence
a decrease in the enzymatic activity upon the mutation of His148 and a change in
the protonation state of this residue over the course of the reaction [93, 94]. At the
same time, an alternative reaction mechanism through a proton transfer to Asp145
explains why mutations of His148 do not result in a complete loss of enzymatic ac-
tivity. In publication II we investigate the TDG catalyzed glycosidic bond cleavage
of the modified base 5-formylcytosine (fC), which occurs naturally in DNA as an in-
termediate of the active cytosine demethylation pathway. Our calculations revealed
that the reaction mechanism involves a rearrangement of the substrate by a rotation
around the dihedral between O5’, C5’, C4’, and C3’. This lowers the barrier height
for the subsequent C1’-N1 bond dissociation as it reduces the repulsion between the
phosphate group and the negatively charged reaction product. Similarly to the UDG
catalyzed reaction, the bond cleavage proceeds by an oxocarbenium-like transition
state with no evidence of a stable intermediate. The subsequent addition of the
water nucleophile results in a positive charge that is delocalized over an extensive
hydrogen bond network, consisting of Asn140, Thr197, and the abasic site. This
indicates an involvement of Thr197 and Asn140 in the reaction mechanism that goes
beyond the coordination of the water molecule, which would explain the significant
decrease in enzymatic activity upon the mutation of these residues [95]. TDG fa-
cilitates the excision of another intermediate of the active demethylation pathway -
5-carboxycytosine (caC). This reaction is, however, pH-dependent and involves the
residue Asn191, which is not essential for the fC removal [23]. While it is possible
for the caC excision to have similarities to the fC reaction mechanism shown here,
further studies are necessary to elucidate the exact reaction proceedings.

Manuscript III presents the synthesis and investigation of inhibitors of the NAD+-
dependent deacylase Sirtuin 5. Using non-equilibrium MD simulations and BAR, the
relative binding affinities of selected Sirtuin 5 inhibitors as compared to balsalazide
were computed. The results for most studied compounds agree qualitatively with the
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potencies obtained in the in vitro experiments and showed that this approach can be
employed for further lead optimization. Nevertheless, there are some limitations of
the methodology, as relative free energy calculation of ring breaking and formation
are known to suffer from systematic problems [96]. Therefore further studies of the
binding affinity of SIRT5 inhibitors should either employ absolute binding free energy
calculation or a different reference ligand.
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